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Neonatal Hydrocephalus

Kong-yan Wu,1 Fu-lei Tang,2 Daehoon Lee,1 Yang Zhao,1,3 Hyunjin Song,2 Xiao-Juan Zhu,3 Lin Mei,1,2,4 and
Wen-Cheng Xiong1,2,4

1Department of Neurosciences, School of Medicine, Case Western Reserve University, Cleveland, Ohio 44106, 2Department of Neuroscience and
Regenerative Medicine, Medical College of Georgia, Augusta University, Augusta, Georgia 30912, 3Key Laboratory of Molecular Epigenetics of
Ministry of Education, Institute of Cytology and Genetics, Northeast Normal University, Changchun, Jilin 130024, China, and 4Louis Stokes
Cleveland Veterans Affairs Medical Center, Cleveland, Ohio 44106

Hydrocephalus is a pathologic condition associated with various brain diseases, including Alzheimer’s disease (AD).
Dysfunctional ependymal cells (EpCs) are believed to contribute to the development of hydrocephalus. It is thus of interest to
investigate EpCs’ development and function. Here, we report that vacuolar protein sorting-associated protein 35 (VPS35) is criti-
cal for EpC differentiation, ciliogenesis, and survival, and thus preventing neonatal hydrocephalus. VPS35 is abundantly
expressed in EpCs. Mice with conditional knock-out (cKO) of Vps35 in embryonic (Vps35GFAP-Cre and Vps35Emx1-Cre) or post-
natal (Vps35Foxj1-CreER) EpC progenitors exhibit enlarged lateral ventricles (LVs) and hydrocephalus-like pathology. Further stud-
ies reveal marked reductions in EpCs and their cilia in both Vps35GFAP-Cre and Vps35Foxj1-CreER mutant mice. The reduced EpCs
appear to be due to impairments in EpC differentiation and survival. Additionally, both Vps35GFAP-Cre and Vps35Foxj1-CreER neo-
natal pups exhibit increased cell proliferation and death largely in a region close to LV-EpCs. Many microglia close to the mu-
tant LV-EpC region become activated. Depletion of the microglia by PLX3397, an antagonist of colony-stimulating factor 1
receptor (CSF1R), restores LV-EpCs and diminishes the pathology of neonatal hydrocephalus in Vps35Foxj1-CreER mice. Taken to-
gether, these observations suggest unrecognized functions of Vps35 in EpC differentiation, ciliogenesis, and survival in neonatal
LV, and reveal pathologic roles of locally activated microglia in EpC homeostasis and hydrocephalus development.
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Significance Statement

This study reports critical functions of vacuolar protein sorting-associated protein 35 (VPS35) not only in promoting ependy-
mal cell (EpC) differentiation, ciliogenesis, and survival, but also in preventing local microglial activation. The dysfunctional
EpCs and activated microglia are likely to induce hydrocephalus.

Introduction
Hydrocephalus is a pathologic condition with abnormal buildup
of CSF in the ventricles of the brain, which could result in intel-
lectual and motor deficits (Tully and Dobyns, 2014; Kousi and

Katsanis, 2016). Etiologically, hydrocephalus can be congenital
or acquired. The congenital hydrocephalus is present at birth
and may be caused by genetic abnormalities during fetal develop-
ment, while the acquired hydrocephalus can occur at all ages of
life and may be induced by various factors. Interestingly, hydro-
cephalus-like pathology [e.g., normal pressure of hydrocephalus
(NPH)] is often detected in patients with Alzheimer’s disease
(AD; Shprecher et al., 2008), the most common form of neurode-
generative diseases.

Histologically, hydrocephalus can be classified into commu-
nicating or non-communicating type, based on the CSF flow.
CSF, mainly produced in choroid plexus, is transported from lat-
eral ventricle (LV) to third ventricle (3V), aqueduct (Aq), and
fourth ventricle (4V), and then reabsorbed in the subarachnoid
space (Fliegauf et al., 2007; Louvi and Grove, 2011). Stenosis of
Aq of sylvius is a major cause for non-communicating
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hydrocephalus (Fliegauf et al., 2007; Kahle et al., 2016). Defects
in ciliary polarization and beating, and ependymal cell (EpC) ad-
hesion and maintenance result in communicating hydrocephalus
in adult mice (Guirao et al., 2010; Ohata et al., 2014; O’Leary et
al., 2017; Shimada et al., 2017). However, the mechanisms under-
lying neonatal hydrocephalus remain obscure.

EpCs, the major multiciliated cell type lining ventricles,
play essential roles in CSF circulation and homeostasis (Del
Bigio, 2010). The majority of mouse EpC precursors are
derived from radial glial cells (RGCs) around embryonic day
(E)14 to E16, and then differentiated and matured with cilia
formation in neonatal age (Spassky et al., 2005; Louvi and
Grove, 2011; Fuentealba et al., 2015). In addition to EpCs,
type B1 progenitor cells, also called neural stem cells (NSCs),
are derived from RGCs shortly after birth (Voigt, 1989;
Doetsch et al., 1999; Spassky et al., 2005; Fuentealba et al.,
2015). Both EpCs and B1 cells constitute pinwheel organiza-
tion of LV surface (Mirzadeh et al., 2008).

Vacuolar protein sorting-associated protein 35 (VPS35), a
key component of retromer complex, plays a critical role in
retrieval of transmembrane proteins or cargos from endo-
somes to the trans-Golgi network or recycling cargos from
endosomes to cell surface (Hierro et al., 2007; Collins, 2008;
Harbour et al., 2010; Seaman, 2012; Burd and Cullen, 2014;
Vagnozzi and Praticò, 2019). Retromer- or VPS35 deficiency
appears to be a risk factor for neurodegenerative diseases,
including AD and Parkinson’s disease (PD; Small and
Petsko, 2015). Mutations in vps35 gene have been identified
in patients with autosomal dominant PD (Deutschlander et
al., 1993; Vilarino-Guell, 2011; Zimprich et al., 2011; Tsika et
al., 2014; Wang et al., 2016a; Williams et al., 2017) or early
onset AD (Rovelet-Lecrux et al., 2015). Vps35/retromer-loss
in mouse models results in PD-like deficits as well as
enhanced AD-like neuropathology in Tg2576, an AD mouse
model (Wen et al., 2011; Zimprich et al., 2011; Tang et al.,
2015a,b; Wang et al., 2016a). Vps35 plays important roles in
various types of brain cells, including pyramidal neurons,
dopamine neurons, and microglia (Wen et al., 2011; Wang et
al., 2012; Tang et al., 2015a,b; Appel et al., 2018). However,
its function in EpCs remains to be exploited.

Here, we report that Vps35 in EpCs is necessary for EpC
differentiation, ciliogenesis, and maintenance. VPS35 is
expressed in EpCs. Mice with conditional knock-out (cKO)
of Vps35 in embryonic (e.g., Vps35GFAP-Cre) or postnatal
(e.g., Vps35Foxj1-CreER) progenitors of EpCs show features of
neonatal hydrocephalus, including loss of S100b1 EpCs, de-
fective EpC ciliogenesis, and enlarged LVs. Additionally,
both Vps35GFAP-Cre and Vps35Foxj1-CreER mutant mice at
postnatal day (P)5 show impaired EpC differentiation and
increased cell proliferation and death in LV-subventricular
zone (SVZ) region. Whereas both Vps35GFAP-Cre and
Vps35Foxj1-CreER mutant mice show similar phenotypes during
EpC development, there are few differences. Vps35GFAP-Cre, but
not Vps35Foxj1-CreER, mice (at P5) display an increase in EpC
death. Vps35Foxj1-CreER, but not Vps35GFAP-Cre, mice show an
increase in Foxj1-Cre1 cells with unknown cellular identify.
Remarkably, microglia in LV-SVZ and LV-EpC regions are acti-
vated in Vps35Foxj1-CreER mice, and depletion of microglia by
PLX3397 restores EpCs and diminishes hydrocephalus pathol-
ogy. These results suggest that the ependymal Vps35 not only
promotes EpC differentiation in a cell autonomous manner, but
also prevents microglial activation and RGC or EpC precursor
cell proliferation and death in a cell non-autonomous manner.

