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Abstract

The cerebellar nuclei, together with certain vestibular nuclei, are the target of the
axons of the Purkinje cells of the cerebellar cortex. Each of these nuclei receives
a projection from a longitudinal Purkinje cell zone. Climbing fiber projections
are organized according to the same zonal pattern. In this chapter, we will review
the morphology and the circuitry of the cerebellar nuclei and the inferior olive
and the recurrent pathways connecting them.

Introduction

The cerebellar nuclei, together with certain vestibular nuclei, are the target of the
axons of the Purkinje cells of the cerebellar cortex. The projections of the cerebellar
nuclei to the brain stem and the distribution of the cerebello-thalamo-cortical paths
determine the sphere of influence of the cerebellum. Jansen and Brodal (1940,
1942) were the first to notice that the topographical organization of the Purkinje cell

J. Voogd (D<)

Department of Neuroscience, Erasmus Medical Center Rotterdam, P.O. Box 2040, Rotterdam,
3000 CA, The Netherlands

and

Rhijngeesterstraatweg 1, 2342 AN Oegstgeest, The Netherlands

e-mail: janvoogd@bart.nl

Y. Shinoda ¢ I. Sugihara

Department of Systems Neurophysiology, Graduate School of Medicine, Tokyo Medical and
Dental University, 1-5-45 Yushima, Bunkyo-ku, Tokyo, 113-8519, Japan

e-mail: yshinoda.phy 1@tmd.ac.jp, isugihara.phy l@tmd.ac.jp

T.J.H. Ruigrok

Department of Neuroscience, Erasmus Medical Center Rotterdam, P.O. Box 2040, Rotterdam,
3000 CA, The Netherlands

e-mail: t.ruigrok@erasmusmc.nl

M. Manto, D.L. Gruol, J.D. Schmahmann, N. Koibuchi, F. Rossi (eds.), 377
Handbook of the Cerebellum and Cerebellar Disorders,
DOI 10.1007/978-94-007-1333-8_19, © Springer Science+Business Media Dordrecht 2013



378 J. Voogd et al.

projections to the cerebellar nuclei and the olivocerebellar climbing fiber system is
very similar. Marr (1969) formulated this similarity in his learning theory of the
cerebellar cortex as “the olivary cell should respond to a command for the same
elemental movement as is initiated by the corresponding Purkinje cell.” In this
chapter, we will review the morphology of the cerebellar nuclei and the inferior
olive, the afferent connections of the olive, the zonal organization of the
corticonuclear and olivocerebellar projection, and the efferent connections of the
cerebellar nuclei and the presence of recurrent cerebellar-brain stem circuitry.

The Cerebellar Nuclei

Four cerebellar nuclei, known as the fastigial emboliform, globose, and dentate
nucleus, were distinguished in the human cerebellum by Stilling (1864). The same
four nuclei can be distinguished in different mammalian species, where they are
known as the medial, anterior interposed, posterior interposed, and lateral cerebel-
lar nucleus (Ogawa 1935; Weidenreich 1899) (Fig. 19.1). The cerebellar nuclei are
arranged in two groups. The rostrolateral group consists of the anterior interposed
nucleus (emboliform) that is connected with the lateral (dentate) nucleus. The
caudomedial group consists of the medial (fastigial) nucleus with the posterior
interposed (globose) nucleus. A fifth cerebellar nucleus, located at the border of the
fastigial and posterior interposed nucleus, known as the “interstitial cell groups”
was distinguished by Buisseret-Delmas and Angaut (1993) in the rat but appears to
be present in other mammals (Fig. 19.1a, b).

Three populations of neurons have been distinguished in all cerebellar nuclei.
The main population consists of excitatory relay cells with widespread, branching
axons, terminating in the brain stem, the spinal cord, and the thalamus. They
constitute a mixed population of cells of all shapes and sizes (Courville and Cooper
1970). Most relay cells of the cerebellar nuclei are glutamatergic. Large,
glycinergic neurons that give rise to the ipsilateral projections of the fastigial
nucleus were identified in mice (Bagnall et al. 2009). Small GABAergic neurons,
that project exclusively to the inferior olive constitute a second population, present
in all nuclei (Graybiel et al. 1973; Mugnaini and Oertel 1985) (see also section “The
Nucleo-olivary Pathway™). A third population of small interneurons was identified
by Chan-Palay (1977) on morphological grounds in the monkey, by Chen and
Hillman (1993) as glycinergic neurons, and by Leto et al. (2006) as GABAergic
neurons, all in rodents. Glycinergic neurons, with projections to the cerebellar
cortex, were described in the mouse lateral cerebellar nucleus (Uusisaari and
Knopfel 2010). Before, all recurrent projections from the cerebellar nuclei to the
cortex were supposed to originate as collaterals from the relay cells (McCrea et al.
1978).

The fastigial nucleus is located next to the midline. In rodents, a prominent
protrusion, known as the dorsolateral protuberance (Goodman et al. 1963), is
present that is lacking in carnivores and primates (Fig. 19.1a). The rodent anterior
interposed nucleus includes a lateral portion, indicated as the dorsolateral hump that
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sometimes is allocated to the lateral cerebellar nucleus. A parvocellular subnucleus
occupies the ventral part of the lateral cerebellar nucleus in these species.

The primate dentate nucleus has the shape of a “crumpled purse” (Chan-Palay
1977) with its hilus directed ventromedially and rostrally. In the human cerebellum,
two parts of the nucleus can be distinguished, a microgyric and a macrogyric
portion (Fig. 19.1c). The dorsomedial, microgyric portion is folded in rather
narrow, rostrocaudally directed ridges. The ridges in the ventrolateral, macrogyric
portion of the nucleus are broad and subdivided, and the cell band in this part of the
nucleus is wider than in the microgyric part. The cells of the microgyric part of the
dentate are larger than those in the macrogyric position of the nucleus (Demolé
1927a, b), but both subdivisions also contain small neurons. This subdivision had
already been noticed by Vicq d’Azyr in the first accurate description of the nucleus
lateral, dating from the eighteenth century (Glickstein et al. 2009). The ontogenetic
development of the macrogyric portion lags far behind the microgyric
(Weidenreich 1899). Unfortunately, there are no indications how the two parts of
the human dentate are represented in the monkey dentate.

A prominent Y nucleus is present, ventral to the dentate, in the monkey cere-
bellum (Fig. 19.1b). It should be distinguished from Ill-defined groups of small
acetylcholinesterase-positive cells dispersed in the white matter of the flocculus and
the nodule and ventral to the dentate and the posterior interposed nucleus, in the
roof of the fourth ventricle known as the basal interstitial nucleus (Fig. 19.1b). The
basal interstitial nucleus is reciprocally connected with the flocculus (Langer et al.
1985) and, possibly, with the nodulus. The group Y is a lateral extension of the
superior vestibular nucleus that gives rise to projections to the oculomotor nuclei
(Graybiel and Hartwieg 1974; Stanton 1980a; Steiger and Biittner-Ennever 1979;
Yamamoto et al. 1986). Langer’s basal interstitial nucleus and the group Y are well-
defined nuclei in the monkey cerebellum but have not yet been recognized in the
human cerebellum.

Subdivision of the Inferior Olive

The inferior olive derives its name from the olive-shaped prominence on the
ventrolateral surface of the medulla. The first description of the nuclei of
the inferior olive dates from Stilling (1843). He identified the principal olive, the
medial accessory olive (as the “grossen Pyramidenkern’) and the dorsal accessory
olive (his “Oliven Nebenkern”) in sections through the human medulla oblongata.
Sections through the inferior olive of the human brain and of different species that
have been used in experimental studies of the connections of the inferior olive are
illustrated in Figs. 19.2 and 19.3. Diagrams of surface-projections of the olivary
nuclei, first constructed by Brodal (1940) showing the position of the sections, are
included in these figures. Subdivisions of the principal and the accessory olives
have been distinguished by inspection of the shape and contour of these nuclei,
but their definite identification depends on the recognition of their connections.
Moreover, species-specific subdivisions may occur.
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Fig. 19.2 Diagrams of selected transverse sections through the inferior olive and surface-
projections of its subnuclei of different mammalian species (Redrawn from Brodal (1940), rabbit
and cat; Ruigrok and Voogd (1990), rat; and Fujita et al. (2010), marmoset). Abbreviations: a, b, ¢
subnuclei a, b, ¢ of the caudal medial accessory olive,  group beta, DAOc caudal dorsal accessory
olive, DAOdf dorsal fold of the dorsal accessory olive, DAOr rostral dorsal accessory olive, DAOvf
ventral fold of the dorsal accessory olive, d/PO dorsal lamina of the principal olive, dm
dorsomedial group, dmcc dorsomedial cell column, MAOc caudal medial accessory olive, MAOr
rostral medial accessory olive, MDO medial part dorsal accessory olive, vlo ventrolateral
outgrowth, vIPO ventral lamina of the principal olive
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The medial accessory olive can be subdivided into caudal (MAQOc) and rostral
(MAUOr) parts. The MAOQOc often has been further subdivided into the mediolaterally
disposed subgroups a, b, and c. (Fig. 19.1, rat section 2, marmoset, sections 1-3;
Fig. 19.2, macaque monkey, section 3). This subdivision is not distinct at all levels.
Moreover, in the rat, subgroups a—c were distinguished, in addition to the group
beta, which forms a fourth, medial subdivision of the MAQOc, whereas in the
macaque monkey, subgroup c is identical to the group beta. The group beta was
first distinguished by Brodal (1940). In the cat and the rabbit, it is aligned with the
more rostrally located dorsomedial cell column (DMCC).

The DMCC was first distinguished by Bertrand and Marechal (1930) in the
human inferior olive as a rostrally located cell group, attached to the medial pole of
the DAO and, ventrally, to the medial lamella of the principal olive (Fig. 19.3,
section 48). This position is even more distinct at late fetal stages (Fig. 19.3, inset).
In the cat and the rabbit, Brodal (1940) identified a cell group with a different
position, located dorsomedial to the rostral MAO, as the DMCC (Fig. 19.2). In the
rat, Brodal’s DMCC is present, but it should be distinguished from another sub-
group, the dorsomedial group (Azizi and Woodward 1987). The dorsomedial group
in the rat is attached to the medial pole of the ventral lamina of the principal olive,
a position it shares with the DMCC from Marechal’s original description. In
macaque monkeys, the cell group identified as the DMCC is attached to the medial
lamella of the PO and/or the medial pole of the DAO and, therefore, occupies the
same position as the human DMCC and the rat dorsomedial group (Bowman and
Sladek 1973; Brodal and Brodal 1981; Whitworth and Haines 1986a, b) (Figs. 19.2
and 19.3). In the marmoset, both cell groups can be distinguished (Fujita et al.
2010). The connections of the two cell groups are different: the DMCC as present in
cat, rabbit, and rat receives vestibular input, the dorsomedial group and the monkey
DMCC (Fig. 19.3, right panel, sections 5,6), are innervated by somatosensory
systems. A cell group corresponding to the cat DMCC, innervated by the vestibular
system, has not been identified in monkeys.

Atthe level of the MAOc, the dorsal cap (DC) of Kooy (1917) is located dorsal to the
group beta. More rostrally, it extends medially as the ventrolateral outgrowth (VLO).

The dorsal accessory olive can be divided into caudal (DAOc) and rostral (DAOr)
parts. In the rat, the DAOc is folded over the DAOTr, and the two divisions of the DAO
are known as the dorsal and ventral fold of the DAO (Azizi and Woodward 1987).
In surface projections, the DAOc typically forms a caudomedially directed extension
of the DAO.

The principal olive generally is subdivided into dorsal (dIPO) and ventral (vIPO)
laminae. In rat, cat, rabbit, and marmoset, the cell band of the vIPO is thinner than
the broad cell band of the dIPO. At some levels, a gap or a constriction separates the
vIPO from the dIPO in rat and cat. In artiodactyles, the ventral lamina is always
separated from the rest of the PO (Whitworth and Haines 1986b). In the macaque
monkey, an additional lateral lamina or “bend” was distinguished. In monkeys, the
great apes and in the human inferior olive the dorsal (dIPO), lateral (11IPO) and the
lateral portion of the ventral lamina, indicated as the vIPO, display the typical
convolutions of the inferior olive. In monkeys, the thin, nonvoluted portion of the
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vIPO is indicted as the mIPO (Fig. 19.3). In the human inferior olive, Kooy (1917)
and Bertrand and Marechal (1930) described a narrow, medial lamina (mlPO),
located medial to the MAO (Fig. 19.3, sections 38-51).

In rabbit and rat, the medial pole of the DAOr is connected with the dIPO. In the
cat and the marmoset, a similar connection exists with the vIPO. In the human and
macaque inferior, the DAOr and the laminae of the principal olive remain isolated
from each other. The VLO is continuous with the vIPO in the rat and in the human
inferior olive and with the dIPO in the rabbit and the cat. No such continuity appears
to exist in the marmoset and the macaque monkey.

