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Background: The physiological function of 
Vps18 in mammals is unknown. 
Results: Deleting Vps18 in mice leads to 
neurodegeneration by disrupting multiple 
vesicle transport pathways to lysosomes and 
impairs neuron migration via accumulation of 
β1 integrin. 
Conclusion: Vps18 contributes to neuron 
survival and migration. 
Significance: This study demonstrates the 
critical functions of Vps18-mediated vesicle 
transport pathways in mammalian brain 
development.  
 
SUMMARY 

Intracellular vesicle transport pathways 
are critical for neuronal survival and central 
nervous system development. The Vps-C 
complex regulates multiple vesicle transport 
pathways to the lysosome in lower organisms. 
However, little is known regarding its 
physiological function in mammals. We 
deleted Vps18, a central member of Vps-C 
core complex, in neural cells by generating 
Vps18F/F; Nestin-Cre mice (Vps18 CKO mice). 
These mice displayed severe 
neurodegeneration and neuronal migration 
defects. Mechanistic studies revealed that 
Vps18 deficiency caused neurodegeneration 
by blocking multiple vesicle transport 
pathways to the lysosome, including 

autophagy, endocytosis, and biosynthetic 
pathways. Our study also showed that 
ablation of Vps18 resulted in upregulation of 
β1 integrin in mouse brain probably due to 
lysosome dysfunction but had no effects on 
the reelin pathway, expression of N-cadherin, 
or activation of JNK, which are implicated in 
the regulation of neuronal migration. Finally, 
we demonstrated that knocking down β1 
integrin partially rescued the migration 
defects, suggesting that Vps18 deficiency 
mediated upregulation of β1 integrin may 
contribute to the defect of neuronal 
migration in the Vps18 deficient brain. Our 
results demonstrate important roles of Vps18 
in neuron survival and migration, which are 
disrupted in multiple neural disorders. 

 
Lysosome related biological processes play 

important roles in neurodegenerative diseases. 
The endocytosis and autophagy are two major 
lysosome related vesicle transport pathways 
(1,2). Endocytic dysfunction has been 
documented in a surprising range of 
neurodegenerative diseases such as Alzheimer’s 
disease (AD) (3). Ablation of autophagy causes 
neurodegeneration in mice, demonstrating the 
importance of autophagy in neuron survival 
(4,5). Furthermore, the mutation of lysosomal 
hydrolases such as cathepsin D, B, or L, which 
impairs substrate degradation, also leads to 
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neurodegeneration in mammals (6,7). 
During vertebrate brain development, 

coordinated migration of neurons from the 
ventricular zone to the cortical plate is essential 
for the formation of proper brain structure (8). 
Reelin regulates the migration of neurons along 
the radial glial fiber network through binding to 
its receptors, VLDLR/ApoER2, and activating 
DAB1 adapter (9,10). Cell surface adhesion 
molecules, such as the α3β1 integrin, can also 
modulate neuronal migration although α3 or β1 
integrin deficiency does not affect cortical layer 
formation (11-13). Recently, endocytic 
pathways were found to regulate neuronal 
migration. Knocking down Rab5 or Rab11 in 
mouse cerebral cortex disturbs neuronal 
migration via upregulating N-cadherin and 
decreasing JNK activity (14).  

Membrane tethering mediated by large 
tethering factors is the first step for vesicle 
fusion. The Vps18 protein is a central subunit of 
Vps-C core complex, which is also composed of 
Vps 11, Vps16, and Vps33. Vps-C complexes 
function as tethering factors in late endosome 
and lysosome-related vesicle fusion processes in 
lower eukaryotic organisms. Vps-C complex 
deficiency in yeast results in the loss of vacuole 
structure, accumulation of autophagosomes and 
late endosomes (15,16).  Mutation of dor, a 
Drosophila homolog of Vps18, causes a 
complete lack of pigmentation and the existence 
of exaggerated multivesicular structure in retinal 
cells, blockage of autophagosome-lysosme 
fusion in larval fat body, and promotion of 
tumor metastasis (17-19). Vps18 mutation in 
zebrafish results in hepatomegaly and skin 
hypopigmentation (20,21). In cultured 
mammalian cells, disturbance of Vps18 function 
blocks autophagosome-lysosome as well as 
early endosome fusion (22,23). However, the 
physiological role(s) of Vps18 are still unknown 
in mammals.  

Here we generated the Vps18 deficient mice 
and studied the mutant phenotypes and the 
underlying mechanisms. While conventional 
homozygous Vps18 mutants were embryonic or 
early postnatal lethal, neural specific Vps18   
deficient mice displayed serious growth 
retardation and die before P12. Our study 
showed that loss of Vps18 led to wide spread 
neurodegeneration resulted from blocking 
multiple vesicle transport pathways to the 
lysosome, including autophagy, endocytosis, 
and biosynthetic pathways. Surprisingly, we 

also found that Vps18 deficiency impairs 
neuronal migration. Further analyses revealed 
that migration defect may result from 
accumulation of β1 integrin on cell surface. Our 
study demonstrates the critical functions of 
Vps18 in neuron survival and migration in 
mammals. 
 
EXPERIMENTAL PROCEDURES 
Generation of Vps18 deficient mice- The 
genomic clones containing exon 2 to exon 5 of 
the Vps18 gene were isolated from a 129sv 
mouse genomic phage library (Stratagen). The 
Vps18 gene was modified by adding loxP 
sequences to EcoR V and Sca I sites flanking 
exons 3-4. A β-gal reporter gene with a splicing 
acceptor and a neo expression cassette flanked 
by FRT sites was inserted into the EcoR V site. 
The Neo and diphtheria toxin (DTA) expression 
cassettes were used as positive and negative 
selection markers respectively. Gene targeting 
was carried out in W4 ES cells line (ES-
W4129S6, Taconic Transgenic). Chimeric mice 
were bred with C57BL to generate Vps18+/galeo 
mice. Vps18+/galeo mice were bred with the PGK-
Flp transgenic mice (Stock no. 003946, The 
Jackson Laboratory) with 129/Sv genetic 
background to remove the β-gal reporter and 
PGK-Neo expression cassettes to establish 
Vps18+/F mice. Progenies were genotyped by 
PCR using a set of Vps18-specific oligos: 
Vps18-F2: 5’-ATCAAACTCAGACATCAGGT 
GCG-3’ and Vps18-R2 5’-CAAGTCAATGCT 
GTAAGGGCAAG-3’. 

