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Abstract

The present review aims to provide a short update of our understanding of the inhibitory interneurons of the cerebellum.
While these cells constitute but a minority of all cerebellar neurons, their functional significance is increasingly being rec-
ognized. For one, inhibitory interneurons of the cerebellar cortex are now known to constitute a clearly more diverse group
than their traditional grouping as stellate, basket, and Golgi cells suggests, and this diversity is now substantiated by single-
cell genetic data. The past decade or so has also provided important information about interneurons in cerebellar nuclei.
Significantly, developmental studies have revealed that the specification and formation of cerebellar inhibitory interneurons
fundamentally differ from, say, the cortical interneurons, and define a mode of diversification critically dependent on spati-
otemporally patterned external signals. Last, but not least, in the past years, dysfunction of cerebellar inhibitory interneurons
could also be linked with clinically defined deficits. I hope that this review, however fragmentary, may stimulate interest and

help focus research towards understanding the cerebellum.
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Introduction

The cerebellum has fascinated neuroscientists and clinicians
alike from early on and has served again and again as a para-
digm to study neural structure, function, and development.

The cerebellar cortex is often used as a textbook exam-
ple to introduce fundamental morphological and functional
aspects of neuronal circuits, but also of developmental pro-
cesses underpinning the formation of the nervous system. Its
attraction as a model may be traced to its apparently simple
cellular composition and highly stereotyped synaptic con-
nectivity, as beautifully described and presaged early on by
Ramon y Cajal (1909). Since then, a wealth of studies have
turned the cerebellum into a Rosetta stone describing mecha-
nistic principles and molecular correlates of and prerequi-
sites for the formation of complex neuronal circuits and their
glial complement. These studies also revealed the molecular
and mechanistic bases of clinically significant neurological
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deficits related to cerebellar pathology (for reviews, see e.g.
Manto et al. 2021).

Analysis of cerebellar development and function greatly
profited from the availability of a set of murine mutants with
prominent and often strikingly specific cerebellar pheno-
types (Caviness and Rakic 1978). Eventually, this allowed
the direct genetic targeting of the two most prominent cer-
ebellar cell populations, i.e. Purkinje cells (Oberdick et al.
1988, 1990) and granule cells (Ben-Arie et al. 1997; Jensen
et al. 2002; Gliem et al. 2006), and their in-depth molecular
characterization, arguably best documented in our by now
highly detailed understanding of the origins and molecular
make-up of medulloblastoma and its relation to the line-
ages of glutamatergic neurons (i.e. granule cells, unipolar
bush cells, and nuclear rhombic lip-derived neurons; e.g.,
Hendrikse et al. 2022; Williamson et al. 2022; Vladoiu et al.
2019 to cite only a few more recent papers; for Purkinje
cells, see Chen et al. 2022).

In striking contrast, our understanding of and our experi-
mental access to cerebellar inhibitory interneurons and
GABAergic and/or glycinergic neurons in the cerebellar
nuclei is still quite limited. One stumbling block not yet
overcome is that their precursors are so far not selectively
accessible for molecular manipulation (for an example to the
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Fig.1 A schematic view of the locations of the somata (black/gray),
the distribution of the dendrites (red), and the axonal spread (blue)
of inhibitory interneurons of the cerebellar cortex. This sketch was
inspired by camera lucida drawings by Ramon y Cajal (1909), Palay

contrary described for adult molecular layer interneurons,
see Amat et al. 2017). In the present review, I try to provide
a current perspective of the development, classification, and
molecular characterization of cerebellar inhibitory interneu-
rons (Fig. 1), including those of the cerebellar nuclei. I build
on previous reviews of this topic (e.g., Leto et al. 2016; Hibi
et al. 2017; Kano et al. 2018; Schilling 2019; Haldipur et al.
2022), and I focus primarily on data that became availa-
ble since this topic was reviewed here some 15 years ago
(Schilling et al. 2008). I also try to incorporate data extracted
from publicly available single-cell gene expression (scRNA)
datasets, primarily those accompanying the publications of
Carter et al. (2018), Vladoiu et al. (2019), Kozareva et al.
(2021), and Khouri-Farah et al. (2022). To illustrate gene
expression patterns, representative images are taken from
the Allen Brain Atlas (Lein et al. 2007; see https://devel
opingmouse.brain-map.org/). Lastly, this review is limited
essentially to data obtained with mice as a model system,
unless otherwise indicated.

Defining precursors of inhibitory
interneurons: the establishment

of inhibitory and excitatory lineages
in the nascent cerebellum

The cerebellum is derived from the dorsal (alar) plate of
rhombomere 1 (r1; Wassef 2022; note that rl is used here
to encompass 10 and r1 as defined by Puelles and associ-
ates; cf. Aroca and Puelles 2005). Early on, two distinc-
tive neurogenic regions may be recognized in the cerebellar

@ Springer

Lugaro

granule cell layer

Candelabrum stellate basket
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Note that this scheme does not reflect the intricate detail of the neur-
ites of these cells. Purkinje cell somata are indicated in ochre

anlage, the dorsally located rhombic lip and the more ven-
trally located ventricular epithelium. Whereas the former
gives rise to excitatory (glutamatergic) neurons, the latter
is the source of inhibitory (GABAergic and/or glycinergic)
neurons, cerebellar astroglia, and a minor subset of cerebel-
lar oligodendrocytes (for details, see Consalez et al. 2021;
Hibi and Shimizu 2012; Leto et al. 2012; Cerrato et al. 2018;
Hashimoto et al. 2016).

The identification of the transcription factors Ptfla
(Hoshino et al. 2005; Pascual et al. 2007) and Atohl (Ben-
Arie et al. 1997) as critical for the development of cerebel-
lar inhibitory and excitatory neuronal lineages, respectively,
constituted significant technical breakthroughs in the quest
to understand the genetic and mechanistic basis of cerebellar
development. Among the questions that these discoveries
made accessible, two appear particularly intriguing: First,
how do Ptfla- and Atohl-defined cells arise, and second,
how do these lineages, and especially the lineage(s) giving
rise to inhibitory interneurons, further diversify?

! For convenience, I here refer to GABAergic and/or glycinergic
neurons as inhibitory, and to glutamatergic neurons as excitatory.
Yet it should be remembered that the action of these transmitters is
also critically dependent on the receptor complement and/or mem-
brane potential of their target cells, and that GABA can be depolar-
izing (i.e., excitatory), particularly during development (e.g., Chatter-
ton et al. 2002 and Jean-Xavier et al. 2007 for excitatory actions of
GABA and glycine; Nawy 1999, for hyperpolarizing actions of glu-
tamate). I hope the wording used here will not discourage one from
considering potential "inverse" effects of transmitters during develop-
ment, which is particularly well documented for cerebellar "inhibi-
tory" interneurons (Chavas and Marty 2003).
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In the nascent cerebellar anlage, Atohl is a conveni-
ent marker for the rhombic lip, from which excitatory
neurons of the cerebellar nuclei, granule cells precursors,
and unipolar brush cells arise. The extensive and intrigu-
ing advances in our understanding of these cell lineages
and their clinical significance will not be further con-
sidered here. The interested reader may be referred to
recent publications by Consalez et al. (2021), Kebschull
et al. (2023), and Hendrikse and associates (Hendrikse
et al. 2022).

Conversely, in the nascent cerebellum, Ptfla labels
much of the ventricular neuroepithelium, the source of
all but one subset of cerebellar inhibitory neurons (for
this one exception see below, “Diversification of cere-
bellar inhibitory cells (projection neurons vs. interneu-
rons)”). As recently shown by Zhang et al. (2021), both
Ptfla-defined precursors of inhibitory and Atohl-defined
precursors of excitatory cerebellar cells are derived from
a common pool of Sox2-expressing “naive” neuroepi-
thelial cells. Cell fate decisions that eventually lead to
the establishment of these lineages (and presumably the
astrocytic lineage as well) are based on Notch-Rbpj sign-
aling. Sox2-positive neuroepithelial cells express high
levels of Notch-Rbpj activity. They may develop into cells
with an excitatory fate in which Notch-Rbpj activity is
low, or into cells destined to become inhibitory neurons,
characterized by intermediate Notch-Rbpj activity levels.
Notch activity in the cerebellar anlage is regulated by its
trans-acting ligand, D111, as well as by its cis-inhibiting
ligand, DI113. Thus, differential expression of Notchl and
its ligands DI11 and D113 bring about cell fate decision in
the nascent cerebellar anlage and also constitute one of
the earliest indicators of prospective cell fate. Consistent
with this model is the earlier observation that ablation of
Rbpj in precursors of molecular layer inhibitory interneu-
rons greatly reduces their numbers (Komine et al. 2011).
Note that in this study, Rbpj signaling was disturbed
exclusively in astroglial cells and in the molecular layer
interneuron lineage(s). Consequently, it does not allow
us to infer or exclude an effect of Notch signaling on the
generation of other populations of inhibitory interneu-
rons, or on that of Purkinje cells or nucleo-olivary projec-
tion neurons.

As observed in various systems, notably the spinal cord
and retina, Notch-Rbpj signaling is also closely integrated
with the expression of several neurogenic genes, includ-
ing Ascll (Shi et al. 2012; Nelson et al. 2009), Bhlhe22
(Skaggs et al. 2011), Neurog2 (Henke et al. 2009), Gsx1
(Tzatzalos et al. 2012), and Prdm13 (Hanotel et al. 2014),
which are all also expressed in the ventricular epithelium
of the cerebellar anlage. As Ptfla directly interacts with
Rbpj (Chang et al. 2013), it may be seen as a key hub in
this integration.

