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Abstract 

Background  The VPS50 protein functions in synaptic and dense core vesicle acidification, and perturbations 
of VPS50 function produce behavioral changes in Caenorhabditis elegans. Patients with mutations in VPS50 show 
severe developmental delay and intellectual disability, characteristics that have been associated with autism spectrum 
disorders (ASDs). The mechanisms that link VPS50 mutations to ASD are unknown.

Results  To examine the role of VPS50 in mammalian brain function and behavior, we used the CRISPR/Cas9 system 
to generate knockouts of VPS50 in both cultured murine cortical neurons and living mice. In cultured neurons, KO 
of VPS50 did not affect the number of synaptic vesicles but did cause mislocalization of the V-ATPase V1 domain 
pump and impaired synaptic activity, likely as a consequence of defects in vesicle acidification and vesicle content. 
In mice, mosaic KO of VPS50 in the hippocampus altered synaptic transmission and plasticity and generated robust 
cognitive impairments.

Conclusions  We propose that VPS50 functions as an accessory protein to aid the recruitment of the V-ATPase V1 
domain to synaptic vesicles and in that way plays a crucial role in controlling synaptic vesicle acidification. Under‑
standing the mechanisms controlling behaviors and synaptic function in ASD-associated mutations is pivotal 
for the development of targeted interventions, which may open new avenues for therapeutic strategies aimed at ASD 
and related conditions.
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Background
Thousands of mutations have been implicated in promot-
ing neurodevelopmental disorders, with different degrees 
of certainty and a myriad of phenotypes [1–6]. An under-
standing of the consequences of specific gene mutations 
will be crucial to identifying common pathways and 
potential therapies for these disorders. Autism spectrum 
disorders (ASDs) are neurodevelopmental disorders 
characterized by deficits in social interaction, repetitive 
behaviors, and anxiety [7]. In addition, memory perfor-
mance involving working and spatial memory is severely 
reduced in ASD patients [8, 9]. ASD can be driven by 
mutations that cause changes in brain wiring, structure, 
and function. Mutations in more than 1300 genes—
including single-nucleotide polymorphisms (SNPs), 
copy-number variations (CNVs), deletions, and duplica-
tions—are associated with ASD, reflecting the complexity 
of its multifactorial genetics [1–6]. In particular, muta-
tions that affect the function, loading, or availability of 
synaptic vesicles have been strongly associated with the 
manifestation of ASD-like phenotypes [10]. For instance, 
mice carrying mutations in Syn1, a synaptic vesicle com-
ponent, cause limited synaptic vesicle release and, in 
Nhe9, a Na + /H + exchanger, cause hyper-acidification of 
vesicles; both mice mutants show phenotypes associated 
with ASD [11–13].

The evolutionarily conserved VPS50 protein functions 
in synaptic and dense-core vesicle maturation and acidi-
fication both in Caenorhabditis elegans and in murine 
cultured neurons and controls behavioral state in C. 
elegans; VPS50 is widely expressed in both the C. elegans 
and the murine nervous system [14]. VPS50 is associ-
ated with components of the Golgi-associated retrograde 
protein (GARP) complex and more specifically with the 
endosome-associated recycling protein (EARP) com-
plex, suggesting a role in endocytosis of synaptic vesicles 
by early endosomes [15, 16]. In C. elegans VPS50 physi-
cally interacts with the protein VHA-15, a component of 
the V-ATPase complex pump responsible for acidifying 
both dense core and synaptic vesicles, and knockdown 
of VPS50 in cultured murine neurons causes a robust 
decrease in synaptic vesicle acidification [14]. In humans, 
a deletion spanning the Vps50 gene, and the calcitonin 
receptor, has been reported in an ASD patient [17]. More 
recently, two patients with a neurodevelopmental dis-
order including severe developmental delays and intel-
lectual disability were reported to carry homozygous 
loss-of-function mutations in Vps50 [18]. These findings 
implicate VPS50 in ASD. However, no mechanisms have 
been identified that link the phenotypes shown by these 
patients to their deficits in Vps50 function.

Below we describe our use of the CRISPR/Cas9 system 
to produce VPS50 knockouts (KO) in cultured murine 

neurons and mosaic knockouts (mKOs) in living mice, 
allowing us to analyze the role of VPS50 in synaptic func-
tion and mouse behavior. Our findings suggest mecha-
nisms through which VPS50 mutations contribute to 
ASD phenotypes in general and to cognitive impairment 
in particular. In addition, our brain mosaic VPS50 mKO 
animal model should enable further investigations into 
the cellular and molecular mechanisms underlying the 
function of VPS50 and its relationship to ASD.

Results
VPS50 modulates synaptic vesicle acidification 
and V‑ATPase V1 domain pump localization in cortical 
neurons
In C. elegans, VPS50 KO causes changes in behavior state, 
likely as a consequence of defects in synaptic and dense 
core vesicle acidification [14]. In mice, VPS50 is highly 
expressed in the central nervous system, and its knock-
down in culture causes dysregulation of synaptic vesicle 
acidification [14]. To further investigate the role of VPS50 
in regulating mammalian synaptic function and behavior, 
we used the CRISPR/Cas9 technology to generate VPS50 
KO murine neurons. Cortical neuron cultures from Cas9 
KI mice were transduced at 3 DIV with AAV encoding 
tdTomato as an infection marker alone or together with 
sgRNAs targeting the Vps50 gene. The transduction effi-
ciency reached > 90% of cultured neurons. Genomic DNA 
was extracted 10 days after infection, and a T7 endonu-
clease I assay was performed to determine the efficiency 
of gene editing. We tested different combinations of sgR-
NAs targeting the Vps50 genomic locus and observed 
the highest editing efficiency when the pair sgRNA1 and 
sgRNA6 were used together (Additional file 1: Fig. S1A).

Next, we performed a series of experiments using 
together sgRNA1 and sgRNA6 (hereafter referred to as 
“VPS50 KO” in culture and “VPS50 mKO” in mice). T7 
endonuclease I assay revealed that in cultured neurons 
VPS50 KO allows efficient gene editing (Fig.  1A). Edit-
ing of the Vps50 locus caused a ~ 70% reduction in VPS50 
mRNA and protein levels in cortical neurons (Fig. 1B–D), 
confirming an efficient KO of VPS50 after gene editing. 
Locus-specific sequencing showed the resulting edited 
genomic sequences that were introduced by CRISPR/
Cas9 as evidenced by the presence of deletions repre-
sented by dashes when compared to the WT sequence 
(Additional file 1: Fig. S1B). Since VPS50 has been related 
to synaptic vesicle acidification, we next evaluated if the 
number of vesicles was changed in VPS50 KO neurons. 
Importantly, VPS50 KO neurons showed no significant 
difference in the total number of synaptic vesicles as 
assessed by electron microscopy (Fig.  1E, F). To deter-
mine changes in synaptic vesicle acidification, we used 
the ratio-SyPhy probe, which in red signal shows all 
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synaptic vesicles and in green the vesicles with basic pH, 
we observed a robust reduction in vesicle acidification 
in VPS50 KO neurons (Fig.  1G). Quantification using a 
Mander’s coefficient to show the ratio of red clusters 
(vesicles) that are also green (high pH) shows a reduc-
tion in the coefficient (Fig. 1H), consistent with previous 
observations showing that VPS50 modulates synaptic 
vesicle acidification [14].

