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RESUME

Neurones glycinergiques et transmission inhibitrice dans les noyaux cérébelleux

Le systéme olivo-cérébelleux est le circuit responsable de 'apprentissage et du controle fin de la pos-
ture et des mouvements. Le cervelet & proprement parler est composé d’un cortex et de noyaux cérébelleux.
Les noyaux cérébelleux ont longtemps été considérés comme une simple station de relais vers les centres mo-
teurs, opérant sous le controle inhibiteur massif des cellules de Purkinje du cortex cérébelleux. Les données
les plus récentes integrent dorénavant les noyaux profonds dans I'organisation modulaire du cervelet, en te-
nant compte de leur roéle central dans la boucle olivo-cérébelleuse via les neurones nucléo-olivaires, ainsi que
des interactions plastiques avec le systeme des fibres moussues. En plus des cellules principales, glutamater-
giques, et des neurones nucléo-olivaires, GABAergiques, les noyaux profonds sembleraient contenir une po-
pulation de neurones inhibiteurs glycinergiques dont les propriétés sont peu connues.

L’objectif de cette these est d’établir les caractéres distinctifs de ce troisieme type cellulaire et d’en dé-
tailler la connectivité ainsi que les fonctions dans le circuit cérébelleux. A cette fin, nous avons combiné une
approche génétique, basée en particulier sur I'utilisation de souris transgéniques sous le controle du transpor-
teur neuronal de glycine GlyT2, avec des tragages anatomiques, des marquages immuno-histochimiques et
des expériences d’électrophysiologie et d’optogénétique. Nous montrons que les neurones inhibiteurs glyci-
nergiques des noyaux profonds constituent une population de neurones distincts des autres types cellulaires,
clairement identifiables par leur phénotype inhibiteur mixte GABAergique/glycinergique. Ces neurones inhi-
biteurs se distinguent également par leur plexus axonal qui comporte une arborisation locale dans les noyaux
cérébelleux et une projection vers le cortex cérébelleux, essentiellement confinée a la couche granulaire.

Le plexus axonal intranucléaire des neurones inhibiteurs forme des synapses fonctionnelles sur les
cellules principales des noyaux cérébelleux. Leurs varicosités axonales sont en apposition avec des agrégats de
récepteurs inhibiteurs, enrichis en récepteurs de la glycine et pratiquement dépourvus des principales sous-
unités y2 et a1 des récepteurs du GABA. Des stimulations optogénétiques spécifiques de ces interneurones
évoquent des courants inhibiteurs rapides dans les cellules principales, inhibés en partie par un antagoniste
des récepteurs de la glycine (Strychnine) et totalement par application additionnelle d’'un inhibiteur des ré-
cepteurs du GABA (SR95531 alias Gabazine). Ces données électrophysiologiques confirment la nature inhi-
bitrice mixte GABA/glycine des neurones inhibiteurs des noyaux cérébelleux.

Les axones nucléo-corticaux des neurones inhibiteurs forment un plexus peu dense dans la couche
granulaire du cortex cérébelleux. Nos données préliminaires indiquent que ces varicosités, de contenu mixte
GABA/glycine, contactent spécifiquement les cellules de Golgi du cortex cérébelleux, dont la connectivité
divergente vers les cellules granulaires offre un potentiel important d’amplification.

Enfin des données combinées d’optogénétique, d’électrophysiologie et d’immunohistochimie indi-
quent que les neurones inhibiteurs des noyaux cérébelleux regoivent des afférences inhibitrices des cellules de
Purkinje et pourraient également étre contactés par les fibres moussues ou les fibres grimpantes.

L’ensemble de nos données établissent les neurones inhibiteurs mixtes des noyaux cérébelleux comme
la troisieme composante cellulaire des noyaux profonds. Leur importance dans 'organisation modulaire du
cervelet, ainsi que leur impact sur I'intégration sensori-motrice, devront étre confirmés par des études opto-
génétiques in vivo.




SUMMARY

Glycinergic neurons and inhibitory transmission in the cerebellar nuclei

The olivo-cerebellar circuit is responsible for the learned fine control of posture and movements. The
cerebellum per se is composed of a three-layered cortex and of nuclei. Those nuclei have been considered for
a long time as a simple relay to downstream motor centers, operating under the massive inhibitory control of
Purkinje cells, the principal neurons of the cerebellar cortex. More recent studies have integrated the cerebel-
lar nuclei in the modular organization of the cerebellum, taking into account their central role in the olivo-
cerebellar loop via the nucleo-olivary neurons, as well as the plastic synaptic inputs from the mossy fiber sys-
tem. In addition to the glutamatergic principal cells and the GABAergic nucleo-olivary neurons, the cerebel-
lar nuclei seem to include a population of inhibitory glycinergic neurons whose properties are poorly under-
stood.

The aim of this thesis is to establish the distinctive characteristics of this third cell type and to detail
their connectivity and their role in the cerebellar circuitry. To this end, we took a genetic approach, based in
particular on the use of transgenic mouse lines under the control of the promoter of the neuronal glycine
transporter GlyT2. We combined these genetics tools with anatomical tracings, immunohistochemical stain-
ings, electrophysiological recordings and optogenetic stimulations. We showed that the glycinergic inhibitory
neurons of the cerebellar nuclei constitute a neuronal population distinct from the other cell types, as numer-
ous as principal neurons, and characterized by their mixed inhibitory GABAergic/glycinergic phenotype.
Those inhibitory neurons are also distinguished by their axonal plexus which includes a local arborization
with the cerebellar nuclei and a projection to the granular layer of the cerebellar cortex.

The intra-nuclear plexus of the inhibitory neurons forms functional synapses on the principal neu-
rons of the cerebellar nuclei. The axonal varicosities are in apposition to inhibitory receptor clusters, enriched
in glycine receptors and virtually devoid of the main y2 and a1 subunits of GABA, receptors. Specific opto-
genetic stimulations of the inhibitory neuron population evoked fast inhibitory currents in principal neurons,
which were inhibited partially by the glycine receptors antagonist strychnine. The remaining component was
fully blocked by application of the GABA, receptors antagonist gabazine (SR95531). These electrophysiologi-
cal data confirmed the mixed GABA/ glycine phenotype of the inhibitory neurons of the cerebellar nuclei.

Branches of the inhibitory neurons axons leave the cerebellar nuclei through the white matter form-
ing a widespread nucleo-cortical projection, which forms a low-density plexus in the granular layer of the
cerebellar cortex. Our preliminary data indicate that these axonal varicosities, which also display a mixed
GABA/glycine phenotype, contact specifically the Golgi cells of the cerebellar cortex. The divergence of the
Golgi cell to granule cell connectivity offers a high potential for amplification of the nuclear neurons output.

Finally, combined optogenetic, electrophysiological and immunohistochemical evidence indicate that
the inhibitory neurons of the cerebellar nuclei receive inhibitory afferents from Purkinje cells and may be
contacted by mossy fibers or climbing fibers.

Overall, our data establish the glycine-containing inhibitory neurons as the third cellular component
of the cerebellar nuclei. Their importance in the modular organization of the cerebellum and their impact on
sensory-motor integration need to be confirmed by optogenetic experiments in vivo.
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INTRODUCTION




INTRODUCTION

CHAPTER 1: The main loop through the cerebellar nuclei: princi-
pal neurons and motor control

The cerebellum is a phylogenetically old structure, since it is found in the most primitive ver-
tebrates such as lampreys. The cerebellum is composed of a three-layered cortex and of nuclei, called
deep cerebellar nuclei as they are enclosed in the cortical sheet within the fiber bundles of the white
matter. These cerebellar nuclei constitute the only projection site (except for the vestibulo-cerebellar
system) for the principal cells of the cortex, the Purkinje cells. The cerebellar system is generally as-
sociated to the motor systems, as the cerebellum is involved in the fine control of postural balance
and movements, both reflex and voluntary. The high degree of organization of the neuronal net-
works among the cerebellar system is central for the control of motor function (Apps and Garwicz,
2005).

1.1. Segmentation and topography of the cerebellum

1.1.1. Cerebellar cortex

In the rat, as described by Larsell (Larsell, 1952), the cerebellum is divided along the transver-
sal axis in three parts: a central region called the vermis, and two lateral hemispheres, flanked more
ventrally by the paraflocculus and the flocculus. Studies of the cerebellar afferents and efferents have
classically led to a subdivision of the cerebellum into three main parts (Jansen and Brodal, 1940;
Kandel et al., 2000). The vestibulo-cerebellum, phylogenetically old, consists of the flocculo-nodular
lobe and receives direct inputs from the vestibular nerve. The spino-cerebellum, formed by the ver-
mis and paravermal region receives spinal projections. The vermis receives in addition visual and
auditory inputs, as well as vestibular and somato-sensory inputs from the head and proximal limbs,
while the paravermal regions receive inputs from areas related to distal limbs. The cerebro-
cerebellum is in relation with cortical areas from the cerebrum, mostly the motor and sensory corti-
ces, through the pontine nucleus. The organization of cerebellar inputs is now known to include
further levels of complexity which will be highlighted in the next paragraphs.

In birds and mammals, the cerebellum is foliated and those folds define further subdivisions
of the cerebellar surface along the coronal plane. Two main folds are distinguishable: the primary
tissure which separates the anterior lobe from the posterior lobe, and the secondary fissure which
grossly separates the posterior lobe into two parts (lobule VI to VIII and lobule IX and X in the rat,
Figure 1.1.). Within these coarse territories, folding defines the lobules (Figure 1.1.). Their nomen-
clature differs depending on whether they belong to the vermis, where they are numbered from I to
X, or to the hemispheres, where their names vary among the species. Using the nomenclature estab-
lished by Larsell (Larsell, 1952) in rodents and adopted by Voogd and Glickstein (Voogd and
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Glickstein, 1998), we find in the posterior lobe arranged along the antero-posterior axis: the lobule
simplex, the lobules Crus I and II, the paramedian lobule, the dorsal and ventral paraflocculus and
finally the flocculus.

Although there are no obvious histological differences among different areas of the cerebellar
cortex, the differential expression of various molecular biomarkers by sub-populations of Purkinje
cells defines alternating longitudinal zones. The idea of a strong heterogeneity in protein expression
within the cerebellum first emerged with the discovery of a peculiar expression of the enzyme 5'-
nucleotidase in the anterior and posterior portions of the mouse cerebellum (Scott, 1963). Later,
using appropriate staining methods and specific monoclonal antibodies, various others makers ex-
pressed by the Purkinje cells were found to be distributed in stripes (Hess and Voogd, 1986; Hawkes
and Leclerc, 1987; Leclerc et al., 1990). For example, the “Zebrin II” epitope in rat allows distin-
guishing seven longitudinal bands Zebrin II + or Zebrin II - distributed along the medio-lateral axis
(see figure 1.1.) (Brochu et al., 1990). Great similarities in this zonal pattern exist among species
(birds (Feirabend and Voogd, 1986), fish (Brochu et al., 1990) and mammals (Leclerc et al., 1990)).

1.1.2. Cerebellar nuclei

In the cerebellar nuclei, early studies (Weidenreich, 1899; Brunner, 1919) distinguished at
least three different nuclei, named by their position along the medio-lateral axis: the nucleus medial-
is or fastigii, the nucleus interpositus (or nucleus intermedius) and the nucleus lateralis or dentatus.
Further divisions of the interposed nucleus into nucleus interpositus anterior in a rostral position
and more caudal nucleus interpositus posterior were made according to cyto- and myeloarchitec-
tonic studies (Snider, 1940; Flood and Jansen, 1961). As the cerebellar nuclei form a more or less
continuous cell mass, any sharp delimitation between the separate nuclei is difficult, and the limits
of each subnucleus differ between authors and species (Figure 1.1.).

Further delimitations of the cerebellar nuclei are defined by the topography of their inputs
and notably the cortico-nuclear projections from the Purkinje cells of the cortex, which send their
axons to the cerebellar and vestibular nuclei. The cortico-nuclear projections are highly topograph-
ically organized in parallel longitudinal zones. Three mains zones were first described: the lateral
(hemispheral), intermediate (paravermal) and vermal compartments of the cerebellar cortex, pro-
jecting preferentially to the lateral, the interpositus (anterior and posterior subdivisions) and the
medial nuclei, respectively (Jansen and Brodal, 1940). This tripartite organization was strongly sup-
ported by Chambers and Sprague's functional studies (Chambers and Sprague, 1955), where selec-
tive ablations and stimulations of one or another of those cortico-nuclear zones highlighted differ-
ential physiological roles for each regions. However, thirty years later, additional mappings of the
cortical projections indicated that the projections of a given cortical area covers more than one cere-
bellar nucleus (Eager, 1963; Brodal and Courville, 1973; Courville et al., 1973) and that the organiza-
tion of cortical afferents may be more complex than previously thought. Nowadays, the different
zones of cortico-nuclear projections are extensively described* (for review, see Apps and Hawkes,
2009).

Projections from the zebrin II - positive or - negative Purkinje cell bands distinguish between
different subnuclei (Sugihara and Shinoda, 2007) (Figure 1.1.) and illustrate the crossed organization

* The cortico-nuclear projections defined zones which have specific orderly extracerebellar afferents and that are called
“modules”. This concept will be described in the Chapter 2.
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of the cerebellar cortex and the nuclei. In addition to the gross regionalization of the cerebellar nu-
clei by zebrin - positive or - negative terminals, expression of various molecular markers by the dif-
ferent neuronal subpopulations (calcium-binding proteins (Fortin et al., 1998) (Rogers, 1989), tran-
scriptions factors, enzymes and transporters of neurotransmitters (Chung et al., 2009)) identify a
dozen of smaller expression domains.

Overall, a basic diagram emerges from those anatomical and functional studies. The three cere-
bellar nuclei are processing cerebellar cortical information through the cortico-nuclear afferents and
extracerebellar inputs from diverse brain area. In turn, the cerebellar nuclei constitute the final out-
put of the cerebellum and link it with a variety of premotor areas.
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Figure 1.1.: Anatomical and molecular segmentation of the cerebellar cortex and nuclei. A- Schematic drawing from a
dorso-caudal view of the cerebellum. B- Schematic drawing of the “unfolded” cerebellar cortex. C- Drawing of the left
half of cat cerebellum, with the cerebellar nuclei enclosed in the cortical sheet (From Snider, 1940). D- Longitudinal
bands in the cerebellar cortex revealed by Zebrin I and Zebrin II epitopes expression (From Brochu et al., 1990). E-
Three-dimensional reconstruction of the molecular pattern of Zebrin II - Aldolase C expression in the cerebellar nuclei.
(From Sugihara and Shinoda, 2007).
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1.2. Sensori-motor circuitry in the cerebellum: Mossy fibers system as extracerebel-
lar inputs — Cerebellar nuclei as final cerebellar output

1.2.1. Mossy fibers system: sensori-motor inputs

To achieve online modulation of the motor command, the cerebellum receives sensori-motor
information from various brain areas. Various brainstem nuclei, called precerebellar nuclei, such as
the spinal cord, the lateral reticular nucleus, the paramedian reticular nuclei, the nucleus reticularis
tegmenti pontis, or the basal pontine nuclei give rise to mossy fiber projections to the cerebellum
that convey sensorimotor information. The multiplicity of precerebellar nuclei is one of the
arguments against the broad functional topology of the three cerebellar subparts presented earlier:
the distribution of their inputs may not overlap with the three main subdivisions and the situation
may be more complicated than described in the previous section.

1.2.1.1. Topography and somatotopy in the cerebellar cortex

Mossy fibers enter the cerebellum rostrally through the superior (spinocerebellar fibers),
middle (pontocerebellar fibers), or inferior (spinocerebellar, cuneocerebellar, vestibulocerebellar
and reticulocerebellar fibers) cerebellar peduncles. Many of the mossy fibers cross the midline in the
cerebellar commissure and distribute bilaterally. A single mossy fiber axon spreads widely in the
mediolateral direction and makes collaterals in multiple lobules (Shinoda, 1999; Wu et al., 1999).
The mossy fiber terminals end in the input layer of the cerebellar cortex, called the granular layer.
Within the granular layer, the mossy fibers contact the dendrites of small and compact cells, the
granule cells, within a tight synaptic structure: the glomerulus. Granule cell axons leave the granule
cell layer to “ascend” to the output cortical layer: the molecular layer where they bifurcate to become
the parallel fibers. Beams of parallel fibers are oriented along the coronal plane, and cross the den-
dritic arborization of the Purkinje cells perpendicularly, making contacts on their way (Figure 1.2.).

Therefore, mossy fiber inputs are relayed to the Purkinje cells via a di-synaptic pathway in-
volving the granule cells and the parallel fibers, modulating the spontaneous firing frequency of
simple spikes of the Purkinje cells. Mossy fiber activity can range from high-frequency bursts
(Chadderton et al., 2004; Rancz et al., 2007) to slow and continuous firing modulation (Arenz et al.,
2008; Arenz et al., 2009) both of which can be transmitted to granule cells (Rancz et al., 2007;
Schwartz et al,, 2012). Thus, as the activity in the granule cell layer is sparse, the firing patterns oc-
curring in parallel fibers can be extremely diverse. This phenomenon is amplified by the gigantic
number of parallel fibers synapses onto Purkinje cell spines (about 170 ooo contacts by Purkinje cell
(De Saint Jan et al., 2001)). Individual parallel fiber inputs elicit small responses (Isope and Barbour,
2002) and simultaneous activation of 50 granule cells is needed to excite a Purkinje cell (Barbour,
1993).

Mossy fibers convey multiple types of information: cutaneous (Eccles et al., 1971), proprio-
ceptive (Balakrishnan and Trussell, 2008), somatosensory (Chadderton et al., 2004), vestibular
(Lisberger and Fuchs, 1978) or visual (Noda, 1981) depending on the nature of the precerebellar
nucleus from which they are originating. The diversity of mossy fiber inputs is somehow reflected in
their organization. Mossy fiber projections from a given precerebellar nucleus terminate in specific
lobules. This projection can be predominantly ipsilateral (for example the cuneocerebellar mossy
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tibers) or contralateral (for example the spinocerebellar mossy fibers) and can innervate one or sev-
eral lobules ((Wu et al., 1999; Cicirata et al., 2005), for review, see Shinoda and Sugihara, 2013).

Mossy fiber afferents to the cerebellar cortex are also finely organized topographically along
the medio-lateral axis. Cartography of mossy fiber terminals reveals patterns of multiple longitudi-
nal strip-like zones arranged successively along the mediolateral axis (Epema et al., 1985; Yaginuma
and Matsushita, 1987). The mossy fiber input bands correlate with the zebrin band patterns found
in the cerebellar cortex (Gravel and Hawkes, 1990; Sillitoe et al., 2010; Gebre et al., 2012), thus defin-
ing another level of molecular patterning of the cerebellar cortex.

Superimposed with this anatomical arrangement of mossy fiber terminals, with respect to
their precerebellar origin and thus the type of information they are relaying (Gebre et al,, 2012), a
somatotopical organization of mossy fibers was described by Shambes et al. (Shambes et al., 1978) in
anesthetized rats. Mossy fibers with identical tactile receptive fields project in multiples small areas
in the cerebellar cortex, sometimes called “patches” and which can vary considerably in size and
shape (Apps and Hawkes, 2009). These patches represent smaller functional areas within the larger
longitudinal bands defined by anatomy and molecular expression. Shambes and colleagues de-
scribed here an important concept of fractured somatotopical map, in which the cortex comprises a
patchy mosaic of receptive fields arising from different body parts. The details of this “fractured so-
matotopy” are illustrated in Figure 1.2. A single mossy fibers can give several collaterals ending in
several patches, (Woolston et al., 1981) and such redundancy might play an important role to link
different somatosensory information provided by different areas of the body within a restricted cer-
ebellar zone.

1.2.1.2. Mossy fibers innervation of the cerebellar nuclei

The cerebellar nuclei receive mossy fiber inputs from the same precerebellar nuclei: the nu-
cleus reticularis tegmenti pontis (Van der Want et al., 1987), the spinal cord (Matsushita and Ikeda,
1970), the lateral reticular nucleus (Matsushita and Ikeda, 1976), the red nucleus (Courville and
Brodal, 1966) or the vestibular system (Carpenter et al., 1959). However, the importance of mossy
fiber projections from each particular precerebellar nucleus to one or the three nuclei vary and the
existence of some mossy fiber pathways are still discussed (Brodal et al., 1986; Qvist, 1989; Pham et
al., 2011). Mossy fiber inputs to the nuclei are collaterals from the fibers ending in the cerebellar
cortex (Qvist, 1989; Wu et al., 1999).

As in the cerebellar cortex, mossy fiber inputs to the nuclei are nucleus-specific and depend
on their precerebellar source, projecting to one or all cerebellar nuclei, either unilaterally or bilater-
ally with preferences for contralateral or ipsilateral innervation (Matsushita and Ikeda, 1970; Gerrits
and Voogd, 1987; Cicirata et al., 2005). Although the topography of mossy fiber inputs to the cere-
bellum was investigated less thoroughly in the nuclei than in the cortex, a certain degree of soma-
totopy was described in the literature by tracing experiments (Courville and Brodal, 1966; Eccles et
al., 1974d) or by electrophysiological mapping of cerebral inputs to cerebellar nuclei in monkeys
(Allen et al., 1977; Allen et al., 1978)>.

* It should be noticed that this somatotopic pattern may be weakly defined by the direct nuclear inputs from mossy
fibers themselves, but rather shaped by the strong indirect inputs from the cortical Purkinje cells which are excited by
the same groups of mossy fibers. Convergence of direct and indirect inputs onto nuclear neurons will be discussed latter.
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Ultra-structural identification of mossy fiber terminals in the cerebellar nuclei was based on
their supposed similarity with the characteristic morphology of the mossy terminals in the cerebellar
cortex. Although well-defined glomerular structures were never described within the nuclei, some
resemblance was noted (Van der Want et al., 1987). The shape of the terminals is irregular and they
vary in diameter between 0.5 and 5 pum (Matsushita and Iwahori, 1971¢; Van der Want et al., 1987).
Mossy fiber terminals were generally found associated with distal dendritic compartments rather
than axo-somatic or proximal dendritic areas (Courville and Brodal, 1966; Chan-Palay, 1973b; Van
der Want et al., 1987).

A.

Figure 1.2.: Mossy fibers inputs to the cerebellar cortex. A- Pathway of a single mossy fibers axon arising from the lat-
eral reticular nucleus (LRN) (from Shinoda, 1999). B- Collateralizations of a single mossy fiber define longitudinal
bands arranged along the medio-lateral axis (from Wu et al., 1999). C- Schematic drawing of the main circuit of the
cerebellar cortex: mossy fiber (MF) enter the granular layer (GCL) where it contacts granule cells (GC) dendrites within
the glomeruli (Go). The ascending axons (AA) of the granule cells reach the molecular layer (ML) and bifurcate to be-
come parallel fibers (PF) which contact the Purkinje cells (PC) dendrites. D- “Fractured somatotopy” and patchy or-
ganization of the mossy fibers receptive fields in the granular layer of the cerebellar cortex (from Apps and Hawkes,
2009). Abbreviations: DN, IP, FN, and LRN, dentate, posterior interpositus, fastigial, and lateral reticular nucleus; icp,
inferior cerebellar peduncle; 10, inferior olive; sct, sptV, and SPVI, spinocerebellar tract, spinal trigeminal tract and
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nucleus interpolaris PCL : Purkinje cells layer.

Therefore, mossy fibers provide a large diversity of sensori-motor information to the cerebel-
lum, arising from the whole body. This important and diversified extracerebellar input is computed
both at cortical and nuclear levels, before the final cerebellar output is sent to the rest of the brain.

1.2.2. The cerebellar nuclei: the cerebellar output to control motor function

The cerebellar nuclei constitute the final cerebellar output and project back to the various re-
gions of the brain. Direct projections from one or multiples cerebellar nuclei were described to the
thalamus (Angaut et al., 1985), the reticular pontine nucleus (Tsukahara and Bando, 1970), the red
nucleus (Tsukahara et al., 1983), the vestibular system (Carpenter et al., 1959; Compoint et al,,
1997), the nucleus reticularis tegmenti pontis (Verveer et al., 1997), several brainstem nuclei (Teune
et al., 2000) or the spinal cord (Asanuma et al., 1980). The cerebellar nuclear outputs are topograph-
ically distributed (Rispal-padel et al., 1982; Angaut et al., 1985; Cicirata et al., 1992) and define so-
matotopic maps in several premotor areas such as the thalamus (Asanuma et al., 1983).

The principal neurons® of the cerebellar nuclei, which project to those regions, are large glu-
tamatergic neurons (Schwarz and Schmitz, 1997), although it should be pointed out that a subpopu-
lation of large glycinergic neurons in the medial nucleus are found to project to brainstem nuclei
(Bagnall et al., 2009). They send most of their axons through the superior cerebellar peduncle
(Jansen and Jansen, 1955). The principal neurons of the cerebellar nuclei consist of a heterogeneous
population of neurons with different size, shape and dendritic pattern depending on their location
within the nuclei (Sotelo and Angaut, 1973; Beitz and Chan-Palay, 1979a, b)*. Most of the neurons
have a size between 25 and 50 um and have a large dendritic field (300 to 500 pm in length), spread-
ing within the limits of the nucleus (Matsushita and Iwahori, 1971a, b; Sotelo and Angaut, 1973).

Distinction of the different principal neuron subpopulations based on their morphology
(Figure 1.3.) (Beitz and Chan-Palay, 1979a; Ristanovic et al., 2010) suggests a certain degree of or-
ganization within each cerebellar nucleus (Chan-Palay, 1973d; Beitz and Chan-Palay, 1979a).
Whether this spatial and anatomical organization of the principal nuclear neurons is linked to the
organization of the cortical or extracerebellar inputs is not clear.

1.3. CN principal neurons: a key synaptic integrator for the motor function

The principal neurons constitute the only cerebellar output and integrate different inputs, either
inhibitory or excitatory. It is crucial to understand how this diversity of synaptic information will be
processed by the principal neurons, and how it will influence the output motor command.

The cell surface of the principal neurons is mostly covered by axon terminals: up to 50% of the
membrane is in direct apposition to synaptic boutons (Angaut and Sotelo, 1973). Purkinje cells ax-
ons and two others types of fibers, presumably from extracerebellar sources, are found converging
onto nuclear cells (Matsushita and Iwahori, 1971¢).

® Another type of output cerebellar nuclear neurons exists, the GABAergic nucleo-olivary neurons, projecting only to
the inferior olive, which will be described in the next sections in further details.

* However, in those studies, principal neurons were not clearly distinguished from the other cell types found in the
cerebellar nuclei. It is therefore possible that part of this heterogeneity within the principal neurons actually reflects the
heterogeneity found among the different neuronal populations of the cerebellar nuclei.
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Figure 1.3.: Principal neurons of the cerebellar nuclei convey the output information. A- Distinction between different
populations of nuclear neurons was made possible with respect to their morphological characteristics. In the medial
nucleus, seven classes of neurons were defined (from Beitz and Chan-Palay, 1979). B- Principal neurons send their ax-
ons through the cerebellar peduncles to premotor areas (from Matsushita & Iwahori, 1971b).

1.3.1. Synaptic inputs in principal neurons: Excitation versus Inhibition

1.3.1.1. Excitatory inputs

While the inhibitory inputs from Purkinje cells were extensively studied, little is known
about excitatory inputs driving the nuclear neurons.

The principal neurons of the cerebellar nuclei express both non-NMDA (non-N-methyl-D-
aspartate) and NMDA receptors (Gardette and Crepel, 1986; Audinat et al., 1990; Anchisi et al.,
2001). AMPA (alpha-amino-3- hydroxy-5-methyl-4-isoxazole propionate) receptors seems to be
only moderately expressed in the adult cerebellar nuclei (Beneyto and Meador-Woodruff, 2004) and
may mainly be involved in developmental processes and networks maturation (Garcialadona et al.,
1990), although no electrophysiological data exist to support the decrease of AMPA component of
EPSCs in adult rodents. The properties of NMDA receptors combined weak agonist sensitivity and
fast kinetics, suggesting they are hetero-trimeric assemblies from NR1, NR2A/2B and NR2C/2D
(Akazawa et al., 1994; Cull-Candy et al., 1998; Anchisi et al., 2001).

The major source of excitatory inputs to the cerebellar nuclei is arising from extra-cerebellar
sources in the form of mossy fiber collaterals. However, nuclear principal neurons occasionally give
rise to recurrent collateral which could be involved in the local excitatory inputs to neighboring
neurons (Matsushita and Iwahori, 1971a; Chan-Palay, 1973b; Mccrea et al., 1978). As those
branched collaterals are generated from the axons on their way out of the nucleus, it is hard to
preserve them in acute slices experiments, making their study complicated. This may explain why, to
our knowledge, spontaneous excitatory activity has not been reported in the principal neurons in
slices.
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1.3.1.2. Purkinje cell inhibitory inputs

The Purkinje cells axons are thick and myelinated and contact the principal neurons in the
downstream cerebellar nuclei, mostly via axo-dendritic and axo-somatic en passant giant boutons
(Matsushita and Iwahori, 1971c). One Purkinje cell axon can innervate more than one nucleus (De
Zeeuw et al.,, 1994) with the size and shape of the terminal arbors depending on the targeted nucleus
(Sugihara et al., 2009). Within the nuclei, a Purkinje cell axon contacts primarily 3 to 6 principal
neurons on their somata while providing weak input to many more (Palkovits et al., 1977). Fur-
thermore, different Purkinje cells converge onto the same nuclear cell. Palkovits and colleagues
(Palkovits et al., 1977) initially evoked a convergence of 860 Purkinje cells upon a single nuclear cell
by counting the number of terminals ending onto it. However, this number was reevaluated in re-
cent studies (Person and Raman, 2012a), bringing back this ratio to 30-50 Purkinje cells per nuclear
cell (for discussion, see Person and Raman, 2012a). One of the most probable biases which could
explain this difference comes from the presence of about ten active zones per Purkinje cell boutons
(Pedroarena and Schwarz, 2003; Telgkamp et al., 2004).

The Purkinje cell terminals in the cerebellar nuclei release y-aminobutyric acid (GABA)
(Chan-Palay et al.,, 1979) and exert an inhibitory action onto the nuclear cells (Ito et al., 1970). The
Purkinje cells inhibitory postsynaptic potentials (IPSPs) onto nuclear cells are mediated mainly by
ionotropic GABA, receptors (Mouginot and Gahwiler, 1995), although the principal neurons ex-
press also metabotropic GABAs receptors (Morishita and Sastry, 1995). The IPSPs decay was first
considered as being very slow (tens of milliseconds; Mouginot and Gahwiler, 1995; Anchisi et al.,
2001; Pedroarena and Schwarz, 2003; Telgkamp et al., 2004; Pugh and Raman, 2005). Recordings at
near-physiological temperature rather than room temperature invalidate this idea, revealing the
brief decay time of the Purkinje cells IPSCs (around 2,5 milliseconds, Person and Raman, 2012b)
which qualify amongst the fastest known GABA, receptor mediated currents (Bartos et al., 2001).

The Purkinje cells are known to fire spontaneously around 30 Hz in the absence of synaptic
inputs and up to 250 Hz (Thach, 1968; Armstrong and Rawson, 1979a; Hausser and Clark, 1997;
Raman and Bean, 1997). It is known that at many synapses, high frequency activity leads to short-
term depression of the inhibitory postsynaptic currents (IPSCs). This is indeed the case at Purkinje
cells to principal neurons synapses (Mouginot and Gahwiler, 1995; Telgkamp and Raman, 2002;
Pedroarena and Schwarz, 2003). However, mechanisms exist to limit synaptic depression: one
Purkinje cell bouton contains about ten active zones (Pedroarena and Schwarz, 2003; Telgkamp et
al., 2004) which each have a low release probability (Telgkamp et al., 2004) and promote spillover
mediated transmission® via this multi-sited release (Pedroarena and Schwarz, 2003; Telgkamp et al,,
2004) or properties of desensitization and occupancies times of the receptors within the postsynap-
tic densities (Pugh and Raman, 2005).

1.3.1.3. Sequential integration of excitatory and inhibitory inputs

Consistent with the circuitry of the mossy fiber inputs previously described, recordings of the
principal neurons show responses to a direct and indirect pathways following stimulation of the
precerebellar nuclei. Electric or sensory-motor stimulation of mossy fibers evoked in the nuclear

° However, spillover-mediated transmission was investigated at room temperature and need to be confirmed at more
physiological temperatures.
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neurons a direct excitation via the extracerebellar inputs, followed by an inhibition period due to the
activation of the Purkinje cells in the cerebellar cortex by the same extracerebellar fibers (Ito et al.,
1970; Eccles et al., 1974a; Armstrong and Rawson, 1979b; Llinas and Muhlethaler, 1988). Interac-
tions between the direct excitatory inputs and the indirect inhibitory inputs depend on the strength
of each of the converging inputs and above all on their respective timing (Eccles et al., 1974b;
Amatuni et al., 1981). Excitation from mossy fiber activation is seen in the principal neurons 1 to 3
milliseconds and in the Purkinje cells 3 to 4 milliseconds after the stimulation of upstream precere-
bellar areas (Ito et al., 1970). Since it takes about one more millisecond for the activated Purkinje
cells to inhibit the nuclear neurons, initiation of the inhibition following the direct excitation is ex-
pected 4 to 6 milliseconds after stimulation of the afferents. This characteristic sequence of “excita-
tion-inhibition” in the nuclear neurons following sensory-motor stimulation is thought to be in-
volved in mechanisms of plasticity and motor learning®.

