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Abstract (English)

The autosomal dominant D620N mutation in vacuolar protein sorting 35 (VPS35) causes a
clinically-typical form of late-onset Parkinson’s disease. Canonically, VPS35 functions as a core
subunit of the retromer complex that recycles transmembrane cargo from sorting endosomes.
Although some of these cargoes are involved in synaptic transmission, the neuronal function of
VPS35 is not well known. To better understand the role that VPS35 D620N mutations play in
Parkinson’s disease, neurotransmission was assessed in the disease-relevant dorsolateral striatal
brain region of young and aged VPS35 D620N knock-in (VKI) mice. Glutamatergic
neurotransmission in the striatum was assessed using patch-clamp electrophysiology and with
fluorescent reporter, iGluSnFR. By 6 months, spontaneous and evoked glutamatergic transmission
in the dorsolateral striatum is increased in VKI mice. Contrastingly, by 25 months old, striatal
glutamate release in VKI mice is reduced compared to wild-type littermates. Assessment of
dopamine release using the fluorescent reporter dLight revealed that evoked striatal dopamine
release is also elevated in 6-month-old VKI mice. Similar to changes in glutamatergic release,

striatal dopamine release is reduced in 25-month-old VKI mice.

In addition, mutations in leucine-rich repeat kinase 2 (LRRK2) that increase LRRK2
activity pose the highest genetic risk for Parkinson’s disease. LRRK2 & VPS35
coimmunoprecipitate, and VKI mice show elevated phosphorylation of several LRRK2 substrates.
This suggests a mechanistic synergy between LRRK2 and VPS35 Parkinsonism, centred on
increased LRRK2 kinase activity. However, it is unclear if hyperphosphorylation of LRRK2
substrates is causal or even correlated with neuronal dysfunction in VPS35 mutant mice.

Involvement of LRRK?2 was investigated using the LRRK2 kinase inhibitor MLi-2. Neither striatal



glutamate nor dopamine neurotransmission in young VKI mice is significantly altered by MLi-2
treatment. Reduced glutamate and dopamine release in the striatum of VKI mice are largely
unaltered by MLi-2. As such, LRRK?2 kinase activity does not appear to have an immediate role

in the dysfunction of neurotransmission observed in VKI mice.

Together, early elevations of glutamate and dopamine transmission observed in VKI mice
precede later loss of neurotransmission in aged animals. Thus, VPS35 seems to play a regulatory
role in striatal neurotransmission that is altered by the D620N mutation. Changes to striatal
neurotransmission observed in VKI mice is, at least acutely, not a result of ongoing LRRK2 kinase
activity. A better understanding of the mechanism underlying early neuronal dysfunction in the
striatum of Parkinson’s disease-mutant knock-in mice may reveal new, potentially disease-
modifying, therapeutic targets. Our hope is that in targeting early neuronal dysfunction, we can

prevent the onset of Parkinson’s disease altogether.



Abstrait (francais)

La mutation autosomique dominante D620N de la protéine vacuolar protein sorting 35 (VPS35)
est a l'origine d'une forme cliniquement typique de la maladie de Parkinson & déclenchement tardif.
Classiquement, VPS35 fonctionne comme une sous-unité centrale du complexe retromer qui
recycle les cargaisons transmembranaires des endosomes de tri. Bien que certaines de ces
cargaisons soient impliquées dans la transmission synaptique, la fonction neuronale de VPS35 n'est
pas bien connue. Pour mieux comprendre le réle de la mutation VPS35 D620N dans la maladie de
Parkinson, nous avons mesuré la neurotransmission dans le striatum dorsolatérale (impliquée dans
la maladie), chez des souris knock-in VPS35 D620N (VKI) jeunes et agées. La neurotransmission
glutamatergique dans le striatum a été mesurée a l'aide de 1'électrophysiologie par patch-clamp et
du rapporteur fluorescent iGluSnFR. Des l'dge de 6 mois, la transmission glutamatergique
spontanée et évoquée dans le striatum dorsolatéral est augmentée chez les souris VKI. En revanche,
a l'age de 25 mois, la libération de glutamate dans le striatum est réduite chez les souris VKI par
rapport aux souris de type sauvage. De méme, 'évaluation de la libération de dopamine a 1'aide du
senseur fluorescent dLight a révélé que la libération de dopamine striatale évoquée est également
¢élevée chez les souris VKI dgées de 6 mois puis diminue a 1'age de 25 mois comme pour la

libération de glutamate.

En outre, les mutations affectant le géne /rrk2 (leucine-rich repeat kinase 2) représentent
le risque génétique le plus élevé pour la maladie de Parkinson. Ces mutations conduisent la plupart
du temps a une activité augmentée de la kinase LRKK2. LRRK2 et VPS35 coimmunoprécipitent,
et il a été démontré que les souris VKI présentent une phosphorylation accrue de plusieurs substrats

de LRRK?2. Cela suggere une synergie fonctionelle entre LRRK?2 et le parkinsonisme associé a



VPS35, centrée sur I'augmentation de I'activité kinase de LRRK2. Cependant, on ne sait pas si
I'hyperphosphorylation des substrats de LRRK2 est causale ou méme corrélée avec le
dysfonctionnement neuronal chez les souris mutantes VPS35. Nous avons étudié 1'implication de
LRRK2 en utilisant I'inhibiteur de la kinase LRRK2 MLi-2. Le traitement par MLi-2 ne modifie
pas de manicre significative la neurotransmission striatale du glutamate et de la dopamine chez les
jeunes souris VKI, ni la plupart des mesures de la neurotransmission striatale réduite chez les souris
VKI agées. Ainsi, l'activité de la kinase LRRK?2 ne semble pas jouer un role déterminant dans le

dysfonctionnement de la neurotransmission observé chez les souris VKI.

Globalement, les ¢lévations précoces de la transmission du glutamate et de la dopamine
observées chez les souris VKI précedent la perte ultérieure de la neurotransmission chez les
animaux agés. Ainsi, VPS35 semble jouer un role régulateur dans la neurotransmission striatale
qui est altérée par la mutation D620N. Enfin, les modifications de la neurotransmission striatale
observées chez les souris VKI ne résultent pas, du moins dans un premier temps, d'une activité
exagérée de la kinase LRRK2. Cependant, une meilleure compréhension du mécanisme qui sous-
tend le dysfonctionnement neuronal précoce dans le striatum des souris knock-in mutantes pour la
maladie de Parkinson permettrait d’identifier de nouvelles cibles thérapeutiques susceptibles de
modifier la maladie. Nous espérons qu'en ciblant le dysfonctionnement neuronal précoce, nous

pourrons a terme prévenir l'apparition de la maladie de Parkinson.
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Chapter 1: Introduction

Parkinson’s disease (PD) is often thought of as a movement disorder that results from the death of
dopamine neurons in the substantia nigra pars compacta (SNpc). However, functional changes to
neuronal activity precede cell death and PD cardinal motor symptom onset, including the loss of
an enzyme required for dopamine synthesis, tyrosine hydroxylase (TH), at the cellular level®. At
the clinical level, prodromal motor and non-motor changes include REM sleep behaviour disorder,
loss of olfaction, and cognitive decline’. Initial dysfunction may therefore be the

pathophysiological process which eventually leads to the death of nigral dopamine neurons®.

The selective degeneration of SNpc dopamine neurons is believed to underlie the cardinal
PD motor symptoms, as evidenced by alleviation with dopamine replacement therapy (often
through administration of the TH substrate and dopamine precursor, L-DOPA). However, the
excellent response of motor symptoms to L-DOPA is not matched in efficacy by treatments
targeting other important aspects of the syndrome. Individuals with PD also suffer from a plethora
of non-motor symptoms, including cognitive and psychiatric disturbances, which can precede
motor symptom onset by several years”%!1, These symptoms are very likely caused by alterations
to other neurotransmitter systems, such as glutamate, as they are not responsive to L-DOPA.
Moreover, other neuronal populations are also found to degenerate in PD, including cortical and

11,12

thalamic nuclei'»'*. We therefore need a better understanding of functional changes to

dopaminergic transmission and glutamatergic transmission ahead of neurodegeneration in PD.

The onset of neurodegenerative disease is thought to be driven by a combination of genetic
and environmental factors, and aging. To better understand how these factors converge to

precipitate a Parkinsonian state, we can investigate neuronal dysfunction in models of monogenic
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PD. Intriguingly, some mutations causal to PD have been shown to alter synaptic function,

including mutations in LRRK2, VPS35, and a-synuclein’!*!4,

The Milnerwood lab developed and characterises genetic mouse models with PD-linked
mutations knocked-in to the endogenous mouse genome; including the substitution for aspartate
with asparagine at amino acid 620 (D620N) in the protein vacuolar protein sorting 35 (VPS35)!+,
VPS35 was initially thought to only recycle manose-6-phosphate receptors from late endosomes
to the trans-Golgi network for reuse'’; however, recent advances from the Milnerwood lab and
others demonstrate that VPS35 traffics many other cargoes, including neurotransmitter receptors,
to plasma membranes in neuronal dendrites and axons!*!%!7 In accordance with the findings that

1,3,17

VPS35 cargoes include glutamate and dopamine receptors>'’, our group has also reported

increased cortical glutamate transmission in vitro® and increased dopamine release ex vivo* in
young, VPS35 D620N knock-in mice. Such neuronal phenotypes are likely to change as animals
age; augmented dopamine and glutamate release is similarly observed up to 6 months of age in
knock-in mice harbouring the PD-linked G2019S mutation in the LRRK2 protein, but returns to
wild-type levels by 12 months'®. Glutamatergic and dopaminergic activity in the disease-relevant
striatal brain region of VPS35 D620N knock-in mice may also be altered in an age-dependent

manner. Therefore, striatal glutamatergic and dopaminergic transmission will be investigated in a

VPS35 D620N knock-in mouse model using electrophysiological and optogenetic techniques.

Background

What is PD?

First described by James Parkinson in 1817, PD has been traditionally characterised as a

neurodegenerative movement disorder, with clinical diagnosis requiring the presence of
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bradykinesia and at least one of three other cardinal motor symptoms; resting tremor, rigidity, and
postural instability!®. Affected individuals often present with a host of additional non-motor
symptoms which may precede motor symptom onset, including bladder and bowel dysfunction,
anosmia, depression, changes in colour vision, cognitive impairments, sleep disturbances, and
dementia®®?!. The “gold standard” for treatment is dopamine replacement therapy, which can
rescue the cardinal symptoms of PD and be effective for many years if well managed. Over time
however, dopamine replacement loses efficacy for motor symptom treatment, and can lead to the
development of a number of side-effects including dyskinesia, motor fluctuations, and addiction-
like behaviours??2*. Moreover, dopamine replacement therapy does not prevent or slow the
progression of PD, sadly making the case that current treatment options are not disease-modifying

but serve only as symptom management.

Of all the neurological disorders included in the Global Burden of Disease 2015 study®>%,
Parkinson's disease was one of the fastest growing. Due to ageing populations, crude prevalence
rates increased by ~74% from 1990 to 2016 and are expected to increase further®®. The doubling
of the number of individuals with PD between 1990 and 2016 is projected to occur again in the
coming generation (ibid). It is therefore imperative that we develop a deeper understanding of
disease etiology, which can more easily be done by studying isolated variables in cases where

single gene mutations lead to the onset of PD.

Monogenic PD

While monogenetic mutations account for only 5-10% of all PD cases?’, studying the function of

the proteins which are causal to PD could uncover a common etiology for multiple forms of PD.
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Even if not, with 100,000 patients in Canada and as many as 10 million people affected world-

wide, monogenetic PD affects >1 million people?®.

Genetic linkage has identified mutations in SNCA, LRRK2, VPS35, Parkin, PINK 1, and
DJ-1 genes, with additional variants greatly increasing the risk of developing PD such as GBA
polymorphisms?’. Autosomal dominant forms of familial PD, for example in cases caused by
mutations in the LRRK2 or VPS35 genes, present as late-onset disease with symptoms that are
indistinguishable from sporadic PD*’. With the advancement of genetic tools like genome-wide
association studies (GWAS), more information is being collected about the genetic variation and
background associated with PD. By better understanding the genome and transcriptome of
individuals with PD, we can prioritize studying the mechanism by which alterations to these PD-

linked genes can lead to PD onset’!.

Striatal function and dysfunction in PD

The dorsal striatum (STR) is a central site of dysregulation in PD, characterized by a loss of nigral

dopaminergic input®

. As the largest structure and major integrative input nucleus of the basal
ganglia, the STR is critical for associative learning, reward processing, and behavioural action
selection®. It is believed to process ensembles of possible actions generated by the cortex, and
select an action from among the possibilities** 3. While the ventral STR is involved in reward
evaluation and incentive-based learning®’, the dorsal STR is involved in habit-based behaviour and
action selection/initiation®®. Impaired function of the dorsal STR leads to impaired locomotion,
which is the major clinical manifestation of PD*. The dorsal STR, comprised of the caudate

nucleus and putamen, receives glutamatergic input from the cortex and the thalamus*’, and is

heavily modulated by dopaminergic input from the SNpc*'. The dorsal STR can be further
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delineated into dorsomedial and dorsolateral compartments, each with complementary functions.
The dorsomedial STR is thought to process goal-oriented behaviour while dorsolateral STR
function governs habit formation and maintenance*®*>*3. As the dorsolateral STR is known to be

dysregulated in PD¥%

, we chose to characterize neurotransmission in this brain region and
investigate changes to neuronal function that might underpin the motor and non-motor changes

related to PD.

Neuronal populations of the striatum

Medium-sized spiny projection neurons (MSNs a.k.a. SPNs), making up 90% of the striatal
neuronal population, are GABAergic inhibitory neurons that can be generally divided into two
classes based on expression of either D1- or D2-type dopamine receptors (DI1R and D2R)*. D1R-
expressing MSNs are “direct” pathway neurons which project to the substantia nigra pars reticula
(SNpr) and globus pallidus internal segment (GP1), to ultimately disinhibit output thalamic nuclei
involved in motor commands. Functionally, direct pathway neurons oppose D2R-expressing,

“indirect” pathway neurons which project to the globus pallidus external segment (GPe)*4¢47,

Interestingly, MSNs respond to dopamine differentially based on receptor expression;
dopamine excites D1R-expressing MSNs and inhibits D2R-expressing MSNs through activation
or suppression, respectively, of the second messenger adenylyl cyclase*®. Dopamine also
modulates glutamatergic input onto MSNs differentially based on receptor expression, amplifying
N-methyl-D-aspartate receptor (NMDAR)-mediated currents in DIR-MSNs* and reducing o-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-mediated currents in
D2R-MSNs*°. The general classification of MSNs into direct and indirect pathways is likely

51,52

oversimplified. Subpopulations of striatal MSNs express both D1- and D2-receptors’~~, and
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moreover, there is evidence to suggest that the two pathways can work in cooperation rather than

in opposition with one another’>,

Striatal MSNs are additionally subdivided into striosomes or “patches,” or into “matrix”
compartments. These visually distinct populations are differentially innervated, and differ in their
expression of opioid receptors and neurochemicals including acetylcholinesterase™>%. Regardless
of their classification, MSNs are perfectly positioned to integrate both dopaminergic and
glutamatergic input to initiate motor output sequences. The high density of dopamine terminals in
the STR (~2.9 billion in rats arising from only ~16,000 SNpc neurons®’) and the high density of
glutamate and dopamine receptors®® in the dorsal STR is of particular interest in PD, not only

for its function in motor control but because of the potential impact of even small changes to

dopaminergic or glutamatergic transmission here.

Glutamatergic and dopaminergic inputs onto MSNs can also be locally modulated through
a number of GABAergic or cholinergic interneuron populations, both directly and indirectly>864-
6. The levels of complexity briefly discussed here afford the striatum the ability to support
learning, initiating, and maintaining complex behaviours. This also means that the delicate balance

required to maintain healthy striatal function is particularly vulnerable to age-related changes, as

well as the genetic and environmental changes that contribute to PD onset.

What is VPS35 and why is it linked to PD?

VPS35 is a core subunit of the retromer complex that canonically functions to traffic cargo from
recycling endosomes to the trans-Golgi network or out to the plasma membrane'>. Since its
discovery in Swiss and Austrian families in 2011, mutations in VPS35 have been linked to over

15,000 cases of PD%%. The frequency of carriers of the D620N is low, accounting for up to 1%
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of all PD cases. At present, the brain pathology remains unknown, as only one partial autopsy has
been conducted®®’’. Patients with this form of PD have clinically typical motor and non-motor

symptoms®’, suggesting dysregulation of dopamine neurotransmission and beyond.

In mammals, VPS35 mRNA and protein is ubiquitously expressed through the body and

the brain (Human Protein Atlas, proteinatlas.org)’!. More specifically, RNA-seq data from mouse

brains show VPS35 expression is found in neuronal, neuronal precursor, vascular, and glial cells’.
It should be noted that VPS35 D620N mutations may affect non-neuronal cell populations of the
brain which could contribute to PD pathology and/or changes to neurotransmission. For instance
VPS35 D620N knock-in mice show increased SNpc reactive astrogliosis at an advanced age’. It

57 may be directly affected by

may be that phagocytic clearance, a process that implicates VPS3
the D620N mutation. While a reduction of phagocytic clearance could contribute PD etiology’>,
little else is known about non-neuronal effects of VPS35 D620N in PD. We will, however, discuss

the neuronal roles of VPS35 before exploring the potential implications of the D620N mutation in

VPS35 neuronal function.

VPS35 regulates neuronal and embryonic viability

VPS35 is ubiquitously expressed in the brain, including in neurons of the cerebral cortex,
hippocampus, brainstem, and substantia nigra’®, suggesting VPS35 could play a role in regulating
the development and maintenance of neurons. We know that VPS35 is required for proper
embryonic development as its complete knockout is embryonic lethal””-’®. Multiple reports suggest
that a reduction in embryonic VPS35 levels disrupts neurite outgrowth and morphology’”-7-82,
Furthermore, VPS35 may regulate the communication between vasculature and developing
neurons as knock-out of VPS35 in embryonic neurons reduces the number and branching of brain

vasculature®®>. Coupled with an impairment in terminal neuronal differentiation, embryonic
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knockout of VPS35 increases cortical atrophy and reactive gliosis, both features of Alzheimer’s
disease-like neurodegeneration in young adult mice’”%%* Selective knockout of VPS35 in
dopaminergic neurons show PD-like neurodegeneration and loss of motor coordination®®. The
induction of neurodegenerative processes may begin with changes to neurodevelopment, and both
could converge on VPS35 modulation of Wnt/B-catenin signaling®*°. In fact, Wnt signaling in
C.elegans guides neuronal polarity in a VPS35-dependent manner®'. Together, VPS35 function

may be required for the development, maturation, and maintenance of neurons.

VPS35 synaptic function

The Milnerwood lab, and others, have demonstrated that VPS35 is localized to axons and dendrites

of many neurons, including cortical neurons!-!681:9293

. This implicates VPS35 in synaptic
transmission through activity in both pre- and post-synaptic neuronal compartments. Presynaptic
function of VPS35 is somewhat contentious. In a report by Vazquez-Sanchez et al., knock-down
of VPS35 in mouse hippocampal neurons does not seem to alter synaptic vesicle size or number
docked at active zones, but does decrease the number of VAMP2-positive synapses. However
knockout of VPS35 in drosophila does show a reduction the number and size of most synaptic
vesicles, while a small number of vesicles are significant enlarged®'. The discrepancy between
these findings may be a result of incomplete knock-down in the former report, or a species-
dependent role for VPS35 at synaptic boutons. In addition to VAMP?2 localization, VPS35 and the
PD-linked D620N mutation has been shown to influence the localization and expression of other
presynaptic proteins specific to dopaminergic and glutamatergic neurons, including DAT, VMAT?2,
and VGLUT1>*%*%_ Finally, VPS35 may also regulate the release of extracellular vesicles from
presynaptic compartments, and could transmit potentially pathogenic proteins associated with

neurodegeneration from one neuron to another!'>#%7,
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VPS35 may further function at the postsynapse to regulate neurotransmission through its
binding to neurotransmitter receptors including D1- and D2- type dopamine receptors>!’, GluN1
NMDARs and GluA1l AMPAR subunits', and p2-adregenergic receptors'®. Knock-down of
VPS35 reduces endosome to surface delivery of B2-adregenergic receptors (ibid); conversely,
overexpression of VPS35 increases D1 receptor trafficking from endosomes to cell membranes!®.
Acute VPS35 knock-down also decreases excitatory post-synaptic currents and blocks long term
potentiation (LTP) in hippocampal slices through an impairment in AMPA receptor surface
delivery*!®. Interestingly, overexpression of wild-type (WT) VPS35 in cultured hippocampal
neurons (after acute knock down of VPS35) rescues LTP deficits, whereas overexpression of
VPS35 containing the PD-linked D620N mutation does not*. The Milnerwood lab has also shown
that AMPAR delivery is modified by VPS35 expression and mutation'. Altogether, these data

directly implicate VPS35 in the regulation of pre- and post-synaptic activity in a number of

neuronal populations, likely through its canonical role in endosomal sorting.

VPS35 influences mitochondrial function

VPS35 mutations can dysregulate mitochondrial homeostasis, a key player in PD pathogenesis®®.
Mitochondrial fragmentation can be mediated through recruitment of the protein DLP1 which is
thought to inhibit mitochondrial fission perhaps through occupation of fission sites on the outer
membrane”. Interaction of DLP1 with proteins such as VPS35 can disinhibit DLP1-mediated
fission sites and increase trafficking of mitochondrial-derived vesicles (MDVs) to lysosomes,
promoting mitochondrial fission'®. Indeed, VPS35 interacts with DLP1 through binding to the
FLV motif!”!, and the D620N mutation increases this interaction, promoting mitochondrial

turnover' %,
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Mitophagy can also be mediated by Rab7, a retromer effector that is found on many
subcellular membranes including late endosomes, lysosomes, and mitochondrial membranes!'?.
Rab7 localization and activity can be maintained by VPS35’s retromer complex, and
overactivation of Rab7 results in the reduction of the ability of autophagic protein ATG9a (another
VPS35-interactor) to form autophagosomes around damaged mitochondria (ibid). VPS35
mutations may therefore impact cellular homeostasis through dysregulated trafficking of cellular

components, ultimately resulting in the death of neurons underlying motor and non-motor clinical

manifestations of PD.

