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Abstract Congenital hydrocephalus is a major neurolog-
ical disorder with high rates of morbidity and mortality;
however, the underlying cellular and molecular mecha-
nisms remain largely unknown. Reproducible animal
models mirroring both embryonic and postnatal hydro-
cephalus are also limited. Here, we describe a new mouse
model of congenital hydrocephalus through knockout of -
catenin in Nkx2.l-expressing regional neural progenitors.
Progressive ventriculomegaly and an enlarged brain were
consistently observed in knockout mice from embryonic
day 12.5 through to adulthood. Transcriptome profiling
revealed severe dysfunctions in progenitor maintenance in
the ventricular zone and therefore in cilium biogenesis after
B-catenin knockout. Histological analyses also revealed an
aberrant neuronal layout in both the ventral and dorsal
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telencephalon in hydrocephalic mice at both embryonic
and postnatal stages. Thus, knockout of B-catenin in
regional neural progenitors leads to congenital hydro-
cephalus and provides a reproducible animal model for
studying pathological changes and developing therapeutic
interventions for this devastating disease.
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Introduction

Congenital hydrocephalus is a pathological process involv-
ing excess cerebrospinal fluid (CSF) due to heritable gene
mutations. It is one of the most common birth defects in
humans, with a high incidence of 0.1% to 0.5% worldwide
[1]. In newborn infants suffering from congenital hydro-
cephalus, characteristic symptoms include progressive
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head enlargement, increased intracranial pressure, progres-
sive brain degeneration, paralysis of the limbs, and
intellectual impairment; it can result in death. At present,
the most frequently performed procedure for treating
congenital hydrocephalus is surgical shunt placement, but
this is unfortunately associated with a high failure rate and
severe complications due to infection and inherent neuro-
logical deficits [2—4].

Several animal models of congenital hydrocephalus
have been developed for mechanistic and therapeutic
studies [5—11]. Hydrocephalic Texas (H-Tx) rats, which
are generated by brother-sister mating, result in the
development of spontaneous genetic mutations. However,
the frequency of hydrocephalus in these rats varies between
mating pairs, with an incidence of no more than 50%
[12-14]. Furthermore, H-Tx rat fetuses show hydro-
cephalus-like dilated lateral ventricles from embryonic
day (E) 18.5 to E20.5 [13], much later than the clinical
detection time of congenital hydrocephalus in the middle
stage of pregnancy [15, 16]. In another animal model,
hydrocephalus with hop gait (hyh) mutant mouse embryos
show denuded ependyma at E12.5 and agenesis of the
corpus callosum and hippocampal commissure at E16.5,
but do not exhibit hydrocephalus-dilated ventricles until
postnatal day 1 (P1) [9, 10]. Moreover, as a spontaneous
mutation, the ~yh mutation without tissue specificity causes
pathologies unrelated to hydrocephalus, such as severe
infertility [17]. In another case, Ruvbll conditional knock-
out (cKO) mice display severe hydrocephalus after birth
with concomitant acute kidney injury [18].

Our understanding of the cellular and molecular mech-
anisms underlying congenital hydrocephalus remains lim-
ited. Clinical investigations have shown that it is associated
with abnormalities in ependymal cells, a layer of ciliated
epithelial cells in the ventricular zone (VZ) of the cerebral
ventricles [19, 20]. Hydrocephalic fetuses at mid- or late-
gestation show evident denudation of the ependyma in the
aqueduct and lateral ventricles. Moreover, the denuded
surface area is proportional to fetal age and hydrocephalus
severity [21]. Hydrocephalus-related ependymal detach-
ment also occurs in experimental animal models. In hyh
mice, the denudation of ependymal cells is found in
embryos before the onset of hydrocephalus [9]. Wnt/B-
catenin signaling is activated in developing ependymal
cells, and is indispensable for normal development and
adult homeostasis [22, 23]. In mice, loss of function of
downstream Wnt signaling machinery, such as Daple and
dishevelled genes, disrupts the planar polarity of ependy-
mal motile cilia and results in hydrocephalus three weeks
after birth [24, 25].

Here, we established a new mouse model of congenital
hydrocephalus by conditional deletion of PB-catenin in
Nkx2.1-expressing ventral neural progenitors. This
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reproducible congenital hydrocephalus model provides a
useful tool for studying pathological changes and devel-
oping therapeutic interventions for this devastating disease.

