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SYMPOSIUM REVIEW

The mysterious microcircuitry of the cerebellar nuclei
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Abstract The microcircuitry of cerebellar cortex and, in particular, the physiology of its main
element, the Purkinje neuron, has been extensively investigated and described. However, activity
in Purkinje neurons, either as single cells or populations, does not directly mediate the cerebellar
effects on the motor effector systems. Rather, the result of the entire cerebellar cortical computation
is passed to the relatively small cerebellar nuclei that act as the final, integrative processing unit
in the cerebellar circuitry. The nuclei ultimately control the temporal and spatial features of
the cerebellar output. Given this key role, it is striking that the internal organization and the
connectivity with afferent and efferent pathways in the cerebellar nuclei are rather poorly known.
In the present review, we discuss some of the many critical shortcomings in the understanding of
cerebellar nuclei microcircuitry: the extent of convergence and divergence of the cerebellar cortical
pathway to the various cerebellar nuclei neurons and subareas, the possible (lack of) conservation
of the finely-divided topographical organization in the cerebellar cortex at the level of the nuclei,
as well as the absence of knowledge of the synaptic circuitry within the cerebellar nuclei. All
these issues are important for predicting the pattern-extraction and encoding capabilities of the
cerebellar nuclei and, until resolved, theories and models of cerebellar motor control and learning
may err considerably.
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Introduction

The role played by the olivo-cerebellar system in motor
control has been the subject of intensive research; it is
thought to be involved in motor learning (Kawato, 1999;
Ohyama et al. 2003) and/or in the timing of motor
execution (Welsh et al. 1995; Welsh, 2002; Ivry & Spencer,
2004). Several decades of anatomical work have resulted
in detailed knowledge of the connectivity within the
cerebellar cortex as well as the organization of the afferent
and efferent pathways connecting the cerebellum to the
rest of the brain (Fig. 1A).

A cornerstone of cerebellar anatomy is the concept
of topographic organization on several levels (Apps &
Hawkes, 2009). It is based on the observation that the
afferent fibres (‘climbing fibres, CFs) from the inferior
olive (IO) are organized in strictly parasagittal bands in the
cerebellar cortex, so that nearby neurons in the IO target
Purkinje neurons (PNs) localized in narrow, rostrocaudal
bands. This organization is complemented by another
topographically arranged afferent input, the mossy fibre
(MF)—parallel fibre (PF) pathway. Together, the CF and
ME-PF pathways are thought to subdivide the otherwise
quite homogeneous cerebellar cortex into numerous areas
(sometimes called ‘zones’ or ‘patches’; Apps & Hawkes,
2009), each dedicated to processing signals originating
from a certain body area or sensory modality. However,
as will be discussed later, it is not at all clear that this
proposed segregation into independent processing units
would extend to the cerebellar output pathways.

The anatomical organization combined with physio-
logical and behavioural studies have given rise to several
models of the cerebellar role in motor learning, the most
widely believed of which defines the input arriving on
climbing fibres as ‘error’ or ‘teacher’ signals that lead
to depression of the parallel fibre-PN synapses and to
reduced PN output (Ito, 2001). However, the complex
dynamic behaviour of the cerebello-olivary neuronal
networks being revealed suggests that, at least, the effects
of plasticity are more subtle (Steuber et al. 2007) and that
many more modes and loci of plasticity are involved in
learning (Hansel et al. 2001; Jorntell & Hansel, 2006).

Regardless of the debate on how the cerebellar cortex
contributes to motor learning, it is clear that the signals
must be finally integrated in the PNs as they are its only
output. The result of cerebellar computation — encoded
in a still-debated manner in the sequence of simple
and complex spikes (Welsh, 2002; Jacobson et al. 2008;
De Schutter & Steuber, 2009) — is conveyed by the
GABAergic PN axons mainly to cerebellar nuclei (CN)
neurons via projections roughly following the anatomical
organization of the cerebellar cortex. A supposedly
analogous but weaker connection from the floccular
cerebellum also targets the vestibular nuclei (VN) and
contributes to the vestibulo-ocular reflex (De Zeeuw et al.
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1994; Sekirnjak et al. 2003). The vestibular nuclei will not,
however, be discussed in this review.

In classic theory, the role of CN has been thought to
be limited to assigning opposite ‘signs’ to the cerebellar
output: inhibitory GABAergic signalling to the IO (the
nucleo-olivary pathway, NO; Fredette & Mugnaini, 1991),
excitatory glutamatergic signalling to the forebrain motor
areas, with the cerebellar subnuclei targeting different
systems. More recently, the typical physiology of the
CN neurons, with strong rebound spikes following
release from inhibition (Llinds & Miihlethaler, 1988;
Tadayonnejad et al. 2010), has led to theories proposing
that the rebound spike transmits a timing signal (Kistler
et al. 2000; De Schutter & Steuber, 2009; Steuber et al.
2011). Nevertheless, all these theories are limited by poor
knowledge of CN neuron and synapse physiology.

Importantly for the current thoughts on CN function,
the cortico-nuclear pathway as well as the nucleo-olivary
(NO) projection by GABAergic CN projection neurons
have been shown, as will be discussed in more detail
later, to preserve the topographical organization of the
cerebellar cortex to some degree, leading to the suggestion
of closed feedback loops within each cerebellar functional
unit (Kenyon et al. 1998; Bengtsson & Hesslow, 2006).
Furthermore, there is evidence for conserved projection
arrangements from the CN to the motor system (Dum
& Strick, 2003) even though the precise organization of
cerebellar output to the motor areas is comparatively
poorly known.

