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Abstract

The compartmentalization of the cerebellum into modules is often used to discuss its function. What, exactly, can be considered a
module, how do they operate, can they be subdivided and do they act individually or in concert are only some of the key questions
discussed in this consensus paper. Experts studying cerebellar compartmentalization give their insights on the structure and
function of cerebellar modules, with the aim of providing an up-to-date review of the extensive literature on this subject. Starting
with an historical perspective indicating that the basis of the modular organization is formed by matching olivocorticonuclear
connectivity, this is followed by consideration of anatomical and chemical modular boundaries, revealing a relation between
anatomical, chemical, and physiological borders. In addition, the question is asked what the smallest operational unit of the
cerebellum might be. Furthermore, it has become clear that chemical diversity of Purkinje cells also results in diversity of
information processing between cerebellar modules. An additional important consideration is the relation between modular
compartmentalization and the organization of the mossy fiber system, resulting in the concept of modular plasticity. Finally,

< Tom J. H. Ruigrok
t.ruigrok @ erasmusmc.nl

Richard Apps
r.apps@bristol.ac.uk

Richard Hawkes
rhawkes @ucalgary.ca

Sho Aoki
ktsky 1020 @yahoo.co.jp

Fredrik Bengtsson
fredrik.bengtsson @med.lu.se

Amanda M. Brown
amanda.brown @bcm.edu

Gang Chen
chenx007 @umn.edu

Timothy J. Ebner
ebner001 @umn.edu

Philippe Isope
philippe.isope @inci-cnrs.unistra.fr

Henrik Jorntell
henrik jorntell@med.lu.se

Elizabeth P. Lackey
elizabeth.lackey @bcm.edu

GRO @ Springer

Charlotte Lawrenson
pycll@bristol.ac.uk

Bridget Lumb
b.m.lumb @bristol.ac.uk

Martijn Schonewille
m.schonewille @erasmusmec.nl

Roy V. Sillitoe
sillitoe@bcem.edu

Ludovic Spaeth
Ispaeth@inci-cnrs.unistra. fr

Izumi Sugihara
isugihara.phy1 @tmd.ac.jp

Antoine Valera
antoine.valera@etu.unistra.fr

Jan Voogd
janvoogd @bart.nl

Douglas R. Wylie
dwylie@ualberta.ca

Extended author information available on the last page of the article


http://crossmark.crossref.org/dialog/?doi=10.1007/s12311-018-0952-3&domain=pdf
http://orcid.org/0000-0001-5537-1165

Cerebellum (2018) 17:654-682

655

examination of cerebellar output patterns suggesting cooperation between modules and recent work on modular aspects of
emotional behavior are discussed. Despite the general consensus that the cerebellum has a modular organization, many questions
remain. The authors hope that this joint review will inspire future cerebellar research so that we are better able to understand how
this brain structure makes its vital contribution to behavior in its most general form.

Keywords Cerebellum - Purkinje cells - Compartments - Climbing fibers - Mossy fibers - Zebrin - Aldolase C - Functional

organization - Longitudinal stripes - Microzones

Introduction

It is difficult to give a consensus of informed opinion
because, although there is much informed opinion, there
is rather little consensus. David Colquhoun (1971)
Lectures on Biostatistics. Oxford, UK: Clarendon Press.

The cerebellum has long been considered as a uniform struc-
ture with well-organized in- and output relations that ultimately
serves a particular adaptive control function that is mainly, if not
completely, used for coordinating, modifying, adapting, and
learning motor functions [1, 2]. By now, we have learned that
the idea of an operational uniform cerebellar cortex needs to be
revised [3]. In addition, the functional extent of cerebellar influ-
ence extends to cognitive, affective, and autonomic domains [4,
5]. Yet, although not completely resolved, one consideration that
is generally accepted is that the basic operational unit is the
cerebellar module. Each cerebellar module includes a longitudi-
nal, i.e., (para-)sagittally organized, zone of Purkinje cells (PCs)
in the cerebellar cortex that receives common climbing fiber
input from a particular region of the inferior olive, and in turn,
the same PCs target a discrete part of the cerebellar nuclei. This
part of the nuclei is also targeted by collaterals of the same
olivocerebellar axons that provide the climbing fibers to the
zone of PCs, and harbors a population of small GABAergic
neurons that project back to the same part of the inferior olive.
This precise olivo-cortico-nuclear circuitry forms the core of
individual cerebellar modules (Fig. 1). The basic cerebellar
modules, A, B, C, and D, as defined by Voogd [7] have now
each been subdivided into several smaller entities and in some
cases, based on similar peripheral receptive fields, these have
been shown to comprise yet smaller units, termed microzones,
which are the cortical component of micromodules [6, 8—12].

