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Abstract

The Purkinje cell is the pivotal element of the cerebellar network, which
integrates distinct extracerebellar inputs and generates the ultimate cortical
output to be conveyed to the deep cerebellar nuclei. During development, the
adult Purkinje cell phenotype is acquired through a complex sequence of
ontogenetic processes, including migration from the ventricular
neuroepithelium to the cortex, formation of the Purkinje cell plate and
progressive arrangement into the final monolayer, axonal growth and expan-
sion of the dendritic tree. Most of the distinctive features of Purkinje cells can
be achieved even in dissociated cultures, suggesting that the acquisition of
adult traits is regulated by the unfolding of a cell-autonomous program. On
the other hand, the maturing Purkinje cells play a fundamental role in
orchestrating the development of the entire cerebellum. Namely, Purkinje
cells are required for the genesis or the survival of different populations of
cerebellar and extracerebellar neurons. They contribute to regulate the mor-
phogenic processes leading to construct the cortical layering and network.
They provide positional information to extracerebellar afferent systems, so to
direct the topographic arrangement of projection maps. These phenomena
and the underlying mechanisms are described and discussed in the chapter,
proposing that development of Purkinje cells is not just the acquisition of a
mature neuronal phenotype, but represents an essential organizational event
of the whole cerebellar ontogenesis.

Keywords

Purkinje Cell · Mossy Fiber · Dendritic Tree · External Granular Layer · Purkinje
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Introduction

Purkinje cells are one of the neuronal populations more easily identified by
their distinctive and specific morphology. These neurons were discovered by
the Czech anatomist Jan Evangelista Purkinje in 1837 (Purkinje 1837), who
reported their monolayer disposition. Almost 50 years later, Camillo Golgi
(1883) with his silver impregnation method revealed the extent and spatial
orientation of the dendritic arbor. The description was completed by Santiago
Ramón y Cajal (1888), who reported the occurrence of small thorns or
dendritic spines and their peculiar distribution on the distal dendritic
compartment.

The acquisition of the Purkinje cell phenotype is accomplished through a
sequence of ontogenetic processes, comprising migratory phases, morphogenic
phenomena and attainment of mature neuronal structure and connectivity. In
spite of the obvious similarities with the development of other neuron populations,
some unique features distinguish the maturation of Purkinje cells. These neurons
are the pivotal element of the cortical circuitry, which integrates inputs from
different extracerebellar sources and relays the resulting information to the cere-
bellar nuclei (Ramón y Cajal 1911; Ito 2006). To carry out this functional task,
Purkinje cells must occupy a central position in the structure of the cerebellar
network, and this has profound implications for the developmental mechanism of
the entire cerebellum. Indeed, prior of assuming their adult computational role,
Purkinje cells carry out a fundamental ontogenetic function in orchestrating the
construction of the cortical architecture and the emergence of intra- and extra-
cortical connectivity.

Newborn Purkinje cells migrate from the ventricular to the pial surface and
aggregate in a primordial cortical layer, the Purkinje cell plate, which subse-
quently evolves into the final monocellular alignment. During their navigation
toward the cortex, Purkinje cells participate to complex reciprocal displacements
and interactions with other populations of cerebellar neurons, leading to set up
the fundamental framework of the cerebellar structure. Accordingly, the cortico-
nuclear projection, with a clear topographic arrangement, is established before
birth. During late embryonic and early postnatal life, intense cross-talk between
Purkinje cells and the precursors of granule cells in the external granular layer
regulates the proliferation and maturation of this quantitatively important type of
cortical neurons, their progressive integration into functional networks and the
concomitant shaping of the cortical layers. At the same time, specific interactions
between Purkinje cells and afferent axons dictate the topographic organization of
the extracerebellar afferent systems. The next sections of this chapter will be
devoted to discuss the present knowledge of these phenomena, and of the
underlying mechanisms, trying to define the main phases of Purkinje cell matu-
ration and their influence on the development of the surrounding cerebellar
structure.
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The Generation of Purkinje Cells in the Ventricular
Neuroepithelium

Purkinje cells are generated by progenitors residing in the ventricular
neuroepithelium of the embryonic cerebellar primordium (Ramón y Cajal 1911;
Altman and Bayer 1997). The mechanisms that regulate the proliferation of these
progenitors and their commitment to become Purkinje cells are treated in several
chapters of this Handbook (▶Chaps. 2, “Proneural Genes and Cerebellar
Neurogenesis in the Ventricular Zone and Upper Rhombic Lip,” ▶ 3, “Zones and
Stripes: Development of Cerebellar Topography,” ▶ 4, “Roof Plate in Cerebellar
Neurogenesis,” ▶ 5, “Specification of Cerebellar and Precerebellar Neurons”).
Therefore, only a few aspects, which are relevant for the successive phases of
migration and differentiation, will be briefly summarized here.

All cerebellar neurons derive from two germinal neuroepithelia: the upper rhom-
bic lip is the origin of glutamatergic neurons, whereas the ventricular
neuroepithelium produces GABAergic phenotypes (Hoshino 2006; Carletti and
Rossi 2008). Purkinje cells are born at the outset of cerebellar neurogenesis (between
E10.5 and E12.5 in the mouse; Miale and Sidman 1961; Altman and Bayer 1997),
whereas inhibitory interneurons are generated at later stages (Carletti and Rossi
2008). The acquisition of adult phenotypic traits follows the biological age of the
neurons. Hence, Purkinje cells do not mature synchronously, and different develop-
mental stages can coexist not only in the same lobule, but even among neighboring
neurons.

The progenitors that proliferate in the cerebellar ventricular neuroepithelium are
distinguished by the expression of the bHLH transcription factor Ptf1a (Obata et al.
2001; Hoshino et al. 2005; Hoshino 2006). Ptf1a appears not only to be required for
the specification and the acquisition of the GABAergic phenotype (Hoshino et al.
2005), but also to prevent commitment toward glutamatergic lineages (Pascual et al.
2007). Downstream targets of Ptf1a include Neurogenin2 (Henke et al. 2009),
Nephrin, and Neph3 (Nishida et al. 2010). Neurogenin2, together with neurogenin1,
are transiently expressed in restricted domains of the ventricular neuroepithelium
during the time-window of Purkinje cell genesis (Zordan et al. 2008). This spatio-
temporal distribution pattern suggests that neurogenins are involved in the specifi-
cation of phenotypically heterogeneous Purkinje cell subsets, which will be respon-
sible to lay down the fundamental framework of the cerebellar topography (see
below). On the other hand, Nephrin and Neph3 are cell surface molecules that may
be important for the delamination of postmitotic neurons from the germinal
neuroepithelium. Neph3 is equally expressed by all ventricular progenitors and
their early-postmitotic derivatives in the subventricular zone. In the latter site,
however, newborn Purkinje cells are distinguished from interneurons by differential
expression of E-cadherin (Mizuhara et al. 2010) and of the transcriptional corepres-
sor Corl2 (Minaki et al. 2008). The patterned regulation of these markers highlights
distinct domains of the ventricular neuroepithelium and of the subventricular zone,
corresponding to the sites of origin of the different GABAergic phenotypes. Under a
functional point of view, however, these observations indicate that specific
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combinations of transcription factors and surface molecules regulate the sorting of
different cell subtypes from the ventricular neuroepithelium. Although the precise
role of these molecules is still unknown, it is likely that these heterogeneous
neurochemical profiles modulate the sensitivity of the juvenile neurons to extrinsic
cues that induce migratory behavior and trigger the unfolding of differentiation
programs.

Migration of Purkinje Cells

Migration Toward the Cerebellar Cortex and Formation
of the Purkinje Cell Plate

Newborn Purkinje cells leave the ventricular neuroepithelium to reach their final
destination in the cerebellar cortex. At the stage when Purkinje cells initiate their
migration, the superficial region of the cerebellar anlage is occupied by deep nuclear
neurons (the so-called nuclear transitory zone), which have proliferated somewhat
earlier (Miale and Sidman 1961; Altman and Bayer 1997) and are moving tangen-
tially in the rostral direction, from the rhombic lip along a subpial stream (Machold
and Fishell 2005; Fink et al. 2006). This phase, between E14 and E17, is character-
ized by a complex balance movement of Purkinje cells, that “ascend” toward the pia,
and nuclear neurons, that “descend” toward the depth of the cerebellar primordium
(Fig. 1; Altman and Bayer 1997; Bourrat and Sotelo 1986). The migratory route of
Purkinje cells eventually terminates close to the pial surface, which is being occu-
pied by the nascent external granular layer (Fig. 1). Here, Purkinje cells form a
three–four- cell-thick aggregate, the Purkinje cell plate, which is first visible around
E14.5 (Miyata et al. 2010) and will evolve into the final monocellular arrangement
during the first postnatal week (Altman and Bayer 1997).

