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Abstract

Foetal onset hydrocephalus is a disease starting early in embryonic life; in many cases it results from a cell junction pathology of
neural stem (NSC) and neural progenitor (NPC) cells forming the ventricular zone (VZ) and sub-ventricular zone (SVZ) of the
developing brain. This pathology results in disassembling of VZ and loss of NSC/NPC, a phenomenon known as VZ disruption.
At the cerebral aqueduct, VZ disruption triggers hydrocephalus while in the telencephalon, it results in abnormal neurogenesis.
This may explain why derivative surgery does not cure hydrocephalus. NSC grafting appears as a therapeutic opportunity. The
present investigation was designed to find out whether this is a likely possibility. HTx rats develop hereditary hydrocephalus; 30—
40% of newborns are hydrocephalic (hyHTx) while their littermates are not (nHTx). NSC/NPC from the VZ/SVZ of nHTx rats
were cultured into neurospheres that were then grafted into a lateral ventricle of 1-, 2- or 7-day-old hyHTx. Once in the
cerebrospinal fluid, neurospheres disassembled and the freed NSC homed at the areas of VZ disruption. A population of homed
cells generated new multiciliated ependyma at the sites where the ependyma was missing due to the inherited pathology. Another
population of NSC homed at the disrupted VZ differentiated into 311I-tubulin+ spherical cells likely corresponding to neuroblasts
that progressed into the parenchyma. The final fate of these cells could not be established due to the protocol used to label the
grafted cells. The functional outcomes of NSC grafting in hydrocephalus remain open. The present study establishes an exper-
imental paradigm of NSC/NPC therapy of foetal onset hydrocephalus, at the etiologic level that needs to be further explored with
more analytical methodologies.
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Introduction

Roberto Henzi and Karin Vio both qualify as first authors.

Foetal onset hydrocephalus is a disease with multiple triggers.
Gene mutations and environmental factors, such as vitamin B
or folic acid deficiency (Jellinger 1986), intraventricular
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severe neurological impairment (Rodriguez et al. 2019). In
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to answer a relevant question: how can we explain the inborn
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and, so far, irreparable neurological impairment of children
born with hydrocephalus? (Rodriguez et al. 2012, 2019). We
and others obtained evidence that the common history of hy-
drocephalus and brain maldevelopment starts early in the em-
bryonic life with the disruption of the ventricular (VZ) and
sub-ventricular (SVZ) zones (Guerra et al. 2015; Jiménez ct al.
2001; Rodriguez et al. 2012, 2019). Such a disruption pro-
gresses as a wave from caudal to rostral regions of the devel-
oping ventricular system, following spatial and time courses;
when striking the cerebral aqueduct, it results in aqueduct
stenosis/obliteration and hydrocephalus, while when reaching
the telencephalon, it leads to abnormal neurogenesis (Jiménez
etal. 2001; McAllister et al. 2017; Rodriguez et al. 2012). Yet,
the nature, mechanisms and extent of the brain impairment
linked to hydrocephalus are far from been fully characterized.
A treatment for hydrocephalus and the associated neurologi-
cal impairment will likely arise from a better understanding of
the biological basis of the brain abnormalities in hydrocepha-
lus (Del Bigio 2001; McAllister et al. 2015; Williams et al.
2007). This view appears as one of the “lost highways” in
hydrocephalus research, as described by Jones and Klinge
(2008).

The disruption of the VZ may be triggered by the mutation
of a series of genes, or by signals extrinsic to the VZ cells,
such as intraventricular haemorrhage or changes in the CSF
proteins. The common feature of these triggers is that they all
affect the intracellular vesicle trafficking in the VZ cells (NSC
and ependyma) resulting in abnormal cell junctions and loss
of VZ integrity (Ferland et al. 2009; Klezovitch et al. 2004;
Ma et al. 2007; Rasin et al. 2007; Rodriguez and Guerra
2017). In the VZ cells, N-cadherin and connexin 43 fail to
reach the plasma membrane to form efficient adherent and
gap junctions resulting in the disassembling of the VZ
(Guerra et al. 2015; McAllister et al. 2017; Rodriguez et al.
2012, 2019). The VZ disruption occurs during the embryonic
life and the perinatal period, affecting equally the neural stem
cells (NSCs) and the multiciliated ependymal cells. The junc-
tion pathology similarly affects NSC and ependyma resulting
in VZ disruption and ependymal denudation (Guerra et al.
2015; McAllister et al. 2017). The mutation of a series of
genes involved in intracellular trafficking, environmental fac-
tors (folic acid deficiency) and intraventricular haemorrhage
all finally result in a “stormy” intracellular traffic leading to a
junction pathology, VZ disruption and two inseparable phe-
nomena: hydrocephalus and abnormal neurogenesis. This
body of evidence leads us to conclude that foetal onset hydro-
cephalus is, essentially, a cell junction pathology of NSC
(Rodriguez et al. 2012, 2019).

Derivative surgery is intended to minimize brain damage
resulting from hydrocephalus but it cannot solve the inborn
neurological impairment caused by the brain maldevelopment
associated with NSC pathology. Keeping in mind that foetal
onset hydrocephalus is, essentially, a NSC pathology and that
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in cases of hereditary hydrocephalus, such a pathology is an
intrinsic defect of these cells (Guerra et al. 2015), the trans-
plantation of normal NSC into the CSF of foetuses or neonates
developing hydrocephalus to repair VZ disruption and sequel-
ae appears as a goal worth pursuing.

Stem cell transplantation represents an opportunity for
treating many neurological diseases (Bjorklund and
Kordower 2013; Lindvall and Kokaia 2006, 2010; Lindvall
etal. 2004). In early investigations, the stem cells were grafted
into the brain parenchyma, close to the injured or altered re-
gion. Stem cell delivery into the CSF is emerging as an alter-
native, particularly for diseases with a broad distribution in the
CNS (Bai et al. 2003; Neuhuber et al. 2008; Pluchino et al.
2003; Wu et al. 2002).

Beside our preliminary reports (Rodriguez and Guerra
2017; Rodriguez et al. 2019), we know of no other investiga-
tions using NSC grafting in hydrocephalic animal models.
HTx rats develop hereditary congenital hydrocephalus
(hyHTX). In this animal model, VZ disruption occurs between
E19 and PN10 as multiple and growing foci of disruption,
resembling the situation in human hydrocephalic foetuses
(Guerra et al. 2015; Ortloff et al. 2013). This allows NSC
grafting to be performed postnatally, while the VZ disruption
is still in progress. A question we raised before performing
NSC grafting into the ventricle of HTx rats was whether the
hydrocephalic CSF, with its abnormal protein composition
(Ortloff et al. 2013), would be a friendly medium to host the
grafted NSC. This seems to be the case, since neurospheres
(NEs) obtained from non-affected HTx (nHTx) rats when cul-
tured in the presence of CSF from hyHTx or nHTx rats dif-
ferentiate into neurons, astrocytes and ependyma (Henzi et al.
2018).