Materials and Methods
Animals and Genotyping

The Nkx2.1-Cre, Ctnnb™, and Rosa26-LSL-YFP mice
used in this study were described previously [26-28]. E0.5
was defined as the day of sperm plug detection and P1 was
defined as the day of birth. All animals were kept in a room
maintained at 21°C + 2°C and 55% =+ 5% relative
humidity with a 12-h light/dark cycle and free access to a
standard laboratory diet and tap water. All procedures were
approved by the Tongji University Animal Care Commit-
tee and complied with the fundamental guidelines for the
proper conduct of animal experiments and related activities
in academic research institutions under the jurisdiction of
Tongji University School of Medicine. Embryos were
obtained from anesthetized pregnant dams with intraperi-
toneal injection of avertin (400 mg/kg). Mice were
genotyped by PCR using primers described previously
[27-29], as follows:

Mutants Forward primer Reverse primer
Nkx2.1-Cre CCACAGGCA GCCTGGCGAT
CCCCACAAAAATG  CCCTGAACAT
Ctnnb P or Cnnb1¥  AAGGTAGAGTGA CACCATGTCCT
w TGAAAGTTGTT CTGTCTATTC
Rosa26-LSL-YFP AAGTTCATCTGC TCCTTGAAGAA
ACCACCG GATGGTGCG

Immunohistochemistry

Each mouse was deeply anesthetized with avertin (400 mg/
kg) and perfused intracardially with 4% paraformaldehyde.
The brain was removed and postfixed in the same fixative
for 3 h—8 h, which was then replaced with 20% and 30%
sucrose overnight. Tissues were fast-frozen in cryo-em-
bedding compound and cut on a cryostat at 20 pm.
Immunofluorescence labeling was performed by blocking
the sections with 10% donkey serum in PBST (0.2% Triton
X-100 in phosphate-buffered saline) for 1.5 h at room
temperature, followed by incubation with primary antibod-
ies for 36 h—48 h at 4°C. After washing, the sections were
incubated with fluorescence-conjugated secondary anti-
bodies (1:1,000, Jackson, West Grove, USA) overnight at
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4°C. Nuclei were counterstained with Hoechst 33258 for
10 min at room temperature. Stained sections were washed
and cover-slipped with Fluoromount-G® (SouthernBiotech,
Birmingham, USA). Images were captured using a Leica
TSC SP8 (Leica Microsystems, Bensheim, Germany)
confocal laser-scanning microscope. The antibodies used
were GFP (1:1,000, rabbit IgG, Invitrogen, A-6455,
Carlsbad, USA), GFP (1:1000, chicken IgY, Aves, GFP-
1020, Davis, USA), B-catenin (1:500, rabbit IgG, Abcam,
ab16051, Cambridge, UK), GFAP (1:500, rabbit IgG,
Dako, 70334, Santa Clara, USA), acetylated tubulin
(1:500, mouse IgG, Sigma, T6793, St. Louis, USA), Ki67
(1:500, rabbit IgG, Abcam, ab15580), PH3 (1:500, rabbit
IgG, CST, 53348, Danvers, USA), Dcx (1:400, goat IgG,
Santa Cruz, sc-8066, Dallas, USA), Tbrl (1:200, rabbit
IgG, Abcam, ab31940), Satb2 (1:250, mouse IgG, Santa
Cruz, sc-81376), Cuxl (1:250, mouse IgG, Abcam,
ab54583), ChAT (1:200, goat IgG, Millipore, AB144P,
Burlington, USA), SST (1:500, goat IgG, Santa Cruz, sc-
7819), GABA (1:2,000, rabbit IgG, Sigma, A2052), PV
(1:1,000, mouse 1gG, Sigma, P3088), CR (1:1,000, mouse
1gG, Swant, 6B3, Burgdorf, Switzerland), NOS (1:1,000,
rabbit IgG, Millipore, AB5380) and NPY (1:200, rabbit
IgG, Absci, 38619, Vancouver, USA). Antigen retrieval
was performed for staining of Ki67, Tbrl, Satb2, and Cux1
with water heating of tissue sections to temperatures of
nearly boiling in the presence of 0.01 mol/L sodium citrate
(pH 6.0) for 30 min.

In Situ Hybridization

The probe against SST was a kind gift from Dr. Yu-Qiang
Ding of Fudan University, and was cloned into the pGEM-
T wvector (Promega, Wisconsin, USA). For in situ
hybridization, brains from E14.5 embryos were fixed with
4% paraformaldehyde in diethyl pyrocarbonate (DEPC)-
treated water overnight and then cryoprotected with 20%
and 30% sucrose in DEPC-PBS for 12-24 h. Transverse
sections (20 um) were cut on a cryostat and mounted on
glass slides (Fisher Scientific, Rockford, USA). RNA
probes labeled by digoxygenin-UTP (Roche, Basel,
Switzerland) were produced by in vitro transcription, and
hybridization signals were visualized by nitro blue tetra-
zolium chloride and 5-bromo-4-chloro-3-indolyl phosphate
(both from Fermentas, Rockford, USA) staining.

