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Abstract

Cerebellar development has a remarkably protracted morphogenetic timeline that is coordinated by
multiple cell types. Here, we discuss the intriguing cellular consequences of interactions between
inhibitory Purkinje cells and excitatory granule cells during embryonic and postnatal development.
Purkinje cells are central to all cerebellar circuits, they are the first cerebellar cortical neurons to
be born, and based on their cellular and molecular signaling, they are considered the master
regulators of cerebellar development. Although rudimentary Purkinje cell circuits are already
present at birth, their connectivity is morphologically and functionally distinct from their mature
counterparts. The establishment of the Purkinje cell circuit with its mature firing properties has a
temporal dependence on cues provided by granule cells. Granule cells are the latest born, yet most
populous, neuronal type in the cerebellar cortex. They provide a combination of mechanical,
molecular and activity-based cues that shape the maturation of Purkinje cell structure, connectivity
and function. We propose that the wiring of Purkinje cells for function falls into two
developmental phases: an initial phase that is guided by intrinsic mechanisms and a later phase
that is guided by dynamically-acting cues, some of which are provided by granule cells. In this
review, we highlight the mechanisms that granule cells use to help establish the unique properties
of Purkinje cell firing.
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Introduction

The cerebellum was initially described as a motor region, but it is now receiving much
attention for its roles in neurocognitive behaviors (Gill and Sillitoe, 2019; Manto et al.,
2012; Sathyanesan et al., 2019). Towards this, there is mounting evidence from studies in
humans and rodents showing that the cerebellum controls movement as well as language,
emotion, and cognition by modulating diverse brain regions (Badura et al., 2018; Carta et al.,
2019; King et al., 2019). Therefore, one could hypothesize that there are regional differences
in structure that are related to its function, as is seen in the cerebral cortex. Yet, there are
very few differences in the anatomical architecture of the cerebellar cortex that could fully
explain the functional heterogeneity of the cerebellum, as the cerebellar cortex consists of
highly repetitive local circuits (Beckinghausen and Sillitoe, 2019). Although, in accordance
with the cerebellum’s functional heterogeneity, the underlying features that promote such
diversity likely emerge from specific circuit wiring plans that are initiated during
development (Apps and Hawkes, 2009; Dastjerdi et al., 2012; Leto et al., 2016). The
extensive embryonic to postnatal timeline of cerebellar development, that encompasses over
two years in humans and nearly two months in rodents, corroborates this hypothesis
(Sathyanesan et al., 2019; White and Sillitoe, 2013). During this period, anatomically
homogeneous cerebellar circuits acquire a striking level of molecular and synaptic
specializations that could account for the expansive contribution of the cerebellum to
different behaviors (Dastjerdi et al., 2012). The lengthy window allocated for cerebellar
development could also explain why a wide range of genetic and physical insults in the
cerebellum can cause a large number of different neurological and neuropsychiatric
disorders including movement disorders such as ataxia, dystonia and tremor, as well as
neuropsychiatric disorders including autism spectrum disorders (ASD), attention deficit
hyperactivity disorder (ADHD) and schizophrenia (Stoodley and Limperopoulos, 2016).
Thus, a more comprehensive understanding of the temporal features of cerebellar circuit
development may provide key insights into the origins, pathogenesis and pathophysiology of
brain diseases ranging from movement disorders to complex conditions that cause
neurocognitive dysfunction.

Cerebellar development starts before birth (~30 days after conception in human and ~7 days
in mice) and Purkinje cells are among the first of the major cell types to be born (Hashimoto
and Mikoshiba, 2003; Hoshino et al., 2005; Miale and Sidman, 1961); in mice this occurs
after embryonic day 10. Purkinje cells ultimately form the core of all cerebellar circuits and
are the sole output of the cerebellar cortex. In adults, they perform critical computations for
function whereas during development they guide the wiring of afferent fibers and
interneurons. Thus, the centrality of Purkinje cells in the circuit is reflected in their influence
over cerebellar development and later, in their control of circuit function (Dastjerdi et al.,
2012).

The protracted timeline of Purkinje cell development is accompanied by the later-onset
development of a second key population in the cerebellar cortex, the excitatory granule cells.
Granule cells are the most numerous cell type in the mammalian brain (Herculano-Houzel et
al., 2015) and the peak of granule cell neurogenesis occurs postnatally between 20 and 40
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weeks post conception in humans and postnatally between the first to second weeks of life in
mice, which is after most other cerebellar cell types are born and have started migrating to
their final locations in the cerebellar cortex (Beckinghausen and Sillitoe, 2019; Haldipur et
al., 2019; Leto et al., 2016; Sathyanesan et al., 2019; White and Sillitoe, 2013). There are
multiple morphogenetic and signaling mechanisms that Purkinje cells use to guide granule
cell development (Caddy and Biscoe, 1979; Chen and Hillman, 1989; Corrales et al., 2004,
2006; Dahmane and Ruiz i Altaba, 1999; Lackey et al., 2018; Sidman et al., 1962; Wallace,
1999; Wang and Liu, 2019; Wechsler-Reya and Scott, 1999; Wetts and Herrup, 1982, 1983),
although the reverse signaling from granule cells to Purkinje cells is also critical, especially
for correct circuit wiring. For example, there is evidence that granule cells and their parallel
fiber projections influence the late phase of supernumerary elimination of climbing fibers
from Purkinje cells (Hashimoto and Kano, 2003). Eliminating granule cell synaptic
signaling, however, results in relatively specific motor phenotypes compared to those
observed in mice that lack granule cells throughout development (Galliano et al., 2013). This
shows that, in addition to neuronal communication at granule cell to Purkinje cell synapses,
other granule cell cues must also be necessary for the final maturation of Purkinje cells, in
addition to their roles in mediating other cerebellar processes. These cues include
mechanical forces due to clonal cell expansion and heterologous molecular signaling from
granule cells to Purkinje cells (D’ Arcangelo et al., 1995; Dastjerdi et al., 2012; Jensen et al.,
2002).

Thus, Purkinje cells orchestrate the development of rudimentary circuits. Yet, upon their
temporal intersection with excitatory granule cells, major rearrangements shape Purkinje cell
structure and connectivity. These rearrangements appear to be fundamental to circuit
function as they coincide with the refinement of cerebellar-guided behaviors and are
dependent on a diverse range of signals. Here, we discuss the bi-phasic development of
Purkinje cells. There is an early phase that is guided by cell-intrinsic mechanisms such as
cellular differentiation and a late phase that is guided by cell extrinsic mechanisms including
mechanical, molecular, and activity cues provided by granule cells. We discuss the
developmental events that occur in both phases in terms of Purkinje cell migration,
morphology, connectivity, and electrophysiology. We further briefly discuss, how, as
Purkinje cell circuit maturation proceeds, the cerebellum acquires its diverse functions for
behaviors such as locomotion, learning, and ultrasonic vocalization (Lalonde and Strazielle,
2015). We also discuss how the temporal patterns that shape cerebellar development impact
disease. Before considering cerebellar wiring, and specifically how Purkinje cells acquire
their functional connectivity, we will review the basic anatomy and circuitry of the
cerebellum. We also introduce how cell lineage and molecular expression contribute to
circuit identity.

1duosnuen Joyiny

An overview integrating the morphology, cytoarchitecture and patterning of
the cerebellum

Gross anatomy:

The cerebellum is anatomically partitioned in both the anterior-posterior and the medial-
lateral axes (Sillitoe et al., 2012). In the anterior-posterior axis, the cerebellum is folded into
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ten lobules that are separated by distinct fissures (Figure 1A) (Larsell, 1952). In the medial-
lateral axis, the cerebellum is organized into four major regions: the vermis (and
paravermis), hemispheres, floculus, and paraflocculus (Figure 1B). We will not consider the
details of basic cerebellar anatomy any further since they have been extensively described in
many previous publications (Glickstein and Voogd, 1995; Sillitoe and Joyner, 2007; Voogd
and Glickstein, 1998).

