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Disruption of Wave-associated Rac GTPase-activating Protein
(Wrp) Leads to Abnormal Adult Neural Progenitor Migration
Associated with Hydrocephalus™
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Background: Obstructive hydrocephalus results from blockage of the cerebral aqueduct, a poorly understood process.
Results: Deletion of Wrp leads to mis-migration of postnatal neural progenitors, tissue disruption, and blockage of the cerebral

aqueduct.

Conclusion: Wrp is critical for normal neural progenitor migration out of the subventricular zone.
Significance: Obstructive hydrocephalus may arise as a result of abnormal neural progenitor properties.

Hydrocephalus is the most common developmental disability
and leading cause of brain surgery for children. Current treat-
ments are limited to surgical intervention, as the factors that
contribute to the initiation of hydrocephalus are poorly under-
stood. Here, we describe the development of obstructive hydro-
cephalus in mice that are null for Wrp (Srgap3). Wrp is highly
expressed in the ventricular stem cell niche, and it is a gene
required for cytoskeletal organization and is associated with
syndromic and psychiatric disorders in humans. During the
postnatal period of progenitor cell expansion and ventricular
wall remodeling, loss of Wrp results in the abnormal migration
of lineage-tagged cells from the ventricular region into the cor-
pus callosum. Within this region, mutant progenitors appear to
give rise to abnormal astroglial cells and induce periventricular
lesions and hemorrhage that leads to cerebral aqueductal occlu-
sion. These results indicate that periventricular abnormalities
arising from abnormal migration from the ventricular niche can
be an initiating cause of noncommunicating hydrocephalus.

Hydrocephalus affects one in every 500 live births (ninds.
nih.gov). Obstructive (or noncommunicating) hydrocephalus
occurs when the flow of CSF? is blocked by stenosis of the
cerebral aqueduct or by obstacles such as tumors or hemor-
rhage (1). Subsequently, it is assumed that increased CSF pres-
sure causes distension of the lateral ventricles, leading to dam-
age within adjacent brain tissues. However, the initial processes
or factors that give rise to aqueductal obstruction are poorly
defined, making it difficult to understand the detailed etiology
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of this disorder. Moreover, many of the current genetic animal
models of hydrocephalus are nonobstructive, including Ift88
(2), Hy3 (3), Mdnah5 (4), E2F-5 (5), and Celsr2/Celsr3 (6), and
are related to ciliary defects affecting the CSF circulating sys-
tem. However, the population of patients that have ciliary
defects, such as primary ciliary dyskinesia, is very rare (1 in
20,000 -30,000) when compared with that of hydrocephalus (1
in 500), suggesting the existence of other unknown etiological
factors.

Wrp (WAVE-associated Rac GTPase-activating protein, also
known as srGAP3 or MEGAP) is one member of the srGAP
family (Slit-Robo Rho GTPase-activating proteins) (7—10). Wrp
is associated with multiple neurodevelopmental disorders and
regulates the actin cytoskeleton by forming a signaling complex
with WAVE-1 to regulate its activation downstream of the
small GTPases Rac (11, 12). Wrp is one of several genes that are
commonly deleted in 3p-syndrome, a form of syndromic men-
tal retardation. The phenotypic range of this syndrome is vari-
able but can encompass brain anomalies with enlarged lateral
ventricles (13).

Lining the lateral ventricles is the subventricular zone (SVZ)
and ependyma, which form a specialized stem cell niche in
rodents and humans from which newborn cells are continu-
ously produced and migrate into the olfactory bulb (OB)
through the rostral migratory stream (RMS) (14-16). It has
been reported that a subpopulation of GFAP-positive B-type
cells divide and subsequently differentiate to give rise to migra-
tory neuroblasts (17-19). These cells retain their progenitor
characteristics only when they reside in the niche (15), suggest-
ing that the special environmental conditions there are essen-
tial for maintaining stem cell properties. Recent studies have
proposed that the multipotent neural progenitors that escape
from the ventricular stem cell niche are at risk for malignant
transformation and have a high potential to form gliomas (20 -
23). In rodents, the amount of progenitor cell production in the
ventricular niche at the perinatal stage is 40-fold higher than
that of the adult (24). Thus, the collective evidence implies that
that the perinatal period could be particularly sensitive to
migration abnormalities from the SVZ niche, which maylead to
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progenitor migration into neighboring brain regions and
mis-differentiation.

Here, we describe the development of enlarged ventricles
and obstructive hydrocephalus in Wrp-deficient mice that is
associated with abnormalities in Nestin™ cells of the subven-
tricular region. We find that Wrp mRNA and protein are highly
expressed in progenitor cells of the stem cell niche in the SVZ,
ependyma, RMS, and OB. Wrp knock-out mice develop mas-
sive disruptions within the brain, predominantly in the neigh-
boring corpus callosum (CC) where abnormally located pro-
genitor cells are observed. Viral lineage tracing and conditional
genetic deletion of Wrp in Nestin™ cells indicate that the mis-
located cells originate as progenitor cells that mis-migrate from
the ventricular zone. Subsequently, the CC disruption leads to
cystic cavities and debris formation. The debris appears to be
released into the ventricular space, resulting in blockage of the
aqueduct and ultimately leading to obstructive hydrocephalus.
Together, these findings suggest that abnormalities in the neu-
ral stem cell niche can be an initiating factor for the pathophys-
iology of hydrocephalus.

EXPERIMENTAL PROCEDURES

Animals— Wrp null mice (25) were generated by crossing the
floxed allele into a CMV-Cre transgene line and then back-
crossed >8 times with C57BL/6 before use. Wrp conditional
knock-out mice (25) were crossed with Nestin-CreER mouse
line to conditionally delete Wrp in Nestin-positive cells (26).
Littermate mice from heterozygous parents were used for all
experiments. Both male and female mice were analyzed, with
no differences noted between sexes. All mice were housed in
the Division of Laboratory Animal Resources facilities at Duke
University, and all procedures were approved by the Duke Uni-
versity Institutional Animal Care and Use Committee and were
in accordance with National Institutes of Health guidelines.