Patterns in the cerebellar anlage: some cues
from the spinal cord

The dorsoventral subdivision of the early cerebella anlage
revealed by Atohl and Ptfla suggests that understanding
its further maturation and cellular diversification may
profit from a comparison with the developing spinal cord,
in which dorsoventral patterning has been studied exten-
sively. Indeed, several genes indicative of the dorsoventral
differentiation of the alar (dorsal) plate of the developing
spinal cord (e.g., Atohl, Ptfla, Neurogl, Neurog2, Ascll,
Lmx1a, Lhx1, Lhx5, Pax2, Dbx1; Butler and Bronner
2015; Wilson and Maden 2005; Sagner and Briscoe 2019;
Delile et al. 2019) are also expressed in the cerebellar
anlage, where their spatial expression pattern mirrors that
seen in the spinal cord (for details, see below). Another
example of a parallel pattern of gene expression is pro-
vided by Bhlhe22 (Ross et al. 2012; Skaggs et al. 2011).
In the spinal cord, this gene is first selectively expressed
in early-born interneurons in the dorsal precursor domain
dI6 and the ventral domains V1 and V2; as development
proceeds, it is also expressed in two additional sets of dor-
sal interneurons referred to as dIL* and dILE, which reach
their positions in the superficial laminae rather late (Liu
et al. 2007). Similarly, in the cerebellar anlage, Bhlhe22 is
expressed early on at the level corresponding to the spinal
domain dl6 (which is referred to as pc4; see below), and,
with a protracted time course, also in derivatives of both
excitatory and inhibitory lineages that derive from regions
other than pc4.

Yet there are also some noteworthy differences in gene
expression patters in the developing spinal cord and the
early cerebellar anlage. Notably, Olig2, which is expressed
strictly ventrally in the developing spinal cord, where it is
involved in motor neuron specification (Delile et al. 2019),
is expressed in the dorsally derived cerebellar anlage. The
same is true for Sox14, which is expressed only ventrally
in the spinal cord anlage (Hargrave et al. 2000; Katsuy-
ama et al. 2022), but transiently labels prospective nucleo-
olivary projection neurons in the developing cerebellum
(Prekop et al. 2018). Lastly, it should be recalled that Hox
genes are not expressed in the territory (r1) from which
the cerebellum arises (Alexander et al. 2009). Indeed, if
expression of the only Hox gene expressed in r2, Hox2a,
is abrogated, this rhombomere contributes to the develop-
ment of a (laterally) enlarged cerebellum (Gavalas et al.
1997).

All these genes, those with expression patterns remi-
niscent of the developing spinal cord and those that show
a divergent pattern, may be used to further subdivide
the nascent cerebellar anlage, and notably its ventricular
epithelium. Canonically, the early cerebellar ventricular
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epithelium is subdivided into three regions, referred to,
from rostral to caudal, as pc4, pc3, and pc2 [(p)cl would
be the rhombic lip], based primarily on the differential
expression of Ascll, Neurogl, and Neurog2 (Chizhikov
et al. 2006; Zordan et al. 2008). These regions have in
turn have been associated with the developmental origin
of specific populations of cerebellar inhibitory projection
neurons and inhibitory interneurons, respectively. For a
detailed discussion and illustration of the subdivision of
the cerebellar ventricular zone, see Zordan et al. (2008).
Figure 2 summarizes the regional expression of some
key genes in the cerebellar anlage at embryonic day 13.5
(E13.5). As shall be discussed below, the expression pat-
terns of these genes change dynamically as development
goes on, so these images rather reflect a snapshot.

Diversification of cerebellar inhibitory cells
(projection neurons vs. interneurons)

Before discussing the genetic diversification of cerebellar
inhibitory neurons, a brief reminder of the classification of
these cells may be appropriate. The mammalian cerebellum
comprises at least three major classes of projection neurons
utilizing either GABA or glycine as transmitters: Purkinje
cells, nucleo-olivary projection neurons, and the glyciner-
gic nuclear neurons projecting to the brainstem, originally
described by Bagnall et al. in 2009 (see also Kebschull et al.
2023).

Purkinje cells, which provide the sole output of the cer-
ebellar cortex, and nucleo-olivary projection neurons, con-
necting the cerebellar nuclei to the inferior olive, are both
GABAergic. They have been extensively characterized in the
adult, and they are readily distinguished from GABAergic/
glycinergic interneurons by morphological, functional, and
molecular criteria. Both are derivatives of Ptfla-positive
precursors of the ventricular epithelium. As will be detailed
below, early markers of these cells are Olig2 and Dmbx1,
respectively. In contrast, the glycinergic nuclear projection
neurons identified by Bagnall et al. (2009) stand out due
to their developmental origin from Atohl-positive precur-
sors originating in the rhombic lip (Kebschull et al. 2020).
Based on their overall pattern of gene expression, these cells
closely resemble glutamatergic, rhombic-lip-derived nuclear
projection neurons of the cerebellum. Thus, these cells are
not developmentally related to other cerebellar GABAer-
gic or glycinergic neurons, and their transmitter phenotype
is rather due to a neurotransmitter switch (Kebschull et al.
2020; for a review on transmitter switching, see Spitzer
2015).

Formally, the GABAergic neurons that connect the fas-
tigial nuclei on both sides of the cerebellum (Gomez-Gon-
zalez and Martinez-Torres 2021) also qualify as projection
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neurons. The developmental history of these cells is still
obscure. Curiously, at least a subset of these cells also
express Pax2 (Gomez-Gonzalez and Martinez-Torres 2021).
This is of particular interest, since Pax2 is generally taken as
one of the markers (or rather, the marker) that distinguishes
the (early) lineages of cerebellar GABAergic and/or glycin-
ergic interneurons from GABAergic projection neurons.

In fact, a common and defining feature of cerebellar
inhibitory interneurons is that they are all derived from pre-
cursors expressing Pax2 at about the time they go through
their last mitosis. While some cerebellar inhibitory interneu-
rons continue to express Pax2 into adulthood, most of them
do not (Maricich and Herrup 1999; Weisheit et al. 2006;
see also supplementary material to Kebschull et al. 2020).
The classification of Pax2-derived inhibitory interneurons
has been reviewed previously (Schilling et al. 2008), and in
“From Pax2 cells to specific types of cerebellar interneu-
rons,” this classification will be revisited in the light of
recent single-cell gene expression data.

Some notes on key genes that pattern

the cerebellar ventricular epithelium or may
be used as markers of distinct inhibitory
lineages

How then do the genes mentioned above relate to the estab-
lishment of projection and/or interneuronal lineages? The
seminal work of Hoshino et al. (2005; see also Pascual et al.
2007) established that Ptfla is indispensable for the devel-
opment of all cerebellar inhibitory neurons. Prdm13, which
is a direct downstream target of Ptf1a (Bessodes et al. 2017),
has been variably implicated in the generation of Purkinje
neurons (Coolen et al. 2022) or Purkinje neurons as well as
Pax2-positive precursors of inhibitory interneurons (Whit-
taker et al. 2021). As of this writing, it cannot be concluded
whether these divergent results reflect differences in species
(humans, mice, and zebrafish were used for analyses) or in
the mutations analyzed, or even differences in the experi-
mental focus of these studies. Both studies concur, though,
that Prdm13 is needed, in mammals, for the proper differ-
entiation of Purkinje neurons. Also, whether Prdm13 also
affects the development of nucleo-olivary projection neurons
has not (yet) been formally probed. Interrogation of recent
single-cell gene expression studies (Khouri-Farah et al.
2022; Vladoiu et al. 2019; Carter et al. 2018) reveals that
Prdm13 is expressed not only in Olig2-positive precursors
of Purkinje cells and Pax2-positive cells, but also in Dmbx1-
positive cells of the cerebellar anlage. Thus, Prdm13, like
Ptfla, is coexpressed with all markers that eventually allow
us to define all inhibitory lineages arising from the ven-
tricular epithelium. The data by Khouri-Farah et al. (2022)
indicate that between embryonic days 10 and 17, Prdm13 is
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Fig.2 In situ hybridization for molecular markers of precursors of
inhibitory neurons in the cerebellar anlage at embryonic day 13.5
(E13.5). Ascll, Lhx1, Lhx5, Pax3, and Neurogl are early markers
expressed throughout the ventricular zone, with a preferential expres-
sion either in the ventricular epithelium (Ascll, Pax3) or in cells that
have just left the epithelial layer (Lhx1, Lhx5, Neurogl). Note also
the Lhx1/5 difference, which is reflected, during later development,
in a slightly preferential expression of Lhx1 in prospective Purkinje
neurons and of Lhx5 in prospective inhibitory interneurons. Cad-
herin 13 (Cdh13) expression can be seen in two regions slightly ros-
tral and either dorsal or ventral to the anlage of the deep nuclei (the
latter is marked by an “x” in this panel). Note that this label closely
resembles that seen for Pax2 at this age. At E13.5, Olig2 is no longer

expressed in Purkinje cell precursors, but expression is still visible in
a set of prospective excitatory deep nuclear neurons (see main text,
and also Fig. 3 for details). Dmbx1, a marker for prospective nucleo-
olivary projection neurons, can be seen expressed in the ventricular
zone and at the ventral margin of the nuclear anlage in which these
cells integrate. Bhlhe22, Dbx1, and Otp mark the ventricular zone in
the rostral-most region of the cerebellar anlage, referred to as pc4.
Bhlhe22 expression can also be seen in cells of the nuclear anlage
not related to the ventricular cells expressing this marker. Arrows (in
panel “Otp”) indicate rostral (r), caudal (c), dorsal (d), and ventral
(v); scale bar=0.5 mm. All images were taken from the Allen Brain
Atlas (Lein et al. 2007)
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expressed in some 11.1% of cells also positive for Dmbx1.
For comparison, it is found in about 22.3% of all Olig2-
positive precursors of Purkinje cells, and in about 2.8% of all
Pax2-positive cells in this data set. Consistent numbers are
obtained with the data from Vladoiu et al. (2019; age range,
embryonic day 10 to postnatal day 14; 8.5%, 27.6%, and
6.1% for Dmbx1-, Olig2-, and Pax2-positive cells, respec-
tively). These numbers must be taken with a grain of salt,
given the known variability in single-cell gene expression
studies, which are all the more pronounced the fewer cells
that are available for analysis. Still, the differences in the
percentages of Prdm13-positive cells in the various line-
ages is fully consistent with the developmental timing of the
expression of the markers used to identify these lineages,
and the fact that Prdm13, like Ptfla, is expressed only in
early ventricular epithelial cells of the cerebellum (Coolen
et al. 2022, and further references given there).