Several decades ago, it became clear that the apparent uni-
formity of the cerebellar cortex masked underlying differences
in the expression of a multitude of genetic markers in a broad
transverse and finer parasagittally organized patterns, which
are commonly referred to as stripes [8]. Much work has been
devoted to describe the organization of the anatomically de-
fined zones in relation to these biochemically defined stripes
[13]. This interest has gained new impetus given the

additional finding that differences in physiological properties
can be related to this biochemical heterogeneity [14—17]. Such
a finding raises the important possibility that individual cere-
bellar modules may not be uniform in their operation [3]. The
current paper brings together up-to-date views on cerebellar
modules. The general approach is at a systems level in order to
understand the neural circuit basis of cerebellar modules and
to establish to what extent they are functional entities and can
fulfill functions that are independent of other modules.

Jan Voogd, who first used the term “cerebellar module” to
describe the basic operational unit of the cerebellum, provides
an historical synopsis. Izumi Sugihara subsequently reviews

Fig. 1 Simplified diagram illustrating the four main modules of the right
cerebellum seen from medial. The elementary modular connections are
based on the projection of longitudinally arranged strips of Purkinje cells
(PCs) to four main target nuclei and their olivocerebellar input from
selective inferior olivary subnuclei. As such two vermal Purkinje cell
zones (A and B) are recognized, together with their respective targets,
the medial cerebellar nucleus (MCN) and lateral vestibular nucleus
(LVN) and their sources of climbing fibers, caudal parts of the medial
accessory (cMAO) and dorsal accessory (cDAO) olives, respectively. The
C zones of the paravermis targets the interposed nuclei (IPN) and receives
climbing fibers from the rostral (r) MAO and rDAO, while the D zones
targets the lateral cerebellar nucleus (LCN) and receive from the principal
olive (PO). Note that olivary subnuclei are also reciprocally connected
according the same scheme. The interconnected olivocorticonuclear
entity is referred to as module and each have a specific output. All
modules (apart from the B module) have been further subdivided. Note
that the modules of the vestibulocerebellum are not indicated in this
diagram. Modified after Ruigrok [6]
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his work on the relation between modules and several bio-
chemical markers. His detailed scheme of the relation of
olivocerebellar organization and the aldolase C (zebrin II) pat-
tern is now widely used, but he also points to the shortcomings
of'the aldolase C pattern and the great potential that additional
markers may have in studying both the development and the
adult organization of cerebellar modules. Doug Wylie uses the
vestibulocerebellum system in the pigeon to examine sagittal-
ly organized zones of PCs and how they modulate their activ-
ity in response to optic flow. Although these zones are present
in lobule IXcd and in lobule X, their relation to the zebrin
pattern of stripes differs, as there is no distinctive pattern in
lobule X, whereas the same functional zones cover adjacent
stripes of zebrin II-positive (ZII+) and zebrin [I-negative (ZI1-)
PCs in lobule IX. This raises the important issue that zebrin
alone is insufficient as a marker to describe the functional
heterogeneity of PCs. Richard Hawkes subsequently explores
the extent to which cerebellar modules can be divisible into
their smallest processing units, leading to the idea of the “cer-
ebellar quantum.” As such, the cerebellar cortex may be made
up of short strips or microzones (i.e., positioned within an
anatomically defined zone or biochemically defined stripe)
or, maybe, elongated patches, which, together, may comprise
several thousands of individual processing units. Parallel pro-
cessing power, positional coding, improving signal-to-noise
ratios, and functional processing diversity are potential advan-
tages of such modular processing. The question of what con-
stitutes the basic functional unit of the cerebellum is also asked
by Fredrik Bengtsson and Henrik Jorntell. However, they ad-
dress this important question from a systems level physiolog-
ical perspective and propose that the fundamental unit of the
cerebellar cortex is a population of PCs located within a given
microzone, working together as a “super PC.” In pinpointing
the cerebellar quantum (Hawkes) or the super PC (Bengtsson
and Jorntell), both sections touch upon the role of mossy fiber
afferents that show a more prominent transverse orientation
but also adhere to modular organizational principles. This as-
pect is further discussed by Roy Sillitoe and colleagues who
explore the relation between the organization of the mossy
fiber systems, granule cells, and cortical interneurons.

These initial sections mostly deal with the anatomical
foundations of the cerebellar modular functionality and
are followed by sections that concentrate on their physio-
logical properties. Martijn Schonewille reviews differences
in several physiological properties of PCs with different
molecular signatures. This significant recent development
in cerebellar physiology is also highlighted by Gang Chen
and Tim Ebner, who further explore the physiological and
functional differences of modules based on ZII+ and ZII—
stripes. Philippe Isope, Ludovic Spaeth, and Antoine
Valera, on the other hand, return to the effect of mossy fiber
input on plasticity within modular circuits and propose that
modular identity may not be rigid but adaptable.