The first aim of the present investigation is to find the
appropriate grafting conditions regarding the type and number
of NE, the surgery procedure and the age of hyHTx rats

Fig. 1 NSC/NPC collected from the VZ/SVZ of nHTx grow into P
neurospheres (NEs) that can be grafted into a lateral ventricle of hyHTx
rats. a Frontal section of a lateral ventricle (LV) of a PN1, nHTx rat
immunostained for nestin. The ventricular and sub-ventricular zones of
the dorsal and lateral (Iw) walls of the ventricle are formed by nestin+,
NSCs/NPCs, while the medial wall (mw) is lined by ependyma. b
Protocol of the neurosphere assay. ¢ Head of a PN1, hyHTx rat showing
the translucent dilated lateral ventricles where the NEs are grafted (ar-
row). d Living 6DIV NEs visualized with phase contrast microscopy. e
Nestin in block immunostaining of a 6DIV NE. f Paraffin section of 6DIV
NEs immunostained for nestin. g 6DIV NE exposed to BrdU the last 12 h
in culture. Immunofluorescence for BrdU. h 4DIV NEs exposed to BrdU
the last 24 h in culture. i Paraffin section of the brain of a PN1, hyHTx rat
grafted with 4 or 6 DIV NEs labelled with BrdU and killed 2 days later.
Double immunofluorescence for nestin (red) and BrdU (green). BrdU-
labelled NSCs/NPCs populate the region of VZ disruption. se, septum; st,
striatum. Photo-montage. A picture of a 6DIV NE immunostained in
block for caveolin has been pasted on figure i. Inset: disruption zone
visualized with the channel for BrdU. Scale bar, a 250 um; ¢ 100 pum;
d 40 pm; e 40 pm; g 40 pm; h 40 pm; i 200 um, inset 55 pm; bar in
pasted neurosphere 40 um
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hosting the graft. The second aim is to establish the fate of the
grafted NE and whether they would disassemble leaving
NSC/NPC free in the CSF, as occurs in vitro. The final goal
is to establish whether or not the grafted NSC/NPC would
somehow make their way and home to the areas of VZ dis-
ruption and, hopefully, repair the disrupted VZ.

Materials and methods
Animals

Rats of the HTx strain donated by Prof. Hazel Jones
(University of Florida, Gainesville) in 2002 were bred into a
colony in the Animal Facility at the Instituto de Anatomia
Histologia y Patologia, Universidad Austral de Chile,
Valdivia. The colony is maintained by mating phenotypically
normal siblings; in each offspring, 30-40% of newborns carry
the hydrocephalic phenotype. Housing, handling, care and
processing of animals were carried out according to regula-
tions of the National Research Council of Chile (Conicyt).
The ethics committee of Universidad Austral de Chile ap-
proved the experimental protocol. The hydrocephalic pheno-
type was identified from an overtly domed head and by trans-
illumination of the head of newborns and later confirmed by
microscopic examination of brain. The pathology expressed
by the subcommissural organ was used as a phenotypic land-
mark (Ortloff et al. 2013).

Neurosphere assay

Neural stem (NSC) and neural progenitor (NPC) cells obtain-
ed from PN1 nHTX rats were cultured to obtain neurospheres,
as described by Guerra et al. (2015) (Fig. 1a—e). The dorsal
and lateral walls of the lateral ventricles containing the ven-
tricular (VZ) and sub-ventricular (SVZ) zones were dissected
and soaked in Neurocult NS-A proliferation Medium-Rat,
supplemented with 20 ng/ml EGF and 2 pg/ml heparin
(Stem Cell Technologies, Vancouver, CA) and antibiotics
(penicillin 100 pg/ml and streptomycin 100 pg/ml (Sigma).
Later, the tissue was transferred to an Eppendorf tube and
disaggregated mechanically using a P-200 micropipette. The
cell suspension was centrifuged for 10 min at 110 g; the
resulting pellet was diluted (1:10) with culture medium. The
viable cells were counted using the trypan blue cell viability
assay; 60,000 cells/ml were seeded in a non-adherent 12-well
culture plate (TPP; Techno Plastic Products AG, Trasadingen,
Switzerland). The cells were cultured for 4 or 6 days (DIV,
days in vitro); 10 uM BrdU was added for the last 24 h of
culture, as described by Henzi et al. (2018). The cells were
studied daily by phase contrast microscopy (Nikon Diaphot
Inverted Tissue Culture Microscope). At 4DIV and 6DIV,
photographs were obtained.
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4DIV and 6DIV neurospheres, exposed to BrdU for the last
24 h in culture, were fixed in Bouin fluid, embedded in par-
affin and serially cut. Sections were processed for immuno-
fluorescence using anti-BrdU and anti-nestin.

Neurosphere grafting

Approximately 100 neurospheres of 4DIV were grafted into a
lateral ventricle of PN1 (n=10) and PN2 (n=2) hyHTx rats
and 30 neurospheres of 6DIV were grafted in PN7 hyHTx
(n=50) rats. In the group of PN7 hyHTx rats hosting the graft,
the donor rats were nHTx littermates; in the groups PN1 and
PN2 of grafted hyHTx rats, the donor nHTx rats were from
different litters. Approximately 400 NSC formed each 4DIV
neurosphere; thus, each PN1 host was grafted with about
40,000 NSCs. Each 6DIV contains about 4000 cells, 70% of
which were NSCs and 30% were commiitted cells (Henzi et al.
2018); thus, each PN7 host was grafted with about 120,000
cells (80,000 NSCs). The brains of the operated rats were
microscopically scanned through series of sections (see
below).

Surgery hyHTx rats were anesthetized using a combination of
ketamine (40 mg/kg) and acepromazine (100 mg/kg). The
skull was cleaned with 70° ethanol and iodine. A 10-ul
Hamilton syringe containing the neurospheres was connected
through a cannula to a 30-G needle. The needle was inserted
into the right lateral ventricle of the brain, 0.5 mm posterior to
bregma and 1.5 mm lateral to the sagittal suture. After the
needle had penetrated 1.5 mm from the meninges, it was

Fig.2 Fifteen minutes after grafting into the ventricle of PN7 hyHTx rats, P>
NEs remain proliferative and free inside the dilated ventricles. a
Immunostaining for BrdU and background staining with haematoxylin
(BrdU-H). 6DIV NEs grafted into the dilated ventricles of a PN7 hyHTx
rat accumulate in the ventral horns of the lateral ventricle. Area framed is
shown in (a’). se, septum; st, striatum. The cannula with NE inside is a
photo-montage. a’ NE lying free in the ventral horn of ventricle. The
lateral wall of ventricle is lined by VZ cells (VZ) and the medial wall
by ependyma (E). Area framed is shown in (a”). a” Most cells of NE are
labelled with BrdU. The arrow points to unlabelled cells. b Detailed
magnification of two NE 15 min after grafting. LV, lateral ventricle.
Area framed is shown in (b’). b’ Arrow points to a mitosis with the
chromosomes labelled with BrdU. ¢ Grafted NE showing a mitotic figure
(arrow). d, d’ 6DIV NE 15 min after grafting. Most cells are BrdU+ and
nestin+. Asterisk in (d) points to a NE shown in (d’). VZ, ventricular
zone; E, ependyma. e, e’ Grafted NEs contain few (III-tubulin+ cells. f,
f> A few cells of grafted NE contain (3IV-tubulin+ particles. £ Same
picture as in (f”) visualized with the channel for 3IV-tubulin. Arrows in
(f”) and (f”) point to a cell reactive for BIV-tubulin. g, h Two days after
grafting 4DIV (g) and 6DIV (h) NEs, clusters of BrdU+ cells appeared
along the lateral wall of ventricle (g) and close to the areas of VZ disrup-
tion in the dorsal wall and lining the denuded area (h). i A large cluster of
BrdU+ cells has penetrated through a disrupted area of VZ and labelled
cells are invading the neighbour tissue. Scale bar, a 500 pm; a’ 26 pm; a”
10 um; b 35 um; b’ 10 um; ¢ 7 um; d, e, £ 80 um; d’, €’ 12 um; > 10 um;
210 um; g 40 um; h 50 pum; i 70 um



Cell Tissue Res (2020) 381:141-161

yHTx PN7 | 6DIV NE 15’ afté\r graf BrdU-H

5 e
e ?

6DIV NE 15’ after graft
> — Nestin*

— Blll-tub — BIV-tub

]
= |
;

PN3 4DIV NE gragat PN1 BrdU PN9 6DIV NE graft at PN7 BrdU

PN 6DIV NE graft atPN7  BrdU
5 eottex | \GERG S .
P v S i
% 1 /
4
&; 1" NSC cluster m‘& LV
g » h _ 5 -

@ Springer



146

Cell Tissue Res (2020) 381:141-161

oriented towards the posterior horns at an angle of approxi-
mately 45-50°. The 10 pl of culture medium containing the
neurospheres was sub-perfused during 5 min. After the injec-
tion, the needle was held in place for 2 min to prevent the
grafted NE from flowing back and out of the ventricle.
Animals were allowed to recover before returning them to
the litter.