As VPS50 is enriched in synaptic and dense core vesi-
cles and appears as a soluble protein in mouse brain 
extracts [14], we next performed proximity ligation assays 
(PLA) to evaluate its approximate location within the 
synapse. PLA assesses the proximity between two pro-
teins of interest by generating a positive fluorescent sig-
nal. In this study, the positive signal is observed as puncta 
in the red channel (550 nm), indicating that the targeted 
proteins are within a distance of < 40 nm. First, we tested 
in control neurons whether VPS50 was proximal to either 
the post-synaptic protein PSD95 or the presynaptic pro-
tein in synaptic vesicles Synapsin1. We observed the PLA 
signal only in proximity to Synapsin1, confirming that 
VPS50 is near or within synaptic vesicles (Fig. 2A). This 
interaction was quantified showing high PLA puncta 
only in the VPS50/Syn1 condition (Fig. 2B). As controls, 
we performed PLA reactions using Synapsin1/Synapto-
physin and PSD95/Synaptophysin (Additional file 1: Fig. 
S2A-B). Since VPS50 interacts directly with ATP6V1H 
in murine tissue [14] and synaptic vesicle acidification 
is reduced in VPS50 KO neurons [14] (Fig. 1G, H), it is 
possible that VPS50 facilitates the sorting or assembly 
of the V-ATPase complex in synaptic vesicles to acidify 
them for neurotransmitter filling. To test this possibil-
ity, we used PLA to evaluate the proximity of VPS50 
and the V-ATPaseV1 domain of the pump in control 
neurons and observed PLA signal, indicating proximity 
between VPS50 and the V-ATPaseV1 domain (Fig.  2C; 
top). Importantly, in VPS50 KO neurons, this PLA signal 
was absent, confirming the reduced expression of VPS50 
and a consequent lack of interaction between VPS50 and 
the V-ATPaseV1 domain of the pump (Fig. 2C; bottom). 
Quantification of the PLA signal between VPS50/v-
ATPaseV1 shows a significant decrease in the number 

of puncta per field in VPS50 KO neurons (Fig. 2D). We 
then asked if the localization of the V-ATPaseV1 domain 
is disrupted in VPS50 KO neurons. While PLA experi-
ments examining the V-ATPaseV1 domain and Synap-
tophysin showed that they are in proximity in control 
neurons (Fig.  2E; top), no corresponding signal was 
observed in VPS50 KO neurons (Fig.  2E; bottom), 
strongly suggesting that KO of VPS50 causes a mislo-
calization of the V-ATPaseV1 domain. Quantification of 
PLA signal between v-ATPaseV1/Syn shows a significant 
decrease in VPS50 KO neurons (Fig. 2F). As a control to 
show that there are no changes in the expression of the 
interacting proteins, in all PLA experiments, we imaged 
in the blue channel (633 nm) the proteins of interest that 
were used to test interaction (Fig.  2). As an additional 
control for PLA experiments, we carried out western blot 
analyses of PSD95 and Synaptophysin in VPS50 KO neu-
rons. As expected, we found a small reduction in PSD95 
expression and no change in Synaptophysin expression 
levels (Additional file 1: Fig. S2I). Together, these results 
indicate that KO of VPS50 does not affect the total num-
ber of synaptic vesicles but produces a mislocalization 
of the V-ATPaseV1 domain that could in turn prevent 
the correct assembly of the v-ATPase complex and as a 
consequence could be likely responsible for the observed 
impairment in synaptic vesicle acidification [14] (Fig. 1G, 
H).

VPS50 KO impairs synaptic activity in cortical neurons
To further evaluate the effect of VPS50 KO on synaptic 
function, murine cortical neurons were infected at 3 DIV 
and miniature and spontaneous excitatory postsynaptic 
currents (mEPSC and sEPSC, respectively) were recorded 
at 12–13 DIV. Compared to control neurons, VPS50 KO 
neurons showed a strong reduction in both the ampli-
tude and frequency of sEPCS (Fig. 3A–C). To determine 
if the amplitude and frequency of sEPSC decreased with 
time, we performed continuous sEPSC recordings for 
30  min. While in control neurons we observed no sig-
nificant changes, VPS50 KO neurons displayed a signifi-
cant reduction in the amplitude of the sEPSCs over time 
(Additional file  1: Fig. S3A-C), consistent with the idea 

(See figure on next page.)
Fig. 1  VPS50 gene editing causes a decrease in synaptic vesicle acidification but no change in synaptic vesicle number. Cortical neurons 
from Cas9KI mice were transduced with sgRNA targeting VPS50 at 3 DIV to produce VPS50 KO. A T7 endonuclease I assay of control or VPS50 
KO cortical neurons. B RT-qPCR to quantify relative mRNA expression of VPS50. C VPS50 protein expression in VPS50 KO and control neurons. 
N-cadherin was used as loading control. D Quantification of VPS50 expression in western blots (n = 6 biological replicates). E, F Representative 
images of synaptic terminals as visualized by electron microscopy and quantification of the number of synaptic vesicles in control and VPS50 
KO neurons (n = 50 cells per condition from 3 independent experiments). G Representative images of the Ratio-SyPhy signal used to determine 
synaptic vesicle acidification in control and VPS50 mKO neurons. Red signal shows all synaptic vesicles and green signal shows vesicles with basic 
pH. H Quantification of Ratio-SyPhy signal showing Mander’s coefficient. Thirteen samples from 3 biological replicates were used for Ratio-SyPhy 
quantification. Scale bar: 400 nm (E); 25 μm (G). Unpaired t-test was used for statistical analysis; ***p < 0.001. Error bars represent ± SEM. ***p < 0.001
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Fig. 1  (See legend on previous page.)
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that vesicular content might be reduced in VPS50 KO 
neurons. Moreover, VPS50 KO neurons showed a dras-
tic reduction in the frequency but not in the amplitude 
of mEPSCs (Fig.  3D–F), an effect that could reflect an 
increase in the exocytosis of empty vesicles. This reduc-
tion in synaptic strength correlates with a decrease in 
neuronal activity, as the spontaneous spike frequency 
was decreased in VPS50 KO neurons compared to con-
trol neurons (Fig.  3G, H). In addition, calcium imaging 
using the genetically encoded GCaMP7 probe showed 
that VPS50 KO neurons were reduced in calcium event 
frequency, confirming deficient spiking (Additional 
file 1: Fig. S3D-E). To further evaluate if synaptic vesicle 
acidification was partly responsible for the reduction in 
vesicle content and neuronal activity, we used pHoenix, 
a genetically encoded proton pump targeted to synaptic 
vesicles [19]. Spontaneous spiking of pHoenix-infected 
control and VPS50 KO neurons was recorded for 1 min 
as baseline, and then, 532 nm light was used to activate 
pHoenix (yellow line under traces). During the 2-min 
activation period, we observed a partial recovery of spik-
ing in VPS50 KO neurons close to control levels (Fig. 3I, 
J; yellow line). Moreover, after stimulation, we observed 
no significant differences from control neurons (Fig. 3K). 
Altogether, our results strongly indicate that the reduc-
tion in synaptic activity in VPS50 KO requires synaptic 
vesicle acidification, since this reduction can be rescued 
by artificially acidifying synaptic vesicles.

VPS50 mKO impacts synaptic function and memory 
formation
Having demonstrated that VPS50 KO causes a deficit in 
vesicle acidification as shown by Ratio-SyPhy (Fig.  1G, 
H), and synaptic function in cultured cortical neurons 
(Fig. 3), we next aimed to evaluate whether VPS50 mKO 
in mice can cause changes in synaptic transmission and 
behavior in  vivo, as observed previously for C. elegans 
[14] and as suggested for humans [18]. Toward this end, 
we used the CRISPR/Cas9 system to induce VPS50 mKO 
in the intact mouse brain. We delivered high titer AAVs 

at postnatal day 1 (P1) intracerebroventricularly to Cas9 
KI mice. Animals were injected with the same sgRNAs 
tested previously in culture together with tdTomato as 
a fluorescence marker under the control of the human 
synapsin1 promoter; tdTomato alone was used as con-
trol. Post-mortem analyses showed high AAV infection 
in multiples brain areas (Fig.  4A, B), including the cor-
tex and the hippocampus (Fig. 4C). In those brain areas, 
VPS50 protein expression was significantly reduced > 70% 
(Fig.  4D–F), confirming efficient mKO of VPS50 after 
gene editing in the mouse brain. In addition, the expres-
sion of VPS50 mRNA was also significantly reduced 
in VPS50 mKO animals (Fig.  4G, H). No changes were 
observed in the brain length of VPS50 mKO mice; how-
ever, a significant difference in brain weight was found 
compared to the control group (Additional file  1: Fig. 
S4A-D). We then monitored basal synaptic function at 
Schaffer collateral-to-CA1 synapses in acute hippocam-
pal slices. We observed a significant decrease in the fre-
quency but not in the amplitude of miniature excitatory 
postsynaptic currents (mEPSCs) in VPS50 mKO synapses 
(Fig.  5A–C). Similarly, we observed a strong reduction 
in the frequency and amplitude of spontaneous EPSCs 
(sEPSCs) in VPS50 mKO synapses (Fig.  5D–F). Moreo-
ver, input/output curves revealed a large decrease in the 
amplitudes of evoked EPSC at all stimulus intensities 
tested for VPS50 mKO synapses (Fig. 6A, B). Importantly, 
paired-pulse facilitation remained unchanged (Fig.  6C, 
D), suggesting that the decrease in evoked EPSC ampli-
tude cannot be explained by changes in release prob-
ability, but rather could be a consequence of a decrease 
in vesicle content and/or vesicle refilling caused by a 
change in the level of acidification, as observed for cul-
tured neurons (Fig. 1G). To further evaluate whether the 
filling state of vesicles might be involved in this synaptic 
change, we used high-frequency stimulation to assess 
the response of VPS50 mKO synapses. High-frequency 
stimulation promotes full fusion of synaptic vesicles and 
posterior fast endocytosis for neurotransmitter filling. 
Thus, during high-frequency stimulation, a neuron with 