Afferent Connections of the Inferior Olive

Four main categories of afferents of the inferior olive, each with their own distribu-
tion, can be distinguished. The inferior olive processes somatosensory input mostly in
the MAOc and DAO, vestibular and optokinetic input in the DC/VLO/ group beta,
visual information in the medial part of MAOc. The PO and MAOr process infor-
mation relayed by nuclei at the mesodiencephalic border from the cerebral cortex.
However, overlap between the various modalities within olivary subnuclei has been
noted. Below, we provide a more detailed account of these projections.

Projections from Spinal Cord, Trigeminal Nuclei, and Dorsal Column
Nuclei

Ventral Spino-olivary Pathways
Spino-olivary fibers originate mainly from the contralateral cervical and lumbar
gray matter, ascend in the ventral funiculus, and terminate in the caudal MAOc and,
laterally, in caudal and rostral parts of the DAO (Fig. 19.4) (Boesten and Voogd
1975; Armstrong and Schild 1979; Armstrong et al. 1982). The system has been
described in different mammalian species, but not in monkeys (Brodal et al. 1950;
Brown et al. 1977; Martin et al. 1980; Mizuno 1966; Swenson and Castro 1983a, b;
Whitworth and Haines 1983). Detailed information on the anatomy and the phys-
iology of the ventral funiculus olivocerebellar pathway (vfSOCP) (Oscarsson and
Sjolund 1977a, b, c) is available for the cat (Fig. 19.22a). Spino-olivary fibers
originate from the medial ventral horn (Rexed’s (1952) lamina VIII), the nucleus
proprius of the dorsal horn (laminae IV/V), cells in the lateral funiculus and the
intermediate gray (lamina VII). Except for lower cervical levels, all neurons giving
rise to spino-olivary fibers are located contralaterally. The majority of the system
takes its origin from the lumbar and sacral cord, the contribution of the thoracic
cord is negligible and of the cervical cord rather small. The lateral cervical nucleus
does not contribute to the projection (Armstrong and Schild 1979; Armstrong et al.
1982; Buisseret-Delmas 1982; Molinari 1984, 1985; Richmond et al. 1982).
Lumbar and sacral spino-olivary fibers terminate ventrolaterally in the MAOc,
overlapping with the projection from the cervical cord that extends more medially.
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Fig. 19.4 The ventral
funiculus spino-olivary
pathway in the cat. The origin
of this system is illustrated in
diagrams of the lumbosacral
cord for cells retrogradely
labeled from the entire DAO
(L5-S3, Molinari 1984) and
from the caudal MAO and
DAO (L6-L7, Molinari 1985),
the low cervical (Armstrong
et al. 1982), and high cervical
cord (Richmond et al. 1982).
Projections from these levels
to the contralateral MAOc
and DAOc show much
overlap, and a more distinct
topical projection is present in
the DAOr (Armstrong et al.
1982; Boesten and Voogd C1
1975). A projection from the
contralateral spinal trigeminal
nucleus (Trig) occupies the i oo
rostromedial MAOc and the : .-r." S ‘3% Te
medial DAOTr (Courville et al. o A
1983b) (Redrawn from
illustrations of the cited C6-C8
papers). For abbreviations,
see Fig. 19.1

DAOr

Nu cervicalis
lateralis

L5-53 DAO L6-L7 MAOc and DAOc

A similar overlap of sacrolumbar and cervical afferents is present in the caudal
DAO. In the rostral DAO, a distinct somatotopical organization is present, with
lumbar and cervical fibers terminating in increasingly more medially located
lamellae (Armstrong et al. 1982; Boesten and Voogd 1975; Richmond et al.
1982). A very similar somatotopical organization was found in the DAO of the
cat for the distribution of evoked potentials on peripheral stimulation (Fig. 19.5)
(Gellman et al. 1983). Evoked potentials from light cutaneous stimuli predominate
over deep input from muscles and fascia in DAOTr, and the latter predominate in the
DAOc. These recordings represent the combined projections from the ventral and
the dorsal column spino-olivary pathways.

Projections to the MAOc and the DAOc originate mainly from the medial
ventral horn and projections to the DAOTr from the dorsal horn. The intermediate
gray projects to both accessory olives (Molinari 1984, 1985). Spino-olivary fibers
terminate as boutons containing spherical vesicles, with asymmetrical synapses on
dendritic shafts and spines, more inside than outside the glomeruli (King et al.
1975; Molinari and Starr 1989).
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Fig. 19.5 Somatotopical
localization in the dorsal
accessory olive of the cat
(Redrawn from Gellman et al.
(1983))
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Projections from the Sensory Nuclei of the Trigeminal Nerve

The sensory trigeminal nuclei project to the extreme medial part of the contralateral
DAOr (Cook and Wiesendanger 1976) and, in addition, to the adjoining vIPO in the
cat and the rabbit (Van Ham and Yeo 1992), to the dorsomedial group in the rat
(Huerta et al. 1983) and to a separate region in the vIPO in the rabbit (Van Ham and
Yeo 1992). No terminations are present in the dorsomedial cell column in any of
these species (Fig. 19.6). In the MAOc, the trigeminal nuclei project to its
rostromedial region, next to the rostral pole of the group beta in all species where
they overlap with the terminals from the cuneate nucleus (see section “Projections
from the Dorsal Column Nuclei” and Fig. 19.6¢). In the cat, the projection extends
more caudally, overlapping with the terminals from the cervical cord (Fig. 19.6).
Interestingly, terminations in the rat DAOr were identified as collateral projections
of the trigemino-tectal pathway, but the projection of the trigeminal nuclei to the
MAOc is an unbranched system (Huerta et al. 1983). No data on the trigemino-
olivary projection are available for primates. Most authors agree that the main
origin of the trigemino-olivary projection is located in the pars interpolaris of the
spinal nucleus (Huerta et al. 1983; Huerta and Harting 1984; Swenson and Castro
1983a; Van Ham and Yeo 1992; Walberg 1982), although some also include the
principal sensory nucleus and the pars caudalis.
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Fig. 19.6 Localization of
projections of the
contralateral spinal trigeminal
nucleus illustrated in a rostral
and a more caudal section
through the inferior olive of
the rat (Huerta et al. 1983),
the cat (Berkley and Hand
1978), and in transverse
sections and a diagram of the
flattened inferior olive of the
rabbit (Van Ham and Yeo
1992). For abbreviations, see
Fig. 19.2

Projections from the Dorsal Column Nuclei

Two fiber systems occupy the dorsal columns: the ascending branches of the dorsal
root fibers and the postsynaptic dorsal column pathway that contains an extra
synapse in the dorsal horn (Fig. 19.7). Both pathways transmit somatosensory
information to the dorsal column nuclei, but the latter pathway has been shown to
be responsible for the transmission of nociceptive input to the inferior olive in the
cat (Ekerot et al. 1991). The connectivity in the dorsal funiculus spino-
olivocerebellar pathway (df-SOCP) has been extensively studied by Ekerot and
Larson (1979a, b) (Fig. 19.22b). In the dorsal column nuclei of the cat, the fusiform
cells that project to the contralateral inferior olive are located outside the cell cluster
regions of the internal and gracile nuclei, which give rise to the medial lemniscus
(Fig. 19.8). Neurons of the gracile nucleus that project to the rostral and caudal
DAO accumulate rostral to the cluster region in the transitional portion of the
nucleus. The main projection is to the DAOr. The numbers of the cells labeled
from injections of retrograde tracers in the DAOc and the MAOc are small
(Molinari 1984, 1985). A wider distribution of neurons with projections to the
inferior olive was found for the internal cuneate nucleus (Alonso et al. 1986;
Buisseret-Delmas 1982) (Fig. 19.8).
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Fig. 19.7 The dorsal funiculus spino-olivary pathway in the cat. (a) Both ascending collaterals
from spinal root fibers and the postsynaptic dorsal column pathway partcipate in the projection to
the dorsal column nuclei. Projections to the inferior olive take their origin from regions outside the
cell clusters (cl) that give origin to the medial lemniscus. (b) Projections from the contralateral
gracile nucleus (Boesten and Voogd 1975). (¢) Projections from the contralateral gracile and
internal cuneate nuclei (Boesten and Voogd 1975). (d) Projections from the contralateral cuneate
nucleus (Groenewegen et al. 1975) (b—d redrawn from illustrations of the cited papers). Abbre-
viations: CE external cuneate nucleus, Cui, internal cuneate nucleus, GR gracile nucleus. For other
abbreviations, see Fig. 19.2

The projections from the gracile and internal cuneate nuclei occupy lateral and
more medial bands in the DAOr and mostly spare the DAOc (Fig. 19.7b, d).
A minor projection from the gracile nucleus is present in the MAOc (Figs. 19.7b
and 19.8). Terminals from the internal cuneate nucleus are found in the
rostromedial MAOc at its border with the MAOTr (Fig. 19.7¢c), a region that also
receives a projection from the spinal trigeminal nucleus (Fig. 19.5). Projections to
the ipsilateral inferior olive from the dorsal column nuclei, described by several
authors, may originate from the adjoining reticular formation (Courville et al.
1983b).

Few data are available for the projection of the dorsal column nuclei to the
inferior olive in monkeys. Sections of cases from Kalil (1979) and Molinari et al.
(1996), illustrated in Fig. 19.9, show terminations in the DAOr, the DMCC, and the
rostromedial MAOc. These projections are in accordance with the findings in cats,
with the exception of the DMCC that receives vestibular, rather than somatosensory
input in this species. It may be that the monkey DMCC corresponds to the dorsomedial
group, as identified in the rat, rather than with the DMCC of other species.
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Fig. 19.8 Localization of neurons of the dorsal column nuclei projecting to the contralateral
inferior olive in the cat. Left panels (blue) show the location of neurons in the gracile nucleus and
the rostrocaudal distribution of neurons projecting to the entire DAO, the MAOc and the DAOc
and the MAOc only (Molinari 1984, 1985). Right panel shows the distribution of neurons of the
internal cuneate nucleus after large injections of a retrograde tracer in the inferior olive (Alonso
et al. 1986) (Redrawn from illustrations of the cited papers). Abbreviations: AP area postrema, Cui
internal cuneate nucleus, GR gracile nucleus

Fig. 19.9 Projections from
the internal cuneate nucleus
of the macaque monkey. (a) is
the most rostral section (a and
d redrawn from Kalil (1979),
c and d from Molinari et al.
(1996)). Abbreviations see
Fig. 19.2
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Electron microscopic studies of the dorsal column-olivary projection
documented its terminals as excitatory boutons with spherical vesicles and asym-
metrical synaptic contacts (Molinari et al. 1991). GABAergic neurons in the
cuneate and less in the gracile nucleus, with projections to the contralateral inferior
olive, were observed by Nelson and Mugnaini in the rat (1989).

Alternative routes for the transmission of peripheral input to the inferior olive
are provided by ascending spinal, trigeminal, and dorsal column pathways termi-
nating in the pretectum that innervates the DAOr (see below), in Darkschewitsch
nucleus that innervates the DAOT, or in the parvocellular red nucleus that innervates
the principal olive (Wiberg and Blomqvist 1984a, b; Wiberg et al. 1986, 1987).

Optokinetic and Vestibular Projections to the Inferior Olive

The optokinetic system with its projections of the nuclei of the accessory optic
system and the nucleus of the optic tract in the mesencephalon to the dorsal cap
(DC) and the ventrolateral outgrowth (VLO) recently was reviewed by Giolli et al.
(2006), Barmack (2006), and Voogd (Voogd and Barmack 2006; Voogd et al.
2011). For complete references, we refer to these reviews. DC and VLO receive
information on global movements of the visual surround from large field ganglion
cells in the contralateral retina via the optic tract (Fig. 19.10a). These movements
generate retinal slip signals, which can serve as an error signal in long-term
adaptation of the vestibulo-ocular and optokinetic reflexes. The retinal slip signals
around a vertical axis excite neurons of the nucleus of the optic tract and the dorsal
nucleus of the accessory system. These nuclei project to the DC of the ipsilateral
inferior olive. Global movements of the visual surround around an oblique hori-
zontal axis at 45° azimuth, that is approximately colinear with the axis of the
ipsilateral anterior semicircular canal, are transmitted bilaterally by the medial
and lateral nuclei of the accessory optic system and contralaterally by the visual
tegmental relay zone. These nuclei project to the VLO. The organization of the
accessory optic system and the projections of its subnuclei to the inferior olive in
primates is very similar to that in lower mammals. The border between the pro-
jections of vertical axis and horizontal axis neurons in the rabbit is located halfway
within the dorsal cap. Consequently, the two functional subdivisions in this species
correspond to the VLO and the rostral dorsal cap that relay information from
horizontal axis neurons, and the caudal dorsal cap that serves as the relay for the
vertical axis neurons. The VLO merges with the vIPO, and the vertical axis
subdivision may spill over in this lamina in species like the rat.