VPS35 influences lysosomal function

Neuronal function is dependent on lysosomal regulation of cellular health, a process that is altered
in cases of both sporadic and genetic PD!%!% VPS35 function is critical for lysosomal
degradation of autophagic cargo, and this seems to be evolutionarily conserved®*!®-197_One such
cargo is the synaptic protein a-synuclein, whose dysregulation and subsequent aggregation is a
hallmark of PD pathology'®. a-synuclein is degraded through two lysosome-dependent
autophagic processes: chaperone-mediated autophagy, and macroautophagy'®, which both require
VPS35 function'!”. In fact, VPS35 knockdown alters levels and trafficking of lysosomal proteins,
including LAMP1, LAMP2a, ATG9, and cathepsin D!?7-11%113 This suggests mutations in VPS35
associated with PD may perturb cellular pathways required to repair or degrade proteins that
maintain neurons in a healthy state. Furthermore, lysosomes may be involved in intracellular

114

signaling, as they can fuse with cell membranes to release contents' ', contributing another

potential mechanism to the spread of PD pathology.
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VPS35 interacts with LRRK?2

VPS35 has also been implicated in the function of other proteins that 1) contribute to lysosomal
and synaptic function and 2) are mutated in familial PD*’. The most frequent familial mutations
alter leucine-rich repeat kinase 2 (LRRK2) proteins. Of these mutations, G2019S, and other
pathogenic LRRK2 mutations have all been shown to increase LRRK?2 kinase activity!!'>. Mir et
al. (2018) found the VPS35 D620N mutation also increases LRRK2-mediated phosphorylation of
its target substrates, Rab GTPases, including Rab 8A, Rabl0, and Rabl2. As elevated
phosphorylation of Rab10 in VPS35-mutant cells was rescued with the application of a LRRK2
kinase inhibitor>*, VPS35 mutation effects are potentially upstream of LRRK2 dysfunction in a

common pathway to PD.

LRRK2 G2019S mutations also affect lysosomal function in a similar manner to VPS35
suppression, leading to lysosomal swelling and mis-localized endosomal cargo!'®*. In addition to a
potential convergence with LRRK2 in lysosomal function, LRRK2 and VPS35 may functionally
converge to regulate presynaptic release of synaptic vesicles and neurite outgrowth®!. Similar to
the increase observed in cortical cultures from VPS35 D620N knock-in mice’, data from the
Milnerwood lab suggests that LRRK2 G2019S mutations increases both glutamate and dopamine
transmission in the mouse striatum, and that this occurs in an age-dependent manner'®. In
summary, VPS35 function may implicate other proteins that are found to be mutated in PD,

including, but not limited to LRRK2.

VPS335 interacts with GBA

One of the first-described cargos of the VPS35 retromer complex is the cation-independent
mannose-6-phosphate receptor (CI-MPR), which traffics lysosomal enzymes, including PD-

linked B-glucocerebrosidase (GBA)*, although there is evidence that GBA can also be trafficked
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in a CI-MPR-independent manner''®. Regardless, a reduction in both VPS35 and GBA protein
levels is observed in post-mortem brain tissue from patients harbouring LRRK2-mutations, linking
the function of VPS35 to multiple proteins previously mentioned in the development of PD!!’.
Mutations in VPS35, LRRK2, GBA, and a-Syn can all inhibit cellular functions such as chaperone

30118 "again suggesting a degree of convergence in the etiology of genetic and

mediated autophagy
sporadic PD. It is therefore vital that we develop an improved understanding of VPS35 function

and the impact of D620N mutations in specific brain regions and cell types affected in PD;

critically, the STR and striatal MSNs.

D620N mutation in VPS35

The PD-linked D620N mutation in VPS35 causes a c-terminal substitution, aspartate to asparagine
at amino acid 620, that is proposed to disrupt molecular electrostatic interactions®®. Since the c-
terminus of VPS35 participates in binding to VPS29 and homodimerization with VPS35 of other
retromer complexes, it is hypothesized that D620N mutations could alter retromer core complex
assembly!"*~ 12! However, the D620N mutation does not significantly alter binding capacity to
other core complex components, including with VPS26a and VPS29'*!° but does seem to increase
perinuclear localization of retromer and reduces the strength of interaction with WASH complex
components>! 131227124 ' The WASH, or Wiskott Aldrich Syndrome protein and scar homologue,
complex includes proteins such as WASH1 and FAM21, and functions to regulate actin
polymerization on endosomes through the activation of Arp1/2 protein'?*!2°, As WASH complex
is recruited to VPS35-positive endosomes to facilitate endosomal tubulation and movement of
cargoes, it may be that the D620N mutation leads to tubulation defects and reduction of cargo
recycling/budding off from endosomal membranes'!>!?7128 The nature of the cargo may then

determine the functional implications of VPS35 D620N mutations. The consequences of VPS35
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D620N on neurons are next discussed in the context of either knock-in animal models or patient-

derived studies, so as to avoid the potential confound of altering levels of VPS35 itself.

Effects of VPS35 D620N in human neurons

Asides one report suggesting VPS35 D620N increases LRRK2-mediated phosphorylation of Rab
proteins in human neutrophils and monocytes®, very little is known about VPS35 D620N function
in humans and human neurons. A previous study in patient-derived induced pluripotent stem cell
neurons suggests that the presence of the D620N mutation increases neuron surface expression of
GluA1 AMPA receptor subunits in dopaminergic-like neurons'. Patient-derived neurons of various
subtypes show impairments in mitochondrial respiration and a sustained increase in mitophagy
following CCCP exposure'?’. These neurons also show a reduction in lysosomal size, lysosomal
protein expression, and an accumulation in total a-synuclein levels (ibid). VPS35 D620N-
expressing human fibroblasts have increased fragmentation of the mitochondrial network, which
is reversed when inhibiting mitochondrial fission'?'. Whether the observed impairments in
lysosomal and mitochondrial dynamics in VPS35 D620N human neurons are implicated in PD
pathogenesis remains to be seen. However, data from knock-in animal models of PD suggest

VPS35 D620N mutations can alter lysosomal, mitochondrial, and synaptic function.

Effects of VPS35 D620N in knock-in mouse models of PD

To date, several different knock-in mouse models VPS35 D620N have been generated with similar,
but slightly different phenotypes (possibly due to methodological or housing differences). Central
and peripheral nervous system-specific knock-in of the D620N mutation leads to impairment of
neurogenesis in the hippocampal dentate gyrus by 3 months as well as reduced neurite outgrowth
and dendritic brancing®’. These mice also show increased phosphorylation of AD-associated

amyloid precursor protein, which may be evidence of early dysregulation of neuronal protein
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homeostasis. Multiple assessments of VPS35 D620N effects on striatal neurotransmission show
altered dopamine levels in animals, however some reports show elevated levels of basal and

4130 while another suggests decreased evoked dopamine

evoked striatal dopamine release
release’®. The differences in striatal dopamine measures may result from differences in age,
peripheral expression of wild-type VPS35, the method of assessment (whether in or ex vivo,
whether microdialysis or voltammetry, whether electrical or KCI stimulation, etc), or even that
basal and evoked dopamine release are altered by VPS35 D620N in opposing ways. Mice could
also be exposed to different immune, environmental, and psychological factors arising from

differences in housing conditions and background strains. Regardless of the knock-in model,

D620N mutations in VPS35 seem to alter striatal dopamine release in both young and aged mice.

Aged VPS35 D620N mice show a reduction in TH+ neuron number in most knock-in
models”7%122 but this is not observed in 22 month-old mice harbouring mutations only in the
central and peripheral nervous system'*°. Aged VPS35 D620N knock-in mice do not show
differences in levels of dopamine transporter (DAT) or D2 dopamine receptor, nor in dopamine
metabolism’®!3°. However, this contrasts an early reduction in DAT function and expression, as
well as increase in dopamine metabolism and vesicular monoamine transporter (VMAT) levels in
the striatum of young knock-in mice*. Taken together, these studies present functional,
biochemical, and anatomical evidence of age-related changes to striatal dopaminergic

neurotransmission with VPS35 D620N mutation.

Moreover, aged mutant mice show neurodegenerative changes including widespread
axonal damage, increased levels of a-synuclein, aberrant tau phosphorylation and conformation,
and reactive gliosis”>!?2, VPS35 D620N may also induce changes to midbrain retromer-dependent

lysosomal and mitochondrial function’® in aged animals, but this is not observed in every knock-
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122,130 and reduced

in model”®!*°. Intriguingly, aged mutant mice show altered VPS35 levels
WASHI levels'?, suggesting VPS35 D620N mutation may alter the expression of VPS35
interactors with age, and that this could contribute to the enhanced degeneration of SNpc
dopaminergic neurons in PD. Despite multiple reports of neurodegenerative changes in aged
VPS35 D620N knock-in mice, changes to locomotion and gait are modest at best’378122:130,

suggesting the changes induced by the mutation in mice can be accommodated for in terms of

behaviour.

Considering markers of neurodegeneration are found throughout the brain”!?2, VPS35
D620N may affect other cell types and neurotransmitter systems. Our data from primary mouse
cortical neurons cultured from heterozygous and homozygous knock-in mice show glutamatergic
transmission is increased in both pre- and post-synaptic measures®. As with findings in patient-
derived human neurons, GluA1 surface expression in mouse primary cortical neurons is increased
in vitro'. An increase in phosphorylated Rab10 is also observed in these neurons, which can be
rescued with acute LRRK?2 kinase inhibition, and is in line with reports from mouse embryonic
fibroblasts®. However, acute LRRK2 kinase inhibition does not alter glutamatergic phenotypes

observed in knock-in neurons>.

A thorough investigation of the subtle phenotypic differences between experimental
models of VPS35 PD may reveal the specific changes required to contribute to a Parkinsonian
state. Still, a growing body of literature demonstrates early dysregulation to both glutamatergic
and dopaminergic transmission, and separately, eventual neurodegeneration. Early dysfunction
seems to be characterized by an elevation in neurotransmission, and later neurodegeneration would
theoretically reduce neurotransmission; however, the potential transition from dysfunction to

degeneration has not been characterized in the same model of VPS35 D620N-linked PD.
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Rationale for this study

Currently, individuals carrying PD-linked mutations have no disease modifying therapeutic
options which serve to stop or halt disease progression. We need to better understand early cellular
events that lead to the progression of motor and non-motor symptoms of the disease. Since PD
caused by VPS35 D620N mutations presents similarly to idiopathic PD symptoms*’, this model
serves can serve as a powerful tool to better understand not only VPS35-linked PD, but idiopathic
cases as well. Moreover, the effects of VPS35 D620N on both dopaminergic and glutamatergic
neurons are variable and may depend on the level of protein expression, cell-type specificity of the
mutation, age of the animal, and method of assessment?*7378:83106.122.130 "1t iq imperative,
therefore, to assess longitudinal changes to dopaminergic and glutamatergic neurotransmission in
the striatum in the same model using standardized techniques to better characterize the progression

of changes throughout adulthood.

As VPS35 D620N heterozygous knock-in mice can be used to model autosomal dominant
carriers of the mutation, they are compared to wild-type mice throughout adulthood. Alterations to
neurotransmission are assessed in the dorsal striatum, a region which is canonically affected in PD
and receives both glutamatergic and dopaminergic input. We also assess potential convergence of
VPS35 D620N with LRRK2 kinase activity by repeating measures in the presence of LRRK2

kinase inhibition.

In better understanding how dopaminergic and glutamatergic inputs change across age, and
the potential mechanistic involvement of LRRK2 kinase in synaptic phenotypes, we will further

the understanding of the progression of striatal pathology in the VPS35 D620N model of PD. We
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hope that our findings eventually lead to the development of drugs and/or therapeutic windows

which confer neuroprotection against VPS35-linked PD, and potentially beyond.

Hypothesis

We hypothesize that 1) VPS35 D620N heterozygous mutations increase striatal glutamate and
dopamine transmission in young adult mice, which 2) drives the eventual loss of striatal
neurotransmission in aged mice. 3) Changes to striatal neurotransmission are mediated by

increased activation of LRRK2 kinase.

Specific objectives

1) Compare ex vivo striatal glutamate transmission between young adult mice (1- to 6-
month-old) and aged (22- to 27-month-old) mice that are either wild-type (WT) or
VPS35 D620N heterozygous knock-in (herein VKI).

2) Assess ex vivo striatal dopamine release in young adult and aged WT and VKI mice.

3) Investigate the sensitivity of striatal neurotransmission in young and aged WT and VKI

mice to acute LRRK2 kinase inhibition.
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Materials and Methods

Animals

VPS35 D620N knock-in (VKI) generated as previously described* were maintained on a C57B16/J
wild-type background, and housed and bred in accordance with the Canadian Council on Animal
Care regulations (Animal Use Protocol 2017-7888B). All procedures were approved by and
governed in accordance with the Neuro Centre of Neurological Disease Models (Animal Use
Protocol 2017-7888B) and with Memorial University Animal Care Committee (Animal Use
Protocol 18-01-MP). Heterozygous, and wild-type littermates were used throughout. 1- to 6-
month-old male mice were used for all experiments characterizing “young adult” mice, and 23- to

27-month-old male and female mice used for the “aged” mice cohort.

Genotyping

All animals were genotyped from ear samples taken at time of weaning and confirmed after
collection of post-mortem tissue. Samples collected from tail tips or ears were digested in 100uL.
10% Chelex (Bio-Rad 142-1253) for 20 minutes at 95°C, vortexing twice during the process.
Digested samples were centrifuged for 2 minutes at 12,000 RPM. 2uL of the DNA-containing
supernatant was added to 18uL of polymerase chain reaction (PCR) master mix (Qiagen 201203).
Master mix was made using the Qiagen kit instructions and contained: taq polymerase, DNAse
and RNAse-free water, 10X buffer, I0mM dNTPs, and custom DNA oligo primers (ThermoFisher:
Forward-TGGTAGTCACATTGCCTCTG, Reverse-ATGAACCAACCATCAATAGGAACACQ).
Sample mixes were amplified using a PCR machine (program cycle available upon request) and
combined with fluorescent DNA dye (ZmTech LB-001G). 10uL of the mix was then run through

4% agarose gel and visualized with a BioRad ultraviolet gel imaging machine.
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Surgery

Experiments using channelrhodopsin-2 (ChR2), intensity-based glutamate-sensing fluorescent
reporter (iGluSnFR), or modified dopamine D1 receptor fluorescent reporter (dLightl.3b),
required stereotaxic injection of AAV constructs. Mice were injected subcutaneously with
carprofen (2-4 mg/mL, 20mg/kg) and 0.9% NaCl and allowed to rest for >15 minutes. Mice were
then anaesthetized with isoflurane (5% for induction, 1-2% for maintenance) and secured in a
stereotaxic head frame (Kopf Instruments). Marcaine was injected subcutaneously below the site
of incision and the scalp hair was removed either using chemical (Nair) or mechanical (Wahl
clippers) means. A small incision was made in the scalp and the skull leveled using Bregma and
Lambda sutures as points of reference. A micro-burr dentistry drill was used to perform a 0.5mm
craniotomy over the site of injection. A 10uL syringe (Nanofil), attached to a microinjector
(Harvard Apparatus Pumpl1 Elite) and lowered into the injection site. The z-coordinates were
zeroed to the brain surface, and x, y coordinates to Bregma as origin. Injections for iGluSnFR and
dLight were occasionally performed bilaterally; two craniotomies were therefore required to create

openings, one in each hemisphere.

Injections were performed one hemisphere at a time with a 5-minute settling period post-
injection. After injection the needle was removed, and the scalp rehydrated using additional
Marcaine. The scalp was sutured closed with 4-0 silk sutures (Ethicon 683G) and sealed with
Vetbond tissue adhesive (3M 1469SB) and the animals were given subcutaneous 0.9% NaCl to
replace fluids lost during surgery (0.2-0.5mL/10mg). Mice were monitored for pain and discomfort
after they regained consciousness and returned to their home cage within 1 hour. Post-operative

monitoring was done for 3 days following surgery, during which mice were administered
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Carprofen daily. Over the three-year period during which these experiments were performed,

mortality from surgery or arising complications was less than 2%.

Construct specific injection details

For ChR2 experiments, AAV9-CAG-ChR2-mCherry (Neurophotonics Centre, U de Laval, lot
#834 = 4x10'?> GC/mL) was injected 4-6 weeks in advance of slice experiments. 650nL was
delivered at 1nL/sec into the primary motor cortex (M1): 1.5 mm anterior, 1.0 mm lateral, 0.8 mm
ventral to Bregma. For iGluSnFR or dLight experiments in 3- to 6-month-olds, mice were injected
3-6 weeks ahead of slice recording experiments. For glutamate release experiments, lulL of
AAV1.hSyn.iGluSnFr.WPRE.SV40 (Addgene 98929-AAV1, 2.8x10'> GC/mL) was injected into
the dorsolateral striatum (STR) at 2nL/sec. For dopamine release experiments, 300nL of AAVS5-
CAG-dLightl1.3b (Addgene 125560-AAVS5, 1.5x10"* GC/mL) was injected into the dorsolateral

STR at InL/sec. Dorsolateral STR coordinates: 2.0 mm anterior, 1.0 lateral, 3.2 ventral to Bregma.

Surgeries on 23-27-month-old animals were modified to maximize recording potential
from each animal. As such, mice were injected bilaterally with iGluSnFR in one hemisphere and
dLight in the other (separate needles were used for each virus). Needles were swapped between
bilateral injections and reset to position Bregma at the origin before proceeding to the second
hemisphere. Additional considerations were made to account for the advanced age of the animals:
a prophylactic dose of carprofen was administered the day before surgery. Animals were also
inspected to ensure they were healthy enough to tolerate surgery and DietGels were placed in cages
during post-operative care to increase fluid intake. Surgeries were performed 2-4 weeks ahead of

slice experiments.
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Preparation of acute brain slices

For all recordings of neurotransmission, 300um acute coronal brain slices were prepared from
unanaesthetised mice. Mice were restrained, swiftly decapitated, and brains rapidly collected and
placed in ice-cold recovery solution for 1 minute to firm the brain for subsequent slicing. Recovery
solution contained in mM: 93 NMDG, 93 HCI, 2.5 KCI, 1.2 NaH>PO4, 30 NaHCO3, 20 HEPES,
25 glucose, 5 sodium ascorbate, 3 sodium pyruvate, 10 MgSO4-7H>0, 0.5 CaCl>-2H>O (pH 7.3-
7.4, 290-310 mOsm). Following removal of extra-striatal rostral and caudal brain regions, the
remaining brain was mounted on a vibrating-blade microtome platform using sodium acrylate and
hemisected when required (as in the case of ~25-month-old animals injected with dLight and
1GluSnFR in opposite hemispheres). The mounted brain was submerged in ice-cold recovery
solution and sectioned coronally with the vibrating-blade microtome (Leica Microsystems VT
1200S). Slices were then transferred to 35°C recovery solution for 15 minutes before final transfer
into holding chambers containing room-temperature (22-25°C) carbogen-infused artificial
cerebrospinal fluid (aCSF) for at least 45 minutes prior to experiments. aCSF contained in mM:
125 NaCl, 2.5 KCI, 25 NaHCOs3, 1.25 NaH;POs4, 2 MgCla, 2 aCl,, 10 glucose (pH 7.2-7.4, 300-

310 mOsm).

Whole-cell patch-clamp electrophysiology

Whole-cell patch-clamp electrophysiology was used to obtain recordings of spontaneous and
ChR2-evoked glutamatergic transmission events in MSNs of the dorsolateral caudate-putamen /
corpus striatum!®, Brain slices were transferred into a recording chamber perfused with room-
temperature aCSF containing 100uM picrotoxin (Tocris 1128) at a rate of ~1.5mL/min. Slices were

visualized on an Olympus BX51 microscope (40x magnification, 2x digital zoom) using IR-DIC
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and recording using a Q-Imaging Electro camera. MSNs were identified visually within the
dorsolateral STR based on somatic size (8-20uM) and distinct morphology, 50-150uM below the
surface of the slice. Borosilicate glass capillary tubes (Harvard Apparatus 640805) were pulled
using a Sutter P-1000 micropipette puller to form pipettes with a resistance of 4-8 MOhms when
filled. Pipettes were filled with cesium-based internal solution containing in mM: 130 Cs
methanesulfonate, 5 CsCl, 4 NaCl, 1 MgCl,, 5 EGTA, 10 HEPES, 5 QX-314, 0.5 GTP, 10 Na
phosphocreatine, 5 MgATP, and 0.1 spermine (pH 7.2, 290mOsm). Filled pipettes were loaded
onto an AgCl wire-containing motorized micromanipulator (Sutter Instrument MP-285) and
lowered to patch onto identified MSNs. Recordings were obtained using a MultiClamp 700B
amplifier in voltage-clamp configuration and filtered at 2kHz and digitized at 10kHz (Molecular
Devices Axon Digidata 1440A). Membrane properties were initially determined using the
membrane-test function while holding the cell at -70mV. Synaptic recordings following a 2-minute
settling period. For all recordings, tolerance for access resistance was maximum 27 MOhms and

recordings were discarded if this changed >10%.

Spontaneous excitatory post-synaptic currents (SEPSCs) were recorded over a minimum 2-
minute period at -70mV with primary output gain 20, and analyzed using Clampfit 10 software
(Molecular Devices) to detect glutamatergic SEPSCs. A 5pA peak event threshold tool was used to
isolate EPSC events, with each checked by eye; non-unitary events were retained for inter-event
interval analysis, but only unitary events were used for analysis of EPSC amplitude and decay
constants. Cumulative distributions were used to evaluate amplitude and inter-event intervals of
sEPSCs for each recorded MSN. Unitary SEPSCs within each recording were averaged and decay

tau was measured using a 1-term exponential fitting function.
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Following sEPSC recordings, patched MSNs maintained for subsequent ChR2-evoked
post-synaptic current (ChR2-PSC) recordings. ChR2 was stimulated using wide-field illumination
with blue light (473nm, XCite Series 120Q) transmitted through 40x immersion objective
generating 2.7 mW. 5ms pulses were controlled by a Lambda SC Smart Shutter Controller (Sutter
Instruments). Pulses were administered in trains of 4 pulses at 100ms inter-pulse intervals. Trains
were repeated every 30 seconds, 5-10 times. Recordings at 70mV holding potential and Gain 2
were used to determine ChR2-PSC amplitudes, which were averaged across repetitions for each

of the 4 pulses in the train.

