
 

 

 University of Groningen

Roles of corticotropin-releasing factor - related peptides in the development of Purkinje cells
and their extracerebellar afferents
Gounko, Natalia Valentinovna

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2006

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Gounko, N. V. (2006). Roles of corticotropin-releasing factor - related peptides in the development of
Purkinje cells and their extracerebellar afferents. s.n.

Copyright
Other than for strictly personal use, 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), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/3c59f9e3-54b2-4ccc-a646-1bbe2a786b46


 

Roles of corticotropin-releasing factor - related peptides in 

the development of Purkinje cells and their 

extracerebellar afferents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

                 This  thesis  was  financed  by Graduate School of Behavioral and 
 

Cognitive Neurosciences; Rijksuniversiteit Groningen; University 
 
Medical Center Groningen and Leica microsystems BV. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
© 2006 by N.V. Gounko 
 
All rights reserved. No part of this book may be reproduced or transmitted in any form or by any means 
without written permission of the author and the publisher holding the copyright of the published articles. 
 
Cover and page design: Gounko N.V. 
Printed by: PrintPartners Ipskamp, Enschede, The Netherlands 
 
ISBN number: 90-367-2773-1 



 
 

RIJKSUNIVERSITEIT GRONINGEN 

 

Roles of corticotropin-releasing factor - related peptides in 

the development of Purkinje cells and their  

extracerebellar afferents 

Proefschrift 
 
 

ter verkrijging van het doctoraat in de 
Medische Wetenschappen 

aan de Rijksuniversiteit Groningen 
op gezag van de 

Rector Magnificus, dr. F. Zwarts, 
in het openbaar te verdedigen op 

woensdag, 6 december, 2006 
om 16.15 uur 

 
 

door 
 
 

Natalia Valentinovna Gounko 
geboren op 12 januari 1978 

te Leningrad (St. Petersburg), Rusland 



 

Promotor:                                        Prof. dr. A. Gramsbergen 

 

Co-promotor:                                   dr. J J.L. van der Want 

 

Beoordelingscommissie:                  Prof. dr. J.H.A. de Keyser 

Prof. dr. P.G.M. Luiten 

Prof. dr. C.I. de Zeeuw 

 

 

 

 

 

 

 

 

 

 

 

 



 

Paranimfen:     Dharamdajal Kalicharan 

   Veerakumar Balasubramaniyan 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

РОДИТЕЛЯМ   и   КОШКЕ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CONTENTS 
 

 

Chapter 1 General introduction                                                                                                        9 
 

 

Chapter 2 The dynamic developmental localization of the full-length corticotropin-                 33 

releasing factor receptor type 2 in rat cerebellum 

N.V. Gounko, D. Kalicharan, V. Rybakin, A. Gramsbergen, J.J.L. van der Want 
 

 

Chapter 3 CRF and urocortin differentially modulate GluR delta2 expression and                  57 

distribution in parallel fiber-Purkinje cell synapses 

N.V. Gounko, V. Rybakin, D. Kalicharan, Z. Siskova, A. Gramsbergen, J.J.L. van der Want 
 

 

Chapter 4 Increased density and stabilization of climbing fiber-Purkinje cell synapses            85 

in mice overexpressing corticotropin-releasing factor 

N.V. Gounko, A. Gramsbergen, J.J.L. van der Want 
 

 

Chapter 5 Activity-dependent changes in spine formation due to CRF and urocortin              101 

in cerebellar Purkinje cells 

N.V. Gounko, R. Bakels, D. Kalicharan, A. Gramsbergen,J.J.L. van der Want 
 

 

Chapter 6 General discussion and summary                                                                                   121 
 

 

Samenvatting (Summary in Dutch)                                                                                                  131 
 

 

Заключение (Summary in Russian)                                                                                                141 
 

 

Acknowledgments                                                                                                                              150 
 

 

Curriculum vitae                                                                                                                                153 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
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 

/ Chapter 1 18 



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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Abstract 

Corticotropin releasing factor receptor 2 (CRF-R2) is strongly expressed in the cerebellum and 

plays an important role in the development of the cerebellar circuitry, particularly in the 

development of the dendritic trees and afferent input to Purkinje cells. However, the mechanisms 

responsible for the distribution and stabilization of CRF-R2 in the cerebellum are not well 

understood. Here, we provide the first detailed analysis of the cellular localization of the full-

length form of CRF-R2 in rat cerebellum during early postnatal development. We document 

unique and developmentally regulated subcellular distributions of CRF-R2 in cerebellar cell 

types, e.g. granule cells after postnatal day 15. The presence of one or both receptor isoforms in 

the same cell may provide a molecular basis for distinct developmental processes. The full-length 

form of CRF-R2 may be involved in the regulation of the first stage of dendritic growth and at 

later stages in the controlling of the structural arrangement of immature cerebellar circuits and in 

the autoregulatory pathway of the cerebellum. 
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Introduction 

The expression of neurotrophic peptides corticotropin-releasing factor (CRF) and urocortin 

(UCN) occurs embryonically before any functional synapses have been formed (Chang et al., 

1993; Bishop & King, 1999), supposing an initial role for CRF-like peptides in the development 

of the cerebellar circuitry (Swinny et al., 2002, 2003). Both peptides regulate neuronal growth 

and thereby modulate dendritic development (Cibelli et al., 2001; Chen et al., 2004; Swinny et 

al., 2004; Gounko et al., 2005), and are involved in stress responses (Koob & Heinrichs, 1999). 

Both peptides act via two highly homologous G protein-coupled receptors, corticotropin-

releasing factor receptors 1 and 2 (CRF-R1 and -R2; Chalmers et al., 1996; Bishop et al., 2000). 

CRF-R1 is a lower-selectivity receptor binding most CRF-like peptides and CRF agonists. CRF-

R1 is abundantly expressed in many regions of the brain including neocortex, cerebellar cortex, 

septal zone, amygdala and others (reviewed in Dautzenberg & Hauger, 2002). Rodent brain CRF-

R2 is present in two distinct isoforms, one being a full-length form [CRF-R2(fl)] and the other 

truncated (Miyata et al., 2001; Lee et al., 2004). Expression of CRF-R2 mRNA is generally 

confined to subcortical structures (Chalmers et al., 1996). Particularly high levels of mRNA for 

CRF-R2 are evident within the lateral septal nuclei, choroid plexus, olfactory bulb, specific 

amygdaloid nuclei and various hypothalamic nuclei (Chalmers et al., 1996; Sanchez et al., 1999; 

Bale & Vale, 2004). Reports on the distribution of CRF-R2 in cerebellum remain contradictory. 

Van Pett et al. (2000) reported complete absence of CRF-R2 expression in the cerebellar cortex. 

Another group used fluorescent microscopy to demonstrate combined full-length and truncated 

CRF-R2 immunoreactivity in a variety of cerebellar structures (Bishop et al., 2000). 

Although up to 70% homologous, CRF-R1 and -R2 do indeed demonstrate both biochemical and 

functional differences (reviewed in Bale & Vale, 2004), it has been shown, for example, that 
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UCN has a higher affinity for CRF-R2 than does CRF (Vaughan et al., 1995; Latchman, 2002). 

CRF-R1-deficient mice exhibit a variety of behavioural phenotypes including increased stress 

resistance and lower anxiety-like reactions. In contrast, CRF-R2-knockout animals demonstrate 

increased depression-like behaviours and are more susceptible to stress (reviewed in Bale & 

Vale, 2004). 

Stabilization and maturation of synapses are crucial for neuronal circuit formation. Early in 

development an abundance of synapses are formed; this is followed by selective maintenance or 

elimination of specific synapses and ultimately the formation of correct and stable connections. 

Different peptides are involved in these processes; for example, it was shown that high levels of 

CRF in hippocampus reduce dendritic differentiation (Chen et al., 2004). At the same time, the 

presence of CRF is crucial for the induction of long-term depression in the cerebellum (Miyata et 

al., 1999). The effects of CRF and UCN on neuronal differentiation and remodelling strongly 

suggest that the two peptides, although acting via the same receptors, are capable of evoking 

different responses in the same cell. Such differences are considered to rely on distinct expression 

timing, pattern and level of CRF receptors, and on distinct affinities of peptides with regard to 

each of them. 

The present study is a detailed analysis of the cellular localization of CRF-R2(fl) in the rat 

cerebellum during early postnatal development, using a novel antibody recognizing the full-

length form of CRF-R2 but not the truncated one. We were able to determine the precise 

dynamics of the expression and distribution of CRF-R2(fl) at tissue, cell and organelle levels. 

Materials and Methods 
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Approval to conduct the study on animals was obtained from the Ethics Committee on Animal 

Experimentation, University of Groningen (DEC-Nr 4285-A). Experiments have been carried out 

in accordance with the European Communities Council Directive (86 ⁄ 609 ⁄ EEC). All efforts 

were made to minimize the number of used animals. 

Animals 

Normal cerebella of male black-hooded Lister rats were studied at postnatal days (PD)6, 12, 15 

and 30. An average of five animals per age was used. Animals were anaesthetized with sodium 

pentobarbital (Nembutal R., i.p., 50 mg⁄kg) and perfused transcardially with 2% 

polyvinylpyrrolidone and 0.4% NaNO3 in 0.1 M phosphate buffer (PB), pH 7.4, followed by 4% 

paraformaldehyde in 0.1 m PB, pH 7.4. Brains were removed and stored in the same 

paraformaldehyde – PB solution. 

Immunocytochemistry 

We used light microscopy to identify the localization of CRF-R2 in normal rat cerebella. 

Immunoreactivity was visualized with the peroxidase–antiperoxidase method. All further steps 

were performed in 0.1 M PB (pH 7.4). Sections 40 lm thick were permeabilized with 0.03% 

Triton X-100, and nonspecific binding blocked with 1% bovine serum albumin (Sigma, St Louis, 

MO, USA). Goat polyclonal antibody against CRF-R2(fl) was used at 1 : 1000 (C-15, sc-20550; 

Santa Cruz Biotechnology, Heerhugowaard, The Netherlands) at 4°C for 48 h. After washing 

with PB, the slices were incubated with a secondary antibody (rabbit antigoat IgG, 1 : 500; 

Nordic Immunological Laboratories, Tilburg, The Netherlands) for 2 h at room temperature, and 

a goat peroxidase–antiperoxidase complex (1 : 500; Nordic). Immunoreactivity was visualized by 
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incubation with 5 mg 3.3′-diaminobenzidine and 0.03% hydrogen peroxide in 10 mL of PB for 

5–10 min at room temperature. The reaction was stopped by washing the sections in cold PB. 

Electron microscopy 

Following immunolabeling, sections were enhanced according to the gold-substituted silver 

peroxidase method (Van den Pol & Gorcs, 1986), washed with 0.1 M Na-cacodylate buffer (pH 

7.6) and fixed in 0.2% glutaraldehyde in the same buffer. Slices were osmicated in 1% OsO4, 

1.5% potassium hexacyanoferrate in 0.1 M cacodylate buffer (pH 7.6) for 15 min, dehydrated in 

graded series of ethanols and embedded in Epon. Semithin sections stained with Toluidine Blue 

were used for orientation purposes. Ultrathin sections were counterstained with uranyl acetate 

and lead citrate, and examined using a Philips CM 100 (FEI Electron Optics, Eindhoven) 

transmission electron microscope. Neurons and fibers were identified by morphological criteria 

(Palay & Chan-Palay, 1974). 

Western blot 

Rat cerebella (postnatal days 6, 12, 15 and 30) were homogenized in lysis buffer solution 

containing 50 mM Tris–HCl buffer, pH 7.4, 1.0% Triton X-100, 150 mM NaCl, 5 mM EDTA 

and protease inhibitor cocktail. Lysates were cleared from tissue debris by centrifugation at 

1000g for 5 min. Protein concentrations were determined by a bicinchoninic acid protein assay, 

and equal amounts of total protein were separated on 10% SDS-PAGE gels and electrotransferred 

onto polyvinylidene fluoride membrane (Millipore, Amsterdam). After routine blocking with 5% 

BSA in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) for 2 h, the membranes were 

incubated with C-15 antibody (see above) in TBS-T at 1:200 at 4oC overnight or at room 

temperature for 1 h. N-20, a goat polyclonal antibody recognizing both full-length and truncated 
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CRF-R2 (sc-1826, Santa Cruz Biotechnology, Heerhugowaard) was used at 1:60. Mouse anti-

GAPDH antibody (Ambion, Huntingdon) was used at 1:8000 as loading control. The 

immunoreaction was detected using HRP-labeled secondary antibodies (Sigma, St Louis, MO) 

and standard enhanced chemiluminescence system. 

Results 

Developmental dynamics of CRF-R2(fl) expression in the cerebellum. 

The distribution of exclusively CRF-R2(fl) in the cerebellum has never been studied, as previous 

studies did not discriminate between the full-length and truncated forms. Here, we used a new 

antibody against CRF-R2 to determine the cellular localization of CRF-R2(fl) during of postnatal 

development in the rat cerebellum. Figure 1A illustrates the specificity of the novel antibody that 

we used throughout this work. The C-terminal CRF-R2 antibody C-15 labels a single protein 

band of ~ 65 kDa in a total lysate derived from rat cerebellum, rather than two bands at ~ 65 and 

22 kDa recognized by an N-antibody N-20 (Fig. 1A). This molecular weight is significantly 

higher than the predicted molecular weight of the full-length isoform as CRF-R2 is strongly 

glycosylated (Grigoriadis & DeSouza, 1989). We first analysed the abundance of CRF-R2(fl) in 

rat cerebellar samples at different stages. CRF-R2 was found to be ubiquitously expressed in all 

stages as an ~65 kDa protein (Fig. 1B). CRF-R2 expression was weak on PD6, and its expression 

had increased strongly at PD12. From PD12 onwards, the CRF-R2 level remained nearly 

unchanged. 

Dynamic tissue distribution of CRF-R2(fl) revealed by immunolight microscopy. 
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Figure 1. (A) Demonstration of the specificity of the C-15 anti-CRF-R2(fl) antibody used in this study. 
First lane, MW marker; second lane, Western blot of whole rat cerebellar lysate stained with C-15 
antibody demonstrates a single band of ~ 65 kDa (*); third lane, Western blot of whole rat cerebellar 
lysate stained with N-20 antibody recognizing both full-length and truncated forms of CRF-R2 
demonstrates two bands of ~ 65 (*) and 22 (**) kDa. (B) Western blot analysis of cerebellar lysates at 
PD6, PD12, PD15 and PD30, showing the increase in the expression of CRF-R2(fl) as a 62-kDa protein 
(top panel) and anti-GAPDH loading control (bottom panel). 
 
 
 
First, the overall distribution of CRF-R2(fl) was examined throughout the cerebellum using 

immunofluorescence microscopy. At PD6, the first stage studied, low levels of CRF-R2 could be 

detected; 3the receptor was concentrated in the Purkinje cell layer as well as in the molecular 

layer (Fig. 2A and B). Cytoplasmic CRF-R2 staining appeared in a subset of Purkinje cell bodies 

(Fig. 2A). At this stage, weak CRF-R2 immunoreactivity was also evident as tiny puncta in 

parallel fibres (PFs) crossing the molecular layer (Fig. 2A and B). 

At PD12, labelling intensity had increased as compared to PD6 (Fig. 2C and D). CRF-R2 

immunoreactivity was present in cell bodies of Purkinje cells (Fig. 2C and D), in proximal 

regions of certain primary dendrites (Fig. 2C) and in initial axonal segments (Fig. 2D). In 

addition, CRF-R2 immunoreactivity was associated with somata of Golgi cells (Fig. 2D). 
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Figure 2. Photomicrographs reflecting the distribution of CRF-R2 labelling during postnatal development 
of the cerebellum. (A and B) Labelling at PD6 in Purkinje cell bodies (A; white arrowheads) as well as in 
the molecular layer (puncta of PFs; B, dark arrows). (C and D) At PD12, immunoreactivity was present in 
cell bodies of Purkinje cells (C; white arrowheads), in a subset of their dendrites (C; white arrows), in the 
initial axonal segments of Purkinje cells (D; dark arrows) and in somata of Golgi cells (D; dark 
arrowheads). (E and F) At PD15, labelling in Purkinje cells, in proximal and distal dendritic branches (E; 
white arrows), in somata of basket cells (E; dark arrow) and in somata of Golgi cells (E; dark arrowheads) 
as well as in (F) granule cells. (G and H) At PD30, reaction product was localized over Purkinje cell 
bodies and (G) in distal dendritic regions of Purkinje cells. Stellate cells (H; white arrows), basket cells (G 
and H; dark arrows) and somata of Golgi cells (G; dark arrowheads) were also labelled. See text for more 
details. Scale bars, 50 μm. 
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At PD15, the labelling intensity has increased dramatically. CRF-R2 immunostaining was present 

throughout all layers of the cerebellar cortex (Fig. 2E and F). The strongest immunoreactivity 

was observed in Purkinje cells as well as in proximal regions and tiny branches of Purkinje cells 

(Fig. 2E), in the somata of basket cells (molecular layer) and in the somata of Golgi cells (Fig. 

2E). Immunoreactivity was also present in granule cells (Fig. 2F). 

At adulthood (PD30), CRF-R2 localized to Purkinje cell bodies (Fig. 2G and H) and their 

dendritic trees, predominantly in main shafts as well as secondary and tertiary branches (Fig. 2G). 

In the molecular layer, immunoreactivity was present in stellate and basket cells (Fig. 2G and H). 

The granular layer was positive as well (Fig. 2G), but with notably weaker immunoreactivity than 

at PD15 (Fig. 2F). The Golgi cells were labelled and the receptor predominantly localized to the 

cell somata (Fig. 2G). 

Dynamic subcellular localization of CRF-R2(fl) revealed by immunoelectron microscopy. 

Next, we analysed the distribution of CRF-R2 on the subcellular level in different cell types using 

immunoelectron microscopy at PD6, PD12, PD15 and PD30. All control sections (without 

primary antibodies) processed in the same way as the experimental sections were negative (data 

not shown). 

At PD6, the CRF-R2 antibody showed Purkinje cell immunoreactivity (Fig. 3A). Labelling was 

localized to the biosynthetic pathway structures of Purkinje cells, namely rough endoplasmic 

reticulum and Golgi apparatus in the vicinity of the nucleus (Fig. 3A and D). In addition, the 

immunoreactivity was observed in climbing fibre (CF) terminals making direct synaptic contact 

with Purkinje cell somata (Fig. 3B–D). We observed labelling in mossy fibers (MF) rosettes (Fig. 