Fig. 2  VPS50 KO causes mislocalization of v-ATPaseV1 domain in cortical neurons. Proximity-ligation assays (PLAs) was used to determine proximity 
between studied proteins as indicated in each case. A positive PLA signal, thus proximity between the proteins, is observed as red puncta in images 
(red channel, 546 nm). In all experiments, an antibody against the microtubule-associated protein 2 (MAP2) was used to stain processes of all 
neurons (green channel, 488 nm). Merge shows superimposed images of MAP2 (green), PLA signals (red), and the signal for a protein of interest 
as shown in the figure (blue, 633 nm). A PLA using PSD95 or Synapsin1 (Syn1) antibodies to define pre- or post-synaptic localization of VPS50 
in control neurons. B Quantification of PLA puncta per field of VPS50/PSD95 and VPS50/Syn1. C PLA to assess proximity of VPS50 and v-ATPAseV1 
domain in control and VPS50 KO neurons. D Quantification of PLA puncta per field of VPS50/v-ATPaseV1 in control and VPS50 KO neurons. E PLA 
to determine proximity of v-ATPaseV1 domain and Synaptophysin (Syn) in control and VPS50 KO neurons. F Quantification of PLA puncta per field 
of v-ATPaseV1 domain/Syn in Control and VPS50 KO neurons. Six low magnification (20 ×) fields from 3 independent biological samples were used 
for quantification in each condition. Scale bars, 25 μm. Unpaired t-test was used for statistical analysis; ***p < 0.001. Error bars represent ± SEM

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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Fig. 3  VPS50 KO neurons show a reduction in synaptic activity that can be recovered by inducing synaptic vesicle acidification. Cortical neuronal 
cultures from Cas9KI animals were transduced at 3DIV and at 12–13 DIV used for electrophysiology or calcium imaging. A Representative traces 
and B, C quantification of amplitude (B) and frequency (C) of spontaneous AMPA-mediated EPSCs. D Representative traces and E, F quantification 
of the frequency (E) and amplitude (F) of miniature AMPA-mediated currents. G Representative traces and quantification of the frequency (H) 
of current clamp recordings of control and VPS50 KO neurons. I–K Representative traces of current clamp recordings of control and VPS50 KO 
neurons expressing pHoenix. Orange bars under the traces show the periods pHoenix was activated. K Quantification of the frequency of spiking 
of control and VPS50 KO neurons before, during, and after stimulus with pHoenix to artificially acidify synaptic vesicles. For all experiments, at least 
18 neurons from 3 independent experiments were analyzed. Unpaired t-test was used for statistical analysis; ***p < 0.001. Error bars represent 
mean ± SEM
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Fig. 4  Systemic injection of AAV at P1 to produce VPS50 mKO. A, B Representative image of coronal sections of a mouse brain (VPS50 mKO) 
injected at P1 with AAV after 15 weeks to show infection efficiency by tdTomato fluorescent signal. Two different sections are shown to show 
broad infection. A, B (right) Anatomical annotations from the Allen Reference Atlas – Mouse Brain (atlas.brain-map.org), at the same slice position 
as A and B (left). Scheme of the relative positions are shown to identify brain areas. C Higher magnification image of a hippocampus section 
showing transduction efficiency. D Representative western blot analyses for the detection of VPS50 expression in control and VPS50 mKO animals 
in both cortex and hippocampus. B-tubulin was used as loading control. E, F Quantification of VPS50 expression in western blots from cortex (E) 
or hippocampus (F) n = 6 animals per condition. G, H RT-qPCR to quantify expression of VPS50 in cortex (G) or hippocampus (H), n = 13 animals 
per condition. Scale bar, 500 μm. Unpaired t-test was used for statistical analysis; ***p < 0.001. Error bars represent ± SEM
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partial or null synaptic vesicle filling would be detected 
as a decrease in quantal size. Under this condition, the 
responses of VPS50 mKO to high-frequency stimulation 
synapses were greatly reduced compared to control syn-
apses (Fig. 6E, F), strongly suggesting that vesicle content 

is reduced in VPS50 mKO synapses. Next, we investi-
gated the impact of VPS50 mKO on hippocampal long-
term synaptic plasticity (LTP), the cellular mechanism 
underlying learning and memory. We found that the 
magnitude of LTP induced by high-frequency stimulation 

Fig. 5  Hippocampal spontaneous excitatory synaptic activity is impaired in VPS50 mKO mouse. A Representative traces of mEPSCs recorded 
from CA1 pyramidal neurons in acute hippocampal slices of control and VPS50 mKO animals. B, C Quantification of the frequency (B) and amplitude 
(C) of mEPSCs. D Representative traces of sEPSCs in hippocampal slices of control and VPS50 mKO animals. E, F Quantification of the frequency (E) 
and amplitude (F) of mEPSCs. In each representative trace (A–D), the numbers of cells (c) and animals (a) are indicated in parentheses. Two-samples 
Student t-test was used for statistical analysis; *p < 0.05, ***p < 0.001. Summary data consist of mean ± SEM

Fig. 6  Hippocampal synaptic function and plasticity are impaired in VPS50 mKO mice. Electrophysiological recordings characterizing Schaffer 
collateral-to-CA1 synapses in acute hippocampal slices of control and VPS50 mKO animals. A Representative traces fEPSP of input–output curve 
elicited at different stimulus intensities. B Input–output curves reveal a strong reduction in the amplitude of fEPSC at all stimulus intensities tested. 
C Representative traces and D quantification of paired-pulse facilitation at different inter-stimulus intervals. E Representative synaptic responses 
and F quantification showing a strong synaptic depression in response to a single high-frequency stimulus train (100 pulses at 100 Hz) that likely 
reflect a reduce vesicular content in VPS50 mKO synapses compared to control synapses. G Representative traces before and after LTP induction 
elicited by four trains of high-frequency stimulation. Sample traces were taken at times indicated by numbers in summary plot. H Summary plot 
showing that the magnitude of LTP is reduced in VPS50 mKO animals. In each representative trace, the number of slices (s) or cells (c) and animals 
(a) are indicated in parenthesis. Two-samples Student t-test was used for statistical analysis; *p < 0.05. Summary data consist of mean ± SEM

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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was reduced in mice with disrupted VPS50 compared 
to controls (Fig.  6G, H), suggesting that there might be 
cognitive deficits in the context of memory formation in 
VPS50 mKO mice.

Finally, we evaluated the cognitive performance of 
VPS50 mKO mice in the Barnes maze and a fear-condi-
tioning apparatus (Fig. 7), two memory formation para-
digms dependent on the hippocampus. First, we asked if 
VPS50 mKO mice had locomotor problems that might 
affect their performance in behavioral testing. Accel-
erated rotarod test showed that VPS50 mKO animals 
spent more time on the ramp, evidencing better motor 
function than control animals (Fig.  7A). In the Barnes 

maze (Fig. 7B), VPS50 mKO animals made a significantly 
higher number of primary errors (holes checked before 
finding the escape hole) on days 1 and 2 (Fig.  7C) but 
behaved similarly to control error numbers on days 3 and 
4. Also, primary latency, the time the animal takes to find 
the escape hole, was significantly affected in VPS50 mKO, 
but only on the first day (Fig. 7D), and VPS50 mKO ani-
mals spent significantly less time in the escape zone on 
days 1–3 compared to control littermates (Fig. 7E). These 
data indicate that VPS50 mKO animals have deficits 
in the short-term acquisition of spatial learning. Using 
the context-dependent fear-conditioning paradigm, we 
found that VPS50 mKO animals significantly decreased 

Fig. 7  VPS50 mKO animals show impaired hippocampal memory formation. Brain-wide control and VPS50 mKO animals were subjected 
to behavioral testing. A Quantification of the time spent on the ramp on the accelerated rotarod apparatus. B Scheme of the Barnes maze memory 
paradigm in which clues attached to the wall, escape hole, and escape zone are shown. C Quantification of the numbers of primary errors made 
by control and VPS50 mKO animals before finding the escape hole. D Quantification of the primary latency of control and VPS50 mKO animals 
to find the escape hole. E Quantification of the time control and VPS50 mKO animals spent in the escape zone. F Quantification of freezing 
percentage time shown by control and VPS50 mKO animals in the fear conditioning paradigm. For behavioral experiments, a total of N = 13 animals 
per condition were assayed. Unpaired t-test was used for statistical analysis; *p < 0.05. Error bars represent ± SEM
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in freezing compared to control littermates (Fig.  7F). 
Together, these results indicate that VPS50 mKO mice 
display alterations in hippocampal synaptic function and 
memory deficits dependent on this brain area.

