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Surface GluAl and glutamatergic transmission are increased in cortical neurons of
a VPS35 D620N knock-in mouse model of parkinsonism and altered by LRRK2
kinase inhibition

Chelsie A Kadgien, Anusha Kamesh, Jaskaran Khinda, Li Ping Cao, Jesse Fox, Matthew J Farrer,

Austen J Milnerwood

Abstract

Vacuolar protein sorting 35 (VPS35) regulates receptor recycling from endosomes. A missense
mutation in VPS35 (D620N) leads to autosomal-dominant, late-onset Parkinson’s disease. Here,
we use a VPS35 D620N knock-in mouse to study the neurobiology of this mutation. In brain
tissue, we confirm previous findings that the mutation results in reduced binding of VPS35 with
WASH-complex member FAM21, and robustly elevated phosphorylation of the LRRK2 kinase
substrate Rabl10. In cultured cortical neurons, the mutation results in increased endosomal
recycling protein density (VPS35-FAMZ21 co-clusters and Rabll clusters), glutamate release, and
GluAl surface expression. LRRK2 kinase inhibition exerted genotype-specific effects on GluAl
surface expression, but did not impact glutamate release phenotypes. These results improve our
understanding of the early effects of the D620N mutation on cellular functions that are specific
to neurons. These observations provide candidate pathophysiological pathways that may drive
eventual transition to late-stage parkinsonism in VPS35 families, and support a synaptopathy

model of neurodegeneration.

Introduction

VPS35 is a core component of the retromer complex, which recycles transmembrane cargoes
from endosomes to the trans-Golgi network or surface membranes (reviewed in Bonifacino &
Rojas, 2006; Burd & Cullen, 2014; Cullen & Korswagen, 2011; Seaman, Gautreau, & Billadeau,

2013). A missense mutation in VPS35 (D620N) causes late-onset autosomal Parkinson’s disease
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(PD) clinically indistinguishable from idiopathic PD (Struhal et al., 2014; Vilarifo-Guell et al.,
2011; Zimprich et al., 2011). While PD is classically thought of as a hypodopaminergic motor
disorder caused by degeneration of the substantia nigra, recent attention has been brought to
its many non-dopaminergic symptoms that often precede motor onset by years (reviewed in
Beitz, 2014; Goldman & Postuma, 2014). Impaired glutamatergic plasticity in the cortex and
cortical cell loss have both been observed in the brains of people with pre-motor PD
(MacDonald & Halliday, 2002; reviewed in Foffani & Obeso, 2018) calling attention to
glutamatergic systems. While VPS35 D620N knock-in mice (VKI) eventually develop nigral
pathology (X. Chen et al., 2019), here we study fundamental alterations in VPS35 function to

identify early pathways which can be targeted to potentially prevent transition to disease states.

In primary neurons, retromer clusters are dynamically active in soma, axons, dendrites, and
dendritic spines (Choy et al., 2014; Munsie et al., 2015). We, and others, demonstrated that
VPS35 participates in surface delivery of GluAl-containing AMPA-type glutamate receptors,
supporting synapse development, maturation, and activity-dependent AMPA receptor delivery
for long-term potentiation (LTP) in more mature neurons (Choy et al., 2014; Munsie et al., 2015;
Tang et al., 2020; Temkin et al., 2017; Tian et al., 2015; Tsika et al., 2014; C.-L. Wang et al.,
2012; Zhang et al., 2012). Exogenous expression of D620N mutant VPS35 impairs its motility in
dendrites and trafficking into spines (Munsie et al., 2015). Furthermore, we showed mutant
expression alters excitatory synaptic current amplitudes in mouse neurons, and AMPA receptor
cluster intensities in both mouse neurons and dopamine neuron-like cells derived from human
mutation carrier iPSCs (Munsie et al., 2015). Together this argues retromer is important in
synapse development, maintenance, and functional connectivity. However, it is unclear how
overexpression artefacts impinge on normal retromer function, and how mutations in VPS35

alter its role at the synapse.
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VPS35 interacts with LRRK2, another PD-implicated protein, both physically and functionally
(Inoshita et al., 2017; Linhart et al., 2014; MacLeod et al., 2013; Mir et al., 2018; Vilarifio-Guell
etal., 2013; Zhao et al., 2018). LRRK2 is a large multi-domain protein implicated in ~5% of all
familial Parkinson’s disease through autosomal-dominant mutations and genetic risk (Healy et
al., 2008). The most common LRRK2 mutation is the G2019S substitution. In neurons, LRRK2
participates in synaptic vesicle (SV) recycling and release (Beccano-Kelly, Kuhlmann, et al.,
2014; Beccano-Kelly, Volta, et al., 2014; Cirnaru et al., 2014; Piccoli et al., 2011; Volta, Cataldi, et
al., 2015), and in post-synaptic receptor trafficking and spine development (Matikainen-Ankney
etal., 2018, 2016; Parisiadou et al., 2014; Sweet, Saunier-Rebori, Yue, & Blitzer, 2015). Inoshita
and colleagues (2017) recently reported that LRRK2 localizes upstream of VPS35 at Drosophila

neuromuscular junctions where they together regulate the SV cycle.

PD-associated mutations in LRRK2 increase its kinase activity (reviewed in Taylor & Alessi,
2020), which has been shown to phosphorylate multiple Rab-GTPases (Jeong et al., 2018;
Steger et al., 2016). Increased autophosphorylation of LRRK2 and phosphorylation of Rab10
have been observed in post-mortem substantia nigra from individuals with idiopathic PD (Di
Maio et al., 2018), monocytes from humans with the D620N mutation, and tissues from VPS35
D620N knock-in mice (Mir et al., 2018). This provides evidence that VPS35 and LRRK2
mutations converge on LRRK2 kinase, and that aberrant phosphorylation of Rab proteins
involved in synaptic transmission may be related to synaptic phenotypes observed in PD models

(reviewed in Kuhlmann & Milnerwood, 2020).

Here we probe early neurobiological function, potentially pathophysiological dysfunction, and
drug responses in neurons from VKI mice. This may uncover factors that combine with age /
environment to eventually trigger transition to pathology. We examined synapse development,

structure, and function, in addition to protein levels, phosphorylation state and binding
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79  relationships in brain tissue and cultured cortical neurons from VKI mice. The D620N mutation
80 reduced retromer complex association with its regulatory proteins, increased dendritic
81  clustering of proteins involved in surface protein recycling, and augmented glutamate
82  transmission. We assayed Rab10 phosphorylation in cultured cortical neurons and the effects of
83 LRRK2 kinase inhibition on glutamatergic transmission phenotypes. LRRK2 inhibition had
84  genotype-dependent effects on postsynaptic AMPAR trafficking and little effect on presynaptic
85 release. In WT cells, LRRK2 kinase inhibition produced effects consistent with LRRK2 acting to
86  regulate surface trafficking of AMPARS to developing/silent synapses.
87
88  The VPS35 knock-in mouse provides a model system in which to develop insights into the
89  molecular and cellular effects of VPS35 mutations, and potentially the etiology PD.
90 Furthermore, LRRK2 kinase inhibition was shown to affect post-synaptic AMPAR trafficking,
91  and had previously unreported effects on WT synapse development that have implications for
92  the potential utility of LRRK2 kinase inhibitors in the treatment of non-LRRK2 PD.
93
94  Results
95 Altered protein-protein binding relationships in VKI brain
96 Initial characterization of VKI mice revealed no alterations to VPS35, VPS26, or VPS29 protein
97  expression in brain tissue at 3 months (Cataldi et al., 2018; X. Chen et al., 2019). In agreement,,
98  we found no genotype effect on levels of VPS35 (1-way ANOVA p=0.97), VPS26 Kruskal-Wallis
99  p=0.73), or WASH complex member FAM21 (1-way ANOVA p=0.88), relative to -tubulin in
100  whole brain lysate from 3 month old VKI mice quantified by WES capillary-based western blot
101  (Fig. 1 A.i-iv). Others have shown increased LRRK2-mediated phosphorylation of Rab10 at
102  threonine 73 (pRabl10) in VKI mouse brain in the absence of changes to Rab10 levels (Mir et al.,

103  2018), a finding we replicated here using fluorescence western blot with knock-out validated
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105 Figure 1 Western blot and co-immunoprecipitation of retromer and associated proteins reveals

106 altered FAM21 binding and Rab-GTPase phosphorylation in VKI mouse brain. A) WES capillary-based
107 western blot of VPS35, VPS26 , FAM21, and -tubulin in VKI whole-brain lysate (i) revealed no significant genotype

108 effects on protein levels (ii-iv). B) Co-immunoprecipitations of VPS26 and FAM21 with VPS35 from VKI whole-brain

109 lysate run on the WES system as in A (i) uncovered no effect on VPS26 pulled by VPS35 (ii) but a significant reduction
110 in FAM21 pulled by mutant VPS35 (iii, **p<0.01). C) Western blot of Rab10, Rab10 phospho-T73, and B-actin in VKI
111 whole brain lysate (i) revealed no significant genotype effect on Rab10 levels (ii), but a significant increase in Rab10

112 phosphorylated at threonine 73 in VKI (iii, **p<0.01).

113

114 phospho-specific antibodies (Fig. 1 C.i-iii; Rab10 Kruskal-Wallis p=0.16; pRab10 Kruskal-

115  Wallis p<0.0001; Uncorrected Dunn’s Het **p<0.003, Ho **p<0.003).

116

117  The D620N mutation does not impair retromer trimer assembly by semi-quantitative co-

118 immunoprecipitation (colP) in overexpression systems (Follett et al., 2013; McGough et al.,
119  2014; Munsie et al., 2015; Zavodszky et al., 2014) or brain lysate from VKI mice (X. Chenetal.,
120  2019). Here we also assayed subunit assembly by colP in brain lysate from 3-month-old VKI

121 mice and found no genotype effect on the amount of VPS26 pulled by VPS35 (Fig. 1 Bi-ii; 1-way

(6]
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122 ANOVA p=0.44). In cell lines, the D620N mutation impairs VPS35-FAM21 binding (McGough
123 et al., 2014; Zavodszky et al., 2014). In agreement, by colP, we found the level of FAM21 pulled
124 by VPS35 was similarly reduced in whole-brain lysates from mutant mice (Fig. 1 Bi & iii; 1-way
125  ANOVA p<0.003; Uncorrected Fisher’'s LSD Het **p<0.01; Ho **p<0.01).