Cerebellar patterns:

In addition to its main anatomical divisions, the medial-lateral axis of the cerebellum is also
organized around a finer scale. Neurons and glia are organized into an array of patterns that
are best revealed using molecular expression patterns, although afferent terminal field
organization, cell lineage, and genetic phenotypes all conform to the same plan
(Beckinghausen and Sillitoe, 2019; Miterko et al., 2018; Zhou et al., 2020). Importantly, the
Purkinje cell plan is set first, and then acquired by the different cerebellar cell types, together
forming parasagittal stripes, or zones (Apps and Hawkes, 2009), that then operate as
functional cerebellar modules (Pijpers et al., 2006; Ruigrok, 2011). The patterns have been
extensively described using molecular markers (Dastjerdi et al., 2012; Hawkes, 2014; White
and Sillitoe, 2013). The most well characterized molecular marker of cerebellar zones is
Zebrin 11, an antigen on the Aldolase C protein (Ahn et al., 1994; Brochu et al., 1990;
Hawkes and Leclerc, 1987). Zebrin 11 is expressed by a subset of Purkinje cells in highly
conspicuous and evolutionarily conserved parasagittal bands (Figure 1B) (Apps and

Hawkes, 2009; Sillitoe et al., 2004). Similarly, it should be noted that the anterior-posterior
axis also has finer structure-related divisions. Based on the projection patterns of afferent
fiber subsets to specific cerebellar regions, it is possible that the type of information that gets
processed by the Purkinje cells is distinct depending on afferent terminal localization
patterns in the cerebellum (Nishiyama and Linden, 2004; Serapide et al., 2001; Vogel et al.,
1996).

Circuit architecture:

Cerebellar circuits are carefully arranged according to a three-layered structure across the
cerebellar cortex (Figure 1C). The most superficial layer, called the molecular layer, is
occupied by the large dendritic arbors of Purkinje cells, and is the site for innervation by
excitatory parallel and climbing fibers. Parallel fibers are the axons of cerebellar granule
cells. Each Purkinje cell receives extensive synaptic inputs from parallel fibers; ~50
thousand in mice, ~150 thousand in rats, and ~7 million in humans (Huang et al., 2014).
Purkinje cells are also innervated by climbing fibers, which originate in the inferior olive of
the brainstem. In the adult, every Purkinje cell receives synaptic contacts from a single
climbing fiber. In addition to the Purkinje cell dendrites, parallel fibers, and climbing fibers,
two types of molecular layer interneurons (MLI) also reside in the molecular layer, namely
the stellate cells and basket cells. The second and middle layer of the cerebellar cortex is the
Purkinje cell layer, where the cell bodies of Purkinje cells and some interneurons are found.
Purkinje cell projections are restricted to select brain regions including the vestibular,
cerebellar, and parabrachial nuclei (Hashimoto et al., 2018; Sillitoe et al., 2009). There is
also a recently discovered Purkinje cell projection to the locus coeruleus(Schwarz et al.,
2015). Sandwiched between the Purkinje cells are the large Bergmann glia and interneurons

Neuroscience. Author manuscript; available in PMC 2022 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

van der Heijden and Sillitoe Page 5

called candelabrum cells. The third and deepest layer is called the granule cell layer. This
layer is densely packed with the cell bodies of excitatory granule cells. The granule cell
layer also contains inhibitory Golgi, Lugaro and globular cells (Hirono et al., 2012), and a
unique population of excitatory interneurons called unipolar brush cells. The unipolar brush
cells are localized mainly in the vermis of lobules IX and X, with a smaller number localized
to lobules VI and VII (Mugnaini et al., 2011). The granule cells, Golgi cells, and unipolar
brush cells are innervated by mossy fibers, which relay information to the cerebellum from
the cortex (via the pons), the vestibular nuclei and primary vestibular nerve, and spinal cord,
among other regions. The cerebellar nuclei are situated in the core of the cerebellum and
form the primary connection between the cerebellar cortex and other brain regions and the
spinal cord. In addition to Purkinje cell input, the cerebellar nuclei cells receive collateral
inputs from mossy and climbing fibers. We will not cover the beaded neuromodulatory
fibers, although their existence should be noted.

Purkinje cells and granule cells are derived from spatially distinct germinal

zones

Mature inhibitory and excitatory neurons are tightly intermingled in the cerebellar circuit,
which contrasts with their progenitors that are initially segregated in two germinal zones (the
ventricular zone and rhombic lip) that produce the separate lineages (Ben-Arie et al., 1997;
Hoshino et al., 2005; Rose et al., 2009; Sellick et al., 2004; Wang et al., 2005). All inhibitory
neurons derive from the ventricular zone and are marked by the expression of pancreas
specific transcription factor 1a (Ptf1a) (Hoshino et al., 2005), whereas the excitatory
cerebellar neurons develop from the rostral rhombic lip and require the expression of atonal
homolog 1 (Atohl) (Figure 2A) (Ben-Arie et al., 1997; Rose et al., 2009; Wang et al., 2005).
Cellular identity is also defined by birthdate (Hoshino et al., 2005; Rose et al., 2009; Wang
et al., 2005). Here, all developmental timepoints are defined according to mouse
development, but the order in which different cell types are born is conserved across species
(Butts et al., 2011, 2014; Sathyanesan et al., 2019). From here on, the postnatal days are
indicated by a “P” and the embryonic days are indicated by an “E” (Figure 2B). The earliest
born cells (~E10-11) in the ventricular zone and rhombic lip become inhibitory and
excitatory cerebellar nuclei cells, respectively (Hoshino et al., 2005; Rose et al., 2009; Wang
et al., 2005). Purkinje cells are the earliest born cerebellar cortical neurons (~E10-13) and
are derived from the ventricular zone (Miale and Sidman, 1961). Their birth is followed by
the genesis of a variety of cerebellar inhibitory (~E14-P7, ventricular zone) and excitatory
(~E14-18, rhombic lip) interneurons. Granule cell precursor cells (~E12-16, rhombic lip)
form a secondary germinal matrix called the external granular layer (Chizhikov et al., 2006,
2010), which covers the surface of the cerebellar anlage. There, the precursor cells further
proliferate for several weeks (~E14-P20) and then produce differentiated granule cells.
Granule cells ultimately migrate to the inner granular layer (Butts et al., 2014), although
during this period they also extend parallel fiber axons that form synaptic connections with
the Purkinje cells (Espinosa and Luo, 2008; Park et al., 2019).
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The assembly of Purkinje cell circuitry starts during embryogenesis

Shortly after neurogenesis in the ventricular zone, Purkinje cells start to migrate towards the
inner core of the cerebellar anlage (E13-E17) (Figure 2C) (Morales and Hatten, 2006).
Placement of Purkinje cells in the embryonic cerebellum is based on their birthdate; lateral,
dorsal, and posterior Purkinje cells are born prior to the medial, ventral, and anterior
Purkinje cells (Altman and Bayer, 1985; Yuasa et al., 1991). Purkinje cells migrate radially
and are guided by radial glia (Yuasa et al., 1991, 1996). Their migration is, in part, mediated
by reelin signaling from granule cell precursors and the developing cerebellar nuclei
(Heckroth et al., 1989; Jensen et al., 2002). Accordingly, mice lacking all rhombic-lip
derived neurons (Afoh null mice) show Purkinje cell ectopia due to improper migration
(Jensen et al., 2002). Interestingly, recent work shows that in addition to providing cues for
migration, the excitatory cerebellar nuclei neurons also regulate the number of Purkinje
cells, thereby influencing their integration into the cerebellar circuit through an inter-cellular
matching mechanism that has not been fully resolved (Willett et al., 2019).

