1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neurosci Lett. Author manuscript; available in PMC 2020 January 01.

-, HHS Public Access
«

Published in final edited form as:
Neurosci Lett. 2019 January 01; 688: 2-13. doi:10.1016/j.neulet.2018.05.013.

Insights into cerebellar development and connectivity

Jaclyn Beckinghausen!:24 and Roy V. Sillitoel2.3.4
1Department of Pathology and Immunology, 1250 Moursund Street, Suite 1325, Houston Texas
77030, USA

2Department of Neuroscience, 1250 Moursund Street, Suite 1325, Houston Texas 77030, USA

3Program in Developmental Biology, Baylor College of Medicine, 1250 Moursund Street, Suite
1325, Houston Texas 77030, USA

4Jan and Dan Duncan Neurological Research Institute of Texas Children’s Hospital, 1250
Moursund Street, Suite 1325, Houston Texas 77030, USA

Abstract

The cerebellum has a well-established role in controlling motor functions such coordination,
balance, posture, and skilled learning. There is mounting evidence that it might also play a critical
role in non-motor functions such as cognition and emotion. It is therefore not surprising that
cerebellar deficits are associated with a wide array of diseases including ataxia, dystonia tremor,
schizophrenia, dyslexia, and autism spectrum disorder. What is intriguing is that a seemingly
uniform circuit that is often described as being “simple” should carry out all of these behaviors.
Analyses of how cerebellar circuits develop have revealed that such descriptions massively
underestimate the complexity of the cerebellum. The cerebellum is in fact highly patterned and
organized around a series of parasagittal stripes and transverse zones. This topographic
architecture partitions all cerebellar circuits into functional modules that are thought to enhance
processing power during cerebellar dependent behaviors. What are arguably the most remarkable
features of cerebellar topography are the developmental processes that produce them. This review
is concerned with the genetic and cellular mechanisms that orchestrate cerebellar patterning. We
place a major focus on how Purkinje cells control all aspects of cerebellar circuit assembly. Using
this model, we discuss evidence for how “zebra-like” patterns in Purkinje cells sculpt the
cerebellum, how specific genetic cues mediate the process, and how activity refines the patterns
into an adult map that is capable of executing various functions. We will also discuss how
defective Purkinje cell patterning might impact the pathogenesis of neurological conditions.
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The functional architecture of the cerebellum

The histological simplicity of the cerebellum and the long-standing assumption that it is
primarily a motor structure massively underestimates the breadth of its capabilities, most of
which we have yet to fully understand. We are now beginning to appreciate its role in
behaviors previously thought to be strictly dedicated to higher order function, including
emotion, language, and cognition (Koziol et al., 2014; Marien et al., 2014; Baumann et al.,
2015; Adamaszek et al., 2017). In parallel with advances in understanding cerebellar
functional diversity, the development of the cerebellum is becoming an important focal point
in solving how this conserved structure works. But before we consider the embryonic
manipulations, fate mapping tools, and sophisticated genetic techniques that have greatly
enhanced our ability to investigate the dynamics of cerebellar development, we must first
consider its most basic anatomical plan.

Gross anatomy distinguishes three main divisions of the cerebellum. The middle portion,
called the vermis, is named for its worm-like appearance (Figure 1D). On either side of the
vermis is a region called the paravermis, and in most species it is not a structurally separate
area. However, the paravermis does execute distinct behaviors, although it performs its
functions using the canonical circuit components of the cerebellum (Figure 1A). The most
lateral portions of the cerebellum adjacent to each paravermis are simply known as the
hemispheres. Surface examination of the cerebellum reveals what is perhaps the most
recognizable feature of the cerebellum in all species, its highly folded architecture. Note
however, that the embryonic cerebellum is smooth compared to the adult structure (Figure
1B-E).

The adult cerebellum is anatomically divided into distinct folds called lobules (Larsell,
1952). Mammals and birds have ten lobules that are separated from one another by a series
of fissures. Because each fissure extends to a specific depth in the cerebellum, each lobule
develops with a unique shape (Figure 1E). The invariance of lobule structure within a
species and their conservation across species are in accordance with the idea that complex
morphogenetic programs spatially and temporally control lobule/fissure formation (Sudarov
and Joyner, 2007).

The connectivity within the cerebellum is understood at a considerable level of detail, with
each cell type forming stereotypical connections with its neighbors (Ramon y Cajal, 1909).
The cerebellum has three distinct layers, with each layer comprised of distinct cell types
(Figure 1A). The most superficial layer contains inhibitory stellate and basket cell
interneurons and excitatory climbing fibers. All three project onto Purkinje cells, which
make up a middle monolayer called the Purkinje cell layer. The Purkinje cell layer also
contains interneurons called candelabrum cells as well as specialized astrocytes called
Bergmann glia. The Purkinje cells perform the main computations in the cerebellum. The
deepest layer is called the granular layer and it contains millions of small excitatory neurons
called granule cells, inhibitory Golgi cells, inhibitory Lugaro cells, mossy fibers that deliver
sensory signals to the cerebellum, and a peculiar excitatory cell type called unipolar brush
cells. Unlike all other cell types that are found in all regions of the cerebellum, the unipolar
brush cells are localized mainly to lobules 1X and X (Mugnaini et al., 2011). In contrast,

Neurosci Lett. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Beckinghausen and Sillitoe Page 3

modulatory “beaded” afferent fibers terminate in all layers and in all lobules. Below the
three layers is the white matter that contains a dense network of fiber tracts. Embedded in
this network are three pairs of cerebellar nuclei on each side of the cerebellar midline
(Figure 1E). These nuclei contain specialized neurons that transmit the final output of the
cerebellum. From medial to lateral, they are the fastigial, interposed, and dentate nuclei, all
of which link the cerebellum to the rest of the brain and spinal cord (Sillitoe and Joyner,
2007).

The presence of different circuitries, multiple cell lineages, and intricate folding raises a key
question — how does the cerebellum integrate these different facets of its anatomy into a
crystalline three-dimensional structure? We argue that Purkinje cell development holds the
answer. We frame Purkinje cell development within a discussion of their patterning
mechanisms.