In addition, a period of increased excitability sometimes follows the inhibitory effect provid-
ed by Purkinje cells. This late excitation could be explained by the disinhibition from Purkinje cells
silenced by excitatory inputs and intra-cortical inhibitory interneurons and by the intrinsic electric
properties of the principal neurons, as we will see in the next paragraph.

1.3.2. Principal neurons excitability and their electrophysiological properties

The intrinsic electrophysiological properties of the nuclear principal neurons have been stud-
ied in a variety of different preparations (for review, (Sastry et al., 1997)), including isolated brain
stem-cerebellum slices (Llinas and Muhlethaler, 1988), cerebellar slices (Jahnsen, 1986b, a), organo-
typic cultures (Mouginot and Gahwiler, 1995) or dissociated neurons (Raman et al., 2000).

1.3.2.1. Spontaneous firing

The nuclear principal neurons, like the Purkinje cells, discharge spontaneous action poten-
tials at rates close to 30 Hz (Thach, 1968; Jahnsen, 1986a; Llinas and Mubhlethaler, 1988; Mouginot
and Gahwiler, 1995; Aizenman and Linden, 1999; Raman et al., 2000). The firing rate can reach 300
Hz when a depolarizing current is injected to the neurons (Jahnsen, 1986a). Spontaneous firing is
generated and maintained by the intrinsic properties of the nuclear neurons, as suggested by studies
on dissociated neurons (Raman et al., 2000) and after blockade of all synaptic inputs (Mouginot and
Gahwiler, 1995; Aizenman and Linden, 1999). Expression of a variety of different ionic channels
allow the generation of pace-maker like currents to maintain the cycle of firing (Jahnsen, 1986a, b;
Llinas and Mubhlethaler, 1988; Sastry et al., 1997; Raman et al., 2000; Alvina and Khodakhah, 2008;
Ovsepian et al., 2013).

The firing rate of the nuclear neurons is modulated by both their excitatory and inhibitory
synaptic inputs (Mouginot and Gahwiler, 1995; Zhang et al., 2004). Consistently, the principal neu-
ron discharge rates are modulated during motor behaviors (Thach, 1968; Armstrong and Edgley,
1984). In vivo, the influence of the inhibitory inputs may be more complex than a simple decrease in
the nuclear neuron firing rate. When McDevitt and colleagues (Mcdevitt et al., 1987) recorded sim-
ultaneously from Purkinje cells and their related nuclear neuron, their firing rates did not always
vary inversely suggesting that the Purkinje cells and the principal neurons do not have necessarily a

® Plasticity in the cerebellar nuclei will be discussed in Chapter 2.
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reciprocal relationship. This result indicates that a single Purkinje cell does not dominate the dis-
charge activity of the principal neurons it contacts, and implies more heterogeneous and complex
interactions with others afferents to the cerebellar nuclei. Intrinsic electrophysiological properties of
nuclear neurons, such as their ability to generate rebound firing, may also explain this non-
reciprocity.

1.3.2.2. Characteristics of the rebound discharge

In addition to their spontaneous firing, a characteristic of principal nuclear neurons is their
ability to show pronounced rebound depolarization, often accompanied by a high-frequency burst
of spikes or just by a more prolonged period of increased firing, immediately after an hyperpolariza-
tion period (Jahnsen, 1986a, b; Llinas and Mubhlethaler, 1988; Aizenman and Linden, 1999;
Pedroarena, 2010).The rebound depolarization is dependent on the membrane potential of the cell
and on the duration and amplitude of the hyperpolarizing pulse: it is more prominent following
longer and deeper hyperpolarization steps, or when the holding membrane potential is between -60
and -70 mV(Aizenman and Linden, 1999; Pedroarena, 2010). The rebound is readily induced by
hyperpolarizing current injection at the soma, and can also be evoked by more physiological manip-
ulations like the local uncaging of GABA or the electrical stimulation of hyperpolarizing IPSPs orig-
inating from Purkinje cell inputs (Llinas and Muhlethaler, 1988; Aizenman et al., 1998; Aizenman
and Linden, 1999; Alvina et al., 2009). Interestingly, high-frequency trains of IPSPs were more effec-
tive at inducing a rebound discharge than a single IPSP or hyperpolarizing current pulses of similar
amplitude and duration. This could be explained by the wide distribution of the Purkinje cell inputs
on the dendritic arbor of the principal neurons. Distal inhibitory inputs will produce effective den-
dritic hyperpolarization which is most likely not achieved by hyperpolarization delivered from the
soma. Diverse dynamic parameters of these synapses (as discussed in the section 1.3.1.1.) may also
be involved in the efficiency of synaptic hyperpolarization to trigger rebounds.

During the rebound, the increased excitability and associated spike burst induce large intra-
cellular calcium transients in the principal neurons (Aizenman et al., 1998; Zhang et al., 2004;
Schneider et al., 2013). By this way, inhibitory Purkinje cell inputs can drive postsynaptic excitation
and calcium entry in the nuclear neurons, which mechanism may be the basis for plasticity at the
Purkinje cell to principal neurons synapse (Aizenman et al., 1998)’.

Several attempts have been made to link the different firing and bursting phenotypes of nu-
clear cells to their morphological characteristics, with no clear success (Aizenman et al., 2003).
Bursting phenotypes seems to be specific of principal neurons (Czubayko et al., 2001), however oth-
er cell types in the cerebellar nuclei also exhibit spontaneous firing (Uusisaari and Knopfel, 2011)3.

The principal nuclear neurons express voltage-gated calcium channels, and notably the T-
type channels (Muri and Knopfel, 1994; Gauck et al., 2001; McKay et al., 2006; Molineux et al., 2006;
Molineux et al., 2008; Tadayonnejad et al., 2010), which are known to support burst firing (Cain and
Snutch, 2010). The different isoforms of T-type channels, Cav3.1 (01G), Cav3.2 (a1H), Cav3.3 (a1l),
exhibit non-uniform distribution on the membrane of the principal neurons: Cav3.1 channels are
expressed mainly in somatic compartments while Cav3.3 are found also in distal dendrites (Gauck et
al., 2001; McKay et al., 2006). They are also associated with different bursting phenotypes: high

" Mechanisms and properties of plasticity in the cerebellar nuclei will be discussed in further details in the next sections.
¥ Other cell types present in the cerebellar nuclei and their physiological properties will be described in the next sections
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bursting neurons are associated with the rapidly gating Cav3.1 isoform, whereas neurons with weak
bursts preferentially express the slower gating Cav3.3 (Figure 1.4.) (Molineux et al., 2006; Molineux
et al., 2008), suggesting a differential role of each of those isoforms in agreement with their distinct
kinetic properties (for review, see Cain and Snutch, 2010). Moreover, their rebound discharges are
blocked by T-type channel antagonists (Molineux et al., 2008; Alvina et al., 2009; Boehme et al.,
2011; Schneider et al., 2013) indicating the central role of T-type channels in the mechanisms under-
lying the rebound.

Taken together, the high dependency of the rebound discharge to a hyperpolarizing step and
its following bursting phenotype and calcium entry suggest that the rebound depolarization is medi-
ated, at least in large part, by the opening of low-threshold voltage-dependent T-type calcium chan-
nels.

A. B.

Transient Burst Weak Burst

Figure 1.4.: Rebound discharge phenotypes in the principal neurons of the cerebellar nuclei. A- Transient bursts are
defined by high frequency bursts after a hyperpolarization period, and are correlated with the expression of the T-type
voltage-gated calcium channels isoform Cav3.1. B- On the contrary, weak burst phenotypes are associated with the
expression of Cav3.1 channels (from Tadayonnejad et al., 2010).

1.3.2.3. Does the rebound discharge exist in vivo?

Despite the biophysical robustness of rebound firing in the principal neurons, its prevalence
in response to physiological stimuli is still debated. After sensory stimulation, the responses of nu-
clear neurons in vivo do not present the expected rebound discharge after inhibition periods, but
rather consist in a sequence of early excitation - intermediate inhibition - late increase in firing rate
(Armstrong et al., 1975; Rowland and Jaeger, 2005). The late excitation, which could perhaps be the
consequence of a rebound depolarization after the intermediate inhibition from the Purkinje cell
inputs, was however the least reliable component of the response (Rowland and Jaeger, 2005). As
previously discussed in section 1.3.1.3., this late excitation may be due in part to the nuclear disinhi-
bition resulting from pauses in the Purkinje cell firing (Ito et al.,, 1970; Armstrong et al., 1975;
Witter et al., 2013). Moreover, direct and strong activation of the Purkinje cell inputs upon a nuclear
neuron in vivo does not result in rebound firing in the majority of the recorded cells (Alvina et al.,
2008; Chaumont et al., 2013). Occurrence of the rebound firing also differs between the experi-
mental paradigm used (for reviews of protocols, Alvina et al., 2008; De Zeeuw et al., 2011).

As the rebound discharge phenomenon is entirely based on the occurrence of an inhibition
period and on its efficiency to activate several conductances like the T-Type channels, the main open
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question is the extent to which in vivo synaptic inhibition can efficiently recruit T-type currents and
lead to observable rebound firing. Several discrepancies have been pointed out. First, in vivo activa-
tion of GABA, receptors cannot hyperpolarize cells further than the membrane reversal potential
for chloride ions (Eci). This later has been repeatedly measured to be near -75 mV in the principal
neurons (Jahnsen, 1986b; Aizenman and Linden, 1999; Alvina et al., 2008; Zheng and Raman, 2009).
The known voltage-dependence of T-type channels makes it unlikely that they recover substantially
even at Eq; under those conditions (Cain and Snutch, 2010). Therefore, only the neurons which are
hyperpolarized (by current injections for example) beyond Ec will generate a rebound burst. Model-
ling studies suggest that the Eci value for nuclear neurons was in a critical region where small chang-
es on the order of 5-10 mV only would have a strong influence on rebound strength (Steuber et al.,
2011). Secondly, Zheng et al. (Zheng and Raman, 2009) reported that high- frequency IPSPs evoke
little post-inhibitory current through T-type channels, without evidence of T-type mediated large
and brief calcium transients even in dendrites during imaging studies. Additionally, the late eleva-
tion in the firing rate observed after strong inhibition is very slow and persists for several hundred
milliseconds (Armstrong et al., 1975; Rowland and Jaeger, 2005; Alvina et al.,, 2009; Zheng and
Raman, 2009), far outlasting the duration of T-type current (Cain and Snutch, 2010).

An interesting alternative hypothesis is that the T-type channel currents mediating the re-
bound firing are highly modulated in vivo and act synergically with other conductances. In the cere-
bellum, complex interactions between T-type channels and other conductances influence the net
effect of T-type channels on neuronal excitability (Engbers et al., 2013). Window current, which
relies on the few channels that are stochastically opened at approximately —60 mV thus creating a
steady-state conductance (Cain and Snutch, 2010), may also play an additional role in the genera-
tion of rebound firing by modulating the basal intracellular calcium level and therefore act on intra-
cellular machinery to modulate the neuronal excitability (Engbers et al., 2012; Engbers et al., 2013).

The post-inhibitory propensity to burst has been shown to increase with the strength of
stimulation of Purkinje afferents (Aizenman and Linden, 1999; Tadayonnejad et al., 2009), but as
the depth of hyperpolarization won't change significantly with increased synaptic inhibition, this
raises the possibility that stronger stimulations facilitate the rebound discharge by engaging addi-
tional mechanisms. First inhibition may activate other ionic conductances. Indeed, several channels
expressed by the nuclear neurons have been shown to play a role in the rebound discharge (high-
voltage-activated calcium current (HVA) (Muri and Knopfel, 1994; Gauck et al., 2001), potassium
channels (Molineux et al., 2008), hyperpolarization-activated cyclic-nucleotide (HCN) (Engbers et
al., 2011)). Moreover, interactions between diverse background synaptic conductances in the nucle-
ar neurons have been found to exert a great influence on the appearance of the rebound phenotype
and its strength (Steuber et al., 2011). Second, neuromodulatory systems may also have a strong in-
fluence on the rebound bursting phenotypes in vivo (Gould et al., 1997; Saitow et al., 2009; Murano
et al., 2011; Schneider et al., 2013), but have been poorly studied. Modulations in the Eq itself, which
may become more negative under certain conditions such as modulations in the expression of the
chloride co-transporters NKCC1 and KCC2 known to control the E¢; in neurons (Rivera et al., 1999;
Banke and McBain, 2006), could also explain the variable occurrence of rebound discharge in vivo.

Importantly, rebound patterns are also significantly shaped and influenced by the inputs re-
ceived by the nuclear neurons (Steuber et al., 2011) and by the intrinsic excitability of the nuclear
neurons. Relative timing and strength of the inhibitory inputs will have a major impact on the oc-
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currence of the rebound discharge, as synchronous recruitment of several Purkinje cells® has been
shown to more likely to have an effect on principal neurons output activity (Gauck and Jaeger, 2000;
Person and Raman, 20124, b). In addition, as demonstrated in my thesis work, synaptic inhibition
upon nuclear neurons is not restricted to the Purkinje cells inputs but can also be provided by local
interneurons of the cerebellar nuclei, which inhibitory properties could be different from cortical
inputs*°.

In conclusion, the debate about the existence of a rebound discharge phenomenon during
physiological processes is mainly due to our poor understanding of the integration by the nuclear
cells of a wide range of excitatory, inhibitory and neuromodulatory inputs with respect to the own
excitability state and intrinsic properties of the nuclear neuron. Therefore, further dissection of the
cerebellar nuclei circuitry is crucial to improve our knowledge of the nuclear neuron physiology in
vivo.

1.3.3. Principal neuron output activity: Rate coding versus temporal coding

To predict the nuclear neuron output spiking activity, one needs to understand their mecha-
nisms of synaptic integration and their interactions with the intrinsic membrane properties of these
principal neurons. Understanding which information is transmitted to the nuclear neurons and how
they encode it into output activity is fundamental (Person and Raman, 2012b). Neuronal coding can
be broadly categorized as “rate coding” or “temporal coding”. The number or rate of spikes in a par-
ticular time window carries information in the rate coding mode, whereas for temporal coding, the
information is represented by the timing of individual spikes or bursts of spikes. Both rate coding
and temporal coding seem to occur in the cerebellar nuclei (Steuber and Jaeger, 2013).

Rate coding in the nuclear neurons would imply that the relative firing rates coming from ex-
citatory and inhibitory inputs determine the output spike frequency of the cerebellar nuclear cells.
Indeed, dynamic clamp studies have suggested that the rate of Purkinje cell inputs results in a rate
code in the nuclear cells (Gauck and Jaeger, 2000, 2003) and that increases in excitatory mossy fiber
input rates or decreases in inhibitory Purkinje cell input rates are translated into smooth increases of
the nuclear spike rates (Steuber et al., 2011). Modulation of Purkinje cell spike rates has been pro-
posed to encode information in the cerebellar nuclei by linear summation more efficiently than
pauses (Walter and Khodakhah, 2009).

The ability of nuclear neurons to exhibit rebound firing make them good candidates for tem-
poral coding, as the rebound discharge may create well-timed spike burst following certain patterns
of Purkinje cell inputs. Rebound firing has been incorporated into recent theories of cerebellar func-
tion (Kistler and De Zeeuw, 2003; Wetmore et al., 2008) and several functional roles have been as-
signed to it, such as timing and encoding information in association with plasticity mechanisms
both at cortical and nuclear levels (Aizenman et al., 1998; Kistler and De Zeeuw, 2003; Pugh and
Raman, 2006; Wetmore et al., 2008).

One of those models involving rebound discharge was described by Wetmore and colleagues
(Wetmore et al., 2008) who defined a model of cerebellar motor memory and learning, called the

? Mechanisms responsible for synchronization of the Purkinje cells will be detailed in further details in Chapter 2.
12 Evidence for the involvement of local inhibition in the cerebellar nuclei will be discussed in the Chapter 3.
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“lock and key” hypothesis. In this model, the mechanisms of plasticity in the cerebellar cortex were
necessary but not sufficient to generate a desired cerebellar output. The cortical output activity aris-
ing from those operations has to result in the appropriate temporal patterns to elicit rebound in the
downstream nuclear cells, i.e. an increase (to hyperpolarize the neurons) followed by a decrease in
the Purkinje cell spike rate (releasing the inhibition and allowing the neurons to fire). According to
Wetmore et al., the cortical temporal spike patterns represent a “key”, while the temporal filtering
properties of the nuclear neurons that determine whether or not a rebound response occurs is a
“lock”. Therefore, successful learning shapes neural activity to match a temporal filter that prevents
expression of stored but inappropriate motor responses.

According to another model (Kistler and De Zeeuw, 2003), under some specific assumptions
about cerebellar anatomy and physiology"', rebound discharge of the nuclear neurons translate in-
hibitory Purkinje cell inputs into a delayed excitatory nuclear output independent of the strength or
temporal synchronization of the simulated inputs. For example, the authors have shown that ran-
dom and independent activation of Purkinje cell inputs upon the same nuclear neuron result in a
somatic membrane potential that is fluctuating around the resting potential without triggering any
action potentials. On the other hand, if the Purkinje cell inputs are synchronized, several action po-
tentials are evoked in the principal neurons, with a delay of about 100 millisecond independent of
the size or the temporal dispersion of the inhibitory volley.

Indeed, synchronization of activity among a group of several Purkinje cells has an important
impact on principal neuron output activity and nuclear neurons preferentially relay information
emerging from the activity of synchronized Purkinje cells to downstream premotor areas, notably by
their time-locked spiking (Gauck and Jaeger, 2000; Person and Raman, 2012a, b; Witter et al., 2013).
This constitutes one great example of temporal coding within the olivo-cerebellar system.

Evidence for the presence of both rate coding and temporal coding in nuclear neurons sug-
gest that they are indeed able to use both encoding depending on the conditions. It has already been
proposed that the Purkinje cells are able to alternate between a rate and a

temporal coding strategies (Hausser and Clark, 1997; De Schutter and Steuber, 2009) and
that this switch between regular firing and pauses in spiking of the Purkinje cells interact to control
the cerebellar nuclei output activity (De Schutter and Steuber, 2009; discussed in section 1.3.3.1.).

One could also imagine a form of rate coding within the rebound discharge, where infor-
mation could also be carried by the rate of spikes in the rebound burst, in addition to the more
commons forms of rate coding described.

""" Authors notably based their model on the organization and the characteristics of the olivo-cerebellar system, to which
we will refer in the Chapter 2.
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INTRODUCTION

CHAPTER 2: The olivo-cortico-nuclear loop

The inferior olive complex is an ensemble of nuclei located bilaterally in the ventral part of the
brainstem. The inferior olive gives rise to the second system of excitatory inputs to the cerebellum:
the climbing fibers system. This olivary afferent system is a strong organizer, both spatially and
functionally, and the close relationship between cerebellum and inferior olive lead to the definition
of an olivo-cerebellar system.

2.1. Inferior olive projection to the cerebellar cortex

2.1.1. Olivo-cortical innervation

2.1.1.1. One-to-one innervation of the Purkinje cells

Contrarily to the mossy fiber system and its large variety of precerebellar nuclei of origin, all
the climbing fibers arise from the inferior olive (Desclin, 1974).

The olivo-cerebellar axons originate from one of the three main nuclei of the inferior olive
(the principal olive and the medial and dorsal accessory olive) and enter the cerebellum through the
contralateral inferior cerebellar peduncle (Sugihara et al., 1999; Sugihara et al., 2001). Within the
cerebellum, a single olivo-cerebellar axon bifurcates in several thick branches (up to seven), each one
of them innervating one Purkinje cell (Sugihara et al., 1999; Sugihara et al., 2001). Each olivary fiber
“climbs” on the main shafts of a Purkinje cells dendritic tree in the molecular layer of the cortex (see
figure 2.1.), giving its name to this olivo-cerebellar fiber. During the development, the Purkinje cell
is initially contacted by about five different climbing fibers (Crepel et al., 1976; Sugihara, 2006;
Watanabe and Kano, 2011). Only one of them is selected and strengthened*> allowing the matura-
tion of the climbing fiber synapses, while the others degenerate (Bosman and Konnerth, 2009;
Hashimoto et al., 2009; Watanabe and Kano, 2011) leading in the adult to a one-to-one relationship
between the climbing fibers and the Purkinje cells.

2.1.1.2. Climbing fiber input elicit complex spike

In the Purkinje cells, climbing fiber activation produces a strong all-or-nothing excitatory
response of large amplitude and a large depolarization called the complex spike (Eccles et al., 1966;
Konnerth et al., 1990). The shape of the complex spike is characteristic: a first large and sharp spike
followed by several oscillations of decreasing amplitudes (see figure 2.1.) (Eccles et al., 1966;

'? This synaptic selection seems to require both genetic determinants and early synaptic activity (Bosman and Konnerth,
2009).
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Armstrong and Rawson, 1979a; Mathy et al., 2009).

One of the most striking properties of the complex spikes on the Purkinje cell activity is that
the generation of the complex spike usually prevents the Purkinje cell to fire simple spikes for tens of
milliseconds (Armstrong and Rawson, 1979a; Sato et al., 1992; De Zeeuw et al., 2011). The complex
spike occurs at very low frequency around 1 Hz in vivo (Armstrong and Rawson, 1979a; Lang et al.,
1999; Loewenstein et al., 2005; Mathy et al., 2009) and is essential for plasticity and motor learning*3.

Figure 2.1.: Climbing fiber innerva-
B. tion in the cerebellar cortex. A- The
* climbing fiber, in red, labelled by
biotinylated dextran amine injec-
tion in the inferior olive, innervates
extensively the main shaft of the
Purkinje cell, in green, revealed by
""""""""""""""""""" e immunostaining against Calbindin.
msec Scale bar: 20 pm (from Hashimoto
et al., 2009). B- The activation of
climbing fibers through inferior
35 olive stimulation induces a com-
; / plex spike in the Purkinje cells
(from Eccles et al., 1966). C— Gen-
imv  eration of a complex spike (CS) in
Ty Purkinje cells results in a pause in
the simple spike (SS) firing (from

De Zeeuw et al., 2011).

50 mv

2.1.2. Parasagittal segmentation of the climbing fibers inputs

While mossy fibers from a given source display extensive transverse branching and diverge to
terminate in multiple longitudinal zones (see section 1.1.1.), climbing fibers arising from a given nu-
cleus of the olive are mainly directed to one or two longitudinal zones of the cerebellar cortex
(Voogd and Glickstein, 1998; Apps and Hawkes, 2009).

The multiple climbing fibers originating from the same olivo-cerebellar axon innervate
Purkinje cells arranged in the same parasagittal planes (Sugihara et al., 2001) and thereby, stimula-
tion of one of the branches in one place of the cortex can elicit responses in other Purkinje cells con-
tacted by the same olivo-cerebellar axon and located in the same longitudinal bands by retro-
propagation (Armstrong et al., 1973a). The climbing fiber projections to the cerebellar cortex are
arranged topographically in those specific narrow sagittal bands (Brodal et al., 1975; Courville, 1975;
Brodal, 1976; Chan-Palay et al., 1977; Wiklund et al., 1984) and follow the zebrin expression pattern
in the cerebellar cortex (Sugihara and Shinoda, 2004). The investigation had been prompted by pre-
vious physiological data (Oscarsson, 1968; Armstrong et al., 1973b).

This parasagittal organization of the climbing fiber cortical inputs has important conse-
quences on the Purkinje cell activity within and across the longitudinal bands thereby defined. A
circumscribed subdivision of the inferior olive innervates many Purkinje cells within a longitudinal
zone, and the activation of this beam of climbing fibers thus induces synchronized complex spikes

'* This will be described in further details in the next paragraphs.
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within this parasagittal band of Purkinje cells, with millisecond precision (Welsh et al., 1995;
Hanson et al.,, 2000; Ozden et al., 2009; Schultz et al., 2009; Wise et al., 2010). This synchronization
of complex spike activity results in a pause in the Purkinje cell simple spike firing, and therefore
synchronized activity of several Purkinje cells within a longitudinal band leads to a common sensi-
tivity to sensori-motor stimuli (Wise et al., 2010; De Zeeuw et al., 2011).

2.2._The cerebello-olivary feedback loop

The olivo-cerebellar system is a closed loop, where the cerebellum gives rise to a reciprocal feed-
back projection onto the inferior olive. This cerebello-olivary pathway originates from the cerebellar
nuclei and is arising from small neurons, called the nucleo-olivary neurons.

2.2.1._The nucleo-olivary cells

The first discovery of the cerebello-olivary pathway was made in the seventies, notably by
Graybiel and colleagues (Graybiel et al., 1973) in the cat and confirmed latter in other species (rat
(Brown et al., 1977), opossum (Martin et al., 1976), monkeys (Kalil, 1979)). This nucleo-olivary pro-
jection leaves the cerebellum in a separate bundle through the superior cerebellar peduncle and
mainly innervates the contralateral inferior olive (Graybiel et al., 1973; Tolbert et al., 1976b) in a
topographical manner (Graybiel et al., 1973; Beitz, 1976; Tolbert et al., 1976b; Kalil, 1979; Ruigrok
and Voogd, 1990). Although strong projections were found from the interposed and lateral nuclei,
olivary inputs from the medial nucleus appeared more diffuse (Graybiel et al., 1973; Martin et al,,
1976; Legendre and Courville, 1987; Ruigrok and Voogd, 1990) or could not be demonstrated
(Tolbert et al., 1976b; Kalil, 1979). Importantly, this orderly projection is reciprocal: the circum-
scribed area of inferior olive projecting to a given cerebellar sub-nucleus receives inputs from this
later (Beitz, 1976; Dietrichs and Walberg, 1986; De Zeeuw et al., 1997).

The origin of the nucleo-olivary fibers is a population of small neurons predominantly locat-
ed in the ventral part of the nucleus (Martin et al., 1976; Tolbert et al., 1976b; Buisseret-Delmas and
Batini, 1978) and already described in early studies (Flood and Jansen, 1961; Matsushita and
Iwahori, 1971d). Their somata size (10 to 20 pm) and their ovoid shape usually distinguish them
from the large principal neurons' even though size distributions are somehow overlapping (Martin
et al., 1976; Legendre and Courville, 1987).

One of the particular features of these nucleo-olivary cells is their GABAergic phenotype
(Angaut and Sotelo, 1987; De Zeeuw et al., 1988; Fredette and Mugnaini, 1991) and their inhibitory
effect on the inferior olive (Andersson and Hesslow, 1987; Andersson et al., 1988; Garifoli et al.,
2001; Svensson et al., 2006). In the neuropil of the inferior olive the dendritic spines of the olivary
neurons, which exhibit a remarkably long neck, are enclosed in glomeruli together with axonal ter-
minals of both excitatory and inhibitory inputs (King, 1976; De Zeeuw et al., 1990a; De Zeeuw et al.,
1990b; De Gruijl et al., 2013). Interestingly, terminals of nucleo-olivary axons are found to end on

' However, the use of a size threshold and morphological parameters to distinguish the nucleo-olivary neurons, notably
from the nuclear medium-size interneurons should be taken cautiously, as the values differs between studies (15 - 20 um
(Legendre and Courville, 1987), 10 - 15 pm (Tolbert et al., 1976), 11 - 16.5 pum (Martin et al., 1976), less than 10 um
(Fredette and Mugnaini 1991)) and that the distribution of somata diameter are overlapping. In the next sections, we
will come back on the distinction between these two populations of nuclear neurons.
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dendrites near gap junctions which are electrically coupling the olivary neurons (Angaut and Sotelo,
1987, 1989; De Zeeuw et al., 1989; Fredette and Mugnaini, 1991) and thus are thought to have an
important effect on the synchronization of inferior olive neurons.

2.2.2. Cerebellar control of the inferior olive activity

2.2.2.1. Structural organization of the inferior olive: electrotonic coupling and subthreshold
oscillations

The inferior olive is mainly composed of two types of morphologically distinct projection
neurons which both give rise to climbing fibers (De Zeeuw et al., 1998; De Gruijl et al., 2013).One of
the major characteristic of the olivary neurons is their rhythmic activity. Olivary neurons generate
prominent endogenous subthreshold oscillation of two types: 3 — 10 Hz sinusoidal subthreshold
oscillations and 1 - 3 Hz low-threshold calcium oscillations (see figure 2.2.) (Llinas and Yarom,
1986; Khosrovani et al., 2007; Mathy and Clark, 2013). The intrinsic membrane properties of the
olivary neurons, together with the electrotonic coupling which exists between the olivary cells
through gap junctions connections within the glomeruli (Llinas and Volkind, 1973; King, 1976; De
Zeeuw et al., 1990a) determined frequency and pattern of oscillations (De Zeeuw et al., 2003;
Placantonakis et al., 2006). Those oscillations can have an impact on the pattern of spontaneous dis-
charge of the olivary neurons.

The olivary neurons fire rhythmically both in vitro (Llinas and Yarom, 1986) and in vivo
(Khosrovani et al., 2007), although their spiking rate is surprisingly low (not exceeding 5-8 Hz)
compared to the generally very active olivo-cerebellar circuit elements. The olivary neuron spike has
a complex shape (see figure 2.2.) consisting of an initial fast and sharp sodium spike followed by a
broad after-depolarization on which one to seven spikelets are superimposed, occurring at high-
frequency (200-500 Hz) (Mathy and Clark, 2013). These somatic spikelets propagate to the axon
and initiate a burst of spiking, which number of spikes is determined by the phase of the subthresh-
old oscillations during which they were emitted. This burst is efficiently transmitted to the post-
synaptic Purkinje cells and shape their complex spike itself (Eccles et al., 1966; Maruta et al., 2007;
Mathy et al., 2009; De Gruijl et al., 2013; Mathy and Clark, 2013), thus providing a temporal infor-
mation relative to the olivary oscillatory state up to the cerebellum.

As dendritic spines of olivary neurons are electrotonically coupled, spikes and oscillations
can spread and synchronize among the neighboring neuronal population (Devor and Yarom, 2002b,
a; Leznik et al., 2002). The synchronization of small groups of olivary neurons which project to de-
fined circumscribed groups of Purkinje cells within a parasagittal band is one of the key element for
the synchronization of the downstream Purkinje cells activity (Lang et al, 1996; Lang, 2002;
Marshall et al., 2007). Synaptic inputs to the inferior olive influence the formation of ensembles of
synchronously active neurons by modulating the strength of electrotonic coupling (Lang et al., 1996;
Placantonakis et al., 2000; Placantonakis and Welsh, 2001; Lang, 2002; Hoge et al., 2011; Lefler et al.,
2014; Mathy et al., 2014) and thereby are able to influence the impact of olivary activity on cerebellar

physiology.

2.2.2.2. Inhibitory action of the nucleo-olivary neurons on the inferior olive physiology

The nucleo-olivary electrophysiological properties were poorly studied. It was suggested
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however that those neurons could fire spontaneously between 6 and 10 Hz (Uusisaari and Knopfel,
2013) although clear characterization is lacking.

Nucleo-olivary neurons release GABA asynchronously onto olivary neurons (Best and
Regehr, 2009), rendering the transmission extremely frequency-dependent, low frequency inputs
being poorly transmitted. Together with the slow activation kinetics of the somatic olivary neurons
GABA, receptors (extra-synaptic clusters containing the a3B2/3y2 subunits, (Devor et al,, 2001)),
the characteristics of the nucleo-olivary pathway are therefore a good way to translate the firing rate
of the nuclear neurons into delayed sustained inhibition of the inferior olive.
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Figure 2.3.: Oscillatory phenotypes in the inferior olive and its control by the nucleo-olivary pathway. A- Recordings
from olivary neurons in vivo. The top panel shows a neuron with spontaneous sinusoidal subthreshold oscillation
(SSTO) whereas the bottom trace shows an olivary neuron that expresses spontaneous low-threshold calcium depolari-
zations (LTO). B- The inferior olive neurons exhibit a characteristic action potential. Arrows indicate wavelets on top
of the after depolarization (from De Gruijl et al., 2013). C- (i) Shunting effect of GABA conductance on electrotonic
coupling through gap junctions (GJ) which connect two olivary neuron dendrites. As denoted by the size and direction
of the arrows, opening of GABA, receptors invoke chloride current flow into the dendrites, thereby reducing the cur-
rent flow between the coupled neurons. (ii) Indeed, bath application of GABA suppresses olivary oscillations, during
whole cell recording (from Jacobson et al., 2008). D- In addition to the abolition of the olivary oscillations, the nucleo-
olivary pathway reset the phase and timing of the oscillation, as shown here by the overlay of 36 recordings from the
same unit in the inferior olive after electrical stimulation of the cerebellar nuclei (from Bazzigaluppi et al., 2012).

The peculiar synaptic organization of GABAergic nucleo-olivary inputs located near the gap
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junctions within the glomeruli led to the suggestion that the role of the inhibitory inputs might be to
uncouple the olivary neurons by shunting the intercellular currents (Llinas et al., 1974) (Figure 2.2.),
thereby reducing the size of oscillating neuronal assemblies and dampening the amplitude of the
oscillations themselves (Jacobson et al., 2008). Indeed, local application of GABA in the inferior ol-
ive abolishes the subthreshold oscillations (Devor and Yarom, 2000) while antagonism of GABA,
receptors enhance synchronization within the inferior olive (Lang et al., 1996; Leznik et al., 2002).
Therefore, GABAergic nucleo-olivary afferents are thought to rearrange the inferior olive pattern
activity by creating discrete clusters of coupled neurons. If the results of those early studies did not
indicate whether physiological nucleo-olivary inputs are sufficient to induced olivary oscillations
abolition, recent studies demonstrated this shunting effect in vivo and in vitro. Specific activation of
the nucleo-olivary inhibitory inputs using optogenetical tools in vitro suppressed subthreshold oscil-
lations and reduced the strength of electrical coupling between two olivary neurons (Lefler et al.,
2014). In the same manner, Bazzigaluppi and colleagues (Bazzigaluppi et al., 2012) electrically stim-
ulated the nucleo-olivary projections in vivo and observed inhibitory currents in the olivary neurons
which abolished their rhythmic activity. In addition to the temporary block of the synaptic transmis-
sion through the inferior olive due to the inhibitory shunt provided by nucleo-olivary afferents, a
resetting of the oscillation phases was observed (see figure 2.2.).

