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Cytoskeleton stability is essential 
for the integrity of the cerebellum 
and its motor- and affective-related 
behaviors
Rodrigo Muñoz-Castañeda1,2, David Díaz1,2, Leticia Peris  3,4, Annie Andrieux3,4,5,  
Christophe Bosc3,4, José M. Muñoz-Castañeda6, Carsten Janke  7,8,9, José R. Alonso1,2,10, 
Marie-Jo Moutin3,4 & Eduardo Weruaga1,2

The cerebellum plays a key role in motor tasks, but its involvement in cognition is still being considered. 
Although there is an association of different psychiatric and cognitive disorders with cerebellar 
impairments, the lack of time-course studies has hindered the understanding of the involvement of 
cerebellum in cognitive and non-motor functions. Such association was here studied using the Purkinje 
Cell Degeneration mutant mouse, a model of selective and progressive cerebellar degeneration 
that lacks the cytosolic carboxypeptidase 1 (CCP1). The effects of the absence of this enzyme on the 
cerebellum of mutant mice were analyzed both in vitro and in vivo. These analyses were carried out 
longitudinally (throughout both the pre-neurodegenerative and neurodegenerative stages) and 
different motor and non-motor tests were performed. We demonstrate that the lack of CCP1 affects 
microtubule dynamics and flexibility, defects that contribute to the morphological alterations of the 
Purkinje cells (PCs), and to progressive cerebellar breakdown. Moreover, this degeneration led not 
only to motor defects but also to gradual cognitive impairments, directly related to the progression 
of cellular damage. Our findings confirm the cerebellar implication in non-motor tasks, where the 
formation of the healthy, typical PCs structure is necessary for normal cognitive and affective behavior.

There is a consensus regarding the key role of the cerebellum in motor tasks, but its involvement in cognitive and 
affective functions is not well known1,2. Physiological and neuroimaging studies have shown cerebellar activa-
tion in non-motor tasks3–7, and also some cerebellar impairments have been related to different psychiatric and 
neurodevelopmental disorders, such as schizophrenia, autism spectrum disorders or Niemann-Pick disease8–13. 
The few animal studies so far performed indicate that the severity of the cerebellar abnormalities directly deter-
mine the extent to which cognition is affected14,15. Thus, due to the lack of time-course studies it is not clear 
how the nature of cerebellar defects influences the performance of non-motor behaviors16. Previous works have 
demonstrated the importance of both migration and morphogenesis of Purkinje cells (PCs) for correct cerebellar 
function17,18, but the repercussion of progressive alterations of the cerebellar circuitry on the development of 
non-motor behaviors is not well documented.

Microtubules are essential for normal neuronal development and function; they change their structure and 
dynamics during cellular development and fate. In the brain, this molecular plasticity is necessary for neuronal 
migration, but also enables neurons to modify their morphology during development and to maintain this mor-
phology as mature neurons17–19. Microtubular alterations have been linked to different cognitive disorders, as 
well as to cerebellar defects13,20–23. In this sense, microtubule dynamics has been proposed to be the basis of 
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the cerebellar destruction in different animal models, such as the Purkinje Cell Degeneration (PCD) mutant 
mouse24,25. However, it is not known how microtubule dynamics shape cerebellar structure and function along 
postnatal development.

In this context, the PCD mouse provides a good model to study the impact of cerebellar disorders on social 
and cognitive disorders. The PCD mouse suffers a mutation in the Nna1 gene, which encodes cytosolic car-
boxypeptidase 1 (CCP1), an enzyme responsible for the de-polyglutamylation of microtubules24. This mutation 
induces the degeneration of the Purkinje cells (PCs) of the cerebellum, but its effect on microtubule dynamics and 
structure remains to be determined. The progression of the death of PCs has been previously characterized and 
divided into two different stages: (1) an initial stage with cytoplasmic and nuclear alterations (from postnatal day 
15, P15, to P18) and (2) a neurodegenerative process where all PCs die (P18–P45), leading to an aberrant cerebel-
lum without the main projecting neurons26–28. Interestingly, the expression of Nna1 gene increases in the normal 
cerebellum from P15 to P2529, just when Purkinje cells dendritic arbors are re-modeling30,31. Thus, CCP1 seems 
to be closely related to Purkinje cells maturation. Furthermore, previous studies have demonstrated that no other 
neuronal populations are affected during cerebellar degeneration in the PCD mouse25,28,29, therefore making it a 
good model for studying the progression of alterations in the cerebellar structure and its influence on motor, cog-
nitive and social behaviors. Also, since neuronal degeneration of the PCD mouse is known to be associated with 
microtubule defects32, this model allows us to understand, first, the effect of polyglutamylation on microtubules 
dynamics and structure and, second, how these alterations affect postnatal cognitive and social behaviors along 
the neurodegenerative process. Thus, in order to study the impact of the lack of the CCP1 enzyme on behavioral 
development and cerebellar histology we used this well-established model25,33,34. For the study of microtubules 
dynamics and morphology we generated a CCP1 KO mouse line that mimics the pcd mutation32.

