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Abstract
Climbing fibers (CFs) are an integral part of the cerebellum and play a crucial role in synaptic 

plasticity, motor function, and balance. Aberrant CF-Purkinje cell innervation contributes to disease, 

as previously shown in a mouse model of spinocerebellar ataxia 23 (SCA23). These PDYNR212W 

mice express elevated mutant Dynorphin A levels. To further study the origin of the vermal CF 

neuropathology of SCA23, PDYNR212W mice were investigated from 2 to 8 weeks of age. A reduction in 

CF-PC synapses was observable at 2 weeks of age, and a loss of vGlut2 by 8 weeks of age. Following 

the loss of vermal CFs, the parallel fiber marker vGlut1 increased. PDYNR212W mice also showed 

dysregulation of major Ca2+ channel subunits in the vermis, which may contribute to altered Ca2+ 

transients in Purkinje cells. These findings suggest that developmental anomalies contribute to the 

neuropathology of SCA23 and imply a role for PDYN in neurodevelopment. 

Keywords: prodynorphin; climbing fibres; glutamate; neurodevelopment; spinocerebellar ataxia
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Introduction
Synaptic plasticity is of great importance to the functioning of the cerebellum; it has long been 

thought to be the molecular mechanism of motor functioning and learning1–4. Climbing fibers (CFs) 

and parallel fibers (PFs) are the excitatory inputs of the cerebellum, and synapse upon the singular 

output of the cerebellum, the Purkinje cell (PC)5,6. CFs are a crucial part of the cerebellar machinery, 

as they exert enormous control over the synaptic plasticity of the PFs1,3,7,8. In order to maintain the 

delicate balance of synaptic plasticity, both CFs and PFs have their own PC dendrite territories. CFs 

populate the proximal PC dendritic tree, whereas the PFs synapse upon the distal PC dendritic tree5,6. 

CFs and PFs compete for PC territory throughout life, and loss of one of these types of fibers leads 

to an increase in the other9,10. Alterations in components of this process lead to synaptic deficits in 

several mouse models suffering from ataxia and absence seizures11,12. To date, CF deficits have been 

observed in the neurodegenerative disorder spinocerebellar ataxia (SCA), including SCA2313–17.

We identified mutations in PDYN that induce PC loss and motor dysfunction in humans, causing 

SCA2318. PDYN encodes the opioid precursor protein Prodynorphin (PDYN), which is processed into 

the opioid peptides α-neoendorphin, Dynorphin A (Dyn A), and Dynorphin B19,20. Dynorphins act 

mainly upon the opioid receptors, where they regulate pain, substance dependence, and stress-

induced responses21–23. However, Dyn A also exhibits a neurotoxic effect: elevated levels cause 

allodynia, paralysis and neuronal loss in the murine spinal cord22–25. In these conditions, Dyn 

A very likely interacts with N-methyl-D-aspartate receptors (NMDA-Rs), α-amino-3-hydroxy-5-

methylisoxazole-4-propionate receptors (AMPA-Rs), and acid-sensing ion 1a channels26–28 instead 

of its native opioid receptors.

Recently, we demonstrated that elevated levels of mutant Dyn A cause CF-PC synapse loss in a 

mouse model of SCA2317. Since CF-PC synapse loss was already observable at 3 months of age in 

PDYNR212W mice, and coincided with marked alterations in the expression of opioid receptors and 

components of the glutamatergic system, we speculated that neuropathological deficits could 

occur earlier than 3 months of age and that altered intracellular calcium signaling may contribute 

to this deficit. To elucidate the molecular onset of disease, we studied the neuropathology and 

expression of the major Ca2+ subunits in the SCA23 vermis spanning the period of CF maturation at 

3 weeks of age, namely at 2, 3, 4 and 8 weeks of age. Here, we describe the early molecular changes 

observed in our PDYNR212W mice.