RNA Extraction, Library Preparation,
and Sequencing

Total RNA was isolated using TRIzol with phenol-
chloroform extraction, and RNA quality was verified using
a Bio-Analyzer 2100 (Agilent, Santa Clara, USA) and
Qubit RNA assay kit (Thermo Scientific, Rockford, USA).

Total RNA (500 ng) from each sample was used to prepare
a library with the NEBNext Ultra RNA Library Prep Kit
for Illumina (E7530) according to the manufacturer’s
protocols. The libraries were then sequenced at 50-bp
single reads on an Illumina HiSeq 2500 platform. The raw
sequencing reads are available from the Gene Expression
Omnibus under accession number GSE130320.

RNA-seq Data Processing and Analysis

Sequencing reads from each sample were mapped to the
mouse reference genome (mmlO version) using TopHat
v2.1.1. The mapped reads were further analyzed using
Cufflinks v1.3.0 and the expression levels for each
transcript were quantified as fragments per kilobase of
transcript per million mapped reads.

For differential expression analysis, sequencing counts
at the gene level were obtained using HTSeq v0.9.1. R
package DESeq2 was then used to identify differentially-
expressed genes (DEGs) between different conditions. To
assess the significance of differential gene expression, the
P-value threshold was set at 0.05 and the fold-change was
set at 1.5.

Statistically enriched functional categories of genes were
identified using DAVID 6.8 (https://david.ncifcrf.gov/).

Statistical Analyses

Data are presented as the mean + SEM. Unpaired two-
tailed Student’s #-test was used. Statistical significance was
considered at P-values below 0.05: *P <0.05, **P <0.01,
**%¥P < 0.001. In Fig. 2C and G, lateral ventricle area was
calculated using Image] software. In Fig. 2A and E,
forebrain diameter was measured using Vernier calipers.

Results

Knockout of B-Catenin in Nkx2.1-expressing Neural
Progenitors in the Ventral Telencephalon

The VZ develops into ependymal cells that line the walls of
the cerebral ventricles [30]. During telencephalon devel-
opment, Nkx2.1 is expressed in the VZ of the ventral-most
telencephalon. To study the role of Wnt/B-catenin signaling
during the development of ventral neural progenitors and
ependymal cells, we crossed Nkx2.1 -Cre;Ctnnb'"':Rosa-
26-LSL-YFP mice with Cnnb"™" mice to yield Nkx2.1-
Cre;Ctnnb """ Rosa-26-LSL-YFP control and Nkx2.I-
Cre;Ctnnb " Rosa-26-LSL-YFP cKO mice with a lineage
tracing background [27-29] (Fig. 1A, B), in which Nkx2.1-
expressing progenitors and their descendant cells were
traced by yellow fluorescent protein (YFP) and recognized
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Fig. 1 Conditional ablation of B-catenin in ventral telencephalic
progenitors. A Schematic of breeding strategy for generation of
conditional B-catenin knockout (cKO) mice in a lineage-tracing
background. B Genotyping results of littermate mice (red box
indicates YFP-tagged homozygous mice; blue numbers indicate
YFP-tagged heterozygous mice). C Representative image showing
that YFP-labelled Nkx2.1-Cre-expressing cells, recognized by GFP
antibody, mainly reside in the MGE and POA at E14.5 (scale bar, 250

by a green fluorescent protein (GFP) antibody (Fig. 1C).
Immunostaining confirmed that in mid-gestation embryos
the GFP signal was restricted to the ventral-most telen-
cephalon, suggesting a tight expression pattern of Cre
recombinase under the control of the Nkx2.I promoter.
Meanwhile, the protein level of B-catenin, encoded by gene
of Ctnnbl1, was significantly lower in GFP-expressing cells
in cKO embryos than in control littermates (Fig. 1D, E),
indicating efficient and lineage-specific B-catenin knock-
out. Genotyping revealed that the occurrence rates of
heterozygous mice at E14.5 and P1 were 32.7% and 39.1%,
respectively, which followed Mendel’s laws, while the
proportion of homozygous mice was 25.5% at E14.5, but
only 4.9% at P1 (Fig. 1F). These results indicate that Wnt/
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um). D, E Expression of B-catenin in the GFP-labeled MGE in control
(Ctrl; D) and cKO (E) coronal forebrain sections at E14.5 at low
(scale bar, 250 pm) and high (scale bar, 25 pm) magnification (yellow
dashed lines separate MGE and LGE regions in the cKO embryo).
F Genotyping results showing that the proportion of homozygous
mice is significantly reduced in the postnatal stage comparing with
that at E14.5, demonstrating the massive death of mutant mice after
birth. About 20% of postnatal mutant mice survived to adulthood.

-catenin signaling is required for the normal development
of ventral telencephalic progenitors and B-catenin deletion
in these progenitors leads to perinatal lethality.