Discussion
The VPS50 protein is evolutionarily conserved, with 
homologs in C. elegans, M. musculus, and humans, 
reflecting its fundamental importance in cellular func-
tion [14, 18]. VPS50 has been associated with the EARP 
complex (endosome-associated recycling protein) and 
more specifically with dense core and synaptic vesicles 
[20]. Studies of C. elegans revealed that VPS50 controls 
locomotion and behavioral state by controlling vesicle 
acidification and function, likely by regulating the assem-
bly of the V-ATPase pump [14]. The V-ATPase pump is 
recruited to synaptic vesicles after recycling to facilitate 
neurotransmitter filling [21]. C. elegans mutants in the 
gene unc-32, which encodes the homolog of the human 
V-ATPase pump, have severe deficits in motoneuron 
neurotransmission [22]. Interestingly, the V-ATPase 
pump acidifies cellular compartments broadly in the cell; 
specificity is conferred by the differential formation of 
the complex by different isoforms and protein interac-
tions [23].

Our findings reveal a critical role of VPS50 in synap-
tic function and behavior in mammals and demonstrate 
that this role likely involves synaptic vesicle acidification. 
Using CRISPR/Cas9 to produce KO of VPS50 in cultured 
cortical neurons, we showed that VPS50 KO neurons 
exhibited mislocalization of the V-ATPaseV1 domain, 
lacking proximity to synaptic vesicles, without affecting 
the total number of synaptic vesicles. Instead, this mislo-
calization impedes the correct assembly of the v-ATPase 
complex affecting vesicle acidification, thereby influenc-
ing vesicular content and/or vesicle refilling. The lim-
ited acidification of synaptic vesicles is known to reduce 
neurotransmitter filling and cause a consequent decline 
in synaptic activity [10, 21, 24]. Our findings strongly 
indicate that VPS50 plays a crucial role in facilitating the 
proper sorting of the v-ATPaseV1 domain near synaptic 
vesicles or the assembly of the v-ATPase complex that 
permits synaptic vesicle acidification.

Our data further demonstrate that in cultured neurons 
the reduction of VPS50 impairs synaptic transmission 
and that these deficiencies can be recovered by artificially 
acidifying synaptic vesicles. Electrophysiological record-
ings using hippocampal slices showed a strong decrease 
in the frequency of spontaneous synaptic events, a reduc-
tion of the amplitude after high-frequency stimulation, 
and a severe deficit in LTP formation. These observations 
strongly support the idea that the changes observed in 
synaptic activity were a consequence of the exocytosis of 

empty or partially filled synaptic vesicles, similar to what 
has been shown in cultured hippocampal neurons in 
which the v-ATPase pump had been pharmacologically 
blocked [25]. These synaptic transmission defects likely 
caused the impaired memory formation of VPS50 mKO 
animals, linking the deficits in synaptic vesicle acidifica-
tion and/or synaptic filling to complex cognitive behav-
iors such as learning and memory formation. Deficits 
in working and spatial memory have been described as 
one of the phenotypes of ASD patients [8, 9], a pheno-
type that has also been described for patients with VPS50 
mutations [18].

In summary, our data demonstrate that VPS50 modu-
lates synaptic transmission by facilitating the recruit-
ment of the V-ATPase pump to synaptic vesicles, thereby 
enabling vesicle acidification and modulating vesicle 
content. Deficits in this process, as exhibited by VPS50 
mKO mice, result in cognitive impairment. Future stud-
ies of VPS50 mKO mice should provide a comprehensive 
understanding of the behavioral consequences of VPS50 
mKO and provide insights into how mutations in the 
VPS50 gene can lead to ASD.

Conclusions
Our study provides compelling evidence for the critical 
role of the evolutionarily conserved VPS50 protein in 
synaptic function and behavior across mammalian spe-
cies. Utilizing CRISPR/Cas9 knockout techniques, we 
have elucidated the involvement of VPS50 in regulat-
ing synaptic vesicle acidification, a process crucial for 
neurotransmitter filling and synaptic activity. Our find-
ings shed light on the molecular mechanisms underly-
ing VPS50’s function and highlight the significance of 
VPS50 in maintaining synaptic transmission integrity, as 
evidenced by the impaired synaptic activity and cognitive 
deficits observed in VPS50 mKO mice. These results not 
only deepen our understanding of synaptic function but 
also provide valuable insights into the etiology of neu-
rodevelopmental disorders such as ASD.

Methods
Animals and injections
All animal procedures and experiments were performed 
according to NIH and ARRIVE guidelines and were 
approved by MIT Committee on Animal Care (CAC) and 
the animal ethics committee from Universidad Andrés 
Bello (020/2018). Animal injections were performed as in 
[26, 27]. Briefly, newborn Cas9 KI mice (C57BL/6J; JAX 
026179) were cryoanesthetized in a cold aluminum plate 
and injected with 1 μL of concentrated AAV (1 × 1011 vg) 
in each cerebral ventricle at a depth of 3 mm in the ani-
mal’s head at 2/5 of the intersection between lambda and 
the eye with a 10-μL HAMILTON syringe (Hamilton, 
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7653–01) and a 32-G needle (Hamilton, 7803–04). After 
the injection, mice were placed in an infrared heating pad 
at 37 °C until they recovered their pink color, at which 
point they were returned to the cage with their mother 
[26–28]. In the third week after birth, mice were weaned 
and separated by sex into cages with a 12 h/12 h light/
dark cycle with free access to food and water. An elec-
tronic chip (p-chips, Pharmaseq) with a unique identi-
fier was put in the tail of each injected animal to facilitate 
animal tracking. After behavioral testing, mice were 
anesthetized with isoflurane (3% in 0.8 L/min air flow) 
in an induction chamber for 3 min and decapitated for 
molecular analyses.

Neuronal cultures
At P1, neonatal mice were quickly decapitated and dis-
sected in ice-cold HBSS to obtain cerebral cortices as 
described by [26, 27, 29, 30]. Cortices were minced and 
incubated for 20 min at 37 °C with papain (Worthington, 
USA) for enzymatic digestion. Then, cells were transferred 
to a 15-ml tube containing plating media (D-MEM supple-
mented with 10% fetal bovine serum and 100 U/ml peni-
cillin/streptomycin; Life technologies 15,070–063). Cells 
were resuspended by mechanical agitation through fire-
polished glass Pasteur pipettes of decreasing diameters. 
Cells were plated on freshly prepared poly-L-lysine-coated 
plates. After 2 h, plating media were replaced with growth 
media (Neurobasal-A (Life technologies 1,088,802) sup-
plemented with B27 (Life technologies 17,504,044), 2 mM 
L-glutamine (Life technologies 25,030–081), 100 U/ml 
penicillin/streptomycin (Life technologies 15,070–063)). 
Half of the media was replaced every 3 days.