The main goal of this work is to understand the influence of microtubule dynamics and structure on cerebellar 
development and function, especially in Purkinje cells. To do this, we first studied the effects the lack of a func-
tional CCP1 enzyme has on microtubule dynamics and structure in a generated CCP1 KO mouse line. We then 
analyzed the impact of microtubule alterations on PCs morphology and on general cerebellar structure in the 
original PCD mouse, which has a spontaneous deletion of the CCP1 enzyme. Finally, we analyzed in these PCD 
mice the effect of progressive cerebellum degeneration on motor, cognitive, and social processes by means of an 
animal model lacking the CCP1 enzyme.

Results
Effect of pcd mutation on microtubule dynamics and structure. The lack of CCP1 induces an 
over-polyglutamylation of microtubules in the brain24, which may influence their interaction with different pro-
teins including severing and motor proteins35,36. However, the effect on microtubule dynamics is poorly under-
stood. To address this, we studied the microtubules of mouse embryonic fibroblasts (MEFs) lacking the CCP1 
enzyme, which we named PCD microtubules (Fig. 1). Results showed (Table 1) that “growing rate” (p = 0.022) 
and “catastrophe frequency” (p = 0.012) were significantly increased in the PCD microtubules (Fig. 1A–C). 
Regarding microtubule curvature, PCD microtubules were more curved than the controls (p = 0.003; Fig. 1D–F). 
In parallel, the curvature of trajectories was also increased in PCD microtubules (p = 0.024; Fig. 1G–I). The lack 
of the CCP1 enzyme increased the instability of microtubules and influenced microtubule flexibility, thus affect-
ing their trajectories.

Morphological changes in the main dendrite of PCs begin during the pre-neurodegeneration.  
Microtubules are essential for maintaining neuronal shape13,37. Therefore, to understand the impact of these 
microtubular defects, we analyzed the morphology of PCs (Fig. 2A; Table 2) during different stages of PCD post-
natal development: (1) P7, where no defects have been previously described, (2) P15 and P17, to characterize the 
pre-neurodegenerative stage and (3) P22 and P30, to characterize the neurodegenerative stage, when PCs disap-
pear. Results showed that morphological changes of the main dendrite length (P7, p = 0.483; P15, p = 0.393; P17, 
p = 0.028; P22, p = 0.043; P30, p = 0.027) and width (P7, p = 0.379; P15, p = 0.007; P17, p = 0.017; P22, p = 0.695; 
P30, p = 0.020) began during pre-neurodegeneration (Fig. 2B,C), both parameters decreased in PCD mice. By 
contrast, a reduction of the dendritic arbor length - molecular layer thickness - (P7, p = 0.361; P15, p = 0.064; 
P17, p = 0.704; P22, p = 0.041; P30, p = 0.030) and of the soma size (P7, p = 0.484; P15, p = 0.466; P17, p = 0.085; 
P22, p = 0.008; P30, p = 0.001) was observed later, during the neurodegenerative stage (Fig. 2D,E). Hence, micro-
tubule instability may induce morphological alterations of the PCs throughout late postnatal stages of cerebellar 
development, before the beginning of neurodegeneration.

TUNEL analysis revealed general neuronal death in the cerebellum of PCD mice. The Nna1/
Ccp1 gene mutation is known to affect all neuronal populations of the cerebellum24,25,27. However, apart from 
PC loss, the progression of cell death of other cerebellar neuronal populations of the PCD mouse has not been 
previously characterized. Therefore, we monitored the death of the three main neuronal populations of the 
cerebellum: the molecular layer cells, the PCs and the granular layer cells (Fig. 3). Results confirmed that the 
PCs began to die in the PCD mouse from P22 and onwards, resulting in a process of cerebellar degeneration 
(P7, p = 0.276; P15, p = 0.073; P17, p = 0.444; P22, p = 0.004; P30, p = 0.012; Fig. 3D. We also found an increase 
in cellular death during the same period in both the molecular (P7, p = 0.168; P15, p = 0.411; P17, p = 0.302; 
P22, p < 0.001; P30, p = 0.010; Fig. 3C) and granular layers (P7, p = 0.581; P15, p = 0.960; P17, p = 0.346; P22, 
p = 0.029; P30, p < 0.001; Fig. 3E). The neuronal nature of apoptotic cells in the three cerebellar layers was con-
firmed using TUNEL/NeuN and TUNEL/PV immunofluorescence colocalization (Fig. 3A,B). In summary, the 
initial symptoms of the breakdown of cerebellar structure are seen in the main dendrite of PCs. Following on, the 
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morphological defects extend to the whole neuron, altering both the general dendritic arbor and soma. At the 
same time, there is a progressive and general neuronal loss in the other two layers resulting in a general break-
down of the cerebellum.