Given the straight ventricular-to-pial direction of the route to the cortex, Purkinje
cell migration has been classically considered to follow a strictly radial course along
the processes of radial glia (Fig. 1; Altman and Bayer 1997). Evidence for this
mechanism has been provided by numerous studies, which demonstrated direct
apposition of young Purkinje cells to radial glia, elucidated functionally relevant
cellular and molecular interactions, and highlighted differential time schedules of
Purkinje cell migration in distinct cerebellar subdivisions (Miale and Sidman 1961;
Rakic and Sidman 1970; Goffinet 1983; Yuasa et al. 1991, 1996; Hatten and Heintz
1995; Altman and Bayer 1997; Hatten 1999; Sotelo 2004).

In addition to the conducive scaffold provided by radial glia, the navigation of
Purkinje cells is thought to be directed by the attractive action exerted by the
glycoprotein Reelin (Miyata et al. 1997; Gilmore and Herrup 2000; Rice and Curran
2001), secreted by “overlying” subpial structures, including first the nuclear transi-
tory zone and, later, the external granular layer (Miyata et al. 1996; Schiffmann et al.
1997). The Purkinje cell plate is located adjacent to latter structure, suggesting that
Reelin is also important to arrest Purkinje cell migration and regulate the ensuing
layering process (Miyata et al. 1997; Carletti et al. 2008). These notions are further
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supported by the cerebellar phenotype of reeler mice, as well as other neurological
mutants that disrupt Reelin signaling, in which Purkinje cells fail to achieve their
normal cortical allocation and remain clustered close to the region of the cerebellar
nuclei (Mariani et al. 1977; see Rice and Curran 2001 for a review).

The notion that Purkinje cell migration follows a strict monophasic radial route
has been recently challenged (Miyata et al. 2010). By adenoviral labeling in utero
and time-lapse analysis on organotypic cultures of the mouse cerebellum, these
authors propose that Purkinje cells born at E10.5 at the posterior edge of the
ventricular neuroepithelium actually follow a tangential migratory route (Fig. 1).
Between E12 and E14, these neurons navigate anteriorly, parallel to the pial surface,
but deeper than the subpial migratory stream followed by rhombic lip derivatives
(i.e. deep nuclei neurons; Altman and Bayer 1997; Sotelo 2004; Machold and Fishell
2005; Fink et al. 2006). Around E14.5, the Purkinje cells terminate their caudo-
rostral navigation and undergo a profound morphological rearrangement (Fig. 1;
Miyata et al. 2010): the leading process points toward the inner regions of the
cerebellar primordium, the cell body modifies its posture to assume a radial orien-
tation, and the trailing appendages are reshaped to leave a single process, directed
perpendicular to the pial surface. The latter neurite, which directly abuts the Reelin-
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E12.5

E13.5
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E14.5

E14.5

PS PS PS
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VN
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DCN DCN DCN
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Fig. 1 Migration of Purkinje cells to the cerebellar cortex. The classical view of Purkinje cell
migration is displayed on the upper row. Newborn Purkinje cells (blue) migrate radially, along the
processes of radial glia (red), from the ventricular neuroepithelium (VN) to the pial surface (PS),
attracted by Reelin secreted by glutamatergic neurons of the cerebellar nuclei (green) that still
occupy a subpial position. During this period, the nuclear neurons move toward their final location
in the deep cerebellar nuclei (DCN), as indicated by the green dashed arrow. At the end of the
process, Purkinje cells form the Purkinje cell plate (blue shading on the leftmost panel) underlining
the nascent external granular layer (represented by the green cells on the leftmost panel). The new
view, depicted in the lower row, proposes that Purkinje cells born in the posterior region of the
cerebellar anlage first migrate tangentially, parallel to the pial surface. Once arrived at destination,
they modify the posture of their cell bodies and initiate a second phase of radial migration, leading
to form the Purkinje cell plate. (Modified from Miyata et al. 2010)
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rich subpial region, takes the role of the leading process in a new radial migratory
phase that will drive the neuron into the Purkinje cell plate.

This complex sequence of morphogenic and migratory phenomena implies that
Reelin signaling becomes particularly important during the last phase, when
Purkinje cells modify their orientation to switch from tangential to radial migration.
Indeed, in the reeler cerebellum tangential migration is unaffected, whereas the
ensuing reorientation of Purkinje cells completely fails (Miyata et al. 2010). Inter-
estingly, a similar mechanism has been demonstrated in the olfactory system, where
Reelin induces neuroblasts of the rostral migratory stream to switch from tangential
chain migration to radial individual migration (Hack et al. 2002).

These findings suggest that Purkinje cell migration toward the cerebellar cortex is
more complex than previously envisaged. Nonetheless, several issues remain to be
elucidated. For instance, it may be possible that the tangential phase is also trailed by
radial glia, whose processes in the posterior part of the cerebellar anlage have an
oblique orientation. In addition, it is still unknown whether the same phenomena also
apply for Purkinje cells derived from anterior regions of the ventricular
neuroepithelium. Finally, the proposed mechanism implies that Reelin exerts its
function through short-range interactions rather than as a long-distance positional
cue. Appropriate operation of such a mechanism requires a precise spatio-temporal
distribution of Reelin signaling in the nascent cerebellar cortex. However, this
cannot be immediately reconciled with the observation that large numbers of
Purkinje cells achieve a correct cortical allocation after complete ablation of the
external granular layer (Jensen et al. 2002), or when Reelin is ectopically expressed
in reeler cerebella (Magdaleno et al. 2002). Notably, in these conditions the Purkinje
cell plate forms normally and only the subsequent layering of Purkinje cells is
impaired.

On the whole, Purkinje cell migration is influenced by complex interactions with
different structures (Magdaleno et al. 2002; Sotelo 2004). The initial targeting to the
cerebellar cortex is achieved at early ontogenetic stages and is likely controlled by
signals issued from the nuclear transitory zone. Cues from the external granular
layer, however, become relevant at later stages to direct the final arrangement of
Purkinje cells and the ensuing layout of the cortical cytoarchitecture. Except for the
fundamental role played by Reelin in these processes, the relevant molecular sig-
naling is largely unknown.

Formation of the Purkinje Cell Monolayer

Successive waves of Purkinje cells progressively accumulate in the Purkinje cell
plate throughout embryonic development. After birth, together with the expansion of
the cortical lobules, the plate gradually evolves into the final monocellular arrange-
ment, which is definitively achieved at about the end of the first postnatal week in
rodents (Altman and Bayer 1997). The emergence of the Purkinje cell monolayer has
been attributed to mechanical constraints exerted by the expanding internal granular
layer and the simultaneous stacking of parallel fibers in the molecular layer (Altman
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and Winfree 1977; Altman and Bayer 1997). In spite of the attractive simplicity of
this mechanism, which is partially corroborated by the characteristic misalignment
of Purkinje cells in hypogranular cerebella (see Altman and Bayer 1997), this
process likely involves other structures and interactions. For instance, in the cere-
bellum of math-1-null chimeras, characterized by a patchy distribution of the
external granular layer, Purkinje cells fail to align in the cortical regions where this
layer is absent (Jensen et al. 2004). In addition, experiments in which the geometry
of Reelin signaling is artificially manipulated show that Purkinje cell alignment can
be induced by creating a Reelin-rich zone overlying the Purkinje cell plate (Miyata
et al. 1997), whereas it is defective if the protein is released by cells located deep in
the cerebellar tissue (Magdaleno et al. 2002). On the whole, these observations
indicate that during these phases of cortical histogenesis Purkinje cells continue to
advance radially toward the pial surface to match the concomitant expansion of the
outgrowing cortex (Fig. 2). This movement, however, must be synchronous in order
to prevent the dispersal of Purkinje cells that would hamper the proper development
of the cortical layers.

