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CHAPTER 1 

 
 
 

General introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 



Organization of the cerebellum 

 
 
The mammalian cerebellum forms nearly 10% of the total volume of the brain and at the same 

time contains more than half of all its neurons (Kandel et al., 2000). The cerebellum occupies 

most of the posterior cranial fossa (Fig. 1) and consists of a central longitudinal structure - the 

vermis, and two hemispheres. It is composed of an outer mantle of gray matter (the cerebellar 

cortex), internal white matter and three pairs of nuclei: the fastigial, the interposed and the 

dentate (Altman and Bayer, 1997). The cerebellar cortex is divided by fissures into several lobes, 

each of them divided into a number of lobules. Each lobule, in turn, is divided into sublobules 

and folia. 

 
 

 

 
 
Figure 1. Mid-sagittal section through the brain stem and cerebellum (Kandel et al., 2000). 
 
 
In the cerebellar cortex, neurons are arranged in a highly regular manner as repeating units. These 

units constitute the structural basis of a circuit module, and they receive specific projections from 

different specific parts of the brain and brain stem. Axonal input into the cerebellum is by far 
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more complex than the axonal output from it, i.e. there are 40 times more axons projecting into 

the cerebellum than those exiting from it (Kandel et al., 2000). 

Histologically, the cerebellar cortex is a relatively simple organized three-layered structure that 

consists of five basic neuron types: the inhibitory stellate cells, basket cells, Purkinje cells, and 

Golgi cells; and the excitatory granule cells (Fig. 2) (Palay and Chan-Palay, 1974; Ito, 1984; 

Altman and Bayer, 1997). The molecular layer is the superficial layer, which contains stellate 

cells, basket cells, dendritic trees of Purkinje cells and the afferents of Purkinje cells. The stellate 

cells extend their axons and collaterals to terminate on the shafts of Purkinje cell dendrites. The 

basket cells receive input from parallel fibers and send their axons to the soma of the Purkinje 

cells (Palay and Chan-Palay, 1974; Ito, 1984). 

 
 

 
 
Figure 2. The cerebellar cortex is organized into three layers and contains five types of neurons (Kandel 
et al., 2000). 
 
 
The Purkinje cell bodies form a single layer (the Purkinje cell layer) localized underneath the 

molecular layer. Purkinje cells are the largest cells in the cerebellum. They extend into the 
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molecular layer an elaborate dendritic arbor that is oriented perpendicular to the parallel fibers. 

The smallest cerebellar neurons are granule cells and they are organized in the granular layer. 

 
 

 

 
 
Figure 3. The neurons of the cerebellum and their connections (Wang and Zoghbi, 2001). 
 
 
Granule cells send their axons up into the molecular layer, where they divide perpendicularly into 

two long branches that run parallel to the surface of the cerebellum and form synapses with the 

distal parts of the dendritic tree of Purkinje cells. Granule cells are excitatory and use glutamate 

as neurotransmitter. The other neuron type of the granular layer is the Golgi cell, the second 

largest cell of the cerebellum. Golgi cells receive inputs from parallel fibers as well and form 

synapses with the dendrites of granule cells. Thus, the way cells are connected in the cerebellum 

results in basket cells forming synapses on Purkinje cell bodies and inhibiting Purkinje cells, 

while in the same time, stellate cells form synapses on Purkinje cell dendrites and contribute to 
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the inhibition of Purkinje cells together with basket cells. Golgi cells in turn inhibit granule cells 

(Palay and Chan-Palay, 1974; Ito, 1984; Altman and Bayer, 1997). 

The cerebellum receives two main types of afferent inputs, mossy fibers and climbing fibers (Fig. 