Development and specification of the cerebellar primordium

Following the neural tube’s morphological division into distinct neuromeres, including the
forebrain, midbrain, and hindbrain, the coordination of various transcription factors and
mobilization of secreted morphogens demarcate the neuroepithelium that will give rise to
cerebellar tissue and specify its neurons. In mice, the cerebellar primordium arises between
E8.5 and E9.5 entirely from within the metencephalon (Wassef and Joyner, 1997; Zervas et
al., 2004). In the earliest phase of cerebellar development, abutting domains of the mutually
repressive homeobox genes Orthodenticle homolog 2 (Otx2) and Gastrulation brain
homeobox 2 (Gbx2) regionalize the mid-hindbrain boundary (MHB) and form the isthmic
organizer (IsO). At the IsO, the secreted morphogen Fibroblast growth factor 8 (Fgf8) is
necessary and sufficient for differentiation of cerebellar cell types and the initiation of its
general morphology, even when ectopically transplanted (reviewed in Zervas et al., 2005).
This is likely due to the inductive power of Fgf8 in activating and cooperating with various
other genetic players, including engrailed 1 (Enl), engrailed 2 (En2), and the paired box
genes Pax2and Pax5 (reviewed by Sillitoe and Joyner, 2007). Upon demarcating the
cerebellar territory, genetic cues initiate the commitment of cells within the germinal zones.
The mechanism by which the pools of neuronal progenitors give rise to the distinct cell
types of the cerebellum and their ordered position in space, however, has proven to be
complex. For this reason, we will focus on Purkinje cells and mainly discuss the mouse
cerebellum given the wealth of genetic data in this model. The entire Purkinje cell
population in the adult is thought to arise from ~100 to 150 precursors and they are likely
specified at around E7—E8 (Baader et al., 1996; Mathis et al., 1997; Hawkes et al., 1998;
Watson et al., 2005). The mechanisms of Purkinje cells specification are poorly understood,
especially from the perspective of how Purkinje cells with different molecular signatures are
produced. That is, there is no evidence to suggest that Purkinje cell precursors are restricted
to different Purkinje cell sub-lineages. However, it is clear that differentiated Purkinje cells
are quickly restricted to distinct subsets that fall into the pattern of stripes and zones (Figure
2A, B; Hawkes and Gravel, 1991; Hawkes and Eisenman, 1997; Herrup and Kuemerle,
1997; Oberdick et al., 1998; Armstrong and Hawkes 2000; Larouche and Hawkes 2006;
Sillitoe and Joyner, 2007; White and Sillitoe, 2013). These patterns guide cerebellar
development.
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The cerebellum is patterned into an array of stripes and zones

The cytoarchitecture of the cerebellum is not uniform. Instead, its circuits are organized into
a remarkable array of patterns that are best revealed using molecular expression patterns,
although afferent terminal field organization, genetic insults, and cell lineage all conform to
the same plan. The most well understood pattern is revealed by the expression of zebrin 11
(Figure 2B, C), an antigen located on the aldolaseC (AldoC) protein (Brochu et al., 1990;
Ahn et al., 1994). In the cerebellum, zebrin 1l is expressed only in Purkinje cells. There are
two subsets of Purkinje cells that form the zebrin Il map: zebrin ll-immunopositive (zebrin
I1+) and zebrin ll-immunonegative (zebrin 11-). Purkinje cells in each subset are organized
into an alternating pattern of parasagittal stripes (Figures 2B-2D; Brochu et al., 1990;
Sillitoe and Hawkes, 2002). Stripes are symmetrically distributed about the midline, highly
reproducible between individuals of the same species, and conserved through evolution
(Hawkes et al., 1985; Hawkes and Leclerc, 1987; Brochu et al., 1990; Sillitoe et al., 2005;
Marzban et al., 2010). The regional differences in stripe patterns further compartmentalize
the cerebellum into four transverse domains (Ozol et al., 1999). These divisions are clearly
seen in the vermis (Sillitoe and Hawkes 2002): the striped anterior zone (AZ: ~lobules 1-V),
the uniformly zebrin 11+ central zone (CZ: ~lobules VI-VI1), the striped posterior zone (PZ:
~lobules Vlll-dorsal 1X), and the uniformly zebrin 11+ nodular zone (NZ: ~lobules 1X
ventral and X). The unique complement of stripes in the vermis reveals a similar alternation
of transverse zones in the paravermis and hemispheres (Figure 2B; Sarna et al., 2006).

There are a growing number of molecular markers that are co-expressed with either the
zebrin 11+ or zebrin I1- subsets of Purkinje cells. For example, the GABA-B receptor is
expressed by the zebrin 11+ subset (Chung et al., 2008a) whereas phospholipase C(PLC)[4 is
expressed by the zebrin 11- subset (Sarna et al., 2006). However, detailed comparisons
between zebrin Il expression and other antigenic, genetic, and transgenic markers indicate
that the parasagittal stripes are much more elaborate than the expression of any one marker
might reveal. For example, although zebrin 11 and the glycoprotein epitope HNK1 are
largely co-expressed in the same Purkinje cells (Eisenman and Hawkes 1993), in some areas
each marker is expressed in distinct Purkinje cells (Marzban et al., 2004). More globally, the
25 kDa small heat shock protein (HSP)25 is expressed in parasagittal Purkinje cell stripes in
the CZ and NZ — transverse zones in which zebrin Il is uniformly expressed in all Purkinje
cells (Armstrong et al., 2000). Taking all known stripes and sub-stripes together, the
prediction is that the adult cerebellar cortex in mouse is subdivided into several hundred
distinct units, each typically comprising several hundred Purkinje cells (Hawkes, 1997;
Sarna and Hawkes, 2003; Apps and Hawkes, 2009). Afferent topography respects the
Purkinje cell striped patterns. Afferent terminal fields are therefore restricted by zone and
stripe boundaries. Climbing fibers and mossy fibers both terminate in stripes, and depending
on the subset, align with either zebrin 11+ or zebrin I1- Purkinje cell stripes (Gravel et al.,
1987; Gravel and Hawkes, 1990; Reeber et al., 2011; Reeber and Sillitoe, 2011). The
anatomical distribution of the afferent termination patterns reflects the functional properties
of the cerebellar map (Chockkan and Hawkes, 1994; Hallem et al., 1999; Ebner et al., 2012).