Overall, those date indicate a role of the inferior olive in the generation of olivo-cerebellar
temporal patterns (De Zeeuw et al., 2011). Clusterization of ensembles of coupled olivary neurons
by topographic nucleo-olivary inputs will have a major impact on the inferior olive output and no-
tably on the discharge of a selected beam of climbing fibers in the cerebellar cortex, thereby drawing
a clear segmented organization of the olivo-cerebellar system.

2.3._ Modular organization of the olivo-cortico-nuclear system

2.3.1._Olivary-nuclear innervation

The olivo-cerebellar axons form many thin collaterals which terminate in the cerebellar nu-
clei (Sugihara et al., 1996, 1999). All the collaterals found in the nuclei derive from olivo-cerebellar
axons which also reach the cerebellar cortex as climbing fibers, and there are no direct projections
from the inferior olive to the cerebellar nuclei. Some subnuclei of the inferior olive, mainly involved
in vestibular function, do not make collaterals to the cerebellar nuclei (Ruigrok and Voogd, 2000).

A single olivo-cerebellar axon gives rise to several collaterals (up to six) which innervate only
one given cerebellar nucleus (Sugihara et al., 1996, 1999) although territories covered by each nucle-
ar collaterals are only partially overlapping (Sugihara et al., 1996). Therefore, innervation from
climbing fibers appears to be more circumscribed than mossy fiber inputs. Olivo-cerebellar nuclear
collaterals are very thin, with a diameter ranging from o.2 to 0.5 pm, and bear en passant swellings
and terminal swellings comparable with swellings morphology found at the climbing fiber to
Purkinje cell synapse (Van der Want and Voogd, 1987; Van der Want et al., 1989; Sugihara et al.,
1996, 1999), much smaller than mossy fiber endings (see section 1.1.1.1., for review, see Shinoda and
Sugihara, 2013).

Olivo-cerebellar collaterals contact large principal neurons (see figure 2.3.) (Sugihara et al,,
1996, 1999), mainly on their dendritic compartment (Van der Want and Voogd, 1987), as well as
the nucleo-olivary neurons (Figure 2.3.) (Chan-Palay, 1973c; De Zeeuw et al., 1997; Sugihara et al.,
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1999). Indeed, stimulations of the inferior olive elicit excitatory responses in the cerebellar nuclear
neurons (Ito et al., 1970; Eccles et al., 1974¢; Kitai et al., 1977; Shinoda et al., 1987; Llinas and
Mubhlethaler, 1988; Audinat et al., 1992), with no characteristic complex spike shape, in contrast to
the Purkinje cells. No one-to-one relationship between climbing fibers and nuclear neurons was
found as in the cerebellar cortex (Audinat et al., 1992). Instead, several different climbing fibers ap-
pear to converge onto the same nuclear neurons, even though clear anatomical evidence of multiple
innervations of the principal neurons by olivo-cerebellar fibers is still lacking.

Figure 2.3.: Climbing fiber
innervation in the cerebellar
nuclei. A- Olivo-cerebellar
collateral swellings contact
both large neurons, puta-
tively principal neurons (C)
and small neurons (D),
presumably nucleo-olivary
neurons. Scale bar: 10 pm.
(from Sugihara et al., 1999).
B- Topographic projections
from inferior olive to the
cerebellar nuclei (from Shi-
noda et al., 2013). Abbrevia-
tions: PO, MAO and DAO
principal, medial and dorsal
accessory olive (v- ventral,
d-dorsal), BETA group beta,
DM dorsomedial group,
DMCC dorsomedial cell
column, DC dorsal cap of
Kooy, VLO ventrolateral
outgrowth, ICG the intersti-
tial cell group, DMC the
dorsomedial crest, CP the
caudal pole; DLH the dorso-
lateral hump, DLP dorsolat-
eral protuberance, FN and
DN fastigial and dentate
nuclei, PIN and AIN poste-
rior and anterior interposed
nuclei, LVN lateral vestibu-
lar nucleus, d-Y dorsal
group Y nucleus.

2.3.2._The olivo-cerebellar module

2.3.2.1. The olivo-cerebellar module: a functional unit to control movement?

Similarly to what happens in the cerebellar cortex, the climbing fiber inputs are topograph-
ically organized in the cerebellar nuclei (Figure 2.3.) (Beitz, 1976; Van der Want et al., 1989; Ruigrok
and Voogd, 2000). Nucleo-olivary neurons, and in a lesser extent the principal neurons, receive
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topographic inputs both from Purkinje cells (De Zeeuw and Berrebi, 1995a; Teune et al., 1998) and
climbing fiber collaterals (De Zeeuw et al., 1997).

This spatial configuration of inputs within a circumscribed region of the cerebellar nuclei
suggest a global organization of the cerebellum in small unit where a confined area of the inferior
olive project to a segregated strip of Purkinje cells in the cerebellar cortex and to a given part of the
cerebellar nuclei which receive from this specific band of cortex. In turn, this area of the cerebellar
nucleus is innervating the inferior olive sub-nucleus from which it is receiving. This organization in
reciprocal loops implements a modular organization of the cerebellum.

The first anatomical evidence of a modular organization was provided by Groenewegen and
Voogd (Groenewegen and Voogd, 1977). The large longitudinal bands of cerebellar cortex together
with their olivary afferents and their cortico-nuclear projections define “modules”, which are ar-
ranged perpendicularly to the long axis of the cerebellar lobules. Reviewing early anatomical and
functional data, Oscarsson (Oscarsson, 1979) proposed the hypothesis that cerebellar modules form
the basic operational units of the cerebellum and are involved in the cerebellar function in a manner
defined by the topography of their specific afferences and efferences from given sensory-motor are-
as. This idea is now admitted by a lot of authors (Garwick et al., 1998; Voogd and Glickstein, 1998;
Apps and Garwicz, 2005; Apps and Hawkes, 2009; Ruigrok, 2011). Nevertheless, the specific role of
each module in the control of motor function is still unclear and may be overlapping for some par-
ticular aspects of motor control (Pijpers et al., 2008; Ruigrok et al., 2008; Cerminara and Apps, 2011;
Ruigrok, 2011).

Nowadays, extensive mapping of the olivo-cortico-nuclear connectivity in several species was
performed (Figure 2.4.) (for review (Buisseret-Delmas and Angaut, 1993; Voogd and Glickstein,
1998; Apps and Hawkes, 2009). The olivo-cerebellar modules can extend across one or more lobules
some span the entire rostro—caudal length of the cerebellum. The width of the zones varies greatly
among mammals. In some species, such as the rat, additional zones are present (Buisseret-Delmas,
1988).). Moreover, modular organization of inputs and outputs is correlated with the zebrin expres-
sion pattern of the longitudinal cortical bands and the nuclear subdivisions (Sugihara and Shinoda,
2004; Pijpers et al., 2005; Sugihara and Shinoda, 2007).

Therefore, climbing fiber inputs impose a very precise order on cerebellar cortical organiza-
tion in relation to previously described molecular and inputs/outputs projections segmentation of
the cerebellum.

2.3.2.2. Mossy fibers inputs with respect to the cerebellar modules

Mossy fiber inputs have also been described to arrange in longitudinal bands (see section
1.1.1.1., (Chan-Palay et al., 1977; Jasmin and Courville, 1987; Heckroth and Eisenman, 1988; Ji and
Hawkes, 1994; Gebre et al., 2012)). The question was raised about the influence of the mossy fiber
inputs with respect to the olivo-cerebellar modules. In fact, both anatomical and physiological stud-
ies indicate that the mossy fiber projections are closely related to the climbing fiber innervation pat-
terns and that the concept of modular organization can be extended to the mossy fiber afferents
(Figure 2.4.) (Eccles et al., 1972; Ekerot and Larson, 1973, 1980; Brown and Bower, 2001; Ruigrok,
2003; Voogd et al.,, 2003; Apps and Garwicz, 2005; Pijpers et al., 2006; Pijpers and Ruigrok, 2006;
Ruigrok, 2011; Cerminara et al., 2013).
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Figure 2.5.: Modular organization of the olivo-cortico-nuclear system. A- Olivo-cerebellar projections are arranged in
longitudinal bands in the cerebellar cortex, which are receiving from a circumscribed sub-nucleus of the inferior olive
and projecting to a confined area in the cerebellar nuclei (from Apps and Hawkes, 2009). B- Schematic diagram of the
cerebellar modules (a). Parallel fiber beams are an obvious way to connect different cerebellar modules (b) (from
Ruigrok, 2011). C- Cerebellar modules also include mossy fiber inputs (as described here for the pontine nuclei projec-
tions) and follow the molecular identity of the cortical segmentation (here with the zebrin bands) (from Cerminara et
al., 2013). Abbreviations : ¢, caudal; d, dorsal; 1, lateral; m, medial; MAO, medial accessory olive; ml, medial lemniscus;
ped, cerebral peduncle; NRTP, nucleus reticularis tegmenti pontis; PIN, posterior interpositus nucleus; r, rostral; v,
ventral; VIII, lobule 8.
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However, if mossy fiber activity is correlated to the climbing fiber activity within a defined
module, the activity of parallel fibers arising from the granule cells contacted by those mossy fibers is
not restricted to the olivo-cerebellar modules. On the contrary, the parallel fiber receptive field is in
fact anti-correlated with the complex spike and mossy fibers receptive fields (Ekerot and Jorntell,
2001). The parallel fibers which run perpendicularly activate the Purkinje cells in the neighboring
modules (Cohen and Yarom, 1998; Apps and Garwicz, 2005) and thus may be involved in distrib-
uting information across several cerebellar cortical modules.

Opverall, the congruence in the spatial organization of the two cerebellar afferent systems, in
addition to the interconnections between the cerebellar modules through the orthogonal parallel
fiber pathway, tend to optimize the formation of associations between information supported by
one set of climbing fibers and many combinatorial subsets of mossy fibers.

2.3.3._Functional impact of the modular organization of the olivo-cerebellar system

2.3.3.1. Nuclear neurons activity within the modules

Stimulations of the inferior olive elicit a sequential response of “excitation-inhibition” in the
nuclear neurons (Ito et al., 1970; Llinas and Muhlethaler, 1988; Audinat et al., 1992; Rowland and
Jaeger, 2008; Blenkinsop and Lang, 2011) confirming the anatomical definition of the olivo-
cerebellar modules. The initial EPSP is due to direct monosynaptic climbing fiber inputs onto the
nuclear neurons while the late inhibition is provided by the Purkinje cells activated by the same
climbing fibers in the cerebellar cortex. The initial climbing fiber excitatory response was not always
observed (Ito et al., 1970; Llinas and Muhlethaler, 1988; Rowland and Jaeger, 2008; Bengtsson et al.,
2011; Blenkinsop and Lang, 2011), suggesting that the patch of cerebellar nuclei innervated by the
climbing fiber collateral may be more restricted than the nuclear area covered by the Purkinje cells
controlled by the same set of climbing fibers. However, the inhibitory component is highly repro-
ducible and presents approximately the same properties, whether it is preceded by an EPSP or not
(Llinas and Muhlethaler, 1988). This may suggest that the preferential effect of the inferior olive on-
to the cerebellar nuclei activity is an indirect inhibitory effect via the cortical Purkinje cell rather
than a direct excitation via the olivo-cerebellar collaterals.

This control of the nuclear neurons activity by the Purkinje cell inputs have been shown to be
critical for motor control (Witter et al., 2013), notably by the fact that the principal neurons can elic-
it rebound firing after a profound hyperpolarization followed by a release of the inhibition (see sec-
tion 1.3.2.). One good candidate mechanism for such input pattern is given by the climbing fiber
activity and its ensuing synchronization of the Purkinje cell complex spikes. Indeed, the multiple
spikelets in each complex spike propagate as two or three high-frequency action potentials in the
Purkinje cell axons (Debanne, 2004; Khaliq and Raman, 2005; Monsivais et al., 2005), likely to elicit
a brief burst of postsynaptic IPSCs in the nuclear neurons. Thereafter, the Purkinje cell spiking
pause after the complex spike cause a disinhibition of the cerebellar nuclei, which may favor the re-
bound discharge. If concomitantly synchronized Purkinje cells within the same sagittal band con-
verge their axons upon the same nuclear neurons, this phenomenon would be largely amplified and
thus sufficient to provide inhibition onto principal neurons to deinactivate the T-type channels (see
section 1.3.2.) and to trigger the rebound firing. Rebound discharge of the nuclear neurons indeed
appears after inferior olive activation (Rowland and Jaeger, 2008; Hoebeek et al., 2010; Bengtsson et
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al., 2011).

2.3.3.2. Homeostasis of the olivary, cortical and nuclear activities in the cerebellar feedback

loops

Anatomical description of the feedback loops and the complex interconnectivity within a
cerebellar module has found an additional support in functional studies describing the interactions
between neuronal activity of the inferior olive, the cerebellar cortex and nuclei, mostly using gain or
loss of function for one of the element of the tripartite olivo-cerebello-nuclear modules.

Destruction of the inferior olive induces an expected decrease or stop of the complex spike
activity in the Purkinje cells, while the simple spike firing is increased (Colin et al., 1980; Benedetti
et al., 1984). Consequently, an increase in metabolic activity of the Purkinje cell terminals is ob-
served in the cerebellar nuclei (Bardin et al., 1983b; Bardin et al., 1983a; Batini et al., 1984; Oltmans
et al., 1985), resulting in the suppression of the nuclear neurons activity (Benedetti et al., 1983;
Rowland and Jaeger, 2008).

Specific stimulation of the Purkinje cells induced inhibition of the nucleo-olivary neurons
which themselves disinhibit the inferior olive (Chaumont et al., 2013). An increase in the complex
spike activity of the Purkinje cells belonging to the area that was stimulated ensues, indicating that
the Purkinje cells are able to retro-control their own complex spike activity. On the contrary, if the
Purkinje cell to nuclear neurons transmission is decreased rather than facilitated the consecutive
disinhibition of the cerebellar nuclei activity cause the loss of complex spikes activity in the Purkinje
cells by increasing the nucleo-olivary action onto olivary neurons (Chen et al.,, 2010). Blockade of
the nucleo-olivary pathways intensified in the same manner the complex spikes occurrence in the
cerebellar cortex (Bengtsson et al., 2004).

In addition, it has been shown that elevation of the inferior olive activity provoked an aug-
mentation of the metabolic activity in the red nucleus (Bardin et al., 1983b).The larger number of
complex spikes generated in the Purkinje cell led to the disinhibition of the principal neurons of the
cerebellar nuclei which project to the red nucleus. Strikingly, this series of retro-control loops within
the cerebellar module seems to finely adjust the level of output activity of the cerebellar nuclei.

2.4. Climbing fibers give instructions: supervised learning in the cerebellum

Besides being a strong topographic organizer of the cerebellum, the climbing fiber system is
involved in the induction of supervised plasticity which it thought to underlie the motor learning.

2.4.1. Synaptic plasticity and error signaling in the cerebellar cortex by climbing fiber

inputs

Extensive knowledge about the cerebellum anatomy was the basis of the formulation of di-
verse theories about its function, notably on motor learning (Marr, 1969; Albus, 1971). A decade
later, Ito and Kano (Ito and Kano, 1982) provided the first experimental demonstration of their
principal hypothesis: the synaptic plasticity at the parallel fibers to Purkinje cells synapse. Indeed, it
has been proposed that the Purkinje cells learn to respond to particular patterns of parallel fibers
activity (induced by different inputs from mossy fibers) by modifying the strength (or weight) of
parallel fibers to Purkinje cell synapses and that this synaptic plasticity is under supervision of the
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climbing fiber (Marr, 1969; Albus, 1971).

Schematically, during a movement, appropriate sensory-motor patterns (provided by a given
mossy fibers activity pattern and resulting in the correct Purkinje cell output motor command) will
be strengthen by long-term potentiation of the parallel fiber to Purkinje cell synapses (Salin et al.,
1996; Hansel et al., 2001), while inappropriate gestures will cause the conjunctive activation of an
“error signal” from climbing fibers, thus leading to a long-term depression of the active parallel fi-
bers to Purkinje cell synapses (Ito and Kano, 1982; Ekerot and Kano, 1985; Hansel et al., 2001;
Bidoret et al., 2009). This paradigm, whereby synaptic connections between granule cells and
Purkinje cells are modified in order to minimize the errors carried through the climbing fiber in-
puts, is called “supervised learning”. This concept has received support from behavioral studies in
monkeys (Gilbert and Thach, 1977; Ojakangas and Ebner, 1992, 1994; Medina and Lisberger,
2008).In one of these studies, for example, it was demonstrated that a complex spike occurring dur-
ing learning of ocular pursuit provokes a decrease in the number of simple spikes emitted during the
following trial, thus correcting the eye movement (Medina and Lisberger, 2008).

Besides the extensive study of the parallel fiber to Purkinje cell synapse plasticity, other sites
of plasticity are found in the cerebellar cortex (Figure 2.5.) such as the climbing fiber to Purkinje cell
synapses (which is depressed if climbing fibers are repeatedly activated without pairing to the paral-
lel fiber inputs), the molecular layer interneurons to Purkinje cell synapses (which are potentiated by
repetitive activation of the climbing fibers) or the mossy fibers to granule cell synapses (strongly
potentiated by high-frequency stimulation of the mossy fibers while the synapse is depressed when
the frequency of stimulation is lower) (for review, see Hansel et al., 2001).

Complex spikes, in addition to being involved in long-term plasticity during motor learning,
exert online control, or online correction of the movement, by synchronizing the neuronal firing of
the different cerebellar elements during the movement (Welsh et al., 1995; Welsh and Llinas, 1997;
Kitazawa et al., 1998).

2.4.2. Synaptic plasticity in the cerebellar nuclei: another degree of freedom for olivo-
cerebellar mediated motor learning?

Cerebellar nuclei are also considered as another site of motor learning in the cerebellum, in-
volved in memory retention (McCormick and Thompson, 1984). Learning processes first occurred
in the cerebellar cortex, and next are consolidated in the cerebellar nuclei (Garcia and Mauk, 1998;
Ohyama and Mauk, 2001; Ohyama et al., 2006).

During acquisition of motor learning, the Purkinje cells activity is proposed to control plas-
ticity in the cerebellar nuclei, by generating instructive signals that regulate the strength of mossy
fiber synapses onto nuclear cells ultimately, changing cerebellar output to produce adaptive re-
sponses (Medina and Mauk, 1999), while the climbing fiber input itself acts on the parallel fiber to
Purkinje cell synapse plasticity upstream rather than directly on nuclear neurons (Aksenov et al.,
2005).

Crucial involvement of the inhibition upon nuclear neurons was confirmed by studies inves-
tigating long-term plasticity at the mossy fiber to nuclear neuron synapses. This synapse is potenti-
ated when presynaptic high-frequency bursts of EPSPs precede a post-inhibitory rebound by 400
milliseconds (Pugh and Raman, 2006, 2008). If the EPSPs burst is not followed by a hyperpolariza-
tion period or instead precede a depolarization of the soma (Zhang and Linden, 2006), or if the in-
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hibition appears after 400 milliseconds or before the excitation (Pugh and Raman, 2006, 2008), the
synapse is depressed. Moreover, inhibitory inputs from the Purkinje cells can be potentiated
(Ouardouz and Sastry, 2000) or depressed (Morishita and Sastry, 1996) depending on the amount of
postsynaptic calcium transients induced by synaptic activity (Aizenman et al., 1998), large postsyn-
aptic activation resulting in long-term potentiation while smaller postsynaptic calcium rises induce
long-term depression of the IPSPs. Additionally to the long-term changes in synaptic strength, stor-
age of the information during motor learning may also involve activity-dependent changes in the
intrinsic excitability of the nuclear neurons, as bursts of either EPSPs or IPSPs induce an increase in
nuclear cells excitability (Zhang et al., 2004; D'Hulst et al., 2009).
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These results confirmed the “Medina-Mauk model” where the sequential activation of direct
excitatory inputs followed by the Purkinje cells inhibition is a key component for motor learning in
the cerebellar nuclei (Pugh and Raman, 2009; Zheng and Raman, 2010). Timing of the mossy fiber
collateral inputs onto nuclear neurons with respect to the occurrence of a rebound induced by the
Purkinje cells inhibition is crucial for the directionality of the synaptic plasticity (Figure 2.5.). This
may suggest that whenever the Purkinje cells inputs is occurring at the right interval with the direct
collaterals inputs onto the nuclear neurons, these excitatory inputs are selected and strengthened to
improve the spiking output of the cerebellar nuclei (De Zeeuw et al., 2011).

All the plasticity protocols in the cerebellar nuclei were executed at the synapse onto the
principal projecting neurons, under the assumption that these neurons have the most striking im-
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pact on the control of the motor command. However, we know that cortical inputs to the nuclei are
arranged in such a manner that a single Purkinje cell terminates on both nucleo-olivary and princi-
pal neurons (Teune et al., 1998). It would be interesting to investigate the effect of long-term plastic-
ity at other synapses in the cerebellar nuclei, and notably the impact on the nucleo-olivary pathway.
It has already been suggested that the nucleo-olivary pathway play a key role in gating responses to
excitatory input during learning processing (Kim et al., 1998). Strengthening or weakening of this
pathway could lead to modulation of the electrotonic coupling of olivary neurons (Tokuda et al.,
2013). Therefore, each cerebellar circuitry element is involved in complex plasticity mechanisms
which lead to modulation of the whole olivo-cerebellar loop activity during motor learning.
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INTRODUCTION

CHAPTER 3: Inhibitory neurons of the cerebellar nuclei, a third
nuclear circuit

3.1. Inhibitory neurons of the cerebellar nuclei: a heterogeneous population

3.1.1. Evidence for the presence of a third nuclear cell type and the question of their
neurotransmitter contents

The existence, in the cerebellar nuclei, of a population of small inhibitory neurons with local
axons has been reported by early morphological studies (Matsushita and Iwahori, 1971d; Chan-
Palay, 1973a; Mccrea et al., 1978). Those interneurons were proposed to contact the principal
neurons of the cerebellar nuclei (Chan-Palay, 1973a). Incidental findings in some
electrophysiological experiments similarly suggested the presence of local inhibition onto the
principal neurons. Stimulation of peripheral nerves to limbs produced a small number of inhibitory
responses in the interposed nucleus neurons of cats, which persisted even after cooling of the
cerebellar cortex to inhibit Purkinje cells firing (Rosen and Scheid, 1972). In some cases, when the
mossy fiber inputs were stimulated, some IPSPs were recorded in the principal neurons a few
milliseconds before the expected indirect action of Purkinje cells, suggesting that in addition to the
cortical pathway, a more direct inhibitory pathway is involved (Ito et al., 1970).

Inhibitory neurons of the cerebellar nuclei appeared to constitute a large population with
heterogeneous neurotransmitter contents. Most of the small neurons colocalize GABA and glycine
at their somata (Chen and Hillman, 1993; Baurle and GrusserCornehls, 1997; Baurle et al., 1997;
Sultan et al., 2002; Tanaka and Ezure, 2004), while the remaining population is stained for either
GABA or glycine. Glycine immunoreactivity is found in many small somata in the CN (Rampon et
al., 1996; Baurle and GrusserCornehls, 1997; Zeilhofer et al., 2005), and the abundance of
glycinergic synapses in the cerebellar nuclei (Chen and Hillman, 1993; De Zeeuw and Berrebi,
1995b) established glycine as a key neurotransmitter in the intra-nuclear inhibition. However, as
cortico-nuclear projections massively inhibit the nuclei, local inhibition onto principal neurons was
not easily observed and therefore less commonly investigated. Characterization of this local
inhibitory circuit is still incomplete four decades after those first observations and constitutes the
main topic of this thesis.

Taking advantage of Purkinje cell - degeneration (PCD) mutant mice, Wassef and colleagues
(Wassef et al., 1986) provided the first unquestionable evidence for a source of nuclear inhibition
different from Purkinje cells, which shall account for a small percentage (< 15%) of all the inhibitory
inputs. In other mutants of Purkinje cells degeneration, an up-regulation of the inhibitory
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interneuronal population, defined by the authors by their labelling by parvalbumin*s, was found
(Baurle et al.,, 1997; Baurle et al., 1998), together with an increase in the size and number of
inhibitory terminals (Sultan et al., 2002). In those pathological model mice with Purkinje cell
innervation loss, there are no changes in the number of GABA-containing cell bodies when the
phenotype is completed and stable after the initial reduction in GABA content, (Rofflertarlov et al.,
1979; Wassef et al, 1986; Baurle and GrusserCornehls, 1997) while the density of glycinergic
neurons and terminals increase (Baurle and GrusserCornehls, 1997; Baurle et al., 1997; Sultan et al.,
2002). Those differential compensatory mechanisms depending on the neurotransmitter contents of
the nuclear neurons presume of the existence of a heterogeneous interneuronal population within
the cerebellar nuclei.

3.1.2. Electrophysiological properties of the glycinergic neurons

Recently, the advent of genetically targeted fluorescent labelling in transgenic mouse line has
made possible the electrophysiological examination of the different neuronal populations in the cer-
ebellar nuclei.

As GABAergic local neurons cannot be distinguished from the nucleo-olivary neuron popu-
lation in GAD67-eGFP transgenic mouse in which the expression of GFP is induced under the con-
trol of the GAD67 promoter*® (Esclapez et al., 1994; Tamamaki et al., 2003), a good way to charac-
terize glycinergic neurons would be to use the GlyT2-eGFP transgenic mouse, in which GlyT2-
expressing’’ neurons are genetically encoding and expressing the enhanced GFP (Zeilhofer et al.,
2005). Uusisaari & Knopfel (Uusisaari and Knopfel, 2010) described two distinct populations of
GlyT2-positive neurons in the cerebellar nuclei by using the GlyT2-eGFP mouse. The first popula-
tion is composed of GFP-expressing neurons, inactive in acute slices, which were found projecting
to the cerebellar cortex*®. Those nucleo-cortical neurons generate axonal collaterals within the cere-
bellar nuclei and may also be involved in local inhibition. The second population of GFP-positive
neurons is spontaneously active, firing around 10 Hz, and is thought to constitute the population of
local inhibitory neurons as their axonal arborization extent less within the nuclei.

Those GFP-positive neurons share some of their electrophysiological characteristics with the
GADG67-eGFP positive neurons, the authors proposed that they constituted a population of mixed
GABA/glycine interneurons of the cerebellar nuclei (Uusisaari and Knopfel, 2011; Uusisaari and
Knopfel, 2013). Indeed, using the GAD67-eGFP mouse line, Uusisaari and co-workers described a
population of GAD67-positive neurons which exhibit different electrophysiological properties com-
pared to GAD67-negative neurons (putatively glutamatergic principal neurons) (Uusisaari et al.,
2007; Uusisaari and Knopfel, 2008). Their action potentials are usually wide and exhibit a slow after-
hyperpolarization period (Uusisaari et al., 2007). They receive inhibitory inputs from the Purkinje
cells, mediated mostly by y2 and a3 subunits-containing GABA, receptors (Uusisaari and Knopfel,

' The parvalbumin is a calcium binding protein found mainly in the GABAergic interneurons, notably in the cerebellar
and cerebral cortex.

' Glutamic Acid Decarboxylase (GAD) is the enzyme responsible for the synthesis of GABA in the terminals. Two
isoforms exist: GAD67 and GAD65 with differential expression within the GABAergic neurons (Esclapez et al., 1994).

'" GlyT2 is the glycine transporter 2 expressed in neuronal presynaptic terminals and involved in up-taking glycine from
the extracellular medium (Zafra et al., 1997).

' This nucleo-cortical projection will be described in the next paragraphs.
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2008). However, this cortico-nuclear projection is less important on small cells than on the principal
neurons (Angaut and Sotelo, 1973; Chan-Palay, 1973a; De Zeeuw and Berrebi, 1995a; Sultan et al.,
2002; Uusisaari and Knopfel, 2008). When inhibitory inputs are blocked, EPSPs are recorded in
GADG67-positive neurons, while no such glutamatergic inputs were seen in the GAD67-negative
cells. Altogether such electrophysiological characteristics could also be attributed to GABAergic nu-
cleo-olivary neurons, as they were also found to receive inhibition from Purkinje cells and excitation
from olivary collaterals and that dense innervation of GAD67-GFP-positive fibers were found in the
inferior olive (Tamamaki et al., 2003). Therefore, it is possible that some, if not all, of the GAD67-
eGFP neurons recorded belong to the nucleo-olivary neurons.

It appeared difficult to extrapolate data obtained from two different transgenic mouse lines
and some questions remain unsolved: if glycinergic and mixed interneurons constitute the same
neuronal population is not clear at the moment and the electrophysiological characteristics of this
later class of neurons were never described in details. Moreover, functional intra-nuclear inhibition
provided by glycinergic and/or mixed GABA/glycine neurons was poorly studied.

3.2. Evidence for Non-Purkinje cells inhibitory transmission in the principal neu-
rons

Even if the presence of mixed neurons have been reported (Chen and Hillman, 1993; Baurle
et al.,, 1997; Sultan et al., 2002; Tanaka and Ezure, 2004) and while mixed inhibitory transmission
has been thoroughly described in the cerebellar cortex (Dumoulin et al., 2001; Rousseau et al., 2012),
it had never been investigated in the cerebellar nuclei.

3.2.1. GABA, and glycine receptors: common features and specific characteristics

Glycine receptors are classically responsible for inhibitory transmission in the spinal cord,
the brainstem, and some upper brain regions (Dieudonné, 1995; Trombley et al., 1999; Legendre,
2001; Danglot et al., 2004; Lynch, 2004). The glycine receptor is a pentameric Cys-loop chloride
channel, composed of a (a1 to 04) and B subunits. Distinct, but overlapping (Legendre, 2001; Lynch,
2004), ligand binding sites for agonists and antagonists, are located at the subunits interfaces
(Lynch, 2004; Betz and Laube, 2006). Glycine receptors can form homomeric channels solely com-
posed of o subunits” which are mainly expressed during development stages or at extra-synaptic
sites during adulthood. Heteromeric glycine receptors with both o and B subunits mediate most of
the fast synaptic neurotransmission (Legendre, 2001; Lynch, 2004, 2009), and the B subunit interact
with gephyrin, a post-synaptic scaffolding protein necessary for the synaptic localization of the re-
ceptor (Kirsch et al., 1993; Meyer et al., 1995; Sola et al., 2004). If most glycine receptors are found
post-synaptically, some presynaptic clusters act directly on neurotransmitter release (Turecek and
Trussell, 2001).

As glycine receptors, GABA, receptors belong to the pentameric Cys-loop ion channel family
and form a chloride-permeant pore at the membrane. A large diversity of GABA, receptor agonists
and antagonists act on different binding sites (Macdonald and Olsen, 1994; D'Hulst et al., 2009).
Nineteen different GABA4 receptor subunits have been identified so far in mammals: o (a1 to a6),

19 B subunits do not form functional receptors in the absence of o subunits
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(B1to B3),y (y1toy3), 5, & p(p1top3),0and n (Olsen and Sieghart, 2008). The majority of native
receptors are an association of o-f-y subunits (Macdonald and Olsen, 1994; McKernan and
Whiting, 1996; D'Hulst et al., 2009). The different combinations exhibit different sensitivity to ago-
nists and antagonists, with specific conductances and kinetics (Porter et al., 1992; Olsen and
Sieghart, 2008; D'Hulst et al., 2009).The y2 subunit is essential for postsynaptic accumulation of
GABA, receptors (Essrich et al., 1998; Sassoe-Pognetto and Fritschy, 2000).

Despite these molecular differences, glycinergic and GABAergic synapses display functional
similarities. While on the postsynaptic side GABA, and glycine receptors bind to the same anchor-
ing protein to co-cluster at postsynaptic sites and share the same ionic selectivity , on the presynap-
tic side glycine and GABA share the same presynaptic vesicular transporter (the vesicular inhibitory
amino acid transporter, VIAAT) (Sagne et al,, 1997; Dumoulin et al.,, 1999) thus allowing co-
accumulation of the two neurotransmitters in the synaptic vesicles and their co-release in the synap-
tic cleft (Jonas et al., 1998).

3.2.2. Interaction between GABAergic and glycinergic transmission: the case of mixed
transmission

Functional co-transmission of GABA and glycine was demonstrated in several brain regions
such as the spinal lumbar motoneurons (Jonas et al., 1998), in the brainstem hypoglossal motoneu-
rons (O'Brien and Berger, 1999), the spinal neurons (Chery and De Koninck, 1999; Gao et al., 2001),
the abducens motoneurons (Russier et al., 2002) or the cerebellar Golgi cells (Dumoulin et al., 2001).
In several brain areas, mixed inhibitory synapses are generally observed at earlier stages of develop-
ment and a switch to either GABAergic or glycinergic transmission occurs during neuronal matura-
tion (Kotak et al., 1998; Gao et al., 2001; Keller et al., 2001). Complex time-dependent interactions
between GABAA and glycine receptors during the development of mixed synapses have been de-
scribed (Dumoulin et al., 2000; Muller et al., 2004).