GRO @ Springer

Exploring the fate of cerebellar modular output, Sho
Aoki and Tom Ruigrok survey how this output is distrib-
uted and used by other areas—does the output from indi-
vidual modules remain separated or can the outputs of dif-
ferent modules converge to be jointly processed in com-
mon receiving areas? Finally, Richard Apps and colleagues
review recent developments on cerebellar involvement in
emotional behavior. In line with the ideas developed in the
previous section, they call attention to a body of evidence
that the various modular constituents of the vermal A zone
are connected to widespread brainstem and diencephalic
(limbic) areas. They suggest that different components of
the A module (possibly relating to micromodules) may
carry out different, but orchestrated, aspects of an integrat-
ed emotional response.

Defining Cerebellar Modules (J. Voogd)

The term “modules” was first used for Purkinje cell zones
defined by their cerebellar and vestibular target nuclei and
their climbing fiber afferents by Voogd and Bigaré [18] in a
paper read at a meeting in Montreal. Our paper was based on
the work of Groenewegen et al. [19] and Bigaré [20].
Cerebellar modules, however, were recognized before this
term was used by us. In Brodal’s [21] study of the
olivocerebellar projection in the cat and Jansen and Brodal’s
[22, 23] studies of the corticonuclear projection, the lobules
were the units or modules in their description. As a byproduct,
they described an intermediate zone, located in the anterior
lobe hemisphere, lateral to the vermis, that, like the vermis,
received an olivocerebellar projection from the accessory ol-
ives but projected to the interposed nucleus. This was the first
definition of a longitudinal Purkinje cell zone as we know it
today. Attempts to extrapolate the intermediate zone to more
posterior parts of the cerebellum failed, because the authors
did not recognize the loops in the folial chains in the posterior
cerebellum (Fig. 2(al)).

My contribution to the distinction of longitudinal Purkinje
cell zones was based on the following considerations [26, 28].
Bolk’s [25] description of the cerebellar vermis and hemi-
sphere as folial chains with ansiform and (para-) floccular
loops defined the topography of the Purkinje cell zones
(Fig. 2(a2)). The distinction of anterior and posterior subdivi-
sions in Brunner’s [29] interposed nucleus and of dorsal and
ventral subdivisions of the lateral cerebellar nucleus as target
nuclei of the zones was based on the localization of the rela-
tively small myelinated fibers from the posterior interposed
nucleus in the medial one-third and of the larger fibers from
the anterior interposed and the dorsal part of the lateral cere-
bellar nucleus in the lateral two-thirds of the brachium
conjunctivum [30] (Fig. 2(b)). Finally, the observation of
compartments in the white matter that channeled the
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Fig. 2 al Diagram of the corticonuclear projection of the cerebellum,
showing the vermal, intermediate, and lateral zones of Jansen and
Brodal [24]. Nomenclature of the lobules according to Bolk [25]. a2
Diagram of the flattened cerebellar cortex of the cat showing the
corticonuclear projection (after Voogd [26]). The red lines indicate the
direction of the folial chains of vermis and hemisphere. a3 Corticonuclear
projection shown in diagrams of the flattened cerebellar cortex of the cat
from Groenewegen et al. [19]. b Superior cerebellar peduncle of the cat,
Haggqvist stain. Note small myelinated fibers in the medial third and
coarse fibers in lateral two-thirds [after 24]. ¢ Microzones with different
climbing fiber inputs in the B zone of the cerebellum of the cat.
Stimulation of the ipsilateral and contralateral ulnar and sciatic nerves
results in Purkinje cells with similar responses in microzones as

Purkinje cell axons to their target nuclei provided an intrinsic
coordinate system for the zones. The innervation of Purkinje
cell zones by specific subdivisions of the inferior olive follow-
ed from the localization of their olivocerebellar fibers in the
corresponding white matter compartments [7]. Their

C —500 pym—| > med.

