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Abstract
Vacuolar protein sorting 35 (VPS35) is a core component of the retromer trimer required for
endosomal membrane-associated protein trafficking. The discovery of a missense mutation,
Vps35 p.D620N, implicates retromer dysfunction in the pathogenesis of Parkinson’s disease
(PD). Our group have generated and characterized a knock-in mouse with a Vps35 p.D620N
substitution (herein referred to as VKI) from 3 to 18 months of age. Stereological counting of
tyrosine hydroxylase (TH)-positive nigral neurons was comparable between mutant and wildtype animals. Quantification of extracellular dopamine by striatal microdialysis of freely moving
animals, and high performance liquid chromatography, was comparable across genotypes at all
ages. However, dopamine metabolites appear increased in young VKI mice, suggesting increase
dopamine turnover. Assessment of nigrostriatal function by ex-vivo fast scan cyclic voltammetry
(FSCV) revealed an increase in dopamine release in brain slices from 3-month-old VKI, and a
reduction in older animals. Western blot analysis of VKI striata revealed increased in the
vesicular monoamine transporter 2 (VMAT2), and decreased in dopamine transporter (DAT)
levels, at 3 and 18 months of age. These results were supported by confocal imaging of the
dorsolateral striatum, showing an increase in the size of VMAT2-positive synaptic structures,
and a significant loss of DAT cluster density in VKI mice. Standardized behavioural testing
failed to observe overt movement disorder. Cognitive evaluation showed altered exploratory
behaviour and perseveration in both young and old VKI animals. These alterations in
dopaminergic activity and behaviour are reminiscent of prodromal PD. Together these results
implicate retromer in dopaminergic function and early PD stage symptoms and provide a
molecular mechanism for dopamine dysregulation in VPS35 p.D620N parkinsonism.
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Lay Summary
Parkinson’s disease (PD) is a debilitating disorder that affect up to 2% of the population.
Currently no treatment is able to halt or slow disease progression. The main reason we are
missing a good therapy is unknown cause and mechanism of disease and the lack of a good
model that replicates early alterations in the disease. Here in this study I evaluate a mouse model,
carrying the vacuolar protein sorting (VPS35) p.D620N genetic substitution that affects rare
families with PD. This model shows early alteration in the dopaminergic system, the main
system affected in humans. The dysfunction in the dopamine system leads to cognitive
alterations reminiscent of early stages of the disease, but curiously does not affect movement.
This model replicates early alteration seen in people with PD, suggests mechanisms underlying
disease, and may help develop new therapeutics.
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Chapter 1: Introduction
1.1

Parkinson’s disease

Parkinson’s disease (PD) was first described in the ancient Indian medical system of Ayurveda,
under the name “Kampavata” (Ovallath & Deepa, 2013). It was only in 1817 that the British
physician Dr. James Parkinson gave the first medical description of the disease (Parkinson,
1817). The disease was later called after his name by Jean-Martin Chacot (Ovallath & Deepa,
2013), although it is now common to refer to a syndrome called parkinsonism that includes other
diseases that present similar symptomatology to PD, but may or may not share similar causes and
pathology (Dickson, 2012). To date very little is known about the etiology of the disease and no
cure is available.

1.1.1

Clinical features

Clinically, PD is primarily characterized by motor alterations such as bradykinesia, rigidity, and
resting tremor. Over the years the disease will inexorably progress in severity and manifestation.
The course of this devastating disease was described in details by Dr.James Parkinson in his ‘An
Essay on the Shaking Palsy’ in 1817, -: “The submission of the limbs to the direction of the will
can hardly ever be obtained in the most ordinary offices of life”- such as feeding oneself, or
grasping and lifting a glass of water. Even muscles that normally work automatically are
affected: swallowing becomes difficult, drooling becomes common and, at the end of the line,
moving the bowels requires, as Parkinson put it, “stimulating medicines of very considerable
power”.
Bradykinesia (slowness of movement with gradual loss of speed and amplitude during
repetitive alternating movement) is the most recognizable clinical feature seen in PD patients
1

(Jankovic & Aguilar, 2008). Resting tremor usually occurs at the frequency of 4 to 6 Hz,
differentiating it from other forms of tremors (Jankovic & Aguilar, 2008). It typically affects one
side of the body before spreading to involve the other side. Rigidity is often present and is used
to describe the increased resistance of muscle during passive movement. Due to the loss of
postural reflexes, postural instability appears at the later stages of PD progression (Coelho &
Ferreira, 2012). Motor dysfunction often spread and affects swallowing and speech, handwriting,
and other basic motor functions, creating the need for constant care for people with the disease.
To this list of common symptoms noted by Parkinson, modern neurologists have added a
long series of non-motor dysfunctions, including diminished sense of smell, sleep disorders,
restless-leg syndrome, fatigue, impotence, visual problems, hallucinations, depression, anxiety,
executive dysfunction, and, in late stages, cognitive impairment that can deteriorate to dementia
(Goldman & Postuma, 2014). Indeed, these signs and symptoms often precede motor deficits by
years and are underestimated in the clinic. Sleep disturbances, such as rapid eye movement sleep
behaviour disorder (RBD), sleep apnea, sleep fragmentation, can appear as early as 20 years
prior to obvious motor symptoms (Goldman & Postuma, 2014). RBD can often present with
similar pathological burden found in PD, even without parkinsonism (Postuma et al., 2015).
Depending on the study and population, it is now suggested that 60% of PD patients experience
RBD, and about 80% of incidental RBD will eventually develop PD within 10-12 years
(Todorova et al., 2014). If someone presents both sleep disturbances and loss of sense of smell,
the risk of developing PD within 5 years increases significantly (Mahlknecht, Seppi, & Poewe,
2015).
As the whole body is affected, PD results in body weight changes; patients
characteristically undergo diet-unassociated weight loss, starting early in the course of the
2

disease (Chen et al., 2003; Lorefalt et al., 2004). Despite a possible dopaminergic basis for these
changes, alterations in food intake (Palmiter, 2007), olfactory dysfunction has also been
implicated with an increased risk of weight loss in people with PD (J. C. Sharma & Turton,
2012; J. C. Sharma & Vassallo, 2014).
PD is considered now a multi-organ disorder, affecting not only the brain, but the gut, the
heart, and the pancreas (among others), and asides dopamine, other neurotransmitters in the
brain, including serotonin, acetylcholine and norepinephrine are implicated (reviewed in Titova
et al., 2017). Alterations in different brain regions include several cortical pathways, suggesting
contribution of these areas in at least some of the motor dysfunction and non-motor symptoms, if
not even being a primary cause (Lefaucheur, 2005), proving quite challenging generating a valid
treatment for PD.

1.1.2

Dopamine circuit dysregulation

At the time of diagnosis of PD it is estimated that 30-50% of nigrostriatal neurons are lost with
only 30% of dopaminergic terminals in the striatum remaining (reviewed in Cheng et al., 2010).
However, earlier loss of dopaminergic markers in the striatum suggests alterations and axonal
denervation may precede nigral neuronal degeneration (Cheng et al., 2010).
Dopamine deficiency in PD was found in the 1960s, when significant dopaminergic
neuronal loss was reported following examination of autopsy samples from patients with PD
(Ehringer & Hornykiewicz, 1960). With the identification of the nigrostriatal pathway,
dopaminergic defects were traced back to cell bodies in the substantia nigra pars compacta
(SNpc) which innervates the striatum (reviewed in Hornykiewicz, 2006). Accompanying this
neuronal loss is an increase in glial cells in the SN and a loss of neuromelanin, the pigment
3

normally contained in SN dopaminergic neurons (Hornykiewicz, 2006; Figure 1.1.B). Microglia
are believed to facilitate the neurodegenerative process in PD. Accumulation and activation
occurs in sites where neurons eventually die and are lost. Experimental studies from toxininduced models would suggest that such inflammation is partially a cause of the
neurodegenerative process, as it can be reversed with anti-inflammatory agents (reviewed in Orr
et al., 2002). The role of neuromelanin in dopaminergic degeneration is controversial. Some
studies would suggest that neuromelanin is protective as its levels increase with age and are
correlated with catecholamines synthesis, although other models show a strong affinity towards
toxic compounds that could increase dopamine oxidation and therefore cytotoxicity (Enochs et
al., 1994; Swartz et al., 1992; and reviewed in Zecca et al., 2001).
The current model of basal ganglia function shows two main striatal output circuits, the
direct and the indirect pathways, originating from distinct populations of striatal medium spiny
neurons (MSNs) that project to specific target nuclei (described in the schematic in Figure 1.1
and more in details in section 1.5). This is an over-simplified view of the dopaminergic system,
but for the purpose of this thesis I will only focus on these main two pathways. These circuits
have opposite effects on movement and more generally behavioural action selection (reviewed in
Kravitz, Tye, & Kreitzer, 2012). The direct pathway, characterized by the expression of D1-type
dopamine receptors (D1R), promotes action selection (including movement). The indirect
pathway, expressing D2-type dopamine receptors (D2R), inhibits action. Recent findings have
revealed that this model might not fully account for the concurrent activation of both pathways
during action selection (Calabresi et al., 2014).

4

Figure 1.1 Dopaminergic loss and alterations in PD
A) Schematic of the basal ganglia (blue) structures and position in the human brain (image from Kandel et al.,
2000). B) Comparison of a brain from a healthy individual (left) and a PD patient (right), showing clear loss of
neuromelanin-positive neurons, the neurons containing dopamine in the substantia nigra. C) Schematic of the
dopaminergic pathways in the basal ganglia and how they are affected by the loss of dopamine in PD (image from:
animal physiology 3rd edition). The direct pathway reduces inhibition of the globus pallidus internal (GPi) causing
increased inhibition of the thalamus. The indirect pathway reduces inhibition of the GPi and subthalamic nucleus
(STN), with the final outcome of increasing inhibition of the thalamus. The overall result is inhibition of
movements.

Apart from the decrease in striatal dopamine, L-aromatic amino acid decarboxylase
(AADC) is also significantly reduced in people with PD in the same region (Lloyd, Davidson, &
Hornykiewicz, 1975). Similarly, striatal levels of homovanillic acid (HVA, a major dopamine
metabolite) and tyrosine-hydroxylase (TH, the rate-limiting enzyme in dopamine synthesis) are
also decreased, albeit to a lesser extent (Lloyd et al., 1975). Furthermore, the dopamine
transporter (DAT), which mediates dopamine reuptake from the extracellular space after release,
was found to have a lower binding affinity to its agonist in PD cases, which has been confirmed
in a PET imaging study (Frost et al., 1993). The lifecycle of dopamine is tightly regulated by the
positioning of molecular chaperones that promote its synthesis and packaging through TH and
5

the vesicular monoamine transporter 2 (VMAT2), respectively. Specifically, when dopamine is
produced through TH activity, the neurotransmitter is quickly packaged into vesicles by
VMAT2. VMAT2 and DAT function are intrinsically linked to the activity of dopaminergic
neurons and the maintenance of dopamine homeostasis. For example, BAC-transgenic VMAT2overexpressing mice have increased dopamine vesicle volume, capacity to store dopamine, and
evoked release (Lohr et al., 2014); thus, VMAT2 likely acts to counteract intracellular dopamine
toxicity. Conversely, high expression of VMAT2 in mice ameliorates methamphetamine-induced
dopaminergic neurodegeneration, by preventing loss of DAT and TH (Lohr et al., 2015). Despite
this intrinsic regulation, how VMAT2 is actively recycled, and what influence this trafficking
has on DAT localization, remains unknown.
Typically, in brain samples from PD patients, there is complete depletion of dopamine in
the putamen of dorsal striatum, but not in the caudate nucleus of dorsal striatum. In the advanced
stages of PD, striatal dopamine loss exceeds 80% of total dopamine, mostly from the putamen
compared to caudate nucleus (reviewed in Hornykiewicz, 1998). This putamen-caudate
difference is likely due to an uneven pattern of dopamine neurons loss in the SN. The SN is
divided into two parts, the pars reticulata (SNpr) and the pars compacta (SNpc), with the latter
being affected in PD. Another population of dopaminergic neurons constitute the ventral
tegmental area (VTA). This specific area also shows loss of TH positive (TH+) neurons, but to a
lesser extent. Nigral cell loss is pronounced in the ventral nigra (project to the putamen),
compared to the dorsal nigra that innervates the caudate nucleus (Hornykiewicz, 1998). Several
differences between these nigral and VTA populations of dopaminergic neurons could account
for the selective sensibility of the SNpc. For instance the number of neurons is different with
fewer dopaminergic neurons in the SNpc compared to the VTA (reviewed in Brichta &
6

Greengard, 2014), with GABAergic neurons present in both and a small population of
glutamatergic neurons present in the VTA but not in the SNpc (Brichta & Greengard, 2014).
This difference between SNpc and VTA is not obvious in mice and rats, although technical
procedures used for neuronal counting have to be taken in consideration and could explain these
differences (Brichta & Greengard, 2014). The complexity of the connections could also explain
this selectivity, with SNpc dopaminergic neurons having greater arborization (reviewed in Bolam
& Pissadaki, 2012)
A combination of retrograde tracing, electrophysiological and basic molecular studies in
mice demonstrated that distinct subgroups of VTA and SNpc dopaminergic neurons project to
specific striatal, cortical and limbic target regions, and these neurons can be distinguished by
their expression levels of DAT, their electrophysiological properties, and their capacities for
D2R signaling (reviewd by Lammel et al., 2008). A functional analysis of the gene expression
patterns of SNpc and VTA dopaminergic neurons suggested that many transcripts related to
metabolism, mitochondrial proteins, lipid-protein vesicle-mediated transport, and
kinase/phosphatase signaling are highly expressed in SNpc neurons, whereas transcripts
implicated in axon guidance or neuropeptide signaling are mainly enriched in VTA
neurons (Chung et al., 2005; Greene, Dingledine, & Greenamyre, 2005).
In PD the striatal dopamine changes remain clinically silent until the threshold value of
60-80% SNpc cell loss is reached. The degree of loss of dopamine correlates (in later stages)
with the severity of the motor symptoms (reviewed in Hornykiewicz, 1998), although other
studies would suggest that dopaminergic neurons degenerate during the early course of the
disease and the clinical symptoms are manifestation of the loss of compensatory mechanism or
degeneration of non-dopaminergic neurons (Vogt Weisenhorn, Giesert, & Wurst, 2016).
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Compensatory biochemical changes in PD striatum maintain proper motor function until
the threshold is reached. First, the remaining dopamine neurons increase their dopamine
metabolism (release and synthesis shown by increased HVA over dopamine; Hornykiewicz,
1993). Second, in later stages where loss is greater than 80-90%, the number of postsynaptic
D2R sites increases in the striatum, to potentially rescue signaling in the presence of lower
dopamine (Hornykiewicz, 1998). This proposition is controversial, with other studies showing
different results. A study looking at postmortem brain samples from patients with PD revealed a
decrease in D2R density with no changes in D1R density (Pierot et al., 1988); however, a
separate study did not detect any change in D2 receptor density (Guttman et al., 1986). Whether
these divergent findings can be reconciled remains to be seen, and remains a challenge for
current therapies. Additionally, surviving dopaminergic neurons appear to be compensating for
the neuronal loss via axonal sprouting, although the pattern of these new connections may not be
functionally the same as prior to cell loss (Arkadir, Bergman, & Fahn, 2014).
Understanding the selective degeneration and the early changes in such complex
population of neurons will surely be of great help to develop more effective drugs and protective
therapies.

1.1.3

Pathological features

Together with the loss of dopamine neurons in the SNpc, PD is typically associated with the
formation of intracellular proteinaceous inclusions, termed Lewy bodies (LB), in the surviving
neurons (reviewed in Goedert et al., 2013).
LBs, mostly found in the brain stem, appears as spherical inclusions with a hyaline
eosinophilic core and a pale peripheral halo in the cell body (Forno, 1996). Another type of LB 8

‘cortical Lewy bodies’- was first found in the cerebral cortex, and has pale staining and less
compact than classic LBs (Ikeda et al, 1978). As a milestone in PD, LBs were found to contain
α-synuclein in its aggregated form (Spillantini et al., 1997). Additionally, antibodies to
neurofilament (Galvin et al., 1997), ubiquitin (Kuzuhara at al., 1988), and the ubiquitin binding
protein p62 (Kuusisto at al., 2003), are consistently associated with LBs. α-synuclein
immunoreactivity is also found in the degenerating neuronal processes, termed Lewy neurites
(LNs; Braak et al., 1999). To evaluate the association between LBs and PD, Braak and
colleagues have developed a staging criterion based on the distribution of α-synuclein-related
pathology. It usually starts from the olfactory bulb and dorsal motor vagal nucleus, then evolves
to the brainstem, and finally reaches the cortical motor and sensory areas (Braak et al., 2003).
Despite PD being mostly characterized by α-synuclein aggregation, other protein
aggregates are often found in brains from people with PD. These include the proteins tau and
amyloid- β (Aβ; Kurosinski, Guggisberg, & Götz, 2002; Compta et al., 2014).
Although LBs are essential for diagnosing PD from a pathological perspective, they are
not exclusive to, nor required for, all PD cases. They are also present in multiple system atrophy
and dementia with Lewy bodies (Dickson, 2012), absent in Parkin familial PD and in nearly half
of PD due to leucine-rich repeat kinase 2 (LRRK2) mutations (Farrer et al., 2001; Zimprich et
al., 2004). The genetic link between tau and LRRK2 is intriguing. LRRK2 is often associated to
tau tangles rather than LB pathology (Zimprich et al., 2004). Evidence for a functional link
between LRRK2 and tau has been observed in several in vitro models and the presence of tau
pathology is shown in many mouse models carrying the LRRK2 mutation (MacLeod et al., 2006;
Yue et al., 2015).
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The microtubule-associated protein tau is a predominantly neuronal protein whose major
function is to bind to and stabilize microtubules. In neurodegenerative disease,
hyperphosphorylated, insoluble aggregates of tau are observed in neurons and glia of affected
brain regions. Such disorders are collectively named the tauopathies, the most well-known of
which is Alzheimer's disease, where neurofibrillary tangles comprised of hyperphosphorylated,
insoluble tau are one of the defining pathological features of the disease, alongside extracellular
plaques composed of Aβ peptide (Grundke-Iqbal et al., 1986). Tau is subject to heavy posttranslational modification, and hyperphosphorylation, truncation, and glycosylation have all been
linked to disrupting tau function and promoting tau aggregation. Acetylation is also a factor, and
has been shown to alter tau degradation, possibly leading to tauopathies and consequent
cognitive deficits (Min et al., 2010, 2015). There are a number of examples of disorders where
tau deposition is linked to a movement disorder phenotype and several reports describing the
presence of tau tangles in PD brain at post-mortem at a higher frequency than in controls (Wray
& Lewis, 2010). Additionally, the gene MAPT is associated with risk of developing PD,
suggesting importance in this gene and protein in the mechanism of disease (Wider et al., 2010).
In vitro work has shown that α-synuclein and tau are able to influence each other’s
polymerization, and diffuse tau pathology is observed in transgenic mice expressing the αsynuclein A53T mutation (Giasson et al., 2003). Moreover α-synuclein has been shown to
indirectly mediate tau phosphorylation at the pathological epitope S396, same site observed in
samples from PD patients (Duka et al., 2009; Muntané et al., 2008). Whether these proteins are
directly linked or are parallel mechanism of pathology is yet to be understood.
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1.1.4