Materials and Methods
Animals
Vps35 floxed (Vps35f/f) mice were generated, genotyped, and main-
tained as described previously (Tang et al., 2015b; Appel et al., 2018).
GFAP-Cre mice (stock 004600), Emx1-Cre (stock 005628), and
Foxj1tm1.1(cre/ERT2/GFP)Htg mice (stock 027012, termed as Foxj1-CreER in
this study) were purchased from The Jackson Laboratory. NeuroD6-Cre
(also called Nex-Cre) mice were kindly provided by Klaus-Armin Nave
(Goebbels et al., 2006). Vps35f/f mouse line was crossed with GFAP-Cre,
Emx1-Cre, NeuroD6-Cre, or Foxj1-CreER mouse lines to generate Vps35
homozygous mutant Vps35GFAP-Cre, Vps35Emx1-Cre, Vps35NeuroD6-Cre or
Vps35Foxj1-CreER, respectively. Ai9 (stock 007909, The Jackson Laboratory)
mice were also crossed with indicated Cre lines to report Cre activity. To
induce Cre activity in Foxj1-CreER mice, tamoxifen (75mg/kg) was
injected into the mother mice or pups subcutaneously injected for 5 d,
and their pups, which were exposed to tamoxifen, were examined. All of
the mouse lines indicated above were maintained in C57BL/6 back-
ground for more than six generations. Mice were housed in 12/12 h
light/dark cycle animal rooms in Case Western Reserve University. Both
male and female mice were examined throughout all the experiments.
All experimental procedures were approved by the Institutional Animal
Care and Use Committees of Case Western Reserve University, and in
accordance with the National Institutes of Health guidelines.

Antibodies and reagents
Antibodies to 5-bromo-2’-deoxyuridine (BrdU; Abcam, ab6326), b -cate-
nin (Abcam, ab6302-100), CD11b (Abcam, ab8227), CD133 (Invitrogen,
14133182), cleaved Caspase 3 (Cell Signaling, 9579), Vps35 antibody
(Abcam, ab10099), DsRed (Clontech, 632496), GFAP (Novus Biologicals,
NBP1-05,198), GAPDH (Abcam, ab8245), Iba1 (Abcam, ab5076), Ki67
(Abcam, ab16667), NeuN (Neuromics, Mo 22 122), S100b (Abcam,
ab868), SOX2 (Santa Cruz biotechnology), acetylated tubulin (ace-tub;
Sigma, T6793), and g -tubulin (g -tub; Sigma, T6557) were purchased. All
secondary antibodies were purchased from Jackson ImmunoResearch. In
addition, the following reagents, in situ cell death detection kit (POD;
Roche, 11684817910), BrdU (Millipore 19-160), EdU (GeneCopoeia,
A009), PLX3397 (MedChemExpress, HY-16749), cresyl violet acetate
(Sigma, C5042), and tamoxifen (Sigma, T5648) were used.

Tissue processing and immunofluorescence
Mice with indicated genotypes were perfused, the brains were dissoci-
ated and then postfixed in 4% paraformaldehyde (PFA; pH7.4) over-
night. The brains were cryoprotected in PBS containing 30% sucrose
and embedded in O.C.T for sectioning with cryostat microtome at the
thickness of 30mm. The mouse brain sections were washed with PBS,
followed by incubation in 0.3% Triton X-100 for 30min at room temper-
ature. The sections were then incubated in primary antibodies at 4°C
overnight after blocked with 10% donkey serum. Alexa Fluor 405/488/
593/647-conjugated secondary antibodies were applied to sections for 2
h at room temperature. In some conditions, DAPI was also incubated
with sections to reveal cell nuclei. After washed with PBS, mouse brain
sections were mounted for confocal imaging with Zeiss LSM 800 system.

Nissl and b -galactosidase (b -gal) staining
Vibratome sections of mouse brains were mounted and air dried. The
sections were rinsed in PBS for 5min, and then stained in 0.1% cresyl
violet solution for 5–10min. The sections were quickly rinsed in distilled
water and dehydrated in 70%, 80%, 90% ethanol for 2–3 min step by
step. After differentiated in 95% ethanol, the sections were dehydrated in
100% ethanol for 2–5min. The sections were cleared with xylene for 2–
5min, mounted with DPX Mountant (Sigma-Aldrich, 44581) for histol-
ogy and dried in fume hood. For LacZ staining, mouse brain slices were
fixed with 0.5% glutaraldehyde, then incubated in X-gal solution over-
night at 37°C, as described previously (Wen et al., 2011). The mounted
sections were captured with KEYENCE BZX microscope.

BrdU, EdU, and PLX 3397 injections
BrdU, EdU, and PLX3397 were subcutaneously injected with a 0.5-ml
syringe (BD). For BrdU/EdU injections, BrdU (10mg/ml) or EdU

Wu et al. · VPS35 prevents neonatal hydrocephalus J. Neurosci., May 6, 2020 • 40(19):3862–3879 • 3863



(10mg/ml) in PBS was injected at the dose of 50mg/kg body weight,
2–4 h later, the mice were killed for experimental analysis. PLX3397
was dissolved in dimethylsulfoxide (DMSO) at the concentration of
8mg/ml, and the mice were given subcutaneous injections at the
dose of 20mg/kg body weight three times at P2, P4, and P6, respec-
tively, and killed at P7. Equal amount of DMSO was used as mock
control injection.

LV medial wall dissociation and whole-mount immunostaining
P7 or P10 mice were anesthetized and killed, and their brains were disso-
ciated and placed into 10-cm Petri dish containing cold HBSS on ice.
Along the interhemispheric fissure, mouse brain was cut into two hemi-
spheres, then two coronal cuts were made, one was at the rostral region
to dissect olfactory bulbs away, the other one was at the most posterior
region to expose the caudal hippocampus. The posterior two thirds of

hippocampus was cut off, the cortex covering this region was carefully
peeled away to expose LV (Mirzadeh et al., 2008). The corpus callosum
was dissected to separate LV dorsally, then the medial wall covering lat-
eral septal nuclei was dissociated from the remaining hemisphere. The
whole mounts of LV medial walls were fixed in 4% PFA overnight. After
washed with PBS for three times, the whole mounts were incubated in
2% Triton X-100 for 2 h at room temperature. Primary antibodies were
applied to whole mounts for 48 h, followed by corresponding secondary
antibodies. The whole mounts were mounted in wells with 200- to 300-
mm height on glass slide for imaging.

Imaging and statistical analyses
Mounted samples were imaged by Zeiss LSM 800 confocal microscopy
system or KEYENCE BZX microscope. Images were processed with
ImageJ 1.51n software (National Institutes of Health).

Figure 1. Neonatal hydrocephalus in Vps35GFAP-Cre and Vps35Emx1-Cre, but not Vps35Neurod6-Cre, mice. A, Representative images showing brain size of mice with indicated genotypes. Arrows indi-
cate transparent brain regions. B, Nissl staining images of P1 brain slices from mice with indicated genotypes. Slices at anterior and posterior levels are shown. Scale bar, 1000mm. C, Quantification
of anterior and posterior areas of LV from P1 control, Vps35GFAP-Cre, Vps35Emx1-Cre, and Vps35NeuroD6-Cre mice. Data shown are mean6 SEM from five control, four Vps35GFAP-Cre, three Vps35Emx1-Cre,
and four Vps35NeuroD6-Cre mice. ns, no significance, one-way ANOVA with Tukey’s HSD post hoc test. D, Nissl staining of P7 brain slices from mice with indicated genotypes. Scale bar, 1000mm. E,
Quantification of LV areas in P7 mouse brains. Data shown are mean6 SEM from four mice of each group; ***p, 0.001, ns, no significance, one-way ANOVA with Tukey’s HSD post hoc test. F,
Quantification of LV areas in P14 mouse brains. Data shown are mean6 SEM from three to four mice of each group; ***p, 0.001, ns, no significance, one-way ANOVA with Tukey’s HSD post hoc
test. G, Index for LV enlargement from Vps35GFAP-Cre, Vps35Emx1-Cre, and Vps35NeuroD6-Cre mice at indicated postnatal ages. The index values are calculated as: (anterior1 posterior LV area)/(anterior1
posterior LV area of control group). Data shown are mean6 SEM from three to four mice of each group at each postnatal age. H, MRI images showing brain and LV structures of con-
trol and Vps35Emx1-Cre mice at P14. The location on rostral-caudal axis is at bregma �2.92. The regions with high intensity in Vps35Emx1-Cre mouse brain are highlighted in yellow dot-
ted lines, indicating LV hydrocephalus. I, Quantification of LV area of mouse brains based on MRI images. Data shown are mean6 SEM (n = 3); ***p, 0.001, Student’s t test.
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Experimental design and statistical analysis
All experiments were carried with corresponding control groups, includ-
ing mouse genetics control, experimental control. All of these control
groups were clearly labeled in figures and described in Results. The sta-
tistical analysis was evaluated by ANOVA with post hoc or Student’s t
tests. The values of mean6 SEM were presented. The n numbers can be
found in the figure legends. Statistical significance was defined as
p, 0.05.