Synaptic currents mediated by a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPARs) and N-methyl-D-aspartate receptors (NMDARs) were recorded. Single Sms
pulse stimulations repeated 5x every 30 seconds, were applied during recordings of ChR2-PSCs
at -70mV holding potential to determine AMPAR-mediated currents. Recordings with single pulse
stimulations were repeated at +40mV holding potential to assess AMPAR+NMDAR-mediated
currents. Peaks of NMDAR-mediated currents were estimated at 40ms post AMPA peak. AMPAR-
mediated currents then were isolated in experiments repeated at +40mV in bath-applied 10uM D-
APV (NMDAR blocker, Tocris 0106). AMPA rectification indices were calculated by dividing

isolated AMPAR ChR2-PSC at +40mV by ChR2-PSC at +70mV.

iGluSnFR and dLight imaging

Imaging of iGluSnFR and dLight to assay striatal glutamate and dopamine release, respectively,
was performed on hemisected acute brain slices. Live recordings were obtained using the 2X
objective focused on the dorsolateral STR. Slices were wide-field illuminated with green light

(473nm, CoolLED pE-340fura), with a shutter controlled by Clampex software and Digidata
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1550B hardware. Clampex and digitizer outputs were also used to trigger recordings with the EM-
CCD camera (Andor iXon Ultra 897) and stimulus isolator (WPI A365). The stimulus isolator was
connected to a monopolar tungsten stimulating electrode (A-M Systems 574000) which was
lowered into the dorsolateral striatum 50-100uM beneath the surface of the tissue. Recordings
were captured using Andor Solis software, using 4x4 binning and 205 frames/second (Hz)
acquisition rate. N.B. The higher temporal resolution afforded by this acquisition rate allowed for
more accurate analysis of event decays and expand the capability of this technique to capture and
analyze spontaneous activity for future experiments. For these experiments, spontaneous activity

was excluded from analysis of both iGluSnFR and dLight responses to electrical stimulation.

For iGluSnFR recordings, the stimulation was given at 150uA in a train of 10 x 0.2ms
pulses with 100ms inter-pulse intervals. No-stimulation and stimulation trials were alternated at 1-
minute intervals such that the stimulation was repeated every 2 minutes, until 4 stimulation and 5
no-stimulation trials were recorded. An 11" pulse was delivered with each repetition of the
stimulation trial, with inter-pulse intervals alternating between 500ms, 1000ms, 2500ms and
5000ms. The same protocol was used to obtained dLight 10-pulse recordings, which proceeded 2-
pulse experiments. To obtain 2-pulse dLight input-output curves, 2 pulses of electrical stimulation
with 4s inter-pulse interval, was delivered at 50uA, 100uA, 200uA, 300uA, 400uA, 500uA, (and
in some cases, 600uA) with 2 minutes between each change in stimulus intensity. Responses were
concatenated in FIJI software to determine the stimulus intensity corresponding to 50-60%
maximum response, which was used for the subsequent 10-pulse dLight experiment. For
recordings from old mice, only 2-pulse dLight data were obtained. For analysis of both iGluSnFR
and dLight recordings, videos were converted into plots of fluorescent intensity over time using

FIJI software and peaks and decays were analyzed within Clampfit (with decays measured by
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fitting 1-term exponential function onto each trace). 10-pulse responses were averaged across all

4 stimulation trials.
Acute LRRK?2 kinase inhibition

LRRK2 kinase was inhibited acutely in 3- and 6-month-old brain slice experiments using bath-
applied MLi-2 (500 nM, Tocris 5756) dissolved in 45% captisol in PBS. Vehicle-control
experiments were conducted with bath-applied 45% captisol in PBS (377.6uL/L aCSF). Slices
were incubated for >1.5hours and remained perfused with either MLi-2 or captisol vehicle
throughout recordings. Acute LRRK?2 kinase inhibition was also delivered in vivo in aged animals
by intraperitoneal injection of MLi-2 or 45% captisol in PBS at a dose of 5Smg/kg for >1.5hours in
advance of slice preparation. Slices were then incubated with MLi-2 or captisol as previously

described, for > 45 minutes.

Statistical analysis

All statistical analysis was performed on GraphPad 10. Data were assessed for parametric or non-
parametric distributions using D’Agostino and Pearson normality tests. This determined whether
to follow with unpaired t-test/1-way ANOVA if normally distributed or Mann-Whitney U-
test/Kruskal-Wallis test if one or more groups were not normally distributed. Post-hoc analysis
was performed for analysis where significance was reached (p < 0.05) using the Holm-Sidak
multiple comparisons test. Specific statistical analysis for each experiment is described in figure
legends. Asterisks on figures represent p < 0.05 and a trend towards statistical significance (0.10
> p > 0.05) is represented as a numerical p value on figures. Comparisons yielding significance of
p>0.10 were not plotted on graphs. Data are presented as n=cells from (n) animals (ie. WT = 6(3)

describes that the wild-type dataset includes 6 cells from 3 animals).
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Chapter 2: Investigating striatal glutamate transmission in VKI mice

Effects of VPS35 D620N mutation on striatal glutamate transmission in voung adult mice

2.1 Membrane properties of dorsolateral striatal medium spiny neurons are transiently

altered in VKI mice

Acute coronal brain slices were taken from WT and heterozygous VKI mice (Figure 1 A i). Whole-
cell patch-clamp electrophysiological recordings were obtained from MSNs of the dorsolateral
STR (Figure 1 A ii). WT and VKI neurons have similar membrane capacitance and resistance in
I-month-old animals, but VKI MSNs show a small but significant reduction in membrane tau
(Figure 1 B i-iii). By 3 months, membrane tau measurements are similar to WT MSNs, as are
membrane resistance measurements (Figure 1 C ii & iii). VKI MSNs show a trend towards
increased membrane capacitance at this age (Figure 1 C 1i). This trend is also observed in 6-month-
old VKI MSNs (Figure 1 D 1). Membrane resistance at 6 months is significantly lower in VKI
versus WT MSNs (Figure 1 D ii). Membrane tau measurements at 6 months are similar across
genotypes (Figure 1 D iii). Altogether, changes in membrane properties are observed in
dorsolateral VKI MSNs. These changes are age-dependent and may correspond to changes in

membrane excitability of MSNs, which was measured next.
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(Previous Page) Figure 1. Membrane properties of dorsolateral striatum medium spiny neurons are modestly
altered in VKI vs WT mice in an age-dependent manner.

A i) Schematic depicting whole-cell patch-clamp recording of medium spiny neurons in the dorsolateral striatum
(STR) of acute coronal brain sections also containing cortex (CTX). ii) Representative trace of voltage-clamp
recording of spontaneous excitatory post-synaptic currents (SEPSCs) from dorsolateral STR MSNs during which,
passive membrane properties were recorded. B At 1 month, i) membrane capacitance of recorded MSNss is not different
between WT and VKI mice (Mann-Whitney U-test p=0.13). ii) Membrane resistance of neurons is not different
between WT and VKI mice (Unpaired t-test p=0.42). iii) Membrane tau is slower in WT neurons vs VKI neurons
(Mann-Whitney U-test p=0.03). C At 3 months, i) VKI neurons trend towards significantly higher membrane
capacitance measures vs WT neurons (Unpaired t-test p=0.07). ii) Membrane resistance of neurons is not different
between genotypes (Mann-Whitney U-test p=0.39). iii) Membrane tau is not significantly different between genotypes
(Mann-Whitney U-test p=0.61). C At 6 months, i) VKI neurons trend towards significantly higher membrane
capacitance measures (Unpaired t-test p=0.06). ii) Membrane resistance is significantly lower in VKI vs WT neurons
(Mann-Whitney U-test p=0.01). iii) Membrane tau of neurons is not significantly different between genotypes
(Unpaired t-test p=0.47). Experimental n = x(y), where x = # of recordings and y = # of mice.

2.2 Spontaneous glutamate transmission in the dorsolateral STR is increased in VKI MSNs

by 6 months

Spontaneous excitatory post-synaptic currents (SEPSCs) were obtained in voltage-clamp
configuration to assess spontaneous glutamate transmission in WT and VKI dorsolateral STR
MSNs (Figure 2). At 1 month, WT and VKI MSNs are similar in sSEPSC amplitude, inter-event
interval, and decay tau, suggesting that spontaneous glutamatergic activity is similar in MSNs
across both genotypes at this age (Figure 2 A i-ii1). At 3 months, VKI MSNs show increased
sEPSCs amplitudes compared to WT neurons, as revealed by the cumulative probability plot, with
no change in the inter-event interval of spontaneous glutamatergic events (Figure 2 B 1 & i1). At
this age, decay tau of SEPSCs is reduced in VKIs (Figure 2 B ii1). Intriguingly at 6 months, no
change in decay tau is observed in VKI versus WT MSNs (Figure 2 C iii). However, the increase
in probability of higher-amplitude events in VKIs is more robust than at 3 months and is now
accompanied by an increased probability of a smaller inter-event intervals (Figure 2 C 1 & 11).
These data suggest that changes to spontaneous glutamatergic transmission in VKI MSNs emerge

at 3 months and become more robust by 6 months.
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(Previous Page) Figure 2. Spontaneous glutamate transmission is increased in VKI MSNs by 6 months.

A At 1 month, i) Cumulative distribution of sSEPSC event amplitude show no significant difference between WT vs
VKI recordings (2-way ANOVA interaction p>0.99, genotype p=0.21) ii) Cumulative distribution of sEPSC inter-
event interval is not significantly different between genotypes (2-way ANOVA interaction p>0.99, genotype p=0.93).
iii) Average sEPSC decay taus are not significantly different between WT vs VKI recordings (unpaired t-test p=0.43).
B At 3 months i) Cumulative distributions show VKI sEPSC amplitudes are significantly more likely to be larger vs
WT amplitudes (2-way ANOVA interaction p=0.02, genotype p=0.21, Holm-Sidak’s multiple comparisons test WT vs
VKI @ 12pA p=0.04) ii. Cumulative distributions of sEPSC inter-event intervals are not significantly different
between genotypes (2-way ANOVA interaction p=0.34, genotype p=0.95). iii. Average sEPSC decay tau is
significantly faster in VKI vs WT neurons (Mann-Whitney U-test p=0.01). C At 6 months i) cumulative distributions
show a significantly higher number of larger-amplitude sSEPSCs in VKI neurons (2-way ANOVA interaction p=0.005,
genotype p=0.24, Holm-Sid4k’s multiple comparisons test WT vs VKI @ 14pA p=0.03 and @ 16pA p=0.04) ii.
Cumulative distributions of sEPSC inter-event intervals indicate VKI neurons are significantly more likely to have
SsEPSCs with smaller inter-event intervals vs WT neurons (2-way ANOVA interaction p<0.0001, genotype p=0.04).
iii. Average sEPSC decay taus are not significantly different in VKI vs WT neurons (Mann-Whitney U-test p=0.54).

2.3 Evoked corticostriatal glutamate transmission is increased in VKIs by 6 months

To assess evoked glutamate transmission changes in dorsolateral STR MSNs, channelrhodopsin-
2 (ChR2)-expressing virus was injected into the primary and supplementary motor cortices, 4-6
weeks ahead of acute slice experiments. Due to the requirement of ~5-weeks post-surgery for viral
expression of ChR2, experiments were conducted in 3- and 6-month-old cohorts only. Presynaptic
cortical afferents were stimulated using wide-field illumination while MSNs of the dorsolateral
STR were recorded (Figure 3 A 1). 4 pulses of light were given at 100ms inter-pulse intervals and
corresponding postsynaptic currents (PSCs) were assessed for amplitude and paired-pulse ratios
(Figure 3 A 11). At 3 months, VKI MSNs show a trend towards higher amplitude PSCs for each of
the 4 stimulation pulses compared to WT MSNs (Figure 3 B 1). There was no difference in paired-
pulse ratios, indicating no change in probability of glutamate release at cortico-striatal synapses
(Figure 3 B ii). By 6 months, compared to WT MSNs, VKI MSNs show significantly different
PSC amplitude and a trend towards reduced paired pulse ratios (Figure 3 C1 & ii1). Therefore, there
is a modest increase in cortico-striatal glutamate transmission onto VKI MSNs by 3 months and

remains elevated at 6 months.
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Figure 3. Corticostriatal glutamate transmission is increased in VKI MSNs by 6 months.

A i) Schematic representing channelrhodopsin-2 (ChR2) expression at injection site (primary + supplementary motor
CTX), projecting to dorsolateral STR where MSNs were recorded. ii) Representative ChR2-mediated postsynaptic
current (PSC) trace showing evoked currents corresponding to 4 pulses of light stimulation (P1-P4). B At 3 months,
i) ChR2-PSCs show a trend towards significantly higher amplitudes in VKI vs WT MSNs (2-way ANOVA interaction
p=0.64, genotype p=0.08) and ii) are not different in paired pulse ratios (2-way ANOVA interaction p=0.70, genotype
p=0.41). C At 6 months, i) ChR2-evoked PSC amplitudes in VKI MSNs are significantly different from WT MSNs
(2-way ANOVA interaction p=0.001, genotype p=0.10) ii. Paired pulse ratios of ChR2-PSCs trend towards
significantly smaller values in VKI vs WT MSNs (2-way ANOVA interaction p=0.13, genotype p=0.10).
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2.4 Corticostriatal glutamate transmission through AMPA and NMDA receptors are

significantly increased in VKIs by 6 months

Using pharmacological and electrical manipulation, ChR2-evoked glutamatergic currents in
dorsolateral STR MSNs were separated AMPAR- and NMDAR- mediated current (Figure 4 A1 &
i1). At 3 months, there is no significant difference between WT and VKI PSCs from AMPARs,
NMDAREs, or the ratio of the two currents (Figure 4 B i-iii). There is also no change in AMPA
rectification index (Figure 4 B iv). At 6 months, VKIs show increased AMPAR current and
NMDAR current, without a change in the ratio of AMPA: NMDA mediated currents (Figure 4 C
i-ii1). Like at 3 months, VKI MSNs did not differ from WT MSNs in AMPA rectification index
measures at 6 months (Figure 4 C iv). Altogether, glutamate transmission through AMPARs and
NMDARs are increased at 6, but not 3 months. This increase affects both receptors to the same

extent, which may be the result of upstream increases in glutamate release.
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Figure 4. AMPAR and NMDAR-mediated ChR2-PSCs are significantly higher in VKI MSNs by 6 months.

A i) Schematic depicting ChR2-evoked corticostriatal glutamate release onto dorsolateral medium spiny neurons,
which were recorded +/- NMDAR inhibitor, APS5. ii) Representative ChR2-PSC traces in response to single pulses of
light. MSNss that were held at membrane potentials of -70mV or +40mV (in black), and +40mV in the presence of
APS5 (in cyan) B At 3 months, i) the peak amplitude of AMPAR-mediated currents at -70mV are not significantly
different between WT and VKI MSNs (Mann-Whitney U-test p=0.63). ii) Amplitude of NMDAR-mediated currents
are not significantly different between genotypes at +40mV (Unpaired t-test p=0.95). iii) Ratios of +40mV NMDAR
current to -70mV AMPAR current are not significantly different between WT and VKI MSNs (Unpaired t-test p=0.68).
iv) Rectification Index of AMPA current is not significantly different between WT and VKI MSNs (Unpaired t-test
p=0.45). C At 6 months, i) VKI MSNs show larger PSCs than WT MSNs, in peak amplitude of both AMPAR-mediated
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(Figure 4 cont’d) current (Mann-Whitney U-test p=0.02) and ii) NMDAR-mediated current (Mann-Whitney U-test
p=0.003). iii) Ratio of NMDA:AMPA currents are not significantly different between genotypes (Unpaired t-test
p=0.81). iv) AMPA Rectification Index is not significantly different between WT and VKI MSNs (Unpaired t-test
p=0.67).

2.5 Electrically-evoked glutamate release onto dorsolateral STR MSN:s is altered in VKI mice

by 6 months

To directly measure glutamate release, mice were injected in the STR with virus encoding
intensity-based glutamate-sensing fluorescent reporter (iGluSnFR), 4-6 weeks prior to acute slice
experiments. Changes in fluorescence corresponding to local electrical stimulation were
normalized to baseline fluorescence (Figure 5 A 1). A high frequency stimulation protocol of 10
pulses at 10Hz was applied, with a subsequent 11 pulse delivered at varying intervals to assess
the capacity of the STR to recover glutamate after release (Figure 5 A ii). At 3 months, VKI
iGluSNFR responses are lower in amplitude than WT responses when normalized to baseline
fluorescence (Figure 5 B i). Relative to the 1% response in the 10-pulse train, VKIs show a faster
initial depletion of glutamate which normalize to wild-type levels by the end of the pulse train
(Figure 5 B i1). Following the pulse train, VKIs show reduced capacity to recover from glutamate
depletion compared to WT mice (Figure 5 B iii). Decay taus of the 10™ (and last) pulse in the train
are significantly faster in VKIs than WTs (Figure 5 B iv). At 6 months, 10" pulse decay tau are no
different from WT mice (Figure 5 C iv). At this age, VKIs show a trend towards altered iGluSnFR
response amplitude relative to baseline (Figure 5 C 1). VKIs are also significantly more likely to
release glutamate during the 10-pulse train stimulation than WT mice (Figure 6 C ii). Finally, VKIs
trend towards a significantly faster recovery from 10-pulse train stimulation (Figure 6 iii).
Therefore, VKIs show increased probability of striatal glutamate release as early as 3 months, and

are more capable of recovering from that increased release by 6 months.
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Figure 5. Glutamate release in the dorsolateral STR is increased in VKI mice by 6 months.

A i) Visualization of intensity-based glutamate-sensing fluorescent reporter (iGluSnFR) change in fluorescence from
baseline (AF/F) in dorsolateral STR in response to local electrical stimulation (low to high AF/F represented as a
gradient from purple to yellow, respectively). Boundaries of the corpus callosum (CC) separate CTX and STR in a
coronal brain slice. ii) Representative iGluSnFR response in dorsolateral STR corresponding to train of 10x10Hz
pulses of electrical stimulation followed by 11™ pulse at increasing interval with each repetition of the protocol. Black
trace represents 1% of 4 stimulations with subsequent stimulations overlayed in brown. B At 3 months, i) VKI vs WT
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(Figure 5 cont’d) iGluSnFR A fluorescence/baseline is significantly smaller in VKI brain slices (2-way ANOVA
interaction p<0.0001, genotype p=0.03). ii) When normalized to 1% pulse (P1), VKI iGluSnFR responses are
significantly smaller relative to P1 (2-way ANOVA interaction p<0.0001, genotype p=0.40, Holm-Sidak’s multiple
comparisons test WT vs VKI @ 100ms p=0.02). iii) VKI responses show significantly smaller responses after
10x10Hz stimulation when normalized to 10" pulse (P10) when compared to WT responses (2-way ANOVA
interaction p=0.17, genotype p=0.01, Holm-Sidak’s multiple comparisons test WT vs VKI @ 2500ms inter-pulse
interval (IPI) p=0.04, and @ 5000ms IPI p=0.05) iv) P10 decay of iGluSnFR A fluorescence is significantly faster in
VKIs vs WT (Unpaired t-test p<0.0001). C At 6 months, i) VKI iGluSnFR A fluorescence/baseline trends towards
significantly different response vs WT (2-way ANOVA interaction p=0.07, genotype p=0.74). ii) VKI responses are
significantly smaller when normalized to P1 when compared to WT responses (2-way ANOVA interaction p=0.004,
genotype p=0.03). iii) VKI responses after 10x10Hz stimulation trends towards significantly higher values when
normalized to P10 than WT responses (2-way ANOVA interaction p=0.63, genotype p=0.09). iv) P10 decay of
iGluSnFR A fluorescence is not significantly different between WTs and VKIs at 6 months (Unpaired t-test p=0.31).

Effects of acute LRRK?2 kinase inhibition on striatal glutamate transmission in voung adult

mice
2.6 Acute inhibition of LRRK?2 kinase activity does not alter STR glutamatergic transmission

in 6-month-old mice

As LRRK2 kinase activity is increased in PD patients with VPS35 D620N mutation and may
function downstream of VPS35 in endo-lysosomal pathways®, it may be that LRRK2 kinase
inhibition can reduce glutamate transmission in VKI mice. SEPSCs and ChR2-PSCs were recorded
from dorsolateral STR MSNs which were bath-perfused for >1.5 hours with LRRK2-kinase
inhibitor, MLi-2 or its vehicle, Captisol® (Figure 6). sSEPSC recordings from 6-month-old animals
show no difference in average amplitude, frequency, or decay tau of spontaneous glutamatergic
events when comparing WT to VKI MSNs in both vehicle- and MLi-2 treated conditions (Figure
6 A i-iii). Strikingly, with MLi-2 treatment, WT MSNs show reduced amplitude of ChR2-evoked
PSCs without change in paired-pulse ratios (Figure 6 B i & ii). There is no difference with MLi-2
treatment in VKI MSNss in either ChR2-evoked PSC amplitude or paired-pulse ratio (Figure 6 C i
& ii). This suggests that acute treatment with LRRK2 kinase inhibitor MLi-2 does not alter
glutamatergic transmission in the dorsolateral STR of VKI mice but may reduce corticostriatal

glutamate transmission in WT mice.