Therapeutic treatments

Currently, no treatment has proved effective in halting or slowing the progression of the
neurodegenerative process in PD (Meissner et al., 2011). Most treatments are able to help
symptoms, but often lose effects after a few years, or present with side effects as the disease
progresses.
To date, the best pharmacological treatment strategy is based on the restoration of striatal
dopamine levels. Unfortunately it is impossible to have a therapeutic effect by the simple
administration of dopamine itself, as this neurotransmitter does not cross the blood brain barrier.
An intermediate in the synthesis of dopamine, L-DOPA (3,4-dihydroxy-L phenylalanine), has
been used instead. After oral ingestion, L-DOPA is absorbed through the aromatic aminoacid
transporter. Because of the hepatic metabolism and distribution of L-DOPA in other parts of the
body, only a small percentage of the molecule is able to reach the brain (Nutt et al, 1984). Once
in the brain, L-DOPA is rapidly converted into dopamine by AADC.
Co-administration of other drugs can affect bioavailability and increase the effectiveness
of L- DOPA. The inhibition of the conversion of L-DOPA into dopamine in the periphery can be
useful for two reasons: to increase the concentration of L-DOPA available for the passage across
the brain barrier and to decrease the possible side effects due to the peripheral actions of
dopamine. For example, D1Rs mediate the response to direct vasodilation of renal, mesenteric,
and coronary artery while D2Rs inhibit the release of norepinephrine at the sympathetic nerve
endings and then inhibits the release of prolactin from the pituitary.
In order to inhibit peripheral conversion of L-DOPA in dopamine, AADC inhibitors are
administered, such as benserazide or carbidopa. The half-life of L-DOPA can also be increased
with the inhibition of catechol-O-methyltransferase (COMT) by administration of entacapone, a
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peripheral inhibitor, and tolcapone, a peripheral and central inhibitor (Nutt & Carter, 2000). At
the central level, inhibition of monoamine oxidase B (MAO-B) using selegiline and rasagiline,
increases the half-life of dopamine (reviewed in Jankovic & Aguilar, 2008). MAO-B and
COMT are the main regulators of dopamine metabolism, mostly present in the extracellular
space and other brain cells (including glia), with MAO also being present in the neuron itself
(reviewed in Meiser, Weindl, & Hiller, 2013). Dopamine homeostasis is tightly regulated to
reduce oxidative species that can derive from dopamine metabolism. Diffusion from the
extracellular space, as well as re-uptake of dopamine are important to minimize dopamine
content in the synaptic cleft. Re-uptake is also crucial to reduce synthetic demand/energy
consumption, by re-using dopamine for further release (Meiser et al., 2013). The complexity of
this system makes dopamine therapy hard to control and creates several problems with longlasting treatments, especially as the progression of the disease and neuronal degeneration
contines.
After 5 years of treatment with L-DOPA more than half of the patients develop motor
disorders of a different nature: i) wearing-off, which consists of a loss of effect of L-DOPA after
a period of treatment; ii) "on-off " phenomena, which consist of an abrupt transition, sometimes
in a few seconds, from complete autonomy (being "on"), to the total block (phase "off") at any
time, place or circumstance; iii) dyskinesia, a series of rapid involuntary chorea-like movements,
mainly dependent on the segmental distal muscles, the appearance of which can be delayed by
treatments that tend to increase the plasma half-life of L- DOPA (Cotzias et al., 1969; Bezard et
al., 2013).
Novel strategies to deliver L-DOPA, as well as novel and more selective COMT and
MAO-B inhibitors, have been developed, markedly improving the quality of life for people with
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PD (Poewe & Antonini, 2015). This includes non-oral routes of administration of the drug, gel
formations, slow release apparatus, and even subcutaneous and intrapulmonal delivery routes,
keeping L-DOPA the “gold standard” for treatment and a drug still in active development
(Poewe & Antonini, 2015).
Modern therapies in developing better delivery of dopaminergic drugs, including LDOPA, are of great importance given the normal fluctuations of dopamine in the body and also
the difficulty of administration for a lot of patients who often are in their old age and can have
problems with drug compliance (Schapira, 2007). Alternative delivery strategies become more
important considering the grastro-intestinal dysfunction among the classic PD symptoms (Ray
Chaudhuri et al., 2016). DUODOPA®, a combination of L-DOPA and carbidopa is just one of the
many examples of innovative therapies. In the form of a gel delivered through an intestinal
pump, DUODOPA® only recently became available in many provinces across Canada (from
www.parkinson.bc.ca on April 4th, 2018).
As PD progresses over time, symptoms that do not respond to L-DOPA develop, such as
flexed posture, the freezing phenomenon, and loss of postural reflexes. Moreover, bradykinesia
(that responded to levodopa in the early stage of PD) increases as the diseases worsens and no
longer fully responds to L-DOPA, increasing immobility and balance difficulties (reviewed in
Jankovic & Aguilar, 2008).
Ideally, the use of dopaminergic agonist would avoid certain side effects and the
appearance of dyskinesia. While this is true for long-term dopaminergic agonist treatments
currently available, the effect is less than that of L-DOPA, and increasing the dose only leads to
other serious side effects such as psychotic reactions (Jankovic & Aguilar, 2008).
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Co-administration of L-DOPA with other dopamine agonists reduces the risk of
occurrence of side effects. It is recommended, especially at the beginning of therapy, the use of
L-DOPA in combination with other drugs such as dopamine-mimetics, amantadine or
anticholinergic substances (reviewed in Schapira, 2007). This therapeutic approach is especially
recommended in young patients, who are predisposed to developing dyskinesia (Jankovic &
Aguilar, 2008).
At the beginning of therapy, L-DOPA can cause vomiting, postural hypotension, and
more rarely cardiac disorders. Neuropsychiatric hallucinations can be observed, vivid dreams,
nightmares, confusion, paranoia, and manic states, depending on the dose. The co-administration
of other dopamine agonists such as quetiapine or clozapine can cause the appearance of
compulsive behaviors, nymphomania, and propensity to develop drug addiction (Jankovic &
Aguilar, 2008).
Surgery for PD has evolved rapidly and now includes destructive lesions and deep brain
stimulation (DBS). Surgery often does not benefit those with atypical parkinsonism or with
prominent non-motor complications (Schapira, 2007). Pallidotomy can provide long-term
improvement in contralateral dyskinesia and some improvement in bradykinesia and rigidity in
patients (Lang et al., 1997). DBS avoids the need to make a destructive brain lesion and can be
used for bilateral procedures with relative safety. Also the stimulator can be adjusted to
maximize benefits and reduce adverse effects. DBS consists of pacemaker assisted stimulation of
stereotactically placed electrodes, either in the STN or in the GP, so reducing imbalance in the
basal ganglia motor circuitry (reviewed in Oertel, 2017). This procedure has been shown to be
effective in very advanced PD patients and in those with early motor complications. Despite
providing great benefits, similar to drug replacement therapies, this procedure does not stop
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disease progression (reviewed in Schapira, 2007), albeit significantly reducing the use of
additional therapies that can generate adverse effects (Oertel, 2017). Nevertheless, adverse
events can be related with DBS, often depending to the intracranial procedure (Schapira, 2007).
Modern therapies include stem cell and gene therapies, although it is not clear whether
people benefit from such procedures (Schapira, 2007). The use of fetal tissue is problematic in
terms of low availability and high variability, and it is also associated with ethical concerns that
vary between countries (reviewed in Parmar, 2018). The field has been investigating new sources
of therapeutic stem cell and now generation of midbrain dopaminergic neurons from pluripotent
stem cells appear feasible and new trials are approaching (Parmar, 2018). Nevertheless, this
therapeutic approach remains controversial, and may not be beneficial given the progressive loss
of dopamine cells, the difficulty of rewiring newly added cells in similar ways to lost neurons,
and the possibility of spreading of misfolded priogenic proteins into the newly transplanted cells
(Schapira, 2007; Torrent et al., 2015).
With growing research in genetic forms of PD, particularly mutations and multiplications
of α-synuclein, and the hypothesis of propagating misfolded forms of α-synuclein, therapies
targeting either aggregation of α-synuclein, or total levels of the protein are becoming a hot topic
with some compounds currently in early phase clinical trials (Oertel, 2017). Additionally,
compounds able to reduce or modify LRRK2 levels or activity, are promising for PD therapy,
given the interaction of LRRK2 with other PD-linked proteins, and their suggested role in
sporadic PD (West, 2015).
More limited is the management of non-motor symptoms or alterations not dependent on
dopaminergic neuronal loss. The variety of additional drugs is high and dependent on the
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individual phenotype, including modulator of the serotoninergic and noradrenergic systems.
Because of the extent and complexity of such topic, this is not discussed in this work.
Briefly, is important to mention, the increase in complimentary therapy in the treatment
of PD. Particularly certain activity, such as exercise and dancing, are proving quite beneficial in
the management of both motor and non-motor symptoms. A variety of non-medical supportive
therapies can be helpful, including speech therapy, physiotherapy, physical exercise, logopedic
training, and more (Oertel, 2017). Patricia Needle, participant of the ‘Dance for PD’ project
comments: “I am awed by the power of dance to transform and alleviate pain. Despite the steady
advance of Parkinson’s, we show up. We move. We laugh. We share our best selves”. Possibly
in future therapies we will be able to reduce the use of drugs to cure PD and similar diseases. For
now, in this work, we aim to understand the cause and pathophysiology of PD at early stages, in
order to prevent disease onset in the first place.

1.1.5

Epidemiology and etiology

The majority of PD cases are sporadic and idiopathic, meaning that the cause is unknown. The
prevalence of PD is age-dependent, with ~1% of the population at the age over 65 years old and
increasing to 4-5% in the individuals older than 85 years. The age of onset is typically 60-65
years old, with fewer cases of early-onset PD (EOPD; de Lau & Breteler, 2006). According to
the reports from Parkinson Canada, nearly 100,000 Canadians have PD. The estimated
prevalence rate is 100 to 200 every 100,000, with an incidence rate of 10 to 20/100,000 every
year (from Parkinson Canada www.parkinson.ca Dec 27, 2017). These numbers are predicted to
rise dramatically over the next 30 years. Additionally, PD causes enormous social and economic
burden with the estimated annual cost of over $120 million nationwide, ranking as third among
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the most expensive diseases for the healthcare (from Parkinson Canada www.parkinson.ca Dec
27, 2017).
Although correlated with aging, there are identifiable causes for many forms of
parkinsonism. The event that for the first time suggested environmental factors may contribute to
the etiology of PD was the recognition of an induced state of acute parkinsonism by accidental
poisoning from 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP, Langston et al., 1983).
This compound was discovered accidentally in 1982, when a group of young drug addicts in
California developed subacute onset of severe parkinsonism, caused by contamination of illicitly
produced synthetic heroin with MPTP (Langston, 1983). The administration of MPTP was
subsequently shown to model parkinsonism in both rodents and non-human primates. Not much
later after the discovery of MPTP, several cases of PD were associated to pesticides, such as
paraquat and rotenone (reviewed in Langston, 2017). More factors seems to favor the
environmental nature of PD, including the fact that smoking and drinking coffee appears to be
protective against development of the disease (Langston, 2006).
Genetics can also play an important role in PD development, if not being responsible for
most cases, whether via direct gene mutations of gene variants increasing susceptibility to
disease (Lesage & Brice, 2009). Nevertheless, a genetic basis for PD had long been
controversial. Twin studies measuring concordance rates in monozygotic and dizygotic twins
indicate that genetics plays a greater role in younger onset patients than in patients with onset
greater than age 50 years (de Lau & Breteler, 2006). That said, in the last years several gene
mutations have been discovered to cause PD in a number of families (reviewed in Trinh &
Farrer, 2013). Genetic causes may contribute to 10% of all cases of PD (reviewed in Klein &
Westenberger, 2012). They may present either as autosomal dominant or recessive disorders.
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The former are generally more similar to idiopathic PD, while the autosomal recessive forms
present mostly as EOPD (Klein & Westenberger, 2012). A long list of genes have been identified
so far, as listed in Table 1.1 and described in better detail in the following paragraphs.

1.2

Genetics of PD

The term PD encompasses a variety of clinical presentations, due to a multitude of factors, for
which genetic causes are arguably some of the best defined. Although familial aggregation of the
disease has been consistently noted, heritability estimates that are based on twin studies do not
favor a genetic basis for the condition, and most epidemiological studies have focused on
potential environmental risk factors. However, despite this unpromising background, in the past
decade multiple mutations in genes have been described in families with a Mendelian pattern of
PD inheritance (reviewed in Trinh & Farrer, 2013). Linkage mapping efforts have identified
many causal mutations, and candidate gene and genome-wide association studies have
nominated multiple susceptibility variants.
The notion of genetic factors contributing to the etiology of PD started in 1997, when the
mutation in the α-synuclein (SNCA) gene was identified in familial PD (Polymeropoulos, 1997).
Since then, studies of PD-linked mutations and PD-associated risk loci have flourished. PD is
categorized into sporadic and familial PD, with the latter accounting for 10%-15% of PD cases
(Gasser, 2009; Klein & Westenberger, 2012). Linkage analyses have discovered mutations in the
SNCA gene related to PD including both missense point mutations (Appel-Cresswell et al., 2013;
Krüger et al., 2001; Lesage et al., 2013; Polymeropoulos, 1997; Proukakis et al., 2013; Zarranz et
al., 2004) and gene multiplication (Chartier-Harlin et al., 2004; Singleton et al., 2003).
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There are several other genes linked to familial PD, among others LRRK2 (Zimprich et
al., 2004), Parkin (Kitada et al., 1998), DJ-1 (Bonifati et al., 2002; Djarmati et al., 2004), PINK1
(Valente et al., 2001), ATP13A2 (Ramirez, Tonegawa, & Liu, 2013), PLA2G6 (Paisàn-Ruìz et
al., 2005), and more recently VSP35 (Vilariño-Güell et al., 2011b; Zimprich et al., 2011) and
DNAJC13 (also known as RME8; Vilariño-Güell et al., 2014).
Of particular interest is the role of several of these proteins in similar pathways,
suggesting a common mechanism for PD, at least for the genetic forms. For instance, LRRK2,
VPS35, and RME8 share some functions in endosomal trafficking, synaptic vesicle formations,
and neurotransmitter release (Vilariño-Güell et al., 2014). All of them have an important role in
mitochondrial function and autophagy linking them to other important proteins such as PINK1
and parkin. Some of these interactions of relevance for the work described here are shown in
Figure 1.2, suggesting interaction between LRRK2, VPS35, RME8, and SNCA in the release and
recycling of synaptic vesicle, either by direct trafficking of proteins and/or vesicle formation, or
by phosphorylating proteins that are necessary for this machinery. This includes the big family of
Rab proteins. Rab GTPases comprise ~70 family members in humans, and they are key players
in all forms of intracellular vesicular trafficking events (Rivero-Ríos et al., 2016; Stenmark,
2009). Apart from Rab7L1, several other Rab family members have been associated with PD
pathogenesis. For example mutations in Rab39b (PARK21 locus) predispose to PD in humans
(Giannandrea et al., 2010; Wilson et al., 2014; Mata et al., 2015).
In the following section and briefly in Table 1.1, I describe the most common mutations
and the importance in PD pathophysiology, with a separate section dedicated to VPS35, being
the main focus of this work.
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Figure 1.2 Schematic of interaction of proteins genetically associated with PD.
Membrane traffic in axon terminals illustrating endocytosis of synaptic vesicle (SV) membranes via clathrin-coated
pits (CCP) from the plasma membrane deep infoldings (1 and 1a), “kiss and run” (2), and bulk endocytosis (3)
followed by vesicle formation via unknown mechanisms (?) from endocytic intermediates (EI). This recycling is
interconnected with housekeeping membrane recycling (4) involving endocytosis, canonical early endosomes (EE)
and traffic to the cell body (5) via late endosomes (LE) and multivesicular bodies (MVBs). Rab GTPases implicated
in the steps are show in red. Proteins known to carry familial PD mutations (VPS35, RME8, LRRK2 & SNCA) are
boxed. Membrane fission and clathrin uncoating is performed by endophiln, dynamin and synaptojanin. Clathrin
removal is regulated by RME-8, which facilitates Hsc70 binding. LRRK2 binds clathrin. VPS35 and RME8 are
likely involved in the endosomal sorting steps regulating the retrieval of synaptic vesicle membranes and proteins
from EE (5), IE to the cycle (?) and LE and MVB housekeeping pathways. LRRK2 and RME-8 coimmunoprecipitate with VPS35. LRRK2 contains GTPase and kinase activities, with an increase in kinase activity
produced by PD mutations. A partial list of LRRK2 substrates and putative substrates, with the specific residues
where known, is shown (dashed box). LRRK2 potently phosphorylates a subset of Rabs. Endophiln is a putative
LRRK2 substrate, and dynamin is a potential LRRK2 disease modifier. A working hypothesis is that LRRK2
hyperphosphorylation impairs Rab5 to Rab7 conversion of EE-LE (5), increasing availability of vesicles in (3) and
altering release. VPS35 (and potentially RME8) mutations produce similar increases in vesicle release/availability.
Increased vesicle availability, but decreased LE clearance may result in a lack of efficient degradation and protein
quality control (in line with other roles of VPS35/LRRK2 in lysosomal degradation & autophagy) and reduced
quality control of active cycling proteins/membranes including α-synuclein (SNCA). Alterations to release may be
intrinsically toxic through aberrant transmission or accelerate α-synuclein secretion/re-uptake/pathogenic seeding
and spread. Image provided by Austen Milnerwood (adapted from: Binotti 2016, Inoshita 2015, Saheki & De
Camilli 2012).
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Table 1.1. List of mutations and variants associated with PD

Gene

Disorder

SNCA

EOPD and classical AD. Several mutations.
PD
Duplication, triplication.

Parkin

EOPD

AR. Several mutations,
including sporadic cases

DJ-1

EOPD

AR

PINK1

EOPD

AR. Several mutations. Most
common cause of EOPD

LRRK2

Classical PD

AD. Several risk-conferring
variants and disease causing
mutations

VPS35

Classical PD

DNAJC13

Classical PD

AD. Most common mutation:
D620N
AD. Controversial linkage

RAB39B

EOPD and X-linked
intellectual
disability
Gaucher’s disease
and parkinsonism
Parkinsonism and
PSP

GBA
MAPT

General features

Pathological features

References

Neuronal degeneration in SN and LC,
widespread LB in cortex and brainstem

Polymeropoulos, 1997; Krüger et
al., 2001; Zarranz et al., 2004;
Lesage et al., 2013; Proukakis et al.,
2013
No LB, loss of neurons from SN, Kitada et al., 1998
neurofibrillary tangles in cortex and
brainstem
LB with SN and LC neuronal loss
Bonifati et al., 2003; Djarmati et al.,
2004
Neuronal loss in SNpc and LB in Valente et al., 2001
brainstem, SNpc and nucleus basalis of
Meynert
Heterogeneous: LB in brainstem & loss Zimprich et al., 2004; Paisàn-Ruìz et
of neurons in SN. Some cases: al., 2005
neurofibrillary tangle and nigral loss
without LB
No pathology information to date
Vilariño-Güell et al., 2011; Zimprich
et al., 2011
LB and nigral loss
Vilariño-Güell et al., 2014

Loss of gene and missense Extensive dopaminergic loss in SN and Giannandrea et al., 2010; Wilson et
mutation
classic LB disease
al., 2014; Mata et al., 2015
Risk factor
Risk factor

If parkinsonism present, mild Gaucher’s Neudorfer et al., 1996; Tayebi et al.,
symptoms. Classic PD presentation.
2003
Fung et al., 2006; Kalinderi et al.,
2009

EOPD = early onset PD, AD = autosomal dominant; AR = autosomal recessive; LB = Lewy Bodies; SN = substantia nigra; LC =
locus coeruleus. Adjusted from Ferreira & Massano, 2017)
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1.2.1

Recessively inherited disease

Parkin
The protein Parkin is encoded by the PARK2 gene in humans. The precise function of this
protein is unknown; however, it is a component of a multiprotein E3 ubiquitin ligase complex
which is part of the ubiquitin-proteasome system that mediates the targeting of proteins for
degradation. It has been shown to interact with PD-linked proteins, such as PINK1, and to be
involved in mitochondrial dysfunction (Narendra & Youle, 2011). Mutations in the gene are
known to cause a familial form of PD known as autosomal recessive juvenile Parkinson’s disease
(AR-JP). Its defect may interfere with the ubiquitin-mediated proteolytic pathway leading to
death of nigral neurons (Kitada et al., 1998).
Point mutations are the most common genetic lesions in parkin, although exonic
rearrangements, deletions and duplications are also common (Mata, Lockhart, & Farrer, 2004).
Patients with homozygous exonic deletions leading to complete loss of parkin expression show
selective loss of dopamine neurons in SN without LB or neurofibrillary tangle (tau) pathology, in
contrast to that described in patients with heterozygous mutations (Pramstaller et al., 2005).
These different outcomes might be mutation-specific, but, as shown also for LRRK2 mutations,
different end-stage pathologies might share the same primary cause.

DJ-1
DJ-1 is a protein which in humans is encoded by the PARK7 gene. PARK7 belongs to the
peptidase C56 family of proteins. DJ-1 is a member of the ThiJ/PfpI family of molecular
chaperones (Gasser et al., 2009; Moore et al., 2006). It acts as a redox-sensitive chaperone,
apparently protecting neurons against oxidative stress and cell death. PD-associated mutations
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cause DJ-1 loss of function upon defective dimer formation or lack of expression (Moore et al.,
2003). Defects in this gene are the cause of autosomal recessive early-onset PD. Two genetic
alterations have been found: deletion of several exons, which prevents the synthesis of the
protein, and a point mutation that makes the protein less stable and promotes degradation
through the ubiquitin-proteasome pathway, thereby reducing the amount of DJ-1 to low or absent
levels (Bonifati et al., 2002).

PINK1
Homozygous mutations in PTEN-induced kinase 1 (PINK1) were originally found to cosegregate with early-onset parkinsonism in a family-based linkage study (Valente et al., 2001).
Mutations were then identified in 1-2% of cases of early-onset disease (Hatano et al., 2004). The
function of PINK1 is not fully understood. It appears to help protect mitochondria from
malfunctioning during periods of cellular stress. Two specialized regions of PINK1 are essential
for the protein to function properly. One region, the mitochondrial-targeting motif, serves as a
delivery address. Another region, called the kinase domain, probably carries out the protein’s
protective function. The kinase domain sequence is shared with the Ca2+/calmodulin family of
serine-threonine kinases (Valente et al., 2001).
There are accepted hypotheses that parkin and PINK1 are engaged in a common
signaling pathway, with PINK1 working upstream of parkin.

1.2.2

Dominantly inherited disease

α–synuclein
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The first gene discovered to be mutated in a family with PD is SNCA (mutation p.A53T), coding
for the protein α–synuclein (Polymeropoulos, 1997). Interestingly, α–synuclein has been found
as the main protein component of Lewy pathology (Spillantini et al., 1997).
Individuals with PD who have a mutation in SNCA have similar clinical course and
pathologic presentation to those with idiopathic PD, including responsiveness to levodopa and
the presence of Lewy bodies (Farrer et al., 2004).
Mutations in SNCA are not a common cause of familial PD (Farrer et al., 1999). SNCA
genomic multiplications, including triplications and duplication, have also been described
(Singleton et al., 2003; Chartier-Harlin et al., 2004; Ibáñez et al., 2004). SNCA dosage is
correlated with mRNA and protein expression in the brain, and associated with age of onset and
disease duration (Farrer et al., 2004). These data suggests mutant α–synuclein behaves
differently from wild-type protein in a quantitative rather than a qualitative manner.
α–synuclein is specifically regulated in a discrete population of presynaptic terminals of
the brain during a period of acquisition-related synaptic rearrangement and has potential roles in
learning, synaptic plasticity, and dopamine synthesis (reviewed in Stefanis, 2012). It has been
shown that it significantly interacts with tubulin, and may have activity as a potential
microtubule-associated protein, like tau (Alim et al., 2004).
Recent evidence suggests that it functions as a molecular chaperone. Indeed, there is growing
evidence that α-synuclein is involved in the functioning of the neuronal Golgi apparatus and
vesicle trafficking (Lotharius et al., 2002; Sidhu et al., 2004), via interaction with Rab proteins
(Gitler et al., 2008).

LRRK2
24

Mutations in LRRK2 gene have emerged as the most common genetic determinant of PD (Healy
et al., 2005; Zimprich et al., 2004) accounting for 2-6% of hereditary PD and 1-2% of sporadic
(Brice, 2005; Healy et al., 2008; Lesage et al., 2006). Seven pathogenic LRRK2 mutations have
been confirmed across different studies, including p.G2019S, p.I2020T, p.N1437H,
p.R1441G/C/H, and p.Y1699C (Trinh & Farrer, 2013).
The vast majority of LRRK2-linked cases display neuropathology typical of sporadic PD,
characterized mainly by a dramatic loss of dopaminergic neurons in the SNpc (Giasson et al.,
2006) and LB disease (Ross et al., 2006). Patients harboring the G2019S mutation are clinically
indistinguishable from sporadic PD cases (Aasly et al., 2005). Interestingly, tau pathology
appears to be more common in LRRK2-PD, either accompanying α-synuclein aggregation or in
some case instead of typical LB (Rajput et al., 2006).
LRRK2 contains several domains, including a Ras/GTPase-like, a C-terminal of Roc, a
kinase, and a WD40 domain, often flanked by N-terminal and C-terminal cysteine-rich domains
(Gilsbach & Kortholt, 2014).
LRRK2 is present largely in the cytoplasm and is widely expressed in the brain and
peripheral tissues, with the highest mRNA abundance in kidneys, lungs and lymph nodes.
LRRK2 is part of a functional protein network that controls synaptic vesicle trafficking
within the recycling pool by interacting with a subset of presynaptic proteins. Its function is
linked to the regulation of synaptic vesicle protein localization or synaptic vesicle trafficking
(Shin et al., 2008; Matta et al., 2012; Beccano-Kelly et al., 2014). Moreover,
electrophysiological properties as well as vesicular trafficking in the presynaptic pool depend on
the presence of LRRK2 as an integral part of presynaptic protein complex (Piccoli et al., 2011).
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At present, the prevailing hypothesis concerning the role of LRRK2 in PD is that an
increase of its kinase activity (e.g. achieved by introducing the G2019S mutation and others)
represents a significant pathogenic mechanism (West, 2015). While numerous are the proteins
shown to be phosphorylated by LRRK2, many others substrates remain unidentified, thus leaving
uncertainties on the actual weight of the activity of phosphorylation. Among these, recently a
broad number of Rab proteins have been found to be directly phosphorylated by LRRK2 and
may also interact with other PD-linked proteins, such as VPS35 and PINK1 (Ferreira &
Massano, 2017; MacLeod et al., 2014; Steger et al., 2016). It has also been shown how LRRK2
can autophosphorylate itself, possibly influencing protein stability (Greggio et al., 2006; Sheng
et al., 2012; West et al., 2005).
Several studies have reported possible interactions of LRRK2 with macroautophagy, a
process that involves sequestration of portions of cytosol in double-membrane vesicles or
autophagic vacuoles that then fuse with lysosomes (Mizushima, Levine, Cuervo, & Klionsky,
2008). Thus, LRRK2, frequently involved in the formation of protein-protein interactions, can
undergo degradation in lysosomes via chaperone-mediated autophagy (Orenstein et al., 2013).

