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General introduction

General introduction

The aim of neuroscience has always been the understanding of the mechanisms behind
neuronal activity and brain function. The nervous system, in its totality, is highly complex
and fascinating: mouse nervous system is made of 71.000.000 neurons [1], whereas
humans have 16.000.000.000 [2] and all of these neurons are highly heterogeneous
both for their chemistry, role and activity.

How neurons communicate to each other has always been of mayor importance to
understand the basis of brain function and the mechanism by which we accomplish
daily life tasks. Neurons never function alone or in couple, they organize in circuits that
process specific kinds of information. The fundament of these interaction between
neurons are the synapses. They connect two (or more) neurons aiding the passage
of information through the system, converting an electrical signal to a chemical one,
and then back again. The basic features of the synaptic connection are well conserved,
however the arrangement of neuronal circuits varies greatly according to the intended
function.

Among all, the cerebello-thalamic connection, which has always been appreciated
for its role in movement, is the focus of this work. The main goal of this thesis is to
characterize in detail this synapse from development to pathological conditions and
investigate the potential role of this in non-motor function.



Chapter 1

Starting from the basics: anatomy and physiology

The brain is clearly subdivided in two parts, which are distinguishable by the naked
eye. They are called the big brain (cerebrum) which contains cerebral cortex and other
subcortical structures, such as the thalamus, and the small brain (cerebellum).

Cerebellum anatomy and function

In the caudal part of the brain, dorsal to the brain stem, there is a separate structure
tucked underneath the cerebral hemispheres: the cerebellum. It is separated from the
overlying cerebrum by a layer of dura mater called “tentorium cerebelli” and it receives
the main connections coming from other parts of the brain through the pons. The
cerebellar structure has a very peculiarly organized and conserved cellular organization
that caught the attention of anatomists and neuroscientists since the beginning of
modern neuroscience (y Cajal 1888-1889). We can recognize two main structures in the
cerebellum: the cerebellar cortex and the cerebellar nuclei.

Cerebellar cortex

The cerebellar cortex gives the cerebellum an unusual appearance as the bulk of the
structure is made of a very tightly folded layer of gray matter (called folia). Underneath
the gray matter lies the white matter, which consists of myelinated nerve fibers running
to and from cortex [3]. Within the cerebellar cortex the cytoarchitecture is highly
uniform, in that there are three layers to the cerebellar cortex from outer to inner layer:
the molecular, Purkinje cells and granular layer (Figure 1).

The molecular layer contains the dendritic trees of Purkinje cells (PCs), which receives
inputs from two types of inhibitory neurons: the stellate and basket cells. Moreover, on
the proximal branches, PCs are contacted by a single climbing fiber coming from inferior
olive and by granule cell axons that form ~10 to 20 synapses with PCs dendritic trees
before they bifurcate into parallel fibers (PFs), running perpendicular to the Purkinje
tree.

The middle layer is exclusively formed by a monolayer of Purkinje cell somata. These
neurons are the only cells in cerebellar cortex that are sending inhibitory projections
to the nuclei and therefore they play a central role in modulating the information flow
from the cerebellar cortex to the cerebellar nuclei.

The innermost layer contains the cell bodies and dendrites of granule cells, which
give rise to the parallel fibers, the unipolar brush cells, the Golgi cells and the mossy
fibers.
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Figure 1. Organization of cerebellar cortex. There are different types of cells and fibers found within
the three cell layers of the cortex. The climbing fiber, originating from inferior olivary neurons, and the
parallel fiber form a connection with the Purkinje cells’dendrites in the moleculr layer. PCs soma and
axons are in PCs and granular layer and descend further to reach their output in the cerebellar nuclei.
From [4]

Cerebellar nuclei

The mouse cerebellar nuclei are divided in Lateral, Interpositus and Medial [5]. The
cerebellar nuclei are the major output of the cerebellum with projections to pre-motor
centres of the brainstem, like the red nucleus, and to thalamus [6, 7]. Classically CN
neurons have been classified in two main categories, glutamatergic and GABAergic
cells, but a more detailed categorization has been reported [8], including local neurons
and glycinergic neurons. All of these cells are distributed heterogeneously among the
three nuclei. Nevertheless, the circuits that these neurons are forming are different:
glutamatergic cells are the one that are projecting outside the CN, although they also
send projections to the cerebellar cortex [9], GABAergic cells provides feedback to
inferior olive (I0) and glycinergic cell not only project outside of the cerebellum to the
vestibular nuclei [10] but are also sending projections back to cerebellar cortex [11, 12].
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Chapter 1

Among the neurons of the cerebellar nuclei, the glutamatergic cells are the easiest to
identify. They are characterized by a soma with a large diameter of 20-30 um, with2to 5
primary dendrites expanding from the soma [12, 13]. These cells fire with a spontaneous
high rate, which is independent of synaptic input [12, 14]. Glutamatergic projection cell
dendrites contain voltage sensitive calcium channels, which produce transient events
[15] and it has been shown in isolated neurons that a tonic cation current is promoting
spontaneous firing as it drives the membrane potential above threshold [16]. Sodium
ions carry the main flux, and are partially gated by voltage independent, tetrodoxin-
insensitive channels that can depolarize neurons near action potential threshold.
However these cells receive four different inputs that can affect their firing: excitatory
inputs from collaterals of the climbing fibers and mossy fibers (Figure 2) [17, 18], local
inhibitory interneurons and inhibitory input arising from the axonal terminals of ~30 to
40 of PCs, i.e., the majority of synapses on CN cells [19].

Parallel 7
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| Molecular
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_Purkinje
= cell layer
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®H< cell
:
— Mossy
Climbing fibre | Granular
fibre ¥ layer
R
o2 o
Cerebellar \
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and descending From ||From brain stem
motor tracts inferior |[nuclei and spinal cord
olive

Figure 2. Cerebellar nuclei cell. CN neurons receive inputs from different sources: inhibitory inputs
from PCs and excitatory inputs from collaterals of the climbing fibers and mossy fibers
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The effect of the excitatory input is still unclear as the CN spontaneous firing i
overlap with any basal mossy fiber input [20], therefore in order to detect the effect of 1 ;
the excitatory input, a reduction of spontaneous firing is required. Purkinje-mediated |
inhibition is responsible for the decrease of nuclear cells firing and given the big i
convergence of Purkinje cells onto a single CN neuron and considering their high firing !
rate, it is assumed that the CN neuron is under a constant tonic inhibition [21]. !
Beside the difference in cellular organization, there is evidence of the existence of i
several molecular markers that divided the cerebellum into distinct bands [22]. One is !
Zebrin that is expressed in specific subgroups of PCs that are organized in symmetric |
stripes [23]. This organization, conserved in both birds and mammals, is reflected also i
in the inputs these cells receive as PCs located in the same band receive CF inputs from !
the same part of the inferior olive and project their axon to the same part of cerebellar |
nuclei[24]. Rostral nuclei as anterior interposed receives Zebrin negative inputs whereas i
the caudal part, posterior interposed and lateral, mostly Zebrin-positive inputs [25]. The !
Zebrin positive and Zebrin negative PCs cells fire at different frequencies in vivo (i.e. |
approximately 60 Hz vs 90 Hz) and this has been suggested to be due to a difference in i
intrinsic properties of PCs [26]. This reflects in a diverse influence on cerebellar nuclei !
firing, as previous works suggested that the synchronized inhibition of the PCs is phase |
locking the spiking activity of the glutamatergic cells [19, 27] but a differentiation by i
Zebrin identity of the cerebellar nuclei [25] has not been characterized yet. !
As most of the axonal terminals of the glutamatergic CN cells are found in various |
parts of the brain [6], it is of interest characterizing how this cell type communicates to i
downstream target, like the thalamus. !
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Thalamus anatomy and function

The mouse thalamus forms the largest part of dienchepalon. It is located just above
the brain stem between the cerebral cortex and the midbrain and has extensive nerve
connections to both. The word “thalamus” in greek means inner room as in the greek
archaic house the “thalamus” was the chamber connecting directly or via passageway
the rest of the house to the yard; so the thalamus is positioned in a way that connects
midbrain and cortex. This football-shaped structure is located in the origin of the
two neocortical hemispheres, like the atom of a large molecule. The purpose of this
geometrical arrangement could be thatbeing equidistantfromall cortical areas demands
the least length of reciprocal wiring and provides the fastest axonal communication.
The main function of the thalamus is to relay motor and sensory signals to the cerebral
cortex and it also regulates sleep, alertness and wakefulness. It has been described as
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the “gateway” to the cortex as everything we know about the outside world or about
ourselves, is based on messages that have to pass through the thalamus.

It is a paired structured made by two main components: the dorsal thalamus that
comprised of nuclei that projects to cerebral cortex and the ventral thalamus composed
mostly of the reticular nucleus, a group of inhibitory cells that organize like a shell
around the lateral part of dorsal thalamus (figure 3). Beside GABA neurons from the
reticular nucleus and the relay neurons of the dorsal thalamus in rat and primates
there are interneurons which however are not present in mice except for the Lateral
Geniculate Nucleus (LGN).

Figure 3. Mouse Thalamus. Thalamus is divided in dorsal (green) and ventral (red). Each of these
structures is further divided in nuclei that receive projections from specific subcortical areas. Adapted
from Paxinos 2001

Another difference between rodents and higher species is that in mice and rats it is
critical to discern between the nuclei as the cytoarchitecture of relay cells is not well
defined. The classical categorization of thalamic nuclei is primarily based on the kind
of information that is transferred through a particular nucleus or group of nuclei to
the cerebral cortex. The main category is formed by the principal “relay” nuclei, which
receives specific sensory, motor or associative information through ascending or
descending fiber pathways and transmit this information to particular areas of cortex.
How the incoming stimuli are integrated by thalamic neurons is quite a mystery, even
neighboring neurons cannot chat with each other directly, since they do not possess
local axon collaterals, or only very sparse ones in some nuclei. Their axons rush up to the
neocortex, terminating predominantly in layer 4 but also in layers 5 and 6 [28].
Thalamic afferents are divided into two main categories: drivers and modulators.
This definition comes from the scientist Sherman and Guillery that in 1998 made a
distinction between drivers that carries the message, defining the essential patterns
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of activity, and the modulators that can alter the effectiveness of the driver without 1

contributing significantly to the general pattern of the message. The distinction between 1 3
these fibers is based on peculiar characteristics: driver inputs are thick axons that form |

very large terminals (several um in diameter) and these synapses evoke large-amplitude i

post-synaptic responses, activate only ionotropic receptors, and show paired-pulse !

depression [29] whereas modulators are usually smaller in size, activate metabotropic !

receptors and show paired pulse facilitation. A typical example of driver input comes i

from lateral geniculate studies in which retinal afferents are listed as drivers, whereas !

the layer 6 cortical inputs are modulators. (All the main characteristics are listed in the !

table Tand figure 4) i
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Figure 4. Summary of the anatomical and synaptic features of driver (Class 1) and modulators (Class
2). Adapted from Sherman Neuroscientist 2013

Table 1.
Driver (Class1) Modulators (class2)
Large and small terminals Small terminals
Contact on proximal dendrites Contact on distal dendrites
Thick axons Thin axons
Less convergence on target More convergence on target
Large EPSPs Small EPSPs
Paired-pulse depression Paired-pulse facilitation
Activate ionotropic glutamate receptors Activate ionotropic and metabotropic

glutamate receptors

Thalamus and cortex are highly interconnected and the thalamocortical relationship is
organized so that each cortical area receiving an input from a specific thalamic nucleus,
faithfully connects back to this input through a topographically organized cortical
projection to the same thalamic area.

The afferents that provide driver input to the thalamus are of two distinct types: one
comes from ascending pathways, carrying information from sensory periphery (visual,
auditory, tactile etc.) and from other parts of the brain such as the cerebellum; on the
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other hand we have input coming from the cerebral cortex itself. These connections
defines two different types of thalamic nuclei, respectively the first order and higher
order [30, 31]. Both these nuclei receive corticothalamic afferents from pyramidal cells
in cortical layer, which also send branches to the thalamic reticular nucleus and have a
modaulatory function [30, 32, 33] (figure 5).

Cortex

Thalamus *

Figure 5. Schematic of first and higher order thalamic nuclei. On the left an example of first order
thalamic nucleus receiving its afferents from subcortical areas. On the right higher order thalamic
nuclei that receives afferents from layer 5 and send widespread thalamocortical axons (dotted lines)
to higher cortical areas. Adapted from Guillery Sherman 2002

All these inputs together can control the state of thalamic relay cell that is known to
generate two distinct patterns of action potential: burst and tonic. The firing mode is
partially determined by the (in)activation state of voltage gated T-type Ca* channels in
somatic and dendritic membrane [34, 35] (Figure 6).

The firing modes strongly affect the way thalamic relay cells respond to inputs and
how this is relayed to the cortex [36]. In general bursting activity is related to sleep,
periods of inattention or drowsiness whereas tonic activity is present during waking
and rapid-eye-movement sleep. Apart from sleep a lot of essential brain functions,
such as memory consolidation and spatial navigation are based on synchronized,
rhythmic firing among smaller or larger neuronal cell populations [37, 38], therefore

18
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Figure 6. Thalamocortical circuit. Schematic of the thalamocortical system. A The thalamus is
reciprocally connected with the cerebral cortex and with the thalamic reticular nucleus (TRN).
Thalamocortical and corticothalamic neurons are glutamatergic and innervate the TRN where they
branch axon collaterals. B firing modes of thalamocortical neurons and insets enlarged in C and D.
Adapted from McCormick and Bal 1995

thalamocortical activity has to be protected from any perturbation that might lead to
pathological conditions of hypersynchronicity, such as during epileptic seizures.

Scope of the thesis

Despite major advances in research, complete understanding of how brain networks
work is still an unsolved mystery. In order to decipher the rules governing interactions
among neurons and neuronal systems that give rise to behaviors, we need to reveal the
basic connectivity and connections starting from synapses.

The cerebello-thalamic connection is historically known for its role in motor behavior,
however there is a raising consensus over its involvement in higher functions and even
in controlling pathological conditions such as epilepsy. Studying this connection from
development to optogenetic control of its activity helped us to characterize better this
synapse.

In chapter 2 we focused on the time period during embryonic development when this
connection is established to reveal from what point in time cerebellar axons innervate
thalamic neurons. In chapter 3 we then explored the difference in the activity of the big
glutamatergic CN cells originating from different Zebrin domains in vivo and in vitro in
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order to elucidate if there are differences in the transmission mode of information based
on the input CN glutamatergic neurons receive. In chapter 4 we questioned whether
the cerebellar input from glutamatergic cells of Interposed and Lateral nucleus shows
a different impact on thalamic relay cells in Ventrolateral (VL) Ventromedial (VM) and
Centrolateral (CL). These findings address the idea that cerebellum do not only influence
motor areas (as VL and VM), but also non-motor domains (CL). In chapter 5 we aimed to
test the efficacy of CN-TC stimulation in controlling seizures in epileptic mouse models.
Finally, in chapter 6 we provide an overview of how cerebellar stimulation in animal
models are utilized to investigate therapeutic options for neurological disorders, like
epilepsy.
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Chapter 2

Abstract

The cerebellum, connects to neocortex through thalamus and it has a fundamental
role in development and maturation of neocortical circuits. Disruption in the cerebello
thalamo cortical loop is associated with neurodevelopmental disorders such as autism.
In spite of the implications of both the dorsal thalamus (dTh) and the cerebellum
in developmental diseases, only few studies have attempted a description of this
connection in prenatal animals. Using the transgenic mouse Ntsr1-Cre/Ai14 we were
able to tag with the red fluorescent protein (RFP) a restricted population of cerebellar
nuclei cells (CNs) and follow their growth in mouse embryos between E14.5 and E18.5.
With confocal and light microscopy, we found that the cerebello-thalamic (CbT) fibers
arrive in the ventral thalamus between E14.5 and E15.5 and travels further rostrally
invading the dorsal thalamic complex at E17.5. We could observe cerebellar fibers
spread with a gradient in many dorsal thalamic nuclei, such as the ventromedial,
ventrolateral, parafascicular, mediodordsal and the posterior complex, at E18.5. Axonal
varicosities were visible at E18.5, some of which colocalize with vGIluT2, a marker for
subcortical synaptic contacts, suggesting the existence of active CbT synapses in the
prenatal mouse brain. Our results contribute to the generation of a frame of reference
on the anatomical development of the CbT, which can help to guide future experiments
into the investigation of how this synapse develops and if perturbations of the correct
development could lead to the onset of neurodevelopmental disorders.
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Ontogeny of murine cerebellothalamic tract

Introduction
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Cerebello-cerebral connectivity is known to be involved in motor activity, but also |
several non-motor functions are controlled by the long range cerebellar and cerebral i
projection neurons [1-5]. The most direct route from the cerebellum to the cerebral 2 !
cortex runs through the thalamic complex and it is this cerebello-thalamic (CbT) |
tract that has been implicated in a wide range of neurological conditions, like rapid i
onset dystonia, epilepsy and autism spectrum disorder (ASD) [6-8]. Several of these !
pathologies have a developmental aspect, and thus put a focus on the ontogeny and |
maturation of the CbT tract. Imaging data from children with cerebellar lesions, which i
are at high-risk of developing ASD [9], revealed concomitant cerebral impairments that !
have been suggested to be mediated by impairments of the CbT. Yet, the time of onset |
of the CbT abnormalities in ASD and other neurodevelopmental disorders remains 1
unknown. Despite recent feasibility studies that allow clinicians to investigate the 3
developing cerebello-cerebral connectivity in very pre-term born children [10], it even |
remains to be elucidated from which embryonic or fetal stage cerebellar axons reach i
the thalamic primordium. !
In animal models the development of the cerebello-thalamic connectivity is equally |
understudied. Although it is well understood that the cerebellar nuclei (CN) neurons are i
the sole source of CbT tract, there are few studies available on the development of their !
axonal connections to the thalamic complex. Some sparse reports on a developing CbT |
tract in the post-natal opossum [11] and a single report in mouse embryo [12] indicate i
that CN axons reach the thalamic primordium at the late embryonic stages, but any data !
on the progress of CbT growth and synaptogenesis is currently lacking. Given that early |
synaptic afferents have recently been shown to modulate thalamic activity patterns, i
gene expression profiles and the thalamo-cortical connectivity [13-15]; it is of upmost !
importance to elucidate at what embryonic stage cerebellar axons start to innervate the |
developing thalamus. Moreover, given that in the adult rodent the cerebello-thalamic i
tract diverges to many first-order and higher-order nuclei (including ventrolateral (VL), !
ventromedial (VM), centrolateral (CL), posteriomedial (POm), parafascicular (Pf) and !
mediodorsal (MD) [16-19] each of which has critical periods for growth and maturation i
of its afferents and efferents. For instance, the somatosensory ventrobasal nuclei receive !
brainstem afferents from E17.5 [20] and during the following 2 weeks its efferents start |
to innervate various neuronal populations in the developing cerebral cortex [21]; i
during this critical period disruptions will result in permanent disturbance of long- !
range connections and functional aberrations [22]. In order to study critical periods and |
the impact of disruptions of the developing cerebello-thalamic connection in early life, 1
a thorough understanding is required of how this connection comes about. 3
|
|
|
|
|
|
|
|
|
|
|
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Here we investigated the embryonic development of the CbT tract using transgenic
mice in which CbT fibers are tagged with red fluorescent protein (RFP). Using this
approach we found that from E15.5 CN axons innervate ventral diencephalon. Our
results reveal how from this time point on the CN axons appear to reside in the ventral
thalamus and from E16.5 continue to grow into the dorsal thalamus. By E18.5 even the
rostrally located VL nucleus is innervated by CN axons and CN axon varicosities are co-
labeled markers of active glutamatergic synapses.

Materials & Methods

All experiments were performed in accordance with the European Communities Council
Directive. Protocols were reviewed and approved by the Dutch national experimental
animal committees (DEC) and every precaution was taken to minimize stress and the
number of animals used in each series of experiments.

Mice

To visualize the fibers from the cerebellar nuclei (CN), mice carrying an Ntsr1-Cre allele
[23] Mutant Mouse Regional Resource Center; Stock Tg(Ntsr1-cre)GN220Gsat/Mmucd)
were crossed with an Ai14 reporter line [24] (Jackson laboratories strain 007908) to
generate mice expressing RFP in Ntsr1* cells. The line was genotyped by PCR and only
positive mice were used for further studies. To investigate the prenatal development
of the CbT fibers, we used Ntsr1-Cre/Ai14 embryos aged from embryonic day (E) 14.5
to E18.5. The morning of the day of vaginal plug detection was counted as E0.5. Before
sacrificing the mother, she was deeply anesthetized with isofluorane. In total, we used
fourE14.5,two E15.5, five E16.5, seven E17.5 and six E18.5 embryos. There were no gross
morphological abnormalities present in any of these embryos. We also used three adult
mice (P48-75) for characterization of the Ntsr1* CN neurons.

Tissue preparation for immunohistochemistry

Embryos were collected at E14.5,E15.5,E16.5,E17.5and E18.5. Those of E14.5and E15.5
were immediately immersion fixed in 4% PFA; E16.5 and E17.5 were first decapitated
before immersion fixation in 4% PFA; and E18.5 brains were immediately dissected in
phosphate buffer saline (PBS) over ice before immersion fixation in 4% PFA. All embryo
tissue was fixed for 36 hours at 4°C. After fixation, the embryos were cryoprotected
in 20% sucrose for at least 3 days at 4°C. After cryoprotection, the embryo tissue was
embedded in 22% bovine serum albumin in 7% gelatin solution. The embedded
brains were stored at -80°C until sectioning. Sagittal and coronal sections (20 um) were
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produced and glass-mounted on chrome alum-gelatin coated slides using a Microm !
HM560 cryostat (Walldorf, Germany) and then stored at -20°C until processing for 3
immunohistochemistry. -
After anesthetizing the adult mice with 0.15 mL pentobarbital (i.p. injection), they 1
were perfused with 4% paraformaldehyde (PFA).The brains of the adult mice were 2 3
removed after perfusion and post-fixed on a shaker for 2 hours in 4% PFA at room
temperature. After perfusion, the pia mater was removed. Thereafter, the brains were 1
embedded in 12% gelatin/10% sucrose. The gelatin blocks containing the brains were 3
then incubated in 30% sucrose/0.1M PB overnight at 4°C. Thereafter, the brains were |
cut into 40 um thick sections using a Leica SM 2000 R sliding microtome (Nussloch, 1
Germany). 3

Immunohistochemistry
For 3,3 -diaminobenzidine (DAB) staining, slides with embryonicsections wereimmersed
in 0.3% H,0, in methanol to block endogenous peroxidase activity. After three times
of 10 min rinsing with PBS, the cell membranes were permeabilized by immersion in
0.3% Triton in PBS for 60 min. After another three times of 10 min rinsing with PBS, the
slides were immersed in a 5% normal horse serum (NHS) in PBS blocking solution for 60
min. Afterwards, the slides were rinsed three times 10 min with PBS and subsequently
incubated in primary antibodies in 2% NHS/PBS overnight at 4°C. After three times of
10 min rinsing with PBS, the slides were incubated in secondary antibodies in 2% NHS/
PBS for 2 hours at room temperature. After another three times of 10 min rinsing with
PBS, the slides were incubated in avidin biotin complex (ABC) solution for 2 hours. The
ABC solution was prepared 40 minutes before incubation. The ABC solution consists
of 0.7% avidin, 0.7% biotin and 0.5% Triton in PBS. After incubation in ABC solution,
the slides were rinsed three times 10 min with PBS and two times 10 min with 0.05M
phosphate buffer (PB). After rinsing, slides were incubated for 15 min in DAB solution,
which consisted of 0.5% DAB 0.665% DAB in 0.1M PB. The DAB reaction was catalyzed
by adding H,O, to the solution (final concentration 0.01%) right before immersion.
Afterwards, the slides were rinsed three times 10 min in 0.05M PB. After an additional
short rinse in MilliQ, the slides were incubated in thionin for 5 min. Thereafter, the slides
were incubated two times 10 min in 96% ethanol, followed by three incubation steps
of 2 min in 100% ethanol. Afterwards, the slides were incubated three times 2 min in
xylene and subsequently covered with Permount (Fisher Chemical™ SP15-500) and
coverslipped.

To stain embryonic sections with immunofluorescence the slides were first rinsed
three times 10 min with PBS and subsequently permeabilized by immersion in 0.3%
Triton in PBS for1 hour. The slides were then incubated in 1% sodium dodecyl sulfate
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in PBS for 5 min to facilitate antigen retrieval. This was followed by times 5 min rinsing
with PBS. Thereafter, the slides were immersed in a 5% NHS/PBS blocking solution for 1
hour. Afterwards, the slides were rinsed three times 10 min with PBS and subsequently
incubated in primary antibodies in 2% NHS/PBS overnight at 4°C. After three times
of 10 min rinsing with PBS, the slides were incubated in secondary antibodies in 2%
NHS/PBS for 2 hours at room temperature. After incubation, the slides were rinsed two
times 10 min with PBS and 10 min with 0.05M PB. The slides were then incubated in
1:10000 4'6-diamidino-2-fenylindool (DAPI) solution for the visualization of cell nuclei.
Afterwards, the slides were rinsed two times 10 min with 0.05M PB and subsequently
covered with Mowiol (Sigma Aldrich 4-88) and coverslipped.

For immunofluorescence on adult tissue, the adult brain sections were first rinsed
four times 10 min with PBS and subsequently preincubated in 10% NHS/ 0.5% Triton/
PBS for 1 hour. This was followed incubation in primary antibodies in 2% NHS/ 0.4%
Triton/ PBS for 48 hours at 4°C. Afterwards, the sections were rinsed four times 10 min
with PBS and subsequently incubated in secondary antibodies in 2% NHS/ 0.4% Triton/
PBS. The sections were then rinsed two times 10 min with PBS and 5 min with 0.1M
PB. After rinsing, the sections were incubated in 1:10000 DAPI solution for 10 min.
The sections were then rinsed two times 5 min with 0.1M PB, after which they were
immersed in 5% gelatin/ 1% chrome alum/ MilliQ. Afterwards, the sections were glass-
mounted and coverslipped using Mowiol. Except for the incubation in primary antibody
solution, all the steps were performed at room temperature.

3DISCO

For this procedure, embryos were collected at E15.5, E16.5, E17.5 and E18.5. The brains
of E16.5-18.5 embryos were immediately dissected in phosphate buffer saline (PBS)
over ice before immersion fixation in 4% PFA. Younger animals were decapitated and
their heads were immediately immersion fixated in 4% PFA. The brains were fixed for 24
hours at 4°C. The brains were then incubated in 0.2% gelatin/ 0.5% Triton/ PBS (PBSGT)
for 24 hours on a shaker (~70 rounds per min (rpm)) at room temperature. The PBSGT
was filtered with a 0.2 um filter before use. After incubation in PBSGT, the brains were
incubated in a 0.2 um filtered primary antibody solution in 0.1% saponin (Sigma Aldrich
S-7900)/PBSGT at 37°C on a shaker (~100 rpm) for 1 week. Afterwards, the brains were
rinsed six times for 60 min with PBSGT and subsequently incubated overnight in a 0.2
pum filtered secondary antibody solution in 0.1% saponin/PBSGT at 37°C on a shaker
(~100 rpm). Afterwards, the brains were rinsed six times for 1 hour with PBSGT. Then the
brains were incubated in 50% tetrahydrofuran (THF) (Sigma Aldrich 186562-1L) in H,0
overnight to start dehydration. Thereafter, the brains were incubated for 60 min in 80%
THF/H,O, then for two times for 1 hour in 100% THF. The brains were then incubated
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in dichloromethane (Sigma Aldrich 270997-1L) for 20 min for clearing the brains, after 1
which they were incubated and stored in dibenzylether (Sigma Aldrich 108014-1KG) at 3
room temperature. From the first THF incubation step onwards, care was takentohave |
the least amount of air possible in the vials containing the brains. 2 i

Antibodies
An overview of the antibodies used is presented in Tables 1 and 2. For DAB staining,
we used a primary rabbit anti-RFP antibody (1:000, Rockland) and a secondary donkey
anti-rabbit antibody (1:200, Jackson). For immunofluorescence, we used chicken anti-
Calbindin (1:500, Synaptic Systems), goat anti-FoxP2 (1:500, Santa Cruz), guinea pig anti-
vGluT2 (1:500, MilliPore), rabbit anti-RFP (1:000, Rockland), and mouse anti-NeuN (1:1000,
MilliPore) as primary antibodies. Cy5 anti-chicken (1:200, Jackson), Alexa488 anti-goat
(1:200, Jackson), Cy5 anti-guinea pig (1:200, Jackson), Cy3 anti-rabbit (1:400, Jackson),
and Alexa488 anti-Mouse (1:200, Jackson) antibodies were used as secondary antibodies.
For 3DISCO, we used chicken anti-Calbindin (1:500, Synaptic Systems), goat anti-
FoxP2 (1:500, Santa Cruz) and rabbit anti-RFP (1:000, Rockland) as primary antibodies.
Cy5 anti-chicken (1:200, Jackson), Alexa488 anti-goat (1:200, Jackson) and Cy3 anti-
rabbit (1:400, Jackson) antibodies were used as secondary antibodies.

Imaging
An overview of the microscopes used is presented in Table 3. Light microscopy pictures
of DAB stained slides were made using a Nanozoomer 2.0-HT (Hamamatsu, Japan) with
40X magnification. The pixel size was 230 nm x 460 nm. Confocal microscopy pictures
were taken with a Zeiss LSM700 Meta (Carl Zeiss Microscopy, LLC, USA) and an Opera
Phenix™ HCS system (Perkin Elmer, Hamburg, Germany). Confocal pictures on the
Zeiss LSM700 Meta were taken with a 63X oil Plan-Apochromat lens with an NA of 1.4.
Z-stacks were taken with a voxel size of 50 nm x 50 nm x 150 nm, a pinhole of 1 Airy
unit and bit depth of 8-bits. Signal-to-noise ratio was improved by 4X line averaging.
For the different fluorophores, the following lasers were used: 405 nm for DAPI, 488 nm
for Alexa488, 543 nm for Cy3 and 633 nm for Cy5. The confocal pictures on the Opera
Phenix™ HCS system were taken with a 20X lens with an NA of 0.4. The pixel size was 598
nm x 598 nm. The bit depth was 16-bits. For the different fluorophores, the following
lasers were used: 488 nm for Alexa488, 561 nm for Cy3 and 640 nm for Cy5. Z-stacks
consisting of two 10 um spaced slices were taken to correct for shifts in the z-axis. Before
further analysis, a maximum intensity projection of the images was produced, which
was subsequently converted to 8-bits.

The 3DISCO cleared brains were imaged with the LaVision biotec light sheet
microscope Ultramicroscope Il (LaVision biotec, Bielefeld, Germany). Overview pictures
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were taken with a 1.6X zoom, detailed pictures were taken with a 6.3X zoom. The lens
had an NA of 0.5 and the bit depth was 16-bits. Overview pictures had a voxel size of
2030 nm x 2030 nm x 2500 nm and detailed pictures had a voxel size of 515.9 nm x 515.9
nm x 2500 nm. We solely used a 561 nm laser to image Cy3.

Delineation and intensity measurements
Any images containing structural artefacts were discarded. The delineation of
anatomical regions and measurements were performed with FlJI software (version
1.51). To delineate the thalamic nuclei across the different ages studied, we used the
chemoarchitectonic atlas of the developing mouse brain (Jacobowitz and Abbott,
1998), the atlas of the prenatal mouse brain (Schambra et al., 1992), the atlas of the
developing mouse brain (Paxinos, 2007), the Allen brain atlas (Thompson et al., 2014)
and descriptive studies of FoxP2 expression in developing mice [25-28]. With FoxP2,
we could delineate the parafascicular nucleus (Pf), the mediodorsal nucleus (MD), the
ventrobasal complex (VB), the posterior complex (Po), the ventromedial nucleus (VM)
and parts of the midline nuclei (ML). Our definition of ML includes the centromedial,
paraventricular, intermediodorsal, reunions, retroreuniens, intermediodorsal, rhomboid,
xyphoid, retroxyphoid, interanteromedial, anteromedial and posteromedian nuclei
of the thalamus. When combining FoxP2 with calbindin staining, we could delineate
the VM and the ML more specifically than with FoxP2 alone [29]. In addition to these
markers, we also used the atlases described in the materials and methods section. The
border between the ventrolateral nucleus of the thalamus (VL) and the intralaminar
nuclei could not consistently be accurately delineated in all slices. Therefore, the size
of the nucleus might be slightly underestimated in some instances. Moreover, at E16.5,
the border between the VL and the LP could not be delineated. We therefore did not
measure the VL at this age. The delineation of thalamic nuclei was performed in the
fluorescent channels representing the FoxP2 and calbindin expression, so that the
researcher was blinded for the location of RFP signal, which represents the location of
Ntsr1Cre-Ai14-positive axons. For further measurements, nuclei were delineated with
the ROI manager in FlJI. If a nucleus could not be delineated in two or more sequential
sections, this particular nucleus was not quantified.

To measure the amount of Cy3 signal in each nucleus, the mean plus two times
the standard deviation of the histogram was used as threshold to binarize the image
into background and foreground. To measure the area of detected objects within each

nucleus (A ) we used the "analyze particle function”.

detected

Colocalization
Colocalization of vGluT2 and RFP signals were determined using FlJI in the 63X images
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Statistical Analysis
The fluorescence of a whole thalamic nucleus was calculated for each mouse by
summing the A, and the A, of all the sections containing the nucleus in

and YA
gives the sum of the relative area occupied by RFP* fibers,

question, yielding the 3A
Dividing YA by A
expressed by the percentage of Summed Area Occupied (pSAO). For each mouse, data
from both hemispheres were averaged. Thereafter, the average pSAO per nucleus was
calculated for E16.5, E17.5 and E18.5. For each nucleus, significant differences between

respectively, per nucleus per hemipshere.

detected delineated”

detected delineated

the ages were first tested with a Kruskal-Wallis (K-W) test (degrees of freedom = 2). When
a significant difference was found, Dunn’s post-hoc test was used to compare pairwise
between the age groups. For the latter test, a Sidak corrected p-value of 0.017 was used
as threshold for significance. To compare the data of nuclei gathered from two ages we
used a Mann Whitney U test. In this case, a Sidak corrected p-value of 0.0253 was used
as threshold for significance.

The relative amount of RFP* fibers per section was calculated by dividingthe A,
by the A These values were then plotted against the relative caudal-to-rostral
distance. This distance was calculated as a linear scale from 0 to 100, with 0 indicating the

delineated”

most caudal section in which a particular nucleus was delineated and 100 indicating the
most rostral section in which that nucleus was delineated. To determine whether there
was caudal-to-rostral gradient of the relative amount of RFP* fibers, a Spearman’s rank
correlation coefficient rho’ was calculated per nucleus per age. To measure differences
in correlation between groups, the Fisher's Z-transformation was used, after which a
Z-test was conducted for pairwise comparison. Since the same dataset was used for
whole nucleus analysis, a Sidak corrected p-value of 0.0253 was used as threshold for
significance. Sidak corrected p-values are calculated using aper comparison=1—
(1—a)1/k, where a is the overall significance level, which was chosen to be 0.05, and
k was chosen as the amount of times a same dataset was analyzed, or the amount of
comparisons in the case of the Dunn’s post-hoc test. Data are represented as mean =+ SD.
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Results

Characterization of the Ntsr1-Cre/Ai14 mouse line:

To study the embryonic development of the CbT, we crossed the Ntsr1-Cre and Ai14
mouse lines.The offspring is characterized by RFP* expression in previously characterized
large diameter CN neurons (Fig. 1A-D) (see also [30]). To assess the distribution of Cre
expression in the cerebellum we measured the proportion of RFP* CN cells and the
number of NeuN* cells in the CN, (Table 4, Fig. 1E). Since there are non-CN neurons
migrating through the cerebellum during embryonic stages [31] we quantified the
RFP* CN population in adult mice. The quantification revealed that ~1/3 of CN neurons
are RFP* (Fig. 1E).

Quantification of RFP* neurons

mMouse 1
mMouse 2
Mouse 3

Total

60
_.50
&
= 40
® 30
=
20
© 10
0
LCN Int MCN

Cerebellar nuclei

Figure 1. Example of NeuN and RFP staining in adult CN. A) 20x tilescan of a coronal P48 cerebellar
slice, zoomed in on the left CN. Stainings: red fluorescent protein (RFP) in red, NeuN in green, yellow
indicating colocalization of these two stainings. B-D) Zoom in of boxed region in A. B) NeuN stained
cells. C) RFP stained cells and fibers. D) Merge of B and C. Note that the RFP* somata are relatively
big compared to the RFP somata. E) A barplot representation of the quantification of RFP* cells as a
proportion of NeuN* cells (see also Table 4). Scale bars: A =150 um, C-D =5 pm.
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Most of these RFP* neurons reside in the interposed nucleus (Fig. 1E). We found that
RFP* somata appeared larger than RFP- somata. In contrast to the CN, no RFP*-neurons
were found in the nearby vestibular nuclei or in the cerebellar cortex.

2A,B). Following an immunohistochemical amplification of the RFP signal, we found
that at E18.5 also layer VI pyramidal neurons are RFP* (Fig. 2A,C), which has previously
been acknowledged in adult Ntsr7-Cre mice [23, 32]. Some sparse RFP* neurons were
also found throughout the posterior and lateral hypothalamus, hippocampus, lateral

Figure 2. Distribution of Ntsr1* cells in an E18.5 embryonic mouse brain. A) Sagittal section
showing all the regions in which Ntsr1+*is expressed. (B-1) 20x zoom in pictures of CN, Ctx, Hyp, Hc, LG,
mRF, SC, and ZI, respectively. Note the abundance of Ntsr1+ cells in CN and Ctx. Scale bars: A = 1000

During embryonic development, RFP* neurons are also found outside of the CN (Fig. 2 !
um, others = 100 pm. 1
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geniculate nucleus, medial reticular formation, superior colliculus and zona incerta
(Z1) (Fig. 2D-I). Apart from the cortical layer VI neurons, which project throughout the
dorsal thalamic complex from E17.5 onwards [33], these other nuclei do not provide
dense input to the thalamic nuclei that receive dense CN input in the adult brain (see
discussion).

We found that at E18.5 RFP* axons from cortical layer VI had descended through the
internal capsule and reached the VB nucleus, but remained lateral of VM (Fig. 3). The
RFP* CN axons populate the more medially located bundle that progresses from the
mesencephalic and subthalamic regions into VM. Thus although the Ntsr1Cre-Ai14
mutants do not provide exclusive RFP-expression in CN neurons, we were able to study
the embryonic development of CN axons in the mouse brain.

CTitract. CTtract

Figure 3. RFP* cortical fibers entering the dorsal thalamus, specifically the ventrobasal
thalamic nucleus, at E18.5. A) Zoomed out confocal tile scan showing the RFP* corticothalamic
fibers and another, separate, RFP* fiber bundle, presumably originating from the CN. B) Zoom in of
insetin A. Scale bars: A =250 um, B =100 um.