Heterochronic transplantation experiments indicate that synchronicity of Purkinje
cell migration, and notably the timing of arrival in the cortex, is a relevant factor to
determine the correct alignment (Carletti et al. 2008). Embryonic Purkinje cells
grafted to P1 or P8 cerebella are still able to integrate in the recipient cortex by
achieving the correct polarity and orientation. These neurons also have typical
monoplanar dendrites extended up to the pial surface like their neighboring coun-
terparts. Nevertheless, their cell bodies are ectopically positioned in the recipient
molecular layer, and the extent of this displacement is proportional to the delay of
their arrival to the cortex (i.e. Purkinje cells grafted to P8 cerebella occupy more
superficial positions than Purkinje cells grafted to P1 recipients). The same phenom-
enon occurs when rat Purkinje cells are homochronically grafted to the embryonic
mouse cerebellum, which develops at a faster pace (Carletti et al. 2008). In all these
conditions, the late arriving Purkinje cells, that reach the cortex when the molecular
layer is already expanding, bypass their natural position and terminate their course

E15
P0

P5

Fig. 2 Formation of the Purkinje cell monolayer. The cartoon depicts the progressive movement of
Purkinje cells (blue), required to match the outgrowth of the whole cerebellar mass, during late
embryonic and early postnatal development. It is proposed that Purkinje cells undergo a progressive
radial displacement, regulated by the overlying external granular layer (green). This process induces
a gradual thinning of the Purkinje cell plate, leading to the formation of the monolayer at about the
end of the first postnatal week
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only when they come in contact with the external granular layer. Therefore, this layer
provides short-range signals that direct the slow radial progression of Purkinje cells
required to match the cortical outgrowth and, at the same time, restrain this move-
ment in order to maintain the correct alignment. In this way, Purkinje cells are
continuously attracted toward the pial surface of the expanding cortex and arranged
into the final monolayer, thanks to the progressive thinning of the Purkinje cell plate
(Fig. 2).

Development of the Purkinje Axon

The axon of the Purkinje neuron comprises two major domains corresponding to the
main target fields: (1) the corticofugal axon projecting to the deep cerebellar nuclei
and to a number of target nuclei in the brainstem (De Camilli et al. 1984); (2) the
intracortical plexus formed by recurrent collateral branches that terminate within the
cerebellar cortex (Ramón y Cajal 1911). The two compartments develop at distinct
ontogenetic stages. The stem Purkinje axons elongates during embryonic life,
concomitant with the migration toward the cortex. The intracortical branches are
formed during postnatal development, after the establishment of the cortico-nuclear
projection.

Development of the Corticofugal Purkinje Axon

The initial phases of Purkinje axonogenesis remained largely obscure up to recent
times because of the lack of efficient tools to visualize and identify single Purkinje
cells with their processes. The classical view postulates that the development of the
neurite parallels the radial migration of newborn Purkinje cells from the ventricular
neuroepithelium to the pial surface. In this process, the corticofugal axon originates
as the trailing process of the migrating neuron, which is left behind to take contact
with the deep nuclei (Fig. 1; Altman and Bayer 1997). Accordingly, the cortico-
nuclear connections are established around birth (Eisenman et al. 1991), and synap-
tic responses can be recorded from deep nuclear neurons shortly after (Gardette et al.
1985).

This view has been recently questioned by the analysis of individual Purkinje
cells in vivo and in vitro (Fig. 1; Miyata et al. 2010). According to this study, during
the tangential phase of Purkinje cell migration, the leading process is actually the
future axon, which is also distinguished by the expression of axon-specific markers,
such as neurofilaments and tau. Later, when the Purkinje cell modifies the posture of
the perikaryon to enter the Purkinje cell plate, the axon is directed deep toward the
cerebellar nuclei, whereas the prospective dendrite takes the role of the leading,
pially directed process. Therefore, axonogenesis starts very soon after the birth of the
Purkinje cell, and the neurite actively navigates toward its target rather than lagging
behind the parent neuron, as proposed by Miale and Sidman (1961). The latter
authors, by describing an inexistent crossing of the nuclear transitory mass by
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Purkinje cells, hypothesized that the early segregation of the deep nuclear cells
imposed the further segregation of Purkinje cells into clusters. The observations of
Miyata et al. (2010) are consistent with additional evidence obtained by genetic
tagging of developing mouse Purkinje cells in situ (Sillitoe et al. 2009). The latter
report shows that axonogenesis starts a few hours or days after the birth of the
Purkinje cell. In addition, a clear cortico-nuclear projection, with an evident topo-
graphic arrangement, is already detectable at E14.5 and is firmly established 3 days
later.

The age when these connections become functional is still unknown. Similarly,
very little is known about the molecular cues that guide the nascent Purkinje axons
toward their nuclear targets. The initial phases of axonogenesis are normal in reeler
mice (Miyata et al. 2010), ruling out the possibility that Reelin-mediated attraction is
involved in Purkinje axon guidance. Recently, it has been observed that Unc5c is
strongly expressed in cerebellar progenitors, particularly in deep nuclear and
Purkinje cell progenitors. From E13.5 onwards, the protein is expressed also in
their axons, in an adjacent area to the “nuclear transitory zone,” down to the hook
bundle, suggesting that netrin1 could participate to the guidance of these axons (Kim
and Ackerman 2011). The study of Unc5c�/� mice corroborates that this netrin
receptor may repel the hook bundle from the floor plate, even though netrin1 alone
does not seem to be enough and that other unknown ligands should be also at play
(Kim and Ackerman 2011). In any instance, the precocious interactions between
specific Purkinje cell subsets and defined nuclear regions imply that the cortico-
nuclear topography is established before Purkinje cells reach their final cortical
allocation (Sillitoe et al. 2009). As a consequence, it is likely that the guidance of
outgrowing Purkinje neurites is regulated by short-range axon–target interactions
rather than long-distance attractive cues.

It has to be emphasized that classical growth cone-driven path finding is not the
only mechanism that sustains the developmental growth of Purkinje stem axons. In
fact, at the ontogenetic stage when the cortico-nuclear connection is established the
cerebellum is still far from reaching its final size. As a consequence, most of the
length of the adult Purkinje axons is actually due to interstitial elongation, which
occurs postnatally under the mechanical stretching exerted by the outgrowing tissue
(Rossi et al. 2007; de Luca et al. 2009). Because of the fast postnatal expansion of the
cerebellar mass, the rate of Purkinje axon elongation observed during the first week
after birth (up to over 200 μm/day) is about twofold than that observed during
embryonic development (de Luca et al. 2009).

Development of the Intracortical Plexus of the Purkinje Axon

The development of the intracortical Purkinje axon was first described by Ramón y
Cajal (1911), who reported the initial redundancy of these branches and their
subsequent pruning to achieve the final arrangement of the infra- and supra-
ganglionic plexus. More recently, it has been shown that recurrent collaterals sprout
as interstitial ramifications of the corticofugal axon during the first postnatal week
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(Gianola et al. 2003). Multiple processes bud from a moderately swollen segment of
the stem neurite, situated along its course across the granular layer. The site of branch
sprouting is characteristically located at 150–200 μm from the cell body (Gianola
et al. 2003), corresponding to the future position of the first node of Ranvier (Clark
et al. 2005). Interestingly, this mode of collateral branching is also maintained when
isolated Purkinje cells are grown in culture (Fig. 3; Gianola et al. 2003), suggesting
that collateral branches originate from defined neuritic segments, specifically primed
for this task (see also Szebenyi et al. 1998).

