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ABSTRACT

The cerebellum has a simple cytoarchitecture consisting of a folded
cortex with three cell layers that surrounds a nuclear structure housing
the output neurons. The excitatory neurons are generated from a
unique progenitor zone, the rhombic lip, whereas the inhibitory
neurons and astrocytes are generated from the ventricular zone. The
growth phase of the cerebellum is driven by lineage-restricted
progenitor populations derived from each zone. Research during
the past decade has uncovered the importance of cell-to-cell
communication between the lineages through largely unknown
signaling mechanisms for regulating the scaling of cell numbers
and cell plasticity during mouse development and following injury in
the neonatal (P0-P14) cerebellum. This Review focuses on how the
interplay between cell types is key to morphogenesis, production of
robust neural circuits and replenishment of cells after injury, and ends
with a discussion of the implications of the greater complexity of the
human cerebellar progenitor zones for development and disease.
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Introduction
The mammalian brain is the most complex organ in the body. It has
a vast number of functionally distinct cell types and a complex
morphology. Importantly, it is made up of dozens of regions with
unique cytoarchitectures that are organized on a local scale for
specialized circuit functions but also connect with other regions of
the brain to enable the execution of higher-order behaviors through
the combined actions of many discrete circuits (Fig. 1A,B). Most
brain regions either have a layered (laminar) cytoarchitecture, where
different neuron types form distinct layers (e.g. cerebral cortex), or a
nuclear structure, where several neuron types group together in a
sphere-like structure (e.g. ventral forebrain and midbrain). Layered
structures enable greater expansion of the number of cells than
nuclear structures through folding of the layer into a compact region
(Rakic and Sidman, 1970). The cerebellum, derived from the
evolutionarily oldest part of the brain (hindbrain) is an excellent
example of how cells within and between brain regions connect. It
receives inputs (via axons) from neurons situated throughout the
brain and spinal cord and in turn the cerebellum projects back to
most regions of the brain and spinal cord (Fig. 1B) (Caligiore et al.,

2017). Furthermore, the cerebellum has several subareas that are
interconnected. The cerebellum is best known for controlling motor
behaviors and balance, but because it connects directly or indirectly
through an intermediate neuron with all regions of the nervous
system it likely influences all behaviors (Hatten, 2020; Kebschull
et al., 2020; Marek et al., 2018; Pisano et al., 2021; Schmahmann,
2019). Indeed, damage to the cerebellum around birth is the second
highest risk factor for autism spectrum disorders (Wang et al.,
2014). Furthermore, the cerebellum contains 80% of the neurons
in the human brain (Azevedo et al., 2009), although it is smaller
than the cerebral cortex because the granule cells (GCs) are not
myelinated by oligodendrocytes (Leto et al., 2016). Thus, principles
of proper cerebellar circuit formation likely have implications for
development throughout the brain.

In this Review,we provide a comprehensive summaryof cerebellum
development and repair processes, considering the importance of
interactions between different cell lineages in directing the formation
of functional circuits, morphogenesis and replenishment of cells
following injury. We first introduce the different cell types and
lineages. We then describe when and from where they are generated in
mice and summarize the array of genetic tools and genomics datasets
(Box 1) available for studying cerebellar development.We also explain
how cells from different lineages interact with each other to ensure
scaling of cell numbers to enable robust circuit function. We then
propose how the coordinated interplay between cell types and the
distinct cellular properties of progenitors (proliferation, dispersion) as
well as mechanical forces dictate morphogenesis during development.
We review recent work highlighting how cellular plasticity is
stimulated by injury in neonatal mice and changes the
developmental genetic programs within lineage hierarchies, and end
with recent studies of human cerebellar development that highlight
similarities to rodent and new strategies that might account for the
evolution of a greatly expanded cerebellum in human.

Cerebellar cell types and local circuit organization
The cerebellum is the only brain region that has both an outer layered
cortex and an inner nuclear structure. The cerebellar cortex has a
folded structure consisting of lobules (Fig. 1B). Within the cortex,
excitatory GCs are the most numerous cell type and form a dense
layer called the inner granule layer (IGL). Above the IGL is a single
layer of large inhibitory neurons, called Purkinje cells (PCs), that
extend their elaborate dendrites into an overlying molecular layer
(ML) where they are innervated by the T-shaped GC parallel fibers
(axons). The ML and IGL also contain several distinct subtypes of
locally projecting inhibitory interneurons, and the IGL in the
posterior cerebellum has scattered excitatory unipolar brush cells
(UBCs) (Fig. 1C). Within the nuclear structure are the cerebellar
nuclei (CN), which contain the main output neurons of the
cerebellum and local inhibitory interneurons. Thus, the cerebellum
has five major neuron types (GCs, excitatory CN neurons, UBCs,
PCs, interneurons) with distinct cellular configurations that constitute
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the local neural circuit (Fig. 1C). In addition to the neurons, the IGL,
white matter (made up of myelinated axons) and CN also contain
astrocytes. For example, specialized Bergmann glia reside alongside
the PCs in the PC layer (also referred to as the Bergmann glia layer;
Bayin et al., 2021). Heterogeneity amongst the cerebellar astrocytes is

not well understood (Cerrato et al., 2018; Leto et al., 2016; Parmigiani
et al., 2015).

In the cerebellar local circuit, the PCs gather incoming
information from axons coming into the cerebellum either directly
via climbing fibers from the inferior olive or indirectly from mossy
fibers that project to the GCs from >35 sites (Fig. 1C). The climbing
and mossy fibers relay proprioceptive and sensory information from
the muscles and skin of the body, as well as instructions coming
from the cerebral cortex. The PCs then project to the CN and the
excitatory projection neurons integrate all the incoming information
and convey instructions to the rest of the brain (Fig. 1B). Possibly a
remnant from more ancient cerebella, the PCs in the posterior-most
lobules project outside the cerebellum to the hindbrain vestibular
nuclei. In addition, a subset of CN interneurons project to hindbrain
nuclei (Judd et al., 2021). Curiously, the excitatory cerebellar nuclei
neurons (eCNs) comprise the smallest number of neurons in the
cerebellum, despite being the crucial output neurons that connect
with the rest of the brain and spinal cord (Sillitoe and Joyner, 2007).
This fact is perhaps because they integrate a large array of
information into a simpler output signal.