54



6-month sePSC
A i il

—_
()}
1
[
-
o
1
L ]

t

Amplitude (pA)
9 3
(o]
Frequency (Hz)
° g
B o
B -
Decay Tau (ms)
°__ 9

0 T L] T T L T T
DN NS DN NS DN NS
A (W WS AV G G
A AL APV A AL z PP
< AN < < < < AN < < < < <
SR N R 4 o d o~ W P A
& & S
& & & ¢ & & @ § & & @ §
6-month ChR2-PSC
B i. Il
1200- 0.3-
2-way ANOVA
z { * Treatment % ][_ ']:'
S 800- © 0.2 _I_
3 2 B3 WT veh. n=11(6)
= * o 0 =
B WT MLi-2 n=7(4
£ 4001 |—| B 0.1- *
< T
g s~
O T ﬂIi Ii I._ 0.0 L] T 1
N 1% o) 1 N N N
Q Q Q Q N R R
Qv P ™
C i il
1200- 0.3-
i)
< ©
S 8004 @ 0.21
§ 2 B VKI veh. n=8(5)
= o .
= B VK| MLi-2 n=9(4
g 4004 B 0.1- )
< I
o
0- 0.0-
N 0, 0 ™ N N N
Q R R %4 R R R
QY < i

Figure 6. At 6 months, striatal glutamate transmission in WT but not VKI mice is sensitive to acute LRRK2
kinase inhibition with MLi-2.
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(Figure 6 cont’d) A At 6 months, i) average SEPSC amplitude is not significantly different between WT and VKI
neurons when comparing MLi-2 treatment vs vehicle (Kruskal-Wallis test p=0.61). ii) Average sEPSC frequency is
not significantly different with MLi-2 treatment in WT and VKI neurons (Kruskal-Wallis test p=0.90). iii) Average
SsEPSC decay tau is not significantly different with MLi-2 treatment in WT and VKI neurons (Kruskal-Wallis test
p=0.90). B At 6 months, i) MLi-2 treatment reduces WT ChR2-PSCs (2-way ANOVA interaction p=0.17, treatment
p=0.05, Holm-Sidak’s multiple comparisons test WT veh. vs WT MLi-2 @ P4 p=0.04). ii) MLi-2 treatment does not
alter WT neuron ChR2-evoked PSC paired-pulse ratio (2-way ANOVA interaction p=0.56, treatment p=0.50). C At 6
months, i) MLi-2 treatment does not affect the amplitude of ChR2-PSCs in VKI neurons (2-way ANOVA interaction
p>0.99, treatment p=0.61). ii) MLi-2 treatment does not affect paired-pulse ratio of ChR2-PSCs in VKI neurons (2-
way ANOVA interaction p=0.57, treatment p=0.52).

2.7 Captisol® vehicle treatment differentially alters striatal glutamate transmission and

membrane properties in VKI and WT MSNs

Spontaneous glutamate transmission is elevated in 6-month-old untreated WT vs VKI striata
(Figure 2C), but not in vehicle-treated WT vs VKI striata of the same age (Figure 6A). Therefore,
we next investigated whether vehicle treatment alone was sufficient to alter striatal glutamate
transmission. To address this, MLi-2 and vehicle-treated slices were compared to untreated WT

and VKI slices in 3 experimental paradigms.

First, iGluSnFR recordings of responses to 10 x 10Hz pulse train electrical stimulation
revealed that vehicle treatment increased glutamate release in both WT and VKI striata relative to
perfusion with artificial cerebrospinal fluid (aCSF) alone (Figure S1 A1 & B i, Appendix). MLi-2
treatment does not significantly alter the size of iGluSnFR responses when compared with vehicle
treatment, but both MLi-2 and vehicle treatment significantly increase the iGluSnFR response size

when compared to aCSF conditions.

iGluSnFR responses, when normalized to 1% pulse peak, show greater facilitation or less
extensive glutamate release in both WT and VKI aCSF perfused slices when compared with
vehicle or MLi-2 treatment (Figure S1 A ii & B ii). Finally, decay tau of the response to the 10®/last
pulse is significantly faster in aCSF-perfused WT and VKI brain slices when compared with

vehicle or MLi-2 treatment (Figure S1 A iii & B iii). There is no significant difference between
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Captisol® and MLi-2 treated iGluSnFR response decay. These findings indicate that Captisol®
may be sufficient to increase striatal glutamate release to a similar extent as MLi-2 in 3-month-old

animals, regardless of genotype.

Further, whole-cell patch-clamp experiments in 6-month-old MSNs revealed a significant
difference in passive membrane properties with Captisol® vehicle treatment in VKI, but not WT
mice (Figure S2, Appendix). Vehicle treatment in VKI brain slices decreases MSN membrane
capacitance and membrane tau while increasing membrane resistance (Figure S2 A - C). There is
no effect on these membrane properties in VKI MSNs with MLi-2 when compared to aCSF or
vehicle conditions. WT MSN membrane properties are not affected by either vehicle or MLi-2
treatment. Therefore, there seems to be a selective alteration of membrane properties in VKIs by

Captisol®.

MSNs were also recorded to compare spontaneous glutamatergic transmission across
different treatment conditions (Figure S3, Appendix). Cumulative distribution of WT sEPSC
amplitude, but not inter-event interval, is significantly altered with Captisol® vehicle and MLi-2
treatment when compared to aCSF alone (Figure S3 A i1 & ii). Cumulative distribution of VKI
sEPSC amplitude and inter-event interval is significantly altered when comparing across treatment
conditions (Figure S3 B 1 & ii). In both genotypes sEPSC amplitude, but not inter-event
distribution is affected significantly by vehicle and MLi-2 treatment in when compared to
recordings in aCSF, reflected by more numerous lower-amplitude events with either treatment.
Neither sEPSC amplitude nor inter-event interval distribution in either genotype is affected by
MLi-2 treatment when compared to vehicle alone. Average sEPSC decay taus are not different
across treatment conditions or genotypes (Figure S3 C). Altogether, using Captisol® may

differentially alter membrane properties of VKIs, and increases the proportion of lower amplitude,
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spontaneous glutamate transmission events in MSNs in both WT and VKI mice. MLi-2 treatment
does not seem to alter membrane properties or SEPSC characteristics in either genotype beyond

what is observed with vehicle treatment alone.

Finally, ChR2- PSCs in 6-month-old mice were compared across treatment conditions to
determine the influence of Captisol® vehicle treatment on corticostriatal glutamate release (Figure
S4, Appendix). In WT MSNs, Captisol® vehicle treatment increases the initial ChR2-PSC while
reducing paired-pulse ratios by the end of the 4-pulse train (Figure S4 A i & i1). MLi-2 effects were
not significantly different from vehicle treatment alone. In VKI MSNss, vehicle treatment does not
affect the initial amplitude, but reduces P2-P4 amplitudes (Figure S4 B 1). A significant difference
in paired-pulse ratio is only observed with vehicle treatment when comparing P2:P1 (Figure S4 B
i1). No further differences in absolute or relative ChR2 responses are observed in VKIs treated with
MLi-2 when compared to vehicle or aCSF control experiments. In summary, Captisol® alone may
be sufficient to increase corticostriatal glutamate transmission onto WT MSNs and seems to

increase the probability of glutamate release in both genotypes.

Effects of VPS35 D620N mutation +/- acute LRRK?2 kinase inhibition on striatal glutamate

release in aged mice

2.8 STR glutamate release is reduced in 25-month-old VKI mice and does not respond to

acute LRRK?2 Kkinase inhibition

1GluSnFR recordings (10-pulse, 10Hz electrical stimulation with subsequent recovery stimulation
at variable intervals) were repeated in male and female mice aged 22-27 months and pooled (Figure
7 A). Mice were injected intraperitoneally with MLi-2 or vehicle 1.5 hours in advance of slicing.

Pooled data show VKI responses to electrical stimulation trend towards smaller changes in
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fluorescence than in WT, under vehicle-treated conditions (Figure 7 C 1). There is no change in
1GluSnFR response size with acute treatment with MLi-2 in either genotype (Figure 7 C ii & ii1).
When normalized to the size of the 1% pulse response, vehicle-treated VKI slices show significantly
larger subsequent responses (Figure 7 D 1). 1 pulse-normalized responses are not responsive to
MLi-2 in either genotype (Figure 7 D ii & iii). Recovery following 10-pulse train was slower in
vehicle-treated VKI versus WT slices (Figure 7 E 1), but not sensitive to MLi-2 treatment in either
genotype (Figure 7 E ii & iii). Decay tau of the 10" pulse was not different across genotype or
treatment condition (Figure 7 B). While experimental numbers are underpowered to appreciate
possible sex differences in observed phenotypes, preliminary data suggests that male and female
VKI mice respond differentially to high frequency stimulation, and that there may be a sex-
dependent effect of MLi-2 in WT mice (Figures S5 & S6). To summarize, iGluSnFR recordings
from ~25-month-old mice suggest that glutamate release is reduced in the dorsolateral STR of VKI

mice.
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Figure 7. Evoked glutamate release in aged mice is reduced in VKI striata when compared to WT responses
and is not altered with acute MLi-2 treatment.

A) Representative iGluSnFR response (in black) in dorsolateral STR corresponding to train of 10x10Hz pulses of
electrical stimulation followed by 11th pulse at increasing interval with each repetition of the protocol (repetitions in
brown). B) P10 decay tau of iGluSnFR responses are not significantly different in either genotype, with MLi-2
treatment (1-way ANOVA p=0.32). C At ~25 months, i) vehicle-treated WT responses trend towards significantly
higher peak Afluorescence/baseline measures when compared to VKIs (2-way ANOVA interaction p=0.19, genotype
p=0.10). ii) WT iGIluSnFR responses are not significantly altered with MLi-2 treatment (2-way ANOVA interaction
p=0.99, treatment p=0.45). iii) VKI iGluSnFR responses are not significantly altered with MLi-2 treatment (2-way
ANOVA interaction p=0.49, treatment p=0.11). D At ~25 months, i) iGluSnFR responses normalized to P1 peak
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(Figure 7 cont’d) A fluorescence/baseline are significantly lower in vehicle-treated VKI vs WT brain slices (2-way
ANOVA interaction p=0.0001, genotype p=0.01). ii) WT responses normalized to P1 peak are not significantly altered
with MLi-2 treatment (2-way ANOVA interaction p=0.44, treatment p=0.14). iii) VKI responses normalized to P1
peak are not significantly altered with MLi-2 treatment (2-way ANOVA interaction p=0.29, treatment p>0.99). E At
~25 months, i) iGluSnFR response following 10x10Hz pulse stimulation, when normalized to P10 peak, is
significantly lower in vehicle-treated VKI vs WT striata (2-way ANOVA interaction p=0.02, genotype p=0.04). ii)
P10-normalized iGluSnFR responses following pulse train stimulation are not significantly different in WT brain slices
treated with MLi-2 vs vehicle (2-way ANOVA interaction p=0.44, treatment p=0.90). iii) P10-normalized iGluSnFR
responses following pulse train stimulation are not significantly different in VKI brain slices treated with MLi-2 vs
vehicle (2-way ANOVA interaction p=0.67, treatment p=0.24).

Chapter 3: Investigating striatal dopamine release in VKI mice

Effects of VPS35 D620N mutation on striatal dopamine release in young adult mice

3.1 STR dopamine release is not significantly different between WT and VKI mice at 3

months

VKI mice have previously been shown to have increased dopamine transmission at 3 months by
fast-scan cyclic voltammetry*. Here, STR dopamine release was instead measured with the
fluorescent dopamine sensor, dLight, which was expressed using a viral vector injected into the
STR, 3-4 weeks prior to slice experiments. Acute coronal slices were incubated in Captisol®
vehicle >1.5hours prior to recording. STR change in fluorescence, normalized to baseline
fluorescence, in response to 2 pulses of electrical stimulation with 4s inter-pulse interval were
compared between vehicle-treated WT and VKI brain slices (Figure 8 A). No difference is

observed between WT and VKI dLight response to increasing stimulus intensity (Figure 8 B 1).

Neither the ratio of the 2™ pulse response size to the 1%, nor the decay tau of the 1 pulse
is different between genotypes at this age (Figure 8 B ii & 1ii). Vehicle-treated WT and VKI brain
slices were further evaluated for responses to high frequency 10-pulse, 10Hz stimulation with an
11" pulse given at an increasing interval (Figure 8 C). 3-month vehicle-treated WT and VKI

responses were similar in size of peak fluorescence change (Figure 8 D 1). WT and VKI responses
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were also similar in size of the 10" pulse in the pulse train relative to the 1% and were similar in
decay tau of the 10" pulse (Figure 8 D ii & iii). Finally, recovery from the 10-pulse train was
similar between vehicle-treated WT and VKI brain slices. Contrary to previously published
findings*, no difference is observed in vehicle-treated WT vs VKI dopamine release at 3 months

when assessed using dLight.
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Figure 8. Electrically-evoked striatal
dopamine release is not significantly
different between WT and VKI mice at 3
months.

A) Upper: Visualization of change in dLight
fluorescence over baseline in the dorsolateral
striatum  (AF/F) with local -electrical
stimulation (low to high AF/F represented as
a gradient from purple to yellow,
respectively). Boundaries of the corpus
callosum (CC) separate CTX and STR in a
coronal brain slice. Stimulating electrode
(Stim) was placed in dorsolateral STR.
Lower: Representative dLight AF/F trace
plotted over time, in response to 2 pulses of
electrical stimulation with 4s inter-pulse
interval. B At 3 months, i) dLight response to
increasing stimulation intensity is not
significantly different in WT vs VKI striata
(2-way ANOVA interaction p=0.77,
genotype p=0.38). ii. Average paired-pulse
ratio (P2:P1) is not significantly different
between WT and VKI striata (Unpaired t-test
p=0.87). iii. Average P1 decay tau of dLight
responses is not significantly different
between WT and VKI brain slices (Unpaired
t-test p=0.25). C Representative trace
showing dLight AF/F plotted over time (in
black) in response to 10x10Hz pulses of
electrical stimulation followed by 11th pulse
at increasing intervals with each repetition of
the protocol (in brown). D At 3 months, i)
dorsolateral STR dLight responses to
10x10Hz pulse stimulation are not
significantly different between WT and VKI
mice in peak response size (Unpaired t-test
p=0.53). ii. Ratio of PIO0:P1 is not
significantly different between WT and VKI
striatal responses (Unpaired t-test p=0.84).
iii. P10 decay tau of dLight response is not
significantly different between WT and VKI
slices (Unpaired t-test p=0.19). iv. WT vs
VKI responses following 10x10Hz pulse
stimulations show no significant difference
in response size following pulse train (2-way
ANOVA interaction p=0.45, genotype
p=0.45).



3.2 STR dopamine release evoked with paired electrical stimulation is significantly higher in

6-month VKI mice

Slice recordings of dLight in 6-month-old mice were combined with electrical stimulation, again
using a pair of pulses with 4s inter-pulse interval. dLight responses were compared in slices treated
with vehicle or MLi-2 for >1.5hours. At 6 months, vehicle-treated VKI slices show an increased
change in fluorescence relative to baseline at lower stimulation intensities when compared to WT
slices (Figure 9 A 1). WT slices treated with MLi-2, compared to vehicle-treated slices, trend
towards a reduction in dLight response size with increasing stimulus intensity (Figure 9 A ii). VKI
dLight responses are not changed with acute MLi-2 treatment (Figure 9 A iii). At this age, there is
no change to paired-pulse ratio when comparing across genotype or treatment conditions (Figure
9 B 1). However, vehicle- and MLi-2-treated VKI slices show significantly higher decay taus of
the 1% pulse response than in WT slices (Figure 9 B iii). Taken together, the data suggest an
emergent increase in STR dopamine release as well as slower decay kinetics occurs in VKI mice
at 6 months, which is not responsive to MLi-2 treatment. WT striatal dopamine release is, however,

modestly reduced with MLi-2 treatment.
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Figure 9. Dorsolateral STR dopamine release at 6 months is altered in VKI brain slices and is not responsive
to acute MLi-2 treatment.

A At 6 months i) P1 dLight responses to increasing stimulation intensity is significantly different in WT vs VKI A
fluorescence/baseline (2-way ANOVA interaction p=0.004, genotype p=0.88). ii) WT MLi-2- vs vehicle-treated brain
slices trend towards significantly different P1 responses with increasing stimulation intensity (2-way ANOVA
interaction p=0.07, treatment p=0.35). iii) VKI MLi-2 vs vehicle-treated brain slices do not show significantly different
response peaks with increasing stimulation intensity (2-way ANOVA interaction p=0.98, treatment p=0.83). B At 6
months i) Ratio of P2:P1 dLight responses are not significantly different across genotype or treatment condition (2-
way ANOVA interaction p>0.99, genotype p=0.78, treatment p=0.99) ii) P1 decay tau of dLight response are
significantly increased in VKIs vs WT mice in both treatment conditions and are not responsive to MLi-2 treatment
in either genotype (2-way ANOVA interaction p=0.42, genotype p<0.0001, treatment p=0.20, Holm-Sidék’s multiple
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(Fig 9 cont’d) comparisons test WT veh. vs WT MLi-2 p=0.65, WT veh vs. VKI veh p=0.0033, WT MLi-2 vs VKI
MLi-2 p=0.0004, VKI veh. vs VKI MLi-2 p>0.99).

3.3 STR dopamine release from high frequency electrical stimulation is significantly

increased in 6-month-old VKI mice and is not responsive to MLi-2 treatment

As before, a 10-pulse, 10Hz train of electrical stimulation, followed by an 11" pulse with variable
inter-pulse interval was delivered to striatal brain slices expressing dLight (Figure 10). At 6
months, no difference in dLight fluorescence change, relative to baseline, is observed when
comparing vehicle- and MLi-2 treated WT and VKI slices (Figure 10 A i). The 10" pulse response
size relative to the initial response is significantly lower in VKI versus WT slices, indicating a
greater depletion of dopamine in VKI mice (Figure 10 A ii). MLi-2 does not alter the relative size
of 10" pulse responses in either genotype. There is no change in 10™ pulse decay tau across
genotype or treatment condition (Figure 10 A iii). Recovery from the 10-pulse stimulation is
significantly faster in vehicle-treated VKI slices than WT (Figure 10 B 1). No difference in recovery
after 10-pulse stimulation is observed with acute treatment MLi-2 versus vehicle alone in either
WT or VKI slices (Figure 10 B i1 & 1iii). Taken together, VKI mice seem more likely to release
dopamine with repeated high frequency stimulation by 6 months and demonstrate a greater
capacity to recover from the more extensive release. Furthermore, striatal dopamine release is

unaltered with acute MLi-2 treatment in either genotype at this age.
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Figure 10. Striatal dopamine release is more exhaustive in VKI vs WT dorsolateral STR at 6 months and is not
sensitive to acute LRRK2 Kinase inhibition.

A At 6 months, i) dLight responses to 10x10Hz pulse stimulation are not significantly different across genotype or
treatment condition in Afluorescence/baseline measures (Kruskal-Wallis test p=0.35). ii) Ratio of P10:P1 is
significantly lower in vehicle-treated VKI vs WT slices and are not responsive to MLi-2 treatment with either genotype
(Dunn’s multiple comparisons test WT veh. vs VKI veh. p=0.04, WT veh. vs WT MLi-2 p=0.40, VKI veh. vs VKI
MLi-2 p>0.99). iii) P10 decay tau of dLight responses are not significantly different across genotype or treatment
condition (1-way ANOVA p=0.92). B At 6 months, i) dLight response following 10x10Hz pulse stimulation is
significantly higher in vehicle-treated VKI vs WT brain slices (2-way ANOVA interaction p<0.0001, genotype p=0.01,
Holm-Sidak’s multiple comparisons test WT vs VKI @ 2500ms IPI p=0.005, and @ 5000ms IPI p=0.0003). ii) WT
responses following 10x10Hz pulse stimulation are not significantly altered by MLi-2 treatment (2-way ANOVA,
interaction p=0.47, treatment p=0.30) iii) VKI responses following 10x10Hz pulse stimulation are not significantly
different with MLi-2 treatment (2-way ANOVA, interaction p=0.80, treatment p=0.28).
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Effects of VPS35 D620N mutation +/- acute LRRK?2 kinase inhibition on striatal dopamine

release in aged mice

3.4 STR dopamine release is reduced in aged VKI mice and is partially responsive to LRRK?2

Kinase inhibition

dLight recordings of responses to 2-pulse, 4s inter-pulse interval electrical stimulation was pooled
from 22-27-month-old male and female mice (labeled ~25-month-old mice; Figure 11 A).
Increasing stimulus intensity elicits consistently and significantly smaller dLight responses from
vehicle treated VKI mice compared to WT (Figure 11 B 1). While WT responses are unchanged
with acute MLi-2 treatment, VKI responses show significant interaction between treatment
condition and response to increasing stimulus intensities (Figure 11 B ii & iii). Furthermore, the
ratio of 2" to 1% pulse is not different by genotype or treatment condition (Figure 11 C). 1% pulse
decay tau is also not different between genotype or treatment condition (Figure 11 D). As with
iGluSnFR data, male and female VKI dLight responses may differentially respond to both
electrical stimulation and MLi-2 treatment but require further experimentation (Figures S7 & S8).
In conclusion, dorsolateral STR dopamine release in aged VKI mice is lower than in WT mice and

may be partially responsive to acute treatment with LRRK2 kinase inhibitor, MLi-2.
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Figure 11. Dopamine release is
reduced in aged VKI striata and is
modestly altered with LRRK?2
kinase inhibition.

A) Representative dLight trace
showing Afluorescence/baseline
plotted over time, in response to
2x0.2ms pulses with 4s inter-pulse
interval. B At ~25 months, i) P1 peak
with increasing stimulation intensity
is significantly lower in vehicle-
treated VKI brain slices vs WT (2-
way ANOVA interaction p=0.0014,
genotype p=0.015). ii) WT P1 peak
with increasing stimulation intensity
is not significantly altered with MLi-
2 treatment (2-way ANOVA
interaction  p=0.27, treatment
p=0.67). iii) VKI Pl peak with
increasing stimulation intensity is
significantly altered with MLi-2
treatment (2-way ANOVA interaction
p=0.04, treatment p=0.34). C) Ratio
of P2:P1 peaks are not significantly
different  across  genotype or
treatment condition (1-way ANOVA
p=0.76). D) Pl decay tau is not
significantly different across
genotype or treatment condition (1-
way ANOVA p=0.20)



Chapter 4: Discussion

In 2011, two reports of heterozygous carriers of VPS35 D620N first linked the mutation to PD%¢°,
Since then, progress has been made in better understanding effects of the D620N on VPS35
function. However, how this mutation leads to PD-like changes to neurotransmission has not been
well characterized. Thus, dopamine and glutamate neurotransmission was assessed in the disease-

relevant dorsolateral striatal brain region of VKI mice throughout their lifetime.