Results
Early loss of vGlut2 leads to developmental abnormalities in PDYNR212W mice

As previously described, we have identified marked CF deficits in vermal lobules II, IV/V, VI and IX 

of 3-month-old PDYNR212W cerebella17. Since CF synapses mature at 3 weeks of age in mice29, and CF 

deficits have been identified as early as 6 weeks of age in a mouse model of SCA114, we hypothesized 
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Figure 1. PDYNR212W mice show developmental climbing fiber deficits
The distribution of climbing fibers (CF) over Purkinje cell (PC) dendritic tree in the vermis was assessed by vGlut2 
and calbindin immunostaining, respectively. (A) Representative confocal images of vermal lobule IV/V of control, 
PDYNWT and PDYNR212W mice at 3 weeks of age stained with anti-calbindin antibody (in magenta) and anti-vGlut2 
antibody (in cyan). (B) Quantification of the relative height of vGlut2 compared to calbindin staining in vermal 
lobules I, II, III, IV/V,VI, IX, and X of control, PDYNWT and PDYNR212W mice of 2 and 3 weeks of age (n=4–7, per 
genotype). At 2 weeks of age, PDYNR212W mice show significant loss of CF-PC synapses in all lobules except lobule 
X. At 3 weeks of age, lobule X also displayed reduced CF-PC synapses in PDYNR212W mice. (C) Quantification of 
the relative height of vGlut2 compared to calbindin staining in vermal lobules I, II, III, IV/V,VI, IX, and X of control, 
PDYNWT and PDYNR212W mice of 4 and 8 weeks of age (n=4–7, per genotype). All lobules showed reduced CF-PC 
synapses in PDYNR212W mice at 4 weeks of age, while at 8 weeks of age, significance in lobule IX was lost. * p < 0.05, 
** p < 0.01, *** p < 0.001, and **** p < 0.0001
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Figure 2. Altered vGlut1 protein levels support developmental abnormalities in the vermis of PDYNR212W 
mice
The left panel shows representative immunoblots of control, PDYNWT, and PDYNR212W vermal protein lysates, 
stained or vGlut1 and actin. The right panel shows quantification of these immunoblots using ImageLab 
software. vGlut1 protein levels were increased in PDYNR212W at 2, 3, and 4 weeks compared with control mice and 
at 2, 4, and 8 weeks of age compared with PDYNWT mice. 
# 0.10 > p > 0.05, * p < 0.05, ** p < 0.01
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that these neuropathological deficits may also occur earlier than 3 months of age. Therefore, to 

determine the onset of CF deficits, we studied the PDYNR212W cerebellar vermis prior to development 

(at 2 and 3 weeks of age), and after development (at 4 and 8 weeks of age). We analyzed the reach 

of CFs by examining the climbing fiber–Purkinje cell (CF-PC) synapses along the PC dendrites 

using vGlut2 as a marker for this synapse17,30 (Fig. 1A). The PC dendrites of PDYNR212W mice showed a 

significantly reduced CF reach in vermal lobules I, II, III, VI/V, VI and IX at 2 weeks of age in comparison 

to those of PDYNWT and control mice (Fig. 1B). This deficit persisted in all these vermal lobules at 3, 4 

and 8 weeks of age, and included lobule X at 3, 4, and 8 weeks of age (Fig. 1B and C). At 8 weeks of 

age, significance was lost in lobule IX (Fig. 1C). CF reach did not decline between 2 and 8 weeks of 

age, as observed previously between 3 and 12 months of age17. These data indicate that CF deficits 

occur before CF maturation, suggesting developmental abnormalities in PDYNR212W mice.

CFs and PFs are under intense competition for PC dendrite territory, and loss of CF synapses 

allows for an increase in PF synapses. This process, known as heterosynaptic competition, is 

employed during development and synaptic plasticity9. Given the striking loss of CF-PC synapses 

and vGlut2 protein levels, we hypothesized that PF-PC synapses may have increased. Therefore, 

we determined the levels of vGlut1, a marker for PF-PC synapses, and vGlut2 in the vermis of 

PDYNR212W mice. The vGlut1 protein levels were significantly increased at 2, 3, and 4 weeks of age 

in PDYNR212W compared to control cerebella, and at 8 weeks of age compared to PDYNWT cerebella 

(Fig. 2).  Notably, vGlut2 protein levels were only decreased at 8 weeks of age in PDYNR212W mice 

compared with control and PDYNWT mice (Suppl. Fig 1). The elevated levels of vGlut1 suggest that 

PFs have increased their synapse numbers in the vermis of PDYNR212Wmice, further strengthening our 

developmental anomaly hypothesis.
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Changes in NMDA-R subunits suggest altered Ca2+ signaling

Loss of vGlut2 has been shown to impair glutamatergic transmission31, and we have previously 

demonstrated changes in NMDA-R Grin2a subunit expression in PDYNR212W mice at 3 months of age17. 