Two distinct cerebellar lineages and their progenitor populations
During mammalian embryonic development, the brain has
ventricles surrounded by radially oriented neural progenitor cells
called the ventricular zone (VZ), where cells proliferate and give rise
to different neurons and glia with spatial and temporal patterning. In
general, glia are generated later than neurons, and once a neuron
leaves the VZ it stops proliferating and migrates to its final location.
The cerebellum is one of the only mouse brain structures that has
neural precursors that leave the VZ and continue to proliferate after
birth. Furthermore, it has a second progenitor zone situated at the
posterior end of the cerebellar anlage called the rhombic lip (RL)
that also generates a secondary progenitor zone (Fig. 2A). The VZ
and RL maintain distinct lineages and are largely spatially separated
from mid-gestation onwards in mice. The VZ gives rise to all the
inhibitory neurons, as well as astrocytes and Bergmann glia
(astroglia), whereas the RL gives rise exclusively to excitatory
neurons (Fig. 2A). The basic helix-loop-helix (bHLH) transcription
factors, pancreas-associated transcription factor 1a (PTF1A) and
atonal bHLH transcription factor 1 (ATOH1) play antagonistic roles
in maintaining the inhibitory and excitatory lineages, respectively
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Fig. 1. Local and long-range cerebellar circuits. (A) Dorsal view of adult mouse brain. (B) Schematic describing the long-range cerebellar circuitry via
direct and indirect interactions (dotted lines) throughout the brain and spinal cord. (C) Schematic showing the local cerebellar circuit. The input from the
brainstem [via climbing fibers from the inferior olive (IO) and mossy fibers from >35 nuclei] and the spinal cord (via mossy fibers) is collected in the cerebellar
cortex by the Purkinje cells (PC) and communicated to the cerebellar output neurons in the cerebellar nuclei (CN) that reside in the white matter. A, anterior;
GC, granule cell; GoC, Golgi cell; L, lateral; M, medial; P, posterior; UBC, unipolar brush cell.

Box 1. Tools and resources to study cerebellum
development and repair
The cerebellum research community has developed an extensive
arsenal of genetic tools to mark cells for fate-mapping studies and
generating conditional mutants in specific lineages (Table 1).
Additionally, comprehensive single-cell sequencing analyses of the
developing mouse cerebellum (Table 2) have provided new insights into
the underlying diversity of each cell type and serve as a powerful
resource for future hypothesis-driven research.
Genetic tools
Crucial for understanding the development of any mammalian organ is
an array of genetically engineeredmouse lines that allowmanipulation of
specific cell types or lineages and at particular time points. There are
well-established mouse lines that express Cre in each of the major
cerebellar lineages in the embryo (Atoh1-Cre transgenes for RL, a Ptf1a
knock-in line for inhibitory neurons, an mGfap-Cre line for astroglia) as
well as lines that hit several or all cell types (an hGFAP-Cre line for
neurons and glia generated after E14 and Nes-Cre for all cell types)
(Table 1). These lines have been used to generate conditional mutants in
new genes that become implicated in cerebellum development. For fate
mapping, mouse lines expressing inducible forms of Cre and Flpo have
also been generated using promoters from Atoh1 (excitatory lineage),
Ascl1 (inhibitory lineage), nestin or Hopx (mainly gliogenic NEPs)
(Table 1). For mosaic studies in which a subset of cells within a lineage
are mutated and marked with a fluorescent marker, mosaic analysis with
double markers (MADM) and mosaic mutant analysis with spatial and
temporal control of recombination (MASTR) lines can be used (Lao et al.,
2012; Zong et al., 2005).
Genomics resources
Complementary to the genetic tools and elaborate lineage-tracing and
fate-mapping experiments, recent advances in genomics, particularly
single-cell approaches, continue to unravel the molecular heterogeneity
of the cerebellar cell types, particularly the underappreciated diversity
within the same lineages or cell types. Furthermore, these approaches
have been instrumental in benchmarking transitory states during mouse
cerebellar development and upon injury and in identifying cells of origin
of cerebellar tumors.
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(Yamada et al., 2014). We, therefore, discuss the VZ and RL
lineages separately.

VZ: generation of multiple inhibitory neurons and astrocytes
Embryonic progeny: production of early-born inhibitory interneurons
and PCs
The VZ produces PCs and seven interneuron types [interneurons in
the CN that include nucleo-olivary projection neurons and deepwhite
matter inhibitory CN neurons; Golgi and Lugaro interneurons in the
IGL; basket and stellate cells in the ML (Leto and Rossi, 2012); and
candelabrum cells in the PC layer (Osorno et al., 2022)] distinguished
by their location and shape (Fig. 2A). Each neuron type is born during