To mutate the Vps18 gene in neural cells, 
Vps18+/F; Nestin-Cre mice were generated by 
breeding Vps18+/F mice with Nestin-Cre 
transgenic mice (Stock no. 003771, The Jackson 
Lab.) with C57BL/6J genetic background. 
Finally Vps18F/F; Nestin-Cre (Vps18 CKO) were 
produced by crossing Vps18+/F; Nestin-Cre with 
Vps18F/F mice. All mice mentioned above were 
maintained on C57BL and 129/Sv mixed 
genetic background. To specifically mutate the 
Vps18 gene in Purkinje cells, Vps18+/F mice 
were backcrossed C57BL six times, then 
crossed with Pcp2-Cre transgenic mice (Stock 
no. 004146, The Jackson Laboratory) with 
C57BL genetic background to generated 
Vps18F/F;Pcp2-Cre mice. Progenies were 
genotyped by PCR using oligos specific for 
Vps18 (Vps18-F2 and Vps18-R2) and Cre (Cre 
F1: 5'-GGAAAATGCTTCTGTCCGTTTG-3' 
and Cre-R2: 5'-CGCATAACCAGTGAAACAG 
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CATTGC-3') respectively. All experiments were 
performed in accordance with protocols 
approved by the Animal Care and Use 
Committee of the Institute of Developmental 
Biology and Molecular Medicine at Fudan 
University.  

Southern blot- Genomic DNA was extracted 
from targeted ES clones and digested with 
restriction enzyme Xba I. Southern blot analysis 
was performed as described previously (24). 
1025bp DNA fragment containing part of exon2 
of the Vps18 gene was amplified by PCR, 
labeled by 32P and used as probe.  PCR primers 
are Vps18-southern F1: GATCTAAGCCCCA 
GGCCTTT and Vps18-southern R1: ACGAGG 
CTAGTGATCC GCTC. 

RT-PCR-Total mRNAs were isolated from 
P4 mouse brain using TRIzol (Invitrogen). 
cDNAs were reverse transcribed using an 
TaKaRa RT PCR (avian myeloblastosis virus) 
kit, version 3.0, and amplified with the 
combination of specific primers for Vps18 exon 
4 or for GAPDH gene as internal control. They 
are: for exon 4 of Vps18 (5’-TGGATGATGGG 
AGATGGAGTGC-3’ and 5’-CCAGCAGCAG 
TAGGAAATGGAAC-3’) and for GAPDH 
gene (5’-TGTTCCTACCCCCAATGTGTCC-3’ 
and 5’-GGAGTTGCTGAAGAAGTCGCAG-
3’). 

PCR assay for Vps18 deletion in genomic 
DNA-  Genomic DNA was isolated from P4 
mouse brain. Real-time PCR was performed 
with 2XHotSybr PCR Reaction Mix (NuStar 
Laboratory) on an Mx3000P Quantitative PCR 
System (Stratagene) following the 
manufacturer’s instructions. GAPDH was used 
as the baseline standard for real-time PCR. The 
primers for Vps18 are the same as those used in 
RT-PCR. The primers for GAPDH gene are    
5’-GGAAGTCCAGGGCTACATTCTATCC-3’ 
and 5’-CAGTGCTGTCCAACAAGTGAGTCT 
C-3’. 

Western blot- Proteins from whole mouse 
brains or specific brain regions were extracted 
by radioimmune precipitation assay (RIPA) 
buffer with freshly added 1 mM PMSF and 1x 
proteinase inhibitor (Roche). The proteins were 
resolved on SDS-PAGE followed by Western 
blotting with antibodies against the following 
proteins: caspase-3 (9662), LC3 (2775), and 
cleaved Notch 1 (Val1744) from Cell Signaling 
Technology; cathepsin D (sc-6486) and Rab7 
(sc-10767) from Santa Cruz Biotechnology; 
Dab1 (AB5840, Chemicon), Eea1 (610456) and 

Rab11 (610657) from BD Transduction 
Laboratories; Rab4 (ab13252; Abcam), and 
ubiquitin (Z 0458; DakoCytomation). The same 
amounts of proteins were used for the control 
probed for GAPDH (KC-5G4; KangChen).  

Histological, immunohistochemical and IF 
analyses- For frozen section, mouse brain were 
dissected out, fixed in 4% paraformaldehyde 
and dehydrated in 30% sucrose overnight at 4˚C 
consecutively, then embedded in OCT and 
frozen in liquid-nitrogen-cooled isopentane. 
Sections were then collected at 12 and 60 µm 
respectively. 12 µm sections were used for 
histological, immunohistochemical and IF 
analyses. 60 µm sections were used for IF 
staining to analyze radial glial fibers.  

For histological analysis the sections were 
stained with hematoxylin and eosin. For 
immunohistochemistry and IF analysis the 
sections were stained with antibodies against the 
following proteins: calbindin (C9848; Sigma), 
GFAP (MAB3402), LC3 (ab58610), Tbr1 
(ab31940) from Abcam, LAMP1 (553792; BD 
Pharmingen), Nestin (MAB353; Chemicon), 
Cux1 (sc-13024; Santa Cruz Biotechnology) 
using the standard protocols (25). Fluorescence 
micrographs were acquired using a Leica 
DMRXA2 fluorescence microscope equipped 
with a Leica DFC350FX camera or Zeiss 
LSM710 confocal microscope. Histochemical 
micrographs were acquired using a Leica 
DMRXA2 fluorescence microscope equipped 
with a Leica DFC300FX camera. Images were 
processed using Adobe Photoshop. 

Electron Microscopy- Samples were sliced 
into 2 mm × 2 mm × 2 mm, and fixed in a 
fixative consisting of 2% glutaraldehyde and 4% 
paraformaldehyde, rinsed in the phosphate 
buffer. Following a post-fixation for 2 hrs with 
1% osmium tetroxide in phosphate buffer at 4℃, 
they were dehydrated and embedded in resin. 
Ultrathin sections were prepared using a 
Reichert ultramicrotome, contrasted with uranyl 
acetate and lead citrate and examined under a 
Philips CM120 electron microscope. 

