
Histochem Cell Biol (2008) 130:601–615

DOI 10.1007/s00418-008-0483-y

REVIEW

Besides Purkinje cells and granule neurons: an appraisal 
of the cell biology of the interneurons of the cerebellar cortex

Karl Schilling · John Oberdick · Ferdinando Rossi · 
Stephan L. Baader 

Accepted: 15 July 2008 / Published online: 2 August 2008
©  The Author(s) 2008

Abstract Ever since the groundbreaking work of Ramon
y Cajal, the cerebellar cortex has been recognized as one of
the most regularly structured and wired parts of the brain
formed by a rather limited set of distinct cells. Its rather
protracted course of development, which persists well into
postnatal life, the availability of multiple natural mutants,
and, more recently, the availability of distinct molecular
genetic tools to identify and manipulate discrete cell types
have suggested the cerebellar cortex as an excellent model
to understand the formation and working of the central ner-
vous system. However, the formulation of a unifying model
of cerebellar function has so far proven to be a most cantan-
kerous problem, not least because our understanding of the
internal cerebellar cortical circuitry is clearly spotty. Recent
research has highlighted the fact that cerebellar cortical
interneurons are a quite more diverse and heterogeneous
class of cells than generally appreciated, and have provided
novel insights into the mechanisms that underpin the devel-
opment and histogenetic integration of these cells. Here, we
provide a short overview of cerebellar cortical interneuron

diversity, and we summarize some recent results that are
hoped to provide a primer on current understanding of cere-
bellar biology.
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Introduction

“The cerebellar cortex is built from four main types of neu-
rons: granule cells, Purkinje cells and two types of inhibi-
tory interneurons, Golgi cells and the stellate/basket cells”
(Voogd and Glickstein 1998): To this day, this statement,
or any conceivable permutation or paraphrase of it, is a cor-
nerstone of most descriptions introducing the basic anat-
omy of the cerebellum. Yet it is well-known that besides
the four neuronal phenotypes just mentioned, the cerebellar
cortex contains several other types of neurons, among them
candelabrum cells, Lugaro cells, and unipolar brush cells.
The fact that these latter cells are usually not mentioned in
the standard introductory phrase to cerebellar histology (but
see Rong et al. 2004 for a rare exception), or even standard
textbooks, reXects nothing less than the fact that our knowl-
edge of the existence of these cells, not to mention their
function, is of relatively recent vintage, and often rather
fragmentary.

Even among the better known constituents of cerebellar
cortical circuitry, basket/stellate and Golgi cells may be set
apart from Purkinje and granule cells by the fact that their
developmental history, in particular, is only beginning to
emerge. The availability of a number of natural and engi-
neered mutants aVecting primarily and/or directly Purkinje
and/or granule cells have been known for quite some time

K. Schilling (&) · S. L. Baader
Anatomisches Institut, Anatomie und Zellbiologie, 
Rheinische Friedrich-Wilhelms-Universität, 
Nussalle 10, 53115 Bonn, Germany
e-mail: karl.schilling@uni-bonn.de

J. Oberdick
Department of Neuroscience, 
Center for Molecular Neurobiology and Department 
of Neuroscience, The Ohio State University, Columbus, OH, USA

F. Rossi
Department of Neuroscience, 
“Rita Levi Montalcini Centre for Brain Repair”, 
National Institute of Neuroscience, 
University of Turin, Torino, Italy
123



602 Histochem Cell Biol (2008) 130:601–615
(for reviews and further references, see, e.g., Caviness and
Rakic 1976; Goldowitz and Hamre 1998; Oberdick et al.
1998; Sotelo 2004) and provided an inroad to unravel basic
aspects of the diVerentiation, function and systemic signiW-
cance of these cells. In contrast, genetic and molecular
means to identify, characterize, or manipulate basket, stel-
late and Golgi cells, candelabrum neurons, Lugaro cells or
unipolar brush cells have been largely elusive. It is not sur-
prising, then, that these cells are typically not considered
even in recent integrative views of cerebellar function (e.g.,
Apps and Garwicz 2005; Porrill et al. 2004; Boyden et al.
2004); at best, the more prominent Lugaro cells and unipo-
lar brush cells are mentioned, and rather in passing (e.g., Ito
2008; Millen and Gleeson 2008).

Yet recently, a combination of classical morphological
and molecular approaches has provided novel means to
unravel the biology of these cells. Together, they constitute
an important step in our understanding of the cellular make-
up of the cerebellum and towards a systems-level under-
standing of how the functions of the cerebellar cortex are
mechanistically implemented. Here, we try to summarize
some of the more recent advances in our knowledge of the
developmental history (Fig. 1), molecular makeup, and

synaptic wiring (Fig. 2) of these less well-known constitu-
ents of the cerebellar cortex.

Unipolar brush cells

Of all cerebellar cortical interneurons, unipolar brush cells
located in the granule cell layer stand out as the only excit-
atory neurons. While they have been described only rather
recently, their cell and developmental biology is by now
rather well deWned. In 1977, Altman and Bayer Wrst
described a cerebellar neuron, located in the granule cell
layer and preferentially found in the nodulus, which
diVered from granule or Golgi cells by its pale nucleus and
its date of generation (Altman and Bayer 1977). By all
known criteria, the cells then described seem to correspond
to a subset of what is now known as unipolar brush cells.
This descriptive name was coined by Mugnaini and associ-
ates, who also provided the Wrst detailed description of
these cells (Harris et al. 1993; Mugnaini and Floris 1994).

By combining the observations of Altman and Beyer
(1977); cf also Fig. 22–23 and 22–24 in Altman and Bayer
1997) and Sekerkova et al. (2004), one may estimate that,
within the vermis some 42% of all UBCs are localized in
the Xocculus (vermis of lobule X), and some 24% in the
uvula (vermal part of lobule IX); the rest is distributed
throughout other parts of the cerebellum. Further, these
studies suggest that within the nodulus, the ratio of UBCs
to Pjs is about 3:1, and in the declive (vermis of lobus VI)
0.3:1.