medial

V
o
&

indicated by different hatching and stippling: H (hindlimb), Hf (mainly
hindlimb), HF (hind- and forelimb), hF (mainly forelimb), F (forelimb),
after Andersson and Oscarsson [27]. ANS, ANSI ansiform lobule; ANSU
ansula; D dentate nucleus; Dei Deiters nucleus; F fastigial nucleus; F.
parafloc parafloccular fissure; FLO, FLOC flocculus; /A anterior
interposed nucleus; /P posterior interposed nucleus; Lc. Lateral nucleus
pars convexa; Lob. Paramed paramedian lobule; Lob.ant, ANT anterior
lobe; Lob.simpl simple lobule; Lr, lateral nucleus pars rotunda;
Nuc.interpos interposed nucleus; Nuc.lat lateral nucleus; Nuc.med.
medial nucleus; Nuc.vest. vestibular nucleus; Parafloc paraflocculus;
PFL(D,V) paraflocculus (dorsalis, ventralis); PMD paramedian lobule;
S.intercrur intercrural sulcus; SIM, SI primary fissure simplex lobul;
Sulc.prim

termination as longitudinal zones of climbing fibers was first
shown by Courville et al. [31], the organizer of the Montreal
meeting. As a consequence, seven zones were distinguished
(Fig. 2(a3)). Two were located in the vermis. The medial A zone
projecting to the fastigial nucleus, the lateral B zone to Deiters’
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nucleus. In the hemisphere, the C1 and C3 zones that connect
with the anterior interposed nucleus and C2 that projects to the
posterior interposed nucleus replaced Brodal and Jansen’s inter-
mediate zone. The hemisphere was found to be composed of the
two D zones that project to different parts of the dentate nucleus.

This simple zonal pattern was found to be inadequate after
Hawkes and Leclerc’s [32] discovery of the “stripy”” distribu-
tion of ZII+ and ZII- PCs. Apart from the identification of the
B, Cl1, and C3 Purkinje cell zones as being positioned within
ZII- stripes and the C2, D1, and D2 zones within ZII+ stripes,
a number of narrow, ZII+ “satellite bands” were found to be
present. These narrow bands, like their broad counterparts, are
characterized by their climbing fiber afferents and, presum-
ably, also by their corticonuclear projection [10, 33, 34]. The
reconstruction of this more complicated map now serves as
the standard reference for the description of zonal organization
of the cerebellum [13].

Where the history of the Purkinje cell zones goes back
to the early twentieth century [35], microzones made their
appearance much later. They were first identified in the B
zone of the cerebellum of the cat by Andersson and
Oscarsson [27]. They consist of 50-mm-long and at least
200-um-wide strips of PCs sharing the same climbing fi-
ber receptive fields. The five microzones distinguished in
the B zone differ in their input from forelimb or hindlimb
nerves or a mixture of these nerves and the short or long
latency of the response (Fig. 2(c)). The somatotopical lo-
calization in the B zone with the forelimb medially and the
hindlimb laterally earlier was described by Oscarsson and
Uddenberg [36]. Evoked potentials from the dorsal spino-
olivary climbing fiber system [37] and the exteroceptive
component of the cuneocerebellar mossy fiber system [38]
are distributed in a similar, but more detailed microzonal
pattern in the anterior lobe C3 zone of the cerebellum of
the cat [39]. Overall, mossy fibers innervating these
microzones had receptive fields resembling the climbing
fiber receptive field defining that microzone [40].

What is the morphological basis for the microzones? The
termination of mossy fibers in narrow longitudinal aggregates
of rosettes in the granular layer was already described by
Scheibel [41]. A similar, microzone-like distribution of indi-
vidual climbing fibers was reported by Sugihara et al. [42].
The significance of the termination of mossy fibers in multiple
longitudinal strips of mossy fiber terminals is difficult to un-
derstand, because this pattern would be erased by the parallel
fibers [43]. Microzones, defined by their cutaneous receptive
field of olivary mediated complex spike responses, thus far,
only have been identified in the C1 and C3 zones of the ante-
rior lobe. The microzone-like terminations of single or small
groups of climbing and mossy fibers are present in the entire
cerebellum. It would be interesting to know what these thou-
sands or even millions of microzones in other parts of the
cerebellum represent.

GRO @ Springer

Molecular Labeling of Cerebellar Topographic
Modules (l. Sugihara)

Correlation Between Molecular Expression
and the Cerebellar Modular Structure

Cerebellar modules are basically defined by topographic axo-
nal connections between subareas of the three major structures
of the cerebellar system: cerebellar cortex, cerebellar nuclei,
and inferior olive [6, 18]. Thus, the cerebellar system is com-
partmentalized into multiple modules, which are supposed to
be the bases of different functional localization. These com-
partments, particularly those in the cerebellar cortex, are often
characterized by the presence of a different profile of molec-
ular expression, which can conversely be used to label com-
partments specifically.