Figure 1. Effect of pcd mutation on microtubule dynamics and structure (mean ± SEM). (A and B) manual and 
automatic analyses of microtubules growth and shrinking rates; in both analysis PCD microtubules showed an 
increase in growing rate. (C) Catastrophe frequency analysis; an increase in the frequency of catastrophes in 
PCD microtubules is demonstrated. (D–F) Analysis of WT (D) and PCD (E) microtubules curvature and its 
graphical representation (F); an increase in the curvature of PCD microtubules can be observed. (G–I) Analysis 
of WT (G) and PCD (H) microtubule trajectory curvature and its graphical representation (I); an increase in 
the trajectory curvature of PCD microtubules can be observed. *p < 0.05.

Microtubules dynamics and structure

WT PCD

Growing rate 10.62 ± 0.34 14.20 ± 1.69*
Shrinking rate 16.24 ± 1.67 21.90 ± 2.51

Growing length 2.66 ± 0.10 2.72 ± 0.14

Shrinking length 1.73 ± 0.18 1.81 ± 0.15

Catastrophe frequency 0.09 ± 0.01 0.15 ± 0.02*
% Growing 92.05 ± 0.65 91.20 ± 1.25

% Shrinking 7.67 ± 0.63 8.59 ± 1.19

% Pause 0.28 ± 0.07 0.22 ± 0.10

MTs curvature 3.39 ± 0.37 5.58 ± 0.74**
MTs trajectory curvature 1.20 ± 0.13 1.83 ± 0.16*

Table 1. Quantification of WT and PCD microtubule dynamics and structure. *p < 0.05; **p < 0.01.
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Motor coordination is only affected during the neurodegeneration. Data from the rota-rod test 
(Fig. 4A,B) showed that motor performance of the PCD mouse was not affected during pre-neurodegeneration 
(P15, p = 0.677 and P17, p = 0.398; Fig. 4B), but impaired during neurodegeneration; i.e. at P22 (p < 0.001) and 
P30 (p < 0.001; Fig. 4B). Thus, motor coordination is affected only during PC loss, but not prior to this.

Home-cage behavior is altered in PCD mice before PC death. Results of the home-cage behavior 
test showed no differences between genotypes regarding the time spent displacing, during any of the develop-
mental stages, which indicated that the pcd mutation did not affect general movement (Fig. 4D). Concerning 
grooming time, no differences were found during pre-neurodegeneration (Fig. 4E), but it did decrease during 

Figure 2. Morphological analysis of the PCs during postnatal development (mean ± SEM). (A) Micrographs of 
the PCs at different ages as seen with anti-calbindin immunofluorescence (Cb-28k; red). (B–E) Charts showing 
the quantification of the studied parameters; note that morphological alterations appear from P15 and onwards, 
with the soma area/size and the dendritic arbor length being the last to be significantly modified. n = 4 per 
experimental group. *p < 0.05; **p < 0.01.
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neurodegeneration in the PCD mice (P15, p = 0.444; P17, p = 0.535; P22, p = 0.005; P30, p < 0.001). Interestingly, 
environmental exploratory behavior - rearings - was also reduced in PCD mice compared to the controls dur-
ing both pre- (P15, p = 0.042; P17, p < 0.001) and neurodegeneration (P22, p = 0.985; P30, p = 0.005; Fig. 4F). 
Surprisingly, at P22 no changes were found in this exploratory behavior of PCD mice.

Long-term memory is only affected in late neurodegenerative stages. The results of the novel 
object recognition test showed that wild-type (WT) mice at all ages spent a large percentage of time exploring 
new rather than familiar objects (Fig. 5; P17, p = 0.016; P22, p = 0.004; P30, p = 0.001), indicating a normal mem-
ory recognition. Similarly, PCD mice also presented the same behavior at P17 (p = 0.016) and P22 (p = 0.010). 
However, at P30 no differences were detected in the PCD mice regarding the percentage of time spent exploring 
both types of objects (p = 0.497), suggesting a deficit in object memory recognition at this age.

The number of visits to both objects at P30 was further analyzed to avoid possible biases derived from motor 
alterations in PCD mice. Results did not show differences between the genotypes (Fig. 5E), thus discarding any 
effects of ataxia in PCD mice, with respect to moving within the plastic box and exploring the objects, and vali-
dating the previous result.