The molecular differentiation of Purkinje cells occurs shortly after terminal mitosis (E10-
E13), prior to the establishment of synaptic contacts and is thus likely coordinated by
genetic programs rather than synaptic and extra-synaptic inputs (Wassef et al., 1990;
Wizeman et al., 2019). Analysis of Purkinje cell development in chimeric mice shows that
clones of Purkinje cells are situated in close proximity to each other in the mature
cerebellum (Oster-Granite and Gearhart, 1981) with lineage studies in chick revealing their
routes of dispersion (Lin and Cepko, 1999). More recent studies have confirmed that
birthdate and embryonic identity correlate with molecular identity in the mature cerebellum:
early- and late-born cells become Zebrinll-negative and Zebrinll-positive Purkinje cells,
respectively (Hashimoto and Mikoshiba, 2003; Namba et al., 2011; Sillitoe et al., 2009).
There is evidence that the transcription factor Ebf2 plays a role in early Purkinje cell
differentiation, with Ebf2 repressing Zebrinll-identity (Chung et al., 2008). After Purkinje
cell identity is established, they initiate expression of different markers. Among the early
marker molecules are transcription factors (FoxP1, FoxP2, En1/En2 and Etv1), but also
signaling and guidance molecules (EphA4 and Pcdh10), as well as molecules that are known
to form zonal patterns in the developing postnatal and adult cerebellum (L7/Pcp2, PLCR4)
(Fujita and Sugihara, 2012; Fujita et al., 2012; Wizeman et al., 2019). Thus, Purkinje cells
differentiate early during cerebellar development, soon after their final mitosis, and then they
form clusters that can be distinguished by birthdate, localization, and molecular identity
(Fujita et al., 2012; Sugihara and Fujita, 2013). Clusters are thought to be the developmental
equivalent of adult zones, although the process of how clusters segregate and transform into
sharp zones is not yet fully understood (Fujita et al., 2012; Larouche and Hawkes, 2006;
Marzban et al., 2007; Sillitoe et al., 2009).

In addition to promoting specific molecular identities, Purkinje cell differentiation is also
essential for guiding the formation of neuronal connections, which starts shortly after
Purkinje cells have invaded the core of the embryonic cerebellum. The efferent connectivity
of the Purkinje cells onto the cerebellar and vestibular nuclei neurons starts to form during
embryogenesis (before E15 and E17 in rodents, respectively; (Eisenman et al., 1991; Sillitoe
et al., 2009)). Purkinje cell clusters project to multiple cerebellar nuclei, but form the
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connections predominantly with nuclei in their own medial-lateral plane-that is, vermis
Purkinje cells project heavily to the fastigial (medial) nucleus, paravermis cells to the
interposed (middle) nucleus, and hemisphere cells to the dentate (lateral) nucleus. Thus, the
overall impact of Purkinje cells on cerebellar output function may be, at least partially,
determined by their distinct birthdates because the general medial-lateral organization of
Purkinje cell patterning is established during embryogenesis, by the time the cells leave the
ventricular zone (Sillitoe et al., 2009).

Afferent connections onto Purkinje cells start to form shortly after Purkinje cells begin to
settle in the cerebellar anlage. In the initial stages of Purkinje cell synaptogenesis, the
Purkinje cells receive direct input from both types of the main extra-cerebellar pathways:
mossy fibers and climbing fibers (Mason and Gregory, 1984) (Figure 3). Climbing fibers
interact with Purkinje cells as early as E15 and follow a strict topographical organization to
form an olivocerebellar map, which conforms to the zonal plan (Chédotal et al., 1997; Sotelo
and Chédotal, 2005). Inferior olive neurons send their climbing fibers to the contralateral
cerebellum to specific Purkinje cell clusters that have similar molecular identities as those of
the inferior olive neurons themselves (Paradies and Eisenman, 1993). The connectivity
between afferents and Purkinje cell clusters is thought to depend on a molecular matching
mechanism that may involve Eph/ephrin signaling (Chédotal et al., 1997; Nishida et al.,
2002). A similar Eph/ephrin mechanism may also be required for mossy fiber topography
(see below, Sillitoe and Lackey, 2020). Immature climbing fibers differ from mature fibers in
their cellular localization. The name climbing fiber derives from the manner in which the
mature axons “climb” through the large Purkinje cell dendritic arbor, yet early postnatal
climbing fibers congregate around the Purkinje cell somata and at the base of the primary
dendrite. Furthermore, during the first two weeks of life (in rodents), multiple climbing
fibers innervate each Purkinje cell, although individual climbing fibers may prefer a single
Purkinje cell as early as P3 (Wilson et al., 2019), which sets the stage for the “winner” fiber
to translocate to the dendrite of a given Purkinje cell. The early pruning of climbing fiber
inputs is thought to be independent of granule cells (Hashimoto and Kano, 2003; Hashimoto
et al., 2009; Kano and Hashimoto, 2012).

During this early phase of circuit assembly, Purkinje cells are also directly innervated by
mossy fibers (Lackey and Sillitoe, 2020; Sillitoe et al., 2010). Like the climbing fibers,
mossy fibers are targeted to specific Purkinje cell clusters and anterior-posterior locations (Ji
and Hawkes, 1995; Sillitoe, 2016; Sotelo and Wassef, 1991). This process requires Purkinje
cell signaling and relies on the expression of the homeobox genes £n1 and En2 (Sillitoe et
al., 2010). However, recent work demonstrates that similar to their interactions with the
developing climbing fibers, Purkinje cells likely also use Eph/ephrin signaling to establish
the zonal topography of mossy fibers (Lackey and Sillitoe, 2020; Sillitoe et al., 2010). It is
intriguing that the synapses between immature Purkinje cells and mossy fibers are functional
(Takeda and Maekawa, 1989), although they do not form a rosette-like shape as mossy fiber
synapses on granule cell dendrites do (Kalinovsky et al., 2011). Therefore, based on the
identities of afferents that provide direct contacts, the cellular localization of the synapses
they form, and the number of afferents per Purkinje cell, one could hypothesize that the
neonatal Purkinje cell circuit is unique-both in its structure and function-compared to that of
the mature cerebellum (Figure 3).
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One of the most remarkable features of the mature Purkinje cell is its large and complex
dendritic tree. The development of the dendritic arbor is dependent on cell-autonomous
processes, as Purkinje cells devoid of molecular or synaptic signals from surrounding cells
still initiate dendritogenesis and form some branches (reviewed in (Sotelo and Dusart,
2009)). Similar to mature Purkinje cells, embryonic Purkinje cells have a polarized
morphology, with the dendritic processes protruding from the cell body on one side and the
opposite side projecting an axon. At this stage, the cells are referred to as being “fusiform”.
During early postnatal development, the number of branches become more numerous and
dendrite architecture increases in complexity. Because the perinatal Purkinje cells have not
yet formed a monolayer, the immature dendrites are not all oriented in the same direction as
“palisades”, as is the case in the mature cerebellum.

Taken together, we discussed evidence that the assembly of the rudimentary cerebellar
circuit is mediated by intrinsic Purkinje cell mechanisms. These mechanisms include
structural morphogenesis and molecular signaling that are initiated from within the Purkinje
cells. Immature Purkinje cell circuits then incorporate the many components of the adult
cerebellar circuit, including mossy fiber and climbing fiber afferents. However, compared to
adults, there are some key differences in the anatomy and connectivity of immature Purkinje
cell circuits. The mechanisms that transform rudimentary Purkinje cell circuits into mature
circuits with vast computational power coincide with the proliferation, migration and
differentiation of granule cells (Figure 3). We next consider the cellular, genetic and circuit
mechanisms of granule cell development, but we keep the discussion focused on their
relationship with Purkinje cells.