The newly formed branches ascend toward the Purkinje cell layer and develop
large terminal networks, extended both in the granular and in the molecular layer
(Gianola et al. 2003). The recurrent ramifications are preferentially directed toward
the base of the lobule and innervate nearby Purkinje cells, thus forming a chain of
functionally connected neurons running from the apex to the base of the lobule (Watt
et al. 2009). These GABAergic synapses, which are initially excitatory and become
inhibitory at a later time (Orduz and Llano 2007), drive activation waves that travel
through the network of Purkinje cells along the main axis of the folium (Watt et al.
2009). The functional meaning of these waves is still unknown, but they are likely

2 DIV

4 DIV

21 DIV

Fig. 3 Development of
Purkinje axon in vitro. The
confocal images show three
examples of dissociated
Purkinje cells maintained for
2, 4 or 21 days in vitro (DIV).
Note that the growth of the
axon progresses according to
the same phases of
axonogenesis in vivo, leading
to develop a prominent
terminal tree and recurrent
collateral arbors. (Modified
from Gianola et al. 2003)
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involved in activity-dependent mechanisms, required for the maturation of the
cerebellar cortical circuitry.

During the second postnatal week, the majority of collateral branches and termi-
nal ramifications are retracted to shape the adult neuritic arrangement (Gianola et al.
2003). At the end of this process, each corticofugal axon retains only one or two
recurrent branches, whose terminal arbors are precisely confined within the upper
granular or lower molecular layer. This remodeling also involves a profound reor-
ganization of connectivity, including the withdrawal of most Purkinje-to-Purkinje
synapses and the consequent disappearance of the traveling waves of activity (Watt
et al. 2009). In the adult mice, recurrent Purkinje axons primarily contact interneu-
rons in the upper granular or lower molecular layer (Palay and Chan-Palay 1974;
King and Bishop 1982; Watt et al. 2009).

The remodeling of intracortical Purkinje axons is coincident with myelination,
which progresses in a retrograde manner from the central white matter toward the
cerebellar cortex and is completed at the end of the second postnatal week (Reynolds
and Wilkins 1988; Bouslama-Oueghlani et al. 2003; Gianola et al. 2003). Procedures
that block or delay myelinogenesis, such as ablation of oligodendrocytes or appli-
cation of neutralizing antibodies against the myelin-associated growth-inhibitory
protein Nogo-A, impair the pruning of Purkinje intracortical plexus, which fail to
achieve the normal adult pattern (Gianola et al. 2003). Indeed, intracortical Purkinje
axons express receptors for myelin-associated inhibitory proteins (Foscarin et al.
2009), indicating that environmental regulatory molecules contribute to shape and
maintain the typical laminar distribution of the Purkinje intracortical plexus (Buffo
et al. 2000; Rossi et al. 2006).

Intrinsic Mechanisms and Environmental Control of Purkinje
Axon Development

The major phases of Purkinje cell axonogenesis described above are faithfully
reproduced when these neurons are transplanted to extracerebellar regions or cul-
tured as dissociated cells (Fig. 3; Gianola et al. 2003, 2009; de Luca et al. 2009).
Accordingly, the main compartments of the Purkinje axon, i.e. the stem neurite with
its terminal arbor and the collateral branches with the recurrent plexus, are developed
even in such ectopic conditions. This suggests that the Purkinje axon phenotype is
coded by an intrinsic program, which is unfolded by the developing neuron regard-
less of the surrounding environment.

The spontaneous growth properties of Purkinje cells change according to their
age (de Luca et al. 2009). Neurons taken from E17 embryos and plated in dissociated
cultures elongate their stem axon and appear less inclined to break into terminal
ramifications. In contrast, neurons isolated at P1 grow at a faster rate and, after a
period of stem axon elongation, develop extensive arbors. Most embryonic Purkinje
cells are unable to switch spontaneously from the elongating to the arborizing mode
of neuritic growth, even after 2 weeks in vitro. Nevertheless, they can be readily
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induced to form large terminal arbors by co-culturing with granule cells, suggesting
that the execution of the intrinsic growth program is regulated by extrinsic signals.

Other environmental cues also influence the outgrowth of collateral and terminal
branches. As mentioned above, the processes that induce the budding of collateral
branches in vivo are essentially replicated when Purkinje cells are placed in disso-
ciated cultures (Gianola et al. 2003). Nevertheless, the number of ramifications
issued from each neurite can be influenced by addition of external factors. For
instance, application of Anosmin-1 to the culture medium increases the number of
collateral branches and favors the expansion of terminal arbors, whereas incubation
with neutralizing antibodies reverses these effects (Gianola et al. 2009). In the
developing cerebellum, Purkinje cells and deep nuclear neurons express Anosmin-
1, suggesting that it may act as a target-derived branch-inducing factor, as shown in
the olfactory system (Soussi-Yanicostas et al. 2002). Altogether, these observations
indicate that the main distinctive traits of the Purkinje axon are determined by the
endogenous properties of the parent neuron and are expressed in any milieu. The
execution of the intrinsic neuritogenic program, however, is influenced by environ-
mental signals that modulate the growth competence of the Purkinje neurons during
different phases of axonogenesis.

Development of the Purkinje Dendritic Tree

In addition to the axon, Purkinje cells in dissociated cultures also develop dendritic
trees with typical morphological features. This distinctiveness makes Purkinje cells
excellent models for depicting intrinsic versus extrinsic mechanisms implied in
dendritogenic processes. Here, the arguments will be discussed that lead to the
conclusion that Purkinje cell dendritic differentiation happens in two main phases:
an early one characterized by intensive and continuous remodeling, which is mainly
controlled by intrinsic factors, and a late one required for the acquisition of the
ultimate dendritic pattern, which depends both on intrinsic and extrinsic factors,
represented by hormones, neurotrophins and, interactions with afferent axons (nota-
bly parallel fibers).

Sequential Phases of Dendritic Differentiation

During the last phase of radial migration, Purkinje cells adopt a bipolar elongated
shape, and it is only when they settle in the Purkinje cell plate that the real
development of the dendritic tree starts. This process, that involves a profound
remodeling of the leading process of the radially migrating neuron, is typically
characterized by a number of distinct phases (Fig. 4; Armengol and Sotelo 1991):

1. “Simple-fusiform cells”: from the end of migration up till the day of birth (P0);
the cells keep their bipolar shape even though apical dendrites may branch.
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2. “Complex-fusiform cells”: the bipolar elongated cells with branched apical
dendrites start generating new and thinner processes that radiate from the cell
bodies. Coincidentally, there is a regression in length of the primitive apical
dendrite.

3. “Regressive-atrophic dendrites”: this phase, between P2 and P3-P4, is character-
ized by a fast and intense pruning of all or most of the dendritic processes. This
regression phase announces the beginning of the building up of the ultimate
dendritic arbor.

4. The Ramón y Cajal “stellate cells with disoriented dendrites.” This phase, the first
recognized by Ramón y Cajal (1890) (Fig. 4), is characterized by the explosive
outgrowth of perisomatic protrusions emerging in all directions. It is during this

Fig. 4 Development of the Purkinje cell dendritic tree. Upper half: Purkinje cells from rat
cerebellum taken at different stages of dendritic development, from embryonic day 20 (E20) to
adulthood (around P60). The cells have been filled with HRP either by retrograde labeling (E20–P6)
or by intracellular iontophoretic injection (P8 to adult). These micrographs illustrate the early
phases of dendritic remodeling passing progressively from “simple-fusiform” cells at the end of
the migration into the Purkinje cell plate (E20), to “complex-fusiform” cells (P1) and regressively to
“stellate cell with disoriented dendrites” (P6). The ultimate dendritic arborization, with the flatten-
ing of the dendrites (P8) and the acquisition of the espaliered tree (adult) occurs during the second
and third postnatal weeks. Lower half: Composite drawing by Santiago Ramon y Cajal illustrating
the development of Purkinje cell dendrites. Cajal has only described the second phase, from
Purkinje cells with stellate shape and disoriented dendrons (a), through the phase of young cell
with flattened trees (b, c), to the adult espaliered tree (d). The material for upper micrographs was
taken from: Armengol and Sotelo 1991 (E20–P6), P1 corresponds to Fig. 4c, and P6 to Fig. 6F;
Crepel et al. 1980 (P8 to adult), P8 corresponds to Fig. 4, and adult to Fig. 10. (The Cajal drawing is
reproduced with permission from Legado Cajal. Instituto Cajal (CSIC). Madrid (Spain))
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phase that Purkinje cell bodies reach their monolayer disposition. The processes
arising from the lateral and basal aspects of the cell bodies are rapidly withdrawn
to leave only one to three primary segments arising from the apical pole. The loss
of lateral processes is partially compensated by the appearance of numerous thin
spine-like pseudopodia, the postsynaptic elements for the climbing fibers in their
perisomatic nest stage (Larramendi and Victor 1967; Chedotal and Sotelo 1992).