DNAJC13
Recently, an asparagine to serine (p.N855S) substitution on the DNAJC13 protein, also known as
receptor-mediated endocytosis 8 (RME8) has been found (Vilariño-Güell et al., 2014). Most
about RME8 role is unknown, although it is clear the importance of this protein in endosomal
trafficking, possibly in similar and overlapping mechanism as VPS35. The role of RME8 in PD
remains still controversial (Farrer, Milnerwood, Follett, & Guella, 2017), but this discovery
highlights once again a temporal and functional interaction that connects synaptic exo- and
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endocytosis, vesicular trafficking, endosomal recycling and the endo-lysosomal degradative
pathway (Freeman et al., 2014; Piccoli et al., 2011; Schreij et al., 2015; Seaman & Freeman,
2014; Vilariño-Güell et al., 2014). Alterations to either of the proteins involved in these
processes, whether LRRK2, VPS35 or DNAJC13, among others, lead to a similar parkinsonism
to idiopathic PD (Aasly et al., 2005; Ferreira & Massano, 2017; Vilariño-Güell et al., 2011,
2014), suggesting a possible common mechanism across all forms of PD.

1.3

Vacuolar protein sorting 35

Our group and others, previously linked a pathogenic aspartic acid to asparagine (p.D620N)
substitution in VPS35 to dominantly-inherited late-onset parkinsonism, a form of PD that is
clinically indistinguishable from idiopathic PD (Struhal et al., 2014; Vilariño-Güell et al., 2011b;
Zimprich et al., 2011). To date, more than 61 patients with PD have been described carrying
Vps35 p.D620N, with a frequency estimated to be 1.3% and 0.3% in familial and sporadic PD,
respectively (Deutschländer, Ross, & Wszolek, 2017). Other mutations on VPS35 have been
identified since, however proof that these are truly pathogenic remains equivocal (Deng, Gao, &
Jankovic, 2013; M. Sharma et al., 2012).
VPS35 is a core structural component of the retromer trimer that, together with VPS26
and VPS29, forms a functional pentamer with pairs of sorting nexin proteins, typically SNX1 or
2 with SNX5 or 6. A well characterized role of retromer is to recycle transmembrane cargoes
from recycling endosomes back to the plasma membrane or to trans-Golgi network (TGN;
Spang, 2011), as well as trafficking to lysosome for degradation (Figure 1.3).
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Figure 1.3 Retromer function in endosomes
Schematic representing the retromer role in endosomal trafficking. Squared are the main directions of trafficking
from endosomes to surface (top), to TGN (middle), and to lysosome for dregadation (bottom). Image adapted from
Gallon & Cullen, 2015.

The TGN is the last sorting station of the secretory pathway from which soluble or
membrane proteins and lipids are sorted for subsequent transport to different destinations: the
cell surface, the endosomal system and synaptic domains in neurons (Anitei et al., 2010). This
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includes transmembrane proteins cycling between the TGN and endosomes, such as mannose-6phosphate receptors (MPR; Bonifacino & Hurley, 2008; Anitei et al., 2010).
The retromer complex is implicated in the recycling of receptors needed for
neurotransmission, to name a few, β-adrenergic receptors, GluA1-subunit-containing AMPAtype glutamate receptors, and D1R ( Temkin et al., 2011; Zhang et al., 2012; Choy et al., 2014;
Munsie et al., 2015; Tian et al., 2015; Wang et al., 2016). However, how dysfunction of
retromer-mediated trafficking may alter nigrostriatal function and dopaminergic transmission is
unknown. In addition to MPR recycling, retromer function is necessary for normal endocytosis,
as in the case of progranulin (Anitei et al., 2010; Hu et al., 2010), associated with frontotemporal dementia, and for processing of the amyloid precursor protein (APP; Vieira et al.,
2010), associated with Alzheimer’s Disease. Moreover, the retromer complex has important roles
in actin cytoskeletal organization, synapse formation, Wnt signaling, mitochondrial peroxisome
trafficking, and nuclear export (Attar & Cullen, 2010).
The D620N mutation lies within the binding site of VPS35 with other proteins, such as
VPS29 and even CIMPR, although not affecting binding with these proteins (reviewed in Mohan
& Mellick, 2016). Trafficking alterations with mutant VPS35 may be dependent on interaction
with other complexes, such as the WASH complex, particularly with the protein FAM21. The
affinity with which VPS35 binds to the FAM21 tail is reduced in cells expressing the D620N
mutation (Zavodszky et al., 2014).
The discovery of VPS35 mutations in PD provides a compelling genetic link for the
retromer in neurodegeneration. Endosomal trafficking appears to be a common pathway
disrupted in neurodegenerative diseases. Indeed, protein trafficking, recycling and degradation
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are essential for the creation and maintenance of neuronal architecture, synaptic plasticity and
connectivity (Lasiecka & Winckler, 2011; Sann, Wang, Brown, & Jin, 2009).

1.4

Models of parkinsonism

The discovery of genetic and environmental components in PD etiology has made possible the
generation of numerous animal models. Each model has its own specific features and limitations,
and the choice of the most appropriate depends on the specific question that has to be answered.
The choice of species is dependent on the specific question. Mice are common because as
mammals they are closely related to humans, can have up to 8-10 offsprings per litter, and a litter
every one-two months, well-developed genetic manipulation technologies, and low costs due to
small size, fast generation time and short lifespan. Drosophila and C. elegans are also quite
common because they are easy to genetically manipulate, have a high reproductive rate and short
life-span. Experiments can be performed within weeks in several generations of animals with
identical genetic backgrounds, reducing variability between subjects, to detect disease alterations
in a statistically significant manner (reviewed in Hirth, 2010). Non-human primates are the
closest to humans in terms of life-span and brain organization, but their use is not as common
given the costs of housing and difficulty of experimentation. Nevertheless, primates are a
necessary step for drug screening before translation to clinical trials (Didier et al., 2016).
In order to be both a good model of human PD and a good test subject for new therapies,
the ideal animal model should have a number of characteristic features. Phenotypes should be
age-dependent and progressive, since degeneration usually begins in late adulthood in PD. In
addition to the eventual loss of dopamine neurons, there should be motor dysfunction including
slowness of movement, rigidity, resting tremor, and postural instability that is responsive to
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dopamine replacement therapy. Another key determinant of this disorder is the presence of LB
and LN that contain a-synuclein and ubiquitin-proteasomal proteins amongst others. However,
some genetic forms of PD do not have LB, including some patients with parkin and LRRK2
mutations. Despite this idealistic view of the perfect animal model, is important to note that is
difficult to obtain in animals, given differences among species, especially when compared to
humans. Mainly, most animals used for models do not live a life long enough to create the
background for neurodegeneration such as what we see in PD and similar disorders. This may
not be the correct approach. Indeed, the choice of the most appropriate model depends on which
hypothesis has to be tested.
Most recently, growing evidence supports the notion that a disruption of synaptic activity,
occurring at nerve terminals, represents the primary event in disease pathogenesis, with
subsequently retrograde cell body degeneration (Volta et al., 2017; Yue et al., 2015). With this
idea in mind more recent models focus on mild modifications. This can be achieved with a
monogenic mutation, allowing us to study early alterations in the disease, rather than classic
neuronal loss seen in later stages of PD.
In the next few sections I give an overview of the most common animal models of
parkinsonism, for a better understanding of the reasoning behind the generation of the animal
model focus of this study.

1.4.1

Toxin-treated rodent models

Toxin models have been widely used over the years, since they provide means to replicate
pathological and phenotypic features of late-stage disease. These models usually target the
dopaminergic nigrostriatal neurons, causing cellular dysfunction and death.
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The false neurotransmitter 6-hydroxydopamine (6-OHDA) has been used to produce
nigral degeneration in mice, rats, cats and primates. Since it does not cross the BBB the standard
approach is to inject 6-OHDA in one side of the brain to create a unilateral lesion. This is then
evaluated by administration of amphetamine, which induces ipsilateral rotations, i.e. the animal
starts rotating ‘away from’ the lesion. This rotational behavior can be reversed, for example by
treatment with dopaminergic stem cells that restore normal circuitry (Bové et al., 2005). 6OHDA models have been extensively used to understand changes in circuitry during
dopaminergic neurons loss, and are still widely used to explore treatment-induced dyskinesia
(Cenci & Lundblad, 2007; Aristieta et al., 2012; Sgroi, Kaelin-Lang, & Capper-Loup, 2014).
Advantages of such models include high replicability, precision of administration and localized
lesions (Tieu, 2011).
The pesticide rotenone can also be used to create an animal model, as it inhibits complex
I of the mitochondrial electron-transport chain. Greenamyre and his group produced a model of
PD by infusing rats intravenously with rotenone (Betarbet et al., 2000). The rats developed
progressive degeneration of nigrostriatal neurons as well as cytoplasmic inclusions reminiscent
of LBs. They also exhibited bradykinesia, postural instability and an unsteady gait, all of which
improved after treatment with the dopamine agonist apomorphine (Betarbet et al., 2000). Other
compounds that have been shown to produce selective degeneration of dopaminergic neurons
include paraquat and trichloroethylene, both of which have been implicated in the etiology of
human PD (Bové et al., 2005). However, there is substantial variability in all these models,
which limits their usefulness for therapeutic development.
The best characterized toxin-based model of PD is based on the administration of MPTP,
inhibiting part of the electron-transport chain in dopaminergic neurons of the SN (Nicklas et al.,
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1985; Przedborski & Jackson-Lewis, 1998). This leads to a reduction in ATP generation, but a
more important effect might be an increase in free-radical production. It has therefore proved
useful, although limited, to study the striatal circuitry involved in the pathophysiology of the
disease. MPTP also causes loss of locus coeruleus neurons, which are particularly vulnerable to
the pathologic process, whereas other neurons — such as those of the dorsal motor nucleus of the
vagus and nucleus basalis of Meynert — are spared. Acute administration of MPTP does not
cause LB formation, although chronic administration produces synuclein inclusions. Overall,
although a large number of therapeutic approaches have been tried in the MPTP model, its
predictive value for humans has been inconsistent (Beal, 2010).
Even though toxin-based models are convenient ways to quickly replicate much of the
cellular loss seen in PD, the extent to which they effectively and reproducibly mimic the human
condition is controversial. Particularly, the induced neurodegeneration induces a massive loss of
nearly 70-80% of dopaminergic neurons, making it difficult to explore early dysfunction and
progression (reviewed in Beal, 2010), and of little or no relevance to disease etiology.

1.4.2

Genetic rodent models

As an alternative to toxins, newer animal models have been used by genetic technologies,
facilitated by a greater understanding of the genetic basis of PD. One of the major drawbacks of
the traditional models is the lack of LB pathology. Thus, different rodent models have been
developed with the aim of reproducing neurotoxicity and recapitulating the main features of PD.
The outcomes and phenotypes from these models have been inconsistent.
α-synuclein is a major structural moiety of LBs. Mice overexpressing wild-type αsynuclein develop progressive accumulation of α-synuclein and ubiquitin-immunoreactive
33

inclusions in the neocortex, hippocampus and SNpc (Masliah et al., 2000). The inclusions are
composed of fine granular material, but lack the fibrillar aggregates that are characteristic of
actual LB. Dopaminergic neurons within the SNpc are spared, although there is a loss of
dopaminergic terminals in the striatum. A53T transgenic mice exhibit a full range of pathology
including α-synuclein aggregation (oligomers and fibrils), phosphorylation and progressive agedependent neurodegeneration (Lee et al., 2002). These mice, however, do not show a loss of
substantia nigra dopaminergic neurons, and motor deficits are caused by a loss of brain stem
neurons and anterior horn motor neurons of the spinal cord, dependent on the use of the murine
prion protein promoter, making these mice a closer model of spinal cord disease than PD (Lee et
al., 2002). Amongst the many α-synuclein mouse models, the Thy-1 α-synuclein overexpressing
mice are the best characterized. Thy-1 mice present with early increase in extracellular
dopamine, correlating with hyperactive behaviour, and later decline in dopamine levels and
hypoactivity, including progressive formation of insoluble proteinase K resistant α-synuclein
aggregates (Lam et al., 2011; Rockenstein et al., 2002). Alongside described alterations, the Thy1 mouse presents with cognitive deficits and anxiety-related alterations at a young age, including
sleep disturbances and social recognition deficits. They also have gastrointestinal alterations,
olfactory dysfunction, and immuno-related changes (reviewed in Chesselet et al., 2012).
Parkin knock-out mice show subtle abnormalities in both the dopaminergic nigrostriatal
and the locus coeruleus noradrenergic systems. Some mutations of parkin appear to be autosomal
dominant and, when produced by overexpression of mutant human parkin using a bacterial
artificial chromosome (BAC) transgenic model, lead to progressive degeneration of
dopaminergic neurons, supporting the idea that some parkin mutants might act in a dominantnegative fashion (Lu et al., 2009).
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As with parkin, PINK1 knock-out and DJ-1 knock-out mice do not exhibit any major
abnormality, and the number of dopaminergic neurons and level of striatal dopamine are
unchanged (Beal, 2010). DJ-1-knock-out mice do, however, show increased vulnerability to
MPTP toxicity (Beal, 2010).
To date, mouse models of LRRK2 mutations have so far failed to produce neurodegeneration of dopaminergic neurons (Beal, 2010). A mouse overexpressing the LRRK2 R1441G
mutation by the use of BAC (Li et al., 2009) developed age-dependent motor deficits leading to
immobility and impaired rearing, that was responsive to L-DOPA and apomorphine. In addition,
there was impaired dopamine release in the striatum at ten weeks of age. Surprisingly, however,
there was no loss of striatal dopamine or dopaminergic neurons within the SNpc. In contrast to
the typical LBs, the major pathology observed in these mice was axonal spheroids, composed of
phosphorylated tau, which were seen in both the striatal and the cortical regions. These authors
showed improved motor performance in hLRRK2-WT mice, which was associated with
increased dopamine release in the striatum. In hLRRK2-G2019S animals, an age-dependent
decrease in the content of the release and uptake of dopamine in the striatum occurs. These
neurochemical changes, however, were not associated with neuronal degeneration or death.
Finally, no motor deficit was observed up to the age of 12 months (Li et al., 2009). In LRRK2
animals carrying the G2019S mutation an abnormal exploratory behavior was observed,
suggesting anxiety and/or fear (Winner et al., 2011), indicating non-motor behaviours can also be
observed in certain models.
In another study, BAC hLRRK2 and G2019S-hLRRK2 mice showed lower levels of
extracellular DA in the striatum, compared to non-transgenic controls (Melrose et al., 2010).
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LRRK2 knock-out mice do not have a PD-like phenotype or impaired dopaminergic
system, but do display alterations in exploratory and motor co-ordination behaviors (Hinkle et
al., 2012). Loss of LRRK2 appears to have a positive impact on rotarod performance, although
the mechanisms are unclear. LRRK2 knock-out mice show alterations in other organs, such as
lungs and kidneys (Herzig et al., 2011), therefore negating a loss-of function effect of PD
mutations, and questioning the safety of LRRK2 silencing therapies as a treatment for PD.
Acute G2019S-LRRK2 overexpression in a tetracycline transactivator (tTA) model in
aged rats results in hyperactivity, hyperdopaminergia and impaired dopamine reuptake,
phenotypes that are not observed in transgenic rats constitutively expressing the gene (Zhou et
al., 2011). An additional BAC G2019S LRRK2 over-expressing rat model shows behavioural
deficits without overt dopaminergic dysfunction up to 12 months of age (Walker et al., 2014).
Transgenic rodent models developed to date, however, fail to achieve significant levels of
LRRK2 overexpression in the SNpc and do not display dopaminergic neuronal loss.
More recent models focus on knock-in genetic strategy to avoid the confounds of random
transgene insertion, overexpression artefacts or background endogenous proteins.
Knock-in models show a physiological expression of the proteins due to the mutation
being in the endogenous mouse gene. With this strategy ‘genetically faithful’ models have
recently been published. LRRK2 knock-in mice show age dependent dopamine alterations with
early hyperdopaminergic function correlated with hyperactive behaviour, that later decreases to
WT levels (Volta et al., 2017). This model does not show typical pathological signs of PD,
including absence of neuronal degeneration or α-synuclein aggregation; however, LRRK2
G2019S knock-in mice show neurotransmission deficits in both dopamine and glutamate
transmitter systems and latent tau phosphorylation (Yue et al., 2015; Beccano-Kelly et al., 2015;
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Volta et al., 2017). Thus, G2019S knock-in mice provide a tool to study the etiology and early
alterations in disease processes. Similarly, another G2019S LRRK2 KI model shows early
hyperactivity, dependent on LRRK2 kinase function (Longo et al., 2014), accompanied by
alterations in DAT and other components of the dopaminergic machinery (Longo et al., 2017).
Although these models develop a robust behavioral phenotype, the lack of degeneration of
dopaminergic neurons might limit their use in the development of therapeutic agents. The kinase
domain of LRRK2, however, might prove to be a useful target for drug development, and could
potentially be of benefit for patients with mutations in LRRK2, other familial forms, and
sporadic PD (reviewed by West, 2015).
A line of Vps35 p.D620N knock-in mice was recently reported without a behavioural
phenotype, although striatal microdialysis revealed a reduction in evoked striatal dopamine in
homozygous animals (Ishizu et al., 2016). Here I report an independent Vps35 p.D620N knockin mouse model (VKI) developed to preserve a physiological 1:1:1 stoichiometry of the retromer
complex.

1.4.3

Non-rodent models
Other animals have been crucial in understanding of pathophysiology of PD, mostly

providing information of the role of the many pathogenic mutations now associated with the
disease. For instance, fly models have shown strong PD-related phenotypes, including reduced
locomotion, loss of dopaminergic neurons, problems with reactive oxygen species, mitochondrial
dysfunction, and protein aggregation (Feany & Bender, 2000; more rewieved in Whitworth,
2011). Fly models have also been successful because of a uniquely powerful genetic toolbox has
allowed tissue or neuron specific mutant expression (Venken, Simpson, & Bellen, 2011).
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LRRK2, VPS35, DJ-1 and others have been extensively studied in Drosophila models, leading to
a greater understanding of the function of these proteins (Arranz et al., 2015; Korolchuk et al.,
2007; Miura et al., 2014; Moore et al., 2006). Indeed, it was in a fly model that α-synuclein was
associated with tau dysfunction, linking two pathological markers of the disease in a common
pathway (Roy & Jackson, 2014). PINK1 was also shown to be upstream of Parkin, in the same
pathway.
The importance of non-human primate models comes from their similarities with
humans, in behaviour but particularly in brain specialization, including complex motor skills,
visual development and cognitive abilities (reviewed in Izpisua Belmonte et al., 2015). With
advances in genetic manipulation in non-human primates only recently within reach (Izpisua
Belmonte et al., 2015), the majority of primates models of PD are surgical or toxin-based, with
MPTP injected primates being the most commonly used. This model has been particularly
valuable in the study and development of deep brain stimulation in the treatment of PD (Tass et
al., 2011). Since the brains of non-human primates are anatomically very close to those of
humans, disease states and the effects of medical and surgical approaches can be more faithfully
modeled in non-human primates than in other species (Wichmann, Bergman, & DeLong, 2018).
While in-vivo studies are important to understand progression of the disease and develop
treatments, mechanistic aspects of a disease often emerge from studies at the cellular and
subcellular level. To this end, mammalian cell lines are often used, but recently the budding
yeast Saccharomyces cerevisiae has shown itself as a valuable model providing insight into
molecular mechanisms underlying PD ( Gitler et al., 2008; Shin et al., 2008; Franssens et al.,
2013; Dhungel et al., 2015). Similarly, cellular reprogramming of somatic cells to human
pluripotent stem cells (iPSC) represents an efficient tool for in vitro modeling of human brain
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diseases and provides an innovative opportunity to develop new therapeutic drugs. Patientspecific iPSC can be differentiated into disease-relevant cell types, including neurons, carrying
the genetic background of the donor and enabling generation of a humanized cellular model of
PD (reviewed in Torrent et al., 2015).

1.4.4

Limitations of current models
Yeast, worms, and fruit flies are useful for studying fundamental cellular processes

involved in PD, and determining the function of proteins involved in the disease. Indeed, some of
these factors are present across species, albeit important protein-protein interactions may not be
evolutionarily conserved. In addition these small animal models cannot be used to study many of
the clinical manifestations of the disease (reviewed in Potashkin, Blume, & Runkle, 2011). There
are several excellent studies that have used dogs, cats and non-human primates for PD studies,
but the ethical concerns and costs of such studies have limited their utility (Potashkin et al.,
2011).
Rodents have been used more extensively but also have limitations. It remains unclear
why there is no meaningful degeneration of dopaminergic neurons in any of the major genetic
rodent models of PD. Most transgenic mouse models have failed in replicating a robust
parkinsonian phenotype, degeneration of nigrostriatal dopaminergic neurons and LB, despite
achieving aspects of these traits. Part of the problem with studying PD in animals is not simply
the model that is chosen, but also the assays used to assess changes between the healthy and
diseased state. When assessing behavioural changes in rodent models, it is important to keep in
mind that although the neuroanatomical components underlying motor control may be similar for
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humans and rodents, the manifestation of these motor deficits may be expressed differently
between species (Potashkin et al., 2011).
Parkinsonian non-motor symptoms such as olfactory dysfunction, constipation,
depression and cognitive impairments are seldom described in these these models. Nevertheless,
non-motor symptoms have seldom been investigated, and their presence should not to be
excluded. Many authors are put increasing emphasis on non-motor symptoms of PD, as they are
particularly difficult to treat yet contribute greatly to the disability of patients with the disease.
Each model has different advantages and disadvantages. Despite the prevalent belief
being that none of these models has reproduced key PD features, there is a strong need to
discover and define the underlying mechanism of disease, and this can only be achieved by the
generation and extensive evaluation of animal models.