a specific period, starting with the PCs and interneurons of the CN
that are generated directly from the VZ in the embryo during
embryonic day (E) 10 to E13 in mouse (Leto et al., 2016; Leto and
Rossi, 2012; Sudarov et al., 2011). Despite being born during a
similar period, they have distinct cell shapes, sizes, functions and
migratory routes. It is not clear whether a bipotent neural progenitor
produces the three inhibitory cell types or whether they derive
from distinct locations along the anterior-posterior axis of the VZ.
There is evidence that PCs derive mainly from the posterior end of the
VZ, from a region marked by expression of oligodendrocyte
transcription factor 2 (OLIG2) (Seto et al., 2014) and E-cadherin
(cadherin 1) (Mizuhara et al., 2010; Wizeman et al., 2019). As
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Fig. 2. Two progenitor zones generate all the cerebellar cell types. (A) During embryonic development, the RL gives rise to excitatory cerebellar nuclei
neurons (eCNs), unipolar brush cells (UBCs) and granule cell progenitors (GCPs) and the ventricular zone gives rise to Purkinje cells, inhibitory neurons
located in the cerebellar nuclei (CN) and nestin-expressing progenitors (NEPs), which give rise to the inhibitory neurons of the cerebellar cortex and the
astroglia. (B-D) During postnatal growth (until ∼P14 in mice), RL-derived GCPs give rise to granule cells (C) and ventricular zone-derived NEPs produce
astroglia (Bergmann glia and astrocytes) and molecular layer (ML) interneurons (D). Black arrows show the migration routes of lineages. The double-headed
arrows between the Hopx+ and Ascl1+ WM-NEPs denotes the presence of multipotent progenitors at birth, which mostly give rise to Ascl1+ WM-NEPs.
Both the GCPs and the three populations of NEPs during postnatal development proliferate in response to SHH secreted (dotted arrows) by Purkinje cells.
A, anterior; BgL, Bergmann glia layer; D, dorsal; EGL, external granule layer; IGL, internal granule layer; L, lateral; M, medial; P, posterior; PC, Purkinje cell;
PCL, Purkinje cell layer; V, ventral; WM, white matter.
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the immature neurons leave the VZ, they express neurogenic
transcription factors, including PTF1A and achaete-scute homolog
1 (ASCL1), which guide their development. Strikingly, mice lacking
Ptf1a in the brain have very few PCs or interneurons (Hoshino et al.,
2005), whereas Ascl1 mutants have a mild reduction of interneurons
and an increase in astrocytes (Sudarov et al., 2011). The PCs take up
their position under the surface of the cerebellum by E15 and project
axons to the CN (Sillitoe et al., 2009). PCs start as amultilayer and, by
postnatal day (P) 4, form a single layer sandwiched between the
expanding IGL and molecular layer, alongside the Bergmann glia
(Fig. 2B) (Hatten and Heintz, 1994; Leto et al., 2016; Sillitoe and
Joyner, 2007). Despite the uniform distribution of the PCs throughout
the cerebellum, PCs have molecular subtypes that are organized into
zones and parasagittal stripes that link to distinct sets of pre- and post-
synaptic partners and different firing patterns, respectively, all of
which allows the execution of distinct cerebellar functions (reviewed
by Cerminara et al., 2015; Dastjerdi et al., 2012; De Zeeuw et al.,
2021).

Postnatal progeny: production of molecular layer interneurons
and astroglia
At a poorly defined time during mouse embryonic development,
nestin-expressing progenitors (NEPs) leave the VZ and settle below
the surface of the cerebellum and continue to proliferate after birth
(Fleming et al., 2013; Parmigiani et al., 2015). As the layers of the
cerebellum start to form at P1, the NEPs become largely segregated
into two locations: a layer intermixed with the PCs and a group that
resides in the white matter found in the center of each lobule
(Fig. 2B,D). Recent single-cell RNA sequencing (scRNA-seq;
Table 2) and genetic inducible fate mapping demonstrated that there
are three distinct populations of NEPs – one in the PC layer that
generates Bergmann glia and astrocytes that settle in the IGL and
two in thewhite matter (Bayin et al., 2021; Cerrato et al., 2018). One
NEP subtype in the white matter is neurogenic (Ascl1+) and gives
rise only to interneurons of the ML postnatally and possibly the IGL
and PC layer at late embryonic stages. The other is mainly gliogenic,
Hopx+, and gives rise to astrocytes in the lobule white matter (Bayin
et al., 2021; Cerrato et al., 2018). The types of inhibitory neurons in
the cerebellar cortex are generated from approximately E17 to P6
and become located in distinct layers (Bayin et al., 2021; Brown
et al., 2019; Sudarov et al., 2011). Each inhibitory neuron type is
born during a particular time window and settles in an inside-to-
outside manner, with the earliest born Golgi interneurons settling in
the IGL and each subsequently born taking up a more external
position in the ML (Fig. 1C). Interestingly, it appears that the Hopx-
expressing NEPs in thewhite matter are more plastic at earlier stages
as they generate a substantial number of interneurons at P0 but
mainly astroglia at P5 (Bayin et al., 2021).
The gliogenic NEPs in the PC layer have a distinct cell shape with

a glial process that reaches the cerebellar surface, similar to that of
mature Bergmann glia (Fig. 2B,D). These NEPs express both Hopx
and growth differentiation factor 10 (Gdf10) and generate astroglia
until ∼P10. Whether there are distinct progenitors for the two types
of astrocytes is not clear. However, the fact that Bergmann glia and
not astrocytes express Gdf10 raises the possibility of a dedicated
progenitor for Bergmann glia that expresses Hopx and Gdf10.
Curiously, and unlike other brain regions, cerebellar NEPs do not

generate significant numbers of oligodendrocytes (<1% of their
progeny during postnatal development) (Bayin et al., 2021). The
published work to date indicates that, in mouse, oligodendrocytes
are derived from the VZ of the midbrain or hindbrain and that
oligodendrocyte progenitors migrate into the white matter of the

cerebellum by birth, where they expand and produce mature
oligodendrocytes (Grimaldi et al., 2009; Hashimoto et al., 2016;
Mecklenburg et al., 2011).

