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Preface

For the past centuries, scientists have worked hard to understand the development of
the cerebellum and its disorders. Cerebellar neurodevelopmental disorders are
impairments of the growth and development of the cerebellum that result in birth
defects that may have a severe impact on patients’ lives. A narrower use of the term
refers to a disorder that unfolds during individual development to affect motor func-
tion, emotion, learning ability, self-control, and memory. Knowledge obtained from
advanced neuroimaging techniques and from molecular and genetic studies has pro-
vided rapidly growing evidence that the cerebellum is a brain region that is highly
impacted by developmental defects.

Advanced technologies for research have changed our views of cerebellar devel-
opment. This has led us to identify many of the biological, genetic, and environmen-
tal factors that contribute to the development and progression of cerebellar disorders.
We believe that basic knowledge of the cerebellum, one of the most complex struc-
tures in the brain, will empower cerebellar researchers, neuroscientists, neurolo-
gists, and neurosurgeons every day.

This book covers diverse aspects of cerebellar development from different points
of view including the epidemiology of cerebellar genetic disorders, developmental
anatomy, cell biology, genetics, epigenetics, infectious diseases, and mechanisms
involved in regulation of cell fate, while focusing on information that is relevant to
clinicians serving patients with cerebellar disorders. This book consists of chapters
written by experts in the field of cerebellar development, and it covers diseases
related to the cerebellum, along with their epidemiology, clinical features, assess-
ment, and management. To the extent that the book is a useful reference for neuro-
scientists and clinicians, we will have succeeded.

Winnipeg, MB, Canada Hassan Marzban, PhD
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The Development of the Cerebellum:
From the Beginnings

Jan Voogd

Abstract Sotelo stated in his introduction for a consensus paper on cerebellar
development (Leto et al., Cerebellum 15:789-828, 2015) that “The work done in the
late nineteenth century until the late 1970s provided substantial and significant
information; however, it was only descriptive and barely addressed the mechanisms
involved.” Observations and their description, the nomenclature that evolved from
these studies, and the ideas they fostered, indeed, formed the basis for our under-
standing of the mechanisms that underlie the complex development of the cerebel-
lum, to be reviewed in this volume. This chapter will highlight some of these early
contributions to the origin of the cerebellum, its histogenesis, the migration of its
neurons, the development of the longitudinal Purkinje cell zones, their target nuclei
and their connections, and the folial pattern of the cerebellum.

The Origin of the Cerebellum

The study of cerebellar embryology begins with His” [52, 53] description of his
Rautenlippe (rhombic lip) in a human embryo. In the fifth week the “dorsal rim (of
the rhombencephalic alar plate) curves laterally and forms a fold which surrounds
the entire rhombic cavity ...” (Fig. 1). His divided the rhombencephalon and its
rhombic lip, into rostral and caudal portions. The rostral (upper) rhombic lip will
give rise to the cerebellum, the caudal (lower) rhombic lip to several precerebellar
nuclei. The upper rhombic lip develops in two, bilateral swellings connected by a
thin midline portion (Fig. 2). At the midline, the cerebellum increases in bulk by the
development of the cerebellar commissures and possibly by fusion of the intraven-
tricular bulges. More recently the term “upper rhombic lip” is restricted to the pos-
terior rim or germinal trigone of the cerebellar plate, with its attachment of the
epithelial roof of the fourth ventricle, that should be distinguished from the ven-
tricular zone, the neuroepithelium that covers its ventricular surface (Fig. 3).

J. Voogd (D<)
Department Neuroscience, Erasmus Medical Center, Rotterdam, The Netherlands
e-mail: janvoogd @bart.nl
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2 J. Voogd

Fig. 1 The rhombic lip of a human embryo at the level of the greatest width of the fourth ventricle
(Reproduced from His [52]). Abbreviations: R.l thombic lip, Ts solitary tract, X, XII vagal and
hypoglossal nerves

The general opinion was that the cerebellum originates from the dorsal portion
of the first rhombomere [100, 111]. Several papers used the quail-chick marker
system to trace the origin of the cerebellum. Substitution of the mesencephalic ves-
icle in chickens with a quail transplant resulted in the replacement of Purkinje cells
and ependyma in the rostral cerebellum by cells with the typical massed quail chro-
matin in their nucleoli. According to Martinez and Alvarado-Mallart [80], these
cells are present in a broad medial stripe, where labeled and non-labeled Purkinje
cells occur together. Labeling is also found of the granule cells. According to
Hallonet et al. [45], the labeled Purkinje cells are found in a V-shaped, rostral region
reaching caudally to lobule VIII (Fig. 4). These authors denied the labeling of gran-
ule cells and concluded that these cells originate exclusively from the metencepha-
lon, confirming the general opinion on this matter. Martinez and Alvarado-Mallart
suggested that the rostral cerebellum might originate from the isthmic rhombomere,
whereas its middle portion is a derivative of the first rhombomere. Its caudal por-
tion, including the auricle and part of the avian lateral cerebellar nucleus, is derived
from the second rhombomere [79]. Sgaier et al. [104] and Nieuwenhuys and Puelles
[87] pointed out that the cerebellar anlage rotates from an original rostrocaudal, to
a medio-lateral position, due to the development of the pontine flexure (Fig. 2).
Purkinje cells produced by the ventricular zone maintain their medio-lateral posi-
tion in the adult cerebellum. Those produced by the most medial (presumably isth-
mic rhombomere-derived) ventricular zone become located in the future vermis,
subsequently more lateral parts of the ventricular zone give rise to Purkinje cells of
more lateral parts of the hemisphere [4]. Granule cells produced by the upper
rhombic lip do not maintain their original medio-lateral position in the adult, due to
their latero-medial tangential migration in the external granular layer (EGL).



The Development of the Cerebellum: From the Beginnings 3

5
upper

rhombic
P g

——Ilat.
recess

caudal
7 rhombic lip

1 mm
—_—

Fig.2 Cerebellum of a 15-week human embryo (Reproduced from Nieuwenhuys et al. [88]). Red
arrow indicates position of rostrocaudal axis of the cerebellar anlage after the rotation of the cer-
ebellar anlage due to the pontine flexure

Fig. 3 Diagram of a mes
sagittal section, showing
the division of the germinal
zone of the early cerebellar
plate into the ventricular
zone that will give rise to
inhibitory neurons and the
upper rhombic lip that
produces the excitatory
neurons of the cerebellum
(Redrawn from Goldowitz
and Hamre [40])
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Fig. 4 Sagittal section through a chicken-chimera cerebellum. In the rostral region of the cerebel-
lum, Purkinje cells (triangles) and ependyma (circles) are replaced by quail cells derived from the
mesencephalon (Modified from Martinez and Alvarado-Mallart [80])

Histogenesis

The ventricular zone and the rhombic lip produce different types of neurons in suc-
cessive waves. According to the autoradiographic studies of Miale and Sidman [81]
and Pierce [93] in mice, using the incorporation of radioactive thymidine at their
last mitosis, the large (glutamatergic) neurons of the cerebellar nuclei are born early
at E10 and E11 in the ventricular zone and medium and small (presumably inhibi-
tory inter- and nucleo-olivary neurons) between E11 and E17. Purkinje cells are
born during the same period (E11-E13). Golgi cells in mice are produced by the
ventricular zone in the 12- to 15-day embryo. After E15, dividing cells are present
in the white matter throughout the cerebellum [81]. These cells give rise to Bergmann
glia, astrocytes, oligodendrocytes, and basket and stellate cells of the molecular
layer [126, 127]. In the rat, unipolar brush cells are born in the ventricular zone after
the cessation of the production of the Purkinje cells. Lugaro cells develop in the
same period as the Golgi cells [103]. Cells of the EGL arise from the caudal border
of the cerebellar anlage (the upper rhombic lip) after E13. The EGL produces gran-
ule cells till well after birth (for similar data on the rat, see Altman and Bayer [5],
for the monkey Gould and Rakic [42], for the chick embryo Kanemitsu and
Kobayashi [57]). The more recent conceptual revisions of the origin of the neurons
from the ventricular zone and the rhombic lip include the origin of the large gluta-
matergic neurons of the cerebellar nuclei from the rhombic lip and their inhibitory
neurons from the ventricular zone (reviewed by Wingate in Leto et al. [74]) and the
observation of Englund et al. [35] that unipolar brush cells are produced by the
rhombic lip. Inhibitory neurons of the cerebellum, therefore, are produced by the
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Fig. 5 Neuroepithelial
cells (Popoft’s
spongioblasts) in a

1-1/4 cm cat embryo.
Golgi method (Reproduced
from Popoff [95]).
Abbreviations: e
ventricular zone, ext
external limiting
membrane

M

ventricular zone, excitatory neurons by the rhombic lip. Glutamatergic nuclear neu-
rons and cells of the EGL are produced sequentially by the rhombic lip.

In their migration to the meningeal surface of the cerebellum Purkinje cells are
supposed to use the processes of the neuroepithelial cells whose conical endfeet form
the external limiting membrane (Fig. 5). A map of these processes that would predict
the paths of migrating Purkinje cells is not available. In mice, migrating Purkinje
cells at E15 avoid the cerebellar nuclei; at E17 they pass across them [125]. In the rat,
all Purkinje cells migrate through the more superficially located transitory nuclear
layer [3]. The clustering of the migrated Purkinje cells that will lead to the develop-
ment of longitudinal Purkinje cell zones will be considered in another paragraph.

In his Golgi studies, Cajal [22, 23, 25] and his followers [10, 76, 95] distin-
guished different phases in the development of the Purkinje cells (Fig. 6a—d). In the
first phase of the “disoriented dendrites,” multiple processes arise from all over the
cell body. The axon, first devoid of collaterals, enters the white matter. In the next
stage, oriented and regular dendrites arise as a flattened tree from the upper pole of
the cell. The axon emits multiple collaterals. Finally the processes of the cell body
are resorbed, the dendritic tree acquires its definite shape, and many of the axonal
collaterals are resorbed. Differentiation of the Purkinje cells is more advanced in the
apices of the lobule. Purkinje cells of the rat mature early in lobules I and II and
proximal V and VI and IX and X and late in distal VI, VII, and VIII 2, 41].
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Fig. 6 Stages in the development of Purkinje cells (a—d) and climbing fibers (e-h) (Reproduced
from Athias [10])

The development of the climbing fibers closely follows that of the Purkinje cell
[22, 25, 95]. Cajal distinguished an early pericellular nest stage where the climbing
fiber forms an infracellular plexus, (Fig. 6e) followed by outgrowth over the emerg-
ing dendrites, the place of the supranuclear capuchon, the stage of the young climb-
ing fiber arborization, and finally its adult form (Fig. 6h). The shift of the climbing
fiber synaptic connections with the filopodia of the Purkinje cell soma, to their posi-
tion on stubby spines on the smooth proximal dendrites of the Purkinje cells and
their replacement by the inhibitory synapses of the basket cell axons, was
documented in the electron microscopic studies of Larramendi [69] and Morara
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Fig. 7 Cortex of neonate R e
dog showing the stratum l'la I\ .
granulosum periphericum.
Carmine staining
(Reproduced from Hess
[50]). Abbreviations: a
granule cell with processes
directed at the periphery, B
stratum granulosum
centrale, b granule cell
with filiform processes at
both ends, C nerve
(Purkinje) cells, D stratum
moleculare, E stratum
granulosum periphericum,
F pia mater

et al. [82]. Multiple innervation by climbing fibers of the Purkinje cell was noticed
by Cajal and others (Fig. 6e, h). The elimination of redundant climbing fibers was
shown much later in physiological studies, reviewed by Hashimoto and Kano [46].

The external granular layer (EGL) of the cerebellar anlage gives rise to the gran-
ule cells, although, during its history of more than 150 years, it was supposed to
contribute to each cell type of the cerebellum. The first description of the EGL
dates from Hess [50], who illustrated it as the stratum granulosum periphericum in
the cortex of a neonate dog (Fig. 7). Its cells are provided with radially oriented
filiform processes. In due time, the layer disappears, leaving only a few cells near
the pia mater. Obersteiner [90] distinguished a superficial, tightly packed, and a
deep layer with loosely arranged rounded cells in the EGL (Fig. 8). Like Hess,
radial processes in the molecular layer were found to originate from these cells.
Later authors often referred to the EGL as “Obersteiner’s layer.” Schaper [102] in
fish and Herrick [49] in mice and guinea pig observed the origin of the EGL from
the ventricular matrix next to the caudal attachment of the roof plate of the fourth
ventricle and its rostral migration over the cerebellar surface. They observed mito-
ses in the superficial EGL and identified it as a secondary matrix. Miale and Sidman
[81] dated the origin of the EGL in the mouse at E13, when the generation of
Purkinje cells has ceased and found that the proliferation in the EGL lasts till the
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Fig. 8 Section through the
cerebellar cortex of a
neonate. Carmine staining
1 upper layer of the EGL
(Basalschichte), 2 second
granular layer, 3 molecular
layer (radidr gestreifte
Schichte), 4 Purkinje cell
layer (tangentielle
Schichte), 5 permanent
granular layer (Reproduced
from Obersteiner [90])

third postnatal week. Proliferation in the EGL is regulated by sonic hedgehog,
secreted by the subjacent Purkinje cells [30].

In his 1890a paper, Cajal described different cell types in the EGL and the
molecular layer (Fig. 9). Horizontal, bipolar neurons, with horizontal axonal expan-
sions extending in the length of the cerebellar folia, occur in the deep layer of the
EGL. Bipolar neurons with radially oriented processes occur in the molecular layer
(Fig. 9). Strange as it may seem to us now, Cajal did not recognize these neurons as
stages in the migrating granule cells, at least, with his scientific rigor, he judged that
he had too little material to draw this conclusion. Later he identified the origin of the
parallel fibers from the horizontal bipolar neurons, the emergence of a third, proto-
plasmic process, and the translocation of the nucleus in this process through the
molecular layer into the internal granular layer (Fig. 10). Here its rounded cell body
bears multiple dendrites most of which are resorbed when it settles deep in the
granular layer in regions were the mossy fiber rosettes have attained their adult form
(Fig. 10) [25]. The parallel fibers are stacked from the bottom of the molecular layer
upward. A similar gradient as present for the differentiation of the Purkinje cells in
different lobules of the cerebellum was found for the differentiation of the granule
cells [3].

Granule cell precursors use Bergmann glial fibers for their migration [97]. These
fibers, with their typical lateral processes and their attachment to the meningeal surface
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Fig. 9 Neurons in the developing EGL and the molecular layer (Reproduced and relabeled from
Cajal [24]). Abbreviations: A cuticula, a vertical bipolar cell, b ascending process that terminates
in c. in a bifurcation, B layer of epithelial cells, C zone of horizontal bipolar cells, d transitional
cell that resembles a horizontal bipolar neuron, D molecular layer, E granule cell layer, e horizontal
bipolar cells, g parallel fiber, j granule cell, m bifurcation of granule cell axon, n descending pro-
cess of a vertical bipolar cell

Fig. 10 Stages in the development of the granule cells (Reproduced from Cajal [25]).
Abbreviations: A external granular layer, matrix, B external granular layer, layer of horizontal
bipolar cells, b, ¢, d horizontal bipolar cells, C molecular layer, D granular layer, ¢, f bipolar cells
with radial process, g, / vertical bipolar cells, j granule cell with multiple dendrites, k adult granule
cell, r growth cone of parallel fiber
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of the cerebellum, were described by Bergmann [13]. Bergmann glia have been
described as originating from the Golgi epithelial cells by translocation of their cell
bodies to the Purkinje cell layer [125] but have also been traced from cells proliferat-
ing in the cerebellar white matter [126]. The orientation of the parallel fibers clearly
isestablished very early as processes of the horizontal bipolar cells in the EGL. Purkinje
cell dendritic arbors derive their plane shape and their orientation perpendicular to the
parallel fibers from the interaction with these fibers during their development [3, 84].
However, the orientation of the parallel fibers in the long axis of the folia can be
uncoupled after perinatal administration of methylazoxymethanol in rats [51].

Development of the Cerebellar Nuclei

The first study of the development of the cerebellar nuclei in different classes of
vertebrates is by Riideberg [100]. In the tradition of Bergqvist and Killén [14], he
traced the origin of the cerebellum from two, subsequent migration areas, A and B,
from the ventricular neuroepithelium of the dorsal column of the first rhombomere.
The dorsal part of the first migration area A gives rise to the external granular layer;
its middle portion A, merges with part of the second migration area B into the cell
group A,B; its dorsal part, A, develops outside the cerebellum, into the isthmic
nucleus. The dorsal part of migration B gives rise to the Purkinje cell layer (Fig. 11).
In birds cell group, A,B develops into the cerebellar nuclei, and in mammals, it
gives rise to the lateral (dentate) nucleus. The interposed and fastigial nucleus stem
from ventral parts of migration B. The development of the cerebellar nuclei in
Cetacea follows the same pattern [63]. According to Korneliusen [62], all nuclei in
the rat develop from the deep layer of migration B. The nomenclature used by
Feirabend [36] for the early development of the chicken cerebellum is different, but
his account of the origin of the cerebellar nuclei from the ventricular zone is very
similar to that of Riideberg. The two migration layers were also recognized by
Altman and Bayer [4-6] in the rat. The first migration layer, with exception of its
ventral portion (Riideberg’s A;), gives rise to all cerebellar nuclei and was indicated
as the nuclear transitory zone (NTZ). A second migration layer (Riideberg’s B)
gives rise to the Purkinje cells. As a consequence, the future Purkinje cells migrate
through the NTZ to reach their superficial position. The NTZ splits in a dorsomedial
group of longitudinally oriented cells and a superficially located lateral group with
a transverse orientation (Fig. 12). The latter migrates medially and gives rise to
axons that cross in the cerebellar commissure forming the uncinate tract that takes
origin from the fastigial nucleus. The superficial location and the origin of the unci-
nate tract from this nucleus and its migration to a more ventral position were experi-
mentally verified by Bourrat and Sotelo [17] (Fig. 12, inset). The longitudinally
oriented neurons will develop into the interposed and lateral (dentate) nuclei. With
the demonstration by Machold and Fishell [77] and Wang and Zoghbi [119] that
glutamatergic neurons of the nuclei are derived from the upper rhombic lip,
Riideberg’s migration A, or Altman’s nuclear transitory zone, became a layer of
tangentially migrating neurons destined for the cerebellar nuclei.
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Fig. 11 Transverse section of the cerebellar anlage from a 21 mm human embryo (Reproduced
from Riideberg [100])

Development of Longitudinal Purkinje Cell Zones

Longitudinal Purkinje cell zones are among the first features of the cerebellum to
develop as discrete multicellular clusters that will extend rostrocaudally as adult,
monolayered zones. Purkinje cell zones were first identified by their projections to
cerebellar and vestibular target nuclei and their afferent olivocerebellar fibers
occupy [113, 114], illustrated in Fig. 13a—c. It should be noticed that the B zone
(green) and the C1, C3, and Y zones (red) are restricted to the anterior lobe and the
simplex lobule, and to lobule VIII and its hemisphere, the copula. Other zones
extend over most of the rostro-caudal length of the cerebellar surface. Their devel-
opment has been studied in serial, Nissl-stained sections in different species and by
using Purkinje cell-specific markers. Their development was first studied by
Korneliusen [61] in Cetacea. In Balaenoptera musculus (blue whale) and
Balaenoptera physalus (fin whale) embryos, he distinguished four Purkinje cell
clusters in the cortical anlage, each cluster being topographically related to one of
the incipient cerebellar nuclei (Fig. 14). Clusters are clearly demarcated and differ
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Fig. 12 Transverse section through the cerebellar anlage of a E17 rat embryo, showing the divi-
sion of the nuclear transitory zone in a group of medially migrating, future fastigial nuclear neu-
rons (fcf) that will give rise to the uncinate tract (hb), and a group of longitudinally oriented
neurons (fci), the source of the interposed and lateral nuclei (Reproduced from Altman and Bayer
[5]. Inset: Injection of horse radish peroxidase (stippled area) labels fibers of uncinate tract in the
cerebellar commissure and cells of contralateral fastigial nucleus in a E16 rat embryo [17])

in the degree of differentiation of their cells. Raphe-like, cell-poor differentiations
within the medullary substance demarcate the borders between the cluster/nuclear
complexes. Clusters extend all over the length of the still smooth cerebellar sur-
face. Three subdivisions are present in the medial cluster overlying similar differ-
entiations within the medial nucleus. A narrow medial intermediate cluster is
related to the small anterior interposed nucleus, the wide lateral intermediate clus-
ter to the large posterior interposed nucleus, and the lateral cluster is topographi-
cally related to the anlage of the lateral cerebellar nucleus. A very similar clustering
in the incipient cortex was found in the rat [62] (Fig. 14). The same relations of the
cerebellar nuclei were found as in whale embryos, but the lateral intermediate clus-
ter, like its target nucleus, the posterior interposed, is smaller and of the same size
as the medial intermediate zone and the anterior interposed nucleus. In the rat, a
small, additional X zone was present between the lateral and lateral intermediate
zone, related to the dorsolateral hump of the anterior interposed nucleus. The
medial intermediate and the X clusters are partially covered by the adjoining clus-
ters. Four Purkinje cell clusters were identified by Feirabend [36] in chick
embryos. In later stages, migrating strands of granule cells (“granule cell raphes,”
Fig. 15) are located between and within the clusters, subdividing them in smaller
units. The existence of such a second generation of clusters has not been confirmed,
but the Purkinje cell raphes have also been identified in mammals and have been
used to delineate Purkinje cell clusters and zones in histochemical studies [59, 60,
75, 98]. Cerebellar zonation in early postnatal avian stages was documented by
Braun et al. [20].
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Fig. 13 (a) Diagram of the Purkinje cell zones in a flattened map of the cortex of the cerebellum of
the rat. The cerebellar and vestibular target nuclei of the zones are indicated in (b), the source of their
climbing fiber afferents in a flattened map of the inferior olive in (¢). A map of the distribution of
zebrin-positive (black) and zebrin-negative Purkinje cells is illustrated in (d). Zebrin-positive zones
are numbers 1-7. Note that the Purkinje cells of the B, C1, C3, and Y zones are zebrin negative

Purkinje cell clusters have been identified during the development of the primate
cerebellum. The first illustrations in human fetuses can be found in Langelaan [67]
and Hochstetter [54]. They were studied in macaque monkey fetuses by Kappel
[58]. She distinguished two sets of clusters. Those destined to develop in the adult
A, C2, and D1 and D2 zones reach the still smooth surface of the cerebellum early
(Fig. 16). The clusters that will give rise to the future B, C1, and C3 zones reach the
surface later. For some time, they are still partially covered by the neighboring clus-
ters, a phenomenon also noticed for the same clusters in Korneliussen’s [64] paper
on the rat corticogenesis. Korneliusen’s medial and lateral intermediate and his X
zone clearly correspond to the monkey C1, C2, and C3 zones, respectively. In the
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Fig. 14 Transverse section and a diagram of the flattened cerebellar cortex showing Purkinje cell
clusters in a 30 mm cr rat embryo and a 17 cm cr Balaenoptera physalus embryo (Modified from
Korneliusen [61, 62])

monkey fetus, cell strands connect the C1 and C3 clusters with the anterior inter-
posed nucleus (Fig. 17). The same Purkinje cell clusters also can be recognized in
human fetuses, where the large size of the lateral D cluster should be noticed
(Fig. 18). The differentiation of the human dentate nucleus in a dorsomedial portion
with an early differentiating coils, and a late developing ventrocaudal part, was first
described by Weidenreich [124]. The general conclusion of these studies is that
Purkinje cell clusters transform directly into the adult pattern of Purkinje cell zones.
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Fig. 15 Granule cell raphes in a 14-day chick embryo. (a) Loyez stain of anterior lobe, the EGI,
and the granule cell raphes are stained. (b) Nissl stain. EGL external granular layer, P Purkinje cell
clusters (Courtesy Dr. Hans Feirabend)

Nothing is known about the development of the detailed (somato) topical patterns
[34] in the Purkinje cell zones.

The role of cadherins, adhesion molecules that play an important role in cerebel-
lar development, was reviewed by Redies et al. [99]. Different cadherins are
expressed by Purkinje cell clusters early in chick embryos and provide an adhesive
code for parasagittal cell domains in avian and mammalian embryos (Fig. 19) and
characterize interconnected grisea, such as Purkinje cell clusters and the cerebellar
nuclei [8, 86]. In mice, these cadherin domains resemble the Purkinje cell zones as
they are known in rats.

Wassef and Sotelo [120] and Wassef et al. [123] traced the development of
Purkinje cell clusters in rats, using markers that are expressed by all adult Purkinje
cells. Not all Purkinje cell clusters express these markers during development.
Different patterns of labeling were observed for different markers. Whether this is
caused by a different phenotype of the immature Purkinje cells or by a difference in
time scale of the expression of the different markers is not clear. The number of
clusters identified was greater than in previous studies, and, therefore, a comparison
with them was not attempted.

Another set of Purkinje cell-specific antibodies was developed by Hawkes and
Leclerc ([48]: mapQ-113, zebrin I) and Brochu et al. ([21], zebrin II). The epitope
of zebrin II was found to be aldolase C [1]. These antibodies stain a subpopulation
of Purkinje cells. Multiple longitudinal strips of zebrin-negative Purkinje cells in
the anterior lobe and the simplex lobule, in the posterior cerebellum in the pyramis
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Fig. 16 Photographs of the rostral aspect of reconstructions of the Purkinje cell layer of the cer-
ebellum of four fetuses of the rhesus monkey. Clusters are indicated with different shadings. Note
the superficial location of Purkinje cells of the early arriving clusters D, C2, and A in the youngest
fetus and the gradual emergence at the surface of the later arriving clusters B, C,, and C;. Compare
with sections of 55-, 65-, and 70-day-old fetuses in Fig. 16. Abbreviations: Fl flocculus, prf pri-
mary fissure (Reproduced from Kappel [58])

Fig. 17 Coronal section through the cerebellum of a 55-day-old rhesus monkey fetus. Note super-
ficial location of the Purkinje cells of the early arriving clusters A, C2, and D, which still partially
cover the later arriving deep clusters B, C,, and C;. Abbreviations: cr restiform body, IntA anterior
interposed nucleus, v4 fourth ventricle (Reproduced from Kappel [58])
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Fig. 18 Purkinje cell clusters A-D in a transverse section of a human 65 mm cr fetus. EGL
external granular layer

Fig. 19 Zonal distribution
of different cadherins in a
section through the E11/
E12 chicken cerebellum.
Red Cad6b, blue Cad7,
green R-cadherin. Scale
bar 500 pm (Reproduced
Arndt et al. [8]

and the adjoining paramedian lobule, separate zebrin-positive strips (Fig. 13d).
Expression of the zebrin antigen starts relatively late in P6 rat neonates. At P12, it
is present in all Purkinje cells. Subsequently immunoreactivity is selectively sup-
pressed, resulting in the adult-striped pattern [73]. A similar type of development
has been found for another late-onset marker for longitudinal zones, heat-shock
protein 25 [7]. In studies of the development of the zebrin pattern, bridging the gap
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between prenatal clusters and adult zebrin-negative and zebrin-positive strips
proved to be difficult [68].

One of the problems is that zebrin-positive and zebrin-negative strips do not
map one to one on the Purkinje cell zones defined by their corticonuclear and olivo-
cerebellar identity. The zebrin immunoreactivity of these Purkinje cell zones was
established by Voogd et al. [118], Voogd and Ruigrok [117], and Sugihara and
Shinoda [107]. Their studies also revealed a number of additional, narrow zebrin-
positive strips that were formally discarded as satellite bands. In the rat hemisphere,
the B, C1, C3, and Y zones were found to be zebrin negative, the intercalated C2,
D1, and D2 zones were zebrin positive (compare Fig. 13a, d). In the vermis, the A
zone consists of multiple zebrin-positive and zebrin-negative subzones. Earlier
publications on differences in birth date between the Purkinje cells of different
clusters [37] were succeeded by the viral labeling studies of Hashimoto and
Mikoshiba [47] that showed that Purkinje cells in mice born at E11.5 form clusters
that will develop into the zebrin-positive (C2, D1, and D2) zones, whereas Purkinje
cells born at E12.5 develop in the zebrin-negative (B, C1, C3, and Y) zones [85]
(Fig. 20). Earlier Kappel [58] found these late-born Purkinje cell clusters to arrive
later at the cerebellar surface than the early-born clusters. Just as the number of
zebrin-positive and zebrin-negative stripes increased in recent studies, the number
of Purkinje cell clusters identified in E17.5 mice embryos increased to 54 on each
side [39]. These authors traced the development of these clusters into the adult
zebrin pattern. More recent developments in this field were reviewed by Arancillo
et al. and in Leto et al. [74].

Development of Connections

The development of the afferent climbing and mossy connections of the cerebellum
has received more attention than the output systems of the cerebellar nuclei. A
closed chapter in the study of the development of cerebellar connections is the study
of their myelinization. Axonal systems acquire their myelin sheaths at different pre-
and postnatal dates. Myelin-stained sections can provide information on their
topography. The method was mostly used in human fetuses and neonates. Like
modern MRI tractography. It does not provide information on the precise origin and
termination of the tracts nor on the direction of impulse propagation. A good exam-
ple is the dorsal spinocerebellar tract that bore the eponym Flechsig’s tract after its
discovery in the myelogenetic studies of this author [38]. The localization of this
tract in the restiform body was illustrated by Darkschewitsch and (Sigmund) Freud [31].
In a human fetus, it consists of a core of myelinated cuneocerebellar and dorsal
spinocerebellar fibers and an unmyelinated periphery of olivocerebellar fibers
(Fig. 21). Details on the intracerebellar topography were published by De Sanctis
[32]. The state of the art at the end of the nineteenth century was reviewed by von
Bechterew [12].
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Fig. 20 Distribution of Purkinje cells born on E10.5 and E12.5 superimposed on a map of the
zebrin-positive (gray) and zebrin-negative strips of the cerebellum of the mouse. Early-born
Purkinje cells constitute zebrin-positive bands; late-born Purkinje cells constitute zebrin-negative
bands (Reproduced from Namba et al. [85])
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Fig. 21 Diagram of the
myelinization of the
restiform body in a human
fetus. The central,
myelinated core consists of
cuneocerebellar (/) and
dorsal spinocerebellar tract
fibers (2). The
unmyelinated periphery
consists of olivocerebellar
fibers (From
Darkschewitsch and Freud
[31D)

Fig. 22 Sagittal section
through an 8 mm mouse
embryo; Cajal silver
staining. Axons of the
ascending branch of the
vestibular nerve enter the
cerebellar anlage
(Reproduced from Tello
[108]). Abbreviations:
n.trig trigeminal nerve,
n.vest vestibular nerve

According to Tello [108], who used the Cajal silver impregnation in mouse
embryos, the first system to enter the cerebellum in an § mm mouse embryo is the
ascending branch of the bifurcating vestibular nerve. These fibers appear to be
directed at the caudal pole of the cerebellar anlage, where some will cross the mid-
line (Fig. 22). At a later stage, another afferent system, Tello’s faisceau bulbo- or
olivo-cérébelleuse, enters the rostral pole of the cerebellum. Its fibers form the cer-
ebellar commissure which, in a 13 mm mouse embryo, extends over the entire
rostro-caudal dimension of the cerebellum (Fig. 23). Tello’s observations on the
early arrival of primary vestibulocerebellar fibers were confirmed by Morris et al. [83],
using the parvalbumin immunoreactivity of these fibers in rat embryos. First the
fibers are located immediately under the pial surface. Later they are found in medi-
ally and caudally directed bundles that will reach the granular layer of the uvula-
nodulus. These fibers may serve as pathfinding axons for non-immunoreactive
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Fig. 23 Sagittal section through a 13 mm mouse embryo; Cajal silver staining, showing the cer-
ebellar commissure (Reproduced from Tello [108]). Abbreviations: comm cerebellar commissure,
egl external granular layer, mes mesencephalon, plex. chor. choroid plexus, ventr. matrix ventricu-
lar matrix

fibers, possibly belonging to secondary vestibulocerebellar fibers from the vestibular
nuclei. The development of differential projections of cristae and maculae in mice
to the uvula-nodulus was studied by Maklad and Fritsch [78].

Of the other mossy fiber afferent systems, the development of the spinocerebellar
projection has received most attention. The bilateral, regular collateralization of
spinocerebellar fibers that form multiple parasagittally oriented terminal fields in
the granular layer was first described in our lab for mammals [114] and birds [112].
Lakke et al. [66] traced spinocerebellar axons with WGA HRP in chicken embryos.
They enter the rostral cerebellum in Tello’s bulbocerebellar fascicle at the seventh
incubation day. They course superficially, to enter the cerebellar commissure 2 days
later. The bundle of spinocerebellar axons gives off collaterals which enter the
Purkinje cell clusters, from where they extend into the molecular layer (Fig. 24).
Spinocerebellar fibers disappear from the molecular layer, and terminal rosettes in
the inner granular layer develop late before and after hatching [91]. In mammals, a
similar sequence is present in the development of the spinocerebellar pathway.
Their early entrance in the rostral cerebellar anlage in E13 mouse embryos, their
superficial location, and their decussation in the cerebellar commissure are observed
at E15. No parasagittal arrangement is visible at E19 [43]. According to Arsénio
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Fig. 24 Bundles of
spinocerebellar fibers in an
11-day incubation chick
embryo are positionally
related to the Purkinje cell
clusters. Collaterals are
seen to enter these clusters
(Reproduced from Lakke
et al. [66])

Nunes and Sotelo [9], the columnar distribution of spinocerebellar fibers in the rat
develops postnatally from a more diffuse stage that was not observed in birds. A
distinct topographical relationship of these columns to the zebrin pattern, i.e., to the
Purkinje cell zones, was described by Ji and Hawkes [55]. According to these
authors, despite the early zonal distribution of the mossy fibers being dependent on
Purkinje cell clustering, granule cell-mossy fiber interactions if disturbed by chemi-
cal ablation of the EGL result in blurring of this pattern [56].

Little is known about the development of other mossy fiber systems. For the
development of the pontocerebellar projection, Bechterew [11] made an interesting
observation. He found an early myelinating “spinal system” in the brachium pontis
of human neonates that can be traced from the caudal pontine nuclei and the nucleus
reticularis tegmenti pontis into the flocculus and the anterior cerebellum. The “cere-
bral system” of the brachium pontis, which courses from the rostral pontine nuclei
to the posterior cerebellum, is still unmyelinated at the time (Fig. 25). This is in
accordance with more recent observations that the main projection of the caudal
pontine nuclei, which receive their afferents from motor cortical areas, is to the
anterior lobe, whereas rostral pontine nuclei that are innervated by cortical associa-
tion areas mainly project to the caudal cerebellum [115]. Tolbert and Panneton
[110] described transient extra-pontine cerebrocerebellar connections from the
somatosensory cortex to the cerebellar cortex and nuclei in kittens using axonal
transport of tritiated amino acids, horseradish peroxidase, or fluorescent dyes. These
projections arise as collaterals from the pyramidal tract, passing through the supe-
rior cerebellar peduncle to terminate in the nuclei, and caudal to the pons, bilaterally
through the restiform body to be distributed as mossy-like fibers to the granular
layer of the anterior lobe, the lobulus simplex and the paramedian lobule. The pro-
jections to nuclei and cortex are somatotopically organized [94, 109]. Nuclear pro-
jections are present at P6—P8, cortical projections between P8 and P10. After the
seventh postnatal week, no cerebrocerebellar projections were present any more.
Earlier, a similar transient pathway from the occipital region of the hemisphere to
the paraflocculus was observed in neonatal rabbits [33].
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Fig. 25 Transverse myelin-stained section through the brainstem and cerebellum of a human neo-
nate (Reproduced from Bechterew [11]). Abbreviations: a central tegmental tract, b superior olive,
fe cerebral system of the brachium pontis, flo flocculus, flp medial longitudinal fascicle, fin spinal
system of the brachium pontis

Since the studies of Voogd [114] and Groenewegen and Voogd [44], it is known
that the topographical organization of the olivocerebellar projection closely matches
the longitudinal zonal organization of the corticonuclear projection and their local-
ization in white matter compartments. Therefore the question is not whether it is
likely that Purkinje cell clustering determines this pattern but rather how this is
achieved. Olivocerebellar fibers enter the cerebellum early, in E8.5-E9 chick
embryos, presumably, in Tello’s olivocerebellar bundle; initial target selection
occurs at E10. Affinity of Purkinje cell clusters for the olivocerebellar fibers from
particular subdivisions of the inferior olive was shown by Chédotal and Sotelo [26],
Wassef et al. [121, 122], and Paradies et al. [92] (Fig. 26). The cell adhesion mole-
cule BEN was found to be present in subdivisions of the inferior olive and Purkinje
cell clusters. However, non-BEN i.r. clusters also were found to receive BEN-ir
olivocerebellar fibers ([28]; Pourquié et al. [96]). Irrespective of reversal of the cer-
ebellar plate, olivocerebellar fibers recognize polarity cues in their target region that
organize their antero-posterior topography [27]. Ephrins and their receptors are dis-
tributed in parasagittal domains in chicken embryos [60]. These domains were
found to correspond to the olivocerebellar mapping domains [89].

Although the development of corticonuclear connections was implicit in some
of the cited papers on the development of longitudinal Purkinje cell zones, the
subject has received little attention. The uncinate tract, as the main efferent sys-
tem of the fastigial nucleus, was considered in section “Development of the
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Fig. 26 Location of CGRP immunoreactive olivocerebellar fibers in the cerebellum of an E17 and
an E20 rat embryo. CGRP immunoreactive brain stem nuclei and tracts are indicated. Cerebellar
nuclei are hatched (Reproduced from Chédotal and Sotelo [26]). Abbreviations: 4V fourth ventri-
cle, 7n facial nucleus, 7 genu facial nerve, Aq aquaduct, bp parabrachial nucleus, cer cerebellum,
MnR median raphe, sp5 spinal tract trigeminal nerve

Cerebellar Nuclei.” The development of the brachium conjunctivum was studied
in rat fetuses by Cholley et al. [29]. It emerges from the cerebellar nuclei at E15;
at E16, it crosses the midline in Wernekinck’s decussation [116]. The olivonu-
clear pathway was found in a more ventral position to decussate rostral to the
main portion of the brachium.
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Development of the Folial Pattern

Studies of the development of the folial pattern contributed to our present nomen-
clature of the cerebellum. Kuithan [65] coined the name sulcus primarius for the
first fissure to appear medially in the cerebellum of a 5 cm sheep embryo. Another
unnamed, fissure is present at this stage running along the caudal rim of the cerebel-
lar anlage, which we now know as the posterolateral fissure (Fig. 27). Next to appear
is the fissure that borders the uvula rostrally (our secondary fissure) followed by the
prepyramidal fissure. The name “secondary fissure” was introduced by Smith [105]
for “one of the two fundamental clefts which cross the mesial plane (that) have been
called the ‘fissura prima’ and the ‘fissura secunda’ in reference to their relative
importance and precocity.” Smith only studied adult specimens and must have
derived his ideas about the precocity of these fissures from Kuithan’s studies.
Kuithan’s observations were partially confirmed by Stroud [106] in feline and
human embryos. However, before any fissures appeared in the future vermis, Stroud
observed a parafloccular sulcus in the hemisphere that separates his “pileum” (our
ansiform and paramedian lobulus) from his “paraflocculus.” Contrary to his term
paraflocculus, Stroud’s names for the primary fissure (the furcal sulcus) and the
anso-paramedian lobules have not survived.