In Situ Hybridization Histochemistry—In situ hybridization
histochemistry was performed as described previously (27).
Briefly, frozen developing rat brains (P3, P7, P12, P18, and P25)
were sectioned (12 wm) on a cryostat (Leica CM 3000), thaw-
mounted onto gelatin-coated glass slides, allowed to dry, and
stored at —20 °C until use. Sections were fixed in 4% parafor-
maldehyde, washed with phosphate-buffered saline (PBS), and
acetylated with 0.25% acetic anhydrides (Sigma) in 0.1 M trieth-
anolamine, 0.9% NaCl (pH 8.0). The antisense riboprobes for
Wrp were prepared from pGEM T-EASY (Promega) vectors
containing Wrp (GenBank™ accession number XM_575637,
nucleotides 2159 —2706) using an in vitro transcription system
(Promega) in the presence of y->**S-UTP (Amersham Biosci-
ences). The sections were then hybridized overnight with
radiolabeled probe (1.2 X 10° cpm/slide) and washed sequen-
tiallyin 2X,1X,0.5X,and in 0.1 X SSC with 160 ul of 2.5 M DTT
for 30 min each at 62 °C. Finally, the sections were dehydrated,
air-dried, and exposed to x-ray film (Biomax MR, Eastman
Kodak Co.).

Immunohistochemistry—Mice were deeply anesthetized
with isoflurane and then perfused transcardially with Tris-buff-
ered saline (TBS) (pH 7.4) containing 25 units/ml heparin, fol-
lowed by 4% paraformaldehyde in TBS. Brains were removed,
postfixed overnight at 4 °C in the same fixative, and then cryo-
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protected with 30% sucrose in TBS. Brains were cut by cryostat
(Leica CM 3000) and stored at —20 °C until use. Sections were
blocked for 4 h with TBS containing 5% normal goat serum and
0.2% Triton X-100 and then incubated with the following:
guinea pig anti-DCX antibody (1:2,000; Millipore); mouse anti-
Nestin monoclonal antibody (1:200; BD Biosciences); mouse
anti-EphA2 monoclonal antibody (1:200; Sigma); mouse anti-
GFAP monoclonal antibody (1:500; BD Biosciences); mouse
anti-Alzheimer precursor protein A4 (APP) monoclonal anti-
body (1:200, clone 22C11; Millipore); rabbit anti-AQP1 poly-
clonal antibody (1:2,000; Alpha Diagnostics); rabbit anti-red
fluorescent protein polyclonal antibody (1:1,000; Rockland); or
rabbit anti-Ki-67 polyclonal antibody (1:200; Abcam) overnight
at 4 °C. For rat anti-BrdU monoclonal antibody (1:1,000; Accu-
rate Chemical & Scientific Corp.) and rabbit anti-WRP poly-
clonal antibody (VO112), antigen retrieval procedure was car-
ried out before the immunostainings. After washing three times
with TBST (TBS containing 0.2% Triton X-100), sections were
incubated with Alexa Fluor® 488 IgG (1:500; Molecular Probes)
or Alexa Fluor® 555 IgG (1:500) for 1 h at room temperature.
Sections were counterstained with a 4',6-diamidino-2-phe-
nylindole solution (DAPI; Sigma). After washing four times, the
sections were coverslipped with aqueous mounting medium
(Calbiochem) and observed under a confocal microscope (LSM
710; Zeiss) or fluorescent microscope (DMRA2; Leica). To
reduce variations, all the tissues in one set of experiments were
processed at the same time.

Bromodeoxyuridine (BrdU) Treatment—To identify newly
generated cells in SVZ and RMS, 200 mg/kg BrdU (Sigma) in
saline solution was injected intraperitoneally into P40 mice.
Four days after single administration of BrdU, mice were per-
fused, and brains were processed for immunohistochemical
assays.

Magnetic Resonance Imaging Morphometric Analysis—Mag-
netic resonance imaging was performed as described previously
(28) on a 9.4-tesla Oxford vertical bore magnet with a GE
EXCITE Console (EPIC 11.0) that has been specially adapted
for magnetic resonance microscopy. We used a 14-mm diame-
ter RF solenoid coil. Images were acquired using a three-dimen-
sional gradient recalled echo protocol with echo time (TE) =
3.4 ms, repetition time (TR) = 50 ms, band width (BW) = 62.5
kHz, and a flip angle of 60°. Images were acquired with a field of
view 0of 22 X 11 X 11 mm and a matrix size of 512 X 256 X 256,
resulting in an isotropic resolution of 43 wm. The brain images
were manually segmented for ventricles using both Image]
(National Institutes of Health) and MetaMorph (Molecular
Devices) software suites. The ventricle system was segmented
as four discrete systems comprised of the left lateral ventricle,
the right lateral ventricle, the third ventricle and cerebral aque-
duct, and the fourth ventricle. Manual segmentation was pos-
sible due to the high contrast between brain tissues and the
cerebral spinal fluid within the ventricles. Two-dimensional
area ratios between the brain section and the ventricles were
made using the Image] software. Three-dimensional recon-
structions were produced using the MetaMorph software.

CSF Circulation Assay—P9, P12, and P40 mice were anesthe-
tized with intraperitoneal injection of ketamine (150 mg/kg)/
xylazine (15 mg/kg). The 30-gauge dental needle (connected to
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microdriver with a 10-ul Hamilton syringe) was positioned at
0.1 mm posterior and 1.0 mm lateral to the bregma using a
stereotaxic instrument (David Kopf Instruments). Five percent
of Evans blue dye in PBS (2 ul for P9 mice, 3 ul for P12, and 5 ul
for P40 mice) was infused slowly into right side of the LV (1
wul/min). Mice were sacrificed 1 h after the infusion, and whole
brains were removed and then fixed in 4% paraformaldehyde in
TBS for 72 h. Following coronal serial section, the distribution
of the dye was traced from LVs to spinal cord.