Mutations that affect cerebellar development often result in phenotypes that are restricted by
zone and stripe boundaries. Notable examples are found in spontaneous mutants such as
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swaying (Thomas et al., 1991), rostral cerebellar malformation/Unc5h3 (Napieralski and
Eisenman, 1996), cerebellar deficient folia (Cook et al., 1997; Beierbach et al., 2001; Park et
al., 2002), and meander tail (Ross et al., 1990), which all cause alterations that are restricted
primarily to the AZ. In Jurcher (Lc/+), gain of function of the 62 glutamate receptor causes
the developmental restriction of a zebrin 11 expression domain at the CZ/PZ boundary (Tano
et al., 1992), and the weaver mutation induces a Purkinje cell ectopia that is primarily
restricted to the CZ (Eisenman et al., 1998; Armstrong and Hawkes, 2001). Strikingly, there
are a growing number of disease-related genetic mutations and insults that manifest as
stripes, ranging from disease mutations of the Niemann Pick type C gene to viral infection
and the spreading of prions (Sarna and Hawkes, 2003; Armstrong et al., 2010; Stromme et
al., 2011; Williams et al., 2007; Ragagnin et al., 2017). In all cases, the Purkinje cells that
are degenerating in stripes typically conform, as expected, to either the zebrin 11+ or the
zebrin 11- subset. It is therefore not only genetic history that obeys the basic stripe plans, but
also cellular sensitivity to toxic stimuli.

The rhombic lip and ventricular zone produce distinct cerebellar cell types

Much effort in recent years has been tailored towards defining the molecular properties
within the germinal zones of the cerebellum (Morales and Hatten, 2006; Yamada et al.,
2014). There are two cerebellar germinal zones that produce all of its cell types: the rhombic
lip and the ventricular zone. The dorsal and extreme posterior aspect of the cerebellum
contains the rhombic lip. Genetic fate mapping studies using the Afo/h1 locus showed that
the rhombic lip gives rise to all glutamatergic neurons including the large projection neurons
of the cerebellar nuclei, cerebellar granule cells, and unipolar brush cells (Wingate 2001;
Machold and Fishell 2005; Wang et al. 2005; Englund et al. 2006). The other germinal zone,
the ventricular zone, is located at the base of the fourth ventricle. The ventricular zone gives
rise to all the GABAergic neurons of the cerebellum including the different classes of
interneurons, the small inhibitory cerebellar nuclei neurons, and all Purkinje cells. In
contrast to the glutamatergic neurons that come from the Azoh1 lineage, the GABAergic
neurons derive from progenitors expressing the transcription factor Ptfla. PTF1A is required
for their specification (Hoshino et al., 2005; Pascual et al., 2007). Gene expression is highly
patterned in both germinal zones, as evidenced by the multiple molecular domains in the
rhombic lip (Machold et al., 2007; Chizhikov et al., 2010; Green et al., 2014; Yeung et al.,
2014) and the ventricular zone (Chizhikov et al. 2006; Zordan et al. 2008; Lundell et al.,
2009; Seto et al., 2014).

Migratory routes and assembly of a circuit platform

Proper functioning of the cerebellar circuit largely depends upon the correct placement of
neurons and glia in different regions, as well as the correct layering of its constituent cell
types. Though the histological three-layered topology is seemingly simple, the
developmental steps to obtain this organization are complex. The temporal and spatial
properties of cells from each germinal zone—Purkinje cells, granule cells, and all their
connected interneurons—determine how they navigate from the ventricular zone or rhombic
lip to eventually settle into their prospective regions. The availability of new genetic tools
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has allowed us to uncover how different molecular players instruct the early and late phases
of cerebellar cellular placement and circuit formation.

Purkinje cells are one of the first, and from the perspective of circuit formation arguably
most important, neuronal class to begin migrating following cellular differentiation. In the
adult, the Purkinje cell bodies form a monolayer sandwiched between the granule cell layer
and the molecular layer. Correct localization of Purkinje cells is crucial to proper cerebellar
function, as Purkinje cells serve as the sole output of the cerebellar cortex: disruption of their
location could result in movement diseases (Reeber et al., 2013; Louis et al., 2017).
Immediately after their birth between ~E10-E13, Purkinje cells begin to migrate up
projections of radial glial processes that extend from the ventricular zone to the pial surface
(Morales and Hatten, 2006). Genetic and /n vitro studies have recently demonstrated that
waves of transiently expressed proteins such as GFRal and the interacting extracellular
matrix proteins, particularly NCAM (neural cell adhesion molecule), are essential for this
movement (Sergaki and Ibanez, 2017). Serving as a resistor to cell movement, NCAM
appears to control Purkinje cell migration by slowing the process, as its removal results in
enhanced migratory speed (Sergaki and Ibanez, 2017).

Molecular signals dictate the ultimate location of the Purkinje cell and its striking monolayer
architecture. In the cerebral cortex, the large 388kDa extracellular secreted glycoprotein,
Reelin, is thought to function as a migratory control signal that instructs cortical layering
(D’Arcangelo and Curran, 1998; Hack et al., 2002). However, its roles during brain
development have expanded greatly to include synaptic function (Wasser and Herz, 2017).
In the cerebellum, granule cell precursors express Reelin whereas Purkinje cells express its
binding partners, including ApoER2, VLDLR, and Dabl (Leto et al., 2015). Recent studies
of Reelin c-terminal knockout mice indeed confirmed that interruption of Reelin signaling
causes ectopic localization of Purkinje cell pools in deep layers of the cerebellar anlage.
However, not all adult Purkinje cells were absent from their nascent Purkinje cell plate,
indicating that different pools of Purkinje cells may be variably influenced by Reelin
signaling (Nakamura et al., 2016). These data are consistent with previous findings that
showed a role for VLDLR and ApoER2 receptors during the dispersal of distinct, but
overlapping subsets of Purkinje cells (Larouche et al., 2008). In that study, the authors
demonstrated convincingly that the subset dispersal defects impact Purkinje cells with
specific stripe phenotypes. The idea of a patterned scaffold raises the possibility that, as
other cell types are produced, they too might be under a similar compartmental influence.