Results
Hydrocephalus-like pathology in neonatal Vps35GFAP-Cre and
Vps35Emx1-Cre, but not Vps35NeuroD6-Cre, mice
To investigate Vps35’s function in the developing brain, we gen-
erated several Vps35 cKO mouse lines, named as Vps35GFAP-Cre,
Vps35Emx1-Cre, and Vps35NeuroD6-Cre, by crossing the floxed
Vps35 allele (Vps35f/f) with hGFAP-Cre, Emx1-Cre, and NeuroD6-
Cre mice, respectively. Note that the hGFAP-Cre expresses Cre in
astrocytes, RGCs, NSCs, and their progenies beginning at E13.5
(Zhuo et al., 2001). The Emx1-Cre expresses Cre in progenitors and
postmitotic neurons of telencephalic cortical divisions, including
RGCs, Cajal-Retzius cells, glutamatergic neurons, and astrocytes,
beginning at E10.5 (Gorski et al., 2002). The Neurod6-Cre expresses

Cre selectively in pyramidal neurons, granule and mossy cells of
dentate gyrus in neocortex and hippocampus, starting at E11.5
(Goebbels et al., 2006). Vps35 expression was abolished in Cre1

cells in these mutant mouse lines (Tang et al., 2020; data not
shown); and all of these Vps35 cKO mice appeared to be smaller in
body size with reduced body weight, and underwent early death
around ages of P21–P28 (data not shown).

We then examined phenotypes of these Vps35 cKO mice at
P1, P7, and P14. Initial viewing overall brain structures of P14
mice showed smaller brain in size in Vps35Neurod6-Cre, but not in
Vps35GFAP-Cre and Vps35EMX1-Cre, as compared with their litter-
mate control mice (Vps35f/f; Fig. 1A). Interestingly, the lateral
hind brains in Vps35GFAP-Cre and Vps35EMX1-Cre, but not
Vps35NeuroD6-Cre, mice appeared to be transparent (Fig. 1A),
likely due to the accumulation of “water” in their ventricles,
implicating a hydrocephalus deficit. Further Nissl staining analy-
sis of their brain sections at ages of P1, P7, and P14 showed corti-
cal atrophy in all three mutant mouse lines at ages of .P7, but
not P1 (Tang et al., 2020; data not shown). But, the enlarged
LVs, a morphologic feature of hydrocephalus, were noted in
Vps35GFAP-Cre and Vps35Emx1-Cre, but not Vps35NeuroD6-Cre,
mice, at ages of P7 or older (Fig. 1B–F). These results suggest a

Figure 2. Cre recombinase activity in GFAP-Cre, Emx1-Cre, and Neurod6-Cre mouse lines. A, B, Representative td1 fluorescence images of mouse brain sections from GFAP-Cre; Ai9, Emx1-
Cre; Ai9, and NeuroD6-Cre; Ai9 mice at age of P7. Note that Ai9 is a Cre activity reporter mouse line, whose td fluorescence depends the Cre recombinase activity. Ctx: cortex. In B, the brain sli-
ces were costained td (red) with b -catenin (green) and DAPI (blue); the regions within white square indicate choroid plexus. Scale bars, 1000mm (A) and 100mm (B). C, Magnification of
choroid plexus regions in B. Scale bar, 20mm. GFAP-Cre and Neurod6-Cre are not expressed in choroid plexus, while Emx1-Cre is expressed in choroid plexus.
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hydrocephalus-like deficit in Vps35GFAP-Cre and Vps35Emx1-Cre,
but not Vps35NeuroD6-Cre, mice.

We further examined the enlarged LV and other morphologic
phenotypes in different brain regions of the mutant (Vps35GFAP-Cre

and Vps35Emx1-Cre) mice. In Vps35GFAP-Cre mice (�P7), obviously
enlarged LVs in both anterior and posterior brains were observed
(Fig. 1D–F). Additionally, the left and right hemispheric LVs were
fused into one large lumen at the anterior brain (Fig. 1D, top row);
the posterior cortex was much thinner (Fig. 1D, bottom row); and
the hippocampal formation was impaired (Fig. 1D). In Vps35Emx1-Cre

mice (at and after P7), similar but less severe phenotypes as those
in Vps35GFAP-Cre mice were detected (Fig. 1D–F). The phenotypes,
including enlarged LVs, thinner cortex, and impaired hippocam-
pal formation, were obvious in the posterior, but not anterior
brains, in Vps35Emx1-Cre mice (Fig. 1D–F). Quantification of the
index of LV enlargement (total LV area in each genotype over
total LV area in control mice) showed most severe phenotype in
Vps35GFAP-Cre mice as compared with Vps35Emx1-Cre mice, which
had .30-fold increase in LV areas at P14, whereas Vps35Emx1-Cre

mice had ;10-fold increase (Fig. 1G). Note that in both mutant

brains, the third (third) and fourth (fourth) ventricles, as well as
the Aq appeared to be unaffected. (data not shown). These results
suggest a selective deficit in LVs in both Vps35GFAP-Cre and
Vps35Emx1-Cre mice.

As the enlarged LV phenotype was less obvious in fractions of
Vps35Emx1-Cre mice, we further examined their potential hydro-
cephalic deficit by use of magnetic resonance imaging (MRI), a
more sensitive and non-invasive imaging method to examine LV
lumen and structures in live animals. Vps35Emx1-Cre mice and
their littermate controls (Vps35f/f) at age of P14. Indeed, the light
intensity (white) in LVs were increased and enlarged at the pos-
terior brains of Vps35Emx1-Cre mice, as compared with their con-
trol mice (Fig. 1H,I). These observations provide additional
evidence for a hydrocephalic deficit in Vps35Emx1-Cre mice.

Active Cre expression in LV lining cells in GFAP-Cre and
Emx1-Cre, but not Neurod6-Cre, mice
The hydrocephalic deficits were detectable in Vps35GFAP-Cre and
Vps35Emx1-Cre, but not Vps35NeuroD6-Cre, mice, raising a question

Figure 3. Vps35 expression in EpCs. A, B, LacZ activity in P7 Vps351/� mouse brain slices. A, Representative images. LV, 3V, and 4V are indicated. Scale bar, 200mm. B, Quantification of data
in A, the LacZ activity. C, Representative images of immunofluorescence signals for endogenous Vps35 (green), td (red), and S100b (white) in P5 control (GFAP-Cre; Ai9) and Vps35GFAP-Cre; Ai9 LV-
lining regions. Scale bars, 20mm. D, Quantification of Vps35 immunofluorescence intensity in td1 cells in control and Vps35GFAP-Cre; Ai9 mice. Data shown are mean 6 SEM (n= 3); ***p ,
0.001, Student’s t test. E, Illustration of major cell types in LV medial wall facing ventricular lumen. RGC (RGCs with single cilium), B1 cells (also called NSCs, with single cilium), and EpCs (EpCs with
multiple cilia) are indicated. Green dots represent basal body of cilium. F, Representative images of whole-mount immunostaining analysis of VPS35 (green), g -tub (red), and b -catenin (blue) in
P7 LV medial wall. Note that the g -tub marks basal body of cilium, and b -catenin labels cell-cell junctions. Arrow points to the cell with single cilium (RGC or B1 cell). Scale bars, 10mm. G,
Quantification of VPS35 immunofluorescence intensity in multicilium and single-cilium-containing cells. VPS35 immunofluorescent signal distributed in cell-cell junctions were excluded. Data shown
are mean6 SEM from three experiments; ***p, 0.001, Student’s t test.
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of why Vps35 KO in GFAP-Cre1 or EMX1-Cre1 cells, but not
Neurod6-Cre1 cells, causes LV enlargement. To address this
question, we tested whether this difference was due to different
Cre expression in cells surrounding LVs. To this end, the
hGFAP-Cre, Emx1-Cre, and Neurod6-Cre mice were crossed
with Ai9 mice, which serves as Cre activity reporter via
tdTomato (td) expression that is controlled by Cre recombinase
(Madisen et al., 2010). Imaging td fluorescence in brain sections
of these mice at P7 showed td1 signals in cortex (Ctx), corpus
callosum (CC), and striatum (Str) in all three mouse lines (Fig.
2A). However, the td1 signals were only detected in cells sur-
rounding LVs in hGFAP-Cre; Ai9 and Emx1-Cre; Ai9, but not
NeuroD6-Cre; Ai9, mice (Fig. 2A,B). Further examining td
expression pattern in the lining of LV showed positive signals
along three walls of LVs with highest expression in the medial
wall in GFAP-Cre; Ai9 mice (Fig. 2B). The Emx1-Cre;Ai9 mice
exhibited a selective expression pattern, with td signals in the
dorsal wall and part of medial wall, but undetectable in the lateral
wall and ventral part of medial wall (Fig. 2B), in line with a previ-
ous report (Gorski et al., 2002). In addition, Emx1-Cre, but not
GFAP-Cre, was expressed in choroid plexus (Fig. 2C). These
results suggest that the active Cre expression in LV lining cells
may contribute to the hydrocephalic deficits in Vps35GFAP-Cre