3). Mossy fibers originate from nuclei located in the spinal cord and brain stem; they are the 

major afferent pathways. The bulbous terminals of the mossy fibers contact granule cells and 

Golgi neurons in synaptic complexes called cerebellar glomeruli. The granule cells give parallel 

fibers each passing through approx. 500 Purkinje cells. Each Purkinje cell receives information 

from as many as 200,000 non-myelinated parallel fibers activating Purkinje cells at a rate of 50-

100 times per second (50-100 Hz) by means of single action potentials. Another afferent input of 

cerebellum is formed by the climbing fibers. Climbing fibers are myelinated and originate from 

cells localized in the contralateral inferior olive. These fibers are excitatory and can innervate 

upto ten Purkinje cells. Importantly, in the adult cerebellum, each Purkinje cell only receives 

input from one climbing fiber. Climbing fibers also send collaterals to the deep cerebellar nuclei. 

When a climbing fiber activates a Purkinje cell it elicits a strong action potential followed by a 

burst of weaker ones. This is known as a complex spike, which happens at a rate of one per 

second (1 Hz). The primary output from the cerebellar cortex is provided by the Purkinje cell 

axons projecting to the deep nuclei (Fig. 3), while neurons of the deep nuclei finally project to the 

cerebral cortex, mediating the fine control of motor movement and balance (Ito, 1984; Altman 

and Bayer, 1997; Kandel et al., 2000). 

 
 
Development of the cerebellum 
 
 
Embryonic cerebellar development. The cerebellum is one of the first brain structures to begin to 

differentiate, yet it is one of the last to achieve maturity – the cellular organization of the 
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cerebellum continues to change for many months after birth in the humane (Wang and Zoghbi, 

2001). For the rat, the development of the cerebellum takes 3 weeks. The cerebellum develops 

from the dorsal region of the posterior neural tube (Altman and Bayer, 1997). Originally, this part 

of the tube gives the rhombencephalon (Fig. 4), which is divided into two parts, the 

myelencephalon, which is considered the primordium of the medulla, and the metencephalon, 

which gives rise to the cerebellum and the pons (Patten and Carloson, 1974; Altman and Bayer, 

1997). Between E13 and E 16 in the rat) the cerebellar and precerebellar primordia become close 

neighbors and there is progressive invagination of the medullary velum into the fourth ventricle 

(Altman and Bayer, 1997). 

 
 

 

 
 
Figure 4. Scheme of the anterior position of an E12 rat brain. CEP – cerebellar primordium; IST – 
isthmus; MEP – medullary primordium; mv – medullary velum; PCP – precerebellar primordium; POP – 
pontine primordium; Rh – rhombencephalon; v4 – fourth ventricle. 
 
 
At the same time the size of the mesencephalon increases and expands later in a downward 

direction, with the result that the cerebellar primordium is pushed deeper into the shrinking fourth 

ventricle. By E16 the cerebellar primordium occupies a dorsal position and the precerebellar 
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primordium a ventral position and both are in close proximity to another. By E15, a 

differentiating zone is composed and by E16 several such differentiating zones are apparent, 

together representing the cerebellar neuroepithelium (Altman and Bayer, 1997; Wang and 

Zoghbi, 2001). 

Cells in the cerebellum arise from two different germinal matrixs: from the ventricular zone 

(ventricular germinal matrix) and from the rhombic lip (germinal trigone) (Altman and Bayer, 

1997). The ventricular zone gives rise to the deep cerebellar nuclei and Purkinje cells of the 

cerebellar cortex. The first cells to be born become the deep cerebellar nuclei (at E10-12, in the 

rat) and Purkinje cells, which migrate along the radial glial fiber system into the cerebellum 

cortex and finally become organized in a monolayer. Shortly after their final mitosis at E14 

Purkinje cells begin to express calbindin. Calbindin-positive cells migrate from E14-17 in a radial 

direction over the already formed deep nuclei (Hatten and Heintz, 1995). During late 

embryogenesis, climbing fibers from the inferior olive start to innervate Purkinje cells (Hatten 

and Heintz, 1995). From the ventricular zone, a third population of neurons is born after the 

formation of Purkinje cells. These neurons include stellate, basket and Golgi interneurons 

(Altman and Bayer, 1997; Wang and Zoghbi, 2001).  