Heterogeneous expression of some molecules, cell adhe-
sion molecules in particular, has a significant role in the con-
trol of the aggregation and rearrangement of Purkinje cell
subsets, and target specification and synaptic formation of
afferent and efferent axons, which are essential for cerebellar
module formation. However, the functional significance of the
heterogeneous expression of many other molecules has not
been clarified yet. The heterogeneous expression of molecules
in cerebellar modules persists until adulthood in some cases,
or newly emerges during the postnatal developmental stages
and stays until adulthood in other cases. The correlation be-
tween the molecular expression pattern and the functional
cerebellar modular organization is highly variable among mol-
ecules but usually conserved among individual animals for
each molecule. Therefore, molecular expression pattern can
be a useful genetic and histological tool to examine the anat-
omy and physiology of cerebellar modules. Its positional cor-
relation to the cerebellar modular organization has been clar-
ified for several molecules.

Zebrin (Aldolase C) Expression in Cerebellar Modules

A clear immunostaining pattern with high contrast between
negative-positive longitudinal stripes was reported with a
monoclonal antibody that recognizes originally unidentified
antigen “zebrin II” (ZII) [44], which was later identified as
the isozyme of glycolytic enzyme aldolase C. ZII (aldolase
C) expression pattern is clearly correlated with cerebellar
modules. Conventional modules A, B, C1, C2, C3, DO, D1,
D2 and later added modules such as X, CX, X-CX [45] are
located in identified ZII expression stripes in the rat [10, 34,
46] (Fig. 3, Table 1). Therefore, the ZII-striped pattern is very
useful as a landmark structure for the cerebellar modules.
However, ZII+ stripes are less useful as a modular boundary
marker in a few areas in which ZII+ stripes are neighboring
with themselves, as well as in neighboring ZII- stripes. For
example, B, C1, CX, and C3 modules, which are generally ZII
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Fig. 3 Schematic of positional correlation between zebrin II (aldolase C)
striped pattern and the cerebellar module mapped on the unfolded rat
cerebellar cortex in the rat. Based on Sugihara and Shinoda [10]

—, are neighboring in the paravermal area in the anterior lob-
ules and in lobule VIII (and its lateral extension copula
pyramidis or copular part of the paramedian lobule). C2, DI,
and D2 modules, which are generally ZII+, are neighboring in
crus I and paraflocculus.

Expression of Other Molecules in Cerebellar Modules

Some molecules, such as excitatory amino acid transporter 4
(EAAT4) and phospholipase Cbeta3 (PLCf3 3), are expressed
in the same striped pattern as ZII. Other molecules, such as
PLCf34, are expressed in a striped pattern that is completely
complementary to the ZII pattern. Thus, the expression pat-
terns of these molecules are correlated with cerebellar mod-
ules in a similar or complementary way to that of the ZII
expression pattern.

Recently, the expression pattern of protocadherin 10
(Pcdh10) has been examined in the embryonic and postna-
tal mice [48]. This molecule is expressed strongly in four
particular subareas in the embryonic cerebellum. In the
later stages until adulthood, these subareas are integrated
into the zonal organization of the cerebellar cortex. While
the three medial Pcdhl0-positive subareas are located
within the A module and lateral A module in the adult
cerebellar cortex, the most lateral Pcdh10-positive subarea
(named “mid-lateral”) is transformed exclusively into the
complete C2 module in the paravermis. Thus, Pcdhl10 is a
specific marker for the C2 module in the paravermal
cerebellum.

Visualization of the Modular Organization
by the Molecular Expression Pattern

By labeling the molecule that is expressed in correlation
with cerebellar modules, the morphological entity of cer-
ebellar modules can be directly visualized, thereby facili-
tating analysis of the detailed spatial organization of mod-
ules. ZII stripes are generally shifted laterally in lobules
VI-VII and crus I and negative stripes are absent in the
apex of crus I. These characteristics of the ZII-striped
pattern reconfirmed the proposed morphology of cerebel-
lar modules in crus I, where modules are shifted laterally
and C1, C3, or DO modules are absent [46].

Module A, which covers nearly the whole vermis, is
large. Lateral module A covers the paravermal area of sim-
ple lobule, crus I, crus II, and paramedian lobule. These
modules contain both ZII+ and ZII- stripes. We proposed
that within module A, the pattern of ZII stripes represent an
organization of cerebellar compartments that is distinct in
functional localization to some extent, and classified the
stripes into three groups [10]. In other words, we proposed
that the ZII-striped pattern within module A and lateral
module A indicates submodular organization in these
areas.