126

127  Insummary, physiological expression of VPS35 D620N does not alter protein expression levels
128  of core retromer components, known interactor FAM21, or endolysosomal markers, but results
129  inincreased phosphorylation of the LRRK2 substrate Rab10. While retromer complex assembly
130  appears unaltered, we found the association of VPS35 with FAM21 is reduced in VKI brain.

131

132  No mutation effect on survival or morphology of primary cortical neurons

133  Neurite outgrowth in developing neurons is impaired by VPS35 knock-down (C.-L. Wang et al.,
134  2012), and by acute overexpression of either WT or D620N VPS35 (Tsika et al., 2014). In light of
135  this, we quantified survival and morphology of DIV21 cultured cortical neurons from VKI mice.
136  Genotype had no effect on cell density (Fig. 2 B; 1-way ANOVA p=0.47). CAG-AAV-GFP

137  constructs were nucleofected into a subset of cortical neurons on the day of plating, and

138  morphology was assessed at DIV21 by Sholl analysis (Fig. 2 A). There was no genotype effect on
139  the number of intersections (Fig. 2 C; 2-way RM ANOVA radial distance x genotype p=0.87;
140  genotype p=0.78), or secondary measures of neurite complexity (Fig. 2 D-F; Kruskal-Wallis p=
141 0.79, 0.34 & 0.29, respectively).

142

143  Thus, our evidence suggests that physiological expression of VPS35 D620N does not alter

144 survival or structural development of cultured cortical neurons at 21 days in-vitro.
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Figure 2 Cell density and dendritic morphology are not altered in cortical cultures from VKI mice. A)
Cortical cells were nucleofected with CAG-AAV-GFP plasmids on the day of plating and fixed at DIV21. GFP signal

was amplified and imaged (top panel), then 2D in silico cell reconstruction performed in ImageJ (bottom panel). B)
There was no effect of genotype on neuron density, indicating equivalent survival and no cell death. C) Sholl analysis
revealed no significant effect of genotype upon neurite complexity. D-F) There were also no genotype effects on total

branch number, average branch length, or maximum branch length.

Increased colocalization and density of endosomal recycling proteins
Since the mutation alters VPS35 interaction with FAM21, we studied the localization of VPS35,
its known interactors, and endosomal markers in cortical neuron dendrites. We immunostained

neurons at DIV21 to detect VPS35 with VPS26, FAM21, NEEP21, or Rabl1 (Fig. 3 B-E).
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159 Figure 3 Accumulation of VPS35- FAM21 co-clusters and Rab 11 clusters in dendrites. B-E) Cultured
160 cortical neurons were immunostained for MAP2 (blue), VPS35 (cyan), and VPS26, FAM21, NEEP21, or Rab1l

161 (magenta) A) There was no genotype effect on dendritic cluster density of VPS35 (i), FAM21 (iii), or NEEP21 (iv).
162 VPS26 cluster density was significantly reduced in both mutants (ii, Het *p<0.04 & Ho *p<0.02), whereas Rab11l
163  cluster density was increased in both genotypes (v, Het *p<0.02 & Ho *p<0.03). B) VPS35 and VPS26 (i); there was
164 no genotype on co-cluster density or Pearson’s coefficient (ii & iii). C) VPS35 and FAM21 (i); there was a significant
165 genotype effect on co-cluster density due to increases in homozygous cells (ii, *p<0.02), but no genotype effect on
166 Pearson’s coefficients (iii). D.i) NEEP21 and VPS35 (i); there was no genotype effect on co-cluster density (ii), but a
167 significant genotype effect on Pearson’s coefficient due to a significant reduction in homozygous VKI dendrites (iii,
168  *p<0.02). E) VPS35 and Rabl1 (i); there was no genotype effect on the co-cluster density (ii), but a significant

169 genotype effect in the Pearson’s coefficient due to reduced correlation in heterozygous dendrites (iii, **p<0.003).


https://doi.org/10.1101/2021.01.18.427223
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427223; this version posted January 19, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

170  Dendritic cluster density of VPS35 was unaffected by genotype (Fig. 3 A.i; Kruskal-Wallis

171 p=0.30); however, the density of VPS26 clusters was reduced in both heterozygous and

172 homozygous cells (Fig. 3 A.ii; Kruskal-Wallis p<0.04; Uncorrected Dunn’s Het *p<0.04 & Ho
173 *p<0.02). We observed robust colocalization of VPS35 with VPS26 (Fig. 3 B.i; Pearson’s ~0.6)
174 and no genotype effect on colocalized cluster density or Pearson’s correlation coefficient (Fig. 3
175  B.ii-iii; Kruskal-Wallis p=0.45 & 0.10, respectively).

176

177  There was no genotype effect on FAM21 cluster density (Fig. 3 A.iii; Kruskal-Wallis p=0.24).
178  VPS35 and FAM21 were strongly colocalized (Fig. 3 C.i; Pearson’s ~0.6) in WT, with no effect of
179  genotype on the Pearson’s coefficient (Fig. 3 C.iii; 1-way ANOVA p=0.24). Counterintuitive to
180  reduced colP with FAM21, the density of VPS35-FAMZ21 co-clusters was increased in mutants, in
181  agene dose-dependent manner, with a significant post hoc increase in homozygous cells (Fig. 3
182  C.ii; Kruskal-Wallis p<0.03; Uncorrected Dunn’s Ho *p<0.02).

183

184  Neuronal endosomal enriched protein 21 (NEEP21 or NSG1) is itinerant in dendritic endosomes
185  and rapidly degraded with little to no recycling (Yap, Digilio, McMahon, & Winckler, 2017). We
186  therefore used NEEP21 as a marker of the non-recycling endolysosomal pathway (Fig. 3 D.i). We
187  observed no genotype effect on the density of NEEP21 clusters (Fig. 3 A.iv; Kruskal-Wallis

188  p=0.37), nor VPS35-NEEP21 co-cluster densities (Fig. 3 D.ii; Kruskal-Wallis p=0.38),

189  suggesting no change in localization to early or late endosomes. VPS35 and NEEP21 were

190 apposed with little overlap, in accordance with retromer being active in endosomal transport for
191  recycling, not lysosomal degradation (Fig.3 D.i; Pearson’s coefficient ~0.2); however, there was
192  astatistically significant decrease in the Pearson’s coefficient in VKI dendrites (Fig. 3 D.iii;

193  Welch’s ANOVA p<0.03; Unpaired t with Welch's correction Ho *p<0.02).

194
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195 Rabll resides in recycling endosomes (RES) and participates in AMPAR surface trafficking

196 (Bodrikov, Pauschert, Kochlamazashvili, & Stuermer, 2017; Bowen, Bourke, Hiester, Hanus, &
197 Kennedy, 2017; Correia et al., 2008; Esteves da Silva et al., 2015; Jaafari, Henley, & Hanley,
198  2012; Seebohm et al., 2012), thus is was used as a marker of REs (Fig. 3 E.i). Rabll cluster

199  density was increased in both VKI mutants (Fig. 3 A.v; 1-way ANOVA p<0.03; Uncorrected
200  Fisher’s LSD *p<0.02 & *p<0.03). Despite these increases, there was no genotype effect on the
201  colocalization density of VPS35 and Rabll (Fig. 3 E.ii; 1-way ANOVA p=0.92) but a decrease in
202  Pearson’s coefficient in heterozygous cells (Fig. 3 E.iii; Welch’'s ANOVA p<0.009; Unpaired t
203  with Welch’s correction Het **p<0.003). A reduction in signal overlap in this instance may be
204  reflective of an accumulation of recycling endosomes downstream of retromer.

205

206  VPS35 acts with the WASH complex to drive surface recycling of receptors (Derivery et al.,

207 2009; Gomez & Billadeau, 2009), whereas Rabl1 resides in recycling endosomes that collect
208 receptors for delivery to the surface (Bodrikov et al., 2017; Bowen et al., 2017; Correia et al.,
209  2008; Esteves da Silva et al., 2015; Jaafari et al., 2012; Seebohm et al., 2012). In summary, the
210  D620N mutation increased clustering of proteins found on structures involved in surface

211 recycling (Rabl1l) and VPS35 localization with complexes that drive forward recycling (WASH
212 complex/FAM21). Conversely, overlap of VPS35 signal with protein found in the degradative
213  pathway (NEEP21) was reduced. Together the observations suggest that the mutation increases
214  capacity for surface recycling, or halts forward traffic resulting in an accumulation of Rabl1 +ve
215  recycling endosomes.

216

217  VPS35 association with GIuAl not altered by D620N mutation

218  VPS35 traffics AMPA-type glutamate receptors in neurons (Choy et al., 2014; Munsie et al.,

219 2015; Temkin et al., 2017; Tian et al., 2015; Zhang et al., 2012). We showed VPS35 interacts with

220  GluAl in murine brain tissue by colP, and the mutation increased dendritic GluAl signal

10


https://doi.org/10.1101/2021.01.18.427223
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427223; this version posted January 19, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Al ii. GluAtp-actin B j. c:;gs 6:{,’: o ii.  VPS35IP GluAt
S N £3 P LELL L 3
S0 e e e & SR SESESE 3
150kDa 5, 130kDa & & g>
= GIUAT e - T
g 18 2 8 100kD g g e
. a9 e — il T - S
2B &8 T Vpsas : - Z L .
< ° =
(—D 6
o(\,,@ S ° S
v
S i, i v, SR

GluA1 Density Density VPS35-GluA1 Pearson's VPS35-GluA1

—a E 4 —= 1.0

s z 3

€ adad E ©

53 gs g

= o = o

E,lo E o

E2 St #0510

E g g o [ ]

E 2 &

o ) o £

0 T T T [ST¢] T T T 0.0

RORYRY PR RgRGRe

PAMPANGPA Pt ¢

¢ I & L& L L L
221 RTINS RN L&

222 Figure 4 GluAl protein expression levels are unaltered but dendritic cluster density is reduced in VKI
223 A) Western blot of GluAl and B-actin in cortical lysates of VKI mice (i) revealed no genotype effect on GluAl protein
224 levels (ii). B) Co-immunoprecipitation of GIuAl with VPS35 (i) revealed no genotype effect (ii). C) Cultured cortical
225 neurons immunostained for MAP2 (blue), VPS35 (cyan), and GluAl (magenta)(i). There was a significant reduction in
226 GIluALl cluster density in homozygous VKI neurons (ii, **p<0.005), and no genotype effect on VPS35-GluAl co-cluster
227  density of (iii), or Pearson’s coefficient (iv).