RL: generation of three excitatory cell types
Embryonic progeny: production of excitatory cerebellar nuclei and
unipolar brush cells
The cerebellar RL produces the three excitatory cell types (eCNs,
GCs and UBCs) and, like the VZ, these different cell types are
produced in a time-dependent fashion (Fig. 2A). All excitatory cells
are dependent on ATOH1 (Ben-Arie et al., 1997). Furthermore,
eCNs and UBCs become post-mitotic when they leave the RL at
E9-E12 and E15-E17, respectively. In contrast, the GCs are
generated from a dedicated intermediate granule cell progenitor
(GCP), which is dependent on ATOH1 and paired box 6 (PAX6)
(Swanson et al., 2005; Yeung et al., 2016). GCPs maintain Atoh1
expression and proliferate on the surface of the mouse cerebellum
from E14 to P15 (Machold and Fishell, 2005; Sekerková et al.,
2004; Wang et al., 2005). The eCNs and UBCs migrate tangentially
(anteriorly) under the surface of the cerebellum and eventually
express distinct transcription factors, including Meis homeobox 2
(MEIS2) and T-box brain protein 2 (TBR2; EOMES), respectively.
The eCNs congregate at the anterior end of the cerebellum for
∼2 days in the ‘nuclear transitory zone’, before the cells gradually
assemble into three bi-lateral nuclei inside the cerebellum, either as
a result of cell migration and/or accumulation of the other cell types
above them.

As with the VZ neural progenitors, it is not clear whether distinct
RL progenitors generate the three excitatory neuron populations, or
whether there are bi- or tri-potent progenitors. There is growing
evidence, however, that the RL has spatially defined subdomains
based on gene expression signatures that change during
development. The degree to which they represent lineage-
restricted progenitors is, nevertheless, unclear (Chizhikov et al.,
2010; Khouri-Farah et al., 2022; Yeung and Goldowitz, 2017). It
has been recently proposed (based on scRNA-seq and RNA in situ
hybridization validation) that a posterior VZ domain, characterized
by the expression of reelin (RELN) and HES family bHLH
transcription factor 1 (Hes1), feeds cells into the mouse RL. This
region was, therefore, called the ‘posterior transitory zone’ (Khouri-
Farah et al., 2022). Furthermore, a small population of cells in the
Atoh1 lineage (possibly rare MEIS2-expressing eCNs) might be
derived from the VZ and migrate radially (Khouri-Farah et al.,
2022), which would suggest there is some level of plasticity in VZ
cells at mid-gestation.

Postnatal progeny: production of granule neurons
GCPs are unipotent progenitors that migrate anteriorly over the
surface of the cerebellum from the RL starting at E13.5 and continue
to divide symmetrically to produce either two progenitors or two
immature neurons. GCPs and their immediate post-mitotic GCs
form the external granule layer (EGL), a transient structure present
for ∼2 weeks after birth in mice (Fig. 2B,C). The outer layer of the
EGL has the proliferating GCPs, whereas the inner EGL houses
the immediate GCs that are extending their axons specifically in the
medial-lateral orientation, perpendicular to the PC dendrites with
which they synapse. The GC body then migrates a short distance
along one of its axon branches before migrating inward along a
Bergmann glial fiber to the PC layer and then into the forming
IGL. The axon of each GC is therefore T-shaped with the
medial-laterally oriented axon called a parallel fiber (Fig. 1C).
Because the parallel fibers are laid down on top of each other in
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the ML, the position of a parallel fiber defines when a GC was born,
with the earliest born being immediately above the PC layer
(Espinosa and Luo, 2008; Legue et al., 2015; Zong et al., 2005).
Importantly, early- and late-born GCs have distinct physiological
properties (Shuster et al., 2021). Clonal analyses of embryonic
GCPs (E15.5-P1) have not only demonstrated the spatial
relationship of parallel fibers and sequence of GC generation, but
also that the cell bodies of clones are seemingly randomly located
within the inner to outer length of the IGL (Espinosa and Luo, 2008;
Legue et al., 2015). Most extraordinarily, however, all the cells in
an entire clone of GCPs stop dividing over a 2-day period and
then the GCs migrate together to the IGL. In slice cultures, however,
GCPs can undergo asymmetric cell divisions similar to VZ cells that
produce a neuron and a progenitor (self-renewal) (Merk et al.,
2020).

Interdependence of cell lineages: scaling and growth
regulation
Scaling of the ratios of different cerebellar neurons with respect
to each other is required for proper circuit function and generates
the morphology of the cerebellum. The lobules of the cerebellum
form in a specific sequence and most growth occurs after birth in
mice (Fig. 3A). Signaling between neurons and progenitors is a
key driver of cell number scaling and size expansion over the
remarkably protracted growth of the cerebellum compared with the
rest of the brain. The signaling factors include survival factors
(acting on neurons) and proliferative factors (acting on progenitors).
It is tempting to speculate, given the interconnected organization
of distinct brain regions, that similar rules apply across brain
regions, such that one brain region influences the growth/survival of
another.

Signaling pathways regulating the VZ and RL
The pathways that stimulate proliferation and fate determination of
the embryonic VZ and RL, and thereby determine the postnatal
growth potential of the cerebellum, are poorly understood. There is
evidence, however, that sonic hedgehog (SHH) secreted by the
choroid plexus, a structure underneath the cerebellum that produces
cerebrospinal fluid, acts on the cerebellar VZ to promote
proliferation (Huang et al., 2010). SDF1a (CXCL12) secreted by
the adjacent head mesenchyme also seems to promote proliferation
of VZ progenitors (Haldipur et al., 2014). There is also evidence that
Notch signaling regulates RL and/or VZ specification, as well as
proliferation of GCPs (Khouri-Farah et al., 2022; Machold et al.,
2007; Solecki et al., 2001). A recent paper has shown that activation
of Notch signaling (conditional Notch intracellular domain
expression) in the VZ and RL at E8.5 leads to expansion of the
posterior Hes1 domain (part of the RL and posterior VZ) and a
truncation of the posterior cerebellum (Khouri-Farah et al., 2022).
Part of the phenotype involves the RL changing fate to generate
Bergmann glia and choroid plexus, presumably at the expense of
eCNs and GCPs.