Flow cytometry- Fluorescence-activated cell 
sorter (FACS) analysis for expression of β1 
integrin was carried out as previously described 
(12). Briefly, cerebral cortex, hippocampus and 
cerebellum were dissected from E16.5 brains, 
minced and treated in trypsin. Then, cells were 
dissociated mechanically, incubated with Biotin-
conjugated anti-β1 integrin antibody (13-0291; 
eBioscience), then with FITC conjugated-
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Strepavidin and analyzed with BD FACSCalibur 
Flow Cytometer (BD Biosciences). Both Vps18 
CKO and Ctrl neural cells incubated with FITC 
conjugated-Strepavidin only were used for blank 
control. 

In Utero Electroporation-  In utero 
electroporation was carried out following 
standard protocols (26). Plasmids expressing 
shRNA and mCherry or EYFP alone were 
injected into the lateral ventricles of mouse 
embryos at E14. Five days after electroporation, 
embryos were collected for analysis. The 
shRNA targets for β1 integrin and scramble 
shRNA (sh-scr) were described previously (27) 
and were cloned into a pRUEM vector under the 
control of U6 promoter. The shRNA targets for 
β1 integrin were GGAAGGAAATCTTAGCT 
TT. 

Statistical analysis-  Unpaired t-test was used. 
A value of *P<0.05, **P<0.01 or ***P<0.001 
denoted statistical significance. 
 
RESULTS 

The Vps18 gene is essential for mouse 
development- We first generated Vps18 mutant 
allele, Vps18galeo (Fig. 1A3), in mouse 
embryonic stem cells using a “conventional first 
and conditional ready” gene-targeting strategy 
(28). In the targeting vector, a β-gal reporter 
gene with a splicing acceptor and a neo 
expression cassette flanked by FRT sites were 
inserted after exon 2. Exon 3 and 4 were flanked 
by loxP sites (Fig. 1A, Material and Methods). 
Homologous recombinants containing the 
mutant allele were identified by PCR and 
verified by Southern blot (Fig. 1B) using the 
probe shown in Fig. 1A3. The targeted ES 
clones were injected into C57BL/6 blastocysts 
to generate Vps18+/galeo mice. In these mice the 
expression of β-gal reporter is under the control 
of the endogenous Vps18 gene promoter and β-
gal reporter is in frame fused with the first 78 
a.a. of Vps18 protein after splicing. Therefore, 
the expression pattern of Vps18 can be 
examined in Vps18+/galeo mice using β-gal as a 
reporter. Our analyses showed that Vps18 was 
highly expressed in various brain regions 
including cerebral cortex, cerebellum, thalamus, 
striatum, etc. (Fig. 2A-K). When Vps18+/galeo 

mice were intercrossed, no viable Vps18galeo/galeo 

offsprings were detected at postnatal day 7 (P7). 
Cumulative genotyping of P7 live mice 
indicated that Vps18+/+ and Vps18+/galeo mice 
were recovered at a ratio close to 1:2 (71:151), 

suggesting Vps18 deficiency results in 
embryonic or early postnatal lethality.  

Growth retardation and postnatal death of 
Vps18F/F; Nestin-Cre mice- Since Vps18 is 
highly expressed in mouse brain tissues (Fig. 
2A-K) we decided to investigate the 
physiological function of Vps18 in the central 
nervous system first. We generated floxed-
Vps18 allele (thereafter called Vps18F, Fig. 1A4) 
by crossing the Vps18+/galeo mice with PGK-Flp 
transgenic mice to remove the β-gal reporter 
gene and the neo expression cassette from the 
Vps18galeo allele. Vps18F/F mice were further 
crossed with Nestin-Cre transgenic mice to 
produce Vps18F/F; Nestin-Cre mice [referred to 
as Vps18 CKO (conditional knock out)], in 
which exon 3 & 4 of the Vps18 gene were 
specifically deleted in neural cells.  This 
deletion resulted in a frame-shift and an early 
stop codon in exon 5. Real-time PCR analysis 
showed that ~80% of Vps18 gene was deleted in 
the Vps18 CKO brain cells (Fig. 1C).  This was 
also further confirmed at the transcriptional 
level by RT-PCR (Fig. 1D).   

Both the Vps18F/+; Nestin-Cre and the 
Vps18F/F mice grow normally (Fig. 2L). 
Thereafter, Vps18F/F mice (referred to as Ctrl) 
were used for control unless specified. The 
Vps18 CKO mice were viable at birth and 
indistinguishable in appearance from their 
Vps18F/+; Nestin-Cre or Vps18F/F littermates. 
However, all Vps18 CKO mice died before P12 
(Fig. 2M). Further analyses showed that the 
Vps18 CKO mice displayed severe postnatal 
growth retardation and were apparently smaller 
at P10 (Fig. 2L). Consistent with their reduced 
bodyweight, the brains of the Vps18 CKO mice 
were also smaller, especially in the cerebral 
cortex and cerebellum region, than their 
littermates at P10 (Fig. 2N and 3D).  

Severe neurodegeneration due to neural 
specific Vps18 deficiency- To further 
investigate the function of Vps18 in the 
development of mouse brain, we prepared 
histological sections from P1 and P10 mouse 
brains. Characteristic differences between the 
Vps18 CKO and Ctrl are shown in Fig. 3A and 
B in the hippocampus and in Fig. 3C and D in 
the cerebellum. At P1 the morphological 
structures of hippocampus from the mutant mice 
were similar to that of the Ctrl, except that CA3 
region was split into two layers and neurons 
were more loosely associated (indicated by 
arrow and arrowhead respectively in Fig. 3A 
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right panel).  However, at P10 the mutant 
hippocampus completely lost its morphological 
structure (Fig. 3B right panel), suggesting a 
dramatic loss of neurons, a character of 
neurodegeneration, in the Vps18 CKO mice at 
P10.  