and Vps35Emx1-Cre, but not Vps35Neurod6-Cre, mice.

Vps35 expression in EpCs
EpC is a major type of cells lining the LV, with cilia extending into
the LV lumen, and dysfunctional EpCs result in hydrocephalus
(Spassky et al., 2005; Mirzadeh et al., 2008). We thus asked
whether ependymal Vps35 is necessary for prevention of

hydrocephalus. To this end, we first asked whether Vps35 is
expressed in ependymal regions of Vps351/� mice, which con-
tain Vps35-promoter driven LacZ reporter (Wen et al., 2011).
Indeed, the activity of b -gal was positive in lining regions of LV
as well as other ventricles (e.g., 3V and 4V) at P7 mouse brains
(Fig. 3A,B).

Second, we examined VPS35 expression in control (GFAP-
Cre; Ai9) and Vps35GFAP-Cre; Ai9 LV-brain sections (at P5) by
coimmunostaining analysis using antibodies against td and
VPS35. The immunosignal of VPS35 was detected in td1S100b –

cells (likely to be RGCs and EpC precursors) and td1S100b1

cells (likely to be EpCs) in control mice (Fig. 3C,D). These
immunosignals of VPS35 were undetectable in td1 cells in
Vps35GFAP-Cre; Ai9 mice (Fig. 3C,D); but the td/Cre– cells con-
tained VPS351 signal (Fig. 3C). These results not only demon-
strate VPS35’s expression in EpCs and their precursors, but also
verify the specificity of Vps35 antibody.

Third, we examined VPS35’s expression in EpCs and other types
of cells in the ependymal region by whole-mount coimmunostain-
ing analysis. As illustrated in Figure 3E, EpCs and type B1 cells are
the two major types of cells in LV lining layer facing the ventricular
lumen. Both EpCs and B1 cells are derived from RGCs (Spassky et
al., 2005; Jacquet et al., 2009; Fuentealba et al., 2015). The B1 cells
and RGCs have one primary cilium, while EpCs contain multicilia,
and the base of these cilia can be labeled by g -tub (Mirzadeh et al.,
2008). Whole-mount coimmunostaining analysis using antibodies
against VPS35, g -tub, and b -catenin (to mark cell boundaries)
showed abundant VPS35 puncta in g -tub marked multicilia cells
(likely to be EpCs), whereas fewer VPS35 puncta in the single-
cilium cells (likely to be RGC/B1 cells; Fig. 3E–G). These results pro-
vide additional evidence for Vps35’s expression in EpCs.

Figure 4. Neonatal hydrocephalus in Vps35Foxj1-CreER mice. A, Illustration of tamoxifen (tam) injection protocol in Foxj1-CreER; Ai9 (control) and Vps35Foxj1-CreER; Ai9 mice. Tam is injected into
pups for five times starting at P1. B, Representative images of immunofluorescence signals for endogenous Vps35 (green) and td (red) in P5 Vps35Foxj1-CreER; Ai9 LV-lining region. Scale bars,
20mm. C, Quantification of data in B, VPS35 immunofluorescence intensity in td1 and td– cells. Data shown are mean6 SEM (n = 4); ***p, 0.001, Student’s t test. D, The td images in
P10 control and Vps35Foxj1-CreER; Ai9 mice. LVs are indicated. Scale bar, 100mm. E, Nissl staining of P10 mouse brains of control and Vps35Foxj1-CreER mice. Arrows indicate LV lumen. Scale bar,
500mm. F, Quantification of LV area of control and Vps35Foxj1-CreER mice. Data shown are mean6 SEM from four mice; ***p, 0.001, Student’s t test. G, Nissl staining of P10 mouse 3V, Aq,
and 4V of control and Vps35Foxj1-CreER mice. Ventricle lumens are indicated by arrows. Scale bar, 100mm. H, Quantification of 3V, Aq, and 4V area of control and Vps35Foxj1-CreER mice. Data
shown are mean6 SEM from five control mice and four Vps35Foxj1-CreER mice. Student’s t test.
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Similar LV hydrocephalus in ependymal Vps35 cKOmice,
Vps35Foxj1-CreER

We next determined whether selectively KO Vps35 in EpCs was
sufficient to cause hydrocephalus. To this end, we generated ep-
endymal-specific Vps35 KO mice, Vps35Foxj1-CreER, by crossing
Vps35f/f with Foxj1-CreER mice. The Cre expression in Foxj1-
CreER mouse line, under the control of forkhead transcription
factor J1 (Foxj1) promoter, is selectively turned on in ependymal
progenitors and terminally differentiated EpCs on tamoxifen
treatment (Jacquet et al., 2009; Muthusamy et al., 2014). Upon
tamoxifen (TAM) treatment (P1–P5 pups) of Vps35Foxj1-CreER;
Ai9 mice (Fig. 4A), VPS35 expression was abolished in td1

EpCs, but remained high in td– cells in the LV-lining region (Fig.
4B,C), demonstrating again VPS35’s expression in EpCs and ver-
ifying the identity of Vps35Foxj1-CreER;Ai9 mice. We then exam-
ined the LV structures in control (Foxj1-Cre; Ai9) and mutant
(Vps35Foxj1-CreER; Ai9) mice (at P10). Immunostaining analysis
of td1 signals showed selectively expression of td in LV-lining
regions, which was reduced in the mutant LV; but the mutant
LVs were obviously enlarged (Fig. 4D), suggesting a hydrocepha-
lus-like phenotype. Histologic examination of mutant pups
(Vps35Foxj1-CreER) and their littermate controls showed little
changes in cortex and hippocampal structures (Fig. 4E; data not
shown). However, the LV area was also enlarged in Vps35Foxj1-
CreER mice, as compared with that of control mice (Fig. 4E,F).
The areas of 3V, Aq, and 4V in Vps35Foxj1-CreER mice were com-
parable to those of control mice (Fig. 4G,H). These results sug-
gest that Vps35 KO in Foxj1-lineage EpCs is sufficient to cause
LV enlargement, demonstrating the necessity of VPS35 in neo-
natal EpCs to prevent hydrocephalus.

To understand why LV, but not other ventricles, was selec-
tively affected by Vps35 KO, we compared the Cre activity in dif-
ferent ventricles in Foxj1-CreER; Ai9 pups (revealed by td1

signal). The Cre activity appeared to be more active in LV than
that in other ventricles (3V and 4V; Fig. 5). These results suggest
that the selective LV enlargement in the mutant mice may be
due to LV-selective Cre-mediated depletion of the Vps35 gene.
Alternatively, it is possible that the age (P1–P10) is a critical pe-
riod for LV-EpCmaturation and function.