The DC and the VLO receive additional input from the paramedian reticular
formation (Fig. 19.10b), the dorsal group Y, and the nucleus prepositus hypoglossi
(Fig. 19.11a). The paramedian reticular formation is involved in the generation of
saccades. Its projection to the dorsal cap has been identified only in the cat (Gerrits
and Voogd 1986). The dorsal group Y is located within the floccular peduncle and is
the target of Purkinje cell zones influencing eye movements about a similar hori-
zontal axis as the cells of the VLO. In the cat, it projects to the contralateral VLO
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Fig. 19.10 Optokinetic and vestibular afferents of the inferior olive. (a) Projection of the nuclei
of the accessory optic system and the nucleus of the optic tract on to the dorsal cap and the
ventrolateral outgrowth. (b) Map of the projection of the paramedian pontine reticular formation to
the dorsal cap in the cat (Gerrits and Voogd 1986). Abbreviations: bc brachium conjunctivum, cp
cerebral peduncle, D dorsal nucleus of the accessory optic system, DC dorsal cap, dIPO dorsal
lamina of the principal olive, L lateral nucleus of the accessory optic system, LGB lateral
geniculate body, // lateral lemniscus, M medial nucleus of the accessory optic system, MGB
medial geniculate body, NRTP nucleus reticularis tegmenti pontis, NTO nucleus of the optic
tract, opt.tr optic tract, Pc posterior commissure, PPRF paramedian pontine reticular formation,
transped.tr transpeduncular tract, V trigeminal nerve, VLO ventrolateral outgrowth, v/PO ventral
lamina of the principal olive, VTRZ ventral tegmental reflex zone

(Gerrits et al. 1985), and in the rabbit, this projection also includes the rostral DC
(De Zeeuw et al. 1994a). This projection is GABAergic. The nucleus prepositus
hypoglossi has a role in gaze-holding. Separate neuronal populations connect it
with the horizontal gaze center in the paramedian reticular formation, the vestibular
nuclei, the cerebellum, and the inferior olive (McCrea and Baker 1985). The
projection of the nucleus prepositus hypoglossi to the dorsal cap is contralateral
in the cat and rat (Barmack et al. 1993; Gerrits et al. 1985), but bilateral in the rabbit
(De Zeeuw et al. 1993). This projection consists of a mixture of cholinergic and
GABAergic afferents and of elements expressing both transmitters (Barmack et al.
1993; De Zeeuw et al. 1993).

According to Barmack (2006), vestibular input to the group beta and the DMCC
is organized as a simple push-pull system, with excitatory input from the group
Y and inhibition from the parasolitary nucleus. A projection of the group Y to the
contralateral DMCC (but not to the group beta) was traced in the cat (Gerrits et al.
1985) (Fig. 19.11a) but not in the rabbit (De Zeeuw et al. 1994a) where this system,
moreover, was found to be GABAergic. The parasolitary nucleus is located lateral
to the solitary nucleus, next to the caudal pole of the descending vestibular nucleus
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Fig. 19.11 (a) Injection sites of antegrade tracers in different parts of the vestibular nuclei, the
group Y and the nucleus prepositus hypoglossi and their projections to the inferior olive (Redrawn
from Gerrits et al. (1985). Additional projections (of the group Y to the contralateral group beta
(Barmack 2006) and of the nucleus prepositus hypoglossi to the ipsilateral dorsal cap (De Zeeuw
et al. 1993) are hatched. (b) Projection of the parasolitary nucleus to the group beta in the rat
(Redrawn from Barmack et al. (1998)). Abbreviations: F fastigial nucleus, /A anterior interposed
nucleus, L lateral cerebellar nucleus, Y group Y, FIO flocculus, LV lateral vestibular nucleus, DV
descending vestibular nucleus, MV medial vestibular nucleus, PrH nucleus prepositus hypoglossi,
S nucleus of the solitary tract, CE external cuneate nucleus, CU internal cuneate nucleus, PO
principal olive, vlo ventrolateral outgrowth, dc dorsal cap, dmcc dorsomedial cell column, MAO
medial accessory olive, § group beta

(Fig. 19.11b). It receives root fibers from branches of the vestibular nerve that
innervate the ampullae of the vertical canals and the utriculus. Its small, compact
neurons provide the ipsilateral group beta and the DMCC with inhibitory synapses
(Barmack et al. 1998; Loewy and Burton 1978; Molinari and Starr 1989).

Projections of the medial and descending vestibular nuclei to the ipsilateral
group beta and the DMCC were found by several authors in cat, rat, and rabbit
(Barmack et al. 1993; Brown et al. 1977; Gerrits et al. 1985; Nelson and Mugnaini
1989; Saint-Cyr and Courville 1979; Swenson and Castro 1983a) (Fig. 19.11a).
Signals from the ipsilateral anterior semicircular canals, relayed through the
parasolitary nucleus, are mapped upon the caudal group beta, signals from the
posterior canal onto its rostral part. There are no projections from the horizontal
canal. DMCC neurons respond preferentially to otolithic stimulation. The pattern of
vestibularly modulated activity in DMCC neurons is consistent with an inhibitory
vestibulo-olivary projection, supposedly from the parasolitary nucleus (Barmack
2006).

Afferents from Tectum and Pretectum

A contralateral projection of the superior colliculus to the medial MAOc, located
next to the group beta, was demonstrated in rat, cat, rabbit, and monkey
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3
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Fig. 19.12 Projections to the inferior olive from the tectum and the pretectum. (a—c) The tecto-
olivary projection. (a, b) Tecto-olivary neurons in the cat are located in the intermediate gray layer
as part of a grid, where they alternate with tectospinal (green) and tectotrigeminal (yellow) neurons
(Redrawn from Huerta and Harting (1984) and Weber et al. (1978)). (¢) Termination in the rat of
tecto-olivary projection in medial MAOc (Akaike 1992). (d, e) The pretecto-olivary projection in
the cat. (d) Origin from the anterior pretectal nucleus (Kitao et al. 1989). (e) Termination in the
DAOTr (Kawamura and Onodera 1984). Abbreviations: APN anterior pretectal nucleus, CG central
gray, Cp posterior commissure, DAO dorsal accessory olive, GC central gray, /I-V layers II-V of
the superior colliculus, MAO medial accessory olive, MAO neurons projecting to MAOc, R red
nucleus, THAL thalamus, #sp tectospinal neurons, #r tectotrigeminal neurons

(Frankfurter et al. 1976; Harting 1977; Hess and Voogd 1986; Holstege and
Collewijn 1982; Saint-Cyr and Courville 1982; Weber et al. 1978) (Fig. 19.12c).
It takes its origin from the fourth, intermediate gray lamina of the superior
colliculus. When Weber’s (Weber et al. 1978) plot of the neurons that were labeled
retrogradely from the inferior olive (Fig. 19.12b) is examined, these neurons appear
to be located in layers or patches in the superficial and deep parts of the intermediate
gray. Huerta and Harting (1984) found similar patches of neurons with projections to
the inferior olive to be arranged in a grid in the intermediate gray layer that also
contains neurons with projections to the trigeminal nuclei and those giving rise to the
predorsal fascicle (Fig. 19.12a). The functional meaning of this organization is not
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known. In the rat MAOQc, the tecto-olivary projection remains separated from the
more laterally and rostrally terminating trigemino-olivary pathway (Akaike 1989).

The ventral anterior pretectal nucleus and scattered neurons in the pretectum,
that may belong to the dorsal pretectal nucleus and the nucleus of the posterior
commissure, have been found to project to the ipsilateral DAOT in the rabbit and cat
(Itoh et al. 1983; Kawamura and Onodera 1984; Kitao et al. 1989) (Fig. 19.12d, e).
These nuclei receive afferents from the dorsal column nuclei. In the DAOr, the
projections from the pretectum and the dorsal column nuclei overlap (Kawamura
et al. 1982; Bull et al. 1990).

Nuclei at the Mesodiencephalic Border: The Central and Medial
Tegmental Tracts

The origin of the central tegmental tract, one of the main fiber systems of the human
brain stem, from the parvocellular red nucleus and its termination in the principal
olive was established by Verhaart (1936).

The medial tegmental tract was discovered by Ogawa (1939) in the cat. It arises
from the region surrounding the fasciculus retroflexus, including Darkschewitsch
nucleus in the rostral central gray, descends along the raphe in the ventral part of the
medial longitudinal fascicle, and terminates in the MAOr and the vIPO. The
presence of the two tegmental tracts, one arising from the parvocellular red nucleus,
that innervates the principal olive and the other from different nuclei surrounding
the fasciculus retroflexus, innervating MAOr, has been confirmed in different
species, including humans (Voogd 2004).

The mesodiencephalic projections were analyzed in great detail by Onodera
(1984) in the cat (Fig. 19.13). This author distinguished a series of nuclei, surround-
ing the fasciculus retroflexus with projections to the ipsilateral inferior olive.
Darkschewitsch nucleus projects to the MAOr and less intensely to the DMCC.
Bechterew’s nucleus connects with the vIPO, and the parvocellular red nucleus
with the dIPO. A rather vague projection of Cajal’s interstitial nucleus and/or the
prerubral field was found to the lateral MAOc and the VLO. A topographic arrange-
ment was found for the parvocellular red nucleus, with its lateral portion projecting to
rostral, and its medial portion to caudal dIPO. Similarly, dorsolateral Darkschewitsch
nucleus projects to caudal MAOTr and its ventromedial portion to rostral MAOr (Porter
et al. 1993). The connections of the parafascicular region with the inferior olive in the
rat were reviewed by Ruigrok (2004). Although details on this system in the rat are
not known, it seems likely that its organization is very similar to that of the cat.

Strominger et al. (1979) found these connections to be very similar in monkey
(Fig. 19.14), although they were not able to provide definite proof of the projection
of Darkschewitsch nucleus to the MAOT; in Fig. 19.14, this projection is illustrated
in analogy with the cat. The dorsomedial subnucleus of the parvocellular red
nucleus, located medial to the fasciculus retroflexus, represents Bechterew’s
nucleus and projects to the vIPO. The main lateral and caudal parts of the
parvocellular red nucleus project topographically to dIPO and 1IPO, with lateral
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Fig. 19.13 Connections of
the parvocellular red nucleus
and other nuclei at the
mesodiencephalic border to
the inferior olive in the cat. ﬁ
Projections of the cerebral / v

. area 4, /6/and-3
cortex to these nuclei are u
indicated in the upper \ \
diagram of rostral view of the T.
cerebral hemisphere (Lower EEE
panels redrawn and modified
from Onodera (1984)).
Abbreviations: ag aqueduct,
B Bechterew’s nucleus,
D Darkschewitsch nucleus,
DAOc/r caudal/rostral dorsal
accessory olive, dc dorsal cap,
dmcc dorsomedial cell
column, FEF frontal eye
fields, IC interstitial nucleus
Cajal, MAOr/c rostral/caudal
part of medial accessory
olive, prf prerubral field,
r fasciculus retroflexus,
Rp parvocellular red nucleus,
3 group beta, vI/dIPO ventral/
dorsal lamina of the principal
olive; Vio ventrolateral
outgrowth

posterior pariéetal

parts projecting medially in dIPO and medial parts more laterally. Thus, it transmits
the somatotopical organization of this nucleus, imposed upon it by the cerebral
cortex. The terminations in the PO are distributed in alternating bands of high and
low density. The significance of this pattern is not known but may indicate a more
precise topical organization of the system.

The preolivary nuclei at the mesodiencephalic border receive afferents from the
cerebellum and from the cerebral cortex. Direct cortico-olivary connections have
been observed but appear to be rather scanty (see Saint-Cyr (1983) for a review and
Borra et al. (2010) for a more recent observation). Darkschewitsch’ nucleus receives
a cerebellar projection from the posterior interposed nucleus (Fig. 19.32a). The
fastigial and dentate nuclei have been mentioned as possible afferent sources. In
monkeys, the dentate nucleus projects to the parvocellular red nucleus, with
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Fig. 19.14 Connections of the parvocellular red nucleus and other nuclei at the mesodiencephalic
border to the inferior olive in the monkey. Origin of projections to these nuclei is indicated in
the upper diagram of the cerebral hemisphere. Stippled pre- and postrolandic areas contain all
neurons retrogradely labeled from the parvocellular red nucleus (Humphrey et al. 1984).
Antegrade tracing was performed from frontal eye fields, primary ventral premotor, supplementary
motor, and posterior parietal areas. Projections from primary motor and supplementary motor
areas to the parvocellular red nucleus are somatotopically arranged. Projections to the inferior
olive, illustrated in a transverse section at the bottom of the figure, were redrawn from
Strominger et al. (1979). Abbreviations: ag aqueduct, Dark Darkschewitsch’ nucleus, dl/ll/vIPO
dorsal/lateral/ventral lamina of the principal olive, DM dorsomedial subnucleus of the
parvocellular red nucleus (Bechterew’s nucleus), FEF frontal eye field, M primary motor
cortex, MAOr rostral medial accessory olive, SEF supplementary eye field, SMA supplementary
motor area
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a termination from its ventrocaudal part in the dorsomedial nucleus and of its dorsal
and rostral parts in its main ventrocaudal portion (Stanton 1980b; Voogd 2004)
(Fig. 19.32b, c).