RFP* axons of the CbT reside in ventral thalamus until E16.5

After characterizing the origin of RFP* axons in the embryonic thalamus, we next sought
to determine at what age the RFP* axons that putatively originate from CN neurons
arrive at the thalamic primordium. Using a combination of light-sheet imaging of
3DISCO-treated brains, confocal and light-microscopy we visualized the CbT tractat 15.5
and E16.5 (Fig. 4). We found that rostral of the decussation the CbT is located medially
and follows the mesencephalic curvature dorsally (Fig. 4C,D,G,H). At these ages the CbT
RFP* axons progress beyond the red nucleus (see also Hara et al., 2016) and reside in
the ventral thalamus at E15.5 and E16.5; the adjacent dorsal thalamus remains devoid
of CbT axons.
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Figure 4. RFP* fibers in the thalamic complex at E15.5 and E16.5. A-D) E15.5 RFP* fibers innervate
the ventral thalamus (vTh), but not the dorsal thalamus (dTh). A,B Nissl stained sagittal section; C,D
Horizontal view of a maximum intensity projection of a 3DISCO cleared mouse brain. B and D are
enlarged from boxed areas in A and C, respectively. E-H) similar to A-D for E16.5. Scale bars: A = 250
pm, B =50 um, C =100 pm, D = 50 pm.
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CbT RFP* axons progressively innervate specific nuclei in dorsal thalamus
fromE17.5

From E17.5 the CbT commences to innervate the dorsal thalamic nuclei (Fig. 5A-E). To
establish which nuclei are invaded by RFP* axons we combined immunofluorescence
staining for FoxP2 and calbindin-d28K with RFP-stainings to identify the neuronal
populations that form the separate nuclei (Fig. 5F). We found from E17.5 that the bundle
of RFP* axons extended from the ventral thalamus into the nearby VM nucleus and
diverged into other nuclei.

Figure 5. Innervation of the dorsal thalamic complex from E17.5. A) Horizontal view of a
maximum intensity projection of a 3DISCO cleared E17.5 mouse brain. B-E) Coronal section of an
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l
E17.5 mouse brain at two rostro-caudal planes in which DAB-stained RFP+ fibers diverge in dTh. (B,D) |
and their magnified insets (C,E). Note that RFP+ fibers in dorsal thalamus (dTh) appear less dense than |
in the medial vTh. F) Expression of FoxP2 (green) and Calbindin (purple) in E18.5 mouse brain with !
delineated nuclei adapted from Schambra (1992). G, H) Magnification of boxed region in F, showing ‘
raw (G) and binarized (H) versions of RFP-signal in different nuclei. Arrows in insets indicate putative !
boutons. Scale bar: A = 250 um B,D = 500 um, CE = 100 um, F = 200 um, G,H = 100 um and insets 2 |
GH =25 um. l
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To assess the innervation of the individual nuclei by RFP* axons, we selected all sections
available for all the identified nuclei and summed for each nucleus the percentage of
the area that was RFP* (Fig. 6A) (see methods section). This analysis of fluorescence
revealed that at E17.5 VM, VL and Pf, i.e., nuclei which receive dense CN innervation in
the adult brain, at least 1% of the section’s surface was RFP* (Fig. 6A,C,E; see Table 5 for
all nuclei). In E18.5 tissue the surface of RFP-signal further increased: in VM we found
14.7 + 2,05% of the section’s surface to be RFP*;in VL and Pf9.6 +2,95% and 3.3 + 1,55%,
respectively (Fig. 6B,D,F). Also beyond the VM, VL and Pf nuclei we found that in the last
days of embryonic development the RFP* signal increased. In the MD, POm, VB and ML
nuclei the RFP+ section’s surface tended to increase, but remained fairly limited in that
atE18.5, MD (1.45 + 0,48%), POm (0.89 + 0,54%), VB (0,92 + 0,52%) and ML (0,34 + 0,14%)
all remained well below the RFP fluorescence levels found in VM, VL and Pf nuclei (see
also Table 5).
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Figure 6. RFP signal quantification in the thalamic nuclei. Percentage of summed area occupied
by above-threshold RFP-signal (pSAO) in A) VM (E16.5, n=3, E17.5, n=4, E18.5, n=4), B) VL (E16.5, n=0,
E17.5,n=4,E185,n=4) C) MD (E16.5, n=2, E17.5, n=5, E18.5, n=4), D) Pf (E16.5, n=3, E17.5, n=5, E18.5,
n=4), E) Po (E16.5, n=3,E17.5,n=5,E185, n=4) F) VB (E16.5, n=3,E17.5, n=5, E18.5, n=4), G) ML (E16.5,
n=3,E17.5,n=5,E185, n=4).

To describe the development of the CbT in more detail, we focused on the VM, VL and
Pf nuclei and analysed the caudal-to-rostral gradient of the relative amount of RFP*
fibers (Fig. 7). We calculated the Spearman’s correlation value rho (r) for E17.5 and
E18.5 tissue pooled from various embryos (see methods) and found that in all these
nuclei the fluorescence was relatively higher in the most caudal sections. In the VM at
E17.5 there was a negative correlation between the level of rostrallity and the relative
amount of RFP* fibers (r=-0.550, df=48, p=3.57*10") (Fig. 7A). At E18.5, all embryos
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showed a negative correlation value (pooled r=-0.790, df=57, p=1.06*10"%) (Fig. 7B). 1
The correlation was significantly stronger at E18.5 as compared to E17.5 (-0.790 vs. 3
-0.550, Z=-2.29, p=0.0226; for E18.5 vs. E17.5, respectively). In the VL at E17.5, therewas |
a negative correlation between the level of rostrallity and the relative amount of RFP* !
fibers (r=-0.711, df=44, p=3.11%10%) (Fig. 7C). At E18.5 this correlation (r=-0.591, df=50, 2
p=4.06°) (Fig. 7D) did not differ significantly from that of the E17.5 animals (Z=1.01,
p=0.844). In the Pf at E17.5, there was a negative correlation between the level of 1
rostrallity and the relative amount of RFP* fibers (r=-0.658, df=39, p=2.99*107) (Fig. 7E). 3
At E18.5 we did not observe a significant correlation between the level of rostrallity and !
the relative amount of RFP* fibers (pooled r=-0.265, df=39, p=0.0946) (Fig. 7F). At E17.5, 1
the correlation was significantly stronger than at E18.5 (Z=-2.26, p=0.0244). 3
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Figure 7. RFP signal quantification from caudal to rostral in the thalamic nuclei. The surface of
the section that is RFP* positive (in %) against the relative rostral to caudal distance (in %) in VL, VM,
and Pf. A)VLat E17.5 (n=46); B) VL at E18.5 (n=52); C) VM at E17.5 (n=48) D) VM at E18.5 (n=57) E) Pf at

E17.5 (n=39) F) Pfat E18.5 (n=39). r = Spearman’s rho.
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Boutons and synapses 1
So far we identified the location of RFP* axons and the growth of the CbT in the dorsal 3
thalamic complex. We next evaluated whether RFP* axons formed synaptic contacts |
using confocal microscopy and FoxP2-stained tissue (Fig. 8A,B). Whereas at our DAB and 1
immunofluorescent staining of E17.5 tissue did not provide any hint for RFP* bouton-like 2 3
varicosities in thalamus (data not shown), at E18.5 found that throughout the thalamic |
complex RFP* axons to show morphological characteristics of pre-synaptic terminal 1
formation (Fig. 8C-N). In adult brain the cerebellothalamic projection has been shown 3
to be glutamatergic [34] and positive to vGIuT2 staining [35, 36]. Note that cortical |
layer VI projections, i.e., the other main source of RFP* axons (see Figure 2) are vGIuT1- 1
positive [35, 37]. We acquired stacks of high-magnification confocal images of VM, VL 3
and Pf, which allowed us to confirm the colocalization of vGIuT2 and RFP putative axon !
terminals in VM (Fig. 8C-F), the VL (Fig. 8G-J) and the Pf (Fig. 8K-N). We then assessed the 1
morphological characteristics of the identified vGluT2-positive varicosities in VL and VM 3
nuclei; the number of terminals did not vary significantly between the two nuclei (in VL: !
5, VM 4), however in VL the boutons volume showed a tendency towards bigger size 1
(VL: 5.79+2.18 pm3, VM: 1.07+0.31 pm?®) although the difference was not significantly 3
relevant (p=0.11, Mann Whitney test). !
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Figure 8. Putative boutons and colocalization with vGluT2. A) Schematic overview of the
workflow. After acquiring an overview image at 20x, we zoomed in on the region of interest and
acquired a z-stack with voxel dimensions of 50 nm * 50 nm * 150 nm. After deconvolution, a threshold
was applied to the different channels and areas of overlap were determined. An RFP* bouton or
terminal was considered to be colocalizing with vGIuT2 only if this vGIuT2 region was overlapping
a 100% in x, y and z dimensions. For the examples shown in C-R, a single slice was taken from the
z-stack. B) Overview image taken with a 20x objective before switching to higher magnification. C-F)
Example of a deconvolved image showing a putative CbT bouton in VL, with RFP in red (C), vGIuT2 in
green (D), and the result after thresholding (F). G-J) same for VM, K-N) same for Pf. Scale bars: B = 200
um, CG-R=1um).
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Discussion

We describe the final stages of the outgrowth of CN axons into the thalamic complex. |
Our data reveal that at E15.5 and E16.5 the CbT is found in the part of the ventral 1
thalamus that in postnatal life will form the ZI. From E17.5 onwards we found CN axons 2 i
throughout the developing dorsal thalamus. Notably, several of the thalamic nucleithat |
in the adult life receive the most dense CN axon projections, like VM, VL and Pf, were 1
already invaded by RFP* axons. In these nuclei we found that RFP* axon varicosities 3
colocalized with vGIuT2, a marker for glutamatergic inputs from subcortical sources [16]. |

Technical considerations
Using the Ntsr1Cre-Al14 brains for our current study allowed us to investigate the
development of CbT axonal projections, but also resulted in the endogenous staining
of other cell populations, some of which are known to innervate the thalamic complex.
Apart from the obvious CN labelling (see also[30]), RFP* neurons and axons were also
readily identified in the deeper layers of the cerebral cortex, where Ntsr1* are known to
label a subpopulation of L6 pyramidal cells [23, 32]. As we have shown in our analysis
the corticothalamic tract, which contains the L6 fibers, and the CbT tract are positioned
differently in the embryonic mouse brain (Fig. 3). Also the time of thalamic invasion by
the corticothalamic and CbT fibers is different: our data reveals that already from E17.5
RFP* fibers start invading the thalamic complex, which precedes the innervation of
thalamic nuclei by corticothalamic fibers, which has been shown by detailed analyses to
occur from E18.5 (as reviewed by [38]). Finally, also the nuclei that are innervated appear
to differ between the corticothalamic and CbT tracts, in that the corticothalamic fibers
initially innervate the ventrobasal nuclei and appear to diverge from their onwards [33],
whereas the CbT shows arrives in the ventromedial and ventrolateral nuclei. These lines
of evidence indicate that we can reliably isolate the RFP-labelling in cortical L6 neurons.
We also found sparse labelling in several other brain regions, which clearly has
implications for the interpretability of our data on thalamicinnervation in the embryonic
stages. Of these regions (see Figure 2) we found that mRF cells that project to the
thalamus are located more dorsally than where we observed Ntsr1* cells [39]. Moreover,
we found that the few Nstr1* cells in ZI at E18.5 were undetectable in adult mouse tissue
(data not shown). For the hypothalamic Ntsr1* cells it may be that these have already
connected to the thalamic nuclei, of which the Pf is one of the prime targets in the adult
mouse brain [40, 41]. Finally, to our knowledge CN neurons are the predominant source
of vGluT2-positive terminals in the Ntsr1* population of cells, in that ZI regions that
primarily target the dorsal thalamic complex, i.e., dorsal and ventral ZI, are practically
void of vGluT2-expressing cells ([42]; [43]), although a subpopulation of hypothalamic

45



Chapter 2

and superior colliculus neurons also express vGIuT2 [35] in the adult stages. Our data
set lacks dedicated retro- and anterograde tracing experiments that allow a detailed
quantification of the CN fibers to the embryonic thalamic complex, but based upon
previous work in adult rodent brain we advocate that the bulk of RFP* fibers in the VL
and VM in our current dataset are most likely originating from Ntsr1* CN neurons [16].

Development of the CbT in mouse embryos

In the present study, we investigated the anatomical development of the CbT in mouse
embryos aged E15.5 to E18.5 and found that prior to the entry of the dorsal thalamus,
the CbT tract appears to stall its growth and reside in the ventral thalamus between
E15.5 and E16.5. This apparent waiting period of ~48 hours might be compared to the
second waiting period of the corticothalamic (CT) pathway in the reticular nucleus [33].
In our knowledge, a similar waiting period has not been described for other subcortical
thalamic afferents in the rodent brain [20]. We speculate that the CbT waiting period
could possibly be related to axonal energy supplies for branching within the ventral
thalamus, or in mesencephalic targets of the CbT, such as the red nucleus, which are
innervated prior to the thalamic complex[12]. Another likely option is that CbT axonal
growth is stalled due to chemical signaling. These nuclei could possibly send out
chemical signals that prevent CbT fibers to enter the dorsal thalamus, like the Sema3E/
PlexinD1 signaling responsible for one of the CT waiting period in the reticular nucleus
[44]. A function of this waiting period might be that CN fibers, which originate from CN
neurons that are sequentially born [31], arrest their growth and reorganize in the ventral
thalamus before entering the dorsal complex - a mechanism again described for the
corticothalamic tract as well [38].

Upon entry in the dorsal thalamus, CbT fibers appeared to swiftly locate the VM and
VL nuclei, which are also in the adult mouse brain their prime target nuclei [16, 17]. We
found that the most caudal portions of VM and VL nuclei were more RFP* labelled than
the rostral portions, indicating that the afferents arise from caudal, which matches with
the position of the CbT tract. The fact that the caudal-rostral gradient disappeared in
Pf could suggest that also fibers that arrive in a different orientation start to innervate
this nucleus, like the corticothalamic or hypothalamic-thalamic fibers [33, 41]. Further
investigations of the various thalamic afferents shall reveal more insights in how their
growth is organized.

In this study, the development of the CbT tract was described as a whole, as if the
axons arise from a single cerebellar nucleus. The current approach did not allow a
detailed analysis of the individual axons and thereby we were not able to dissociate
between axons from the lateral, interposed or medial nuclei. Since in the adult rodent
brain the innervation of CbT fibers originating from the separate CN differs extensively
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Timing of thalamic innervation by CbT and functional relevance

The invasion of CbT fibers into the dTh starts from E17.5 and most likely continues well
into the postnatal period. This is relatively late when compared to other subcortical
thalamic afferents. Both primary sensory afferents and serotonergic afferents start
invading the dTh at earlier time points. The retinogeniculate pathway is present in the
LG as early as E15.5 in mouse [14] and the trigeminothalamic pathway starts to invade
the dTh between E14 and E17 in mouse [20]. Serotonergic afferents enter the thalamus
at approximately E16 in rat [49]. As has been proposed before the ascending fibers of
the brainstem may provide a passage for the CbT fibers through the mesencephalon
[11], but whether there is active interaction between these thalamic afferents remains
to be elucidated.

Although for several of the afferent systems it is quite evident what the role is of
forming a connection during late embryonic stages, this remains speculative for the
CbT tract, not in the least because the cerebellar cortex is developing relatively late and
its impact on the CN neurons is rudimentary at best in the antenatal period. One option
is that the CbT fibers are present in the thalamic complex to interact with thalamic
neurons and guide their axonal growth. The invasion of thalamocortical (TC) fibers into
the cortical plate starts from E18.5-P0.5, but already before that the activity levels of
thalamic neurons are thought to direct the axonal growth speed [14, 47, 48]. Thus, since
the CbT tract seems to have established connections with the thalamus starting at E18.5,
there is ample time for the cerebellar output to affect thalamo-cortical development.

Both the thalamocortical system and the cerebellum have been implicated to
undergo critical periods [9, 20], disruptions of which are suggested to contribute to
a whole range of neurodevelopmental disorders and psychiatric diseases, like autism
spectrum disorder and schizophrenia [9, 50]. These neurological conditions are thought
to be related to malformations in the neuronal wiring caused by early life events [51,
52] and our current study indicates that in the murine brain cerebellar aberrations can
derail thalamocortical wiring from E17.5 onwards, which translates to early fetal stages
in human development.

47



Chapter 2

List of abbreviations

3V = third ventricle

4V = fourth ventricle

APT = anterior pretectal nucleus

Aq = Aquaduct

CbT = cerebellothalamic tract

CbX = decussation of the cerebellothalamic
tract

CN = cerebellar nuclei

CP = Caudate Putamen

CT = corticothalamic

Ctx = cerebral cortex

dTh = dorsal thalamus

EGL = external granular layer of the cerebellum

fr = fasciculus retroflexus

Hb = Habenula

Hc = hippocampus

Hyp = Hypothalamus

IC = inferior colliculus

Int = interposed nucleus of the cerebellum

LC = lateral nucleus of the cerebellum

LG = lateral geniculate nucleus of the thalamus

LHb = Lateral habenula

LP = lateral posterior nucleus of the thalamus

MCN = medial nucleus of the cerebellum

MD = mediodorsal nucleus of the thalamus

MG = medial geniculate nucleus of the
thalamus

MHb = Medial habenula

48

ML = midline nuclei

mRF = medullary reticular formation

mt = mamillothalamic tract

NHS = normal horse serum

PBS = phosphate buffer saline

PBSGT = phosphate buffer saline with gelatin

and triton

Pf = parafascicular nucleus of the thalamus

Po = Posterior complex of the thalamus

pSAO = percentage of summed area occupied
by above threshold RFP signal

Pt = pretectum

PV = paraventricular nucleus of the thalamus

RFP = red fluorescent protein

Rh = rhomboid nucleus

RN = red nucleus

rpm = rounds per minute

RRE = retroreuniens nucleus

Rt = reticular nucleus of the thalamus

SC = superior colliculus

TC = thalamocortical

THF = tetrahydrofuran

VB = ventrobasal complex of the thalamus

VL = ventrolateral nucleus of the thalamus

VM = ventromedial nucleus of the thalamus

vTh = ventral thalamus

Z| =zona incerta

ZLI = zona limitans intrathalamica
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Table 1. Primary antibodies

Host species Antigen Concentration Manufacturer

Red fluorescent protein
Vesicular glutamate transporter 2

Rabbit
Guinea Pig
Goat
Chicken
Mouse

FoxP2
Calbindin
NeuN

Table 2. Secondary antibodies

Host species
Donkey

Goat

Donkey
Donkey
Donkey
Donkey

Target species

Rabbit
Rabbit
Guinea Pig
Goat
Chicken
Mouse

Conjugate
Cy3

Biotin

Cy5
Alexa488
Cy5
Alexa488

Table 3. Laser and filters per microscope per dye

Lightsheet
Ultramicroscope I
Dyes Laser Filters
DAPI - -
Alexa 488 483nm 525/50
Cy3 561nm 615/40
Cy5 647nm 676/29

Opera Phenix™ HCS
Lasers Filters
488nm 500/50
56Tnm 570/30
640nm 650/60

1:1000
1:500
1:500
1:500

1:1000

Concentration

1:400
1:1000
1:200
1:200
1:200
1:200

Lasers
488nm
555nm
633nm

Rockland 600-401-379
MilliP AB2251
SC-21069

Syn Sys 214006

MilliP MAB377

Manufacturer
Jackson 711-165-152
Jackson 111-065-144
Jackson 706-175-148
Jackson 705-545-147
Jackson 703-175-155
Jackson 715-545-150

Zeiss LSM700 Meta

Filters

0/590 520
/640 600
640/ 630

Beamsplitter

Table 4. Relative amount of RFP* neurons (RFP/NeuN in %) per cerebellar nucleus and the relative
amount of RFP* neurons in each nucleus compared to the total amount of RFP+ CN neurons (RFP/

totalRFP in %).

LCN
Int
MCN
Total

333
56.6
19.0
40.0

Mouse 1

RFP/NeuN in %

RFP/totalRFP

221
64.8
13.1
100

RFP/NeuN in %

225
64.6
12.7
397

Mouse 2
RFP/totalRFP
133
775
9.25
100

Table 5. pSAO values (in %) of the investigated thalamic nuclei and the Z- and p-values of the

differences between the age groups of each of these nuclei.

E16.5
pSAO
VM 0.0480%
MD  000147%
Pf 0330%
ML 0.0930%
Po 0.0261%

E17.5

pSAO
4.85%

0.0590%

1.06%

0.0586%

0.137%

E16.5vs.E17.5

YA
14.7% -1.38
1.45% -1.26
3.30% -1.60
0.342% -1.77
0.885% 0.836

p
0.167

0.207
0.111
0.859
0403

E16.5 vs. E18.5

z
-2.96
-2.79
-3.00
-2.15
-1.54

E17.5vs.E18.5

p 4 p
000307  -1.71 0.0881
000535  -202 0.0431
000274  -167 0.0940

00317  -2.25 0.0242
0.123 -267 000766
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Chapter 3

Abstract

The heterogeneity of the murine cerebellar cortex has been highlighted in the past
decade by results of anatomical and physiological experiments that supplement its
behavioral specification. Although an increasing amount of data indicates that the
output of the cerebellar cortex is linked to regionally variable molecular identity, i.e.,
inhibitory Purkinje cells (PCs), which are either positive or negative for the expression
of aldolase-C, or Zebrin, can be recognized by their intrinsic firing frequencies.
However, little is known about the impact of this dichotomous firing frequency on the
downstream neurons in the cerebellar nuclei (CN). Here we investigated whether the
firing frequency of neurons in the CN innervated by Zebrin-positive (Z*) PC axons, which
are the interpositus posterior, lateral and part of the medial nuclei, is different from that
in Zebrin-negative (Z) nuclei, i.e., the interpositus anterior and a part of the medial nuclei.
We recorded action potential firing in awake adult mice and found that the Z CN firing
frequency was consistently higher than in Z+ CN. Subsequent in vitro recordings of the
intrinsic pacemaking activity did not reveal a significant difference in firing frequency
between the CN neurons in Z* and Z nuclei, nor did we find morphological difference in
the large-somata CN neurons. Further in vivo recordings in juvenile mice indicated that
already during the postnatal days P17-19 the firing frequency of CN neurons correlates
to the zebrin identitiy of the PC afferents. Our findings indicate that in the absence of
overt differences in the neuronal morphology or intrinsic activity, the neurons in Z+ CN
fire at a lower frequency than those in Z CN. Thereby these CN neurons tend to adhere
to the increased firing frequency of Z PCs.
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Introduction

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
Traditionally the cerebellum is seen as an integrator of sensory and motor information to |
control and adjust the motor system. However, studies in humans and primates showed i
that the cerebellum is also granted a modulatory function in higher-order cognitive and !
emotional disorders, which have their onset during development [1, 2]. Information |
from many brain structures enters via the mossy fiber and climbing fiber systems and i
the output is transferred through the cerebellar nuclei (CN) neurons to diverse brain 3 !
areas, such as mesencephalic pre-motor nuclei and the diencephalic thalamus[3]. The |
cerebellar cortex receives vast amounts of input [4] and its principle output neurons, 1
the Purkinje cells (PCs), converge onto the CN neurons with a ratio of ~40:1 ratio [5]. 3
Moreover, CN neurons, most of which are intrinsically active [6], receive input from an !
unknown number of mossy fiber and climbing fiber collaterals [7].The precise impact i
of these afferents has been discussed in various detailed in silico, in vitro and in vivo !
studies[5, 8, 9] but so far it remains to be elucidated how the modular organization of !
the olivo-cerebellar system correlates to the actual output of the cerebellum, i.e., the CN i
firing pattern. !
The CN population is very heterogeneous in its cell composition and in its |
extracerebellar afferents. Yet, the PC input to the CN is organized according to the i
modular organization of the so-called ‘Zebrin-bands’ [10]. There are several molecular !
markers that subdivide cerebellar cortex in different bands; staining of aldolase-C, which !
is the same protein as zebrin |l clearly reveal that CN can be divided into zebrin-positive i
(Z*) and zebrin-negative (Z), based upon the density of Z* and Z PC axons. The lateral, !
interpositus posterior and caudal portion of the medial CN are mostly innervated by Z* |
PCs whereas the interpositus anterior and rostral portion of the medial CN are mostly i
innervated by Z PCs [10]. Recent studies in adult mice have shown that the Z* PCs fire !
action potentials on average at lower frequencies than Z- Purkinje cells [11]. Under the |
assumption that the convergence of the PCinput to Z*and Z CN neurons is equal, the Z i
CN neurons receive increased inhibition compared to Z*. Although the synchrony of the !
inhibitory inputs to CN neurons is decisive over its effect on CN action potential firing |
[5, 8], there has been no quantitative comparison of the synchrony of PC firing in Z* and i
Z bands. Here, we aimed to answer whether the firing frequency of Z* and Z neurons !
differs. Using in vivo electrophysiology we found that Z CN neurons fire at a higher rate |
than the Z* neurons, whereas in vitro we could not observe a significant difference. 1
Moreover morphological reconstruction of patched neurons showed no difference in 3
the structure of the dendritic tree. !
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
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Materials and Methods

Subjects

A total of 60 mice, aged P12 to P133, where used for extracellular recordings in the
CN. We used both males and females and selected the pups randomly from a litter. We
used either EAAT4-eGFP mutant mice, in which eGFP is expressed in EAAT4-expressing
Purkinje cells, i.e., in Zebrin-positive Purkinje cells[12] or C57BL/6J mice. The EAAT4-
eGFP mice were bred in-house; the C57BI/6J mice were obtained from a time-pregnant
mother imported from the vendor (Charles River or Janvier Labs). All experiments were
performed in accordance with the European Communities Council Directive. Protocols
were reviewed and approved by the Dutch national experimental animal committees
(DEC) and every precaution was taken to minimize stress, discomfort and the number
of animals used.

Surgery

Mice were subcutaneously injected with Buprenorphine (0.015 mg/kg) (RB
Pharmaceuticals Ltd., Slough, UK) and Rimadyl cattle (5mg/kg) (Zoetis, Parsippany,
NJ, USA) sixty minutes before surgery. The mice were anesthetized with isoflurane
(3% in 0.4 L/min O, for induction and for maintenance 0.5-1.3% in 0.2-0.4 L/min 0,
(TEVA Pharmachemie, Haarlem, The Netherlands). During the surgery the temperature
was maintained at 37°C using a heating pad and anal probe in an automated feedback
system. Before and after shaving of the skin 2% lidocaine (AstraZeneca, Cambridge,
UK) was applied, and to expose the skull the skin was opened over the rostro-caudal
midline. The skull was covered with a layer of Optibond (Kerr, Salerno, Italy) for stability
and five holes were drilled using a high speed, diamond-tipped drill (Foredome, Bethel,
CT, USA). To obtain ECoG signals, five pure silver ball-tipped electrodes (custom-made
from 0.125 mm diameter silver wire; Advanced research materials LTD, Eynsham, Oxford,
UK) were placed on the meningeal layer of the dura mater. Two silver electrodes were
positioned bilateral above the primary cortex (M1, 1T mm rostral; 1 mm lateral; relative
to Bregma), two were placed above the primary sensory cortex (51, 1 mm caudal; 3. mm
lateral; relative to Bregma), and one in the interparietal bone (1 mm caudal; 1 mm lateral;
relative to Lambda). UV-sensitive composites, a layer of Optibond (Kerr, Salerno, Italy)
and Charisma or Charisma Flow (Heraeas Kulzer, Hesse, Germany), were used to fixate
the silver electrodes and the pedestal and included M1.4 nuts to fixate the mouse head.
To obtain extracellular recordings a craniotomy was made in the occipital bone and
temporarily closed with Kwik-Cast sealant (World Precision Instruments Inc, Sarasota, Fl,
USA) to prevent cooling of the brain. At the end of the surgery the mice received 0.1-0.2
mL saline for hydration and 0.2 L/min O,
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In vivo awake extracellular recordings l
Within two hours of the start of the surgical procedure the mice were relocated to the 3
setup where the body temperature was supported via a feedback controlled heating |
pad. We evaluated the state of the mice using the behaviour (spontaneous whisking, 1
response to auditory stimuli) and ECoG (presence of slow-wave, high-amplitude activity 3
indicating drowsiness, or fast, low-amplitude activity indicating alert state). ECoGand ____ |
extracellular recordings were sampled at 20 kHz (setup 1: Digidata 1322A, Molecular 1
Devices LLC., Axon instruments, Sunnyvale, CA, USA) or at 50 kHz (setup 2: ECoG: 3 3
adapted MEA60, Multichannel system, Reutlingen, Germany; extracellular: Multiclamp
700B amplifier with a DigiData 1440; Molecular Devices). Single-unit recordings were !
made using borosilicate glass capillaries (Harvard apparatus, Holliston, MA, USA) with 3
0.5-1.0 um tips and a resistance of 6-12 MQ. We recorded with a K*-based internal |
solution containing 2% biocytin or 0.5% Evans Blue (both from Sigma-Aldrich, Merck !
KGaA, Darmstadt, Germany). At the recording location biocytin was released with 3
iontophoresis with 1 s pulses of 4 pA for 3 min (custom-built device, Erasmus MC, !
Rotterdam, The Netherlands), or Evans Blue injections were made with air pressure. i

Slice preparation

19 adult mice (P>90) isoflurane-anesthetized were decapitated, their brain quickly
removed and placed in warm (~34°C) aCSF containing the following (in mM): 123
NaCl, 2.5 KCl, 1 MgCl, 1.3 NaH,PO,, 26 NaHCO,, 10 glucose, 2 CaCl,, bubbled with
95%0,/5%C0,, pH 7.4 [13]. Coronal slices (250 um) of cerebellar tissue including the
CN were cut using a Leica vibratome VT1000S (Leica Biosystems, Wetzlar, Germany). For
the recovery, cerebellar slices were incubated in oxygenated aCSF and maintained at
34¢°C. After 30 min, the slices were transferred to a recording chamber and maintained
at 34+1°C under continuous superfusion with the oxygenated physiological solution.

In vitro whole cell recordings

For all recordings, slices were bathed in 34+1°C aCSF (bubbled with 95% O, and 5%
CO,). Whole-cell patch-clamp recordings were performed using an EPC-10 amplifier
(HEKA Electronics, Lambrecht, Germany) for 20-60 min and digitized at 20 kHz. Whole
cell recordings were obtained using borosilicate pipettes (4-6 MQ) filled with internal
solution containing (in mM): 120 K-gluconate, 6 NaCl, 10 HEPES, 1 EGTA-KOH, 0.1 CaCI2’4
Mg-ATP, 0.4 Na-GTP, 2 KCL, 14 Creatine phosphate TRIS, 2 MgCIZ(pH 7.36, osmolarity 290).
After breaking from gigaseal into whole cell configuration, cells were kept at holding
potentials more negative than the AP threshold (usually -70 to -80 mV) by injecting
up to -300 pA of current. Input resistance were recorded after whole-cell configuration
was reached, recordings were excluded if the series resistance (R,) (assessed by -5 or
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-10 mV voltage steps following each test pulse) varied by >25% over the course of the
experiment. Recording pipettes were supplemented with T mg/ml biocytin to allow
histological staining (see below). All recordings were performed in the presence of
picrotoxin (100 uM, Sigma-Aldrich) to block GABAA-receptor-mediated IPSCs, NBQX
(10um, Tocris, Bristol, UK) and 10 uM APV (10 um, Tocris) to block respectively AMPA and
NMDA receptors.

Measurement of electrophysiological parameters

Potential traces were acquired using Patchmaster software (HEKA Elektronik Dr. Schulze
GmbH, Lambrecht, Germany) and stored for offline analysis. For resting membrane
potential (V) the value was measured 2 ms before the spontaneous AP peak. For
analysis of evoked APs, the first APs fired by each cell in response to a series of increasing
depolarizing current steps, was isolated and analyzed using clampfit. For frequency-
current (f-1) analysis the average firing frequency evoked with current steps of increasing
amplitude was recorded; for frequency adaptation, we selected the trace that contained

a response of ~40 Hz and normalized the interspike intervals to the initial interval.

Immunofluorescence for in vitro recordings

To visualize the in vitro recorded neurons slices were placed in 4% PFA (in 0.12 M PB)
for at least 24 hrs. Subsequently, slices were transferred into 0.1 M PBS and rinsed with
PBS 3 times for 10 min. Slices were incubated for 1 hr at RT in blocking solution and
were subsequently rinsed 3 times for 10 min and incubated for 2 hrs with Streptavidin-
Cy3 (1:200, Jackson Immuno Research Inc., West Grove, Pennsylvania, USA) diluted in
PBS containing 2% normal horse serum and 0.4% triton. Sections were rinsed in PBS,
mounted with Vectashield (Vector laboratories, Burlingame, CA, USA) and imaged with
a LSM 700 confocal microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY, USA).

Fluorescence microscopy for 2D Sholl analysis

Recorded neurons were labeled with biocytin. Epifluorescent tile images were obtained
using a 20X/0.30 NA (air) objective and a LSM 700 microscope (Carl Zeiss). The position
of labeled neurons was confirmed using a stereotactic atlas. To determine the dendritic
arborization of biocytin filled cells, we imaged using a 40X/1.30 NA (oil) objective
to acquire a stack of images with 0.5 digital zoom and a voxel size of 313 nm width
x 313 nm length x 300 nm depth for a 2D Sholl analysis by a Fiji software macro. For
preprocessing, stacks with excessive background signal were excluded from further
analysis. Subsequently the dendritic arborization was measured in concentric shells of
10 um distance starting with 15 um distance from the center of the soma.
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Immunofluorescence for in vivo recordings l
Attheend of theinvivorecordings mice were sacrificed with an overdose of pentobarbital 3
and transcardially pre-rinsed with PBS followed with a solution of 4% paraformaldehyde |
in 0.1 M phosphate buffer. The brain was removed and post-fixed for two hours at room 1
temperature in this paraformaldehyde solution, and then placed overnight at 4°C in a 3
solution of 10% sucrose in 0.1 M phosphate buffer. Brains were embedded ina 0.1M |
phosphate buffer with 12% gelatine and 10% sucrose, the embedded brain were fixed 1
for two hours in 10% formaldehyde and 30% sucrose solution of 0.1 M phosphate buffer. 3 3
Then it was placed in a 0.1 M phosphate buffer with 30% sucrose overnight at 4°C. |
Brains were sliced in 40 or 100 um thick slices on a freezing microtome. A standardized !
immunochemistry protocol was used and all slices were stained with the primary 3
Aldolase-C (goat, 1:1000, Santa Cruz Biotechnology Inc, Dallas, Texas) for four days !
at 4°C, and for two hours at room temperature for the secondary antibody anti-goat !
(1:200, Jackson Immuno Research) and streptavidin if there was no Evans Blue used 3
(1:200, Jackson Immuno Research). The EAAT4-eGFP brains where only stained with !
streptavidin if biocytin was used, because the Aldolase-C staining is complementary !
with the EAAT4-eGFP expression pattern [12]. All slices received a nuclear DAPI staining 3
for 10 min, and were mounted on cover slips from a Chromium(lll) potassium sulfate !
solution and then covered with a microscope slide with mowiol. i

Acquisition of confocal images

Wide-field fluorescent tile scan images where acquired with a LSM 700 (Carl
ZeissMicroscopy) or a SP5/SP8 (Leica Microsystems, Wetzlar, Germany) confocal laser
scanning microscope. The tile scans of the injection spots were made with a 10X
objective, 20% overlap and online-stitched. Only recorded neurons that were located
within 300 um from the centre of the injection area and that were not near a border of a
nuclei or Zebrin zone were analysed, all other neurons were discarded.

Spike analysis

For spike analysis of the CN neurons (n=404 cells) we included only cells with a recording
length of at least 90 s (duration: 214+ 160 s). In our analysis we included only the cells
of which we could trace the recording location by the use of the injection spot. We used
Matlab (Mathworks, Natick, MA, USA) to detect spikes with a custom-built Matlab code
using threshold and principal component analysis. Coefficient of variance (CV) is the
variation in inter-spike-intervals (ISI) during firing, CV=standard deviton ISImean
ISI. CV2, representing the variance on a spike-to-spike base and is less sensitive for
a single outlier, CV2=2|ISIn+1—-I1SInISIn+1—ISIn. The mean instantaneous
firing frequency (miFF) is the average firing frequency (FF) on a spike-to-spike basis,

61



Chapter 3

miFF=mean(11SIn+11SIn+1). The burst-index reflects the fraction of all spikes
that were part of a‘burst;, which we defined by three consecutive spikes at >100 Hz.

Statistical analysis

Using Graphpad PRISM and SPSS software packages we ran statistical comparisons
between the two groups (Z* and Z) by a Student’s t-test or the non-parametric test
Mann Whitney as indicated in the main text. Sholl analysis results were statistically
assessed by performing Chi-square analysis. We corrected missing values by the last
observation carried forward procedure. We defined p<0.05 as a significant difference.
Throughout the main text we report a subset of the statistical data, the full set can be
found in tables that accompany each figure. Summarized data are represented as mean
+ standard error of the mean unless stated otherwise.

Results

CN firing frequency differs between Zebrin domains

To confirm the dichotomous labelling of the CN that was shown in the rat[10], we evaluated
the presence of a clear separation between CN innervated densely by Z+ PC axons and by
Z PC axons by assessing the GFP labelling of the CN in EAAT4-eGFP mice [11]. Indeed,
we found that the Z* CN encompass the interpositus posterior and the lateral and a
portion of the medial nuclei and the Z the interpositus anterior and the other portion of
the medial nuclei (Figure 1A). To evaluate the average firing frequency in these Z* and Z-
CN, we performed extracellular in vivo recordings throughout the whole CN in adult mice
(>P90). A total of 97 CN neurons were recorded could be located in the CN by histological
confirmation (see material and methods) (Figure 1A). The CN cells showed a difference in
the firing pattern (Figure 1B; Table 1) as a higher firing frequency was observed in Z CN
neurons compared to Z* CN neurons (Z*:53.9+3.5 Hz; Z: 68.7+4.7 Hz; p=0.003, paired t-test;
Figure 1C;; Table 1). The regularity of action potential firing was quantified by calculating
the CV and the CV2 (see methods for calculation); we found that the regularity was not
significantly different between CN neurons recorded in Z+ or Z CN (CV: Z*: 1.24+0.26; Z:
1.02+0.29; p=0.62, Mann-Whitney test; CV2: Z*: 0.48+0.02; Z: 0.48+0.02; p=0.99, Mann-
Whitney; Figure 1C, and 1C, respectively; Table 1). Because of the higher firing frequency
of Z cells, we investigated if the Z cells were more prone to burst firing. We found that the
fraction of burst firing in Z CN neurons is significantly higher (Z*: 0.09+0.01; Z: 0.19 £0.02;
p=0.004 Mann-Whitney test; Figure 1D; Table 1). The ISI distribution of Zebrin zones in
the CN (Figure 1E) indicates that the firing properties of the neurons between zones are
similar apart from the increased firing frequency in Z CN neurons.
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Figure 1. CN firing frequency differs between Zebrin domains in vivo. (A) Representative confocal
image of a biocytin-labelled injection spot at the recording location of a CN neuron in the interpositus
anterior. The injection spots are localized using a stereotactic atlas (Paxinos and Franklin, 2001). (B)
Two representative example traces of CN neurons recorded in areas densely innervated by Z* and
Z PC axons in adult mice (>P90). (C) Quantification of firing frequency (C1), CV (€C2), and CV2 (C3) for
Z (n=40) and Z* (n=57) CN neurons recorded from 11 mice. (D) The fraction of the total population of
bursting spikes is displayed as the burst index between Z and Z* neurons. (E) ISI counts of all recorded
adult CN neurons binned per 50 ms (max ISl included = 1 s). Green represents ISI's of Z* neurons, while
red represents the ISI's of Z" neurons.