Conditional Ablation of p-Catenin in Ventral
Telencephalic Progenitors Causes Severe Hydro-
cephalus from Mid-term Gestation Through

to Adulthood

Strikingly, the forebrains of cKO embryos were signifi-
cantly enlarged at E12.5 (Figs 2A and S1A). Histopatho-
logical examination demonstrated that cKO mice had
remarkably dilated ventricles in comparison to their control
siblings at E12.5 (Fig. 2B, C). At E14.5, the cKO embryos
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Fig. 2 Conditional ablation of B-catenin in ventral telencephalic
progenitors causes severe hydrocephalus from mid-term gestation
through to adulthood. A cKO embryos at E12.5 have an enlarged
brain with greater forebrain diameter (***P <0.001, unpaired r-test).
B Upper panel, brain sections stained with Hoechst 33258, a nuclear
marker, display a dilated ventricle in cKO mice at E12.5 (scale bar,
250 pm). Lower panel, tracing of the upper panel, showing the lateral
ventricle area (LV) in red. C LV areas in control and cKO embryos at
E12.5 (***P <0.001, unpaired z-test). D cKO embryo at E14.5
exhibits a domed head (upper panel; red arrow) and enlarged brain
(lower panel). E cKO embryos at E14.5 have a greater forebrain

had domed heads, typical of hydrocephalus, as well as
enlarged brains and dilated cerebral ventricles (Figs. 2D-G
and S1B). Notably, under meticulous care and removal of

diameter (***P <0.001, unpaired #-test). F Upper panel, brain
sections stained with Hoechst 33258 display a dilated ventricle in
cKO mice at E14.5 (scale bar, 250 um). Lower panel, tracing of the
upper panel, showing LV area in red. G LV areas in control and cKO
embryos at E14.5 (***P <0.001, unpaired t-test). H, I Adult cKO
mice have a smaller body and a dome-shaped head (H, red arrow),
and a swollen brain (I). J, K Adult cKO mouse displaying a dilated
LV (white arrows), dorsal third ventricle (D3V; white arrows),
obstructed ventral third ventricle (3V; white arrows), and shrunken
hippocampus (red arrows) (J) (scale bar, 2 mm) and statistics of LV
area (K) (¥***P <0.001, unpaired #-test).

competitor siblings with unrelated genotypes, approxi-
mately 20% of cKO mice survived to adulthood (Fig. 1F).
The adult cKO mice had a smaller body size than control
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mice, but with an obvious dome-shaped head and enlarged
brain (Fig. 2H, I). Severe dilation of the lateral and dorsal
third ventricles as well as a reduced hippocampus were
evident in cKO mice (Fig. 2J). Remarkably, the lateral
ventricles in the cKO mice were dilated >10-fold com-
pared with those in the control mice (Fig. 2K).

Together, these results demonstrate that B-catenin dele-
tions in ventral telencephalic neural progenitors lead to
progressive and persistent congenital hydrocephalus starting
from mid-term gestation. The Nkx2.I-Cre;Ctnnbl™:-
Rosa26-LSL-YFP cKO mice can therefore serve as a reliable
mouse model for studying hydrocephalus at both embryonic
and postnatal stages.

Abnormal Development of the Medial Ganglionic
Eminence (MGE) in Congenital Hydrocephalic Mice

Nkx2.1 was expressed in developing ventral telencephalic
progenitors in the MGE and preoptic area (POA) (Fig. 3A,
B). At E12.5 and E14.5, the YFP-expressing MGE was
markedly deformed in cKO embryos compared with their
control littermates (Fig. 3A, B), consistent with previous
research [31]. This suggests that the hydrocephalus phe-
notype arises from the abnormal development of MGE
progenitors. To characterize the molecular features, we
microdissected the MGE from E14.5 control and cKO
embryos and profiled their transcriptomes through RNA
sequencing (RNA-seq) (Fig. 3C).

Visualization analysis confirmed that reads covering
exons 2-6 of Ctnnbl were significantly fewer in cKO
embryos than in other exons and control mice (Fig. 3D),
confirming the knockout efficacy. Principal component
analysis of the DEGs clustered the cKO and control groups
(Fig. S2A). We retrieved a total of 1,366 DEGs specifically
up-regulated and 1,123 that were down-regulated in cKO
mice (Fig. S2B). Of note, the cKO-associated down-
regulated genes were highly enriched in the Wnt and Notch
signaling pathways, cell proliferation, and embryonic
development (Fig. 3E, F).