228

229  intensity in ICCs of mouse primary neurons and human iPSC-derived neuron-like cells (Munsie
230 etal., 2015).

231

232  We used western blot and colP to investigate mutant VPS35 association with GluAl. We found
233 nodifference in GIuAl protein levels by western blot, nor colP of GIuAl by VPS35 in 3-month-
234  old VKI cortical lysate (Fig. 4 A.i&ii, B.i&ii; Kruskal-Wallis p=0.99 & 0.99, respectively). We
235 assayed colP of other neurotransmitter receptors in cortical and striatal lysates and discovered
236  that VPS35 interacts with NMDA receptor subunit GluN1 and D2-type dopamine receptors

237  (D2R), but there were no genotype effects on expression levels or co-IP (Fig. 4 Supp. 1),

238 although this does not rule out altered traffic of these cargoes.

239
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240  We performed ICC against dendritic VPS35 and GIuAl (Fig. 4 C.i) and found statistically

241  significant reductions in dendritic GIuAl cluster density in homozygous VKI (Fig. 4 C.ii;

242  Kruskal-Wallis p<0.02; Uncorrected Dunn’s Ho **p<0.005). Colocalized VPS35-GluAl cluster
243  density was only slightly reduced (Fig. 4 C.iii; 1-way ANOVA p=0.13), with little effect on the
244  Pearson’s coefficient (Fig. 4 C.iv; Kruskal-Wallis p=0.57), indicating that the reduction in GIuAl
245  clusters is primarily occurring outside of retromer-positive structures.

246

247  Insummary, the D620N mutation had no effect on expression levels of GIuAL or association
248  with retromer in cortical tissues. Dendritic GIuAl cluster density was reduced in homozygous
249  neurons, but remaining clusters localized with VPS35 to the same extent.

250

251  Increased glutamatergic transmission and surface AMPAR expression

252  VPS35 overexpression results in reduced synapse number and miniature excitatory post-

253  synaptic current (mEPSC) frequency in cultured cortical neurons (Munsie et al., 2015). Mutant
254 overexpression results in larger mEPSC amplitude than WT, suggesting mutant effects on

255  AMPAR trafficking (Munsie et al., 2015). Whether this represents a gain- or loss-of-function is
256  impossible to determine in overexpression studies. To assay the functional effects of endogenous
257  mutant expression, we examined the number and activity of glutamatergic synapses in cortical
258  cultures from VKI mice.

259

260  Excitatory synapses were examined by immunostaining for vesicular glutamate transporter 1
261  (VGIuT1) and postsynaptic density protein 95 (PSD95; Fig. 5 A.i); there was no genotype effect
262  ondensity of VGIUT1-PSD95 co-clusters (Fig. 5 A.ii; 1-way ANOVA p=0.57), nor cluster density
263  of either PSD95 or VGIUT1 (Fig. 5 A.iii-iv; Welch's ANOVA p=0.29 & 0.42, respectively).

264  Alongside normal neurite morphology (Fig. 2), this suggests no differences in the density of

265  glutamatergic synapses in VKI cultures.
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Figure 5 Synaptic transmission and AMPAR surface staining are increased in VKI. A) Cultured cortical
neurons immunostained for PSD95 (cyan) and VGIuT1 (magenta) (i). There was no genotype effect on synapse
density defined as VGIUT1-PSD95 co-clusters (ii), nor on PSD95 or VGIuT1 density (iii-iv).VGIUT1 cluster intensity
was significantly reduced in homozygous cells (v, **p<0.003). B) Representative traces from whole-cell patch voltage
clamp recording of mEPSCs in cortical neurons (i). There were significant genotype effects on mean mEPSC
frequency (Hz) due to increases in heterozygous cells (ii, *p<0.02). Significant genotype effects were also seen in
MEPSC amplitudes due to increases in heterozygous cells (iii, *p<0.02). Mean mEPSC decay times (1) were not
affected by genotype (iv). Representative mean-variance plots of mMEPSC amplitude used for peak-scaled non-
stationary fluctuation analysis, allowing calculation of single channel conductance (i). There was no significant effect
of genotype on single channel conductance (vi, Kruskal-Wallis p=0.78). C) GFP-filled (cyan) cultured cortical cells
immunostained for MAP2 (blue; to ensure no permeabilization) and surface GIuAl (magenta)( i, left panel); in silico
neurite outlines with only GIuAl staining displayed (i, right panel). There was a significant genotype effect on surface
GluAl cluster intensity (synaptic GIuAl) due to significant increases in heterozygous cells (ii, **p<0.02). There was a
significant genotype effect on GluAl cluster density, due to opposing effects on heterozygous and homozygous cells
(iii, *p<0.05).
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282  To assess glutamate synapse function, we performed whole-cell patch clamp recording of

283 mEPSCs in VKI cultures (Fig. 5 B.i). Event frequency was increased, especially in heterozygous
284  neurons (Fig. 5 B.ii; Kruskal-Wallis p<0.04; Uncorrected Dunn’s Het *p<0.02). Increased

285 mEPSC frequency with no change in synapse density reflects either increased probability of
286  vesicular release (Pr), or fewer AMPA-silent synapses. mEPSC amplitude was higher in mutant
287  neurons, again most clearly in cultures from heterozygous mice (Fig. 5 B.iii; 1-way ANOVA

288  p<0.05; Uncorrected Fisher’'s LSD Het *p<0.02), suggesting increased postsynaptic AMPAR
289  surface expression. In homozygous neurons, VGIUT1 cluster intensity was decreased (Fig. 5 A.v;
290  Kruskal-Wallis p<0.007; Uncorrected Dunn’s **p<0.003), possibly revealing an additional

291  presynaptic effect in the double mutant.

292

293  Changes in amplitude may also reflect altered receptor subtype expression e.g., GluA2-lacking
294  AMPARs which have lower channel conductance and slower kinetics (reviewed in T. Benke &
295  Traynelis, 2019; P. Park et al., 2018), are transiently inserted during synapse unsilencing, then
296  replaced by non-calcium permeable receptors as they mature. Thus, we examined mEPSC decay
297  tau and single-channel conductance by peak-scaled non-stationary fluctuation analysis (NSFA),
298 but found no significant genotype effect on either, suggesting similar AMPAR composition (Fig.
299 5 B.iv-vi; Kruskal-Wallis p=0.74 &0.78, respectively).

300

301  Toconfirm increased AMPAR surface expression, we performed a surface stain against an

302  extracellular epitope of AMPAR subunit GIuAl in non-permeabilized cells (Fig. 5 C.i). Surface
303  GluAl cluster intensity was higher in both mutants, significantly in heterozygous, and trending
304  in homozygous neurons, mirroring the increases in mEPSC amplitude (Fig. 5 C.ii; Kruskal-

305 Wallis p<0.007; Uncorrected Dunn’s Het **p<0.02). Neither VKI culture had surface GluAl
306 cluster densities significantly different from WT; however, heterozygous neurons had

307  significantly fewer clusters than homozygous (Fig. 5 C.iii; Kruskal-Wallis p<0.009). Thus
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308 mEPSC frequency changes, at least in heterozygous neurons, likely reflect an increase in Pr at
309 glutamate synapses.

310

311  Together the data demonstrate that endogenous VPS35 D620N mutations produce a gain-of-
312  function in pre- and post-synaptic glutamate transmission. It increases postsynaptic surface
313  AMPAR expression and mEPSC event amplitude. Frequency of mEPSC events is also increased,
314  likely through increased presynaptic Pr. Homozygous neurons had an additional phenotype of
315  reduced VGIUT1 intensity and dendritic GIUAL cluster density.

316

317 LRRKZ2 kinase inhibition affects postsynaptic AMPAR trafficking in cortical

318 neurons

319 LRRK2-mediated phosphorylation of Rabl10 (pRabl0) is increased in brain tissue from VPS35
320 D620N knock-in mice (Fig.1), in agreement with Mir et al. (2018). Here we also found that acute
321  treatment with the LRRK2 kinase inhibitor MLi-2 reversed pRabl0 increases in whole brain
322  lysate from VKI mice without affecting expression levels of LRRK2, Rab10, VPS35, GIuAl, or
323  VGIuT1 (Fig. 6 Supp. 1).

324

325  Synaptic phenotypes in LRRK2 G2019S knock-in mice are responsive to LRRK2 kinase

326 inhibition (Matikainen-Ankney et al., 2016), thus we hypothesized that MLi-2 would rescue

327  glutamatergic phenotypes in primary cortical cultures from VKI animals. We treated DIV21

328  primary cortical cultures for 2 hours with 500nM MLi-2. LRRK2 and LRRK2 pS935 (pLRRK2)
329  were detected in culture lysates, and pLRRK2 appeared reduced after MLi2 treatment in all

330 genotypes, but we deemed bands too close to background to reliably quantify (Fig. 6 Supp. 2). As
331 aproxy for LRRK2 activity in vitro, we found mutation dose-dependent increases in pRab10 (as
332  seenin brain) and a significant treatment effect in VKI (Fig. 6 A.ii 2-way ANOVA genotype X

333 treatment p<0.08; genotype p<0.03; treatment p<0.0004; Uncorrected Fisher’'s LSD WT-

15


https://doi.org/10.1101/2021.01.18.427223
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.18.427223; this version posted January 19, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Al G0t g ii. pRab10:Rab10 B.i. WT captisol Het captisol Ho captisol
N b R
O(DQ@’ o&*\’o@q& O 31 Genotype * oLap
\g\ 28080000 | Treatment ™ oMLi2
P 2
£ o 50pA
(=} e]
8 9[; 0.25s
Rab10 pT73 S ® L]
e e P WT MLi-2 Het MLi-2 Ho MLi-2
25kDa .
Rab10 WT Het o W WW%W wwmw
ii. mEPSC Frequency iii. A mEPSC Frequency iv. mEPSC Amplitude A mEPSC Amplitude vi. mEPSC Decay t
60 1 oCap T 60 oCap :‘%“ 3 8 oCap
— o o ®MLi2 g — e MLi2 £ . ©  eMLi2
N [ ] o @ < [7)
< @ =3 @ @ 6
Z441 e ] 98 ga @ 40 gz E ce ©
5 g . 68:. S e N E < %4 =
o I o o [&]
920—0‘%i% =2 £ 20 a1 o *%; ‘
[ R .eF S W & < 3 [SI]
@ 8 & g 2 c
0 o3 E £
0- go 0 EO0 0
2 & @ < WT Het Ho
'(\ 0P <
&L & &
RIS RAQIRY:

334
335 Figure 6 MLi-2 treatment inhibits LRRK2 kinase activity and has genotype-dependent effects on

336 glutamate transmission. A) Fluorescence western blots of MLi-2 or vehicle treated cortical culture lysates were
337 probed for Rab10, Rab10 phospho-T73 (pRabl10), and GAPDH (i). There were significant genotype and treatment
338 effects on pRabl0 (ii, a proxy for LRRK2 kinase activity) due to significant increases in pRabl0 in vehicle-treated
339 homozygous neurons over WT (*p<0.01), which are significantly reduced by treatment (**p<0.005). B)

340 Representative traces from whole-cell patch voltage clamp recording of mEPSCs in cortical neurons following acute
341 MLi-2 treatment (i). There were no significant genotype or treatment effects on mean mePSC frequency (Hz) (ii);
342 however, normalization of the treatment effect in each genotype to its own control revealed significant genotypes on
343 treatment effects, due to a nearly two-fold increase in mEPSC frequency in only WT cells following treatment (iii,
344 **p=0.01). There were no statistically significant genotype or treatment effects on mEPSC amplitude (iv), but similar
345 within-genotype normalization revealed significantly different treatment effects in heterozygous and homozygous
346 neurons were statistically different due mildly opposing effects in heterozygous and homozygous cultures (v,

347  **p<0.01). There were no genotype or treatment effects on mEPSC decay times (1). For Aii, n=7 independent cultures
348  for all groups. For Bii, iv, vi: WTCap n=16(4), WTMLi2 n=17(4), HetCap n=17(4), HetMLi2 n=15(4), HoCap n=18(4),
349  HoMLi2 n=18(4).

350

351  WTMLIi2 p=0.99; Het-HetMLi2 p=0.26; Ho-HoML.i2 **p<0.005). Thus, D620N results in
352  increased pRab10 in cultured cortical neurons at DIV21, which is reversed by treatment with
353  MLi-2.

354

355  We next investigated the effect of acute MLi-2 treatment on synapse function by whole-cell
356  patch clamp. We found no statistically significant differences in mEPSC frequency (Fig. 6 B.ii);

357 although event frequency was generally higher in vehicle treated mutants relative to WT (in
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358  agreement with basal increases; Fig.5), this higher frequency was not affected by MLi-2

359 treatment (2-way ANOVA interaction p=0.44; genotype p=31; treatment p=0.40). We observed
360 an unexpected 2-fold increase in mMEPSC frequency in treated WT cells. Thus, the genotype-

361  normalized drug effects show that MLi-2 treatment increased mEPSC frequency in WT cells and
362  had no effect in heterozygous or homozygous neurons (Fig. 6 B.iii; Kruskal-Wallis p<0.04;

363  Uncorrected Dunn’s WT-Ho **p< 0.01).

364

365  The basal increases in mMEPSC amplitude in heterozygous mutants (Fig 5) were seemingly lost in
366  vehicle. Amplitude was higher in homozygous controls compared to heterozygous; however the
367  two-way ANOVA failed to reach statistical significance (Fig. 6 B.iv; 2-way ANOVA interaction
368 p=0.10; genotype p=0.14; treatment p=0.41). MLi-2 increased amplitude slightly in WT and
369  heterozygous cells and produced a significantly different effect (a reduction) in homozygous
370  cells (Fig. 6 B.v; Kruskal-Wallis p<0.03; Uncorrected Dunn’s Het-Ho **p<0.01). We observed
371  nodifferences in mEPSC decay tau of vehicle or MLi-2 treated cultures (Fig. 6 B.vi; 2-way

372  ANOVA genotype x treatment p=0.83; genotype p=0.81; treatment p=0.77), suggesting no

373  alteration to AMPAR subunit composition.

374

375  To further investigate effects of LRRK2 inhibition in WT & VKI cultures, we performed

376  immunostaining for synapses and surface GIuAL. There were no statistically significant effects of
377  genotype or treatment on excitatory synapse density (Fig. 7 A.iv; 2-way ANOVA genotype x

378  treatment p=0.08; genotype p=0.52; treatment p=0.68), despite the trending increase in

379  vehicle-treated mutants, compared to WT. There was a significant genotype x treatment

380 interaction effect on both PSD95 (Fig. 7 A.ii; 2-way ANOVA genotype X treatment p<0.03;

381  genotype p=0.72; treatment p=0.22; Uncorrected Fisher’s LSD WT-Het *p<0.05; Het-HetML.i2
382 *p<0.04) and VGIuT1 (Fig. 7 A.iii; 2-way ANOVA genotype x treatment p<0.03; genotype

383  p=0.47; treatment p=0.67; Uncorrected Fisher’s LSD Ho-HoML.i2 *p<0.03) cluster densities,
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384

385 Figure 7 MLi-2 treatment alters localization of synaptic proteins in a genotype-dependent manner. A)
386 Cultured cortical neurons immunostained for MAP2 (blue), PSD95 (cyan), and VGIuT1 (magenta) following acute
387 MLi-2 or vehicle treatment (i). There were interaction effects on PSD95 density due to increases in PSD95 density in
388  heterozygous controls over WT (ii, *p<0.05) and a reduction in heterozygous neurons treated with MLi-2 *p<0.04.
389 There were also interaction effects on VGIuT1 density due to a reduction in cluster density in homozygous cells

390 following MLi-2 treatment (iii, *p=0.03); however, there were no statistically significant effects on synapse (PSD95-
391 VGIuT1 co-cluster) density (iv). B)Non-permeabilized cultured cortical cells immunostained for MAP2 (blue), and
392 surface GluAl (magenta) following acute MLi-2 or vehicle treatment (i). There was a significant interaction effect on
393 surface GIuAl cluster density (ii) due to an increase in WT surface GlulAl clusters (**p<0.004); There was a

394 significant interaction effect on surface GIuAl intensity (iii), though in this case it was due to underlying differences in
395 control heterozygous and homozygous cells (***p<0.0004) and a treatment effect in homozygous cells (**p<0.004).
396 Normalization of treatment effects within genotype revealed that changes to GluAl surface density (iv) were

397 significantly larger in WT cells than heterozygous (**p<0.003) and homozygous mutant cells ( ****p<0.0001), and
398 that treatment had opposite effects on GIuAl intensity (v) in heterozygous cells than it did in WT (*p<0.02) and

399 homozygous cells (*p<0.02). For Aii-v, n=40(4) for all groups and for Bii-iii, n=30(3).
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400 seemingly due to MLi-2 decreasing PSD95 cluster density in heterozygotes, and VGIUT1 density
401  in homozygotes. Differences in synapse density are in the same pattern as frequency changes;
402  however, their magnitude is lower, suggesting they are unlikely the primary source of frequency
403  differences.

404

405  Surface GIuAl cluster density revealed a significant genotype x treatment interaction (Fig. 7 B.ii;
406  2-way ANOVA genotype x treatment p<0.02; genotype p=0.93; treatment p=0.34; Uncorrected
407  Fisher's LSD WT-WTMLi2 **p<0.004), due to MLi-2 producing a, ~50% increase in WT cluster

408  density, but having no effect in mutants (Fig. 7 B.iv; Welch’s ANOVA p<0.0002; Unpaired t with
409  Welch’s correction WT-Het **p<0.003; WT-Ho ****p<0.0001). The effect of MLi-2 on surface
410  GluAl cluster density and mEPSC frequency (with minor changes in synapse density), in WT
411  cells suggests LRRK2 kinase inhibition may result in delivery of AMPARS to a small number of
412  new synapses and more so to existing AMPA-silent synapses.

413

414  Invehicle treated cells, surface GIuAl cluster intensity appeared to no longer be increased in
415  heterozygotes (compared to untreated cells in Fig.5). Generally, surface GIuAl cluster intensity
416  closely resembles the mEPSC amplitude data and there was a statistically significant interaction
417  effect, stemming from increased intensity in vehicle-treated homozygous cells (relative to

418  heterozygous) and MLi-2 inducing a reduction in homozygous mutants (Fig. 7 B.iii; 2-way

419  ANOVA genotype x treatment p<0.005; genotype p=0.13; treatment p=0.08; Uncorrected

420  Fisher’s LSD Het-Ho ***p<0.0004; Ho-HoMLi2 **p<0.004). Thus, similar to mEPSC

421  amplitude, MLi-2 treatment resulted in different effects on surface GIuAl cluster intensity in
422  heterozygous cells (increase), than in WT and homozygous cells (decrease; Fig. 7 B.v; Kruskal-
423  Wallis p<0.02; WT-Het *p<0.02; Het-Ho *p<0.02), suggesting a genotype-dependent effect of
424  LRRK2 kinase inhibition on AMPAR surface expression, or an interaction with the apparent

425  effect of the vehicle Captisol.
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427 Figure 8 Rab10 does not colocalize with VPS35 or GIuAl in cortical neurites. A) There was no genotype
428 effect on Rabl0 cluster intensity (i); however, Rab10 cluster density was increased in both mutant genotypes, falling
429 just shy of statistical significance (ii, p<0.06). B) GFP-filled (blue) cortical neurons immunostained for Rab10

430 (magenta), and VPS35 (cyan)(i). There were no genotype effects on co-cluster density (ii) or Pearson’s coefficient (ii).
431 C) GFP-filled (blue) cortical neurons immunostained for Rab10 (magenta), and GluAl (cyan)(i). There were no

432 genotype effects on co-cluster density or Pearson’s coefficient (ii-iii).