Unipolar brush cells are rather small neurons with a sin-
gle, quite thick but stubby dendrite which terminates in a
brush-like spray of dendrioles. Consequently, they appear
as electronically compact neurons. UBCs are innervated by
a single mossy Wber (MF), providing vestibular aVerents,
which makes contact with the entire dendritic brush and
forms an unusually large synapse comprising multiple pre-
synaptic release sites apposed to continuous regions of
postsynaptic densities (Mugnaini et al. 1994; Rossi et al.
1995). This synapse is endowed with ionotropic, but lacks
metabotropic glutamate receptors (Jaarsma et al. 1995).
The latter, however (mGluR1, mGluR1alpha and mGluR2/
3 immunoreactivity) are found in extrasynaptic membranes
and densely localized to non-synaptic appendages of the
UBC dendrioles (Mugnaini et al. 1997 and references cited
therein). (Vestibulocerebellar) UBCs are also innervated by
Golgi cells, which co-release GABA and glycine at these
synapses. The UBC response, however, was found to be
either mixed GABAergic and glycinergic, or purely glycin-
ergic (Dugue et al. 2005). It is currently not known whether
diVerences in GABAA-receptor mediated responsiveness of
UBCs reXect functional heterogeneity, or are due to diVer-
ential maturation/diVerentiation of UBCs at postnatal days

Fig. 1 A schematic view of histogenetic events in the early postnatal
(in the mouse, say, up to postnatal day 15) cerebellar cortex. Granule
cell precursors proliferate in the proliferative part of the external gran-
ule cell layer (egl). The actual cell cycle duration varies with age, but
is in the range from 15 to 29 h. After their last mitosis, granule cells
remain in the inner part of the egl, where they start to elaborate neu-
rites, for about 28 h, before they rapidly (within some 4 h) migrate to
their Wnal position in the inner granule cell layer and start to elaborate
dendrites. Granule cell development is shown in red/yellow. In con-
trast, precursors of inhibitory interneurons (labeled greenish) reach the
cerebellar cortex through the nascent white matter. They seem to freely
traverse the nascent (internal) granule cell layer, but do not penetrate
into the external granule cell layer. In contrast to our detailed knowl-
edge of the kinetics and dynamics of granule cell formation and migra-
tion, hardly and details of the time course of the diVerentiation of
inhibitory interneurons are known. For further details and additional
references, see Fujita (1967); Sotelo (2004); Gliem et al. (2006); We-
isheit et al. (2006)
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17–21, when these recordings were acquired (from rat
material). Finally, expression of PX2 purinergic receptors
has also been observed in developing UBCs (Xiang and
Burnstock 2005). While a dedicated source of ATP-ligand
is currently unknown, this may form a basis of glia medi-
ated modulation of these cells, somewhat analogous to the
situation described for Purkinje (Brockhaus et al. 2004) or
Lugaro cells (cf above; Saitow et al. 2005).

From the perikaryon, UBCs emanate a single axon, which
takes a tortuous course within the granule cell layer and
occasionally may course for a short distance through the
white matter. Eventually, it branches repeatedly in the gran-
ule cell layer and forms a plexus displaying rosette-like exc-
rescences that form the central component of glomeruli. In
the latter, UBC axons are surrounded by granule cell den-
drites and putative Golgi cell dendrites. Structurally, the
synapses in these rosettes appear asymmetric (Berthie and
Axelrad 1994; Rossi et al. 1995). Unipolar brush cells are
glutamatergic (Nunzi et al. 2001), and given their wiring,
they may contribute to a patterned spread of vestibular aVer-
ent excitation within the granule cell layer that has been con-
sidered to be equivalent to a feed-forward excitation (Dino
et al. 2000). Their primary function seems to be to coordi-
nate the synchronized activity of sets of granule cells, which
in turn would regulate activity in spatially restricted subsets
of Purkinje cells (cf Nunzi et al. 2001 for further details).

Among the molecularly distinguishing features of unipo-
lar brush cells are the relative abundance of (partially non-
phosphorylated), high molecular weight neuroWlament
(NF-H), which presumably also forms the epitope recog-
nized by monoclonal antibody Rat-302 (Harris et al. 1993).
Attempts to deWne UBCs molecularly have also shown that
there exist several partly overlapping subsets of UBCs, as
deWned by their diVerential expression of a panel of mark-
ers, including calretinin, the metabotropic glutamate recep-
tor subunit 1� (mGluR1�), ionotropic glutamate receptor
subunits 2 and/or 3 (GluR2, Glur2/3), glutamate transport-
ers Vglut1 and Vglut2, secretogranin and chromogranin A
(Jaarsma et al. 1995; Floris et al. 1994; Nunzi et al. 2002;
Nunzi et al. 2003; cf also Vig et al. 2005b and references
therein). Yet none of these markers is speciWc; moreover,
there seems to exist pronounced species diVerences with
respect to the expanse of UBC-subpopulations expressing
these markers or combinations thereof. The physiologic
consequences of this diversity are not understood.

Distinct subsets of UBCs may also be deWned based on
when these cells go through their last mitosis (their “birth-
date”). In the rat, this occurs from embryonic day 15 (i.e.,
starting at about the time the last Purkinje cells are gener-
ated) and into the early postnatal period, up to about post-
natal day 2. Those that will eventually co-express calretinin
and the ionotropic glutamate receptor subunit 2 (GluR2) go

Fig. 2 A schematic and simpliWed view of the neurons of the cerebel-
lar cortex and their wiring. For simplicity, neurochemically deWned
subsets of Golgi cells are shown as one single cell type (Go). Inhibitory
Golgi (G), basket (B), stellate (S) are shown in green; inhibitory Lug-
aro cells (L) are shown in light (classical Lugaro cells) or dark blue
(globular tye). Excitatory granule cells are labeled red, and excitatory
unipolar brush cells (U) are marked orange. Climbing (CF) and mossy

Wbers (Mo) are also excitatory. The transmitter and wiring of candela-
brum cells (Ca) is not yet known, though their axons project into the
molecular layer. P Purkinje cells, ser serotoninergic aVerents while this
scheme shows how individual cell types are interconnected, it does not
convey details of the three-dimensional details of these interconnec-
tions, which is brought about by the often virtually two-dimensional
expanse of the dendrites and/or axons of individual cell types
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through their last mitosis, in between E15 and E21, with a
pronounced peak at E17/18. Calretinin-negative cells,
which seem to be identical to the pale cells of Altman and
Bayer (1977), do so from E17 to E22, and into the Wrst two
postnatal days, with a broad peak from E19 to E21 (Sekerk-
ova et al. 2004; Altman and Bayer 1977). Finally, as shown
in mice, UBC subsets deWned by diVerential staining for
calretinin and mGluR1� receive diVerent sets of mossy
Wber aVerents, and this may indeed direct their actual neu-
rochemical diVerentiation (Nunzi et al. 2002).

The recent observation that UBCs and their precursors
express the transcription factor Tbr2 allowed for the Wrst
time to locate and follow these cells in the cerebellar anlage
(Englund et al. 2006). These studies showed that precursors
of UBCs can be localized to the rhombic lip in the early (E
13.5 in the mouse) cerebellar anlage, from where they
translocate into the cerebellar granule cell layer (cortex) via
the nascent cerebellar white matter. Thus, these studies vin-
dicate the observations of (Takacs et al. 2000) who had
reported the presence of UBCs in the white matter of imma-
ture cerebellum. One caveat to heed is that we do not know
whether all UBC-precursors are indeed Tbr2-positive.

