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Cerebrocerebellar Loops in the
Rodent Brain

Clément Léna, Daniela Popa
Institut de Biologie de PENS (IBENS), Inserm U1024, CNRS 8197,

Ecole Normale Supérieure, Paris, France

INTRODUCTION

If one compares the rodent and the human brains, their structure scales
up quite differently: while the total number of neurons is multiplied by a
factor of 400 between adult rats and humans, the number of hippocampal
neurons is increased by a modest factor of 20 (West & Gundersen, 1990;
West, Slomianka, & Gundersen, 1991). In contrast, the number of neurons
in the cerebellum and in the cerebral cortex (which might represent up to
tespectively 80 and 19% of human brain neurons) scales up by keeping
ﬂ}eir ratio constant (Herculano-Houzel, 2010). A complex, polysynaptic
crcuit reciprocally connects the cerebellum and the cerebral cortex: sev-
eral mesencephalic and pontine nuclei relay inputs from the cerebr‘al cor-
texto the cerebellum, and the cerebellum returns projections to portions of
the cerebral cortex via multiple diencephalic nuclei. Many behavioral and
theoretical studies have led to the general notion that the corticocerebellar
dreuit subserves the formation of “internal models,” which provic.ie rep-
Tsentations of the expected outcome of actions or of actions required to
obtain a desired outcome (Ito, 2008; Wolpert, Miall, & Kawato, 1998_). How-
®ver, the neurophysiological analysis of the processes tklxa}t underlie ’fhese
Models has made limited progress since the early recognition of funchonal
Cerebrocerebellar and cerebellocerebral connections (reviewed in Allen &
T.Sukaharal 1974), and the degree of specific reciprocity in thfase connec-
tions has long been unclear. Still, major progress has'been a:ChleV?d in Fhe
analysis of the anatomical organization of this circuit and in deciphering
the modular structure of the cerebellum; this knowledge, coupled to the

——————
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136 6. CEREBROCERERELLAR LOOPS IN THE RODENT BRAIN

advent of massively parallel recordings and optogenetic approaches, shall
revolutionize our understanding of the operations taking place between
and within the cerebellum and the cerebral cortex. This chapter provides
an overview of current knowledge and general principles that seem fo
govern the organization of these circuits, with a strong emphasis on data
obtained from rats and mice.

THE CORTICOCEREBELLAR PATHWAY

The cerebral cortex contributes to the two main types of inputs to the
cerebellum, the mossy fibers and the climbing fibers. However, these pro-
jections are generally indirect and relayed by structures in the midbrain,
pons, and medulla.

Cerebellar mossy fibers relaying cortical inputs emanate primarily
from the pontine nuclei and to a lesser extent from a set of nuclei asso-
ciated with the reticular formation (notably the basal pontine reticulo-
tegmental and the lateral reticular nuclei). Retrograde and anterograde
studies indicate that most cortical regions contribute to this descend-
ing pathway, although the frontal and parietal areas provide major
contributions while the temporal regions provide more modest inputs
(Leergaard & Bjaalie, 2007; Legg, Mercier, & Glickstein, 1989; Wiesendanger
& Wiesendanger, 1982a, 1982b). The cortical projections to the pontine
nuclei emanate from a specific set of glutamatergic pyramidal neuronsin
layer V. Early retrograde tracing experiments suggested a limited overlap
between the pyramidal cell populations contributing to the four major
corticopontine, corticorubral, corticostriatal, and corticospinal (prejmotor
pathways (Akintunde & Buxton, 1992). Retrograde labeling experiments
havc? revealed that corticopontine cells are found solely in layer Vb, while
cort1§ost1iiata1 cells are mostly located in cortical layer Va (with some
labelm.g in layer Vb). These downward projections may be quite diver-
%f;lstessltr_lce a quarter of the rodent’s barrel field corticopontine neurons
2 Gliclzsr;:;fcgll ;(; g)ergd collaterals to the superior colliculus (Mercier, Legg
ot pyram; i trécﬁl%l\z-axpn reconstruction studies demonstrated that
Kitai, 1981; Levesnns O ercier et al., 1990) and cerebral- (Donoghue &
jecting neurons ; qth , -flarara, Gagnon, Parent, & Deschenes, 1996} pro-