Fig. 27 Sagittal section of a 5 cm sheep embryo, showing the division of the germinal zone of the
early cerebellar plate by the primary fissure and an unnamed fissure along the caudal border of the
cerebellum (arrow) (Reproduced from Kuithan [65]). Abbreviations: f fibrillar layer, g mantel
layer, m’ external granular layer (embryonale Randschicht), sp. sulcus primarius, #r trochlear nerve
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Fig. 28 (a) Diagram of Bolk’s [16] Bauplan of the mammalian cerebellum. Folial chains of ver-
mis and hemisphere are aligned in anterior lobe and in the pyramis (C1) and the paramedian lobule
and behave like independent growth centers in the ansiform lobule-lobule C2 and the paraflocculus-
flocculus and lobules A (nodule) and B (uvula) segments (b). Drawings of different stages in the
development of the human cerebellum (Relabeled from Bolk [16]). (¢) Larsell’s [72] transverse
subdivision of the mammalian cerebellum. Abbreviations: A lobule A (nodulus), B lobule B
(uvula), CI lobule C1 (pyramis), C2 lobule C2 (folium and tuber vermis), cop copula pyramidis,
Crus.circ (PFL) crus circumcludens (paraflocculus), Fapm ansoparamedian fissure, fI primary fis-
sure, Ficrur intercrural fissure, fII fissura secunda, FLO flocculus, fpc preculminate fissure, fpf
parafloccular fissure, fpp. prepyramidal fissure, fsp superior posterior fissure, L.ans ansiform lob-
ule, L.ant anterior lobe, L.pm paramedian lobule, L.sim simplex lobule, PFLD/V dorsal/ventral
paraflocculus, Spm paramedian sulcus, Uncus t. (floc) uncus terminalis (flocculus)

One of the longstanding controversies in the subdivision of the mammalian cer-
ebellum was whether a subdivision in lobules, separated by transverse fissures, or a
sagittal division into vermis and hemispheres was to be preferred. The proponent of
the division in vermis and hemispheres was Louis Bolk [16] (Fig. 28a). Bolk’s [15,
16] studies of human embryos, which confirmed Bradley’s [18, 19] earlier observa-
tions, showed that the cerebellum is a compromise between transverse and longitu-
dinal trends in the development of its folial pattern. In the anterior lobe with the
simple lobule and in the pyramis with its hemisphere, fissures and lobules of the
hemisphere develop as extensions from the vermis. In the ansiform lobule, the para-
flocculus and the flocculus fissures develop independently from the vermis
(Fig. 28b). The independence of vermis and hemisphere later was emphasized by
the local absence of cortex, i.e., of parallel fibers, in these regions [113]. Larsell [70]
stated his belief in the prevalence of a transverse lobular subdivision as: “it is clear
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in the adult and in the fetus that the lateral parts, namely ansiformis, paraflocculus
and the lateral continuation of the pyramis are merely lateral extensions of the
medial portions.” Larsell identified the posterolateral fissure as the first fissure to
develop. It separates the primary divisions of the cerebellum, the flocculonodular
lobe, and the corpus cerebelli, from each other. Larsell subdivided the avian and
mammalian cerebellum in ten homologous lobules, indicated with roman numerals
[71, 72] (Fig. 28c). The development of the folial pattern in birds was also studied
by Saetersdal [101]. He agreed with Larsell that the posterolateral fissure is the first
to appear but found Larsell’s preculminate, prepyramidal, and secondary fissures to
appear next. Larsell’s preculminate fissure, therefore, represents the true primary
fissure, and the lobules of the avian cerebellum should be renumbered.
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The Embryology and Anatomy
of the Cerebellum

Maryam Rahimi Balaei, Niloufar Ashtari, and Hugo Bergen

Abstract The cerebellum is an important structure in the central nervous system
that controls and regulates motor and non-motor functions. It is located beneath the
occipital lobe and dorsal to the brainstem. Today, we know much about its complex
circuitry and physiology. The cerebellum has a well-defined and highly organized
structure. The cortex of the cerebellum contains eight neuronal cell types and
receives input from a variety of sites within the CNS and processes the information
in a uniform manner. The cerebellum projects to a variety of different sites within
the CNS to regulate motor function. Although much has been discovered regarding
the complex architecture of the cerebellum, there are significant gaps in our under-
standing of the broader role of the cerebellum in brain function. In this chapter, we
will review briefly the embryological development of the cerebellum and provide an
overview of the anatomy of the cerebellum.

Keywords Cerebellum * Embryology * Anatomy ¢ Histology * Function

Introduction

The cerebellum (latin: ‘little brain’) is located in the posterior cranial fossa and is
involved in the regulation of posture, motor coordination, balance, and motor learn-
ing. More recently, it has been proposed that it also plays a role in emotion and
cognition. The cerebellum consists of a midline region referred to as the vermis, a
narrow paravermal area immediately adjacent to the vermis, and large hemispheres
on either side. Well-defined fissures divide the cerebellum in a rostral caudal direc-
tion into an anterior lobe, posterior lobe, and flocculonodular lobe. The anterior and
posterior lobes are divided further, into lobules and folia (in human), which greatly
increases the surface area of the cerebellum. The cerebellum consists of a uniform
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layer of cortical grey matter overlying white matter that surrounds four pairs of
cerebellar nuclei (CN). The cerebellar cortex consists of three layers: molecular
layer, Purkinje cell layer, and granule cell layer. The molecular layer is the outer-
most layer and is largely a synaptic layer, containing the connections of a number of
neurons (e.g., basket and stellate cells) with the dense dendritic arborizations of the
Purkinje cells, whose cell bodies are the predominant component of the Purkinje
cell layer. The innermost layer of the cortex is the granule cell layer containing
Golgi cells, Lugaro cells, unipolar brush cells, and the highly abundant granule
cells. Almost all of the neurons of the cerebellar cortex use either the excitatory
neurotransmitter glutamate or the inhibitory neurotransmitter gamma-aminobutyric
acid (GABA). Glutamate is used by the granule cells and unipolar brush cells while
the remainder of the cortical neurons use GABA. The CN are primarily composed
of large projection neurons that use glutamate as a neurotransmitter and project to
nuclei of the thalamus and brainstem. These neurons represent the principal output
of the cerebellum. A smaller number of CN neurons are GABA-ergic and project to
the inferior olivary nucleus of the medulla. The cerebellum is considered an out-
standing model in the research of neurogenesis and circuit assembly because of its
well organized structure.

Embryology of the Cerebellum

During prenatal development of the nervous system, the central nervous system
originates from the area of the ectoderm known as the neural plate. The neural plate
thickens as a result of cell proliferation and then begins to invaginate and thus forms
the neural groove. The invagination of the neural groove continues until the lateral
edges of the neural groove (neural fold) fuse to form the neural tube through a pro-
cess referred to as neurulation. As the edges of the neural groove fuse to form the
neural tube, which detaches from the ectoderm, a population of the neuroectoder-
mal cells dissociate from the neural fold as the neural crest cells [1]. The rostral
extent of the neural tube develops into the prosencephalon, mesencephalon, and
rhombencephalon. The prosencephalon undergoes further development to form the
telencephalon and diencephalon. The mesencephalon does not undergo further divi-
sion while the rhombencephalon divides into the metencephalon and myelencepha-
lon. Caudal to the rhombencephalon, the neural tube develops into the spinal cord.
The cerebellum develops from the dorsal portions (i.e., the alar plate) of the meten-
cephalon and the neural folds, the latter referred to as the rhombic lips. The alar
plate of the rostral metencephalon undergoes bilateral expansion in the dorsolateral
region to form the rhombomere 1 (r1). These rostral extensions of alar plate eventu-
ally join in the midline to form the vermis of the cerebellum. As the cerebellum
begins to form, initially from the dorsal r1, it rotates 90° before fusing at the midline
as the vermis [2]. This rotation of dorsal r1 results in the conversion of rostral-cau-
dal axis seen in the early neural tube, into the medial-lateral axis seen in the mature
cerebellum (the wing-like bilateral cerebellar primordia) [3]. As the bilateral
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cerebellar primordia fuse, the midline vermis is derived from the rostro-medial ends
while the cerebellar hemispheres are derived from the more caudo-lateral compo-
nents of the rhombencephalon [4].

The neurons that reside within the cerebellum are derived from two distinct ger-
minal zones: the ventricular zone and the rhombic lip. The ventricular zone is the
neuroepithelium of the alar plate of the rhombencephalon that eventually forms the
roof of the fourth ventricle. The neurons derived from the ventricular zone include
the Purkinje cells, candelabrum cells, Golgi cells, Lugaro cells, stellate cells, and
basket cells. All of these neurons use GABA as a neurotransmitter and reside in the
outer two layers of the three layered cortex, except for the Golgi and Lugaro cells of
the granular layer [5, 6]. The neurons derived from the rhombic lip use glutamate as
a neurotransmitter. This includes the large neurons of the CN (projecting to the
diencephalon and brainstem), unipolar brush cells, and granule cells, the most
numerous cell in the brain.

Anatomy and Histology of the Human Cerebellum

Functional Divisions of the Cerebellum

The cerebellum is a highly organized structure that is attached to all three compo-
nents of the brainstem (the midbrain, pons, and medulla) [7]. Fissures divide the
cerebellum into three lobes in the rostro-caudal plane. The primary fissure, seen on
the superior surface of the cerebellum, separates the anterior lobe from the posterior
lobe, while the posterolateral fissure, seen on the inferior surface of the cerebellum,
separates the large posterior lobe from the narrow and much smaller flocculonodular
lobe. The flocculonodular lobe consists of bilateral extensions of cerebellar cortex
called flocculi that are connected to the inferior portion of the vermis called the nodu-
lus. During development, once the anterior and posterior lobes form, smaller lobules
begin to form. The lobules undergo further infolding which leads to the formation of
folia, which are particularly prominent in human cerebellum. The structure of the
folia is consistent throughout the cerebellum, with a three-layered cortex overlying
the white matter consisting of the axons projecting to and from the cortex (Fig. 1).

The cerebellum is organized into three functional divisions based on their con-
nections to other brain sites and their respective roles in regulating movement and
other non-motor functions. The phylogenetically oldest component of the cerebel-
lum is the flocculonodular lobe. The cortex of this lobe receives input from the
vestibular apparatus on the ipsilateral side as well as input from the vestibular nuclei
of the brainstem. Therefore, the flocculonodular lobe is commonly referred to as the
vestibulocerebellum. The connections of the vestibulocerebellar cortex to the ves-
tibular nuclei are reciprocal, and the cortex of the vestibulocerebellum is the only
component of the cerebellar cortex that sends projections directly to sites outside
the cerebellum (i.e., the vestibular nuclei of the brainstem) [7]. The vestibulocere-
bellum participates in the control of balance and eye movements.
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Fig. 1 (A) Location of the cerebellum in situ. (B) Hemisected view of the cerebellum showing the
vermis, the locations of the anterior and posterior lobes, and its anatomical relationship to the brainstem.
(C) Schematic representation of the cerebellum showing the mossy fibre and climbing fibre inputs to
the cerebellar cortex. The mossy fibres contact the granule cells and send collaterals to the cerebellar
nuclei while the climbing fibres make contact with the dendrites of the Purkinje cells and may also send
projections to the cerebellar nuclei. The granule cells project to the molecular layer and bifurcate to form
the parallel fibres that contact the Purkinje cell dendrites as well as the basket cells and stellate cells. The
Golgi cells receive input from mossy fibres and also project into the molecular layer of the cortex
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The second functional component of the cerebellum consists of the midline ver-
mis of the anterior lobe and a narrow portion of cortex on either side of the vermis
referred to as the paravermal cortex. This component is referred to as the spinocer-
ebellum as the bulk of the input to the spinocerebellum is provided by ascending
tracts in the spinal cord. The spinocerebellum receives input from the dorsal spino-
cerebellar tract that transmits proprioceptive, cutaneous, and pressure information
from the lower extremity (on the ipsilateral side) [7]. It also receives input from the
cuneocerebellar tract, which carries somatosensory information from the upper
extremity.

A third major input into the spinocerebellum is the ventral spinocerebellar tract.
It transmits information regarding the activity of circuits within the spinal cord
involved in regulating motor activity. Additionally, the spinocerebellum also
receives inputs from a number of brainstem nuclei including the reticular formation.
The spinocerebellum participates in regulating axial and proximal limb muscle
musculature involved in balance, posture, and locomotion.

The third and largest functional component of the cerebellum is the pontocere-
bellum (also referred to as the cerebrocerebellum). It is also the phylogenetically
newest component of the cerebellum. It consists of the large hemispheres immedi-
ately lateral to the spinocerebellum and receives input principally from the contra-
lateral cerebrum, via the pons. Descending corticopontine fibres from widespread
areas of the cerebral cortex (particularly frontal and parietal lobes) project to pon-
tine nuclei of the basilar pons [7]. The neurons of these nuclei send their projections
across the midline to project to the cortex of the pontocerebellum. The pontocere-
bellum is particularly well developed in higher mammals and participates in regu-
lating the coordination of the distal limb musculature as well as playing a role in
motor learning.

Cerebellar Cortex

The cortex of the cerebellum is remarkable in its uniformity and segregates into
three layers: the outer molecular layer, the Purkinje cell layer, and the inner granule
cell layer [6]. The molecular layer contains stellate cells and basket cells but is
dominated by the dendrites and axons of other neurons. The molecular layer receives
input from neurons of the inferior olivary nucleus of the medulla, and these fibres
are referred to as climbing fibres. The climbing fibres make abundant excitatory
synaptic connections with the proximal dendritic tree of Purkinje cells [8]. The
molecular layer also receives abundant excitatory input from the granule cells of the
cerebellar cortex. Granule cells send their axonal projections to the molecular layer
cortex where the axons bifurcate and form parallel fibres that run parallel to the
cortical surface and make synaptic connections with the dendritic tree of numerous
Purkinje cells. The stellate cells of the molecular layer are inhibitory interneurons
that use GABA as a neurotransmitter, and these cells are located primarily in the
outer part of the molecular layer. These cells also receive input from parallel fibres
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and make synaptic contacts with the dendritic tree of Purkinje cells. Finally, the
basket cells of the molecular layer also use GABA as a neurotransmitter and are
located in the inner portion of the molecular layer. Basket cells receive excitatory
input from the parallel fibres of the granule cells and make abundant inhibitory con-
nections on the cell bodies of Purkinje cells in a basket-like manner.

The Purkinje cell layer consists of the large cell bodies of the Purkinje cells,
which send an extensive dendritic tree into the molecular layer, and candelabrum
cells. The dendritic tree of a single Purkinje cell receives excitatory inputs from a
single climbing fibre of the inferior olivary nucleus and numerous inputs from par-
allel fibres of the granule cells. The Purkinje cell is of particular importance because
it represents the sole output of the cerebellar cortex. It uses GABA as a transmitter
and projects almost solely to the CN. The exception to this rule is the Purkinje cells
of the vestibulocerebellum that also project to the vestibular nuclei of the brainstem.
Interspersed between the Purkinje cells within this layer are candelabrum cells that
are also GABA-ergic neurons that send their dendritic projections into the molecu-
lar layer. The functional significance of these cells is poorly understood.

The granule cell layer is the innermost layer of the cortex and consists of granule
cells, Golgi cells, unipolar brush cells, and Lugaro cells. The granule cells are the
most abundant neuron in the human nervous system and are packed tightly within
the granule cell layer. They receive excitatory input from mossy fibres, which are
the principal input into the cerebellum. Mossy fibres originate from numerous sites
within the nervous system, including pontine nuclei, nuclei of the reticular forma-
tion, vestibular nuclei, and the fibres of the spinocerebellar tracts of the spinal cord.
The granule cells, which use glutamate as a neurotransmitter, extend their axons
into the molecular layer where they bifurcate into the aforementioned parallel fibres
and connect with the dendritic tree of up to hundreds of Purkinje cells. The activity
of the granule cells plays a critical role in determining the activity of the Purkinje
cells. Additionally, the parallel fibres of the granule cells also shape the activity of
other cell types of the cerebellar cortex, including Golgi, stellate, and basket cells.
The Golgi cells are relatively large cells that are more abundant in the superficial
portion of the granule cell layer, nearer to the Purkinje cell layer [9]. These are also
GABA-ergic neurons and extend their dendrites into the molecular layer where they
receive synaptic input from the parallel fibres of the granule cells. The Golgi cells
also make synaptic connections to the granule cell dendrites, thereby providing a
source of inhibition to the granule cell. Unipolar brush cells are neurons within the
superficial part of the granule cell layer and like granule cells use glutamate as a
neurotransmitter. These cells are more abundant in the vestibulocerebellum than
other parts of the cerebellum and are closely associated with mossy fibres and proj-
ect to granule cells and other unipolar brush cells. The final cell intrinsic to the
cerebellar cortex is the Lugaro cell. These are GABA-ergic neurons found primarily
in the superficial portion of the granule cell layer. Their dendrites may extend into
the molecular layer, while their axon is restricted to the granule cell layer where
they make connections with Golgi cells.

Within the cerebellar cortex, the connections and links between the parallel
fibres of granule cells and the dendrites of inhibitory cells such as Purkinje cells and
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others, and the connections between the mossy fibres and Purkinje cells (and other
neurons), make a unique and uniform microcircuitry observed with great consis-
tency in all parts of the cerebellar cortex.

Cerebellar Nuclei (CN)

There are four pairs of CN embedded within the white matter of the cerebellum
(dentate, emboliform, globose, and fastigial) that receive input from the cerebellar
cortex as well as the collaterals of fibres projecting to the cerebellar cortex [10]. The
first cerebellar neurons generated are neurons of the CN. These cells originate from
the rhombic lip and migrate tangentially to the nuclear transitory zone (NTZ). The
CN constitute the sole output of the cerebellum (excepting some of the Purkinje cells
of the vestibulocerebellum), and they receive the output of the cerebellar cortex from
the inhibitory Purkinje cells. In addition to the inhibitory inputs from the Purkinje
cells, the CN receive the collateral excitatory inputs from mossy fibres and climbing
fibres projecting to the cortex. The majority of CN neurons are excitatory neurons
that project to sites outside the cerebellum, including the thalamus, red nucleus,
reticular formation, and vestibular nuclei. However, a small population of CN neu-
rons are GABA-ergic, and these neurons project to the inferior olivary nucleus.

The fastigial nucleus is the smallest and most medial of the CN. The neurons of
this nucleus receive input from the Purkinje cells of the vestibulocerebellum (i.e.,
flocculonodular lobe). In addition, the fastigial nucleus also receives input from
Purkinje cells of the vermis that receive input from the vestibular apparatus either
directly or indirectly via the vestibular nuclei. The neurons of the fastigial nucleus
project to the brainstem vestibular and reticular nuclei. As mentioned previously,
some of the Purkinje cells of the flocculonodular lobe also send direct (inhibitory)
projections to brainstem vestibular nuclei.

Lateral to the fastigial nuclei are the globose and emboliform nuclei, also referred
to collectively as the interposed nuclei. These nuclei receive input from the Purkinje
cells of the vermis and paravermal areas of the anterior lobe of the cerebellum,
which in turn receives input from the cuneate nucleus (via the cuneocerebellar tract)
and the accessory cuneate nucleus and Clarke’s nuclei (via the dorsal spinocerebel-
lar tract). The interposed nuclei send projections primarily to the red nucleus of the
midbrain and the ventrolateral nucleus of the thalamus. The latter nucleus relays
this information to the primary motor, supplementary motor, and pre-motor cortices
of the frontal lobe.

The dentate nucleus is the largest and most lateral of the CN. It receives inhibi-
tory input from the Purkinje neurons of the large lateral hemispheres and excitatory
input from the collaterals of the climbing fibres and mossy fibres projecting to the
lateral hemispheres that have their origin in the inferior olive and basilar pontine
nuclei, respectively. The neurons of the dentate nucleus project to the red nucleus
and the ventrolateral nucleus of the thalamus, which relays the information to the
motor cortices of the frontal lobe.
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Cerebellar Peduncles

The cerebellum connects to the midbrain, pons, and medulla via three peduncles:
the superior, middle, and inferior peduncles, respectively [7, 11]. The superior cer-
ebellar peduncle consists primarily of efferent fibres from the dentate and inter-
posed nuclei projecting to the contralateral red nucleus and ventral lateral nucleus
of the thalamus. The cerebellar efferents of the spinocerebellum that project to
nuclei of the reticular formation also pass through this peduncle. The cerebellar
afferents contained within this peduncle are primarily the fibres of the ventral spi-
nocerebellar tract that project as mossy fibres to the granular layer of the spinocer-
ebellum and send collateral branches to the interposed nuclei.

The middle cerebellar peduncle is a massive bundle of afferent fibres connecting
nuclei in the basilar pons to the contralateral cerebellar cortex. These fibres project
as the mossy fibres to the granular layer of the large lateral hemispheres and send
collateral branches to the dentate nucleus.

The inferior cerebellar peduncle contains fibres connecting the cerebellum to the
medulla and consists of the restiform body and the juxtarestiform body. The juxtar-
estiform body primarily consists of the reciprocal connections of the cerebellum
and the vestibular nuclei. The afferent fibres within the juxtarestiform body form the
mossy fibres projecting to the granular layer of the vestibulocerebellum. The effer-
ent fibres of the juxtarestiform body include Purkinje cell axons of the vestibulocer-
ebellum and the projections of the fastigial nucleus to vestibular and reticular nuclei
of the brainstem. The restiform body contains fibres projecting from the brainstem
and spinal cord to widespread areas of the cerebellum. This includes fibres of the
dorsal spinocerebellar tract and cuneocerebellar tract projecting to the spinocerebel-
lar cortex as mossy fibres with collateral projections to the interposed nuclei. In
addition, fibres originating in the inferior olivary nucleus projecting to the molecu-
lar layer of the cerebellar cortex as climbing fibres (with collateral projections to the
dentate nucleus) are also contained within the restiform body. The inferior olivary
nucleus receives inputs from spinal, vestibular, cranial, and cortical descending sig-
nals. The neurons of the inferior olivary nucleus relay somatosensory and noxious
stimuli. A single climbing fibre of the inferior olivary nucleus projects to a few
Purkinje cells, while each Purkinje cell makes synaptic connections with only one
climbing fibre.

The cerebellar cortex also receives projections from a variety of areas of the
brain including the locus coeruleus (noradrenergic fibres), raphe nuclei (serotoner-
gic fibres), mesencephalic tegmentum (dopaminergic fibres), and the hypothalamus
(histaminergic fibres) [7, 11]. These inputs to the cerebellum terminate in all three
layers of the cerebellar cortex as well as the CN. These projections to the cerebellum
are commonly referred to as neuromodulatory cerebellar afferents and are thought
to decrease the activity of Purkinje cells. The precise distribution and development
of these afferent projections to the cerebellum is not well understood. Further
research is required to better understand their role in cerebellar function.



The Embryology and Anatomy of the Cerebellum 41

Cerebellar Function

The function of the cerebellum can be broadly divided into three categories as set by
the three functional divisions described above.

The vestibulocerebellum consists of the midline nodulus and the bilateral floc-
cule [7, 11]. The mossy fibres projecting to the cortex originate in the vestibular
ganglion of the vestibular apparatus and the vestibular nuclei of the brainstem. The
Purkinje cells of the cortex send inhibitory projections to the fastigial nucleus as
well as the ipsilateral vestibular nuclei. The fastigial nucleus, which serves as the
principal cerebellar nucleus of the vestibulocerebellum, sends excitatory bilateral
projections to the vestibular nuclei. These connections to the vestibular nuclei pass
through the inferior cerebellar peduncle. These projections play an important role
coordinating the vestibular ocular reflex via the ascending vestibular nuclei projec-
tions contained within the medial longitudinal fasciculus to control eye movement
in response to vestibular feedback. The vestibular nuclei also send fibres descending
the spinal cord as the vestibulospinal tract. These fibres play a critical role in main-
taining balance through activation of the anti-gravity muscles of the lower body.
The fastigial nucleus also sends ascending projections via the superior cerebellar
peduncle to the ventrolateral nucleus of the contralateral thalamus. This information
is subsequently relayed to the corticospinal neurons of the anterior corticospinal
tract (medial motor system) involved in maintaining posture and balance through
activation of the axial musculature. Lesions of the vestibulocerebellum are often
characterized by nystagmus and vertigo, resulting from dysregulation of the con-
nections between vestibular nuclei and brainstem nuclei regulating eye movement.
Lesions of the fastigial nucleus are also commonly associated a wide-based gait as
a result of instability or ataxia of the axial musculature.

The spinocerebellum consists of the midline vermis and paravermal areas of the
cerebellum [8]. The mossy fibres projecting to the cortex are largely the fibres of the
spinocerebellar and cuneocerebellar tracts. To a lesser extent, the spinocerebellum
also receives input from reticular, vestibular, and pontine nuclei. Although the inter-
posed nuclei receive the bulk of the collateral fibres derived from the ascending
inputs into the spinocerebellar cortex, the fastigial nucleus also receives some these
collaterals. Similarly, the Purkinje cell axons of the paravermal areas of the spino-
cerebellar cortex project primarily to the interposed nuclei while the vermal areas
project to the fastigial nucleus. The fibres projecting from the interposed nuclei exit
the cerebellum via the superior cerebellar peduncle. The majority of these fibres
project to the ventral lateral nucleus of the contralateral thalamus, and this informa-
tion is relayed to supplementary motor, pre-motor, and primary motor cortex
involved in regulating the limb musculature. The descending projections of these
cortical areas will primarily form the lateral corticospinal tract (i.e., the lateral
motor system). The interposed nuclei also send projections to the red nucleus and
the reticular nuclei to effect changes in the descending rubrospinal and reticulospi-
nal fibres involved in regulating the activity of the spinal cord motor neurons pro-
jecting to the upper and lower limbs. The vermal areas of the spinocerebellum that
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project to the fastigial nucleus are primarily involved in regulating axial muscula-
ture. As described above, the fastigial nucleus projects to the reticular and vestibular
nuclei of the brainstem and the ventrolateral nucleus of the thalamus. Lesions of the
vermal portion of the spinocerebellum are characterized by axial muscle instability,
while lesions of the paravermal portions of the spinocerebellum produce ataxia
affecting the upper and lower limbs.

The pontocerebellum consists of the lateral hemispheres of the cerebellum and
constitutes the largest of the three functional components of the cerebellum. The
mossy fibres projecting to the pontocerebellar cortex are almost entirely crossing
pontocerebellar fibres. These fibres originate in the pontine nuclei of the contralat-
eral basilar pons and enter the cerebellum via the middle cerebellar peduncle. These
fibres send collaterals exclusively to the dentate nucleus, which also receives input
from the Purkinje fibres of the pontocerebellum. The fibres of the dentate nucleus
exit the cerebellum through the superior cerebellar peduncle. These fibres cross the
midline within the tegmentum of the caudal midbrain and continue rostrally where
some fibres enter into the red nucleus. The neurons of the red nucleus project to the
inferior olivary nucleus of the medulla, which projects back to the pontocerebellum
and dentate nucleus forming a feedback loop to the cerebellum. The majority of the
fibres originating from the dentate nucleus continue past the red nucleus to the thal-
amus. The fibres terminate on neurons in the ventrolateral nucleus and to a lesser
extent in the ventroanterior nucleus of the thalamus. The thalamic neurons con-
tacted by the neurons of the dentate nucleus project rostrally to a large portion of the
motor cortices, with an emphasis on the primary motor cortex. The descending neu-
rons from the primary motor cortex form a large component of the lateral motor
system. These projections play a critical role in coordinating the muscle activation
required for performing fine motor skills of the distal extremities, particularly of the
upper limb. The cortical areas regulated by the thalamic relays of the dentate nucleus
also play an important role in the planning of motor activity. Lesions of the ponto-
cerebellum are characterized by a decreased ability to control the distance, velocity,
and power of movement performed by the extremities. Lesions of the pontocerebel-
lum are commonly characterized by intention tremor and difficulty in performing
rapid alternating movements of the hand (e.g., pronation and supination). The latter
deficit is referred to as dysdiadochokinesia. These deficits underscore the impor-
tance of the pontocerebellum in regulating fine motor skills.

Blood Supply of the Cerebellum

The cerebellum is supplied with arterial blood via three cerebellar arteries: the pos-
terior inferior cerebellar artery (PICA), the anterior inferior cerebellar artery
(AICA), and the superior cerebellar artery (SCA) [12]. These arteries are derived
from the vertebral-basilar arterial system that supplies the posterior circulation of
the brain. The bilateral vertebral arteries pass through the foramen magnum and
shortly after entering the cranium, the PICA branches off the vertebral artery. The
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PICA supplies the cortex of the posterior portion of the inferior cerebellum and the
inferior portion of the underlying white matter. It also supplies the fibres of the
inferior cerebellar peduncle. The vertebral arteries fuse in the midline, near the
junction of the pons, and the medulla, to form the basilar artery, and the AICA
branches off the basilar artery immediately anterior to this junction. The AICA sup-
plies the cortex of the anterior portion of the inferior cerebellum and the underlying
white matter. Distal branches of the AICA may extend into the lateral portion of the
dentate nucleus. The AICA also supplies the posterior part of the middle cerebellar
peduncle, while circumferential branches of the basilar artery supply the anterior
portion of the middle cerebellar peduncle. The most lateral edge of the inferior sur-
face of the cerebellum is generally the watershed area of the PICA and the AICA.

The SCA attaches to the basilar artery immediately posterior to the bifurcation of
the basilar artery into the paired posterior cerebral arteries. The SCA supplies the
superior surface of the cerebellum and the bulk of the white matter of the cerebel-
lum. It also supplies the CN except for the lateral portion of the dentate nucleus that
may be supplied by the AICA. The SCA also supplies the superior cerebellar pedun-
cle together with branches of the posterior cerebral artery.
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Cellular and Genetic Programs Underlying
Cerebellum Development

Alexandra L. Joyner, Ryan Willett, and Andrew Lawton

Abstract The cerebellum is a late developing structure compared to the rest of the
central nervous system (CNS) and houses more cells than the entire rest of the brain
in a complex set of folds. To accommodate production of the large number of cells,
the cerebellum has not only a ventricular progenitor zone that produces all the glia
and inhibitory neurons but also a unique progenitor zone, the rhombic lip, dedicated
to excitatory neuron production. In this chapter we discuss how the inhibitory
Purkinje cells, which integrate the incoming information and moderate the output
neurons of the cerebellar nuclei, play a key role during development in ensuring
appropriate production of the other neurons/astrocytes of the cerebellar cortex. Key
transcription factors that regulate development of the two progenitor populations
and the lineage relationships of the neurons and astrocytes produced by each are
described, followed by a discussion of cerebellar foliation.

Keywords Ventricular zone ¢ Rhombic lip ¢ Purkinje cells ¢ Granule cells
e Interneurons ¢ Bergmann glia ¢ Astrocytes ¢ Cerebellar nuclei ® Neural stem cells
* Foliation

Introduction

The cerebellum is the region of the brain that is the latest to complete neurogenesis;
in humans cerebellar development continues during the first year of life and in
mouse for more than 2 weeks after birth [1-3]. It arises from the dorsal aspect of the
most anterior hindbrain called rhombomerel (Fig. 1a, b). Remarkably, the volume
of the human cerebellum increases ~10x between 20 and 40 weeks of gestation,
with the surface area increasing much more due to the formation of folia and lobules
[6-8]. The mouse cerebellum undergoes maximum growth and foliation after birth
(Fig. 1a—d). Given the late development of the CB compared to other brain regions,
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Fig. 1 The cerebellum forms in the dorsal anterior hindbrain and has its major growth and folia-
tion after birth. (a—c¢) microMRI images illustrating mouse postnatal cerebellum development (out-
lined in yellow) (based on [4]), and (c) highlighting distinct foliation patterns in the medial vermis
and lateral hemispheres [5]. (d) Hematoxylin and eosin (H&E) midline section (dotted line in ¢) of
adult cerebellum. 1-10, lobules, AZ anterior zone, CZ central zone (outlined in red), PZ posterior
zone, NZ nodular zone (green)

the cerebellum is particularly sensitive to environmental and clinical factors that
impact on growth (or cause injury) around birth [9]. A better understanding of the
factors that regulate progenitor cell expansion, production of neurons and glia, and
their compartmentalization during foliation should pave the way for developing
therapeutic approaches to stimulate endogenous progenitors to replenish cells lost
due to injury.

The developing cerebellum is unique among the brain regions as it has two zones
that house neural stem and progenitor cells (Fig. 2a). Whereas in the rest of the
central nervous system the ventricular zone (VZ) gives rise to all the neurons and
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Fig. 2 Two progenitor zones produce all the neurons and the astroglia of the cerebellum at particular
time points. (a) Midline eosin stained sagittal section of E16.5 cerebellum with ventricular zone
(turquoise) and rhombic lip (pink) indicated and the cells that arise from the zones color coded as
in ¢ and d. (b) Midline sagittal section of P3 cerebellum showing EGL (pink), Purkinje cells
(green), and Nestin-expressing progenitors. (¢) The ventricular zone lineage is shown. (d) The
rhombic lip lineage is shown. (e) SHH (orange) is expressed by Purkinje cells and signals to all
progenitors in the postnatal cerebellum, also indicated in ¢ and d

glia, the VZ of the cerebellum is dedicated to making only inhibitory neurons
(Purkinje cells and interneurons), as well as astrocyte-like glia (astrocytes and
Bergmann glia referred to as astroglia) [10]. Interestingly, most of the interneurons
and astroglia are generated from intermediate progenitors that leave the VZ and
proliferate after birth in the cerebellar cortex [11-14] (Fig. 2b, ¢). The second cerebel-
lar progenitor zone is called the rhombic lip and generates the excitatory neurons of
the cerebellum, primarily the granule cells, and projection neurons of the cerebellar
nuclei [15-17] (Fig. 2a, d). Like the astroglia and interneurons, the granule cells are
generated from a secondary progenitor pool made up of granule cell precursors
(GCPs) that are housed in the external granule cell layer (EGL) that covers the surface
of the cerebellum during development and generates granule cells that migrate
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Fig.3 Schematic drawing showing granule cell development. (a) During development (E15.5-P14),
the cerebellum is covered with granule cells organized in a layer called the external granule cell
layer (EGL) which is divided into an outer layer (0EGL) of dividing progenitors (GCPs) and inner
layer (iEGL) of postmitotic granule cells (GCs) that extend parallel fibers (axons shown as hori-
zontal blue lines). GCs migrate down the fibers (black lines) of Bergman glia (grey cell body) past
the Purkinje cells (PCs, green) to form the inner granule cell layer (/GL). (b) Newly formed paral-
lel fibers stack on top of older ones to form the molecular layer that also has interneurons (not
shown), but the cell bodies of GCs randomly mix in the IGL. PCs express SHH, which is required
for GCP proliferation

inward to form the internal granule cell layer (IGL) (Figs. 2a, b and 3). In humans,
the EGL reaches a maximum volume after birth [2]. It is tempting to speculate that
a dedicated transient amplifying progenitor pool evolved for the granule cells,
because the granule cells comprise a majority of the neurons in the brain and thus
require massive expansion of progenitor numbers during development. Curiously,
the source of most oligodendrocytes for the cerebellum appears to be the VZ outside
the cerebellum, likely the midbrain and/or ventral rhombomere 1 [18-20].

In this chapter, we use mouse as a model system to describe development and
foliation of the cerebellum (Fig. 1) and the generation of the various neurons and
astroglia of the cerebellum since precise knowledge of the VZ and RL lineages has
been obtained with genetic fate mapping studies. Cumulative fate mapping with a
site-specific recombinase such as Cre labels all cells that ever expressed Cre, and if
the gene is specific to one progenitor pool, then all the cell types generated from the
pool can be determined [21] (Fig. 4). The temporal sequence of cell-type generation
is determined by genetic inducible fate mapping (GIFM). This method only labels
cells expressing Cre during a particular ~24 h period [22]. Furthermore, using
GIFM, the initial marked population can be precisely determined, as well as the
descendants of the population at any later developmental stage or in the adult. Using
promoters specific to each stem/progenitor population, detailed knowledge of the
cerebellar lineages has thus been uncovered.

In this chapter we define the lineage relationships of each stem/progenitor pool,
the temporal pattern of cell-type generation, and some of the proteins that regulate
progenitor cell number expansion and differentiation. We include a discussion of
how the numbers of each neuron/astroglial type in the cortex might be scaled to
attain the correct relative proportions of different cell types and the possible
contributions of the progenitor pools for replenishment of cells after an injury at
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Fig. 4 Schematic illustrating genetic inducible fate mapping (GIFM). An Afohl-CreER transgene
is expressed only in granule cell precursors (pink, GCPs) in the outer external granule cell layer
(0EGL). A reporter allele, R26"-%, expresses GFP in cells that have active Cre. Tamoxifen is
injected into Atohl-CreER, R26"%" mice at P1, and it binds CreER and allows it to move from
the cytoplasm to the nucleus and induce recombination of 1oxP sites in the R265-97 allele (LSL =
loxP-stop of transcription sequence-loxP), which allows GFP expression. A small number of GCPs
are initially labeled with GFP (brown) (a) and then expand in number (b) and then differentiate (c).
All cells in a clone differentiate at the same time; a clone is shown in ¢. Colors and labels are as
described in Fig. 3

birth. This is especially relevant to premature births, since the cerebellum is particu-
larly vulnerable to clinical and environmental factors around birth because much of
its growth occurs in the third trimester and continues after birth. We end with a
description of how the complex three-dimensional folded structure of the cerebel-
lum develops in mouse and discuss how particular efferent neural circuits are
enriched in specific subsets of lobules and the possible implications of this spatial
division of functions for evolution of new cerebellar functions.

Early Patterning of the Neural Tube and Specification
of the Cerebellar Territory

The cerebellar anlage is specified in the dorsal aspect of the anterior hindbrain called
rhombomere 1 around embryonic day 9 (E9) in mouse [23-26]. Chick transplanta-
tion studies around two decades ago demonstrated that the boundary between the
midbrain and hindbrain (referred to as the isthmus) is an organizing center that initi-
ates development of r1 and the midbrain (reviewed in [27-29]). Dorsally an epithe-
lial structure (isthmus) can be seen at E18.5 in mouse that links the cerebellum to the
tectum (Fig. 5). The key isthmic organizer gene is Fgf8 (fibroblast growth factor 8),
as it is expressed in the isthmus (E8.5-12.5), is required to induce formation of the
anlage of the midbrain and rl [30], is sufficient to induce and pattern the midbrain
and rhombomere 1 [31, 32], and is necessary up until E12 for cerebellum develop-
ment [30, 33]. The secreted factor WNT1 is also expressed near the isthmus and is
required for development of the midbrain and cerebellum [34, 35]. The molecular
interactions of FGF8 with the transcription factor OTX2, required in the midbrain,
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Fig. 5 Stereotypical formation of fissures during mouse cerebellum development. Midsagittal
H&E sections of the cerebellum at the indicated stages. The same fissures are indicated by colored
arrowheads. The lobules are numbers at P21. Line indicates 200 pm for E18.5-P3 and 500 pm
for P21

and GBX2, required in the hindbrain, have been reviewed extensively, and we refer
you to a detailed recent review by Martinez [28]. The dorsal-ventral axis of r1 and the
midbrain is determined primarily by the morphogen sonic hedgehog (SHH),
expressed by the ventral midline or floor plate [36-38]. The engrailed homeobox
transcription factors (EN1/EN2) are key target patterning genes of both FGF8 and
WNT signaling, with Enl being required for the initial formation (specification) of
most of the midbrain and r1 and the two genes then involved in regulating growth and
foliation of the cerebellum [39, 40]. Double-mutant experiments, including condi-
tional removal of the genes in particular lineages, have revealed overlapping and
unique roles of En/ and En2 after the cerebellar territory is established [41-43].