In the cat, cortical afferents to the nuclei of the mesodiencephalic border stem
from the frontal eye fields and the areas 4, 6, and 3 (Miyashita and Tamai 1989;
Nakamura et al. 1983; Saint-Cyr 1987). These areas project to Darkschewitsch’
nucleus and the parvocellular red nucleus (Fig. 19.13). Afferents from posterior
parietal cortex terminate in the parvocellular red nucleus (Oka 1988). Bechterew’s
nucleus was not considered as a separate nucleus in these studies. Through the
topical projection of Darkschewitsch’ nucleus to the MAOT, the rostral pole of this
nucleus receives oculomotor, and its caudal part MAOTr skeletomotor input (Porter
et al. 1993).

The corticorubral projection has been studied in greater detail in monkeys
(Fig. 19.14). The total cortical area projecting to the parvocellular red nucleus
was determined by Humphrey et al. (1984) (Fig. 19.14, stippled). It includes areas
4, 6, and 8 and the posterior parietal cortex area7, extending into the dorsal bank of
the intraparietal cortex. It originates from a specific set of pyramidal neurons in
upper layer 4 (Catsman-Berrevoets et al. 1979). The projection of the motor cortex
to the magnocellular red nucleus is differently organized: it stems from neurons in
deep layer 4 and constitutes a collateral projection of the pyramidal tract. The
frontal eye field projects to Darkschewitsch’ nucleus and the dorsomedial
subnucleus of the parvocellular red nucleus, and the supplementary eye field to
the dorsomedial subnucleus only (Burman et al. 2000; Hartmann-von Monakow
etal. 1979; Huerta and Kaas 1990; Huerta et al. 1986; Kuypers and Lawrence 1967,
Leichnetz 1982; Leichnetz et al. 1984; Shook et al. 1990). The main lateral and
caudal part of the parvocellular red nucleus receives overlapping, somatotopically
arranged projections from the primary motor cortex, the supplementary motor area,
and ventral and dorsal premotor area (Burman et al. 2000; Hartmann- von Monakow
etal. 1979; Jurgens 1984; Kuypers and Lawrence 1967; Leichnetz et al. 1984; Orioli
and Strick 1989; Tokuno et al. 1995; Wiesendanger and Wiesendanger 1985).
Posterior parietal afferents mainly terminate in Darkschewitsch’ nucleus; the projec-
tion to the parvocellular red nucleus is sparse (Burman et al. 2000; Faugier-Grimaud
and Ventre 1989; Leichnetz 2001). Prefrontal projections from the prearcuate cortex
dorsal to the principal sulcus, specifically from area 9, were noticed by Leichnetz
(Leichnetz and Gonzalo-Ruiz 1996; Leichnetz et al. 1984).

Because direct connections of the cerebral cortex with the inferior olive are few,
most are shunted through the nuclei of the mesodiencephalic border. Alternative
pathways use other preolivary nuclei such as ventral regions of the dorsal column
nuclei that may serve as a relay between the motor cortex and the DAO and the
MAOc in cat and rat (Ackerley et al. 2006; Andersson 1984; McCurdy et al. 1992).
This region also receives a projection from the contralateral magnocellular red
nucleus. Reports on inhibition of transmission in the inferior olive by rubral or
cortical stimulation (Gibson et al. 2002) may be related to the presence of
GABAergic neurons in this region that project to the inferior olive (Nelson and
Mugnaini 1989). Another alternative pathway for inhibition of the DAOr passes



398 J. Voogd et al.

through the anterior interposed nucleus, which receives a collateral projection from
the rubrospinal tract (Huisman et al. 1983) and the nucleo-olivary pathway from
this nucleus.

The Corticonuclear and Olivocerebellar Projections
The Corticonuclear Projection

The concept of the longitudinal zonal organization of the corticonuclear projec-
tion resulted from a combination of Weidenreich’s subdivision of the cerebellar
nuclei with observations on the presence of parasagittally oriented white matter
compartments in the cerebellum of the ferret and the cat (Voogd 1964, 1969).
With the Haggqvist myelin stain, bundles of medium-sized myelinated Purkinje
cell axons could be distinguished in the cerebellar white matter separated by
narrow slits that contain small myelinated fibers only (Fig. 19.15). Each com-
partment channels the Purkinje cell axons from a longitudinal Purkinje cell zone
to a particular cerebellar nucleus. These Purkinje cell zones are illustrated for the
ferret in Fig. 19.16. The A zone is present in the entire vermis and projects to
the fastigial nucleus. The B zone occupies the lateral vermis of the anterior and
posterior lobes; Deiters’ lateral vestibular nucleus is its target nucleus. The C1
and C3 zones merge in the ventral anterior lobe. They extend into the simplex
lobule. C3 reappears in the Crus II and terminates in the rostral paramedian
lobule; Cl1 is present in the medial paramedian lobule. C1 and C3 project to the
anterior interposed nucleus. The C2 zone extends over the entire cerebellum,
from lobule II of the anterior lobe to the paraflocculus and the flocculus.
It connects with the posterior interposed nucleus. The D zone occupies the lateral
hemisphere. In the ansiform lobule and the paraflocculus, it is divided into the
medial D1 and the lateral D2 zones that project to ventrocaudal and rotrodorsal
parts of the dentate nucleus, respectively.

This longitudinal pattern in the corticonuclear projection was confirmed with
retrograde axonal transport from the cerebellar nuclei (Fig. 19.17) (Bigaré 1980;
Voogd and Bigaré 1980) and by Trott et al., using antegrade axonal tracing methods
(Trott and Armstrong 1987; Trott et al. 1998), both in the cat. The B zone now was
found to be restricted to the anterior vermis. Moreover, an injection of the lateral
vestibular nucleus also produced labeled Purkinje cells in the anterior A zone
(Fig. 19.17 1b). Exclusive labeling of this subpopulation was obtained from injec-
tions of the medial vestibular nucleus (Fig. 19.17 1c). In the dorsal anterior lobe,
a gap between the labeled Purkinje cells in the A and B zones contains the X zone
(Fig. 19.17 1c, arrow). In the anterior lobe, D1 and D2 zones are restricted
to its dorsal folia. A very similar pattern in the corticonuclear projection was
described for the anterior lobe of the macaque, the squirrel monkey, and the bush
baby, and for the paramedian lobule and the paraflocculus of Tupaia glis using
Nauta’s silver impregnation for degenerated axons (Haines et al. 1982). White
matter compartments in the macaque monkey, delineated by the accumulation of
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Fig. 19.15 Reconstruction
of the white matter
compartments in the anterior
lobe of the cerebellum of the
ferret. Each compartment
contains the cerebellar target
nucleus of the corresponding
Purkinje cell zone, illustrated
in the A compartment with the
fastigial nucleus. Bottom
photograph: border between
compartments A and B.
Haggqvist stain

250 pm

acetylcholinesterase at the borders of the compartments, were found to be arranged
like in the cat (Hess and Voogd 1986; Voogd et al. 1987a, b).

The zonal organization of the corticonuclear projection was confirmed for the rat
by Buisseret-Delmas with antegrade axonal transport of horseradish peroxidase
(Buisseret-Delmas and Angaut 1993). In addition to the earlier identified set of
zones, they described additional X, A2, and Y zones (Fig. 19.18). The X zone is
located between the A and B zones in the dorsal anterior lobe; it was first identified
in electrophysiological experiments on the olivocerebellar projection (see below). It
projects to cell groups located between the fastigial and posterior interposed
nucleus, known as the interstitial cell groups (Trott and Armstrong 1987; Trott
etal. 1998). The A2 zone is located in the medial hemisphere of the simplex lobule
and the Crus II (Akaike 1992). The dorsolateral protuberance of the fastigial
nucleus is the target of its corticonuclear projection. The Y zone (Buisseret-
Delmas’ DO zone) projects to the dorsolateral hump of the anterior interposed
nucleus. Buisseret-Delmas located the Y zone between C3 and DI. In studies of
the olivocerebellar projection, it was found to occupy a more lateral position,
between D1 and D2 (Fig. 19.18).
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Fig. 19.16 Reconstructions
of the Purkinje cell zones of
the cerebellum of the ferret
(Redrawn from Voogd
(1969)). Abbreviations:
ANS ansiform lobule,

ANT anterior lobe,

PFL paraflocculus,

PMD paramedian lobule,

SI simplex lobule

posterior

Another aspect of the corticonuclear projection was highlighted by the applica-
tion of immunohistochemical methods, that distinguished between two populations
of zonally distributed Purkinje cells, one population immunoreactive for zebrin
(zebrin II: aldolase C), and a second population that was zebrin-negative. Alternat-
ing zebrin-positive and zebrin-negative bands are arranged in a reproducible pattern
(Fig. 19.23). Axons of zebrin-positive Purkinje cells converge upon ventrocaudal
and lateral parts of the cerebellar nuclei, and axons from zebrin-negative Purkinje
cells terminate more rostrally (Fig. 19.25b). The use of the zebrin pattern as
a template for the study of the olivocerebellar projection is considered in section
“The Olivocerebellar Projection”.

The Olivocerebellar Projection

In early morphological studies of the olivocerebellar projection, the origin of the
climbing fibers from the inferior olive was not known. Axonal tracing methods
visualizing the climbing fibers only became available in 1974 (Desclin 1974). Their
origin from the olive had been established by Eccles et al. (1966), and Oscarsson
and his group in Lund, acting on this observation, started their studies on spino-
olivocerebellar climbing fiber paths (SOCPs) in the same year (Oscarsson and
Uddenberg 1966).

The first attempt at a map of the topographical organization of the
olivocerebellar projection was by Holmes and Steward (1908) (Fig. 19.19). It



401

19 Cerebellar Nuclei and the Inferior Olivary Nuclei: Organization and Connections

o[nqoy xordwrs 7§ ‘oynqoy uerpawered (774 ‘snofonu pesodiojur Jouraisod 74 ‘snynosogered 774 ‘Sno[onu Je[nqgrisoA [RIPAW Ay ‘Snofonu
Ie[NQIISOA [RIJR] A7 ‘SNO[ONU [ISIISE]  ‘SNO[ONU 2JLIUIP [BIISOI A7 ‘SNI[ONU 2JRIUAP [epned I ‘II/I SnID JJ/] 4D ‘2qO[ IoLdue [NV ‘9nqo] WLIOJISUue STV
‘snaonu pasodiojul JOLIdIUE [V :suoneIrdlqqy "((0861 91e3rg pue pSooA {0861 21e31g) 21e31g WO UMBIPIY) PAILdIpUl SI (UOZ V) dU0Z [[99 dfurying pajoqe|
qU) pue (SNA[ONU JB[NQIISAA [RIPAW AJA) Sho[onu pajodfur oy ‘foued yoed 104 "sna[onu Ie[[2qaI1ed Jenonted e ul 19081 opeISonal ® Jo suonoafur 1e s[[oo
olunying poreqe[ Surmoys ‘1ed Yl Jo WN[eqaIad ay) Jo (¢) 10adse Jomraisod oy pue “(7) 10edse [esiop oy “(T) 9qO] JOLISIUE A} JO SUONONNSU0INY £L°61L *Bid

d0IY31s0d ‘€ Ivsdod e HOTY31INV T
suoz 1a p } Aomy B

auoz za

auoz za

auoz 3

'-é‘imnm'm




402 J. Voogd et al.

oC
ventral  dorsal

Beta lamina  lamina

MAO PO DAO

Beta
=14

Fig. 19.18 Diagram of the zonal organization of the cerebellum of the rat. (a) Diagram of the
flattened cerebellar cortex, the Purkinje cell zones are shown in the right half of the diagram.
(b) Cerebellar and vestibular target nuclei of the Purkinje cell zones. (¢) Diagram of the flattened
inferior olive, showing subnuclei with projections to the Purkinje cell zones and their target nuclei.
(d) Diagram of the zebrin-positive and zebrin-negative bands. Abbreviations: A-D; Purkinje cell
zones A-D,, /-7 zebrin-positive bands P + 1-7, Al anterior interposed nucleus, Beta cell group
beta, ¢ caudal (MAO or DAO), C subnucleus C of the caudal MAO, DAO dorsal accessory olive,
Dc caudal subnucleus of the dentate nucleus, DC dorsal cap and ventrolateral outgrowth, DLP
dorsolateral protuberance of the fastigial nucleus, DMCC dorsomedial cell column, DM
dorsomedial group, Dr rostral subnucleus of the dentate nucleus, F fastigial nucleus, i intermediate
MAQO, ICG interstitial cell groups, LV lateral vestibular nucleus, MAO medial accessory olive, P/
posterior interposed nucleus, PO principal olive, r rostral (MAO or DAO), vest vestibular nuclei