Discernible differences between the mutant 
and Ctrl mice were also present in cerebellums. 
Histological analyses showed that the 
cerebellum of the Vps18 CKO mice at P1 was a 
little smaller and less foliated than that of 
littermate controls (Fig. 3C), indicating a 
prenatal developmental retardation in the Vps18 
CKO mice. The cerebellum of the Vps18 CKO 
mice at P10 was not only less foliated but also 
much smaller compared with that of the Ctrl 
(Fig. 3D). The smaller size of the Vps18 CKO 
cerebellum could be a result of 
neurodegeneration, but it also could be due to 
the defect of cell proliferation. To ascertain if 
Vps18 deficiency would lead to loss of neural 
cells in cerebellum, we generated Vps18F/F; 
Pcp2-Cre mice, in which Vps18 would be 
deleted specifically in Purkinje cells after P6 
(29). Purkinje cells are generated between E11-
13 and complete their radial migration between 
E13-18 (30). Therefore, deletion of Vps18 
should have no effects on proliferation of 
Purkinje cells in Vps18F/F; Pcp2-Cre mice. We 
observed a dramatic loss of Purkinje cells at the 
age of one month (Fig. 3E left two panels) and 
only few Purkinje cells at the age of three 
months in Vps18F/F; Pcp2-Cre mice (Fig. 3E 
right two panels), demonstrating the critical 
function of Vps18 in Purkinje cell survival. This 
result also suggests that Vps18 deficient neurons 
die in a cell-autonomous fashion.  

To further confirm the presence of neuronal 
damage in the Vps18 CKO mice and to examine 
whether loss of neural cells was caused by 
apoptosis, we evaluated the expression of GFAP 
and activation of caspase-3 in the Vps18 CKO 
brain. Immunofluorescent (IF) staining with 
anti-GFAP antibody showed increased GFAP 
signaling in almost all regions of P10 Vps18 
CKO brain, e.g. cerebral cortex, hippocampus 
and cerebellum (Fig. 3G-I), suggesting 
widespread neuronal damage. We also found 
that the number of caspase-3-positive cells 
markedly increased in many regions of the 
mutant brain such as the cerebral cortex, 
hippocampus and cerebellum (Fig. 3J-L). The 
protein level of activated-caspase-3 in the Vps18 
CKO brain at P4 was also dramatically elevated 
compared with that of the Ctrl (Fig. 3F), 

indicating that Vps18 deficient neurons die 
through apoptosis. Altogether, these results 
demonstrate that the lack of Vps18 in neural 
cells leads to serious neurodegeneration in mice. 

Blockage of the autophagy and endocytosis 
pathways in the Vps18 CKO mice- The 
autophagy pathway, endocytosis pathway, and 
lysosome function are critical for neuron 
survival (4,5,7,31,32). To investigate the 
mechanisms underlying neurodegeneration 
phenotype in the Vps18 CKO mice, we 
evaluated the effects of Vps18 deficiency on 
autophagy and endocytosis pathways, and 
lysosome function.  

First, we studied the effect of Vps18 
deficiency on autophagy pathway. LC3 exists in 
two forms (cytosolic LC3-I and membrane-
bound LC3-II), and LC3-II is a marker for 
autophagosomes (33). Our analysis showed that 
there was an increase in the protein levels of 
both LC3-II and LC3-I (Fig. 4A). In addition, 
many cells displayed a higher intensity of LC3 
signals in the Vps18 CKO mouse brain (Fig. 4E). 
Furthermore, electronic microscopy revealed 
that autophagosomes were dramatically 
accumulated in the Vps18 deficient neurons (Fig. 
5B, D and E). These results suggest that Vps18 
deficiency may lead to a blockage of 
autophagosome clearance or an enhancement of 
autophagosome formation. To distinguish these 
two possibilities, we examined if there was an 
accumulation of ubiquitinated proteins in the 
Vps18 CKO brain by immunohistochemistry 
and Western blot with anti-ubiquitin antibody. 
Loss of autophagy but not enhancement of 
autophagosome formation leads to accumulation 
of diffuse ubiquitinated proteins in the cytosol 
followed by the generation of inclusion bodies 
(5,34). Both of our immunohistochemistry and 
Western blot analyses showed that the amount 
of ubiquitinated proteins dramatically increased 
in the Vps18 CKO mouse brain (Fig. 4B and F). 
Ubiquitin-containing inclusion bodies were also 
observed in many parts of the Vps18 CKO brain 
(Fig. 4F arrows). P62 is required for inclusion 
body formation (35). Co-IF staining with 
ubiquitin and p62 antibodies revealed that the 
ubiquitin-containing inclusion bodies in P10 
Vps18 CKO brain were positive for p62 (Fig. 
4G arrows). Therefore, we conclude that Vps18 
is critical for autophagosome clearance in the 
mouse brain. 

 Next, we investigated the effect of Vps18 
deficiency on the endocytosis pathway. Western 
blot analysis showed that both Eea1 and Rab7 
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proteins, markers for early and late endosomes 
respectively, were accumulated in Vps18 CKO 
mouse brain. But the protein levels of Rab4 and 
Rab11, which are involved in fast and slow 
recycling pathways via recycling endosomes 
respectively, were not altered (Fig. 4C). Lamp1 
is a marker for late endosomes/lysosomes. IF 
staining with anti-Lamp1 antibody showed 
much stronger signals of Lamp1 in the Vps18 
CKO mouse brain (Fig. 4E). Furthermore, 
electronic microscopy revealed that 
multivesicular bodies (late endosome) were 
dramatically accumulated in the Vps18 deficient 
neurons (Fig. 5B, D and E). All these data 
demonstrate that early endosome maturation and 
late endosome degradation are disturbed in the 
Vps18 CKO mouse brain. 

Finally, we evaluated the maturation of 
lysosomal proteases in the Vps18 CKO mice. 
Cathepsin D is a major type lysosome protease. 
It is synthesized as a pre-pro-enzyme and 
undergoes several steps of proteolytic 
processing to become a mature enzyme after 
being transported to late endosome/lysosome. 
We found that the pre-pro-form (52kDa) and 
intermediate form (48kDa) of Cathepsin D 
accumulated in the Vps18 CKO mouse brain, 
while the mature form (34kDa) decreased (Fig. 
4D). This result indicates that the maturation of 
lysosomal proteases is impaired in the Vps18 
CKO mouse brain, which will lead to lysosome 
dysfunction. 

In conclusion, the results presented illustrate 
that the autophagy pathway, endocytosis 
pathway, and lysosomal enzyme maturation are 
disturbed in the Vps18 CKO mouse brain, 
strongly suggesting that serious 
neurodegeneration phenotype in the Vps18 CKO 
mice is likely a result of the disturbance of these 
vesicle transport pathways. 