Ventricular Zone Lineage

Cumulative genetic fate mapping using a line of mice in which Cre was inserted by
gene targeting into the Ptfla gene (knockin) (Ptfl1a®), demonstrated that only
inhibitory neurons are generated from the VZ, as well as astrocytes and Bergmann
glia [10] (Fig. 2c). Traditional *H-thymidine or BrdU birth dating experiments and
GIFM using AscllER revealed that Purkinje cells and interneurons of the cerebel-
lar nuclei (CN) are the first neurons to be born during E10-13, with the interneurons
being born over a shorter period [1, 12] (Fig. 2d). Interneurons are then born in an
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inside (IGL) to outside (outer molecular layer) spatial progression [12, 14]. During
the production of Purkinje cells, the GLI3 repressor side of the SHH pathway may
play arole in proper production of ventricular zone-derived cells [37, 44]. Astrocytes
and oligodendrocytes are primarily born after birth. A chick-quail chimera analysis
traced the main source of oligodendrocytes to the VZ of the midbrain [19]. An ear-
lier study in mouse also using transplantation provided evidence that the source for
oligodendrocytes in the mouse cerebellum is also outside the structure and showed
that oligodendrocyte precursors populate the cerebellum around E15.5 and then
expand in number [20]. A recent fate mapping study argues mouse oligodendro-
cytes are derived from the hindbrain [18]. Curiously, a small population of Bergmann
glia is born at around E13.5 [12], but most are born after birth during the major
growth phase of the cerebellar cortex [11, 12, 45]. In addition, the interneurons that
settle in the IGL and CN are the main interneurons derived directly from the VZ.

Interestingly, Purkinje cells have distinct settling patterns under the surface of the
cerebellar cortex, depending on the day they are born, with successive waves of
Purkinje cells forming different wide stripes along the anterior-posterior axis [12, 46].
Purkinje cells throughout the cerebellum initially settle into an aggregate of cells
called the Purkinje plate at E14.5 before migrating outward to settle into a multilay-
ered Purkinje cell layer (PCL) by E18.5 under the cerebellar surface. As expansion of
the cerebellum continues through the postnatal growth phase, Purkinje cells resolve
into a monolayer by approximately postnatal day 5 (P5) [12, 47]. Purkinje cells in the
lobules of the central zone (CZ in Fig. 1d) are the last to form a monolayer, correlating
with delayed generation of granule cells in these lobules [48].

The Purkinje cells initially exhibit simple morphology of a leading apical neurite
and trailing axon left behind as they migrate to the PCL from the Purkinje plate
(fusiform). At around PO they undergo a sequence of cell shape changes; first their
apical neurite collapses and the cells take on a stellate morphology with numerous
short perisomatic neurites (~P6), and then they evolve a distinct bipolar morphology
with a highly elaborated dendritic configuration that is flattened in an ramified
espaliered fashion within the sagittal plane (P8 onward, [49]). The Purkinje cells of
the central zone are the last to differentiate.

A medial-lateral corticonuclear topographic projection map of Purkinje cell
axons to the cerebellar nuclei can be seen as early as E15.5 in mice [50], and elec-
trophysiological recordings can be made early postnatally. While the vast majority
of Purkinje cell axons project into the cerebellar nuclei, Purkinje cells of the floc-
culus, paraflocculus, and the nodulus of the vermis (lobule 10) instead route into the
vestibular nucleus of the hindbrain.

Postnatal Cerebellar Cortex Progenitor Populations
and Lineages

Ventricular zone-derived progenitors are present in the postnatal cerebellar cortex
and proliferate and give rise to interneurons in the molecular layer for about a week
after birth in mouse (Fig. 2b, c). These progenitors also give rise to astrocytes and
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additional Bergmann glia for over a week after birth [11-14]. Elegant genetic fate
mapping studies combined with marker analysis were used to address the location
and lineage relationships of stem/progenitors in the cerebellar cortex [11, 45]. Using
several CreER lines (GLIICER, TncCER,| Ptfla“F® knockin alleles) to mark Nestin-
expressing stem/progenitor cells, and proteins that mark interneurons (PAX?2) or
astrocytes (GFAP), it was found that Tnc- and Cdl33-expressing multipotent pro-
genitors give rise to both a unipotent Pifla-expressing progenitor that expands the
interneuron population during the first week after birth and to a Tnc- and Cdl5-
expressing progenitor dedicated to the astroglial lineage that likely gives rise to both
astrocytes and Bergmann glia [11]. PAX2" immature interneurons are generated in
an inside-to-outside manner (basket and then stellate interneurons) in the molecular
layer and then mature during the first few weeks after birth. A recent study addressed
the location of the multipotent and unipotent progenitors using a Glast““ER allele
[45]. Tamoxifen was administered to the surface of the cerebellum to label only
astroglial cells in the Purkinje cell layer that had a radial process extending to the
surface. Interestingly, they demonstrated that Glast““FR cells in the Purkinje cell
layer generate new Bergmann glia and astrocytes, whereas progenitors in the white
matter generate astrocytes and interneurons based on a clonal analysis. Finally,
Nestin-expressing progenitors situated along the inner edge of the EGL have been
proposed to produce GCPs [51], but it seems possible they normally give rise to
interneurons in the white matter.

In vitro stem cell assays support the in vivo genetic fate mapping demonstration
of multipotent stem/progenitor cells in the early postnatal cerebellar cortex. Stem
cells isolated from the P3-7 cerebellum by FACS based on expression of CD133*
and the absence of lineage markers (PSA-NCAM, TAPA-1, and O4) or cells with a
low level of Tnc'™CER that also express Cdl33 and Glil can form multipotent
clonal neurospheres in culture that can differentiate into the expected interneurons
and astrocytes, as well as granule cells and oligodendrocytes [11, 52]. Moreover,
when transplanted into a P3 cerebellum, the cells form rare Purkinje cells, as well
as many interneurons, astrocytes, and oligodendrocytes [52]. Since almost all
CD133" cells express Tnc'™P-CER (and thus SOX2 and Nestin) [11], these studies
indicate that cerebellar stem cells have a greater differentiation capacity (plasticity)
in vitro than is seen during normal development. In another study, cells taken from
the cerebellum of E14.5, PO, or adult mice and depleted of GCPs (ATOH1") also
formed multipotent neurospheres with a similar differentiation capacity to CD133*
stem cells in culture and after transplantation [53]. Thus, rare stem cells remain in
the adult cerebellum that can form most neuron types and glia when presented with
the appropriate environment. These results raise the possibility that rare quiescent
stem cells in the early postnatal or adult could be mobilized to replace neurons or
glia after an injury if the necessary inducing factors can be identified.

Purkinje cells play a key role in growth of the cerebellum, as they express the mito-
gen sonic hedgehog (SHH), [13, 54, 55] which signals to both GCPs and white matter
stem/progenitor cells [11] (Fig. 2c—e). SHH signaling in GCPs is required for their
proliferation and viability after E16 [54, 56, 57]. Furthermore, deletion of Shh in
Purkinje cells or ablation of HH signaling in white matter stem cells reduces expan-
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sion of the pool of Tnc¢***-labeled white matter stem/progenitor cells and production
of interneurons and astroglia [11]. In addition, application of SHH to cerebellar slice
cultures stimulates interneuron production [58]. Purkinje cells can coordinate growth
of all cell types produced in the cerebellar cortex except, possibly oligodendrocytes,
via SHH secretion (reviewed in [59]). How SHH is delivered from Purkinje cells to
the outer EGL and white matter progenitors and whether there are other sources of
HH ligands that regulate cerebellar neurogenesis remain open questions.

The bHLH transcription factor PTF1a is key to VZ cells, as in its absence all
cerebellar inhibitory neurons are lost and astrocytes are depleted [10, 60, 61].
Interestingly some VZ-derived mutant cells are transformed into rhombic lip-
derivative neurons and cell types normally generated from the VZ ventral to the
cerebellum. Furthermore, PTF1a is sufficient to largely specify a generic inhibitory
cell phenotype, as ectopic expression of PTFla in several excitatory neuron pro-
genitors in the nervous system induces a network of inhibitory neuron gene expres-
sion and repression of excitatory neuron genes [10, 62]. The related bHLH
protein-encoding gene Ascll plays a more limited role in generation of cerebellar
interneurons [12]. Curiously, climbing fiber neurons also require Ptfla for their
survival, migration, and differentiation from the more posterior hindbrain, and in
the absence of Ptfla, some precursors take on a mossy fiber fate [63]. Genes that
regulate Bergmann glia generation and function are absolutely critical for cerebellar
growth, foliation, and formation of a normal cortical architecture [64].

Rhombic Lip Lineage

The rhombic lip (RL), formed by E9.5 at the posterior rim of the cerebellar anlage
where the pial surface contacts the ventricular zone, is the source of all glutamater-
gic neural subtypes of the cerebellum (Fig. 2a,c). Cells arising from the RL spread
anteriorly across the surface of the cerebellar anlage and sequentially produce two
cell populations: postmitotic cerebellar nuclei (CN) and then proliferating granule
cell precursors. Lineage tracing and birth dating studies have shown that the earliest
population of cells emerging during E9.5-E12.5 migrate to and accumulate into two
clusters of cells bilaterally symmetrically displaced from the midline, known as the
nuclear transitory zone [16, 17]. Immature CN cells migrating from the rhombic lip
to the nuclear transitory zone are ATOH1*/PAX6", and as they migrate into the
nuclear transitory zone, the proteins are downregulated and CN progenitors sequen-
tially express TBR2, TBR1, and reelin [65].

Cells leaving the rhombic lip from E13.5 onward become cerebellar granule cell
precursors (GCP) [16]. These cells remain at the cerebellar surface for the duration
of embryonic development and form a dense proliferative layer called the external
granule layer (EGL). As development advances, growth of the cerebellar anlage and
concomitant EGL expansion subsume the nuclear transitory zone into an interior
position where they are reorganized into two bilateral groups of three distinct nuclei
in mouse: (from medial to lateral) the fastigial, interpositus, and dentate nucleus. The
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three individual nuclei are clearly distinct by birth in mouse, and TBR1 or BRN2
expression marks the fastigial nuclei or the interpositus and dentate nuclei, respec-
tively [65]. The human CN shows a massive expansion of the dentate nucleus com-
pared to mouse, likely due to the vast expansion of hemisphere lobules. Additionally,
two separate nuclei are found in human in the place of the mouse interpositus: the
human globose and emboliform nuclei. The Purkinje cell axons converging on the
CN become myelinated during postnatal gliogenesis. In the mature cerebellum, the
CN reside in the confluence of white matter just dorsal to the cerebellar peduncles.

Initiation of SHH expression in Purkinje cells at E17.5 profoundly enhances
GCP proliferation and commences the main period of granule cell neurogenesis that
drives the major portion of cerebellar growth (Fig. 1a, b). At this time the EGL takes
on a bilayer structure; the outer EGL (0EGL) contains the actively proliferating
GCPs, and the inner EGL (iEGL) is populated by postmitotic and differentiating
GCPs (Fig. 3). The GCPs of the iEGL migrate medial-laterally for approximately a
day before they descend along Bergmann glia fibers to create the inner granule layer
(IGL). As they descend, the incipient granule cells (GCs) leave a trailing apical
neurite in the molecular layer, which bifurcates into a parallel fiber that extends
medial-laterally and synapses onto Purkinje cells.

The bHLH protein ATOHI is required for generation of GCPs and for most cere-
bellar nuclei projection neurons [17, 66]. One function of ATOH1 is to induce Gli2
expression, and thus to enhance SHH signaling in GCPs [67], and likely regulate
many other genes required for granule cell proliferation (e.g., MycN and cyclin D1)
and differentiation [68]. There appears to be an antagonistic relationship between the
rhombic lip protein, ATOH1, and the VZ transcription factor PTF1a, as mis-expression
of each protein in the complementary progenitor zone leads to inhibition of the other
gene [69]. Mossy fiber neurons also require Afoh/ for their development [17].

Granule Cell Precursor Cell Behaviors

The role of granule cells in cerebellar development and function and the identifica-
tion of GCPs in the etiology of the tumor medulloblastoma [70] have attracted inter-
est in their proliferative behaviors. Of particular interest is how the expansion of the
GCP population drives postnatal cerebellar growth and morphology (foliation).
Analysis of GCP clones revealed that granule cell precursors primarily undergo
symmetrical divisions to expand the number of the cells in a clone during postnatal
development [71-73]. Shortly before the clones differentiate, the GCPs within a
clone undergo an added burst of proliferation before they differentiate over a small
temporal window. A single GCP at the E17.5 stage produces an average of 250
granule cells, requiring at least eight cell divisions. Despite the degree of synchrony
in proliferative behaviors and differentiation timing of these GCP clones, individual
cells within the clones over time exhibit poor synchrony of cell cycle phases [72].
Clonal studies have also provided insight into how the complex form of the cer-
ebellum is shaped. During postnatal development, the cerebellum expands to a far
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greater extent along the anterior-posterior axis than in the medial-lateral axis, due in
part to orientation bias of the GCPs to divide in the anterior-posterior axis along
with tangential migration within the EGL [72]. Conversely, as GCPs differentiate
into nascent GCs and descend into the IGL, they favor a medial-lateral spread within
the growing lobule. Lineage birth dating studies capable of labeling these parallel
fibers have shown that parallel fibers are laid down in an inside-to-outside fashion
with the earliest born granule cells innervating the deep molecular layer and the late
born GCs innervating the outmost extent of the molecular layer [48, 73] (Figs. 3 and 4).
In contrast to the ordered laminar arrangement of parallel fibers, the cell bodies of
new GCs settle at random depths in the underlying IGL. The base of each fissure
that separates the cerebellum into lobules acts as a boundary to the movement of
GCPs [72]. Thus, after fissure formation GCPs are maintained in the nascent lobule.
This intriguing finding suggests that lobules may not simply be anatomical units,
but could also have functional uniqueness and act as separate developmental units.

Regional differences appear in the cerebellum with respect to granule cell prolif-
eration and differentiation. Granule cell production in the anterior (lobules 1-5) and
posterior (lobules 8—10) cerebellum predominates over the central region (lobules
6/7) in the perinatal period, but this delayed growth in the central zone is compen-
sated for by the perdurance of a thicker EGL in lobules 6/7 around P14, whereas the
EGL is exhausted in all other cerebellar regions [48]. Taking these observations
together with a delay in onset of SHH expression in lobules 6/7 and that the inter-
crural and declival fissures are the latest vermis fissures to form, a picture emerges
that the central zone encompassing lobules 6/7 has a general developmental delay
that continues for days after cessation of development in the rest of the cerebellum.
It will be interesting to determine the dynamics of regional growth in the vermis of
the human cerebellum, as well as in the hemispheres.

Development of Cerebellar Afferents

Climbing fibers from the inferior olive innervate the cerebellar anlage as a fas-
ciculated axon bundle beginning at E15.5-E16.5 in mice, and by late E16.5 the
first synapses with Purkinje cells are observed [74-78]. By birth, these axons
defasciculate and innervate the developing Purkinje cell multilayer, with each
Purkinje cell receiving multiple climbing fiber inputs [79]. The supernumerary
climbing fiber inputs are eliminated in an activity-dependent fashion between the
second and third postnatal week so that each adult Purkinje cell is innervated by a
single climbing fiber axon [80-82]. Mossy fibers arrive in the cerebellar anlage
between E13.5 and E15.5 [83] and form transient contacts with Purkinje cells by
birth. Within the first postnatal week, the mossy fibers establish cell-cell contacts
with synaptic ultrastructural features, but in the second postnatal week, they with-
draw to refine their synaptic connections with their proper GC and Golgi cell
targets in the internal granule layer [84].
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Development of Cerebellar Foliation and Relationship
to Afferent and Efferent Circuitry

During development the cerebellum increases in size and undergoes a dramatic pro-
gressive foliation transforming the smooth outer surface into a highly foliated col-
lection of lobules separated by fissures (Figs. 1 and 5) [85]. In the human cerebellum,
there are additional shallower folia along the surface of the lobules, and they form
at an early stage of the fetal foliation process. Foliation creates dramatically more
surface area in the cerebellum along the anterior-posterior axis, maximizing the
number of cells in the layered cortex and thus the quantity of functional circuits that
the cerebellum can host in the spatial constraints of the posterior skull. Foliation
also correlates with spatial separation of distinct functional regions within the cer-
ebellum. Afferents to the cerebellum from the spinal cord and brain target particular
locations within the medial-lateral axis of the cerebellum. Furthermore they project
to particular lobules [86]. For example, the spinocerebellar circuit projects only to
the anterior and posterior zones of the vermis. Within the lobules, some circuits
target regions that correspond to the longitudinal cerebellar zones (stripes) defined
by different gene expression [86, 87]. There is also a spatial relationship between
Purkinje cells and the cerebellar nuclei they project to, generally medial to lateral,
but it seems likely there is also an anterior-posterior code. Thus, efferent functions
have spatial domains.

The murine foliation pattern is highly consistent across individuals and has
minor strain-specific variation [88]. The pattern of foliation varies depending on the
medial-lateral position in the cerebellum (Fig. 1c), and fissures form in a specific
sequence (Fig. 5). In mouse, as in all mammals, the medial cerebellum, or vermis,
has ten primary lobules [86, 87]. The lateral hemispheres have their own distinct
pattern as do the most lateral paraflocculi and flocculi.

Foliation begins during the last embryonic days, around E16 to E17, and the last
fissure begins to form by ~P5 (Fig. 5). The first indication of foliation at E16.5-17.5
is a regional inward thickening of the EGL, which will correspond to the base of the
newly forming fissure. Following this thickening of the EGL, the outer surface of
the cerebellum indents (Figs. 5 and 6). Around this time GCPs within the base of the
forming fissure become elongated, and the local Bergmann glia direct their fibers to
the center of the indention (Fig. 6b) [89]. The intervening regions between the fis-
sure bases expand outward. By following the foliation process through to comple-
tion, it can be seen that the fissure bases hold their relative spatial positions and thus
are called anchoring centers, as the lobules expand to their final size [4, 89].

As discussed previously, the proliferation of GCPs in the EGL and the resulting
growth of the cerebellum are dependent on SHH supplied by the underlying Purkinje
cells [54, 56, 57]. Reducing the level of SHH signaling reduces the overall growth
of the cerebellum and concomitantly reduces the degree of foliation. The EGL
becomes thinner and the first appearance of anchoring centers is delayed.
Additionally, foliation is precociously halted. However, the fissures that do form
correspond to the earliest fissures suggesting that while SHH provides the growth
that is necessary for foliation to proceed, it does not control the pattern of foliation.
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Fig. 6 Model of cerebellum foliation based on differential expansion of layers. (a) As the outer
layer, the EGL (pink) expands more rapidly than the inner mass of the cortex (grey), the EGL buck-
les creating anchoring centers (¥). White dotted lines in top views indicate where sagittal sections
are positioned. Fissure placement is proposed to be directed by the differential expansion of the
layers and the shape (ovoid) of the initial cerebellar anlagen. (b) The Bergmann glial fibers (black)
connect the outer surface (thick grey line) to the inner buckling Purkinje cell (green) layer that con-
tains the cell bodies of the Bergmann glia (dark grey), and a fissure (F) forms above each anchoring
center as the cerebellum continues to expand. A-P anterior-posterior, M-L medial-lateral

When the level of SHH is increased beyond wild-type levels, the cerebellum is
larger and has an extra fissure [57]. Intriguingly, this extra fissure is placed in a
conserved position similar to where the rat has an additional fissure. Consistent with
the requirement for HH signaling in GCP proliferation, induction of activating HH
signaling mutations specifically in the GCP lineage results in the SHH subgroup of
medulloblastoma [70, 90, 91].

The proliferation of GCPs is temporally and spatially regulated within the cere-
bellum. Maximum proliferation in the lobules of the central zone (6-7) is delayed
and maintained longer relative to the other cerebellar zones. This difference is atten-
uated in the cerebellum of Enl*~;En2~~ mutants that have an abnormal foliation
pattern such that proliferation in the anterior, posterior, and nodular zones is more
similar to the central zone [48]. Because granule cells do not disperse across fissure
boundaries, this creates self-contained lobules; this allows any lobule-specific gran-
ule cell behavior to fine-tune the shape of the lobules [72].

Blocking the generation of Bergmann glial cells has revealed that there are at
least two separable stages of anchoring center formation: an inward thickening of
the EGL and formation of an indentation on the outer cerebellar surface. The cere-
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bellum is covered by the pial surface as well as the end feet of the Bergmann glial
processes. In the absence of Bergmann glia, the EGL thickens, but the outer edge of
the cerebellum fails to subsequently bend inward. Consequently, fissures fail to
appear at the cerebellar surface. Nevertheless, many granule cells are displaced
deep into the cerebellum and form a fissure-like mass, possibly at the positions of
the initial EGL thickening. As a result, the layers of the cerebellum are not well
defined, and the foliation pattern is severely disrupted when Bergmann glial devel-
opment is disrupted [64, 92, 93].

In addition to acting as a physical bridge between the outer surface of the cere-
bellum and the Purkinje cell layer, Bergmann glial fibers provide the scaffolding for
the radial migration of newly born granule cells from the EGL to the inner granule
layer (Fig. 3). Disrupting the development, or orientation, of Bergmann glial fibers
thus leads to aberrant GC migration and the ectopic accumulation of GCs in the
molecular layer. In some cases this disruption is severe and can distort foliation
[94]. Thus, the Bergmann glia play a key role in cerebellar foliation and formation
of a normal cytoarchitecture.

Alterations in the timing of anchoring center appearance change the resulting
foliation pattern. In En2 null mutants, the appearance of the anchoring centers for
the secondary and prepyramidal fissures surrounding lobule 8 is reversed in devel-
opmental time. This results in a lengthening of the prepyramidal fissure and a short-
ening of the secondary fissure and a corresponding foliation pattern change in the
intervening lobule 8 [39, 42]. Interestingly, the initial changes in the EGL and
Bergmann glia that signal the formation of an anchoring center appear normally
even when the entire anchoring center either forms prematurely or is delayed [89].

Little is known about the tissue-scale mechanical or physical forces that underlie
cerebellar foliation. However, the cerebral cortex is also a folded tissue in primates,
and many models have been proposed to describe the formation of sulci and gyri
during cerebral gyrification. Many of these models are based on a system of differ-
ential or constrained growth of a tissue bilayer. Differential growth rates between
connected layers can lead to tissue buckling and subsequent surface folding. These
models take into consideration that the pattern of foliation can be shaped by
adjusting the starting size of the tissue, the difference in the growth rates of the lay-
ers, and the mechanical properties of the layers [95—100]. It is interesting to specu-
late whether similar forces could be responsible for the initial appearance of
anchoring centers in the cerebellum (Fig. 6a). Like the cerebral cortex, the cerebel-
lar cortex can be considered as divided into multiple layers. One model of cerebellar
folding used a tri-layer model of differential growth [101]. In this model the EGL
and the IGL were considered separated by a “soft” Purkinje cell layer. This three-
layer system when modeled to have a higher outer growth rate allowed for surface
wrinkling even if the outer and inner layers had similar measures of stiffness. These
models suggest that the comparative rates of growth of the outer and inner cerebel-
lum are important to foliation, as is the initial shape of the cerebellar anlage.

It is exciting to speculate about the evolution and functionality of the compart-
mentalized lobule structure and the spatial segregation of afferent project fields to
particular lobules and zones. The cerebellum is involved in diverse roles including



Cellular and Genetic Programs Underlying Cerebellum Development 59

cognition and social behaviors. The cerebellar hemispheres have undergone tremen-
dous expansion in humans, and they house the majority of long-range circuits that
involve the neocortex. It is possible that as the neocortex expanded and became
folded into gyri and sulci, there was similar spatial segregation of neuronal circuits
into particular neocortex folds. This would be one way for developmental programs
to be divided into subunits that could have separate regulatory rules. For example,
different numbers of neurons could be generated in each subunit, as well as different
types of neurons and different proportions of inhibitory and excitatory neurons and
astrocytes. A fold with a particular function in the neocortex could then connect with
a specific fold in the cerebellum, completing the interacting circuit. Nevertheless,
redundancy and duplication of function have been built into the cerebellum that min-
imize the consequences of local damage in adults. We propose that developmental
regulatory mechanisms are in place to buffer the developmental processes from small
injuries that occur. A question for the future is whether stem or progenitor cells in the
developing or adult cerebellum can replace damaged neurons long after they are born
and the progenitors no longer normally generate the cell type.
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Early Purkinje Cell Development
and the Origins of Cerebellar Patterning

Filippo Casoni, Laura Croci, Ottavio Cremona, Richard Hawkes,
and G. Giacomo Consalez

Abstract This chapter explores the mechanisms that regulate Purkinje cell neuro-
genesis, revealing the finely timed contribution of many regulatory genes in the
control of PC progenitor specification, proliferation, subtype differentiation, migra-
tion, and survival from the cerebellar primordium to the end of prenatal embryogen-
esis, discussing some of the key molecules involved and the ways they combine to
generate the complex adult cerebellar architecture.
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PCs as Project Managers of Cerebellar Cytoarchitecture
and Connectivity

The cerebellum contains a limited number of cellular phenotypes, arranged in a
highly conserved circuitry and identified by their morphological features, their
reciprocal relationships, and the expression of distinctive neurochemical markers.
The mouse is the main model system in which cerebellar ontogenesis has been studied
extensively. Although the mammalian cerebellum is superficially homogeneous, it
actually consists of several hundred distinct compartments, which form a complex,
reproducible array of transverse zones and parasagittal stripes. Cerebellar architec-
ture is built around multiple Purkinje cell subtypes [1-6] — most notably zebrin 11/
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aldolase C [7, 8] — which form the transverse zone-and-parasagittal stripe scaffold
upon which the adult cerebellum is built. For example, zone-and-stripe boundaries
restrict the terminal fields of many cerebellar afferent projections (reviewed in [9]),
interneuron neurites [10] and somata (reviewed in [11]), and glial gene expression
profiles (e.g., 5'-nucleotidase [12]).

In the mouse, the general timeline of events that leads to cerebellar maturation
from its embryonic anlage has been fully clarified [13—18]. Here we discuss some
of the major features of cerebellar development, focusing on the ontogenesis of
Purkinje cells (PCs), the sole projection neurons of the cerebellar cortex.

PC development is only partially characterized, despite the remarkable progress
made in recent years (reviewed in [19]). Achieving a better understanding of PC cell
fate specification and ontogenesis in general is important for a number of reasons.
First, PCs orchestrate the early stages of cerebellar development, namely those that
precede the massive proliferation of granule cell precursors in the external granular
layer. Only later in embryogenesis, and especially after birth, do granule cells take
control of cerebellar histogenesis and foliation, as they outnumber all other cerebel-
lar cell types by several orders of magnitude.

Secondly, PCs actually control granule cell clonal expansion by releasing the
extracellular morphogen/mitogen sonic hedgehog [20-23], with the result that the
overall PC number heavily influences the final dimensions and organization of the
cerebellum — and ultimately its function. The corollary is that defective PC genesis
or migration impairs granule cell clonal expansion, and cerebellar foliation/PC
migration failures result in a lissiform adult cerebellar cortex: e.g., the naturally
occurring mouse mutant reeler (Relnrl: reviewed in [24]).

Thirdly, PCs guide the wiring of the cerebellum. Most afferent fiber systems
invade the cerebellum at around embryonic day 13/14 (E13/14) in the mouse [25,
26] and terminate with a spatial organization that parallels the pattern of PC stripes
[27]. PCs instruct afferent fibers, including olivocerebellar axons, which eventually
establish a one-to-one contact with their target, as well as mossy fibers, which con-
nect transiently with PCs and use PC-produced guidance cues prior to retracting and
shaping their definitive synapses on granule cell dendrites (reviewed in [16, 28]).
PC subtype organization is thought to play a key role in instructing circuit wiring
into topographic maps: zone-and-stripe boundaries typically restrict the terminal
fields of both cerebellar mossy fiber and climbing fiber afferent projections
(reviewed in [9]), and interneuron neurites ([10], reviewed in [11]) and spontaneous
and engineered mouse mutants with disrupted PC stripes have complementary alter-
ations in the spatial arrangement of afferent terminals [29-31].

Cerebellar Anlagen and Germinal Zones

The cerebellum arises from a specialized region at the midbrain/hindbrain boundary
[32-34]. In the mouse, at E8.5, the antagonistic interaction that takes place between
homeobox genes Ox2 and Gbx2 defines the isthmic organizer region [35, 36],
which controls the development of cerebellar structures via the secreted



Early Purkinje Cell Development and the Origins of Cerebellar Patterning 69

morphogens FGF8 and WNT1 [16, 37, 38]. At this stage, the cerebellar primordium
consists of two distinct and symmetric bulges thought to grow and fuse on the mid-
line, eventually giving rise to the vermis, flanked by the two hemispheres [15].
Importantly, however, homotopic and isochronic quail-chick grafting experiments
have clearly shown that the caudal part of the early midbrain vesicle generates the
rostral and medial part of the prospective cerebellum [32, 39—42]. Thus, the anterior
part of the prospective cerebellar vermis, instead of resulting from fusion of lateral
cerebellar plates (His, 1889), likely originates from the caudal and alar portion of
the mesencephalic vesicle [39].

Once a low-resolution map has been drawn, cerebellar histogenesis begins, start-
ing at E9. Around E9.5, two germinal neuroepithelia emerge in the cerebellar pri-
mordium, abutting the opening of the fourth ventricle: (1) the rhombic lip (RL),
located at the outer aspect of the cerebellar plate, adjacent to the roof plate (RP,
dorsal), and (2) the ventricular zone (VZ), lining the lumen of the fourth ventricle
(ventral). These stem cell/progenitor compartments may be identified by the region-
specific expression of two genes encoding basic helix-loop-helix transcription fac-
tors: pancreas transcription factor la (Ptfla) in the VZ [43], and atonal homolog 1
(Atohl) in the RL [44]. Cerebellar radial glial progenitors [45] expressing Ptfla are
fated to generate all GABAergic neurons of the cerebellum, including PCs and all
inhibitory interneurons — cerebellar nuclear interneurons plus basket, stellate, Golgi,
and Lugaro cells in the cerebellar cortex [43, 46, 47]. Homozygous mutations of
PTFIA are associated with cerebellar agenesis in humans [48]. Conversely, all glu-
tamatergic lineages — the large projection neurons of the cerebellar nuclei, unipolar
brush cells, and granule cells — derive from Atohl* progenitors [49—-54]: their devel-
opment is exhaustively reviewed elsewhere [19].

Important genetic networks involved in the maintenance of the stem cell/pro-
genitor pool and in cell fate specification are active in the VZ and/or RL between
E10 and E13. The stem cell marker SOX2 is expressed in both neurogenic territories
(VZ and RL) and in the RP [55]. Its homolog SOXO is largely co-expressed with
SOX2 and may mediate termination of neurogenesis, thereby regulating a
neurogenic-to-gliogenic fate switch in the mouse cerebellar primordium [55]. The
target of Notch signaling, Hes5, is expressed in the VZ and RL, with a very sharp
boundary and no expression in the RP. However, Hes/ expression levels are low to
absent in the VZ and RL but present in the RP [56, 57]. Notchl in the cerebellar
primordium interferes with BMP2/BMP4 signal transduction causing downregula-
tion of the BMP target Msx2.

As shown by birthdating studies, cerebellar projection neurons, (PCs in the cer-
ebellar cortex and glutamatergic neurons in the cerebellar nuclei), are born first, at
the outset of cerebellar neurogenesis, while both inhibitory and excitatory interneu-
rons are generated perinatally [15, 58, 59]. Dividing VZ precursors delaminate into
the cerebellar presumptive white matter, while those of the RL migrate below the
pial surface where they form the rhombic lip migratory stream, initially containing
nucleofugal neuron progenitors and, later, the granule cell precursors of the external
granular layer. Postnatal neurogenesis continues in both regions through the third
postnatal week, giving rise to GABAergic and glutamatergic interneurons, respec-
tively [15, 17].
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Establishment of Neurogenic Microdomains for GABAergic
Progenitors

A schematic representation of microdomains present in the cerebellar VZ is pro-
vided in Fig. 1. All cerebellar GABAergic neurons originate in the VZ from Ptfla*
[43] and AsclI* [60] progenitors according to a two-step sequence [17, 19]. First,
projection neurons (nucleo-olivary neurons and PCs) are generated from stem cells
that give rise to fate-committed precursor populations. The nucleo-olivary neurons
are generated between E10.5 and E12.5 in the mouse. Next, starting around E11 and
through E13.5, mitotic PC progenitors exit the cell cycle and layer on top of the VZ

GSX1
B oLiG2
BIPTFIA
B rax2
CORL2
88 LHX1,5
B ATOH!
A GABA interneurons
2 Purkinje cells

Fourth
ventricle

@ Granule cell precursors

Fig. 1 A simplified representation of gene expression and cellular domains present in the E12.5
murine cerebellar primordium and giving rise to the mature cerebellar cortex. No reference is made
here to cerebellar nuclei and their precurosrs. The drawing represents a sagittal section of the cer-
ebellar anlage. The cerebellar primordium is bordered by the isthmic organizer (/O) rostrally and
by the roof plate (RP) caudally. The choroid plexus (ChP), a roof plate derivative, is also shown.
RP and ChP are non-neurogenic territories. The ventricular zone (VZ) is a mitotic cellular domain
abutting the lumen of the fourth ventricle and giving rise to all GABAergic neurons of the cerebel-
lar cortex. PTF1A is expressed by all GABAergic progenitors of the VZ, including PCs and inter-
neurons. The PTF1A domain contains GSX1* cells (mitotic interneuron progenitors) and OLIG2*
cells (mitotic PC progenitors). Both populations delaminate from the VZ (see text) giving rise to
subventricular domains. The cortical transitory zone (CTZ) contains CORL2* potmitotic PC pre-
cursors that subsequently migrate into the Purkinje cell plate (PCP), underneath the external granu-
lar layer (EGL). GSX1* interneuron progenitors delaminate and give rise to PAX2* interneuron
precursors fated to populate the prospective white matter (not shown) before homing into the cor-
tex. Both PAX2* and CORL2* domains are also positive for LHX1 and LHXS. Finally, all gluta-
matergic neurons of the cerebellum originate from the rhombic lip (RL, positive for the proneural
gene Arohl). Among them, granule cell precursors migrate tangentially beneath the pia mater and
populate the prospective EGL
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to populate the nascent PC plate. The GABAergic interneurons are first born around
Ell and sequentially generate all inhibitory local circuit neurons of the mature
cerebellum.

The VZ is subdivided into mitotic progenitor domains abutting the ventricular
lumen and corresponding postmitotic domains in the cerebellar primordium (an
additional microdomain defines the rhombic lip) [61]. A microdomain positive for
PTF1A contains two genetically defined progenitor cell types: OLIG2* PC progeni-
tors occupy a more caudal position and undergo their terminal mitosis between E11
and E13; GSX1* progenitors are located more rostrally and medially. At E12.5,
corresponding to the peak of PC neurogenesis, the c2 territory can be subdivided
into a more caudal microdomain positive for CORL2, a selective marker of postmi-
totic PC precursors, and into a rostral/medial microdomain containing PAX2* inter-
neuron precursors. PC precursors, after leaving the cell cycle, start migrating and
populate different regions of the cerebellar cortex according to their birthdate [15,
52]. Instead, actively proliferating interneuron progenitors (IPs), positive for GSX1,
begin to delaminate from the VZ giving rise to PAX2" interneuron progenitors and
then migrate in successive waves to the nascent cerebellar nuclei or, with an inside-
out progression, to the granular and molecular layers of the cerebellar cortex, where
they acquire their definitive identities under the influence of instructive environmen-
tal cues ([62], reviewed in [63]).

The Regulation of PC Progenitor Specification
and Commitment

At early stages (E11-12.5), a small number of GSX1* interneuron precursors are
found in the most rostral region of the VZ, while the majority of PC progenitors
occupy more caudal regions of the VZ. Ablation of Olig2 has only a small effect
[64] or no effect on PC number. However, a null mutation of both Olig2 and Oligl
produces a reduction of committed PC precursors [46]. As development proceeds,
PC progenitors progressively become interneuron precursors, which spread from
rostral (close to the isthmic organizer) to caudal, at the boundary between RL and
RP. This temporal identity transition of cerebellar GABAergic neuron progenitors
from PC progenitors to interneuron precursors is negatively regulated by OLIG2
and positively by GSX1 [46]. However, this view is challenged by the results of
short- and long-term lineage tracing studies performed by other authors [64], sug-
gesting that Olig2* progenitors may not contribute importantly to the interneuron
precursor lineage. Further analyses will be required to resolve this discrepancy: one
possible scenario is that Gsx/* progenitors affect the number of PC-committed
Olig2* precursors (or the maintenance of the PC-committed stem cell pool) through
a paracrine, non-cell-autonomous mechanism.

The VZ subregion containing PC progenitors is also characterized by the strong
expression of E-cadherin (encoded by Cdhl) and of the cell surface marker NEPH3,
which is a direct downstream target gene of PTF1a [65]. When OLIG2* PC progenitors
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exit the cell cycle, they activate the expression of Corl2 [66], which encodes a tran-
scriptional repressor [67], and that of Lhx/ and Lhx5 [68], encoding LIM homeobox
domain proteins. However, unlike CORL2, LHX1 and LHXS5 label delaminating
interneuron precursors as well as postmitotic PC precursors [46, 66]. Cells co-
expressing LHX1/LHXS [68] and CORL2 [66] are bona fide differentiating
VZ-born precursors committed to a PC fate.

Other PTF1A targets are expressed in the VZ in addition to those described
above [69]. The Drosophila atonal homologs neurogenin I and neurogenin 2 are
proneural genes encoding basic helix-loop-helix transcription factors. Neurogl*
progenitors give rise to inhibitory cortical interneurons and some PCs [70, 71],
while Neurog?2 is expressed mainly in the PC- and presumptive nucleo-olivary neu-
ron lineages. NEUROG? controls progenitor cell cycle progression, promotes cell
cycle exit and differentiation, and spurs the cell-autonomous phase of PC precursor
dendritogenesis. Nullisomy for Neurog2 causes a reduction in the overall PC num-
ber [72]. However, NEUROG1 and NEUROG?2 are not required for the adoption of
a PC fate (R. Hawkes, unpublished observation, and [72]). Interestingly, cell cycle
analysis conducted by cumulative S-phase labeling on Neurog2<*®2 knockin mice
has revealed for the first time that at the peak of PC neurogenesis (E12.5), dividing
VZ progenitors cycle in ~14 h, and their basal-to-apical oscillating motion is com-
patible with interkinetic nuclear migration, similar to what has been shown in other
territories of the neural tube, but never before in the cerebellar primordium [72].

Ebf2 and PC Subtype Specification

Thus far we have treated PC development as though all PCs are the same. This is far
from the case — indeed in the adult mouse cerebellum, multiple PC subtypes have
been identified (e.g., zebrin II/aldolase C [7]; PLCB3/4 [73]; HSP25 [74]: reviewed
in [6]). The embryological origins of PC heterogeneity and pattern formation are
only slowly coming into focus. PC subtype phenotype is cerebellum intrinsic and
independent of neural activity (e.g., [75]) or afferent innervation [76, 77]. Cerebellar
compartmentation appears to start at ~E10 in the VZ of the fourth ventricle but
likely not sooner (e.g., [78-81]). The first stage likely occurs when PCs undergo
terminal mitosis between E10 and E13 [58] in the Pifla-expressing progenitor
domain of the VZ [43, 69]. Birthdating studies have identified two distinct PC popu-
lations: an early-born cohort (E10-E11.5) fated to become zebrin IT* and a late-born
cohort (E11.5-E13) fated to become zebrin 11~ [82, 83]. However, individual PC
stripes do not have a clonal origin [80]. There is also a direct correlation between PC
birthdates and their adult stripe location, suggesting that both subtype specification
and positional information (i.e., which zone or stripe the PC will occupy) may be
acquired at this time (e.g., [82, 84-86]).