AAV production
AAV viral particles containing sgRNA directed to VPS50, 
red fluorescent protein tdTomato under the control of the 
human Synapsin1 promoter (hSyn), and packaged with 
the PHP.eB capsid [31] were obtained from HEK 293T 
cells and purified as described by [26, 27]. AAVs were 
also prepared using transfer plasmids encoding GCamP7f 
to measure calcium transients (Addgene Cat#104,488), 
and custom AAV plasmids for enhanced Cas9 (eCas9) 
[32], SyPhy to assess synaptic vesicle acidification [33], 
plus pHoenix to artificially acidify synaptic vesicles [19]. 
Briefly, HEK 293T cells were grown to approximately 
6 × 104 cells/cm2 with DMEM 10% FBS. Cultures were 
transfected using the PEI “MAX” reagent (Polysciences, 
Cat 24,765) with PHP.eB capsid plasmids, the vector with 
transfer plasmids, and the helper plasmid DF6. After 24 h 
of transfection, the media was exchanged for DMEM 1% 
FBS. After 72 h, media was collected from the plates and 

replaced with fresh DMEM 1% FBS. The collected media 
was stored at 4 °C, and 120 h after transfection cells were 
detached from the plate and transferred to 250-mL coni-
cal tubes, together with the collected media and centri-
fuged for 10 min at 2000g. The supernatant was removed 
and saved for later use, and the pellet was resuspended 
in SAN digestion buffer (5 mL of 40 mM Tris, 500 mM 
NaCl, and 2 mM MgCl2 pH 8.0) containing 100 U/mL of 
Salt Active Nuclease (Arcticzymes, USA) and incubated 
at 37 °C for 1 h. The supernatant was precipitated using 
8% PEG 8000 and 500 mM NaCl, incubated on ice for 
2 h, and centrifuged at 4000g for 30 min in 250-mL bottles. 
Pellet was resuspended with SAN digestion buffer and 
the complete solution was placed in an iodixanol gradient 
(15 to 60%) and centrifuged at 350,000g for 2.5 h. The phase 
containing the AAV was rescued and frozen at − 80 °C 
for later use.

Proximity ligation assays
Assays were conducted using the Duolink PLA Fluores-
cence kit (Sigma-Aldrich) following the manufacturer’s 
instructions. Briefly, cortical cultured neurons were fixed 
using 4% paraformaldehyde for 20 min at RT, washed 
3 times with PBS, permeabilized using 0.05% Triton 
X-100 for 5 min, and rinsed 3 times with PBS. Samples 
were incubated with blocking solution for 1 h at 37 °C 
and incubated with primary antibodies (VPS50, Sigma 
Aldrich, HPA026679, rabbit 1:100; PSD95, Neuromabs, 
75–348, mouse 1:250; Synapsin1, Synaptic Systems, 
106,011, mouse 1:1000; Synaptophysin, Zymed, 180,130, 
rabbit 1:1200; v-ATPase H, Santa Cruz Biotechnology, 
SC-166227, mouse 1:100) overnight at 4 °C. Samples 
were washed twice with buffer A for 5 min, incubated 
with plus-minus probes for 1 h at 37 °C, washed twice 
with buffer A, and incubated with ligation mixture for 30 
min at 37 °C. Samples were washed twice with buffer A, 
incubated with an amplification mixture for 2 h at 37 °C, 
and washed twice for 10 min with buffer B. Lastly, sam-
ples were mounted, and images were acquired using a 
Nikon C2 + confocal microscope (Nikon, USA).

Brain sectioning and mounting
To assess brain infection, half of the brains were sub-
merged in PBS + 4% PFA + 4% Sucrose into 30-mL flasks 
and fixed for a minimum of 24 h. After fixation, a Leica 
VT1000 vibratome was used to cut 100-μm coronal sec-
tions. Slices were kept in PBS 1X and mounted using 
Fluoromount G (EMS, Hatfield, PA) to preserve the fluo-
rescence signal. Brain images were captured with a Nikon 
Eclipse TE2000 epifluorescence microscope (Nikon, USA).
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Protein extraction and electrophoresis
For immunodetection tests, proteins were extracted 
from the cortex and hippocampus of mice brains. Fifty 
milligrams of tissue was ground in N-PER lysis buffer 
(ThermoFisher Product No. 23225) with protease and 
phosphatase inhibitors (cOmplete Protease Inhibi-
tor Cocktail 11,697,498,001, Roche Diagnostics) until a 
homogeneous solution was achieved and incubated for 10 
min on ice. This extract was centrifuged at 10,000g for 10 
min at 4 °C. The supernatant with extracted proteins was 
collected and quantified using the BCA method, follow-
ing the manufacturer’s recommendations (Perkin-Elmer). 
For electrophoresis, the proteins were denatured in load-
ing buffer (NuPAGE LDS Sample buffer 4X; NP0007) and 
heated at 95 °C for 10 min. Forty micrograms of the sam-
ple was loaded onto an SDS 6% acrylamide-bisacrylamide 
gel to visualize proteins larger than 100 kDa and a 10% 
gel for proteins smaller than 100 kDa. Electrophoresis 
was performed at 80–150 V constant voltage in running 
buffer (25 mM Tris·Cl, 250 mM glycine, 0.1% SDS) in a 
minichamber (MiniPROTEAN System, BIO-RAD).

Western blots
After electrophoresis, proteins were transferred to an 
activated PDVF membrane in transfer buffer (250 mM 
glycine, 25 mM Tris–Cl, 20% methanol) at 400 mA con-
stant current for 1.5 h. To verify protein transfer, the 
membrane was incubated with Ponceau red S (0.1% 
Ponceau S, 5% acetic acid). The membrane was washed 
with TBS/Tween 20 0.05% until the Ponceau red staining 
was removed. Next, the membrane was blocked for 1 h 
to eliminate non-specific protein binding sites in a 0.05% 
TBS/Tween 20 solution with 5% skim milk. The mem-
brane was then incubated with the specific primary anti-
body VPS50 (Sigma, HPA026679-100UL, Rabbit, 1/500 
dilution) in 0.05% TBS/Tween 20 solution with 5% skim 
milk at 4 °C overnight. The membrane was washed with 
TBS/Tween 20 0.05% five times for 5 min each. Then, 
the membrane was incubated with a second antibody 
directed against the first antibody and coupled to horse-
radish peroxidase (HRP) (anti-rabbit HRP, CS7074, Cell 
Signaling Technology, USA) in TBS/Tween 20 0.05% with 
5% skim milk at room temperature for 1 h. The mem-
brane was washed with TBS/Tween 20 0.05% five times 
for 5 min each. Detection was performed with chemilu-
minescence reagents (SignalFire™ Elite ECL Reagent). 
Protein expression was normalized to β-Tubulin expres-
sion (Abcam, ab6046, Rabbit, 1/500) or N-Cadherin 
(Santa-Cruz Biotechnology, SC-7939, rabbit. 1/500).

DNA and RNA extraction
Thirty to 50 mg of tissue were weighed for DNA and 
RNA extractions with Quick-DNA/RNA Miniprep kit 

(Zymo Research, D7001). Briefly, the tissue was homog-
enized with a Dounce homogenizer in lysis buffer and 
centrifuged for 30 s at 14,000g. The supernatant was col-
lected and transferred to a Zymo-Spin IIICR column in a 
collection tube and centrifuged at 14,000g for 30 s. The 
filtrate was used for RNA extraction, and the column for 
DNA extraction. For RNA extraction, the same volume of 
100% ethanol was added and homogenized, transferred 
to a Zymo-Spin IICR column, and centrifuged at 14,000g 
for 30 s. The column was then treated with DNase I, 400 
μL DNA/RNA Prep Buffer was added, and the column 
was centrifuged and washed twice with wash buffer. To 
elute the RNA, 25 μL of nuclease-free water was added, 
incubated for 3 min, quantified, and stored at − 80 °C for 
later use. For DNA extraction, 400 μL DNA/RNA Prep 
Buffer was added to the Zymo-Spin IIICR column, and 
the column was centrifuged and washed twice with wash 
buffer. To elute the DNA, 50 μL of nuclease-free water 
was added, incubated for 5 min, quantified, and stored 
at − 80 °C for later use.

