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Preface

The cerebellum is one of the most organized (Fig. 1), yet incredibly complicated structures of the
brain. Several inhibitory and excitatory inputs innervate Purkinje cells (PCs), which are the singular
output of the cerebellar cortex. PCs are tonically repetitively firing cells that integrate all cerebellar
inputs, and change their firing rate during directed movement1. Interneurons in the molecular layer
provide inhibitory input, while parallel fibres (PFs) and climbing fibres (CFs) provide excitatory input.
PFs are granule cell axons that migrate from the granule layer to the distal dendritic tree of PCs,
where a large number of PFs synapse once or twice upon a PC2,3. Inferior olive neurons provide the
CFs, which innervate the proximal PC dendritic tree in a characteristic one-to-one ratio, with the
CF synapsing onto the PC between 250 and 1500 times2–9. The main functions of the cerebellum
are control of motor function and balance, which are accomplished via several forms of synaptic
plasticity at both the PF- and CF-PC synapses10–15. Synaptic plasticity is expressed as a change in the
excitability of the membrane, and is mainly controlled by the CFs in the cerebellum16.
Spinocerebellar ataxias (SCAs) are characterized by dysfunction of the cerebellum due to
mutations in key players involved in neurogenesis, synaptic transmission, and several cellular
processes that include protein synthesis and folding, mRNA transport, and apoptosis17. The SCAs
form a group of 44 genetically heterogeneous neurodegenerative disorders. Interestingly, these
genetic variations all result in similar symptoms of ataxic gait and poor coordination of the hands,
speech and eye movements. The characteristic ataxic phenotype is caused by altered PC output,
likely induced by changes in intrinsic PC firing patterns1 and/or PC inputs. Possible changes in
PC input include CF regression, and altered glutamatergic transmission. Currently, there are no
therapies available for SCA.
This thesis mainly focuses on SCA23, which is a slowly progressive, autosomal dominant SCA
caused by mutations in PDYN18. SCA23 patients suffer from progressive motor dysfunction that
evolves relatively slowly, and a fairly pure cerebellar ataxia due to loss of PCs19. PDYN encodes
Prodynorphin (PDYN), which is the precursor protein for the opioid peptides α-neoendorphin,
Dynorphin (Dyn) A, and Dyn B. Dynorphins interact with the κ-opioid receptor (KOR), where they
regulate pain, substance dependence, and stress-induced responses20–23. However, Dyn A can also
exhibit non-opioid-mediated neurotoxic effects via N-methyl-D-aspartate receptors (NMDA-Rs)24,
α-amino-3-hydroxy-5-methylisoxazole-4-propionate receptors (AMPA-Rs)25 and/or acid-sensing ion
1a (ASIC1a) channels26.
The majority of SCA23 mutations are located in the highly conserved Dyn A-coding region, and
lead to enhanced levels of mutant Dyn A in cells18,27. These mutant Dyn A peptides display neurotoxic
properties in cultured striatal neurons18, and induce pathological pain in mice in femtomolar doses28.
Although the underlying mechanism is unclear, recent studies indicate that these mutant peptides
interact with and penetrate cellular membranes in vitro, and thus lead to cell death29,30.
We have generated a novel mouse model for SCA23, and studied this model at several different
timepoints. This thesis describes the pathology of SCA23, and the implications for SCA23 patients
and the SCA field in general.
12
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Figure 1. A schematic overview of the cerebellar circuitry
The cerebellum is one of the most organized structures in the brain; any cross-section of the cerebellum will look
similar to the one depicted here. (A) In healthy cerebellum, Purkinje cells
(PCs; d) located in the PC layer (b) extend their dendritic tree into the molecular layer (c). PCs are innervated
by parallel fibres (PFs; h), and climbing fibres (CFs; i). PFs migrate from the granule cell layer (a), where their
cell bodies are located (granule cells; a), to the top of the molecular layer, where they synapse upon the distal
PC dendritic tree. CFs are the axons of inferior olive neurons, and synapse upon the proximal PC dendritic tree.
PCs integrate these and other signals (from stellate cells; g), and compute the cerebellar output. (B) During the
early stages of spinocerebellar ataxia (SCA), the cerebellar output is altered, either by intrinsic changes in the
PC, or by changes in the input into the PC. The change depicted here is CF regression. When CFs retreat from
the PC dendrites and CF-PC synapses are lost, the PC inevitably computes a different output, leading to motor
dysfunction. (C) During end-stage SCA, the volume of the cerebellum is significantly reduced due to regression
of PC dendrites, and loss of PCs. Loss of other cell types is not excluded. The atrophy progresses, worsening
the phenotype until the condition is no longer compatible with life. a, granule cell layer; b, Purkinje cell layer;
c, molecular layer; d, Purkinje cell; e, Purkinje cell axon; f, granule cell; g, stellate cell; h, parallel fibre; i, climbing
fibre.
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Outline of this thesis
In this thesis, we illustrate new aspects of the role of PDYN in cerebellar neurodegeneration, and
SCA23 in particular. Chapter I gives a more detailed overview of cerebellar function, and the role CFs
play in normal and abnormal functioning of the cerebellum in relation to SCA.
In Chapter II, we describe a novel mouse model for SCA23. Mice expressing either wild-type
or R212W human PDYN were phenotypically and biochemically characterized. PDYNR212W mice
recapitulated the symptoms of SCA23 patients, and displayed a slowly progressive, fairly pure
cerebellar ataxia with gait abnormalities, coinciding with loss of CF-PC synapses at 3 months of age,
and an overall loss of motor function, coinciding with PC loss at 12 months of age. In combination
with the observed increase in NMDA-R subunit expression, we believe that CF deficits and increased
Ca2+ signalling cause PC dysfunction, leading to ataxia.
Chapter III focuses on the early neuropathology of SCA23 in PDYNR212W mice. Mice were
studied around the age of CF maturation, and loss of CF-PC synapses was observed prior to CF
maturation. Additionally, changes in the expression of NMDA-R and voltage-gated Ca2+ channel
subunits suggested increased Ca2+ signalling. As loss of CF-PC synapses can decrease glutamatergic
signalling31, we consider increased Ca2+ signalling to be a compensatory mechanism. Additionally,
PDYN plays a role in cerebellar development, and we hypothesize that developmental abnormalities
contribute to the neurodegenerative SCA23 pathology.
In Chapter IV, the structure and neurotoxic effects of SCA23-mutant peptides are more closely
studied. The mutations in PDYN lead to significant changes in the secondary structure of Dyn A
peptides, and consequently, a loss of affinity for the native KOR. Additionally, the changes in
secondary structure also affect degradation of the peptides. R6W and R9C Dyn A display reduced
degradation, indicating increased stability of these peptides, which leads to elevated peptide levels.
In primary cerebellar cultures, both wild type and SCA23-mutant Dyn A peptides induce cellular
dysfunction, with wt and R6W Dyn A being most toxic. Blocking of opioid or NMDA receptors
reduced toxicity, suggesting that while wt Dyn A interacts with both receptors fairly equally, L5S
Dyn A favours opioid interaction, and R6W Dyn A favours NMDA-R interaction.
Chapter V reports several new variants, and the functional consequences of two novel variation
likely causing SCA, all discovered in our group. The novel R1003W variation in GRIN3B, which
encodes the NR3B subunit of the NMDA receptor, reduces surface expression of receptor complexes
containing this subunit. Therefore, we speculate that reduced trafficking of the receptor underlies
the disease phenotype. In GRIK1, two variations were detected. The rare GRIK1 variation L411* did
not allow for protein expression, likely due to nonsense-mediated mRNA decay. The second variation
in GRIK1 detected in the same patient, a frameshift variation at E841, reduced protein expression.
We hypothesize that loss of one GRIK1 allele caused by the p.L411* variation is benign, as the wildtype GRIK1 allele is properly expressed. However, the unfortunate combination of the p.L411* and
p.E841fs29X variations may lead to critically altered GluK1 complexes, inducing trunk ataxia.
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Climbing fibres in spinocerebellar ataxia:
A mechanism for the loss of motor control
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Chapter I

Abstract
The spinocerebellar ataxias (SCAs) form an ever-growing group of neurodegenerative disorders
causing dysfunction of the cerebellum and loss of motor control in patients. Currently, 41 different
genetic causes have been identified, with each mutation affecting a different gene. Interestingly,
these diverse genetic causes all disrupt cerebellar function and produce similar symptoms in
patients. In order to understand the disease better, and define possible therapeutic targets for
multiple SCAs, the field has been searching for common ground among the SCAs. In this review,
we discuss the physiology of climbing fibres and the possibility that climbing fibre dysfunction is a
point of convergence for at least a subset of SCAs.
Keywords: Spinocerebellar ataxia; climbing fibres; synaptic plasticity; glutamate; common
pathology; mouse models
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Introduction
The spinocerebellar ataxias (SCAs) form a group of genetically heterogeneous neurodegenerative
disorders causing dysfunction of the cerebellum and loss of motor control in patients. To date, there
are 44 different SCA types with as many genetic causes (Table 1). Interestingly, these different genetic
variations all result in very similar symptoms of ataxic gait and poor coordination of the hands,
speech and eye movements, all caused by dysfunction of the cerebellum. This dysfunction is caused
by an altered cerebellar output, indicating impairment of the sole output of the cerebellar cortex:
Purkinje cells (PCs). This change occurs either because the PCs receive changed input, or because
the PCs themselves are impaired, or a combination of both. Because most ataxias display similar
symptoms and PC loss, researchers have been looking for common mechanisms on a molecular
level. Gene-gene interaction networks have previously shown that even when SCAs are divided into
groups based on mutation type, they still show great overlap in gene co-expression mechanisms1,2.
Gene-gene interaction networks emerging in all cerebellar ataxias include neurogenesis, cell cycle
and proliferation, cell communication, and synaptic transmission, all of which include calcium
signaling. This suggests that a common molecular mechanism could be found in one of these
networks.
Several studies exploring SCA1, SCA7, SCA14 and SCA23 have found problems in synaptic
transmission, specifically with one of the excitatory inputs of the cerebellum: the climbing fibres3–7.
Climbing fibres are the axons of inferior olive neurons, and innervate PCs in the cerebellum8–10. They
exert enormous amount of control over their individual PCs, as will be discussed in this review, and
therefore greatly influence the output of the cerebellum. Even though the climbing fibre deficits
previously described are not identical, this crucial cerebellar input could be the common ground
among SCA pathologies. Finding common underlying pathology could provide insights into key
aspects of the disease, and possibly provide therapeutic opportunities for many, if not all, SCA types.
Therefore, it would be of great scientific and clinical value to find common pathology before the
disease has progressed to PC loss.
Climbing fibre defects have now been detected in mouse models representing four different SCA
types, of which two are polyQ (non-conventional) SCA types and two are conventional SCA types.
The related disease genes in each type have entirely different functions (Table 1). This presents an
opportunity to investigate climbing fibres more closely in relation to cerebellar neurodegeneration
and SCA. In this review, we will take a closer look at the development and function of climbing
fibres, and their known deficits in SCA1, SCA7, SCA14, and SCA23. We will also discuss the excitatory
neurotransmitter glutamate which is utilized by climbing fibres to convey information, and which
offers another line of investigation for a shared disease mechanism among SCA types.
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(CAG)n

MM

MM

Chromosomal
Duplication

MM

Unknown

Intronic (GGCCTC)n

MM

MM

Intronic (TGGAA)n

Unknown

MM

MM

MM

MM

Unknown

Unknown

MM, frameshift

MM

(Coutelier et al., 2015)

(Valdmanis et al., 2011)
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(Huang et al., 2012)
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Climbing fibre development
PCs receive input from various cell types. Inhibitory inputs are provided by several types of
interneurons in the molecular layer of the cerebellum (Figure 1). Excitatory inputs are provided
by parallel fibres and climbing fibres. Parallel fibres are the axons of granule cells located in the
cerebellar granule layer (Figure 1) and innervate the distal dendritic tree of PCs, with around
200,000 parallel fibres synapsing approximately once or twice upon a PC9,10. As mentioned in the
Introduction, climbing fibres are the axons of inferior olive neurons, and innervate the proximal PC
dendritic tree in a one-to-one ratio, with the climbing fibre synapsing onto the PC between 250 and
1500 times8–15.
During development, climbing fibres arrive at the cerebellum between embryonic day 15.5
(E15.5) and E16.516, when PCs are still migrating17, and make synaptic contact with PC dendrites
rather than soma17 as early as E16.516, however, whether these are functional contacts is not yet
known. The postnatal development of climbing fibres has been reviewed extensively by Watanabe
and Kano14. In short, during the first three postnatal weeks, climbing fibres go through six stages of
development. During the creeper stage, starting at postnatal day 0 (P0), the fibres creep among PC
somata and form transient synapses on the PC’s immature dendrites. Around P5, they surround PC
somata with a high density and innervate the somata in the pericellular stage. Until approximately
P7, PCs are innervated by, on average, five climbing fibres. Between P3 and P7, one of these climbing
fibres undergoes functional differentiation and strengthening. Recently, C1ql1-Bai3 signaling has
been implicated in regulating the selection of “winner” climbing fibres via an anterograde signal
supplied by the inferior olive neuron itself, and is required for maintaining the “winner” climbing
fibre’s synapses from P718. The “winner” climbing fibre then starts to displace its synapses to the
apical region of the PC soma around P9, during what is called the capuchon stage. By P12, the
“winner” climbing fibre will start the dendritic stage of development, meaning it will translocate to
the dendrites of the PC and make synapses there.
As soon as one climbing fibre has become the “winner” (around P7), the early phase of climbing
fibre synapse elimination starts, lasting until about P11. This process consists of pruning of somatic
climbing fibre synapses, and is dependent upon P/Q-type voltage-dependent Ca2+ channels,
as evidenced by the improper wiring of climbing fibres in mice lacking the P/Q-type voltagedependent Ca2+ channel Cav2.1, which is also the channel affected in SCA619,20 (Table 1). At the same
time, semaphorin3A in PCs acts on plexinA4 on climbing fibres as a retrograde signal to maintain
or strengthen the active synapse and prevent elimination21,22, further strengthening the position of
the “winner” climbing fibre. Massive elimination of somatic synapses enables the “winner” climbing
fibre to monopolize innervation of its PC in postnatal week 3. Late phase climbing fibre synapse
elimination occurs from P12-P17 and two mechanisms are currently known to influence this
process. The first is the GluRδ2-Cbln1 pathway, wherein GluRδ2 strengthens parallel fibre-Purkinje
cell (PF-PC) synapses structurally while simultaneously weakening these synapses functionally
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Figure 1. A schematic overview of the excitatory wiring of the cerebellum
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Figure 1. A schematic overview of the excitatory wiring of the cerebellum
The Purkinje cells (PCs), located in the Purkinje cell layer, are the sole output of the cerebellar cortex. The PCs
receive inhibitory (not shown) and excitatory inputs that synapse onto the dendritic tree, which is located in the
molecular layer. Climbing fibers (in pink) originate from neurons in the inferior olive, travel to the cerebellum,
and synapse between 250 and 1500 times upon a single PC, in a unique 1:1 ratio. The proximal dendritic tree is
climbing fiber territory, indicated in light pink. Parallel fibers (in green) originate from granule cells in the granule
layer of the cerebellum, and synapse upon the distal dendritic tree (indicated in light green) of a PC. In contrast
to climbing fibers, parallel fibers only synapse once or twice upon a single PC. The parallel fiber territory of the
PC dendritic tree is occupied by as many as 200,000 parallel fibers, thus creating the many PF-PC synapses found
on a PC.

and precerebellin 1 (Cbln1) facilitates synaptic connectivity. Both climbing fibre and parallel fibre
innervation are severely altered in GluRδ2-KO mice, as distal PC dendrites are innervated by climbing
fibres instead of parallel fibres23,24, and Cbln-null mice show a similar phenotype25. This mechanism
shows the dependence of proper climbing fibre wiring upon parallel fibre synaptogenesis.
In the second mechanism influencing late phase climbing fibre elimination, mGluR1-PKCγ
signaling plays a central role. The normal development of mGluR1-null mice up to 2 weeks
postnatal followed by abnormal synapse elimination towards the end of postnatal week 2,
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suggests that mGluR1-PKCγ signaling is essential for late phase, but not early phase, climbing fibre
synapse elimination14. Incidentally, PF-PC synapse formation is completely normal in these mice,
indicating that impaired late phase synapse elimination is not secondary to deficits in parallel fibre
synaptogenesis in these mice14, but is dependent upon mGluR1-PKCγ signaling in PCs. Notably,
mutations in PKCγ cause SCA14 (Table 1). Downstream of mGluR1, semaphorin7A mediates synaptic
elimination by acting on plexinC1 and integlinB1 in a retrograde manner21,22, further indicating the
importance of mGluR1 signaling in this process, with the suggestion that mGluR1-semaphorin7A
signaling promotes elimination rather than shielding “winner” synapses from elimination. This
hypothesis was strengthened by the recent observation that C1ql1-Bai3 signaling maintains
“winner” climbing fibre synapses independently from mGluR1 signaling, and typically on the more
distal climbing fibre-Purkinje cell (CF-PC) synapses18.

Climbing fibre activation
The activation of a climbing fibre has a dual role: 1) triggering synaptic plasticity at dendritic PC
synapses (see Synaptic plasticity and climbing fibre control, below) and 2) generating a distinct output
in the PC axon, the complex spike8,26–28. The complex spike represents a critical signal for cerebellar
functioning, conveying timing information for motor function29. It consists of a fast initial spike
followed by several slower spikelets with smaller amplitudes, separated by 2-3 milliseconds8. The
initial fast spike is caused by opening of the α-amino-3-hydroxy-5-methylisoxazole-4-propionate
receptors (AMPA-Rs) at the CF-PC synapse14, while the smaller spikelets are the result of interaction
between local sodium currents in the PC soma30–33 and the typical activation of climbing fibres, which
tend to fire in high-frequency bursts of 1 to 6 spikes34. As the complex spike is crucial for cerebellar
functioning and motor control, inadequate generation of complex spikes would cause abnormal
cerebellar functioning and ataxic phenotypes. Whether the character of climbing fibre activation
is “all-or-nothing” or more graded, so as to encode more information, is still being debated (for a
review, see13). However, more evidence of pre- and postsynaptic modulation is emerging, making
the case for a graded, more instructive complex spike13.

Synaptic plasticity and climbing fibre control
Pre- and postsynaptic modulation consist of long-term potentiation (LTP) and long-term
depression (LTD) of the excitatory synaptic inputs of the PC, namely the climbing and parallel
fibres. Synaptic plasticity is of great importance to the functioning of the cerebellum, as it has
long been implicated in motor functioning and learning35–40. Changes in the efficiency of specific
synapses can change the content of the message entirely. Of course, if the changed synaptic
efficiency is physiological and intentional, it can be very useful. However, when the changes are
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Table 2. Overview of the different forms of synaptic plasticity
Synapse

Plasticity

Critical molecules

Effect/Expression

PF-PC

post-synaptic LTD mGluR1
AMPA receptors
Ca2+↑↑
cPLA2α
CB1R
NMDA receptors

Reduced post-synaptic expression of AMPARs
leading to reduced excitability probability

PF-PC

post-synaptic LTP Ca2+↑
cPLA2α
CB1R
NO
NSF

Increased post-synaptic expression of AMPARs
leading to increased excitability probability

PF-PC

pre-synaptic LTD

CB1R
NMDA receptors
NO synthase

Unknown

PF-PC

pre-synaptic LTP

adenylyl cyclase I
PKA

Decreased rate of synaptic failures

CF-PC

post-synaptic LTD mGluR1
Ca2+↑↑
PKC

Reduced post-synaptic expression of AMPARs
leading to reduced excitability probability, and
consequently reduced probability of induction
of postsynaptic PF-LTD

pathological, they can unravel the finely tuned cerebellar neuronal machinery quite quickly.
The

parallel

postsynaptically

fibre-Purkinje

cell

(PF-PC)

