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Abstract
Fetal onset hydrocephalus and abnormal neurogenesis are two inseparable phenomena turned on by a cell junction pathology first
affecting neural stem/progenitor cells (NSPCs) and later the multiciliated ependyma. The neurological impairment of children
born with hydrocephalus is not reverted by derivative surgery. NSPCs and neurosphere (NE) grafting into the cerebrospinal fluid
(CSF) of hydrocephalic fetuses thus appears as a promising therapeutic procedure. There is little information about the cell
lineages actually forming the NE as they grow throughout their days in vitro (DIV). Furthermore, there is no information on how
good a host the CSF is for grafted NE. Here, we use the HTx rat, a model with hereditary hydrocephalus, with the mutation
expressed in about 30% of the litter (hyHTx), while the littermates develop normally (nHTx). The investigation was designed (i)
to establish the nature of the cells forming 4 and 6-DIV NE grown from NSPCs collected from PN1/nHTx rats and (ii) to study
the effects on these NEs of CSF collected from nHTx and hyHTx. Immunofluorescence analyses showed that 90% of cells
forming 4-DIVNEs were non-committed multipotential NSPCs, while in 6-DIVNE, 40% of the NSPCs were already committed
into neuronal, glial and ependymal lineages. Six-DIV NE further cultured for 3 weeks in the presence of fetal bovine serum, CSF
from nHTx or CSF from hyHTx, differentiated into neurons, astrocytes andβIV-tubulin+ multiciliated ependymal cells that were
joined together by adherent junctions and displayed synchronized cilia beating. This supports the possibility that ependymal cells
are born from subpopulations of NSCwith their own time table of differentiation. As a whole, the findings indicate that the CSF is
a supportive medium to host NE and that NE grafted into the CSF have the potential to produce neurons, glia and ependyma.
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Introduction

There is a growing evidence that stem cell transplantation
represents a great opportunity for the treatment of many neu-
rological diseases (Armstrong and Svendsen 2000;
Buddensiek et al. 2010; Fuchs and Segre 2000; Neuhuber
et al. 2008; Pluchino et al. 2003; Seaberg and van der Kooy
2002). Stem cells used for transplantation into the central ner-
vous system includemesenchymal stem cells (Ahn et al. 2013;
Satake et al. 2004), neural stem cells (Bai et al. 2003;
Buddensiek et al. 2010) and neural progenitor cells. Neural
stem cells and neural progenitor cells (in this text we will refer
to both of them as NSPCs) can be obtained from fetal brain
(Kim et al. 2004; Ohta et al. 2004; Wu et al. 2002) and from
different regions of the adult brain such as the hippocampus
and the neurogenic niche of the subventricular zone (Rietze
et al. 2001). Cultured NSPCs grow to form neurospheres
(NEs) that are able to generate neurons, astrocytes and oligo-
dendrocytes (Bez et al. 2003; Gil-Perotín et al. 2013; Guerra
et al. 2015a; Marshall et al. 2008; Reynolds and Weiss 1992).

In most of the early investigations, the stem cells were
grafted in the vicinity of the injured or altered neural
tissue. However, delivery of stem cells into the CSF is
emerging as an alternative, particularly for those diseases
with a broad distribution in the central nervous system,
such as multiple sclerosis. NE grafted into the ventricular
CSF of mice with experimental autoimmune encephalo-
myelitis generate neural precursors that enter into demye-
linating areas, differentiate into mature brain cells and
promote multifocal remyelination and functional recovery
(Pluchino et al. 2003).

Fetal onset hydrocephalus affects 1 to 3 of 1000 live
births and is characterized by abnormal CSF flow and
dilatation of the ventricular system (Del Bigio 2001,
2010) . De r iva t ive su rge ry, e i t he r shun t ing o r
ventriculostomy, has been the prevailing treatment of hy-
drocephalic children for half a century. Although this
treatment prevents further damage to the brain caused by
intraventricular hypertension, it does not revert the neuro-
logical impairment of children born with hydrocephalus
(McAllister 2012). This led Williams et al. (2007) to con-
clude that the most forward-looking research priorities for
hydrocephalus research include the development of novel
therapies that should emerge from improved understand-
ing of the basic biology of hydrocephalus. These authors
envisaged the need to determine the potential role of stem
cell therapy. Investigations carried out during the past
10 years have further substantiated the view of Williams
et al. (2007).

Numerous studies carried out in human hydrocephalic
fetuses and in animal models of congenital hydrocephalus
have led to the conclusion that fetal onset hydrocephalus
and abnormal neurogenesis are two inseparable

phenomena that are turned on early in development by a
cell junction pathology of the NSPCs (Guerra et al.
2015a; Rodríguez et al. 2012). This would explain both,
the neurological impairment of children born with hydro-
cephalus and that such an impairment is not reversed by
derivative surgery (Ortega et al. 2016; Rodríguez and
Guerra 2017). Thus, the grafting of stem cells into hydro-
cephalic fetuses appears as a valid therapeutic procedure.
However, there are no reports yet on the use of NSPC
grafting in animal models with inherited hydrocephalus.

Although grafting of NE into the CSF has been used in
animal models of multiple sclerosis or induced brain in-
juries (see above), minimal information has been provided
concerning the nature of the cells forming the transplanted
NE. It is generally assumed that NEs are exclusively
formed by NSPCs and that grafting of NE is equivalent
to grafting both cell types. Is this really the case? In the
NE assay described initially by Reynolds and Weiss
(1992), a single NSPC under a serum-free condition and
supplemented with mitogenic factors proliferate to form
growing cell clusters called NE (Reynolds and Weiss
1992). After 6 DIV, NEs are formed by a heterogeneous
population of neural cells, including NSPCs (Guerra et al.
2015a). Nevertheless, there is no information about the
cell lineages, forming the NE, as they grow from 1 DIV
to several DIV. Gaining insight about the cell biology of
NE will allow the design of more reliable and potentially
more efficient grafting strategies. Indeed, it seems quite
necessary to know what has actually been transplanted.

On the other hand, when grafting NE into the brain ventri-
cles, would CSF be a supportive host? The CSF is a complex
milieu containing a few hundred different proteins, several of
them being growth factors (Parada et al. 2006; Zappaterra
et al. 2007). How would the cells forming the NE react when
exposed to wealth of proteins present in the CSF, either nor-
mal or hydrocephalic?

