
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Serotonergic control of the developing cerebellum

Oostland, M.

Publication date
2013
Document Version
Final published version

Link to publication

Citation for published version (APA):
Oostland, M. (2013). Serotonergic control of the developing cerebellum. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/serotonergic-control-of-the-developing-cerebellum(2f6ab3c8-ee9b-499f-bbed-f584e0285b29).html


Marlies Oostland
Serotonergic control 
of the developing 
cerebellum

M
arlies Oostland Serotonergic control of the developing cerebellum

marlies proefschrift omslag.indd   1 26-04-13   12:48



S 

   



The research described in this thesis was carried out at the Swammerdam Institute

for Life Sciences, Center for Neuroscience, University of Amsterdam, the Nether-

lands and was financially supported by the Research Council for Earth and Life

Sciences (ALW) with financial aid from the Netherlands Organisation for Scientific

Research (NWO).

Copyright © 2013 Marlies Oostland.

Typeset in TeX Gyre Pagella by the author using LATEX 2ε.

Cover artwork: Chiel Veffer vormgeving Amsterdam.

Printed by Wöhrmann Print Service.



S 

   

A 

ter verkrijging van de graad van doctor

aan de Universiteit van Amsterdam

op gezag van de Rector Magnificus

prof. dr. D.C. van den Boom

ten overstaan van een door het college voor promoties ingestelde

commissie, in het openbaar te verdedigen in de Agnietenkapel

op woensdag 19 juni 2013, te 12.00 uur

door

Marlies Oostland

geboren te Haarlemmermeer



Promotiecommissie

Promotor: prof. dr. W.J. Wadman

Copromotor: dr. J.A. van Hooft

Overige leden: prof. dr. H.D. Mansvelder

prof. dr. C.M.A. Pennartz

prof. dr. M.P. Smidt

prof. dr. C.I. de Zeeuw

dr. J.R. Homberg

dr. H.J. Krugers

Faculteit der Natuurwetenschappen, Wiskunde en Informatica



"¿Qué misteriosas fuerzas presiden la aparición de las expansiones, promueven su

crecimiento y ramificación, provocan la emigración congruente de células y fibras,

según direcciones prefijadas y como obedeciendo á sabio plan arquitectónico, y

establecen, en fin, esos ósculos protoplásmicos, las articulaciones intercelulares, que

parecen constituir el éxtasis final de una épica historia de amor?"

"What mysterious forces precede the appearance of the processes, promote their

growth and ramification, stimulate the corresponding migration of the cells and

fibres in predetermined directions, as if in obedience to a skilfully arranged

architectural plan, and finally establish those protoplasmic kisses, the intercellular

articulations, which seem to constitute the final ecstasy of an epic love story?"

Santiago Ramón y Cajal - Recuerdos de mi vida (1923)

describing the formation of connections between parallel fibres and Purkinje cells
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Chapter 1

General introduction

Part of this chapter forms the basis of a review paper,

published as:

M. Oostland and J.A. van Hooft

The role of serotonin in cerebellar development

Neuroscience, in press

1



2 Chapter 1

1.1 Preface

Brains of all species undergo a precise and crucial developmental process, both before

and after birth. In humans, development of the brain occurs until after the teenage

years, during which the volume of the brain doubles and the cortical gray matter

volume increases fourfold (Lodygensky et al., 2010). Even after that age, neurons and

their neuronal networks keep changing. New neurons can be born in specific areas

of the brain, and connections between neurons are adapted under the influence of

experience.

During brain development, neurons are born and migrate to their final destina-

tion, they grow and start to form functional connections with the cells around them.

In order for neurons to form these connections, both their axon and their dendrites

must grow in the right direction and to the right location for synapses to form. It

is therefore important that the dendritic formation, growth and maturation occurs

in the right way. Under- or overshoot of the dendritic growth may lead to a mal-

functioning of the neuronal network. Thus, having brain cells with bigger dendritic

trees does not necessarily lead to a better brain functioning. Stop signals for the den-

drites to grow are essential to establish the right neuronal connections and ensure a

well-functioning brain.

One of the factors involved in brain development is the classical neurotransmit-

ter serotonin (5-hydroxytryptamine, 5-HT; Lauder and Krebs, 1978; Lauder et al.,

1983; Levitt et al., 1997; Gaspar et al., 2003). Serotonin provides low levels of tonic

extrasynaptic neurotransmitter receptor activation and signaling in the developing

nervous system (Lauder, 1993). Alterations of serotonin levels in the brain during de-

velopment affect the connections between neurons which may produce long-lasting

changes leading to neurodevelopmental disorders such as autism and schizophrenia

(Migliarini et al., 2012). However, the role of serotonin in neurodevelopment is not

yet fully known. It is hypothesized that the temporal pattern of serotonin levels dur-

ing development may underlie its role in neurodevelopmental disorders. Children

produce twice more serotonin in the brain during their first five postnatal years than

adults, indicating its importance in development (Chugani et al., 2001). Members of
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the serotonin receptor family are expressed during pre-and postnatal development,

during which each serotonin receptor has its own specific temporal expression pat-

tern (del Olmo et al., 1994; Gaspar et al., 2003). Furthermore, there is a develop-

mentally critical window during which altered serotonin levels permanently influ-

ence neuronal circuitry (Daubert and Condron, 2010). This developmentally critical

window is in rodents during the early postnatal period. An intriguing question is

whether serotonin acts throughout the development of the serotonergic innervation

and whether specific developmental phases exist. I suggest that through differen-

tial expression and function of serotonin receptors during different developmental

phases, serotonin may have different effects throughout development. In order to be

able to answer this question, it is important to investigate the expression and function

of different serotonin receptors during each developmental phase.

One of the brain regions whose development occurs mostly postnatally is the cere-

bellum. The cerebellum is a highly organized brain area, whose tri-laminar structure

and development were described in detail by Ramón y Cajal after his pioneer in-

vestigations (1890). Cerebellar development, i.e. migration of neurons, alignment

of cells, and growth and maturation of the neurons all occurs in rodents in the first

three weeks after birth. In humans, development of the cerebellum occurs until the

first postnatal years (ten Donkelaar et al., 2003; ten Donkelaar and Lammens, 2009).

So far, the cerebellum is known to be involved in motor coordination and motor learn-

ing, but is recently also thought to be involved in cognition and emotion (Middleton

and Strick, 1998; Sacchetti et al., 2009; Strata et al., 2011; O'Halloran et al., 2012). This

also includes involvement in autism and schizophrenia.

In adult animals, the cerebellum is richly innervated by serotonin: serotonergic

fibres are the third main afferent fibres into the cerebellum. In order to gain a better

understanding of the possible role of the cerebellum in neurodevelopmental disor-

ders and the serotonergic system therein, it is of importance to understand the func-

tioning of the serotonergic system in the cerebellum. However, the physiology of the

serotonergic system and its functional significance are not fully known during devel-

opment in the cerebellum. In this thesis I will focus on the serotonergic regulation of

the cerebellum during postnatal development.
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1.2 The cerebellum

The cerebellum, Latin for little brain, has been a subject of study because of its clear

anatomy. The anatomy of the cerebellum was already described in the early 19th cen-

tury (as reviewed in Glickstein et al., 2009), and knowledge of the neuronal circuitry

within the cerebellar cortex made it an attractive brain area to study neuronal net-

works in the brain. The cerebellum consists of two hemispheres with the central ver-

mis in the middle. The cerebellum can be divided in ten sagittal lobules, as described

by Larsell (1952, 1970). The cerebellar cortex is a trilaminar structure, consisting of

the outer molecular layer, the middle Purkinje cell layer and the inner granule cell

layer (figure 1.1). In the molecular layer one finds the cerebellar interneurons, stel-

late, basket and Golgi cells, the dendrites of the Purkinje cells and the parallel fibres

of the granule cells. The Purkinje cell layer is a monolayer of Purkinje cell somata

aligned next to each other. In the inner granule cell layer one finds the granule cells,

mossy fibres and Lugaro cells. The granule cells are small but numerous, in total ac-

counting for approximately half of the neurons in the mammalian brain. Climbing

fibres ascend from the white matter through the granule cell layer until they wrap

around the soma and dendritic tree of one Purkinje cell in the Purkinje cell layer and

the molecular layer.

Purkinje cells, first described by and named after the Czech anatomist and phys-

iologist Jan Evangelista Purkynẽ (1837), are the sole inhibitory output of the cerebel-

lum and project to the deep cerebellar nuclei. One Purkinje cell is innervated by two

glutamatergic inputs: multiple parallel fibres and one climbing fibre. Parallel fibres

are the axons from the granule cells, which receive excitatory inputs from mossy

fibres originating from nuclei in the spinal cord and the brainstem. Parallel fibres

extend for long distances in a transverse plane, innervating hundreds of Purkinje

cells. One Purkinje cell gets inputs from thousands of granule cells via their paral-

lel fibres. The other excitatory input to Purkinje cells, the climbing fibre, has a one

to one contact with Purkinje cells and originates from the inferior olivary nucleus.

Purkinje cells receive multiple inhibitory contacts from the molecular layer interneu-

rons (the basket and stellate cells) and Lugaro cells. Other inhibitory cells are the
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Figure 1.1: Circuitry of the cerebellar cortex.
Circuitry of the cerebellar cortex showing the three layers (molecular layer, Purkinje cell
layer, granule cell layer). Abbreviations: 5-HT, serotonin; Ach, Acetylcholine; GABA, γ-
Aminobutyric acid; GLU, Glutamate; Gly, glycine; NA, Noradrenaline. Adapted from Sotelo
(2011).

Golgi cells and unipolar brush cells but they do not project onto Purkinje cells. In-

put from parallel fibres can constitute a so-called simple spike in Purkinje cells, while

input from one climbing fibre generates a complex spike in Purkinje cells. The cere-

bellum is connected to many regions of the cerebral cortex. Axons from the dorsal

dentate nucleus innervate motor areas and axons from the ventral dentate nucleus

innervate non-motor areas of the prefrontal cortex. In addition, the deep cerebellar

nuclei also project to non-cortical regions such as the limbic system, the hypothala-

mus, thalamus, nucleus accumbens and the ventral tegmental area. The cerebellum

plays a crucial role in this distributed circuit and coordinates or modulates aspects

of cortical activity.

The cerebellum is associated with functioning of the motor system, and more

specifically motor control and motor learning, such as the initiation of movement

and the coordination of posture, head and eye movements, skilled motor activities,

and language. One important theory of cerebellar functioning is the Marr-Albus-Ito

hypothesis which predicted the existence of long-term depression (LTD) based on
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Hebbian principles (Marr, 1969; Albus and Branch, 1971; Ito, 1984). They hypothe-

sized that activation of both parallel fibres and climbing fibres is necessary for LTD,

during which climbing fibre activation acts as an error signal. LTD at the parallel

fibre - Purkinje cell synapse was thought to be the key to motor learning (see also

Linden, 2003). However, this view has recently been challenged (Schonewille et al.,

2011).

1.3 Pre- and postnatal development of the cerebellum

Cerebellar development begins halfway the embryonic period. The first cells to be

born are the neurons from the deep cerebellar nuclei and the Purkinje cells, whose

birth start around embryonic day (E) 11 - 13 in rodents. The inhibitory interneurons

are mostly born during the first ten postnatal days. The last cell type to be born in

the cerebellum is the granule cell, whose development occurs completely postnatally,

in rodents during the first three postnatal weeks. The timeframe of neurogenesis for

different cerebellar cells is summarized in figure 1.2.

In rodents, the cerebellum is still developing during the first weeks after birth.

This includes general growth of the cerebellum and development of the lobules, and

organizational developments at a cellular level (figure 1.3). In general, the first post-

natal week is characterized by stable immaturity of the cerebellar network, while

there is a transitionary stage during the second postnatal week. During the first two

postnatal weeks, the inhibitory stellate cells, basket cells and Golgi cells proliferate

and migrate to their final positions. Functional parallel fibre - Purkinje cell synapses

are formed at the end of the first postnatal week (Altman, 1972b). During the third

postnatal week, stellate and basket cells form feed-forward pathways from parallel fi-

bres to Purkinje cells, and Golgi cells form a feedback pathway from parallel fibres to

granule cells. By the third and fourth postnatal week the cerebellum has developed

into a stable adult stage.

Efferent projections from Purkinje cells to the cerebellar and vestibular nuclei oc-

cur during late embryogenesis and synaptic contacts are established around birth
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Figure 1.2: Neurogenesis in the cerebellum.
Projection neurons, such as the Purkinje cells, are first born in the cerebellum. This is followed
by the birth of local interneurons and granule cells. Adapted from Carletti and Rossi (2008).

(Eisenman et al., 1991). The exact timing of the development of projections from the

cerebellar nuclei to the thalamus is not known, but it is likely that these connections

are made before postnatal day (P) 21 as it is during this neonatal and juvenile period

that systematic changes take place and the cerebellar network is formed (Altman and

Bayer, 1996).

1.3.1 Purkinje cell development

Shortly after birth, developing Purkinje cells migrate to form a single layer of Purk-

inje cells just beneath the external granule cell layer. Around birth, Purkinje cells

still form a multilayered zone (Uzman, 1960). They form a monolayer around P10

(Miale and Sidman, 1961). During the first few days that Purkinje cells are aligned

in a monolayer, they do not yet form connections (Altman, 1972a). Once settled at

their final position, Purkinje cell development occurs in different morphological and

physiological stages (Fig. 1.4; Ramón y Cajal, 1911; Altman, 1972a; Kapfhammer,
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2004; McKay and Turner, 2005): an initial stable immature stage of minimal change

from birth to P9, a transitional stage in which the Purkinje cells undergo major mor-

phological and physiological maturation, and from P18 a stable adult stage with only

minor refinements. In the first stage, Purkinje cells have small somata with multipo-

lar peri-somatic dendrites. At P9, their soma size has increased threefold, and the in-

put resistance decreases accordingly. During the second transitional stage (P9 - P12),

Purkinje cell morphology is hugely variable, indicating a rapid change in Purkinje

cell morphology which does not have a similar temporal pattern for each Purkinje

cell. Input resistance is lower in more mature Purkinje cells. Purkinje cells in the

vermis and the anterior and posterior hemispheres have different times of migration

and settling (Goodlett et al., 1990; Altman and Bayer, 1996). Monoplanar arborization

of Purkinje cells is coupled with functional development of the cerebellar circuitry.

During the third postnatal week, expansion of the dendritic tree of Purkinje cells oc-

curs in multiple sagittal planes. Dendrites then become confined to a single plane in

the fourth postnatal week. In mice with abnormal Purkinje cell connectivity and mo-

tor discoordination, Purkinje cell arborization continues in multiple sagittal planes

instead of the mature monoplanar organization (Kaneko et al., 2011). During the fi-

nal developmental period, the Purkinje cell dendritic tree vastly increases in size and

complexity (see figure 1.4).

1.3.2 Granule cell development

Granule cells migrate twice, in different directions: first tangential migration, and

secondly radial migration, during and after which they form synaptic connections

(figure 1.3). Between E15 and P15, granule cell progenitors start to migrate tangen-

tially from the rhombic lip to form the external granule cell layer. In the external

granule cell layer, the granule cells start to bilaterally extend long horizontal pro-

cesses, the parallel fibres. During the first three postnatal weeks in rodents, the gran-

ule cells migrate radially along the Bergmann glia cells. They thereby migrate from

the external granule cell layer through the Purkinje cell layer into the internal granule

cell layer. Finally, migration terminates in the internal granule cell layer, where the
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P0 P3 P6 P9 P9 P12 P12

P15 P18 P30 P39 P90

50 µm 

Figure 1.4: Morphological maturation of Purkinje cells.
Purkinje cells mature slowly from P0 to P9, underwent rapid dendritic growth between P12
and P18, and gradually complete development by P90. Two examples are shown at P9 and P12
to indicate significant heterogeneity in Purkinje cell morphology at these ages. Adapted from
McKay and Turner (2005).

granule cells form synapses with Golgi cells and mossy fibres and become physio-

logically mature: their voltage-gated Na+ currents become larger and they have an

increased ability to fire action potentials (see also chapter 2). The extended parallel

fibres, whose terminals are still in the top 2/3rd of the external granule cell layer,

start to form functional connections with the Purkinje cell dendrites. Three weeks

after birth, granule cell migration and maturation is complete.

1.3.3 Climbing fibre elimination

During the maturation process of the Purkinje cells, synapses formed with both exci-

tatory and inhibitory inputs can change based on the amount of activity from these

inputs: activity-dependent synaptic plasticity takes place. After the formation of first

climbing fibre - Purkinje cell synapses, and then parallel fibre - Purkinje cell synapses,

connections are dynamically modified, resulting in the elimination of climbing fibres

until each Purkinje cell is innervated by only one persisting climbing fibre, in parallel

with ongoing synaptogenesis onto Purkinje cells from parallel fibres (Eccles, 1967;

Crepel et al., 1976; Mariani and Changeux, 1981; Chedotal and Sotelo, 1993; Sotelo,
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P5

P8

P20

0.5 nA 2 nA 2 nA

Figure 1.5: Climbing fibre elimination.
During the first postnatal week in rodents, Purkinje cells are polyinnervated by multiple climb-
ing fibres, which are all but one eliminated during the next two postnatal weeks. In adult
rodents, Purkinje cells are innervated by a single climbing fibre. From De Gruijl et al. (2013).

2004).

At P0, a Purkinje cell is innervated by multiple climbing fibres which will all but

one be removed during the first few postnatal weeks (Crepel et al., 1976; see figure

1.5). The maximum degree of polyinnervation is reached between P1 and P7 where

nearly 50% of the Purkinje cells bear at least four climbing fibres (Kano et al., 1995). In

the first few postnatal days, climbing fibres are building synapses onto the Purkinje

cells as shown by the fact that multiple climbing fibre innervation index increases

(Crepel et al., 1981; Mariani and Changeaux, 1981). During this time, climbing fibres

only contact Purkinje cell somata, and from P8 they start to innervate the Purkinje

cell dendrites (Mason et al., 1990). Climbing fibre competition is already ongoing

from P3, before dendritic translocation of the 'winning' climbing fibre takes place

(Hashimoto et al., 2009; Carrillo et al., 2013).
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Interestingly, parallel fibre input has a highly dominant role in climbing fibre re-

gression during development. Morphological and electrophysiological data demon-

strate that parallel fibres synapses appear at P7 and their development is significantly

correlated with the time course of the climbing fibre regression (Scelfo and Strata,

2005). Partial loss of granule cells results in innervation of a Purkinje cell by multi-

ple climbing fibres even in the adult stage (Mariani et al., 1990; Bravin et al., 1995;

Sugihara et al., 2000). However, details on how parallel fibre - Purkinje cell synapse

activation may lead to climbing fibre regression are unknown. I will thus investigate

the effect of different serotonin receptors on parallel fibre - Purkinje cell activity and

the subsequent effect on climbing fibre elimination during postnatal development.

1.4 Serotonin

Serotonin (5-hydroxytryptamine, 5-HT) was first described in 1948 (Rapport et al.) as

the 'serum tonic factor', and was therefore named serotonin. In 1953 serotonin was

detected in the brain (Twarog and Page). There is a great diversity in serotonin recep-

tors, of which serotonin 1 - 2 and 4 - 7 receptors are all G protein coupled receptors.

The serotonin 3 (5-HT3) receptor is the only ligand-gated ion channel for serotonin.

1.4.1 The 5-HT3 receptor

The 5-HT3 receptor is the only serotonin receptor which does not belong to the G

protein receptor superfamily. The 5-HT3 receptor is a ligand-gated cation channel,

enabling fast synaptic transmission. The 5-HT3 receptor has two known subunits:

the 5-HT3A subunit and the 5-HT3B subunit (Derkach et al. 1989; Maricq et al. 1991;

Davies et al., 1999). The 5-HT3 receptor is a pentamer with two different natural forms

known: the homomer receptor, consisting of only 5-HT3A subunits and mainly lo-

cated in the brain, and the heteromer receptor: a combination of 5-HT3A and 5-HT3B

subunits which is only found in the peripheral nervous system. 5-HT3 receptors are

permeable to cations such as potassium, calcium and sodium (Yakel et al. 1990).

The 5-HT3 receptor is expressed throughout the CNS, in particular by GABAergic
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interneurons, with high levels of expression in the cortex, hippocampus, amygdala,

several brainstem nuclei and the spinal cord (reviewed by Chameau and van Hooft,

2006). In addition, 5-HT3 receptors are expressed postsynaptically by Cajal-Retzius

cells, located in layer I of the cortex during the first two postnatal weeks (Chameau

et al., 2009). The 5-HT3 receptor is also expressed in a subset of GABAergic interneu-

rons, such as those expressing calretinin, cholecystokinin (CCK; Morales and Bloom,

1997), and calbindin (Bloom and Morales, 1998). Neurotransmitter release is medi-

ated by the 5-HT3 receptors on the presynaptic sites by increasing the intracellular

Ca2+ concentration via Ca2+ entry either through the 5-HT3 receptor-operated ion

channel or indirectly via activation of voltage-gated Ca2+ channels. Generally, presy-

naptic 5-HT3 receptors modulate neurotransmitter release and postsynaptic 5-HT3

receptors control neuronal excitability. 5-HT3 receptors are also interesting for clini-

cal reasons: 5-HT3 receptors are involved in nausea, emesis, nociception, and possi-

bly also in cognition and anxiety (Barnes and Sharp, 1999). So far, 5-HT3 receptors

have not been found in the cerebellum (see also section 2.1 for a more detailed liter-

ature discussion on this topic).

1.4.2 Serotonin in the cerebellum

Serotonergic fibres are the third largest population of afferent fibres extending in

the cerebellum, after mossy fibres and climbing fibres. Serotonergic fibres which

innervate the cerebellum originate mainly in the medullary- and pontine reticular

formation, although some serotonergic inputs originate from the raphe nuclei and

the gigantocellular reticular formation adjacent to the raphe nuclei (Chan-Palay, 1975;

Takeuchi et al., 1982; Weiss and Pellet, 1982; Bishop and Ho, 1985). These serotonergic

fibres form a dense network in the granular layer and are found around the somata

of Purkinje cells, and in the overlying molecular layer, which contains the dendrites

of Purkinje cells (Andén et al., 1967; Hökfelt and Fuxe, 1969; Takeuchi et al., 1982;

Beas-Zarate et al., 1984; Bishop and Ho, 1985; Triarhou and Ghetti, 1991). Serotonin

axon terminals innervate Purkinje cell dendrites (Sotelo and Beaudet, 1979), granule

cell dendrites (Chan-Palay, 1975; Chan-Palay et al., 1977; Sotelo and Beaudet, 1979;
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Beaudet and Sotelo, 1981), parallel fibres (Sotelo and Beaudet, 1979), and basket, stel-

late and Golgi cells (Chan-Palay, 1975; Chan-Palay et al., 1977). Different serotonin

receptors have distinct functions and can mediate both excitatory and inhibitory neu-

rotransmission. In the cerebellum, serotonin depresses Purkinje cell discharges and

excites the granule cells (Bloom et al., 1972; Strahlendorf et al., 1979; Weiss and Pellet,

1982; Strahlendorf et al., 1984). Serotonin can tonically inhibit endogenous glutamate

release in the cerebellum, via 5-HT1 and 5-HT2 receptors (Maura et al., 1988). Appli-

cation of serotonin results in long-lasting enhancement of GABA-mediated inhibitory

postsynaptic currents observed in Purkinje cells (Mitoma et al., 1994).

Different receptors for serotonin are present in the cerebellum (figure 1.6). Purk-

inje cells express different 5-HT receptors, including the 5-HT1A, 5-HT2A, 5-HT2B ,

5-HT2C , 5-HT5A and 5-HT7 subtypes (Pazos and Palacios, 1985; Maroteaux et al.,

1992; Matthiessen et al., 1993; Ruat et al., 1993; Boschert et al., 1994; Choi and Maro-

teaux, 1996; Maeshima et al., 1998; Wu et al., 1998; Cornea-Hebert et al., 1999; East-

wood et al, 2001a; Geurts et al., 2002; Li et al., 2004). Cerebellar granule cells ex-

press 5-HT6 receptors (Geurts et al., 2002; Ward et al., 1995; Gérard et al., 1997). In

addition, very low densities of 5-HT1 receptors in the molecular and granule cell

layer in the adult rat cerebellum have been found (Pazos and Palacios, 1985). Golgi

cells express 5-HT2A and 5-HT5A receptors, and molecular layer interneurons express

5-HT5A receptors (Geurts et al., 2002). Lugaro cells are sensitive to serotonin and ex-

press 5-HT2 receptors, but not 5-HT1, 5-HT3 or 5-HT4 receptors (Dieudonné, 2001).

Excitation of Lugaro cells by serotonin accounts for the serotonin-driven inhibitory

activity recorded from Golgi cells (Dieudonné and Dumoulin, 2000).

1.5 Serotonin as a regulator of neuronal development

There is growing evidence that throughout the brain serotonin regulates the con-

nectivity of the brain by modulating cellular migration and cytoarchitecture during

development (Daubert and Condron, 2010). Serotonin levels during development

can be altered by a number of external factors, including stress (Papaioannou et al.,

2002), nutrition (Serfaty et al., 2008), infection (Winter et al., 2009) and pharmaco-
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Figure 1.6: Distribution of serotonin receptors in the rat cerebellar cortex.
This figure shows the expression of serotonin receptors in the cerebellum as was known before
the start of my research, based on Geurts et al. (2002). See for explanation the text in section
1.4. See for the same figure but updated with the results of my thesis figure 5.2 on page 88.

logical compounds such as selective serotonin reuptake inhibitors (SSRIs) (Xu et al.,

2004; Smit-Rigter et al., 2012). Whereas a role for serotonin in brain development

has been suggested for some time, the molecular mechanisms responsible for sero-

tonin's effects on physical restructuring of the brain are only beginning to be eluci-

dated (Daubert and Condron, 2010). One of the brain areas to study this in is the cere-

bellar cortex, in which the neuronal network is well known and whose development

is of interest for both the learning of motor skills and possible cognitive functions.

During postnatal development the cerebellum is already innervated by seroton-

ergic fibres. Lidov and Molliver (1982) have studied the development of serotonergic

innervation of the cerebellum in rodents. From E21, serotonergic fibres have reached

the white matter, and terminal fields are formed in the internal granule cell layer

around P1 - P3. At P6, there are multiple extensions of serotonergic fibres into the

internal granule cell layer, occasionally penetrating the Purkinje cell layer. The first

functional serotonergic contribution to the circuitry of the cerebellar cortex occurs

around P10, when serotonergic fibres are fully extended into the Purkinje cell layer

and occasionally penetrating the molecular layer. At two and three weeks after birth,
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there is abundant arborization of serotonin axon terminals in the cerebellar cortex.

In cerebellar neural progenitors derived from primary cultures of cerebellar gran-

ule cells from 7-day old rats, presence of mRNAs for tryptophan hydroxylase (the

rate-limiting enzyme in 5-HT synthesis), the serotonin transporter, and various sub-

types of 5-HT receptors, including 5-HT1A, 5-HT1B , 5-HT1D, 5-HT2A, and 5-HT2C

was found (Zusso et al., 2008). This indicates that the neural progenitors are capa-

ble of synthesizing serotonin. There is some evidence suggesting presence of 5-HT2

receptors on dissociated cerebellar granule cells at P8 from rat cerebellum (Xu and

Chuang, 1987; Akiyoshi et al., 2005), while these receptors are not detected in the

mature cerebellum (Pazos and Palacios, 1985; Geurts et al., 2002). In this thesis I

will investigate the role of serotonin via differential expression of its receptors in the

postnatal development of the cerebellum.

1.6 Scope and aim of this thesis

The aim of the research described in this thesis is to study the mechanism with which

serotonin modulates the maturation of the cerebellum during postnatal develop-

ment. In order to achieve this, I studied the localization and temporal expression

pattern of three serotonin receptors (5-HT1, 5-HT2 and 5-HT3) in the developing cere-

bellum. Given their specific and unique expression pattern, I investigated the role of

serotonin, mediated via these receptors, in the physiology of the developing cerebel-

lar cortex.

In chapter 2, I investigate the expression of 5-HT3 receptors in the developing

cerebellum using 5-HT3A/Enhanced Green Fluorescent Protein (EGFP) transgenic

mice. Using pharmacological tools I study the role of the 5-HT3 receptors in synaptic

plasticity in the cerebellum during the first three weeks after birth.

In chapter 3 I elaborate on the findings presented in chapter 2. I first test the

hypothesis that 5-HT3 receptors are involved in the maturation of Purkinje cell mor-

phology via reelin, using both 5-HT3A receptor knockout mice and organotypic slice

cultures. Continuing with electrophysiological recordings, I confirm the findings in
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chapter 2 which were based on pharmacological blockade of 5-HT3 receptors by us-

ing 5-HT3A receptor knockout mice. My aim is further to investigate whether the

5-HT3 receptors only affect the physiology at the synapse where it is expressed, or

whether it also affects the formation and functioning of the surrounding neuronal

network.

In chapter 4 a characterization of 5-HT1 and 5-HT2 receptor expression in the

developing cerebellar cortex is undertaken. Since 5-HT2 receptor expression is sus-

tained in the mature cerebellum (see Maeshima et al., 1998; Cornea-Hebert et al.,

1999; Geurts et al., 2002; and the findings in chapter 4 of this thesis), I investigate

its role in short- and long-term synaptic plasticity both in the developing and in the

mature cerebellum.

In chapter 5 I provide an extensive discussion on the role of serotonin in the devel-

oping cerebellum and the mechanism behind this, based on the findings presented

earlier in this thesis.
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Abstract

The serotonin 5-HT3 receptor is the only ligand-gated ion channel activated by sero-

tonin and is expressed by GABAergic interneurons in many brain regions, including

the cortex, amygdala and hippocampus. Furthermore, 5-HT3 receptors are expressed

by glutamatergic Cajal-Retzius cells in the cerebral cortex. We used 5-HT3A/Enhanced

Green Fluorescent Protein (EGFP) transgenic mice to show that 5-HT3 receptors are

also ubiquitously expressed by glutamatergic granule cells in the cerebellum dur-

ing the first three postnatal weeks. Using whole-cell patch clamp recordings, we

show that local application of either serotonin or the selective 5-HT3 receptor agonist

SR57227A to granule cells results in a small inward current, demonstrating a post-

and/or extrasynaptic localization of the 5-HT3 receptors. Functional 5-HT3 receptors

were also observed presynaptically at the parallel fibre - Purkinje cell synapse. Phar-

macological block using the selective 5-HT3 receptor antagonist tropisetron induced

a reduction in the frequency of miniature synaptic events recorded from Purkinje

cells. Paired-pulse stimulation of parallel fibres on whole-cell voltage clamped Purk-

inje cells from one week old mice did not yet show synaptic plasticity. In the presence

of tropisetron, the parallel fibre - Purkinje cell synapse showed paired-pulse depres-

sion. Taken together, these results show that functional 5-HT3 receptors are present

during early postnatal development in the cerebellum, where they modulate synaptic

plasticity.



5-HT3 receptors in the cerebellum 21

2.1 Introduction

The serotonin 3 (5-HT3) receptor is the only ligand-gated ion channel for serotonin

(Derkach et al., 1989; Maricq et al., 1991). Functional receptors are either hetero- or

homopentamers with at least two obligatory 5-HT3A subunits (Barrera et al., 2005;

Davies et al., 1999), and are permeable to cations such as potassium, calcium and

sodium (Yakel et al., 1990). The 5-HT3 receptor is expressed throughout the CNS, in

particular by GABAergic interneurons, with high levels of expression in the cortex,

hippocampus, amygdala, several brainstem nuclei, and the spinal cord (reviewed by

Chameau and van Hooft, 2006). In the cortex, selective subpopulations of interneu-

rons characterized by expression of vasoactive intestinal peptide or neuropeptide Y,

express the 5-HT3 receptor from early postmitotic to adult stages (Vucurovic et al.,

2010). In addition, 5-HT3 receptors are expressed postsynaptically by Cajal-Retzius

cells, located in layer I of the cortex during the first two postnatal weeks (Chameau

et al., 2009).