Social preference is affected in PCD mice because of cerebellar pre-neurodegeneration. The 
results of the social preference test revealed that WT mice at all ages spent a larger percentage of time explor-
ing the chamber containing other mouse rather than the chamber containing an object (P15, p = 0.028; P17, 
p = 0.042; P22, p = 0.001; P30, p < 0.001; Fig. 6), indicating a preference for social contact. However, PCD mice 
spent the same percentage of time exploring both chambers at all ages (P15, p = 0.305; P17, p = 0.328; P22, 
p = 0.272; P30, p = 0.812; Fig. 6). Thus, the pre-neurodegenerative changes observed prior to the breakdown of 
cerebellar structure seem to be enough to induce social deficits.

In conclusion, the behavioral analysis of PCD mice strongly suggests a close relationship between cerebellar 
function and cognition. Moreover, the progression of the cerebellar alterations increasingly impaired the perfor-
mance of cognitive and affective tasks.

Discussion
One of the main obstacles to establishing a relationship between the cerebellum and cognitive and social pro-
cesses is the lack of studies analyzing the impact of progressive cerebellar defects on non-motor behavior. Also, 
this association has only been studied over short time frames. Here, to allow for a better understanding of this 
relationship, our results will be discussed chronologically based on their appearance throughout postnatal devel-
opment in normal and PCD mice. The relevant order includes the first week of postnatal development (P7), then 
during the pre-neurodegenerative stage (P15–P17), and finally during the neurodegenerative stage (P22–P30). 
Thus, a temporal pattern is presented, characterizing the microtubule alterations observed in the PCD mouse, the 
progression of the cerebellar defects, and the influence of these alterations on motor and non-motor behaviors.

To understand the importance of the CCP1 enzyme in cerebellar development, the effect of the lack of this 
enzyme on microtubule dynamics and the structure of fibroblasts was initially studied, as the in vitro model 
available was able to provide insight into the structure and dynamics of this cellular component. While previous 
results have demonstrated that the lack of CCP1 enzyme increases microtubule polyglutamylation24, here it is 
shown that the lack of this de-polyglutamylase affects microtubule stability and flexibility. Microtubules are more 
unstable at the growth cones, which consequently increases their catastrophe frequency, an essential process for 
normal neuronal development38,39. Additionally, certain factors related to neuronal migration and development 
preferentially bind to curved microtubules40–43. Therefore, microtubule dynamics and curvature seem to have a 
different pattern during neuronal development and maturation, being more dynamic and curved during develop-
ment and stable and rigid during maturation. The microtubules of PCD mice are likely very similar to those found 
in developing neurons, in terms of dynamics and structure. In WT mice, CCP1 expression increases at P15 in the 
cerebellum29, that is, at the beginning of the pre-neurodegeneration stage of the PCD mouse26,29. Precisely, during 
this short time frame, the growth of the dendritic arbor of PCs is completed and the process of maturation and 
remodeling takes place44,45. Thus, microtubule polyglutamylation seems to be essential during cerebellar develop-
ment, and a reduction of this post-translational modification seems to be necessary at the end of neuronal growth.

PCs morphology

WT PCD

P7 P15 P17 P22 P30 P7 P15 P17 P22 P30

Main dendrite 
length (µm) 15.99 ± 1.08 24.12 ± 2.24 27.22 ± 2.04 32.49 ± 2.67 31.31 ± 2.37 17.70 ± 2.22 27.25 ± 2.57 20.75 ± 0.96* 25.27 ± 0.94* 21.12 ± 2.38*

Main dendrite 
width (µm) 3.61 ± 0.25 3.61 ± 0.12 3.68 ± 0.09 2.75 ± 0.11 3.24 ± 0.32 3.24 ± 0.32 2.81 ± 0.16** 3.06 ± 0.17* 2.88 ± 0.29 1.97 ± 0.31*

Dendritic 
arbor length 
(µm)

52.42 ± 2.41 104.26 ± 1.84 108.51 ± 9.30 123.25 ± 2.01 112.54 ± 8.66 45.43 ± 4.06 93.00 ± 5.37 112.64 ± 8.77 109.54 ± 4.16* 84.59 ± 10.74*

Soma area 
(µm2) 119.78 ± 6.07 131.79 ± 4.23 130.87 ± 4.61 130.47 ± 4.11 139.34 ± 6.23 126.28 ± 6.21 139.27 ± 9.08 146.09 ± 8.27 110.89 ± 3.98** 71.80 ± 13.11**

Table 2. Quantification of the PCs morphology of both WT and PCD mice. *p < 0.05; **p < 0.01.
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Then, the microtubule over-polyglutamylation occurring in the PCD mouse triggers the pre-neurodegeneration 
and the loss of the PCs from P18 and onwards25,26,29. Conversely, at P7 no differences were observed in the mor-
phology of the PCs between genotypes, the general structure of the cerebellum was apparently unaffected. Since 
neuronal migration and growth occur in the normal cerebellar cortex during this first postnatal week46, it appears 
that the pcd mutation (i.e., microtubule over-polyglutamylation) does not affect the initial perinatal stages of 
cerebellar cortex formation. CCP1 activity is extremely low during the first two postnatal weeks (it significantly 
increases at P15)29 thus, our data support the idea that microtubule polyglutamylation is essential during early 
cerebellar development, but deleterious for establishing a mature pattern. Therefore, the fine-tuning of microtubule 
polyglutamylation has a major role in cerebellar postnatal development.