Several regulatory genes are implicated in PC progenitor development. Among
them, Early B-cell factor 2 (Ebf2) [87] belongs to a family of atypical basic helix-
loop-helix transcription factors that do not possess a basic domain and instead
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feature a unique DNA-binding domain. This family includes three transcriptional
activators (EBF1-3) and one repressor (EBF4) (reviewed in [88, 89]). Ebf2 is
expressed in a subset of late-born PC progenitors fated to populate zebrin II~ para-
sagittal stripes, and in Ebf2 null mutants the cerebellum features a selective loss of
zebrin II~ PCs.

Upon cell cycle exit, late-born PC progenitors start expressing Ebf2 and migrate
toward the PC plate. Posterior-born PCs migrate tangentially at first and then follow
radial glial fibers, projecting their axons ventrally into the prospective white matter
[90]. Conversely, anteriorly born PCs migrate radially into the PC plate, also fol-
lowing radial glial fibers, to populate anterior regions of the cerebellar cortex.
Migration of this latter population is reelin (RELN) dependent and selectively
delayed in Ebf2 null PCs, which accumulate before birth as an ectopic layer just
above the VZ in the anterior third of the cerebellar anlage. A significant fraction of
these PCs, many of which express neurogranin [91], dies by apoptosis [92, 93].
EDbf2 is required to support survival of late-born PCs at birth and accomplishes this
by transactivating the insulin-like growth factor (Igfl) gene. In postnatal Ebf2 null
cerebella, Igf] expression is downregulated, with a resulting impairment of IGF-1
signal transduction [93]. Finally, some of the Ebf2 null PCs that survive lose their
PC subtype specification features and trans-differentiate into zebrin II* PCs — the
only genetic manipulation thus far shown to subvert PC subtype specification [92].
In fact, Ebf2 acts to repress the zebrin II* phenotype in late-born PCs [85]. Further
studies, employing conditional mutants, are required to determine at which stage of
postmitotic PC precursor development EBF2 acts to specify PC subtype. The results
of genetic fate mapping experiments (GGC et al.: unpublished data) suggest that
EDf2 is expressed transiently in all PC progenitors, only to be restricted to late-born
ones by the end of embryogenesis. The pathways that lead to further subtype speci-
fication (e.g., the HSP25*~ distinction within the zebrin II* family: [74]) have not
yet been explored.

Embryonic PC Cluster Formation

Newborn PCs migrate dorsally into the cerebellar anlage where they aggregate by
~E17 into a reproducible array of clusters that already contains multiple distinct
molecular PC phenotypes ([6], reviewed in [83], e.g., Fig. 2 [94-97]). These clus-
ters are the targets by which cerebellar afferents and many interneurons become
topographically ordered (reviewed in [5, 28]).

The mechanism that converts the PC plate into the elaborate array of embryonic
PC clusters — >50 are recorded [97, 98] — is not well understood. As PCs migrate
toward the cerebellar surface, the early-born (E10-E11.5: Ebf2~; future zebrin II*)
PC lamina interdigitates with the more superficial late-born (E11.5-E13; Ebf2*;
future zebrin II7) layer with the result that the stereotyped array of clusters emerges.
Whether this migration is the mechanism that specifies cluster architecture or whether
the clusters are already specified in the cerebellar plate (or are even preformed in the
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Fig.2 From clusters to stripes. Embryonic clusters condense by migration from the cerebellar plate
between E14 and E18 (mouse). At this stage numerous expression markers reveal that the PC popu-
lation is already heterogeneous (exactly how many distinct phenotypes are present is not known, in
part because of the paucity of double-labeling studies). The embryonic PC clusters also serve as a
staging area to amass, organize, and restrict cerebellar afferents and interneurons. Starting perina-
tally signals via the RELN-Dabl pathway trigger cluster dispersal into the adult cluster array by
about P20. As for the embryonic clusters, the exact number of stripe phenotypes is not certain — at
least ten may be identified based on expression data and mutant phenotypes. References to the lists
of embryonic and adult cerebellar compartment markers may be found in [6]

VZ, i.e., some version of the protomap model proposed by Rakic for the neocortex:
reviewed in [99]) is not known. The cellular processes that guide cluster formation
are not understood, but grafts of dissociated PCs also organize into discrete, ectopic
zebrin II*/zebrin 11~ aggregates [100], pointing to cell-cell adhesion molecules as
possible organizers: cadherins (reviewed in [101]) and integrins (e.g., [102]) are
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possible candidates. Also during this same period, the cerebellar anlage undergoes
a 90° rotation, which converts the embryonic rostrocaudal axis into the mediolateral
axis of the cerebellar primordium [81], so perhaps the adult stripe array ultimately
derives from the anteroposterior patterning of dorsal rhombomere 1.

From Clusters to Zones and Stripes

Boundaries running from medial to lateral divide the cerebellar cortex into trans-
verse zones. By combining different sources of evidence — molecular, genetic, and
hodological — four highly conserved transverse boundaries, and hence five trans-
verse zones, have been delineated in the adult mouse vermis (e.g., [103—105]): the
anterior zone (AZ: ~ lobules I-V: reviewed in [104]), central zone anterior (CZa:
~lobule VI) and posterior (CZp), the posterior zone (PZ: ~lobules VIII to dorsal IX:
reviewed in [105]), and the nodular zone (NZ). Each transverse zone is then further
subdivided into a reproducible array of parasagittal stripes (e.g., revealed by using
zebrin II/aldolase C [7, 8]: for zebrin 11"~ stripes, these are labeled P* and P, e.g.,
zebrin II [106], phospholipase (PL) CR3/CB4 [73]), the small heat shock protein
HSP25 [74], or L7/pcp2-lacZ transgene expression (reviewed in [6, 103]).

PC stripes are discontinuous across transverse boundaries so it seems plausible
that the zones precede stripes in development, but whether transverse zones form
prior to the PC clusters or at the same time is speculative. Transverse boundaries are
certainly present in the embryonic cerebellum. The AZ/CZa boundary between lob-
ules V and VI can be identified both in neonates and adults by the expression
domains of numerous molecules (e.g., calbindin [103], reviewed in [107]) and is a
developmental phenotype restriction boundary for several cerebellar mutations. (In
some cases, the mutant phenotype is associated with defects in the AZ (e.g., [108]),
lurcher Grid2Lc-J: [109], and cerebellar-deficient folia (Ctnna2cdf: [110]); in
others — for example, the BETA2/NeuroD1 null [111] —it is the posterior cerebellar
zones that are the most affected.) Finally, a granular layer lineage restriction bound-
ary also lies in the anterior face of lobule VI, indicating that granule cells either side
of the boundary derive from different lineages [112]. The CZa/CZp boundary [113]
is a perinatal restriction boundary for FoxP2 [107], Gli [95], and HNK-1 expression
[114]. The CZp/PZ boundary that separates lobule VII from lobule VIII is revealed
in the perinatal cerebellum by FoxP2 [98, 107], PLCp4 [115] and HSP25 [116]
expression which is associated with a phenotypic abnormality in the lurcher (Grid™)
mouse [109]. Finally, the most caudal transverse boundary in the adult mouse (PZ/
NZ) lies near the base of the posterolateral fissure between lobules IX and X. A
transverse boundary has also been located in the same area during development as
a restriction boundary for the expression of En2 [95] and FoxP2 [96]. A granular
layer transverse boundary in embryonic stem cell chimeras is also located at around
the PZ/NZ boundary [112].

Starting at around E18, the embryonic clusters transform into adult stripes trig-
gered by RELN signaling (reviewed in [117, 118]). Because PC dispersal and the
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associated development of cerebellar foliation occur almost entirely along the ros-
trocaudal axis, each cluster becomes stretched out into a long, narrow stripe.

RELN is secreted by both the external granular layer and glutamatergic projec-
tion neurons of the cerebellar nuclei [117] and binds to two PC receptors — the
apolipoprotein E receptor 2 (Apoer2) and the very low-density lipoprotein receptor
(VLDLR: [119, 120]). Both receptors are required for normal stripe formation, and
if RELN is absent (e.g., the reeler mouse (Reln")), PC cluster dispersal is blocked,
and the adult mouse retains the embryonic cluster morphology and is ataxic
(reviewed in [24]). RELN binding induces Apoer2/VI1dlr receptor clustering [121],
which triggers a protein kinase cascade and tyrosine phosphorylation of the docking
protein Disabled1 (DAB: [122-126]) by Fyn and Src [127, 128], leading eventually
to a drop in mutual PC-PC adhesion, possibly via integrins. In parallel, DAB1 phos-
phorylation also activates Rac and Rho GTPases, which control actin filament
assembly [129]. Together cytoskeletal and cell adhesion changes are thought to
permit the embryonic PC clusters to disperse into stripes. That being said, it is not
clear whether cluster dispersal requires the active migration of PCs or is the passive
consequence of lobule formation.

However, the RELN pathway is not that straightforward. First, while expression
mapping suggests that all PCs express both Apoer2 and V1dIr RELN receptors, muta-
tions in individual receptors (Apoer2~~ and Vidir~'~ nulls; Apoer2*=:V1dIr*~ double
heterozygotes) result in specific partial reeler phenotypes with some clusters dispers-
ing normally, while others remain ectopic ([130]; divergent roles are also seen in the
developing cerebral cortex [131]). Similar behavior is seen in several naturally occur-
ring mutants. For example, meander tail (mea2l [132]), rostral cerebellar malforma-
tion (UncScrcm [108]), 1998), and cerebellar-deficient folia (Ctnna2cdf [110]) all
display selective PC ectopias that are restricted to the zebrin II~ phenotype (and
because zebrin II- PCs are preferentially located in the AZ, it is the anterior vermis
that is most severely affected). In a more complex model — the weaver (Kcnj6™")
mouse — PC cluster dispersal failure is restricted to zebrin II*/HSP25 stripes in the
CZa/CZp [133]. The GIRK2 protein mutated in weaver [134] is expressed by all PCs
so the molecular basis of the selective PC ectopias is unknown.

The relationship between the embryonic cluster topography and the zone and
stripe pattern of the adult is not fully mapped. Because a few markers are expressed
consistently in both clusters and stripes (FOXP2: [98], several are, for example,
PLCB4 [115], an IP3R1 promoter-nls-lacZ transgene [135]), but others are only
expressed in stripes at one stage or show very different expression patterns perina-
tally versus the adult, e.g., HSP25 (e.g., HSP25 [116], lysosomal acid phosphatase
2 [136]), there is limited evidence of the continuity of the cerebellar topographic
map from perinate to adult. In theory, three relationships might occur: one embry-
onic cluster might form a single adult stripe; one cluster might split to yield more
than one stripe; or several clusters might combine into a single stripe (Fig. 3). In
fact, all three possibilities have been described. In several cases, the one cluster =
one stripe model seems very likely (e.g., [83, 98, 135]). However, other examples
are more complex. For example, the so-called P1~ stripe in the AZ vermis clearly
derives from three distinct embryonic clusters, which abut (as revealed by using
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Fig. 3 Three models for the transformation of embryonic PC clusters into adult stripes: one
embryonic cluster forms one adult stripe; one cluster splits to yield several stripes; or several clusters
combine into a single stripe. All three models are found

PLCB4 expression [115]). An alternative — and perhaps better — description is that
the apparently homogeneous P1- stripe in the adult (all zebrin II7/PLCB4+) actually
comprises three distinct sub-stripes. The triplet structure is also seen in the afferent
mossy fiber projections (where cuneocerebellar and spinocerebellar pathways ter-
minate in different sub-stripes: [137, 138]) and in the expression of an L7/pcp2-lacZ
transgene [103]. A similar covert heterogeneity is seen in ostensibly homogeneous
zebrin II* stripes when co-labeled for HSP25 [74]. Last, single clusters may give
rise to multiple stripes. For example, inducible fate mapping with a Pcp2-CreER-
IRES-hAP transgene showed three cluster pairs contribute to nine adult stripes [28].

Finally, a striking feature of adult cerebellar topography is the high reproducibility
between individuals and the concomitant low error rate (e.g., zebrin II* PCs are very
rarely seen in zebrin II~ stripes). If stripes derive from clusters, and stripes have no
errors, then either clusters have no errors (and migration from the VZ to the clusters is
perfect) or errors that occur during cluster formation and dispersal are selectively
eliminated. In this context it is interesting that many PCs — perhaps as many as a third —
undergo cell death by apoptosis during the perinatal period [139]. This suggests the
hypothesis that perinatal apoptosis eliminates those PCs that wind up in the wrong
embryonic cluster. PC ectopia is not lethal per se: for example, PCs located ectopically
may survive indefinitely. Rather, the hypothesis evokes a community effect, such that
being in the wrong cluster leads to apoptosis. In support of the idea that apoptosis
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refines topography, studies of naturally occurring cell death in the cerebellum identified
hot spots of PC apoptosis that correlate with stripe boundaries in the adult [140].
However, preliminary experiments do not support the hypothesis. Deleting the Bcl-2-/
BH3-associated apoptotic protein BAX inhibits perinatal PC death (BAX is expressed
in PCs perinatally [141] and Bax—/— mice have a 30% excess of PCs over controls
(e.g., [142]). Nevertheless, the frequency of targeting errors was unaffected (RH and
Y. Wang: unpublished data). Therefore, the remarkable reproducibility of the cerebellar
map does not seem to result from perinatal error correction.

Conclusions

Early stages of PC development affect both susceptibility and outcome of several
motor and cognitive disorders. Cerebellar development is protracted (from E7 to
P30) and complex (at least two germinal zones, multiple migration pathways, etc.)
so it is unsurprising that it represents a large target for developmental disruption.
Spinocerebellar ataxia type 1 provides an example of this: transgenic mice in which
expression of the expanded ATXN/ transgene is delayed until after the cerebellum
has matured display a reduced disease phenotype, suggesting that mutant ATXN/
interacts with a pathway involved in PC development, likely by affecting RORa
expression. Thus, compromising PC development appears to contribute to the sever-
ity of neurodegeneration [143]. Equally striking, recent evidence has linked PC
development to the pathogenesis of autistic spectrum disorders (reviewed in [144]).
In particular, selective deletion of the T'sc/ gene in the PC lineage from conditional
knockout mice has been found to cause a decrease in PC number, increased spine
density, and autistic-like alterations of social behavior [145]. One of many insults
thought to trigger autism is maternal fever [146]. Possibly related to the putative
role of the cerebellum in autism, we recently found that immune activation and
fever in pregnant mice between E13 and E15 resulted in adult progeny with signifi-
cantly wider zebrin I~ stripes, greater numbers of PCs, poorer motor performance,
and impaired social interactions in adolescence [147].

Finally, what are the prospects that early intervention might afford therapeutic
advantages? While fast progress has been made in recent years, plenty remains to be
learned in regard to the signals that instruct VZ progenitors to adopt PC versus
GABAergic interneuron fate. To our knowledge, protocols aimed at producing PCs
from ES/iPS cells in vitro are based on selection of early PC progenitors that express
lineage-specific surface markers [148]. The identification of additional factors co-
operating with PTF1a and OLIG?2 in specifying the earliest PC progenitors should
improve the efficiency of those protocols and make it possible to generate autolo-
gous PCs from iPS cells or via direct reprogramming. These short-range projection
neurons produced in vitro may eventually constitute a source of cell replacement in
patients affected by certain types of degenerative ataxias.
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Cerebellar Developmental Disorders
and Cerebellar Nuclei

Hong-Ting Prekop, Alessio Delogu, and Richard J.T. Wingate

Abstract While significant progress has been made in the last 10 years in under-
standing the development of cerebellar nuclei, they remain a relatively less well-
studied cell group in the brain. In this chapter, we review the anatomical organisation
of the cerebellar nuclei and their connections to highlight outstanding developmental
questions. We then describe recent progress in dissecting the lineages of cerebellar
neurons that may point to new understanding of their involvement in congenital clini-
cal disorders.

Keywords Dentate nucleus ¢ Interposed nucleus ¢ Fastigial nucleus ¢ Inferior olive
e Purkinje cell ® Rhombic lip ¢ Ventricular zone ¢ Ptfla ¢ Atohl ¢ Pax2 ¢ Nuclear
transitory zone

What Are Cerebellar Nuclei?

The cerebellar nuclei (CN) are the final output units for cerebellar processing. For
the most part, the CN output is a high-frequency tonic excitation, which is directed
towards the midbrain and thalamus. However, a distinct, long-range inhibitory axon
tract allows the CN to influence the activity of the inferior olive (I0), which in turn
drives Purkinje cell (PC) activity via climbing fibres. CN output is modulated by the
patterned firing of inhibitory PCs. They thus form the final common pathway for the
integrated activity of a series of nested re-entrant loops via the inferior olive but also
via the thalamus, cortex and pons (Fig. 1).

Despite the central position of CN within these major long-range networks, rela-
tively little is known about their component cell types, the synaptic arrangement of
their component interneurons or their processing role. Their development has only
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Cerebellar
Cortex

Inferior Olive

Fig. 1 The cerebellar nuclei are central to cerebellar circuitry. They lie at the centre of two cere-
bellar loops: the cerebello-thalamo-cerebro-cortical circuit (blue) which link the cerebellum back
to the cerebral cortex and the olivo-cortico-nucleo-olivary loop (red)

recently been described, and, even then, the picture is partial. Major questions
remain as to how nuclei achieve their spatial arrangement, integrate cell types of
different origins and make connections. For a population of such significance for a
wide variety of brain functions, this is a major omission. Similarly, while some
nuclear disorders in humans have been described, the lack of anatomical and molec-
ular description has hampered a systematic analysis of clinical disorders.

Cellular Anatomy and Diversity

The earliest descriptions of CN neurons distinguished cells with long axons from
those with short axons [1] and identified large and small soma size [2]. The most
detailed morphological studies of the rat and primate dentate (lateral) cerebellar
nucleus were carried out by Victoria Chan-Palay in the 1970s. Using Golgi, Nissl
and Weigert preparations combined with electron microscopy, she mapped out the
complex, non-uniform cellular organisation of the nucleus [3—5] and demonstrated
the presence of two types of projection neurons with at least three different types of
cells with short axons and small soma. These latter neurons were designated as local
interneurons on the basis of dendrite and axon morphology and could be distin-
guished by their multipolarity or bipolarity and fusiform soma.

Immunohistological and molecular techniques have subsequently shown large
projection neurons to be glutamatergic (projecting to the red nucleus, thalamus or
brainstem), while projection neurons with very small soma that project to the infe-
rior olive are GABAergic [6-8] (Fig. 2). In addition to these latter nucleo-olivary
inhibitory projections, glycinergic neurons can project to both the brainstem [9] or
to the granule cell layer of the cerebellar cortex [3, 10—-12]. Unlike the other CN cell
types, these latter nucleo-cortical neurons are not spontaneously active but instead
are mostly silent. They most likely target Golgi interneurons, which express glycine
receptors, unlike most cells of the granule cell layer [13].
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Fig. 2 The cellular composition of the cerebellar nuclei. Nuclei receive inputs from the Purkinje
cells in the cerebellar cortex (green), as well as collaterals from the mossy fibres (light blue) and
climbing fibres (pink) as they travel to the cortex. Within the nuclei, there are two types of projec-
tion neuron: large glutamatergic cells (blue), which are efferent cells in the cerebello-thalamo-
cerebro-cortical circuits, and the nucleo-olivary neurons (red), which project to the inferior olive,
forming the olivo-cerebellar loop. Interneurons (orange) participate in as yet uncharacterised local
circuits
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Other larger glycinergic projection neurons are found in the medial nuclei [14]
and project ipsilaterally to the vestibular nuclei, the ventral brainstem and the ipsi-
lateral ventromedial medullary reticular formation. These are hence the ipsilaterally
projecting counterparts to the large glutamatergic neurons of the same region, which
project contralaterally to the same regions. This has raised suggestions that posture
and balance rely on a system of cross-midline control, similar system to that of the
vestibular control of horizontal eye movements [15].

Relatively little is known about the local interneurons. Chan-Palay [4] noted
small GABAergic neurons with fusiform or multipolar somas, limited dendritic
trees and short axons, but it is possible that some of the cells observed could be the
small nucleo-olivary neurons. A population of glycinergic neurons with small
somata have also been found in the interposed and lateral nuclei. Because glyciner-
gic terminals are found mainly on adjacent, presumptive glutamatergic projection
neurons, it has been suggested that these are interneurons [14, 15], which colocalise
with GABA [16]. GABAergic terminals that did not derive from PCs are also indic-
ative of GABAergic interneurons or possibly local collaterals from the nucleo-
olivary neurons. Though it is not possible to differentiate nucleo-olivary neurons
from other GABAergic cell types in the CN based on size, there are some electro-
physiological differences that aid identification [9].

Despite the fact that cells differ along both rostral-caudal and lateral-medial axes
in terms of prevalence and dendritic/axonal trees, models of cerebellar function
assume a homogeneous spread of each CN cell type, paralleling the long-assumed
homogenous and stereotyped circuitry of the cerebellar cortex, which itself is under-
going re-examination [17]. For example, there is a higher density of nucleo-olivary
neurons in the ventral lateral and interposed CN [18]. Accordingly, the PC axon
terminals spread in a different manner in these parts when compared to more dorsal
and medial regions of the CN [19]. On the whole, the diversity, connectivity and
processing function of local interneurons have remained elusive and thus disre-
garded in circuitry models.

The origins of CN, how their distribution is specified and how local circuits are
set up and refined are all important questions that remain to be addressed. PCs can
inhibit GABAergic CN neurons, so disinhibiting glutamatergic projection neurons
through local networks.

Outputs of the Cerebellar Nuclei

The CN translate cerebellar output to the cerebral cortex via the thalamus, brain-
stem and spinal cord through two main long-range projection systems: glutamater-
gic projection neurons send signals to the red nucleus, thalamus, or brainstem, while
the GABAergic nucleo-olivary neurons connect the cerebellum to the inferior olive
[7]. Meanwhile, other forms of efferent connections have also been found linking
the CN to the vestibular nuclei and the cerebellar cortex [10, 15].
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Glutamatergic projection neurons form a vital link in the assorted cerebello-
thalamo-cerebro-cortical circuits which link the cerebellum back to different parts
of the cerebral cortex [20]. The nucleo-olivary neuronal projections are thought to
form the olivo-cortico-nucleo-olivary (OCNO) loop, a closed feedback loop
between the inferior olive, cerebellar cortex and CN, made up at a fine scale of indi-
vidual closed loops, or cerebellar modules, of local connections via the CN [21].
While this closed loop model is challenged by the existence of bilaterally extending
nucleo-olivary neurons [22, 23], it remains a compelling architecture to describe the
functional properties of the cerebellar circuit.

The origins of the diversity and the mechanisms underlying the targeting of their
axons are largely unexplored. Each of these characteristics is core to an under-
standing of how the cerebellum influences other parts of the brain.

Inputs to Cerebellar Nuclei

The inputs to the CN comprise a complex matrix that modulates cerebellar output by
influencing the spontaneous baseline firing rate of CN neurons [24, 25]. The most
significant of these inputs are PCs from cortical layers directly above the correspond-
ing part of the CN: the medial receiving input from the vermis, interposed from para-
vermis and the lateral receiving the bulk of its input the hemispheric PCs [26].
Sugihara et al. mapped PC projections to the various CN and found correspondence
between aldolase C expression in subsets of PCs and the terminations in specific sub-
divisions of CN, demonstrating some conservation of topographic organisation [27].

While both PCs and CN neurons are spontaneously active [28, 29], evidence of
synaptic plasticity at the CN neurons shows that the CN are involved in modulating
cerebellar cortical output and not merely relaying information from the PC popula-
tion [30-32]. When PC and CN neurons are monitored simultaneously, they do not
give the expected reciprocal firing rates that would result from PC inhibition
[33-36]. Instead CN neurons are extremely sensitive to the synchronous activity of
PC inputs [37] suggesting that the development of a mapping of PC populations into
the CN is a critical factor in cerebellum function.

In addition to afferents from the PCs, the CN also receive collaterals from mossy
fibres (MFs) and climbing fibres (CFs). These send signals directly to the CN,
bypassing cerebellar cortical processing [26]. In the overlying cerebellar cortex,
MFs and CFs are topographically mapped onto GCs and PCs, and their collateral
projections to CN follow approximately the same topography. MFs from the pontine
nuclei, nucleus reticularis tegmenti pontis and lateral reticular nucleus send their
cortical terminations such that they divide the cerebellar cortex into zones to process
information from particular parts of the body or sensory modes [23, 38, 39]. In con-
trast, the MF collaterals to the CN are bilateral and show a looser zonal organisation
[26, 40]. Likewise, anterograde tracing from the inferior olive has revealed a strict
topographic alignment of CFs to the zebrin II-positive PC parasagittal zones in the
contralateral cerebellar cortex [19]. The collaterals of these same CFs target the
contralateral CN and terminate in specific areas of the CN [27, 41, 42].
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Relatively little is known of how inputs to the CN are organised at a cellular level
and the intrinsic networks that are built up by interneurons and local collaterals.
A natural entry point to these questions is trying to understand the degree of conver-
gence of a relatively orderly PC layer on to the three-dimensional assembly of CN
neurons. In terms of numbers, there are around 20 PC to every CN neuron [43, 44]
with inputs targeting both glutamatergic [45, 46] and GABAergic projection neurons
[8]. However, since the PC axonal target field is wide and conical [47], it is estimated
that each PC can encompass tens of CN neurons complicating a simple explanation
of convergence. Similarly the proximity of axon terminations to the soma of CN
neurons is likely to be of considerable significance in determining synaptic strength
[14]. Chan-Palay noted that around 14% of larger neurons in the lateral CN were not
innervated directly on their somata by PCs, setting apart a subset of projections neu-
rons [48], which may comprise the glycinergic, nucleo-cortical neurons [11].

How the PC axon numbers are developmentally matched to CN targets and the
mechanisms that regulate mapping are unknown. Similarly, how the topography of
collateral projections from different afferent populations is coordinated within the
nucleus is an important question that remains to be addressed. For example, it has
been suggested that collaterals of inputs to the cerebellar cortex form a template for
topographic refinement of outputs of Purkinje cells to the CN.

Development of Cerebellar Nuclei

The origins of the cerebellum, which sits at the boundary of the midbrain and hind-
brain, were an intensely investigated problem at the end of the last century. The
advent of molecular techniques revised the concept that the cerebellum received
contributions from both the midbrain and hindbrain and identified the cerebellar
anlage within the dorsal part of rhombomere (r)1 of the hindbrain [49-51]. Within
the anlage, two distinct progenitor zones, which are defined by the mutually exclu-
sive expression of basic helix-loop-helix (bHLH) transcription factors Ptfla and
Atohl, produce all the cell types of the cerebellum [52]. Ptfla is expressed in the
dorsal ventricular zone of r1 and characterises progenitors of GABAergic cells [53].
The boundary between the ventricular zone and the dorsal roof plate is known as the
rhombic lip [54] and expresses Atohl [55]. This highly proliferative zone of Atohl
induction gives rise to glutamatergic cerebellar neurons [56, 57].

Birthdating has shown that some neurons within the CN are among the first-born
cell types of the cerebellum [58]. Experiments using either BrdU or a replication-
defective adenovirus [59] have shown that PCs are born around the same time as the
CN. The time window for the production of glutamatergic and the GABAergic pro-
jection neurons in mice lies between E10.75 and E12.5 [60] and appears to be regu-
lated by a common temporal signal [61]. However, the allocation of GABAergic
versus glutamatergic fate is strictly a property of progenitor position within either a
Ptfla- or Atohl-positive pool [53, 56, 57, 61, 62].
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Fig. 3 The developmental timeline of the cerebellum, depicted in sagittal view. GABAergic neu-
rons are derived from the ventricular zone (VZ), while glutamatergic neurons arise at the rhombic
lip (RL). The cerebellar nucleus projection neurons are the first born from both progenitor zones,
preceding first Purkinje cells (VZ-derived) and then granule cells (RL-derived). Cerebellar nucleus
interneurons are believed to be born alongside other cerebellar cortical interneurons, which are
generated from E13 from the VZ and later a stem cell population within the future white matter

Origin of Glutamatergic Neurons

One key motif of CN development is the assembly of neurons within an embryonic
nuclear transitory zone (NTZ), which appears as almost a “staging post” in the for-
mation of distinct CN (Fig. 3). The derivation of glutamatergic CN neurons initially
appeared to be via a radial migration from the ventricular zone [63]. A detailed
analysis of postmitotic precursors of CN neurons identified the expression of the
transcription factors Lhx2/Lhx9, Meis 1, Meis 2 and Irx3, as well as genes that are
not frequently used as markers in development: Gja9, Mbd2, Htr3a and Girk4 [64].
Subsequent analysis showed that Meis 2 co-expresses with Lhx2/Lhx9 in glutama-
tergic projection neurons of the lateral CN derived from the rhombic lip [57], while
Irx3 may instead represent a separate population of neurons, likely the GABAergic
nucleo-olivary neurons [65].

Glutamatergic projection neurons represent the first cohort in a sequence of neu-
rogenesis from the rhombic lip that ends with the generation of granule cells [49,
56, 57]. A separate domain of Atohl expression at the midbrain-hindbrain boundary
gives rise to earlier-born extracerebellar neurons [66]. At the rhombic lip, lateral and
then medial CN are produced in discrete temporal waves [67, 68]. CN neurons
actively migrate from the rhombic lip in a subpial layer guided by diffusible netrin
and slit proteins [69, 70] and sequentially express Pax6, Tbr2, Tbrl and Lmx1a [65,
71]. As the postmitotic neurons enter the NTZ, Tbrl and Tbr2 are upregulated and
Pax6 is downregulated [71]. In the absence of Pax6, rhombic lip-derived CN neu-
rons are absent from the cerebellum [65]. The differential retention of transcription
factors defines different CN populations in mouse. Tbr1 expression is retained until
E14.5 for lateral and interposed CN and into adulthood for the medial CN. In con-
trast, the lateral and interposed CN projection neurons express Brn2 at early postna-
tal stages.
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Origin of GABAergic Projection Neurons

The developmental origins of the GABAergic nucleo-olivary neurons are enigmatic.
It is assumed that they are born from the ventricular zone like the other GABAergic
cell types of the cerebellum, although direct evidence for this is lacking. Like the
glutamatergic populations of the CN, GABAergic neurons are likely to arise as part
of a discrete temporal window of cell production. It is thought that the GABAergic
projection nucleo-olivary neurons are first in a ventricular zone temporal lineage
(Kim et al. 2011) that subsequently gives rise to PCs (e10.5-e12.5 in mouse) fol-
lowed by other GABAergic interneurons [72]. In contrast to these later-born cell
types, both PCs and GABAergic CN neurons express Neurog2 [73]. Postmitotic
cells expressing Neurogl appear to be candidate CN nucleo-olivary projection neu-
rons [74]. Irx3 immunopositive cells are evident in the VZ from E10.25 to E12.5,
the NTZ at E13.5 and by E15.5 the cells have migrated into an intermediate zone
outside the NTZ [64, 65]. Irx3 expression persists in the sey/sey (“‘small eye” pax6
null) cerebellum confirming that the specification of GABAergic and glutamatergic
neurons is independent of each other.

Other GABAergic Neurons

VZ progenitors require the expression of Ptfla for GABAergic specification [53,
62]. Within the Ptfla ventricular zone, combinatorial gene expression demarcates
discrete germ zones that are thought to give rise to the different types of interneu-
rons [64, 72, 74—79]. Thus, for example, Neurogl and Neurog2 expression defines
subsets of the Ptfla+ VZ population.

However, this topographic explanation of diversity is complicated by evidence
that proliferation continues within a single population of Pax2+ precursors from the
VZ [80] that persists in the prospective white matter well into postnatal develop-
ment in mouse. Heterotopic and heterochronic grafting experiments have found that
Pax2 progenitors generate all the remaining inhibitory interneurons [80, 81], includ-
ing Neurogl (Ngnl)-positive interneurons of the CN, which are born at E17.5 in
mouse [82]. Mutation of PC progenitor transcription factors Olig2 and Gsx1 dis-
rupts the production of Pax2 lineages suggesting that the latter is derived from the
former in development [83]. The origin and development of the various types of
glycinergic neurons in the CN have yet to be characterised.

Nucleogenesis and Cell Migration

The different developmental origins of different types of CN neurons require that cells
recognise each other and assemble nuclei distant to their origins. How nucleogenesis —
the migration, organisation and synaptogenesis of CN neurons — is organised is
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unknown. Clearly, either intrinsic programming or cues in the surrounding environ-
ment or a combination of both will be key factors in this developmental process.

For rhombic lip derivatives, unipolar neuroblasts move within a subpial stream
towards the NTZ guided by both diffusible netrin and slit [69, 70] (NTZ); however
the cues that determine the position of the NTZ itself are unclear. One possible
determinant is the underlying axon scaffold of the fasciculus uncinatus, to which
first-born CN cells then contribute [67, 69]. Changing the fate of CN neuroblasts
blurs the boundaries between distinct populations in the NTZ but does not compress
or expand the map of presumptive CN. Thus when either Lhx9 (lateral CN in mouse)
is overexpressed in chick [67] or Tbrl knocked down in mouse [71], CN neuron
number remains similar but boundaries are less discrete. From the NTZ, cells are
then incorporated into the white matter through what might constitute an active
radial migration or a passive translocation as a consequence of the overall pattern of
cerebellar morphogenesis [60, 63].

Evidence in favour of radial migration being a component of nucleogenesis
comes from the analysis of the reeler mouse. Pax6/reelin-positive neuroblasts
migrate from the rhombic lip, and at least some go on to become Tbr2-positive CN
neurons. The reeler mouse has disrupted CN architecture; however, the initial tan-
gential migration of rhombic lip derivatives to the NTZ is normal [71].

Evolution and the Diversification of Cerebellar Nuclei

While some aspects of the cerebellar circuit are among the most evolutionarily con-
served across vertebrates, cerebellar nuclei are relatively variable in composition
[84]. There is some debate over whether an organism is considered to have cerebel-
loid structures if they lack CN, since it is these cells that form the dominant output
[85]. For example, teleost fish have no white matter or CN. Instead, their PCs proj-
ect to eurydendroid cells, which then project to other parts of the brain. However,
eurydendroid cells also receive inputs from granule cells via parallel fibres and are
found within the granule cell layer and so are not homologous to CN projection
neurons in terms of inputs [86, 87].

The replacement of CN by eurydendroid cells appears to be a ray-finned fish
adaptation as there is evidence for a single cerebellar nucleus in the shark [88]. CN
are absent in lampreys, where the cerebellum is reduced or absent. Across fish spe-
cies the medial and dorsal octavolateral nuclei receive inputs from lateral line sys-
tems and are involved in spatial calculations that are analogous to those carried out
in the cerebellum. It seems conceivable, though yet to be proved, that these may be
considered as ontological homologues of CN [89].

Like sharks, amphibians have a single CN; however the number and diversity of
CN increases in amniotes. There are two CN in birds [90] and three sets of CN in
rodents: the medial, interpositus and lateral [91, 92]. In cats, rabbits and primates,
there are four major CN: the medial, or fastigial, nucleus; the anterior and posterior
interposed and the lateral, or dentate, nucleus. Each of these nuclei can be functionally
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further subdivided such that complexity of CN organisation is a marked feature of
mammalian brains [14]. This systematic variation in organisation suggests that com-
parative studies may offer an important insight into the significant genetic factors in
the development of CN diversity.

Cerebellar Nuclei and Disease

The relatively recent discoveries of the developmental lineages of CN neurons high-
light previously unexplored relationships in cerebellar disorders and disease.
Glutamatergic projection neurons are formed from Atohl progenitors that not only
generate granule cells but also neurons in the pons, vestibular and auditory systems
of the hindbrain [57, 93]. GABAergic neurons share a progenitor transcriptional
profile with auditory nuclei and, perhaps most prominently, the inferior olive [53].

This is particularly significant in that developmental disorders where cerebellar
nucleus exclusively malformed have not been reported. Congenital dysplasia of the
dentate and olivary nuclei (DOD), though rarely recorded [94], can sometimes be
detected as a minor pathology of more extensive developmental defects (Table 1).
Though pathogenesis may differ across different forms of DOD, it is interesting to
note that many of the below conditions have pathologies of the inferior olive too.
While the correlation in pathologies could be linked by lineage, the possibility of
retrograde degeneration of the cerebellar nucleus as a result of inferior olive dyspla-
sia cannot be discounted. Similarly, the possibility that the modularity of the
cerebellar-inferior olive closed loop extends to a single cell level [95] means that
heavily interconnected microzones might suffer a conductive degeneration when
any element of the system is disrupted.

While DOD might represent a failure of Ptfla lineage development, pontocere-
bellar dysplasia might conversely reflect a dysgenesis of Atohl lineage neurons,
affecting both precerebellar and granule cell populations in addition to portions of
the dentate CN. In both cases, the spectrum of associated phenotypes raises the pos-
sibility of a developmental origin within the specification or maturation of specific
populations of derivatives.

Future Perspectives on Cerebellar Nucleus Development

In recent years, significant progress has been made with regard to understanding the
development of the glutamatergic CN neurons, while physiologically, models of
cerebellar function increasingly recognise how plasticity and modulation within the
CN by mossy fibre and climbing fibre collaterals place these cells at the heart of
cerebellar networks [43, 115]. However, less is known of other, equally significant,
CN neuronal types and key questions about their specification and lineage remain



97

Cerebellar Developmental Disorders and Cerebellar Nuclei

(panunuoo)

[901-+01 “09]

sKe[op [ejuawdooAdp J0jow
PUE [BJUW AIIAJS 0) P[IW puUL
erxeje ‘snwge)sAu ‘eruojodAy
‘uonounysAp Ie[joqaio)

I9)jBW 9)IYM
Y Jo yipea1q oy sueds jey)
SNA[ONU 9JLJUAP AUO 3q 0} A[UO
Swa3s 21y ‘Afeorsojoydiow
ey 0s ND 9y ur pue sopounpad
‘saroydsTway Je[[oqoIad

om) a3 Jo Sursny 0 spe9|

SIY T, "STUWLIOA JB[[9G2I1D Y} JO
SISQUASSAP QI9AS JO OUASQY

Juowdoroaap [e120) A[18d
Sunmnp sdif orquioyr oy ur uonjerayrjoxd
pue Suruioped [esIop 9A1NddJJ

sisdeuAsoreydoouaquoyy]

uonepIelal
[ejuaw pue uone[n3aIsAp
Suryyeaq orpostde

dDS 2y} JO UOTESSnoAp
-UOU PUE JAI[O JOLIQJUI

3y jJo ersefdsAp ‘(usts Yooy
Iejour) sTuiIdA Jo eisejdodAy
s 3uore ‘swojdwAs
urergpury Auew Jo U0 se ND

juowdoreaap JuLmp yys pue

Jupp Y1 sua3oydiow Jursuas J0J S[[Qd
10jruadoad ur jueyrodwir oq Aeur sy,
‘e1[10 Arewrnid oy jo syured opoous jey)
SQUQA3 ur suoneINW 0) payuI| A[[eo1oud3
QIe SaseD JO 9GS A[orewurxoidde

[co1-101]| ‘eruojodAy ‘erxeje [eyruaguo)) QJeIUAP Y} JO UOTJRIUAWIT L] QSBOSIP QAISSII [RWOSOINY QUWIOIPUAS J1aqnof
s1BK ¢ pueq paIN[oAuOD
uey) J93UO[ OU SI [BAIAING ‘ury) O1ISLIvIOBIEYD ) Uey)
‘sAefop [ejuowdo[aadp JIoyjer aarmonns padeys-1eo) Kouejur ur
SSOIS pue Y)IIq WOIJ SOINZIAS IO PIOAO PIJOS © SE Ud9S PILIOYUI A[OAISSQIQI [BIIOSOINE | SQINZIAS A[qBIOBNUT YIM
[00T ‘66] juanbaiy yim eruojodAH QIe 1o[oNU 9JBIUAP YL, — AOJ 9q 01 PAIsa33ns y3noyy ‘umouyun) | eise[dsAp AreArjo-ojejuog
SUOIBIYIO[Ed
jutof pue $1sA0 [eual SDd JO $109)op [euoneISIW suewny
‘eruojodAy pasieIauag se [[om pue eisejdodAy re[[oqo1ao se Ul UOT)B)SAT JO SYoM ] WO} dIN[Ie
se ‘sanIfewIouqe D pue [1om se ‘(qOQ) 1e[onu AIBAT[O UuoneIIIA ‘Sua3 XHJ Ul suonenw QuwioIpuAs (Jeuar-ojedoy
[86—96] | senzies ‘Aefop [ejudwdo[ora pue jejuap oy Jo eise[dsAq | Aq Pasned ISBASIP QAISSAII [BUIOSOINY -01q2129) 103aM[[o7
QOUAIRJY SQINBAJ [BOTUI]D) K3oroyreq K3oroney IOpIOSI(]

A3ojoyied responu 3unIqrUXa SIPIOSIP Je[[2qa10) | IqRL,



H.-T. Prekop et al.