Cell-cell Adhesion and Cilium-development Events
are Impaired in Congenital Hydrocephalic Mice

Zechel et al. topographically mapped hallmark gene
expression in the mouse MGE and grouped genes specif-
ically expressed in the VZ, as well as the subventricular
(SVZ) and mantle zones (MZ), regions adjacent to the VZ
[32]. VZ genes are primarily associated with proliferation,
DNA packing and replication, and cell-cycle regulation,
while SVZ genes are enriched in interneuron differentia-
tion, cell morphogenesis, and forebrain development,
suggesting that this cluster contains interneuron precursors
that are gradually differentiating into postmitotic neurons.
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The most mature neurons reside in the MZ, resulting in
their characterization as related to neuronal differentiation,
migration, and projection [32].

We found that VZ-associated genes were significantly
down-regulated in the MGE of cKO embryos (Fig. 4A).
Ki67-labeled cells remain in the cell cycle, while phospho-
histone 3 (PH3)-labeled cells are in a mitotic state. Both
Ki67- and PH3-labeling assays showed that there were
significantly fewer cKO-MGE cells that were proliferating
or dividing at E14.5 (Fig. 4B, C). These results were
further supported by similar cKO embryos with reduced
numbers of proliferating cell nuclear antigen-labeled and
Ki67-labeled cells in the MGE with B-catenin knockout
[31]. Moreover, the report that knockout of B-catenin in
Nkx2.I-expressing MGE-like cells in vitro differentiated
from human embryonic stem cells significantly impairs
progenitor cell proliferation is also consistent with our
results [33]. On the other hand, SVZ- and MZ-associated
genes were substantially up-regulated in the cKO MGE
(Fig. 4D). We further evaluated coronal forebrain sections
at E14.5 for doublecortin (Dcx), a marker of neuroblasts
and immature neurons located in the SVZ and MZ. As
expected, Dcx was expressed in the SVZ and MZ, but not
in the VZ in the ventral telencephalic region of control
embryos. In ¢cKO mice, however, the entire MGE was
strongly labeled with Dcx, and the VZ area could not be
distinguished (Fig. 4E). Based on our RNA-seq data, we
proposed a topographical map of the MGE, which showed
that ablation of B-catenin in the MGE leads to advanced
neuronal differentiation and cell-cycle exit (Fig. 4F).

The above results indicated that B-catenin deletion in
MGE progenitors results in abnormal MGE development.
Gene Ontology (GO) analyses and related hierarchical
clustering heatmaps revealed that cell-cell adhesion genes
and cilium generation-associated genes were significantly
down-regulated in cKO mice (Fig. 3E, F). Gene set
enrichment analysis also confirmed that cell-cell adhesion
and cilium biogenesis-related pathways were remarkably
de-enriched in the MGE of cKO embryos (Fig. 4G, H). These
findings were further supported by the fact that GFAP-
labeled ependymal cells lining the lateral ventricles were
reduced in newborn cKO mice at P1 (Fig. 41). Meanwhile,
acetylated tubulin (Ac-Tub)-labeled cilia were almost absent
from cKO mice (Fig. 4]). Together, cell-cell adhesion and
cilium-development events were severely impaired in cKO
mice through mid-gestation, which may contribute to the
development of congenital hydrocephalus in this mutant.

Of note, the hypothalamic ventral third ventricle
appeared to be obstructed in cKO mice (Fig. 2J), indicating
that the aqueduct was blocked. Nkx2.1 was also expressed
in the developing hypothalamus. However, different from
its role in the developing MGE, knockout of B-catenin led
to more hypothalamic progenitors remaining in the cell
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Fig. 3 Abnormal development of the MGE in congenital hydro-
cephalic mice. A Representative images showing that the YFP
reporter, which marks ventral telencephalon progenitors, is strength-
ened and visualized by GFP staining. At E12.5, the MGE from a cKO
embryo shows remarkable shrinkage (white arrow) compared to that
of control (scale bar, 250 um). B Sections through the MGE from an
Nkx2.1-Cre;Rosa26-LSL-YFP (Nkx2.1-YFP) tracing embryo and a
heterozygous control embryo show no difference, while the MGE
from a homozygous cKO embryo shows prominent shrinkage (white
arrow) in coronal sections at E14.5 (scale bar, 250 um). C MGE tissue
microdissected from control and cKO embryos at E14.5 is subjected

cycle as shown by more Ki67-expressing cells surrounding
the third ventricle in cKO embryos at E14.5 (Fig. S3A),
indicating the over-proliferation of hypothalamic progen-
itors. Our finding is supported by another study showing
that Wnt/B-catenin pathway activity inhibits the prolifer-
ation and self-renewal of radial glial progenitor cells in the
hypothalamus [34]. These data suggest that the obstructed
third ventricle in cKO mice might result from the over-
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similar gene expression profiles. Scale bar, 5 kb. E GO analyses of
DEGs show that the functional annotations of down-regulated genes
associated with cKO are highly enriched in cell proliferation, cell
migration, embryonic development, cilium biogenesis, and Wnt and
Notch signaling. F Heat maps of expression levels of DEGs in control
and cKO embryos. Representative genes from GO term-enriched
biological functions are listed on the right.

proliferation of hypothalamic progenitors and might be
another pathological change causing hydrocephalus.