By E17, the posterior pole of the cerebellar neuroepithelium provides cells, which will 

progressively spread forward and than downward over the entire surface of the cerebellum, this is 

a secondary proliferative matrix of the cerebellum, the external germinal layer (EGL). Different 

from all cells of the cerebellum, that develop from the ventricular zone, are granule neurons (as 

well as neurons of inferior olive) that derive from a separate germinal epithelium known as the 

rhombic lip (Altman and Bayer, 1997; Wang and Zoghbi, 2001). Inside the rhombic lip, granule 

cells precursors proliferate and then assume a unipolar morphology, with a single process that 

projects away from the rhombic lip. They begin to migrate out from the rhombic lip at E13 in rats 
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(Wingate and Hatten, 1999; Wingate, 2001). Rhombic lip cells continue to migrate to the 

cerebellar anlage and settle on its periphery to become the EGL (Altman and Bayer, 1997; Wang 

and Zoghbi, 2001). The outer EGL is another zone of proliferation (Hatten and Heintz, 1995), 

from the outer EGL, granule cell precursors migrate into the inner EGL. Cells in the EGL are 

postmiotic and are in a state of premigration (Engelkamp et al., 1999). The next stage of 

development for granule cell precursors is the inward migration into the inner granule layer (IGL) 

and at this point, the cells develop parallel fibers (Hatten, 1999). The final stage of maturation of 

granule neurons occurs in the IGL (Altman and Bayer, 1997; Wang and Zoghbi, 2001). 

 

Postnatal cerebellar development. During postnatal development, the cerebellum undergoes a 

series of major cellular developmental events to accomplish the formation of a functional circuit 

and final architecture. Cerebellar postnatal development takes three weeks in the rat. At the end 

of the third week the proliferative external germinal layer disappears from the surface of the 

cerebellar cortex, and marks the end of the proliferation of neuronal precursous in cerebellar 

development. Meanwhile, during the three weeks after birth the animal becomes able to perform 

patterns as running, rearing, climbing, and jumping (Geisler et al., 1993). Precise connections 

between neurons, established during embryonic or early postembryonic development, form the 

basis of the functioning mature nervous system. Therefore, during this time all connections in the 

cerebellum are established. 

Central to cerebellar development is that of the Purkinje cells. These develop extensive dendritic 

trees as well dendritic specialization coined spines and on these the synapses are formed. The 

dendritic branches remain changeable during development.  

Purkinje cells receive two distinct excitatory inputs: one from parallel fibers and another from 

climbing fibers (Palay and Chan-Palay, 1974; Ito, 1984). The parallel fibers synapses are formed 
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on the spines at the distal parts of Purkinje cell dendrites and these comprise 95% of all Purkinje 

cell synapses (Sotelo, 1978). In contrast, climbing fibers establish strong excitatory synapses 

along the proximal dendrites of Purkinje cells (Palay and Chan-Palay, 1974; Ito, 1984). 

In the first two weeks of postnatal development, Purkinje cells receive multiple innervations by 

climbing fibers (Mason et al., 1990). Around the end of the second and the beginning of the third 

week the elimination starts of the of supernumerary climbing fibers in the rat (Crepel at al., 1981; 

Chedotal and Sotelo, 1992). Finally, one Purkinje cell is innervated by a single climbing fiber 

(Mariani and Changeux, 1981; Crepel, 1982). Oligodendrocytes of the cerebellum proliferate and 

differentiate in the white matter and they myelinate Purkinje cell axons, during the second or 

third postnatal week (Palay and Chan-Palay, 1974; Altman and Bayer, 1997). 