Fluorescent Nano-bead Tracing—P5 mice were anesthetized
by hypothermia and placed on an inverted illuminating plat-
form. One microliter of 10% nano-beads (FluoSpheres®, red-
orange, 40 nm diameter; Invitrogen) were infused into the lat-
eral ventricle by a Hamilton syringe. At P12, the mice were
perfused and post-fixed followed by cryo-protection as
described under “Immunohistochemistry.” The hemispheres
opposite to the injected side were sagittally cut (40 um thick)
and counterstained with DAPI followed by mounting onto
slides. Eighty planes of images (0.5 wm gap) were captured from
each section to create a z-stack by confocal microscopy (LSM
710; Zeiss), and the bead densities in the ependyma and the CC
area were visualized by ZEN software (Zeiss).

Lentiviral Infection and Tracing—The lentiviral and packag-
ing vectors (FCtdTW, VSVg, and A8.9) were generously pro-
vided from Dr. Michael Ehlers (Duke University), and the
viruses were purified as described before (29). One microliter of
lentivirus expressing tdTomato was infused into the lateral ven-
tricle of P3 mice as described under “Fluorescent Nano-bead
Tracing.” At P12, the mice were perfused to prepare sections
(40 pwm thick) for following immunohistochemical assays as
described above. The sections were immunostained by anti-
Nestin antibody, and by anti-red fluorescent protein antibody
for amplifying the tdTomato signals. Resulting sections were
observed by confocal microscopy (LSM 710; Zeiss).

Nissl and H&E Staining—The brain sections were mounted
onto gelatin-coated slide glasses and dried for 24 h. The slides
were rehydrated through 100% ethanol to distilled water, fol-
lowed by dipping into staining solution. For Nissl staining,
slides were placed in 0.1% cresyl violet solution for 5 min. For
H&E staining, slides were placed in hematoxylin solution for 4
min followed by further staining with 0.25% eosin for 1 min.
After quick rinsing with distilled water, the sections were dehy-
drated by ethanol at graded concentrations from 90 to 100%,
followed by dipping into xylene. Finally, the slides were
mounted with permanent medium. Brain images were ob-
served and captured by microscope (SteREO, Discovery V8,
Zeiss) connected with a CCD camera (AxioCam MRc, Zeiss).

AraC and Tamoxifen Treatment—P5 mice were anesthe-
tized by hypothermia and placed on an inverted illuminating
platform. Three microliters of 5% AraC in saline with 0.01% fast
green dye were infused into the lateral ventricle by a Hamilton
syringe. At P9 or P25, brain sections were prepared as described
for the nano-bead tracing method. The sections were then
immunostained as described under “Immunohistochemistry”
or were Nissl-stained as described above. Images were obtained
by confocal microscopy (LSM 710; Zeiss) or light microscope
(SteREQ, Discovery V8, Zeiss). Tamoxifen was administered by
subcutaneous injection between the front shoulder blades two
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times at PO and P1 (0.2 mg/pup) into Wrp*/1°*:N4CreER ™
mice and Wrp™o/1°X:N4CreER " mice.

Statistical Analyses—Student’s ¢ test (SPSS 12.0) was used for
the analysis of a difference between two groups. All values were
expressed as mean * S.E., and results were considered statisti-
cally significant if p < 0.05.

RESULTS

Wrp KO Mice Exhibit Perinatal-onset Hydrocephalus—Re-
cently, we generated a Wrp (Srgap3) knock-out mouse model to
analyze the role of WRP in neural development (25). In the
initial characterization of these mice, we noted enlarged LVs
(25). This phenotype became more severe following backcross
to C57BL/6, a strain that is susceptible to hereditary hydro-
cephalus (30-33), so that by #8-10 homozygotes exhibited
swollen brains typical of hydrocephalus with complete pen-
etrance (Fig. 1A). Intra-cranial magnetic resonance imaging
(Fig. 1B) and surface rendering of the ventricular space (Fig. 1C)
showed grossly enlarged LVs in the Wrp KO mice compared
with WT littermates. Morphological studies with developing
brains showed that this hydrocephalus did not initiate during
embryogenesis but instead developed after birth (Fig. 1D). The
LV size of Wrp KO mice was normal until postnatal day 9 (P9),
and by P12 the KO brains (n = 3 for WT; n = 4 for KO) began
to display enlarged LVs (¢t = 4.29, df = 5, p < 0.01) that were
more severe at P40 (n = 3 for WT; n = 4 for KO) (¢ = 14.87, df =
5, p < 0.0001) (Fig. 1E). Ependymal cilia appeared normal in
P12 KO mice (data not shown), suggesting the hydrocephaly
was not due to ciliary defects. To determine whether the hydro-
cephalus is communicating or noncommunicating, Evans blue
dye was injected into the LV of P40 mice. Surface viewing
showed that the stain reached the spinal cord of WT mice,
whereas no stain was found in the spinal cord of KO mouse
(blue arrows in Fig. 1F). Serial coronal sectioning then
showed the stain in LVs and third ventricle but excluded
from the cerebral aqueduct (red arrows in Fig. 1F), indicating
a blockage of the aqueduct leading to hydrocephalus. These
data indicate that the hydrocephalus in the Wrp KO mice ini-
tiates at an early postnatal stage and ultimately results in
obstructive hydrocephalus.

WRP Is Highly Expressed in the Ventricular Stem Cell Niche—
To investigate the etiology of the hydrocephalus in Wrp KO
mice, we first carried out in situ hybridization histochemistry
and immunohistochemistry (IHC) to determine the relative
expression pattern of Wrp mRNA and protein, respectively. In
situ hybridization histochemistry with horizontal brain sec-
tions showed high levels of Wrp mRNA expression in LVs, in
addition to the OB, hippocampus, and cerebellum throughout
the postnatal periods (Fig. 24). To confirm these data, IHC was
performed using WT P40 sagittal brain sections. This clearly
showed that WRP protein is highly expressed in the RMS and
the SVZ (Fig. 2B). We note that lower levels of WRP are
expressed in most other brain regions in addition to the RMS
and SVZ (11). The pattern of WRP immunoreactivity over-
lapped that of BrdU, which was injected 4 days before sacrifice
to label actively dividing cells within the SVZ, suggesting WRP
is expressed in newborn progenitor cells originating from the
SVZ. For a more detailed examination of individual cells, we
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FIGURE 1. Wrp KO mice exhibit perinatal-onset hydrocephalus. A, P40 Wrp KO mouse displays dome-shaped head. B, intracranial magnetic resonance
images using P77 Wrp KO mice and their WT littermates. Horizontal and sagittal views demonstrate enlarged ventricles in Wrp KO mice. Scale bar, 1 mm.
C, representative surface renderings of the ventricular system from WT (left) and Wrp KO (right) mice generated from magnetic resonance imaging
datasets. D, Nissl staining with developing postnatal brains from WT and KO. Coronal sections of P5, P9, P12, and P40 show a gradual increase of LV size
in KO mice. Scale bar, 2 mm. E, quantification of LV area reveals that Wrp KO are normal at P5 and slightly enlarged at P9 (statistically insignificant). By
P12, however, the LV size of KO is significantly increased compared with that of WT. *, p < 0.01. F, CSF circulating assay with P40 WT and Wrp KO mice.
Evans blue dye infused into the LV is visible in the spinal cord of WT mice, whereas no stain is detected in that of KO mice (blue arrows, left panel). Serial
sections show that Evans blue dye stains the entire ventricular cavities from LV level to 4th ventricle (red arrows) in WT mice. However, in KO mice, the

