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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. 
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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 

CRF and UCN differentially modulate GluRδ2 / 67



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. 
 
 
 
 
 
 

 
 
 
In order to elucidate whether the increase in Western blot GluRδ
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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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