If most of the mixed transmission might be lost after the neuronal networks maturation, dur-
ing adulthood co-release of GABA and glycine exhibit a large variety of post-synaptic structural
configurations and functional properties (for review of the different synaptic articulations found in
mixed transmission, see Dieudonné and Diana, 2009).

Interestingly, if post-synaptic clustering of GABAA and glycine receptors can arrange very
differently among the known mixed synapses (Dieudonné and Diana, 2009), the decay kinetics of
the GABAergic and glycinergic components of IPSCs were always found to be significantly different
(Grudt and Henderson, 1998; Jonas et al., 1998; Chery and De Koninck, 1999; O'Brien and Berger,
1999; Gao et al., 2001; Russier et al., 2002; Kuo et al., 2009; Dufour et al., 2010). Glycine receptor-
mediated currents decay faster than GABA, receptor-mediated currents in most structures, except
in the cerebellum (Dumoulin et al.,, 2001) and the dorsal cochlear nucleus (Balakrishnan and
Trussell, 2008) where GABAergic inhibition is faster. Therefore the co-activation of glycine and
GABA, receptors can significantly change the kinetics of the inhibitory events compared to GA-
BAergic- or glycinergic-only synapses, and can modulate the strength and the timing of inhibition
to precisely tuned the firing rate of post-synaptic cells (Russier et al., 2002). Moreover, interactions
between GABAergic and glycinergic transmission at mixed synapses increase the possibilities of in-
hibitory events kinetics modulation. In the auditory system, the time windows for effective inhibi-
tion can be narrowed by the direct action of the co-released GABA on the post-synaptic glycine re-
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ceptors (Lu et al., 2008) which decay kinetics is speeded up by this low efficacy agonist*® (De Saint
Jan et al, 2001; Legendre, 2001). On the other hand, activation of glycine receptors inhibited
GABA-induced currents by decreasing their amplitude and accelerating their desensitization rate (Li
et al., 2003).

Additionally, the two neurotransmitters could activate receptors with different subcellular
localization, such as presynaptic GABAg or glycine receptors to provide negative feedback control
for neurotransmitter release (Grudt and Henderson, 1998; Jonas et al., 1998; Chery and De Koninck,
1999; Lim et al., 2000; Turecek and Trussell, 2001), or extra-synaptic receptors with distinct binding
and kinetics properties (Chery and De Koninck, 1999).

Mixed GABA/glycine transmission appears to be a powerful mechanism to increase the pos-
sibility of modulation of the inhibition and notably has an important functional relevance in differ-
entially shaping the inhibitory currents.

3.2.3. Searching for a glycinergic component of synaptic transmission in the cerebellar
nuclei

In the cerebellar nuclei, although the co-existence of GABA and glycine in putative local neu-
rons, functional mixed transmission has never been described so far. The non-Purkinje cell GA-
BAergic inputs onto principals neurons were poorly studied and the few studies on inhibitory inputs
coming from putative interneurons were focusing on glycinergic transmission, as it can be easily
distinguished from GABAergic Purkinje cell inputs. As there is no known extra-nuclear source of
glycinergic inputs to the cerebellar nuclei, if glycinergic transmission could be demonstrated, it
would come from local interneurons releasing either glycine alone, or GABA and glycine simultane-
ously.

Both a and B subunits of glycine receptors are expressed in the cerebellar nuclei (Malosio et
al., 1991; Sato et al., 1991; Weltzien et al., 2012), supporting the hypothesis that they can form func-
tional channels and underlie glycinergic currents. Application of glycine to the nuclear neurons of
young rats evoked large inhibitory currents blocked by strychnine, a potent glycine receptor antago-
nist (Legendre, 2001; Lynch, 2004). Evidence for functional glycinergic transmission in the nuclear
neurons was first provided by Kawa (Kawa, 2003) and confirmed few years later by Pedroarena and
Kamphausen (Pedroarena and Kamphausen, 2008). In these two studies, spontaneous glycinergic
IPSCs were very rarely recorded in the principal neurons and electrical stimulations within the nu-
clei or pharmacological stimulations of neurotransmitter release (by application of saline solution
with high concentration of potassium or application of potassium channels blockers) were necessary
to induced strychnine-sensitive IPSCs.

Glycinergic transmission appears to mature during the first postnatal weeks. In neonatal rats
(aged <P14), glycinergic IPSCs with relatively slow kinetics properties could be recorded. Those cur-
rents are mainly mediated by o2-containing glycine receptors (Kawa, 2003; Pedroarena and
Kamphausen, 2008), which are preferentially blocked by picrotoxin antagonist compared to a1-$
glycine receptors (Pribilla et al., 1992; Ye, 2000). This is consistent with the known developmental
switch from a2 to a1 subunit and in favor of heteromeric assemblies of glycine receptors which hap-
pens during the two first week of life and is fully completed by the third postnatal weeks (Becker et

** On the contrary, GABA, receptors cannot be activated by glycine.
41



al., 1988; Watanabe and Akagi, 1995; Friauf et al., 1997; Lynch, 2004) leading to the situation in ma-
ture networks (Becker et al., 1988; Lynch, 2004). a2-containing glycine receptors have longer open
times and slower decay times than a1-p receptors, therefore the developmental change in subunits
leads to an acceleration of the IPSC kinetics in the mature neurons (Takahashi et al., 1992; Lynch,
2004), as observed in the cerebellar nuclei (Pedroarena and Kamphausen, 2008). Additionally, Ped-
roarena and Kamphausen (Pedroarena and Kamphausen, 2008) were able to record glycinergic cur-
rents in older animals (aged P18 to P23), but no currents could be evoked in P13 to P17 animals,
despite the presence of glycine receptor immunoreactivity on the somata of the principal neurons.
The latter results confirmed that effective glycinergic transmission may be highly dependent on de-
velopmental stages and maturation of the cerebellar networks.

Glycinergic transmission, alone or through co-release with GABA, was still poorly studied in
the cerebellar nuclei when I undertook my work, but a small body of evidence suggested that it
could have a substantial role in the intra-nuclear inhibition of the principal neurons, contrasting
with the GABAergic Purkinje cell inhibition.

3.3. Cerebellar nucleo-cortical pathway: another feedback for fine modulation of
principal neuron activity

3.3.1. The nucleo-cortical pathway: a forgotten feedback loop

The existence of a projection between the cerebellar nuclei and the cerebellar cortex was
demonstrated in 1976 by two independent studies in the cat (Gould and Graybiel, 1976; Tolbert et
al., 1976a), following some early studies raising the possibility that some cells in the nuclei were
sending their axons to the cerebellar cortex (for review : (Haines and Manto, 2009)). This nucleo-
cortical pathway was later confirmed in several species (Clarke, 1977; Tolbert et al., 1977; Haines
and Pearson, 1979; Haines, 1988; Batini et al., 1989; Buisseret-Delmas and Angaut, 1989).

The nucleo-cortical axons end in the granular layer of the cerebellar cortex (Tolbert et al.,
1976a; Dietrichs and Walberg, 1979; Hamori et al., 1981; Legendre and Courville, 1986) within the
glomeruli in a rosette-like shape (Tolbert et al., 1980; Hamori et al., 1981). The nucleo-cortical fiber
terminals are similar to the extracerebellar mossy fiber terminals, although ‘smoother’ with fewer
irregularities than most normal rosettes (Tolbert et al., 1980; Hamori et al., 1981). The terminals
have a central location within the glomeruli where they contact the granule cells dendrites. In addi-
tion, some of the fibers terminals are also found in the non-glomeruli neuropil between granule cells
bodies where they putatively contacted large dendrites of Golgi cells** }(Tolbert et al., 1980).

The nucleo-cortical pathway is not a dense projection compared to the others sources of
mossy fibers inputs. Legendre and Courville (Legendre and Courville, 1986) counted 4 to 15 nucleo-
cortical terminals per mm? while cuneocerebellar mossy fiber projections represent more than 45
terminals per mm?® of granular layer. In the same way, about 5% of the mossy fibers found in the
granular layer could be attributed to the nucleo-cortical tract, which is preserved when the cerebellar
peduncles were damaged (Hamori et al., 1981).

*! Golgi cells are large inhibitory interneurons of the granular layer of the cerebellar cortex which constitute the only
source of inhibition for billions of granule cells. They inhibit the mossy fiber to granule cell relay within the glomeruli
and receive various synaptic inputs from mossy fibers, granule cells. Thus, they are involved in feedforward and
feedback inhibitory loops onto granule cells (for review, see Pietrajtis and Dieudonné, 2012).
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The nucleo-cortical projection is topographically organized in zones and is mainly reciprocal
with the cortico-nuclear Purkinje cell pathway (Tolbert et al., 1978a; Dietrichs and Walberg, 1979;
Gould, 1979; Haines and Pearson, 1979; Tolbert and Bantli, 1979; Dietrichs, 1981; Buisseret-
Delmas, 1988; Buisseret-Delmas and Angaut, 1989; Angaut et al., 1996; Provini et al., 1998; Trott et
al., 1998a; Houck and Person, 2014). However, some of the projections are non-reciprocal, where
the nucleo-cortical neurons are not directly controlled by the cortical zones to which they project
(Dietrichs and Walberg, 1979; Haines and Pearson, 1979; Tolbert and Bantli, 1979; Buisseret-
Delmas, 1988; Buisseret-Delmas and Angaut, 1989). This may result from the wide collateralization
of nucleo-cortical axons within the cerebellar cortex (Tolbert et al., 1978b; Buisseret-Delmas, 1988;
Haines, 1988; Houck and Person, 2014).

Reciprocal and non-reciprocal projections therefore participate to closed- and open-loop,
respectively. Reciprocal loops may be particularly involved to control the nuclear neurons activity:
the nucleo-cortical neurons excited by nuclear afferents would induce a rapid feedback from the
Purkinje cells to finally modulate the cerebellar nuclei output. Nucleo-cortical branching in non-
reciprocal projections allows binding functionally related but spatially different areas of the cerebel-
lar cortex (Provini et al., 1998). Moreover, the nucleo-cortical projections are related to the olivo-
cerebellar somatotopic maps (Provini et al., 1998) suggesting a putative role of the nucleo-cortical
neurons within the cerebellar modules (Apps and Garwicz, 2005). Together, those results strongly
suggest an important role of both reciprocal and non-reciprocal loops in linking the internal circuits
between the different cortical compartments (Trott et al., 1998a; Apps and Garwicz, 2005; Houck
and Person, 2014).

Differential computations may appear along the mediolateral axis of the cerebellum, as it was
shown that lateral zones are generating more reciprocal connections than the medial areas (Tolbert
et al., 1978b; Tolbert and Bantli, 1979). Moreover, some cortico-nuclear zones are devoid of nucleo-
cortical innervations while others exhibit stronger inputs than neighboring areas (Buisseret-Delmas,
1988; Haines, 1988; Buisseret-Delmas and Angaut, 1989; Provini et al., 1998; Trott et al., 1998a)(for
review, (Houck and Person, 2014)). This quantitative non-uniformity in the distribution of the nu-
cleo-cortical projections suggests that some cortical zones would be more retro-activated by nuclear
cells than others. Consequently, nucleo-cortical pathway would play a more predominant role in
some modules rather than in others, although the physiological importance of those intra-cerebellar
feedback loops remains to be clarified.

3.3.2. Cell type identity of the nucleo-cortical neurons: a role for the inhibitory neurons

A fraction of the nucleo-cortical fibers appear to arise from collaterals of the glutamatergic
projection neurons (Tolbert et al., 1976a, 1977, 1978a; Hamori et al., 1981; Payne, 1983). About half
of the nuclear neurons retrogradelly labeled from the cerebellar cortex are stained for glutamate
(Batini et al., 1992). The principal neurons of the cerebellar nuclei are part of the circuitry involved
in motor control and therefore those findings are consistent with the hypothesis that they would
send copies of the sensori-motor information they processed in the cerebellar cortex via mossy-fiber
like feedback loops.

The remaining half of the nucleo-cortical neurons seems to arise from inhibitory neurons.
GABA-immunoreactive neurons are found to project to the cerebellar cortex (Batini et al., 1989;
Angaut et al., 1996) and GABAergic nucleo-cortical mossy fibers were found in the glomeruli of the
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granular layer (Chan-Palay et al., 1979; Hamori and Takacs, 1989). About one third of the nucleo-
cortical projections seem to be GABAergic (Batini et al., 1992; Houck and Person, 2014). However,
GABAergic nucleo-cortical projections may not be found in all the cortical regions (Batini et al.,
1989; Kolston et al., 1995) and may only be involved in the retro-control of specific areas, such as
the vestibulo-cerebellum (Gould, 1979)*.

Some authors proposed that the GABAergic nucleo-cortical fibers may arise from nucleo-
olivary neurons (Tolbert et al., 1978b; Haines, 1988), notably based on the fact that the neurons have
relatively small somata diameter (Haines, 1988). However, despite many authors attempts, it was
not possible to separate the nuclear neurons into three distinct populations of small, medium and
large sized neurons on the sole basis of their cell body diameters and therefore to classify small neu-
rons as nucleo-olivary neurons only (Tolbert et al., 1978b; Houck and Person, 2014). Moreover, the
somata size of the GABAergic nucleo-cortical neurons vary among the studies and some authors
indicated that they are rather middle-sized neurons (Batini et al., 1989) and may constitute a sepa-
rated population of projecting neurons in the cerebellar nuclei, in comparison to the nucleo-olivary
neurons. Whether those GABAergic nucleo-cortical neurons are distinct from the population of
GABAergic interneurons is unclear.

More recently a population of glycinergic neurons in the lateral nucleus has been shown to
project to the cerebellar cortex (Uusisaari and Knopfel, 2010). Patch-clamp recordings of those neu-
rons in the GlyT2-eGFP transgenic mouse indicated that they are not spontaneously active in acute
slices, compared to the other population of GFP-expressing neurons, putatively interneurons (see
section 3.1.2.). The presence of such glycinergic nucleo-cortical neurons was not confirmed in other
cerebellar nuclei, such as the interposed nucleus.

The presence of both glycinergic and GABAergic nucleo-cortical neurons raises the possibil-
ity that some of the nucleo-cortical neurons would be actually mixed and co-release both GABA and
glycine, as proposed for the interneurons of the cerebellar nuclei (see section 3.1.2.). However, the
synaptic properties of the nucleo-cortical terminals were never investigated in details in the cerebel-
lar cortex and remains to be further understood.

To conclude, the nucleo-cortical projections were described in the seventies-eighties with
respect to their topographic organization and their reciprocity, or non-reciprocity, with the cortico-
nuclear pathways. However, no further studies later reported on the functional implication of such
intra-cerebellar feedback loops which may have critical influence on the timing and modulation of
the cerebellar output activity. The identity and the physiology of the nucleo-cortical neurons are still
poorly understood and need to be clarified.

2 A population of glycinergic projecting neurons similar to the glutamatergic principal neurons was described in the
medial nucleus, using the GlyT2-eGFP transgenic mouse (Bagnall et al., 2009). It is possible that those neurons are also
co-releasing GABA and providing nucleo-cortical collaterals, and would constitute the population of GABAergic
neurons found by Gould (1979) in the vestibulo-cerebellum.
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MATERIALS AND METHODS

Animals

Adult (3-5 months old) GlyT2-eGFP transgenic mice (Zeilhofer et al., 2005) were used to perform
immunostainings and stereotaxic injections of constitutive Adeno-Associated Virus (AAVs). Heter-
ozygous GlyT2-Cre mice (kind gift of HU Zeilhofer, from University of Zurich) were used for stere-
otaxic injections of floxed AAVs (aged P30), for immunostainings (10-11 months old) and for
breeding with either homozygous Rosa26-Floxed-mTmG (Muzumdar et al., 2007) or Rosa 26-
Floxed-mTmT female mice. Cre-positive offspring (2-3 months old) were used for immunostain-
ings. Adult Thy1-ChR2-YFP mouse (15 months old, line 18, (Wang et al., 2007)) was used for im-
munostainings. Adult L7-CHR2-YFP mice (males or females, 3-4 months old, (Chaumont et al,,
2013)) were used for immunostainings and for breeding with GlyT2-eGFP mouse (males or fe-
males). Heterozygous Thy1-CFP animals (aged P30-P6o, line 23, (Feng et al., 2000)) were used to
patch principal cells in electrophysiological experiments. Wild type OF1 pups were used for inferior
olive injection. Either males or females were used in all experiments. All animal manipulations were
made in accordance with guidelines of the Centre National de la Recherche Scientifique.

Genotyping

Digestion of the tails: Pieces of tails were digested at 55°C in a solution of 250 ug proteinase K (Eu-
romedex) in 250 pL of Buffer Direct Tail PCR (Viagen) per tails during 5 hours, followed by inacti-
vation of the proteinase K at 95°C during 20 min. Samples were centrifuged 10 min at 4°C before
being included in the PCR mix. Occasionally, the tails were digested using Fast Tissue-to-PCR Kit
(Thermofisher), during 10 min at 55°C and 3 min at 95°C in 100 pL of Tissue Lysis Solution and 10
uL of Proteinase K per tails. 100 pL of Neutralization mix per tails were then added to the mix to
stop the proteinase K reaction.

PCR mix for GlyT2-Cre mouse line: The PCR mix for one tail (30 pL) of GlyT2-Cre mouse was com-
posed of 1X Green GoTaq® Flexi Buffer (GoTaq® Flexi DNA Polymeras Kit, Promega), 50 nM of
both primers (primer F and primer R), 1.5 mM MgCl2, 0.5 mM dNTP and 1.25 units GoTaq® DNA
polymerase (GoTaq” Flexi DNA Polymeras Kit, Promega), completed with water and 2 pL of sam-
ple. The PCR protocol follows this sequence of temperatures : 5 min at 95°C, 35 times (30 sec at
95°C, 30 sec at 60°C, 4o0sec at 72°C), 2 min at 72°C.

PCR mix for L7-ChR2-YFP mouse line: The PCR mix for one tail (20 pL) of L7-ChR2-YFP mouse
was composed of 1X Tissue Green Solution PCR Master Mix (ThermoScientific, Fast Tissue-to-PCR
Kit), 0.5 mM of both primers (primer 1 and primer 2). The mix was completed with water and 4 pL
of sample. The PCR protocol follows this sequence of temperatures : 3 min at 95°C, 40 times (30 sec
at 95°C, 30 sec at 61°C, 30 sec at 72°C), 3 min at 72°C.

Primers: Primer F of GlyT2-Cre mouse: 5'-GAAATCAGTGCGTTCGAACGCTAGA-3'. Primer R
of GlyT2-Cre mouse: 5-TGATGGACATGTTCAGGGATC-3". Primer 1 of L7-ChR2-YFP mouse:
5-AAAAATGTGTTCGCGCCATA-3'; Primer 2 of L7-ChR2-YFP mouse: 5'-
GCTTCTTCAACCTGCTGACC -3'.

Electrophoresis gel and migration: 0.1% agarose (InVitrogen) electrophoresis gels with 5% of bro-
midure d’ethidium (Sigma-Aldrich) were prepared in 1X TBE buffer. 5 to 10 pL of PCR samples
were loaded in each wells and 200 mV current was applied through the gel during 15 to 30 minutes,
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before the gel was revealed under ultraviolet lights.

GlyT2-eGFP phenotyping: GlyT2-eGFP males were bred with C57BL6 females. Litters were pheno-
typed at birth using GFP glasses to detect fluorescence in the brainstem and spinal cord. Only posi-
tive animals were kept for experiments.

Thy1-CFP phenotyping: Thy1-CFP colony was kept homozygous. For experiments, Thy1-CFP males
were bred with C57BL6 females and all the heterozygous animals of the litter were used.

Stereotaxic injections

Animals and tracers: GlyT2-Cre mice (1 month old for electrophysiological experiments, 10-11
months old for immunostainings experiments) were injected in the cerebellar nuclei with 500
nanoliters of virus AAV2.1.EF10.DIO.hChR2(H134R).eYFP (plasmid from Deisseroth K., Stanford
University , virus from Laboratoire de Thérapie Génique - UMR 649, Nantes). Adult GlyT2-eGFP
animals (3-5 months) were injected in the inferior olive with 10 to 50 nanoliters of Retrograde Beads
(Red Retrobeads, Lumafluor) from a dorsal entry point, or in the cerebellar nuclei with 200
nanoliters of constitutive virus AAV1.CB7.CL.mCherry. WPRE.r (University of Pennsylvania, Penn
Vector Core). Wild type OF1 pups were injected in the inferior olive with about 50 nanoliters of
virus AAV1.hSyn.ChR2(H134R)eYFP.WPRE.hGH (University of Pennsylvania, Penn Vector Core).
Capillaries and loading of the pipettes: Quartz capillaries with filament (1.0 x 0.50 mm x 7.5 cm, Sut-
ter Instruments) were pulled using a vertical laser puller (Sutter). The tips of the pipettes were cut to
reach 35-40 pm of tip diameter. The pipette were loaded and stored in the fridge before the surgery.
Stereotaxic injection protocol — Dorsal approach in adult animals: All the procedure was the same
between the different experiments (inferior olive or cerebellar nuclei injections). The animals were
deeply anesthetized by intra-peritoneal injection of ketamine-xylazine (106mg/kg and 7.5mg/kg,
respectively). The depth of anesthesia was assessed before manipulating the animals by pinching the
paw without any responses. Local analgesic (Lidocaine Prilocaine 5 % cream, Biogaran) was applied
in the ears and on the top of the head at the place of incision. Animals were placed in a stereotaxic
frame and the good maintenance of the head position was carefully assessed before starting the sur-
gery. The eyes were covered with ophthalmologic cream (Humigel, Virbac) to avoid eye dryness.
Incision was made with a scalpel blade (number 11, Swann-Norton) on the top of the head and the
surface of the skull was cleaned with cotton buds and physiological serum. Sometimes, the neck
muscles are gently detached from the occipital bone to allow better access to the cerebellum during
injections. The skull was aligned with respect to the position of bregma and lambda references.
Holes were made in the skull with the milling machine (Foredom) at the right location. A capillary
previously loaded was gently lowered in the brain at the proper coordinates. After waiting few sec-
onds to allow the tissue to relax from the constraints applied during the going down, the injection
was performed using Picospritzer II (General Valve Corporation) which allows to slowly pressure-
injecting at each site at the rate of one 30 msec pulse every 5 seconds, with a pressure of 30 psi. The
pipette stayed in position during 5 to 15 minutes, before removing the capillary, to avoid spreading
of the injected product, notably in the pipette tract. The wound was cleaned with physiological se-
rum and cotton buds. Local antiseptic (10% iodine povidone gel, Mylan) was applied on the stitches
(made with silk suture 4-o Mersilk Ethicon) and the mouse was rehydrated by subcutaneous injec-
tion of physiological solution, sometimes complemented with D-glucose (50 mg / mL Sigma). The
mouse was allowed to recover in the cage under infrared light and analgesia was provided by intra-
peritoneal injection of buprenorphine (0.05mg/kg). Animals were closely monitored for three days
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until recovery from surgery and then housed during the incubation period (three to four weeks for
AAVs, seven to ten days for retrobeads).

Stereotaxic injection protocol — Ventral approach in pups: Injections were made on pups 12 to 24
hours after birth. The mother was tranquilized by an intra-peritoneal injection of ketamine
(10omg/kg), in order to reduce the stress induced by the manipulation of her babies and reduce the
post-surgery cannibalism. Pups were anesthetized on ice during 5 to 6 minutes, and then placed on a
metal plate itself refrigerated to avoid the waking up of the pup during the surgery. A thin and su-
perficial cut was made with a scalpel blade (number 11, Swann-Norton) along the throat to open the
skin. Muscles and fats were gently pushed on the side to allow access to the foramen magnum by a
ventral approach. The foramen magnum is the large opening in the occipital bone of the cranium,
through which medulla oblongata enters and exits the skull. The inferior olive is located on the ven-
tral part of the medulla oblongata, just below the crossing of the basal artery and the vertebral arter-
ies. Tissues and bones were maintained by little home-made retractors during the injection proce-
dure. In pups, meninges covering the medulla oblongata are thin and can be easily pierced with the
tip of the quartz pipette compared to adult mice. About 50 nanoliters of virus were pressure-injected
with a Picospritzer II (General Valve Corporation). Once the injection completed, tissues were put
back in place, the wound was carefully cleaned with physiological serum and cotton buds. No stitch-
es or surgical adhesive were applied to avoid acts of cannibalism by the mother, the wound was
dried and closed in a way to avoid post-surgery infections. The whole procedure happened in less
than 10 minutes. Pups were allowed to recover under infrared light. One to two hours after the sur-
gery, pups are placed back in the cage with the mother and closely monitored during the next days.

Immunohistochemistry
Paraformaldehyde preparation: 4% w/v Paraformaldehyde powder (PAF; VWR) was dissolved under

agitation in 1X phosphate buffer saline (PBS; Sigma) in a water-bath at 60°C. 0.01M NaOH (Merck)
was added to the solution. Once the powder was dissolved, the solution was removed from the wa-
ter-bath and 0.01M KCI (VWR) was added to adjust pH to 7.4. Fresh PAF solution was filtered and
allowed to cool down before being used during the day. For some experiments, 1% w/v glutaralde-
hyde (Sigma-Aldrich) was added to the solution before filtering.

Perfusion and fixation of the animals: Animals were deeply anesthetized with intra-peritoneal injec-
tion of sodium pentobarbital (50 mg/kg) and perfused through the aorta with ice-cold solution of
1X PBS followed by 50-75 ml of 4% PAF solution. For GABA immunostaining, tracheotomy was
performed before opening the rib cage and assisted-ventilation with medical oxygen was maintained
during the intra-aortic perfusion, first with oxygenated (95 % O2 - 5 % CO2) ice-cold solution of 1X
PBS followed by 4 % PAF - 1 % glutaraldehyde. In both cases, the entire brain was dissected and kept
overnight in 4 % PAF solution at 4°C.

Paraffin embedding and slices preparations: Samples were rinsed with 1X PBS. The cerebellum was
dissected out and dehydrated by 1 hour-baths of increasing concentration of ethanol (70%, 80%,
95% twice, and 100% (Merck)), butanol (Merck) and xylene (two 1 hour- bath, histological quality,
QP Pancreac)). Bleaching of the tissue was used as an indicator of the dehydration process. The cer-
ebellum was then transferred to small dishes with melted paraffin (“X-tra”, Leica) between 58-64°C
in a vacuum incubator (-25 mmHg, BioBlock Scientific) to remove air bubbles in the tissue. Three
baths oh 45 minutes were necessary to efficiently embed the pieces of tissues in the paraffin. The
cerebellum was then positioned in a last flat-bottom dish which was allowed to cool down overnight
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and can be stored at room temperature until slicing. Blocks of paraffin were put on a microtome
(Leica) with the proper orientation. Ribbons of 7 pm thickness slices were cut and dropped few sec-
onds into warm water (45°C) to avoid wrinkles before being mounted on SuperFrost Ultra Plus
slides (Thermo Scientific). The slides were dried overnight in an oven at 40°C and stored at room
temperature until use.

Antigen-retrieval protocol on paraffin-embedded slices: Paraffin-embedded slices were treated for
antigen retrieval as previously described (Rousseau et al., 2012). Slices were put on a hot plate (60°C)
before use to improve adhesion of the samples. All the following steps were done under agitation at
room temperature, unless specified. Slices are rehydrated (10 min xylene 4 times, 10 min 100% eth-
anol 3 times, 5 min 95% ethanol 3 times, 5 min 85% ethanol, 5 min 75% ethanol, 5 min 50% ethanol)
and rinsed with PBS (10 min 4 times).Fixatives are known to restrict the access to some epitopes due
to steric hindrance by cross-linking with neighboring partners. To recover an effective binding of
antibodies, trypsin-digestion can be used but is not relevant for all types of epitopes (Werner et al.,
1996). Here, we chose to perform a heat-induced unmasking (Shi et al., 1991). For this purpose, slice
immerged in a commercial antigen decloaking solution (Biocare medical) were transferred in a
decloaking chamber (Biocare Medical) heated up to 115°C during 20 minutes. When the slices
reached back the room temperature after at least 30 min of cooling, they are rinsed and incubated
for one hour in a solution of 0.1% sodium borohydride (Sigma Aldrich), followed by 45 minutes in a
solution of 15% methanol (Sigma Aldrich) and 0.3% H.O, (Sigma Aldrich) in PBS. Once the anti-
gen-retrieval procedure was achieved, the tissue sections were rinsed and permeabilize using solu-
tions of 0.1% cold fish skin gelatin (Sigma) in PBS (called PBSg, during 20 min) and 0.1% v/v Triton
(Sigma) in PBSg (called PBSgt, two times 20 min). The sections were incubated overnight at 4°C
with primary antibodies diluted in PBSgt in a dark and wet chamber. The next days, the slices are
rinsed (3 times 10 min in PBS, 3 times 20 min in PBSgt) before being incubated with secondary an-
tibodies diluted in PBSgt during 2 hours at room temperature in the same chamber. Slices were then
rinsed (3 times 10 min in PBS, 3 times 20 min in PBSgt, once 20 min in PBSg, once 20 min in PBS)
and mounted in Prolong Gold Antifade Reagent (Sigma). The mounted sections dried overnight and
were sealed with Entellan (Merck) the next days. The slices were stored for few days at 4°C during
the acquisition period, and were transferred at -20°C or -80°C for longer periods.

Cryo-microtome sections and free-floating slices preparation: Samples were rinsed with 1X PBS and
cryo-protected by equilibration in 30 % sucrose (Euromedex) w/v PBS solution for at least 48h at
4°C, complemented with sodium azide (Sigma) to avoid contamination. The cerebellum was then
cut on a cryo-microtome (Leica) at -20 °C (30 to 60 um thicknesses) and the slices were transferred
to wells containing PBS.

Free-floating immunostaining protocol: Free-floating sections were washed twice 10 minutes in PBS
and permeabilized 2h at room temperature in 0.4 % v/v Triton - PBS. Non-specific sites were satu-
rated by incubation in 0.4 % Triton - 1.5 % cold fish skin gelatin - PBS at room temperature for 3h.
Primary antibodies were applied overnight at 4°C in a PBS solution containing 0.1 % Triton - 1.5 %
tish gelatin. After 3 washes of 30 minutes in 0.1 % Triton - PBS solution, slices were incubated over-
night at 4°C with secondary antibodies diluted in PBS - 0.1% Triton-1.5% cold fish skin gelatin. Slic-
es were finally rinsed with PBS 3 times 30 minutes and mounted in either Fluoromount (Sigma)
either Mowiol solution (made from powder, Fluka-Sigma).

Primary and secondary antibodies: The list of primary and secondary antibodies used is summarized
in the following tables.
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PRIMARY ANTIBODIES
Species Targeted protein Company Final dilution
chicken GFP Aves 1/1000
mouse Pan-GlyR (mAB4a) Synaptic Systems 1/1000
mouse VGluT2 Millipore 1/1500
mouse GABA (mAB 3A12) Swant 1/10000
mouse GAD65-67 (mAB 9A6) | Enzo Life Sciences 1/500
mouse VGLUT2 Millipore 1./1500
rabbit a1-GlyR kind gift of Andrea Dumoulin, (Machado | 1/500
etal., 2011)
rabbit Neurogranin Abcam 1/500
rabbit y2-GABAR Synaptic Systems 1/1500
rabbit a1-GABAR Synaptic Systems 1/500
guinea pig | GlyT2 Chemicon Millipore 1/1500
guinea pig | VIAAT Synaptic Systems 1/1500
guinea pig | Calbindin D-28K Synaptic Systems 1/200
guinea pig | VGLUT1 Millipore 1./1500
SECONDARY ANTIBODIES
Species | Targeted species | Fluorophores Company Final dilution
donkey | chicken DyLight 488 Jackson ImmunoResearch 1/500
donkey | mouse DyLight 549 Jackson ImmunoResearch 1/500
donkey | mouse DyLight 649 Jackson ImmunoResearch 1/500
donkey | mouse Alexa Fluor 555 In vitrogen 1/500
donkey | rabbit DyLight 549 Jackson ImmunoResearch 1/500
donkey | rabbit DyLight 649 Jackson ImmunoResearch 1/500
donkey | guinea pig DyLight 649 Jackson ImmunoResearch 1/500

Image acquisition and Analysis

Acquisition: Images stacks were acquired with an inverted confocal microscope (Leica, SP5) at 60 x
60 x 170 nm voxel size, using a 63X oil immersion objective (NA 1.4). Tile scan stacks used for so-
mata counting (see Results, section 1.1.) were acquired with a direct confocal microscope (Leica,
SP5) at 750 nm x 750 nm x 8 um with a 10X air objective (NA 0.4, opened pinhole to 3 airy arbitrary
units). In Results, Chapter 2, section 2.2., images stacks were acquired with an inverted confocal mi-
croscope (Leica, SP8) using a 63X oil immersion objective (NA 1.3).