Sampling

The grafted animals were euthanized at different time inter-
vals: 15 min (n=22), 2 days (n=27), 7 days (n=11) and
19 days (n=2) after surgery. The rats were anesthetized as
for surgery (see above) and the head was fixed by vascular
perfusion with Bouin’s fluid (Baker 1977) for 20 min; then the
brain was dissected out and further fixed by immersion in
Bouin’s fluid, for 2 days. Embedding was in paraffin. Serial
coronal sections, 7 wm thick, were obtained through the whole
brain. Each series contained about 300-500 sections; every
tenth section of the series was mounted side-by-side on the
same slides, thus giving ten semi-series of sections that were
used for haematoxylin-eosin staining and for immunocyto-
chemistry. Each semi-series represented a scanning through-
out the whole brain. This procedure also allowed studying
adjacent sections with different antibodies. Twenty-nine ex-
periments were regarded successful considering the presence
of neurospheres or NSCs/NPCs in the ventricles: 15 min (n=
13), 2 days (n=10), 7 days (n=4) and 19 days (n=2) after
surgery.

The brains of PN1 nHTx rats (n=6) and of non-grafted
hyHTx rats, E20 (n=5), PN1 (n=10) and PN7 (n =4), were
fixed in Bouin’s and embedded in paraffin. The sections were
stained with haematoxylin-eosin or immunostained for nestin.

Immunohistochemistry

Sections were processed for immunohistochemistry by the
peroxidase-anti-peroxidase (PAP) method, described by
Sternberger et al. (1970), or the streptavidin/biotin method
(Vectastain kit; Vector, Serva, Heidelberg, Germany), with
diaminobenzidine (Sigma, St. Louis, MO, USA) as electron
donor. Anti-bromodeoxyuridine (BrdU) monoclonal antibody
(Developmental Studies Hybridoma Bank, Iowa, IA, USA)
was used as the primary antibody and anti-mouse IgG devel-
oped in rabbits, as the secondary antibody. The antibodies
were diluted in 0.1 M Tris buffer, pH 7.8, containing 0.7%
non-gelling seaweed gelatin lambda carrageenan and 0.5%
Triton X-100 (both from Sigma). Incubation was for 18 h at
room temperature. Endogenous peroxidase activity was
blocked by pre-incubating the sections in 3% hydrogen per-
oxide in cold methanol, for 10 min. BrdU immnunoreactivity
was enhanced by incubating the sections in 20 mM citrate
buffer, pH 6.0, followed by three cycles of microwave
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irradiation at 90 °C, 4 min each. After cooling to room tem-
perature, sections were washed 3 times in Tris-HCI buffer,
pH 7.8. Omission of the primary antibody during incubation
provided the control for the immunoreactions. Some sections
were background-stained with haematoxylin.

Double immunofluorescence and confocal
microscopy

Each semi-series of sections through the brain, containing
adjacent sections, was processed for double immunofluores-
cence using pairs of antibodies. Antibodies against the follow-
ing compounds were utilized: (i) BrdU (to track grafted cells),
monoclonal (Developmental Studies Hybridoma Bank,
USA), supernatant 1:500 dilution; (ii) BrdU (to track grafted
cells), raised in rabbits (Rockland antibodies and assay,
Limerick, PA, USA), 1:500 dilution; (iii) glial fibrillary acidic
protein (GFAP, astrocyte marker), polyclonal raised in rabbit
(Sigma), 1:750 dilution; (iv) BII-tubulin (neuroblasts, NPC
marker), monoclonal (Sigma), 1:750 dilution; (v) BIV-tubulin
(multiciliated ependyma marker), monoclonal (Abcam,
Cambridge, UK), 1:100 dilution; (vi) nestin (NSC marker),
monoclonal (Developmental Studies Hybridoma Bank,
Iowa, USA), supernatant, 1:20 dilution and (vii) N-cadherin
(adherent junctions), raised in rabbit (Santa Cruz

Fig. 3 Two days after surgery, NSC of 4DIV neurospheres grafted into P>
PNI1, hyHTx rats selectively populate the areas of ventricular zone
disruption. a Frontal section of the brain of a PN1, hyHTx rat showing
the areas of VZ disruption (arrows). Inset: area of VZ disruption delimited
by arrows. Haematoxylin-Eosin stain. b PN1, hyHTx 15 min after
grafting 4DIV NE labelled with BrdU. Immunoperoxidase staining for
BrdU. Range framed is shown in (c). ¢ Detailed magnification of range
framed in (b); 15 min after grafting NEs accumulate in the ventral horn of
the dilated lateral ventricle. d PN3, hyHTx grafted with 4DIV NE at PN1.
Haematoxylin-eosin stain. Area framed is shown in (c). se, septum; st,
striatum. e Detailed magnification of area framed in (d), showing area of
ventricular zone (VZ) disruption (between arrows). f Section adjacent to
that of (d) processed for immunofluorescence for BrdU. Area framed is
shown in (g, h). The grafted NSCs/NPCs (green) populate the disrupted
VZ. g Double immunofluorescence for nestin (red) and BrdU (green) of
area shown in (f). Laser microscopy. The arrow points to the disruption
front of the ventricular zone (VZ). The grafted cells populate the disrupted
area. Left inset: detailed view of a grafted cell expressing (311I-tubulin.
Right inset: detailed magnification of a nestin+ cell framed in (g). h
Double immunofluorescence for nestin (red) and BrdU (green) of area
shown in (f). Fluorescence microscope combined with Nomarski optics.
The arrow points to the disruption front. Asterisk indicates area shown in
inset. Inset: detailed view of two nestin+ grafted cells. I Double immu-
nofluorescence for IV-tubulin (red) and BrdU (green) of area shown in
(f). Arrow, disruption front. area framed is shown in inset. /nset: cluster of
grafted cells attached to the free surface of VZ. j, k Cluster of grafted cells
attached to the VZ express 11I-tubulin (j) and nestin (k). 1 The variation
of the fluorescence intensity of the nuclei of grafted cells (1, 2) suggests
dilution of label due to mitotic divisions. /nset: labelled nucleus probably
undergoing mitosis. Scale bar, a | mm; b 1 mm; ¢ 40 um; d 1 mm, e
100 pm; f450 pum; g 20 um, left inset 5 pm, right inset 6 wm; h 25 pm,
inset 7 um; i 80 pwm, inset 15 pm; j 20 wm; k 10 pm; 117 pm
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Biotechnology Inc., CA, USA), dilution 1:50. Antibodies
were diluted in a buffer containing 0.1 M Tris buffer,
pH 7.8, 0.7% non-gelling seaweed gelatin lambda carrageen-
an and 0.5% Triton X-100. Corresponding secondary antibod-
ies conjugated with Alexa Fluor 488 or 594 (1:500,
Invitrogen, Carlsbad, CA) were used. In some cases, the sam-
ples were incubated with a DAPI solution (4', 6-diamidino-2-
phenylindole, dihydrochloride, Molecular ProbesTM,
Thermo Fisher scientific) for 10 min. Slides were cover-
slipped by using a Vectashield mounting medium (Dako,
Santa Clara, CA, USA) and inspected under an
epifluorescence microscope to study co-localization by using
the multidimensional acquisition software AxioVision Rel
version 4.6 (Zeiss, Aalen, Germany) or a confocal microscope
(LSM700/Axio Imager Z2m). Incubation was carried out at
room temperature, 18 h. Omission of the primary antibody
during incubation provided the control for the
immunoreaction.