remains the only diagram of its sort for the human cerebellum. The diagram shares
its lobular organization with the diagrams produced for the olivocerebellar projec-
tion in rabbit and cat by Brodal 30 years later (Brodal 1940) (Fig. 19.20). Different
subdivisions of the olive project to different lobules. The anterior lobe is an
exception. In the rabbit, the extreme lateral portion of the anterior lobe, the
“hemisphere proper,” receives afferents from the rostral pole of the principal
olive. The accessory olives project to the vermis and to a paravermal, intermediate
zone. This tripartition was confirmed in later studies of Jansen and Brodal (1940,
1942) of the corticonuclear projection, where the vermis was found to project to the
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Fig. 19.19 Diagram
illustrating the topographical
relations between the inferior
olive and the human
cerebellum. The dorsal
accessory olive and the
medial half of the dorsal leaf
of the principal olive are
connected with the cortex of
the superior surface of the
cerebellum. Olivocerebellar
fibers from the ventral lamina
of the principal olive and the
ventral part of the medial
accessory olive project to the
tonsilla and the caudal vermis
(From Holmes and Steward
(1908)). Abbreviations: Bi
biventral lobule, Ce central
lobule, DAO dorsal accessory
olive, Fl flocculus, Gr lobulus
gracilis, Lg lingula, MAO
medial accessory olive, PO
principal olive, Qa anterior
quadrangular lobule, Op
posterior quadrangular lobule,
Si inferior semilunar lobule,
Ss superior semilunar lobule,
To tonsilla

fastigial and the vestibular nuclei, the intermediate zone to the interposed nucleus,
and the hemisphere to the lateral cerebellar nucleus. These observations lead these
authors to the conclusion that olivocerebellar and corticonuclear projections are
arranged according to the same zonal pattern. The three-zonal arrangement only
applies to the anterior lobe and the simplex lobule. Attempts have been made
to extrapolate it to the posterior lobe, but these attempts have not met with much

success.
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Fig. 19.20 The
olivocerebellar projection in
the rabbit indicated in @ OBFLO
flattened maps of the

cerebellum and the inferior ﬁ ;—_// B
olive. The construction of the ram '
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The conclusions of Voogd (1969) and Groenewegen and Voogd (1977) and
Groenewegen et al. (1979) on the longitudinal zonal organization of the
olivocerebellar projection were based on the observation that olivocerebellar fibers
from subnuclei of the inferior olive use the white matter compartments to terminate
on Purkinje cells of the corresponding longitudinal zone and, as collaterals, on its
target nucleus. The organization of the olivocerebellar system is not a lobular but
a zonal one.

Groenewegen and Voogd (1977) and Groenewegen et al. (1979) used autoradi-
ography of [3H]leucine to map the olivocerebellar projection in the cat. Earlier,
Courville and colleagues (Courville 1975; Courville and Faraco-Cantin 1978;
Courville et al. 1974) had demonstrated the termination of olivocerebellar fibers
in longitudinal climbing fiber zones with the same method. However, they con-
cluded that these zones corresponded to Brodal’s lobular pattern of termination.
Groenewegen (Groenew(egen and Voogd 1977, Groenewegen et al. (1979) distin-
guished the same zones recognized earlier from their white matter compartments
(Fig. 19.21). The A zone is innervated by the MAOc. It extends over the entire
vermis, with the exception of lobule X that receives it climbing fibers, together with
the flocculus, from the dorsal cap and the VLO. The DAOc projects to the B zone
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Fig. 19.21 Diagram of the :
zonal organization of the
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that is limited to the lateral vermis of the anterior lobe and the simplex lobule. C1
and C3 zones are innervated by the DAOr. They are present in the anterior lobe with
the simple lobule and in the Crus II of the ansiform lobule and the paramedian
lobule. C3 is restricted to the rostral paramedian lobule. Both zones fuse in the
rostral anterior lobe, around the rostral extremity of the C2 zone. This zone receives
its climbing fibers from the MAOr and extends over the entire cerebellar cortex,
including the paraflocculus. The lateral D zone, innervated by the principal olive,
also extends over the entire rostrocaudal length of the cerebellar cortex. At the level
of the ansiform lobule and the paraflocculus, it is divided into D1 and D2 zones, but
a differential origin of these climbing fiber subzones from the principal olive could
not be established. Climbing fibers always emit collaterals to the cerebellar or
vestibular target nucleus of the Purkinje cell zone they innervate. Such
a collateral projection could not be identified for the projections of the VLO and
the DC.

Oscarsson and his group defined their spino-olivocerebellar climbing fiber paths
(SOCPs) by the spinal funiculus they use as their first link. They mapped the
terminations of these paths by recording the positive climbing fiber potentials
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Fig. 19.22 Distribution and properties of spino-olivary climbing fiber paths (SOCPs) in the
anterior lobe of the cat. (a) Ventral funiculus (vf)-SOCP (Redrawn from Oscarsson and Sjolund
(1977b)). (b) Dorsal funiculus (df)-SOCP (Redrawn from Ekerot and Larson (1979a)).
(c) Somatotopical organization of the forelimb segment of the C3 zone. Color-coded map illustrates
partially overlapping, half-moon-shaped terminal fields, activated from subsequently more cranial
cutaneous nerves /-8, indicated in upper figurine. Broken line indicates border of mirrored repre-
sentations in medial and lateral C3 zone (Redrawn from Ekerot and Larson (1979b)). (d) Transverse
branching of climbing fibers innervating dual zones (Redrawn from Ekerot and Larson (1982))

from the cerebellar surface and complex spikes from the underlying Purkinje cells
from the anterior lobe and determined their laterality, somatotopical organization
and the quality of their peripheral input. The ventral funiculus (vf)-SOCP takes its
origin from the contralateral spinal gray, as illustrated in Fig. 19.4. It terminates in
the vermis in the A zone, in the B zone, and in the C1 and C3 zones of the rostral
anterior lobe (lobules I-IV). Input to the A, C1, and C3 zones stems from the
hindlimb and is ipsilateral; the B zone receives a bilateral input from all limbs, with
the projection of the forelimb located more laterally, partially overlapping with the
projection from the hindlimb (Oscarsson and Sjolund 1977a, b; Oscarsson and
Uddenberg 1966) (Fig. 19.22a). The A and B zones receive their input through
the cell groups in the ventral horn and/or the intermediate gray and the MAOc and
the DAOc, respectively. The hindlimb input to the C1 and C3 zones is relayed
through the cell groups in the dorsal horn that are absent in the cervical enlarge-
ment. Because the ventral funiculus was isolated at the C3 segment, they missed the
C1 projection to the DAOTr (Fig. 19.4) and its contribution to the rostral C1 and C3
zones. Projections to the posterior lobe were rarely studied by the physiologists.
The C1 zone in the paramedian lobule was found to share climbing fiber collateral
input with the C1 and C3 zones in the anterior lobe (Armstrong et al. 1973;
Oscarsson and Sjolund 1977a). The presence of a C3 zone in the rostral paramedian
lobule was never confirmed.
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The bilateral projection of the four limbs to the B zone was studied in more detail
by Andersson and Oscarsson (1978). They described narrow, mediolaterally
arranged longitudinal strips of Purkinje cells that receive the same climbing fiber
input (i.e., mainly ipsilateral hindlimb, bilateral hindlimb, bilateral hind- and
forelimb, etc., with a trigeminal microzone located most medially (Andersson and
Eriksson 1981)). These “microzones” are narrow, with a width of a few Purkinje
cells, but may extend for tens of millimeters in the rostrocaudal direction. The
relationship of the microzones to the morphology of the climbing fiber system is
discussed in » Chap. 20 “Axonal Trajectories of Single Climbing and Mossy Fiber
Neurons in the Cerebellar Cortex and Nucleus” (Shinoda and Sugihara).

The dorsal funiculus (df)-SOCP was studied by Oscarsson (1969) and Ekerot
and Larson (1979a, b). Its first link consists of spinal root fibers ascending in the
dorsal columns. Its relay in the dorsal column nuclei and its projections to the
inferior olive were discussed in section “Projections from the Dorsal Column
Nuclei” and illustrated in Figs. 19.7, 19.8, and 19.9. The projection to the anterior
lobe is ipsilateral for all the zones. Oscarsson (1969) documented ipsilateral hind-
and forelimb projections to the B zone and an ipsilateral hindlimb projection to A.
These projections presumably overlap with similar projections from the vfSOCP.
The relay for the B zone in the DAOc only has been substantiated for the hindlimb
(Fig. 19.6). A substantial hindlimb projection from the gracile nucleus to MAOc
would provide for the activation of the A zone. Ekerot and Larson (1979a, b)
limited their study to the four short-latency zones, X, C1, C3, and D2, relayed
monosynaptically by the dorsal column nuclei to the inferior olive, and two long-
latency zones, C2 and D1, with an extra synapse, presumably in the mesencephalon
(Fig. 19.22b).

The C1, C3, and D2 (or Y) zones are innervated by the DAOr. Rostral hindlimb
segments of the C1 and C3 zones overlap with the vf-SOCP, and their forelimb
segments extend into lobule V. A projection of this subnucleus to the D2 zone was not
noticed in earlier morphological studies. Originally, the D2 zone was defined by its
lateral location, its projection to the rostral dentate, and its climbing fiber afferents
from the dorsal lamina of the principal olive. Although Ekerot’s D2 zone is located in
the most lateral part of the anterior lobe of the cat, its connections clearly differ from
the original D2 zone. It should be considered as a third zone of the C1-C3 collective,
innervated by the rostral DAO and projecting to the anterior interposed nucleus. The
true D2 zone may have been inaccessible for the microelectrode, as it is hidden in
the lateral pole of the anterior lobe of the cat, Garwicz (1997), in the ferret, proposed
the neutral term Y zone for Ekerot’s D2 zone. In the rat, a DO zone (Buisseret-Delmas
1989) was identified in the lateral anterior lobe and the paramedian lobule, located
between the D1 and D2 zones (Voogd et al. 2003; Sugihara and Shinoda 2004). The
DO zone occupies a similar position as the Y zone in the cat. Its connections,
however, are with subnuclei that have not been identified in carnivores, receiving
climbing fibers from the dorsomedial group of the ventral lamina of the principal
olive and projecting to the dorsolateral hump. Moreover, it gives rise to the
uncrossed descending limb of the brachium conjunctivum (Mehler 1969) that
has not been identified in carnivores either.
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The X zone is located between the A and B. It is a pure forelimb zone located in
lobule V. It receives its climbing fibers from intermediate levels of the MAO
(Campbell and Armstrong 1985) (illustrated in Fig. 19.18 for the rat). The forelimb
projection from the cuneate nucleus to the intermediate MAO is illustrated in
Fig. 19.6. A trigeminal input to this region is illustrated in Figs. 19.4 and 19.5.

Alternative routes for the transmission of peripheral input to the inferior olive
involve the crossed ascending projections of somatosensory relay nuclei to the
nuclei of the mesodiencephalic junction, referred to before. For the long-latency
projection to D1, the pathway probably involves Bechterew’s nucleus, a subsidiary
of the parvocellular red nucleus, and the ventral lamina of the principal olive
(Fig. 19.13). The pathway for the C2 zone includes Darkschewitsch’ nucleus
(Fig. 19.13) and the MAOr. The D1 zone displays an indistinct somatotopical
organization; C2 lacks a somatotopical arrangement.

The somatotopical organization of the forelimb region of the C3 zone was
studied in more detail. Climbing fibers transmitting information from cutaneous
nerves terminate in partially overlapping half-moon-shaped fields in this zone.
When stimulating thoracic, ulnar, radial, and neck nerves, the fields shift rostrally
in this order (Fig. 19.22c). Apparently, the C3 zone contains two mirror-faced
somatotopical maps in its medial and lateral halves. A similar, but single,
somatotopical organization is present in the C1 and the Y (D2) zone.

Transverse climbing fiber branching was found between medial C3 and C1 and
between lateral C3 and Y (D2) (Armstrong et al. 1973; Ekerot and Larson 1982)
(Fig. 19.22d). Moreover, climbing fibers branch between the X zone and a new CX
zone, located between C2 and C1. The presence of zonal pairs sharing the same
topically arranged peripheral climbing fiber input, enclosing a zone innervated by
climbing fibers carrying information descending from the mesodiencephalic junc-
tion, is a remarkable, but still unexplained feature of the anterior lobe. In rat and
mouse transverse branching in the anterior lobe among the C1, C3, and DO zones in
lobules VI and VI between A and A2 and in the copula pyramidis in the C1 zone,
was noticed with antegrade labeling of climbing fibers by Sugihara and Shinoda
(2004) and Sugihara and Quy (2007).