Experimentally manipulating developing granule cells leads to cerebellar

defects

Peak granule cell neurogenesis occurs between 24 to 40 weeks post-conception in humans,
which corresponds to the first two postnatal weeks in mice (Sathyanesan et al., 2019; Sillitoe
and Joyner, 2007). Thus, most granule cells are born well after the Purkinje cells have
formed their initial connections and interactions with the cerebellar afferents and nuclei. The
arrival of granule cells into the internal granular layer reorganizes the rudimentary cerebellar
circuit both on a micro (single Purkinje cell) and macro (cerebellum at-large) level. Because
of the many changes that occur in temporally overlapping time windows, it has been a
challenge to tease out which of the changes to Purkinje cells occur due to cell-autonomous
maturation versus active guidance by granule cells. Still, we have gained a wealth of
knowledge about how granule cells contribute to Purkinje cell development by studying
genetic models that have altered granule cell development or using the neonatal X-
irradiation model that causes severe loss of granule cells. The mice with granule cell deficits
are collectively referred to as “agranular mice”. Before discussing the findings from these
different manipulations, we introduce the key lines of agranular mouse models.

There is a long and fascinating history of how different mutant mice became precious
experimental models after the recognition that their peculiar behaviors were due to
spontaneous mutations in genes critical for cerebellar development (Dusart et al., 2006; Gold
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et al., 2007; Lalonde and Strazielle, 2019). These mouse lines are named according to their
gait abnormalities, because the identities of the causal mutated genes were not known at the
time; staggerer (later identified as a mutation in RORa) is one example. Studies over the
past six decades have found that abnormal motor control can often be attributed to altered
cerebellar development, with the resulting phenotypes reflecting the functional impact of the
specific cell-type(s) that expresses the mutated gene. Among the most studied spontaneous
agranular mutants are the aforementioned staggerer mice (Hamilton et al., 1996; Herrup,
1983; Sidman et al., 1962), weaver mice that have a mutation in the gene encoding the G-
protein inward rectifying potassium channel, Girk2 (Patil et al., 1995; Rezai and Yoon,
1972; Sidman et al., 1965), reeler mice that have a mutation in the gene encoding the extra-
cellular matrix protein, reelin (D’ Arcangelo et al., 1995; Falconer, 1951; Hamburgh, 1960),
and scrambler mice that have a mutation in the reelin-receptor encoding gene, disabled
(Goldowitz et al., 1997; Sheldon et al., 1997; Sweet et al., 1996). Of these mutations, only
the weaver mutation causes cell loss through a granule cell intrinsic Girk2 mutation. RORa
(staggeren) is only expressed in inhibitory cells and likely impairs granule cell survival and
proliferation through reduced sonic hedgehog (SHH) signaling. Finally, reelerand disabled
mice have low numbers of granule cells that may occur as a secondary consequence to
abnormal Purkinje cell migration, or perhaps secondary to abnormal SHH signaling
(Cendelin, 2014; Lalonde and Strazielle, 2019). While the mutated genes in these mice are
distinct, their anatomical phenotypes overlap in that most granule cells do not survive after
final mitosis and, as a result, adequate numbers of granule cells fail to integrate into the
developing cerebellar circuit. Interestingly though, in these four agranular mutant mouse
models, to some degree an external granular layer still forms during early development.

The only well-known mutant mice to have an almost complete absence of granule cells, as
well as the granule cell precursors, are engineered mutant mice that have a deletion of
Atoh1, which encodes a basic helix-loop-helix transcription factor (Ben-Arie et al., 1997,
van der Heijden and Zoghbi, 2018). Unfortunately, the use of Afo/1 knockout mice to study
the role of granule cells on Purkinje cell development has been limited because Afoh1is a
necessary gene for neonatal survival. Interestingly, studies investigating cerebellar
development in Afoh1 mosaic animals have confirmed a resemblance between these mice
and Reelermice (Jensen et al., 2002, 2004).

A third model of cerebellar agranularity is X-irradiation of the early postnatal cerebellum.
X-irradiation preferentially kills mitotic neurons, and therefore its postnatal application has a
major bias towards developing granule cells, which results in anatomical and behavioral
phenotypes that are similar to those observed in the different genetic models (Altman and
Anderson, 1971).

A common complication of these genetic and experimental manipulations that cause a loss
(or lack) of granule cells is that the primary effects are not restricted to the granule cell
population. For instance, in regard to the spontaneous mutants staggerer, weaver, reeler, and
scrambler, multiple cerebellar cell-types express the proteins for which the mutated genes
encode. Likewise, Atoh1 is not only important for the development of granule cells, but it is
also critical for establishing the excitatory cerebellar nuclei neurons and unipolar brush cells
(Rose et al., 2009). Finally, X-irradiation affects all proliferating cells at the time of
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radiation. Therefore, this experimental manipulation can also affect the molecular layer
interneurons (Altman and Anderson, 1971), or, conversely, cause an incomplete depletion of
granule cells due to adaptive mechanisms (Wojcinski et al., 2017). Nevertheless, the striking
overlap in the phenotypes between different agranular mice, and specifically in the way
Purkinje cell development is affected, supports the hypothesis that the lack of granule cell
cues is a primary driving force for the cerebellar defects.

Observations of abnormal Purkinje cell development in agranular mice are further
corroborated by results from studies in which the synapses between granule cells and
Purkinje cells are specifically impaired. Some studies focused on eliminating presynaptic
vesicle release by targeting the expression of tetanus toxin to granule cells (Kim et al., 2009;
Park et al., 2019) or eliminating calcium-dependent vesicle fusion by genetically deleting
presynaptic calcium channels (Galliano et al., 2013), whereas others studies focused on
parallel fiber-Purkinje cell signaling by eliminating glutamate receptors on Purkinje cells
(Aiba et al., 1994; Hashimoto et al., 2001; Kashiwabuchi et al., 1995). In all cases, the
development of Purkinje cell structure was altered and as a consequence of altering the
wiring process, cerebellar circuit function was compromised. We use these studies as a
motivation to raise the issue of how intrinsic and extrinsic factors cooperate to sculpt
Purkinje cell development and establish function from embryonic through postnatal life.