Most differentiated cerebellar interneurons, including granule cells, unipolar brush cells,
basket cells, and stellate cells, undergo most of their migratory journey after PO (Leto et al.,
2015). Although Golgi cells differentiate embryonically, they too must leave the white
matter and organize in parallel with the massive influx of granule cells that invade the core
of the postnatal cerebellum (Zhang and Goldman, 1996a; Zhang and Goldman, 1996b). For
GABAergic interneurons, each sub-class is produced from a common pool of precursors
(Leto et al., 2006). Heterochronic transplant and genetic fate mapping approaches have
shown that the different classes then differentiate in an inside-out fashion, with the earliest
born Golgi cells eventually residing in the internal granular layer and the latest born stellate
cells taking their position in the outer two-thirds of the molecular layer (Leto et al., 2009;
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Sudarov et al., 2011). A recent elegant paper has further shown that the migration of
inhibitory neurons is finely controlled by synaptic activity in the developing cerebellum.
Using time-lapse video microscopy and electrophysiology, the authors demonstrate that
classic synaptic neurotransmission influences the directionality of interneuron migration
(Wefers et al., 2017). Of the eight distinct types of neurons that emerge from embryonic
through postnatal development, granule cells are among the last to differentiate and settle
into their correct cerebellar location, but their precursors are among the first to leave their
original primary germinal zone. Unlike UBCs, which migrate directly from the rhombic lip
to the inner granule layer through the white matter, granule cell precursors first migrate
tangentially towards the roof of the developing cerebellar anlage and form a transient
germinal layer known as the external granular layer (EGL) (Leto et al., 2015). There have
been many excellent studies on how granule cells (and unipolar brush cells) are produced,
divide, and differentiate (Butts et al., 2014), so we will not cover the details here, but suffice
it to say that they require critical factors such as Atoh1 (Ben-Arie et al., 1997) and LmxIa
(Chizhikov et al., 2010). More pertinent to this discussion is the finding of a beautiful
genetic clonal analysis study that uncovered a modular mode of development for granule cell
development (Legue et al., 2015). Interestingly, mosaic analysis with double markers
(MADM) showed that during postnatal development, granule cell parallel fibers stack in an
inside to outside temporal manner in the molecular layer. This is in contrast to the cell
bodies of the clonally related granule cells that are randomly positioned in the internal
granular layer (Espinosa and Luo, 2008; Zong et al., 2005). A major player in the proper
migration of granule cells to the internal granular layer is Bergmann glia, a class of unipolar
astrocytes derived from radial glia (Anthony et al., 2004; Morales and Hatten, 2006). The
Bergmann glia themselves migrate dorsally from the ventricular zone and intercalate
between Purkinje cell bodies before extending long processes to the pial surface. They serve
as a scaffold for radial migration of differentiated granule cells from the external to internal
granular layer (Xu et al., 2013). There are several molecules that coordinate the process
between both cell types, such as PTEN in the Bergmann glia (Yue et al., 2005) and fibroblast
growth factor 9 (FGF9), which is secreted from the granule cells (Lin et al., 2009).

Generating the patterned architecture of the developing cerebellum

Purkinje cells have several levels of heterogeneity (Cerminara et al., 2015). Their molecular
heterogeneity is perhaps the best understood and zebrinll expression is indeed a primary
example. However, in any discussion of stripes, the general question arises: what do stripes
do? It is appealing to postulate that the stripe and zone architecture of the cerebellum
controls or determines all aspects of its development and function. Purkinje cell patterns are
highly reproducible between individuals and conserved through evolution (Sillitoe et al.,
2005; Pakan et al., 2007; Marzban et al., 2010; Marzban and Hawkes, 2011; Wylie et al.,
2016). Cerebellar afferents also terminate into a striped topography that respects the
Purkinje cell map (Voogd and Ruigrok, 2004; Sillitoe and Joyner, 2007; Apps and Hawkes,
2009). In the adult brain, it is the combination of the Purkinje cell stripes and afferent
topography and their connectivity that has inspired the search for functional correlates of the
cerebellar maps (Chockkan and Hawkes, 1994; Hallem et al., 1999; Ebner et al., 2012). To
fully appreciate cerebellar function, we must also ask key questions about its formation.
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Therefore, a more specific question can be asked about stripes: how do stripe patterns
develop in the embryonic and postnatal cerebellum?

Similar to other developmental processes, it was assumed that manipulating and altering the
patterns would provide insight as to how they are constructed. True as this may be, many
strategies failed to alter the stripe phenotype. This quickly raised the question, when is the
Purkinje cell stripe phenotype specified in the first place? The data showed that surgical
interventions in the neonate have no effect on the expression of different stripe markers and
transgenes (zebrin | — Leclerc et al., 1988; L 7/pcp2-LacZ— Oberdick et al., 1993; HSP25 —
Armstrong et al., 2001). Interestingly, Purkinje cell subtypes develop normally in cultured
explants of cerebellar tissue taken from E13 brain (Oberdick et al., 1993; Seil et al., 1995;
Rivkin and Herrup, 2003; Furutama et al., 2010) or when embryonic tissue is transplanted
(Wassef et al., 1990). Moreover, even though Purkinje cells reside in ectopic locations in
various mouse mutants, at the molecular level they still express their correct adult
phenotypes (e.g., reeler— Edwards et al., 1994; disabled— Gallagher et al., 1998; weaver—
Armstrong and Hawkes, 2001). These data suggest that specification of Purkinje cell
phenotypes towards distinct zebrin subtypes is controlled by cell autonomous mechanisms
that are initiated early in cerebellar development. This hypothesis is supported by viral and
genetic lineage tracing studies that link Purkinje cell birth date to mediolateral patterning
(Hashimoto and Mikoshiba, 2003; Sudarov et al., 2011).