Other important changes in the cerebellum involve the development of the granule cells. Granule 

cells (the excitatory neurons in the cerebellar circuit), are generated by the vigorous proliferation 

of granule cell progenitors in the external germinal layer (EGL) during the first two postnatal 

weeks in the rat (Altman and Bayer, 1997). This leads to a colossal number of cells accounting 

for approximately half the neurons in the brain. Postmitotic granule cells then bilaterally extend 

their parallel fiber axons, and their cell bodies migrate downward in the developing molecular 

layer and, by the third postnatal week, settle in the internal granular layer (IGL) underneath the 

Purkinje cell layer (Altman and Bayer, 1997; Hatten, 1999). 

Other interneurons, such as stellate cells, basket cells, and Golgi cells, proliferate and then 

migrate during the first or second postnatal week to their proper positions - the outer two-thirds 

of the molecular layer, the inner one-third of the molecular layer, and the upper IGL, 

respectively, where they each form a specific local intervening connectivity (stellate cells and 

basket cells, feed-forward pathways from parallel fibers to Purkinje cell; Golgi cells, a feed-back 

pathway from parallel fibers to granule cells) by the third postnatal week (Palay and Chan-Palay, 
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1974; Ito, 1984; Altman and Bayer, 1997). As a result, at the end of the third week a mature 

cerebellar circuit has been formed (Fig. 5). 

 
 
 

 
 
 
Figure 5. Basic neuronal circuit in the cerebellum (Ito, 2002). 
 
 
 
 
Cerebellar function 
 
 
The cerebellum regulates movement and posture indirectly by adjusting the output of the major 

descending motor system of the brain. In the 1920s, Baminski had shown that patients with 

damage of the cerebellum cannot perform the “finger-to-nose” test, they cannot coordinate the 

fine movement of fingers during finding the movement pathway to the nose, however they still 

can move. Lesions of the cerebellum do not cause paralysis instead, they disrupt the coordination 

of limp and eye movements, impair balance, and decrease muscle tone. Thus, damage of the 
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cerebellum is less dramatic then damage of the motor cortex. The cerebellum acts as a 

coordination center, using sensory inputs from the periphery to fine-tune movements and balance. 

During the last four decades, it has been shown that the cerebellar circuits are involved as well in 

motor learning. Motor learning is a function of the brain for acquiring new repertoires of 

movements and skills to perform them practiceing, and it involves many areas of the brain (Ito, 

2000). In the early 1970s Marr and Albus independently proposed that the climbing fiber input to 

the Purkinje cell modifies the response of neurons to mossy fiber inputs and does so for a 

prolonged period of time. (Albus 1971; Marr 1969). The strength of certain parallel fiber – 

Purkinje cell synapses would select specific Purkinje cells to program or correct (eye or limb) 

movements. During this movement, the climbing fiber would depress the input from parallel 

fibers that are active concurrently and allow “correct” movements (without error) to emerge. In 

this fashion, the climbing fiber weakens the parallel fiber – Purkinje cell synapse in a process 

called long-term depression (LTD) (Kandel et al., 2000). With successive movements, the effects 

of parallel fiber inputs are associated with a more appropriate pattern of activity (central 

command) that would emerge over time due to permanent depression of wrong signal (Fig. 5). 

LTD can be considered as the basis of motor learning at the cellular level in the cerebellum. 

 
 
Signals involved in plasticity, maturation, functions of Purkinje cell and in the 

establishment of the neural circuits. 

 
Axonal growth and dendritic tree extension are key morphological features characterizing 

neuronal maturation. The trophic factors, modulators constituent neural activity as well as 

changes in synaptic receptor repertoire all play a role in regulating pre-/postsynaptic 

differentiation and in the patterning of cells and their connections. 
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Granule cells and NMDA. The growth and patterning of dendrites can be greatly influenced by 

environmental signals. Granule cells are involved in the regulation of the development of 

Purkinje cell dendrites; this is supported by experiments in which the granule cells were disrupted 

in newborn mice and where the dendritic tree of Purkinje cells did not develop normally (Hamori, 