Defective ciliogenesis of EpCs in both Vps35GFAP-Cre and
Vps35Foxj1-CreER mice
Dysfunctional ciliogenensis of EpCs is believed to be a key factor
underlying communicating hydrocephalus (Fliegauf et al., 2007;
Tissir et al., 2010; Ohata et al., 2014). We thus examined cilia
morphology of EpCs in control and Vps35 cKO mice,
Vps35GFAP-cre and Vps35Foxj1-CreER, by coimmunostaining analy-
sis of LV medial wall whole-mount preparations. The antibodies
against ace-tub and g -tub were used, as they can mark cilia and
basal body of cilia, respectively (Mirzadeh et al., 2008; Delgehyr
et al., 2015). The antibody against b -catenin was used to mark
cell boundary. In control mice (P10 Vps35f/f), ace-tub1 cilia in
EpCs were well formed and nicely organized. However, in
Vps35GFAP-Cre mice, the ace-tub1 cilia density was largely
reduced (Fig. 6A,B); and the intensity of ace-tub1 multicilia per
EpC was also decreased (Fig. 6C). In addition, the apical surface
area of cells facing LV lumen (marked by b -catenin) was signifi-
cantly altered in Vps35GFAP-Cre mice (Fig. 6A,D). As illustrated
in Figure 6A, in addition to EpCs with multicilia, cells with single
cilium are likely B1 cells or RGCs in lateral ventricular surface
(Mirzadeh et al., 2008). We thus examined g -tub marked multi-
cilia and single-cilium-containing cells in control and
Vps35GFAP-Cre mice. In control mice, most cells facing LV lumen

contained multiple g -tub dots (multiple cilium); few cells had
single g -tub dot (single cilium); and these multicilium or single-
cilium-containing cells were all well organized and evenly dis-
tributed along the medial wall of LVs (Fig. 6D). However, in
Vps35GFAP-Cre mice, the multicilia containing cells (likely to be

Figure 5. Cre recombinase activity in Foxj1-CreER mouse line. The Tam was injected into
Foxj1-CreER; Ai9 pups for five times starting at P1. A, Representative td1 fluorescence
images of mouse brain at age of P7. Amplified images presented in right panels are from
yellow boxes. Scale bars: 200mm. B, Quantification of data in A, Cre activity, revealed by
td1 cell density, in indicated ventricles. Data shown are mean6 SEM from seven brain sec-
tions of two mouse; ***p, 0.001, one-way ANOVA with Bonferroni correction post hoc test.
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Figure 6. Disrupted cilium morphogenesis in Vps35GFAP-Cre mice. A, Representative images of whole-mount immunostaining analysis of ace-tub (green) and b -catenin (red) in LV medial walls of P7
control (Vps35f/f) and Vps35GFAP-Cre mice. Scale bar, 10mm. B, C, Quantification of overall ace-tub intensity (B) and ace-tub intensity per cell (C) in control and Vps35GFAP-Cre mice. The values of ace-tub in-
tensity in control mice are designated as 100. Data shown are mean6 SEM from five mice in each group; ***p, 0.001, Student’s t test. D, Representative images of whole-mount immunostaining
analysis of g -tub (green) and b -catenin (red) in LV medial walls of P7 control and Vps35GFAP-Cre mice. Scale bar, 10mm. E, F, Quantification of data in D. The numbers of multiple g -tub-positive cells
per area (E) and the numbers of single g -tub-positive cells per area (F) are shown. Data shown are mean6 SEM from four mice in each group; ***p, 0.001, Student’s t test.

Figure 7. Impaired cilium formation in Vps35Foxj1-CreER mice. A, Representative images of whole-mount immunostaining analysis of ace-tub (green) and b -catenin (red) in LV medial walls
of P7 control (Vps35f/f) and Vps35Foxj1-CreER mice. Scale bar, 10mm. B, C, Quantification of overall ace-tub intensity per area (B) and ace-tub intensity per cell (C) in control and Vps35Foxj1-CreER

mice. The values of ace-tub intensity per area in control mice are designated as 100. Data shown are mean 6 SEM from five mice in each group; ***p , 0.001, Student’s t test. D,
Representative images of whole-mount immunostaining analysis of g -tub (green) and b -catenin (red) in LV medial walls of P7 control (Vps35f/f) and Vps35Foxj1-CreER mice. Scale bar, 10mm.
E, F, Quantification of data in D. The numbers of multiple g -tub-positive cells per area (E) and the numbers of cells without g -tub-positive signal per area (F) are shown. Data shown are
mean6 SEM from five mice in each group; ***p, 0.001, Student’s t test.
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Figure 8. Disorganized and reduced S100b1 EpCs in Vps35GFAP-Cre mice. A, B, Representative images showing the distribution of S100b1 EpCs in LV regions of P7 control (Vps35f/f) and
Vps35GFAP-Cre mice (A). The regions in white dashed square are magnified and shown in B. D: dorsal, L: lateral, M: medial. Scale bar, 100mm. C, Quantification of S100b1 cells per indicated
area in the entire lining region of each wall. Data shown are mean 6 SEM from five mice in each group; **p , 0.01, ***p , 0.001, Student’s t test. D, Intensity of S100b1 EpCs along
1000-mm LV medial wall of control and Vps35GFAP-Cre mice. E, Quantification of the number of S100b1 EpC clusters in LV medial walls. Data shown are mean6 SEM from five mice in each
group; ***p, 0.001, Student’s t test.

Figure 9. Decreased EpC differentiation in neonatal Vps35GFAP-Cre mice. A, Representative co-immunofluorescence images of S100b (green), Sox2 (white), and td (red) in LV medial walls of
P7 control (GFAP-Cre; Ai9) and Vps35GFAP-Cre; Ai9 mouse brains. Scale bars, 20mm. B, Quantification of td1 cells per indicated area in LV-lining regions. C, Quantification of S100b1 td1 cells
over td1 cells in LV-lining regions. D, Quantification of Sox21 cells per indicated area in LV-lining regions. E, Quantification of Sox21 td1 cells over td1 cells in LV-lining regions. In B–E,
data shown are mean6 SEM from four mice in each group; *p, 0.05, **p, 0.01, ***p, 0.001, Student’s t test.
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EpCs) were markedly reduced (Fig. 6D–F), while cells with single
g -tub dot (non-EpCs, likely to be B1 cells or RGCs) were dra-
matically increased (Fig. 6D–F). These results suggest that Vps35
in GFAP-Cre1 cells are likely to promote EpC genesis, ciliogene-
sis, and distribution, and thus, regulating LV surface organiza-
tion and function.

We then examined cilia morphology in Vps35Foxj1-CreER and
their littermate control (Vps35f/f) mice. The pups were exposed
to tamoxifen as described in Figure 4A or in Materials and
Methods. P10 whole-mount preparations of mouse LV medial
walls were subjected to coimmunostaining analysis. Similar
cilia deficits in Vps35Foxj1-CreER mice were observed as those
inVps35GFAP-Cre mice, which include reductions in ace-tub1

multicilia cells (likely to be EpCs; Fig. 7A,B) and in ace-tub1 cilia
intensity per EpC (Fig. 7A,C). However, compared with the con-
trol mice, the apical surface area of cells was relatively normal in
Vps35Foxj1-CreER mice (Fig. 7A,D). In viewing g -tub1 basal
bodies of cilia, the cells with multiple g -tub1 dots were dramati-
cally dropped in Vps35Foxj1-CreER mice compared with that of
control mice (Fig. 7D,E). Interestingly, many cells without
g -tub1 signal were detected in Vps35Foxj1-CreER, but not control,
mice (Fig. 7D,F), indicating that these cells lost cilium. These

g -tub– cells had variable cellular sizes, some were comparable to
EpCs, and some were small with a comparable size to single-cil-
ium-containing cells (Fig. 7D), yet their cell identities remained
unknown.

Taken together, these results demonstrate not only a defective
ciliogenesis, but also a reduction in EpCs in both Vps35GFAP-Cre

and Vps35Foxj1-CreER mice.