The aims of the present investigation are threefold. (1) To
identify the cell lineages that progressively form the NE as
they grow through several days in vitro. (2) To establish the
multipotential capacity of 4- and 6-DIV NE when processed
for the differentiation assay. (3) To investigate the behavior of
NE exposed to normal or hydrocephalic CSF. NEs were ob-
tained from NSPCs from the ventricular and subventricular
zones (VZ/SVZ) of PN1 normal, non-hydrocephalic HTx rats.
In this rat strain, about 30% of the pups express the hydroce-
phalic phenotype (hyHTx), while about 70% do not (non-hy-
drocephalic rats, nHTx). HTx rat is a unique model to study
congenital hydrocephalus because (i) it is the only rat strain
with inherited congenital hydrocephalus and, (ii) the neuro-
pathological alterations occurring early in development,
namely, a cell junction pathology of neural stem cells, disrup-
tion of the ventricular zone and onset of hydrocephalus, are
similar to those observed in human fetuses with
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hydrocephalus (Rodríguez and Guerra 2017). Furthermore,
this rat strain is a good candidate for transplantation experi-
ments by grafting NE obtained from nHTx (as reported pres-
ently) into the CSF of hyHTx.

The findings of the present investigation, i.e., the potenti-
ality of NE to generate neurons and multiciliated ependyma in
particular, are a solid base to design well-substantiated
grafting protocols for repairing/diminishing the early disrup-
tion of the ventricular zone in fetal onset hydrocephalus
(Rodríguez and Guerra 2017).

Material and methods

Animals

The HTx rat represents the only rat model with hereditary
hydrocephalus; the mutation is expressed in about 30% of
the litter (hyHTx), while the littermates develop normally
(nHTx). The HTx strain (Jones and Bucknall 1987) was ob-
tained from the laboratory of Dr. Hazel Jones (University of
Florida, Gainesville, FL) in 2002 and bred into a colony in the
Animal Facility at the Instituto de Anatomía Histología y
Patología, Universidad Austral de Chile, Valdivia, Chile.
Housing, handling, care and processing of animals were car-
ried out according to regulations approved by the National
Research Council of Chile (CONICYT). The ethics commit-
tees of Universidad Austral de Chile approved the experimen-
tal protocol. The hydrocephalic phenotype was identified
from an overtly domed head and by transillumination of the
head of newborns.

Neurospheres from the brain of nHTx rats

At postnatal day 1, nHTx rats were euthanized by decapita-
tion. The dorsolateral walls of both lateral ventricles con-
taining the ventricular/subventricular zone (VZ/SVZ) were
excised under a microscope and placed in a 2-ml tube con-
taining 1 ml of NE culture medium (NeuroCult NS-A
Proliferation Medium-Rat), supplemented with 20 ng/ml
epidermal growth factor and 2 μg/ml heparin (StemCell
Technologies, Vancouver, CA) and 100 μg/ml penicillin/
streptomycin (Sigma). The tissue was disaggregated me-
chanically and 1 ml of fresh culture medium was added.
The cell suspension was centrifuged for 10 min at 110 g.
The viable cells were counted using the trypan blue cell
viability assay by a hemocytometer and 60,000 cells/ml
were seeded in a non-adherent plate dish (Techno Plastic
Products AG, Trasadingen, Switzerland). The cells were
cultured for 4 or 6 DIV and monitored once a day by phase
contrast microscopy. Ten micromolars of BrdU was added
for the last 3, 12, or 24 h of culture.

Quantitative analysis of BrdU labeling

NSPC of nHTx were cultured for 6 days. The resulting NEs
were exposed to 10 μM BrdU for 3 h (group 1) and 24 h
(group 2). In each group, the experiment was performed three
times. NEs were spun down, fixed in Bouin fixative, embed-
ded in paraffin and serially cut. About 100 sections, 8 μm
thick, were obtained from each pellet. Every tenth section of
the series, a pair of adjacent sections were processed for
hematoxylin-eosin stain and immunocytochemistry using
anti-BrdU (see below); they were used to measure NE diam-
eter and to count the proliferative cells, respectively.

Analysis

NEs were grouped into small (20- to 80-μm diameter) and
large (100- to 160-μm diameter). In each of the experimental
groups (3 and 24 h labeling), sections of 90 small NEs and 90
large NEs were analyzed. In each section, the total number of
cells and the number of BrdU+ cells was recorded. The find-
ings were expressed as percentage of BrdU+ cells versus total
number of cells. Within each population of NE (large and
small), the relative number of BrdU+ cells after 3 and 24 h
was compared using the Student’s t test, before the determi-
nation of the data normality using the D’Agostino-Pearson
omnibus test. Data were expressed as average SE with p <
0.0001 for statistical significance. Statistical analysis and nor-
mality test of the data were made using Prism GraphPad 6.0
(GraphPad Software, Inc., San Diego, CA).

Colchicine experiment

NEs of 6 DIV were cultured in the presence of different con-
centrations of colchicine diluted in PBS pH 7.4 (1, 2, 5, 10 and
20 μM) for 4 h and monitored by phase contrast microscopy.
The vehicle (PBS pH 7.4) was used as control. These exper-
iments were performed three times for each condition.

Horseradish peroxidase experiment

Six-DIV NEs were exposed for 1 min to 1% horseradish per-
oxidase (Sigma, Grade VI) diluted in PBS pH 7.4; then, they
were fixed in Bouin fixative and processed for conventional
histology and immunocytochemistry using anti-horseradish
peroxidase. This experiment was performed four times.

Light microscopy histology

NEs were collected and spun down; the resulting pellet was
fixed in Bouin fixative and embedded in paraffin. Serial sec-
tions 5 μm thick were obtained.
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Immunohistochemistry

Sections from NE were processed for immunohistochemistry
by the streptavidin/biotin method (Vectastain kit; Vector,
Serva, Heidelberg, Germany), with diaminobenzidine (3,3-di-
aminobenzidine tetrahydrochloride; Sigma, St. Louis, MO,
USA) as the electron donor. Antibodies against mouse anti-
bromodeoxyuridine (BrdU), monoclonal (Developmental
Studies Hybridoma Bank, Iowa, IA, USA) and horseradish
peroxidase, polyclonal developed in rabbits (Instituto de
Histología y Patología, Universidad Austral de Chile) were
used. Sections to be immunoreacted with anti-BrdU were in-
cubated in 0.02 M citrate buffer, pH 6.0, followed by micro-
wave irradiation, three sessions, 4 min each. Incubation in the
primary antibody was for 18 h at room temperature.

All antibodies were diluted in 0.1 M Tris buffer, pH 7.8,
containing 0.7% non-gelling seaweed gelatin lambda carra-
geenan and 0.5% Triton X-100 (both from Sigma, St. Louis,
MO, USA). Omission of the primary antibody during incuba-
tion provided the control for the immunoreactions.