In her seminal work, Chan-Palay (1973¢, 1977)
described six different neuronal populations within the
CN, atleast two of which were local interneurons, together
with diverse patterns of innervation by PN and local
neuron axons as well as by collaterals of the same CF
and MF axons that provide input to the cerebellar cortex.
Chan-Palay’s anatomical examination did not, however,
lead to incorporation of the intra-CN network into the
conceptual models of cerebellar function, as difficulties in
distinguishing the neuronal types (Czubayko et al. 2001;
Aizenman et al. 2003; Sultan et al. 2003) prevented their
functional investigation.

More recently, electrophysiological examination of
identified CN neuronal subgroups have been made
possible by the advent of genetically targeted fluorescent
labelling, and at the time of this review, at least six
different CN neuronal groups have been identified
in terms of neurotransmitter type, morphology and
intrinsic properties (Fig. 1B; Uusisaari ef al. 2007; Bagnall
et al. 2009; Uusisaari & Knopfel, 2009). In addition to
the previously mentioned glutamatergic and GABAergic
projection neurons, these groups comprise at least two
separate interneuronal types, one of which is GABAergic
or mixed GABA/glycinergic and the other (probably)
glutamatergic as well as two glycinergic projection
neurons: a nucleo-cortical glycinergic neuron found in
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the lateral CN (Uusisaari & Knopfel, 2009), and a group
of glycinergic neurons in the fastigial CN projecting into
the vestibular nuclei (Bagnall et al. 2009).

Despite this progress in knowledge of single neuron
function in the CN, our understanding of its role in
cerebellar function remains confounded by an almost
complete lack of knowledge about the internal neuronal
and synaptic organization of the CN. As in any complex
neuronal network, the properties and activity of the inter-
neuronal network is likely to contribute significantly to
modulating cerebellar output.

Recently, known aspects of the CN circuitry have
been reviewed (Uusisaari & Knopfel, 2010). In what
follows, we will outline what in our opinion are some
of the most critical remaining shortcomings in our
understanding of the cerebellar nuclei, with specific
focus on the anatomical arrangement of elements in
the olivo-cortico-nucleo-olivary (OCNO) pathway and
of the neuronal circuits forming the output channels
of the CN. First, we start by discussing the current
views (and their shortcomings) on synaptic pathways
between the cerebellar cortex and the nuclei as well as
the consistency of the OCNO pathways across different
subnuclei. Next, we will look at the extent and significance
of afferent and intrinsic synaptic connectivity among the
local and projecting CN neurons, and finally consider
the limitations this organization imposes on cerebellar
efferent signalling. We hope that this overview will inspire
research into these crucial issues that will complement
the anatomical knowledge with the necessary electro-
physiological understanding of this structure.

Properties of the corticonuclear connection

The connection between Purkinje neurons and cerebellar
nuclei has been keenly studied in terms of anatomy, axonal
and synaptic physiology and plasticity (Chan-Palay, 1973b;
De Zeeuw & Berrebi, 1995; Sastry et al. 1997; Aizenman
et al. 1998, 2000; Teune et al. 1998; Ouardouz & Sastry,
2000; Telgkamp & Raman, 2002; Pedroarena & Schwartz,
2003; Telgkamp et al. 2004; Monsivais et al. 2005; Pugh &
Raman, 2005; Sugihara et al. 2009). It is characterized by
preferential targeting of cell somata rather than dendrites,
and functional features of their synapses (multiple release
sites allowing spillover-mediated synaptic transmission,
low release probability and fast synaptic depression) that
make them well-suited for reliable transmission of changes
— rather than average activity rates — in high-frequency
PN spiking. Unfortunately, due to the known difficulties
with electrophysiological examination of the CN neurons
in vitro as well as the (until recently) ill-characterized CN
neuronal classes, most of the work has focused solely on
one CN neuronal type, the large glutamatergic projection
neuron in juvenile animals. Moreover, because it is very

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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difficult to prepare cerebellar slices that contain an entire
PN axon, it has not been possible to characterize the
synaptic contact by paired PN-CN recordings, limiting
the experiments to fibre tract stimulation. This is further
complicated by a similar lack of anatomical knowledge
at the single-cell level. This is unfortunate as the exact
distribution of PN-CN connections will have a large
influence on how information coded in the PN activity
patterns (simple and complex spikes; see Hong & De
Schutter, 2008; De Schutter & Steuber, 2009) is transmitted
by CN neurons (Fig. 2).

Convergence of PN axons on CN cells. Based on
anatomical considerations, and the fact there are many
more PNs than CN neurons (PN-to-CN neuron count
ratio 26:1, Palkovits et al. 1977 (cat); approx. 200,000
Purkinje neurons in mouse, e.g. Zanjani ef al. 1996; approx
30,000 neurons in mouse CN, Sultan et al. 2002), it seems
clear that there must be substantial convergence of the
cortico-nuclear pathways (Fig. 2). If the convergence was
equal over all CN and CN cell types, and each PN would
be assumed to innervate only a single postsynaptic target,
one would expect in the order of 20 PNs converging on a
single CN neuron. A PN axon is, however, known to branch
extensively within their conical target fields, within which
several tens of large CN neuron cell bodies or dendritic
segments are estimated to fit. A detailed study by Palkovits
and colleagues (1977), that takes into account the physical
spread of the PN axonal field, number of PN terminals in
a volume and the extent of CN dendritic trees predicted a
high convergence ratio (1:860, cat).