S1n the rat emit collaterals to the striatum. Still, two sepa-

rat jecti
ed downward-projection channels emanate from layer V of the cortex,

Prjeting espectvely ither o he i sty apirg cord i P
bilaterally o the 1S 1‘:zlt.erally to the' striatum. The cortical neurons prOjECfiﬂg
projecting cortical rlatum entrain, via excitatory collaterals, the pontin®
subcircuits, the co?f’ JTONS, Suggesting a hierarchical order between these
cortico on’;' Sorticostriatal crcuit being situated upstream from the

pontine circuit (Kiritani, Wickersham, Seung, & Shepherd, 2012
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Morishima & Kawaguchi, 2006; Morishima, Morita, Kubota, & Kawa-
guchi, 2011). It shall be noted that the brain-stem/spinal cord-projecting
pathways in rodents are probably less differentiated in rodents than in
primates (see the comment in Smith, Wichmann, & DeLong, 2014).

The corticopontine projections exhibit a high level of topographi-
cal organization (Leergaard & Bjaalie, 2007; Legg et al., 1989; Panto,
Cicirata, Angaut, Parenti, & Serapide, 1995; Wiesendanger & Wiesendan-
ger, 1982b). Pontine territories receiving from the motor and sensory cor-
tices are generally distinct, even when they are related to the same body
area: barrel field cortex terminals and vibrissae motor cortex terminate in
separate fields (Leergaard et al., 2004; Mihailoff, Lee, Watt, & Yates, 1985;
Proville et al., 2014; Schwarz & Mock, 2001); interestingly, the strength of
corticopontine projections, measured as an estimated number of termi-
nal varicosities, is higher for the vibrissae sensory cortex input than for
the vibrissae motor cortex input. Cortical projections to the basal pontine
nuclei are typically organized as predominantly ipsilateral lamellar struc-
tures organized by a combination of mediolateral and inside-out arrange-
ment rules (Leergaard & Bjaalie, 2007). Whereas different cortical regions
generally end up in different lamellae, evidence points toward some occa-
sional convergence: projections from cortical barrels corresponding to a
single row of vibrissae—but not to different rows (Hoffer, Arantes, Roth,
& Alloway, 2005; Leergaard, Alloway, Mutic, & Bjaalie, 2000; Schwarz &
Mock, 2001)—or from several anteroposterior regions in the medlgl pre-
frontal cortex (Moya et al., 2014) exhibit some degree of overlap in the
same lamellae. Moreover, the primary and secondary sensory v1brls§ae
cortices exhibit a strikingly high degree of convergence in the pontine
nuclei (Leergaard et al., 2004). .

The basal pontine nuclei also receive inputs from a number of subco_rtl-
al brain structures (Mihailoff, Kosinski, Azizi, & Border, 1989), alljowmg
the convergence of direct and indirect corticopontine path_WaYS} ev1depce
for such convergence has been observed in tracing sjcudles foF medial-
prefrontal cortex and hypothalamic inputs to the pontine nuclei (Allen &
Hopkins, 1998). Similarly, cuneo- and gracilopontine fibers part1a.11}(; (?ferl;
lap with corticopontine projections from forelimb sensory e.md hll:lh —‘in;f
sensorimotor cortical regions, respectively (Kosinski, Azizi, & Mihai'o ,
1988; Kosinski, Neafsey, & Castro, 1986). In contrast, WhllE:’.' thc—i superio
lliculus receives inputs from the somatosensory ar}d visua C(zrtlcef.s,
the colliculopontine projections reach different pontine cori(lPaIl\r/I mle<r1&
than the somatosensory and visual cortices (Schwarz, Horowski, Moc &
Thier, 2005). In monkeys, transsynaptic retrograde tracings have p];ow 5
evidence for a corticosubthalamic—pontine pathway (Bost;n, um,t
Strick, 2010), but there has been s0 far little evidence- for suc t:; mnc:)t;:t i rllg
the rat brain, although projections from the subthalamic area to the p

e zona
and reticulotegmental nuclei have been found to emanate from th
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incerta and fields of Forel (Mihailoff et al., 1989; Ricardo, 1981; Torigoe,
Blanks, & Precht, 1986b).