Reduced EpC differentiation in both Vps35GFAP-Cre and
Vps35Foxj1-CreER mice
The reduced multiciliated cells and the increased single g -tub1

dot containing cells in Vps35GFAP-Cre mice or g-tub– cells in
Vps35Foxj1-CreER mice led us to speculate an alteration in EpC dif-
ferentiation from RGCs in both mutants. To test this hypothesis,
we first examined EpC density in control and Vps35GFAP-cre LVs
at P7 using an antibody against S100b , a calcium binding pro-
tein that marks differentiated EpCs (Ohata et al., 2014; Shimada
et al., 2017). As shown in Figure 8A–C, S100b1 cells were dis-
tributed along the walls of LVs, with highest density in the
medial wall of the control mice. However, in Vps35GFAP-Cre

mice, the S100b1 cells were marked reduced in all three walls
(dorsal, ventral, and medial walls) of LVs, but more severe in the

Figure 10. Decrease of EpCs, but increase of cells without known identify, in Vps35Foxj1-CreER LV-lining regions. A, Representative co-immunofluorescence images of S100b (green), GFAP
(gray), Sox2 (blue), and td (red) in LV medial walls of P9 control (Foxj1-CreER; Ai9) and Vps35Foxj1-CreER; Ai9 mouse brains. Scale bars, 20mm. B–E, Quantification of data in A. td1 cells per
indicated area in LV-lining regions (B). S100b1 Sox21 td1 cells over td1 cells in LV-lining regions (C). S100b – GFAP1 Sox21 td1 over td1 cells in LV-lining regions (D). td1S100b –

GFAP–Sox2– cells over td1 cells in LV-lining regions (E). Data shown are mean6 SEM from four to six mice in each group; ***p, 0.001, Student’s t test.
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medial wall (Fig. 8A–C). In addition, S100b1 cells distribution pat-
tern was altered in the mutant mice, exhibiting clustered S100b1

cells in some area, but missing in other areas (Fig. 8B,D,E). These
results confirmed the reduction of EpCs in Vps35GFAP-Cre LVs, in
line with the view for Vps35 in GFAP-Cre1 lineage cells to be criti-
cal for EpC differentiation and distribution.

Second, we tested this hypothesis by generation and charac-
terization of Vps35GFAP-Cre; Ai9 mice by coimmunostaining
analysis using various antibodies. As compared with the control
mice (GFAP-Cre; Ai9), the density of td1 cells in the medial wall
of LVs was reduced (Fig. 9A,B) and the ratio of td1S100b1

(double positive) cells over total td1 cells was decreased in
Vps35GFAP-Cre; Ai9 mice (Fig. 9A,C), supporting the view for a
reduced EpC differentiation. In addition, the density of Sox21 (a
marker for stem cells) cells was lower in the mutant than those of
control mice (Fig. 9A,D), and the Sox21 cell distribution was
also altered (Fig. 9A). However, the ratio of td1 Sox21 (double
positive) cells over total td1 cells appeared to be comparable
between control and Vps35GFAP-Cre mice (Fig. 9A,E), suggesting
Sox21 cell reduction was proportional to td1 cell reduction in
Vps35GFAP-Cre mice. These results provide additional support for
an important role of Vps35 in promoting EpC genesis/differen-
tiation from RGCs.

Third, we examined whether Vps35 in Foxj1 derived EpC
progenitors plays a similar role in postnatal EpC genesis/differ-
entiation. Coimmunostaining analysis using these marker anti-
bodies in Vps35Foxj1-Cre; Ai9 and control (Foxj1-CreER; Ai9)

mice showed marked reductions in not only td1 cells, but also
S100b1Sox21td1 cells (Fig. 10A–C), supporting the view for a
decreased EpC genesis/differentiation. However, the GFAP1

Sox21 S100b – cells appeared to be comparable between control
and Vps35Foxj1-Cre mice (Fig. 10A,D), similar result as that in
Vps35GFAP-Cre mice. Interestingly, many td1 cells were S100
b –Sox2–GFAP– triple negative in Vps35Foxj1-CreER mice, which
was undetectable in control mice (Fig. 10A,E). These results sug-
gest that Vps35 in Foxj1 lineage cells at neonatal age is also nec-
essary for EpC genesis/differentiation, but some EpCs lose their
original identity without Vps35.

Increased cell proliferation and death in LV-SVZ regions of
both Vps35GFAP-Cre and Vps35Foxj1-CreER mice
The reduced EpCs in Vps35 cKOmice could be due to decreased
proliferation in EpC progenitors, increased cell death of EpCs,
and/or impaired EpC differentiation. To test these possibilities,
we first examined cell proliferation and death in E16.5 control
and Vps35GFAP-Cre mice. BrdU was intraperitoneally injected
twice into pregnant control and Vps35GFAP-Cre mothers (at
E16.5) before killing to assess cell proliferation (Fig. 11A). A
slight increase in BrdU1 cell density was detected in the LV
region of Vps35GFAP-Cre; Ai9 mice (Fig. 11B,C). However, the
cell cycle exit (BrdU1Ki671/BrdU1 cells) was comparable
between mutant and control mice (Fig. 11B,C). In addition, the
number of S100b1 cells in the LV-EpC region of Vps35GFAP-Cre;
Ai9 mice was slightly lower than that of controls (Fig. 11E,F).

Figure 11. Comparable cell proliferation and cell death in E16.5 Vps35GFAP-Cre LV-lining regions to those of controls. A, Experimental procedure of BrdU incorporation into pregnant mothers.
B, Costaining of Ki67 and BrdU in control (GFAP-Cre; Ai9) and Vps35GFAP-Cre; Ai9 brain sections-LV-lining regions at E16.5. Scale bar, 20mm. C, Quantifications of Ki671BrdU1 over BrdU1 cells
(left panel), and BrdU1 cells per indicated area (right panel). Data shown are mean 6 SEM; *p , 0.05, Student’s t test. D, Costaining of activated Caspase 3, S100b , and td in control
(GFAP-Cre; Ai9) and Vps35GFAP-Cre; Ai9 LV-lining regions at E16.5. Scale bar, 20mm. E, Quantifications of S100b1 cells per indicated area (left panel), and activated Caspase 31 cells per indi-
cated area (right panel). Data shown are mean6 SEM; *p, 0.05, Student’s t test.
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The number of apoptotic cells (marked by active Caspase 3) was
nearly undetectable in LV-EpC regions of both control and
Vps35GFAP-Cre; Ai9 mice (Fig. 11D,E). These results suggest little
to weak effect on RGC/EpC precursor cell proliferation, death,
and EpC differentiation in E16.5 Vps35GFAP-Cre embryos.

We next examined cell proliferation, cell death, and S100b1

EpCs in P5 control (GFAP-Cre; Ai9) and Vps35GFAP-Cre; Ai9
mice, which were injected with EdU at P4 for three times before
killing (Fig. 12A). Again, S100b1 EpC density and S100b1td1/
total td1 cells were both reduced in the mutant LV lining/EpC
regions (named as LV-EpC region; Fig. 12B–D), in line with the
view for an impairment in EpC differentiation. Analyzing EdU1

cells found that they were largely td1, but S100b – (Fig. 12B),
and distributed in the deep region from S100b1 LV-EpCs
(named it as LV-SVZ region). These cells (EdU1td1S100b –

cells) were markedly increased in the mutant mice (Fig. 12B,E),
and are likely to be RGCs/RGC progenies/EpC progenitors. We
also analyzed cell death by immunostaining analysis of active
Caspase 3, and an increase in active Caspase 31 cells in both mu-
tant LV-EpC and LV-SVZ regions were detected (Fig. 12F–H).

Together, these results demonstrate increased cell proliferation
and death, coupled with impaired EpC differentiation, in
Vps35GFAP-Cre mice.

Finally, we examined cell proliferation, death, and S100b1

EpCs in P5 control and Vps35Foxj1-CreER mice. Mice were
injected with tamoxifen at P1, then EdU at P4 for three times
before killing (Fig. 13A). As expected, S100b1 cells were much
less in LV-EpC regions of P5 Vps35Foxj1-CreER mice (Fig. 13B).
Both EdU1 and active Caspase 31 cell densities were signifi-
cantly increased largely in the LV-SVZ, but not the LV-EpC,
region of Vps35Foxj1-CreER mice (Fig. 13B–F). Again, these EdU1

cells were S100b – (Fig. 13B). Taken together, these results dem-
onstrate similar cell proliferation and death phenotypes in
Vps35Foxj1-CreER mice as those in Vps35GFAP-Cre mice.