However, as readily admitted by Palkovits et al,
numerical treatments based on average synapse densities
can only give limiting values as they do not address the
possibility that the strength of PN connection between
individual postsynaptic neurons would be variable.
Indeed, it is known that a single PN axon can form as many
as 50 on some and as few as one synaptic terminal on other
target neurons (Palkovits et al. 1977), suggesting that even
though a CN cell could be contacted by a large number of
individual presynaptic PNs, most of the synaptic terminals
could be formed by axonal branches from just a few (3—4)
presynaptic PNs with tens of presynaptic terminals each.
In such a case or with a very low PN-CN convergence ratio
the inhibitory input to CN would be expected to fluctuate
heavily, with the conductance changes dominated by the
activity of a few PNs (Fig. 2A).

Even so, physiological evidence seems to speak against
such a scenario: in vivo, large individual IPSPs are rare,
at least in the presumed large glutamatergic projection
neurons (Bengtsson et al. 2008). This lack of significant
fluctuations suggests that large projection neurons are
the target of a large number of equally contributing,
for the most time non-synchronized PNs that jointly
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evoke thousands of inhibitory postsynaptic events per
second. The PN-CN connection seems to be optimized
to deliver a rather steady inhibitory current as the strong
depression combines with regular simple spike firing of
PNs (Fig. 24, Telgkamp & Raman, 2002; Pedroarena &
Schwartz, 2003; Shin et al. 2007), greatly diminishing the
influence of individual, unsynchronized single spikes on
action potential frequency and precision in the target CN
cells (Gauck & Jaeger, 2000; Shin et al. 2007; Jaeger, 2011;
Lang & Blekinsop, 2011). Transient synchronization of
simple spikes (Jaeger, 2003; Shin & De Schutter, 2006;
Medina & Lisberger, 2007; de Solages et al. 2008; Wise
et al. 2010) and of the lower-frequency complex spikes
(Welsh et al. 1995; Ozden et al. 2009, 2010; Schultz et al.
2009) may cause transiently synchronized PN output.
Importantly, synchronous pauses of PN firing may
result in a temporary lift of the tonic inhibition of CN
target neurons (Shin & De Schutter, 2006; De Schutter
& Steuber, 2009) which can play a critical role in
the generation of rebound activity in CN neurons, a
hotly debated phenomenon (Alvina et al. 2008; Zheng
& Raman, 2009; Hoebeek et al. 2010; Tadayonnejad
et al. 2010). Rebound spikes could potentially endow
the CN projection neurons with a capability to pre-
cisely encode both rate- and time-related signals (De
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Schutter & Steuber, 2009). Even though rebound firing
is clearly within the physiological capabilities of CN
neurons under certain conditions, elucidation of the
functional significance of rebound activity will require
knowledge not only of the PN-CN connection but also
of the convergence/divergence of the CN efferents to
extracerebellar structures.

In conclusion, the question of PN-CN convergence
and thereby, the signal transduction capability of the
pathway is far from being settled. Moreover, the PN axon
termination areas and distribution of synaptic swellings
differ significantly between different CN neuron types
(see below) and among the CN subnuclei (Sugihara et al.
2009), suggesting that CN neuron subpopulations could
be tuned for extracting different features of PN spike
patterns (Fig.2B). Finally, it remains to be verified to
what extent the observed projection patterns are conserved
between species.

Divergence of PN axons on different CN cell types.
Even though most of the current knowledge about
the PN-CN connection is based on examinations of
a single class of CN neurons (the large projection
neurons), the PNs target CN neurons of various sizes and

Figure 1. Overview of cerebellar circuitry

A, schematic representation of the gross circuit organization of the cerebellum. The cerebellum receives afferent
input via two excitatory pathways, the mossy fibres (MF) originating in various precerebellar nuclei and climbing
fibres (CF) that arise solely from the inferior olivary nucleus (I0) in the contralateral brainstem. These pathways
converge in the cerebellar cortex (black shaded area), with the CFs exciting the Purkinje neurons (PN) directly and
MFs indirectly by first diverging onto a large number of excitatory cerebellar granule cells (GrC). Each GrC axon
gives rise to a parallel fibre (PF) that extends up to several millimetres, coursing medio-laterally in the molecular layer
of cerebellar cortex and contacting numerous PNs. (Note that the several classes of cortical inhibitory interneurons
are omitted in this drawing for clarity.) The PNs are the sole output from the cerebellar cortex, and the cerebellar
nuclei (CN) are their main target; the CN, on the other hand, are the sole output structure of the cerebellum as
well as a second location for MF- and CF-pathway convergence via their respective collateral axons. The two main
cerebellar efferents formed by axons of the CN neurons can be roughly divided into the inhibitory nucleo-olivary
(NO) projection, and the excitatory projection diverging to various relay nuclei in the brainstem and thalamus. The
properties and physiological significance of the nucleo-cortical projection (dark blue arrow reaching the granule
cell layer) are unknown. Note that in this and other figures, the CN are drawn schematically without differentiating
between the various subnuclei (fastigial, anterior and posterior interpositus, and lateral nuclei). B, currently known
neuronal components of the cerebellar nuclei. At least six different neuron types can be distinguished within the
CN based on morphological and electrophysiological features as well as molecular markers, five of which are
presented here: large, glutamatergic projection neurons (black), small GABAergic projection neurons targeting the
10 (nucleo-olivary neurons; green), medium-sized, putatively glycinergic projection neurons targeting the cerebellar
cortex (probably the Golgi cells within the granule cell layer; brown), and at least two types of interneurons, some
of which are GABAergic (or mixed GABA/glycinergic; blue) and some are non-GABAergic, putatively glutamatergic
(orange). The majority of synapses within the CN are formed by PN axon terminals, which typically branch into
dense, partially overlapping conical terminal fields (depicted as shaded areas between the PN axons). PN synapses
have been unequivocally demonstrated on the glutamatergic and GABAergic nucleo-olivary neurons, and indirectly
on the non-GABAergic interneurons; at present, it is unclear whether they target the GABAergic interneurons or
the glycinergic projection neurons. Terminals of CF collaterals from the contralateral IO have been shown on the
glutamatergic projection neurons, as well as on the NO neurons that are thought to project back to the origin of the
same CFs (depicted as the purple IO neuron). Conversely, collaterals of the MFs are known to target glutamatergic
projection neurons but the MF innervation of other CN cell types remains to be clarified. Abbreviations: PF, parallel
fibres; PN, Purkinje neuron; GrC, cerebellar granule cell; CF, climbing fibre; MF, mossy fibre; |0, inferior olive; NO,