Basic CN firing properties and cell excitability are similar in Zebrin domains

As CN cells are known to fire spontaneous action potentials [6] we investigated whether
the lower firing frequency of Z* CN neurons compared to the Z CN neurons is due to
a difference in the spontaneous activity of CN neurons in the diverse zebrin domains.
In order to do so, we performed whole cell patch clamp of CN neurons from coronal
slice of adult (P>90) mice cerebellum. We identified CN neurons with a relatively large
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soma as the big glutamatergic cells and recorded the action potential firing patterns
in the presence of AMPA receptor (NBQX), NMDA receptor (APV) and GABA receptor
(PTX) blockers (Figure 2A). The firing frequency was not significantly different between
the two groups (Z*: 75.9+£8.5 Hz; Z: 92.9+11.3 Hz; p=0.228, unpaired t-test; Figure 2B;
Table 2), nor was the regularity of action potential firing (CV: Z*+: 0.17+0.03; Z: 0.12+0.02;
p=0.636, Mann Whitney test; CV2: Z*: 0.05+0.01; Z: 0.05+£0.01; p=0.511; Mann Whitney
test; Figure 2B; Table 2). Also, we did not observe a difference in the resting membrane
potential (V_: Z* -41.3£0.8 mV; Z: -43.3£0.8 mV, p=0.106: unpaired t-test; Figure 2B;
Table 2). Using a depolarizing and hyperpolarizing current steps (Figure 2C; Table 2) we
studied AP firing dynamics and focused on the firing frequency versus injected current
(f-1) relationship, which provides information related to the excitability of a neuron and
how stable the resulting action potential firing pattern is. We found that the rheobase
was not different between the two groups as both Z* and Z showed action potential
firing already with 50 pA of current injected. In addition we also analyzed the shape of
the first evoked action potential (eAP) fired in response to series of depolarizing current
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Figure 2. CN firing frequency is similar in spontaneous firing CN neurons. (A) Example traces
of neurons recorded by whole cell patch clamp in vitro without injected holding current in Z* and
Z nuclei. (B) Quantification of resting membrane potential (V__; B1), firing frequency (B2), coefficeints
of variance (CV; B3) and CV2 (B4) for 20 Z+ and 14Z- neurons recorded from 38 EAAT4-EGFP mice. (C)
Example traces of action potential firing evoked by depolarizing current injection (left panel) and the
average firing frequency evoked by steps of various current amplitudes (I-F curve; middle panel) and
the frequency adaptation (right panel).
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steps of increasing amplitudes (from -100 pA to 800 pA) and we did not observe a
significant difference between the two groups (Table 3).

We reconstructed the patched neurons to locate them in the Zebrin domains and
to assess their morphological characteristics (Figure 3A; Table 4). We found that the
average surface of the somata was not different between Z* (306.4+16.7 um?) and
Z (342.1£30.2 um?; p=0.61, paired t-test; Figure 3B; Table 4). The dendritic branching
was investigated using 2D Sholl analysis and revealed that the number of intersections
at increasing distance from the soma was not significantly different between Zebrin
domains (p=1, Chi square test).
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Figure 3.Z*and Z CN neurons do not differ in somatic and dendritic morphology. (A) Maximum
projection of a confocal image stack of two reconstructed neurons (Z*: top left; Z: bottom left) and
the correlating Sholl analysis masks (Z*: top right; Z: bottom right). (B). Quantification of soma surface
(top) and number of intersections for each concentric circle (bottom) for 17 Z+ and 15 Z- neurons
recorded from 22 EAAT4-EGFP mice.

CN in zebrin-negative domain fire faster at early post-natal days

Our in vitro results on the intrinsic pacemaking activity of CN neurons indicate that
in the adult mice the difference in action potential firing frequency recorded in vivo
is determined at least partially by the synaptic afferents. Since pharmacological
experiments with blockers of inhibitory transmission in vivo are not specifically
affecting PC-CN transmission but also affect local inhibitory interneurons, we sought
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for other methods to investigate how the PC input from Z* and Z bands [11] impact
on CN neurons in the respective Zebrin domains. In addition to the Zebrin-specific PC
firing frequencies, another noticeable aspect of PC and CN firing is that previous reports
indicate that both PCand CN firing frequencies increase during postnatal developmental
stages [14, 15]. Therefore we investigated the zebrin related firing pattern during
postnatal development from the second week and onwards to see if the Zebrin related
firing frequency is persistent in development. If the differences in CN firing frequencies
recorded in the adult cerebellum are also found during these early stages, this supports
our notion on the correlation between increased firing in Z compared to Z* CN neurons.
During development we can see an increase in the firing frequency for the Z* and the
Z groups (Figure 4A,B; Table 5). When comparing the firing patterns of Z* and Z CN
neurons during the different developmental stages, we find that already at P12-14 there
is a significant difference in firing frequency (Z*: 7.89+1.66 Hz; Z: 19.4+5.1 Hz; p=0.03;
Mann Whitney test). Also in the P15-17 age range we found that Z CN neurons have a
higher firing frequency than Z* neurons (Z*: 17.6+£2.4Hz; Z": 23.4+3.1 Hz; p=0.04, Mann
Whitney test), which matches the difference found in the adult mice (>P90). In the ages
between P18 and P40 we found no significant differences between Z* and Z CN firing
frequencies (all p-values >0.05; see also Table 5). In general we observed an increase in
regularity, in that CV and CV2 values gradually decreased over age (Figure 4B, and 4B.;
Table 5), but also an increased occurrence of burst firing (Figure 4C; Table 5). Solely in
the P15-17 age group we found a significant difference between Z* and Z CN neuron
firing patterns (CV: P15-17: 2+ 1.77+0.20, Z: 1.00£0.12: p=0.004, Mann Whitney test; CV2:
Z*: 0.68+0.03; Z: 0.54+0.05; p=0.009, Mann Whitney test). These findings indicate that
the difference between the firing frequency of Z* and Z CN neurons that we recorded in
vivo in adult mice appears already during some of the developmental stages.

So far we solely determined whether there is a difference in CN firing patterns
neurons located in CN invaded mostly by Z* or Z PC axons and our data supports a
prominent influence of the afferents in determining the CN firing patterns in vivo. Apart
from the classification by Zebrin identity the afferents are also specific for the individual
nuclei. Therefore we questioned if difference between the firing frequency of Z* and
Z CN neurons is correlated to the location of the recorded CN neurons, and thus by the
afferents to the specific nuclei. We found in adult mice that the firing frequency of CN
neurons in the interpositus anterior, which is identified as Z (see Figure 1 and [10], is
higher (75.3+£5.0 Hz) than in the Z* lateral, interpositus posterior and medial CN regions
(52.7+4.4 Hz; p<0.05; Kruskal Wallis test; Figure 5A ; Table 6). In addition, we also found
that interpositus anterior CN neurons have a more ‘bursty’ firing pattern (Figure 5B:
Lat: 0.119£0.04; PIN: 0.12940.03; Med*: 0.038+0.01; AIN: 0.22+0.03; Med= 0.131£0.05.
Med* vs Med" 1.000, Pin vs Med* 0.448; Lat vs Med* 0.905; Med* vs Ain <0.001; Pin vs
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Figure 5. In vivo Firing patterns differ per cerebellar nucleus in adult mice. (A) Quantification of
the mean firing frequency (A1), CV (A2), and CV2 (A3) CV2 for each sub nucleus (total: n = 97 neurons
from 11 mice). (B) The fraction of the total population of bursting spikes is displayed as the burst-index
between Z and Z* CN neurons. (C) ISI counts of all recorded adult CN neurons binned per 50 ms (max
ISlincluded =1s).

Med- 1.000; Lat vs Med- 1.000; Ain vs Med 0.050; Lat vs Pin 1.000) and that there was a
significant difference in the CV and CV2 values between the three Zebrin+ nuclei (CV:
Lat 3.04+2.07; PIN 1.37+0.286; Med*: 0.621+0.127; AIN: 1.15+0.44; Med-: 0.790+0.152.
Lat vs Pin 1.000; Lat vs Med* 0.013; Lat vs Ain 0.515; Lat vs Med™ 0.333; Pin vs Med* 0.004;
Pin vs Ain 1.000; Pin vs Med™ 0.895; Med* vs Ain 0.370; Med* vs Med" 1.000; Ain vs Med-
1.000 Kruskal Wallis; CV2: Lat: 0.619+0.064; Pin 0.511+0.026; Med*: 0.418+0.039; Ain:
0.483+0.027; Med: 0.488+0.060. Lat vs Pin 1.000; Lat vs Med* 0.01; Lat vs Ain 0.500; Lat
vs Med 0.466; Pin vs Med* 0.021; Pin vs Ain 1.000; Pin vs Med- 1.000; Med* vs Ain 0.320;
Med* vs Med" 1.000; Ain vs Med" 1.000, Kruskal-Wallis; Figure 5A, and 5A, respectively;
Table 6). Our recordings also indicate that neurons in the medial CN that is innervated
mostly by Z* PC axons fire on average more regular than neurons in other CN, which
is visualized in the ISI histogram plot (Figure 5C). These data indicate that apart from
the Zebrin identity also connectivity of the CN is a relevant factor for setting the firing
frequency of CN neurons in the awake mouse cerebellum.
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Discussion

PC firing differs between cerebellar modules that are identified with expression of |
zebrin, but the impact on downstream target neurons in the CN remained to be 1
elucidated. Here we investigated the differences in spiking activity of CN receiving 3
inputs from PCs of different zebrin identity in mice. In vivo recordings of AP firinginin |
the various nuclei showed that the Z CN firing frequency was consistently higher than !
in Z* CN. In search for a cause, we performed in vitro recordings of the intrinsic activity 3 3
of big glutamatergic cells, but found no significant difference in the firing frequency
between the CN neurons in Z* and Z nuclei, nor did we find morphological difference 1
in the reconstructed neurons. Further in vivo recordings did confirm that already from 3
postnatal day P12 the firing frequency of CN neurons correlates to the zebrin identitiy |
and that in the adult the neurons in interpositus anterior nucleus fire at the highest !
frequency. All together these findings showed that overall Z* CN neurons fire at a lower 3
frequency than those in Z CN and that there is no overt evidence that this difference is !
solely due a difference in the intrinsic pacemaking activity of CN neurons. 1
Previous studies showed that PCs with a Z identity tend to show a higher firing 3
frequency than Z* PCs [11, 16] and given the inhibitory effect of PC afferents on CN |
neurons, we thus expected to observe a lower firing frequency in the Z domain of the !
CN than in the Z* domain.. However, conversely we found that the firing frequency of Z 3
CN neurons is higher than that of Z* CN neurons. These counterintuitive findings might |
be at least partially due to: i) the mixed population of types of neurons that populate 1
each different nucleus [7, 17, 18]; however, using extracellular recording electrodes 3
we assume to have recorded of the cells with a relatively large soma diameter and |
continuous action potential firing (see also[19]); ii) a potential difference in the number 1
of synaptic inputs between CN neurons in the different zebrin domains, which extends 3
beyond the PC input and that of local inhibitory interneurons to extracerebellar sources |
of excitatory input from mossy fiber and climbing fiber collaterals ([20]), and iii) the 1
potentially different levels of Purkinje cell synchrony in the Z and Z* domains of the CN, i
which is of importance since Person and Raman proposed in 2011 that the synchrony |
of PC firing can be decisive for the timing of action potential firing, in that synchronized !
phasicinhibitory input can trigger a timed action potential [5, 8,9, 19, 21, 22]. Based upon 3
these previously published data and our current findings, it is our current hypothesis |
that Z PCinputs are more synchronous compared to the Z* PC inputs, which results in a 1
more synchronous inhibition of CN neurons that in turn trigger timed AP firing. 3
Apart from Purkinje cell synchrony, also the excitatory afferents from mossy and |
climbing fiber collaterals can have a determining effect on CN spiking patterns. For !
mossy fiber inputs it was recently shown that selective stimulation can evoke CN action 3
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potential firing [23], a feature that can be modulated by the level of PC synchrony levels
[24]. Although the level of synchrony in the numerous mossy fiber sources is likely to
be highly variable, it seems likely that an increase in the excitatory input synchronicity
will have profound effects on CN spiking. This is also applies to the climbing fiber inputs
CN neurons receive. Whereas previous findings indicate that the widely acknowledged
anatomical connection is little effective in driving CN action potential firing (e.g. [25]),
it has recently been shown that selective optogenetic stimulation of this glutamatergic
input depolarizes CN neurons effectively and can readily drive action potential firing [24].
A recent in vivo study indicated that in anesthetized mice ~15% of CN action potentials
is preceded by climbing fiber inputs [26]. Although it remains to be elucidated how
these recording conditions correlate to ours (see below), we assume that also in our in
vivo dataset a subportion of CN action potential firing is driven by excitatory inputs and
thus in principle, the difference in firing frequency between Z and Z* CN neurons could
be at least partially due to a differential input from mossy and/or climbing fiber sources.

The firing frequencies from our in vivo awake CN recordings is in the range of
previous findings (e.g.,[19]). Although we recorded our subjects a couple of hours after
performing surgery, which means that there could be an effect of the used drugs on
spontaneous electrophysiological behavior. The most potent and long lasting drug
we used is buprenorphine (see materials and methods) which is an opioid receptor
modulator.One potential effect of buprenorphine administration can be adecrease of the
spontaneous in vivo firing, as has been described for the mainolfactory bulb [27],Given
that neurons in the cerebellar cortex and CN express low levels of opiate receptors, an
similar effect in firing frequency can be a possibility [28]. However, Buprenorphine can
also increase the in vivo spontaneous firing in dopaminergic neurons in the ventral
tegmental area [29], these dopaminergic neurons project directly to multiple cell types
in the cerebellar cortex [30], therefore it can cause differential secondary effects in
input to the CNn. . Moreover, we are not aware of a differential expression of opioid
receptors in Z+ or Z- CN, nor in any afferent and thus the use of buprenorphine does
not seem to contribute to the difference in firing rates between Z- and Z+ CN neurons.
Another anesthetic we used to sedate the subject for operation purposes was the
volatile gas isoflurane. The effect of isoflurane on the firing properties of Purkinje cells
is experimentally determined at eight minutes [31], others reported even faster kinetics
of releasing the dampening effect on the firing frequency of CNn [19]. We also used
Rimadyl cattle, this is a nonsteroidal anit-inflammatory drug which to our knowledge
has no effect on electrophysiological properties of neurons. We are convinced that
the drugs we used in our in vivo experiments do have minimal effects on the neuronal
properties. The previous is supported by multiple researches which report lower CNn
and PC firing frequencies in vivo under influence of anesthesia (CNn: [15, 19, 31, 32]); or
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|

|

|

|

|

|

|

|

|

|

!

reporting in vivo CNn firing frequencies which are comparable with our findings in adult i

and juvenile animals (adult:[19]; juvenile: [14]). Thus taking into consideration that our !

in vivo awake recorded firing properties did not deviate from previous in vivo awake |

published word, we conclude that the CNn in our dataset are a good representative for i

awake spontaneous firing CNn, which are limited influenced by the administered drugs !
administered for operation purposes.In contrast to the in vivo recordings, our invitro |

data did not show a significant difference in FF between zones. The bath application of i

AMPA, NMDA and GABA blockers allow us to record only intrinsic activity. All the cells 3 !
recorded showed high frequency firing rate as previously shown in big glutamatergic |

neurons [6, 17, 33, 34]. Moreover, we found by histological reconstruction that the i

recorded neurons had a relatively large soma (figure 3) comparable with data previously !

shown [17, 32, 34]. As we also found no difference in dendritic branching nor in the !

action potential half width, the most commonly used electrophysiological discriminator i

of CN cell types [17], our data indicate that we most likely recorded from a homogeneous !

cell population that contains glutamatergic projection neurons. |

Our current experiments were performed from the second postnatal week, a time 1

span for which it has been shown that GABA-mediated transmission elicits inhibitory 3

responses [35, 36]. We and others found that over the course of the first postnatal !

months the firing frequency of CN neurons increases over time [14, 37, 38], much alike i

the increase in PC firing [15]. It remains to be established whether the overt differences !

in Z- and Z+ PC firing that were recorded in adult mice can also be found in juvenile |

mice and whether the intrinsic pacemaking activity of PCs differs between zebrin CN. i

The striking difference between the CN firing of the individual nuclei remained rather !

limited, in that solely the difference between the anterior interposed and other nuclei !

reached a statistically significant level. Although the afferents to the anterior interposed i

have been studied in several species [39], we are not aware of other publications on !

the different firing rate of neurons in this nucleus. Several recent studies do pinpoint |

[40] parts of the interposed nuclei as functionally relevant, in part by its afferents and i

interconnected loops [23, 41, 42]. For each of these studies it would be of interest to !

study whether the functional relevance of Z or Z* innervated CN neurons differs, and !

thus whether manipulation of the posterior or anterior CN nuclei, differs. In parallel the 1

functional diversification of the other Z- or Z+ domains in CN could be supported by a 3

difference in firing patterns. |
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Table 1. Statistical data accompanying Figure 1

Test applied Degrees of Population Definition of

freedom size population

1C Paired t-test 0.0031 2 97 11 mice
Firing Frequency

1C Mann-Whitney 0.6208 2 97 11 mice
cv

1C Mann-Whitney 0.9971 2 97 11 mice
cv2

1D Mann-Whitney 0.0040 2 97 11 mice
Burst index

Table 2. Statistical data accompanying Figure 2

Test applied P-value Degrees of Population Definition of
freedom size population
2B unpaired t-test 0.1067 2 34 28 mice
rest
2B unpaired t-test 0.2285 2 34 28 mice

Firing Frequency

2B Mann-Whitney 0.6366 2 34 28 mice
cv

2B Mann-Whitney 0.5119 2 34 28 mice
CV2

2C Linear regression 0.1241 18 mice
I/F

2C Non-linear <0.001 18 mice
Frequency Fitting (exponential)  Plateau different for

adaptation each dataset

Table 3. Action Potential properties

Z* CN neurons Z CN neurons Statistics
Threshold -39.3£2.5mV -38.7£1.2mV M-W p=0.56
Peak amplitude (absolute value) 52.1+£54 mV 453+103 mV M-W p=0.28
Half width -13.9+1.2ms -15.0+2.1ms M-W p=0.80

Table 4. Statistical data accompanying Figure 3

Panel Test applied P-value Degrees of Population Definition of
freedom size population

3B Paired t-test 0.61087 2 32 22 mice

Soma size

3B Chi-square 1.000 2 22 mice

Sholl intersections
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Table 5. Statistical data accompanying Figure 4

4A
Firing
Frequency

cv

cv2

Burst index

4B1
FF Z+and
Z_

Test
applied

P-value

Paired t-test P12-14:Z* vs Z: 0.0391

Mann-
Whitney

Mann-
Whitney

Mann-
Whitney

Sperman
correlation

P15-17:2* vs 7:0.0441
P18-20:2* vs 72 0.1264

P21-24:7* vs 72 0.3207
P30-40:2* vs 72 0.8584
P12-14: 7+ vs 2:0.2814

P15-17: Z* vs Z: 0.004
P18-20: Z* vs Z-:0.5827

P21-24: 7+ vs Z:0.7706
P30-40: Z* vs Z:0.8418
P12-14: 7+ vs 7:0.2923

P15-17: 2" vs Z: 0.0094
P18-20: Z* vs Z2:0.7319

P21-24: 7+ vs 2:0.1774
P30-40: Z* vs Z:0.5992
P12-14: Z* vs 7:0.3557

P15-17: Z* vs Z: 0.600
P18-20: Z* vs 2:0.0784

P21-24: 7% vs Z-:0.6810
30-40: Z+ vs Z2:0.5766
7 r=1

Zr=1

p=00167

Linear regression- Degrees Population Definition of

are the line
different?

p=0265

p=0465

p=0655

p=0.738

of

freedom

Mean of 50 mice

307 cells

size

307

307

307

307

population

50 mice

50 mice

50 mice

50 mice
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Table 6. Statistical data accompanying Figure 5

Panel Test applied P-value Degrees of Population Definition of Correction
freedom size population
5A Kruskal-Wallis 0.0191 4 97 11 mice Bonferroni
FF Lat vs Pin 1.000
Lat vs Med* 1.000
Lat vs Ain 0.828

Lat vs Med" 1.000
Pin vs Med* 1.000
Pin vs Ain 0.050

Pin vs Med 1.000
Med* vs Ain 0.034
Med* vs Med- 1.000
Ain vs Med 0.288

5B Kruskal-Wallis 0.001 4 97 11 mice
cv Lat vs Pin 1.000
Lat vs Med* 0.013
Latvs Ain 0.515
Lat vs Med" 0.333
Pin vs Med* 0.004
Pin vs Ain 1.000
Pin vs Med- 0.895
Med* vs Ain 0.370
Med* vs Med- 1.000
Ain vs Med 1.000

5C Kruskal-Wallis 0.004 4 97 11 mice
V2 Lat vs Pin 1.000
Lat vs Med* 0.011
Lat vs Ain 0.500
Lat vs Med" 0.466
Pin vs Med* 0.021
Pin vs Ain 1.000
Pin vs Med" 1.000
Med+ vs Ain 0.320
Med+ vs Med" 1.000
Ain vs Med 1.000

5D Kruskal-Wallis 0.0000 4 97 11 mice
Burst Med* vs Med" 1.000
index Pin vs Med* 0.448

Lat vs Med* 0.905

Med* vs Ain <0.001
Pin vs Med- 1.000
Lat vs Med- 1.000
Ain vs Med 0.050
Lat vs Pin 1.000

Pin vs Ain 0.087
Lat vs Ain 1.000
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Chapter 4

Summary

The cerebellum plays a role in coordination of movements and possibly also non-
motor functions. Cerebellar nuclei (CN) axons connect to various parts of the thalamo-
cortical network, but detailed information on the characteristics of cerebello-thalamic
connections is lacking. Here, we assessed the cerebellar input to the ventrolateral (VL),
ventromedial (VM) and centrolateral (CL) thalamus. Confocal and electron microscopy
showed an increased density and size of CN axon terminals in VL compared to VM or
CL. Electrophysiological recordings in vitro revealed that optogenetic CN stimulation
resulted in enhanced charge transfer and action potential firing in VL neurons compared
to VM or CL neurons, despite that the paired-pulse ratio was not significantly different.
Together these findings indicate that the impact of CN input onto neurons of different
thalamic nuclei varies substantially, which highlights the possibility that cerebellar
output differentially controls various parts of the thalamo-cortical network.
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Introduction
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Cerebellar best-known functions are involved in coordinating motor activities. It !
contributes for example to learning new motor skills and prediction of the sensory i
consequences of action [1-3]. However anatomical, physiological and neuroimaging !
studies provide compelling evidence of the cerebellar involvement in various non- |
motor functions, like cognitive processes, language and emotion, which became i
established in both animal models and patients [4-8]. For instance, it was recently !
shown that manipulating the cerebellar output affects sensorimotor integration by ___ |
somatosensory and motor cortices and thereby could direct voluntary movements [9, i
10]. The anatomical connections that underlie such wide impact of cerebellar activity 4 !
on thalamo-cortical information processing do not only include cerebellar axons that |
innervate the premotor centers in the brainstem, like the red nucleus, but also a variety i
of nuclei within the thalamic complex, each of which has reciprocal connections with !
the cerebral cortex [11-18]. !
The glutamatergic projection neurons located in the cerebellar nuclei (CN) i
connect to primary thalamic relay nuclei, like the ventrolateral (VL) nucleus, thalamic !
motor-associated nuclei such as the ventromedian (VM) nucleus and additionally to !
intralaminar nuclei such as centromedian, parafascicular and centrolateral (CL) nuclei 1
[16, 19]. Historically the thalamic relay neurons have been divided in two fundamentally 3
different sets: parvalbumin-positive ‘core’ neurons, which form topographically |
organized projections to middle layers of patches of cerebral cortex; and calbindin- i
positive ‘matrix’ neurons, which send more diffuse projections to the cortices and !
layers [20, 21]. Provided that CN axons project to thalamic nuclei with high densities |
of core neurons, like VL and with high densities of matrix neurons, like VM and CL, i
this connectivity of cerebellar-recipient thalamic nuclei suggests that the cerebellar !
impact differentially affects cortical information processing. Moreover, single axon |
reconstructions of cerebellar-recipient zones within VL, VM and CL reveal that their 1
axons also spread throughout other regions [22-24] further highlighting that the 3
cerebellar input can affect a wide range of thalamo-cortical networks and functions. |
Apart from their connectivity to the cortex, the heterogeneity of cerebellar recipient i
thalamic nuclei also extends into the dendritic morphology. For instance, the cerebellar- !
recipient zones of the VL and VM have been shown to contain neurons with ‘bushy’ !
dendrites [22, 23, 25-27] and thereby have a different appearance than CL neurons that i
show polarized dendritic branching [24]. This variability in the morphological aspects of !
thalamic neurons in the cerebellar-recipient nuclei corroborates the differential axonal !
projection patterns and suggests that the impact of cerebellar output on thalamic i
neurons varies for each target nucleus. Yet, the anatomical and electrophysiological data !
|
|
|
|
|
|
|
|
|
|
|
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on the cerebello-thalamic projections lack an in-depth comparison of the cerebellar
impact on the various thalamic targets.

So far, the electrophysiological studies that investigated the cerebello-thalamic
projections focused on the VL nucleus. Intracellular recordings in this nucleus in
anesthetized rats and cats revealed that electrical microstimulation of the CN neurons
or the brachium conjunctivum triggered action potential firing [28-31], which matches
the cerebellar-evoked responses in motor cortex [32-34]. Likewise, also single-pulse
optogenetic stimulation in CN in the mouse brain has been proven to effectively control
thalamo-cortical network activity [10, 35]. Morphological and ultrastructural analysis of
the CN axon terminals in VL revealed that they typically synapse perisomatically on large
diameter dendrites and form large terminals with various mitochondria and release
sites [13, 19, 36, 37]. These findings function as a frame of reference, but a thorough
understanding of the cerebellar impact on thalamo-cortical information processing is
hampered by the lack of detailed in vitro cell physiological analysis and morphological
characterization of the CN axonal projections throughout the various thalamic nuclei.

In order to elucidate how the cerebellar impact on thalamic neurons correlates to
the specific nuclei, we studied the postsynaptic responses of thalamic relay neurons
to selective stimulation of CN axons using in vitro whole cell recordings. We focused
on neurons in the VL, VM and CL and correlated the electrophysiological data to the
morphological details of the target neurons. Our results show that both pre- and post-
synaptic aspects of the cerebello-thalamic transmission vary between these thalamic
nuclei and thereby provide the first evidence for the functional diversification of the
cerebellar impact on thalamo-cortical networks.

Results

Thalamic nuclei receive various densities of CN axons and terminals
To assess the innervation of VL, VM and CL thalamic nuclei by cerebellar axons in the
mouse brain, we transfected CN neurons located mostly, but not limited to the interposed
CN with a virally encoded ChR2-YFP-expressing construct (Figure 1A). In several mice we
found that the medial and lateral CN also contained ChR2-YFP-expressing neurons. In
the thalamus we found the level of intensity of this membrane-bound fluorophore to
be highest in the VL (55.948.0 a.u.) compared to VM (38.7+3.9 a.u.) and CL (25.8+2.3
a.u.) (p=0.529 for VL vs VM; p=0.002 for VL vs CL, p=0.136 for VM vs CL, K-W tests, Dunn’s
correction; Figure 1B and Table S1).

To dissociate between the active CN terminals and passing axons, we chose to
stain for vesicular glutamate transporter 2 (vGluT2), which has previously been shown
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Figure 1. Variable innervation of VL, VM and CL nuclei by CN axons. A schematic representation
of the experiment. Left AAV-injection in the interposed nucleus and (right) fluorescent (ChR2-EYFP)
CN axons throughout the thalamic complex (3 weeks post-injection) of the same mouse. The nuclei
of interest are highlighted in green (VL), red (VM) and blue (CL). This color code will be applied
throughout all the figures. Scale bar indicates T mm. B YFP signal intensity in the three nuclei of
interest (N = 6 mice) normalized to fluorescence in VL. CE,G Left: maximum intensity projection of
Z-stack (14 um thick) showing in green ChR2-EYFP stained CN axons, in red vGIuT2 staining and right
the result of the colocalization mask; gray indicates ChR2-EYFP-stained axons and white vGIluT2* and
EYFP D,F,H histograms showing vGIuT2*-CN terminal volume and number for VL, VM and CL (N=5
mice). I cumulative plot of the terminal volume (green: VL; red: VM; blue: CL). (VL vs CL p<0.001: VL vs
VM p<0.001 and VM vs CL p=0.966; N=5 mice, K-S test). J average density of vGIUT2*-CN terminals (VL
vs CL p=0.024). Data are presented as mean + S.EM; * p<0.05, *** p<0.001. K-W test was used. For full
statistical report see Table S1.
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to label CN axon terminals [22, 38], and solely quantify the double-labelled vGluT2-
positive (vGluT2*) ChR2-EYFP-expressing CN terminals. When we assessed these
vGIluT2*-CN terminals using stacks of high-magnification images acquired with confocal
microscopy and subsequently applied custom-written image analysis scripts, we found
that the VL nucleus was most densely populated by vGIuT2*-CN terminals (total count
499 vGIluT2*-CN terminals; N=5 mice; Figure 1C-D) with a mean volume of 12.45+0.74
pum3. As previously reported [13], VM encompasses CN axons passing through, some
of which send some branches in the most medial part of the nucleus (Figure 1E). The
number of vGIuT2*-CN terminals in VM was lower compared to VL and their volume
was significantly smaller (6.65+0.71 um?3; n=172 terminals, p<0.001, K-S test; Figure 1F|
and Table S1). The CL nucleus showed the lowest number of vGIluT2*-CN terminals and
their volume was statistically different from VL but not from VM (5.85+£0.9 um? n=73
terminals; p=0.002 for VL vs CL and p=0.966 for VM vs CL, K-S test; Figure 1G-l and Table
S1). We observed a significantly higher density of vGIuT2*-CN terminals in VL compared
to CL (p=0.024; K-W test), whereas the differences in density between VL-VM and VM-
CL were not significantly different (p=0.334 and p=0.865, respectively; K-W tests; Figure
1J and Table S1). These data demonstrate that the cerebellar projection innervates
preferentially VL and that these terminals are also bigger compared to VM and CL.

Basic transmission properties of cerebello-thalamic synapses differ across
thalamic nuclei

It has been shown by sharp electrode recordings in anesthetized cats and rats that
electrical stimulation of CN axons could elicit monosynaptic excitatory post-synaptic
potentials (EPSPs) from which a fast spike could arise in VL relay cells [28, 29]. To our
knowledge, no data have been published about the postsynaptic currents underlying
these changes in VL potentials, or about the postsynaptic responses of thalamic VM or
CL cells. To gather these data we performed whole cell patch-clamp recordings of VL,
VM and CL neurons in acutely prepared thalamic slices of mice that received bilateral CN
injections with ChR2-EYFP-encoding AAV-vectors, which transfected neurons located
mostly, but not exclusively, in the interposed nuclei (see material and methods section).
We selected the recorded neurons based on their position in the slice, i.e. surrounded
by ChR2-EYFP encoding CN axons, their monosynaptic responses to 470 nm optical
stimulation (see below) and their anatomical location. Overall, we found that the resting
membrane potential of VL (-71.6£0.9 mV), VM (-72.242.0 mV) and CL (-70.0£1.4 mV)
neurons was not significantly different (p=0.736, one-way ANOVA), but that the input
resistance of CL neurons was significantly higher than in VL neurons (p=1 for VL vs VM,
p=0.012 for VL vs CL and p=0.175 for VM vs CL; n=49; K-W test). In all three thalamic
nuclei single light pulses (1 ms, 470 nm, applied through the objective) elicited an EPSC
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(Figure 2A).These events were reliably blocked by bath-application of the voltage-gated !
Na*-channel blocker tetrodotoxin (TTX) (n=5 cells; >99% decrease in charge transfer), 3
which indicates that the postsynaptic events were triggered by action potential-driven |
release of glutamate from CN terminals (data not shown). The mean EPSC amplitude 1
that we could maximally evoke was significantly higher in VL than in VM and CL (VL: 3
-847.7£109.5 pA; VM: -165.0£40.2 pA; CL:-210.8+£89.2 pA; p=0.001 for VL vs VM, p<0.001 |
for VL vs CL and p=1 for VM vs CL; K-W tests), which was also represented in the evoked 1
charge (VL: -3820+595 pA*ms; VM: -862+235 pA*ms; CL: -1284+542 pA¥*ms; p=0.002 3
for VL vs VM; p=0.001 for VL vs CL, p=1 for VM vs CL; K-W tests; Figure 2B and Table S2). ___ |
The variability in optically stimulated EPSC amplitude and charge was quantified by !
calculating the coefficient of variation (CV) (Figure 2C). We found significant differences 4 3
in the CV of EPSC amplitudes (VL: 0.13+0.02; VM: 0.25+0.04; CL: 0.38+0.07; p=0.031forvL |
vs VM, p=0.001 for VL vs CL; p=1 for VM vs CL, K-W tests, Dunn'’s correction; Figure 2D and 1
Table S2) and of EPSC charge (VL: 0.13+0.02; VM: 0.28+0.04; CL: 0.47+0.12; p=0.03 for VL 3
vs CL, p=0.025 for VL vs VM, p=1 for VM vs CL, K-W tests, Dunn'’s correction and Table S2). !
We found no significant correlation of the incubation time to the EPSC amplitude, nor to 1
the CV of the EPSC amplitude (p=0.470, r =0.116 for EPSCs and p=0.269, r =0.161 for CV, 3
Spearman correlation), which supports the notion that the difference in postsynaptic |
responses is actually due to a difference in the charge transfer between CN axons in VL, !
VM and CL neurons. 3
To establish the impact of neurotransmitter release from CN terminals on thalamic !
neurons’ membrane potential we also recorded a subset of cells in current clamp 1
(Figure 2E). When stimulated at maximum light intensity most VL neurons fired action 3
potentials (9 cells out of 10) whereas most VM (3 out of 3) and CL neurons (4 out of 5; !
Figure 2F) did not. The probability to elicit an action potential was not related to the !
resting membrane potential of the cell (p=0.628; r =-0.127, Spearman correlation). As 3
we expected from the EPSC amplitudes, neurons in VL fired action potentials more |
readily than those in VM and CL. i
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Figure 2. Charge transfer between CN axons and thalamic neurons differs for VL, VM and CL.
A optical wide field stimulation of CN terminals (470 nm, 1 ms pulse length) evoked EPSCs of variable
amplitude in VL, VM and CL. B quantification of EPSCs amplitude and charge for all recorded cells
(n=63 for EPSC amplitude and n = 65 for charge) and for the nuclei of interest (EPSC: VL: n=19; VM:
n=12; CL: n=13; charge: VL: n=22; VM: n=12; CL: n=13, respectively; ‘Al category represents all cells
recorded, of which some were not recovered by histology and therefore were not classified to a
specific nucleus — note that all cells in VL, VM and CL are also represented in‘All'). C example traces of
EPSCs amplitude in gray and average trace in black. Note the variability in EPSC amplitude of individual
responses. D coefficient of variation (CV) for (left) EPSCs amplitude and (right) EPSC charge. E example
traces of (left) action potential (AP) firing or (right) excitatory postsynaptic potential (EPSP) evoked
by single pulse CN stimulation. F pie charts representing responses to CN stimulation recorded in
current-clamp mode (VL: n=9 AP, n=1 EPSP; VM: n=3 EPSP; CL: n=1 AP, n=4 EPSP). Data are presented
as mean + SEM; * p<0.05, ** p<0.01, *** p<0.001. K-W was used. For full statistical report see Table S2.

Thalamic responses show paired-pulse depression and are predominantly
sensitive to ionotropic glutamate receptor blockers

Thalamic afferents are often categorized as ‘driver’ or ‘modulator’ [39, 40]. This
classification is partially determined by the response to repetitive stimulation of
presynaptic terminals: driver synapses are thought to show paired-pulse depression
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(PPD) whereas modulator synapses evoke paired-pulse facilitation (PPF) [41-43]. 1
Although cerebellar input to motor thalamus has been listed as driver input [39], short- 3
term synaptic dynamics of thalamic responses following repetitive CN stimulation in |
VL, VM and CL still need to be evaluated. Here we performed voltage-clamp recordings !
while stimulating the CN terminals repetitively with trains of light pulses at 10, 20 and 3
50 Hz (Figure 3A-C). To evaluate the time course of the depression we normalized EPSC !
amplitudes to the first peak amplitude (Figure 3D-F). 1
In general, we found that the ratio between the amplitudes of the first two EPSCs 3
showed a PPD at all frequencies tested (Figure 3G). At 50 Hz the second EPSC showed ___ |
a ~twofold reduction in amplitude compared to the initial one (VL: 0.52+0.06; VM: 1
0.72+0.12; CL: 0.41+0.08), whereas lower frequency stimulations showed a smaller 4 3
effect on the paired-pulse depression. At 20 Hz the depression was around 30% of the |
first EPSC in all the nuclei (VL 0.70+0.02, VM 0.77+0.10, CL 0.73+0.07) whereas at 10 Hz 1
only VL (0.80+0.03) and VM (0.88+0.04) neurons showed on average PPD but CL did 3
not (1.08+0.25) (Figure 3H). When we compared the paired-pulse depression across all !
nuclei for each frequency, we found that the ratio between the first two responses did 1
not show any significant difference between the nuclei (10 Hz: p=0.344; 20 Hz: p=0.168; 3
50 Hz: p=0.137, K-W tests, Dunn’s correction; Figure 3H and Table S3). !
Next, we analyzed the subsequent responses to the train stimulation to determine 1
the average sustained release of presynaptic terminals during high frequency steady- 3
state synaptic transmission (Figure 3A-C). For this analysis, the average phasic EPSC |
amplitude within the train was normalized to the average first EPSC amplitude for each 1
frequency and each nucleus. Across all recorded cells, we find normalized steady state 3
amplitudes of 64.4+3.1% (VL), 71.3£6.9% (VM) and 81.4+8.9% (CL) at 10 Hz: 53.1+£3.6% !
(VL), 70.1£11.1% (VM) and 85.2+28.0% (CL) at 20 Hz and 44.4+5.0% (VL) 41.946.5% (VM) 1
and 39.1+7.7% (CL) at 50 Hz (Figure 3l and Table S3). We found no significant differences 3
between the values recorded per nucleus, but did find that in VL the steady-state !
depression was significantly higherat 50 Hzthan at 10 Hz (p=0.005, K-W test, Figure 3land !
Table S3). These data indicate that the general tendency for transmission at cerebello- 3
thalamic synapses in VL, VM and CL is to show a depression of neurotransmitter release !
in response to repetitive stimulation. i
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Figure 3. High-frequency stimulation results in paired-pulse depression of EPSC. A,B,C averaged
responses of VL, VM and CL neurons (of 5 repeats) to 1 sec trains of 10 Hz, 20 Hz or 50 Hz stimulli.
D,E,F average normalized EPSC amplitudes for 10, 20 and 50 Hz stimulus trains. G superimposed
example responses (average of 5 repeats) to paired-pulse stimulation at 10 Hz (black) and 20 Hz (grey).
H average paired pulse ratio at 10, 20 and 50 Hz for each recorded cell in each nucleus. | average
normalized steady state response amplitude during the last 5 stimuli of the train for each cell in each
nucleus. (For panels HVL: n=39; VM: n=22; CL: n=16 and | VL: n=29; VM: n=12; CL: n=12). ** p<0.01, ***
p<0.001. K-W test was used. For full statistical report see Table S3.

Our results indicate that the synaptic transmission at cerebello-thalamic synapses in VL,
VM and CL are glutamatergic, which matches previous in vivo findings on the excitatory
responses of VL neurons evoked by microstimulation of the brachium conjunctivum
or the neurons in CN [28-31]. To elucidate whether these excitatory postsynaptic
responses where mediated by ionotropic and/or metabotropic receptors we next
tested the effects of their selective blockage on the responses to 50 Hz stimulus trains.
Upon wash-in of AMPAR-antagonist NBQX the EPSC charge decreased from -74.6+2.4
nA*ms to -28.0+8.3 nA*ms and following the wash-in of NMDAR-antagonist APV the
EPSC charge decreased even further to -13.5+4.3 nA*ms (p<0.001, Friedman test; Figure
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Figure 4. Thalamic responses to CN-stimulation are sensitive to ionotropic receptor blockers.
A example traces of averaged EPSCs evoked by 1 sec train of 1 ms pulses at 50 Hz in control (aCSF)
conditions and following application of NBQX, APV and JNJ to block AMPA, NMDA and mGIuR1 and 5
receptors, respectively. B summary data showing the decrease of charge after drug application (VL in
green, VM in red, CL in blue, undefined location in black; n=10 in total). *** p<0.001. For full statistical
report see Table 54.