3E and F). 
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Figure 3. Electron micrographs reflecting the distribution of CRF-R2 at PD6. (A) Labelling in Golgi 
apparatus and ER of Purkinje cells (Nuc, nucleus of Purkinje cell). (B–D) CF terminals making synaptic 
contact with Purkinje cell somata. (E and F) Labelling in MF terminal. Dotted lines mark borderlines of 
specific profiles. See text for more details. Scale bars, 1 μm (A, B and D–K), 0.5 μm (C). 
 
 
 
The PD12 stage is characterized by an increase in intensity and number of labelled structures 

(Fig. 4). The label was present not only 4within somata of Purkinje cells (Fig. 4A and B), in the 

Golgi apparatus and ER, but also in hillocks and initial axonal segments (Fig. 4C) as well as in 

tiny recurrent axonal collaterals of Purkinje cells (Fig. 4D). Low-level immunoreactivity was 

observed in the terminals of CFs forming synapses on Purkinje cell soma (Fig. 4E) and, rarely, in 

CF synapses with the spines of Purkinje cells (Fig. 4F and G). In the granular layer, labelling was 

localized in rosettes of MFs (Fig. 4H) and in somata of Golgi cells (Fig. 4I). At this age, we have 
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never observed labelling in granule cells, PFs or in the molecular layer (basket cells and stellate 

cells). 

 
 

 
 
 
Figure 4. Electron micrographs reflecting the distribution of CRF-R2 at PD12. Labelling in (A and B) 
soma of Purkinje cell, in (C) initial axonal segment (Ax) and in (D) tiny recurrent axonal collaterals (Ax). 
(E) Labelling of CF terminals on Purkinje cell soma, and (F and G) with spines (sp.) of Purkinje cells. In 
the granular layer, labelling was localized in (H) rosettes of MF and in (I) somata of Golgi cells (GoC). 
Dotted lines mark borderlines of the profile. See text for more details. Scale bars, 5 μm (A), 1 μm (B–H, J 
and K), 2 μm (I). 
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Figure 5. Electron micrographs reflecting the distribution of CRF-R2 at PD15. (A–C) Labelling in 
Purkinje cell (PC) axons (Ax) and Purkinje cell dendrites (dPC). (D and E) Labelling in terminals of CFs 
making synaptic contacts with Purkinje cells and PF. (F) Immunoreactivity was present in rosettes of MF 
terminals. (G–J) Reaction product within interneurons: stellate cell (Sc), basket cell (BC) and Golgi cell 
(GoC); (K) granule cells (GC) show rather strong reactivity in the Golgi apparatus. Dotted lines mark the 
borderlines of profiles. See text for more details. Scale bars, 2 μm (A, F and G), 1 μm (B–E, H and J), 0.5 
μm (I and K). 
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At PD15 we observed the largest degree of labelling across all layers of cerebellar cortex, in good 

agreement with our light microscopy data. Purkinje cell somata were strongly positive for CRF-

R2 (Fig. 5A). Purkinje cell axonal labelling was mainly at the initial segments (Fig. 5A). 

Dendritic labelling appeared in the main shafts of dendrites of Purkinje cells (Fig. 5C). Labelling 

was also strong in CFs (Fig. 5D), PFs (Fig. 5E) and MF rosettes (Fig. 5F). Both the molecular 

and granular layers were immunopositive (Fig. 5G–K). In basket cells (Fig. 5H), 

immunoreactivity was present mostly in the ER and Golgi apparatus (Fig. 5H and I); stellate cells 

were positive (Fig. 5G). In the granular layer, the labelling was in the cytoplasm of Golgi cells 

(Fig. 5J) and very strong in the somata of granule cells (Fig. 5K). The immunoreactivity observed 

was strongest in the somata 6of granule cells and in MFs, moderate in CFs and PFs, and lower in 

interneurons (basket, Golgi and stellate cells). 

In adulthood (PD30), the CRF-R2 is strongly expressed in the afferent systems of the cerebellum 

(Fig. 6A–D). Labelling was present in presynaptic terminals of synapses connecting PFs with 

Purkinje cells, predominantly with distal Purkinje cell dendritic branches (Fig. 6A) and spines 

(Fig. 6B). Most presynaptic profiles of CF–Purkinje cell spine synapses (Fig. 6C) and certain CF 

synapses with Purkinje cell somata (Fig. 6D) were positive, as were Purkinje cell somata 

themselves (data not shown). We observed labelling in granule cells (Fig. 6E), but we never 

found it as strong as at PD15. Labelling was still present in MF rosettes (Fig. 6H), although 

weaker than at PD15. Stellate cells were strongly labelled (Fig. 6G) and Golgi cells were positive 

(Fig. 6H), as were basket cells (data not shown). In Purkinje cells, labelling appeared in the main 

shaft of the dendritic domain (Fig. 6I) and in dendritic branches (data not shown). Apart from the 

dendritic tree, label was contained in cell bodies, in distal (myelinated) and proximal parts of 

axonal terminals (Fig. 6J and K). Importantly, postsynaptic (Purkinje cell) sites of contacts 

between  PFs  and  Purkinje  cell  spines,  as  well  as  between  CFs and spines, were negative for  
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Figure 6. Electron micrographs reflecting the distribution of CRF-R2 at PD30. (A) In adult cerebellum 
parallel fibre terminals (PF) were positive. (B–D) Immunoreactivity in (B) PF, in (C) CF profiles making 
synaptic contacts on spines and in (D) CF making synaptic contacts on the soma of a Purkinje cell. (E and 
H) Weak labelling in (E) granule cell bodies and in (H) rosette of MF. (F) Golgi cells were positive, as 
were (G) stellate cells. (I) Dendritic labelling appeared in the main dendritic shaft. Arrows point to CRF-
R2(fl) staining in nonspine Purkinje cell dendritic postsynapses. (J and K) Labelling in distal myelinated 
parts of axonal terminals and in proximal regions of axonal terminals of Purkinje cells. Dotted lines 
indicate profile border. See text for more details. Scale bars, 0.5 μm (A–E and K), 1 μm (F, H and J), 2 μm 
(G and I). 
 
 
 
CRFR2(fl) (Fig. 6B and C). In other words, Purkinje cell dendritic shafts were immunopositive 

(Fig. 6I), in good agreement with our light microscopy data (see Fig. 2G), but dendritic spines did 

not contain any CRF-R2(fl) immunoreactivity. 

Discussion 

Purkinje cells are the largest cells of the cerebellum and central players in long-term depression. 

Each Purkinje cell possesses a single axon, travelling towards the deep cerebellar nuclei, and a 

well-developed dendritic tree spanning the molecular layer of the cerebellum. Purkinje cell 

dendrites form highly specialized postsynaptic structures known as dendritic spines. These 

structures form synapses with a variety of 8axons, including those coming from granule cells of 

the cerebellum and from cells located in the brainstem in the inferior olives. The latter develop 

axons known as CFs, contacting Purkinje cell spines in Purkinje cell–CF synapses. PFs are axons 

of granule cells, the only excitatory cells of the cerebellum. They form similar contacts with 

Purkinje cell spines, the Purkinje cell–PF synapses (for a detailed review on cerebellar circuitry, 

see Altman & Bayer, 1997). During cerebellar development, both selection and competition 

between different Purkinje cell synaptic contacts take place. One such event takes place at the 

end of the second week of postnatal development 9and results in the elimination of 

supernumerary Purkinje cell–CF synapses formed earlier to leave just one Purkinje cell–CF 
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synapse per Purkinje cell. An intriguing possibility is that maturing PFs directly compete with 

CFs for a resource such as preexisting Purkinje dendritic spines. 

Our data suggest that the distribution and spatial stabilization of CRF-R2(fl) is directly correlated 

with development stages of the cerebellum, in particular with the development of Purkinje cells 

and their afferent inputs. In the rat, Purkinje cells develop during the first three postnatal weeks 

(Sotelo, 1978). At this stage, CRF-R2(fl) is expressed (Table 1) in Purkinje cell bodies and in 

some afferents of cerebellum: MFs and, sporadically, PFs. During the first postnatal week, 

Purkinje cells arrange into a monolayer and their apical somatic regions swell, the apical caps 

become pronounced and a dendritic tree starts to emerge (Altman & Bayer, 1997). At the same 

time, two main afferent systems begin to form functional synapses: CFs with the somata of 

Purkinje cells and PFs with their dendrites. The signal for this initial stage of Purkinje cell growth 

and synaptogenesis is probably encoded by CRF-R2(fl). This implication is based on our finding 

that the labelling at this stage predominantly localizes to the Purkinje cell somata. In vitro data 

suggest that Purkinje cells exposed to the antagonist of CRF-Rs plus CRF (or UCN) had fewer 

primary dendrites, which were shorter and branched less (Swinny et al., 2004). 

Based on Western blot analysis and microscopic data, we establish that the dramatic increase in 

the expression of CRF-R2(fl) begins during the second week and persists at least until the third 

week of development. At PD12, the CRF-R2 labelling re-localizes to initial axonal segments, 

hillocks and recurrent axonal collaterals of Purkinje cells in addition to cell bodies, and this 

pattern will be present in the adult cerebellum (Table 1). At this point, the initial outgrowth of 

dendrites has occurred and the next stage (elongation and branching of dendrites) begins. 

Accordingly, CRF-R2 labelling is separated into distinct puncta associated either with the somata 

of Purkinje cells and Golgi cells or with the initial axonal segment and hillocks of Purkinje cells 

and axons of cerebellar neurons (MFs, CFs and PFs; Table 1). We suggest that, in the late stage 
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of cerebellar development, CRF-R2 is involved in the autoregulation pathway (see Bishop et al., 

2000) and modulates the synaptic transmission as the neuron releases UCN (Swinny et al., 2003). 

 
 
 

Table 1. A summary of distribution of the full-length isoform of CRF-R2 in rat cerebellum 
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In the third week of cerebellar development the characteristic adult innervation pattern is 

established. In the adult cerebellum, each Purkinje cell is innervated by a single CF (see above). 

This one-to-one ratio is the result of elimination of supernumerary innervation of Purkinje cells 

by CFs during the end of the second to the beginning of the third week of development (Crepel et 

al., 1981; Chedotal & Sotelo, 1992), as well as the normal innervation of Purkinje cells by PFs 

(Hashimoto et al., 2001). The ionotropic (Kurihara et al., 1997; Hashimoto et al., 2001; Gounko 

et al., 2005) and metabotropic (Ichise et al. et al., 2000; Hashimoto et al., 2001) glutamate 

receptors are involved in the development of this circuitry. Miyata et al. (1999) and Liu et al. 

(2004) found that the interaction between the CRF-like peptides and glutamatergic systems is 
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crucial for CRF-Rs and their collaborative role in the development and stabilization of the PF–

Purkinje cell and CF–Purkinje cell synapses at the subsynaptic level. Correspondingly, at this 

stage we found a strong expression of CRFR2(fl) in the glutamatergic systems of the cerebellum: 

granule cells (predominantly at this age) and PFs and MF rosettes (Table 1). We have never 

observed the translocation of CRF-R2(fl) (as opposed to both isoforms of CRF-R2 combined; see 

Swinny et al., 2004) to the postsynaptic site of PF–Purkinje cell spines. Dendritic labelling 

appeared only in the main shaft of dendrites of Purkinje cells. 

In adult cerebellum, we have not found significant expression levels of CRFR2(fl) in granule 

cells as at PD15 (Table 1). In the adult cerebellum, the labelling was found in most cerebellar 

neurons: Golgi, basket, stellate and granule cells (the latter were labelled more weakly than at 

PD15) and in Purkinje cell bodies as well as dendritic shafts and axons of Purkinje cells (Table 

1). CFs and PFs were CRF-R2-positive (Table 1). Perhaps the reduction of CRF-R2 expression in 

granule cells (at this stage) happens because the connections of the PF–Purkinje cells have 

already matured. In adulthood, when all developmental processes and morphological changes are 

achieved, CRF and UCN change their main function from developmentally active regulators to 

trophic factors (Swinny et al., 2004) and neuromodulators of the synaptic transmission in the 

cerebellum (see Bishop, 1990; Bishop et al., 2000). 

It is important to emphasize that, in addition to the dynamic CRFR2 pattern in Purkinje cells and 

their contacts, we detected at least the same level of plasticity in other cerebellar cells (Table 1). 

In general, the first appearance of CRF-R2(fl) in non-Purkinje cells took place between PD12 and 

15, with the exception of Golgi cells, in which significant labelling was detected at PD12. The 

transition between postnatal weeks 2 and 3 is a crucial time point for the development of 

cerebellar circuitry. At this time, two extremely important events take place. Firstly, the internal 

granular layer of excitatory granular cells is formed upon their proliferation and migration from 
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the external granular layer. This process temporally correlates with the formation of durable PF 

structure and Purkinje cell–PF synapses. Secondly, stellate, basket and Golgi cells migrate to 

their final destinations, and the network of inhibitory links controlling the Purkinje cell function 

is formed (for a detailed review on the development of cerebellar circuitry, see Altman & Bayer, 

1997). According to our data this transition point is characterized by the onset of CRF-R2(fl) 

expression in most non-Purkinje cerebellar cells (Table 1). This suggests that CRF-R2(fl) may be 

required for either late steps of cell migration and positioning or for axonal guidance and 

formation of cell contacts. Further research will be required to clarify its role in non-Purkinje  

cells. 

Another important consideration is the one of CRF-R2 ligands. CRF family peptides have been 

shown to participate in the development of the cerebellum, and in particular in Purkinje cell 

morphogenesis (Swinny et al., 2004; Gounko et al., 2005; see also references therein). CRF-R2 is 

a preferred receptor for UCN but binds CRF as well (Latchman, 2002). No data are available as 

to the ligand specificity of full length vs. truncated CRF-R2. Thus, we are not yet able to 

speculate which particular ligands will be involved in CRFR2(fl) activation in the cerebellum, or 

even whether it will be just one ligand in all cell types during all developmental stages. Both CRF 

and UCN are probably capable of acting as both neurotrophic factors and neurotransmitters (at 

least UCN is present in presynaptic vesicles in PFs; Swinny et al., 2002). An intriguing 

possibility is that CRF-R2 executes neurotrophin receptor functions earlier in development and 

neurotransmitter receptor functions late in development and in adulthood. One set of 

experimental data supporting this hypothesis is that, from PD15 on, CRF-R2(fl) 

immunoreactivity is specifically shifted to postsynaptic zones of contacts formed between (most 

probably) CFs and dendritic shafts of Purkinje cells (Figs 5C and 6I). Such immunoreactivity is 

never registered earlier in development. 

/ Chapter 2 52 



In conclusion, we have demonstrated that the expression of CRFR2(fl) is characterized by 

marked changes during postnatal development in the rat cerebellum. Such developmental 

plasticity may be directly involved in the regulation of the first stages of the development of 

cerebellar cell connections and of the growth of neurons, while at later stages the receptor 

regulates the development of immature cerebellar circuits and plays a role in the autoregulation 

pathway. 
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Abstract 

Corticotropin-releasing factor (CRF) and urocortin (UCN) are closely related multifunctional 

regulators, governing, among other processes, Purkinje cell development. Here, we investigate 

the effects of CRF and UCN on Purkinje cells in organotypic slices. We show that both peptides 

upregulate δ2 ionotropic glutamate receptor gene expression, and increase the abundance of the 

receptor in the postsynaptic density. However, only UCN treatment results in increased δ2 

protein level per Purkinje cell, implying the existence of posttranscriptional regulation of GluRδ2 

mRNA. CRF, in contrast, reduces the number of δ2-positive dendritic shafts per cell, implying 

that the increase of GluRδ2 in remaining synapses may be mainly due to its retargeting. We 

further observed different patterns of GluRδ2 distribution in the zone of postsynaptic density 

upon CRF and UCN treatment. CRF treatment results in a clustered distribution of GluRδ2 along 

the postsynaptic density, whereas UCN treatment provides a linear distribution. 
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Introduction 

Glutamate is the major excitatory neurotransmitter, acting through both ionotropic and 

metabotropic receptors. The δ2 ionotropic glutamate receptor (GluRδ2) is a peculiar glutamate 

receptor as it belongs to the AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) 

receptor family, based on sequence similarity, but it does not act similarly to other AMPA 

receptors. GluRδ2 does not form functional glutamate-gated ion channels, nor does it bind to 

glutamate analogs (Araki et al., 1993; Lomeli et al., 1993; Kohda et al., 2000; Yuzaki, 2003). The 

mechanisms by which GluRδ2 participates in cerebellar function remain elusive. 

GluRδ2 is highly expressed in Purkinje cells (Landsend et al., 1997; Zhao et al., 1997). GluRδ2 is 

involved in the stabilization of connections between Purkinje cells and parallel fibers (PF) 

(Landsend et al., 1997) and in long term depression (LTD), and thus it is relevant for synaptic 

plasticity (Hirano et al., 1994; Kashiwabuchi et al., 1995; Hirai et al., 2003; Hirai et al., 2005). It 

has been shown that GluRδ2 is selectively targeted to the postsynaptic membranes of Purkinje 

cell dendritic spine synapses with PF from postnatal day 10 (PD10, Takayama et al., 1996; Zhao 

et al., 1998). However, the function and role of GluRδ2 as well as the mechanisms responsible 

for the localization of the GluRδ2 in the postsynaptic membrane are not well understood. In the 

present study we directly examine the effects of two related regulatory peptides, corticotropin-

releasing factor (CRF) and urocortin (UCN), on GluRδ2 levels and its distribution. 

CRF and the recently discovered UCN are both present in the cerebellum (Palkovits et al., 1987; 

Bishop and King, 1999; Swinny et al., 2002). In the rat, CRF was shown to be localised in 

climbing and mossy fibres from PD8 onwards (Van den Dungen et al., 1988), while in the mouse 

CRF is already expressed at embryonic stages in cerebellum (Bishop and King, 1999). Recently, 

we have shown that urocortin is localized in afferents and in cerebellar neurons of the adult rat 
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cerebellum (Swinny et al., 2002). Both peptides mediate their effects via two receptors, CRF-R1 

and CRF-R2 (Chalmers et al., 1996; Bishop et al., 2000). 

CRF-R1 is predominantly expressed in the cerebellum from the embryonic day 17 on. Van Pett et 

al. (2000) showed that in adult animals, CRF-R1 is localised over the Purkinje and granule layers 

of the cerebellar cortex. The deep cerebellar nuclei were also shown to be strongly and uniformly 

positive. Bishop et al. (2000) showed that in the mouse cerebellum, CRF-R1 is distributed over 

the somata of most of Purkinje cells as well as their primary dendrites and glial processes in the 

molecular layer. Additionally, scattered immunoreactive puncta were shown to be present in the 

granule cell layer. 