In the cortex, it has been shown that electrical stimulation of a single serotonergic

fibre originating from the raphe nuclei and contacting the recorded cells via multi-

ple synaptic contacts, results in a large and fast 5-HT3 receptor-mediated synaptic

current in both GABAergic interneurons and Cajal-Retzius cells (Férézou et al., 2002;

Chameau et al., 2009). In both hippocampal and cortical neurons, 5-HT3 receptor-

mediated ion currents show a characteristic voltage-dependent block in their I-V

curve, caused by external Ca2+ ions and modulated by intracellular phosphates such

as ATP (Kawa, 1994; McMahon and Kauer, 1997; Roerig et al., 1997; van Hooft and

Wadman, 2003; Noam et al., 2008).

Literature on the presence of 5-HT3 receptors in the cerebellum is still inconsis-

tent. Most studies have shown that there are no or few 5-HT3 receptors in the cere-

bellum in different species such as mice (Kilpatrick et al., 1989; Engel et al., 1998), rats

(Kilpatrick et al., 1987; Kilpatrick et al., 1989; Barnes et al., 1990; Hewlett et al., 1997;

Miquel et al., 2002), ferrets (Kilpatrick et al., 1989), rabbits (Kilpatrick et al., 1989),

macaque monkeys (Thorell et al., 1997) and humans (Kilpatrick et al., 1989; Parker
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et al., 1996; Marazziti et al., 2001). However, one study reported moderate levels of

5-HT3 receptor expression in rats (Ge et al., 1997). Others found that local applica-

tion of the 5-HT3 receptor agonist 1-(m-chlorophenyl)-biguanide (mCPBG) induced

changes in relative intracellular Ca2+ concentration in 32% of synaptosomes isolated

from the cerebellum (Nayak et al., 1999). This indicates a presynaptic localisation

of 5-HT3 receptors in the cerebellum. Furthermore, Geurts et al. (2002) found fine

varicose 5-HT3 receptor-positive fibres in low density in both the molecular and the

granular layer in the cerebellum from adult rats. More recent, Arpin-Bott et al. (2006)

found 5-HT3 receptor immunoreactivity on Bergmann glial cells and their radial fi-

bres, and less intense and scattered immunoreactivity was observed throughout the

granular layer. However, all of these studies investigated adult animals, and no infor-

mation is available on the expression of 5-HT3 receptors in the cerebellum of younger

animals. It is especially during the early period of cerebellar development that fun-

damental neuronal connections are laid for motor coordination and cognitive func-

tioning. Because 5-HT3 receptors are previously associated with early postnatal de-

velopment in the cortex (Chameau et al., 2009) and this period is of high importance

to the cerebellum, we investigated the expression and function of 5-HT3 receptors in

the developing postnatal cerebellum using the transgenic 5-HT3A/EGFP mouse line.

This mouse line has been found to be a reliable and useful tool to study 5-HT3 recep-

tor expression throughout the CNS (Inta et al., 2008; Chameau et al., 2009; Vucurovic

et al., 2010; Lee et al., 2010).

In this study we provide evidence that 5-HT3 receptors are abundantly expressed

by glutamatergic granule cells in the cerebellum during the first three postnatal weeks.

Cerebellar 5-HT3 receptors induce a fast inward current upon local activation by

either serotonin or the selective agonist SR57227A ((4-amino)-(6-chloro-2-pyridyl)l-

piperidine hydrochloride), indicating a post- and/or extrasynaptic localization. In

addition, presynaptic 5-HT3 receptors were observed at the parallel fibre - Purkinje

cell synapse. Together, these data indicate for the first time functional 5-HT3 recep-

tors, located both pre- and postsynaptically, on glutamatergic granule cells in the

cerebellum during early postnatal development.
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2.2 Methods

2.2.1 Ethical approval

Wildtype and 5-HT3A/Enhanced Green Fluorescent Protein (EGFP) transgenic Swiss

mice (GENSAT, www.gensat.org) between the age of postnatal day 0 and postnatal

day 48, both males and females, were used for this study. All experiments were per-

formed in accordance with the committee on animal bioethics of the University of

Amsterdam.

2.2.2 Immunohistochemistry

Sagittal slices from transcardially perfused 5-HT3A/EGFP transgenic mice between

P0 and P48 were cut using a vibroslicer (Leica VT1000S) at a thickness of 50-100 µm.

Slices were washed in PBS, then permeabilized for 30 minutes in PBS-0.25% Triton

(PBST), and kept for one hour in PBST + 10% Normal Goat Serum (NGS), after which

they were kept overnight at 4oC in the primary antibody in PBS + 5% NGS. The next

day, slices were washed in PBS and incubated for two hours at room temperature in

the secondary antibody in PBS + 5% NGS. After washing in PBS, slices were mounted

using Vectashield Hard Set Mounting Medium (Vector Laboratories, Peterborough,

UK). Coexpression of the EGFP signal from 5-HT3A/EGFP transgenic mice with glu-

tamate decarboxylase (GAD) at P7 was tested by staining slices with rabbit polyclonal

GAD65 + GAD67 antibody (1:500, Abcam) and goat anti-rabbit IgG Alexa 594 (1:200,

Invitrogen) as secondary antibody. Coexpression of the EGFP signal with glial fib-

rillary acidic protein (GFAP) at P7 was visualized by staining slices with polyclonal

rabbit anti-GFAP antibody (1:1000, DAKO) and goat anti-rabbit IgG Alexa 594 (1:200,

Invitrogen). Images from all stainings were made using a confocal microscope (Zeiss

LSM 510) equipped with a 20x objective and using the 488- and 543-nm lines of an

Argon/Krypton laser.
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2.2.3 Electrophysiological recordings

Animals were killed by decapitation between P6 and P21 for electrophysiological

recordings. Sagittal brain slices were cut using a vibroslicer (Leica VT1200S) at a

thickness of 300 µm for whole-cell patch clamp recordings. During slicing the brains

were kept in cooled (4oC) oxygenated ACSF which was composed of the following (in

mM): NaCl (120), KCl (3.5), CaCl2 (2.5), MgSO4 (1.3), NaH2PO4 (1.25), NaHCO3 (25),

glucose (25), continuously bubbled with 95% O2 and 5% CO2 (pH = 7.4). During the

experiments slices were kept submerged at room temperature and continuously su-

perfused with ACSF. Patch pipettes were pulled from borosilicate glass with a resis-

tance of 2 - 3 MΩ for Purkinje cells and 8 - 10 MΩ for granule cells and were filled with

internal solution consisting of (in mM): Kgluconate (105), KCl (30), EGTA (5), CaCl2
(0.5), HEPES (10), and Mg-ATP (5), pH = 7.3 with KOH. EGFP-positive neurons in the

cerebellum were visualised using differential interference contrast videomicroscopy

on a Zeiss Axioskop 2 FS Plus microscope equipped with standard epifluorescence.

Whole-cell recordings were made using an EPC9 patch-clamp amplifier and PULSE

software (HEKA Electronic, Lambrecht, Germany) or an in-house software package

running under MATLAB (MathWorks, Natick, MA, USA). Off-line analysis was per-

formed using Igor 4.07 (Wavemetrics, Lake Oswego, OR, USA) or MATLAB. Signals

were filtered at 1 - 5 kHz and sampled at 10 kHz. Series resistance ranged from 2 - 12

MΩ for Purkinje cells and 5 - 40 MΩ for granule cells and was compensated for at least

60%. Cells were voltage clamped at -70 mV, corrected for liquid junction potential.

Granule cells were patched at P6 - P10, and a second pipette connected to a pi-

cospritzer II (General Valve, Fairfield, NJ, USA), and containing 100 µM 5-HT (Sigma)

or 100 µM SR57227A (Sigma, Bachy et al., 1993) in ACSF was positioned in the vicin-

ity of the cell soma and the drug was applied for 500 ms at 35-100 kPa. Purkinje cells

were patched at P7 - P21 and glutamatergic synaptic currents in Purkinje cells were

evoked by stimulation of the parallel fibres with a glass-electrode filled with ACSF.

Paired stimuli (100-400 µA, 200 µs duration, interstimulus interval 50 ms) were deliv-

ered to the parallel fibres using a custom-made isolated bipolar current stimulator.

Paired-pulse stimulations were delivered with a 20 s interval, and only recordings
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which were stable for at least 15 minutes were used to analyse the paired-pulse ra-

tio. Blockade of 5-HT3 receptors was achieved by pre-incubation of the slices with

30 nM of the specific antagonist tropisetron (ICS 205-930; Sigma) for at least 20 min-

utes. During the recordings tropisetron was also applied via the superfusion system.

Activation of 5-HT3 receptors was achieved by local application of 10 µM of the spe-

cific 5-HT3 receptor agonist mCPBG (Sigma, Kilpatrick et al., 1990) to the soma of the

recorded cell, using a picospritzer.

Miniature synaptic events from Purkinje cells were recorded at P8 - P10 in the

presence of 0.5 µM TTX (Latoxan, Valence, France). Five-minute control recordings

were followed by wash-in of 30 nM tropisetron via the superfusion system for 20

mins, after which another five-minute recording in the presence of tropisetron was

used for analysis. Activation of 5-HT3 receptors was achieved by local application of

10 µM mCPBG to the soma of the recorded cell. Traces of five minutes were used for

analysis during which all miniature synaptic events were pooled per group, each con-

taining over 1400 miniature synaptic events. The amplitude threshold for detection

of spontaneous miniature synaptic currents was set above the noise level and events

were subsequently verified visually. Average cumulative distributions were calcu-

lated using 200 bins per distribution. Both inter-event interval times and amplitudes

of each event were analysed.

2.2.4 Morphology

In order to reveal granule cell and Purkinje cell morphology, cells were filled with

biocytin (Sigma, 2-3 mg/ml dissolved in internal solution as described above) during

the whole-cell patch clamp recordings. Slices were fixed overnight in paraformalde-

hyde (PFA, 4% in PBS, pH = 7.4) at 4 °C and visualised using immunohistochemical

methods. Slices were washed in PBS for 5 x 8 mins, and endogenous peroxidase was

inhibited by a 30 minutes incubation in H2O2 (3% in PBS). After 60 minutes permeabi-

lization in 2% Triton X-100 (2% in PBS), slices were incubated for two hours in avidin-

biotin-peroxidase complex (Vectastain ABC Elite kit, Vector Laboratories). Biocytin

was visualised as a dark brown substrate using a DAB (3,3'-diaminobenzidine-4 HCl,
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Sigma) reaction. Slices were washed 3 x 8 minutes before being mounted on a glass

slide with mowiol 4-88 (Sigma; dissolved in 0.2 M Tris-HCl and glycerol, pH = 8.5).

Images were made using the same confocal microscope as described above.

2.2.5 Statistical analysis

Values are expressed as mean± standard error of the mean. Comparisons were made

using a Student's t test. Frequency and amplitude distributions of the miniature

synaptic events were compared with a two-sample Kolmogorov-Smirnov test. p <

0.05 was used to indicate a significant difference. Asterisks indicate p < 0.05 (∗), p <

0.01 (∗∗) and p < 0.001 (∗∗∗).

2.3 Results

2.3.1 The 5-HT3 receptor is transiently expressed by granule cells

in early postnatal cerebellum

We used the 5-HT3A/EGFP transgenic mouse line to study the expression of 5-HT3

receptors in the cerebellum. EGFP expression is apparent during early postnatal de-

velopment, with relatively high expression in lobes I-VI and to a lesser extent in lobes

VII-X (figure 2.1 A). At birth, EGFP expression is found only in the external granule

cell layer (figure 2.1 Ba), and subsequently parallels the pattern of radial migration

of granule cells during early postnatal development. By P7, the expression is found

ubiquitously in the cerebellum in both the external and the internal granule cell layer,

with a clear lack of expression in the Purkinje cell layer (figure 2.1 Bb). At P14, EGFP

expression is only found in the internal granule cell layer and is starting to dimin-

ish (figure 2.1 Bc). The EGFP expression is almost absent in the internal granule cell

layer at P21 (figure 2.1 Bd), and is completely absent from the cerebellum at P28 and

P48 (not shown). EGFP expression neither colocalises with GAD65+67, a marker of

Purkinje cells and interneurons (figure 2.1 C), nor with GFAP, a marker of glial cells

(figure 2.1 D).
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Figure 2.1: The 5-HT3 receptor is transiently expressed by glutamatergic granule cells in the
cerebellum.
A, EGFP expression pattern in a P8 5-HT3A/EGFP transgenic mouse. Relatively high expres-
sion can be found in lobules I-VI. Roman numerals indicate cerebellar lobules. B, EGFP ex-
pression pattern in 5-HT3A/EGFP transgenic mice at P0 (Ba), P7 (Bb), P14 (Bc), and P21 (Bd).
The expression pattern follows the migration pathway of the cerebellar granule cells from the
external (EGL) to the internal (IGL) granule cell layer, with diminished expression from P14 on-
wards and no expression after P21. C, Immunostaining of GAD65+67 in EGFP-expressing cere-
bellum (Ca - Cc) from a P7 5-HT3A/EGFP transgenic mouse shows no coexpression of 5-HT3

receptors with GABAergic neurons. D, Immunostaining of GFAP in EGFP-expressing cere-
bellum (Da-Dc) from a P7 5-HT3A/EGFP transgenic mouse shows no coexpression of 5-HT3

receptors with glial cells, further confirming the expression of 5-HT3 receptors by glutamater-
gic granule cells in the cerebellum. Scale bars indicate 100 µm.
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2.3.2 Activation of post- and/or extrasynaptic 5-HT3 receptors on

granule cells induces a fast inward current

We performed whole-cell patch clamp recordings from granule cells located in the in-

ternal granule cell layer from 5-HT3A/EGFP transgenic mice at P6 - P10. All recorded

granule cells showed a mature morphology, with a small soma and several multipo-

lar short dendrites (Fig. 2.2 A). Granule cells at this stage of development showed

only occasionally action potentials (figure 2.2 Ba) in response to depolarizing current

injections (figure 2.2 Bb) due to a small amplitude of voltage-gated Na+ currents.

These cells were furthermore characterized by a high input resistance (1.10 ± 0.16

GΩ, n = 9), a low capacitance (4.13 ± 0.35 pF, n = 15) and a resting membrane poten-

tial of -66.6 ± 3.8 mV (n = 9). None of the cells (n = 10) in the external granule cell

layer responded to the application of 5-HT. Also not all cells in the internal granule

cell layer responded to the application of either 5-HT or the selective 5-HT3 receptor

agonist SR57227A: 34.7% (n = 72) of these cells displayed a 5-HT3 receptor-mediated

current. Activation of 5-HT3 receptors on whole-cell voltage clamped granule cells

by local application of 100 µM 5-HT resulted in a small inward current of 23.6 ± 6.3

pA (n = 15, figure 2.2 Ca). The responses could be mimicked by application of 100

µM SR57227A, which resulted in an inward current of 22.1 ± 3.5 pA (n = 10, figure 2.2

Cb), confirming that the currents were mediated by 5-HT3 receptors. The I-V curve

of the 5-HT3 receptor-mediated inward current showed a region of negative-slope

conductance (figure 2.2 D). Taken together, the results show that a subset of cere-

bellar granule cells located in the inner granule cell layer expresses functional 5-HT3

receptors.

2.3.3 Functional presynaptic 5-HT3 receptors modulate synaptic plas-

ticity at the parallel fibre - Purkinje cell synapse

5-HT3 receptors are located on a subset of cerebellar synaptosomes, where they medi-

ate presynaptic Ca2+ influx (Nayak et al., 1999; Nichols and Mollard, 1996) which can

modulate the release of neurotransmitters. We therefore investigated whether 5-HT3
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Figure 2.2: Cerebellar granule cells show a fast inward current upon 5-HT3 receptor activa-
tion with a characteristic voltage-dependent Ca2+ block.
A, P7 granule cell used for electrophysiological recordings, showing a mature morphology.
Ba, Physiological characteristics of the recorded granule cells were less mature, with occasion-
ally one spike at the beginning of depolarization steps. Bb, Protocol of injected current steps
used for Ba. C, Examples of a 5-HT3 receptor-mediated response to local application of 100 µM
5-HT (Ca) and 100 µM SR57227A (Cb) for 500 ms. D, I-V curve of the 5-HT3 receptor-mediated
ion current shows the characteristic voltage-dependent Ca2+ block.

receptors can modulate spontaneous miniature synaptic events recorded from Purk-

inje cells. Miniature postsynaptic currents (mPSCs) from whole-cell voltage clamped

Purkinje cells were recorded before and after the application of either the specific

5-HT3 receptor antagonist tropisetron (30 nM) or the specific 5-HT3 receptor agonist

mCPBG (10 µM, figure 2.3 A). Pharmacological block of 5-HT3 receptors by using 30

nM of the specific 5-HT3 receptor antagonist tropisetron resulted in an increase in

inter-event interval distribution (n = 4; p < 0.001; figure 2.3 Ba), showing a reduction

in frequency, without a change in amplitude distribution (p = n.s.; figure 2.3 Bb).

Conversely, activation of 5-HT3 receptors by local application of 10 µM of the spe-

cific 5-HT3 receptor agonist mCPBG reduced the inter-event interval distribution (n



30 Chapter 2

Ca

Cb

Amplitude (pA)

Inter-event interval (s)

1.0

0.8

0.6

0.4

0.2

0.0

10 たM mCPBG

16012080400 200

1.0

0.8

0.6

0.4

0.2

0.0
10 たM mCPBG (n = 8)
Control (n = 11)

10 たM mCPBG (n = 8)
Control (n = 11)

C
u
m

u
la

ti
v
e
 f

ra
c
ti
o
n

C
u
m

u
la

ti
v
e
 f

ra
c
ti
o
n

43210 5

Aa

-70 mV

Ab

-70 mV

25 pA

1 s

25 pA

50 ms

Ba

Bb

Amplitude (pA)

Inter-event interval (s)

30 nM Tropisetron
1.0

0.8

0.6

0.4

0.2

0.0
43210 5

30 nM Tropisetron (n = 4)
Control (n = 4)

1.0

0.8

0.6

0.4

0.2

0.0
806040200 100

30 nM Tropisetron (n = 4)
Control (n = 4)

C
u
m

u
la

ti
v
e
 f

ra
c
ti
o
n

C
u
m

u
la

ti
v
e
 f

ra
c
ti
o
n

Figure 2.3: Presynaptic 5-HT3 receptors on granule cells modulate the inter-event interval
distribution of spontaneous miniature synaptic events recorded from Purkinje cells.
A, Example trace (Aa, with magnification in Ab) of miniature synaptic currents recorded from
Purkinje cells at -70 mV. B, Inter-event interval distribution (Ba) and amplitude distribution
(Bb) of mPSCs in Purkinje cells show an increase in inter-event intervals (a reduction in fre-
quency) but no change in amplitude after application of 30 nM of the specific 5-HT3 recep-
tor antagonist tropisetron. C, Inter-event interval distribution (Ca) and amplitude distribution
(Cb) of Purkinje cell mPSCs show a reduction in inter-event intervals (an increase in frequency)
but no change in amplitude after application of 10 µM of the 5-HT3 receptor-specific agonist
mCPBG.

= 11 versus n = 8 control recordings; p < 0.001; figure 2.3 Ca), showing an increase

in frequency, with no change in the amplitude distribution (p = n.s.; figure 2.3 Cb).

Given that granule cells express functional 5-HT3 receptors, we tested whether

5-HT3 receptor activity can modulate the glutamatergic parallel fibre - Purkinje cell

synapse. Whole-cell patch clamp recordings of Purkinje cells from 7, 8 and 9-day old

mice were performed and parallel fibres were stimulated with a paired-pulse pro-

tocol. At one week after birth, Purkinje cells can be in two distinct developmental

stages: immature with multiple primary dendrites (figure 2.4 Aa) or in the more ma-

ture stage in which they have only one primary dendrite left (figure 2.4 Ab). Only cells

which displayed a mature morphology were included in the analysis. The paired-

pulse ratio (PPR), defined as the amplitude of the second EPSC (EPSC2) divided by

the amplitude of the first EPSC (EPSC1), had a value at P7, P8 and P9 of respectively

0.98 ± 0.06 (n = 4), 0.99 ± 0.11 (n = 6) and 1.07 ± 0.07 (n = 8; figure 2.4 Ba, C). In the
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Control 30 nM tropisetron
τEPSC1 (ms) τEPSC2 (ms) τEPSC1 (ms) τEPSC2 (ms)

P7 9.2 ± 1.9 (n=4) 10.1 ± 1.7 (n=4) 7.9 ± 1.6 (n=5) 8.6 ± 0.6 (n=5)
P8 10.5 ± 1.1 (n=6) 11.3 ± 1.2 (n=6) 8.4 ± 2.1 (n=5) 12.9 ± 4.5 (n=5)
P9 14.2 ± 4.7 (n=8) 16.0 ± 3.1 (n=8) 12.4 ± 1.6 (n=10) 13.9 ± 1.5 (n=10)
P21 35.1 ± 10.3 (n=7) 28.4 ± 7.2 (n=7) 20.5 ± 4.9 (n=7) 21.8 ± 6.8 (n=7)

Table 2.1: Time constant (τ ) of EPSCs from paired-pulse recordings at different ages.

presence of 30 nM of the selective 5-HT3 receptor antagonist tropisetron the synapse

showed clear paired-pulse depression: the PPR was changed to 0.51 ± 0.14 (n = 5, p

< 0.05) at P7, 0.54 ± 0.13 (n = 5, p < 0.05) at P8 and 0.64 ± 0.07 (n = 10, p < 0.001) at

P9 (figure 2.4 Bb, C). Time constants for both EPSCs were not different when com-

pared to control experiments (table 5.1), suggesting that tropisetron does not affect

postsynaptic receptor properties. At P21, when the expression of 5-HT3 receptors

has faded, the parallel fibre - Purkinje cell synapse showed paired-pulse facilitation

(PPR = 1.53 ± 0.20; n = 7; figure 2.4 Bc, C). Application of 30 nM tropisetron did not

affect the PPR at this age (1.35 ± 0.08, n = 7, p = n.s.; figure 2.4 Bd, C). Mean time

constants of both EPSCs at P21 remained unaffected by the application of tropisetron

(table 5.1). Taken together, these results show that functional 5-HT3 receptors are

also located presynaptically, regulating short-term synaptic plasticity at the parallel

fibre - Purkinje cell synapse.

2.4 Discussion

The results in this study show functional 5-HT3 receptors and their physiological

properties in the cerebellum during early postnatal development. Expression of 5-HT3

receptors was found on granule cells, which could be identified by their migration

pattern from the external granule cell layer towards the internal granule cell layer

during the first three postnatal weeks. Using immunohistochemistry, we also show

that 5-HT3 receptors are not expressed by interneurons or glial cells, specifying its

presence on the glutamatergic granule cells. We furthermore confirm the presence

of the 5-HT3 receptors on granule cells by electrophysiological methods. Local ap-

plication of either 5-HT or the 5-HT3 receptor-specific agonist SR57227A to EGFP-
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Figure 2.4: Presynaptic 5-HT3 receptors on granule cells modulate plasticity at the parallel
fibre�Purkinje cell synapse.
A, Purkinje cells at P9 can be in different developmental stages: immature with multiple short
primary dendrites (Aa), or in a mature stage with only one primary dendrite (Ab). Only Purk-
inje cells which showed a mature morphology were included in the analysis. Scale bars indi-
cate 10 µm. B, Paired-pulse recordings from Purkinje cells at P9 at a holding potential of �70
mV, stimulated at the parallel fibres. Control recordings show no paired-pulse plasticity (Ba),
while pre-incubation in 30 nM tropisetron leads to paired-pulse depression (Bb). Paired-pulse
recordings at �70 mV at the parallel fibre�Purkinje cell synapse at P21 show paired-pulse fa-
cilitation in both control recordings (Bc) and after pre-incubation in 30 nM tropisetron (Bd).
C, Synaptic plasticity at the parallel fibre�Purkinje cell synapse is regulated by 5-HT3 recep-
tors at P7�P9, but not at P21. Blocking 5-HT3 receptors by 30 nM tropisetron turns the parallel
fibre�Purkinje cell synapse into a depressing one at P7 - P9.

expressing cells resulted in a fast inward current. All recorded cells had a low cell ca-

pacitance, high input resistance and a resting membrane potential with values char-

acteristic of cerebellar granule cells in the last stage of maturation (Okazawa et al.,

2009). Thus, as opposed to 5-HT3 receptor expression on GABAergic interneurons,

and in concordance with recent findings of 5-HT3 receptors on glutamatergic Cajal-

Retzius cells (Chameau et al., 2009), we show here expression of 5-HT3 receptors on

another glutamatergic cell type.

Functional 5-HT3 receptors were identified at the post- and/or extrasynaptic site

of granule cells by local application of either 5-HT or SR57227A. In addition, the ion

currents evoked by both 5-HT and SR57227A showed a region of negative-slope con-

ductance, similar to the voltage-dependent Ca2+ block of 5-HT3 receptor-mediated
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currents in the cortex (Roerig et al., 1997), the hippocampus (Kawa, 1994; McMahon

and Kauer, 1997; van Hooft and Wadman, 2003) and those mediated by cloned 5-HT3

receptors expressed in HEK293 cells (Noam et al., 2008). Interestingly, we could only

evoke responses to the agonists in cells which had several multipolar short dendrites

around the cell body, which is indicative for a mature morphology (Powell et al.,

1997). These cells did however display some physiologically immature features: they

only had small voltage-gated Na+ currents and they did rarely show a full spike train

in current clamp mode, indicating that those cells which did give a response could

still maturate further. We could not record currents from immature granule cells

in the external granule cell layer. We hypothesize that this is because they express

5-HT3 receptors which are not yet fully functional, or the density of 5-HT3 receptor

expression is too low to detect a response, or a combination of both.

The frequency of spontaneous miniature postsynaptic currents recorded from

Purkinje cells was modulated by 5-HT3 receptors, without an effect on the amplitude

distributions (2.3 B, C). This is in concordance with the previous notion that 5-HT3

receptors are located on presynaptic nerve terminals in the cerebellum (Nichols and

Mollard, 1996; Nayak et al., 1999). During early postnatal development, the paral-

lel fibre - Purkinje cell synapse does not yet show short-term synaptic plasticity in

response to paired-pulse stimulation. However, stimulation of parallel fibres of the

granule cells resulted in paired-pulse depression after pharmacological blockade of

5-HT3 receptors. It is known that neurotransmitter release is modulated by 5-HT3 re-

ceptors by increasing the intracellular Ca2+ concentration via Ca2+ entry, either di-

rectly through the 5-HT3 receptor-operated ion channel or indirectly via activation of

voltage-gated Ca2+ channels on presynaptic sites (Nichols and Mollard, 1996; Nayak

et al., 1999). It therefore seems likely that 5-HT3 receptors regulate Ca2+ influx at the

presynaptic site of the parallel fibre - Purkinje cell synapse, thereby increasing neuro-

transmitter release probability at the presynaptic terminal. The release probability is

simultaneously reduced by inhibitory mechanisms, either through inhibitory recep-

tors at the presynaptic site or via feedback inhibition of parallel fibre - Purkinje cell

transmission. In young mice, the 5-HT3 receptor-mediated Ca2+ influx is presum-

ably involved in maintaining a paired-pulse ratio around 1. Preventing the presy-
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naptic Ca2+ influx by blocking 5-HT3 receptors could give rise to inhibitory signals

at the presynaptic terminal, as reflected by paired-pulse depression. In summary,

these findings indicate a role for the 5-HT3 receptor at an immature stage at the par-

allel fibre - Purkinje cell synapse and the adjacent cerebellar neuronal network. This

happens at a time when the parallel fibre - Purkinje cell synapse is still maturating, re-

flected by a paired-pulse ratio around 1 in contrast to a facilitating paired-pulse ratio

in the mature synapse. In this way serotonergic input via 5-HT3 receptors could play

a role in the formation of the cerebellar neuronal network by enhancing the proba-

bility that an otherwise non-facilitating synapse develops into the fully mature state

with paired-pulse facilitation.

Taken together, the findings presented above provide evidence for functional 5-HT3

receptors in the cerebellum. We show presence of 5-HT3 receptors on glutamatergic

granule cells during the first three postnatal weeks, at both the pre- and postsynaptic

site. We speculate that proper functioning of 5-HT3 receptors in the cerebellum is

part of the underlying mechanism regulating development of the cerebellar network

and parallel fibre - Purkinje cell synapses in particular. This novel aspect in postnatal

cerebellar maturation could have implications for the development of motor coordi-

nation and motor learning.
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Abstract

Functional 5-HT3 receptors are transiently expressed by cerebellar granule cells dur-

ing early postnatal development, where they modulate short-term synaptic plasticity

at the parallel fibre - Purkinje cell synapse. Here, we show that serotonin controls

maturation of Purkinje cells in the mouse cerebellum. Serotonin 3 (5-HT3) recep-

tors regulate morphological maturation of Purkinje cells during early postnatal de-

velopment, and this effect is mediated by the glycoprotein reelin. Using whole-cell

patch clamp recordings we further investigated physiological development of Purk-

inje cells in 5-HT3A receptor knockout mice during early postnatal development, and

found abnormal physiological maturation, characterized by a more depolarized rest-

ing membrane potential, an increased input resistance, and the ability to fire action

potentials upon a depolarizing current injection at an earlier age. Furthermore, short-

term synaptic plasticity was impaired at both the parallel fibre - Purkinje cell and

the climbing fibre - Purkinje cell synapse and both amplitude and frequency sponta-

neous miniature events recorded from Purkinje cells were increased. The expedited

morphological and physiological maturation affects the whole cerebellar cortical net-

work, as indicated by delayed climbing fibre elimination in 5-HT3A receptor knock-

out mice. There was no difference anymore between wildtype and 5-HT3A recep-

tor knockout mice in any of the morphological or physiological properties described

above at later ages, indicating a specific time window during which serotonin reg-

ulates postnatal development of the cerebellum via 5-HT3 receptors expressed by

granule cells.
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3.1 Introduction

Both the anatomical and functional development of the cerebellum occurs for a sub-

stantial part postnatally (Altman and Bayer, 1996). At birth, no cerebellar-dependent

behaviour can be detected and cells display an immature phenotype. During the

first three weeks after birth, granule cells migrate from the external to the internal

granule cell layer, and Purkinje cells fully develop their dendritic tree. Furthermore,

connections between parallel fibres and Purkinje cells, and between climbing fibres

and Purkinje cells are formed into functional synapses during this time. The rodent

cerebellum is physiologically mature around four weeks after birth (Altman, 1972a;

van Welie et al., 2011).

Purkinje cells are the sole output of the cerebellar cortex to the deep cerebellar nu-

clei. The morphological and physiological maturation of Purkinje cells is therefore

of special interest (Kapfhammer, 2004). McKay and Turner (2005) described three

stages of Purkinje cell maturation in the rat: an initial stable immature stage of mini-

mal change from postnatal day (P) 0 to P9, a transitional stage in which the Purkinje

cells undergo major morphological and physiological maturation, and from P18 a sta-

ble adult stage with only minor refinements. Functional parallel fibre - Purkinje cell

synapses are formed at the end of the first postnatal week (Altman, 1972b). Parallel

fibres form synapses at the distal dendrites of Purkinje cells. Climbing fibres wrap

around the soma and proximal dendrites of Purkinje cells and form their synapses

there. In newborn rodents, a Purkinje cell is innervated by multiple climbing fibres,

of which all but one will be removed during the first few postnatal weeks (Crepel,

1976). Parallel fibre input has a highly dominant role in climbing fibre elimination

during development. In polyinnervated Purkinje cells, competition between different

climbing fibres appears between P3 and P7 and continues during the second postna-

tal week (Scelfo and Strata, 2005).