RT‑qPCR
RT-qPCR assays were performed using 400 ng of 
extracted total RNA. To obtain complementary DNA 
(cDNA), each sample was mixed with 0.25 μg Oligo-dT 
(New England Biolab S1316S) in 10 μL of nuclease-free 
water, denatured at 75 °C for 5 min and then quickly 
transferred to 4 °C for 5 min. Reverse transcription (RT) 
was performed in a final 20 μL volume containing: 10 μL 
denatured RNA, 100 U of M-MLV Reverse Transcriptase 
(NEB; M0253S), M-MLV RT buffer (NEB; B0253S) 1X, 
20 U of RNase Inhibitor (NEB; M0314S), and 0.5 mM of 
dNTPs (Biotechnology N557-0.5ML). The mixture was 
incubated at 42 °C for 1 h, then at 95 °C for 5 min, and 
the reaction was stopped at 4 °C and then diluted five times 
with nuclease-free water. Three microliters of the diluted 
cDNA were used for real-time PCR reactions, using relative 
abundance by the ddCt method, and GAPDH transcript as 
a loading control. Transcript detection was performed with 
specific primers for VPS50 mRNA (Sense: TGT​TAC​TTC​T​C​
C​GAG​GCA​GG, Antisense: G​C​T​CTC​AAA​GGA​CCA​A​GA​T) 
and GAPDH mRNA (Sense: ATG​GTG​AAG​GTC​GGT​GTG​
AA, Antisense: CA​T​TCT​C​G​G​CCT​TGA​CTG​TG).

Transmission electron microscopy
Electron microscopy was conducted as described in 
[34]. Briefly, cortical neurons were grown on sterilized 
Aclar pieces (EMS, Cat#50,425) and infected at 3 DIV 
with AAVs to produce VPS50 KO. Ten days after infec-
tion, cultures were fixed with 4% Glutaraldehyde in 
0.1M Cacodylate Buffer for 1 h at RT, and a secondary 
fix in 1% Osmium tetroxide in 0.1M Cacodylate buffer 
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on ice 1 h. Samples were dehydrated using increas-
ing concentrations of ethanol and embedded in Epon 
resin using an aluminum weighing dish at 60 °C for 48 
h. After polymerization the resin was taken out of the 
aluminum dish, pieces were sawed out and mounted for 
sectioning at 50 nm and imaged using a transmission 
electron microscope (JEOL JEM-1200 ExII) and CCD 
camera (AMT XR-41).

Calcium imaging
Control and VPS50 KO cortical neurons were co-infected 
at 3 DIV with GCaMP7f. At 10 days in vitro (DIV), neu-
rons were imaged using a Nikon Eclipse TE-2000 micro-
scope (Nikon, USA) equipped with a CO2/temperature 
chamber (Tokai-Hit). Pictures were acquired every 30 ms 
for 5 min. Using ImageJ (NIH) regions of interest were 
selected in neuronal somas to determine fluctuations of 
fluorescence over time to calculate calcium transient fre-
quency. The Kolmogorov–Smirnov test was used to test 
for significance.

Electrophysiology of cultured neurons
Whole-cell patch-clamp recordings of infected corti-
cal neurons were performed and analyzed as previously 
described [27, 30, 35]. The external solution contained 
150 mM NaCl, 5.4 mM KCl, 2.0 mM CaCl2, 2.0 mM 
MgCl2, 10 mM HEPES (pH 7.4), and 10 mM glucose. 
Patch electrodes (5–7 MΩ) were filled with 120 mM 
CsCl, 10 mM BAPTA, 10 mM HEPES (pH 7.4), 4 mM 
MgCl2, and 2 mM ATP-Na2. After the formation of a 
high resistance seal and break-in (> 1 GΩ), whole-cell 
voltage and current signals were recorded with an Axo-
patch 700B amplifier (Molecular Devices). Signals were 
low-pass filtered (5 kHz) and digitized (5–40 kHz) using 
a PC with pClamp10 software. Cells were held at − 60 mV.

To analyze synaptic function, we recorded isolated 
AMPA-mediated synaptic currents using a mixture of 
antagonists against NMDA receptors (NMDARs; 20 μM 
d-APV) and GABAA receptors (GABAARs; 2 μM bicuc-
ulline). In some experiments, the sodium channel blocker 
tetrodotoxin (TTX; 500 nM) was added to the bath to 
record miniature AMPA-mediated currents. For cur-
rent-clamp analyses, cells were patched, and spontane-
ous spiking of cells was recorded. MiniAnalysis software 
(Synaptosoft) was used to analyze synaptic events. The 
frequency and amplitude of currents were automatically 
calculated and plotted.

Hippocampal slice electrophysiology
Electrophysiological recording from hippocampal slices 
was conducted as previously described [27, 30, 36–38]. 

Briefly, acute coronal hippocampal slices (400 mm thick) 
were prepared from control and VPS50 mKO mice at 
postnatal day (P) 30 to P45. Mice were anesthetized with 
isoflurane (3% in 0.8 L/min air flow) in an induction 
chamber for 3 min and decapitated. Brain slices were cut 
using a DKT vibratome in a solution containing the fol-
lowing: 215 mM sucrose, 2.5 mM KCl, 26 mM NaHCO3, 
1.6 mM NaH2PO4, 1mM CaCl2, 4 mM MgCl2, 4 mM 
MgSO4, and 20 mM glucose. After 30-min recovery, 
slices were incubated in an artificial CSF (ACSF) record-
ing solution containing the following: 124 mM NaCl, 2.5 
mM KCl, 26 mM NaHCO3, 1 mM NaH2PO4, 2.5 mM 
CaCl2, 1.3 mM MgSO4, and mM 10 glucose equilibrated 
with 95% O2/5% CO2, pH 7.4. Slices were incubated in 
this solution for 30 min before recordings.

Except as otherwise indicated, all electrophysiological 
experiments were performed at 28 ± 1 °C using a submer-
sion-type recording chamber perfused at 1–2 ml/min 
rate with ACSF supplemented with the GABAA receptor 
antagonist picrotoxin (PTX; 100 μM). Extracellular field 
potentials (fEPSPs) were recorded with a patch pipette 
filled with 1 mM NaCl and placed in the CA1 stratum 
radiatum. Whole-cell voltage-clamp recordings (Multi-
clamp 700B Molecular Devices, USA) were made from 
CA1 pyramidal neurons voltage-clamped at − 60 mV 
using patch pipette electrodes (3–4 MΩ) containing the 
following intracellular solution: 131 mM Cs-gluconate, 8 
mM NaCl, 1 mM CaCl2, 10 mM EGTA, 10 mM glucose, 
10 mM HEPES, pH 7.2, 292 mmol/kg osmolality. fEPSPs 
and EPSCs were evoked by stimulating Schaffer collat-
eral inputs with a monopolar electrode filled with ACSF 
and positioned ~ 100–150 μm away from the recording 
pipette. mEPSCs were recorded at 32 ± 1 °C in the con-
tinuous presence of tetrodotoxin (TTX, 500 nM) to block 
action potential-dependent release, whereas sEPSCs were 
recorded in the absence of TTX. Short-term synaptic 
plasticity was induced by two pulses (100 ms interstimu-
lus interval) to calculate a paired-pulse ratio (PPR) that 
was defined as the ratio of the slope or amplitude of the 
second fEPSP/EPSC to the slope or amplitude of the first 
fEPSP/EPSC, respectively. Long-term potentiation (LTP) 
was induced by 4 trains of 100 pulses at 100 Hz repeated 
four times, separated by 10 s. The magnitude of LTP 
was compared with baseline 30–40 min after applying 
the stimulation protocol. Reagents were obtained from 
Sigma, Tocris, and Ascent Scientific; prepared in stock 
solutions (water or DMSO); and added to the ACSF as 
needed. Total DMSO in the ACSF was maintained at less 
than 0.01%. For the whole-cells experiments, series resist-
ance (range, 8–12 MΩ) was monitored throughout the 
experiment with a 5 mV, 80 ms voltage step, and cells that 
exhibited significant changes in series resistance (20%) 
were excluded from analysis. All recordings were elicited 
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at 15–20-s intervals, filtered at 2.4 kHz, and acquired at 
10 kHz, using custom-made software written in Igor Pro 
6.36 (WaveMetrics). Statistical comparisons were made 
using two samples Student’s t-test at p < 0.05 significance 
level, using Origin 9.3 Pro software (OriginLab). Unless 
otherwise indicated, all slice electrophysiological values 
are provided as mean ± S.E.M and illustrated traces are 
average of 15–20 responses.

Behavioral analyses
All behavioral tests of mice were performed 8 weeks after 
AAV injection and conducted as previously described 
[26, 27, 30, 38]. Before each test, mouse cages were trans-
ported to the behavior room and habituated for 30 min 
in the dark. After completing a trial, the equipment and 
devices used were cleaned with 70% ethanol. Tests were 
recorded and analyzed with ANY-Maze software (Stoelt-
ing, USA). Behavior tests were performed between 9:00 
am and 6:00 pm. At the end of the battery of behavioral 
tests, the animals were sacrificed for subsequent molecu-
lar analyses.