Survival factors expressed by eCNs support PC survival
Once the PCs are born and migrate to the cerebellar cortex, they
become dependent on eCNs for their survival, possibly via the
action of neurotrophic factors (Fig. 3B). When a subset of eCNs is
genetically ablated in mice, a subset of PCs presumed to be their
presynaptic partners are lost by E18 (Fig. 3C) (Ahmadzadeh et al.,
2020; Willett et al., 2019). The same phenomenon is observed in
conditional mutants lacking the engrailed genes (En1/2) in eCNs,
where a subset of eCNs die after E15, leading to the loss of their

presynaptic PCs. The PC loss does not seem to be due to a lack of
neural transmission, as inhibition of PC neural transmission does
not cause loss of PCs, despite changes in PC molecular patterning
(White and Sillitoe, 2013). Thus, as the neurotrophic hypothesis
proposes (Cowan et al., 1984), there appears to be retrograde
support for PC viability from eCNs. Consistent with these mouse
experiments, cell culture experiments have shown that PC survival
can be augmented by neurotrophin application (Lärkfors et al.,
1996; Mount et al., 1995). A candidate neurotrophin is brain-
derived neurotrophic factor (BDNF) based on its expression (Willett
et al., 2019), and the observation that Bdnf and p75NTR (Ngfr;
encoding a receptor) null mutants have defects in cerebellum
growth and foliation (Carter et al., 2003, 2002; Schwartz et al.,
1997). In summary, although PCs and eCNs are generated from
separate lineages, PCs are dependent on eCNs for their survival,
showing the interdependence of different lineages during
development. A reciprocal dependence during development has
not been reported.

SHH secreted by PCs supports proliferation of GCPs and NEPs
SHH is expressed by PCs from E18.5 through adulthood. During
mouse neonatal development, SHH is a crucial factor stimulating
proliferation of both GCPs and NEPs (Fig. 2B) (Corrales et al.,
2006, 2004; De Luca et al., 2015; Fleming et al., 2013; Lewis et al.,
2004; Parmigiani et al., 2015; Wojcinski et al., 2017). Given that the
GCs and interneurons project axons to PCs, it appears that PCs
dictate the number of their upstream neurons by regulating the
proliferation of their progenitors (GCPs and NEPs) via the SHH
they secrete. Indeed, reducing the number of PCs leads to a
proportionally scaled decrease in GCs and ML interneurons such
that the PC:GC and ML interneuron:PC ratios remain near normal
(Willett et al., 2019). One interpretation of these findings is that the
cerebellar cortex has tiles comprising a single PC and postnatally
derived neurons (and possibly astroglia) in its local circuit that
relates to the presence of its target eCN.Whether each PC stimulates
the production of GCs and interneurons in its tile is not clear.
Furthermore, it is not entirely clear why and how GCPs or NEPs
stop responding to SHH and differentiate and whether they have an
unlimited capacity to divide. Nevertheless, several factors likely
contribute to how GCPs transition from a proliferative state to
becoming a neuron, including loss of the cilia required for SHH
signaling due to changes in BMP signaling and degradation of
ATOH1 protein, as well as the impact of extracellular matrix
proteins on cilia formation and SHH signaling (Blaess et al., 2004;
Haldipur et al., 2014; Ichikawa-Tomikawa et al., 2012; Ong et al.,
2020; Pons et al., 2001).

Regional differences in timing and extent of growth
The different lobules of the cerebellum, along both the anterior-
posterior and medial-lateral axes, do not grow at the same rate after
birth. In the mouse medial cerebellum (vermis), the central lobules 6
and 7 have a delayed maximum growth phase compared with the
other lobules (Fig. 3A) (Legue et al., 2016). This developmental
delay is accompanied by a relative delay in the maturation of PCs,
and the EGL and ML are thinner in these regions until after P6. One
molecular reason for the delay in the growth of lobules 6 and 7 is
likely because Shh expression is lower in these lobules compared
with other lobules at early stages (Corrales et al., 2004). Lobules 6
and 7 conversely have a thicker EGL at P10-P14 than other vermis
lobules; thus, they have a more protracted growth trajectory.
Because PCs express SHH, which drives proliferation of GCPs and
NEPs, the number of PCs located between each initial fissure should
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define the growth potential of the intervening lobule and contribute
to the patterning of foliation.

Cerebellar morphogenesis involves a combination of
physical constraints and differential growth regulation of
distinct lineages
The most striking morphological feature of the cerebellum is the
series of folds/lobules running along the medial-lateral axis, with
distinct folding patterns in the vermis and lateral hemispheres. The
basic folding pattern of the cerebellum is conserved across
mammals with ten lobules in the vermis (Inouye and Oda, 1980)
(Fig. 3A). Each lobule is surrounded by two fissures, and the lobules
grow outwards from the initial demarcation of the base of the
fissures, referred to as anchoring centers (Fig. 3A) (Legue et al.,
2015; Sudarov and Joyner, 2007). Some lobules are subsequently
subdivided by shallower ones (arrows at P28 in Fig. 3A) creating
sublobules (e.g. 9b and 9c). The difference in the folding patterns
between the vermis and hemispheres is, in part, because some
lobules are only present in the vermis and do not extend the entire
medial-lateral axis. For example, in mice, the anterior folds 1-5 are
not present in the hemispheres. In addition, some lobules are larger
or have distinct shapes in the hemispheres compared with the
vermis. The accumulating data (Engstrom et al., 2018; Lawton et al.,
2019; Leffler et al., 2016; Lejeune et al., 2016) indicate that physical
forces generated from differential growth in the embryonic
cerebellum define the initial position of fissures, and then the
signaling between cell lineages described above influences the final
shape of each lobule.