5-HT3 receptors are involved in postnatal maturation of pyramidal neurons in the

cortex. Glutamatergic Cajal-Retzius cells express 5-HT3 receptors up until the first

two postnatal weeks (Chameau et al., 2009), during which they also synthesize and
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secrete the glycoprotein reelin (D'Arcangelo et al., 1999). We have shown that reelin

regulates the maturation of apical, but not basal, dendrites of layer II/III pyramidal

neurons in the somatosensory cortex in a 5-HT3 receptor-dependent manner. Specif-

ically, dendritic complexity of these neurons in 5-HT3A receptor knockout mouse is

increased, and the hypertrophy of dendritic arborization can be rescued by addition

of recombinant reelin (Chameau et al., 2009).

Recently, we have shown that 5-HT3 receptors are transiently expressed on glu-

tamatergic granule cells in the cerebellum during the first three weeks after birth

(Oostland et al., 2011). Interestingly, this coincides with the time window during

which Purkinje cell dendrites develop (Altman and Bayer, 1996). In addition, it has

been shown that granule cells synthesize and secrete reelin (Sinagra et al., 2008). We

therefore hypothesized that serotonin modulates morphological and physiological

maturation of Purkinje cells via 5-HT3 receptors expressed on glutamatergic granule

cells.

3.2 Methods

3.2.1 Ethical approval

Wildtype C57/Bl6 (Harlan) and 5-HT3A receptor knockout mice (Zeitz et al., 2002),

were used for this study between the age of P5 and P72, both males and females. All

experiments were performed in accordance with the committee on animal bioethics

of the University of Amsterdam.

3.2.2 Electrophysiological recordings

For both single-cell electroporation and whole-cell patch clamp recordings animals

were killed by decapitation between P5 and P72. Sagittal brain slices were cut using a

vibrating blade microtome (Leica VT1200S) at a thickness of 300 µm. During slicing

the brains were kept in cooled (4 oC) oxygenated ACSF which was composed of the

following (in mM): NaCl (120), KCl (3.5), CaCl2 (2.5), MgSO4 (1.3), NaH2PO4 (1.25),
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NaHCO3 (25), glucose (25), continuously bubbled with 95% O2 and 5% CO2 (pH =

7.4). Brains from mice older than three weeks were sliced in modified ACSF, com-

posed of the following (in mM): choline chloride (120), KCl (3.5), CaCl2 (0.5), MgSO4

(6.0), NaH2PO4 (1.25), glucose (25), and NaHCO3 (25). During the experiments slices

were kept submerged at room temperature and continuously superfused with ACSF.

Electroporation pipettes were pulled from boroscilicate glass and had a resistance

between 7 - 12 MΩ. Pipettes were filled with biocytin hydrochloride (2 - 4 mg/ml,

Sigma) dissolved in internal solution containing (in mM): Kgluconate (105), KCl (30),

EGTA (5), CaCl2 (0.5), HEPES (10), Mg-ATP (5), (pH 7.3 with KOH). The pipette was

positioned in proximity of the membrane of the Purkinje cell, and the membrane was

permeabilized by electrical stimulation with an Axoporator 800A (Molecular Devices,

USA). Patch pipettes were pulled from borosilicate glass with a resistance of 2 - 3 MΩ

and were filled with internal solution as described above. Whole-cell recordings from

Purkinje cells were made using an EPC9 patch-clamp amplifier and PULSE software

(HEKA Electronic, Lambrecht, Germany). Signals were filtered at 1 - 5 kHz and sam-

pled at 10 kHz. Series resistance ranged from 2 - 11 MΩ and was compensated for at

least 70%. Cells were voltage clamped at -70 mV, corrected for liquid junction poten-

tial.

Action potential firing and input resistance were determined from whole-cell cur-

rent clamp recordings from Purkinje cells during which a range of twelve currents

was injected, with a duration of 1 s each and ranging from -100 pA to +175 pA. The

amount of Purkinje cells which had showed > 1 action potential during any of these

current injection steps were scored. Input resistance was calculated from the change

in membrane potential at a current injection of -25 pA, during which Purkinje cells

did not fire action potentials. Resting membrane potential was calculated from the

input resistance of the cell and the amount of current necessary to inject in order to

keep the cell at a holding potential of -70 mV using Ohm's law.

Miniature postsynaptic currents (mPSCs) from Purkinje cells in both wildtype

and 5-HT3A receptor knockout mice were recorded in the voltage clamp configura-

tion at P7 - P9 in the presence of 0.5 µM TTX (Latoxan, Valence, France) and analysed

as described before (van Hooft, 2002). Per cell one or two traces of five minutes each



40 Chapter 3

were used for analysis, with at least 100 miniature synaptic events per cell which were

visually verified. Both distributions and average amplitudes and inter-event intervals

were analysed per cell. The distributions and average values of each cell were then

averaged over all recorded cells to get the final distributions and values as shown in

figure 3.5. Glutamatergic synaptic currents in Purkinje cells were evoked by stimu-

lation of either the parallel fibres or the climbing fibres with a glass-electrode filled

with ACSF. Paired stimuli (100 - 400 µA, 0.2 - 1 ms duration, interstimulus interval

50 ms) were delivered either to the molecular layer or the internal granule cell layer

using a custom-made isolated bipolar current stimulator. Paired-pulse stimulations

were delivered with a 20 s interval, and only recordings which were stable for at least

15 minutes were used to analyse the paired-pulse ratio (PPR). The PPR was defined

as the amplitude of the second EPSC divided by the amplitude of the first EPSC.

3.2.3 Organotypic slice cultures

Cell culture inserts (Falcon, 1 µm pore size) were coated with 66.7 µg/ml poly-L-

lysine (Sigma) overnight at room temperature. Before use, inserts were rinsed 3

times with sterile H2O and wells were filled with 1.8 ml culture medium, consist-

ing of Neurobasal-A medium containing 10 µg/ml penicillin/streptomycin and sup-

plemented with either the serum-free supplements B27 (1:50 vol/vol), N2 (1:100,

vol/vol) and 2 mM L-glutamine, or supplemented with 25% horse serum, 30 mM

glucose and 2 mM glutamax (all Invitrogen). Cerebellar slice cultures treated with

G10 at P8 during two days in vitro in culture medium with 25% horse serum gave

similar results as in the cultures without serum, indicating addition of the serum

did not change the reelin-mediated maturation process of Purkinje cells. Western

blot analysis showed that horse serum did not contain detectable amounts of reelin

(data not shown). Eight-day old mice were killed by decapitation, after which brains

were quickly dissected out and sagittal slices were made as described above. Slices

were washed three times in sterile culture medium and placed on inserts, and ex-

cessive medium was removed. Slices were cultured for 1-2 days in vitro (Div) at 37
oC in a humidified atmosphere containing 5% CO2. Culture medium from slices
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in the experimental condition was supplemented with the N-terminal specific anti-

reelin antibody G10 (Abcam) at a dilution of 1/1000 or the selective 5-HT3 antagonist

granisetron (100 nM, Sigma).

3.2.4 Morphological analysis

In order to reveal Purkinje cell morphology, Purkinje cells from lobex III - IX in

the cerebellar vermis were filled with biocytin (Sigma, 2-4 mg/ml dissolved in in-

ternal solution as described above) during the whole-cell patch clamp recordings

or with biocytin hydrochloride (Sigma, 4 mg/ml dissolved in internal solution as

described above) during single-cell electroporation. Slices were fixed overnight in

paraformaldehyde (PFA, 4% in 0.05 M PBS, pH = 7.4) at 4 oC and visualized us-

ing immunohistochemical methods. Slices were washed in PBS for 5 x 8 minutes,

and endogenous peroxidase was inhibited by a 30 minute incubation in H2O2 (3% in

PBS). After 60 minutes permeabilization in 2% Triton X-100 (2% in PBS), slices were

incubated for two hours in avidin-biotin-peroxidase complex (Vectastain ABC Elite

kit, Vector Laboratories). Biocytin was visualized as a dark brown substrate using a

DAB (3,3'-diaminobenzidine-4 HCl, Sigma) reaction. Slices were washed 3 x 8 min-

utes before being mounted on a glass slide with mowiol 4-88 (Sigma; dissolved in

0.2 M Tris-HCl and glycerol, pH = 8.5). Images were made using a confocal micro-

scope (Zeiss LSM 510) equipped with a 20x/0.75 objective and using the 543 nm line

of an ArKr laser. These images were then used to make a 3D reconstruction of the

Purkinje cells for morphological analysis. For the reconstruction, ImageJ (National

institute of Health, Bethesda, MD; http://rsb.info.nih.gov/nih-image/) was used in

combination with the NeuroMorpho plug-in. The different parameters were anal-

ysed using LMeasure software (Scorcioni et al., 2008). With these parameters, the

dendritic complexity index (DCI) was calculated using the formula shown below, in

which the branch tip order was defined for every branch tip as the number of branch

points between the primary dendrite and the tip.

DCI =

(∑
branch tip orders + # of branch tips

# of primary dendrites

)
× total arbor length
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Sholl analysis was performed on the reconstructed Purkinje cells by plotting the sum

of the length of the dendrites in bins of 10 µm at P9 or 20 µm at P35 as function of the

distance from the soma using NeuronStudio software.

3.2.5 Western blot

For quantification of reelin levels we dissected the cerebellum from five wildtype

and five 5-HT3A receptor knockout mice at P9 and homogenized these individually

with a glass douncer in lysis buffer consisting of 320 mM sucrose, 10 mM HEPES

and protease inhibitor mixture (Complete, pH 7.4, Roche). The homogenates were

centrifuged at 510 x g for 5 minutes at 4 oC and the supernatant was centrifuged

again at 10,000 x g for 10 minutes at 4 oC to discard undisrupted tissue. Samples

were mixed with 5X sample buffer and proteins were denaturalized at 70 oC during

10 minutes. In total 20 µg of protein, quantified by a NanoDrop 2000 Spectropho-

tometer (Thermo Scientific), was loaded in triplicate and were separated by sodium

dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) in a 6% Tris-glycine

gel and transferred onto a nitrocellulose membrane. The membranes were allowed to

dry overnight and then processed for immunodetection of reelin. Nonspecific bind-

ing sites on the nitrocellulose were blocked by immersion of the membranes in 4%

nonfat dry milk (BioRad Laboratories) in Tris-buffered saline (20 mM Tris-HCl, 150

mM NaCl, pH 7.4) containing 0.1% (vol/vol) Tween-20 (TBST). Membranes were then

incubated for 2 hours at room temperature with mouse anti-reelin G10 antibody (Ab-

cam, diluted 1:1000 in the blocking solution), and mouse anti-β-actin (Sigma, 1:4000).

Blots were then rinsed three times in TBST and incubated for 1 hour at room temper-

ature with horseradish peroxidase-conjugated goat anti-mouse IgG (1:3000 in block-

ing solution). The protein bands were detected using the ECL Prime Western Blotting

detection reagents (Amersham) and were visualized with the Odyssey 2800 (Li-Cor).

Optical density (OD) levels of protein bands were quantified using ImageJ software,

after which the reelin OD levels were compared to the OD levels of the β-actin bands

within the same lane to obtain the OD ratio. At least two replicates were performed

for each sample.
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3.2.6 Statistical analysis

Values are expressed as mean± standard error of the mean. Comparisons were made

using the Student's t-test unless stated otherwise. Fisher's exact test was utilized to

compare frequency distributions between wildtype and 5-HT3A receptor knockout

mice. Frequency and amplitude distributions of the miniature synaptic events were

compared with a two-sample Kolmogorov-Smirnov test. p < 0.05 was used to indicate

a significant difference. Asterisks indicate p < 0.05 (∗), p < 0.01 (∗∗) and p < 0.001 (∗∗∗).

3.3 Results

3.3.1 Serotonin 5-HT3 receptors control morphological maturation

of Purkinje cells via reelin

Purkinje cells of both wildtype and 5-HT3A receptor knockout mice were filled with

biocytin during whole-cell patch clamp recordings to reveal their morphology. In

nine-days old mice, the dendritic complexity index (DCI) of Purkinje cells was 77 ±

24% (n = 20) higher in 5-HT3A receptor knockout mice than in wildtype mice (n = 15;

p < 0.05; figure 3.1 A, B). The total dendritic length of Purkinje cells in 5-HT3A receptor

knockout mice was 35 ± 10% higher than in wildtype mice (p < 0.05). Sholl analysis

indicated a significant difference in total dendritic length per concentric circle of 10

µm between wildtype and 5-HT3A receptor knockout mice in the area between 40 and

60 µm from the soma (p < 0.05, figure 3.1 C). In five-week old mice, both the DCI (105

± 15%; n = 13; figure 3.1 D, E) and total dendritic length (103 ± 8%; n = 13) of Purkinje

cells were not different from those in wildtype mice (n = 8) and Sholl analysis did not

reveal topological differences (figure 3.1 F).

The involvement of 5-HT3 receptors in controlling the maturation of Purkinje cells

was corroborated in organotypic slice cultures. Blocking 5-HT3 receptors with 100

nM granisetron at P8 for two days in culture resulted in an increase of the DCI to 228

± 42% (n = 6; p < 0.05; figure 3.2 B, D). The total dendritic length was increased to

187 ± 14% (p < 0.01) after treatment with granisetron. Sholl analysis revealed a topo-
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Figure 3.1: Increased morphological complexity of Purkinje cells in 5-HT3A receptor knock-
out mice at P9 but not at P35.
A, Reconstructed Purkinje cells from wildtype and 5-HT3A receptor knockout mice at P9. B,
Dendritic complexity index of Purkinje cells at P9 indicates an increased dendritic complexity
in 5-HT3A receptor knockout mice as compared to wildtype mice. C, Sholl analysis indicates an
increased dendritic length specifically at 30 - 60 µm from the soma in 5-HT3A receptor knock-
out mice at P9. D, Reconstructed Purkinje cells from wildtype and 5-HT3A receptor knockout
mice at P35. E, The dendritic complexity index of wildtype and 5-HT3A receptor knockout
mice does not reveal any difference at P35. F, Sholl analysis does not show any topological
difference between Purkinje cells from wildtype and 5-HT3A receptor knockout mice at P35.
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logical difference at 60-130 µm from the soma (p < 0.05; figure 3.2 E). Given the fact

that 5-HT3 receptors are expressed on reelin-producing granule cells, we next inves-

tigated whether reelin is involved in the dendritic maturation of Purkinje cells. After

blocking the N-terminal region of reelin at P8 during one day in vitro in serum-free

culture medium by treatment with anti-reelin antibody G10 the DCI was increased

to 260 ± 44% (n = 17; p < 0.05; figure 3.2 C, F) and the total dendritic length to 185

± 16% (p < 0.01). Sholl analysis indicated a significant difference in dendritic length

40-100 µm from the soma (p < 0.01; figure 3.2 G). Western blots were used to detect

reelin protein levels in wildtype (n = 5) and 5-HT3A receptor knockout mice (n = 5) at

P9 and revealed that the levels of both full length reelin (p < 0.01) and the N-terminal

of reelin (p < 0.001) were reduced in 5-HT3A receptor knockout mice (figure 3.2 H, I).

Four different stages of morphological development in one-week old Purkinje

cells were defined (figure 3.3 A), comparable to stage II - stage V as described by

Altman (1972a). Stage I is defined as the most immature stage in which Purkinje cells

have multiple primary dendrites in all directions. Stage II is a stage in which Purkinje

cells still have multiple primary dendrites, but which are already polarised into one

direction. Purkinje cells in stage III have only one primary dendrite, with an imma-

ture dendritic tree. Stage IV is the last stage before full maturation, in which Purkinje

cells have one primary dendrite with an almost fully developed dendritic tree. Purk-

inje cells from 5-HT3A receptor knockout mice were in a more mature morphological

stage than Purkinje cells from wildtype mice (Fisher's exact test, at P7: p < 0.001; P8:

p < 0.001; P9: p < 0.001; figure 3.3 B). Taken together, these results indicate that there

is a specific time window in 5-HT3A receptor knockout mice during which Purkinje

cell dendritic tree morphology is altered.

3.3.2 Abnormal physiological maturation of Purkinje cells in 5-HT3A

receptor knockout mice

Given the expedited morphological maturation of Purkinje cells in 5-HT3A receptor

knockout mice, we hypothesized that the physiological properties of Purkinje cells

show a concurrent increase in speed of maturation. At P6 - P9, Purkinje cells from
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Figure 3.2: Organotypic slice cultures show that morphological maturation of Purkinje cells
is regulated by 5-HT3 receptors via the glycoprotein reelin.
A, Example of a P8 Purkinje cell in control condition after two days in culture. B, Example of a
P8 Purkinje cell after two days in culture with 100 nM granisetron, a selective 5-HT3 receptor
antagonist. C, Example of a P8 Purkinje cell after two days in culture with G10, an antibody
against the N-terminal of reelin. Scale bars in A - C indicate 10µm. D, The dendritic complexity
index of Purkinje cells from cerebellar slices cultured at P8 after two days in culture shows an
increased complexity of the Purkinje cells treated during the culture period with granisetron.
E, Sholl analysis indicates an increase in dendritic length in granisetron-treated Purkinje cells in
the area 60 - 130 µm from the soma. F, The dendritic complexity index from Purkinje cells from
cerebellar slices cultured at P8 after one day in culture shows an increased complexity of the
Purkinje cells treated during the culture period with G10. G, Sholl analysis shows an increase
in dendritic length between 40 - 100 µm from the soma in the culture condition with G10.
H, Western blots for whole-cerebellum homogenates from P9 wildtype and 5-HT3A receptor
knockout mice showing protein bands for full-length reelin, the N-terminal of reelin, and β-
actin. I, Quantification of Western blot analysis indicates that the level of optical density (OD)
of reelin is reduced in 5-HT3A receptor knockout mice at P9. The numbers in the bars of the
graphs indicate the number of cells used for analysis.
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Figure 3.3: Expedited morphological development of Purkinje cells in 5-HT3A receptor
knockout mice.
A, Purkinje cells from P8 mice show four different stages of morphological maturation: stage
I is the most immature stage in which Purkinje cells have multiple primary dendrites in all
directions, stage II is a stage in which Purkinje cells still have multiple primary dendrites, but
which are already polarized into one direction, stage III are Purkinje cells which have one pri-
mary dendrite with a very immature dendritic tree, and stage IV is the last stage before the
final maturation, in which Purkinje cells have one primary dendrite with an almost fully de-
veloped dendritic tree. B, Distribution of Purkinje cells in each morphological maturation stage
in both wildtype and 5-HT3A receptor knockout mice at P7, P8, and P9 shows that Purkinje
cells from 5-HT3A receptor knockout mice display a more mature morphology at an earlier
age than Purkinje cells from wildtype mice. The numbers underneath the bars of the graphs
indicate the number of cells used for analysis.
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5-HT3A receptor knockout mice had a more depolarized resting membrane poten-

tial (-46.6 ± 2.4 mV) than Purkinje cells in wildtype mice (-60.7 ± 1.7 mV; p < 0.001;

figure 3.4 A, B), and a higher input resistance (760.7 ± 95.9 MΩ; wildtype: 136.0 ±

16.1 MΩ; p < 0.0001; figure 3.4 C). In addition, at this age, the percentage of Purkinje

cells firing action potentials upon a depolarizing current injection was significantly

higher in 5-HT3A receptor knockout mice (80%; n = 25) than in wildtype mice (23%; n

= 22; Fisher's exact test; p < 0.001; figure 3.4 D). At P10 - P12, there was no difference

between Purkinje cells in wildtype (n = 29) and 5-HT3A receptor knockout mice (n =

20) with respect to resting membrane potential or the percentage of cells firing repet-

itive action potentials upon a depolarizing current injection (figure 3.4 E - G), and

comparable to previous studies (Crepel et al., 1987; Doughty et al., 1999; McKay and

Turner, 2005; Fry, 2006). However, the input resistance in 5-HT3A receptor knockout

mice (271.0 ± 41.4 MΩ) was still significantly higher than that in wildtype mice (170.7

± 18.8 MΩ; p < 0.05; figure 3.4 H). Both the resting membrane potential (-69.0 ± 1.9

mV) and the input resistance (182.8 ± 32.1 MΩ) in 8 - 10 weeks old 5-HT3A receptor

knockout mice (n = 18) were not different from those in wildtype (-69.2 ± 0.5 mV and

164.9 ± 21.8 MΩ, respectively, n = 17).

In order to assess the maturation of the input of Purkinje cells, miniature postsy-

naptic currents (mPSCs) from whole-cell voltage clamped Purkinje cells were recorded

in wildtype (figure 3.5 A) and 5-HT3A receptor knockout mice (figure 3.5 B) between

P7 and P9. Average amplitude and inter-event interval of the mPSCs were compared

using the Mann-Whitney test. In wildtype mice, the average amplitude of the mPSCs

increased with age, showing a developmental pattern. In 5-HT3A receptor knockout

mice, the amplitude of the mPSCs was already high at P7 (p < 0.05 compared to wild-

type P7), and did not show a further increase with age (figure 3.5 C). The inter-event

interval of the mPSCs recorded from Purkinje cells in wildtype mice showed a devel-

opmental pattern between P7 and P9, revealing a decrease in the inter-event interval

and thus an increase in frequency of the mPSCs at a later age. The average inter-

event interval of the mPSCs in 5-HT3A receptor knockout mice was already low at P7

(p < 0.01 compared to wildtype P7), and remained low at P8 (p < 0.05 compared to

wildtype P8) and P9 (n.s.; figure 3.5 D). Amplitude distributions were significantly
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Figure 3.4: Purkinje cells in 5-HT3A receptor knockout mice display more advanced physi-
ological maturation.
A, Example traces showing action potential firing upon a depolarizing current injection of
+175 pA in current-clamp recordings from Purkinje cells in wildtype and 5-HT3A receptor
knockout mice at P6 - P9. B, Purkinje cells from 5-HT3A receptor knockout mice show a more
depolarized resting membrane potential than Purkinje cells from wildtype mice at P6 - P9. C,
Input resistance of Purkinje cells from 5-HT3A receptor knockout mice at P6 - P9 is increased
when compared to wildtype mice. D, Percentages of Purkinje cells with evoked action poten-
tials in response to a depolarizing current injection of +175 pA show that more Purkinje cells
from 5-HT3A receptor knockout mice display this physiological feature than Purkinje cells from
wildtype mice at P6 - P9. E, Example traces showing action potential firing upon a depolariz-
ing current injection of +175 pA in current-clamp recordings from Purkinje cells in wildtype
and 5-HT3A receptor knockout mice at P10 - P12. At P10 - P12, there is no difference between
Purkinje cells from wildtype and Purkinje cells from 5-HT3A receptor knockout mice in the
resting membrane potential (F) or in the percentage of cells firing action potentials upon a de-
polarizing current injection of +175 pA (H), indicating an advanced physiological maturation
of Purkinje cells in 5-HT3A receptor knockout mice only during a specific period of postna-
tal development. Input resistance of Purkinje cells was further decreased in 5-HT3A receptor
knockout mice at P10 - P12 but still significantly different from the input resistance of Purkinje
cells in wildtype mice (G). The numbers in the bars of the graphs indicate the number of cells
used for analysis.
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different between wildtype and 5-HT3A receptor knockout mice at P7 (figure 3.5 E; p

< 0.001), but not at P8 (figure 3.5 G) and P9 (figure 3.5 I). Inter-event interval distribu-

tions were significantly different between wildtype and 5-HT3A receptor knockout

mice at P7 and P8 (figure 3.5 F, H; both p < 0.001) but not at P9 (figure 3.5 J).

3.3.3 Delayed climbing fibre elimination in 5-HT3A receptor knock-

out mice

Given that the frequency of mPSCs in Purkinje cells from 5-HT3A receptor knockout

mice is increased, we wondered whether this was due to an increase in parallel fibre

inputs, climbing fibre inputs, or both. We have previously shown that acute block

of presynaptic 5-HT3 receptors at the parallel fibre - Purkinje cell synapse converts

this synapse from a facilitating into a depressing one (Oostland et al., 2011). This

finding was corroborated in 5-HT3A receptor knockout mice at P8, reflected by a de-

creased paired-pulse ratio (PPR) upon parallel fibre stimulation as compared to wild-

type mice (p < 0.05, figure 3.6 Aa, Ab, C). At P21, the PPR in wildtype mice (figure

3.6 Ba, C) and in 5-HT3A receptor knockout mice (figure 3.6 Bb, C) did not differ and

showed a facilitating ratio as is a known feature of the mature parallel fibre - Purkinje

cell synapse.

We next investigated the short-term synaptic transmission at the climbing fibre -

Purkinje cell synapse by means of paired-pulse stimulation. The PPR at the climbing

fibre - Purkinje cell synapse in wildtype mice increased with age, indicating matura-

tion of the climbing fibre - Purkinje cell synapse (figure 3.6 Da, Ea, F). Compared to

wildtype mice, in 5-HT3A receptor knockout mice the PPR was higher at P8 - P9 (p <

0.05; figure 3.6 Db, F) and at P11 - P12 (p < 0.05; figure 3.6 F), and showed a similar

level to the PPR in wildtype mice at P24 (figure 3.6 Eb, F). During early postnatal de-

velopment there is a competition between parallel fibres and climbing fibres for the

available postsynaptic sites on Purkinje cells. Because the parallel fibre - Purkinje cell

synapse is impaired in 5-HT3A receptor knockout mice, we hypothesized that this

might be in favour of the total number of climbing fibres. Whole-cell patch clamp

recordings of Purkinje cells were made and climbing fibres were activated with elec-
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Figure 3.5: Increased frequency and amplitude of spontaneous miniature postsynaptic cur-
rents in Purkinje cells from one-week old 5-HT3A receptor knockout mice.
A, Example trace of spontaneous mPSCs recorded at -70 mV from Purkinje cells in P7 wild-
type mice. B, Similar example trace in P7 5-HT3A receptor knockout mice. C, Amplitude of
mPSCs in Purkinje cells from wildtype and 5-HT3A receptor knockout mice indicate a signif-
icant difference at P7, but not at P8. D, Average inter-event intervals of the mPSCs recorded
from Purkinje cells in wildtype and 5-HT3A receptor knockout mice indicate a difference at P7
and P8, but not at P9. E, G, I, amplitude distributions of mPSCs recorded from Purkinje cells
show significant difference between wildtype and 5-HT3A receptor knockout mice at P7. F,
H, J, inter-event interval distributions of mPSCs recorded from Purkinje cells show significant
difference between wildtype and 5-HT3A receptor knockout mice at P7 and P8. The numbers
in the bars of the graphs indicate the number of cells used for analysis.
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and at the climbing fibre - Purkinje cell synapse is impaired in 5-HT3A receptor knockout
mice.
A - C, Paired-pulse recordings from parallel fibre - Purkinje cell synapses in wildtype mice at
P8 in wildtype mice (Aa) and in 5-HT3A receptor knockout mice (Ab) and at P21 in wildtype
mice (Ba) and in 5-HT3A receptor knockout mice (Bb). C, The paired-pulse ratio at the parallel
fibre - Purkinje cell is reduces in 5-HT3A receptor knockout mice at P8, but not at P21. D - F,
Paired-pulse recordings from climbing fibre - Purkinje cell synapses at P8 in wildtype mice
(Da) and in 5-HT3A receptor knockout mice (Db) and at P24 in wildtype mice (Ea) and in
5-HT3A receptor knockout mice (Eb). F, The paired-pulse ratio at the climbing fibre - Purkinje
cell synapse is increased in 5-HT3A receptor knockout mice at P8 - P9 and at P11 - P12, but
there is no difference at P24. The numbers in the bars of the graphs indicate the number of
cells used for analysis.
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trical stimulations in the internal granule cell layer. A climbing fibre EPSC (figure

3.7 A) was defined as an EPSC which showed a step-wise change in amplitude in

response to a gradual increase in stimulus intensity (figure 3.7 B), in combination

with paired-pulse depression (as seen in figure 3.6 D - F). We found that the num-

ber of climbing fibres by which a Purkinje cell is innervated decreases over time in

both wildtype and 5-HT3A receptor knockout mice (figure 3.7 C). At P5 and P6 there

is an average of four climbing fibres per Purkinje cell in both wildtype and 5-HT3A

receptor knockout mice. In wildtype mice, there is a transition stage between P7 and

P12 during which the number of climbing fibres gradually decreases to just over one

climbing fibre per Purkinje cell. This number is reduced to exactly one climbing fi-

bre per Purkinje cell at P24 in all cells recorded. In 5-HT3A receptor knockout mice,

this transitionary stage of climbing fibre elimination lasts longer, with still multiple

climbing fibres innervating one Purkinje cell at P24 (p < 0.001, Mann-Whitney test).

In ten-week old (P68 - P72) 5-HT3A receptor knockout mice the number of climbing

fibres innervating a single Purkinje cell was eliminated to 1.18 ± 0.10 (n = 17). Thus,

climbing fibre elimination is delayed in 5-HT3A receptor knockout mice.

We additionally analysed the amplitudes of the smallest and the largest climb-

ing fibre EPSC and the climbing fibre ratio. The amplitude of a single climbing fi-

bre EPSC was calculated as the difference in amplitude between any EPSC and the

previous recorded EPSCs. The climbing fibre ratio was defined as the amplitude of

any given climbing fibre EPSC divided by the amplitude of the largest climbing fibre

EPSC synapsing onto the same Purkinje cell. The number of climbing fibres (n) for

which the climbing fibre ratio can be determined is n-1 for each Purkinje cell. Wild-

type mice at P24 already had completed climbing fibre elimination, and therefore

there is no climbing fibre ratio or amplitude of the minimum climbing fibre EPSC.

The climbing fibre ratio remained higher for a prolonged time in 5-HT3A receptor

knockout mice than in wildtype mice (figure 3.7 D). The minimum amplitude of the

climbing fibre EPSC (figure 3.7 E) was significantly different at P5 but not at other

ages. The maximum amplitude of the climbing fibre EPSC (figure 3.7 F) was differ-

ent at young ages but not in older animals.

It thus seems in 5-HT3A receptor knockout mice there is not only expedited mor-



54 Chapter 3

phological and physiological maturation of Purkinje cells, but that also the two gluta-

matergic inputs to the Purkinje cells are affected, as shown by impairment of both the

parallel fibre and the climbing fibre input, and delayed climbing fibre elimination.
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Figure 3.7: Climbing fibre elimination is delayed in 5-HT3A receptor knockout mice.
A, Example of a recording from a Purkinje cell with inputs from four different climbing fibres.
B, Input-output graph of the same recording as in A, which shows a stepwise increase in am-
plitude of the climbing fibre EPSC upon a gradual increase in stimulus strength, indicating
four climbing fibres innervating the recorded Purkinje cell. C, Number of climbing fibres in
wildtype and 5-HT3A receptor knockout mice between P5 and P24 shows a delay in climbing
fibre elimination in 5-HT3A receptor knockout mice. D, The climbing fibre ratio, defined as the
amplitude of one climbing fibre EPSC divided by the amplitude of the largest climbing fibre
EPSC within the same Purkinje cell, is increased in 5-HT3A receptor knockout mice at P7 and
P8. E, There is no difference in the amplitude of the smallest climbing fibre EPSC between
wildtype and 5-HT3A receptor knockout mice at P6 - P12. Only at P5 the amplitude of the
smallest climbing fibre EPSC is smaller in 5-HT3A receptor knockout mice. At P24 there was
only one climbing fibre innervating each Purkinje cell in wildtype mice, which we counted
as the climbing fibre with the largest climbing fibre EPSC and thus there is no value for the
amplitude of the smallest climbing fibre EPSC in P24 wildtype mice. F, The amplitude of the
largest climbing fibre EPSC is decreased at P5, P7 and P8 in 5-HT3A receptor knockout mice,
accounting for the increase in climbing fibre ratio as shown in C.
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3.4 Discussion

The results in this study show a novel role for serotonin in the regulation of cere-

bellar postnatal development. This is mediated via 5-HT3 receptors expressed by

excitatory granule cells, which regulate the morphological and physiological matu-

ration of Purkinje cells. The serotonergic modulation via 5-HT3 receptors also affects

the surrounding cerebellar cortical microcircuit as indicated by impaired short-term

synaptic plasticity at the climbing fibre - Purkinje cell synapse and delayed climbing

fibre elimination in 5-HT3A receptor knockout mice.