Glutamate transmission is altered in the dorsolateral STR of VKI mice

Previously, the Milnerwood lab showed that glutamate transmission is increased in primary
cortical cultures from VKI mice®. The lab also reported that in a similar model of genetic PD
caused by the G2019S mutation in LRRK?2, elevations to striatal neurotransmission are age-
dependent!'®. To address whether A) glutamate transmission is altered in the striatum of VKI mice
and B) whether any alterations observed are age-dependent; spontaneous and evoked
glutamatergic transmission was measured in ex vivo brain slice preparations from WT and VKI
mice. Relative to WT mice, multiple measures of striatal glutamate transmission are indeed
increased in young adult VKI mice, and this precedes the eventual loss of glutamate transmission

in old age.

Spontaneous striatal glutamatergic transmission is increased in young adult VKI mice

Whole-cell patch-clamp electrophysiology was employed to first assess changes to spontaneous
glutamatergic transmission onto MSNs in the dorsolateral STR. Although sEPSCs are not different
between 1-month-old WT and VKI neurons, an increase in the number of higher amplitude sEPSCs

in VKIs emerges at 3 months and is sustained at 6 months. An increase in SEPSC inter-event
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interval also emerges in VKIs, but not until 6 months. Inter-event interval is inversely proportional
to the frequency of spontaneous transmission events. Changes to spontaneous event frequency can

be interpreted as alterations to the probability of presynaptic glutamate release at a similar number

131,132 133,134

of synapses , or as a similar probability of release at altered number of synapses

Similarly, altered amplitude is canonically interpreted as changes to postsynaptic receptor

135

availability according to quantal theory for glutamate transmission *>. An increase in sSEPSC

amplitude could also reflect more glutamate being packaged into a single vesicle and released ',

or more vesicles containing glutamate being released in one event (multi-vesicular release)!3”:1%,

As VPS35 is involved in the regulation of both presynaptic synaptic vesicle cycling®! and

postsynaptic receptor membrane trafficking®>:!®

, it is possible pre- and post-synaptic
compartments are affected by the D620N mutation in the striatum of young adult mice. In a
previous study of glutamatergic transmission in VKI primary cortical neurons, we found increased
glutamatergic activity independent of changes to synapse density®. PSD95 and synapsin-1 co-
localization, which was used to measure the number of active synapses, is similar in VKI
dorsolateral STR at 3 months*. Thus, we conclude that changes to SEPSC inter-event

interval/frequency in VKI MSNs are likely due to the increased probability of presynaptic release

and not synapse number.

Although there is less evidence to suggest VPS35 D620N can modulate packaging of
vesicular glutamate, it cannot be ruled out that VGLUT1 and 2 (which are expressed in cortical
and thalamic afferents to the STR, respectively) could be recycled in a retromer-mediated fashion.
For instance, in C. elegans, endosomal recycling of the nematode ortholog V-GLU2 implicates
another retromer subunit SNX-1'*°. VGLUTI1 cluster intensity is significantly reduced in

homozygous, but not heterozygous primary cortical neurons from VKI mice’. An absence of
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VGLUT]1 effects in heterozygous neurons may be a result of the physiological age of the cortical
neurons. To better correlate with time points at which we observe increased glutamate release,
assessment of VGLUT1 and VGLUT?2 levels in VKI striata from 6-month-old mice would prove

useful.

In postsynaptic compartments, VPS35 D620N may affect neurotransmitter receptor
expression and localization. AMPAR subunit GluA1 shows increased surface expression in VKI
primary cortical neuron cultures®. Furthermore, VPS35 co-IPs with GluA1, NMDAR subunit
GluN1, and dopamine receptor D2R (ibid). VPS35 is also required for the delivery of B2-
adrenergic receptors (B2ARs) to dendritic shafts from recycling endosomes'®. Fluorescence
recovery after photobleaching (FRAP) experiments in primary cortical neurons show a reduction
in fluorescent recovery with overexpression of WT VPS35, which is not observed when
overexpressing VPS35 D620N!. This could mean that VPS35 stabilizes AMPARSs at postsynaptic
membranes or reduces the rate of AMPAR delivery to the dendritic surface. It may also mean that
AMPARs are trafficked to dendrites similar to B2ARs; ie. retromer mediates the delivery of
AMPARS to the dendritic shaft or spine but other mechanisms govern the diffusion of AMPARS to
postsynaptic densities. While VPS35 D620N overexpression does not alter the recovery after
photobleaching!, endogenous levels of VPS35 D620N expression could increase in the plasma
membrane delivery of AMPAR by mutant VPS35 and may underlie the increased surface
expression in VKI primary cortical neurons®. Further assessment of MSN GluAl surface
expression, presynaptic VGlut-1 and -2 expression, and characterization of presynaptic vesicle
morphology, number, and density would directly address pre- and post-synaptic changes

underlying sEPSC differences in VKI MSNs. Regardless, our sEPSC recordings suggest
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spontaneous glutamate activity in the dorsolateral striata of VKI mice begins to diverge from WT

measures at 3 months of age and is clearly increased by 6 months.

Corticostriatal glutamatergic transmission is increased in young adult VKI mice

Since we had previously observed that cortical glutamatergic transmission in altered in vitro in
VKIs?, we next investigated glutamatergic transmission onto MSNs from cortical afferents. ChR2
expression in M1/S1 afferents was used to evoke corticostriatal glutamate transmission onto
dorsolateral STR MSNs. VKI MSNs show a trend towards higher amplitude ChR2-PSCs at 3
months which become significant by 6 months. Modest changes to the paired-pulse ratio,

indicating altered probability of corticostriatal glutamate release also appear by 6 months in VKIs.

Similarly, by 6 months, we find significant increases in AMPAR- and NMDAR- mediated
currents in VKI MSNs, but not in the ratio of AMPA:NMDA. This suggests that both AMPAR-
and NMDAR-mediated transmission is increased to the same extent. This could be explained by
increased postsynaptic surface expression of both AMPAR and NMDAR as we have shown that
that cultured VKI neurons exhibit increased GluA1l surface expression, and that VPS35 D620N
also binds GluN1 subunits of NMDARSs®. However, the more parsimonious (and generally
accepted) interpretation is that more glutamate is released upstream from presynaptic terminals,

leading to a global increase in the activation of all postsynaptic glutamate receptors.

Combined with our observations of sEPSC changes in VKIs, we see evidence of
presynaptic glutamate release increase in both spontaneous and evoked measures of MSN
glutamate transmission by 6 months. As the mechanisms governing evoked synaptic transmission

may differ from spontaneous glutamate transmission in terms of synaptic machinery and vesicle
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dynamics , more work is required to understand the specific role of VPS35 in both forms of

glutamatergic neurotransmission.

Striatal glutamate release is increased in young adult VKI mice

With multiple lines of evidence suggesting that presynaptic glutamate release is altered by 6
months in VKI mice, we next directly assessed presynaptic release using intensity-based
glutamate-sensing fluorescent reporter, iGluSnFR. This reporter was directly expressed in the
striatum of WT and VKI mice and fluorescent changes in response to local electrical stimulation

were compared.

As early as 3 months, iGluSnFR recordings reveal alterations to glutamate release in VKIs.
Initial release probability may be lower in VKIs, as we see smaller-amplitude iGluSnFR
fluorescence changes than in WT mice. Interpretation of amplitude changes as being directly
related to the amount of glutamate released is confounded by viral expression levels of iGluSnFR,
LED intensity, and electrical stimulation intensity. However, amplitude changes in 3-month-old
VKIs are also observed in spontaneous and ChR2-evoked patch-clamp recordings, which suggests
that initial release capacity may be higher in iGluSnFR experiments as well. To overcome the
limitations of absolute amplitude analysis, we also quantified the likelihood of glutamate release
and capacity for re-release using trains of stimulation by normalizing iGluSnFR responses to the

first response.

At 3 months, glutamate release is increased in VKIs early in the stimulation train and
normalizes to WT levels upon subsequent stimulation. By 6 months, VKIs consistently show a

greater capacity to release glutamate throughout the pulse train. Reflecting our observations of
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ChR2-evoked responses, iGluSnFR data suggest striatal glutamate release remains elevated at 6

months in VKIs in contrast to WT release, which seems to reduce between 3 and 6 months.

We also measured iGluSnFR responsiveness following pulse train stimulation to assess the
capacity to recovery following extensive glutamate release. At 3 months, VKI responses are
smaller following pulse train stimulation, indicating a reduction in the rate and extent of recovery
after pulse train stimulation. This contrasts a faster rate of recovery observed in 6-month-old VKI
mice relative to WT. Recovery rate could reflect the capacity to replenish vesicular stores of readily
releasable glutamate, perhaps through glutamate repackaging into recycled vesicles, generation of
new glutamate-containing vesicles, or mobilization of existing vesicles to the readily-releasable
pool'#¥146 Therefore, a reduced recovery rate in 3-month-old VKIs may reflect impaired vesicular
recycling or mobilization of glutamate-containing vesicles to the readily-releasable pool and may
reflect compensation against the observed increased release probability with repeated stimulation.
A failure of compensatory action may be reflected in the increased rate of recovery in 6-month-
old VKIs, and lead to the observed increase in glutamate release in mutants. Altogether, striatal

glutamate release in VKIs diverges from WT levels by 6 months.

Clearance of glutamate is transiently altered in young adult VKI mice

Since the rate of clearance of glutamate mitigates against glutamate-mediated excitotoxicity'*’, we
next investigated whether glutamate clearance is altered in VKI mice. In iGluSnFR experiments,
the rate of clearance was measured by the speed of the decay of the last pulse of the 10-pulse train
stimulation. We found that the rate of decay of the iGluSnFR response is significantly faster in 3-
month-old VKIs but normalizes to WT levels beyond 6 months. This transient increase in the speed

of glutamatergic transmission decay is also observed in the decay kinetics of sSEPSCs in VKI
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MSNs. Taken together, these observations reflect an increase in the rate of glutamate clearance
from VKI striatal synapses at 3 months, which normalizes to wild-type levels with age. This may
reflect initial compensatory changes against elevated glutamate release in VKI striata but is
reduced or lost with age. Further study into mechanisms of glutamate clearance, such as astrocytic

clearance through excitatory amino acid transporters (EAATs)'*8

, would shed light on the capacity
of the striatal network to navigate the potentially excitotoxic changes to glutamate transmission in

VKI brains.

Subunit composition of AMPA receptors is not altered in young adult VKIs

Apart from glutamate clearance, changes to sSEPSC decay kinetics may also reflect an alteration to
the subunit composition of postsynaptic AMPAR receptors'®. Thus, AMPA rectification, which
can be used to infer subunit composition, was compared between WT and VKI MSNs!*®15! In
recordings of corticostriatal glutamatergic transmission, we see no change to the rectification index
of VKI neurons at 3 or 6 months, indicating a similar subunit composition of AMPARs to WT
neurons, at least in young adulthood. Therefore, we see no evidence of a change in AMPAR subunit
composition in the striatum, despite previous observations of an increase in GluA1 expression in
primary cortical neuron from VKI mice®. It may be that VKI striata contain more AMPARs that
are positive for GluA 1 without an alteration to the composition of individual AMPARSs themselves.
Another explanation is that the distribution of GluA1-containing AMPAR:Ss is altered, which would
explain changes to VKI sEPSC decay at 3 months, independent of changes to subunit
composition'*?. Further characterization of the expression and distribution of GluA1 in VKI striata

from 3- to 6-month-old mice would clarify the degree of post-synaptic alterations to AMPAR

composition and localization (if any).
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Passive membrane properties are transiently altered in young adult VKI mice

Since passive membrane properties govern the ability of neuronal membranes to integrate synaptic

153,154 we characterized membrane capacitance, membrane

inputs both temporally and spatially
resistance, and membrane tau in 1- to 6-month-old MSNs. VKI MSNs show small, transient
differences in passive membrane properties from 1-6 months. MSN membrane tau is smaller in 1-
month-old VKIs but normalizes to WT levels by 3 months old. Since membrane tau is a product
of membrane resistance and conductance, it is a measure of how quickly synaptic inputs can

integrate signals'>

. A smaller value indicates faster decay of membrane charge, so VKI MSNs at
1 month may be less likely to fire in response to asynchronous input. The difference, though
significant, is small. Perhaps other cell types which are intrinsically more likely to fire could be
affected more significantly (ie. cortical cells). By 3 months, VKI MSNs show modestly, but not
significantly increased membrane capacitance. This trend towards a significant increase is
maintained in 6-month-old VKI MSNs, suggesting that the MSNs of VKI mice have a slightly
higher capacity to hold change in their membranes. Membrane resistance is also significantly
reduced by 6 months in VKIs and may result from a larger soma, larger-diameter processes, or a

greater density of open channels!>*!134,

The transient and subtle nature of passive membrane property changes could reflect slight
differences in the development or maintenance of neuronal membranes at soma and/or neurites in
VKI striata. While dendritic arborization of primary cortical neurons are not different in VKI
cultures at DIV 213, by 13 months, VKI mice show markers of axonal damage in multiple brain
regions'?2. Therefore, the slight changes to passive membrane properties of striatal MSNs we
observe in 1- to 6-month-old VKIs could reflect an intermediate stage that precedes

neurodegeneration. Characterization of membrane lipid profile and morphology of VKI MSNs
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during this stage would provide further insight into cellular changes underlying neurodegeneration.
More work also is required to parse out somatic, dendritic, and axonal membrane properties to
elucidate the network consequences of potential changes to VKI MSNs, as membrane properties

intrinsically differ between these neuronal compartments'>*.

Altogether, VKI MSNs show small changes in passive membrane properties by 6 months
of age, which potentially compensate for the reduced membrane tau of 1-month-old VKI MSNs.
Given that VKI MSNs show reduced membrane tau at 1 month, but not at 3 or 6 months, it may
be that VKI MSNs initially show a reduced capacity to integrate synaptic inputs, which is

compensated for by 3-6 months through changes to membrane area and/or composition.

Striatal glutamate release is reduced in aged VKI mice

The progressive emergence of increased glutamate release in the striatum of young adult VKI mice
prompted further investigation into striatal glutamate release in aged mice. We recorded iGluSnFR
responses in ~25-old-month as it is generally accepted as “old age” and likely corresponds to 60-
70 years in humans'*®. Since mean age of PD onset is 52 for VPS35 D620N-linked cases®®®, it
would also correspond to a pseudo-Parkinsonian state in VKI mice. N.B. Unpublished rotarod
experiments by the Milnerwood lab show no change in motor performance in 3- or 18 month-old

VKI mice but behavioural characterization has not been performed beyond this age.

By 25 months, iGluSnFR responses in VKI striata are reduced in average amplitude and
show significantly greater facilitation than responses in WT striata. The rate of recovery following
the train of stimulation is also reduced, with no change to the decay of the iGluSnFR pulse train
response. Taken together, glutamate release in aged mice is impaired in VKI striata, as is the

capacity to recover from extensive release.
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Whether functional loss of glutamatergic neurotransmission is related to glutamatergic
neurodegeneration remains to be seen, but widespread neurite damage and increased levels of
markers of neurodegeneration are both observed in VKI mice as early as 13 months'??. Therefore,
loss of striatal glutamate transmission in aged VKIs may result from a number of mechanisms:
loss of glutamatergic innervation, a reduction in the excitatory neuromodulation by glutamatergic

50,157-160

axons in the striatum , areduction in the stores of glutamate at presynaptic terminals, and/or

changes to the synaptic machinery at terminals.

Other caveats and limitations

Spontaneous EPSCs represent miniature EPSCs in MSNs

sEPSCs reflect both spontaneous, action potential-independent and -dependent release of

161,162, and as

glutamate. As MSNs have a very low probability of firing in brain slice recordings
we recorded with cesium-based internal solution to prevent postsynaptic action potential
generation, we expect that SEPSCs are not contaminated by postsynaptic action potentials. The
Milnerwood lab previously demonstrated that MSN sEPSC frequency and amplitude are not
altered by tetrodotoxin application (voltage-gated sodium channel blocker) which blocks
presynaptic action potentials'®®. Therefore, we conclude that SEPSC recordings in MSNs are

equivalent to action potential-independent miniature EPSCs (mEPSCs) that occur as a result of

quantal release of glutamate onto recorded MSN synapses.

ChR2 stimulation is supra-physiological

One limitation of our ChR2 experiments is that the evoked release is likely supra-physiological.
The low paired-pulse ratio of 0.2-0.3 observed in both WT and VKI MSNs indicates a very high

level of initial release, and subsequently low release on the second pulse; this ratio is much lower
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than that typical of striatal MSN facilitation produced by local electrical stimulation (where paired-
pulse ratios range from 0.9-1.5)!41_ Lower paired-pulse ratios have been previously reported
for ChR2-induced glutamate release onto MSNs'®’, and is likely due to depolarisation of a large
number of corticostriatal terminals by ChR2. In addition, the influx of Ca?" through the cation non-
selective ChR2 channel could maximize the release probability at each terminal. The efficiency of
ChR2-activated glutamate release depends on several factors including: the site and intensity of
light stimulation, AAV serotype and titre!*® efficiency and volume of injection'®’, cortical region
of injection, mouse strain'’®, etc. Nonetheless, stimulation with ChR2 reveals a progressive
increase in glutamatergic transmission in young adult VKIs, and this pattern of emergence is also

found in several other measures of glutamatergic transmission.

Electrical, but not ChR2, stimulation reveals significant changes to presynaptic release in 3-
month-old VKIs

At 3 months, iGluSnFR responses show evidence of alterations to glutamate release in VKI striata,
while ChR2-evoked postsynaptic current amplitude only modestly increases in VKI MSNs. It may
be that the subtlety of the phenotype is masked by the intense activation of corticostriatal glutamate
release with ChR2. It could also be that initial increase in release probability manifests as changes
to the amplitude of ChR2-PSCs. Another possibility is that the local electrical stimulation used for
iGluSnFR recordings activates a number of presynaptic inputs within the striatum that contribute

to glutamate release differentially to monosynaptic glutamate release from cortical afferents®*.

An increase in corticostriatal glutamate transmission may only represent a portion of the
changes to glutamate transmission observed with iGluSnFR assessment. Other sources of

165,167,171,172

glutamate include thalamic input into the striatum and potential co-release from

dopamine terminals, however the latter contribution is likely small in the dorsolateral
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striatum!7>!7*, Thus, the more pronounced phenotype observed using electrical stimulation versus
ChR2 in 3-month-old VKIs may be attributed to an increase in glutamatergic striatal transmission

beyond what we observe when activating corticostriatal circuits in isolation.

Electrical stimulation induces local polysynaptic activation in the STR

The STR comprises a complex network of input neurons and inhibitory interneurons that have
capacity to locally regulate glutamate (and dopamine release)®*. Therefore, electrical stimulation
of the dorsolateral STR could activate a polysynaptic network that contributes to glutamate release
increases in VKI striata ex vivo but may not necessarily reflect physiological glutamate release
probability changes. Moreover, a number of these neuromodulators can alter glutamate release
including acetylcholine, adenosine, dynorphin, dopamine, serotonin, and endocannabinoids'>’1¢°,
Repeated electrical stimulation may recruit activity-dependent enhancement of glutamate release

in young adult VKIs, and the loss of this neuromodulation could underpin the reduction in

glutamate transmission in aged VKIs.

Changes to glutamatergic transmission onto MSNs may be cell-type specific

MSNs can be divided into dopamine receptor D1- and D2-expressing subpopulations. Here, we
did not differentiate between the two subpopulations, thus we cannot elucidate cell-type specific
differences in passive membrane properties of VKI MSNs, nor differences in spontaneous or
evoked glutamatergic transmission onto MSNs. Further study of D1- and D2- subtypes in VKI
animals (throughout adulthood) would allow for a greater understanding of the functional
consequences of our observed changes. As D1- and D2-subpopulations play opposing, but
complementary roles in regulating basal ganglia output, dysregulation of these populations could

to contribute to the development of PD symptoms'7>~!7°,
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Changes to MSN neurotransmission may be sex-dependent

Reviews of clinical research suggest the onset of Parkinson’s disease is earlier and greater in men
versus women'3®!8! [t also seems that women progress more rapidly once diagnosed than men
(ibid). We pooled both male and female mice for the characterization of striatal glutamate release
25-month-old animals and differentiating the data by sex may show more pronounced reductions
in glutamate release in female versus male VKIs. However, our animal numbers are quite limited,
and we lack statistical power, especially in males, to analyze sex-based differences. Several
complications arise from working with mice older than 18 months, including comorbidities
compromising the health of the mice and age-related, limited animal availability. As such, more
experiments assaying glutamate release in 22- to 27-month-old mice will be required to determine
whether changes to glutamate release in aged VKIs is dependent on sex. Moreover, data from
young mice are limited to observations in male mice, and these experiments will also need to be
repeated in female mice as several recent reports indicate striatal function, mRNA transcription,

and addictive behaviour differs between male and female rodents!'%18>,

iGluSnFR recordings in aged mice were obtained in the presence of Captisol®

Glutamate release in aged mice were compared between vehicle-treated WT and VKI brain slices.
These slices, treated with the vehicle, Captisol®, served as a control for LRRK2 kinase inhibition
experiments (discussed later). As such the presence of Captisol® is unique to the ~25-month-old
data set and may skew measures of glutamate release. To characterize the effects of Captisol®
iGluSnFR responses were compared in 3-month-old WT and VKI striata treated with vehicle or

artificial cerebrospinal fluid (aCSF) alone.