CRF-R2 immunoreactivity has been throughout the molecular layer in all lobules (Bishop et al., 

2000), where interneurons, basket and/or stellate cells are immunopositive. In the Purkinje cell 

layer, the immunolabeling was reported in the basal poles of Purkinje cells as well as in the initial 

axonal segment. In the granule cell layer, labelling was evident in cell bodies and the initial 

axonal segments of Golgi cells. 

It has been shown that CRF and UCN are peptides regulating neuronal growth and thereby 

modulating dendritic development. In vitro, CRF has been shown to be necessary for the 

induction of LTD (Miyata et al., 1999). However, the exact role and the way in which CRF and 

UCN are involved in the development of Purkinje cells and subsequent stabilization of the 

cerebellar circuitry are still not clear. The onset of expression of CRF and UCN occurs 

embryonically (Bishop et al., 2000), prior to any synapses being formed, suggesting an initial role 

for CRF-like peptides in the development of the cerebellar circuitry. 

We suggest that UCN and, to a significantly lower degree, CRF, induce the expression of 

GluRδ2, allowing activity-dependent morphological changes in Purkinje dendritic spines. CRF 

also acts as a regulator of GluRδ2 positioning in postsynaptic terminals. Based on our own results 
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and data in the literature (Vaughan et al., 1995; Brar et al., 2004; Parham et al., 2004), we 

propose a model suggesting that CRF and UCN regulate distinct cellular functions in Purkinje 

cells because they predominantly act through different receptors, resulting in different fine tuning 

of the same signaling pathways. 

Results 

To reveal structural differences in the GluRδ2 receptor distribution in control and treated slices, 

we performed immunoelectron microscopy experiments. The postembedding labeling shows that 

in all cases the gold labeling of GluRδ2 is detected in synapses connecting PF with Purkinje cells, 

predominantly with synapses of distal dendritic branches and on spines (Fig.1). Labeling was 

never localized in the vicinity of Purkinje cells somata. GluRδ2 was present in postsynaptic 

profiles (Fig. 1), which is consistent with previous observations (Takayama et al., 1996; Zhao et 

al., 1997). All control sections (processed for electron microscopy in the same way as the 

experimental sections, however, without primary antibodies) were negative for synaptic 

immunogold labeling (data not shown). In all cases (control, CRF- and UCN- treated cells) 

labeled dendritic spines of the Purkinje cells belong to the area of the molecular layer where the 

PF contact Purkinje cells. 

Quantitative analysis of immunogold particles localization was carried out to assess the patterns 

of GluRδ2 distribution along the postsynaptic membrane upon CRF and UCN treatment. 

Schematic representation of the GluRδ2 immunogold labeling along the zone of postsynaptic 

density (PSD) strongly infers different localization patterns of GluRδ2 (Fig. 2). CRF treatment 

results in a significant increase of the GluRδ2 clustering level (86% of gold particles organized in 

clusters; Fig. 1B, 2, 3B), whereas UCN treatment leads to a linear distribution of the receptor 
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(10% clustered particles; Fig. 1C, 2, 3B). Control specimens, not treated with either CRF or 

UCN, have very few gold particles organized in clusters, gold particles being rather distributed 

randomly (37% clustering; Fig. 1A, 2, 3B). 

 
 

 
 
 
Figure 1. GluRδ2 immunogold labeling (arrowheads) in control and CRF- and UCN-treated organotypic 
slice cultures. (A) PF-dendritic spine synapse in an untreated slice; (B) CRF-treated slice; (C) UCN-
treated slice. GluRδ2 is present on the postsynaptic side in all cases. Scale bars: 0.25 μm (A, C) and 0.2 
μm (B). 
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To preliminary estimate GluRδ2 protein levels in control and UCN or CRF-treated Purkinje cells, 

we first quantified immunogold labeling in postsynaptic densities. All identified separate 

synapses were counted (n=40 in each case). The number of gold particles in PF-Purkinje cell 

synapses in the organotypic slices treated by either CRF or UCN was found to be higher than in 

control synapses (Fig. 3A). For CRF-treated cells, the total number of gold particles per 40 

synapses was counted at 729, for UCN-treated at 721, compared to 432 in control. These 

differences are statistically significant (mean ± SD = 10.8±2.70 particles per synapse for control, 

 
 
                         Control                          CRF                              UCN 
 

 
 
 
Figure 2. Tangential distribution of GluRδ2 10 nm immunogold labeling along the PSDs (dashed lines; 
perpendicular bars correspond to the edges of PSDs in corresponding sections). Control slices (first 
column) demonstrate random distribution of GluRδ2 along the PSD. CRF treatment (second column) 
results in clustered distribution of GluRδ2. Immunogold staining after UCN treatment (third column) 
visualizes gold particles localized at equal intervals indicating homogeneous distribution of the receptor. 

CRF and UCN differentially modulate GluRδ2 / 63



18.23±2.89 for CRF-treated and 18.03±3.24 for UCN-treated slices, respectively; p<0.01 in all in 

all cases). We did not find significant differences in the numbers of gold particles between cells 

treated with CRF and UCN (Fig. 3). 

 
 

A 
 

Figure 3. (A) The number of gold particles 
per synaptic profile per treatment ±SD (n = 
40 synapses in each case). The graph 
shows the distribution of gold particles in 
untreated and in treated slices with CRF 
and UCN. The number of gold particles 
was found to be higher in PF–Purkinje cell 
synapses in the organotypic slices treated 
by either CRF or UCN than in control 
synapses. (B) Percentage of clustered gold 
particles among all particles. CRF 
treatment results in significant clustering 
of the receptor, while upon UCN 
treatment, the level of clustering is reduced 
approximately 2.5-fold. 
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o support the data on gold particle quantification, Western blot analysis was performed to reveal 

whether the elevation of the number of gold particles immunostaining per synapse in CRF- and 

 
T
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UCN-treated cells (see above) is due to the upregulation of GluRδ2 protein. The GluRδ2 

antibody recognized a single band at approximately 116 kDa in lysates both from normal 

cerebellum (not shown) and from cerebellar organotypic slices (Fig. 4). 

 
 
A 

Figure 4. Western blot analysis of the slice 
material. (A) Western blot of control, CRF- and 
UCN-treated organotypic slice material with anti-
GluRδ2 (top panel), anti-calbindin (specific 
Purkinje cell marker; middle panel) and anti-
GAPDH (ubiquitous protein; bottom panel) 
antibodies. (B) Evaluation of relative abundance of 
the δ2 receptors per Purkinje cell. Ratios between 
GluRδ2 and D-28K (calbindin) ± SD. Western blot 
signals shown above are plotted. 
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Amounts of protein for equal loading were calculated based on total protein measurements, and 

ompared to GAPDH and calbindin levels. Western blot using GAPDH antibody confirms equal c

protein loading, while analysis of calbindin staining allows to compare amount of Purkinje cell 

material per sample and indirectly assess Purkinje cell viability. We quantified the δ2 receptor 
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and D28 calbindin band intensities and calculated the ratios between them for every experimental 

condition (Fig. 4B). 

 
 

 
 
 

Figure 5. (for colorinformation: see page 154) Double-labeling immunofluorescence experi- ment 
demonstrating GluRδ2 labeling in the neuropil regions of Purkinje cells. Calbindin D-28K staining (A, D, 
G) is shown in false blue, GluRδ2 staining (B, E, H)—in false red; C, F, I—merged images. (A–C) 
untreated, (D–F) CRF-treated and (G–I) UCN-treated slices. Scale bars, 25 μm. 
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GluRδ2 receptor level was found to be strongly upregulated in UCN-treated cells (Fig. 4). As 

shown by quantification of three independent experiments, the difference is statistically 

significant between the GluRδ2 signals in control and UCN-treated material (mean ± SD = 100% 

± 14.3% and 386.3% ± 89.9%, correspondingly; p<0.05). In CRF-treated slice material, we 

observe a weak upregulation of the δ2 receptor of approx. 14%, which has to be stated 

statistically insignificant (mean ± SD = 114.9% ± 32.5% compared to the same control as above; 

p<0.30). Our Western blot data acquired using slice material indeed reflect GluRδ2 protein levels 

in Purkinje cells only, as the receptor is exclusively present in these cells (see discussion). 

Additionally, as the quantification shown in Fig. 4B, reflects the ratio between the δ2 receptor 

and Purkinje cells-specific marker calbindin levels, it is a valid estimate reflecting relative 

GluRδ2 amounts per Purkinje cell. 

Apparently, our Western blot data seem to contradict the electron microscopy observations as we 

indeed register a strong increase in GluRδ2 immunolabeling per synapse in electron micrographs 

upon CRF treatment, while, according to the Western blot, the amount of protein per Purkinje 

cell remains similar to the control. We performed immunofluorescence experiments to clarify this 

issue (Fig.5). At the light microscopy level, double immunolabeling for GluRδ2 and D-28K 

calbindin indicated that the strongest GluRδ2 labeling was localized in the neuropil regions of the 

Purkinje cell; in dendritic shafts (predominantly along the distal dendritic branches) and in the 

spine-like formations of the Purkinje cells (Fig. 5). The labeled dendritic shafts of the Purkinje 

cells belong to that area of the molecular layer, where the PFs contact Purkinje cells. The 

distribution pattern of GluRδ2 was similar in control (Fig 5C) and CRF-treated slices (Fig 5F) in 

that the bulk of the protein was localized to the dendritic shafts. However, there were 

significantly less GluRδ2-positive structures in CRF-treated samples (Fig 5F). In the case of 

UCN-treated slices, GluRδ2 was as well localized to dendritic shafts, but we observed increased 
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cytoplasmic staining of the receptor (Fig 5I). Apparently, immature forms of GluRδ2 were 

labeled in the ER and other compartments belonging to the biosynthetic pathway. 

 

Figure 6. A rep
time PCR 

 
resentative real 

experiment 
demonstrating quantification of 
Grid2 cDNA (black bars) 

2 signal is due to upregulation of 

xpression of the Grid2 gene encoding GluRδ2, we performed real time PCR analysis of reverse 

encoding rat GluRδ2 receptor 
and GAPDH control cDNA 
(gray bars) in rat cerebellar 
slices. Raw real time PCR data 
were normalized on GAPDH to 
quantify the relative abundance 
of Grid2 cDNA. Note the 
logarithmic y-scale. See text for 
details. 
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transcribed total RNA isolated from control and experimental slices. Absolute concentrations of 

the Grid2 cDNA and GAPDH (control) cDNA in diluted samples were calculated according to 

the real time PCR amplification curves compared with amplification curves of unrelated cDNA 

taken in 5 stepwise dilutions as described in Materials and methods. We were not able to register 

any detectable level of the Grid2 cDNA in control material, inferring that the Grid2 gene is either 

silent or expressed at extremely low level below the detection limit in untreated cells. 

Quantification of normalized real time PCR data obtained from treated samples clearly showed 

that UCN upregulates Grid2 expression approximately 10-fold stronger than CRF (Fig. 6). 
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Upregulation of Grid2 gene expression in CRF-treated material well correlates with a weak 

protein upregulation (see above). 

Discussion 

Role of δ2 glutamate receptor in Purkinje cell development and functions 

inje cells (Landsend et 

tic spines is not yet clear. However, it was 

GluRδ2 is an ionotropic glutamate receptor exclusively expressed in Purk

al., 1997). GluRδ2 is crucial for normal development of the cerebellar circuitry, particularly for 

the organization of the connectivity between PF and Purkinje cells, and their subsequent 

stabilization (Kurihara et al., 1997). Furthermore, GluRδ2 plays also an active role in climbing 

fiber synapse formation during postnatal days 10-14 in addition to stabilizing PF synapses (Zhao 

et al., 1998; Hashimoto et al., 2001; Morando et al., 2001; Cesa et al., 2003). Glutamatergic 

signaling via parallel fibers is crucial for the regression of multiple climbing fibers (Hashimoto et 

al., 2001; Ichikawa et al., 2002). From PD1 to PD7 GluRδ2 is distributed both along dendritic 

shafts and in spines (Takayama et al., 1996; Kurihara et al., 1997). At PD14, however the 

GluRδ2 is restricted exclusively to dendritic spines. 

Functional connection between GluRδ2 and dendri

shown that overexpression of GluR2, an AMPA family receptor, increases the spine size and 

density in hippocampal neurons (Passafaro et al., 2003). A role for AMPA glutamate receptors in 

synapse morphogenesis could explain the close correlation between AMPA receptor content of 

synapses and the size and shape of dendritic synapses (Nusser et al., 1998; Luscher et al., 1999; 

Song and Huganir, 2002). We assume that being relatively close to the AMPA family based on 

sequence similarity (see introduction), GluRδ2 acts as a factor inducing the formation and 

stabilization of dendritic synapses and spine-like structures in Purkinje cells. It has been 

CRF and UCN differentially modulate GluRδ2 / 69



suggested that GluRδ2-mediated signaling at the postsynaptic site is modulated fundamentally by 

reorganizing the underlying actin cytoskeleton (Hirai, 2000; Hirai et al., 2001). 

The interaction between neurotransmitter receptors on the postsynaptic membrane and the 

ferentially modulate Purkinje cell development and regulate GluRδ2 

court and 

y, it has been shown that both CRF and UCN are capable of activating gene expression 

te the 

cytoskeleton has recently attracted particular attention (Kirsch and Betz, 1995; Kirsch et al., 

1995; Niethammer et al., 1998; Wang et al., 2000), since modifying the density of receptors 

expressed on the postsynaptic membrane may control synaptic efficacy and plasticity (Matsuda 

and Hirai, 1999). 

CRF and UCN dif

CRF and UCN belong to the same family of peptides (Vaughan et al., 1995; Bitten

Sawchenko, 2000). They act by activating two seven-span G protein-coupled receptors, CRF-R1 

and CRF-R2 (Chalmers et al., 1996; Bishop et al., 2000). CRF and UCN bind with equal affinity 

to CRF-R1; however, UCN has a 40-fold greater affinity for CRF-R2 (Latchman, 2002), 

suggesting that UCN is the natural ligand for CRF-R2 (see also Vaughan et al., 1995; 

Dautzenberg and Hauger, 2002). Both CRF receptors are present in Purkinje cells (Bishop et al., 

2000). 

Recentl

(Parham et al., 2004). Having expressed the CRF-R1 promoter fused to luciferase reporter in 

NT2 (human neuronal-like teratocarcinoma) cells, Parham et al. (2004) were able to show that 

incubation with either CRF or UCN caused significant activation of the CRF-R1 promoter. 

Here, using real time PCR we clearly establish that both CRF and UCN do indeed modula

expression of Grid2 gene encoding GluRδ2 (Fig. 6). We therefore conclude that both genes 

encoding CRF-R1 and GluRδ2 can be at least partially regulated via the same CRF- and UCN-

dependent mechanisms. The fact that in our experiments UCN upregulates the Grid2 gene 

expression significantly stronger than CRF does, is in good agreement with published data. As 
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established previously, UCN is more potent than CRF in inducing promoter activity (Parham et 

al., 2004). As due to method limitations we were not able to detect any Grid2 cDNA in untreated 

slice material, while both CRF and UCN treatments led to relatively strong Grid2 real time PCR 

signal, we assume that both peptides upregulate the Grid2 gene expression significantly, possibly 

up to thousands-fold. Importantly, our Western blot data show that such an extremely strong 

Grid2 upregulation does not lead to a similar degree of protein superproduction thus inferring 

that certain posttranscriptional mechanisms exist regulating the Grid2 mRNA processing. 

Furthermore, CRF-induced upregulation of the GluRδ2 gene does not lead to any statistically 

significant increase of δ2 receptor protein at all (Fig. 4B). It is thus conceivable that the 

posttranscriptional mechanism allowing superproduction of GluRδ2 protein is only governed by 

UCN, but not by CRF (Fig. 7B). 

Our present data on receptor density in the postsynaptic profiles of CRF-treated cells as 

axonal competition process. 

compared to the control appear to contradict the Western blot data in that the GluRδ2 quantity at 

the PSD is increased more than twice on electron micrographs (see Fig. 3), however the overall 

level of the cellular GluRδ2 receptor is constant (Fig. 4). Two possible mechanisms can possibly 

underlay such seeming discrepancy. Firstly, the GluRδ2 present at the PSD obviously accounts 

for only a fraction of total intracellular pool of GluRδ2. It is plausible that CRF treatment leads to 

a recruitment of the receptor from the intracellular compartments, thus increasing its presence at 

the PSD, but not the overall quantity. Secondly, it is possible that the overall number of GluRδ2-

positive synapses decreased upon CRF treatment (or less synapses were formed), with the 

receptor redistributing to remaining structures. We anticipate this second scenario, as according 

to our immunofluorescence data, the number of δ2-positive structures decreases upon CRF 

application (Fig. 5). This observation opens and intriguing possibility that CRF participates in the 
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Figure 7. A model illustrating cellular functions of CRF and UCN in Purkinje cells. (A) CRF 
binds to CRF receptor 1 to evoke protein kinase C-mediated signaling pathways and cause a fine 

ning state A of the common CRF and UCN signaling machinery (Sig A). CRF treatment of 
erebellar slices results in GluRδ2 clustering (this study) which is likely to be mediated by the 

ontacts with parallel fibers at the same positions (Morando et al., 2001). PSD of such PF-PC 

tu
c
actin cytoskeleton (Hirai, 2000). A plausible link between the GluRδ2 and cortical actin 
cytoskeleton is spectrin, an actin-binding protein also binding to the cytosolic portion of GluRδ2 
(Hirai and Matsuda, 1999). Spectrin interaction with actin can either be direct, or mediated by 
adducin, a spectrin-actin linker protein (Li and Bennett, 1996). Additionally, CRF might regulate 
GluRδ2 gene expression, probably, due to activation of MAP kinase and cAMP signaling; 
however, this activity does not result in upregulation of GluRδ2 protein in Purkinje cells (this 
study), supporting the view that posttranscriptional activation does not occur upon CRF-mediated 
signaling. (B) UCN predominantly activates the type 2 CRF receptor to evoke an alternative fine 
tuning state of a common signaling machinery (Sig B), resulting in activation of gene expression 
(this study and Parham et al., 2004). Furthermore, UCN signaling mediates translational 
activation resulting in upregulation of GluRδ2 protein (this study). See text for further details. 
 