3.4.1 The role of 5-HT3 receptors in spontaneous miniature events

recorded from Purkinje cells

Recently, we have shown that acute pharmacological block of presynaptic 5-HT3 re-

ceptors leads to a reduction in frequency of mPSCs recorded from Purkinje cells from

P9 wildtype mice (Oostland et al., 2011). In the present study we show that the fre-

quency of mPSCs recorded from Purkinje cells from P7 5-HT3A receptor knockout

mice was increased compared to P7 wildtype mice. Thus, recordings from Purk-

inje cells in wildtype mice during pharmacological blockade of 5-HT3 receptors for a

short amount of time and recordings from Purkinje cells from 5-HT3A receptor knock-

out mice give contradictory results. The increase in mPSC frequency reflects changes

in both the parallel fibre - Purkinje cell synapse and the climbing fibre - Purkinje cell

synapse. We have shown before that the parallel fibre - Purkinje cell synapse is im-

paired and turns into a depressing synapse after pharmacological blockade of 5-HT3

receptors (Oostland et al., 2011). In the present study, we show a similar effect on the

parallel fibre - Purkinje cell synapse in 5-HT3A receptor knockout mice. Morpholog-

ical and electrophysiological data demonstrate that the development of parallel fibre

synapses is significantly correlated with the time course of the climbing fibre elimina-

tion (Scelfo and Strata, 2005). Given that a) the increase in mPSC frequency in 5-HT3A

receptor knockout mice may reflect a change in both parallel fibre and climbing fibre

input, b) parallel fibre input is impaired in 5-HT3A receptor knockout mice, and c)
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parallel fibre input is necessary for climbing fibre elimination because of the com-

petitive nature of this process, we hypothesized that the increase in mPSC frequency

recorded from Purkinje cells from 5-HT3A receptor knockout mice results from an in-

crease in climbing fibre input due to delayed climbing fibre elimination. This can ex-

plain the contradictory results described above, as pharmacologically blocking 5-HT3

receptors for a short amount of time during recording does not affect climbing fibre

elimination but only affects functioning of the parallel fibre - Purkinje cell synapse,

leading to a decrease in mPSC frequency recorded from Purkinje cells (Oostland et al.,

2011). Alternatively, an increase in parallel fibre - Purkinje cell synapse formation in

5-HT3A receptor knockout mice could account for the increase in mPSC frequency,

although this would be accompanied by an increase in climbing fibre elimination,

opposite to what we have observed.

3.4.2 Mechanisms of delayed climbing fibre elimination in 5-HT3A

receptor knockout mice

In this study we show that climbing fibre elimination is delayed in 5-HT3A receptor

knockout mice until at least three weeks after birth, and that this process is normal-

ized between P24 and ten weeks postnatally. The course of climbing fibre elimina-

tion in the wildtype mice we have found in the present study is comparable to what

has been described before (reviewed by Watanabe et al., 2011). Climbing fibre elim-

ination is a developmental process which occurs in two stages. The early stage is

characterized by homosynaptic competition between climbing fibres, and lasts up

to P8 in rats (Crepel, 1981). The late phase consists of heterosynaptic competition

between parallel fibres and climbing fibres, and typically lasts between P9 and P17

in rats (Crepel, 1981). In the present study, we find no difference in the number of

climbing fibres innervating one Purkinje cell between wildtype and 5-HT3A receptor

knockout mice at P5 and P6. Only from P7 onwards, climbing fibre elimination starts

to be delayed in the 5-HT3A receptor knockout mice, resulting in multiple climbing

fibre innervation in three-week old 5-HT3A receptor knockout mice. As our study is

done in mice, whose developmental pattern is up to two days earlier than in rats, this
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period of delayed climbing fibre is in concordance with the late phase as described

by Crepel (1981) in rats. Thus, the delayed climbing fibre elimination we find in the

5-HT3A receptor knockout mice occurs during the period of heterosynaptic compe-

tition between parallel fibres and climbing fibres. This supports our hypothesis that

presynaptic 5-HT3 receptors at the parallel fibre terminal affect the climbing fibre

elimination. However, we cannot exclude that a 5-HT3 receptor knockout-unrelated

change in climbing fibre elimination is involved.

Parallel fibre inputs to Purkinje cells can activate the mGluR1 receptor, which via

the Gαq (Offermans et al., 1997), PLCβ4 (Kano et al., 1998) and PKCγ (Kano et al.,

1995) signaling cascade in Purkinje cells plays a central role in elimination of surplus

climbing fibre synapses, through still unknown mechanisms (Kano et al., 2008). The

effects of an increased number of climbing fibres during early postnatal development

on behaviour is unclear. It is known that persistent polyinnervation of Purkinje cells

by climbing fibres leads to problems in motor learning in (young) adult mice (i.e.

Kimpo et al., 2007). Other mouse models with delayed but not completely impaired

climbing fibre elimination, such as the αCaMKII knockout mouse line, do show mo-

tor learning deficits in adult mice (Hansel et al., 2006). In these αCaMKII knockout

mice, 49% of Purkinje cells were innervated by two climbing fibres at P21 - P28, while

climbing fibre elimination was fully completed in adult mutants. However, these

motor learning deficits can most likely be explained by a specific impairment of LTD

induction in Purkinje cells. As 5-HT3 receptors in the cerebellum are not expressed

after three weeks postnatally we do not expect physiological or behavioural deficits

in the 5-HT3A receptor knockout mice, and cerebellar-specific motor tests cannot be

performed in mice younger than three weeks old.

3.4.3 Involvement of 5-HT3 receptors in Purkinje cell development

Physiological and morphological postnatal development of Purkinje cells have been

more closely examined in the past decade (reviewed by Kapfhammer, 2004). Purk-

inje cells from 5-HT3A receptor knockout mice have different electrophysiological

properties than Purkinje cells in wildtype mice. They are able to fire action poten-
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tials upon a depolarizing current injection of +175 pA at an earlier age and have a

more depolarized resting membrane potential than in wildtype mice. Furthermore,

input resistance is increased in 5-HT3A receptor knockout mice. Data on the input

resistance of Purkinje cells during postnatal development is inconsistent. McKay and

Turner (2005) find an input resistance of Purkinje cells which decreases with age be-

tween P0 and P18, recorded in slices from rats. On the other hand, Fry (2006) finds

in dissociated Purkinje cells from mice a decrease in input resistance from P5 to P7,

followed by an increase between P11 and P18.

In addition to the role in electrophysiological maturation we show that 5-HT3 re-

ceptors regulate dendritic maturation of Purkinje cells via the glycoprotein reelin,

and we further investigated this by looking at the stage of morphological matura-

tion between P7 and P9 in more detail. We defined four different stages of Purkinje

cell dendritic development (see also Altman, 1972a) and the results from this study

show that in 5-HT3A receptor knockout mice Purkinje cells have a more mature mor-

phology at an earlier age than Purkinje cells in wildtype mice, indicating advanced

morphological maturation. However, we were unable to detect any morphological

differences between Purkinje cells in wildtype and 5-HT3A receptor knockout mice at

five weeks old, showing that the dendritic morphology was normalized by that age.

Thus, the serotonergic system, modulated by 5-HT3 receptors and reelin, controls the

time course of maturation in Purkinje cells.

In this study we have used 5-HT3A receptor knockout mice, in which transgenic

modifications are not restricted to one particular cell type or time window. The ef-

fects we have shown in this study could be affected by compensatory mechanisms.

However, to the best of our knowledge the granule cell is the only cell type in the cere-

bellum to express 5-HT3 receptors (Oostland et al., 2011). In order to investigate the

morphology of Purkinje cells in a more time-specific manner, we used organotypic

slice cultures in which we blocked 5-HT3 receptors or reelin at P8 during one or two

days. Using this time-specific method we found similar effects as in 5-HT3A receptor

knockout mice at P9.
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3.4.4 5-HT3 receptor-dependent regulation of dendritic morphol-

ogy in cerebral cortex and cerebellum

Our group has shown before that 5-HT3 receptors affect morphology of layer II/III

pyramidal neurons in the somatosensory cortex both during early postnatal develop-

ment and at P90 (Chameau et al., 2009). Furthermore, in P14 - P21 mice, pyramidal

neurons with a more complex dendritic tree were found to have different electrophys-

iological properties, i.e. reduced spike frequency adaptation (van der Velden et al.,

2012). Thus, the serotonergic system has a sustained effect on morphological prop-

erties of pyramidal neurons in the somatosensory cortex, while in the cerebellum the

serotonergic system more specifically affects the time course of both morphological

and physiological maturation. Interestingly, in both brain areas the 5-HT3 receptors

on glutamatergic cells are only present during the first three weeks postnatally, and

in both cases the dendritic maturation is regulated via reelin (Chameau et al., 2009;

Oostland et al., 2011). However, it is only in the cerebellum that the 5-HT3 receptor-

dependent regulation of dendritic morphology is limited to the early postnatal stages

of development.

3.4.5 Concluding remarks

The role of the cerebellum has in recent years been extended from motor coordina-

tion and motor learning to involvement in neurodevelopmental disorders such as

autism and schizophrenia. This cognitive function of the cerebellum is mediated by

a.o. reelin and serotonin. In the cerebellum, decreased levels of reelin mRNA and

protein have been found in brains from patients with autism (reviewed in Fatemi et

al., 2005). Alterations in expression and distribution of serotonin receptors in the

cerebellum have been implicated in schizophrenia (Slater et al., 1998; Eastwood et

al., 2001). In order to gain a better understanding on the development of autism and

schizophrenia and the role of the cerebellum therein, it is of importance to under-

stand the role of reelin and serotonin in postnatal development of the cerebellum

and its projections to the cerebral cortex. Efferent projections from Purkinje cells to
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the cerebellar and vestibular nuclei occur during late embryogenesis and synaptic

contacts are established around birth (Eisenman et al., 1991). The exact timing of the

development of projections from the cerebellar nuclei to the thalamus is not known,

but it is likely that these connections are made before P21 as it is during this neonatal

and juvenile period that systematic changes take place and the cerebellar network

is formed (Altman and Bayer, 1996). Thus, the involvement of serotonin and reelin

via the transiently expressed 5-HT3 receptors in postnatal Purkinje cell development

during this critical period, even though we show in the present study normalization

of climbing fibre input in young adult 5-HT3A receptor knockout mice, could be func-

tionally relevant in neurodevelopmental disorders by changing Purkinje cell output.

Future studies focussed on the development of efferent pathways from Purkinje cells

to the cerebral cortex and the role of serotonin therein could shed more light on this

topic.
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Abstract

Serotonin plays an important role in controlling the physiology of the cerebellum.

However, serotonin receptor expression has not been fully studied in the developing

cerebellum. We have recently shown that cerebellar granule cells transiently express

5-HT3 receptors. In the present study we investigate properties of 5-HT1 and 5-HT2

receptors in the mouse cerebellum during postnatal development. Using immuno-

histochemistry and electrophysiology, we show that 5-HT1A and 5-HT2A receptors

are present on cerebellar granule cells with a temporal expression pattern similar to

that of these receptors on Purkinje cells: 5-HT1A receptors are expressed only dur-

ing the first two weeks while 5-HT2A receptor expression persists until at least eight

weeks after birth. We show that 5-HT2A receptors activate a chloride conductance

in cerebellar granule cells which can be prevented by inhibiting either PKA or PKC.

5-HT2A receptors expressed by cerebellar granule cells promote stability by reducing

variability of the synaptic response and they mediate the paired-pulse ratio of the

parallel fibre - Purkinje cell synapse. Furthermore, pharmacological block of 5-HT2A

receptors enhances presynaptic LTP at the parallel fibre - Purkinje cell synapse. We

thus show a novel role for serotonin in controlling postnatal development and func-

tion of the cerebellum via 5-HT2A receptors expressed by cerebellar granule cells.
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4.1 Introduction

The cerebellum does not only play an important role in motor coordination and motor

learning, but is also involved in cognitive processes. Several studies have discussed

the involvement of the cerebellum in neurodevelopmental disorders such as autism

(Fatemi et al., 2002; Fatemi et al., 2003; Allen, 2005) and schizophrenia (Arnold and

Trojanowski, 1997; Carper and Courchesne, 2000; Picard et al., 2008; Andreasen and

Pierson, 2008). These neurodevelopmental disorders are associated with a change

in serotonin receptor expression in the cerebellum (Slater et al., 1998; Eastwood et

al., 2001). It is known that the cerebellum of the rodent brain receives innervation

of serotonergic fibres, originating mainly from the medullary- and pontine reticu-

lar formation (Takeuchi et al., 1982; Bishop and Ho, 1985). These serotonergic fibres

are predominantly found around the somata of Purkinje cells, and in the overlying

molecular layer, which contains the dendrites of Purkinje cells. However, during

development of the cerebellum, the serotonergic system and its physiological signif-

icance are not fully known.

We have recently shown that 5-HT3 receptors are transiently expressed by cerebel-

lar granule cells in mice during early postnatal development (Oostland et al., 2011).

Pharmacological block of 5-HT3 receptors impairs short-term synaptic plasticity at

glutamatergic inputs targeting Purkinje cells during this developmental period (Oost-

land et al., 2011). Furthermore, 5-HT3 receptors, via the glycoprotein reelin, regulate

the morphological maturation of Purkinje cells (Oostland et al., 2013). 5-HT3A recep-

tor knockout mice show delayed climbing fibre elimination due to impaired short-

term plasticity at the parallel fibre - Purkinje cell synapse (Oostland et al., 2013).

We hypothesize that other members of the serotonergic system in the cerebellum

also regulate cerebellar development and are functional at time points surround-

ing the transient expression pattern of functional 5-HT3 receptors. We hypothesize

that other members of the serotonergic system in the cerebellum are functional at

time points surrounding the transient expression pattern of functional 5-HT3 recep-

tors. This happens presumably by switching to other types of serotonin receptors

expressed in the cerebellum during postnatal development and thereafter. Studies
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using autoradiography and immunohistochemistry have shown that multiple differ-

ent 5-HT receptor subtypes are present on the membranes of Purkinje cells, including

the 5-HT1A, 5-HT2A, 5-HT2B , 5-HT2C , 5-HT5A and 5-HT7 subtypes (Matthiessen et

al., 1993; Choi and Maroteaux, 1996; Maeshima et al., 1998; Cornea-Hebert et al.,

1999; Geurts et al., 2002; Li et al., 2004). On cerebellar granule cells, the expression

of 5-HT receptors is less diverse. It has been reported that both 5-HT3 and 5-HT6

receptors are present on these cells (Oostland et al., 2011; Geurts et al., 2002; Ward et

al., 1995; Gérard et al., 1997). In addition, very low densities of 5-HT1 receptors in the

molecular and granule cell layer in the adult rat cerebellum have been found (Pazos

and Palacios, 1985). There is some evidence suggesting presence of 5-HT2 receptors

on dissociated cerebellar granule cells at P8 from rat cerebellum (Xu and Chuang,

1987; Akiyoshi et al., 2005). Other studies done on adult rodents did not reveal the

presence of 5-HT2 receptors on cerebellar granule cells (Geurts et al., 2002; Pazos and

Palacios, 1985).

The aim of the present study is to investigate the role of the serotonergic system

in cerebellar postnatal development. We study the expression pattern and functional

properties of 5-HT1 and 5-HT2 receptors in the mouse cerebellum from early post-

natal development up until ten weeks of age. We show here that functional 5-HT1A

and 5-HT2A receptors are expressed by cerebellar granule cells during early postnatal

development. 5-HT1A receptors are transiently expressed during the first two weeks

postnatally while 5-HT2A receptors remain present on granule cells until ten weeks

of age, in concordance with their respective temporal expression pattern on Purk-

inje cells. We furthermore investigate the electrophysiological properties of 5-HT2A

receptors in the cerebellum and conclude that they mediate presynaptic LTP at the

parallel fibre - Purkinje cell synapse in juvenile mice.
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4.2 Methods

4.2.1 Ethical approval

Wildtype C57/Bl6 mice (Harlan, www.harlan.com) between the age of postnatal day

(P) 2 and P68, both males and females, were used for this study. All experiments in

this study were performed in accordance with the committee on animal bioethics of

the University of Amsterdam.

4.2.2 Immunohistochemistry

Sagittal slices from wildtype C57/Bl6 mice, transcardially perfused at P7, were cut

using a vibrating blade microtome (Leica VT1000S) at a thickness of 50 µm. Slices

were washed in PBS, then permeabilized for 30 minutes in PBS-0.25% Triton (PBST),

and kept for one hour in PBST + 10% Normal Goat Serum (NGS), after which they

were kept overnight at 4oC in either rabbit polyclonal anti-5-HT1A receptor antibody

(1:500, Abcam) or in rabbit polyclonal anti-5-HT2A receptor antibody (1:500, Abcam)

in PBS + 5% NGS. The next day, slices were washed in PBS and incubated for two

hours at room temperature in goat anti-rabbit IgG Alexa 488 (1:200, Invitrogen) in

PBS + 5% NGS. After washing in PBS, slices were mounted using Vectashield Hard

Set Mounting Medium (Vector Laboratories, Peterborough, UK). Images from were

made using a confocal microscope (Zeiss LSM 510) equipped with a 20x objective and

using the 488-nm line of an Argon/Krypton laser.

4.2.3 Electrophysiological recordings

For whole-cell patch clamp recordings animals were killed by decapitation. Sagittal

brain slices were cut using a vibrating blade microtome (Leica VT1200S) at a thick-

ness of 300 µm. During slicing the brains were kept in cooled (4 oC) oxygenated

ACSF which was composed of the following (in mM): NaCl (120), KCl (3.5), CaCl2
(2.5), MgSO4 (1.3), NaH2PO4 (1.25), NaHCO3 (25), glucose (25), continuously bub-

bled with 95% O2 and 5% CO2 (pH = 7.4). Brains from mice older than three weeks
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were sliced in modified ACSF, composed of the following (in mM): choline chloride

(120), KCl (3.5), CaCl2 (0.5), MgSO4 (6.0), NaH2PO4 (1.25), glucose (25), and NaHCO3

(25). During the experiments, slices were kept submerged at room temperature and

continuously superfused with ACSF. Patch pipettes were pulled from borosilicate

glass with a resistance of 2 - 3 MΩ for recordings from Purkinje cells and with a re-

sistance of 8 - 10 MΩ for recordings from granule cells. Patch pipettes were filled

with internal solution containing (in mM): Kgluconate (110), KCl (30), EGTA (0.5),

HEPES (10), Mg-ATP (4), Na-GTP (0.5) (pH 7.3 with KOH). Whole-cell recordings

were made at room temperature using an EPC9 patch-clamp amplifier and PULSE

software (HEKA Electronic, Lambrecht, Germany). Signals were filtered at 1 - 5 kHz

and sampled at 10 kHz. Series resistance ranged from 2 - 11 MΩ and was compen-

sated for at least 60%. All recordings are corrected for liquid junction potential. Cells

were voltage clamped at -70 mV.

Purkinje cells (at P5 - P9 and P17 - P19) and granule cells (at P2 - P68) were patched

and a second pipette connected to a picospritzer II (General Valve, Fairfield, NJ, USA)

containing 100 nM of the 5-HT1A agonist 8-hydroxy-2-(di-n-propylamino)tetralin (8-

OH-DPAT; gift from Abbott Laboratories BV) or 500 nM of the 5-HT2 agonist 2,5-

dimethoxy-4-iodoamphetamine (DOI, gift from Abbott Laboratories BV) in ACSF was

positioned in the vicinity of the cell soma and the drug was applied for 500 ms at

35-100 kPa. Antagonists were applied in the bath solution and slices were preincu-

bated in the antagonist for > 30 mins. We used 10 µM N-[2-[4-(2-methoxyphenyl)-

1-piperazinyl]ethyl]- N-(2-pyridyl)cyclohexanecarboxamide (WAY 100635, gift from

Abbott Laboratories BV) to pharmacologically block 5-HT1A receptors, and 300 nM

(R)-(+)-α-(2,3-Dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-piperidinemethanol

(MDL 100,907, gift from Abbott Laboratories BV) to block 5-HT2A receptors. Where

stated, 1 µM of the selective PKA inhibitor (9R,10S,12S)-2,3,9,10,11,12-Hexahydro-10-

hydroxy-9-methyl-1-oxo-9,12-epoxy-1H-diindolo[1,2,3-fg:3',2',1'-kl]pyrrolo[3,4-i][1,6]-

benzodiazocine-10-carboxylic acid (KT5720, Tocris Bioscience) or 2 µM of the selec-

tive PKC inhibitor 2-[1-(3-Dimethylaminopropyl)indol-3-yl]-3-(indol-3-yl) maleimide

(GF109203X, Tocris Bioscience) was dissolved in the internal solution during record-

ings from granule cells at P10 - P15. In this case recordings were made at least 15
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minutes after reaching the whole-cell configuration to permit adequate time for the

drug to diffuse into the cell.

Miniature postsynaptic currents (mPSCs) from Purkinje cells were recorded in the

voltage-clamp configuration in the presence of 0.5 µM TTX (Latoxan, Valence, France)

and analyzed as described before (van Hooft, 2002). Miniature excitatory postsy-

naptic currents (mEPSCs) were recorded with additionaly 20 µM bicuculine (Tocris

Bioscience) in the bath solution, while miniature inhibitory postsynaptic currents

(mIPSCs) were recorded with 20 µM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX;

Tocris Bioscience) in the bath solution. Per cell one or two traces of five minutes each

were used for analysis, with at least 100 miniature synaptic events per cell which

were visually verified. We first made cumulative distributions for each cell. We then

averaged all these distributions to get the final cumulative distribution as shown in

figure 4.3. In this way, all cells contribute equally to the final distribution.

Glutamatergic synaptic currents in Purkinje cells were evoked by stimulation of

the parallel fibres with a glass-electrode filled with ACSF. Paired stimuli (100 - 400

µA, 0.2 ms duration, interstimulus interval 50 ms) were delivered either to the in-

ternal granule cell layer using a custom-made isolated bipolar current stimulator.

Paired-pulse stimulations were delivered with a 20 s interval, and only recordings

which were stable for at least 15 minutes were used to analyze the paired-pulse ratio

(PPR). Recordings used for analysis were checked to have a gradual increase in am-

plitude upon a gradual increase in stimulus intensity and paired-pulse facilitation,

both features of the parallel fibre - Purkinje cell synapse. The PPR was defined as

the amplitude of the second EPSC divided by the amplitude of the first EPSC. The

coefficient of variance (CV) was determined for cells that had a stable baseline (no sig-

nificant regression) for at least 50 stimuli in each condition. The CV was calculated

for each cell by dividing the standard deviation by the mean of the EPSC amplitude.

The reversal potential of the 5-HT2-mediated currents was determined by running

a protocol for 500 ms with a linear ramp ranging from -20 mV to -100 mV, directly

after local application of 500 nM DOI. A ramp without application of DOI was then

subtracted from the ramp with DOI, and the reversal potential was estimated from a

linear fit through the data points around the reversal potential of each cell.
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For presynaptic LTP at the parallel fibre - Purkinje cell synapse recordings were

made from Purkinje cells as described above. LTP was induced using a low frequency

stimulation protocol with a tetanus current injection of 8 Hz for 30 s, known to evoke

presynaptic parallel fibre - Purkinje cell LTP (Hansel et al., 2001), at a stimulus inten-

sity which gave a postsynaptic current below the maximum induced postsynaptic

current. The area under the EPSCs was used to analyze the postsynaptic responses.

We used the area under the curve to get a more reliable estimate of the current, taking

not only the amplitude but also the shape of the current into account.

4.2.4 Statistical analysis

Values are expressed as mean± standard error of the mean. Comparisons were made

using the Student's t-test unless stated otherwise. p < 0.05 was used to indicate a

significant difference. Asterisks indicate p < 0.05 (∗), p < 0.01 (∗∗) and p < 0.001 (∗∗∗).

4.3 Results

4.3.1 Purkinje cells and cerebellar granule cells express 5-HT1A and

5-HT2A receptors during postnatal development

The expression of 5-HT1A and 5-HT2A receptors in the developing cerebellum was

studied using immunohistochemistry. We confirm here that Purkinje cells express

5-HT1A and 5-HT2A receptors in one-week old mice (figure 4.1 A, B). Using whole-

cell patch clamp recordings we further investigated the 5-HT1A and 5-HT2 receptor

mediated responses in Purkinje cells during early postnatal development. Purkinje

cells at P5 - P9 had a cell capacitance of 89.5 ± 11.5 pF (n = 6). We used a low concen-

tration (100 nM) of the 5-HT1A agonist 8-OH-DPAT to prevent activation of the 5-HT7

receptors, for which 8-OH-DPAT has a lower affinity. Local application of 100 nM 8-

OH-DPAT to Purkinje cells at P5 - P9 (figure 4.1 C) resulted in an inward current of

135 ± 60 pA (n = 6, example in figure 4.1 D, top) and a depolarization of 8.1 ± 2.1 mV

(n = 3, example in figure 4.1 D, bottom). 5-HT2 receptor-mediated responses in Purk-
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Figure 4.1: Purkinje cells express 5-HT1A and 5-HT2A receptors during postnatal
development.
A,B, Immunostaining with antibodies against 5-HT1A receptors (A) or 5-HT2A receptors (B)
from a cerebellar lobe at P7, indicating presence of these receptors both on Purkinje cells and
in the granule cell layer. EGL: external granule cell layer; PCL: Purkinje cell layer; IGL: Internal
granule cell layer. Scale bar indicates 50 µm. C, Schematic diagram showing the experimental
set-up of D - E. D, Examples of whole-cell patch clamp recordings from Purkinje cells at P5 -
P9 indicate expression of functional 5-HT1A receptors. In voltage clamp, local application of
100 nM of the 5-HT1A specific agonist 8-OH-DPAT results in an inward current, sometimes
followed by an outward current. In current clamp, local application of 100 nM 8-OH-DPAT
results in a depolarization. E, Examples of whole-cell patch clamp recordings from Purkinje
cells at P17 - P19 indicate expression of functional 5-HT2 receptors. In voltage clamp, local ap-
plication of 500 nM of the 5-HT2 specific agonist DOI results in an inward current. In current
clamp, local application of 500 nM DOI results in depolarization which may induce firing of
action potentials. Arrows in D and E indicate the start of drug application which lasts for 500
ms.
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inje cells were also recorded at P17 - P19. Local application of 500 nM of the 5-HT2

specific agonist DOI to Purkinje cells at P17 - P19 (figure 4.1 C) resulted in an inward

current of 187 ± 79 pA (n = 6, example in figure 4.1 E, top) and a depolarization of

8.8 ± 1.4 mV (n = 4, example in figure 4.1 E, bottom).

Immunoreactivity for 5-HT1A and 5-HT2A receptors was also found in the granule

cell layer, showing presence of these receptors on cerebellar granule cells (figure 4.1

A, B). To further investigate the electrophysiological properties of these receptors on

the cerebellar granule cells, whole-cell patch clamp recordings were made of granule

cells and 5-HT1A or 5-HT2 agonists were applied locally (figure 4.2 A). Granule cells

at P6 - P9 had a cell capacitance of 5.2 ± 0.6 pF (n = 11). Local application of 100 nM 8-

OH-DPAT to granule cells at P6 - P9 resulted in an inward current of 19.7± 2.2 pA (n =

11, example trace in figure 4.2 B, top) in voltage-clamp, and in a depolarization of 17.6

± 3.5 mV (n = 5, example trace in figure 4.2 B, bottom) in current-clamp. The 5-HT1A

receptor-mediated inward current in granule cells evoked by local application of 100

nM 8-OH-DPAT could be blocked in 6 out of 7 cells by bath application of 10 µM of

the 5-HT1A specific antagonist WAY100635 (figure 4.2 B).

Local application of 500 nM DOI to cerebellar granule cells was used to charac-

terize the electrophysiological properties of the 5-HT2 receptors on these cells. This

resulted in an inward current of 49.7 ± 8.8 pA (n = 19, example in figure 4.2 C, top) at

P10 - P15 in voltage-clamp configuration and in a depolarization of 12.8 ± 2.7 mV (n

= 6, example in figure 4.2 C, bottom) in current-clamp configuration. As DOI cannot

discriminate between the different 5-HT2 receptor subtypes, 1 µM RO60-0175, a spe-

cific 5-HT2B/C agonist, was locally applied to the cerebellar granule cells. Contrary

to DOI, this did not evoke an ion current at P10 (n = 6; data not shown). Application

of 300 nM MDL 100,907, a 5-HT2A specific antagonist, blocked the DOI-induced ion

current at P11 (n = 3, example in figure 4.2 C, top) and at P42 (n = 3). This shows that

5-HT2A receptors are expressed by granule cells in the cerebellum.

To assess the expression of 5-HT1A and 5-HT2A receptors on cerebellar granule

cells over time during the postnatal development, 100 nM 8-OH-DPAT or 500 nM

DOI was locally applied to the granule cells at different ages. Figure 4.2 D shows that
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Figure 4.2: Cerebellar granule cells express functional 5-HT1A and 5-HT2A receptors during
postnatal development.
A, Schematic diagram of the electrophysiological recording configuration of B - E. B, Examples
of a whole-cell patch clamp recording from a granule cell in voltage clamp (top) and current-
clamp (bottom) at P8 showing an inward current and a depolarization of the membrane poten-
tial upon local application of 100 nM of the 5-HT1A agonist 8-OH-DPAT. Also shown in red is
an example trace of a recording in voltage-clamp after preincubation of the slice in 10 µM of the
5-HT1A specific antagonist WAY100635, which blocks the effect of local application of 100 nM
8-OH-DPAT. C, Examples of a whole-cell patch clamp recording from a granule cell in voltage
clamp (top) and current-clamp (bottom) at P11, showing an inward current and depolarization
of the membrane potential upon local application of 500 nM of the 5-HT2 specific agonist DOI.
Also shown in red is an example trace of a recoding in voltage-clamp after preincubation of
the slice in 300 nM MDL 100,907, indicating no inward current upon local application of 500
nM DOI. Arrows in B and C indicate the start of drug application which lasts for 500 ms. D,
Amplitudes of inward currents recorded from granule cells, evoked by local application of 100
nM 8-OH-DPAT or 500 nM DOI at different ages during postnatal development. E, Addition
of either a PKA inhibitor, KT5720, or a PKC inhibitor, GF109203X, reduces the amplitude of
the inward current evoked by local application of 500 nM DOI. The numbers in the bars of the
graphs indicate the number of cells used for analysis. F, Averaged trace of the currents evoked
by local application of 500 nM DOI, which has a reversal potential of -38.3 ± 2.6 mV (n = 5),
close to the calculated reversal potential of chloride at -36.8 mV.
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functional 5-HT1A receptors are expressed by cerebellar granule cells during the first

ten days postnatally but not at later ages. Conversely, 5-HT2A receptors are expressed

by cerebellar granule cells from five days after birth, with a peak in expression levels

around the end of the second postnatal week and with lower but sustained expression

at later ages until at least ten weeks old. Because of the temporal restriction of 5-HT1A

receptors on cerebellar granule cells to the first ten days postnatally and because of

the sustained expression of 5-HT2A receptors, the functional role of 5-HT2 receptors

on granule cells was studied in more detail.