In order to understand the influence of the cerebellum on cognitive and social behavior, different authors have 
analyzed the effects of different cerebellar alterations in animal models14,15. However, to our knowledge, there are 
no studies that have attempted to analyze progressive cerebellar alterations throughout postnatal development to 
understand the normal cerebellar function.

Morphological defects in the PCs of different psychiatric and neurodevelopmental disorders have been 
recently described47–49, but the direct effect of alterations in the morphology of PCs on non-motor behavior is 
not known. We demonstrate that prior to the breakdown of cerebellar structure (during pre-neurodegeneration, 

Figure 3. Analysis of apoptosis along cerebellar postnatal development. (A) Micrograph of a Purkinje cell 
labeled with parvalbumin (PV, red) and TUNEL (green) in a PCD mouse. (B) Micrograph of an interneuron of 
the molecular layer labeled with NeuN (red) and TUNEL (green) in a PCD mouse. (C–E) Charts showing the 
quantification of TUNEL-positive cells in the three cerebellar layers (mean ± SEM). An increase in the number 
of apoptotic cells can be observed from P22 and onwards in the three cerebellar layers of the PCD mice. n = 4 
per experimental group. *p < 0.05; **p < 0.01.
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when no motor defects were detected), morphological alterations in the main dendrite of PCs and social and 
environmental exploratory behavioral disabilities occur simultaneously (both at P15 and P17). In psychiatric and 
neurodevelopmental disorders, such as autism or schizophrenia that can often exhibit severe symptoms of social 
disability, have been related to cerebellar alterations8–12,15. Furthermore, PC loss is the most common anatomo-
pathological change found in autistic patients47, and even in those cases where no loss of PCs was observed, mor-
phological defects were still found48. Also, in accordance with our results, environmental exploratory defects have 
been previously associated with cerebellar alterations50–52. A possible explanation for these impairments is that 
alterations in dendritic morphology influence the electrophysiological activity of neurons, including the PCs53,54. 
More precisely, defects in the PCs axial resistance, which directly depends on dendritic length and width, disrupt 
the synaptic integration in PCs53, as previously hypothesized55,56. Hence, it is plausible to relate the progressive 
extinction of Purkinje cells in PCD mice to the progressive alteration of the behaviors analyzed (see below).

During the cerebellar degeneration that occurs in PCD mice, neuronal death takes place throughout the three 
cerebellar layers. Previous studies assumed that in the PCD animal, the loss of neuronal populations of the gran-
ular and molecular layers is residual and delayed in time, in comparison to the death of PCs25; however, the 

Figure 4. Analysis of motor coordination and home-cage behavior along postnatal development 
(mean ± SEM). (A,B) Representation and quantification of the rota-rod test. (C–F) Representation and 
quantification of the parameters analyzed in the home-cage behavior test; i.e. time for grooming, time of 
environmental exploratory behavior and time displacing. Note the differences derived from the pcd mutation 
for all parameters, except for displacement. n = 8–9 per experimental group. *p < 0.05; **p < 0.01.
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progression of their death has never been characterized. Our results demonstrate that this neuronal loss pro-
gresses at the same time as the loss of PCs, indicating a simultaneous decline in all three layers in the cerebellum 
of the PCD mouse.

During neurodegeneration, the morphological alterations of the PCs worsen, with the most evident changes 
linked to the length and width of the main dendrite, the soma area and the dendritic arbor length. In parallel, 
the defects observed in social preference and environmental exploratory behavior also persist during this stage 
in the PCD mouse. Alterations in these behaviors have been described in both animal and human studies with 
cerebellar impairments8–10,57–59. It was observed that these alterations may be due both to neuronal loss and to PC 
malfunction. Interestingly, we saw that ataxia did not bias the results of the cognitive/social tasks performed by 
the PCD mice, and during neurodegeneration grooming was found to be reduced. In contrast, this behavior has 
been previously shown to increase in animal models of specific PC loss15, being more so in models presenting a 
general alteration of the cerebellum58. Accordingly, during grooming behavior there is an increase in the activity 
of both granule cells60 and PCs59. Consequently, grooming may be affected differently depending on whether 
the cerebellar alterations affect the PCs, granule cells or both. Thus, the severity of cerebellar defects helps to 
understand the relationship between the cerebellum and grooming. Although grooming is a very complex motor 
task, we cannot discard the possibility that the motor defects caused by cerebellar alterations have influenced the 
observed behavioral changes.

