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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 

                                                      Activity-dependent changes in spine formation /  107



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. 
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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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