4.3.2 5-HT2A receptors expressed by cerebellar granule cells depends

on both PKA and PKC and opens chloride channels

We next investigated the signal transduction mechanism and ionic basis of the 5-HT2A

mediated current in cerebellar granule cells. During whole-cell patch clamp record-

ings in voltage-clamp configuration from cerebellar granule cells at P10 - P15, 1 µM of

the selective PKA inhibitor KT5720 or 2 µM of the selective PKC inhibitor GF109203X

was added to the internal solution. Application of 500 nM DOI in the presence of

KT5720 resulted in a lower average of the 5-HT2A receptor-mediated current (7.8 ±

3.1 pA, n = 9, p < 0.01, figure 4.2 E). Addition of GF109203X also resulted in a lower

average of the 5-HT2A receptor-mediated current (4.9 ± 2.7 pA, n = 9, p < 0.01, fig-

ure 4.2 E). This indicates that both PKA and PKC are necessary to evoke a 5-HT2A

receptor-mediated current in cerebellar granule cells during postnatal development.

The reversal potential for the 5-HT2A receptor-mediated current is -38.3 ± 2.6 mV (n

= 5, figure 4.2 F), which is close to the calculated reversal potential of chloride at -

36.8 mV. This suggests that activation of 5-HT2A receptors on cerebellar granule cells

opens chloride channels to mediate the inward current.

4.3.3 Presynaptic 5-HT2A receptors modulate paired-pulse ratio and

stability at the parallel fibre - Purkinje cell synapse

To further investigate the presence of 5-HT2A receptors presynaptically on excita-

tory synapses onto Purkinje cells, miniature postsynaptic spontaneous events were
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recorded from Purkinje cells (figure 4.3 A, with example trace in figure 4.3 B) from

control slices and from slices which were preincubated in 300 nM of the 5-HT2A re-

ceptor antagonist MDL 100,907. Miniature excitatory postsynaptic currents (mEPSCs)

were recorded in the presence of 0.5 µM TTX and 20 µM bicuculine. Both inter-

event interval and amplitude distributions showed a difference in the presence of

MDL 100,907 (both p < 0.01, Kolmogorov-Smirnov test, figure 4.3 C). This confirms

our earlier findings that 5-HT2A receptors are located postsynaptically on Purkinje

cells, and furthermore indicates presence of 5-HT2A receptors presynaptically on ex-

citatory synapses at Purkinje cells. Miniature inhibitory postsynaptic currents (mIPSCs)

were recorded in the presence of 0.5 µM TTX and 20 µM CNQX. The inter-event in-

terval distributions of mIPSCs recorded from Purkinje cells in control slices or slices

preincubated with MDL 100,907 were different (p < 0.001, Kolmogorov-Smirnov test,

figure 4.3 D, top). This shows that 5-HT2A receptors are presynaptically located at

synapses of inhibitory inputs onto Purkinje cells. There was no difference in ampli-

tude distributions of the mIPSCs, suggesting that 5-HT2A receptors on Purkinje cells

do not modulate postsynaptic GABA receptors (figure 4.3 D, bottom).

Presynaptic 5-HT2A receptors present on cerebellar granule cells were studied

for their role in the short-term plasticity of the parallel fibre - Purkinje cell synapse.

Whole-cell patch clamp recordings were made from Purkinje cells while electrically

stimulating parallel fibres in the internal granule cell layer (figure 4.4 A, B). At P11

- P14, short-term synaptic plasticity at the parallel fibre - Purkinje cell synapse was

lower after pharmacological block of 5-HT2A receptors. The average paired-pulse ra-

tio was 1.67 ± 0.14 in control slices (n = 5) and 1.27 ± 0.04 in the presence of 300 nM

MDL 100,907 (n = 5, p < 0.05, figure 4.4 C). The effect of 5-HT2A receptors on short-

term plasticity at the parallel fibre - Purkinje cell synapse was also tested in eight-

to ten-week old mice (P57 - P68). Here, the paired-pulse ratio was also lower after

pharmacological block of 5-HT2A receptors, from 1.98 ± 0.17 in control slices (n = 10)

to 1.50 ± 0.08 in the presence of 300 nM MDL 100,907 (n = 9, p < 0.05, figure 4.4 C).

The stability of the EPSC at the parallel fibre - Purkinje cell synapse was investi-

gated using the same electrophysiological recording configuration as described above

(figure 4.4 A, B). At P11 - P14 the effect of a pharmacological block of 5-HT2A recep-
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Figure 4.3: Presynaptic 5-HT2A receptors modulate the frequency of spontaneous mEPSCs
and mIPSCs recorded from Purkinje cells.
A, Schematic diagram of the electrophysiological recording configuration of B - D. B, Example
trace (with magnification) of miniature inhibitory synaptic currents recorded from Purkinje
cells at -70 mV. C, Inter-event interval distributions and amplitude distributions of mEPSCs
recorded from Purkinje cells show an increase in inter-event interval (a reduction in frequency)
and a difference in mEPSC amplitude after application of 300 nM of the selective 5-HT2A recep-
tor antagonist MDL 100,907. D, Inter-event interval distributions and amplitude distributions
of mIPSCs recorded from Purkinje cells show an increase in inter-event interval (a reduction in
frequency) but no difference in mIPSC amplitude after application of 300 nM of the selective
5-HT2A receptor antagonist MDL 100,907.
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tors on synapse stability does not reach statistical significance, with a coefficient of

variance of 0.33± 0.05 in control slices (n = 5) and of 0.25± 0.04 after blocking 5-HT2A

receptors with MDL 100,907 (n = 5, figure 4.4 D). However, in eight- to ten-week old

mice (P57 - P68) recordings from Purkinje cells in control slices had a higher variabil-

ity of EPSC amplitude. The coefficient of variance had an average of 0.14 ± 0.02 in

control slices compared to 0.076 ± 0.009 in slices preincubated in MDL 100,907 (n =

9, p < 0.001, figure 4.4 D).
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Figure 4.4: Presynaptic 5-HT2A receptors modulate stability of the parallel fibre - Purkinje
cell synapse.
A, Schematic diagram of the electrophysiological recording configuration of B - D. B, Examples
of currents recorded from Purkinje cells at P11 - P14 after electrically stimulating parallel fibres
with a double-pulse protocol, and examples of ten consecutive currents recorded from Purkinje
cells at P11 - P14 after electrically stimulating parallel fibres, both in control slices and in slices
preincubated with 300 nM MDL 100,907. C, Pharmacological blockade of 5-HT2A receptors
with 300 nM MDL 100,907 results in a reduced paired-pulse ratio at both P11 - P14 and at P57
- P68. D, At P11 - P14, the effect of pharmacological blockade of 5-HT2A receptors with 300
nM MDL 100,907 on the coefficient of variance of EPSCs at the parallel fibre - Purkinje cell
synapse does not reach significance. At P57 - P68, blocking 5-HT2A receptors results in a lower
coefficient of variance of EPSCs at the parallel fibre - Purkinje cell synapse. The numbers in
the bars of the graphs indicate the number of cells used for analysis.
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4.3.4 Block of 5-HT2A receptors enhances presynaptic parallel fibre

- Purkinje cell LTP

In figure 4.2 E it is shown that 5-HT2A receptor currents in cerebellar granule cells

are mediated via PKA and PKC. PKA and cAMP are involved in presynaptic parallel

fibre - Purkinje cell LTP. We thus hypothesized that 5-HT2A receptors, via activation

of PKA, impairs presynaptic LTP at the parallel fibre - Purkinje cell synapse. Whole-

cell patch clamp recordings were made from Purkinje cells from eight- to ten-week

old mice while electrically stimulating the parallel fibres in the internal granule cell

layer with a tetanus of 8 Hz during 30 s (figure 4.5 A) in the absence and presence of

300 nM MDL 100,907 (figure 4.5 B). Indeed, presynaptic parallel fibre - Purkinje cell

LTP was higher after pharmacologically blocking 5-HT2A receptors. The difference

between control and MDL 100,907-treated slices became evident from five minutes

after the tetanus protocol (example in figure 4.5 C). An increase in the area of the

EPSC during 10 - 15 minutes after induction of LTP by the tetanus protocol was found

in slices treated with MDL 100,907. In control slices, the LTP protocol led to an area

of EPSC of 120 ± 6% when compared to the averaged EPSC area before LTP (n =

9). In MDL 100,907-treated slices, the EPSC area was increased to 169 ± 20% when

compared to the averaged EPSC area before LTP (n = 9). This was a higher increase

than in control slices (p < 0.05, figure 4.5 D). Thus, we conclude that blocking 5-HT2A

receptors enhances presynaptic parallel fibre - Purkinje cell LTP in eight- to ten-week

old mice.

4.4 Discussion

In this study we show a novel way for serotonin to control development of the cere-

bellum, mediated via 5-HT2A receptors present on cerebellar granule cells during

postnatal development and until at least eight weeks after birth. We show the elec-

trophysiological effects of 5-HT1A and 5-HT2A receptors present on Purkinje cells

and granule cells during postnatal development of the cerebellum. We further char-

acterize 5-HT2A receptor-mediated currents and conclude that 5-HT2A receptors ex-
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Figure 4.5: 5-HT2A receptors modulate presynaptic LTP at the parallel fibre - Purkinje cell
synapse.
A, Schematic diagram of the electrophysiological recording configuration of B - D. B, Exam-
ples of recordings from Purkinje cells while electrically stimulating the parallel fibres with a
double-pulse protocol, from a control slice and from a slice which is preincubated with 300
nM of the 5-HT2A selective antagonist MDL 100,907. Black traces are from recordings before
inducing LTP, red traces are from recordings 10-15 minutes after induction of LTP using a 8
Hz, 30 s stimulation protocol. C, Example of recordings from Purkinje cells from a control
slice and from a slice which is preincubated with 300 nM of the 5-HT2A selective antagonist
MDL 100,907 in which the area of the EPSC, normalized to the average before the tetanus pro-
tocol, is recorded over time. The arrow indicates the start of the tetanus to induce LTP with a
8 Hz, 30 s stimulation protocol. D, The area of EPSC after the LTP stimulation protocol, nor-
malized to the area of EPSC before the LTP stimulation protocol, indicates enhanced LTP after
blocking 5-HT2A receptors with MDL 100,907. The numbers in the bars of the graphs indicate
the number of cells used for analysis.



78 Chapter 4

pressed by granule cells are involved in mediating stability and short- and long-term

synaptic plasticity at the parallel fibre - Purkinje cell synapse.

4.4.1 Expression pattern of 5-HT1A and 5-HT2A receptors in the cere-

bellum

We show for the first time expression of 5-HT1A and 5-HT2A receptors by cerebellar

granule cells. The expression patterns of both 5-HT1A and 5-HT2 receptors on cere-

bellar granule cells mimic the known expression pattern of these receptors on Purk-

inje cells. In both cell types, activation of these receptors leads to an inward current in

voltage-clamp configuration and to a depolarization in current-clamp configuration.

Electrophysiological evidence indicates that expression of 5-HT1A receptors by

cerebellar granule cells peaks at P7, after which expression decreases and no func-

tional 5-HT1A receptors are present from P12 on. In Purkinje cells, 5-HT1A recep-

tor expression occurs during the first week postnatally, decreases thereafter and no

expression is detected in adult rodents (Matthiessen et al., 1993; Daval et al., 1987;

Matthiessen et al., 1992; Miquel et al., 1994). This makes the 5-HT1A receptor the

earliest serotonin receptor to be expressed in the cerebellum during postnatal devel-

opment, and the expression pattern coincides with the expression pattern of seroton-

ergic fibres in the cerebellar cortex. In rodents, serotonergic fibres appear in the white

matter around birth. During the first postnatal week, serotonergic fibres extend into

the internal granule cell layer, occasionally also penetrating the Purkinje cell layer.

The serotonergic fibres extend further into the cerebellar cortex during the second

and third postnatal week (Lidov and Molliver, 1982). The first serotonergic effects in

the cerebellum after birth are therefore likely to be mediated via 5-HT1A receptors

on Purkinje cells and granule cells. Their functional role at such an early age, after

which they disappear, remains to be further investigated.

Activation of 5-HT1 receptors results in a biphasic current in Purkinje cells (a de-

polarization followed by a slower hyperpolarization, see figure 4.1 D) and an inward

current in granule cells (see figure 4.2 B) via a G protein-coupled mechanism. The

biphasic current recorded in Purkinje cells after activation of 5-HT1 receptors is pre-
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sumably the result of coupling to multiple G proteins. In rat raphe nuclei, 5-HT1A re-

ceptors can couple to G proteins that activate inwardly rectifying K+ channels (GIRK)

to hyperpolarize the membrane potential and inhibit activity (Bayliss et al., 1997). In

mice, GIRK1 and GIRK2 channels are expressed at low to moderate levels in the ex-

ternal granule cell layer and the Purkinje cell layer around birth with increased ex-

pression at P10 (Chen et al., 1997). The GIRK3 channels shows a similar temporal

pattern but with lower levels of expression (Chen et al., 1997). We hypothesize that

5-HT1 receptors expressed by cerebellar granule cells can activate GIRK channels,

affecting membrane potential. What pathway exactly is involved after activation of

5-HT1 receptors expressed by granule cells remains to be investigated.

Functional 5-HT2A receptors are not present on cerebellar granule cells before P5,

after which their expression increases until it reaches a peak around two weeks af-

ter birth. Sustained expression of functional 5-HT2 receptors on cerebellar granule

cells is found until eight weeks after birth. This also mimics 5-HT2 receptor expres-

sion by Purkinje cells, which begins around P0 - P5 and gradually increases until P21,

as shown by immunohistochemistry (Li et al., 2004; Maeshima et al., 2004). The ef-

fects of 5-HT2 receptors during the postnatal development of the cerebellum were

examined by recording spontaneous miniature events from Purkinje cells. Pharma-

cological block of 5-HT2A receptors resulted in an increase in inter-event interval and

a decrease in amplitude of the mEPSCs. These data confirm that the 5-HT2A receptor

is located both on Purkinje cells and on excitatory presynaptic inputs to the Purkinje

cells. We conclude that the excitatory presynaptic cells expressing 5-HT2A recep-

tors are the granule cells, which we have shown to express 5-HT2A receptors using

immunohistochemistry and electrophysiological experiments described above. Fur-

thermore, an increase in inter-event interval of the mIPSCs was found after blocking

5-HT2A receptors, indicating presence of 5-HT2A receptors on presynaptic inhibitory

inputs to the Purkinje cells. Of the inhibitory cells in the cerebellum, the Golgi cell

is the only cell type known to expresses the 5-HT2A receptor, however, these cells

have no synapses on Purkinje cells (Geurts et al., 2002). Inhibitory basket and stel-

late cells do synapse on the Purkinje cell, but these cells are not known to be 5-HT

sensitive (Dieudonné and Dumoulin, 2000). A possible candidate is the Lugaro cell,
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which is sensitive to 5-HT and has 5-HT driven inhibitory synapses on Purkinje cells

(Dieudonné and Dumoulin, 2000; Dean et al., 2003).

4.4.2 Mechanisms of 5-HT2 receptor-activated pathways

The results from the present study show a 5-HT2A receptor-activated current in cere-

bellar granule cells during postnatal development up to at least eight weeks after

birth. Inhibiting either PKA or PKC prevented the 5-HT2A receptor-activated cur-

rent in the granule cells, suggesting coupling of 5-HT2A receptors on granule cells

to both Gi and Gq proteins. It is suggested from figure 4.2 F that at least one of

these pathways is coupled to a chloride channel. 5-HT2 receptor-mediated currents

in other cells are dependent only on the PKC pathway, and the results described in

the present study thus suggest an extra pathway for 5-HT2A receptor-mediated cur-

rents on granule cells via PKA activation. Receptors coupled to inhibitor Gi proteins

can inhibit adenylate cyclase, thereby affecting cAMP and PKA. We hypothesized

that 5-HT2A receptor-mediated activation of PKA might affect presynaptic LTP at

the parallel fibre - Purkinje cell synapse. This specific type of LTP is independent of

postsynaptic NMDA receptor activation but is mediated via PKA and cAMP. Con-

tinuous stimulation of the parallel fibres with a low frequency tetanus protocol leads

to Ca2+ influx in the presynaptic terminals, activating PKA through activation of the

Ca2+/calmodulin-sensitive adenylate cyclase and production of cAMP (Salin et al.,

1996; Linden, 1997; Chavis et al., 1998; Linden and Ahn, 1999, Jacoby et al., 2001).

Indeed, blocking the 5-HT2A receptors present on cerebellar granule cells enhances

presynaptic LTP at the parallel fibre - Purkinje cell synapse. This occurs presumably

by blocking the inhibition of adenylate cyclase and cAMP mediated via coupling of

the 5-HT2A receptors to inhibitory Gi proteins.

Receptors coupled to Gq proteins activate PLC, thereby via the DAG and IP3 signal

transduction pathway activating PKC. The activation of PKC via activation of 5-HT2

receptors can affect the synaptic strength at the parallel fibre - Purkinje cell pathway

as it is known that PKC plays a role in the use-dependent synapse modification, with

activation of PKC resulting in a decrease in synaptic strength (Li et al., 2001; Li et al.,
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2002). We hypothesize that similar mechanisms are triggered by activation of 5-HT2A

receptors expressed by cerebellar granule cells (Aghajanian, 1990).

4.4.3 Concluding remarks

We have shown presence and functional consequences of 5-HT1A and 5-HT2A recep-

tors on cerebellar granule cells in this study and recently also presence and func-

tional consequences of 5-HT3 receptors on cerebellar granule cells (Oostland et al.,

2011; Oostland et al., 2013). All three serotonin receptors are expressed during the

first three weeks after birth but their specific temporal expression pattern is differ-

ent. 5-HT1A receptors are expressed earliest during the first postnatal week and both

5-HT2A and 5-HT3 receptors are expressed during the second postnatal week, of

which only 5-HT2A receptor expression remains until at least postnatal week ten. It

has been shown before that functional interplays between serotonin receptors occur.

Activation of 5-HT2 receptors can potentiate 5-HT3 receptor function in rat trigemi-

nal ganglion neurons via involvement of G protein and PKC (Hu et al., 2004). 5-HT2

and 5-HT3 receptors have a similar rise of expression during the first postnatal week

in rodents, but while 5-HT3 receptor expression by cerebellar granule cells decreases

after two weeks with no 5-HT3 receptors left at three weeks postnatally, 5-HT2 re-

ceptors persist to be expressed by granule cells until at least eight weeks postnatally.

We assume that during the first three weeks, 5-HT2 and 5-HT3 receptors strengthen

each other's function in postnatal development of the cerebellum, with 5-HT2 recep-

tors persisting in this function when 5-HT3 receptors gradually disappear. Functional

5-HT2 receptors reduces strength of synaptic activity and reduces stability at the par-

allel fibre - Purkinje cell synapse. Activity-dependent strengthening of the synapse

could affect maturation, with 5-HT2 receptor-mediated activity slowing down the

maturational process.

Taken together, these results show that serotonin is in a powerful position to con-

trol the physiology of the cerebellum at all ages, ranging from newborn to adult,

through distinct temporal expression of its receptors, not only on Purkinje cells but

also on granule cells.
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5.1 A model for serotonergic control of cerebellar devel-

opment

Based on the work described in this thesis I hypothesize a powerful role for serotonin

in the physiology of the developing cerebellum (Oostland and van Hooft, 2013). I

suggest here a model in which serotonin controls cerebellar development. A pre-

sumably tonic activation of serotonin receptors by binding of serotonin becomes spe-

cific by temporally and spatially restricted expression of different serotonin receptors,

each with their own (sometimes antagonizing) functions. During the first postnatal

week, activation of 5-HT1 receptors expressed by both granule cells and Purkinje cells

stimulates dendritic growth and synapse formation. Later, activation of 5-HT3 recep-

tors expressed by granule cells limits dendritic growth of Purkinje cells via mediating

the secretion of reelin, influences physiological maturation of Purkinje cells, modu-

lates synaptic plasticity at parallel fibre - Purkinje cell synapses and thereby affects

competition with the climbing fibres on Purkinje cell dendrites resulting in proper

climbing fibre elimination. Last, activation of 5-HT2 receptors expressed by granule

cells and Purkinje cells both during late postnatal development and in the mature

cerebellum promotes stability of synaptic activity. Thus, I propose that serotonin

controls cerebellar development in three phases: 1) stimulation of dendritic growth

and formation of synapses, 2) hardwiring of neuronal connections with limits to den-

dritic growth but ensuring synaptic plasticity, and 3) stabilization of synapses.

5.1.1 Phase 1: Stimulation of dendritic growth and formation of

synapses

I propose that during the first week after birth, dendrite formation of Purkinje cells

is promoted by serotonin (see figure 5.1). Indeed, as shown in chapter 4, cerebellar

granule cells express 5-HT1 receptors during the first week, but not yet 5-HT2 recep-

tors. This expression pattern is parallel to the expression of these serotonin receptors

by Purkinje cells (Daval et al., 1987; Matthiessen et al., 1992; Matthiessen et al. 1993,

Miquel et al., 1994; Li et al., 2004; Maeshima et al., 2004). Activation of 5-HT1 recep-
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tors promotes dendritic growth of Purkinje cells (Kondoh et al., 2004). This trophic

effect may be mediated via other cell types. Activation of 5-HT1A receptors on astro-

cytes induces secretion of S-100β, a growth-promoting factor (Whitaker-Azmitia et

al., 1990; Eriksen et al., 2002). Thus, during the first postnatal week, serotonin acti-

vates 5-HT1 receptors that in turn stimulate dendritic growth. Although the function

of 5-HT1 receptors in the developing cerebellum is not studied in this thesis due to

their expression being limited to before P5, I suggest that 5-HT1 receptor activation

is also involved in the formation of synapses (see also Haydon et al. 1984; Sikick et

al. 1990).

5.1.2 Phase 2: Hardwiring of neuronal connections

The next phase of serotonergic control of the developing cerebellum occurs mainly

during the second postnatal week. Around this time, 5-HT1 receptor expression is

diminished but 5-HT3 receptors have now reached their peak level of expression in

cerebellar granule cells (chapter 2 and 4). Activation of 5-HT3 receptors results in

secretion of reelin, which stops dendritic growth (chapter 3; Chameau et al., 2009).

Furthermore, expression levels of 5-HT2 receptors are rising on both cerebellar gran-

ule cells and Purkinje cells (chapter 4). Activation of 5-HT2 receptors also inhibits

dendritic growth (Kondoh et al., 2004). Thus, serotonin now no longer promotes

dendritic growth but instead limits dendritic tree formation via activation of 5-HT3

(indirectly via reelin) and 5-HT2 receptors (direct effect). In the meantime, activation

of serotonin receptors during this phase affects neuronal transmission. Activation of

the 5-HT3 receptors results in a current with a characteristic voltage-dependent Ca2+

block, increases the frequency of spontaneous miniature events recorded from Purk-

inje cells, and modulates synaptic plasticity at the parallel fibre - Purkinje cell synapse

(chapters 2 and 3) and at the climbing fibre - Purkinje cell synapse (chapter 3). This

ultimately results in serotonergic control of climbing fibre elimination (chapter 3), an

essential developmental process without which problems with motor learning oc-

cur later in life. Taken together, in this phase serotonin ensures hardwiring of the

cerebellar cortex through different mechanisms as described above (see figure 5.1).
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Figure 5.1: Schematic diagram showing the hypothesized serotonin-mediated events at the
parallel fibre - Purkinje cell synapse during the first three weeks postnatally in rodents
based on the findings in this thesis.
See the text in section 5.1 for details.
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5.1.3 Phase 3: Stabilization of synapses

During the last phase of this model of serotonergic control of cerebellar development,

from around three weeks after birth until juvenility, activation of serotonin receptors

results in stabilization of synapses (figure 5.1). Expression of both 5-HT1 and 5-HT3

receptors is now greatly reduced (chapters 2 and 4) and any serotonin-mediated ef-

fects are likely to be mediated via activation of 5-HT2 receptors (chapter 4). The ef-

fects of this include ongoing inhibition of dendritic growth (Kondoh et al., 2004),

presumably via 5-HT2-induced activation of PKC, which inhibits dendritic growth

of Purkinje cells (Metzger and Kapfhammer, 2000). Furthermore, pharmacologically

blocking 5-HT2 receptors with MDL 100,907 promotes synaptic stability, i.e. by re-

ducing the variability of the EPSC amplitude as seen earlier in development (chapter

4). This stability of the parallel fibre - Purkinje cell synapse creates a possibility for

long-term changes at the synapse, for instance during LTP. Pharmacological block of

5-HT2 receptors by bath application of MDL 100,907 increases presynaptic LTP at the

parallel fibre - Purkinje cell synapse (chapter 4).

5.2 Expression of serotonin receptors in the developing

cerebellum

The findings presented in this thesis, showing expression of 5-HT1, 5-HT2 and 5-HT3

receptors on cerebellar granule cells, indicate a powerful role for granule cells in

the serotonergic system. In addition to the fact that granule cells express 5-HT6 re-

ceptors (Geurts et al., 2002; Ward et al., 1995; Gérard et al., 1997), this makes the

granule cells one of the key players in the serotonergic system during postnatal de-

velopment (figure 5.2), together with Purkinje cells which express 5-HT1A, 5-HT2A,

5-HT2B , 5-HT2C , 5-HT5A and 5-HT7 receptors (Pazos and Palacios, 1985; Maroteaux

et al., 1992; Matthiessen et al., 1993; Ruat et al., 1993; Boschert et al., 1994; Choi and

Maroteaux, 1996; Maeshima et al., 1998; Wu et al., 1998; Cornea-Hebert et al., 1999;

Eastwood et al, 2001a; Geurts et al., 2002; Li et al., 2004).
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Figure 5.2: Spatial distribution of serotonin receptors in the cerebellum, updated with the
results from this thesis.
I found that granule cells also express 5-HT1, 5-HT2 and 5-HT3 receptors, although with dif-
ferent temporal expression patterns (see figure 5.3). Based on Geurts et al. (2002).
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Figure 5.3: Temporal expression pattern of serotonin receptors 5-HT1, 5-HT2 and 5-HT3 and
serotonergic innervation in the cerebellum.
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Different levels of expression between cerebellar lobules were detected for 5-HT3

receptors in the 5-HT3A/EGFP transgenic mouse line, with relatively high expression

in lobules I-VI and to a lesser extent in lobules VII-X (figure 2.1). Serotonergic fibres

have a greater density in lobules VII to IX but are relatively sparse in lobule X (Kerr

and Bishop, 1991; Bishop and Ho, 1985). We did not notice any difference in our stud-

ies between the different lobules, but there might be more subtle differences or there

may be a difference between cerebellar lobules in sensitivity to 5-HT homeostasis.

The serotonin receptors expressed by cerebellar granule cells have different tem-

poral expression patterns. Expression of 5-HT1 and 5-HT3 receptors is limited to

early postnatal development with peaks of expression levels around P7 and P12,

while 5-HT2 receptors are present both during postnatal development and in juvenile

mice (figure 5.3). Granule cells in adult rats express 5-HT6 receptors, but their pres-

ence during postnatal development is not studied. Even though expression of 5-HT3

receptors was detected during the first three postnatal weeks using 5-HT3A/EGFP

transgenic mice, functional responses upon activation of 5-HT3 receptors were only

found on morphologically mature granule cells. We explain this difference by the

fact that GFP positive cells in 5-HT3A/EGFP transgenic mice do not give information

about the exact location of the receptor within the cell, and we hypothesize that the

5-HT3 receptors are at this age not yet expressed in the cell membrane. Our data in-

dicates that 5-HT3 receptors expressed by granule cells become functional after the

first postnatal week, as indicated by an inward current evoked by activation of 5-HT3

receptors only on mature granule cells.

Thus, it seems that there is an (overlapping) switch in the cerebellum from 5-HT1,

via 5-HT3, to 5-HT2 receptor expression during postnatal development. The response

of neurotransmitter receptors is influenced by environmental changes occurring in

the cerebellum mainly during the second postnatal week, such as an increase in cal-

cium and a decrease in intracellular chloride concentration (Connor et al., 1987; Liu

and Kaczmarek, 1998; Eilers et al., 2001; Mikawa et al., 2002). I have shown in this

thesis that 5-HT2 receptors mediate a chloride current (chapter 4). An elevation in

calcium concentrations can likewise affect or alter the spatial and temporal expres-

sion pattern of 5-HT1 and 5-HT3 receptors.
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Another cell type which is specifically innervated by serotonin and which was

viewed as the primary target of serotoninergic input into the cerebellar cortex is the

Lugaro cell (Dieudonné and Dumoulin, 2000). Lugaro cells are glycinergic/GABAergic

interneurons located directly beneath the Purkinje cell layer, which innervate stellate

cells, basket cells, Golgi cells and Purkinje cells (Lainé and Axelrad, 1998; Dieudonné

and Dumoulin, 2000; Dumoulin et al., 2001; Lainé and Axelrad, 2002; Dean et al.,

2003). In the mouse cerebellar cortex, the Lugaro cells represent at least 15 - 30% of

all inhibitory interneurons in the granule cell layer (Simat et al., 2007). During devel-

opment of the kitten cerebellum, most Lugaro cells appear and migrate postnatally,

with a rise in the number of Lugaro cells from birth until a peak is reached around two

weeks postnatally (Vig et al., 2003). The number of Lugaro cells decreases thereafter,

but they are still detected in adult cerebellum from mice (Dieudonné and Dumoulin,

2000), rats (Lainé and Axelrad, 1996; Geurts et al., 2001; Dean et al., 2003), and cats

(Sahin and Hockfield, 1990; Vig et al., 2003). Lugaro cells in the rat cerebellum are

electrically silent and become intensively active following application of serotonin

(Dieudonné and Dumoulin 2000; Dumoulin et al., 2001). By making long-distance

connections with the other cerebellar inhibitory interneurons and Purkinje cells, Lu-

garo cells may control the pattern of activity in granule and Purkinje cells, allowing

for a serotonin-operated intracortical switch (Dieudonné, 2001). The complete ex-

pression profile of serotonin receptors on Lugaro cells remains to be elucidated. It is

suggested that Lugaro cells express 5-HT2 receptors, but not 5-HT1, 5-HT3 or 5-HT4

receptors (Dieudonné, 2001). I was unable to detect 5-HT3 receptor expression in

Lugaro cells in five weeks old 5-HT3A/EGFP transgenic mice (unpublished observa-

tions). The serotonergic control on the cerebellar cortex via the excitatory granule

cells as described in this thesis challenges the view that Lugaro cells are the sole pri-

mary targets of serotonin. All these data put together indicates strong serotonergic

control of the cerebellar output via presynaptic inhibitory (from Lugaro cells) and

excitatory (from granule cells) inputs to and postsynaptic modulations in Purkinje

cells. It is suggested that Lugaro cells play a mediating role in the serotonergic con-

trol of the maturation of the cerebellum during early postnatal development, but the

physiological mechanism behind this remains a subject for future studies.



