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Abstract.

VPS50, is an accessory protein, involved in the synaptic and dense core vesicle acidification and
its alterations produce behavioral changes in C.elegans. Here, we produce the mosaic knock out
(mKO) of VPS50 using CRISPR/Cas9 system in both cortical cultured neurons and whole animals
to evaluate the effect of VPS50 in regulating mammalian brain function and behavior. While
mKO of VPS50 does not change the number of synaptic vesicles, it produces a mislocalization of
the V-ATPase pump that likely impact in vesicle acidification and vesicle content to impair
synaptic and neuronal activity in cultured neurons. In mice, mKO of VPS50 in the hippocampus,

alter synaptic transmission and plasticity, and generated robust cognitive impairments
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associate to memory formation. We propose that VPS50 is an accessory protein that aids the
correct recruitment of the V-ATPase pump to synaptic vesicles, thus having a crucial role

controlling synaptic vesicle acidification and hence synaptic transmission.

Introduction.

Thousands of mutations have been implicated in developing neurodevelopmental disorders,
each showing different degrees of certainty and producing a myriad of phenotypes "% Thus,
studying the specific gene mutations and their phenotype is crucial to finding common
pathways and potential therapies for these disorders. Among neurodevelopmental disorders,
autism spectrum disorders (ASD) are neurodevelopmental disorders characterized by deficits in
social interaction, repetitive behaviors, and anxiety ’. These phenotypes are mainly produced
by genetic mutations that cause changes in brain wiring, structure, and function. More than
1300 mutations have been associated with ASD, depicting the complexity of its multifactorial
genetics and the phenotypes produced ®. Mutations that affect the function, filling, or
availability of synaptic vesicles have been strongly associated with the appearance of ASD
phenotypes 8 For instance, mice carrying mutations in Synl, a synaptic vesicle component
causing limited synaptic vesicle release, or Nhe9, a Na/H exchanger that causes hyper-

11 Recently, the function of

acidification of vesicles, show phenotypes associated with ASD
VPS50 in C. elegans controlling behavioral states and its expression in murine culture neurons
was described™?. VPS50 is an accessory protein widely expressed in the nervous system starting
early in embryonic life 12 Recent studies have demonstrated that VPS50 is associated with
some components of the Golgi-associated retrograde protein (GARP) complex, and more
specifically with the endosome-associated recycling protein (EARP) complex, suggesting a role

13,14

in endocytosis of synaptic vesicles by early endosomes . VPS50 physically interacts with the
protein VHA-15, a component of the V-ATPase complex pump responsible for acidifying both
dense core and synaptic vesicles, and its knockdown in cultured neurons shows a robust
decrease in synaptic vesicle acidification *2. In humans, a deletion spanning the Vps50 human

gene, and the calcitonin receptor has been reported in an ASD patient > More recently, two
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individuals with homozygous loss of function mutations for Vps50 have been described with a
severe neurodevelopmental disorder *°. These findings underscore the potential role of VPS50
in ASD. However, no defined mechanisms have been identified that could explain the
phenotypes shown by these individuals.

Here we used the CRISPR/Cas9 system to produce the mosaic KO (mKO) of VPS50 in cultured
neurons and animals. We determined the effects on synaptic function, to later analyze mouse
behavior to determine VPS50’s association to ASD, and in particular cognitive impairment.

Our findings provide insights into the role of VPS50 in synaptic function and behavior, as well as
elucidate the mechanisms through which VPS50 mutants can contribute to ASD phenotypes.
The brain mosaic VPR50 KO animal model will enable us to further investigate the cellular and

molecular mechanisms underlying the function of VPS50 and its implications in ASD.

Materials and Methods

Animals and injections

All animal procedures and experiments were performed according to the NIH and ARRIVE
guidelines and were approved by the animal ethics committee from Universidad Andrés Bello
(020/2018). Newborn Cas9 KI mice (C57BL/6J; JAX 026179) were cryoanesthetized in a cold
aluminum plate and injected with 1 pL of concentrated AAV (1x10™ vg) in each cerebral
ventricle at a depth of 3 mm in the animal's head at 2/5 of the intersection between lambda
and the eye with a 10 pL HAMILTON syringe (Hamilton, 7653-01) and a 32 G needle (Hamilton,
7803-04). After de injection, PO mice were placed in a heating pad until they recovered their

17719 control

color and temperature, then they were returned to their cage with the mother
mice were the same age as the injected ones. In the third week after birth, mice from both
conditions were weaned off and separated by sex in cages with a 12/12 light/dark cycle with
free access to food and water. A chip (p-chips, Pharmseq) was put in the tail of each animal for

easy tracking during behavioral testing.

Neuronal Cultures.
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83 At P1 neonatal mice were quickly decapitated and dissected in ice cold HBSS to obtain cerebral

. . 18-21
84 cortices as in

. Cortices were minced and incubated for 20 min at 37C with papain
85  (Worthington, USA) for enzymatic digestion. Then cells were transferred to a 15ml tube
86  containing plating media (D-MEM supplemented with 10% Fetal bovine serum and 100 U/ml
87  penicillin/streptomycin (Life technologies 15070-063). Cells were resuspended by mechanical
88  agitation through fire-polished glass Pasteur pipettes of decreasing diameters. Cells were
89  counted and plated on freshly prepared poly-L-lysine-coated plates. 2 hours later plating media
90 was replaced with growth media (Neurobasal-A (Life technologies 1088802) supplemented with
91  B27 (Life technologies 17504044), 2 mM L-glutamine (Life technologies 25030-081), 100 U/ml
92  penicillin/streptomycin (Life technologies 15070-063)]. Half of the media was replaced every 3
93  days.

94

95  AAV Production

96  AAV viral particles containing sgRNA directed to VPS50, red fluorescent protein tdTomato, hSyn
97  promoter, and PHP.eB capsid 2* were obtained from HEK 293T cells and purified as described in
98 1 To produce concentrated AAV viral particles with the plasmid containing the VPS50 sgRNA
99 and the fluorescent protein tdTomato mediated by the hSyn promoter and with the PHP.eB

100  capsid ™%, In addition, AAVs were prepared using plasmids coding for ChR2 (Addgene

101  Cat#28017), GCamP7f (Addgene Cat#104488), and custom plasmids coding for eCas9 *, SyPhy

102 *, and pHoenix for synaptic vesicle acidification >, HEK 293T cells were grown to approximately

103 6x10* cells/cm® with DMEM 10% FBS. Cultures were transfected using PEI “MAX” reagent

104  (Polysciences, Cat 24765) with PHP.eB capsid plasmids, the vector with VPS50 sgRNA-tdTomato,

105 and the helper plasmid DF6. After 24 h of transfection, the media was exchanged for DMEM 1%

106  FBS. After 72h, media was collected from the plates and replaced with fresh DMEM 1% FBS. The

107 collected media was stored at 42C. 120 h after transfection, the cells were detached from the

108 plate and transferred to 250 mL conical tubes, together with the collected media. They were

109 centrifuged for 10 min at 2000 g, and the supernatant was removed and saved for later use.

110 The pellet was resuspended in SAN digestion buffer (5 mL of 40 mM Tris, 500 mM NaCl and 2

111  mM MgCI2 pH 8.0) containing 100U/mL of Salt Active Nuclease (Arcticzymes, USA) and
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112  incubated at 372C for 1 hour. The supernatant was precipitated using 8% PEG 8000 and 500mM
113 NaCl. It was incubated on ice for 2 h and centrifuged at 4000 g for 30 min in 250 mL bottles. The
114  supernatant was collected and resuspended with SAN digestion buffer. The solution was placed
115 in an iodixanol gradient and ultracentrifuged at 350,000g for 2.5h. The phase containing the
116  AAV was rescued and frozen at -802C for later use.