synapse

, as well as LTP pre-

11,35,39,43–45

13,35,46–50

express LTD postsynaptically

can

express

and postsynaptically

LTD

pre-38,41,42

and

. CF-PC synapses can

51–56

. These processes are reviewed in detail below. An overview can

11,35,57

be found in Table 2.
Postsynaptic parallel fibre long-term depression
Postsynaptic parallel fibre LTD (PF-LTD) has long been described as a mechanism for cerebellar
motor learning38–40, and is dependent upon the simultaneous activation of climbing and parallel
fibres35,39,43,44. At the PF-PC synapse, glutamate acts upon mGluR1 and AMPA-Rs, increasing
intracellular calcium levels. Combined with the complex spike generated by climbing fibre
generation, the intracellular calcium levels in the PC are pushed to the high threshold needed
for PF-LTD induction35,56. Subsequently, PKCγ and αCaMKII are activated35,58–61, as well as several
other signaling cascades, including cPLA2α/COX2, cannabinoid receptor 1 (CB1R), N-methyl-Daspartate receptors (NMDA-Rs), and nitric oxide (NO)35,62–67. These signaling cascades ultimately lead
to a reduction in the number of functional AMPA-Rs at the postsynaptic membrane of the PF-PC
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synapse35,68,69, thus making excitation of the postsynaptic membrane less likely during activation
of the parallel fibre. However, a recent publication proposed that PF-LTD is facilitated by AMPARs70, suggesting that the expression of functional AMPA-Rs at the post-synaptic membrane is not
completely lost during PF-LTD. Furthermore, the degree of activation of mGluR1 is important during
the critical stages of postsynaptic LTD induction, as increased activation of mGluR1 has been shown
to facilitate this process at both excitatory inputs of the PC71,72.
Postsynaptic parallel fibre long-term potentiation
Postsynaptic parallel fibre LTP (PF-LTP) can reverse its counterpart, postsynaptic PF-LTD, as it has been
shown that PF-LTP causes extinction of learned associations in trained animals53,73,74. Postsynaptic
PF-LTP requires a lower calcium threshold than postsynaptic PF-LTD56, and is induced via low
frequency stimulation of parallel fibres51–54. Low frequency parallel fibre stimulation subsequently
leads to activation of cPLA2α, resulting in liberation of arachidonic acid and the production of
2-arachidonolylglycerol, which binds presynaptic type 1 cannabinoid receptors (CB1Rs) in a
retrograde manner51. Activation of the CB1R then triggers NO activation, leading to low levels of NO
anterogradely crossing the synapse51,54,55. At the postsynaptic membrane, it promotes nitrosylation
of N-ethyl-maleimide-sensitive factor (NSF)38,75, which in turn binds the AMPA-R subunit GluR2 and
mediates insertion of AMPA-Rs into the membrane38,76,77. Postsynaptic PF-LTP is thus expressed as
an increase in functional AMPA-Rs at the postsynaptic membrane, and is clearly the cellular inverse
of postsynaptic PF-LTD. Interestingly, postsynaptic PF-LTP and PF-LTD share a number of critical
molecules, including calcium, cPLA2α, CB1R and NO. A notable divergence is glutamate binding
to mGluR1 and NMDA-Rs, which PF-LTD is dependent upon, but PF-LTP is not71,78–81. However, in
a SCA5 mouse model expressing mutant βIII-spectrin, mGluR1 shows altered localization, and
mGluR1-mediated postsynaptic PF-LTP is deficient82. Furthermore, cPLA2α and CB1R may play dual
roles in synaptic plasticity51,62,63,83–86, as does calcium –and therefore climbing fibre activity– which is
considered to be a deciding factor in the induction of LTP or LTD38,56.
Presynaptic parallel fibre long-term depression
The presynaptic form of PF-LTD has been less well studied. It involves endocannabinoid signaling
and presynaptic CB1R activation, is dependent upon NMDA-R activation, and upregulated by NO
synthase, while a consensus has not yet been reached on the involvement of mGluR138,41,42. It is also
currently unclear which physiological conditions require this type of synaptic plasticity38.
Presynaptic parallel fibre long-term potentiation
Presynaptic PF-LTP is evoked by 4-8Hz parallel fibre stimulation, and depends on the activation of
calcium/calmodulin-sensitive adenylyl cyclase I and the subsequent activation of cAMP-dependent
kinase protein A (PKA)35,46–50. It is associated with a decrease in the rate of synaptic failures and the
extent of paired-pulse facilitation35.
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Postsynaptic climbing fibre long-term depression
Climbing fibres can express postsynaptic LTD, and similarly to postsynaptic PF-LTD, CF-LTD
requires post-synaptic Ca2+ influx and activation of mGluR1 and PKC11,87,88, with both expressed
as a reduced number of AMPA-Rs at the postsynaptic membrane87. The consequences of CF-LTD
are a reduction in the slow component of the complex spike11,57, a reduction in the complex spike
afterhyperpolarization89, and decreased complex spike-evoked dendritic Ca2+ transients57, all of
which reduce the probability of subsequent induction of parallel fibre plasticity requiring a high
calcium threshold57,88. In addition, CF-LTD is not associated with changes in the synaptic glutamate
transient87. The observed decrease in complex spike-evoked Ca2+ transients57 has a significant effect
on the probability for PF-LTD induction56, could have a neuroprotective function56 and/or could
provide a critical component of cerebellar learning88.
The climbing fibre as control switch
The PF-PC synapse is clearly a very plastic synapse. However, neither the parallel fibre nor the
PC have much control over this plasticity. The regulation of these processes seems to be mostly
outsourced to the climbing fibre, which acts as a control switch. Climbing fibre activation evokes
complex spikes and, consequently, large dendritic calcium transients, triggering postsynaptic PFLTD induction, whereas the absence of complex spikes during climbing fibre inactivity leads to the
induction of postsynaptic PF-LTP56. Changes in climbing fibres can therefore lead to altered synaptic
plasticity and cause an ataxic phenotype, which will be discussed in the section on “Climbing fibre
deficits and glutamate dysregulation in mouse models of spinocerebellar ataxia”. Furthermore, to
create a sort of “safety lock” to prevent simultaneous induction of pre- and postsynaptic plasticity,
presynaptic PF-LTP is also under the influence of climbing fibre activity86. Climbing fibre activity can
trigger endocannabinoid release at the PF-PC synapse90–92 and in a retrograde manner bind and
activate CB1R, which then blocks adenylyl cyclase I to suppress presynaptic PF-LTP while PF-LTD is
expressed postsynaptically86. Without this “safety lock”, the decrease in response elements during
postsynaptic PF-LTD could be accompanied by an increase in neurotransmitter release, nullifying
the effect of reducing postsynaptic AMPA-Rs.

The importance of glutamate and calcium in
synaptic plasticity
Climbing fibres exert a lot of control over the plasticity of the excitatory synapses onto the PC and,
because climbing fibres are themselves excitatory inputs, glutamate plays a major role in controlling
plasticity. During climbing fibre activation, multiple glutamate-containing vesicles are released into
the synaptic cleft93, where there are at least three types of glutamate receptors present: AMPA-Rs,
NMDA-Rs and mGluRs. The AMPA-Rs located at the CF-PC synapse largely mediate EPSCs12,94,95, and
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do not contribute to the PC calcium surge because they contain the GluD2 subunit, which makes
them impermeable to Ca2+,96. NMDA-Rs are expressed in mature PCs and, next to the NR1 subunit,
mostly contain subunits NR2A and NR2B97,98. NMDA-Rs are activated by climbing fibre stimulation,
and influence the number and timing of spikelets, thereby contributing to the complex spike
waveform97. NMDA-Rs are permeable to Ca2+,99, and therefore likely contribute to the postsynaptic
Ca2+ surge associated with climbing fibre activation and postsynaptic LTD induction. As discussed
earlier (in the sections on “Postsynaptic parallel fibre long-term depression” and “Postsynaptic climbing
fibre long-term depression”), mGluR1 is critical for induction of postsynaptic LTD at both PF- and CFPC synapses, as mGluR1 potentials significantly enhance complex spike-associated Ca2+ transients
throughout the PC dendrite100. mGluR1 signaling has two paths: IP3-mediated Ca2+ release from
internal stores and activation of transient receptor potential canonical (TRPC) channels. Because the
IP3 receptor (mutated in SCA15 and SCA16101,102) expressed in PCs has a remarkably low sensitivity
to IP3103, it is much more likely that mGluR1 synaptic transmission is mediated by TRPC3104,105, a
non-selective cation channel with a high permeability for calcium106 and high expression in the
cerebellum107. Interestingly, Moonwalker mice (mice with a mutation in the SCA41 gene TRPC3108)
and Trpc3 knockout mice demonstrate ataxic phenotypes, with the Moonwalker having a more
severe phenotype109,110. Additionally, glutamate transporters play an important role in synaptic
plasticity by controlling the amount of glutamate available in the synaptic cleft and, indirectly, the
degree of activation of mGluR171,72. Thus, a major consequence of glutamate-mediated transmission
is clearly an increase in intracellular calcium. To reduce intracellular Ca2+ and prevent excitotoxicity,
PCs express an abundance of Ca2+-binding EF-hand protein buffers, Ca2+ pumps and exchangers
(for review see Arundine and Tymiansky111 and Wojda et al.112). However, in such a highly regulated
environment, the slightest change in Ca2+ buffering capacity due to extra- or intracellular changes
may cause or further PC dysfunction113. Furthermore, it has been proposed that changes in cellular
functions directly or indirectly leading to Ca2+ dysregulation are eventually responsible for dark
cell degeneration114, a type of cell death observed in mouse models of SCA1, SCA2, SCA3, SCA5,
SCA7, SCA28, and AMPA-induced delayed excitotoxicity and of hypoxia6,113, to which PCs seem to
be particularly sensitive.

Climbing fibre deficits and glutamate dysregulation
in mouse models of spinocerebellar ataxia
In mouse models of SCA1, SCA7, SCA14, and SCA23 climbing fibre deficits have been found. These
deficits range from developmental changes to retraction of climbing fibres in adult mice. In addition,
mouse models for SCA5 and SCA28 display alterations in glutamate signaling, a finding which is in
line with climbing fibre deficits, as both result in PC dysfunction.
Mouse models for SCA1 expressing expanded ATXN1[82Q] exhibit abnormal motor behaviour
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by 6 weeks of age, including slightly reduced cage activity, gentle swaying of the head while
walking, and early signs of general incoordination, accompanied with mild PC dysfunction115, and
PC loss around 24 weeks of age116. In addition to PC dysfunction, climbing fibre deficits are a critical
component of the SCA1 pathology, and can be observed around 6 weeks of age, long before PC loss
begins3,4,116. These transgenic mice demonstrate diminished arborization of climbing fibres along
PC dendrites3, a reduction in PC responsiveness to climbing fibre activation4,116 and, perhaps most
importantly, compromised development of climbing fibres as indicated by reduced ascension and
disrupted pruning of climbing fibre termini on PC somata and apical dendrites4. CF-PC synaptic
transmission deficits required ATXN1[82Q] to be located in the nucleus, suggesting ATXN1[82Q]
alters the expression of one or more genes in the PC that are crucial for its innervation by climbing
fibres4. The simultaneous appearance of abnormal phenotypical behaviour and climbing fibre
deficits suggests that these deficits are a likely cause of the ataxic phenotype of SCA1 transgenic
mice.
Conditional transgenic mice expressing mutant ATXN7[92Q] are a model for SCA7, and
demonstrate progressive ataxia and impaired motor function starting at 20 weeks of age, and loss of
Calbindin – a PC marker – at 40 weeks of age117. Examination of the CF-PC synapses showed proximal
aggregation of climbing fibre synapses at 40 weeks of age in transgenic mice, while 20-week-old
transgenic mice display normal climbing fibre morphology5, suggesting that expression of mutant
ataxin-7 causes redistribution of climbing fibre termini between 20 and 40 weeks of age in mice.
Interestingly, SCA7 mutant mice display an ataxic phenotype before changes in climbing fibre
distribution can be observed. It is possible that in SCA7, pathology is caused by dysfunction of PCs
mediated by dysfunction of Bergmann glia, which clear excess glutamate from the CF-PC synaptic
cleft. If excess glutamate is not effectively cleared, this can affect Ca2+ signaling in the PC and lead
to PC dysfunction.
A mouse model for SCA14 has been generated by injection of a lentiviral vector expressing
mutant PKCγ into the cerebellar cortex118. One-week-old mice lentivirally treated with mutant
PKCγ spent less time on an accelerating rotarod than age-matched non-treated mice, whereas
mice treated at P21-P25 did not display an ataxic phenotype118. Injection of lentivirus during the
development of climbing fibres (P6-7) caused PCs expressing mutant PKCγ to be innervated by
multiple climbing fibres, while injection after maturation of climbing fibres (P21-25) did not118,
indicating early expression of mutant PKCγ impairs determination of a “winner” climbing fibre.
Postsynaptic PF-LTD could not be induced in either model, while presynaptic PF-LTD was not
disrupted118, which could be expected, as PKCγ is involved in postsynaptic, but not presynaptic,
PF-LTD. These models suggest that even when climbing fibres develop normally, the CF-PC synapse
cannot function properly when mutant PKCγ is expressed. Therefore, in SCA14, as in SCA1, SCA7,
and SCA23, one change in the highly regulated process of synaptic plasticity is the likely cause of
the typical ataxic phenotype.
The transgenic mice modelling SCA23 express mutant Prodynorphin, and display a slowly
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progressive spinocerebellar ataxia starting at 3 months of age, with mild PC loss at 12 months of age
and progressive retraction of climbing fibres starting at 3 months of age7. In these mice, climbing
fibres retract from the PC dendrite due to expression of mutant Prodynorphin and, consequently,
secretion of mutant peptide Dynorphin A, leading to deficits in synaptic transmission. Interestingly,
climbing fibre pathology is mainly restricted to the anterior vermis of the SCA23 cerebellum, and
coincides with the onset of the ataxic phenotype7 suggesting that, as in SCA1, it is not PC loss but
climbing fibre deficits that are a likely cause of the pathological phenotype.
Spnb3-/- mice expressing low levels of truncated βIII-spectrin are a model for SCA5, and are prone
to a mild, non-progressive ataxia and stimulus-induced seizures starting between 6 and 8 months
of age119, while mice completely lacking βIII-spectrin model SCA5 by displaying gait abnormalities,
tremor, deteriorating motor coordination, Purkinje cell loss and cerebellar atrophy6. Spectrins are
important structural proteins of the plasma membrane skeleton, and control the disposition of
selected membrane channels, receptors, and transporters. βIII spectrin is found on PC somata and
dendrites, and it directly binds to glutamate transporter EAAT4, GluRδ2, and other proteins6,119.
Spnb3-/- mice do not show specific climbing fibre deficits up to one year of age, however, their
βIII spectrin deficiency diminished, among other factors, the EAAT4 and GluRδ2 expression at the
postsynaptic membrane119. Interestingly, in mice lacking βIII-spectrin, PF-LTD has been shown not
to be impaired (Gao et al., 2011). Nonetheless, this is another mutation causing spinocerebellar
ataxia that leads to changes in glutamate (and therefore calcium) signaling disrupting the delicate
balance of synaptic plasticity in the cerebellum.
A mouse model for SCA28, haploinsufficient for mitochondrial protease Afg3l2, also
demonstrated problems with glutamate homeostasis. These mice exhibit a progressive decline
in motor function and dark cell degeneration of mitochondrial origin from 8 months of age
onward120. AFG3L2 is part of a quality control protein complex located on the inner membrane of
the mitochondrium, which selectively degrades damaged proteins, exerts a chaperone-like activity
on respiratory chain complexes, and is essential for axonal development121–124. In cultured Afg3l2deficient PCs, mitochondria ineffectively buffer Ca2+ peaks, resulting in increased intracellular Ca2+
levels, triggering PC dark cell degeneration. Partial genetic silencing of mGluR1 or treatment with
ceftriaxone, an antibiotic that promotes synaptic clearance of glutamate, reduced Ca2+ influx into
PCs, and improved ataxic phenotypes in SCA28 mice120. This indicates that glutamate dysregulation
is a hallmark of SCA28 as well.
In addition, recently, three new mutations in GRID2 encoding GluRδ2 were identified in a large
Algerian family with adult-onset slowly progressive ataxia in seven adults and congenital ataxia in
one child and in a large cohort of congenital ataxia patients125. In the Algerian family, the Leu656Val
mutation was identified, and found to be heterozygous in the adult patients but homozygous in
the child with congenital ataxia. This mutation is located in the third transmembrane domain of
GluRδ2, which is involved in transmission of information between the ligand-binding domain and
the pore, and AMPA-R trafficking. In the congenital ataxia cohort, two missense de novo mutations
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were identified: Ala654Thr and Ala654Asp125. Interestingly, these mutations affect the same amino
acid as the well-known Lurcher mutation, and Ala654Thr is actually the same mutation126. The
affected amino acid is located in the highly conserved SYTANLAAF motif, crucial for gating of the
channel, and mutations in this motif in other ionotropic glutamate receptor subunits are known to
change channel function significantly127–129. Lurcher mouse PCs have been shown to have increased
conductance, giving rise to a constitutively active inward current, which is not affected by the
presence of glutamate, but reduced when extracellular Na+ is replaced with N-methyl-D-glucamine,
a relatively large organic cation126, indicating the channel is constitutively open. These changes in
PC conductivity suggest changes in membrane depolarization and Ca2+ transients, and therefore
changes in PC functioning.

Conclusion
The cerebellar circuitry is a finely tuned neuronal machine, crucial for motor learning and functioning.
We discussed how climbing fibres are an important part of the machinery and any changes in their
development or physiology can be catastrophic for cerebellar functioning. Not only are the climbing
fibres a major excitatory input for the PC, they also exert an enormous amount of control over the
other excitatory PC input, the parallel fibres and their synaptic plasticity. This synaptic plasticity is
another crucial factor for normal cerebellar function and motor behaviour. When any component of
the highly regulated processes in the cerebellum is altered the consequences for neural functioning
are catastrophic.
The disorders discussed here are all caused by mutations in different genes (Table 1), but they
all lead to a disruption of the same cerebellar synapse. This is a very interesting phenomenon, and
suggests this may be a common pathology among the SCAs. As has been demonstrated, it is PC
dysfunction rather than PC loss that gives rise to the symptoms of ataxia, and climbing fibres play a
major role in the proper functioning of PCs. Having much of the control over induction of plasticity
in both parallel fibres and climbing fibres, the climbing fibres have control over the excitability of
the PC and, consequently, over cerebellar output and motor control. Of course, improper execution
of motor function is a central symptom in ataxia, which could be explained in part by dysfunctional
climbing fibres. However, further research is needed to determine whether climbing fibres and
glutamate signaling really form some common ground underlying the spinocerebellar ataxias,
and whether this phenomenon could be useful as a therapeutic target. Additionally, genes with
functions in the CF-PC synapse and glutamate signaling may be candidate disease genes for ataxia
cases without a genetic diagnosis.
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Chapter II

Abstract
Spinocerebellar ataxia type 23 is caused by mutations in PDYN, which encodes the opioid
neuropeptide precursor protein, prodynorphin. Prodynorphin is processed into the opioid peptides,
a-neoendorphin, and dynorphins A and B, that normally exhibit opioid-receptor mediated actions
in pain signalling and addiction. Dynorphin A is likely a mutational hotspot for SCA23 mutations,
and in vitro data suggested that Dynorphin A mutations lead to persistently elevated mutant
peptide levels that are cytotoxic and may thus play a crucial role in the pathogenesis of SCA23.
To further test this and study spinocerebellar ataxia type 23 in more detail, we generated a mouse
carrying the spinocerebellar ataxia type 23 mutation R212W in PDYN. Analysis of peptide levels
using a radioimmunoassay shows that these PDYNR212W mice display markedly elevated levels
of mutant Dynorphin A, which are associated with climber fibre retraction and Purkinje cell loss,
visualized with immunohistochemical stainings. The PDYNR212W mice reproduced many of the clinical
features of spinocerebellar ataxia type 23, with gait deficits starting at 3 months of age revealed by
footprint pattern analysis, and progressive loss of motor coordination and balance at the age of 12
months demonstrated by declining performances on the accelerating Rotarod. The pathologically
elevated mutant Dynorphin A levels in the cerebellum coincided with transcriptionally dysregulated
ionotropic and metabotropic glutamate receptors and glutamate transporters, and altered neuronal
excitability.
In conclusion, the PDYNR212W mouse is the first animal model of spinocerebellar ataxia type
23 and our work indicates that the elevated mutant Dynorphin A peptide levels are very likely
responsible for the initiation and progression of the disease, affecting glutamatergic signalling,
neuronal excitability, and motor performance. Our novel mouse model defines a critical role for
opioid neuropeptides in spinocerebellar ataxia, and suggests that restoring the elevated mutant
neuropeptide levels can be explored as a therapeutic intervention.
Keywords: prodynorphin; opioid, glutamate; neurodegeneration; spinocerebellar ataxia
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Introduction
PDYN is the precursor protein for the opioid peptides α-neoendorphin, Dynorphin (Dyn) A, and
Dyn B. The actions of these neuropeptides are mediated via the kappa-opioid receptor (KOR)1,2.
Dynorphins regulate pain, substance dependence, and stress-induced responses via opioidreceptor signalling3,4. However, Dyn A can also exhibit non-opioid-mediated neurotoxic effects, as
elevated peptide levels cause allodynia, paralysis and neuronal loss in the spinal cord of mice, which
could not be blocked by an opioid antagonist4–6. Dyn A was shown to cause pronounced cell death
that was dependent on the presence of NMDA-Rs (N-methyl-D-aspartate receptors)7. Additional
neurotoxic mechanisms of dynorphins may be mediated via numerous receptors and/ or channels
such as AMPA-Rs (α-amino-3-hydroxy-5-methylisoxazole-4-propionate receptors)8 or ASIC1a (acidsensing ion 1a) channels9.
Mutations in PDYN were shown to cause spinocerebellar ataxia type 23 (SCA23), a slowly
progressive, autosomal dominant neurodegenerative disorder10. SCA23 patients suffer from
relatively slowly progressive impairment of their motor coordination, and a fairly pure cerebellar
ataxia due to Purkinje cell (PC) death in the cerebellum11. The majority of SCA23 mutations located
in the highly conserved Dyn A-coding region lead to enhanced levels of mutant Dyn A in cells,
either due to higher peptide production or increased peptide stability10. These mutant Dyn A
peptides displayed neurotoxic properties in cultured striatal neurons10, and induce pathological
pain when injected into mice in femtomolar doses12. Although the mechanism is unclear, recent
studies indicate that these mutant peptides interact with and penetrate cellular membranes in vitro,
and thus lead to cell death13,14. Increased expression of PDYN and its neuropeptides have also been
implicated in age-related decline of cognition and memory15,16. Furthermore, elevated Dyn A levels
have been linked to the pathology of Alzheimer’s disease17, supporting a crucial role for elevated
opioid neuropeptides levels in the etiology of neurodegenerative disorders.
To reveal the causality between mutations in PDYN and SCA23, we generated transgenic mice
ubiquitously expressing wild type PDYN (PDYNWT ) or SCA23-mutant PDYN-R212W (PDYNR212W ) and
examined whether mutant Dyn A may impair motor performance and induce neuropathological
changes similar to those in SCA23 patients.