nucleo-olivary.
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extreme cases of PN-to-CN convergence ratios on CN spike timing. Left: 1-to-1 connection between a PN and
a CN neuron results in large inhibitory current fluctuations that can precisely time CN spikes. Different firing
patterns in PNs (in this case, either regular or irregular firing) lead to easily distinguishable CN firing patterns.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society



J Physiol 589.14

molecular identities, including GABAergic, glycinergic
and glutamatergic neurons (Chan-Palay, 1977; De Zeeuw
et al. 1994; De Zeeuw & Berrebi, 1995; Teune et al. 1998).
Specifically, a single PN has been shown to contact both
a large glutamatergic projection neuron and a small,
GABAergic, IO-projecting neuron (Teune et al. 1998).
Because of this demonstrated existence of PN terminals
on various CN cell types it is often assumed that all CN
neurons are targeted by PN axons; however, this is not
necessarily so.

In fact, indirect morphological (Chan-Palay, 1977)
and electrophysiological (Uusisaari & Knépfel, 2008)
evidence suggests that the GABAergic (possibly mixed
GABAergic/glycinergic) interneuron cell bodies are not
targeted by PN axons. The presence of PN terminals on
their distal dendrites could, however, not be excluded.
Furthermore, 14% of the larger, possibly efferent neurons
in the lateral CN do not have Purkinje neuron terminals on
their cell bodies (Chan-Palay, 1973b). The identity of the
latter neurons is not known, but it could be speculated that
these large CN neurons lacking somatic PN innervation
correspond to the recently described putatively glycinergic
(GlyT2-positive) neurons that project to the cerebellar
granule cell layer (Gly-I; Uusisaari & Knopfel, 2009) since
the other, large neuronal type of the CN (the glutamatergic
projection neuron) is heavily innervated by axosomatic PN
terminals (Chan-Palay, 1977; De Zeeuw & Berrebi, 1995;
Uusisaari & Knopfel, 2008).

In conclusion, it seems that the assumption of uniform
PN innervation of CN neurons is unwarranted and
requires further attention. Specifically, it should be noted
that there is no knowledge about the amount of PN
convergence on the NO neurons and thus it is not clear
if the NO neurons are likely to be sensitive to the same
features of cortical activity as the large glutamatergic
projection neurons.
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Are the closed olivo-cerebellar loops homogeneous
and ubiquitous?

A cornerstone of many theories of cerebellar function
is a strictly conserved topographical organization of the
olivo-cortico-nucleo-olivary (OCNO) pathway, an idea
which is supported by the remarkably neat arrangement
especially between the floccular PN, the flocculus-related
areas in the inferior olive (ventrolateral outgrowth, and
dorsal cap of Kooy) and GABAergic nucleo-olivary (NO)
neurons in the ventral part of lateral CN (De Zeeuw
et al. 1994 (rabbit); Teune et al. 1998 (rat); Schonewille
et al. 2006 (mouse)). Specifically, NO neurons are
known to project to 10 areas that provide CFs for PNs
targeting the same NO neurons (Fig. 3Aa). This inhibitory
nucleo-olivary pathway is proposed to suppress CF input
from the IO to the related area in the cerebellar cortex
(Ruigrok & Voogd, 1990, 2000; Bengtsson & Hesslow,
2006; Marshall & Lang, 2009) when a correct response
to a mossy fibre (MF) activity pattern is learned either
in the cerebellar cortex or within the CN (McCormick &
Thompson, 1984; Kim ef al. 1998; Kenyon et al. 1998; Bao
et al. 2002; Ito, 2006).

Despite its appeal, this picture is certainly over-
simplified, as NO neurons in certain subregions of the
CN are known to project to both contra- and ipsilateral
IO (Ruigrok & Voogd, 1990; Teune et al. 2000), thereby
breaking the strict reciprocity of the nucleo-olivary
connections as the olivo-nuclear axons are entirely contra-
lateral (Ruigrok & Voogd, 1990).