Deconvolution: Whatever the optical system used for acquisition (the “convolution”), it introduces
deformation of the real signal. Indeed a fluorescent point will appear as a blurry “blob” in images.
Therefore, “deconvolution” aims to restore the original signal. Deconvolution process necessitates
knowing the model of deformation performed by the optical system, the point-spread function,
which is specific of the microscope and the wavelength which were used for acquisition. Here, we
chose to use experimental point-spread functions (PSFs) to be used in the deconvolution routine.
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Sub-resolution (175 nm) fluorescent beads (PS-Speck, Invitrogen) for each wavelength (green, or-
ange and deep-red beads) were embedded in 7.5% w/v porcine gelatin in 1X PBS at the final dilution
of 1/50. 7 pm thickness slices of gelatin with fluorescent beads were cut using a cryostat (Leica) and
mounted on SuperFrost Ultra Plus slides (Thermo Scientific) in Prolong Gold Antifade Reagent
(Sigma), to mimic the mounting condition of the tissue samples*. Stacks of the fluorescent beads
were acquired with an inverted confocal microscope (Leica, SP5) at 30 x 30 X 170 nm voxel size, us-
ing a 63X oil immersion objective (NA 1.4). Bead images were extracted from image stacks and av-
eraged to obtain an experimental PSF. Each stack was separated into four quadrants, computed in
parallel with the routine and reassembled at the end of the deconvolution process, in order to reduce
the time necessary for the deconvolution (see details in Results, section 1.1.).

Cluster detection and quantification: Stacks with tens of z-slices in both channels for GABA4 recep-
tors and glycine receptors stainings were used to detect synaptic clusters. To decrease the signal to
noise ratio and in order to estimate the subcellular localization of the different clusters, we chose to
average sequentially five to ten optical slices (800 to 1700 nm Z projection, about the size of a PSF)
along the stack, rather than projecting the whole stack. Clusters of receptors were detected on the
resulting images of summed (GABA4 + Glycine receptors channels) stacks as regions of interest
(ROISs) using a threshold based method. ROI statistics were then retrieved for each ROI on individ-
ual color channels and computed with GNU R (“R: A Language and Environment for Statistical-
Computing”, R Core Team, R Foundation for Statistical Computing, Vienna, Austria, 2013,
http://www.R-project.org).

Colocalization analysis: Authors tried for many years to develop satisfying colocalization analysis
(Bolte and Cordelieres, 2006). It appears that the choice of an efficient strategy among those already
described dependent on the experimental paradigm and the question you want to solve. Here, we
decided to design our own custom routine using Fiji (Schindelin et al., 2012) to assess colocalization
in the whole stack with a certain degree of 3D (see Results, section 1.1.). Stacks were sequentially
averaged and projected over five to ten optical slices as previously described. Principles of the rou-
tine are exposed in details in Results, section 1.1.

Apposition analysis: As for the colocalization, quantification of the apposition between to defined
markers turns out to be not as simple as we thought. Notably the distance, in 3D, between the two
element was very important, and using our averaged projection of the whole stack increased the
number of false results (false positives because some elements were close in the projection while they
were actually in the two edges of the projected optical slices, or false negatives because some apposed
elements were separated by the splicing into different projected slices). Therefore, we chose to use a
“real” 3D approach using Imaris 7.2 software (Bitplane). Clusters and varicosities could be easily
detected in 3D within the whole stack by thresholding. Distances between the cluster centers and the
closest varicosity surface were automatically retrieved in stacks using a Matlab plugin included in
the Imaris version.

Electrophysiology
Acute slices preparation/ Electrophysiological recordings / Electrical and optical stimulations / Drugs:
Experimental procedures are detailed in Results, section 1.1.

»Therefore, cold fish skin gelatin should have been used to embed the fluorescent beads, as it was used in all the
immunohistochemistry protocols. However, the cold fish skin gelatin was not able to solidify enough to allow its cut on
the cryostat.
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Capillaries: Borosilicate glass electrodes (For whole-cell patch clamping : 1.5 mm outer diameter x 1
mm inner diameter from Hilgenberg or 1.5 mm outer diameter x 1.16 mm inner diameter from
Harvard Apparatus; for extracellular recordings: 1.5 mm outer diameter x 0.86 mm inner diameter
from Harvard Apparatus) were pulled on a vertical puller in two steps. Tips were embedded with
wax.

Extracellular recordings: The activity of the GlyT2-positive neurons in the GlyT2-Cre mouse infect-
ed with flexed AAVs expressing the ChR2 was monitored during optical stimulations. Borosilicate
pipettes filled with 3M NaCl were approached from the cell body of the neurons, previously located
by epifluorescence, and electrophysiological behavior of the neurons was recorded during 470 nm
LED illumination (for details, see Electrical and optical stimulations in Results, section 1.1.).
Electrophysiological recordings of the GlyT2-eGFP positive neurons: In the L7-ChR2-YFP x GlyT2-
eGFP breeding, GlyT2-eGFP positive neurons were identified with epifluorescence and recorded.
During whole-cell configuration, neurons were held at - 60 mV (for details, see Electrophysiological
recordings in Results, section 1.1.)

Electrophysiological recordings in principal neurons of animals injected with AAVs-ChR2 in the infe-
rior olive with ventral approach: Animals were injected as previously described at Po-P1. For acute
slices experiments, animals were aged between P21 and P44. Patch clamp recordings in whole-cell
configuration of principal neurons in the cerebellar nuclei were performed, while pulses of light
were shined on the slices (for details, see Electrical and optical stimulations in Results, section 1.1.).
Using a high-chloride internal solution, principal neurons were held at -7o0 mV (see Results, section
2.1.2). Using a physiological internal solution (composed of (in mM) 115 Cesium-MethylSulfonate,
10 TEA-CI, 10 HEPES, 10 QX314, 10 BAPTA, 3 CaClL, 1 MgCl,, 4 ATP-Mg, 0.4 GTP-Na., adjusted
at pH 7.4 with CsOH, osmolarity 295 mOsm), neurons were held at -20 or -10 mV (see Results, sec-
tion 2.1.2).

Electrophysiological recordings of Golgi cells: Slices were moved to the recording chamber mounted
on an upright Olympus BX51WI modular microscope equipped with a x40 water-immersion objec-
tive (LUMPlanFL/IR, 0.8NA) and continuously perfused with bubbled BBS (perfusion was regulated
by a peristaltic pump with a flow rate ~3.5 ml/min; 32 - 330C). Neurons were visualized for patch-
clamp recordings using a combination of gradient contrast and online video contrast enhancement
(CooISNAP cf, Photometrics and MetaVue, Roper Scientific). Patch pipettes (3 - 4 MQ for Golgi
cells) were pulled from borosilicate glass capillaries (0.15mm diameter, Hilgenberg) with a vertical
puller (David Kopf Instruments) and coated with dental wax. Recordings were obtained using Mul-
tiClamp 700B amplifier and converted by a Digidata 1440A interface (Molecular Devices) at sam-
pling rate of 50 kHz. A Bessel filter at 6 kHz was used. Golgi cells could be unambiguously differen-
tiated from other cells in the granular layer by the size of their soma (10 - 25um) and their bi-
exponential capacitive current (Dieudonné, 1995). For whole-cell recordings of Golgi cells pipettes
were filled with a physiological Cl- intracellular solution containing (in mM): 140 K-Gluconate, 4
NaCl, 10 HEPES, 5 EGTA, 4 NaCl, o.5 CaCL, and 3 ATP-Mg with pH adjusted to 7.35 by 1M KOH.
During whole-cell recordings the holding potential of voltage - clamped GoC -50mV. Few cells were
filled through the whole-cell patch pipette with the neurobiotin (5 pM). All experiments were per-
formed in the presence of 50 pM D-2-amino-5-phosphonopentoate (D-APV, Abcam) and 2 uM 6-
nitro-7-sulfamoylbenzo(f)-quinoxaline-2,3-dione (NBQX, Abcam) to block NMDA and AMPA
receptors. Strychnine (Abcam) and SR 95531 (gabazine, Abcam) were added during the recordings.
Optical stimulations of L7-ChR2-YFP terminals in the cerebellar nuclei: Optogenetic stimulations of
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GlyT2-Cre neurons (see Results, section 1.1.) and Purkinje cells terminals in the cerebellar nuclei of
L7-ChR2-YFP x GlyT2-eGFP mouse (see Results, section 2.2.2.) were achieved with 470 nm LED
illumination (Thorlabs) of one millisecond duration with a power density of 0.3 to 4 mW/mm?
(measured under the objective lens).

By was [lumination power
(WW/mm?)
Zero 2,6
1 258,7
2 692,7
3 1047,8
4 2160,5
5 3606,4
Maximum 4138.9

Optical stimulations of GlyT2-Crex AAV-ChR2-YFP terminals in the granular layer of the cortex:
Optogenetic stimulations of the inhibitory nucleo-cortical fibers in the granule cell layer were
achieved with an optical system combining low-numerical aperture (NA) Gaussian beam illumina-
tion and fast acousto - optic pointing. A 473 nm continuous wave diode-pumped solid-state laser
(LRS 0473-00100-03, Laserglow Technologies) was used as a 1P light source for ChR2 expressing
fibers. The spot size used for the experiments was set to be 10 pm in diameter (details of the system:
Hernandez et al. in preparation). Laser beam stimulated one (10 pm in diameter) location for sops
and was redirected to another location with minimal OFF time (less than 1 ps). Stimulated FOV was
1.35 um x 1.08 pm (5 X 4 a.u. points) which resulted in 1 ms duration of stimulation and stimulation

was repeated 5 times (giving in total 5ms stimulation) every 20 seconds. Energy used for simulation
was: 84.01 + 40 nJ. 30-50 sweeps were averaged for each condition. Averages of pharmacologically
modulated traces were done only after ~6 minutes from the beginning of the perfusion of the drug
into the recording chamber to provide the time for the steady state effect.

Statistical analysis

Statistical analysis was performed using GNU R, Igor Pro (Wavemetrics) and Clampfit 10.4 (Molec-
ular devices). Results are represented as mean *+ SD unless otherwise specified. Statistical tests were
performed using non-parametric Wilcoxon rank-sum and signed-rank tests and significance was
assumed if p < 0.05.
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RESULTS

CHAPTER 4: Differential GABAergic and glycinergic inputs of in-
hibitory interneurons and Purkinje cells to principal neurons of the
cerebellar nuclei

As exposed in the introduction, the principal neurons of the cerebellar nuclei integrate sever-
al types of inputs both excitatory from climbing and mossy fibers, and inhibitory, mostly from the
Purkinje cells of the cerebellar cortex. A population of local inhibitory neurons, which could be GA-
BAergic, glycinergic or mixed GABA/ glycine, was described in the cerebellar nuclei and they were
proposed to make synapses onto the principal neurons. However, the existence of functional inter-
neuronal inputs onto the projection neurons was not established for now and its impact of intra-
cerebellar inhibition, as compared to the massive GABAergic inhibition received from the Purkinje
cells, was unknown.

In this chapter, we will show how we established the functional characteristics of the interneu-
ronal connection to the principal neurons.

4.1. Article
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Differential GABAergic and Glycinergic Inputs of Inhibitory
Interneurons and Purkinje Cells to Principal Cells of the
Cerebellar Nuclei
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'Ecole Normale Supérieure, Institut de Biologie de 'ENS (IBENS), Inserm U1024, and CNRS UMR 8197, F-75005 Paris, France, 2Institute of Pharmacology
and Toxicology, University of Zurich, CH-8057 Ziirich, Switzerland, and 3Institute of Pharmaceutical Sciences, Swiss Federal Institute of Technology (ETH
Ziirich), CH-8090 Ziirich, Switzerland

The principal neurons of the cerebellar nuclei (CN), the sole output of the olivo-cerebellar system, receive a massive inhibitory input from
Purkinje cells (PCs) of the cerebellar cortex. Morphological evidence suggests that CN principal cells are also contacted by inhibitory
interneurons, but the properties of this connection are unknown. Using transgenic, tracing, and immunohistochemical approaches in
mice, we show that CN interneurons form a large heterogeneous population with GABA/glycinergic phenotypes, distinct from GABAergic
olive-projecting neurons. CN interneurons are found to contact principal output neurons, via glycine receptor (GlyR)-enriched synapses,
virtually devoid of the main GABA receptor (GABAR) subunits a1 and y2. Those clusters account for 5% of the total number of inhibitory
receptor clusters on principal neurons. Brief optogenetic stimulations of CN interneurons, through selective expression of channelrho-
dopsin 2 after viral-mediated transfection of the flexed gene in GlyT2-Cre transgenic mice, evoked fast IPSCs in principal cells. GlyR
activation accounted for 15% of interneuron IPSC amplitude, while the remaining current was mediated by activation of GABAR.
Surprisingly, small GlyR clusters were also found at PC synapses onto principal CN neurons in addition to «1 and -y2 GABAR subunits.
However, GlyR activation was found to account for <<3% of the PC inhibitory synaptic currents evoked by electrical stimulation. This
work establishes CN glycinergic neurons as a significant source of inhibition to CN principal cells, forming contacts molecularly distinct
from, but functionally similar to, Purkinje cell synapses. Their impact on CN output, motor learning, and motor execution deserves

further investigation.

Key words: cerebellar nuclei; glycinergic; immunohistochemistry; interneurons; mixed inhibition; optogenetics

Introduction

The cerebellar nuclei (CN) form the sole output of the cerebellar
system integrating direct pathways and indirect pathways via the
cerebellar cortex. Important components of cerebellar plasticity
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(Zheng and Raman, 2010) and sensorimotor learning (Miles and
Lisberger, 1981; Medina et al., 2000) are implemented in the CN
rather than in the cerebellar cortex, although the latter was more
extensively studied. Hence, understanding information process-
ing in the CN, including how local connectivity controls the ac-
tivity of CN principal cells (Uusisaari and Knopfel, 2012) is a
central endeavor for cerebellar studies.

The CN contain different types of projection neurons: output
neurons such as glutamatergic principal cells projecting to pre-
motor structures or glycine-containing large neurons of the me-
dial nucleus projecting to brainstem nuclei (Wassef et al., 1986;
Bagnall et al., 2009), small GABAergic neurons mediating the
nucleo-olivary feedback loop (Fredette and Mugnaini, 1991; De
Zeeuw et al., 1997), and nucleo-cortical neurons (Houck and
Person, 2014). Purkinje cells (PCs) of the cerebellar cortex pro-
vide a massive GABAergic projection to all these neuronal types
(De Zeeuw and Berrebi, 1995; Teune et al., 1998; Uusisaari and
Knopfel, 2008), thereby controlling the output of the CN (Ito et
al., 1970; Chen et al., 2010; Hoebeek et al., 2010; Person and
Raman, 2012a; Chaumont et al., 2013).

The persistence of GABAergic synapses in the CN of PC-
degeneration (PCD) mutant mice (Wassef et al., 1986) provided
the first evidence for a source of CN inhibition different from


http://orcid.org/0000-0001-5336-8894

Husson et al. ® Interneuronal Glycinergic Inhibition in the CN

PCs. Early morphological studies had identified a population of
small CN neurons with local axonal arborization (Matsushita
and Iwahori, 1971; McCrea et al., 1978). The glycine immunore-
activity of many small somata in the CN (Rampon et al., 1996;
Biurle and Griisser-Cornehls, 1997; Zeilhofer et al., 2005) and
the abundance of glycinergic synapses in the CN of wild-type
animals (Chen and Hillman, 1993; De Zeeuw and Berrebi, 1995)
and PCD mutants (Biurle and Griisser-Cornehls, 1997) estab-
lished the inhibitory nature of these local neurons. These gly-
cinergic interneurons differ from glycine/aspartate projection
neurons by size and electrophysiological properties (Baurle and
Griisser-Cornehls, 1997; Uusisaari et al., 2007; Uusisaari and
Knopfel, 2010). Glycinergic interneurons thus constitute a sepa-
rate neuronal class of the CN, but their functional impact in a
structure massively innervated by GABAergic inputs from PCs
remains to be clarified.

Glycine receptors (GlyRs) are expressed in the CN (Malosio et
al., 1991; Pedroarena and Kamphausen, 2008) and inhibitory
chloride currents have been evoked by glycine application in
principal cells of young rats (Kawa, 2003; Pedroarena and Kam-
phausen, 2008). Small isolated strychnine-sensitive synaptic cur-
rents have been also evoked in principal cells by pharmacological
or ionic manipulations of the CN (Kawa, 2003; Pedroarena and
Kamphausen, 2008). However, further evidence for functional
glycinergic inhibition provided by CN interneurons is still
lacking.

Using immunohistochemical and optogenetic approaches, we
show here that interneurons provide a significant inhibitory in-
put to CN principal neurons through mixed GABAergic/glycin-
ergic synapses displaying distinctive molecular components.
These data argue for a role of glycinergic interneurons, together
with PCs, in controlling the output of the CN.

Materials and Methods

Animals

Adult (3- to 5-month-old) GlyT2-eGFP transgenic mice (Zeilhofer et al.,
2005) were used to perform immunostaining. Heterozygous GlyT2-Cre
(kind gift from H. U. Zeilhofer, University of Zurich, Zurich, Switzer-
land) male mice were bred with either homozygous Rosa26-Floxed-
mTmG or Rosa26-Floxed-mTmT female mice, and Cre-positive offspring
(2-3 months old) were used for immunostaining. GlyT2-Cre heterozy-
gous transgenic adult mice were also used for stereotaxic injections of
adeno-associated viruses (AAVs). For optogenetic experiments, injec-
tions were performed at P30 and recordings were performed at P50—P55.
For GlyT2 immunostaining, adult GlyT2-Cre mice (10—11 months old)
were injected with the virus and processed 1 month later. Adult Thyl-
ChR2-YFP mice (15 months old, line 18; Wang et al., 2007) and L7-
CHR2-YFP mice (3—4 months old; Chaumont et al., 2013) were used for
immunostaining. Heterozygous ThyI-CFP animals (aged P30—P60; Feng et
al., 2000) were used to patch principal cells in electrophysiological experi-
ments. Either males or females were used in all experiments. All animal
manipulations were made in accordance with guidelines of the Centre
National de la Recherche Scientifique.

Stereotaxic injections

GlyT2-Cre mice (1 month old for electrophysiological experiments,
10-11 months old for immunostaining experiments) were deeply anes-
thetized with ketamine-xylazine (106 mg/kg and 7.5 mg/kg, respectively)
and placed in a stereotaxic frame. Two holes were made in the skull above
the right and left CN. A pulled quartz capillary (35-40 wm tip diameter)
was lowered into the brain at the proper coordinates, and 500 ul of viral
constructs AAV2.1.EF1a.DIO.hChR2(H134R).eYFP (plasmid from K.
Deisseroth, Stanford University, Stanford, CA; Kravitz et al., 2010; virus
from Laboratoire de Thérapie Génique—UMR 649, Nantes, France) was
slowly pressure-injected at each site at the rate of one 30 ms pulse every
5, with a pressure of 30 psi (Picospritzer II, General Valve Corporation).
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Animals were closely monitored for 3 d until recovery from surgery and
then housed for 3—4 weeks. Animals were then killed for acute slice
experiments as described below.

Adult GlyT2-eGFP animals (3-5 months old) were injected in the
inferior olive, with 10-50 nl of Retrograde Beads (Red RetroBeads, Lu-
mafluor) from a dorsal entry point.

Immunohistochemistry

Tissue fixation, preparation, and labeling for GABA receptor-GlyR immu-
nostaining. Animals were deeply anesthetized with an intraperitoneal
injection of sodium pentobarbital (50 mg/kg) and perfused through the
aorta with an ice-cold solution of 1 X PBS (Sigma) followed by 50—75 ml
of 4% w/v paraformaldehyde (PAF; VWR International) dissolved in 1 X
PBS, pH 7.4. The entire brain was then dissected and kept in 4% PAF at
4°C overnight. Samples were then rinsed and embedded in paraffin
(Leica). Slices of 7 wm thickness were cut with a microtome, mounted on
SuperFrost Ultra Plus slides (Thermo Fisher Scientific), and treated for
antigen retrieval as previously described (Rousseau et al., 2012). For
immunohistochemistry, mounted sections were incubated overnight
at 4°C with the following primary antibodies: chicken GFP antibody at
1:1000 final dilution (Aves), mouse pan-GlyR (mAB4a) antibody at
1:1000 final dilution (Synaptic Systems), rabbit a1-GlyR (kind gift from
Andrea Dumoulin; Machado et al., 2011), rabbit y2-GABAR (GABA
receptor)antibody at 1:1500 final dilution (Synaptic Systems), rabbit ac1-
GABAR antibody at 1:500 final dilution (Synaptic Systems), guinea pig
GlyT2 antibody at 1:1500 final dilution (Millipore Bioscience Research
Reagents), guinea pig VIAAT (vesicular inhibitory amino acid trans-
porter) antibody at 1:1500 final dilution (Synaptic Systems), mouse
VGIuT2 antibody at 1:1500 final dilution (Millipore). Tissue sections
were rinsed with PBS and then incubated with secondary antibodies
coupled to 488, 549, or 649 DyLight fluorophores (Jackson Immu-
noResearch) or Alexa Fluor 555 IgG (Invitrogen) at room tempera-
ture during 2 h at 1:500 final dilution. Slices were mounted in Prolong
Gold Antifade Reagent (Sigma).

Tissue fixation and preparation for GABA immunostaining. Animals
were deeply anesthetized by intraperitoneal injection of sodium pento-
barbital (50 mg/kg). Tracheotomy was performed before opening the rib
cage, and assisted-ventilation with medical oxygen was maintained
during intra-aortic perfusion with an oxygenated (95% O,-5% CO,)
ice-cold solution of 1 X PBS followed by 4% PAF dissolved in 1 X PBS,
pH 7.4. The brain was dissected and kept overnight in 4% PAF solu-
tion at 4°C.

Free-floating immunostaining for GABA and GAD65—67 labeling. After
perfusions of the animals and postfixations overnight of the brains in 4%
PAF dissolved in 1X PBS, pH 7.4, brains were cryoprotected by equili-
bration in 30% sucrose w/v-PBS at 4°C and then cut on a cryomicrotome
(—20°C, 30— 60 wm thickness). Free-floating sections were washed twice
for 10 min in PBS and permeabilized for 2 h at room temperature in
PBS-0.4% v/v Triton X-100. Nonspecific sites were saturated by incuba-
tion in PBS-0.4% Triton X-100—1.5% cold fish skin gelatin at room
temperature for 3 h. Primary antibodies were applied overnight at 4°C in
a PBS solution containing 0.1% Triton X-100-1.5% fish gelatin (mouse
GABA antibody mAB 3A12, Swant, final dilution 1:10,000; mouse
GAD65-67 antibody mAB 9A6, Enzo Life Sciences, final dilution 1:500).
After three washes of 30 min in PBS-0.1% Triton X-100, slices were
incubated overnight at 4°C with secondary antibodies diluted in PBS-
0.1% Triton X-100-1.5% cold fish skin gelatin. Slices were finally rinsed
with PBS 3 times for 30 min each and mounted in either Fluoromount
(Sigma) or Mowiol solution (made from powder, Fluka-Sigma).

Image acquisition and analysis

Acquisition and deconvolution. Image stacks were acquired using an in-
verted confocal microscope (Leica SP5) at 60 X 60 X 170 nm voxel size,
using a 63X oil-immersion objective. For image deconvolution, point-
spread functions (PSFs) were measured for each wavelength on subreso-
lution (175 nm) fluorescent beads (PS-Speck, Invitrogen) embedded in
7.5% w/v porcine gelatin in 1X PBS, and mounted in Prolong Gold
Antifade Reagent (Sigma). Bead images were extracted from image stacks
using a custom routine in Image] (W. S. Rasband, Image]J, U.S. National



9420 - J. Neurosci., July 9, 2014 - 34(28):9418 9431

A B

GFP stack Mask + stack

®©®
el o8

GlyT2 stack GlyT2 Mask

e

C GFp Flip
stack

Mask + stack

@ O
8 "0

Figure 1.

Husson et al. ® Interneuronal Glycinergic Inhibition in the CN

D E

Original
Distribution

AL

GFP Intensity

Random scaled to

Original
—_

Distribution/ GFP Intensit GFP Intensity

Random

Colocalization =

GFP Intensity Scaled random - Original

Method for colocalization quantification in confocal Z-stacks. 4, To quantify the colocalization rate between two markers, for example GlyT2 (red fluorescence signal) over GFP

varicosities (green fluorescence signal), GlyT2 + varicosities are detected in stacks and converted as a hinary mask. B, €, This mask is used to retrieve mean GFP intensities below eachimmunoreactive
aggregate in the original GFP stack (B, original distribution in solid red line) and in a flipped GFP stack (€, random distribution in black solid line). D, This latter distribution is scaled to the original
distribution (black dashed line). E, The difference between the original distribution and the scaled randomized distribution provides an underestimate of true colocalization (orange).

Institutes of Health, Bethesda, MD, http://imagej.nih.gov/ij/, 1997—
2012) and averaged to obtain an experimental PSF. Selected image stacks
were then deconvolved using a custom routine based on preexisting
Image] plugins Iterative Deconvolve 3D (Dougherty, 2005, http://www.
optinav.com/imagej.html) and Objet Counter 3D (Bolte and Cordelieres,
2006;  http://rsbweb.nih.gov/ij/plugins/track/objects.html). Results were
then further processed using GNU R (“R: A Language and Environment
for Statistical Computing,” R Core Team, R Foundation for Statistical
Computing, Vienna, Austria, 2013, http://www.R-project.org) and cus-
tom routines.

Cluster detection and quantification. Five to 10 optical slices were se-
quentially averaged (800—1700 nm Z projection) along the whole stack
and clusters of receptors were detected on the resulting pictures as ROIs
using a threshold-based method. ROI statistics (number of pixels, mean
intensity, and total intensity) were then retrieved for each ROI on indi-
vidual color channels (GlyR and GABAR). Using GNU R, we computed
the fraction of labeling intensity attributable to one of the channels for
each ROL

Colocalization analysis. To assess colocalization between two markers,
we designed a custom routine using Fiji (Schindelin et al., 2012) and
GNUR (Fig. 1). Mean intensities of marker 1 beneath each ROI detected
for marker 2 (as previously described; Fig. 1A) were collected in the
original stack of marker 1 and plotted (Fig. 1B, red solid lines). To esti-
mate the noise and nonspecific colocalization, mean intensities of
marker 1 were also collected in a randomized marker 1 stack (horizon-
tally and vertically flipped; Fig. 1C, black solid line). In the random
distribution, the first bins in the initial peak represent ROI with barely
undetectable mean intensities and could be considered as noncolocalized
elements, whereas the tail of the distribution is considered to be “by-
chance” colocalized ROIL Noncolocalized elements would be found in
the first low-intensity bins of the original distribution, but it is impossible
to draw a clear line between colocalized elements on a low-intensity view
of marker 1 and noncolocalized elements. Our parti-pris was to system-
atically underestimate colocalization by assuming that noncolocalized
elements in the original distribution had the same bimodal distribution
as the random distribution. We obtained the underestimated colocaliza-
tion (Fig. 1E, in orange) by scaling the randomized distribution to the
original distribution (Fig. 1D, black dashed lines), using the average am-
plitude of the first bins (n = 3 in each case) of the histograms and
subtracting this scaled random distribution from the original distribu-
tion. This custom routine was used to assess rate of colocalization be-
tween GlyT2 and GFP markers in different transgenic mice, and between
Thyl-YFP and GlyR- and GABAR-enriched clusters. In the case of YFP
staining in Thy1-ChR2-YFP mice, YFP intensities of Z-projected sections
of the stacks were first scaled according to the slope of the fit to the
logarithmic distribution of their pixel intensity. The “subtract back-
ground” Image]J plugin was then applied.

Apposition analysis. Apposition analysis was performed in 3D using
Imaris 7.2 software (Bitplane). Clusters and varicosities (either VIAAT-
positive or GlyT2-positive) were detected, and distances between the
cluster centers and the closest varicosity surface were retrieved in original
and randomized stacks (one channel horizontally and vertically flipped).

Statistical analysis. Statistical analysis was performed using GNU Rand
Igor Pro (Wavemetrics). Results are represented as mean = SD unless
otherwise specified. Statistical tests were performed using nonparametric
Wilcoxon rank-sum and signed-rank tests and significance was assumed
if p < 0.05.

Electrophysiology
Slice preparation. Animals were sedated with isoflurane (4% in medical
oxygen) and deeply anesthetized with ketamine-xylazine (106 mg/kg, 7.5
mg/kg) before being perfused with two consecutive iced protective, oxy-
genated (95% O,-5% CO,) solutions [in distilled water; Solution 1 (in
mm): 115 NaCl, 26 NaHCOs, 3 KCl, 0.8 CaCl,, 8 MgCl,, 1.25 NaH,PO,,
25 glucose, 1 lidocaine, 1 ketamine; Solution 2: 230 sucrose, 26 NaHCOj,
3 KCl, 0.8 CaCl,, 8 MgCl,, 1.25 NaH,PO,, 25 glucose, 1 lidocaine, 1
ketamine; Isope and Barbour, 2002]. Animals were then decapitated and
the cerebellum was rapidly removed from the skull. The cerebellum was
glued (Cyanolit) in the slicing chamber on its anterior face and sub-
merged in ice-cold cutting solution [in Volvic Water, containing the
following (in mm): 130 K-gluconate, 14.6 KCl, 2 EGTA, 20 HEPES, 25
glucose, 50 10-3 p-APV, 50 10-6 minocycline] during slicing. Slices (290
um thickness) were cut using a ceramic blade (Z deflection < 0.5 wm)
with an oscillating blade microtome (Campden Instruments) and kept in
warm (33°C) oxygenated recovery solution [in Volvic Water (contain-
ing, in mMm): 225 p-mannitol, 2.3 KCl, 1.25 NaH,PO,, 25 NaHCO;, 25
glucose, 0.51 CaCl,, 7.7 MgCl,, 50 10-3 p-APV, 50 10-6 minocycline]
during several minutes before being transferred to a chamber recircu-
lated with warm (33°C) oxygenated BBS solution [in Volvic Water (con-
taining, in mm): 125.7 NaCl, 3.3 KCl, 1.25 NaH,PO,, 24.8 NaHCO;, 25
glucose, 1.3 CaCl,, 1.17 MgCl,, 50 10-6 minocycline].
Electrophysiological recordings. At least 30 min after being cut, slices
were transferred to a recording chamber mounted on an Olympus
BX51WI microscope equipped with an epifluorescence illumination
pathway and a CoolSnap camera (Roper Scientific, Photometrics). Slices
were perfused with warm gassed BBS solution (3.5 ml/min, at 33°C).
Borosilicate glass patch electrodes (resistance 3—4.5 M()) were filled with
a high-Cl ~ intracellular solution containing the following (in mm): 105
CsCl, 20 TEA-CI, 10 HEPES, 10 QX314, 10 EGTA, 1 CaCl,, 5 MgCl,, 4
ATP-Na, 0.4 GTP-Na, pH adjusted to 7.4 with CsOH (290-295 mOsm).
Recordings were made in the interposed and lateral nuclei to avoid larger
glycinergic projection neurons in the medial nucleus (Bagnall et al.,
2009). Whole-cell patch-clamp recordings were performed using a
HEKA EPC10 amplifier and PatchMaster acquisition software (HEKA).
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Cells were held at —70 mV in the whole-cell configuration and electro-
physiological signals were digitized at a sampling rate of 20 kHz. A Bessel
filter at 5 kHz was used.

Electrical and optical stimulations. Electrical stimulations of PC axons
were performed a few hundred micrometers from the recorded cell in the
white matter surrounding the CN, using a Master-9 stimulator (Isoflex
Stimulus Isolation Unit, A.M.P.I.). Using regular patch pipettes (3-5
MQ), bipolar stimulation intensities in the 20-90 V range (200 us) were
necessary to evoke a stable response in the recorded cells. Optogenetic
stimulations of GlyT2-positive CN neurons were achieved with 470 nm
LED illumination (Thorlabs) of 1 ms duration with a power density of
0.3—4 mW/mm?* (measured under the objective lens). Drugs were bath-
applied, and a delay of 5-6 min after addition of the drug was always
respected to allow for complete diffusion into the slice.

Drugs. All electrophysiological experiments were performed in the
presence of 50 um D-APV (Abcam) and 10 um NBQX (Abcam) to block
NMDA and AMPA receptors. In some experiments, strychnine (Abcam)
and SR 95531 (gabazine, Abcam) were added to the bath.

Data analysis. Electrophysiological data were analyzed with Igor Pro
6.1 (Wavemetrics). Statistical analysis was performed using R GNU. Be-
tween 250 and 400 sweeps were averaged for each condition. All data are
presented as mean * SD. For statistical significance, Wilcoxon rank-sum
and signed-rank tests were used, as applicable.

Analysis of pharmacological data

To estimate the maximum possible contribution of GlyR to the synaptic
currents, gabazine and strychnine were considered to exert independent,
nonsynergistic, antagonist effects on GABAR and GlyR. Gabazine frac-
tional block ( G) of the GABAR response at a concentration of 300 nm was
obtained by applying gabazine in the presence of 1 uM strychnine. In our
calculations, strychnine was considered to block 100% of the GlyR cur-
rent (Jonas et al., 1998). Let us call Y the fraction of the IPSC amplitude
mediated by GlyR and U the unspecific fractional block of GABAR by
strychnine (corrections can be performed either for 300 nm or 1 um
strychnine). Then the fractional block of the IPSC by strychnine alone is
Y + U= (1 — Y) and the fractional block of the control response by
strychnine after 300 nM gabazine is [Y + U G * (1 — Y)]. Solving these
two equations yields Y and U.

Results

Identification of glycinergic interneurons in the CN

We sought to identify the inhibitory interneurons of the CN by
their glycinergic phenotype using two transgenic mouse models
based on the promoter of the neuronal plasma membrane glycine
transporter GlyT2, a specific marker of glycinergic neurons (Za-
fra et al., 1995). In the first model the eGFP was placed directly
under the control of the GlyT2 promoter (GlyT2-eGFP mice, Fig.
2A; Zeilhofer et al., 2005), whereas in the second (GlyT2-Cre
mice) the Cre recombinase was placed under the control of the
GlyT2 promoter. To reveal Cre expression, GlyT2-Cre mice were
bred with R26-loxed-mTmG reporter mice in which lox-directed
switchable Tomato and GFP are placed under the control of the
ubiquitous neuronal promoter Rosa 26 (Muzumdar et al., 2007;
Fig. 2B).