Animals, Materials and Methods
Animals
All animal experiments were performed according to the guidelines of the University of Groningen,
the Netherlands, and the Mayo Clinic College of Medicine, Rochester, Minnesota, USA. The
experimental protocols were approved by the Animal Welfare Committee of the University of
Groningen. All efforts were made to reduce the number of animals and minimize their suffering. To
generate transgenic mice expressing wild type (WT) PDYN or SCA23-mutant PDYN-R212W under
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Cre-recombinase control, the PDYN cDNA was cloned into the pCALL2 plasmid downstream of a
neomycin-resistance gene and transcription STOP signal (three tandemly arranged polyadenylation
sites) flanked by loxP sites18; Chapter 9 Transgenesis in mouse embryonic stem cells). Embryonic
stem cell electroporation and clone selection was performed as described previously18,19. The
blastocyst injections were performed at the Mayo Clinic College of Medicine. The genotypes were
assessed by PCR using the following primers:
PDYN-For 5’-TAGCAGTGGCGTTCATTTTG-3’, and
PDYN-Rev 5’-TCTGAGCTCCTCTTGGGGTA-3’
and loxP For 5’-TCACTGCATTCTAGTTGTGGT-3’, and
loxP Rev 5’-CTTATCGATACCGTCGACCT-3’.
All mice used for the experiments have a mixed 129Sv/E x C57Bl/6 genetic background, and wild type
littermates were used as controls. Four independent cohorts (n=10-12) of PDYNwt-and PDYNR212W, and
littermate controls were aged for 3, 6, 9 and 12 months. Each cohort contained equal numbers of
male and female mice, and the mice were of the indicated age. In addition to PDYN, transgenic mice
also ubiquitously express eGFP.
Reverse transcription PCR and quantitative real-time PCR
Total RNA was isolated from snap-frozen mouse cerebella using Trizol reagent (Life Technologies,
Invitrogen, Bleiswijk, The Netherlands). cDNA was generated using oligo-d(T) primers and RevertAid
cDNA Kit (Thermo-Scientific, Fermentas, Etten-Leur, The Netherlands). Quantitative real-time
expression analysis was performed using SYBR-Green Mix (Life Technologies, Applied Biosystems,
Bleiswijk, The Netherlands) on the Taqman ABI7900HT PCR system (Life Technologies, Applied
Biosystems, Bleiswijk, The Netherlands) employing the Standard Curve Quantification method and
GAPDH and PPIA as reference genes. The list of primers used is given in Supplementary Table 1. All
procedures were performed according to the manufacturers’ protocols.
Protein extraction and Western blotting
Proteins were isolated from snap-frozen mouse organs. Organs were homogenized in ice-cold
isolation buffer (1% Triton-X100, Sigma, in 10 mM Tris-HEPES, pH7.6) supplemented with a complete
protease inhibitor cocktail (Roche, Woerden, the Netherlands) and 50 mM DTT. Samples were
centrifuged for 15 minutes at 10,000 rpm, and protein concentrations were determined using the
Pierce BCA Protein Assay Kit (Thermo Scientific, Etten-Leur, The Netherlands), 2x Novex Tricine SDS
sample buffer (Life Technologies, Bleiswijk, The Netherlands) was added to the protein lysates and
equal amounts were loaded on SDS-PAGE gels. After electrophoresis, the proteins were transferred
to Polyvinylidene difluoride (PVDF) membrane (Life Technologies, Bleiswijk, The Netherlands) and
blocked with 5% non-fat milk in TBS-Tween. The blots were analyzed with primary antibodies against
human PDYN (rabbit, 1: 500), Dyn A (rabbit, 1:300, Abcam, Cambridge, UK), vGlut2 (rabbit, 1:1,000,
Synaptic Systems, Göttingen, Germany), EAAT4 (rabbit, 1:500, Alpha Diagnostics, San Antonio, TX,
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USA) or Calbindin (mouse, 1:500, Abcam, Cambridge, UK). Secondary antibodies were conjugated
with horseradish peroxidase (goat, 1:10,000, Jackson ImmunoResearch Laboratories, Suffolk, UK).
Densometric analysis was performed using Fiji software (National Institutes of Health, USA, http://
fiji.sc/). Protein bands were normalized against tubulin bands of the same sample.
Radioimmunoassay
The radioimmunoassay (RIA) procedure was described elsewhere20,21. Briefly, tissue samples were
extracted in 1M acetic acid, peptide fractions were isolated by SP-Sephadex ion exchange C-25
chromatography, and peptides were analyzed by RIA.
Histology, immunofluorescent stainings, silver stainings and microscopy
For immunofluorescent stainings, brains were dissected and fixed overnight in 15% picric acid,
4% paraformaldehyde and 0.05% gluteraldehyde in 0.1 M phosphate buffer (PB). After fixation,
brains were cryopreserved in 10% and 20% sucrose solutions in PB overnight, and then frozen on
dry ice. Sectioning was performed on an HM550 Microm cryostat (Thermo Scientific, Etten-Leur,
The Netherlands). Cerebella were cut into 8 series of 30 μm-thick coronal sections. All stainings
were performed free floating. For overall morphology studies, sections were stained with 1%
Toluidine Blue (Sigma-Aldrich, Taufkirchen, Germany) for 2 min, washed with water, and mounted
in Faramount mounting medium (Dako, Heverlee, Belgium). For fluorescent stainings, sections
were blocked with 3% normal donkey serum (Jackson ImmunoResearch Laboratories, Suffolk,
UK) for 30 min, after which antigen retrieval was carried out in 10 mM citric acid buffer (pH 6) at
90°C for 20 min. Sections were washed in Tris buffered saline (TBS), alternated with TBS with 1%
Tween for permeabilization. Sections were incubated with primary antibody overnight at 4°C and
subsequently with secondary antibodies for 1h at room temperature, followed by Sudan Black B
incubation to eliminate autofluorescence and transgenic GFP fluorescence (0.1% in 70% ethanol;
Sigma-Aldrich, Taufkirchen, Germany) (Supplementary Fig. 1A-F), washing with PB + 0.02% Tween,
and mounting (BrightMount mounting medium, Abcam, Cambridge, UK). The primary antibodies
used were: anti-human PDYN (rabbit, 1:30021, anti-Dyn A (rabbit, 1:300, Abcam, Cambridge, UK),
anti-vGlut2 (rabbit, 1:1,000, Synaptic Systems, Göttingen, Germany), anti-EAAT4 (rabbit, 1:500,
Alpha Diagnostics, San Antonio, TX, USA) and anti-Calbindin (mouse, 1:500, Abcam, Cambridge, UK).
Secondary anti-rabbit antibodies were conjugated with Alexa488 and anti-mouse antibodies with
Cy3 (both: donkey, 1:250, Jackson ImmunoResearch Laboratories, Suffolk, UK).
For silver stainings, brain samples were dehydrated with a graded ethanol series, followed
by xylene and paraffination. Paraffin sections were cut at a thickness of 5 μm. After subsequent
deparaffination and rehydration, the cerebellar slides were placed in a 20% AgNO3 solution for 20
minutes at 60°C. After rinsing in distilled water, the slides were placed in a solution of 10% AgNO3
(to which ammonia was added until the precipitate was dissolved) + 1 ml of 25% sodium carbonate
solution. The solution was stirred while drops of 3.7% formalin were added until the slides stained

47

II

Chapter II

golden brown. After being rinsed in distilled water, the slides were placed in 5% sodium thiosulfate
solution for 2 minutes. Then the slides were rinsed again, followed by dehydration, xylene, and
mounting. These slides were evaluated for the formation of “torpedoes” (indicating axonal damage
of Purkinje cells) and “empty baskets” (indicating complete loss of individual Purkinje cells).
Sections were imaged using an AxioObserver Z1 fluorescence microscope (Zeiss, Sliedrecht,
The Netherlands) and Leica TCS SP8 confocal microscope, and the images were analyzed using the
ImageScope (Aperio e-pathology solutions, http://www.aperio.com) and Fiji software (National
Institutes of Health, http://fiji.sc/).
Motor performance analyses
Footprint patterns were analyzed using a runway (80 cm by 10.5 cm wide) with white paper on
the bottom. Mouse paws were painted with non-toxic, water-soluble ink (black for hind paws and
magenta for front paws; Liquitex, London, UK). Five consecutive strides were measured for each
animal22. To assess motor performance the accelerating rotarod test was used (3-cm-diameter
rotating cylinder; IITC, Woodland Hills, CA, USA). The training session contained 3 runs at stable
20 rpm at day 1, followed by 2 training days (3 runs per day) at accelerating speed (from 4 to 30
rpm within 180 seconds, running 600 seconds in total). The experiment was performed on day 4,
identical to the exercise on days 2 and 3. The minimal interval time in between the runs was 15
min22. All tests were performed without genotype information and scored and analyzed by two
independent researchers.
Cerebellar examinations: Purkinje cell count, molecular layer thickness and climbing fibre
distribution
PCs were counted and averaged over 100 μm and the climbing fibre (CF) distribution was quantified
by measuring the height of the vGlut2 staining in the molecular layer relative to the Calbindin
staining in the same region. The PC length was measured as the distance from the top of PC soma
to the tip of PC dendrite, and the CF distribution in the molecular layer was measured from the
top of PC soma to the tip of CF arbor. In addition, the molecular layer thickness was measured.
For molecular layer thickness and CF distribution, at least 10 measurements per section were
taken in specific cerebellar regions. One series of cerebellar sections per animal and two animals
per genotype (controls, PDYNWT and PDYNR212W ) were used for one staining. Full cerebellar regions
(including cerebellar lobules II, III, IV/V, VI, IX and X 8, the paramedian lobule, PFl, flocculus and Sim/
Crus) were present in different sections and two to five sections were analyzed per region.
Cerebellar primary cultures
Cerebella of P5 pups were dissected and were kept on ice in supplemented PBS (0.3% BSA and
0.6% Glucose) after removal of the meninges. After trypsinization, cerebella were disaggregated
in DMEM medium supplemented with 10% FBS, 0.25% Pen/Strep and DNAse I (Sigma-Aldrich,
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Taufkirchen, Germany), with a succession of pipettes, decreasing in size. Cells were then counted
and approximately 200.000 cells were seeded onto poly-D-lysine/laminin coated glass coverslips
in 24-wells plates, in NeuroBasal medium (Life Technologies, Gibco, Bleiswijk, The Netherlands),
supplemented with 0.5% FBS, 0.25% Glutamine, 0.25% Pen/Strep, and B27 (Life Technologies, Gibco,
Bleiswijk, The Netherlands). After 24 hours of culturing, inhibitor Ara-C (Sigma-Aldrich, Taufkirchen,
Germany) was added to the culture medium to decrease glial cell growth. Neurons were cultured for
10 days before experiments were conducted.

II

Immunocytochemistry
Cerebellar neurons were fixed in 4% paraformaldehyde for 10 minutes and washed with
PBS. Blocking and permeabilization was performed with 5% normal donkey serum (Jackson
ImmunoResearch Laboratories, Suffolk, UK) and 0.1% Triton (Sigma-Aldrich, Taufkirchen, Germany)
in PBS for 1 hour. Neurons were incubated with primary antibodies overnight at 4°C, and for 1 hour
with secondary antibodies at room temperature. All antibodies were diluted in blocking solution,
and the primary antibodies used were anti-human PDYN (rabbit, 1:10021), anti-Dyn A (rabbit, 1:100,
Abcam, Cambridge, UK) and anti-β3 tubulin (mouse, 1:100, Santa Cruz Biotechnology, Dallas, TX,
USA). Secondary anti-rabbit antibodies were conjugated with Alexa488 and anti-mouse antibodies
with Cy3 (both: donkey, 1:250, Jackson ImmunoResearch Laboratories, Suffolk, UK).
Neurons were imaged using a Leica TCS SP8 confocal microscope, and the images were analyzed
using Fiji software (National Institutes of Health, http://fiji.sc/).
Electrophysiological recordings
The cerebellar neurons cultured on the poly-D-lysine/laminin-coated coverslips were placed in
a measuring chamber attached to a Axioskop 2 FS microscope (Zeiss, Oberkochen, Germany).
Membrane currents and voltages were measured using an Axopatch 200 B amplifier (Axon
Instruments, Foster City, CA, USA), using the whole-cell patch clamp technique. Pipettes were
pulled from borosilicate glass (Clarke, UK) and were filled with a solution containing: KCl 140 mM,
Hepes 10 mM, EGTA 10 mM, MgCl2 1 mM, CaCl2 1 mM, Na2ATP 2 mM (280–290 mOsm). The bathing
solution contained NaCl 140 mM, KCl 4 mM, glucose 10 mM, CaCl2 2 mM, Hepes 1.2mM and MgCl2
1 mM (mOsm 330). The pH of all solutions was adjusted to 7.40. When used with these solutions, the
pipettes had initial resistances of 5–8 M. Membrane currents were recorded at room temperature
(20–22 °C) with the amplifier in voltage clamp mode.
Currents were low-pass filtered at 5 kHz and sampled at 50 kHz using a Digidata 1320 AD converter
(Axon Instruments, Foster City, CA, USA). Pipette capacitance and whole cell resistance were
compensated for. After measuring the membrane currents, the amplifier was switched to current
clamp mode. Following measurement of the resting membrane potential, the membrane potential
was set to -50 mV using steady injected current through the patch pipette. Input resistance was
measured using small depolarizing current steps. The cell was activated with a 500 ms pulse of
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depolarizing current. Voltage clamp step protocols were generated and data was analyzed using
Pclamp software (Axon Instruments, Foster City, CA, USA).
Statistical analysis
All data was normalized against 3-month control data and expressed as mean ± standard error of
the mean (SEM), unless stated otherwise. Two-way ANOVA was used to determine the significance
of the observed differences between the genotypes, and over time, unless stated otherwise (p <
0.05 is considered statistically significant).

Results
Expression of SCA23-mutant PDYN-R212W leads to elevated levels of cerebellar mutant Dyn
A
Previous studies have shown that the SCA23 mutation, R212W, has the strongest effects on Dyn A
levels in cell models compared to other mutations10. In addition, R212W induces the strongest nonopioid nociceptive activity upon injection of Dyn A into mice12. To examine the causal role of mutant
PDYN-R212W in the pathology of SCA23, we ubiquitously expressed PDYN-wt or PDYN-R212W by
crossing (PDYNWT )flox/flox and (PDYNR212W )flox/flox mice with Hypoxanthine-Guanine Phosphoribosyl
Transferase-Cre (HPRT-Cre) mice23 (Fig. 1A).
Heterozygous PDYNWT and PDYNR212W mice were born at the expected Mendelian frequency,
were fertile, appeared healthy, and displayed body weight that was indistinguishable from control
littermates (data not shown). Transgenic PDYN mRNA expression was equally high in the cerebella
of PDYNWT and PDYNR212W mice at 3 months of age (Fig. 1B), which significantly decreased in PDYNWT
mice but not in PDYNR212W mice at 12 months of age (Supplementary Fig. 2A). Transgenic PDYN-wt
or R212W expression did not affect endogenous Pdyn mRNA expression at 3 months of age (Fig.
1C), whereas clearly reduced Pdyn expression was observed in PDYNR212W mice at 12 months of age
(Supplementary Fig. 2B). This led to approximately equal PDYN/Pdyn mRNA levels in both models
at 3 and 12 months of age. Both PDYNWT and PDYNR212W mice showed ~5 fold elevated PDYN/Pdyn
mRNA levels compared to control mice (Fig. 1D). Despite the equal PDYN/Pdyn mRNA levels at 3
and 12 months of age, significantly lower PDYN protein levels were observed in PDYNR212W cerebella
compared to PDYNWT at age 3 – and 12 months of age (Fig. 1E and Supplementary Fig. 2D and 3).
Consistent with lower PDYN protein levels in cerebellum, PDYN protein levels were reduced in brain,
kidney and liver of PDYNR212W mice (Supplementary Fig. 2C-H and 4). These results suggest that PDYNR212W is either more efficiently processed into peptides or is more rapidly degraded than PDYN-wt.
To examine the processing of PDYN-wt and PDYN-R212W to Dyn A, Dyn B and conversion to
Arg-Leu-enkephalin (Leu-ENK-Arg6), the cerebella of PDYNWT, PDYNR212W mice and their age-matched
controls were analyzed by radioimmunoassay. We observed that PDYN expression resulted in marked
increased levels of Dyn A and Dyn B in the cerebella of PDYNWT and PDYNR212W mice, compared
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Figure 1. PDYN-R212W expression leads to elevated mutant Dyn A levels in the cerebellum of PDYNR212W
mice
The transgene cassette contained the full PDYN cDNA downstream of two loxP sites flanking a transcription
STOP signal of three consecutively arranged polyadenylation sites. (PDYNWT )flox/flox and (PDYNR212W )flox/flox mice are
crossed with HPRT-cre mice to ubiquitously express the PDYN transgene. (B) PDYN mRNA expression levels in the
cerebella of 3-month old PDYNWT, PDYNR212W and littermate control mice (control), normalized against 3-monthold PDYNWT mice revealed by real-time PCR (n = 6, per genotype). PDYNWT and PDYNR212W mice showed equal
transgene expression. Values are mean ± SEM. (C) Endogenous Pdyn mRNA levels in the cerebella of 3-monthold PDYNWT, PDYNR212W and control mice, normalized against 3-month-old control mice revealed by real-time PCR
(n = 6, per genotype). Expression of PDYN-wt and PDYN-R212W did not influence Pdyn mRNA levels. Values are
mean ± SEM. (D) The quantity mean Pdyn and PDYN mRNA expression. Both PDYNWT and PDYNR212W mice showed
~5 fold increase in total PDYN/Pdyn mRNA expression. Values are mean ± SEM. (E) Representative immunoblot
image of PDYN protein levels in cerebella of PDYNWT, PDYNR212W and littermate controls at 3 months of age,
stained with anti-C-terminal human PDYN antibody. For full length immunoblot see Supplementary Fig. 3. (F)
Quantification of PDYN protein levels in 3-month-old mice. Results were normalized using MemCode staining.
PDYNR212W mice showed ~1.3 fold decreased PDYN protein levels compared to PDYNWT mice. * p < 0.05, ** p <
0.01 (G) Relative Dyn A, Dyn B, and Leu-ENK-Arg6 peptide levels in 3-month-old cerebella (n = 2, per genotype).
PDYNWT mice showed a ~3.9 fold and ~2.4 fold increase in Dyn A and Dyn B peptide levels compared to littermate
controls, respectively. Additionally, PDYNR212W mice showed a ~11.1 and ~2.8 fold increase in Dyn A and Dyn B
peptide levels compared to littermate controls, respectively. Notably, a ~2.8 fold increase in Dyn A peptide levels
was observed in PDYNR212W mice compared to age-matched PDYNWT mice. Values are expressed as the percentage
of control mice. * p < 0.05, ** p < 0.01

to littermate controls at 3 and 12 months of age (Fig. 1G and Supplementary Fig. 2K). Especially,
significantly increased Dyn A levels in PDYNR212W mice were observed compared to PDYNWT mice at
both 3 and 12 months of age. This effect was not observed for Dyn B and Leu-ENK-Arg6 peptide
levels, suggesting that the R212W mutation selectively alters the processing of PDYN to Dyn A.
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Figure 2. PDYN and Dyn A expression in cerebellar Purkinje cells of PDYNWT and PDYNR212W mice
Representative immunofluorescence images of PDYN (A-I, magenta)) and Dyn A (J-R, magenta) in cerebella
of 3-month-old control, PDYNWT and PDYNR212W mice. The PC-specific marker Calbindin (in green) was used to
indicate the PC soma and dendrites (panels D-F and M-O, for PDYN and Dyn A, respectively) and the overlay
(panels G-I and P-R, for PDYN and Dyn A, respectively). Both PDYNWT and PDYNR212W mice showed marked PDYN
expression throughout the cerebellum. PDYN expression shows clear co-localization with the PC soma, whereas
Dyn A expression was mainly detected in the molecular layer, and to a lesser extend in the PCs. No clear difference
was observed in the PDYN and Dyn A immunofluorescence between PDYNWT and PDYNR212W mice. Micrographs of
cerebellar overall morphology and 20x magnification, scale bar, 100 μm.

52

Elevated mutant Dynorphin A levels cause SCA23

Consistent with clear cerebellar PDYN protein expression on Western blot, strong and specific
PDYN and Dyn A immunofluorescence signals (in green) were detected in the molecular, PC
and granule cell layers of PDYNWT and PDYNR212W mice at both age 3 and 12 months (Fig. 2 and
Supplementary Fig. 3). These signals were also observed in the PC soma as was shown by colocalization with the PC-specific marker Calbindin (in red), indicating that PCs express PDYN and
Dyn A. In general, Dyn A localized more to the molecular layer (Fig. 2Q and R) than PDYN, which
showed a more focal localization in the PC soma (Fig. 2H and I).
Taken together, these results show that both transgenic mouse lines have robust expression
of PDYN-wt or PDYN-R212W in the cerebellum. Despite the low precursor levels, PDYNR212W mice
showed highly elevated (~2-3 fold) cerebellar mutant Dyn A levels compared to PDYNWT mice.
These results are in line with our previous data that showed that the PDYN R212W mutation
led to significantly enhanced Dyn A peptide levels in cell models10, which is likely to be a direct
consequence of enhanced PDYN-R212W processing.
Expression of PDYN-R212W causes PC cell death and loss of CF-PC innervation
To investigate whether PDYN-wt or PDYN-R212W expression causes cerebellar pathology, we
performed a toluidine blue staining to study the gross morphology of the cerebellum. The cerebella
of both PDYNWT and PDYNR212W mice did not show any major abnormalities and were of similar size as
littermate controls at 3 and 12 months of age, including the molecular layer (Supplementary Fig. 4AG). However, lobule II did show significant thinning in 12-month-old PDYNR212W mice (Supplementary
Fig. 4G) and a more detailed analysis revealed significantly marked PC loss in the vermal lobules II,
III, VI and in the hemispheric regions Sim/Crus of 12-month-old PDYNR12W mice compared to both
PDYNWT mice and littermate controls (Fig. 3A). This was not observed at 3 months of age (data not
shown). The age-dependent PC pathology was confirmed by Calbindin immunostainings and
Sevier-Munger stainings. PCs of 12-month-old PDYNR212W mice showed mild atrophy of the dendritic
tree and loss of Calbindin staining (Fig. 3B-D). Additionally, Sevier-Munger stainings demonstrated
several stages of PC damage in PDYNR212W mice, including rare axonal torpedoes (Fig. 3E), single and
multiple empty baskets (Fig. 3F and G), and chronic PC loss indicated by the absence of normal
PC layer structure (PCs and basket cells) (Fig. 3H). In contrast, age-matched PDYNWT and littermate
control cerebella only very rarely displayed a single empty basket, which was most likely the result
of normal aging (data not shown). Larger stretches with empty baskets or areas with chronic PC loss
were never observed. No PC layer pathology was observed in 3-month-old PDYNR212W mice (data not
shown), suggesting degeneration occurs relatively late and progresses slowly, mirroring the human
disease11.
Next, we analyzed the PC pathology more precisely by examining climbing fibre (CF)-PC
synapses, using the vesicular glutamate transporter 2, vGlut2 as a marker24. Altered distribution of
CF synapses was previously seen in SCA1 and SCA7 mice25,26, reflected by reduced vGlut2/Calbindin
ratios along the PC dendrites. The PC dendrites of PDYNR212W mice showed a significantly reduced CF
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Figure 3. Loss and atrophy of Purkinje cells in PDYNR212W mice at 12 months of age
(A) Purkinje cells count in the vermal lobules II, III, IV/V, VI, X, and Sim/crus, and paraflocculus (PF) in toluidine
blue sections of the cerebellum of 12-month-old PDYNWT and PDYNR212W mice (n= 5-7, per genotype). PDYNR212W
mice showed significantly less PCs in the vermal lobules II, III, and VI, and Sim/Crus compared to PDYNWT and
control mice. PDYNR212W mice showed on average 4.5 ± 0.36, 4.6 ± 0.04, 4.52 ± 0.26 PCs per 100µM in the vermal
lobules II, III, and VI, and 5.1 ± 0.22 in Sim/Crus compared to 7.4 ± 0.52, 10.2 ± 0.36, 6.53 ± 0.75, and 5.59 ± 0.27
PCs per 100µM in PDYNWT mice. Data is presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, and ****
p < 0.0001 (B-D) Representative Calbindin immunofluorescence images from affected vermal regions of the
PC and molecular layers of cerebellar from 12-month-old control, PDYNWT and PDYNR212W mice. PDYNR212W mice
showed reduced Calbindin immunofluorescence and mild dendritic atrophy compared to PDYNwt and control
mice. Scale bar 100 μm. (E-H) Representative micrographs of Silver-Munger stainings of the PC and molecular
layer of 12-month-old PDYNR212W mice. The PC layer of PDYNR212W mice showed torpedos (E), empty baskets (F-H),
and regions without empty baskets (G). This pathology was not observed in age-matched PDYNWT and control
mice (n = 2-3, per genotype). Scale bar E = 50 μm, Scale bar F-H 100 μm.
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Figure 4. Reduced climbing fiber synapses at PC dendrites in PDYNR212W mice
The distribution of climbing fibers (CF) and PC dendritic tree in the vermal lobules II, IV/V, VI, IX, and Sim/Crus,
and paraflocculus (PF) was assessed by vGlut2 and calbindin immunostaining, respectively (A) Representative
confocal images of lobule VI of the cerebella of control, PDYNWT and PDYNR212W mice at 3 and 12 months of age
stained with anti-Calbindin antibody (in green), and anti-vGlut2 antibody (in magenta). The relative vGlut2
staining compared to the Calbindin staining is indicated in the molecular layers by the dotted lines. 3- and
12-month-old control, PDYNWT and PDYNR212W mice showed a mean relative height of CF to molecular layer
thickness of 0.78 ± 0.02, 0.79 ± 0.01, 0.71 ± 0.02, and 0.79 ± 0.01, 0.78 ± 0.02, and 0.62 ± 0.03, respectively. (B)
Quantification of the relative height of vGlut2 staining compared to molecular layer thickness, represented by
Calbindin staining, in the lobules II, IV/V,VI, IX, Sim/crus and PF in control, PDYNWT and PDYNR212W mice of 3 and 12
months of age (n= 5-7, per genotype). At 3 months of age, PDYNR212W mice already showed significantly reduced
CF-PC synapses in lobules II, VI, IX, and PF compared to PDYNWT and control mice. In these regions, PDYNR212W mice
showed a relative height of vGlut2 staining compared to molecular layer thickness of 0.71 ± 0.02, 0.72 ± 0.02,
0.60 ± 0.02, and 0.62 ± 0.07 compared to 0.81 ± 0.01, 0.78 ± 0.02, 0.76 ± 0.02, and 0.78 ± 0.02 in age-matched
PDYNWT mice. This effect significantly progressed over time in the vermal lobules II (0.64 ± 0.02, p = 0.006), VI (0.72
± 0.02, p < 0.0001; ), and IX (0.60 ± 0.02, p = 0.0173) in PDYNR212W mice but not for the PF. Data is normalized to
3-month-old controls and presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001