Granule cells mediate the normal reorganization of Purkinje cell circuits

With the rapid expansion of the granule cell population, the cerebellum starts to acquire its
structurally mature morphology, characterized by its ten primary lobules and three-layered
cortex (Figure 1). These developmental milestones coincide with a second phase of Purkinje
cell development (Figure 2C). Purkinje cells form part of an anchor center required for the
formation of primary fissures between lobules (Sudarov and Joyner, 2007), but lobule
formation is mostly dependent on the massive expansion of cerebellar granule cells from PO
and onwards, and is completely absent in mice lacking granule cells (Ben-Arie et al., 1997;
Jensen et al., 2002, 2004). Likewise, reduction of the number of granule cells by interfering
with SHH signaling results in a smaller number of folia (Corrales et al., 2004, 2006; Lewis
et al., 2004). Granule cell progenitors start to secrete reelin during neurogenesis, which aids
in the dispersion of embryonic Purkinje cell clusters (D’ Arcangelo et al., 1995). With the
formation of the lobules and increase in surface area, Purkinje cells start to spread out and
rearrange into a single monolayer (Figure 4). As the cerebellum primarily expands in the
anterior-posterior orientation due to lobule formation (the vermal surface extends ~25-fold
in the anterior-posterior direction and only ~1.5-fold in the medial-lateral direction), the
embryonic clusters also segregate in an anterior-posterior manner, which eventually results
in the classical longitudinal zones (Figure 1B). In agranular mice, lobule architecture, layer
formation and zonal patterning are all severely disrupted (reefer, Larouche et al., 2008; G/i2
conditional mutant, Sillitoe et al., 2010). Accordingly, when the absence of granule cells is
regionally restricted, Purkinje cell clusters do not disperse to form a monolayer and distinct
molecular zones fail to sharpen, with the cells instead remaining in embryonic-like clusters
with poorly defined boundaries (Armstrong et al., 2009; Reeber et al., 2013; Vig et al.,
2005).
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In addition to localizing Purkinje cells in the cerebellar cortex, expansion of the granule cell
population also guides Purkinje cell dendritic morphology, orientation, and planar
organization. Starting in the second postnatal week, the Purkinje cell dendritic arbor starts to
expand mainly along the transverse plane, following the general growth of the cerebellar
cortex in the anterior-posterior direction (Figure 4C) (Fujishima et al., 2018; Sotelo and
Dusart, 2009). In the third postnatal week, when the Purkinje cells are situated in a
monolayer, the Purkinje cell dendritic arbor expands more in the vertical direction (Sotelo
and Dusart, 2009). Purkinje cell dendrites in agranular mice are smaller and maintain their
multi-polar dendritic orientation (Bradley and Berry, 1976; Mariani et al., 1977). Slowed
migration and decreased granule cell survival in astrotactin null mice results in impaired
Purkinje cell monolayer formation and dysmorphic dendritic arborization (Adams et al.,
2002). However, the expansion of the dendritic arbor may dependent on the formation and
physical presence of synapses, rather than synaptic signaling, as partially blocking parallel
fiber input onto Purkinje cells results in only a slightly thinner molecular layer and less
dendritic branches (Kim et al., 2009; Park et al., 2019).

Finally, granule cells are essential for the reorganization of the Purkinje cell connectome, a
process that mostly occurs between postnatal day 7 and 14 (although it does continue until
~P21 in mice). Granule cells modify the connectivity of the Purkinje cell afferents in three
major ways (Figure 3). First, granule cells make contacts with Purkinje cells via their
parallel fiber projections. Second, granule cells are necessary for the displacement of mossy
fibers from the Purkinje cell bodies to the granule cell dendrites. And third, synaptic
signaling at granule cell to Purkinje cell synapses is necessary for the pruning of extra-
numerous climbing fibers from the Purkinje cells.

The thousands of parallel fiber synapses that terminate on Purkinje cells (Huang et al., 2014)
are arranged in an inside-out manner, with the first born and earlier migrating granule cells
synapsing on the portion of the Purkinje cell dendrites that are closest to the Purkinje cell
somata (Park et al., 2019). The first parallel fiber-Purkinje cell synapses start to form around
the second postnatal week in rats (Shimono et al., 1976), but granule cells continue to
migrate until around P20 in rodents and the parallel fiber-Purkinje cell synapses continue to
form until the fourth postnatal week in mice (Espinosa and Luo, 2008; Park et al., 2019). In
accordance with these anatomical data, /7 vivo electrophysiology recordings demonstrated
that the mature properties of Purkinje cell activity (frequency, pattern, etc.) are also set at
around P30 (Arancillo et al., 2015).

The relocation of mossy fibers from Purkinje cells to their mature synaptic partners, the
granule cells, encompasses a process involving positive and negative signals. As granule
cells invade the internal granular layer, the expression of Purkinje cell derived BMP4 is
thought to provide a negative regulator of the embryonic plan. In BMP4 knock-out mice,
postnatal mossy fibers erroneously maintain their connectivity to Purkinje cells, and the
placement of postnatal mossy fibers was shifted towards the Purkinje cell layer (Kalinovsky
et al., 2011). Conversely, granule cells might provide positive signals. They express FGF22,
Whnt7a and neuroligins, molecules that are all thought to provide a positive synaptogenic
influence over mossy fiber afferents (Hall et al., 2000; Scheiffele et al., 2000; Umemori et
al., 2004). In this scenario, the granule cells would attract their own afferent input. It is
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interesting to speculate that granule cells attract the mossy fibers that reside on Purkinje cells
in their closest proximity. If this is the case, then the clustered mossy fiber-Purkinje cell map
(Sillitoe, 2016) may provide a developmental plan that dictates the formation of an
equivalent map of mossy fiber-granule cell connections. In accordance with the data from
normal mice (Sillitoe, 2016), in agranular scrambler mice, mossy fibers intermingle with
ectopic zonal clusters of Purkinje cells (Reeber et al., 2013).

The manner in which granule cells mediate the pruning of climbing fiber synaptic contacts
onto Purkinje cells should be considered from a functional perspective. Previous work
showed that Purkinje cells in the agranular cerebellum receive functional inputs from
multiple climbing fibers, even in the adult stage (Crepel et al., 1981; Mariani and Changeux,
1981; Woodward et al., 1974). More recent studies have shown that partially eliminating
parallel-fiber inputs onto Purkinje cells, by eliminating postsynaptic glutamate receptors,
also results in the multi-innervation of Purkinje cells by climbing fibers (Hashimoto and
Kano, 2003; Hashimoto et al., 2001, 2009; Kano and Hashimoto, 2012). In the normal
cerebellum, the parallel fiber-Purkinje cell synapses likely contribute to climbing fiber
elimination through two distinct processes. First, the parallel-fiber synapses directly compete
with climbing fiber synapses for innervation territory, specifically on the most distal sites of
the Purkinje cell dendrites. Second, synaptic signaling from the parallel fibers is suggested
to initiate downstream signaling cascades that are required for the elimination of climbing
fiber synapses (reviewed in (Hashimoto et al., 2009).

Together, this extensive literature lends support to the hypothesis that granule cells provide
essential cues for the anatomical maturation of Purkinje cell as they integrate into functional
circuits. Granule cells are important for controlling both the gross morphology of the
cerebellum, as their numbers and migration drive the growth and foliation of the cerebellum,
as well as the processes that promote layering of the different cell types in the cerebellar
cortex. They are also indispensable for the reorganization of the rudimentary Purkinje cell
circuit into the adult circuit, which occurs during the second postnatal week in rodents. In
summary, although cell-autonomous mechanisms initiate the development of Purkinje cells,
many aspects of Purkinje cell circuit maturation, including their structure and connectivity,
are highly dependent on granule cell cues. But, what about Purkinje cell activity? How
might these granule cell-dependent developmental processes influence the firing properties
of their target Purkinje cells?

The wiring of functional connections and maturation of Purkinje cell firing

A lot is known about the anatomical maturation of Purkinje cells and the contribution of
granule cells herein. Similarly, Purkinje cell firing patterns have been studied extensively.
Purkinje cells in adult animals have a very distinct electrophysiological signature,
hallmarked by intrinsically generated simple spikes and climbing fiber-initiated complex
spikes (indicated with “*” in Figure 5) (Davie et al., 2008; Schmolesky et al., 2002). The
complex spikes can be distinguished from the simple spikes because they typically initiate a
large amplitude spike, which is followed by 3-5 smaller spikelets, and they induce a pause
in simple spike firing. However, surprisingly little is known about how Purkinje cells acquire
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these unique firing properties or how their spikes change /in vivo during the rapid period of
circuit reorganization in the first to second postnatal weeks.