Contextual fear conditioning
An UGO-BASILE apparatus controlled by ANY-Maze 
was used. This equipment consists of a sound attenuat-
ing box, fan, light (visible/IR), a speaker, a USB camera, 
a single onboard controller, and a mouse cage. All tri-
als were recorded, and all mice underwent habituation, 
conditioning, and testing phase. Twenty-four hours after 
training, the animals were tested for contextual memory. 
Each mouse was placed in the fear-conditioning box, 
allowed to explore for 5 min freely, and returned to its 
cage. The number of freezing episodes and freezing time 
were recorded.

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

Data analysis
All values are presented as means ± standard errors (SE) 
for three or more independent experiments. Most statis-
tical analyses were performed using the Student’s t-test, 
whereas slice electrophysiological data were compared 
using two-tailed Student’s t-test. For calcium imaging 
analyses, the Kolmogorov–Smirnov test was used to test 
for significance. Values of p < 0.05 are considered statis-
tically significant. Statistical analyses were performed 
using OriginPro 9.3 software (OriginLab Corporation) or 
Graphpad Prism 10 (Dotmatics).
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Additional file 1: Fig. S1. Cortical neurons were infected at 3 DIV with 
AVV encoding TdTomato as control and a combination of sgRNAs (1–6 / 
2–4 / 1–4 / 2–6) targeting Vps50, as indicated. 10 days later genomic DNA 
was extracted, and the T7 endonuclease I assay was performed. (A) T7 
endonuclease I assay for sgRNA combinations showing successful editing 
of the VPS50 locus with all sgRNA combinations as shown by lower size 
bands in the treated samples. (B) Sequences of VPS50 locus edited with 
sgRNAs in VPS50 KO cultured neurons showing the changes in the DNA 
sequence after gene editing using locus-specific sequencing. Fig S2. 
Proximity ligation assay (PLA) in Control and VPS50 KO neurons. PLA was 
performed using specific antibodies to determine proximity between 
proteins of interest. Low magnification (20x) for each condition are shown. 
Microtube-associated protein 2 (MAP2) was used to stain all neurons. (A) 
PLA for Synapsin1 (Syn1)-Synaptophysin (Syn) (pre-presynaptic) or (B) 
Synaptophysin-PSD95 (pre-post synaptic). Reaction controls where PLA 
signal was observed only for the Synapsin1-Synaptosophysin pair, the two 
proteins known to be in proximity. Lower magnification of PLA reactions 
in Fig. 2 to show different combinations of PLA reactions to determine 
proximity between (C) VPS50/PSD95, (D) VPS50/Syn1, (E) VPS50/v-ATPa‑
seV1, (F) VPS50/v-ATPaseV1 in VPS50 KO neurons, (G) v-ATPaseV1/Syn, and 
(H) v-ATPaseV1/Syn in VPS50 KO neurons. (I) PSD95 and Synaptophysin 
protein expression in VPS50 KO and control neurons. N-cadherin was used 
as loading control. Scale bars, 25 μm. Fig. S3. VPS50 KO neurons show def‑
icits in synaptic transmission. (A) Representative traces of AMPA-mediated 
EPSCs followed for 30 min for control and VPS50 KO neurons. VPS50 KO 
neurons show a robust reduction in both Amplitude (B) and Frequency (C) 
of AMPA EPSCs. (D-E) Cortical neurons were co-transduced with GCaMP7 
to measure calcium events by changes in fluorescence over time. (D) Rep‑
resentative traces and quantification (E) of changes of fluorescence over 
time in control and VPS50 KO neurons. A significant reduction is observed 

https://doi.org/10.1186/s12915-024-01940-y
https://doi.org/10.1186/s12915-024-01940-y
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in VPS50 KO neurons compared to control. Control n = 1214; VPS50 mKO 
n = 1175 cells from 3 independent experiments; Kolmogorov–Smirnov 
test was used to test for significance. For electrophysiology recordings 
at least 18 neurons from 3 independent experiments were analyzed. 
Unpaired t-test was used for statistical analysis; *p < 0.05, ***p < 0.001. 
Error bars represent ± SEM. Fig. S4. Anatomical changes of Control and 
VPS50 mKO brains. (A-B) Representative images of full brains from Control 
and VPS50 mKO animals. (C-D) Quantification of the total length (C) and 
weight (D) of brains extracted from Control or VPS50 mKO animals. (E–F) 
Representative bright field images of brain slices from Control (E) and 
VPS50 mKO (F) brains.

Additional file 2. Original gels/blots.

Acknowledgements
We especially thank Dr. Martha Constantine-Paton for her support and gener‑
ous donations.

Authors’ contributions
Investigation: C.A-M., C.A-G., H.H., F.A., B.B., N.M-V., and R.D.; conceptualization, 
resources, funding acquisition, writing: H.R.H., M.C-P.; supervision, writing, 
funding: G.A., A.C.; conceptualization, supervision, writing, investigation, fund‑
ing: F.J.B. All authors read and approved the final manuscript.

Author’s X handle
Fernando J. Bustos, @fjbustosf.

Funding
This work was supported by the Chilean government through ANID FOND‑
ECYT Iniciacion #11180540 (to FJB), PAI #77180077 (to FJB), Exploración-ANID 
#13220203 (to FJB), ANID-MILENIO (NCN2023_32, to FJB), FONDECYT Regular 
# 1220480 (to GA), #1201848 (to AEC), UNAB DI-02–22/REG and DI-06–24/
REG (to FJB), Fondequip # EQM160154 (to AEC), and ANID Millennium Science 
Initiative Program (P09-022F to AEC) and by a grant from the Simons Founda‑
tion to the MIT Simons Center for the Social Brain (to HRH and MCP), NIH grant 
R01-GM024663 (to HRH), and NIH grant R01-EY014420 (to MCP). HRH is an 
Investigator of the Howard Hughes Medical Institute. CA-G and NM-V were 
supported by PhD fellowship from ANID #21201603 (to CA-G) and #21211967 
(to NM-V).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article and its supplementary information files.

Declarations

Ethics approval and consent to participate
All animal protocols were approved by the MIT Committee on Animal Care 
(CAC) and Ethical and Bio-security Committees of Universidad Andres Bello 
(020/2018).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 17 November 2023   Accepted: 17 June 2024

References
	1.	 Banerjee S, Riordan M, Bhat MA. Genetic aspects of autism spectrum 

disorders: insights from animal models. Front Cell Neurosci. 2014;8:58.
	2.	 Chahrour M, O’Roak BJ, Santini E, Samaco RC, Kleiman RJ, Manzini MC. 

Current perspectives in autism spectrum disorder: from genes to therapy. 

The Journal of neuroscience : the official journal of the Society for Neuro‑
science. 2016;36(45):11402–10.

	3.	 Satterstrom FK, Kosmicki JA, Wang J, Breen MS, Rubeis SD, An JY, 
et al. Large-scale exome sequencing study implicates both develop‑
mental and functional changes in the neurobiology of autism. Cell. 
2020;180(3):568-584.e23.

	4.	 Rubeis SD, He X, Goldberg AP, Poultney CS, Samocha K, Cicek AE, et al. 
Synaptic, transcriptional and chromatin genes disrupted in autism. 
Nature. 2014;515(7526):209–15.

	5.	 de la Torre-Ubieta L, Won H, Stein JL, Geschwind DH. Advancing the 
understanding of autism disease mechanisms through genetics. Nat Publ 
Group. 2016;22(4):345–61.

	6.	 Sanders SJ, Ercan-Sencicek AG, Hus V, Luo R, Murtha MT, Moreno-De-Luca 
D, et al. Multiple recurrent de novo CNVs, including duplications of the 
7q11.23 Williams syndrome region, are strongly associated with autism. 
Neuron. 2011;70(5):863–85.

	7.	 Miles JH. Autism spectrum disorders—a genetics review. Genet Med. 
2011;13(4):278–94.

	8.	 Liu J, Chen L, Chang H, Rudoler J, Al-Zughoul AB, Kang JB, et al. Replicable 
patterns of memory impairments in children with autism and their links 
to hyperconnected brain circuits. Biol Psychiatry: Cogn Neurosci Neuro‑
imaging. 2023;8(11):1113–23.