1.5

Dopamine, locomotion and cognition in PD

In this section I describe the role of dopamine in locomotion as well as cognition, in healthy
people and people affected by PD.
When the pre-frontal region of the cerebral cortex, which is generally involved in
decision making and planning, determines that motor activity must be executed, it sends
activating signals to the motor cortices. The motor cortices send activating signals to the direct
pathway through the basal ganglia, which stops inhibitory outflow from parts of the GPi and the
SNpr. The net effect is to allow the activation of the ventrolateral nucleus of the thalamus which,
in turn, sends activating signals to the motor cortices. These events amplify motor cortical
activity that will eventually drive muscle contractions. Simultaneously, in the indirect pathway,
the motor cortices send activating signals to the caudate and putamen. The cells in these regions
40

once activated send inhibitory signals to the globus pallidus external (GPe), reducing its activity.
The GPe normally sends inhibitory signals to the STN. On activation of the indirect pathway,
these inhibitory signals are reduced, which allows more activation of the STN. STN cells can
then send more activating signals to some parts of the GPi and SNpr. Thus, parts of these two
nuclei are driven to send more inhibitory signals to the ventrolateral nucleus of the thalamus,
which prevents the development of significant activity in the motor cerebral cortices. This
behaviour prevents the activation of motor cortical areas that would compete with voluntary
movement (reviewed in Pollack, 2001; schematic in Figure 1.1).
With the reduction in dopamine signal in the striatum, both pathways are affected and the
final outcome is to increase the inhibition of thalamic activity hence reducing motor activity.
The lack of neuronal loss and the classic PD motor phenotype present a challenge for
many animal models. Current understanding of dopamine function and its role in behaviour, in
the presence of the disease or in healthy subjects, shows the importance of proper dopamine
homoeostasis for several cognitive abilities. With the increasing importance of non-motor
dysfunction in PD, animal models are now becoming an important instrument in understanding
early stages of the disease. Despite genetic models lacking degeneration and pathology, they
often present early dysfunction in neurotransmission that correlates with cognitive deficits
(reviewed in Beal, 2010 & Blesa et al., 2012).
Anxiety is a common feature of PD that often appears years prior to motor symptoms.
Several studies show dopamine regulation of cognitive function, and not just its involvement in
motor activity. For instance, cocaine, which blocks DAT and increases extracellular time of
dopamine (Kuhar, Ritz, & Boja, 1991), has an anxiogenic effect in rats (Rogerio & Takahashi,
1992). Further evidence has shown the involvement of the striatum in anxiety, i.e. the co41

occurrence of adolescent striatal development with the peak vulnerability of adolescents to
anxiety disorders (reviewed in Lago et al., 2017). Moreover, the role of the striatum in
behavioural processes that affect anxiety, such as attention, conditioning, predictive error and
motivation, has extensively being studied (reviewed in Lago et al., 2017).
Similarly, RBD is a common non-motor symptoms that often appears a decade prior to
motor symptoms and correlated neuronal loss (Goldman & Postuma, 2014). Of note, reduced
DAT uptake has been shown in the putamen of incidental RBD patients (Iranzo et al., 2010,
2011).
Attention deficits are also associated with PD, and visuospatial deficits and impaired
performance in behavioural switching tasks, have been associated with dopaminergic
dysfunction (Rinne et al., 2000). Work from Rinne and colleagues found a correlation between
reduced 18F-DOPA uptake in the caudate and frontal cortex with attentional and working
memory deficit in PD patients (Rinne et al., 2000). Further evidence supports dopaminergic
deficit within the frontal cortex, alongside cingulate and the dorsolateral prefrontal cortex in
brains from people with PD (Brück et al., 2005).
The role of dopamine in non-motor symptoms is in its infancy. Most available animal
models have not been evaluated for non-motor dysfunction. Given the selective vulnerability and
loss of dopamine neurons in PD, and role of dopamine in cognitive abilities, I hypothesized
Vps35 p.D620N may impair retromer-dependent recycling of specific cargos with consequent
effects on dopaminergic neurotransmission. In this thesis I sought to investigate the potential for
early physiological alterations and classic late-stage motor disturbances in a mouse model of
VPS35 p.D620N parkinsonism, with the focus on the dopaminergic dysfunction. In this first
characterization of this new mouse model I used common behavioural tests to address questions
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related to motor and cognitive abilities of young and old mice, particularly focusing on early
alterations seen in humans affected by PD, and behaviours related to dopamine dysfunction. For
this reason I focused on tasks that may reveal alterations in the anxiety/fear-related behaviours,
as well as deficits in cognitive flexibility and perseverance. Additionally I combined the use of
different brain activity recording approaches, from ex-vivo fast scan cyclic voltammetry to invivo microdialysis, to evaluate dopamine release and function in the presence of the mutation in
young and older animals. Overall I provide an extensive description of several early alterations
that will be important to understand the mechanism of disease and possibly identify early
markers and/or therapeutic interventions.
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Chapter 2: Methods
2.1

VPS35 p.D620N knock-in mice and gene expression

Conditional and constitutive knock-in mice were generated by Ozgene PLC (Australia) using a
gene targeting approach in C57Bl/6J embryo stem cells (Bruce4). Genetic engineering targeted
the VPS35 locus on murine chromosome 8 (85,260,392-85,299,802 reverse strand
(GRCm38.p5); Ensemble genomic reference sequence ENSMUSG00000031696; NCBI mRNA
reference sequence NM_022997.4). A floxed “mini-gene” consisting of: 1) splice acceptor,
VPS35 exon 15-17 coding sequence, a polyadenylation signal (pA), and; 2) a PGK-neomycin
(neo)-pA selection cassette internally flanked by FRT sites, was inserted into intron 14. The 5’
targeting arm spanning endogenous exon 15 was used to introduce the VPS35 g.85,263,520 G>A
(p.D620N) mutation. Conditional animals (denoted cVKI) have their endogenous gene (exons 114) spliced to the mini-gene cassette (exons 15-17, pA); the PGK-neo-pA selection cassette was
removed by crossing to transgenic animals expressing FlpE-recombinase. Heterozygous cVKI
mice were crossed to transgenic animals expressing Cre-recombinase to remove the floxed minigene cassette, enabling heterozygous constitutive VPS35 p.D620N expression (denoted VKI
mice; Figure 1). Removal of the Cre transgene was achieved by selective breeding to C57Bl/6J
stock in subsequent generations. Genotyping to ensure the absence of neo, FlpE- and Crerecombinase transgenes, and to verify the presence of the VPS35 g.85,263,520 G>A (p.D620N)
mutation, was performed using a TaqMan® allelic discrimination assay on a 7900HT System
(Applied Biosystems). Intron 14 - exon 15 of the modified genomic locus in homozygous VKI
animals was ultimately confirmed by Sanger sequencing, using ABI 3730xls instrumentation
(Applied Biosystems). The VKI strain has been deposited in Jackson Labs with open distribution
supported by the Michael J Fox Foundation (VPS35 knock-in: B6(Cg)-Vps35tm1.1Mjff/J).
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2.2

Animals and tissue collection

For all experiments, only male animals were used. Wild-type (WT), heterozygous (het) and
homozygous (homo) VPS35 p.D620N knock-in (VKI) mice were maintained for >5-10
generations, kept on a reverse cycle (light on from 7pm to 7am) and single-sex group-housed in
enrichment cages after weaning at post-natal day 21. Post-mortem ear notches were taken for
post-hoc genotyping (experimenter blind).
For protein, mRNA and cDNA analysis, mice were sacrificed by rapid decapitation.
Samples of motor cortex, striatum, hippocampus, olfactory bulbs, and cerebellum were rapidly
(<6min) dissected and all remaining tissue pooled as ‘whole-brain’. Tissues were separately flash
frozen in liquid nitrogen.
All experiments, including behaviour, perfusions and tissue collection, were performed in
the morning between 8am and 11am, at time where mice are awake. The radial arm maze was
the only test performed in the afternoon, so the operator could remove water from the animal
cage and allow 5 hours of water deprivation before testing.

2.3

mRNA expression

To quantify Vps35 expression, cerebellar RNA from 3 months old animals was isolated using
RNeasy Kit (Qiagen) and reverse transcribed using High Capacity cDNA Kit (Applied
Biosystems), according to the manufacturer’s instructions. The reactions were incubated in a
thermal cycler for 10 min at 25°C, 120 min at 37°C, 5 min at 85°C and then held at 4 °C. To
determine the relative expression of Vps35 we amplified by means of Real-time PCR using the
7900HT System with SYBR ® Green PCR Master Mix (Applied Biosystems) at 95°C for 10 min
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followed by 40 cycles of 15 s at 95°C and 1 min at 57°C. The relative expression of mutant
VPS35 was analyzed with the ΔΔCt method, using the geometric mean of endogenous control
genes, Actb, Gapdh and Rpl19. Primers sequences are available in Table A.1 in Appendix A .1.
The fold change (2-ΔΔCt) expression was normalized to the expression of the wild-type
littermates.

2.4

Protein analysis

For Western blot analysis, dissected striatal brain tissue was lysed in HEPES buffer (20mM
HEPES, 50mM KAc, 200mM Sorbitol, 2mM EDTA, 0.1% Triton X-100, 0.5% NP-40, pH 7.2;
Sigma Aldrich) containing protease and phosphatase inhibitors (Roche), homogenized, and
incubated (on ice, 45min, gentle agitation every 15 minutes). Lysates were cleared by
centrifugation at 4000 x g for 12 mins at 4°C and supernatant was quantified by BCA assay
(Pierce). Lysates were denatured in 1x NuPage LDS sample buffer (Thermo Fisher Scientific)
and heated for 10 mins at 70 °C and 10-15 µg of protein was resolved by SDS-PAGE as
described (Follett et al., 2014), or using NuPAge 4-12% Bis-Tris gel (Thermo Fisher Scientific)
and transferred to PVDF membranes (EMD Millipore). Membranes blocked with 5% nonfat
milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) were probed overnight at 4°C
with primary antibodies diluted in 3% BSA (Sigma-Aldrich) in PBS. The following day,
membranes were washed in TBST (3×5 min) at room temperature (RT) followed by incubation
for 1h at RT with horseradish peroxidase(HRP)-conjugated anti-mouse, rabbit, or Rat IgG
(Santa-Cruz Biotechnology). Blots were washed in TBST (3×5 min) at RT, and developed using
enhanced chemiluminescence plus reagent (Thermo Scientific) and imaged on a Chemi-Doc
imaging system (Cell-Bio). Images were analyzed for band intensity with Image J software. The
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following primary antibodies were used for WB: mouse anti-VPS35 (Abnova, H00055737-M02;
1:500); anti-GAPDH (Cell Signaling, 2118; 1:2000); anti-PSD95 (6G6-1C9, Thermofisher
Scientific, MA1-045; 1:1000); anti-TH (Sigma-Aldrich, T2928; 1:2000); rabbit anti-mouse
VMAT2 for WB (Phoenix Pharmaceuticals, Inc; 1:500), rat anti-DAT (EMD Millipore,
MAB369; 1:500), rabbit anti-DARP-32 (Cell signaling, 2302S; 1:1000), mouse α-synuclein LB509 (Abcam, ab27766; 1:1000), Rabbit anti-SERT (Synaptic Systems, 340 003; 1:1000), Rabbit
anti-NET (Synaptic Systems, 260 003; 1:1000), and rabbit anti-D2 receptor (Millipore
AB5084P; 1:1000). The detection of primary antibodies was achieved by probing membranes
with Donkey anti-Rabbit or mouse IgG conjugated HRP (Santa-Cruz Biotechnology, sc-2318,
sc-2313, respectively), or Rabbit anti-Rat IgG HRP (Abcam, ab6734. For WES analysis: lysates
were probed by ProteinSimple WES automated capillary-based size sorting system as previously
described (D. A. Beccano-Kelly et al., 2014); briefly, lysates were mixed with fluorescent master
mix (ProteinSimple), heated (70°C for 10min) and loaded into manufacturer microplates
containing primary antibodies (see below) and blocking reagent, wash buffer, HRP-conjugated
secondary antibodies, and chemimluminescent substrate (ProteinSimple). Primary antibodies:
VPS35 (Abnova H00055737-M02), VPS26 (a gift from J. Bonifacino, NICHD) and β-tubulin
(Abcam ab6046). Data was analyzed on manufacturer-provided Compass software.

2.5

Immunohistochemistry

For ex-vivo imaging, mice were terminally anesthetized (sodium pentobarbital 240mg/Kg, i.p.)
and intracardially perfused with PBS then 4% paraformaldehyde (PFA). Brains were extracted,
post-fixed overnight (4% PFA, 4°C) then cryoprotected with increasing sucrose gradient (10%,
20%, 30% in PBS O/N, 4°C). Coronal slices (30µm) were obtained by cryostat. Where
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necessary, antigen retrieval using 10mM sodium-citrate plus 0.05% Tween (pH 6; 30min, 37°C)
was performed. Sections were rinsed with 0.1% Triton-X in 1x PBS (PBST; 3x10min), blocked
in 3% milk in 0.03% PBST (30min, RT) followed by a second block in 10% normal goat serum
(NGS) in 0.03% PBST (30min, RT). Primary antibodies: rabbit anti-synapsin1 (AB1543P,
Millipore; 1:500), anti-VMAT2 (H-V008, Phoenix Pharmaceuticals; 1:500), mouse anti-PSD95
(MA-045, Thermo Scientific; 1:250), chicken anti-Tyrosine Hydroxylase (TH; ab76442 Abcam;
1:1000), goat anti-VPS35 (S-18, sc-55805, Santa Cruz; 1:250), Rat anti-DAT (N-terminal,
MAB369, Millipore; 1:500), rabbit anti-DARP-32 (Cell signaling, 2302S; 1:1000), and mouse
anti-α-synuclein LB-509 (Abcam, ab27766; 1:1000) were applied in 5% NGS + 0.01% NaN3 in
0.01% PBST; overnight 4°C) prior to washing (3x10min PBST) and secondary incubation with
species specific Alexafluor IgG secondary antibodies (90min RT, Invitrogen; 1:1000). Tissues
were washed again in 0.1% PBST (3 x 10min), then mounted using DAPI Fluoromount-G®
(0100-20, SouthernBiotech). Images were acquired using a 60x oil objective on an Olympus
Fluoview FV-1000 confocal laser scanning microscope (9 x 0.33um step size). Images were then
stacked (three stacks of 3 individual images viewing 1um tissue depths), masked and binarized
using FIJI ImageJ software (NIH, USA) and analyzed using Cell Profiler image analysis
software (v.2.1.1). Individual puncta were quantified, and are defined as discrete, clearly defined,
areas where the specific antibody has bound.

2.6

Stereological cell counts

For slices expressing TH-positive labelling in the SNpc, optical fractionator sampling was
conducted on images acquired by confocal laser-scanning microscope (Olympus Fluoview
FV1000, 60x oil) and whole-volume estimates produced from tiled images acquired on an EVOS
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FL microscope, as described by stereology.info (MBF Bioscience). Dopaminergic neurons of the
SNpc were identified by TH-positive immunolabeling, and reference to coronal images of The
Mouse Brain in Stereotaxic Coordinates atlas (Franklin and Paxinos 3rd Ed., 2007). For our
counting to encompass the full rostro-caudal extent of the relevant SNpc dopamine nuclei, a
section-sampling fraction of 1/3 was used to analyze a total of ~10 sections for each brain.
Average slice thickness was estimated expecting minimal shrinkage as the sections were parallel
processed and mounted in aqueous medium. A guard height of 2μm was used with a counting
frame height of 28μm. Counting frame size measured 159μm width (x) by 159μm height (y),
which was chosen to include ~10-20 neurons per frame, and the position within the SNpc was
roughly maintained across all sections in all animals sampled. The area-sampling fraction was
determined by the counting frame area/SNpc area, as measured by tiled images and area
measuring software on the EVOS FL microscope.

2.7

Microdialysis

Under isoflurane anesthesia, a CMA 7 microdialysis probe (1mm dialyzing membrane; Harvard
Apparatus) was lowered into the mouse striatum according to the following coordinates: AP
+0.5, ML +2.1 from bregma, DV -2.8 below dura as previously (Yue et al., 2015). The probe
was secured to the skull by glass ionomer cement (Instech Laboratories) and a stainless steel
screw. During surgery animals were given lidocaine prior to incision (30uL, s.q.), meloxicam
(1mg/Kg, s.q.) and warm 0.9% saline (s.q.) at the end of the procedure. Following surgery, mice
were allowed to recover and experiments were run 24h after probe implantation. Microdialysis
probes were perfused at a flow rate of 1.5 uL/min with a modified Ringer’s solution (in mM:
NaCl 147, KCl 3, MgCl2.6H2O 1.2 and CaCl2 1.2). Samples were collected every 15 min,
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starting 2 hours after the onset of probe perfusion, into vials containing 2µL of 10mM acetic
acid.
Dopamine and its metabolites (DOPAC and HVA) were measured by HPLC coupled to
electrochemical detection (ALEXYS Neurotransmitter platform, Antec). Five microliters of
sample were automatically injected (AS 110 Autosampler, Antec) onto an Acquity UHPLC BEH
C18 analytical column (1 mm inner diameter, 10 cm length; Waters) perfused at a flow rate of
50µL/min (LC 110S pump, Antec) with a mobile phase containing 100mM phosphoric acid,
100mM citric acid, 0.1mM EDTA, 600mg/l octan sulphonic acid sodium salt and 8% acetonitrile
(pH 3). Dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC) and HVA were detected by means
of an electrochemical detector (Decade II, Antec) with cell potential set at 0.8V vs. salt bridge.
Retention times were: 2.57 ± 0.2 min for DOPAC, 3.82 ± 0.2 min for dopamine and 5.18 ± 0.2
min for HVA. Mice were euthanized after the experiment and brains collected to confirm probe
placement by immunohistochemistry.

2.8

Dopamine evaluation from striatal tissue via HPLC

Striatal tissue was mechanically homogenized in a solution of 100uM EDTA and 0.1mM
perchloric acid. Samples were cleared by centrifugation at 14000 x g for 10 mins at 4°C and
supernatant separated from pellet, then dopamine and its metabolites measured by HPLC as
above. Pellet was lysed in HEPES buffer (20mM HEPES, 50mM KAc, 200mM Sorbitol, 2mM
EDTA, 0.1% Triton X-100, 0.5% NP-40, pH 7.2; Sigma Aldrich) containing protease and
phosphatase inhibitors (Roche), homogenized, and incubated (on ice, 45min, gentle agitation
every 15 minutes). Lysates were cleared by centrifugation at 4000 x g for 12 mins at 4°C and
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supernatant was quantified by BCA assay (Pierce), to normalize monoamines levels to protein
concentration.

2.9

Fast-scan cyclic voltammetry

FSCV was conducted in the dorsolateral striatum in 300μm thick coronal slices, as previously
(Beccano-Kelly et al., 2015; Volta et al., 2017). Slices were perfused at RT with artificial
cerebrospinal fluid [ACSF - containing in mM: 130 NaCl, 10 glucose, 26 NaHCO3, 3 KCl, 1
MgCl2.6H20, 1.25 NaH2PO4 (monobasic monohydrate), 2 CaCl2; pH 7.2-7.4, mOsm 290-310]
and oxygenated (95% O2, 5% CO2) at RT for > 1h prior to experiments. Individual slices were
then placed in a recording chamber (temperature 22-26°C), and perfused at 1-2mL/min with
ACSF. Stimuli were delivered by nickel-chromium bipolar electrodes (made in house) placed in
the dorsolateral striatum, optically isolated (A365, World Precision Instruments, USA) and
controlled / sequenced with ClampEx software. Voltammetric responses were recorded,
standardized and analyzed with an Invilog Voltammetry system and software (Invilog Research
Ltd., Finland). Carbon fiber electrodes (diameter: 32μm, length: 300μm, sensitivity: >20nA/μM)
were purchased prefabricated (Invilog) and placed within 100-200μm of the stimulating
electrode in the dorsolateral striatum (example image in Figure A.3). Triangular waveforms
(ramp from -400mV to 1200mV to -400mV, 10ms duration at 10Hz) were used to detect the
oxidation and redox peaks for dopamine between 700 and 800mV (example image in
Figure 3.9.E). Field activity was recorded to ensure viability of the slice during the entire
duration of the experiment. Experimental paradigm shown in Figure 3.9.
Input/Output paradigms consisted of increasing single pulse stimuli (100-700μA,
delivered every 2 minutes / 0.0083Hz) to determine ~70% maximum response used for the
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remainder of the experiment. Three single pulses were delivered at 0.0083Hz to assess baseline
stability, followed by a single paired-pulse stimulus (4 seconds inter-pules-interval, IPI). A train
of stimuli (100Hz) was applied for 1 second to evaluate the maximal response at the given
intensity.
Quinpirole [(-)-Quinpirole hydrochloride, Tocris Biosciences] was employed to assay
pre-synaptic D2R agonism, at a concentration (50nM) to reduce dopamine response by 20-50%.
During drug wash-in, single pulse stimulations were continued at 0.0083Hz for ten minutes. A
repeat of the 3 single simulations, paired-pulses and train were then recorded in the drug
condition. At the end of each recording session a three-point calibration of each carbon fiber
electrode was conducted by injecting three concentrations of dopamine (0.1μM, 0.5μM, 1.0μM)
in ACSF.
Slices were excluded from analysis if values were more than two standard deviation from
average, or when an artefact was present and analysis was not possible. Additional exclusions
were made depending on the shape of the voltammogram, indicating proper dopamine detection,
particularly for the calibration at the end of the recording.
Additional correlation analysis were performed to exclude variability effects on
genotypes. Specifically average temperature, osmolarity, pH of the solution, duration of
recording and slice stimulation, were comparable across all genotypes and did not have an effect
on the phenotype difference.

2.10 Behaviour
Mice undergoing experimental procedures were weighed prior to testing. All tests were
performed in the morning between 8:30am and 11:30am, except for the radial arm maze (1pm to
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5pm). Separate cohorts of animals were tested at 3, 6, or 18 months of age. All experimentation
and analysis was conducted with the experimenter blinded to genotype. After 3-day
familiarization to experimenter handling, mice underwent a combination of the following
paradigms: Open field: mice explored an open arena (48cm x 48cm) for 15min, as previous
(Volta et al., 2017). Videos were analyzed post-hoc with ANY-maze behavioral tracking
software (Stoelting). Objects familiarizations: after habituating the mice to the open field arena
and a 5 minutes resting period, mice were placed again in the arena. This time the arena contains
two different objects. Mice are left familiarizing with the objects for 5 minutes, then moved back
into their home cage. This process was repeated for 3 times to evaluate habituation or preference
of a specific object. Videos were analyzed post-hoc with ANY-maze behavioral tracking
software (Stoelting) to quantify time spent exploring each object. Cylinder: mice were placed in
a 1L beaker and videoed for 5 minutes as previous (Volta et al., 2017). The number of rearings
and forelimb wall contacts was scored manually off-line. Rotarod: Motor performance was
evaluated using an accelerating rotarod (Model 7650, Ugo Basile). Mice were videoed during a
training session to establish baseline falling latency, and in test sessions. Training consisted of
six trials over two days. For each trial the rotation was set at a constant speed, but higher from
trial to trial, so all mice have the ability to run at 22 revolution per minute (rpm). During the test
session the rod was left accelerating from 5 to 36 rpm over 5 minutes. Fails were scored if mice
(1) fell from the device, or (2) gripped the rod making a passive revolution. Videos were
analysed offline and number of fails and latency to first fail were scored. Elevated plus maze:
Mice were placed in the centre of an elevated plus-shaped apparatus (1m above ground), with
two open and two enclosed arm (30.5cm each), and allowed to freely explore for 5 minutes. The
number of events and time entering or exploring each arm were manually scored off-line. Open
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arms exploration includes both head digging (exploring the open arm with the body still in the
center or in the enclosed arm) or full body entrance (as in Wall and Messier 2001).
Alternatively mice underwent a Radial arm maze task: mice were given choice of a
solution of 30% sucrose water and regular water in their home cage for three consecutive days to
avoid fear of novelty and habituate them to sucrose. Two days post-habituation mice were tested
in the RAM. The maze consisted of a central area and 8 arms originating from it. A lid was
placed over the maze to avoid escape for the mouse. Spatial cues were placed in the maze and on
the wall in the room, to help the mouse orientate when searching for the reward. Mice were
water deprived 5 hours prior to testing (8am – 1pm), then left exploring the maze for 5 minutes.
A petri-dish containing 30% sucrose-water solution was left in arm 8. Test is repeated for three
consecutive days. On day 4 of testing the sucrose-water petri-dish was moved to arm 4 to
evaluate flexibility in the mouse learning abilities. The test is than repeated for a fifth day. The
mouse was left to rest for two days before testing again for two extra days, to test long term
memory. Finally the sucrose-water solution was removed from the maze and mice were tested
for two extra days to evaluate extinction of learned behaviours (as in Figure 3.24).
For all tests, objects and mazes were cleaned with 15% isopropanol and then water within
each mouse or each trial, to prevent smell recognition to later the test.