Impaired neural cell migration in the Vps18 
CKO mice- Impaired neural cell migration is 
another intriguing mutant phenotype that we 
have observed in the Vps18 CKO mouse brain. 
This mutant phenotype was first revealed by our 
observation that the CA3 region of the 
hippocampus in the Vps18 CKO mouse brain 
was split into two layers (indicated by the arrow 
in Fig. 3A right panel). Next we examined 
whether Vps18 deficiency affected neuronal 
migration in cerebral cortex. IF staining with 
anti-Cux-1 (a layer II-IV marker) and Tbr1 (a 
layer VI and subplate marker) did not show 
obvious laminar abnormalities in P1 Vps18 
CKO cerebral cortex (Data not shown). 

However, IF staining with antibodies described 
above may not be sensitive enough to detect 
some minor defects of neuronal migration. To 
ascertain if Vps18 deficiency affects neural cell 
migration in cerebral cortices, we performed in 
utero electroporation with the plasmid pEYFP at 
E14 and visualized the EYFP-labeled cells at 
E19. The results showed that while almost all 
control EYFP+ cells migrated normally to layer 
II-IV of the cortical plate, a fraction of Vps18 
deficient EYFP+ cells tailed in layer V-VI, 
intermediate zone or subventrical zone. This 
was a clear indicator of defective neuronal 
migration in the cerebral cortex (Fig. 6A). 
Furthermore, we observed a more severe 
migration defect in the Vps18 deficient 
cerebellum. IF staining with anti-Calbindin 
showed that Vps18 deficiency resulted in 
disruption of Purkinje cell layer formation.  
Purkinje cells in P10 control cerebellum had 
assembled into a single tight layer above inner 
granule cell layer; in contrast, Purkinje cells in 
some area of Vps18 deficient cerebellum were 
still located under the inner granule cell layer 
(Fig. 6B arrow) in addition to their lower 
density distribution. All these results 
demonstrate that Vps18 deficiency impairs 
neural cell migration in cerebral cortex, 
hippocampus, and cerebellum. 

Vps18 deficiency does not disturb the reelin 
pathway, expression of N-cadherin or activation 
of JNK- During cortical development, the reelin 
pathway plays critical roles in regulating radial 
migration of neurons (9,10). The cell surface 
protein levels of two reelin receptors, Apoer2 
and Vldlr, are regulated by endocytosis (36). 
Thus, Vps18 deficiency may affect reelin 
signaling by disturbing the endocytosis process 
of Apoer2 and Vldlr in neural cells. To test this 
possibility, we evaluated the expression of Dab1, 
a direct target of reelin receptors, in Vps18 CKO 
mice. The accumulation of Dab1 is a hallmark 
of defects in reelin signaling. However, there 
was no accumulation of Dab1 in the 
hippocampus, cerebral cortex, or cerebellum of 
the mutant mice examined by Western blot (Fig. 
6C). To ascertain that the activity of Dab1 was 
not altered, we also examined the level of the 
cleaved form of Notch intracellular domain 
(Notch ICD), which is directly regulated by 
Dab1 (37), and found that it was also not altered 
in the Vps18 CKO brain (Fig. 6C).  These 
results indicate that the reelin pathway may not 
be affected in Vps18 CKO brains.  
     Recently, Rab5/11-mediated early endocytic 
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pathway has been demonstrated to play an 
important role in neuronal migration through 
regulating N-cadherin expression and JNK 
activity (14). Therefore, we evaluated the 
protein level of N-cadherin and JNK activity in 
the Vps18 CKO brain. Western blot analysis 
showed that the protein level of N-cadherin or 
phosphorylation of JNK in Vps18 CKO brains 
was similar to that of Ctrl (Fig. 6D), suggesting 
Vps18 deficiency did not affect N-cadherin 
expression or JNK activity.  

In summary, the above results suggest that 
neuronal migration defects in Vps18 CKO mice 
may not be caused by disturbing the reelin 
pathway or early endocytosis. 

The upregulation of β1 integrin disturbed 
neuronal migration in Vps18 CKO mice-
Integrins are another major family of adhesion 
molecules. β1 integrin is expressed in primary 
neurons and has been implicated in regulation of 
neuronal migration (12,13,38,39). Integrins 
were suggested to be trafficked to lysosomes for 
degradation (40). Based on these previous 
studies, we hypothesized that Vps18 deficiency-
mediated blockage of endosome-lysome 
pathway may impair neuron migration by 
upregulating β1 integrin.  To test our hypothesis, 
we first investigated whether the expression of 
β1 integrin was affected in the Vps18 CKO 
brain. We found that the cell surface level of β1 
integrin was increased in Vps18 mutant cells 
compared with that of controls by FACS (Fig. 
6E), demonstrating Vps18 deficiency results in 
upregulation of β1 integrin in the Vps18 CKO 
brain. Next, we further asked whether the 
accumulation of β1 integrin on cell surface is 
caused by blockage of lysosome function. 
NIH3T3 cells were treated with chloroquine and 
monensine, two lysosome inhibitors, to block 
lysosome pathway followed by FACS analysis.  
Indeed, the results showed that treated cells 
displayed higher level of β1 integrin on cell 
surface (Fig. 6F), demonstrating that lysosome 
dysfunction would lead to an increase of β1 
integrin on cell surface.  

To further verify whether upregulating 
expression of β1 integrin on cell surface is 
responsible for the defects of neuronal migration 
in the Vps18 CKO mouse brain, we knocked 
down β1 integrin in the Vps18 deficient neural 
cells by shRNA using in utero electroporation. 
The results showed that reducing expression of 
β1 integrin partially rescued migration defects 
of the Vps18 deficient neural cells (Fig. 6G and 

6H), illustrating that Vps18 deficiency-mediated 
upregulation of β1 integrin in Vps18 deficient 
neural cells is one of the reasons for their 
impaired migration behavior (see discussion 
below). 
 