Whole mount immunofluorescence

Floating neurospheres, 6DIV and tissue blocks of the dorsal
wall of the lateral ventricles of PN7 hyHTx rats were fixed in
2% paraformaldehyde in PBS, pH 7.4, for 15 min at RT and
then post-fixed in 4% paraformaldehyde, in PBS pH 7.4, for
15 min and then sequentially incubated with anti-nestin (1:20
dilution)/anti-caveolin 1 (1:50 dilution) and secondary anti-
body conjugated with Alexa. The brains of four PN7 hyHTx
rats were fixed by immersion in 4% paraformaldehyde and the
roof of the lateral ventricles was processed for whole-mount
immunofluorescence for FIV-tubulin.

Scanning electron microscopy

Brains from three PN5 hyHTx were fixed in 1% paraformal-
dehyde in 0.1 M phosphate buffer, pH 7.4, for 2 h. Tissue
blocks of the dorsal roof of the dilated lateral ventricles were
critical point—dried and ion-coated.

Results
Experimental design

NSCs/NPCs obtained from the VZ and SVZ of non-
hydrocephalic HTx rats (nHTx) were cultured for 4 (4DIV)
or 6 (6DIV) days to obtain neurospheres (Fig. 1a—e). Four and
6 DIV NEs were BrdU-labelled during the last 24 h of culture
and then transplanted into a lateral ventricle of hyHTX rats, at
PN1, PN2 and PN7 (Fig. 1f-i). Twenty-nine out of the 62
grafting experiments were regarded successful considering
the presence of neurospheres or NSCs/NPCs in the ventricles
and periventricular structures and survival of the operated rats.
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The fate of the grafted NSCs/NPCs was studied by immu-
nocytochemistry, immunofluorescence and confocal micros-
copy using antibodies against BrdU to trace the transplanted
cells (Fig. 1i) and against cell markers: nestin (NSCs), [311I-
tubulin (NPCs and neuroblasts), GFAP (astroglia), BIV-
tubulin (multiciliated ependyma) and N-cadherin (adherent
junctions).

The nature of the cells forming the grafted NE was
investigated 15 min after grafting by immunostaining sec-
tions through the brain ventricles that contained the NE.
The relative cell density of the cell types forming each NE
was studied in photographs obtained at a fixed magnifi-
cation (see Henzi et al. 2018). The vast majority of cells
forming the grafted 4DIV and 6DIV NEs were BrdU+
(Figs. 1g, h and 2a’, b’ and d’—f*). A few cells located
at the periphery of NE were not labelled with BrdU
(Fig. 2a’, a”). The grafted 4DIV NEs were formed almost
exclusively by nestin+ cells. Of the total number of cells
forming the grafted 6DIV NE, ~70% were nestin+ (NSC)
(Fig. 2d, d’), ~12% were BIl-tubulin+ (NPC, neuron-
committed cells) (Fig. 2e, ¢’) and ~8% were cells with
BIV-tubulin+ particles in the cytoplasm (Fig. 2f, f);
scarce GFAP+ cells (non-counted) were also present.
Mitotic figures were frequent (Fig. 2b’, c).

BrdU labelling of the nucleus of the grafted cell was the
landmark to follow the paths and fates of the grafted
NSCs/NPCs. After days/weeks of transplantation, a varying
degree of BrdU labelling was evident at all target sites reached
by these cells. A gradient from a strong to a fading BrdU

Fig. 4 Two days after grafting 6DIV NEs into the ventricle of PN7 P>
hyHTx rats, the transplanted NSCs/NPCs selectively occupy the areas
of VZ disruption and advance into the adjacent brain parenchyma (g-I).
a Brain of a PN7 hyHTx fixed by vascular perfusion. A coronal section
through the telencephalon shows the dilated lateral ventricles. The arrow
points to the surface viewed using SEM (b) and in block immunocyto-
chemistry (d). b SEM of the roof of lateral ventricles of a PN5 hyHTx rat.
Asterisks indicate areas of VZ disruption. ¢ Coronal paraffin section
through the telencephalon of E20 hyHTx rat showing a focus of VZ
disruption (df) delimited by arrows. d In block immunocytochemistry
for BIV-tubulin of the telencephalon of a PN7 hyHTx rat. df, denudation
focus; E, multiciliated ependyma. e Detailed magnification of a denuda-
tion focus (df) of the specimen shown in (b). f Paraffin section through a
disruption focus (df, arrows) of a PN7 hyHTx rat showing the absence of
[IV-tubulin+ ependyma. g PN9 hyHTx rat grafted with 6DVNEs at PN
7. Some of the grafted cells occupy the denuded area while others move
into the brain cortex. 1 to 3 decreasing intensity of BrdU labelling. df,
disruption front. h Ependymal disruption (broken arrows) selectively
populated by grafted NSC/NPC (small black arrows). Some grafted cells
localized in the sub-ventricular zone (SVZ, white arrow). i Most grafted
cells located at the denuded surface express nestin. j The grafted cells
move from the disrupted focus along the sub-ependymal region (broken
arrow). df; disruption front. k At the disruption focus, the grafted cells
move through the sub-ventricular zone (SVZ) containing (3I1I-tubulin+
neural progenitor cells (broken arrow). /nset; at the denuded surface, there
are BrdU+, BIII-tubulin+-grafted NPC (full arrow) and BrdU-, 31II-tu-
bulin+ local NPC (broken arrow). Scale bar, b 600 um; ¢ 120 pm
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labelling may be regarded as a dilution of the label due to
successive mitoses occurring in the NE before their
disassembling and in the NE cells populating the disrupted
VZ. After a few divisions, the grafted cells could no longer
be traced by this strategy.

The number of NSCs/NPCs grafted to each host was rela-
tively low, about 120,000 (6DIV NE) and 40,000 (4DIV NE).
This facilitated the tracking of the transplanted cells, including
their homing to the disrupted VZ.

After grafting, neurospheres remain confined
to the lumen of dilated lateral ventricles

As shown by analysing serial sections through the brain,
15 min after grafting into the ventricle of PN1 and PN7
hyHTx rats, the NE remained proliferative and free inside
the dilated ventricles (Figs. 2e, f and 3b, c¢). Although the
lateral ventricles were in open communication with the
third ventricle, no NEs were found in the latter at
15 min.

Two days after grafting, neurospheres disassemble
and single or clustered NSTs/NPCs navigate
through the CSF and home to areas of VZ disruption

Two days after grafting, 4DIV or 6DIV NEs were no longer
visualized. They had disassembled into small clusters or iso-
lated labelled cells. Clusters of BrdU+ cells were seen along
the lateral wall of the lateral ventricles (Figs. 2g and 3i) and
close to the areas of VZ disruption in the dorsal wall (Fig.
2h, 1). In these clusters, cells expressed nestin or BI1I-tubulin
(Fig. 3j, k).

Graft of 4DIV neurospheres In PN1 nHTx rats, the laterodorsal
wall of the ventricles displayed a distinct VZ/SVZ containing
NSCs and NPCs (Fig. 1a). In PN1 hyHTx rats, VZ disruption
was virtually confined to the dorsal wall of the ventricle
(pallium) (Fig. 3a). Two days after surgery, NSC of 4DIV
neurospheres grafted into PN1 hyHTx rats selectively popu-
lated the areas of ventricular zone disruption (Figs. 1i and 3d,
g-1). At the site of VZ disruption, the grafted cells expressed
nestin or (3III-tubulin (Fig. 3g, h) and their nuclei displayed
different degrees of BrdU labelling (Fig. 31).

Graft of 6DIV neurospheres Multiciliated ependymal cells
formed the VZ of the lateral ventricles of PN7 hyHTx rats.
Thus, in these animals, VZ disruption implies the loss of
ependyma. The foci of ependyma denudation were found in
the lateral and dorsal walls of the ventricles (Figs. 4a—f, 5a and
6a). Two days after grafting 6DIV NE into the ventricle of
PN7 hyHTx rats, the transplanted NSCs/NPCs selectively oc-
cupied the focus of ependymal denudation occurring in the
pallium (Figs. 4g, h, j and 5a, a”” and b, b’), lateral wall
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(Fig. 5a) and ventrally in the septum (Fig. 5¢c—¢). Most of the
grafted cells occupying the focus of ependymal denudation
expressed nestin (Figs. 41 and 5a”), while a few expressed
I-tubulin (Fig. 4k, inset); none expressed GFAP (Fig. 5a”,
).