Mechanical forces that regulate folding
The anchoring centers form in a specific time series and maintain
their relative positions throughout development (Fig. 3A) (Legue
et al., 2015; Szulc et al., 2015). The first indication of an anchoring
center is an inward thickening of the EGL before the outer surface
indents. The surrounding Bergmann glia then orient their glial fibers
toward the anchoring center (Sudarov and Joyner, 2007). Similar to
differential growth models to explain the folding of the cerebral
cortex (Bayly et al., 2013, 2014; Mota and Herculano-Houzel,
2015; Ronan et al., 2014; Tallinen et al., 2014; Van Essen, 2020),
several papers have described models of the growth and folding of
the cerebellum based on the idea that the EGL expands at a faster
rate than the underlying cerebellar cortex (Engstrom et al., 2018;
Lawton et al., 2019; Leffler et al., 2016; Lejeune et al., 2016), which
after E14 contains all the PCs and an increasing number of NEPs,
interneurons and eventually glia. This differential growth leads to a
buckling of the EGL, and the buckling points define the base of the

fissures that subsequently grow outwards. Each model defines
different mechanical properties, and only the model that considers
the EGL as fluid rather than elastic and takes into consideration
radial and circumferential constraints from axons and/or radial
fibers accounts for the initial foliation pattern at E17.5 in mouse
(Lawton et al., 2019). Furthermore, there is no obvious cellular
prepattern at the initiation of folding (E16.5-E17.5) involving
differential proliferation of GCPs or differences in cell size or shape
along the anterior-posterior axis. However, by E18.5, SHH is
differentially expressed along the anterior-posterior axis, correlating
with a relative decrease in proliferation in the central region.
Furthermore, Bergmann glia are essential for foliation as they exert
constraints on the EGL and provide a ‘highway’ for migration of
GCs to the IGL (reviewed by Leung and Li, 2018). Thus, foliation is
a complex process involving many mechanical and physical
properties, as well as cell-intrinsic mechanisms and signaling.

Impact of GCP clonal growth on morphology of cerebellar lobules
The cerebellum has anisotropic growth oriented in the anterior-
posterior axis, illustrated in mice by the P14 cerebellum surface
being approximately eight times longer in this axis than medial-
laterally. Clonal analyses of embryonic GCPs have revealed that
clones in the adult IGL are elongated in the anterior-posterior axis,
in part stemming from oriented cell divisions (Espinosa and Luo,
2008; Legue et al., 2015). Furthermore, clones in short versus long
lobules have distinct properties, with clones in longer lobules
having more cells and a greater anterior-posterior to medial-lateral
length ratio (Legue et al., 2015). Interestingly, although the GCPs
have a fluid-like behavior with extensive cell mixing and dispersion
(Lawton et al., 2019), GCPs do not cross the base of fissures or
anchoring centers in the EGL (Legue et al., 2015). Thus, the GCPs
within each lobule can be considered as independent developmental
units where behaviors such as proliferation rate, number of cell
divisions and degree of oriented growth are differentially regulated
and influence lobule shape and size.

Impact of general growth regulation mechanisms on the morphology
of cerebellar folds
If we consider the folding patterns of different species, then based
on models of differential growth, the initial shape of the cerebellar
anlage determines where the initial fissures form. In theory, if the
number of PCs partitioned between a pair of fissures is different
between species, then the size of the intervening lobule should scale
to the number of PCs, assuming similar SHH expression levels.
Furthermore, the number of eCNs determines the number of PCs
that survive after birth, thus eCNs impact the final size and shape of
the cerebellum (Fig. 3B,C). Because, in general, there is a
correlation between the medial-lateral and anterior-posterior
position of PCs and the eCNs they project to in mammals, the
distribution of eCNs in each nucleus should influence the shape of
lobules (Fig. 3B,C). Thus, many factors determine the precise
pattern and shape of lobules in different mammalian species,
including physical forces, degree of signaling pathways (e.g. SHH
and neurotrophins), the number of early-born neurons in each
species (eCNs and PCs) and their spatial distribution and wiring
(choice of synaptic partners).

Repair processes in the neonatal cerebellum: parallels with
and differences from normal lineage allocation
The human cerebellum undergoes maximal growth during the
third trimester and is, therefore, highly sensitive to environmental
stress resulting in tissue injury around birth, particularly in

Fig. 3. Cerebellar morphogenesis and cell scaling. (A) Schematics of
midsagittal mouse cerebellar sections illustrating the progression of mouse
foliation (asterisks show the anchoring centers and arrows show the
secondary lobules). (B) The scaling between the number of excitatory
cerebellar nuclei neurons (eCNs) and Purkinje cells (PCs) is thought to be
mediated by a survival factor. PCs then scale the number of granule
neurons, late-born interneurons and astroglia via SHH, which acts on two
precursor populations: granule cell progenitors (GCPs) and nestin-
expressing progenitor (NEPs). (C) Reduction in eCN numbers leads to death
of their presynaptic PCs within the circuitry unit, leading to location-specific
reduction in lobule growth and reduced but scaled granule cell, interneuron
and astroglia production in the region. In the example shown, some eCNs in
the posterior region of the medial cerebellar nuclei (CN) are missing, which
leads to a specific reduction in size of lobules 6-8 in the vermis (compare C
with B). (D) Mediolateral distribution of eCNs into three nuclei and location-
specific targeting of PCs to CN. A, anterior; L, lateral; M, medial; P, posterior.
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premature babies. Thus, it is important to identify the endogenous
cellular and molecular processes stimulated in response to injury
and to determine the degree to which cerebellar repair can occur.
In this respect, recent work has revealed that the neonatal mouse
cerebellum has remarkable regenerative potential and lineage
plasticity, allowing for replacement of several cell types when
they are killed around birth (Altman et al., 1969; Andreotti et al.,
2018; Bayin et al., 2018; Wojcinski et al., 2017). However, the
endogenous capacity for repair rapidly diminishes after birth,
raising the question of whether a basic understanding of neonatal
repair will enable development of approaches to stimulate repair
after this crucial period. An interesting finding that parallels
repair processes in other organs is that the cerebellum does not
fully recapitulate the normal developmental series of events but
utilizes seemingly alternative processes. Why then have the
alternative processes been engraved in our DNA during
evolution? One idea is that such mechanisms are utilized as a
buffer against the environmental variations that occur during normal
development.