Local microglial activation that surrounds LV of Vps35Foxj1-CreER

mice
In addition to EpCs, we examined microglia, the resident macro-
phage cells in the brain that are not derived from GFAP1 RGCs or
Foxj1-lineage. Using Iba1 to mark microglia in Vps35Foxj1-CreER;

Figure 12. Increases in cell proliferation and death in ependymal regions of P5 Vps35GFAP-Cre; Ai9 mice. A, Illustration of experimental design. P4 control (GFAP-Cre; Ai9) and Vps35GFAP-Cre;
Ai9 pups were injected with EdU for three times, the animals were killed at P5. B, Representative images of costaining of td (red), S100b (green), and EdU (white) in control and mutant
mouse brain sections. LV is indicated. The dotted lines mark the regions of EpC and SVZ layers, respectively. Scale bar, 20mm. C–F, Quantifications of data in B. The ratio of td1S100b1 cells
over td1 cells in indicated region (C). The EdU1 cell density in indicated regions (D). The ratio of td1EdU1 over td1 cells (E). The cell density of detached EpCs (F). Data shown are mean6
SEM; ***p , 0.001, Student’s t test. G, Representative images of coimmunostaining of activated Caspase 3 (green), EdU (white), and td (red) in control and Vps35GFAP-Cre LV-lining regions.
The dotted lines mark the regions of LV-EpC layer and LV-SVZ layer. Scale bar, 20mm. H, Quantification of activated Caspase 31 td1 over td1 cells (%) in indicated LV regions. Data shown
are mean6 SEM; ***p, 0.01; ns, no significance. Student’s t test.
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Ai9 and control (Foxj1-CreER; Ai9) mice, to our surprise, more
Iba11 microglia were detected in the ependymal layer of LV (LV-
EpCs) in P7 Vps35Foxj1-CreER mutant mice, which was undetectable
in their littermate control mice (Fig. 14A). The density of Iba11

microglia was also increased at the area of LV-SVZ, but not in the
area 400mm away from LV-EpC, of Vps35Foxj1-CreER mice (Fig.
14A–C). In addition, many of these Iba11 microglia appeared to be
activated locally, as they were positive for CD11b, a marker for acti-
vated microglia (Fig. 14D,E), and displayed morphologic alterations
(e.g., enlarged soma volumes, but reduced processes) as microglial

activation (Fig. 14F,G). These results thus suggest that Vps35 KO in
Foxj1-Cre1 cells results in a local microglial activation in a cell non-
autonomous manner.

Amelioration of hydrocephalus and restore of EpCs in
Vps35Foxj1-CreER mice by depletion of microglial cells
Next, we asked whether such a local microglial activation con-
tributes to the hydrocephalus in Vps35Foxj1-CreER mice. To this
end, Vps35Foxj1-CreER and control pups, after exposure to the ta-
moxifen at P1, were injected with PLX3397 (20mg/kg, at P2, P4,

Figure 13. Increases in cell proliferation and death in ependymal regions of P5 Vps35Foxj1-CreER mice. A, Illustration of experimental design. Pups of control (Vps35f/f) and Vps35Foxj1-CreER

mice were injected with tamoxifen at P1, followed by EdU at P4 for three times, and killed at P5. B, Representative images of coimmunostaining of S100b (red) and EdU (green) in control
and Vps35Foxj1-CreER brain sections. LV is indicated, and the dotted lines mark the regions of LV-EpC and LV-SVZ, respectively. Scale bar, 40mm. C, D, Quantifications of data in B. EdU1 cell den-
sity in indicated regions (C); S100b1 cell density in indicated regions (D). Data shown are mean6 SEM; ***p , 0.001, Student’s t test. E, Representative images of coimmunostaining of
activated Caspase 3 (red) and EdU (green) in control and Vps35Foxj1-CreER LV-lining regions. LV is indicated, and the dotted lines mark the regions of LV-EpC and LV-SVZ layers. Scale bar,
40mm. F, Quantification of activated Caspase 31 cell density in indicated LV regions. Data shown are mean6 SEM; **p, 0.01, Student’s t test.
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and P6) to deplete microglia, and at P7, these pubs were exam-
ined (Fig. 15A). PLX3397 is an antagonist of colony-stimulating
factor 1 receptor (CSF1R), which is often used to block micro-
glial proliferation and survival, thus depleting microglia (Elmore
et al., 2014; Szalay et al., 2016). Indeed, on PLX3397 treatment,
Iba11 microglia close to the LVs were largely depleted in both
control and Vps35Foxj1-CreER mice (Fig. 15B,C).

We then examined S100b1 EpCs in control and Vps35Foxj1-CreER

mice in response to PLX3397. While PLX3397 treatment had
little effect on S100b1 EpCs number in control mice, these
S100b1 EpCs were markedly elevated in Vps35Foxj1-CreER

mice by PLX3397 treatment, as compared with that of vehicle
treatment (Fig. 15B,D). In addition to S100b1 EpCs, we
examined GFAP1 cells in control and Vps35Foxj1-CreER mice
in response to PLX3397. In control mice, GFAP1 fibers were
initiated from SVZ and projected to brain parenchyma as a
parallel distribution pattern, a morphologic feature of RGCs
(Fig. 15E). However, in Vps35Foxj1-CreER mice, such a parallel dis-
tribution of GFAP1 fibers were disrupted, exhibiting morphologic
features of reactive astrocytes (Fig. 15E). Interestingly, this GFAP
phenotype was also largely diminished in Vps35Foxj1-CreER mice by
PLX3397 treatment (Fig. 15E,F).

We next examined LV structures in brain sections of control
and Vps35 mutant mice by Nissl staining analysis. While
Vps35Foxj1-CreER mice treated with the vehicle developed enlarged
LVs, a marked reduction in LV area was noted in Vps35Foxj1-CreER

mice injected with PLX3397 (Fig. 15G,H). Taken together, these
results suggest that PLX3397 depletion of microglial cells in
Vps35Foxj1-CreER mice is sufficient to abolish nearly all of the defi-
cits in Vps35Foxj1-CreER mice, demonstrating critical pathologic

functions of locally activated microglia in EpC homeostasis and
hydrocephalus progression.

Discussion
VPS35, a key component of retromer complex, plays an essential
role in retrieval of transmembrane proteins from endosomes to
trans-Golgi networks (Hierro et al., 2007; Collins, 2008; Seaman,
2012; Burd and Cullen, 2014). Dysfunctional VPS35 or retromer
is believed to be risk factors for neurodegenerative disorders,
including AD and PD (Zimprich et al., 2011; Small and Petsko,
2015; Williams et al., 2017; Vagnozzi and Praticò, 2019). Thus, it
is of interest to investigate Vps35’s physiological functions in dif-
ferent types of brain cells. Here, we investigated its role in EpCs,
one type of glial cells in the brain. We found that Vps35 is abun-
dantly expressed in EpCs, where it is required for EpC differen-
tiation and ciliogenesis, crucial processes for maintaining CSF
homeostasis and preventing hydrocephalus. Additionally, Vps35
in EpCs is necessary to prevent local microglial activation, which
contributes to EpC homeostasis and hydrocephalus develop-
ment. Finally, our results suggest that the hydrocephalus in
Vps35 KOmice may not be a consequence of brain shrinkage/at-
rophy, but a result from the impaired EpC differentiation and
function and the activated microglia. These observations lead to
a working model depicted in Figure 16 for ependymal Vps35’s
function in hydrocephalus development.