At the denudation front, there were grafted cells with
morphology similar to neighbour ciliated ependymal cells
(Fig. 5¢”, inset) and expressing BIV-tubulin (Fig. 5e). In
the ependyma close to the denudation focus, there were
intermingled cells with BrdU+ nuclei (Fig. 5¢””) and N-
cadherin at the lateral plasma membrane domain (Fig.
5d).

In the denudation focus, a population of grafted cells pen-
etrated the denuded SVZ (Fig. 4h, k) and progressed into the
adjacent brain parenchyma (Fig. 4g, h). In the pallium, grafted
cells penetrating the brain cortex showed a decreasing degree
of BrdU labelling (Fig. 4g).

Seven days after transplantation, NSCs/NPCs
populate the disrupted ependyma and differentiate
into multiciliated ependymal cells

Graft of 4DIV neurospheres Seven days after surgery, NSCs/
NPCs of 4DIV neurospheres grafted into PN1 hyHTx rats
populated part of the area of ependyma denudation (Fig. 6a—
¢) and differentiated into single or patches of multiciliated
cells some of which expressed BIV-tubulin (Fig. 6d, d”).

Fig. 5 Two days after grafting 6DIV into the ventricle of PN7 hyHTx P>
rats, BrdU+, NSC/NPC home at denuded areas of VZ. a Cross-section of
the brain of PN9 hyHTx rats grafted with 6DIV NE at PN7.
Immunoperoxidase staining for BrdU. The range framed in rectangle
“a” is shown in (a’, a”, a’”’, a”); that of rectangle “b” is shown in (b,
b’) and that of rectangle “c” is shown in (c, ¢’, ¢”). Asterisk indicates a
large sub-ependymal cavity characteristic of HTx rats with severe hydro-
cephalus. se, septum; st, striatum. /nset: grafted cells located between a
periventricular heterotopia (PH) and brain parenchyma. a’ Grafted cells
line the denuded surface of a large sub-ependymal cavity. a” Detailed
magnification of (a”). Grafted cells line the denuded surface; no astrocytes
(As) with a labelled nucleus were seen. E, ependyma. a”’ Grafted cells
express nestin (arrow). a”” Section adjacent to those of previous figures
immunostained for 3IV-tubulin to reveal the multiciliated ependyma (E)
and the denuded area. b, b> BrdU+, nestin+ cells populate the denuded
neuropile of the brain cortex. For orientation, see rectangle “b” in (a). ¢
The denuded surface of the septum is populated by the grafted NST/NPC.
df, denudation front; E, ependyma. ¢’ Detailed magnification of (c).
Grafted cells line the denuded surface and some penetrate into the septum;
no astrocytes (As) with a labelled nucleus were seen. ¢”, ¢’
Section adjacent to that of (c). Immunoperoxidase staining for BrdU.
Close to the disruption front (df, arrow), there are ependymal cells with
BrdU-labelled nucleus. ¢ Multiciliated ependyma. d Cuboidal cells with a
BrdU nucleus display N-cadherin at the lateral plasma membrane domain
(arrows). e BIV-tubulin+ cell with a BrdU+ nucleus is located at the
denudation front (df). Scale bar, a 350 um, inset 70 um; a’ 70 wm; a”
35 um; a”” 30 pm; a””’ 35 pm; b 50 pm; b’ 23 pm; ¢ 45 pm; ¢’ 20pm; ¢”
35 um; inset 6 wm; ¢ 13 um; d 9 um; e 12 pm, inset 120 pwm; d 40 pm;
e 40 pm; £ 70 pm; g 30 um; h 35 pm; i 12 pm, j 47 pm; k 12 pm
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Figure 6(d) corresponds to a PN8 hyHTx grafted with NSCs/
NPCs at PN1; an extensive area of ependymal denudation has
been repopulated by BIV-tubulin+, cylindrical-multiciliated
cells displaying an elongated nucleus with a decreasing gradi-
ent of BrdU labelling, suggestive of local proliferation (Fig.
6f, d, d”). The grafted cells lining denuded areas expressed N-
cadherin (Fig. 6e-g).

Numerous GFAP+, BrdU astrocytes located close to the
disrupted ventricular zone (Fig. 7b).

Graft of 6DIV neurospheres Seven days after grafting 6DIV
NEs into the ventricle of PN7 hyHTx rats, a population of
transplanted cells lined the denuded surface while another
moved dorsally towards the cortex (Fig. 7a—f). The
transplanted NSCs/NPCs populating the areas of ependymal
denudation differentiated into ependymal cells, joined togeth-
er by N-cadherin-based adherent junctions, forming a patch of
new ependyma (Fig. 7e, €”).

The grafted cells moving into the brain parenchyma
followed the course of tissue columns weakly reactive for N-
cadherin (Fig. 7e, f). Some of these grafted cells displayed a
nestin+ process projecting dorsally, resembling sub-
ventricular radial glia (Fig. 7c).

Nineteen days after grafting 4DIV neurospheres
into PN2 hyHTx rats only a few cells
with BrdU-labelled nucleus are seen

Only two PN21 hyHTx rats grafted with 4DIV neurospheres
at PN 2 were studied. The lateral ventricle showed small dis-
ruption foci “sealed” by clustered grafted cells (Fig. 7g, h). At
discrete areas of the ventricular wall endowed with a contin-
uous ependyma, cells with a varying degree of BrdU labelling
of their nuclei were found intermingled with unlabelled
ependymal cells, or localized in discrete sub-ependymal areas
(Fig. 71). No labelled cells were seen in other regions of the
brain parenchyma.

Clusters of GFAP+, BrdU- astrocytes were seen under the
ependyma displaying BrdU+ nuclei (Fig. 71).

Discussion

For a long time, neurological impairment of patients with
congenital hydrocephalus has been almost exclusively associ-
ated with damage of the brain parenchyma caused by the
increased intraventricular pressure. However, derivative sur-
gery does not resolve the neurological deficit because in these
patients, the neurological impairment originates early in the
embryonic life, even before hydrocephalus starts to develop
(Rodriguez et al. 2012, 2019). It is necessary to distinguish
between brain maldevelopment and brain damage in hydro-
cephalus. Brain maldevelopment is due to a primary
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pathology of the cells of the ventricular zone (VZ) that occurs
early in development, preceding or accompanying the onset of
hydrocephalus (Rodriguez et al. 2012). At variance, brain
damage is a postnatal acquired defect essentially caused by
ventricular hypertension, regional ischemia, disruption of
white matter pathways and abnormal CSF composition that
alters the microenvironment of neural cells (Del Bigio 2001,
2010). Derivative surgery, the almost exclusive treatment of
hydrocephalus today, is aimed to prevent or diminish brain
damage. It is clear that hydrocephalic patients improve clini-
cally after surgery due to correction of intracranial pressure,
improvement in white matter blood flow (Del Bigio 2001)
and, probably, to resumption of the clearance role of CSF.
However, derivative surgery does not reverse the inborn brain
defects. Thirteen years ago, a study group on hydrocephalus
concluded “Fifty years after the introduction of shunts for the
treatment of hydrocephalus, we must acknowledge that the
shunt is not a cure for hydrocephalus” (Bergsneider et al.
2006). This important reality has been underscored by three
NIH-sponsored workshops on hydrocephalus (Koschnitzky
et al. 2018; McAllister et al. 2015; Williams et al. 2007).
Today, we can make the same statement.