Apart from tactile input, the df-SOCP climbing fibers of the df-SOCP were
found to relay nociceptive input. This quality is relayed by the postsynaptic dorsal
column pathway, and not by the spinal root fibers of the dorsal funiculus (Ekerot
etal. 1991; Uddenberg 1968). Nociceptive input is found for the X, C1, CX, and C3
zones (Garwicz et al. 1992).

In the most recent chapter in the study of the olivocerebellar projection, the “zebrin
pattern” was used as a template. Antibodies known as the zebrins exclusively stain
a subpopulation of Purkinje cells in rodents that are arranged in parallel longitudinal
bands, separated by bands of zebrin-negative Purkinje cells (Hawkes and Leclerc
1987) (Fig. 19.23). One of these antibodies, zebrin II, recognizes the enzyme aldolase
C (Hawkes and Herrup 1995). Earlier, the same pattern was described by Scott
(1964) for the enzyme 5-nucleotidase in the molecular layer of the cerebellum of
the mouse. In the nomenclature devised by Hawkes, zebrin-positive bands are
numbered from medial to lateral as P1+ to P7+, and the zebrin-negative bands
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Fig. 19.23 Diagram of
zebrin-positive (black) and
zebrin-negative (white)
Purkinje cell bands in the
cerebellum of the rat. Zebrin-
positive (P+) bands are
numbered according to
Hawkes and Leclerc (1987).
Non-numbered satellite bands
are shown in red.
Abbreviations: //-IX lobules
II-IX, COP copula pyramidis,
Cr I/ll Crus I/II, PMD
paramedian lobule, S/
simplex lobule

anterior

P1- to P6- are located lateral to the zebrin-positive bands bearing the same number
(Fig. 19.23). The “satellite bands” distinguished by these authors (red in
Fig. 19.23) were not numbered. Later they were found to be a reproducible feature
and indicated with lower case characters (Figs. 19.18, 19.23, and 19.24).

The main question that remained was whether the zebrin-positive and zebrin-
negative bands were identical to the corticonuclear and olivocerebellar projection
zones. The answer to this question was provided by Voogd et al. (2003), using
a bidirectional axonal tracer, injected into identified zones of the cerebellar cortex
of the rat and, in much greater detail, by Sugihara c.s who mapped the olivocerebellar
projection from numerous small injections of an antegrade axonal tracer in subnuclei
of the inferior olive in rat (Sugihara and Shinoda 2004) and mouse (Sugihara and
Quy 2007) in material counterstained for aldolase C (zebrin II). Additional studies
were published by Voogd and Ruigrok (2004) and Pijpers et al. (2005). Earlier, the
olivocerebellar projection in the rat had been described by Buisseret-Delmas and
Angaut (1993). Their findings largely confirmed the earlier studies in carnivores. Of
the additional zones described by them, the X zone receives it climbing fibers from
the lateral intermediate MAOc. The A2 zone is innervated by the medial MAOc,
and the Y (Delmas’s DO zone) by the dorsomedial group of the ventral lamina of the
principal olive (Fig. 19.18a, c).
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In Voogd’s studies, the corticonuclear and olivocerebellar projection zones were
found to be congruent with zebrin-positive and zebrin-negative bands. The C2, D1,
and D2 zones consist of zebrin-positive Purkinje cells, and the X, B, C1, C3, and
Y zones are zebrin-negative (Fig. 19.18.). Because these zebrin-negative zones are
absent from the Crus I of the ansiform lobule and the paraflocculus, these lobules
are entirely zebrin-positive, and the borders of the constituent C2, D1, and D2 zones
cannot be distinguished. This is also the case for the X, B, and C1 zones that occupy
the anterior zebrin-negative P2-band. It follows from the analysis of the
olivocerebellar projection that Hawkes nomenclature for the zebrin bands in
the anterior and posterior cerebellum is not consistent. Anterior bands P2+ to P6+
are continuous with posterior bands P3+ to P7+. The A2 zone occupies a region in
the Crus II, containing the zebrin-positive and zebrin-negative P4b and P5a bands.
Anteriorly, it corresponds to the ¢ and d bands of the simplex lobule. In the
following account, anterior and posterior bands that receive their climbing fibers
from the same subdivision of the inferior olive will be indicated with their
numbers separated by a dash (i.e., anterior band 2+ and posterior band 3+ are
indicated as 2+/3+).

Greater detail was obtained in Sugihara and Shinoda’s study (Sugihara and
Shinoda 2004) of the olivocerebellar projection in the rat. They distinguished
four groups in this projection (Fig. 19.24a, b). Group I (green) includes the lateral
subnucleus a of the MAOc, the MAOT, and the principal olive. It projects to zebrin-
positive bands P1, with the exception of lobule VII, 2+/3 + and to the 4+/5+, 5+/6+
and 6+/7+. With the exception of subnucleus a of the MAOc that receives somato-
sensory input, it receives its afferents from the nuclei at the mesodiencephalic
junction. Group II (blue) comprises the projections of caudal subnucleus ¢ of the
MAOc, group beta and the DMCC and the caudal part of the dorsomedial group to
zebrin-positive bands a+/2+, 3+, and 4+ in the uvula and a complicated array
of zebrin-positive bands in intermediate regions of lobule VI-VIII (2b+, c+, d+,
4b+, Sa+). Of this group, the beta nucleus and the DMCC receive vestibular input,
and lateral MAOc shares the tecto-olivary projection with the group III and receives
a spatially segregated somatosensory afferents. Group III (yellow) includes the
projections of subnucleus c of the MAOc to zebrin-negative bands in the vermis and
in intermediate regions of lobules VI-VIIL In group IV (red), the DAO and the
rostral part of the dorsomedial group project to anterior bands 2-, b+ and -, 3+ and -,
3b+ and -, 4- and 5- and posterior 4-, el and 2+ and -, 5- and 6-. This region includes

<
«

Fig. 19.24 (a) Olivocerebellar projections to aldolase-C-positive and aldolase-C-negative
Purkinje cell zones. The four groups in this projection, their origin from the olive and their
termination in the cortex, are indicated in different colors. Group I (green) and group II (blue)
project to aldolase-positive bands. Group III (yellow) and group IV (red) project to aldolase-
negative bands. (b) Flattened reconstruction of the cerebellar cortex showing aldolase-C-positive
and aldolase-C-negative bands. (¢) Correspondence of aldolase C banding pattern with A-D zones
and their origin from the inferior olive. The A and A2 zones correspond with multiple aldolase-C-
positive (dark blue and dark orange) and aldolase-C-negative (light blue and light orange) bands
(a and b, Redrawn from Sugihara and Shinoda (2004))
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both zebrin-negative, and the weakly zebrin-positive bands 3+ and 3b+ in the
anterior cerebellum and el, and e2 in the posterior cerebellum. Group IV is purely
somatosensory.

The correspondence between the four groups of Sugihara and Shinoda (2004)
and the nomenclature of Voogd (Fig. 19.18) and Buisseret-Delmas (1993) is indi-
cated in Fig. 19.24C. The localization of X, B, C1-3, Cx and the D1, Y, and D2
zones is immediately clear. The position of the D1 and D2 zones, flanking the
Y (Buiseret-Delmas’s D0 zone), now was definitely established. The possibility still
exists that D1 is discontinuous in the Crus I (lobule VIc) because no labeling
was observed in this region with injections of the vIPO. The main difference
with previous maps is the composition of the A and A2 zones of an array of
interdigitating zebrin-positive and zebrin-negative bands.

The principle, formulated by Groenewegen et al. (1979) that olivocerebellar
fibers emit collaterals that terminate in the target nucleus of the Purkinje cells
innervated by these fibers, has not been challenged.

The collateral olivocerebellar projection to the cerebellar nuclei was studied in
the rat by Ruigrok and Voogd (2000) and Sugihara and Shinoda (2007). The
collateral projections of subnuclei of the inferior olive were found to overlap with
the corticonuclear projections from the Purkinje cell zones that receive climbing
fibers from these subnuclei, as reviewed in the previous paragraphs.

Zebrin (aldolase C) immunochemistry cannot be used to map the corticonuclear
projection of the individual zones. However, it may serve to visualize the overall
topography of the corticonuclear projection of zebrin-(aldolase C)-positive and
negative Purkinje cell zones as labeling of fibers and terminals in the cerebellar
nuclear neuropil (Hawkes and Leclerc 1986; Sugihara and Shinoda 2007). Zebrin-
positive and zebrin-negative zones that interdigitate in the cerebellar cortex, con-
verge upon two separate homogeneously zebrin-positive or zebrin-negative regions
of the cerebellar nuclei, that occupy caudoventral and lateral, and rostrodorsal parts
of the nuclei, respectively (Fig. 19.25b). As a result, the medial (fastigial) nucleus is
divided into the rostrodorsal, zebrin-negative and caudoventral, zebrin-positive
parts, which may be related to some functional localization in this nucleus. In the
interposed nucleus, this division between the rostrodorsal and caudoventral parts
roughly corresponds to the division between the anterior and posterior interposed
nuclei. The lateral (dentate) nucleus is entirely aldolase-C-positive, in accordance
with its innervation by zebrin-positive bands only.

Collateral projections to the fastigial nucleus from groups I and II that innervate
zebrin-positive zones include those from subnucleus a of the MAOc (green in
Fig. 19.25), group beta and DMCC (light blue), and subnucleus ¢ (dark blue).
These collateral projections occupy subsequently more dorsal and rostral laminae
(Fig. 19.25a, b, g, h). The collateral projection of subnucleus c to lobules VI and
VII, the so-called visual vermis, demarcates the visuomotor subdivision of the
fastigial nucleus. Subnucleus b of the MAO that belongs to group III, which
innervates zebrin-negative territory, supplies collateral projections to the rostral
and dorsal fastigial nucleus. Olivocerebellar fibers from medial subnucleus
b that innervate the zebrin-negative bands of the A2 zone emit collaterals to
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Fig. 19.25 (a) Collateral projections of olivocerebellar fibers to the cerebellar nuclei in the rat
illustrated in diagrams of parasagittal (¢—f) and transverse sections (g, /). Projections from the four
groups in the olivocerebellar projection, distinguished in Fig. 19.24a, are shown in the same colors.
Within group II, the projection to lobules VI and VII (the “visual vermis”: dark blue) is
distinguished from other lobules (light blue). Within group III, the projections of the dorsolateral
protuberance and medial posterior interposed nucleus (orange) are distinguished from those to
rostral fastigial nucleus and interstitial cell groups (yellow). (b) Caudal view of a 3-D reconstruc-
tion of the caudoventral and lateral aldolase-C (zebrin-positive) and rostral aldolase-C-negative
compartments of the cerebellar nuclei of the rat (Redrawn from Sugihara and Shinoda (2007)).
Abbreviations: Al anterior interposed nucleus, AICG anterior interstitial cell groups, C caudal,
CVP caudal pole, D dorsal, DLH dorsolateral hump, DLP dorsolateral protuberance, DMC
dorsomedial crest, /CG interstitial cell groups, L lateral cerebellar nucleus, LV lateral vestibular
nucleus, M medial cerebellar nucleus, P/ posterior interposed nucleus
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Fig. 19.26 Afferent
climbing fiber and efferent
projections of the flocculus
and the nodulus and adjacent
lobules. (a) Zonal
organization of the
olivocerebellar projection to
the flocculus and the adjacent
ventral paraflocculus and to
the nodulus and the uvula in
the rat and their origin from
the inferior olive, shown in
flattened diagrams of these
structures. (b) Efferent
connections of the flocculus
and the nodulus in rabbits.
Note different localization of
group beta innervated zone in
the nodulus of rat and rabbit.
Abbreviations: DC dorsal cap,
DM dorsomedial group, f0-f4
floccular zones fO-f4, Fast,
fastigial nucleus, MAOc/r
caudal/rostral medial
accessory olive, MV medial
vestibular nucleus, n/-n5
nodular zones 1-5, PI
posterior interposed nucleus,
PO principal olive, 8 group
beta, SV superior vestibular
nucleus, VLO ventrolateral
outgrowth, Y group Y
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the dorsolateral protuberance and spill over in the adjacent posterior interposed
nucleus (orange). Lateral subnucleus b innervates the base of the DLP and the
interstitial cell groups (yellow). The latter represents the collateral projection of
the X zone. Collateral projections from the MAOr and the ventral and dorsal
laminae of the PO, that belong to group I (green), terminate in the zebrin-
positive neuropil of the posterior interposed nucleus and in the caudal and
rostral portions of the dentate nucleus, respectively. Collateral projections of
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group IV include those of the DAOr that innervate the anterior interposed
nucleus (red), and the DAOc that provide collaterals to the lateral vestibular
nucleus and to islands of gray matter between the anterior interposed
and lateral nuclei, known as the anterior interstitial cell groups (AICG, pink).
The neuropil of the target nuclei of group IV is devoid of zebrin-positive
elements.