In the spinal cord, Prdm13 also ensures that genes speci-
fying ventral neural tube development, including Olig2, are
not expressed dorsally (Mona et al. 2017). Yet, as its coex-
pression with Olig2 in the cerebellar anlage documents, the
function of Prdm13 in the (dorsal) spinal cord and the cer-
ebellar anlage must differ at least in part.

Alscll is expressed early on in precursors of inhibitory
neurons of the cerebellar nuclei and cortex (Kim et al. 2008;
Grimaldi et al. 2009; Sudarov et al. 2011). In Ascl1-deficient
mice, generation of Pax2-defined inhibitory interneurons is
severely impaired, whereas “no major effect” on Purkinje
cells was observed in this genotype (Grimaldi et al. 2009).
Interestingly, the effect of Ascll-ablation was more pro-
nounced for late-born inhibitory interneurons of the upper
molecular layer, and rather mild for the earlier-born inhibi-
tory interneurons resident in the granule cell layer (Sudarov
et al. 2011). The effects on inhibitory neurons of the cerebel-
lar nuclei were so far not tested. Considering the temporal
sequence in which Purkinje neurons and inhibitory interneu-
rons are generated (become postmitotic; cf. Leto et al. 2009),
one may generalize that these observations suggest that
Ascll is the more important the longer precursors originat-
ing from the cerebellar ventricular epithelium continue to
proliferate. Moreover, Ascll also balances the development
of inhibitory interneurons and astroglial cells, as reported
by Grimaldi et al. (2009). Their data show that over-expres-
sion of Ascll in the ventricular epithelium of the cerebellar
anlage increases the numbers of Pax2-positive precursors of
inhibitory interneurons and reduces the numbers of cells of
the astroglial lineage. Ablation of Ascll expression in the
cerebellar ventricular zone had the converse effect.

Beyond the critical effect of Ascll on the ratio of Purkinje
cells and Pax2-expressing cells, the balancing of these cell
types is also tuned by the basic helix-loop-helix transcrip-
tion factor, Olig2 (Seto et al. 2014b). In the early cerebellar
anlage, say up to embryonic day 14, Olig2 is expressed in
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two spatially and molecularly well separated sets of cells,
i.e., precursors of Purkinje neurons and a group of nuclear
neurons (for further details, see below). Later it is also
expressed by precursors of oligodendrocytes.

Precursors of cerebellar Purkinje cells are strongly posi-
tive for Olig2 up to embryonic day 12.5, yet Olig2 is not
required for Purkinje cell formation per se; rather, its abla-
tion, when combined with ablation of Oligl, which may
compensate Olig2 function, results in reduced Purkinje cell
numbers and a concomitant increase in Gsx1-positive neu-
roepithelial cells, from which Pax2-positive interneuronal
precursors arise (Seto et al. 2014b). These authors also
remark that they “could not detect any cells that expressed
both transcription factors [i.e., Olig2 and Gsx1] simulta-
neously,” and conclude that “even at the earliest stage of
cerebellar GABAergic neuron production, there exist two
populations of GABAergic progenitors, PIPs [Pax2-positive
interneuron progenitors] and PCPs [Purkinje cell progeni-
tors]”—implying that Gsx1 and Olig2 are not at the very
root of the splitting of these two populations. This conclu-
sion may have to be reconsidered given that single-cell gene
expression data reveal coexpression of Olig2 and Gsx1, if
only in low numbers of cells. Thus, the data of Khouri-Farah
et al. (2022) indicate that between €10 and el7, Olig2 is
expressed in 4.9% of all Gsx1-positive cells, and Gsx1 in
2.9% of all Olig2-positive cells. Consistent numbers may be
obtained by probing the data of Vladoiu et al. (2019). Taking
into account that at these ages, Olig2 is also expressed in
a few early-forming oligodendrocytes, and the abovemen-
tioned Olig2-positive cerebellar nuclear cells, the fraction
of Olig2-expressing cells within the neuroepithelium also
expressing Gsx1 may well be larger than this percentage
indicates. The study by Seto et al. (2014b) further documents
that the Olig2-positive domain is progressively exhausted as
cerebellar development proceeds. Concomitantly, the Gsx1-
defined territory expands, reminiscent of the distinct tem-
poral patterns with which Purkinje cells and Pax2-positive
cells emerge.

In slight contrast to Seto et al. (2014b), Ju et al. (2016)
reported that deletion of Olig2 alone (i.e., without simul-
taneous ablation of Oligl) is sufficient to reduce the num-
bers of Purkinje cells, without having an appreciable effect
on numbers of Pax2-positive cells. The basis of these dis-
crepancies is not known. It may reflect differences in the
knock-out mouse models and their background strains used,
or even slight differences in developmental stages analyzed
(although these were nominally identical). Be that as it may,
both studies concur in showing that manipulation of Olig2
results in a shift in the Purkinje cell/inhibitory interneuron
ratio.

The balancing between Olig2-positive precursors of
Purkinje cells and Gsx1-expressing precursors of Pax2-
defined inhibitory interneurons was recently linked to the
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dynamic changes in SMAD/BMP-signaling during cerebel-
lar development (Ma et al. 2020). These authors observed
that high levels of BMP/SMAD activity repress Gsxl
transcription and thus inhibit the formation of cells of the
inhibitory interneuron lineage. As development proceeds,
SMAD activity declines. Subsequently, expression of Gsx1
is initiated, first in the ventral and later also in the dorsal
ventricular epithelium, and allows the formation of Pax2-
positive interneuronal precursors. Intriguingly, these obser-
vations suggest a mechanistic link between cellular diversi-
fication within the cerebellar anlage and its early induction
following expression of Fgf8 within the isthmic organizer.
To wit, Fgf8 is not only one of the first molecular markers
that makes it possible to distinguish midbrain and future
cerebellar territorys; it is, when expressed ectopically, also
capable of inducing the formation of cerebellar cells/tissue
(e.g., Hidalgo-Sanchez et al. 2022, and Wassef 2022 for a
recent reviews). Conversely, following ablation of Fgf8, nei-
ther a cerebellum nor a proper midbrain develops (Sato and
Joyner 2009; Hornblad et al. 2021). Significantly, Fgf8 and
BMPs have been recognized as antagonistic developmental
regulators in several systems, including the cerebellar anlage
(e.g., Neubiiser et al. 1997; Hornblad et al. 2021; Wall and
Hogan 1995; Basson et al. 2008; for further references, see
also Siebel and Lendahl 2017). Finally, it should be recalled
that the mitotic expansion of the ventricular zone is influ-
enced by signals originating in the (dorsal) roof plate and
fourth ventricular choroid plexus (for a recent review, see
Chizhikov 2021).

Together, these data clearly indicate that the cerebellar
ventricular zone is a more dynamic and plastic region than
its subdivision in the abovementioned zones might suggest.
Indeed, these zones should rather be perceived as snapshots
of a dynamically changing pattern of gene expression taken
at well-defined developmental time points.

Finally, a few words about the Olig2-positive cell group in
the nascent cerebellar nuclei seem warranted. As indicated,
Olig2 is expressed in these cells up to about embryonic day
14 (Wizeman et al. 2019; Ju et al. 2016; Seto et al. 2014a,
b; see also the Allen Brain Atlas). The origin of these cells
has so far not been identified, nor is it known whether they
are related to Olig2-positive precursors of Purkinje cells. Ju
et al. (2016) speculated that these nuclear postmitotic Olig2-
positive cells might be derived from Olig2-positive cells in
the ventricular epithelium. Conversely, the tight spatial inte-
gration of nuclear Olig2-positive cells with other groups of
rhombic lip-derived nuclear cells suggests that they might
derive from the rhombic lip. Thus, in the E13.5 cerebel-
lar anlage, there is spatial overlap between Olig2-positive
nuclear cells and rhombic-lip-derived nuclear cells (Wize-
man et al. 2019). In contrast, Dmbx1-positive prospective
nucleo-olivary projection neurons, which are unambiguously
derived from the ventricular epithelium (Prekop et al. 2018;

Kebschull et al. 2023), are well separated from Olig2-pos-
itive nuclear cells in the cerebellar anlage (compare panels
“Olig2” and “Dmbx1” in Fig. 2).

Interrogation of publicly available single-cell gene
expression data from the developing cerebellum now allows
us to approach this issue. As the data of Vladoiu et al. (2019)
reveal (Fig. 3), Olig2 cells from E12 and E14 cerebella, i.e.,
at the ages that bracket the main expression period described
for ventricular and nuclear Olig2-positive cells (Seto et al.
2014a; Wizeman et al. 2019), segregate into two well-sep-
arated groups of clusters. These are characterized by coex-
pression of either a set of established markers of the cer-
ebellar inhibitory lineages, including Ptf1a, Prdm13, Tfap2a,
Tfap2b, Kirrel2, Dmbx 1, and Neurogl, or with markers for
(excitatory) rhombic-lip derived nuclear neurons, including
Lhx9 and the vesicular glutamate transporter, Slc17a6. The
latter group is also characterized by expression of Meis2,
Nrpl, and the neurofilament genes Nefl and Nefm. Together,
this suggests that these cells are, even at E12, at an advanced
stage of differentiation, which agrees with the observation
of Ju et al. (2016) that nuclear Olig2-positive cells are post-
mitotic. Consistently, expression of the classical markers for
the external granule cell layer, Atohl and Barhl1, could be
seen only in a subset of nuclear Olig2-positive cells. While
these data do not provide formal proof that nuclear Olig2-
positive cells are derived from the rhombic lip, they strongly
suggest so; in any case, they clearly indicate that these cells
develop into excitatory cells. Lastly, neither of these two
early Olig2-positive cell populations expresses markers
indicative of the oligodendrocyte lineage. Consistent data
can be obtained with the sScRNA data of Carter et al. (2018).