1969). Moreover, Purkinje cell dendrites do not extend properly in weaver and reeler mutants, in 

which granule cells have several deficits (Rakic and Sidman, 1973; Rakic, 1975). It has been 

shown that a stimulatory effect of granule cells on Purkinje cell dendrite outgrowth is mediated 

by NMDA (N-methyl-D-aspartate) glutamate receptors (Hollmann, 1994; Hirai and Launey, 

2000). If NMDA receptors are blocked by NMDA receptor antagonist AVP (D(-)-2-Amino-5-

phoshonopentanoic acid) a strong reduction of the Purkinje cell dendritic area takes place (Hirai 

and Launey, 2000). Interestingly, the effect of AVP on the Purkinje cell tree is mediated by 

release of BDNF (brain-derived neurotrophic factor) from granule cells, but not by NMDA 

receptors, which are present in Purkinje cells (Hirai and Launey, 2000). Therefore, the ionotropic 

receptor NMDA, expressed by granule cells, triggers the signaling pathway for dendritic 

differentiation of Purkinje cells. In addition, NMDA receptors play an essential role in the 

modulation of excitatory synaptic transmission due to their permeability to calcium ions and 

ability to activate downstream calcium-dependent transduction process (Lee et al., 2003). 

 

Glutamate receptor delta 2. Another effect of granule cells on Purkinje cells is the glutamate 

release from parallel fibers that activates specific glutamate receptors in the Purkinje cell 

dendrite, such as delta 2 receptor. This receptor has a position between the classical AMPA ((S)-

a- amino-3-hydroxy-5-methylisoxazole-4-propionate) – kainate and NMDA subtype glutamate 

receptors based on the amino acid sequence identity. Glutamate receptor delta 2 is expressed 

exclusively in Purkinje cells and highly concentrated postsynaptically to parallel fiber – Purkinje 
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cell synapses (Takayama et al., 1996; Landsend at al., 1997). Glutamate receptor delta 2 is not 

found at mature climbing fiber – Purkinje cell synapses. In knockouts of the delta 2 mouse, the 

number of parallel fiber – Purkinje cell synapses is reduced and leaves approximately one-third 

of Purkinje cell dendritic spines free from innervations (Kurihara et al., 1997). In addition, in 

knockout mice the Purkinje cells have multiple climbing fiber innervations (Ichikawa et al., 

2002). Thus, it is possible that the presence of delta 2 will inhibit multiple innervations of 

Purkinje cells by climbing fibers. Recently, it has been shown that glutamate receptor delta 2 is a 

key regulator of the presynaptic active zone and postsynaptic density organization at parallel fiber 

– Purkinje cell synapses in the adult brain (Takeuchi et al., 2005). These observations suggest 

that glutamate receptor delta 2 plays a role in differential distribution and stabilization of the 

parallel fiber and climbing fiber synapses on synapses of the dendritic tree of Purkinje cells. 

 

AMPA. Another type of glutamate receptor in Purkinje cells is the AMPA receptor that is 

involved in LTD. Purkinje cells contain glutamate receptor 2 and glutamate receptor 3, and 

limited amounts of glutamate receptor 1 subtypes of AMPA receptors (Kano et al., 1996; Zhao et 

al, 1998). When Purkinje cells receive conjunctive inputs from parallel fibers and climbing fibers, 

neurotransmission at granule cell – Purkinje cell synapses exhibits LTD. The C-terminus of 

glutamate receptor 2 is anchored to GRIP (glutamate receptor interacting protein), a protein 

present at the postsynaptic density. Upon LTD induction, Ser880 of the glutamate receptor 2 is 

phosphorylated by PKC, leading to the dissociation of glutamate receptor 2 from GRIP and a 

decreased density of glutamate receptor 2 – containing AMPA receptors at the postsynaptic 

membrane, by internalization of the receptor protein (Fig. 6); (Matsuda et al., 2000). 