Immunofluorescence

Sections from neurospheres were processed for immunofluo-
rescence using the following antibodies: (i) BrdU, monoclonal
(Developmental Studies Hybridoma Bank, USA), supernatant
1:500 dilution; (ii) Rabbit anti-BrdU (Rockland antibodies
and assay, Limerick, PA, USA); (iii) glial fibrillary acidic pro-
tein (GFAP, astrocyte marker), polyclonal raised in rabbit
(Sigma, St. Louis, MO, USA), 1:750 dilution; (iv) βIII-
tubulin (neuronal marker), monoclonal (Sigma, St. Louis,
MO, USA), 1:750 dilution; (v) nestin (NSPC marker), mono-
clonal (Developmental Studies Hybridoma Bank, Iowa,
USA), supernatant, 1:20 dilution; (vi) connexin 43 (gap

junction), polyclonal raised in rabbit (gift from Dr. Juan
Carlos Sáez, Universidad Católica de Chile, Santiago,
Chile), 1:750 dilution; (vii) N-cadherin (adherent junctions)
polyclonal raised in rabbit (Santa Cruz Biotechnology Inc.,
CA, USA), dilution 1:50; (viii)β-catenin (adherent junctions),
polyclonal raised in rabbit (BD Biosciences, USA), 1:100 di-
lution; (ix)MAP2 (microtubule-associated protein 2; neuronal
marker) monoclonal (Abcam, Cambridge, UK), 1:100 dilu-
tion; (x) rabbit anti-AQP4 (astrocyte marker) (Abnova,
Taipei, Taiwan), 1:750 dilution; and (xi) mouse anti-βIV-
tubulin (multiciliated ependyma marker) (Abcam,
Cambridge, UK), 1:50 dilution. Antibodies were diluted in a
buffer containing 0.1 M Tris buffer, pH 7.8, 0.7% non-gelling
seaweed gelatin lambda carrageenan and 0.5% Triton-X 100.
Appropriate secondary antibodies conjugated with Alexa
Fluor 488 or 594 (1:500, Invitrogen, Carlsbad, CA) were used.
In some cases, the samples were incubated with a DAPI solu-
tion (4′, 6-Diamidino-2-Phenylindole, Dihydrochloride,
Molecular ProbesTM, Thermo Fisher scientific) for 10 min.
Slides were coverslipped by using Vectashield mounting me-
dium (Dako, Santa Clara, CA, USA) and inspected under an
epifluorescence microscope to study colocalization 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 for
18 h at RT. Omission of the primary antibody during incuba-
tion provided the control for the immunoreaction.

Whole mount immunofluorescence

The NEs (from three experiments) were fixed in 2% parafor-
maldehyde 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.
Finally, NEs were incubated with anti-nestin/anti-caveolin 1
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA), 1:20 and
1:50 dilutions, respectively.

Differentiation assay

After 4 or 6 DIV (number of experiments: n = 16 and n =
42, respectively), NE obtained from NSPCs of VZ/SVZ of
nHTx rats were collected, plated on a poly-L-lysine coated
coverslip and cultured in a 24-well culture dish containing
basal medium (NeuroCult NS-A basal medium, StemCell
Technologies), without growth factors and supplemented
with 5% FBS. The cultures were maintained for 7 or
21 days and monitored by phase contrast microscopy.
Finally, the cells were fixed with 4% paraformaldehyde
and processed for double immunofluorescence analysis
using anti-βIII-tubulin/anti-GFAP, anti-βIV-tubulin/anti-
GFAP, anti-βIV-tubulin/anti-AQP4, anti-BrdU/anti-
GFAP, anti-BrdU/anti MAP-2 and anti-BrdU/anti-βIV-

Fig. 1 NSPCs collected from the VZ/SVZ of nHTx grow into two
populations of NE. The proliferative cells populate the periphery of NE.
Neurospheres were studied by phase contrast microscopy (a, b, d–d^),
immunofluorescence (e, h, i) and hematoxylin-eosin staining (g, k). a
6DIV NEs. b The core of NE has a high optical density (asterisks).
This allows distinguishing large NE from structures resulting from fusion
of NE (arrow). c. Frequency distribution of neurosphere size at 6 DIV. d–e
Full and broken arrows point to large and small neurospheres growing
from 3 to 6 DIV. e NEs after 24 h BrdU labeling. f Quantification in
smaller (20–50μm) and larger (90–140μm) neurospheres of labeled cells
after 3 h and 24 BrdU pulses. D’Agostino-Pearson omnibus test. Data are
expressed as average SE. *statistical significance with p < 0.0001. g Six-
DIV neurosphere stained with hematoxylin and eosin. h
Immunofluorescence for BrdU. After 12 h of exposure to BrdU, most
labeled nuclei are at the periphery of the neurosphere. i Detailed view of
previous figure showing the decreasing gradient of nucleus BrdU labeling
from periphery to core of the NE (1–3). j Densitometric recording of the
BrdU-labeled nuclei shown by the large arrow in Fig. 1(i). k After
colchicine treatment, the arrested mitoses localized at the periphery of
NE. Scale bar, a 200 μm, b 150 μm, d–d^ 62 μm, e 66 μm, g–h
35 μm, i 6 μm, k 12.5 μm

R
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tubulin. The dilution of the other antibodies was the same
as described above.

Relative density of βIV-tubulin+ and GFAP+ cells
after 21 days under differentiation assay condition

Six-DIV NEs were differentiated for 21 days and processed
for double immunofluorescence for GFAP/βIV-tubulin and
DAPI. Specimens were studied under an epifluorescence mi-
croscope using the multidimensional acquisition software
AxioVision Rel version 4.6 (Zeiss, Aalen, Germany). Four
independent experiments were performed. In each one of
them, at least four photographs were obtained at a fixed mag-
nification and used to quantitate the relative density of βIV-
tubulin+ and GFAP+ cells as compared to the total number of
DAPI+ nuclei. The analysis of the data was performed using
the PrismGraphPad 6.0 (GraphPad Software, Inc., San Diego,
CA).

CSF collection

PN7 nHTx and hyHTx rats were used for CSF collection.
Pups were anesthetized with a combination of ketamine
(40 mg/kg) and acepromazine (100 mg/kg). CSF was ob-
tained from the cisterna magna (15 μl from each animal,
nHTx) or from lateral ventricles (100 to 300 μl) of hyHTx
rats. CSF samples from five to seven animals were
pooled, centrifuged at 1000g for 30 s; the pellet was
discarded and the protein fraction was used for the differ-
entiation experiments.

Effect of CSF from nHTx and hyHTx on neurite
outgrowth

NSPCs were collected from the VZ/SVZ nHTx and
hyHTx rats and grown into NE after 6 DIV. Then, they
were plated on a poly-L-lysine-coated coverslip and cul-
tured in a 24-well culture dish containing basal medium,
without growth factors and supplemented with 5% FBS
(n = 5), or 5% CSF from nHTx rats (n = 3), or 5% CSF
from hyHTx (n = 3). After 7 days in culture, the

coverslips carrying the differentiating cells were fixed
with 4% paraformaldehyde and processed for double im-
munofluorescence analysis using anti-βIII-tubulin/anti-
GFAP. The specimens were inspected under an
epifluorescence microscope using the multidimensional
acquisition software AxioVision Rel version 4.6 (Zeiss,
Aalen, Germany). In each of the 11 preparations, five
pictures were taken at a fixed magnification.