Stage-dependent regeneration of mouse neonatal PCs
The dogma has been that once a neuron leaves the VZ and stops
dividing, it cannot re-initiate proliferation. However, in the
mouse neonatal cerebellum, a subpopulation of PCs is immature at
P1 and they can proliferate and replace their more mature neighbors if
they are killed (Bayin et al., 2018) (Fig. 4A). Only ∼10% of PCs at
birth have an immature molecular phenotype (immature Purkinje cell
progenitors, iPCs), wherein they express forkhead box protein P2
(FOXP2), which is normally expressed by PCs between E14 and P7,
but do not express calbindin 1, a moremature PCmarker. Remarkably,
the iPCs proliferate within 24 h of death of the more mature
PCs. Furthermore, when a genetic approach involving diphtheria
toxin is used to kill ∼50% of PCs at P1, the full size of the adult
cerebellum is restored. Based on basic motor behavior assays, the
newly generated PCs support full functioning of the cerebellum.
However, by P5, the iPCs are decreased in number and diminished in
their proliferative capacity. Therefore, at P5, iPCs cannot fully replace
neighbors that die. Furthermore, there is no evidence that the iPCs
proliferate in the absence of injury as they appear instead to fully
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differentiate. However, it seems plausible that if the number of eCNs
that are born in an individual proportionally outnumbers the PCs, then
iPCs could sense the imbalance and proliferate. The new PCs would
then increase the total amount of SHH and could proportionally
increase the number of interneurons, GCs and astroglia in the
cerebellar cortex. Finally, these findings indicate that PCmolecular and
phenotypic heterogeneity includes iPCs during development. The
molecular underpinnings of the iPC behaviors stimulated by neonatal
injury, however, remain to be discovered.

Adaptive reprogramming of Bergmann glial layer NEPs to replenish
GCPs after injury
Perhaps less surprisingly than PCs being replenished soon after
birth, GCPs can be replenished when they are killed at P1 using
irradiation or genetic killing methods involving diphtheria toxin or
inhibition of SHH signaling (Altman et al., 1969; Andreotti et al.,
2018; Wojcinski et al., 2017, 2019). However, unlike the case of PC
replenishment, the final size of the cerebellum does not fully recover
after GCP loss. Surprisingly, in all the models of GCP injury, an
important part of their replenishment involves the adaptive
reprogramming of the Hopx-expressing gliogenic NEPs in the PC
layer (Fig. 4B). The cells initially increase their proliferation rate,
then they migrate to the EGL (site of injury) and turn off NEP genes
(e.g. Sox2 and Nes) and turn on ATOH1 to generate GCPs. Similar
to NEPs and GCPs during development, SHH signaling is required
for repair of the EGL. Recent scRNA-seq and genetic inducible fate-
mapping approaches (Tables 1 and 2) have identified a transitory
cellular state that occurs during the NEP-to-GCP fate switch, and
showed that the neurogenic gene Ascl1 is crucial for reprogramming
(Bayin et al., 2021) (Fig. 4C). It is not clear whether during normal
development rare gliogenic NEPs in the PC layer undergo the
unusual behavior seen after injury or whether the adaptive
reprogramming is specific to injury. Fate mapping using a Nes-
FlpoER transgene or HopxCreER has indicated that in the normal
cerebellum a very small portion of GCs arise from Nes-expressing
cells (Bayin et al., 2021; Wojcinski et al., 2017), but it is not clear if
they come from the PC layer. Live imaging of P5 cerebellar slices
has detected NEPs migrating from the PC layer to the EGL after

in vivo injury, but not in control cerebella, at least during the ∼6-h
imaging period. Alternatively, if rare ventricular-zone cells express
Atoh1 and migrate to the EGL (Khouri-Farah et al., 2022), perhaps
NEPs that are undergoing adaptive reprograming upon injury are
recapitulating this program.

Interestingly, the twoNEP subpopulations in thewhite matter that
normally generate interneurons and astrocytes transiently decrease
their output of cells ostensibly while they wait for the EGL to be
replenished (Bayin et al., 2021; Wojcinski et al., 2017). This
behavior is likely linked to the normal processes that regulate proper
scaling during development being utilized for regeneration. Finally,
the neurogenic NEPs in thewhite matter also show lineage plasticity
upon injury and generate ectopic astrocytes in the deep white matter,
where the eCN resides (Fig. 4C). The reason behind this fate switch
remains to be explored. However, these results indicate that cells
distant to a site of injury can sense the loss of GCPs, or possibly
their output neurons, GCs.

The finding that two mouse neonatal cerebellar cell types can be
replenished after injury raises many questions. One is whether all
cell types can be regenerated? If so, do they arise from progenitors of
their own lineage (such as PCs) or is plasticity triggered in a distinct
lineage requiring elaborate molecular mechanisms and cell fate
switches (such as GCPs)? Equally important, what are the signals
that stimulate repair? Is it signals released by the dying cells or more
general damage responses, such as reactive oxygen species? Given
that death of PCs and GCPs elicit different responses in the
surrounding cells that are spared, it appears that at some level the
signals released are context specific. Finally, an important question
is why the neonatal cerebellum is permissive to regeneration and
what the inhibitory mechanisms are that prevent the adult brain from
repairing lost cells efficiently after injury. Such inhibitory
mechanisms are likely in place to prevent aberrant reprogramming
that might cause diseases, including cancer.