Interestingly, general changes in cerebellar structure in the PCD mouse, which disrupt recognition memory, 
only occurred at P30 when most of the PCs are lost. The cerebellum has been associated with procedural learn-
ing and memory61,62, and current neuroimaging studies have also described activation of the cerebellum during 
non-procedural memory tasks63–65. These works, however, did not study the impact of the progression of the 
breakdown of cerebellar structure on recognition memory. According to our results, cerebellar alterations lead 
to the impairment of recognition memory in PCD mice, and during neurodegeneration both the cerebellar and 
behavioral defects become worse. Therefore, these results suggest a correlation between the progression of the 
breakdown of the cerebellar structure and the severity of the defects related to performing cognitive and affective 
tasks. Then, a healthy, typical cerebellar structure is necessary to execute specific cognitive and affective tasks.

Figure 5. Analysis of the novel object recognition test along postnatal development. (A) Schematic 
representation of the test and the objects employed. (B–D) Analysis of the percentage of time exploring familiar 
and novel objects at different ages for both WT and PCD mice (mean ± SEM); a lack of preference for the 
new object is seen in PCD mice at P30. (E) Quantification of the number of visits to both objects at P30; no 
differences were observed. n = 8–9 per experimental group. *p < 0.05; **p < 0.01.
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In conclusion, polyglutamylation affects microtubules dynamics and structure, and its modulation is essential 
throughout normal cerebellar development. During the first two postnatal weeks, when the PCs are still migrat-
ing and growing, microtubules instability is crucial. However, a pathologically extended instability of microtu-
bules (triggered by the pcd mutation) affects the morphology and survival of PCs, which are vital for the correct 
functioning of the cerebellum. In this sense, cerebellum plays an important role in cognitive and affective func-
tions, since the progressive breakdown of the cerebellar cortex in PCD mice is directly related to the increasing 
severity of cognitive and affective impairments.

Material and Methods
Animals. Both WT and PCD mice from the C57/DBA strain were used and purchased from The Jackson 
Laboratory, Maine, USA. For in vitro studies, MEFs were prepared from both WT and CCP1-KO embryos (see 
below). The embryos were separated into groups depending on their genotype (WT or PCD; n = 3 embryos per 
group). For in vivo studies, animals were separated into groups depending on their genotype and age at the time 
of analysis: P7, P15, P17, P22 and P30 (n = 4 per age and genotype) for the immunohistochemical analyses; and 
P15, P17, P22 and P30 (n = 8–9 per genotype) for the behavioral analyses.

Since PCD and CCP1-KO animals are not fertile, heterozygous mice were mated, and the embryos or new-
born mice were genotyped (see below and28).

Animals were housed, handled and sacrificed per the guidelines established by European (2010/63/UE) and 
national legislations (Spanish RD53/2013 and Law 32/2007; French permit n°38 07 11). Every effort was made to 

Figure 6. Analysis of the social preference test during postnatal development. (A) Diagram of test performance. 
(B–E) Charts showing quantification of the percentage of time spent exploring the chambers containing either 
the intruder animal or an object for both WT and PCD mice at different ages (mean ± SEM). Note that PCD 
mice, contrary to the WT, spent the same amount of time exploring both chambers. n = 8–9 per experimental 
group. *p < 0.05; **p < 0.01.
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minimize the number of animals used and their suffering. This study was approved by the Bioethics Committee 
of the University of Salamanca.

Generation of CCP1 KO mice. The conditional mutant mouse line for CCP1 (on exons 20 and 21) was 
established and generated at the Mouse Clinical Institute (MCI, Illkirch, France) to study microtubules dynamics 
and structure. The targeting vector was constructed as follows. The 5′ (4.5 kb), 3′ (1.4 kb) and inter-loxP (1.9) 
fragments were polymerase chain reaction (PCR) amplified and sequentially subcloned into an MCI proprietary 
vector containing the LoxP sites and a Neo cassette flanked by Flippase Recognition Target (FRT) sites (Fig. 7). 
The linearized construct was electroporated in 129S2/SvPas mouse embryonic stem (ES) cells. After selection, tar-
geted clones were identified by PCR using external primers and further confirmed by Southern blot with 5′ and 3′ 
external probes. Two positive ES clones were injected into blastocysts, and derived male chimaeras gave germline 
transmission. The excision of the neomycin-resistance cassette was performed in vivo by breeding the chimeras 
with a Flp deleter line (C57BL/6 N genetic background FLP under ACTB promoter). The Flp transgene was segre-
gated by breeding the first germ line mice with a wild type C57BL/6 N animal. For generation ccp1 KO, ccp1 floxed 
mice were crossed with transgenic mice expressing Cre recombinase under the control of a CMV promoter.