Whether and how the recently identified function of
Olig3 as yet another regulator of the balanced generation of
Purkinje cells and inhibitory interneuron fits in this scheme
remains to be answered. As shown by Lowenstein et al.
(2021), ablation of Olig3 in (presumptive) Purkinje cell
precursors (identified by their location in the pc2 domain)
re-specified these cells to the Pax2 lineage.

Dmbx1, which marks precursors and maturing nucleo-
olivary projection neurons, codes for a paired-like homeo-
domain protein originally described to be expressed in the
developing diencephalon and midbrain (Ohtoshi et al. 2002;
Ohtoshi and Behringer 2004; Takahashi and Holland 2004;
and further references there). Based on in situ hybridization
data available in the Allen Brain Atlas (Lein et al. 2007)
and the scRNA data of Kebschull et al. (2020), its expres-
sion is maintained well beyond P14. At first glance, this
appears at conflict with developmental scRNA studies, in
which no cells positive for Dmbx1 could be observed in
cerebella obtained from animals older than, say, P7 (Carter
et al. 2018; Vladoiu et al. 2019). However, beyond that age,
granule cells progressively outnumber all other cerebel-
lar cells, and the granule cell to nuclear cell ratio is well
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Fig.3 Clustering of Olig2-
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beyond 500 (numbers from Heckroth 1994; Surchev et al.
2007). Thus, it comes as no surprise that in samples that at
best comprise a few thousand cells per age group analyzed
(Carter et al. 2018; Vladoiu et al. 2019), cells projecting to
the inferior olive, which account for only a minor fraction
of all nuclear cells, are not represented.

Gene ablation studies (Ohtoshi and Behringer 2004)
showed that Dmbx1 is needed for the generation of a full
complement of nucleo-olivary projection neurons, but not
of these cells per se. Thus, mice in which one of the two
Dmbx1 genes was interrupted by insertion of lacZ developed
four times the number of beta-galactosidase-positive nucleo-
olivary projecting neurons found in mice carrying two null
genes (one again tagged by lacZ).

Bhlhe22 (formerly Bhlhb5), the Antp-type homeobox
gene Dbx1, and the paired-type homeobox gene, Otp
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(Simeone et al. 1994), all mark the pc4 region of the cer-
ebellar anlage (Fig. 2). The developmental fate of cells from
this region and their contribution to the mature cerebellum,
or even to extracerebellar structures, is not really understood.

Similar to Olig2, its related bHLH gene Bhlhe22 (Ross
et al. 2012) is expressed in the ventricular zone of the nas-
cent cerebellar anlage and in a subset of nuclear neurons.
And like Olig2, Blhle22-expressing cells cluster in well-
separated sets characterized by expression of markers for
ventricular-zone- and rhombic lip-derived cells, respectively.
Interrogation of scRNA data from Vladoiu et al. (2019)
confirms the impression conveyed by the spatial expres-
sion patterns of Dbx1, Olig2, and also Bhlhe22 that these
genes are indeed coexpressed in individual cells. In fetuses
aged 12 and 14 days, coexpression can be seen in ~54—60%
of the cerebellar cells expressing any one of these genes.
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Coexpression with Pax2 could be ascertained in 57/149 Otp-
positive cells, in 50/189 Dbx1-positive cells, and in 31/415
Bhlhe22-positive cells in samples spanning E12-E18 (data
from Vladoiu et al. 2019). While samples of E12 also com-
prise brain stem cells (Vladoiu et al. 2019), in which Pax2
may be expressed, the observation of Bhlhe22/Pax2 double-
positive cells, if few, supports the overall interpretation that
Otp/Dbx 1/Bhlhe22-positive cells from pc4 contribute to
cerebellar inhibitory interneurons. It does not exclude the
possibility that they also contribute to extracerebellar struc-
tures. Consistent coexpression patterns may be derived from
Khouri-Farah et al. (2022; see also the website associated
with this publication), which cover the age range E1I0-E17,
with brainstem data from E10 and E12.

Unfortunately, neither Bhlh22, nor Dbx1, nor Otp have
so far been able to be utilized to directly track the develop-
mental fate of the pc4 cells that express these genes at E13.5.
As indicated, Bhlhe22 is also expressed, at later stages, in
the external granule cell layer and its derivatives (Ram-
irez et al. 2022; see also the Allen Brain Atlas). Dbx1 and
Otp are not expressed beyond E14 in the cerebellar anlage
(Allen Brain Atlas and data above). Intriguingly, though,
in E13.5 cerebella, two groups of cells positive for Cdh13
can be seen next to or even overlapping with those positive
for Dbx1, Otp, Bhlhe22, and Pax2 (see Fig. 2). Analysis of
the sScRNA data of Vladoiu et al. (2019) and Carter et al.
(2018) confirms cellular coexpression of Cdh13 with Pax2,
Otp, and Bhlhe22. The data of Carter et al. (2018) also sug-
gest coexpression of Cdh13 with Dbx1. Despite this minor
discrepancy, these data consistently suggest that the Pax2/
Otp/Bhlhe22- and possibly Dbx1-defined cell population
of pc4 contributes to cerebellar inhibitory interneurons,
and specifically to those in the granule cell layer and deep
nuclei, which are the only populations of cerebellar inhibi-
tory interneurons expressing Cdh13 in the adult (Schilling
and Oberdick 2010).

A common feature of Olig2, Dmbx1, Dbx1, and also of
Pax2, which marks the inhibitory interneuron lineage (more
about this in the next section), is that they are all expressed
around the last mitosis within the cell lineages they are
specific for (Ju et al. 2016; Wong et al. 2015; Pierani et al.
2001; Weisheit et al. 2006). As just discussed, these genes
are critical for the adequate formation and numerical match-
ing of Purkinje cells, nucleo-olivary projecting neurons,
and inhibitory cerebellar interneurons, and may be used as
lineage markers. Yet this should not distract from the fact,
revealed more recently by scRNA expression studies, that
in early development, sizable fractions of cells coexpress at
least two of these markers, as is well documented by data
reported in independent single-cell gene expression stud-
ies (Carter et al. 2018; Vladoiu et al. 2019; Khouri-Farah
et al. 2022). The actual degree of coexpression revealed by
these data is quite variable. This may reflect differences in

the developmental stages analyzed, but also methodologi-
cal variability. Still, the data accord to show that cell-type/
lineage-specific expression of these genes is preceded by a
phase of coexpression. Whether the transition to lineage-
specific expression indicates differential regulation by exter-
nal (cell extrinsic) signals or a signaling gradient, or whether
this involves the mutual repression of the genes we use as
lineage markers, or possibly both mechanisms, remains to
be studied.

From Pax2 cells to specific types
of cerebellar interneurons

The paired-box gene Pax2 is the earliest and a unique marker
for the precursors of all cerebellar inhibitory interneurons.
Before reviewing the scarce information we have about
mechanisms bringing about the diversification of Pax2-
defined precursors, it seems sensible to briefly recall how
cerebellar inhibitory interneurons are classified in the adult,
and how this classification has gained from recent single-cell
(scRNA) analyses. The functional significance of inhibitory
interneurons is increasingly recognized, as summarized in
the recent reviews of Kim and Augustine (2021) and Hal-
verson et al. (2022).

Based on their location, classically three major sets of
inhibitory interneurons may be distinguished: those in the
molecular layer (MLIs), those in the granule cell layer and
the adjacent Purkinje cell layer (“Golgi cells”), and those in
the cerebellar nuclei (Ramon y Cajal 1909). As detailed in
Schilling et al. (2008), the term “Golgi cell” is now reserved
for two major sets of inhibitory interneurons in the gran-
ule cell layer, which are clearly distinct from inhibitory
interneurons resident in the very upper granule cell layer
and within the Purkinje cell layer, i.e., Lugaro cells (for a
recent reference, see Miyazaki et al. 2021), globular cells
(which were originally considered as part of an extended set
of Lugaro cells; Laine and Axelrad 2002), and candelabrum
cells (Laine and Axelrad 1994). These latter three types of
cells are also referred to as “Purkinje cell layer-associated”
inhibitory interneurons (“PLIs”). Some of the many ques-
tions still out about cerebellar inhibitory interneurons can
now be approached based on single-cell gene expression
studies.

Inhibitory interneurons in the Purkinje cell layer
(PLIs) and Golgi cells

A first issue informed by scRNA data relates to the nature
and wiring of candelabrum cells. Based on the work of
Kozareva et al. (2021), Osorno et al. (2022) finally, some
28 year after the first description of these cells (Laine and
Axelrad 1994), were able to unravel their synaptic wiring
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and fundamental aspects of their physiology. They veri-
fied that candelabrum cells are, as reported by Simat et al.
(2007), purely GABAergic (i.e., not using glycine as a (co-)
transmitter), that they receive glutamatergic, excitatory
input from mossy fibers and granule cells, and that they
are strongly inhibited by Purkinje neurons and also receive
inhibitory input from molecular layer inhibitory interneu-
rons. Candelabrum cells, in turn, target and inhibit primarily
inhibitory interneurons in the molecular layer (Osorno et al.
2022).