synapse distribution in the vermal lobules II, VI and IX, and in the paraflocculus (PFl) compared to
PDYNR212W mice and littermate controls, respectively (Fig. 4A-B). These effects were also observed in
lobules II, VI, IX, and PFl of 3-month-old PDYNR212W mice which significantly progressed over time up
to 12 months of age (Fig. 4B). This suggests that expression of PDYN-R212W caused early changes
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in the CF-PC synapses, and that these changes progress with age and lead to PC degeneration over
time. Notably, the loss of CF-PC synapses is mostly restricted to the anterior vermis and lobule VI;
regions found to be responsible for motor coordination and balance27,28.
PDYNR212W mice exhibit gait deficits and motor dysfunction revealing cerebellar ataxia
To test whether the subtle but significant and progressive morphological alterations observed
above translate into neurological effects, we assessed gait- and motor performance over time
using footprint pattern analysis and the accelerating rod test. Footprint patterns were analysed for
differences in hind base width and the overlap of steps between the front and hind paws, which are
characteristic for ataxia29. The hind base width of PDYNR212W mice was significantly wider than PDYNWT
mice at all ages, and significantly wider than control mice at 3,6, and 9 months of age (Fig. 5A).
Already at 3 months of age, PDYNR212W mice also showed significant loss of step overlap in contrast
to PDYNWT and control mice, which progressively reached maximal loss of step overlap at 9-12
months of age (Fig. 5B). The performance on the accelerating rod was only significantly diminished
in PDYNR212W mice at 12 months of age compared to littermate controls, as their time on the rod
was markedly reduced (Fig. 5C). Although 12-month-old PDYNR212W mice performed worse than agematched PDYNWT mice, this difference was not significant.
Altogether, these data show that PDYNR212W mice exhibit a mild, slowly progressive, impairment of
motor coordination with deficits in balance and step alterations, reflecting the mild and progressive
neurological symptoms of SCA23 patients.
PDYNR212W mice show altered expression of opioid and glutamatergic signalling
To address the consequence of the elevated mutant Dyn A peptide levels on opioid signalling, we
studied the mRNA expression levels of the opioid receptors Oprd1, Oprk1, and Oprm1. The expression
of PDYN-wt and PDYN-R212W did not affect Oprd1, Oprk1 and Oprm1 mRNA levels in cerebellum at 3
months of age (Fig. 6A), but at 12 months of age, PDYNWT mice and control mice showed significantly
increased Oprk1 and Oprm1 mRNA expression levels compared to PDYNR212W mice (Fig. 6A). Notably,
this increase in receptor expression was also significant over time for the control mice but not for
PDYNWT mice. Thus, the expression of PDYN-R212W reduced opioid signalling in the cerebellum at
12 months of age.
We hypothesized that the abundant mutant Dyn A peptides switch to another receptor system as
has been described for elevated wild type Dyn A levels in a pain model30. Therefore, we next studied
the mRNA expression levels of components of the glutamatergic system over time in cerebellum,
including the NMDA-R subunits Grin1, Grin2a, and Grin2b, the AMPA-R subunits Gria2 and Gria3, as
Dyn A-induced cell death in cell models was previously shown to be mediated via both NMDA-Rs7
and AMPA-Rs8. No significant differences were detected for Grin1 and Grin2b mRNA levels between
the different genotypes and time points. However, a significant increase in Grin2a expression was
observed in 3-month-old PDYNR212W mice compared to PDYNWT and littermate controls, but not at 12
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Figure 5. PDYN
mice exhibit gait abnormalities
and motor dysfunction
(A) Foot print pattern analysis of hind limb base with
in control, PDYNWT and PDYNR212W mice at 3, 6, 9, and
12 months of age (n = 6, per transgenic line and n =
12 for controls). PDYNR212W mice showed a significantly
wider hind limb base (3.64 ± 0.26) than PDYNWT (2.67 ±
0.06) and control mice (3.33 ± 0.13) at 3 months of age.
This effect persisted up to 12 months of age, where
PDYNR212W mice showed a hind limb base with of 2.71 ±
R212W

0.20 compared to 2.44 ± 0.16 and 2.69 ± 0.12 in age-matched PDYNWT and control mice, respectively. Students
t-test, * p < 0.05, and *** p < 0.001, **** p < 0.0001, and ***** p < 0.00001 (B) Foot print pattern analysis of the
overlap of front and hind paw footprints in control, PDYNWT and PDYNR212W mice at 3, 6, 9, and 12 months of age
(n = 6, per transgenic line and n = 12 for controls). Perfect step overlap equals a score of 0. Significant loss of step
overlap in PDYNR212W mice (0.33 ± 0.01) was observed starting at 3 months of age compared to PDYNWT (-0.11 ±
0.06) and control mice (0 ± 0.06). This deficit progressed with aging up to 9 months of age (range 0.33-1.15 ±
0.10). Loss of step overlap was not observed in PDYNWT mice or littermate controls. 1-way ANOVA, ** p < 0.01, and
*** p < 0.001 (C) Quantification of the latency to fall from the accelerating rotarod performance on experimental
day 4 of control, PDYNWT and PDYNR212W mice at 3, 6, 9, and 12 months of age (n = 6, per transgenic line and n = 12
for controls). Only at 12 months of age PDYNR212W mice showed a significantly decreased latency to fall compared
with similarly aged PDYNWT mice and littermate controls. PDYNR212W mice at 12 months of age stayed on average
38.51 ± 3.57 seconds on the accelerating rod compared to PDYNWT mice and littermate controls, which stayed on
the rod for 62.37 ± 6.86 and 82.77 ± 8.03 seconds, respectively. 1-way ANOVA, * p < 0.05

months of age (Fig. 6B). Gria2 and Gria3 mRNA levels was identical for all genotypes at age 3 months,
but the trend in age-dependent decline (not significant) in Gria2 and Gria3 expression in controls
and PDYNWT mice was significantly prevented in PDYNR212W mice (Fig. 6C). We lastly examined the
expression of glutamate transporters Slc1a3, Slc1a1, and Slc1a6. At 3 months, only Slc1a1 mRNA
levels were significantly elevated in PDYNR212W mice compared to control mice (Fig. 6D). Whereas
a significant increase in Slc1a3 expression was seen in 12-month-old PDYNR212W mice compared to
PDYNWT mice and littermate controls (Fig. 6D). These changes in the mRNA levels of components of
the glutamatergic system imply that expression of PDYN-R212W affects the glutamate system.
Overall, these results indicate that the elevated mutant Dyn A levels likely add to disturbed opioid
and glutamatergic signalling in the cerebellum and subsequently contributes to SCA pathogenesis.
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Figure 6. Altered expression of opioid receptors and glutamatergic signaling components in cerebella of
PDYNR212W mice
Quantification of RT-PCR data of 3- and 12-month-old cerebella of control, PDYNWT and PDYNR212W mice (n = 6, per
genotype). All data was normalized to 3-month-old controls. (A) At 3 months of age, no significant difference
was observed in the expression of the opioid receptors between the three genotypes. At 12 months of age, both
PDYNWT and control mice showed significantly increased (~2.5 fold each) Oprk1 and Oprm1 mRNA expression
compared to PDYNR212W mice. This increase in receptor mRNA expression over time was only significant (Oprk1,
p <0.0001 and Oprm1, p < 0.0002) for control mice and not for PDYNWT mice. * p < 0.05, ** p < 0.01, and *** p
< 0.001 (B) Grin2a mRNA expression was only significantly increased by ~1.7 and ~1.6 fold in 3-month-old
PDYNR212W mice compared to PDYNWT and control mice, respectively. This was effect was no longer observed at 12
months of age. No significant differences were detected in the mRNA expression of Grin1 and Grin2b between
the genotypes nor over time. ** p < 0.01, and **** p < 0.0001 (C) No significant changes in Gria2 and Gria3
mRNA expression were detected between the various genotypes at 3 months of age. At 12 months, both Gria2
and Gria3 mRNA expression was significantly increased (Gria2, ~1.3 fold and Gria3, ~1.4 fold) in PDYNR212W mice
compared to PDYNWT and control mice, respectively. However, this difference in mRNA expression levels were
due to a decline in Gria2 and Gria3 mRNA expression in PDYNWT and control mice. * p < 0.05, and ** p < 0.01 (D)
Slc1a1 mRNA expression was ~1.2 fold increased in 3-month-old PDYNR212W mice, compared to control mice,
that was no longer observed at 12 months of age. However, Slc1a3 mRNA expression was ~1.5 fold increased in
PDYNR212W mice compared to both PDYNWT and control mice at 12 months of age. The Slc1a6 mRNA expression
levels did not differ between the genotypes, nor over time. * p < 0.05

Increased expression of PDYN-R212W causes electrophysiological changes in cultured
cerebellar neurons
In order to determine whether expression of PDYN-R212W causes altered neuronal excitability in the
cerebellum, we performed electrophysiological experiments on cultured cerebellar neurons from
P5 control, PDYNWT and PDYNR212W pups. As shown in Supplementary Fig. 7, PDYNWT and PDYNR212W
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Figure 7. Voltage clamp recordings show loss of action potential peak in PDYNR212W cultured cerebellar
neurons
(A) Representative action potential waveforms for control, PDYNWT, and PDYNR212W cultured cerebellar neurons.
Control and PDYNWT neurons show similar action potential waveforms after initial stimulus (upper and middle
panel), whereas PDYNR212W neurons only demonstrate a slow, low amplitude depolarization after the initial
stimulus (lower panel). (B) Combined Na+ and K+ IV curves for control, PDYNWT, and PDYNR212W cultured neurons
show significantly less electrical charge of the membrane of PDYNWT and PDYNR212W neurons than of control
neurons. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001, red asterisks for PDYNWT versus control, green
asterisks for PDYNR212W versus control (B-E) Representative action potential waveforms for control, PDYNWT, and
PDYNR212W cultured cerebellar neurons. Control and PDYNWT neurons show similar action potential waveforms
after initial stimulus (B and C), whereas PDYNR212W neurons only demonstrate a slow, low amplitude depolarization
after the initial stimulus (D and E).

cultures expressed PDYN at similar levels (Supplementary Fig. 7E-L), whereas control cultures
only showed background staining (Supplementary Fig. 7A-D). All cultures expressed Dyn A, with
the lowest levels in control neurons and the highest levels in PDYNR212W neurons (Supplementary
Fig. 7M-X), similar to mice at 3 and 12 months of age. No significant morphological differences
were observed between the genotypes (data not shown). The cultured neurons were analysed at
10DIV (days in vitro) by whole cell patching, and whole cell currents were compared. We showed
that PDYNR212W cerebellar neurons exhibit similar expression of voltage-dependent membrane
currents (I-V curve) compared to PDYNWT cerebellar neurons (Fig. 7A). Additionally, both PDYNWT
and PDYNR212W cerebellar neurons showed significantly smaller Na+ and K+ currents than cerebellar
neurons from control littermates. This suggests that overexpression of PDYN already has an effect
on the physiological functioning of the cell.
Current clamp recordings showed that control cerebellar neurons were characterized by fast
spike action potentials with an amplitude of 61.8±12.8mV and a half-width of 2.6±1.1ms (Fig. 7B).
PDYNWT neurons displayed typical granule cell action potentials31 with an fast spike amplitude of
66.9±4.43mV and a half-width of 2±0.2ms, respectively (Fig. 7C), The activity in PDYNR212W cerebellar
neurons was different from the other genotypes, in that the amplitude of the spikelets was much
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smaller, 37.2±5.8mV (Fig 7D), and the membrane did not reach 0mV. Furthermore, these spikelets
had a half-width of 9.7±2.8ms (Fig 7.D). Additionally, PDYNR212W cerebellar neurons displayed another
action potential waveform, which can be described as a small excitatory post-synaptic potentials
(EPSP) that did not progress into an action potential (Fig 7.E). Taken together, these results suggest
that increased expression of PDYN impairs cell functioning leading to reduced Na+ and K+ currents.
Furthermore, expression of PDYN-R212W causes a significant change in the action potential
waveform of cultured PDYNR212W cerebellar neurons affecting neuronal excitability.

Discussion
In this study, we have generated the first mouse model for SCA23 and shown that mice expressing
PDYN-R212W recapitulate many characteristics of the human phenotype of SCA2311. PDYNR212W
mice develop mild, slowly progressing ataxia, with subtle gait abnormalities detected at 3 months
of age, and an overall decline in motor performance at 12 months of age, related to synaptic
alterations in PCs (early) and PC loss (later), coinciding with elevated mutant Dyn A peptide levels.
The loss of CF-PC synapses most likely contributes to the early motor deficits in PDYNR212W mice,
by causing PC malfunctioning and eventually cell death. The observation that the CF retraction is
progressive, suggests that loss of CF-PC synapses is caused by active elimination, rather than by a
developmental issue32. Additionally, loss of CF-PC synapses seems to be common in SCA pathology
including SCA1, SCA7 and SCA1425,26,33. However, the relative mild pathology of the PDYNR212W mice
correlates more with the conventional (non-polyglutamine) SCA5 mouse model, that displayed PC
loss from 6 months of age (Perkins et al., 2010). The region most affected by neurodegeneration was
the anterior vermis, a region known to be involved in motor coordination and balance27,28, again
mimicking the human disease11. The question remains why PDYNR212Wmice show relatively restricted
cerebellar pathology. We hypothesize that mutant Dyn A is mimicking the actions of glutamate,
and selectively targets NMDA-Rs comprised of Nr2a and Nr2b subunits instead of its native opioid
receptors. These NMDA-Rs mainly mediate EPSPs on PCs at PC-CF synapses34, and overactivation
may contribute to retraction of CFs, affecting intracellular calcium concentrations and induction of
cerebellar plasticity which plays an important role in preserving motor performance35–37.
This work confirms our previous genetic and cellular findings10, and shows that the R212W
mutation in PDYN results in elevated Dyn A levels in vivo and causes cerebellar ataxia.The elevated
Dyn A peptide levels are probably the result of enhanced PDYN-R212W processing, as low precursor
protein levels were detected in PDYNR212W mice. Additionally, the R212W mutation may stabilize
the mutant peptide, as unchanged levels of the peptide cleavage product, Leu-ENK-Arg6, were
observed. This suggests that mutant Dyn A is degraded less efficiently, leading to accumulation of
mutant Dyn A, but not Dyn B, in the tissue. Additionally, the elevated levels of mutant Dyn A are very
likely the cause of PC death and cerebellar ataxia.
Previous studies have already shown that Dyn A can cause cytotoxicity through various non-
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opioid mechanisms7–9,38. Here, the increased mRNA levels of the NMDA-R subunit Grin2a, which is
the major contributor of NMDA-R-mediated excitotoxicity39, in PDYNR212W mice at 3 months of age
make it tantalizing to speculate that mutant Dyn A is (over)stimulating NMDA-Rs containing this
subunit. Notably, Dyn A was previously shown to directly interact with the NMDA-R and potentiates
its glutamate currents40. The temporal decrease in mRNA expression of the Grin2a subunit may be a
compensatory mechanism of the cells trying to decrease the NMDA-R-induced EPSPs that may be
caused by the elevated Grin2a mRNA levels34. Additionally, PDYNR212W mice highly express glutamate
transporters and AMPA-R subunits at 12 months of age. Increases in glutamate transporters may
suggest that PCs and Bergmann glia perceive a high concentration of extracellular glutamate
and attempt to clear this from the synaptic cleft. The changes in the mRNA expression of AMPA-R
subunits may disturb the induction of cerebellar plasticity41. Additionally, AMPA-R-mediated
excitotoxicity was proposed as the underlying mechanism of PC loss in SCA542.
Another possible mechanism may be increased opioid-mediated glutamate release, where
mutant Dyn A interacts with presynaptically located KOR to induce release of glutamate, thereby
indirectly activating NMDA-Rs43. However, given the reduced mRNA expression of Oprk1 in PDYNR212W
mice at 12 months of age, and the reduced affinity of mutant Dyn A to bind to KOR (unpublished
data), this mechanism seems unlikely.
In addition, evidence is accumulating that Dyn A-mediated neurotoxicity may be non-receptormediated, as Dyn A peptides were shown to interact with membranes, induce membrane leakage,
and translocate across the plasma membrane, which could underlie neuronal cell death13,14,44.
Interestingly, similar mechanisms have been reported for the cytotoxicity of Alzheimer beta amyloid,
where amyloid-b peptides were shown to activate extrasynaptic NMDA-Rs indirectly, leading to
synaptic loss and/or changes in the permeability of membranes after inducing pore formations
leading to increased amyloid formation and toxicity in vivo45–48.
The altered neuronal excitability as indicated by the distinct change in the amplitude and
action potential waveform in cultured cerebellar neurons of PDYNR212W mice compared to PDYNWT
and control cerebellar neurons very likely indicate that expression of PDYN-R212W affects synaptic
transmission. These spikelets cause little depolarization of the membrane, exhibit slow extinction
affecting repolarization, and do not show overshoot fast spikes like PDYNWT and control neurons,
showing resemblance to an immature phenotype of granule cells49. Since the cerebellar neurons
examined here demonstrated action potential waveforms attributed to different cell populations
including granule cells31, the relevance of these results with regard to Purkinje cell functioning need
to be further investigated. This data complements our hypothesis of that expression of PDYN-R212W
may cause altered synaptic efficiency, as information transfer at synapses is based upon changes in
membrane polarization. Additionally, this finding could support the idea that mutant Dyn A induces
membrane leakage by interacting with the membrane and induces pores in the membrane13,14,44,
thereby changing the membrane potential and impeding expression of action potentials.
In conclusion, the PDYNR212W mouse is the first mouse model for SCA23, and it recapitulates the
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symptoms and cerebellar pathology of SCA23 patients. We show that the elevated mutant Dyn A
peptide levels are very likely responsible for the initiation and progression of SCA23 disease, and
cause alterations in climbing fibre-Purkinje cell synapse function and motor performance. Although
the mechanism by which mutant Dyn A causes neurotoxicity is not completely revealed, our results
show that high levels of mutant Dyn A correlate with increased expression of glutamate receptors,
including NMDA-R and AMPA-R subunits that may cause intracellular calcium levels to increase,
leading to transcriptional dysregulation and conceivably neurotoxicity (Fig. 8). However, given the
electrophysiological data, non-receptor mediated neurotoxicity could also underlie the pathology
of SCA23.
Nevertheless, our mouse model provides unique opportunities to study the disease progression
of a pure, isolated spinocerebellar ataxia during chronological aging in more detail, because mutant
mice develop their symptoms slowly. Moreover, our model may be of value beyond understanding
SCA23 only, as elevated Dyn A levels have also been linked to the pathology of Alzheimer’s disease17,
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Figure 8. Potential disease mechanism of SCA23
Under normal conditions (left panel), CF action potentials lead to secretion of glutamate into the synaptic
cleft, which binds and activates the NMDA receptor leading to a rise in the intracellular calcium concentration.
During paired CF-PF action potentials, the intracellular calcium level can rise high enough to induce long term
depression via the internalization of AMPA-Rs at the PF-PC synapse. Wild type Dyn A is also secreted into the
synapse and preferentially binds the KOR, leading to a reduction of intracellular calcium levels and thereby
regulating calcium homeostasis. In SCA23 (right panel), Dyn A is mutated and present in much higher levels
than in wild type cerebellum, and may activate the NMDA-R , very likely mimicking the actions of glutamate. We
hypothesize that the high levels of mutant Dyn A presumably does not get cleared by glutamate transporters
like the EAATs and lingers in the synaptic cleft and its surroundings, activating available receptors. Alternatively,
mutant Dyn A releases synaptic glutamate, via yet unknown mechanism leading to increased expression of
glutamate receptors and transporters. Nevertheless, due to either excess mutant Dyn A and/or excess glutamate,
NMDA receptors get overstimulated, and intracellular calcium levels are not controlled properly due to reduced
levels of KOR in SCA23 cerebellum. We therefore hypothesize that the PCs in SCA23 cerebellum suffer from
pathologically uncontrolled intracellular calcium levels, which may lead to transcriptional dysregulation, and
eventually neuronal cell death. BG Bergmann glia; Glu glutamate; LTD long term depression.
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supporting a more general implication of elevated opioid neuropeptides levels in the etiology of
neurodegenerative disorders.
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Supplementary Fig. 1 Sudan Black eliminates auto fluorescence and eGFP fluorescence
Micrographs of unstained cerebella from PDYNWT and PDYNR212W mice using bright field (A-B) or fluorescence
microscopy (D-F). In addition to the auto fluorescence known for brain tissue, eGFP fluorescence could
be observed; this was co-expressed with PDYN, at equal levels. Sudan Black B staining eliminated all auto
fluorescence, as well as the fluorescence of the eGFP (D and F).
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Supplementary Fig. 2 Dyn A peptide levels remain elevated in 12 month old PDYNR212W mice despite low
precursor levels
(A) PDYN mRNA expression in the cerebella of 12-month old PDYNWT, PDYNR212W and littermate control mice,
normalized against 3-month old PDYNWT mice (dotted line) (n = 5, per genotype). PDYN mRNA expression
remained equally high for PDYNR212W mice at 12 months of age, whereas PDYN mRNA levels dropped to ~70%
of the initial PDYN mRNA levels at 3 months of age in PDYNWT mice. At age 12 months PDYNWT mice showed
significantly reduced PDYN mRNA levels compared to PDYNR212W mice of similar age. Values are mean ± SEM. ***
p < 0.001, (B) Pdyn mRNA levels in 12-month old PDYNWT, PDYNR212W and control cerebella, normalized against
3-month old control mice (dotted line) (n = 5, per genotype). At age 12 months, Pdyn mRNA expression was
significantly lower in PDYNR212W mice than in PDYNWT and control mice. Values are mean ± SEM. * p < 0.05 (C)
Representative immunoblot of PDYN protein levels in cerebella of 12-month old PDYNWT, PDYNR212W and littermate
control mice, stained with anti-C-terminal human PDYN antibody. For full blot see Supplementary Fig. 3. (D)
PDYN protein expression levels were apparently lower in PDYNR212W mice at age 12 months compared to PDYNWT
mice. (E, G and I) Representative immunoblots of PDYN protein levels in brain, kidney and liver of 3-month old
mice stained with anti-Dyn A antibody. For full length immunoblots see Supplementary Fig. 4 A, B and C. (F, H
and J) Quantification of the PDYN protein levels in the brain, kidney and liver of 3-month old mice. PDYNWT mice
showed significantly higher protein levels compared to PDYNR212W mice. Students t-test, * p < 0.05 (K) Relative
Dyn A, Dyn B, and Leu-ENK-Arg6peptide levels in cerebella of PDYNWT, PDYNR212W and littermate control mice at
12 months of age (n = 3, per genotype). Dyn A peptide levels were significantly higher in PDYNWT and PDYNR212W
mice compared to control mice. Similar to what we observed at 3 months of age, the Dyn A peptide level in
PDYNR212W mice was significantly higher compared to PDYNWT mice. At this time point, the Dyn B peptide level was
significantly higher in PDYNWT mice compared to control mice, but this was not observed in PDYNR212W mice. The
Leu-ENK‑Arg6 peptide levels did not differ between genotypes. Values are expressed as the percentage of control
mice. * p < 0.05, *** p < 0.001, **** p < 0.0001
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Supplementary Fig. 3 Full length immunoblot of cerebellar extracts
Full length immunoblot image of PDYN protein levels in cerebella of PDYNWT, PDYNR212W and littermate controls
at 3 and 12 months of age, stained with anti-C-terminal human PDYN antibody. IC internal control; - mock
transfected cells; + cells transfected with human PDYN.
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Supplementary Fig. 4 Full length immunoblots of brain, kidney and liver extracts
(A-C) Representative immunoblots of PDYN protein levels in brain (A), kidney (B) and liver (C) of 3-month old
mice stained with anti-Dyn A and anti-tubulin antibodies. + cells transfected with human PDYN.
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Supplementary Fig. 5 PDYN and Dyn A expression in Purkinje cells and the molecular layer of 12-month
old PDYNWT and PDYNR212W mice
Representative immunofluorescence images of PDYN (A-I, green)) and Dyn A (J-R, green) in cerebella of
12-month old control, PDYNWT and PDYNR212W mice. The PC-specific marker Calbindin (in red) was used to identify
the PC soma and dendrites (panels D-F and M-O, for PDYN and Dyn A, respectively) and panels G-I and P-R show
overlays, for PDYN and Dyn A, respectively. PDYN fluorescence seemed to be stronger in PDYNWT mice compare
to age-matched PDYNR212W mice, while Dyn A fluorescence seemed to be stronger in PDYNR212W mice compared
to PDYNWT and control mice.
Micrographs of cerebellar overall morphology and 20x magnification, scale bar, 100 μm.
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Supplementary Fig. 6 Mice expressing PDYNWT and PDYNR212W do not show any major cerebellar
abnormalities
(A-F) Micrographs of toluidine blue-stained cerebellar coronal sections of 3- and 12- month old mice, comprising
the molecular, PC, and granule cell layers, showed no differences in overall gross size between control (A and
D), PDYNWT (B and E) and PDYNR212W (C and F) mice. Scale bar, 2 mm. (G) Quantification of the molecular layer
thickness in different regions of 12-month old cerebella revealed thinning of the molecular layer in lobule II
of PDYNR212W mice compared to PDYNWT and control mice. The flocculus (F) and paraflocculus (PF) showed an
increased thickness in PDYNR212W cerebella compared to PDYNWT and control mice. * p < 0.05
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Supplementary Fig. 7 PDYN and Dyn A expression in cultured cerebellar neurons of PDYNWT and PDYNR212W
mice
Representative immunofluorescence micrographs of PDYN (A-L, green) and Dyn A (M-X, green) in cultured
cerebellar neurons of control, PDYNWT and PDYNR212W mice. The neuron-specific marker β3-tubulin (in red) was
used to indicate the neuronal membrane (B, F and J for PDYN, and N, R and V for Dyn A), DAPI (in blue) was used
to visualize cell nuclei (C, G and K for PDYN, and O, S and W for Dyn A). Overlays are shown in D, H and L for PDYN,
and P, T and X for Dyn A. PDYN fluorescence seemed to be equal in PDYNWT and PDYNR212W neurons at 10DIV,
while Dyn A fluorescence seemed to be stronger in PDYNR212W neurons compared to PDYNWT and control neurons.
Scale bar, 25 μm.
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Supplementary Table 1. List of primers used for RT-PCR
Gene