A large number of small GFP+ neurons, putative interneu-
rons, were seen in all subdivisions of the CN in both models and
a few large GFP+ projection neurons were seen in the medial
nucleus (Fig. 2A, B). In addition to GFP+ cell bodies, all the CN
were densely populated by GFP+ neurites, which in many in-
stances could be traced back to small GFP+ cell bodies (Fig. 2C).
Coimmunostaining against VIAAT (VGAT), a ubiquitous
marker of inhibitory axonal varicosities, identified the majority
of these neurites as axons and confirmed the interneuronal na-
ture of small GlyT2-eGFP-positive cells in the CN (Fig. 2Ca).
Axons presented clear VIAAT-immunoreactive varicosities (Fig.
2Cb, solid arrows) separated by thin profiles of uniform diame-
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ter. Dendrites may also be thin and contorted, but they present
more irregular VIAAT-immunonegative profiles (Fig. 2Cb,
dashed arrows).

Number of glycinergic neurons in the CN

To estimate the number and density of glycinergic neurons in the
CN, fluorescent cell bodies were counted in complete serial sec-
tions of GlyT2-Cre X R26-loxed-mTmT mouse CN (n = 3 ani-
mals) and GlyT2-eGFP mice (n = 3 animals). The number of
positive neurons was estimated to 2007 = 367 and 627 = 37 in the
interposed nuclei of the GlyT2-Cre X R26-loxed-mTmT and
GlyT2-eGFP mice, respectively, and to 2132 = 567 and 643 = 68
in the lateral nucleus (cells were not counted in the medial nu-
cleus because large projecting glycinergic neurons were also
found in this area). In these two nuclei the density of positive
neurons was 5560 = 1708 neurons/mm? in GlyT2-Cre X R26-
loxed-mTmT mice and 1561 % 32 neurons/mm? in GlyT2-eGFP
mice. The large difference of neuron count between the two models
suggests either that a fraction of glycinergic neurons do not express
GFP in the GlyT2-eGFP mouse line or that the expression is not
restricted to glycinergic neurons in GlyT2-Cre mice, due to develop-
mental leakage of Cre recombinase expression.

To compare the specificity of our two genetic models, we per-
formed immunostaining against the membrane transporter
GlyT?2 (Fig. 2D, E). GlyT2+ varicosities and axonal profiles were
abundant in all nuclei. GlyT2+ varicosities were detected using a
threshold-based method, and the rate of GlyT2-GFP colocaliza-
tion was assessed using a procedure detailed in Figure 1 (see
Materials and Methods), which will be used repeatedly in this
article (Fig. 2F, G). In the GlyT2-eGFP mouse, the rate of colocal-
ization of GlyT2 over GFP was only 40% (Fig. 2 D, F), confirming
the mosaic expression in this transgenic line. In contrast, >89%
of the GlyT2+ varicosities displayed GFP staining in GlyT2-
Cre X R26-loxed-mTmG offspring (Fig. 2 E,G). Hence, most if
notall glycinergic interneurons of the CN express the Cre recom-
binase at one stage of their development in GlyT2-Cre mice and
are stained by GFP in adult GlyT2-Cre X R26-loxed-mTmG off-
spring. Applying a correction factor of 2.5 for the mosaic expres-
sion in the GlyT2-eGFP models yields an estimate of the total
number of glycinergic neurons of 1567 in the interposed nuclei
and 1607 in the lateral nuclei, for an estimated density of 3900
neurons/mm?>. This was still much lower than in the GlyT2-
Cre X R26-loxed-mTmT mice, suggesting the occurrence of non-
specific expression in this genetic background.

Closer examination of the GlyT2-Cre X R26-loxed-mTmT
mice revealed fluorescence expression in some PCs mainly lo-
cated in the vermis and projecting to the medial nucleus. Further-
more, expression was found in a large number of small cell bodies
located in the ventral part of the CN and resembling the mor-
phology of inhibitory neurons projecting to the inferior olive
(nucleo-olivary cells; Fig. 2Ha). A specific expression in nucleo-
olivary neurons was further confirmed by the observation of nu-
merous fluorescent axons invading the dorsal olive (Fig. 2Hb).
Both small neurons concentrated in the ventral part of the CN
(Fig. 2Ia), and axons in the olive (Fig. 2Ib) were absent from the
GlyT2-eGFP animals. When Flexed AAVs were injected into the
CN of 1-month-old GlyT2-Cre animals, the pattern of expression
was similar to the pattern found in GlyT2-GFP mice both for the
cell density in the CN (the absence of small cells in the ventral
CN) and for the absence of fibers in the olive. We conclude that
the nonspecific pattern of expression observed in the GlyT2-
Cre X R26-loxed-mTmT crossings is due to the temporary devel-
opmental expression of the Cre recombinase in all glycinergic CN
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GFP+ cells (solid arrows) compared with the GlyT2-eGFP mouse. Ca, Cb, Costaining of GlyT2-eGFP + neurons with VIAAT (red) allows distinguishing between local axonal varicosities (solid arrows)
and VIAAT-immunonegative dendrites (dashed arrows). Z-thickness of projection: Ca, 8.8 m; (b, 2 um. D, GlyT2 costaining of the GlyT2-eGFP mouse reveals that only a fraction of GlyT2 + profiles
colocalize with GFP (solid arrows), whereas a majority do not colocalize (dashed arrows). Z-thickness of projection, 1.7 m. E, Near-complete colocalization is found in the GlyT2-Cre X Rosa26-
loxed-mTmG mouse. Z-thickness of projection, 1.7 wm. F, In the GlyT2-eGFP mouse, distribution histograms of GFP intensities under GlyT2+ profiles (red) and spatially randomized profile
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GlyT2-Cre mouse, at least 89% of GlyT2+ varicosities were colocalized with GFP+ profiles. H, Inferior olive coronal sections in the GlyT2-Cre X Rosa26-loxed-mTmT mouse. Ha, In the cerebellar
nuclei of the GlyT2-Cre X Rosa26-loxed-mTmT mouse, small nucleo-olivary cells are stained and are particularly visible in the ventral part of the nuclei (solid arrowheads). Hb, Faint labeling of the
axons of nucleo-olivary cells is visible in the inferior olive of the GlyT2-Cre X Rosa26-loxed-mTmT mouse, particularly in the dorsal subnucleus (Z-thickness of projection, 32 um). 1, In the Gly72-eGFP
mouse, the nucleo-olivary neuron somata were not visible in the cerebellar nuclei (/a), while virtually no axonal projections were seen in the inferior olive (Ib). Z-thickness of projection, 32 um. Scale bars: 4, B,

Ha, Hb, la, Ib, 200 1.m; Ca, D, E, 10 um; €b, 5 um; la, b inset, 100 m; Ha, Hb inset, 50 m. 10D, Dorsal nudleus of inferior olive; 10Pr, principal nucleus of inferior olive, Py, pyramidal tract.

neurons but also in some Purkinje cells and nucleo-olivary neu-
rons. Because of this lack of specificity, the GlyT2-eGFP mouse
was exclusively used for further morphological studies, keeping
in mind that only ~40% of the glycinergic interneurons are
eGFP+ in this genetic background.

Glycinergic neurons in the CN are distinct from
nucleo-olivary cells

To confirm that the GFP+ neurons found in the GlyT2-eGFP
mice and the small nucleo-olivary neurons constitute separate
populations of cells, injections of retrograde fluorescent beads
were performed in the inferior olive of GlyT2-eGFP mice (n = 3

animals; Fig. 3A). Retrolabeled cells found in the CN were never
eGFP positive (0 of 488 cells; Fig. 3B). However, closer examina-
tion revealed a level of fluorescence of their cell bodies slightly
above background, indicative of the fact that GFP may have been
expressed at earlier developmental stages. Immunostaining for
GABA also differentiated glycinergic interneurons from olivary
projecting cells. Retrogradely labeled cells did not stain for GABA
at their somata (Fig. 3B), although it is well established that
GABA neurotransmission occurs at their terminals in the inferior
olive through unusual asynchronous release (Best and Regehr,
2009). In contrast, 38.6 = 21.5% of the eGFP-positive neurons in
the GlyT2-eGFP animals (n = 3 animals, n = 570 eGFP-positive
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Figure 3. (N interneurons constitute a population distinct from inferior olive-projecting
neurons and present mixed GABAergic-glycinergic phenotypes. A, Bright-field image of a cor-
onal slice of the inferior olive in a GlyT2-eGFP mouse injected with red fluorescent retrograde
beads. B, In the CN, retrolabeled cells (red; solid arrows) were not GlyT2-eGFP-positive (green)
and do not exhibit GABA staining (blue) at their soma (see inset). Z-thickness of projection, 26
um. G, In the GlyT2-eGFP mouse, some GFP-positive neurons (green) are found costained for
GABA (red). D, In a Rosa26-loxed-mTmT X GlyT2-Cre mouse, all neurons stained for GABA (red)
at their somata are mTmT-positive (green), whereas some mTmT-positive neurons do not show
GABA staining. Ea—Ed, In the GlyT2-eGFP mouse, the mixed GABAergic/glycinergic phenotype
of most glycinergic neurons, whether eGFP positive (green) or not, is confirmed by costaining of
GlyT2 axonal varicosities (blue) with GAD65— 67 (red). Z-thickness, 1.7 um. I0M, Medial nu-
cleus of inferior olive; 10D, dorsal nucleus of inferior olive; 0P, principal nucleus of inferior olive.
Scale bars: A, 50 wm; B=D, 20 um; E, 10 wm; Binset, 10 wm; E close-ups a—d (right), 2 m.

neurons) displayed GABA immunostaining (Fig. 3C). Con-
versely, we found that only 42.5 = 23.4% of GABA-positive so-
mata were stained for GFP in the GlyT2-eGFP mice (n = 98
GABA-positive neurons; Fig. 3C), in agreement with the fraction
of interneurons stained in this model, whereas 89.1 * 15.1% of
GABA-positive somata also stained for mTmT in the Rosa26-
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loxed-mTmT X GlyT2-Cre offspring (n = 3 animals, n = 105
GABA-positive neurons; Fig. 3D).

As exemplified by the case of the nucleo-olivary cells, somatic
staining for GABA is not a reliable marker of the GABAergic
phenotype of the transmission at axonal varicosities. To evaluate
the extent of GABA and glycine corelease by the CN interneu-
rons, costaining for GlyT2 and GAD65-67 was performed in
GlyT2-eGFP animals (Fig. 3E). GFP+ axonal varicosities were
differentiated from dendrites by their GlyT2 staining, as previ-
ously described (Fig. 2D). Those varicosities, as well as GFP-
negative GlyT2-positive profiles, were always colabeled for
GAD65-67 (Fig. 3E, inset). These data argue for the accumula-
tion and corelease of GABA and glycine at the great majority of
interneuron synapses. Thus, inhibitory interneurons of the CN
constitute a specific cell type, distinct from the nucleo-olivary
cells, and characterized by their mixed glycinergic/GABAergic
inhibitory phenotype.

Different types of inhibitory receptor clusters in the CN

To identify the postsynaptic targets of CN mixed inhibitory in-
terneurons and assess the localization and abundance of their
synapses relative to the dominant GABAergic innervation com-
ing from PCs, we performed coimmunostaining against glycine
receptor subunits (pan-GlyR mAb4a antibody) and the y2 sub-
unit of GABA, receptors (GABAR-v2), which is strongly ex-
pressed in the CN (Araki et al., 1992; Fig. 4A). Numerous
GABAR-2 clusters were found throughout the neuropil and cover-
ing the somata and large initial dendrites of presumptive large pro-
jection neurons (Fig. 4A). Surprisingly, these clusters appeared
colocalized with small glycine receptor clusters. In addition, a pop-
ulation of somewhat larger glycine receptor clusters, which did not
appear to costain for GABAR-y2, was present in the neuropil and on
the initial dendrites of principal neurons (Fig. 4A).

To quantify these observations, we first performed threshold-
based cluster detection (Fig. 1; see Materials and Methods) on the
summed GABAR-y2 and pan-GlyR signals. Then GlyR and
GABAR immunoreactivities were integrated separately under
each cluster area, and the ratio GlyR/(GlyR + GABAR-72) stain-
ing was computed. The distribution of this ratio was bimodal,
identifying GlyR-enriched and GABAR-enriched clusters (Fig.
4B). In some cases, low GlyR expression led to the appearance of
a probably spurious peak of GABAR-only clusters (1.1 = 0.7% of
all clusters; the number of clusters in each stack varies between 1
and 47 clusters, n = 158 detected clusters, n = 7 stacks, data not
shown), which were only slightly more intense than the other
GABAR-enriched clusters (137.3 = 39.80%, Wilcoxon test p =
5.4¢~ °). We thus considered that GABAR-only clusters represent
an extreme form of GABA-enriched clusters but cannot exclude
that they constitute a rare synaptic class.

GABAR-v2 labeling was barely detectable in GlyR-enriched
clusters (6.7 £ 3.5% of the staining of GABAR-enriched clusters,
n = 7 stacks, n = 1185 detected clusters; Fig. 4C). Furthermore,
glycine receptor staining intensity in GlyR-enriched clusters was
181.3 = 57.0% of that of GABAR-enriched clusters (minimum,
132%; maximum, 280%; Wilcoxon test, p < 2.2¢~ o n=7
stacks; 2112 * 547 clusters per stack). Overall, GlyR-enriched
clusters represented 8.2 = 2.5% of the total number of immuno-
reactive profiles (n = 7 stacks, n = 14,790 detected clusters).
Similar results were reproduced with an antibody against the a1l
subunit of the GABA receptor (Fig. 4D). In this case, the GlyR-
enriched population amounted to 8.7 = 3.3% of the total number
of clusters (n = 10 stacks, n = 23,009 clusters detected; Fig.
3E,F). Finally, immunostaining against the a1 subunit of the
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Different types of postsynaptic inhibitory receptor clusters in the CN. 4, Costaining for the y2 subunit of GABAR (blue) and pan-GIyR subunits (red) reveals two main populations of

clusters. Z-thickness of projection, 8 . B, Example of intensity ratio histogram between the GlyR signal and the sum of the GlyR and GABAR signals in all clusters of one stack. The histogram exhibits
abimodal distribution that allow us to distinguish between GABAR--y2-enriched clusters (blue bins) and GlyR-enriched clusters (red bins). €, Plot of GABAR--y2 and pan-GlyRintensities (in arbitrary
units, a.u.), asa function of the intensity ratio. The smoothed average over the 2495 clusters detected is represented (black lines, mean = SD), showing the decreasing and increasing intensity trends
for GABAR--y2 and GIyR clusters, respectively. D—F, Similar observations are obtained with costaining for GABAR-a:1 subunit (blue) and pan-GIyR (red; n = 2088 detected clusters). G, GIyR a1
subunit immunoreactivity (red) is found on somata of presumptive principal CN cells and clusters are seen apposed to VIAAT-positive varicosities (green). Z-thickness of projection, 8 um. H, The
distribution of distances reveals that the majority of both pan-GIyR (red line) and c1-GIyR (blue line) clusters are found within 1 .em from VIAAT-positives varicosities. /, Similarly, both GlyR-enriched
(red line) and GABAR-enriched (blue line) clusters are located within a distance of 1 m from the VIAAT-positive element. Scale bars: 4, D, G, 10 m; A, D, G close-ups (right), 2 um.

glycine receptor revealed a very similar size and distribution of
glycine receptor clusters, confirming the specificity of pan-GlyR
immunostaining (Fig. 4G). These data demonstrate the existence
of two types of postsynaptic differentiation in the CN, expressing
different ratios of y2/a1-containing GABARs and a1-containing
glycine receptors, which we shall subsequently call GABAR-
enriched and GlyR-enriched clusters.

GABAR-enriched and GlyR-enriched clusters are in
apposition to PC terminals and glycinergic interneurons,
respectively

We investigated the localization of GlyR-enriched and GABAR-
enriched postsynaptic clusters relative to the inhibitory presyn-

aptic terminals identified by immunostaining against VIAAT.
The vast majority of glycine receptor clusters were found
within 1 um of VIAAT immunostaining (Fig. 4H), whether
GlyRs were stained for al (85.0 = 8.3%, n = 8 stacks, n = 2299
detected clusters) or for pan-GlyR (96.7 = 0.5%, n = 5 stacks,
n = 9638 detected clusters). This was a shorter distance than
predicted in the random distribution obtained when flipping VI-
AAT stacks (al-GlyR: original distribution, 0.7 = 0.5 um vs
random distribution, 1.3 * 1.1 wm, Wilcoxon test p < 2.2¢ 'S
pan-GlyR: original distribution, 0.5 £ 0.2 wm vs random distri-
bution, 0.9 * 0.5 wm, Wilcoxon test p < 2.2¢~ '®). GABAR-
enriched clusters and GlyR-enriched clusters were found at
similar distances from VIAAT profiles (Fig. 4G; GlyR-enriched
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GABAR-enriched clusters and GlyR-enriched clusters are located on principal neurons and face Purkinje cell varicosities and GlyT2 + profiles, respectively. 4, GlyR-enriched clusters are

found in front of GlyT2 + varicosities (white arrowheads) as shown in costaining for pan-GlyR (red), GABAR--y2 (blue), and GlyT2 (green). Z-thickness of projection, 8.3 m. B, €, Analysis of distance
distributions to the closest GlyT2-positive varicosities (red lines) reveals that 59.3 = 8.5% of GlyR-enriched clusters are found at <<0.6 m from a varicosity, whereas distribution of distances for
GABAR-enriched clusters (blue line) was not different from randomized data (black lines). D, E, Nonapposed GlyR-enriched clusters have lower intensities (summed GlyR -+ GABAR) than apposed
clusters (Wilcoxon test, p <<< 0.01). F, Costaining for pan-GlyR (red) and GABAR-+y2 (blue) in a L7-ChR2-YFP (green) mouse reveals appositions between L7-positive Purkinje cell terminals and
GABAR-enriched, but not GlyR-enriched, clusters (white arrowheads). Z-thickness of projection, 1.2 m. G, Costaining for pan-GlyR (red) and GABAR-y2 (blue) ina Thy1-ChR2-YFP (green) mouse,
in which CN principal cells exhibit YFP staining at the membrane. Z-thickness of projection, 0.51 wm. H, 1, Colocalization analysis as previously described (Fig. 2£) reveals that >88% of
GABAR-+y2-enriched clusters and >59% for GlyR-enriched clusters are colocalized with YFP, indicating that they are located on principal cells. Scale bars: 4, B, G, 10 em.

clusters, 0.46 = 0.21 wm; GABAR-enriched clusters, 0.49 = 0.26
um), indicating that both types of receptor aggregates are post-
synaptic to inhibitory varicosities.

We sought for the identity of presynaptic elements facing the
two types of receptor clusters. We used triple staining against
pan-GlyR, GABAR-v2, and GlyT2 (Fig. 5A) to study the spatial
relationship between glycinergic terminals from local interneu-
rons and GlyR-enriched clusters. Receptor clusters were detected
and GlyT2+ profiles were segmented in 3D (Imaris software; see
Materials and Methods). The distance between each cluster cen-
ter and the closest surface of a GlyT2+ profile was calculated
using original and flipped GlyT2 stacks, to control for nonspecific
appositions (Fig. 4B,C). The distribution of the distances be-
tween GABAR-enriched clusters and GlyT2+ varicosities did not
show a peak for small values and was similar to the randomized
distribution (Fig. 5B). In contrast, the distance distribution of
GlyR-enriched clusters showed a marked peak for short distance,
and 59.3 * 8.5% of GlyR-enriched clusters were found within 0.6
um of a GlyT2+ varicosity (Fig. 5C), significantly more than
expected at random (12.8 % 4.7%; Wilcoxon test, p < 2.2¢~ '°).
Those appositions were also found in the GlyT2-eGFP mouse
(data not shown), but only 27.9 = 20.9% of GlyR-enriched clus-
ters were found within 0.6 wm of a GlyT2-eGFP+ varicosity, in
agreement with the observed mosaic expression in this transgenic

line. Hence, the most likely explanation for the presence of a
substantial fraction of GlyR-enriched clusters at a distance from
GlyT2+ profiles is that some of them may be extrasynaptic or
intracellular clusters (Hanus et al., 2004), as suggested by the fact
that the staining of GlyR-enriched clusters located at >0.6 wm
from a GlyT2+ varicosity was significantly lower than that of
apposed clusters (Fig. 4D, E). However, the presence of GlyR-
enriched clusters at synapses that do not face glycinergic in-
terneurons cannot be excluded. Overall, these data indicate that
GlyR-enriched clusters are preferentially involved in inhibitory
transmission at the synapses of CN interneurons, whereas
GABAR-enriched clusters are located at PC synapses.

The abundance of GABAR-enriched clusters, particularly on
the somata of principal neurons, fits well with the known distri-
bution of PC synapses (De Zeeuw and Berrebi, 1995). To confirm
this hypothesis, we performed pan-GlyR/GABAR-y2 costaining
in L7-ChR2-YFP transgenic mice (Chaumont et al., 2013) in
which expression of ChR2 and YFP was under the control of the
Purkinje-specific L7 promoter (Fig. 5F). GABAR-enriched clus-
ters faced L7-ChR2-YFP+ terminals on the somata and in the
neuropil, but the density of L7-YFP staining prevented proper
segmentation of the L7-ChR2-YFP+ terminals and distance
quantification. In contrast, GlyR-enriched clusters were generally
found between L7-ChR2-YFP+ profiles decorating the somata
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and proximal dendrites, confirming that they are in apposition to
another presynaptic element.

GABAR-enriched clusters and the majority of GlyR-enriched
clusters are located on the membranes of principal CN
neurons

The CN contain three main cell types: principal projection neu-
rons, nucleo-olivary neurons, and inhibitory interneurons.
Whereas PCs target all three cell types (De Zeeuw and Berrebi,
1995; Teune et al., 1998), the targets of local interneurons are not
well characterized (Chen and Hillman, 1993; De Zeeuw and Ber-
rebi, 1995). We thus investigated the postsynaptic localization of
GlyR-containing postsynaptic clusters. In line 18 Thyl-ChR2-
YFP mice (Wangetal., 2007), YFP is a specific marker of principal
cells as opposed to local interneurons or nucleo-olivary neurons.
All large CN projection neurons, characterized by their somatic
VGIuT2 immunoreactivity (data not shown), but none of the
small cells, exhibited YFP staining at their plasma membrane. We
performed costaining for pan-GlyR and GABAR-vy2 in Thyl-
ChR2-YFP mouse (Fig. 5G) and classified all clusters as described
previously. The total YFP signal located under each cluster in
original and flipped YFP stacks was integrated to evaluate colo-
calization (Figs. 1,4 H, I; see Materials and Methods). Virtually all
GABAR-enriched clusters (at least 88%; Fig. 5H) were found
colocalized with YFP, indicating that they are located on princi-
pal neurons. A majority of GlyR-enriched clusters (59%) were
also colocalized with YFP staining and thus located on principal
cells (Fig. 5I'). The remaining 41% of GlyR-enriched clusters may
be located on other cell types or intracellularly in principal cells.
We conclude that interneuronal synapses onto CN principal cells
should differ from PC synapses by the presence of a large glycin-
ergic component.

Evidence for a small glycinergic component at PC-CN
neuron synapses
PCIPSCsrecorded in CN principal neurons are generally consid-
ered to be purely GABAergic (Obata, 1969; Curtis et al., 1970; De
Zeeuw and Berrebi, 1995). We looked for electrophysiological
evidence of glycinergic transmission at PC-to-principal CN neu-
ron synapses. CN principal neurons were recorded in whole-cell
voltage-clamp configuration in Thy1-CFP mice (aged P30—P60)
and axons of PCs were electrically stimulated in the white matter
surrounding the CN, which is devoid of interneuron axons. Large
synaptic currents were evoked (mean, 1108.4 = 782.1 pA/15.8 =
11.2 nS, n = 20 cells) with a fast decay time course (2.7 = 0.7 ms,
n = 16 cells; Telgkamp et al., 2004; Pugh and Raman, 2005; Fig.
6A). Application of strychnine at the selective concentration of
300 nM blocked 12.3 = 7.8% of the peak current (control,
1347.7 £ 965.5 pA/19.3 = 13.8 nS; strychnine 300 nm, 1198.7 =
876.2 pA/17.1 = 12.5nS, n = 10 cells). Subsequent application of
1 uM strychnine produced a further block of the peak current,
attaining a total of 39.1 * 12.0% (888.9 * 718.0 pA/12.7 = 10.3
nS n = 8 cells; Wilcoxon test paired, n = 8 paired cells, p =
0.0078) of the initial peak value (Fig. 6B). Finally, addition of 300
nM gabazine blocked 84.5 * 6.5% of the isolated GABAergic
component remaining in 1 um strychnine (n = 7 cells; Fig. 6B).
The large additional block by 1 um strychnine over 300 nm
strychnine is most likely due in part to the well known antagonis-
tic effect of strychnine on GABA receptors (Yakushiji et al., 1987;
Jonas et al., 1998), casting doubts on the true size of the glyciner-
gic component at PC synapses.

To provide better quantitative evidence, we applied a two-step
strategy. We first blocked 81.4 = 8.6% (control, 869.1 * 481.6
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Figure 6. Isolation of a small glycinergic component at Purkinje cell synapses onto principal
cells. A, Example of averaged synaptic responses elicited by electrical stimulation of Purkinje cell
axons in the white matter surrounding the CN and recorded in CN principal neurons in the
presence of blockers of glutamate receptors (50 m p-APV and 10 wum NBQX). Strychnine (300
nm, 1 M) and gabazine (300 nw) were successively applied in the bath, resulting in reduction of
the peak amplitude. B, Percentage of block by strychnine 300 nmand 1 wm and by gabazine 300
nu relative to the initial response amplitude (n = 10, 8, and 7 cells, respectively). ¢, Application
of gabazine 300 nm reduced the peak amplitude by 81.4 == 8.6% (n = 10 cells) and was used to
enrich the responses in glycinergic component by increasing the glycinergic fraction in the
remaining component. D, E, Block of the remaining current by subsequent application of 300 nm
and 1 m strychnine (n = 6 and 8 cells, respectively).

PpA/12.4 = 6.9 nS; gabazine 300 nM, 151.8 * 88.5pA/2.2 + 1.3 nS,
n = 10 cells) of the synaptic current with a selective concentration
of gabazine (SR-95531, 300 nM), an antagonist of GABA R (Ha-
mann et al., 1988; Fig. 6C). We then assessed whether strychnine
had an enhanced action on the remaining component of synaptic
current, putatively enriched in glycinergic conductance. We
found the block of the gabazine-resistant current to be 27.2 =
11.6% (111.4 = 73.1 pA/1.6 = 1.0 nS, n = 6 cells) and 48.4 =
14.3% (83.4 = 57.1 pA/1.2 £ 0.8 nS, n = 8 cells) for 300 nm and
1 uM strychnine, respectively (Wilcoxon test, p = 0.019; Fig.
6D,E). This is 14.9% (Wilcoxon test p = 0.02) and 9.3% (Wil-
coxon test p = 0.16) more than before gabazine application. The
synaptic component blocked by 300 nm strychnine after applica-
tion of gabazine corresponded to 3.77 = 1.21% (n = 6 cells) of
the total control current. This value could be corrected for non-
specific block of GABA receptors to a high estimate of 2.2%,
assuming independence of strychnine and gabazine effects on the
GABA receptors (see Materials and Methods).
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Optogenetic activation of CN interneurons elicits mixed
inhibitory synaptic responses in principal neurons

We then investigated the contribution of glycinergic transmis-
sion at interneuron-to-principal cell synapses. The properties of
this connection are completely unknown because interneurons
cannot be excited specifically by extracellular electrodes. We thus
used an optogenetic approach. GlyT2-Cre mice (1 month old)
were injected into the CN with an adeno-associated virus encod-
ing a flexed channelrhodopsin 2 (ChR2) and YFP reporter con-
struct. Three weeks after injection, YFP was expressed specifically
in GlyT2-expressing cells of the infected area (Fig. 7A,B). CN
principal neurons from the infected area were recorded in the
whole-cell voltage-clamp configuration, whereas interneurons
were stimulated by 1 ms illumination of the whole field of view
with blue light from a LED at 470 nm (intensities between 0.3 and
4 mW/mm?). Optogenetic stimulations elicited synaptic cur-
rents in principal neurons (Fig. 7B, C,E) with variable efficacy.
Maximal intensity illumination failed to evoke any IPSCs in
48.3% of the cells recorded (28 of 58). In the remaining cells, the
average peak amplitude of the IPSCs varied between 26 and 785
PA (mean, 145.02 = 152.24 pA/2.1 £ 2.1 nS, n = 43 cells; Fig.
7B). As in the GlyT2-eGFP mouse, only 40% of GlyT2-positive
elements at best are colabeled for YFP in the GlyT2-Cre mouse
injected with ChR2-YFP viruses at a postnatal stage (data not
shown). This partial infection of the glycinergic interneuronal
population, as well as variable preservation of connections in the
slices, may explain the heterogeneity of the evoked synaptic re-
sponses. A paired-pulse ratio (PPR) of 1.00 £ 0.16 (1 = 14 cells)
was measured for a 100 ms interval between optical stimulations,
slighter lower than the PPR at PC synapses (1.09 = 0.13, n = 14;
Wilcoxon test p = 0.021), suggesting similar release probability at
the two synapses. The decay times of the synaptic events at these
two synapses were not significantly different (Purkinje cell syn-
apse, 2.67 = 0.66 ms, n = 16 cells; interneuronal synapse, 3.07 =
0.99 ms, n = 15 cells; Wilcoxon test p = 0.2316).

Strychnine and gabazine were applied to quantify the contri-
bution of glycinergic transmission at the interneuron-to-
principal cell synapse. Application of 300 nM strychnine blocked
34.7 = 14.9% of the initial amplitude (control, 154.2 = 92.3
PA/2.2 = 1.3 nS; strychnine 300 nM, 97.3 * 59.6 pA/1.4 = 0.9 nS,
n = 13 cells; Fig. 7C,D), significantly more than at the PC synapse
(Wilcoxon test, p = 0.0025). The percentage block by strychnine
was highly variable between cells (minimum = 5.8%, maxi-
mum = 52.7%). Ata concentration of 1 uM, strychnine produced
alarger block of 51.1 £ 20.5 % (73.8 = 48.6 pA/1.1 £ 0.7 nS; n =
14 cells; Wilcoxon test paired, n = 10 cells paired, p = 0.0019; Fig.
7C,D), consistent with a nonspecific action on GABARs. Addi-
tion of 300 nM gabazine blocked virtually all the remaining cur-
rent (94.2 = 4.9% of the remaining value, 4.3 = 3.6 pA/0.06 =
0.05 nS, n = 7 cells; Fig. 7C,D). This is significantly different
from the block of the isolated GABA component at the Pur-
kinje cell synapses (84.5 = 6.5%, n = 7 cells; Wilcoxon test,
p = 0.0297), consistent with a difference in the molecular
identity of GABAR present at the two synapses, as suggested by
immunohistochemistry.

We applied the same two-step strategy as previously described
at the Purkinje cell-to-principal neuron synapse, to provide a
reliable estimate of the glycinergic and GABAergic components
at the interneuronal synapse. Application of 300 nm gabazine
blocked 76.7 £ 10.9% of the initial amplitude (control, 161.6 =
169.6 pA/2.3 = 2.4 nS; gabazine 300 nMm, 29.6 = 18.5 pA/0.42 =
0.27 nS, n = 11 cells; (Fig. 7 E, F). Following application of strych-
nine 300 nM, the gabazine-resistant current was blocked by
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56.3 £ 19.9% (14.5 = 14.5 pA/0.21 = 0.21 nS, n = 10 cells),
significantly more than at the Purkinje cell synapse (Wilcoxon
test p = 0.01099, Purkinje cells synapse, 27.2 = 11.6%, n = 6
cells). This represented a fraction of the original current of 14.7 =
8.2% (n = 11 cells), significantly higher than that at the Purkinje
cell synapse (3.8 = 1.2%, n = 6 cells, Wilcoxon test p = 0.02731;
Fig. 7G). Correction for nonspecific block of the GABA compo-
nent yielded an estimated glycinergic component of 13.6%.

These results provide the first evidence for functional inhibi-
tory neurotransmission at interneuronal synapses onto principal
cells of the CN. They establish the presence of a large glycinergic
component, as a distinctive feature of interneuron IPSCs in prin-
cipal cells.