While the work of Englund et al. (2006) clearly docu-
ments that the numerical expansion of the Tbr2-positive
population is critically dependent on Math1 expression, it is
less obvious whether this reXects a cell-intrinsic depen-
dency, or rather an early regulatory interaction between the
Math1-positive granule cell lineage and that of UBCs.
Thus, while the authors report weak expression of ß-galac-
tosidase from the Math1 locus in Tbr2 positive cells, it
remains open whether this is indeed indicative of expres-
sion of cognate Math1 in these cells, which would also be
suggestive of a molecular relationship between these lin-
eages. Indeed, data reported by Zervas et al. (2004) may
suggest that precursors of UBCs may be distinguished from
the granule cell lineage as early as E10.5 based on diVeren-
tial expression of wnt-1. These authors describe, in mice in
which wnt-1 expressing cells were genetically marked at
E10.5, descendants of these cells that, within the cerebel-
lum, localized exclusively into the granule cell layer of lob-
ules IX and X. While the data shown do not really allow
these cells to be identiWed, their distribution is highly sug-
gestive of unipolar brush cells, and clearly raises the issue
as to the existence of an independent lineage as early as
E10.5 in the mouse. This interpretation would also be con-
sistent with the conclusion reached by Englund et al. (2006)
that UBCs originate from the rhombic lip, as wnt-1 expres-
sion within the cerebellar anlage is restricted to this struc-
ture at E 10.5 (i.e. at the time the putative UBCs described
by Zervas et al. were genetically marked; Li et al. 2002).

While it is clear that UBCs migrate through the
nascent white matter, the mechanisms that direct their
migration and assure their preferential localization in the

vestibulocerebellum are not known. While UBC position-
ing is disturbed in reeler mice (Ilijic et al. 2005), it is not
decided whether this is a direct eVect or rather a reXection
of the general disorganization of the cerebellar cortex in
these mutants (Ilijic et al. 2005; Englund et al. 2006).

Following their last mitosis, UBCs acquire their charac-
teristic and name-giving morphology over a rather pro-
tracted period, during which they also become synaptically
invested. This has been described in detail for the rat by
Morin et al. (2001) and for cat by Takacs et al. (2000). Is
the normal diVerentiation of UBCs related to their synaptic
integration? In reeler mice, a striking segregation between
the localization of (calretinin-positive) UBCs, which are
found displaced in the ventroposterior part of the cerebel-
lum, and the terminal Welds of secondary vestibulocerebel-
lar aVerents is observed (Vig et al. 2005a). Yet these
Wndings are hard to interpret with respect to the interdepen-
dence of UBC positioning and aVerent innervation, for two
reasons: as pointed out by Vig et al. (2005a), the UBCs
they identiWed could still be innervated by primary vestibu-
locerebellar aVerents; and, calretinin-negative UBCs
(which form the majority of all UBCs in the rat; mouse data
not available) were not investigated. Indeed, Ilijic et al.
(2005) have reported that UBCs in reeler mice form synap-
tic junctions with complex axon terminals, possibly repre-
senting mossy Wbers and UBC axons, just like UBCs in
wildtype animals. If there was any diVerence between
ectopic UBCs in reeler and their normally situated counter-
parts in non-mutant animals, these seemed to be limited to a
somewhat looser brush-structure of their terminal dendrites
(Ilijic et al. 2005). In primary cerebellar cultures, which
lack extracerebellar mossy Wbers, UBCs develop and may
be recognized based on their expression of calretinin. While
some cultured UBCs develop the name-giving morphology
of these cells, that of most cells is suYciently variable to
argue in favour of a strong inXuence of orderly local cues
for the proper morphogenesis of these cells (Anelli et al.
2000; Anelli and Mugnaini 2001). We do not know
whether and how aVerent innervation impinges on the neu-
rochemical diVerentiation and diversiWcation of UBCs
mentioned above.

Candelabrum cells

The candelabrum cell was Wrst described in 1994 by Laine
and Axelrad (1994) in the rat, and is the most recently
delineated distinct neuronal phenotype of the cerebellar
cortex. Candelabrum cell perikarya are located within the
ganglionic (Purkinje) cell layer, and they are usually elon-
gated along the vertical axis. Typically, these cells have one
or two long, rarely branched dendrites, which ascend
almost vertically into the molecular layer, and several (3–5)
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short dendrites which project into the granule cell layer,
where they run preferentially in the horizontal plane
(Fig. 2). Both types of dendrites are covered with spines.
The candelabrum cell axon projects into the molecular
layer, where it runs horizontally and emits multiple beaded
branches, which ascend vertically through most of the
molecular layer, where they are preferentially arranged in
parasagittal planes. This axonal plexus may either occupy a
territory that essentially overlaps with the area occupied by
the same cell’s ascending dendrites, or be displaced later-
ally some variable distance. Candelabrum cells are distrib-
uted throughout all parts of the cerebellar cortex at
apparently roughly equal density.

While the dendritic structure of candelabrum cells suggest
that parallel Wbers, ascending granule cell axons, but also
basket/stellate cells and climbing Wbers may provide aVerent
input to them, their aVerents have so far not been identiWed.
The same holds for its target(s), although the axonal struc-
ture makes Purkinje cell dendrites (and those of basket/stel-
late cells) likely targets. While their location and details of
their dendritic and axonal morphology certainly distin-
guishes candelabrum cells from basket and stellate cells,
their presumed wiring also suggests that they may be part of
an extended basket/stellate/candelabrum cell classiWcation.
This might suggest a transmitter phenotype and also hint at
their potential developmental history. Indeed, candelabrum
cells in the monkey (Macaca) cerebellum have recently been
shown to be immunoreactive for glycine, GABA, and GAD
(the GABA-synthesizing enzyme glutamate decarboxylase;
Crook et al. 2006), an observation in accord with the previ-
ous tentative identiWcation, in rats, of cells doubly reactive
for GAD67 and the glycine transporter, Glyt2, as possibly
comprising candelabrum cells (Tanaka and Ezure 2004). In
human cerebellum, a cell-type which based on its location
and the shape of its perikaryon may be classiWed as candela-
brum cells were found to be GAD65/67 (the antibody used
did not allow to distinguish isoforms; Flace et al. 2004).
Thus, current evidence concurs to indicate that candelabrum
cells use GABA and glycine as transmitters.

The work of Crook et al. (2006) also indicates that can-
delabrum are rather sparsely contacted by GAD-immuno-
positive presynaptic elements. However, we are essentially
ignorant as to the synaptic investment of candelabrum cells,
their aVerents, their receptor endowment, let alone their
electrophysiological properties.

To date, we know of no reliable and speciWc molecular
marker for candelabrum cells. We have no numerical esti-
mates as to their prevalence. Their developmental history is
completely obscure. Thus, we do not know whether Cande-
labrum cells, or their precursors, are positive for ROR�
and/or Pax-2; clariWcation of these points, should help to
clarify whether and how Candelabrum cells relate to Golgi,
basket and stellate cells (see also below).