4AB and Table S4). Further application of blockers for the mGluRs most abundantly
expressed in thalamic neurons (JNJ for mGIuR1 and MPEP for mGIuRS5 [41, 44]) did not
affect the remaining current (-12.1+3.9 nA*ms; Friedman test, p=1; Figure 4B and Table
S4), suggesting the absence of a substantial mGIuR1- or mGluR5-mediated component
in cerebellar transmission on thalamic neurons.

Postsynaptic determinants of variable CN-impact in thalamic cells

Next we evaluated whether the electrophysiological characteristics described above
could be linked to the morphology of the thalamic neurons, bearing in mind that in
rat thalamus the neuronal morphology in VL, VM and CL neurons varies [22-25, 45-47].
By reconstructing biocytin-filled neurons throughout the VL, VM and CL nuclei (Figure
5A) and analyzing their dendritic branching using a 3D-Sholl analysis (Figure 5B) we
found that 23 VL neurons on average show a more elaborate branching pattern than
the 14 CL neurons at 55 pym distance from the soma (p<0.05, 2-way ANOVA; Mann
Whitney comparison, Figure 5C,D and Table S5). The number of proximal dendrites (VL:
8.13+0.47; VM: 7.83£0.83; and CL: 6.83+0.34) was not significantly different between
nuclei (p=0.115, K-W test; Figure 5E and Table S5). To better illustrate the dendritic
architecture of cells in each of the three defined nuclei we also quantified the angular
distance between dendrites at 15 um from the soma. We found no significant difference
in the angular distance (VL: 40.2+2.6°% VM: 41.14£3.5°% CL: 47.0+2.8°% p=0.14, K-W test;
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Figure 5. Morphological characterization of thalamic cells recorded in VL, VM and CL. A location of
all recorded cells in VL, VM and CL projected on two coronal planes [78]. B Top maximum projections of the
somatodendritic morphology of biocytin-filled cells (blue), surrounding ChR2-EYFP labelled CN axons (green)
and vGluT2-staining (red) for VL (left), VM (middle) and CL (right). Bottom: maximum projections of 10 um-thick
3D-spheres surrounding an example neuron from VL, VM and CL (as indicated by the different colors along
dendritic trees). C Sholl analysis shows dendritic arborisation by the number of intersections of the concentric
spheres for VL (left), VM (middle) and CL (right) (VL: n=15; VM: n=6; CL: n=11). D average number of dendritic
intersections is shown in 10 um steps from the soma and each nucleus. E number of proximal dendrites as
quantified at 15 pm distance from soma for VL, VM and CL (VL: n=15; VM: n=6; CL: n=11). F directionality of
proximal dendrites (at 15 um from soma center) is determined by the angle between individual dendrites.
Note that the angle is proportional to the angular distance between two neighboring dendrites. G cumulative
distribution of data represented in panel F. * p<0.05, ** p<0.01. For full statistical report see Table S5.
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Figure 5F,G and Table S5). Although limited, these morphological distinctions between
cerebellar-recipient neurons possibly corroborate the distinct electrophysiological
characteristics, which together suggest a differential impact of cerebellar input to
thalamic neurons.

Distribution and morphology of reconstructed CN terminals |
Previous structural studies in rats suggested that in VL cerebellar terminals are larger !
than those in intralaminar nuclei [19]. To further characterize the identity of cerebellar 3
terminals for each recorded neuron, we stained the tissue slices containing the patched ____ |
neurons for vGluT2 and assessed the morphology of the vGluT2*-CN terminals using high !
magnification confocal microscopy (Figure 6A). The number of vGIuT2*-CN terminals 4 3
on the recorded cells did not vary significantly between the nuclei (VL: 4.5+0.7; VM: |
3.66+1.17; CL: 3.08+0.83; p=0.37, K-W test, Figure 6C, Table S6) neither their distance 1
from soma (VL: 26.7+1.9 um; VM: 33.845.7 um; CL: 26.6+2.5 um; p=0.58, K-W test, Figure 3
6D; Table S6). To enhance the x-y resolution and reduce the blurring caused by the point !
spread function, we deconvolved the images and selected the virus-labeled vGluT2*-CN 1
terminals to measure their volume (Figure 6B). We found that terminals onto recorded 3
VL neurons had a larger volume (11.67£1.30 um?3) than those onto recorded CL neurons !
(CL: 7.23+1.57 pm?3) (p=0.02, K-W test, Figure 6E-F and Table S6), whereas no significant 1
differences were found comparing VM terminals (9.26+1.93 um?) to VL and CL (p=1.00 3
and p=0.35, respectively, K-W tests, Figure 6E-F and Table S6). !
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Figure 6. CN terminals of variable volume are similarly positioned along dendrites of recorded
thalamic neurons. A maximum intensity projection of Z-stack image (22 um thick) of biocytin filled
neuron (blue: streptavidin-Cy3; green: ChR2-YFP terminals; Red: vGluT2-Cy5). Arrowheads indicate the
vGIuT2*-CN terminals onto proximal thalamic dendrites. Scale bar 10 um. Right: 3D reconstruction
of inset in A. Scale bar 2.5 um. B Left four panels: example of vGIuT2*-CN terminals in VL, VM and CL
(blue: thalamic dendrite; red: vGIuT2; green: CN terminal). Right panel: colocalization of ChR2-EYFP and
vGluT2-staining to identify active terminals and calculate their volume based on ChR2-EYFP signal.
Scale bar T um. € summary data of the number of reconstructed vGIuT2*-CN terminals (VL: n=16;
VM: n=6; CL: n=12). D summary data of distance of reconstructed terminals from soma (VL: n=60;
VM: n=13; CL: n=37. E-F terminal volume (VL: n=71; VM n=22; CL n=37) and cumulative distribution.
* p<0.05. For full statistical report see Table Sé.
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To further investigate CN axon terminal dimensions and characteristics of the post- !
synaptic structures we studied synaptic contacts at the ultrastructural level. To identify 3
CN axon terminals in electron micrographs we collected VL, VM and CL tissue from mice !
which we injected with biotin dextran amine (BDA) in CN, which spread mostly, but 1
not exclusively, in the interposed CN. Representative examples of the synaptic profiles 3
formed by BDA- stained CN terminals and thalamic neurons are shown in figure 7A. !
Measurements made from the profiles included terminal surface, number and size of 1
mitochondria, dendritic diameter, PSD length and number of release sites per terminal 3
(Figure 7B). Although we observed in the fluorescent images that the terminal sizewas |
significantly different between VL and CL, at the ultrastructural level the difference !
was not significant even though on average VL terminals appeared to be bigger 4 3
(VL: n = 42 terminals; 2.35+0.38 um? VM: n = 27 terminals; 2.07+0.31 ym% CL:n=28 ___ |
terminals; 1.23+0.11 um? p=0.099, K-W test). We did observe a significant difference in 1
the mitochondrial surface between VL and CL (VL: 0.13+£0.01 um? VM: 0.10+0.01 pm?; 3
CL: 0.06+0.01 um? VL vs VM p=0.034; VL vs CL p<0.001; VM vs CL p< 0.001; K-W test; !
Figure 7B and Table S7), which correlated significantly with the total surface of the !
terminals (r =0.7156; p<0.001, Spearman correlation; Figure 7C and Table S7). Another 3
characteristic of cerebello-thalamic synapses we could observe in all three nuclei is !
that most terminals contained several release sites (VL: 2.97+0.38; VM: 3.08+0.47; CL: 1
2.96+0.29; p=0.667; K-W test) [13]. The axon terminals in VL and VM also showed a 3
more complex interaction with the postsynaptic structures than in CL, in that we found |
dendritic protrusions inside the majority of the VL (24 out of 42 terminals) and VM (17 1
out of 27) terminals, whereas this was less common in CL (4 out of 28) terminals. No 3
significant differences were found in the surface of the dendritic protrusions between |
the thalamic nuclei (VL: 0.23£0.16 um? VM: 0.2940.18 um?; CL: 0.13+0.12 um?; p=0.1723; 1
K-W test). The surface area of the dendritic protrusions showed a significant correlation 3
with the terminals surface (r=0.6146; p<0.001, Spearman correlation; Figure 7C and !
Table S7). At the post-synaptic side we found that although the dendritic diameter !
opposing CN terminals did not show any difference between the nuclei (VL: 0.97+0.13 3
pum; VM: 1.18+0.12 um; CL: 0.84+0.08 um; p=0.08; K-W test), we did find that the length !
of post-synaptic densities (PSD) was longer in VL (0.17+0.01 pum) compared to VM 1
(0.1440.017 pm) and CL (0.15£0.01 pm; VL vs VM: p=0.024; VL vs CL: p=0.055; VM vs CL: 3
p=1; K-W test). Altogether, these ultrastructural findings support the notion that CN |
axons tend to synapse on proximal dendrites in all three studied nuclei, but that there 1
may be a structural difference in the constellation of the pre- and post-synaptic sites 3
which could correlate to the difference in transmission at CN-synapses throughout the |
thalamic complex. i
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Figure 7. Ultrastructure of CN terminals in VL, VM and CL reveals pre- and post-synaptic
specialization. A pseudo-colored ultramicrographs of CN terminal in VL (top), VM (middle) and
CL (bottom). Note the complex structure of these terminals. Arrowheads indicate synapses. B
quantification of terminal surface (top left; VL: n=48; VM: n=28; CL: n=27), number of mitochondria
(top middle; VL: n=32; VM: n=27; CL: n=24), mitochondrial surface (top right; VL: n=124; VM: n=109;
CL: n=82; VL vs VM p=0.034; VL vs CL p<0.001; VM vs CL p<0.001, K-W tests), length of post-synaptic
density (PSD) (bottom left; VL: n=114; VM: n=81; CL: n=80; VL vs VM p=0.024; VL vs CL p=0.055; VM vs
CL p=1; K-W test), release sites per terminal (bottom middle; VL: n=37; VM: n=27; CL: n=26; p=0.667,
K-W test) and diameter of the contacted dendrite (bottom right; VL: n=40; VM: n=31; CL: n=25;
p=0.080, K-W test). C Top correlation of the terminal surface with the sum of the surface occupied by
mitochondria for each given terminal (VL: green; VM: red; CL: blue). Bottom Correlation of the terminal
surface with the sum of the surface occupied by dendritic protrusions for each given terminal. Note
that terminals without a mitochondria or dendritic protrusion are not represented in these correlation
plots. * p<0.05, *** p<0.001. For full statistical report see Table S7.
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Discussion

|
|
|
|
|
|
|
|
|
|
|
|
|
|
3
Our data show that in mouse brain CN neurons innervate the VL thalamic nucleus more !
densely compared toVM and CL. Although the distribution matches that in other species !
[11-14,16,17,19,48] our study does provide one of the first quantitative comparisons of 3
active CN axon terminals in VL, VM and CL, since we exclusively quantified the vGIuT2*- !
CN terminals that expressed ChR2-EYFP. Our density values of these CN terminals per 1
nucleus (Figure 1) may very well be an underestimate of the total proportion of CN 3
axons that innervate VL, VM and CL nuclei given that i) the injections of viral particles _____ |
did not transfect the complete CN population projecting to these nuclei and ii) the 1
use of vGluT2-antibodies most likely resulted in a limited penetrance into the slices, 4 3
leaving those ChR2-expressing CN terminals located deeper into the slice unstained. |
These aspects possibly also confound the number and location of CN axon terminals i
on a single thalamic neuron (Figure 6) in that there may have been more CN terminals !
that contributed to the evoked charge transfer, but that due to their location, i.e., depth !
in the slice, some were identified as vGluT2-negative. Still, we would like to emphasize i
that the difference in the number of CN terminals between VL, VM and CL is likely to be !
independent from viral transfection rates or antibody penetrance since these data have |
been gathered from the same tissue samples. i
A potential source for the variability of CN-evoked responses in thalamic neurons !
and the difference in CN-terminal morphology throughout the thalamic nuclei may be |
the location of the transfected CN neurons. According to previous anatomical studies i
that used classical neurotracers, glutamatergic projection neurons from the lateral, !
interposed and medial CN all innervate VL, VM and CL neurons with a clear preference !
for the contralateral thalamic complex, but not excluding ipsilateral projections [12, i
14, 16]. Whereas we aimed for centering our bilateral viral injections in the interposed !
nuclei, we also found ChR2-EYFP transfected CN neurons in the lateral and/or medial CN |
in several mice. Although in principle it is possible that the variability in the recorded i
responses and terminal morphology is due to the transfection of glutamatergic CN !
neurons in various nuclei in both sides of the cerebellum, there are currently no data !
available supporting such notion. In fact, the few data available on the direct comparison 1
between axon terminals from the various nuclei reveal that the dimensions and 3
ultrastructural morphology in thalamic nuclei is comparable between axons originating |
from interposed and lateral CN [13]. These anatomical data are corroborated by the 1
previous in vivo electrophysiological experiments using intracellular and extracellular 3
recordings in anesthetized cats that revealed that electrical stimulation of both the !
interposed and lateral CN can evoke postsynaptic responses in single VL thalamic 1
neurons [28, 30, 31, 49, 50]. A set of dedicated in vitro experiments using tissue with 3
|
|
|
|
|
|
|
|
|
|
|
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small injections in the single CN will provide further insight in the potential role of the
various CN in the differentiation of the cerebellar impact on thalamic nuclei.

The electrophysiological characterization of thalamic responses to CN stimulation
revealed that on average VL neurons showed larger EPSCs than those in VM or CL. As
expected, these voltage-clamp results translated to a higher chance of action potential
firing upon stimulation for VL than for VM and CL when recorded in current-clamp. Our
data from VL and VM match earlier reports about faithful action potential firing by VL
neurons upon CN or brachium conjunctivum stimulation [28-31, 34, 51] and provide
the first detailed insights for synaptic transmission at CN-CL synapses (cf. [52, 53]). Using
10, 20 and 50 Hz stimulus trains, we were able to sample the responses of thalamic
neurons to physiologically relevant cerebellar input, since the firing rates reported
for CN projections recorded in vivo range from ~30-100 Hz (as reviewed by [54]). We
consistently found that the responses in VL, VM and CL neurons showed paired-pulse
depression, which is suggested to play an important role in information processing by
helping the system to adapt to ongoing levels of activity [41, 55, 56]. In our current
experiments the ChR2 off-kinetics limited us to stimulus frequencies well below the
maximal CN firing rates, which may also have prevented us from recording a significant
effect of mGluR-receptor blockage, in that the total mGluR-mediated currents in
thalamic neurons evoked by a stimulus frequency of 50 Hz tends to be limited (see also
[57]). Therefore, we cannot rule out that the activation of either pre- or postsynaptic
modulatory mechanisms have affected the responses we recorded in vitro.

Referring to intracellular in vivo recordings, the cerebellar input on VL neurons has
been classified as a driver input to neurons in the motor domain of the thalamus [28, 29,
39]. However, several recent papers classify thalamic inputs in more than two categories:
in addition to the driver’and ‘modulator’inputs, a third category of ‘driver-like’input has
been defined[58,59].In the tecto-geniculate system the driver-like inputs have also been
identified at the anatomical level by medium-sized terminals that contain round vesicles
and innervate proximal dendrites, and at the electrophysiological level stable response
amplitudes to trains of stimuli of up to 20 Hz [60, 61]. Our in vitro data showed that
responses in VL neurons to stimulation of CN terminals meet a number of criteria used
to define driver inputs [40]: /) CN stimulation evokes a large post-synaptic current that
ii) is solely mediated by ionotropic receptors and iii) depresses upon higher-frequency
stimulation, iv) CN axons form large synaptic boutons that v) contact proximal thalamic
dendrites. For CN terminals in VM and CL the categorization is less clear, since these
only show some of the ‘driver’ characteristics. They lack mGluR-mediated transmission
and proximal terminal location and their terminal volume is smaller. Moreover, the
responses of VM and CL neurons to CN stimulation are significantly smaller, and CL
neurons tend to show a stable paired-pulse ratio in response to 10 Hz stimulus trains.
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|
|
|
|
|
|
|
|
|
|
!
At the ultrastructural level, we also found a trend, although not significant, to a reduced 1
terminal surface in CL compared to VL and a significantly smaller CL mitochondrial 3
surface. Given that previous studies revealed that terminals with larger surface have a |
higher chance to release neurotransmitter compared to smaller terminals [62-64], our i
data may at least partially explain why the evoked response amplitude and charge in CL !
were smaller and more variable (Figure 2). !
Further explanation for the difference in post-synaptic responses to CN stimulation 1
between VL and the other nuclei may come from the difference in PSD length, which 3
previously has been linked to neurotransmission efficacy [65]. Our ultrastructural ___ |
analysis of CN terminals further revealed that the characteristics described earlier i
for VL in the rat brain, i.e,, large terminal surface, presence of multiple mitochondria, 4 !
fragmented release sites and large diameter of opposing dendritic structure [13,36,37], |
are also found in mouse brain. The complexity of the cerebello-thalamic contacts in the i
VL and VM seemed more prominent, in that CN terminals in these nuclei were found to !
contain dendritic protrusions more often than in CL. This typical structure, found also in !
other large terminals in thalamus, such as those formed by the piriform cortex in medial i
thalamus [66], enlarge the contact surface between axon terminals and the dendrite. !
However, in our current dataset we found no significant difference between the number !
of release sites for VL, VM or CL. Future experiments on the release properties of single i
CN terminals, alike those performed for ‘giant’ corticothalamic synapses in the sensory !
system [42, 43] should elucidate how the morphological characteristics can translate !
into the clear differentiation between postsynaptic responses in VL, VM and CL. i
Our current findings provide new building blocks to construct the frame of reference ;
for the impact of the cerebellar output on thalamic neurons. Given that mouse thalamus |
VL, VM and CL are free of interneurons, we argue that all our recordings are from i
thalamic relay neurons that synapse throughout the various regions of the cerebral !
cortex. By adapting the classification of relay neurons from rat thalamus (reviewed by |
[25]), our VL recordings are from a mix of core (C)-type and matrix (M)-type neurons, VM i
recordings are from matrix (M)-type neurons and CL recordings from intralaminar (IL)- !
type neurons, which to some extent is supported by the reduced dendritic branching of |
CL neurons (Figure 6). If we assume that the axonal branching of C-, M- and IL-neurons i
in mouse brain indeed shows lamina-specific termination as described for rat [18, 22- !
24, 67], our data indicate that the information conveyed by C- and M-type neurons in !
VL to manipulate activity of the middle and output layers of motor cortices [22] that 1
contribute to initiation of movement [68]. In contrast, M-type VM neurons projections 3
are more dense in layer 1 of widespread cortical areas, including the motor-associated, !
orbital, cingulate and visual areas in the rat [23]. Direct activation of cerebellar afferents 1
to VM neurons indeed resulted in a widespread change of cortical activity to the 3
|
|
|
|
|
|
|
|
|
|
|
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gamma-band range [34], which in these VM-projection regions have been linked to
cognitive processes. Indeed, a recent study indicates that the cerebellar-recipient zone
in mouse VM has a reciprocal connection with the prefrontal anterior lateral motor
cortex that determines the ability to prepare a correct motor response to a sensory cue
[69]. For IL-type CL neurons it has been shown that their axons excite striatal, but also
cortical neurons affecting motor, premotor, parietal, prelimbic and anterior cingulate
processing, as well as regulating behavioral arousal levels [53, 70, 71].

Although it remains to be investigated how in in vivo conditions thalamic responses
may differ between the different types of neurons, our study provides new insights
into the diversity of the cerebellar impact on thalamo-cortical networks. Thalamo-
cortical activity exhibits two distinct states, i.e., tonic and burst firing, which are related
to different conditions such as waking, non-REM state, slow-wave sleep or even
epileptogenic activity [72]. Thalamic afferents, like CN axons, are likely to modulate the
activity of thalamo-cortical relay neurons from tonic to burst firing and vice versa. Indeed,
single-pulse stimulation of CN neurons efficiently stops thalamo-cortical oscillations in
epileptic mutant mice [35]. The underlying mechanism may at least partially depend
on the variable impact of CN axons on thalamic neurons, as we showed for VL, VM and
CL. For instance, a brief pause in the firing of CN neurons, which can occur following
synchronized activity in the cerebellar cortex [54] will most likely result in a recovery
of synaptic PPD for all nuclei, but the first postsynaptic response in VL will be notably
larger than in VM or CL. Such differential effects on thalamic action potential firing
may potentially be modulated by cortical input, as well as glycinergic or cholinergic
projections arising from brainstem [73, 74] or GABAergic projections from substantia
nigra [75], all of which may synergistically diversify the cerebellar impact on thalamo-
cortical processes throughout the various (non-) motor domains.
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Experimental procedures

Animals

All experiments were performed in accordance with the European Communities Council
Directive. Protocols were reviewed and approved by the Dutch national experimental
animal committees (DEC) and every precaution was taken to minimize stress, discomfort
and the number of animals used. Data were collected from 21-56 day old C57BL/6NHsd
mice of both sexes, which were purchased from Envigo laboratories (Horst, Netherlands).

Virus injections l
We performed stereotaxic injections of adeno-associated virus carrying 4 3
Channelrhodopsin2 AAV2-hSyn-ChR2(H134R)-EYFP into CN at 2 mm anterior-posterior |
and 1.5-2 mm medial-lateral to lambda. For localization of the injection sites 40 um thick !
horizontal sections were obtained on a freezing microtome. The tissue was incubated 3
with DAPI (300nM). Sections where rinsed and mounted on glass. !

Electrophysiological recordings in slices and optogenetics

Electrophysiological recordings in coronal or horizontal slices were performed at 34 +
1°C aCSF 40 min after dissection. Internal solution was supplemented with biocytin for
morphological reconstruction. Full-field optogenetic stimulation (1 ms, 470 nm peak
excitation, 0.1 to 6.65 mW/mm?) was generated using a Polygon4000 (Mightex, Toronto,
Canada) or a pE2 (CoolLED, Andover, UK). Pharmacology experiments were assessed
adding AMPA- (10 uM NBQX), NMDA- (10 uM APV), mGIuR1- (10 uM JNJ-16259685) and
MGIuR5- (50 uM MPEP) blockers to the aCSF.

Immunofluorescence and reconstruction

To visualize the recorded neurons and CN terminals, slices were stained for Streptavidin-
Cy3 (Jackson Immunoresearch) and vGIuT2 anti Guinea pig Cy5 (Millipore Bioscience
Research Reagent). Using custom-written Fiji-scripts (Imagel) we identified putative
synaptic contacts that were isolated and morphologically studied using a LSM 700
microscope (Carl Zeiss). Stack’s subsets of the connection were deconvolved using
Huygens software (Scientific Volume Imaging) and the volume measured using a
custom-written Fiji macro. To quantify the distance from soma for vGluT2-positive
CN terminals we calculated the distance in 3 dimensions (using x-, y-, z-coordinates)
between the center of the terminal and the center of the soma by Pythagorean Theorem.
To determine the dendritic arborization of biocytin filled cells, we used the 3D Sholl
analysis macro implemented in Fiji software [76].
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Electron microscopy

Ultrastructural morphology was analyzed using electron microscope (CM 100, Philips).
Staining for DAB and preparation of ultrathin section was performed as previously
described [771].

Data analysis and statistics
All numerical values are given as means and error bars are SEM. Parametric and non-
parametric tests were chosen as appropriate and were reported in figure legends. Data
analyses were performed using SPSS 22.0 software package.

Detailed experimental procedures and statistical analyses for each experiment can
be found in Supplemental Experimental Procedures.
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Supplementary Experimental Procedures

Experimental Procedures

All experiments were performed in accordance with the European Communities Council
Directive. Protocols were reviewed and approved by the Dutch national experimental
animal committees (DEC) and every precaution was taken to minimize stress, discomfort
and the number of animals used.

Animals
Data were collected from 21-56 day old C57BL/6NHsd mice of both sexes, which were
purchased from Envigo laboratories (Horst, Netherlands).

Viral injections

Mice were anesthetized with isoflurane, (4% in 0.5 L/min O, for induction and 1.5%
in 0.5 L/min O, for maintenance), carprofen (5 mg/kg), buprenorphine (50 pg/kg) and
lidocaine (10%, local application). For optogenetic stimulation we stereotactically
delivered adeno-associated virus (AAV) encoding Channelrhodopsin2 (ChR2) coupled
with a EYFP fluorophore (AAV2-hSyn-ChR2(H134R)-EYFP) to the CN. Following bilateral
craniotomies of ~0.5 mm above the interparietal bone (-2 mm anterior-posterior and
1.5-2 mm medial-lateral to lambda), 150-200 nl (at a rate of ~20 nl/min) of AAV was
injected to the CN in both hemispheres. The viral vector was kindly provided by Prof. K.
Deisseroth (Stanford University) through the UNC and UPENN vector cores.

Preparation of acute brain slices

Following 3-6 weeks of incubation isoflurane-anesthetized mice were decapitated, their
brains were quickly removed and placedintoice-cold slicing medium containing (in mM):
93 NMDG, 93 HCl, 2.5 KCl, 1.2 NaHPO,, 30 NaHCO,, 25 Glucose, 20 HEPES, 5 Na-ascorbate,
3 Na-pyruvate, 2 Thiourea, 10 MgSO,, 0.5 CaCIZ, 5 N-acetyl-L-Cysteine (osmolarity 310 +
5; bubbled with 95% O, / 5% CO,) [1]. Next, 250-300 pum thick horizontal or coronal
slices were cut using a Leica vibratome (VT1000S). For the recovery, brain slices were
incubated for 5 min in slicing medium at 34 + 1°C and subsequently for ~40 min in
ACSF (containing in mM: 124 NaCl, 2.5 KCl, 1.25 Na,HPO,, 2 MgSO,, 2 CaCl,, 26 NaHCO,,
and 20 D-glucose, osmolarity 310 + 5; bubbled with 95% O, / 5% CO,) at 34 + 1°C. After
recovery brain slices were stored at room temperature (RT) before the experiments
started. The accompanying hindbrain was post-fixed in 4% paraformaldehyde (PFA), for
histological confirmation of the viral injection location (see below).
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In vitro whole cell recordings l
For all recordings, slices were bathed in 34 + 1°C ACSF (bubbled with 95% O, and 3
5% CO,). Whole-cell patch-clamp recordings were performed using an EPC-9 or EPC- |
10 amplifier (HEKA Electronics, Lambrecht, Germany) for 20-60 min and digitized at 1
20 kHz. Resting membrane potential (V) and input resistance were recorded after 3
whole-cell configuration was reached. Recordings were excluded if the series resistance |
(R, (assessed by -5 or -10 mV voltage steps following each test pulse) varied by 1
>25% over the course of the experiment. Voltage and current clamp recordings were 3
performed using borosilicate glass pipettes with a resistance of 3-5 MQ when filled _____ |
with K*-based internal (in mM: 124 K-Gluconate, 9 KCl, 10 KOH, 4 NaCl, 10 HEPES, 28.5 1
Sucrose, 4 Na_ATP, 0.4 Na,GTP (pH 7.25-7.35; osmolarity ~290)). Recording pipettes were 4 3
supplemented with 1 mg/ml biocytin to allow histological staining (see below). Current |
clamp recordings were corrected offline for the calculated liquid junction potential of 1
-10.2 mV. All recordings were performed in the presence of picrotoxin (100 uM, Sigma- 3
Aldrich) to block GABA -receptor-mediated IPSCs. !
Full-field optogenetic stimulation (470 nm peak excitation) was generated using a !
Polygon4000 (Mightex, Toronto, Canada) or a pE2 (CoolLED, Andover, UK), that were 3
controlled using TTL-pulses generated by the HEKA amplifier. Light intensities at 470 nm |
were recorded using a photometer (Newport 1830-C equipped with an 818-ST probe, 1
Irvine, CA) at the level of the slice. Typically the light intensities sufficient to trigger 3
the maximal response amplitude in thalamic cells ranged from 0.1 to 6.65 mW/mm?. |
To trigger neurotransmitter release from transfected CN axons we delivered 1 ms light !
pulses at 0.1 Hz and an intensity resulting in the maximally evoked response, unless 3
stated otherwise. To characterize the postsynaptic receptors we sequentially bath- |
applied AMPA- (10 uM NBQX), NMDA- (10 uM APV), mGIuR1- (10 uM JNJ-16259685) and 1
mGIluR5- (50 pM MPEP) blockers. Each drug was added only after the EPSC amplitude 3
stabilized. All drugs were purchased from Tocris (Bristol, UK). To ensure that we recorded !
action potential-driven neurotransmitter release most experiments were concluded 1
by bath application of 10 uM tetrodotoxin (TTX), which blocked all post-synaptic 3
responses in the recorded thalamic neurons. The responses evoked in thalamic neurons |
by optogenetic stimulation of CN axons were solely of monosynaptic origin, which !
matches the known absence of local interneurons and of local axon collaterals [2]. 3

Immunofluorescence

To visualize the recorded neurons and CN axons, slices were placed in 4% PFA (in 0.12 M
PB) for at least 24 hrs [3]. Subsequently, slices were transferred into 0.1 M PBS and rinsed
with PBS 3 times for 10 min. Slices were incubated for 1 hr at RT in blocking solution
(containing 10% normal horse serum (NHS) and 0.5% triton diluted in PBS), which
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was followed by over-night incubation with primary antibody for vesicular glutamate
transporter type 2 (vGluT2) (anti Guinea Pig; Millipore Bioscience Research Reagent;
1:2000 diluted in PBS containing 2% NHS and 0.4% Triton). Slices were subsequently
rinsed 3 times for 10 min and incubated for 2 hrs with Streptavidin-Cy3 (1:200, Jackson
Immunoresearch) and anti-guinea pig Cy5 (1:200, Jackson Immunoresearch) diluted in
PBS containing 2% normal horse serum and 0.4% triton. Sections were rinsed in PBS,
mounted with Vectashield (Vector laboratories) and imaged with a LSM 700 confocal
microscope (Carl Zeiss Microscopy, LLC, USA).

For localization of the injection sites, the cerebellum was removed from forebrain
and fixed with PFA 4% for 5 to 10 days on a shaker at 4°C. Serial 40 um thick horizontal
sections were obtained on a freezing microtome. The tissue was rinsed in PBS solution
and then transferred in blocking solution for 1 hr at RT and subsequently incubated for
10 min with DAPI (300nM). Sections where rinsed with 0.01M PB and mounted on glass.

Fluorescence microscopy and reconstruction
Guided by calbindin D28-K staining (primary: Calbindin a-rabbit 1:7000, Swant Inc,
#CB-38a; secondary: 405 nm rabbit-a-donkey 1:400, Jackson Immunoresearch #A421)
and a reference atlas [4] we outlined the thalamic nuclei of interest. For each nucleus
the expression pattern of ChR2-YFP was quantified with RGB measure function of Fiji
(Imagel) in order to have the mean intensity among the region of interest (ROI).
Recorded neurons were labeled with biocytin. Epifluorescent tile images were
obtained using a 20X/0.30 NA (air) objective and a LSM 700 microscope (Carl Zeiss).
The position of labeled neurons was confirmed using a stereotactic atlas [4]. Terminals
positive to VGIUT2 staining were identified and morphologically studied using confocal
images that were captured using the following excitation wavelengths: 488 nm (YFP),
555 nm (Cy3) and 639 nm (Cy5). Terminals were imaged using a 40X/1.30 NA (oil)
objective by acquiring a stack of images with 0.5 digital zoom and a voxel size of 313 nm
width x 313 nm length x 300 nm depth. Using custom-written Fiji-scripts (ImageJ) we
identified putative synaptic contacts, i.e. YFP-positive varicosities that colocalized with
vGluT2-staining that are within 1 um distance from the recorded neurons. Once synaptic
contacts were isolated high resolution image stacks were acquired using a 63X1.4 NA
oil objective with 1X digital zoom, a pinhole of 1 Airy unit and significant oversampling
for deconvolution (voxel dimension is: 46 nm width x 46 nm length x 130 nm depth
calculated according to Nyquist factor; 8-bit per channel; image plane 2048 x 2048
pixels). Signal-to-noise ratio was improved by 2 times line averaging. Stack’s subsets of
the connection were deconvolved using Huygens software (Scientific Volume Imaging).
Further analysis was performed using a custom-written Fiji macro. The color channels
(YFP, Cy3 and Cy5) of the images were split to get separate stacks. The YFP and Cy3
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channels were Gaussian blurred (sigma = 1) and selected by a manually set threshold. A !
binary open function was done on both images (iterations = 4, count = 2) and objects 3
were removed if their size was <400 pixels (YFP) or <120 pixels (Cy3). A small dilatation !
was done on the red image (iteration = 1, count = 1). With the image calculator an ‘and- 1
operation’was done using the binary red and green image. The values 255 (white) of the 3
binary YFP image were set to 127. This image and the result of the AND-operation were |
combined by an OR-operation. The resulting image was measured with the 3D-object !
counter plugin for volumes and maximum intensities. Only objects containing pixels 3
with an intensity of 255 (overlap) are taken in account for analysis. Estimation of synapse |
density (number of terminals/area pm?) was obtained for each nucleus by dividing the 1
number of terminals by the image area [5]. To quantify the distance from soma for 4 3
vGluT2-positive CN terminals on reconstructed neurons we used a custom-written |
macro in Fiji software (Imagel). Briefly, we calculated the distance in 3 dimensions 1
(using x-, y-, z-coordinates) between the center of the terminal and the center of the 3
soma by Pythagorean Theorem. |

3D Sholl analysis

To determine the dentritic arborization of biocytin filled cells, we used the 3D Sholl
analysis macro implemented in Fiji software [6]. For preprocessing, image stacks over
a z-volume of 18.5 - 87.5 pum were binarized. Stacks with excessive background signal
were excluded from further analysis. Subsequently the dendritic arborization was
measured in concentric shells of 10 um distance starting with 15 um distance from the
center of the soma. At this first sphere we manually counted the number of primary
dendrites and assessed their directionality by calculating the radial angle between the
primary dendrites.

Electron microscopy

Four mice were injected with anterograde neuronal tract tracer biotinylated dextran—
amine (10% BDA in 0.1 M PB, pH 7.4, molecular weight 10,000) by iontophoresis (pulses
of 4 uA, 10 min) with a glass micropipette (tip opening, 8-10 um) in the interpositus and
lateral CN. After 5 days mice were anesthetized with an overdose of nembutal (i.p.) and
transcardially perfused with 4% PFA and 1% glutaraldehyde in phosphate buffer. Brains
were removed, kept overnight in 4% PFA, and cut into 60 um thick coronal sections
using a vibratome. Sections were subsequently washed in PBS, incubated for 20 min
in 3% H,0, (in PBS) to remove endogenous peroxidase activity of blood, washed again,
placed for 1 hrin 10% NHS and finally incubated for 24 hrs in ABC-HRP (Vector). At the
end of the immunostaining, the sections were stained with 0.5% 3,3-diaminobenzidine
tetrahydrochloride (DAB) and 0.01% H,O, for 15 min at RT. Ultimately, the sections




Chapter 4

were osmicated with 1% osmium in 8% glucose solution, dehydrated in propyleen
oxide, and embedded in araldite (Durcupan, Fluka, Germany). Guided by staining levels
in semithin sections (0.5 um thick), we made pyramids of the VL, VM and CL nuclei.
Ultrathin sections (60 nm) were cut using an ultramicrotome (Leica, Germany), mounted
on nickel grids, and counterstained with uranyl acetate and lead citrate. CN axon
terminals were photographed at various magnifications (range 3900X-25500X) using
an electron microscope (CM 100, Philips, Eindhoven, Netherlands) and analyzed off-
line using standard measurement functions in Fiji (ImagelJ). To limit the possibility that
our electron micrographs contained various images of the same pre- and postsynaptic
structures we separated our ultrathin sections by various semi-thin sections.

Data analysis and statistics

Current and potential traces were acquired using Pulse and Patchmaster software
(HEKA) and stored for offline analysis. Single stimulus data was analyzed using Clampfit
software (Molecular Devices), while trains of stimuli were analyzed with custom written
routines in Igor Pro 6.1 (Wavemetrics, Lake Oswego, Oregon). To evaluate the variability
of EPSC amplitude and charge transfer we calculated the coefficient of variation (CV):
the ratio between standard deviation and mean. For trains of stimuli, the peak amplitude
of each evoked postsynaptic current (EPSC) was detected relative to baseline. All EPSC
amplitudes within the train were normalized to the first EPSC. The total charge during
train stimulation was calculated by determining the area under the curve between the
first and the last stimulus relative to baseline. For all recordings averages of at least 5
sweeps per cell were calculated. The steady state amplitude was calculated by averaging
the amplitude of responses to the last 5 stimuli.