In rodents, Purkinje cells start to fire spontaneous action potentials early in the first postnatal
week, coinciding with the integration of the first granule cells into the cerebellar circuit. But,
the rate and shape of these action potentials differ from those in mature Purkinje cells. Slice
recordings in rats show that Purkinje cells increase their excitability and firing frequencies as
they age, with many parameters of Purkinje cell function continuing to mature until after the
second postnatal week (McKay and Turner, 2005). /n vivo recordings in rats show that the
firing rate of Purkinje cells increases from P4 to P12 (Sokoloff et al., 2015), and similarly /n
vivo recordings in mice show that Purkinje cells start to fire at higher rates and with more
regularity from P15 onwards (Arancillo et al., 2015). Even though climbing fiber synapses
are present on Purkinje cells in the first postnatal week, climbing fiber-induced spikes trains
can have a different profile in neonates (Figure 5) (Crepel, 1972; Dupont and Crepel, 1979;
Good et al., 2017; Puro and Woodward, 1977a, 1977b; Sokoloff et al., 2015). Specifically,
climbing fiber-induced spikes in immature Purkinje cells have the form of either “doublets”
or typical complex spikes. On electrophysiological traces recorder /n vivo, the doublets can
be recognized by the presence of an initial spike, which is followed by a smaller spike within
~ 20 ms (see Figure 5 for an example). Complex spikes in neighboring Purkinje cells
measured in early neonatal mice (~P3-5) are highly temporally correlated. This correlation
declines with age (P8-10) and is impaired in mice that lack functional parallel fiber synapses
(abnormal until P14), suggesting that the extra-numerous climbing fiber innervation in
neighboring neurons drives temporally correlated complex spikes (Good et al., 2017). It is
unclear how this correlated activity impacts behavior in young mice.

None of the aforementioned studies, however, provided a comprehensive developmental
analysis of intrinsically generated Purkinje cell simple spike firing rate and patterns during
the ages that experience the most striking anatomical rearrangement /n vivo (P7-P14). It is
therefore unclear to what extent functional Purkinje cell maturation is guided cell-
autonomously or driven by synaptic inputs, or which inputs are most important for early
Purkinje cell function. Some important insights can be gained from the few studies that have
examined Purkinje cells in very young mice. Electrophysiological recordings performed in
the first postnatal week show that Purkinje cells acquire immature, yet functional,
electrophysiological properties before they receive inputs from parallel fibers, during a time
when the Purkinje cell circuit is fundamentally different from the adult (Crepel, 1972). In
addition, X-irradiated, weaverand reeler mice have Purkinje cell firing rates that are similar
to control mice (Dupont et al., 1983; Siggins et al., 1976; Woodward et al., 1974), and
Purkinje cells isolated in culture can be excited in the absence of proper cerebellar
architecture (Gruol and Franklin, 1987; Hockberger et al., 1989). Together, these results
provide evidence that some of the Purkinje cell electrophysiological properties may develop
independent of granule cells (or at least independent of a complete granule cell population),
despite the importance of granule cells for the formation of Purkinje cell anatomy. Indeed,
while an initial decrease in Purkinje cell simple spike firing rate and regularity was observed
in adolescent mice lacking functional glutamatergic inputs from climbing fibers, the firing
patterns normalized by adulthood (White and Sillitoe, 2017). Thus, Purkinje cells may be
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refractory to the loss of specific excitatory inputs as their firing properties can recover over
time, potentially as a consequence of homeostatic regulatory processes.

The observation that Purkinje cell activity is only subtly affected in the absence of granule
cells raises an interesting question: how do parallel fibers influence Purkinje cell activity,
especially given that they provide the most extensive excitatory input on Purkinje cells?
Using a genetic approach, the influence of silencing, rather than eliminating, parallel fibers
was shown to alter the spontaneous firing of Purkinje cells (Galliano et al., 2013). In that
study, the authors showed that the firing frequency of Purkinje cell simple spikes and
complex spikes was not changed, but the firing pattern of the simple spikes was more regular
than in control Purkinje cells. Additionally, the modulation of Purkinje cell simple spikes
was relatively attenuated in response to stimuli. These findings suggest that the basic
electrophysiological properties of Purkinje cells develop independent of granule cell inputs,
but that granule cell inputs are essential for modulating Purkinje cells during behavior.

Acquisition of cerebellar-dependent behaviors by granule cell-Purkinje cell
interactions

Based on their local (Heck et al., 2007) and network level (Giovannucci et al., 2017; Wagner
et al., 2017) connectivity, the lack of granule cells (or their signals) may have specific
consequences on the function of adult Purkinje cells (Lackey et al., 2018). In addition to
their roles during motor learning (Galliano et al., 2013), recent work also implicates granule
cells during cognitive behavior (Wagner et al., 2017). This raises a fundamental question:
how do granule cells contribute to cerebellar function during ongoing behavior in developing
and adult animals?

Of specific relevance to the current discussion, one wonders how these proposed granule cell
functions influence behaviors that are of vital importance for neonates to thrive in the early
postnatal weeks. These behaviors include ultrasonic vocalizations, righting reflex, and gait
control (Al-Afif et al., 2013; Fujita et al., 2008). Studies in agranular mice show that the lack
of granule cells impairs cerebellar control in very early postnatal mice, before granule cells
make functional contacts onto Purkinje cells. Rats X-irradiated immediately after birth
showed behavioral abnormalities as early as P10 (Guelman et al., 1993). Interestingly, early
X-irradiation in rats causes more severe motor abnormalities than later insults, suggesting a
temporal dependence on granule cells on behavioral outcomes (Ferguson, 1996; Le Marec et
al., 1997). Genetic models of agranularity also caused early observable phenotypes, weaver
mice have abnormal swimming behavior at P3 (Bolivar et al., 1996), staggerer mice show
abnormal righting behavior at P3 (Heuzé et al., 1997) and scrambler mice have abnormal
gait and tremor as early as P8 (Jacquelin et al., 2012). As mentioned previously, the
mutations in the genetically-induced agranular mice are not cerebellum specific and
therefore it is hard to pinpoint whether all observed phenotypes are a direct result of
cerebellar dysfunction. However, the onset and specificity of the behavioral abnormalities
are reminiscent of similar impairments that have been observed in mice that have genetic
mutations restricted to the Purkinje cells (Lalonde and Strazielle, 2015).
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These observations have two major implications for cerebellar function. First, the immature
cerebellar circuit, where Purkinje cells are innervated by mossy fibers and multiple climbing
fibers, contributes to gait control in neonatal mice. And second, granule cells are somehow
necessary for the function of this “transient” circuit, even though their axons are not a stable
component of the circuit and granule cell development is far from complete. This highlights
the problem of how granule cells contribute to cerebellar function in the earliest stages of
circuit development and function, because many of the granule cell axon-dependent
processes that are required for Purkinje cell morphogenesis are not initiated until after ~P10
in mice. Note, however, that granule cell axonal growth is initiated during the first postnatal
week in rodents (Stegmdiller et al., 2006). This indicates that immature parallel fibers could,
in theory, have a dynamic interaction with nearby Purkinje cells, even though the granule
cell somata are still making their descending journey from the external granule layer. We
therefore postulate that granule cells form transient contacts with Purkinje cells as they
migrate through the molecular and Purkinje cell layers. This hypothesis could be tested by
studying the anatomy and function of cerebellar circuits at these specific ages, as well as
examining the emergence of cerebellar-dependent behaviors in mouse models in which the
dynamic interactions between parallel fibers and Purkinje cells are impaired.