General discussion 91

5.3 Mechanisms of serotonergic modulation in the de-

veloping cerebellum

5.3.1 Physiology of serotonin receptors expressed by cerebellar gran-

ule cells

Physiological effects of activation of 5-HT1, 5-HT2 and 5-HT3 receptors are summa-

rized in table 5.1. During the first postnatal week, serotonergic input into the cere-

bellar cortex will predominantly activate 5-HT1 receptors on both Purkinje cells and

granule cells. Activation of 5-HT1 receptors results in a biphasic current in Purkinje

cells (a depolarization followed by a slower hyperpolarization, see figure 4.1 D) and

an inward current in granule cells (see figure 4.2 B) via a G protein-coupled mecha-

nism. The biphasic current recorded in Purkinje cells after activation of 5-HT1 recep-

tors is presumably the result of coupling to multiple G proteins. In rat raphe nuclei,

5-HT1A receptors can couple to G proteins that activate inwardly rectifying K+ chan-

nels (GIRK) to hyperpolarize the membrane potential and inhibit activity (Bayliss et

al., 1997). In mice, GIRK1 and GIRK2 channels are expressed at low to moderate

levels in the external granule cell layer and the Purkinje cell layer around birth with

increased expression at P10 (Chen et al., 1997). At three weeks after birth, GIRK1

remains expressed throughout the cerebellum while GIRK2 is only present in the in-

ternal granule cell layer but absent from Purkinje cells. The GIRK3 channels shows a

similar temporal pattern to GIRK1 but with higher levels of expression around P20

(Chen et al., 1997). I hypothesize that 5-HT1 receptors expressed by cerebellar gran-

ule cells can activate GIRK channels, affecting membrane potential. Levels of 5-HT1

receptor expression on cerebellar granule cells rise between P2 and P5. In rodents,

serotonergic fibres do not yet extend into the external granule cell layer during the

first postnatal week (Lidov and Molliver, 1982). It may be that 5-HT receptors in early

development have functions other than neural transmission, such as stimulation of

dendritic growth and synapse formation (Haydon et al. 1984, Sikick et al. 1990). This

could be similar to the developing GABA transmitter system, which changes from
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non-synaptic to synaptic mechanisms in response to environmental changes during

the universal pattern of cerebellar development as discussed before.

During the second postnatal week, serotonergic input has now fully reached the

cerebellar cortex and at this specific time-point it can activate mainly 5-HT2 recep-

tors and 5-HT3 receptors, and some last remaining 5-HT1 receptors. Activation of

5-HT3 receptors by serotonin results in an increase in Na+, K+ and Ca2+ conduc-

tance, an increase in mPSC frequency recorded from Purkinje cells and an increase

of the PPR at the parallel fibre - Purkinje cell synapse. They mediate this via an in-

crease in presynaptic Ca2+, either directly through the 5-HT3 receptor-operated ion

channel or indirectly via activation of voltage-gated Ca2+ channels on presynaptic

sites (Nichols and Mollard, 1996; Nayak et al. 1999). Activation of 5-HT2 receptors

evokes an inward current in both Purkinje cells and granule cells. They are G protein

coupled receptors that evoke a chloride current. Pharmacological block of 5-HT2 re-

ceptors stabilizes the parallel fibre - Purkinje cell synapse. A failure to stabilize the

parallel fibre - Purkinje cell synapse, i.e. in GluRδ2 knockout mice, resulted in a re-

duced number of parallel fibre - Purkinje cell synapses due to less synaptic activity

(Kurihara et al., 1997). Given that blocking 5-HT2 receptors stabilizes the parallel fi-

bre - Purkinje cell synapse as shown in chapter 4, I hypothesize that blocking 5-HT2

receptors can increase the number of parallel fibre - Purkinje cell synapses. As dis-

cussed in chapter 3, parallel fibre - Purkinje cell synapse activity during postnatal

development influences climbing fibre elimination. Thus, 5-HT2 receptor activation

might slow down climbing fibre elimination. I hypothesize that activation of 5-HT2

receptors can retain the variability and flexibility of the cerebellar network by reduc-

ing stability of synapses, reducing LTP, and reducing climbing fibre elimination.

Taken together, the 5-HT1, 5-HT2 and 5-HT3 receptors expressed by cerebellar

granule cells and Purkinje cells have a specialized role during postnatal development,

but with some similar main effects. Distinct spatial and temporal expression of these

receptors gives serotonin a powerful and specific role in cerebellar development.
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Activation of: 5-HT1 5-HT2 5-HT3

Effect: Change in K+

conductance
Change in K+

and Cl−
conductance

Permeable to
Ca2+, K+,
Na+

Effect on mPSC frequency
recorded from Purkinje
cells:

? Increase Increase

Effect on mPSC amplitude
recorded from Purkinje
cells:

? Change No effect

Effect on PPR at pf - PC
synapse:

? Increase Increase

Effect on LTP at pf - PC
synapse:

N/A Decrease N/A

Table 5.1: Summary of the different effects of serotonin receptors in the developing cere-
bellum.
A question mark indicates that the effect is not yet studied, N/A indicates that it is not possible
to study this effect as the temporal expression pattern of the receptor does not overlap with the
temporal pattern of the effect (i.e. LTP is only possible in stable synapses of mature neurons).
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5.3.2 Serotonergic control mediated via reelin

In chapter 3 of this thesis I describe the regulation of Purkinje cell morphology via the

glycoprotein reelin. Reelin is a protein involved in brain development and acts via the

classic reelin receptors, apolipoprotein E receptor 2 (ApoER2) and very-low-density

lipoprotein receptor (VLDLR) but more recently it has been shown that reelin can

also act on integrin receptors (D'Arcangelo et al., 1999, Trommsdorff et al., 1999, Du-

labon et al., 2000). In the somatosensory cortex, reelin is produced by Cajal-Retzius

cells and acts as a stop signal to control dendritic morphology of pyramidal layer

II/III neurons, presumably via integrin receptors (Chameau et al., 2009). This mat-

urational process is driven by serotonergic activity via 5-HT3 receptors expressed

by Cajal-Retzius cells (Chameau et al., 2009). Thus, reelin controls dendritic growth

of pyramidal neurons during early postnatal development after activation of 5-HT3

receptors. In young 5-HT3A receptor knockout mice the dendritic tree of pyrami-

dal layer II/III neurons is more complex than in wildtype mice. Interestingly, even

though 5-HT3 receptors in the somatosensory cortex are only present during the first

two postnatal weeks, the complexity of the apical dendrites of pyramidal layer II/III

neurons was still higher in adult 5-HT3A receptor knockout mice. Hypertrophy of

dendritic arborization in these neurons can be rescued by addition of recombinant

reelin (Chameau et al., 2009). Reelin is known to be involved in the development of

the cerebellum. In the cerebellum, granule cells synthesize and secrete reelin and the

Purkinje cells receive reelin input (Miyata et al., 1997; Sinagra et al., 2008). In chapter

3 of this thesis I describe that Purkinje cell morphology was more complex in 5-HT3A

receptor knockout mice at P9, but not at P35. Although the same receptor and the

same protein are involved in the control of dendritic morphology during early post-

natal development in both somatosensory cortex and the cerebellum, it is only in the

cerebellum that the 5-HT3 receptor-dependent regulation of dendritic morphology

is limited to the early postnatal stages of development.

Reelin influences dendritic spine density in neurons from the hippocampus and

the prefrontal cortex (Liu et al., 2001; Niu et al., 2008; Rogers et al., 2011). Reelin is also

involved in synaptic plasticity, and this effect is likely mediated via integrin recep-
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tors (Dong et al., 2003; Hellwig et al., 2011). The integrin β1 receptor is expressed by

Purkinje cells in a time-restricted manner similar to 5-HT3 receptor and reelin expres-

sion. Administration of the serotonin receptor agonist 5-metoxytryptamine resulted

in a decreased expression of reelin in the cerebellum of adult female rats (Lakatosova

et al., 2011). Based on these findings it is possible that besides any direct effects of

the serotonin receptors, a reelin-integrin interaction is also involved in the regula-

tion of synaptic plasticity and morphology of the cerebellum during early postnatal

development.

5.4 Implications for cerebellar functioning

5.4.1 Consequences for cerebellar motor learning

There are several studies that indicate modulatory actions of serotonin on cerebel-

lar motor functions. The exact mechanisms remain to be investigated, but the work

described in this thesis opens up a new gateway for exploring serotonin's regulation

of motor learning (Nichols, 2011). Other work more closely investigates the role of

serotonin in motor learning by using behavioural studies. In rabbits, pharmacological

depletion of serotonergic inputs impairs the horizontal vestibular-ocular reflex adap-

tation (Miyashita and Watanabe, 1984). Also, serotonin precursor therapy improves

cerebellar ataxia in humans (Trouillas et al., 1988; Trouillas et al., 1995). Impaired

climbing fibre elimination, i.e. as described in 5-HT3A receptor knockout mice in

chapter 3, also affect cerebellar motor functions. Persistent polyinnervation of Purk-

inje cells by climbing fibres leads to problems in motor learning in (young) adult mice

(i.e. Kimpo and Raymond, 2007). Transgenic αCaMKII knockout mice, which have

delayed but not completely impaired climbing fibre elimination, show motor learn-

ing deficits in adult mice (Hansel et al., 2006). Most studies suggest that cerebellar

motor learning is regulated by parallel fibre - Purkinje cell LTD, without any role for

LTP (Aiba et al., 1994; Kim and Thompson, 1997; de Zeeuw et al., 1998; Koekkoek

et al., 2003; Boyden et al., 2006; Hansel et al., 2006). However, in a specific trans-

genic mouse line in which parallel fibre - Purkinje cell LTP was abolished whereas
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LTD was unaffected, the mice showed impaired adaptation of their vestibulo-ocular

reflex and impaired acquisition of classical delay conditioning of their eyeblink re-

sponse (Schonewille et al., 2011). This indicates that not only LTD but also parallel

fibre - Purkinje cell LTP contributes prominently to cerebellar motor learning. The

regulatory role of 5-HT2 receptors in parallel fibre - Purkinje cell LTP that I show in

this thesis suggests a potential role of the serotonergic system in regulating cerebellar

specific motor learning.

5.4.2 Consequences for the manifestation of neurodevelopmental

disorders

Serotonin is involved in the manifestation of neurodevelopmental disorders. Re-

duced levels of serotonin have been reported in children with autism, with the peak

of serotonin production several years later than in normal children (Chugani et al.,

1999). In postmortem material from human patients with schizophrenia, abnormal

persistence of 5-HT1A receptors in the cerebellum was found (Slater et al., 1998).

Human patients with schizophrenia showed a redistribution of 5-HT2 receptor im-

munoreactivity from Purkinje cell soma to dendrites and an increase thereof in the

white matter, and in males a reduction of 5-HT2 receptor mRNA was found (East-

wood et al., 2001a). A dysfunctional prefrontal-thalamico-cerebellar circuitry is found

in patients with schizophrenia (Andreasen et al., 1996). Patients with autism have

also decreased serotonergic responsivity (McBride et al., 1989), defects in the sero-

tonin transporter gene (Cook et al., 1997), and altered serotonin synthesis in the

dentato-thalamo-cortical pathway (Chugani et al., 1997; Müller et al., 1998). A large

number of autistic patients have elevated levels of serotonin in their blood (Whitaker-

Azmitia, 2005). Since the blood-brain barrier is not yet fully functional during early

stages of development, the high levels of serotonin in the blood can enter the brain

of a developing fetus. This could induce a negative feedback mechanisms, resulting

in a loss of serotoninergic fibres (Saitow et al., 2013).

There are indications that the cerebellum is also involved in neurodevelopmental

disorders (see review by O'Halloran et al., 2012) such as autism (e.g. Fatemi et al.,
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2002; Fatemi et al., 2003; Allen, 2005; Pérez-Pouchoulen et al., 2012) and schizophre-

nia (e.g. Martin and Albers, 1995; Andreasen et al., 1996; Arnold and Trojanowski,

1997; Eastwood et al., 2001a,b; Picard et al., 2008; Andreasen and Pierson, 2008), al-

though some findings will remain contradictory until more studies have been done.

A reduction in the number of Purkinje cells and a reduction in Purkinje cell size have

been found in human patients with autism (Bailey et al., 1998; Fatemi et al., 2000; Lee

et al., 2002; Vargas et al., 2005), schizophrenia (Tran et al., 1998; Maloku et al., 2009)

and bipolar disorder (Maloku et al., 2009). To a lesser extent, a reduction in the num-

ber of granule cells has also been found in human autistic patients (Bauman and Kem-

per, 1994; Vargas et al., 2005). It is still unclear how much the cerebellar network ac-

tually contributes to these neurodevelopmental disorders (Ziats and Rennert, 2013),

which are mostly seen as resulting from disruptions in cerebral cortical areas. There

are studies which do not find any of the abovementioned differences between the

cerebellum of patients with schizophrenia and controls (i.e. Andersen and Pakken-

berg, 2003; Lingärde et al., 2000). One possible explanation for these contradictory

findings is that abnormalities seen in some schizophrenic patients may constitute a

subsyndrome, possibly related to autistic disorders in which cerebellar abnormalities

are well corroborated (Lingärde et al., 2000). In MRI studies from human autistic pa-

tients, both hypo- and hyperplasia of the cerebellum has been reported (Courchesne

et al., 1994), with hypoplasia of the cerebellar vermis being the most common. Hy-

poplasia in the cerebellum from patients with autism has also been reported in other

studies. More specifically, other studies found modest but consistently reduced MRI

measures for lobules VI-VII in the cerebellum from autistic patients (Hashimoto et

al., 1995; Haas et al., 1996; Ciesielski et al., 1997; Kates et al., 1998; Courchesne et al.,

2001). Instead, hyperplasia of cerebellar white matter has been reported in patients

with autism (Harden et al., 2001; Courchesne et al., 2001). However, there are also

studies that did not find a difference in grey matter volume of the cerebellum in hu-

man patients with autism (Garber and Ritvo, 1992; Holttum et al., 1992; Kleiman et

al., 1992; Manes et al., 1999; Piven et al., 1997).

In humans, regulation of cerebellar reelin is altered in patients with neurodevel-

opmental disorders, in which serotonin also plays a role. Levels of reelin mRNA
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and protein are reduced in the cerebellum of human autistic patients (Fatemi et al.,

2001; Fatemi et al., 2005). There are also reduced levels of reelin in cerebellar gran-

ule cells from patients with either schizophrenia or bipolar disorder (Impagnatiello

et al., 1998; Guidotti et al., 2000; Fatemi et al., 2005; Maloku et al., 2009). Whether

this difference in reelin levels in adult patients with neurodevelopmental disorders

is regulated via serotonin remains to be investigated.

While there are now quite some studies investigating the anatomical abnormal-

ities of the cerebellum in neurodevelopmental disorders the mechanism behind the

(manifestation of) these disorders have been much less studied. I hypothesize that

one aspect that might be important herein, is the serotonergic system in the cerebel-

lum. In this thesis I therefore investigated and described the serotonergic modulation

in the developing mouse cerebellum. A reduction in either 5-HT2 or 5-HT3 receptor

expression or functioning at cerebellar granule cells leads to a decrease in mPSC fre-

quency recorded from Purkinje cells (see summary in table 5.1). A reduction in Purk-

inje cell output leads to disinhibition of neurons of the deep cerebellar nuclei. The

resulting increased activity of the deep cerebellar nuclei can alter both structure (i.e.

maldevelopment of the frontal lobe) and function during early brain development

via cerebello-thalamo-cortical projections (Carper and Courchesne, 2000). The fun-

damental findings presented in this thesis can help us to understand the mechanisms

behind the serotonergic control of cerebellar development, ultimately hoping to help

us to understand the mechanisms behind neurodevelopmental disorders. The devel-

opmental period I describe in this thesis overlaps with the period of manifestation

of neurodevelopmental disorders. The first signs of autism begin to show during

the first year of life and develop before three years of age (Volkmar et al., 2005). Of-

ficial diagnosis of a child with autism occurs only much later, with 20 - 60 months

delay between parental suspicion and diagnosis by a medical professional (Sivberg,

2003). New approaches to screening have lowered the age of initial diagnosis, and

this presents new challenges for early intervention. However, it will take a long time

before the exact regulatory mechanism underlying neurodevelopmental disorders is

known and before any treatment could be specific enough to interact only with the

disturbed part of the serotonergic system without unwanted side effects.
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5.5 Concluding remarks

In this thesis I hypothesize a powerful position for serotonin in the modulation of the

physiology of the cerebellum specifically during postnatal development via 5-HT1,

5-HT2 and 5-HT3 receptors. I also show a role for serotonin at the mature parallel fibre

- Purkinje cell synapse via 5-HT2 receptors. These studies increase the significance

of serotonin in the control of both the developing and the mature cerebellum. Taken

together, these findings can help us to understand how serotonin affects the function

of the cerebellum, and may provide insight into pathophysiological conditions in

which the serotonergic system is compromised.





References

Aghajanian GK (1990). Serotonin-induced inward current in rat facial motoneurons:

evidence for mediation by G proteins but not protein kinase C. Brain Res 524:

171-174.

Aiba A, Kano M, Chen C, Stanton ME, Fox GD, Herrup K, Zwingman TA, Tonegawa S

(1994). Deficient cerebellar long-term depression and impaired motor learning

in mGluR1 mutant mice. Cell 79: 377-388.

Akiyoshi J, Hough C, Chuang DM (2005). Paradoxical increase of 5-hydroxytryptamine2
receptors and 5-hydroxytryptamine2 receptor mRNA in cerebellar granule cells

after persistent 5-hydroxytryptamine2 receptor stimulation. Mol Pharmacol

43: 349-355.

Albus JS, Branch DT (1971). A theory of cerebellar function. Math Biosci 10: 25-61.

Allen G (2005). The cerebellum in autism. Clin Neuropsychol 2: 321-327.

Altman J (1972a). Postnatal development of the cerebellar cortex in the rat. I. The

external germinal layer and the transitional molecular layer. J Comp Neurol

145: 353-397.

Altman J (1972b). Postnatal development of the cerebellar cortex in the rat. II. Phases

in the maturation of Purkinje cells and of the molecular layer. J Comp Neurol

145: 399-463.

Altman J (1972c). Postnatal development of the cerebellar cortex in the rat. III. Mat-

uration of the components of the granular layer. J Comp Neurol 145: 465-513.

101



102 References

Altman J, Bayer SA (1996). Development of the cerebellar system. New York: CRC

Press.

Andén NE, Fuxe K, Ungerstedt U (1967). Monoamine pathways to the cerebellum

and cerebral cortex. Cell Mol Life Sci 23: 838-839.

Andersen BB, Pakkenberg B (2003). Stereological quantitation in cerebella from peo-

ple with schizophrenia. Br J Psychiatry 182: 354-361.

Andreasen NC, O'Leary DS, Cizadlo T, Arndt S, Rezai K, Ponto LL, Watkins GL,

Hichwa RD (1996). Schizophrenia and cognitive dysmetria: a positron-emission

tomography study of dysfunctional prefrontal-thalamic-cerebellar circuitry.

Proc Natl Acad Sci USA 93: 9985-9990.

Andreasen NC, Pierson R (2008). The role of the cerebellum in schizophrenia. Biol

Psychiatry 64: 81-88.

Arnold SE, Trojanowski JQ (1997). Recent advanced in defining the neuropathology

of schizophrenia. Acta Neuropathol 92: 217-231.

Arpin-Bott M-P, Dietrich J-B, Dirrig-Grosch S, Aunis D, Zwiller J (2006). Induction

by cocaine of the serotonergic 5-HT3 receptor in rat cerebellum. Ann NY Acad

Sci 1074: 382-389.

Bachy A, Héaulme M, Giudice A, Michaud J-C, Lefevre IA, Souilhac J, Manara L,

Emerit MB, Gozlan H, Hamon M, Keane PE, Soubrié P, Le Fur G (1993). SR57227A:

a potent and selective agonist at central and peripheral 5-HT3 receptors in vitro

and in vivo. Eur J Pharmacol 237: 299-309.

Bailey A, Luthert P, Dean A, Harding B, Janota I, Montgomery M, Rutter M, Lantos P

(1998). A clinicopathological study of autism. Brain 121: 889-905.

Barnes JM, Barnes NM, Champaneria S, Costall B, Naylor RJ (1990). Characterisation

and autoradiographic localisation of 5-HT3 receptor recognition sites identi-

fied with [3H]-(S)-zacopride in the forebrain of the rat. Neuropharmacology

29: 1037-1045.

Barnes NM, Sharp T (1999). A review of central 5-HT receptors and their function.

Neuropharmacology 38: 1083-1152.



References 103

Barrera NP, Herbert P, Henderson RM, Martin IL, Edwardson JM (2005). Atomic

force microscopy reveals the stoichiometry and subunit arrangement of 5-HT3

receptors. Proc Natl Acad Sci USA 102: 12595-12600.

Bauman ML, Kemper TL (2005). Neuroanatomic observations of the brain in autism:

a review and future directions. Int J Dev Neurosci 23: 183-187.

Bayliss DA, Li Y-W, Talley EM (1997). Effects of serotonin on caudal raphe neurons:

activation of an inwardly rectifying potassium conductance. J Neurophysiol

77: 1349-1361.

Beas-Zarate C, Sandoval ME, Feria-Velasco A (1984). Serotonin uptake and release

from rat cerebellum in vitro. J Neurosci Res 12: 129-136.

Beaudet A, Sotelo C (1981). Synaptic remodeling of serotonin axon terminals in rat

agranular cerebellum. Brain Res 206: 305-329.

Bishop GA, Ho RH (1985). The distribution and origin of serotonin immunoreactivity

in the rat cerebellum. Brain Res 331: 195-207.

Bloom FE, Hoffer BJ, Siggins GR, Barker JL, Nicoll RA (1972). Effects of serotonin on

central neurons: Microiontophoretic administration. Fed Proc 31: 97-106.

Bloom FE, Morales M (1998). The central 5-HT3 receptor in CNS disorders. Neu-

rochem Res 23: 653-659.

Boschert U, Ait Amara D, Segu L, Hen R (1994). The mouse 5-hydroxytryptamine 1B

receptor is localized predominantly on axon terminals. Neurosci 58: 167-182.

Boyden ES, Katoh A, Pyle JL, Chatila TA, Tsien RW, Raymond JL (2006). Selective

engagement of plasticity mechanisms for motor memory storage. Neuron 51:

823-834.

Bravin M, Rossi F, Strata P (1995). Different climbing fibres innervate separate den-

dritic regions of the same Purkinje cell in hypogranular cerebellum. J Comp

Neurol 357: 395-407.

Carletti B, Rossi F (2008). Neurogenesis in the cerebellum. Neuroscientist 14: 91-100.



104 References

Carper RA, Courchesne E (2000). Inverse correlation between frontal lobe and cere-

bellum sizes in children with autism. Brain 123: 836-844.

Carrillo J, Nishiyama N, Nishiyama H (2013). Dendritic translocation establishes the

winner in cerebellar climbing fiber synapse elimination. J Neurosci 33: 7641-

7653.

Chameau P, van Hooft JA (2006). Serotonin 5-HT3 receptors in the central nervous

system. Cell Tissue Res 326: 573-581.

Chameau P, Inta D, Vitalis T, Monyer H, Wadman WJ, van Hooft JA (2009). The N-

terminal region of reelin regulates postnatal dendritic maturation of cortical

pyramidal neurons. Proc Natl Acad Sci USA 106: 7227-7232.

Chan-Palay V (1975). Fine structure of labelled axons in the cerebellar cortex and

nuclei of rodents and primates after intraventricular infusions with tritiated

serotonin. Anat Embryol 148: 235-265.

Chan-Palay V, Palay SL, Brown JT, Itallie CV (1977). Sagittal organization of olivo-

cerebellar and reticulocerebellar projections: autoradiographic studies with 35

S-methionine. Exp Brain Res 30: 561-576.

Chavis P, Mollard P, Bockaert J, Manzoni O (1998). Visualization of cyclic AMP-

regulated presynaptic activity at cerebellar granule cells. Neuron 20: 773-781.

Chedotal A, Sotelo C (1993). The 'creeper stage' in cerebellar climbing fibre synapto-

genesis precedes the 'pericellular nest' - ultrastructural evidence with parval-

bumin immunocytochemistry. Dev Brain Res 76: 207-220.

Chen SC, Ehrhard P, Goldowitz D, Smeyne RJ (1997). Developmental expression of

the GIRK family of inward rectifying potassium channels: implications for ab-

normalities in the weaver mutant mouse. Brain Res 778: 251-264.

Choi DS, Maroteaux L (1996). Immunohistochemical localisation of the serotonin

5-HT2B receptor in mouse gut, cardiovascular system, and brain. FEBS Lett

391: 45-51.

Chugani DC, Sundram BS, Behen M, Lee ML, Moore GJ (1999). Evidence of al-

tered energy metabolism in autistic children. Prog Neuropsychopharmacol



References 105

Biol Psychiatry 23: 635-641.

Chugani DC, Muzik O, Rothermel R, Behen M, Chakraborty P, Mangner T, da Silva

EA, Chugani HT (1997). Altered serotonin synthesis in the dentatothalamo-

cortical pathway in autistic boys. Ann Neurol 42: 666-669.

Chugani HT, Behen ME, Muzik O, Juh�sz C, Nagy F, Chugani DC (2001). Local brain

functional activity following early deprivation: A study of postinstitutional-

ized Romanian orphans. Neuroimage 14: 1290-1301.

Ciesielski KT, Harris RJ, Hart BL, Pabst HF (1997). Cerebellar hypoplasia and frontal

lobe cognitive deficits in disorders of early childhood. Neuropsychologia 35:

643-655.

Connor JA, Tseng HY, Hockberger PE (1987). Depolarization-and transmitter-induced

changes in intracellular Ca2+ of rat cerebellar granule cells in explant cultures.

J Neurosci 7: 1384-1400.

Cook EH Jr, Courchesne R, Lord C, Cox NJ, Yan S, Lincoln A, Haas R, Courchesne

E, Leventhal BL (1997). Evidence of linkage between the serotonin transporter

and autistic disorder. Mol Psychiatry, 2: 247-250.

Cornea-Hebert V, Riad M, Wu C, Singh SK, Descarries L (1999). Cellular and sub-

cellular distribution of the serotonin 5-HT2A receptor in the central nervous

system of adult rat. J Comp Neurol 409: 187-209.

Courchesne E, Karns CM, Davis HR, Ziccardi R, Carper RA, Tigue ZD, Chisum HJ,

Moses P, Pierce K, Lord C, Lincoln AJ, Pizzo S, Schreibman L, Haas RH, Ak-

shoomoff NA, Courchesne RY (2001). Unusual brain growth patterns in early

life in patients with autistic disorder: An MRI study. Neurology 57: 245-254.

Courchesne E, Townsend J, Saitoh O (1994). The brain in infantile autism: posterior

fossa structures are abnormal. Neurology 44: 214-214.

Crepel F, Mariani J, Delhaye-Bouchaud N (1976). Evidence for a multiple innervation

of Purkinje cells by climbing fibres in the immature rat cerebellum. J Neurobiol

7: 567-578.



106 References

Crepel F, Delhaye-Bouchaud N, Dupont JL (1981). Fate of the multiple innervation of

cerebellar Purkinje cells by climbing fibres in immature control, X-irradiated

and hypothyroid rats. Brain Res 227: 59-71.

Crepel F, Debono M, Flores R (1987). Alpha-adrenergic inhibition of rat cerebellar

Purkinje cells in vitro: a voltage-clamp study. J Physiol 383: 487-498.

D'Arcangelo G, Homayouni R, Keshvara L, Rice DS, Sheldon M, Curran T (1999).

Reelin is a ligand for lipoprotein receptors. Neuron 24: 471-479.

Daubert EA, Condron BG (2010). Serotonin: a regulator of neuronal morphology and

circuitry. Trends Neurosci 33: 424-434.

Daval G, Verge D, Becerril A, Gozlan H, Spampinato U, Hamon M (1987). Transient

expression of 5-HT1A receptor binding sites in some areas of the rat CNS dur-

ing postnatal development. Int J Dev Neurosci 5: 171-180.

Davies PA, Pistis M, Hanna MC, Peters JA, Lambert JJ, Hales TG and Kirkness EF

(1999). The 5-HT3B subunit is a major determinant of serotonin-receptor func-

tion. Nature 397: 359-363.

De Gruijl J, Bosman L, De Zeeuw C, De Jeu M (2013). Inferior Olive: All Ins and Outs.

Handbook of the Cerebellum and Cerebellar Disorders, 1013-1058.

De Zeeuw CI, Hansel C, Bian F, Koekkoek SK, van Alphen AM, Linden DJ, Oberdick

J (1998). Expression of a protein kinase C inhibitor in Purkinje cells blocks

cerebellar LTD and adaptation of the vestibulo-ocular reflex. Neuron 20: 495-

508.

Dean I, Robertson SJ, Edwards FA (2003). Serotonin drives a novel GABAergic synap-

tic current recorded in rat cerebellar purkinje cells: a Lugaro cell to Purkinje

cell synapse. J Neurosci 23: 4457-4469.

Del Olmo E, Díaz A, Guirao-Piñeyro M, del Arco C, Pascual J, Pazos A (1994). Tran-

sient localization of 5-HT1A receptors in human cerebellum during develop-

ment. Neurosci Lett 166: 149-152.

Derkach V, Surprenant A, North RA (1989). 5-HT3 receptors are membrane ion chan-

nels. Nature 339: 706-709.



References 107

Dieudonné S, Dumoulin A (2000). Serotonin-driven long-range inhibitory connec-

tions in the cerebellar cortex. J Neurosci 20: 1837-1848.

Dieudonné S (2001). Book Review: Serotonergic Neuromodulation in the Cerebellar

Cortex: Cellular, Synaptic, and Molecular Basis. Neuroscientist 7: 207-219.

Dong E, Caruncho H, Liu WS, Smalheiser NR, Grayson DR, Costa E, Guidotti A

(2003). A reelin-integrin receptor interaction regulates Arc mRNA translation

in synaptoneurosomes. Proc Natl Acad Sci USA 100: 5479-5484.

Doughty ML, Lohof A, Selimi F, Delhaye-Bouchaud N, Mariani J (1999). Afferent-

target cell interactions in the cerebellum: negative effect of granule cells on

Purkinje cell development in lurcher mice. J Neurosci 19: 3448-3456.

Dulabon L, Olson EC, Taglienti MG, Eisenhuth S, McGrath B, Walsh CA, Kreidberg

JA, Anton ES (2000). Reelin binds α3β1 integrin and inhibits neuronal migra-

tion. Neuron 27: 33-44.

Dumoulin A, Triller A, Dieudonné S (2001). IPSC kinetics at identified GABAergic

and mixed GABAergic and glycinergic synapses onto cerebellar Golgi cells. J

Neurosci 21: 6045-6057.

Eastwood SL, Burnet PW, Gittins R, Baker K, Harrison PJ (2001a). Expression of sero-

tonin 5-HT2A receptors in the human cerebellum and alterations in schizophre-

nia. Synapse 42: 104-114.

Eastwood SL, Cotter D, Harrison PJ (2001b). Cerebellar synaptic protein expression

in schizophrenia. Neurosci 105: 219-229.

Eccles JC (1967). The cerebellum as a neuronal machine. Springer-Verlag.

Eilers J, Plant TD, Marandi N, Konnerth A (2001). GABA-mediated Ca2+ signalling

in developing rat cerebellar Purkinje neurones. J Physiol 536: 429-437.

Eisenman LM, Schalekamp MP, Voogd J (1991). Development of the cerebellar corti-

cal efferent projection: an in-vitro anterograde tracing study in rat brain slices.

Brain Res Dev Brain Res 60: 261-266.

Eriksen JL, Gillespie R, Druse MJ (2002). Effects of ethanol and 5-HT1A agonists on

astroglial S100B. Dev Brain Res 139: 97-106.



108 References

Fatemi SH, Halt AR, Earle J, Kist DA, Realmuto G, Thuras PD, Merz A (2000). Re-

duced Purkinje cell size in autistic cerebellum. Biol Psychiatry 47: S128.

Fatemi SH, Stary JM, Halt AR, Realmuto GR (2001). Dysregulation of Reelin and Bcl-2

proteins in autistic cerebellum. J Autism Dev Disord 31: 529-535.

Fatemi SH, Halt AR, Realmuto G, Earle J, Kist DA, Thuras P, Merz A (2002). Purkinje

cell size is reduced in cerebellum of patients with autism. Cell Mol Neurobiol

22: 171-175.

Fatemi SH, Merz A, Realmuto GR (2003). The roles of reelin, Bcl2, and serotonin in

cerebellar pathology in autism. J Dev Phys Disabil 15: 1-22.