Large inhibitory interneurons of the granule cell layer

Often, large inhibitory interneurons in the granule cell layer
have been equated with Golgi neurons; yet it was Camillo
Golgi (1903) himself who Wrst drew attention to a class of
cells distinct from those that later were to be called by his
name, and which are now known as Lugaro cells. This
name acknowledges the Wrst detailed description of these
cells by Ernesto Lugaro (1894). Moreover, and signiW-
cantly, recent research has unveiled an rather unexpected
molecular heterogeneity of Golgi neurons themselves (e.g.,
Geurts et al. 2003; Simat et al. 2007), that waits to be
understood functionally.

Classic Lugaro cells have a fusiform cell body and are
intermediate in size between granule cells and Golgi cells.
Consequently, they are often referred to also as fusiform
cells of Lugaro. They are found in all parts of the cerebellar
cortex, where they are located at the border between the
Purkinje cell layer and the upper part of the granule cell
layer. Initial numerical estimates had put the Purkinje cell/
Lugaro cell ratio at about 15:1 in the rat (Dieudonne and
Dumoulin 2000) and 30:1 in the cat (Sahin and HockWeld
1990). More recently, a detailed neurochemical analysis of
large granule cell layer interneurons indicated that in the
mouse, Lugaro cells account for about 1/3 of all inhibitory
granule cell layer interneurons, and thus are more numerous
than initially estimated (Simat et al. 2007).

The longer axis of classical, fusiform cells of Lugaro is
oriented in the parasagittal plane. Typically, it emanates
two pairs of long, rarely dividing dendrites, which run just
underneath the Purkinje cell layer, also in the parasagittal
plane. However, as the two dendrites originating from one
pole of the cell body also diverge from each other in the
horizontal plane, the actual dendritic Weld covered by a typ-
ical Lugaro cell may be better perceived as an rectangle,
located just underneath the Purkinje cell layer, with its long
axis parallel to the sagittal plane. These dendrites are of
rather variable length, measuring, in the rat, from some 100
to 700 �m (Laine and Axelrad 1996). Lugaro cells are cur-
rently viewed as the primary target of serotoninergic input
into the cerebellar cortex (Dieudonne and Dumoulin 2000).
They are also innervated by recurrent Purkinje cell axon
collaterals (Palay and Chan-Palay 1974), and basket cells
(Fox et al. 1967). Finally, it has been observed that Lugaro
cells are sensitive to ADP, as mediated through P2Y puri-
noreceptors, and that P2Y receptor activation may modu-
late inhibitory input from Lugaro to Purkinje cells (see
below) in a complex spatio-temporal pattern (Saitow et al.
2005). The most likely source of ATP/ADP seem to be cer-
ebellar astrocytes, in particular Bergmann glia (Saitow
et al. 2005).

While the actual course of Lugaro cell axons may be
quite variable, their deWning feature is that they all terminate
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within the molecular layer, although they also give oV col-
laterals into the granule cell layer (Laine and Axelrad
1996). All Lugaro cells have been reported to have a local
axonal projection into the molecular layer just above the
originating cell perikaryon; in addition, some Lugaro cells
also have projections that reach more distal targets, which,
however, are again located in the molecular layer. On their
way, these longer axons may even course through the white
matter (Laine and Axelrad 1996). As direct targets of Lug-
aro cells, basket and stellate cells have been identiWed only
by morphological means (Laine and Axelrad 1998),
whereas the projections of Lugaro cells onto Golgi (Die-
udonne and Dumoulin 2000; Dumoulin et al. 2001; Die-
udonne 1995) and Purkinje cells (Dean et al. 2003) have
been analyzed functionally. It has been estimated that one
Lugaro cell projects to more than 100 Golgi cells (Die-
udonne and Dumoulin 2000); comparable numerical esti-
mates for the Lugaro to Purkinje cell, or Lugaro to basket/
stellate cell projections are not available.

Whereas the Lugaro cell input to Golgi cells has mixed
GABAergic and glycinergic components (Dumoulin et al.
2001), their input to (juvenile; analyzed at postnatal day 14
in the rat) Purkinje cells is mediated only by GABAA recep-
tors (Dean et al. 2003). (Adult) Purkinje cells do express
glycine receptors (Triller et al. 1987), though these are
rather sparsely localized on main dendritic shafts. It is pres-
ently not clear whether the failure to detect glycinergic
input into Purkinje cells by Lugaro cells relates to the
developmental expression of glycinergic receptors by Pur-
kinje cells, or rather reXects diVerential loading of Lugaro
cell vesicles targeted to Lugaro/Golgi and Lugaro/Purkinje
cell synapses, respectively (for a model, cf Fremeau et al.
2004; Schuske and Jorgensen 2004). As the vesicular trans-
porter VGAT/VIAAT is nonselective for GABA or glycine
(which compete for it; Chaudhry et al. 1998; Wojcik et al.
2006), such a scenario would imply diVerential sorting and/
or membrane availability of membrane transporters for gly-
cine and GABA. Indeed, there is a growing body of evi-
dence that points to an intricate regulation of the sorting
and membrane insertion of Glyt2, Gat-1, and Gat-2 (e.g.,
Muth et al. 1998; Martinez-Maza et al. 2001; Farhan et al.
2008; see also Chiu et al. 2002), which are expressed in
large molecular layer interneurons of the cerebellum (cf the
Allen Brain Atlas; Lein et al. 2007). Intriguingly, Gat-2 is
subject to regulation by serotonin; as mentioned above,
Lugaro cells are the primary target of serotoninergic projec-
tions to the cerebellar cortex (Dieudonne and Dumoulin
2000).

Besides classical, spindle-shaped Lugaro cells in the
upper part of the granule cell layer, a second type of neuron
is now grouped as Lugaro cells, primarily based on its typi-
cal wiring and axonal projection pattern (Fig. 2). These
cells were recently described by Laine and Axelrad (2002).

They share with the classical Lugaro cells just described the
typical projection of their axons; yet they occupy a deeper
position within the granule cell layer, and they have a pref-
erentially globular perikaryon. Also, the expanse and pat-
tern of their dendritic processes are somewhat reminiscent
of Golgi cells. In addition to their axonal projection, immu-
noreactivity for calretinin and their innervation by recurrent
Purkinje cell axons provide convincing arguments to clas-
sify these cells indeed as Lugaro cells (Laine and Axelrad
2002). Apparently these cells are identical to “Golgi-like”
calretinin-positive but mGluR2-negative cells described by
Geurts et al. (2001), although the two reports diVer as to
whether these cells are preferentially found in the more
superWcial (Laine and Axelrad 2002)or deeper parts (Geurts
et al. 2001) of the granule cell layer.