There is one experimental manipulation that does alter Purkinje cell subtypes. Genetic
deletion of the transcription factor coding gene Early B-cell Factor 2revealed the long-
awaited defect (Eb72: Croci et al., 2006; Chung et al., 2008b). £b72 expression is restricted
to zebrin 1l negative Purkinje cells. When EbF2is lost, several cerebellar developmental
processes are affected, although the most intriguing is that a subset of Purkinje cells that do
not express zebrin 11 are erroneously triggered to express zebrin 11 lineage markers plus
those that define the zebrin 11 negative population (Croci et al., 2006; Chung et al., 2008b).
Ebif2is therefore an important gene to further understand in future studies since it is
suggested that its encoded protein, EBF2, suppresses the zebrin Il phenotype.

The structure of the Purkinje cell stripes, with sharp boundaries and clear distinctions from
their neighbors, forms from a developmental plan of “clusters” that are shaped over time
(Figure 2A; White and Sillitoe, 2013). However, gene expression and lineage tracing suggest
a direct relationship between embryonic clusters and adult stripes. This has not been
straightforward to test because the pattern of developmental markers is dynamic with
patterns either changing or disappearing around birth, perhaps because they are
downregulated (neurogranin — Larouche et al., 2006) or because expression expands to
include all Purkinje cells (calbindin — Wassef et al., 1985). This is in contrast to most adult
stripe markers that are not expressed in the mature pattern of stripes until ~P15 (zebrin Il -
Lannoo et al., 1991; HSP25 — Armstrong et al., 2001). While the evidence suggests that the
basic cerebellar stripe plan is laid down in the embryo, the maturation of stripe phenotypes
does not seem to be completed until about P15. Zebrin 1 is a prime example: though it is
first expressed around P6, it is not evident in all Purkinje cells until P10-P12. In the days
following, the stripes actually emerge. Between P12 and P15, zebrin 11 is downregulated in
specific Purkinje cells, resulting in the mature stripe pattern (Brochu et al., 1990; Lannoo et
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al., 1991; Rivkin and Herrup, 2003). The genetic and molecular mechanisms that mediate
zebrin 11 regulation to form stripes remain unknown. However, based on marker analysis, we
do know that clusters are intimately related to stripes (Larouche et al., 2006; Marzban et al.,
2007; Sillitoe et al., 2009; White and Sillitoe, 2013, Vibulyasek et al., 2017). The current
working hypothesis is that adult stripes are derived from structural and molecular correlates
that are the embryonic clusters. Although it is tempting to imagine a direct relationship,
experimental evidence indicates that the process is more complex. It has been calculated that
the embryonic markers together form a schema with ~10 clusters on each side of the
cerebellar midline. These clusters are then likely subjected to additional patterning, taking
the crude embryonic clusters and reshaping/sculpting them into sharper adult stripes. The 20
clusters may in fact be partitioned into 50 during postnatal development, a step that perhaps
transitions the very rudimentary embryonic map into the more precise adult stripe
topography (Fujita et al., 2012). Furthermore, recent evidence suggests that specific pools of
embryonic Purkinje cells migrate differentially to form stripes in distinct areas of the
cerebellum, which ultimately leads to their specific positioning in different lobules
(Vibulyasek et al., 2017). Although it may not be a simple one to one relationship between
clusters and stripes, there is anatomical and expression data to support the idea that multiple
clusters coalescence to form stripes (Ji and Hawkes, 1994; Marzban et al., 2007). These
studies are supported by genetic fate mapping that used an L 7/pcp2-CreER-IRES-hAP
inducible transgenic allele to show that at least some of the embryonic clusters contribute
Purkinje cells to multiple stripes in the adult cerebellum (see Figure 2A,; Sillitoe et al.,
2009). The decisions that determine how the Purkinje cells clusters are segmented and how
their cellular dynamics are orchestrated to contribute to each stripe are not known; however,
we assume that the process is under tight genetic control.

Afferent topography

The Purkinje cell patterns must somehow integrate with the afferent fiber system in order to
have a functional influence. It is therefore postulated that the Purkinje cell map serves as a
scaffold around which climbing fiber and mossy fiber afferent projections (reviewed in
Sotelo, 2004; White and Sillitoe, 2013) as well as interneurons including granule cells,
Golgi cells, and unipolar brush cells (e.g., Chung et al., 2009; reviewed in Apps and
Hawkes, 2009) organize.

Climbing fibers

Climbing fibers originate from a brainstem nucleus called the inferior olive. The inferior
olive projects climbing fibers to the contralateral cerebellum where it terminates on the
dendrites of Purkinje cells. Each inferior olive subnucleus projects to Purkinje cells located
in a limited number of stripes (Moogd and Ruigrok, 2004; Sugihara and Quy, 2007; Apps
and Hawkes, 2009). The inferior olive neurons that communicate with the cerebellum are
generated in the caudal rhombic lip. After they leave this germinal zone, they migrate
ventrally in the submarginal stream (Sotelo and Chédotal, 2005) and enter the embryonic
cerebellum at ~E15 in mice. It is interesting that the inferior olive neurons, like their target
Purkinje cells, require Ptflafor determining their fate, survival, differentiation, and
migration (Yamada et al., 2007). There is a long-standing hypothesis that climbing fibers
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immediately recognize the patterned architecture of Purkinje cell clusters upon their arrival
in the cerebellar cortex (Chédotal and Sotelo, 1992; Paradies et al., 1996). Since Purkinje
cell clusters are thought to disperse into stripes, it would be reasonable to hypothesize that
climbing fibers reorganize to form parasagittal terminal fields that precisely innervate
Purkinje cell stripes (Gravel et al., 1987; Apps and Hawkes, 2009). In the neonatal and early
postnatal cerebellum, each Purkinje cell is innervated by several climbing fibers. A pruning
process eliminates all but one to achieve the adult mono-innervation pattern (Cesa and
Strata, 2009; Carrillo et al., 2013). However, the mechanism of climbing fiber poly- to
mono-innervation may not shape mature stripes (Crépel, 1982; Sotelo et al., 1984).