DISCUSSION 

Although the function of the Vps18 gene has 
been extensively studied in lower organisms, its 
physiological function in mammals remains 
unknown. Here we have illustrated the in vivo 
roles of the Vps18 gene in mammals by ablating 
the gene in mice. We have shown that Vps18 
deficiency results in embryonic or early 
postnatal lethality and neural-specific deletion 
of Vps18 leads to postnatal lethality and growth 
retardation. We have for the first time 
demonstrated that Vps18 is essential for neuron 
survival and loss of Vps18 led to wide spread 
neurodegeneration in mouse brains. We show 
here that disruption of Vps18 in mouse neural 
cells results in a blockage of endosomal 
maturation, obstruction of autophagosome 
clearance, and defective biosynthetic lysosomal 
trafficking. These studies demonstrate that 
Vps18 occupies an essential position in the 
autophagy, endocytosis and lysosomal functions 
in mammals. These studies also illustrate the 
mechanisms underlying the severe 
neurodegeneration in Vps18 CKO mice because 
it has been well documented that disruption of 
endocytotic or autophagy pathways, or 
dysfunction of lysosomes leads to 
neurodegeneration (4,5,7,31,32). More 
interestingly, we have also demonstrated that 
Vps18 CKO mice displayed defects of neuronal 
migration in various brain regions including 
cerebral cortex, hippocampus and cerebellum. 
Mechanistic studies revealed that Vps18 
deficiency did not disturb the reelin pathway, 
JNK activity or N-cadherin expression, but led 
to upregulation of β1 integrin on cell surface. 
Furthermore, knock-down of β1 integrin 
partially rescued the migration defects, thus, 
providing one possible explanation for impaired 
neuronal migration in the Vps18 CKO mice.  

Although we are currently not able to show 
the Vps18 deletion efficiency at protein level in 
the Vps18 CKO brain cells, we have 
demonstrated that in Vps18 CKO brain cells 
~80% of Vps18 gene was deleted at DNA level 
by Real-time PCR (Fig. 1C) and further 
confirmed that Vps18 mRNA was significantly 
reduced by RT-PCR (Fig. 1D). These results 
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provide solid evidence that Vps18 has been 
efficiently deleted in Vps18 CKO brain cells. 
Furthermore, given the very severe phenotypes 
of the Vps18 CKO mice, we think that lack of 
analysis of the Vps18 deletion efficiency at 
protein level in the Vps18 CKO brain cells will 
not affect our main conclusion or the 
significance of our study. 

There is evidence indicating that ectopically 
located neurons can be removed by programmed 
cell death (41). However, the neurodegeneration 
phenotype is far more severe than migration 
defects in Vps18 CKO mice. For example, most 
neurons in the hippocampus of Vps18 CKO 
mice can migrate correctly but most of the 
neurons were lost at P10.  In Vps18F/F; Pcp2-Cre 
mice, the Purkinje cells can migrate correctly 
but most of the Purkinje cells disappeared at the 
age of 3 months. Therefore, it seems less likely 
that neuron migration defect is a major cause of 
neurodegeneration in Vps18 CKO mice. 

P62 has been proved to be required for 
inclusion body formation and is accumulated in 
autophagy deficient mice (35). In Vps18 CKO 
brains, ubiquitinated proteins were dramatically 
accumulated and formed inclusion bodies (Fig. 
4B and F), which were also positive for p62 (Fig. 
4G). However, Western blot analysis showed 
that p62 protein level did not increase (data not 
shown). One possible explanation is that Vps18 
deficient mice die too early to accumulate 
sufficient amount of p62 to show an obvious 
difference through Western blot.  These results 
also indicate that inclusion body formation can 
happen before the accumulation of p62 

Vps33a also encodes a subunit of Vps-C 
complex. The buff mutant mouse containing a 
Vps33a point mutation displays reduced 
Purkinje cell number and smaller size of 
cerebellum only in old age (>8 and >13-14 
months respectively) (42).  However, Vps18 
deficiency results in much more severe defects 
of mouse brain such as almost complete loss of 
hippocampus, reduced Purkinje cell number, 
and impaired neural cell migration at very 
young age (<P10).  There are at least two 
following possible explanations for these 
differences: (1) The buff allele of Vps33a gene 
contains a missense mutation and may not 
completely lose its function.  (2) Vps18 may be 
more important for the function of the Vps-C 
complex because loss of Vps18, not Vps33, 
leads to the complete disruption of the Vps-C 
complex in yeast (43).  

In the enlarged axons of neurons in AD 

patients, autophagosomes are highly 
accumulated. This is believed to result from 
reduced autophagosome clearance (44,45). We 
have observed similar phenotypes in the Vps18 
deficient mouse brain (Fig. 5F). Since the 
accumulation of autophagosomes in AD patients 
is thought to contribute to the generation of β-
amyloid, we examined whether Aβ 42 is 
accumulated in Vps18 deficient mouse brain.  
However, we found no difference of the Aβ 42 
protein level between the Vps18 CKO and Ctrl 
mice (data not shown). This could be due to 
disturbed maturation of lysosome proteinase 
such as Cathepsin D in Vps18 deficient mice 
since lysosome proteinase was recently 
suggested to play a role in β-amyloid generation 
(46). But we can’t exclude the possibility that 
Vps18 deficient mice die too early to accumulate 
sufficient β-amyloid because AD is an age-
related disease.  

It has been recently shown that endocytic 
pathways play important roles in regulating 
neuronal migration (14). Suppression of Rab5-
mediated endocytosis and early endosome 
formation almost completely blocks neuronal 
migration in cerebral cortex. Knocking down 
Rab11 resulted in a phenocopy of Rab5 knock-
down. However, deletion of Vps18 only 
partially blocks neuronal migration in cerebral 
cortex and cerebellum and does not change the 
protein level of Rab4 and Rab11 (Fig. 4C), 
which act downstream of Rab5 and are involved 
in fast and slow recycling pathways respectively. 
Knocking down Rab5 or Rab11 resulted in 
accumulation of N-cadherin and reduction of 
JNK activity and had no effect on β1 integrin. 
However, disruption of Vps18 led to increased 
expression of β1 integrin on cell surface but had 
no effects on N-cadherin and JNK. Thus, 
Rab5/Rab11 and Vps18 regulate neuronal 
migration by different mechanisms.  