Is there an alternative to derivative surgery to effectively
cure foetal onset hydrocephalus? Based on the evidence that
the common history of foetal onset hydrocephalus and abnor-
mal neurogenesis are two inseparable phenomena starting ear-
ly in the embryonic life with the disruption of the VZ
(Dominguez-Pinos et al. 2005; Guerra et al. 2015; Jiménez
et al. 2001), we explored the possibility that NSC grafting
might help to diminish/repair such a disruption.

Fig. 6 Seven days after surgery, NSCs/NPCs of 4DIV neurospheres P>
grafted into PN1, hyHTx rats home at the sites of ependyma denudation
and differentiate into multiciliated cells some of which expressed BIV-
tubulin. a PN8 hyHTx rat grafted with 4DIV NE at PN1. Haematoxylin-
eosin stain. Arrows point to disrupted areas of the dorsal wall of ventri-
cles. Areas similar to those framed in lower and upper rectangles are
shown in (b) and (c), respectively. se, septum; st, striatum. b Grafted
NSCs/NPCs accumulate at the denuded VZ delimited by arrows. ¢
Transplanted cells line the area denuded of ependyma (E). 1 to 3 indicate
decreasing gradient of nucleus BrdU labelling. /nser: labelled nuclei in
ependymal cells. d An area of ependymal denudation (delimited by ar-
rows) is lined by NSC/NPC grafted 7 days earlier. These cells display
nuclei with a varying degree of BrdU labelling. The area framed is shown
in (d’). d’ 1 to 3 indicate decreasing gradient of BrdU labelling of the
nucleus of grafted NSC/NPC forming a patch of new ependyma. d” A
grafted cell located at the denudation front (df) has differentiated into a
multiciliated 3IV-tubulin+ ependymal cell. e Seven days after transplan-
tation, the grafted cells homed at the denuded areas express N-cadherin,
as shown in cells1 and 2. Inset: the same picture as in () but using only
the channel for N-cadherin. f Seven days after transplantation, a grafted
cell located at the denudation front (df) expresses N-cadherin. AJ, adher-
ent junctions of ependyma. g Detailed magnification of a grafted cell
located at the disruption front displaying N-cadherin in the cytoplasm.
Scale bar, a | mm; b 80 um; ¢ 40 um, inset 14 um; d 46 um; d’ 7 um; d”
9 um; e 10 wm, inset 10 pm; £40 pm; g 5 um
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Grafting of stem cells into the cerebrospinal fluid

Although with less expectation than that of former re-
searchers, a series of investigations continues to support the
possibility that stem cell transplantation into the brain repre-
sents an opportunity for the treatment of certain neurological
diseases (Armstrong and Svendsen 2000; Bjorklund and
Kordower 2013; Guerra 2014; Neuhuber et al. 2008;
Lindvall and Bjorklund 2011; Lindvall and Kokaia 2006;
Politis and Lindvall 2012).

Delivery of neural stem cells/neural progenitor cells, or
neurospheres, or mesenchymal stem cells (MSC) into the
CSF is emerging as an alternative to grafting them in the
vicinity of altered neural tissue, especially in multifocal dis-
eases, such as multiple sclerosis. Neurospheres grafted into
the ventricular CSF of mice with experimental autoimmune
encephalomyelitis originate NSC/NPC that enter into demye-
linating foci that differentiate into neural cells and promote
multifocal re-myelination and functional recovery (Pluchino
et al. 2003). In mice with induced stroke, NSCs/NPCs have
been administered into the parenchyma near the infarcts and
into a lateral ventricle; surprisingly, CSF administration result-
ed in a more efficient approach to recruit NSC/NPC to the
lesion area (Kim et al. 2004). Neurospheres have been
transplanted into the fourth ventricle or cisterna magna of rats
with spinal cord injury. The injected cells followed the flow of
subarachnoidal CSF, clustered on the pial surface of the spinal
cord and a large number of them migrated into the lesion site
(Bai et al. 2003; Wu et al. 2002). NSCs transplanted into the
4th ventricle of animals with injured dorsal roots reach the
lesion root and become associated with axons in the same
manner as Schwann cells (Ohta et al. 2004). These two exper-
iments indicate that grafted stem cells differentiate in a site-
dependent manner (Rosser et al. 2000).

A range of stem cells, such as human embryonic stem cells,
human and animal neurospheres, NSC/NPC, MSC and in-
duced pluripotent stem cells, has been used to treat
Parkinson disease, stroke and other human brain disorders
(Barker et al. 2016; Bjorklund and Kordower 2013; Grealish
et al. 2014; Guerra 2014; Li et al. 2016; Lindvall and
Bjorklund 2011; Lindvall and Kokaia 2006; Politis and
Lindvall 2012; Satake et al. 2004; Tatarishvili et al. 2014).

Brain grafting of MSC is based on the neuroprotective and
immunomodulatory properties of these cells (Fig. 8). At var-
iance, NSC/NPC or neurospheres are grafted with the aim to
replace damaged or abnormal neural cells (Fig. 8). These are
two completely different strategies and aims, although
complementary. In the experiments carried out by Ahn et al.
(2013, 2014, 2015) on mice with induced post-haemorrhagic
hydrocephalus and by Garcia-Bonilla and co-workers (2019)
in hyh mice with spontaneous hereditary hydrocephalus,
MSCs were grafted into a brain lateral ventricle (Fig. 8).
Both groups reported beneficial effects on the progression of
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hydrocephalus triggered by anti-inflammatory and neuropro-
tective effects of the grafted MSC. Although in both animal
models VZ disruption occurs, no reference was made to the
VZ in these publications.

Presently, we used the HTx model of hereditary hydro-
cephalus, which expresses the mutation in about 30% of the
litter (hyHTx), while the littermates develop normally (nHTx).
When using the VZ/SVZ of nHTx rats as a source,
neurospheres develop from neural stem cells (NSCs) and neu-
ral progenitor cells (NPCs) (Henzi et al. 2018). These two
populations of NE were grafted into the CSF of hyHTx rats
with the aim of achieving differentiation into neurons, glia and
ependyma, as they do in vitro, diminishing/repairing the VZ
disruption and its outcomes (Fig. 9).

Foetal onset hydrocephalus is triggered by a junction
pathology of NSC

Mutation of several apparently non-related genes leads to a
cell junction pathology of NSC and VZ disruption (Guerra
et al. 2015; Rodriguez et al. 2012, 2019). All these genes
impact intracellular trafficking. Their mutation causes