Although cell-type specific mutational analyses provide powerful mechanistic insight, one
has to consider that most natural and disease-related alterations involve several different
classes of neurons (and glia). Accordingly, while behaviors in mice with impaired parallel
fiber connections were not tested during the dynamic period of circuit reorganization, these
mouse models all show abnormal motor coordination and motor learning in adulthood (Aiba
et al., 1994; Galliano et al., 2013; Park et al., 2019). Of these examples, mice lacking the
postsynaptic glutamate receptor delta 2 (GIuR&2) potentially provide the best example of
how cerebellar circuit formation influences the function of that circuit. GIuR82 is an
important component of the postsynaptic glutamate receptor in parallel fiber synapses. In
addition to decreased parallel fiber connectivity, GluR&82-deficient mice also have impaired
synaptic pruning of climbing fiber connections onto Purkinje cells. The more generalized
abnormal motor performance in GluR62-deficient mice is accompanied severe essential
tremor (Aiba et al., 1994; Pan et al., 2020). The lack of climbing fiber pruning was also
found in post-mortem tissue of human patients with essential tremor (Pan et al., 2020) and
excessive climbing fiber signaling is causative in a pharmacological (harmaline-induced)
model of cerebellar-dependent tremor (Brown et al., 2020; Handforth, 2012). It should be
noted, however, that lack of climbing fiber signaling also results in tremor (Sausbier et al.,
2004; White and Sillitoe, 2017). Together, these observations show that too much and too
little climbing fiber activity are both detrimental to cerebellar function, and that granule cells
play a pivotal function in pruning climbing fiber synapses to perfectly balance the amount of
excitation that reaches Purkinje cells from the inferior olive. Additional studies with specific
circuit manipulations will have to be conducted in order to gain further insights in the link
between cerebellar formation and function. Such studies will provide information about the
contribution of specific cerebellar cell-types to different neurological diseases and
neuropsychiatric disorders with early and late onset symptoms.
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Clinical relevance of studying Purkinje cell and granule cell development in

mice

Compared to mice, the human cerebellum contains 80% of all neurons in the central nervous
system (vs. ~60% in mice), has a longer developmental timeline (2 years vs 2 months), is
~750 times larger (Herculano-Houzel et al., 2015; Sathyanesan et al., 2019), and has a
morphologically distinct rhombic lip (Haldipur et al., 2019). Yet, gene expression programs
and the temporal sequence of cellular development are generally conserved between rodents
and human (Haldipur et al., 2019). The clinical outcomes of impaired cerebellar
development, and specifically the vulnerability of the cerebellum during its peak granule cell
expansion and growth, have been discussed in detail in several recent review articles (Gill
and Sillitoe, 2019; Sathyanesan et al., 2019; Stoodley and Limperopoulos, 2016). Instead of
summarizing these resources, we highlight here several examples of the clinical value of
studying mouse models of cerebellar development.

One good example of genetic conservation in a disease context is the complete cerebellar
agenesis that occurs upon loss of functional copies of a gene encoding a transcription factor,
Ptfla (PTF1Ain human), which is expressed in the ventricular zone and is required for the
proper formation of inhibitory neurons in the cerebellum (Hoshino et al., 2005).
Homozygotic loss-of-function mutations in PTF1A in consanguineous families result in
complete cerebellar agenesis (Al-Shammari et al., 2011; Sellick et al., 2004). While
abnormal movements were observed in one of the infants, early neonatal lethality due to
pancreatic comorbidities prevented further study of P7TF1A mutations in human.
Coincidentally, a specific mutation in mouse Ptfla prevents cerebellar development in mice
and results in severe motor impairments including ataxic gait and tremor (Hoshino et al.,
2005). Despite the lethality of the mutations in humans, we can conclude that in humans and
mice, development of the Pifla-inhibitory lineage is essential for the formation of a
cerebellum.

The predictive value of mouse models is further exemplified by the similarities in cerebellar
malformations upon mutations in the reelin signaling pathway. Homozygote loss-of-function
mutations in the human homolog of reelin, RELN, causes lissencephaly and cerebellar
hypoplasia (Hong et al., 2000) and results in severe neurocognitive delay and hypotonia.
Interestingly, mutations in a gene encoding for a RELN receptor, VLDLR, were found in a
patient presenting with developmental delay and ataxia. These VLDLR mutations caused
cerebellar hypoplasia and only minor malformations of the cerebral cortex (Boycott et al.,
2009). Curiously, while homozygosity for a single point mutation in VLDLR was also found
in Eurasier dogs with cerebellar hypoplasia and ataxia (Gerber et al., 2015), knockout of
mouse V/d/rdid not have overt neurological deficits (Frykman et al., 1995). Instead, only a
double knockout approach of V/dirand Apo£2, another reelin receptor, was able to produce
migration and foliation deficits in the mouse cerebellum (Trommsdorff et al., 1999). These
findings show that the roles of specific signaling pathways are largely conserved between
mouse and human, but that the human cerebellum may be more sensitive to specific loss-of-
function mutations.
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The difference in sensitivity to gene dosage was also found when studying the transcription
factor Foxcl. FOXCI mutations can cause Dandy Walker Malformation (DWM) (Aldinger
et al., 2009), a disorder hallmarked by smaller cerebellar size and a concomitant increase in
the size of the fourth ventricle (Pinchefsky et al., 2019). Although mice are resistant to loss
of a single copy of Foxcl, cerebellar malformations in FoxcI-null mice and human patients
are strikingly similar, with abnormalities being largely restricted to posterior foliation
(Haldipur et al., 2017). Additional studies using the Foxc mutant mouse model have shown
that Foxcl is in fact expressed in the mesenchyme early during cerebellar development,
where it regulates the expression of signaling molecules that in turn promote proliferation
and the correct migration of ventricular zone and rhombic lip neurons (Haldipur et al.,
2014). These studies show how FOXCI loss-of-function mutations indirectly impair
cerebellar development even though the gene itself is not normally expressed within the
cerebellar anlage.

These three examples of specific genetic disruptions exemplify how mutations in a single
gene can cause severe cerebellar malformations. However, most cases of DWM and
cerebellar impairments are sporadic and have no known genetic cause (Aldinger et al.,
2019). For example, premature birth and cerebellar hemorrhage (that often occur in preterm
infants) lead to smaller cerebellar size and surviving preterm infants have a high risk for
deficient cognitive function and autism spectrum disorders (Limperopoulos et al., 2005,
2007; Stoodley and Limperopoulos, 2016; Volpe, 2009). In these infants, the relative
cerebellar size correlates with the severity of neurological impairment, with smaller size and
earliest born infants having the highest occurrence of severe neurodevelopmental disorders
(Limperopoulos et al., 2007; Volpe, 2009). Furthermore, isolated cerebellar hemorrhages in
preterm infants result in abnormal cortical development, suggesting direct and widespread
neurological dependence on normal cerebellar development (Dijkshoorn et al., 2020). At a
cellular level, premature birth may preferentially interrupt the proliferation of granule cells
due to a rapid decrease in SHH levels that occurs after birth, a molecular change which may
also depend on the extent of prematurity (Haldipur et al., 2011). A baboon model (Barron
and Kim, 2020), a pig model (Iskusnykh et al., 2018) and a mouse model of ischemic insult
(Yoo et al., 2014) all confirmed specific impairments in granule cell proliferation and a
concomitant decrease in cerebellar size. Thus, premature birth may partially halt cerebellar
development due to impaired (but not blocked) granule cell neurogenesis and result in
relatively milder neurological features compared to those observed in infants with genetic
disorders that impair developmental programs directly involving multiple neuron types.

Altogether, the above disease-relevant examples underscore the value of understanding
cerebellar developmental programs in mouse models. They show that although mice may be
more resistant to changes in gene dosage, genetic programs for cerebellar development are
largely conserved. Genetic insults to key developmental programs cause severe cerebellar
malformations and devastating neurological dysfunctions. Less severe anatomical changes,
including more modest decreases in cerebellum size that are observed in some surviving
prematurely born infants, can result in relatively milder neurological symptoms and correlate
with specific neurocognitive disorders. The next question is whether, in addition to face and
construct validity, mouse models also have predictive validity and can be used to develop
treatments to overcome the functional deficits that may be secondary to abnormal
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development. For this, however, we must first bridge the gap between form and function
(Miterko et al., 2018), and we could use mouse models to understand how abnormal
cerebellar development leads to distinctly impaired brain functions.