Classic theories of cerebellar function do not necessarily
require strict conservation of the topography, but several
other features specific to CN — most saliently, known
organizational differences among the CN subnuclei —
suggest that conserved OCNO loops may be more the
exception than the rule, or be limited in precision to the
level of anatomical subregions of the CN (Sugihara, 2010),

Right: at higher (200-to-1) convergence ratios, the individual spikes cannot be resolved in postsynaptic current
fluctuations, and the CN neuron only responds to changes in the average firing rate of the pool of presynaptic PNs.
Notably, the CN output is quasi-identical whether the presynaptic PNs fire regularly or not. See Shin et al. (2007) for
further information on the synaptic conductance model used. B, heterogeneity of PN-CN divergence determines
the diversity of the spiking responses of CN neurons to a cortical activity pattern. Left: homogeneous divergence
and convergence of PNs over all CN neurons leads to the CN acting as a homogeneous feature extractor. All CN
neurons in a given cortical target zone will encode and transmit a single property of the cerebellar computation. If
all CN neurons are equally innervated by a large number of converging PNs, and each PN contacts CN cells of all
neuronal subtypes, the extracted feature is the average firing rate of PNs. Right: in the opposite case, PNs target
preferably certain CN neuron populations (black) that are nearly exclusively contacted by many terminals from
single PNs (or a small group of PNs with similar firing patterns). Other CN populations (green) receive synaptic
input from overlapping groups of PNs via fewer synaptic terminals. In this case, the ‘black’ CN neurons are able
to convey information about individual PN spike timing, whereas the ‘green’ CN neurons will encode average
cerebellar spike rates in their own output. Note that reliable transmission of either feature to the extracerebellar
targets requires that a group of CN neurons receives exactly the same cortical signal.
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A, the concept of cerebellar microzones is partly built on the anatomical conservation of dedicated OCNO
loops. Aa, according to the OCNO conservation model, single climbing fibres (CFs) diverge onto 5-10 PNs
that are strictly localized in narrow parasagittal bands in the cerebellar cortex, and CFs originating from same
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thereby casting at least some doubts on the validity of the
microzone concept.

The anatomy of the OCNO loop. A critical question in
assessing this theory is, whether the OCNO loop is equally
well conserved over all of the cerebellum (Fig.3B). In
other words, do all NO neurons receive cortical inhibition
exclusively from PNs driven by IO neurons that the same
NO neurons target or do they integrate converging input
from a wider range of PNs? Conversely, do all cerebellar
cortical areas control NO neurons equally or are some of
them specialized for this function?

In general, precise connectivity between individual
Purkinje neurons and NO neurons is not known well
enough to form strong opinions on the above, as the
evidence regarding the projection arrangements between
the cerebellar cortex and nuclei are mostly on the level
of gross anatomical modules. For instance, almost the
entire lateral nucleus is considered a single cortical target
‘region’ (Sugihara, 2010). Furthermore, some 5% of the
PN axonal terminals diverge into CN areas outside the
‘correct’” OCNO region (Sugihara et al. 2009) suggesting
the existence of at least some cross-talk between OCNO
regions. Even though the morphological features of NO
neurons have not been rigorously studied, they are likely
to be small and have fewer and shorter dendrites than
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the glutamatergic projection neurons (Chan-Palay, 1977),
possibly meaning that the convergence or divergence of
PN innervation on these cells would differ from the larger
projection neurons. This difference would also suggest that
the simple sign-reversed (GABAergic vs. glutamatergic
projection) ‘mirror image’ of the nucleo-thalamic or
nucleo-rubral pathway’s function for the nucleo-olivary
pathway cannot be taken for granted.

Moreover, even though the cerebellum and its nuclei
are commonly thought to be relatively homogeneous
in terms of neuron types and afferent distribution, the
most ventral region of the lateral and interposed CN,
targeted by PNs in floccular, nodular and most lateral
parts of the hemispheric cerebellum (Schonewille et al.
2006; Sugihara, 2010) appears to differ. This area contains
a higher density of NO neurons (Chan-Palay, 1973¢;
Giaquinta et al. 1999), and the arrangement of the PN
axons that target this ventrolateral CN area differs from
those terminating in medial and dorsal CN in terms of
terminal spread (Chan-Palay, 1977; Sugihara, 2010) as well
as by their extension into the VN (Fig. 3B; De Zeeuw et al.
1994; Teune et al. 2000; Schonewille et al. 2006; Voogd &
Barmack, 2006; Bagnall et al. 2007; Sugihara et al. 2009).
Even though the VN are often thought to be ‘analogous’ to
the CN, the VN neurons targeted by PNs do not inhibit the
IO (Sekirnjak et al. 2003), clearly placing them outside of
the OCNO loops. Furthermore, the neurons in the related