Forward primer

Reverse primer

Slc1a3

ACCAAAAGCAACGGAGAAGAG

GGCATTCCGAAACAGGTAACTC

Slc1a1

CTTCCTACGGAATCACTGGCT

CGATCAGCGGCAAAATGACC

Slc1a6

AGCAGCCACGGCAATAGTC

ATGCCAAGCTGACACCAATGA

Gapdh

GGTGAAGGTCGGTGTGAACG

CTCGCTCCTGGAAGATGGTG

Gria2

AATGGACGTGTTATGACTCCAGA

CTGACATTCATTCCCATGCCA

Gria3

GTGCAGTTATACAACACCAACCA

GAGCAGAAAGCATTAGTCACAGA

Grm1

TGGAACAGAGCATTGAGTTCATC

CAATAGGCTTCTTAGTCCTGCC

Grm4

CCCATACCCATTGTCAAGTTGG

TGTAGCGCACAAAAGTGACCA

Grin1

AGAGCCCGACCCTAAAAAGAA

CCCTCCTCCCTCTCAATAGC

Grin2a

ACGTGACAGAACGCGAACTT

TCAGTGCGGTTCATCAATAACG

Grin2b

GCCATGAACGAGACTGACCC

GCTTCCTGGTCCGTGTCATC

Oprd1

CCATCACCGCGCTCTACTC

GTACTTGGCGCTCTGGAAGG

Oprk1

GAATCCGACAGTAATGGCAGTG

GACAGCGGTGATGATAACAGG

Oprm1

CCAGGGAACATCAGCGACTG

GTTGCCATCAACGTGGGAC

Ppia

TTCCTCCTTTCACAGAATTATTCCA

CCGCCAGTGCCATTATGG

PDYN

GCCTGCCTCCTCATGTTCC

CCTTCCCCAACCGACTTGC

Pdyn

GTGCAGTGAGGATTCAGGATGGG

GAGCTTGGCTAGTGCACTGTAGC

trpc3

GCCAAGCGACGGAGGAATTA

CAGCACACTGGGGTTCAGTT

Slc17a6

CTGAGAAGAAGGCTCCGCTAT

ATGCCGAAGGATATGCAGAAG
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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 stressinduced 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-5methylisoxazole-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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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 PDYN

R212W

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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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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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
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**** 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, postfixed 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
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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
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Abstract
Spinocerebellar ataxia type 23 (SCA23) is caused by missense mutations in prodynorphin (PDYN),
encoding the precursor protein for the opioid neuropeptides α-neoendorphin, Dynorphin (Dyn)
A, and Dyn B, leading to neurotoxic elevated mutant Dyn A levels. Dyn A acts on opioid receptors
to reduce pain in the spinal cord, but its cerebellar function remains largely unknown. Increased
concentration of or prolonged exposure to Dyn A is neurotoxic and these deleterious effects are
very likely caused by an NMDA-mediated non-opioid mechanism as Dyn A peptides were shown
to bind NMDA receptors and potentiate their glutamate-evoked currents. In the present study, we
investigated the cellular mechanisms underlying SCA23-mutant Dyn A neurotoxicity. We show that
SCA23 mutations in the Dyn A-coding region disrupted peptide secondary structure leading to a
loss of the N-terminal a-helix associated with decreased kappa-opioid receptor affinity. Additionally,
the altered secondary structure led to increased peptide stability of R6W and R9C Dyn A, as
these peptides showed marked degradation resistance, which coincided with increased peptide
aggregation. Notably, L5S Dyn A displayed increased degradation and no aggregation. R6W and wt
Dyn A peptides were most toxic to primary cerebellar neurons, likely due to a switch from opioid to
NMDA-R signalling. We propose that the pathology of SCA23 results from converging mechanisms
of loss of opioid signaling neuroprotection and NMDA-mediated excitotoxicity.
Keywords: Dynorphin A, spinocerebellar ataxia type 23, peptide structure, receptor affinity, peptide
toxicity
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Introduction
Missense mutations in prodynorphin (PDYN) cause spinocerebellar ataxia type 23 (SCA23), an
autosomal dominant disorder in which patients suffer from relatively slowly progressive motor
coordination impairment due to loss of Purkinje cells in the cerebellum1,2. PDYN is the precursor
protein for the opioid neuropeptides α-neoendorphin, Dynorphin (Dyn) A, and Dyn B, which
are inhibitory neurotransmitters and function in pain processing, stress-induced responses and
addiction control3–6. Dyn A acts on opioid receptors and preferentially binds to the κ-opioid receptor
(KOR)3. While the role of Dyn A has been extensively studied in pain, stress, and addiction, the
cerebellar function of this peptide, by which SCA23-mutant Dyn A can mediate an ataxic phenotype,
is largely unknown.
Evidence is accumulating that pathophysiological changes in Dyn A production, concentration
or processing can contribute to maladaptive neuroplastic changes and neurodegeneration
(reviewed in Hauser et al.4). The deleterious effect of Dyn A seen in secondary neuronal injury is
mediated through non-opioid mechanisms as it cannot be blocked by opioid antagonists7. The
finding that MK801, a specific blocker of the N-methyl-D-aspartate (NMDA) receptor, is able to
prevent the negative consequences of elevated concentrations of or prolonged exposure to Dyn
A, indicates that non-opioid mechanisms of Dyn A are mediated via this receptor8. Dyn A peptides
were shown to bind NMDA receptors and potentiate their glutamate currents9. The dichotomous
effects of Dyn A peptides were proposed by Hauser et al. to include neuroprotection through opioid
signaling and neurotoxicity via NMDA receptor activation8. The neuroprotection mediated via Dyn A
interaction with KOR relies on reduction of intracellular calcium concentrations upon KOR activation
by Dyn A10,11, while the neurodegenerative actions mediated by NMDA receptor activation involve
excitotoxic mechanisms and pathological calcium increase in neurons upon stimulation.
Structure-activity analyses of Dyn A, consisting of 17 amino acids, indicate that Tyr1, Leu5 and
Arg -Lys11 are required for KOR binding efficiency12,13. Interestingly, the SCA23 mutations that are
6

localized to the Dyn A-coding region (L5S, R6W, and R9C) alter these amino acids2. Receptor binding
requires a properly structured Dyn A peptide containing a stable N-terminal α-helical structure,
from Phe4 to Pro10, and a relatively unstable C-terminal β-turn, formed by amino acids Trp14 to Gln17
14

. However, Dyn A is unfolded in an aqueous environment, and only folds when in a membrane

environment15. Therefore, we suggest that membrane interaction of Dyn A precedes and facilitates
receptor binding.
Previously, we showed that mutant PDYN-L211S and -R212W expressed in a cell model, and
PDYN-R212W in mice, lead to enhanced levels of mutant Dyn A peptide2,16. This work points to a
crucial role for mutant Dyn A in the underlying mechanism of SCA23. Additionally, the R6W and
R9C Dyn A peptides induced toxicity above that of wild type Dyn A in cultured mouse striatal
neurons, in contrast to the L5S mutant, which did not exhibit increased neurotoxic activity2. Here,
we have studied the impact of the SCA23 mutations on Dyn A to reveal the molecular mechanisms
underlying SCA23-mutant Dyn A toxicity.
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Material and Methods
Modelling of secondary structure and interaction of Dyn A with POPC membranes
The interaction of Dyn A mutants with palmitoyl-oleyl phosphatidylcholine (POPC) membranes
was simulated using the GROMACS software package version 4.5, the GROMOS43A1 force field, and
parameters for the phospholipids adapted from Berger et al.17,18. Simulations were carried out for
at least 200 ns. The systems were composed by a single peptide molecule, a 104 POPC membrane
patch, 3428 water molecules and either 3 or 4 countering chloride ions depending on the formal
charge of the mutant. Prior to production runs, the system with the Dyn A-wt peptide was
equilibrated for 5µs using the MARTINI coarse-grain force field19. In the coarse-grain simulations, the
secondary structure of wt Dyn A was restrained to reproduce the structural propensities reported by
Tessmer and Kallic20. The mutations/deletion were also performed at the (more robust) coarse-grain
level, after which the system was again briefly equilibrated for 2ns before being converted to a finegrained representation following the procedure described in Rzepiela et al.21. At the fine-grain level,
the systems were energy-minimized then equilibrated for 0.5ns at a 0.5fs time step and pressure
coupling time of 0.5ps, and then again for 1ns at 1fs time step with a pressure coupling time of
0.05ps. Secondary structure analysis was done using the DSSP tool (CMBI version of April 4, 200022).
Visualization was done using the VMD package23.
Peptide synthesis
SCA23-mutant and wt Dyn A peptides were synthesized by solid phase strategies using an automated
multiple peptide synthesizer (SyroII, MultiSyntech). For the quenched Dyn A peptides, a Cystein was
inserted into the Dyn A sequence in between two glycines at the N-terminus and a fluorescein (Fl)
was introduced by covalent coupling of fluorescein-5-iodoacetamide (5-IAF, Fluka) to the cysteine.
Quenching of Fl fluorescence was performed by a dabcyl group that had been introduced in the
peptide by coupling of Fmoc-L-Lys (Dabcyl)-OH (NeoMPS). Peptides were purified by size exclusion
chromatography and Reversed phase -HPLC (>95% pure) and showed the expected molecular mass
as determined by mass spectrometry (Maldi Tof, Voyager, ABI). Peptides were dissolved in 100%
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Sigma), aliquoted, dried under vacuum in a SpeedVac
(Eppendorf ) and stored at -20°C.
KOR competitive binding assay
The competitive binding assay of Dyn A peptides to KOR was performed as described previously24.
Briefly, the Dyn A competitive binding was assessed in the presence of radioactively labeled U50,488
as a competitor in the cerebellar membrane fraction. Different concentrations of Dyn A peptide
were tested. Unlabeled U50,488 was used to decrease unspecific binding and generate standards.
Bound radioactivity was counted on a Wallac Beta-plate Liquid Scintillation Counter (Piscataway,
NJ, USA). Non-linear regression analysis of the competition curves were best fit by using a two sites
analysis, of which the high affinity site represents the KOR.

94

Altered secondary structure of Dynorphin A associates with loss of opioid signalling and NMDA-mediated excitotoxicity in SCA23

Quenched Dyn A peptide degradation assay
The degradation assay was performed as described previously25. Briefly, HFIP-treated aliquots of Dyn
A peptides were resuspended in DMSO followed by sonication for 10 minutes, immediately before
addition to 5µg protein from the mouse cerebellum extracts or human liquor in KMH buffer (110
mM KAc, 2 mM MgAc and 20 mM Hepes-KOH, pH 7.2) to a total volume of 50µl. Degradation of the
peptide was analyzed at 37°C using a fluorescence plate reader (FLUOstar OPTIMA, BMG Labtec.).
Electron microscopy
Dyn A peptide (150ng/ml in water) preparations were adsorbed on 300-mesh formar/copper grids
for 2 minutes and excess of fluid was filtered off. Upon staining with 2.5% uranyl acetate for 2
minutes, grids were analyzed with a transmission electron microscope (Tecnai-12 G2, FEI).
Primary cell culturing
Cerebella were dissected from 4-6-day-old C57/Bl6 mouse pups, and kept in ice cold sterile PBS,
supplemented with 0.3% bovine serum albumin and 0.6% glucose. After dissection, the meninges
were removed without rupturing the tissue. Cerebella were then incubated in warm trypsin for 10
minutes and mechanically dissociated in DMEM medium, supplemented with 10% fetal bovine
serum, 0.25% penicillin/streptomycin, 0.25% glutamine, and DNAse I (Sigma). After at least two
dissociation cycles, the neurons were plated in dissociation medium without DNAse I for one hour
to remove glia from the cell suspension. Neurons were then plated into 24-wells plates coated with
poly-d-lysine, with 200,000 cells per well in Neurobasal culture medium (Gibco, Life Technologies),
supplemented with B-27 (Gibco, Life Technologies), 0.25% penicillin/streptomycin, 0.25% glutamine,
and 0.5% fetal bovine serum. After 24 hours of culturing, Ara-C was added to the cultures to inhibit
growth of any remaining glial cells. Cultures were then allowed to mature for 7-9 days in vitro.
Peptide-induced lactate dehydrogenase activity assay
Mature cerebellar cultures were stimulated with 100nM Dyn A (wt, L5S, R6W, or R9C) in sterile saline,
and 25μl of medium was collected at each time point, spun down for 10 minutes at 13,000rpm and
4°C, and stored at -80°C for analysis. The time points were t0 (before addition of peptide), t1 (1 hour
after addition of peptide), t3, t6, t12, t24, t48, and t72. Negative controls consisted of no stimulation
and stimulation with saline, and cell dysfunction and death was induced by stimulation with
10μM EDTA as a positive control. After collection of all samples, the lactate dehydrogenase (LDH)
activity was measured with an LDH Activity Kit (Sigma), performed according to the manufacturer’s
protocol. Blocking of peptide-induced toxicity was achieved via 30 minutes of pretreatment with
10μM of either naloxone (opioid receptor block) or MK-801 (NMDA receptor block).
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Animals
All animal experiments were performed according to the ethical guidelines of the Animal Welfare
Committee of the University of Groningen, the Netherlands. C57Bl/6N mice were purchased from
Charles River (Leiden, the Netherlands). Mice were anaesthetized and placed in a stereotaxic frame,
after which the skull was exposed. A hole was drilled in the skull at Bregma – 6.64mm on the brain
midline, to place a stainless-steel guide cannula and dummy (26GA; PlasticsOne) into the cerebellar
ventricle, penetrating the cerebellum 3mm. The cannula was then anchored to the skull with dental
cement, and the wound was sutured. Mice were allowed to recover from surgery for 7 days, after
which either 10 or 100nM of wt or SCA23-mutant Dyn A was injected. Immediately after injection,
the righting reflex was tested, and a tail-clip task was performed. Mice were filmed for 30 minutes
after injection, then terminated. The films were analyzed on a number of ataxic phenotypes,
including ataxic gait, dragging, shaking, paralysis, and cramping.
Statistical analysis
All data are expressed as mean ± SEM of at least three independent experiments. Statistical
significance was tested using unpaired Student’s t-test, unless stated otherwise.

Results
SCA23 mutations disrupt the secondary structure of Dyn A peptides
To gain insight into the mechanism underlying SCA23 mutations in the Dyn A coding region, we first
examined the impact of these mutations - including L5S, R6W, and R9C - on the secondary structure
of Dyn A peptides by computational modelling of the peptides in the presence of membrane.
The simulation was carried out for at least 200ns, enabling us to follow the stability of peptide
secondary structures in time. Upon interaction with POPC membranes, the wt Dyn A peptide kept
a stable N-terminal α-helix configuration from residues Phe4 to Arg9 (Fig. 1, Suppl. Fig. 1A). This is in
agreement with different previous structural characterizations of the peptide20,26,27, and validates
our modelling approach. The wt Dyn A secondary structure was stable across the entire simulation
time. The SCA23 mutations in Dyn A peptides resulted in a loss of the N-terminal α-helical structure
(Fig. 1, Suppl. Fig. 1B-D), even during the equilibration procedure, suggesting that amino acids
Lys5, Arg6, and Arg9 are essential for the stabilization of the α-helix. While the mutants had a mostly
poorly-defined secondary structure, R6W Dyn A did display a stable turn configuration (Fig. 1).
This structure however, was not brought about by a helix but by a β-bridge between amino acids
Arg9 and Lys13 (Suppl. Fig. 1D). The in-depth membrane profile of each peptide upon interaction
with POPC was also monitored. R6W Dyn A underwent the largest change in in-depth positioning
relative to wt Dyn A, with a deeper positioning of Gly2-Arg6 and a shallower positioning of Arg7-Gln17
in the membrane (Fig. 2A). In-depth positioning of both L5S and R9C Dyn A relative to wt Dyn A
showed only minor differences (Fig. 2A). Additionally, flexibility of the peptides was determined.
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Figure 1. SCA23 mutant peptides lose
helix structure
Histogram of the percentage of α- + 3-helix
and helix + turn within each peptide. While
wt Dyn A displayed an α-helical structure
in approximately 10% of the peptide, and
helix + turn in approximately 45% of the
peptide, the SCA23 mutant Dyn A peptides
did not show any α-helical structure, and
only small amounts of helix + turn. R6W
Dyn A demonstrated the highest helix +
turn content, most likely due to β-bridge
stabilization of these structures.