Yet these observations also bring up a new question: As
Fabrice Ango’s group impressively showed, neuropilin-1
(Nrpl) mediates the attraction of MLI cell axons towards
semaphorin-3a (Sema3a) expressing Purkinje neurons and
is also instrumental for attachment of basket-forming axons
with the neurofascin-186-expressing axon-initial segments
of Purkinje cells. Importantly, their data also reveal that the
interactions of Nrpl with Sema3a and NF186 are mediated
by distinct domains of Nrpl (Telley et al. 2016). How then
can we explain why candelabrum cells, which also express
high levels of Nrp1, do not target PC axonal initial segments,
but rather preferentially innervate MLIs (Osorno et al.
2022)? Taking a methodological perspective, two scenarios
come to mind: First, the temporal sequence of expression
of NF186, Sema3a, and Nrpl in Purkinje cells, MLIs, and
candelabrum cells could favor innervation of nascent MLIs
by candelabrum cells before Purkinje cells, in turn, become
attractive for MLIs. To test this, it will be necessary to dis-
cern the cell types involved early on, arguably during the late
embryonic stage when Purkinje cells physiologically change
from multi-dendritic cells to their typical bipolar configura-
tion (Armengol and Sotelo 1991; Schilling et al. 1991a). The
second scenario pinpoints one of the limitations of sScCRNA
data currently available for the developing cerebellum. We
do not yet know whether MLIs targeting the Purkinje cell
axon initial segment and candelabrum cells express identi-
cal isoforms of Nrpl. To wit, several splice variants of Nrpl
have been identified (Hendricks et al. 2016; Cackowski et al.
2004; Huang et al. 2019) that predictably affect their inter-
actions with both Nrpl and Sema3a. And while it is known
that differential splicing of Nrpl occurs in the murine cer-
ebellum (Mazin et al. 2021, and the web-site associated with
this publication), we do not yet know whether candelabrum
cells and MLIs express distinct splice variants.

As summarized previously (Schilling et al. 2008), Lugaro
and globular cells can be clearly distinguished from Golgi
neurons based on their dendritic spread and by the projection
of their axons into the molecular layer (see also Fig. 1). In
contrast, the targets of Golgi cells are confined to the granule
cell layer. Moreover, the size and shape of the somata of
Lugaro and globular cells and their location in the upper-
most ranges of the granule cell layer facilitate their diagno-
sis. Analysis of genes expressed by these cells (Kozareva
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et al. 2021) underlines their character distinct from Golgi
cells, from candelabrum cells, and from cells of the lower
molecular layer and may direct their further physiological
characterization. A few examples are shown in Fig. 4; for
further details, see Osorno et al. (2022).

The serendipitous generation of a mouse line in which a
substantial fraction of Lugaro cells are tagged by a transgene
allowed Miyazaki et al. (2021) to further clarify their wir-
ing and transmitter phenotypes. Thus, these authors could
show that Lugaro cells, beyond their known innervation by
Purkinje cells and by serotoninergic fibers, receive inputs
from climbing fibers, mossy fibers, granule cells, and Golgi
cells. Lugaro cells also innervate each other reciprocally.
An intriguing result of this study is that the somato-den-
dritic compartments of Lugaro cells aligned with cerebellar
compartments defined by expression of zebrin II (aldolase
C; Ahn et al. 1994; Consalez and Hawkes 2013). Lastly,
the data of Miyazaki et al. (2021) also suggest that about
two-thirds of the Lugaro cells [expressing the identifying
transgene] are mixed GABAergic/glycinergic, with most of
the rest being exclusively GABAergic.

As for Lugaro and globular cells, scRNA analysis of
Golgi cells fully confirms the classification scheme given
by Simat et al. (2007). Specifically, the two Golgi cell clus-
ters identified by Kozareva et al. (2021) align with Golgi
cells expressing or devoid of the mGIuR?2 receptor as defined
by Simat et al. (2007). While Golgi neurons are tradition-
ally viewed as an electrophysiologically quite homogeneous
group of cells (e.g., Geurts et al. 2003; Prestori et al. 2019),
the recent observation that they may release, in a regulated
manner, GABA and glycine at variable ratios (Dumontier
et al. 2023), added a novel, dynamically tunable degree of
variability of these cells. Gene expression data (Kozareva
et al. 2021) further broaden the perspective granted by Simat
et al. (2007) and Dumontier et al. (2023) and reveal addi-
tional heterogeneity of these cells. Thus, several of the genes
expressed in a differential, if graded fashion more or less
along the axis defined by the two Golgi cell clusters men-
tioned above have been associated with (synaptic) cell adhe-
sion, axonal development, extracellular matrix structure,
and/or code for ion channels (e.g., Cntn3, Cntn4, Cntn5,
Cntn6, Kirrel3, Efna5, Epha4, Ebf3, Vwc2, Kcnd2). These
differences beg the question whether they relate to mor-
phologically discernable characteristics (i.e., wiring prefer-
ences) or synaptic receptor localization/efficiency. However,
their physiological significance awaits study.

The function of the cell adhesion molecule cadherin 13
(Cdh13), which in the cerebellar cortex is strongly expressed
in Golgi neurons (e.g., Schilling and Oberdick 2010), and
perhaps also in Lugaro cells (see Fig. 4), was recently stud-
ied by Tantra et al. (2018). These authors ablated Cdh13
expression from the majority of Golgi cells using a Slc6a5-
driven Cre construct. This resulted in decreased expression
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Fig.4 A few examples of genes differentially expressed in various »

subsets of cerebellar cortical inhibitory interneurons, and, for com-
parison, Purkinje cells. Data from Kozareva et al. (2021). Cell types
were identified as described by Osorno et al. (2022). Two sets of
Golgi cells may be distinguished, which correspond to cells positive
or negative for the metabotropic glutamate receptor type 2 (Grm2) as
delineated by Simat et al. (2007). The subdivision of the molecular
layer interneurons (MLI1_1, MLI1_2, MLI2) and Purkinje cell layer
interneurons (PLI1, PLI2, PLI3) follows the results reported by Koza-
reva et al. (2021) and Osorno et al. (2022). As detailed by the latter
authors, PLII cells correspond to candelabrum cells, PLI2 cells rep-
resent globular cells, and PLI3 cells are Lugaro cells. Genes chosen
to exemplify differences between various types of inhibitory interneu-
rons include those coding for metabotropic glutamate receptors 2, 3,
and 5 (Grm2, Grm3, Grm5), the glycine neurotransmitter transporter
Slc6a$, the serotonin receptor Htr2a, and two genes encoding AMPA-
receptor interacting proteins (Shisa6, Shisa9); further, four genes
coding for proteins associated with cell adhesion, migration, and/or
neuritogenesis (Efna5, Cdhl3, Cntn3, and Dcc) and three splicing-
associated proteins (Khrdbs3, Elavl2, and Rbfox3) are shown

of the mRNA coding for GABA-synthesizing enzyme, Gadl,
in Golgi cells, and a selective reduction in the strength or
numbers of inhibitory synapses, but not excitatory synapses,
formed onto Golgi cells. It may be added that the knockout
strategy chosen by these authors is predicted to eliminate
Cdh13 expression in Lugaro cells as well—if the expression
of Cdh13 in these cells as indicated in Fig. 4 stands scru-
tiny. Of note, one Lugaro cell targets some 100 Golgi cells
(Dieudonne and Dumoulin 2000). Moreover, the knockout
strategy chosen should also abrogate Cdh13 expression by
inhibitory neurons of the cerebellar nuclei, notably of the
cluster i3 as defined by Kebschull et al. (2020), which in turn
project to the cerebellar cortex and innervate Golgi cells.
Indeed, the subset of Golgi cells that are targeted by these
nuclear neurons do not express Slc6a5 (Ankri et al. 2015),
and should thus not be directly affected by the knockout
strategy employed by Tantra et al. (2018). It is not known
whether these two populations of Golgi cells were differently
affected by the ablation of Cdh13. As already mentioned
above, available data also suggest that cells from the pc4
region of the cerebellar ventricular epithelium contribute to
the generation of Golgi cells. The spatiotemporal pattern in
which Cdh13-positive cells may be observed in the devel-
oping cerebellum further begs the question whether at least
some of these cells populate the nascent cortex in an ante-
rior—posterior direction, i.e., in a direction opposite to the
main direction of Purkinje cell dispersal (Fig. 5 bottom row).

Lastly, Golgi neurons have recently also been identified
as the probable source of GABAergic signaling that shapes
the development of granule cell dendrites (Dhar et al. 2018).

Diversity of MLIs—basket and stellate cells

Traditionally, inhibitory interneurons resident in the molecu-
lar layer (MLIs) are classified as either basket or stellate
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Fig.5 Spatial distribution of precursors of cerebellar (cortical) inhib-
itory interneurons as indicated by the expression of Pax2, Tfap2a, and
Cdh13 as seen in sagittal sections of mice at embryonic days 15.5 and
18.5 and at postnatal day 4. The distribution of postmitotic Purkinje
neurons stained for calbindin D-28K (Calbl) is shown to facilitate
orientation. Note that Pax2 is expressed only as prospective inhibitor
interneurons go through their last mitosis and does not stain cells in
the ventricular epithelium. Also, this gene is rapidly downregulated
as molecular layer interneurons enter the nascent molecular layer and
thus, in contrast to a GFP-transgene based on the Pax2 gene (Wefers
et al. 2017), does not allow us to monitor dispersal of interneurons in
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the molecular layer. Staining for Tfap2a reveals a similar distribution,
and like Pax2 reveals the transit of precursors of inhibitory interneu-
rons of the molecular layer through the nascent white matter at E18.5
and P4. Lastly, staining for Cdh13 allows us to follow the spatiotem-
poral distribution of Golgi cells (and Lugaro cells; cf. Fig. 4). Note
that these cells can first be seen anteriorly, and that they can no longer
be seen in the nascent white matter at P4, when they are restricted to
the nascent internal granule cell layer. Strongly Cdh13-positive cells
can also be seen in the nascent cerebellar nuclei at all ages shown.
Rostral is to the left, dorsal to the top; scale bar=0.5 mm. All images
were taken from the Allen Brain Atlas (Lein et al. 2007)
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cells, distinguished by the fact that the axons of the latter do
not contact Purkinje cell somata (Smirnow 1897; Ramon y
Cajal 1909, p. 19-32). How then do these morphological
differences relate to the distinct genetic signatures obtained
for molecular MLIs (Schilling and Oberdick 2010; Kozareva
et al. 2021)? To address this issue, it is important to recall
that the classification of MLIs in the upper molecular layer
(ML) as stellate cells and those in the lower ML as basket
cells is at best a textbook simplification. Arguably, it can
be traced back to a summary description of Ramon y Cajal,
who stressed the star-like arrangement of the dendrites of the
smaller MLIs in both the upper and lower ML, and referred
to the larger MLIs in the lower ML as “cellules étoilées
profondes ou encore cellules a corbeilles” (Ramon y Cajal
1909, p 19).