Using GraphPad PRISM and SPSS software packages we ran statistical comparisons
between the thalamic nuclei (VL, VM and CL) by one-way ANOVA, Kruskal-Wallis (K-W)
or Kolmogorov-Smirnov (K-S) tests as indicated in the main text. Statistical difference
for pharmacology data was assessed using Friedman test. For Sholl analysis a two-way
ANOVA was used with Bonferroni Multiple comparison test. We corrected missing values
by the Last observation carried forward (LOCF) method. Correlation coefficients were
calculated using Spearman. We defined p<0.05 as a significant difference. Throughout
the main text we report a subset of the statistical data; all details are provided in the
Supplemental data tables thataccompany each figure. Summarized data are represented
as mean = standard error. Throughout the figures data from VL are indicated in green,
VM in red and CL in blue, unless stated otherwise.
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Figure 1
Panel Test applied P-value Degrees of Population size Definition of Correction
freedom population
1B Kruskal Wallis  0.003 2 18 6 mice Dunn-Sidak
-VL-VM 0.529
-VM-CL 0.136
-VI-CL 0.002
11 Kolmogorov  VL-VM <0.001 671 terminals 5 mice Bonferroni
Smirnov VM-CL 0.966 245 terminals
VI-CL <0.001 572 terminals
1) Kruskal Wallis ~ 0.028 2 15 5 mice Dunn-Sidak
VI-VM 0.334
VM-CL 0.865
VI-CL 0.024
Figure 2
Panel Test applied Degrees of Population size Definition of Correction
freedom population
2B Kruskal Wallis  <0.001 2 44 cells 40 mice Dunn-Sidak
EPSC
Amplitude VI-VM 0.001
VM-CL 1
VI-CL <0.001
2B Kruskal Wallis  <0.001 2 47 cells 40 mice Dunn-Sidak
EPSC
Charge VI-VM 0.002
VM-CL 1
VI-CL 0.001
2D Kruskal Wallis ~ 0.001 2 42 cells 40 mice Dunn-Sidak
EPSCCV
VI-VM 0.031
VM-CL 1
VI-CL 0.001
2D Kruskal Wallis  0.001 2 46 cells 40 mice Dunn-Sidak
Charge CV
VI-VM 0.025
VM-CL 1
VI-CL 0.03

12



Figure 3

Test applied
VL Kruskal Wallis
VM Kruskal Wallis
CcL Kruskal Wallis

Test applied
10 Hz Kruskal Wallis
20 Hz Kruskal Wallis
50 Hz Kruskal Wallis

Test applied
VL Kruskal Wallis
VM Kruskal Wallis
CL Kruskal Wallis

Test applied
10 Hz Kruskal Wallis
20Hz Kruskal Wallis
50Hz Kruskal Wallis

P-value

0.002

10-20 Hz 0.492
10-50 Hz0.001
20-50 Hz 0.111

0.496

=

006

10-20 Hz 0.234
10-50 Hz 0.004
20-50 Hz 0.230

P-value

0.344

0.168

0.137

0.007

10-20 Hz 0.464
10-50 Hz 0.005
20-50 Hz 0.529

0.037

10-20Hz 1
10-50 Hz 0.056
20-50Hz 0.118

0.077

0.167

0.321

0.867

Degrees of Population size
freedom

2 39 cells

2 22 cells

2 16 cells

Degrees of Population size
freedom

2 29 cells

2 27 cells

2 20 cells
Degrees of Population size
freedom

2 29 cells

2 12 cells

2 12 cells
Degrees of Population size
freedom

2 20 cells

2 18 cells

2 15 cells

Definition of
population

29 mice

9 mice

9 mice

Definition of
population
18 mice

13 mice

16 mice

Definition of

population
29 mice

9 mice

9 mice

Definition of

population
18 mice

13 mice

16 mice

Correction

Dunn-Sidak

Dunn-Sidak

Correction

Correction

Dunn-Sidak

Dunn-Sidak

Correction



Chapter 4

Figure 4

Panel Test applied P-value Degrees of Population Definition of Correction

4B freedom size population

Control vs NBQX  Friedman 0.500 3 10 cells 9 mice

NBQX vs Friedman 0.146 3 10 cells 9 mice Dunn-Bonferroni
NBQX+APV

Control vs Friedman <0.001 3 10 cells 9 mice Dunn-Bonferroni
NBQX+APV

NBQX+APV vs Friedman 1.000 3 10 cells 9 mice Dunn-Bonferroni
NBQX-AP5-

MPEP+JNJ

NBOX vs Friedman 0.019 3 10 cells 9 mice Dunn-Bonferroni
NBQX+APV+

MPEP+JNJ
Figure 5

Test applied Degrees of Population Definition of Correction
freedom  size population
5D 2-way VL-VM 0.733 26 cells 26 mice
Intersection 55 um ~ ANOVA VM-CL 0.350
VI-CL0.018

5IE Kruskal Wallis ~ 0.015 2 33 cells 26 mice Dunn-Sidak
5F Kruskal Wallis ~ 0.141 2 164 26 mice

5G Kolmogorov-  VL-VM 0.831 93 26 mice Bonferroni

Smirnov VM-CL 0.136 VL-CL 123
0.343 112

Figure 6

Panel Testapplied P-value Degrees of Population  Definition of Correction

freedom size population
6B Kruskal Wallis 0373 2 34 cells 24 mice Dunn-Sidak
6C Kruskal Wallis  0.586 2 110 cells 24 mice Dunn-Sidak
6E Kruskal Wallis  0.027 2 130 terminals 24 mice Dunn-Sidak
VL-VM 1.00
VM-CL 0353 VI-CL 0.023
6F Kolmogorov ~ VL-VM 0.834 93 terminals 24 mice Bonferroni
Smirnov VM-CL 0.080 VI-CL 0.044 59 terminals

108 terminals
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Figure 7
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CN stimulation stops cortical oscillation

Summary
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3

Reorganization of local networks in the cerebral cortex following focal insults can |

facilitate the induction of more widespread hypersynchronized activity [1-5] and thereby !

lead to generalized seizures [6]. Directly restoring the activity of the cortical networks 3

themselves forms a promising therapeutic strategy [7, 8], but manipulating the activity |

of upstream brain regions that provide prominent and specific synaptic inputs to these 1

networks may be an interesting alternative. Here, we investigated how optogenetic 3

stimulation of the cerebellar nuclei (CN) or their efferents affects the neuronal spiking !

patterns during seizures in the thalamus, which forms the major upstream hub of the !

cerebral cortex [7]. We show that single-pulse stimulation of CN neurons, which provide 3
not only mono-synaptic but also multi-synaptic inputs to the thalamic nuclei [9, 10],is |

highly effective in stopping generalized absence seizures in tottering mice [11, 12] by !

instantly reducing synchronicity and rhythmicity in the thalamus. Notably, optogenetic 5 3
stimulation of CN axons in the thalamic nuclei alone was less effective in stopping

seizures than direct stimulation of CN neurons, supporting that the putative relevance i

of the upstream multi-synaptic cerebello-thalamic pathway is relevant. In between !

the seizures, thalamic responses to CN stimulation varied from short-latency increases !

to bimodal, inhibitory and delayed network effects. Our data show that single-pulse i

stimulation of CN neurons can stop epileptic seizures by desynchronizing thalamic !

neuronal firing, and they highlight the importance of cerebellar activity for controlling |

thalamo-cortical information processing in general. i
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Chapter 5

Results

Cerebellar nuclei stimulation desynchronizes thalamic spiking activity

To examine the effects of CN stimulation on seizure-related thalamo-cortical neuronal
activity patterns we recorded neuronal multi-unit activity (MUA) throughout the
thalamic complex while monitoring cortical activity by ECoG in awake, freely behaving
tottering mice (Fig. 1A-C). We observed that cortical generalized spike-and-wave
discharges (GSWDs) were accompanied by rhythmic neuronal firing, i.e., characteristic
for synchronized firing, in the thalamic complex. During interictal periods, however,
thalamic MUA was relatively arrhythmic, i.e., characteristic for desynchronized firing
(Fig. 1C). Termination of seizure activity by optogenetic CN stimulation (single-pulse,
50 ms, 470 nm) (see also [12]) instantly reverted the phase-locked thalamic MUA to a
desynchronized state, as shown by a reduction of the MUA autocorrelation (Fig. 1C,D
and Suppl. Table 1).
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Figure 1.Single-pulse optogenetic CN stimulation stops rhythmic thalamic spiking. (A) Tethered
recording system for optogenetic stimulation in CN and thalamic neuronal multi-unit activity (MUA)
and ECoG recordings from primary motor (M1) and sensory (S1) cortices in freely behaving tottering
mice. (B) ChR2-EYFP-expressing CN axons in the thalamus complex with the location of the MUA
electrode indicated by white-dashed lines. (C) (Top - middle) Example of spike-and-wave discharges
(SWDs) in S1-ECoG (top) in synchrony with thalamic MUA (middle), during which mice developed
behavioral arrest. Single-pulse optogenetic stimulation (vertical blue line; 50 ms, 470 nm, 0.5 mW/
mm?) in CN stopped synchronous burst firing in thalamic neurons and ended the SWDs, upon which
behavioral arrest was typically ended. On average, SWDs occurred every 72.6 + 19.8 s (N = 8 mice,
1-hour recording per mouse). (Bottom) Accompanying normalized autocorrelograms of MUA in
1-second periods of the pre-SWD, SWD and post-SWD phase. (D) Average MUA autocorrelation for
pre-SWD, SWD and post-SWD multi-unit recordings. (E) As (D) but for burst index. Data are represented
as mean + SEM. * indicates p < 0.05, *** indicate p < 0.001 (see Suppl. Table 1 for statistics).
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We also found that upon ictal CN stimulation the MUA burst index reverted to baseline
levels (Fig. 1E). These findings indicate that single-pulse CN stimulation can consistently
desynchronize seizure-related rhythmic thalamic MUA.

Thalamic responses to single-pulse cerebellar nuclei stimulation is variable i
Our MUA recordings of thalamic neurons suggest that single-pulse stimulation in CN, |
which was shown to promote synchronous action potential firing [12], may have a 1
differential effect on thalamic neurons. To further investigate the thalamic responses 3
to CN stimulation, we recorded single-unit responses during interictal periods in head- |
fixed tottering mice (see STAR experimental procedures). Out of the 201 recorded 1
neurons 165 neurons were responsive to single-pulse CN stimulation (50 ms pulse of 3
470 nm and 0.5 mW/mm? at 0.2 Hz) (Fig. 2A). Both the response latency and the type |
of response were variable (Fig. 2B-D) (see also Suppl. Fig. 1 and Suppl. Table 2). We 1
observed a significant negative correlation between the pre-stimulus firing frequency 5 3
and the number of spikes during the pulse (Fig. 2C). Most thalamic neurons increased |
their firing rate during CN stimulation (group ‘increased’; 114 out of 165 neurons; 1
69.1%). Other thalamic neurons responded in a bi-phasic manner, i.e. following the 3
initial excitatory response the firing rate was significantly reduced (group ‘bi-phasic’; 17 |
out of 165; 10.3%). Again other thalamic neurons only showed a reduction of their firing !
rate upon CN stimulation (group ‘decreased’; 15 out of 165; 9.1%). Finally we recorded 3
neurons that did not show a significant response during the 50-ms stimulus, but only |
thereafter (group ‘delayed’; 19 out of 165; 11.5%). Given that in a mouse brain the CN 1
projection neurons that synapse onto thalamic neurons are known to be glutamatergic 3
[13, 14], these recordings of bi-phasic-, decreased- and delayed-responses are most likely !
representing a combination of direct CN-input and additional afferent input possibly 1
gated via CN-afferents to pre-thalamic nuclei [9]. To investigate the impact single-pulse 3
CN stimulation has on cortical activity we analyzed M1 and S1 ECoG activities. As shown !
in the ECoG traces single-pulse CN stimulation resulted in a clear change of frequency !
and amplitude (Fig. 2E,F). A broadband decrease in power was observed lasting ~1 s; 3
the most prominent suppression was found within in the seizure-related 6*-band (7-10 |
Hz) across the recording sites. We found that this response was reliably evoked, as can 1
be seen from the averaged responses and power spectrogram (Fig. 2G,H and Suppl. 3
Table 3). !
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Figure 2. CN stimulation induces variable changes in interictal thalamic firing and cortical
activity. (A) Schematic outline of head-fixed experiment in tottering mice for CN optogenetic
stimulation, single-unit extracellular recordings from thalamic relay neurons (TRN) and multi-site ECoG
recordings from M1 and S1 regions. (B) Distribution of response types for the 165 thalamic neurons
that showed a significant response to CN stimulation (as determined by Z-score based diagnostics;
see STAR methods). See main text for number of cells per type of response. (C) (Left) Cumulative
histogram of response latencies of thalamic neurons (n = 165 neurons) to single-pulse (50 ms) CN
stimulation. (Right) Scatterplot for the correlation between the pre-stimulus firing frequency (FF) and
the number of spikes recorded during the CN stimulus (Pearson’s correlation coefficient: r =-0.393; p
< 0.001). (D) Example traces of ECoG (top traces) and simultaneously recorded TRN (bottom traces) with
accompanying per-stimulus histograms and scatterplots for each type of response. Green:‘increased’
(see also Suppl. Fig. 1B); orange: delayed’ (see also Suppl. Fig. 1D); red: decreased’ (see also Suppl.
Fig. 1E); and blue:'bi-phasic’ (see also Suppl. Fig. 1C). Vertical blue lines indicate time of optogenetic
CN stimulation (50 ms). (E) (Left) Placement of craniotomies for ECoG recording electrodes and optic
fibers in CN. (Right) Example ECoG trace from left S1 (IS1), left M1 (IM1) and right M1 (rM1) suggesting
widespread effect of single-pulse optogenetic stimulation to bi-lateral CN (50 ms). (F) Normalized
ECoG spectrogram from a single mouse (n = 246 stimuli) calculated following the masking of the
large-amplitude ECoG response directly following the CN stimulation — to accurately analyze the post-
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stimulus response in all frequency bands (see STAR methods). This procedure is also applied to panels
G and H. Note the clear drop in all frequency bands. (G) Normalized power in the separate frequency
bands, indicating that in all recorded cortices a single-pulse CN stimulation resulted in a significant
decrease in all channels, or in rM1 6 (4-7 Hz), 6* (7-10 Hz), 8 (10-20 Hz), and the broadband 2-20 Hz,
but not in rM1 &- (2-4 Hz) and y (25-40 Hz) bands (N = 7 mice) (see Suppl. Table 3 for statistics). (H)
Normalized spectrogram accompanying panel G.

Pharmacological intervention of CN activity affects firing patterns of thalamic !
neurons 3
We previously showed that infusing GABA -receptor blocker gabazine (SR-95531) into |
the CN of tottering mice blocked GSWD occurrence and increased the frequency and !
regularity of CN spike firing [12]. To assess whether such long-term increases in CN 3
firing had differential effects on interictal thalamic firing, as opposed to single-pulse CN |
stimulation, we recorded the effect of gabazine infusions into CN and found that the 1
firing pattern of thalamic neurons was affected (Suppl. Fig. 2A-C). Comparison of the 5 3
interictal activity recorded before and after gabazine infusion revealed that thalamic |
spiking contained less bursts and an increased level of regularity, while the average !
firing frequency was not significantly altered (Suppl. Fig. 2D and Suppl. Table 4). These 3
alterations in thalamic firing indicate that upon gabazine infusion in CN, thalamic |
neurons shifted from the characteristic burst-pause firing pattern (related to a down- 1
state of the membrane potential) to a more regular firing pattern (related to an up-state 3
of the membrane potential) [15]. In parallel, the power of most ECoG frequency bands |
was changed (Suppl. Fig. 2E-G). Most notably, the power in the seizure-related 6*-band 1
(7-10 Hz) was significantly decreased (Suppl. Fig. 2H,I and Suppl. Table 5). Together 3
these data indicate that pharmacological interventions at the level of the CN affect the |
interictal firing pattern of thalamic neurons. i

Factors contributing to the variability of thalamicresponses to CN stimulation
Our current data indicate that single-pulse stimulation at a millisecond timescale and
long-lasting pharmacological interventions, both of which increase CN firing [12], have
a profound but variable effect on thalamic firing patterns and cortical network activity
during interictal periods. This wide range of thalamic responses to optogenetic CN
stimulation (Fig. 2) may have various causes. It may be that we recorded from different
cell types [16]. Hereto we evaluated the firing pattern of thalamic neurons during
GSWDs. We observed that 56.6% (69 out of 122 thalamic neurons) of the neurons
revealed firing associated with GSWD patterns, i.e.'‘GSWD-modulated’ (Fig. 3A-C) (see
also Suppl. Fig. 3 and Suppl. Table 6), with a variable level of rhythmic spiking (Fig. 3C).
To assess whether the location of the recordings and thereby the afferent connections
related to the rhythmic firing could contribute to the wide range of responses to
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CN stimulation we labelled the recording sites of 70 thalamic neurons (from 8 mice)
using iontophoretic injections of biocytin (Fig. 3D). We found that a subpopulation of
neurons throughout the various nuclei showed firing patterns directly associated with
ECoG GSWDs. For these neurons the periodicity with the ECoG spikes was remarkably
consistent per nucleus, ranging between 16.7 and 23.5 ms (Fig. 3E). In sharp contrast to
these consistent firing patterns recording during ECoG GSWDs, we found that interictally
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Figure 3. Varying thalamic responses to CN stimulation, but constant modulation by GSWDs.
(A) Schematic outline of head-fixed experiment for single-unit extracellular recordings from thalamic
relay neurons (TRN) and multi-site ECoG recordings from M1 and S1 regions. (B) (Left) Typical example
of TRN from which the firing becomes strongly associated with M1- and S1-recorded GSWDs. (Right)
Accompanying per-ECoG-spike-histogram and scatterplot. (C) Absolute Z-score range for GSWD-
modulated TRN recordings (Z-score = 9.97 + 0.99; range 1.74 - 47.17;, n = 69 cells from 8 mice).
Note that all recordings (n = 53) with a Z-score < 1.96 are not represented in this panel for clarity of
representation. The red circle indicates the neuron shown in (B). (D) Schematic and example image
of immunohistological staining indicating the thalamic recording location (biocytin, red) in the VL
nucleus that is innervated by ChR2-EYFP expressing CN axons (green). Reticular nucleus neurons
are stained by parvalbumin (yellow). (E) Per-ECoG-spike histogram for all GSWD-modulated neurons
recorded in VL (n = 15 cells; 7138 ECoG spikes from 3284 GSWD episodes), VB (n = 4 cells, 2064 ECoG
spikes from 1369 GSWD episodes), PO (n = 5 cells, 2342 ECoG spikes from 1149 GSWDs) and CL/CM
(n =7 cells, 1645 ECoG spikes from 1066 GSWD episodes). Note that the time lag between histogram
peaks only differs marginally (VL 23.1 ms, VB 16.0 ms, PO 16.2 ms, CL/CM 20.4 ms). (F) As (A) including
optogenetic CN stimulation. (G) Proportions of neurons in VL (n = 20 neurons), VB (n = 9 neurons), PO
(n =6 neurons) and CL/CM (n = 11 neurons) that showed an‘increase’, decrease, bi-phasic’or delayed’
response upon single-pulse CN stimulation.
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the responses to single-pulse CN stimulation ranged widely throughout thalamic nuclei
(Fig. 3F). In VL neurons we found that all recorded neurons changed their firing pattern
upon CN stimulation. Most VL neurons increased the firing frequency, but the other
response types (decreased, bi-phasic and delayed), which putatively can be linked to a
multi-synaptic effect of CN stimulation, were also readily recorded (Fig. 3G).

Likewise, in the VB, PO and the intralaminar CL/CM nuclei we found several types of
responses to CN firing, albeit that in these nuclei we also recorded several neurons the
firing pattern of which did not change (Fig. 3G). These findings highlight not only that
the various response types are not restricted to a particular thalamic nucleus, but also
that throughout the various thalamic nuclei CN stimulation evokes a variety of changes
in spiking patterns.

inside thalamus

To determine whether controlling the activity of a portion of CN axonal input to thalamic
neurons is sufficient to stop GSWDs, we implanted optic fibers directly in nuclei of the
thalamic complex. We initially focused on VL and VM since the density of CN axons, as
evidence by the level of fluorescence from AAV-ChR2-EYFP transfected CN axons, in these
nuclei was highest (VL: 47.5 + 11.2 a.u,; VM: 54.5 £ 14.0 a.u.; N = 5 mice) (see also [10]).
Given that VL and VM not only innervate M1, but also prefrontal, sensory and associative
cortical regions [17, 18], we reasoned that stimulating only the CN axons in these nuclei
may be sufficient to stop the widespread cortical oscillations underlying absence seizures.
To test this premise, we implanted optic fibers bilaterally in VL and VM and ensured that
the level of light intensity was sufficient to in principle activate ChR2-expressing CN
axons throughout the thalamic nuclei (see STAR Methods). Surprisingly, optogenetic
stimulation of these regions stopped only a proportion of seizures, regardless of whether
we stimulated uni- or bilaterally (Fig. 4A-C). In an attempt to increase the efficacy of
seizure termination we activated all thalamic optic fibers simultaneously, but 50-ms
pulses applied bilaterally to both VL and VM still only stopped a proportion of seizures
(Fig. 4B and Suppl. Table 7). In the same mice, we also implanted optic fibers in the CN.
In contrast to VL/VM stimulation bilateral CN stimulation stopped nearly all seizures (98.7
+ 1.3%); significantly more than in any of the VL/VM stimulation conditions. Even when
we decreased the pulse length to 10 ms the efficacy of stopping GSWDs by direct CN
stimulation (71.4 + 6.8%) was at least as effective as applying 50 ms pulses to the VL
and VM optic fibers simultaneously (Fig. 4D and Suppl. Table 7). To evaluate whether
selective activation of CN axons in other thalamic nuclei is more effective in stopping
seizures, we also implanted fibers in the zona incerta and in the intralaminar CL and CM
nuclei, for which unilateral electrical or optogenetic stimulation was shown to dampen
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Figure 4. Activation of cerebellar afferents in thalamic nuclei is less sufficient in stopping
GSWDs compared with direct cerebellar nuclei neuron stimulation. (A) Experimental setup with
four optic fibers implanted in thalamic nuclei. (B) Proportion of the seizures that stopped following
bilateral VL (bilateral VL 25.8 + 1.8% N = 4 animals; 244 seizures), bilateral VM (56.2 = 6.0% N =4 animals;
185 seizures), quadruple VL/VM (57.3 £ 3.9%, N = 4 mice, 250 seizures) or bilateral CN stimulation (98.7
+1.3% N =4 animals; 3,254 seizures). (C) Proportion of the seizures that stopped following unilateral
zona incerta (Z1) (244 + 7.8 %; N = 5 sites; 302 seizures), CL/CM (16.8 + 2.2 %, N = 4 animals; 205
seizures), VL (31.7 + 2.7 %, N = 5 mice, 281 seizures), VM (32.9 + 5.0%, N = 6 mice, n = 417 seizures) or
CN stimulation (98.0 + 1.9%, N = 11 sites; 199 seizures). (D) Proportion of the seizures that stopped
following bilateral CN stimulation with varying pulse lengths. Data from the same mice as reported
in B. Note that at 10-ms pulse length, CN stimulation is still effective in stopping most seizures. Data
are represented as mean + SEM. * indicates p < 0.05, *** indicate p < 0.001 (see Suppl. Table 7 for
statistics).

cortical seizure activity [19, 20]. However, neither unilateral stimulation of CN terminals
in zona incerta nor in CL/CM was as effective as unilateral stimulation of CN neurons
(Fig. 4C and Suppl. Table 7). Collectively these data reveal that direct optogenetic CN
stimulation has a more reliable effect in GSWD termination than activating proportions
of cerebellar axons throughout the thalamic complex.

Discussion

Using a combination of in vivo electrophysiological and optogenetic techniques we
could show that single-pulse stimulation of CN has a varying effect on neuronal spiking
patterns throughout the thalamic complex, causing desynchronization of thalamic
activity that disrupts epileptogenic GSWDs. Controlling the activity in CN for a fraction
of a second was sufficient to desynchronize thalamic neurons for a prolonged period of
time. Thereby our findings unveil a previously unknown function of cerebellar output
in potentially directly affecting information processing in thalamo-cortical networks.
We suggest that both under healthy and pathological conditions CN firing can direct
the extent of thalamic synchronization and thereby contribute to neuronal network
patterns encoded in various cerebral regions.

In freely behaving tottering mice thalamic neuronal activity recordings showed
phase-locked action potential firing during GSWDs, which parallels earlier reports on
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!
cellular excitability and hypersynchronicity in thalamo-cortical networks in this model i
[21-23], and other rodent models of absence epilepsy [24]. Our single-cell recordings !
showed that ~50% of neurons recorded in primary, associative and intralaminar !
thalamic nuclei fire most of their action potentials ~20 ms prior to the peak of the ECoG 1
spikes during GSWD episodes. In the other rodent models this delay in thalamo-cortical 3
activity ranged from 9 ms in GAERS to 28 ms in Long-Evans rats [15, 25]. In contrast to !
a rather fixed periodicity in thalamic firing, cerebellar firing is known to be far more !
variable when compared to cortical GSWDs [12, 26, 27]. Although it is not known 3
whether CN neurons show increased levels of synchrony during GSWDs and thus could |
contribute to driving synchronous thalamic firing [28, 29], our findings indicate that CN 1
output has a rather opposite effect: synchronizing CN firing by direct CN stimulation 3
desynchronizes thalamic firing. Our previous pharmacological interventions confirm |
this anti-seizure effect of cerebellar output, and showed that GSWD occurrence 1
was prevented by enhancing CN firing, whereas dampening of CN action potential 5 3
firing strongly increased the seizure load [12]. Also in refractory epilepsy dentate C(N |
stimulation has such dual effect, which was recognized to have therapeutic value [30- i
32]. ;
Increasing cerebellar output resulted in a variable effect on thalamic nuclei. |
Anatomical connections between cerebellum and thalamus and the impact on cerebral 1
cortical activity revealed that in various species CN axonal projections to VL neurons 3
and the interconnected motor cortex are excitatory [10, 33-46]. However, early reports !
indicated bi-modal responses following electrical stimulation of the cerebellar nuclei i
in cats [45, 47, 48]. Although such responses may be easily caused by intra-thalamic !
inhibitory projections that run through the reticular thalamic nucleus, we speculate |
that axonal connections from CN to other pre-thalamic nuclei, such as the middle and 1
deeper layers of the superior colliculus, the zona incerta and the anterior pretectal 3
nucleus, contribute to the differential thalamic responses to CN stimulation (see also [9, !
49]). Other sources that could contribute to a desynchronizing effect of CN stimulation i
on thalamic firing come from: i) inhibitory afferents that manipulate thalamic responses !
[50] to CN stimulation, as has been shown for substantia nigra pars reticulata input to |
VM neurons [51]; ii) an increased contribution of Ca,2.2 (N-type) voltage-gated Ca* i
channels to neurotransmitter release to compensate the loss of Ca 2.1 (P/Q-type) !
channel function in tottering mice, which may increase the asynchronous release !
of neurotransmitter (as discussed by [52]); iii) excitation of pre-motor CN that do not i
project to the thalamus but rather to premotor nuclei in the brainstem and thereby !
drive behavioral motor responses [53, 54]; such behavioral responses are likely to !
affect thalamo-cortical synchrony through the coding of proprioceptive input (see for !
instance ref [55]). 3
|
|
|
|
|
|
|
|
|
|
|
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In conclusion, our data show that targeted stimulation of CN neurons results in
desynchronization of thalamic firing in line with termination of GSWDs in tottering
mice. We thereby suggest CN as an important node in the neuronal network underlying
generalized seizures. Stimulating this node can not only acutely stop hypersynchrony in
the thalamo-cortical networks during seizures, but may also have more general effects.
For example, cerebellar output has been implicated in cognitive processes, like social
interaction [56, 57], sensory coding [39, 40], and language [58, 59], all of which have also
been linked to the integrity of the thalamic structure and its activity [60-66]. Therefore,
we argue that cerebellar stimulation may also have important effects on cognitive
functioning in epilepsy patients (as reviewed by [67]).
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STAR* Methods
*Key resource table

Reagents Source

Antibodies

Parvalbumin SWANT

Cy5 Jackson Immunoresearch
DAPI Invitrogen

Bacterial and viral strains

AAV vector UNC - vector core

Chemicals, peptides, recombinant

proteins

Biocytin Sigma-Aldrich
Gabazine (SR-95531) Tocris

Evans Blue Sigma-Aldrich
DNA primer for tottering mutation Eurogentech

5'-TTCTGGGTACCAGATACAGG-3'
5"-AAGTGTCGAAGTTGGTGCGC-3'

Essential experimental equipment
borosilicate glass capillaries
Micromanipulator

World Precision Instruments
Luigs&Neumann

Cyberamp 380 Molecular Devices
Neurodata Cygnus technology
CED AD/DA converter Molecular Devices
Digidata digitizer Molecular Devices
Multiclamp Molecular Devices

Experimental models: Organisms/

Strains
Mouse: natural Ca 2.1 mutant Originally purchased from Jax
"Tottering” Laboratories

Software and Algorithms

SPSS 22.0 SPSS

Matlab Mathworks Inc
Fieldtrip software Open Source
Labview National Instruments
Spiketrain Neurasmus B.V.

Fiji Image)

Identifier

PV-235
715-175-150
D3571

AAV2-hSyn-Chr2(H134R)-EYFP

B4261
1262
£2129
N/A

PG52165-4

SM-7

N/A

IR183A and IR283A
Power 1401-3
1322/A

700B

Maintained colony with C57BL/6-NHsd

https://www.ibm.com/products/spss-
statistics

https://www.mathworks.com/
doi:10.1155/2011/156869

http://www.ni.com/en-us/shop/labview.
html

http://www.neurasmus.com/spiketrain.
php
https:/fiji.sc
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*Contact for reagent and resource sharing
Further information and requests for resources and reagents should be directed to and
will be fulfilled by the lead contact, Freek E. Hoebeek (fhoebeek@erasmusmc.nl)

*Experimental model and subject details

Data were collected from male and female homozygous tottering mice (4- to 30-weeks-
old)andtheirwild-typelittermates, whichwere bred using heterozygous mice.Thecolony,
originally purchased from Jackson laboratory (Bar Harbor, ME, USA), was maintained
using C57BL/6NHsd mice obtained from Envigo laboratories (Horst, the Netherlands).
PCR was used to confirm the presence of the tottering mutation in the Cacnala gene
using 5'-TTCTGGGTACCAGATACAGG-3' (forward) and 5-AAGTGTCGAAGTTGGTGCGC-3'
(reverse) primers (Eurogentech, Seraing, Belgium) and subsequent digestion using
restriction enzyme Nsbl at the age of P9 - P12. All surgical and experimental procedures
were performed in accordance with the European Communities Council Directive.
Protocols were reviewed and approved by the institutional experimental animal
committee (DEC).

*Method Details

Viral infection

Stereotactic viral injections were performed as previously described [12]. Briefly, the
mice were kept under anesthesia in a custom made stereotactic frame. Craniotomies
in the sagittal bone allowed us access to the cerebellar surface. We bilaterally injected
virus-containing solutions (100 to 120 nL at a rate of ~20 nL/min) to transfect neurons in
the interposed and lateral CN with Channelrhodopsin-2 (AAV2-hSyn-Chr2(H134R)-EYFP)
[69]. After 10 minutes the injection pipette was slowly retracted and optic fibers were
implanted ~200 um above the injection site. Stereotaxic coordinates for CN injections
were 2.5 mm posterior to lambda, 2.2 mm lateral to the midline and 2.2 mm below
the pial surface. Viral vectors were originally designed by Dr. K. Deisseroth and were
acquired from the University of North Carolina vector core.

Preparation for freely behaving recordings

Chronic electrode implantation was performed under isoflurane anesthesia (induction
4%; maintenance 1.5% in oxygen-enriched air) at the following coordinates (mm to
bregma): -1.0 AP; +3.5 ML; -0.6 DV (right S1; single 75 pm platinum (Pt)/iridium (Ir)
electrodes, PT6718; Advent Research Materials, Oxford, UK); or 1.0 mm AP; -1.5 mm ML;
-0.6 mm V (right M1; single Pt/Ir electrodes) for LFP recordings; -1.3 mm AP; +1.25 mm
ML; -3.1 mm DV (right VL; paired Pt/Ir); or -1.8 mm AP; +0.75 mm ML; -3.0 mm V (right
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CL; paired Pt/Ir); or -1.8 mm AP; +1.6 mm ML; -3.0 mm V (right VPL/VPM; paired Pt/Ir ) |
for MUA recordings; two ball-tip electrodes (Ag, 75 pm) were positioned just posterior 3
from lambda above cerebellum to serve as reference and ground electrodes. To enable !
optogenetic control of neuronal activity in CN, mice received 2 craniotomies in the !
interparietal bone for viral vector injection and placement of two optical fibers (200 3
pm diameter; CFML22L05, Thorlabs, Newton, NJ, USA) (-2.5 mm relative to lambda; 2.0 !
ML; 2.0 DV). CN were stereotactically injected bilaterally with 100-150 nl of the AAV2- !
hSyn-ChR2(H134R)-EYFP vector (kindly provided by Dr K. Deisseroth from Stanford 3
University through the Vector Core at the University of North Carolina). Electrodes were !
connected to a 7-channel pedestal (E363/0 socket contacts and MS373 pedestal; Plastics 1
One, Roanoke, VA, USA) and secured to the skull together with the optic fibers using 3
light-activated bonding primer and dental cement (Kerr optibond / premise flowable, |
DiaDent Europe, Almere, the Netherlands) Carprofen (5 mg/kg, s.c.) and Temgesic (0.1 1
mg/kg, s.c.) was administered for post-operative pain relief. 5 3

Preparation for head-fixed in vivo recording

Male and female mice were anesthetized with a mixture of isoflurane (2% mixed with
0,. Body temperature was supported by a heating pad (FHC, Bowdoin, ME, USA). ECoG
electrode implantation in M1 and S1 cortices was performed as previously described
[12].To enable extracellular recordings from thalamic neurons, a subset of mice received
bilateral craniotomies (~ 1.5 mm diameter) in the parietal bone and great care was
taken to preserve the dura mater. In another subset of mice the thalamic complex was
implanted with optic fibers. These fibers were positioned using the following coordinates
(in degrees (°) relative to the interaural axis and in mm relative to bregma): VL: 22° roll
angle, -1.2 AP, -3.0 ML, -3.1 depth; VM: 2° roll angle, -1.2 AP, -1.1 ML, 3.3 depth; CL/CM:
0° roll angle, -1.3 AP, -0.75 ML, -3.0 depth; zona incerta: 0° roll angle, -2.5 AP, -1.75 ML,
-3.6 depth). The positioning of the optic fibers was confirmed using immunofluorescent
staining (see below). The exposed tissue was surrounded by a recording chamber,
covered with tetracycline-containing ointment (Terra-cortril; Pfizer, New York, NY, USA)
and sealed with silicon wax (Twinsil speed; Picodent, Wipperfurth, Germany). To allow
the use of precise stereotactic coordinates during recording sessions we marked the
position of bregma. After surgery, the mice recovered for at least five days in their home
cage before experiments were performed.

In vivo extracellular electrophysiology

Following ~2-hour daily accommodation session in the setup on the first two days we
performed recordings in awake, head-fixed mice on the third day lasting no longer than
4 hours. Although being head-fixed, the mice were able to move all limbs freely. The
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recording sessions typically were between 9:00 and 17:00, i.e., during the light period.
Body temperature was supported using a heating pad (FHC). For extracellular single-
unit recordings, custom-made, borosilicate glass capillaries (OD 1.5 mm, ID 0.86 mm;
resistance 8-12 MQ); taper length ~5 um; tip diameter 0.5 um) (Harvard Apparatus,
Holliston, MA, USA) filled with 2 M NaCl were positioned stereotactically using an
electronically driven pipette holder (SM7; Luigs & Neumann, Ratingen, Germany).
Stereotactic coordinates for the thalamic recordings were tailored to the different
thalamic nuclei. Thalamic neurons were localized by stereotactic location and a subset
of recording sites was identified using iontophoretic injections of biocytin (1.5%, ~ 1
min, 4 sec on/off, 50% duty cycle, 4 pA), which was present in the NaCl-filled recording
pipette.

ECoG recordings were filtered online using a 1-100 Hz band pass filter and a
50 Hz notch filter, sampled at 500 Hz and amplified before being stored for off-line
analysis. Single-unit extracellular recordings were filtered online using a 30 Hz high
pass filter and a 50 Hz notch filter, sampled at 20 kHz and stored for off-line analysis.
All electrophysiological recordings were performed using either a combination of
CyberAmp 380 (Molecular Devices, LLC, Sunnyvale, Ca, USA), Neurodelta IR 183A or
IR283A (Cygnus Technology Inc., Delaware Water Gap, PA, USA) and CED power 1401-
3 (Cambridge England), or the combination of Multiclamp 700B and Digidata 1322A
(Molecular Devices).

Optogenetics and electrophysiology in head-fixed in vivo preparation

For extracellular recordings combined with optogenetic CN or thalamic stimulation brief
pulses (50 ms) of blue (470 nm) light were used to activate ChR2-infected CN neurons.
Optic fibers (for CN stimulation: inner diameter = 200 um, numerical aperture (NA) =
0.39; for thalamic stimulation: inner diameter = 105 um, NA = 0.22; Thor Labs, Newton,
NJ, USA) were placed ~200 um from the injection site and connected to 470 nm LED
sources (Thor Labs). Light intensity at the tip of the implantable fiber was 550 + 50 pW/
mm?. We chose these optic fiber diameters following estimation of the light intensity in
the brain [70] so as to ensure that in CN sufficient neurons would be activated and that
in thalamus a sufficient number of CN axons were activated. LEDs were activated for 50
ms at 0.2 Hz or by a closed-loop GSWD-detection system [12, 71].

Freely behaving electrophysiological recordings and optogenetic stimulation

After a 2-3 weeks recovery period, electrophysiological recordings were performed
in freely behaving animals as described previously [72]. Electrophysiological signals
were 3x pre-amplified and fed into separate ECoG (0.5-500 Hz, 800x gain) and MUA
amplifiers (500-5,000 Hz; 12,000X gain). Signals were digitized (Power1401 and Spike2




CN stimulation stops cortical oscillation

software; CED) at 5,000 Hz (ECoG) or 25,000 Hz (MUA). Synchronized video-recordings
made using a digital CCD camera at 30 frames/s (acA1300-60gmNIR; Basler, Ahrensburg,
Germany). Optic fibers were connected to 470 nm LEDs (Thor Labs). Manual stimulation
was performed to test efficacy of single pulse stimulation (0.5 mW/mm?, 50 ms) for the
disruption of GSWDs using a pulse generator (Prizmatix, Givat-Shmuel, Is) as previously
described [12].

Pharmacological modulation of CN neurons i
Procedure to increase CN action potential firing was performed as described previously |
([12]. Briefly, we located CN neurons after which we recorded one hour of ‘baseline’ 1
ECoG. After this an injection was made with 100 uM gabazine (GABA ,-antagonist; Tocris) 3
dissolved in 1 M NaCl combined with fluorescence of Evans Blue (1% in 1 M NaCl) for .
histological verification. Next, we recorded during 20-50 min after the injection thalamic !
activity. The data on GSWD-occurrence following gabazine injection from 4 out of the 6 5 3
mice have been reported previously (Fig. 2 in ref [12]). -

Immunohistochemistry

Animals were anesthetized with pentobarbital (0.15 mL, intraperitoneal) immediately
after acquiring the postinjection ECoG and perfused transcardially with saline followed
by 4% paraformaldehyde (Sigma-Aldrich) in 0.1 M phosphate buffer (Sigma-Aldrich,
pH = 7.4). Brains were removed and postfixed for 1-3 hours in 4% phosphate-buffered
paraformaldehyde at room temperature, placed overnight in 10% sucrose in 0.1 M PB
at 4°C and subsequently embedded in gelatine with 30% sucrose. We serially collected
50-um-thick coronal sections for immunofluorescent staining. Cerebellar sections were
incubated for 10 min with DAPI (300 nM) to verify the locations of viral injections and
diencephalic sections were processed for parvalbumin staining (primary staining:
1:7,000 a-mouse, Swant #Pv-235; secondary staining: 1:200 mouse-a-donkey, Jackson
Immunoresearch #715-175-150 (Westgrove, PA, USA) to locate thalamic nuclei and for
biocytin staining to locate the recording sites. We confirmed the correct localization
of the injections of gabazine and biocytin with images captured using a confocal laser
scanning microscope (LSM 700; Zeiss, Lambrecht, Germany) at 555 nm (Evans Blue,
Sigma), 488 (ChR2-EYFP) and 647 nm (parvalbumin).

*Quantification and statistical analysis
Offline GSWD and extracellular action potential analysis

Both analysis of extracellular recordings and spontaneous GSWD characteristics were
performed using previously described offline statistical analysis [12]. In brief, action
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potential analysis was performed using custom-written Matlab-based program
SpikeTrain (Neurasmus, Erasmus MC Holding, Rotterdam, the Netherlands). Extracellular
recordings were included if activity was stable and well isolated for at least 100 s. GSWD
analysis was performed using a custom-written GSWD detection algorithm (LabVIEW,
National Instruments, Austin, TX, USA). Co-efficient of variance (CV) was calculated as
the ratio between the average and standard deviation of the interspike intervals (o,/
M) CV2 as 2|11, - ISIn|/(ISI +1S1)) [73] and burst index as (Bl = number of action
potentials within bursts / total number of action potentials) for which we defined ‘burst’

as a sequence of >3 spikes within 100 ms.

n+1 n+1

Offline MUA analysis

MUA data were analyzed using the template-matching method for spike sorting with
an optimal spike threshold of 3 times SD from a 60-sec baseline recording. Sorted
spikes were exported and analyzed following a custom-written algorithm in MATLAB to
generate spike histograms. The spike-to-spike correlation (autocorrelation) was plotted
based on a previous method [74]. Data points (x) were normalized (X)in a[0,1] range
using the maximum spike count (x__) and the minimum spike count(x _ ): X =x-x
Ix, - Mean correlation values were calculated by taking the ratio of the greatest
correlation peak and the peak at t=0. The same time range was used to determine the

greatest correlation in baseline and post-stimulation. Trials were included when the

- X
m

i

seizure ended 10 ms before stimulation and 150 ms after stimulation.

Assessment of modulation of TRN units

GSWD triggered rasterplots and peri-stimulus-time-histograms (PSTHs; 5 ms bin width)
were used to calculate the modulation amplitude and frequency. ISls of the data used
for the rasterplots were subsequently shuffled randomly 500 times to create a normal
distribution of modulation amplitudes. Cells were considered GSWD-modulated if the
modulation amplitude was significantly higher than expected by chance, as indicated
by a Z-score (Z = (X-p)/0; Z=1.96, p<0.05) using the shuffled data as described previously
[12], and if cells modulated at seizure frequency (6-9 Hz). The phase difference between
the occurrence of the most negative deflection of a GSWD-episode and the time of the
peak in thalamic activity was calculated by dividing this time difference by the median
time difference between two GSWDs in that particular seizure.