The nature of the integration taking place in the pontine nuclei is still
unresolved. The functional integration of inputs from different cortical
regions has been suggested by single-unit electrophysiological studies
in the rat (Potter, Ruegg, & Wiesendanger, 1978). However, the dendritic
trees of single pontine neurons rarely cross the borders of cortical afferent
fields, suggesting that they remain within the terminal fields of a single
cortical area (Schwarz et al., 2005; Schwarz & Thier, 1995), leaving the early
electrophysiological data unexplained. Little coupling between pontine
neurons seems to take place via pontopontic connections, but reciprocal
connections between pontine and cerebellar nuclei neurons could permit
the integration of information across pontine areas (Lee & Mihailoff, 1990;
Mock, Butovas, & Schwarz, 2006; Watt & Mihailoff, 1983).

' The reticulotegmental nucleus of the pons is another relay of cortical
inputs to the cerebellum, mostly from ipsilateral prefrontal, sensorimo-
tor, a}nd cingular cortices (Torigoe, Blanks, & Precht, 1986a). The rostro-
me.d1al part of the lateral reticular nucleus also provides a (modest) relay
of inputs mostly from the contralateral sensorimotor cortex (Rajakumar,
Hrycyshyn, & Flumerfelt, 1992; Shokunbi, Hrycyshyn, & Flumerfelt,
1986). The vestibulocerebellum may receive cortical inputs via the pon-
;m_e nulilel and potentially via reticular areas (Eisenman & Noback, 1980;
ﬁ;l;%r(f)rc; ;0233;;2?0;2; ?srzleizlbiular ngclei, which receive c'lirect projec-
(Ni(S)hiike, Guldin, & Batirlo, 200{5))(;;l£; a few more sensorimotor areas
way:?;;lrli; tileec?)\;?éiasle ev1depce suggests that these descending path-

re organized into numerous parallel channels, with

occasional convergence f e
) or specific i : T
Integration. p nputs allowing a limited degree of

MOSSY FIBERS

Mossy fi -
ily fromyth;b;i)snf;rsym? cerebral cortex information emanate primat-
» reticulotegmental, and lateral reticular nuclei. The

topography of these iecti
Projections i : . :
modular organization of] the  bamplex and its connection with the

nOtI yethfu11}’ understood. | orebelium (e.g., Apps & Hawkes, 2009) is
n the ponti -
often resulfts inr;eatxcl:lllldel’ retrograde tracing from the cerebellar cortex
of corticopontine tergﬁp atlt €INs reminiscent of the lamellar organization
from distinct pontine S;’la fleldS,_each cerebellar area receiving inputs
Eisenman, 1981 Leer aauéce§’ which relay Separate cortical inputs (e.g-
Odeh, Ackerley, Bjaa%i re Lillehaug, De Schutter, Bower, & Biaalie, 2006;
/ © & Apps, 2005; Pijpers & Ruigrc;k, 2%)06). ’In the
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rat, the pontine nuclei project predominantly to the posterior cerebellar
cortex (Serapide, Panto, Parenti, Zappala, & Cicirata, 2001). Projections
from the pontine, reticulotegmental, and lateral reticular nuclei produce
bilateral patterns of terminals with various degrees of preference: mostly
contralateral for the pontine and reticulotegmental nuclei and ipsilateral
for the lateral reticular nucleus. Ipsi- and contralateral projections ema-
nate from largely distinct pools of pontine neurons (Herrero, Pardoe, &
Apps, 2002; Mihailoff, 1983; Serapide, Zappala, Parenti, Panto, & Cicirata,
2002; Wu, Sugihara, & Shinoda, 1999). Small retrograde tracer injections in
the cerebellum-labeled cells spread over relatively extended territories,
which are more densely populated by larger tracer injections at the same
site, suggesting that pontocerebellar projections are specified between
territories rather than in a point-to-point manner (Mihailoff, Burne, Azizi,
Norell, & Woodward, 1981). ‘