The prevailing hypothesis put forward by Sotelo and colleagues argues that the inferior olive
to Purkinje cell connectivity is established by matching gene expression domains that
contain cues for guiding the afferents to specific stripes (Wassef et al., 1992; Chédotal et al.,
1997; Sotelo and Chédotal, 2005). There is some compelling experimental evidence to
support such a model. Nishida et al. (2002) used retroviral vectors to alter olivocerebellar
topography by overexpressing Ephrin-A2. Importantly, they showed that high Eph receptor
activity in inferior olivary axons mediated their exclusion from entering into domains that
expressed ectopic Ephrin-A2 ligand (Nishida et al., 2002). These data strongly support a role
for the Eph/Ephrin signaling pathway during afferent to target matching and indicate that the
process is dependent on positional information. However, it is still unclear if these or related
molecular signals influence connectivity that directly shapes the parasagittal zone
topography per se.

Mossy fibers

Mossy fibers provide a major source of afferents to the cerebellum. They originate from a
diverse number of areas in the brain and spinal cord and terminate in a unique structure
called a glomerulus, which contains their target granule cell dendrites. Mossy fibers also
terminate into a series of parasagittal domains (Figure 2D; Gravel and Hawkes, 1990; Ji and
Hawkes, 1994; Armstrong et al., 2009; Sillitoe et al., 2010; Ruigrok, 2011; Gebre et al.,
2012). However, unlike climbing fibers that have very sharp stripe boundaries, the mossy
fiber patterns are somewhat less defined, which is perhaps related to the architecture and
function of the granular layer (Shambes et al., 1978). Regardless, mossy fiber terminal fields
align with Purkinje cell stripes (Armstrong et al., 2009), although in some cases they split
Purkinje cell stripes into smaller domains (cuneocerebellar/spinocerebellar terminal fields in
the anterior lobules: Ji and Hawkes, 1994; Reeber et al., 2011).

Mossy fibers follow a similar developmental trajectory to climbing fibers. The earliest
mossy fibers enter the cerebellar anlage by around E12 in rat (Ashwell and Zhang, 1992;
Ashwell and Zhang, 1998). What is interesting and different compared to climbing fibers is
that the mossy fibers start to form parasagittal patterns before most of their granule cell
targets cells are born (Nunes and Sotelo, 1985). Even more peculiar is that as the mossy
fiber projection map is forming, they make direct but transient contacts with clusters of
Purkinje cells in the embryonic and early postnatal cerebellum (Mason and Gregory, 1984;
Takeda and Maekawa, 1989; Grishkat and Eisenman, 1995; Kalinovsky et al., 2011; Sillitoe,
2016). Similar to climbing fibers, mossy fibers are presumed to disperse along with the
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Purkinje cells as the developmental clusters transform into adult stripes. However, a switch
in targets must occur such that as granule cells are born and migrate past the Purkinje cells
en route to the internal granular layer, the mossy fiber terminals would be displaced from the
Purkinje cells to make synapses with differentiated granule cells below. In the end, the
domains of mossy fiber terminal fields remain aligned with the Purkinje cell stripes in the
layer above. These data are consistent with observations from spontaneous mutant mice in
which the cerebellum is described as being “agranular” and lacking a mossy fiber-granule
cell-Purkinje cell pathway (Nunes and Sotelo, 1985; Nunes et al., 1988; Eisenman and
Arlinghaus, 1991). The functional diversity of mossy fibers and their sequential entry into
the cerebellum raised the question of whether the different mossy fibers might compete for
territory as they form a map. Richard Hawkes and colleagues performed lesion studies in
neonatal rats and noted a lack of terminal sprouting into regions that had lost their mossy
fiber input (Ji and Hawkes, 1995). They interpreted these data as indicating that the
molecular properties within the map, and not competition, sculpt mossy fiber to Purkinje cell
topography. The molecular basis of such connectivity has not been fully resolved, although
loss of retinoic acid receptor-related orphan receptor alpha (RORalpha: Nunes et al., 1988)
and £n1/2 (Sillitoe et al., 2010), and overexpression of £n2in Purkinje cells (Baader et al.,
1999) all result in mossy fiber patterning defects. Although these studies provide powerful
evidence that the process of establishing afferent patterns is genetically controlled (Sillitoe et
al., 2010), there is also evidence that the refinement of the map may be in part dependent on
neuronal activity (Tolbert et al., 1994; White et al., 2014).

Interneurons

Although the different classes of cerebellar interneurons show evidence of parasagittal stripe
organization, it has been a challenge to fully decipher their patterning mechanisms. This is
partly due to the lack of genetic tools with which to selectively manipulate each class
independently. However, in the case of granule cells, their distinct mode of development
from the rhombic lip and external granular layer has provided key clues. The external
granular layer in the developing cerebellum and the adult internal granular layer are
subdivided by transverse boundaries. These boundaries were revealed using lineage tracing,
gene expression, and mice with genetic mutations (Hawkes et al. 1999; Ozol and Hawkes
1997; Yaguchi et al. 2009). Although these tools revealed only a portion of the complexity,
we learned that that the cerebellar granular layer is derived from at least two precursor pools
that generate distinct lineages on either side of a boundary that partitions the cerebellum
(Hawkes et al., 1999). Interestingly, previous chimera studies in mouse found similar
divisions in the granule cell lineage (Goldowitz, 1989). These studies were supported by
mutant phenotypes such scrambler (Goldowitz et al., 1997) and disabled (Gallagher et al.
1998), which have an incomplete fusion of the anterior and posterior granular layers in
lobule V1. This defect leaves distinct but overlapping anterior and posterior extensions. More
recently, Atoh1C"eER genetic inducible fate mapping showed that granule cell progenitors are
destined to populate specific anterior—posterior zones (Machold and Fishell, 2005). One
marking scheme that was used labeled lineages at E12.5 and followed them into the adult
AZ whereas those marked at E15.5 settled in the NZ. Together, these data suggest that the
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allocation of cells to specific granule cell compartments may be dependent on spatial and
temporal regulation of gene expression and perhaps also specific cellular movements.

