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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.