Absolute iGluSnFR fluorescence changes in response to electrical stimulation are

significantly higher in both genotypes when treated with vehicle instead of aCSF alone. iGluSnFR
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responses relative to the initial peak also shows glutamate release probability is lower in aCSF
recordings than in the presence of Captisol®. Decay tau of the iGluSnFR response train is
dramatically increased with vehicle treatment versus aCSF alone. Altogether, the presence of
Captisol® may augment the release of glutamate and increase the time it takes to clear released
glutamate. These differences allude to an effect of the vehicle, Captisol®, on glutamate
transmission. It would be prudent to repeat these experiments within, instead of across, animals to
account for variables including differences in viral expression of iGluSnFR, breeding and housing
conditions between litters, and slice preparation differences across experimental days. If in 25-
month-old mice, vehicle treatment increases glutamate release as well, it would imply that the
reduction in glutamate release observed in VKIs may be even more robust in aCSF alone. Since
Captisol® effects on iGluSnFR responses do not seem to be different between genotypes, the
reduction in VKI glutamate release compared to WT release at 25 months likely would be present

in the absence of vehicle.

Conclusion

We repeatedly observe that striatal glutamate transmission is elevated in young adult VKI mice
and is largely driven by increased presynaptic glutamate release. While robustly elevated at 6
months, striatal glutamate release in VKlIs is paradoxically reduced below WT levels by ~25
months. Multiple lines of evidence point to compensatory changes that could function to reduce
glutamate transmission in VKI striata at 3 months old, including changes to MSN passive
membrane properties, faster decay of glutamate transients, and a reduction in the recovery of
releasable glutamate following extensive stimulation. However, these potentially compensatory

changes to decay and recovery seem to be lost by 6 months. In fact, recovery following extensive
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glutamate release in VKI striata from 6-month-old mice show an increased rate of recovery, which

could positively feed back to increase striatal glutamate release further.

The mechanisms by which VPS35 D620N mutations may contribute to loss of synaptic
integrity are discussed in detail at the end of this chapter. But to summarize, subtle changes in
glutamatergic transmission observed between 1-6 months could indicate a progressive loss of
compensatory mechanisms which reduce glutamatergic input into MSNs, leaving neurons
vulnerable to damage incurred from the increased synaptic burden. This may also lead to increased
glutamate-mediated excitotoxicity, degrading the integrity of striatal synapses further, and
contribute to the eventually loss of striatal glutamate transmission observed in 25-month-old VKIs.
In short, early elevations to striatal glutamate transmission in VKI mice may contribute to the

eventual loss of striatal glutamate release in old age.

Dopamine transmission is altered in the dorsolateral STR of VKI mice

Striatal dopamine release is increased in young adult VKI mice

Elevated striatal neurotransmission in 3-month-old VKIs is not limited to the glutamatergic
system. Previously, fast-scan cyclic voltammetry (FSCV) experiments in 3-month-old VKI and
WT mice revealed that dopamine release in the dorsolateral STR is increased in heterozygous and
homozygous mice alongside a reduction in DAT expression in striatal tissue*. As FSCV offers low
temporal (10Hz data sampling) and spatial resolution (limited by the size of the carbon fiber
electrode surface area), we opted to use the fluorescent reporter, dLight1.3b to assess dopamine

release across the entire dorsolateral STR at 20X the temporal resolution.
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First, 2 pulses of electrical stimulation with 4s inter-pulse interval were delivered every 2
minutes with increasing stimulus intensity over each round of stimulation. This protocol replicates
previous inter-pulse and inter-stimulus intervals used for FSCV*!®. dLight responses at 3 months
are not different between vehicle-treated WT and VKI mice in amplitude nor the capacity for
secondary release. N.B. Our PPR of ~0.4 is similar to PPRs derived from voltametric recordings,

which also show high variability and no difference between VKI and WT release at 3 months®.

We also applied a more exhaustive 10-pulse train stimulation (as was used in iGluSnFR
experiments) to assess initial response size, the extent of dopamine depletion over the stimulation
train, and the rate of recovery following the train. Here too, there is no difference between vehicle-
treated WT and VKI dLight responses at 3 months in any measure of dopamine release. Altogether,
VKI mice do not differ from WT mice at 3 months when comparing dopamine release in the

dorsolateral STR by dLight.

In contrast, at 6 months, we see a significant increase in STR dopamine release in VKI
compared to WT vehicle-treated striatal brain slices. 2-pulse stimulation experiments show
dopamine release in VKIs is increased at low stimulation intensities compared to WT mice without
an alteration to the capacity for secondary release. Again, we tested release capacity using the 10-
pulse stimulation protocol in VKI and WT mice aged 6 months. Although the size of the initial
stimulus is not different, by the end of the pulse train, VKI mice show far greater depletion of
dopamine stores than WT mice. Recovery from the pulse train, assessed using additional stimuli

following the train, is significantly faster in VKI mice.

This suggests that the capacity for both release and recovery of released dopamine at striatal

synapses is increased by 6 months in VKI mice. For one, young adult VKI mice may have
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increased vesicular dopamine packaging by VMATs. In fact, levels of VMAT?2 are increased in the
STR of young VKI mice*. Young VKI mice also show increased responsiveness to D2R agonism
(ibid). This, combined with the fact that VPS35 has been shown to co-IP with D2R?, suggests that
VPS35 directly modulates presynaptic activity in dopaminergic terminals. Other changes could
explain increased release at glutamatergic and dopaminergic terminals, including alterations
synaptic vesicle cycle and/or machinery (as discussed earlier). Altogether, VKI mice show
increased dopamine release and replenishment of dopamine stores by 6 months old, likely through

changes at presynaptic terminals.

Striatal dopamine release is reduced in aged VKI mice

As PD is characterized by a reduction in striatal dopamine release, we were especially curious
about striatal dopamine in release in aged VKI mice. We repeated 2-pulse stimulation experiments
and compared resulting dLight response to increasing stimulus intensity, and measured capacity
for secondary release. In aged mice, we observe a drastic reduction in the dLight response size to
2-pulse stimulation with increasing stimulus intensity in vehicle-treated VKI versus WT mice. It
seems that by ~25 months, VKI striata are consistently less capable of releasing dopamine,
regardless of the intensity of the stimulation. There was no change to the capacity for secondary
release as measured by the ratio of the second to first response amplitude, suggesting mechanisms
governing release at 4 second inter-pulse intervals are not different in VKI mice. Since these data
pool measurements from male and female mice, it may also be that there are sex-specific changes
to dopamine release in old animals with and without VPS35 D620N mutations. As previously
discussed in the context of glutamate release assays, a larger sample number is required to address

potential sex differences in dLight recordings of dopamine release. Together, striatal dopamine
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release is consistently reduced in aged VKI mice and this contrasts earlier elevations in dopamine

release in young adult VKI mice.

Clearance of striatal dopamine is slowed in young adult VKI mice

The decay of the dLight response, which would be dependent on DAT-mediated clearance of
extracellular dopamine, is similar between vehicle-treated WT and VKI brain slices at 3 months,
regardless of whether the stimulation was delivered in pairs or in a train. By 6 months, the decay
of the initial response during 2-pulse stimulation is significantly slower in VKI mice, suggesting
an impairment in the clearance of individual dopamine release events. During 10-pulse stimulation
protocols, the decay of the final dLight response of the train is not significantly different between
VKIand WT mice, which may be due to a saturation of DAT-mediated clearance in both genotypes.
Moreover, decay of dLight responses at 25 months is not significantly different in VKI and WT
striata. It may be that the reduction in dopamine release in aged mice also reduces the clearance

load on DAT.

It was previously been shown that 3-month-old VKI mice have reduced STR expression of
DAT and slower decay of FSCV transients*. VPS35 D620N transgenic C.elegans worms show
reduced recycling of DAT from endosomes to the plasma membrane, reducing DAT surface
expression levels'®®. To determine whether DAT function is itself altered, dLight responses from
brain slices could be recorded in the presence of the selective DAT inhibitor, GBR-12909, and its
effects in VKIs relative to that in WT mice would shed light on the contribution of acute DAT
activity to extracellular dopamine clearance. In summary, clearance of dopamine, likely through
DAT, is robustly reduced in 6-month-old VKI striata, but this impairment may be relieved in old

age as dopamine release itself is reduced in VKIs.
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Other caveats and limitations

FSCYV, but not dLight, recordings show increased dopamine release in 3-month-old VKIs

While we do not observe differences in striatal dopamine release at 3 months between VKI and
WT dLight responses, FSCV recordings of VKIs at the same age do show a nearly two-fold
increase in dopamine release compared to WT mice*. The differences in observations may be
dependent on technical differences between fast-scan cyclic voltammetry and dLight recordings,

which have their unique limitations.

For instance, because dopamine release is measured via dopamine oxidation on the carbon
fiber electrodes, both spatial and temporal resolution are limited to the physical properties of the
electrode’s detection area. A triangular waveform is applied to the electrode which causes a redox
reaction with nearby dopamine and induces a shift in the current measured from the electrode

187

across the waveform °’. Although this waveform is only 10ms long, repeating it beyond 10Hz

result in adsorption of dopamine onto the carbon fiber and a reduction in the detected current over
time'®8. Moreover, fast-scan cyclic voltammetry can only detect extracellular dopamine released
directly onto the electrode, which limits the spatial resolution of this technique. A larger peak in
FSCV may actually equate to a larger area of extracellular dopamine being released, which would
increase the size of the pool of dopamine available to be detected by the electrode!®’. In other
words, peaks in FSCV detect how much dopamine is in contact with electrode. It would not be
able to distinguish between a low concentration of dopamine released over a larger area from a

high concentration localized to a smaller area, if the same number of dopamine molecules were

ultimately contacting the electrode.
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With dLight imaging, we can achieve a 20-fold increase in the temporal resolution and
sample areas an order of magnitude larger, as the expression of dlight depends on the area and
efficiency of the viral injection. dLight imaging, however, is limited in its current form when
compared to FSCV, as only relative, but not initial, dopamine release can be quantified using this
technique. This could be overcome by normalizing responses to known concentrations of
dopamine applied to the dLight expression area using a microinjection system, akin to what is
done to determine the concentration of released dopamine in FSCV. Still, multiple stimulations
can allow us to quantify responses relative to the initial response and allow us to quantify the

dynamics of dopamine release with repeated stimulation.

Given these technical differences, it may be that at 3 months, the spread of dopamine
release in VKIs is what is altered. Dopamine may either more rapidly released, or diffuse across a
larger area of the STR in VKIs, and this is supported by the observation of reduced DAT-mediated
clearance®. Diffusion of dopamine may contribute to the increased dopamine release and slowing
of decay kinetics (ibid) when measured using the smaller carbon fiber electrode recording area in
FSCV experiments, but would not affect peaks of dLight recordings. Further analysis of the spread
of the change in dLight fluorescence over time would address whether diffusion is itself altered in

VKIs.

It could also be that dLight responses are saturated at 3 months, given that the change in
fluorescence is anywhere from 30-150% increase from baseline (compared to <10% with
iGluSnFR). This may obscure changes between genotypes, which could become obvious with less
intense stimulation. Repeating the 2-pulse stimulation protocol with stimulation intensities lower
than 50puA, may reveal differences in VKIs at 3 months old. Finally, there may also be

physiological differences in mice used for these versus previous FSCV experiments, including
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mouse colony handling, food, water, and microbiome differences. Further investigation of the
differences between simultaneous FSCV and dLight recordings could impart a greater mechanistic
understanding of dopamine release changes in VKIs. However, the similarities in VKI phenotypes
across the two techniques suggest that striatal dopamine release is indeed altered in young adult

VKI mice.

Recordings were obtained in the presence of Captisol®

Another important variable of our dLight recordings is that these experiments were performed in
the presence of Captisol®, which acutely seems to increase glutamate release in both VKI and WT
striata. It could be that Captisol® directly increases dopamine release through similar effects on
nigral cell synaptic membranes, obscuring differences at between genotypes at 3 months. Further
assessment of dLight responses in the striata of 3-month-old mice aCSF alone to vehicle treatment

is necessary to rule out secondary effects of Captisol® on dopamine release.

Captisol® may even have an indirect effect through elevated glutamate release, as

165,190,191 "which can in turn

glutamate can influence the activity of striatal cholinergic interneurons
modulate dopamine release through nicotinic acetylcholine receptors!®?. In fact, acetylcholine
release onto distal dopaminergic axons in the striatum is sufficient to initiate action potentials,
release dopamine, and alter movement dynamics in freely-moving mice'?*. Therefore, it may be
that the increase in glutamate release observed in Captisol® conditions, could indirectly drive
dopamine release through cholinergic interneuron activity. Further assessment cholinergic
contributions to dopamine release using pharmacological blockade of nicotinic acetylcholine

receptor with mecamylamine would address if cholinergic interneurons contribute to dopamine

release differentially in VKI mice.
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Furthermore, Captisol®, the brand name for sulfobutylether-B-cyclodextrin, is capable of

194,195 which makes it

forming ring-like pores in lipid membranes and binding drugs in its cavity
suitable for solubilizing and delivering compounds like MLi-2 to brain tissue. However, this very
action positions Captisol® to damage lipid membrane integrity and modulate cholesterol levels,
both of which can affect neurotransmission in a non-cell type-specific manner at pre-and post-
synapses!?®!”7. In fact, there have been reports of other cyclodextrins altering glutamatergic,
GABAergic, and cholinergic transmission attributed to disrupted lipid homeostasis at synaptic
membranes'®® 2%, With all of these neurotransmitters present in the STR®, Captisol® could
possibly increase dopamine release in the striatum of both WT and VKI through network

activation. However, as we see a clear reduction in dopamine release in aged VKIs even with

vehicle treatment, we assume that this reduction would only be made more apparent in aCSF alone.

Conclusion

As with glutamate release, we see robust increases in dopamine release in young adult VKI mice,
implicating VPS35 at presynaptic dopamine terminals. As touched on earlier, VPS35 D620N may
modulate dopamine release through interactions with vesicular transporter proteins. VPS35 in
COS7 cells is shown to localize with the monoamine transporter VMAT2 in perinuclear
structures®’!. Knocking down VPS35 levels reduces the half-life of VMAT2, impairs perinuclear
trans-golgi network localization, and increases co-localization of VMAT2 with lysosomal
structures®’!. Therefore, VPS35 seems to be required for retrograde trafficking of VMAT2 from
synaptic vesicles to the trans-golgi network, where they can get sorted into new synaptic vesicles
instead of being degraded. This retrograde trafficking may be affected by the D620N mutation in
our mice, resulting in early accumulation of VMAT?2 in synaptic vesicles followed eventual loss

as it gets mis-localized to lysosomes instead of being recycled to synaptic vesicles. As total
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VMAT?2 protein expression is increased in young VKIs? increased packaging of dopamine into
synaptic vesicles may explain the increase in extracellular dopamine release by 6 months.
However, VMAT?2 staining in 3-month-old VKIs show no differences in VMAT2 puncta density
or area®, suggesting that its cellular distribution in the STR is mostly conserved at this age.
Characterization of VMAT?2 staining in 6- to 25-month-old animals may show a difference in
distribution or activity contributing to the progression of the dopamine release phenotype in VKI

mice.

As previously discussed, DAT dysfunction or reduced expression could also be implicated
in the increased dopamine release in young adult VKI mice. As less dopamine is recovered
following release, there may be an increased demand on de novo monoamine synthesis, which
increases oxidative stress in dopamine neurons and may contribute to selective neurodegeneration
of dopaminergic neurons’®?. The inability to replenish stores of dopamine coupled with an
accumulation of oxidative stress, could lead to a PD-like reduction in dorsolateral STR dopamine
release, as is observed in our aged VKI mice. In summary, striatal brain slice experiments reveal
elevated dopamine release by 6 months in VKIs, which may drive later loss of striatal dopamine

release at ~25 months old.

Acute LRRK? Kkinase inhibition does not alter glutamatergic or dopaminergic striatal

neurotransmission.

Once basal neurotransmission changes were characterized in VKI mice, we then assessed potential
involvement of LRRK2 kinase activity in the VKI phenotype. Mechanistically, VPS35 D620N
function has been suggested to lie upstream of LRRK2 kinase activity. Firstly, autosomal dominant

mutations in both LRRK2 and VPS35 are linked to clinically typical, late-onset PD. LRRK2
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mutations increase LRRK2's kinase activity, its autophosphorylation, and the phosphorylation of
its target RabGTPases*"*. Furthermore, VPS35 D620N mutations also result in increased LRRK2
kinase activity, autophosphorylation, and Rab10 phosphorylation in patient cell lines and knock-
in mice; this was reduced with LRRK2 kinase inhibition®. These markers of LRRK2 kinase
overactivity have been reported in one study of post-mortem brain tissue from a donor with

idiopathic PD?*. As kinase inhibitors targeting LRRK?2 are now in phase II clinical trials®®>, w

e
investigated the potential of the selective LRRK2 kinase inhibitor, MLi-22%, to reverse the changes

to glutamatergic striatal neurotransmission in VKI mice.

Acute LRRK?2 kinase inhibition does not alter striatal glutamatergic transmission

We previously showed that 1.5-hour treatment with MLi-2, either administered intraperitoneally
in mice, or in the case of primary cortical neuron cultures, with bath-incubation, was sufficient to
reduce hyperphosphorylation of the LRRK2 effector, Rab10°. Therefore, experiments measuring
striatal glutamate transmission in mice were repeated with >1.5-hour bath incubation of brain

slices in MLi-2 or it’s vehicle, Captisol®.

1GluSnFR recordings in 3-month-old striatal brain slices reveal that in both WT and VKI
brain slices, acute MLi-2 treatment significantly increases iGluSnFR response amplitude and
probability of release when compared aCSF alone, but does not when compared to vehicle
treatment. Decay tau of the iGluSnFR response train is also increased in both genotypes with MLi-
2 treatment when compared to aCSF alone, but is not significantly different from vehicle controls.
At 6 months, when glutamatergic neurotransmission is robustly increased in the dorsolateral STR
of VKIs, we see no effect on either genotype with MLi-2 treatment versus vehicle control on

spontaneous glutamatergic neurotransmission onto MSNs. There is also no effect of MLi-2 on
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MSN membrane properties when compared to aCSF or vehicle treatment conditions in either
genotype. Furthermore, no effect of acute MLi-2 treatment was observed on most measures of
ChR2-evoked corticostriatal glutamatergic transmission when compared to vehicle treatment, and

this was true of both WT and VKI responses.

At 6 months, the only significant effect of MLi-2 versus vehicle alone is a reduction in the
ChR2-PSC amplitude in WT MSNs. This could indicate a decreased amount of glutamate released
with repeated stimulation, and/or a higher probability of initial glutamate release leading to
suppression of subsequent glutamate release. Moreover, MLi-2 inhibition in primary cortical
neuron cultures increases mEPSC frequency in WT neurons, which indicates increased presynaptic
spontaneous glutamate release®. In vivo, acute LRRK2 kinase inhibition selectively increases
glutamate content in synaptosomal fractions from striatal but not cortical brain regions of 3-month-
old WT mice?®’. Therefore, acute LRRK2 kinase activity may negatively regulate striatal
glutamate release in WT mice. Since LRRK2 kinase inhibition does not acutely alter glutamate
release in VKI striata, it may be that the regulation of glutamate release is not as discretely
modulated by LRRK2 kinase activity when it is constitutively increased. This is further
substantiated by a lack of LRRK2 kinase inhibition effects on striatal glutamate release in another

model of LRRK2 kinase hyperactivation, LRRK2 G2019S knock-in young adult mice*"’.

We repeated glutamate release assays on old animals, this time opting to deliver either MLi-
2 or vehicle alone using in vivo intra-peritoneal injections and bath-incubation with the
corresponding treatment throughout perfusion of brain slices. iGluSnFR responses were compared
between vehicle-treated and MLi-2-treated animals only, as we were limited by the smaller number
of viable aged animals. In ~25-month-old VKIs, acute MLi-2 treatment did not affect glutamate

release in either genotype when compared to vehicle controls. There may be sex-specific MLi-2
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effects on WT striatal glutamate release, which could be masked by pooling both male and female
sexes within the dataset. As it stands, acute MLi-2 treatment does not reverse the reduction in
striatal glutamate release observed in vehicle-treated VKI 25-month-old mice, but more work is
required to investigate whether MLi-2 treatment could have sex-specific effects in aged animals

of either genotype.

Taken together, acute treatment of MLi-2 does not modulate striatal glutamate transmission
in VKI mice, nor does it alter membrane properties when compared to vehicle controls. This may
be a result of acute kinase inhibition altering mechanisms not immediately involved in glutamate
release, especially if LRRK2 kinase hyperactivity is a compensatory action rather a direct
downstream effect of VPS35 D620N mutation. In contrast, acute LRRK2 kinase inhibition with
MLi-2 may selectively increase the probability of glutamate release onto striatal MSNs under wild-

type conditions through mechanisms that have yet to be characterized.

Acute LRRK?2 kinase inhibition does not alter striatal dopamine release

We next investigated the effects of acute LRRK2 kinase inhibition on dopamine release at 6
months, at which point we observe robust increases in striatal dopamine release in VKIs. In 2-
pulse stimulation experiments, WT brain slices show a trend towards reduced responses at higher
intensity stimulation in the presence of MLi-2. WT responses, however, are not sensitive to acute
MLi-2 treatment with regards to the capacity for repeated dopamine release, decay kinetics, nor
responses to pulse train stimulation. Previously, it has been reported that WT synaptosomal
dopamine content after KCI treatment is reduced with acute treatment with LRRK2 kinase

inhibitor, GSK2578215A, at certain concentrations?®’. Therefore, it may be that dopamine release
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is reduced in the WT striatum LRRK2 kinase inhibition, but that this particular to stimulation with

higher intensity.