Indeed, it is now well established that MLIs throughout
the molecular layer may impress as “star-like,” which refers
to the structure of their dendrites (cf. Ramon y Cajal, cited
above). Yet it has also been established that axons of inhibi-
tory interneurons from all ranges of the molecular layer do
contribute to the basket-like ensheathing of Purkinje cell
somata and axon initial segments. The fine axons of basket
cells resident in the upper molecular layer was beyond the
optical resolution available to Ramon y Cajal, who neverthe-
less pointed out that these cells had axons directed towards
the Purkinje cell layer (Ramon y Cajal 1909, p31). A first
quantitative study to assess the morphologic variability of
MLIs and its relation to the position of their somata in the
molecular layer was presented some 25 years ago by Sul-
tan and Bower (1998). While one may wonder whether this
seminal study may have been under-powered given its small
sample size, its key findings were recently fully confirmed
by Wang and Lefebvre (2022), who studied a much larger
data set. Their analysis again shows that basket cells may be
found throughout the molecular layer, with a preference for
basket cells to be positioned closer to the Purkinje cell layer
(r*=0.30 for the distance of MLI somata and their axons
contacting Purkinje cell somata). One implication of the
findings of Wang and Lefebvre (2022) is that the preferential
expression of a set of genes in MLIs in the lower but not the
upper molecular layer (for a list of genes, see Schilling and
Oberdick 2010; see also Sergaki et al. 2017 for Ret) cannot
be considered markers of basket cells. Rather, the quest for
the developmental and functional implication(s) of these dif-
ferences in gene expression is still open.

Combining their extensive morphometric data with the
gene expression data reported by Kozareva et al. (2021),
Wang and Lefebvre (2022) concluded that morphologically
unambiguously identified basket and stellate cells do not
align with the genetically defined clusters MLI1 and MLI2
reported by Kozareva et al. (2021). In an apparent contradic-
tion, Osorno et al. (2022) state that subclustering of MLI1
cells allows one to distinguish basket and stellate cells. As

these authors write, “MLI1_1 and MLI1_2 correspond to
basket cells and stellate cells, respectively, which have dis-
tinctive morphologies, synapse distribution and locations in
the molecular layer.” Yet the question of how they arrive at
this summary statement without morphometric identification
of the cells within these subclusters remains open.

Inhibitory interneurons of the cerebellar nuclei

Of all cerebellar inhibitory interneurons, those in the cere-
bellar nuclei are arguably the most enigmatic. Pax2-positive
cells have been described in the developing and adult cer-
ebellar nuclei (Maricich and Herrup 1999; Weisheit et al.
2006; Leto et al. 2009; data from the website associated with
Kebschull et al. 2020), and by analogy with Pax2-express-
ing cells in the cerebellar cortex, these cells are generally
thought to be interneurons. Yet it should be pointed out that
other than their rather late generation (final mitosis), which
contrasts with the early formation of established nuclear pro-
jection neurons (cf. Kebschull et al. 2023), no independent
data supporting the interneuronal character of these cells are
available. As already mentioned above, at least a subset of
the GABAergic projection neurons connecting, across the
midline, the fastigial nuclei also expresses Pax2 (Gomez-
Gonzalez and Martinez-Torres 2021). Further, the inhibitory
nuclear cells targeting a subset of Golgi cells identified by
Uusisaari’s group (Ankri et al. 2015) are presumably also
derived from Pax2-positive precursors (see also Kebschull
et al. 2023 for further discussion). Together, either these
results challenge the view that cerebellar Pax2-positive pre-
cursors exclusively give raise to inhibitory interneurons, or
we may have to broaden our definition of what may be con-
sidered an interneuron (in the cerebellar nuclei).

How do cerebellar inhibitory interneurons
differentiate?

It is our current understanding that Pax2-positive precur-
sors diversify in response to local signals received while
migrating from the ventricular epithelium through the deep
cerebellar mass and nascent white matter to their target ter-
ritories (Leto et al. 2010). The striking correlation between
when these cells go through their last mitosis and their final
fate (Leto et al. 2009) may be taken as an exemplary realiza-
tion of the old saying that correlation does not imply cau-
sation. As established in elegant transplantation studies by
Ketty Leto and the late Ferdinando Rossi (Leto et al. 2006,
2009), the neurochemical and morphological specifica-
tion of these cells occurs in response to local signals that
Pax2-positive precursors are exposed to in the dynamically
changing environment they find themselves in as cerebel-
lar development proceeds. We owe these authors the view
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that the nascent white matter of the cerebellum forms an
“instructive niche” (Leto et al. 2010) for cerebellar inhibi-
tory interneurons. Unfortunately, our knowledge about the
physical character of signals acting on immature precursors
of inhibitory cerebellar interneurons is still quite limited.
Some progress has been made for inhibitory interneurons
eventually populating the molecular layer (MLIs), which
are experimentally more easily accessible than the predomi-
nantly prenatally developing interneurons of the cerebellar
nuclei and the granule cell layer.

Generating a sufficient complement of inhibitory
interneurons, at appropriate proportions

In contrast to developing cerebellar GABAergic projection
neurons, precursors of inhibitory interneurons do not leave
the cell cycle as they emigrate from the ventricular epithe-
lium, and they continue proliferating extensively in the cer-
ebellar deep mass and nascent white matter. Proliferation
in the cerebellar ventricular zone ceases around embryonic
day 17.5 (Haldipur et al. 2022). Yet the bulk of precursors
for inhibitory interneurons become postmitotic only post-
natally, as indicated by their expression of Pax2 (Weisheit
et al. 2006). Combining these data, we may estimate that
more than 90% of all prospective inhibitory interneurons
go through their last mitosis in the nascent deep cerebellar
mass/white matter.

Two signaling molecules, sonic hedgehog (Shh) and
glial cell-derived neurotrophic factor (Gdnf; which despite
its name may also be synthesized by neurons), have been
identified supporting the proliferation of interneuronal pre-
cursors in the nascent white matter and thus contribute to the
exact, species-specific (Lange 1975; see also Ito 1984, p 75
and p 106 f) numerical matching of inhibitory interneurons,
Purkinje cells, and granule cells.

Sonic hedgehog stimulates proliferation of both Ptfla-
positive interneuronal precursors in the cerebellar ventricu-
lar epithelium and those in transit through the white matter
(Huang et al. 2010; Fleming et al. 2013; de Luca et al. 2015).
In 2013, Fleming et al. showed that Shh, which drives pro-
liferation of Pax2-positive cells in the nascent white matter,
is produced by Purkinje cells. Thus, Purkinje cells use the
same signaling molecule by which they locally regulate the
expansion of granule cell precursors (Smeyne et al. 1995)
to adjust the generation of inhibitor interneurons at some
distance. The conceptually attractive idea that Purkinje
cells might specifically regulate the proliferation of inhibi-
tory interneurons that eventually will directly interact with
them has so far not been tested. The data of de Luca et al.
(2015) further suggest that developing inhibitory interneu-
rons might still be responsive to Shh as they leave the cell
cycle, implying that Shh could also be involved in the dif-
ferentiation of MLIs. This idea seems also supported by
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the observation that animals in which the Shh signal trans-
ducer Smo was knocked out in Ptf1a-positive cells showed a
reduced proliferation of these cells and a quite specific loss
of MLIs in the upper molecular layer (Li et al. 2022).

Conversely, elimination of Shh signal transduction by
targeting even earlier stem cells, which give rise to both
astroglial cells and Pax2-positive cells (and presumably
NG2-cells), was reported to affect numbers of interneurons
in the MLI and the granule cell layer (Fleming et al. 2013).
As for the development of cerebellar inhibitory interneurons,
these two targeting strategies to abrogate Shh-sensitivity dif-
fer in at least two significant ways. First, they eliminate Shh-
signaling at quite different developmental stages. Second,
as the approach chosen by Fleming et al. (2013) also affects
glial cells, it may also impinge on the microenvironment,
the “developmental niche” (Leto et al. 2010) in which Pax2
cells differentiate.