The modular organization makes an intricate complex in
the paravermal cerebellar cortex. The composite of three
main modules (C1, C2, and C3) and later-reported modules
(X, CX, and X-CX) [45] has been confirmed in ZII stripes
[47]. Within C1 module, several “lightly” ZII+ and ZII—
stripes are recognized such as 3+ and 3b+ in the anterior
lobe and el+ and €2+ in lobule VIII. The Purkinje cells of
these stripes are not as strongly labeled with ZII+ as the
other zones, but nevertheless stand out within the ZII—
stripes on either side of them. These lightly ZII+ stripes
of the C1 module have specific topographic connections
with slightly different areas in the cerebellar nuclei and
the inferior olive [9]. Thus, these ZII stripes may represent
a submodular organization as well.
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Table 1 Simplified correlation

between the cerebellar module Module

Zebrin 11 (aldolase C) stripe

Topographic connection

and zebrin stripes. This table is (cortical zone)

based on studies in the rat [6, 10, lobules I-VI lobules VII-IX CN 10

34, 46, 47]. See Sugihara et al.

[47] for a more detailed A I+ 1-, a+, a— I+, 1-, 24, 2— MN cMAO

description AX 2+ 3+ MN ¢cMAO
A2 c+, c—, d+, d— 4b+, 4b—,5a+, Sa— DLP cMAO
B 2—- 4- LVN dDAO
X 2a— 3- ICG cMAO
CX 3b— e2— PIN cMAO
X-CX 2b+ 4+ PIN DMCC
Cl b+, b—, 3+, 3— f+, f—, el+, e~ AIN vDAO
C2 4+ S5+ PIN rMAO
C3 4— 5— AIN vDAO
Dl S5+ 6+ LN vPO
DO 5— 6- DLH DM
D2 6+ 7+ LN dPO

Experiments in Animal Models in Which Modules Are
Visualized

Immunostaining of the cerebellar cortex after physiological
recording or axonal labeling enables identification of the lo-
cation of recording sites and axonal terminals into identified
cerebellar modules. By this technique, synchronous complex
spike activity in PCs within a module has been clarified [49].
Some different properties of PCs belonging to different mod-
ules have also become evident [50], as described in other
sections of this article. Module-specific climbing and mossy
fiber axonal projections have been revealed [10, 51].

Animals in which one of these molecules is visualized can
be used in experiments of modules. We developed Aldoc-
Venus mice in which mutated green fluorescent protein,
Venus, is visualized in cells in which aldolase C (ZII) is
expressed. The expression pattern of Venus accurately repro-
duces aldolase C expression. The striped pattern of aldolase C
is not altered in Aldoc-Venus mice heterozygotes or homozy-
gotes. Experiments about identified cerebellar modules are in
progress by using aldoc-Venus heterozygous mice in vivo and
in vitro. Tsutsumi et al. [52] used similar aldoc-tdTomato mice
and recorded calcium signals, the rise of which is equivalent to
a complex spike, from all PCs in multiple identified aldolase C
stripes in the apex of crus IL

Conclusion

Identification of the positional correlation between the cere-
bellar modules and molecular expression patterns has clarified
the morphological entity of the cerebellar module. Labeling of
these molecules facilitates studies of module-specific axonal
connections, neuronal activities, and developmental mecha-
nisms. Thus, although the mechanisms or functional

GRO @ Springer

consequences of module-related molecular expression have
not been fully clarified, an understanding of the functional
significance of cerebellar modules has been advanced
recently.

Optic Flow Modules
in the Vestibulocerebellum of Pigeons (D.R.
Wylie)

Self-motion of an organism through a world cluttered with
visual stimuli results in “optic flow” across the entire retina
[53]. This visual information is analyzed by retinal-recipient
nuclei in the pretectum [54] and accessory optic system (AOS)
[55], and reaches the vestibulocerebellum (VbC) via particular
subnuclei in the inferior olive [56]. The VbC includes the
flocculus, nodulus, and uvula, and is a site of visual-
vestibular integration important for the generation of compen-
satory eye movements and the analysis of self-motion
[57-59].

In birds, where the cerebellum essentially appears as a ver-
mis without hemispheres [60], the VbC includes folia [Xcd
and X [61]. The optic flow information to the VbC originates
in the pretectal nucleus lentiformis mesencephali (LM) and
the nucleus of the basal optic root (nBOR) of the AOS
[62—65]. The pigeon VbC shows many aspects of the classic
modular organization of the cerebellum [18] as shown in
Fig. 4a. The complex spike activity (CSA) of Purkinje cells
(PCs) in the pigeon VbC responds best to particular patterns of
optic flow resulting from self-translation or self-rotation
through space, and these PCs are organized into sagittal zones
across folia IXcd and X. As in mammals, CSA in the flocculus
is modulated by rotational optic flow about either the vertical
axis (VA neurons) or an horizontal axis oriented 45° to the
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Fig. 4 a Diagram of the optic flow modules in the pigeon
vestibulocerebellum (VbC; folia IXcd and X) (based on data from
[66—69]. The lateral half of the VbC is the flocculus, the medial half is
the uvula (IXcd)/nodulus (X). Each module is represented by a depiction
of the optic flowfield that maximally excites the complex spike activity
(CSA) of the Purkinje cells (PCs). The ZII+ and ZII- stripes in IXcd are
also indicated. (All PCs in X are uniformly ZII+). There are seven optic
flow modules, each spanning a ZII+/— stripe pair (see text for details).
P3+/—PCs do not respond to optic flow. The magenta arrows indicate the
primary vestibular afferents, which project as mossy fibers (MFs) to X.
Magenta arrows also show the optic flow MF inputs from the nucleus of
the basal optic root (nBOR) and pretectal nucleus lentiformis