Of all cerebellar cortical neurons, Lugaro cells are the
only ones stained by monoclonal antibody Cat-301 (Sahin
and HockWeld 1990), although it is not clear whether all
Lugaro cells are positive for this marker. Outside the cere-
bellar cortex, this antibody recognizes multiple types of
neurons, and its antigen is subject to developmental and
activity-dependent regulation (Lander et al. 1997). Molecu-
larly, it has been identiWed as a distinctly glycosylated form
of the extracellular matrix protein, aggrecan, which forms
part of perineuronal nets (Lander et al. 1998; Matthews
et al. 2002). Cat-301 is believed to have a role in the stabil-
ization of synaptic structures, although no deWnitive role for
this antigen has been identiWed.

There is some indication, though no deWnitive data, that
Lugaro cells start to be born at embryonic day 14–15, in the
rat (Sekerkova et al. 2004), and in all likelihood they arise
(together with) other inhibitory interneurons of the cerebel-
lar cortex, from the fourth ventricle neuroepithelium.

As a group, Golgi cells diVer from Lugaro cells primar-
ily by their axonal projection pattern: While Lugaro cells,
including their globular variant, target all other inhibitory
interneurons of the cerebellar cortex, Golgi cells project
selectively to granule cells and UBCs, which they contact
within mossy Wber glomeruli. As Golgi cells receive both
mossy Wber and granule cell (parallel Wber) input, they are
poised to realize both a feed-forward and a feed-back loop
onto granule cells. It has been known since the days of
Ramon y Cajal that Golgi cells show quite a degree of het-
erogeneity, and Cajal initially proposed the existence of
four variants, based on axonal projection patterns (Ramon y
Cajal 1899). Since then, various classiWcation schemes
have been proposed, of which the most recent one, by
Simat et al. (2007), incorporates molecular data that holds
the prospect for deWning functional classiWcations. These
authors provide evidence that allows the delineation of Wve
types of Golgi cells, based on the variable expression of the
GABA-synthetic enzyme, Gad67, the cell membrane trans-
porter for glycine, GlyT2, of secretogranin, and of the
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metabotropic glutamate receptor mGluR2. About two-
thirds of all Golgi cells, referred to as type 1, are positive
for Gad67, GlyT2 (and hence GABAergic and glycinergic),
secretogranin, and also mGluR2. A second set (type 2),
comprising less than 10% of all Golgi cells, shares the same
basic neurochemical makeup but does not express neurogr-
anin. Type 3 Golgi cells encompass actually two subsets,
each comprising some 2–5% of all Golgi cells, that share
expression of mGlutR2 and GlyT2, but diVer as only one
subset expresses Gad67. Type 4 cells are pure GABAergic
cells that do not express GlyT2, and are also negative for
mGluR2; they are, however, immunopositive for neurogra-
nin. These type 4 cells comprise about 15% of all Golgi
cells in mice. Finally, less than 5% of all Golgi cells are of
type 5, which does not express Gad67, nor mGluR2, nor
neurogranin, but is positive for GlyT2. These neurochemi-
cal markers can also be utilized to tell apart Golgi cells
from Lugaro cells, including their globular variant: Lugaro
cells are all positive for both GlyT2 and GAD67, but nega-
tive for mGluR2,3 and neurogranin.

So far, these neurochemical diVerences have not been
considered in any model trying to describe Golgi and/or
Lugaro cell function, although the need to do so was clearly
stressed already some 35 years ago (Mugnaini 1972). One
caveat to be heeded in any attempt to integrate the exciting
data of Simat et al. (2007) in such a scheme is that these
authors relied on GFP expression from the Gad67 (Gad1)
and Glyt2 locus. It has not been formally shown that these
transgenes represent expression of cognate genes in all cell
types analyzed, although available evidence leaves little
doubt that this is indeed so. While coexpression of GAB-
Aergic and glycinergic traits has also been observed in rats
(Tanaka and Ezure 2004) and primates (Ottersen et al.
1987), exact numerical data are missing, so that we cannot
even speculate about possible species diVerences, and the
evolutionary signiWcance.

A critical issue when trying to assemble these recent data
in a functional model is that we have no real idea whether
the expression of genes used to deWne Golgi and also Lug-
aro cell subsets is indeed stable, or subject to dynamic, or
plastic, regulation. This is particularly relevant in view of
recent data that suggest that (terminal?) diVerentiation of
cerebellar cortical inhibitory interneurons, including Golgi
and Lugaro cells, but also basket and stellate neurons, is
substantially driven by local cues impinging on pluripotent
precursors of these cells (Leto et al. 2006) (see below).

Inhibitory interneurons of the molecular layer: basket 
and stellate cells, or basket/stellate cells?

As their names imply, basket and stellate cells were ini-
tially discerned based on the typical morphology of their

axon (terminals), or their dendrites, respectively, and also
by the position of their perikarya in the lower or upper
molecular layer (Ramon y Cajal 1909). A systematic analy-
sis of an admittedly small set of molecular layer neurons
(but still the largest set that was systematically analyzed)
indeed conWrmed that the tendency to form a basket cell-
type of axon terminal in fact paralleled the position of the
perikaryon within the molecular layer (Sultan and Bower
1998), as has oft been suggested based on observations in
Golgi-stained material. Importantly, however, this study
also suggested that molecular layer interneurons, if classi-
Wed based on morphological criteria, constitute a single
population that varies only gradually. Clearly, follow up on
this notion must keep in mind the small experimental set
available for this systematic analysis.

A molecular handle to address this issue was suggested
by the observation that in mice null for cyclin D2, neurons
from the upper molecular layer are conspicuously lacking.
This has led to the suggestion that cyclin D2 is a key deter-
minant of stellate cell formation, and indeed is required for
the developmental “appearance of this sublineage” (Huard
et al. 1999): This notion seems also supported by the obser-
vation that in the forebrain of cyclin D2-deWcient mice, dis-
crete subsets of interneurons are missing (Glickstein et al.
2007). However, this cannot be interpreted as an indication
that cyclin D2 acts to “specify” a stellate cell-speciWc line-
age. As pointed out (Huard et al. 1999; Glickstein et al.
2007), lack of cyclin D2 impedes proliferation, and it is
well conceivable that this may lead to an exhaustion of the
precursor cell pool from which cerebellar inhibitory inter-
neurons originate before stellate cells—which are known to
be born last—are indeed formed. Such an interpretation
would be in keeping with the data that document that termi-
nal diVerentiation, including the acquisition and expression
of cell type speciWc traits for cerebellar inhibitory interneu-
rons is driven by local cues. Intriguingly, cyclin D2 may
play a more active role in this scenario than just supporting
a suYcient number of cell cycles needed to generate a full
complement of inhibitory cerebellar interneurons (see
below). Other than cyclin D2, no molecular cues to diVer-
entiate basket from stellate cells have emerged so far.