Response of optogenetic stimulation

To determineif thalamic single units were significantly modulated following optogenetic
CN stimulation we performed a random permutation calculation following a Monte-
Carlo Bootstrap method, using 2 ms bin width PSTHs. For every recording we calculated
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the ISls of action potentials 4 s prior to every pulse and combined them in a single ISI
distribution, which was randomly permutated 250 times. We created PSTHs from these
‘fake’ spike times and calculated the average and standard deviation. If the PSTH of the
‘true’ spiking response to optogenetic stimuli breached the mean + 2SD threshold we
noted the recording to have an increased firing response. For a subset of neurons we
noticed a compelling inhibition. We marked the recording to have a decreased firing
response if at any time during the post-stimulus period (5 s in total) 25 consecutive bins,
i.e., 50 ms, the spike count was zero.

Assessment of fluorescence in thalamic nuclei 1
Guided by a reference atlas [75] we outlined the thalamic nuclei of interest. For each 3
nucleus the expression pattern of ChR2-YFP was quantified with RGB measure function |
of Fiji (Imagel) to calculate the mean intensity (in arbitrary units; a.u.) among the region !
of interest (ROI). 5 3

Interictal ECoG analysis
Analysis of EcoG data was performed with the fieldtrip toolbox (http://www.
fieldtriptoolbox.org) [76] in MATLAB. For the optogenetic data, stimuli that occurred
during manually identified inter-ictal periods were extracted and subsequently
any found to contain artefacts or short periods of increased oscillatory activity were
removed from further analysis. Extracted epochs contained 4 s of activity both before
and after the stimulus and data was bandpass filtered between 2 and 125 Hz prior to
further analysis. Replacement of the stimulus artefact was performed by removing the
section of data 700 ms prior to the stimulus to 300 ms after the stimulus and replacing it
with a section of data extracted from 3 s prior to the stimulus on a trial by trial basis the
ends of the replaced section were then smoothed to reduce edge effects. Spectrograms
were calculated using Morlet wavelets with a width of 7 and evaluated at every sample.
For the Gabazine injection data, 100 epochs of 10 s were extracted from inter-ictal
periods prior to injection (Baseline), immediately following injection (Early Post) and
after ~1 hr (Late Post). Epochs with artefacts were rejected on the same basis as for
the optogenetic data. The frequency content of the signals was calculated using Morlet
Wavelets and normalized to the total power in the 2 to 115 Hz frequency band.

Statistical analysis

We examined the variance in each group using Kolmogorov-Smirnov and Shapiro-
Wilk’s test for normality. We analyzed the data using parametric (two-samples, one/
two-tailed Student’s t-test or (repeated measures) (M)ANOVA) or non-parametric (one/
two-tailed Mann-Whitney U) depending on whether data was normally distributed. For
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the ECoG data statistical analysis of the power in each frequency band was carried out
via repeated measures ANOVA with time point (Baseline, Early Post and Late Post) as
the within-subject factor and recording location as the between subject factor. Only
frequency bands which displayed a significant main effect of time point were subjected
to post-hoc paired sample t-tests, Bonferroni-corrected p-values are reported in the
figure legends. P < 0.05 is considered significantly different. A single asterisk indicates p
< 0.05, two asterisks indicate p < 0.01, three asterisks indicate p < 0.001.
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Chapter 6

Abstract

The cerebellum is best known for its role in controlling motor behaviors. However, recent
work supports the view that it also influences non-motor behaviors. The contribution
of the cerebellum toward different brain functions is underscored by its involvement
in a diverse and increasing number of neurological and neuropsychiatric conditions
including ataxia, dystonia, tremor, stroke, epilepsy, Parkinson’s disease, multiple
sclerosis, autism spectrum disorders, dyslexia, ADHD, and schizophrenia. Although there
are no cures for these conditions, cerebellar stimulation is quickly gaining attention,
as cerebellar circuitry has arisen as a potentially powerful target for invasive and non-
invasive neuromodulation. This consensus paper brings together experts from the fields
of neurophysiology, neurology, and neurosurgery to discuss recent efforts in using the
cerebellum as a therapeutic inroad. We report on the most advanced techniques for
manipulating cerebellar circuits in humans and animal models and define key hurdles
and questions for moving forward.



Cerebellar Stimulation: Optogenetic and Therapeutic Approaches

Introduction (L.N. Miterko, J. Beckinghausen, R.V. Sillitoe)

The cerebellum has emerged as a potentially powerful target for neurostimulation in
different diseases. Experimental animal models show exciting possibilities for invasive
cerebellar stimulation while work in patients not only solidifies the animal studies
but provides major hopes for conditions that are severe and respond poorly to drug
treatment. Non-invasive cerebellar stimulation likewise has provided new treatment
possibilities, but importantly these strategies also serve to uncover the fundamental
mechanisms for how the human brain might be modulated by exogenous stimulation.
In this consensus paper, we discuss recent animal and human stimulation paradigms,
and as a group we attempt to identify key successes and failures, which are both critical
forimprovements in human therapy. We outline important hurdles and suggest possible
ways to overcome them. We start by introducing the normal structure, connectivity,
and function of the mammalian cerebellum before each section considers various
stimulation approaches.

ago [1] with the details expanded upon in recent years by more modern techniques
[2,3]. The firing properties of the different classes of cerebellar neurons have been
disentangled by in vitro and in vivo recording approaches [4-6], and its finer connectivity
unveiled at the level of microcircuits [7-14], patterns [15-18] and individual types of
electrical and chemical synapses using genetics, molecular biology, anatomy, and
electrophysiology [19-22]. It is therefore safe to say that the cerebellum is amongst the
most well understood of all structures in the entire nervous system.

There have also been marked advances in how we think about cerebellar-dependent
behaviors [23]. We are in unanimous and firm agreement that the cerebellum is required
for motor behaviors ranging from coordination, posture, and balance, to learning and
adaptation [24-27] - although the exact mechanisms are far from clear. However, we
are now beginning to appreciate the role of the cerebellum in behaviors previously
thought to be strictly dedicated to brain regions that process higher order functions,
including emotion, language, and cognition [28-31]. This is an important issue to
raise here because all of the paradigms that are used for cerebellar neurostimulation
must consider the large variety of behaviors that could be, and are likely, affected. But
before discussing the experimental and therapeutic cerebellar manipulations that are
employed in human conditions and mimicked in animal models, we first revisit the
basic anatomical plan of the mammalian cerebellum in order to fully appreciate the
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Viewed from the surface, the outer structure of the cerebellum can be grossly divided
into three main regions [2]. The middle portion is called the vermis and is named for its
worm-like appearance. On either side of the vermis is a region called the paravermis,
which is not structurally distinct, but does contain dedicated circuits for executing
specific behaviors. The most lateral portions of the cerebellum are adjacent to each
paravermis and are known as the hemispheres. Surface examination also reveals what is
perhaps the most recognizable feature of the cerebellum in mammals, its highly folded
architecture. The adult cerebellum is anatomically segmented into distinct folds called
lobules [32]. There are ten primary lobules that are separated from one another by a
series of fissures [2]. Because each fissure extends to a specific depth in the cerebellum,
each lobule develops with a unique shape. However, all lobules contain the same
canonical microcircuit.

The connectivity within the cerebellum is largely repeated through the structure,
with each cell type forming stereotypical connections with its neighbors [1,2,33]. The
cerebellum has three distinct layers, and each layer is comprised of distinct cell types (Fig.
1). The most superficial layer contains inhibitory stellate and basket cell interneurons
and excitatory climbing fibers. All three of these interneuron classes project onto
Purkinje cells, which make up the middle layer called the Purkinje cell layer. The Purkinje
cell layer also contains interneurons called candelabrum cells as well as specialized
astrocytes called Bergmann glia. The Purkinje cells perform the main computations in
the cerebellum. The deepest layer is called the granular layer and it contains billions
of small excitatory neurons called granule cells in addition to inhibitory Golgi cells,
inhibitory Lugaro cells, mossy fibers that deliver sensory signals to the cerebellum, and
a peculiar excitatory cell type called the unipolar brush cell. Unlike all other cell types
that are found in all regions of the cerebellum, the unipolar brush cells are localized
mainly to the vermis of lobules IX and X [9]. There are also modulatory “beaded” fibers
that terminate in all layers of all lobules. Below the three layers is the white matter that
contains a dense network of fiber tracts. Embedded in this network are three pairs of
cerebellar nuclei that are located on each side of the cerebellar midline. These nuclei
contain specialized neurons that transmit the final output of the cerebellum, albeit that
some types have been shown to provide axon collaterals to the cerebellar cortex (Houck
and Person, 2015, J Comp Neurol; Ankri et al., 2015, Elife; Gao et al 2016, Neuron). From
medial to lateral, they are the fastigial, interposed, and dentate nuclei, all of which link
the cerebellum to the rest of the brain and spinal cord [33]. The interposed nuclei can
be divided into the anterior and posterior portions, which in primates, are referred to as
the emboliform and globose nuclei, respectively.
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At the behavioral level, it is the output connections of the cerebellar nuclei that are
pertinent to our discussion of cerebellar stimulation in health and disease. The cerebellar
nuclei project monosynaptic connections to the thalamus, red nucleus, vestibular
nuclei, and inferior olive. The cerebellar nuclei were also recently shown to project
directly to the locus coeruleus [34]. However, there are also polysynaptic short latency
connections with critical structures such as the basal ganglia [35,36] in addition to other
poorly defined, but likely functionally very important connections, to the hypothalamus
[37] and hippocampus [38]. There are also several other underappreciated cerebellar
afferent pathways (e.g. cerebellar connections with the brainstem nuclei - 38) and
efferent connections (e.g. from the periaqueductal gray - 39) that we will not discuss
here, but suffice it to say that cerebellar stimulation almost certainly affects many more
circuits than just the well-known output pathways that project directly to the thalamus.
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This consensus paper comprises 13 brief sections. The topics range from the different 3
methods of neurotherapeutic brain stimulation such as deep brain stimulation (DBS), |

transcranial magnetic stimulation (TMS), theta burst stimulation, and transcranial i

direct current stimulation (tDCS), through to experimental methods of stimulation 6 !
such as optogenetics, near-infrared, and magnetothermal DBS. Importantly, two of the |

sections are dedicated to the systems level impact of electrical stimulation on the basic i

activity of the cerebellar cortex and cerebellar nuclei. Diseases such as ataxia, dystonia, !

tremor, stroke, and Parkinson’s disease are considered in the context of cerebellar !

motor (coordination, balance, posture, learning) and non-motor function (language, i

social cognition, emotion, literacy acquisition, attention). Over the past two decades, !

thanks to the advances in device engineering and technology, powerful pre-clinical |

animal models, and cutting-edge surgical methods, our view of the cerebellum in i

disease therapy has changed dramatically. Given that the future of brain stimulation !

holds enormous promise for treatment, we think this consensus paper is timely as |

the cerebellum finds itself at the center of many disorders. However, although we i

think deeply towards the refinement of current approaches and techniques, as well as !

towards the potential for future applications, we draw heavily upon the initial findings |

in this modern era of DBS and the pioneering discoveries of authors Alim L. Benabid and !

Mahlon DelLong. 3
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The Non-Human Primate as a Disease Model and its Role in the
Development of Functional Surgery (T. Wichmann, M. DeLong)

Starting in the 1960s, widely used ablative procedures, such as pallidotomy and
thalamotomy for movement disorders, were rapidly replaced by medication treatments
(e.g., the use of levodopa in the treatment of Parkinson’s disease (PD)), which seemed
more effective and safe. Over time, however, it became clear that medications such
as levodopa can produce significant side effects that limit their use. In the 1990s,
functional surgery re-emerged as a major treatment modality, initially for patients with
tremor and shortly thereafter, for patients with PD, dystonia and other conditions. The
return to surgery was strongly influenced by knowledge gained through studies in non-
human primates (NHPs). We present five examples of the impact of this work.

1. Segregated basal ganglia thalamocortical circuits.

One of the key insights from research in NHPs was the finding that the basal ganglia,
thalamus, and cerebral cortex are components of anatomical circuits that remain
largely segregated throughout their subcortical course, with separate territories for
‘motor, ‘associative, and ‘limbic’ functions [41,42]. This knowledge has helped us to
better understand both the normal physiology and the pathophysiology of specific
signs and symptoms of neurologic and psychiatric disorders of basal ganglia disorders.
For example, both hypo- and hyperkinetic movement disorders arise from specific
disruptions in the basal ganglia motor circuit, while psychiatric conditions may arise
from disruptions of the limbic circuitry [43]. The concept of functional specificity of
segregated basal ganglia circuits provides a clear rational for the neurosurgical targeting
of interventions used for such network disorders: Selective targeting of different nodes
of the motor circuit is used for movement disorders, with few limbic or cognitive side
effects [44], while targeting of specific non-motor circuits can be used for psychiatric
disorders such as Obsessive-Compulsive Disorder [44-48].

2.Therole of the subthalamic nucleus in movement and movement disorders.
Systematic exploration of the effects of lesions, affecting the primate subthalamic
nucleus (STN) by Mettler and Carpenter in the 1940s and 1950s, as well as subsequent
electrophysiologic recording studies in NHPs laid the groundwork for our understanding
that the STN is part of brain circuits that are strongly involved in limiting excessive
movement. Transient or permanent interruption of STN activity was found to lead to
involuntary movements of the contralateral limbs [49,50]. Later rodent and NHP studies
showed that basal ganglia output to the thalamus and other targets is inhibitory, and that
it is regulated by cortical inputs. These studies identified 2 separate pathways (‘direct’
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and ‘indirect’) between the primary basal ganglia input station (the striatum) and the
basal ganglia output structures (the internal pallidal segment, GPi, and the substantia
nigra pars reticulata; 42, 50). While activation of the inhibitory ‘direct’ pathway leads to
a reduction of basal ganglia output and a facilitation of movement, activation of the
excitatory ‘indirect’ pathway strengthens inhibitory basal ganglia output leading to an
inhibition of movement (see, e.g., ref.51). The STN is a key component of the ‘indirect
pathway of the basal ganglia.

’

3. Studies in the NHP MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) |
model of Parkinsonism. l
NHP research had a particularly important role in the development of current functional 3
neurosurgical treatments of Parkinsonism because of the availability of an NHP model |
of Parkinsonism, the MPTP-treated monkey, a species whose brain is anatomically and 1
functionally very close to that of humans [53]. NHPs, treated with the dopaminergic toxin 3
MPTP, develop Parkinsonian signs that closely mimic those found in humans. Studiesin |
this model have led to multiple discoveries relevant for our current understanding of !
the pathophysiology of this disorder, showing profound changes in neuronal activity 6 3
in the basal ganglia and in associated brain regions such as the brainstem, thalamus |
and cortex [54]. Abnormal activity in the STN appears to drive many of the pathologic !
activity patterns in the basal ganglia output structures. The subsequent discovery in the 3
NHP that lesioning [55] or electrical DBS of the STN [56] has strong anti-Parkinsonian |
properties soon led to the use of DBS as treatment for patients with PD [57,58]. Since then, 1
DBS of either, the STN or the GPi, have become mainstays in the treatment of patients 3
with PD with refractory tremor or medication-induced motor side effects [59,60], and !
are also increasingly used for the treatment of dystonia and other movement disorders. i

4. Studies of DBS mechanisms.

Studies of the mechanism of action of DBS in various disease states are needed for the
optimization of DBS strategies, the definition of new DBS targets, and the development
of ‘'on demand’ DBS, i.e., dynamic adjustments of DBS parameters based on biomarkers
of disease severity. Since the mid-1990s, studies of DBS mechanisms, particularly in
the field of PD research, have strongly relied on investigations in NHPs. Early studies in
Parkinsonian monkeys demonstrated that DBS effects are complex mixtures of activation
and inactivation effects that involve activity changes downstream and upstream from
the stimulated brain area [61,62]. Since STN- and GPi-DBS are effective in hypo- and
hyperkinetic movement disorders, it appears that these interventions do not counteract
specific aspects of the pathophysiology of different movement disorders, but, rather,
they non-specifically block the different types of abnormal basal ganglia output to the




Chapter 6

relatively intact downstream portions of the motor circuitry [63-65].

More recent studies have shown that coupling of the amplitude of DBS to the occurrence
of beta band oscillatory activity (one of the presumed biomarkers for PD) results in
greater anti-Parkinsonian benefits than uncoupled stimulation [66]. This result, the first
example of on-demand DBS for the treatment of Parkinsonism, was quickly translated
to use in human patients, using different methodologies, and is being further optimized
through newly engineered programmable pulse generators [67,68].

5. Interactions between basal ganglia and cerebellar networks.

Movement disorders are commonly viewed as originating in either the basal ganglia
or the cerebellum. Anatomical studies in primates showed, however, that there are
strong bidirectional subcortical connections between the subnuclei of basal ganglia
and cerebellum which appear to be of significant functional and pathophysiological
importance [26,69,70]. Physiologically, the two may interact with the cerebral cortex
as part of an integrated distributed learning system (among other functions), where
the cerebellum plays a key role in supervised learning (through plasticity at parallel
fiber-Purkinje cell synapses), the precentral motor fields in unsupervised (Hebbian)
learning, and the basal ganglia in reinforcement learning [26]. Pathophysiologically, the
cerebellum and the basal ganglia may interact in some of the dystonias [71-74], and in
the generation of Parkinsonian tremor [26,75-78].

These findings not only raise questions about viewing movement disorders as purely
“cerebellar” or “basal ganglia” disorders, but also present unforeseen opportunities for
treating dystonia and other movement disorders, targeting the cerebellum and its
output targets. It is noteworthy that such approaches were attempted earlier with some
success, but later abandoned. The long history of functional surgery is characterized
by periodic waves of exploration, application, and replacement, of which even more
can be anticipated as technology and our understanding of the pathophysiology of
neuropsychiatric disorders advances.

Cerebellar DBS: Technology and Implementation in Animal Models
(L.N. Miterko, J. Beckinghausen, A.Z. Kouzani, A.L. Benabid, R.V. Sillitoe)

We recently used the Cre/LoxP genetic approach to develop a nhew mouse model
for testing the role of the cerebellum in dystonia [79]. By selectively silencing the
glutamatergic output of olivocerebellar fibers we were able to successfully induce a

severe dystonia that initiated during development and continued throughout the life
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of the mice [79]. These data raised the possibility that perhaps our mice could serve
as an ideal model for examining whether the cerebellar circuits for ongoing motion
were optimal targets for DBS. For this reason, we targeted the interposed nuclei (Fig. 2),
which project to several areas, such the red nucleus and thalamus, through which they
modulate movement. We used bilaterally implanted twisted bipolar electrodes, and in
general the approach was inspired by the paradigms used for pre-clinical non-human
primatestudies and the treatment of human Parkinson’s disease [80]. We reported
immediate improvement in motor behavior with the alleviation of twisting postures
and rigidity [79]. We also implanted DBS electrodes into the centrolateral nucleus of the
thalamus, a region implicated in mediating the communication between the cerebellum
and basal ganglia in dystonia [36]. In accordance with the idea of a “dystonia circuit,’
high frequency stimulation of the centrolateral nucleus also improved movement in our
mouse model of dystonia [79].
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DBS is in fact widely used to treat human dystonia, and in the USA, the Food and Drug |
Association (FDA) have approvedits usein the disease. The internal segment of the globus i
pallidus is typically the target [81]. Our motivation for asking whether the cerebellum 6 !
could be considered as an alternate target was based on the hypothesis that perhaps
the reason for unresponsive surgeries could be due to the stimulation site rather than i
efficacy of DBS itself [82]. Moreover, based on previous and recent experimental data, !
there is a compelling argument that the cerebellum should be considered as a bonafide |
locus that participates in dystonia [71,72,83]. Our DBS results in rodent dystonia are i
promising for human therapy, but there are many questions that should be addressed if !
the cerebellum is to make it onto a shortlist of targets for motor disease. In the specific |
case of dystonia, in what circumstances should the cerebellum be considered for i
therapy? An alternative question, and perhaps not mutually exclusive, is when should !
globus pallidus stimulation not be the primary choice? Certainly, the neurologist and |
neurosurgeon have to assess each patient and their history, but even armed with an i
evaluation, these questions are still not trivial to address. A major consideration in this !
regard is what type of dystonia the patient has, and if it is a genetic form, is there any |
indication that the mutant gene and its effects involve the cerebellum? This problem i
has yet to be solved, although for Dyt 1 at least there is some indication that the genetic !
pathway in the cerebellum is at fault [84]. |
|
|
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There is a long history of cerebellar stimulation for dystonia-related behaviors [85-90],
although due to much needed regulations, progress was unfortunately turbulent [91].
Still, much optimism has remained [92]. In accordance with this, our results showing that

multiple motor features that are indicative of human dystonia are convincingly alleviated
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in our mouse model of dystonia support cerebellar stimulation for human therapy
[79]. In addition, although we showed a specific utility of interposed stimulation in
dystonia-like behavior, our study was not the first demonstration of using the cerebellar
nuclei for motor repair in pre-clinical models. Elegant work from the Machado group
(see section by Cooperrider and colleagues in this Consensus) consisted of inducing
stroke in rats and then stimulating the dentate nucleus to improve motor outcome
[93]. These studies are supported by optogenetic stimulation of the dentate, which also
provides motor benefits (92; see section by Cheng and colleagues in this Consensus).
With the resurgence of cerebellar nuclei stimulation as a potential therapy, come many
questions. The most pressing question is, what is the mechanism of action? From a
general perspective, the cellular, circuit, and network effects of DBS have been debated
at length [63,95], and there are several different aspects of a potential “cerebellar
mechanism” that could be discussed.

Here, we would like to consider a possible mechanism from the view of the normal
internal organization of the cerebellum. All aspects of cerebellar development,
function, behavior, and in many cases disease, are organized around a striking array of
parasagittal stripe domains, or zones as they are often called [3,33,96,97]. At the center
of each stripe are the Purkinje cells, the sole output of the cerebellar cortex. Remarkably,
more than 30 years ago it was recognized that stimulating adjacent regions of the
cerebellar cortex —or the stripes - resulted in different behavioral outcomes in cerebral
palsy patients that showed symptoms of dystonia [98]. These neurosurgical data are
supported by electrophysiology studies in non-human primates showing that the
normal cerebellum controls co-contractions of agonist and antagonist muscle activity
[99] as well as transynaptic retrograde tracing of the muscles all the way back to Purkinje
cell stripes in rats [100]. The key to this architecture is that the Purkinje cell stripes and
their associated climbing fiber inputs operate as synchronous units [101,102]. The
synchronous activity is processed within the deep nuclei, but here the signals from
Purkinje cells must converge [10]. So, what type of activity are we tapping into when we
stimulate the cerebellar nuclei using DBS? There are likely retrograde effects within the
cerebellar cortex itself, but it would be interesting to test whether the responses within
the thalamus and other downstream targets operate according to the topography that
originates from within the cerebellum. If this is true, one must reconsider the possibility
that cerebellar DBS could have incredibly variant effects depending on which specific
sets of cerebellar zonal modules are recruited. These effects could manifest at the levels
of cells, molecules, and circuits, which all contribute to the cerebellar zonal map. The use
of conditional mouse genetics combined with optogenetics and DREADD approaches
lend themselves to testing these possibilities in different disease models. There is already
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mounting evidence that different methods of cerebellar modulation are effective in a 1

wide number of motor diseases [103]. 3

The largest hurdle to overcome will be to solve the mechanism of action in DBS, for each !

circuit, in each disease. The use of optogenetics is already proving invaluable. Creed !

and co-workers adjusted their DBS parameters to mimic an optogenetic stimulation 3

protocol to treat a mouse model of cocaine addiction [104]. Perhaps similar logic could |

be applied to disorders affecting the cerebellum. We already know that cerebellar DBS 1

[93] and optogenetics [94] are both effective in stroke, the question now is whether the 3

effective output in stroke can teach us how best to tackle classic cerebellar diseases !

such as ataxia, which have been difficult to treat with drugs and stimulation. Other 1

technological advances will have to be employed. Closed-loop DBS [105] as well as 3

closed-loop optogenetics [106] methods could be very effective in experimental studies |

of cerebellum. As the techniques become more integrated and sophisticated, one 1

could consider approaches such as near-infrared light technology alone or combined 3
with optogenetics [107]. The complexity of the zonal cerebellar circuitry as well asits |

wide-spread connectivity in motor and non-motor behavior necessitates an equal 1

level of sophistication in examining the responses to cerebellar stimulation. It will be 6 3
imperative that single-unit electrophysiology approaches are used to analyze the cell |

specific details of neuronal responses downstream of stimulation, but also population 1

level responses will have to be collected using tools such as tetrodes, array electrodes, 3

silicone probes, or even fiber photometry and deep tissue endoscopy. |
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Cerebellar DBS in Stroke: Human and Rodent Models (J. Cooperrider,
Kenneth B. Baker, A. Machado)

Post-stroke motor disability presents a substantial burden to the population, both in
terms of individual quality of life and in the social and economic resources required
to care for these patients. Current treatment for patients with motor sequelae is
largely limited to physical therapy, however, with many patients retaining long-term
disabling deficits despite best efforts. As such, there has been substantial interest in
the development of new, more effective therapies to enhance post-stroke recovery,
including the use of electrical or magnetic stimulation of the cerebral cortex to promote
post-stroke functional recovery. Unfortunately, the efficacy of such approaches has,
thus far, been variable or limited [108]. To this end, our group was the first to propose,
research, test,and translate a novel neuromodulatory stimulation approach targeting the
ascending dentatothalamocortical (DTC) pathway for post-stroke motor rehabilitation.
This approach involves stimulation of the cerebellar dentate nucleus, the origin of the

159



Chapter 6

DTC pathway, in order to enhance activity along this natural excitatory fiber tract and
augment thalamocortical interactions across multiple prefrontal, frontal, and parietal
cortical regions (Fig. 3). We proposed stimulation of the DTC as part of a neuromodulation-
based rehabilitation strategy for several reasons. First, single pulse stimulation of the
dentate nucleus had been previously shown to modulate cerebral cortical excitability
[109-111]. We extended those findings by showing that continuous stimulation of the
dentate nucleus produces sustained, frequency-dependent modulation of cortical
excitability in both naive and post-stroke rodents [112,113]. These results enabled our
group to conclude that low-frequency beta band stimulation might optimally enhance
cortical excitability and create an ideal environment for further promoting functional
reorganization and recovery. Second, we hypothesized that chronic, exogenous
activation of this excitatory pathway could reverse the crossed cerebellar diaschisis, and
possibly even atrophic changes, that occur following contralateral cortical ischemia and
contribute to loss of function [114-116].

Initial studies in our lab investigated the effect of chronic stimulation of the lateral
cerebellar nucleus (LCN, i.e. the homologue of the primate dentate nucleus) in rats with
large, ischemic strokes of the middle cerebral artery, revealing significant enhancement
of motor recovery with lower frequency stimulation [117]. Subsequent work examined
whether stimulation combined with simultaneous motor training promotes recovery
following small, cortical lesions [93,118]. We found that dentate stimulation at 30
Hz produced significant gains in motor function compared to control animals and
significantly enhanced the expression of synaptophysin in the perilesional cortex
[93,118]. Recently, a Stanford group has replicated the neurorestorative effect of DTC
stimulation utilizing optogenetic stimulation instead of electrical stimulation in the
mouse model [94].

In parallel with our optimization and behavioral work, we have sought to uncover
the mechanisms through which DTC stimulation-induced recovery occurs. We have
demonstrated that post-stroke stimulation is associated with significant synaptic
changes in the perilesional cortex, including increased expression of PSD95, a marker of
synaptogenesis, as well as an increase in the number of perilesional synapses [93]. DTC
stimulation has also been associated with perilesional upregulation of markers of LTP,
including CAMKII and the NMDA receptor [93]. In addition, stroked rats who received
DTC stimulation with LCN leads have altered cortical motor maps, with increased
representation of distal and proximal forelimb and decreased representation of the
unaffected limb [93]. Furthermore, stimulation has recently been shown to be associated
with increased neurogenesis in the perilesional cortex, as well as in the mediodorsal and
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ventrolateral thalamic relay nuclei, providing another mechanism through which the
facilitative effects of stimulation may occur. Interestingly, stimulation was associated with
greater glutamatergic and less GABAergic neurogenesis compared to control animals
[119]. These data indicate that there are a number of associated microstructural, cellular,
and potentially even neuroregenerative changes associated with DTC stimulation that
may provide the mechanistic underpinnings of this neuromodulatory therapy.
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Based on these promising preclinical data, a first-in-human phase | trial (Electrical 3
Stimulation of the Dentate Nucleus Area (EDEN) for Improvement of Upper Extremity !
Hemiparesis Due to Ischemic Stroke: A Safety and Feasibility Study) has recently received i
approval and is actively enrolling. This study will evaluate the safety and feasibility !
of dentate nucleus stimulation in conjunction with physical therapy in patients with |
moderate to severe upper-extremity hemiparesis following middle cerebral artery i
ischemia. Although significant differences exist between the formative rodent work and !
human application, initial results from the first implanted patient are promising and |
have inspired an extension of the original study timeline in order to examine not-yet- i
plateaued motor recovery. 6 !
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The dentate stimulation-associated microstructural and neural excitability changes are
currently only correlative; future work will evaluate the causal mechanisms underlying its
therapeutic effect. Additionally, whether the functional recovery achieved in preclinical
studies is a result of stable reorganization of the cortex or whether the facilitatory effects
of DTC stimulation will require continual stimulation to maintain benefits also needs to
be examined. Future work in rodent and non-human primate models, as well as human
studies, will also focus on optimization of stimulation timing and parameters. Finally, we
postulate that stimulation of the DTC pathway may be beneficial in improving recovery
from other types of cortical injury, including traumatic brain injury. Results of the first-
in-human trial will soon be available and will drive future investigation.

DBS in Essential Tremor (S-H Kuo, T. Xie, E.D. Louis)

ET is a progressive disease, and with time, the tremor becomes larger in amplitude and
slower in frequency [120]. DBS of the ventrointermediate (VIM) nucleus of the thalamus
is one of the most effective surgical options for the treatment of essential tremor (ET).
It can decrease tremor amplitude up to 50%-80% [121] and has become the standard
therapy for medication-refractory ET [122,123]. The VIM nucleus receives extensive
cerebellar outflow fibers from the cerebellar nuclei [70], and specific neuromodulation
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by VIM DBS can eliminate tremor, supporting the role of the cerebellum in tremor.
Furthermore, intra-operative recordings from the VIM nucleus showed that neurons are
firing rhythmically at the same frequency as the tremor [124], indicating that VIM neurons
are likely entrained by abnormal cerebellar activity in the setting of structural alterations
to the Purkinje cell axons and dendrites [125,126], possible Purkinje cell loss [127], and/
or abnormal Purkinje cell synaptic organization [128,129] observed in the postmortem
ET cerebellum, which have been postulated to be responsible for tremor generation. In
the experimental animal models with harmaline-induced tremor, enhanced coupling
of the inferior olivary neurons can produce rhythmic discharges of the downstream
cerebellum that drive tremor [130], which can be effectively eliminated by VIM DBS in a
frequency and voltage dependent manner [131]. Although there is no clear evidence of
enhanced neuronal coupling in the inferior olives of ET patients [132], animal models of
harmaline-induced tremor indicate that the abnormal physiology within the cerebello-
thalamo-cortical loop can produce ET-like tremor; thus, neuromodulation such as DBS
in this brain circuitry can suppress tremor.

ET is characterized by bilateral kinetic, postural and intention tremors in the arms and
hands, which often respond to VIM DBS. A subset of ET patients will also have voice tremor
and head (i.e., neck) tremor, which can be reduced by VIM DBS and is more effective
under bilateral stimulation [122], although the responsiveness of these tremors to VIM
DBS seems to be less than that of arm and hand tremor. VIM DBS might even cause
dysarthria and dysphagia, more when under bilateral stimulation [122]. Collectively, the
differential effects of VIM DBS on tremor of different body parts might be related to
the somatotopic organization of the VIM nucleus. Another relevant question that can
arise from VIM DBS in ET patients is related to the role of the cerebello-thalamo-cortical
loop in tremor and ataxia, two clinical signs that might involve similar brain circuitry.
ET patients often have subtle cerebellar ataxia manifested by difficulty in tandem gait
[133], and a subset of ET patients will eventually develop frank ataxia [134]. With VIM
DBS, effective tremor suppression can sometimes come with the price of worsening gait
ataxia, a clinical observation that suggests different neuronal coding mechanisms for
tremor and ataxia within the same cerebello-thalamo-cortical loop [135].

Although DBS can achieve region-specific modulation of neuronal activities in the VIM
nucleus, it also can lead to wide-spread activity changes in the brain network, including
the cerebellum [136]. For example, differential cerebellar synaptic reorganization has
been observed in ET cases with and without DBS [137], suggesting that DBS might
have some disease-modifying effects. Degenerative changes within the cerebellum
have been found in the postmortem ET cerebellum, including Purkinje cell loss [127]
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and Purkinje cell axonal pathology [125]. It remains unclear whether early intervention
with DBS could modulate the cerebellar activity, which might alter these structural
and degenerative changes in the ET cerebellum, but is considered as an appealing
therapeutic approach regardless due to the progressive and wide-spread nature of this
disease. These important questions will need to be further tested in animal models of
tremor and confirmed in detailed postmortem human studies.

Another issue related to VIM DBS in ET is the development of tolerance over time.
Although VIM DBS continues to be effective in ET over 7 years of follow-up [138], it is
estimated that 73% of ET patients will need to gradually increase DBS settings in order
to achieve satisfactory tremor control [139]. This tolerance phenomenon is likely due
to a compensatory mechanism within the cerebello-thalamo-cortical loop [140]. The
alternative possibility is disease progression in ET over time [140]. The mechanism of
tolerance is not well-understood, and it deserves further study.

prelemniscal radiation (Rsprl) in posterior subthalamic area (PSA), which also receive
innervations from the cerebellum and other brain regions such as the midbrain and basal
ganglia as well. The cZi DBS seems to be as effective in tremor suppression and perhaps
with fewer side effects of dysarthria, disequilibrium, or ataxia, or better tolerance than
VIM DBS [141]; however, a long-term study with bilateral DBS placed across the cZi and
VIM is required to compare the efficacy and adverse effects of these targets. In addition,
the neuroanatomy and the mechanism as to why cZi or Rsprl in PSA might be superior
targets to VIM for neuromodulation in tremor will need to be explored.

Since tremor is a very unique movement disorder and can be characterized by phase,
frequency, and amplitude, VIM stimulation can be optimized to these dynamic, but
objectively measurable parameters, while these other targets are being investigated
for their efficacy. For example, phase-specific VIM DBS could effectively modulate ET
frequency and amplitude [142], which opens a new window for the development
of adaptive DBS according to the tremor characteristics in real time. In fact, phase-
specific VIM DBS has been shown to achieve tremor suppression with much less energy
requirement [143]. Recently available directional lead would also help us to reserve
the battery, avoid side effects related to high DBS settings, and make more precise
stimulation possible. Overall, future adaptive DBS would deliver stimulation on demand
based on the reliable biomarker to guide automatic adjustments of stimulation, which

Besides VIM, other emerging targets for DBS in ET are the caudal zona incerta (cZi) and 6 1
would also lead to a better understanding of the brain circuitry of ET. 1
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In summary, ET is a brain disorder with rhythmic movements, possibly originating from
the abnormal activities of the cerebellum. The clinical effectiveness of thalamic DBS
for ET suggests that the disruption of these abnormal activities within the cerebello-
thalamo-cortical loop can suppress the consequent tremor. Studies on how DBS could
modulate tremor will advance our knowledge in the neurophysiology of tremor and
how the brain can generate movement rhythm in both the physiological state (such as
physiological tremor) and pathological states (such as ET).

Cerebellar Stimulation: Optogenetic and Experimental and
Therapeutic Approaches for Epilepsy (S.V. Gornati, F.E. Hoebeek)

Epilepsy is a neurological disorder characterized by episodes of dysfunctional neuronal
network activity. The seizures, which often come about due to hyper-synchronous
neuronal firing [144], can be the result of many different causes: brain injury, stroke,
genetic mutations, and birth defects [145]. Approximately ~30% of epilepsy patients do
not respond adequately to anti-epileptic drugs and thus may need surgical resection of
the seizure focus, or neurostimulation. Whereas vagal nerve stimulation is commonly
used in refractory epilepsy patients [146], an increasing number of patients receive
intracranial DBS [147]. The first brain region that was selected for DBS in epilepsy
patients was the cerebellum [148].

Already since the 1940s it was known that electrical stimulation of cerebellum could
control motor seizures [149]. Partially driven by the experimental findings that the
output of the cerebellar cortex is purely inhibitory [150], several investigators explored
how cerebellar cortical stimulation can be used to control seizures, which were known to
be driven by cerebral hyperexcitability. The efficacy of cerebellar cortical and cerebellar
nuclei (CN) stimulation has been tested for therapeutic value in a wide variety of animal
models in various species (mouse, rat, cat and monkey) in which seizures had been
evoked by genetic manipulations, chemical infusions or neurostimulation approaches
[151,152]. Driven by the positive outcome of the experimental studies on cerebellar
stimulation, in the 1970s the first epilepsy patients with refractory seizures were
implanted with electrical stimulation peddles, which were positioned on the anterior
cerebellar hemisphere. These initial patients mostly received chronic low-frequency (10
Hz) cerebellar stimulation alternating between the left- and right-side, which led to a
marked reduction of seizure incidence for up to three years [153]. However, the first
double-blind controlled studies on cerebellar stimulation in five patients of refractory
seizures revealed no consistent benefit from the actual activation of the implanted
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stimulation device to dampen the epileptogenic thalamo-cortical networks [154].
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Landmark studies on the origin of (excessive) thalamo-cortical burst firing revealed that !
the balance between inhibition and excitation in thalamo-cortical networks is effective !
in setting the firing pattern of thalamo-cortical relay neurons by controlling the 3
activation of low-threshold voltage-gated Ca?*-channels (as reviewed by [155]). Thus, by !
increasing the excitatory drive onto thalamic neurons, the burst-firing of thalamic relay 1
neurons can be prevented. A recent study showed in epileptic mouse and rat models 3
that membrane depolarization of thalamic relay neurons prevented burst-firing and |
thereby stopped generalized absence seizures [156]. Likewise, it has also been shown 1
in various mouse models that by pharmacological manipulation of the cerebellar nuclei 3
(CN) neurons, which form numerous glutamatergic synapses throughout the thalamic !
complex, that increasing CN firing frequency dampens the occurrence of generalized 1
absence seizures. Notably, decreasing CN firing potently increased such seizures [157]. 3
These findings underline the importance of gaining precise control over the cerebellar |
output for optimal therapeutic effects. 6 i
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To ensure a temporally precise activation of inhibitory or excitatory inputs, optogenetic
stimulation is a seemingly ideal tool. Optogenetics avoid the weakness of a-specific
effects by electrical stimulation and the temporal resolution is sufficient to mimic
endogenous activity patterns in most types of neurons [158]. Moreover, by expressing
light-activated proteins like channelrhodopsin (ChR2) or halorhodopsin (HR) in
specific cell types, optogenetics allow full control over action potential firing patterns.
For instance, the expression of ChR2 in Purkinje cells, which can be induced using
transgenic mutant mice, by in utero electroporation or by viral injections [159], allows
precise control over action potential firing in their downstream target the CN [160] and
thereby over cerebellar-evoked excitation or inhibition in the thalamus.