While wt and L5S Dyn A displayed a similar low flexibility, R6W and R9C Dyn A showed increased
flexibility between Gly3 and Leu12 and Tyr1 and Pro10, respectively (Fig. 2B).
Altogether, these data show that SCA23 mutations disrupt the native conformation of Dyn A
peptides, R6W Dyn A positions higher in the membrane, and R6W and R9C Dyn A display increased
flexibility. These factors can be expected to affect in-membrane binding to the κ-opioid receptor,
either through a lower affinity of the receptor due to a destructured N-terminal signal sequence and
increased peptide flexibility, or by in-depth misalignment of the two.
SCA23-mutant Dyn A peptides exhibit reduced KOR affinities
Since the SCA23 mutations affect amino-acids Lys5, Arg6, and Arg9, which are important for KOR
binding12,13, we hypothesized that SCA23-mutant Dyn A peptides may exhibit decreased receptor
affinity. To test this hypothesis, we analyzed the KOR binding of the various mutant Dyn A peptides
in vitro in a competitive binding assay using selective KOR antagonist (U50,488) as a competitor.
The competition analysis showed that SCA23-mutant Dyn A peptides have significantly lower KOR
affinity than wt Dyn A (IC50 values: L5S: 2.59nM, R6W: 4.91nM, and R9C: 3.12nM versus wt: 0.63nM,
respectively; Fig. 3). The loss of KOR affinity is likely caused by the increased flexibility of the mutant
peptides, making interaction with the KOR binding site more difficult. These data indicate that
partial loss of KOR signalling might contribute to the SCA23 pathology.
As the SCA23-mutant Dyn A peptides displayed lower KOR affinity, which associated with
disruption of the α-helical secondary structure, we hypothesized that the α-helix in Dyn A may be
important for KOR interaction. Therefore we performed secondary structure modelling of the Y1del
Dyn A mutant, lacking Tyr1, that is known to have no affinity to opioid receptors, including KOR,
and exhibits only non-opioid functions28. Our results showed that Y1del Dyn A does not display the
α-helical structure at the N-terminus either (Suppl. Fig. 2A and B), as was observed for the various
SCA23-mutant Dyn A peptides (Fig. 1, Suppl. Fig. 1). Additionally, a shift in Y1del Dyn A positioning
in the membrane was seen between Ile8 and Trp14 (Suppl. Fig. 2C), which was similar to the shift seen
in R6W Dyn A positioning (Fig. 2). However, while SCA23-mutant Dyn A peptides and Y1del Dyn A
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Figure 2. Altered SCA23-mutant Dyn A peptide
membrane positioning and flexibility
Modelling of the membrane positioning and
flexibility of the various Dyn A peptides. (A)
Membrane positioning is displayed as the average
distance of Cα carbons of each residue of wild type
and SCA23-mutant Dyn A peptides to the center of
the POPC bilayer. The simulation was carried out for
80 ns. The gray line indicates the average depth of the
phosphate groups. The insertion depth of L5S and R9C
Dyn A peptides seems to be little affected during the
studied time scale. R6W Dyn A is positioned higher
in the membrane, specifically between Arg7-Gln17.
(B) Peptide flexibility is displayed as the movement
of the various Dyn A peptides compared to wt Dyn
A during the time scale studied. Wt and L5S Dyn A
display little flexibility, while R6W and R9C Dyn A both
show increased peptide flexibility, with R9C Dyn A
demonstrating most flexibility.

Dyn A residues

displayed disruption of the N-terminal α-helix, the SCA23-mutant Dyn A still bound KOR much more
efficiently than Y1del Dyn A28, indicating that the α-helical structure in Dyn A is important for KOR
interaction, but is not the sole determinant for this interaction.
SCA23 mutations affect the degradation efficiency and aggregation of Dyn A peptides
Since SCA23 mutations disrupt the native conformation of Dyn A, we hypothesized that alterations
in the secondary structure of SCA23-mutant Dyn A affect proper peptide degradation. To test this,
we determined the breakdown of the mutant Dyn A peptides in mouse cerebellar extracts and
human liquor in real time. For this purpose, we generated Dyn A peptides with a small fluorescent
group at the N-terminus and a quenching dabcyl group introduced to medial/C-terminal part
of Dyn A peptides29. The quenched Dyn A peptides become fluorescent upon separation of the
fluorophore and quencher due to degradation of the peptide. In mouse cerebellar extracts, rapidly
increasing fluorescence levels were observed for wt Dyn A and L5S Dyn A, but not for R6W Dyn
A and R9C Dyn A (Fig. 4A), reflecting markedly reduced degradation of these mutant peptides.
Notably, L5S Dyn A was more rapidly degraded than wt Dyn A. We also determined peptide stability
in human liquor, which contains many metabolic enzymes, including hydrolases and peptidases.
Under these conditions, the degradation of wt Dyn A and L5S Dyn A was less rapid than in cerebellar
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Figure 3. SCA23-mutant peptides display reduced
affinity to KOR
Quantification graph of competitive binding assay
between the various Dyn A peptides and the highly
selective KOR antagonist U50,488. All SCA23-mutant
Dyn A peptides exhibited lower potential to displace
the antagonist from the high affinity binding site
as compared to wt Dyn A. Data is shown as a mean
of four independent experiments (± SEM). **** p <
0.0001
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extract, but similar profiles were generated for all peptides, validating our previous findings (Fig.
4B). These data clearly showed that the R6W and R9C mutations impair Dyn A degradation, whereas
the L5S mutation seems to increase Dyn A breakdown. Impaired peptide degradation, combined
with increased precursor processing16, is a likely cause of increased peptide levels2,16. Furthermore,
the more efficient degradation of wt Dyn A and L5S Dyn A peptides in cerebellar extract compared
to human liquor, suggests the presence of neuronal-tissue-specific peptidases in cerebellum that
degrade this peptide with higher efficiency.
As the SCA23 mutations markedly disrupt the wt Dyn A secondary structure, desegregating
hydrophobic and cationic residues (Suppl. Fig. 3A and B), it is admissible that the resulting
“denatured” structures have lower solubility. Therefore, we investigated the in vitro oligomerization
of SCA23-mutant Dyn A peptides in time by electron microscopy. After 4 hours of incubation at
37°C, wt Dyn A formed small oligomeric structures in an aqueous solution compared to wt Dyn A
before incubation (Fig. 5A-H). An increased number of oligomeric structures was observed for R6W
and R9C Dyn A after 4 hours of incubation as compared to wt Dyn A, which was not observed for
L5S Dyn A.
Altogether, these data indicate that R6W and R9C Dyn A have an increased half-life due to
decreased degradation. These stable R6W and R9C Dyn A peptides display a lower solubility than wt
and L5S Dyn A, likely affecting membrane solubility and self-interaction. L5S Dyn A is characterized
by rapid degradation and absence of aggregation, which may underlie its lower neurotoxicity
compared to R6W and R9C Dyn A, observed in striatal neurons2.
SCA23-mutant Dyn A display increased neurotoxic effects via NMDA receptor
Recent work has shown that Dyn A non-covalently binds NMDA receptors and can potentiate their
excitatory currents9. Additionally, high concentrations of or prolonged exposure to Dyn A has been
shown to cause neuronal cell death via non-opioid mechanisms7,8. Given the elevated mutant Dyn A
levels in SCA23 pathology2,16, we hypothesized that the mutant peptides may induce neurotoxicity
through NMDA receptor activation, and subsequent cell death. In order to reveal the neurotoxicity
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Figure 4. Altered degradation rates of SCA23-mutant Dyn A peptides
Degradation curves of wild type and SCA23-mutant Dyn A peptides over time as measured by increases in
fluorescence intensity upon separation of the quencher and fluorophore. The assay was carried out in mouse
cerebellar extract (A) and human liquor (B) for 200 cycles of 5 minutes. L5S Dyn A displays increased degradation
in both mouse cerebellar extract and human liquor, while both R6W and R9C Dyn A show reduced degradation
in mouse cerebellar extract and human liquor.
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Figure 5. Changes in oligomerization of SCA23-mutant Dyn A peptides in time
Electron microscopy images showing increased oligomerization of R6W Dyn A and R9C Dyn A compared with
wt Dyn A at 37°C in time (0 and 4 hours). In contrast, no large oligomeric structures were observed for L5S Dyn A.
Scale bars upper panel 1μm (L5S and R6W Dyn A) and 5μm (wt and R9C Dyn A), lower panel 500nm.

of the SCA23-mutant peptides, primary mouse cerebellar cultures of 7-9 DIV (days in vitro) were
treated with exogenously added peptides (100nM), and lactase dehydrogenase (LDH) activity was
measured in time up to 72 hours post treatment. Notably, R9C Dyn A was already significantly more
toxic to primary neurons at 100nM after 3 hours of treatment than all other peptides (Fig. 6A and B).
However, after 6, and up to 72 hours, all peptides were toxic as shown by significantly increased LDH
activity, and wt and R6W Dyn A increased LDH activity most at 72 hours (Fig. 6A and B).
To determine which receptor system mediates the neurotoxicity caused by Dyn A, we pre-
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Figure 6. Wt and SCA23-mutant Dyn A peptides are
toxic to primary neurons at 100nM
Quantification of LDH activity of primary cerebellar
cultures in the presence of the various Dyn A peptides.
100nM of Dyn A peptide was added to primary
cultures, and LDH activity was monitored for 72 hours.
(A) all Dyn A peptides show high toxicity, however,
wt and R6W Dyn A induced the highest levels of
LDH activity. The data are presented as mean ± SEM.
(B) Representation of t72. Significant differences
(Student’s t-test) are indicated as # 0.10 > p > 0.05, *
p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001

treated primary cerebellar neurons with 10µM of either naloxone or MK801 for 30 minutes in order to
block opioid-mediated or NMDA-mediated toxicity, respectively. Wt Dyn A toxicity was not affected
differently by either pre-treatment over the full time course, with the exception that naloxone pretreatment led to higher LDH activity at 24 hours, compared with MK801 pre-treatment (Fig. 7A).
MK801 pre-treatment significantly reduced R6W Dyn A toxicity up to 6 hours, and at 72 hours, as
compared to naloxone pre-treatment (Fig. 7B), and R9C Dyn A toxicity was reduced by both pretreatments at different time points (Fig. 7C). In contrast, naloxone pre-treatment decreased toxicity
of L5S Dyn A at 12, 48 and 72 hours as compared to MK801 pre-treatment (Fig. 7D).
Overall, in our model, all Dyn A peptides cause cellular dysfunction at 100nM, with R6W and wt
Dyn A being most potent, and L5S Dyn A being least efficient. Additionally, the SCA-mutant Dyn A
peptides likely interact with both opioid and NMDA receptors, and our data suggest that R6W Dyn A
toxicity is mainly mediated via NMDA receptors, while that of L5S Dyn A is mainly opioid mediated.
Furthermore, blocking of the opioid receptors seems to inhibit opioid-induced neuroprotection.
Injection of SCA23 mutant Dyn A peptides into the cerebellum did not cause ataxia in mice
Intracerebroventricular administration of Dyn A has been shown to induce characteristic behaviour,
including barrel rolling and limb rigidity in mice30–32. In this work, we aimed to establish whether
R6W and R9C Dyn A peptides cause a similar behavior, and to determine which receptor pathway
mediates these behavioral effects. Therefore, we injected 10 or 100nM wt or mutant Dyn A directly
into the cerebellar ventricle via a pre-implanted cannula, and observed the mouse behaviour for 30
minutes after peptide injection. The main phenotypes scored included ataxic gait, inactivity, and the
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Figure 7. The toxic effects of Dyn A are mediated via both opioid and NMDA receptor interaction
Quantification graphs of LDH activity in the presence of 100nM of wt (A), L5S (B), R6W (C), and R9C (D) Dyn A
peptides in time, with 30 minutes of pre-treatment with either naloxone (10 μM) or MK801 (10 μM). (A) Naloxone
pre-treated wt Dyn A only displayed increased toxicity at t24, as compared to MK801 pre-treated wt Dyn A. (B)
R6W Dyn A toxicity was significantly reduced by MK801 pre-treatment at t0, t1, t3, t6, and t72. (C) Naloxone
pre-treatment reduced R9C Dyn A toxicity at t3, t12, t48, while it increased R9C Dyn A toxicity at t6, and t72. (D)
Naloxone pretreatment increased toxicity of L5S Dyn A at t0, t1, and t3, while it decreased L5S Dyn A toxicity at
t12, t48, and t72. The data are presented as mean ± SEM. Significant differences (Student’s t-test) are indicated as
# 0.10 > p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001

lasting effect was timed by two blinded independent researchers. For all parameters, no significant
differences were found between the mice injected with the various Dyn A peptides (Suppl Fig. 4AC).
Additionally, to determine whether the SCA23-mutant peptides alter pain perception, we
performed a tail-clip task upon peptide injection. In this assay, a small clip is placed on the tail of the
mouse, and the reaction time and intensity of the reaction of the animal was scored. No significant
differences were found in the reaction time, or sensitivity to the tail-clip between the mice injected
with the various Dyn A peptides (Suppl Fig. 4D-E).
Based on these experiments, we conclude that wt, R6W or R9C Dyn A peptides at 100nM do not
induce an ataxic phenotype or changes in pain perception when injected into the fourth ventricle.
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Discussion
In the present study, we showed that both loss of opioid signaling and increased NMDA receptor
activation underlies neuronal cell death in SCA23. The secondary structure of the SCA23 mutant
peptides showed marked changes, and R6W Dyn A displayed similarities with the secondary
structure of Ydel1 Dyn A, lacking KOR binding and opioid activity28. Likewise, the SCA23 mutant
peptides showed reduced KOR binding affinity, and increased peptide toxicity, in part, mediated via
the NMDA receptor leading to enhanced cellular dysfunction and cell death. Additionally, increased
Dyn A peptide stability and subsequent reduced peptide solubility very likely underlies a large part
of the elevated mutant Dyn A levels previously observed in our SCA23 disease models2,16, in addition
to increased precursor processing16. An overview of the changes can be found in Table 1.
The loss of the N-terminal α-helix in the Dyn A secondary structure caused by the SCA23 mutations
and deletion of Tyr1 demonstrates that these amino acids are crucial for α-helix formation. Since the
SCA23 mutant Dyn A peptides exhibit reduced KOR affinity, whereas Y1del Dyn A has no remaining
opioid activity, we suggest that the N-terminal α-helix plays a crucial role in the positioning of the
peptide for interaction with the opioid receptors, but that it is not the sole determinant of proper
receptor binding. Moreover, the altered secondary structures may contribute to the formation
of stable oligomeric structures in vitro, as the R6W and R9C mutations in particular desegregate
hydrophobic and cationic residues, lowering their solubility. Yet physiological relevance of these
findings is hard to assess, as the oligomerization assays were performed in an aqueous solution,
i.e. without the presence of membranes. Notably, no oligomeric structures were observed in the
cerebella of PDYN-R212W mice that exhibit elevated R6W Dyn A levels (unpublished data). As these
mutant peptides may not oligomerize in physiological conditions, these data suggest that R6W and
R9C Dyn A peptides may form additional pathological interactions, either accumulating in higher
molecular weight species or interacting with unknown partners. All these effects on Dyn A induced
by the SCA23 mutations may contribute to increased neurotoxic actions.
Surprisingly, we did not observe the increased toxicity for R6W and R9C Dyn A compared to
wt Dyn A that has been seen before2 in our current cellular model containing several different cell
types, namely mainly granule cells, basket cells, Golgi cells, and Purkinje cells. Therefore, we cannot
exclude that Dyn A toxicity in SCA23 is specific for specific populations of neurons, and different
effects could be seen for the different cell types, and combinations thereof. Dyn A toxicity was, at
Table 1. Summary of the effects of SCA23 mutations on peptide characteristics
α-helix

Membrane
positioning

Flexibility

KOR
affinity

Degradation

Solubility

Toxicity
(100 nM)

L5S Dyn A

No

≈

≈

↓↓

↑

≈

↓

R6W Dyn A

No

↑

↑

↓↓

↓↓

↓↓

≈

R9C Dyn A

No

≈

↑↑

↓↓

↓↓

↓↓

↓

vs wt Dyn A
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least in part, mediated via the NMDA receptor, as blocking the NMDA receptor with MK801 did
not completely prevent the cellular dysfunction caused by the various Dyn A peptides. This data
validated the work reported previously by others7,8, and suggests that part of the toxicity is nonNMDA-R mediated. In addition to NMDA signalling, the opioid route contributed to the neuronal cell
loss induced by SCA23-mutant Dyn A as well. We speculate that the strong oligomeric properties
of R9C Dyn A underlie its relatively mild toxic effects, which may also contribute to the inconsistent
responses under a specific pre-treatment. In contrast, R9C Dyn A may exert its neurotoxicity via
alternative routes such as inducing membrane leakage via membrane penetration leading to
cellular dysfunction14,33,34. Furthermore, the observation that R6W Dyn A toxicity was increased
during opioid blockade, supports the hypothesis of opioid-signaling-induced neuroprotection4.
These data indicate that partial loss of neuroprotection through opioid signaling may contribute to
the pathogenesis of SCA23.
Unfortunately, we were unable to reproduce the motor dysfunction effects seen by others using
intrathecal or intracerebroventricular administration of low doses of wt Dyn A30–32,35,36 by direct
intracerebroventricular injection of Dyn A peptides into the fourth ventricle. This could be due to
the deviation in administration techniques, however, these techniques result in peptide infusion
into the cerebrospinal fluid, from where it can diffuse into the tissue. Therefore, we could not further
assess the underlying neurotoxic mechanisms of the SCA23-mutant Dyn A peptides in vivo.
In conclusion, the R6W and R9C Dyn A peptides reflect gain-of-function mutations, leading to
increased peptide stability and decreased peptide solubility, whereas the L5S mutation seemingly
induced a loss of function, indicated by the enhanced peptide degradation. This work further
supports our previous data, in which L5S Dyn A did not display increased toxicity in primary
neuronal cultures, while R6W and R9C Dyn A showed high toxicity. Additionally, the patient carrying
the L5S mutation exhibited an age of onset of 73 years, and only a mild ataxic phenotype2, further
strengthening our finding. Overall, decreased affinity to KOR, loss of opioid receptor-mediated
neuroprotection, and potentiation of the NMDA pathway most likely contribute to the pathological
actions of SCA23-mutant Dyn A peptides. Interfering with both opioid and NMDA signalling routes
should be considered as potential therapeutic strategies for SCA23.
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Supplementary Figure 1. Secondary structures of SCA23-mutant Dyn A peptides
Computational modeling of the various Dyn A peptides interacting with a POPC membrane. (A) Wt Dyn A
exhibits an α-helical conformation between amino acids 4 and 9, which was relatively stable over time. (B-D)
Conversely, the mutations L5S, R6W, and R9C caused loss of the α-helix and the resulting mutant structures were
overall extended, although β-bridge stabilization was occasionally observed in R6W Dyn A (C). The graphs show
adopted secondary structures per amino acid residue (Y axis) over time (X axis). Computational modeling of the
various Dyn A peptides interacting with a POPC membrane was conducted for at least 200ns after the different
mutations were performed.
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Supplementary Figure 2. Modelling of Y1del Dyn A upon interaction with POPC membranes
Modelling of the secondary structure, membrane positioning and flexibility of Y1del Dyn A. (A) Deletion of the
first tyrosine in Dyn A peptide also leads to loss of the α-helical structure. For complete legend see Fig. 1 and
Suppl. Fig. 1. (B) Computational modeling of the various Dyn A peptides interacting with a POPC membrane was
conducted for at least 200ns after the mutation was performed. Y1del Dyn A demonstrates loss of structures
similar to that seen in SCA23 mutant peptides. The graph shows adopted secondary structures per amino acid
residue (Y axis) in time (X axis). (C) Y1del Dyn A is positioned higher in the membrane between Ile8 and Trp14,
similar to R6W Dyn A (Fig. 2).
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Supplementary Figure 3. Cationic and hydrophobic residues are separated in wt Dyn A by the α-helix
Front (A) and side view (B) of residues 3-9 of wt Dyn A with explicit side chains around a cartoon representation
of the backbone secondary structure. The helical structure separates the cationic Arg6,7,9 residues (blue) from the
hydrophobic Phe4, Leu5, and Ile8 residues (orange). Images were taken aligned with the plane of the membrane.
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Supplementary Figure 4. Injection of wt, R6W or R9C Dyn A does not induce an ataxic phenotype or
alterations in pain perception
Intracerebroventricular administration of 10nM or 100nM of the various Dyn A peptides into the fourth ventricle
of awake mice. No differences were detected in induction of ataxic gait (A), increased inactivity (B), the lasting
effect of the peptides (C), the time to respond to the tail-clip task (D), or the sensitivity to the tail-clip task (E).
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Chapter V