inferior olivary (I0) areas target PNs in the same bands (‘blue’ IO neurons targeting PNs in the blue band, and
‘green’ 10 neurons to the green band). This division into specialized bands is thought to extend into the CN by way
of a precise topographic cortico-nuclear connection (the PN axons), that targets specific groups of nucleo-olivary
(NO) neurons projecting to the IO region belonging to the same ‘loop’ (schematized as ‘blue’ or ‘green’ areas).
This organization is further accentuated by collaterals of the CFs that are known to target NO neurons (and
possibly other CN neurons) again within the same band. Strict conservation of OCNO bands allows the cerebellar
cortex to respond to olivary signals (complex spikes) in each cortical zone independently. Ab, even though the
strict zonal arrangement of CFs between 10 and PNs, as well as a relatively clear topographical organization of
cortico-nuclear PN axons, are well supported by anatomical evidence, the possibility of inter-zonal crosstalk at
the level of CN is not excluded. First, the strict restriction of the olivo-nuclear projection via CF collaterals to CN
neurons receiving input from PNs within the same parasagittal band has not been demonstrated, even though the
majority of CF collaterals target CN neurons within the coarser anatomical groups (‘A-D2’, Voogd & Glickstein,
1998; ‘I-V’, Sugihara, 2010). Second, the role of the nucleo-olivary connection as a modulator of interneuronal
coupling and synchronization among clusters of IO neurons suggests a more diffuse targeting. ‘Fuzzy’ OCNO loops
allow activity in one cerebellar receptive field to influence I0-originating complex spikes (and the resulting effects
on PN firing and PF—PN plasticity) across other, possibly not directly related cerebellar zones. B, schematic drawing
of the cerebellar circuitry in a frontal view. The floccular cerebellum (FC; far right) and the related behavioural
function (vestibulo-ocular reflex) have been the focus of intense study, and features described in this system (such
as conservation of OCNO pathway on a single-cell level) have been thought to generalize to the entire cerebellum.
However, the connections of the vestibulocerebellum (incorporating the floccular cerebellar cortex, the ventralmost
part of the lateral CN, and specific regions of the contralateral IO, the ventrolateral olive and dorsal cap of Kooy)
to the CN exhibit many structural differences compared to those from the cerebellar hemispheres. Most strikingly,
the olivo-nuclear CF collaterals and PN axons in the FC target an area in the CN that has significantly fewer large
glutamatergic projection neurons than the rest of the CN, and part of the FC signalling to its extracerebellar targets
(the oculomotor nuclei) is conveyed via the projection neurons within the vestibular nuclei (VN) that are outside
the OCNO loop. The areas in CN targeted by PNs from the cerebellar hemispheres have, on the other hand, fewer
NO neurons compared to glutamatergic projection neurons. Whether the CF collaterals in these areas conform
to the strict OCNO arrangement is not known. Abbreviations: CN, cerebellar nuclei; PNs, Purkinje neurons; CFs,
climbing fibres; 10, inferior olive; NO, nucleo-olivary; CFc, climbing fibre collateral; Pax, Purkinje neuron axon; VN,

vestibular nuclei.
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region of the 10 are characterized by electrophysiological
and morphological features that clearly set them apart
from those providing climbing fibres to other hemi-
spheric regions of the cerebellum (Urbano et al. 2006).
Consequently, despite this connection being intensely
studied due to its relation to the relatively well-understood
cerebellar role in oculomotor control, it is misleading to
generalize knowledge obtained from the flocculo-nuclear
cerebellum to the rest of the cerebellar circuitry until there
is more evidence in support of such a view.

Finally, even if on single neuron level the topography
of OCNO would seem to be conserved in the
floccular cerebellum, the functional significance of
such organization will depend on intrinsic connectivity
between neurons and subregions of the CN.

Nuclear desynchronization effect on 10: when and how?
The GABAergic NO neurons discussed above are, like the
majority of CN neurons, spontaneously active in slice
(Uusisaari & Knopfel, 2010). Their axonal terminals in
IO glomeruli (De Zeeuw et al. 1998) show remarkably
asynchronous and sustained release properties (Best &
Regehr, 2009). This probably results in a steady post-
synaptic conductance in target IO neurons that carries
little information about precise timing of individual
spikes in the CN. The localization of GABAergic NO
terminals in IO glomeruli, near the gap junctions forming
the only intra-olivary communication pathway (Devor
& Yarom, 2002) suggests that the NO input decreases
gap junction-mediated synchronization of either input
(Kistler & De Zeeuw, 2005) or output (Llinés ef al. 2002;
Lang, 2002; Jacobson et al. 2008, 2009) of the connected
IO cells. This nucleo-olivary pathway is thus thought to
desynchronize or decouple the IO network. The effects of
physiologically relevant nucleo-olivary activity patterns on

The mysterious microcircuitry of the cerebellar nuclei

3451

complex spikes in the cerebellar cortex are still unknown,
but the reported movement- or sensory stimulus-related
changes in synchronization of complex spikes (Welsh
et al. 1995; Ozden et al. 2009, 2010; Schultz et al. 2009)
are thought to depend on nucleo-olivary modulation of
strength and spatial features of the gap junctional coupling
between IO neurons (Lang et al. 1996; De Zeeuw et al. 1998;
Devor & Yarom, 2000; Svensson et al. 2005; Blekinsop &
Lang, 2006; Bengtsson & Hesslow, 2006; see also Garifoli
et al. 2001; Ozden et al. 2009).

An important question in this respect is, whether
the NO neurons fire spontaneously under ‘resting’ PN
activity (as is the case in the large glutamatergic projection
neurons), or instead are silenced by it until the presynaptic
PN activity stops synchronously. Such pauses, proposed to
occur after complex spikes, could initiate rebound burst
firing (note that the GABAergic CN neurons seem to
exhibit a somewhat stronger bursting phenotype than
the glutamatergic CN neurons; Uusisaari et al. 2007).
In other words, is the level of electric coupling in 10
smoothly modulated by ongoing PN firing frequency or
is the IO decoupling an all-or-none gating mechanism?
Unfortunately, even though the presence of PN terminals
on NO neurons is unquestionable, there are no published
reports of inhibitory effects of PN input to these cells that
would allow the formation of a clear hypothesis on how
PN spike patterns influence NO neuron activity. Moreover,
even though every olivary spine (with gap junctions) is
contacted by NO terminals, part of the inhibitory NO
synapses are located outside the glomeruli and their gap
junctions (De Zeeuw et al. 1998), suggesting that the
importance of ‘classic’ inhibition by the CN may have
been overlooked. Finally, even though the NO projection
conforms to the gross anatomical organization of the
olivo-cortico-nuclear system (Ruigrok, 1997), very little
is known of the extent of nucleo-olivary innervation

Figure 4. Unknown synaptic organization of the CN within and between PN target areas