With the support of the SigmaScan Pro.V.5.0, image
analysis software (Systat Software Inc., San Jose, CA),
data were obtained by measuring the length of neurites
of the individual βIII-tubulin+ cells that did not establish
contact with other cells. A two-way analysis of variance
with a Tukey’s post-test was performed after the deter-
mination of the data normality using the D’Agostino-
Pearson omnibus test. Data were expressed as average
SE with p < 0.0001 for statistical significance. The statis-
tical analysis and normality test of the data was made
using Prism GraphPad 6.0 (GraphPad Software, Inc.,
San Diego, CA).

Transmission electron microscopy

Six-DIV NEs were fixed in 2% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4 for 2 h, at room temper-
ature. After washing with 0.1 M phosphate buffer, NEs
were fixed in 1% osmium tetroxide in 0.1 M phosphate
buffer, pH 7.4, for 2 h at 4 °C. Embedding material was
a mixture of Epon and Araldite (Mollenhauer 1964).
Ultrathin sections were contrasted with uranyl acetate
and lead citrate.

Scanning electron microscopy

The coverslips containing the differentiating cells were
fixed in 1% paraformaldehyde in 0.1 M cacodylate buff-
er, pH 7.4 for 2 h, at room temperature. After washing in
the same buffer, they were fixed in 1% osmium tetroxide
for 2 h at 4 °C. After dehydration in a graded series of
ethanol, the cells were air dried for 24 h and ion coated
with gold.

Results

According to size distribution, two populations of NE were
obtained from NSPCs collected from non-hydrocephalic HTx
rats (nHTx).

NSPCs, obtained from the VZ/SVZ of the lateral ven-
tricles of PN1 nHTx rats, were cultured in a medium sup-
plemented with mitogenic factors. After 6 days in culture
(6 DIV), the size of most NEs ranged from 40 to 160 μm
in diameter, with a small percentage being either smaller

Fig. 2 Four- and 6-DIV neurospheres from nHTx (PN1) are formed by
different cell lineages. The last 24-h in vitro, NEs were exposed to 10 μM
of BrdU. Double immunofluorescence of a serial section of anti-BrdU-
anti-GFAP (a–a^, b–b^); anti-BrdU-anti-βIII-tub (c–c^, d–d^) and anti-
BrdU-anti-nestin (e–e^, f–f^). In 4-DIV neurospheres, approximately
90% of cells are nestin+ and 7% are GFAP+; there were no βIII-tub+
cells. In 6-DIV neurospheres, approximately 65% of the cells are nestin+,
22% are GFAP+ and 20% are βIII-tub+. Cells forming the 4- and 6-DIV
neurospheres are joined by adherent and gap junctions (g–l). m, n In
block double immunofluorescence of 6-DIV NE using anti-caveolin 1
(green) and anti-nestin (red). a–f^ 25 μm; g–l 15 μm; m 50 μm; m’
2.5 μm; n 7 μm

R
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than 40 μm or larger than 160 μm. According to a size
distribution histogram, two populations were observed:
one ranging from 20 to 80 μm and the other from 81 to
240 μm in diameter (Fig. 1a–c). Fusion of 2 or 3 NEs was
occasionally seen (Fig. 1b). Each individual NE has a
core and a cortex, with different cell density, cell types
and proliferation rate (Fig. 1b–h; cf. Guerra et al. 2015a).
This zonation of NE allows one to distinguish between a
large NE and a large structure resulting from fusion of
medium size NE (Fig. 1(b)).

Quantification of labeled cells after 3 and 24 h of exposure
to BrdU showed that in large NE, 35(± 9 SE) % of nuclei were
labeled after 3 h, while after 24 h, about 70(± 10 SE) % of
nuclei were labeled. At variance, in small NE, 45(± 15 SE)
and 50(± 7 SE) % of nuclei were labeled after 3 and 24 h of
BrdU exposure, respectively. This suggests that in small NE,
the length of the cell cycle was longer than in the cells of the
large NE (Fig. 1d–f). This is supported by the experiment in
which individual NEs, identified in phase contrast photo-
graphs, were followed twice a day from 3 to 6 DIV; it became
clear that small NE grew at a slower rate (Fig. 1d–d^).

NEs grow outside inward

After 12 h of exposure to BrdU, labeled cells that had
incorporated BrdU during the S phase of the cell cycle
were confined to the periphery of large NE (Fig. 1g–j).
There was a decreasing gradient of the label from the
periphery to the core of NE, suggesting that dividing
cells with serial dilutions of BrdU progressively
Bmoved^ to the NE core (Fig. 1(i)). Daughter cells with
little or no BrdU label formed the core of NE (Fig. 1h).

To investigate the location within the NE of the cells un-
dergoing mitosis, 6-DIV NEs were exposed to different con-
centrations of colchicine, for 4 h. Colchicine is known to arrest

mitosis at metaphase. Cells with arrested mitosis were prefer-
entially located at the periphery of the NE (Fig. 1k).

Four-DIV NEs are formed by proliferative nestin+ cells

After 4 DIV, NE displayed BrdU+/nestin+ cells distributed
throughout (Fig. 2a–e). Only occasionally were there a few
GFAP+ cells (Fig. 2a’, a^). βIII-tubulin+ cells were not seen
(Fig. 2c’). The cells were joined together by N-cadherin+/
βcatenin+ adherent junctions (Fig. 2(g, h)); connexin 43+
spots located at the cell periphery suggest the existence of
gap junctions (Fig. 2(i)).

In 6-DIV neurospheres, NSPCs start to commit
into neuron, astrocytes and ependyma cell lineages

The periphery of 6-DIV NE was mainly formed by BrdU+/
nestin+ cells (Fig. 2(b)). In block immunofluorescence of 6-
DIV NE showed that, in NSC, nestin appeared as a network of
filaments distributed throughout the cytoplasm and caveolin 1
(a functional marker of endocytosis) as vesicles distributed in
the perikaryon (Fig. 2(m, n)). At the ultrastructural level,
NSPCs were characterized by a nucleus with infolded nuclear
cisterna, a prominent nucleolus and a cytoplasm poor in or-
ganelles and rich in polyribosomes (Fig. 3b, c).

In 6-DIV NE, there were cells displaying neuron (βIII-
tubulin) and glial (GFAP) markers; these cells were preferen-
tially located in the core (Figs. 2b, d). The transmission elec-
tron microscope revealed the presence of cells undergoing
differentiation: (i) cells with a nucleus with abundant euchro-
matin and packages of RER cisternae in the cytoplasm, resem-
bling Nissl bodies (neuroblast?) (Fig. 3d); and (ii) cells with a
nucleus with abundant euchromatin and prominent nucleolus,
numerous mitochondria and bundles of intermediate filaments
(astroblast?) (Fig. 3e).

The cells were joined together by N-cadherin+/βcatenin+
adherent junctions (Fig. 2(j, k)); connexin 43+ spots located at
the cell periphery suggest the existence of gap junctions
(Fig. 2l).