Olivocerebellar projections to the flocculus and the nodulus and neighboring
lobules have received much attention. In the flocculus of the rabbit, five
Purkinje cell zones and corresponding white matter compartments could be
distinguished (Tan et al. 1995a, b, c) (Fig. 19.26a). The caudal extension of
the C2 zone is located along its lateral border. Actually, this lateral border
corresponds to the inner, medial border of the folial chain of the hemisphere
that is turned back upon itself as the flocculus. The fl1 and f3 zones receive
a projection from the rostral dorsal cap (DC) and the ventrolateral outgrowth
(VLO), the f2 and f4 zones from the caudal DC. In the flocculus of the rat, the
C2 zone and the four floccular zones, with the same dual projection from
the DC and the VLO, could be distinguished (Ruigrok et al. 1992). A fifth
DC-innervated fO zone was identified by Sugihara et al. (2004) (Fig. 19.26a).
A differential projection of caudal and rostral parts of the VLO was found by
these authors, confirming earlier observations by Gerrits (1982) in the cat.
A similar zonal organization is present in the flocculus of the mouse
(Schonewille et al. 2006). In monkeys, the f4 zone appears to be absent
(Voogd et al. 1987a, b). In all species, the floccular zones extend for some
distance on the ventral paraflocculus. In the rabbit, this extension is known as
folium P (Yamamoto 1978, 1979), in the cat as the medial extension of the
ventral paraflocculus (ME: Gerrits and Voogd 1982), and in monkeys, the
floccular zones occupy the entire ventral paraflocculus (Voogd et al. 1987b).

Collateral projections from the DC terminate in the rostrolateral ventral
dentate nucleus, from the VLO in its medial part and in the dorsal group
Y (Sugihara et al. 2004). Climbing fibers from the VLO also terminate in the
extreme lateral part of the ansiform lobule (Fig. 19.24). Olivocerebellar fibers
from DC and VLO do not collateralize to the vestibular nuclei (Ruigrok and
Voogd 2000; Sugihara et al. 2004). Collateral projections from the group beta
and a lateral part of subnucleus b of the MAOc to parts of the vestibular nuclei
were identified by Ruigrok (unpublished) and Sugihara and Shinoda (2007),
respectively.

The zonal organization of the nodulus and the uvula is fairly complicated. In
the uvula, four zebrin-positive bands are present, separated by narrow zebrin-
negative slits. These zebrin-negative slits disappear in the ventral uvula.
Purkinje cells in the ventral uvula and the nodulus are all zebrin-positive
(Fig. 19.26) (Voogd et al. 1996). In the medial and lateral uvula, the nl and
nS zones are innervated by the DC, and an intermediate N3 band receives
climbing fibers from the VLO. Of these zones, only n3 continues into the
ventral uvula. In the uvula, the caudal group beta innervates zebrin-positive
band P1+ and medial P2+, rostral group beta innervates lateral P2+ and medial
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P3+, and climbing fibers terminating in lateral P3+ and in P4+ are derived from
the DMCC. The narrow P1-, P2-, and P3- bands receive climbing fibers from
subnucleus b of the MAOc. According to Sugihara and Shinoda (2004),
climbing fibers terminating in P4+ are derived from the caudal part of the
dorsomedial group and the most caudal and medial part of the vIPO and the
dorsomedial group is an alternative source for the P3- projection. The locali-
zation of the DC and VLO-innervated zones was confirmed for the rat by
Ruigrok (Ruigrok 2003), who also demonstrated collateralization of climbing
fibers between the projections from the DC to the rostral DC-innervated zone
in the ventral paraflocculus and the nl and n5 zones in the nodulus and for the
VLO between fl and f3 and n3.

The efferent connections of the Purkinje cell zones of the flocculus and the
nodulus have been studied in rabbits (Fig. 19.26b). The DC-innervated {2 and f4
zones project to oculomotor relay cells in the medial vestibular nucleus, the VLO-
innervated f1 and f3 zones project to oculomotor relay cells in the group Y and the
superior vestibular nucleus (De Zeeuw et al. 1994b; Tan et al. 1995a). The zonal
organization of the rabbit nodulus differs from the rat in the presence of a medial
beta-innervated zone, but DC and VLO-innervated N1, N3, and n4 zones are
present in the same configuration as in the rat. All the zones project to the medial
vestibular nucleus; additional projections to the superior vestibular nucleus and
group Y take their origin from n3 and n4 (Wylie et al. 1994). Terminations in the
superior and medial vestibular nuclei are complementary to those from the floccu-
lus (Angaut and Brodal 1967; Haines 1977; Voogd 1964). All or most of the
Purkinje cell zones of the flocculus and the nodulus project to the basal interstitial
nucleus.

The Nucleo-olivary Pathway

The pathway from the cerebellar nuclei to the contralateral inferior olive was
discovered by Graybiel et al. (1973) in the cat. It takes its origin from the small,
GABAergic neurons in all cerebellar nuclei (Mugnaini and Oertel 1985). The
projection is reciprocal with respect to the collateral projections of the subnuclei
of the inferior olive to the cerebellar nuclei and has been described in the rat
(Ruigrok and Voogd 1990), the cat (Courville et al. 1983a; Legendre and Courville
1986; Tolbert et al. 1976), and the monkey (Beitz 1976; Chan-Palay 1977b; Kalil
1979). Nucleo-olivary fibers from the dentate and interposed nuclei ascend in
a separate bundle, ventral to the brachium conjunctivum, decussate caudal to the
brachium, and descend in the tegmentum to the olive. Nucleo-olivary fibers from
the fastigial nucleus take a more diffuse route to the olive (Legendre and Courville
1986). GABAergic projections from the vestibular nuclei and the group Y to the
DC, VLO, the group beta, and the DMCC were considered in section “Optokinetic
and Vestibular Projections to the Inferior Olive”. In the rat, small numbers of fibers
recross at the level of the olive. Recrossing fibers mainly terminate in MAOTr, vIPO,
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Fig. 19.27 White matter
compartments in the anterior
lobe of Macaca fascicularis.
Processed for acetylcholine
esterase. Abbreviations: IntA
anterior interposed nucleus;
bc brachium conjunctivum, cr
restiform body

and in the dorsomedial group (Ruigrok and Voogd 1990). In all species, a projection
from the ventrocaudal dentate to the vIPO, and from the rostral dentate to the dIPO,
was found.

Olivocerebellar and Corticonuclear Projections in Primates

The presence of corticonuclear projection zones A-D in prosimians, macaques, and
squirrel monkeys was demonstrated by Haines and his colleagues for the anterior lobe
of these species (Haines et al. 1982). A division of the D zone into D1 and D2 zones was
not observed by these authors. The parasagittal organization of white matter compart-
ments in the macaque cerebellum, visualized by the accumulation of acetylcholines-
terase at their borders, was found to be very similar to earlier observations in carnivores
(Voogd et al. 1987a) (Fig. 19.27). An X compartment was recognized in the anterior
cerebellum; D1 and D2 compartments that issue at the caudal and more rostral portions
of the dentate nucleus were recognized in the dorsal paraflocculus and the paramedian
lobule. In experiments using autoradiography of antegradely transported tritiated
leucine, the A, X, B, and C2 compartments were shown to channel the olivocerebellar
fibers to their respective Purkinje cell zones.
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Fig. 19.28 Aldolase-C-positive and aldolase-C-negative bands in a flattened reconstruction of
the cerebellar cortex of the marmoset (/eft). The correspondence with the A, C1, C2, C3, DI, and
D2 zones, based on the afferent climbing fiber and efferent nuclear connections of the aldolase-C-
positive and aldolase-C-negative bands, is indicated in the right hand panel. The symmetry axis
for the numbering of the bands and the areas without cortex in the center of the ansiform loop are
shown in red (Redrawn from Fujita et al. (2010)). Abbreviations: ANT anterior lobe, FLO
flocculus, PFL paraflocculus, PMD paramedian lobule, S/ simplex lobule, /-X lobules I-X

Knowledge of the corticonuclear and olivocerebellar projections in subhuman
primates remains fragmentary, particularly with respect to the connections of the
dentate nucleus. A major advance was the publication of a complete map of the
aldolase-C (zebrin II)-positive and negative bands in the marmoset, a small primate
(Fujita et al. 2010) (Fig. 19.28). For the vermis, the zebrin pattern in primates was
analyzed by Sillitoe and colleagues (2005), but the hemisphere remained
unexplored. The banding pattern of the marmoset cerebellum is very similar to
the rat (Fig. 19.24). A, C1, C2, C3, D1, and D2 zones could be recognized using
small injections of bidirectional tracers in specific aldolase-C-positive or aldolase-
C-negative bands. D1 receives a projection from the vIPO and D2 from the dIPO. In
the posterior lobe, the P5a bands appear to be absent. In the rat, these bands are part
of the A2 zone. The target of the P5Sa- band, the dorsolateral protuberance of the
fastigial nucleus, is not present in the marmoset either. A reduction of the A2 zone
in this species, therefore, appears likely.
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Fig. 19.29 Diagram of the projections of the fastigial nucleus. Projections of the rostral and
ventrocaudal fastigial nucleus are indicated in ye/low and those from its visuomotor division in
green. The recurrent climbing fiber pathway from the superior colliculus is shown in red.
Abbreviations: coll.sup superior colliculus, Fr rostral division fastigial nucleus, Fvc ventrocaudal
division fastigial nucleus, /-X vermal lobules I-X, MAOc caudal medial accessory olive, med.s.ret
medial reticular formation, no nucleo-olivary pathway, PPRF pontine paramedian reticular for-
mation, riMLF rostral interstitial nucleus of the medial longitudinal fascicle, vest.nu vestibular
nuclei, vis.fast visuomotor division fastigial nucleus

The Cerebellar Nuclei: Efferent Connections and Recurrent
Climbing Fiber Paths

The Fastigial Nucleus

The fastigial nucleus receives projections from the anterior vermis and lobule VIII
in its rostral portion, from the oculomotor vermis (lobule VII) in a caudal subdivi-
sion, and from lobules IX and X in its ventrocaudal part (Fig. 19.29). In rodents,
a dorsolateral protuberance is present that receives Purkinje cell axons from the A2
zone (Buisseret-Delmas 1988) (Fig. 19.18). The rostral fastigial nucleus projects
bilaterally and symmetrically to the vestibular nuclei (magnocellular medial and
descending vestibular nuclei, nucleus parasolitarius) and the medial bulbar and
pontine reticular formation (Batton et al. 1977; Homma et al. 1995; Teune et al.
2000). The entire contralateral projection uses the uncinate tract (Thomas 1897)
that decussates in the cerebellar commissure and hooks over the brachium
conjunctivum to enter the vestibular nuclear complex from laterally. It emits an
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Fig. 19.30 Labeled neurons rostral
in the rat fastigial nucleus
from an injection of

a retrograde tracer affecting
the entire left-sided output of
the nucleus. Abbreviations:
DLP dorsolateral
protuberance, Fr rostral
fastigial nucleus, Fvc
ventrocaudal fastigial
nucleus, PI posterior
interposed nucleus

IPSI Fvc CONTRA

ascending branch (Probst 1901) consisting of scattered fibers around the medial
pole of the brachium, that does not join it in its decussation. The direct
fastigiobulbar tract enters the vestibular nuclei from medially. In the mouse, the
ipsilateral pathway was found to originate from glycinergic neurons (Bagnall et al.
2009). The distribution of these glycinergic cells in the ventral and rostral fastigial
nucleus in the mouse corresponds closely to the neurons with ipsilateral projections
in the rat (Fig. 19.30). The projections of the caudal fastigial nucleus and the
dorsolateral protuberance are entirely crossed.

The connections of the caudal, oculomotor division of the fastigial nucleus have
been studied mainly in monkeys (Noda et al. 1990) (Fig. 19.29). This subdivision
appears to be the main source of the crossed ascending branch of the uncinate tract.
Its bilateral projection to the vestibular nuclei and the bulbar reticular formation
overlaps with the rostral fastigial nucleus. Specific contralateral projections of the
oculomotor division include the pontine paramedian reticular formation (PPRF)
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Fig. 19.31 Diagram of the
projections of the anterior
interposed nucleus. The
recurrent climbing fiber
pathway from the pretectum
is indicated in red.
Abbreviations: Al anterior T

Thal: Ant.pret.nu.

interposed nucleus, Ant.pret. VIM
nu anterior pretectal nucleus,
DAOFr rostral dorsal accessory
olive, M primary motor area,
no nucleo-olivary pathway,
Rmc magnocellular red
nucleus, Thal thalamus, VIM
ventral intermediate thalamic
nucleus

M1

Rmc

pyramidal tract ' —

that contains the excitatory and inhibitory burst cells for horizontal eye movements,
the rostral interstitial nucleus of the medial longitudinal fascicle (riMLF) with
similar neurons for vertical eye movements, the rostral intermediate layer of the
superior colliculus, where fibers cross in the tectal commissure to innervate the
contralateral side (May et al. 1990), and parts of the suprageniculate, ventral
intermediate, ventral lateral and intralaminar thalamic nuclei.