A, afferent innervation in the CN by mossy fibre (MF; red) and climbing fibre (CF; pink) collaterals may differ in
terms of target neuron types and divergence across PN target areas (represented by blue and green shaded areas).
In general, the MF collaterals innervate CN neurons in much more widely spread regions of the CN than the CF
collaterals; the MFs are explicitly known to cross several PN target fields and form synapses on at least glutamatergic
(black) and GABAergic (green with white outline) projection neuron dendrites. CF collateral terminals have also
been shown on both neuronal types. The afferent innervation of the various CN interneurons (blue, orange) or
the glycinergic projection neurons (brown) projecting to presently unknown targets in the cerebellar granule cell
layer remains unstudied. Also, it is not clear to what extent the MF and CF pathways converge on individual CN
neurons. Question marks denote synaptic connections that have not been demonstrated. Intrinsic connectivity
within the CN determines how neuronal ensembles are organized in this structure. All CN projection neuron types
have local collaterals (dashed-line arrows), but the extent of their targets (whether they extend to neighbouring
PN target areas or even to more distant CN areas) and the identities of their postsynaptic neurons are unknown.
Synaptic communication between CN neurons and distinct CN areas may also be mediated via dedicated ‘bridging
interneurons’ described by Chan-Palay (1973; orange interneuron at the top of the drawing) and other locally
projecting neurons, some of which are known to be connected by gap junctions (blue cells on the right). The
existence of interneuronal networks connected via chemical (orange cells in the background) or electrical (blue
cells in the background) synapses may support the rapid spread of activity across CN and make region-wide

synchronization possible.
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within the IO in terms of divergence or convergence
or the possible differences between glomerular and
non-glomerular synapses.

Additional loops? In addition to being modulated by
the inhibitory PN synapses, the firing of NO neurons
is also likely to be modulated by the excitatory and at
least partly reciprocally arranged olivary climbing fibre
collaterals (Fig. 3) (De Zeeuw et al. 1997). This pathway
may form a negative feedback loop for synchronous 10
activity. However, since nothing is known of the physio-
logy of the olivo-nuclear pathway — synaptic responses
to IO stimulation in NO neurons have not even been
shown — this proposal remains speculative. Anatomically
it is known that 90% of the CFs collateralize into the CN
in a localized manner (Sugihara et al. 2009) and that the
density of CF collateral terminals is significantly higher in
the ventral part of the lateral CN functionally related to
the floccular cerebellar cortex (Van der Want et al. 1989).
Thus, even though the CF collateral innervation in CN
has been generally considered as ‘sparse’ (as compared
with other afferent pathways; Chan-Palay, 1977), the CF
collateral feedback may have a stronger role in cerebellar
computations related to vestibulo-ocular functions.

Integration of afferent excitation from olivary and
precerebellar sources

The CF collateral pathway is not the only afferent input
to the CN; a significant portion of the cerebellar mossy
fibres (MFs) collateralize into the CN. The extent of
possible complementary MF collateral innervation of NO
neurons is presently unclear. The terminal targets of MFs
in both cerebellar cortex and CN seem to be roughly
linked to the topographically conserved corticonuclear
projection (Shinoda et al. 2000), and thus convergence of
cortical and nuclear MF pathways on single NO neurons
would be anatomically possible. Currently the existence
of MF collateral synapses on NO neurons remains to be
demonstrated.

In contrast to the NO projecting neurons, the afferent
excitatory input (Fig.4A) to the large glutamatergic
projection neurons has been studied extensively.
Properties of the extrinsic glutamatergic synapses on these
cells have been examined in detail and they have been
shown to be modifiable in a synapse-specific manner
(Zhang & Linden, 2006; Pugh & Raman, 2006, 2008, 2009;
Person & Raman, 2010; Zheng & Raman, 2010), providing
support for the idea that part of cerebellar learning is
stored in the CN in addition to the cortex (McCormick &
Thompson, 1984; Bao et al. 2002). Still, the role of afferent
excitation on the glutamatergic projection neuron spike
generation needs clarification.

M. Uusisaari and E. De Schutter
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The MFs originate from the excitatory neurons in the
pontine nuclei, nucleus reticularis tegmenti pontis and
lateral reticular nucleus (Shinoda et al. 2000). In contrast
to the CF collaterals that terminate in relatively tightly
localized areas in the contralateral CN (Sugihara et al.
1999), the MF collateral innervation of CN is bilateral and
more widely spread even though it does follow the gross
topographical ordering of the cerebellar modules (Wu et al.
1999; Parenti et al. 2002; Voogd et al. 2003). Because of this
imbalance of innervation by CF and MF collaterals in CN
(Chan-Palay, 1973a), the results obtained in slice studies
examining excitatory efferents to CN are usually assumed
to pertain mainly to the MF collateral input to the CN.
However, since the CF collaterals are also known to synapse
upon the large glutamatergic neurons (Chan-Palay, 1973b;
De Zeeuw et al. 1997) ithas not been possible to distinguish
whether the synaptic responses in slice originate from MF
or CF stimulation. The possible convergence of CFs and
MFs on single CN projection neurons needs to be clarified,
for instance using optogenetic approaches, before any
clear understanding of the functional interaction between
excitation and inhibition (Gauck & Jaeger, 2000) on CN
neurons becomes possible.

The existence and properties of afferent excitation on
the other CN neuron types, especially the enigmatic,
silent glycinergic neurons projecting to the cerebellar
cortex (Uusisaari & Knopfel, 2009) also requires further
work.

Intrinsic CN network

The MF and CF collaterals and PN axons are not the only
sources of synaptic inputs to the CN neurons. As in any
non-trivial neuronal network, the intrinsic connections,
both those formed by local collaterals of the projection
neurons as well as by local interneurons, are bound to play
a critical role in shaping and controlling signal processing
of the CN (Fig. 4).