Therefore, we determined the mRNA expression levels of the Grin2 NMDA-R subunits in the vermis 

of 2-, 3-, 4-, and 8-week-old PDYNWT, PDYNR212W and control mice. The expression levels of these 

subunits were relatively low and no significant alterations were detected in PDYNR212W mice (Suppl. 

Fig. 2A). We also determined the mRNA expression levels of the remaining NMDA-R subunits Grin1, 

Grin3a and -b. No alterations in Grin1, Grin3a and –b subunit expression were observed in 2-, 3-, and 

8-week-old PDYNR212W mice (Fig. 3A). However, the expression of Grin1 was significantly increased 

at 4 weeks of age in PDYNR212W mice as compared to control and PDYNWT mice (Fig. 3A), while the 

inhibitory subunits Grin3a and –b displayed significantly decreased expression (Fig. 3A). Since 

the main pathology in PDYNR212W mice is the loss of CF-PC synapses and increased PF-PC synapse 

numbers, and NMDA-Rs are not yet expressed at PF- or CF-PC synapses at 2 and 3 weeks of age29, 

it is not surprising that no NMDA subunit mRNA expression changes were detected at these ages.

VGCC dysregulation may be evidence of a compensatory mechanism for PDYN-R212W 

expression

As PDYNR212W mice suffer from a loss of vGlut2, which has been shown to be compensated by 

augmented NMDA-R activation31, we hypothesize that increased Ca2+ signaling could be beneficial 

for these mice. Additionally, voltage gated Ca2+ channel (VGCC) Cav2.1, encoded by Cacna1a (the 

SCA6 disease gene32), is crucial for proper CF maturation and regulates the expression of several PC 

developmental genes9,33. Dysregulation of Cacna1a could disrupt these processes and lead to CF 

and PC deficits11,12, and ultimately ataxia12,34–37. To investigate whether PDYNR212W mice exhibit altered 

Ca2+ signaling via VGCCs, we assessed the mRNA expression levels of the cerebellar VGCC subunits 

Cacna1a and –c, Cacna2d2 and –3, Cacnb2 and –4, and Cacng2 and –7 in the vermis of PDYNWT, 

PDYNR212W, and control mice. The mRNA level of Cacna1a was significantly increased at 3, 4, and 8 

weeks of age in PDYNR212W mice (Fig. 2B). A similar effect was observed for Cacna1c; its expression 

was increased at 2, 4, and 8 weeks of age in PDYNR212W mice (Fig. 2B). At 8 weeks of age, the expression 

of both Cacna2d2 and -3 was upregulated in PDYNR212W vermis (Fig. 2B), which was also observed for 

Cacnb2 and -4 (Fig. 2C). Additionally, Cacnb2 expression was also increased at 2 weeks of age, and 

Cacnb4 at 4 weeks of age (Fig. 2C). As these last four subunits are auxiliary subunits, regulating the 

function of Cacna1a and Cacna1c, the observed increases could be a response to the increased 

Cacna1a and Cacna1c mRNA levels. Cacng2 and Cacng7 mRNA expression was increased at 8 and 