Phase contrast microscopy of living 6-DIV NE revealed
clusters of cells projecting beating cilia toward the bathing
culture medium (Fig. 3a, a’). This finding was confirmed by
use of transmission electron microscopy. Clusters of
multiciliated cells displaying ultrastructural characteristics of
ependymal cells were seen at the periphery of the NE. The
cells were rich in polyribosomes, mitochondria and elongated
RER cisternae. The cilium complex was formed by the cilia
root, the basal corpuscle and the cilium proper; cilia were 9 +
2; a cilium 9 + 0 was also found (Fig. 3f). The multiciliated
cells were joined together by adherent junctions and gap junc-
tions (Fig. 3f, g). The multiciliated cells were joined to neigh-
bor undifferentiated cells (NSPCs) by adherent junctions and
gap junctions (Fig. 3h, i).

Fig. 3 After 6 DIV, NSCs/NPCs from nHTx commit into neuronal, glial
and ependymal lineages. Six-DIV neurospheres were studied by phase
contrast microscopy (a, a’) and transmission electron microscopy (b–i).
a, a’ Phase contrast microscopy photograph of a 6-DIV neurosphere. a’
Detailed magnification of the area framed in (a) showing Bcilia-like^
structures. b–h Transmission electron microscopy of NE at 6 DIV. b
Low magnification of the periphery of NE. c Cells with nuclei with
abundant euchromatin and a cytoplasm poor in organelles are observed.
d Cell with a well-developed RER, organized like Nissl bodies
(neuroblast?). e Cell with numerous intermediate filaments forming
bundles (astroblast?). f Two ciliated cells with 9 + 2 cilia (c), basal
bodies (BB) and cilia roots (Cr). The cells are joined by adherent (AJ)
and gap junctions (GJ). f’Broken arrow and full arrows point to 9 + 2 and
9 + 0 cilia, respectively. g Higher magnification of the area framed in the
previous figure, showing adherent (AJ) and gap junctions (GJ). h, i
Multiciliated cells forming adherent (AJ) and gap junctions (GJ) with
an undifferentiated cell (NSC/NPC?). Scale bar, a 26 μm; a’ 13 μm; b
5 μm; c 1.7 μm; d 600 nm; e 800 nm; f 800 nm; f’ 400 nm; g 300 nm; h
1.25 μm; i 350 nm
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NSPCs of 4- and 6-DIV NE differentiate into neurons,
glia and ependyma

Four-DIV NE cultured for 7 days in a medium devoid of
growth factors and containing bovine fetal serum was differ-
entiated into (i) isolated βIII-tubulin+ cells displaying one or
two slender long neurites and (ii) isolated GFAP+ cells with a
few thick, short processes (Fig. 4a, b). When the differentia-
tion assay was prolonged to 21 days, a few multiciliated βIV-
tubulin+ were seen in addition to βIII-tubulin+ and GFAP+
cells. Two types of GFAP+ cells were distinguished. One
displayed several radiating smooth processes and a small peri-
karyon (protoplasmatic astrocytes?); the other type had a pear-
shaped cytoplasm extending flattened projections filled with
bundles of GFAP+ filaments (fibrous astrocytes?) (Fig. 4c, c’).
Each cell type formed separate cell clusters (Fig. 4c).

6-DIV NEs were transferred to a medium devoid of
growth factors and containing bovine fetal serum. After
6 h under this condition, the cells forming the NE started
to differentiate into βIII-tubulin+ cells displaying one or
two processes extending throughout the NE (neuroblasts/
neurons) and GFAP+ cells with short radiating processes
(glioblasts/astrocytes) (Fig. 4(f)).

After 7 days in the differentiating medium, NE had
completely disassembled and some of their cells had
differentiated into βIII-tubulin+ neurons, GFAP+ astro-
cytes (Fig. 4g) and βIV-tubulin+, multicil iated
ependymal cells.

In vitro ependymogenesis

NEs were cultured for 6 days and exposed to BrdU during the
last 24 h in culture. They were then transferred to a differenti-
ation medium. After 7 days under this condition, a subpopula-
tion of NE cells differentiated into βIV-tubulin+, flattened and
ovoid cells. These cells appeared isolated or forming small
clusters, surrounded by GFAP+ astrocytes (Fig. 5 b–e). Most
βIV-tubulin+ cells displayed bundles of βIV-tubulin+ fila-
ments radiating from a core located near the cell nucleus (Fig.
5a, d). A few βIV-tubulin+ cells displayed a tuft of cilia
projecting perpendicularly to the free cell surface (Fig. 5b, c).

Double immunofluorescence for βIV-tubulin and BrdU re-
vealed that βIV-tubulin+, multiciliated ependymal cells had
nuclei with varying degree of labeling or no labeling (Fig. 5f,
f’). βIV-tubulin+ cells displayed immunoreactive N-cadherin
as patches located at the plasma membrane domain at sites
where neighbor cells contacted each other (Fig. 5a, d). Some
of the βIV-tubulin+ cells showed a continuous N-cadherin+
belt (Fig. 5(e)).

When the differentiation assay was prolonged to 21 days,
the number of βIV-tubulin+- and GFAP+-differentiated cells
increased significantly (Fig. 6a, d). Considering the total num-
ber of cells (DAPI+ nuclei) present in the culture after 21 days
of differentiation, multiciliated cells corresponded to 9% and
astrocytes to 72% (SE ± 1.7 and 3.5, respectively) (Fig. 6c).
GFAP+, AQP4+ astrocytes were densely packed into clusters
or a wall-like structure surrounding a cell-free space (Fig. 6a,
d). Astrocytes and their processes formed a mesh resembling a
cell matrix (Fig. 6b’, d).

Multiciliated, βIV-tubulin+ cells grew intimately associat-
ed to the astrocyte matrix. Multiciliated cells were flattened,
spherical/ovoid dish-like cells with a major diameter ranging
from 30 to 50 μm. The flattened shape of these cells allowed
us to look through them and we observed that they were lying
on the astrocyte matrix. Individual βIV-tubulin+ cells differed
in the number of cilia; some had none, others had a few, while
most of them had a tuft of 20–30 cilia projecting from the
central part of the cell surface. By going through different
planes of focus, it became evident that the cilia projected up-
ward. Cells forming groups were joined together by N-
cadherin-based adherent junctions. Video microscopy showed
that within each group of multiciliated cells, cilia beat syn-
chronically (see enclosed video) indicating that gap junctions
joined these cells.