5. The Ramón y Cajal “young Purkinje cells with flattened dendritic trees”: char-
acterized by the vertical orientation of their apical dendritic tree (P6–P10),
followed by its lateral growth (P10–P15), reaching the adult width by P13.
From P15 to P30 there is an important change in the orientation of the growth
plane, from transverse to vertical, which brings a significant extension in height of
the dendritic tree (Berry and Bradley 1976).

In summary, Purkinje cells pass through consecutive constructive and recessive
developmental phases to acquire the adult configuration of their dendritic arbors.
The intrinsic versus extrinsic determinants involved in the building up of either the
first postnatal steps (from simple-fusiform stage to the regressive atrophic dendrites),
or the second phase (from regressive and stellate with disoriented dendrites to
flattened dendritic trees) will be discussed hereafter.

Intrinsic Determinants Regulate the First Phase of Purkinje Cell
Dendritogenesis

The reshaping of Purkinje cell dendrites occurs simultaneously with synaptogenesis,
either by receiving olivocerebellar afferents (Mason et al. 1990; Chedotal and Sotelo
1992, 1993; Morara et al. 2001; Sotelo 2008), or contacting their postsynaptic targets
in the deep nuclei (Gardette et al. 1985). In living animals, Purkinje cells are
embedded in an intricate environment, and are constantly interacting with astrocytic
processes, afferent or efferent inputs, which complicates the identification of the
relative contribution of intrinsic and extrinsic factors in dendritogenesis. An optimal
way to distinguish between such different influences is to analyze the development
of isolated Purkinje cells in vitro. In spite of the poor survival of P0 Purkinje cells in
purified cultures (Baptista et al. 1994), the neurons that survive for 21 days in vitro
remain arrested in their dendritic differentiation and do not generate identifiable
dendrites. Most importantly, however, at 4 days in vitro Purkinje cells have much
longer, smoother and less branched arbors than at 21 days, suggesting that the
pruning or regressive process, occurring between P2 and P5 in vivo, also takes
place in purified Purkinje cell cultures (see Fig. 4a, b in Baptista et al. 1994).

Elimination of all climbing fibers and most of the mossy fibers by transection of
the inferior cerebellar peduncle in newborn rats in vivo provokes some changes, but
does not alter substantially the mature architecture of Purkinje cell dendrites (Sotelo
and Arsenio-Nunes 1976). Therefore, removal of extracerebellar afferents does not
disrupt the overall course of Purkinje cell dendrite maturation. Similarly, the absence
of extracerebellar afferents in organotypic cultures does not prevent Purkinje cells to
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go through the same dendritic developmental phases as those described in vivo
(Boukhtouche et al. 2006; Poulain et al. 2008). Finally, quantitative analysis of
segment length, bifurcation ratio and topology reveals that the growth of Purkinje
dendrites proceeds normally until P7 in the staggerer and weaver cerebella, both
devoid of granule cells (Bradley and Berry 1978). Thus, the important remodeling
process occurring in early dendritogenesis seems to occur in the absence of parallel
and even climbing fibers, being mainly regulated by intrinsic factors.

Role of ROR-Alpha in the Formation of Purkinje Cell Dendrites

The study of the staggerer cerebellum has provided a first attempt to identify
transcription factors that regulate the early phases of Purkinje dendrite formation.
The molecular target of the staggerer mutation is the Retinoid-Related Orphan
Receptor alpha (RORα) (Hamilton et al. 1996). As expected, transgenic mice with
inactivation of the RORα gene share their phenotype with staggerermice (Steinmayr
et al. 1998). In this mutant, the cerebellum is highly atrophic and the number of
remaining Purkinje cells at birth is only about 25% of the normal. The few surviving
Purkinje cells exhibit dendrites smaller than normal, not confined to a single plane,
and devoid of spiny branchlets, while the vast majority of granule cells have either
missed their proliferation or have died (Sotelo and Changeux 1974). More impor-
tantly, Purkinje cells display a wide spectrum of shapes, ranging from unipolar to
multipolar, which have been considered as remnants of the immature stage: the
unipolar Purkinje cells resembling “simple-fusiform” cells and the multipolar ones
represent “complex-fusiform” cells, in which the normal process of regression of
early somatic protrusions fails to occur and instead they are transformed into long-
lasting dendritic branches.

More direct evidence in favor of the implication of RORα in the regressive events
during Purkinje cell dendritogenesis has been obtained in organotypic cultures, using
a recombinant nonreplicative lentiviral-derived vector encoding either hRORα1
(Lenti-hRORα1) or Green Fluorescent Protein (for control), under the control of
the phospho-glycerate kinase promoter (Boukhtouche et al. 2006). The lentiviral-
mediated hRORα1 overexpression in fusiform Purkinje cells from P0 wild-type mice
induces an accelerated progression of dendritic differentiation, leading to reach the
mature pattern already at 7 days in vitro. In addition, while in control slices at 3 days
in vitro, almost all Purkinje cells are still fusiform (94.3%), 58.8% of hRORα1-
overexpressing neurons have already reached the regressive atrophic stage. Remark-
ably, RORα is necessary for the regressive events, because staggerer ROR-
α-deficient Purkinje cells, which remain in the embryonic fusiform stages in
nontransfected slices from RORα knock-out mice, complete normal dendritogenesis
in transfected cultures (Boukhtouche et al. 2006). Therefore, RORα expression in
fusiform Purkinje cells is crucial for dendritic regression.

It is likely that RORα controls a set of genes that interact with the cytoskeleton.
SCLIP, a phosphoprotein member of the stathmin family interacting with microtu-
bules (Curmi et al. 1999), might be one of the links between RORα and the
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cytoskeleton, since it also influences the growth of Purkinje cell dendrites. As
revealed with a similar lentiviral-mediated approach on cerebellar organotypic
cultures, depletion of SCLIP promotes primitive dendrite regression and inhibits
further dendrite formation (Poulain et al. 2008). On the whole, the above reviewed
evidence emphasize that the early phase of continuous outgrowth of the dendritic
tree, with the stemming of multiple primary branches and the subsequent regressive
phase of almost complete pruning, is controlled by intrinsic factors, among which
RORα is the first to be known.

Extrinsic and Intrinsic Factors That Control the Late Phase
of Purkinje Dendritic Growth

The late phase of Purkinje cell differentiation, with the progressive disappearance of
the somatic processes and the rapid outgrowth and branching of the ultimate
dendrites, is the one that provides these neurons with their characteristic espaliered
dendritic trees. Although intrinsic factors contributing to the acquisition of this
complex and original shape remain largely unknown, the number of identified
extrinsic factors has largely increased over the last few years. Among them, afferent
inputs (mainly parallel fibers, even though climbing fibers also contribute to the
dendritic sculpting; Bradley and Berry 1976), trophic factors and hormones are the
principal regulators of the orientation and growth of mature dendritic trees
(Kapfhammer 2004; Sotelo and Dusart 2009). In addition, the neurotransmitter
glutamate also exerts multiple actions. Activation of NMDA receptors promotes
granule cell survival through a BDNF-mediated mechanism (Hirai and Launey
2000). This increases the interaction between granule and Purkinje cells, thus
increasing the complexity of the dendritic tree. On the contrary, activation of
metabotropic glutamate receptors (particularly those of class I) provokes a strong
inhibition of the dendritic growth, generating Purkinje cells with small stubby
dendrites (Sirzen-Zelenskaya et al. 2006). More recently, it has been shown that
treatment with the GABAA agonists muscimol provided Purkinje dendrites with
longer and less branched morphology, while GABAA antagonists resulted in shorter
dendrites, in an endocannabinoid-dependent manner (Kawaguchi et al. 2010).
Finally, the Calcitonin gene-related peptide stimulates the growth of Purkinje den-
drites in culture through a mechanism that involves astrocytes (D’Antoni et al.
2010).