A recurrent tecto-olivary pathway takes its origin from the intermediate layer of
the superior colliculus to terminate in the contralateral medial MAOc (Figs. 19.12
and 19.30). In all species, this subnucleus projects to the oculomotor vermis. In
rodents, the tecto-olivary pathway also innervates a separate neuronal population in
subnucleus b of the MAOc that projects to the A2 zone and its target nucleus, the
dorsolateral protuberance (Akaike 1992; Ruigrok and Voogd 2000). The contralat-
eral projection of the dorsolateral protuberance to the brain stem is mainly directed
at the lateral, parvocellular reticular formation and the adjoining spinal nucleus of
the trigeminal nerve, the parabrachial nuclei, the nucleus pedunculopontinus, and
the deep mesencephalic nucleus. This system appears to absent or rudimentary in
primates and carnivores.

Anterior Interposed Nucleus

Projections from the anterior and posterior C1, C3, and Y zones converge on to the
anterior interposed nucleus, where they are arranged into a single somatotopical
map (Garwicz and Ekerot 1994). The main projections of the anterior interposed
nucleus include the magnocellular red nucleus, the nucleus reticularis tegmenti
pontis, and, through the ventral intermediate and ventral lateral thalamic nuclei, the
primary motor cortex (Fig. 19.31). A recurrent pretecto-olivary pathway arises from
the anterior pretectal nucleus and relays in the DAOr (Kawamura and Onodera
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1984; Kawamura et al. 1982; Sugimoto et al. 1982) (see also section “Afferents
from Tectum and Pretectum” and Figs. 19.12 and 19.31).

In rodents, the dorsolateral hump (Goodman et al. 1963) (Fig. 19.1) may be
considered as a subnucleus of the anterior interposed nucleus. It receives
a projection of the DO zone, the presumed equivalent of the Y zone in the cat
(Sugihara et al. 2009) (Fig. 19.18). The DO zone and the dorsolateral hump are
innervated by the dorsomedial group of the ventral lamina of the principal olive.
The dorsolateral hump gives origin to the uncrossed descending branch of the
superior cerebellar peduncle (Cajal 1972; Mehler 1969). It terminates in the lateral
parvocellular reticular formation and the adjoining spinal nucleus of the trigeminal
nerve (Teune et al. 2000), where it overlaps with terminals of the contralateral
dorsolateral protuberance. Both of these systems appear to be absent in non-rodent
species.

Posterior Interposed Nucleus and Interstitial Cell Groups

The posterior interposed nucleus is the recipient of Purkinje cell axons of the
C2 zone that extends over the entire rostrocaudal length of the cerebellar
cortex from lobule III into the flocculus. The MAOr provides the C2 zone
with its climbing fibers and the posterior interposed nucleus with a collateral
projection. The MAOr receives its descending input through the medial
tegmental tract from Darkschewitsch nucleus located at the mesodiencephalic
junction (Ogawa 1939). This nucleus is a relay in the projection from frontal
eye fields to the rostral pole of the MAOr and motor and posterior parietal
cortices to its caudal parts (section “Nuclei at the Mesodiencephalic Border:
The Central and Medial Tegmental Tracts” and Fig. 19.13). The rostral pole
of the MAOr projects to the flocculus and the adjacent ventral paraflocculus.
The dorsal paraflocculus and the ansiform lobule receive their climbing fibers
from successively more caudal parts of the MAOr. The caudal portion of the
MAOTr, which receives motor and parietal input, projects to the C2 zone of the
anterior lobe and the paramedian lobule (Brodal and Kawamura 1980).
Laterocaudal visuomotor and rostromedial skeletomotor divisions also have
been recognized in the posterior interposed nucleus (van Kan et al. 1993). The
laterocaudal visuomotor division receives a corticonuclear projection from the
paraflocculus (Xiong and Nagao 2002). The topical projections of the more
rostral segments of the C2 zone to the posterior interposed nucleus have not
yet been studied.

Efferent connections of the posterior interposed nucleus (Fig. 19.32a) include
the contralateral magnocellular red nucleus, Darkschewitsch’ nucleus, the near-
response region located dorsal to the oculomotor nuclei which is required for
vergence eye movements (May et al. 1992), the superior colliculus and, as
thalamocortical projections, the primary motor and premotor cortex and the frontal
eye fields and posterior parietal areas (Kievit 1979; Lynch and Tian 2006; Matelli
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Fig. 19.32 Diagrams of the
projections of the posterior
interposed nucleus (a), the
caudal dentate nucleus (b),
and the rostral dentate nucleus
(c). Recurrent climbing fiber
pathways are indicated in red.
Abbreviations: ctt central
tegmental tract, coll.sup
superior colliculus, Dark
Darkschewitsch’ nucleus, D¢
caudal dentate nucleus, Dr
rostral dentate nucleus, FA
supplementary eye field, FE
frontal eye field, MAOr rostral
medial accessory olive, mt
medial tegmental tract, no
nucleo-olivary pathway, Par
parietal cortex, P/ posterior
interposed nucleus, POd!
dorsal lamina principal olive,
POvI ventral lamina principal
olive, Rpc DM dorsomedial
subdivision parvocellular red
nucleus (Bechterew’s
nucleus), Rpc lat lateral
subdivision parvocellular red
nucleus, Thal thalamus, VIM
ventral intermediate thalamic
nucleus, VLO ventral lateral
thalamic nucleus oral part,
VL-X ventral lateral thalamic
nucleus, nucleus X
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and Luppino 1996; Matelli et al. 1989). Another link with the frontal eye field and,
possibly, parietal areas is provided by the superior colliculus (Lynch et al. 1994;
Tian and Lynch 1997). Extensive projections to the medial intraparietal area
MIP, from the anterior and paramedian C2 zone, through the laterocaudal half
of the posterior interposed nucleus and a more restricted projection of its
laterocaudal pole to the ventral lateral intraparietal area LIP were documented by
Prevosto et al. (2009). Efferents of the posterior interposed nucleus largely overlap
with those from the anterior interposed and dentate nuclei. Darkschewitsch nucleus
constitutes the link in the direct and indirect reciprocal climbing fiber paths
(Fig. 19.32a).

The interstitial cell groups share projections to the vestibular nuclei, the
reticular formation, the red nucleus, and the thalamus with neighboring nuclei
(Buisseret-Delmas et al. 1998; Teune et al. 2000). A specific feature of this cell
group is its collateral projection to the spinal cord with the caudal medial reticular
formation and to the thalamus with the superior colliculus (Bentivoglio and
Kuypers 1982).

Dentate Nucleus

The dentate nucleus can be divided into rostrodorsal and caudoventral parts that
receive corticonuclear projections of the D1 and D2 zones, respectively, and
collaterals from the olivocerebellar fibers that innervate these two zones
(Fig. 19.18). Rostral motor and ventrocaudal non-motor divisions were distin-
guished by Strick in the cebus monkey (Strick et al. 2009). A visuomotor division
was identified in the ventrocaudal pole of the monkey dentate (van Kan et al. 1993).
It is not known whether these different modes that partition the dentate nucleus
define the same rostrocaudal subdivisions.

The caudal visuomotor division of the dentate nucleus gives rise to a component
of the brachium conjunctivum that terminates contralaterally in the dorsomedial
parvocellular red nucleus, the superior colliculus and medially in the ventrolateral
thalamic nucleus including area X, with minor extensions in the adjoining
mediodorsal and anterior nuclei (Fig. 19.32b). The rostral dentate projects to the
lateral and caudal parvocellular red nucleus and the ventral intermediate and lateral
portions of the ventral lateral thalamic nucleus (Chan-Palay 1977; Kievit 1979)
(Fig. 19.29¢). Nucleo-olivary pathways connect the rostral dentate with the dorsal
lamina and the lateral bend of the inferior olive, and the caudal dentate with the
ventral lamina (section “The Nucleo-olivary Pathway”).

Strick’s distinction in the monkey dentate of rostrodorsal motor and
ventrocaudal non-motor divisions is based on retrograde transneuronal labeling
experiments. Neurons in the motor division can be labeled from the primary and
premotor cortex including the supplementary motor area (SMA). Neurons in the
caudal non-motor division are connected with the preSMA and the prefrontal areas
9d and 46 (Fig. 19.33). A projection to the frontal eye field was located in the
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Fig. 19.33 Diagram illustrating transneuronal retrograde labeling from injection sites in different
cortical areas in the cebus monkey. (a) Localization of injection sites resulting in labeling within
the dentate nucleus (red) and in cases without labeling of this nucleus (blue). (b) Diagram of the
unfolded dentate nucleus of the cebus monkey, showing approximate position of the labeling from
injections of different cortical areas. Broken line indicates border between motor and non-motor
divisions of the dentate nucleus. Question mark indicated the non-explored medial lamina of the
dentate nucleus. Red ellipse indicates extent of the labeling from an injection of the anterior
intraparietal area that includes both the motor and non-motor divisions of the nucleus (Reproduced
and modified from Strick et al. (2009)). Abbreviations: /P anterior intraparietal area, AS arcuate
sulcus, CgS cingulate sulcus, CS central sulcus, FEF frontal eye field, PS principal sulcus, /P
intraparietal sulcus, LS lateral sulcus, Lu lunate sulcus, M/ primary motor cortex, PMv ventral
premotor area, PreSMA rostral division of the supplementary motor area, SMA supplementary
motor area (SMA proper), ST superior, TE temporal lobe, ST temporal sulcus

extreme caudal pole of the nucleus (Strick et al. 2009) (Fig. 19.32b, c). Neurons
projecting to the anterior intraparietal area (AIP; Clower et al. 2005) are located in
both the motor and non-motor divisions, and those projecting to the medial
intraparietal (MIP) mainly occupy the rostral dentate (Prevosto et al. 2009).
Projections to parietal area 7b (Clower et al. 2001) and the lateral intraparietal
area (LIP; Prevosto et al. 2009) are derived from its non-motor division.
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The dorsomedial parvocellular red nucleus, the medial tegmental tract, and the
ventral lamina of the principal olive are links in direct and indirect recurrent
projections from the frontal eye fields and parietal areas to the caudal dentate and
the D1 zone. The lateral and caudal parvocellular red nucleus, the central tegmental
tract, and the dorsal lamina of the principal olive are links in the recurrent pathway
from motor and premotor cortical areas to the rostral dentate and the D2 zone
(Figs. 19.14 and 19.32b, c).

The zonal organization of the connections of the inferior olive and the cerebellar
nuclei, as described in this chapter, adequately covers the anatomy of the cerebel-
lum of lower mammals. However, our knowledge of the connections of the
hemisphere of the great apes and the human cerebellum, which accounts for the
bulk of the cerebellar cortex in these species, remains incomplete. The demonstra-
tion by Fujita et al. (2010) of the presence of D1 and D2 zones in the marmoset
hemisphere does support the idea that the construction of the primate hemisphere
is similar to that in rodents and carnivores, but the relative proportions of
the marmoset hemisphere are not very different from rodents. The source of the
climbing fiber projection to the D1 zone in rodents and primates is the ventral, non-
convoluted lamina of the principal olive (section “The Corticonuclear and
Olivocerebellar Projections”). If this subdivision of the principal olive is
represented in the human inferior olive by its medial lamina (Fig. 19.3), the
contribution of the human D1 zone to the hemisphere would be small indeed. Its
major output would be represented by the D2 zone, with its projection to the
convoluted dentate nucleus. In this case, the subdivision of the human dentate in
rostrodorsal microgyric and caudolateral macrogyric portions would correspond
with two major subdivisions of the D2 zone. There is no evidence on the
corticonuclear projection of the human cerebellar hemisphere. The only observa-
tions on the connections of the two parts of the human dentate stem from papers on
crossed cerebro-cerebellar atrophy by Demolé (1927a, b) and Verhaart and
Wieringen-Rauws (1950). Demolé concluded that degeneration of the rostrodorsal,
microgyric dentate occurred with large, chronic lesions involving the pre- and
postcentral gyri. Lesions of more posterior parts of the hemisphere, involving
parietal, occipital, and temporal areas, resulted in atrophy of the ventrocaudal
macrogyric dentate. Prefrontal lesions would spare the dentate nucleus. These
observations still need to be confirmed but, at least, emphasize the possibility
that the increase in size of the cerebellar hemisphere is also related to the elabo-
ration of its connections with postrolandic areas, in addition to the expansion of the
cerebello-prefrontal connectivity, as advocated by many cognitive neuroscientists.
Interestingly, Masao Ito (2012) in his recent book “The cerebellum. Brain for an
Implicit Self” proposes a neural control system for mental activities that includes
both prefrontal and postrolandic areas and the cerebellar hemispheres. In this
system, the prefrontal cortex serves as the controller, the representation of the
controlled subjects is found in the temporoparietal cortex, and the cerebellar
hemispheres provide the internal models of the controlled objects represented in
the temporoparietal cortex.
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