Development and diVerentiation of cerebellar (cortical) 
inhibitory interneurons

While there is some controversy in the older literature as to
the site of origin of cerebellar inhibitory interneurons, the
historical consensus, or at least the prevailing view was that
basket and stellate cells are derived from the external gran-
ule cell layer, and Golgi cells from the ventricular epithe-
lium layer (see, e.g., Altman and Bayer 1997). Indirectly,
this suggested the notion that the lineages of these cell
123



608 Histochem Cell Biol (2008) 130:601–615
types are well separated, in space, and presumably also in
developmental potential. Although a series of earlier obser-
vations had put this view in question (prominent among
them (Napieralski and Eisenman 1993; Hallonet and Le
Douarin 1993) the view that all inhibitory cortical interneu-
rons derive from a precursor population—and maybe even
a common precursor—that reaches its Wnal destinations by
migrating through the deep cerebellar mass and nascent
white matter gained broader attention and general accep-
tance following the reports by Zhang and Goldman (1996a,
b) that inhibitory interneuronal precursors could be marked
by injecting a retroviral marker into the deep parts of the
cerebellar anlage. These studies also implied that precur-
sors in this location (i.e., which had left the ventricular
zone) were dividing, and they also raised the issue of a
potential lineage relationship between inhibitory interneu-
ronal precursors and other cells marked, notably glial cells
(see also Mathis et al. 1997). A signiWcant advance, and a
methodological cornerstone for further research, was
reached when Maricich and Herrup (1999) could deWne
Pax2 as a marker for inhibitory interneuronal precursors.
This allowed, for the Wrst time, to localize these cells
throughout cerebellar development, and to infer the path
that they take from the ventricular epithelium through the
deep cerebellar mass and nascent white matter into the cer-
ebellar cortex (Fig. 3). The assertion of Maricich and Her-
rup (1999) that Pax2 positive interneuronal precursors form
a neuronogenic population distinct from glial precursors
was further substantiated by data which documented that
dividing precursors in the deep cerebellar mass of 4–5 day
old rat pups yield, upon further diVerentiation, descendants/

clones which contained either cells with neuronal, astrog-
lial, or oligodendroglial molecular signatures, but only very
rarely mixed clones (Milosevic and Goldman 2002). Fur-
ther in vitro studies by these authors (Milosevic and Gold-
man 2004) showed that mixed clones were obtained more
frequently from proliferating precursors isolated from the
cerebellar ventricular neuroepithelium, but only rarely from
proliferating precursors isolated from the nascent white
matter, implying at least some diVerentiation and lineage
restriction of proliferating precursor cells migrating into the
cerebellar anlage. Moreover, a quantitative analysis of
Pax2-positive cells in the cerebellar anlage documented
that only a minor fraction of these cells proliferate, and that
indeed the numerical increase seen in Pax2-positive cere-
bellar cortical inhibitory interneurons in the early postnatal
phase (assessed at postnatal days 0 and 3 in the mouse) can
only be explained by proliferation of a Pax2-negative pre-
cursor population, and that Pax2-expression commences
close to the time point that these cells go through their last
mitosis (Weisheit et al. 2006). Together, these data suggest
that Pax2 should be perceived as a marker for early diVer-
entiating interneuronal precursors. Finally, it is only after
they leave the ventricular epithelium that inhibitory inter-
neuronal precursors become positive for Pax2 (Maricich
and Herrup 1999); cf also Vilz et al. 2005 and Zordan et al.
2008) which again is in keeping with the observation of
Herrup and associates (Maricich and Herrup 1999) that
Pax2-positive cells, in contrast to ventricular epithelia, are
strictly neuronogenic.

The notion that all GABAergic cerebellar interneurons
share a common, molecularly deWned lineage, as implied

Fig. 3 a Location and morphology of Pax2-GFP-positive precursors
of inhibitory interneurons (green) in the cerebellar cortex of an 8-day
old mouse. Cell nuclei are counterstained in red. This image represents
an optical section of 3.5 �m thickness. b Same area as shown in panel
A, but scanned to a tissue thickness of a total of 50 �m. Only the Pax2-
GFP signal is shown, and the position of positive cells along the z axis
(depth in the tissue block) is color-coded to give an impression of the

three-dimensional distribution of Pax2-positive interneuronal precur-
sors. Note diVerences in cell shape, orientation and size in the nascent
white matter (wm), internal granule cell layer (igl) and molecular layer.
Note also the accumulation of Pax2-GFP-positive cells underneath the
external granule cell layer (egl), which is not penetrated. p Purkinje cell
layer. Bar 50 �m
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by these observations, is further supported by data that
showed that genesis of these neurons, including that of
GABAergic Purkinje cells, is critically dependent on Ptf1a
expression (Hoshino et al. 2005). In contrast, initial forma-
tion of granule cell precursors in the nascent external gran-
ule cell layer is not aVected by mutating this gene actually,
as elegantly shown by Pascual et al. (2007) lack of Ptf1a
does not result in a failure of GABAergic precursors to
form, or to their demise, but redirects these cells to acquire
an excitatory, external granule cell layer fate. The fate and
development of (purely) glycinergic cerebellar neurons
(i.e., type 5 Golgi cells according to Simat et al. (2007) has
not been analyzed in Ptf1a-null mice. In the retina, Ptf1a is
also critical for the development of glycinergic cells (Nak-
hai et al. 2007). Therefore, it is tempting to speculate that
Ptf1a is critical to development of all inhibitory neurons of
the cerebellum.

In the forebrain, GABAergic interneuron diversity of the
adult cortex is preceded by, and implemented through, spa-
tial genetic patterning of the embryonic neuroepithelium
(e.g., Fogarty et al. 2007). Analysis of proneural gene
expression in the cerebellar anlage revealed that the early
embryonic ventricular epithelium, from which Purkinje
cells, and inhibitory cerebellar interneurons arise, is indeed
heterogeneous, as documented by a patchy, and only partly
overlapping pattern of expression of Mash1, Neurog1, and
Neurog2 between embryonic day 10.75 and 13.5 (Zordan
et al. 2008). Yet whether, and how these so deWned popula-
tions relate to adult subsets of inhibitory cerebellar inter-
neurons is not yet known.

Indeed, there is compelling evidence that inhibitory
interneuronal precursor, rather than being irrevocably fated
and determined within (or close to) the ventricular neuroep-
ithelium, maintain a considerable level of developmental
plasticity as they translocate through the nascent cerebellar
anlage, and that their eventual fate and diVerentiation into,
say molecular layer interneurons or Golgi cells is deter-
mined by local cues in their eventual territory of residency.
This model is based on a large and systematic analysis of
the development of genetically tagged cerebellar precursors
following heterotopic and heterochronic transplantation
into cerebella of embryonic, early postnatal, and adult hosts
(Leto et al. 2006; see also Leto et al. 2008). Importantly,
these studies also showed that the developmental potential
of interneuronal precursors is not progressively restricted
over the time course of cerebellar histogenesis. Thus, even
precursors that are normally destined to form stellate cells
(i.e., the type of inhibitory interneuron formed last during
normal development) can give rise to, say, Golgi cells, or
even deep nuclear inhibitory interneurons, which normally
are formed and diVerentiate much earlier, when trans-
planted into the (internal) granule cell layer, the normal
Golgi “residential area”, or into the region of deep nuclei.