117

118  Brain sectioning and mounting

119  Half of the brains were submerged to assess brain infection and left to fix for a minimum of 24h
120 in PBS CaMg + 4% PFA + 4% Sucrose into 30 mL flasks. After fixation, a Leica VT1000 vibratome
121  was used to cut 100 um coronal sections. Slices were kept in PBS CaMg 1X and mounted using
122 Fluoromont G (EMS, Hatfield, PA) to preserve the fluorescence signal. Brain images were
123  captured with a Nikon Eclipse TE2000 epifluorescence microscope.

124

125  Protein extraction and electrophoresis

126  To carry out the immunodetection tests, proteins were extracted from the cortex and
127  hippocampus of mice brains. 5 to 50mg of tissue was ground in N-PER lysis buffer
128  (ThermoFisher Product No. 23225) with protease and phosphatase inhibitors (cOmplete™
129  Protease Inhibitor Cocktail 11697498001, Roche Diagnostics) until a homogeneous solution was
130 achieved and incubated for 10 min on ice. Then it was centrifuged at 10,000 g for 10 min at 4°C.
131  Following the manufacturer's recommendations, the supernatant with total proteins was
132  collected and quantified using the BCA method (Perkin-Elmer). For electrophoresis, the proteins
133  from the total extracts were denatured in loading buffer (NUPAGE LDS Sample buffer 4X;
134 NP0O007), heating at 952C for 10 min. Then 40 pg of the sample was loaded on a 6% SDS
135 acrylamide-bisacrylamide gel to visualize proteins larger than 100 kDa and 10% for proteins
136  smaller than 100 kDa. Electrophoresis was carried out at 80-150 V constant voltage per gel in
137  running buffer (25 mM Tris:Cl, 250 mM glycine, 0.1% SDS) in a minichamber (MiniPROTEAN
138  System, BIO-RAD).

139

140  Western Blot
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141  After electrophoresis, the proteins were transferred to an activated PDVF membrane in transfer
142 buffer (250 mM glycine, 25 mM Tris-Cl, 0.1% SDS, 20% methanol) at 400 mA constant current
143  for 1.5 h. To verify protein transfer, the membrane was incubated with Ponceau red S (0.1%
144  Ponceau S, 5% acetic acid). The membrane was washed with TBS/Tween 20 0.05% until the
145 Ponceau red staining was removed. Next, the membrane was blocked for 1h to avoid non-
146  specific protein binding sites in a 0.05% TBS/Tween 20 solution with 5% skim milk. The
147 membrane was then incubated with the specific primary antibody VPS50 (Sigma, HPA026679-
148  100UL, Rabbit, 1/500 dilution) in 0.05% TBS/Tween 20 solution with 5% skim milk at 4eC
149  overnight. The membranes were washed with TBS/Tween 20 0.05% five times for 5 min each
150 time. Then the membrane was incubated with a second antibody directed against the first
151 antibody and coupled to horseradish peroxidase (HRP) in TBS/Tween 20 0.05% with 5% skim
152 milk at room temperature for 1 h. Then, the membrane was washed with TBS/Tween 20 0.05%
153 five times for 5 min each time. Detection was performed with chemiluminescence reagents
154  (SignalFire™ Elite ECL Reagent). Protein expression was normalized to B-Tubulin expression
155  (Abcam Cat: ab6046, 1/500).

156

157 DNA and RNA extraction

158 5 to 50mg of tissue was weighted for DNA and RNA extractions, and the Quick-DNA/RNA
159  Miniprep kit (Cat: D7001) was used. Briefly, the tissue was homogenized with dounces in lysis
160 buffer and centrifuged for 30s at 14,000g. The supernatant was collected and transferred to a
161  Zymo-Spin™ IIICR column in a collection tube, centrifuged at 14,000g for 30s. The filtrate was
162 used for RNA extraction and the column for DNA extraction. For RNA extraction, the same
163  volume of 100% ethanol was added and homogenized, transferred to a Zymo-SpinTM IICR
164  column, and centrifuged at 14,000g for 30s. The column was then treated with DNase |, and
165 400 pL DNA/RNA Prep Buffer was added, centrifuged, and washed twice with wash buffer. To
166 elute the RNA, 25 plL of DNase/RNase-Free Water was added, incubated for 3 min, quantified,
167  and stored at -809C for later use. For DNA extraction, 400 uL DNA/RNA Prep Buffer was added

168 to the Zymo-SpinTM IlICR column, centrifuged, and washed twice with wash buffer. To elute
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169 the DNA, 50 pL of DNase/RNase-Free Water was added, incubated for 5 min, quantified, and
170  stored at -802C for later use.

171

172

173

174  RT-qPCR

175  RT-gPCR assays were carried out from 400 ng of extracted total RNA. To obtain complementary
176  DNA (cDNA), each sample was mixed with 0.25 pg Oligo-dt (New England Biolab S1316S) in 10
177  pL to be denatured at 752C for 5 min and then quickly transferred to 42C for 5 min. Reverse
178  transcription (RT) was performed in a final 20 pL volume containing: 10 pL denatured RNA, 100
179 U of M-MLV Reverse Transcriptase (NEB; M0253S), M-MLV RT buffer (NEB; B0253S) 1X, 20 U of
180 RNase Inhibitor (NEB; M0314S) and 0.5 mM of dNTPs (Biotechnology N557-0.5ML). The mixture
181  was incubated at 422C for 1 hour, then at 952C for 5 min, and the reaction was stopped at 42C
182  and then diluted five times with nuclease-free water. The cDNA was quantified by real-time PCR
183  using 3 uL of the diluted RT mixture. Using relative abundance by the ddCt method, using the
184  GAPDH gene as a loading control. Transcript detection was performed with specific primers for
185 VPS50 mRNA (Sense: TGTTACTTCTCCGAGGCAGG, Antisense: GCTCTCAAAGGACCAAGAT) and
186  GAPDH (Sense: ATGGTGAAGGTCGGTGTGAA, Antisense: CATTCTCGGCCTTGACTGTG).

187

188  Calcium Imaging

189  Cortical neurons control and VPS50 mKO were co-infected at 3 DIV with GCaMP7f (Addgene
190 Cat#104488). At 10 DIV, neurons were imaged using a Nikon Eclipse TE-2000 microscope
191 equipped with a Co2/temperature chamber (Tokai-Hit). Pictures were acquired every 30ms for
192 5 minutes. The frequency of spiking was calculated using fluorescence over time plots using
193 Imagel.

194

195  Electrophysiology cultured neurons

196  Whole-cell patch-clamp recordings on infected cortical neurons were performed and analyzed

197  as previously described '*°**®. The external solution contained (in mM) 150 NaCl, 5.4 KCl, 2.0
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198 CaCl2, 2.0 MgCl2, 10 HEPES (pH 7.4), and 10 glucose. Patch electrodes (5-7 MQ) were filled
199  with (in mM) 120 CsCl, 10 BAPTA, 10 HEPES (pH 7.4), 4 MgClI2, and 2 ATP-Na2. After the
200 formation of a high resistance seal and break-in (>1 GQ), whole cell voltage and current signals
201  were recorded with an Axopatch 700B amplifier (Molecular Devices). Signals were low pass
202  filtered (5 kHz) and digitized (5—40 kHz) on a PC using pClamp 10 software. Cells were held at
203 -60 mV.