The mapping of the cerebral cortex on the cerebellar cortex is not fully
resolved. Transsynaptic retrograde labeling from various target areas
in the posterior cerebellum of the rat revealed that each.area receives
inputs from widespread albeit different sets of cortical regions. Paraver-
mal and hemispheric portions of lobules VIII {copula), VII (paramedian
lobule), and crus II receive convergent inputs from moto'r and sensory
areas of the cortical regions involved respectively in hind-limb, forel}ml?,
and face sensorimotor processing, corresponding broe.ldly to the dlgtrk
bution of peripheral inputs to these lobules; a medlo'lateral gradleint
of sensory versus motor cortex inputs was also noted in these !obu es
(Suzuki, Coulon, Sabel-Goedknegt, & Ruigrok, 2012). The posterior Cerci
ebellum also receives peripheral inputs via the mossy fiber ‘sys_tsn:, gr;n
tlectrophysiological mapping demonstrated. that they are dlstnhu eb
patches with substantial redundancy, but little sométOtOPY (Sham e;,
Gibson, & Welker, 1978). This segmentation is conditioned by the mo oi
ular, mediolateral, zonal organization of the cerebellum character(;:fe_
by zebrin immunoreactivity, but also by a supplementary a(r;temp thus
rior segmentation (Hallem et al., 1999): the same zel?rlg 'lfjfa?enrtrllecl)}lgules.
leceive peripheral inputs from different body parts 111':l 1C 0&; o ence of
Electrophysiological recordings have documented the ular%ayer of
Peripheral and cerebral inputs: recorclilfl.f;a’S f1iom thf grtino raphically
ttus IT following various facial sensory stimuli revea teh anpeagr;ly compo-
Organized, spatially confined, biphasic responses W/ onent relayed by
lent due to direct trigeminal inputs and a late Cor&%rissette & Bower,
the corresponding facial part of the sensory cortg;( (e with these sensory
19%6). Superior colliculus inputs may also Convl 1g980). Convergence at
Mputs with a high degree of spec?f1c1ty’ (Kasse e canular layer) of
the level of single Golgi cells (i.e., lnterneuronsro and motor cortices of
puts from the trigeminal nucleus and ser}sotg lateral hemisphere of
the mystacial vibrissae have been observed in the
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crus I a similar sensorimotor convergence for the perioral cortical
regions was also found in crus Il (Proville et al., 2014). Anatomical recon-
struction also revealed that single granule cells may integrate peripheral
and pontine inputs (Huang et al., 2013). All these elements argue for a
strong convergence of peripheral and cerebral sensorimotor inputs in
the cerebellar hemispheres.

Injections of anterograde tracers in the pons occasionally reveal an
organization of mossy fiber terminals from the pontine nuclei arrayed in
sagittal stripes extending across more than one lobule (Mihailoff, 1993).
These stripes are often bilateral and symmetric, with a preference for the
side contralateral to the tracer injection site; pairs of small injections may
reveal complementary terminal stripes, while wider injection sites pro-
duce diffuse labeling as expected if multiple sets of stripes were targeted
(Serapide et al., 2001). Stripes are also observed for reticulotegmental pro-
jections (Serapide, Parenti, Panto, Zappala, & Cicirata, 2002) and for lateral
reticular projections (Wu et al., 1999). Autoradiographic mapping of glu-
cose uptake following stimulation of the vibrissae or the forelimb motor
cortices revealed an increased metabolism in a large network encompass-
ing distinct subterritories of the pontine nuclei, different patterns in the
cerebellar nuclei, and distinct stripes in the granule layer of the lobules
crus I and II and (for the forelimb motor cortex) copula (Sharp & Evans,
1982; Sharp & Ryan, 1984).

. One of the best markers of the modular zonation of the cerebellar cortex
is Pr-ovided by the climbing fiber receptive fields and by their anatomical
origin (Apps & Hawkes, 2009). Injections of retrograde tracers in defined
zones of the copula, paramedian lobule, and crus Il showed that the topog-
raphy of the pontocerebellar projections is not only constrained by the
zonal target, but is also distributed according to the lobules, with pontine
areas re_:laying hind-limb, forelimb, and face sensory cortices projecting
reSPec'ﬂV_dY to the copula, lateral paramedian lobule, and crus II/ medial
paramedial lobule (Odeh et al., 2005; Pijpers & Ruigrok, 2006). Interest-
mfilhy the redundancy of climbing fiber receptive fields is not reflected
}grelﬁrﬁffgfC;é‘izeg?rdPlico]ections: injec.tions of retrograde tracers in the
overlapping dimbing fia oro s {simplex and paramediar) revea’
shared pontine in ut% (;1 et origin In the inferior .olive but very limited
oracers toroos puts (Herrero et al., 2002). Small injections of retrogr'ade
descrints geting individual zebrin zones of the copula, provided a finef
escription of the topography of pontocerebellar ‘ jc'p d demon-

strated that pontine afferents to diff lar projections and de
negative) emanate fr ifferent zebrin zones (either positive Of
\ om largely distinct territories and cell ulations