Genomic DNA isolated from mouse tail snip was analyzed by PCR. Mice were genotyped by PCR according 
to MCI protocols using GoTag polymerase (Promega) and 33 amplification cycles. The three primer pairs listed 
below were used to define the genotypes.

 (1) Ef: GTACACAGACTTTTAGGCTAATCTC
Er: ACTTCCACATCTGCACTGTGGACAG

 (2) Lf: CATAAGAACCAGGTTCATTCTGTCC
Lr: TAGCATCATGTTAAAACTCCCTCCT

 (3) Lf: CATAAGAACCAGGTTCATTCTGTCC
Er: ACTTCCACATCTGCACTGTGGACAG

Cell culture and transfection. For in vitro analysis of the microtubules, MEFs from the CCP1 KO 
line were prepared as previously described66. To visualize the microtubules, MEFs were transfected using the 
NucleofectorTM Kits for MEFs (Amaxa Biosystems) with GFP-EB3 (to visualize microtubules (+)-ends; provided 
by N. Galjart, Erasmus Medical Center, Rotterdam, The Netherlands) and m-cherry α-tubulin (to visualize the 
entire microtubules; provided by F. Saudou, Curie Institute, Paris, France) plasmids.

Video microscopy. Video time-lapses of transfected MEFs were captured with an inverted microscope 
(Axiovert 200 M; Carl Zeiss, Oberkochen, Germany) and a 100× NA 1.3 Plan-Neofluar oil objective controlled 
by MetaMorph software (MDS Analytical Technologies, Sunnyvale, CA, USA). Images were taken every three 
seconds for 5 minutes. All images were captured with a charge-coupled device camera (CoolSNAP HQ; Roper 
Scientific, Sarasota, Florida, USA).

Microtubule dynamics and structure analysis. For the analysis of the microtubule dynamics the plusT-
ipTracker software67 and the GFP-EB3 video time-lapse images were employed. We first adjusted the accuracy of 
the GFP-EB3 detection, and then analyzed the following parameters: growing and shrinking speed; growth and 
shrinking mean length; percentage of time in pause, growing and shrinking; distribution of microtubules based 
on their speed and length; catastrophe frequency and rescue frequency. These parameters were chosen based on 

Figure 7. Schematic representation in scale of the targeting vector used and all the possible alleles for CCP1 
gene. Orange bar: genomic DNA. Black boxes: exons with their corresponding number. Green and purple 
arrowheads: LoxP and Flp sequences, respectively. White bar: neo cassette, with the neomycin resistance gene 
(white box). Blue lines: zone of sequence homology for homologous recombination, with the corresponding size 
in kbp. Black arrowheads: primers used for the PCR genotyping.
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previous studies68,69. To ensure the accuracy of the analysis, we compared the growing speed data obtained both 
automatically and manually.

The microtubule curvature analysis was performed using the first image of each video time-lapse with 
m-cherry α-tubulin. Additionally, with the GFP-EB3 labeling experiment we obtained the maximum projection 
of the entire video time-lapse, allowing us to reconstruct the trajectories of the microtubules, whose curvature 
was also analyzed. Thus, the curvature of microtubules was analyzed both in a static way and within their trajec-
tory of movement.

Curvature (k) was determined using the Mathematica software (Wolfram Research Europe, UK). After obtain-
ing the equation of each microtubule with a spline cubic interpolation, the general formula of curvature70 was 
employed to analyze each microtubule (equation 1):

=
′ ″ − ′ ″

′ + ′
k x y y x

x y( ) (1)2 2 3/2

where (equations 2, 3, 4 and 5)

′ =x dx
dt

, (2)

″ =x d x
dt

,
(3)

2

2

′ =y dy
dt

, (4)

″ =y d y
dt

,
(5)

2

2

i.e., the first ( ′ ′x y, ) and second ( ′′ ′x y, ) derivatives at each point.

Tissue extraction and preparation for in vivo studies. To analyze the effect of the pcd mutation on 
the PCs morphology and the general cerebellar structure in vivo, animals were anesthetized and intracardially 
perfused with Somogyi’s fixative without glutaraldehyde (5 ml/g body weight), as previously described 26Cerebella 
were sectioned sagittally at 30 µm thick using a freezing microtome (Leica Jung SM 2000, Nussloch, Germany), 
as previously described71–73. The histological analyses were focused on the vermis using three sections per animal 
(separated by 180 µm each), with a total of five animals per genotype and age. All values represent the mean count 
of the three sections analyzed.