Distinct aspects of human cerebellum development and
relation to diseases
Compared with mice, much less is known about cerebellum
development in primates or humans. A recent review

Table 1. Genetic tools for studying cerebellum development and disease

Transgene Lineage Time
Cerebellum
cell types Notes

Cells outside
the cerebellum Reference(s)

Atoh1-Cre* Tg RL >E9 eCNs and GCs No UBCs, partial
posterior GCs

All mossy fiber preCB N,
some mid/forebrain

Matei et al., 2005

Atoh1Cre* KI RL >E9 eCNs, GCs and UBCs UBCs included All preCB N Yang et al., 2010
Ptf1aCre KI VZ INs >E9 Mainly PCs and INs Glia largely spared Hindbrain and spinal cord

INs, IO
Hoshino et al., 2005;
Rose et al., 2009

hGfap-Cre Tg VZ and RL >E13 GCs, INs, A, BG and O No eCNs, PCs, CN
or INs

Most N and glia Zhuo et al., 2001

Nes-Cre‡ Tg VZ and RL >E9 All cell types Timing brain region
dependent

Most N and glia Tronche et al., 1999

mGFAP-Cre Tg VZ >P5 A, BG Cre begins at P5 All A Garcia et al., 2004
Ascl1CreER KI VZ >E9 PCs and INs Some BG labeled

at E13
Some N, A, O Kim et al., 2011;

Sudarov et al., 2011
HopxCreER KI VZ >E9 Mainly A and BG Some INs labeled

at P0
Some N, A Takeda et al., 2011

A, astrocytes; BG, Bergmann glia; eCNs, excitatory cerebellar nuclei neurons; GCs, granule cells; IN, interneurons; IO, inferior olive; KI, knock-in allele;
O, oligodendrocytes; PCs, Purkinje cells; preCB N, precerebellar nuclei neurons; Tg, transgene; UBCs, unipolar brush cells.
*Atoh1CrePR (KI; Rose et al., 2009), Atoh1-CreER (Tg; Machold and Fishell, 2005) and Atoh1-FlpoER (Tg; Tan et al., 2018) mouse lines have been made that
recombine in similar populations. Atoh1Flpo (van der Heijden and Zoghbi, 2018) and Atoh1frt-STOP-frt-Cre (Ruffault et al., 2015) lines are also available (Ruffault
et al., 2015; van der Heijden and Zoghbi, 2018).
‡Nes-FlpoER (Tg) line recombines in similar cells but can be used to mark all postnatal NEP populations (Wojcinski et al., 2017). A Sox2CreER line also can be
used, but it recombines in many more GCPs in neonates (Arnold et al., 2011; Wojcinski et al., 2017).

9

REVIEW Development (2022) 149, dev185587. doi:10.1242/dev.185587

D
E
V
E
LO

P
M

E
N
T



(Haldipur et al., 2022) provides a comprehensive summary of
development and diseases of the human cerebellum based on
histological and transcriptional analyses; therefore, we focus on
specialties that have evolved in human to accommodate the ∼750-
fold increase in surface area of the human cerebellum compared
with rodent, particularly the hemispheres. The human cerebellum
has a more complicated foliation pattern, and the lateral cerebellar
nuclei have greatly expanded and contain several distinct subnuclei.
The same basic neurons are present, CN neurons and PCs are
the earliest born and neurogenesis begins before it does in the
cerebral cortex, but the proportions of neurons are distinct in human
(Lange, 1975). As in mouse, the human anterior lobes expand
earlier than the posterior and this correlates with PC maturation;
however, peak proliferation of GCPs occurs in utero (26-32 weeks)
rather than postnatally as in rodents, but the human EGL remains
in some regions for a year after birth (Haldipur et al., 2021).
Curiously, based on scRNA-seq data, the eCNs of the
lateral cerebellar nuclei have only one transcriptionally defined
neuron subtype compared with two in mice and chicken (Kebschull
et al., 2020). Likely to accommodate the greatly expanded
cerebellum, two of the progenitor zones are more complex in
human (Aldinger et al., 2021; Haldipur et al., 2019, 2021). The VZ
has a subventricular zone (SVZ) by 6 post-conceptional weeks,
reminiscent of the cerebral cortex of mouse and human. Most
astonishing is the morphological changes the RL undergoes starting
at 11 post-conceptional weeks, including subdivision by a vascular
bed into a so-called RLVZ with more immature progenitors, and an
RLSVZ with UBC and GCP precursors. Whether there are parallels
between the RLSVZ and the proposed posterior transitory zone in
mouse (Khouri-Farah et al., 2022) is not clear. Furthermore, the
human RL becomes embedded in the most posterior lobe. The new
sub-lineages of the human progenitor zones provide candidates for
cells of origin of tumors, especially for the group 3 and 4 subgroups
of the cerebellar tumor medulloblastoma, which, compared with the
SHH subgroup derived from GCPs, have so far been elusive
(Hovestadt et al., 2019; Vladoiu et al., 2019). Finally, the complex
RL in human is thought to be crucial for growth of the posterior
cerebellum and injury or defects of the structure are responsible for
human diseases involving hypoplasia of the posterior vermis.
However, the contribution of eCNs to cerebellar growth must also
be considered, because they are derived from the RL. An additional
question remaining is whether the third progenitor population
identified in mouse, the NEPs, also is present in the human
cerebellum and, if so, has it evolved to be more complex, do they
have regenerative potential for replacing an injured EGL and are
there distinct progenitors for interneurons and astroglia as in mouse?

Conclusions and perspectives
The cerebellum has provided insights into how cell-to-cell
communication between and within lineages is crucial to ensure
the numbers of different cell types are scaled during development
and after injury, and generate the complex foliation pattern that
underlies circuit integrity. The degree to which new neurons
generated after injury to the mouse neonatal cerebellum integrate
normally into the existing neural circuits and take on the robust
molecular heterogeneity remains to be determined. In order to study
the relevance of the cellular complexity of the RL and VZ in human,
it is crucial to further develop and utilize model systems, in
particular human (and mouse) pluripotent stem cell-derived 3D
cerebellar organoids (Ballabio et al., 2020; Behesti et al., 2021;
Buchholz et al., 2020; Muguruma et al., 2015; Nayler et al., 2021;
Seto et al., 2014; Silva et al., 2020a,b). To date, the systems have not
documented the inter-lineage and cell-to-cell interactions required
in vivo for expansion of different progenitors and survival of PCs,
thus much remains to be studied. Finally, if survival of eCNs is
dependent on the presence of their target neurons in the midbrain/
forebrain, it will be interesting to determine whether some human
cerebellar hypoplasias are secondary to injury during in utero
development to extra-cerebellar sites (Aldinger et al., 2019;
Limperopoulos et al., 2014, 2005).
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