433

434  RablOis involved in actin dynamics at recycling endosomes (P. Wang et al., 2016) and transport
435 of retromer cargoes including GLR-1 (Alshafie et al., 2020; Bruno, Brumfield, Chaudhary, laea,
436 & McGraw, 2016; Y. Chen et al., 2005; Glodowski, Chen, Schaefer, Grant, & Rongo, 2007; Pan,
437  Zaarur, Singh, Morin, & Kandror, 2017). Given that pRab10 was increased in mutant cultures
438 (Fig. 6) and that MLi-2 affected surface AMPARSs (Fig.7), we analyzed dendritic Rab10

439  colocalization with VPS35 and GIuAl in cultured cortical neurons from VKI mice at DIV21 by
440  ICC. We found no significant genotype effect on Rab10 cluster intensity (Fig. 8 A.i; Kruskal-
441  Wallis p=0.66), but a strong trend to increased Rab10 cluster density in both mutants (Fig. 8
442  A.ii; Kruskal-Wallis p<0.06). However, co-cluster densities of VPS35-Rab10 and GluAl-Rabl0
443  were low, along with correspondingly low Pearson’s coefficients (Fig. 8 B.i&C.i; Pearson’s ~0.18
444 & 0.17, respectively). Although there was a trend toward increased co-cluster density in

445  heterozygous cells in both cases (Fig. 8 B.ii&C.ii; 1-way ANOVA p=0.18 & 0.24, respectively)

446  there were no genotype effects on Pearson’s coefficients for VPS35-Rab10, nor GluAl-Rab10
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447  (Fig. 8 B.iii&C.iii; Kruskal-Wallis p=0.38 & 0.54, respectively). The data demonstrate that

448  RablO clusters may be increased along VKI dendrites, but do not provide any evidence that
449  RablO0is involved in local surface delivery or recycling of AMPARS in dendrites.

450

451  Together, these experiments suggest MLi-2 treatment in WT neurons increases mEPSC

452  frequency through delivery of AMPARSs to silent synapses. MLi-2 did not rescue elevated

453  frequency in mutants. There was no significant effect of MLi-2 on WT mEPSC amplitudes or
454  surface GIuAl cluster intensity. MLi-2 had opposite effects in the two mutant conditions:

455  increasing mEPSC amplitudes and surface GluAl in heterozygous cells, and rescuing elevated
456  mEPSC amplitudes and surface GluAl expression in homozygous cells. Together the data

457  suggests that LRRK2 kinase inhibition affects glutamatergic transmission in WT and VPS35
458  D620N mutant neurons, primarily by altering postsynaptic AMPAR trafficking, but had a clear
459  rescue effect only on homozygous post-synaptic phenotypes (mEPSC amplitude and surface
460  GluAl intensity).

461

462  Discussion

463 The D620N mutation did not affect expression levels of retromer components, accessory

464  proteins, or cargoes in brain tissue from VKI mice. Retromer assembly and association with
465  cargo by colP was unaffected, whereas association of FAM21 was reduced by 25-30%. In cortical
466  neuron dendrites, the mutation increased the density of clustered FAM21 colocalized with

467  VPS35, and increased the density of Rabll clusters. Surface expression of GIuAl was increased,
468  alongside higher mEPSC amplitudes and frequencies with no change in excitatory synapse

469  number, suggesting the mutation results in a gain-of-function in both AMPAR trafficking and
470  glutamate release. We replicated findings that the D620N mutation increases LRRK2-mediated
471  phosphorylation of Rab10. However, inhibition of LRRK2 with MLi-2 had no effect on

472  glutamate release, while producing genotype-dependent effects on AMPAR surface expression.
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473  This suggests that mutant Pr phenotypes are LRRK2 independent, whereas LRRK2 regulates
474  AMPAR surface traffic.

475

476  VPS35is implicated in trafficking GluAl-containing AMPARS in overexpression and knock-

477  down/out studies (Choy et al., 2014; Munsie et al., 2015; Temkin et al., 2017; Tian et al., 2015;
478  Vazquez-Sanchez, Bobeldijk, Dekker, Van Keimpema, & Van Weering, 2018). Successful surface
479  delivery of retromer cargo requires the WASH complex (including FAM21) to regulate

480 endosomal actin dynamics, and the auxiliary protein SNX27 for correct targeting (Derivery,

481  Helfer, Henriot, & Gautreau, 2012; Derivery et al., 2009; Gomez & Billadeau, 2009; Lee, Chang,
482 & Blackstone, 2016; Temkin et al., 2011). Consistent with other reports (McGough et al., 2014,
483  Zavodszky et al., 2014), we confirm a mutation-dependent reduction in VPS35 and FAM21

484  interaction by colP in brain tissue from VKI mice, in the absence of changes to retromer

485 assembly or protein levels (X. Chen et al., 2019; Follett et al., 2013; McGough et al., 2014;

486 Munsie et al., 2015; Tsika et al., 2014; Zavodszky et al., 2014). This is in contrast to a recent

487  report of no detectable interaction between VPS35 and FAM21 in murine brain (X. Chen et al.,
488  2019); here we used the same extraction buffer, animal age, and tissue type, suggesting protein-
489  protein interactions may have been disrupted in the previous study by differences in other steps
490  of the lysis protocol. Furthermore, we observed robust colocalization of FAM21 with VPS35 in
491  the dendrites of cultured cortical neurons.

492

493  Given the reduced association of FAM21 by colP, the observed increase in VPS35 and FAM21
494  cluster colocalization and surface AMPAR expression are puzzling. The data suggests that, at
495 least in dendritic endosomes, VPS35 D620N results in increased recruitment or retention of the
496  WASH complex. The WASH complex is thought to associate with retromer via direct binding of
497 the C-terminal tail of FAM21 with VPS35 (Gomez & Billadeau, 2009; Harbour, Breusegem, &

498  Seaman, 2012; Jia, Gomez, Billadeau, & Rosen, 2012), and with SNX27 (Lee et al., 2016). The
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499  mutation may reduce association of FAM21 with VPS35 (reduced colP), yet still allow its

500 recruitment to surface-bound retromer in dendrites through the SNX27 interaction. Other

501 reports have shown FAM21 acts downstream of receptor sorting, by ending WASH complex
502  activity (Lee etal., 2016; L. Park et al., 2013). In this light, reduced (but not ablated) binding of
503 FAM21 may prolong WASH complex-mediated receptor sorting into recycling pathways.

504

505 Itis noteworthy that binding differences and accumulation of recycling proteins occurred in
506 either a gene-dose-dependent manner or equally in the mutant neurons, whereas GIuAl surface
507  expression and mEPSC amplitudes were more elevated in heterozygous than homozygous

508 neurons. The observed reduction in presynaptic VGIuT1 cluster intensity and postsynaptic

509  GluAl cluster density in only homozygous neurons suggest that compensatory mechanisms may
510  be occurring that either do not occur in heterozygotes, or that do so at different time points.

511

512  Further to postsynaptic effects on AMPA receptors, we observed increased presynaptic

513  glutamate release, evidenced by increased mEPSC frequency with no change in synapse number
514  or surface GluAl density. Other proteins associated with PD participate in the SV cycle. Alpha-
515  synuclein, which confers the second highest genetic risk for PD, is a presynaptic regulatory

516  protein associated with endosomal and vesicular membranes (Bendor, Logan, & Edwards, 2013;
517 Boassa et al., 2013; Logan, Bendor, Toupin, Thorn, & Edwards, 2017; Westphal & Chandra,

518 2013). LRRK2 is similarly endosomally localized (Schreij et al., 2015), co-immunoprecipitates
519  with VPS35 (MacLeod et al., 2013; Vilarifio-Guell et al., 2013), and regulates presynaptic release
520  of glutamate and dopamine (Beccano-Kelly, Kuhlmann, et al., 2014; Beccano-Kelly, Volta, et al.,
521  2014; Cirnaru et al., 2014; Matikainen-Ankney et al., 2016; Piccoli et al., 2011; Volta, Cataldi, et
522  al., 2015).

523
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524  To date, little is known about retromer activity in the presynapse. Retromer is highly mobile in
525 axons and present in glutamatergic synaptic boutons in cultured murine neurons (Munsie et al.,
526 2015; Vazquez-Sanchez et al., 2018), but retromer deficiency or acute knock-down in murine
527  hippocampal slices has no effect on synaptic glutamate release (Temkin et al., 2017; Tian et al.,
528  2015), or SV exo- or endocytosis (Vazquez-Sanchez et al., 2018). Mutant VPS35 overexpression
529 incultured murine cortical cells does reduce mEPSC frequency, but also synapse humber, as
530 does WT overexpression (Munsie et al., 2015). There is no evidence thus far that retromer has a
531  critical role in glutamate release per se; however, retromer associates with presynaptically

532  expressed transmembrane proteins such as D2R (present study) and DAT (C. Wang et al., 2016).
533  Thus retromer may be involved in transmitter release indirectly by regulating axonal transport
534  and/or recycling of synaptic proteins that modulate release.

535

536  While much remains to be discovered about presynaptic retromer function, it is noteworthy that
537  PD-associated mutations in LRRK2 cause similar increases in neurotransmitter release

538  (Beccano-Kelly, Kuhimann, et al., 2014; Matikainen-Ankney et al., 2016; Sweet et al., 2015;

539 Voltaetal., 2017; Yue et al., 2015), which are rescued by inhibition of LRRK2 kinase

540 (Matikainen-Ankney et al., 2016; Sweet et al., 2015). Furthermore, LRRK2 mutant expression
541  also has effects on postsynaptic processes (Matikainen-Ankney et al., 2018, 2016; Parisiadou et
542 al., 2014; Sweet et al., 2015), indicating that, like VPS35, LRRK2 may be active in both pre- and
543  postsynaptic compartments. Here we replicated recent reports of increased LRRK2 kinase

544  activity in VKI mouse brain (Mir et al., 2018). Thus, we set out to test whether glutamate

545  transmission phenotypes observed here are rescued by LRRK2 kinase inhibition.

546

547  In WT neurons, MLi-2 increased the frequency of mEPSCs nearly two-fold, likely related to the
548 increased density of surface GIuAl clusters. GluAl-containing AMPARSs are delivered to

549  quiescent synapses during development and synaptic plasticity (reviewed in T. Benke &
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550  Traynelis, 2019; Diering & Huganir, 2018; P. Park et al., 2018; Purkey & Dell’Acqua, 2020).

551  These data imply that inhibition of LRRK2 kinase activity results in AMPAR delivery to silent
552  synapses in WT. In other reports, LRRK2 kinase inhibition in WT animals, or LRRK2 kinase-
553  dead mutant expression, had no effect on neurotransmitter release (Matikainen-Ankney et al.,
554  2016; Sweet et al., 2015), consistent with changes observed here occurring through postsynaptic
555  mechanisms.