dye is absent from the aqueduct. 3rd V, third ventricle; LV, lateral ventricle; Ag, aqueduct; 4th V, fourth ventricle.

performed co-IHC with WRP and DCX. Confocal Z-stack
imaging showed that WRP is expressed within a subpopulation
of DCX-positive cells within the RMS (Fig. 2C) and SVZ (Fig.
2D), in addition to ependymal cells (Fig. 2D). Collectively, these
data suggest the possibility that like other members of the
srGAP family, WRP may regulate the migration of newborn
cells from the ventricular niche. Abnormalities in this migra-
tion might be related to the enlarged ventricles and develop-
ment of hydrocephaly in the W7p null animals.

Genetic Ablation of Wrp in the Ventricular Niche Leads to the
Hydrocephalic Phenotype—If the main initiating factor of
hydrocephalus in Wrp KO mice arises from abnormalities in
the ventricular niche, specific deletion of Wrp in the niche area
should lead to phenotypes that overlap those observed in the
Wrp KO mice. To test this hypothesis, Wrp™*/1°* mice (25)
were bred with Nestin-Cre-ER (N4CreER) transgenic mice
(26). This approach has the advantage that the deletion of con-
ditional alleles is restricted to Nestin-positive cells. Yet unlike
germ line deletion, it is mosaic and does not occur with 100%
efficiency (26). Tamoxifen was injected at PO and P1 to delete
Wrp expression in neuroprogenitors at an early postnatal stage.
At this time point, tamoxifen treatment has been shown to
result in recombination in neuroprogenitors surrounding the
LV wall, as well as sparse neuroprogenitors within the cerebral
cortex that are undergoing terminal differentiation (26). All
Wip"ox/1ox,N4CreER™ mice (10 total) were normal (Fig. 3,
A-D). In contrast, we found markedly enlarged LVs in three of
seven Wrp"o/1°N4CreER" mice (Fig. 3H), consistent with
the mosaic activation of Cre activity in neural progenitors after
tamoxifen treatment. A mild phenotypic effect in Wrpox/fox;
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N4CreER™ mice may be due to a restricted portion of progen-
itor cells undergoing Wrp deletion when compared with Wrp
KO mice. IHC analysis of the affected Wrp™*/1°*N4CreER*
mice showed the presence of DCX-positive neuroblasts located
along the CC area (Fig. 31, arrows). Moreover, the Nestin signals
were also increased in the CC, a subpopulation of which
expressed DCX (Fig. 3, I-K; insets). In contrast, very few neu-
roblasts and Nestin-positive cells were found in CC area of
Wrpox/ox.N4CreER ~ mice (Fig. 3, B-D). Moreover, a large
portion of DCX-positive cells were abnormally localized within
the ventral region of the LVs (Fig. 3D, arrowheads), leading to
the formation of astroglial cell masses that are positive for Nes-
tin and aquaporin-1 (AQP1), resulting in tissue disruptions
(Fig. 3, L--N). AQP1 has previously been implicated as a marker
of neoplastic cell masses (34—37). These genetic data suggest
that Wrp deficiency within the ventricular niche can mimic the
hydrocephalus observed in the Wrp null mice, although it is
possible progenitors within the cerebral cortex also contribute
to the phenotype. Nonetheless, the data support a relationship
between abnormal progenitor cells and onset of hydrocephalus.

Normal Progenitor Cell Organization Is Disrupted in Wrp KO
Mice—Because WRP is highly expressed in the ventricular stem
cell niche and because abnormal localization of progenitor cells
were observed in Wrp™**/1°*:N4CreER " mice, we suspected a
prominent abnormal progenitor migration out of ventricular
niche by complete loss of Wrp. Thus, we further investigated
the distribution and migration of progenitor neuroblasts in the
SVZ and RMS of Wrp KO mice. Inmunostaining with DCX
revealed that a large portion of neuroblasts were stacked in the
entry point of RMS (Fig. 4, A and B, yellow arrowhead). In addi-
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FIGURE 2. WRP is expressed in the ventricular stem cell niche. A, in situ
hybridization histochemistry detecting Wrp within developing brains. Wrp
mRNA is highly expressed in the ventricular zone (arrows) as well as olfactory
bulb (arrowhead), hippocampus, and cerebellum throughout the postnatal
development. Note the dense labeling in the LVs at perinatal stage (P3 to
P12). OB, olfactory bulb; Hip, hippocampus; CB, cerebellum. Scale bar, 5 mm.
B, sagittal brain map showing the SVZ lining and RMS stack (red dots). Double
immunostaining demonstrates that the expression pattern of WRP is very
similar to BrdU signals in the ventricular niche area. RMS, rostral migratory
stream; SVZ, subventricular zone. Scale bar, 500 um. C, double labeling for
WRP and DCX in RMS reveals that WRP protein is highly expressed in RMS
where DCX-positive neuroblasts are located. Z-stack imaging (right panel)
shows WRP expression in a subpopulation of DCX-positive cells within the
RMS. Scale bar, 100 wm. D, immunostaining shows strong WRP immunoreac-
tivity in the SVZ (arrows) but not in the DCX-negative cell population (arrow-
heads). Z-stack imaging (right panel) shows WRP expression in a subpopula-
tion of DCX-positive cells in SVZ. Scale bars, 100 um.