The CSF of nHTx and hyHTx rats supported
the differentiation of NE into neurons and astrocytes

NSPCs obtained from the ventricular/subventricular zone of
PN1 nHTx rats were cultured for 6 days to obtain NE. NEs
were further cultured for 7 days in medium devoid of growth
factors and containing CSF collected either from nHTx or

Fig. 4 Neurospheres differentiate into neurons and glial cells.
Neurospheres of 4 or 6 DIV, with 10 μM BrdU for the last 24 h, were
further cultured in a medium devoid of EGF and containing 5% fetal
bovine serum (FBS), or cerebrospinal fluid from hydrocephalic and
non-hydrocephalic HTx rats. The cells were analyzed by immunofluores-
cence. (a–c, e–j) and scanning electron microscopy (d–d’). a–c. Four-
DIV NEs cultured for 7 days (b) and 21 days (c) in presence of BFS. a
Immunofluorescence of 4-DIVNE after 24 h. bCells of NE differentiated
into neurons (βIII-tubulin, green) and astrocytes (GFAP, red). c, c’ Two
populations of GFAP+ cells appear after 21 days of differentiation: fi-
brous astrocytes? (1) and protoplasmatic astrocytes? (2). d, d’
Differentiation assay for 14 days. Scanning electron microscopy showing
cells likely corresponding to neurons (d) and (d’) fibrous astrocytes? (1)
and protoplasmatic astrocytes? (2). e Immunofluorescence of 6-DIV NE
after 24 h BrdU. f, gDouble immunofluorescence of 6-DIV neurospheres
cultured for 6 (f) and 7 days (g). Differentiating cells are GFAP+ astro-
cytes (green) and βIII-tubulin neurons (red). h Quantitative analysis of
neurite length ofβIII-tubulin+ neurons fromNE obtained from nHTx and
hyHTx rats cultured in the presence of fetal bovine serum (FBS) or CSF
from PN7 nHTx and hyHTx rats. Two-way analysis of variance with a
Tukey’s post-test. Data are expressed as average SE. Statistical signifi-
cance between pairs 1:2; 3:4; 5:6; 2:4; 2:6 p < 0.0001. F test 1:2; 2:4; 2:6
variances significantly different. i, j Differentiation of 6-DIV NE in the
presence of 5% CSF from non-hydrocephalic (j) and hydrocephalic HTx
(k) rats. Differentiating cells are GFAP+ astrocytes (green) and βIII-
tubulin neurons (red). Scale bar, a 25 μm; b 20 μm; c 40 μm; c’
18 μm; d, d’ 10 μm; e 25 μm; f 20 μm; g 37 μm; i–j 20 μm
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hyHTx HTx rats; they differentiated into βIII-tubulin+ neu-
rons and GFAP+ astrocytes (Fig. 4i, j).

In another experiment, 6-DIV NEs obtained from nHTx
and hyHTx rats were cultured for 7 days in the presence of

Fig. 5 A subpopulation of cells of 6-DIV neurospheres differentiate into
multiciliated ependymal cells. Six-DIV NEs further cultured for 7 days in
the presence of 5% BFS and absence of growth factors were analyzed by
double immunofluorescence, using antibodies for βIV-tubulin-N-
cadherin (a, c, d, e), βIV-tubulin-GFAP (b). a White full and broken
arrows point to N-cadherin, red broken arrow to isolated βIV-tubulin+
filaments and asterisk to bundles of βIV-tubulin+ filaments radiating
from a region near the nucleus. b. Double immunofluorescence for
βIV-tubulin and GFAP, showing a multiciliated βIV-tubulin+ cell

(arrow) mixed with GFAP+ cells. c. Double immunofluorescence for
βIV-tubulin and N-cadherin showing a multiciliated cell surrounded by
cells forming adherent junctions (arrow). d, e. βIV-tubulin+ cells with
different degrees of N-cadherin localization at the plasma membrane
domain (broken and full arrows). f, f’ Double immunofluorescence for
βIV-tubulin and BrdU. Two of the BrdU+ cells (1, 2) are also βIV-tubu-
lin+. One cell (3) is βIV-tubulin+ but its nucleus is not BrdU-labeled.
Scale bar, a 7 μm; b 12 μm; c 10 μm; d 12 μm; e 12 μm; f, f’ 18 μm
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(i) fetal bovine serum, (ii) CSF from nHTx, or (iii) CSF from
hyHTx rats. Under these conditions, a quantitative analysis of
the neurite length of βIII-tubulin+ neurons was performed.
Under the three conditions, NE from hyHTx rats produced
neurons with much longer neurites than those of NE from
nHTx rats. Furthermore, fetal bovine serum promoted the dif-
ferentiation of neurons with significantly longer neurites com-
pared with those obtained in the presence of CSF from nHTx
or hyHTx rats. Interestingly, no significant differences were
seen in the length of neurites of neurons differentiated in the
presence of normal versus hydrocephalic CSF (Fig. 4h).

Discussion

NEs formed by NSPCs have been used for transplantation in
animal models of brain diseases and brain injuries (Pluchino
et al. 2003). A strong body of evidence indicates that in fetal
onset hydrocephalus, a junction pathology of NSCs leads to
both hydrocephalus and abnormal neurogenesis (Guerra et al.
2015a; McAllister et al. 2017; Rodríguez et al. 2012; Sival
et al. 2011). Furthermore, during the perinatal period, the same
junction pathology affects the newly differentiated ependymal
cells, which further contributes to abnormal CSF flow and
hydrocephalus (Páez et al. 2007; Wagner et al. 2003). Since
congenital hydrocephalus is, so far, an incurable disease, the
grafting of NE formed by normal NSPCs into the CSF of
animals with inherited hydrocephalus appears as a promising
approach to diminish/repair the outcomes of NSCs pathology.
However, there are relevant questions to be answered before
proceeding with NE grafting. It seems mandatory to gain in-
sight into the cell biology of NE as they develop in vitro in
order to know when to graft and what is actually being
transplanted. Similarly, it is important to learn how good a
host the normal and the hydrocephalic CSF are for the
transplanted NE.

Gaining insight into the cell biology of growing NE

Starting the second day in vitro, the proliferating NSPCs start
forming a complex and dynamic structure. Throughout the
days in vitro, the clustered NSPCs increase in size and com-
plexity. Thus, after 4 DIV, the cell clusters are exclusively
formed by BrdU+, nestin+ NSPCs, joined together by adher-
ent junctions. After two further days in vitro, the cells forming
the clusters are a heterogeneous cell population, with a distinct
spatial organization. Can both types of cell clusters be
regarded as NE? In very few papers out of the long list of
publications on NE, a reference to the days in vitro has been
made (Ge et al. 2012; Slovinska et al. 2015). There are several
papers reporting on the heterogeneous NE-forming cells (Bez
et al. 2003; Gil-Perotín et al. 2013; Guerra et al. 2015a; Suslov
et al. 2002). Similarly, many papers describe NE as free-

floating spherical clusters generated from a single neural stem
cell and comprising cells at different stages of maturation in
the neuronal and glial lineages (Bez et al. 2003; Gil-Perotín
et al. 2013; Guerra et al. 2015a;Marshall et al. 2008; Reynolds
and Weiss 1992). Does this mean that the young clusters
formed by a homogeneous population of NSPCs are not
regarded as NE? This point has been overlooked and is rele-
vant when investigating the cell biology of NE as well as for
the design of NE grafting protocols.