(Cerminara, Aoki, Loft, Sugih nd cell pop

injections from the C a’nd ]%2 ara, & Apps, 2013). Similarly, retrograde
zone of the vibrissae-related area of crus

[ emanate from lareelv disti . : .
(Proville et al., 20143%- y distinct (but intermingled) pontine populations
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In humans, the topography of cerebrocerebellar functional connec-
tivity has been examined in studies of resting state brain activity; these
studies have revealed a multiplicity of cerebrocerebellar patterns of cova-
rance in the blood oxygen-level-dependent (BOLD) signal (Bernard et al.,
2012; Buckner, Krienen, Castellanos, Diaz, & Yeo, 2011; Habas et al., 2009;
Kipping et al., 2013; Krienen & Buckner, 2009 ; O'Reilly, Beckmann, Tomassini,
Ramnani, & Johansen-Berg, 2010; Sang et al., 2012). The meaning of these
patterns is not fully known, but since the BOLD signal is probably domi-
nated by the granular layer signal (Howarth, Peppiatt-Wildman, & Attwell,
2010; discussion in Diedrichsen, Verstynen, Schlerf, & Wiestler, 2010), these
patterns probably reveal the topography of the mossy fiber inputs to the
cerebellar cortex. They show both segregation and redundancy of cerebro-
cerebellar connections; moreover the cerebellar areas are coupled to whole
cortical circuits, which could result from the convergence of cortical inputs
from regions belonging to these defined circuits (sensorimotor, visual,
default mode, etc.). Patterns of activations in the cerebellum during behav-
for also vary as a function of the task (e.g., see Stoodley & Schmahmann,
2009 for a meta-analysis); the comparison between the resting-state and the
task-related cerebrocerebellar activation patterns supports that they both
teflect preferential cerebrocerebellar connectivity patterns (Balsters, Laird,
Fox, & Bickhoff, 2014; Buckner et al., 2011).

Overall, these studies point to a complex and refined topography of the
pontocerebellar projections, which exhibit some degree of convergence but
ae constrained according to the zonal segmentation and the functional
Segmentation of the granular layer. It shall be noted that the cerebel_lar
nuclei also receive direct projections: anterograde tracing frorp the pontine
nuclei revealed a predominantly (~90%) contralateral projection to the lgt—
tral {or dentate) nucleus and to portions of the intermediate nucleus, while
the reticulotegmental projections target areas distributed across :':111 cerebel-
lar nuclei with a more bilateral pattern (Mihailoff, 1993; Parenti, Zappala,
Serapide, Panto, & Cicirata, 2002). Reconstruction of single pontocerepellar
ons in the cat revealed that they systematically gave rise to mossy fibers
inthe granular layer but only half of them exhibited pontonuclear collater-
s (Shinoda, Sugiuchi, Futami, & Izawa, 1992). Such a study has not b?eﬁ
feplicated in the rat. How these pontonuclear prOJectwn.s conyerge wit
Purkinje cel] inputs in the cerebellar nuclei remains to be investigated.

CLIMBING FIBERS

The cerebral cortex also exerts some control over the climbing f];ber
dierents to the cerebellum. However, the organization of the ﬁere ;ﬁ:
OliVal'Y pathways in the rat is far less character.ized comparecil tc? t (i ;:rat
©pontocerebellar mossy fiber pathway. Experiments conducted in
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paramedian lobule and crus II demonstrated that the activatiqn of corti-
cofugal fibers by stimulation in the pyramidal tract triggers, with diverse
latencies, climbing fiber discharge throughout the explored hemispheric
and paravermal portions of these lobules (Ackerley, Pardoe, & Apps, 2006;
Baker, Javid, & Edgley, 2001). Anterograde tracing experiments suggested
the existence of broad direct olivary projections from the sensorimotor
cortices, with a labeling pattern in the inferior olive subnuclei depending
heavily on the cortical region injected (Swenson, Sievert, Terreberry, Neafsey,
& Castro, 1989). However, more recent tracing experiments failed to evi-
dence direct afferents from the forelimb and hind-limb motor cortices and
forelimb sensory cortex to the inferior olive (Ackerley et al., 2006; Lee &
Kim, 2012), but revealed discrete direct projections from the dysgranular
zone of the cortex, a region involved in processing deep somatic inputs, to
the dorsal inferior olive (Lee & Kim, 2012). An area situated ventral to the
dorsal column nuclei was found to relay motor cortex inputs to the inferior
olive (Ackerley et al., 2006). This area could indeed correspond to the dorsal
column nucleus relay to the C1 and C3 zones formerly identified in the cat
(Andersson, 1984). The inferior olive also receives afferents from a number
of brain structures, such as the red nucleus, situated around the mesodien-
cephalic junction (Ruigrok, 2004; Swenson & Castro, 1983), which receives
input from the cerebral cortex. The convergence of mesodiencephalic inputs
with cerebellar (GABAergic) inputs to single glomeruli has been reported
in the rostral medial accessory and posterior olive (respectively innervat-
ing the C2 and D zones) of the rat (de Zeeuw, Holstege, Ruigrok, & Voogd,
1990). How ascending sensory inputs and cerebral (direct or indirect) inputs
are combined in the inferior olive is unknown. Studies in cats and monkeys
support a refined functional organization of the cerebro-olivary pathway
(see the revie‘fv in Voogd, 2014) but the detailed functional organization of
the cerebro-olivary pathway in the rat remains still largely unexplored.