98

INOTABYQ(Q PUB UOIBIIUNWUIOD
‘UoTnoRIAUI [RIO0S
3unogyye saInJeay [BIIUId

(Joed) STWE[BYIOIQNIOIRIUID)
SUOI3I [21GAID pue

N Y} U29M12q AJIA[IOUUOD
pasearoap ‘orounpad

Ie[[9ga190 JoLadns Jo uononpal

sOd

pue ND UI punoj uadq ALY SISAYIUAS
VYD JO S[OAJ] JOMO[ ‘WN[[0qaIdD

AU} U] "PajoRJJe SI AJANOUUOD

ureIq Jey) ur SNSuUISUOd dUIOS SI

19y [, “Juawdo[oAdpoInau JuLmp SI0joej
[BIUSWUOITAUD J0 do1auagida ‘onouad

[F11-211] 10 wnnoads SnoaUS0I ‘ersejdod Ay [eurIoA Ie[jeqaIe) Kq pasned oq Aewl J1 :SNOQUAFOINJRY | JOpIOSIp wnnoads wisnny
paarasaxd axe N Jo suorgar
ogroads o[Iym ‘suoInau ND
9)eIUP JO SSO[ [BIUAWTAS pue
SaINZIos SO JO SSO[ PaIayIeds SI 1Y) SUOIIBINUI ASLI[ONUOPUD
pue swojqoid Juimorrems | ‘wn[[eqerd ay) uy ‘Aydone suod Surorpds YNNI £Q pasned aIe SJUBLIBA
Se [[om se sjuauLredur pue Ie[[oqa1ao pue eisejdod£y QUWIOS "SIOPIOSIP QAISSIOI [BUIOSOINE sersejdodAy
(111 ‘011l JIOJOW PUB [BJUSW QIIAS IB[[2QR199 SI 2INJBIJ UOWWOD) JAanerouagopomau jo dnois vy Ie[[9Q2I900JUO]
syuouLIedwr Jojow
puE [eJUSW PUE JOJR[IIUAA QAT[O JOLIOJUI Ay} JO eIse[dsAp
uo 2oudpuadop ‘saInzios ose ST a1y ], "onse[dsAp
apnpout swoydwAs reoruro pue pajnjoAuod1adAy pue SQUOQ SE [[oM SE SuoI3al
‘STOATAINS MOJ AToA o) PpasSIe[uo are N pue ‘Xo)100 ureiq Auew sso1oe peardsopim aIe
10, "oIn[rej A1oje1rdsar o) onp | IR[[9Q2I0 Ay} JO SAnI[EUWLIOUqE sarmeay [eorsojoyred os ‘quawdoraaap
SOJRUODU SB 1P IO WIOq[[1s QIe QI0Y) ‘WNJ[9qRIAD ureiq jo syred snoLreA Ul poAJoAul
A[rensn aIe sasNjo0j a1yM | Y UNIAL ‘Areydesoroewr yjim ST YIIYM ‘(EAAD) € 103dadar Jn
[601—L01]| uonipuod eyl e si A[[erouan erse[dsAp [e1o[ays  A[Lrewg Jo suoneinw uonouny jo ure3 oy an | eise[dsAp ouoydojeueyy,
QOUAIRJY SQINJBAJ [BOTUID A3oroyreq A3ojonoy IopI0SIq

(panunuod) | Iqey,



Cerebellar Developmental Disorders and Cerebellar Nuclei 99

unanswered. A defining feature of development is that cells transit through the NTZ,
yet nothing is known of the factors that regulate nucleogenesis.

Similarly, there are relatively few reports that highlight differences in cell types
across the different CN. For example, Bagnall et al. [15] identified projections that
are restricted to the fastigial CN, while molecular and cellular analyses point to
underlying temporal cues that may explain how different nuclei are formed [67, 71].
Given that different densities of CN cell types are found across the already diversely
shaped CN, and that the various CN have been found to be involved with wide
ranges of motor control, from eye blinks to posture, it may be that connectivity and
plasticity differ across similar cells to bring about an assortment of functions.

Finally, the diversity of different CN cells types, their origins and how they
develop a network of intranuclear connectivity are key developmental questions
whose answers will be of huge significance for functional models of the cerebellar
network. The answer to these questions may also point towards new landmarks for
the identification of disease processes in the cerebellum. This somewhat neglected
population of brain cells is poised at a threshold of new understanding that offers the
promise of new perspectives on the both how the cerebellum works and its clinical
vulnerabilities.
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Motor Circuit Abnormalities During
Cerebellar Development

Elizabeth P. Lackey and Roy V. Sillitoe

Abstract The cerebellum controls ongoing motor function and motor learning.
Therefore, damage to its circuits causes a number of movement disorders such as
ataxia, dystonia, and tremor. Cerebellar connectivity in both normal and abnormal
states has been intensely studied. As a result, its anatomy, circuitry, and neuronal
firing properties are among the best understood in the brain. This knowledge has
directly facilitated efforts to uncover the mechanisms that cause motor dysfunction.
Here, we discuss several mouse models of cerebellar disease. We focus on how
cerebellar development depends on genes and neural activity to assemble circuits
for behavior.

Keywords Cerebellum ¢ Circuitry ¢ Ataxia ¢ Purkinje cell ¢ Cerebellar nuclei
e Inferior olive

Introduction

The cerebellum is best known for its crucial role in controlling smooth, purposeful
movements. Cerebellar circuits receive motor planning information from the cere-
bral cortex about the goals and commands of movement in addition to feedback
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information from the brain stem and spinal cord about the sensory consequences of
movement execution. This activity within the cerebellum can be modified through
multiple cellular and molecular mechanisms of synaptic plasticity. The resultant
output of cerebellar activity influences connected motor systems in the cerebral
cortex, brain stem, and spinal cord to allow for calibration of motor programs that
can be initiated and executed without immediate sensory feedback. There are cur-
rently two general models for how the cerebellum controls motor behavior during
both ongoing movement (motor coordination) and repetitions of the same move-
ment (motor learning). One model is that cerebellar computations evaluate the accu-
racy of actions by comparing predicted outcomes of intended movements to the
outcomes of actual movements and then reduce error by providing signals for adap-
tive corrections [1]. The other model is that the cerebellum participates in the timing
of movement rather than error correction [2]. It is also possible that the cerebellum
performs both functions. In either case, it is not surprising that physical, pharmaco-
logical, and genetic insults to the cerebellar circuit result in movement disorders,
and descriptions of motor symptoms after cerebellar damage date back to Flourens
[3], Babinski [4-6], Holmes [7], and other pioneers in the field [8]. Cerebellar
insults typically disrupt the coordination and accuracy of movement, conditions
cumulatively referred to as “ataxia” (Greek, loss of order). Numerous distinct motor
symptoms can arise from cerebellar damage, including the inability to judge dis-
tance or scale during target-oriented movements (“dysmetria,” Greek, abnormal
measure), oscillatory shaking of muscles during movement (tremor), diminished
reflexive resistance to passive limb displacements (“hypotonia,” Greek, low tone),
and impaired production of speech (“dysarthria,” Greek, abnormal articulation).
Symptoms arise from the loss or disruption of normal cerebellar functions, and the
ultimate motor behavioral consequences may also be due to movement control in a
pathological state. Here, we discuss the mechanisms for different manifestations of
cerebellar disease from the perspective of insights gained from mouse models, as
they are currently one of the most common tools used in the study of cerebellar
disorders. In order to understand the behavioral consequences of the diseased cere-
bellar circuit, we will consider cerebellar structure and development in the context
of the functional motor system in vivo.

Structure of the Cerebellum

The cerebellum is interconnected with the rest of the brain by three pairs of large
fiber tracts on its ventral surface, the cerebellar peduncles, and located dorsal to the
pons and medulla (see chapter “The Embryology and Anatomy of the Cerebellum”).
Though it is a predominantly continuous structure, there are three gross anatomical
divisions of the cerebellum: a “wormlike” region along the midline called the ver-
mis (Latin, worm), lateral regions that are relatively enlarged in humans called the
hemispheres, and an intermediate region called the paravermis. The cerebellum
comprises a three-layered cortex surrounding an inner core of white matter and
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Fig. 1 Architecture of the cerebellar circuit. (a) Mouse brain shown from a lateral view with the
cerebellum highlighted in color. (b) The basic cerebellar circuit comprises Purkinje cells, granule
cells, stellate and basket cell interneurons, and the cerebellar nuclei. Afferent information is deliv-
ered to the cerebellum as climbing fibers or mossy fibers. Note that the Purkinje cell is the sole
output of cerebellar cortex and the cerebellar nuclei deliver efferent information of the circuit. The
+ and — signs indicate whether each synapse is excitatory or inhibitory, respectively. For simplicity
we have not shown Golgi cells, unipolar brush cells, Lugaro cells, or candelabrum cells. The dif-
ferent types of glia were also omitted. (Modified with permission from Reeber et al. [13])

three pairs of cerebellar nuclei. The sheet of cortex folds as cells proliferate during
cerebellar development into folia and fissures along the anteroposterior axis, which
form a series of lobules that are evolutionarily conserved and reproducible in mam-
mals and birds [9]. Based on the work of Olof Larsell, Roman numerals are used to
identify lobules in the vermis (I — X), whereas the hemispheres comprise CrusI,
Crusll, lobulus simplex (LS), paramedian lobules (Pml), copula pyramids (Cop),
the flocculus (F1), and the paraflocculus (Pfl). Though lobule form is distinct across
the anatomical divisions of the cerebellum, they contain the same repeated circuit
and all the major cerebellar cell types [10—12] (Fig. 1), with the Purkinje cell at the
center of each circuit. Purkinje cell somata form a monolayer, the Purkinje cell
layer, across the cerebellar cortex and extend elaborate dendritic arbors into the
outermost of the three layers, the molecular layer. Climbing fibers, one of the two
major afferent pathways to the cerebellum, originate in the inferior olivary nucleus
of the medulla and form excitatory synapses on the smooth shafts of Purkinje cell
dendrites in the molecular layer. Mossy fibers, the second major afferent pathway to
the cerebellum, terminate on granule cells within the third and innermost layer of
cerebellar cortex, the granule cell layer, and originate from over two-dozen brain-
stem and spinal cord nuclei [14]. These nuclei include the basilar pontine nuclei
relaying input from the cerebral cortex, dorsal nucleus of Clarke, vestibular nuclei,
cuneate nuclei, and lateral reticular nuclei. Mossy fibers communicate with Purkinje
cells indirectly through granule cell axons, known as parallel fibers, which ascend
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Fig. 2 Zebrinll zones in the mouse cerebellum. (a, b) Wholemount immunohistochemical stain-
ing of the mouse cerebellum with zebrinll reveals the intricate patterning of the cerebellar cortex
into parasagittal zones. Roman numerals identify the lobules of the vermis. Pfl paraflocculus, FI
flocculus, LS lobulus simplex, Pml paramedian lobule, Cop copula pyramidis. Scale bar = 2 mm.
(Modified with permission from Reeber et al. [13])

the granule cell and Purkinje cell layers and bifurcate to form excitatory synapses
on the spines of Purkinje cell dendrites in the molecular layer. Numerous interneu-
rons are present that influence the activity of local circuits, such as stellate and
basket cells in the molecular layer and Golgi and unipolar brush cells in the granule
cell layer. Neuromodulatory afferents also terminate in all three layers of the cere-
bellar cortex and within the cerebellar nuclei to influence local activity [15, 16].
Purkinje cell axons are the sole output of the cerebellar cortex and integrate all
cerebellar inputs before projecting to the core of the cerebellum to form inhibitory
synapses on their target cerebellar nuclei neurons. The cerebellar nuclei are the final
efferent pathway to the rest of the brain and spinal cord; however, a small minority
of Purkinje cells project directly to vestibular nuclei [17]. Despite this relatively
simple and repeated cytoarchitecture (Fig. 1), a more complex circuit map is
revealed by molecular, anatomical, and physiological approaches and by symptoms
of disease. Subsets of Purkinje cells are divided into a series of reproducible para-
sagittal stripes, “zones,” (Fig. 2) that run along the anteroposterior axis and are
defined by gene expression patterns [12]. The classical and most thoroughly studied
molecular marker of zones is known as zebrinll, which is an antigen on the meta-
bolic enzyme aldolase C [18]. The topographical map of zebrinll expression in mice
has been detailed extensively [19-21]. However, zebrinll is conserved, and its gen-
eral pattern of expression is identical across different taxa [22-28]. Zebrinll-
expressing Purkinje cells alternate with zones that do not express the antigen.
Together, the two subsets form a striking array of zebrinlI-positive and zebrinlI-
negative stripes that are symmetrically distributed across the midline. More than 40
molecular markers of zones have been identified [29] including excitatory amino
acid transporter 4 (EAAT4), phospholipase C beta 3 (PLCf3), and gamma-
aminobutyric acid type B receptor subunit 2 (GABABR?2), which are expressed in
zebrinlI-positive zones, and phospholipase C beta 4 (PLCf4), metabotropic gluta-
mate receptor 1 splice variant 1b (mGlurR1b), and neuroplastin, which are expressed
in the complementary zebrinll-negative zones. Bands of zones do not run



Motor Circuit Abnormalities During Cerebellar Development 109

uninterrupted from anterior lobules to posterior lobules, and a unique pattern of
zones is observed in four domains of the vermis: anterior = lobules I —V, central =
lobules VI — VII, posterior = lobules VIII and dorsal IX, and nodular = lobules ven-
tral IX and X [30] (Fig. 2). These domains are also innervated by functionally dis-
tinct mossy fiber afferents; for example, the spinocerebellar tract projects to the
anterior and posterior domains, the pontocerebellar tract projects to the central and
posterior domains, and the vestibulocerebellar tract projects to the nodular domain
[12, 31]. These domains are not equivalent to the traditional functional compart-
ments known as the spinocerebellum (regulation of muscles, tendons, and joints),
cerebrocerebellum (planning and initiation of movement), and vestibulocerebellum
(body equilibrium and oculomotor function). However, there is clearly some over-
lap in the functional attributes of each. These divisions are also reflected by the
phenotypes of cerebellar disease in naturally occurring mutant mice, which often
display differential structural defects along the anteroposterior axis [30].
Furthermore, the axon termination patterns of mossy and climbing fiber afferents
within each of these domains exhibit parasagittal zones that have a reproducible
anatomical relationship with the zones of their target Purkinje cells [32, 33] or the
narrower functional microzones [34]. Climbing fibers originating from a specific
subnucleus of the inferior olive typically terminate in one or two of these longitudi-
nal zones [35, 36], and mossy fibers from specific sources branch to terminate in
multiple longitudinal zones [37-40]. Zones are also distinct in their topographically
defined Purkinje cell output to specific subnuclei of their three target cerebellar
nuclei, fastigial (medial), interposed (middle; = globose and emboliform in pri-
mates), and dentate (lateral), each of which, too, has a unique efferent pathway to
the rest of the brain and spinal cord [31, 41, 42], including projections back to the
inferior olive to form a patterned cortico-nucleo-olivary tripartite loop [43, 44].
Together, units of topographically organized cerebellar afferents, their target
Purkinje cell zones, and Purkinje cell efferent projections to the cerebellar nuclei
compose cerebellar “modules,” the basic functional circuit of the cerebellum [45].
Retrograde transsynaptic tracing shows that individual muscle groups are linked to
specific Purkinje cell zones [46]. Functional mapping of the cerebellar circuit using
imaging and electrophysiology also exhibits topography consistent with the zonal
plan [47-50]. Within each zone, receptive fields mapped by recording responses to
tactile stimuli reveal a “fractured somatotopy” of spinocerebellar mossy fibers with
multiple sensory representations of body parts in mosaic patches [47, 51, 52]. Due
to the relatively uniform cytoarchitecture of the cerebellum, it has been thought that
these topographical differences in function are caused by differences in afferent and
efferent connectivity; however, recent evidence suggests that this is also due to other
regional variations such as Purkinje cell morphology, Purkinje cell packing density,
granule cell packing density, neuronal soma size, the position of mossy fiber and
climbing fiber synapses within their target layers, distribution of interneurons,
intrinsic Purkinje cell firing properties, and synaptic plasticity [53]. Distinct compu-
tational processes within and between zones can potentially arise from variations in
the cytoarchitecture and physiology of local circuits in these functional compart-
ments. This exquisite organization of connections and the precise circuitry they
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form require carefully executed developmental programs for proper function and
behavior [54]. During this complex coordination, there are many opportunities for
insults to cause disorders with devastating consequences for motor and perhaps
even non-motor behavior.

Development of the Cerebellar Circuit

Due to the cerebellum’s well-understood circuitry and roles in developmental and
adult-onset diseases, it is an important model for understanding normal and abnor-
mal brain circuit map formation [54]. Positional cues must be present to set up the
patterns of specific lobules on the anteroposterior axis and zones on the mediolateral
axis. Studies resolving how genes establish the coordinates of this functional frame-
work have increased our understanding of the impact of complex neurological dis-
eases [12]. The embryonic cerebellum is initially smooth without external
morphological landmarks, but fissures that distinguish five cardinal lobes in the
vermis begin to form by late embryonic development, embryonic day 17 (E17) in
mice. Purkinje cells are derived from the ventricular zone of dorsal rhombomere 1
from E10 to E13 and migrate along radial glia into symmetrical clusters by ~E14.
The granule cells are derived between ~E12 and E17 from a germinal zone called
the rhombic lip, which produces a specialized transient progenitor layer on the sur-
face of the cerebellum called the external granule cell layer by E16.5 [54]. Cerebellar
granule cells are the most numerous cell type in the adult brain. They undergo
extensive proliferation and are the main driving force for cerebellar growth and
lobule patterning. During postnatal development, the five cardinal lobes expand and
fold as they subdivide into the conserved stereotyped lobules, and this process (foli-
ation) is complete by postnatal day 14 (P14) in mice. Genetic cues allowing for the
precision and reproducibility of foliation between animals are not fully understood
but may involve the “anchoring” of Purkinje cells to the future base of lobules by
their projections to the cerebellar nuclei and the proliferation of granule cell precur-
sors mechanically forcing lobule outgrowth [55] under the control of Purkinje cell-
derived sonic hedgehog (Shh) signals [56, 57] and the function of Engrailed
homeobox genes (Eni/2) [58, 59]. The molecular heterogeneity of Purkinje cells
may provide a scaffold that guides the patterns of neural circuit formation in the
developing cerebellum, which is consistent with evidence that Purkinje cell subsets
differentially express intrinsic molecular markers as early as E14 [60—62], including
cell adhesion and guidance molecules [63, 64]. Purkinje cells are critical not only
for shaping morphogenesis but also for guiding topographical map formation.
Purkinje cells of similar birthdates may determine the adult patterns of Purkinje cell
gene expression and restrict the boundaries of zones as the map forms. This is
accomplished during embryogenesis when Purkinje cell subsets migrate and cluster
into similar coordinate positions [65]. Afferents arrive in the cerebellum spanning
mid-embryonic and postnatal development [66] in positions that later correspond to
specific lobules, and Purkinje cell cues are thought to provide the scaffold that
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guides afferents into longitudinal zones following the initial patterning of Purkinje
cell clusters [54]. Retrograde tracing in fixed embryonic rat tissue shows that mossy
fibers from the vestibular ganglion arrive in the cerebellum by E13, and those from
the vestibular nuclei and spinal cord arrive at E15 [66]. Climbing fibers arrive at
~E17, followed by mossy fibers from the lateral reticular nucleus and pontine nuclei
at PO [66]. In mice, spinocerebellar and vestibular mossy fibers arrive at E13/14
[67], climbing fibers arrive at E14/15 [68], and the remaining mossy fibers arrive
during late embryonic and postnatal development [54]. Climbing fiber afferents
exhibit rudimentary parasagittal stripes by E15/16 in mice [68], soon after Purkinje
cell clusters initially express transient parasagittal molecular markers such as En//2
[61]. Climbing fiber termination patterns and Purkinje cell zones correspond topo-
graphically by E17 [69]. Though mossy fibers synapse on granule cells in the adult
cerebellum, they form transient contacts with Purkinje cells during embryonic
development that may be critical for the segregation of spinocerebellar afferents
into parasagittal zones [32, 70-73]. Unlike climbing fibers, mossy fibers do not
exhibit clear-cut zones until after birth [74]. Purkinje cells are innervated by five to
six climbing fibers by P3, and during early postnatal development one of these con-
nections is selectively strengthened while the other synapses are eliminated; by P17
each Purkinje cell is innervated by a single climbing fiber, and each climbing fiber
may contact up to ten Purkinje cells [75]. Cerebellar postnatal development also
involves changes in the firing properties of both Purkinje cell simple spikes, which
are intrinsically generated and modulated by mossy fiber to granule cell inputs via
granule cell parallel fiber projections, and Purkinje cell complex spikes, which are
generated by climbing fiber afferents [76] (Fig. 3). Both frequency and regularity of
Purkinje cell spikes are dynamic as climbing and parallel fiber synapses mature and
intrinsic Purkinje cell gene expression changes during development [76]. Neural
activity, mediated by spontaneous activity and sensory experience, likely intersects
with genetic programs to properly assemble the cerebellum and its circuits [77].
Genetic mouse models demonstrate that if genes regulating organization of the cir-
cuit are disrupted, there are severe impacts on map formation and motor function
although external morphological defects typically associated with cerebellar dis-
ease may be subtle. For example, Enl/2 genes are critical for establishing the orga-
nization of the cerebellar circuit, and Enl//2 mutants exhibit altered formation of
lobules and parasagittal Purkinje cell gene expression [59, 78-81]. Furthermore,
adult patterns of mossy fiber afferents in distinct lobules and parasagittal zones are
sensitive to Enl/2 deletions [72]. Spontaneous mutant mouse models of ataxia iden-
tified by their motor phenotypes also demonstrate an active role for Purkinje cells in
setting up the topography of cerebellar afferents and the importance of the cerebel-
lar circuit map for motor control. Mossy fiber termination patterns are altered in the
staggerer mutant mouse with intrinsically affected Purkinje cells [70]. The dreher
mutation causes cell fate changes of cerebellar progenitors, and anteroposterior and
parasagittal patterns are distorted but present despite external morphological pheno-
types [82]. The cerebellar deficient folia (cdf) mutation causes a selective failure of
a zebrinlI-positive Purkinje cell cluster to disperse, and adult mutants have abnor-
mal parasagittal zone widths in the anterior vermis [83]. Scrambler mutant mice are
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Fig. 3 Purkinje cells fire simple spikes and complex spikes. (a) Purkinje cell labeled using the
classical Golgi-Cox staining method, demonstrating the elaborate morphology and dendritic
branching of the Purkinje cell. (b) Extracellular single-unit recording from a Purkinje cell of an
adult mouse in vivo. Purkinje cells fire two types of action potentials: high-frequency simple
spikes that are driven by intrinsic activity and modulated by mossy fiber-granule cell inputs and
low-frequency complex spikes that are triggered by climbing fiber input (astericks). (¢) Higher
power image of the Purkinje cell recording shown in panel (b) with individual spike waveforms
visible. (Modified with permission from Reeber et al. [13])

able to maintain Purkinje cell zones and topographical circuits despite the abnormal
placement of 95 % of Purkinje cells due to severe ectopia [84]. The reeler mutation
causes the cerebellum to contain a “single lobule” composed of hypogranular cortex
and a central mass of Purkinje cell clusters mixed with cerebellar nuclei, but the
spinocerebellar and vestibulocerebellar afferents of reeler mice are able to maintain
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targeting to specific regions despite the lack of external morphological landmarks
[85, 86]. These mouse models of motor dysfunction, which have cerebellar abnor-
malities due to structural and circuit defects, have been invaluable for furthering our
understanding of how circuit maps are generated. Moreover, the use of spontaneous
and engineered (knockout and conditional) mice has helped shed light on the mech-
anisms of complex cerebellar diseases.

The Role of Cerebellar Development in Ataxia, a Classical
Cerebellar Movement Disorder

As the genes and specific mutations causing human disorders continue to be identi-
fied, genetic mouse models of individual diseases have shed light on how the cere-
bellum is affected at the levels of pathology, physiology, and circuit patterning to
cause symptoms with which patients present in the clinic. Ataxia is the most com-
mon symptom of cerebellar disease and a common phenotype of the aforemen-
tioned mutant mice. Upon neurological examination, patients with ataxia usually
exhibit uncoordinated limbs, impaired balance, gait disturbance, and diminished
fine motor control [87]. Cerebellar ataxia is the most common form of ataxia, and
there currently are over 60 identified forms of inherited cerebellar ataxia [13, 88].
Although ataxia and other cerebellar motor deficits are typically discussed in rela-
tion to specific genetic mutations, defects in cerebellar circuitry can also be sporadic
or acquired as a result of stroke, tumors, multiple sclerosis, alcoholism, peripheral
neuropathy, metabolic disorders, and vitamin deficiencies [89]. The following
genetic cerebellar manipulations demonstrate the diversity of paths that can lead to
ataxia and related motor deficits. We focus on Purkinje cells due to their crucial role
during cerebellar development and their central function in the adult circuit.

SCA1 (Spinocerebellar Ataxia Type 1)

Spinocerebellar ataxia type 1 (SCA1) is a dominantly inherited form of ataxia.
SCAL causes progressive loss of motor coordination, impaired balance, and gait
disturbance. Other symptoms typically include dysarthria, dysmetria, difficulty
swallowing, muscle atrophy, kyphosis, nystagmus, spasticity, and cognitive impair-
ments [90]. SCA1 belongs to a family of neurodegenerative conditions that are
caused by abnormal CAG repeat expansions that encode polyglutamine tracts. The
mutated gene responsible for SCA1 was cloned and identified as the transcriptional
regulator ATAXIN-1 [91]. The polyglutamine ataxin-1 protein product is widely
expressed in the brain but in SCA1 becomes toxic primarily to Purkinje cells of the
cerebellum [92]. Polyglutamine ataxin-1 remains uniquely soluble in Purkinje cells,
allowing it to enter the nucleus and disrupt the function of multiple protein com-
plexes [93]. In humans, the onset of motor deficits most often occurs in the third or
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fourth decade of life followed by death 10—15 years later; however, the age of onset
and survival time depend on the number of repeats in the expanded polyglutamine
sequence and can occur as late as the sixth decade of life or as early as the first
decade [94]. Neuroimaging of late-stage SCA1 patients reveals gross atrophy of the
cerebellum primarily due to the degeneration of Purkinje cells [90, 92, 95]. SCAL1
patients also typically exhibit atrophy of the dentate cerebellar nuclei, pons, inferior
olive, and other brain stem nuclei as the disease progresses [92]. Thus, degeneration
eventually impacts both the cerebellar afferent and the efferent pathways.
Postmortem examination of cerebellar tissue from SCA1 patients shows morpho-
logical abnormalities of remaining Purkinje cells in addition to Purkinje cell loss
[95, 96]. The generation of mutant SCA1 transgenic mice has been critical in fur-
thering our understanding of SCA1 progression [97-99]. First, electrophysiological
properties of Purkinje cells such as intrinsic firing and the strength of glutamatergic
synapses are abnormal preceding both onset of ataxia and Purkinje cell structural
alterations in SCA1 mutant mice [100, 101]. Furthermore, specific genes involved
in glutamate and calcium signaling are downregulated in Purkinje cells of SCA1
mutants before the morphological changes or behavioral deficits are obvious [102,
103]. Impaired performance on motor tasks in SCA1 mutant mice appears subse-
quently but before Purkinje cell morphological changes [100], suggesting changes
in gene expression and altered circuit activity initiate SCA1 symptoms rather than
the degeneration of Purkinje cells. Motor performance continues to decline as the
dendritic morphology of Purkinje cells begins to deteriorate, dendritic arborization
is reduced, the number of dendritic spines decreases, and the molecular layer shrinks
as cells regress [97, 100]. Structural abnormalities become more evident as the
proximal Purkinje cell dendrites atrophy and when the Purkinje cell somata begin to
exhibit heterotopic positioning in the molecular layer [97, 99, 100]. It is not until the
later stages of disease progression that Purkinje cell loss is detected [97, 99, 100].
The ages at which these events occur in SCA1 mutant mice differ between models
containing shorter or longer knocked-in CAG repeats, consistent with what is
observed in human patients [94]. The longer repeats cause an earlier onset of the
disease and more severe symptoms. Despite the earlier onset, analysis of disease
progression in juvenile and young adult mutant mice reveals that abnormalities in
circuit activity and motor performance precede Purkinje cell degeneration.
Progressive impairment of motor function in SCA1 thus reflects not only the
degeneration of cells in the cerebellum and associated brain stem nuclei but also the
earlier and sustained dysfunction of key neuronal populations that are integrated
within the circuit.

SCAG6 (Spinocerebellar Ataxia Type 6)

Spinocerebellar ataxia type 6 (SCA6), like SCA1, is a dominantly inherited form of
ataxia and a triplet repeat disease. In SCA6, a CAG repeat expansion occurs within
the gene CACNA A, which encodes the pore-forming subunit of voltage-dependent
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P/Q-type calcium channels [104, 105]. The mutated polyglutamine P/Q-type cal-
cium channels are widely expressed in the brain but become toxic primarily to
Purkinje cells [106], where they are highly expressed in the plasma membrane
[107]. Age of onset and survival time depend on the number of repeats in the
expanded polyglutamine sequence, but SCA6 onset most commonly occurs in the
fifth or sixth decade of life followed by death 20-30 years later [94]. SCAG patients
experience slowly progressive ataxia of the limbs and gait in addition to dysarthria
and nystagmus [104, 108], and neuroimaging reveals cerebellar atrophy [108].
Neurodegeneration in SCA6 occurs mostly in Purkinje cells, but death of neurons in
the dentate cerebellar nuclei and inferior olive is also observed [105, 109, 110].
Postmortem examination of cerebellar tissue from SCAG6 patients shows morpho-
logical abnormalities of remaining Purkinje cells in addition to the loss of Purkinje
cells [106]. In transgenic mouse models of SCA6, the onset of ataxia occurs before
morphological changes or loss of Purkinje cells [111]. Electrophysiological exami-
nation reveals that Purkinje cells exhibit reduced firing rates and rhythmicity at ages
coinciding with the onset of ataxia [112] and at later disease stages [113]. Though
the polyglutamine mutation occurs in an ion channel that regulates the firing pat-
terns of Purkinje cells in adult mice [114], SCA6 symptoms do not result from
changes in channel current but rather age-dependent gain-of-function effects of
aggregated mutant protein on cellular function [113, 115, 116]. Although SCA6
symptoms manifest in midlife, P/Q channels are expressed soon after birth [117]
and are involved in synapse elimination of climbing fiber innervation onto Purkinje
cells during development [75, 118, 119]. Interestingly, Purkinje cells of SCA6
mutant mice exhibit transiently increased firing rates and rhythmicity as well as
abnormal climbing fiber innervation during early postnatal development without
causing behavioral abnormalities [120]. These alterations disappear once the mice
reach weanling age when the circuit has largely developed [54], and cellular and
synaptic function of Purkinje cells return to normal [120]. These transient electro-
physiological phenotypes during development are different from those observed in
adult SCA6 mice, and they do not appear to impact motor coordination nor repre-
sent a mild initial stage of the ultimate phenotype that would progressively worsen.
However, compensatory adaptations prior to disease onset have been observed in
the Purkinje cells of SCA1 mutant mice [101], and such homeostatic alterations to
the cerebellar circuit in response to transient electrophysiological dysfunction have
not yet been detected in developing SCA6 mice but may not become pathological
until later in life, if they are present [120]. In addition to SCA1 and SCA®6, a pro-
longed period of Purkinje cell dysfunction prior to neuronal loss has emerged as a
common feature in other polyglutamine disorders including spinocerebellar ataxia
type 3 (SCA3); Purkinje cells in a genetic mouse model of SCA3 exhibit abnormal
intrinsic activity and motor symptoms prior to neurodegeneration [121]. These early
manifestations of hereditary ataxias could be effective targets for therapy as the
circuits could be rescued before the cells die [100, 112, 121].
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Car8"" (The waddles Spontaneous Mutant Mouse)

The carbonic anhydrase 8 gene (CarS) is abundantly expressed in Purkinje cells
[122, 123]. Lower levels of expression can also be seen in the cerebellar nuclei and
brainstem due to the termination of Purkinje cell axons in these regions. The CARS
protein is involved in calcium modulation pathways [124] and is expressed begin-
ning during embryonic development and continuing into adulthood [125, 126]. A
spontaneous mutant mouse, waddles (Car8"*"), contains a deletion within the Car8
gene and exhibits progressive ataxia that is evident by 2 weeks of age in addition to
appendicular dystonia and tremor [122]. In humans, mutations in the homologous
gene (CAS8) also cause ataxia [127]. Unlike in the SCAs, Purkinje cells do not
degenerate, and the cerebellum does not show gross anatomical defects [122, 123].
However, adult Car8"" mice have microcircuit abnormalities including denser
climbing fiber innervation that extends to distal Purkinje cell dendrites and reduced
parallel fiber synapse formation on Purkinje cell dendritic spines [128]. The muta-
tion also impairs the topography of cerebellar circuits during development; the seg-
regation of Purkinje cell subsets into distinct parasagittal zones is developmentally
delayed in Car8"¥ mice, and the topography of spinocerebellar afferents is abnor-
mal in early postnatal and adult mice [123] (Fig. 4). Furthermore, electrophysiologi-
cal examination of mutant mice reveals that the developing Purkinje cells exhibit
abnormal firing frequency and patterns [123, 128], but Purkinje cells do not degen-
erate even as ataxia worsens [123]. The ataxia observed in Car8"¥ mice thus may
result from both miswiring of the cerebellum’s functional map and aberrant electro-
physiological output of adult Purkinje cells. The CARS protein is a binding partner
for inositol triphosphate receptor type 1 (IP3R1) [122, 124], an intracellular calcium
release channel that is mutated in SCA15. Interestingly, /P3R1 is one of the genes
downregulated in SCA1 mice preceding the onset of ataxia or morphological
changes [102, 103]. Impaired calcium homeostasis in Purkinje cells appears to
mediate a central mechanism of pathogenesis common to many types of ataxia that
manifest with or without neurodegeneration. However, CARS likely has calcium-
independent functions as well.

L7¢;Vgat'fox (Conditional Genetic Silencing of Purkinje Cell
Neurotransmission)

Effective cerebellar control of motor behavior depends on the ability of Purkinje
cells to integrate incoming sensorimotor inputs and communicate appropriately
with their target neurons in the cerebellar nuclei. In the L7 Vgas™“"* mouse,
inhibitory synaptic transmission of Purkinje cells is constitutively blocked using
conditional genetics [129]. Under control of the cell type-specific promoter L7, Cre
recombinase excises the floxed vesicular GABA transporter gene (Vgat) that
encodes the transporter for loading neurotransmitter into synaptic vesicles [129].
This eliminates the ability of Purkinje cells, the sole output of the cerebellar cortex,
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Fig. 4 The termination
pattern of spinocerebellar
mossy fibers is altered in
Car8"“ mice. (a)
Schematic of the postnatal
day 5 (P5) mouse
cerebellum from a lateral
view with the cerebellum
highlighted in blue and the
primary target domains of
spinocerebellar mossy fiber
projections highlighted in
magenta. Roman numerals
identify the lobules of the
vermis. Note that the
anteriormost lobules are
also innervated by the
spinocerebellar tract and
are not visible as they are
hidden from view by the
colliculi. Cb cerebellum,
BS brain stem, Ctx cerebral
cortex, IC inferior
colliculus, SC superior
colliculus. (b) Fluorescent
mapping of spinocerebellar
mossy fiber terminal fields
in lobule IIT of a Car8"¥
mouse and a control mouse
at P5 after injection of
WGA-Alexa 555 into the
lower thoracic-upper
lumbar spinal cord and
transport of the tracer up
the spinocerebellar tract.
Mossy fiber topography is
altered in Car8" mice
because the sensory
pathways are incorrectly
targeted and weakly
innervate the cerebellum
during early postnatal
development. Scale bar =
250 pm. Panel (b) was
modified with permission
from White et al. [123]

A spinocerebellar domains

P5
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to communicate with the cerebellar nuclei, the final output of the cerebellum and its
link to the rest of the motor system. Purkinje cell output to the vestibular nuclei is
also silenced by this approach. L7 Vgat"*”* mice exhibit motor coordination
defects, gait disturbance, and impaired balance. Though the absence of Purkinje cell
output does not affect the gross morphology of the cerebellum, segregation of
Purkinje cells into zones is disrupted, and the zonal topography of spinocerebellar
afferents develops abnormally [129]. Although the basic circuit map is intact, the
normally sharp boundaries of zones are compromised [129]. Purkinje cells of
L7¢:Vgar™* mice exhibit abnormal electrophysiological activity, but their output
is not signaled downstream in this model [129]. However, loss of Purkinje cell sig-
naling causes the cerebellar nuclei to fire abnormally, impacting the ultimate output
of the cerebellum. Taken together with other models of cerebellar dysfunction, it is
clear that ataxia and other motor deficits can arise due to insults in wiring, firing, or
survival of Purkinje cells in a wide range of diseases with diverse causes.