Vps18 and Rab7 are both involved in the 
regulation of endosome-lysosome fusion, but 
their effects on neural cell migration are 
different. Knocking down Rab7 only blocked 
the final phase of neuronal migration (14), while 
Vps18 deficiency impairs the earlier stage of 
neuronal migration. This discrepancy could be 
due to different methods applied. Vps18 
deficient cells we studied carry Vps18-null 
mutants while knocking down Rab7 can only 
partially block Rab7 expression. Thus, to the 
best of our knowledge Vps18 deficiency-
mediated impairment of neuronal migration 
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provides the first linkage between late 
endosome/lysosomal function and neuronal 
migration.  

The function of β1 integrin in cell migration 
during cortical development has been 
controversial. Cortical neurons are assembled 
into layers in Itgb1-CNSko mice and Itga3-null 
mice (12). But blocking function of α3β1 
integrins with α3 antibodies perturbs neuron-
glia interactions in vitro, and BrdU or GFP-
labeled cortical neurons in Itga3 null mice 
displayed retarded radial and tangential 
migration or were misplaced (39,47). α3β1 
integrins also regulate interneuron migration by 
interacting with netrin1 (13). Our results show 
that Vps18 deficiency-mediated upregulation of 
β1 integrin on cell surface impairs neuronal 
migration, but does not affect layer formation in 
cerebral cortex. We have also demonstrated that 
knocking down of β1 integrin mitigates the 
migration defects. These results also support the 
notion that β1 integrin has a modulatory role for 
neuron migration.  

Since the knockdown of β1 integrin only 
partially rescued neuronal migration defect in 
Vps18 CKO mouse brain, we suspected that 
there were other unknown mechanisms 
underlying impaired migration of Vps18 

deficient neural cells. Radial migration of 
neurons is guided by radial glial fibers in the 
brain. Disruption of arrangement of radial glial 
processes led to obstruction of neuronal 
migration (48,49). Therefore, we examined 
whether radial glial scaffold in the brain of 
Vps18 CKO mice was affected. Our analysis 
showed that the Vps18 deficiency resulted in 
severe disruption of radial glial fibers in 
cerebellar primordiums but no obvious defects 
in cerebral cortices (supplemental Fig. S1). The 
severity of disorganized radial glia processes in 
the Vps18 deficient cerebral cortex and 
cerebellar primordium is consistent to the 
harshness of impaired neuronal migration in 
these two tissues, that is, layer formation is not 
affected in cerebral cortices but is disturbed in 
the cerebellums of the Vps18 deficient brain. 
Therefore, disrupted radial glial fibers could be 
another factor leading to impaired neuronal 
migration at least in the cerebellums of Vps18 
CKO mice. However, further work is needed to 
elucidate the mechanism(s) by which Vps18 
specifically regulates development or 
maintenance of radial glia fibers in cerebellar 
primordiums.  
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FIGURE LEGENDS 
 
Figure 1. Generation of Vps18 conditional knockout mice. (A) Schematic representation of the 
knockout strategy for Vps18 gene. (1) Genomic DNA fragment of Vps18 gene containing exon 2-5. (2) 
Schematic structure of the Vps18 targeting vector. (3) Genomic structure of Vps18galeo allele after 
homologous recombination. (4) Genomic structure of Vps18F allele after removal of nLacZ and pgk-
Neo expression cassettes simultaneously by FLP. pgk-DTA and pgk-Neo represent the diphtheria 
toxin A and the neomycin expression cassettes respectively. nLacZ represents a modified E. coli β-
galactosidase gene containing nuclear localization signal at its N-terminal. The exons are numbered 
and depicted by open boxes. The open and black triangles denote loxP and FRT sequence respectively. 
The gray box before nLacZ represents a splicing acceptor.  Xba I sites are indicated by short vertical 
lines. The gray ellipse in (3) depicts the probe for Southern blot analysis. (B) Southern blot analysis of 
genomic DNA extracted from targeted ES clones. The 9.4 and 3.1-kb Xba I fragments represent WT 
and modified alleles respectively. (C and D) Efficiency of Vps18 deletion in the Vps18 CKO mouse 
brain. Deletion efficiency of Vps18 gene was estimated at DNA level by Realtime PCR (C) and 
transcriptional level by RT-PCR analyses (D). The genomic DNA and total RNA prepared from P4 
Vps18 CKO or Ctrl mouse brains were used for templates.  O1 and O2 [Arrows in (A)] specific to 
exon 4 of Vps18 were primers for PCR. Assay shown is representative of three experiments with 
similar results. Values in (C) represent the means ± SEM of three separate experiments. * P value 
<0.001.  
 
Figure 2. Vps18 expression pattern in the Vps18+/galeo mouse brains and postnatal lethality and growth 
retardation of the Vps18 CKO mice.  (A-C) X-gal staining of sagital sections of the Vps18+/galeo mouse 
brain reveals wide expression of Vps18 in various regions mouse brain, especially with intensive 
signals in olfactory bulb (MOB), cerebral cortex (CTX), striatum (STR), hippocampus (HPF), 
thalamus (TH) and cerebellum (CB). MB: mid brain, MY: brain stem. (D-K) Higher magnification 
micrographs of different parts of Vps18+/galeo brain in (A-C). (L) Representative photograph of the 
CKO and Ctrl pups at P10 from the same litter (left panel) and body weight development of the 
mutant and control mice (right panel). (M) Kaplan–Meier survival curve of the Vps18 CKO and Ctrl 
mice (n ≥ 16 for all genotypes). (N) The mutants display smaller cerebrums and cerebellums than 
their littermates. Image is representative of mouse brains from six mice per group. Ctrl in L and M 
include Vps18F/F and Vps18+/F mice. Values in L represent the means ± SEM of body weight (n ≥ 16 
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for all genotypes). [Scale bar: 400 µm (A-C); 200 µm (D-K); 2mm (N)] 
 
 
Figure 3. Neurodegeneration in the Vps18 CKO mouse brains. (A-D) Histological analyses of the 
hippocampus and cerebellum of the Vps18 CKO mice. (A and B) Disruption of the morphological 
structures of hippocampus in the Vps18 CKO mice at P10 due to significant cell loss. Arrow and 
arrowhead in (A) indicate the split and neuron-loosely-associated CA3 region separately. (C and D) 
Less foliation and a smaller size of the Vps18 CKO cerebellum. Sagittal cryosections of indicated 
mouse brains at P1 (A and C) or P10 (B and D) were stained with H&E and microphotographed. (E) 
Dramatic loss of the Purkinje cells in the Vps18F/F; Pcp2-Cre mice. The cryosections of indicated 
mouse cerebellums were stained with anti-calbindin. (F) Western blot analysis of total proteins from 
P4 brains discloses activation of caspase-3. Blot shown is representative of three experiments with 
similar results. (G-I) A striking increase of GFAP signals in cerebral cortex (G), hippocampus (H) and 
cerebellum (I) of P10 Vps18 CKO mouse brain. (J-L) Increased apoptotic cells in the Vps18 CKO 
brains. Cryosections of the cerebral cortex (J), hippocampus (K) and cerebellum (L) from indicated 
mice at P10 were stained with anti-caspase-3. All images are representative brain sections from at 
least three mice per group. [Scale bar: 200 µm (A-D); 100 µm (E, G-L).] 
 