Sergaki et al. (2017) reported that the development of
MLIs is also dependent on GDNF/Ret/Gfral signaling, and
that ablation of either Ret or Gfral (in Ptfla lineage cells;
i.e., all cerebellar inhibitory interneurons, Purkinje cells, and
also nuclear inhibitory neurons except the cells described by
Bagnall et al. 2009; cf. above) resulted in a specific loss of
some 25% of MLIs. Unfortunately, the mechanistic inter-
pretation of these findings is fraught with discrepancies
between the expression of the Ret®fP-knock-in construct
used to identify Ret-expressing cells and that of cognate Ret,
as may be taken, say, from data in the Allen Brain Atlas
(Lein et al. 2007) or as documented in recent single-cell
gene expression studies (Kozareva et al. 2021; Vladoiu et al.
2019; Khouri-Farah et al. 2022). Thus the (strong) expres-
sion of RetS™ in Pax2-positive cells of the nascent white
matter reported by Sergaki et al. (2017) cannot be seen for
cognate Ret; conversely, cognate Ret is strongly expressed
in large-bodied cells in the granule cell layer (presumptive
Golgi cells), whereas Ret®™? was not found in these cells.
Indeed, single-cell analysis of a total of 2236 interneuronal
precursors obtained from p4, p8, and p12 old animals, i.e.,
in the time window during which most MLIs are formed
and enter the molecular layer (Leto et al. 2009; Wefers et al.
2017), showed that ~6.6% expressed Ret, ~ 15.9% expressed
Gfral, but only 15 out of 2236 cells (~0.7%) coexpressed Ret
and Gfral (gene expression data from Kozareva et al. 2021).
Consistent percentages were obtained when this analysis was
limited to the 1069 Pax-2 positive cells in the sample (4.4,
24.6, and 0.8%).

An alternative explanation of the data reported by Ser-
gaki et al. (2017) might be that Gdnf impinges on the devel-
opment of cerebellar inhibitory interneurons by acting on
Gfral in association with Ncam (Paratcha et al. 2003; Ibanez
et al. 2020), which is widely and rather strongly expressed
in virtually all precursors of cerebellar cortical interneurons.
This so far hypothetical Ncam-assisted Gdnf signaling in
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MLIs does not exclude an effect of Ret, as described. How-
ever, given the very sparse expression of Ret in precursors
of MLIs, Ret-mediated signaling can hardly be cell-autono-
mous, as postulated, based on the mistaken notion “that no
other cerebellar cell type apart from MLIs expresses Ret”
(Sergaki et al. 2017). As documented in the Allen Brain
Atlas and in the online data accompanying the recent paper
by Kebschull et al. (2020), Ret is also expressed in cerebellar
nuclei. Further, any attempt to adjust the intriguing model
suggested by Sergaki et al. (2017) needs to account for the
observation that, at least in adult murine cerebella, gene
expression data suggest that Gdnf is much more strongly
expressed in Golgi cells than in Purkinje cells (Kozareva
et al. 2021). Lastly, Ret is also involved in other signaling
pathways, notably that of ephrins and their receptors (Bona-
nomi et al. 2012; Lisabeth et al. 2013), some of which are
prominently expressed in nascent inhibitory interneurons
(cf. Liebl et al. 2003; and data of Kozareva et al. 2021).

Be that as it may, interference with Gdnf/Ret/Gfral sign-
aling in the Ptfla lineage resulted in a specific loss of about
25% of MLIs, obviously without affecting numbers of other
inhibitory neurons derived from Ptfla-positive precursors
(Sergaki et al. 2017).

A loss of about 50% of parvalbumin-positive MLIs,
but not of neurogranin-positive Golgi neurons, was also
observed in Prdm13-deficient mice (Whittaker et al. 2021).
The authors of this publication did not probe whether the
loss of MLIs was related to their position (depth) in the
molecular layer, though their data show that both morpho-
logically intact basket and stellate cells, discernible by their
axonal projections, were still found in Prdm13-null animals.
Also, the effects of Prdm13 ablation on the some 20% of
neurogranin-negative Golgi cells and PLIs was not tested.
Still, the findings of Whittaker et al. (2021) are consistent
with the notion that reduced generation of Pax2-positive
precursors of inhibitory interneurons leads to a preferential
deficit in the upper regions of the cerebellar cortex. Lastly,
a preferential loss of later-born inhibitory interneurons (i.e.,
of those that normally settle in the upper molecular layer)
was also observed in mice lacking Ascll in the cerebellum
(Sudarov et al. 2011).

None of the conditions just described—i.e., signaling via
Shh and Gdnf, or mutations in Prdm13 and Ascll—may
be presumed to act selectively on precursors of cerebellar
inhibitory interneurons, and thus probably also impinge on
the “instructive niche” these cells find themselves in. Yet a
common aspect of these various conditions is that they all
preferentially affect the development of cerebellar cortical
inhibitory interneurons in the upper (outer) cerebellar cor-
tex/upper molecular layer. This is strongly reminiscent of the
failed generation of MLIs of the upper molecular layer after
ablation of cyclin D2 described in a classical study by Huard
et al. (1999). Thus, five genetically and mechanistically

Fig.6 A revised version of the “instructive niche model.” This image
depicts part of a developing murine cerebellum at postnatal day 4.
Part of the ventricular epithelium from which precursors of inhibi-
tory interneurons originate is still visible and delineated by a black
line at the left margin of this image. The deep cerebellar mass/nas-
cent white matter where immature inhibitory interneuronal precursors
are presumed to be programmed towards their final fate according to
the original version of the “instructive niche model” is colored in red.
Cerebellar nuclear and cortical areas suggested to cause the final dif-
ferentiation of inhibitory interneurons according to the revised model
proposed here are colored in blue. Red arrows symbolize (so far uni-
dentified) instructive signals in the nascent white matter, and blue
stars indicate that territories settled by differentiating interneurons
lose their attraction for later-arriving inhibitory interneuronal precur-
sors as suggested by the present model. The background image was
obtained from the Allen Brain Atlas and shows a few oligodendro-
cytes expressing MBP, one of the cell types that might impinge on
late-, but not on early-generated inhibitory interneuronal precursors
(cf. also Groteklaes et al. 2020). Scale bar ~0.4 mm

distinct conditions that all impede the generation of a normal
complement of cerebellar inhibitory interneurons consist-
ently result in a preferential deficit of inhibitory interneurons
in those cortical areas that, during normal development, are
reached and settled last.

A parsimonious and integrative explanation for these
observations might be as follows (Fig. 6): Cerebellar nuclei,
the granule cell layer, and the lower and upper molecular
layer all form attractive targets for prospective inhibitory
interneurons. Yet as they get settled by interneuronal precur-
sors, and as these start to differentiate, their attractiveness
wanes, or they possibly become even repulsive for immature
interneuronal precursors, which consequently continue to
migrate towards more distant but still attractive regions. If
too few immature cells are formed, the regions farthest off
would remain unsettled. Following experimental ablation
of granule cell precursors and the consequent reduction of
parallel fibers, immature MLIs still accumulate next to the
cerebellar surface but fail to differentiate and to disperse
(Cadilhac et al. 2021). This underscores the fact that differ-
entiation of inhibitory interneurons is crucial to abrogating
the unknown attractive signal for prospective MLIs. Finally,
the observation, made 30 years ago (Napieralski and Eisen-
man 1993; see also Napieralski and Eisenman 1996; Hamre
and Goldowitz 1996), that immature precursors of inhibitory
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interneurons still migrate beyond the forming Purkinje cell
layer in the anterior cerebellum of meander tail mice sug-
gests that granule cells and parallel fibers are not needed to
make the region beyond Purkinje cell somata an attractive
target for immature inhibitory interneurons. The final fate of
cerebellar inhibitory interneurons would then be defined by
signals received once they settled.

The scenario just sketched is consistent with the “instruc-
tive niche” model (Leto et al. 2010) introduced above and,
importantly, with the experimental data that led to its formu-
lation. However, it somewhat shifts the perspective given in
its original formulation, where the focus was on the chang-
ing microenvironment that precursors of inhibitory interneu-
rons would be exposed to in the nascent white matter (Leto
et al. 2009, 2010). Here, I propose taking into account that
territories not yet occupied by differentiating inhibitory
interneurons also change substantially as cerebellar devel-
opment proceeds. Thus, in a young animal, with only a few
interneurons formed, there is much more "land" to be settled
than in an older host, which has almost completed its endog-
enous program of interneuron generation and dispersal.

Migration and local integration of cerebellar
inhibitory interneurons

As indicated above, most precursors of cerebellar inhibi-
tory interneurons go through their last mitosis in the nascent
white matter, and it is only then that they start to express
Pax2 and can be unambiguously identified. This implies that,
so far, the initial dispersal of these cells into the cerebellar
anlage can only be inferred from the spatiotemporal pattern
of the appearance of Pax2-positive cells (Fig. 5).

There is some rather anecdotal data depicting the move-
ment of Pax2-positive cells along the folial axes within the
nascent white matter as the cerebellar cortex acquires its
characteristic folds (see supplementary materials to Hecker
et al. 2008, and also to Wefers et al. 2017). However, we
are currently ignorant about distances covered this way, and
about numbers of cells that do so. We are also completely
ignorant about what triggers the eventual transit of these
cells into nascent cerebellar nuclei or the emergent cortex,
at appropriate locations, and at appropriate numbers.

Conversely, the migration of Pax2-positive cells in the
cerebellar cortex, and notably in the molecular layer, has
been studied using a variety of model systems. Cameron
et al. (2009) used cultures of sagittally oriented slices from
5- to 14-day-old mice and described the ascent of prospec-
tive MLIs through the cerebellar cortex as occurring in a
predominantly radial or oblique direction. After reaching the
border of the external granule cell layer, the cells switched
and migrated tangentially. Of note, in sagittally oriented
slices, “tangential” indicates a direction perpendicular to
the (in situ) orientation of parallel fibers. This mode of
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migration was observed within the first 2 days of cultiva-
tion. Subsequently, cells were observed migrating again in
a radial direction, but inward, until finally they moved again
tangentially and started to extend dendrites, which were
preferentially oriented parallel to the Purkinje cell layer.

The tangential migration described by Cameron et al.
(2009) was not observed in acute slices analyzed by Cadil-
hac et al. (2021). Rather, these authors noted a tangential
migration in the mediolateral direction, i.e., along the devel-
oping parallel fibers of granule cells leaving the external
granule cell layer. Cadilhac and associates plausibly discuss
this discrepancy with the inevitable cellular and molecular
reorganization that occurs in cultured slices over time, nota-
bly that of granule cell axons and the expression of the cell
adhesion molecule Tag-1 by these cells.