This protracted developmental plasticity, which persists
well beyond the terminal mitosis of cerebellar inhibitory
interneuronal precursors, clearly distinguishes them, say,
from forebrain neurons. The developmental potential of
forebrain cortical neuronal precursors becomes progres-
sively restricted over time (Desai and McConnell 2000),
and these cells are typically fated by signals received dur-
ing a rather restricted time window around their last mito-
sis, within or close to the ventricular zone. Another key
feature of cortical neuron development is that such fate-
deWning signals can only be realized by cycling cells, and
indeed cell sensitivity toward such signals varies over the
cell cycle (e.g., McConnell and Kaznowski 1991; Fukumi-
tsu et al. 2006; Leone et al. 2008).

Yet there is also evidence suggesting that these seem-
ingly so diverse time courses and strategies of neuronal fate
determination might actually be subserved by the same, or
closely related (molecular) mechanisms. A Wrst hint came
from in vitro studies that documented that development of
cerebellar inhibitory interneuronal precursors, like that of
granule cells, is indeed sensitive to extrinsic signals in a
cell cycle dependent way (Baader et al. 1999). Moreover, it
has been realized that migrating, Pax2-positive inhibitory
interneuronal precursors in the cerebellar anlage maintain
expression of the proliferation marker, Ki67, although they
do not actually divide. Thus, in precursors of basket and
stellate cells, Ki67 expression can be observed up to their
arrival in the molecular layer (Weisheit et al. 2006). And
Wnally, the above mentioned dependence of stellate cell
development on cyclin D2 (Huard et al. 1999) needs to be
reconsidered in this context. In the cerebellar anlage, cyclin
D2 is expressed in the external granule cell layer and in
what seem to be largely inhibitory interneuronal precursors
transiting through the nascent white matter and forming
layers of the cerebellum (cf Fig. 6a of Ciemerych et al.
2002; see also the cyclin D2 expression pattern at postnatal
day 7 as documented in the BGEM [Magdaleno et al. 2006)
and genepaint (Visel et al. 2004) databases]. Beyond its
role in cell cycle progression, cyclin D2 can act to induce
and/or maintain a non-proliferative state (Meyyappan et al.
1998); thus it is tempting to speculate whether sustained
expression of cyclin D2 primarily restricts proliferative
activity of translocating precursors of cerebellar inhibitory
interneurons. Indeed, Huard et al. (1999) already suggested
that the lack of stellate cells in cyclin D2-null mice may be
explained by eVects other than that on cell cycle progression.

In any case, the observation of cyclin D2 and Ki67
expression in migratory, non-dividing precursors of cere-
bellar inhibitory interneurons document that these cells per-
sist in a state clearly distinct from full-blown G0 phase.
Thus, a model may be envisaged according to which the
terminal fate and diVerentiation of cerebellar inhibitory
interneurons, like that of many other central nervous
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neurons, is deWned by cues acting during a phase related to
their last mitosis. What distinguishes cerebellar inhibitory
interneurons form, say, forebrain cortical projection neu-
rons, is that this phase is apparently extended, as revealed
by (and caused/implemented through?) their continued
expression of cyclin D2 and Ki67. As a consequence, these
cells are capable of integrating environmental developmen-
tal signals far oV the immediate vicinity of their Wnal mito-
sis, in areas they reach only after protracted translocation.
The observation that mice null for the ErbB4 receptor have
increased numbers of large granule cell layer inhibitory
interneurons suggests a role for the ErbB4/neuregulin sig-
naling pathway in this scenario (Tidcombe et al. 2003).
Further, in vitro observations support the notion that such
local cues include electrical activity and BDNF, which have
been noted to regulate the expression of mGluR2 and par-
valbumin, and also dendritic morphogenesis of cerebellar
interneurons (Koscheck et al. 2003; Mertz et al. 2000).
These data suggest that the interpretation of such signals,
and speciWcally that of BDNF, might be critically modu-
lated either by the electrical activity, or geometrical
constraints, similar to those that migrating interneuronal pre-
cursors encounter in various parts of the cerebellar anlage
they have to traverse, or where they eventually settle.

Migration of cerebellar inhibitory interneurons 
and neuritogenesis

A question that immediately follows, then, is: how is
migration of cerebellar inhibitory interneuronal precursors
regulated? Mathis et al. suggested a role for oligodendroy-
tes and/or their precursors, based on the observation that
transgenic ablation of these cells results in a severe distur-
bance of the migration and/or diVerentiation of cerebellar
cortical inhibitory interneurons (Mathis et al. 2003). How-
ever, the thymidine kinase/FIAU system they used to elimi-
nate oligodendritic cells is notorious for its ability to kill
not only those cells primarily targeted, but also nearby
cells. Indeed, this “bystander”-eVect is currently actively
exploited for the development of stem-cell based anti-
tumor therapies (e.g., Uhl et al. 2005; Li et al. 2005). This
eVect is facilitated by gap-junctional coupling (Mesnil and
Yamasaki 2000), which may be surmised to be active also
in Pax2-positive precursors of cerebellar cortical inhibitory
interneurons, that, like cerebellar oligodendrocytic cells,
express connexins (Maxeiner et al. 2003; Kunzelmann
et al. 1997). Thus, the physiological signiWcance of the
observations of Mathis et al. (2003) is currently hard to
fathom.

A better and more in-depth understanding of the mecha-
nisms that regulate the migration and appropriate distribu-
tion of cerebellar interneurons seems of prime importance,

given that the Wnal diVerentiation and function of these
cells is eventually triggered in their area of residency (cf
above; see Leto et al. 2006). Further, as there occurs but
very little apoptosis, at least among basket and stellate neu-
rons (Yamanaka et al. 2004), cell elimination seems of
minor signiWcance to assure numerical matching and appro-
priate spacing. Migrating interneuronal precursors are con-
fronted with structurally quite diVerent territories, including
the nascent white matter, the internal granule cell layer,
and, after becoming molecular layer interneurons, also the
Purkinje and molecular layers. Conceptually, the issue of
how proper navigation and settling is regulated may be bro-
ken down into several broad questions. E.g., what triggers
interneuronal precursors migrating through the nascent
white matter to leave this territory either at the base, or the
apex of an emerging cerebellar folium? How is the decision
to either stop in the nascent (internal) granule cell layer, or
to proceed in to the molecular layer implemented in molec-
ular terms? Do interneurons that have reached their Wnal
destination signal-back to their brethren still en route and
thereby impinge on the latter’s migrational behaviour, e.g.,
by modulation of Purkinje cell output which would then be
sensed by migratory cells in the nascent white matter?
Functional integration of both Golgi and basket/stellate
cells (i.e., inhibiton of granule cells and Purkinje cells,
respectively), which would be a prerequisite for such a sce-
nario, has been documented, in the rat, at about postnatal
days 10–12, (Shimono et al. 1976), i.e. at about midway
during the formation of the molecular and granule cell lay-
ers. Once inhibitory interneurons have reached their lami-
nar destination, how is their appropriate spacing achieved?
And, related to this, how is the tiling of their dendrites, and
the precise targeting of their axons realized? We have no
real answers to the Wrst three of these questions, but model
systems to address these issues are now about to be devel-
oped (see, e.g., Hecker et al. 2008).