NE cells: from multipotency after 4 DIV
to commitment after 6 DIV

Under in vitro conditions, to regard a cell as a neural stem cell
requires the demonstration of proliferation and extensive re-
newal and of the capacity to generate a large number of dif-
ferentiated progeny (Reynolds and Rietze 2005; Reynold and
Weiss 1996). In the present investigation, a mixed population of
NSPCs from the VZ and SVZ of PN1 nHTx rats was used to
obtain NE. Since these primary NEs were not processed for
serial passages to test the extensive renewal property that distin-
guishes neural stem cells from neural progenitor cells, the NE
investigated originated from stem and progenitor cells.
Although there are certain apparent features that would distin-
guish NE born from stem cells from those originated by progen-
itors, such as growth rate or capacity to generate multiciliated
ependyma; the acronym NSPCs has been used throughout the
text considering the scope and aims of the present investigation.

Virtually, all cells forming 4-DIV NEs were proliferative,
uncommitted NSPCs, joined together by adherent junctions.
Upon transfer to differentiative conditions, these NEs gener-
ated neurons and glial cells. Thus, 4-DIV NEs appear most
appropriate for grafting experiments, since uncommitted
grafted NSPCs will differentiate in response to clues from
the host brain.

When 4-DIV NEs are further cultured for two additional
days, they undergo substantial changes. About 40% of their
NSPCs have committed into neuronal and glial lineages, with
the latter located in the core of the NE. Thus, after 6 DIV, not
before, NEs have become what is widely known as complex
structures formed by a heterogeneous population of cells in
different phases of the cell cycle and in different states of
differentiation from NSPCs to neurons and glia (Bez et al.
2003; Marshall et al. 2008; Monni et al. 2011; Gil-Perotín
et al. 2013). Consequently, when grafting 6-DIV NEs, it
should be kept in mind that they are bags containing NSPC
plus cells already committed into neuronal, glial and
ependymal lineages.

Heterogeneity of NE

Heterogeneity in the size of NE derived from NSPCs
plated individually and cultured under the same
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conditions has been reported by various authors (Bez
et al. 2003; Ge et al. 2012; Guerra et al. 2015a). In the
present investigation, the diameter of 6-DIV NEs ranged

between 40 and 200 μm, with most of them grouped into
two subpopulations of 40–80 μm and 100–160 μm in
diameter, respectively. A similar size distribution has
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been found in 5-DIV NE (Ge et al. 2012). How to ex-
plain such a large variation in the size of NE generated
by partner clones of NSPCs collected from the VZ/SVZ?
Individual follow-up of NE through the 6-DIV and BrdU
pulse labeling indicates that small NEs grow at a lower
rate and the cycle of their cells is longer, as compared to
the large NEs (present research). Are stem cells and pro-
genitors of the neurogenic niche intrinsically diverse, or
are they equipotent but respond selectively to different
environmental cues? There is evidence supporting both
possibilities. Human clonal NE, arranged according to
their size, displayed different combinations of transcripts,
which contributed to their distinct molecular phenotype.
At least four types of clone-forming NSPCs were present
within in vitro human stem cells (Suslov et al. 2002).
Furthermore, throughout the CNS, there are different
neural stem cells also, constituting a variety of
clonogenic cells that possess distinct developmental and
environmental histories, further contributing to NSPCs
heterogeneity (Bonaguidi et al. 2012; Gil-Perotín et al.
2013; Temple 2001; Weiss et al. 1996).

Spatial organization and dynamic behavior of cells
forming NE

NEs are not only heterogeneous in size (see above), they also
display a diverse population of cells in different states of dif-
ferentiation from NSPC cells to differentiating neurons and
glia (Reynold and Weiss 1992; Bez et al. 2003; Marshall
et al. 2008; Monni et al. 2011; Guerra et al. 2015a). After 6-
DIV, NEs have a complex tridimensional structure, with a core
and a cortex. DNA synthesis (BrdU incorporation) and mito-
sis (colchicine treatment) occur in nestin+ NSPC cells located
in the cortex (present findings; Bez et al. 2003; Guerra et al.

2015a; Monni et al. 2011). The gradient of the BrdU label
from cortex to the core suggests that daughter cells originating
in the cortex move to the core. Indeed, using ex vivo labeling
Wang et al. (2006) showed that cells of the cortex of NE
migrate into the core. The core of NE is mainly occupied by
cells committed into neuronal and glial lineages, as shown by
cell markers and transmission electron microscopy (present
findings; Guerra et al. (2015a). An exception to this core lo-
cation of committed cells is the presence of multiciliated cells
in the most superficial layer of the NE cortex (see below).
Considering all the findings discussed above, a resemblance
between the cortex and core of NE with the ventricular and
subventricular zone of the embryo, respectively, may be
envisaged.

NE cells are joined together by adherent junctions (Gil-
Perotín et al. 2013; Guerra et al. 2015a; Lobo et al. 2003).
Although gap junctions have not been previously reported in
NE cells, the present ultrastructural and immunocytochemical
findings and microinjections of Lucifer Yellow into cells of
NE indicate that cells in the NE are coupled through gap
junctions (Talaveron et al. 2015).

A subpopulation of NSPCs forming the NE
differentiates into ependymal cells

NE cells projecting cilia-like processes have been described
(Bez et al. 2003; Monni et al. 2011). In the present investiga-
tion, the presence at the periphery of NE of clusters of
multiciliated ependymal cells endowed with 9 + 2 cilia has
been shown by transmission electron microscopy. These clus-
ters correlate well with those seen under phase contrast of
living NE. NEs are motile dynamic structures (Gil-Perotín
et al. 2013; Monni et al. 2011); multiciliated ependyma cells
may be the propeller of the intrinsic, spontaneous locomotion
of NE. The fact that only a subpopulation of NE displays
clusters of multiciliated cells further supports the possibility
that in the VZ/SVZ of PN1 rats, there is a variety of
clonogenic NSPC cells that possess distinct developmental
and environmental histories (see above).