4 weeks of age, respectively (Fig. 2E). Since γ2 and γ7 primarily regulate trafficking, localization 

and biophysical properties of AMPA-Rs38,39, we also studied the mRNA levels of Gria1-4. However, 

we found no correlation with the expression levels of Cacng2 and Cacng7 (Suppl. Fig. 1B). Taken 

together, we see the key players in CF maturation markedly upregulated in PDYNR212W vermis around 

the time of CF maturation. We therefore suggest that dysregulated Ca2+ signaling contributes to the 
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Figure 3. Altered expression of Ca2+ channel subunits suggests a compensatory mechanism in PDYNR212W 
mice
Quantification of RT-PCR data from 2, 3, 4, and 8-week-old cerebella from control, PDYNWT and PDYNR212W mice 
(n=6, per genotype). (A) At 4 weeks of age, Grin1 showed elevated expression in PDYNR212W as compared to PDYNWT 
and control mice. Simultaneously, Grin3a and –b expression was significantly reduced in these mice as compared 
to control and PDYNWT mice, respectively. For Grin3a, expression was increased in PDYNWT compared with control 
and PDYNR212W mice, but this was likely due to expression of PDYN-WT. (B) Cacna1a expression was elevated at 
3, 4, and 8 weeks of age in PDYNR212W as compared to control and PDYNWT mice, while Cacna1c expression was 
increased at 2, 4, and 8 weeks of age. In 3, 4, and 8-week-old PDYNR212W mice, Cacna2d2 was elevated, and at 8 
weeks of age, Cacna2a3 expression was elevated in PDYNR212W mice as well compared with control and PDYNWT 
mice. (C) Cacnb2  expression was increased at 2 and 8 weeks of age in PDYNR212W mice compared to both control 
and PDYNWT mice, while Cacnb4 expression was enhanced at 4 weeks of age. For Cacng2 and Cacng7, expression 
was elevated at 8, and 4 weeks of age, respectively. # 0.10 > p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, and 
**** p < 0.0001 
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CF maturation deficits and CF-PC loss in PDYNR212W cerebella. Additionally, the significant increases 

in VGCC subunits could be part of a compensatory mechanism, restoring reduced Ca2+ transients 

due to loss of vGlut2.

Discussion
Our data are the first to demonstrate a neurodevelopmental role for PDYN, as we observed 

developmental abnormalities in PDYNR212W mice that include early loss of CF-PC synapses and 

vGlut2 protein levels, and dysregulation of key VGCC subunits that are involved in CF maturation 

between 2 and 8 weeks of age. Moreover, the loss CF-PC synapses persisted up to 12 months of 

age, and likely contributes to PC degeneration17. The alterations in the number of CF-PC synapses 

and the expression of vGlut2 and vGlut1 support a loss of synaptic connectivity contributing to 

motor dysfunction and ataxia. While one study found development of the brain was not affected 

in PDYN knock down mice, the cerebellum was not studied in detail40. Our evidence leads us to 

hypothesize that PDYN has different functions in the cerebrum versus the cerebellum, and that, in 

the cerebellum, its function includes developmental aspects.

Furthermore, loss of vGlut2 in the vermis of PDYNR212W mice supports a developmental deficit 

in the cerebellum, as has been shown for the hippocampus31. A vGlut2 conditional knock out 

mouse displayed increased open-field exploratory behavior and impaired spatial learning and 

memory, a phenotype similar to that of NMDA-R knockdown mice31,41. Deficiency of vGlut2 reduces 

evoked glutamate transmission, neurotransmitter release probability, and long-term depression at 

hippocampal CA3-CA1 synapses during postnatal development. This led to a loss of arborization 

of the dendritic tree and reductions in the number of dendritic spines in adult mice, suggesting 

widespread alterations in synaptic connectivity31. We hypothesize that vGlut2 serves a similar 

purpose in the cerebellum, and vGlut2 deficiency could lead to reduced glutamatergic transmission 

and, consequently, disturbed Ca2+ signaling and malformation of PC dendrites. This hypothesis 

is strengthened by our previous observation that cultured neurons of PDYNR212W cerebella show 

reduced neuronal excitability17, which could be caused by the loss of vGlut2.  