	9.	 Williams DL, Goldstein G, Minshew NJ. The profile of memory function in 
children with autism. Neuropsychology. 2006;20(1):21–9.

	10.	 Zoghbi HY, Bear MF. Synaptic dysfunction in neurodevelopmental disor‑
ders associated with autism and intellectual disabilities. Csh Perspect Biol. 
2012;4(3):a009886.

	11.	 Greco B, Managò F, Tucci V, Kao HT, Valtorta F, Benfenati F. Autism-related 
behavioral abnormalities in synapsin knockout mice. Behav Brain Res. 
2013;251:65–74.

	12.	 Fassio A, Patry L, Congia S, Onofri F, Piton A, Gauthier J, et al. SYN1 loss-
of-function mutations in autism and partial epilepsy cause impaired 
synaptic function. Hum Mol Genet. 2011;20(12):2297–307.

	13.	 Ullman JC, Yang J, Sullivan M, Bendor J, Levy J, Pham E, et al. A mouse 
model of autism implicates endosome pH in the regulation of presynap‑
tic calcium entry. Nat Commun. 2018;9(1):330.

	14.	 Paquin N, Murata Y, Froehlich A, Omura DT, Ailion M, Pender CL, et al. The 
conserved VPS-50 protein functions in dense-core vesicle maturation and 
acidification and controls animal behavior. Curr Biol. 2016;26(7):862–71.

	15.	 Schindler C, Chen Y, Pu J, Guo X, Bonifacino JS. EARP is a multisubu‑
nit tethering complex involved in endocytic recycling. Nat Cell Biol. 
2015;17(5):639–50.

	16.	 Gillingham AK, Sinka R, Torres IL, Lilley KS, Munro S. Toward a comprehen‑
sive map of the effectors of Rab GTPases. Dev Cell. 2014;31(3):358–73.

	17.	 Gai X, Xie HM, Perin JC, Takahashi N, Murphy K, Wenocur AS, et al. Rare 
structural variation of synapse and neurotransmission genes in autism. 
Mol Psychiatr. 2012;17(4):402–11.

	18.	 Schneeberger PE, Nampoothiri S, Holling T, Yesodharan D, Alawi M, 
Knisely AS, et al. Biallelic variants in VPS50 cause a neurodevelopmental 
disorder with neonatal cholestasis. Brain. 2021;144(10):3036–49.

	19.	 Rost BR, Schneider F, Grauel MK, Wozny C, Bentz CG, Blessing A, et al. 
Optogenetic acidification of synaptic vesicles and lysosomes. Nat Neuro‑
sci. 2015;18(12):1845–52.

	20.	 Gershlick DC, Ishida M, Jones JR, Bellomo A, Bonifacino JS, Everman DB. A 
neurodevelopmental disorder caused by mutations in the VPS51 subunit 
of the GARP and EARP complexes. Hum Mol Genet. 2019;28(9):ddy423.

	21.	 Südhof TC. The synaptic vesicle cycle. Annu Rev Neurosci. 
2004;27:509–47.

	22.	 Pujol N, Bonnerot C, Ewbank JJ, Kohara Y, Thierry-Mieg D. The Caenorhab‑
ditis elegans unc-32 gene encodes alternative forms of a vacuolar ATPase 
asubunit. J Biol Chem. 2001;276(15):11913–21.

	23.	 Toei M, Saum R, Forgac M. Regulation and isoform function of the 
V-ATPases. Biochemistry. 2010;49(23):4715–23.

	24.	 Gowrisankaran S, Milosevic I. Regulation of synaptic vesicle acidification 
at the neuronal synapse. IUBMB Life. 2020;72(4):568–76.

	25.	 Zhou Q, Petersen CCH, Nicoll RA. Effects of reduced vesicular fill‑
ing on synaptic transmission in rat hippocampal neurones. J Physiol. 
2000;525(1):195–206.

	26.	 Brauer B, Merino-Veliz N, Ahumada-Marchant C, Arriagada G, Bustos FJ. 
KMT2C knockout generates ASD-like behaviors in mice. Front Cell Dev 
Biol. 2023;11:1227723.



Page 18 of 18Ahumada‑Marchant et al. BMC Biology          (2024) 22:142 

	27.	 Bustos FJ, Pandian S, Haensgen H, Zhao JP, Strouf H, Heidenreich M, et al. 
Removal of a partial genomic duplication restores synaptic transmis‑
sion and behavior in the MyosinVA mutant mouse Flailer. BMC Biol. 
2023;21(1):232.

	28.	 Passini MA, Wolfe JH. Widespread gene delivery and structure-specific 
patterns of expression in the brain after intraventricular injections 
of neonatal mice with an adeno-associated Virus Vector. J Virol. 
2001;75(24):12382–92.

	29.	 Henriquez B, Bustos FJ, Aguilar R, Becerra A, Simon F, Montecino M, et al. 
Ezh1 and Ezh2 differentially regulate PSD-95 gene transcription in devel‑
oping hippocampal neurons. Mol Cell Neurosci. 2013;57:130–43.

	30.	 Bustos FJ, Ampuero E, Jury N, Aguilar R, Falahi F, Toledo J, et al. Epigenetic 
editing of the Dlg4/PSD95 gene improves cognition in aged and Alzhei‑
mer’s disease mice. Brain. 2017;140(12):3252–68.

	31.	 Chan KY, Jang MJ, Yoo BB, Greenbaum A, Ravi N, Wu WL, et al. Engineered 
AAVs for efficient noninvasive gene delivery to the central and peripheral 
nervous systems. Nat Neurosci. 2017;20(8):1172–9.

	32.	 Slaymaker IM, Gao L, Zetsche B, Scott DA, Yan WX, Zhang F. Ration‑
ally engineered Cas9 nucleases with improved specificity. Science. 
2016;351(6268):84–8.

	33.	 Granseth B, Odermatt B, Royle SJ, Lagnado L. Clathrin-mediated endo‑
cytosis is the dominant mechanism of vesicle retrieval at hippocampal 
synapses. Neuron. 2006;51(6):773–86.

	34.	 Chen X, Levy JM, Hou A, Winters C, Azzam R, Sousa AA, et al. PSD-
95 family MAGUKs are essential for anchoring AMPA and NMDA 
receptor complexes at the postsynaptic density. Proc Natl Acad Sci. 
2015;112(50):E6983–92.

	35.	 Sepulveda FJ, Bustos FJ, Inostroza E, Zuniga FA, Neve RL, Montecino M, 
et al. Differential roles of NMDA receptor subtypes NR2A and NR2B in 
dendritic branch development and requirement of RasGRF1. J Neuro‑
physiol. 2010;103(4):1758–70.

	36.	 Chávez AE, Chiu CQ, Castillo PE. TRPV1 activation by endogenous anan‑
damide triggers postsynaptic long-term depression in dentate gyrus. Nat 
Neurosci. 2010;13(12):1511–8.

	37.	 Park J, Chávez AE, Mineur YS, Morimoto-Tomita M, Lutzu S, Kim KS, et al. 
CaMKII phosphorylation of TARPγ-8 is a mediator of LTP and learning and 
memory. Neuron. 2016;92(1):75–83.

	38.	 Pandian S, Zhao JP, Murata Y, Bustos FJ, Tunca C, Almeida RD, et al. Myosin 
Va brain-specific mutation alters mouse behavior and disrupts hip‑
pocampal synapses. eNeuro. 2020;7(6):ENEURO.0284-20.2020.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Deletion of VPS50 protein in mouse brain impairs synaptic function and behavior
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	VPS50 modulates synaptic vesicle acidification and V-ATPase V1 domain pump localization in cortical neurons
	VPS50 KO impairs synaptic activity in cortical neurons
	VPS50 mKO impacts synaptic function and memory formation

	Discussion
	Conclusions
	Methods
	Animals and injections
	Neuronal cultures
	AAV production
	Proximity ligation assays
	Brain sectioning and mounting
	Protein extraction and electrophoresis
	Western blots
	DNA and RNA extraction
	RT-qPCR
	Transmission electron microscopy
	Calcium imaging
	Electrophysiology of cultured neurons
	Hippocampal slice electrophysiology
	Behavioral analyses
	Contextual fear conditioning
	Barnes maze

	Data analysis

	Acknowledgements
	References