midline (HA neurons) [70-72]. In pigeon, there are two VA
zones interdigitated with two HA zones [73]. In the uvula/
nodulus, the CSA responds best to optic flow resulting from
self-translation [66]. There are four response types organized
into three sagittal zones. In the most medial zone, CSA re-
sponds best to optic flow resulting from translation backwards
along an horizontal axis 45° to the midline such that there is a
focus of contraction at 45° contralateral azimuth. Medial to
this is a zone where the CSA responds best to optic flow
resulting from either (i) forward translation along an horizon-
tal axis 45° to the midline such that there is a focus of expan-
sion at 45° ipsilateral azimuth, or (ii) upward translation along
the vertical axis. Lateral to this is a zone where the CSA
responds to the optic flow resulting from downward transla-
tion along the vertical axis [66]. A sagittal organization is also
apparent with respect to the projection of PCs in the VbC: PCs
in each of the optic flow zones project to particular regions in
the vestibular and cerebellar nuclei [74-76]. Also, each of the
optic flow zones receives climbing fiber (CF) input from
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mesencephali (LM) to the ZII+ stripes in IXcd. b Coronal section
through ventral IXcd and dorsal X, showing the ZII expression. The
inverted triangle indicates the “notch” where PCs are absent, and
bisects the P2+ stripe in to medial and lateral halves (P2+med, P2+lat).
The “?” indicates a ZII+ stripe, 1 to 3 PCs in width, which similarly
divides the Pl—stripe (P1—-med, P1-lat). The vertical dashed line
indicates the midline. ¢ Dorsal view of the medial column of the
inferior olive (mclO) and is color-coded to match the ZII stripes in (a),
to indicate the topography of the climbing fiber projections (based on data
from [32, 33]). a anterior, p posterior, m medial, / lateral. Scale bars:
200 wm in (a), 300 um in (b), 100 um in (c)

particular regions of the medial column of the inferior olive
(mclO) [77, 78] (see also Fig. 4c).

A sagittal organization in [Xcd is apparent with respect to
the expression of Zebrin II (ZII; a.k.a. aldolase C [79]. As in
mammals [44], ZII is heterogeneously expressed such that
there are sagittal stripes of PCs exhibiting high ZII expression
(Z11+) alternating with sagittal stripes of PCs that show little or
no ZII expression (ZII-) [80]. In the VbC, there are seven
stripe pairs (Fig. 4a). The most medial ZII- stripe, P1—, is
bisected by a thin ZII+ stipe, such that P1— is divided into
medial and lateral region (P1—-med, P1-lat) (Fig. 4b).
Similarly, the P2+ stripe is bisected by a notch that contains
no PCs, effectively dividing the stripe in two halves (P2+med,
P2+lat) (Fig. 4b). Using electrophysiological recordings com-
bined with immunochemistry, we showed that the optic flow
zones spans a ZII+/— stripe pair (Fig. 4a) [66, 67]. For exam-
ple, the contraction zone spans P1+ and P1—med. As such, we
consider that a ZII+/— pair represents a functional unit in the
VbC, but what are the differences between the ZII+ and ZII—
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stripes within the unit? We have shown that they receive CF
input from separate, but adjacent areas of the mclO (Fig. 4c)
[81, 82], and there is some suggestion that the ZII+ and ZII—-
PCs have differential projections [76]. We have some evi-
dence that the CSA of ZII+ PCs shows a greater depth of
modulation to optic flow stimuli, compared to the ZII- PCs
within the same functional unit [83]. This applies if one com-
pares ZII—and ZII+ PCs in IXcd, and if one compares the ZII—-
PCs in [Xcd with the PCs in X (all ZII+). The depth of mod-
ulation of ZII+ PCs in IXcd is not different to that of PCs in X
[83]. Moreover, the ZII+ and ZII- stripes likely receive dif-
ferent mossy fiber (MF) inputs. Both nBOR and LM project
directly to IXcd as MFs [62, 63], and the majority (~85%) of
these terminate adjacent to the ZII+ stripes [68] (Fig. 4a). It is
not known if other MF afferents target the ZII— stripes.