Chan-Palay’s seminal work (1973a,b,c, 1977) as well as
more recent examinations of the neuronal populations
using genetic labelling have resulted in at least six different
neuronal groups being defined in the lateral and fastigial
CN (Bagnall et al. 2009; Uusisaari & Knopfel, 2010),
some of which are local interneurons of GABA/glycinergic
and possibly glutamatergic type. Drawing analogies with
other brain structures, it is likely that the interneuron
classification especially is oversimplified and further
studies will result in the discovery of additional types.
However, virtually all physiological examinations of the
CN have focused exclusively on the large glutamatergic
projection neuron, and little besides basic intrinsic
behaviour is known about the other neuronal types.
Even less is known about the functional properties of
the intrinsic synaptic connections and there have been
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no published reports of successful paired CN neuron
recordings. At present the only available information is
that the preferred localization of intrinsic synapses is on
dendrites rather than on somata.

It could be argued that the massive amount of
converging axosomatic inhibitory input from constantly
active PNs would dwarf local, possibly dendritic synaptic
influence, reducing the significance of intrinsic CN
synapses to homeostatic control of neuronal excitability.
However, their localization on dendritic branches
potentially allows them to play a critical role in processes
related to synaptic plasticity. Moreover, because some of
the CN neurons have very large and complex dendritic
arborizations that may span large regions or nearly an
entire CN subnucleus (Chan-Palay, 1977; Sultan et al.
2003), complex dendritic interactions between synaptic
inputs originating from ME, CF and local interneurons
can be assumed.

As almost all the CN neurons are known to be
spontaneously active (in vitro: Raman et al. 2000; Uusisaari
& Knopfel, 2010; in vivo: Thach, 1968 (monkey); LeDoux
et al. 1998 (rat)), the effect of dendritic local synapses
may be more related to synchronization of oscillatory
behaviour (Ermentrout & Kopell, 1998; Maex & De
Schutter, 2005; Netoff et al. 2005; Schultheiss et al
2010) than to a (possibly weak) influence on firing
frequency. The occurrence of neural synchronization
within the CN has not been examined much (but see
Soteropoulos & Baker, 2006). However, the presence of CN
interneurons arranged in a bridge-like manner between
putative columns of CN projection neurons (Chan-Palay,
1977) as well as of connexin 36 (Cx36)-based gap junctions
(Degen et al. 2004; Van der Giessen et al. 2006) invites
further investigation.

What does the CN code?

In contrast to the hundreds or thousands of proposed
separate processing units in the cerebellar cortex, each
dedicated to a specific body area or sensory modality,
the CN seem to be rather coarsely organized. A handful
of CN target areas (Voogd & Glickstein, 1998; Sugihara,
2010) each receive input from PNs converging in both
mediolateral (Apps & Garwicz, 2000; Panto et al. 2001)
and rostrocaudal (Trott et al. 1998a,b; Pantd et al.
2001; Sugihara et al. 2009) axes with significant terminal
field overlaps. The fine cerebellar topology is further
confounded by the nucleo-cortical projections, both
excitatory and inhibitory, that show at least some degree of
divergence into cerebellar cortical areas related to various
body parts (Provini et al. 1998; Trott et al. 19984,b). It could
thus be that the remarkably well-organized cerebellar
modules do not extend in equally definite terms into the
CN, thereby calling into question the existence of specific
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somatotopic output channels in the cerebellum (see also
Cerminara & Apps, 2010).

Considering the full cerebellum, it is striking that
the entire output of its vast cortex with numerous
input-specific patches is funnelled through a very small
number of CN projection neurons. The mouse CN have
no more than ~12,000 glutamatergic neurons (‘pure’
glutamatergic; Sultan et al. 2002), not all of which are
projection neurons, conveying the information produced
by more than 200,000 Purkinje neurons. To ensure reliable
transmission a group of these efferent neurons must
partake in propagating each signal, resulting in a rather
low number of possible cerebellar output channels.

These considerations are in line with evidence showing
that, unlike the cerebellar cortical neurons (Bower &
Woolston, 1983; Ekerot & Jorntell, 2003; Jorntell & Ekerot,
2011), the CN neurons show very wide receptive fields
and little specificity to the modality of incoming signals
(Giaquinta et al. 1999; Rowland & Jaeger, 2005, 2008).
This probably results from convergence and divergence of
both PN and MF axons within the CN and especially in
the case of MF collaterals, across individual PN axonal
terminal fields (Chan-Palay, 1977). Furthermore, single
efferent axons of CN neurons have been shown to branch
and project into various extracerebellar structures, such
as medullary and spinal targets (Kakei et al. 1995).
Taken together, this suggests that the output of CN
is probably related to broader aspects of behaviour
(planning, execution; Middleton & Strick, 1997) or to
timing (Ivry & Spencer, 2004; De Schutter & Steuber, 2009)
rather than being specific for modality or topography like
most of the cerebellar input.

The properties and dynamics of the CN local circuitry
will ultimately define both the integrative possibilities
of individual projection neurons as well as delineate the
boundaries (if such exist) of cerebellar output channels.
Most theories of cerebellar function have been based on
the circuitry within the cerebellar cortex (Marr, 1969),
emphasizing the specific anatomical features of the cortical
connectivity and the signal-processing capabilities of the
PNs. It should be clear from this review that a complete
understanding of how the cerebellum affects animal
behaviour requires a deeper investigation of the anatomy
and physiology of the CN, taking into account its different
neuronal identities and complex synaptic organization.
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