556

557  Similarly, we observed no effect of MLi-2 on spontaneous glutamate transmission in either

558  mutant, as evidenced by no change in the frequency of mMEPSCs or synapse density. The benefits
559  of MLi-2 on postsynaptic receptor expression in mutant cells are enigmatic, in part due to

560 genotype-dependent effects of the vehicle, Captisol. In heterozygous neurons, MLi-2 increased
561 mEPSC amplitude and surface GIuAl intensity, with no change in surface GIuAl cluster density.
562  Conversely, in homozygous cells with large mEPSC amplitudes and bright GIuAl clusters,

563 LRRK2 kinase inhibition reduced these to below WT control levels. It is important to note here
564  that most human D620N carriers are heterozygous for the mutation.

565

566  While the effectiveness of MLi-2 treatment for rescuing D620N phenotypes is muddied by

567  vehicle effects, it is clear LRRK2 kinase inhibition impacted AMPAR traffic. We do not yet know
568 if LRRK2 participates in recycling, or trafficking of newly synthesized receptors, nor the

569  organelle loci of regulation. In cell lines, LRRK2 localizes to early endosomes (Schreij et al.,

570  2015), phosphorylates Rab5 (Jeong et al., 2018; Steger et al., 2016), and can regulate activation
571  of Rab7 (Gomez-Suaga et al., 2014), a Rab-GTPase involved in retromer trafficking (Rojas et al.,
572  2008; Seaman, Harbour, Tattersall, Read, & Bright, 2009). Rab7 activation is also impaired by
573  Rabl0 knock-down, suggesting that Rab10 may act upstream in endosomal recycling (Rivero-
574 Rios, Romo-Lozano, Fernandez, Fdez, & Hilfiker, 2020); however, we did not observe dendritic

575  colocalization of Rab10 with either VPS35 or GIuAl, suggesting that if Rab10 is involved, it is not
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participating locally in dendrites. Overexpression studies have also shown LRRK2 localized in
the trans-Golgi network (Alexandria Beilina et al., 2014; Liu et al., 2018; MacLeod et al., 2013;
Purlyte et al., 2018) alongside inactive Rab10 (Liu et al., 2018; Purlyte et al., 2018), thus it

remains possible that LRRK2 and Rab10 regulate trafficking of newly synthesized GluAl from

the soma.

However, Rab10 is not the only substrate of LRRK2; LRRK2 may act in AMPAR trafficking
through a different substrate (e.g., Rab5, Rab8, NSF), or indirectly via PKA (Parisiadou et al.,
2014). While LRRK2 and VPS35 do not colocalize in immortalized cells (Alexandra Beilina et al.,
2020; Alexandria Beilina et al., 2014), they do colP together in brain lysate (MacLeod et al.,
2013; Vilarifio-Guell et al., 2013), suggesting they may interact in neuron-specific pathways yet
to be fully described. While the site of interaction and underlying mechanism are still unclear,
we provide evidence for a postsynaptic function of LRRK2 in the regulation of AMPAR surface
expression, and propose that LRRK2 kinase activity acts as a tuning mechanism for synaptic

strength.

In cortical cultures from LRRK2 G2019S knock-in mice, Pr is also increased, but mEPSC
amplitudes are not (Beccano-Kelly, Kuhlmann, et al., 2014). Glutamate release phenotypes in ex
vivo slices from young LRRK2 knock-in mice are rescued by MLi-2 (Matikainen-Ankney et al.,
2016). Here we observe effects of VPS35 D620N on both pre- and postsynaptic processes, and
an effect of LRRK2 inhibition only in postsynaptic AMPAR trafficking. Multiple reports have
shown that G2019S does not increase basal Rab10 phosphorylation (Atashrazm et al., 2019; Fan
etal., 2018; Liu et al., 2018), thus LRRK2 mutation effects on glutamate release may occur
through other substrates. Here, increased pRab10 was observed in VKI mouse brain and cortical
cultures, suggesting that VPS35 D620N affects different LRRK2 substrates than G2019S. We did

not observe any effect of MLi-2 on VKI presynaptic phenotypes (an effect seen in LRRK2
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602  G2019S scenarios), suggesting they are either LRRK2-independent, or involve LRRK2 GTPase
603  or structural scaffolding domains.

604
605  To our knowledge this is the first study of glutamatergic neuron biology in a knock-in model of

606 VPS35 D620N parkinsonism. We found the D620N mutation results in a gain-of-function in
607 GIuAl-AMPAR trafficking and glutamate release. LRRK2 kinase inhibition affects post-synaptic
608 AMPAR trafficking in all genotypes, including WT, but has no apparent effect on presynaptic
609 mutant Pr, suggesting caution is necessary in the wide application of LRRK2 kinase inhibitor
610 treatment for PD. We add support to the theory that synaptic transmission is augmented at early
611  time points in PD, which potentially represents early pathophysiological processes that can be
612  targeted to prevent transition to later pathological damage (reviewed in Kuhlmann &

613  Milnerwood, 2020; Picconi, Piccoli, & Calabresi, 2012; Volta, Milnerwood, & Farrer, 2015).

614
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615 Materials and methods

616 VPS35 D620N knock-in mice and genotyping

617  Constitutive VPS35 D620N knock-in mice (VKI) were generated by Ozgene (Australia) under
618  guidance of my co-supervisor, Dr. Matthew Farrer, using gene targeting in C57BI/6 embryo

619  stem cells (Bruce4) as previously described (Cataldi et al., 2018). The VKI strain has been

620  deposited in Jackson Labs with open distribution supported by the Michael J Fox Foundation
621  (VPS35 knock-in: B6(Cg)-Vps35tm1.1Mjff/J). All mice were bred, housed, and handled

622  according to Canadian Council on Animal Care regulations. All procedures were conducted in
623  accordance with ethical approval certificates from the UBC ACC (A16-0088; A15-0105) and the
624  Neuro CNDM (2017-7888B). Animals were group-housed in single-sex cages with littermates
625  after weaning. Single-housed animals were selected as breeding animals or timed pregnancies if
626  possible, and were never used as experimental animals.

627

628  Mice were genotyped to allow ongoing colony management, planning, and for post-mortem

629  confirmation of the genotype of all experimental animals. The procedure for creating the VKI
630  resulted in 51 base-pair insertion in the non-coding regions of VPS35, such that PCR

631  amplification of the WT gene using appropriate primers creates a product of 303 base pairs and
632 the knock-in gene a product of 354 base pairs. The animals were genotyped by PCR

633  amplification of VPS35, followed by confirmation of the presence of a 303bp product (WT), a
634  354bp product (Ho) or both (Het). Small tissue samples (tail tips collected at weaning for colony
635 management, ear tissue collected at euthanasia for post-mortem confirmation, or forepaws for
636  primary culture) were digested in 100uL 10% Chelex (Bio-Rad 142-1253) at 95°C for 20

637  minutes and spun down to result in DNA-containing supernatant. 2uL DNA was mixed with
638  18uL of master mix containing taq polymerase, buffer (DNAse- and RNAse-free water, 10x

639  buffer, MgCIl 25mM, dNTPs 10mM), and primers (ThermoFisher Custom DNA oligos: forward-

640 TGGTAGTCACATTGCCTCTG,; reverse-ATGAACCAACCATCAATAGGAACAC) according to the
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641 instructions for the taq polymerase kit (Qiagen 201203), and the PCR was performed in a

642  programmable machine (program available upon request). Agarose gel electrophoresis was used
643  to separate the products on a 3-4% gel with fluorescent DNA dye (ZmTech LB-001G) and

644  visualized on a Bio-Rad ultraviolet gel imager.

645

646  Western blots and co-immunoprecipitations

647  Three-month-old male mice were decapitated, and brains removed and chilled for 1 minute in
648 ice-cold carbogen-bubbled artificial cerebrospinal fluid (ACSF; 125mM NacCl, 2.5mM KClI,

649 25mM NaHCO03, 1.25mM NaH2P04, 2mM MgClI2, 2mM CaCl2, 10mM glucose, pH 7.3—7.4,
650 300—-310 mOsm). For region-specific analysis, this was followed by rapid (<6min)

651  microdissection of cortex, striatum, hippocampus, dorsal midbrain, olfactory bulbs, and

652  cerebellum, with all remaining tissue pooled as ‘rest’. Tissues were flash frozen in liquid

653  nitrogen and either lysed for immediate use or stored at -80°C. For WES and chemiluminescent
654  western blots, tissues were mechanically homogenized in HEPES buffer (20mM HEPES, 50mM
655 KAc, 200mM Sorbitol, 2mM EDTA, 0.1% Triton X-100, pH 7.2; Sigma Aldrich) containing

656  protease inhibitor cocktail (Roche 11697498001), then incubated on ice for 45 minutes with
657  occasional gentle agitation. For fluorescent western blots, tissue was homogenized by probe
658  sonication at 20kHz for 10s in ice-cold TBS buffer (tris-buffered saline, 1% Triton X-100; pH
659  7.4) containing protease inhibitor (Roche 11697498001) and phosphatase inhibitor (Sigma

660 4906845001) cocktails. This buffer was selected to optimize detection of LRRK2 and

661 phosphorylated proteins. Lysate concentrations were quantified by Pierce BCA assay

662  (ThermoFisher 23255) and samples were adjusted to equal concentrations in lysis buffer prior
663  to denaturing.

664

665  For traditional chemiluminescence detection, 10-15ug protein was prepared in 4x NuPage LDS

666  sample buffer (Invitrogen NP0o008) with 2.5% [-mercaptoethanol or 500mM DTT to a total
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667  volume of 10-24uL, and denatured at 70°C for 10 minutes. Samples were loaded into a NuPAge
668  4-12% Bis-Tris gel (Invitrogen NP0322BOX) in an XCell 11 Blot module (Invitrogen) and run at
669 70V for 30 min, followed by 110V for 1h. Separated proteins were transferred to methanol-

670 activated Immobilon-P PVDF membrane (Millipore IPVH00010) for 90 minutes at 25V at room
671  temperature, then blocked with 5% milk in PBS for 1 hour at room temperature. Membranes
672  were probed by shaking with primary antibodies in primary antibody solution (PBS, 2% BSA,
673  0.05% Tween-20) for either 1 hour at room temperature or overnight at 4°C, washed 4x in PBST
674  (PBS, 0.05% Tween-20), and detected by HRP-conjugated secondary antibodies (Invitrogen;
675  shaken in PBS, 5% milk, 0.05% Tween-20 for 30 minutes at room temperature). Chemi-

676 luminescence was detected with Pierce ECL (ThermoFisher 32209) imaged on a Chemi-Doc

677  imaging system (Cell-Bio).