 
 
As demonstrated earlier, the degradation of the CF-PC contacts leads to the formation of the 

c

contacts are characteristic GluRδ2-positive structures. It is well established that the redistribution 

of GluRδ2 in Purkinje cell spines follows the axonal competition for a common target by PF and 
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CF and results in a local repression of GluRδ2 at the PSD once the CF-PC synapse was 

established (Cesa and Strata, 2005). Thus, the CRF treatment might lead to the preservation of 

some or all CF-PC contacts, accompanied by the consequent decrease of the amount of PF-PC 

synapses. It remains to be understood whether such preservation of CF-PC contacts does take 

place, and how GluRδ2 is redistributed. 

Profound differences in the consequences of CRF and UCN signaling is further illustrated by the 

distribution patterns of GluRδ2 protein in the postsynaptic membrane upon treatment with either 

ntriguing conclusion from our experiments (Figs. 2, 4, 7) is that CRF determines the 

at CRF 

peptide. Only CRF treatment leads to pronounced clustering of the delta2 receptor, as shown by 

immunoelectron microscopy (Fig. 2B). Such clustering is probably actin-dependent (Fig. 7A), as 

actin depolymerization was shown to result in diffuse, rather than clustered, distribution of 

GluRδ2 in isolated Purkinje neurons (Hirai, 2000). It is conceivable that GluRδ2-actin interaction 

is mediated by spectrin, which was shown to interact with both GluRδ2 (Hirai and Matsuda, 

1999) and actin (directly or via adducin; Li and Bennett, 1996). 

Different modes of CRF and UCN action are presumably due to fine tuning of the same signaling 

cascades 

Our data strongly infer that CRF and UCN govern fundamentally different processes in Purkinje 

cells. An i

pattern of receptor distribution in the postsynaptic membrane while UCN regulates GluRδ2 level 

on transcriptional and translational levels. We assume that such profound differences in peptide 

functions are due to activation of distinct cell signaling cascades (summarized in Fig. 7). 

As established previously, both CRF receptors 1 and 2 activate mitogen-activated protein (MAP) 

kinase cascade (Rossant et al., 1999). Recent studies clearly demonstrated th

predominantly activates extracellularly regulated kinases p42Erk1 and p44Erk2 via CRF-R1, while 

Erk1/2 activation by UCN appears to occur mainly via CRF-R2 (Brar et al., 2004). We therefore 
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conclude that differences in MAP kinase activation mechanisms by CRF and UCN are due to the 

different preferences of these peptide regulators with regard to CRF receptors 1 and 2. CRF 

appears to activate CRF-R1, whereas UCN predominantly activates CRF-R2 (consistent with 

Vaughan et al., 1995; Liu et al., 2004). Different receptor preferences could further lead to 

activation of distinct secondary messengers.  

The problem of the specificity of second messenger cascades activated by CRF and UCN is still 

far from being clear. For example, in hippocampal slices derived from C57BL/6 and Balb/c mice, 

protein kinase C. A link between CRF and PKC in regulating the 

protein kinase activation patterns upon CRF treatment were clearly different (Blank et al., 2003). 

Furthermore, activation of MAP kinase cascade downstream of UCN, but not CRF, has been 

demonstrated in myometrium (Grammatopoulos et al., 2000), clearly contradicting the data 

obtained on CRF-R1- and R2-transfected CHO cells capable of activating MAP kinase signaling 

upon either CRF or UCN treatment (Brar et al., 2004). Yet another study suggests that in CRF-

R1-transfected myometrium cells CRF signaling occurs via protein kinases A and C, whereas 

UCN signaling is not PKA-dependent (Parham et al., 2004). Taken together, these data suggest a 

high degree of variability of CRF- and UCN-governed cell regulation. Earlier, Rossant et al. 

(1999) were not able to detect any differences in CRF-R1- and R2-mediated activation of cAMP 

response element protein (CREB) and cAMP-, MAP kinase- and calcium-mediated signaling. An 

important conclusion from these and other experiments is that signaling cascades activated by 

CRF and UCN are very similar, and the differences in the effects of the two peptides are rather in 

fine tuning of the signaling pathways (e.g. affinities of receptor-adaptor interactions), 

comparative levels of second messenger activation and other mechanisms. Such fine tuning is 

clearly cell type-dependent. 

It is conceivable that in our experimental system, a signaling module differentially regulated by 

CRF and UCN can include 
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actin cytoskeleton is strengthened by an earlier observation that PKC modulates dendritic 

differentiation (Metzger and Kapfhammer, 2000), clearly an actin- and CRF-dependent process 

(Takahashi et al., 2003; Swinny et al., 2004). In our experimental system, the major role of CRF 

is in regulating the molecular structure of the synapse. In other studies, CRF has been shown to 

regulate gene expression as well (Parham et al., 2004), and we were able to register such an effect 

in our experimental system; however Grid2 gene activation upon CRF treatment did not result in 

upregulation of GluRδ2 protein. 

In conclusion, the present study clearly demonstrates that, upon application of CRF and UCN, 

fundamentally different cellular processes are being regulated in Purkinje cells. Both peptides 

Additional experiments, well 

upregulate GluRδ2 gene expression, although only UCN treatment leads to the increase in 

GluRδ2 protein level. CRF appears to predominantly affect the pattern of GluRδ2 distribution in 

the postsynaptic membrane, while UCN upregulates GluRδ2, but does not induce clustering of 

GluRδ2. Our experiments for the first time provide molecular explanation for the effect of CRF 

and UCN on Purkinje cells shown previously (Swinny et al., 2004). 

Based on our data, we propose a model explaining such difference based on differential receptor 

preference and signaling cascade tuning by the two factors (Fig. 7). 

beyond the scope of this manuscript, are required to test the hypothesis of such differential fine 

tuning of signaling mechanisms downstream of CRF and UCN in Purkinje cells. The vast 

majority of reported experiments addressing the question of specificity of signaling cascades 

activated by CRF and UCN rely on application of inhibitors of secondary messengers. Such an 

approach will not be sufficient to detect minor differences in signaling mechanisms leading to 

highly specific effects provoked by CRF and UCN described in this study. Thus, novel 

experimental approaches have to be designed to shed more light on the molecular mechanisms 

that CRF and UCN utilize to mediate their functions. 
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Experimental Methods 

Rat CRF and rat UCN were obtained from Sigma (Zwijndrecht, the Netherlands). Chemicals 

xture (v/v) of dimethylsulfoxide (DMSO) and ethanol. Minimal 

essential medium (MEM), Hank’s balanced salt solution (HBSS), glutamax I and horse serum 

were purchased from Invitrogen (Breda, The Netherlands). 

Organotypic slice cultures of rat cerebellum 

Approval to conduct the study on animals was obtained from the Ethics Committee on Animal 

Experimentation, University of Groningen. All efforts were made to minimize the number of 

animals used. The preparation of cerebellar slices was performed according to a protocol 

modified from Metzger and Kapfhammer (Metzger and Kapfhammer, 2000). Twenty-six 8-day 

black-hooded Lister rat pups were used for generation of 240 slices, thirty per experimental 

treatment. The slices were grown for 5 days in vitro (DIV). Slices on Millipore 0.4 μM 

membranes were cultured on top of a liquid layer of MEM containing 25% HBSS, 25% horse 

serum, 2 mM glutamax I, 5 mM NaHCO3, 10 mM Hepes, pH 7.3, at 99% humidity with 5% CO2 

at 37°C. 

Drug application and medium changes 

900 µL of medium were used in each culture vial. Pharmacological agents were added in a final 

concentration of 1 nM. For intermittent exposure, the agents were added for 12 h, followed by a 

12-h interval of exposure to medium only, repeated for 4 days. These treatments do considerably 

affect cell survival as shown previously (Swinny et al., 2004). 

Immunocytochemistry 

For double-labeling immunofluorescence, slice cultures were fixed in 4% paraformaldehyde in 

phosphate buffer (PB, 100 mM, pH 7.3) after 5 days in vitro (DIV). All further reagents were 

were dissolved in 50:50 mi
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dissolved in PB. Prior to the immunohistochemical incubations, slices were treated at 37°C for 10 

yde) in PB, 100 mM, pH 7.3. Specimens were 

rations of phosphate-buffered glycerol, and rapidly 

gton) and processed for immunogold cytochemistry as described (Petralia et al., 1998; 

min with pepsin (Dako Corporation, CA) in 0.2N HCl. The slices were permeabilized and 

nonspecific binding blocked with 0.3% Triton X-100, 1% bovine serum albumin (BSA) (Sigma, 

St Louis, MO). The primary antibodies used were mouse monoclonal anti-calbindin D-28K 

(1:200; Sigma St Louis, MO), rabbit polyclonal anti-δ2 glutamate receptor (GluRδ2) (1:200; gift 

from Prof. M. Watanabe, Hokkaido University School of Medicine, Japan) at 4°C overnight. 

Primary antibodies were detected with Alexa 633-conjugated goat anti-mouse and Alexa 488-

conjugated donkey anti-rabbit antibodies (1:500; Molecular Probes, Eugene, OR). The slices 

were washed again and mounted in Dako antifading mounting medium (Dako Corporation, CA). 

To identify localization of GluRδ2 a confocal laser scanning microscopy (Leica DMRX with 

confocal TCS NT unit; Germany) was used. 

Freeze substitution and Lowicryl embedding 

Slice cultures 5 DIV were fixed in a mixture of glutaraldehyde (0.1%) and formaldehyde (4%; 

freshly depolymerized from paraformaldeh

isolated, cryoprotected in ascending concent

frozen in liquid propane (-170 °C) in a cryofixation unit (Leica EM CPC). The specimens were 

transferred to 1.5% uranyl acetate dissolved in methanol (-90°C) in a cryosubstitution unit (Leica 

AFS). The temperature was raised stepwise to -45°C. The samples were infiltrated with Lowicryl 

HM20 resin (Lowi, Waldkraiburg, Germany), and polymerization was induced by UV light (-45 

to 0°C) for 48 h; a detailed description of the procedure is provided elsewhere (Landsend et al., 

1997). 

Immunoincubation 

Ultrathin sections were mounted on nickel grids (Electron Microscopy Sciences, Fort 

Washin
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Landsend et al., 1997). Briefly, the sections were treated with a saturated solution of NaOH in 

 molecular layer. The numbers 

 the PSD per synapse were counted following treatments with CRF and 

 1.0% Triton 

absolute ethanol for 2-3 sec, rinsed in water, and incubated sequentially in (1) 0.1% sodium 

borohydride and 50 mM glycine in Tris buffer containing 50 mM NaCl and 0.1% Triton X-100 

(TBNT) for 10 min; (2) 0.05% BSA, 0.1% cold water fish gelatin (CWFS) (Aurion, Wageningen, 

The Netherlands), 2% NGS in TBNT for 10 min; (3) primary polyclonal antibodies to GluRδ2 

(1:50) in TBNT and 0.05% BSA, 0.1% CWFS, 2% NGS at 4°C overnight (control sections were 

stained without primary antibodies), (4) 2% NGS in TBNT; and after washing in TBS (5) goat 

anti-rabbit immunoglobulins coupled to 10 nm gold particles (Amersham, Arlington Heights, IL) 

and diluted 1:20 in TBNT with 2% NGS for 2 h. Subsequently sections were washed in 0.1 M 

cacodylate buffer pH 7.6 and fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer for 30 

minutes. Finally, the sections were counterstained with uranyl acetate and lead citrate and 

examined in a Philips CM 100 transmission electron microscope. 

Quantitative analysis 

Synapses were identified on the basis of morphological criteria (Palay and Chan-Palay, 1974) 

from electron micrographs spanning the complete thickness of the

of gold particles along

UCN and for control slices. 40 synapses from each experiment were measured. The data were 

expressed by their mean values ± SD. Statistical differences were measured by the Student's t-

test. Clustered particles were counted and their numbers expressed as percent of all particles. A 

cluster was defined as a dense group of 6 and more gold particles clearly spatially separated from 

other particles. Care was taken to avoid double counting of single synaptic profiles. 

Western blot 

Organotypic slices (control, CRF- and UCN-treated) and one complete cerebellum were 

homogenized in lysis buffer solution containing (50 mM Tris–HCl buffer, pH 7.4,
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X-100, 150 mM NaCl, 5 mM EDTA and a protease inhibitor cocktail). Lysates were boiled for 5 

ng medium for 1 hr. Total RNA was isolated from 

erimental slices (20 each) using Ambion RNAqueous kit according to the 

min and cleared by centrifugation. Protein concentrations were determined by a bicinchoninic 

acid (BCA) protein assay (Sigma, St Louis, MO); equal amounts of proteins were separated on 

10% SDS-PAGE gels, and subsequently electrotransferred onto polyvinylidene fluoride 

membrane (Millipore, Millipore Corporation Bedford, MA). After routine blocking with 5% BSA 

in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) for 2 h, the membranes were 

incubated with polyclonal antibodies GluRδ2 in TBS-T at 1:200 dilution at 4oC overnight. Mouse 

anti-GAPDH antibody (Ambion) was used at 1:8000, mouse antibody against calbindin (Sigma-

Aldrich, INC) at 1:10000. The immunoreaction was detected using appropriate HRP-labeled 

secondary antibodies diluted 1:2000 (Amersham Biosciences, Little Chalfont, UK). Finally, the 

labeling reaction was detected using an enhanced chemiluminescence system (Amersham 

Biosciences, Little Chalfont, UK). Quantification of Western blot data was carried out using 

Scion Image 4.02 software (Scion Corp., Frederick, MD). The evaluation of the relative 

abundance of δ2 receptors per Purkinje cell was performed by calculating ratios between GluRδ2 

and D-28K (calbindin) levels. Statistical differences were measured using the Student's t-test, and 

results were expressed as mean values ± SD. 

Real time PCR 

Cerebellar slices were treated with CRF and UCN at the above mentioned concentrations for 12 

hours, and with fresh CRF- or UCN-containi

control and exp

manufacturer's manual and reverse transcribed using Ambion RETROscript kit. cDNA was 

diluted 1:20 and subjected to PCR analysis. Following PCR primers were used: GAPDH-F: 

ATCTTCACCACCATGGAGAAGG, GAPDH-R: ATACATTGGGGGTAGGAACACG, Grid2-

F: CCTCTTGAACTGGCTTAATCCC, Grid2-R: GGGACTCCAGAACATTGTTCTC. First, all 
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primers were tested in standard PCR with control and experimental cDNA to exclude 

amplification of multiple products. Then, real time PCR experiments were performed to directly 

measure the concentration of GluRδ2 cDNA and GAPDH (control) cDNA in diluted samples. 

Standard cDNA concentration curves were built using serial dilutions of unrelated cDNA with 

corresponding primers. To prevent any discrepancies caused by different total cDNA 

concentrations in samples, GluRδ2/GAPDH cDNA ratio was calculated for each sample. Real 

time PCR experiments were performed in triplicate using independently isolated RNA samples. 
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Abstract 

Corticotropin-releasing factor (CRF) plays a crucial role in generating the stress response. During 

early development CRF also acts as a neuromodulator and triggers neurite outgrowth. Here, we 

evaluate the effects of CRF on afferent systems of cerebellar Purkinje cells using mice over-

expressing CRF, particularly in brain. We hypothesize that CRF not only stimulates dendritic 

development, but additionally is involved in the process of axon-target development and synapse 

formation more specifically of climbing fiber afferent input. We demonstrate that over expression 

of CRF does not affect Purkinje cells in cerebellum, but leads to marked changes in the pattern of 

distribution of climbing fibers. However, the parallel fiber system, that does not express CRF, is 

not affected by the overabundance of CRF. Thus, CRF might be strategically distributed and 

hence involved in the regulation of the formation and stabilization of synapses between climbing 

fibers and Purkinje cells, selectively with respect to the proximal and middle parts of the 

dendritic trees of Purkinje cells, and is not involved in the parallel fiber input on the Purkinje cell. 
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Introduction 

Corticotropin-releasing factor (CRF) is involved in the regulation of a wide variety of 

physiological phenomena including, but not limited to, anxiety, depression, cognitive and feeding 

disorders (Gold, 1996; Muller et al., 1998; Arborelius et al., 1999; Dautzenberg and Hauger, 

2002). CRF is strongly expressed in the CNS, with major sites of expression in the 

paraventricular nucleus of the hypothalamus, cerebral cortex, cerebellum and the amygdalo–

hippocampal complex (Swanson et al., 1983; Bittencourt et al., 1999; Swinny et al., 2002). In the 

cerebellum, CRF is expressed in the two major afferent systems: mossy fibers and climbing 

fibers (Palkovitz et al., 1987). Two CRF receptor subtypes have been identified in the 

cerebellum: CRF-R1 and CRF-R2. Both receptors are coupled to classic G-protein-mediated 

signal transduction cascades (Chalmers et al., 1996; Bishop et al., 2000). It has been shown that 

urocortin (UCN), a CRF-like peptide with similar functions, has a greater affinity for CRF-R2 

than CRF (Vaughan, et al., 1995; Latchman, 2002), while both peptides have similar affinities for 

CRF-R1. CRF-R2 exists in two isoforms: full and short length (Lee et al., 2004; Gounko et al., 

2006; Tian et al., 2006), which are thought to have different functions in the cerebellum. 

The cerebellar expression of CRF starts at early embryonic stages, sooner than any functional 

connections have been formed (Bishop and King, 1999; Chang et al., 1993). It has been 

demonstrated that CRF-like peptides are involved in the development of the Purkinje cell 

(Swinny et al., 2004; Gounko et al., 2005). The presence of CRF is crucial for the induction of 

long term depression (Miyata et al., 1999) and hence for the functioning of afferent systems. CRF 

has been shown to increase the sensitivity of cerebellar neurons to excitatory neurotransmitters 

(Bishop, 1990). Nevertheless, the particular effects of these peptides on the organization of 

afferent systems of the cerebellum are not well understood.  
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CRF deficits are implicated in a variety of neurodegenerative disorders such as Alzheimer's, 

Parkinson's and Huntington's disease (De Souza, 1995; Behan et al., 1995). In contrast, 

chronically elevated levels of CRF have been reported in several stress-related and affective 

disorders in the human, including major depression (Mitchell, 1998; Arborelius et al., 1999). In 

patients with a major depression, elevated levels of CRF have been detected in the cerebrospinal 

fluid (Nemeroff et al., 1984), as well as increased numbers of CRF-expressing neurons in the 

paraventricular nucleus of the hypothalamus (Raadsheer et al., 1994). Molecular links between 

the overabundance of CRF and the initiation and progression of neurological disorders have not 

yet been established. 