Several genes have been disclosed that influence the last phase of Purkinje
dendrite growth. For instance, a deletion in exon 7 of Nna1 gene, which encodes a
nuclear protein containing a zinc carboxypeptidase domain, is the genetic alteration
responsible for the spontaneous “Purkinje cell degeneration” (pcd) mutant mouse
(Fernandez-Gonzalez et al. 2002). In this mutant, Nna1 dramatically increases
intranuclear localization of lysyloxidase propeptide, which provokes the underde-
velopment of Purkinje cell dendrites by interfering with NF-kB/RelA signaling and
microtubule-associated protein regulation of microtubule stability (Li et al. 2010). In
Drosophila, Flamingo (a 7-pass transmembrane cadherin) is known for its prominent
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role in the growth and patterning of dendritic trees. To determine its function in
mammalian Purkinje cells, Shima and co-workers (2004) have knocked down its
homolog Celsr2 in organotypic cultures of P10 rat cerebella. The transduced
Purkinje cells developed less complex trees with an ultimate phenotype of dendritic
branch retraction, suggesting that Celsr2 may also regulate the growth and mainte-
nance of Purkinje dendrites.

Role of Parallel Fibers in the Monoplanar Disposition
and Branching Pattern of Purkinje Cell Dendrites: Comparison
of Control and Agranular Cerebella

The key role of parallel fibers in the formation of Purkinje cell dendritic trees has
been established many years ago through the study of different models of agranular
cerebella. Indeed, the early disappearance of postmigratory granule cells, either by
death of granule cell precursors or by inhibition of their proliferation, prevents all
kinds of interactions between parallel fibers and Purkinje cells, allowing the exam-
ination of adult dendritic arbors grown in the absence of this input. The models used
for these studies comprise: rat cerebellum exposed to postnatal X-irradiation (Alt-
man and Anderson 1972), the weaver mouse (Hirano and Dembitzer 1973; Rakic
and Sidman 1973; Sotelo 1973, 1975), and the central cerebellar mass of the releer
mouse (Mariani et al. 1977; Sotelo 1978). In these conditions, the abnormalities of
Purkinje dendrites are very similar and consist of: (1) severe reduction of the total
length of the dendritic tree (atrophy); (2) nonplanar disposition of the dendrites,
which become random with frequent inversion of the entire tree (loss of the
espaliered shape); (3) lack of subdivision into a proximal and a distal dendritic
compartment (spiny branchlets never form and proximal branches are studded with
spines; Sotelo 1978). Since in these three situations the causes of the agranularity are
very different and the only common thread in the developmental history of these
neurons is the lack of granule cells, it can be concluded that the observed defects in
the Purkinje cell dendrites are solely due to the lack of parallel fibers (Rakic and
Sidman 1973; Sotelo 1975, 1978).

The dendritogenesis of embryonic Purkinje cells grafted to the adult pcd mutant
cerebellum, devoid of this class of neurons, recapitulates most of the phases of
normal development, although the duration of the last two phases is shorter (Sotelo
et al. 1990). Since dendritic growth occurs ectopically, mainly within the molecular
layer, grafted Purkinje cells do not adopt normal shapes, but remain atrophic,
resembling those in the agranular cerebellum. In addition, the majority of donor
neurons exhibit multipolar, short dendrites with few branches, resulting from the
interaction between the growing dendrites and the adult, target devoid, parallel fiber
varicosities.

Embryonic Purkinje cells grafted to adult hosts enter the cerebellum exclusively
through the pial surface (Sotelo and Alvarado-Mallart 1991). However, when
Pukinje cells are placed deep into the cerebellar parenchyma of perinatal hosts
(before the expansion of the internal granular layer), they can still reach the cortex
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following the normal migratory route. These transplanted neurons become fully
integrated in the host cerebellum (see section on “Formation of the Purkinje Cell
Monolayer”), occupy correct positions and develop normal espaliered trees (Carletti
et al. 2008). These results emphasize that, although the cerebellar milieu remains
receptive for Purkinje cells even in adulthood, correct placement of donor neurons,
allowing normal interactions with afferent and efferent fibers of the host and the
acquisition of normal dendritic trees, depends on the timing of their migration,
related to cerebellar developmental dynamics and granule cell layering.

Purkinje Cells as the Organizers of the Architecture
and Projectional Arrangement of the Cerebellum

The central role played by Purkinje cells in cerebellar function is paralleled by their
importance during development. Here, evidence will be presented indicating that
Purkinje cells are the organizers of the whole ontogenetic process of the cerebellum,
at least of the cortex, including neurogenesis, arrangement of the cortical layering,
and topographic organization of its efferent–afferent projections. In other terms,
without Purkinje cells there is no cerebellum.

Failure in the Differentiation of Purkinje Cells Leads
to the Apparent Disappearance of the Cerebellum

Ptf1a, the transcription factor expressed by the cells of the ventricular
neuroepithelium of the embryonic cerebellar primordium, is the disease-causing
gene of neonatal diabetes mellitus associated with pancreatic and cerebellar agenesis
(Sellick et al. 2003). In homozygous Ptf1a�/� mice, the cerebellar plate is
extremely reduced in size at E16.5, leading to agenesis of the cerebellum at birth
(Sellick et al. 2004). Another mouse strain carrying a mutation of Ptf1a, has been
obtained during transgenesis experiments by Hoshino and collaborators (2005). In
these mice, named “cerebelless,” the cerebellum is almost completely absent, except
for a tiny rudimentary region, which exclusively contains glutamatergic neurons of
the deep nuclei (reduced to about 40% of the normal number). Inferior olivary and
pontine nuclei are also lacking, as expected for mice deprived of targets for climbing
and mossy fibers (Hoshino et al. 2005).

In the ventricular neuroepithelium of cerebelless mice, GABAergic neurons,
comprising both Purkinje cells and inhibitory interneurons, are generated, but are
unable to progress in their differentiation and massively die soon after their birth
(Hoshino et al. 2005). On the other hand, the severe reduction of glutamatergic deep
nuclear neurons depends on the loss of the Purkinje cell input. Similarly, the
complete absence of granule cells can be attributed to the lack of the proliferation-
stimulating action exerted by Sonic Hedgehog (Shh) secreted by Purkinje cells (see
the next section below). Therefore, even though glutamatergic neurons outnumber
GABAergic neurons in the cerebellum, failure to develop the latter types completely
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disrupts cerebellar development. Notably, analysis of Ptf1a mutants shows that
Purkinje cells are necessary for the proliferation of granule cell precursors and for
the stabilization of glutamatergic nuclear neurons. These effects, together with the
lack of GABAergic interneurons, prevent the formation of the cerebellar cortex,
inducing further degeneration in the major extracerebellar afferent systems.

Purkinje Cells Stimulate Granule Cell Neurogenesis

Studies performed many years ago indicated that the presence of Purkinje cells was
required for the normal proliferation of granule cells. Early interference with the
Purkinje cells located under the external granular layer, either in spontaneous
mutations such as staggerer (Mallet et al. 1976), early X-irradiation (Das 1977), or
immunosurgery (cited in Sotelo 2004), greatly reduces the proliferation of granule
cell precursors. Similarly, alterations in the location of Purkinje cells underlining the
deepest strata of the external granular layer, like in the reeler mutant mouse, also
massively reduce the number of generated granule cells (Mariani et al. 1977). With
the advent of more selective approaches provided by molecular biology, it has been
definitively demonstrated that the presence of Purkinje cells is indispensable for the
proliferation of granule cell precursors. Thus, the use of diphtheria toxin, targeted to
Purkinje cells with the specific promoter L7 (Smeyne et al. 1995), has provided
transgenic cerebella, in which cortical bands containing Purkinje cells alternate with
bands devoid of these neurons. The latter gaps in the Purkinje cell layer are
coincidental with thinned zones in the overlying external granular layer,
underscoring the mitogenic role of Purkinje cells.

The observation that the gene encoding Shh is expressed by Purkinje cells, while
its receptor Patched (Ptch) is expressed by granule cell precursors, suggests that the
pathway Shh–Gli–Ptch regulates the proliferation of these precursors. In line with
this possibility, treatment of granule cell precursors with Shh prevents their differ-
entiation and induces a potent, long-lasting proliferative response, whereas applica-
tion of neutralizing anti-Shh antibodies in vivo reduces BrdU incorporation and
gives rise to an agranular cerebellum, together with deficient Bergmann glia differ-
entiation and abnormal Purkinje cell dendritogenesis. These results clearly indicate
that Shh, secreted by Purkinje cells, is responsible for the proliferation of granule cell
precursors (Dahmane and Ruiz i Altaba 1999; Wallace 1999; Wechsler-Reya and
Scott 1999).