The ability of NE to differentiate into neurons, astrocytes
and oligodendrocytes when plated on an adhesive substrate,
with the mitogens removed, has been widely investigated (see
above). However, there is only one publication reporting on
the differentiation of NE cells into ependymal cells (Mokrý
and Karbanová 2006). NE from NSPCs derived from fetal
mouse brain were processed for the differentiation assay for
2 and 3 weeks. The number of multiciliated ependymal cells
increased from the 2nd to the 3rd week in culture (Mokrý and
Karbanová 2006). In the present work, we confirmed and
extended the observations of Mokrý and co-workers (2006).
Six-DIV NEs, exposed during the last 24 h to BrdU, were
processed for the differentiation assay. After 1 week, a few
flat βIV-tubulin+ cells with and without cilia started to

Fig. 6 A subpopulation of cells of 6-DIV neurospheres differentiate into
multiciliated ependymal cells. Six-DIV NEs further cultured for 21 days
i n t he p r e s ence o f 5% FBS were ana l yzed by doub l e
immunofluorescence, using antibodies for βIV-tubulin-aquaporin (a, b,
b’), βIV-tubulin-GFAP (d, f-f^) and βIV-tubulin-N-cadherin (e). a Low
magnification of a field where βIV-tubulin+ cells (in green, arrows) grow
on a matrix of AQP4+ cells (red). b, b’ Detailed magnification of cells
from (a) multiciliated βIV-tubulin+ cells grown on a layer of AQP4+
cells. Cells 1, 2 and 3 are shown with the channel for βIV-tubulin (b)
and for both channels (b’). Inset. A multiciliated cell is seen overlapping
with AQP4+ cells (arrow). c Quantitative analysis of βIV-tubulin+ (9%
± 1.7 SE) and GFAP+ cells (72% ± 3.5 SE) versus the total number of
cells. d Low magnification of a field showing the spatial relationship
between GFAP+ astrocyte and single or clustered multiciliated βIV-tubu-
lin+ cells. The arrow points to the cluster shown in figures f–f^. e The
clustered multiciliated βIV-tubulin+ cells are joined together by
N-cadherin-based adherent junctions. f, f’A cluster ofβIV-tubulin+ cells
was photographed at different planes of focus (f1, f2) showing that the
tips of cilia are in a different plane with respect to that of GFAP+
astrocytes (arrow). f^ The same cell clusters shown in f and f’ with
only the channel for βIV-tubulin. Scale bar, a 42 μm; b-b’ 12 μm, inset
2.5 μm; d 20 μm; e 10 μm; f–f^ 10 μm
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establish cell–cell contacts and to develop N-cadherin-
mediated junctions; these cells may correspond to
ependymoblasts. Some of these cells have a BrdU-labeled
nucleus, strongly indicating that multiciliated cells originate
from NE cells that had proliferated during the 6th DIV. The
dilution of the BrdU label in these cells suggests that βIV-
tubulin + cells continue to proliferate after NE disassembling.
Similar cells undergoingmitosis have been reported byMokry
and co-workers (2006). This proliferative activity may explain
the enormous increase of multiciliated ependymal cells after
3 weeks in culture. The differentiation process also progresses
through the 2nd and 3rd week in culture, culminating with
patches of ependyma whose cells are joined together by ad-
herent junctions and whose cilia beat synchronously (imply-
ing the existence of gap junctions; video enclosed in the
Electronic supplementary material).

Under culture differentiation conditions, multiciliated
ependymal cells mature much later than neurons, astrocytes
and oligodendrocytes (present investigation; Mokrý and
Karbanová 2006). This time table of in vitro differentiation
implies variable developmental commitments of parental
clone-forming cells, mirroring the phenomena of
neurogenesis and ependymogenesis occurring during brain
development. In rodents, the bulk of neurogenesis occurs from
E12 to E18, while ependymogenesis happens from E17 to
PN7 (Rodríguez and Guerra 2017). The possibility that
ependymal cells are born from subpopulations of NSC with
their own time table of differentiation is supported by the
evidence that postnatal ependymogenesis does occur in dis-
crete brain regions. In wild-type and hydrocephalic a-SNAP,
mutant (hyh) mice postnatal ependymogenesis has been
shown to occur in two discrete regions of the brain, the roof
of the third ventricle and the dorsal wall of Sylvius aqueduct.
The new multiciliated ependymal cells are born from mono-
ciliated, nestin+ cells located in the VZ of these two regions
(Bátiz et al. 2011). These cells most likely correspond to a
subpopulation of NSC that, after birth, remain in these two
discrete regions of the VZ, proliferate and differentiate into
multiciliated ependyma.

The capacity of NSPCs to form ependyma in vitro opens
new possibilities for investigating cell and molecular mecha-
nisms involved in ependymogenesis and for stimulating the
use of NSPC grafting to replace ependymal cells lost to dis-
ruption of the ventricular zone in fetal onset hydrocephalus
(Rodríguez and Guerra 2017).

Hydrocephalic CSF as a supportive medium to host NE

CSF is a heterogeneous and highly dynamic compartment that
changes its molecular composition while moving through the
various ventricular and subarachnoidal compartments. Signal
molecules transported from blood to CSF or secreted into CSF
by circumventricular organs and CSF-contacting neurons use

the CSF to reach their targets in the brain (including the pre-
natal and postnatal neurogenic niche). This allows cross talk
between brain regions located beyond the blood-brain barrier,
thus keeping the brain milieu private (Bueno and García-
Fernández 2016; Gato et al. 2014; Guerra et al. 2015b;
Lehtinen et al. 2011; Rodríguez 1976). CSF proteomics has
shown a wealth of over 200 proteins (Parada et al. 2006;
Zappaterra et al. 2007). A long series of peptides and neuro-
transmitters are also present in CSF (Guerra et al. 2015b).
Many of these compounds play a role in neuronal and glial
proliferation and differentiation (Buddensiek et al. 2010; Zhu
et al. 2015). During development, the multiple signal mole-
cules of fetal CSF play a fundamental role in promoting sur-
vival, proliferation, and differentiation of NSPCs (Gato et al.
2005; Lehtinen et al. 2011).

How would NSPCs behave when grafted into CSF with
its wealth of hundreds of signal molecules? Would the CSF
be a friendly or unfriendly host? Would grafted NSPCs rec-
ognize the CSF as their former particular milieu, a sort of
Bcoming back home?^ Furthermore, there are important
changes in the CSF proteome of hydrocephalic mutant rats
as compared with that of non-hydrocephalic littermates
(Vío et al. 2008; Ortloff et al. 2013). How would a hydro-
cephalic CSF host normal NSPCs? These are relevant ques-
tions apparently overlooked in previous investigations of
NSPCs grafting into the CSF (Bai et al. 2003; Ohta et al.
2004; Pluchino et al. 2003; Wu et al. 2002). The present
investigation has partially addressed these questions. The
CSF of both nHTx and hyHTx rats disassembled 6-DIV
NE and triggered the differentiation of their NSPCs into
neurons, glia and ependyma suggesting that under both con-
ditions, the CSF would be a friendly medium to host normal
NE. However, conclusive evidence would result from the
actual grafting of NE into the CSF of normal and hydroce-
phalic animals (experiment in progress). There is one paper
reporting that epidermal neural crest stem cells cultured in
the presence of CSF from normal adult rats differentiate into
neurons and glia (Pandamooz et al. 2013). This finding and
the fact that CSF is a circulatory system in close contact with
different parts of the central nervous system, led these au-
thors to conclude that CSF is a practical route to deliver stem
cells.

The present findings contribute to the rationale of NE
grafting into the brain, the CSF in particular. They should
stimulate new attempts to use this approach for the treatment
of certain brain pathologies such as congenital hydrocephalus.
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