Since AMPA stimulation causes influx of Na+, thus leading to an increase in the intracellular 

calcium concentration via inhibition of Na+ - Ca 2+ exchanger, a possible role of AMPA in LTD 
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induction may be to suppress the activity of phosphatases to allow the phosphorylation of Ser880 

in glutamate receptor 2 to be maintained (Matsuda et al., 2000). Thus, AMPA receptors represent 

a powerful postsynaptic mechanism for modifying the strength and plasticity of glutamatergic 

synapses. AMPA receptors have lower affinity for glutamate than NMDA receptors (Kullmann et 

al., 1996; Rusakov and Kullmann, 1998). NMDA receptors at synapses are present before 

AMPA. It has been shown that AMPA receptors are progressively added during development 

(Matsuda et al., 2000). 

 
 
 

 
 
 
Figure 6. A model depicting LTD of AMPA receptor response at parallel fiber–Purkinje cell synapses. 
The left part of the figure shows the basal state of the synapse. The intracellular C-terminal tail of GluR2 
is bound to GRIP, and thus immobilized at the postsynaptic membrane. The right part of the figure shows 
the synapse after induction of LTD (Matsude et al., 2000). 
 
 
 
 
Calcium signaling and dendritic development. The intracellular signaling pathways that mediate 

the effects of afferent activity on dendritic growth and patterning are not well understood. 

However, it is clear that calcium is a central element in this pathway (Fig. 7). Particularly, 

calcium signaling plays a key role in formation and patterning of dendritic spines. Calcium influx 

activates a transcriptional program that regulates overall dendritic growth (the long-term effects 

of calcium). Probably, in the cerebellum, similar to cortical neurons, the effect of calcium influx 
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is mediated by one of the calcium/calmodulin – dependent protein kinases (Redmond et al., 2002) 

which activate the transcription factor CREB (cyclic-AMP-responsive-element-binding protein). 

At the same time, calcium-induced calcium release in individual dendrites can regulate the 

dendritic branching and the stabilization of the spines (Yuste et al., 2000; Wong and Ghosh, 

2002). Calcium levels can be altered locally in dendrites in several ways. Firstly, NMDA 

receptors are permeable to calcium. Secondly, the opening of VGCCs (voltage-gated Ca2+ 

channel) in response to membrane depolarization. And thirdly, calcium can enter the cytoplasm 

from intracellular stores such as endoplasmic reticulum, through calcium channels gated by 

calcium or inositol 1,4,5-trisphosphate (IP3) (Eilers et al., 1996). 

 
 

    A         B    
 
 
Figure 7. Schematic drawing of the mechanisms that might mediate calcium-dependent dendritic growth. 
A. Calcium influx through voltage-sensitive calcium channels (VGCCs) leads to the activation of 
calcium/calmodulin-dependent protein kinase. CaMK activates cyclic-AMP-responsive-element-binding 
protein (CREB) and other transcription factors, which regulate the expression of proteins that regulate 
dendritic growth. B. Calcium signaling pathways in dendrites that regulate branch stability (Wong and 
Ghosh, 2002). 
 
 
Calcium might affect dendritic stability by directly activating proteins that regulate the 

polymerization or depolymerization of actin and microtubules. Particularly, the shape of spines is 

regulated by the level of the intracellular calcium concentration. A unifying hypothesis is 

proposed, stating that a moderate rise in calcium concentration is accompanied by enhanced spine 
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size and number, whereas the suddenly high augmentation of calcium levels would lead to spine 

shrinkage and eventual collapse (Seet al., 2000). 

 

Calcium signaling and plasticity. The calcium influx has an acute effect, such as the rapid 

changes in synaptic transmission that accompany synaptic plasticity, that are mediated by 

posttranslational modifications of proteins that are already present in the cell. 

