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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 

/ Chapter 2 38 



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). 

Dynamic distribution of CRF-R2 in rat cerebellum / 45



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  

/ Chapter 2 46 



 

 

 
 

Dynamic distribution of CRF-R2 in rat cerebellum / 47



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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Granule 
 

Stellate 
 

Golgi 
 
 

Fibres 
Parallel 

 
Climbing 

 
Mossy 

 
+ 

Soma 
 
 
 
- 
 
- 
 
- 
 
- 
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++ 

Soma, primary 
dendrites, hillocks, initial 

axonal segment 
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+ 
Soma 
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+ 

 
++ 

Soma, primary, secondary and 
tertiary dendrites, initial  

axonal segment 
 

+ 
Soma 
+++ 

Soma, axon 
+ 

Soma 
+ 

Soma 
 
 

++ 
 

++ 
 

+++ 

 
++ 

Soma, primary, secondary and 
tertiary dendrites, initial 

axonal segment 
 

+ 
Soma 

+ 
Soma, axon 

++ 
Soma 

+ 
Soma 

 
 

++ 
 

++ 
 

++ 

 
-, absence of immunolabelling; +, presence of labelling; + to +++ correspond to increasing labelling 
intensity 

 
 
 
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. 
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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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