Congenital Hydrocephalic Mice Exhibit Abnormal
Neuronal Development

In E14.5 control embryos, YFP-expressing interneurons
(INs) generated from the ventral telencephalon actively
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«Fig. 4 Cell-cell adhesion and cilium-development events are
impaired in congenital hydrocephalic mice. A Gene profiles specif-
ically expressed in the VZ of the mouse MGE reported in Zechel et al.
VZ-related hallmark genes are significantly down-regulated in our
profiling data from cKO cells (¥***P <0.001, unpaired t-test). B,
C Immunofluorescence staining for proliferation with Ki67 (B) and
PH3 (C) in coronal forebrain sections from E14.5 embryos shows a
significantly decreased population of proliferative cells in cKO mice
(scale bars, 250 pm for low magnification; 25 pm for high
magnification). D Gene profiles specifically expressed in the SVZ
and MZ of the mouse MGE from Zechel et al. SVZ- and MZ-related
genes are significantly up-regulated in cKO-MGE at El4.5
(***P <0.001, unpaired t-test). E Representative images of Dcx
immunostaining in ventral regions from E14.5 embryos of control and
cKO mice. Dcx-expressing neuroblasts or newborn neurons are
located in the SVZ and MZ but not the VZ in control embryos,
whereas they populate the entire MGE (SVZ and MZ) in cKO
embryos. White boxes outline the regions shown below at higher
magnification. The white dotted line separates VZ and SVZ/MZ
regions. Scale bars, 50 um. F Topographical maps of the MGE in
control and cKO embryos. G, H Gene set enrichment analyses
showing the enrichment of cilium biogenesis (G) and cell-cell
adhesion (H) functional modules in genes enriched in control
compared with cKO progenitors. I Immunostaining of the LV wall
with GFAP, a marker of ependymal cells, showing a remarkable
reduction of ependymal cells in newborn cKO mice at P1 (scale bar,
20 um). J Lateral ventricle wall in adult brain sections stained with
antibody against acetylated tubulin (Ac-Tub), a marker of cilia. Ac-
Tub expression is missing from the cells lining the LV in ¢cKO mice
(scale bar, 20 pm).

migrated to the cortex, forming superficial and deep
migratory streams (Fig. 5A). However, these streams were
completely absent from cKO embryos (Fig. 5A). In situ
hybridization also revealed that somatostatin (SST)-posi-
tive INs normally migrated to the cortex in control
embryos, but were almost absent from the cortex of cKO
embryos (Fig. 5B). Notably, although many SST-positive
INs were generated in cKO embryos, they were trapped at
the ventral-dorsal boundary (Fig. 5B), suggesting that
severe neuronal migration defects occur in hydrocephalic
mice during embryonic development.

In the cortex of control embryos, the transcription
factors Tbrl, Satb2, and Cux1, which are mainly expressed
in postmitotic projection neurons in layers V-VI, II-1V,
and II-1II, respectively [35, 36], were found in the outer
layer of the cortical plate (Fig. 5C, D). However, the
number of these cortical neurons was markedly decreased
in cKO embryos (Fig. 5C, D). These findings suggest that
cortical neurogenesis is impaired in congenital hydro-
cephalic mice

Hydrocephalic Mice Show Abnormal Neuronal
Architecture at Adult Stage

In embryonic development, the MGE is a major origin of
choline acetyltransferase (ChAT)-labelled ventral forebrain
cholinergic neurons [37, 38]. Besides, the MGE generates

>70% of forebrain GABA (y-aminobutyric acid)-ergic
INs. Based on distinct biochemical constituents and
synaptic connectivity, MGE-derived GABA INs include
diverse subtypes, which are characterized by parvalbumin
(PV) and somatostatin (SST) neurons, as well as a small
population labeled with calretinin, nitric oxide synthase, or
neuropeptide Y [39]. MGE-generated ChAT neurons and
INs migrate tangentially to populate other telencephalic
regions, such as the striatum, septum, cortex, and hip-
pocampus, playing important roles in building neural
circuits with excitatory neurons [37, 39, 40].