In several earlier studies, we and others extensively studied the effects of the application of CRF 

in organotypic slice cultures grown ex vivo (Swinny et al., 2004; Chen et al., 2004; Gounko et al., 

2005). Although a significant body of data has been collected using slice cultures, they have 

limitations of relying on relatively short-term acute application, i.e. up to 10 days in vitro. This is 

largely due to cell viability in slice cultures. In the present study we investigate the functional 

significance of CRF on the afferent system of Purkinje cells using CRF-overexpressing mice 

(CRF-OE), in which elevated levels of CRF are present throughout development. The CRF-OE 

mouse model is not only suitable to study physiological effects of CRF as a neurotrophic factor 

and neurotransmitter, but may shed more light on the potential role of upregulated CRF in the 

onset and development of the aforementioned neurological conditions. Our data suggest that 

over-expressing CRF induces the development of the synapses for climbing fibers, but not for 

parallel fibers. In addition, CRF appears to be involved in competition between CF and PF 

terminal input. Therefore, it contributes into the morphological plasticity in the connectivity 

between afferent inputs of Purkinje cells. 
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Experimental procedures 

Approval to conduct the study was obtained from the Ethics Committee on Animal 

Experimentation, University of Groningen. All efforts were made to minimise the number of 

animals used and their suffering. 

Animals 

Perfused cerebella of wild-type and CRF-overexpressing (CRF-OE) eight-week old male mice 

were used (n=3/group), kind gifts from Dr. T. Kozicz, University of Nijmegen, The Netherlands. 

Immunocytochemistry 

Immunoreactivity was visualised by the avidin-biotin-peroxidase complex (ABC). All further 

steps were performed in phosphate buffer (PB, 100 mM, pH 7.3). The sections (30 μm thick) were 

permeabilized with 0.3% Triton X-100, and nonspecific binding blocked with 1% bovine serum 

albumin (Sigma, USA). Primary monoclonal antibody mouse anti-calbindin D-28K for Purkinje 

cells (1:5000; Swant, Switzerland) and rabbit anti-CRF (1:1000; Peninsula Laboratories, USA) 

were used at 4°C overnight. After washing with PB, the slices were incubated with a secondary 

antibody ABC - biotinylated rabbit anti-mouse IgG, 1:200 or goat anti-rabbit (DakoCytomation, 

Denmark) for 2 h at room temperature and after wash 1 h for ABC (Vectastain Elite, VectorLabs, 

USA). Immunoreactivity was visualised by incubation with 5 mg 3,3′-diaminobenzidine HCl 

(DAB) and 0.03% hydrogen peroxide in 10 ml of PB for10 min at room temperature. The 

reaction was stopped by washing the sections in cold PB. 

For double-labeling immunofluorescence, the sections were treated at 37°C for 10 min with 

pepsin (DakoCytomation, Denmark) in 0.2N HCl. The sections were permeabilized and 
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nonspecific binding blocked with 0.3% Triton X-100, 1% bovine serum albumin (BSA) (Sigma, 

USA). The primary antibodies used were guinea pig polyclonal VGluT1 (1:500; gift from Prof. 

M. Watanabe, Hokkaido University School of Medicine, Japan) and mouse monoclonal VGluT2 

(1:500; Chemicon, the Netherlands) at 4°C overnight. Primary antibodies were detected with Cy3 

donkey anti-guinea pig (1:500; Jackson, the Netherlands) and Alexa 633-conjugated donkey anti-

mouse (1:500; Molecular Probes, USA) antibodies. The slices were washed again and mounted in 

Dako mounting medium (DakoCytomation, Denmark). To identify localization of proteins 

confocal laser scanning microscopy (Leica DMRX with confocal TCS NT unit; Germany) was 

used. 

Western blot 

Murine cerebella (WT and CRF-OE) were homogenized in lysis buffer solution containing 50 

mM Tris–HCl buffer, pH 7.4, 1.0% Triton X-100, 150 mM NaCl, 5 mM EDTA and protease 

inhibitor cocktail. Lysates were cleared from tissue debris by centrifugation at 1000g for 5 min. 

Protein concentrations were determined by a bicinchoninic acid protein assay, and equal amounts 

of total protein were separated on 10% SDS-PAGE gels (15% for CRF) and electrotransferred 

onto polyvinylidene fluoride membrane (Millipore, Amsterdam, The Netherlands). After routine 

blocking with 5% BSA in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) for 2 h, the 

membranes were incubated with rabbit anti-CRF (1:500), mouse monoclonal anti-calbindin D-

28K (1:5000), guinea pig polyclonal VGluT1 (1:1000) or mouse monoclonal anti-VGluT2 

(1:1000) in TBS-T at 4oC overnight. Mouse anti-GAPDH antibody (Ambion, Huntingdon, USA) 

was used at 1:8000 as loading control. The immunoreaction was detected using HRP-labeled 

secondary antibodies (Sigma, St Louis, MO, USA or Amersham Biosciences, Little Chalfont, 

UK) and standard standard enhanced chemiluminescence. 
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Statistical analysis 

The data about the number of Purkinje cells in cerebellum were expressed by their mean values ± 

standard error. Statistical differences were measured by the Student's t-test. Care was taken to 

avoid double counting of Purkinje cells in the same section. 

Results 

First, we used an immunolight microscopic and Western blot analysis with an antibody against 

CRF to confirm that CRF is overexpressed in CRF-OE cerebellum. At the light microscopic 

level, CRF immunoreactivity was present around cell bodies of Purkinje cells (Fig. 1 A, B), in 

cerebellar interneurons and climbing fibers (Fig. 1 C, D; dark arrows). The labeling intensity was 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1. A-D - Photomicrographs reflecting the distribution and intensity of CRF labeling in WT (A, C) 
cerebellum and in CRF-OE (B, D). The labeling intensity is higher in CRF-OE (B). CRF labeling are 
present in cell bodies of PCs, in cerebellar interneurons and C, D – in climbing fibers of cerebella (Fig. 1 
C, D; arrows). Scale bars: A, B – 100 μm; C, D - 20 μm. E - Western blot analysis of cerebellar lysates in 
WT and CRF-OE mice, showing upregulation of the expression of CRF as a 10 kDa protein. 
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significantly higher in CRF-OE (Fig. 1 B, D) cerebellum as compared to WT (Fig. 1 A, C). Fig. 

1E further confirms the strong upregulation of CRF in CRF-OE cerebellum by Western blot 

analysis. Next, we wanted to know whether the overexpression of CRF leads to changes in 

Purkinje cell number and/or density. To this end, we performed Western blot analysis of D28K 

calbindin, a calcium-binding  protein  specific  for  Purkinje cells  (Kadowaki et al., 1993;  Hatten  
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Figure 2. The linear density of Purkinje 
cells per mm cortex in WT and CRF-OE. 
The graph shows absence of differences 
in linear density of Purkinje cells for WT 
and CRF-OE cerebella (mean ± SE = 
49.4 ± 0.9 cells/mm for WT and 49.7 ± 
1.5 cells/mm or CRF-OE; P=0,854). See 
text for more details. 

 

 

 

 
 

and Heintz, 1995). Our analysis did not reveal any differences in calbindin levels in control vs. 

CRF-OE cerebella (Fig. 3, upper panels). Equal protein loading was validated by Western blot 

with GAPDH antibody (Fig. 3, lower panels). This data may either indicate that the number of 

Purkinje cells as well as calbindin level per cell remained unchanged, or that the number of cells 

did change, but so did the calbindin level per cell. In order to discriminate between these two 

possibilities, cerebella of CRF-OE and WT mice were stained for calbindin, and the number of 

Purkinje cells per mm cortex was counted. We counted all Purkinje cells in 10 sagittal sections 

(per animal), made across the whole cerebellum (n=2 for WT and n=2 for CRF-OE mice). We 

did not find any statistically significant differences in the linear density of Purkinje cell for WT 
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and CRF-OE cerebella (mean ± SE = 49.4 ± 0.9 cells/mm for WT and 49.7 ± 1.5 cells/mm or 

CRF-OE; P=0.854) (Fig. 2). Taken together, our analysis of the linear density of Purkinje cells 

and Western blot data suggest that neither the linear density of Purkinje cells nor the overall 

number of cells were influenced by CRF overexpression (Fig. 2). 

 

 

Figure 3. Western blot analysis of WT and CRF-OE 
cerebella showing increase in expression selectively for 
VGluT2. Top panel - Western blot of control and CRF-OE 
cerebella with anti-calbindin antibody, second panel - anti-
VGluT1 (for parallel fibers), third panel – anti VGluT2 
(marker for climbing fibers) and anti-GAPDH loading 
control (bottom panel). See text for more details. 

 

 

 

 
 

CRF and related factors have recently been demonstrated to be involved in the Purkinje cell 

morphogenesis and in development and stabilization of Purkinje cell connections with other 

neurons (Swinny et al., 2004; Chen et al., 2004; Gounko et al., 2005). We therefore performed a 

series of experiments in order to identify whether a chronic overabundance of CRF will lead to 

abnormalities in the Purkinje afferents. In the adult cerebellum, vesicular glutamate transporter 

type 1 (VGluT1) is predominantly expressed in the parallel fiber system, but not in climbing 

fibers. Vesicular glutamate transporter type 2 (VGluT2) is expressed in climbing fibers. We used 

antibodies against the two vesicular glutamate transporters (VGluTs) to evaluate the density and 

patterns of climbing and parallel fiber terminals in the vicinity of Purkinje cells. At the protein 

level, both antibodies recognized protein bands at approx. 65 kDa in the cerebellum of the adult 

mouse (Fig. 3, second and third panels). For VGluT1, levels were not significantly different from 
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CRF-OE cerebella (Fig. 3, second panel). In contrast, VGluT2 level was found to be strongly 

upregulated in CRF-OE mouse cerebella (Fig. 3, third panel). Blurred VGluT2 band reflect its 

glycosylation in the biosynthetic pathway and this is in line with published data (Miyazaki et al., 

2003). 

 
 

 
 
 
Figure 4. (for colorinformation: see page 154) Double-labeling immunofluorescence experiment 
demonstrating the pattern of distribution of afferent system of Purkinje cells in WT (A-C) and CRF-OE 
(D-F) cerebella. The number of VGluT2-positive synapses increased in CRF-OE cerebellum. A, D - 
VGluT1 labeling, B, E – VGluT2 labeling and C, F - merged images. Size bars, 40 μm. 

 
 

Using the double-immunofluorescence staining we analyzed the pattern of distribution of both 

transporters in cerebella of CRF-OE and WT mice. In both cases, VGluT1 and VGluT2 

immunoreactivities were present in the molecular and Purkinje cell layers of the cerebellar cortex 

(Fig. 4). The pattern of VGluT1 was identical in WT (Fig. 4 A, C) and CRF-OE (Fig. 4 D, F) 

cerebella. The immunoreactive puncta were present around the somata of Purkinje cells and in 

the lower part of the molecular layer. Both proximal and distal parts of PC dendritic trees were 

labeled, and the highest density of staining was present in the neuropile regions (Fig. 4 A, C, D, 

F).  In  contrast,  the  pattern  of  VGluT2  immunoreactivity  was  different  in  WT and CRF-OE  
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cerebella (Fig. 4). This is in agreement with our Western blot data (Fig. 2). In both control and 

CRF-OE cerebella immunolabeling was concentrated in the lower and middle part of the 

molecular layer (Fig. 4 B, C, E, F), along the unstained silhouettes of dendritic shafts of Purkinje 

cells. However, both the intensity of labeling of individual synapses and the number of VGluT2-

positive synapses were dramatically increased in CRF-OE cerebellum compared to WT (Fig. 4 B, 

C, E, F). In addition, we observed small, strongly immunopositive puncta around the somata of 

Purkinje cells in CRF-OE cerebella, but not in wild type (Fig. 4 B, C, E, F). Our data, thus, 

indicate that over-expressing of CRF leads to an increase of VGluT2, but not of VGluT1 level in 

the cerebellum, and induces the increasing translocation of VGluT2 into a new subset of synapses 

contacting somata of Purkinje cells. 

Discussion 

Purkinje cells receive afferents from two excitatory systems. Climbing fibers originate from cells 

localized in the contralateral inferior olive, while parallel fibers originate from granule cells of 

cerebella cortex (Palay and Chan-Palay, 1974). Activities of these two afferent systems induce 

long term depression and motor learning at the cellular level (Ito, 1989; Linden and Connor, 

1995). The input from climbing fibers to the cerebellum is crucial for normal function and 

organization of cerebellar circuitry. However, the factors controlling the development of this 

specifically organized pathway, are not fully clarified. In the normal cerebellum, CRF is 

concentrated in climbing fibers (Palkovits et al., 1987) and thus could be involved in the 

developmental control of the specificity of axonal projections. The participation of CRF in the 

regulation of the developmental processes of differentiation and synaptogenesis is likely to occur 

through binding to their specific receptors and the activation of corresponding signaling cascades. 

It has been shown that upon the binding of CRF to its receptor CRF-R1, cAMP level is increased 
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within neuronal cells (Labrie et al., 1982; Cibelli et al., 2001). The increase in cAMP can lead to 

further intracellular events such as IP3-dependent calcium release, protein phosphorylation by 

cAMP-regulated kinases and changes in gene expression, all of which are important in the 

developmental processes of neuronal maturation and neurite differentiation (Yuste et al., 2000; 

Wong and Ghosh, 2002). 

Here, using Western blot analysis and immunofluorescence we found that overexpression of CRF 

leads to the upregulation of VGluT2 in the cerebellum. Since it has been previously established 

that VGluT2 is localized in climbing fibers rather than in parallel fibers (Hioki et al., 2003; 

Miyzaki et al., 2003), we conclude that CRF is involved in the regulation of the climbing fiber 

development and stabilization of their contacts with Purkinje cells, i.e. matching with 

postsynaptic sites. Importantly, our Western blot data as well as immunofluorescence analysis 

indicate that the level of VGluT1, expressed in parallel, but not in climbing fibers, remained 

unaffected by chronic overexpression of CRF. Thus, CRF appears to specifically govern synapse 

formation and maintenance exclusively of climbing fiber-Purkinje cell synapses, but not for 

parallel fiber-Purkinje cell contacts. This corresponds to previous observations, that in vivo 

(organotypic slice cultures of rat cerebellum), CRF application of slices leads to significantly less 

glutamate receptor delta 2 - positive synapses in CRF-treated slices (Gounko et al., 2005). This 

indicates that CRF positively effects selection and sustenance of climbing fiber – Purkinje cell 

synapses and negatively the formation of parallel fiber – Purkinje cell synapses. 

Recently, it has been demonstrated that an increase of CRF level alters the function of targeted 

Purkinje cells (Jeong et al., 2006). Jeong et al., (2006) have shown that in the ataxic pongo 

mouse, neurons of the inferior olivary nucleus and their climbing fibers were more intensely 

stained for CRF than controls. Furthermore, tyrosine hydroxylase was located in Purkinje cells 

whereas no tyrosine hydroxylase expression was found in controls. They demonstrated that the 
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immunostaining for CRF and tyrosine hydroxylase in pogo/pogo cerebellum revealed that the 

distribution of tyrosine hydroxylase-immunoreactive Purkinje cells corresponded to terminal 

fields of CRF-immunoreactive climbing fibers (Jeong et al., 2006). In relation to our data this 

implys that increased levels of CRF leads to the formation of more preterminal boutons in the 

vicinity of the Purkinje cell. As earlier shown, deprivation of climbing fiber – Purkinje cell 

synapses leads to the development of the contacts of parallel fibers with Purkinje cells at the 

same locations (Morando et al., 2001). Probably, the presence of CRF in synapses protects these 

postsynaptic sites from elimination and thus save functional and stable contacts of climbing 

fibers to Purkinje cells. 

In conclusion, we demonstrated that the overexpression of the CRF leads to marked changes in 

the pattern of distribution of climbing fibers due to increasing of synapses in the cerebellum. 

These changes appear to be leading specifically to the strengthening of synapses and regulation 

of synaptogenesis between climbing fibers and Purkinje cells. 
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Abstract 

Corticotropin-releasing factor (CRF) and urocortin (UCN) are potent regulators of Purkinje cell 

dendritic development including spines and synapses. Here, we demonstrate that CRF and UCN 

increase dendritic spine density in cerebellar Purkinje cells. Specific spine types in Purkinje cells 

are selectively affected: CRF promotes the mushroom type of spines, whereas at the same time 

UCN the thin type. Also, CRF and UCN are involved in the regulation of activity-dependent 

refinement of synaptic connections of Purkinje cells. Both peptides lead to increasing the length 

of the active zone and the postsynaptic density (PSD) in synapses between Purkinje cells and 

parallel fiber terminals. Finally, CRF and UCN are involved in processing the topological 

matching of presynaptic and postsynaptic specializations of synapses. Slices treated with CRF 

and UCN show less mismatched synapses in contrast to control slices. 
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Introduction 

The Purkinje cell (PC) dendritic arbors can be partitioned into three components: primary and 

secondary smooth dendrites and tertiary spiny dendrites. Dendritic spines are tiny protrusions that 

receive synaptic input and they compartmentalize postsynaptic responses. Spines occur in a wide 

variety of shapes and sizes (Harris & Kater, 1994; Harris 1999). They consist of a neck and a 

bulbous head with a postsynaptic density containing receptor complexes. The molecular 

mechanisms that lead to the formation of mature, functional spines might be dissimilar, as might 

the involvement of adhesion molecules and postsynaptic density (PSD) protein 95 (El-Husseini et 

al., 2000; Abe et al., 2004). Furthermore, the precise topological matching of the presynaptic and 

postsynaptic specializations is essential for efficient stabilization and maturation of synapses and 

therefore it is crucial for neuronal circuit formation and synaptic transmission (Takeuchi et al., 

2005). Changes in spine morphology under different conditions have been considered in many 

studies (Horch et al., 1999; Hasbani, 2001; Tyler & Pozzo-Miller, 2003; Antar et al., 2006). 

However, one issue that has not been sufficiently resolved yet is the role of heterogeneity of spine 

shape and size in signal transmission and the possibility of changes in the shape and the size of 

the PSD zone of spines. Also it is not clear how spines are formed and which factors determine 

this process. 

The formation and stabilization of dendrites are crucial steps in the development of neural 

circuitries. Corticotropin-releasing factor-like peptides are involved in this process in cerebellum. 