Discussion
Inhibitory glycinergic neurons in the CN
We examined the function of CN glycinergic interneurons using
the GlyT2-eGFP and GlyT2-cre transgenic models. Glycinergic
CN neurons are specifically stained in adult GlyT2-eGFP animals,
where GFP+ neurons form a population distinct from
retrogradely labeled nucleo-olivary cells (Fig. 3) and morpho-
logically different from principal cells. Only 40% of the gly-
cinergic neurons express GFP in adult GlyT2-eGFP mice, as
confirmed by the incomplete colocalization with GFP of GlyT2-
immunoreactive profiles (Fig. 2) and of GABA-immunoreactive
cell bodies (Fig. 3), and by the partial apposition of GFP with
GlyR-enriched clusters (Fig. 5). Taking this mosaic expression
into account, the total number of glycinergic neurons in the in-
terposed and lateral CN can be estimated to 3200 bilaterally, sim-
ilar to the 4000 neurons positive for GABA and glycine but lower
than the 8600 glycine-only somata found by Baurle and Griisser-
Cornehls (1997). Mild accumulation of glycine in glia through
the GlyT1 transporter could explain the numerous glycine-only
somata in that study. Finally, interneurons account for approxi-
mately half of the 10,000 small neurons found by Heckroth
(1994) in the mouse CN, the other half being nucleo-olivary cells.
Although complete staining of the glycinergic population can
be obtained in a GlyT2-cre model, when the cre recombinase is
allowed to act on reporter constructs during the whole develop-
ment (Fig. 2), aspecific expression of the marker extends to some
vermal Purkinje cells and to a subpopulation of nucleo-olivary
cells (Fig. 2). This pattern of expression might also be present in
the young GlyT2-eGFP animals (which were generated using the
same bacterial artificial chromosome), as indicated by the weak
residual GFP staining in some nucleo-olivary cells at 2 months
(data not shown). This lack of specificity in young GlyT2-eGFP
mice might explain why two types of GFP+ cells were distin-
guished on electrophysiological criteria at P20—P27 (Uusisaari
and Knopfel, 2010). The first type fires spontaneously and is
functionally similar to small GAD67-GFP-positive nucleo-
olivary cells (Uusisaari et al., 2007; Uusisaari and Knopfel, 2008).
A second population of larger GFP+ neurons was spontaneously
inactive, in agreement with the rare occurrence of spontaneous
glycinergic events in principal cells (Chen and Hillman, 1993;
Pedroarena and Kamphausen, 2008; this study). These neurons
displayed a local axonal plexus, as described in this study, and
may also project toward the cortex (Uusisaari and Knopfel,
2010). Finally, these neurons fired at high frequency in response
to large current injections (Uusisaari and Knopfel, 2010), remi-
niscent of the bursts of high-frequency IPSCs we recorded in
principal CN neurons in response to saturating optogenetic
stimulations. We conclude that glycinergic CN neurons con-
stitute a separate class of medium-sized spontaneously inac-
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(b Cx, Cerebellar cortex.
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tive neurons, which may account for half of the non-principal
neurons in the CN.

Some aspects of the microcircuit organization of glycinergic
CN neurons appeared as incidental observations in previous
studies (Chen and Hillman, 1993; De Zeeuw and Berrebi, 1995;
Pedroarena and Kamphausen, 2008). We show here that glycin-
ergic boutons face GlyR-enriched synapses (Figs. 3, 4) which ac-
count for ~4% of the number of inhibitory clusters on principal
neurons. The existence of an equivalent population of GlyR-
enriched clusters that is located neither on principal cells (Fig. 5)
nor on the somata or primary dendrites of GlyT2-GFP interneu-
rons confirms the early observation that glycinergic terminals
contact GABA-containing neurons (De Zeeuw and Berrebi,
1995), most likely nucleo-olivary GABAergic cells.

Mixed GABA-glycine transmission in the CN

Mixed release of GABA and glycine is a common mode of inhib-
itory transmission in the cerebellar cortex (Dumoulin et al., 2001;
Rousseau etal., 2012). In the CN, GlyT2-positive neurons express
GADG67 (Tanaka and Ezure, 2004), as do nucleo-olivary cells
(Fredette and Mugnaini, 1991; Tamamaki et al., 2003). Surpris-
ingly, a single functional class of small GFP-positive neurons and
a separate class of GFP-negative neurons was described in the CN
of GAD67-GFP knock-in animals (Uusisaari et al., 2007; Uusi-
saari and Knopfel, 2008), suggesting that glycinergic interneu-
rons may not be stained in this transgenic line. We find here that
most GlyT2-immunoreactive varicosities are positive for GAD,
indicating that glycinergic CN neurons consistently corelease
GABA and glycine.

We took advantage of the cell-type specificity of optogenetic
stimulations to reveal and characterize the functional synapses
between glycinergic interneurons and principal cells in the CN.
Light-evoked IPSCs always contained both GABAR-mediated
and GlyR-mediated components with an average GlyR contribu-
tion of 15% of the amplitude (Fig. 7). This large glycinergic com-
ponent differentiates interneuron IPSCs from PC IPSCs (Fig. 6),
for which <3% of the amplitude is mediated by GlyR, whereas
IPSC decay kinetics are similar at both synapses. Paired stimula-
tions gave similar PPRs at interneuronal (Fig. 7) and Purkinje
synapses (Telgkamp et al., 2004), but longer stimulation trains
should be tested. Spillover between release sites onto multiple
receptor clusters (Telgkamp et al., 2004) accounts for sustained
high-frequency transmission at large Purkinje cell boutons.
The sensitivity of GlyR to glycine spillover and temporal sum-
mation (Beato et al., 2007; Balakrishnan et al., 2009) could
favor GlyR currents during high-frequency activity at in-
terneuronal synapses.

The presence of small aggregates of GlyR a1 subunits at PC
synapses onto principal neurons and of a small glycinergic com-
ponent of the IPSCs is surprising, as PCs are not known to release
glycine (Tanaka and Ezure, 2004). GABA can activate GlyR with
low efficacy (De Saint Jan et al., 2001; Legendre, 2001), evoking
fast decaying GlyR-IPSCs (Lu et al., 2008) with kinetics similar to
those of the PC IPSCs (Fig. 6; Person and Raman, 2012a). The
functional role of this small glycinergic component is elusive, and
the presence of GlyR at GABAergic synapses may result from
structural entrapment during synapse formation (Dumoulin et
al., 2000; Muller et al., 2004), as both GABAR (Sassoe-Pognetto et
al., 2000) and GlyR (Meyer et al., 1995) bind to the same post-
synaptic scaffolding protein, gephyrin.

Atinterneuronal synapses, GlyR-enriched clusters contain the
al subunit of the glycine receptor (Fig. 4; Malosio et al., 1991),
most likely associated with the 8 subunit, which is expressed in
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the CN (Weltzien et al., 2012) and is responsible for the clustering
of GIyR at synapses (Kneussel and Betz, 2000). GlyR-enriched
clusters are virtually devoid of the a1 and y2 GABAR subunits,
the most abundant subunits in the CN (Persohn et al., 1992;
Gambarana et al., 1993), found at PC synapses onto principal
cells (Fig. 4). However, pharmacological analysis of the interneu-
ron IPSCs demonstrates the presence of functional GABAR (Fig.
7). Although a3-GABAR subunits are expressed in the CN, they
appear to mediate slow IPSCs at PC synapses onto GABAergic
cells (Uusisaari and Knopfel, 2008), different from the fast opti-
cally evoked IPSCs in principal cells. It is thus likely that other
GABAR subunits, such as a5 or y1 (Pirker et al., 2000; Hortnagl
etal., 2013), are involved at interneuronal synapses onto princi-
pal cells.

Functional impact of interneuronal inhibition in the CN

The average IPSC conductance evoked by optogenetic stimula-
tions (2 nS; Fig. 7) gives the strength of the interneuronal input to
principal neurons. Because 40% of interneurons at best express
ChR2 upon viral infection in GlyT2-Cre animals, the average
interneuronal synaptic conductance should exceed 5 nS, ~4% of
the average conductance evoked by maximal electrical stimula-
tion of PC axons in the slice (Person and Raman, 2012a). Our
optogenetic stimulations and the electrical stimulations of Per-
son and Raman (2012b) represent a large underestimate of the
total inputs, as many synapses will not be recruited due to failed
stimulation or disrupted connectivity in slices. However, their
ratio is in excellent agreement with previous electron microscopy
estimates of glycine-containing synapses in the CN (2% of all
contacts; De Zeeuw and Berrebi, 1995) and with our immunohis-
tochemical staining (5% of contacts on principal cells).

Two types of spontaneous IPSCs/IPSPs have been recorded
from CN principal neurons in vivo (Bengtsson et al., 2011; Witter
etal.,, 2013): a barrage of low-amplitude and high-frequency syn-
aptic events reflecting the spontaneous firing of presynaptic PCs
(Person and Raman, 2012a), and giant low-frequency IPSC/Ps.
Giant IPSC/Ps have been proposed to result from the synchroni-
zation of PCs by climbing fibers (Bengtsson et al., 2011; Person
and Raman, 2012b; Witter et al., 2013). Indeed, large IPSCs are
readily evoked during tactile stimulations of the cutaneous
climbing fiber receptive field (Bengtsson and Jorntell, 2014) and
by electrical stimulations of the inferior olive (Hoebeek et al.,
2010; Bengtsson et al., 2011), driving powerful rebound firing of
the CN cells which induces plasticity at CN synapses (Aizenman
et al., 1998; Pugh and Raman, 2006). Surprisingly, direct syn-
chronization of PCs by stimulation of the cerebellar cortex did
not produce a robust rebound firing of CN cells (Hoebeek et al.,
2010; Person and Raman, 2012a). The difference in the effects of
olivary and cortical stimulations has been tentatively explained
by assuming that inferior olive activity recruits functionally sig-
nificant sparse patterns of PCs (Welsh et al., 1995; Ozden et al.,
2009, 2012; Schultz et al., 2009). Alternatively, one should con-
sider the possibility that giant IPSC/Ps recorded from CN prin-
cipal cells arise from the synchronous activity of several CN
interneurons and not from PC synchronization.
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4.2. Supplementary data

4.2.1. Transient expression of GlyT2 in nucleo-olivary neurons

The use of transgenic lines where the GlyT2 promoter was used to express GFP or Cre-
recombinase led to the conclusion that there was a transient expression of GFP in the nucleo-olivary
cells during the development.

A mismatch exists in the calculated numbers of GlyT2-positive neurons in the cerebellar nu-
clei of the GlyT2-eGFP and the GlyT2-Cre x Rosa-mTmT adult mouse, suggesting that the expres-
sion of Cre-recombinase was not restricted to glycinergic neurons in the GlyT2-Cre mouse, puta-
tively due to developmental leakage of Cre-recombinase expression.

In support of this hypothesis, we found evidence for the early expression of GFP in the nu-
cleo-olivary neurons during the development of the GlyT2-eGFP mouse. We retrolabeled nucleo-
olivary neurons by injecting retrobeads in the inferior olive of adult GlyT2-eGFP mice. These neu-
rons displayed a level of GFP expression above the background. Expression was quantified by in-
creasing the sensitivity of the fluorescence acquisition, leading to saturation over the somata of the
GFP+ glycinergic neurons. We found that all the retrolabeled cells exhibit lower somatal GFP inten-
sity than the GFP+ glycinergic neurons (see figure 4.1.).

We conclude that the nucleo-olivary neurons may express transiently during early develop-
mental stages under the BAC fragment of the GlyT2-promoter used to produce the transgenic mice.
An extensive developmental survey would be necessary to confirm and quantify this point.
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Figure 4.1.: Weak expression of GFP in the nucleo-olivary neurons in the GlyT2-eGFP adult mouse. A- Interposed
nucleus in a GlyT2-eGFP mouse, injected in the inferior olive with red Retrobeads. Some retrolabeled cells are faintly
stained for GFP (arrows in the close up) (Z-thickness of projection: 8 pm). B- GFP intensity of the GlyT2+ cell body
was retrieved and demonstrated the existence of two populations of cells, the strongly-expressing population displaying
saturated levels of fluorescence in these stacks. The strongly GFP+ cells were not retrolabeled from the IO (black dots, n
= 182 cells) while faintly stained cells were retrolabeled nucleo-olivary neurons (red dots, n = 306 cells). Scale bars: A.
50 um. A close up. 20 pm.
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4.2.2. Extracellular recordings of the GlyT2-expressing interneurons

The firing behavior of the GlyT2-positive neurons in the cerebellar nuclei of GlyT2-Cre mice
infected with flexed AAV coding for ChR2-YFP was investigated by extracellular recordings in acute
slices. Light pulses of one millisecond and increasing power were used (as during the whole-cell re-
cordings of the principal neurons).

The first interesting observation is the fact that GlyT2-expressing neurons did not seem to
fire spontaneously, as no spikes could be seen before the onset of the light illumination. Only one
cell out of the 11 recorded neurons exhibit a spontaneous firing rate around 20 Hz. All the recorded
neurons (n = 11) responded to the illumination by firing high-frequency bursts of spikes (mean fre-
quency during the burst: 467.5 + 82.3 Hz, n= 5 cells). Increased illumination power elicited bursts
with an increasing number of spikes (see figure 4.2.A).

Sequential bath applications of 1 uM gabazine, 50 pM APV- 10 uM NBQX did not block the
burst firing or reduce the amplitude of the spike, suggesting that this firing pattern is only due to the
intrinsic electrophysiological properties of the GlyT2-Cre positive neurons (see figure 4.2.B). Spikes
were abolished by 200 nM tetrodotoxine (TTX), indicating that they depend on sodium channels.

These high frequency bursts of spikes are similar to the bursts of IPSCs recorded in principal
neurons in response to high-intensity optogenetic stimulation (see figure 4.2.C).

4.3. Concluding remarks

For many years, authors have described populations of putative inhibitory interneurons in the
cerebellar nuclei and proposed that they project onto principal neurons to control their activity
without precisely demonstrating it. Additionally, little evidence for glycinergic transmission in the
principal neurons came from heavy pharmacological manipulations of the presynaptic terminals.
However, the gap which links both presynaptic activity of the putative glycinergic interneurons and
the postsynaptic currents in the principal neurons was never filled.

Here, we demonstrated the functional inhibitory transmission between inhibitory neurons and
principal neurons in the cerebellar nuclei. A population of local inhibitory neurons, which co-
release GABA and glycine, make synapses on the somatic compartment of the principal neurons.
The post-synaptic clusters at this synapse are mainly composed of a1 and § subunits of the glycine
receptor and virtually devoid of the y2 and a1subunits of GABAx receptors. The IPSCs recorded are
inhibited by both GABA, and glycine receptors antagonists, gabazine and strychnine respectively,
providing the first demonstration of mixed functional transmission in the cerebellar nuclei.

Additionally, we showed that post-synaptic clusters located at the Purkinje cell synapses are im-
munoreactive for glycine receptors. However, the percentage of glycine receptor — mediated cur-
rents is very low (less than 3 %) and did not interfere with the kinetics of the inhibitory currents.

Therefore, mixed inhibitory inputs arising from the interneuronal population are physiologically
different from the GABAergic inputs from the Purkinje cells. Functional impact of the interneurons
activity onto the principal neurons is not clear for now, mainly due to acute slices experiments limi-
tations. In vivo studies, where inputs to cerebellar nuclei are preserved, may improve the compre-
hension of the interneuronal population activity and therefore their impact on cerebellar output.
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Figure 4.2.: Extracellular recordings
of GlyT2-Cre positive ChR2-infected
neurons during one millisecond
whole field illumination. A- Recruit-
ment curve of different illumination
intensities (arbitrary units, A.U.).
Onsets of the stimulations are indi-
cated by the blue arrows. At low
powers, neurons were not responding
and do not exhibit spontaneous firing
during baseline recordings. With
increasing intensities, neurons re-
spond in bursts with increasing num-
ber of spikes. B- Burst spiking pheno-
type was not affected by successive
application of 1 uM gabazine, 50 uM
APV/10 pM NBQX, but was abol-
ished by 200 nM TTX. Onsets of the
stimulations are indicated by the blue
arrows (1 ms illumination with max-
imum power intensity). C- High-
frequency bursts of spikes of the
GlyT2-expressing neurons elicited
similar bursts of IPSCs in the princi-
pal neurons. Onset of the stimulation
is indicated by the blue arrow (1 ms
illumination with power 2 A.U. in-
tensity)



RESULTS

CHAPTER 5: Beyond principal cells: the extended connectivity
of the inhibitory glycinergic neurons of the cerebellar nuclei

The connectivity of the cerebellar nuclei remains still unclear, especially the nature of the
neuronal networks involving the cell types other than the principal neurons.

In this chapter, we will describe another output of the cerebellar nuclei, the nucleo-cortical
projection. Recently, a population of glycinergic neurons has been shown to be implied in the nu-
cleo-cortical feedback loop. We investigated the hypothesis that the glycinergic nucleo-cortical neu-
rons represent the same neuronal population as the population giving rise to the local mixed neu-
rons we previously described. We find it is the case and describe the target of the inhibitory nucleo-
cortical fibers in the cerebellar cortex and the synaptic properties of those inhibitory nuclear projec-
tions.

In addition, synaptic inputs onto this inhibitory neuronal population of the cerebellar nuclei
have not been described. In this chapter, we investigated the Purkinje cell inputs onto inhibitory
neurons, as well as the putative excitatory inputs arising from the mossy fiber or climbing fiber sys-
tems.

5.1. Intra-cerebellar output of the cerebellar nuclei: the inhibitory nucleo-cortical

pathway

A population of glycinergic neurons has been shown to project to the granular layer of the
cerebellar cortex (Uusisaari and Knopfel, 2010), consistent with the previous description of an in-
hibitory nucleo-cortical pathway (see Introduction, Chapter 3, section 3.3.2.). We therefore investi-
gated whether the neurons identified genetically in our first study also projected to the cortex. The
cerebellar nuclei of the adult GlyT2-Cre mouse were injected with a floxed AAV coding for YFP.
After three weeks of expression we observed nucleo-cortical fibers leaving the cerebellar nuclei to
reach the granular layer of the cortex (see figure 5.1.A). We therefore initiated a collaboration with
M. Uusisaari and colleagues who had found similar nucleo-cortical projections in GAD65-Cre mice
injected with a floxed AAVs (Uusisaari’s data, not shown).

A low density axonal plexus restricted to the granular layer of the cerebellar cortex (see figure
5.1.A) was observed. Numerous large varicosities (about 2 pm of diameter) were distributed along
thin and tortuous axons and were co-labelled for GAD65-67 (see figure 5.1.B and figure 5.1.C. solid
arrows), indicating that they can co-release GABA and glycine.

One of the favorite target cells for those glycinergic nucleo-cortical fibers in the granular lay-
er would be the Golgi cells, as they are known to express glycine receptors (Dumoulin et al., 2001).
Golgi cells constitute a heterogeneous neuronal population (Pietrajtis and Dieudonné, 2012). Three
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main types of Golgi neurons could be distinguished: glycinergic-only, GABAergic-only and mixed
GABA/glycine Golgi cells. The GABAergic and mixed Golgi cells are also expressing neurogranin, a
calcium binding protein.

GlyT2-eGFP mouse was used as a first approach to see Golgi cells in the granular layer. Consti-

tutive AAVs coding for mCherry were injected in the cerebellar nuclei of GlyT2-eGFP mice. As the
virus was not specific of the glycinergic neurons, we also labelled the glutamatergic nucleo-cortical
neurons. However, those neurons won’t be co-labeled for GFP. Moreover, it appeared that glutama-
tergic (GAD65-67 - negative) nucleo-cortical fibers are ending in glomeruli, in a rosette-like shape
(see figure 5.1.C.a. dashed arrow) whereas inhibitory nucleo-cortical fibers make en passant varicosi-
ties, usually around 2 um of diameter (see figure 5.1.B, C, D, E). mCherry+ inhibitory nucleo-cortical
tibers could thus also distinguished based on their morphological characteristics. This was particu-
larly useful, as we showed previously that about 40% only of the glycinergic neurons express GFP in
the cerebellar nuclei of the GlyT2-eGFP mouse (see Results, Chapter 1, section 1.1.). Some examples
of GFP- / mCherry + nucleo-cortical fibers are shown in figure 5.1.D-E.
Inhibitory nucleo-cortical fibers were found in apposition to dendrites of GlyT2-eGFP + Golgi cells
(see figure 5.1.C.a. solid arrows and figure 5.1.E. dashed arrows). In some cases, the presynaptic ter-
minals were not facing any GlyT2-eGFP+ elements, suggesting that the inhibitory nucleo-cortical
fibers may contact others Golgi cell types. Neurogranin stainings revealed that inhibitory nucleo-
cortical fibers often contact the neurogranin+ Golgi cell dendrites (see figure 5.1.D-E. solid arrows).
To date, we found no apposition between nucleo-cortical inhibitory fibers and GlyT2-
eGFP+/neurogranin+ neurites, suggesting that mixed Golgi cells may not be contacted by the in-
hibitory nucleo-cortical neurons. Further analysis need to be completed to confirm this hypothesis.
Those findings are in agreement with the data provided by Uusisaari and colleagues, who demon-
strated that inhibitory nucleo-cortical fibers contact GAD- positive Golgi neurons.

Therefore, inhibitory nucleo-cortical neurons, co-releasing GABA and glycine, project to the
granular layer of the cortex where they contact Golgi cells. It seemed that the terminals preferentially
end on glycinergic-only and GABAergic-only Golgi-cells, however further investigations are neces-
sary to detail the connectivity of the nucleo-cortical fibers onto the different Golgi cell types.

To confirm that the nucleo-cortical projections onto Golgi cells were functional, we injected
floxed AAV-ChR2-YFP in the cerebellar nuclei of GlyT2-Cre mice. After three weeks of incuba-
tions, Golgi cells were recorded in acute slices of cerebellar cortex** (see Materials and Methods).
Inhibitory currents were elicited in Golgi cells (n = 6) by one-photon illumination of the GlyT2-Cre
x AAV-ChR2-YFP nucleo-cortical fibers (see Materials and Methods) (see figure 5.2.A.). Application
of 300 nM strychnine inhibited 27.2 + 19.6% of the initial peak amplitude, while subsequent applica-
tion of 2 uM gabazine fully blocked the response (see figure 5.2.B.). The decays of the IPSCs were
titted by a bi-exponential function. The fast component was found to be slower after the application
of 300 nM strychnine (baseline: 10.95 * 2.92 ms; after strychnine: 14.06 + 4.94 ms, Wilcoxon paired
test, p = 0.016), while the slow component was found unchanged (baseline: 90.48 + 68.54 ms; after
strychnine: 91.80 + 48.80 ms, Wilcoxon paired test, p = 0.6875). Those results are consistent with
the specific block by strychnine of a fast glycinergic component of the light-evoked nucleo-cortical
IPSCs (see Introduction, Chapter 3, section 3.2.2.).

** All the Golgi cells recordings were performed by Kasia Pietrajtis.
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Figure 5.1.: Mixed GABAergic/glycinergic nucleo-cortical neurons project to GlyT2 - positive and Neurogranin - posi-
tive Golgi cells in the granular layer of the cortex. A- Cortical projections of GlyT2-expressing neurons in the cerebellar
nuclei of a GlyT2-Cre mouse injected with AAV-ChR2-YFP (Z-projection thickness: 84.6 pm). B- GlyT2-Cre x AAV-
ChR2-YFP nucleo-cortical fibers (in green) are co-stained for GAD65-67 (in red) (Z-projection thickness: 12.2 pm). C-
Nucleo-cortical fibers arising from glycinergic neurons were co-labeled for GFP (in green) and mCherry (in red) in
GlyT2-eGFP mice injected in the cerebellar nuclei with AAV-CB7-mCherry. C. a-b- Those GlyT2-eGFP - positive nu-
cleo-cortical fibers are co-stained for GAD65-67 (in blue, indicated by solid arrows), while GAD65-67 — negative glu-
tamatergic nucleo-cortical fibers end in glomeruli in a rosette-like shape (indicated by dashed arrow). The
GFP+/GAD65-67+ nucleo-cortical fibers are found in apposition to dendrites of GlyT2-eGFP - positive Golgi cells
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(solid arrows). (Z-projection thickness: 9.5 um). D-E- Glycinergic nucleo-cortical fibers (mCherry - positive in red) are
not always stained for GFP (in green), as it was previously shown that only 40% of the glycinergic neurons are labeled for
GFP in the cerebellar nuclei of the GlyT2-eGFP mouse. However, they are distinguished by their morphology: en pas-
sant varicosities are found in apposition to GlyT2-eGFP-/Neurogranin+ (in blue, indicated with solid arrows) and
GlyT2-eGFP+/Neurogranin- elements (indicated by dashed arrow) (Z-projection thickness: D. 5.4 pm; E. 10.8 um).
Abbreviations: m.l. molecular layer; g.l. granular layer; p.c.l. Purkinje cell layer; w.m. white matter; c.n. cerebellar nuclei.
Scale bars: A. 50 pm. B. 20 pm. B. close up. 5 pum. C. 10 um. C. close up a. 5 pum. b. 2 um. D. 5 pm. E. 5 pm.

Opverall, those data confirmed the projection of inhibitory nucleo-cortical neurons onto Gol-
cells of the granular layer, and their mixed GABA/glycine phenotype. This provides the first evi-
dence of functional inhibition from the nucleo-cortical projection in the granular layer.

The mixed GABA/glycine phenotype of those neurons, together with their presence in the
GlyT2-eGFP and GlyT2-Cre mice in which we characterized a population of glycinergic neurons
involved in intra-nuclear inhibition, lead us to conclude that both populations may actually consti-
tute a single third cell type in the cerebellar nuclei (see Discussion). Those inhibitory neurons have
local axonal collaterals which provide mixed inhibition within the cerebellar nuclei and an axonal
projection to the granular layer of the cortex where they contact Golgi cells and may be involved in
intra-cerebellar feedback loops.
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5.2. Inputs to inhibitory neurons of the cerebellar nuclei

76



5.2.1. Purkinje cells inputs onto inhibitory neurons

Some anatomical (De Zeeuw and Berrebi, 1995a) and electrophysiological (Uusisaari and
Knopfel, 2008) findings suggested that the Purkinje cells contact the mixed inhibitory neurons of the
cerebellar nuclei. These inputs were first investigated by immunohistochemistry. Stainings for VI-
AAT in the GlyT2-eGFP mouse revealed sparse appositions between VIAAT - positive varicosities
and the somata and proximal dendrites of the eGFP+ neurons (see figure 5.3.A). Their density ap-
peared much lower than on principal neurons. Clusters of receptors containing the y2 or a1 subu-
nits of the GABA, receptors are found at the surface of eGFP+ neurons (see figure 5.3.B-C), facing
either VIAAT - positive (see figure 5.3.B) or Calbindin®* - positive terminals (see figure 5.3.C). No
glycine receptor immunoreactivity was observed on the membrane of eGFP+ neurons (data not
shown).

To confirm that the GABAergic synapses were functional, we took advantage of the two
mouse lines available in our laboratory. We bred together the L7-ChR2-YFP mouse, which provides
a great tool to specifically activate the Purkinje cells terminals, and the GlyT2-eGFP mouse, in which
the mixed inhibitory nuclear neurons can be targeted easily using epifluorescence microscopy. Dur-
ing whole-cell patch clamp recordings of the eGFP+ neurons in the cerebellar nuclei, brief pulses of
light (one millisecond) were delivered onto the cerebellar nuclei. Large inhibitory responses were
elicited in the mixed inhibitory nuclear neurons (see figure 5.3.D) with a mean amplitude of 416.5 +
332.1 pA (n = 10 cells). Those IPSCs were blocked by gabazine (87.1 + 5.9 % by 300 nM gabazine, n
= 5 cells; 98.1 + 1.4 % by 1 uM gabazine, n = 9 cells), indicating that they are mediated by GABA,
receptors (see figure 5.3.E). The decay times of the events were not significantly different before and
after application of a sub-saturating concentration of gabazine (control: 3.28 + 0.72 ms, n = 10 cells;
gabazine 300 nM: 4.76 *+ 3.53 ms, n = 5 cells, Wilcoxon test p = 0.8591).

Those results represent the first functional demonstration of the Purkinje cells input, mediat-
ed by y2- and a1- containing GABA, receptors, on mixed inhibitory neurons, . These findings may
have great impact on the current view of the inhibitory nucleo-cortical pathway, as it may provide a
rapid feedback pathway for the regulation of Purkinje cells activity.

5.2.2. Excitatory inputs onto glycinergic neurons

Collaterals of mossy fibers or climbing fibers may also control the inhibitory interneurons in
the cerebellar nuclei. To investigate the presence of excitatory inputs on the mixed inhibitory neu-
rons, we used the GlyT2-eGFP mouse in which we co-labelled the two vesicular transporters of glu-
tamate VGLUT1 and VGLUT2. Co-stainings revealed that terminals labelled for VGLUT2 were in
apposition with the dendrites of GlyT2-eGFP - -positive neurons (see figure 5.4.). More rarely, vari-
cosities stained for both VGLUT2 and VGLUT1 were contacting inhibitory neurons (see figure

5.4.A(a)).

> Calbindin is a calcium binding protein, found specifically in the Purkinje cells in the cerebellum. It was used as a
marker for the Purkinje cells terminals in the cerebellar nuclei, as VIAAT labelling also includes the inhibitory terminals
of local neurons.
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Figure 5.3.: Purkinje cells
GABAergic inputs onto
GlyT2-positive neurons of
the cerebellar nuclei in L7-
ChR2-YFP x GlyT2-eGFP
mice. (A) In the GlyT2-
eGFP mouse, eGFP - posi-
tive neurons (in green) are
contacted by VIAAT -
positive  varicosities (in
red). Points of contacts are
indicated by arrows. (Z-
projection thickness: 4.6
pum). (B) VIAAT - posi-
tive varicosities (in blue)
are facing y2-containing
GABA, receptors (in red),
on the proximal com-
partment of the GlyT2-
eGFP - positive neurons
(in green). (Z-projection
thickness: 3.1 pm). (C)
Calbindin - positive ter-
minals (in blue) face al-
containing GABA, recep-
tors located at the mem-
brane of GlyT2-eGFP -
positive neurons (in green)
(Z-projection  thickness:
1.5 pm). (D) One millisec-
ond illumination with a
470 nm LED (indicated by
the arrow) in the cerebel-
lar nuclei elicited large
inhibitory responses in the
GlyT2-positive  neurons.
(E) The responses were
inhibited by 300 nM gaba-
zine and fully blocked by 1

(n=5) (n=9) UM gabazine. (F) The
(87.1x 5.9%) (98.1+1.4%) 0 amplitude of recorded
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Those findings indicate that the inhibitory neurons might receive excitatory inputs; however
if they receive from mossy fibers, climbing fibers or both could not be assessed in these experiments.
Because the mixed inhibitory neurons do not fire spontaneous action potentials, excitatory synaptic
inputs are absolutely required to bring them to threshold. Further investigation of these inputs using
optogenetic methods is therefore a priority.
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Figure 5.4: Excitatory inputs onto GlyT2-eGFP - positive neurons of the cerebellar nuclei. (A-B) VGLUT2 - positives
varicosities (in red) were found in apposition to eGFP - positive neurons (in green) in co-stainings for VGLUT2 and
VGLUT1 (in blue) in GlyT2-eGFP mouse. More rarely, mixed VGLUT2-VGLUT1 - positives varicosities were
contacting dendrites of GlyT2-eGFP neurons (A-a). (Z-projection thickness: A: 5.1 pum; B: 2.7 um). Scale bars: A. 10 um.
close up A.a-b. 2 um. B. 5 pm.

5.2.3. Excitatory inputs onto the principal neurons: mossy fiber versus climbing fiber in-

puts

The principal neurons of the cerebellar nuclei receive inhibitory inputs from local mixed
neurons and from both climbing fiber and mossy fiber inputs. To assess if inhibitory neurons of the
cerebellar nuclei receive from one or the two excitatory inputs, our goal was to record di-synaptic
inhibitory inputs in the principal neurons following specific stimulations of either mossy or climb-
ing fibers.

To dissociate the climbing fiber and the mossy fiber inputs, one possibility is to specifically
inject AAVs expressing ChRz2 in the inferior olive nuclei with minimal infection of the surrounding
brainstem nuclei which are known to give rise to mossy fiber projections. In adult mice and with a
dorsal approach, it was usually hard to target the inferior olive due to the depth of the target from
the brain surface and to the spread of virus along the pipette tract. Therefore, we tried to aim at the
inferior olive by a ventral approach in Po-P1 pups, as the olivary complex is lying on the ventral part
of the medulla oblongata. The advantage of using neonatal animals was of two kinds: first, because
AAVs requires three weeks of infection to be fully expressed in the targeted neurons, the animals are
still young enough for acute slices experiments in the cerebellar nuclei at the time of highest expres-
sion; and secondly at neonatal stages the foramen magnum through which we are injecting (see Ma-
terials and Methods) is relatively accessible compared to the adult.
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We injected AAVs expressing ChR2 under the control of the synapsin promoter in wild-type
OF1 pups (see Materials and Methods). At the time of animal sacrifice for acute slices experiment,
the medulla was fixed in PAF and sliced to check the injection site. The infection size varied between
animals and was usually large, covering a large area of the medulla (see figure 5.5.A.). In most of the
case, the inferior olive was infected, but the surrounding precerebellar nuclei, notably the lateral re-
ticular nuclei, were also labelled. Therefore, inferior olive injection by the ventral approach did not
appear to be a better way to specifically target the olivary complex. The small size of the olivary nu-
clei in the mouse make them hard to target without affecting the surrounding areas and the absence
of specificity of the promoter used in AAVs did not allow ChR2 expression in climbing fibers only.