To study the long-term effects of hydrocephalus in adult
mice, we investigated the neuronal architecture in both the
dorsal and ventral telencephalon. In control mice, ventral
progenitor-derived ChAT neurons mainly resided in the
striatum, septal area, and basal nucleus (Fig. 6A-F). In
adult cKO mice, however, YFP-marked ChAT neurons
were completely missing in the striatum and septal area,
and dramatically reduced in the basal nucleus (Fig. 6A-F).
On the other hand, of note, the YFP-labelled GABA INs
were decreased markedly in adult cKO mice (Fig. 6G, H).
Among all subtypes, PV neurons showed the most
prominent defects in the cortex of cKO mice (Fig. 6G,
H). These data indicate that congenital hydrocephalus
mediated by p-catenin deletion results in irreparable
neuronal migration defects in at least some types of
neurons.

Congenital Hydrocephalic Mice Show Impaired
Motor Function, Anxiety-like Behavior, and Learn-
ing—-memory Deficits

To further study the pathological phenotypes of the f-
catenin mutants, we performed behavioral tests in control
and cKO mice. The rotating rod test showed that retention
times on the rotating Plexiglas rod differed for adult control
and cKO mice (Fig. S4A), suggesting impaired motor
ability in the latter. In the open field test, time traveled in
the center was significantly reduced in cKO mice
(Fig. S4B), revealing anxiety-like behavior [41]. In the
fear conditioning and Morris water maze tests, both fear
and spatial memory were remarkably impaired in cKO
mice (Fig. S4C-G). The impaired behavioral profiles of
cKO mice coincided with typical symptoms of hydro-
cephalus [42] that may result from developmental and
irreversible defects in the nervous system.

Discussion
Here, we established a stable mouse model of congenital

hydrocephalus based on p-catenin deletion in Nkx2.I-
expressing ventral neural progenitors. These mice
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Fig. 5 Congenital hydrocephalic mice exhibit abnormal neural
development. A GFP staining of coronal sections from E14.5 control
and cKO mice. GFP-labeled INs migrate tangentially into the cortex
and form superficial and deep migratory streams in control embryos,
whereas these streams are completely missing from cKO embryos.
Boxes outline the regions shown below at higher magnification (scale
bars, 100 pm for lower magnification; 50 pm for higher magnifica-
tion). B Representative images showing in situ hybridization of SST
mRNA expression in coronal sections from control and cKO at E14.5.

consistently showed enlarged brains and ventriculomegaly
starting from E12.5 and maintained disease phenotypes
throughout adulthood. This reproducible animal model
exhibits the earliest onset of disease pathology and is
suitable for studying transient or long-lasting neuropatho-
logical changes under high mechanical pressure in both the
embryonic and adulthood stages (Fig. 7).

Nkx2.1 is a key transcription factor important for ventral
telencephalic neural progenitor development and is
strongly expressed in neuroepithelial cells located in the
regional VZ [30, 43], from which ependymal cells lining
the cerebral ventricles are derived [30]. Wnt/B-catenin
signaling is a key regulator of ependymal cell development
[22, 23]. Here, whole-genome RNA-seq revealed that
conditional knockout of B-catenin in Nkx2.I-expressing
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Compared with controls, more SS7-positive INs are generated in cKO
embryos, but they are trapped at the ventral-dorsal boundary. Boxes
indicate the regions shown below at higher magnification. SS7-
expressing cells normally migrate to the cortex in control embryos,
but are almost absent from the cortex of cKO embryos (scale bars,
250 pm for lower magnification; 50 pm for higher magnification). C,
D Tbrl, Satb2 (C), and Cux! (D) immunostaining in the cortex of
E14.5 embryos of control and cKO mice (scale bars, 50 um for lower
magnification; 20 pm for higher magnification).

progenitors led to a remarkable down-regulation of VZ-
featured genes at E14.5, suggesting aberrant development
of ventral telencephalic neural progenitors or denudation of
the VZ as well as ependymal cells. This was further
supported by immunostaining studies, which showed that
Ki67- and PH3-positive proliferative VZ progenitors were
dramatically reduced in B-catenin cKO embryos. Similar
impaired progenitor cell proliferation has also been found
in B-catenin mutant MGE cells in both in vitro and in vivo
experiments [31, 33]. Moreover, SVZ/MZ-related genes
were increased in the mutant MGE at E14.5, and this was
validated by the fact that Dcx-labelled neuroblasts rather
than neuroepithelial or ependymal cells lined the wall of
the ventral lateral ventricle in mutant mice. These results

implied that conditional B-catenin deletion causes
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Fig. 6 Hydrocephalic B-catenin mutant mice show abnormal neu-
ronal architecture in adulthood. A-F Coronal sections and percent-
ages of cells in adult control and cKO mice immunolabeled with GFP
and ChAT antibodies. ChATTGFP* neurons are completely missing
from the striatum (A and B) and septal nucleus (C and D) of cKO
mice, and remarkably decreased in the basal nucleus (E and F). The
percentages of GFP™ cells are also significantly reduced in the septal
nucleus (C and D) of cKO mice (scale bars, 50 um; n = 142-690 cells