PDYNR212W mice displayed elevated vGlut1 levels at 2, 3, and 4 weeks of age and increased 

expression levels of Cacna1a, which encodes Cav2.1, at 3, 4, and 8 weeks of age. Increased expression 

of this subunit may affect heterosynaptic competition between PFs and CFs and distal extension of 

CFs9, and could be the cause of the disturbed natural balance between vGlut1 and vGlut2 in the 

cerebellum of PDYNR212W mice. However, as Cacna1a is elevated from 3 weeks of age, the increase in 

vGlut1 at 2 weeks of age could be caused by the loss of vGlut2 at that time. Cacna1a dysregulation 

may also disrupt CF maturation, distal CF extension, and Ca2+ signaling, as Cav2.1 plays crucial roles 

in these processes9,29,42. Moreover, the C-terminal tail of the channel functions as a transcription 

factor, coordinating the expression of genes involved in PC development33. PC loss has not been 

observed until 12 months of age17, therefore altered PC development may lead to dysfunction. 
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Increased expression of Cacna1c, encoding the Cav1.2, very likely contributes to the SCA23 

pathology, as it plays significant roles in neuronal activity and survival, dendritic development, 

synaptic plasticity, memory formation, and learning43–47. Additionally, as a loss of vGlut2 could lead 

to reduced glutamatergic transmission, and consequently disturbed Ca2+ signaling, the increases in 

expression of VGCCs we detected could be a compensatory mechanism for these changes.

In PDYNR212W mice, the β2, β4, α2δ2, and α2δ3 auxiliary subunits showed increased expression, 

most likely as a consequence of increased expression of the α1 subunits. Increased expression of 

these subunits may lead to increased Ca2+ transients via prolonged opening of the VGCC channels 

and trafficking and membrane retention of α1 subunits38,42,48,49. Ultimately, this may lead to amplified 

Ca2+ signaling due to elevated Cav1.2 and/or Cav2.1 channels at the synapse, and increased 

neurotransmitter release.

Elevated expression of Cacng2 and Cacng7 in PDYNR212W cerebella suggests changes in AMPA-R 

subunit expression. The absence of consistent changes in these subunits does not exclude changes 

in the synaptic abundance of AMPA-Rs, and therefore a role for AMPA-Rs in the neuropathology 

of SCA23 cannot be excluded. NMDA-receptor signaling may be increased in PDYNR212W mice, as 

increased Grin1 expression coincided with decreased Grin3a and -b at 4 weeks of age. Grin1 encodes 

Nr1, which is responsible for trafficking and necessary for surface expression of the NMDA-R. Grin3a 

and -b encode the Nr3a and -b subunits, respectively, which have an inhibitory effect on the channel 

current, and overexpression of Nr3b has been shown to reduce current amplitudes50. Ultimately, 

these changes very likely increase NMDA currents in PDYNR212W cerebella and could be part of a 

compensatory mechanism to overcome the loss of vGlut2. 

In conclusion, the early loss of vGlut2 and CF-PC synapses plays a crucial role in the neuropathology 

of SCA23. We previously hypothesized that an increase in intracellular Ca2+ underlies the SCA23 

pathology17; it now appears more likely that the disturbance in Ca2+ signaling lies on the other end 

of the scale, with decreased intracellular Ca2+ disrupting normal cellular functioning. This fits the 

SCA23 pathology more closely, as increased intracellular Ca2+ would lead to PC loss more quickly 

than previously observed17. In conclusion, we demonstrate a developmental role for PDYN in the 

cerebellum and show that SCA23 is at least partially caused by developmental abnormalities. To our 

knowledge, no other SCA types have yet been shown to have developmental deficits. This leads us 

to question whether developmental abnormalities could underlie other SCA types as well, a finding 

that would critically impact the way we study ataxia.

Experimental Procedures
Animals 

All animal experiments were performed according to the ethical guidelines of the Animal Welfare 

Committee of the University of Groningen, the Netherlands. Animals were aged to 2, 3, 4, or 8 

weeks of age and sacrificed humanely. Cerebellar vermes were dissected and snap-frozen in liquid 
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nitrogen. In preparation for immunohistochemical stainings, mice were perfused with 4% PFA, post-

fixed for up to 24h in PFA, cryopreserved in 20% and 30% sucrose solutions until saturated, and then 

frozen on dry ice.