LTD induction requires the coactivating of climbing fiber and parallel fiber synapses. The 

climbing fiber exerts its effect by activation of AMPA receptors and producing a large 

depolarization, resulting in a widespread postsynaptic calcium influx through VGCC. Glutamate, 

released from parallel fiber exerts its effect by activating both metabotropic glutamate receptor 

(mGlu1) that is linked via a G protein to the enzyme phospholipase C β4 (PLC β4) and the 

AMPA receptor that produces a Na+ flux. The former signal metabolizes phosphatidylinositol-

4,5,-bisphosphate (PIP2) to yield IP3 and 1,2-diacylglycerol (DAG). IP3 mobilizes calcium from 

internal stores through action on an IP3 receptor. Calcium, together with DAG, serves to activate 

protein kinase C (PKC). And second pathway involves stimulation of the calcium/calmodulin-

sensitive enzyme, neuronal nitric oxide synthase (nNOS), which is localized in parallel fiber 

terminals and interneurons, and serves for the consequent production of the diffusible messenger 

nitric oxide (NO). NO then activates a postsynaptic cascade consisting of soluble guanylyl 

cyclase (sGC), cGMP, and cGMP-dependent protein kinase (PGS) (Fig 8). Several other factors 

derived from climbing fibers are involved in LTD (Fig. 8), like CRF (corticotropin-releasing 

factor) and insulin-like growth factor 1 (Cowan et al., 2001). 
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Figure 8. Signal transduction after stimulation of a parallel fiber and a climbing fiber. 
2R - 2 receptor; AA - arachidonic acid; AMPAR - -amino-3-hydroxy-5-methyl-4-isoxazole propionic 

acid receptor; BDNF - brain-derived neurotrophic factor; CRF - corticotropin-releasing factor; CRFR1 - 
CRF type 1 receptor; DAG - diacylglycerol; ER- endoplasmic reticulum; GC - guanylyl cyclase; Glu - 
glutamate; GS - G-substrate; IGF1 - insulin-like growth factor 1; IGF1R - IGF1 receptor; Ins(1,4,5)P3 - 
inositol-1,4,5-trisphophate; InsP3R - Ins(1,4,5)P3 receptor; MAPK - mitogen-activated protein kinase; 
MEK - MAPK kinase; mGluR1 - type 1 metabotropic glutamate receptor; NO - nitric oxide; PD - 
phosphorylation–dephosphorylation; PKC - protein kinase C; PKG - protein kinase G; PLA2 - 
phospholipase A2; PLC - phospholipase C; PP2A - protein phosphatase 2A; PTK - protein tyrosine kinase; 
RyR - ryanodine receptor; SG - slow-EPSP (excitatory postsynaptic potential) generator associated with 
mGluR1 (Ito, 2002). 
 
 
 

Neurotrophins and corticotropin releasing factor peptides. For the normal development of a 

neuron the presence of one or more neurotrophins (NT) in the cell are required (Reichardt and 

Farinas, 1997). NT include, nerve growth factor (NGF), BDNF and NT 3-6. The cellular actions 

of NTs are mediated by two types of receptors — a high-affinity tyrosine receptor kinase (Trk) 

and a low-affinity pan-neurotropin receptor (p75). Each Trk is preferentially activated by one or 

more NT and is responsible for mediating most cellular responses (Greene and Kaplan, 1995), 
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while p75 forms a complex with the Trk receptor and modulates its signal transduction (Barker 

and Shooter, 1994). Binding of NT initiates Trk dimerization, transphosphorylation of tyrosine 

residues in its cytoplasmic domain and kinase activation. The phosphotyrosine residues function 

as binding sites for recruiting specific cytoplasmic signaling proteins. These proteins may in turn 

be activated by phosphorylation, triggering a cascade of cytoplasmic effectors that eventually 

modify gene expression and protein synthesis. The cytoplasmic effectors activated by NTs also 

exert a wide range of more rapid actions, including morphogenetic (Cohen-Cory and Fraser, 

1995), chemotropic (Gundersen and Barrett, 1980) effects on developing neurons, modulation of 

neuronal excitability (Lesser et al., 1997) and synaptic transmission (Lohof et al., 1993). 