But, the process of generating stripes may not be dependent on a simple process of
differential migration of external granular layer lineages. As for Purkinje cells, genetics may
play a primary role. For example, neuronal nitric oxide synthase (nNOS - or its surrogate
marker nicotinamide adenine dinucleotide phosphate (NADPH)-diaphorase) is expressed in
patches in the adult granular layer. The patches are generated during postnatal development
(YYan et al., 1993; Schilling et al., 1994) and align with Purkinje cell stripes (Hawkes and
Turner, 1994). It was postulated that differential NNOS expression during granule cell patch
formation was under the control of either Purkinje cells or their mossy fiber inputs (Schilling
et al., 1994). The mode of migration of granule cells from outer to inner layers raised queries
as to whether at least some aspects of granule cell architecture were in fact determined by a
more physical mechanism. Indeed the migration of granule cells within parasagittal “raphes”
could provide a key framework to support the segregation of granule cells into topographic
domains as they settle into a mature circuit (Lin and Cepko, 1998; Karam et al., 2001).

Unipolar brush cells, the other rhombic lip derived excitatory cell type, also show a
restriction to parasagittal stripes. Differential molecular expression distinguishes them into
at least three subtypes, calretinin+, mGluR1a+ and PLCB4+, and mGluR1la~— and PLCR4+,
which all respect the parasagittal Purkinje cell stripes (Apps and Hawkes, 2009). Again,
unipolar brush cell patterning is not simply correlated to Purkinje cells, but perhaps
mechanistically linked. Unipolar brush cells lose their restriction to lobules IX and X when
Purkinje cell patterning is disrupted in £6f2and Reelin mutant mice (Croci et al., 2006;
Chung et al., 2008b; Lee et al., 2015).

The compartmentalization of inhibitory interneurons has remained largely unexplored.
However, we know that Golgi cell dendrites are restricted by Purkinje cell stripe boundaries
(Sillitoe et al. 2008a). Importantly, both the Golgi cells and unipolar brush cells are thought
to physically intermingle with Purkinje cells during the cluster stage. Like Golgi cells,
basket and stellate cell soma exhibit a morphological restriction to stripes (Sillitoe et al.,
2008a), but for basket cells and less so for stellate cells, their axons also seem to extend in
the parasagittal plane (Eccles et al., 1967). To achieve this restriction, it is possible that the
parasagittal projection of basket and stellate cell axons could also follow the spreading of
Purkinje cell clusters into stripes.

From stripes and spikes to complex motor behaviors

Most theories of cerebellar function account only for the relatively well-known connectivity
based on its few cell types. This is clearly not how the cerebellum works. We argue that
these theories should take into account the remarkable stripe patterns and the circuitries
located within. Certainly, there has been a growing list of excellent functional studies that
paid close attention to stripes. These studies have considered cerebellar functional
compartmentalization, information processing, and the control of behaviors (Horn et al.,
2010; Graham and Wylie, 2012; Attwell et al., 1999; Mostofi et al., 2010). This is interesting
since motor deficits arise in disease models where stripe formation is delayed or stripe
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boundaries are not fully refined (White et al., 2016; White et al., 2014; Welsh and Oristaglio,
2016; Sarna and Hawkes, 2003; Strgmme et al., 2011).

The mechanistic basis of any functional and behavioral differences as they relate to stripes
could be that Purkinje cells in distinct stripes have intrinsically different molecular
signatures and synaptic properties (Wadiche and Jahr, 2005; Kano et al., 2008; Mateos et al.,
2001; Wang et al., 2011; Nagao et al., 1997; Dehnes et al., 1998; Furuta et al., 1997; Paukert
et al., 2010). For example, zebrin Il positive Purkinje cell parallel fiber synapses are
enriched for mGIuR1 and their cell bodies, dendrites, and spines express neuronal glutamate
transporter (EAATA4). Importantly, Purkinje cell stripes may be associated with different
levels of vesicular glutamate transporter (VGLUT?2) at climbing fibers terminals. These
differences in protein localization seem to mediate domains of increased Ca2* release, which
affect parallel fiber—Purkinje cell and climbing fiber—Purkinje cell synaptic function in a
stripe-dependent manner. These molecular differences then control synaptic plasticity
according to the stripe identity (Wadiche and Jahr, 2005; Wang et al., 2011; Paukert et al.,
2010). It is intriguing that a number of stripe marker proteins are required for the expression
of long-term depression (LTD) at parallel fiber — Purkinje cells synapses (Hawkes, 2014).

The potential for stripe-related plasticity is supported by recent work that demonstrated
fundamental differences in the baseline firing of Purkinje cells. Single-unit extracellular
recordings were used to show that zebrin Il positive Purkinje cells fire at a lower rate and
with a more regular firing pattern compared to zebrin 11 negative Purkinje cells (mouse -
Zhou et al., 2014; rat - Xiao et al., 2014). Although the mechanism by which Purkinje cells
acquire distinct firing properties is unknown, it may involve the function of the transient
receptor cation channels (TRPC3; Zhou et al., 2014). It will be interesting to test when the
Purkinje cells become segregated based on activity and whether the clusters have a
developmental correlate. Moreover, it will important to test whether disease-related
developmental defects alter stripe activity.