Optogenetic stimulation of the cerebellar cortex has so far been tested in two
experimental studies. Krook-Magnuson and colleagues investigated the impact of on-
demand optogenetic stimulation or inhibition of cerebellar Purkinje cells on seizures
induced by intrahippocampal kainic acid injections [161]. The authors found that the
seizure duration can be shortened upon activation of ChR2- or HR- channels in both
laterally and medially localized Purkinje cells, but that the seizure occurrence could
only be dampened when the midline Purkinje cells were optogenetically excited. These
findings indicate that the cerebellar cortical stimulation, which putatively stopped
action potential firing in CN neurons, revealed therapeutic effects on limbic seizures. In
contrast, absence seizures occur more frequently upon pharmacological inhibition of
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CN activity [157]. Instead, optogenetic excitation of CN neurons consistently resulted
in an abrupt stop of cerebral seizure activity. These findings on the impact of cerebellar
manipulations on the various types of seizures indicate that cerebellar stimulation can
have a widely varying effect on the seizure occurrence. Indeed, also in the earlier reports
on the effects of low- or high-frequency stimulation (10 - 200 Hz), it was noted that
seizure occurrence was either dampened or enhanced (e.g., [153]).

One potential source for the variability in effects of cerebellar stimulation comes from
the diverse anatomical connections that may be stimulated. Even though the cerebello-
thalamic projections is mono-synaptic and purely glutamatergic [162], many CN axons
also project to inhibitory neurons in the zona incerta and anterior pretectal nucleus,
which provide denseinhibitory inputto thalamic nuclei[163,164]. Thereby, the cerebellar
impact on thalamic nuclei is most likely multi-phasic, in that an optogenetically induced
increase in glutamate release from CN axons in the thalamus may be followed by an
increase in GABA. Although the impact of such feed-forward connections is currently
unknown, we postulate that these speculative multi-phasic responses in thalamus
evoked by CN stimulation aid to stop thalamo-cortical oscillations by increasing the
excitatory drive onto thalamic relay neurons and by desynchronizing thalamo-cortical
activity. It remains to be investigated whether the impact of chronic, non-responsive
stimulation paradigms are as effective as the responsive cerebellar cortical or CN
stimulation [157,161]. Further research is also warranted to elucidate whether cerebellar
DBS has a broad therapeutic effect against a variety of seizures.

Cerebellar Optogenetics in Stroke Research (M.Y. Cheng, EH. Wang, G.K.
Steinberg)

Stroke is a devastating neurological event that disrupts brain function and causes
neuronal death. Most stroke survivors suffer long-term deficits that range from motor
and/or sensory dysfunction to speech or memory loss, depending on infarct site and
injury severity. After stroke the brain has a remarkable capacity for plasticity, in areas
adjacent to the infarct, the peri-infarct, but also in remotely connected regions [165].
Recovery from stroke likely requires re-mapping of lost function onto surviving neural
circuitry through structural and functional plasticity [165,166]. Extensive studies have
focused on changes in the peri-infarct, including activation of an axonal sprouting
program, cellular composition changes (astrocyte and microglia proliferation/migration),
and neurophysiological properties [167,168]. While some of these adaptations may
exacerbate injury such as pro-inflammatory microglia activation [169], other changes
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such as increased neural excitability are positively correlated with good functional
outcomes [170].

As stroke can disrupt neuronal function within minutes and extend this effect to
connected areas, increasing research efforts have focused on stroke-induced changes
in the remotely connected regions, including cortical areas in the contralesional
hemisphere, thalamus, and the cerebellum [171,172]. In particular, stroke can cause
changes in the cortico-cerebellar system, resulting in depression of brain metabolism
and function in the cerebellum; this is known as crossed cerebellar diaschisis (CCD) [173].
In turn, this leads to dysfunction in both motor and non-motor functions, including
balance, coordination and visuospatial perception [173,174]. CCD has been reported as
a potential prognosis indicator for stroke recovery [173].
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Various strategies have been used to improve functional outcomes after stroke such as 3
stem celltherapies, pharmacologicalinterventions,and brainstimulation[175,176].While |

cell therapy and drugs may catalyze endogenous repair processes, these approaches i

lack the necessary spatial resolution to precisely target specific areas. On the other hand, 6 !
conventional brain stimulation techniques such as electrical stimulation, transcranial

magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) allows i

direct manipulation of a region’s excitability and have been shown to enhance recovery !

after stroke [177,178]. Increasing brain activity can lead to the release of trophic factors, !

axonal sprouting, and myelination - all of which are beneficial for brain repair [179,180]. i

However, these techniques may also induce undesirable side effects in addition to the !

potential functional gains. To circumvent this, our laboratory employed optogenetics |

as a tool to selectively stimulate specific cell populations after stroke, enabling further 1

targeting precision and the ability to disentangle heterogeneous stimulation effects. 3
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Data from our laboratory and others have shown that increasing excitability of
the ipsilesional primary motor cortex (iM1) after stroke is beneficial for recovery
[176,181]. Using optogenetic neuronal stimulation, we showed that repeated neuronal
stimulations in iM1 promotes behavioral recovery in a stroke mouse model, with an
associated increase in cerebral blood flow, neurovascular coupling response, and an
increase in neurotrophins and the plasticity marker, GAP43 [181]. Within the cerebellum,
the lateral cerebellar nucleus (LCN) has emerged as a promising brain stimulation target.
LCN is the largest of the four CN in primates and sends major excitatory output to the
motor, premotor, and somatosensory cortex via the dentatothalamocortical pathway
[182]. Post-stroke chronic electrical stimulations in the rat LCN have been shown to
enhance stroke recovery, with an increased expression of markers for synaptogenesis
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and long-term potentiation [93]. Chronic LCN stimulations also increased neurogenesis
selectively in glutamatergic neurons of the motor cortex [116].

We have recently demonstrated that selective neuronal stimulation in the contralesional
LCN using optogenetic approaches resulted in robust and persistent recovery after
stroke, as mice maintained their improved performance even after cessation of
stimulation for 2 weeks [94]. The persistent recovery suggests that repeated LCN
stimulations may enhance structural plasticity. Our plasticity marker GAP43 data
further supports this speculation, as LCN stimulations significantly increased the axonal
growth protein, GAP43, in the ipsilesional somatosensory cortex, and its expression was
positively correlated with improved functional outcomes [94]. The mechanisms of LCN
stimulation-enhanced recovery likely involve multiple mechanisms, including activity-
dependent molecules such as cfos and CREB, which are transcription factors that
mediate an array of downstream genes involved in cell survival and synaptic plasticity
[183]. High throughput next generation sequencing in LCN stimulation-induced axonal
sprouted neurons can reveal major biological pathways underlying stimulation-induced
recovery, which may provide potential drug targets for enhancing stroke recovery.

The cerebellar brain stimulation studies have highlighted LCN as a promising brain
stimulation target. It is an anatomically small brain region that contains widespread
projections to multiple brain regions; thus activating this single site has the potential
to result in widespread brain activation [182]. Indeed, our indirect comparison suggests
that stimulating the LCN can potentially be more efficacious than stimulating the motor
cortex, as LCN-stimulated mice exhibited fast and robust recovery. Several clinical studies
support the use of LCN stimulation in stroke patients. A recent study used probabilistic
tractography to demonstrate that the dentate-thalamo-cortical tract was positively
correlated to both general motor output and fine motor skills in chronic stroke patients,
further highlighting the importance of the cerebellar dentate-thalamo-cortical circuit
[184]. A recent case study reported that a woman with a cerebellar stroke exhibited
improvements in cerebellar ataxia after DBS in the cerebellar LCN, further supporting the
feasibility of LCN stimulation for stroke patients [185]. While using optogenetics to enhance
stroke recovery is highly dependent on exogenous gene therapy being approved for use
in clinical trials, the Cleveland Clinic had started a clinical study to evaluate the safety and
patient outcomes of electrical stimulation of the LCN for the management of chronic,
moderate to severe upper extremity hemiparesis due to ischemic stroke (ClinicalTrials.
gov Identifier: NCT02835443). Taken together the cerebellar brain stimulation studies
are encouraging, and specific stimulations in the cerebellar circuit have tremendous
translational potential to facilitate treatments for stroke recovery.
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tDCS of the Cerebellum in Healthy Subjects and Cerebellar Patients
(M. Manto, N. Oulad Ben Taib)
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The cerebellumisamajor player for movement execution and motor controlin numerous i
species, including human [186]. Its roles extend beyond the field of voluntary motion, !
including cognitive and behavioral functions. Interestingly, the human cerebellum is |
easily accessible to non-invasive stimulation due to its anatomical location [187]. The i
technique of transcranial direct current stimulation (tDCS) is a non-invasive method, !
which is gaining in popularity to probe and modulate cerebellar functions, both in |
healthy subjects and in cerebellar disorders [188]. The recently described anatomical !
communications between the cerebellum and basal ganglia extend the potential 3
applications of tDCS to extra-pyramidal disorders, especially Parkinson’s disease |
and dystonia [189]. Pathological modifications in the cerebellum circuitry, both 1
neuropathological and functional, have been reported in Parkinson’s disease and likely 3
reflect a compensatory response to the hypofunction of the striato-thalamo-cortical |
pathway [190-192]. 6
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tDCS consists of the administration of a low-intensity current (0.5 - 2.5 mAmp) over
the scalp with sponge electrodes. One electrode (cathode or anode) is applied in front
of the cerebellum on the back of the skull, with a reference electrode either on the
skull (in particular: motor cortex, prefrontal cortex or in front of the buccinator muscle)
or on the shoulder. Cerebellar tDCS modifies the excitability of the cerebellar cortex
with minor side effects (mainly burning or itching sensation). Polarity of the electrodes
dictates the effects on the cerebellum [187]. Anodal tDCS excites the cerebellar cortex,
whereas cathodal tDCS exerts an inhibitory effect. Interestingly, the technique allows
the application of a sham current. Modelling studies provide a strong support for a
direct effect of the tDCS upon the cerebellar circuitry, without current spreading to the
brainstem or the occipital cortex [189].

Cerebellum tunes the excitability of the motor cortex via the dentato-thalamo-cortical
pathway. Purkinje neurons exert an inhibition over cerebellar nuclei. This cerebellum-
brain inhibition (CBI) can be assessed by TMS. [194]. Basically, a first magnetic pulse over
a cerebellar hemisphere reduces the amplitude of the motor evoked potential (MEP)
resulting from stimulation of the contralateral motor cortex 5-7 msec later. tDCS has
been shown to modulate CBI in healthy subjects [195]. However, there is no consensus
regarding the impact of cerebellar tDCS on CBI. Some authors have found a reduction
of CBI following anodal stimulation of the cerebellum [196]. Possible explanations are
a direct effect upon the inhibitory interneurons of the cerebellar cortex or an effect of
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the cerebello-thalamo-projections upon the inhibitory interneurons of M1. Cerebellum
is also a major structure for adaptive learning and motor adaptation. Cerebellar tDCS
improves postural control following perturbations induced by Achilles tendon vibration
[197]. Other evidence of a physiological effect of cerebellar tDCS upon brain circuitry is
provided by EEG studies [198]. Unlike cathodal or sham stimulation of the cerebellum,
anodal tDCS induces (1) a lateralized synchronization over the sensorimotor area in the
gamma band and (2) an increase of the network segregation in sensori-motor rhythms
with a greater communication between left-right hemispheres in the gamma band
[199]. The plastic modifications induced by cerebellar tDCS are particularly relevant
given the numerous forms of plasticity encountered in the cerebellar circuitry [189].
Cerebellar tDCS influences also the perception of pain [200].

tDCS of the cerebellum reduces the amplitudes of long-latency stretch reflexes in
cerebellar ataxias, without effect upon short-latency stretch reflexes [201]. This suggests
that tDCS strengthens the inhibitory effect of Purkinje neurons upon cerebellar nuclei.
tDCS over the cerebellum immediately followed by tDCS over the contralateral motor
cortex (tCCDCS: transcranial cerebello-cerebral DC stimulation) reduces the amplitude
of postural tremor and action in tremor in SCA2 [202]. In addition, tDCS reduces
hypermetric movements and improves the abnormal timing of agonist-antagonist
EMG bursts. However, a confirmatory study on a large sample of cerebellar patients
is currently missing. Postural tremor in cerebellar ataxia can also respond to tCCDCS
with a return electrode located on the contralateral motor cortex [203]. The 2 studies of
Benussi et al. (a: single session, b: two weeks’ administration; double-blind, randomized,
sham-controlled study) have shown a symptomatic benefit on the ataxia scores and
quantified measurements [204,205]. In particular, anodal cerebellar tDCS exerts a
favourable effect upon SARA score, ICARS score, and 9-hole peg test (9HPT) testing. A
two-weeks' treatment with anodal cerebellar tDCS improves cerebellar symptoms and
restores CBl as compared to the sham condition.

Essential tremor is associated with cerebellar pathology, especially at the level of the
cerebellar cortex [206]. Whereas a first randomized, double blind, cross-over study
with bilateral cathodal cerebellar stimulation showed no effect [207], a second study
in which tDCS was applied over the dorsolateral prefrontal cortex (DLPFC) showed an
improvement in ADL scores and TETRAS scores [208]. A recent systematic review and
meta-analysis provides evidence for a positive effect of non-invasive brain stimulation
on motor symptoms [209]. Both the motor cortex and the cerebellum are the main
targets.
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Cerebellum infuences also (1) prefrontal, parietal, and temporal lobes via multiple 1
loops running in parallel, and (2) the striatum via a disynaptic circuit, with a projection 3
back from the subthalamic nucleus to the cerebellar cortex [69]. Cerebellar tDCS has !
been applied in basal ganglia disorders, in particular Parkinson’s disease and dystonia. !
Anodal tDCS applied during five consecutive days over the motor cortical areas and the 3
cerebellum improves the levo-dopa induced dyskinesias in Parkinson’s disease [210]. |
Cerebellar anodal tDCS improves the kinematics of handwriting and circle drawing !
tasks in patients with writing dystonia [211]. However, the effects of cerebellar tDCS 3
upon dystonia remain controversial [212]. Cerebellar tDCS is promising to promote the |
rehabilitation for language deficits, in particular aphasia following a stroke [213], but 1
the optimal location of stimulation requires to be defined. Anodal tDCS of the right 3
cerebellum coupled with behavioural therapy is more efficient than behavioural therapy |
alone to improve spelling and dictation [196]. Interestingly, the resting state functional !
connectivity MRI data show that improved spelling is associated with an increase in 3
cerebello-cerebral network connectivity. Cathodal tDCS enhances verb generation ____ |
without modifying verb naming in post-stroke aphasia [214]. 6 i

Together, these preliminary results open the door for a tDCS-based symptomatic
management of cerebellar ataxias. A few studies have indeed shown that cerebellar
tDCS is promising, but clear improvements are required in terms of the identification
of the montage that needs to be used, a better definition of the intensity of the current
delivered, and an optimization of the intervals between sessions and the number of
sessions. It remains also unclear which patients might benefit from on-line versus off-line
assessments. Whereas on-line effects might reflect a directaction upon Purkinje neurons,
long-lasting changes might result from an action upon Golgi cells [215,216]. The polarity
of the after-effects of cerebellar tDCS might be influenced by both the task-induced
activity and the pre-existing excitability state [217,218]. There is a prevailing opinion in
the clinical community that tDCS might potentiate the effects of motor rehabilitation in
cerebellar ataxias, but sound demonstration is required. Large randomized controlled
studies are necessary to establish the efficacy. The type of cerebellar ataxia, the
duration of the disease, and the concurrent treatments might have interfering factors
[219]. A careful phenotypic characterization appears as a pre-requisite given the very
high heterogeneity of cerebellar disorders. Efforts are also required to better quantify
the cerebellar reserve, another factor which might influence the response to tDCS.
Severe cerebellar atrophy with a major loss of neurons above a threshold is unlikely to
respond. Regarding pediatric applications, studies remain limited. The simplicity of the
technique, the excellent tolerance, and its low cost should encourage methodologically
sound experimental and clinical works. More data are definitely needed in this regard

171



Chapter 6

and there is also a clear need to assess the effects of multi-site stimulation with similar
or distinct modes of stimulation [218]. Whereas lesions of cerebellar nuclei (edema,
tumor, stroke,...) cause a depression of the excitability of the contralateral motor cortex,
lesions of the cerebellar cortex (cerebellitis, cerebellar cortical atrophy,...) lead to a
disinhibition of cerebellar nuclei and overactivity of contralateral motor cortex. This will
impact on the selection of the polarity of DCS. We should also consider that tDCS could
become a complementary tool to classical pharmacotherapy [188].

Cerebellar tDCS and Motor Learning (D. Timmann, M.A. Nitsche)

A hallmark of cerebellar disease is motor incoordination and disordered balance. As of
yet, there is no medication, which ameliorates the signs and symptoms of cerebellar
ataxia. The mainstay of treatment is physical therapy, thatis motor training, accompanied
by occupational and speech therapy [220]. Although the cerebellum is an essential part
of the motor learning network, evidence has grown that training improves cerebellar
dysfunction in patients [221,222]. Neuromodulatory interventions are highly desirable
which foster respective learning abilities in cerebellar disease, and thus enhance
therapeutic efficacy. Non-invasive brain stimulation has been shown to induce and
enhance plasticity, a physiological process relevant for learning and memory formation,
and is therefore a likely candidate to enhance cerebellar-dependent learning processes
[223,224]. Because of its easy application and low costs, transcranial direct current
stimulation (tDCS) of the cerebellum has gained most interest in recent years [187].
Initial results were very promising. Firstly, cerebellar tDCS likely modulates excitability of
the cerebellar cortex. In accordance, cathodal tDCS reduces cerebellar brain inhibition
(CBI), whereas anodal tDCS leads to increased CBI, at least at low intensities of the
conditioning cerebellar TMS pulse [195]. Hereby CBI explores the inhibitory impact of
cerebellar cortex activity on primary motor cortex excitability. These results are in line
with supposed direct neuroplastic effects of tDCS on the cerebellar cortex. Because
neuroplasticity is essential for learning and memory formation, and plasticity induced
by tDCS over other cortical areas has been shown to improve learning [225,226], there
are reasons to assume that tDCS may modulate also cerebellar-dependent learning.
Initial findings in reach adaptation and eyeblink conditioning support this assumption.

For example, Galea et al. (2011) found that anodal tDCS resulted in faster visuomotor
reach adaptation compared to sham stimulation in young and healthy subjects [227].
Herzfeld et al. (2014) showed that anodal cerebellar tDCS improved force field reach
adaptation whereas cathodal tDCS disrupted this learning ability [228]. Similarly,
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locomotor adaptation has been found to improve with anodal cerebellar tDCS and
decline with cathodal tDCS [229]. Furthermore, the acquisition of conditioned eyeblink
responses was fostered using anodal tDCS, but deteriorated with cathodal tDCS
[230]. These results do not only imply that cerebellar tDCS can improve learning, but
deliver also relevant mechanistic information. Since anodal tDCS induces long-term
potentiation (LTP)-like plasticity, and improved learning, the results provide further
evidence against the long-standing view that long-term depression (LTD) at the parallel
fiber-Purkinje cell synapse is the only and the essential kind of plasticity underlying
learning in the cerebellar cortex [231]. In accordance, a recent study in mice found that
anodal tDCS effects depend on LTP and the intrinsic plasticity of Purkinje cells in VOR
habituation [232]. This has been further supported in recent years by Johansson et al.
(2015) and Gutierres-Castellanos et al. (2017) [233,234].

Despite the promising initial results of cerebellar anodal tDCS on motor learning, recent 3
studies showed that at least some of these findings are difficult to replicate. Firstly, Hulst |
et al. (2017) found no effects of neither cerebellar cathodal nor anodal tDCS on force 1
field reach adaptation in young controls, elderly controls, and in patients with cerebellar 6 3
degeneration [235]. Maybe most importantly, Galea and colleagues (2017) were unable
to reproduce theirinitial findings in visuomotor reach adaptation using a very similar set- !
up and paradigm [236]. They found positive effects of anodal tDCS only for adaptation 3
of movements of the right index finger, but not of movement of a digitizing pen (as in |
the original study conducted by Galea et al. 2011) [227]. They were unable, however, 1
to reproduce the respective positive finding in a second group of young and healthy 3
subjects. Inconsistent findings have also been observed in eyeblink conditioning. |
Timmann and colleagues (2017) were unable to reproduce their initial strong tDCS 1
effects in studies using the same conditioning set-up [237]. Thus, prior to clinical 3
applications, one needs to understand the reasons for these inconsistent findings. One |
important factor may be that effect sizes are much smaller than expected based on the 1
initial positive findings, because of a bias towards publishing positive, but not negative, 3
results [236]. Furthermore, directionality, and the amount of tDCS effects, critically !
depend on the orientation of the nerve fibers, and the highly convoluted cerebellar !
cortex may be a reason that it is difficult to predict tDCS effects in an individual subject 3
[238]. To make things even more difficult, zebrin positive and zebrin negative zones of |
the cerebellar cortex appear to be involved in different forms of motor learning (e.g. !
VOR adaptation vs. eyeblink conditioning), and use different learning-related plasticity 3
mechanisms, that is LTP in zebrin positive zones, and LTD (and other mechanisms to !
suppress simple spike firing in Purkinje cells) in zebrin negative zones [239]. Thus, for 1
cerebellar tDCS, it might be necessary to shape stimulation protocols to allow targeted 3
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and efficient intervention in future studies, including clinical applications.

To this aim, it may be helpful to develop predictors of tDCS efficacy. Here, sensitivity
for CBI might be a promising candidate. Similar to the effects of tDCS on the primary
motor cortex, which correlate with the sensitivity to TMS effects [240,241], there may
be a relationship between CBl and tDCS effects at least for certain motor learning tasks.
Furthermore, systematic optimization of stimulation protocols, regarding stimulation
intensity, duration, repetition rate, targeting, electrode arrangement, and computational
modeling based on individual MRI scans to optimize stimulation protocols at the level
of the individual might be helpful to increase efficacy of the intervention [241,242] .
For improving the understanding of the mechanisms of action of tDCS, and thus
shape stimulation protocols on a physiology-based foundation, animal experiments
are needed to comprehend tDCS effects on the level of different cerebellar layers, cell
types including inhibitory interneurons, zebrin positive and negative zones, and the
cerebellar nuclei. Finally, cerebellar tDCS effects likely depend on disease stage and
ataxia type in patients with cerebellar degeneration, thus individual adaptation of
stimulation protocols due to the physiological and structural state of the cerebellum
might be required. These multi-level activities are needed to systematically explore the
utility of this intervention tool beyond small-sized pilot studies.

Cerebellar Non-invasive Stimulation in Human Dystonia (T. Popa, M.
Hallet)

The cerebellum is linked to the pathophysiology of numerous movement disorders,
such as ataxia, essential tremor, and levodopa-induced dyskinesia, as well as dystonia
[103]. Dystonia stands out in the complex mosaic of movement disorders because of its
heterogeneity regarding both the etiology and expression. As described in the previous
sections of this Consensus, animal models strongly support the involvement of the
cerebellum in the generation of dystonic phenomena. In humans, neuroimaging and
non-invasive stimulation are powerful tools to explore similar associations. However,
while neuroimaging has been widely used to describe structural and functional
abnormalities of the cerebellum in dystonia, non-invasive brain stimulation studies are
scarce and mostly limited to those dystonia types in which it is possible to have EMG
recordings uncontaminated by muscle contractions; that is, focal/segmental dystonia
and dystonic contractions in the setting of levodopa-induced dyskinesia.

The first electrophysiological parameter quantifying the communication within the
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cerebello-thalamo-cortical path in humans was cerebellar-brain inhibition (CBI),
characterized by a reduction in the amplitude of the motor-evoked potential (MEP)
from the primary motor cortex (M1) with the magnetic pulse following a conditioning
magnetic pulse delivered over the cerebellum [194]. The CBl was decreased in 8 subjects
with focal hand dystonia [243].

Further insight into cerebello-cortical interaction comes from studies using repetitive
transcranial magnetic stimulation (rTMS) or transcranial direct current stimulation
(tDCS) to induce plastic changes. In healthy subjects, rTMS and tDCS can bidirectionally
change the cerebellar cortex output for at least 30 minutes: THz rTMS, continuous theta
burst stimulation (cTBS), or cathodal tDCS decreases CBI, while iTBS and anodal tDCS
strengthen it [195,244]. When the same stimulation is applied prior to paired associative
stimulation (PAS) with a 25 ms interval, which is a protocol to induce long-term
potentiation-like plasticity in M1, PAS can be bidirectionally modulated: cTBS

cerebellum

and cathodal tDCS lead to significant enhancement of PAS-induced M1 plastic
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effect above the ShamTBScerebe"um+PASW level, while iTBS_ ocium and anodal tDCS _ ocium |

lead to its abolition [245,246]. Interestingly, the enhancement of M1 excitability in 6 !

the target muscle of healthy volunteers with median nerve stimulation, i.e., APB,

following cTBS +PAS,, is accompanied by a non-specific excitability increase in i
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an ulnar muscle, i.e,, ADM [246] - a pattern of increased plastic response and loss of

cerebellum

cortical map specificity similar to that described in focal dystonia explored with PAS,
alone [247]. When this combined TBS +PAS,,, paradigm was explored in patients
with writer's cramp, cerebellar cortex excitation and inhibition were both ineffective

cerebellum

in modulating PAS-induced plasticity, suggesting a functional disconnection [248].
When this paradigm was explored in patients with cervical dystonia, cerebellar cortex
excitation and inhibition induced the exact opposite modulatory effect on PAS-induced
plasticity — a pattern observed also in healthy controls voluntarily maintaining a turned
head or maintaining the head straight and having the sternocleidomastoid muscle
vibrated [249]. This discrepancy suggests that the apparently common alterations in
cortical excitability, sensory processing, susceptibility to undergo plastic changes, and
wide-scale cortico-subcortical interactions do not have the same pathophysiology in
different types of dystonia.

This conclusion emerges also from the several attempts made to use non-invasive
stimulation of the cerebellum as therapy for focal dystonia; all trials addressing cervical
dystonia obtained clinically positive, albeit modest, outcomes, while the trials addressing
focal hand dystonia did not. A study using ten consecutive days of sham-controlled
CTBS (600 pulses) delivered bilaterally over the posterior cerebellum of 20 patients with

175



Chapter 6

cervical dystonia led to a small (15%) improvement of the Toronto Western Spasmodic
Torticollis Rating Scale (TWSTRS) and the recovery of the motor map responsiveness
measured as a reduction of the heterotopic PAS,,, potentiation, i.e., only APB and not FDI
excitability was responsive to PAS post-intervention[250]. In this study, no changes were
found in Burke-Fahn-Marsden Dystonia Rating Scale, cortical silent period, intracortical
inhibition/facilitation, or cerebellar-brain inhibition. The changes were found significant
immediately after the 10 therapeutic sessions, but not at the 2- or 4-week follow-up
post-intervention. Another study using an identical sham-controlled design, but with
iTBS__ .1y IN 16 patients found a small but significant improvement in the severity and
quality of life scores, but no changes in the cortical neurophysiological parameters [251].
While the cTBS _ ... study normalizing the exaggerated PAS , effectis in line with the
reversed modulation finding [249], the iTBS__ . study can appear counterintuitive.
Both studies need further confirmation on larger cohorts. However, if the results of
both studies are reproduced, it might suggest that any perturbation of the cerebellar
cortex might be beneficial for cervical dystonia. A single-case, proof-of-concept study
combined botulinum toxin with anodal tDCS in a cervical dystonia patient, applying
the stimulation for 30 minutes, twice a week, over the right cerebellum (5 sessions),
left cerebellum (5 sessions), and right M1+left cerebellum (10 sessions), switching the
stimulation site when patient reported no benefit for two consecutive sessions [252].
There was a 39% improvement in the TWSTRS score and about 40% improvement in
the quality of life questionnaires from one toxin injection to the other (12 weeks, 20
mixed-site stimulation sessions) without any other neurophysiological change. Another
study reported that a single-session of cTBS over the right cerebellum paradoxically
normalized the abnormal eyeblink classical conditioning in 10 patients with cervical
dystonia [253]. This was opposite to the degradation of eyeblink conditioning observed
in healthy subjects [254].

None of four studies using non-invasive cerebellar stimulation as therapy in focal
hand dystonia found any significant clinical effect or a correlation between the
neurophysiological parameters and the arm kinematics [211,212,255,256]. This
absence of acute clinical effects is not surprising especially after only a single session of
cerebellar stimulation [257]. A common feature of deep brain stimulation of the globus
pallidus, an emerging efficient treatment for certain types of dystonia [258], is that it
often takes weeks to months for the alleviation of symptoms to occur [259,260]. One
possible explanation for this phenomenon is that dystonia is a network and/or plasticity
disorder [261], and the delay represents the time necessary for the plastic changes to
spread throughout the concerned networks. What is surprising is to have other types
of dystonia respond acutely with clinical improvements to any kind of stimulation
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[250]. This behooves us to carefully consider generalizations of neurophysiological
observations from one form of dystonia to another, and to not discount the idea that
similar abnormalities (like an impaired CBI or exaggerated plastic response to PAS )
might stem from different causes.

No explorations of the cerebellar output were attempted with non-invasive brain
stimulation in other forms of dystonia. This leaves a big gap in our knowledge of the
dystonic syndromes still to be characterized from an electrophysiologic point of view.

Anodal Transcranial Direct Current Stimulation (LV. Bradnam, A.
McCambridge)

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

l

Over the past decade, transcranial direct current stimulation (tDCS) has advanced the 3
understanding of the cerebellum in health and disease. Cerebellar tDCS (ctDCS) has |

primarily been used as a research tool to study the motor system, but also non-motor !

processes such as cognitive and verbal functions. Although the exact neurophysiological 6 3
mechanisms and resultant behavioral effects of ctDCS are not fully understood, thereare |

several practical advantages that make ctDCS an attractive tool in cerebellar research 1

and potential clinical intervention for motor and non-motor dysfunction. 3
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The proposed mechanisms underlying anodal ctDCS-induced neuromodulation are
derived from direct current findings in animal slices and primary motor cortex (M1) tDCS
in humans[262,263]. Current research suggests anodal tDCS induces a subthreshold,
polarity-dependent membrane polarization that induces neural plasticity via N-methyl-
D-aspartate, gamma-Aminobutyric acid, brain-derived neurotrophic factor, and calcium-
dependent mechanisms [179,264-266]. The neural circuitry underlying anodal ctDCS-
induced effects on motor and non-motor function are not yet known, but are thought
to involve the modulation of the cerebellar-thalamo-cortical route (see review [187]).
Anodal ctDCS may facilitate cerebellar excitability by enhancing the inhibitory activity
of Purkinje cells onto the deep cerebellar nuclei, thereby exerting less facilitatory drive
to contralateral thalamic nuclei and the cerebral cortex [187]. The cerebellar-thalamo-
cortical projections can be investigated in humans using transcranial magnetic
stimulation (TMS). The dual-coil TMS technique, termed cerebellar brain inhibition (CBI),
delivers a conditioning TMS pulse to the cerebellum, followed by a test pulse to M1 to
infer inhibition [194]. Studies have found that anodal ctDCS can influence activity in the
cerebellar-thalamo-cortical pathway of healthy subjects and patient populations using
dual coil TMS [195,196,204,211].
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A key study by Galea and colleagues (2009) revealed polarity-dependent modulation
of cerebellar excitability after ctDCS[195], which formed the basis for future studies.
Anodal ctDCS increased CBI, whereas cathodal ctDCS suppressed inhibition in healthy
adults [195]. Increased inhibitory drive from the cerebellum was also noted in patients
with cerebellar ataxia who underwent multiple ctDCS sessions [204]. However the
opposite result was reported by others, whereby anodal ctDCS suppressed cerebellar
brain inhibition in healthy [196] and focal hand dystonia [211] participants.

Another method to infer cerebellar function in humansis delayed eyeblink conditioning.
Based on findings in animals and support from neuroimaging and patient evidence,
the cerebellum plays a key role in the acquisition, timing, and retention of conditioned
eyeblink responses [267]. In this method, a reflexive eyeblink is acquired in response to
a given stimuli (e.g., air puff) and repeatedly paired with a conditioning stimulus (e.g.,
loud tone). In comparison to sham ctDCS, the acquisition and retention of conditioned
eyeblinkresponses after the conditioning stimulus alone was enhanced following anodal
and reduced following cathodal stimulation[230]. Unfortunately, the same group were
unable to replicate these findings using either a cephalic or extracephalic electrode
montage [237], highlighting the poor understanding of the optimal stimulation
parameters for ctDCS and issues with the replicability and reliability of ctDCS findings.

Another neurophysiological technique shown to be partially cerebellar-dependent
is paired associative stimulation [245]. This technique involves repetitively pairing
peripheral nerve stimuli and M1 TMS at distinct inter-stimulus intervals to induce long-
term potentiation (LTP)-like effects [268]. Anodal ctDCS blocked the induction of LTP,
therefore indicating that human associative plasticity is influenced by the cerebellum
[245]. Computational models show, as expected, that the cerebellum is the primary
structure stimulated during ctDCS [269]. Yet further investigation of the after-effect of
ctDCS on the cerebello-thalamo-cortical pathway and whole brain activity using various
other methods such as neuroimaging is required.

Behavioral studies of anodal ctDCS commonly deliver stimulation concurrently with
motor training. This idea is based on the hypothesis that increased cerebellar excitability
induced by anodal ctDCS will facilitate motor performance, and concurrent training will
enhance the functional specificity of tDCS to the neural circuits involved [270]. Several
studies have found that anodal ctDCS can enhance the acquisition and/or consolidation
of simple motor tasks by reducing movement errors [271,272]. Interestingly, when
performing a force field reaching task, anodal ctDCS increased the ability to learn from
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errors, plus form, and retain motor memory [228]. In contrast, there was no effect of
anodal ctDCS on similar motor tasks in patients with cerebellar degeneration [235,273].
This may indicate the importance of an anatomically functional cerebellum to mediate
ctDCS effects. The latter idea is supported by findings of performance improvements
following anodal ctDCS in other small patient studies. For instance, anodal ctDCS
improved dyskinesia scores in Parkinson’s disease [210], and timing of agonist
commands and tremor in cerebellar ataxia [202,204,205].
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The cerebellum is known to have a broad influence and makes a strong contribution !

to non-motor domains such as cognition [274]. Thus, it would be expected that anodal i

ctDCS would also modulate non-motor processes. Several preliminary studies have !

reported positive effects of anodal ctDCS on verbal fluency [275] and pain perception |

[276] in healthy subjects and cognitive symptoms in Parkinson’s patients [210]. Whilst i

other studies have observed no effect on cognitive learning [277] or memory [278], !
for example. A meta-analysis of cognition studies found cognitive processes were |

influenced by anodal ctDCS but to a lesser extent than motor-related effects [279]. i

Whether this disparity is due to the sensitivity of assessments or a weaker influence of 6 !
the cerebellum on cognitive processes is still uncertain. -
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Overall, emerging evidence provides some support for anodal ctDCS as a
neuromodulatory tool for motor and non-motor functions. But the lack of replication
is a significant concern that must be addressed. As recommended for tDCS research in
general, the factors that underlie inter-individual variability must first be determined, as
substantial variability will pose an additional challenge when exploring tDCS-induced
effects in inherently heterogeneous patient groups. Nevertheless, there are several
practical advantages of ctDCS in comparison to other therapeutic techniques and brain
stimulation protocols that make tDCS a promising tool. For example, tDCS is painless,
has minimal side effects [280,281], the devices are low cost, portable, and require
minimal training or supervision. The feasibility of delivering semi-supervised home-
based neuromodulation is currently being trialed [282] and considering the dosage
for inducing meaningful clinical effects is likely to involve repeated sessions, there
are obvious practical advantages for home-based therapy programs. Furthermore,
there is still much to be explored with regards to determining the optimal stimulation
parameters for ctDCS, including high-definition montages and dual-site stimulation
(i.e., cerebellum-M1 tDCS). Future research must establish the underlying mechanisms
of action and neuronal circuitry that mediate reliable neurophysiological and behavioral
effects, before large clinical trials of the efficacy of ctDCS can implemented.
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Electrical Stimulation of the Cerebellar Cortex (D.H. Heck)

Electrical stimulation of the cerebellar cortex was an early, versatile method for
manipulating cerebellar neuronal activity with high temporal and spatial precision.
Only a small selection of the vast body of knowledge created with this method can be
reviewed here, and an attempt has been made to focus on findings that had lasting
impact.

Electrical stimulation of the cerebellar cortex provided first insights into basic principles
of cerebellar network function in vivo [283-286] and in vitro[287,288], was used in
elucidating key principles of cerebellar cortical interactions with the cerebellar nuclei
[10], allowed the generation of early cerebellar motor maps (particularly oculomotor
maps) [289-294]and promised therapeutic potential in reducing the frequency and
severity of epileptic seizures [295-297].

Before discussing the research in more detail, it is important to mention a key limitation
of electrical brain stimulation that is often overlooked: electrical stimulation will not
primarily activate the cell bodies of neurons surrounding the tip of the stimulation
electrode, but instead activates predominantly axons [298,299]. This, of course, includes
axons passing through the target area and will result in a mix of antidromic and
orthodromic activation of fibers of passage as well as fibers that do originate in the
target area. This is particularly problematic when small nuclei are embedded in white
matter, such as the cerebellar nuclei, are the target. But this problem is also relevant for
cerebellar cortical stimulation if the electrode tip is placed at a depth where stimulation
could cause the antidromic activation of mossy fiber axons. Stimulation of the surface
of the cerebellar cortex minimizes the risk of activating mossy fibers and will instead
mostly activate parallel fibers which will in turn provide excitatory input to Purkinje cells
and molecular layer interneurons [285].

In experiments where electrical stimuli were directly applied to the surface of the
cerebellar cortex but also at various depths below the surface, John Eccles and a group
of pioneering cerebellar electrophysiologists (1966) observed an excitatory response
that propagated along the parallel fibers and was flanked on either side by inhibitory
responses [285]. From these findings emerged the concept of the “beam” of activated
parallel fibers as a geometric representation of a possible principle of neuronal
computation in the cerebellar cortex [285,300]. The “beam” concept emphasized the
potential functional significance of the orthogonal arrangement of excitatory (parallel
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fiber) and inhibitory (stellate and basket cell) axonal projections, a unique characteristic
of the cerebellar cortical network [19]. The combination of the unusual geometrical
network architecture and the characteristic simple spike/complex spike waveforms
that readily identified Purkinje cells [301] were likely responsible for the fact that most
of the early electrophysiological investigations of cerebellar function focused on the
cerebellar cortex, neglecting the role of the cerebellar nuclei. However, understanding
cerebellar function requires understanding how the cerebellar cortex, hence Purkinje
cell activity, modulates the activity of the cerebellar output neurons in the cerebellar
nuclei. Electrical stimulation of the cerebellar cortex in vivo combined with in vitro
experiments was used by Person and Raman (2011) to show that synchrony in Purkinje
cell firing causes synchronized spike firing in cerebellar nuclear cells time-locked to that
of the Purkinje cells [10].

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

l

Gordon Holmes’ studies of cerebellar deficits in WWI veterans (1917) had firmly 3
established the cerebellum as a key player in the coordination of movements, including |

eye movements[302]. Later, electrical stimulation of the cerebellar cortex (mostly in i

cats) was employed to determine whether motor representation in the cerebellar cortex 6 !
was topographically organized, or whether a cerebellar motor map existed. Whoever

expected a map similar to the motor homunculus in the primary motor cortex must i

have been disappointed. The results were rather complex. Cerebellar stimulation could !

elicit both simple movements and complex motor sequences, depending on stimulation |

site, stimulus amplitude and frequency (e.g. [289,290]). But, while results on body i

and extremity movements were quite variable, these experiments most prominently !

identified cerebellar cortical sites whose stimulation reliably elicited eye movements !