To the editor,
Spinocerebellar ataxias (SCA) are a large group of complex heterogeneous neurodegenerative
disorders that cause cerebellar atrophy leading to motor dysfunction and ataxia1. Despite the fact
that 8 disease loci and 31 genes have been identified as causing SCA1,2, approximately 30% of cases
remain genetically undiagnosed. The functions of the SCA genes are diverse but they seemingly
operate in shared biological pathways including synaptic transmission3,4.
Glutamate receptors and transporters control proper neurotransmission and alterations of
their function have been associated with diverse neurological diseases including schizophrenia,
intellectual disability, epilepsy, and autism5. Deletions and missense mutations in the ionotropic
glutamate receptor GluD2 (GRID2) have also been reported to cause congenital cerebellar ataxia
and adult-onset spinocerebellar ataxia6,7, and an autosomal-recessive congenital cerebellar ataxia
was found to be caused by mutations in the metabotropic glutamate receptor 18. Further, mutations
in the glutamate transporter EAAT1 cause episodic ataxia, hemiplegia and ataxia9.
To determine whether alterations in glutamate signalling might be a common theme in
cerebellar ataxia, we screened a randomly selected cohort of 96 patients, who were all referred
for SCA DNA diagnostics and thus suspected to suffer from familial or sporadic cerebellar ataxia.
These cases were mostly of Dutch origin, and mutations in SCA1-3, 6, 7, 17, 19 and 23 genes were
excluded. In an attempt to identify the genetic deficit we screened these cases for mutations in 39
genes involved in glutamatergic signalling (Suppl. Table 1). The complete coding regions, including
exon-intron boundaries, of all genes were screened using a targeted resequencing array (Agilent
technologies, USA) and sequencing was performed on a MiSeq sequencer (Illumina Inc, USA). Data
analysis was performed as described previously10 and variant annotation was performed using
the Cartagenia Bench Lab software (Cartagenia Inc, USA). All variants that were reported less than
0.01% in the ExAC browser (Exome Aggregation Consortium (ExAC), Cambridge, MA (http://exac.
broadinstitute.org) [September 2015, accessed]) were excluded from further analysis. The study has
been approved by the local ethics committee. Here, we report the identification of one rare and four
novel variants in glutamatergic genes linked to intellectual disability and/or non-progressive gait
and limb ataxia, or trunk ataxia.
We identified a novel truncating variation, c.2415C>A, p.C805*, in glutamate receptor GluA3
(GRIA3) in a male patient who, to our surprise, did not exhibit clear cerebellar ataxia but suffered from
intellectual disability at two and a half years of age. No other family members were reported to suffer
from cerebellar ataxia or intellectual disability. Genetic alterations including missense mutations in
GRIA3 have previously been reported to cause X-linked intellectual disability in humans11–13, and we
therefore consider this p.C805* variant pathogenic.
We identified another not-yet-reported missense variation, c.1466A>G, p.N489S, in glutaminase
2 (GLS2) in a young male (12 years of age) suffering from non-progressive gait and limb ataxia,
dysarthria and intellectual disability starting from 1 year of age. MRI analysis showed very mild
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vermis hypoplasia. Unfortunately, the brother of the patient, who displayed similar symptoms,
was not available for genetic testing, and due to the unavailability of GLS2 cDNA, the effect of the
p.N489S variant on GLS2 functioning and cellular localization could not be determined. Therefore,
this variant could still be a rare benign polymorphism.
We discovered a missense variation, c.3007C>T, p.R1003W (Minor Allele Frequency (MAF) =
0.0001077; reported once in the ExAC browser), in the C-terminal cytoplasmic tail of the N-methylD-aspartate receptor subunit GluN3B (GRIN3B) in a female who as a child was diagnosed with
coordination problems, nystagmus, dystonic features, and intellectual disability, but no clear
cerebellar ataxia. The p.R1003W variant, corresponding to p.R975W in rat Grin3b, did not affect
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Figure 1. GRIN3B-Arg1003Trp displays reduced surface expression
(A) Glycine response curve of rat GluN1/GluN3B and GluN1/GluN3B-Arg975Trp receptor channels as determined
by two-electrode voltage-clamp recordings in Xenopus oocytes. The GluN1 subunit contained Phe484Ala
and Thr518Lys mutations to prevent desensitization by eliminating glycine binding to GluN1 as previously
described16. GluN3B- Arg975Trp on the rat subunit corresponds to the human GluN3B- Arg1003Trp mutation.
The GluN1/GluN3B- Arg975Trp channel did not show any changes as compared to GluN1/GluN3B channels.
(B) The response to in the presence of 1 mM Mg2+ is shown as the percentage of the response in absence of
Mg2+ (cells voltage-clamped at -80 mV). The Grin3b- Arg975Trp variation did not alter the Mg2+ block of GluN1/
GluN3B- Arg975Trp receptor channels compared to GluN1/GluN3B channels. (C) Surface expression of GluN1/
GluN3B and GluN1/GluN3B- Arg975Trp receptor channels in transfected HEK cells. The Grin3b- Arg975Trp
variation reduced surface expression by approximately 30% compared to wild type GluN1/GluN3B. * p < 0.05
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the glycine potency or Mg2+ block of recombinant GluN1/GluN3B receptors expressed in Xenopus
oocytes (Fig. 1A and B). However, GluN3B-R975W did show reduced cell surface expression
compared to wild type GluN3B in transfected HEK cells (Fig. 1C). Therefore, we speculate that reduced
trafficking of the receptor complex may underlie the disease phenotype, however, this needs to be
further investigated. Notably, null alleles of GRIN3B have been reported14, but were found not to be
associated with motor neuron disease, suggesting that dominant negative mutations rather than
haploinsufficiency of GRIN3B may lead to disease.
Finally, we identified a novel heterozygous frameshift, c.2523delA, p.E841fs29X, in the
ionotropic glutamate receptor, GluK1 (GRIK1), in a male who also carried the rare c.12232T>A,
p.L411* GRIK1 allele (MAF= 0.00003314, ExAC Browser). DNA analysis was requested at the age
of 62 because of trunk ataxia with dizziness, and low reflexes at a later age. No additional family
members were available for testing. We showed that the p.E841fs29X variant led to a shorter GluK1
protein compared to GluK1-WT in HEK cells, whereas the rare p.L411* variation caused complete
loss of GluK1 (Fig. 2A), very likely due to nonsense-mediated mRNA decay. Additionally, extracts of
cells expressing GluK1-E841fs showed increased high molecular weight species compared to cells
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Figure 2. GRIK1 variants affect protein expression
(A) Representative Western blot of HEK cells transfected with GluK1-WT-Myc, GluK1-Glu841fs29X-Myc, or
GluK1-Lys411*-Flag. GluK1-Glu841fs29X settled lower in the gel than GluK1-WT, indicating that this variant
leads to a shorter GluK1 protein. GluK1-Lys411* protein was not detected on blots, indicating that this variant
does not result in protein expression. (B-C) Representative micrographs of GluK1 receptor complexes in nonpermeabilized SH-SY5Y cells expressing GluK1-WT-Myc or GluK1-Glu841fs-Myc. GluK1-Glu841fs receptor
channels demonstrated surface expression, however, it was reduced as compared to GluK1-WT (A). GluK1-WT
displayed robust surface expression (B). Scale bars, 25µm.
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expressing GluK1-WT, indicative of altered triton solubility of the GluK1-E841fs receptor complexes
(Fig. 2A). Notably, GluK1-E841fs resulted in surface expression of the receptor (Fig. 2B), albeit lower
than GluK1-WT surface expression in SH-SY5Y cells (Fig. 2C). GluK1-L411* did not display surface
expression (data not shown). Whether the p.E841fs29X variation also affects receptor functioning
is yet undetermined.
We hypothesize that loss of one GRIK1 allele caused by the p.L411* variation is benign when
the wild-type GRIK1 allele is properly expressed. However, the combination of the p.L411* and
p.E841fs29X variations may lead to critically altered GluK1 complexes, inducing trunk ataxia.
In summary, we have identified the first mutations in GRIN3B and GRIK1 that link to intellectual
disability and/or an ataxic phenotype. Additionally, to our knowledge, no human diseases are yet
linked to GLS2. As the p.N489S variant was not previously reported, and the established role of GLS2
in neuronal differentiation15, GLS2 is a very promising candidate gene for a neurodevelopmental
disorder such as intellectual disability.
Our findings indicate that novel variations in genes coding for glutamatergic components link
more strongly to intellectual disability than they do to cerebellar ataxia. Additionally, excluding
the case carrying the novel GRIA3 variant, our findings may suggest that intellectual disability and
cerebellar ataxia are biologically more closely related than previously thought. Moreover, we show
that regular SCA diagnostics are sometimes requested to exclude the diagnosis cerebellar ataxia
rather than confirm it, and these patients could have benefited from a more restricted clinical
classification. However, with the implementation of the disease-focused gene-panels, this problem
will become less prominent in the future, as closely related disorders will be tested for simultaneously.
Nevertheless, when ataxia or discoordination coincides with intellectual disability, neurologists and
clinical geneticists should consider screening a gene panel for intellectual disability that contains
genes encoding glutamatergic components, in addition to a gene panel for movement disorders.
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During the last 25 years of SCA research, 44 different spinocerebellar ataxia (SCA) types have been
described. With the implementation of next generation sequencing (NGS), SCA diagnostics have
improved greatly, and the rate of mutation identification has increased dramatically. While it is
beneficial to identify novel disease-causing variants, studies reporting novel variants often lack
functional validation confirming pathological changes on protein level. Furthermore, researchers
have been working to pinpoint a shared mechanism among the many SCAs, however, no such
single mechanim has been identified. We believe that altered glutamate/Ca2+ signalling is very
promosing as a commaon mechanism. We hypothesize that unbalanced glutamate/Ca2+ underlies
the SCA23 pathology, which is caused by mutations in prodynorphin (PDYN). In addition, we have
implicated PDYN in cerebellar neurodevelopment, as we observed developmental abnormalities in
the neurodegenerative disorder SCA23.

Genetic diagnosis of SCA
Currently, approximately 70% of Dutch dominant SCA cases are confirmed genetically via mutation
analysis for the common SCA types in the Netherlands: SCA1, 2, 3, 6, and 7. An additional 5% of
patients suffer from a less frequent SCA type, and can be diagnosed genetically when tested on
a second panel of SCA types prevalent in the Netherlands: SCA12, SCA13, SCA14, SCA17, SCA19,
SCA23, and SCA27. However, this still renders approximately 25% of patients without a genetic
diagnosis. Identifying novel causal mutations in these patients would not only improve the
diagnostic possibilities for this group, which can be beneficial for the patient and for their carers’
psychological states and would aid in counselling, it would also provide more insight into the SCA
pathology.
Despite the wide-spread implementation of next generation sequencing (NGS) in research,
identifying novel SCA mutations is still not an easy task. There are currently 44 known types of SCA
(for an overview, see Chapter I, Table 1), for 11 of which, disease genes have been identified using
NGS. Since most of the genetically undiagnosed SCA cases are single cases or come from small
families with only a few affected individuals, it is difficult to define the causal variant among the
hundreds to thousands of variants identified. Next generation sequencing offers several platforms
on which to sequence genetic material, one of which is targeted resequencing (TRS), which we used
in Chapter V. In this study, we identified novel variations by sequencing target candidate genes
assembled on a gene panel, bringing down the cost and time required for a sequence run and
for data analysis. Although effective, TRS has its limitations. First, only a pre-defined set of genes
is sequenced and only exonic regions and their respective splice-site regions are sequenced.
This problematic because, while most disease-causing mutations can be found in exons, deepintronic mutations also occur with some regularity. Second, repeat expansions, large deletions,
and duplications cannot be detected, and will therefore be missed. Third, while TRS is a useful
tool in identifying novel disease variants, it still yields a large number of rare variants per case that
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need to be properly interpreted. Currently, we are heavily dependent upon in silico pathogenicity
predictions of these variations, often leading to inconclusive outcomes from the various prediction
programs. Additionally, rare single nucleotide polymorphisms (SNPs) can be wrongly interpreted as
novel mutations. Functional validation would be the best alternative method to validate whether a
rare variation is benign or damaging. However, functional validation of these rare variations ties up
resources, and slows down work on disease-causing variants.
Functional validation of novel variants is an important step in determining whether a variant
is causal. When a novel variant is reported, it should be accompanied by a preliminary functional
analysis1. These can be simple assays, for example transfection of a relevant cell line (like N2A,
NG108, or SH-SY5Y cells) with a plasmid expressing the mutated gene, and determining expression
and localization of the protein, as changes in protein expression and/or localization indicate a
variant is very likely not benign. Unfortunately, when novel mutations are reported, these types of
analyses are most often not included, leading to questions about whether the reported mutations
are indeed causal. A preliminary functional analysis on the novel mutations in GRIN3B and GRIK1
described in Chapter V revealed that both novel variants affect surface expression of the receptor
channels, suggesting these are indeed disease-causing mutations. However, follow-up studies are
needed to determine how these novel mutations affect surface expression of the receptors. This
underlines the need to perform more specific functional assays, determining alterations in protein
function and electrophysiology, and for in vivo models to fully determine the causality and effect of
any newly identified variant. The work described in this thesis demonstrates the benefits of studying
a mutation extensively and in several models, as the deviations between our in vitro and in vivo
findings proffer additional insights into the disease mechanism.

Altered glutamate/Ca2+ signalling as a
common pathology in SCA
While the SCAs are genetically highly heterogeneous, their symptoms are surprisingly homogeneous.
Guided by this homogeneity, researchers have been searching for a common pathological
mechanism underlying Purkinje cell (PC) dysfunction and death. However, despite more than two
decades of research, no such singular mechanism could be identified. Using a gene-gene interaction
network analysis, we showed that that numerous SCA/ataxia-causing genes function and interact
with each other, and could therefore highlight the shared biological mechanisms among the
SCAs2. These mechanisms include neurogenesis, synaptic transmission, cell cycle and proliferation,
protein synthesis and folding, regulation of transcription, and mRNA transport2. Overlapping with
these mechanisms, Matilla-Dueñas et al.3 describe a number of shared mechanisms that have been
studied extensively in SCAs, including dark cell degeneration, dysregulation of gene transcription,
autophagy, and RNA toxicity. These are all mechanisms to which PCs seem more vulnerable than
other neuron populations, making them good candidates for a common mechanism. Interestingly,
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for some SCAs several such suggested commonalities have been implied, indicating there may be
more than one common route to pervasive PC death.
The last 25 years of SCA research has yielded one particularly promising shared mechanism,
namely altered glutamate/Ca2+ signalling. Several SCA types display climbing fibre (CF) regression,
a possible consequence of increased glutamate/Ca2+ signalling. Excitotoxicity has long been
implicated in neurodegeneration4,5, and has been suggested as the underlying mechanism
for SCA56. Increased intracellular Ca2+ levels in SCA1, 2, 3, 7, and 28 may be responsible for dark
cell degeneration (DCD), a type of cell death to which PCs seem particularly sensitive3,7, further
substantiating that disrupted glutamate/Ca2+ signalling could be a common pathology among
SCAs. Additional evidence supporting this hypothesis is found in observed reduced expression of
glutamate transporters on PCs and the resident cerebellar astrocytes, Bergman glia, in SCA1, 5, and
76,8,9. However, as described in Chapter III, PCs in SCA23 most likely suffer from reduced Ca2+ levels
due to loss of glutamatergic signalling induced by lost CF innervation. Following this reasoning, CF
regression in SCA1, 7, and 14 could also lead to decreased intracellular Ca2+ levels in PCs. Yet, SCA1
and 7 mouse PCs have been suggested to have increased Ca2+ levels8–10. As in SCA1 and SCA7, the
CF deficits do not occur until 6 and 40 weeks of age, respectively, thus CF regression could be a
consequence of elevated Ca2+ signalling in these SCA types. Nonetheless, the CF/parallel fibre (PF)
synaptic balance deficits are likely caused by a disturbance in glutamate/Ca2+ signalling, whether it
be increased or decreased. Therefore, a likely common mechanism could be unbalanced glutamate/
Ca2+ signalling, leading to altered proportions of synapse types, changes in cerebellar plasticity, and
eventually, ataxia.
As described in Chapter V, we suspect that mutations in genes encoding components of
the glutamatergic signalling system are associated more with intellectual disability than ataxia,
challenging the hypothesis of unbalanced glutamate/Ca2+ as a shared mechanism for the SCAs.
However, we have identified two novel mutations in genes within the glutamatergic system causing
ataxia, and mutations in GRID2 leading to ataxia have also been reported11. A possible explanation
for this divergence is that some glutamatergic components may have a more prominent function
in the cerebellum, and mutations in these genes could induce ataxia, while other glutamatergic
components may be more important in regions affected in intellectual disability, like the frontal
cortices. In any case, this indicates that further research into involvement of glutamate/Ca2+
signalling in ataxia, should focus on the proteomics of glutamate signalling components, more
specifically electrophysiology. We have investigated the role of altered glutamate/Ca2+ signalling in
the molecular pathomechanism of SCA23.

Mechanisms underlying PC death in SCA23
One of the SCA types in which unbalanced glutamate/Ca2+ signalling plays an important role, is
SCA23. Mutations in PDYN cause SCA23, a mild, slowly progressive form of ataxia12,13. To date, the
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cerebellar function of Dyn A, or its precursor prodynorphin (PDYN), was largely unknown. Previous
studies mainly focused on the physiological functioning in pain signalling, stress, and addiction
control via opioid signalling14–16, and pathological features of the peptide, including induction of
excitotoxicity and cell death via direct N-methyl-D-aspartate receptor (NMDA-R) interaction4,15,17.
In order to understand the molecular pathology of SCA23, we generated a transgenic mouse
model and demonstrated that mice expressing PDYN-R212W recapitulate the symptoms of SCA23
patients12. PDYNR212W mice displayed elevated Dyn A levels, subtle gait abnormalities at 3 months of
age, and a general loss of motor function at 12 months of age. This confirmed our previous genetic
and cellular findings13, and demonstrated that expression of PDYN-R212W results in elevated
mutant Dyn A levels in vivo and causes cerebellar ataxia. As PDYN levels are low while peptide
cleavage product levels are unchanged in PDYNR212W mice, and the R212W mutation led to reduced
peptide degradation in vitro, elevated Dyn A levels in PDYNR212W mice are likely due to enhanced
PDYN-R212W processing, and increased peptide stability.
How the increased levels of mutant Dyn A induce ataxia is not yet clear. Initially, we hypothesized
that elevated levels of mutant Dyn A mimic glutamate and potentiate NMDA currents on PCs, causing
increased intracellular Ca2+ levels, leading to dysregulated gene transcription, PC dysfunction,
and altered synaptic plasticity (Chapter II, Fig. 8). However, after we identified developmental CF
abnormalities, early loss of vGlut2, and reduced expression of voltage-gated calcium channel
(VGCC) subunits in the vermis of in PDYNR212W mice, we inverted our hypothesis. We now believe that
reduced Ca2+ signalling induces PC dysfunction in SCA23, as has been described for SCA618.

Climbing fibres in SCA pathology with focus
on SCA23
Another shared characteristic we observed is CF pathology. CFs are the major excitatory input of PCs,
and therefore the largest contributor to glutamate/Ca2+ signalling in PCs, implicating CF pathology
in the SCA phenotype as a major contributor. As described in Chapter I, CFs exert much control
over the induction of cerebellar synaptic plasticity, which in turn is crucial for maintaining motor
learning and performance19–25. CF deficits have been described in SCA1, 7, 14 and 23 (Chapter I), and
disrupted cerebellar plasticity has previously been demonstrated in several SCA types, including
SCA3, 5, 6, 14, and 2726–31, and indirectly for SCA110.
The reduced Ca2+ signalling in SCA23 is likely caused by the loss of vesicular glutamate
transporter 2 (vGlut2), as measured by reduced CF-PC synapse numbers. In the hippocampus,
vGlut2 has been shown to have a neurodevelopmental role32. We propose that vGlut2 plays a similar
developmental role in the cerebellum, as we observed loss of vGlut2 in PDYNR212W vermis at an early
stage. In addition, the observed reduction in CF-PC synapses in the PDYNR212W vermis may lead to
disturbances in glutamatergic signalling and synaptic plasticity, as was seen in vGlut2 knockout
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mice32, implicating CF deficits in SCA23 pathology. Consequently, due to the loss of CFs, PF-PC
synapses are likely increased, as vesicular glutamate transporter 1 (vGlut1) levels are elevated in
PDYNR212W vermis. CF-PC and PF-PC synapses balance each other within their respective territories
(Chapter I, Fig. 1), and a disruption of this balance affects motor learning and performance (Chapter
I)19–25, which could underlie SCA23 pathology. Notably, the developmental anomalies indicate a
neurodevelopmental role for PDYN in the cerebellum not previously recognized.
In essence, we hypothesize that the expression of PDYN-R212W leads disruption of cerebellar
plasticity. It would be interesting to examine the state of plasticity in the SCA23 vermis, in order to
determine whether synaptic plasticity is indeed disrupted. Electrophysiological experiments could
reveal a lot about the changes induced by PDYN-R212W, most importantly whether glutamatergic/
Ca2+ signalling is increased or reduced. This could be a crucial piece of information, en route to
developing a therapy. Although we have compelling evidence that CF deficits could contribute
to SCA23 pathology, a causal relation has yet to be determined. Cerebellar examination and
assessment of an ataxic phenotype of a vGlut2 knockout mouse model could provide insights into
the causality of CF pathology.