204  To analyze synaptic function, we recorded isolated AMPA-mediated synaptic currents using a
205  mixture of antagonists against NMDARs (20 uM d-APV) and GABAARs (2 puM bicuculline). In
206  some experiments, the sodium channel blocker TTX (500 nM) was added to the bath to record
207  miniature AMPA-mediated currents. For current-clamp analyses, cells were patched, and
208 spontaneous spiking of cells was recorded. Depolarization of neurons was performed using
209 square pulses or TTL activation of 488nm light to activate Channelrhodopsin channels.
210  MiniAnalysis software (Synaptosoft) was used to analyze synaptic events during the tests. The
211  frequency and amplitude of currents were automatically calculated and plotted.

212

213  Hippocampal slice electrophysiology.

214  Electrophysiological recording from hippocampal slices were conducted as previously described
215 *”?8 Briefly, acute coronal hippocampal slices (400 mm thick) were prepared from control and
216 VPS50 mKO at postnatal day (P) 30 to P45. Brain slices were cut using a DKT vibratome in a
217  solution containing the following (in mM): 215 sucrose, 2.5 KCI, 26 NaHCO3, 1.6 NaH2PO4, 1
218 CaCl2, 4 MgClI2, 4 MgS04, and 20 glucose. After thirty minutes recovery, slices were incubated
219 in an artificial CSF (ACSF) recording solution containing the following (in mM): 124 NaCl, 2.5 KCl,
220 26 NaHCO3, 1 NaH2PO4, 2.5 CaCl2, 1.3 MgS04, and 10 glucose equilibrated with 95% 02/5%
221  CO2, pH 7.4. Slices were incubated in this solution for 30min before recordings.

222 All experiments, except where indicated, were performed at 28 + 1°C in a submersion-
223 type recording chamber perfused at 1-2 ml/min rate with ACSF supplemented with the GABA,
224  receptor antagonist picrotoxin (PTX; 100 mM). Extracellular field potentials (fEPSPs) were
225  recorded with a patch pipette filled with 1mM NaCl and placed in the CA1 stratum radiatum.

226  Whole-cell voltage-clamp recordings (Multiclamp 700B Molecular Devices, USA) were made
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227  from CA1 pyramidal neurons voltage-clamped at -60 mV using patch pipette electrodes (3—-4 M)
228  containing the following intracellular solution (in mM): 131 Cs-gluconate, 8 NaCl, 1 CaCl2, 10
229  EGTA, 10 glucose, 10 HEPES, pH 7.2, 292 mmol/kg osmolality.

230 fEPSPs and EPSCs were evoked by stimulating Schaffer collateral inputs with a
231  monopolar electrode filled with ACSF and positioned ~100-150 mm away from the recording
232 pipette. Miniature EPSCs (mEPSCs) were recorded at 32 + 1°C in the continuous present of
233  tetrodotoxin (TTX, 500 nM) to block action potential dependent release, whereas spontaneous
234 EPSC (sePSCs) were recorded in the absent of TTX. Short- term synaptic plasticity was induced
235 by two pulses (100 ms interstimulus interval) to calculate paired-pulse ratio (PPR) that was
236  defined as the ratio of the slope or amplitude of the second EPSP/EPSC to the slope or
237  amplitude of the first EPSP/EPSC, respectively. Long-term potentiation (LTP) was induced by 4
238  trains of 100 pulses at 100 Hz repeated four times, separated by 10 seconds. Reagents were
239  obtained from Sigma, Tocris and Ascent Scientific, prepared in stock solutions (water or DMSO)
240 and added to the ACSF as needed. Total DMSO in the ACSF was maintained less than 0.01%. For
241  whole cells experiments, series resistance (range, 8—12 MW) was monitored throughout the
242  experiment with a 5 mV, 80 ms voltage step, and cells that exhibited significant change in series
243  resistance (20%) were excluded from analysis.

244

245  Behavioral analyses

246  All behavioral tests on mice were carried out eight weeks after AAV injection and will be
247  conducted as previously described ***%??°_ Before each test, mice cages were transported to
248  the behavior room and habituated for 30 min in the dark. After completing a trial, the
249  equipment and devices used were cleaned with 70% ethanol. Tests were recorded and analyzed
250  with ANY-Maze software. Behavior tests were performed between 9:00 am and 6:00 pm. At the
251 end of the battery of behavioral tests, the animals were sacrificed for subsequent molecular
252  analyses.

253

254  Contextual fear conditioning: UGO-BASILE apparatus controlled by ANY-Maze was used. This

255  equipment consists of a sound attenuating box, fan, light (visible/IR), a speaker, a USB camera,
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256  asingle onboard controller, and a mouse cage. All trials were recorded, and all mice underwent
257  habituation, conditioning, and testing phase. Twenty-four hours after training, the animals
258 were tested for contextual memory. Each mouse was placed in the fear conditioning box,
259 allowed to explore for 5 min freely, and returned to its cage. The number of freezing episodes
260 and freezing time were registered.

261

262 Barnes Maze: A non-reflective gray circular platform (91 cm diameter) with 20 holes (5 cm
263  diameter) evenly distributed along the perimeter, with one hole containing a metal escape
264  tunnel, was used. Three exogenous visual cues (length/width ~30 cm) were used around the
265  platform: a black circle, a blue triangle, and a yellow square. The light was adjusted to 1000 lux
266 in the center of the platform. All animals underwent a phase of habituation, spatial acquisition,
267  and testing. On test day, the position of the escape tunnel was changed, and the animal was
268  brought in the start box to the center of the platform, left for 10 s, and sound reproduction was
269  started. The test ended at 90 seconds, or when the mouse found the escape tunnel. The
270  number of primary and total errors, primary and total latency, and total distance before finding
271 the gap were recorded. The number of visits to each hole was also measured to show
272  preference.

273

274  Data analysis

275  All values are presented as means t standard error (SE) for three or more independent
276  experiments. Statistical analyzes were performed using Student's t-test. Values of p<0.05 are

277  considered statistically significant. All statistical analyzes were performed using Graphpad

278  Prism.
279

280

281  Results
282

283  VPS-50 regulates synaptic vesicle acidification and V-ATPase pump localization in cortical

284 neurons.

10
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285 In C. elegans, VPS50 knock-out causes significant changes in behavior likely due to changes in
286  synaptic and dense core vesicle acidification 2 In mice, VPS50 is highly expressed in the central
287 nervous system and, its knock down in culture causes a deregulation of synaptic vesicle
288 acidification **. To further investigate the role of VPS50 in regulating mammalian synaptic
289  function and behavior, we used CRISPR/Cas9 technology to get better insights into the
290 mechanisms and consequences of VPS50 knock-out in mouse brain function. Cortical neurons
291 from Cas9 KI animals were infected at 3 DIV with AAV coding for tdTomato as an infection
292  marker alone or together with sgRNAs targeting Vps50. Transduction efficiency reached >90%
293  of plated neuron in culture. Genomic DNA was extracted ten days after infection, and a
294  surveyor assay was performed to determine the efficiency of gene edition. A combination of
295  different sgRNAs targeting the Vps50 genomic locus was tested, finding increased efficiency
296  when pair of sgRNA1-6 was used (Supplementary Figure 1A). We performed the following
297  experiments using sgRNA1-6 (hereafter VPS50 mKO) (Figure 1A). Edition of the locus causes a
298  ~70% reduction in VPS50 mRNA and protein levels in cortical neurons (Figure 1 B-D), confirming
299 an efficient mKO of VPS50 after gene editing. Locus-specific sequencing shows the resulting
300 edited genomic sequence caused by CRISPR/Cas9 (Supplementary Figure 1B). Importantly,
301 VPS50 KO neurons shows no significant difference in the total number of synaptic vesicles
302  assesses by electron microscopy (Figure 1E-F), however, we found a robust reduction in vesicle
303 acidification assessed by ratio-SyPhy probe *° (Figure 1G), consistent with the idea that VPS50
304 regulate synaptic vesicle acidification .