The use of DNA microarrays to identify more eventual targets of Shh in granule
cell precursors points to cyclin D1 and N-myc. Both genes are robustly induced by
Shh, N-myc being induced even in the presence of the protein synthesis inhibitor
cycloheximide (Oliver et al. 2003). Moreover, Atoh1 plays the role of regulator of
the signal transduction pathway of Shh, and its deletion prevents the formation of
medulloblastoma (Flora et al. 2009).

Although extracellular matrix proteins, such as vitronectin, expressed in the lower
external granular layer are able to block Shh activity (Pons et al. 2001), the
mechanisms that inform granule cell precursors to exit the cell cycle and switch
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from a proliferative state in the upper layer to differentiation in the lower layer is still
poorly understood. Indeed, increasing the levels of cAMP and the activity of PKA
can antagonize the response to Shh. The G-protein-coupled receptor GPR3
(GPCR21), a member of a family of G-protein-coupled receptors, can stimulate
adenylate cyclases (Tanaka et al. 2007). It has been reported that increase of GPR3
antagonizes Shh in vitro, and its inhibition by siRNA in vivo stimulates Shh-induced
proliferation of granule cell precursors. Therefore, this orphan receptor could con-
stitute one of the signals that mediate the transition between proliferation and
differentiation of granule cell precursors (Tanaka et al. 2009).

Modular Organization of the Input/Output Projections
in the Cerebellum: The Olivocerebellar System

In addition to the classical organization of the cerebellar cortex into lobes and
lobules forming the folia that emerge from its folding, the adult cerebellum is
topographically organized into parasagittal bands and transverse zones that, although
lacking visible anatomical frontiers, have fixed positions outlined by molecular
markers (Sillitoe and Joyner 2007). This three-dimensional organization should
match a hidden projectional heterogeneity emerging from the complex input-output
organization (Voogd 1969). Indeed, extracerebellar afferent fibers (without consid-
ering the modulatory monoaminergic systems) terminate into narrow parasagittally
oriented cortical modules, whose Purkinje cells innervate specific regions of the
cerebellar nuclei, matching with the functional heterogeneity and microzonal orga-
nization of the cerebellum (Oscarsson 1979). The entire olivo-cortico-nuclear net-
work is organized in defined modules, where clusters of neurons in the inferior olive
project to specific Purkinje cell bands in the cortex and to discrete groups of nuclear
neurons innervated by the same Purkinje cells. Subsets of the latter nuclear neurons,
which are GABAergic, send their axons back to the original neuronal cluster in the
inferior olive. Their terminal bulbs synapse straddling the dendrites of olivary
neurons coupled by gap junctions, to regulate the level of electrotonic coupling
(Angaut and Sotelo 1989), which seems to be essential for learning-dependent
timing in cerebellar motor control (van der Giessen et al. 2008).

Adult Cerebellum: Purkinje Cell Biochemical Heterogeneity,
Parasagittal Stripes of Protein Expression

The advent of histochemical and immunohistochemical techniques has disclosed
that, parallel to the topographic arrangement of extracerebellar projections in para-
sagittal modules, Purkinje cells are also neurochemically heterogeneous (Hawkes
et al. 1985) and distributed into alternating subsets that either possess or lack the
corresponding antigens (Gravel et al. 1987). Over the last decades, numerous
markers expressed by alternating bands of Purkinje cells have been reported, leading
to describe a complex three-dimensional pattern, in which each cortical compartment
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is distinguished by a specific combination of markers (Apps and Hawkes 2009). By
integrating these observations with the findings obtained with other anatomical,
physiological or molecular methods in developing and adult animals, Apps and
Hawkes (2009) have formulated the “one-map hypothesis,” concluding that each
approach “reveals different facets of a common topography.”

Over the last decades, a molecular coding of the cerebellum has been progres-
sively disclosed. The three-dimensional complexity of this nervous center is
arranged around a basic coordinate system that, as clearly described by Sillitoe
and Joyner (2007), can be broken down into morphology and molecular coding.
The precise anatomo-molecular description of this complexity is out of the scope of
this chapter, and can be appraised in numerous reviews (Hawkes and Gravel 1991;
Hawkes et al. 1992; Armstrong and Hawkes 2000; Sillitoe and Joyner 2007; Apps
and Hawkes 2009).

One Congruent Map or Several Independent Maps?

One of the main questions, about the functional significance of the parasagittal-
striped disposition of heterogeneous Purkinje cells, is to reveal whether the cortical
compartmentation correlates with the arrangement of the projection maps of extra-
cerebellar afferents. The first investigations that addressed this question were
focused on the olivocerebellar map, by combining anterograde tracing of the
olivocerebellar pathway and anti-zebrin immunostaining to highlight Purkinje cell
bands (Fig. 5; Gravel et al. 1987; Wassef et al. 1992a). Since the olivocerebellar
projection is discontinuous (Buisseret-Delmas and Angaut 1993), a small random
injection of an axonal tracer in the inferior olive results in the labeling of several
sagittal bands. These bands have boundaries (local discontinuities) that are charac-
teristic of the topography of this projection and pre-date the actual injection. Under
these conditions, it has been shown that the boundaries of anterogradely traced
axons and those of immunoreactive Purkinje cell subsets are strongly correlated
(Fig. 5; Gravel et al. 1987; Wassef et al. 1992a). Statistical analysis confirms that the
coincidence between olivocerebellar and Purkinje cell bands is much too high to
result from a random distribution and, therefore, both maps are congruent (Wassef
et al. 1992a).

Recently, the matching between Purkinje cell and olivocerebellar maps has been
tested for more precise anatomical regions, and for its modular organization. It has
been shown that the projections emerging from specific parts of the medial or dorsal
accessory olive are congruent with narrow, longitudinal stripes of Purkinje cells in
the zebrin-negative C1 and C3 zones of the anterior and posterior cerebellar cortex.
These Purkinje cells project to specific regions of the cerebellar nuclei, which also
receive direct projections from collaterals of the same climbing fibers (Pijpers et al.
2005). This way, the functional modular organization of the cerebellum (its olivo-
cortico-nuclear connections) appears tightly related to the disposition of
neurochemically distinct Purkinje cell subsets.
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To assess whether the adult pattern of Purkinje cell heterogeneity is indepen-
dently expressed or is induced by the olivocerebellar afferents, the cerebellar anlagen
of E12–E15 rat embryos, which have not yet been contacted by climbing fibers
(Wassef et al. 1992b), have been ectopically grafted into cavities placed in adult
neocortex (Wassef et al. 1990). The grafts, which evolve into minicerebellar struc-
tures in complete absence of climbing fibers, once immunostained with anti-zebrin
antibodies display a clear arrangement of alternating bands of immunopositive and
immunonegative Purkinje cells. These results show that the neurochemical profile
and the parasagittal segregation of Purkinje cell subsets can be achieved in the
absence of olivocerebellar fibers, indicating that the postsynaptic Purkinje neurons
direct the building up of the afferent projection map.