In contrast, recent results suggest at least some basic
principles governing basket/stellate cell axon formation.
Cerebellar Purkinje cells have been historically an out-
standing example to study subcellular segregation of
diverse aVerents and their (mutual) regulation, including
parallel and climbing Wbers (e.g., Chen and Hillman 1982;
Sotelo 1990; Cesa et al. 2007), both of which synapse onto
discernible types of dendritic spines. Basket cells project to
the Purkinje cell bodies and the axon initial hillock actually
this is the very prerequisite to deWne a basket cell. Stellate
cells in contrast, project to more distant dendritic shafts.
This diVerential innervation by inhibitory interneurons is
paralleled, and may indeed be realized through a gradient of
cell adhesivity mediated by the subcellular distribution of
neurofascin (Ango et al. 2004). A parsimonious explana-
tion then would be that the decision to develop into a basket
or stellate cell would eventually reXect the timing of when
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the axons of these cells actually invest Purkinje cells. Those
that arrive early on can secure highly attractive (and adhe-
sive) Purkinje cell territories around the axon hillock and
cell body; axons which reach Purkinje cells later on have to
settle for less adhesive distal dendritic shafts. As those
molecular layer interneurons which arrive Wrst in the
molecular layer, and presumably also have a head-start to
elaborate their axons, settle in the lower molecular layer
(Miale and Sidman 1961; Altman and Bayer 1997), this
would also explain the general conception that basket cells
(preferentially) reside in the lower molecular layer. Cells
that arrive later in the molecular layer and settle more
superWcially, and would Wnd only more distal dendrites free
to innervate. A twist to this story is added by the Wnding
that developmental interaction between Purkinje cells and
their aVerent inhibitory neurons is mediated, or at least
modulated, by Bergmann astroglial cells (Ango et al.
2008).

More markers, more cells?

Localization of an ever expanding panel of molecules
within the cerebellar cortex may be expected to necessitate
ongoing modiWcation of the traditional classiWcations of
cerebellar interneurons, but also to eventually facilitate our
understanding of the development and function of these
cells. An example in question is the novel neurochemical
diversity of Golgi cells (Simat et al. 2007) sketched above.
Meanwhile, histological and immunocytochemical analysis
of the cerebellum has also suggested the potential existence
of additional types of neurons. Thus, Crook et al. have
described an apparently very rare, but rather large neuronal
phenotype localized within the cerebellar white matter
(Crook et al. 2007). These cat-301 positive cells are con-
tacted (innervated) by GAD/calbindin D28 k-doubly immu-
noreactive collaterals (i.e., Purkinje cells). Their exact
wiring is elusive, as is their function. Interestingly, an
apparently very similar, if not identical cellular phenotype
has also been observed in the cerebellum of several aquatic
mammals, as reported by Addison already in 1931 (Addi-
son 1931). Further, these cells are also reminiscent of the
synarmotic cells described Wrst by Landau (1927) and later
by Braak (1974), who also argued that they might be a sub-
set of Lugaro cells.

Staining of murine cerebella for Npas3 highlighted a
group of cells positive for this basic HLH transcription fac-
tor, located within the granule cell layer, the numbers and
distribution of which does not conform with any known
cerebellar cell type (Erbel-Sieler et al. 2004). Npas3-null
mice show a behavioral phenotype pointing to a cerebellar
dysfunction (Brunskill et al. 2005). Still, the function and
nature of these cells remains enigmatic.

Finally, staining of murine cerebella for NeuN high-
lighted a group of cells, located in the lower molecular
layer, which so far have not been identiWed (Weyer and
Schilling 2003). This study also showed that molecularly
identiWed cerebellar cortical inhibitory interneurons do not
stain for NeuN, just like Purkinje cells, and also unipolar
brush cells. Among molecular markers discussed here,
NeuN is the exception in that it is not genetically deWned
(see also Lind et al. 2004). For all other markers, the ability
to eventually tag the cellular phenotypes expressing them
vitally will not only allow to follow these cells during
development, but also to identify them in vivo for physio-
logical studies.

Concluding remarks

While the results summarized above leave little doubt that
cerebellar inhibitory interneurons constitute a more diverse
and complex complement of cells than traditional classiW-
cations acknowledge, these results also provide vantage
points that should eventually allow us to arrive at an inte-
grated view of how the cerebellar circuitry is formed and
functions. Needless to say, this goal is still far oV, and as is
so often the case, novel results have also generated novel
questions. Fortunately, recent progress has not only focused
attention on cerebellar interneurons, but also provides
important tools and approaches to follow up on these leads.
Clearly, we would like to learn in much more detail how
interneuronal precursors navigate the cerebellar anlage, and
how they eventually become integrated in the cerebellar
circuitry. Also, does the molecular diversity that has been
uncovered, and that certainly will still be expanded, reXect
the endpoint of a developmental process, or rather an aspect
of functional plasticity? A closely related question, of both
developmental and clinical interest, is whether there exists
any relationship between inhibitory interneuronal lineages
and cerebellar tumorigenesis. To date, the developmental
origin of only a subgroup of medulloblastoma, the most
common and devastating cerebellar malignant tumor, could
be traced to the granule cell lineage (cf Pietsch et al. 2004;
Gilbertson and Ellison 2008 for detailed discussions and
primary references). It is therefore tempting to speculate
whether other forms of medulloblastoma might be derived
from cells that normally would form inhibitory cerebellar
(inter) neurons. Currently, there is hardly any evidence to
this end, but one has to consider that we still are rather
ignorant with respect to molecular markers that might
deWne the inhibitory interneuronal lineage. Pax2 is
expressed in it only around its last mitosis (cf above; see
also (Weisheit et al. 2006), and thus it may not be surpris-
ing that this relatively “late” marker was not found in
medulloblastoma (Kozmik et al. 1995).
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Clearly, the realization that cerebellar circuitry com-
prises a more diverse set of cellular constituents than tradi-
tionally perceived has made it a more complex, but also a
more interesting paradigm to analyze the mechanisms that
bring about the formation and proper function of the central
nervous system. While we are faced with the challenge yet
to integrate these diverse cellular phenotypes into a coher-
ent picture of how the cerebellum works, it may be hoped
that the appreciation and clariWcation of this diversity will
also provide an opportunity to overcome some of the road-
blocks that still hamper progress towards a coherent view
of cerebellar function.
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