Corticotropin-releasing factor (CRF), urocortin (UCN) and their receptors are expressed in 

several neuronal elements in the cerebellar cortex (Palkovits et al., 1987; Bishop & King, 1999; 

Swinny et al., 2002; Swinny et al., 2004; Gounko et al., 2006). Moreover, it has been shown 

unequivocally that CRF and UCN are potent regulators of dendritic development (Cibelli et al., 
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2001; Swinny et al., 2004; Gounko et al., 2005). At mature stages, they modulate synaptic 

plasticity as involved in long-term depression (Miyata et al., 1999) and long-term potentiation 

(Wang et al., 2000). Their excitatory or inhibitory effects largely depend upon the degree of 

expression of these peptides (Swinny et al., 2004; Chen et al., 2004). Due to their effects on 

synaptic transmission and plasticity (Miyata et al., 1999) CRF and UCN are strong candidates to 

mediate activity-dependent modulation of dendritic structure, and in particular of spines. 

Therefore, we suggest that CRF and UCN induce local dendritic instability, allowing activity-

dependent morphological changes in spines of Purkinje cell dendrites and as a result of this, they 

can have wide effects on synaptic transmission and plasticity. Also, CRF and UCN may 

differently regulate activity-dependent refinement of synaptic connections in the cerebellar 

cortex. Here, we investigated the effects of CRF and UCN on the formation, development and the 

morphology of spines in Purkinje cell in organotypic slice cultures. 

Materials and Methods 

Rat CRF and rat UCN were obtained from Sigma (Zwijndrecht, the Netherlands). Minimal 

essential medium (MEM), Hank’s balanced salt solution (HBSS), glutamax I and horse serum 

(heat inactivated) were purchased from Invitrogen (Breda, The Netherlands). 

Organotypic slice cultures of rat cerebellum 

Approval to conduct the study on animals was obtained from the Ethics Committee on Animal 

Experimentation, University of Groningen. All efforts were made to minimize the number of 

animals used. In total 32 8-day black-hooded Lister rat pups were used. The preparation of 

cerebellar slices was performed according to a protocol modified from Metzger and Kapfhammer 
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(Metzger & Kapfhammer, 2000). Slices on Millipore 0.4 μM membranes (Millipore, France) 

were cultured on top of a liquid layer of MEM containing 25% HBSS, 25% horse serum, 2 mM 

glutamax I, 5 mM NaHCO3, 10 mM Hepes, pH 7.3, at 99% humidity with 5% CO2 at 37°C. 

Drug application and medium changes 

900 µL of medium were put in each culture vial. Pharmacological agents were added to the 

appropriate vial, resulting in a final concentration of 1 nM. The agents were added for 12 h, 

followed by a 12 h interval of exposure to medium only, repeated for 6 days. 

Dendritic spines visualization 

For spine visualization, cells were filled with the 10mM solution fluorescent dye Alexa Fluor 488 

hydrazide included in the patch pipette (absorption at 493 nm, emission at 517 nm; Molecular 

Probes, Leiden, The Netherlands) as described (Tyler & Pozzo-Miller, 2001). Slice cultures were 

continuously perfused (1ml/min) with solution containing (in mM): NaCl 124; KCl 2; KH2PO4 

1.24; MgSO4 1.3; NaHCO3 17.6; CaCl2 2.5; D-glucose 10; osmolarity 310 mOsm. Typical values 

of access resistance after whole-cell access were <25 MΩ, and whole-cell capacitances were 

~110 pF, in all Purkinje cells. Following 15-20 min of whole-cell access, the path electrode was 

gently removed, and slices were fixed overnight in 4% paraformaldehyde in phosphate buffer 

(PB, 100 mM, pH 7.3) at room temperature, and subsequently rinsed in PB prior to mounting for 

fluorescence microscopy with Vectashield (Vector Laboratories, Burlingame, CA, USA). 

Imaging and analyses of spine density 

Distal secondary and tertiary branches of Purkinje cell dendrites were imaged using a confocal 

laser scanning microscopy (Leica DMRX with confocal TCS NT unit; Germany) and a 63X oil 
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immersion lens. Confocal images were acquired as a series of optical z-sections at 0.1 μm 

intervals through each apical dendritic branch. Images of individual optical sections were 

digitally stored for later quantitative analysis. Dendritic spines were identified as small 

protrusions extending ≤ 2.5 μm from the parent dendrite. The dendritic spines were measured 

following treatments with CRF and UCN and for control slices. Individual spines were measured 

as well as the length of dendritic segments, using analySIS Soft Imaging System (Munster, 

Germany). Only spines appearing continuous with their parent dendrites were used for quantitive 

analysis. Spine density was calculated by quantifying the number of spines per unit length of 

parent dendrite. In total 17 Purkinje cells were measured. 

Classification of spine categories 

The dendritic spines were measured following treatments with CRF and UCN and in control 

slices. Spines were classified in categories following by Peters and Kaiserman-Abramof, (1969; 

1970), as stubby (type 1), mushroom (type 2) and thin (type 3). Categorization was based on the 

ratios of length (L) of the spine from its base at the dendrite to the tip of its head, dn is the 

maximum neck diameter, and dh is the maximum head diameter (Harris et al., 1992; Koh et al., 

2002). 

Immunocytochemistry 

Slice cultures were fixed in 4% paraformaldehyde in PB (100 mM, pH 7.3) after 7 days in vitro 

(DIV). Immunoreactivity was visualized by the avidin-biotin-peroxidase complex (ABC) 

method. All further steps were performed in 0.1 M PB (pH 7.4). The slices were permeabilized 

and nonspecific binding blocked with 0.3% Triton X-100, 1% bovine serum albumin (BSA) 

(Sigma, Zwijndrecht, the Netherlands), 2% normal rabbit serum (NRS). The primary antibodies 
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used were mouse monoclonal anti-calbindin D-28K (1:10000; Sigma, Zwijndrecht, the 

Netherlands) at 4°C, overnight. After washing with PB, the slices were incubated with 

biotinylated rabbit anti-mouse IgG (DakoCytomation, Denmark), diluted 1:200 in PB, for 2 h at 

room temperature. After further washing, the slices were incubated with ABC (Vectastain Elite, 

Vector, Burlingame, CA, USA) for 1 h at room temperature. Immunoreactivity was visualised by 

incubation with 5 mg 3.3′-diaminobenzidine HCl and 0.03% hydrogen peroxide in 10 ml of PB 

for 5–10 min at room temperature. The reaction was stopped by washing the sections in cold PB. 

Electron microscopy 

After immunolabelling, slices were washed with 0.1 M Na-cacodylate buffer (pH 7.6) and fixed 

in 0.2% glutaraldehyde in Na-cacodylate buffer. After further washing, slices were then 

osmicated in 1% OsO4, 1.5% potassium hexacyanoferrate in 0.1 M cacodylate buffer for 15 min, 

dehydrated in a graded series of ethanols and embedded in Epon. Semithin sections (1 μm) were 

cut on an LKB Ultratome, stained with Toluidine Blue and used for orientation purposes. 

Ultrathin sections were then cut, counterstained with uranyl acetate and lead citrate, and 

examined with a Philips CM 100 transmission electron microscope (FEI Electron Optics, 

Eindhoven). 

Analysis of synapses 

Electron microscopical images of Purkinje cell synapses were identified on the basis of 

morphological criteria (Palay and Chan-Palay, 1974) from electron micrographs spanning the 

complete thickness of the molecular layer. Care was taken to avoid double counting of single 

synaptic profiles. The length of active zone and PSD per synapse were measured following 

treatments with CRF and UCN and for control slices on digital electron micrographs. We 
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measured 169 synapses from experiments. For measurement of the length of active zone and PSD 

were used analySIS Soft Imaging System (Munster, Germany). 

Statistical analysis 

Data were statistically analyzed using the Student's t-test or analysis of variance (ANOVA), 

Holm’s procedure for multiple comparisons (SPSS, Inc., Chicago IL, USA). The data were 

expressed by their mean values ± standard error (SEM). Values of P < 0.01 were considered 

significant. 

Results 

Using electron microscopy, we examined the effects of the intermittent (12 h) application of CRF 

or UCN on the organization of active zone/PSD of synapses. Slices (control and treated) were 

stained for calbindin and the electron micrographs of PC synapses were collected. All PC 

synapses which were analyzed had contacts with PF (parallel fiber) terminals. Asymmetrical 

synapses are the most common type of synapses in cerebellar slices. However, for CRF-treated 

PC cells the most comon situation is that a single postsynaptic terminal receives 2 (rarely more) 

presynaptic terminals (Fig. 1 B). In slices treated with UCN we frequently observed synapses 

which were extended, in comparison to control slices (Fig. 1 A, C). 

Subsequently, the length of active zone (AZ) and PSD of synapses between PF-PC were 

measured. To avoid the bias of selecting the larger synapses in single thin sections, only synapses 

with presynaptic and postsynaptic terminals of similar magnitude were included in the analysis. 

A total of 169 synapses from eight slices met the criteria and than were included in the statistical 

analysis (control, n=53; CRF, n=59 and UCN, n=57). We found that CRF and UCN treatment of 

slices result in an increase of the length of active zone (Fig. 2 A) as well as of the PSD (Fig. 2 B). 
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For control PF-PC synapses the length of active zone was (mean ± SEM) 365.49 ± 17.18 nm per 

synapse, for CRF at 460.79 ± 22.58 nm and for UCN at 516.21 ± 22.89; these differences are 

statistically significant (P < 0.01 in all cases). The PSD in control slices was 417.59 ± 17.24 nm 

in comparison with CRF 492.67 ± 22.67 nm and UCN 545.57 ± 23.09 nm synapses (P < 0.01 in 

all cases). We did not find significant differences in the length of the active zone and PSD 

between synapses treated with CRF or UCN (P>0.05). Therefore, the application of CRF or UCN 

to cerebellar slices cultured for 7 DIV significantly increase the length of active zone and PSD in 

comparison to untreated slices. 

 
 

 

 
 
Figure 1. The electron micrographs of the synapses between Purkinje cell and parallel fiber terminal. (A), 
of control; (B), CRF – treated and (C), UCN-treated organotypic slices. In CRF treated synapses a signal 
postsynaptic terminal received 2 presynaptic terminals. Size bars, 200 nm. 
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A 

Figure 2. The length of active zone and 
PSD in treated and control synapse (mean 
± SE). (A), length of active zone; (B), 
length of PSD. Control synapses (first 
column) demonstrate a smaller length or 
active zone (A) as well as PSD (B) 
compared to CRF treatment (second 
column) and UCN treatment (third 
column) synapses. 

0

100

200

300

400

500

600

CONTROL CRF UCN

A
ct

iv
e 

zo
ne

 le
ng

th
, n

m

** 
** 

 

 

 

B 

0

100

200

300

400

500

600

CONTROL CRF UCN

PS
D

 le
ng

th
, n

m

** 
** 

 

 
 
To support the morphological data on changes of active zone and PSD in treated slices we 

examined the synaptic matching of active zone and PSD in synapses. We analyzed all PF-PC 

synapses that were used to determine the length of the active zone and PSD. For quantitative 

comparison, we defined a synapse as mismatching when the edges of the active zone and PSD 

were > 70 nm (the half length synapse with a minimum length of active zone) apart (Fig. 3 A). 

Under this criterion, we found that the CRF treatment resulted in 10% of mismatched synapses 
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(Fig. 3), and UCN treatment in 12%. In contrast, in control slices 25% of synapses were 

mismatched (Fig. 3). As a result, this analysis demonstrated the emergence of increased 

proportions of matched synapses after treatment with CRF or UCN, in comparison with control 

slices. 

 
 
A 

Figure 3. Emergence of mismatched synapses in 
cerebellar organotypic slice. (A), a model 
illustrating two types of relationships between 
active zone and PSD in synapses. On left top – 
matched synapse, where the length of active zone 
and PSD is equal; on the left bottom – mismatched 
synapse, the PSD length noticeably bigger of 
active zone. (B), the graph of the percentage of 
mismatched synapses among all synapses. Control 
synapses (first column) results in significant higher 
number of the mismatched synapses compared to 
CRF (second column) and UCN (third column). 
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Our next step was to determine the effect of CRF and UCN treatment on spine morphology and 

density. We used the Alexa-488 hydrazides to visualize of spines in living Purkinje cells (Fig. 4 

A-C). Dendritic spines  were  identified as small  protrusions extending ≤ 2.5 μm  from the parent  
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Figure 4. Confocal image of Purkinje cell spines in organotypic slices filled with Alexa Fluor 488. (A, D), 
control spines; (B, E), CRF treated and (C, F), UCN treated spines. (D-F) higher magnification views of 
representative segments of dendrites with spines from control (D), CRF (E) and UCN (F) treated cells. 
(G), a model illustrating different types of spines in Purkinje cells. Size bars, A-C - 20 μm and D-F – 10 
μm. 
 
 
dendrite (Fig. 4). The CRF and UCN applications increased the spine density in secondary and 

tertiary branches of dendrites (Fig. 4). We calculated the number spines per μm in treated cells 
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(Fig 5 A). In case of control cells the number of spines per 1 μm was 0.817 ± 0.19; CRF 

treatment increases the density to 2.036 ± 0.230 and UCN  to 1.330 ± 0.213 (Fig. 5 A). These 

differences are statistically significant (in all cases P < 0.01) (Fig. 5A). These results demonstrate 

that both CRF and UCN promote dendritic spine formation in cerebellar slices, but in case of 

CRF application the number of spines appeared higher than those following UCN treatment. 

 
 
A 

Figure 5. The graph shows number and types 
of spines in untreated and in treated Purkinje 
cells. (A), The number of spines per μm 
dendritic length of Purkinje cells in control 
slices (first column), CRF spines (second 
column) and UCN (third column). CRF and 
UCN significantly increased the density spines 
of Purkinje cells compared to control cells, 
although upon UCN treatment the number of 
spines lower than in CRF cells. (B), CRF and 
UCN promote the proportion of different types 
of spines: CRF increases the mushroom spines, 
whereas UCN the thin spines. 
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The effect of CRF and UCN applications on the morphology of individual spines was evaluated 

(Fig. 4 D-F). We characterized the individual spine morphology and their typing according to the 

relationship between the length (L), diameter of neck (dn) and diameter of head (dh) of spine. Due 

to the disparity of spine densities across treatment groups, the quantity of spines in each 

morphological class was analyzed. This is expressed as a proportion of total spines (Fig. 5 B). 

Type I are shorter stubby spines with L ≈ dn ≈ dh (Fig. 4 G). The stubby spines are the most 

common type of the spines of untreated Purkinje cells (46.75% ± 1.25%) (Fig. 4 D and Fig. 5 B). 

In CRF treated cells the stubby spines take a second place (38.5% ± 2.33), whilst in UCN treated 

cells this type of spines occur least frequently (17.25% ± 1.25%) (Fig. 5 B). The CRF application 

obviously promotes type II - mushroom spines (44.75% ± 2.08) with dn « dh (Fig. 4 E and Fig. 5 

B). In control slices mushroom spines form a second most frequent population of spines (31.75% 

± 3.04%) and this holds as well in UCN treated cells (32.50% ± 0.96%) (Fig. 5 B). The least 

freaquent type of spines (type III) is thin type of spines which typically have L » dn. UCN 

increased the proportional density of thin spines in Purkinje cells (50.25% ± 0.63%) (Fig. 4 F and 

Fig. 5 B), whilst compared to control and CRF treated cell the thin type of spines is the smallest 

proportion of spines (respectively 21.25% ± 2.75 and 16.75% ± 0.63) (Fig. 5 B). The differences 

between these populations of spines were statistically significant in all cases (P was < 0.01). 

Thus, our results indicate that the effects of treatment by CRF and UCN not merely increase the 

density of spines, but specifically redistribute the types of spines in Purkinje cell. In addition, 

CRF promotes the mushroom type of spines at the same time as UCN the thin type. 

Discussion 

The central observations of this study were that CRF and UCN play important roles in processes 

involved in the formation and stabilization of connections of Purkinje cells. Firstly, we showed 
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that the treatment of cerebellar slices by CRF and UCN leads to increased lengths of active zones 

as well as PSD in synapses between Purkinje cells and parallel fibers. Secondly, both peptides are 

involved in the process of morphological matching pre- and post- terminals of synapses. Thirdly, 

CRF and UCN increased the density of spines of Purkinje cells. However, CRF application leads 

to the highest numbers of spines, than followed by UCN treatment. And finally, CRF and UCN 

induce formation of different types of spines: CRF increases the mushroom spines, whereas UCN 

the thin spines. 

Synapses 

Spines are the recipients of synaptic inputs; as a result the synaptogenesis must be related of 

spinogenesis (Yuste & Bonhoeffer, 2004). Synapse assembly begins when axons approach their 

target and establish contact with dendrites or soma of their target neuron. Nevertheless, the 

factors that are involved in synapse formation are not well understood. Also little is known about 

the mechanism of spine induction and how they organize on the cell surface to make stabile 

synaptic contacts with appropriate axons. Complete matching of the two elements of the synapse: 

pre- and post terminals is a needful condition for the formation of stabile and functional synapses. 

Here, we demonstrate that for morphological matching of pre- and post- terminals of synapses is 

important CRF and UCN. We observed less mismatched synapses between Purkinje cells and 

parallel fibers in case of treatment cerebella slices by CRF and UCN compared to untreated 

slices. Possibly, the effect of CRF and UCN on synapses matching is indirect. Recently, it has 

been demonstrated that CRF and UCN upregulate delta 2 ionotropic glutamate receptor gene 

expression, and increase the abundance of the receptor in the postsynaptic density (Gounko et al., 

2005). On the other hand, Takeuchi et al. (2005) showed that in the cerebellum for a precise 

topological matching of presynaptic and postsynaptic elements between Purkinje cell and parallel 
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fibers the concentration of glutamate receptor delta 2 on PSD of postsynapse is essential 

(Takeuchi et al., 2005). Immunogold labeling of glutamate receptor delta 2 proteins revealed that 

the density of gold particles was reduced more at mismatched synapses than in matched synapses 

of Purkinje cells (Takeuchi et al., 2005). Thus, CRF and UCN might be involved in the process 

of topological matching synapses. 

The potential synaptic efficacy may be directly correlated with synaptic size (Pierce and Lewin, 

1994; Schikorski & Stevens, 1997). The characteristics of a synapse presumably underlie its 

potential physiological strength. Vesicle number, active zone number and area, and mitochondrial 

volume are all linearly related to the volume of the synaptic buttons (Pierce & Lewin, 1994). As a 

consequence, an increased length of the active zone and PSD in parallel fibers – Purkinje cell 

synapses after application of CRF and UCN probably leads to changes in strengthening of 

synapses. In addition, large synapses have proportionately large spines. 

Spines 

Increased number of spines and larger spines enlarge neuronal interconnectivity by increasing the 

area of dendritic membrane for synaptic contacts (Peters & Kaiserman-Abramof, 1970) as well as 

this increases the probability of contact with presynaptic axons (Bonhoeffer & Yuste, 2002). On 

the other hand, spines are a specific biochemical compartmentalization (Wickens 1988; Koch & 

Zador, 1993). However, how the specific types and number of spines are established is not well 

understood. 