Fig. 7 Seven days after grafting 6DIV NEs into the ventricle of PN7 P>
hyHTx rats, the transplanted NSCs/NPCs homed in the areas of VZ
disruption differentiate into multiciliated cells some of which expressed
IV-tubulin. a PN14 hyHTx grafted with 6DIV neurospheres at PN7.
Double immunofluorescence for BrdU (red) and GFAP (green). Grafted
NSCs/NPCs populate a disruption focus of the dorsal ventricular wall. df,
denudation front. b Adjacent section to that of (a). A population of grafted
cells line the denuded surface (broken line) while another located dorsally
towards the cortex (curved arrow). Numerous GFAP+, BrdU- astrocytes
(As) are seen close to the disrupted ventricular zone. ¢ Grafted cells
display a nestin+ process projecting dorsally (solid arrow). Broken arrows
point to grafted cells close to nestin+ processes. d In an area of ependymal
denudation, some grafted cells line the exposed surface (dotted arrow)
and others locate in the brain parenchyma (broken arrow). E, ependyma;
df, denudation front. € Double immunofluorescence for BrdU (red) and
N-cadherin (green). The denuded surface of a disruption focus (delimited
by two arrows) is repopulated by a layer of grafted NSC/NPC expressing
N-cadherin. Other grafted cells move dorsally (broken arrow). Framed
area is shown in (¢’, €”). E, ependyma; df, disruption front. /nset: the same
picture as (e) but using the channel for BrdU only. Arrows delimit the
disruption focus. e’ High magnification of area framed in (e). Grafted
cells joined by adherent junctions (AJ) form a single layer fully occupying
the denuded area. ” The same picture as (e’) but using the channel for N-
cadherin only. AJ, adherent junctions. f High magnification of an area of
(e). Grafted cells move into the brain parenchyma following the course of
tissue columns weakly reactive for N-cadherin (arrow). g—i PN21
hyHTx rat grafted with 4DIV neurospheres at PN2. g, h Paraffin
section immunostained for BrdU and haematoxylin as background
stain. The dorsal wall of a lateral ventricle shows a small disrup-
tion focus “sealed” by a cluster of grafted cells (arrow). E,
ependyma. i In a discrete area of the ventricular wall endowed
with ependyma (E), grafted cells with varying degree of BrdU
labelling localize either in the ependyma proper (full and broken
arrows) or in the sub-ependymal zone in close association with
clusters of GFAP+, BrdU- astrocytes (As). Scale bar, a 47 um; b
24 um; ¢ 20 um; d 35 um; e 40 pum; e’, €” 12 pm; f 20 um; g
70 pm; h 14 pm; i 20 um
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abnormal transport of the junction proteins, N-cadherin and
connexin 43, to the plasma membrane leading to
disassembling of VZ, loss of NSC into CSF, abnormal migra-
tion of neuroblasts and aqueduct obliteration (Chae et al.
2004; Ferland et al. 2009; Guerra et al. 2015; Jiménez et al.
2001; Sival et al. 2011; Rodriguez et al. 2012, 2019; Wagner
et al. 2003). In the telencephalon, the disrupting process re-
sults in the loss of NSC or multiciliated ependyma, abnormal
neurogenesis and altered laminar CSF flow (Guerra et al.
2015; Rodriguez et al. 2019).

In hyHTx rats, NSC/NPC collected from the CSF form
neurospheres that after 2 days in culture start to express a
junction pathology, becoming disassembled, mirroring the pa-
thology of the VZ in the living hyHTx (Guerra et al. 2015).
This indicates that a primary genetic defect of NSC underlies
the disruption phenomenon. Therefore, grafting normal NSC
appears appropriate, while MSC transplantation would not
solve the disruption problem.

Disruption of the VZ may also be caused by foreign sig-
nals, extrinsic to NSC. Lysophosphatidic acid, a blood-borne
factor found in intraventricular haemorrhages, triggers both
VZ disruption and hydrocephalus (Yung et al. 2011).
Similarly, VZ disruption due to abnormal cell junctions occurs
in premature neonates with intraventricular haemorrhage
(McAllister et al. 2017). Finally, in vitro experiments by
Castaneyra Ruiz et al. (2018) showed that immature
ependymal cells exposed to blood and inhibitors of adherent
junction formation exhibit impairments similar to ones dem-
onstrated in vivo. In these cases, grafting of MSC would be
expected to be beneficial, as shown by Ahn et al. (2013, 2014,
2015).

Is the hydrocephalic CSF an appropriate medium
to host grafted NSC?

The foetal and adult CSF is a key component of the microen-
vironment of NSC during pre- and postnatal neurogenesis.
Consequently, CSF would be expected to be a favourable
vehicle for NSC survival. Certainly, NSC cultured in a medi-
um containing normal foetal CSF increased survival and pro-
liferation compared with standard culture media (Gato et al.
2005). However, the question is whether the hydrocephalic
CSF, with its abnormal protein composition (Morales et al.
2015, Morales et al. 2017; Limbrick Jr et al. 2017; Ortloff
et al. 2013), would be a friendly medium to host grafted
NSC. Neurospheres obtained from normal HTx rats when
cultured in the presence of CSF collected from normal and
hydrocephalic HTx rats differentiate into neurons, astrocytes
and multiciliated ependyma, indicating that the hydrocephalic
CSF is a supportive medium to host NSC and that
neurospheres grafted into CSF can produce neurons, glia
and multiciliated ependyma (Henzi et al. 2018). Still, the
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definitive test to evaluate NSC/hydrocephalic CSF interaction
is the grafting of NE into the CSF of living hyHTx rats.

What is actually being transplanted and when to do
it?

It is required to know the essentials of the cell biology of NE
as they develop in vitro in order to know what is actually being
transplanted. Virtually all cells forming 4DIV NEs are prolif-
erative, uncommitted NSC (or NPC). Under differentiation
conditions, these NE generate neurons and glial cells (Henzi
et al. 2018). 4DIV NEs appear suitable for grafting into the
CSF since uncommitted grafted NSC/NPC would be expected
to differentiate in response to clues from the host brain. At
variance, in 6DIV NE, 40% of cells are committed into neu-
ronal, glial and ependymal lineages (Henzi et al. 2018), be-
coming complex structures formed by cells in different phases
of the cell cycle and in different states of differentiation (Bez
etal. 2003; Gil-Perotin et al. 2013; Henzi et al. 2018; Marshall
and Kintner 2008; Monni et al. 2011). Therefore, when
grafting 6DIV NE, it should be kept in mind they are “bags”
containing NSC/NPC plus cells committed into neuronal, glial
and ependymal lineages.

Grafting 4DIV and 6DIV neurospheres into lateral ventri-
cles revealed no differences in homing and differentiation into
ependyma (see below). This suggests that both uncommitted
and committed NSCs of the grafted 6DIV NE home similarly.
Considering that 6DIV NEs have 10x more cells than 4DIV
NEs and that 40% of them are already committed into neuron,
glia and ependyma lineages, it may be advantageous to use
them for grafting.

In the telencephalon of HTx rats, VZ disruption starts E19
as multiple foci of denudation; during 2 weeks (approximately
up to PN10), these foci grow and coalesce resulting in large
disrupted areas (Guerra et al. 2015; Ortloff et al. 2013). This
temporal program of VZ disruption offers the possibility to
perform NSC grafting postnatally, while the disruption pro-
cess is still in progress. In the present investigation, NE
grafting was performed at PN1 and PN2 when the disruption
foci are still small and at PN7 whence the areas of VZ disrup-
tion are large. As expected, the repair efficiency of the denud-
ed areas was higher when the animals were transplanted at
younger ages.

Fate of grafted neurospheres

In hyHTx rats, the dilated lateral ventricles openly communi-
cate with the third ventricle. However, the grafted NE
remained confined to the lumen of the dilated lateral ventri-
cles. What prevents them from moving through the interven-
tricular foramen? Is it the disturbed CSF circulation in hydro-
cephalus, e.g., high pulsatility at the interventricular foramen
and along the lateral walls of the lateral ventricles (Wagshul
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et al. 2009; Shulyakov et al. 2012), or biochemical cues that
hold them close to VZ disruption?

Between 15 min and 2 days after grafting, NEs disassemble
releasing their cells into the CSF. This indicates that the CSF
of hyHTx allows disassembling of NE as it does in culture
(Henzi et al. 2018).

Fate of grafted NSC/NPC: navigation and homing

Sawamoto et al. (2006) showed that neuroblast migration an-
atomically parallels CSF flow. Ependymal cilium beating is
required for normal CSF flow, concentration gradient forma-
tion of CSF guidance molecules and directional migration of
neuroblasts. Ependymal cells contribute important vectorial
information to guide young, migrating neurons.

NSC from NE disassembly navigate through hydrocephalus-
altered CSF currents to go “back home”, i.e., the ventricular
zone. How do these cells orient over such a long distance? The
migration, although complex, is manageable (Limbrick Jr et al.
2017; Rodriguez et al. 2019; Zappaterra et al. 2007).