305 As VPS50 is enriched in synaptic and dense core vesicles as a soluble protein in mouse brain
306  extracts *°, we next performed proximity ligation assays (PLA) to evaluate its approximate
307 location within the synapse. First, we tested in control neurons whether VPS50 was close to
308 the post-synaptic marker PSD95 or the presynaptic Synapsinl. We found that the PLA signal
309 was only observed in VPS50/Synapsinl condition, confirming that VPS50 is near synaptic
310 vesicles (Figure 2A). As control, PLA reactions using Synapsinl/Synaptophysin and
311 PSD95/Synapsinl were used (Supplementary Figure 2). As VPS50 co-fractionates with the V-
312 ATPase pump in mice tissue ** and moreover, synaptic vesicle acidification is reduced in VPS50

313  mKO neurons (Figure 1D); it is possible that VPS50 might interact and/or help to localize the V-

11
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314  ATPase V1 pump to synaptic vesicles to acidify them for neurotransmitter filling. To test this
315  possibility, first we use PLA to evaluate the proximity of VPS50 and V-ATPase pump in control
316 neurons. We observed PLA signal indicating proximity between VPS50 and V-ATPase pump
317  (Figure 2B). However, in VPS50 mKO neurons PLA signal is absent confirming the reduced
318 expression of VPS50 and, consequently, the null interaction between VPS50 and V-ATPase
319 pump (Figure 2B). Second, we evaluated whether the localization of V-ATPase pump was
320 disrupted in VPS50 mKO neurons. While PLA experiments for the V-ATPase pump and Synapsin
321 1 (Syn) show that they are in proximity in control neurons (Figure 2C; top), no signal was
322  observed in VPS50 mKO neurons (Figure 2C; bottom), strongly suggesting that knock-out of
323 VPS50 causes a mis-localization of the V-ATPase pump in synaptic vesicle. Altogether, these
324  results indicate that knockdown of VPS50 does not affect the total number of synaptic vesicles
325  but produces a mis-localization of the V-ATPase pump that likely impair synaptic vesicle
326 acidification and hereby synaptic function.

327

328 VPS50 mKO impairs synaptic activity in cortical neurons.

329 To further evaluate the effect of VPS50 mKO in synaptic function, neurons were infected at 3
330 DIV and miniature and spontaneous excitatory postsynaptic currents (mEPSC and sEPSC,
331 respectively) were recorded at 12-13 DIV. Compared to control neurons, VPS50 mKO neurons
332 show a strong reduction in both the amplitude and frequency of sEPCS (Figure 3A-C). While the
333 frequency and the amplitude of SEPSC does not change over 30-minute recordings in
334  controlneurons, VPS50 mKO neurons display a significant reduction in the amplitude of the
335  sEPSCs over time (Supplementary Figure 3A-C), consistent with the idea that vesicular content
336 might be reduced in VSP50 mKO neurons. Moreover, VPS50 mKO neurons show a drastic
337 reduction in the frequency but not in the amplitude of mEPSCs (Figure 3D-F), an effect that
338 could reflect an increase in the exocytosis of empty or partially filled vesicles. Such reduction in
339 the synaptic strength correlated with a decrease in the neuronal activity as the spontaneous
340 spike frequency is decreased in VPS50 mKO neurons compared to control neurons (Figure 3G,
341  H). In addition, calcium imaging using GCaMP7 shows that VPS50 mKO neurons have reduced

342  calcium event frequency, confirming deficient spiking (Supplementary Figure 3D-E). To further
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343  evaluate if synaptic vesicle acidification is partly responsible for the reduction in vesicle content
344  and neuronal activity, we used pHoenix, a genetically encoded proton pump targeted to
345  synaptic vesicles . Spontaneous spiking of pHoenix infected control and VPS50 mKO neurons
346  was recorded for 1 min as baseline, and then 532nm light was used to activate pHoenix. During
347  the 2-minute activation period, we observed a partial recovery of spiking in VPS50 mKO
348 neurons close to control levels (Figure 3 I-J; blue line). Moreover, after stimulation we observed
349 no significant differences with control neurons (Figure 3K). Altogether, our results strongly
350 suggest that the reduction in synaptic activity of VPS50 mKO requires synaptic vesicle
351 acidification, a phenomenon that can be rescued by artificially acidifying synaptic vesicles.

352 VPS50 mKO impacts synaptic function and memory formation.

353  Once we have demonstrated that VPS50 mKO causes deficit in vesicle acidification and synaptic
354  function in cultured cortical neurons, next we aimed to evaluate whether VPS50 mKO in mice
355  might cause significant changes in behavior as suggested previously in C.elegans ** and humans
356  '° Toward this end, we used the CRISPR/Cas9 system to induce VPS50 mKO in the mouse entire
357  brain. We delivered high titer AAVs at postnatal day 1 (P1) intracerebroventricular in Cas9 Kl
358 animals, packed using the PHP.eB capsid ** for its high efficiency in targeting the mouse brain.
359 Animals were injected with the same sgRNAs tested in culture together with tdTomato or
360 tdTomato alone as a fluorescence marker under the control of the human synapsinl promoter.
361  First, post-mortem analyses of animals show high AAV infection in multiples brain areas (Figure
362 4A), including the cortex and the hippocampus. In these brain areas, VPS50 protein expression
363 s significantly reduced (Figure 4B), confirming an efficient mKO of VPS50 after gene editing in
364 mouse brain. Second, we monitored basal synaptic function at Schaffer collateral to CA1l
365 synapses in acute hippocampal slices. A significant decrease in the frequency but not in the
366 amplitude of miniature excitatory postsynaptic currents (mEPSCs) was observed in VPS50 mKO
367 synapses (Figure 5A-C). Likewise, a strong reduction in the frequency and amplitude of
368 spontaneous EPSCs (SEPSCs) was also observed in the VPS50 mKO synapses (Figure 5D-F).
369 Moreover, input/output curves revealed a large decrease in the amplitudes of evoked EPSC at
370  all stimulus intensities tested in VPS50 mKO synapses (Figure 6A-B). Importantly, paired-pulse

371 facilitation remains unchanged (Figure 6C-D) suggesting that the decrease in evoked EPSC
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372 amplitude cannot be accounted for changes in release probability, but could be due to a
373 decrease in vesicle content and/or vesicle refilling by change the level of acidification as
374  observed in cultured neurons (Figure 1G). To further evaluate whether the state of vesicle
375 content might be involved in this synaptic change, we evaluated the response of VPS50 mKO
376  synapses to high-frequency stimulation a condition in which one might detect the release of
377  partially filled vesicles. Under this conditions, VSP50 mKO synapses response was greatly
378 reduced compared to control synapses (Figure 6E-F), confirming that vesicle content is reduced
379  in VSP50 mKO synapses. Next, we investigated the impact of VSP50 mKO in long-term synaptic
380 plasticity (LTP) in the hippocampus, the cellular mechanism underlying learning and memory.
381 We found that the magnitude of LTP induced by high-frequency stimulation was reduce in mice
382  with disrupted VSP50 compared to control (Figure 6G-H), suggesting cognitive deficit in the
383  context of memory formation in VPS50 mKO mice.