PARALLEL FIBERS

The excitation provided by the mossy fibers to the granule cells is prop-
ag.ated.tc.y the Purkinje cells via the parzﬂel fibers ancz(lg entrains the Sil:nP}l)e
spike firing qf these cells. The parallel fibers may extend over the whole
transverse axis of the hemispheres and therefore propagate the variety of
gralnulg cell Inputs to all the Purkinje cells they encounter in the mediolat-
f;fﬁ;m& Tge Purkinje cells could be potentially entrained—via the paral-
oo 1lc;rsl—— y all the mossy fiber inputs found in the mediolateral axis of

Obule and, therefore, the topography of the mossy fiber inputs to the
gra_lfllllle cells.cou.ld be totally absent in the overlying Purkinje cell layer.
e examination of sensory simple spike receptive fields of Purkinje

1ls i : i
cells in the rat hemlsphere reveals instead a strong resemblance to the



CEREBELLOCEREBRAL CONNECTIONS 143

granule cell layer receptive field underneath (Bower & Woolston, 1983).
This has led to the proposal that simple spike responses are entrained
by the ascending axon of granule cells (Gundappa-Sulur, De Schutter, &
Bower, 1999). Ex vivo inspection of connections between single granule
cells and Purkinje cells (in the vermis and paravermal areas) confirmed
that most parallel fibers do not trigger measurable synaptic currents in
the Purkinje cells they contact, but these data do not support the hypoth-
esis of distinct inputs from the ascending axon (Isope & Barbour, 2002).
The global mapping of granule cell layer inputs (stimulated by glutamate
uncaging in the vermis) to neighboring Purkinje cells also supports a sub-
stantial entrainment by the local granule layer via the parallel fiber system
butlittle bias in favor of the ascending axon (Walter, Dizon, & Khodakhah,
2009). In the C3 zone of the decerebrated cat cerebellum, there is a good
correspondence only between the receptive fields of mossy fibers and
dimbing fibers impinging on the overlying Purkinje cells, but these are
anticorrelated with—or spatially distant from—the simple spike receptive
field (Ekerot & Jorntell, 2001), indicating a dominant contribution of dis-
tant granule cells located in a neighboring microzone in the modulation of
Purkinje cell firing. The correspondence between mossy fiber and climbing
sensory receptive fields is also observed in the rat cerebellum (Brown &
Bower, 2001). The mapping of the single vibrissae sensory response in the
mouse crus lobules demonstrated that the climbing fiber receptive fields
exhibited no systematic relation with the simple spike receptive fields
(Bosman et al., 2010), suggesting that the correspondence between mossy
and climbing fiber receptive fields is valid only at the regional level..A
regional confinement of incoming mossy fiber excitation following white
matter stimulation was observed with voltage-sensitive dyes (Cohen &
Yarom, 1998; Rokni, Llinas, & Yarom, 2007). Although the studies cited
above do not single out the pontine inputs, the available evidence is con-
sistent with the notion that Purkinje cells are primarily driven (?s far as
the receptive fields approach can reveal) by mossy fibers emanating from
aneighboring territory. For pontine inputs, evidence indeed shqwed that
incrus I of mice, the predominance of responses to the stimulation of the
vibrissae sensory and motor cortices was observed in the granule and Pur-
Kinje cell layers in the lateral but not in the medial part of the lobule
(Proville et al., 2014), consistent with the limited spread of pontine mossy

fiber excitation to distant Purkinje cells via parallel fibers.