Immunohistochemistry 

Sectioning and staining were performed as described previously17. The primary antibodies used 

were vesicular glutamate transporter 2 (vGlut2, rabbit, 1:1000, Synaptic Systems) and Calbindin 

(mouse, 1:500, Abcam). The secondary anti-rabbit antibody was conjugated with Alexa Fluor 488, 

the anti-mouse antibody with Cy3 (both: donkey, 1:250, Jackson ImmunoResearch Laboratories). 

Sections were imaged using an AxioObserver Z1 fluorescence microscope (Zeiss) and Leica TCS 

SP8 confocal microscope, and the images were analyzed using Fiji software (National Institutes of 

Health, http://fiji.sc/). Per lobule, 4-7 images were analyzed.

Reverse transcription PCR and quantitative real-time PCR 

Reverse transcription PCR and quantitative real-time PCR were performed as described previously17. 

A full list of primers can be found in the Supplementary Table 1.

Protein extraction and Western blotting

Proteins were isolated from snap-frozen mouse vermis. Organs were homogenized in ice-cold Ripa 

buffer supplemented with a complete protease inhibitor cocktail (Roche) and PMSF. Samples were 

centrifuged for 15 min at 10,000 rpm, and protein concentrations were determined using the Pierce 

BCA Protein Assay Kit (Thermo Scientific). Equal amounts were loaded onto SDS-PAGE gels. After 

electrophoresis, the proteins were transferred to nitrocellulose membranes (Life Technologies) and 

blocked with 5% non-fat milk in Tris-buffered saline (TBS)-Tween. Blots were probed with primary 

antibodies against vGlut1 (rabbit, 1:1000, Synaptic Systems), vGlut2 (rabbit, 1:1000, Synaptic 

Systems), and actin (mouse, 1:5000, MP Biomedicals). Secondary antibodies were conjugated with 

horseradish peroxidase (goat, 1:10 000, Jackson ImmunoResearch Laboratories). Densitometric 

analysis was performed using ImageLab software (BioRad Laboratories).

Statistical analysis 

All data was normalized against 3-week-old control data and expressed as mean ± SEM. Two-way 

ANOVA was used to determine the significance of the observed differences between the genotypes, 

and over time (p < 0.05 was considered statistically significant).
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Supplementary Figure 1. Vermal vGlut2 protein levels are decreased at 8 weeks of age
The left panel shows representative immunoblots of control, PDYNWT, and PDYNR212W vermal protein lysates, 
stained for vGlut2 and actin. The right panels show quantification of these immunoblots using ImageLab 
software. At 3 weeks of age, PDYNR212W mice displayed a trend towards reduced vGlut2 levels while, at 8 weeks 
of age, this difference was significant as compared to PDYNWT and control mice. # 0.10 > p > 0.05, * p < 0.05, and 
*** p < 0.001
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Supplementary Figure 2. mRNA expression of the Grin2 subunits of the NMDA receptors and subunits of 
the AMPA receptors
Quantification of RT-PCR data of 2, 3, 4, and 8-week-old cerebella of control, PDYNWT and PDYNR212W mice (n 
= 6, per genotype). (A) Grin2 expression was mainly changed in PDYNWT mice as compared to PDYNR212W and 
control mice. At 2 weeks of age, Grin2a and –b expression was increased. At 4 weeks of age, Grin2b expression 
was increased in PDYNWT compared with PDYNR212W and control mice. In PDYNR212W mice, Grin2d expression was 
significantly elevated only at 2 weeks of age. (B) At 2 weeks of age, Gria1 and -3 were elevated in PDYNWT mice as 
compared to PDYNR212W and control mice, while Gria2 expression was increased in PDYNR212W mice compared with 
PDYNWT and control mice. At 4 weeks of age, PDYNR212W mice displayed increased expression of Gria1, while Gria3 
showed a trend towards elevated expression. Gria2 showed reduced expression in both PDYNWT and PDYNR212W 
mice as compared to control mice. Gria4 demonstrated a trend towards increased expression in PDYNR212W mice 
compared with PDYNWT mice.  # 0.10 > p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001