Cerebellar Development and Non-motor Disorders

Over the past 30 years, evidence from functional neuroimaging studies has mounted
indicating that the cerebellum is active during non-motor behaviors such as percep-
tion, cognition, and emotion [130-132]. This idea is supported by evidence of
extensive afferents and efferents interconnecting the cerebellum with prefrontal and
parietal cortex [41, 133, 134]. Lesioning studies also suggest that cerebellar damage
can lead to a variety of non-motor behavioral deficits [132, 135, 136]. However, the
extent of the cerebellum’s role in cognitive function remains unclear and is a topic
of lively debate [137—140]. The adult cerebellum appears to be particularly relevant
to those non-motor tasks requiring complex spatial and temporal judgments, such as
prediction and perceptual sensory discrimination, or in which skilled men-
tal responses are developed using an internal model [134, 141, 162]. It could be that
the computational capacities of the cerebellum to discriminate patterns and use
these patterns to learn to make context-dependent predictions with respect to motor
behavior would be also useful to non-motor areas of the brain [142]. Signals from
cerebellar cortex to both motor and non-motor areas of the cerebral cortex synapse
in the interposed and dentate cerebellar nuclei and are then relayed through the
thalamus [54]. In return, mossy fibers originating in the basal pontine nuclei relay
information from cerebral cortex to the cerebellar cortex, with non-motor information
likely going to the hemispheres [54]. Together, these cerebro-cerebellar connections
form closed loops in which regions of the cerebellar cortex projecting to a given
area of the cerebral cortex in turn receive input originating in those same areas of
the cerebral cortex [41]. Each of these regions is involved in specific functions,
forming a topographical map across the cerebellar cortex, cerebellar nuclei, thala-
mus, pons, and cerebral cortex [31, 41, 42]. Functional neuroimaging links different
cognitive and motor behaviors to activity in specific cerebro-cerebellar closed loops
[143], and focal cerebellar damage can cause different motor or non-motor deficits
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in a location-dependent manner [132, 136]. This anatomical and functional segrega-
tion of cerebro-cerebellar connections might respect the modular architecture of the
cerebellum [45]. Anatomical and functional abnormalities in the cerebellar circuit
have been implicated in several non-motor neurodevelopmental disorders [144] and
may play a particularly important role during sensitive periods of development
[145]. Clinical studies have also noted increased cognitive deficits in children who
suffer cerebellar damage during posterior fossa tumor resection [146]. How the
cerebellum interacts with the cerebral cortex during development remains poorly
understood. Some non-motor diseases linked to cerebellar development include
autism spectrum disorder [145, 147, 148] and dyslexia [149, 150]. The cerebellum
could also be involved in schizophrenia [151, 152]. The study of cerebellar non-
motor diseases has required both human patients and genetic mouse models. For
example, the most consistently affected structure in postmortem examination of
tissue from autistic individuals is the cerebellum, including hypoplasia and reduced
numbers of Purkinje cells without signs of neurodegeneration [147, 153, 154]. The
En2 gene is necessary for establishing the structure and circuit organization of the
cerebellum during mouse development [54], and EN2 mutations are linked to autism
susceptibility in humans [155-157]. Loss-of-function mutations and transgenic
misexpression of En2 in mice cause autism-like behaviors [158, 159]. These mice
show some morphological abnormalities in the cerebellum that are broadly similar
to those reported in humans with autism as well as abnormal foliation and afferent
topography [59, 79-81]. In addition to cerebellar defects being implicated in non-
motor diseases, cerebellar “motor” diseases can also feature non-motor symptoms.
For example, human and mouse studies show that SCA1 [99, 160] and human CAS8
mutations [127] cause cognitive deficits in addition to ataxia. It could be that the
Purkinje cell and its associated microcircuits underlie both motor [129] and non-
motor problems [162]. This would suggest that the basic operational properties of a
Purkinje cell could be tuned to different behaviors. Future experimental work will
reveal whether this is the case.
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Developmental Disorders of the Cerebellum
and Neurotrophic Factors

Leila Pirmoradi, Ali Akbar Owji, and Shahla Shojaei

Abstract The cerebellum plays a main role in motor control and also in cognition
features such as attention. Thus, a disturbance in cerebellar development results in
neurological disorders such as attention deficit hyperactivity disorder (ADHD),
congenital ataxia, and autism. Because neurotrophic factors have established effects
on the growth, proliferation, differentiation, and arborization of neurons, their role
in the neurodevelopmental disorders has been investigated for decades. Results of
numerous studies have shown changes in serum or tissue neurotrophic factor levels,
as well as alterations in their receptors and components of their signaling pathways
in these types of the neurodevelopmental diseases. In this chapter, we provide a
brief overview of neurotrophic factors and their role in cerebellar development and
then focus on the roles of the neurotrophin system in developmental disorders and
diseases of the cerebellum.
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Introduction

The cerebellum coordinates motor function and preserves equilibrium [1, 2], and it
is also an important region of the brain for behavior and cognition in all aspects
including language, memory, sleep, attention, and spatial and social emotional pro-
cessing [2—4]. Early damage to the cerebellum results in more drastic and long-
lasting effects on movement and cognition [5]. Early abnormalities in cerebellar
function and regulation result in developmental disorders such as autism, ADHD,
developmental dyslexia, and Joubert syndrome [5-7]. Many studies have investi-
gated the molecular mechanism of cerebellar development, and the role of neuro-
trophic factors is well known [8, 9]. In the cerebellum, neurotrophic factors have a
crucial effect on the generation, differentiation, and proliferation of different types
of neuronal cells such as granule cells, Purkinje cells, and glia [8, 9], and dysregula-
tion of their pathways was associated with developmental disorders in the cerebel-
lum [10-12].

Neurotrophic Factors

Neurons and glial cells are dependent on growth factors for their normal function,
differentiation, and survival [13]. The neurotrophin family of peptides was the first
discovered family of growth factors that affect the central nervous system [14].
Neurotrophic factors modulate formation of the central nervous system by affecting
the development and differentiation of neuronal cells in utero [14]. These proteins
are also expressed throughout life and have central roles in the regulation of action
and survival of neurons and glial cells [15, 16]. Receptors for these factors have also
been discovered in many tissues where they mediate a wide range of actions includ-
ing the morphogenesis of kidney and differentiation of vessels and immune cells
[17-19]. Neurotrophic factors are classified into three groups: neurotrophins (NTs),
the transforming growth factor-beta (TGF-P) superfamily, and neurotrophic cyto-
kines (Fig. 1) [20].

Neurotrophins

Neurotrophins (NTs) are the best-studied neurotrophic factors, and their concentra-
tion changes play a main and pivotal physiological role in neuron removal during
nervous system development. In the adult, NTs protect specific populations of
neurons in the CNS. They play a critical role in learning and memory and regenera-
tion processes by facilitating synaptic transmission and plasticity. The NT family
was first introduced by discovery of nerve growth factor (NGF). Brain-derived
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Fig. 1 Neurotrophic factors are classified into three main groups: (1) neurotrophins, (2) trans-
forming growth factor-beta (TGF-f) superfamily, and (3) neurotrophic cytokines. Each of these
groups is divided to their subgroup. NGF nerve growth factor, BDNF brain-derived neurotrophic
factor, NT-3 neurotrophin-3 and N7-4/5 neurotrophin 4/5, GDNF glial-derived neurotrophic factor,
BMP bone morphogenetic proteins, CNTF ciliary neurotrophic factor

neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin 4/5 (NT-4/5),
also called neurotrophin-4 (NT-4) or neurotrophin-5 (NT-5), are other members of
this group in mammals (Fig. 1) [20]. All NTs are synthesized in the form of precur-
sor proteins and activated upon cleavage by metalloproteinases. They have two
types of receptors: tropomyosin receptor kinase (Trk) from the tyrosine kinase fam-
ily, which binds with high affinity, and p75 neurotrophin receptors (p75SNTR) from
the tumor necrosis factor (TNF) receptor superfamily, which has a low affinity for
NTs. Each NT preferentially binds to its respective Trk receptor, resulting in Trk
dimerization and subsequent tyrosine autophosphorylation, which in turn activates
intracellular signaling pathways. NGF binds to TrkA, while BDNF and NT4 bind to
TrkB, and NT3 binds to TrkC. Although pro-NTs cannot activate Trk receptors,
they activate p75NTR to promote cell apoptosis via Racl/c-Jun N-terminal kinase
(JNK) pathways (Figs. 2 and 3) [20, 21]. Additionally, p7SNTR can form a het-
erodimer with Trk receptors and lowering their affinity and promote survival
through the nuclear factor kappa light-chain enhancer of activated B-cell (NF-xB)
pathway. Disruption of the p75SNTR signaling pathway has been observed in several
autoimmune diseases [20].

Neurotrophins could exert a diverse effect following interaction with their cog-
nate Trk receptors. They can increase neurotransmitter release through activation of
the phospholipase Cy (PLCy) pathway, enhance synaptic delivery by activation of
Ca?*-/calmodulin-dependent kinase II (CaMKII) and protein kinase C (PKC).
BDNF stimulates dendritic growth and spine maturation via interaction with
TrkB. The actin cytoskeleton that has an important role in CNS function can be
modulated by Trk signaling through activation of small Rho GTPases. Trk signaling
also improves mRNA translation globally by induction of the phosphoinositide
3-kinase (PI3K)-AKT pathway and transcription of activity-regulated genes such
as FOS and ARC [21].



132 L. Pirmoradi et al.

NF-xB

pathway

Z
Q
-}

©»
=
=
=
=
2

”R S =~n »we 6 0 =

Fig. 2 Pro-neurotrophins (pro-NTs) activate p75NTR to promote cell apoptosis via Racl/c-Jun
N-terminal kinases (JNK) pathways. Upon processing to their cognate mature NTs, they interact
to their specific Trks. NGF binds to TrkA, BDNF and NT4 bind to TrkB, and NT3 binds to
TrkC. NTs can also interact with p7SNTR with lower affinity and promote survival through nuclear
factor kappa light-chain enhancer of activated B-cell (NF-kB) pathway. TRK signaling exerts
diverse effect on the nervous system
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Fig. 3 Level of neurotrophins in the blood and/or neural tissues has been proposed as a determi-
nant of vulnerability to psychiatric disorders
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Transforming Growth Factor-Beta Superfamily

The TGF-f superfamily is a growing group with ubiquitous expression throughout
the body and numerous roles in the growth and development of many organs.
Members of this superfamily play a variety of roles such as control of the cell cycle,
effects on differentiation, regulation of early development, formation of the extra-
cellular matrix, modulation of hematogenesis, and immune reactions. The TGF-§
superfamily comprises approximately 30 proteins in mammals that are divided into
three families: TGF-f family, glial-derived neurotrophic factor (GDNF) family, and
bone morphogenetic protein (BMP) family that each is subdivided to their individ-
ual members (Fig. 1) [20, 22]. TGF-p has three isoforms (1, 2, and 3) that have both
protective and damaging effects on neurons based on the context of growth factors,
cell type, and the developmental period [23-25]. GDNF was the first protein iso-
lated in the GDNF family, and it has the most impact on the cerebellar neurons.
GDNF protects dopaminergic, noradrenergic, and motor neurons in the midbrain
and spinal cord, and it affects peripheral neuron morphogenesis [26]. In the cerebel-
lum, GDNF assists with Purkinje cell function and survival [27, 28]. On the cerebel-
lar granule neurons, GDNF has a protective effect against TGF-f cytotoxicity [24].

Neurotrophic Cytokines

Neurotrophic cytokines are a group of neurotrophic factors that are divided into two
groups: the ciliary neurotrophic factor (CNTF) family and others (Fig. 1). CNTF
was the initial protein discovered in this family, and it is a pluripotent neurotrophic
factor. In the nervous system, CNTF affects survival and differentiation of sensory,
sympathetic, and motor neurons and thereby influences development and mainte-
nance of the nervous system [29].

Neurotrophic Factors and Cerebellar Development

NTs are present in the human cerebellum from perinatal age to adulthood, and their
role in cerebellar connectivity has been confirmed [30]. BDNF and NGF are highly
expressed in the cerebellum and cerebrum, and they have trophic effects in these
areas. During development and in adulthood, growth factors including BDNF and
NGEF help neuronal plasticity in an activity-dependent manner and improve learning
and memory [31]. NGF receptor expression in Purkinje cells shows the importance
of NGF in the cerebellar development [32, 33]. Increased granule cell precursor
proliferation and migration are characteristic features of postnatal cerebellar cortex
development [34]. Purkinje cells are the target of other NTs like NT-3, but Tojo
et al. showed that the deletion of this NT had no significant effect on the histological
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characteristics of these cells [35]. Other studies discussed the survival effect of
NT-3, in addition to NT-4 and BDNF [9]. Cerebellar Purkinje cells deprived of NTs
die via a different form of apoptotic death, which occurs in adjacent granule cells,
and this occurs because of excessive autophagy that is normally inhibited by NTs.
P75NTR is necessary for Purkinje cell survival in the presence of trophic factors.
P75NTR in the absence of neurotrophins induces Purkinje cell autophagy, and it is
likely a mechanism that is involved in neurodegenerative diseases [36]. CNTF has a
similar effect on Purkinje cell survival [9]. There was some controversy about the
survival effect of BDNF in these cells and more specifically on the effect of this
factor on their dendritic development discussed by Kapfhammer et al. [9]. They
showed no significant effect of BDNF in the survival and dendritic development of
Purkinje cells in the cerebellum. Neural proliferation during the developmental
period and neural plasticity after brain injury both change the levels of the NFG in
the cerebellum.

Studies on the role of NTs in neuronal survival and phenotypic differentiation at
embryonic day 16 (E16) of the rat cerebellum showed that NGF failed to increase
the number of Purkinje cells and GABAergic interneurons in cultures [37]. Instead,
Kapfhammer et al. showed the survival-promoting effect of BDNF in these types of
cerebellar cells [9]. Environmental enrichment (EE) partially affects on the cerebel-
lum via upregulation of neurotrophins NGF and BDNF. Angelucci et al. showed
that rats exposed to EE from weaning to 5 months of age showed a remarkable
increase of both BDNF and NGF concentrations in the cerebellum compared with
rats nurtured under standard conditions. This result shows the influence of EE on the
cerebellum via NTs [38]. EE improves motor function after cerebellar damage in
rats, which is attributed to regeneration processes caused by NTs [39]. The assess-
ment of rats exposed to a microgravity environment in space for 3 months revealed
no alteration in NGF expression in the cerebellum, while NGF expression in the
hippocampus and cortex in the experimental group was less than rats in the ground
control group [40]. Conversely, in neonatal rats exposed to hypergravity, there was
a significant decrease of NGF expression in the cerebellum of neonates during birth
on the postnatal day. However, the basic mechanisms by which NT acts in this con-
dition are not yet known [41].

Biochemical pathways such as Notch, Wnt/p-catenin, TGF-/BMP, Shh/Patched,
and Hippo have critical roles in embryonic development. Among them, the TGF-f/
BMP pathway has been shown to be most important in cerebellar development.
Mutation and dysregulation of this pathway accompanied medulloblastoma, a type
of CNS tumor originating from the cerebellum [42, 43].

Cerebellum and Neurodevelopmental Disorders

The role of the cerebellum is more than just motor activity. Because of the wide-
spread connections between the cerebellum and other brain areas, the cerebellum
has been considered to be a part of the brain that has a main role in emotion, cogni-
tion, behavior, and social interactions [3]. Thus, any damage to the cerebellum early
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in development could have a deep impact on movement, cognition, and learning.
Autism, ADHD, and developmental dyslexia are well-known developmental disor-
ders of the cerebellum [5].

Attention Deficit Hyperactivity Disorder

Dysfunction of the cerebellum is a characteristic of some developmental disorders
such as ADHD [5]. Studies implicate frontostriatal and frontocerebellar catechol-
aminergic circuit disorders in ADH pathophysiology [44] . Because antidepressants
and psychostimulants used to treat patients with ADHD increase BDNF levels, it
proposed that this neurotrophic factor plays an important role in the pathogenesis of
ADHD [45]. Many studies on the pathogenesis of ADHD have focused on and con-
firmed the genetic association of the BDNF gene [46] or its polymorphisms [47-50]
with ADHD. A recent large-scale DNA sequencing study supported this association
[51]. The BDNF Val66Met polymorphism has been studied the most, but its associa-
tion with ADHD is questionable. Park et al. showed a significant interaction between
the neurotic symptoms of ADHA and the BDNF met allele in a Korean population
[52]. However, a meta-analysis conducted on four European populations refuted the
involvement of BDNF Val66Met polymorphism with pathogenesis of ADHD [53].
Recently, another study was performed to address this controversy [54].

Other investigators focused on the levels of neurotrophic factors in the blood,
especially BDNF and its role in the pathogenesis of ADHD. The plasma level of
BDNF in 41 drug-naive child ADHD patients was higher than that in 107 healthy
controls [55]. A later study by the same group confirmed these findings [56], while
Scassellati et al. showed no difference in the serum BDNF level between healthy
and affected groups using the same samples [57]. A study enrolling Caucasian adult
ADHD patients showed that these patients had decreased serum NT levels com-
pared with the control group [58].

The role of NGF and its receptor (NGFR) has been shown in ADHD [44]. NGF
exerts a trophic and functional role in the basal forebrain cholinergic neurons, which
are involved in attention [59, 60]. Serum NGF levels were higher in drug-naive
ADHD patients at childhood [61]. Bilgic et al. showed that serum NGF and BDNF
levels in Turkish children were not significantly associated with ADHD, while
serum GDNF and NT3 were higher in the patient group; however, they suggested
that the NT serum level was not associated with severity of ADHD [26].

Autism Spectrum Disorders

Autism spectrum disorders (ASDs) are neurodevelopmental disorders that impairs
communication and social ability. Both genetic [62, 63] and environmental [64]
factors are involved in etiology of ASD, and cerebellar involvement in ASD has
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been recognized [65, 66] (see chapter “Neurodevelopmental Disorders of the
Cerebellum: Autism Spectrum Disorder”).

In some animal models of ASD including Borna disease virus infection and rats
treated with valproic acid, a gradual loss of Purkinje cells diminishes cerebellum
size and induces other aspects of cognitive deficits [67]. Measurement of neuro-
trophin mRNA levels such as NGF, BDNF, and NT-3 and their respective TRK
receptors in newborn rats infected with Borna disease virus showed that there were
no alterations in the cerebellum. However, there were an increased number of apop-
totic cells in the cerebellar granular layer and loss of cerebellar Purkinje cells [68].
A study on blood spot from newborns who were later diagnosed with ASD showed
decreased NT-3 and NT4/5 levels compared with healthy subjects [69]. Similarly, in
a postmortem study, the cerebellar NT-3 level was higher in ASD patient than in
normal controls [10]. Another neurodevelopmental rodent model that mimics pre-
natal immune activation as an environmental risk factors for ASD and schizophrenia
is the maternal lipopolysaccharide (LPS) exposure rat model [70]. LPS-treated pups
on P21 show increased levels of cerebellar NT-3 [67].

Levels of neurotrophins are increased in the blood of children with ASD [69, 71].
The elevated levels of the serum NGF and other neurotrophins can be associated
with the development of ASD and mental retardation later in childhood [72]. A vari-
ant type of BDNF has been found in autistic families in addition to increased blood
levels of this neurotrophin in ASD children. Therefore, BDNF has been proposed as
a critical factor that is involved in ASD and is a therapeutic targeted that is being
studied [Reviewed in [73]]. Conversely, another review proposed a decreased blood
level of BDNF as a marker for ASD prediction and prognosis [Reviewed in [74]].
Sadakata et al. reported that transgenic knockout mice that are missing Ca?*-
dependent activator protein for secretion 2 (CAPS2), a protein that is involved in NT
release, were susceptible to autistic features [12, 75]. Nickl-Jockschat et al. dis-
cussed that altered neurotrophin levels are a pathological mechanism. As mentioned
earlier, there is more affinity of pro-NT to activate p7SNTR and subsequently more
apoptotic cell death, and therefore the changes in the ratio of pro-NT to NT can
result in some pathological aspects [76].

Neurotrophins such as NGF and BDNF play a role in dendritic morphology [77].
Dendritic shape abnormalities and a larger amount of dendritic spines have been
detected in ASD patients. The cerebellum and inferior olive size variations have
been reported in postmortem examinations of brains from ASD patients. These
anomalies in dendritic branching happened in other neurodevelopmental disorders
linked to ASD, such as Fragile X and Rett syndrome (RTT) [78]. RTT is a genetic
disorder that is considered to be an ASD [79] (see chapter “Epigenetics and
Cerebellar Neurodevelopmental Disorders”). However, for years there was a debate
on the classification of RTT as an autistic developmental disorder, and in 2013, the
American Society of Psychiatry changed the classification of RTT and removed it
from the ASDs because of its unique molecular basis [80].

RTT affects girls, and mutations in the X-linked gene encoding methyl-CpG-
binding protein 2 (MeCP2) are responsible for over 80% of affected girls [81, 82].
MeCP2 alters the expression of many genes in the cerebellum [83]. While serum
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BDNF levels in RTT girls and in a normal group are similar, BDNF protein levels
are reduced in RTT brains [79]. Reduced or unaltered NGF in the cerebellum and
other brain regions has been reported [31]. Calamandri et al. showed that serum
NGF levels decreased with age [84].

Ataxia

Cerebellar ataxias are neurological disorders that can affect vermis, paravermis, and
hemisphere of the cerebellum during development [85] (see chapter “Motor Circuit
Abnormalities During Cerebellar Development’”). Machado—Joseph disease (MJD)
or spinocerebellar ataxia type 3 (SCA3) is a hereditary ataxia that is caused by
repeated CAG in the ATXN3 gene [86]. Neuronal loss in the cerebellar nuclei and
Purkinje cell layer has been reported in MJD [86]. Since p75SNTR has an important
role in the induction of neuronal apoptosis, these findings encouraged researchers to
investigate the role of p75SNTR in the naked-ataxia mutant mouse, but p75SNTR
expression showed a normal pattern in this type of ataxia [87]. Because NGF and its
receptor TkrA exist in human cerebellar neurons and are involved in cerebellar devel-
opment and stability of the cerebellar connections, NGF therapy may improve symp-
toms in patients with SCA3 [88]. Jones et al. showed that mesenchymal stem cells
improve survival of Purkinje cells by expression of BDNF, NT-3, or GDNF [89].
Detection of neurotrophin mRNA expression in the ataxic stargazer (stg) mutant
mouse showed that NT-3 or NGF mRNA expression in the cerebellum was normal
while BDNF mRNA in the cerebellar granule cell layer was reduced [90] . In the
SCAG, decreased BDNF mRNA expression and altered BDNF protein levels in
Purkinje cell dendrites have been shown [91] .

Ethanol Neurotoxicity

Ethanol exposure is a condition in which cerebellar cells are vulnerable to ethanol’s
neurotoxic effects during development (see chapter “Teratogenic Influences on
Cerebellar Development”). In addition to damage to different parts of the brain
including ventricular enlargement, cortical white matter shrinkage, and hippocam-
pal abnormalities, the brains of alcoholics have shown a significant cell loss [92, 93]
and white matter degeneration in the cerebellum [92] . Duc et al. reported that pre-
natal granular neurons exposed to ethanol in vitro are more sensitive to hypoxic/
hypoglycemic condition. These results show the vulnerability of the cerebellum to
ethanol, especially in the developmental period [94]. Studies have shown that etha-
nol inhibits cell survival mediated by neurotrophic factors, which affects granule
cell migration and alters Purkinje cell function [Reviewed in [95, 100].

BDNF, NT-4, and TrkB are highly expressed in the cerebellum. There is evi-
dence that developmental outcomes of ethanol exposure are mediated by alteration
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of neurotrophins [96] in an area- and time-specific manner [Reviewed in [97]].
Allelic variation of BDNF might play a role in greater total and gray matter volume
of the cerebellum in alcohol-dependent families [98]. Prenatal ethanol exposure
caused a decrease in BDNF expression in the embryonic rat brain [99]. Ethanol
reduces BDNF and NT-3 secretion in the neonatal rat granule cells. Reduced neuro-
trophin levels increase after treatment by vitamin E [100]. Ethanol influences neu-
rotrophin receptor expression, including TrkA, TrkB, TrkC, and p75NTR. After
ethanol treatment in the early postnatal rat cerebellum, reduction of these receptors
was reported [101].

Ethanol prevents BDNF activity in the cerebellum, and this leads to damage to
cerebellar Purkinje cells, which may occur via impairment in regulation of BDNF,
TrkB receptor, or related signaling pathways [102]. BDNF is also necessary in the
development and migration of cerebellar granule cells in the postmitotic period
[103]. In vitro experiments on granule cells showed that ethanol inhibits the BDNF-
stimulated phosphorylation of extracellular signal-regulated protein kinase (pERK)
activation in neurons [104]. BDNF stimulates AP-1 in cerebellar granule neuron
culture, and PI3K/Akt and JNK pathways interfere with this effect. Ethanol sup-
presses the PI3K/Akt and JNK pathways and also AP-1 activity linked to BDNF
[105]. This change in BDNF signal transduction reflects developmental abnormali-
ties that result from ethanol consumption [104]. Reduction in BDNF is associated
with sensitivity to neural cell degeneration [106]. It has been shown that the levels
of BDNF, TrkB receptor mRNA expression [107], TrkC receptor [108], and NGF in
the cerebellum decrease on postnatal day 4 or 5 [109].

Similar to other neurotrophic factors, NGF plays a critical role in the develop-
ment of different parts of the brain such as the cerebellum. Studies have shown that
ethanol exposure in neonatal rats reduces existing NGF receptor levels in Purkinje
cells [110]. Purkinje cells showed the most deleterious effects of ethanol during
early neonatal development of the cerebellum [108]. This effect influences neuro-
trophin signaling [109] and upregulates proapoptotic molecules [96, 111], which
cause Purkinje cell loss via apoptosis [112]. Cerebellar granule cell development is
impaired after prenatal ethanol exposure. Src family kinases (SFKs) are signaling
molecules that trigger axon growth. Ethanol inhibits SFK and disrupts granule neu-
ron outgrowth. However, the effect of ethanol on BDNF-dependent axon growth
and the ERK1/2 pathway in granule cells is controversial [113]. Studies in mice
with fetal alcohol syndrome suggested that mice that overexpress NGF have less
Purkinje cell degeneration. The anterior lobe vermis is widely affected, and lobules
IX and X are also affected by ethanol in both human and rodent fetal alcohol syn-
drome. Higher levels of TrkA receptors and p75SNTR deliver more stability against
degeneration in the posterior part of the cerebellum [114]. Long-term but transient
exposure to ethanol (6 and 9 months) is accompanied by different NGF levels in the
brain. No change in NGF levels of the cerebellum was reported in this survey [115].
Induced damage by ethanol toxicity in the developing cerebellum was attenuated by
estradiol. It has been shown that estradiol protects Purkinje cells exposed to ethanol
and increases BDNF mRNA after ethanol exposure [116].
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Another affected neurotrophic factor in developmental ethanol neurotoxicity is
GDNEF. An explant culture model of this neurotoxicity in the rat cerebellum showed
that ethanol exposure caused decreased GDNF release but did not change its mRNA
expression [117]. These researchers also observed a preventive effect of exogenous
GDNF against apoptotic cell death signaling that was caused by ethanol treatment
in a cellular model [118]. Chen et al. then showed that GDNF along with netrin-1
and L1, an adhesion molecule in neural cells, has converging effects on activation of
the SFK-cas-ERK1/2 pathway to promote axonal outgrowth. Ethanol disrupts this
pathway and inhibits axonal arborization in cerebellar granule cells [113].

Medulloblastoma

Medulloblastoma is the most common pediatric brain tumor in the cerebellum of
infants and children [43, 119] (see chapters “Primary Pediatric Brain Tumors of the
Posterior Fossa and Primary Pediatric Brain Tumors of the Posterior Fossa”).
Marchetti et al. suggested a critical role for NTs and their receptors in the invasive
feature of human medulloblastoma [120]. Although as previously mentioned, Trks
are important factors for neuronal survival, but NGF/TrkA signal transduction is
accompanied by suppression of medulloblastoma cell proliferation [121] and induc-
tion of cell death [122-124]. Interaction of the cytoplasmic adaptor protein CCM?2
with the TrkA receptor is necessary in this pathway. The mediator of TrkA-CCM2
death signaling in medulloblastoma cells is STK25, which is a germinal center
kinase class III (GCKIII) kinase (STK24, STK25). Reduction of STK25 prevents
medulloblastoma cell death induced by NGF-TrkA [125]. Another study involving
a cellular model of medulloblastoma reported induction of cell death after activation
of TrkA by NGF through macropinocytosis [126]. Valderrama et al.’s findings con-
firmed that induction of TrkA expression resulted in either medulloblastoma cell
differentiation or apoptosis [127]. Whole genome microarray analysis revealed that
TGFB is a potent factor that influences progression and metastasis of tumor cells in
[42]. Gate et al. showed that obstruction of TGFf signaling almost completely elim-
inates T regulatory cells and improves CD8(+)/killer cell function to eradicate
tumor cells [128].

Schizophrenia

Schizophrenia, which is classified as a late-onset neurodevelopmental disorder
[78], is a hereditary (80%) chronic mental disease [129] with cognitive abnormali-
ties [130]. Involvement of cortico-cerebellar connections in cognition has been sug-
gested by brainimaging studies [ 131]. Researchers have suggested that schizophrenia
may be related to cerebellar anomalies [132] including a size and density decrease
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of Purkinje cells and remodeling of synaptic protein expression in the cerebellum
[133]. There is growing evidence of a role for neurotrophin in the pathophysiology
of schizophrenia [134, 135]. Some studies showed the difference in plasma BDNF
and NGF levels between schizophrenic patients and normal people. The levels of
NGF in schizophrenia have been reported to be lower than in normal people [136—
138], while there were no differences in BDNF or NGF levels in peripheral blood
mononuclear cells (PBMCs) in patients and controls in the Martinez study [139].
However, Paz et al. reported increased BDNF levels in the cerebellar cortex of
schizophernic patients [140]. In newly diagnosed psychosis patients, serum NGF
levels decrease, and this may be a good biomarker in the diagnosis or screening for
patients with schizophrenia [141-144]. A synaptic plasticity defect observed in
schizophrenia may be associated with NGF and its receptor (NGFR). A positive
association between schizophrenia and both the NGF rs6330 and the NGFR
rs11466155 and rs2072446 SNPs was reported [144]. Alterations of neurotrophins
in an animal model of schizophrenia have been confirmed. In animals injected sub-
chronically with ketamine (Ket), which is a good model to study schizophrenia,
Becker et al. reported that NGF, NT-3, and BDNF mRNA levels and their tyrosine
kinase receptors changed in several brain regions and in the cerebellum [145]. A
decrease in NGF levels in drug abusers was also reported. The role of neurotrophin
in schizophrenia suggests that reduced levels of neurotrophins may increase the risk
of psychosis in drug users [146].

Williams Syndrome

Williams syndrome (WS) is a rare neurodevelopmental disorder that affects
2-5/100,000 people [147], and it is caused by a 1.6 Mb deletion on chromosome 7
(7q11.23) [72]. This syndrome is characterized by an enlarged cerebellum and
mild-to-moderate mental retardation with a deficit in visuospatial processing and an
oversensitivity to sound [72]. NGF levels in the serum of WS patients are higher
than in normal people, and they remain continuously higher during childhood. This
is on contrast to normal people, who have a higher serum NGF only in early child-
hood [148].

Other Cerebellar Neurodevelopmental Disorders

There are some other disorders of the cerebellum such as Joubert syndrome [6],
Dandy—Walker malformation [149], pontocerebellar hypoplasia [149], cerebellar
vermis hypoplasia [149], and developmental dyslexia [5, 150], that occur during
development, but to our knowledge, there is no data available about any association
of neurotrophic factors with these conditions, which suggests new areas of research.

The role of neurotrophic factors on the cerebellar neurodevelopmental disorders
is summarized in Table 1.
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Table 1 The role of neurotrophic factors on the cerebellar neurodevelopmental disorders
CND Study model NF/R Effect Reference
ADHD Human case control | BDNF Plasma protein level | [55, 56]
increased in child
patients
BDNF Serum protein level [57]
unchanged in child
patients
BDNF Serum protein [58]
decreased in adult
Caucasians
NGF, BDNF No significant [26]
changes in Turkish
population
GDNEF, NT-3 Serum protein level
was higher in
Turkish population
NGF Serum protein level [61]
increased in child
patients
ASDs Rat infected Borna | NGF, BDNF, Unchanged in the [68]
disease virus and NT-3 and cerebellum
their respective
Trk receptors
Human case control | NT-3, NT4/5 Decreased in the [69]
spot-blood of
newborns
Postmortem human | NT-3 Increased in [10]
case control cerebellar samples
Mouse model of NGF Decreased or [31]
Rett syndrome unchanged on the
cerebellum
Human case-control | NGF Decreased with age [84]
Rett syndrome
Congenital ataxia | Mouse model BDNF Decreased mRNA [90]
level in granule cell
layer
NGF Unchanged
Ethanol Rat cerebellar TrkA, TrkB, Decreased [111]
neurotoxicity vermis TrkC
Neonatal rat BDNF, NT-3 Decreased secretion [100]
cerebellar granule
cells
Neonatal rat BDNF, NGF, Decreased [101,
cerebellum TrkA, TrkB, expression 107-110]
TrkC, and
p75NTR

(continued)
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Table 1 (continued)
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CND Study model NF/R Effect Reference
Granule cells BDNF Inhibit its activation [104]
effect on ERK
pathway
Cerebellum of NGF, TrkA Increased mRNA [151]
Short-term ethanol and protein level
exposed mouse BDNF
TrkB, p75NTR | Unchanged
Explant culture of GDNF Decreased release [117]
rat cerebellum despite unchanged
mRNA expression
Cerebellar granule GDNF Ethanol inhibited its | [113]
cells activation effect on
SFK-Cas-ERK1/2
pathway to promote
axonal outgrowth
Medulloblastoma | MB cells NGEF, TrkA Suppressed their [121]
proliferation
NGEF, TrkA Induced apoptosis [124, 126]
MB patients TrkA [123]
Whole genome TGF-6 Influence progression | [42]
microarray on MB and metastases
tumors
MB transgenic TGF- Obstruction of [128]
mouse TGF-8 leads to
restriction of MB
Schizophrenia Human case control | NGF Plasma protein level | [138, 143]
decreased
NGF, BDNF, Unchanged in [139]
TrkA, PBMCs
TrkB Differential [139]
expression of its
different isoforms in
PBMCs
BDNF Unchanged in the [140]

cerebellar cortex

ADHD attention deficit hyperactivity disorder, ASDs autism spectrum disorders, BDNF brain-
derived neurotrophic factor, Cas Crk-associated substrate, CND cerebellar neurodevelopmental
disorder, ERK extracellular receptor kinases, GDNF glial-derived neurotrophic factor, MB
medulloblastoma, NGF nerve growth factor, N7-3 neurotrophin 3, N7-4/5 neurotrophin 4/5,
NF/R neurotrophic factor/receptor, PBMCs peripheral blood mononuclear cells, p7SNTR P75
neurotrophin receptor, SFK Src family kinases, TGF-f tumor growth factor-f, 7rk tropomyosin

receptor kinase
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Abstract Development is an evolutionary process that is tightly regulated in mam-
malian species. Several different cascades are involved in different stages of devel-
opment. Among these mechanisms, apoptosis, autophagy, and unfolded protein
response play critical roles in regulation of development by affecting the cell fate.
All of these pathways are involved in regulation of cell number via determining the
life and death cycles of the cells. In this chapter, we first explain the brief mecha-
nisms that are involved in regulation of apoptosis, autophagy, and unfolded protein
response, and later, we briefly describe how these mechanisms play roles in general
development. We then discuss the importance of these pathways in regulation of
cerebellar development.
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Abbreviations

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis

Apaf-1 Apoptotic protease activating factor 1
ATF4 Activating transcription factor 4
ATF6 Activating transcription factor 6
ATGs Autophagy-related proteins

Bcl-2 B-cell lymphoma protein 2

BiP Immunoglobulin heavy chain binding protein
bZIP Basic leucine zipper protein

CAD Caspase-activated DNase

CARD Caspase recruitment domains

Caspases  Cysteinyl aspartate proteases
CERKL  Ceramide kinase-like

CGS Cerebellar granule cells

CHOP C/EBP homologous protein
CMA Chaperone-mediated autophagy

Cytc Cytochrome ¢

DED Death effector domain

DIABLO Direct IAP binding protein with low pl
DISC Death-inducing signaling complex
DTT Dithiothreitol

EGL External granule layer

eif2a Eukaryotic initiation factor 2 alpha
ER Endoplasmic reticulum

ERAD ER-associated protein degradation
ERSE ER stress response element

FADD Fas-associated death domain
GCPs Granule cell precursors

GL Granule layer

GNPs Granule neuron precursors

GRPs Glucose-regulated proteins

HA Hemagglutinin

HD Huntington’s disease

HSPs Heat shock proteins

HSR Heat shock response

HtrA2 High temperature requirement protein A
IGL Internal granule layer
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IREI Inositol-requiring transmembrane kinase/endoribonuclease 1
LC3 Microtubule-associated protein light chain 3
MPT Mitochondrial permeability transition

mTOR Mammalian target of rapamycin
NOND  Naturally occurring neuronal death

ped Purkinje cell degeneration

PCD Programmed cell death

PD Parkinson’s disease

PDI Protein disulfide isomerase
PE Phosphatidylethanolamine

PERK Double-stranded RNA (PKR)-activated protein kinase-like eukaryotic
initiation factor 2o kinase

PI3K Phosphatidylinositol 3-kinase

PMDs Protein misfolding disorders

PMT Permeability membrane transition

PrDs Prion-related diseases

ROS Reactive oxygen species

Smac Second mitochondria-derived activator of caspase
TGF Transforming growth factors

TRADD  TNF receptor-associated death domain
ULK Unc-51-like kinase

vZ Ventricular zone

XBP1 X-box binding protein-1

XBPls Spliced XBP1

XBPIU  Unspliced XBP1

Introduction

One of the most important issues in the developmental process during the early
mammalian embryonic period is understanding how the undistinguishable cells in
the early embryo later develop to different fates and how different mechanisms that
are involved in cell fate regulate this process. Besides existing models, many
recently revealed molecular, cellular, and developmental factors have significant
functions in determining cell position, cell polarity, and transcriptional networks in
cell fate parameters throughout preimplantation. It is well known that the structur-
ing process known as compaction provides the initiating signal for cells to start
differentiation and arranges the initiation of developmental cascade. Here, we pro-
vide an overview of the three mechanisms that are involved in determining cell fate
including apoptosis, autophagy, and unfolded protein response (UPR), and later we
explain how these mechanisms are involved in regulation of cerebellar develop-
ment. These mechanisms are the major determining steps that are involved in proper
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cell fate specification in the early mammalian embryo, and they play essential roles
in development.

Introduction to Programmed Cell Death (I) (Apoptosis)

The term apoptosis was first introduced by Kerr, Wylie, and Currie in 1972 to define
a distinct mode of cell death under physiological conditions in hepatocytes [57, 76].
During the early process of this type of cell suicide, cellular content is condensed
and cell shrinkage is observed. Apoptosis is a genetically conserved pathway in all
metazoans such as in nematodes, insects, and mammals [25, 51, 96]. Typical mor-
phological features of apoptosis include chromatin condensation (pyknosis), inter-
nucleosomal DNA fragmentation, membrane blebbing and budding, and finally
formation of small membrane-bound vesicles, called apoptotic bodies [28, 76]
(Fig. 1). In contrast to necrotic death, membrane integrity is retained during apop-
tosis, and phosphatidylserine, a plasma membrane phospholipid, localizes from the
inner side to the outer layer, acting as an “eat me” signal; the cell is then rapidly
detected and engulfed by macrophages [25, 28, 51] (Fig. 1).