tion, neuroblasts were mislocalized and scattered along the CC
above the dorsal plate of the LV (Fig. 4B, white arrows). This
subpopulation of KO neuroblasts had lost their normal migra-
tional orientation toward the RMS and olfactory bulb. High
magnification view of the RMS showed that DCX-positive cells
in KO brains were dispersed and misoriented in direction when
compared with the well organized neuroblasts in WT mice (Fig.
4, panels a and b). Directional coherence revealed that the angle
variations of the DCX-positive KO (n = 4) cell processes were
significantly higher than that of WT (n = 4) (t = 11.61,df = 6,
p < 0.0001) (Fig. 4, C and D), consistent with a highly aberrant
progenitor cell migration. We next determined the temporal
relationship between the progenitor cell mis-migration and the
initiation of hydrocephalus, because there is a possibility that
the aberrant progenitor cell distribution could be caused by
tissue damage related to hydrocephaly. Thus, we analyzed early
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FIGURE 3. Knock-out of Wrp in the ventricular niche induces the hydroce-
phalic phenotype. A and H, Nissl staining of sagittal sections from P40
Wrpfloflex:N4CreER ™ and Wrpf1o</flox:N4CreER ™ mice. Red box indicates dorsal
part, and blue box indicates ventral part of the LVs. A control
Wrpflo/fox:N4CreER ™ mice display a normal dorsal LV morphology. Scale bar,
1 mm. H, Wrp/1°/fo*:N4CreER™ mice show an enlarged LV and an abnormal
cell mass within the ventral region of the LV (green arrow). B-D, immunobhis-
tochemical analysis shows DCX-positive neuroblasts, and Nestin-positive
cells are predominantly localized in the SVZ and RMS of Wrp/1°/f°:N4CreER ™
mice. Dense Nestin signals in the ependyma and moderate signals in SVZ are
observed in Wrp"/f®*:N4CreER™ mice, and evenly distributed DCX signals
are detected in RMS and SVZ. Cpu, caudate putamen. Scale bar, 100 pum.
E-G, control Wrpo¥f°:N4CreER ™ displays normal shape of ventral region of
LV with AQP1 signals only in the choroid plexus. cp, choroid plexus. /, in
Wrpflo/flex:NaCreER™, however, a large portion of neuroblasts are observed
along the CC area (white arrows) and ventral part of the LV (arrowhead).
J, strong Nestin immunoreactivity is also observed in the CC and ventral LV
area aside from the ependyma and the SVZ in Wrpo/1°:N4CreER" mice.
K, both DCX and Nestin signals are evenly distributed in ependyma, SVZ, and
ventral LV. Arrowheads indicate the expression of DCX and Nestin in the
abnormal cell mass located in ventral LV. A subpopulation of Nestin-positive
cells in CC area also express DCX (insets). Scale bar, 20 um. Asterisks indicate
enlarged LV. L-N, Wrp"®/1°:N4CreER™ shows abnormal cell mass in which
partial Nestin-and AQP1-positive signals are detected. Note the partial tissue
damage around the cell mass (yellow arrows). Scale bar, 200 pm.

postnatal KO brains, before the onset of aqueductal occlusion
and enlargement of LVs (see below). DCX IHC through the
rostral and ventricular CC of P9 coronal brain sections exhib-
ited an increased incidence of neuroblasts in the CC of KO mice
(Fig. 4, E-H). Quantification revealed a significant increase of
DCX-positive neuroblasts in the rostral CC (¢ = 9.69, df = 4,
p < 0.0001) and the ventricular CC (¢t = 5.07, df = 4, p < 0.01)
when compared with WT (n = 3 for each group) (Fig. 4, Iand ).
These data suggest that Wrp deletion in progenitor cells gives
rise to abnormal localization of progenitor cells in the CC area
before the ventricular dilation.

Abnormal Progenitor Migration from the Ventricular Wall
into the Corpus Callosum in Wrp KO Mice—Because the local-
ization of DCX-positive cells was abnormally found in the CC
region in the Wrp null mice, the possibility of a migration defect
was tested by two independent lineage tracing methods in the
Wrp null animals. First, fluorescent nano-beads (40 nm diame-
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FIGURE 4. Aberrant migration of progenitor cells following Wrp deletion. A-D, mis-localization of DCX-positive neuroblasts of the ventricular zone and the
RMS in P40 Wrp KO mice. A, WT sagittal section shows specific and normal localization of DCX-positive cells in the SVZ and RMS. Scale bar, 200 um. Panel a,
angles of each neuroblasts are homogeneously organized through the RMS track. Scale bar, 50 um. B, Wrp KO mice show mis-localized neuroblasts in the CC
above the dorsal plate of the LV (arrows) and stacked neuroblasts at the entry point of RMS (yellow arrowhead). Panel b, high magnification view of the RMS
shows dispersed and misoriented neuroblasts in KO RMS when compared with WT. C, representative cell angles (matching to panels a and b) showing the
orientation of each neuroblast based on DCX staining in the RMS for WT (left) and KO (right). D, quantification reveals that the angle variation (standard
deviation) of the KO cell orientation in the RMS is significantly higher than that of WT. E-J, mis-localization of neuroblasts in P9 Wrp KO mice. Coronal brain
sections of WT mice show very little evidence of DCX-positive cells in the rostral (E) or ventricular CC (G) regions. In contrast, Wrp KO mice exhibit extensive
DCX-positive neuroblasts in the rostral (F) and ventricular CC (between yellow dashed lines) H, representative brain slices (left side of graphs) represent the areas
(boxed region) used for measuring DCX-positive cells. Quantification reveals a significant increase of DCX-positive cells in the KO CC both in the rostral and
ventricular CC (red arrowheads) when compared with WT (/ and J). Scale bar, 200 um. EP, ependyma; CPu, caudate putamen; CC, corpus callosum. *, p < 0.01.