Figure 4. Blockage of autophagosome clearance and maturation of endosome and lysosomal 
proteases in the Vps18 CKO brains. (A-D) Western blot analyses of proteins or markers involved in 
autophagy, endocytosis, and biosynthetic pathways using the cell lysates prepared from the whole 
brain of the Vps18 CKO and Ctrl mouse at P10. The accumulation of both forms of LC3 (LC3-I and 
LC3-II) (A) and ubiquitinated proteins (B). An increased expression of EEA1 and Rab7, but not Rab4 
and Rab11 (C). A dramatic accumulation of immature Cathepsin D (52 & 48kD) and a markedly 
reduction of the matured form (34 kd) (D). Total proteins were extracted from the Vps18 CKO or Ctrl 
mouse brains and blotted with indicated antibodies. (E) The accumulation of autophagosomes and 
lysosome/late endosomes in the Vps18 CKO brain cells. Cryosections of cerebral cortex from 
indicated mice were immunofluorescently stained with anti-LC3 and anti-LAMP1. (F) Buildup of 
ubiquitin-positive inclusions in the Vps18 CKO brains at P10. Cryosections of various indicated brain 
tissues from Vps18 CKO and Ctrl mice were immunohistochemically stained with anti-ubiquitin 
antibody. Insets are enlarged views of the cropped regions. Arrows indicate ubiquitin-positive 
inclusions. (G) Co-IF staining with anti-ubiquitin and anti-p62 antibodies shows that ubiquitin-
containing inclusion bodies in P10 Vps18 deficient brain cells are also positive for p62. Arrows 
indicate colocalized signals of ubiquitin and p62. Blots shown are representatives of three 
experiments with similar results. Images shown are representative mouse brain sections from at least 
three mice per group.  [Scale bar: 20 µm (E); 50 µm (F); 5µm (G)] 
 
Figure 5. The accumulation of autophagosomes, late endosomes and amorphous densely stained 
vesicles in the Vps18 CKO mouse brain. (A and B) Typical electron micrographs of Ctrl or Vps18 
CKO cortical neuron at P10. (C and D) Enlarged view of the cropped region in (A) and (B). 
Arrowheads: early autophagosomes; Double arrows: late autophagosomes; arrows: multivesicular 
bodies. N and M in (A-C) represent nucleus and mitochondria respectively. (E) Bar graph shows great 
accumulation of early and late autophagosomes and mutivesicular bodies in the Vps18 CKO cerebral 
cortex. The organelles in thirteen randomly chosen neurons on electronic microscope photographs 
from two sets of mouse brains were counted. (F) Electron microscopy analysis reveals that 
enormously swollen dystrophic neurites in the Vps18 CKO hippocampus are full of amorphous, 
multilaminar body-like vesicles. Images are representative mouse brain sections from at least three 
mice per group. Values in (E) represent the means ± SEM. ** P value <0.01. [Scale bar: 2 µm (A, B 
and F); 500 nm (C and D)] 
 
Figure 6. Vps18 deficiency-mediated impairment of neuronal migration and upregulation of β1 
integrin on cell surfaces. (A) Representative images of E19 cerebral cortices of indicated mice 
electroporated at E14 with plasmid pEYFP. A fraction of EYFP-positive cortical neurons was 
abnormally located in the intermediate zone and subventrical zone in the Vps18 CKO cerebral cortex. 
(B) Sagittal cryosections of cerebellums from indicated mice were stained with anti-Calbindin. An 

 at F
U

D
A

N
 U

N
IV

E
R

S
IT

Y
 S

C
H

O
 O

F
 P

H
A

R
M

A
C

Y
, on A

ugust 14, 2012
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


14 
 

arrow indicates abnormal localized Purkinje cells under inner granule cell layer in the Vps18 CKO 
cerebellum. (C and D) Western blot analysis reveals no change in the protein levels of Dab1, cleaved 
Notch I, N-caherine and activated JNKs in indicated regions of E17 CKO mouse brains compared 
with the controls. Het: Vps18+/F; Nestin-Cre. Blots shown are representatives of three experiments 
with similar results. (E) The FACS profiles showing an increase of β1-integrin expression on the 
surface of the E16.5 Vps18 CKO brain cells as indicated. (F) The FACS profiles demonstrating the 
accumulation of β1-integrin on the surface of NIH3T3 cells treated with lysosomal inhibitors, 
chloroquine and monensine. (G and H) Knockdown of β1-integrin partially rescued the migration 
defect in the Vps18 CKO brain. Representative images in (G) are from the section of E19 Vps18 CKO 
or Ctrl cerebral cortices electroporated with the plasmids co-expressing mCherry and indicated 
shRNA. The graphs in (H) show the estimation of cell migration in distinct regions of the cerebral 
cortices in the images as shown in (G). Values represent the means ± SEM of percentage of cell 
number. Seven images (sections)/brain and 3 brains for each set of experiments were used for 
counting mCherry-positive cells. All images are representative mouse brain sections from at least 
three mice per group. The FACS profiles shown are representative of three experiments with similar 
results. IMZ/SVZ/VZ: intermediate zone/subventricular zone/ventricular zone. Short yellow bars in 
(G) indicate the borders between layers II-IV and V-VI of the cortical plate, and IZ/SVZ/VZ. sh-scr, 
scrambled shRNA; sh-Itgb1, β1-integrin shRNA. * P value<0.05, ** P value<0.01. (Scale bar: 200 
µm) 
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