2.11 Statistics and data reporting
Data are presented throughout as mean ± SEM where n is the number of animals, or else slices
from the number of mice indicated in parentheses. Throughout the study, comparisons were
conducted by 1-, 2-, or 3-way ANOVA with appropriate post-hoc tests, as detailed in the text,
using Prism 6.0 (GraphPad, San Diego California USA).
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Chapter 3: Results
3.1

VPS35 p.D620N knock-in (VKI) mice

To physiologically examine the effects of the Vps35 p.D620N mutation, but avoid the confounds
of random insertion and overexpression, we engineered C57Bl/6J mice to express a Vps35 exon
15 g.85,263,520 G>A (p.D620N) nucleotide mutation (Figure 3.1.A). Successful manipulation
was verified by genomic and cDNA sequencing (Figure 3.1.B). WT and mutant allele-specific
Vps35 mRNA expression was equimolar and unaltered by gene targeting in VKI animals (Figure
3.1.C, F2,24 = 0.05, p = 0.95). The substitution does not affect the total levels of VPS35 protein
levels in the mouse brain. WES capillary-based protein quantification of brain lysates from 3month-old VKI animals found no significant genotype effect on the levels of VPS35 (Figure
3.1.D.i, F2,25 = 0.02, p = 0.97), nor the levels of other components of the retromer complex, such
as VPS26 (Figure 3.1.D.ii, F2,25 = 0.31, p = 0.73).
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Figure 3.1. Generation of Vps35 p.D620N knock-in mice (VKI).
A) Schematic of the targeting design showing the murine genomic sequence (Ensembl reference
ENSMUSG00000031696), 5’ and 3’ homology arms (arrowed), exons 14-17 (blue), recombineered loxP site in
intron 14, the g.85,263,520 G>A (p.D620N) mutation in exon 15 (encoding p.D620N) and endogenous stop codon
in exon 17(TAA). FlpE-recombinase deletion between FRT sites removed the PKG-neo-pA cassette to yield the
cVKI allele (not shown). Subsequent Cre-recombinase deletion between loxP sites created the VKI allele. B) cDNA
sequencing in WT mice (top), heterozygous VKI (middle) and homozygous VKI (bottom), between g. 8:8526351185263528 (GRCm38) highlighting the g.85,263,520 G>A nucleotide mutation in exon 15 that encodes the p.D620N
amino acid substitution. C) Relative VPS35 mRNA (fold change) expression analysis in cerebellar tissue from 3month-old mice using quantitative RT-PCR for. Data normalized to WT (1-way ANOVA F2,24 = 0.05, p = 0.95). D)
Proteins in brain lysates from young VKI mice were quantified using WES capillary-based analysis that produces
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chemiluminescence curves. Samples were loaded with antibodies against VPS35, VPS26 and GAPDH (as a loading
control). Band intensities were quantified relative to loading control and normalized to WT levels. There were no
significant genotype effect on protein levels of retromer components VPS35 (i, 1-way ANOVA F2,25 = 0.02, p =
0.97) & VPS26 (ii, 1-way ANOVA F2,25 = 0.31, p = 0.73).

VKI mice are viable up to 18 months, showed no evidence of overt distress, bred well
and produced heterozygous and homozygous pups at expected Mendelian ratios.
Mice increase weight with age. Normally 18-month-old WT animals weigh ~50g, with
some reaching ~60g. Compared to similar wild animals, laboratory mice are obese, likely due to
a combination of inbreeding and an environment containing free access to food and little room
for activity; variability is probably a consequence of group housing and social hierarchy.
Interestingly, VKI mice did not gain as much weight with age, maintaining a stable weight past
12 months of age (2-way ANOVA interaction F10,257 = 2.58, p < 0.01, F2,257 = 10.09, genotype p
< 0.0001, age (months) F5,257 = 168.72, p < 0.0001, Bonferroni post-test as shown in Figure
3.2.A and Table B.1 in Appendix B.1). Cursory necropsy suggests that VKI mice lay down less
fat than WT littermates. Internal organs, for example the liver, appeared lighter (Figure 3.2.B; 1way ANOVA F2,21 = 3.03, p = 0.06) albeit not statistically significant (at 95% confidence).
Despite these differences, internally and externally VKI mice did not show signs of discomfort.
Rather, 18-month-old VKI mice, aside lower body fat, appeared similar to their WT littermates
and mice from other lines at a similar age.
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Figure 3.2 VKI mice weight
A) VKI mice weight plot by month of age. WT mice show greater weight at 15 and 18 months of age, when
compared to their het and homo littermates (2-way ANOVA interaction F10,257 = 2.58, p < 0.01, F2,257 = 10.09,
genotype p < 0.0001, age (months) F5,257 = 168.72, p < 0.0001, Bonferroni post-test WT vs het ###p < 0.001 &
####p < 0001, WT vs homo **p < 0.01, ****p < 0.0001, respectively). Different animals were weighed at different
time points (number of animals at corresponding age point shown in Table B.1, Sub-Appendix B.1, including
additional statistical information). B) Liver was collected from a cohort of 18-month-old animals, and weighed.
There is a strong trend towards lighter livers in VKI mice (1-way ANOVA F2,21 = 3.03, p = 0.06).

3.2
3.2.1

Dopaminergic alterations
VKI mice and neuronal loss

We examined the integrity of the nigrostriatal system (striatum and SNpc), by means of confocal
imaging and stereological examination in 3-month-old VKI animals. No significant differences
were observed between VKI and WT littermates in the intensity of TH+ terminals innervating
the dorsolateral striatum (Figure 3.3,Aii, 1-way ANOVA F2,6 = 0.28, p = 0.75), or gross nigral
neuronal cell counts, as marked by TH (Figure 3.3.C.ii; 1-way ANOVA F2,13 = 0.74, p = 0.49).
Consistent findings were observed by western blotting for TH in striatal lysate from 3-month-old
mice (Figure 3.3.B; 1-way ANOVA F2,33 = 2.86, p = 0.08).
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Figure 3.3 Evaluation of nigrostriatal TH positive neurons in young VKI mice
Representative images of TH (green) staining in striatal (A.i.) and nigral (C.i) sections of PFA perfused brain from
VKI mice. No difference was detected in total levels of TH in the striatum (A.ii, 1-way ANOVA F2,6 = 0.28, p =
0.75) across genotypes, nor in the total count of TH+ neurons in the SNpc (C.ii, 1-way ANOVA F2,13 = 0.74, p =
0.49) of the same mice. Similarly there were no differences in total level of TH in the striatum quantified with
Western blotting (B, 1-way ANOVA F2,33 = 2.86, p = 0.08).

Similar to young animals, preliminary data showed no differences in TH+ stereological
neuronal count in the SNpc of 18-month-old mice (Figure 3.4.A; 1-way ANOVA F2,5 = 0.84, p =
0.28), with comparable TH protein levels in striatal tissue (Figure 3.4.B, 1-way ANOVA F2,22 =
1.99, p = 0.15). Combined, these results indicate that physiologic expression of VPS35 p.D620N
in mice did not induce dopaminergic neurodegeneration up to 18 months of age.
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Figure 3.4 Preliminary evaluation of TH in striatal tissue and SNpc sections from old VKI mice
A) No difference was detected in total levels of TH+ neurons in the SNpc of VKI mice (1-way ANOVA F2,5 = 0.84,
p = 0.28)). B) A trending increase was found in TH levels in striatal tissue from old VKI animals (1-way ANOVA
F2,22 = 1.99, p = 0.15).

3.2.2

Extracellular dopamine in VKI mice

To evaluate dopamine in VKI mice, we measured extracellular levels in 3 and 18-month-old
animals by in vivo microdialysis of awake animals. Microdialysis probes were lowered into the
mouse dorsolateral striatum and four samples, one every 15 minutes, were collected as baseline
to give an average extracellular dopamine level. Individual probe placements were confirmed by
immunohistochemistry at the end of the experiment. No differences in basal levels of dopamine
were observed in young VKI mice (Figure 3.5.B; 1-way ANOVA F2,28 = 0.61, p = 0.54), relative
to WT littermates. However, dopamine metabolites, DOPAC and HVA, were trending towards
an increase in heterozygous and homozygous VKI animals (Figure 3.5.C.i & ii, 1-way ANOVA
F2,28 = 2.89, p = 0.07 & F2,28 = 3.06, p = 0.06, respectively), and produced a significantly
greater metabolites/dopamine ratio in homozygous animals, suggesting increased turnover of
dopamine in the presence of the mutation (Figure 3.5.C.iii, 1-way ANOVA F2,28 = 6.44, p<0.04;
Bonferroni post-test WT vs het t(20) = 0.40, p = 0.99, WT vs t(20) = 3.20, homo p = 0.03).
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Figure 3.5 Extracellular striatal dopamine in young VKI animals
A) A schematic of the placement of the probe (co-ordinates AP +0.5, ML +2.1 DV -2.8) for in-vivo detection of
dopamine from the dorsolateral striatum. B) Average levels from 4 dialysates collected over an hour. No difference
was found in overall basal levels of dopamine (1-way ANOVA F2,28 = 0.61, p = 0.54). C) Dopamine metabolites
total levels (DOPAC C.i & HVA C.ii) and their ratio over levels of dopamine (iii). Homo VKI mice show similar,
albeit trending towards increased, levels of DOPAC and HVA (i & ii, 1-way ANOVA F2,28 = 2.89, p = 0.07 & F2,28
= 3.06, p = 0.06 respectively), with a significantly higher ratio indicating greater turnover of dopamine (iii; 1-way
ANOVA F2,28 = 6.44, p<0.04; Bonferroni post-test WT vs het t(28) = 0.40, p = 0.99, WT vs t(28) = 3.20, homo p =
0.03).

When microdialysis collection was performed with 18-month-old VKI, no differences
were found in total dopamine levels across all genotypes (Figure 3.6, 1-way ANOVA F2,30 =
0.36, p = 0.69). While metabolites were higher in levels in younger animals, there was no
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obvious difference in older mice (Figure 3.6.B.i & .ii, 1-way ANOVA F2,30 = 0.28, p = 0.77 &
F2,30 = 0.14, p = 0.86 respectively), nor in the metabolites/dopamine ratio (Figure 3.6.B.iii, 1way ANOVA F2,30 = 0.28, p = 0.75).

Figure 3.6 Extracellular dopamine in 18 months old VKI
A) Average levels from 4 dialysates collected over an hour. No difference was found in overall basal levels of
dopamine (1-way ANOVA 1-way ANOVA F2,30 = 0.36, p = 0.69). B) No differences were found in VKI mice when
compared to their WT littermates when measured total levels of DOPAC and HVA (i & ii; 1-way ANOVA F2,30 =
0.28, p = 0.77 & F2,30 = 0.14, p = 0.86 respectively) and their ratio over dopamine (iii; 1-way ANOVA F2,30 = 0.28,
p = 0.75).

3.2.3

Whole tissue evaluation of monoamine levels

To measure the total content of dopamine and metabolites, we rapidly decapitated VKI mice and
collected the striatum. Tissue was homogenized and supernatant was assayed by HPLC for
dopamine and its metabolites. We saw no genotype differences, at either 3 or18 months of age,
suggesting that total production of dopamine was not altered in VKI mice, nor overall
metabolites levels (3-month-old animals in Figure 3.7, 1-way ANOVA F2,15 = 0.5, p = 0.61, F2,15
= 0.54 p = 0.58, F2,15 = 0.48 p = 0.62, & F2,15 = 0.15, p = 0.85 respectively; 18-month-old in
Figure 3.8, 1-way ANOVA F2,14 = 0.78, p = 0.47, F2,14 = 0.39, p = 0.68, F2,14 = 0.63, p = 0.54, &
F2,14 = 0.31, p = 0.73 respectively).
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Figure 3.7 Evaluation of total levels of dopamine and metabolites in striatal tissue from young VKI animals
Striatal tissue was processed for monoamine detection by an HPLC. When compared to striata from WT mice,
young VKI animals showed no differences in total levels of dopamine (A, 1-way ANOVA F2,15 = 0.5, p = 0.61) or
metabolites (B.i & .ii, 1-way ANOVA F2,15 = 0.54 p = 0.58, F2,15 = 0.48 p = 0.62), nor their ratio (B.iii, 1-way
ANOVA F2,15 = 0.15, p = 0.85).

Figure 3.8 Evaluation of total levels of dopamine and metabolites in striatal tissue from old VKI animals
As above, striatal tissue was processed for monoamine detection by an HPLC. When compared to WT mice, old
VKI animals showed no differences in total levels of dopamine (A, 1-way ANOVA F2,14 = 0.78, p = 0.47) or
metabolites (B.i & .ii, 1-way ANOVA F2,14 = 0.39, p = 0.68, F2,14 = 0.63, p = 0.54 respectively), nor their ratio
(B.iii, 1-way ANOVA F2,14 = 0.31, p = 0.73).
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3.2.4

Striatal dopamine function

To assay nigrostriatal dopamine release directly, we conducted fast scan cyclic voltammetry
(FSCV) in acute slices (as described in methods 2.7 and shown in Figure 3.9, with additional
images in Figure A.3 in appendix A.3).

Figure 3.9 Methodological procedure for ex-vivo FSCV
A) Experimental procedure for FSCV recording. A series of stimuli was sent with 2 minutes intervals. Initially an
input/output curve was generated by increasing the intensity of stimulation from 100 to 700µA (increase of 100µA
at every stimulus every 2 minutes). After the input/output a series of 3 stimuli was sent at 50-70% of maximal
response during input/output. Followed a paired stimulation at 50-70% of max response, with 4 seconds interval, to
evaluate paired pulse ratio (PPR). Finally a train of stimuli of 100Hz for 1 second was applied. After 2 minutes
recovery a solution of quinpirole was applied to the bath and a series of 8 stimuli with 2 minutes intervals was
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applied to the slice, to evaluate D2 function. B) Average peak for each genotype (i), showing greater response and
slower decay for mutant animals, with corresponding voltammogram in the top right corner (ii), including
voltammogram for 0.5µM and 1 µM of dopamine, used for calibration of the carbon-fiber electrode at the end of
each day of recording.

In the dorsolateral striatum, single stimuli elicit dopamine release and current transients,
which increase with stimulus intensity (100~700µA). In young animals, 700µA was often the
maximum stimulus applied given the plateau of WT slices at this intensity, although a few slices
from WT, and many from het and homo mice were stimulated up to 1000µA. There was a
significant genotype effect on the stimulus-response relationship, with elevated dopamine release
observed in VKI slices (2-way RM-ANOVA, interaction F12,378 = 4.02, p < 0.0001, input F6,378 =
70.20, p < 0.0001, genotype F2,63 = 4.09, p < 0.05, subject F63,378 = 34.91, p < 0.0001; with
Bonferroni post-test as indicated in Figure 3.10.A and Table A.2, also graphically shown in
Figure 3.9.B). When a series of three consecutive stimuli were applied at 50-70% of the maximal
response, average decay times were marginally slower in het VKI slices suggesting reduced reuptake of the extracellular dopamine (Figure 3.10.B, 1-way ANOVA F2,77 = 4.38, p < 0.02,
Bonferroni post-test t(77) = 2.92, p < 0.01 & t(77) = 1.92, p = 0.11 for het and homo, respectively).
We then hypothesized D2 autoreceptor function may be impaired as well (Phillips et al., 2002;
Rice & Patel, 2015), and conducted paired-pulse ratio experiments. Paired stimuli (4s IPI)
evoked the expected depression (~80%) of the second pulse but there was no difference between
genotypes (Figure 3.10.C, 1-way ANOVA F2,77 = 1.36, p = 0.26). Nevertheless, slices from VKI
mice showed a trend towards less paired-pulse depression; of note, a second peak (P2/P1
ratio>0) was more frequently observed in homo and het VKI slices than WT. When a train of
stimuli (1s duration, 100Hz) was applied to the slice, relative to single pulses, the predicted
increase in response amplitude was comparable between WT, het and homo VKI mice (Figure
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3.10.D, 1-way ANOVA F2,70 = 1.28, p = 0.28). In agreement with decay times for single pulses,
we observed lower ratios of train decay versus single pulse decay in slices from het VKI mice
(Figure 3.10.E, 1-way ANOVA F2,87 = 3.946, p = 0.05, although the result did not reach
significance with Bonferroni post-test).

Figure 3.10 Fast scan cyclic voltammetry in young VKI mice
A) A series of increasing stimuli was applied with 2 minutes intervals to obtain an input/output curve and the
maximal evoked dopamine release. VKI slices showed an increase in evoked dopamine as compared to slices from
their WT littermates (2-way ANOVA interaction F12,378 = 4.02, p < 0.0001, input F6,378 = 70.20, p < 0.0001,
genotype F2,63 = 4.09, p < 0.05, subject F63,378 = 34.91, p < 0.0001; Bonferroni post-test WT vs. Het t(441) = #p<0.05,
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WT vs. Homo; *p<0.05, **p<0.01, ***p<0.001; additional statistical information in Table A.2 in appendix A.3). B)
At stimulation intensities leading to 50-70% maximum dopamine release, based on the input/output, a series of 3
pulses was given with an interval of 2 minutes between each. With this paradigm the decay was longer in het VKI
mice (F2,77 = 4.38, p < 0.02, Bonferroni post-test t(77) = 2.92, **p < 0.01 & t(77) = 1.92, p = 0.11 for het and homo
slices, respectively). C). In a paired-pulse paradigm with an interval of 4 seconds between the first and the second
pulse, VKI slices were comparable to WT (1-way ANOVA F2,77 = 1.36, p = 0.26). D) WT and VKI slices show a
comparable release and decay in dopamine signal when a train of stimulus (100Hz, 1s) was applied, shown as a
train/single pulse ratio (1-way ANOVA F2,70 = 1.28, p = 0.28). E) Given the greater decay time in het slices, when
looking at the ratio of train decay time over single pulse decay time, a greater value is shown for WT and homo
slices, but not for het (1-way ANOVA F2,87 = 3.946, p = 0.05, these data does not reach significance with post-hoc
test). F) In WT slices, the D2 agonist quinpirole (50nM) infused in the slice chamber gave a 20-50% reduction in
dopamine release within ~ 5 minutes from reaching the slice (drug perfusion starts at minute 0; drug reaches the
slice by minute 2). A series of stimuli was applied, with 2 minutes intervals, to evoke 50-70% maximum dopamine
release. VKI slices showed a more rapid, greater D2 inhibition compared to slices from WT littermates (2-way RMANOVA, interaction F14,658 = 1.47, p = 0.11, time F7,658 = 66.41, p < 0.0001, genotype F2,94 = 4.03, p < 0.05,
subjects F94,658 = 7.04, p < 0.0001; Bonferroni post-test WT vs Het #p<0.05, WT vs Homo; *p<0.05, **p<0.01, as
indicated in Table A.3 in Appendix A.3).

We then decided to evaluate how age would affect dopamine release. We performed
FSCV in slices from 18-month-old animals. When assayed for the input/output paradigm, VKI
mice showed similar dopamine release compared to their WT littermates (Figure 3.11.A, c),
albeit a trend towards lower dopamine in het and homo mice would suggests at this age the
system may begin to fail.
When a series of three stimuli at 50-70% of maximal response was applied to slices from
old animals, the decay time was greater in older animals when compared to young age, but with
no significant differences between genotypes, albeit with a trend towards smaller decay in
homozygotes (Figure 3.11B, 1-way ANOVA F2,76 = 2.81, p = 0.06), suggesting faster re-uptake
when compared to WT. Similarly to young slices, the PPR stimulation did not have a different
effect in slices from VKI mice, relative to slices from WT mice (Figure 3.11.C, 1-way ANOVA
F2,77 = 2.48, p = 0.09), although we saw a trend towards smaller ratio in mutant animals, and
more (rather than fewer) failures for the second peak. Train stimulation did not affect VKI slices
differently than slices from WT (Figure 3.11.D, 1-way ANOVA F2,76 = 0.25, p = 0.77), nor the
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ratio of the decay during train over the decay of the single pulse (Figure 3.11.E, 1-way ANOVA
F2,69 = 0.06, p = 0.93).
We surmise D2 receptor function is largely intact in VKI mice although the efficacy of
D2R negative tuning may be less in young animals. To directly investigate prolonged D2 autoreceptor activation, quinpirole, a D2R agonist was bath applied at 50nM, a concentration
previously shown to reduce dopamine release by 20-50% in WT slices (Volta et al., 2017). In
young animals, a series of stimuli applied at 2 minutes intervals to VKI slices showed a more
rapid D2 inhibition on dopamine release when compared to slices from WT littermates (Figure
3.10.F, 2-way RM-ANOVA, interaction F14,658 = 1.47, p = 0.11, time F7,658 = 66.41, p < 0.0001,
genotype F2,94 = 4.03, p < 0.05, subjects F94,658 = 7.04, p < 0.0001, Bonferroni post-test as in
Table A.3). However, over a longer exposure to the drug (30minutes) WT slices reached the
same degree of inhibition as mutant (Figure A.3). When the same paradigm was performed in
slices from older animals, the effect was still notable for homozygous mice, but was not present
in het slices (Figure 3.11.F, 2-way RM ANOVA interaction F14,441 = 0.99, p = 0.46, time F7,441 =
46.64, p < 0.0001, genotype F2,63 = 3.68, p < 0.05, subject F63,441 = 7.45, p < 0.0001, however
this data did not reach significance with Bonferroni post-test). The disparity between the effects
of D2R activation in paired-pulse ratios (over a period of seconds), which are grossly normal,
and those augmented by D2R agonism (over a period of minutes), suggests changes to dopamine
release modulated by D2R function at the synapse may be subtle and activity dependent.
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Figure 3.11 Fast scan cyclic voltammetry in old VKI
A) VKI slices showed a decrease in evoked dopamine as compared to slices from their WT littermates (2-way RMANOVA interaction F14,658 = 1.47, p = 0.11, time F7,658 = 66.41, p < 0.0001, genotype F2,94 = 4.03, p < 0.05, subjects
F94,658 = 7.04, p < 0.0001; this data did not reach significance by Bonferroni post-test). B) At stimulation intensities
leading to 50-70% maximum dopamine release, based on the input/output, a series of 3 pulses was given with an
interval of 2 minutes between each. With this paradigm the decay was no significant difference between VKI mice
and WT littermates, albeit there is a strong trend towards faster re-uptake for homozygous animals (1-way ANOVA
F2,76 = 2.81, p = 0.06). C) In a paired-pulse paradigm with an interval of 4 seconds between the first and the second
pulse, VKI slices were comparable to WT, although there was a trend towards lower ratio (1-way ANOVA F2,77 =
2.48, p = 0.09). D) WT and VKI slices show a comparable release and decay in dopamine signal when a train of
stimulus (100Hz, 1s) was applied, shown as a train/single pulse ratio (1-way ANOVA F2,76 = 0.25, p = 0.77). E)
Given the decay time is comparable for both single pulse and train stimulation, when looking at the ratio of train
decay time over single pulse decay time there is not difference across genotype (1-way ANOVA F2,69 = 0.06, p =
0.93.). F) A series of stimuli was applied, with 2 minutes intervals while a solution of 50nM of quinpirole was
perfusing in the bath. Slices from homozygous mice, but not het animals, showed a more rapid, greater D2 inhibition
compared to slices from WT littermates (2-way RM-ANOVA, interaction F14,441 = 0.99, p = 0.46, time F7,441 =
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46.64, p < 0.0001, genotype F2,63 = 3.68, p < 0.05, subject F63,441 = 7.45, p < 0.0001; this data is not significant by
Bonferroni post-test).

