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84 Chapter 5

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-



General discussion 85

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.
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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.