Future directions

The timeline required for establishing Purkinje cell architecture and the role of granule cells
therein, are well defined (Haldipur et al., 2019; Leto et al., 2016). Similarly, the correlation
between abnormal cerebellar development and impaired neurocognitive functions and motor
impairments have been well-established in human (Limperopoulos et al., 2007; Stoodley and
Limperopoulos, 2016; Volpe, 2009). However, there remains a major knowledge gap in how
Purkinje cell function emerges and then matures during the course of development. There is
a limited understanding of how their dynamic structural (e.g. dendrite expansion) and
functional (e.g. changes in complex spike firing) properties influence one another. This
leaves several major outstanding questions: How do Purkinje cells change their firing
properties during the dynamic developmental time window? How does the early loss of each
cerebellar afferent sub-type (based on the source) affect Purkinje cell function? How does
the integration of granule cells into the cerebellar circuit influence the functional properties
of Purkinje cells? How do Purkinje cells develop without granule cell inputs and
alternatively how would they develop with /ess granule cell input? In other words, how does
cerebellar form shape cerebellar function? We have started to address some of these
questions using a combination of conditional genetic approaches and /n vivo
electrophysiology in mice (van der Heijden et al., 2020), cementing the hypothesis that
granule development indeed shapes Purkinje cell activity. Several temporally-dependent
processes and interactions are likely at play, especially given the multiple stages of granule
cell development.

During the period when granule cells are proliferating (Corrales et al., 2004, 2006), they
produce signals that help organize Purkinje cell settling (Larouche et al., 2008; Miyata et al.,
1997), and by bridging these two morphogenetic processes they may also help sculp zones
through their migratory routes that occur in specialized “raphes” (Karam et al., 2001; Lin
and Cepko, 1998; Redies et al., 2002). In an interesting parallel to the role of granule cells
during such patterning events, the Purkinje cell firing pattern is more regular in the absence
of granule cell activity, although the rate of Purkinje cell firing is not affected (Dupont et al.,
1983; Galliano et al., 2013; Siggins et al., 1976; Woodward et al., 1974). Thus, one critical
function of granule cells in the developing and mature cerebellum may be to increase the
dimensionality of Purkinje cell function. This hypothesis is supported by developmental
anatomy findings, that show that granule cell number, their clonal expansion, and the
Cartesian coordinate-like matrix of zones and lobules are all likely to increase the efficiency
of processing different sensorimotor modalities (Butts et al., 2011; Gill and Sillitoe, 2019).
The outcome of the highly patterned cellular interactions, during development and in the
adult, may be to support the cerebellum’s role in behavioral flexibility.

Understanding the functional differences between the rudimentary and mature Purkinje cell
circuits will provide key insights into the mechanisms that establish the computational
processes that are essential for cerebellar-dependent behaviors (Dean and Porrill, 2008).
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Moreover, a more comprehensive and mechanistic understanding of how Purkinje cells
acquire their unique functions during the period of dynamic synapse reorganization may
give insights into the reasons that cerebellar development is so susceptible to genetic and
physical insults. In turn, solving these problems will improve our appreciation for how the
cerebellum contributes to neurodevelopmental disorders that result in motor and cognitive
impairments. Finally, a more complete and integrated knowledge of cerebellar development,
structure, function, and behavior may inspire the design of more efficacious treatments for
cerebellar and related brain disorders.
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Highlights

Purkinje cells are born early in cerebellar development and they orchestrate
the formation of a transient circuit

Granule cells are born later and reorganize cerebellar connectivity and shape
cerebellar morphology

Cerebellar function is dependent upon Purkinje cell and granule cell-mediated
developmental processes

Impairments during cerebellar development can lead to a wide range of
neurological and neuropsychiatric conditions

The relationship between abnormal cerebellar circuit formation and specific
functional deficits remains unresolved
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Figure 1: The basic architecture of the cerebellum in a mature mouse.
A. Schematic of a sagittal section of the cerebellum. Lobules are labelled with Roman

numbers. B. Schematic of a coronal section of the cerebellum. Gray areas depict the
Zebrinll-positive domains. Zebrinll expression is the best studied molecular marker of adult
zones. Lobules are labelled with Roman numbers. C. Schematic of a cross section of the
cerebellum illustrating the major excitatory and inhibitory circuit components of the
canonical cerebellar circuit. ML = molecular layer; PCL = Purkinje cell layer; GCL =
granule cell layer.
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Figure 2. Cerebellar cell-type identities are spatially and temporally determined in the embryo
according to birthplace and birthdate.

A. Schematic of a sagittal section of an embryonic mouse brain (left). The inset (right) is
zoomed in onto the cerebellar anlage. The ventricular zone (VZ) is shown in blue, progenitor
cells in this region express the transcription factor Ptfla and migrate radially into the core of
the cerebellar anlage after final mitosis. The rhombic lip (RL) is shown in red, progenitor
cells in this region express the transcription factor Atohl1 and migrate over the cerebellar
surface in a tangential manner. B. Neurogenesis of diverse cerebellar cell types occurs in a
temporally controlled manner. Blue lines indicate neurons developing from the VZ, red lines
indicate neurons developing from the RL. CN = cerebellar nuclei; PC = Purkinje cell; IN =
interneurons; GCP = granule cell precursor; GC = granule cell. C. Purkinje cell
morphogenesis occurs in two distinct phases (the panel is split into processes, at top and
bottom of the timeline). The processes shown at the bottom are dependent on granule cells.
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Purple lines indicate temporally distinct migratory paths. Red lines indicate the
morphogenesis of the Purkinje cell dendritic arbor. Blue lines indicate lobule formation.
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Figure 3. Reorganization of the Purkinje cell connectome during normal development.
After birth (PO), Purkinje cells (black) are innervated by extra-cerebellar afferents: mossy

fibers (green) and climbing fibers (orange). The afferents synapse on the Purkinje cell body.
Within the first week after birth (P7), some granule cells (red) start to migrate inwardly into
the granule cell layer. Granule-cell independent pruning of climbing fiber synapses initiates
during this stage of development. Major synaptic rearrangements occur in the second
postnatal week (P14). Granule cells contact Purkinje cells through parallel fibers, Purkinje
cells are only innervated by one climbing fiber that now contact the Purkinje cells on their
dendrites, and mossy fibers contact granule cells. As Purkinje cell connectivity matures, they
receive parallel fiber input in an inside-out manner and climbing fiber inputs on the basal
two thirds of the large dendritic tree.
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Figure 4. Expansion of the cerebellar cortex in the anterior-posterior axis during development.
A. Sections cut through the cerebellar vermis of P7, P14, and adult mice stained for the

nuclear marker DAPI and the Purkinje cell markers, Car8 and IP3R1. B. High-power images
of the cerebellar cortex stained for the nuclear marker DAPI and the Purkinje cell markers,
Car8 and IP3R1. Note the large external granular cell layer (EGL) in P7 animals and the
increase in the thickness of the molecular layer (ML) between the different time points. C.
Example of Golgi-Cox-stained Purkinje cells at P7, P14, and adult.
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Figure 5. The electrophysiological signature of Purkinje cells changes during development.
Example traces of /n vivo extracellular electrophysiology recordings from anesthetized P7,

P14, and adult mice. Top traces are 10 seconds of recordings, middle traces are 1 second of
recording, and bottom traces are examples of simple spikes (left) and complex spikes (right)
from each different age. Complex spikes are indicated with an asterisk (*). During
development, Purkinje cells start to fire more frequently and more regularly with less pauses

between simple spike trains.
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