3.2.5

Protein quantification of striatal synaptic proteins

To explore these alterations in dopamine release, we sought to investigate the synaptic
machinery responsible for the packaging and re-uptake of dopamine. At young age, when
compared to WT littermates, VKI mice displayed a significant increase in VMAT2 protein levels
(Figure 3.12.A & B.i., 1-way ANOVA F2,25 = 5.30, p < 0.01, Bonferroni post-test WT vs het t(25)
= 2.45, p = 0.042, WT vs homo t(25) = 3.09, p < 0.01). Conversely, a notable loss of total DAT
protein (Figure 3.12.A & B.ii., 1-way ANOVA F2,32 = 17.75, p < 0.0001, Bonferroni post-test
WT vs het t(32) = 3.32, p < 0.01, WT vs homo t(32) = 5.95, p < 0.0001) was observed. Results were
normalised to TH for tissue specificity, but remain consistent when normalized to GAPDH
(Figure A.2). These changes occurred independent of differences to levels of post-synaptic
scaffold protein, PSD95 (Figure 3.14.C; 1-way ANOVA F2,23 = 0.42, p = 0.65) indicating that
VPS35 p.D620N expression does not globally modify synapse connections in the striatum, and
that alterations to VMAT2 and DAT are somewhat specific.
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Figure 3.12 Dopaminergic markers DAT and VMAT2 in tissue and striatal slices from young VKI mice
A) Representative western blots of dopaminergic specific markers VMAT2 and DAT in VKI mice. Blots are
cropped; for full-length blots see Figure A.1. B) Densitometry analysis was conducted by normalizing VMAT2 and
DAT intensity to TH loading control (VMAT2, i, 1-way ANOVA F2,25 = 5.30, p < 0.01, Bonferroni post-test WT vs
het t(25) = 2.45, p = 0.042, WT vs homo t(25) = 3.09, p < 0.01; DAT, ii, 1-way ANOVA F2,32 = 17.75, p < 0.0001,
Bonferroni post-test WT vs het t(32) = 3.32, p < 0.01, WT vs homo t(32) = 5.95, p < 0.0001). C) Representative
Confocal images of VMAT2 (left) and DAT (right) in the dorsolateral striatum of 3-month-old VKI mice. D) No
changes in VMAT2 puncta density were detected (D.i, 1-way ANOVA F2,8 = 0.19, p = 0.604). VMAT2 puncta
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integrated density and area are trending towards an increase in KI littermates when compared to WT controls (D.ii &
iii, 1-way ANOVA F2,8 = 1.47, p = 0.30; F2,8 = 1.46, p = 0.30, respectively). E) DAT puncta density, integrated
intensity, and area are trending towards a decrease in KI littermates when compared to WT controls (1-way
ANOVA respectively: E.i, F2,8 = 1.54, p = 0.29, E.ii, F2,8 = 4.17, p = 0.07, & E.iii, F2,8 = 4.03, p = 0.07).

Interestingly, VMAT2 levels remain constantly higher in older animals, as shown by
western blot quantification from striatal tissue from 10-month-old VKI (Figure 3.13.A, 10month-old VKI 1-way ANOVA F2,6 = 31.47 p < 0.001, Bonferroni post-test WT vs het t(6) =
3.49, p < 0.05 & WT vs homo t(6) = 7.91, p < 0.001), with a slight reduction by 18 months of age
(Figure 3.13.B, 18-month-old VKI, 1-way ANOVA F2,7 = 5.45, p = 0.055).

Figure 3.13 VMAT2 levels in striata from 10 and 18-month-old VKI
A) VMAT2 levels in striata from 10-month-old animals, showing greater levels of VMAT2 in VKI mice when
compared to WT littermates (1-way ANOVA F2,6 = 31.47 p < 0.001, Bonferroni post-test WT vs het t(6) = 3.49, p <
0.05 & WT vs homo t(6) = 7.91, p < 0.001). B) VMAT2 levels in striata from 18-months-old VKI, showing a
trending increase in het and homo (1-way ANOVA F2,7 = 5.45, p = 0.055).

To expand on these results, we employed confocal imaging in the dorsolateral striatum
isolated from young VKI mice using antibodies against VMAT2 and DAT. No difference was
observed between genotypes when analyzed for VMAT2 positive puncta density (Figure 3.12.C
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& D.i; 1-way ANOVA F2,8 = 0.19, p = 0.604), and VMAT2 puncta integrated intensity and area
were not significantly different compared to WT littermates (Figure 3.12.C, D.ii. & D.iii, 1-way
ANOVA F2,8 = 1.47, p = 0.30; F2,8 = 1.46, p = 0.30, respectively). Consistent with western
blotting, VKI het and homo mice displayed a non-significant loss in the density, integrated
intensity, and area of DAT puncta within the dorsal striatum (Figure 3.12.C, 1-way ANOVA E.i,
F2,8 = 1.54, p = 0.29, E.ii, F2,8 = 4.17, p = 0.07, & E.iii, F2,8 = 4.03, p = 0.07, respectively). Any
changes appear independent of universal loss of striatal synaptic markers, as demonstrated by no
observed differences in density or co-localization between the pre- and post- synaptic proteins,
synapsin1 and PSD95 (Synapsin1 density 1-way ANOVA F2,8 = 1.64, p = 0.27, PSD95 density
F2,8 = 1.91, p = 0.22 & synapsin1/PSD95 co-localization F2,8 = 0.56, p = 0.59, as shown in Figure
3.14.B.i, .ii & .iii respectively).
Given the role of VPS35 in α-synuclein processing and cathepsin D trafficking (Miura et
al., 2014), and the role of α-synuclein in PD, we also evaluated α-synuclein levels in VKI mice.
Immunohistochemical analysis of slices from brains from young VKI animals show no
differences in α-synuclein puncta density or distribution in the SNpc (Figure 3.15.A.ii, 1-way
ANOVA F2,59 = 0.32, p = 0.72), nor in protein levels as quantified by western blotting of striatal
tissue (Figure 3.15.B, 1-way ANOVA F2,33 = 0.28, p = 0.98).
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Figure 3.14 Synaptic markers synapsin1 & PSD95 in striatal tissue and slices from young VKI mice
A) Representative Confocal images of Synapsin1 (left) and PSD95 (middle), also merged (right), in the dorsolateral
striatum of 3-month-old VKI mice. B) No changes in either synapsin1 (i, 1-way ANOVA F2,8 = 1.64, p = 0.27), or in
PSD95 (ii, 1-way ANOVA F2,8 = 1.91, p = 0.22) puncta density were detected, nor in the percentage of synapsin1
and PSD95 co-localization (iii, 1-way ANOVA F2,8 = 0.56, p = 0.59). C) Densitometry analysis was conducted by
normalizing PSD95 intensity to TH loading control. No difference was found in PSD95 levels (1-way ANOVA F2,23
= 0.42, p = 0.65).
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Figure 3.15 α-synuclein evaluation in striatal tissue and SNpc from young VKI mice.
A) Quantification of α-synuclein in slices from VKI mice. Representative image for α-synuclein levels in the SNpc
by immunohistochemistry (i). TH+ neurons are shown in green and α-synuclein in red. α-synuclein levels in the
SNpc of VKI mice and their WT littermates quantified by IHC, showing no differences in the presence of the
mutation (ii, 1-way ANOVA F2,59 = 0.32, p = 0.72). B). α-synuclein levels in the striatum of VKI mice and their WT
littermates quantified by western Blot are comparable across all genotypes (1-way ANOVA F2,33 = 0.28, p = 0.98).

Given such strong dopaminergic changes and the increased response to a D2R agonist, we
sought to evaluate levels of D2R and its trafficking via VPS35 and the retromer. Interestingly, no
difference were found in total striatal levels of D2R, nor in binding of D2R with VPS35 (Figure
3.16.B.ii, iii & iv, 1-way ANOVA F2,13 = 0.60, p = 0.56, F2,16 = 0.45, p = 0.64 & F2,16 = 0.65, p =
0.53, respectively). Despite no changes in D2R, we saw a significant increase in total striatal
DARPP-32 levels (Figure 3.17.A, 1-way ANOVA F2,16 = 8.77, p < 0.05, Bonferroni post-test
WT vs het t(16) = 2.82, p < 0.05 & WT vs homo t(16) = 4.11, p < 0.01), also confirmed by
immunohistochemistry (Figure 3.17.B; 1-way ANOVA F2,77 = 3.70, p < 0.05, this data did not
reach significance by Bonferroni post-test), although the increase was only clear in homozygous
mice.
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Figure 3.16 Evaluation of D2 levels and binding with VPS35 in striatum from young VKI animals
A) Co-immunoprecipitation were performed on cortical and striatal lysates from VKI mice and their littermates
using anti-VPS35 to pull retromer complex and associated proteins. IPs were run on traditional western Blot and
propped for VPS35 and D2R. Protein levels from IPs were normalized to the amount of VPS35 pulled. There was no
genotype effect on the levels of D2R or VPS35, nor on the amount of D2R pulled by VPS35 (ii, iii, & iv, 1-way
ANOVA F2,15 = 0.60, p = 0.56, F2,18 = 0.45, p = 0.64 & F2,18 = 0.65, p = 0.53, respectively).

Figure 3.17 Total levels of DARP-32 in the striatum from young VKI mice
A) Total levels of DARP-32 were measured in striatal tissue collected from VKI mice and their WT littermates.
Both het and homo mice show increased DARP-32 levels at 3 months of age (1-way ANOVA F2,16 = 8.77, p < 0.05,
Bonferroni post-test WT vs het t(16) = 2.82, p < 0.05 & WT vs homo t(16) = 4.11, p < 0.01). B) Slices from 3-monthold animals were stained for DARP-32. There was an increase in DARP-32 levels in slices from homozygous
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animals (1-way ANOVA F2,77 = 3.70, p < 0.05 although this result did not reach significance by Bonferroni posttest).

To evaluate whether alterations were specific to dopaminergic neurons, we assayed
serotoninergic transporter (SERT) and norepinephrine transporter (NET) protein levels by
western blotting in striatal tissue from young VKI. Interestingly, total striatal SERT was higher
(Figure 3.18.B.i, 1-way ANOVA F2,6 = 6.82, p < 0.05, with Bonferroni post-test WT vs het t(6) =
3.14, p < 0.05 & WT vs homo t(6) = 3.25, p < 0.05), and NET showed a more variable trend
towards being increased (Figure 3.18.B.ii, 1-way ANOVA F2,6 = 2.49, p = 0.162) in VKI,
relative to WT littermates.

Figure 3.18 Total protein levels of SERT and NET in young VKI striata
A) Representative western blot of SERT and NET in VKI mice. B) Densitometry analysis was conducted
normalizing SERT and NET intensity to GAPDH loading control. There was a significant increase in total SERT
levels in the striatum of VKI mice (i, 1-way F2,6 = 6.82, p < 0.05, with Bonferroni post-test WT vs het t(6) = 3.14, p <
0.05 & WT vs homo t(6) = 3.25, p < 0.05), and a strong trend towards increased levels of NET in mutant animals
when compared to WT (ii, 1-way ANOVA F2,6 = 2.49, p = 0.162).
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3.3
3.3.1

VKI mice behaviour
VKI mice locomotor function and exploratory behavior

At young ages, motor function was normal in VKI as compared to WT littermates. There were
no changes in locomotion in an open field, as measured by total distance traveled and moving
time (Figure 3.19.A.i&ii, 1-way ANOVA F2,116 = 0.39, p = 0.67 & F2,116 = 0.71, p=0.49
respectively). Open field exploration was also comparable as shown by the percentage time spent
in the center of the arena (Figure 3.19.A.iii, 1-way ANOVA F2,116 = 0.06, p = 0.93).
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Figure 3.19 Open field test in young and old VKI mice
Young (A) and old (B) mice were placed in an open field arena and video recorded as they explored their new
environment for 15 minutes. A) Total distance traveled (i) and moving time (ii) was not different across genotypes
(1-way ANOVA F2,116 = 0.39, p = 0.67 & F2,116 = 0.71, p=0.49 respectively). Percentage of central path exploration
was also similar across genotypes (iii, 1-way ANOVA F2,116 = 0.06, p=0.94). B) Older mice also show no difference
in total distance traveled or moving time (i & ii; 1-way ANOVA F2,80 = 0.62, p = 0.54 & F2,80 = 1.07, p = 0.35
respectively). There was no difference in the center path ratio between genotypes (iii, 1-way ANOVA F2,80 = 1.46, p
= 0.23, albeit a small trend towards increased distance in the center for VKI mice).

When mice were placed in a 1L cylinder, total number of rearing events was not different
in VKI mice compared to het and homo (Figure 3.21.A.i, 1-way ANOVA F2,109 = 0.33, p =
0.71). Grooming events and time were also measured showing no differences across all
genotypes (Figure 3.21.A.ii & iii, 1-way ANOVA F2,109 = 0.61, p = 0.54 & F2,109 = 1.79, p =
0.17 respectively). Motor performance on an accelerating rotarod was evaluated. After 2 days of
training mice were tested on the rotarod and number of failing events was counted whit an
increasing acceleration of the rod. All animals needed two days of training to achieve the ability
to run on the accelerating rod, with no difference in total number of fail events over the two days
between WT and VKI mice (Figure 3.19.A.i, 1-way ANOVA F2,100 = 1.27, p = 0.28). When
tested all mice performed similarly, with comparable increasing number of fail events as the
acceleration was increasing (Figure 3.20.Aii., 2-way ANOVA interaction F18,882 = 1.73, p < 0.05,
RPM F9,882 = 104.9, p < 0.0001, genotype F2,98 = 1.28, p = 0.28, subjects F98,882 = 2.58, p <
0.0001, also shown as total number of fail events over the 5 minutes of testing in Figure
3.20.A.iii, F2,100 = 1.45, p = 0.24).
With ageing, all mice showed a reduced distance traveled and moving time in the open
field (2-way ANOVA distance traveled: interaction F2,195 = 0.83, p = 0.43, genotype F2,195 =
0.038, p = 0.96, age F1,195 = 115.2, p < 0.0001, with Bonferroni post-test for WT, het, and homo
respectively: t(195) = 6.86, p < 0.0001; t(195) = 7.48, p < 0.0001; t(195) = 4.67, p < 0.0001; moving
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time: interaction F2,195 = 1.93, p = 0.15, genotype F2,195 = 0.24, p = 0.78, age F1,195 = 224.6, p <
0.0001, with Bonferroni post-test for WT, het, and homo respectively: t(195) = 9.85, p < 0.0001;
t(195) = 10.07, p < 0.0001; t(195) = 6.56, p < 0.0001; data not shown), but no significant difference
was found between VKI and their WT littermates at 18 months of age (Figure 3.19.B.i & ii, 1way ANOVA F2,80 = 0.62, p = 0.54 & F2,80 = 1.07, p = 0.35 respectively). Comparable to
younger animals, there was not difference in center path ratio by older VKI animals compared to
WT (Figure 3.19.B.iii, 1-way ANOVA F2,80 = 1.46, p = 0.23). However, WT show a significant
decrease in percentage distance covered in the center, homozygous mice showed a much smaller
decrease, while heterozygous mice show a similar percentage exploring the center in young and
old age (2-way ANOVA interaction F2,195 = 1.19, p = 0.30, genotype F2,195 = 0.81, p = 0.44, age
F1,195 = 24.41, p < 0.0001, with Bonferroni post-test for WT, het, and homo respectively: t(195) =
3.74, p < 0.001; t(195) = 2.13, p > 0.05; t(195) = 2.61, p < 0.05). Similarly, the performance in the
rotarod test worsen with age, with a much longer training period (5 days versus 2 days at young
age) and a much higher number of fail events during testing, but no difference was found
between het, homo and WT littermates (Figure 3.20.B.i-iii, 1-way ANOVA F2,45 = 1.004, p =
0.37, 2-way ANOVA interaction F18,360 = 1.83, p < 0.05, RPM F18,360 = 68.45, p < 0.0001,
genotype F2,40 = 0.03, p = 0.97, subjects F40,360 = 3.09, p < 0.0001, & 1-way ANOVA F2,45 =
0.03, p = 0.97 respectively), indicating that gross motor skills are not affected in VKI mice.

80

Figure 3.20 Rotarod performance in young and old VKI
Mice were placed on an accelerating rotarod (from 4 to 36 RPM) for 5 minutes. Every time the mouse fell or held on
to the rotarod was considered a fail event. A) During training there was no difference between VKI mice and their
WT littermates (i, 1-way ANOVA F2,100 = 1.27, p = 0.28) VKI mice show no differences in their performance when
compared with their WT littermates (ii, fail per acceleration: 2-way ANOVA interaction F18,882 = 1.73, p = 0.03,
RPM F9,882 = 104.9, p < 0.0001, genotype F2,98 = 1.28, p = 0.28, subjects F98,882 = 2.58, p < 0.0001, & total fails
during testing: 1-way ANOVA F2,100 = 1.45, p = 0.24, respectively). B) Older mice were also tested for their rotarod
performance. Training was longer in old animals (5 days to reach the ability to perform the test), but no difference
was found in number of fails for VKI mice compared to WT littermates (i, 1-way ANOVA F2,45 = 1.004, p = 0.37).
When tested for the accelerating rotarod VKI mice performed similarly to WT animals (ii, 2-way ANOVA 2-way
ANOVA interaction F18,360 = 1.83, p < 0.05, RPM F18,360 = 68.45, p < 0.0001, genotype F2,40 = 0.03, p = 0.97,
subjects F40,360 = 3.09, p < 0.0001, & 1-way ANOVA F2,45 = 0.03, p = 0.97 respectively).

Reduced rearings are also noted in older animals. Surprisingly, homozygous animals, but
not heterozygous mice, show an increased number of rearings (1-way ANOVA F2,79 = 2.97, p =
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0.057) albeit not significant, while both het and homo mice trend towards agreater number of
grooming events and total grooming time, that is significant different for homozygous animals
(1-way ANOVA grooming events: F2,79 = 2.67, p = 0.08 & grooming time: F2,79 = 5.45, p < 0.01,
with Bonferroni post-test WT vs het t(79) = 1.77, p = 0.16 & homo t(79) = 3.3, p < 0.01).
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Figure 3.21 Cylinder test activity in young and old VKI mice
Mice were video recorded after being placed in a 1L-glass beaker for 5 minutes. The number of rearings and
grooming activity was scored off-line by an experimenter blinded to genotype. A) Mice show no significant
difference in novelty-induced exploration (rearing; 1-way ANOVA F2,109 = 0.33, p = 0.71). Similarly, there was no
differences in total number of grooming events and total duration of grooming (ii & iii, 1-way ANOVA F2,109 =
0.61, p = 0.54 & F2,109 = 1.79, p = 0.17 respectively) B) In older age VKI mice show increased number of rearings
(i, 1-way ANOVA F2,79 = 2.97, p = 0.057), and higher number of grooming events, with significantly more time
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spent grooming (1-way ANOVA grooming events, ii: F2,79 = 2.67, p = 0.08 & grooming time, iii: F2,79 = 5.45, p <
0.01, with Bonferroni post-test WT vs het t(79) = 1.77, p = 0.16 & homo t(79) = 3.3, p < 0.01).

When tested in an elevated plus maze, young VKI mice explored both enclosed and open
arms less than WT littermates (shown as number of total entrances events in all arms in Figure
3.22.A, 1-way ANOVA F2,101 = 6.28, p < 0.01, with Bonferroni post-test WT vs het t(101) = 2.54,
p < 0.05 & homo t(101) = 3.46, p < 0.01 for het and homo VKI mice respectively). Interestingly,
VKI mice spent significantly less time exploring the open arms (Figure 3.22.B, 1-way ANOVA
F2,101 = 6.56, p < 0.01, with Bonferroni post-test WT vs het t(101) = 2.88, p < 0.01 & homo t(101) =
3.41, p < 0.01 for het and homo mice, respectively). At 3 months, while general locomotion and
locomotor learning appear unaltered, the motivation for exploration in stressful and anxiogenic
environments is reduced.
With ageing all mice reduce exploration of the maze, reducing number of entrances in all
arms (Figure 3.22.A, 2-way ANOVA interaction F2,179 = 5.54, p < 0.01, age F1,179 = 143.7, p <
0.0001, genotype F2,179 = 2.29, p = 0.104, Bonferroni post-test young vs old t(101) = 9.08, p <
0.0001 for WT; t(101) = 8.119, p < 0.0001 for het; t(101) = 4.04, p < 0.001 for homo). Interestingly,
while all animals reduced the time spent exploring the open, a significant reduction is shown in
WT, while there is a smaller decrease in het animals and no difference between young and old
homo mice (Figure 3.22.B, 2-way ANOVA interaction F2,179 = 6.64, p < 0.01, age F1,179 = 32.19,
p < 0.0001, genotype F2,179 = 0.82, p = 0.44, Bonferroni post-test young vs old t(101) = 5.99, p <
0.0001 for WT; t(101) = 3.11, p < 0.01 for het; t(101) = 0.84, p > 0.05 for homo). This data would
suggest the explorative behaviour to be altered at both ages, with a tendency towards an anxietylike behaviour in young age. This would be in agreement with higher grooming time for 18-
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month-old VKI, in the cylinder test, suggesting older animals trend towards anxiolytic-like
behaviour.

Figure 3.22 Exploratory behaviour in an elevated plus maze in young and old VKI
Mice were left exploring an elevated plus maze for 5 minutes. Number of entrance in each arm was counted and
total time spent exploring the open arms was measured. A) 3-months-old animals show fewer total number of
entrances in all arms, indicating lower exploration of the maze (1-way ANOVA F2,101 = 6.28, p < 0.01, with
Bonferroni post-test WT vs het t(101) = 2.54, p < 0.05 & homo t(101) = 3.46, p < 0.01 for het and homo mice
respectively). All mice decreased exploration with age with no differences across all genotypes (2-way ANOVA
interaction F2,179 = 5.54, p < 0.01, age F1,179 = 143.7, p < 0.0001, genotype F2,179 = 2.29, p = 0.104, Bonferroni posttest young vs old t(101) = 9.08, p < 0.0001 for WT; t(101) = 8.119, p < 0.0001 for het; t(101) = 4.04, p < 0.001 for homo).
B) Young mice show lower percentage of time spent exploring the open arms (1-way ANOVA p<0.0002,
Bonferroni post-test p<0.04, p<0.002 for het and homo mice respectively). With age WT mice reduce their
percentage of time spent exploring the open, while this reduction is smaller in het animals and absent in homo mice
(2-way ANOVA interaction F2,179 = 6.64, p < 0.01, age F1,179 = 32.19, p < 0.0001, genotype F2,179 = 0.82, p = 0.44,
Bonferroni post-test young vs old t(101) = 5.99, p < 0.0001 for WT; t(101) = 3.11, p < 0.01 for het; t(101) = 0.84, p > 0.05
for homo).