ter), which can be used to trace migrating neuroblasts (38),
were used to observe the migration of cells from the ventricular
wall. For this experiment, we infused the fluorescent nano-
beads into the LV of WT and KO mice at P5 and analyzed their
localization at P12. In WT animals, most of the beads were
detected along the LV wall and the entry point (yellow arrow) to
the RMS (Fig. 5A). In contrast, a large portion of the beads was
observed in a puncta-like manner in the Wrp KO CC (Fig. 5B).
Densitometry plots (Fig. 5, panels a and b) clearly showed a
random distribution of the beads in the CC area of KO mice
(Fig. 5, panel b). Quantification of the bead density showed a
marked increase of beads within the KO CC (n = 3 for each
group) (t = 41.05, df = 4, p < 0.0001), whereas no difference
was found in the ventricular wall (Fig. 5C), suggesting aberrant
cell migration from the ventricular wall into the CC area in the
perinatal KO mice. Significantly, the cell density of the KO CC
areas that were used for the nano-bead tracing study was simi-
lar to that of WT, indicating healthy tissue (data not shown).
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Viral lineage tracing was used to further verify the origin of
the aberrant cells within the CC of Wrp KO animals. tdTomato-
expressing lentivirus was infused into the LV of P3 brains, fol-
lowed by lineage tracing of the infected cells within the dorsal
plate of the ventricle at P12. WT infected cells were detected
only in the ventricular wall (Fig. 5, D and E, arrowheads). How-
ever, the infected cells in KO mice were frequently observed in
the CC. These cells also expressed Nestin (Fig. 5F, arrows),
implying that the cells possess stem cell-like property. High
magnification view of Z-stack images demonstrated co-local-
ization of the tdTomato and the Nestin signals in a subpopula-
tion of cells with an astrocyte-like morphology (Fig. 5G, arrow),
suggesting the possibility that the mis-migrated cells developed
into astrocytes in CC and led to abnormal astrogliosis. Impor-
tantly, infected cells were also observed in the olfactory bulb in
both the WT and KO animals (Fig. 5, H-K), showing the infec-
tion-labeled neural progenitor cells. The cell densities in the
CCs of the KO mouse samples used in this study were also
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FIGURE 5. Abnormal cell migration from the ventricular wall region into the corpus callosum in Wrp KO mice. A-C, fluorescent nano-bead injection into
the ventricles of P5 mice followed by tracing of the beads at P12. A, beads are observed in the WT LV wall and the entry point to the RMS (yellow arrow). Ep,
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densitometry plots showing the distribution of the beads in the CC area of the WT and KO mice. C, quantification reveals identical bead density between WT
and KO in the ependymal layer (bottom), yet a significant increase in beads in the CC of KO mice. *, p < 0.0001. D-G, representative images (two WT and two
KO) of lineage tracing by lentiviral infection of the LV wall. D and E, infected cells (infection at P3) are detected only in the ventricular wall of WT (arrowheads)
at P12. Scale bar, 50 um. F, however, in the KO mice, the infected cells are observed in CC area (white arrows). Note that these cells express Nestin.
G, subpopulation of the infected cells show astrocyte-like morphology (white arrow). High magnification Z-stack image view of the boxed region demonstrates
co-localization of the tdTomato and the Nestin signals in the cells (right panel). Scale bar, 20 pm. H and J, tdTomato-positive cells are detected in olfactory bulb
of WT and KO. OB, olfactory bulb; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; GCL, granule cell layer. Scale bar, 100 wm./and K, high
magnification view shows neuronal morphology of the tdTomato-positive cells in olfactory bulb. Scale bar, 20 um.

normal (data not shown). Together, these independent meth-
ods of cell lineage tracing show the progenitor cells of the niche
area in perinatal W7p KO mice abnormally migrate into the CC,
likely leading to the initiation of the astrogliosis.

Astrogliosis in Corpus Callosum Precedes the Occlusion of the
Ventricular System—Interestingly, the first evidence of tissue
disruption in the Wrp KO mice was manifested by periventricu-
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lar cystic cavities that formed in the perinatal CC adjacent to
the CA1 part of hippocampus (Fig. 6B, asterisk). IHC with P9
KO mice showed strong GFAP signals around the cystic cavity,
suggesting specific astrogliosis in the CC area. Surprisingly,
CSF circulation assay revealed that the aqueducts of KO mice
were open during this period (red arrows), and the Evans blue
dye was clearly detectable in the lesions of the CC located in the
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FIGURE 6. Corpus callosum damage precedes the blockage of the ventric-
ular cavity. A-C, brain image on the top panel represents the hippocampal
level of corpus callosum (box) that is used for immunostaining. A, at P9 WT
shows no tissue disruption and expresses little GFAP in the CC area. Scale bar,
200 wm. B, P9 KO exhibits ectopic cystic cavity (asterisk mark) in the CC above
the hippocampus with a high expression of GFAP. C, in this period (P9), both
WT and KO display Evans blue stain in aqueduct (red arrows), indicating an
open aqueduct. Note the blue stains in the ectopic cavities above the KO
hippocampi (blue arrows). D-I, GFAP- and DCX-double positive cells around
the cystic cavity. High magnification view of P9 KO brain shows an elevated
level of GFAP-positive astrocytes (D) and DCX-positive neuroblasts (E). F, dou-
ble-positive cells are observed in subcystic cavity area. Asterisk, cystic cavity;
scale bar, 100 wm. Higher magnified Z-stack images of the region (white
boxes) clearly show individual GFAP-positive cells (white arrows) (G) and DCX-
positive cell (H). I, subpopulation of GFAP-positive cells also express DCX
(white arrowhead). Scale bar, 10 um. J-L, Z-stack images of rostral CC demon-
strate GFAP-positive astrocytes (arrows) (J) and DCX (K) in P9 KO mice. Merged
image demonstrates subpopulation of GFAP-positive cells express DCX
(arrowhead) (L). Scale bars, 20 um.