Fatemi SH, Snow AV, Stary JM, Araghi-Niknam M, Reutiman TJ, Lee S, Brooks AI,

Pearce DA (2005). Reelin signaling is impaired in autism. Biol Psychiatry 57:

777-787.

Férézou I, Cauli B, Hill EL, Rossier J, Hamel E, Lambolez B (2002). 5-HT3 receptors

mediate serotonergic fast synaptic excitation of neocortical vasoactive intesti-

nal peptide/cholecystokinin interneurons. J Neurosci 22: 7389-7397.

Fry M (2006). Developmental expression of Na+ currents in mouse Purkinje neurons.

Eur J Neurosci 24: 2557-2566.

Garber HJ, Ritvo ER (1992). Magnetic resonance imaging of the posterior fossa in

autistic adults. Am J Psychiatry 149: 245-7.

Gaspar P, Cases O, Maroteaux L (2003). The developmental role of serotonin: news

from mouse molecular genetics. Nat Rev Neurosci 4: 1002-1012.

Ge J, Barnes JM, Towers P, Barnes NM (1997). Distribution of S(-)-zacopride-insensitive

[125I]R(+)-zacopride binding sites in the rat brain and peripheral tissues. Eur

J Pharmacol 332: 307-312.

Gérard C, Martres MP, Lefèvre K, Miquel MC, Vergé D, Lanfumey L, Doucet E,

Hamon M, el Mestikawy S (1997). Immuno-localization of serotonin 5-HT6

receptor-like material in the rat central nervous system. Brain Res 746: 207-

219.



References 109

Geurts FJ, Timmermans JP, Shigemoto R, De Schutter E (2001). Morphological and

neurochemical differentiation of large granular layer interneurons in the adult

rat cerebellum. Neurosci 104: 499-512.

Geurts FJ, De Schutter E, Timmermans JP (2002). Localization of 5-HT2A, 5-HT3,

5-HT5A and 5-HT7 receptor-like immunoreactivity in the rat cerebellum. J

Chem Neuroanat 24: 65-74.

Glickstein M, Strata P, Voogd J (2009). Cerebellum: history. Neuroscience 162: 549-

559.

Goodlett CR, Marcussen BL, West JR (1990). A single day of alcohol exposure during

the brain growth spurt induces brain weight restriction and cerebellar Purkinje

cell loss. Alcohol 7: 107-114.

Guidotti A, Auta J, Davis JM, Gerevini VD, Dwivedi Y, Grayson DR, Impagnatiello F,

Pandey G, Pesold C, Sharma R, Uzunov D, Costa E (2000). Decrease in reelin

and glutamic acid decarboxylase67 (GAD67) expression in schizophrenia and

bipolar disorder: a postmortem brain study. Arch Gen Psychiatry 57: 1061.

Haas RH, Townsend J, Courchesne E, Lincoln AJ, Schreibman L, Yeung-Courchesne

R (1996). Neurologic abnormalities in infantile autism. J Child Neurol 11: 84-

92.

Hansel C, Linden DJ, Angelo ED (2001). Beyond parallel fibre LTD: the diversity of

synaptic and non-synaptic plasticity in the cerebellum. Nat neurosci 4: 467-

476.

Hansel C, de Jeu M, Belmeguenai A, Houtman SH, Buitendijk GHS, Andreev D, De

Zeew C, Elgersma Y (2006). αCaMKII is essential for cerebellar LTD and motor

learning. Neuron 51: 835-843.

Harden AY, Minshew NJ, Mallidarjuhn M, Keshavan MS (2001). Brain volume in

autism. J Child Neurol 16: 421-424.

Hashimoto T, Tayama M, Murakawa K, Yoshimoto T, Miyazaki M, Harada M, Kuroda

Y (1995). Development of the brainstem and cerebellum in autistic patients. J

Autism Dev Disord 25: 1-18.



110 References

Hashimoto K, Kano M (2005). Postnatal development and synapse elimination of

climbing fibre to Purkinje cell projection in the cerebellum. Neurosci Res 53:

221-228.

Hashimoto K, Ichikawa R, Kitamura K, Watanabe M, Kano M (2009). Translocation of

a "winner" climbing fibre to the Purkinje cell dendrite and subsequent elimina-

tion of "losers" from the soma in developing cerebellum. Neuron 63: 106-118.

Haydon PG, McCobb DP, Kater SB (1984). Serotonin selectively inhibits growth cone

motility and synaptogenesis of specific identified neurons. Science 226: 561.

Hellwig S, Hack I, Kowalski J, Brunne B, Jarowyj J, Unger A, Bock HH, Junghans D,

Frotscher M (2011). Role for Reelin in Neurotransmitter Release. J Neurosci 31:

2352-2360.

Hewlett WA, Fridman S, Trivedi BL, Schmidt DE, De Paulis T, Ebert MH (1998). Char-

acterization of Desamino-5-[125I]Iodo-3-Methoxy-Zacopride ([125I]MIZAC) bind-

ing to 5-HT3 receptors in the rat brain. Prog Neuropsychopharmacol Biol Psy-

chiatry 22: 397-410.

Hökfelt T, Fuxe K (1969). Cerebellar monoamine nerve terminals, a new type of af-

ferent fibres to the cortex cerebelli. Exp Brain Res 9: 63.

Holttum JR, Minshew NJ, Sanders RS, Phillips NE (1992). Magnetic resonance imag-

ing of the posterior fossa in autism. Biol psychiatry 32: 1091-1101.

Hu W-P, Guan B-C, Rub L-Q, Chen J-G, Li Z-W (2004). Potentiation of 5-HT3 receptor

function by the activation of coexistent 5-HT2 receptors in trigeminal ganglion

neurons of rats. Neuropharmacol 47: 833-840.

Impagnatiello F, Guidotti AR, Pesold C, Dwivedi Y, Caruncho H, Pisu MG, Uzunov

DP, Smalheiser NR, Davis JM, Pandey GN, Pappas GD, Tueting P, Sharma RP,

Costa E (1998). A decrease of reelin expression as a putative vulnerability fac-

tor in schizophrenia. Proc Natl Acad Sci USA 95: 15718-15723.

Inta D, Alfonso J, von Engelhardt J, Kreuzberg MM, Meyer AH, van Hooft JA, Monyer

H (2008). Neurogenesis and widespread forebrain migration of distinct GABAer-

gic neurons from the postnatal subventricular zone. Proc Natl Acad Sci USA



References 111

105: 20994-20999.

Ito M (1984). The cerebellum and neural control. Raven Press.

Jacoby S, Sims RE, Hartell NA (2001). Nitric oxide is required for the induction and

heterosynaptic spread of long-term potentiation in rat cerebellar slices. J Phys-

iol 535: 825-839.

Kagami Y, Furuichi T (2001). Investigation of differentially expressed genes during

the development of mouse cerebellum. Brain Res Gene Expr Patterns 1: 39-59.

Kaneko M, Yamaguchi K, Eiraku M, Sato M, Takata N, Kiyohara Y, Mishina M, Hirase

H, Hashikawa T, Kengaku M (2011). Remodeling of monoplanar Purkinje cell

dendrites during cerebellar circuit formation. PloS ONE 6: e20108.

Kano M, Hashimoto K, Chen C, Abeliovich A, Aiba A, Kurihara H, Watanabe M,

Inoue Y, Tonegawa S (1995). Impaired synapse elimination during cerebellar

development in PKC gamma mutant mice. Cell 83: 1223-1231.

Kano M, Hashimoto K, Watanabe M, Kurihara H, Offermans S, Jiang H, Wy Y, Jun K,

Shin H-S, Inoue Y, Simon MI, Wu D (1998). Phospholipase Cβ4 is specifically

involved in climbing fibre synapse elimination in the developing cerebellum.

Proc Natl Acad Sci USA 95: 15724-15729.

Kano M, Hashimoto K, Tabata T (2008). Type-1 metabotropic glutamate receptor in

cerebellar Purkinje cells: a key molecule responsible for long-term depression,

endocannabinoid signalling and synapse elimination. Phil Trans R Soc B 363:

2173-2186.

Kapfhammer JP (2004). Cellular and molecular control of dendritic growth and de-

velopment of cerebellar Purkinje cells. Prog Histochem Cytochem 39: 131-182.

Kates WR, Mostofsky SH, Zimmerman AW, Mazzocco MM, Landa R, Warsofsky IS,

Kaufmann WE, Reiss AL (1998). Neuroanatomical and neurocognitive differ-

ences in a pair of monozygous twins discordant for strictly defined autism.

Ann Neurol 43: 782-791.

Kawa K (1994). Distribution and functional properties of 5-HT3 receptors in the rat

hippocampal dentate gyrus: a patch-clamp study. J Neurophysiol 71: 1935-



112 References

1947.

Kerr CW, Bishop GA (1991). Topographical organization in the origin of serotoniner-

gic projections to different regions of the cat cerebellar cortex. J Comp Neurol

304: 502-515.

Kilpatrick GJ, Jones BJ, Tyers MB (1987). Identification and distribution of 5-HT3

receptors in rat brain using radioligand binding. Nature 330: 746-748.

Kilpatrick GJ, Jones BJ, Tyers MB (1989). Binding of the 5-HT3 ligand, [3H]GR65630,

to rat area postrema, vagus nerve and the brains of several species. Eur J Phar-

macol 159: 157-164.

Kilpatrick GJ, Butler A, Burridge J, Oxford AW (1990). 1-(m-Chlorophenyl)-biguanide,

a potent high affinity 5-HT3 receptor agonist. Eur J Pharmacol 182: 193-197.

Kim JJ, Thompson RE (1997). Cerebellar circuits and synaptic mechanisms involved

in classical eyeblink conditioning. Trends Neurosci 20: 177-181.

Kimpo RR, Raymond JL (2007). Impaired motor learning in the vestibulo-ocular re-

flex in mice with multiple climbing fibre input to cerebellar Purkinje cells. J

Neurosci 27: 5672-5682.

Kleiman MD, Neff S, Rosman NP (1992). The brain in infantile autism: Are posterior

fossa structures abnormal? Neurology 42: 753-753.

Koekkoek SKE, Hulscher HC, Dortland BR, Hensbroek RA, Elgersma Y, Ruigrok TJH,

De Zeeuw CI (2003). Cerebellar LTD and learning-dependent timing of condi-

tioned eyelid responses. Science 301: 1736-1739.

Kondoh M, Shiga T, Okado N (2004). Regulation of dendrite formation of Purkinje

cells by serotonin through serotonin 1A and serotonin 2A receptors in culture.

Neurosci Res 48: 101-109.

Kurihara H, Hashimoto K, Kano M, Takayama C, Sakimura K, Mishina M, Inoue Y,

Watanabe M (1997). Impaired parallel fibre - Purkinje cell synapse stabilization

during cerebellar development of mutant mice lacking the glutamate receptor

δ2 subunit. J Neurosci 17: 9613-9623.



References 113

Lainé J, Axelrad H (1996). Morphology of the Golgi-impregnated lugaro cell in the rat

cerebellar cortex: A reappraisal with a description of its axon. J Comp Neurol

375: 618-640.

Lainé J, Axelrad H (1998). Lugaro cells target basket and stellate cells in the cerebellar

cortex. Neuroreport 9: 2399-2403.

Lainé J, Axelrad H (2002). Extending the cerebellar Lugaro cell class. Neuroscience

115: 363-374.

Lakatosova S, Celec P, Schmidtova E, Kubranska A, Durdiakova J, Ostatnikova D

(2011). The impact of serotonergic stimulation on reelin and glutamate decar-

boxylase gene expression in adult female rats. Bratisl Lek Listy 112: 58.

Larsell O (1952). The morphogenesis and adult pattern of the lobules and fissures of

the cerebellum of the white rat. J Comp Neurol 97: 281-356.

Larsell O (1970). The comparative anatomy and histology of the cerebellum - from

monotremes through apes. University of Minnesota Press.

Lauder JM, Krebs H (1978). Serotonin as a differentiation signal in early neurogenesis.

Dev Neurosci 1: 15-30.

Lauder JM, Wallace JA, Wilkie MB, DiNome A, Krebs H (1983). Roles for serotonin

in neurogenesis. Monogr Neural Sci 9: 3.

Lauder JM (1993). Neurotransmitters as growth regulatory signals: role of receptors

and second messengers. Trends Neurosci 16: 233-240.

Lee M, Martin-Ruiz C, Graham A, Court J, Jaros E, Perry R, Iversen P, Bauman M,

Perry E (2002). Nicotinic receptor abnormalities in the cerebellar cortex in

autism. Brain 125: 1483-1495.

Lee S, Hjerling-Leffler J, Zagha E, Fishell G, Rudy B (2010). The largest group of

superficial neocortical GABAergic interneurons expresses ionotropic serotonin

receptors. J Neurosci 30: 16796-16808.

Levitt P, Harvey JA, Friedman E, Simansky K, Murphy EH (1997). New evidence for

neurotransmitter influences on brain development. Trends Neurosci 20: 269-

274.



114 References

Li MX, Jia M, Jiang H, Dunlap V, Nelson PG (2001). Opposing actions of protein

kinase A and C mediate Hebbian synaptic plasticity. Nat Neurosci 4: 871-872.

Li MX, Jia M, Yang LX, Dunlap V, Nelson PG (2002). Pre- and postsynaptic mech-

anisms in Hebbian activity-dependent synapse modification. J Neurobiol 52:

241-250.

Li QH, Nakadate K, Tanaka-Nakadate S, Nakatsuka D, Cui Y, Watanabe Y (2004).

Unique expression patterns of 5-HT2A and 5-HT2C receptors in the rat brain

during postnatal development: Western blot and immunohistochemical anal-

yses. J Comp Neurol 469: 128-140.

Lidov HGW, Molliver ME (1982). An immunohistochemical study of serotonin neu-

ron development in the rat: ascending pathways and terminal fields. Brain Res

Bull 8: 389-430.

Linden DJ (1997). Long-term potentiation of glial synaptic currents in cerebellar cul-

ture. Neuron 18: 983-994.

Linden DJ, Ahn S (1999). Activation of presynaptic cAMP-dependent protein kinase

is required for induction of cerebellar long-term potentiation. J Neurosci 19:

10221-10227.

Linden DJ (2003). From molecules to memory in the cerebellum. Science 301: 1682-

1685.

Lingärde B, Jönsson SAT, Luts A, Brun A (2000). Cerebellar abnormalities in men-

tal illness. A study on Purkinje cell density in schizophrenic men. Eur Child

Adolesc Psychiatry 9: 21-25.

Liu SJ, Kaczmarek LK (1998). The expression of two splice variants of the Kv3.1 potas-

sium channel gene is regulated by different signaling pathways. J Neurosci 18:

2881-2890.

Liu WS, Pesold C, Rodriguez MA, Carboni G, Auta J, Lacor P, Larson J, Condie BG,

Guidotti A, Costa E (2001). Down-regulation of dendritic spine and glutamic

acid decarboxylase 67 expressions in the reelin haploinsufficient heterozygous

reeler mouse. Proc Natl Acad Sci USA 98: 3477-3482.



References 115

Lodygensky GA, Vasung L, Sizonenko SV, Hüppi PS (2010). Neuroimaging of cortical

development and brain connectivity in human newborns and animal models.

J Anat 217: 418-428.

Lugaro E (1894). Sulle connessioni tra gli elementi nervosi della corteccia cerebel-

lare con considerazioni generali sul significato fisiologico dei rapporti tra gli

elementi nervosi. Riv Sper Fren Med Leg 20: 297-331.

Maeshima T, Shutoh F, Hamada S, Senzaki K, Hamaguchi-Hamada K, Ito R, Okado N

(1998). Serotonin 2A receptor-like immunoreactivity in rat cerebellar Purkinje

cells. Neurosci Lett 252: 72-74.

Maeshima T, Shiga T, Ito R, Okado N (2004). Expression of serotonin 2A receptors in

Purkinje cells of the developing rat cerebellum. Neurosci Res 50: 411-417.

Maloku E, Covelo IR, Hanbauer I, Guidotti A, Kadriu B, Hu Q, Davis JM, Costa E

(2009). Lower number of cerebellar Purkinje neurons in psychosis is associated

with reduced reelin expression. Proc Natl Acad Sci USA 107: 4407-4411.

Manes F, Piven J, Vrancic D, Nanclares V, Plebst C, Starkstein SE (1999). An MRI

study of the corpus callosum and cerebellum in mentally retarded autistic in-

dividuals. J Neuropsychiatry Clin Neurosci 11: 470-474.

Marazziti D, Betti L, Giannaccini G, Rossi A, Masala I, Baroni S, Cassano GB, Lu-

cacchini A (2001). Distribution of [3H]GR65630 binding in human brain post-

mortem. Neurochemic Res 26: 187-190.

Mariani J, Changeux JP (1981). Ontogenesis of olivocerebellar relationships. I. Stud-

ies by intracellular recordings of the multiple innervation of Purkinje cells by

climbing fibres in the developing rat cerebellum. J Neurosci 1: 696-702.

Mariani J, Benoit P, Hoang MD, Thomson MA, Delhaye-Bouchaud N (1990). Extent

of multiple innervation of cerebellar Purkinje cells by climbing fibres in adult

X-irradiated rats. Comparison of different schedules of irradiation during the

first postnatal week. Dev Brain Res 57: 63-70.

Maricq AV, Peterson AS, Brake AJ, Myers RM, Julius D (1991). Primary structure

and functional expression of the 5HT3 receptor, a serotonin-gated ion channel.



116 References

Science 254: 432-437.

Maroteaux L, Saudou F, Amlaiky N, Boschert U, Plassat JL, Hen R (1992). Mouse

5HT1B serotonin receptor: cloning, functional expression, and localization in

motor control centers. Proc Natl Acad Sci USA 89: 3020-3024.

Marr D (1969). A theory of cerebellar cortex. J Phsyiol 202: 437-470.

Martin P, Albers M (1995). Cerebellum and schizophrenia. Schizophr Bull, 21: 241-

250.

Mason CA, Christakos S, Catalano SM (1990). Early climbing fibre interactions with

Purkinje cells in the postnatal mouse cerebellum. J Comp Neurol 297: 77-90.

Matthiessen L, Daval G, Bailly Y, Gozlan H, Hamon M, Vergé D (1992). Quantifi-

cation of 5-hydroxytryptamine1A receptors in the cerebellum of normal and

X-irradiated rats during postnatal development. Neuroscience 51: 475-485.

Matthiessen L, Kia HK, Daval G, Riad M, Hamon M, Vergé D (1993). Immunocy-

tochemical localization of 5-HT1A receptors in the rat immature cerebellum.

Neuroreport 4: 763-766.

Maura G, Roccatagliata E, Ulivi M, Raiteri M (1988). Serotonin-glutamate interaction

in rat cerebellum: involvement of 5-HT1 and 5-HT2 receptors. Eur J Pharmacol

145: 31-38.

McBride PA, Anderson GM, Hertzig ME, Sweeney JA, Kream J, Cohen DJ, Mann JJ

(1989). Serotonergic responsivity in male young adults with autistic disorder:

results of a pilot study. Arch Gen Psychiatry 46: 213.

McKay BE, Turner RW (2005). Physiological and morphological development of the

rat cerebellar Purkinje cell. J Physiol 567, 829-850.

McMahon LL, Kauer JA (1997). Hippocampal interneurons are excited via serotonin-

gated ion channels. J Neurophysiol 78, 2493-2502.

Metzger F, Kapfhammer JP (2000). Protein kinase C activity modulates dendritic dif-

ferentiation of rat Purkinje cells in cerebellar slice cultures. Eur J Neurosci 12:

1993-2005.



References 117

Miale IL, Sidman RL (1961). An autoradiographic analysis of histogenesis in the

mouse cerebellum. Exp Neurol 4: 277-296.

Middleton FA, Strick PL (1998). The cerebellum: an overview. Trends Cogn Sci 2:

305-306.

Migliarini S, Pacini G, Pelosi B, Lunardi G, Pasqualetti M (2012). Lack of brain sero-

tonin affects postnatal development and serotonergic neuronal circuitry for-

mation. Mol Psychiatry. Epub ahead of print, doi: 10.1038/mp.2012.128.

Mikawa S, Wang C, Shu F, Wang T, Fukuda A, Sato K (2002). Developmental changes

in KCC1, KCC2 and NKCC1 mRNAs in the rat cerebellum. Dev Brain Res 136:

93-100.

Miquel MC, Kia HK, Boni C, Doucet E, Daval G, Matthiessen L, Hamon M, Vergé D

(1994). Postnatal development and localization of 5-HT1A receptor mRNA in

rat forebrain and cerebellum. Brain Res Dev Brain Res 80: 149-157.

Mitoma H, Kobayashi T, Song SY, Konishi S (1994). Enhancement by serotonin of

GABA-mediated inhibitory synaptic currents in rat cerebellar Purkinje cells.

Neurosci Lett 173: 127-130.

Miyashita Y, Watanabe E (1984). Loss of vision-guided adaptation of the vestibulo-

ocular reflex after depletion of brain serotonin in the rabbit. Neurosci Lett 51:

177-182.

Miyata T, Nakajima K, Mikoshiba K, Ogawa M (1997). Regulation of Purkinje cell

alignment by reelin as revealed with CR-50 antibody. J Neurosci 17: 3599-3609.

Morales M, Bloom FE (1997). The 5-HT3 receptor is present in different subpopula-

tions of GABAergic neurons in the rat telencephalon. J Neurosci 17: 3157-3167.

Müller RA, Chugani DC, Behen ME, Rothermel RD, Muzik O, Chakraborty PK, Chugani

HT (1998). Impairment of dentato-thalamo-cortical pathway in autistic men:

language activation data from positron emission tomography. Neurosci Lett

245: 1-4.

Nayak SV, Rondé P, Spier AD, Lummis SCR, Nichols RA (1999). Calcium changes in-

duced by presynaptic 5-hydroxytryptamine-3 serotonin receptors on isolated



118 References

terminals from various regions of the rat brain. Neurosci 91: 107-117.

Nichols RA, Mollard P (1996). Direct observation of serotonin 5-HT3 receptor-induced

increases in calcium levels in individual brain nerve terminals. J Neurochem

67: 581-592.

Nichols RA (2011). Serotonin, presynaptic 5-HT3 receptors and synaptic plasticity in

the developing cerebellum. J Physiol 589: 5019-5020.

Niu S, Yabut O, D'Arcangelo G (2008). The Reelin signaling pathway promotes den-

dritic spine development in hippocampal neurons. J Neurosci 28: 10339-10348.

Noam Y, Wadman WJ, van Hooft JA (2008). On the voltage-dependent Ca2+ block of

serotonin 5-HT3 receptors: a critical role of intracellular phosphates. J Physiol

586: 3629-3638.

Offermans S, Hashimoto K, Watanabe M, Sun W, Kurihara H, Thompson RF, Inoue Y,

Kano M, Simon MI (1997). Impaired motor coordination and persistent multi-

ple climbing fibre innervation of cerebellar Purkinje cells in mice lacking Gαq.

Proc Natl Acad Sci USA 94: 14089 - 14094.

O'Halloran CJ, Kinsella GJ, Storey E (2012). The cerebellum and neuropsychological

functioning: a critical review. J Clin Exp Neuropsychol 34: 35-56.

Okazawa M, Abe H, Katsukawa M, Iijima K, Kiwada T, Nakanishi S (2009). Role of

calcineurin signaling in membrane potential-regulated maturation of cerebel-

lar granule cells. J Neurosci 29: 2938-2947.

Oostland M, Sellmeijer J, van Hooft JA (2011). Transient expression of functional

serotonin 5-HT3 receptors by glutamatergic granule cells in the early postnatal

mouse cerebellum. J Physiol 589: 4837-4846.

Oostland M, Buijink MR, van Hooft JA (2013). Serotonergic control of Purkinje cell

maturation and climbing fibre elimination by 5-HT3 receptors in the juvenile

mouse cerebellum. J Physiol 591: 1793-1807.

Oostland M, van Hooft JA (2013). The role of serotonin in cerebellar development.

Neuroscience, in press.



References 119

Papaioannou A, Dafni U, Alikaridis F, Bolaris S, Stylianopoulou F (2002). Effects of

neonatal handling on basal and stress-induced monoamine levels in the male

and female rat brain. Neurosci 114: 195-206.

Parker RMC, Barnes JM, Ge J, Barber PC, Barnes NM (1996). Autoradiographic distri-

bution of [3H]-(S)-zacopride-labelled 5-HT3 receptors in human brain. J Neu-

rol Sci 144: 119-127.

Pazos A, Palacios JM (1985). Quantitative autoradiographic mapping of serotonin

receptors in the rat brain. I. Serotonin-1 Receptors. Brain Res 346: 205-230.

Pérez-Pouchoulen M, Miquel M, Saft P, Brug B, Toledo R, Hernández ME, Manzo J

(2012). The cerebellum in autism. eNeurobiolog�a 3: 3-11.

Picard H, Amado I, Mouchet-Mages S, Olié J-P, Krebs M-O (2008). The role of the

cerebellum in schizophrenia: an update of clinical, cognitive, and functional

evidences. Schizophr Bull 34: 155-172.

Piven J, Saliba K, Bailey J, Arndt S (1997). An MRI study of autism: the cerebellum

revisited. Neurology 49: 546-551.

Powell SK, Rivas RJ, Rodriguez-Boulan E, Hatten ME (1997). Development of polarity

in cerebellar granule neurons. J Neurobiol 32: 223-236.

Purkinje JE (1837). Bericht über die Versammlung deutscher Naturforscher und Aerzte

in Prague. Anat. Physiol Ver 3: 177-180.

Ramón y Cajal S (1890). Sur les fibres nerveuses de la couche granuleuse du cervelet

et sur l'évolution des éléments cerebelleux. Int Mschr Anat Physiol 7: 12-30.

Ramón y Cajal S (1911). Histologie du Système Nerveux de l'Homme et des Vertébrés.

Paris: Maloine Edition.

Ramón y Cajal S (1923). Recuerdos de mi vida: Mi infancia y juventud y Mi labor

científica. Madrid: Moya.

Rapport MM, Green AA, Page IH (1949). Serum vasoconstrictor (serotonin). J Biol

Chem 176: 1243-1251.



120 References

Roerig B, Nelson DA, Katz LC (1997). Fast synaptic signaling by nicotinic acetyl-

choline and serotonin 5-HT3 receptors in developing visual cortex. J Neurosci

17: 8353-8362.

Rogers JT, Rusiana I, Trotter J, Zhao L, Donaldson E, Pak DT, Babus LW, Peters M,

Banko JL, Chavis P, Rebeck GW, Hoe HS, Weeber EJ (2011). Reelin supple-

mentation enhances cognitive ability, synaptic plasticity, and dendritic spine

density. Learn Mem 18: 558-564.

Ruat M, Traiffort E, Leurs R, Tardivel-Lacombe J, Diaz J, Arrang JM, Schwartz JC

(1993). Molecular cloning, characterization, and localization of a high-affinity

serotonin receptor (5-HT7) activating cAMP formation. Proc Natl Acad Sci

USA, 90: 8547-8551.

Sacchetti B, Scelfo B, Strata P (2009). Cerebellum and emotional behavior. Neurosci

162: 756-762.

Sahin M, Hockfield S (1990). Molecular identification of the Lugaro cell in the cat

cerebellar cortex. J Comp Neurol 301: 575-584.

Saitow F, Hirono M, Suzuki H (2013). Serotonin and Synaptic Transmission in the

Cerebellum. Handbook of the Cerebellum and Cerebellar Disorders, 915-926.

Salin PA, Malenka RC, Nicoll RA (1996). Cyclic AMP mediates a presynaptic form of

LTP at cerebellar parallel fibre synapses. Neuron 16: 797-803.

Scelfo B, Strata P (2005). Correlation between multiple climbing fibre regression and

parallel fibre response development in the postnatal mouse cerebellum. Eur J

Neurosci 21: 971-978.

Schonewille M, Gao Z, Boele HJ, Veloz MF, Amerika WE, Simek AA, De Jeu MT,

Steinberg JP, Takamiya K, Hoebeek FE, Linden DJ, Huganir RL, De Zeeuw CI

(2011). Reevaluating the role of LTD in cerebellar motor learning. Neuron 70:

43-50.

Scorcioni R, Polavaram S, Ascoli GA (2008). L-Measure: a web-accessible tool for the

analysis, comparison and search of digital reconstructions of neuronal mor-

phologies. Nat Protoc 3: 866-876.



References 121

Serfaty CA, Oliveira-Silva P, Faria Melibeu A, Campello-Costa P (2008). Nutritional

tryptophan restriction and the role of serotonin in development and plasticity

of central visual connections. Neuroimmunomodulation 15: 170-175.

Sikick L, Hickok JM, Todd RD (1990). 5-HT1A receptors control neurite branching

during development. Dev Brain Res 56: 269-274.

Simat M, Parpan F, Fritschy JM (2007). Heterogeneity of glycinergic and gabaergic

interneurons in the granule cell layer of mouse cerebellum. J Comp Neurol

500: 71-83.

Sinagra M, Gonzalez Campo C, Verrier D, Moustié O, Manzoni OJ, Chavis P (2008).

Glutamatergic cerebellar granule neurons synthesize and secrete reelin in vitro.

Neuron Glia Biol 4: 189-196.

Sivberg B (2003). Parents' detection of early signs in their children having an autistic

spectrum disorder. J Pediatr Nurs 18: 433-439.

Slater P, Doyle CA, Deakin JF (1998). Abnormal persistence of cerebellar serotonin-

1A receptors in schizophrenia suggests failure to regress in neonates. J Neural

Transm 105: 305-315.

Smit-Rigter LA, Noorlander CW, von Oerthel L, Chameau P, Smidt MP, van Hooft JA

(2012). Prenatal fluoxetine exposure induces life-long serotonin 5-HT3 receptor-

dependent cortical abnormalities and anxiety-like behaviour. Neuropharma-

cology 62: 865-870.

Sotelo C, Beaudet A (1979). Influence of experimentally induced agranularity on the

synaptogenesis of serotonin nerve terminals in rat cerebellar cortex. Proc R Soc

Lond B Biol Sci 206: 133-138.

Sotelo C (2004). Cellular and genetic regulation of the development of the cerebellar

system. Prog Neurobiol 72: 295-339.

Sotelo C (2011). Camillo Golgi and Santiago Ramón y Cajal: The anatomical organi-

zation of the cortex of the cerebellum. Can the neuron doctrine still support

our actual knowledge on the cerebellar structural arrangement?. Brain Res Rev

66: 16-34.



122 References

Sprouse J, Reynolds L, Li X, Braselton J, Schmidt A (2004). 8-OH-DPAT as a 5-HT7 ag-

onist: phase shifts of the circadian biological clock through increases in cAMP

production. Neuropharmacol 46: 52-62.

Strahlendorf JC, Strahlendorf HK, Barnes CD (1979). A possible interplay of GABA

with serotonergic and noradrenergic systems in the cerebellum. Proc West

Pharmacol Soc 22: 219.

Strahlendorf JC, Lee M, Strahlendorf HK (1984). Effects of serotonin on cerebellar

Purkinje cells are dependent on the baseline firing rate. Exp Brain Res 56: 50-

58.

Strata P, Scelfo B, Sacchetti B (2011). Involvement of cerebellum in emotional behavior.

Physiol Res 60 Suppl 1: S39-48.

Sugihara I, Bailly Y, Mariani J (2000). Olivocerebellar climbing fibres in the granu-

loprival cerebellum: morphological study of individual axonal projections in

the X-irradiated rat. J Neurosci 20: 3745-3760.

Takeuchi Y, Kimura H, Sano Y (1982). Immunohistochemical demonstration of serotonin-

containing nerve fibres in the cerebellum. Cell Tissue Res 226: 1-12.

ten Donkelaar HJ, Lammens M, Wesseling P, Thijssen HOM, Renier WO (2003). De-

velopment and developmental disorders of the human cerebellum. J Neurol

250: 1025-1036.

ten Donkelaar HJ, Lammens M (2009). Development of the human cerebellum and

its disorders. Clin Perinatol 36: 513.