85

Not all mice underwent the same experiments. A detailed list of experiments and the
order they were performed, for each cohort, is shown in Table B.3 in Appendix B.2. The first
cohort of young animals to be tested underwent open field without being tested for elevated plus
maze.
We then looked further in the exploratory activity of VKI mice during the open field. We
re-analyzed two cohorts of mice tested in the open field, and divided the arena into four different
zones. The analysis on a 6-months-old cohort of VKI mice, naive to experiments prior to open
field, showed reduced time in the two zones closer to the examiner, for heterozygous animals,
while WT littermates uniformly covered the entirety of the arena (Figure 3.23.B; 1-way ANOVA
F3,15 = 0.89, p = 0.86 & F3,15 = 3.03, p = 0.07, respectively for WT and het). Unfortunately, the
number of animals was low and quite variable and this data did not reach significance. When a
separate cohort of 3-month-old VKI mice, previously exposed to elevated plus maze prior to
open field, was analyzed for zone preference, there was no apparent change in percentage of time
spent exploring each zone (Figure 3.23.C; 1-way ANOVA F3,19 = 2.53, p = 0.56, F3,28 = 0.81, p =
0.49, & F3,16 = 0.67, p = 0.57 for WT, het, and homo, respectively).
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Figure 3.23 Zone preference in an open field in 6 months old VKI
Open field experiment was re-analyzed for a cohort of 6-month-old animals naive to testing, and a cohort of 3month-old animals that experienced the elevated plus maze before the open field. For analysis, the open field arena
was divided into 4 zones. A) Areas 1 and 2 were distant from the experimenter and closer to a wall. Zones 3 and 4
were instead closer to the experimenter and further away from the wall. B) In the naive group, WT mice (left)
uniformly explored all zones in both groups (1-way ANOVA F3,15 = 0.89, p = 0.86), while het animals show a trend
towards greater exploration in zones 1 and 2 (1-way ANOVA F3,15 = 3.03, p = 0.07). C) In the group previously
exposed to elevated plus maze, no difference was found between time spent in the 4 zones across all genotypes (1way ANOVA F3,19 = 2.53, p = 0.56, F3,28 = 0.81, p = 0.49, & F3,16 = 0.67, p = 0.57 for WT, het, and homo,
respectively).

87

3.3.2

Cognitive evaluation

To evaluate cognition in VKI mice we used a radial arm maze paradigm. Usually the radial arm
maze is used to evaluate spatial memory. In our case we did not suspect alteration in memory
function, particularly in young animals; therefore we modified the paradigm to better assess setshifting, perseveration, and outcome evaluation.
We used here a radial arm maze consisting of a central area and 8 arms (maze shown in
Figure 3.24). Mice were first habituated for 3 days to a solution of 30% sucrose in regular water.
As expected, given a choice of regular water and 30% sucrose-water in their home cage (bottle
holder as shown in Figure B.5), all mice preferred sucrose-water and did not consume regular
water. The amount of liquid consumption was also increased compared to average (normally
around 3-4mL of water per day). Unfortunately mice were no single housed, nor separated by
genotype, so it was not possible to distinguish whether some mice have been drinking more
sucrose-water than others, or if certain mice had a stronger preference towards sucrose-water
compared to regular water.

88

Figure 3.24 Experimental set up for radial arm maze test
Time line for the radial arm maze test. Mice were habituated to a 30% sucrose-water solution for 3 days prior to
testing. On day 1 mice testing begins. Mice were left exploring the maze for 5 minutes with a petri-dish containing
sucrose-water in arm 8. The test was repeated for the 2 following days. On day 4 the solution was moved to arm 4.
After day 5 there was a 2-days period in which mice were not tested. On day 6 the solution was still in arm 4.
Sucrose-water was then removed from the maze on day 8 and the test was repeated for two days (day 8 and 9).

After three days of habituation, mice were tested and left exploring the maze for 5
minutes each day for 9 consecutive days.
For the first three days of testing, a petri-dish filled with the sucrose-water solution was
placed in arm 8 (as shown in Figure 3.24 and discussed in the method section 2.10). At all ages
(3 and 18-months) all mice showed preference for arm 8 over other arms, quantified in
percentage of time spent in arm 8 over total time exploring all arms (Figure 3.25.A, B, & C;
while equal exploration of arm would require ~12.5% of time in each arm, exploration of arm 8
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is ~25%). On day 4 of testing, the sucrose solution was moved to arm 4. As expected, WT mice
showed a significant decrease in time spent in arm 8 and a significant increase in time spent in
arm 4. While there was a small increase in the time spent in arm 4, het and homo animals did not
show any reduction in time spent exploring arm 8, now lacking the reward. Instead VKI mice
perseverated on spending time in arm 8, despite the absence of the reward in that arm (Figure
3.25.C, 3-way ANOVA F2,58 = 3.861, p < 0.05, post-test WT t(57) = 3.52, p < 0.001, het t(57) =
0.79, p = 0.12, & homo t(57) = 0.97, p = 0.99).
After day 5, mice were left resting and tested again after two days (day 6). All young
mice were able to find sucrose fairly quickly and increased the time spent in the arm containing
sucrose. On day 8, sucrose was removed from the maze and the test was repeated. All young
animals decreased the time spent in arm 4 and increased the time spent in arm 8. This behaviour
suggests that in the absence of sucrose all mice go back to the first location of sucrose, the
strongest association with the reward.
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Figure 3.25 Radial arm maze in 3-months-old VKI
A) Percentage of time spent in arm 8 over the 9 days of testing. WT (white) reduced time spent in arm 8 when
sucrose was moved to arm 4 (day 4), while het (grey) and homo (black) did not show this change. B) Percentage
time spent in arm 4, indicating increased time on day 4 for WT and het animals, but not homozygous mice. C)
Summary of Figure 3.25.A&B, showing the change in time spent in either arm 8 and 4 when sucrose was moved
from arm 8 to arm 4 between day 3 and day 4 of testing (3-way ANOVA F2,58 = 3.861, p < 0.05, post-test WT t(57) =
3.52, p < 0.001, het t(57) = 0.79, p = 0.12, & homo t(57) = 0.97, p = 0.99).
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When 18-month-old were tested on the same paradigm, on day 4 of testing WT mice
showed a similar phenotype to younger animals, significantly decreasing the time spent in arm 8
and increasing the time spent in arm 4. While old het and homo animals increased the time spent
in arm 4, there was no reduction in time spent in arm 8 (Figure 3.26.C; although these data did
not reach significance by 3-way ANOVA F2,38 = 1.375, p < 0.26). Older mutant mice are showed
a similar persistent phenotype to young VKI mice, only less pronounced. Similarly to younger
animals, once the sucrose solution was removed from the maze, the time spent in arm 8 did not
change compared to the day before, as all mice went back to the original arm containing sucrose
throughout the entire experiment (Figure 3.26.D). As with young animals, older WT and het
mice decreased the time spent in arm 4. Interestingly, 18-month-old homo mice did not show the
same reduction, suggesting that the perseverative phenotype was worsening with age, although
this did not reach significance (Figure 3.26.D, 3-way ANOVA F2,38 = 0.27, p < 0.20).
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Figure 3.26 Radial arm maze in 18-months-old VKI
A) Percentage of time spent in arm 8 over the 9 days of testing. WT (white) reduced time spent in arm 8 when
sucrose was moved to arm 4 (day 4), while het (grey) and homo (black) did not show this change. B) Percentage
time spent in arm 4, indicating increased time on day 4 for WT and het animals, but not homozygous mice. C)
Summary of Figure 3.26.A&B, showing the change in time spent in either arm 8 and 4 when sucrose was moved
from arm 8 to arm 4 between day 3 and day 4. This difference was not apparent in het and homo mice (3-way
ANOVA F1,38 = 1.375, p < 0.26). D) Summary of Figure 3.26.A&B, showing the change in time spent in either arm
8 and 4 when sucrose was moved away from the maze between day 7 and day 8 of testing. This change was obvious
in WT and het mice, but absent in homozygous animals (3-way ANOVA F2,38 = 0.27, p < 0.20, although this data
did not reach significance).

We then sought to evaluate spatial and memory recognition in young animals using a
novel object recognition and a novel object location paradigm. We tried first to identify a pair of
objects for which our mice would not show any preference that would alter the result of the test;
many were used, in different shapes, texture, and colour. Unfortunately we were unable to
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identify objects that were suitable for the test, and could not guarantee that the zone preference
would not affect the test. Despite not being able to perform novel object location or novel object
recognition tasks, we investigated mouse behaviour during the familiarization process preceding
the test itself with a specific pair of objects. After the open field paradigm, mice were left
exploring the same arena but in the presence of two different novel objects for 5 minutes
(specific objects used for this task shown in Figure B.6). This assay was performed three times
with 5 minutes resting time intervals in which the mice were put back in their home cage. The
time spent exploring either object was quantified using the same Anymaze tracking system as for
the open field. For all WT there was a strong preference towards one of the 2 objects, and several
familiarization trials were not able to reduce this preference (Figure 3.27.A, 1-way ANOVA F5,27
= 8.17, p < 0.001, Bonferroni post-test familiarization 1 t(22) = 2.36, p = 0.08, familiarization 2
t(22) = 2.91, p < 0.05, & familiarization 3 t(22) = 5.18, p < 0.0001). Interestingly, VKI mice
showed no preference in the first familiarization trial, but eventually built up a preference during
trial 2, which seemed to become stronger during trial 3 but without reaching significance (Figure
3.27, 1-way ANOVA F5,27 = 1.11, p = 0.38),. What caused this increasing preference would need
further investigation, but showed consistently different exploratory behaviour and cognitive
abilities for VKI mice.
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Figure 3.27 Object preferences in 6-month-old VKI
Exploration for the 2 objects for the three familiarization trials (F1, F2, and F3). WT mice showed greater
exploration of object 2, particularly in F2 and F3 (A, 1-way ANOVA F5,27 = 8.17, p < 0.001, Bonferroni post-test
familiarization 1 t(22) = 2.36, p = 0.08, familiarization 2 t(22) = 2.91, p < 0.05, & familiarization 3 t(22) = 5.18, p <
0.0001), while het mice only showed a trending preference during the last familiarization trial (B, 1-way ANOVA

F5,27 = 1.11, p = 0.38).
3.4

Pathological assessment

Pathological evaluation of brain tissue from 18-month-old VKI mice was performed in
collaboration with Heather Melrose’s group at Mayo clinic. Brains were fixed via intra-cardiac
perfusion with 4% PFA, then collected and shipped to Melrose’s lab for histology. Brain slices
were stained for canonical PD pathological markers, such as α-synuclein and tau. While the
greatest portion of the pathology evaluation is still ongoing a few images have been analyzed and
showed a much stronger phospho-tau staining signal in slices from brains from 18-month-old
homozygous animals when compared to slices from WT of the same age (Figure 3.28).
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Figure 3.28 Example images of tau staining in brain slices from VKI.
Brains from 18-month-old VKI animals were extracted. 5µm slices were obtained by cryostat and stained for
phospho-tau (Ser202, CP13). Here shown two example images of midbrains from WT (left) and homozygous (right)
mice, showing greater staining in the midbrain from homozygous animal.
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Chapter 4: Discussion
In this work we aimed to characterize a novel mouse model of parkinsonism. Prof. Farrer’s lab
developed a mouse carrying the point mutation p.D620N of the VPS35 protein, recently linked
with PD. The mutant mouse is viable and shows no alteration in the physiological levels of the
protein. In my work I evaluated alterations in the dopaminergic system and attempted to
correlate behavior, in the presence of the mutation. My goal was to understand early deficits in
PD and explore a possible mechanism for disease.

4.1

Dopaminergic dysfunction

In VKI mice there was no overt loss of TH+ dopaminergic innervation to the striatum or loss of
nigral neurons. However, striatal immunohistochemistry and protein biochemistry revealed a
major increase in VMAT2 (albeit similar puncta number, with greater intensity and area) and
significant decrease in DAT (also trending by immunohistochemistry with less puncta, intensity,
and area). Remarkably, striatal tissue from young VKI showed an increased capacity to evoke
dopamine release by ex-vivo FSCV, which was gene dose-dependent. In heterozygous animals,
there was also a modest increase in dopamine decay time consistent with elevated evoked
dopamine and impaired re-uptake. A similar increase in the duration of dopamine release
transients was shown in a Lrrk2 pG2019S knock-in mouse model we recently published,
phenomenon that persisted in the absence of DAT re-uptake (Volta et al., 2017).
While DAT levels appeared to be reduced in young het and homo mice, the re-uptake by
FSCV was only significantly affected in het animals. This would suggest het and homo
dopaminergic neurons compensate slightly differently, or homozygous animals have more than
one impairment, which diminishes this phenotype. Regardless, levels of DAT do not necessary
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relate to its function, or its expression on the membrane. Preliminary data suggest that DAT is
indeed trafficked by VPS35, shown by co-immunoprecipitation of DAT with VPS35. Future
studies should investigate whether differential activity and/or surface expression is seen in het
and homo VKI animals.
D2R levels were not different and autoreceptors appeared to function normally on shortterm scales (attenuating further dopamine release within seconds during paired-pulse
stimulation), albeit the efficacy of D2R negative tuning may be less in VKI slices. However, bath
application of quinpirole, a selective D2R agonist, had a more immediate inhibitory effect on
dopamine release in VKI slices over a longer time-frame (~10 minutes), at both ages. No
differences in D2R binding with VPS35 suggests that trafficking to the surface is not altered,
although it would be interesting to assay whether there are more D2R on the cell surface. The
increase in DARPP-32 is in agreement with greater response to quinpirole treatment in VKI
slices, suggesting that altered D2R effect is likely due to altered D2R downstream signaling
cascades (and possibly also D1R), rather than D2R levels per-se.
Though basal levels of extracellular dopamine appeared normal by in-vivo microdialysis,
dopamine metabolism was significantly elevated in young homozygous animals, indicating that
in 3-month-old animals the excess of dopamine is likely compensated by metabolism. As
microdialysate collection was over an hour the amount of dopamine and metabolites also reflects
clearance from the synaptic cleft, either by diffusion, metabolism or re-uptake. Further
investigation of the enzymatic activity of MAO and COMT in VKI striatal tissue may provide
more insight. Additionally, total levels of dopamine and metabolites in VKI striata were
comparable across genotypes, suggesting, together with normal TH levels, that production and
availability of dopamine was not affected, rather release is increased.
98

Interestingly, total protein levels of SERT were also increased in striata from VKI mice,
with NET levels trending towards increased, possibly to compensate for dopaminergic
dysfunction. Indeed, serotoninergic neurons can uptake dopamine through SERT, often linked to
motor complication during PD treatment (Nishijima & Tomiyama, 2016).
In older animals dopamine release appeared decreased in comparison to WT animals,
although this data was not significant. At this age, TH+ neuron loss was still not apparent.
Nevertheless, while VMAT2 was still greater in old VKI mice, the increase was diminished.
Additionally, no changes are found in total levels of dopamine and its metabolites in old animals,
while decay time in ex-vivo recording was slightly faster.
In support of our results here, an independent line of Vps35 p.D620N knock mice was
reported to also have normal basal levels of dopamine and metabolites, by in vivo microdialysis
(Ishizu et al., 2016). However, depolarization-induced dopamine release, with 120mM potassium
chloride, was significantly decreased in homozygous animals compared to WT. In comparison to
Ishizu’s work, experimental animals were older, at 20-28 weeks, while the sample size was
modest and included both sexes, FSCV was not performed, nor was evaluation of VMAT2 or
DAT, thus further comparative assessment in both line is warranted.
Despite the different experimental design, the data of Ishizu and colleagues and ours
suggest that retromer may be responsible for recycling of dopaminergic vesicles or proteins
important for vesicles formation, docking, and/or release. Together, the quantitative analysis of
striatal proteins related to dopamine storage and re-uptake, with ex-vivo and in-vivo
physiological investigations of basal and evoked dopamine release, demonstrates that Vps35
p.D620N mutation functionally impairs dopaminergic neurotransmission.
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Pre-synaptic dopamine synthesis, storage, and exo-/endo-cytosis are regulated by the
combinatory action of TH-mediated production, VMAT2 packaging and DAT reuptake (Meiser
et al., 2013). Dopamine homeostasis is also balanced by dopamine D2/D3 autoreceptors, trace
amine receptor signaling, molecular chaperones and metabolism (Meiser et al., 2013). The
process by which VMAT2 and DAT are actively recycled, and how they influence each other’s
localization, remains unknown. Recent studies suggested DAT is recycled via VPS35-positive
endosomes (Wu et al., 2017). VPS35 D620N may directly affect retromer selection of DAT as a
cargo, although such DAT recycling mechanism may only be important in the small subset of
actively releasing dopaminergic terminals (Pereira et al., 2016). Nevertheless, chronic DAT
reduction will disrupt the balance of extra- to intracellular dopamine with consequent effects on
signaling and homeostasis (Lohr, Masoud, Salahpour, & Miller, 2017). In contrast,
overexpression of DAT more readily causes midbrain cell loss, possibly through accumulation of
dopamine inside the neuron (Lohr et al., 2017). Whereas VMAT2 deficiency is lethal, mice
expressing low levels of VMAT2 show deficits in vesicular packaging leading to depletion of
dopamine levels, with consequent behavioural alterations and α-synuclein aggregation (Lohr et
al., 2017). Curiously, results in VKI (and LRRK2) mice are reminiscent of BAC-transgenic
VMAT2-overexpressing mice that have increased vesicular capacity to store dopamine and
increased evoked release (Lohr et al., 2014; Volta et al., 2017), and which are insensitive to
methamphetamine-induced dopaminergic neurodegeneration relative to WT (Lohr et al., 2015).
However, a fundamental and intriguing difference in VKI mice, despite increased propensity to
dopamine release and more VMAT2 protein, is that there is no more intracellular dopamine
stored compared to WT littermates. An ultrastructural study of synaptic vesicle and endosomal
compartments may be informative in this regard. Ongoing work is investigating the number, size,
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and distribution of synaptic vesicles in brains from young and old VKI animals. These data will
surely help us understand the mechanism of dopamine regulation, and the dysfunction we see in
the VPS35 knock-in mouse dopamine system. While extracellular dopamine is normalized via
compensatory systems, the effect on D2R is still notable and could lead to subtle behavioural
alterations. Of note, DAT knock-out mice show a complete loss of D2R auto-inhibition
(Gainetdinov, Jones, & Caron, 1999).
Presynaptic dopaminergic phenotypes observed in VKI mice may require molecular
and/or network compensation to mask dysfunction, which may fail with age. Similar
neurotransmission phenotypes have been reported in other models of mutations linked to lateonset parkinsonism (Chesselet et al., 2012; Yue et al., 2015). Many of these proteins affect the
endosome recycling system and functionally converge about receptor recycling and
neurotransmission (Volta, Milnerwood, & Farrer, 2015). For example, in human LRRK2
p.G2019S carriers, initial elevations in serotonin and dopamine function decline with age as
symptoms manifest (Sossi et al., 2010; Wile et al., 2016), similar to results garnered in G2019S
knock-in mice (Volta et al., 2017). Notably, VPS35-deficiency is lethal, but in surviving cells
impairs AMPA receptor trafficking, impedes dendritic spine maturation, and decreases
glutamatergic transmission (Tian et al., 2015). In contrast, AMPA receptor cluster intensity
appears increased in human inducible pluripotent stem cell-derived dopaminergic neurons from
Vps35 p.D620N heterozygotes (Munsie et al., 2015). Such network effects, involving excitatory
and inhibitory neurotransmission, may place excessive demand on synaptic proteostasis, ATP
metabolism, mitochondria and autophagy. With time, chronic dysfunction challenges
compensatory systems, and may lead to the insidious loss of dopaminergic neurons.
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In PD the selective vulnerability of dopaminergic neurons in the SNpc is multifaceted
(Surmeier, 2007), but includes differential expression of VMAT2 and DAT in SNpc compared to
VTA (Uhl, 1998). This body of work suggests that, in our mouse, mutant VPS35 is altering
trafficking of DAT to the surface, therefore reducing dopamine reuptake and leading to increased
VMAT2 at terminals. The outcome is increased evoked dopamine release, possibly compensated
via dopamine metabolism (COMT and MAO) or diffusion (proposed model in Figure 4.1). With
ageing, while higher VMAT2 protein levels may lead to increased dopamine packaging,
dopamine release appear smaller, possibly indicating terminals may be lost at this age, with
surviving neurons compensating via faster re-uptake of dopamine, and greater TH levels.
Analysis of striatal tissue also suggests there is no difference in dopamine concentration
between genotypes; hence VKI mice are likely to provide fundamental insights into
dopaminergic regulation.
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Figure 4.1 Proposed model of dopaminergic dysfunction in VKI mice
Dopaminergic neuron in the presence of a p.D620N mutation in VPS35. Vesicles and proteins machinery necessary
for vesicles formation are taken from the membrane, then recycled and quickly placed in the releasable pool, rather
than degraded via lysosomes. An increase in the number and/or kinetics of readily-recycling vesicle leads to
increased release of dopamine, causing increased D1R & D2R signaling, and compensatory mechanisms such as
decreased DAT expression on the surface. DAT decrease may be directly dependent on dysfunctional retromer
trafficking and the increased temporal retention in endosomes, leading to more DAT being degraded. Extracellular
dopamine is quickly metabolized, possibly via increased MAO & COMT function. Glia may play a role in
extracellular dopamine clearance. Of note, altered dopamine transmission may be balanced by excitatory glutamate
signaling as VPS35 p.D620N also impairs AMPA recycling (Munsie et al., 2015). Overall the system is functional
and compensates quite well for altered release. Higher dopamine function can lead to additional oxidative stress in
the cytosol and consequent metabolic demand for lipids and proteins turnover, and possibly α-synuclein (and tau)
oligomerization.
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4.2