Nucleus

Nucleus condensing

Blebs

Cell Shrinkage

/ x\\j '-

Nucleus fragmenting -—u,%

Apoptotic body +—— J __,Phagocyte engulfs

apoptotic bodies

Fig. 1 Cellular morphology changes during apoptosis. Apoptosis is an ATP-dependent mecha-
nism which includes chromatin condensation (pyknosis), inter-nucleosomal DNA fragmentation,
membrane blebbing and budding, and finally formation of small membrane-bound vesicles, called
apoptotic bodies
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Caspases Are Central Initiators and Executioners of Apoptosis

Our understanding of the molecular components of apoptosis emanated from
genetic studies of programmed cell death (PCD) in the nematode Caenorhabditis
elegans. Two genes, ced-3 and ced-4 (cell death abnormal), are essential to deter-
mine which cells undergo PCD during C. elegans development. The protein encoded
by the C. elegans ced-3 gene is similar to the amino acid sequence of mammalian
interleukin-1p (IL-1p)-converting enzyme (ICE), a member of the family of cyste-
inyl aspartate proteases (caspases) [24]. In the living cells, caspases exist as inactive
zymogenes (procaspases) that contain the N-terminal pro-domain followed by a
large and a small subunit. Upon activation of procaspases, the pro-domain is fre-
quently removed, and proteolytic processing occurs between the other domains so
that the small and two large subunits are associated in a heterodimer (Fig. 2) [34,
98]. To date, 14 different caspases have been identified in mammals, and their
nomenclature is based on the order of their publication. For example, ICE is the first
mammalian caspase and is named caspase-1. Pro-apoptotic caspases are divided
into the initiator procaspase group (i.e., procaspase-2, procaspase-8, procaspase-9,
and procaspase-10) and into the effector (executive) procaspase group (i.e., procas-
pase-3, procaspase-6, and procaspase-7) [34, 98]. Following activation, the execu-
tive caspases degrade most vital proteins in the cells, leading to disruption of the
cytoskeleton, intracellular transport, and nuclear envelope and signal transduction
that ultimately cause the morphological and biochemical changes of apoptosis. For
example, the nuclear scaffold proteins (lamins), the cytoskeleton protein (alpha-
fodrin), the plasma membrane blebbing mediator (gelsolin, act as a nucleus for
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Fig. 2 Structure and activation of caspases. Inactive form of caspases (procaspases) includes three
subunits. Mechanism of caspase activation is initiated by autoproteolysis of Asp residues into large
subunits followed by assembly of active heterotetramers. Following proteolysis cleavage, procas-
pase can be in close proximity to each other and therefore is assumed to activate each other
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actin-depolymerizing enzyme), and poly(ADP-ribose) polymerase (PARP) are
targeted proteins that are cleaved during apoptosis [17]. In addition, caspase-acti-
vated DNase (CAD) that mediates DNA ladder hallmarks of apoptosis is activated
by caspase-3 and caspase-7 cleaving the CAD inhibitor. Whereas activation of ini-
tiator caspases is mediated through binding of their pro-domains to adaptor mole-
cules via death effector domains (DED) or caspase recruitment domains (CARD),
activation of executive caspases occurs through proteolysis at internal Asp residues
into large subunit followed by assembly of active heterotetramers [25, 98] (Fig. 2).

Molecular Pathways of Apoptosis

The apoptosis cascade is initiated by three major signaling pathways, including the
cell death receptor pathway, mitochondrial pathway, and endoplasmic reticulum
(ER) stress-induced pathway. In all pathways, caspase-3 is the main executive cas-
pase that is activated by any of the initiator caspases (caspase-8, caspase-9, or cas-
pase-10) [25, 28, 34, 51, 76, 98].

Cell Death Receptor Pathway

The extrinsic pathway is mediated by activation of death receptors, which are trans-
membrane receptors that transmit apoptotic signals from the cell surface to the
intracellular signaling pathways via receptor—ligands interactions [71, 98]. Death
receptors involve Fas (CD95) and TNF receptor (TNFR1) as well as TRAIL recep-
tors DR4 and DR5 (TNF-related apoptosis-inducing ligand receptor 1 and 2,
TRAIL-R1 and TRAIL-R?2). Their corresponding ligands are called TNF, Fas ligand
(FasL), and Apo2L (TRAIL), respectively. The sequences of events that define the
death receptor pathway of apoptosis are best characterized using the FasL/FasR and
TNF/TNFR models [17, 25, 51] (Fig. 3). In this scenario, the first step is trimeriza-
tion and clustering of receptors by related ligand. Upon ligand binding, cytoplasmic
adapter proteins are recruited via intracellular receptor death (DD) domain, such as
Fas-associated death domain (FADD) and TNF receptor-associated death domain
(TRADD). At this point, FADD or TRADD is associated with procaspase-8 via
dimerization of the death effector (DED) domain, thereby forming the death-
inducing signaling complex (DISC) [25, 28, 51, 98]. The increase in the local con-
centration of procaspase-8 at the DISC resulted in their autocatalytic activation
(Fig. 3). Activated caspase-8 finally cleaves and actives the effector caspase-3 that
leads to initiating the execution phase of apoptosis (Fig. 3).

The cells that need DISC-mediated signals to complete the cascade are classified
as type I cells, while the cells that require the contribution of a mitochondrial pathway
to complete the apoptotic process are classified as type II cells [100]. In type II cells,
the receptor-mediated signaling is not strong enough to activate caspase for execu-
tion of apoptosis so that the signal needs to be amplified via mitochondria-dependent
apoptotic pathways [25, 34, 51, 98, 116]. The link between cell death receptor path-
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o CytC
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Fig. 3 Intrinsic and extrinsic apoptosis pathway. Extrinsic pathway (1) is commenced via death
receptors which later activates initiator caspases (like caspase-8) with subsequent Bid protein trun-
cation (link to mitochondria) or directly activates caspase-3 and caspase-7 (executor caspases) and
induces nuclear fragmentation. Intrinsic pathway is initiated via mitochondria following activation
of caspase-9 and caspase-3/caspase-7 activation

way and the mitochondria is provided by the Bcl-2 family member Bid. Bid is
cleaved by caspase-8 and in its truncated form (tBID) translocates to the mitochon-
dria where it acts together with the pro-apoptotic B-cell lymphoma protein 2 (Bcl-2)
family members Bax and Bak to induce the release of cytochrome ¢ (cyt c¢) and
finally turn on the mitochondrial apoptosis pathway [25, 51, 76, 98].

Mitochondrial Pathway

The mitochondrial pathway, also called the intrinsic pathway, is initiated from
inside the cell. Various stimuli such as growth factor withdrawal, DNA damage,
hypoxia, and oxidative stress can induce apoptosis through this cascade [28, 34, 98,
116]. Cellular stresses cause an increase of permeability in the outer mitochondrial
membrane and opening of the mitochondrial permeability transition (MPT) pore,
which is controlled by members of the Bcl-2 family proteins [25, 51, 98]. Bcl-2
family proteins are defined by the presence of conserved Bcl-2 homology domains
(BH1 to BH4). Up to 30 Bcl-2 family genes have been identified in mammals,
which have either pro-apoptotic or anti-apoptotic functions. Some of the anti-
apoptotic members including Bcl-2, Bel-XL, Bcel-w, BAG, and Mcl-1 possess all
domains, from BH1 to BH4 [72, 81]. The pro-apoptotic family proteins can be
divided into two subgroups: the group that includes proteins with BH1 to BH3
domains (e.g., Bak, Bax, and Bok) and the group that involves proteins with BH3
domain (e.g., Bad, Bid, Bik, BNIP3, Bim, Bmf, Blk, Hrk, Noxa, Puma, and Spike)
[95, 116]. BH3-only proteins are thought to interfere with the fine-tuned balance of
homo- or hetero-oligomerization between pro-apoptotic multi-domains (e.g., Bax/Bak)



160 M.A. Moosavi et al.

and anti-apoptotic members (e.g., Bcl-2/Bcl-XL) [72, 81] (Fig. 3). In general,
oligomers of Bak, Bax, and Bok can form channels by themselves to induce perme-
ability membrane transition (PMT) [4]. Bad can also heterodimerize with some
members of anti-apoptotic Bcl-2 family proteins and thereby neutralize their inhibi-
tory effects on mitochondrial pro-apoptotic Bcl-2 members [4, 72]. Puma and Noxa
are also involved in p53-mediated apoptosis [18, 98]. Bcl-2 family proteins control
the release of the mitochondrial proteins cytochrome c (cyt ¢), second mitochondria-
derived activator of caspase (Smac)/direct IAP binding protein with low pl
(DIABLO), and Omi/high temperature requirement protein A (HtrA2) into the cyto-
plasm [4, 6, 98]. Cytoplasmic cyt ¢ binds to monomeric apoptotic protease activat-
ing factor 1 (Apaf-1), which then, in the presence of dATP, initiates oligomerization
to form a complex wheel-like structure with sevenfold symmetry called an apopto-
some [2, 6, 25, 98] (Fig. 3). This type of procaspase-9 clustering leads to caspase-9
activation, which subsequently actives downstream executive caspases such as cas-
pase-3, caspase-7, and caspase-6 and ultimately leads to apoptosis. Smac/DIABLO
and the serine protease HtrA2/Omi promote apoptosis by inhibiting inhibitors of
apoptosis protein (IAP) activity [6, 77]. This family of anti-apoptotic proteins
includes NAIP, c-IAP1, c-IAP2, XIAP, and survivin, the prototype of which was
originally described in baculovirus. They can bind directly to caspases and inhibit
their activity and are negatively regulated by proteins from the mitochondrial inter-
membrane [25, 51, 98, 107] (Fig. 3). Almost all of the morphological and biochemi-
cal features of apoptosis are mediated through the activity of caspases [17].

Apoptosis in Development

Apoptosis literally means “falling off” (as leaves drop from trees) in Greek, and this
analogy suggests that the cell death is necessary for the life cycle of organisms [30,
37, 58, 76]. An example of the impact of PCD on development is seen in lympho-
cytes. Most lymphocytes die via apoptosis as a result of negative selection or genetic
rearrangement, thereby verifying the constant cellular pool of functional immune
cells and lymphocyte numbers [97]. Moreover, apoptosis is critical for development
of reproductive organs [85]. Apoptotic processes are widely involved in regulation
of proliferation, differentiation, development, and tissue homeostasis [26].

Autophagy and Its Role During Development

Autophagy

Autophagy is a tightly regulated catabolic process used by eukaryotes for recy-
cling and degrading of organelles, proteins, and other cytoplasmic components, in
a lysosomal-dependent manner [52]. Autophagy occurs in three typical forms
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including microautophagy, macroautophagy, and chaperone-mediated autophagy
(CMA) [13, 60, 83]. Microautophagy and CMA are directly mediated by the lyso-
some to immediately degrade small cytosolic portions or chaperone-associated
molecules, respectively. Macroautophagy (hereafter called autophagy) is respon-
sible for the turnover of long-lived macromolecules and damaged organelles that
are sequestered into the autophagosome, a double-membrane-bound vesicle origi-
nating from a precursor structure called the phagophore [33, 60, 74, 87] (Fig. 4).
Autophagosomes are then fused with lysosomes and this forms the autopha-
golysosome (Fig. 4). In the final stage, the cargo is degraded by hydrolases in the
autolysosome, and the products are transported back to the cytosol by lysosomal
permeases [121].

The molecular components of this pathway were first discovered in the yeast
Saccharomyces cerevisiae and include autophagy-related proteins (ATGs) [91].
Most autophagy stimuli converge at the phosphatidylinositol 3-kinase (PI3K)-Akt—
mammalian target of rapamycin (mTOR) pathway that is the best characterized
modulator of autophagy in most cells [11, 60] (Fig. 5). This signaling pathway is
known to play a vital role in multiple cellular functions such as proliferation, adhe-
sion, migration, survival, and invasion [56, 117]. The PI3K-Akt-mTOR pathway
integrates signals from growth factors, energy, and nutrients to adjust proliferation
and cell growth through various cellular mechanisms [75, 117]. The serine—threo-
nine protein kinase Akt, also called protein kinase B, is upstream of mTOR and
the downstream effector of PI3K. Inactivation of mTOR complex1 by starvation

Lysosome

Phagophore

!

ULK1
COMPLEX

Autolysosome

Fig. 4 Schematic representation of autophagy pathway. Autophagy is a process for the degrada-
tion and recycling of cellular compartments in lysosomes which includes phagophore, autophago-
some, autophagosome, and autolysosome
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Fig. 5 Schematic representation of ER stress and unfolded protein response. ER stress activates
UPR proteins (e.g., PERK, ATF6, and IRE1) in the endoplasmic reticulum. Briefly activated PERK
promotes ATF4 activation via phosphorylation of eif2a. Activation of IRE1 arm of UPR induces
XBP mRNA splicing in the cytoplasm, subsequently leading to activation of UPR target genes.
ATF6 arm is initiated via cleavage of ATF6 in the Golgi which is later targeted to the nucleus and
induces expression of UPR-responsive genes

conditions activates Unc-51-like kinase (ULK), which initiates the autophagy pro-
cess; however, under normal nutrient conditions, mTOR complex1 phosphorylates
ULKI1/ULK2 and Atg13 to inhibit initiation of the autophagy pathway [99, 117].
Therefore, core machinery for the initiation stage during autophagy induction is the
ULK1/ULK2 complex, which consists of ULK, Atg13, and FIP200. Upon initiation
of autophagy, a complex nucleation arises when the PI3K complex binds to its core
units, such as Beclin-1 (the human orthologue of murine Atg6) [73, 74]. This com-
plex resides on the isolated membrane and facilitates recruitment of other ATGs to
the unit (Fig. 5). During autophagosome elongation and maturation, two ubiquitin-
like conjugation systems are involved: the microtubule-associated protein light
chain 3 (LC3) system and the Atgl12 system. LC3 is first cleaved by ATG4 to form
LC31. Phosphatidylethanolamine (PE) is then conjugated to LC3I by Atg7 and
Atg3, and it creates LC3-II that can stably insert into the autophagosomal mem-
brane [33, 35, 63, 87].
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Role of Autophagy in Development

There is emerging evidence that autophagy plays critical roles in differentiation and
development [1]. The autophagy pathway can induce rapid cellular changes (e.g.,
protein and organelle turnover) that are necessary for proper differentiation and/or
development. Most autophagy-defective organisms show severe problems in dif-
ferentiation [12]. Additionally, autophagy is important for survival during neonatal
starvation and cell differentiation during lymphopoiesis, erythropoiesis, osteogen-
esis, and adipogenesis [1, 12, 86]. The Atg7-deficient mice showed severe anemia
because there is a lack of sufficient erythropoiesis. It has been suggested that ery-
throid differentiation depends on autophagy for mitochondria removal [89].
Adipocytes mainly harbor lipid droplets that have been identified as a substrate for
autophagy [23]. In addition to the differentiating functions, autophagy is also cru-
cial for survival and viability of terminally differentiated cells such as neurons.
Autophagy knockout mice showed uneven numbers of neural stem/progenitor cells
which resulted in a delay in development. The phenotype of Ambral and ULK1
mutant mice confirmed the importance of autophagy and plausible mechanisms dur-
ing development of the nervous system [27]. Ambral is a vertebrate-specific protein
that is highly expressed in the nervous system and positively regulates autophagy by
promoting Beclin-1 binding to Vps34 [27]. ULK1 is an ATG protein involved in the
initiation of autophagy, and its deficiency leads to defects in terminal neuronal dif-
ferentiation and causes abnormal axonal formation in the cerebellar granule neuron
[109]. Moreover, autophagy is crucial for vertebrate development at some time
points during embryogenesis. In the embryonic period, the placenta provides energy
for the mammalian embryo but after birth, transplacental nutrient supply is discon-
nected and embryos face starvation until the supply can be restored through milk
nutrients. In this condition, autophagy is induced approximately 3 days + 12 h after
birth [65]. Confirming these reports, Atg5 null mice are normal at birth, but die
within 1 day after birth, highlighting the importance of autophagy for embryo devel-
opment [65].

Endoplasmic Reticulum Stress and Unfolded Protein
Response

The presence of two glucose-regulated proteins (GRPs), GRP78 and GRP94, with
molecular weights of 78 and 94 kDa, respectively, were discovered in the endoplas-
mic reticulum (ER) of mammalian cells in 1987. They can form stable associations
with a variety of proteins retained in the ER because of underglycosylation or other
conformational changes [67]. These proteins are induced by some stress conditions
including glucose starvation, treatment with cellular glycosylation inhibitors, cal-
cium ionophores, or amino acid analogues [67]. The major difference between these
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proteins and heat shock proteins (HSPs) is that GRPs are not induced by increasing
temperature [67]. GRP78 was shown to have some activity like immunoglobulin
heavy chain binding protein (BiP) [90]. It can also permanently bind to a variety of
malfolded/misfolded proteins that accumulate within the ER and/or transiently in
nascent, wild-type secretory and transmembrane proteins. For the first time in 1988
while studying simian cells, it was reported that only malfolded proteins (e.g., influ-
enza virus hemagglutinin (HA)) had their transport from the ER blocked, which can
induce GRPs 78 and 94 synthesis regardless of their abnormal glycosylation state
[64]. It has also been shown that the highly conserved GRP element, which is
important for the basal level and induced GRP78 expression, is a 10-bp region that
contains a CCAAT motif in DNA. However, this element alone is not sufficient for
promoter activity, but a 40-bp region (—129 to —90) that contains this motif is essen-
tial for mediating basal levels and stress inducibility of the GRP78 promoter. It has
also shown that the transcription factor CTF/NF-I is able to transactivate the GRP78
promoter through interaction with this CCAAT motif [120].

Less than 25 years ago, an FK506/rapamycin-binding protein was found to be
encoded by a mammalian FKBP-13 gene, which localizes in the ER lumen. A
homologue of mammalian FKBP-13 in the ER lumen, the FKB2 gene, is encoded
by S. cerevisiae. FKB2 mRNA levels increase in response to the accumulation of
unfolded proteins in the ER, which can be caused by blocking the N-glycosylation
and/or treating the cells with tunicamycin. However, blocking other steps in secre-
tion has no effect on FKB2 mRNA levels. It was then shown that a 21-bp UPR ele-
ment located in the 5’-noncoding region of FKB2 is responsible for this increase in
the FKB2 mRNA level. The similarities in the regulation of FKB2 and other ER
chaperone genes (yeast KAR2, mammalian GRP78 or BiP, and GRP94) suggest that
FKBP-13 may play a role in protein trafficking in the ER [93]. In addition to tunica-
mycin, other inducers of GRPs include dithiothreitol (DTT) as a sulthydryl reduc-
ing agent, amino acid analogues, severe glucose depletion, and oxygen, which
increase the protein flux, decrease Ca** levels, and disrupt lipid homeostasis to
induce the UPR in the cells [68, 112, 114].

Thus, UPR is a regulatory mechanism by which cells control levels of misfolded
proteins in the ER. The UPR is currently characterized in all cell types, including
normal neurons, with an emphasis on its importance in neurodegenerative diseases.
It has been shown that UPR signaling modulates neurodegeneration depending on
the disease context [43].

In metazoans, UPR consists of three parallel arms, which are characterized by
their stress sensor proteins: (1) inositol-requiring transmembrane kinase/endoribo-
nuclease 1 (IREI), (2) activating transcription factor 6 (ATF6), and (3) double-
stranded RNA (PKR)-activated protein kinase-like eukaryotic initiation factor 2o
kinase (PERK). Each of these UPR sensors binds to the BiP as the ER luminal
chaperone (Fig. 5) [104, 112].

The IRE1 pathway is considered to function as a major and the most conserved
arm of the UPR from yeast to humans [104, 112]. IREla and IRE1p have been
known as two homologues of mammalian IRE1. While IREl« is expressed in all
cells and tissues, and is a main mediator of UPR signaling, IRE1p is expressed only



Apoptosis, Autophagy, and Unfolded Protein Response and Cerebellar Development 165

in the intestinal epithelium [112]. Activated IRE1a, which shows the endoribonu-
clease activity, cleaves a 26-base fragment from the mRNA encoding the X-box
binding protein-1 (XBP1) [70, 127]. The XbpI mRNA before and after splicing is
translated into unspliced XBP1 (XBP1U) and spliced XBP1 (XBP1S), respectively.
XBPl1s as a potent transcription factor targets a wide variety of genes encoding
proteins involved in ER membrane biogenesis, ER protein folding, ER-associated
protein degradation (ERAD), and protein secretion [127]. Unspliced XBP1 mRNA
is constitutively translated into XBP1U [88].

The role of ATF6, as a basic leucine zipper (bZIP) protein that belongs to the type
2 transmembrane glycoprotein family, has been introduced as another arm of the
mammalian UPR. It has an important role as a putative ER stress response element
(ERSE)-binding protein, which was introduced in 1998 by Yoshida et al. [126]. They
showed that ATF6 was constitutively expressed in HeLa cells as a 90-kDa protein, but
it was phosphorylated (p90ATF6) and converted to a 50-kDa protein (pSOATF6) by
posttranslational mechanism is response to stress [126]. ATF6 is regulated by intra-
membrane proteolysis; ER stress induces the proteolysis of membrane-bound
P90ATF6 and releases the soluble part, pSOATF6, allowing it to enter the nucleus. In
the nucleus, pSOATF6 contains a bZIP domain and activates transcription of ER chap-
erone genes such as GRP7S through ERSE in collaboration with a general transcrip-
tion factor [41, 125]. It has been demonstrated that the XBP1, as a target of ATF6, is
amammalian substrate of such an unconventional mRNA splicing system and showed
that only the spliced form of XBP1 (XBP1s) can effectively activate the UPR [127].

ATF6a and ATF6p are two distant homologues of ATF6 but both are ubiqui-
tously expressed in all tissues [108]. They are cleaved during the ER stress response
(ERSR); the resulting N-terminal fragments (N-ATF6a and N-ATF6p) enter the
nucleus and bind to specific regulatory elements of the DNA, which results in the
activation of transcription of ERSR genes related to ATF6, such as GRP78 [108]. It
has been suggested that the relative levels of ATF6a and ATF6f may contribute to
regulating the strength and duration of ATF6-dependent ERSR gene induction and
cell viability. In addition, ATF6a is strong, but labile transcription factor, while
ATFG6p is a weak and stable transcription factor. A gel shift assay showed that they
are competing with each other in binding to the GRP78 ERSE [108].

Harding et al. first introduced PERK in the mouse ER in 1999 [39]. PERK
belongs to a family of protein kinases that in response to different cellular stresses
regulates translation by phosphorylation of the a subunit of eukaryotic initiation
factor-2 (eif-2a). Sood et al. then separated the rat homologue of PERK, which is
pancreatic eif-2a kinase (PEK), from rat pancreas [105]. Protein synthesis and fold-
ing of the newly synthesized proteins into the correct three-dimensional structure
are coupled in cellular compartments of the exocytosis pathway by a process that
modulates the response to a stress signal from the ER [39]. The phosphorylation of
eif-2a on serine residue 51 by PERK leads to the activation of the process to reduce
rates of protein translation initiation during ER stress.

In some stress conditions such as amino acid starvation, protein synthesis is nega-
tively regulated because of eif2a phosphorylation and its activation. In this signaling
pathway, the mammalian eif2 kinases PERK and GCN2 repress translation of most
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mRNAs but selectively increase translation of activating transcription factor 4
(ATF4), resulting in the induction of the downstream gene C/EBP homologous pro-
tein (CHOP) [38, 40, 79]. ATF4 is also activated by ER stress and other stimuli such
as viral infection. However, there is no interaction between XBP1U and ATF4,
which allows the cell to avoid undesired ATF4 degradation that is induced by XBP1U
in response to non-ER stress [88]. Activation of ATF4 and CHOP negatively regu-
lates mTOR via Redd1 expression in response to oxidative and ER stress [54].

UPR and General Development

Eukaryotic protein homeostasis, which is called proteostasis, refers to controlling all
aspects of cells including health, organismal development and aging, as well as their
protection against diseases, which is often influences protein synthesis (transcription/
translation), degradation, conformation (folding/misfolding), protein interactions
(quaternary structure, aggregation/disaggregation, and other protein—protein interac-
tions), and trafficking (location of individual proteins). Thus, proteostasis affects spe-
cific cellular functions and enables differentiated cells to change their physiology in
a surrounding media. Deficiency in the proteostasis results in some diseases like neu-
rodegenerative, metabolic, and cardiovascular disorders and cancer. Some of these
disorders are already developed at birth, but most occur upon aging [9].

As mentioned above, both development and aging are influenced by proteostasis.
All protein processes such as protein folding, aggregation, degradation, and modifi-
cation are the processes that affect protein function. Quality control systems in the
cell control the balance between the abovementioned processes to achieve a high-
quality protein suitable for growth and survival of the cell [7, 49, 101]. In addition
to the metabolic enzymes, molecular chaperones, chemical chaperones, and some
other small molecules affect the proteostasis. Several important processes including
heat shock response (HSR) [44, 55, 113, 115] and UPR [9, 49] also regulate and
control the proteostasis. For example, it has been shown that in cerebral pathologi-
cal events such as ischemia, epilepsy, and trauma, some specific genes and proteins
are activated, while some others may be inhibited in neuronal cells. Synthesis of a
set of proteins, termed stress or HSPs, increases during ischemia as well as with
heat shock treatment (hyperthermia), while the synthesis of most other proteins
decreases [44]. Based on the time and region, there is also a significant difference
between the kinetics of various HSPs [44, 45]. Northern blot analysis has indicated
that there is differential induction of various classes of HSP mRNAs by ischemia.
Within 4 h after ischemia, the HSP70 family mRNAs were induced and then rapidly
decreased, while HSP27 and HSP47 mRNAs were maximally increased up to 24
and 48 h after ischemia, respectively. In addition, in situ hybridization showed that
mRNAs of inducible HSP70s were localized in the core region of the infarct 2 h
after ischemia, and at a relatively late period (4-8 h), they move to the penumbra
region [45]. Because cerebral blood flow has been severely decreased in the isch-
emic center and the collateral circulation continuously provides some blood flow,
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ischemic cell damage may progress from the ischemic center to the peripheral
regions [44].

A growing body of evidence indicated the key role of UPR in normal neuronal
function, and its distortion leads to neurodegenerative diseases such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lat-
eral sclerosis (ALS), and prion-related diseases (PrDs) [43]. Although clinical mani-
festations of these diseases are different, all involve the accumulation of misfolded
proteins and are now classified as protein misfolding disorders (PMDs) [43, 106].

In addition to the ischemia and nervous system [36, 43, 46, 111], the role of UPR
and proteostasis in general development [111] and the development of B- and
T-cells [10, 32] and lens proteins [29, 123] have also been demonstrated.

The role of UPR activation during normal lens development and differentiation
in the mouse has been studied. The lens of the eye, which is composed of epithelial
and fiber cells, is a transparent structure that is responsible for focusing light onto
the retina. Epithelial cells are found on the anterior surface, and after differentiation,
fiber cells are formed at the lens equator. It has been shown that the expression of
BiP and protein disulfide isomerase (PDI) was greatly increased in the newly form-
ing fiber cells from embryonic lenses. These fiber cells also expressed the UPR-
associated molecules XBP1, ATF6, p-PERK, and ATF4 during embryogenesis. In
addition, XBP1s, cleaved ATF6, and p-eif2a have been detected in embryonic
mouse lenses, suggesting that UPR pathways are active in this tissue [29]. In the
lens epithelium of patients with cataract (high myopia-related or age-related cata-
ract), the mRNA and soluble protein expression in both aA- and aB-crystallin were
decreased. In addition, the protein levels of ATF6, p-eif2a, and p-IREla and the
gene expression levels of spliced XBP1, GRP78, ATF6, and ATF4 were greatly
increased relative to the normal control. These results suggest the significant loss of
soluble a-crystallin and the activation of the UPR in the lens epithelium of patients
with high myopia-related cataract, which may be associated with this type of cata-
ractogenesis [123]. In the developing eyes, expression of ceramide kinase-like
(CERKL) at both mRNA and protein levels was minimal, but it reached a peak at
retinal maturity at 2 months of age in the mouse. The retina showed the highest level
of CERKL expression, which reached its maximum in the adult retina [80].

Apoptosis and Cerebellum Development

In the cerebellum, the ventricular zone (VZ) and rhombic lip (RL) are the source of
all cerebellar cell types. The VZ and the external granule layer (EGL) are able to
proliferate, while the internal granule layer (IGL) and sub-ventricular zone are spec-
ified for migration. Purkinje cells and granule cells migrate from the VZ and EGL,
respectively. Adult neurons are assumed to escape from apoptosis during proliferation
or during early pre-mitotic migration. Thus, analysis of apoptosis in all parts of the
cerebellum may help to identify different cell functions in development [3, 15].
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Apoptosis of Stellate and Basket Cells

Progenitor cells such as stellate and basket cells are produced from the ventricular
zone (VZ) postnatally. They reside in white matter in the first postnatal week, and in
the days immediately following the first postnatal week, they proliferate more and
migrate to the molecular layer. Their movement is completed in the third postnatal
week. Apoptosis occurs during progenitor cell proliferation/migration as shown in
the GAD67/GFP mice [78].

Apoptosis of Purkinje Cells

Purkinje cells migrate from the VZ and are placed between the EGL and IGL cells.
They form a single-cellular layer [15] and are key cells in the cerebellum that are
targeted in many neurological mutations in mouse models to study Purkinje cell
death. Two periods of apoptosis occur in these cells: the first is the embryonic period
and the second is the postnatal term. Regulation of Purkinje cell apoptosis occurs
through the connection to climbing fibers. First, one climbing fiber interacts with
several Purkinje cells during the first postnatal week in rats. Then, the climbing
fibers fix their final connection. The Purkinje cells, which cannot react to climbing
fiber, undergo apoptosis and are deleted. However, the apoptotic Purkinje cells can
interact with climbing fibers and this causes them to retract. Thus, the connection
between Purkinje cells and climbing fibers occurs on a one-to-one basis [15]. There
are also many genes that interfere with regulation of Purkinje cell death. Two mouse
models, Toppler and Woozy, are mutants in which PCD is observed in Purkinje cells
by apoptotic pathways and sometimes with activation of autophagic mechanisms.
This cell death may be different from formal PCD. Many of Purkinje cells will die
during normal aging, using mechanisms similar to apoptosis [78].

Apoptosis of Granule Cells

Granule cells migrate from the EGL to the IGL part of the cerebellum. The apop-
totic cells in IGL have been verified, and it was shown that they are postmitotic
neuron cells that could not produce a right synaptic connection with Purkinje cells
in the molecular layer [15]. During the first week of postnatal life, there is an estab-
lished cell loss within the granule cell layer. A high number of granule neurons in
both the mitotic and postmitotic regions of the EGL undergo DNA fragmentation
[118]. The granule cell precursors (GCPs) are generated from the rhombic lip which
is the source of external germinal zone (EGZ or EGL). GCPs, giving rise to GCs,
first extensively proliferate and some of them start differentiating into mature GCs
[20]. The first in vitro apoptosis model for the central nervous system was recently
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identified, and it was shown that cerebellar granule cells undergo apoptosis when
they are deprived of depolarizing levels of extracellular potassium [19]. Additionally,
the in vivo correlation between apoptosis in cerebellar granule cells has been
recently reported by Wood et al. [118], which shows DNA fragmentation in the
granular layer of the cerebellum of the newborn rat. Cerebellar granule neurons are
a perfect model system to study neuronal apoptosis because these neurons live and
survive for weeks when they are maintained in depolarizing concentrations of potas-
sium. However, they undergo apoptosis when cultured in low physiological potas-
sium conditions. It has also been demonstrated that apoptosis of differentiated
cerebellar granule neurons induced by potassium deprivation might be a neuronal
death model after differentiation. They showed that during cerebellar development,
target-related cell death in granule cells occurs [31, 102]. To comply with the exist-
ing hypothesis that during development transforming growth factors (TGF-) might
play a role in regulation of apoptosis in cerebellar neurons, these cytokines must be
produced in a time- and location-dependent manner. It has been reported that TGF-
B1, TGF-P2, and TGF-B3 accelerate neuronal apoptosis when maintained in a low
physiological potassium medium, as assessed using quantitative DNA fragmenta-
tion, viability, and nuclear morphology. These data demonstrate that TGF-f# might
limit the expansion of neuronal precursor populations through boosting their apop-
tosis [20].

Additionally, there is evidence of a p53-independent apoptotic pathway for loss
of cerebellar granule cells during development. This was demonstrated by the fact
that neuronal precursors of apoptosis in the cerebellum of transgenic mice that lack
functional p53 are similar to that in wild-type mice [119]. It has been previously
suggested that elimination of postmigratory granule neurons during cerebellar
development could be prevented by blocking their programmed death, further con-
firming the remarkable role of apoptosis in cerebellar development [122].

Apoptotic cells are identified as immature GCs and/or their GCPs. Analysis of
apoptotic pathways has indicated that caspase-3 and caspase-9 are expressed in cer-
ebellar germinal zones, and activation of caspase-3 is important for progenitor cell
death, which is inhibited by a pan-caspase inhibitor. Thus, neural progenitors can
activate a caspase-dependent apoptotic pathway. However, another experiment
showed that caspase inhibitors could not prevent GCs from death. The experiments
showed that caspase-3 is not activated during apoptosis of GCPs/pre-migratory
GCs. Therefore, early neuronal death of GCPs/pre-migratory GCs may be caspase-
3-independent. The naturally occurring neuronal death (NOND) of GCPs/pre-
migratory GCs is possibly related to establishment of the correct ratio between GCs
and Purkinje cells. The vast cell death in EGL neurons is related to folia formation
during fissuration of the cerebellar cortex. The process of apoptosis does not occur
synchronously in the cerebellum, and thus the number of apoptotic cells in the lobes
is different. The second wave of apoptosis in GCs occurs in postmitotic neurons.
The evidence has shown the specific cleavage of several caspases and PARP-1, the
most biologically relevant substrate of caspase-3, occurs. The caspase/PARP-1
cleavage selectively occurs within the internal granule layer (IGL). Therefore, this
PCD is different from early NOND and is caspase-dependent [78].
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Apoptosis of Cerebellar Nuclei Neurons

After treating neonatal rats with ethanol, cerebellar nuclei neurons undergo apopto-
sis. Three hours after the lesion forms, the axotomy is initiated in cerebellar nuclei
and neurodegeneration begins within 48 h. Apoptotic cell morphology has been
observed, but during normal development of cerebellar nuclear neurons, apoptosis
does not occur [78].

Autophagy and Cerebellum Development

As discussed above, autophagy is a self-degradation lysosomal system that was
initially described in single-cell organisms as an adaptation mechanism to nutrient
supply fluctuations and to recycle various cellular organelles [83, 124].

The nervous system complex ontogenesis is especially sensitive to dysregulation
of autophagy. This is shown by the axonal growth, neural tube defects, and impair-
ment of migration following either inactivation or downregulation of autophagic
genes [1, 8, 73]. Autophagy plays essential roles in the late stages of embryonic and
postnatal development [21]. Defects in autophagy lead to impairment in the number
of neural progenitors and lead to incorrect differentiation and development [1]. For
example, an autophagy malfunction causes inappropriate neurotransmitter process-
ing and secretion [1]. There are many neurodegenerative disorders that are caused
by defective autophagy mechanisms such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS)
[61, 62]. The other consequences of defects in autophagy genes such as Atg5 and
Atg7 mutant mice include perinatal lethality in suckling kids and neurodegeneration
symptoms [61, 62]. In addition, ablation of Atg7 causes dystrophy of Purkinje cell
axon terminals in the cerebellar nuclei [21, 82].

Another study on the ULK/ gene in mammals, which is an orthologue of the
yeast Argl, showed its important role in autophagy machinery. ULK1 is a protein
kinase that plays a significant role in the early autophagosome formation. When
autophagy is induced, ULK1 kinase separates the Ambral/Beclin-1 complex from
the dynein complex, to initiate the autophagy process. During embryogenesis,
Ambral is expressed in the CNS, specifically in the neural plate. In mice with the
Ambral mutant, in which the autophagy machinery is deficient, apoptosis was
observed. This result showed the relationship between autophagy, apoptosis, and
cell proliferation. Therefore, Ambral is an essential protein for the control of cell
proliferation during development of the CNS [21]. These data indicate that in the
cerebellum, autophagy is involved as a part of PCD in parallel with apoptosis. The
autophagic cell death act is an alternative PCD when apoptosis is inhibited in the rat
cerebellar granule cell [84]. Both reactive oxygen species (ROS) and autophagy
also promote apoptosis in this model [84]. Degeneration of Purkinje cells is a com-
mon feature of inherited ataxias in humans and mice. Association of the autophagy



Apoptosis, Autophagy, and Unfolded Protein Response and Cerebellar Development 171

pathway with mitochondria, which is also known as “mitophagy,” is reported in
Purkinje cell degeneration (pcd) mouse. This highlights a link between mitochon-
drial dysfunction, autophagy, and Purkinje cell degeneration in the cerebellum [14].
In conclusion, autophagy is an important process for survival and development of
cerebellar cells [82].

Involvement of UPR in Cerebellum Development

As discussed above, ER stress and UPR participate in many physiological processes
such as differentiation and development in different organs and are also involved in
pathogenesis of various neurological diseases [42, 94]. The developing brain is
highly sensitive to different kinds of environmental stresses (e.g., infectious patho-
gens, pollutants, alcohol, drugs, and malnutrition), which often cause ER stress
[94]. One of the earliest pieces of evidence on the involvement of UPR pathways in
brain cells showed that inhibition of global protein synthesis occurs during brain
neuron ischemia [48]. In this condition, the UPR can degrade misfolded/unfolded
proteins through activation of the ER-associated degradation to ensure a balance of
protein-folding capacity that is crucial for cerebellar Purkinje cell survival [47, 69,
128]. Additionally, recent reports suggest that, compared with immature brain neu-
rons, mature neurons are more susceptible to the ER stress and apoptosis induced by
tunicamycin. This suggests that the UPR is developmentally involved during neuro-
genesis [110]. The UPR is generally responsible for the hierarchy and lineage rela-
tionships developed in the CNS cells in various animal models [36, 66]. ER stress
induction by tunicamycin and thapsigargin induces neuronal differentiation, while
the glial differentiation of mouse embryonic stem cells is inhibited via PERK and
IRE-1 branches of the UPR [16]. Laguesse and coworkers proposed a model sug-
gesting that dynamic regulation of the UPR pathways is critical to switch from
direct to indirect neurogenesis [66]. During cerebral cortex development, the UPR
promotes neurogenesis. In the rat cerebellum, development of white matter tracts is
dependent on a dramatic increase in membrane protein and lipid production in oli-
godendrocytes to facilitate myelin production [92]. A substantial peak in ER stress
signaling IRE1 and ATF6, but not PERK, as well as the UPR mediators GRP78,
GRPY4, calreticulin, CHOP, and PDI, has been observed in the developing rat cer-
ebellum [92]. In addition, BiP/GRP78 has a critical function in the development of
the cerebellum as well as other neuronal functions. GRP78 knock-in mice show
defective layer formation in their cerebral cortex and cerebellum [50]. A few spe-
cific ER chaperones can also play a direct role during proliferation and early devel-
opment of the cerebellum to ensure homeostasis for increased activity of protein
secretion [22]. For example, the ER-resident protein ORP150/HSP12A is involved
in cerebellum development. Transgenic expression of this protein in neurons reduces
Purkinje cells apoptotic cell death and their vulnerability to hypoxic and excitotoxic
stress, which subsequently leads to maintaining survival of these cells during



172 M.A. Moosavi et al.

cerebellar development [59]. Defects in BAP (SIL1), another regulator of UPR, can
also cause damage in cerebellar Purkinje cells [128, 129] and cerebral ataxia disease
[5, 103]. The Marinesco—Sjogren syndrome characterized by cerebellar ataxia is
associated with mutation in SIL1 gene [5, 103]. These reports suggest that dynamic
regulation of the UPR is needed for balance between proliferation and differentia-
tion in the cerebellum and other tissues [66].

CLCCl, a transmembrane protein in ER, was shown to play an important
role in maintenance of ER homeostasis in the young cerebellum. Mutation in
this gene results into few pyknotic granule cells in the 3-month-old cerebellum;
BIP upregulation and ubiquitin-positive inclusions were observed in these neu-
rons [53].