hippocampal plane (blue arrows) (Fig. 6C). This phenotype was
confirmed by consecutive studies of Evans blue tracing with six
KO mice (data not shown). These data demonstrate that at the
onset of hydrocephalus in the Wrp KO mice, abnormal astro-
gliosis is associated with cystic lesions of the CC region and that
the astrogliosis precedes the blockage of the aqueduct. To
understand the relationship between the astrogliosis and the
mismigrated progenitor cells, we investigated the identity of
progenitor cells around the cystic cavity. We observed that
DCX-positive neuroblasts and GFAP-positive astrocytes
resided around the cavity area (Fig. 6, D—F). High magnification
Z-stack images showed that a subpopulation of DCX-positive
cells expressed GFAP in the subcavity area (Fig. 6, G-I), sug-
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FIGURE 7. Astrogliosis in the corpus callosum and the ventral LV of the
Wrp KO mice. A-F, H&E staining shows astrogliosis in CC area of P40 Wrp KO
mice. Normal morphology in rostral (A), ventricular zone (B), and hippocam-
pal (C) region of the CC in WT mice. D-F, CC areas in Wrp KO mice are dam-
aged, whereas the cortex, caudate putamen (E), and the hippocampus
(F) appear normal. High magnification views show astrogliosis throughout
the CC area (right panels of D and E). Note that axonal debris is released from
the CC region into the ventricles (right panel of F). cc, corpus callosum; CPu,
caudate putamen. Scale bars, 1 mm (left panel); 500 um (middle panel); 200
um (right panel). G, focal hemorrhages in the corpus callosum of Wrp KO mice.
Sequential high magnification views (yellow and blue boxes) with perfused
(nonstained) P40 Wrp KO brain sections clearly display bleeding in the deep
ventrolateral part of the CC (red arrow). H-K, astroglial cell mass in the ventral
part of LV in Wrp KO mice. H, DAPI staining with sagittal section from KO brain
reveals the abnormal cell mass (white box) in the ventral part of LV with partial
tissue damage (arrows). Scale bar, 500 pm. Immunostaining shows that AQP1
() and EphA2 (J) are expressed in the central part of the abnormal cell mass.
K, both signals partially merged with each other.

gesting that the neuroblasts in KO CC also possess astroglial
identity. These double-positive cells were never observed in
WT CC. This phenotype implies a possible transition of mismi-
grated neuroblasts into astrocytes, leading to the astrogliosis
and the initiation of hydrocephaly. To further rule out the pos-
sibility that ventricular pressure-induced mechanical damage
triggers the astrogliosis in the CC adjacent to the ventricles, we
analyzed at P9 the very rostral CC that is distal to the ventricu-
lar area. IHC showed that a subpopulation of the GFAP-posi-
tive cells was also positive for DCX (Fig. 6, /-L). Together, these
data demonstrate a unique developmental timeline for hydro-
cephalus development in which CC lesions associated with
astrogliosis precede blockage of the cerebral aqueduct. Our
data also suggest that cystic cavities in the KO mice may initiate
the detachment of the CC from neighboring tissues during the
early perinatal period, contributing to the enlarged LV space
observed in these animals. Based on the lineage tracing exper-
iments (Fig. 5), the likely source for the initiation of these
lesions is from abnormal migration of progenitor cells out of the
ventricular zone.

Progression of Astrogliosis in the Corpus Callosum of Wrp KO
Mice—Hematoxylin and eosin (H&E) staining of WT (Fig. 7,
A-C) and KO brains (Fig. 7, D—F) revealed a massive disruption
of tissue in P40 Wrp KO brains, predominantly within the CC of
rostral (Fig. 7D), ventricular (Fig. 7E), and hippocampal areas
(Fig. 7F). Adjacent tissues, however, such as the hippocampus,
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FIGURE 8. Aqueduct of Wrp KO mouse (P40) is blocked by astrogliosis,
axonal debris, and hemorrhage. A, WT shows no AQP1/GFAP-positive
debris inside the aqueduct. Ag, aqueduct. Scale bar, 100 um. B, KO mice show
aqueductal obstructions that are positive for AQP1/GFAP. C, KO mice show
aqueductal obstructions that are positive for AQP1/EphA2. The substances
inside of aqueduct are nucleus-free debris. D, KO mice also show APP-positive
nucleus-free axonal debris inside of the aqueduct. £, hemorrhages are
observed in the KO aqueduct. High magnification view (orange box) shows
the existence of the hemorrhage inside of the aqueduct (blue arrows).

cortex, or caudate putamen appeared to be normal (Fig. 7, E and
F). High magnification views showed evidence that axonal
debris released from the CC region enters the ventricles (Fig.
7F). Moreover, focal hemorrhages were observed along the KO
CC area (Fig. 7G), giving further evidence of focal astrogliosis-
associated damages in the CC of Wrp KO mice. Taken together,
these data suggest that in Wrp KO mice initial lesions within the
CC region ultimately result in tissue damage and release of
debris into the ventricles that precede the aqueductal occlu-
sion. Additionally, abnormal cell masses were also observed in
the ventral part of the LVs in the KO mice (Fig. 7H) that were
positive for AQP1 and ephrin type-A receptor 2 (EphA2),
another neoplastic astroglial marker (Fig. 7, I-K) (39, 40).
Aqueduct of Wrp KO Mice Is Blocked by Astrogliosis and
Axonal Debris—Might the cystic cavities be linked to the ensu-
ing occlusion of the aqueduct? To assess this possibility, IHC
for AQP1, GFAP, EphA2, and APP in WT and KO brain sec-
tions in the aqueductal region was performed. In WT animals,
no immunopositive signals of astrogliosis debris were found in
aqueductal serial sections (Fig. 8A4). In contrast, AQP1, GFAP,
and EphA2 signals were detected inside the rostral part of the
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aqueduct in P40 KO mice (Fig. 8, B and C). In addition, APP, a
marker of axonal debris (41), was also observed inside of KO
aqueducts (Fig. 8D). Furthermore, the focal hemorrhage clots
in the aqueduct were readily detectable (Fig. 8E). Because our
observations have shown the axonal debris and the hemor-
rhages within the KO CC, the aqueductal occlusion is likely to
have originated from the damaged CC area. These data strongly
suggest that the aqueductal obstructions are induced by the
astrogliosis and axonal debris that are caused by the initial
development of cystic CC lesions.