384  Finally, we evaluated VPS50 mKO mice performance in Barnes maze and Fear conditioning
385  apparatus (Figure 6), two memory formation paradigms dependent on the hippocampus. First,
386 we analyzed if VPS50 mKO mice model had locomotor problems that could affect their
387 performance in behavioral testing. VPS50 mKO animals spent more time on the ramp in the
388 accelerated rotarod apparatus than Control animals (Figure 7A), indicating that brain mKO of
389 VPS50 have no impact on motor coordination. However, VPS50 mKO animals made a
390 significantly higher number of primary errors (holes checked before finding the escape hole) on
391 days 1and 2 (Figure 7C), but behaved similar to control error numbers on days 3 and 4. We also
392 found that primary latency, the time the animal takes to find the escape hole, was significantly
393  affected in VPS50 mKO, but only on the first day (Figure 7D). Moreover, we found that VPS50
394  mKO animals spent significantly less time in the escape zone on days 1-3 compared to control
395 littermates (Figure 7E). Lastly, using the context-dependent fear conditioning paradigm, we
396 found that VSP50 mKO animals significantly decreased in freezing compared to control
397 littermates (Figure 7F). Altogether, these results indicate that VPS50 mKO mouse display
398 alteration in hippocampal synaptic function and memory deficits dependent on this brain area.
399

400 Discussion.
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401 VPS50 is a conserved protein across multiple species including C. elegans, M. musculus, and
402  humans, indicating its fundamental importance in cellular function 1218 'In the cell, VPS50 is
403  associated to the EARP complex and more specifically to dense core and synaptic vesicles *'.
404  Evidence from C. elegans, shows that VPS50 control locomotion behaviors and is associated to
405  the V-ATPase pump ™.

406 The V-ATPase pump is recruited to synaptic vesicles after recycling serving as an initial step for
407  neurotransmitters filling *%. Studies using C. Elegans show that worm mutants for unc-32, the
408 homolog to the human V-ATPase pump, have severe neurotransmission deficits in
409 motoneurons due to the lack of acidification and hence filling of neurotransmitters in their
410 synaptic vesicles *. Interestingly, the V-ATPase pump works by acidifying cellular
411 compartments broadly in the cell, but some specificity is given due to the differential formation
412  of the entire complex by different isoforms and proteins interactions **.

413  Our findings reveal a critical role of VPS50 in regula synaptic function and behavior in mammals
414 through its involvement in synaptic vesicle acidification. Using CRISPR/Cas9 to produce the mKO
415 of VPS50, we discovered that VPS50 mKO neurons exhibit mislocalization of the V-ATPase
416  pump, lacking proximity to synaptic vesicles, without affecting the total number of synaptic
417  vesicles. Instead, this mislocalization affects vesicle acidification, thereby influencing vesicular
418 content and/or vesicle refilling. Consequently, the limited acidification of synaptic vesicles leads
419 to a significant reduction in neurotransmitter filling and a subsequent decline in synaptic

420  activity 832,35

. These findings strongly indicate that VPS50 plays a crucial role in facilitating the
421  proper localization of the V-ATPase pump near synaptic vesicles to allow synaptic vesicle
422  acidification. However, it remains to be investigated whether by the mislocated v-ATP pump
423  the extent of vesicle filling is impacted.

424  Furthermore, our data demonstrates that the reduction of VPS50 impairs synaptic transmission
425 in cultured neurons where these deficiencies can be recovered by artificially acidifying synaptic
426  vesicles. In vitro electrophysiological recordings using hippocampal slices, show severe deficit in
427  LTP formation. The strong decrease in the frequency of synaptic events observed in VPS50 mKO

428  synapses suggests an increase in the exocytosis of empty or partially filled vesicle. Consistently,

429  significant effects were observed with high-frequency stimulation, a condition in which one
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430 might detect the release of partially filled vesicles. These observations strongly support, that
431 the total content rather than vesicle refilling could be account for the synaptic deficit observed
432  at hippocampal VPS50 mKO synapse. Ultimately, these synaptic transmission defects impair
433 memory formation in animals, linking the deficits in synaptic vesicle acidification and/or
434  synaptic filling to complex cognitive behaviors such as learning and memory formation.

435  In summary, our data strongly support the role of VPS50 in regulating synaptic transmission by
436 facilitating the recruitment of the V-ATPase pump to synaptic vesicles, thereby enabling vesicle
437 acidification and modulating vesicle content. These functional alterations have significant
438 implications, as VPS50 mKO mice exhibit cognitive impairment. Future studies will investigate
439  additional complex behaviors to provide a comprehensive understanding of the behavioral
440 consequences associated with VPS50 mKO including its associated to ASD.

441

442
443  Acknowledgments: This work was supported by the Chilean government through ANID

444 FONDECYT Iniciacion #11180540 (FJB), PAI #77180077 (FJB), FONDECYT Regular # 1220480
445  (G.A), #1201848 (AEC), UNAB DI-02-22/REG (FJB), Fondequip # EQM160154 (A.E.C) and by ANID
446  Millennium Science Initiative Program (P09-022F to A.E.C). A grant from the Simons Foundation
447  to the MIT Simons Center for the Social Brain (to H. Robert Horvitz and Martha Constantine-
448  Paton), NIH grant R0O1GM024663 (to H. Robert Horvitz), NIH grant RO1-EY014420 (to M.C.P.).
449  H.R.H. is the David H. Koch Professor of Biology at MIT and an Investigator of the Howard
450 Hughes Medical Institute. CA-G was supported by PhD fellowship from ANID #21201603.

451

452

453

454  References.

455

456 1. Banerjee S, Riordan M, Bhat MA. Genetic aspects of autism spectrum disorders: insights from
457 animal models. Frontiers in cellular neuroscience. 2014;8:58. doi:10.3389/fncel.2014.00058

458 2. Chahrour M, O’Roak BJ, Santini E, Samaco RC, Kleiman RJ, Manzini MC. Current Perspectives
459  in Autism Spectrum Disorder: From Genes to Therapy. The Journal of neurosciencell: the official

16


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.04.547745; this version posted July 5, 2023. 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-NC-ND 4.0 International license.