In contrast to WT responses, VKI dLight responses at 6 months are not altered by acute
MLi-2 treatment in any of the measure we compared. Intriguingly, a pre-print report does show
reduced dopamine release with chronic MLi-2 treatment in 3-5-month-old VKI mice?®®. One
explanation for this difference is that acute LRRK2 kinase activity is not mechanistically involved
in dopamine release regulation in VKI animals. Another pre-print report suggest that VPS35
D620N increases LRRK?2 kinase-mediated phosphorylation and recruitment of RILPL1 complexes
to the lysosome®”, which can disrupt Sonic-hedgehog mediated neuroprotective mechanisms as
well as ciliogenesis in striatal cholinergic neurons?!%?!!, Therefore, it may be that elevated striatal
neurotransmission, or even compensatory action towards it, increases cellular stress which leads
to an accumulation of lysosomal damage. This may then recruit LRRK?2 to the lysosomes and
increase kinase activity to act as a break to prevent further damage. Since chronic MLi-2 treatment
is able to reduce lysosomal recruitment of RILPL1?% in VKI mouse tissue, and reduce elevated
dopamine release in VKI striata®®®, this may be sufficient time to remove the “breaks” from the
endolysosomal system. In turn, other cargo that may not have been sufficiently recycled, including
DAT, may be allowed to reintegrate into the cell membrane to reduce the levels of extracellular

dopamine release over time.

Another potential mechanism to explain dopamine release alterations with chronic, but not
acute, LRRK2 kinase inhibition, is that LRRK2 kinase inhibition influences dopamine release
through extra-striatal action. As we bath-apply MLi-2 onto acute striatal brain slices, there is the

potential that MLi-2 acts on nigral cell bodies which are absent in our acute slice preparations.
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However, this would be accounted for in experiments in our aged mice, where either MLi-2 or

vehicle alone was delivered intraperitoneally prior to acute slice preparation.

In vivo LRRK2 kinase inhibition in ~25-month-old mice does not alter dopamine release
in WT striata compared to vehicle alone, but it seems to alter dopamine release in VKIs in 2-pulse
experiments as stimulus intensity is increased. This suggests that there is the potential for acute
MLi-2 treatment to increase dopamine release in aged animals but that it may require supra-
physiological stimulation to see significant effects. It would therefore be interesting to repeat
dLight experiments in 25-month-old mice with 10-pulse train stimulation, as it may reveal further
differences in the capacity of WT and VKI brain slices to regulate dopamine release and recycle
dopamine with higher frequency stimulation. This could conversely reveal that MLi-2 is not
beneficial for reversing the reduction in VKI striatal dopamine release during lower frequency, in
vivo activity. As with other data from 25-month-old animals, both sexes were pooled for analysis
of MLi-2 effects on striatal dopamine release, and more experiments are necessary to characterize

the effects of MLi-2 (and vehicle) by sex.

In summary, acute LRRK?2 kinase inhibition with MLi-2 does not seem to profoundly alter
striatal dopamine release in VKI mice in 6-month-old animals but could augment release in 25-
month-old VKIs when stimulating with higher intensity. In 6-month-old WT mice, striatal
dopamine release may be reduced with MLi-2 treatment but requires higher intensity stimulation
(which is perhaps supra-physiological). As WT mice age to 25 months, no difference in striatal

dopamine release with acute MLi-2 treatment is observed.
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Other caveats and limitations

Captisol® selectively alters membrane properties of VKI MSNs

Since Captisol® alone increases striatal glutamate release in 3-month-old mice, we also
investigated the effects of Captisol® and MLi-2 treatment on 6-month-old MSN membrane
properties in both genotypes. Membrane properties were not altered with MLi-2 treatment in either
genotype, when compared to vehicle or aCSF alone. Compared to aCSF, Captisol® vehicle
treatment alters membrane properties selectively in VKI, but not WT, MSNs. In 6-month-old VKI
MSNs, membrane capacitance is lowered with vehicle treatment, as is membrane tau. Membrane
resistance is increased with vehicle treatment in VKIs. Further, the changes to membrane
properties in Captisol®-treated VKI MSNs oppose the observed increase in membrane capacitance
and reduction in membrane resistance at 6 months. This may indicate that VKI membranes have a
larger membrane surface area to be targeted to a greater extent by lypophilic compounds like

Captisol®. Since age-related processes can compromise membrane integrity*'>2!3

, it may be that
similar mechanisms in VKI MSNs render their membranes more frail and easier to manipulate.
Together, 1) VKI MSN membrane properties are selective altered by vehicle treatment. 2) vehicle

treatment seems to oppose the VKI phenotype in aCSF conditions, and 3) acute treatment with

MLi-2 does not seem to alter membrane properties further.

Captisol® effects may confound MLi-2 effects on striatal glutamate and dopamine release

While vehicle treatment selectively alters passive membrane properties in VKI MSNs, Captisol®
increases the proportion of lower-amplitude spontaneous glutamatergic transmission events in both
genotypes. Inter-event interval distribution is only affected by vehicle condition in VKI MSNs and
not WT MSNs. It may be that amplitude (canonically postsynaptic), but not inter-event interval

(canonically presynaptic) is dependent on the membrane properties that are affected by Captisol®
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treatment in VKIs. Furthermore, no change in sEPSC decay tau is observed between genotypes or
treatment conditions. Overall, spontaneous glutamate transmission onto VKI MSNs seems to be
altered in both pre- and post-synaptic measures in the presence of Captisol®. In addition, vehicle

treatment may also alter postsynaptic SEPSC amplitudes in WT MSNs.

Recordings of ChR2-evoked cortico-striatal glutamate transmission at 6 months further
reveals that both WT and VKI MSNs respond to vehicle treatment alone. In WT neurons, vehicle
treatment increases the amplitude of the first response in a train of 4 pulses, when compared to
aCSF alone. Subsequent release towards the end of the pulse train was significantly reduced
relative to initial pulse response. This suggests that in WT neurons, the probability of glutamate
release is increased with vehicle treatment. Captisol® does not seem to alter initial glutamate
release in VKI MSNs but does decrease the size of subsequent responses, reducing the paired-
pulse ratio. Taken together, Captisol® seems to increase the probability of repeated glutamate

release in both genotypes and may also increase the capacity for initial release in WT MSNs.

As previously discussed, Captisol® may also alter dopamine release, either directly or
through effects on the striatal network. As we’ve already demonstrated that Captisol® augments
glutamate release in both genotypes in young adult mice, it may have profound effects on striatal
dopamine release in 25-month-old mice as well. Again, as Captisol® appears to increase
neurotransmission, sham-injected control experiments may reveal that the reduction in dopamine
release in VKI mice at this age is even more profound in the absence of Captisol®. Altogether, we
cannot rule out that acute LRRK2 kinase inhibition could influence glutamate and dopamine
transmission in young and aged animals but may be masked by off-target Captisol® vehicle
effects. Further assessment of glutamate and dopamine release comparing sham-injected to

vehicle-injected aged mice would clarify whether the changes to striatal neurotransmission in VKI

99



mice are altered in the presence of Captisol®. Alternating the delivery method of MLi-2 or using
a more soluble LRRK2 kinase inhibitor may reveal that a reduction in acute LRRK2 kinase alters

glutamate or dopamine transmission in the absence of cyclodextrins such as Captisol®.

Conclusion

Acute LRRK2 kinase does not seem to reverse or alter changes to striatal glutamatergic or
dopaminergic neurotransmission in VKIs in a physiologically relevant manner. However, this does
not rule out the efficacy of LRRK2 kinase inhibitors in treating changes to neurotransmission when
administered chronically. It may be that LRRK2 kinase hyperactivity, observed in VPS35 D620N-
PD or idiopathic PD*2%, is a compensatory change to mitigate VPS35 dysfunction, and that acutely
reducing LRRK2 kinase activity is not enough to relieve the dysfunction contributing to altered

neurotransmission.

Since lysosomal stress can directly trigger an increase in LRRK2 kinase activity and
localization to lysosomal membrances?!4, LRRK?2 kinase activity could be increased in response
to the stress. For instance, Rab29 which can be phosphorylated by LRRK2 kinase'!® is mobilized
onto lysosomal membranes following lysosomal stress, and this can also occur independent of
LRRK2 kinase activity?!>. Therefore, chronic LRRK2 kinase inhibition may shift the
phosphorylation of select Rab effectors away from LRRK2 kinase-dependent pathways, and
promote clearance of lysosomal proteins that through LRRK-kinase independent mechanisms. If
this interpretation holds true, longer-term chronic MLi-2 treatment may have adverse effects as it
may eventually redirect the cellular dysregulation rather restoring balance. l.e., a system without
breaks is just as dysregulated (or maybe even more dysregulated) as a system with constitutively

active breaks. The lack of clear effects of MLi-2 treatment on striatal glutamatergic and
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dopaminergic transmission in VKIs, and the presence of MLi-2 effects on distinct properties of
striatal glutamate and dopamine release in young adult WT mice, necessitates further investigation
into the interaction of LRRK2 and VPS35 at the presynapse, especially given that LRRK?2 kinase

inhibitors are being developed as treatments for genetic and idiopathic PD?%.

The bigger picture

VPS35 D620N may globally increase neurotransmitter release

In VKI mice, we observe early increases to presynaptic neurotransmitter release ahead of reduced
release in old age. As this is a feature of both striatal glutamate and dopamine neurotransmission
in VKIs, VPS35 D620N may alter the synaptic vesicle cycle in a non-cell type-specific manner.
The drosophila variant of VPS35 has been shown affect synaptic vesicle endocytosis at drosophila
neuromuscular junctions®!. WT but not D620N VPS35 overexpression increases the localization
of VPS35 onto synaptic boutons and overlap with the active zone (ibid). Knock-out of VPS35
leads to a reduction of synaptic vesicle number and an increase in synaptic vesicle size, which is
rescued with WT but not D620N overexpression (ibid). The role of VPS35 in regulating synaptic
vesicle number in mouse hippocampal neurons is contested, however, as knockdown of VSP35
does not seem to alter active-zone length or synaptic vesicle number®®. It may be that the 30-80%
reduction in VPS35 achieved with their shRNAs was not sufficient to affect the function of VPS35

at synapses, or that transient reduction in VPS35 can be compensated for.

VPS35 D620N may alter presynaptic release through impaired synaptic vesicle recycling

Presynaptic recycling of vesicular membranes through bulk endocytosis may implicate VPS35.
While clathrin-mediated endocytosis (CME) directly from the postsynaptic membrane is well-
recognized as a major process governing synaptic vesicle endocytosis (reviewed in Kaksonen and
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Roux, 2018), ultra-fast bulk endocytosis followed by clathrin coating can also contribute to
presynaptic vesicle recycling?!”*!%. Bulk endocytosis can be triggered by the insertion of synaptic
vesicle membrane to the postsynaptic membrane®!'’, or by high-frequency stimulation in a Rab11
dependent manner®?°. Previously, we found that the density of Rab11 clusters in primary cortical
cultures is increased in VKIs, accompanied by a reduction in VPS35-Rab11 Pearson’s coefficient’.
This suggests that Rabl1l may accumulate in recycling endosomes not localized with VPS35
D620N. Perhaps VPS35 D620N impairs recycling of synaptic membranes through bulk
endocytosis, resulting in a compensatory shift towards the increased neurotransmitter content in
3- to 6-month-old VKIs. This theory is also supported by the observed increase in capacitance of
VKI MSNs at 3 and 6 months, which may represent an accumulation of synaptic vesicle membrane
on MSNs slowly increasing the surface area of MSN membranes. Impaired synaptic vesicle
recycling may also contribute to the eventual reduction in dopamine and glutamate release in aged

VKIs.

VPS35 D620N may impair retromer interactions

While we were not able to reverse changes in striatal neurotransmission in VKIs using acute MLi-
2 treatment, a better understanding of how VPS35 interactions are altered with the D620N could
lead to the development of alternative therapeutic interventions. For instance, if D620N is observed
to be a non-selective loss-of-function mutation, chaperone proteins like TPT-172, which stabilizes
VPS35-VPS29 interactions within the core retromer complex, could be used to increase levels of
VPS35 and potentially ameliorate the cellular burden of the mutation®. It should be noted that
affinity chromatography and gel filtration experiments show similar binding affinity of VPS35
D620N with both VPS26 and VPS29 to that of VPS35 WT'?. While VPS35-VPS26 co-cluster

intensity is similar across genotypes, the density of VPS26 clusters in vitro is reduced in VKI
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cultures®. Therefore, D620N mutations may not destabilize the interaction of VPS35 within core

retromer components but could still alter the localization of retromer components within the cell.

Another interactor, FAM21, binds to VPS35 to recruit the WASH-complex to endosomal
membranes'?® to promote endosomal tubulation in an RME-8 dependent manner'?’. FAM21 not
only co-IPs with VPS35 less in VKI mice but is increased in intensity of co-clustering with VPS35
in primary cortical neurons’. This suggests that VPS35 D620N may colocalize to a greater extent
to compensate for the loss of binding to FAM21. FAM21 has also been shown to interact with
SNX27 and retromer to direct endosomal cargo to the plasma membrane by suppressing the
signaling cascade required to direct cargo to the golgi apparatus®?!. Therefore endosome-to-plasma
membrane trafficking in VKI striata may be reduced. For example in PC-12 cells, VPS35 is shown
to form a complex with FAM21 and DAT, and levels of this complex co-IP’ed with WT VPS35
are significantly higher than with VPS35 D620N'%, Another WASH complex component, WASH-
1 is shown to be selectively reduced in TH-positive nigral dopamine neurons of VKI mice'?*.
Therefore, targeting the stability of interactions of VPS35 with the WASH complex in VKI mice

may increase physiological trafficking of cargo from endosomal membranes.

VPS35 D620N may increase lysosomal stress while reducing lysosomal function

The sustained increase in neurotransmission we observe in young adult VKI mice may require
increased synaptic protein turnover through lysosomal processes that further implicate VPS35
function. Patient-derived VPS35 D620N neurons show a reduction in lysosomal size and
lysosomal LAMP1 and LAMP2 protein expression'?’, suggesting an impairment of lysosomal
function is a feature of VPS35 D620N-linked PD. Furthermore, endosome-to-golgi retrieval of

LAMP2a proteins, which serve as receptors for a-synuclein during chaperone-mediated
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autophagy, is reduced with VPS35 D620N expression®. In VPS35 D620N knock-in mice, total a-
synuclein levels are reported to increase at 16 months®’, though there is no pathological pSer129-
a-synuclein in whole brain lysates of 13-month-old VKI mice!??. Together, this may reflect a
failure to degrade accumulated proteins like a-synuclein, a key contributor to Lewy Body

pathology in PD?*.

A failure to degrade misfolded protein is also more broadly, a feature of neurodegenerative
disease. VKI mice show widespread neurite degeneration and dysregulation of tau protein'?,
Paired with the observation that VPS35 knock-down impairs the clearance of mutant MAPT
proteins in HEK293T cells?*, these data suggest that VPS35 D620N may act as a loss-of-function
mutation when it comes to lysosomal clearance of damaged proteins. It may be that the additional
clearance of synaptic proteins required by the increased synaptic load coupled with the loss of

224

autophagic capacity in neurons~* results in the neurodegeneration and eventual loss of

neurotransmission observed in aged VKI mice’*'?2,

VPS35 D620N may increase mitochondrial stress while reducing mitochondrial turnover

The “final nail in the coffin” leading to a Parkinsonian state may be hammered by mitochondrial
dysregulation and dysfunction in VKI brains. Mitochondrial respiration is reduced in patient-
derived VPS35 D620N neurons'?’. This is also observed in VPS35 D620N knock-in mice,
alongside a reduction in Complex I and IV activity, ATP generation, mitochondrial size, and
expression of mitofusin 2, an outer membrane mitochondrial GTPase that regulates mitochondrial

fusion, by 16 months®’.

VPS35 D620N expression in neuronal cultures also increases localization of mitochondrial E3

ubiquitin protein ligase 1 (MULI or MAPL) to mitochondria®®. MAPL recruitment to
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mitochondria and subsequent formation of MAPL-positive mitochondria derived vesicles (MDVs)
is reduced in HeLa cells with VPS35 knock-down??’, implicating VPS35 in the turnover of
mitochondrial proteins through MDVs. Furthermore, VSP35 D620N may also increase
mitochondrial fragmentation through stabilizing the interaction of VPS35 with the dynamin-
related GTPase, DIp1/Drpl, which triggers trafficking of MDVs to lysosomes!?!?*%, This would

then promote the degradation, rather than recycling of mitochondrial proteins.

In young adult VKIs, which have increased glutamatergic and dopamine transmission in
the striatum, proper calcium buffering and sufficient energy stores would be required support the
increased demand on synaptic terminals®?’??°. This may necessitate additional ATP formation
through mitochondrial oxidative respiration, leading to the generation and accumulation of
mitochondrial reactive oxygen species®*® and ultimately adding another cellular stress to the roster
of insults faced by VKI neurons. The accumulation of mitochondrial damage may drive the
eventual reduction of mitochondrial activity, all while VPS35 D620N also impairs mitochondrial
quality control through the recycling of mitochondrial proteins, and increases the mitochondrial

fission:fusion ratio%>129226

. In turn, this could reduce the calcium buffering capacity and
availability of energy to support presynaptic function, leading to the loss of neurotransmitter

release in the STR of aged VKI mice.

Mitochondria are also important regulars of cell health and can respond to mitochondrial
or cellular stress by triggering the protective unfolded protein response through retromer-
dependent Wnt-signalling®®?*!. As the D620N mutation reduces pro-survival Wnt/B-catenin
signalling and increases pro-apoptotic caspase 8 and caspase 9 activation®’, it could be that pro-
survival signaling and adaptation after mitochondrial damage is also diminished in VKI mice.

Altogether, multiple mitochondrial functions could be affected by the D620N mutation in VPS35,
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and the combination of these effects may lead to an eventual loss of STR neurotransmission and

promote neurodegeneration.

VPS35 D620N may lead to PD through changes to neuronal development, maturation, and

aging

We know that VPS35 function is important for cellular and neuronal development as a knock-out
of VPS35 is embryonic lethal”’. VPS35 loss of function during neuronal development can reduce

vascularization®®, cortical development®*?, terminal differentiation®*

, neurite outgrowth and
complexity®?. While there is no alteration in cell density or dendritic morphology in VKI primary
cortical neurons’, changes to membrane dynamics or plasticity, and neuronal function could serve
to weaken the foundation from which neurons mature and age. Elevated neurotransmission could
also point to impaired maturation or altered neurodevelopment, which many argue is inherently
linked to the etiology of neurodegenerative disease’**23®. Even if neurodevelopmental changes
can be accommodated for during a significant portion of the animal’s life — perhaps less so in

humans than in mice — the weakened foundation may give way to a Parkinsonian state as additional

insults, including aging, stress the system.

Towards a better understanding of PD

The objectives set out in this dissertation aimed to investigate the potential alterations to
glutamatergic and dopaminergic transmission in the dorsolateral striatum of mice bearing PD-
linked D620N mutations in VPS35, as well as the potential influence of acute LRRK2 kinase
activity on observed phenotypes. We find that the striatal release of both neurotransmitters is

increased in young adult VSP35 D620N knock-in mice and is conversely reduced in aged animals.
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This biphasic deviation from WT striatal neurotransmission is not altered with acute treatment with
LRRK2 kinase inhibitor, MLi-2, suggesting that VPS35 D620N-mediated changes to

neurotransmission in the striatum not immediately dependent on LRRK?2 kinase activity.

This biphasic transition from hyper-to-hypo-active striatal neurotransmission in VKI mice
may be reflective of the progression into Parkinsonism. Initially, VPS35 D620N may increase
neurotransmission in the striatum through a direct increase in presynaptic release of multiple
neurotransmitters. This increase may intensify synaptic burden on striatal synapses and accelerate
the age-related degradation of regulatory pathways including endo-lysosomal and mitochondrial
function?!2:213:224.228230 Dopaminergic neurons may be particularly vulnerable to the accumulation
of such cellular stress by virtue of their increased metabolic demands, increased cellular ROS
generation from dopamine synthesis, and extensive axonal networks that require more energy and

resources to maintain®37-238,

Ultimately, the D620N mutation in VPS35 may overdrive the nigrostriatal pathway, in a
manner not acutely dependent on LRRK2 kinase activity. This early hyperactivity could precipitate
the eventual onset of PD-like loss of dopaminergic neurotransmission and motor dysfunction in
aged animals’>!?2, Further, early elevations in striatal glutamate release may increase the activation
of excitotoxic extra-synaptic NMDARs, potentially adding to the progression towards
neurodegeneration'#”13. An eventual loss of corticostriatal glutamate transmission could also
impair alter striatal plasticity, which is important for the generation and maintenance of movement,
and may be implicated in Levodopa-induced dyskinesia?*?*>. Glutamate transmission, and
potentially other neurotransmitter systems affected by the VPS35 D620N mutation, may also drive
non-motor symptom onset in PD including sleep disturbances, fatigue, gastrointestinal difficulties,

cognitive impairment, anxiety and depression!®. Altogether, the data presented in this dissertation
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reveals progressive alterations to striatal neurotransmission in mice with VPS35 D620N mutations.
We hope that this heightened understanding of the transition into a potentially Parkinsonian state
will uncover novel targets and/or therapeutic windows for the development of disease-modifying

treatments, especially in individuals carrying VPS35 D620N mutations.
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Appendix

Vehicle effects in WT and VKI mice
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Figure S1. Vehicle treatment increases striatal glutamate release in both WT and VKI 3-month-old mice.