in at least three independent experiments; **P <0.01, ***P <0.001,
unpaired #-test). G, H The numbers of GFP™ and PV"GFP™ INs are
remarkably lower in the cortex of adult cKO mice than in littermate
controls. No significant differences in SSTYGFP', CR"GFP™,
NOS*GFP™', and NPYTGFP' INs in the cortex of adult cKO mice
compared to those in controls (scale bar, 50 pm; n = 31-843 cells in at
least three independent experiments; **P <0.01, unpaired z-test).
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Fig. 7 Schematic of regional B-catenin deletion-induced long-lasting
congenital hydrocephalus. In this study, we generated a new mouse
model of congenital hydrocephalus through knockout of B-catenin in
Nkx2.1-expressing regional neural progenitors. Progressive ventricu-
lomegaly and an enlarged brain were consistently observed in
knockout mice from E12.5 through to adulthood. Meanwhile, severe

abnormal MGE development with advanced neuronal
differentiation and cell-cycle exit.

In our profiling data, mutant embryos at E14.5 showed
significant down-regulation of genes essential for cilium
biogenesis. Indeed, GFAP-labelled ependymal cells were
largely impaired in B-catenin cKO newborn mice, and Ac-
Tub-marked cilia in the ependymal cells were absent from
the walls of the lateral ventricles of mutant mice. Since the
ciliated ependymal cells exhibit coordinated beating to
direct the flow of CSF, ciliary dysfunction as a conse-
quence of abnormalities in the ependymal cell is frequently
associated with blockage of CSF flow, which would further
induce the abnormal accumulation of CSF and subsequent
ventriculomegaly and enlarged brain, characteristic of
hydrocephalus [44]. We therefore hypothesize that B-
catenin deletion in Nkx2.I-expressing neural progenitors
result in progenitor developmental defects, i.e., VZ
denudation and dysfunction of cilium biogenesis in
ependymal cells, which, in turn, lead to congenital
hydrocephalus. Our study also revealed that dysfunction
in the ventral VZ-ependymal cell-cilium biogenesis
stream is sufficient to induce severe congenital hydro-
cephalus. It will be interesting to study whether knockout
of B-catenin in other regional progenitors can also lead to
hydrocephalus.

We also found over-proliferation of hypothalamic
progenitors and stenosis of the hypothalamic ventral third
ventricle in mutant mice, which is line with a previous
study showing that Wnt/B-catenin pathway activity inhibits
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dysfunctions of ependymal cells and cilium biogenesis were found
within the ventricular zone after B-catenin knockout. The hydro-
cephalic mice showed aberrant neurogenesis and neuronal migration
in both the ventral and dorsal telencephalon. Typical defects in motor
and learning behaviors were also found in the mutants. The image was
generated using BioRender.

radial glial progenitor cell proliferation and self-renewal in
the hypothalamus [34]. There is evidence that ependymal
denudation and disruption result in the loss of adjacent
neural stem cells residing in local VZ regions of the lateral
ventricles, which further inhibits differentiation of the
subcommissural organ (SCO) from neural stem cells [45].
Absence of the SCO can cause aqueduct obliteration [46].
Given that aqueduct obliteration is a main trigger of
congenital hydrocephalus [47], it is reasonable to hypoth-
esize that B-catenin deletion in ventral progenitors destroys
ependymal cells and adjacent neural stem cells, which
impairs the development of the SCO and induces aqueduct
obliteration through aberrations of the SCO and further
aggravates congenital hydrocephalus.

Ventriculomegaly creates potentially harmful pressure
on surrounding tissues and causes irreversible neural
developmental damage. Here, mutant mice exhibited
severe motor and learning skill defects, consistent with
other animal models of hydrocephalus and with clinical
observations [42]. ChAT neurons develop from Nkx2.I-
expressing ventral telencephalic progenitors, which were
completely absent from the striatum and septal area in the
mutants. Although we could not tell whether the dysfunc-
tion of ChAT neurons arose directly from the ventral
telencephalic progenitors themselves or indirectly from
harmful mechanical pressure, we found consistent malfor-
mations of cellular architecture in the cortex of mutant
mice. At mid-gestation, the two migratory streams of INs
were completely absent; while many INs were generated
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normally, they were trapped in the ventral region. Further-
more, neurogenesis in the cortex was substantially hindered
in mutants. In adults, the PV INs were markedly decreased
in the cortex of mutant mice. These data indicated that
congenital hydrocephalus-generated  ventriculomegaly
causes aberrant mechanical pressure on surrounding cortex,
which results in irreversible cortical neuronal developmen-
tal defects. This process may account for the behavioral
and neurological dysfunctions in this disease.
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