Several lines of evidence have pointed out VPS35/retromer’s
function in EpC differentiation and ciliogenesis. First, VPS35 as
well as retromer complex proteins [e.g., sortin nexin 27
(SNX27)] are highly expressed in developing EpCs (Fig. 3; Wang

Figure 14. Local microglial activation in Vps35Foxj1-CreER LV lining and adjacent regions. A, Representative co-immunostaining images of brain sections of P9 control (Foxj1-CreER; Ai9) and
Vps35Foxj1-CreER; Ai9 mice using indicated antibodies. LV-EpC and LV-RGC regions are indicated. Scale bar, 200mm. B, C, Quantifications of data in A. The Iba11 cell density in LV-EpC and LV-
RGC regions (B); and the Iba11 cell density that is distal to LV-RGC (C). Data shown are mean 6 SEM from four mice in each group; **p , 0.01; ns, no significance, Student’s t test. D,
Representative coimmunostaining images of brain sections of P9 control (Foxj1-CreER; Ai9) and Vps35Foxj1-CreER; Ai9 mice using indicated antibodies. Dashed white lines indicate boundary
between the LV lumen and brain parenchyma. Scale bar, 20mm. E, Quantification of the percentage of Iba11CD11b1 cells over Iba11 cells in regions close to LV lining. Data shown are
mean6 SEM from six mice in each group; **p, 0.01, Student’s t test. F, G, Quantifications of the soma size (F) and number of processes per cell (G). Data shown are mean6 SEM from
.30 cells in each group; ***p, 0.001, Student’s t test.
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et al., 2016b). Second, knocking out Vps35 either in RGCs at em-
bryonic stage (by hGFAP-Cre) or in EpC progenitors at neonatal
age (by Foxj1-Cre) leads to reduced EpCs and their ciliogenesis
(Figs. 6, 7). Third, in both Vps35GFAP-Cre; Ai9 and Vps35Foxj1-CreER;

Ai9 mice, tracing the cell fate derived from Cre1 (td1) cells has
shown a reduction in td1S100b1 EpCs (Figs. 8–10). Finally, in
agreement with our results are the observations of the reduced EpC
differentiation and ciliogenesis in SNX27�/� mice (Wang et al.,

Figure 15. Increase of EpCs and attenuation of hydrocephalus-like deficits in Vps35Foxj1-CreER mice depleting microglia. A, Illustration of experimental design. Neonatal pups exposed to tam at
P1 were injected with PLX397 (20 mg/kg) for three times at P2, P4, and P6. The mouse brains are fixed at P7 and subjected to below phenotype analyses. B, Representative co-immunostaining
images of S100b1 and Iba11 cells in P7 control and Vps35Foxj1-CreER mice with PLX3397 or vehicle (veh) treatments. Scale bar, 20mm. C, Quantification of the number of Iba11 cells per area in
regions close to LV lining. D, Quantification of the number of S100b1 cells per area in LV lining. In C, D, data shown are mean6 SEM from six mice in each group; ns, no significance; **p,
0.01, ***p, 0.001, two-way ANOVA with Bonferroni correction post hoc test. E, Representative images of GFAP1 and Iba11 cells in LV regions of P7 control and Vps35Foxj1-CreER mice treated
with PLX3397 or veh. Scale bar, 20mm. F, Quantification of the number of GFAP1 fibers per area. GFAP1 fibers that are initiated in LV lining and projected to the brain parenchyma were quanti-
fied. Data are normalized with the value of control1 Veh group as 1, and shown as mean6 SEM from six PSD mice in each group; *p, 0.05, **p, 0.01, ***p, 0.001; ns, no significance,
two-way ANOVA with Bonferroni correction post hoc test. G, Nissl staining of P7 control and Vps35Foxj1-CreER mice treated with PLX3397 or veh. The LV and surrounding regions are shown. H,
Quantification of LV area of indicated mice. Data shown are mean6 SEM from three mice in each group; ***p, 0.001, two-way ANOVA with Bonferroni correction post hoc test.
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2016b). Note that SNX27 is another component of retromer com-
plex. These observations support the view for VPS35/retromer’s
function in promoting EpC differentiation and ciliogenesis.

In addition to EpC differentiation, Vps35 may play impor-
tant roles in regulating cell proliferation and survival in cells
largely located in LV-SVZ regions, as both Vps35GFAP-Cre and
Vps35Foxj1-CreER mice (at age of P5) show increases in EdU1

and active Caspase 31 cells in this region (Figs. 12, 13). These
increased proliferative cells are S100b –, but GFAP-Cre1,
implicating that they are likely to be RGCs, EpC precursor
cells, and the RGC subsequent progeny-transit amplifying
cells and neuroblasts. Whereas our results suggest that Vps35
expression in GFAP-Cre1 cells is necessary for promoting
EpC differentiation and preventing cell proliferation and
death in cells located at the LV-SVZ region, the observations
in Vps35Foxj1-CreER mice indicate that ependymal Vps35 (in
Foxj1-Cre1 cells) regulates cell proliferation and death in cells
in the LV-SVZ region in a cell non-autonomous manner. The
underlying mechanism(s) may be different, which remain to
be addressed in future experiments. A difference in active
Caspase 31 cells was noted between Vps35GFAP-Cre and
Vps35Foxj1-CreER mice. The active Caspase 31 cell death was
detected not only in cells in LV-SVZ region, but also in
S100b1 LV-EpCs of Vps35GFAP-Cre, which was not observed
in Vps35Foxj1-CreER, mice (Figs. 12, 13). Another different phe-
notype is that the remaining EpCs in Vps35GFAP-Cre, but not
Vps35Foxj1-Cre, mice are largely disorganized (Figs. 8, 16). These
results suggest different cellular mechanisms that may underlie the
EpC-loss between Vps35GFAP-Cre and Vps35Foxj1-CreER mice, and
also implicate that both RGCs and EpCs are tightly associated or
linked, and they may regulate each other’s cell fate, function, and
survival.

It is of interest to note that microglial cells surrounding LVs
of Vps35Foxj1-CreER mice became activated (Fig. 14), raising a
question of how Vps35-loss in EpCs causes microglial activation.
Whereas the exact underlying cellular and molecular mecha-
nisms remain unclear, we speculate that Vps35 in EpC lineage
cells may play a negative role in astrogliosis and its associated
microglial activation. This speculation is in light of the observa-
tion that a temporal and spatial association exists between

microglial activation and astrogliosis (viewed by GFAP1 reactive
astrocyte-like morphology) in Vps35Foxj1-CreER mice (Fig. 15).
However, this speculation requires additional experimental
evidence.

The activated microglia have significant contributions to the
development of the hydrocephalus in Vps35Foxj1-CreER mice.
They are not only temporally, but also spatially/locally, associ-
ated with the impaired EpCs in the mutant LVs (Fig. 14).
Depletion of microglia in Vps35Foxj1-CreER mice by CSF1R antag-
onist, PLX3397, attenuates the hydrocephalus-associated deficits,
which include decreased EpCs, increased GFAP1 reactive astro-
cytes, and enlarged LVs (Fig. 15). Many literature reports present
evidence for the beneficial effects of microglial depletion in AD
mouse models (Waisman et al., 2015; Hansen et al., 2018).
Several pathologic facets of AD, including tau propagation, syn-
aptic stripping, neuronal loss, and cognitive decline, can be
relieved by depletion of microglia (Spangenberg et al., 2016;
Hansen et al., 2018). These reports, in line with our results, sug-
gest that targeting/inhibiting microglia-evoked “toxic effect”
(likely to be neuro-inflammation) may be beneficial for potential
therapeutics of not only AD, but also hydrocephalus.

Clinically, NPH is often associated with patients with AD/PD.
In line with this view are observations by brain imaging exami-
nations (e.g., MRI) that frequently show enlarged ventricles in
these patients (Nestor et al., 2008; Frisoni et al., 2010; Camicioli
et al., 2011; Mak et al., 2017). However, little is known regarding
their relationship or the underlying mechanisms for their comor-
bidity. One hypothesis is proposed that the enlarged ventricles or
NPH may be a consequence of brain shrinkage or neurodegener-
ation in AD/PD patients. Another hypothesis is that both NPH
and neurodegenerative disorders (AD or PD) are parallel dis-
eases with high comorbidity (Camicioli et al., 2011; Espay et al.,
2017; Allali et al., 2018). Here, we found that the hydrocephalus
occurs in Vps35GFAP-Cre and Vps35EMX1-Cre mice, but not in
Vps35NeuroD6-Cre mice, although all three Vps35 mutant mouse
lines show brain atrophy-like deficits (e.g., thinner cortical brains
and smaller hippocampus; Fig. 1; data not shown). In addition,
selective knocking out Vps35 in postnatal EpCs (Vps35Foxj1-CreER

mice) is sufficient to induce hydrocephalus (Fig. 4). In light of
these observations, we speculate that the high comorbidity

Figure 16. Summary and a working model of Vps35’s functions in regulating EpC genesis.
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between NPH and AD/PD may result from some shared genetic
risk factors (e.g., Vps35) that are involved not only in neurode-
generation, but also dysfunctional EpC associated hydrocepha-
lus. Further testing this view may reveal insights into their
comorbidity.

In summary, the results presented in this paper not only dem-
onstrate Vps35/retromer’s functions in EpC differentiation and
ciliogenesis, but also identify an important contribution of locally
activated microglia to EpC homeostasis and hydrocephalus de-
velopment, revealing a potential strategy for the therapy of
hydrocephalus.
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