678

679  Fluorescence western blots were performed with the following modifications to the above

680  protocol: 1) 40ug protein samples to account for the linear and therefore weaker detection

681 capabilities of fluorescent western blotting; 2) Bolt 4-12% Bis-Tris Plus Gels (Invitrogen

682 NWO04120BOX); 3) Fluorescence detection optimized membrane, Immobilon-FL PVDF

683  (Millipore IPFLO0OO010); 4) TBS was substituted for PBS in all buffers to prevent possible cross-
684  reaction of phospho-specific antibodies with phosphate groups; 5) transfer times were increased
685  to 2.5 hours for transfer of larger proteins (LRRK2), and; 6) LiCor fluorescent secondary

686  antibodies were used (LI-COR) and imaged on a LI-COR Odyssey Infrared imaging system (LI-
687 COR).

688

689  When necessary, phosphorylated or low-abundance proteins were blotted first, and membranes
690  were stripped using LI-COR NewBlot IR stripping buffer (LI-COR 928-40028; 30m at a time
691 until no signal remained from the first blot), then reblotted for non-phosphorylated or higher

692  abundance proteins of similar sizes.
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693

694  Images for both types of blots were background-subtracted and analyzed for band intensity with
695 ImagelLab software. Signals were normalized to a housekeeping protein quantified from the
696  same gel (GAPDH, B-tubulin, f-actin).

697

698  Wherever possible as dictated by equipment availability and antibody compatibility, lysates
699  were blotted on a ProteinSimple WES automated capillary-based size sorting system as

700  previously described (Beccano-Kelly, Kuhlmann, et al., 2014). Briefly, lysates were mixed with
701  reducing fluorescent master mix (ProteinSimple SM-001), heated (70°C for 10min) and loaded
702  into manufacturer microplates containing primary antibodies (see below) and blocking reagent,
703  wash buffer, HRP-conjugated secondary antibodies, and chemiluminescent substrate

704  (ProteinSimple DM-001/2). WES data was analyzed on manufacturer-provided Compass

705  software.

706

707  We used the following primary antibodies: NEEP21/NSG1 (Genscript A01442), FAM21

708  (Millipore ABT79), VPS35 (Abnova HO0055737-M02), VPS26 (a kind gift from J. Bonifacino,
709  NICHD), CI-MPR (a kind gift from M. Seaman, Oxford), GluAl (Millipore 05-855R), D2R

710  (Millipore AB5084P), GIuN1 (Millipore 05-432), LRRK2 (Abcam ab133474), LRRK2

711  phosphoS935 (Abcam ab133450), Rab10 phosphoT73 (Abcam ab230261), Rab10 (Abcam

712  ab104859), VGIuT1 (Millipore AB5905), B-tubulin (Covance MRB-435P), B-Actin (Abcam

713  ab6276), and GAPDH (Cell Signaling 2118; ThermoFisher MA5-15738).

714

715  For co-immunoprecipitation, 500ug of protein at 1ug/uL was rotary-incubated overnight at 4°C
716  with VPS35 antibody (Abnova HO0055737-M02) or Mouse 1gG2a control antibody (Abcam

717  abl18414) coupled to M-280 Tosyl-activated Dynabeads (Invitrogen 14204). Small aliquots of

718  each lysate were set aside before IP to verify the equivalence of starting concentrations. 24h
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719 later, loaded beads were washed with ice-cold lysis buffer (x3) prior to resuspension in reducing
720  1x NuPage LDS sample buffer (for traditional; Invitrogen NPOOO8) or ProteinSimple fluorescent
721  master mix (for WES; ProteinSimple SM-001). Protein was eluted and denatured by heating at
722  70°C for 10 minutes prior to western blotting as described above.

723

724  Antibody specificity was tested using lysate from LRRK2 knock-out mouse brain or Rab10

725  knock-out AtT20 cell lysates. The LRRK2 knock-out mice have been previously described by
726  Hinkle and colleagues (2012). Rab10 knock-out AtT30 cells were a kind gift from Dr. Peter

727  McPherson, and have been previously described (Alshafie et al., 2020).

728

729  Primary cortical cultures

730  We mated heterozygous VKI mice to generate embryos used for primary neuronal cultures.

731  Dames were euthanized by rapid decapitation, and embryonic day 16.5 pups were removed and
732  microdissected in Hank’s Balanced Salt Solution (HBSS; Gibco 14170161) with 1x penicillin-
733  streptomycin (penstrep; Sigma-Aldrich P4333) in a petri dish on ice. The cortices from each pup
734 were held in 500uL supplemented Hibernate-E medium (Gibco A1247601; 1x GlutaMax Gibco
735  35050061; and 1% NeuroCult SM1 StemCell 5711) at 4°C while the pups were genotyped as

736  described above. Genotype-pooled tissue was dissociated chemically for 10min in 0.05%

737  Trypsin-EDTA (Gibco 25300054), followed by deactivation with 10% FBS, then mechanically
738  dissociated in supplemented Neurobasal plating medium (Neurobasal Gibco 21103049; 1x

739 GlutaMax Gibco 35050061; and 1% NeuroCult SM1 StemCell 5711).

740

741  Cells were plated onto poly-D-lysine-coated plates or coverslips (Sigma P7280) and matured to
742  21days in-vitro (DIV21) while incubating at 37°C with 5% CO.. For biochemistry, cells were
743  plated in 2mL medium at 1 million cells/well in 6-well plates. For ICC experiments, cells were

744  plated in ImL medium onto no.l1.5 glass coverslips in 24-well plates. Non-nucleofected cells
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745  were plated at 115000 cells/well. For GFP-filled neurons, 1 million cells were nucleofected with
746  1lug pAAV-CAG-GFP plasmid DNA (Addgene 37825) in Ingenio electroporation buffer (Mirus
747  MIR50111) using an Amaxa Nucleofector2b (Lonza), mixed 1:1 with non-nucleofected cells, and
748  plated at 225k cells/well in ImL medium as above. From DIV4, 10% fresh media was added to
749  all wells every 3-4 days until use.

750

751  Immunocytochemistry and imaging analysis

752 Cultured cortical neurons were fixed at DIV21 (4% PFA, 4% sucrose in PBS, 10min),

753  permeabilized where appropriate (ice-cold methanol, 3min), and blocked (5% goat serum in
754  PBS) prior to incubation with primary antibodies for 1 hour at RT or overnight at 4°C. Primary
755  antibodies were prepared in antibody solution (2% goat serum, 0.02% Tween20 in PBS). For
756  surface labelling, the cells were not permeabilized until after primary antibody incubation and
757  no detergent was added to the primary antibodies. Proteins were fluorescently labeled with

758  Alexa-conjugated secondary (Invitrogen) in antibody solution for 30 minutes (RT), and

759  coverslips were slide mounted with Prolong Gold (Invitrogen P36930).

760

761  We used the following primary antibodies: GFP (Abcam ab1218); VPS35 (Abnova HO0055737);
762  VPS26 (a kind gift from J. Bonifacino, NICHD); FAM21C (Millipore ABT79); NEEP21/NSG1
763  (Genscript A01442); Rabll (Abcam ab95375); MAP2 (Abcam ab5392); GluAl (Millipore 05-
764  855R); PSD95 (Thermo Scientific MA1-045); VGIuT1 (Millipore AB5905); GIuAl extracellular
765  (Millipore ABN241); Rab10 (Abcam 237703); and GIuAl (Alomone AGP-009). Rab10 specificity
766  was tested using Rab10 knock-out AtT30 cells (a kind gift from Dr. Peter McPherson; described
767  in (Alshafie et al., 2020)) and cultured cortical neurons (Fig. 8 Supp. 1)

768
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769  Cells having a pyramidal morphology — triangular or teardrop shaped cell bodies with spiny,
770  clearly identifiable apical and basal dendrites (Kriegstein & Dichter, 1983) — were selected for
771 imaging. All images were blinded and randomized prior to processing and analysis.

772

773  Cell density counts were performed manually on DAPI and MAP2 co-labeled images acquired at
774  10x with an Olympus Fluoview 1000 confocal microscope. Sholl analysis images were acquired
775  at 20x with an Evos FL epifluorescence microscope. Dendritic neurites (excluding axons) were
776  traced and analyzed using the Simple Neurite Tracer plugin for FIJI ImageJ using a radial

777  segmentation of 5um.

778

779  Images for colocalization were acquired on either an Olympus Fluoview 1000 confocal

780  microscope, with images taken at 60x with 2x optical zoom, in 0.5um stacks, or a Zeiss Axio

781  Observer with Apotome.2 structured illumination upon which images were taken at 63x in

782  0.25um stacks. Z-stack acquisition was set to capture all MAP2 stained dendrite for unfilled

783  cells, or GFP-filled dendrite for filled cells. Acquisition parameters were constrained within each
784  culture set. Z-stacks for each channel were flattened using the max projection function in FIJI.
785 MAP2 or GPF stains were used to mask dendrites after their first branch point; primary

786  dendrites and cell bodies were excluded from masks. Areas of the dendritic arbor with many
787  intersecting neurites from other cells were excluded from analyses. Images were manually

788  thresholded to create binary masks of clusters. Briefly, the smallest/dimmest clusters perceived
789  to be above background were reduced to a single pixel, binarized, and then cluster masks re-
790 expanded by a 1 pixel radius in the analysis pipeline. Cluster densities, intensities, areas,

791  colocalization densities, and Pearson’s coefficients were all calculated using automated pipelines
792  in CellProfiler (www.cellprofiler.org; pipelines available upon request). Briefly, the pipeline first
793  uses the dendrite mask to restrict all further analyses to the masked area. From there, the binary

794  masks of clusters are used for the size, density, and colocalization densities within dendrites.
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Dendrite-masked greyscale images are used for Pearson’s coefficients, and greyscale images are
overlaid with the cluster masks to measure intensity within clusters inside the dendritic region

selected for analysis.

Electrophysiology in cell culture

Whole-cell patch-clamp recordings were performed on cortical cells at DIV18-22. Neurons were
perfused at room temperature with extra-cellular solution (167mM NacCl, 2.4mM KCI, ImM
MgCl,, 10mM glucose, 10mM HEPES, 1mM CaCl, 1uM tetrodotoxin and 100uM picrotoxin, pH
7.4,290-310mOsm). In MLi-2 experiments, ESC was supplemented with 500nM MLi-2 in 45%

Captisol PBS or an equal volume of 45% Captisol PBS.