Animal models such as acute and chronic spinal cord injury
(SCI), traumatic brain injury (TBI) and inflammatory, geneti-
cally, or chemically induced demyelination or neurodegener-
ation have been used to assess the impact of NSC transplan-
tation on lesion amelioration or tissue regeneration. CSF-
injected cells confront regional fluid currents and navigate
through a CSF with hundreds of signalling proteins many

for signalling (Morales et al. 2012, 2015). These studies have
shown a large variability in terms of migration within the host
tissue. However, a common outcome is that region-specific
cues dominate homing and cell fate decisions (Garzon-
Muvdi and Quifiones-Hinojosa 2010; Beyer et al. 2019).
Regional clues also impact the cross talk between immune
cells and NSC (and their progeny) to determine efficacy of
endogenous regenerative responses and the fate/functional in-
tegration of grafted NSC (Kokaia et al. 2012).The functional
plasticity of the healthy CNS (including neurogenesis) de-
pends on adaptive and innate immunity of the NSC/NPC
themselves partly through expression of toll-like receptors
(TLRs) (Rolls et al. 2007). Thus, the current view is that in-
flammation plays a key role in the homing of NSC to sites of
injury or disease where certain factors such as interlukin-6,
hepatic growth factor and vascular endothelial growth factor
secreted by reactive astrocytes and macrophages perform a
chemotactic effect (Bauer et al. 2007; Garzon-Muvdi and
Quifiones-Hinojosa 2010; Takeuchi et al. 2007; Schmidt
et al. 2009).

In the hydrocephalic hyh mutant mouse, myriad of macro-
phages were seen in areas that had undergone recent VZ dis-
ruption but they were scarce or missing from those areas that
had undergone denudation early in the embryonic life.
Although at lower density than that of the denuded areas,
macrophages are also present in areas still endowed with VZ
but that will later become denuded (Wagner et al. 2003). The
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- Neuroprotection

- Immunomodulation

differentiate into neural cells. b Mesenchymal stem cells obtained from
bone marrow or cord blood are expanded in vitro and then grafted into the
CSF. They do not differentiate into neural cells but secrete factors in-
volved in neuroprotection and immunomodulation
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authors pointed to a direct relationship between onset of VZ
disruption and macrophages. In the hyHTx rats, the initial
steps and the progression of the VZ disruption are associated
to the arrival at the areas undergoing disruption lymphocytes
and macrophages and that are expressing toll-like receptors
(TLR4) (Araya et al. 2013). Furthermore, interleukin-6 into
the CSF is increased in hyHTx (Araya et al. 2013). It seems
reasonable that cytokines released by macrophages at the VZ
undergoing disruption may facilitate the homing of the grafted
NSC.

In vitro and in vivo ependymogenesis

NSC and NPC of the SVZ neurogenic niche are intrinsically
diverse. Human NEs display at least four different combina-
tions of transcripts (Suslov et al. 2002) resulting in NSC and
NPC with different potencies. Furthermore, the grafted 6DIV
neurospheres have a heterogeneous cell population, with sub-
populations committed to neural, glial and ependymal line-
ages (Henzi et al. 2018; present report). It is expected that

the grafted NSCs homing to areas of VZ disruption do not
follow a unique way of integration. Thus, while some NE cells
penetrate the cortical parenchyma, others remain at the VZ
and differentiate into cells most likely corresponding to
multiciliated ependyma.

6DIV neurospheres derived from VZ/SVZ of PN1 nHTx
(similar to those used for our grafting), further cultured in a
medium without growth factors, supplemented with bovine
foetal serum or hyCSF, disassemble and the free cells differ-
entiate into neurons, astrocytes and multiciliated ependymal
cells clustered by adherent junctions and displaying synchro-
nized cilia beating (Henzi et al. 2018). A similar phenomenon
seemed to occur in our in vivo experiment when NEs were
grafted into hyHTx CSF, at least concerning
ependymogenesis. Indeed, a population of grafted NSC
homed at the disrupted VZ and differentiated into patches of
ependymal cells joined by adherent junctions. Although we do
not know whether their cilia (of reconstructed ependyma) ac-
tually beat, it seems likely they do considering the
abovementioned in vitro results. The results obtained in

PN1 nHTx PN1 hyHTx PN8 hyHTx grafted with NEs
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Fig.9 Line drawing representing the cells involved in neurogenesis in the
telencephalon of newborn nHTx (a), hyHTx (b) and hyHTx rats (c)
grafted with neurospheres. a In nHTX rats, the ventricular zone (VZ) is
formed by neural stem cells (grey, NSC), while the sub-ventricular zone
(SVZ) contains proliferative neural progenitor cells (green, NPC) and
neuroblasts (orange, NB). The latter migrates along radial processes of
NSC and differentiates into neurons (N) that form the cerebral cortex.
Cajal-Retzius cell (C-R). VZ cells are joined by adherent and gap junc-
tions (red, blue). Specialized periventricular regions secrete signal com-
pounds into the foetal cerebrospinal fluid (fCSF). b The disruption of the
VZ caused by a cell junction pathology of NSC (1) results in displace-
ment of NSC (2) and NPC (3) into the CSF (4). When collected from the
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CSF of hyHTx rats and cultured, these cells develop abnormal
neurospheres (NEs). In the absence of the scaffold provided by NSC,
neuroblasts do not migrate and form periventricular heterotopias (PH)
(5). ¢ After grafting neurospheres into the CSF of hyHTx rats, NSCs/
NPCs (grey cells with label chromosomes) home at the disrupted VZ
and, (1) differentiate into multiciliated ependyma (CE, grey cells with
red nucleus), or (2) move into the parenchyma and originate neuroblasts
(NB, orange cells with labelled nucleus) that associate with grafted cells
with a long basal process resembling radial glia (RG). Dilution of BrdU
label (nucleus in red and light red) suggests local proliferation of grafted
cells
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hyHTx rats grafted with NE at PN2 and studied at PN21 (the
longest survival period studied) suggest that the ependyma
lost in the perinatal period has been regenerated. This is fur-
ther supported by ependymal presence of BrdU+ nuclei and
numerous GFAP+ astrocytes; this is sort of a landmark for VZ
disruption (Roales et al. 2012).

As a whole, the present findings indicate that NSC
grafting into the CSF of hyHTx generate new ependyma
at the sites where the ependyma is missing due to the
inherited pathology (Fig. 9). The property of grafted
NSC to generate ependyma should be added to the list
of neuronal and glial differentiation and functional inte-
gration of transplanted NSC reported in animal models
of brain diseases (Darsalia et al. 2011; Englund et al.
2002; Li et al. 2016; Pluchino et al. 2003; Tatarishvili
et al. 2014; Xu et al. 2009).

A second population of grafted NSC translocated to
the disrupted VZ differentiates into BIII-tubulin+ spher-
ical cells likely corresponding to neuroblasts that
“move” dorsally into the parenchyma (Fig. 9). Would
they correspond to the cells that in the grafted NE are
already committed to a neuronal linecage? How do they
move? Do they actually migrate driven by specific
clues? Do they glide along the basal process displayed
by some of the partner grafted NSC? (Fig. 9). The pro-
tocol used to label the grafted cells with BrdU does not
allow tracking these cells after a few mitotic divisions.
Therefore, the final fate of the cells moving deep into
the parenchyma and whether or not they differentiate
into neurons or glia, awaits elucidation by other
techniques.

Although a subpopulation of the NSC/NPC of the
neurospheres used for grafting has the potency to differentiate
into astrocytes (Henzi et al. 2018), in none of the transplant
protocols used were GFAP+ astrocytes carrying a BrdU+ nu-
cleus seen in the ventricular wall or brain parenchyma of
hyHTx rats. Protocol limitations do not allow us to explain
this phenomenon.

In conclusion, it seems possible that the new multiciliated
ependyma formed after NSC/NPC grafting would help to re-
establish the laminar flow of CSF and, consequently, attenuate
the hydrocephalus condition. The long journey to determine
that the grafted NSCs/NPCs do repair the disrupted VZ,
aborting the hydrocephalic process and the abnormalities in
neurogenesis, has just started.

The present study establishes an experimental paradigm of
NSC/NPC therapy of foetal onset hydrocephalus, at the etio-
logic level, that needs to be further explored with more ana-
lytical methodologies.
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