Therapeutic strategies in SCA
Currently, there are no therapeutic strategies to treat SCA. Here, identification of a common
pathology could be instrumental in developing a therapy useful for many, if not all, SCA types. As
discussed in the previous paragraph, a promising common mechanism is disturbed glutamate/Ca2+
signalling. Two studies have already demonstrated a beneficial effect by restoring physiological Ca2+
transients. First, in SCA28, Ca2+ peaks are inefficiently buffered, leading to elevated intracellular Ca2+
levels. Administration of the β-lactam antibiotic ceftriaxone, which promotes synaptic glutamate
clearance, prior to or after onset of symptoms, ameliorated the SCA28 phenotype in mice7. Second,
mGluR1 dysfunction leading to reduced Ca2+ levels is linked to SCA1 pathology. Pharmacological
enhancement of the mGluR1 receptor with the mGluR1 positive allosteric modulator Ro0711401
resulted in robust and sustained improvement of the SCA1 phenotype in mice10. Another
therapeutic strategy could be increasing glutamate signalling by augmenting NMDA-R functioning
via prolonged administration of D-serine (an NMDA-R co-activator) and a D-amino acid oxidase
inhibitor to SCA23 mice, as this has been shown to ameliorate the effects of early loss of vGlut2 in
the hippocampus in adult mice32.
These above mentioned strategies are promising and further examination developing them
into effective therapies should be a point of focus within the SCA field. Covering both elevated and
reduced Ca2+ levels, these therapies could be beneficial for a large number of SCAs, and possibly other
neurodegenerative disorders with altered Ca2+ signalling, including Alzheimer’s disease, Parkinson’s
disease, epilepsy, ischemic stroke, and major depressive disorder33. However, the effectiveness of
any strategy in other SCA types should be determined in vivo, and developing transgenic mouse
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models for each SCA type would be lengthy and costly. Expressing a specific SCA gene lentivirally in
primary cerebellar neurons is a practical and relevant model for electrophysiological studies in order
to identify Ca2+ imbalances. A lentiviral mouse model, as used in SCA3 and SCA1429,34, could then be
used to test the appropriate therapy in vivo.
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Summary
The human brain contains approximately 86 billion (86,000,000,000) neurons, half of which are
located in the cerebellum. The cerebellum regulates proprioception (which lets you know where
your limbs are without looking), movement control, and some emotional processes. In order to
maintain control over voluntary movement, the cerebellum, or more specifically, the sole output of
the cerebellar cortex — Purkinje cells (PCs) — have to function properly. In spinocerebellar ataxia
(SCA), the PCs are compromised, leading to a loss of motor function. Patients suffer from limb ataxia,
trunk ataxia, and poor coordination of the hands, mouth and eyes. Currently, there are no therapies
available to treat SCA, and the disorder progresses until it is no longer compatible with life. A lack of
insight into the molecular mechanisms underlying PC dysfunction and cell death in SCA form a large
hurdle which has to be jumped before the development of a therapy. Because there are currently
44 SCA types known, all with different genetic causes but highly similar phenotypes, researchers
have been searching for a common pathology and attempting to develop therapies to delay the
progression of, or even cure, the disease. Although with so many known SCA types, approximately
30% of SCA patients do not have a genetic diagnosis, and novel SCA genes still need to be identified.
The pressure to identify these novel SCA genes is steadily increasing, as this information will provide
more insight into common SCA mechanisms and aid in the development of therapy. Several
common mechanisms have already been proposed, such as dark cell degeneration, dysregulation
of gene transcription, autophagy, and RNA toxicity. However, none of the mechanisms have been
confirmed in a majority of SCAs or led to the development of a therapy. Therefore, we propose
climbing fibre (CF) deficits, coupled with disrupted glutamate/Ca2+ signalling, as a common disease
mechanism in SCA.
CF wiring is a highly regulated process, and CF functioning is very important for normal
cerebellar functioning. The main function of CFs is to control the plasticity of the PC’s glutamatergic
synapses by influencing the Ca2+ currents in PCs. If the CFs are not available, normal cerebellar
functioning is disrupted and this leads to a loss of motor control. Additionally, aberrant Ca2+
signalling causes neuronal dysfunction and abnormal signal transduction, and has long been
implicated in neurodegeneration. A loss of CF-PC synapses has been observed in four SCA types,
and disrupted glutamate/Ca2+ signalling has been demonstrated in other SCAs. Ca2+ levels are
increased in some SCA types and reduced in others; however, balanced Ca2+ signalling is paramount,
and disruption of this balance is very likely pathogenic and represents a commonality among SCAs.
A number of studies have shown improvement of the ataxic phenotype in SCA mouse models via
pharmacological glutamate-mediated restoration of physiological Ca2+ currents. Therefore, we
believe that CF pathology and disrupted glutamate/Ca2+ signalling present a promising common
mechanism among SCAs and a possible therapeutic target, indicating that CFs should be examined
closely in the various SCA types.
SCA23 is one of the SCA types likely suffering from unbalanced, or more precisely, reduced
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glutamate/Ca2+ signalling. SCA23 is caused by mutations in prodynorphin (PDYN), leading to a
mild, slowly progressive cerebellar ataxia in humans. The mouse model expresses PDYN-R212W
ubiquitously, and these mice nicely recapitulate the symptoms and brain pathology of SCA23
patients. PDYNR212W mice display slowly progressive ataxic gait from 3 months of age, and an overall
loss of motor control at 12 months of age. Furthermore, we observed a loss of CF-PC synapses in
PDYNR212W mice starting from 2 weeks up to 12 months of age in several vermal lobules regulating
motor coordination. As CF maturation is finalized at 3 weeks of age, seeing CF-PC synapse loss at 2
weeks indicates that developmental abnormalities contribute to this neurodegenerative disorder
and suggests a not-yet-recognized neurodevelopmental role for PDYN in the cerebellum, and this
CF-PC loss preceded PC loss, which was only detected at 12 months of age. The early loss of CFs
was indicated by a reduction in vGlut2, a CF-PC marker that has been shown to play an important
role in glutamatergic transmission, neurotransmitter release probability and long-term depression
in the hippocampus. With this notion, we hypothesize that vGlut2 could play a similar role in the
cerebellum, and loss of vGlut2 would then lead to reduced glutamatergic transmission and disrupt
long-term depression of PC synapses, which is crucial for maintaining normal motor function. The
symptoms and cerebellar pathology we observed were very likely caused by increased levels of
mutant Dynorphin (Dyn) A, which coincided with reduced expression of the native Dyn A receptor,
the kappa-opioid receptor (KOR) in the cerebellum, elevated expression of glutamate receptor
subunits and reduced neuronal excitability, which was not observed in mice expressing PDYN-WT
or control littermates.
How elevated mutant Dyn A causes all these problems in vivo is not yet known, and multiple
effects might contribute to neuronal degeneration. We have shown that Dyn A peptides are toxic to
primary cerebellar neurons, and that R6W Dyn A preferentially acted via the N-methyl-D-aspartate
receptor (NMDA-R), instead of its native KOR. In contrast, L5S mainly operated via KOR and R9C did
not show any preference and acted via both receptor systems, similarly to wt Dyn A. As activation
of KOR has neuroprotective effects, reduced activation of this receptor is potentially pathogenic.
In addition, increased stimulation of the NMDA-R can lead to increased Ca2+ currents, a condition
which is also potentially pathogenic. While the wild type and mutant Dyn A peptides exhibit various
degrees of toxicity and either have or do not have a receptor system of preference, the SCA23
mutations located in the Dyn A domain of PDYN — L211S, R212W, and R215C — critically changed the
secondary structure of the peptides, L5S, R6W, and R9C Dyn A, which all showed near complete loss
of the N-terminal α-helix. The R6W peptide also showed β-bridge structures that were not observed
in any of the other mutant peptides. These changes in secondary structure affected the peptide
flexibility, increasing the flexibility of the SCA23 Dyn A peptides. Additionally, the positioning of
the peptides in the membrane was also affected, as R6W and R9C Dyn A were positioned higher in
the membrane than wt and L5S Dyn A. The mutant peptides all showed a reduced affinity to KOR
that was very likely caused by the loss of the N-terminal α-helix previously shown to play a crucial
role in receptor binding and the increased peptide flexibility and higher membrane positioning.
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Furthermore, the solubility of R6W and R9C Dyn A in an aqueous solution was changed, leading
to oligomerisation. R6W and R9C Dyn A formed large oligomeric structures, while wt and L5S Dyn
A displayed low oligomeric potential. The increased oligomerisation was associated with reduced
degradation of R6W and R9C Dyn A in human liquor and mouse cerebellar extracts compared to
wt and L5S Dyn A, which were efficiently degraded. The structurally altered mutant peptides R6W
and R9C Dyn A were more resistant to degradation and exhibited decreased solubility, contributing
to the elevated peptides levels in the SCA23 mouse. Based on our work, we speculate that R6W
and R9C are gain-of-function mutations, while L5S Dyn A likely reflects a loss-of-function mutation
further complicating the underlying disease mechanism. Overall, we can conclude that decreased
affinity to KOR, loss of neuroprotection, and potentiation of the NMDA receptor likely contribute to
the pathological actions of SCA23-mutant Dyn A peptides.
To further explore the role of glutamate signalling in the underlying aetiology of cerebellar
ataxia, we screened 96 randomly selected putative SCA cases (i.e. without mutations in the most
frequent Dutch SCA genes) for mutations in 39 genes encoding glutamatergic components. We
identified a novel truncating variation, c.2415C>A, p. C805*, in glutamate receptor AMPA3 (GRIA3)
in a patient who did not exhibit clear cerebellar ataxia at two and a half years of age but suffered
from intellectual disability. As mutations in GRIA3 have previously been reported to cause X-linked
intellectual disability in humans, we considered this variant pathogenic. A novel c.1466A>G,
p.N489S variant in glutaminase 2 (GLS2) was identified in a 12-year-old male suffering from nonprogressive gait and limb ataxia, dysarthria, intellectual disability, and very mild vermal hypoplasia.
Because no additional affected family members were available for genetic analysis, or GLS2 cDNA,
we could not determine whether the p.N489S variant is indeed pathogenic. A missense variation,
c.3007C>T, p.R1003W, in the C-terminal cytoplasmic tail of the NMDA-R subunit GluN3B (GRIN3B)
reduced the surface expression of receptors containing this subunit but did not affect receptor
channel activity. Therefore, reduced trafficking of the receptor complex may underlie the pathology.
A novel heterozygous frameshift, c.2523delA, p.E841fs29X, in the ionotropic glutamate receptor,
GluK1 (GRIK1), was detected in a patient who also carried the rare c.12232T>A, p.L411* GRIK1 allele.
The GRIK1-L411* protein was not detected, probably due to nonsense-mediated mRNA decay.
In contrast, GluK1-E841fs was properly expressed and showed increased high molecular weight
species, indicating altered solubility of the GluK1-E841fs receptor complexes. As the p.L411*
variation is detected in healthy controls, the complete loss of one GRIK1 allele is likely benign when
there is a wild-type allele to compensate for the loss. The unfortunate combination of the p.L411*
and p.E841fs29X variations may lead to critically altered GluK1 complexes, thus inducing trunk
ataxia. These findings indicate that novel variations in genes encoding glutamatergic components
are not a frequent cause of cerebellar ataxia but, when present, seem to link to intellectual disability,
and suggest that intellectual disability and cerebellar ataxia are more closely related than previously
thought.
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In conclusion, this thesis closely examines the molecular mechanism of SCA23, and describes CF
deficits and reduced glutamate/Ca2+ signalling as a crucial component of SCA23, and as a promising
common pathology among the SCAs. The underlying cause of SCA23 is increased levels of mutant
Dyn A, most likely due to critical changes in the secondary structure of the peptides. Additionally,
while glutamatergic signalling plays an important role in SCA, genetic variations in genes encoding
glutamatergic components link to intellectual disability rather than cerebellar ataxia.
If you don’t read anything, read this:
•

Expression of PDYN-R212W recapitulates SCA23 disease symptoms and pathology in a
mouse model

•

Climbing fibres are an important aspect of the pathology of spinocerebellar ataxias

•

Highly increased mutant Dyn A levels underlie the SCA23 pathology

•

Climbing fibre and gait deficits precede the loss of Purkinje cells in SCA23

•

Climbing fibre deficits present prior to maturation of the fibres, indicating that
developmental abnormalities contribute to the cerebellar neurodegeneration seen in
SCA23

•

Reduced Ca2+ currents and loss of neuronal excitability are a likely cause of Purkinje cell
dysfunction in SCA23

•

PDYN mutations located in Dyn A that cause SCA23 reduce the affinity of the mutant Dyn
A peptides to their native opioid receptor, KOR, leading to deviation to the NMDA-R

•

Mutations in glutamatergic genes mainly link to intellectual disability and less strongly to
spinocerebellar ataxia

•

Intellectual disability and cerebellar ataxia could be more closely related than previously
thought
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Samenvatting
Het menselijk brein bevat ongeveer 86 biljoen (86.000.000.000) neuronen, waarvan de helft zich
in het cerebellum bevindt. Het cerebellum reguleert proprioceptie, waardoor je weet waar je
ledematen zijn zonder te kijken, beweging, en enige emotionele processen. Om de controle over
vrijwillige beweging te behouden, moet het cerebellum, of meer specifiek, de enige output van de
cerebellaire cortex, de Purkinje cellen (PCs), goed functioneren. In spinocerebellaire ataxie (SCA)
zijn de PCs aangetast, wat leidt tot verminderde bewegingscontrole. Patiënten lijden aan ataxie van
de ledematen, rompataxie, en verminderde coördinatie van de handen, mond en ogen. Er is op dit
moment geen therapie beschikbaar, en de aandoening verergert totdat deze niet langer verenigbaar
is met het leven. Een gebrek aan voldoende inzicht in de onderliggende moleculaire mechanismen
van PC disfunctie en celdood vormt een grote horde voor het ontwikkelen van een therapie. Omdat
er op dit moment 44 verschillende SCA types, met 44 verschillende genetische oorzaken bekend
zijn, zijn onderzoekers op zoek naar een gemeenschappelijk mechanisme onder de vele SCAs,
met het oog op therapeutische mogelijkheden om de ziekteontwikkeling te vertragen, of zelfs te
voorkomen. Hoewel er 44 SCA types bekend zijn, heeft nog ongeveer 30% van de SCA patiënten
geen genetische diagnose, en moeten er dus nog steeds nieuwe SCA genen geïdentificeerd worden.
Dit is ook nodig om meer inzicht te krijgen in gemeenschappelijke SCA mechanismen, en zal de
ontwikkeling van therapieën ondersteunen. Er zijn al een aantal gemeenschappelijke mechanismen
voorgesteld, waaronder dark cell degeneration, ontregeling van gen transcriptie, autophagy, en RNA
toxiciteit. Echter, geen van deze mechanismen zijn vastgesteld in een meerderheid van de SCAs,
of heeft tot een therapie geleid. Daarom stellen wij klimvezeldefecten, gekoppeld aan ontregelde
glutamaat/Ca2+-signaaltransductie, voor als een gemeenschappelijk mechanisme onder de SCAs.
Klimvezelontwikkeling is een zeer strak gereguleerd proces, en klimvezel functioneren is
erg belangrijk voor het normaal functioneren van het cerebellum. De belangrijkste functie van
klimvezels is de controle over de plasticiteit van de PC’s glutamatoire synapsen, door middel van
het beïnvloeden van Ca2+-golven in de PCs. Afwezigheid van klimvezels verstoort het functioneren
van het cerebellum, en leidt tot verminderde bewegingscontrole. Bovendien is het bekend dat
afwijkende Ca2+-signalen leiden tot neuronale disfunctie en abnormale signaaltransductie, en
bijdragen aan neurodegeneratie. In vier verschillende SCA types is verlies van klimvezel-PC
synapsen geobserveerd, en ontregelde glutamaat/Ca2+-signaaltransductie is waargenomen in
diverse andere SCAs. In bepaalde SCA types zijn de Ca2+-niveaus verhoogd, maar verminderd in
anderen. Dit laat zien dat een gebalanceerde Ca2+-signalering van het grootste belang is, dat enige
verstoring daarvan pathogeen kan zijn, en dat dit een mogelijk gemeenschappelijk mechanisme
onder de SCAs kan zijn. Daarbij hebben een aantal studies aangetoond dat het herstellen van
fysiologische Ca2+-golven door middel van farmaceutische glutamaatregulering, de ataxie van SCA
muis modellen verminderd. Daarom geloven wij dat klimvezelpathologie en verstoorde glutamaat/
Ca2+-signaaltransductie een veelbelovend gemeenschappelijk SCA mechanisme, en een mogelijk
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therapeutisch aanknopingspunt is, en als zodanig nader onderzocht zou moeten worden in de vele
SCA types.
SCA23 is een van de SCA types die waarschijnlijk lijden onder ontregelde, of preciezer,
verminderde glutamaat/Ca2+-signaaltransductie. SCA23 wordt veroorzaakt door mutaties in
prodynorphin (PDYN), wat leidt tot milde, traag progressieve ataxie in mensen. Het muis model
brengt PDYN-R212W in het gehele lichaam tot expressie, en deze muizen imiteren de symptomen
en hersenpathologie van SCA23 patiënten. PDYNR212W muizen laten een traag progressieve
atactische gang zien vanaf 3 maanden, en een globaal verlies van motorcontrole op een leeftijd
van 12 maanden. Verder observeerden wij een verlies van klimvezel-PC synapses in 2 weken tot 12
maanden oude muizen in verschillende lobules van de cerebellaire vermis, welke motorcoördinatie
reguleren. Omdat klimvezelontwikkeling 3 weken na de geboorte wordt afgerond, duidt het
verlies van deze synapsen in 2 weken oude muizen erop dat verstoringen in de ontwikkeling
bijdragen aan deze neurodegeneratieve aandoening. Ook suggereert het een nog niet erkende
rol voor PDYN in de ontwikkeling van het cerebellum. Het verlies van klimvezel-PC synapsen
ging vooraf aan PC dood, wat pas in 12 maanden oude muizen geobserveerd werd. Het vroege
verlies van klimvezels werd aangeduid door een reductie van vGlut2, een marker voor klimvezelPC synapsen die een belangrijke rol speelt in glutamatoire signaaltransductie, de kans op
neurotransmitterafgifte, en langetermijnpotentiëring in de hippocampus. Hiermee veronderstellen
wij dat vGlut2 een soortgelijke functie heeft in het cerebellum, en dat verlies van vGlut2 dus leidt
tot verminderde glutamatoire signaaltransductie en verstoorde langetermijnpotentiëring, een
kritiek proces voor normale motorfunctie. De symptomen en cerebellaire pathologie van SCA23
worden zeer waarschijnlijk veroorzaakt door een verhoogd niveau van mutant Dynorphin (Dyn)
A, wat samenviel met verlaagde expressie van de naïve Dyn A receptor, de kappa-opioid receptor
(KOR) in het cerebellum, verhoogde expressie van glutamaat receptor subunits, en verminderde
exciteerbaarheid van de neuronen, welke niet werden waargenomen in muizen die PDYN-WT tot
expressie brachten of controle muizen.
Hoe verhoogd mutant Dyn A deze problemen in vivo veroorzaakt is nog niet bekend, en
verschillende aspecten kunnen bijdragen aan neurodegeneratie. We hebben aangetoond dat Dyn
A peptiden toxisch zijn voor primaire cerebellaire neuronen, en dat R6W Dyn A bij voorkeur met de
N-methyl-D-aspartaat receptor (NMDA-R) interacteerde, in plaats van met de naïeve KOR, terwijl
L5S Dyn A vooral met KOR bond, en R9C Dyn A, net als wt Dyn A geen voorkeur had voor een
van de twee receptorsystemen. Activatie van KOR heeft een beschermend effect op neuronen, en
verminderde activatie van deze receptor is daardoor potentieel pathogeen. Daarbij kan verhoogde
activatie van de NDMA-R tot meer Ca2+-golven leiden, wat ook pathogeen kan zijn. Hoewel de wild
type en mutante Dyn A peptiden verschillende mate van toxiciteit laten zien, en wel of niet een
voorkeur voor een receptorsysteem hebben, veroorzaken alle SCA23 mutaties in het Dyn A domein
van PDYN –L211S, R212W, en R215C– kritieke veranderingen in de secundaire structuur van de
peptiden L5S, R6W, en R9C Dyn A. Alle mutanten lieten namelijk een bijna compleet verlies van de
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N-terminale α-helix zien, die wel aanwezig is in wt Dyn A. R6W Dyn A liet ook β-brug structuren zien,
welke niet zijn waargenomen in de overige mutante peptiden. De veranderingen in de secundaire
structuren beïnvloedden de flexibiliteit van de peptiden, met verhoogde flexibiliteit in de SCA23
Dyn A peptiden. Daarbij was ook de positionering van R6W en R9C Dyn A aangetast, en zaten deze
peptiden hoger in het membraan dan wt en L5S Dyn A. De mutante peptiden hadden allemaal een
verminderde affiniteit voor KOR. Dit wordt zeer waarschijnlijk veroorzaakt door het verlies van de
N-terminale α-helix die een belangrijke rol speelt in de receptorbinding, de verhoogde flexibiliteit
van de peptiden, en de verhoogde positionering in de membraan. Verder was ook de oplosbaarheid
van R6W en R9C Dyn A verminderd, waardoor oligomerisatie plaatsvond. De oplosbaarheid van
wt en L5S Dyn A was niet of nauwelijks aangetast. De verhoogde oligomerisatie viel samen
met verminderde degradatie van R6W en R9C Dyn A in cerebrospinale vloeistof en lysaten van
muizencerebellum in vergelijking met wt en L5S Dyn A, welke efficiënt werden afgebroken. De
structureel veranderde mutante peptiden R6W en R9C Dyn A zijn meer resistent tegen afbraak en
vertonen verminderde oplosbaarheid, wat bijdraagt aan het verhoogde peptideniveau in de SCA23
muis. Gebaseerd op ons werk, speculeren wij dat R6W en R9C gain-of-function mutaties zijn, terwijl
L5S Dyn A verminderde functionaliteit laat zien, wat het onderliggende pathologische mechanisme
verder compliceert. We kunnen concluderen dat de verminderde affiniteit voor KOR, het verlies van
neuronale bescherming, en meer activatie van de NMDA-R bijdragen aan de pathologische acties
van SCA23-mutante Dyn A peptiden.
Om de rol van glutamatoire signaaltransductie in de onderliggende etiologie van cerebellaire
ataxie te onderzoeken, hebben wij 96 willekeurig geselecteerde, vermeende ataxie patiënten
(zonder mutaties in de meest voorkomende Nederlandse SCA genen) gescreend op mutaties in 39
genen die coderen voor glutamatoire componenten. We hebben een nieuwe truncerende variatie
in glutamaat receptor AMPA3 (GRIA3), c.2415C>A, p. C805*, geïdentificeerd in een patiënt van
twee en een half jaar oud welke geen duidelijke cerebellaire ataxie liet zien, maar wel verstandelijk
gehandicapt was. Omdat mutaties in GRIA3 voorheen gelinkt zijn aan X-gebonden verstandelijke
handicaps, beschouwen wij deze variant als zijnde pathogeen. Een nieuwe c.1466A>G, p.N489S
variant in glutaminase 2 (GLS2) werd geïdentificeerd in een jongen van 12 jaar oud, lijdende aan
niet-progressieve gang en ledemaatataxie, dysarthrie, een verstandelijke handicap, en zeer milde
hypoplasie van de vermis. Omdat er geen andere familieleden beschikbaar waren voor genetische
analyse, en ook GLS2 cDNA niet beschikbaar is, waren wij niet in staat te bepalen of de p.N489S
variant inderdaad pathogeen is. Een missense variatie, c.3007C>T, p.R1003W, in de C-terminale
cytoplastische staart van de NMDA-R subunit GluN3B (GRIN3B) verlaagde de oppervlakte-expressie
van receptoren met deze subunit, maar veranderde de activiteit van het receptorkanaal niet.
Zodoende lijkt verminderd transport van het receptorcomplex de onderliggende oorzaak van
deze pathologie. Een nieuwe heterozygote frameshift c.2523delA, p.E841fs29X, in de ionotrope
glutamaat receptor, GluK1 (GRIK1) is geïdentificeerd in een patiënt die ook het zeldzame c.12232T>A,
p.L411* GRIK1 allel draagt. GRIK1-L411* eiwit werd niet gedetecteerd, waarschijnlijk door nonsens-
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gemedieerde mRNA afbraak. GluK1-E841fs werd wel normaal tot expressie gebracht, en liet meer
eiwit met een hoger molecuulgewicht zien, wat wijst op een veranderde oplosbaarheid van GluK1E841fs receptorcomplexen. Omdat de p.411* variant ook in gezonde controle-individuen voorkomt,
lijkt het verlies van een GRIK1 allel niet pathogeen omdat het wild type allel het verlies kan
compenseren. De ongelukkige combinatie van de p.L411* en p.E841fs29X varianten kan tot ernstig
veranderde GluK1 complexen leiden, en rompataxie induceren. Deze bevindingen duiden erop
dat nieuwe varianten in genen die glutamatoire componenten coderen niet zo zeer cerebellaire
ataxie induceren, maar juist verstandelijke handicaps veroorzaken, en dat deze twee aandoeningen
biologisch gezien wellicht dichter bij elkaar liggen dan voorheen gedacht werd.
In conclusie, dit proefschrift geeft de moleculaire mechanismen van SCA23 weer, en beschrijft
klimvezelpathologie en verminderde glutamaat/Ca2+-signaaltransductie als een cruciale
component van SCA23, en als een veelbelovend gemeenschappelijk mechanisme onder de SCAs.
De onderliggende oorzaak van SCA23 is het verhoogde niveau van mutant Dyn A, zeer waarschijnlijk
door de kritieke veranderingen in de secundaire structuur van de peptiden. Daarnaast linken
genetische variaties in genen die glutamatoire componenten coderen meer naar verstandelijke
handicaps dan cerebellaire ataxie.
Geen zin om te lezen? Geen probleem.
•

Expressie van PDYN-R212W recreëert de SCA23 symptomen en pathologie in de muis

•

Klimvezels vormen een belangrijk aspect in de pathologie van cerebellaire ataxiën

•

Zeer verhoogd niveau van mutant Dyn A ligt ten grondslag aan de SCA23 pathologie

•

Klimvezelaantasting en een atactische gang gaan vooraf aan Purkinje cel dood in SCA23

•

Klimvezelaantasting is aanwezig voordat de vezels volledig ontwikkeld zijn, wat erop
duidt dat ontwikkelingsstoornissen bijdragen aan de cerebellaire neurodegeneratie in
SCA23

•

Verlaagde Ca2+-golven en verminderde exciteerbaarheid van neuronen zijn een
waarschijnlijke oorzaak van de Purkinje cel disfunctie in SCA23

•

De SCA23 mutaties in het Dyn A domein van PDYN verminderen de affiniteit van mutant
Dyn A voor hun naïve opioid receptor KOR, wat leidt tot uitwijking naar de NMDA-R

•

Mutaties in glutamatoire genen linken vooral naar verstandelijke handicaps, en minder
sterk naar cerebellaire ataxie

•

Verstandelijke handicaps en cerebellaire ataxie zouden biologisch gezien meer
gerelateerd kunnen zijn dan voorheen gedacht
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