460 journal of the Society for Neuroscience. 2016;36(45):11402-11410. doi:10.1523/jneurosci.2335-
461 16.2016

462 3. Satterstrom FK, Kosmicki JA, Wang J, et al. Large-Scale Exome Sequencing Study Implicates
463  Both Developmental and Functional Changes in the Neurobiology of Autism. Cell.
464  2020;180(3):568-584.e23. d0i:10.1016/j.cell.2019.12.036

465 4. Rubeis SD, He X, Goldberg AP, et al. Synaptic, transcriptional and chromatin genes disrupted
466  in autism. Nature. 2014;515(7526):209-215. doi:10.1038/nature13772

467 5. Torre-Ubieta L de la, Won H, Stein JL, Geschwind DH. Advancing the understanding of autism
468 disease mechanisms through genetics. Nature Publishing Group. 2016;22(4):345-361.
469 doi:10.1038/nm.4071

470 6. Sanders SJ, Ercan-Sencicek AG, Hus V, et al. Multiple Recurrent De Novo CNVs, Including
471  Duplications of the 7q11.23 Williams Syndrome Region, Are Strongly Associated with Autism.
472  Neuron. 2011;70(5):863-885. d0i:10.1016/j.neuron.2011.05.002

473 7. Miles JH. Autism spectrum disorders—A genetics review. Genetics in Medicine.
474  2011;13(4):278-294. d0i:10.1097/gim.0b013e3181ff67ba

475 8. Zoghbi HY, Bear MF. Synaptic Dysfunction in Neurodevelopmental Disorders Associated with
476  Autism and Intellectual Disabilities. Csh Perspect Biol. 2012;4(3):a009886.
477  doi:10.1101/cshperspect.a009886

478 9. Greco B, Manago F, Tucci V, Kao HT, Valtorta F, Benfenati F. Autism-related behavioral
479  abnormalities in synapsin knockout mice. Behav Brain Res. 2013;251:65-74.
480 doi:10.1016/j.bbr.2012.12.015

481  10. Fassio A, Patry L, Congia S, et al. SYN1 loss-of-function mutations in autism and partial
482  epilepsy cause impaired synaptic function. Human molecular genetics. 2011;20(12):2297-2307.
483  doi:10.1093/hmg/ddr122

484  11. Ullman JC, Yang J, Sullivan M, et al. A mouse model of autism implicates endosome pH in
485  the regulation of presynaptic calcium entry. Nature Communications. 2018;9(1):330.
486 doi:10.1038/s41467-017-02716-5

487  12. Paquin N, Murata Y, Froehlich A, et al. The Conserved VPS-50 Protein Functions in Dense-
488  Core Vesicle Maturation and Acidification and Controls Animal Behavior. Curr Biol.

489  2016;26(7):862-871. doi:10.1016/j.cub.2016.01.049

490 13. Schindler C, Chen Y, Pu J, Guo X, Bonifacino JS. EARP is a multisubunit tethering complex
491 involved in endocytic recycling. Nature cell biology. 2015;17(5):639-650. doi:10.1038/ncb3129

17


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.04.547745; this version posted July 5, 2023. 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-NC-ND 4.0 International license.

492  14. Gillingham AK, Sinka R, Torres IL, Lilley KS, Munro S. Toward a Comprehensive Map of the
493  Effectors of Rab GTPases. Dev Cell. 2014;31(3):358-373. do0i:10.1016/j.devcel.2014.10.007

494  15. Gai X, Xie HM, Perin JC, et al. Rare structural variation of synapse and neurotransmission
495  genes in autism. Mol Psychiatr. 2012;17(4):402-411. doi:10.1038/mp.2011.10

496  16. Schneeberger PE, Nampoothiri S, Holling T, et al. Biallelic variants in VPS50 cause a
497  neurodevelopmental disorder with neonatal cholestasis. Brain. 2021;144(10):3036-3049.
498  doi:10.1093/brain/awab206

499  17. Passini MA, Wolfe JH. Widespread Gene Delivery and Structure-Specific Patterns of
500 Expression in the Brain after Intraventricular Injections of Neonatal Mice with an Adeno-
501  Associated Virus Vector. J Virol. 2001;75(24):12382-12392. d0i:10.1128/jvi.75.24.12382-
502 12392.2001

503  18. Bustos FJ, Pandian S, Haensgen H, et al. Removal of a genomic duplication by double-nicking
504  CRISPR restores synaptic transmission and behavior in the MyosinVA mutant mouse Flailer.
505  bioRxiv. Published online 2023:2023.04.28.538685. do0i:10.1101/2023.04.28.538685

506  19. Brauer B, Merino-Veliz N, Ahumada C, Arriagada G, Bustos FJ. KMT2C knockout generates
507  ASD-like behaviors in mice. Published online 2023. d0i:10.1101/2023.05.26.542423

508 20. Henriquez B, Bustos FJ, Aguilar R, et al. Ezh1 and Ezh2 differentially regulate PSD-95 gene
509 transcription in developing hippocampal neurons. Molecular and cellular neurosciences.
510 2013;57:130-143. do0i:10.1016/j.mcn.2013.07.012

511  21. Bustos FJ, Ampuero E, Jury N, et al. Epigenetic editing of the DIg4/PSD95 gene improves
512  cognition in aged and Alzheimer’s disease mice. Brain. 2017;140(12):3252-3268.
513  doi:10.1093/brain/awx272

514  22.Chan KY, Jang MJ, Yoo BB, et al. Engineered AAVs for efficient noninvasive gene delivery to
515 the central and peripheral nervous systems. Nature neuroscience. 2017;20(8):1172-1179.
516  doi:10.1038/nn.4593

517  23.Slaymaker IM, Gao L, Zetsche B, Scott DA, Yan WX, Zhang F. Rationally engineered Cas9
518 nucleases with improved specificity. Science. 2016;351(6268):84-88.
519 doi:10.1126/science.aad5227

520 24. Granseth B, Odermatt B, Royle SJ, Lagnado L. Clathrin-Mediated Endocytosis Is the
521 Dominant Mechanism of Vesicle Retrieval at Hippocampal Synapses. Neuron. 2006;51(6):773-
522  786.d0i:10.1016/j.neuron.2006.08.029

523  25. Rost BR, Schneider F, Grauel MK, et al. Optogenetic acidification of synaptic vesicles and
524  lysosomes. Nature neuroscience. 2015;18(12):1845-1852. doi:10.1038/nn.4161

18


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.04.547745; this version posted July 5, 2023. 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-NC-ND 4.0 International license.

525  26. Sepulveda FJ, Bustos FJ, Inostroza E, et al. Differential Roles of NMDA Receptor Subtypes
526  NR2A and NR2B in Dendritic Branch Development and Requirement of RasGRF1. Journal of
527  Neurophysiology. 2010;103(4):1758-1770. d0i:10.1152/jn.00823.2009

528 27.Chavez AE, Chiu CQ, Castillo PE. TRPV1 activation by endogenous anandamide triggers
529  postsynaptic long-term depression in dentate gyrus. Nat Neurosci. 2010;13(12):1511-1518.
530 doi:10.1038/nn.2684

531  28. ParkJ, Chavez AE, Mineur YS, et al. CaMKII Phosphorylation of TARPy-8 Is a Mediator of LTP
532  and Learning and Memory. Neuron. 2016;92(1):75-83. do0i:10.1016/j.neuron.2016.09.002

533  29. Pandian S, Zhao JP, Murata Y, et al. Myosin Va Brain-Specific Mutation Alters Mouse
534  Behavior and Disrupts Hippocampal Synapses. Eneuro. 2020;7(6):ENEURO.0284-20.2020.
535  doi:10.1523/eneuro.0284-20.2020

536  30. Rose T, Schoenenberger P, Jezek K, Oertner TG. Developmental refinement of vesicle cycling
537 at Schaffer collateral synapses. Neuron. 2013;77(6):1109-1121.
538 doi:10.1016/j.neuron.2013.01.021

539  31. Gershlick DC, Ishida M, Jones JR, Bellomo A, Bonifacino JS, Everman DB. A
540 Neurodevelopmental Disorder Caused by Mutations in the VPS51 Subunit of the GARP and
541  EARP Complexes. Hum Mol Genet. 2019;28(9):ddy423. doi:10.1093/hmg/ddy423

542  32.Sudhof TC. The synaptic vesicle cycle. Annu Rev Neurosci. 2004;27:509-547.
543 doi:10.1146/annurev.neuro.26.041002.131412

544  33. Pujol N, Bonnerot C, Ewbank JJ, Kohara Y, Thierry-Mieg D. The Caenorhabditis elegans unc-
545  32Gene Encodes Alternative Forms of a Vacuolar ATPase aSubunit. Journal of Biological
546  Chemistry. 2001;276(15):11913-11921. doi:10.1074/jbc.m009451200

547  34.Toei M, Saum R, Forgac M. Regulation and isoform function of the V-ATPases. Biochemistry.
548  2010;49(23):4715-4723. doi:10.1021/bi100397s

549  35. Gowrisankaran S, Milosevic I. Regulation of synaptic vesicle acidification at the neuronal
550  synapse. lubmb Life. 2020;72(4):568-576. doi:10.1002/iub.2235

551

552

553

554  Figure legends.

555

19


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.04.547745; this version posted July 5, 2023. 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-NC-ND 4.0 International license.