Recently it has been demonstrated that of CRF-like peptides in cerebellum play a trophic role 

(Swinny et al., 2004). CRF and UCN affected dendritic outgrowth and elongation. In vitro, 

Purkinje cells treated with CRF and UCN had longer dendrites and increased dendritic branching 

per cell compared to control cells. However, CRF leads to increased dendritic branching of 
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Purkinje cells than UCN (Swinny et al., 2004). It has been shown, that after the phase of initial 

dendritic outgrowth, which is influenced by UCN acting via CRF-R2, the effects of CRF 

(predominantly) and UCN, in concert with the upwardly migrating CRF-R1, resulting in the 

elongation and branching of the newly established dendrites (Swinny et al., 2004). This correlates 

with our observation that CRF and UCN increasing number of protrusions of dendritic branches – 

spines of Purkinje cell, except CRF treatment gives more spines than UCN. 

And finally, we demonstrated that CRF and UCN promote the proportion of different types of 

spines. CRF increases the mushroom spines (type I), whereas UCN increases thin spines (type 

III). The different spine morphologies may reflect their different functional roles (Parnass et al., 

2000; Yuste et al., 2000). Thus, peptides might promote spines with specific functions. Increasing 

the proportion of the thin spines in UCN treated cell, might correlate with the capability of thin 

spines isolated Ca2+ transients from parent dendrite (Segal et al., 2000; Tyler & Pozzo-Miller, 

2003). Whilst, mushroom spines (promoted by CRF) could represent a state of a spine in which 

membrane dynamics and receptor turnover are occurring (Lee et al., 2004). Additionally, some 

models suggested that the spin neck provide resistance to the flow of synaptic currents, and 

change in the neck shape might have large effects on the modulation of synaptic strength (Lee et 

al., 2005). This might explain why CRF and UCN promote the types of spines with neck: 

mushroom and thin, but not a stubby one. 

On the other hand, the spines of Purkinje cell are differently regulated by the activity of their 

local afferents (Bravin et al., 1999). In the cerebellum, CRF is selectively localized in climbing 

and mossy fibers (Palkovits et al., 1987), but not in parallel fibers, thus CRF can selectively 

promote spines for climbing fibers. Whilst, UCN that is localized not only in climbing fibers and 

mossy fiber rosettes as well in the varicose terminals of parallel fibers, where CRF does not 

present (Swinny et al., 2002). In view of that, UCN might promote spines for parallel fibers. 
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In conclusion, our results indicated that CRF and UCN induce activity-dependent morphological 

changes in synapses of Purkinje cell. 
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GENERAL DISCUSSION AND SUMMARY 
 
 

In order to establish functional and mature circuits, neurons must extend theis axons and 

dendrites on the way to reach their potential synaptic target. They also must select the neurons 

with which to make synapses, and finally they must eliminate those connections that are 

inappropriate or irrelevant. The changes in synaptic receptor repertoire are important for the 

establishment of the synaptic specificity of the neurons. The localization of receptors at the pre- 

and postsynaptic membrane determines to a large extent the efficacy of synaptic transmission. 

However, the molecular basis and the mechanisms responsible for all these processes are not well 

understood. 

The corticotropin-releasing factor (CRF) and related peptide urocortin (UCN) are widely 

expressed in the brain (Palkovitz et al., 1987; Swinny et al., 2002). Both peptides are involved in 

stress-related illnesses such as major depression, anxiety-related disorders (Gold, 1996; Muller et 

al., 1998; Arborelius et al., 1999; Dautzenberg and Hauger, 2002) and Alzheimer's, Parkinson's, 

Huntington's disease (De Souza, 1995; Behan et al., 1995). In the cerebellum they are modulators 

of dendritic development (Swinny et al., 2004; Chen et al., 2004). The trophic factors and neural 

activity as well as the interaction of the receptors may play a role in regulating pre-/postsynaptic 

differentiation and in the patterning of cells. The exact role and the way in which CRF and UCN 

are involved in the development of Purkinje cells and subsequent stabilization of the cerebellar 

circuitry are still not clear. Recently, neuropeptides like CRF and urocortin have been 

hypothesized to exhibit a dual role in the cerebellum by acting during developmental at early 

stages and later changing to a neuromodulatory role (by inducing LTD) in the adult. The research 

in this thesis has provided data about the roles and involvement of CRF-related peptides and their 

receptors in the development of Purkinje cells and their afferents. 
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In chapter 2, we demonstrate the cellular distribution of full-length isoform CRF-R2. The full-

length form of CRF-R2 is characterized by marked changes during postnatal development in the 

rat cerebellum. The full-length form CRF-R2 has a clearly different distribution than the 

truncated isoform of CRF-R2. Our data demonstrate that the expression and the localization of 

the full-length form CRF-R2 correlate with development of the cerebellum. First, the higher 

expression of full-length of CRF-R2 in Purkinje cells demonstrated that UCN and CRF might 

play a role in initial stage of Purkinje cells growth and synaptogenesis encoded by the full-length 

form of CRF-R2. In the next stage of cerebellar development, we observed labelling of full-

length CRF-R2 in glutamatergic systems of the cerebellum: parallel fibers, climbing fibers as 

well as granule cells. The expression of receptors in this system takes place when the process of 

the reduction of supernumerary Purkinje cell – climbing fiber synapses is ongoing. And finally, 

in the late stage of cerebellar development, the functional significance of the localization of full-

length of CRF-R2 in presynaptic terminals of climbing fibers as well as of parallel fibers could be 

reflected by the role of CRF-R2 receptor in the autoregulation pathway (Bishop et al., 2000) and 

modulation of the synaptic transmission. In summary, the investigation of CRF receptors types 

has not only increase a our understanding of CRF physiology and the role in CNS but the results 

also provide a basis in rational drug design for the treatment of diseases that are associated with 

abnormal CRF levels. 

 

In chapter 3, we describe the effects of CRF and UCN on Purkinje cells in organotypic slices. We 

demonstrate that both CRF and UCN are capable of activating gene expression of glutamate 

receptor delta2 (GluRδ2), although only UCN treatment leads to the increase in GluRδ2 protein 

level. CRF appears to affect the pattern of GluRδ2 distribution on the PSD (gives clustering of 

receptor on PSD), while UCN upregulates GluRδ2, but does not induce clustering of GluRδ2. 
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GluRδ2 involved in the process of elimination of supernumerary climbing fibers in cerebellum 

(Hashimoto et al., 2001; Ichikawa et al., 2002). The degradation of the climbing fibers terminals 

leads to the arrangement of the synapses with parallel fibers at identical positions (Morando et al., 

2001) and such Purkinje cell – parallel fiber synapses are characteristic GluRδ2-positive 

structures. We observed that the number of GluRδ2-positive structures in Purkinje cells decreases 

upon CRF application. Thus, CRF might lead to the preservation of some or all climbing fiber – 

Purkinje cell synapses, together with a consequent decrease of the number of parallel fiber – 

Purkinje cell synapses and therefore most likely it is involved in the axonal competition process. 

On the other hand, since upregulation of the GluRδ2 gene by CRF does not lead to any 

statistically significant increase of δ2 receptor protein at all, it is possible that the 

posttranscriptional mechanism allowing superproduction of GluRδ2 protein is only governed by 

UCN, but not by CRF. The presence of few receptor forms (or isoforms) in the same cell may 

provide a molecular basis for distinct developmental processes. CRF and UCN mediate their 

effects via two receptors, CRF-R1 and CRF-R2 (full-length and truncated isoforms) (Chalmers et 

al., 1996; Bishop et al., 2000). CRF and UCN bind with equal affinity to CRF-R1; however, 

UCN has a 40-fold greater affinity for CRF-R2 (Latchman, 2002), suggesting that UCN is the 

natural ligand for CRF-R2. We propose, in this chapter, a model suggesting how CRF and UCN, 

via different receptors regulate distinct cellular functions in Purkinje cells (particularly affect on 

GluRδ2) since they predominantly act through different receptors, resulting in different fine 

tuning of the same signalling pathways. 

 

The function of the nervous system critically relies on the establishment of precise and specific 

synaptic connections between neurons and specific target cells (Cohen-Cory, 2002). The simple 

mechanism underling synaptic heterogeneity is the cell-specific expression of a protein, and 
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targeting of that protein to all presynaptic or postsynaptic sites made by a cell (Craig & Boudin, 

2001). Sperry (Sperry, 1963) proposed that differences in the concentrations of cell-surface 

molecules can convey positional information. However, far less is known about the molecules 

and signalling involved in target recognition. Since, the cerebellar expression of CRF starts at 

early embryonic stages, sooner than any functional connections have been formed (Bishop & 

King, 1999; Chang et al., 1993), CRF may play a role in target recognition as well as in synaptic 

organization (Cummings et al., 1994), and consequently in the establishment of connections in 

the cerebellum. 

In chapter 4, we evaluate the effects of an overabundance of CRF on afferent systems of 

cerebellar Purkinje cells using mice, over-expressing CRF. The reason using mice, over-

expressing CRF is that the higher CRF level is continuously present throughout the development 

and in adult cerebellum. First, we found that the overexpression of CRF does not lead to changes 

in Purkinje cell number and/or density. Second, the overexpression of CRF to marked changes in 

the pattern of distribution of climbing fibers is due to increasing the number of synapses in the 

cerebellum. In the normal cerebellum, CRF is concentrated in climbing fibers (Palkovits et al., 

1987). Furthermore, we did not observe any effects of the overabundance of CRF in parallel fiber 

system, where CRF is not present. Thus, we conclude that CRF could be involved in the 

developmental control of the climbing fiber (establishment of the specificity of axonal 

projections) and stabilization of their contacts with Purkinje cells.  

 

The formation and stabilization of synapses is a crucial step in the development of cerebellar 

circuitry. In the chapter 5, we focused on the cellular development of spines of Purkinje cells and 

the topological matching of presynaptic and postsynaptic specialization of synapses Purkinje 

cells. Using application by CRF and UCN cerebellar organotypic slices we demonstrate 
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increasing the length of the active zone as well as the PSD in synapses between Purkinje cells 

and parallel fibers and subsequently, morphologically matching pre- and post- terminals of 

synapses. Since, the potential synaptic efficacy directly correlates with synaptic size (Pierce & 

Lewin, 1994; Schikorski & Stevens, 1997), increasing the length of active zones and PSDs in 

parallel fiber – Purkinje cell synapses after application slices with CRF and UCN, this probably 

leads to changes in strengthening of synapses and stabilization of synapses (topological 

matching). 

On the other hand, CRF and UCN increase the density spines of Purkinje cells. Nevertheless, 

CRF application leads to the appearance of higher number of spines of Purkinje cells than UCN 

treatment. These observations are in accordance with earlies data shown (Swinny et al., 2004), 

showing that CRF and UCN affect dendritic outgrowth and elongation. In vitro, Purkinje cells 

treated with CRF and UCN had longer dendrites and increased dendritic branching per cell 

compared to control cells. However, CRF leads to increased the number of dendritic branching 

compared to UCN (Swinny et al., 2004) as well it provides higher numbers of tiny dendritic 

protrusions – spines. Moreover, CRF and UCN stimulate a different population of spines. They 

increase the mushroom spines (CRF) and the thin spines (UCN). Increasing the population of the 

thin spines in UCN treated cells, could be correlated with the capability of the thin spines to 

isolate Ca2+ transients from parent dendrites (Segal et al., 2000; Tyler & Pozzo-Miller, 2003). On 

the other hand, mushroom spines (induced by CRF) could represent a state of a spine in which 

membrane dynamics and receptor turnover are occurring (Lee et al., 2004). The spines of 

Purkinje cell might be regulated by their local afferents (Bravin et al., 1999). CRF can selectively 

promote spines for climbing fibers, since CRF is selectively localized in climbing and mossy 

fibers (Palkovits et al., 1987), but not in parallel fibers. Whilst, UCN that is localized in the 
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varicose terminals of parallel fibers, where CRF is not present (Swinny et al., 2002) might 

promote spines for parallel fibers. 

 

In conclusion, our results indicate that CRF and UCN participate in the development of Purkinje 

cells as well as in their connections and subsequent stabilization of synapses of Purkinje cells. 

Also, we suggest that CRF and UCN induce local dendritic instability, allowing activity-

dependent morphological changes in spines of Purkinje dendrites and as a result has wide effects 

on synaptic transmission and plasticity. 
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SAMENVATTING 

(Summary in Dutch) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SAMENVATTING 
 
 
Voor de vorming van functionele, en volledig ontwikkelde circuits is het van belang dat 

zenuwcellen axonen- en dendrietuitlopers vormen, die contact maken met alle mogelijke 

neuronale doelwitten. Overtollige en overbodige synaptische contacten worden vervolgens 

afgebroken. Bij de vorming van specifieke synaptische contacten is een complex van synaptische 

receptoren en trofische factoren belangrijk. Die favtoren zijn niet alle gelijktijdig en op dezelfde 

plaats actief, zij vormen a.h.w een repertoire in variaties en expressies. De localisatie van 

receptoren op de pre- en post-synaptische membraan bepaalt voor een groot deel de sterkte van 

het synaptische signaal. Wat de moleculaire basis is en de mechanismen die aan deze processen 

bijdragen is nog grotendeels onbekend. 

Corticotropin releasing factor (CRF) is een stress hormoon dat samen met  urocortin (UCN) een 

peptide uit dezelfde groep, wijd verspreid voorkomen in de hersenen (Palkovits et al., 1987; 

Swinny et al., 2002). Deze peptiden zijn betrokken bij stress-gerelateerde ziekten, zoals 

bijvoorbeeld: zware depressies, angst-gerelateerde ziektebeelden  (Gold, 1996; Muller et al., 

1998; Arborelius et al., 1999; behan et al., 1995). Behalve dat zij een rol spelen bij stress, zijn ze 

ook betrokken bij de groei en ontwikkeling van dendrieten (Swinny et al., 2004; Chen et al., 

2004). Een aantal trofische factoren (chemische signalen) en de neuronale activiteit (electrische 

signalen) spelen samen een grote rol in de processen die bijdragen tot de vorming van de 

differentiatie van pre- en postsynaptische membraan-complexen en bij de verdeling daarvan over 

de zenuwcel. De rol, die CRF en UCN hebben bij de ontwikkeling van de Purkinje cel-

dendrietboom en de rol die zij hierbij spelen zoals het stabiliseren van synaptische contacten, is 

nog onduidelijk. Recentelijk is aannemelijk gemaakt dat neuropeptiden zoals CRF en UCN een 

dubbele rol in het cerebellum zouden kunnen hebben, enerzijds vroeg in de ontwikkeling bij de 
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uitgroei van dendrieten en anderzijds, later, in de volwassen situatie als factor die van belang is 

bij synaptische plasticiteit en leerprocessen zoals Long Term Depression (LTD) (Swinny et al., 

2004). Het onderzoek beschreven in dit proefschrift, onderbouwt deze hypothese over de rol van 

CRF en UCN en over de betrokkenheid van beide peptiden en de respectievelijke receptoren bij 

de ontwikkeling van Purkinje cellen en zenuwuiteinden die daarmee synaptisch contact maken.  

 

In hoofdstuk 2 tonen we aan dat de cellulaire verdeling van de “full-length isoform” van CRF-

receptor 2 duidelijke veranderingen ondergaat tijdens de vroege postnatale ontwikkeling van de 

kleine hersenen bij de rat. Deze “full-length form” van CRF-R2 heeft een heel andere verdeling 

dan de “truncated isoform” van CRF-R2. Onze gegevens tonen aan dat de expressie en de plaats 

van voorkomen van de “full-length isoform” overeenkomen met de ontwikkeling van het 

cerebellum.  Een sterkere expressie van de “full-length van CRF-R2” in Purkinje cellen toont aan 

dat CRF en UCN een rol zouden kunnen spelen tijdens de vroege fase van de groei van de 

Purkinje cel en de synaptogenese zoals die door de “full-length form” worden bepaald. In een 

volgend stadium van de cerebellaire ontwikkeling konden we immunocytochemische labeling 

zien  van de “full-length CRF-R2 isoform” in glutamaterge systemen zoals parallelvezels, 

klimvezels en in de korrelcellen. De expressie van deze receptoren treedt op als de reductie van 

boventallige klimvezels in volle gang is. In deze laatste fase van de cerebellaire ontwikkeling zou 

de functionele betekenis van de presynaptische localisatie in klim- en parallelvezeleindigingen 

van het “full-length CRF R2 er op kunnen wijzen dat CFRF-R2  betrokken kan zijn bij de 

autoregulatie (Bishop et al., 2006) en de modulatie van synaptische overdracht. Samenvattend, 

het onderzoek naar de verschillende CRF receptoren heeft niet alleen onze kennis vergroot over 

de werking van CRF en de rol die het hierbij speelt in het centrale zenuwstelsel, het is ook een 
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eerste stap zijn in de ontwikkeling van geneesmiddelen voor de behandeling van ziektebeelden 

waarbij verhoogde CRF spiegels betrokken zijn. 

 

In hoofdstuk 3 beschrijven we de effecten van CRF en UCN op Purkinje cellen in plakjes 

cerebellum in organotypische kweek. We tonen hierbij aan dat zowel CRF als UCN in staat zijn 

om gen-activatie van de glutamaat receptor delta 2 (GluRd2) te bewerkstelligen, hoewel alleen 

bij UCN toediening het GluRd2 eiwit meer voorkomt. CRF lijkt het patroon van de verdeling van 

GluRd2 bij de postsynaptische membraan te veranderen, terwijl bij UCN niet het patroon 

verandert, maar wel de hoeveelheid GluRd2 die betrokken is bij de processen die leiden tot de 

eliminatie van overtollige klimvezels (Hashimoto, et al., 2001; Ichikawa et al., 2002). De afbraak 

van klimvezel eindigingen leidt tot de vorming van parallelvezel eindigingen op de vrijgekomen 

posities (Morando et al., 2001). Die eindigingen van parallelvezels op Purkinje cellen hebben 

karakteristieke GluRd2 positieve membraanspecialisaties. We hebben waargenomen dat het 

aantal GluRd2-positieve membraanprofielen afneemt in Purkinje cellen die behandeld zijn met 

CRF. Dat betekent dat CRF het behoud van klimvezel-Purkinje cel synapsen zou kunnen 

bevorderen en waarschijnlijk ook betrokken is bij de competitie tussen parallel- en klimvezel 

axonen. Het zou ook kunnen dat het posttranscriptionele mechanisme, dat zorgt voor de 

verhoogde aanmaak van GluRd2 alleen bepaald wordt door UCN en niet door CRF. Dit 

aangezien toepassing van CRF niet tot een statistisch significante toename van GluRd2 leidt. De 

aanwezigheid van meerdere receptor isoformen in dezelfde cel zou er op kunnen wijzen dat er 

een moleculaire basis is voor verschillende ontwikkelings gerelateerde processen. CRF en UCN 

bereiken hun effect via twee receptoren, resp. CRF-R1 en CRF-R2, waarvan de laatste als “full-

length” en “truncated isoform” voorkomt (Chalmers et al., 1996; Bishop et al.,  2000). CRF en 

UCN binden met dezelfde affiniteit aan CRF-R1, maar UCN bindt 40 maal sterker aan CRF-R2 
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(Latchman, 2002) waarmee UCN de natuurlijke ligand lijkt te zijn voor CRF-R2. We stellen in 

dit hoofdstuk een model voor dat aangeeft hoe CRF en UCN met hun respectievelijke receptoren 

binnen Purkinje cellen verschillende processen kunnen reguleren, in het bijzonder in relatie tot 

GluRd2. 