Behavioural evaluation

At 3 months of age VKI animals are grossly normal in regards to survival and weight, and
exhibit no signs of motor dysfunction. With ageing, WT mice show a substantial increase in
body weight. This is not seen in VKI mice, despite an overall healthy look. In this study we did
not investigate the changes in whole body composition, but cursory post-mortem evaluation
suggested that organs are lighter in VKI mice, and that fat accumulation may be decreased. This
difference could be dependent on increased metabolism in the presence of the mutation, whether
via increased use of energy or lower accumulation. Parkinson’s patients are similar in this regard,
tending towards a lower body mass index with disease progression, and despite their relative
immobility (J. C. Sharma & Lewis, 2017).
While it would be of interest to measure gastro-intestinal activity and food consumption,
our results in the radial arm maze would suggest that sucrose consumption was not different,
although the test was performed after water deprivation, and the amount of sucrose-water
consumed may be dependent on the level of de-hydration of each mouse. Parallel testing with a
solution of regular water could be informative. VPS35 is highly expressed in several secretory
systems, including pancreas and thyroid. A role of the protein in these organs and the hormonal
effects on the whole body require investigation, and could explain the altered behaviour under
stress we observed.
Mice spend a good portion of their home cage time grooming. When tested in a cylinder
test they usually spend the first couple of minutes exploring the cylinder and trying to escape, but
eventually reach a certain level of comfort and start grooming. The amount of grooming time and
number of grooming events has been used in the past as a measure of anxiety as it can be
modulated by anxiolytic drugs, although grooming is a much more complex behaviour
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(Smolinsky et al., 2009). Showing greater number of grooming time and events could suggest a
lower level of fear or anxiety in VKI mice at 18 months of age, or could be an indication of
altered explorative behaviour. Different weight could also be a factor.
Indeed, while gross locomotion is not affected, despite normalizing to body weight,
exploration appears altered in VKI mice. Young animals presented preference for more protected
environment, and show sign of distress with the experimenter. Eventually with habituation to the
experimenter and to the task itself, these subtle alterations disappeared and VKI mice behaved
similar to their WT littermates. Indeed, it is important to consider that the elevated plus maze has
always been the first test performed in all cohorts, followed by the open field on the same day,
the cylinder test on the following day, and finally the rotarod test at the end of the week. One
cohort of young mice was not tested on the elevated plus maze, and showed clear fear-related
behaviour avoiding the center of the cage during the open field. Similarly, a cohort of 6-monthsold mice, which was only tested for the open field, showed preference of a side of the cage
further away from the experimenter. Following cohorts of young animals, when tested on the
open field after the elevated plus maze did not show this phenotype, although still apparent for
the elevated plus maze. This suggests the phenotype is quite subtle, and that exposure to the
experiment’s room and possibly adjustments to testing itself can reduce this altered behaviour.
Further evaluation might measure exploration in separate cohorts for each one of these tests, or
change the order of the tests to see if it affects the results.
Interestingly, while young VKI showed increased fear-related behaviour in the elevated
plus maze, this normalized to WT with age. This concurs with dopamine release being increased
in young and decreased in older mice, suggesting dopamine may play a role in such behaviour.
18-month-old VKI show no difference in the open field test, always the second test of the series
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after the elevated plus maze), but show higher activity during a cylinder test (usually performed
after elevated plus maze and open field). At this stage is hard to attribute this difference in
behaviour to lower fear or anxiety. Instead greater activity in the cylinder test could be dependent
on different body mass at old age. Nevertheless, a lower ability to value the danger of the
situation is not to be excluded, given the dopaminergic alterations present at both ages.
Possibly the alteration in the dopaminergic system can slow the process of adaptation to a
new situation or new rules in a behavioural task. Indeed, in a radial arm maze with sucrosewater, VKI mice show a more perseverative behaviour, but eventually are capable of performing
the task. This phenotype worsens with age.
Considering the aforementioned dopaminergic alterations, as the motor performance of
VKI animals is not impaired, and synaptic connectivity and dopamine neuron counts are
comparable to WT, compensation must be considered. Cognitive alterations are present, albeit
only seen under specific challenges, and are somewhat similar to those seen in humans, often
prior to motor dysfunction. People affected by PD do not show memory alteration, at least not
initially. Rather, they exhibit a lack of cognitive flexibility and adaptation to a new task, or new
rules while performing action (Boller & Grafman, 2000; Kehagia, Barker, & Robbins, 2010).
Dopamine in the basal ganglia is very important to modulate these behaviours, modulating the
value of an action. When dopamine is reduced (or possibly increased in early stages) the firing
pattern may be altered. Indeed, in PD and other dopaminergic related syndromes often reward
and punishment are not recognized properly, leading to addictive behaviour, gambling and in
general poor decision making.
The role of dopamine in cognitive ability and fear/risk related behaviour is controversial.
Some data suggest increased dopamine signaling is responsible for risk-taking behaviours,
106

including those seen in PD patients treated with dopaminergic drugs (Clark & Dagher, 2014). A
study on DAT knock-down mice shows increased hyperactivity and mania-like behaviour
reversible with D1R antagonists (Milienne-Petiot, Groenink, Minassian, & Young, 2017). In
contrast, low concentrations of dopamine are necessary to avoid negative outcomes. Frank and
his group proposed a model in which phasic dopamine bursts following rewards promote
positive reinforcement while reductions in tonic dopamine levels lead to negative reinforcement,
each controlled by the D1R/direct pathway and the D2R/indirect pathway, respectively (Cohen
& Frank, 2009). This computational model suggests that the dopamine signal promotes learning
from positive outcomes via stimulation of D1R, whereas learning to avoid negative outcomes is
mediated via disinhibition of indirect pathway striatal neurons secondary to a reduction of D2R
stimulation during dopamine pauses (Cohen & Frank, 2009).
Future work will establish whether the behaviour described here is dependent on
dopaminergic dysfunction, or whether other systems are in play. Regardless, the VKI mouse (in
comparison to littermates) provides useful system in which to understand the dopamine system,
under normal and pathophysiological states. Further study of VKI mice may elucidate the
ontology and pathology of Vps35 p.D620N parkinsonism and may even provide much needed
insight into imaging biomarkers and disease-modifying interventions for genetically-defined and
idiopathic PD.
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Chapter 5: Conclusion
5.1

Summary and conclusion: Implications for the field

The loss of dopaminergic markers, prior to neuronal degeneration, suggests that altered synaptic
function may precede the onset of clinical symptoms in patients. Current therapies offer
alleviation of motor symptoms, but none prevent onset or halt disease progression and non-motor
symptoms remain problematic. Thus, new therapeutic strategies are necessary.
To address the effects of the p.D620N mutation on VPS35 and help us understand
mechanism of disease, we developed a VPS35 p.D620N knock-in mouse model to preserve the
endogenous regulation and stoichiometry of the retromer complex. We hypothesized that VPS35
p.D620N affects a subset of retromer functions, namely synaptic-endosomal function and
neurotransmission, through impaired recycling of monoamine transporters, a novel class of
retromer cargo.
In this thesis, I characterize VKI animals on different aspects, from motor behaviour, to
cognition, to the nigrostriatal system and dopamine release, including a pathological evaluation
of older VKI mice. Characterization of VKI mice at 3 months of age revealed an increase in
nigrostriatal dopamine release and impaired recycling of dopaminergic synaptic machinery,
albeit in the absence of nigral neuronal loss or motor dysfunction. With ageing VKI mice show
lower fat accumulation and possible metabolic dysfunction. Older VKI present lower dopamine
release, despite a consistent increase in VMAT2 levels, indicating the system is beginning to fail
at this age. Nevertheless, alterations in DAT may still be present and could affect VMAT2 levels.
Despite initial reduction in dopamine release, extracellular levels of dopamine and its
metabolites are normal at this age, and no neuronal loss is present. Interestingly, old VKI animals
begin to show pathological markers of parkinsonism, such as tau alterations. Our findings
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suggest that physiologic expression of VPS35 D620N causes dysfunction of synaptic dynamics,
reminiscent of early stage PD, with later alteration that replicate the ageing process seen in
humans.
In PD, motor symptoms are preceded by a lengthy prodromal / pre-motor phase which
can occur years if not decades prior to clinical diagnosis and loss of nigral neurons (Goldman &
Postuma, 2014). Successful modeling of PD should take into consideration the subtle and
prolonged nature of disease progression, as neuroprotective treatments targeted prior to neuronal
loss could prove most beneficial.
Further characterization of VKI animals, including additional TH-immunoreactivity and
nigral neuronal stereology, will be important to revisit at later time-points. Pharmacological
investigations of dopamine release/reuptake may be especially insightful in the biology of
addiction and reward, whereas electron microscopy studies may reveal ultrastructural or synaptic
vesicles alterations apparent in VKI mice.

5.2

Limitations and future directions

Despite sharing many similarities with humans, mice are not quite the same and can respond
differently to disease stresses. For instance, there is a notion that PD is a disease of ‘accelerating
ageing’ and that most people would develop PD if given sufficiently long lives. The mouse
lifespan is very short, two years on average in a laboratory. Neurons may need a longer period to
degenerate to the same extent they do in humans.
Moreover, genetic effects can sometimes be different between humans and mice. One
important mutation linked with PD is the p.A53T substitution of α-synuclein, which is the
physiological form in the mouse. This main difference may help protect the mouse from
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synuclein pathology, at least in the same form it appears in humans. Instead tau appears to be
commonly present in several of the previously studied genetic mouse models, and the model
described in this work. Tau often presents an alternative or parallel pathological marker in PD
patients, suggesting in some parts we can replicate the human disease in the mouse, and possibly
understand what leads to pathology. More importantly, understanding the differences between
species and models can be also informative to mechanisms of disease. Future work should focus
on understanding the connection between PD-linked proteins and tau, taking into account the
interaction with dopamine. Given that tau is important in other neurodegenerative diseases, the
role of other neurotransmitters and additional cognitive evaluation should also be taken into
consideration.
Monogenic forms of PD, whether alpha-synuclein as a vesicular chaparone of presynaptic
SNAREs/exocytosis, LRRK2 in Rab activation, or GBA in ceremide metabolism, all suggest
perturbations in synaptic-endosomal trafficking, in lipid and membrane-associated protein
turnover, are the primary event in the etiology and pathogenesis of PD. Such deficits place major
demands on chaparones, ATP and mitiochondrial function, proteostasis and endosomalautophagy, and gene dysfunction highlighted in more atypical forms parkinonism. Whether the
DNAJ 'C' family, DNAJC5, DNAJC6, DNAJC12, DNAJC13, DNAJC26 of chaparones, or
PINKI and Parkin in mitochondrial maintenance/ATP production, DCTN1 or MAPT in
trafficking, or RAB39B, SMPD1, and most recently SLC17A5, ASAH1, and CTSD in lysosome
function (Robak et al., 2017). VPS35 adds to this literature but more closely resembles the
phenotype of late-onset, idiopathic Parkinson's disease. Clearly, further inquiry in synapticendosomal dysfunction, and in dopaminergic neurons, should be a primary concern.
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Because PD is age-dependent, we sought to examine our mice to 18 months, considered
an advanced age for mice. Unfortunately ageing mice to over 18 months can be challenging,
particularly because of natural death of the mice prior to experimentation, but more so due to
cost (asides, many mice live to >26 months). This limitation reduced the power for certain
experiments and made it problematic to replicate all assays used in young animals. It is important
to further investigate how early changes develop in old age, and what, if any, compensation
occurs or eventually fails. Alternatively, we should seek to discover whether additional
mechanisms of diseases appear in later stages. For instance, the influence of the immune system
upon disease processes is well established, and we should determine whether mutant VPS35
affects immune function, and whether alterations, if present, appear early or are a consequence of
parallel dysfunction in other systems. Similarly, mitochondria are likely to be affected by an
over-working dopaminergic system, yet may be a primary cause of dysfunction. Electronmicroscopy images from young VKI mice are now under analysis for mitochondrial (as well as
endosomal) structures. Studying these systems at different age points can be helpful in
understanding the progression of disease, and at which stages interventions are necessary.
Despite many similarities and homologous organisation, the human brain is more
complex than the mouse brain, and the same structures likely function differently. For instance,
the number of dopaminergic neurons appears to be different in the human SNpc vs the VTA,
while in rodents this difference is not apparent. Instead the number of dopaminergic neurons in
the mouse SN are equivalent to the number in the VTA (Vogt Weisenhorn et al., 2016). This
could partially account for the differential behaviour in mouse models, often showing cognitive
alterations more than motor. Nevertheless, mice are useful in understanding how modulation of
dopamine affects cognitive abilities in certain conditions. Indeed, the decision making system is
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very similar among mammals. Simple tasks can show a deficit that can then be easily modified
by therapeutics or drugs that modulate the system of interest. It would be interesting to modulate
dopamine in young and old VKI mice, and see if the phenotype can be reversed, or exaggerated.
For example, use of dopaminergic drugs, e.g. as reserpine, to modulate VMAT2-dependent
packaging of vesicle, could help understand whether the increase in dopamine release is due to
more dopamine being packaged in vesicles. Additionally, pharmacological treatment can help
understanding whether increased dopamine release is the cause of the perseveration phenotype
shown in the radial arm maze. Similarly, altered dopamine function could be the main cause of
the altered explorative behaviour, keeping VKI mice in a constant state of fear, possibly by
reducing ‘evaluation’ of the situation. GBR 12909, a DAT blocker, and similar drugs, could also
be informative in understanding the effect of reduced DAT expression in VKI mice, and
consequently altered dopamine re-uptake.
The importance of physiological levels of dopamine for proper cognitive function has
been extensively studied. Whether the behavioural phenotype seen in our mice in the presence of
increased dopamine are linked with the actual amount of extracellular dopamine at any given
point, or the post-synaptic response to dopamine signal, is yet to be understood. Future studies
would evaluate the dopamine receptors signaling and expression of the receptors themselves on
the cell surface, and whether such altered responses are related to the described behaviour.
Dopamine may not be the only neurotransmitter affected by mutations on VPS35.
Serotonin dysfunction could explain the fear-related behaviour and together with norepinephrine
may explain the alterations in total body weight. Indeed, SERT and NET levels appear increased,
possibly affecting consequent release of serotonin and norepinephrine. Stress hormones could
also be key to understand both the behaviour and overall alterations in VKI mice.
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Differences in mouse vs human should also take in account the controlled and protected
experimental environment, which may affect the mouse behaviour. Despite this valuable
consideration, is very important to consider standardized test to allow replicability of the
experiments across facilities. In the presence of changes from published protocols there should
be a valid justification for the modification. Particularly some behavioural paradigms could be
improved to provide additional information. In our case order of test performance could be
affecting the mouse behaviour. The open field could be performed prior to the elevated plus
maze to investigate whether the phenotype is associated to first exposure to behavioural testing,
or rather dependent on the test. Similarly the cylinder test should be performed on an isolated
group of animals, particularly at young age, given that the phenotype could be lost because of
habituation to testing. Additionally, further testing in the radial arm maze should explore whether
odour or spatial memory are playing a role in the mouse behaviour. The same test should be
performed without the spatial cues, and parallel tests could use a sweetened solution without
odour, as well as a control with the use of regular water to pars out the effect of de-hydration,
rather than seeking of sucrose.
An important non-motor alterations present in the model described is lower weight in
older age. An extensive analysis of gastro-intestinal function and hormone activity would be
worthwhile, including the possible role of dopamine in food intake.
Despite some limitations, this model represents an important tool to understand the
mechanism(s) that may lead to dopaminergic dysfunction, whether in PD or other related
syndromes. Along the way, we may possibly understand more of how dopamine regulates mouse
behaviour, in health and disease state, and how this may relate to humans.
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A.1

Supplementary methods: mouse validation

Table A.1. Primers sequences of VPS35, Actb, Gapdh and Rpl19.

Primer

Sequence 5′ to 3′

Tm

Gene name

Vps35

AAGATGGACCCGGAATTCC

60

Vacuolar protein sorting 35

60

Actin beta

60

Glyceraldehyde-3-phosphate

forward
Vps35

GTAGTCCACACGATCAGGG

reverse
Actb forward

GATCTGGCACCACACCTTCT

Actb reverse

CCATCACAATGCCTGTGGTA

Gapdh

CTTTGGCATTGTGGAAGGG

forward
Gapdh

dehydrogenase
TGCAGGGATGATGTTCTGG

reverse
Rpl19

AATCGCCAATGCCAACTC

60

Ribosomal protein L19

forward
Rpl19

GGAATGGACAGTCACAGG

reverse
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A.2

Supplementary methods: protein analysis

Figure A.1 Unprocessed Western blots
This figure contains example uncropped blots merged with corresponding ladder channel. Images were split into
individual channels for presentation. Black boxes mark where western blots have been cropped for presentation in
Figure 3.12, or else lane is labelled for comparison (VPS35 & D2 blot, bottom right). Molecular weights are
indicated for each blot.
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Figure A.2 VMAT2, DAT, and PSD95 normalized to GAPDH
A) Protein quantification for VMAT2, DAT and PSD95, showed in Figure 3.12 & Figure 3.14, here normalized to
loading control GAPDH. VMAT2 is significantly increased in VKI mice (i, 1-way ANOVA F2,25 = 6.19, p < 0.01,
Bonferroni post-test WT vs het t(25) = 2.25, p < 0.05 & WT vs homo t(25) = 3.40, p < 0.01, respectively), while there
is a decrease in DAT levels in mutant animals (ii, 1-way ANOVA F2,32 = 7.08, p < 0.01, Bonferroni post-test WT vs
het t(25) = 2.26, p = 0.06 & WT vs homo t(25) = 3.74, p < 0.01, respectively). There was no difference in total levels of
PSD95 (iii, 1-way ANOVA F2,23 = 0.46, p = 0.63).
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A.3

Supplementary methods: Voltammetry
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Figure A.3. Additional images and data for FSCV
A) A schematic and example picture of the placement of stimulating electrode (Stim, from top left), carbon-fiber
microelectrode (FCSV, from bottom left), and field recording electrode (from right), in the dorsolateral striatum of a
300μm coronal slice from a mouse brain. The field recording electrode is made of glass, therefore hard to catch in a
picture. B) A photo of the slice in the recording chamber. C) Example traces for field activity (top), dopamine
response (middle) and paired pulse signal (bottom). D) In a separate cohort of 3-month-old VKI mice, the D2
agonist quinpirole (50nM) infused in the slice chamber gave a 20-50% reduction in dopamine release within ~ 5
minutes from reaching the slice. A series of stimuli was applied, with 2 minutes intervals, to evoke 50-70%
maximum dopamine release. VKI slices showed a more rapid D2 inhibition compared to slices from wild-type
littermates. 18-20 minutes from the start of treatment all slices from all genotype reach a 40-50% reduction (2-way
ANOVA interaction F28,392 = 0.66, p = 0.91, time F14,392 = 27.8, p < 0.0001, genotype F2,28 = 0.30, p = 0.057,
subjects F28,392 = 23.94, p < 0.0001, data did not reach significance by Bonferroni post-test).

Table A.2 Post-hoc statistical values input/output shown in Figure 3.10.A
Uncorrected Fisher's LSD

Mean Diff.

Significant?

Summary

Individual P Value

t

Het n=25 (8) vs. WT n=23 (6)

0.003912

No

ns

0.9031

0.1219

Homo n=19 (7) vs. WT n=23 (6)

0.02407

No

ns

0.4914

0.6886

Het n=25 (8) vs. WT n=23 (6)

0.03773

No

ns

0.2404

1.176

Homo n=19 (7) vs. WT n=23 (6)

0.06941

Yes

*

0.0477

1.985

Het n=25 (8) vs. WT n=23 (6)

0.03581

No

ns

0.2652

1.116

Homo n=19 (7) vs. WT n=23 (6)

0.09487

Yes

**

0.0069

2.714

Het n=25 (8) vs. WT n=23 (6)

0.05641

No

ns

0.0796

1.757

Homo n=19 (7) vs. WT n=23 (6)

0.1031

Yes

**

0.0034

2.948

Het n=25 (8) vs. WT n=23 (6)

0.06375

Yes

#

0.0476

1.986

Homo n=19 (7) vs. WT n=23 (6)

0.08563

Yes

*

0.0147

2.449

Het n=25 (8) vs. WT n=23 (6)

0.06562

Yes

#

0.0415

2.044

Homo n=19 (7) vs. WT n=23 (6)

0.1306

Yes

***

0.0002

3.735

100

200

300

400

500

600

700
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Het n=25 (8) vs. WT n=23 (6)

0.08286

Yes

#

0.0102

2.582

Homo n=19 (7) vs. WT n=23 (6)

0.1342

Yes

***

0.0001

3.838

Table A.3 Post-hoc values for quinpirole experiment shown in Figure 3.10.F
Bonferroni's multiple comparisons test

Mean Diff.

Significant?

Summary

Adjusted P Value

t

WT n=22 (6) vs. Het n=20 (7)

0.0

No

ns

> 0.9999

0.0

WT n=22 (6) vs. Homo n=27 (7)

0.0

No

ns

> 0.9999

0.0

WT n=22 (6) vs. Het n=20 (7)

0.01821

No

ns

> 0.9999

0.2860

WT n=22 (6) vs. Homo n=27 (7)

0.06542

No

ns

0.5548

1.087

WT n=22 (6) vs. Het n=20 (7)

0.07579

No

ns

0.4688

1.190

WT n=22 (6) vs. Homo n=27 (7)

0.09147

No

ns

0.2580

1.520

WT n=22 (6) vs. Het n=20 (7)

0.01530

No

ns

> 0.9999

0.2382

WT n=22 (6) vs. Homo n=27 (7)

0.1086

No

ns

0.1484

1.788

WT n=22 (6) vs. Het n=20 (7)

0.1379

No

ns

0.0642

2.147

WT n=22 (6) vs. Homo n=27 (7)

0.1568

Yes

*

0.0200

2.582

WT n=22 (6) vs. Het n=20 (7)

0.1768

Yes

*

0.0121

2.754

WT n=22 (6) vs. Homo n=27 (7)

0.1515

Yes

*

0.0257

2.494

WT n=22 (6) vs. Het n=20 (7)

0.1424

Yes

*

0.0489

2.254

WT n=22 (6) vs. Homo n=27 (7)

0.2008

Yes

**

0.0018

3.336

WT n=22 (6) vs. Het n=20 (7)

0.1563

Yes

*

0.0286

2.455

WT n=22 (6) vs. Homo n=27 (7)

0.1772

Yes

**

0.0073

2.918

1

3

5

7

9

11

13

15
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B.1

Supplementary data on mouse behaviour

Table B.1. Additional information on mouse weight

Age

Genotype
2

WT
14

Het
21

Homo
12

3

21

27

18

9

9

13

6

12

8

11

8

15

8

9

6

18+

14

34

15

WT vs Het
Age

WT

Het

Difference

95% CI of diff.

t

P value

Summary

2

27.76

26.11

-1.643

-7.003 to 3.717

0.8862

P > 0.05

ns

3

30.18

30.73

0.5484

-3.757 to 4.854

0.3683

P > 0.05

ns

9

41.38

41.26

-0.1162

-6.852 to 6.620

0.04989

P > 0.05

ns

12

46.43

46.75

0.3205

-6.898 to 7.538

0.1284

P > 0.05

ns

15

52.81

43.94

-8.868

-16.42 to -1.320

3.397

P < 0.01

**

18+

55.28

47.80

-7.479

-11.72 to -3.235

5.095

P < 0.0001

****

WT

Homo

Difference

95% CI of diff.

t

P value

Summary

2

27.76

25.37

-2.390

-8.501 to 3.721

1.131

P > 0.05

ns

3

30.18

29.28

-0.8973

-5.586 to 3.791

0.5533

P > 0.05

ns

9

41.38

39.60

-1.778

-9.965 to 6.409

0.6278

P > 0.05

ns

12

46.43

42.76

-3.663

-11.43 to 4.104

1.363

P > 0.05

ns

15

52.81

43.78

-9.029

-17.42 to -0.6399

3.112

P < 0.05

*

18+

55.28

48.21

-7.065

-12.05 to -2.075

4.094

P < 0.001

***

WT vs Homo
Age

Mice numbers for the mouse weight graphed in Figure 3.2, organized by age and genotype, with corresponding
statistics.
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Table B.2. Mice survival rate and overall breeding ratios
Used for
experiments (or Litter Average
surplus
Size
euthanized)
98-99%
5.9

Died of natural
causes
1-2%

B.2

Gestation
Duration
(days)

Wean
Duration
(days)

Male
Percent

Female
Percent

21

19

50.25

49.75

Supplementary methods and data: behaviour

Table B.3 List and order of behavioural experiments for each cohort of animals.

Cohort
number

Open
Field

Rotarod

Cylinder
Test

1st
1st
1st
1st
1st

1st
2nd
2nd
2nd
2nd
2nd

2nd
3rd
3rd
3rd
3rd
3rd

3rd
4th
4th
4th
4th
4th

Radial
Arm
Maze

Objects
familiarization

1st
1st
1st
1st
1st

2nd

400

300

200

100

5
=
n
o

t
H

o

m

e
H

T

n

n

=

=

7

8

0

W

T o ta l T im e C e n tra l A r e a (s )

1
2
3
4
5
6
7
8
9
10
11

Elevated
Plus Maze
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Figure B.4. Open field in the first cohort of young VKI mice
In figure is shown the time spent exploring the center of the arena for the first cohort of 3-month-old VKI. Mice
were completely naive to behavioural testing, left exploring a 48x48cm open field arena for 15 minutes. There is a
strong trend towards lower time spent exploring the center of the arena (1-way ANOVA F2,19 = 1.61, p = 0.23),
suggesting increased anxiety-like phenotype.

Figure B.5. Example image of the bottle holder for experiments using sucrose-water
Bottle holder used for the radial arm maze experiment, providing the choice of two different type of water (regular
or 30% sucrose-water) offered in the mouse home-cage, during the habituation period, for 3 days prior to radial arm
maze testing.

Figure B.6. Objects used for familiarization paradigms and related.
Objects used in the familiarization paradigm. Most mice showed a strong preference towards the object on the right,
despite similar sizes and texture between the two objects.
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