[291-293]. Those sites are now considered to jointly constitute to the widely studied i

“oculomotor” cerebellum [303]. !
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In the 1950s, DBS was explored as a potential treatment for epilepsy [148]. Interestingly,
the cerebellar cortex and thalamus were the first two targets chosen for DBS treatment of
epilepsy (reviewed in [148]). Initial studies of cerebellar stimulation produced promising
outcomes in reducing seizure severity and frequency [295,296]. Later, however, closely
controlled double-blind studies failed to show significant therapeutic effects [154,304]
and other studies showed variable results [297], which caused interest in cerebellar
cortical stimulation for epilepsy treatment to wane. But recently the approach has
received renewed attention, albeit with a focus on stimulating the cerebellar nuclei
rather than the cerebellar cortex, which is believed to be more efficient and likely to
reduce the variability of outcomes [152].
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Finally, most applications of electrical cerebellar cortical stimulation used single-site
stimulation techniques and varied the temporal characteristics and amplitude of the
stimulus applied to the site. If bipolar electrodes are used the polarity can be switched
to move the stimulus to the other pole, but stimulation is always at one site at a time. If
multiple electrodes are used, it becomes possible to generate spatio-temporal activity
patterns that allow the investigation of cerebellar network responses to dynamic events
that cannot be studied with single site stimulation. Such a multi-electrode arrangement
was, for example, used to demonstrate the ability of the cerebellar cortical parallel fiber
system to transform sequential inputs to the granule cell layer into synchronous inputs
to postsynaptic Purkinje cells [288,305].

In summary, electrical stimulation of the cerebellar cortex has been a powerful tool with
a broad spectrum of uses. The introduction of optogenetic tools overcame the problem
of stimulating fibers of passage and, of course, allows the stimulation of specific subset
of neurons[306]. However, because optogenetic tools are not (yet) available in all animal
models and in all structures electrical stimulation will continue to be an important
technique.

Non-human Primates: Physiology, Lesion, and Stimulation of
Cerebellar Nuclei (M. Tanaka)

Neurons in the CN usually show high baseline firing rate and exhibit a transient
activity during limb, hand, eye, and eyelid movements [307]. The CN outputs directly
regulate movement signals in the brainstem and spinal cord, boost motor commands
in the cerebral cortex via the thalamus, and modulate signals for adaptive learning
through inhibitory projections to the inferior olive. Besides the transient activity
during movements, a subset of neurons in the interposed and dentate nuclei also
exhibit sustained, preparatory activity preceding movements [308], indicating the
roles for the lateral cerebellum in motor planning [309]. Consistent with this, cerebellar
lesions attenuate cortical readiness potentials [310], and the regional blood flow in the
cerebellum correlates with the magnitude of contingent negative variation (CNV) which
predicts the occurrence of relevant events [311]. Recent studies in non-human primates
demonstrated that neurons in the cerebellar dentate nucleus exhibited a gradual
buildup of activity before self-initiated saccadic eye movements [312,313], and that
electrical stimulation applied to them facilitated self-timed, but not reactive, saccades
[313]. Similar ramping neuronal activities were also found in the ventrolateral (VL)
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thalamus [314], and inactivation of the thalamus delayed self-timing [315], suggesting 1

that the preparatory signals in the cerebellar nuclei might be sent through the thalamus 3

to the cortex and regulate the timing of movement decisions. Irrespective of the length |

of the delay period, neurons in the dentate nucleus always started firing approximately 1

a half-second before self-timed movements [313]. The neuronal mechanism for the 3

triggering of preparatory activity in the cerebellar nuclei needs to be elucidated in |

future studies. 1

The cerebellum also plays a role in predicting sensory consequences of movements to 3

compute prediction errors that eventually alter subsequent movements. It has been well |

established that the cerebellum is essential for adaptive motor learning, which optimizes i

the force and timing of individual muscle contractions for accurate movements. Recent !

studies also suggest a role for the cerebellum in higher-order adaptive control of actions |

[316]. For example, it has been shown that the error-related cortical potentials during i

anti-saccades are reduced in subjects with focal cerebellar lesions [317] and that the !
magnitudes of the potentials correlate with the volume of Crus | and Il in patients with |

cerebellar degeneration [318]. The other study used the stop-signal reaction time task !

and demonstrated causal relationships between cerebellar activity and error-related 6 3
activation in the thalamus and the supplementary motor area, which in turn correlated |

with activation in the lateral prefrontal cortex during post-error slowing [319]. These i

results suggest that the cerebello-thalamo-cortical pathways may play roles in error !

detection and subsequent behavioral adjustment. In monkeys, neurons in the cerebellar !

dentate nucleus showed enhanced activity during both correct and erroneous anti- i

saccades [320]. Inactivation of them shortened the latency and deteriorated the accuracy !

of anti-saccades, while the proportion of error trials modestly increased [320]. During |

the tasks requiring deliberate control, the cerebellum may predict error in advance of 1

sensory feedback and may activate frontal cortical network to alter behavioral strategy 3

for subsequent movements [319], while the cortico-basal ganglia pathways execute |

proactive inhibition for the difficult tasks [321]. i
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Many recent studies in humans also show that the cerebellum is involved in non-
motor cognitive functions [322]. Evolutionally, the lateral cerebellum is well developed
in primates, and the associated dentate nucleus in humans comprises approximately
92% of total neurons in the cerebellar nuclei while this proportion is 26% in cats [309].
Anatomical data show that the ventral portion of the dentate nucleus provides signals
to the association areas in the cerebral cortex through the thalamus, suggesting that
these pathways are crucial for higher-order cognitive functions [174]. To date, only a
few studies have explored the neuronal correlates of non-motor functions in the lateral
cerebellum in experimental animals. In cats, Purkinje cells in the cerebellar Crus | have
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been shown to exhibit sustained activity for a moving object even when the object
was temporarily removed, indicating that these neurons represent an internal model
of external objects [323]. In monkeys, neurons in the dentate nucleus have been shown
to exhibit a gradual increase of sensory gain when the animals attempt to detect a
single omission of isochronously presented visual stimulus (Fig. 4A) [324,325]. For these
neurons, the inter-stimulus interval appears to be represented by the magnitude of
firing modulation for each stimulus, and the time course of neuronal activity during
each inter-stimulus interval accurately predicts timing of the next stimulus. Inactivation
of these neurons delayed [324], and electrical stimulation promoted (Fig. 4B) [325] the
detection of stimulus omission, suggesting that they may provide temporal prediction
of stimulus occurrence, which is needed to compute prediction error for the absence
of regular stimuli [326]. Similar to the time course of neuronal activity in the cerebellar
nuclei, temporally specific periodic signals predicting event timing have also been
reported in the beta-band coherence of neuromagnetic activity between the cerebellum
and the cerebral cortex when listening to an auditory beat [327], suggesting that such
signals may provide a basis for the perception of rhythms. For temporal information
processing, another line of evidence also suggests that the cerebellum might play a
role in Bayesian inference of event timing [328,329], although the underlying neuronal
mechanism needs to be clarified in future studies in experimental animals

The Molecular Mechanisms Underlying the Efficacy of Cerebellar
Stimulation (L.N. Miterko, R.V. Sillitoe)

The various mechanisms by which neurostimulation elicits large-scale, behavioral
responses range from inducing plasticity to modulating local and global neural network
activity, as previously discussed by Bradnam, McCambridge, Heck, Tanakaand colleagues,
and regardless of the paradigm (i.e. tDCS, electrical stimulation, lesioning, optogenetics).
While changes in plasticity and local or systems-level electrophysiological properties
depend on what is being activated (axons vs. somata) and the region-specific functions
that are being capitalized on by neurostimulation, there are common molecular threads
that underlie learning and neural communication. For example, learning is a process
shared among neurons throughout different brain regions and involves an increase
in the influx of intracellular Ca?* so that receptors involved in learning (e.g. mGIuR1)
can be activated. In turn, the activation of learning receptors can induce ultrastructural
changes in the neuron, especially at the synapse (e.g. greater spine density), to promote
sustained activity. Also common among neurons, is their ability to communicate with
one another. The release of neurotransmitters are a critical feature of action potential
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propagation and can be specific to the behavior by facilitating communication
between cells in particular neural circuits. For instance, dopamine and serotonin
can regulate emotion and support feelings of addiction and reward. Furthermore,
cholinergic signaling is commonly associated with satiating hunger and glutamatergic
signaling is commonly associated with learning and memory. While the roles of
neurotransmitters are dynamic, and can switch depending on age and circumstance,
the fact that neurotransmitter classes are well-elucidated, and we are learning more
and more about their contributions to health and disease, creates optimism that we
can uncover the molecular mechanism(s) of neurostimulation. However, it is still not
clear whether neurostimulation approaches simply piggy back on the endogenous
molecular pathways or whether stimulation in fact highjacks one or more pathways to
shape neural activity for behavioral improvement.

Efforts to elucidate the molecular mechanisms of neurostimulation approaches 3
transcend methods and brain regions. Of much interest to scientists and clinicians alike |
is how electrical stimulation works since this is an FDA-approved method that is already 1
readily employed in humans. Early studies on the molecular mechanisms of Parkinson’s 6 3
Disease entailed a combination of fast cyclic voltammetry (FSCV), microdialysis, high |
performance liquid chromatography electrochemical detection (HPLC-ECD), and 1
functional imaging (PET) [330,331]. Increased tyrosine hydroxylase (TH) expression 3
accompanied increased dopamine in the striatum of Parkinsonian rats after STN |
stimulation [330,331]. Furthermore, behavioral improvements were documented after 1
STN stimulation increased dopamine metabolism [331,332]. However, these results 3
were not reproducible in humans [333] and even if they were, it would not explain why |
DBS works despite patient resistance to dopaminergic drugs. Fluctuating serotonin !
levels have recently been implicated in the after-effects of STN DBS due to data 3
reporting that (1) cognitive and depressive symptoms develop after stimulation and |
(2) anti-Parkinsonian drugs reduce serotonin in the prefrontal cortex and hippocampus, 1
and (3) selective serotonin reuptake inhibitors (SSRIs) such as fluoxetine enhances 3
responsiveness to neurostimulation [334-336]. !

While measuring neurotransmitter concentration and imaging its release gave insight
into possible molecular mechanisms of DBS, more sophisticated methods have been
developed to analyze molecular and genetic changes that occur on the single-cell
level. Forniceal DBS is one example where quantitative PCR, RNA-sequencing, bisulfite
sequencing, and proteomics were performed to address how electrical stimulation
improves learning, memory, and promotes neurogenesis, as previously found by and
Hao, Shirvalker, and colleagues [337-339]. Through a combination of these molecular
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and stimulation techniques, Pohodich et al. (2018) found that forniceal DBS in mouse
upregulates genes involved in cell survival, synaptic function, and neurogenesis,
specifically through Jun signaling [337]. These data are particularly interesting since
earlier stimulation studies support the role of DBS in promoting neurogenesis through
findings that electrical fields can (1) selectively direct the migration of stem cells [340-
342], (2) increase blood flow [343], and (3) modulate neural networks (see sections by
Cooperrider, Manto and Oulad Ben Taib, Bradnam and McCambridge, Popa and Hallet,
and Timmann and Nitsche).

Are the molecular insights we have gained from studying STN and forniceal DBS
applicable to cerebellar stimulation? There is a breadth of evidence suggesting that
there may be some similarities. Not only does stimulating the cerebellum result in
increased plasticity (see section by Cooperider and colleagues), it has also been found
to be associated with dopamine release [344], increased blood flow [345,346], non-
motor relief [347], and modulatory effects on global neural networks [193,348,349].
Despite these shared properties, it is likely that molecular profiles diverge, especially as
the paradigm changes. For instance, different locations (e.g. dentate vs. interposed vs.
fastigal nuclei), frequencies (e.g. low vs. high), and pathologies most likely elicit different
molecular changes in order to achieve improvements in varied behaviors.

Understanding the molecular underpinnings of neurostimulation will greatly advance
the treatment of diseases originating from or involving the cerebellum. Expanding
studies to simultaneously address the effects of chronically implanting electrodes
into the cerebellum will also deepen our knowledge of how to best treat diseases. It
is already known that metal electrodes can promote gliosis, scarring, and prolonged
inflammation, but can chronic implantation have any benefit [350]? Electrical
stimulation may counter some of the negative effects of implantation, such as it can
modulate inflammatory responses [351], but can implantation itself be additive and
positively alter gene expression? It will be interesting to discover what stimulation
versus implantation does, in addition to resolving whether stimulation at different
frequencies and locations have distinct benefits. Solving these challenging problems
will promote the design and implementation of treatments and therapies for targeting
the many disorders with cerebellar involvement.
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Consensus and Summary

We present 13 different sections reviewing data for what is currently known about
cerebellar stimulation in humans, non-human primates, and rodent models. Based on
studies of electrical stimulation in the normal brain and in disease (human and animal
models), there is a general consensus that stimulating the cerebellum has profound
effects on behavior. Still, from a therapeutic perspective, one has to ask (and perhaps
re-ask) the most direct and fundamental questions: does cerebellar neurostimulation
actually work? If yes, how does it work?
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Clearly, stimulating the cerebellar cortex has a powerful influence on the circuit, and 3

the response conforms to the structural framework within the cerebellar layers as well !

as their interaction with the cerebellar nuclei (see section by D.H. Heck). Cerebellar i

nuclei stimulation has similarly convincing effects, particularly in the behavioral domain !
in which motor and non-motor responses are modulated (see section by M. Tanaka). |

But does this mean that placing stimulating electrodes into a cerebellar region alters i

the activity within that region? This has been a challenging problem to address since 6 !
most often the stimulating current creates enough noise that in vivo recording of the

responses at the stimulation site are masked. However, based on analysis of neuronal i

activity in mice that are genetically modified to exhibit dystonia, it is suggested that !

stimulation indeed could have local effects on the output properties of cerebellar |

neurons [79]. Although, is it really enough just to modulate cerebellar activity? Might i

there be additional long-distance changes that occur after cerebellar stimulation? The !

result of cerebellar stimulation in stroke certainly argues that cerebellar stimulation can !

induce plasticity in regions as distant as the cerebral cortex (see section by Cooperrider i

and colleagues) and these changes may be dependent on specific molecular !

mechanisms (see section by Cheng and colleagues). Even with this apparent specificity, |

it is hard to rule out the possibility that stimulation could induce several anterograde i

and retrograde effects, and they could be local or long-distance [352]. For DBS, this !

leads us back to the question that remains unanswered: what is the mechanism of DBS? !

The general concept of DBS is that high-frequency stimulation modulates erroneous i

neural activity and entrains it to a pattern that normalizes behavior. There are a !

number of possible mechanisms [353], but one perspective is that the pulses produce |

inhibitory neuronal effects on somata that are proximal to the location of the electrode. i

The inhibitory action could be the direct result of a depolarization block through a !

mechanism involving sodium channel inactivation and potassium current potentiation. |

However, DBS might also increase and regularize the output of the stimulated region !

by activating local axons—this is certainly an appealing hypothesis in cerebellar 3
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disorders since much of electrophysiological defects could stem from changes in the
firing regularity of the cerebellar nuclear neurons. At the network level, the end result
is that the entrainment overrides pathological oscillatory activity. Again, given the
potential dependence of cerebellar function on neuronal synchrony, it could be that
DBS ultimately serves to normalize activity within an existing internal framework that
packages cerebellar circuits into distinct functional modules.

Is the purpose of cerebellar stimulation to correct cerebellar functional itself, or is it
more important that it improves its functional connectivity with the rest of the brain?
There is also a third possibility that the most critical outcome of cerebellar stimulation
is to enhance connectivity between other brain regions. Testing between these ideas
could be carried out using modern optogenetics approaches (see section by Gornati
and Hoebeek), but human non-invasive stimulation has provided some important clues.
Long-lasting changes in motor and non-motor functions and the potential benefits in
ataxia, dystonia, and tremor would suggest that cerebellar rTMS and tCDS approaches
also induce changes in connected brain regions (see sections by Manto and Oulad Ben
Taib, Bradnam and McCambridge, Popa and Hallet, and Timmann and Nitsche). While
there is a consensus that cerebellar non-invasive stimulation is practical, relatively easy
toimplement in most medical institutions, and is relatively safe, there is also a consensus
on several matters that must be addressed. Blind, and perhaps double-blind, studies
will have to be performed to solve the lack of reproducibility across some studies. As
for DBS, the mechanism of action(s) is poorly understood, and the full impact on global
brain networks remain unclear.

We have argued that the cerebellum should be considered as a target for
neurostimulation, especially when other brain regions are, for whatever reason, not
ideal. However, being in its infancy as a therapeutic neurosurgical target, perhaps to
play devil’s advocate fora moment, we could ask why the cerebellum should not (yet) be
considered. There is a need to understand what regions of the cerebellar cortex are best
suited for different disease conditions, should stimulation paradigms take into account
zones, and when should the cerebellar nuclei be considered instead? If the cerebellum
is a better target in particular cases, which nucleus should be targeted? We have to
consider that stimulating a given nucleus might not only result in a specific outcome
because of its circuit connectivity, but also because each nucleus could have a very
different composition of glutamatergic, GABAergic, and glycinergic neurons. It should
also be noted that diseases such as ataxia can have developmental rearrangements in
the circuitry [354], which means that stimulating a certain target might not yield the
predicted outcome. Even if a desired location is theoretically the most ideal, what is
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the evidence that the electrode, in the case of DBS, will remain in place? We know from
experimental studies in rodents that while tetrodes maintain stability in regions such
as the hippocampus, there can be considerable drift in cerebellum. This could be due
to several factors such as curvature of the cerebellum, shape of the overlying, bone,
sinuses, and tissue density, which all could affect the proper anchoring of electrodes
to the targeted region. Current ongoing studies in human stroke patients (see section
by Cooperrider and colleagues) could help address many of these concerns, in addition
to determining the types of electrodes that are most suitable for the cerebellum, and
what the long-term impact on the tissue is. That is, what type of damage response is
initiated locally within the cerebellum - or by the cerebellum and then communicated
to connected regions — and are there any contraindications that arise, and how might
they be dealt with by troubleshooting and modifying the approach?
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Another major consideration, with its own hurdles, is if and when to use brain stimulation 3
in pediatric patients. The sheer number of neurons and glia in the cerebellum, andits |

protracted developmental timetable all contribute to its high level of susceptibility to i

injury and disease. The diseases that affect cerebellar development are many, including 6 !
well known disorders such as ataxia (several forms), hydrocephalus, medulloblastoma, |

cerebral palsy, and ASD. Interactions and expression in gene networks are significantly i

altered, and as a consequence the normal dynamics of morphogenesis are abnormal. !

The normal dynamics of typical cerebellar development are already a challenge for |

predicting when it might be safe and effective to intervene with stimulation, and with i

the added complexity of disease-induced changes, the need for determining when !

and where the best stimulation targets are, becomes even greater. That is, a reasonable !

target at one time point during development may be inappropriate at another time i

point because of structural and functional changes based on neuronal migration, circuit !

connectivity, synaptic plasticity, and gene expression. These biological properties of |

the cerebellum (and for that matter, all brain regions) are core features for asking what i

ethical standards must be in place in order to consider stimulation in children, especially !

for invasive approaches such as DBS. |

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

Although cerebellar stimulation arose from controversial work starting in the 1950s,
there has been a major overhaul in ethical standards throughout medical practice
around the world. Even though cerebellar neuromodulation has its origins in what
some researchers are now describing as a dark era of neurosurgery [355], there
are many important scientific findings and ethical lessons to draw upon. Although
this consensus focusses on relatively recent advances, the idea of stimulating the
cerebellum, especially as it relates to non-motor diseases, dates far back to the work
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of Robert G. Heath published in the 1970s but initiated in the 1950s [356, 357, see also
ref. 148]. Advances in our understanding of cerebellar development, genetics, anatomy,
and electrophysiological properties provide an ever-growing number of ideas to be
enthusiastic about, especially given the range of motor and non-motor functions that
are now attributed to normal cerebellar function. Perhaps the firmest consensus that
we have come to is that studies of cerebellar neurostimulation should proceed, but
only with the sharpest critical eye for experimental and ethical standards, alternate
explanations, and the mechanisms of action for each stimulation paradigm.

Concluding Remarks (R.V. Sillitoe)

Aswe continue to unravel the manyfunctions of the cerebellum, includingits unexpected
roles in non-motor function, its utility as a target for therapeutic neurostimulation will
expand. As a field, we should proceed with cautious optimism that the cerebellum
could be a much-needed source of corrective signals in a number of diseases. We look
forward to further experimentally testing whether cerebellar cortical, cerebellar nuclear,
or even cerebellar peduncular stimulation could be beneficial in ataxia, dystonia,
tremor, epilepsy, stroke, and a growing list of disorders. Whatever clinical successes are
achieved, we must continue to ask, how does neurostimulation work?
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Fig. 1. Schematic of the canonical cerebellar cortical circuit. A Cartoon drawing of the mouse
brain (left) and a sagittal section illustrating the three layers of the cerebellar cortex (right). Schematic
of the neurons in the cerebellar cortex (bottom, blown up) illustrating the repeating basic circuitry
that is comprised of Purkinje cells (gray), granule cells (green, with parallel fiber axons that bifurcate
in the ml), climbing fiber afferents (blue), mossy fiber afferents (orange), stellate cell interneurons
(red) and basket cell interneurons (black), Golgi cell interneurons (magenta), and unipolar brush cell
interneurons (yellow). The excitatory synapses are labeled with a“+"and the inhibitory synapses with
a"-"sign. The main output of the Purkinje cells is to the cerebellar nuclei, climbing fibers derive from
inferior olive neurons, and mossy fibers come from a number of regions including the pontine nuclei,
spinal cord, vestibular nuclei, and reticular formation. For simplicity, we have not shown the Lugaro
cells or the candelabrum cells. Abbreviations: Cb = cerebellum, ml = molecular layer, pcl = Purkinje
cell layer, gl = granular layer, cn = cerebellar nuclei, IO = inferior olive, SC = spinal cord, VN = vestibular
nuclei, RF = reticular formation.
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Fig. 2. Deep brain stimulation of the mouse cerebellum. A Cartoon schematic of a mouse
implanted with deep brain stimulation electrodes into the cerebellum. Even though this approach
uses wires to connect the stimulator to the electrode port, there is enough flexibility for analysis in
behaving animals. B Schematic of a tissue section cut through the mouse cerebellum illustrating the
bilateral targeting of the bipolar stimulating electrodes to the interposed (middle) nucleus (red).

Fig. 3. Deep brain stimulation of the human cerebellum. Cartoon drawing illustrating the general
approach of deep brain stimulation targeting the dentate (lateral) nucleus in human.
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Fig. 4. Electrical stimulation to the dentate nucleus advances sensory prediction. A Neurons
in the dentate nucleus exhibited firing modulation when the monkey attempted to detect a single
omission of periodic visual stimuli. B Electrical stimulation applied to the recording site shortened the
reaction time for the stimulus omission. Adapted with permission from [324].
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General discussion

Neurons exchange signals through synapses that build up the networks, such as
the cerebello-thalamic-cortical loop, in the brain. Understanding the structural and
functional connectivity of synapses is one of the fundamental goals of neuroscience.
So far, only few studies have addressed the basic anatomical description and systemic
function of the cerebello-thalamic connection (CN-TC).

The aim of this thesis was to characterize the structural and functional properties of
the CN-TC in young and adult mouse brain and to establish the cerebellar impact on the
thalamus in epilepsy mouse models. In the interest of describing the detailed properties
of CN-TC connection we used different tools, like optogenetics, transgenic mice and
electrophysiology to unravel how the cerebellar nuclei connect to thalamic cells and
what the impact is in the normal, healthy mouse brain (Chapter 4) and in disease
(Chapter 5). Moreover, we wanted to investigate the building blocks studying the
onset of the anatomical connection (Chapter 2) and recording the electrophysiological
properties of cerebellar nuclei that contain the neurons which synapse in the thalamus,
during various developmental stages (Chapter 3). Moreover, we also investigated
whether the Zebrin identity, and thus the location, of Purkinje cells, co-determined the
firing pattern of thalamus-projecting CN neurons.

CN neurons, the output of the cerebellum, need to integrate several inputs coming
from diverse sources. In the mouse brain the inhibitory input from PCs [1, 2] converges
onto CN neurons with an estimated ratio of ~50 controlling the CN firing pattern most
effectively in conditions of high PC synchronicity [3]. Also mossy and climbing fiber
collaterals project to CN neurons. Although quantitative anatomical data is absent,
these projections are thought to diverge and evoke excitatory responses that also
contribute to CN action potential firing [4-6]. Tracing studies in cats showed that half
of the axons originating from pontine nuclei send collateral branches terminating in
the dentate nucleus [7], which indicates that 50% of mossy fibers provide excitatory
inputs to CN and thus in principle compete with the inhibitory inputs from PCs (figure
1). Moreover there is a connection between the cerebellum and inferior olive as each PC
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Figure 1 Scheme of connection in the cerebellum. The cerebellar cortex receives main excitatory
inputs (black) from the inferior olive (I0) and pontine regions (PR) and provides via the Purkinje cell
axons an inhibitory feedback (red) to the CN. Whereas the external 10 and PR signals, which enter
the cerebellum via the climbing fibers (cf) and the mossy fiber (mf)-parallel fiber (pf) pathway, are
all excitatory, the local transmissions by the axons of the molecular layer interneurons (yellow) and
recurrent collaterals (prc) of the Purkinje cells (red) are all inhibitory. mfc, Mossy fiber collaterals; cfc,
climbing fiber collaterals. The local Golgi cell inhibition of granule cells (GC) is not depicted in this
drawing. Adapted from Heck et al. 2013

The olivary-cortico-nuclear circuit is organized in distinct modules based on the
expression of Zebrin [8]. Recent evidence indicates that PCs within the same module
operate around a preferred range of intrinsically determined simple spike firing
frequencies: 60 Hz for Zebrin-positive and 90 Hz for Zebrin-negative [9]. Several
hypotheses have been suggested to account for the possible modes of information
transfer under a regime of high inhibitory input [3, 10, 11]. One is the “synchrony
coding” theory, which states that the synchronized inhibition of the PCs is phase-
locking the spiking activity of the glutamatergic cells [3, 12]. On the other hand there is
the “rebound spike” hypothesis, which states that the glutamatergic cells encodes the
pauses of Purkinje cell activity in which hyperpolarization is released from the target
cell, and this release is causing the cell to fire a burst of spikes [12, 13]. According to
the “rebound spike” theory we would expect CN neurons of Zebrin-negative domain
to fire less action potential as the firing frequency of PCs cells is very high and the CV
is lower than in PC Zebrin-negative [9]. These firing patterns do not seem to give the
opportunity to CN neurons to have a pause sufficiently long to fire a burst of spikes
by activation of Ih, IT and INaP currents [12, 14, 15]. However the higher variability of
the Zebrin-positive PCs’ simple spike firing combined with the lower firing frequency
suggests that the firing pattern is more irregular and possibly less synchronized. This
could explain why we observed a lower FF in the Zebrin-positive CNs. Thus, because the
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different firing pattern of Purkinje cells of different olivocerebellar modules appear to
engage different CN spike activity, it seems that PCs have diverse encoding strategies
dedicated for the type of behaviour they control.

It is known that CN axons are branching in diverse thalamic region, which in turn
send projections to cortical areas involved in various behaviour, such as motor control,
motor learning and cognitive functions (chapter 4). Of note is that it has not been proven
that the nuclei receiving inhibition from Zebrin-positive or Zebrin-negative also have a
preferred target in thalamus; because of the tendency of the paired-pulse depression
at the CN-TC synapse upon repetitive light stimuli (chapter 4) and the fact that Zebrin-
negative CN cells fire at higher frequencies than Zebrin-positive CN cells indicates that
neurotransmission from Zebrin-positive CN neurons on their thalamic target neurons
might be more resilient against depletion. Therefore the impact CN neurons might have
on thalamic nuclei of different areas depends on their anatomical location and could
even be decisive on the information transmitted to thalamocortical neurons. So it will
be of interest to discern in the future, with dedicated anatomical experiments, if CN
connected by PCs of different modules also project to dedicated thalamic nuclei.

The cerebellar role in motor function is well recognized and recent experimental
evidence, which was pioneered by Jeremy Schmahmann [16] and others, uncovered the
connection between cerebellar functioning and cognitive processes, such as emotions,
working memory and attention [17-19].

In general motor and cognitive functions have been viewed as independent
phenomena, but they might be much more interrelated than has been previously
appreciated. There is no doubt on the role of cerebellum in motor leaning [20], but in
addition to that hallmark feature, several lines of evidence indicate that the mammalian
cerebellum is participating in non-motor functions that are also encoded by the
prefrontal cortex[21]. It has been found through neuroimaging studies that when a
cognitive task increases activation in dorsolateral prefrontal corte, it also increases
activation in the contralateral cerebellum [22]. Unsurprisingly, perturbations in the
correct development of the cerebellum lead also to deficits that spread to non-motor
functions[23].

Lesions in adult showed a deficit in cognitive tasks [24] and children who suffered
from congenital cerebellar malformations (such as Joubert syndrome) in addition to
motor problems display marked cognitive defects [25, 26]. Emerging data show that
neurodevelopmental disorders like autism spectrum disorders (ASD) are linked to

Why only motor? 7 |
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synaptic dysfunctional networks [27, 28]; in mutant mice that are characterized by
impaired function of the postsynaptic scaffolding protein Shank2 in cerebellar cortex
social interaction deficits have been described, supporting a non-motor function of the
cerebellum [29].

Perturbation during development might lead to abnormalities in the brain structure.
Data gathered in mice indicate that there are critical periods in which disruption of the
thalamic activity decreased the size of the correlated cortical area [30]. These findings
suggest ‘normal’ thalamic activity is required for expansion of the cerebral cortex. In
chapter 2 we investigated when the cerebello-thalamic connection is formed. Our
findings suggest that there might be two different time points at which cerebellar
defects could cause thalamo-cortical abnormalities, when it enters ventral thalamus (at
15.5E) and when it goes to dorsal thalamus (at 17.5). It has been shown in mice that
a part of the ventral thalamus, zona incerta (ZI), when silenced, it leads to decreased
synaptic activity and apical dendritic complexity of cortical neurons [31], suggesting
that GABAergic projection from the ZI to cortex is essential for proper development
of cortical neurons. A similar effect was shown for thalamus-barrel cortex connectivity
[30], which together with the previously mentioned findings seems to indicate that
it is fundamental for the normal development of thalamo-cortical networks that
the neuronal activity of thalamic neurons remains undisturbed as long the axonal
connections have not been completed. Cerebellar fibers are projecting both to ZI and
the other nuclei of dorsal thalamus, suggesting that once these cerebellar efferents
reach these target neurons they can contribute to the correct activity of thalamic and
incertal neurons and thus to the proper development of their cortical targets. As shown
in chapter 4, the cerebello-thalamic connection spreads to different thalamic regions
affecting also areas of the cortex that are not only related to motor activity. If during
invasion of the cerebellar fibers in the thalamus, the CN cells change their activity, as the
correct axon growth depends on cAMP signalling and calcium influx [32], and/or target
this might lead also to abnormal development of the thalamo-cortical connection also
in brain areas like the prefrontal cortex increasing the chances to progress cognitive
deficits.

The ventrolateral and ventromedial nuclei of the thalamus, both related to the
execution and planning of motor activity, are the ones that already at E18.5 (as shown
in chapter 2) receive the most of the innervation from cerebellum. However, also
intralaminar nuclei receive a remarkable number of fibers in adult brain of many animal
species [33-35]. So, however, we have to acknowledge that the main role of cerebellum
can still be in motor function, there are evidences that the role that it plays in higher
functions is of relevance.
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The (strong) impact of cerebellum on thalamus

Information that has been processed by the cerebellum can end up in the thalamic
complex (figure 2) and thereby reach various cerebral cortical regions. This information
is spread divergently to more than one region broadening the effect that it might
have on cortical activity. Taking advantage of optogenetic tools that allow us to label
and activate specific cell populations in specific CNS structures [36], in chapter 4 we
investigated the impact of cerebellum on thalamic nuclei related to motor function (VL
and VM) and intralaminar nuclei (CL).

® CentroLateral
® \/entroLateral
® VVentroMedial

The difference in the amplitude of the evoked response suggested that the information
destined for the motor thalamus (VL nucleus) needs to arrive at the target with
millisecond precision and be faithfully transmitted to motor cortex. However the
message passing through the intralaminar nucleus CL is smaller compared to the “main”
in the motor thalamic regions, suggesting a differential impact on the cortical areas
innervated by CL thalamocortical neurons. It seems plausible that the message passing
through the thalamus to motor cortex could send smaller “copies ” of the main message
to keep higher cortical areas informed of such commands. For the cerebellar output
CL seems a relevant target to get this information as for its nature, its axons diverge to
many cortical areas like parietal, frontal and striatum. The connection to the striatum is
also of interest, because it has been shown that cerebellar activation in mice altered the
activity of striatal neurons facilitating optimal motor control [37].

This broad impact might also explain why, as seen in chapter 5, optogenetic
stimulation of cerebellar terminals in thalamus could re-establish physiological
thalamo-cortical network in epileptic mice. The tottering mouse phenotype is due to
a mutation in the gene that encodes the Cav2.1 (P/Q-type) Ca2+ channels, which are
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important for initiating synaptic transmission at most synapses formed by neurons of
the mammalian central nervous system [38]. Previous studies reported that tg mice
have impaired inhibition of thalamo-cortical cells on layer 4 pyramidal neurons [39]
and impaired EPSC amplitude in VB thalamic cells upon current injection [40]. These
data support the idea that both inhibitory and excitatory transmission in the thalamo-
cortical networks are reduced, which could lead to pathological oscillations [41].
Thalamic cells receive, beside cortical and subcortical inputs, also inhibitory inputs from
reticular nuclei. All these inputs together defines the state of the thalamic cell that upon
asudden, synchronized excitation (coming from CN) can trigger an action potential, asin
the case of the potent CN-VL transmission, or a subthreshold membrane depolarization
that stops oscillatory activity, as in the case of CN-VM and CN-CL transmission — both
these may contribute to the eventual stop of absence seizures following single-pulse
CN stimulation. Yet, since we were not able yet to investigate the impact of the tg
CaV2.1 mutation, it would be of interest to dedicate a set of experiments to investigate
whether CN terminals release properties, like release probability, are affected by the
gene mutation and whether compensatory mechanisms, such as the upregulation of
other calcium channels (N-type) [42] are at work. It is possible that although the channel
composition is different, the thalamic neurons will take advantage of the summation of
the input coming from synchronized cerebellar terminals to overcome the lower release
probability.

To conclude, more experiments need to be performed in vivo to investigate in wild
type animals how optogenetic stimulation of cerebellum can affect thalamic activity
and behaviour. So far, the efforts in the neuroscience field [43, 44], appear too limited
to make any strong statement about the different functions that the cerebellar output
can have in thalamo-cortical networks. For these reasons we need to explore through
behavioural tasks to test either attention, learning and memory and social behaviour, if
enhancing CN output through optogentic stimulation can show significant influence on
the performance. Moreover it will be worth to perturb the CN afferents during different
stages in the development to investigate the impact on the cerebello-thalamo-cortical
loop. In light of the cerebellar role in several neurodevelopmental disorders, it is of great
interest to unravel which cerebellar and thalamic nuclei are prone to lead to specific
pathological conditions and if there are sensitive time points in which restoring or
helping the correct development of these fibers can prevent the onset of the disease.
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Samenvatting

Samenvatting

Het hoofdoel van dit proefschrift was om de verbindingen tussen het cerebellum
en de thalamus in het muizen te karakteriseren om zo meer antwoorden te kunnen
genereren op vragen over de rol van deze verbinding in motorische en cognitieve
functies, alsmede in neurologische ziekten zoals epilepsie. Om dit doel te bereiken
zijn er elektrofysiologische en anatomische experimenten uitgevoerd in zowel het
ontwikkelende en volwassen brein.

De resultaten in hoofdstuk 2 geven inzicht in de vorming van de cerebello-
thalamische verbinding tijdens de embryonale ontwikkeling. Het tijdspunt waarop de
eerste neuronale verbindingen wordt gevormd blijkt in de laatste dagen in utero plaats
te vinden. Deze kennis zal bijdragen aan het opbouwen van een referentiekader over
hoe en vanaf welke leeftijd een cerebellaire afwijking kan leiden tot een breed pallet
van neurologische aandoeningen.

De resultaten in hoofdstuk 3 beschrijven hoe de cerebellaire kernen de door het
cerebellum verwerkte informatie doorstuurt naar andere breinkernen. De Purkinje cellen
zijn zowel functioneel als moleculair gecategoriseerd en in dit hoofdstuk wordt de impact
van de verschillende activiteitspatronen op cerebellaire kernneuronen onderzocht.

In hoofdstuk 4 zijn resultaten beschreven die verkregen zijn door met optogenetica
selectief de axonen van cerebellaire kernneuronen te stimuleren en door middel
van ‘patch clamp’ afleidingen de respons te meten in thalamische neuronen. Deze
metingen zijn uitgevoerd in de ventrolaterale, ventromediane en centrolaterale
thalamische kernen. De elektrofysiologische karakteristieken en de morfologie van deze
verbindingen bleken specifiek per thalamische kern, en dus variabel. De bevindingen
suggereren dat de cerebellaire verbindingen wijdverspreid en variabel effect hebben
op de cerebrale schors en de daarin gecodeerde functies.

In hoofdstuk 5 hebben we effectiviteit van de cerebellaire verbindingen naar
de thalamus verder onderzocht, door de cerebellaire kernneuronen of —-axonen
optogenetisch te stimuleren in een muismodel voor gegeneraliseerde absence
aanvallen. Deze vorm van epilepsie wordt gekenmerkt to pathologische oscillaties
in de thalamo-corticale banen die gestopt kunnen worden door optogenetische
stimulaties van de cerebellaire kernneuronen. In dit hoofdstuk blijkt dat stimulaties
van de cerebellaire kernneuronen een variabel effect heeft op de vuurpatronen van de
thalamische neuronen. Directe stimulatie van een deel van de axonen bleek minder
effectief in het stoppen van absence aanvallen dan de cerebellaire kernneuronen.

Hoofdstuk 6 bevat een literatuuroverzicht van stimulatieexperimenten die als doel
hadden om de rol van het cerebellum in verschillende neurologische aandoeningen te
bestuderen.
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Summary

Summary

The primary goal of this dissertation was to characterize the cerebello-thalamic (CN-
TC) connection in mice to further elucidate questions regarding its role in motor
and non-motor functions as well as in neurological disorders like epilepsy. Hereto,
electrophysiological and anatomical experiments were performed in both the
developing and adult mouse brain.

Chapter 2 provides insight into the formation of CN-TC connections during
embryonic development and thereby reveal the time point from which the CN axons
enter the thalamus and from when these axons start to form synapses. This knowledge
will help to set the time point from which perturbations of the cerebellar development
might lead to a dysfunctional cerebello-thalamic-cortical loop and thereby contribute to
the wide range of neurological conditions reported in pediatric patients with cerebellar
dysfunction.

Chapter 3 investigates the mode in which CN forward the information coming from
cerebellar cortex. Previous research indicates that the peculiar organization of Purkinje
cells in bands translates into differences in action potential firing patterns; we now
showed that in turn CN action potential firing also adheres to the dichotomous inputs
from the cerebellar cortex, which most likely also radiates to the information that is
conveyed to thalamic cells.

With the use of optogenetics and whole cell patch clamp techniques in chapter 4
we discovered the impact that the synchronization of CN terminals have on the thalamic
cells positioned in different nuclei, such as the ventrolateral (VL), the ventromedial (VM)
and centrolateral (CL) nucleus. As the effect was diverse in these thalamic nuclei, each
of which connects to various cortical areas, we propose that cerebellar inputs can affect
various cortical regions in a differential manner, and thus could affect cortical regions
that encode motor behaviour different from cortical regions that contribute to cognitive
functions.

This powerful connection in VL, but also the smaller amplitude responses in VM
and CL raised the question how this excitatory input contributes to stop pathological
thalamo-cortical oscillations during seizures. In chapter 5 we utilized epileptic tottering
mutant mice and optogenetics to control the action potential firing in CN neurons, or
the glutamate release from their axon terminals to de-synchronize thalamic cells. We
found that direct stimulation of either the CN neurons or their axons stopped absence
seizures, but that CN stimulation was most effective. In chapter 6 we discussed the role
of cerebellum in epilepsy mouse models and the power of optogenetic stimulation to
perturb pathological conditions and re-establish normal brain function.
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