The anatomical, molecular, and genetic mechanisms that control stripe formation are
becoming well established as we build on core findings discussed above. However, we are
only now beginning to appreciate how activity within and between subsets of Purkinje cells
might shape clusters and stripes. There are several possible mechanisms for how activity
might impact stripes. Before considering these mechanisms, it is useful to first understand
the basic properties of Purkinje cell activity. Purkinje cells fire two types of action
potentials: simple spikes, which are generated intrinsically and modulated by mossy fiber-
granule cells inputs, and complex spikes, which are triggered by synaptic input from
climbing fibers (Cerminara and Rawson, 2004). Both types of action potentials are evident
in neonatal and early postnatal rodents (Mariani and Changeux, 1981; Arancillo et al., 2015;
Sokoloff et al., 2015). The loss of, or the disruption of, proper Purkinje cell firing may affect
the development of proper stripe patterning by eliminating traveling waves in the developing
cerebellum (Watt et al., 2009). Because of the Purkinje cell collateral system, direct Purkinje
cell-to-Purkinje cell communication could influence stripe formation through inhibitory
GABA function, or potentially even through an early excitatory GABA connection (although
its is still not clear if Purkinje cells exhibit an excitatory to inhibitory GABA switch; Sotelo,
2008). This is not the only temporal change that occurs in Purkinje cell activity. Recent work
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in anesthetized and awake mice used /n7 vivo electrophysiology to record Purkinje cells in
postnatal mice (Arancillo et al., 2015). The study found that complex spike firing rate
increased sharply at three weeks of age, whereas simple spike firing rate increased gradually
until four weeks of age. They also found that compared to adult Purkinje cells, the pattern of
simple spike firing during development was more irregular as periods of steady firing are
interrupted by long pauses. The regularity in simple spike firing eventually reached maturity
at four weeks of age. These data show that Purkinje cell activity is dynamically sculpted
throughout postnatal development, traversing several critical events that are required for
cerebellar morphogenesis and circuit formation. Importantly, the establishment of Purkinje
cell firing properties seems to overlap with the final stages of stripe maturation (Armstrong
and Hawkes, 2000). In accordance with this, conditional genetic silencing of GABAergic
neurotransmission only in Purkinje cells alters the sharpness of Purkinje cell stripe
boundaries and the segregation of mossy fibers into topographic domains (White et al.,
2014).

One of the major challenges now facing us is to link the formation of stripe patterns to the
execution of behaviors that recruit circuits within the highly topographic map. Along the
same lines though, we also need to fully establish whether stripes controls motor behavior
(Horn et al., 2010; Cerminara and Apps, 2011). In this regard, it is not clear whether each
stripe controls a specific behavior, or whether stripes communicate and cooperate to execute
a particular task. These models must take into account that synchronous activity might be
important for cerebellar function. Synchrony within stripes is dependent on olivocerebellar
connectivity (Welsh, 2002; Schultz et al., 2009). However, even a stripe synchrony model
must deal with the complication that parallel fibers extend long distances and can cross
several stripes to interact with Purkinje cells (Valera et al., 2016; Levy et al., 2017). One can
take the alternate view that the parallel fibers actually allow for communication across
synchrony stripes and perhaps the Purkinje cell collaterals could even play a similar role in a
more cell autonomous manner (Tsutsumi et al 2015; Witter et al. 2016). The impact of
Purkinje cell collaterals could extend to the rest of the circuit with contacts to granule cells
and inhibitory interneurons. Such local microcircuit connectivity could provide the means to
finely regulate neural activity and enhance signal processing (Watt et al., 2009; Witter et al.,
2016; Guo et al., 2016). Ultimately, synchronizing the cellular behavior of Purkinje cells
within and between specific stripes might provide flexibility for the cerebellar nuclei to drive
motor and non-motor behaviors (Welsh et al., 1995; Yamamoto et al., 2001; De Zeeuw et al.,
2011; Gauck and Jaeger, 2000; Person and Raman, 2012). Resolving these issues will likely
require further analysis of how stripes and circuits form.
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Figure 1.
Connectivity and gross morphology of the cerebellum. A) Cellular composition and circuitry

of the cerebellum. (+) indicates excitatory synapses and (=) indicates inhibitory synapses. B)
Poster view of an embryonic day 16 mouse hindbrain. C) Sagittal tissues section of an
embryonic day 16 mouse cerebellum stained with H&E. Provided are general anatomical
landmarks for orientation with respect to the cerebellum, with the choroid plexus located
posteriorly, the midbrain anteriorly, and the brainstem ventrally. D) Dorsal view of an adult
mouse brain. The red broken lines in panels B and C indicate the midline of the cerebellum.
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E) Sagittal section of the mouse cerebellum showing the structure of the lobules. The lobules
are labeled with Roman numerals. Abbreviations: UBC = unipolar brush cell, Bs =
brainstem, Cb = cerebellum, Cc = cerebral cortex, CN = cerebellar nuclei, Cp = choroid
plexus, fl/pfl = flocculus/paraflocculus, gl = granular layer, Mb = midbrain, ml = molecular
layer, Ob = olfactory bulb, V= vermis, H = hemisphere. Scale bar in D = 2mm (applies to B
where it = 1mm) and the scale bar in E = 500um (applies to C where it = 200um). Panel A
was reused with permission from Reeber et al. (2013; Frontiers in Syst Neurosci, 7:83).
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Figure 2.
Patterned architecture of the developing and adult mouse cerebellum. A) Dorsal view of a

Pcp2-CreER-IRES-hAPembryonic day 16 transgenic mouse showing clusters of Purkinje
cells after alkaline phosphatase histochemistry (purple). The blue arrow points to the
cerebellar midline and the red asterisks mark the Purkinje cell clusters on one side of the
cerebellum. B) Dorsal view of an adult mouse cerebellum wholemount stained for zebrin I1.
C) Coronal tissue section through the adult mouse cerebellum showing stripes of zebrin Il
expression in the anterior lobules (indicated by Roman numerals. D) Coronal tissue section
through the adult mouse cerebellum showing stripes of spinocerebellar mossy fiber terminal
fields after anterograde tracing using WGA-HRP and histochemical processing (see Sillitoe
et al., 2010). Abbreviations: ml = molecular layer, gl = granular layer, pcl = Purkinje cell
layer. The lobules are labeled with Roman numerals. Scale bar in B = 2mm (applies to A
where it = 500um) and scale bar in D = 500um. Panel A was reused with permission from
Sillitoe et al. (2009; Neuroscience, 162:574-588), panel B from Reeber et al. (2013;
Frontiers in Syst Neurosci, 7:83), and panel C from Levy et al. (2015; Neuromethods 92,
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Wheat Germ Agglutinin (WGA) Tracing: A Classic Approach to Unraveling Neural
Circuitry in Neural Tracing Methods Tracing Neurons and Their Connections, Springer
Protocols, Ed Benjamin R. Arenkiel, Humana Press).
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