However, these experiments were useful. Even though it was not possible to distinguish be-
tween climbing fiber projections and mossy fiber projections, we were able to record excitatory syn-
aptic currents in response to flashes of light during whole-cell patch clamp recordings of the princi-
pal neurons of the cerebellar nuclei (see figure 5.5.B.). Out of 32 recorded cells, 17 received a re-
sponse to one millisecond illumination. Using high-chloride internal solution and holding the neu-
rons at - 70 mV, the mean amplitude of the responses was 319.1 + 252.7 pA (n = 11 cells). The re-
sponses were not affected by the application of 1 pM gabazine, indicating that they were not mediat-
ed by GABA, receptors, or did not involve di-synaptic inhibition. 50 uM APV, a selective blocker
for NMDA receptors, inhibited about 25 % of the responses (24.8 + 2.72 % of the initial amplitude, n
= 3 cells), while 10 uM NBQX, an antagonist of AMPA receptors, blocked the remaining response (n
= 5 cells) (see figure 5.5.B.). Those results indicate that excitatory inputs onto principal neurons are
mainly mediated by AMPA rather than NMDA receptors at hyperpolarized potentials. Whether
those inputs correspond to climbing fibers or mossy fibers could not be said in this experimental
protocol, as discussed previously.

Figure 5.5.: AAVs-ChR2 infection
of inferior olive by ventral
approach in OF1 neonatal pups
and elicited responses in the
principal  neurons of the
cerebellar nuclei. (A) Examples of
injection sites three weeks after
AAV-ChR2 injection into
medulla of OF1 neonatal pups by
APV 50 uM Ventre}l a;.)pr'oac'h. Inferior oliYe
nuclei delimitations are drawn in
white. (B) One millisecond
I_ illumination with a 470 nm LED
20 ms (indicated by the arrow) in the
] cerebellar nuclei elicited
Gabazine 1uM responses in the principal
neurons. The responses were not
Control influenced by the application of 1
uM gabazine and are partially
blocked by 50 pM APV. The
remaining amplitude is blocked

by 10 pM NBQX.

A B

20 pA
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At -70 mV, NMDA receptors are blocked by magnesium ions and NMDA-mediated currents
are very smalls. To differentiate an outward inhibitory component from inward excitatory inputs,
we also recorded the principal neurons at - 20 mV using an internal solution whith physiological
chloride concentration (see Materials and Methods). As for the previous series of experiments, 17
cells out of 34 were responsive to one millisecond illuminations. Similarly, the peak amplitudes of
the elicited responses were not affected by the application of 1 uM gabazine and only partially inhib-
ited by 50 uM APV, while 10 uM NBQX blocked all the remaining responses (n = 5 cells).

However, in three cells, blockade of inhibition by application of 1 uM gabazine and 1 uM
strychnine led to an increase of the decay time of the responses (control: 5.39 + 1.6 ms; gaba-
zine/strychnine: 10.1 + 1.8 ms, APV: 1.89 + 0.72 ms, n = 3 cells for each conditions) without affect-
ing the peak amplitude (mean amplitude in control: 140.6 + 53.2 pA; mean amplitude in gaba-
zine/strychnine: 138.7 + 53.4 pA, Wilcoxon test p = (see figure 5.6.A-B.). As the late component of
the inward synaptic current is increased, this suggested that the cocktail of glycine and GABAA re-
ceptors antagonists blocked an outward component. The slow component of the response was
blocked by application of 50 pM APV (see figure 5.6.A.), with a peak amplitude reduction of about
50% (54.3 + 28.2 % of the initial peak amplitude, Wilcoxon test p = 0.2). However, this slowing
down of the decay time was not significantly different between each conditions (Wilcoxon paired
test, p = 0.25 between control and gabazine/strychnine application, and p = 0.25 between gaba-
zine/strychnine application and APV application), surely due to the low number of cells analyzed.

Those results indicate that both NMDA and AMPA receptors mediate excitatory inputs onto
the principal neurons. If one type of receptors is more specifically activated by mossy fibers or
climbing fibers cannot be said, and the use of specific genetics tools to target the two systems sepa-
rately will be necessary to investigate this issue. In some cases, di-synaptic inhibitory inputs are
found, suggesting that they may have an important functional role in shaping the response to excita-
tory inputs but further experiments need to be done to confirm these findings.

Figure 5.6.: Excitatory responses in principal

A neurons recorded at -20 mV with
| physiological internal solution, in animals
iy 20 injected in the brainstem with AAVs

expressing ChR2. (A) Example of averaged
responses elicited by 1 ms illumination
T Ry r— Y (indicated by the arrow) in principal neurons.
APVS0 UM ™ +Strychnine Application of 1 puM gabazine / 1 pM
strychnine did not reduce the peak amplitude
(B) but slowed the decay time of the responses
(C). Subsequent application of 50 pM APV
blocked about half of the peak amplitude and
Control + Gabazine + AP inhibited the slow component revealed by the
*Strychnine gabazine/strychnine application.
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5.3. Concluding remarks

We demonstrated here that the mixed inhibitory neurons of the nuclei are at the origin of the
non-mossy inhibitory nucleo-cortical feedback pathway. The inhibitory nucleo-cortical fibers end in
the granular layer of the cerebellar cortex, where they contact the Golgi cells dendrites. The mixed
nature of these nucleo-cortical neurons at their cortical synapses onto Golgi cells was confirmed by
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immunohistochemical and electrophysiological data. Therefore, we propose that the mixed inhibito-
ry neurons of the cerebellar nuclei represent a distinct cell type, which provide mixed GABA/glycine
inhibition through collateral arborization within the nuclei and through axonal projection to the
cerebellar cortex. Functional implications of such findings will be discussed later.

Overall, we provide the first evidence for functional inhibitory nucleo-cortical transmission
to the granular layer of the cerebellar cortex.

A growing body of evidence indicates that, in addition to the principal neurons, the two in-
hibitory cell types of the cerebellar nuclei are key elements of the cerebellar nuclei network. The de-
scription of their synaptic inputs needs to be continued to complete the knowledge of the cerebellar
circuitry. Here, we demonstrated that the inhibitory neurons of the cerebellar nuclei receive GA-
BAergic inhibitory inputs from the Purkinje cell terminals, which are found in apposition with y2-
and a1- containing GABA4 receptors clusters. Those findings suggest that the glycinergic neuronal
population may be an intrinsic part of the olivo-cortico-nuclear modular organization. Our im-
munohistochemical data suggest in addition that inhibitory neurons also receive excitatory inputs
from varicosities expressing VGLUT2 or VGLUT1, although it was not possible to determine the
origin of these inputs.
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DISCUSSION

For a long time, the glutamatergic principal neurons have been thought to be the main cell
type of the cerebellar nuclei, in number and in the key functional role they bear in the synaptic pro-
cessing of the cerebellar nuclei. However, a growing body of evidence indicates that other neuronal
population may also play an important role in the nuclear circuitry. For example, it is now well-
accepted that the nucleo-olivary neurons are an integral part of the olivo-cerebellar modules and
that they are involved in the fine retro-control of the Purkinje cell activity (Chen et al., 2010;
Chaumont et al., 2013; Witter et al., 2013) and in supervised learning during plasticity processes
(Rasmussen and Hesslow, 2014). In addition to the principal cells and the nucleo-olivary neurons,
the cerebellar nuclei include a population of inhibitory glycinergic neurons whose properties were
poorly understood.

Presence of functional glycinergic transmission in the cerebellar nuclei

Although the presence of glycinergic neurons and the expression of glycine receptors in the
cerebellar nuclei were already reported, two studies only were able to show presence of glycinergic
strychnine-sensitive currents in the principal neurons, using pharmacological and ionic stimulations
of the presynaptic terminals.

In this thesis, we confirmed the presence of functional glycinergic transmission in the princi-
pal neurons of the cerebellar nuclei. A population of inhibitory neurons, co-releasing GABA and
glycine, provide synaptic inputs to the glutamatergic neurons of the cerebellar nuclei and specific
optogenetic stimulations of this population elicited inhibitory currents in the principal neurons.
Those IPSCs were inhibited by both glycine receptors and GABA, receptors antagonists, confirming
the presence of mixed transmission in the cerebellar nuclei.

In previous studies, even with heavy non-selective stimulations, the detection rate of gly-
cinergic synaptic currents was very low. Several experimental biases could explain why previous
studies failed to demonstrate the existence of glycinergic currents. First, the low rate of detection
may reflect the large predominance of GABAergic synapses over the glycinergic inputs. The GA-
BAergic Purkinje cells are providing the large majority of principal neuron inputs (De Zeeuw and
Berrebi, 1995a). We estimated that the glycinergic synapses represent about 4% of the total number
of the inhibitory receptors clusters found on principal neurons. Moreover, we showed that inhibito-
ry neurons are actually responsible for mixed GABA/glycine transmission rather than pure gly-
cinergic currents. Therefore, the proportion of glycinergic component of the intra-nuclear inhibi-
tion is even lower than expected according to the initial idea that glycinergic interneurons provide
pure glycinergic transmission. Secondly, GABA. receptors antagonists, such as bicuculline
(Yakushiji et al., 1987) or gabazine (Hamann et al., 1988), were used to isolate the glycinergic cur-
rents and were found to block virtually all the inhibitory responses (Mouginot and Gahwiler, 1995;
Anchisi et al., 2001; Telgkamp and Raman, 2002; Pedroarena and Schwarz, 2003; Uusisaari and
Knopfel, 2008), leading the authors to consider glycinergic transmission as non-existing in the cere-
bellar nuclei. However, glycine receptors are also inhibited by GABA, receptors antagonists at high
concentrations (Wang and Slaughter, 2005; Beato et al,, 2007) and therefore glycinergic transmis-
sion could have been masked by non-specific inhibition from the GABA, receptors antagonists. On
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the other hand, glycine receptors antagonists such as strychnine or picrotoxin are also known to
inhibited GABA, receptors (Yakushiji et al., 1987; Jonas et al., 1998), possibly leading to an overes-
timation of the glycinergic component of the response. Here, we used lower concentrations of an-
tagonists to reduce the cross-talk with GABA, and glycine receptors. To assess the exact percentage
of glycinergic and GABAergic component of the inhibitory responses, we used a two-step strategy
by applying successively gabazine and strychnine, or inversely. The attention paid to the cross-
inhibition with GABA, and glycine receptors antagonists led us to estimate that about 14% of the
inhibitory responses recorded at the inhibitory neurons to principal cells synapses were due to gly-
cine receptors activation. This low percentage of glycine receptor involvement in inhibitory trans-
mission may be indeed easily blocked by saturating concentration of GABA, antagonists (for exam-
ple: 10 uM bicuculline blocked 20% of glycinergic currents (Protti et al., 1997) and 20 uM of gaba-
zine reduced 30% of glycinergic currents (Wang and Slaughter, 2005; Beato et al., 2007)). Use of
more selective blockers for each inhibitory receptor may provide a better quantification of the two
components (for example, ginkgolide B was shown to inhibit glycine receptors but not GABA, re-
ceptors (Kondratskaya et al., 2005; Betz and Laube, 2006)). Finally, the delayed developmental mat-
uration of glycinergic transmission in the cerebellar nuclei may have precluded earlier identification,
as most of the experiments on the cerebellar nuclei physiology were done animals younger than one
month (Morishita and Sastry, 1995; Mouginot and Gahwiler, 1995; Telgkamp and Raman, 2002;
Gauck and Jaeger, 2003; Pedroarena and Schwarz, 2003; Zhang et al., 2004; Uusisaari et al., 2007;
Alvina and Khodakhah, 2008; Uusisaari and Knopfel, 2008; Pedroarena, 2010; Uusisaari and
Knopfel, 2010; Person and Raman, 2012a) and therefore may have described immature networks in
which glycinergic transmission may not have the same prevalence. In our experiments, we used
young adult animals (P30 to Pé6o for electrophysiology and more than 2-3 months for immunostain-
ings) and show that glycinergic transmission indeed occurs in the mature cerebellar nuclei microcir-
cuit.

As discussed below, the last explanation for the difficulties to characterize glycinergic inputs
onto principal neurons in the cerebellar nuclei could be the fact that mixed neurons fire at very low
frequency (< o.1 Hz). Consequently, it is not surprising that the occurrence of spontaneous gly-
cinergic currents was very rare and necessitates the specific stimulation of the presynaptic neurons
to depolarize them and allow them to fire.

Mixed GABA/glycine transmission in the cerebellar nuclei

Most of the glycinergic neurons of the cerebellar nuclei were found to co-localize GABA and
glycine (Chen and Hillman, 1993; Baurle and GrusserCornehls, 1997; Baurle et al., 1997; Sultan et
al., 2002; Tanaka and Ezure, 2004). It is actually not surprising that numerous neurons in the cere-
bellar nuclei were found mixed as they share a common ontogeny with the granular layer interneu-
rons (Golgi cells and Lugaro cells), which are known to colocalize GABA and Glycine (Ottersen et
al., 1988; Crook et al., 2006; Simat et al., 2007a). The GABAergic nucleo-olivary neurons are gener-
ated before the cerebellar interneurons and are closer to the Purkinje cell lineage (for review, (Elsen
et al., 2013)). Indeed, we demonstrated that the inhibitory mixed neurons of the cerebellar nuclei
constitute a distinct population from the nucleo-olivary neurons.

To characterize the inhibitory neurons of the cerebellar nuclei, we used transgenic mouse
lines under the control of the glycine transporter GlyT2 promoter. GlyT2 is specifically expressed in
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neuronal presynaptic terminals and involved in up-taking glycine from the extracellular medium
(Zafra et al,, 1997) and thus constitute a specific marker for glycinergic varicosities. Co-expression
in presynaptic terminals of both GlyT2 and GAD enzymes, responsible for the synthesis of GABA
from glutamate molecules (Erlander and Tobin, 1991), confer to the varicosities the ability to accu-
mulate and release both GABA and glycine (Apostolides and Trussell, 2013). Indeed, axonal vari-
cosities of the inhibitory neurons in the cerebellar nuclei were co-labelled for GlyT2 and GAD65-67,
confirming their mixed GABAergic/glycinergic phenotype.

To specifically stimulate the mixed inhibitory neurons, we used the GlyT2-Cre transgenic
mouse, in which GlyT2-expressing neurons also express the Cre-recombinase protein. Infection of
the cerebellar nuclei with AAV-ChR2-YFP followed by GlyT2 immunostainings revealed that about
40 % of GlyT2-positive elements at best are co-labelled for YFP, indicating that only a part of the
inhibitory neurons are actually stimulated during our optogenetical stimulations. The same rate of
mis-labelling was found in the GlyT2-eGFP mouse.

In molecular layer interneurons, the GlyT2 promoter is expressed during cellular migration
and its expression gradually decreases when interneurons stop their migration, while GAD67 ex-
pression is increasing (Simat et al., 2007b). Those results indicate that development of a GABAergic
phenotype may lead to the disappearance of the GlyT2-eGFP expression at adult stages. This raises
the possibility that the population of inhibitory neurons is actually composed of a gradient of mixed
phenotypes, ranging from purely glycinergic neurons strongly labelled for GFP in GlyT2-eGFP
mouse to purely GABAergic neurons not stained in the GlyT2-eGFP mouse.

This is in agreement with the fact that pure glycinergic and pure GABAergic cells were found
in the cerebellar nuclei, in addition to mixed inhibitory neurons (Chen and Hillman, 1993). Howev-
er, among all the evoked IPSCs recorded after specific stimulation of inhibitory neurons, we were
not able to detect any gradient in the respective percentages of glycinergic and GABAergic compo-
nents. Moreover, in Chen and Hillman’s study, pure GABAergic neurons are most likely to repre-
sent nucleo-olivary neuron, while pure glycinergic cells may be glial cells which are known to accu-
mulate glycine in their somata through the glycine transporter 1 (GlyT1, (Eulenburg et al., 2005)).

Similar viral infections and optogenetical stimulations in GAD-Cre mouse may provide
clues for the identification of the heterogeneity of inhibitory neurons of the cerebellar nuclei. Fur-
ther investigations of the inhibitory neuronal population diversity are necessary to conclude on this
important question.

The axonal varicosities of the inhibitory neurons are in apposition to inhibitory receptors
clusters containing functional glycine and GABA, receptors. Immunnohistochemical experiments
demonstrated that those clusters were enriched in glycine receptors, notably the a1 subunit (see Re-
sults) (Malosio et al., 1991) most likely associated with the B subunit which is expressed in the CN
(Weltzien et al., 2012) and is responsible for the clustering of glycine receptors at synapses (Kneussel
and Betz, 2000). Those clusters were virtually devoid of the a1 and y2 GABA, receptors subunits,
which are the most abundant subunits in the cerebellar nuclei (Persohn et al., 1992; Gambarana et
al., 1993). As the presence of functional GABA, receptors was demonstrated by electrophysiological
experiments, it is likely that other GABA, receptors subunits, such as a5 or y1, (Pirker et al., 2000;
Hortnagl et al., 2013) are involved at inhibitory neurons synapses onto principal cells.
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Surprisingly, immunoreactivity for glycine receptors was found in GABA4 receptors clusters
at the synapse with Purkinje cells onto principal neurons. However, Purkinje cells are not known to
co-release glycine (Tanaka and Ezure, 2004) and the percentage of IPSC amplitude due to glycine
receptor activation is low (less than 3%). We proposed that glycine receptors do not play a predomi-
nant role in the cortico-nuclear inhibition, but rather play a more ancillary role if they are entrapped
during development of the synaptic clusters (Dumoulin et al., 2000; Garin and Escher, 2001). In-
deed, glycine and GABA, receptors are both expressed by the principal neurons and can bind to the
same post-synaptic protein, gephyrin (Meyer et al., 1995; Sassoe-Pognetto and Fritschy, 2000).

It is interesting to note that in Gly2-Cre x R26-mTmT mice breeding, we noticed the pres-
ence of some Purkinje cells stained for the Tomato protein. Transient expression of GlyT2 promoter
was shown in the nucleo-olivary neurons (see Results, Chapter 1) and in molecular layer interneu-
rons (Simat et al., 2007b), suggesting that it may also occur in others cerebellar cell types such as
subpopulation of Purkinje cell during the development. Glycine receptors may have an important
role during the development of the cerebellar nuclei, as they were shown to participate to neuronal
network maturation in other structures (Avila et al., 2013). Following this idea, glycine receptors
would have been clustered at the Purkinje cell synapses releasing transiently glycine during the de-
velopment, and remains entrapped in the GABAergic clusters at adult stages, without functional
involvement. Detailed time-course of the development of inhibitory and mixed transmission in the
cerebellar nuclei may provide great insights on this question.

In all the known case of mixed transmission, it was reported different kinetics of GABAergic
and glycinergic components where the glycine receptor- mediated currents were usually faster than
the GABAergic component. At the inhibitory neurons to principal cells synapses, the isolated gly-
cinergic component of the IPSCs did not decay with a time constant significantly different from that
of the original IPSC. Moreover, the decay of the IPSCs at GABAergic Purkinje cell synapses and at
mixed inhibitory neuron synapses were similar. This indicates that despite the use of different neu-
rotransmitters, the kinetic properties of the two synaptic currents are not different. This is a puz-
zling observation with respect to the large body of literature on mixed transmission and which will
require further molecular investigation.

As a consequence, the principal neurons which were always thought to receive inhibition on-
ly from Purkinje cells, are in fact integrating two types of inhibitory inputs which have distinct mo-
lecular composition. A differential distribution of receptor subtypes or subunits at distinct junctions
within the same cell has been reported previously for glutamate receptors (Dodt et al., 1998; Toth
and McBain, 1998). In the cerebellar cortex, Golgi cell interneurons also present two types of inhibi-
tory receptor clusters, both pure-GABAergic and mixed GABAergic/glycinergic, whose presynaptic
inputs is coming from two different cell types (Dumoulin et al., 2001). In all cases, kinetic properties
of the two inputs are significantly different and therefore modulate differentially the net activity of
the post-synaptic neuron. At the principal neurons synapses, the two types of events recorded at the
two synaptic junctions were not different regarding their kinetics properties, therefore it would be
interesting to look for other synaptic properties which could differentiate those two inputs. Notably,
the firing pattern of the two presynaptic neurons may play a role in the net inhibition perceived by
the principal neurons. Physiology of inhibitory neurons needs to be further investigated to lead to a
detailed representation of the intra-nuclear inhibitory networks.
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Nucleo-cortical glycinergic projecting neurons: a third cell type?

A glycinergic nucleo-cortical pathway was previously described in the GlyT2-eGFP mouse
(Uusisaari and Knopfel, 2010). Two populations of GFP-expressing neurons were described: a
population of neurons spontaneously spiking around 10 Hz which were classified as interneurons
by the authors, and a population of projecting neurons with local collaterals seen inactive in acute
slices but able to generate high-frequency burst of spike after depolarizing steps.

In our experiments, the mixed inhibitory neurons of the cerebellar nuclei were characterized
both in the GlyT2-eGFP and GlyT2-Cre mice, predicting that we would find the same dichotomy
the glycinergic neuronal population. However, we never found any GlyT2-eGFP + or GlyT2-Cre x
AAV-Chr2-YFP neurons spontaneously firing in acute slices (data not shown, and see Results,
Chapter 4). All recorded neurons were silent in slices but can nevertheless burst at high-frequency
when they are depolarized (by optogenetic stimulations). The fact that mixed inhibitory neurons are
not spontaneously firing is a peculiar feature of this nuclear cell type and strongly suggest that both
populations of mixed inhibitory neurons and glycinergic nucleo-cortical neurons described by Uu-
sisaari and Knopfel may actually constitute a single third cell type in the cerebellar nuclei. Those
inhibitory neurons would have local axonal collaterals (as shown by our data and by Uusisaari and
Knopfel, 2010) which provide mixed inhibition within the cerebellar nuclei and an axonal
to the granular layer of the cortex which may be involved in intra-cerebellar feedback loops.

The second population of active GlyT2-eGFP neurons described by Uusisaari and colleagues
were characterized in young mice (P20-28). We have seen that the population of nucleo-olivary neu-
rons were expressing GFP during the development, by numbering the GFP+ cells in the GlyT2-Cre
x Rosa-mTmT mice, and that this faint GFP expression were found in the neurons even at adult
stages in the GlyT2-eGFP mouse (see Results, Chapter 4). This raises the possibility that in young
animals, some of GFP-expressing neurons recorded by Uusissaari and colleagues were actually not
belonging to the population of mixed inhibitory neurons but rather to the nucleo-olivary neurons.
Once again, the precise time course of GlyT2-eGFP expression in the inhibitory neurons of the cer-
ebellar nuclei may provide important highlights on the heterogeneity of inhibitory neurons subpop-
ulations described in early studies.

Taking into account those considerations, we described the cortical projections of GFP-
expressing neurons both in the GlyT2-eGFP mouse and the GlyT2-Cre mouse injected in the cere-
bellar nuclei with AAV-CHR2-YFP. Those nucleo-cortical fibers terminate in the granular layer of
the cerebellar cortex, where they contact specifically Golgi cells.

The Golgi cells represent a neuronal population with a large heterogeneity of molecular ex-
pression. Three populations can be distinguished with respect to their neurotransmitter contents:
glycinergic-only, GABAergic-only and mixed GABA/glycine Golgi cells. Moreover, glycinergic Gol-
gi cells express the metabotropic glutamate receptors mGluR2 while the Golgi neurons which ex-
press GABA (pure GABAergic and mixed GABA/glycine) are all labeled for neurogranin (see Figure
6.1.). This heterogeneity may reflect the diversity of function of various Golgi cell subtypes. We
showed that nucleo-cortical GlyT2-expressing fibers seem to preferentially target the pure GABAer-
gic and pure glycinergic Golgi cells rather than mixed GABA/glycine phenotypes. Further immuno-
histochemical explorations need to be done to confirm the preferential innervation of glycinergic
nucleo-cortical fibers onto different subtypes of Golgi cells.
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Figure 6.1.: Golgi cells heterogeneity. Different subtypes of Golgi cell found in the cerebellar cortex are depicted here with
several molecular markers. Abbreviations: m.l. molecular layer, p.c.l. purkinje cell layer, g.l. granular layer, gr.c. granule
cells, m.f. mossy fiber. (Adapted from Pietrajtis and Dieudonné, 2012.)

Electrophysiological and immunohistochemical experiments demonstrated that nucleo-
cortical neurons are co-releasing GABA and glycine. This mixed GABA/glycine phenotype is in
agreement with the hypothesis that the mixed inhibitory neurons in the cerebellar nuclei involved in
local mixed inhibition also send an axonal projection to the cortex. Golgi neurons are expressing
glycine receptors and mixed IPSCs were recorded in whole —cell configuration (Dumoulin et al,,
2001). It was shown in the same studies that this mixed transmission is provided by Lugaro cells of
the cerebellar cortex. Together with our recent findings, one should consider that it exist a second
type of mixed inputs in the granular layer in addition to the Lugaro cells synapses. The important
question which remains to be solved is whether these two mixed inputs contact the same type of
Golgi cells.

Role and connectivity of the mixed inhibitory neurons of the cerebellar nuclei within
the olivo-cerebellar modules

Cortico-nuclear projections are topographically organized in longitudinal modules and cir-
cumscribed clusters of Purkinje cells inhibited a small area of the cerebellar nuclei. The spatial or-
ganization of the Purkinje cell inputs onto mixed inhibitory neurons of the cerebellar nuclei is not
known but would constitute critical information to understand the functional role of the mixed in-
hibitory neurons within the olivo-cerebellar modules.

Several studies suggest that the nucleo-cortical loops are closed and could be involved in the
modular organization of the olivo-cerebellar system (Buisseret-Delmas and Angaut, 1989; Trott et
al., 1998a, b). In reciprocal loops, Purkinje cells overlying the area of granular layer innervated by
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the nucleo-cortical fibers will project back to the same circumscribed region of the cerebellar nuclei.
While morphological evidence (De Zeeuw and Berrebi, 1995a; Uusisaari and Knopfel, 2008) sug-
gested that Purkinje cells contact mixed inhibitory neurons of the cerebellar nuclei, no functional
demonstration was provided to date. Combining immunohistochemical and electrophysiological
experiments, we showed that inhibitory neurons receive GABAergic inhibitory inputs from Purkinje
cells terminals, which are found in apposition with y2- and a1- containing GABA, receptors clus-
ters. The subunits composition of the clusters found at the Purkinje cell synapse onto the principal
neurons is the same as that onto the mixed inhibitory neurons, as well as the kinetics properties of
the events. This suggests that both principal and mixed inhibitory neurons of the cerebellar nuclei
receive similar inputs from Purkinje cells. It is possible that a single Purkinje cell axon can innervate
both principal and inhibitory neurons, as it was shown for nucleo-olivary neurons (Teune et al.,

1998).

Several configurations of intra- and inter-modules connectivity of the mixed inhibitory neu-
rons are possible, but none of them have been investigated for now. First, the mixed inhibitory neu-
rons may contact principal neurons belonging to their olivo-cerebellar modules (see Figure 6.2., (1))
or to the neighboring modules (see Figure 6.2., (2)). Preliminary morphological data suggest howev-
er that the nuclear axonal projection is quite local, and may contact principal neurons located at a
close distance from the mixed inhibitory neuron cell body. In the same manner, they can innervate
Golgi cells in the granular layer located in the same or in a different cerebellar module (see Figure
6.2., (3) - (4) respectively). Secondly, it is possible that inhibitory neurons receive preferentially pro-
jections from the Purkinje cells innervating the principal neurons of the same area of the cerebellar
nuclei (see Figure 6.2., (5)) or receive cortico-nuclear projection from neighboring longitudinal
bands (see Figure 6.2., (6)).

The closed inhibitory nucleo-cortical loop may be directly involved in the feedback control of
the Purkinje cell activity, in the same manner as Purkinje cell inputs onto the nucleo-olivary neu-
rons elicit feedback control loops to directly modulate their own excitability (Chaumont et al.,
2013). On the other hand, the non-reciprocal connections between modules may be particularly
important to link different cerebellar areas which receive different sensory-motor information. Such
cellular organization to associate the olivo-cerebellar modules only exist at the level of parallel fibers
inputs in the molecular layer of the cortex, thereby interactions at the nuclear level may provide an
additional degree of modulation of the neuronal activity and timing across modules.

The connectivity of the inhibitory neurons within and across the modular organization of the
cerebellum remains to be demonstrated to elucidate the putative functional role of those inhibitory
neurons.

Excitatory inputs onto mixed inhibitory neurons of the cerebellar nuclei and their pu-
tative role in the cerebellar physiology

As previously mentioned, the mixed inhibitory neurons of the cerebellar nuclei are not spon-
taneously firing in acute slices. Therefore, characterization of their excitatory inputs, coming from
mossy fibers, climbing fibers or both, is crucial to understand the driving force of their spiking activ-
ity and their putative role in the cerebellar physiology. Some authors suggested that, as they receive
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Figure 6.2.: Intra- and inter-modules connectivity of the inhibitory neurons of the cerebellar nuclei. (A) Within a given
olivo-cerebellar modules, inhibitory neurons can contact principal neurons (1) and Golgi cells (3) and receive inhibitory
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cells.
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less inhibitory inputs(Angaut and Sotelo, 1973; Chan-Palay, 1973a; De Zeeuw and Berrebi, 1995a;
Sultan et al., 2002; Uusisaari and Knopfel, 2008), small neurons may rely to a greater extent on ex-
citatory afferents.

The mixed inhibitory neurons are found contacted by VGLUT2 - positive or
VGLUT1/VGLUT2 - positive presynaptic elements, indicating that they also receive excitatory in-
puts in addition to inhibitory inputs from Purkinje cells. In the cerebellar cortex, climbing fibers are
expressing VGLUT2 only, while mossy fibers use VGLUT1, VGLUT2 or a mix of VGLUT1 and
VGLUT2 depending on their precerebellar origin (Hioki et al., 2003). Therefore, VGLUT?2 - positive
varicosities of the cerebellar nuclei could be arising from either climbing fiber or mossy fiber inputs
and it could not be told if the mixed inhibitory neurons were preferentially contacted by one or the
other afferent systems.

In order to distinguish between the two types of excitatory inputs, climbing and mossy fibers,
received by the cerebellar nuclei, we tried to target specifically the climbing fiber system by injecting
locally in the inferior olive, using a ventral approach in neonatal pups. Unfortunately, the injection
did not allow specific expression in the inferior olive without infecting the neighboring precerebellar
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nuclei. Even if climbing fiber inputs could not be discriminated from mossy fiber inputs, we still
recorded excitatory inputs in the principal neurons.

EPSPs were elicited by light stimulation of the presynaptic terminals in the cerebellar nuclei
and were found mediated by both AMPA and NMDA receptors. Interestingly, it appeared that AM-
PA receptors are responsible for a major part of the EPSCs we recorded. Even though NMDA recep-
tors may be only partially involved in excitatory transmission, the NMDA currents may be potenti-
ated in some conditions by the glycine (Johnson and Ascher, 1987) released by the mixed inhibitory
neurons. Mixed inhibitory neurons of the cerebellar nuclei may be a prominent source of glycine in
the synaptic cleft, if excitatory and inhibitory synapses are located at proximity, and may be involved
in modulating the long-term plasticity properties of the synapses onto principal neurons
(Henneberger et al., 2013). Interactions between excitatory and inhibitory inputs upon the principal
neurons remain to be clarified.

Little is known about the functional role of mixed inhibitory nucleo-cortical neurons in the
cerebellar physiology. As inhibitory neurons have been shown to evoke hyperpolarizing currents in
the principal neurons, they may have a role in the generation of a rebound firing of principal
neurons. Indeed, two types of inhibitory inputs have been shown in the principal neurons in vivo
(Bengtsson et al., 2011; Witter et al., 2013): a barrage of low-amplitude and high frequency synaptic
events reflecting the spontaneous firing of presynaptic Purkinje cells (Bengtsson et al., 2011; Person
and Raman, 2012a), and giant low-frequency IPSPs. Those giant IPSPs have been proposed to result
from the massive inhibitory inputs following the synchronization of Purkinje cells by climbing fibers
inputs (Hoebeek et al., 2010; Bengtsson et al., 2011; Person and Raman, 2012a; Witter et al., 2013;
Bengtsson and Jorntell, 2014). However, direct synchronization of Purkinje cells by stimulation of
the cerebellar cortex did not always produce a robust rebound firing of principal neurons (Hoebeek
et al., 2010; Person and Raman, 2012a). This suggests that inhibition provided by the synchronous
activity of several inhibitory neurons in the cerebellar nuclei may also be responsible for efficient
hyperpolarization to evoke rebound firing in the principal neurons. Characterization of the inputs
and understanding of the driving force of these inhibitory neurons will provide important source of
knowledge for their putative role in the cerebellar nuclei physiology.

We used to have a vision of the cerebellar nuclei as composed mainly by the principal neu-
rons, which are integrating information from two non-equivalent excitatory inputs (climbing fibers
and mossy fibers) and a massive inhibitory input from the Purkinje cells. During the last decades,
several feedback loops implying other cell types of the cerebellar nuclei have been described to mod-
ulate the principal neuron activity: closed loop with the inferior olive via the nucleo-olivary neurons,
local intra-nuclear inhibition from the mixed inhibitory neurons and feedback control of the
Purkinje cell discharge by the nucleo-cortical projections.

From now on, we should consider the cerebellar nuclei as composed of three types of differ-
ent cells (glutamatergic principal neurons, nucleo-cortical mixed neurons with local collaterals and
nucleo-olivary cells), numerically and functionally equivalents and receiving all inhibitory inputs
from the Purkinje cells.

Therefore, the real modus operandi of the cerebello-olivary complex may be provided by the
simultaneous control of the different cerebellar loops by the Purkinje cells, by which it achieves
smooth control of movement.
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Figure 5.6: Excitatory responses in principal neurons recorded at -20 mV with physiological internal solution, in animals
injected in the brainstem with AAVs expressing ChR2

Discussion

Figure 6.1: Golgi cells heterogeneity.
Figure 6.2: Intra- and inter-modules connectivity of the inhibitory neurons of the cerebellar nuclei.
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