Note that the optic flow zones span folia [Xcd and X, but the
ZII stripes do not. Rather, all the PCs in X are uniformly ZII+
[80]. Folia IXcd and X also differ with respect to MF inputs.
The optic flow MFs from nBOR and LM mentioned above
innervate [Xcd, but not X. In contrast, there is a primary ves-
tibular projection to folium X, but not [Xcd [69] (see Fig. 4a).

In summary, the pigeon VbC contains optic flow modules
that are sagittally oriented and span folia IXcd and X. The
classic sagittal zonal organization is apparent with respect to
PC response properties, CF inputs, and PC projections.
However, there is clearly a transverse component to the mod-
ules as well, since [Xcd and X receive discrete MF inputs
carrying optic flow and vestibular information, respectively.
Finally, the modules clearly contain subregions defined by
neurochemistry, as each module encompasses a ZII+/— stripe
pair. Whether this type of modular organization applies to
other parts of the cerebellum, or the VbC in other vertebrate
classes, remains unknown.

The Cerebellum Quantum (R. Hawkes)

The modular nature of the cerebellar cortex suggests that it
represents a map or family of maps, although what exactly is
being “mapped” is less evident. The afferent topography is
perhaps the simplest answer, in which case the map is fun-
damentally discontinuous in the sense that neighboring rep-
resentations of body regions are neither anatomically nor
physiologically continuous. What is the cerebellar “quan-
tum”? In this context, the central idea is topographical
equivalence: all cells in the “quantum” share a common
chemistry, receive statistically identical inputs, project to
the same target field(s), and have equivalent interneuron
connectivity. Such a quantum would represent the smallest
unitary processing unit.

Cerebellar modular architecture arose early in vertebrate
evolution as the ground plan across birds and mammals is
generally conserved. The largest cerebellar cortical
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compartments are the transverse zones (note that these are
distinct from the sagittally oriented zones defined by
olivocorticonuclear connectivity). In the mammalian vermis,
four transverse zones are found in all species studied—the
anterior zone (AZ), central zone (CZ), posterior zone (PZ),
and the nodular zone (NZ) [84, 85] (in mouse a subdivision
of the CZ has been identified—{86]: in birds, the ground plan
has an additional transverse zone—the LZ [80]). Transverse
zones evolve independently in response to different lifestyles
(mosaic evolution). For example, in bats the echolocation cen-
ters in lobules VI/VII are accommodated by an expansion of
the CZ—{[87], and in the blind star-nosed mole, the CZ and NZ
(visual receiving areas) are reduced and the trigeminal (star)-
receiving areas (NZ and crus I/Il) are expanded [88]. In sum,
the cerebellar cortex comprises of the order ~10' transverse
zones: in a mouse each of ~ 10* Purkinje cells (PCs).

Transverse zones are further divided into parasagittal
stripes. How these stripes relate to the microzones identified
by Oscarsson and his group [for review, see 88] is not certain:
a tentative common framework is provided by the group of
Voogd and Sugihara [10, 11, 13]. Stripes are discontinuous
across transverse zone boundaries [85], suggesting that the
earliest parcellation of the cerebellum during development is
into transverse zones and subsequently these further subdivide
into stripes. As is the case for zones, the number and variety of
PC stripes is also not properly understood. The problem of
how many stripes are present is exacerbated because many
stripes revealed by ZII expression are, in fact, composite
(e.g., heat shock protein-HSP25+/— subtypes within the ZII+
population [84]; PLC4+ sub-stripes within the ZII— popula-
tion [89] etc.). As a consequence, the absolute number of
stripes remains uncertain. Secondly, when molecular markers
and mutant phenotypes are used in combination, some 10 PC
subtypes can reliably be identified: this is likely an underesti-
mate. By way of estimate, 5 transverse zones, each duplicated
on either side of the midline, and 20 stripes per zone (based on
connectivity plus chemistry) yields ~ 200 stripes per cerebel-
lum, each comprising < 10*> PCs in the mouse. This is almost
certainly an underestimate.

Stripes are further subdivided into strings of patches. For
example, tactile receptive field mapping of trigeminal repre-
sentations reveals an elaborate mosaic of somatosensory
patches (so-called fractured somatotopy: [90-92], which in
some cases have been shown to align with ZII+/— stripe
boundaries [93, 94]. A complementary heterogeneity was also
revealed by Garwicz et al. [43], further dividing microzones in
the anterior paravermis (C3) of the cat into multiple
rostrocaudal patches. Possible anatomical correlates of
patches—blebs (e.g., [95] and expression markers, such as
NOS [96] and dystrophin [97]—confirm an elaborate
parcellation of the granular layer. The upshot is the dicing of
st