Thorell J-O, Stone-Elander S, Eriksson L, Ingvar M (1997). N-methylquipazine: carbon-

11 labelling of the 5-HT3 agonist and in vivo evaluation of its biodistribution

using PET. Nucl Med Biol 24: 405-412.

Tran KD, Smutzer GS, Doty RL, Arnold SE (1998). Reduced Purkinje cell size in the

cerebellar vermis of elderly patients with schizophrenia. Am J Psychiatry, 155:

1288-1290.

Triarhou LC, Ghetti B (1991). Serotonin-immunoreactivity in the cerebellum of two

neurological mutant mice and the corresponding wild-type genetic stocks. J



References 123

Chem Neuroanat 4: 421-428.

Trommsdorff M, Gotthardt M, Hiesberger T, Shelton J, Stockinger W, Nimpf J, Ham-

mer RE, Richardson JA, Herz J (1999). Reeler/Disabled-like disruption of neu-

ronal migration in knockout mice lacking the VLDL receptor and ApoE recep-

tor 2. Cell 97: 689-701.

Trouillas P, Brudon F, Adeleine P (1988). Improvement of cerebellar ataxia with lev-

orotatory form of 5-hydroxytryptophan. A double-blind study with quantified

data processing. Arch Neurol 45: 1217-1222.

Trouillas P, Serratrice G, Laplane D, Rascol A, Augustin P, Barroche G, Clanet M,

Degos CF, Desnuelle C, Dumas R, Michel D, Viallet F, Warter JM, Adeleine P

(1995). Levorotatory form of 5-hydroxytryptophan in Friedreich's ataxia. Re-

sults of a double-blind drug-placebo cooperative study. Arch Neurol 52: 456-

460.

Twarog BM, Page IH (1953). Serotonin content of some mammalian tissues and urine

and a method for its determination. Am J Physiol 175: 157-161.

Uzman L (1960). The histogenesis of the mouse cerebellum as studied by its tritiated

thymidine uptake. J Comp Neurol 114: 137-159.

van der Velden L, van Hooft JA, Chameau P (2012). Altered dendritic complexity

affects firing properties of cortical layer 2/3 pyramidal neurons in mice lacking

the 5-HT3A receptor. J Neurophysiol 108: 1521-1528.

van Hooft JA (2002). Fast Green FCF (Food Green 3) inhibits synaptic activity in rat

hippocampal interneurons. Neurosci Lett 318: 163-165.

van Hooft JA, Wadman WJ (2003). Ca2+ ions block and permeate serotonin 5-HT3

receptor channels in rat hippocampal interneurons. J Neurophysiol 89: 1864-

1869.

van Welie I, Smith IT, Watt AJ (2011). The metamorphosis of the developing cerebellar

microcircuit. Curr Opin Neurobiol 21: 245-253.

Vargas DL, Nascimbene C, Krishnan C, Zimmerman AW, Pardo CA (2005). Neu-

roglial activation and neuroinflammation in the brain of patients with autism.



124 References

Ann Neurol 57: 67-81.

Vig J, Takacs J, Vastagh C, Baldauf Z, Veisenberger E, Hamori J (2003). Distribution of

mGluR1α and SMI 311 immunoreactive Lugaro cells in the kitten cerebellum.

J Neurocytol 32: 217-227.

Volkmar F, Chawarska K, Klin A (2005). Autism in infancy and early childhood.

Annu Rev Psychol 56: 315-336.

Vucurovic K, Gallopin T, Férézou I, Rancillac A, Chameau P, van Hooft JA, Geoffroy

H, Monyer H, Rossier J, Vitalis T (2010). Serotonin 3A receptor subtype as

an early and protracted marker of cortical interneuron subpopulations. Cereb

Cortex 20: 2333-2347.

Ward RP, Hamblin MW, Lachowicz JE, Hoffman BJ, Sibley DR, Dorsa DM (1995).

Localization of serotonin subtype 6 receptor messenger RNA in the rat brain

by in situ hybridization histochemistry. Neurosci 64: 1105-1111.

Watanabe M, Kano M (2011). Climbing fibre synapse elimination in cerebellar Purk-

inje cells. Eur J Neurosci 34: 1697-1710.

Weiss M, Pellet J (1982). Raphe-Cerebellum interactions. Exp Brain Res 48: 163-176.

Whitaker-Azmitia PM, Murphy R, Azmitia EC (1990). Stimulation of astroglial 5-HT1A

receptors releases the serotonergic growth factor, protein S-100β, and alters as-

troglial morphology. Brain Res 528: 155-158.

Whitaker-Azmitia PM (2005). Behavioral and cellular consequences of increasing

serotonergic activity during brain development: a role in autism? Int J Dev

Neurosci 23: 75-83.

Williams SR, Christensen SR, Stuart GJ, Häusser M (2002). Membrane potential bista-

bility is controlled by the hyperpolarization-activated current Ih in rat cerebel-

lar Purkinje neurons in vitro. J Physiol 539: 469-483.

Winter C, Djodari-Irani A, Sohr R, Morgenstern R, Feldon J, Juckel G, Meyer U (2009).

Prenatal immune activation leads to multiple changes in basal neurotransmit-

ter levels in the adult brain: implications for brain disorders of neurodevelop-

mental origin such as schizophrenia. Int J Neuropsychopharmacol 12: 513.



References 125

Wu C, Yoder EJ, Shih J, Chen K, Dias P, Shi L, Ji XD, Wei J, Conner JM, Kumar S, Ellis-

man MH, Singh SK (1998). Development and characterization of monoclonal

antibodies specific to the serotonin 5-HT2A receptor. J Histochem Cytochem

46: 811-824.

Xu J, Chuang DM (1987). Serotonergic, adrenergic and histaminergic receptors cou-

pled to phospholipase C in cultured cerebellar granule cells of rats. Biochem

Pharmacol 36: 2353-2358.

Xu Y, Sari Y, Zhou FC (2004). Selective serotonin reuptake inhibitor disrupts orga-

nization of thalamocortical somatosensory barrels during development. Dev

Brain res 150: 151-161.

Yakel JL, Jackson MB (1988). 5-HT3 receptors mediate rapid responses in cultured

hippocampus and a clonal cell line. Neuron 1: 615-621.

Yakel JL, Shao XM, Jackson MB (1990). The selectivity of the channel coupled to the

5-HT3 receptor. Brain Res 533: 46-52.

Zeitz KP, Guy N, Malmberg AB, Dirajlal S, Martin WJ, Sun L, Bonhaus DW, Stucky

CL, Julius D, Basbaum AI (2002). The 5-HT3 subtype of serotonin receptor

contributes to nociceptive processing via a novel subset of myelinated and un-

myelinated nociceptors. J Neurosci 22: 1010-1019.

Ziats MN, Rennert OM (2013). The cerebellum in autism: pathogenic or an anatomi-

cal beacon? Cerebellum. Epub ahead of print, doi: 10.1007/s12311-013-0483-x.

Zusso M, Debetto P, Guidolin D, Barbierato M, Manev H, Giusti P (2008). Fluoxetine-

induced proliferation and differentiation of neural progenitor cells isolated

from rat postnatal cerebellum. Biochem Pharmacol 76: 391-403.





Summary

Brain development is a precise and crucial process, dependent on many factors. The

neurotransmitter serotonin is one of the factors involved in both pre- and postnatal

brain development. Alterations of serotonin levels in the brain during development

affect the connections between neurons which may produce long-lasting changes

leading to neurodevelopmental disorders such as autism and schizophrenia. How-

ever, the role of serotonin in neurodevelopment is not yet fully known.

One of the brain regions whose development occurs mostly postnatally is the cere-

bellum. The cerebellum is a highly organized brain area, whose cortex consists of

three layers: the molecular layer, the Purkinje cell layer, and the granule cell layer.

Purkinje cells are the sole (inhibitory) output of the cerebellar cortex, and only receive

two types of glutamatergic input: from the granule cells via the parallel fibres, and

from the climbing fibres. Cerebellar development, i.e. migration of neurons, align-

ment of cells, and growth and maturation of the neurons all occur in rodents in the

first three weeks after birth. The cerebellum is for a long time known to be involved

in motor coordination and motor learning, but is in more recent times also thought

to be involved in cognition and emotion. In adult animals, the cerebellum is richly

innervated by serotonin: serotonergic fibres are the third main afferent fibres into

the cerebellum. In order to gain a better understanding of the possible role of the

cerebellum in neurodevelopmental disorders and the serotonergic system therein,

it is of importance to understand the functioning of the serotonergic system in the

cerebellum. However, the physiology of the serotonergic system and its functional

significance are not fully known during development in the cerebellum.
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128 Summary

The work described in this thesis gives insights in the mechanism behind the

serotonergic control of the cerebellum during postnatal development. The findings

present a powerful role for serotonin in the physiology of the developing cerebellum.

The effects of the serotonergic control extend both spatially and temporally, while it

is able to keep up its specialized effects by using an efficient mechanism through dif-

ferential expression of the receptors studied in this thesis: 5-HT1, 5-HT2 and 5-HT3

receptors.

In chapter 2 I show for the first time expression of functional 5-HT3 receptors in

the cerebellum. Using 5-HT3A/Enhanced Green Fluorescent Protein (EGFP) trans-

genic mice I show that cerebellar granule cells express 5-HT3 receptors both pre- and

post- and/or extrasynaptically. The 5-HT3 receptor expression is restricted to the first

three weeks after birth, with a peak around the second week postnatally. Activation

of 5-HT3 receptors results in an inward current in the granule cells and increases

the frequency of spontaneous miniature events recorded from Purkinje cells. In this

chapter I furthermore show that the 5-HT3 receptors modulate synaptic plasticity at

the parallel fibre - Purkinje cell synapse during postnatal development.

In chapter 3 I investigate whether serotonin, via 5-HT3 receptors, affects the mat-

uration of Purkinje cell morphology and physiology. I conclude that 5-HT3 recep-

tors specifically restrict the maturation of Purkinje cells, and that this is mediated

via reelin. Pharmacologically blocking 5-HT3 receptors or reelin in organotypic slice

cultures resulted in an increase in dendritic complexity of Purkinje cells during post-

natal development. Using 5-HT3A receptor knockout mice I confirm the finding that

serotonin, via 5-HT3 receptors, influences the maturation of Purkinje cells, both mor-

phological and physiological. Interesting, this effect was only found in one-week old

mice but not in five-week old mice. Thus, the serotonergic control of Purkinje cell de-

velopment is restricted to their maturational period. Although the 5-HT3 receptors

are expressed by only one cell type in the cerebellum, the granule cells, I have shown

that serotonergic control of the developing cerebellum regulated via 5-HT3 receptors

extends its regulatory role to the rest of the neuronal network of the cerebellar cortex.

In 5-HT3A receptor knockout mice there is a delay in climbing fibre elimination, in-

dicating profound consequences for a disruption of the serotonergic system during
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postnatal development. However, there is a temporal restriction to this: climbing fi-

bre elimination is normalized, with one climbing fibre innervating one Purkinje cell,

in 5-HT3A receptor knockout mice at ten weeks after birth. Taken together, the re-

sults from this chapter show the cerebellum as a highly adaptive system during early

postnatal development.

In chapter 4 I show the expression of 5-HT1A and 5-HT2A receptors by granule

cells in the cerebellum during postnatal development. Expression of 5-HT1 receptors

by cerebellar granule cells is restricted to the first two weeks postnatally, with a peak

at one week after birth. Expression of 5-HT2 receptors by cerebellar granule cells

starts during the first postnatal week with a peak two weeks after birth, and with

sustained expression until at least ten weeks postnatally. These expression patterns

are in concordance with the expression patterns of these receptors on Purkinje cells.

To investigate the role of serotonin both during postnatal development and in the

mature cerebellum, I studied the functionality of the 5-HT2 receptors. I show that

5-HT2A receptors activate a chloride conductance in cerebellar granule cells which

can be prevented by inhibiting either PKA or PKC. 5-HT2A receptors promote stability

of the parallel fibre - Purkinje cell synapse during postnatal development by reducing

variability of the EPSC amplitude. Furthermore, pharmacologically blocking 5-HT2A

receptors enhances presynaptic LTP at the parallel fibre - Purkinje cell synapse in

eight- to ten-week old mice.

In the general discussion I suggest a model in which serotonin controls cerebel-

lar development. A presumably tonic activation of serotonin receptors by binding of

serotonin becomes specific by temporally and spatially restricted expression of dif-

ferent serotonin receptors, each with their own (sometimes antagonizing) functions.

During the first postnatal week, activation of 5-HT1 receptors expressed by both gran-

ule cells and Purkinje cells stimulates dendritic growth and synapse formation. Later,

activation of 5-HT3 receptors expressed by granule cells limits dendritic growth of

Purkinje cells, influences physiological maturation of Purkinje cells, modulate synap-

tic plasticity at parallel fibre - Purkinje cell synapses and thereby affects competition

with the climbing fibres on Purkinje cell dendrites resulting in proper climbing fi-

bre elimination. Last, activation of 5-HT2 receptors expressed by granule cells and
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Purkinje cells both during late postnatal development and in the mature cerebellum

promotes stability of synaptic activity. Thus, I propose that serotonin controls cere-

bellar development in three phases: 1) stimulation of dendritic growth and formation

of synapses, 2) hardwiring of neuronal connections with limits to dendritic growth

but ensuring synaptic plasticity, and 3) stabilization of synapses. These findings can

help us understand the way serotonin affects the function of the cerebellum, and may

provide insight in pathophysiological conditions in which the serotonergic system is

compromised.
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De ontwikkeling van de hersenen is een proces dat nauwgezet gereguleerd wordt,

zowel voor als na de geboorte, en is afhankelijk van vele factoren. De neurotrans-

mitter serotonine (5-HT) is een van de factoren die betrokken is bij zowel pre- als

postnatale ontwikkeling van de hersenen. Veranderingen in het niveau van seroto-

nine in de hersenen tijdens de ontwikkeling kan invloed hebben op de verbindingen

tussen hersencellen (neuronen). Deze wijzigingen in de neuronale verbindingen kun-

nen langdurige veranderingen teweegbrengen die kunnen leiden tot neurologische

ontwikkelingsstoornissen zoals autisme en schizofrenie. Echter, de manier waarop

serotonine tijdens de ontwikkeling van de hersenen zulke veranderingen teweeg kan

brengen is nog niet volledig bekend.

Een van de hersengebieden die zich voornamelijk na de geboorte ontwikkelt, is

het cerebellum (de kleine hersenen). Het cerebellum is een zeer georganiseerd her-

sengebied, waarvan de cortex bestaat uit drie lagen: de moleculaire laag, de Purkin-

jecellaag, en een laag met korrelcellen (granule cells). Purkinjecellen zijn de enige

(remmende) output van de cerebellaire cortex en ze ontvangen slechts twee gluta-

materge inputs: van de korrelcellen via de parallelle vezels (parallel fibres) en van

de klimvezels (climbing fibres). Purkinjecellen ontvangen vanaf vlak na de geboorte

inputs van wel duizenden verschillende parallelle vezels. Iedere Purkinjecel wordt

rondom de geboorte ook geïnnerveerd door meerdere klimvezels, die langzaamaan

op één na allemaal verdwijnen in een nauw gereguleerd eliminatieproces. De ontwik-

keling van het cerebellum, zoals de migratie van neuronen, de opstelling van cellen,

en de groei en rijping van neuronen, vindt bij knaagdieren gedurende de eerste drie
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weken na de geboorte plaats. Al lange tijd is bekend dat het cerebellum betrokken is

bij de coördinatie en het leren van bewegingen, maar meer recent denkt men dat het

cerebellum ook betrokken is bij cognitie en emotie. In volwassen dieren wordt het ce-

rebellum volop geïnnerveerd door serotonine: serotonerge vezels zijn de op twee na

belangrijkste aanvoerende vezels naar het cerebellum. Om een beter begrip te krijgen

van de mogelijke rol van het cerebellum in neurologische ontwikkelingsstoornissen

en de rol van het serotonerge systeem daarbij, is het van belang om de werking van

het serotonerge systeem in het cerebellum te begrijpen. Echter, de fysiologie van het

serotonerge systeem en de functionele betekenis zijn nog niet volledig bekend tijdens

de ontwikkeling van het cerebellum.

Het onderzoek dat wordt beschreven in dit proefschrift biedt inzicht in de mecha-

nismen achter de serotonerge invloed op het cerebellum tijdens de postnatale ontwik-

keling. De bevindingen duiden op een krachtige rol voor serotonine in de fysiologie

van het ontwikkelende cerebellum. De effecten van deze serotonerge invloed sprei-

den zich uit over zowel locatie als tijd. De serotonerge invloed behoudt echter zijn

gespecialiseerde effecten door een efficiënt mechanisme van verschillende expressie-

patronen van diverse serotonine receptoren te gebruiken: 5-HT1, 5-HT2 en 5-HT3

receptoren.

In hoofdstuk 2 laat ik voor het eerst zien dat functionele 5-HT3 receptoren tot ex-

pressie komen in het cerebellum. Door gebruik te maken van transgene muizen die

een groen fluorescent signaal hebben in iedere cel die ook de 5-HT3 receptor bevat,

laat ik zien dat cerebellaire korrelcellen zowel pre-, post- als extrasynaptisch 5-HT3

receptoren tot expressie brengen. De expressie van 5-HT3 receptoren is beperkt tot de

eerste drie weken na de geboorte, met een piek rond de tweede week na de geboorte.

Activatie van 5-HT3 receptoren resulteert in een inwaartse stroom in de korrelcellen

en verhoogt de frequentie van spontane elektrische signalen in de Purkinjecellen. In

dit hoofdstuk laat ik verder zien dat 5-HT3 receptoren de synaptische plasticiteit tus-

sen de korrelcellen en de Purkinjecellen regelen tijdens de postnatale ontwikkeling.

In hoofdstuk 3 onderzoek ik of serotonine via de 5-HT3 receptoren ook de rijping

van de morfologie en fysiologie van Purkinjecellen beïnvloedt. Ik concludeer dat
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5-HT3 receptoren de rijping van Purkinjecellen beperkt en dat dit geregeld wordt via

het eiwit reelin. Het farmacologisch blokkeren van de 5-HT3 receptor of reelin resul-

teert in een toename van de dendritische complexiteit van Purkinjecellen tijdens de

postnatale ontwikkeling. Door gebruik te maken van een ander soort transgene mui-

zen, de zogenoemde 5-HT3A receptor knockout muizen die geen functionele 5-HT3A

receptoren meer hebben, bevestig ik de bevinding dat serotonine, via de 5-HT3 recep-

toren, de rijping van Purkinjecellen beïnvloedt, zowel qua morfologie als qua fysio-

logie. Dit effect vond ik echter alleen terug in muizen tot drie weken oud, en niet in

muizen van vijf weken oud. Ik concludeer dat de serotonerge invloed op de ontwik-

keling van Purkinjecellen beperkt is tot de periode van rijping tijdens de eerste drie

weken. Hoewel de 5-HT3 receptoren in slechts één celtype in het cerebellum voor-

komen, namelijk de korrelcellen, spreidt de invloed die serotonine via deze 5-HT3

receptoren kan uitoefenen zich uit tot de rest van het neuronale netwerk van het cere-

bellum. In de 5-HT3A receptor knockout muizen vond ik namelijk ook een vertraging

in de eliminatie van de klimvezels. Een verstoring van het serotonerge systeem tij-

dens de postnatale ontwikkeling kan dus verregaande consequenties hebben voor het

cerebellaire netwerk. Echter, ook hier vond ik een temporele restrictie: de elimina-

tie van klimvezels was tien weken na de geboorte genormaliseerd. Dit houdt in dat

iedere Purkinjecel door nog slechts één klimvezel geïnnerveerd wordt, een situatie

die zich in ieder gezond volwassen brein voordoet. Tezamen tonen de resultaten van

dit hoofdstuk dat het cerebellum een zeer adaptief systeem is tijdens de postnatale

ontwikkeling.

In hoofdstuk 4 toon ik aan dat de korrelcellen in het cerebellum tijdens de post-

natale ontwikkeling ook 5-HT1A en 5-HT2A receptoren tot expressie brengen. De

expressie van 5-HT1 receptoren door cerebellaire korrelcellen is beperkt tot de eerste

twee weken na de geboorte, met een piek rondom één week na de geboorte. De ex-

pressie van 5-HT2 receptoren door cerebellaire korrelcellen begint tijdens de eerste

postnatale week, heeft een piek rond twee weken na de geboorte en heeft een con-

stante expressie tot tenminste tien weken na de geboorte. Deze expressiepatronen

komen overeen met de al bekende expressiepatronen van de 5-HT1 en 5-HT2 recep-

toren op Purkinjecellen. Om de rol van serotonine zowel tijdens de postnatale ont-
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wikkeling als in het volwassen cerebellum verder te onderzoeken, heb ik de functie

van 5-HT2 receptoren onderzocht. Ik laat zien dat activatie van 5-HT2A receptoren op

de korrelcellen een chloridestroom teweegbrengt, die voorkomen kan worden door

eiwit kinase A of eiwit kinase C te blokkeren. Serotonine 5-HT2A receptoren zor-

gen tijdens de postnatale ontwikkeling ook voor stabiliteit van de synaps tussen de

parallelle vezels en de Purkinjecellen door de variabiliteit van de amplitude van de

excitatoire postsynaptische stroom (EPSC) te verminderen. Bovendien resulteerde

een farmacologische blokkade van 5-HT2A receptoren in een verhoging van de pre-

synaptische LTP op de parallelle vezel - Purkinjecel synaps in twee maanden oude

muizen.

In de algemene discussie van het proefschrift presenteer ik een model over hoe

serotonine de ontwikkeling van het cerebellum beïnvloedt. Een vermoedelijk toni-

sche activiteit van serotonine receptoren door binding van serotonine wordt speci-

fiek door restrictie van de expressie van serotonine receptoren, zowel qua tijdspa-

troon als qua locatie. Deze verschillende serotonine receptoren hebben allemaal hun

eigen, soms tegenstrijdige, functies. Tijdens de eerste postnatale week stimuleren de

5-HT1 receptoren, die dan in zowel korrelcellen als Purkinjecellen aanwezig zijn, de

groei van dendrieten en de formatie van synapsen. Later zorgt activatie van 5-HT3

receptoren op cerebellaire korrelcellen voor een beperking van de groei van de den-

drietboom van Purkinjecellen. De activatie van 5-HT3 receptoren beïnvloedt tevens

de fysiologische rijping van Purkinjecellen, ze regelen de synaptische plasticiteit op

de synapsen tussen parallelle vezels en de Purkinjecellen en beïnvloeden daardoor

de competitie tussen de parallelle vezels en de klimvezels op de dendrietboom van

Purkinjecellen. Deze competitie reguleert een juiste eliminatie van de klimvezels. Ten

slotte zorgt activatie van de 5-HT2 receptoren op zowel korrelcellen als Purkinjecellen

tijdens de late postnatale ontwikkeling en in het volwassen cerebellum voor stabili-

teit van synaptische activiteit. Op deze manier reguleert serotonine de ontwikkeling

van het cerebellum in drie fases: 1) het stimuleren van groei van dendrietbomen en

de formatie van synapsen, 2) het vastleggen van de neuronale verbindingen die de

groei van dendrietbomen beperkt, maar ondertussen wel synaptische stabiliteit veilig

stelt en 3) het stabiliseren van synapsen. Deze bevindingen kunnen ons helpen om de
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manier waarop serotonine de functie van het cerebellum beïnvloedt te begrijpen en

kunnen ons inzicht geven in de pathofysiologische condities waarin het serotonerge

systeem niet meer goed functioneert.





Dankwoord

Aldus eindigt hier de beschrijving mijn promotieonderzoek, mijn eigen epic love story1

met het cerebellum. Uiteraard had ik dit niet alleen gekund, dus daarom wil ik hier

aan een aantal mensen in het bijzonder mijn dank betuigen. Hans, allereerst hartelijk

dank voor de mogelijkheid die je mij bood om mij ruim vier jaar lang te verdiepen

in electrofysiologie en het cerebellum door een promotieplaats aan te bieden in jouw

lab. Ik heb ontzettend veel van je geleerd, zowel qua patchtechniek als misschien ook

een beetje de eigenwijsheid om mijn eigen intuïtie te volgen op bepaalde momenten.

Hoewel we het niet altijd eens waren over de mooie kleurrijke achtergronden van

mijn posters ben ik blij dat je me ook die ruimte hebt gegund om daarin mijn eigen

weg te vinden. Wytse, bedankt voor de mogelijkheid om mijn onderzoek zelfstandig

uit te voeren en voor je waardevolle input. Ook wil ik graag de leden van de promo-

tiecommissie bedanken voor het beoordelen van het manuscript van dit proefschrift,

en voor hun discussiepunten tijdens de verdediging ervan.

Daarnaast zijn er vele anderen in het lab geweest die mij op welke wijze dan ook

hebben geholpen met mijn project. Pascal, thank you for everything. You have always

been a great support, ranging from practical solutions in the lab to very useful the-

oretical discussions. I have learned a lot from you, so thanks! Laura, de eerste tijd

was jij mijn 5-HT3 partner in crime. Bovendien was het naast de momenten in het lab

ook daarbuiten altijd gezellig, ik hoop dat er nog veel Poldermomenten volgen. Taco,

bedankt voor de LSD-achtige drugs. Ik heb er goed gebruik van gemaakt, zie hoofd-

stuk 4! Ook ben ik veel dank verschuldigd aan de studenten die aan mijn onderzoek

1Zie quote op pagina v.
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hebben meegewerkt: Dion, Jim, Renate en Guus, ik heb veel aan jullie gehad. Jullie

hebben niet alleen geholpen data te verkrijgen maar ook jullie inzet en interesse in

het project heb ik erg gewaardeerd en ik vond het fijn om met jullie van gedachten te

kunnen wisselen over (de al dan niet voortgang van) het project! Ik ben blij en trots

dat drie van jullie co-auteur zijn op mijn papers (Dion, jij redt het ook wel zonder een

5-HT3 publicatie ;)).

Andere collega's ben ik ook veel dank verschuldigd. Femke, samen naar de SfN

om ons onderzoek te presenteren, samen Elvis-fan geworden tijdens onze roadtrip

door de USA in een Fiat 500, samen het lab infecteren met Elvis memorabilia (zon-

der die prachtige Elvis spiegel in mijn patch-clamp setup had ik het nooit gered!),

tegelijkertijd de laatste loodjes van de laatste experimenten doorstaan, elkaar blijven

steunen tijdens het schrijven van de (nu dan toch echt aller)laatste letters van het

proefschrift (wie had ooit gedacht dat een Nederlandse samenvatting2 zo moeilijk

zou zijn?), en zo meteen ook op dezelfde dag promoveren. Ik ben blij dit allemaal

met jou mee te mogen maken, bedankt voor alles. Zet hem op tijdens je verdedi-

ging straks! Linda en Erwin, jullie ook bedankt voor alle hulp zowel in het lab maar

vooral ook voor de gezelligheid daarbuiten: de vele kopjes thee (lees: de vele koekjes

en chocola) waarbij we de gang van zaken op de UvA eens goed konden bespreken,

geocachen op Science Park en drankjes bij Polder. Zo meteen met Nikki erbij! Ik

wens jullie heel veel geluk met zijn drieën. Fleur, ik vond het leuk om met jou een

kantoortje te hebben mogen delen tijdens de eerste maanden in het oude gebouw. Op

het einde, na wat omzwervingen, gelukkig weer bij elkaar in de buurt in het nieuwe

gebouw. Het beste gewenst in Parijs! Yoav, thanks for the optimism in the lab ©.

I hope you're still doing outstandingly excellent and wonderful, and now that I've

joined your field of HCN channels: see you at the same poster sessions! Luuk, be-

dankt voor je steun. Het boek De zen van het patchen is er (nog) niet van gekomen,

maar jij was daarin zeker een goede leermeester. Ik wens je het beste met zowel je

onderzoek als je muziek! Ook de rest van de groep: Natalie, Jan, Xin, Qiluan, Lana

en Sicco, allen bedankt voor de leerzame momenten tijdens zowel labmeetings als

squashtoernooien. Ina, samen als bachelor- en later masterstudenten begonnen aan

2Nu we het er toch over hebben kunnen jullie die ook best lezen! Zie pagina 131.
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een 5-HT3 project en volgens mij zijn er nog steeds bloemetjes van jou te vinden in

het lab. Ik weet zeker dat ze een positieve uitkomst hebben gehad op de experimen-

ten _. Goede vrienden uit andere groepen: Jeroen, Willemieke en Eva, wat gezellig

dat jullie ook op Science Park waren! Bedankt voor de peptalks tijdens pauzes, wijze

raad en alle lol tussendoor. Judith en Etienne, dankzij jullie werd het assisteren bij de

practica een stuk leuker! Chris, bedankt voor de goede zorg voor mijn muizen. Els,

bedankt voor het delen van al je ervaring in het lab.

Ook bedankt aan alle vrienden, (oud)huisgenoten, medemuzikanten, bestuurs-

leden van Promovendi Netwerk Nederland en de PhD and postdoc council van de

FNWI voor alle discussies over het beoefenen van wetenschap of de lol daarbuiten en

het begrip als ik weer eens te laat was omdat experimenten uitliepen. Chiel, bedankt

voor je prachtige ontwerp van de cover en de titelpagina van de hoofdstukken! Jas-

per, Dyan en Renate, ik geloof nog steeds dat wij samen een fantastisch team zijn,

en ook zonder Academische Jaarprijs kunnen we de wereld overtuigen dat hersen-

wetenschap interessant, noodzakelijk, en vooral leuk is. En ach, als bezoeker op een

(muziek)festival rondlopen is ook zo slecht nog niet ;). Jasper, Kim, David en Sophie,

bedankt dat ik altijd bij jullie terecht kon en kan, het feit dat ik die microscoop níet

het raam uit heb gegooid heb ik aan jullie te danken. David, je bent altijd welkom in

Edinbla! Renate, bedankt voor al je steun. Niet alleen in het lab (samen genieten van

hoe mooi Purkinjecellen kunnen zijn) maar ook voor de cerebellumpraatjes tijdens

lekkere Belgische biertjes. Ik ben blij dat jij zo meteen naast me staat als paranimf!

Mijn familie wil ik ook graag bedanken voor hun steun. Pap, tijdens onze reis

naar Praag stonden we ineens voor het graf van Jan Evangelista Purkynẽ, en later

ook voor een standbeeld van hem. Die foto prijkt nu op de titelpagina van de hoofd-

stukken. Gaan we nog eens terug om dan wél een bloemetje op zijn graf te leggen?

Mama, bedankt voor al je interesse in alles wat ik doe en je onvoorwaardelijke steun

daarbij. Lieve grote zus, sorry dat ik jaren heb verteld dat mijn celletjes huppelspron-

gen moeten maken, terwijl het eigenlijk om een inwaartse stroom ging. Zie figuur 2.2

op pagina 29 voor een van de 'huppelsprongen'! Bedankt dat je mijn paranimf wil

zijn, mag ik de vragen over autisme naar jou doorsturen? Jenske en Jeroen, bedankt

voor jullie steun en dat ik altijd bij jullie terecht kan. En wat hebben jullie een fan-



140 Dankwoord

tastisch kindje! Lieve Sebbe, ik hou van je en ik mis je, maar gelukkig kunnen we

elkaar kietelen via Skype en over tien jaar mag je al mee naar Lowlands! Ik kan niet

wachten!

Finally also thanks to my new colleagues and friends in Edinburgh for a very

warm welcome and an inspiring environment to continue my research on the cere-

bellum. Bring on the epic love story, pt 2!
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