556  Figure 1. VPS50 gene edition causes decrease in synaptic vesicle acidification but no change in
557  synaptic vesicle number. (A) Surveyor assay of Control or VPS50 mKO cortical neurons. (B) RT-
558 qPCR to quantify relative mRNA expression of VPS50 mKO. (C-D) VPS50 protein expression in
559 VPS50 mKO and Control neurons. (E-F) Representative images of synaptic terminals by electron
560 microscopy and quantification of the number of synaptic vesicles in Control and VPS50 mKO
561 neurons (n=50 cells per condition). (G) Representative images of Ratio-SyPhy signal to
562 determine synaptic vesicle acidification in Control and VPS50 mKO neurons. Scale bar, 25um.
563  ***p<0.001.

564

565  Figure 2. VPS50 mKO causes mislocalization of v-ATPase pump in cortical neurons. (A) PLA to
566 determine pre- or post- synaptic localization of VPS50 in Control neurons using PSD95 or
567  Synapsinl (Syn) antibodies. (B) Control and VPS50 mKO PLA to determine proximity of VPS50
568 and v-ATPAse pump. (C) PLA to determine localization of v-ATPase pump in Control and VPS50
569 mKO neurons. Inset shows maghnification of the selected areas. Scale bar, 25 um.

570

571  Figure 3. VPS50 mKO neurons show a reduction in synaptic activity that can be recovered by
572 inducing synaptic vesicle acidification. (A) Representative traces and (B-C) quantification of

573 Amplitude (B) and Frequency (C) of spontaneous AMPA-mediated EPSCs. (D)
574  Representative traces and (E-F) quantification of the frequency (E) and amplitude (F) of
575 miniature AMPA-mediated currents. (G) Current clamp of Control and VPS50 mKO neurons.
576 (H) Quantification of the frequency of spiking in current clamp. (I-K) Current clamp
577 representative traces of Control and VPS50 mKO neurons. Blue bars show the period
578 pHoenix is activated. (K) Quantification of the frequency of spiking of Control and VPS50
579 mKO neurons before, during and after stimulus with pHoenix to acidify synaptic vesicles. At
580 least 18 neurons from 3 independent experiments were analyzed. *** p<0.001.

581

582  Figure 4. Systemic injection of AAV at PO to produce VPS50 mKO. (A) Representative image of

583 a coronal section of a mouse brain injected at PO with AAV after 15 weeks. (B)
584  Representative western blot analyses for the detection of VPS50 expression in Control and
585 VPS50 mKO animals in both cortex and hippocampus. 2 animals are shown per condition. B-

586  Tubulin is used as loading control.
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587

588 Figure 5. Hippocampal spontaneous excitatory synaptic activity is impaired in

589 VSP50 mKO mouse. (A) Representative traces of mEPSC in hippocampal slices of Control
590 and VPS50 mKO animals. (B-C) Quantification of the Frequency (B) and Amplitude (C) of
591 mEPSC. (D) Representative traces of sEPSC in hippocampal slices of Control and VPS50
592 mKO animals. (E-F) Quantification of the Frequency (E) and Amplitude (F) of mEPSC.
593  *p<0.05, *** p<0.001.

594

595 Figure 6. Hippocampal synaptic function and plasticity are impaired in VSP50 mKO

596 mice. Electrophysiological recording of Control and VPS50 mKO hippocampal slices. (A)
597 Representative traces of Input-output responses. (B) Input-output curves reveal a strong
598 reduction in the amplitude of evoked EPSC at all stimulus intensity tested. (C)
599 Representative traces and (D) quantification of paired-pulse facilitation at different inter-
600 stimulus interval. (E) Representative traces and quantification (F) of the response to high-
601 frequency stimulation. (G) Representative traces before and after LTP induction by high-
602 frequency stimulation. (H) Quantification of potentials during LTP induction. Number of
603  slices (s) or cells (¢) and animals (a) are indicated in parenthesis. * p<0.05.

604

605 Figure 7. VPS50 mKO animals show impaired hippocampal memory formation. Brain

606  wide Control and VPS50 mKO animals were subjected to behavioral testing. (A) Accelerated
607 rotarod apparatus. (B) Scheme of the Barnes maze memory paradigm where clues attached
608 to the wall, escape hole, and escape zone are shown. (C) Quantification of the numbers of
609 primary errors before finding the escape hole. (D) Quantification of the primary latency to
610 find the escape hole. (E) Quantification of the time spent in the escape zone. (F)
611 Quantification of freezing percentage time in the fear conditioning paradigm. *p<0.05.

612

613  Supplementary Figure 1. Cortical neurons were infected at 3 DIV with AVV coding for
614 TdTomato as control and a combination of sgRNAs (1-6 / 2-4 / 1-4 / 2-6) targeting Vps50,

615 as shown in figure. 10 days later genomic DNA was extracted, and Surveyor assay
616 performed (A). Surveyor assay for sgRNA combinations (B) Vps50 locus specific sequencing
617  of edited genomic DNA using VPS50 mKO.

618
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Supplementary Figure 2. Proximity ligation assay (PLA) assay controls. PLA was performed
using specific antibodies for (A) Synapsinl-Synaptosophysin (pre-pre synaptic) or (B)
Synapsin1-PSD95 (pre-post synaptic), as shown in figure. PLA signal is only observed in
Synapsinl-Synaptosophysin pair where the two proteins are in close proximity to each

other. Scale bar, 25 um.

Supplementary Figure 3. VPS50 mKO neurons show deficits in synaptic transmission. (A)
Representative traces of AMPA mediated EPSCs for 30 minutes of Control and VPS50 mKO
neurons. VPS50 mKO neurons show a robust reduction in both Amplitude (B) and Frequency
(C) of AMPA EPSCs. (D) Cortical neurons were co-transduced with GCaMP7 to measure
calcium events by changes in fluorescence over time. A significant reduction is observed in
VPS50 mKO neurons compared to control. Control n=1338; VPS50 mKO n=1256.
**p<0.01, ***p<0.001.
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Figure 1. VPS50 gene edition causes decrease in synaptic vesicle acidification but no change in synaptic vesicle number. (A) Surveyor assay of Control or VPS50 mKO
cortical neurons. (B) RT-qPCR to quantify relative mRNA expresison of VPS50 mKO. (C-D) VPS50 protein expression in VPS50 mKOand Control neurons. (E-F) Representative
images of synaptic terminals by electron microscopy and quantification of the number of synaptic vesicles in Control and VPS50 mKO neurons (n=50 cells per
condition). (G) Representative images of Ratio-SyPhy signal to determine synaptic vesicle acidification in Control and VPS50 mKO neurons. Scale bar, 25um. ***p<0.001.