While the data of Cadilhac et al. (2021) greatly contribute
to our understanding of the migration of MLIs, one caveat
nevertheless seems appropriate. These authors suggest that
the tangential mode of migration they observed might be
specific for later-arriving MLIs in the upper molecular layer
(to which they refer as stellate cells). However, it should be
noted that they did not specifically exclude such a tangential
migration mode for early-arriving MLIs. Such an analysis
might in fact be difficult for two technical reasons. First, up
to postnatal day 3—the time point at which these authors
monitored migration in the lower molecular layer—only
about 10-20% of all Pax2-expressing cells have formed,
and the behavior of the few cells that by then have arrived
at the border of the external granule cell layer may have
been missed. This problem may have been further aggra-
vated by the fact that the Gad67-Gfp transgene Cadilhac and
associates used to identify MLIs is developmentally regu-
lated and, in the cortex, its expression “stabilized during
the second postnatal week” (Chattopadhyaya et al. 2004).
Moreover, given that in the cortex this transgene labeled
only 50% of parvalbumin-positive interneurons, verifica-
tion of its expression in early developing MLIs entering the
molecular layer would be highly desirable to substantiate
the different migration modes for differentiating MLIs in
the lower versus the upper molecular layer, as suggested by
Cadilhac et al. (2021).

Like Cadilhac et al. (2021), Wefers et al. (2017) used two-
photon imaging to assess migration of prospective MLIs in
acute slices of the early postnatal cerebellar anlage (P7-P9).
Migrating precursors of MLIs were identified based on their
expression of a Pax2-GFP transgene (Pfeffer et al. 2002;
Weisheit et al. 2006). Technically, this study also differed
from the two studies just discussed in that it allowed for
monitoring of cell positions with a much higher temporal
resolution [one image every 42 s; in contrast to one image
every 10 min (Cadilhac et al. 2021) or even every 30 min
(Cameron et al. 2009)], and indeed in three dimensions.
The key finding of this study was that Pax2-expressing
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precursors of MLIs receive synaptic input as they migrate
into the molecular layer, and that abrogation of this input
disturbed their directional migration. This effect contrasts
with the previously known effects of changes in the ambi-
ent levels of neurotransmitters or global transmitter receptor
blockade in the developing nervous system, which predomi-
nantly affects speed (for further details and references, see
discussion in Wefers et al. 2017). These apparently conflict-
ing observations may be readily reconciled considering that
fluctuations in ambient transmitter levels or general receptor
blockade result in non-localized, or isotropic signals on indi-
vidual cells, whereas synaptic signals are highly localized
and provide an anisotropic stimulus.

While Wefers et al. (2017)—including the present
author—considered parallel fibers as a rather unlikely
source of synaptic input for migrating MLIs, this view may
need revision given the results recently reported by Park
et al. (2019). In their elegant study, these authors selec-
tively abrogated synaptic/secretory activity of subsets of
granule cells in the developing cerebellum. Consequently,
the nascent molecular layer comprised stacked territories
of active and muted parallel fibers. In these animals, MLIs
were misplaced, a finding that corroborated the significance
of synaptic activity for MLI migration described by Wefers
et al. (2017). It may be added that the abnormal development
of Purkinje cell dendrites also seen in this study could be
taken as an independent indicator of parallel fiber silencing
(cf. Schilling et al. 1991a). Importantly, the (transient) lack
of parallel fiber activity in these mice resulted in persistent
motor deficits.

Lastly, the observation that immature MLIs were found
expressing rather high levels of immediate early genes, nota-
bly Fos (Kozareva et al. 2021; this finding is also supported
by the data reported by Vladoiu et al. 2019), is consistent
with the significance of external stimuli operative during the
development and settling of these cells. However, it should
be stressed that the sensitivity of Fos to a broad spectrum of
external stimuli (e.g., Schilling et al. 1991b; Smeyne et al.
1992) does not allow us to draw any conclusions as to the
nature of those acting on developing MLIs, which indeed
may include stimuli due to tissue preparation.

If physiological, the activation of immediate-early genes
like Fos pinpoints generalized changes in gene expression
of stimulated cells. Conversely, the synaptic input as identi-
fied by Wefers et al. (2017) is predicted to result in highly
localized effects. It is well established that neurotransmitter-
mediated ionic currents or second messenger fluctuations
may (transiently) alter migratory activity or axonal steering
by modulating the sensitivity of growth cones/leading pro-
cesses to both diffusible and localized migratory cues (e.g.,
Hong et al. 2000; Ming et al. 1997). Mechanistically, this may
be realized, for example, by altering translation of localized
mRNAs (e.g., Holt and Schuman 2013; Perez et al. 2021; Lin

and Holt 2007), or by depolarization-induced growth cone col-
lapse (e.g., Xu et al. 2019), or more generally, by interfering
with second messenger networks integrating extracellular cues
that orient migrating cells or sprouting axons in the developing
brain (Baudet et al. 2023).

Cerebellar inhibitory interneurons
and disease

In contrast to the prominent neuropathology and devastat-
ing diseases that may be traced to excitatory neuronal line-
ages of the cerebellum (e.g., Vladoiu et al. 2019; Hendrikse
et al. 2022; Luo et al. 2022), to Purkinje cell dysfunction
(e.g., Chopra et al. 2018; Jiang et al. 2015), or even to the
still somewhat enigmatic cells of cerebellar nuclei (for an
extensive review, see Kebschull et al. 2023), our knowledge
about disease-related dysfunction of inhibitory interneurons
is limited and just about to emerge. Thus, Pilotto and associ-
ates (2023) recently reported that Purkinje cell degeneration
in spinocerebellar ataxia type 1 (SCA1) can be related to
increased activity of molecular layer interneurons, which
are characterized by elevated levels of parvalbumin expres-
sion and an imbalanced excitatory-to-inhibitory synaptic
investment. This, in turn, was related to the expression of
increased levels of Frrsll, a protein implicated in AMPA
receptor trafficking. The authors concluded “that circuit-
level deficits upstream of [Purkinje neurons] are one of the
main disease triggers in SCA1” (Pilotto et al. 2023).

As already discussed above, reduced generation of Pax2-
positive precursors of inhibitory cerebellar interneurons has
also been observed in humans with mutations of Prmd13
(Whittaker et al. 2021). Whether and how this lack of a full
complement of inhibitory interneurons might contribute to
the severe (neuro-)pathology of the affected subjects, which
also suffer from Purkinje cell dysfunction (Coolen et al.
2022), remains to be seen.

Lastly, it should be recalled that the development of
human excitatory cerebellar cell lineages has recently been
shown to differ significantly, and in a disease-relevant
way, from that of mice, and indeed other nonhuman pri-
mates (Haldipur et al. 2019). These findings beg the ques-
tion whether similar species differences exist for inhibitory
cerebellar interneurons, the numbers of which, like those
of excitatory granule cells, scale positively with those of
Purkinje cells as brains get larger (Lange 1974; Ito 1984, p
74; Korbo et al. 1993; Huang et al. 2014).

(Conclusions and) perspectives
To conclude, the integration of an increasing number of

single-cell-based gene expression studies with classical
developmental studies, but also with sophisticated imaging,
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provides a wealth of opportunities to further explore the
development and pathology of the cerebellum. Not unexpect-
edly, the new perspectives these novel data grant come with
new and intriguing questions. For example, for a number of
genes, scCRNA studies and immunocytochemical analyses
are at conflict. To name but one example, immunostaining
suggests that the splicing factor Rbfox3 (NeuN) is expressed
only in excitatory cerebellar cortical cells (Weyer and Schil-
ling 2003), whereas scRNA data indicate that its mRNA is
also expressed in inhibitory neurons (see Fig. 4; data from
Kozareva et al. 2021). Does this reflect a difference in the
sensitivity of these methods, or does this hint at a deeper
biological/physiological process, like differential splicing
or phosphorylation of the Rbfox3 protein product, which
might alter the epitope recognized by its defining antibody
(Lind et al. 2005; Maxeiner et al. 2013) and possibly its cel-
lular function? Related questions are of outstanding interest,
considering that alternative splicing has been estimated to
occur in more than 90% of all multi-exon genes (Wang et al.
2008; Pan et al. 2008), and differential splicing and mRNA
editing have been observed for multiple genes crucial for
the specific physiology of nerve cells, ranging from pattern
formation and wiring (e.g., neurexins; Nguyen et al. 2016;
Lin et al. 2023; Hauser et al. 2022) to receptor characteristics
and localization (e.g., Wen et al. 2017; Dos Reis et al. 2022;
see also Farini et al. 2020 for an example of the significance
of splicing for proper cerebellar development). Fortunately,
technologies to tackle these issues are being developed at a
rapid pace (e.g., Wen et al. 2023; Feng et al. 2021; Benegas
et al. 2022; Joglekar et al. 2021; and more recent examples
will probably be available as this manuscript goes into print).
Simultaneously, the spatial resolution of such techniques
and their integration with classical histological approaches
advances rapidly (e.g., Baysoy et al. 2023; Alon et al. 2021;
Kwon 2023; Shi et al. 2023, and further references there),
paving the way for the inclusion of subcellularly localized
mRNAs (e.g., Wanner et al. 1997; Crino and Eberwine 1996;
Zhang et al. 2008; Holt and Schuman 2013; Mendonsa et al.
2023) in single-cell analyses (for a recent review, see Ament
and Poulopoulos 2023). Importantly, technological advances
increasingly allow multimodal analyses and integration, at
the single-cell level, of mRNA expression with the analysis
of transcriptional regulation, protein expression and post-
translational modification, or metabolic activity (see, e.g.,
Bartosovic and Castelo-Branco 2023; Zheng et al. 2023;
Fangma et al. 2023). Together, these technological advances
herald even deeper insights into cerebellar development and
an informative, exciting future for histochemistry and cell
biology in general.
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