 

Het functioneren van het zenuwstelsel wordt in belangrijke mate bepaald door de vorming van 

specifieke synaptische verbindingen tussen neuronen en specifieke doelwit organen (Cohen-

Cory, 2002). Het eenvoudige mechanisme dat ten grondslag ligt aan synaptische heterogeniteit is 

de cel-specifieke expressie van een eiwit en de manier waarop dat eiwit kan reageren met alle 

pre- en post-synaptische contacten die een cel maakt (Craig en Boudhin, 2001). In 1963 stelde 

Sperry voor dat concentratie verschillen van oppervlakte-moleculen positie-gerelateerde 

informatie over zou kunnen brengen. Er is echter nog maar weinig bekend omtrent de moleculen 

en de signalen die betrokken zijn bij doelwit herkenning. Aangezien de expressie van CRF in het 

cerebellum op een vroeg  embryonaal stadium begint, eerder dan elke functionele verbinding 

(Bishop en King, 1999; Chang et al., 1993), betekent dat CRF een rol kan spelen bij doelwit 

herkenning en synaptische organisatie (Cummings et al., 1994) en daarmee bij de vorming van 

synaptische verbindingen in het cerebellum. 

In hoofdstuk 4 behandelen we de effecten van de overmatige expressie van CRF op de afferente 

systemen van cerebellaire Purkinje cellen door gebruik te maken van muizen waarin CRF (CRF-

OE) tot over-expressie is gebracht. De reden waarom muizen met CRF-OE zijn gebruikt, is dat 

CRF zowel bij de ontwikkeling als in de volwassen situatie, steeds in verhoogde mate voorkomt. 

De belangrijkste bevindingen zijn 1. Overexpressie van CRF heeft geen duidelijk effect op 

Purkinje cel aantal, dichtheid en hun verdeling. 2. de overexpressie van CRF leidt tot opvallende 

veranderingen in het klimvezel patroon ten gevolge van het toenemende aantal synapsen. In het 
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normale cerebellum, komt CRF voornamelijk voor in klimvezel eindigingen (Palkovits et 

al.,1987). Overigens werden geen veranderingen waargenomen door de overexpressie in het 

parallelvezel systeem, waar CRF niet in voorkomt. De conclusie is dat CRF betrokken kan zijn 

bij de controle van de ontwikkeling van de klimvezel ( de vorming van specifieke axonale 

projecties) en de stabilisatie van synapsen met Purkinje cellen. 

 

De vorming en de stabilisatie van synapsen is een cruciale stap in de ontwikkeling van het 

cerebellaire circuit. In hoofdstuk 5, concentreert het onderzoek zich op de cellulaire ontwikkeling 

van spines van Purkinje cellen (kleine uitstulpingen aan de dendrieten) en de topografische 

aansluiting van de pre- en postsynaptische membraanspecialisatie van Purkinje celsynapsen. 

Door gebruik te maken van organotypische kweekmethoden met cerebellum slices en de 

toevoeging van CRF en UCN konden we laten zien dat er een toename is van de lengte van de 

actieve zone van de synaps, maar ook van het postsynaptische element dat gevormd wordt tussen 

parallelvezels en Purkinje cellen. De synaptische effectiviteit is direct gecorreleerd met de 

afmeting van de synaps (Pierce & Lewin, 1994; Schikorski & Stevens, 1997). Een toename van 

de lengte van de actieve zone  en de postsynaptische verdichting tussen parallel vezels en 

Purkinje cellen na toepassing van CRF en UCN zou daarom kunnen leiden tot veranderingen in 

de synaps sterkte en tot stabilisatie (zgn.topologische matching). Daarentegen verhoogt 

toepassing van CRF en UCN ook de dichtheid van spines van Purkinje cellen, waarbij CRF 

behandeling tot meer spines leidt dan UCN. Deze waarnemingen zijn in overeenstemming met 

die van Swinny, waarbij werd aangetoond dat CRF en UCN de groei van de dendrietboom 

stimuleren, zowel in het vertakkingspatroon als in de lengte van de dendrietsegmenten. Hierbij 

valt ook op, dat CRF in vergelijking tot UCN meer dendriet vertakkingen te zien gaf en ook 

leidde tot meer kleine dendriet uitstulpingen (Swinny et al., 2004). Nog opvallender was de 
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waarneming dat CRF en UCN veschillende populaties spines stimuleren: er is een toename van 

paddestoel-vormige spines oiv CRF, en van dunne spines, o.i.v. UCN. De toename van dunne 

spines in UCN behandelde cellen zou kunnen betekenen dat die Purkinje cellen meer calcium-

stromen kunnen isoleren van de hoofd-dendriet waartoe de spine behoort (Segal et al., 2000; 

Tyler & Pozzo-Miller, 2003). Daarentegen zouden paddestoel spines, geinduceerd door CRF, een 

conditie kunnen aangeven waarin membraan dynamiek en receptor turn-over plaatsvinden (Lee et 

al., 2004). Het is echter ook mogelijk dat spine veranderingen bepaald worden door lokale 

afferente input (Bravin et al., 1999). CRF kan de spines waarmee klimvezels contact maken 

selectief bevorderen, aangezien CRF ook in klimvezels en in mosvezels voorkomt (Palkovits et 

al., 1987), maar niet in parallelvezels. Daarentegen komt UCN wel voor in de verbrede 

eindigingen van parallelvezels (Swinny et al., 2004) waar juist CRF afwezig is en daar zou UCN 

de spines voor parallelvezels kunnen stimuleren. 

 

Samengevat wijzen onze gegevens er op dat CRF en UCN betrokken zijn bij de ontwikkeling van 

Purkinje cellen, zowel wat betreft de verbindingen en de aansluitende stabilisatie van de synapsen 

van Purkinje cellen. We veronderstellen verder dat CRF en UCN lokale dendritische instabiliteit 

induceren waardoor activiteits gerelateerde morfologische veranderingen in de spines van 

Purkinje cellen kunnen optreden en daarmee in belangrijke mate bijdragen aan synaptische 

transmissie en plasticiteit. 

 

In conclusie, onze gegevens wijzen er op dat CRF en UCN betrokken zijn bij de ontwikkeling 

van Purkinje cellen, zowel wat betreft de verbindingen en de aansluitende stabilisatie van de 

synapsen van Purkinje cellen. We veronderstellen verder dat CRF en UCN lokale dendritische 

instabiliteit induceren waardoor activiteits gerelateerde morfologische veranderingen in de spines 
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van Purkinje cellen kunnen optreden en daarmee in belangrijke mate bijdragen aan synaptische 

transmissie en plasticiteit. 
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ЗАКЛЮЧЕНИЕ 
 
 
Для образования функционирующих и зрелых связей, аксоны и дендриты нейронов 

должны расти в направлении потенциальной синаптической мишени; установить контакты 

с соответствующим нейроном; и, наконец, должен произойти процесс элиминации 

избыточных связей. Изменения в ансамбле синаптических рецепторов является важным 

условием организации специфичности синапса. Однако, молекулярная основа и 

механизмы этих процессов не до конца понятны. 

Кортикотропин рилизинг фактор (CRF) и близки ему белок урокортин (UCN), широко 

распространены в мозге (Palkovitz et al., 1987; Swinny et al., 2002). Оба белка вовлечены в 

генез стресс-зависимых заболеваний, таких как: депрессия, тревожность (Gold, 1996; 

Muller et al., 1998; Arborelius et al., 1999; Dautzenberg and Hauger, 2002), а также болезни 

Альцгеймера, Паркинсона, Хантингтона (De Souza, 1995; Behan et al., 1995). Кроме того, 

эти белки являются модуляторами развития дендритного древа нейронов (Swinny et al., 

2004; Chen et al., 2004). Каким образом CRF и UCN участвуют  в стабилизации 

мозжечковых связей до сих пор не ясно. Недавно, была высказана гипотеза о том, что CRF 

и UCN играют двойную роль в мозжечке: сначала они вовлечены в развитие мозжечка 

(играют роль факторов роста), а позднее переключаются на выполнение функции 

нейротрансмитеры (включая участи в длительной депрессии мозжечка) во взрослом 

мозжечке. Цель данной диссертации – исследовать  роль CRF близких белков (CRF и 

UCN) и их рецепторов в развитии клеток Пуркинье и  их связей. 

 

В главе 2, мы продемонстрировали клеточное распределение полной изоформы CRF 

рецептора 2 (CRF-R2). Распределение полной формы этого рецептора претерпевает 
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значительные изменения в процессе постнатального развития мозжечка у крысы. Полная 

форма CRF-R2 имеет распределение в мозжечке, отличное от распределения  короткой 

формы этого рецептора. Полученные данные доказывают, что экспрессия и расположение 

CRF-R2 соотносится с этапами развития мозжечка. Во-первых, усиленная экспрессия 

полной формы CRF-R2 в клетках Пуркинье, свидетельствует о том, что, CRF и UCN могут 

участвовать в начальной стадии роста нейронов Пуркинье и в синапсогенезе, действую 

через этот рецептор. Во-вторых, на следующей стадии мозжечкового развития, экспрессия 

полной формы CRF-R2 наблюдалась в глютаматергической системе мозжечка: в 

параллельных и лазящих волокнах, а также в гранулярных клетках и клетках Пуркинье. 

Экспрессия рецептора в этой системе происходит в то время, когда в мозжечке идет 

процесс элиминации избыточных лазящих волокон к клеткам Пуркинье. В-третьих, на 

поздней стадии мозжечкового развития, полная форма CRF-R2 была найдена в 

пресинапсах как лазящих, так и параллельных волокон, что может отражать участие 

полной формы CRF-R2 в процессах самоконтроля (Bishop et al., 2000) и модуляции 

синаптической передачи. В дополнение ко всему выше сказанному, следует отметить, что 

исследование типов рецепторов CRF не только способствует более полному пониманию 

физиологии CRF и их роли в ЦНС, но и позволит разработать лекарственные препараты 

для лечения заболеваний обусловленных отклонениями от нормального уровня CRF. 

 

В главе 3, был исследован эффект CRF и UCN белков оказываемый на клетки Пуркинье в 

переживающих срезах мозжечка. Мы продемонстрировали, что оба белка, могут 

активировать экспрессию гена глутамат рецептора δ2 (GluRδ2), хотя только обработка 

клеток UCN дает увеличение уровня GluRδ2. Было показано, что CRF влияет на паттерн 

распределения GluRδ2 на постсинаптической мембране (дает кластерность рецептора на 
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мембране), тогда как UCN увеличивая экспрессию рецептора, не ведет к кластерности  

рецептора на мембране. Ранее было показано, что GluRδ2 вовлечен в процесс элиминации 

избыточных лазящих волокон в мозжечке (Hashimoto et al., 2001; Ichikawa et al., 2002). 

Деградация лазящих терминалей ведет к перераспределению контактов клеток Пуркинье с 

параллельными волокнами, параллельные волокна занимают места лазящих волокон 

(Morando et al., 2001). Синапсы, образуемые между клетками Пуркинье и параллельными 

волокнами, характеризуются наличием в них GluRδ2. Было показано, что количество 

GluRδ2 позитивных структур на клетку Пуркинье уменьшается при обработке 

переживающих срезов мозжечка CRF. Таким образом, CRF может приводить к 

сохранению некоторых или всех постсинапсов клетки Пуркинье для лазящих волокон, что 

сопровождается уменьшением синапсов клетки Пуркинье для параллельных волокон; т.е. 

CRF вовлечен в конкуренцию между лазящими и параллельными волокнами. С другой 

стороны, так как увеличение экспрессии гена GluRδ2 CRF не дает значительного 

увеличения GluRδ2 в целом, возможно, что этот посттранскрипционный механизм 

позволяет увеличить жкспрессию GluRδ2 после обработки только UCN, но не CRF. 

Присутствие в одной клетке нескольких типов (форм) рецепторов дает возможность 

осуществлять разные процессы развития клетки. CRF и UCN связываются с одинаковой 

силой с рецептором - CRF-R1, однако UCN имеет большую силу связывания с CRF-R2 (в 

40 раз больше), чем CRF (Latchman, 2002). Таким образом, предполагается, что UCN 

является естественным лигантом для CRF-R2. В этой главе, мы предлагаем модель, 

объясняющую, как CRF и UCN через различные рецепторы регулирует клеточные 

функции Пуркинье клеток, которые запускают одни и те же сигнальные пути, но приводят 

к разным результатам. 
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Для правильного функционирование нервной системы, является важным образование 

точных специфических связей между нейроном и мишенью (Cohen-Cory, 2002). Простой 

путь, приводящий к специфичности синапса это специфическая для данной клетки 

экспрессия белка, и связывание этого белка как в пресинапсе, так и в постсинапсе (Craig 

and Boudin, 2001). Sperry (Sperry, 1963) предположил, что концентрация поверхностных 

клеточных молекул может быть, маркером места где аксону следует устанавливать 

контакт с клеткой. Однако, мы далеки от знания молекул и сигналов вовлеченных в 

распознавание мишени. Так как экспрессия CRF начинается в эмбриональную стадию 

мозжечкового развития, до того как образованы функционирующие синапсы (Bishop and 

King, 1999; Chang et al., 1993), возможно, что CRF вовлечен в процесс распознавания 

мишени и образования специфичности синаптических контактов (Cummings et al., 1994) 

мозжечка. В главе 4, мы оценивали эффекты гиперпродукции CRF на афферентные связи 

клеток Пуркинье. Для этого мы использовали генетически модифицированных мышей и 

гиперпродукцией CRF. Причина использования мышей с гиперпродукцией CRF в том, что 

это позволяет оценить эффекты длительной гиперпродукций CRF, что не возможно 

сделать использую переживающие срезы мозга, из-за того, что срок их жизни ограничен 

днями. Во-первых, было обнаружено, что гиперпродукция CRF не приводит к изменению 

количества клеток Пуркинье, и их плотности в мозжечке. Во-вторых, гиперпродукция CRF 

ведет к изменению паттерна распределения лазящих волокон за счет увеличения 

количества их синапсов. В нормальном мозжечке, CRF локализуется в лазящих волокнах 

(Palkovits et al., 1987). Мы не наблюдали никакого эффекта от гиперпродукций CRF в 

параллельных волокнах, где CRF не присутствует. Таким образом, CRF может быть 

вовлечен в контроль развития лазящих волокон (образование специфических аксональных 

проекции) и стабилизацию связей клеток Пуркинье. 
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Образование и стабилизация синапсов важный шаг в развитий мозжечковых связей. В 

главе 5, акцент был сделан на клеточном уровне развития синапсов клеток Пуркинье, и 

топографическом согласовании их пресинапсов с постсинапсами. Использую обработку, 

переживающих мозжечковых срезов, CRF и UCN было продемонстрировано увеличение 

длинны активной зоны и постсинаптической мембраны синапсов между клетками 

Пуркинье и параллельными волокнам, и высокий уровень морфологического согласование 

пре и пост синапсов. Так как, потенциальная синаптическая сила напрямую связана с 

размером синапса (Pierce and Lewin, 1994; Schikorski and Stevens, 1997), то возможно, что 

увеличение длинны активной зоны и постсинаптической мембраны в синапсах между 

клетками Пуркинье и параллельными волокнами, после обработки срезов CRF и UCN, 

влечет к изменению эффективности синапсов и их стабильности (топографическое 

согласование). 

С другой стороны, CRF и UCN увеличивают плотность шипиков клеток Пуркинье. Однако 

обработка CRF приводит к образованию большего количества шипиков, чем обработка 

срезов UCN. Эти данные согласуются с боле ранним исследованием (Swinny et al., 2004), 

где CRF и UCN оказывали влияние на развитие дендритов и их элонгацию. In vitro, CRF и 

UCN обработка клеток Пуркинье приводила к образованию более длинных дендритов, и к 

увеличению количества их ветвлений на клетку, по сравнению с контрольными клетками. 

Кроме того, CRF приводил к образованию более разветвленных дендритов, чем UCN 

(Swinny et al., 2004), так же как приводит к большему количеству шипиков – 

продолжениям дендритов. 

Кроме того, CRF и UCN приводит к увеличению соотношения определенных типов 

шипиков: UCN– тонких шипиков, CRF – грибообразных. Увеличение тонких шипиков в 

клетках обработанных UCN возможно, связанно с возможностью тонких шипиков  
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изолировать Ca2+ (Segal et al., 2000; Tyler and Pozzo-Miller, 2003). Тогда как, увеличение 

грибообразных шипиков CRF, может быть связано с динамикой мембраны и изменением 

рецепторов на ней (Lee et al., 2004). Однако шипики клеток Пуркинье могут 

распределяться в клетке в зависимости от влияния афферентов (Bravin et al., 1999). CRF 

может приводит к увеличению шипиков для лазящих волокон, т.к. он находиться в 

лазящих волокнах, а не в параллельных (Palkovits et al., 1987). Тогда как, UCN находясь в 

параллельных волокнах (Swinny et al., 2002) приводит к увеличению шипиков для этих 

волокон. 

 

Таким образом, наши результаты показывают, что CRF и UCN вовлечены как в развитие 

нейронов Пуркинье, так и их связей и в последующую стабилизацию синапсов клеток 

Пуркинье. Мы полагаем, что CRF и UCN дают местную дедритическую нестабильность, 

тем самым, давая возможность происходить зависимым от активности клетки, изменениям 

в шипиках Пуркинье нейронов, и в результате приводят к изменениям в синаптической 

передаче и пластичности синапсов. 
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