Immunofluorescence. Sections were incubated with the primary antisera at 4 °C during 72 h, as previously 
described74. The antibodies employed were mouse anti-calbindin (Cb-28k 1:1,000; Swant, Switzerland), mouse 
anti-parvalbumin (PV 1:1,000; Swant, Switzerland) and mouse anti-NeuN (1:8,000; Merck Millipore, Darmstadt, 
Germany). Appropriate secondary antibodies conjugated with Cy2 or Cy3 (1:500; Jackson Laboratories, West 
Grove, PA, USA) were used. Sections were counter-stained with DAPI (1:30,000; Sigma Aldrich) to identify 
the cell nuclei. Antibodies were selected based on their selectivity to identify different neuronal populations. 
Calbindin is a well-known calcium-binding protein that label the whole PCs46,75,76, allowing us to analyze the PCs 
morphology. In addition, parvalbumin stains both PCs and interneurons in the molecular layer46. Finally, NeuN 
was used to counterstain whole cerebellar nuclei during cell counting, ensuring no biases were made due to the 
lack of immunolabeling during degeneration.

Terminal Deoxynucleotidyl Transferase-Mediated Fluorescein dUTP Nick-End Labeling 
(TUNEL) detection. To study apoptosis throughout cerebellar postnatal development, the TUNEL tech-
nique was used as previously described29,74. To determine the neuronal nature of apoptotic cells, the TUNEL was 
combined with immunohistochemistry against NeuN or PV. Finally, both TUNEL and immunohistochemistry 
were revealed using Cy2-streptavidin and Cy3-secondary antibodies, respectively.

Morphological analysis of PCs. Morphological analysis of the PCs was made using sections immunos-
tained for Cb-28k from P7 to P30. To avoid possible biases, only those Purkinje cells containing the soma and a 
clear dendritic arbor were analyzed. Also, all Purkinje cells fitting this criterion were analyzed in three cerebellar 
sections per animal (separated by 180 µm each). The final value for each animal used to compare was the mean 
of all Purkinje cells analyzed in these three sections. The morphological parameters studied were selected in 
basis to its meaning for PCs function77,78: (1) the length and width of the main dendrite; (2) the length of the 
dendritic arbor of the PCs (measured indirectly through the molecular layer thickness); and (3) the soma size. 
Morphological analyses were carried out with the Neurolucida (MBF Bioscience, Williston, Vermont, USA) and 
ImageJ (NIH, USA) software, as previously described77.
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Behavioral analyses. We characterized the effects of progressive cerebellar defects on motor, cognitive, 
and social processes. Behavioral analyses were performed at P15, P17, P22 and P30, encompassing both the 
pre-neurodegenerative (P15–P18) and neurodegenerative (P18–P30) stages. All devices employed were cleaned 
with 96% (v/v) ethanol before and after each session.

The rota-rod test was used to characterize motor coordination. It was performed as previously described79, 
with an acceleration of 0.6 rpm/s, from 4 to 40 rpm, in 10 min.

The home-cage behavior analysis was used to characterize general behavior. Animals were placed each day 
in the home-cage for 10 min and allowed to freely explore. Afterwards, the animals’ behavior was observed for 
10 min, during which time the following parameters were recorded manually: (1) grooming time (stereotyped 
behavior); (2) number of rearings (environmental exploratory behavior) and (3) time moving (general move-
ment). Each animal was assigned to an individual home-cage to avoid the influence of odor from the other 
animals.

The novel object recognition test was used to analyze recognition memory. The test was performed in the same 
home-cage used described above to help the animals to become habituated. On the first day, at P15, animals were 
placed in the home-cage with two identical objects (A and A) for 10 min. Then, for each of the following sessions 
(at P17, P22 and P30) the animals were placed in the home-cage with: (1) the familiar object (A) and (2) a new 
object (B, C, and D, respectively for each of the different ages; see Fig. 5). The objects were placed in opposite 
corners of the home-cage, the time interacting with each object was measured and their ratio was calculated.

The social preference test was performed in a white Plexiglas® box (50 × 29 cm) divided into three chambers. 
The social preference test was performed as previously described80–82. On each test day, a mouse could explore the 
box for 10 min. Then, the animal was removed from the box and a different mouse, of the same age and sex, was 
placed in one of the lateral chambers under a drilled pencil cup. On the other side of the box, an object was placed 
in the other lateral chamber, also under a drilled pencil cup. The original mouse was then returned to the box and 
the percentage of time spent exploring each lateral chamber and each pencil cup was analyzed.

Statistical analysis. For data analysis, the Student’s t-Test was performed. For histological analysis, both 
genotypes were compared for each age. For behavioral analysis, the parameters analyzed and the different con-
frontation variables are described in each behavioral procedure. All analyses were performed with the SPSS sta-
tistical package software (IBM, NY, USA).
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