CRF and the recently discovered urocortin (UCN), another member of the CRF-peptide family 

are involved in neuronal development (Swinny et al., 2004; Chen et al., 2004; Gounko et al., 

2005). Moreover, CRF and UCN play a primary role in the coordination of the stress response 

(Koob and Heinrichs, 1999). In vitro experimants, CRF has been shown to be necessary for the 

induction of LTD (Miyata et al., 1999). CRF and UCN are acting though two seven-span G 

protein-coupled receptors CRF-R1 and CRF-R2 (Chalmers et al., 1996; Bishop et al., 2000). 

They bind with equal affinity to CRF-R1; but, UCN has a 40-fold greater affinity for CRF-R2 

(Latchman, 2002), suggesting that UCN is the natural ligand for CRF-R2 (Vaughan et al., 1995; 

Dautzenberg and Hauger, 2002).  

Both peptides are distributed in the cerebellum (Palkovitz et al., 1987; Swinny et al., 2002). CRF 

(Bishop and King, 1999) as well as its receptors (Chang et al., 1993; Swinny et al., 2003; Gounko 

et al., 2006) are expressed at early postnatal stages. Recently, it has been shown that CRF and 

urocortin are potent regulators of dendritic development (Swinny et al., 2004; Chen et al., 2004), 

their stimulatory or inhibitory effects are dependent upon the degree of expression of these 

peptides (Ha et al., 2000; Swinny et al., 2004). In organotypic cerebellar slice cultures 
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intermittent exposure of CRF and urocortin induced significantly more dendritic outgrowth and 

elongation compared with untreated cells (Swinny et al., 2004), however, constant exposure to 

CRF and urocortin significantly inhibited dendritic outgrowth. The trophic effects of CRF and 

urocortin are mediated by protein kinase A and mitogen-activating protein kinase pathways. On 

the other hand, UCN and CRF induce activity-dependent morphological changes in Purkinje 

dendritic receptors (induce the expression of GluRδ2) via the protein kinase C (Gounko et al., 

2005). Thus, probably CRF and UCN, regulate fundamentally different cellular processes in 

Purkinje cells. The full potential roles of these peptides and the cellular mechanisms are still 

unclear. 

 

Scope of the thesis 

 

The work presented in this thesis focused on the roles of CRF and UCN in postnatal development 

of the cerebellum, and particularly, on the development of Purkinje cells, their synaptic 

connections and subsequent stabilization of the cerebellar circuitry. 

The different processes and the different effects of two peptides on the same cell might be 

achieved by the action of different receptors or isoforms of that same receptors. Therefore, the 

second chapter of this thesis deals with a detailed analysis of the cellular localization of full-

length isoform of CRF receptor 2 in the rat cerebellum during early postnatal development using 

immunoelectron microscopy. This is important since reports on the distribution of CRF-R2 in 

cerebellum remain contradictory. 

In the third chapter, the exact role and the way in which CRF and UCN are involved in the 

development of Purkinje cells are analyzed. Particularly, we focused on the possibility of CRF 
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and UCN to modulate the expression of glutamate receptor delta2, thereby regulating of the 

molecular structure of the synapse. Here, for the first time, we provide a molecular explanation of 

the effects of CRF and UCN on Purkinje cells. Previously it was shown that CRF and UCN are 

peptides regulating neuronal growth and thereby modulating dendritic development (Swinny et 

al., 2004). 

The fourth chapter, using mice over-expressing CRF, we investigate the role of CRF in the 

process of axon-target development of afferent inputs on Purkinje cells and the participation of 

CRF in the process of competition between CF and PF terminal input. 

In the fifth chapter, we concentrate on the cellular development of the Purkinje cell. Using 

organotypic slices and by applying CRF and UCN, we analyzed the role of peptides in the 

process of topological matching of presynaptic and postsynaptic specializations of synapses on 

Purkinje cells and on the developmental rearrangement in the spine system of Purkinje cells. 

In the sixth and last chapter an overview of the results has been described and a summary of the 

dual roles that CRF and UCN play in dendritic growth as well as in synaptic formation and 

stabilization. 
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