A) At 3 months, i) iGluSnFR fluorescent change in WT mice is significantly higher with Captisol® vehicle alone or
MLi-2 treatment (in Captisol® vehicle) compared to aCSF alone (2-way ANOVA interaction p<0.0001, treatment
=0.0003, Holm-Sidak’s multiple comparisons test WT aCSF vs WT veh. p<0.0001 for all pulses; WT aCSF vs WT
MLi-2 p<0.0001 for all pulses). There is no significant difference between Captisol® vehicle treated responses and
MLi-2 treatment (Holm-Sidak’s multiple comparisons test WT veh. vs WT MLi-2 @0ms p=0.57, @100-900ms
p>0.97). ii) 1% pulse-normalized iGluSnFR responses in WT striata are significantly altered by vehicle and by MLi-2
treatment when compared to aCSF alone (2-way ANOVA interaction p<0.0001, treatment p=0.07, Holm-Sidak’s
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(Figure S1 cont’d) multiple comparisons test WT aCSF vs WT veh. @100ms p=0.07, @200ms p=0.52, @300-900ms
2>0.90; WT aCSF vs WT MLi-2 @100-200ms p<0.0001, @300ms p=0.19, @400ms p=0.12, @500ms p=0.06,
@600ms p=0.75, @700ms p=0.68, @800ms p=0.36, @900ms p=0.65). Treatment with MLi-2 does not alter
iGluSnFR normalized responses when compared to vehicle alone (Holm-Sidak’s multiple comparisons test WT veh.
vs WT MLi-2 @100ms p=0.27, @200-900ms p>0.83). iii) WT iGluSnFR responses in aCSF alone have significantly
lower 10" pulse decay tau when compared to vehicle or MLi-2 treated responses, (Kruskal-Wallis test p=0.0013,
Dunn’s multiple comparisons test WT aCSF vs WT veh. p=0.02, WT aCSF vs WT MLi-2 p=0.0009). There is no
difference in decay tau with MLi-2 treatment when compared with vehicle alone (Dunn’s multiple comparisons test
WT veh. vs WT MLi-2 p=0.32). B) At 3 months, i) iGIuSnFR fluorescent change in VKI mice is significantly higher
with Captisol® vehicle or MLi-2 treatment (in Captisol® vehicle) compared to aCSF alone (2-way ANOVA
interaction p<0.0001, treatment p=0.0002, Holm-Siddk’s multiple comparisons test VKI aCSF vs VKI veh.
0.0002>p>0.0008 for all pulses; VKI aCSF vs VKI MLi-2 p<0.0001 for all pulse train). There is no significant
difference between Captisol® vehicle-treated responses and MLi-2 treatment (Holm-Sidak’s multiple comparisons
test VKI veh. vs VKI MLi-2 p>0.99 for all pulses). ii) 1% pulse-normalized iGluSnFR responses in VKI mice are
significantly altered by vehicle and by MLi-2 treatment when compared to aCSF alone (2-way ANOVA interaction
<0.0001, treatment p<0.0001, Holm-Sidak’s multiple comparisons test VKI aCSF vs VKI veh. @100ms p=0.98,
@200ms p=0.0003, @300-900ms p<0.0001; VKI aCSF vs VKI MLi-2 p<0.0001 for all pulses). Treatment with MLi-
2 does not alter iGluSnFR normalized responses when compared to vehicle alone (Holm-Sidak’s multiple comparisons
test VKI veh. vs VKI MLi-2 @100ms p=0.27, @200-900ms p>0.83). iii) VKI iGluSnFR responses in aCSF alone
have significantly lower 10 pulse decay taus when compared to vehicle or MLi-2 treated responses, (1-way ANOVA
p<0.0001, Tukey’s multiple comparisons test VKI aCSF vs VKI veh. p<0.0001, VKI aCSF vs VKI MLi-2 p<0.0001).
There wis no difference in decay tau with MLi-2 treatment when compared with vehicle alone (Tukey’s multiple
comparisons test VKI veh. vs VKI MLi-2 p=0.97).
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6-month Membrane Properties
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Figure S2. Captisol® vehicle treatment selectively alters passive membrane properties of 6-month-old
dorsolateral STR MSNs in VKI mice.

A) At 6 months, membrane capacitance is significantly reduced in VKI MSNs with Captisol® vehicle treatment
(Kruskal-Wallis test p=0.003, Dunn’s multiple comparisons test VKI aCSF vs VKI veh. p=0.02). There is no
significant change in WT MSNs with Captisol® vehicle treatment (Dunn’s multiple comparisons test WT aCSF vs
WT veh. p>0.99). There is no significant difference with MLi-2 treatment in either genotype, when compared to either
aCSF or vehicle conditions (Dunn’s multiple comparisons test WT aCSF vs WT MLi-2. p=0.22, WT veh. vs WT MLi-
2 p=0.78, VKI aCSF vs VKI MLi-2 p=0.13, VKI veh. vs VKI MLi-2 p>0.99). No significant difference is observed
between genotypes when comparing within treatment conditions (Dunn’s multiple comparisons test WT aCSF vs VKI
aCSF p=0.81, WT veh. vs VKI veh. p>0.99, WT MLi-2 vs VKI MLi-2 p>0.99). B) Membrane resistance is
significantly increased with vehicle treatment in VKI, but not WT MSN's (Kruskal-Wallis test p=0.01, Dunn’s multiple
comparisons test VKI aCSF vs VKI veh. p=0.03, WT aCSF vs WT veh. p>0.99). There is no significant difference
(Figure S6 cont’d) with MLi-2 treatment when compared to aCSF or vehicle condition in either genotype (Dunn’s
multiple comparisons test WT aCSF vs WT MLi-2. p>0.99, WT veh. vs WT MLi-2 p>0.99, VKI aCSF vs VKI MLi-
2 p=0.53, VKI veh. vs VKI MLi-2 p>0.99. There is a significant reduction in membrane resistance when comparing
WT vs VKI MSNs perfused with aCSF (Dunn’s multiple comparisons test WT aCSF vs VKI aCSF p=0.05). No
significant difference is observed between genotypes within vehicle or MLI-2 treatment conditions (Dunn’s multiple
comparisons test WT veh. vs VKI veh p>0.99, WT MLi-2 vs VKI MLi-2). C) MSN membrane tau is significantly
reduced with captisol treatment in VKI but not WT mice (Kruskal-Wallis test p=0.007, Dunn’s multiple comparisons
test VKI aCSF vs VKI veh. p=0.007, WT aCSF vs WT veh. p>0.99). Membrane tau is not significantly altered by
MLi-2 treatment in either genotype when compared to aCSF or vehicle conditions (WT aCSF vs WT MLi-2 p=0.63,
WT veh. vs WT MLi-2 p>0.99, VKI aCSF vs VKI MLi-2 p=0.18, VKI veh. vs VKI MLi-2 p>0.99). There is no
significant difference when comparing membrane either aCSF perfusion, captisol treatment, or MLi-2 treatment
effects between genotypes (WT aCSF vs VKI aCSF p>0.99, WT veh. vs VKI veh. p>0.99, WT MLi-2 vs VKI MLi-2
p>0.99).
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Figure S3. sEPSCs in 6-month-
old MSNs are differentially
altered in the presence of
Captisol® vehicle in WT and
VKI mice.

A) At 6 months, i) cumulative
distribution of sEPSC amplitude
in WT MSNs is significantly
altered by treatment condition (2-
way ANOVA interaction
p<0.0001, treatment p=0.59).
There is a significant increase in
the number of lower amplitude
events in WT MSNs with vehicle,
but not MLi-2 treatment relative
to aCSF alone (Holm-Sidak's
multiple comparisons test WT
aCSF vs WT veh. @8-9pA
p>0.99, @10pA p=0.07, @11pA
p=0.0006, @I12pA p<0.0001,
@13pAp=0.001, @14pA p=0.06,
@15pA  p=0.77, @>16pA
p>0.99; WT aCSF vs WT MLi-2
@8-11pA p>0.99, @I12pA
p=0.49, @ >13pA p>0.99). MLi-
2 treatment in WT mice does not
significantly alter the number of
lower amplitude events when
compared to vehicle alone (WT
veh. vs WT MLi-2 @8-10pA
p>0.99, @11pA p=0.71, @12pA

p=0.70, @13pA p=0.92, @14pA
p=0.83, @>15pA p>0.99. ii)
Cumulative  distribution  of

sEPSC inter-event interval in WT
MSNs is not significantly
different when comparing across
treatments  (2-way ANOVA
interaction p=0.97, treatment
p=0.97). B) At 6 months, i) in
VKI MSNSs, cumulative
distribution of sEPSC amplitude
is significantly altered by
treatment  condition  (2-way
ANOVA interaction p<0.0001,
treatment p=0.22). Vehicle and
MLi-2 treatment significantly
increase the number of lower-
amplitude sEPSC events in VKI
MSNs when compared to aCSF
alone (Holm-Sidak's multiple
comparisons test VKI aCSF vs
VKI veh. @8-9pA p>0.99,
@10pA p=0.37, @l1pA p=0.02,
@12pA  p<0.0001, @I13pA



(Figure S3 cont’d) p=0.0003, @14pA p=0.0001, @15pA p=0.003, @16pA p=0.01, @17pA p=0.16, @ >18pA p>0.99;
VKI aCSF vs VKI MLi-2 @8-10pA p>0.99, @11pA p=0.005, @12-16pA p<0.0001, @17pA p=0.09, @18pA p=0.50,
@ >19pA p>0.99). VKI brain slices treated with MLi-2 do not significantly differ in the number of lower amplitude
events when compared to vehicle alone (VKI veh. vs VKI MLi-2 @ all amplitudes p>0.99). ii) Cumulative distribution
of sEPSC inter-event interval in VKI MSNs is significantly different when comparing across all treatments (2-way
ANOVA interaction p=0.003, treatment p=0.06). Vehicle and MLi-2 treatment does not significantly increase the
sEPSC inter-event interval in VKI MSNs when compared to aCSF alone by post-hoc comparison (Holm-Sidak's
multiple comparisons test VKI aCSF vs VKI veh.@5-500ms p>0.84, @600ms p>0.68, @700ms p=0.74, @800ms
p=0.71, @900ms p=0.68, @ >1000ms p>0.82; VKI aCSF vs VKI MLi-2 @50-200ms p>0.81, @300ms p=0.46,
@400ms p=0.55, @500ms p=0.50, @600ms p=0.31, @700ms p=0.29, @800ms p=0.27, @900ms p=0.30, @1000ms
p=0.40, @1100ms p=0.44, @ >1200ms p>0.47). VKI MSNs are not altered in sEPSC inter-event interval with MLi-
2 treatment when compared to vehicle alone (Holm-Sidak's multiple comparisons test VKI veh. vs VKI MLi-2 @ all
intervals p>0.99) C) At 6 months, average sEPSC decay tau is not significantly different with vehicle or MLi-2
treatment in either genotype when compared to aCSF perfused MSNs (Kruskal-Wallis test p=0.66 Dunn’s multiple
comparisons test WT aCSF vs WT veh. p>0.99, WT aCSF vs WT MLi-2 p>0.99, VKI aCSF vs VKI veh. p>0.99, VKI
aCSF vs VKI MLi-2 p>0.99). There is no difference between MLi-2 and captisol treated sSEPSC decay taus in either
genotype (Dunn’s multiple comparisons test WT veh. vs WT MLi-2 p>0.99, VKI veh. vs VKI MLI-2 p>0.99). No
significant difference is observed when comparing between WT and VKI sEPSC decay tau within treatment conditions
(Dunn’s multiple comparisons test WT aCSF vs VKI aCSF p>0.99, WT veh. vs VKI veh. p>0.99, WT MLi-2 vs VKI
MLi-2 p>0.99).
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Figure S4. Captisol® vehicle treatment increases ChR2-evoked cortico-striatal glutamate release probability
onto MSNs in both WT and VKI 6-month-old brain slices.

A) At 6 months, i) WT ChR2-evoked PSC 1% pulse (P1) amplitude is increased with Captisol® vehicle treatment
when compared to aCSF alone (2-way ANOVA WT aCSF vs WT veh. vs WT MLi-2 interaction p=0.0001, treatment
p=0.09; Tukey’s multiple comparisons test WT aCSF vs WT veh. @ P1 p=0.03, @ P2 p=0.65, @ P3 p=0.74, @
P4=0.77). WT ChR2-PSCs are not affected by MLi-2 treatment when comparing with aCSF perfusion (Tukey’s
multiple comparisons test WT aCSF vs WT MLi-2 @ P1 p=0.84, @ P2 p=0.69, @ P3 p=0.21, @ P4 p=0.11). MLi-2
treatment significantly reduces P3 and P4, but not P1 and P2 amplitudes relative to vehicle treatment in WT MSNs
(Tukey’s multiple comparisons test WT veh. vs WT MLi-2 @ P1 p=0.25, @ P2 p=0.22, @ P3 p=0.05, @ P4 p=0.03).
ii) Paired-pulse ratios of ChR2-PSCs in WT brain slices are significantly reduced with vehicle and MLi-2 treatment
when compared to aCSF alone, but only at P3/P1 and P4/P1 ratios (2-way ANOVA WT aCSF vs WT veh. vs WT MLi-
2 interaction p=0.03, treatment p=0.01; Tukey’s multiple comparisons test WT aCSF vs WT veh. @ P2/P1 p=0.26, @
P3/P1 p=0.06, @ P4/P1 p=0.03; WT aCSF vs WT MLi-2 @ P2/P1 p=0.17, @ P3/P1 p=0.003, @ P4/P1 p=0.003).
Paired pulse ratios are not different in WT MSNs when comparing MLi-2 to vehicle treatment (Tukey’s multiple
comparisons test WT veh. vs WT MLi-2 @ P2/P1 p=0.97, @ P3/P1 p=0.57, @ P4/P1 p=0.66). B) At 6 months, i) VKI
MSN:ss treated with vehicle show reduced ChR2-PSC amplitudes during P2-P4, but not P1 ChR2 stimulation (2-way
ANOVA VKI aCSF vs VKI veh. vs VKI MLi-2 interaction p=0.95, treatment p=0.18; Tukey’s multiple comparisons
test VKI aCSF vs VKI veh. @ P1 p=0.37, @ P2 p=0.02, @ P3 p=0.03, @ P4=0.02). VKI MSNs treated with MLi-2
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(Figure S4 cont’d) are no different in ChR2-PSC amplitudes compared to either aCSF or vehicle conditions (Tukey’s
multiple comparisons test VKI aCSF vs VKI MLi-2 @ P1 p=0.69, @ P2 p=0.15, @ P3 p=0.26, @ P4 p=0.26; VKI
veh. vs VKI MLi-2 @ P1 p=0.96, @ P2 p=0.43, @ P3 p=0.64, @ P4 p=0.72). ii) VKI MSNs have a significant
reduction in paired-pulse ratio at P2/P1 only with vehicle, not MLi-2 treatment (2-way ANOVA VKI aCSF vs VKI
veh vs VKI MLi-2 interaction p=0.94, treatment p=0.24; Tukey’s multiple comparisons test VKI aCSF vs VKI veh.
@ P2/P1 p=0.04, @ P3/P1 p=0.25, @ P4/P1 p=0.43; VKI aCSF vs VKI MLi-2 @ P2/P1 p=0.45, @ P3/P1 p=0.57, @
P4/P1 p=0.66). MLi-2 treatment in VKIs does not alter paired-pulse ratio when compared to vehicle alone (Tukey’s
multiple comparisons test VKI veh. vs VKI MLi-2 @ P2/P1 p=0.54, @ P3/P1 p=0.84, @ P4/P1 p=0.92).
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Striatal neurotransmitter release in aged animals by sex
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Figure SS. Striatal glutamate release is reduced in aged female VKI vs WT brain slices.
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- F VKIMLi-2 n=9(2)

A) Representative iGluSnFR response in dorsolateral STR corresponding to train of 10x10Hz pulses of electrical
stimulation followed by 11th pulse at increasing interval with each repetition of the protocol. B) P10 decay tau of
iGluSnFR responses are not significantly different across genotype with MLi-2 treatment (1-way ANOVA p=0.15). C
At ~25 months, i) vehicle-treated WT responses are not significantly different in Afluorescence/baseline measures
compared to VKIs (2-way ANOVA interaction p=0.26, genotype p=0.30). ii) WT iGluSnFR responses are not altered
with MLi-2 treatment (2-way ANOVA interaction p=0.36, treatment p=0.19). iii) VKI iGluSnFR responses are not
significantly altered with MLi-2 treatment (2-way ANOVA interaction p>0.99, treatment p=0.58). D At 25 months, i)
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(Figure S5 cont’d) iGluSnFR responses normalized to P1 response are significantly lower in vehicle-treated VKI vs
WT brain slices (2-way ANOVA interaction p=0.0056, genotype p=0.03) ii) WT responses normalized to P1 peak are
not significantly altered with MLi-2 treatment (2-way ANOVA interaction p=0.32, treatment p=0.44). iii) VKI
responses normalized to P1 peak are not significantly altered with MLi-2 treatment (2-way ANOVA interaction
p=0.60, treatment p=0.52). E At 25 months, i) iGluSnFR response following 10x10Hz pulse stimulation, when
normalized to P10 peak, trends towards significantly lower values in vehicle-treated VKI vs WT striata (2-way
ANOVA interaction p=0.19, genotype p=0.06). ii) P10-normalized iGluSnFR responses following pulse train
stimulation are not significantly different in WT brain slices treated with MLi-2 vs vehicle (2-way ANOVA interaction
p=0.57, treatment p=0.25). iii) P10-normalized iGluSnFR responses following pulse train stimulation are not
significantly different in VKI brain slices treated with MLi-2 vs vehicle (2-way ANOVA interaction p=0.60, treatment
p=0.47).
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Figure S6. Striatal glutamate release is reduced in aged male VKI vs WT brain slices.

A) Representative iGluSnFR response in dorsolateral STR corresponding to train of 10x10Hz pulses of electrical
stimulation followed by 11th pulse at increasing interval with each repetition of the protocol. B) P10 decay tau of
iGluSnFR responses trend towards significant differences when comparing WT and VKI responses to MLi-2 treatment
(1-way ANOVA p=0.10). C At ~25 months, i) vehicle-treated WT responses are significantly larger in A
fluorescence/baseline measures compared to VKI responses (2-way ANOVA interaction p<0.0001, genotype p=0.01,
Holm-Sidak’s multiple comparisons test WT veh. vs VKI veh. @ Oms p=0.0005, @100ms, p=0.04, @200ms p=0.01,
@300ms p=0.0047, @400ms p=0.0069, @500ms p=0.0032, @600ms p=0.0056, @700ms p=0.0010, @800ms)
p=0.0017, @900ms p=0.0010). ii) WT iGluSnFR responses are significantly reduced with MLi-2 treatment (2-way
ANOVA interaction p=0.14, treatment p=0.04). iii) VKI iGluSnFR responses are not significantly altered with MLi-2
treatment (2-way ANOVA interaction p>0.99, treatment p=0.90). D At 25 months, i) iGluSnFR responses normalized
to P1 peak A fluorescence/baseline are not significantly different in vehicle-treated VKI vs WT brain slices (2-way
ANOVA interaction p=0.39, genotype p=0.37) ii) WT responses normalized to P1 peak are significantly reduced with
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(Figure S6 cont’d) MLi-2 treatment (2-way ANOVA interaction p=0.0006, treatment p=0.03). iii) VKI responses
normalized to P1 peak are not significantly altered with MLi-2 treatment (2-way ANOVA interaction p=0.81, treatment
p=0.71). E At 25 months, i) iGluSnFR response following 10x10Hz pulse stimulation, when normalized to P10 peak,
is not significantly different between vehicle-treated VKI and WT striata (2-way ANOVA interaction p=0.19, genotype
p=0.63). ii) P10-normalized iGluSnFR responses following pulse train stimulation in WT brain slices trend towards
increased responses with MLi-2 treatment vs vehicle (2-way ANOVA interaction p=0.18, treatment p=0.06). iii) P10-
normalized iGluSnFR responses following pulse train stimulation are not significantly different in VKI brain slices
treated with MLi-2 vs vehicle (2-way ANOVA interaction p=0.94, treatment p=0.15).
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Figure S7. Striatal dopamine release is reduced in aged female VKI vs WT brain slices.

A) At 25 months, i) P1 peaks across increasing stimulation intensity are significantly reduced in vehicle-treated VKI
brain slices vs WT (2-way ANOVA interaction p=0.04, genotype p=0.0019, Holm-Sidak’s multiple comparisons test
WT veh. vs VKI veh. @50pA p=0.03, and @100pA p=0.04). ii) WT P1 peak with increasing stimulation intensity
trends towards significant difference with MLi-2 treatment (2-way ANOVA interaction p=0.09, treatment p=0.53). iii)
VKI P1 peak with increasing stimulation intensity is significantly altered with MLi-2 treatment (2-way ANOVA
interaction p=0.04, treatment p=0.25). B) Ratio of P2:P1 peaks are not significantly different across genotype or
treatment condition (1-way ANOVA p=0.31). D) P1 decay tau trends towards significant difference when comparing
WT and VKI vehicle- and MLi-2 treated decays (1-way ANOVA p=0.08).

140



Male 25-month 2-Pulse dLight
. lii.

>

150~ 2-way ANOVA 150 150
e Interaction p=0.09
=
w
©
o 1004 1004 100+
8
C
[}
?
o 504 504 50
(=}
=
L
< ¢ ©
o-—r—T—7T7TT7r7r O F—TT T 7T 77 T
Stimulus Intensity (uA) Stimulus Intensity (uA) Stimulus Intensity (uA)
©- M WT veh. n=6(2) o M WT veh. n=6(2) -@ M VKI veh. n=3(1)
-0~ M VKI veh. n=3(1) -~ M WT MLi-2 n=3(1) - M VKI MLi-2 n=3(2)
~ 0.65 600

0.4 o2e 2 o

400
00 T %
[ ]

0.24

Iy

Paired Pulse Ratio (P2/P
o
[ ]
Decay Tau (ms)
N
o
7%

0 . O 1 1 1 1 1 1 1 I
DN D @ DD N @
//Q"Q //(5\\ Z 3 //OJQ & v //‘5\\ % 3 //O-’Q
& & & <L & & <
<V & "2 & SV 3 <
VA YD Y A Y
4&& & A+ A D & A‘L’ A
A NN A NN
< S < 3

Figure S8. Striatal dopamine release is reduced in aged male VKI vs WT brain slices.

A) At 25 months, i) P1 peaks across increasing stimulation intensity trend towards significant difference in vehicle-
treated VKI brain slices vs WT (2-way ANOVA interaction p=0.10, genotype p=0.64). ii) WT P1 peak with increasing
stimulation intensity is not significantly different with MLi-2 treatment (2-way ANOVA interaction p>0.99, treatment
p=0.60). iii) VKI P1 peak with increasing stimulation intensity is not significantly altered with MLi-2 treatment (2-
way ANOVA interaction p=0.25, treatment p=0.90). B) Ratio of P2:P1 peaks are not significantly different across
genotype or treatment condition (1-way ANOVA p=0.33). D) P1 decay tau trends towards significant difference when
comparing WT and VKI vehicle- and MLi-2 treated decays (1-way ANOVA p=0.23).
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