CEREBELLOCEREBRAL CONNECTIONS

om the cerebellar cortex to the
e zonal organization of the cer-
grok, 2011); injections of small

Purkinje cell inhibitory projections fr
Nuclei are highly organized following th.
®ellum as reviewed elsewhere (e.g., Rui
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amounts of a retrograde tracer in to the cerebellar nuclei indeed label ipsi-
lateral narrow bands of Purkinje cells, consistent with a precise mapping of
cerebellar cortical microzones in the nuclei (Ruigrok, 2011; Sugihara et al,,
2009). The cerebellum then projects to the cerebral cortex via nucleodien-
cephalic, primarily contralateral, excitatory projections. All the cerebellar
nuclei contribute differentially to these projections, and a small subset of
diencephalic structures concentrate most of the cerebellar inputs: ventro-
lateral and posterior medial thalamic nuclei, intralaminar nuclei (centro-
lateral, centromedial, parafascicular), zona incerta, ventromedial nuclei
(Angaut, Cicirata, & Serapide, 1985; Aumann, Rawson, Finkelstein, &
Horne, 1994; Teune, van der Burg, van der Moer, Voogd, & Ruigrok,
2000). The cerebellar inputs are never very abundant: even in the ventro-
lateral thalamus, which receives strong cerebellar projections, cerebellar
synapses are estimated to represent less than 10% of the synapses, the
others coming principally from the cerebral cortex and the reticular thala-
mus (Aumann & Horne, 1999; Sawyer, Tepper, & Groves, 1994). However,
these inputs are rather powerful: cerebellar stimulations produce, in the
ventrolateral thalamocortical neurons, relatively large excitatory synap-
tic potentials (several millivolts) with little gradation of the responses,
suggesting that they emanate from few axons (Sawyer, Young, Groves, &
Tepper, 1994). Cerebellar terminals exhibit a similar ultrastructural appear-
ance (large boutons, packed with synaptic vesicles and mitochondria, with
perforated synaptic densities) in all diencephalic structures examined so
far (Aumann & Horne, 1996; Aumann et al., 1994), suggesting that they
share the same functional properties.

Overall, the main diencephalic structures recipient of cerebellar inputs
project primarily to the frontal cortex, dorsal striatum, and sensory cortex.
Interestingly, while the cerebellum is, as the basal ganglia, a major affer-
ent of the frontal cortex, the cerebellar and basal ganglia channels remain
remarkably segregated in the ventrolateral thalamus (Deniau, Kita, &
Kitai, 1992; Kuramoto et al., 2011). The ventrolateral thalamus projects t0
multip%e layers in the cortex (II-V), with a dense innervation to layer VB
Wherg it excites pyramidal tract neurons (Kuramoto et al., 2009), therefore
allowmg the cerebro-ponto-cerebello-thalamo-cerebral loops to close.

.The hierarchical structure of the cerebrostriatal and cerebrocerebellar cir-
f—'mt (see above) is not entirely respected: the cerebellum provides excitatory
nputs to the striatum via the centrolateral (Chen, Fremont, Arteaga-Bracho,
ig(’gak.hahr 2014) and possibly the parafascicular nuclei, which receivea
e Sdizli kafulervatmn fr(?m the la.teral and medjial nuclei. Moreover the ver
L might ex]:ﬁ?g ;mus, which provides extensive projections to cortical layer
allthou b in Contcon:’ergent Inputs flfom the basal ganglia and cerebellun
weak u% the rat (Aras to the cat (Stenad.e, 1995), these afferents seem to be
The zona i umann et al., 1994; Deniau et al., 1992; Kuramoto et al, 2011)

naincerta could also be an area of convergence with the basal ganglia
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inputs, and a relay toward layer I of the cortex (Lin, Nicolelis, & Chapin,
1997), but very few data are available on these connections.

Single-axon tracing from the ventrolateral thalamus revealed wider
projection patterns than found in sensory thalamocortical projections:
each axon targets multiple motor and sensory cortical regions (Aumann,
Ivanusic, & Horne, 1998; Kuramoto et al., 2009), suggestive of a broad
divergence of this pathway. Similarly, single posterior thalamic neurons
target multiple cortical regions (Ohno et al., 2012), consistent with a role
of the cerebellum in the coordination of neuronal activity between distant
cortical sites (Popa et al., 2013).