Fig. 5 Congruence between Purkinje cell bands and the olivocerebellar projection to the cerebel-
lar cortex. (a) Coronal section through the caudal vermis of an adult rat injected with tritiated amino
acids in the inferior olive, and the sections treated for zebrin I immunoreactivity and autoradiog-
raphy. The 3H-labeled climbing fibers are visualized in dark field (white points), whereas the zebrin
immunostaining is identified in bright field, to allow the conjoined visualization of both markers
(brown color cells). The labeled clusters of climbing fibers and the zebrin positive or negative
compartments of Purkinje cells have numerous common boundaries, too many to be due to hazard,
indicating that both maps are congruent. (b) Another coronal section of the rat cerebellar vermis, in
which climbing fibers are visualized by biotynylated dextran amine tracing (black), while Purkinje
cell bands are highlighted by zebrin immunostaining (brown). The correspondence between
Purkinje cell compartments and the parasagittally oriented strips of climbing fibers is evident.
Scale bars, 100 μm. The material for the micrograph in the upper half was published in a book
chapter (Wassef et al. 1992a) Figs. 1–10. The lower micrograph is unpublished material by
Ferdinando Rossi
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Organization of the Cerebellar Cortical Layering; Transient
Biochemical Heterogeneity of Purkinje Cells and Inferior Olivary
Neurons During Embryonic Development

One problem to conclude that the congruence between Purkinje cell arrangement and
the olivocerebellar projection map reflects an ontogenetic organizational process is
that the expression of adult Purkinje cell markers begins too late to discern any
transition between immature and adult patterns. Nevertheless, a number of proteins
and glycoproteins that in the adult cerebellum are selectively expressed in the entire
population of Purkinje cells (calbindin, cyclic GMP-dependent protein kinase,
Purkinje cell–specific glycoprotein; PEP-19) show a peculiar developmental expres-
sion pattern that may help to address this issue. Analysis of Purkinje cell differen-
tiation in the embryonic rat cerebellum with antibodies against these “Purkinje cell
markers” has disclosed that, during transient developmental periods, only subsets of
Purkinje cells are labeled (Wassef and Sotelo 1984; Wassef et al. 1985). The different
subsets are arranged in alternating, bilaterally symmetric, positive and negative
parasagittal clusters, which follow dynamic developmental changes. Each antibody
provides a distinct but reproducible pattern, even though some boundaries can be
common to two or more markers. This peculiar organization of the cerebellum
persists until P5, when all Purkinje cells express these markers and the clusters
disappear. This transient segregation of immature Purkinje cells indicates the estab-
lishment of an intrinsic compartmentation of the early developing cerebellar cortex.
The basic compartment is not the immunopositive or negative cluster, but the
intersection of such clusters where, by definition, all these neurons are identical.

Within the context of the chemoaffinity hypothesis (Sperry 1963), the early
compartmentation of the cerebellar cortex needs, as a counterpart, a similar acqui-
sition of positional identities in inferior olivary neurons. Indeed, this counterpart
does exist. Starting at E16 in the rat, before the entry of olivocerebellar axons in the
cerebellar parenchyma, clusters of inferior olivary neurons also display a transient
biochemical heterogeneity (Wassef et al. 1992b), defining an intrinsic compartmen-
tation of this nucleus (Wassef et al. 1990).

These observations indicate that the neurochemical heterogeneity of Purkinje
cells and inferior olivary neurons arise independently, and that the transient bio-
chemical individualization of subgroups in these two immature neuronal populations
could contribute to recognition mechanisms. More importantly, an anatomical rela-
tionship between this developmental compartmentation and the organization of the
olivocerebellar projection has been found (Wassef et al. 1992c), allowing the
formulation of the “matching hypothesis” (Sotelo 2004): the acquisition of
subpopulation-type identities in inferior olivary neurons and in the Purkinje cells
would direct the construction of the projection map by matching of appropriated
positional cues (Sotelo and Wassef 1991a; Sotelo and Chédotal 1997). A clear
example of this mechanism is provided by the climbing fiber projection arising
from the dorsal cap of the inferior olive. These axons, which terminate in vermal
lobules IX and X and in the flocculus, show transient parvalbumin immunoreactivity
around birth. In newborn rats, the projection has already attained the adult arrange-
ment. Immunostaining with anti-PEP-19 antibodies, to visualize Purkinje cell
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clusters, shows that the medial parvalbumin immunoreactive climbing fiber band of
lobule X is coextensive with a PEP-19 negative Purkinje cell cluster, revealing a
clear projectional relationship between the biochemical parcellations of the cerebel-
lum and of the inferior olive (Wassef et al. 1992c).

Organization of the Three-Dimensional Architecture
of the Projectional Maps; Validation of the “Matching
Hypothesis” with the Mossy Fiber System

Mossy fiber neurons are distributed from the spinal cord to the pons in several
precerebellar nuclei. Even though these axons mainly establish synaptic contacts
with granule cells, and less often with Golgi and unipolar brush cells, the mossy
fiber projection is also organized according to a parasagittal banding pattern, similar to
that followed by climbing fibers (Pijpers et al. 2006). The relationships between mossy
fiber terminal fields and Purkinje cell antigenic compartments have been also explored
by anterograde axonal tracing and zebrin II immunoreactivity in the rat (Ji and Hawkes
1994) and in the mouse cerebellum (Akintunde and Eisenman 1994). These studies
revealed species-specific differences, since in the rat the matching between mossy
fibers and Purkinje cell bands was stricter than in the mouse. In both species, however,
the congruence was less precise than that of the olivocerebellar projection.

During development of the rat, the spinocerebellar mossy fibers enter the cere-
bellum at the end of fetal life, and the adult topographic pattern only emerges during
the first postnatal week, after a transitional period from P3 to P7 (Arsénio-Nunes and
Sotelo 1985). During the latter period, spinocerebellar axons invade the gray matter
forming a kind of loose and dispersed bands (the “protocolumnar” stage), which
undergo a progressive reshaping to reach their ultimate columnar pattern by P7.

Quite remarkably, in the developing mouse cerebellum, immature mossy fibers
profusely branch in the cerebellar cortex and terminate with growth cone-like struc-
tures with long filopodia in contact with Purkinje cell bodies, particularly at the end of
the first postnatal week or at the middle of the second (Mason and Gregory 1984).
These transient synaptic contacts are functional (Takeda and Maekawa 1989) and
might be a key element in the settling of the topography of this projection. Indeed,
analysis of mutant mice with agranular cerebella has allowed discriminating which
among granule cells and Purkinje cells is the organizer of the topography. Thus, in the
weaver cerebellum, a recessive mutation of an inward rectifying potassium channel
(Patil et al. 1995) primarily affects the granule cells and, hence, most of the pre-
migratory granule cells degenerate. On the contrary in the staggerer mouse 75% of
Purkinje cells die and, consequently, granule cells are also reduced (see above). In both
instances the cerebella are agranular and most of the natural targets of mossy fibers are
missing, but it is only in the staggerer that Purkinje cell population is severely reduced
and abnormal. Accordingly, important differences in the organization of the mossy
fiber projection are evident in these mice. While in the weaver the projection is
segregated in parasagittal columns, in the staggerer it is more or less homogeneously
distributed, without any obvious columnar pattern (Arsenio-Nunes et al. 1988). Most
importantly, while in the weaver the characteristic parasaggittal compartmentation of
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Purkinje cells is well preserved, in the staggerer zebrin-positive Purkinje cells are
missing (Sotelo and Wassef 1991b). Therefore, as for climbing fibers, Purkinje cells
are the organizer elements of the spinocerebellar projectional map.

In conclusion, the congruence between climbing and mossy fiber projectional
maps and the Purkinje cell parasagittal organization is maintained even in the weaver
cerebellum, deprived of granule cells, but containing more than 50% of Purkinje
cells. This provides a strong argument to validate the “matching hypothesis” and
allows the conclusion that Purkinje cell arrays constitute the scaffolding through
which extracerebellar afferent fibers and Purkinje cell axonal projections attain the
normal organization during development.

Conclusions

The evidence described in this chapter shows that Purkinje cell development has a
dual significance, in which the acquisition of mature traits is combined with a
complex organizational influence on the whole cerebellar ontogenesis. Although
many of the cellular interactions underlying these phenomena are now becoming
clear, the molecular cues and signaling pathways are only partially elucidated.
Indeed, in spite the important role played by a restricted number of main actors,
such as Reelin in migratory events or Shh in progenitor proliferation, the mecha-
nisms by which Purkinje cells exert their organizational function have still to be
elucidated. For instance, while the existence of heterogeneous subsets of Purkinje
cells and extracerebellar afferents is well established, the mechanisms that mediate
their reciprocal recognition and specific interaction in the formation of map topog-
raphy are still uncertain. Similarly, it is unclear how chemoaffine recognition
interacts with activity/experience-dependent events that contribute to shape cerebel-
lar connectivity at late ontogenetic stages. These, as well as many others, are
unanswered questions of general interest in developmental neurobiology. Once
more, the simple, stereotyped structure of the cerebellar network will provide the
best ground to address such fundamental issues.
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