Ahumada et al., Figure 1.


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.04.547745; this version posted July 5, 2023. 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-NC-ND 4.0 International license.

A _ MAP2

BN

0%

Control
VPS50 / PSD95

Control
VPS50/ Syn

Control
VPS50 / v-ATPase

VPS50 mKO
VPS50 / v-ATPase

Control
v-ATPase / Syn

VPS50 mKO @
v-ATPase / Syn §
B

Ahumada et al,, Figure 2.


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.04.547745; this version posted July 5, 2023. 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-NC-ND 4.0 International license.

A B
Control
4000 [ control
DvPss0 mko
< 0004
=
5
:E 20004
s
E 10004 i
0
c DCUntrUI
" [Evrsso mko
<
N
VPSS50mKO _ <™
2 8 *kk
4 2 fio%
3 i
20sec 004
D E F
Contrd 25 204 [ control
i — VPS50 mKO
WWW B Zis WvPssom
=15
e § 10
g 10 =
VPS50 mKO g 5 *kk o 5
WM Ve £
e a a
S raoms MAMPA EPSC
|
Control
hLthuL \ MM
J
VPS50 mKO
E b ¥bka ity e el

Ahumada et al,, Figure 3.

Control

VPS50 mKO

TIoms

H

%)

Frequency (Hz)

D Contral

[EvPsa0 mko

T

ddedk
=
~N *kk
L
(=]
£
g *kk
2
[=]
=
(=]
=
=
o = Con
w == YPSE0 kD
=3 T y
&
& & &
o Ca &
d e 2
5 & 2
& < ¥


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

VPS50

B-Tub

Cortex Hippocampus

£ &L

& &
& & & o

& & ol &

Cortex Hippocampus
O

& £
& &
& 5 &
S £ [sa <K

- - .

VPS50

“.q B-Tub

T -—-— s

Ahumada et al,, Figure 4.



https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.04.547745; this version posted July 5, 2023. 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-NC-ND 4.0 International license.

A epsc B 4o == . 30 -
Control (12¢, 4a) = Q = 251
' T 3+ =
| p— = 0 o To20-
b 12 T o 8
% 2— 3 15 b
w V-1 S 101
VPS50 mKO (16c, 7a) oo 1 E 5.
oy - - G
& © S
5 pAL— @Q "DQ@ (’OQ @6\
A?OO ms R \\Q%
D E F
SEPSC Dy 40 ——
Control (14c, 4a)
— . O —
———" " 5154 4 Y
- o o c I B 20+
v 4 Phsrms £ 1.0 B 6 = E
VPS50 mKO (14, 72) S gt
i . L os54f ¢ <
" " y 00 T |8 C 1 I
\\C\ {9 @} 4‘9
4 PASST s o & o é’Q®
& L

Ahumada et al,, Figure 5.


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.04.547745; this version posted July 5, 2023. 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-NC-ND 4.0 International license.

A B .
—&@—Control (95 4a) — VPS50 mKQ (12s,6a) =~
- = E 3
8 *
E
=1
£
200 myL_ B 2
sms T T T T T T T
0 5 10 15 20 25 30
Voltage (V)
C D
4
—&— Control {(12¢,4a) —(O—VPS50 mKO (14¢,5a) 5
7T WTT s
o
1
0 T T T T T
D D ISR
Interval (ms)
E F *
Control (9s,5a) VPS50 mKO (7s,5a) 1.5 a
- RT—— O
gl L 55§ in ‘
T i a= |
=3 ke
L1+
2o H| €
a00my| o
100 ms G
0.0 =ty i
SO
o ®®
&
G H
300
@ Control (9s,5a) O VPS50 mKO(7s 5a) HFS s
& 250 |
142 el Wﬁ%@
o
TR Y] I 1y (R PR e % T o i
Qotlrr.\:ilES m3|ﬁ15 100 RaiEr™
50 T T T T
0 10 20 30 40
Time {min)

Ahumada et al,, Figure 6.


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.04.547745; this version posted July 5, 2023. 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-NC-ND 4.0 International license.

A 150: B C
@ 25 * -6~ Control
e ” = VPS50 mKO
£100 g2 .
@ @
s 15
§ 50 £
g 510
[ k]
o z 5
0= T T T
1 2 3 4
Day
2009 o~ control 150 - Gontrol 100
= VPS50 mKO o = VPS50 mKO
@ 280
\g 1 50 z % * '%
o N100: * * @
2 N 2 60
2 g &
T 100 S e
> 2 S 40
g £ 50 5
= 50 ® £ 20
= o
0=+ T T T 0= T T T
1 2 3 4 1 2 3 4
Day Day

Ahumada et al., Figure 7.


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.04.547745; this version posted July 5, 2023. The copyright holder for this preprint (which
was not certifieA by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under an-BY’&NC:\I}j‘D 4.B International license.

» »
S £ S5
“0\ %‘306 %‘DQ% %‘Jgg %606
R R AR AN
- o
Y
S, g
—
—

Control
GGAAGGCTGACCCAGGCGGGCAGCTCCACGTGACGACTCACTATGGCTTCCCTGTGTTGTAGCCGGCTGTCTGGTGGGAT TATGTGATTTGTTACTTCTCCGAGGCAGG

sgRNA6 —

VPS50 EDITED b sgRNAT

GGAAGGCTGACCCAGGCG GGGATTATGTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCGGGCAGCT TGTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCGG GTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCGGGC ATTATGTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCGGGCAGCT TTATGTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGC: TGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCGGGCAGCTCCACGT TGGGATTATGTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCGGGCAGCTCCAC GTGGGATTATGTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCGGGCAGE TGTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCGGGCAGCTCCACG GGGATTATGTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGC TGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCGGGCAGCT ATTATGTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCGGGCAGCT ATTATGTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCGGGCA TATGTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCG GTGATTTGTTACTTCTCCGAGGCAGG
GGAAGGCTGACCCAGGCGGGC GTGATTTGTTACTTCTCCGAGGCAGG

Ahumada et al., Supplementary Figure 1.


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.04.547745; this version posted July 5, 2023. 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-NC-ND 4.0 International license.

MAR2 L PLA __ Merge

Control
Syn1-PSD95

Ahumada et al,, Supplementary Figure 2.


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.04.547745; this version posted July 5, 2023. The copyright holder for this preprint (which
was not cerfliied by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Control available under aCC-BY-NC-ND 4.0 International license.
" R umn-m R n-mmmmu ]
VPS50 mKO
L
2min
B 3000 c 1.57 —— Cantrol
< 2500 m < === VPS50 mKa
o o
= & 200 ==
< <& =s= Conral <£1D'W
85 1500 e VPS5D mKO i 55 dekok
30 en]ig Sm .
En 2a. . |®
o AUU}“\’\\\Q gwii| Tt 3
£ o
<L 200 w
T
BB BB A A D tob—r———rrr—
Tine Em?n? ¥ ? B3NS el o
Time {min)
Control
1000
2
S 7504
§
% 500 E
2
s [ cortral
2 o~ 004m
5 2509 & Evrsso mKko
o '; *%k
o 2 oo
1 2 3 4 @
Time (minutes) g
VPS50 mKO 2 wood
OO0 =
@
! z
é 7504 E Y
c ©
= o]
5 5004 2 gl
E
=
2
E 250+
&
o
1 3 4

Time {minutes)

Ahumada et al., Supplementary Figure 3.


https://doi.org/10.1101/2023.07.04.547745
http://creativecommons.org/licenses/by-nc-nd/4.0/