FUNCTIONAL MAPPING OF THE
CEREBELLOCEREBRAL CONNECTIONS

So far, there has been still little functional mapping of the cerebellar
cortex onto the cerebral cortex. In the cat, microstimulations in the cerebel-
lar nuclei at sites receiving from a distinct cerebellar microzone revealed
wide but distinct patterns of activation in the motor cortex (Jorntell &
Ekerot, 1999). In the monkey, transsynaptic retrograde tracing from corti-
al regions tend to label broad cerebellar territories (Kelly & Strick, 2003;
Lu, Miyachi, Ito, Nambu, & Takada, 2007; Prevosto, Graf, & Ugolini, 2010),
and functionally distinct cortical regions receive inputs from overlapping
cerebellar territories (Lu et al., 2007). Testing the specificity of the connec-
tions requires functional approaches. The functional mapping of cerebellar
projections to the cerebral cortex is complicated by the inhibitory nature
of the projections from the cerebellar cortex. In mice, the functional input
from crus I to the motor cortex has been investigated using the rebound
activity taking place in the cerebellocerebral network following Purkinje
tell optogenetic stimulation (Proville et al., 2014); stimulation of the Pur-
kinje cells in the area receiving dense inputs from the vibrissae motor cor-
tex, the lateral crus 1, but not of the adjacent cerebellar areas triggered an
activation of the vibrissae motor cortex; this demonstrates the exist?nce? of
specific corticocerebrocortical loops, as suggested by transsynaptic viral
tracing (Kelly & Strick, 2003).

Functional synchronization of population activity between the cerebrgl
wrtex and the cerebellar cortex and nuclei has indeed been reported in
nanesthetized animals (O’Connor, Berg, & Kleinfeld, 2002; Ros, Sachdev,
Yu, Sestan, & McCormick, 2009), but they exhibit a rather loose tempf)-
2l relationship (100ms time scale). Coherent activities are alsq found in
anesthetized animals and directed transfer function analysis points rather
toward an entrainment of the cerebellar circuit by the cergbral cortex than
thereverse (Rowland, Goldberg, & Jaeger, 2010), but this mightbe due to the
disruption of the mossy fiber excitation by anesthesia (Bengtsson & Jorntell,
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2007), which would thus prevent cerebellar computations from being gener-
ated before being fed back to the cortex. Indeed, in the unanesthetized con-
dition, the optogenetic interruption of the cerebrocerebellar loop resulted in
a change in the whisking behavior, an effect that required an intact motor
thalamus (Proville et al., 2014). Moreover, the selective disruption of a sin-
gle parameter of whisking in this study suggests that, despite the apparent
divergence of the cerebellocerebral pathways (see above), there is a rather
sharp functional selectivity in the target of these pathways.

CONCLUSION

One of the striking features of the cerebellocerebral connections is
their asymmetry: most of the cortex projects to the cerebellum, but fewer
cortical regions concentrate most of the inputs from the cerebellum. The
studies of the sensorimotor system indicate that some of this reduc-
tion takes place in the cerebellar cortex where sensory and motor cor-
tical inputs, together with peripheral and tectal inputs, may converge.
However, the cerebellar cortex seems to primarily combine inputs of
various origins but linked to the same body part. The ascending cer-
ebellocerebral pathway is certainly less characterized and might seem
to be more divergent. Indeed, the wide divergence of single thalamic
cells relaying cerebellar inputs to the sensorimotor cortex contrasts with
the functional evidence of selective cerebrocerebellar loops and with the
discrete, specific, behavioral effects observed by the targeted disruption
of these loops. Therefore the topographic divergence of the cerebello-
cerebral connections might rather reflect the topographically-distributed
nature of sensorimotor representations in the cortex than a lack of spec-
ificity of cerebrocerebellar loops. In rodents, most of the principles of
the functional organization of the cerebrocerebellar circuitry have been
(and probably will continue to be) derived in the sensorimotor system.
A.major task now is to understand the computations performed in
’Fh1s circuit. Finally, a significant portion of the cerebrocerebellar loops
in humans might be involved in higher-order, associative or cognitive
functions (Buckner, 2013); finding and studying such loops in the rodent
brain is certainly also an important challenge for the coming years.
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