Pipettes were filled with intracellular solution (130mM Cs-methanesulfonate, 5mM CsCIl, 4mM
NaCl, ImM MgCl;, 5mM EGTA, 10mM HEPES, 5mM QX-314, 0.5mM GTP, 10mM Nay-
phosphocreatine, 5mM MgATP, and 0.1mM spermine, at pH 7.3 and 290 mOsm). Pipette
resistance was constrained to 3-7MOhms for recording. Recordings were acquired by a
Multiclamp 700B amplifier in voltage clamp mode at Vh -70mV, signals were filtered at 2 kHz,
digitized at 10kHz. The membrane test function was used to determine intrinsic membrane
properties 1 minute after obtaining whole-cell configuration, as described previously (Brigidi et

al., 2014; Kaufman et al., 2012; Milnerwood et al., 2012; Munsie et al., 2015).

Tolerance for series resistance was <28 mOhm and uncompensated, and recordings discarded if
Rs changed by 10% or more. mEPSC frequency and amplitudes were analyzed with Clampfit 10
(Molecular Devices) with a detection threshold of 5pA and followed by manual confirmation of
all accepted peaks; non-unitary events were suppressed from amplitude analysis but retained for

frequency.
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821  Peak-scaled nonstationary fluctuation analysis was performed on unitary events from each
822  recording in the following way: events were aligned by peak amplitude, baselines were adjusted,
823 and all events normalized to -1 at their maximum amplitude. Event amplitudes and variance
824  from the mean at each recording interval were calculated using the built-in NSFA plugin in
825  Clampfit 10 (Molecular Devices), then rescaled to pre-normalization values. Mean-variance
826  plots were made in GraphPad Prism using values from the event peak to 5pA above baseline
827  (due to baseline noise), and fit using the least squares method and the second order polynomial
828 function representing the following equation:
829 6=il-L+ 5}
830  where §2 =variance , i = single channel current, I = mean current, 57 = background variance as
831  previously described by others (T. A. Benke et al., 2001; Hartveit & Veruki, 2007; Smith-Dijak et
832 al., 2019; Traynelis, Silver, & Cull-candy, 1993). For conventional NSFA, N = number of open
833 channels at peak current; however the process of peak-normalizing required to analyze mEPSCs
834  renders this value arbitrary. Weighted single-channel conductance was calculated by the
835 following equation:

Y =i/ = Erev)
836  where y = weighted single-channel conductance, i = single channel current, 1}, = holding
837  potential (-70mV), and E,..,, = reversal potential for AMPAR current (OmV in our ECS) .
838  Recordings were rejected if the best-fit curve had an R2<0.5.
839
840 LRRK2 kinase inhibition with MLi2 treatment
841  We inhibited LRRK2 kinase activity with the selective LRRK2 inhibitor MLi-2 (Tocris 5756).
842  MLi-2 has low solubility in water, necessitating the use of a vehicle for solubilization. We chose
843  to use the cyclodextrin Captisol (Ligand RC-0C7-100) as a vehicle, due to its worldwide safety

844  approval and use in human drug formulations (www.captisol.com/about). We bath sonicated
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845 1mg MLi-2 in 2mL 45% Captisol-PBS for ~2 hours at room temperature (until complete

846  solubilization of MLi-2). Solutions were filter sterilized prior to use. Primary cortical cultures
847  were treated with 500nM MLi-2 or Captisol-only control (each 1mL well treated with 0.4uL

848  stock in 100mL fresh media; final Captisol concentration 0.00016%) for 2 hours prior to fixation
849  for ICC, lysis for western blot, or transferred to the microscope chamber for electrophysiology
850 experiments. Treatment concentrations and times were selected based on the pharmacokinetic
851  data collected by Fell and colleagues (2015). For western blot experiments in brain tissue,

852 animals were injected intraperitoneally with MLi-2 or Captisol-only control at a dose of 5mg/kg,
853 2 hours prior to rapid decapitation without anaesthesia. All tissues were collected, frozen, and
854  stored as described above.

855

856 Data visualization and statistics

857  All statistical analyses and data visualizations were conducted in GraphPad Prism 8. Because
858  biological data is prone to lognormal distribution, outliers were only removed if inspection

859  revealed that they resulted from human error in data collection or processing. Data sets were
860 analyzed for normality using the D’Agostino & Pearson test. In untreated experiments and drug
861  effect comparisons (3 groups) when the data failed the normality test (alpha<0.05),

862  nonparametric tests were used (Kruskal-Wallis with uncorrected Dunn’s post-test). If the data
863  passed the normality test, (alpha>0.05), a parametric test was chosen. When the SDs were not
864  significantly different, a one-way analysis of variance (ANOVA) with uncorrected Fisher’s LSD
865  post-test was used. If the SDs were significantly different, Welch’s ANOVA and an unpaired t-
866  test with Welch’s correction post-test was used. In the event that the n was too low for normality
867  testing, nonparametric tests were used. For Captisol tests (2 groups), the tests chosen were

868  appropriate for two groups (Mann-Whitney for nonparametric and unpaired two-tailed t-test for
869  parametric). MLi-2 treatment data was analyzed using 2-way ANOVA (2-way ANOVA) with

870  uncorrected Fisher’s LSD post-tests.
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871  Sample sizes were selected according to generally accepted standards in the field. No power

872  analyses were conducted to predetermine sample sizes. Data is represented as scatter plots of all
873  data points with mean and standard error of the mean. Sample sizes represent biological

874  replicates. Where n=x(y), x= number of cells imaged/recorded, y=number of independent

875  cultures.

876
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1233 S S St RO RO
1234 Figure 4 supplement 1 Co-immunoprecipitation in cortical and striatal lysates from 3-month-old
1235 mice reveals novel neuronal VPS35 cargoes and no genotype effect on cargo binding. A) Western blot of
1236 cortical lysates and colPs were probed for VPS35, D2R, GluAl, GluN1, GluAl, and GAPDH(i). There was no genotype
1237  effect on VPS35 levels or IP (ii-iii, 1-way ANOVA p>0.99; Kruskal-Wallis p=0.62, respectively). NMDA-receptor
1238 subunit GluN1 association with retromer has not previously been published; the mutation did not affect GIuN1 levels
1239 nor colP with VPS35 (iv-v, Kruskal-Wallis p=0.76; p=0.44, respectively). D2-type dopamine receptors are a novel
1240 cargo; there was no significant genotype effect on D2R levels or colP with VPS35 (vi-vii, Kruskal-Wallis p=0.80;
1241  p=0.44, respectively). B) ColP of cortical lysates in A probed for LRRK2 (i). There were no significant genotype
1242  effects on LRRK2 levels or association of LRRK2 with VPS35 by colP (ii-iii Kruskal-Wallis p=0.76; p=0.52,
1243 respectively). C) Striatal lysates quantified as in A & B (i). There were no genotype effects on VPS35 levels or pull by
1244 the antibody (ii-iii, Kruskal-Wallis p=0.97; p=0.13, respectively); GluN1 levels or colP (iv-v, Kruskal-Wallis p=0.51;
1245 p=0.42, respectively); D2R levels or colP (vi-vii Kruskal-Wallis p=0.70; p=0.45, respectively); GIuAl levels or colP
1246 (viii-ix, Kruskal-Wallis p=0.83; p=0.44, respectively); or LRRK2 levels or colP (x-xi, Kruskal-Wallis p>0.99; p=0.40,
1247  respectively). For all panels, n= number of experimental animals.
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1248
1249

1250  Figure 6 supplement 1 Acute MLi-2 treatment reduces LRRK2 kinase activity in murine brain with no
1251 effect on protein expression A) Western blot of whole brain lysate following acute MLi-2 treatment were probed
1252 for LRRK2, LRRK2 phospho-S935, GIuAl, VPS35, VGIuT1, Rab10, Rabl0 phospho-T73, and B-actin. B) There were
1253 no significant effects of genotype or treatment on LRRK2 levels (2-way ANOVA genotype x treatment p=0.93;

1254  genotype p=0.90; treatment p=0.24). C) MLi2 treatment significantly reduced pLRRK2 in all genotypes (2-way
1255 ANOVA treatment p<0.0001; Uncorrected Fisher’'s LSD WT-WTMLi2 ****p<0.0001; Het-HetMLi2 ***p<0.0002;
1256 Ho-HoMLi2 ****p<0.0001). D-E) There was similarly no effect of genotype or treatment on Rab10 protein levels (D,
1257 2-way ANOVA genotype x treatment p=0.5258; genotype p=0.4683; treatment p=0.9659), but significant genotype
1258 and treatment effects on pRab10 due to significant reductions in homozygous cells (E, 2-way ANOVA genotype

1259 p=0.04; treatment p<0.009; Uncorrected Fisher's LSD WT-WTMLi2 p=0.82; Het-HetMLi2 p=0.10; Ho-HoMLi2
1260  **p=0.007). F-H) There were no significant effects of genotype or treatment on protein levels of VPS35 (F, 2-way
1261 ANOVA interaction p=0.23; genotype p=0.94; treatment p=0.89), VGIuT1 (G, 2-way ANOVA interaction p=0.55;
1262  genotype p=0.39; treatment p=0.69), or GluAl (H, 2-way ANOVA interaction p=0.45; genotype p=0.61; treatment
1263 p>0.99). For all experiments, n represents number of experimental animals and are as follows: WTCap n=5, WTML.i2
1264 n=6, HetCap n=6, HetMLi2 n=6, HoCap n=5, HoMLi2 n=5.
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1266  Figure 6 supplement 2 LRRK2 is present and phosphorylated in cultured cortical cells, and shows
1267 visible reductions in phosphorylation following acute MLi-2 application. Fluorscence western blot of
1268  pLRRK2, LRRK2, and GAPDH VKI cortical culture lysate revealed that the presence of LRRK2 and LRRK2 p935 in
1269 vehicle treated cultures, and absence of pLRRK2 following acute MLi-2 treatment; however, due to low stoichiometry

1270  bands were not high enough above background to be reliably quantified.
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1271

Rab10 KO AtT30 Cortical Neuron

1272
1273 Figure 8 supplement 1 Knock-out testing of specificity of Rab10 antibody for immunocytochemistry.
1274 Cultured cortical neurons and Rab10 knock-out AtT30 cells were stained by immunocytochemistry for Rabl0,

1275 demonstrating punctate staining in the cortical neuron that is absent from the knock-out cells.
1276

55


https://doi.org/10.1101/2021.01.18.427223
http://creativecommons.org/licenses/by/4.0/