Hydrocephalus of Wrp KO Mice Is Reduced by AraC Treat-
ment at Perinatal Period—Because abnormal migration of pro-
genitor cells in Wrp KO mice appear to initiate enlargement of
the ventricle, we hypothesized that the inhibition of cell prolif-
eration in the ventricular zone may alleviate ventricle enlarge-
ment of Wrp KO mice. To evaluate this hypothesis, we treated
knock-out mice with the mitotic inhibitor AraC at the critical
perinatal period (P5-P9). We infused 3 ul of 5% AraC (n = 4)
versus saline (n = 4) into the lateral ventricle of P5 Wrp KO
mice and measured the ventricle size at P25 (Fig. 9, A-C).
We found the ventricle sizes of AraC-treated brains were
significantly smaller than those of the saline-treated control
group (t = 2.94, df = 6, p < 0.05) (Fig. 9C), suggesting that
the reduction of progenitor cell proliferation during the
perinatal period may relieve the hydrocephalic phenotype in
Wrp KO mice. The reduction of progenitor cell proliferation
was confirmed following the infusion of AraC into the lateral
ventricle of WT P5 brains. This treatment resulted in a
reduction of Ki-67-positive proliferating cells in the Nestin-
positive progenitor cell population within the entry point of
RMS at P9 (Fig. 9, D and E).

DISCUSSION

The Wrp postnatal hydrocephalic mouse model leads us to
propose the following mechanism for the initiation and pro-
gression of hydrocephalus. Importantly, this pathology begins
with the aberrant migration of cells from the ventricular zone
caused by Wrp deficiency. This abnormal migration is analo-
gous to that previously described for the related srGAP1- and
srGAP2-deficient progenitors (7, 9, 10), but with a distinct
pathological outcome. In the case of Wrp deficiency, these
ectopic cells appear to be linked with the formation of focal
cystic cavities in the CC area, leading to astrogliosis and lesions
along the LVs. Debris originating from the disrupted CC sub-
sequently obstructs the aqueduct, accelerating the gross
enlargement of the lateral ventricles.

Sequence of Hydrocephalus Development in Wrp KO Mice—
According to the classical theory for the etiology of hydroceph-
alus, the blockage of ventricular cavities initiates obstructive
hydrocephalus development, leading to enlargement of ventri-
cles and mechanical damage to tissues adjacent to the ventri-
cles. Surprisingly, however, the initial processes or factors that
give rise to aqueductal obstruction and hemorrhage are poorly
defined. In Wrp KO mice, specific lesions within the CC derived
from the ventricular zone preceded the ventricular obstruction,
suggesting an alternative model in which focal periventricular
damage gives rise to aqueductal obstruction followed by sec-
ondary tissue damage caused by increased ventricular pressure.
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In this case, hydrocephalus can be considered a feed-forward-
like pathology of contributing events initiated by the altered
migration of ventricularly derived cells (Fig. 10).
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Risk of Hydrocephalus during the Early Postnatal Period—
The perinatal stage is a high risk period for hydrocephalus with
the majority of patients diagnosed as infants. Wrp KO mice also
showed perinatal-onset hydrocephalic symptoms with aber-
rant astrogliosis and focal damage within the CC region. Impor-
tantly, neural progenitor cell production peaks during this peri-
natal period. In rodents, the amount of progenitor cell
production in the ventricular niche of P12 mice is 40-fold
higher than that of P49 mice (24). Thus, it is reasonable to
expect that this may represent a high risk period for the abnor-
mal development of progenitor cells, such as migration defects
or abnormal proliferation, leading to associated brain patholo-
gies. In view of our data, the stem cell production or mainte-
nance defects in the ventricular niche reported in Musashi
knock-out mice, which also showed severe perinatal hydro-
cephalus with subventricular tissue disruptions (42), supports
an unsuspected link between the stem cell niche and hydro-
cephalus. In agreement with this notion, fibroblast growth fac-
tor 2 (FGF-2) infusion into the LV induced overproduction of
SVZ progenitor cells (43), and similar treatment of FGF-2 into
the embryonic ventricle also caused hydrocephalic symptoms
(44). Moreover, the expression of a constitutive active form of
epidermal growth factor receptor in the frontal lobe, including
the LV, is associated with hydrocephalus, abnormal cell masses,
and hemorrhages (45). It is well known that EGF treatment
gives rise to a strong expansion of neural progenitor cells as well
as migration defects (46). It is also proposed that the multipo-
tent SVZ neural progenitors are a source of transformed cells
that give rise to gliomas (20-23). These reports together sup-
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port the likelihood that the development of hydrocephalus is
intimately associated with astrogliosis (and possibly subtypes of
gliomas) that is caused by abnormalities of the ventricular stem
cell niche and that the infant period is exposed to a high risk of
the hydrocephalic development from cells within this region. If
identified early enough, it is possible that chemotherapeutic
approaches, analogous to AraC infusion, may be useful in
reducing the development of progenitor cell-based disorders.

Astrogliosis in the CC of the Human Hydrocephalic Brain—
Periventricular white matter, including the CC, is the primary
target of hydrocephalus even in idiopathic normal pressure
hydrocephalus (47, 48). Human hydrocephalic patients com-
monly show CC damage, including astrogliosis with axonal
degeneration (49, 50), which is modeled in the Wrp KO mice.
Currently, the astrogliosis is usually understood as a reactive
astrocytosis induced by pressure-mediated mechanical dam-
ages in subventricular areas. Contrary to the previously held
belief, Wrp KO mice showed astrogliosis before aqueductal
blockage or enlargement of LVs, suggesting novel factors that
initiate the astrogliosis. Our analysis shows that the source of
the astroglial cells in the CC area arises from abnormal cells that
originated from the ventricular stem cell niche where WRP is
highly expressed in the perinatal period.

In this study, we proposed a previously unsuspected concept
for explaining an etiology and pathogenesis of hydrocephalus
by use of the Wrp KO mouse model. Our animal model resem-
bles the phenotypes shown in infant hydrocephalus and
allowed for the detailed analysis of the hydrocephalic develop-
ment. This analysis suggests that investigations into possible
abnormalities of the ventricular stem cell niche in human
hydrocephalic patients are warranted.
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