Conclusion

The role of apoptosis has been investigated in different aspects of development
including cerebellar development. Many important roles of apoptosis have been
identified in regulation of cerebellar development. Recently, autophagy and the
UPR, which are major cellular responses to intra- and extracellular stress, have been
shown to also play essential roles in regulation of cerebellar development. All of the
mechanisms described in this chapter are tightly interconnected and affect each
other. Therefore, future research should consider the regulation of different organ
development, including cerebellar development, focusing the regulatory effects of
apoptosis, autophagy, and UPR on this process based on their interconnected points.
Because apoptosis, autophagy, and the UPR are regulated based on mitochondria,
lysosomes, and ER functions, respectively, the future of cerebellar development
research will probably change to organelle-based investigations and their role in
development. Therefore, developing models that aim to use mis-functional organ-
elles including mitochondria, lysosomes, and the ER will be an asset to significantly
increase knowledge in the field of neurodevelopment.
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The Ubiquitin Proteasome System
and Cerebellar Developmental Disease

Jerry Vriend and Xiaodan Jiao

Abstract A variety of developmental diseases of the cerebellum are associated
with dysregulation of proteins regulated by the ubiquitin proteasome system (UPS).
Dysfunction of the UPS is observed in several types of spinocerebellar ataxias asso-
ciated with polyglutamine accumulation. Spinocerebellar ataxia type 3 is caused by
a genetic defect ion the Atxn3 gene, which codes for a deubiquitinase enzyme.
Defects in expression of a variety of ubiquitin ligases are associated with Friedreich’s
ataxia, ataxia-telangiectasia, and cerebellar hemangioblastoma. Mutations in a
number of genes for ubiquitin ligases are risk factors for autism. Subtypes of medul-
loblastoma are associated with specific defects in proteasome subunits and with
deficiencies in components of the APC/C ubiquitin ligase complex regulating the
cell cycle. Targeting various components of the UPS system may contribute to a
future therapeutic approach which restores protein homeostasis in various cerebel-
lar diseases.
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DUB  Deubiquitinase

E2 Ubiquitin-conjugating enzyme
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FXN Frataxin

HIF-1  Hypoxia-inducible factor 1
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Introduction

In this chapter, we will discuss cerebellar diseases from the perspective of the ubiq-
uitin proteasome system. In some of these diseases, the ubiquitin proteasome sys-
tem (UPS) plays a key role in the disease, while in others, the role of the ubiquitin
proteasome system, if any, is not clear. In at least three types of spinocerebellar
ataxias, the protein product of the gene associated with the disease is an E3 ubiqui-
tin ligase. We also discuss the role of the ubiquitin proteasome system in cerebellar
hemangioblastoma, in autism, and in medulloblastomas in terms of deficiencies of
the ubiquitin proteasome system.

The Ubiquitin Proteasome System

The stability of most cellular proteins is controlled by the rate of their degradation
through the proteasome, a catalytic chamber. Prior to degradation, the proteins are
tagged with the ubiquitin molecule via a series of enzymes, a ubiquitin-activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3) [1].
An additional enzyme, a deubiquitinase (Dub), functions to remove ubiquitin [2—4].
This provides a way of recycling ubiquitin. Deubiquitinases can also, together with
specific ubiquitin ligases, serve as on/off switch mechanism for rapidly controlling
proteins that are required for a short, or defined, period of time. The subunits and
assembly of the proteasome has recently been described in detail [5]. Herein, we
discuss the role of the ubiquitin proteasome system in various developmental
diseases of the cerebellum.



The Ubiquitin Proteasome System and Cerebellar Developmental Disease 181
Ataxia and Spinocerebellar Ataxia

Ataxia is a neurological condition in which lack of coordination of muscle groups
leads to abnormal gait. Such neurological conditions are often associated with
degeneration of parts of the cerebellum and degeneration of neuronal pathways
between the cerebellum and spinal cord; hence, they are called spinocerebellar
ataxias (SCAs). As genes for various SCAs were identified, they were sequentially
numbered. Currently there are over 40 subtypes of SCAs identified. SCA type 41,
for example, is associated with a mutation in the TRPC3 gene [6]. A mouse model
for this disease, the moonwalker mouse, has a mutation of this gene [7]. A number
of SCAs are associated with defects in the ubiquitin proteasome system. Tarlac and
Storey [8] have noted that proteasome components and ubiquitin are often found
co-localized with abnormal aggregates of proteins in neurons of SCA patients,
particularly those with polyglutamine diseases.

Spinocerebellar Ataxia Type 1 (SCAI)

SCAT1 is a polyglutamine disease [9]. It is associated with a CAG (cytosine-adenine-
guanine) repeat in the ataxin 1 gene (ATXNI) [10]. Loss of ATXNI function is
reported to contribute to the pathogenesis of SCA1 [11]. One protein to which the
ataxin 1 protein binds is ubiquilin 4 (aka ataxin-1 ubiquitin-like interacting protein,
A1UP) [12]. This protein also interacts with subunits of the proteasome, contribut-
ing to the mechanism by which misfolded proteins are degraded in this structure
[13]. The E3 ubiquitin ligase CHIP can ubiquitinate wild-type ataxin 1, as well as
its expanded polyQ form, and can protect against the toxicity of the expanded
ataxin-1 protein [14]. Enhancing CHIP activity has been proposed as therapy for
polyQ diseases [15].

In a mouse model of SCA1 gene expression in the cerebellum of the ATXNI,
polyQ mice were compared to that of wild type and to that of ATXN1 knockout
mice [11]. These investigators analyzed the genes altered in the strains of mice
by Kegg analysis. Two sets of genes were expressed in opposite directions in
ATXN1 knockout and ATN1 knockin mice, genes that could provide information
concerning the mechanism of SCA1 pathogenesis. The two sets of genes, accord-
ing to the Kegg analysis, were a group including three genes of the TCA cycle
and a second group of five genes associated with the ubiquitin-mediated prote-
olysis (see their supplemental Table 2). The five ubiquitin ligase genes in this
table were ANAPC2, UBE20, UBE3B, WWP2, and MID1 (aka Trim18). It
should be noted that WWP2 is also known as atrophin-interacting protein 2
(AIP2), (see below). Mutation of TRIM18 may result in a variety of genetic
defects, including the Dandy-Walker malformation [16] and, in some patients,
agenesis of the cerebellar vermis [17].
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Spinocerebellar Ataxia Type 2 (SCA2)

SCAZ2 is another polyglutamine disease. It is caused by a mutation in the ATXN2
gene [18, 19]. Mutation of this gene can also result in a Parkinson-like syndrome, as
well as in amyotrophic lateral sclerosis [20]. Although the ubiquitin and ubiquitin-
like conjugation database (UUCO) classifies the ATXN?2 protein as an E3 ligase of
the ring family, most publications on SCA2 have not noted this.

Spinocerebellar Ataxia Type 3 (SCA3)/Machado-Joseph Disease
and Ataxin 3

Machado-Joseph disease (MJD), although rare, is one of the most common of the
spinocerebellar diseases. It was named after two individuals in which it was first
described [21]. MJD is also referred to as spinocerebellar ataxia type 3 (SCA3);
however, early investigators distinguished the two [22]. It is a progressive neurode-
generative disease leading to paralysis and death [23]. In addition to ataxia, the
symptoms of this disease included memory deficits, dysarthria, alterations in sac-
cadic eye movements, and dysphagia [24]. There is no current cure for this disease.
SCA3/MID, an autosomal dominant disease, is associated with a genetic abnormal-
ity (CAG trinucleotide repeats) of the ATXN3 (ataxin 3) gene [25-28], a gene
located on chromosome 14 (at 14q32.12). The Axxn3 gene codes for the protein
ataxin 3. In SCA3/MJD, ataxin 3 accumulates in neurons as the disease progresses
[29]. SCA3/MID is one of a number of polyglutamine (polyQ, caused by expanded
cytosine-adenine-guanine (CAG) repeats) neurodegenerative diseases associated
with protein aggregates in neurons [30, 31]. The components of the ataxin-3 protein,
including the polyQ region have been described and illustrated by Matos et al. [28].

Ataxin 3 has been identified as a deubiquitinase enzyme [28]. It has several ubiq-
uitin interacting regions which account for its binding to polyubiquitinated protein
chains [28]. Riess et al. [27] have illustrated a model of the normal function of
ataxin 3. In this model, ataxin 3 facilitates the transport of ubiquitinated proteins to
the proteasome for degradation. In SCA3/MJD, ubiquitinated proteins accumulate
and proteasome activity is inhibited [32]. There is some data suggesting that in end-
stage SCA3/MID, there is a defect preventing assembly of the two major compo-
nents of the proteasome, the proteolytic component and the regulatory component
[33]. The presence of ubiquitin in neuronal inclusions in polyQ diseases has been
taken as evidence for a role of the ubiquitin proteasome system in the pathogenesis
of these disorders [32].

Ataxin 3 functions as a polyubiquitin-editing enzyme rather than simply as an
enzyme which completely deubiquitinates its substrate [28, 34, 35]. According to
Windborn et al., it binds to both Lys [36] and Lys [37] ubiquitin linkages but pref-
erentially cleaves Lys [37] linkages [35].

In SCA3/MID, the soluble polyglutamine proteins are toxic [28] and probably
interfere with the normal function of ataxin 3 as a deubiquitinase. Ataxin 3 has been
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shown to interact with several ubiquitin ligases including CHIP and Parkin [28, 38].
It regulates the activity of these ligases by removing ubiquitin from them. It has
been suggested that the activity of Ataxin 3 is itself enhanced by ubiquitination [39,
40]. Its cellular role has been related to protein quality control [40]. Chai et al. [41]
showed that the proteasome suppresses polyglutamine aggregation in neurons of
SCA3/MID patients and suggested that the ubiquitin proteasome pathway has a key
role in polyglutamine diseases including SCA3/MJD. However, data on the precise
role of the proteasome, or its subunits, in SCA3/MJD is lacking. Rat and mouse
models of SCA3/MJD have been developed [42, 43]. These models will contribute
to determining the role of ataxin 3 and its polyglutamine form in development and
treatment of SCA3/MJD.

Spinocerebellar Ataxia 5 (SCAS)

Mutations in the SPTBN2 gene reportedly cause SCAS [44]. This gene codes for
one of the spectrin proteins, B-III-spectrin. Spectrin is an F-actin crosslinking pro-
tein composed of two chains, alpha and beta, making up a helix. It has a mechanical
role in maintaining the shape of the cell but is also involved in cell signaling [45].
The alpha chain is reported to have E2 ubiquitin conjugase activity as well as E3
ubiquitin ligase activity [46—48]. The role of the alpha chain E2/E3 activity in the
development of SCAS has not been studied.

Spinocerebellar Ataxia 6 (SCAG6)

SCAG is arare cerebellar ataxia with additional oculomotor symptoms. Both SCA6,
which is progressive, and an episodic non-progressive ataxia, subtype 2 (see below),
are associated with a mutation in the calcium channel subunit gene, CACNAIA.
SCAG is another polyglutamine disease caused by CAG repeats in the gene [49].
CACNAI1A, also known as SCAG, is associated with the E3 ubiquitin ligase BCL6
[36]. This association is not well characterized.

Spinocerebellar Ataxia 7 (SCA7)

SCA7 is another disease caused by CAG nucleotide repeats. It is caused by a muta-
tion in a gene on Chromosome 3, Atxn7. It is a progressive disease that results in
ataxia and blindness. The ataxin-7 protein is part of a protein complex, the SAGA
complex that acts as a DUB which regulates transcription of a number of genes [50, 51].
The DUB protein which contributes to this complex is USP22 [52]. The polygluta-
mine expansion of the ataxin-7 protein apparently interferes with the function of the
USP22 as a gene silencer [52, 53].
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Spinocerebellar Ataxia 8 (SCAS)

SCAS is associated with a trinucleotide repeat expansion in the two overlapping
genes, ATXNS and ATXNSOS [54]. The latter codes for an antisense RNA for the
ubiquitin ligase KLHL1 [55]. Both genes are highly expressed in the cerebellum
and other brain tissues.

Spinocerebellar Ataxia 15 (SCA1S5)

SCAL1S5 is a cerebellar ataxia in which atrophy of parts of the vermis is reported [56].
Mutations of the IPTR1 gene are associated with this disorder. Mutations of this
gene are associated with abnormal regulation of calcium release by calmodulin and
UBR4 (aka p600), a ubiquitin E3 ligase [57]. Mutations of UBR4 are associated
with at least one subtype of episodic ataxias (see below).

Spinocerebellar Ataxia 17 (SCA17)

Scal7 is caused by a mutation in the gene (7BP) for the Tata-box-binding protein.
In a model of Sermwittayawong and Tan [58], the SAGA complex interacts with
TBP to regulate transcription. These investigators, however, did not discuss the deu-
biquitinase activity of the SAGA complex in their model. If deubiquitinase activity
is generally associated with the SAGA complex, as suggested by others [59, 60], it
may also be important in regulating TBP in the cerebellum.

Spinocerebellar Ataxia Type 19 (SCA19) and Type 22 (SCA22)

SCA19 and SCA22 have been associated with mutations in gene for a potassium
channel component, KCND3 [61]. This protein has been classified as an E3 ubiqui-
tin ligase of the BTB family in a supplemental table of a recent publication [62].

CHIP and Gordon Holmes Syndrome

It has been shown that mutations in the Stubl gene, which codes for the ubiquitin
ligase CHIP, are associated with a number of autosomal recessive cerebellar ataxias
[37, 63]. In Gordon Holmes Syndrome (ataxia associated with hypogonadism),
mutation in the Stubl gene and loss of CHIP has been identified as the probable
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cause of this disorder [64]. Ronnebaum et al. [65] concluded that CHIP is required
for maintenance of normal cerebellar function.

Dentatorubropallidoluysian Atrophy

Dentatorubropallidoluysian atrophy (DRPLA) is another autosomal dominant neu-
rodegenerative disease associated with cerebellar ataxia [66, 67]. It is also referred
to Naito-Oyanagi disease [68]. Like SCA3/MID, it is a genetic abnormality with
trinucleotide repeats and polyglutamine proteins [69-71]. In DRPLA, there is an
abnormality of the atrophin-1 gene (Am/), expansion of a CAG repeat [72]. The
abnormal form of the atrophin-1 protein accumulates in the brains of DRPLA
patients [72].

Several atrophin-interacting proteins including AIP1, AIP2, AIP3, AIP4, and
AIPS have been identified [73]. Three of them are E3 ubiquitin ligases. AIP2 is also
known as WWP2 (WW domain containing protein ligase 2). AIP4 has been identi-
fied as a ubiquitin ligase homologous to the mouse E3 ligase Itch [74]. Among the
substrates of this E3 ligase are the proteins Notch [75] and JunB [76]. AIPS is also
known as WWP1 (WW domain containing protein ligase 1). AIP1 and AIP3 have
not been described as E3 ligases. They are membrane-bound proteins with guanyl-
ate kinase-like regions [73].

Friedreich’s Ataxia and Ubiquitin-Competing Molecules

Friedreich’s ataxia (FRDA) is a hereditary protein disease. It is inherited as an auto-
somal recessive disease that initially presents itself in symptoms of gait disturbance
and lack of coordination. FRDA is a disease that progressively impairs the muscular
system. Other systems involved may include vision, hearing, speech, carbohydrate
metabolism, and cardiac disorders. The pathology of FRDA has been reviewed by
Koeppen AH 2011 [77]. FRDA results from failed transcription of the frataxin
(FXN) gene [78, 79]. Gene silencing may contribute to this failure in transcription
[77]. A deficiency in the FXN protein leads to the degenerative conditions charac-
teristic of FRDA [80]. FXN has been located to the mitochondrial matrix. It is
thought to play a significant role in maintaining adequate levels of iron in mitochon-
dria [81].

Currently, there is no effective treatment for FRDA. However the FRDA pheno-
type, in an in vitro mouse model, was partially reversed, using viral vectors encod-
ing for the FXN gene [82]. This model provided an incentive to use this approach in
humans. In humans, efforts have been made to reactivate the FXN gene using nico-
tinamide [83]. Underlying this research effort is the view that epigenetic regulation
of the FXN gene is possible.
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Another approach to increasing FXN is to manipulate its degradation. FXN is a
protein that is degraded by the ubiquitin proteasome system [84]. Theoretically,
proteasome inhibitors could be used to increase tissue concentrations of
FXN. However this approach is limited to those inhibitors that cross the blood brain
barrier. Another limitation is that proteasome inhibitors are not specific enough.
Rufini and colleagues have identified and tested a series of lead compounds capable
of interfering with FXN ubiquitination and degradation [84]. Recently, they found
that small molecules which bind to FXN compete with ubiquitin for binding to FXN
(at a specific site on the molecule, lysine 147) and lead to accumulation of FXN
[85]. They named these molecules ubiquitin-competing molecules. Their results
provided a rationale for a therapeutic use of ubiquitin-competing molecules in
FRDA disease.

Episodic Ataxia and Ubiquitin Ligases

There are currently eight separate clinically recognized episodic ataxias (EA)
[86]. In one form of EA, subtype 8, the UBR4 (ubiquitin protein ligase E3 com-
ponent N-recognin 4) gene on chromosome 1 was reported as the likely source
of genetic variations causing this ataxia [57]. UBR4 (aka p600) is a ubiquitin E3
ligase [87, 88] that interacts with calmodulin, a calcium-binding protein. UBR4
also binds to ITPR1 (inositol trisphosphate receptor isoform 1), which regulates
calcium release from the endoplasmic reticulum [57]. Conroy et al. [57]
suggested the hypothesis that interference with normal binding of calmodulin
and/or ITPR1 to UBR4 resulted in a dysfunctional calcium-sensing system leading
to ataxia.

One of the most common types of EA (subtype 1) is reportedly caused by varia-
tions in a gene KCNA I, which codes for a potassium channel protein [§9]. KCNAI
has been recently identified as having E3 ubiquitin ligase activity [62] (see supple-
mental Table 4 in this reference). As noted above, EA subtype 2 is caused by
mutation in the calcium channel subunit gene, CACNAIA.

Ataxia Telangiectasia (AT) and the ATM Protein

Ataxia telangiectasia (AT), also known as Louis-Bar’s syndrome [90] is an autoso-
mal recessive disorder that results in various clinical symptoms including progres-
sive ataxia. AT patients have a defect in a gene associated with the repair response
to double-strand DNA breaks resulting from oxidative stress [91]. The ATM (ataxia
telangiectasia mutated) protein, a serine-threonine protein kinase, phosphorylates
several enzymes necessary for activation of the DNA damage checkpoint and repair
response after double-strand DNA breaks [92].
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Other proteins involved in ATM activation include the ubiquitin ligases RNF8
(ring finger 8) and CHFR (checkpoint with forkhead and ring finger domains) [93].
Via phosphorylation, ATM can activate or inactivate many different proteins. Its
effect on the ubiquitin proteasome system during activation of the response to
double-strand DNA breaks has been described by Shiloh and Ziv [93] as having
several phases: (1) recruitment of ATM to the site of double-strand breaks (partially
mediated by the E3 ubiquitin ligase SKP2), (2) a kinase cascade stimulating the
phosphorylation of many proteins including other kinases, (3) recruitment of pro-
teasomes to the site of DNA damage [94], (4) modulation of ubiquitin ligases and
DUBs (deubiquitinases) by phosphorylation, and (5) phosphorylation of substrates
of E3 ligases preparing them for ubiquitination. Thus E3 ligases control the stability
of proteins such as p53 and NFkB. Among the E3 ligases listed by Shiloh and Ziv
as influenced by ATM include Copl (aka RFWD2), MDM2, MDMX, and SIAH1.
The deubiquitinase USP10 is also phosphorylated by ATM. Thus it can be safely
concluded that the ubiquitin proteasome system plays an important role in the ATM
response. Eventually this information may be used to design therapeutic molecules
that can be used in the management of AT.

Cerebellar Hemangioblastoma and the von Hippel-Lindau
Protein

Hemangioblastomas of the cerebellum are frequently associated with von Hippel-
Lindau (VHL) disease [95, 96]. In this disease, there is a deficiency in the gene for
the VHL tumor suppressor protein and overexpression of VEGF (vascular endothe-
lial growth factor) [96]. Hemangioblastomas probably originate from hemangio-
blast progenitor cells [97].

The molecular mechanisms by which loss of the VHL gene or VHL protein leads
to susceptibility to hemangioblastoma has been described [98]. The VHL protein
has been shown to be a ubiquitin ligase [99]. One of its substrates is the transcription
factor HIF-1a [100], a transcription factor for a number of proteins including VEGF
[101]. Under normal conditions (normoxia), HIF-1a is ubiquitinated by VHL and
degraded by the proteasome [102].

Autism-Associated Genes

The development of the cerebellum has been shown to differ in autistic patients
compared to controls [103]. MRI studies showed hypoplasia of the cerebellum in
autistic patients [104]. Postmortem studies showed significantly decreased numbers
of Purkinje neurons in the cerebellum of patients with autism spectrum disorders
(ASD) [103]. Among the genes associated with ASD is the gene for the ubiquitin
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ligase UBE3A [105]. It was reported as upregulated in cells from individuals with
autism [106]. The UBE3A gene is better known as the gene which when deficient
causes Angelman syndrome [107]. It is a maternally expressed gene. The protein
encoded by this gene is the E6-AP protein [108]. It is named for its association with
the papillomavirus protein E6.

Recently Louros and Osterweil [105] have noted that mutations in a number of
genes of the ubiquitin proteasome system have been identified as risk factors for
ASD. In addition to UBE3A, ten other ubiquitin ligases were documented as risk
factors for ASD (UBE3B, UBE3C, PARK?2, FBX040, RFWD?2, Cullin 3, Cullin 7,
HECW?2, HERC2, and HUWE) in this review. The genes coding three deubiquitin-
ases (USPIY, USP45, and USP7) and the gene for the proteasome subunit PSMD10
were also listed as risk factors. The authors point out that these data provide strong
evidence for dysregulation of protein degradation in ASD. The number of ubiquitin
proteasome proteins listed as risk factors may reflect the heterogeneity of the ASD
diseases.

Medulloblastoma and Ubiquitin Proteasome Components

Medulloblastoma, described as a malignancy of the cerebellum, actually describes
a group of heterogeneous tumors, differing in histology, genetic expression, clinical
outcome, and response to treatment. A consensus classification, however, was
reported in 2012 [109]. In this classification, four major subtypes of medulloblas-
toma were recognized, the WNT group, the SHH group, and two additional groups
simply referred to as groups 3 and 4. In 2015, we suggested the possibility of clas-
sification of MBs according to their expression of ubiquitin ligases [110]. In support
of this view are supplemental data of Thompson et al. [111] showing differential
expression of at least 50 ubiquitin ligases among the various subtypes of MB. Since
the Thompson data were reported before 2012, these investigators recognized five
subgroups of MB rather than the four subgroups of the consensus classification. In
arecent review [112], we identified these E3 ligases and indicate whether they were
significantly upregulated or downregulated in the various subgroups of the
Thompson supplementary dataset. We also noted differential expression of 12 deu-
biquitinases among the various subtypes of MB in the Thompson dataset. Since the
publication of our review, we noted that expression of the gene UBE3A, also an E3
ligase, was also differentially expressed among some of the Thompson MB sub-
groups. We have noted above that the UBE3A gene is associated with Angelman
syndrome and autism as well. Thus, in addition, this ubiquitin E3 ligase could be
useful as a marker gene for a subtype of MB, the Thompson Group E MB (equiva-
lent to MB consensus subtype 3). We noted above that the UBE3A gene codes for a
protein, E6-AP. On further examination of the Thompson dataset, we note that sev-
eral ubiquitin-conjugating enzymes are differently expressed among the various
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Table 1 Ubiquitin-conjugating enzymes in MD groups of Thompson et al.
Gene Location Group A Group B Group C Group D Group E
UBE2B 5q31.1 Up Down Down
UBE2C 20q13.12 Down Up
UBE2D2 5q31.2 Down Up
UBE2E1 3p24.2 Down
UBE2N 12922 Up Down
UBE2V1 20q13.3 Down Down Up Up
UBE3A 15q11.2 Up Down
UBE2K 4pl4 Up Down

MB subtypes. In Table 1 below, we list the ubiquitin conjugases that were signifi-
cantly upregulated or downregulated in the Thompson dataset compared to the other
MB groups. Thus E2 conjugases and E3 ligases and deubiquitinases could all be
useful as marker genes for the various subtypes of MB.

Another remarkable feature of the Thompson dataset [111] is that it shows dif-
ferential expression of genes for proteasome subunits among the different subtypes
of MB. The Wnt subgroup showed significant depression of expression of the
PSMBI gene; the SHH subgroup of MBs showed significant depression of expres-
sion of seven separate genes for proteasome subunits; the Thompson dataset also
showed that their Group A MBs had significantly increased expression of genes for
13 separate proteasome subunits, including the genes for two catalytic subunits. The
genes for eight subunits of the proteasome, including two catalytic subunits, were
significantly decreased in their group C tumors. The final group of Thompson MBs,
group E, also showed significant variations in several proteasome subunits. This
was illustrated in the review of Vriend and Marzban [112] and reproduced as Fig. 1
(by permission). These results showed that genes for proteasome subunits are ““sig-
nature” genes for subtypes of MBs and raise the possibility of targeting proteasome
subunits therapeutically.

One ubiquitin ligase complex suggested in a therapeutic context for MB is casein
kinase 1 delta, a substrate of the APC/C (anaphase-promoting complex/cyclosome)
complex [113]. The APC/C ubiquitin ligase is an important regulator of mitosis.
Among the factors that regulate its activity is the human cytomegalovirus [114].
Many medulloblastomas are reportedly infected with this virus [115, 116]. Although
a causative relationship between cytomegalovirus and MBs has not been defini-
tively established, Baryawno et al. [116] have suggested an important role for this
virus in the development of MB. This virus may be more significant in subgroups of
MBs in which the activity of the APC/C ubiquitin ligase complex is impaired than
in MBs in which this complex is fully functional. Further investigation on the
interaction of viruses and ubiquitin ligases may provide information leading to new
therapeutic approaches for several cerebellar diseases.
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Prospective Expectations

Various developmental diseases of the cerebellum are associated with abnormal
protein regulation [8]. It is becoming clear that a dysfunctional UPS has a key role
in many of these disorders. As subsequent research identifies the specific compo-
nents of the UPS that are dysfunctional, the opportunities arise to target these con-
stituents therapeutically. Inhibitors of ubiquitin ligases and ubiquitin conjugases, as
well as inhibitors of deubiquitinases, may all be therapeutically significant in the
treatment of some of these diseases. In cases in which disease is associated with
proteasome dysfunction, proteasome inhibitors or proteasome stimulating proteins
may be clinically practical.
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Epigenetics and Cerebellar
Neurodevelopmental Disorders

Mojgan Rastegar

Abstract Epigenetic mechanisms regulate cellular identity and organ morphology
via controlling the gene expression program of specific cell types. Such mecha-
nisms are not directly controlled by genomic DNA sequences and can be largely
influenced by environmental factors. Epigenetic mechanisms include modification
of DNA and DNA-bound proteins (histones), action of large and short regulatory
RNA molecules, cross talk between DNA and histone marks, nucleosome position-
ing, chromatin removdeling, enhancer-promoter interactions, as well as three-
dimensional chromatin structure that is in part controlled by global regulators and
insulator proteins. Research on epigenetic mechanisms is an emerging hot topic
today that may very well be due to the potential reversibility of epigenetic marks.
Such characteristics of epigenetic modifications have brought them into the front
row of research for cutting-edge therapeutic strategies. The challenge would be of
course the very large number of genes that will be targeted by most epigenetic drugs
that are capable of global modulation of epigenetic marks and a purposeful manage-
ment of selectively targeting disease-associated genes in balance with global effects
of these drugs.

Like all parts of our body, development of the central nervous system and the
brain is regulated through epigenetic mechanisms. It is not of surprise that deregula-
tion of epigenetic modifications may lead to human disease and neurodevelopmen-
tal disorders. In this book chapter, I will focus on main epigenetic mechanisms that
control the brain and cerebellum development. I will then discuss some of the com-
mon neurodevelopmental disorders that have proven epigenetic components that
provide important insight toward the future research on epigenetics and cerebellar
neurodevelopmental disorders.
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Introduction

Genetic material of eukaryotic cells exists as double-stranded DNA molecules
packed around an octamer group of DNA-bound proteins (histones), making up the
core structure of “nucleosomes” known as the fundamental units of the “chromatin”
structure. The term chromatin was first described by Flemming and Zelltheilung in
1882, as they referred chromatin to the “densely stained nuclear DNA” [1]. At the
time, the basic structural organization of DNA molecules was unknown, and it was
not until seven decades later and in 1953, when Watson and Crick discovered the
double helix DNA structure [2]. “Epigenetics” is yet another term that was described
by Conrad Waddington in 1942, also prior to the discovery of DNA structure.
Waddington referred to “epigenetics” as the “casual interactions between genes and
their products which bring the phenotype into being” [3]. Since then, our knowledge
on epigenetic regulatory mechanisms and the associated epigenetic molecular mod-
ifications has grown substantially with an impressive >52,000 research and review
articles in this area of research thus far.

In this book chapter, I will describe three major epigenetic mechanisms that include
DNA methylation, histone post-translational (PTM) modifications, and regulatory
RNA molecules. I will discuss the main epigenetic players in establishing the “epigen-
etic code” that include “writers,” “readers,” and “eraser”” of DNA methylation and his-
tone post-translational modifications, with limited discussion of the cross talk between
these two types of epigenetic modifications. I will briefly overview other types of epi-
genetic mechanisms such as unidirectional chromatin remodeling and bivalent marks
at the developmentally important Hox genes. Lastly, I will discuss some examples of
neurological brain disorders with an epigenetic or epigenetic-genetic basis that will
provide some thoughts on the future direction of this line of research.

Epigenetics

In 1942, Conrad Waddington used the word “epigenetics” in an attempt to explain
how during development the “genotype” of an organism directs its individual cell
morphology throughout life and dictates its “phenotype” [3]. The term “epigenetics”
is primarily rooted from the Greek word of “epi,” meaning “above” or “on” the
“genetics.” In general, epigenetic control begins as early as the life begins, instruct-
ing the cellular fate commitment from the very first cellular cleavage, and continues
through embryonic development, and after birth during infancy, childhood, adult-
hood, and throughout life [4]. By regulating the gene expression program of indi-
vidual cells, epigenetic information determine and dictate the readout of the genetic
material, so that despite sharing the same genomic DNA in all somatic cells, distinct
morphologies, identities, and functions of different cell types of our body are estab-
lished [5]. It is of significant importance that such mechanisms are greatly impacted
by environmental factors, one example being the negative influence of maternal
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in utero exposure to alcohol during embryonic development that causes neurological
disorders, and mal-nutrition or stress after birth with negative impact in the body and
the brain. Accordingly, the environmental factors are capable of manipulating and
re-organizing the composition of epigenetic marks on DNA molecules leading to a
different outcome in cellular gene expression program exhibiting neurological con-
sequences, i.e., fetal alcohol spectrum disorders (FASD) in the case of maternal alco-
hol exposure. While we cannot deny a possible contribution of genetic susceptibility
for FASD, without maternal exposure of a developing embryo to alcohol, there will
not be any FASD development in a child. Collectively, this will highlight the involve-
ment of environmental factors in human disease and neurological disorders.

DNA Methylation

Perhaps the very the first evidence of epigenetic modifications goes back to 1963,
when DNA and RNA methylation was primarily noticed [6]. However, the discov-
ery of eukaryotic DNA methylation happened 14 years later and through the
research of Razin and Cedar in 1977 [7]. Today, there are over 57,000 published
original research and review articles on DNA methylation, capturing the impact of
these discoveries over the last four to five decades. As research progresses, new
technologies are developed for genome-wide DNA methylation studies, and new
terms are introduced in this field that refer to different types of global studies. These
terms include “methylome” that captures all different types of genomic DNA modi-
fications, “methylomics” that refers to studies aiming to characterize the cross talk
of “histone code” and DNA methylation, and lastly “gethylome/gethylomics™ that
connects “methylome/methylomics” to “genome/genomics” [8—10]. Research by
independent groups has highlighted the biological importance of DNA methylation
during embryonic development, X-chromosome inactivation, genomic imprinting,
regulation of gene expression, alternative splicing, and stem cell differentiation,
among other regulatory mechanisms [11]. As expected, deregulation of these epi-
genetic mechanisms and/or mutation in the components of epigenetic machinery
may lead to human disease, cancer, and neurological disorders.

Chemically, DNA methylation is characterized by the covalent binding of a
methyl group (CH3) to the fifth carbon of a cytosine nucleotide that is usually in the
order of “CpG” dinucleotides and is called 5-methylcytosine (5-mC) (Fig. 1). The
5-mC modification is known as the fifth base of genomic DNA and is commonly
associated with gene inactivation. Recent studies have further discovered the impor-
tance of yet a new form of “non-CpG” methylation in the context of “CpH” meth-
ylation, where H can be either A, C, or T [8, 13]. The CpH methylation is relatively
abundant in the brain and in neurons, but still much below the rate that CpG meth-
ylation occurs, such as in adult mice brain neurons, the ratio of CpG methylation is
about ~75%, while CpH methylation is ~25% [14].

In 2009, independent research groups reported a new type of DNA methylation
known as 5-hydroxymethylcytosine (5-hmC) [15, 16], which is now referred to as
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Fig. 1 The basic structure of a nucleosome, different types of DNA methylation, and diverse forms
of histone post-translational modifications (PTM) are shown. The histone octamer of 2x H2A-H2B,
two molecules of histone H3, and two molecules of histone H4 are shown with the double-stranded
DNA molecules and histone H1 that connects the adjacent nucleosomes. Different types of histone
PTM are shown, along with the DNA methylation at the CpG dinucleotides. At the top, the formation
of different types of DNA methylation through the action of DNMT and TET proteins is also shown
(Figure is adapted, updated, and modified from Rastegar and Barber 2010 [12])

the sixth base of the genome [17, 18]. The newly identified 5-hmC is highly enriched
in embryonic stem cells and Purkinje cells of the cerebellum [15, 16]. Unlike 5-mC,
this new form of DNA methylation (5-hmC) is considered to be a hallmark of active
genes due to its association with active promoters and presence at the enhancers and
genomic sequences of actively transcribed genes downstream of the transcription
initiation site(s) [19]. Continued research in this field has led to the discovery of yet
other new forms of DNA methylation produced by further oxidization of 5-hmC to
5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Fig. 1), but our current
knowledge about their functional role is limited [20].
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DNA Methyl Writers

Members of DNA methyltransferase (DNMT) family are responsible for the
deposition of methyl CH3 modification on cytosine nucleotides to establish the
formation of 5-mC DNA methylation mark. In mammals, maintenance of 5-mC
DNA methylation during replication is the result of DNMT1 enzymatic activity,
while DNMT3A and DNMT3B carry out de novo DNA methylation [21].
DNMT3A and DNMTS3B establish the primary framework of CpG DNA methyla-
tion [22, 23], without favoring the hemimethylated versus unmethylated DNA. The
third member of this group is called DNMT?3-like protein (DNMT3L) and is con-
sidered to be an enzymatically inactive member [23]. In mice, transgenic Dnmt]
deficiency causes widespread genomic DNA demethylation that leads to embry-
onic lethality rapidly after gastrulation and during early embryonic development
[24]. Similar to DNMT1, both DNMT3A and DNMT3B are essential for proper
embryonic development and survival beyond birth. Accordingly, Dnmit3B-
deficiency in mice leads to embryonic lethality, while Dnmt3A knockout mice
complete the embryonic development program. However, Dnmt3A-deficient mice
die shortly after birth, further highlighting the biological importance of DNA
methylation [25]. In contrast to these two members of DNMT3 group, mice with
Dnmt3L-deficiency survive till adulthood, despite the fact that male knockout
mice are infertile as their sperms do not mature [26].

In humans, DNMT1 mutation is associated with neurodegenerative disorders that
are autosomal dominant, namely, the “hereditary sensory and autonomic neuropa-
thy with dementia and hearing loss type 1E (HSNI1E)” and “autosomal dominant
cerebellar ataxia with deafness and narcolepsy (ADCA-DN)” [27, 28]. DNMT3A
mutation is associated with overgrowth disorders [29], and DNMT3B mutations are
connected to ICF (Immunodeficiency, Centromere instability, Facial abnormalities)
Syndrome that is a rare autosomal disease [30].

DNA Methyl Readers and MeCP2

Once 5-mC DNA methylation is established, this epigenetic modification is recog-
nized, being bound to, and interpreted by the family members of the methyl-binding
proteins (MBP). MBP family members consist of MBP1, MBP2, MBP3, MBP4,
methyl CpG-binding protein 2 (MeCP2), and Kaiso family proteins. Perhaps the
most-studied MBP member is MeCP2, which is also the prototype member of this
group discovered by Adrian Bird and his team in 1992 [31].

By binding to 5-mC, MeCP2 represses its downstream target genes via multiple
mechanisms [32]. The 5-mC commonly marks inactive genes, critically important
for transcriptional silencing, imprinting, X-chromosome inactivation, genomic sta-
bility, embryonic development, and proper function of the brain [5, 33]. In vivo
studies in mouse brain show that MeCP2 specifically binds to 5-mC at the genes that
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carry DNA methylation [34]. In vitro DNA-protein binding assays show that MeCP2
preferentially binds to methylated DNA and has low affinity for unmodified
DNA. The high-affinity binding of MeCP2 to 5-mC requires MeCP2 N-terminus
regions and its methyl-binding domain (MBD) [35]. MeCP2 DNA-binding activi-
ties are essential for the proper chromatin structure formation in neurons, where the
protein is exceptionally abundant [32]. It is suggested that in neurons, MeCP2 may
act more as a global governor of chromatin architecture rather than being a site-
specific gene regulator [34]. However, in the absence of MeCP2, a few critical target
genes (such as Bdnf) are always and specifically altered in a cell-type and brain
region-specific manner [36-38], highlighting the role of MeCP2 also as a target-
specific transcriptional regulator.

Adding a new layer of complexity to MeCP2 function is the discovery of MeCP2
being capable of binding to 5-hmC in the brain. As stated earlier, the 5-hmC is an
abundant DNA modification in the brain and is suggested to mark active genes [39].
This is in direct contrast to 5-mC that usually marks repressed and inactive genes [5].
MeCP2 binding to both 5-mC and 5-hmC is important for its proper function and is
mainly mediated through its MBD. Within the MBD mutations, MeCP2 R133C
mutation only loses the binding to 5-hmC and not 5-mC; however MeCP2 D121G
mutation only inhibits its 5-mC-binding without affecting MeCP2 binding to 5-hmC
[39]. In addition to be a transcriptional repressor, MeCP2 is also reported to act as an
activator of transcription [40]. Accordingly, it is suggested that MeCP2 acts as a
repressor when bound to 5-mC and as an activator when bound to 5-hmC [39].

MeCP2 DNA-binding activities might be more complex than originally thought,
due to the presence of two MeCP2 variants (isoforms) that may not be fully redun-
dant in their DNA-binding activities and functional properties. In both mice and
humans, Mecp2/MECP2 gene creates two protein isoforms, MeCP2EI (also named
MeCP2B or MeCP2a) and MeCP2E2 (also named MeCP2A or MeCP2f) with
unique N-terminal sequences. These isoforms are produced through alternative
splicing of the second exon [41]. In the brain, distinct transcript expression patterns
are detected for individual isoforms [42], with MECP2E] displaying 10x higher
expression. The difference at the N-terminal sequences of MeCP2 isoforms is rather
short, with 21 amino acids exclusive to MeCP2E1 encoded by exon 1, and nine
amino acids only present in MeCP2E2 encoded by exon 2. The regulation and func-
tional properties of the two MeCP2 isoforms have been the subject of my research
over the last decade. By generating isoform-specific antibodies, my lab reported that
MeCP2El is the major protein isoform in the brain with significantly higher expres-
sion in neurons compared to astrocytes [43]. While we reported that MeCP2E1 is
highly expressed in seven different brain regions that we studied, MeCP2E2 showed
a brain region-specific expression pattern with the highest levels of expression in the
cerebellum, highlighting the functional importance of MeCP2 isoforms in the cer-
ebellum [44]. We reported that during differentiation of embryonic brain-derived
neural stem cells, Mecp2/MeCP2 expression is controlled by DNA methylation,
with a reciprocal expression pattern for the two isoforms [45, 46]. Importantly,
significant correlations exist bet