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Abstract The present investigation was designed to clarify
the role of the subcommissural organ (SCO) in the pathogen-
esis of hydrocephalus occurring in the HTx rat. The brains of
non-affected and hydrocephalic HTx rats from embryonic day
15 (E15) to postnatal day 10 (PN10) were processed for
electron microscopy, lectin binding and immunocytochemis-
try by using a series of antibodies. Cerebrospinal fluid (CSF)
samples of non-affected and hydrocephalic HTx rats were
collected at PN1, PN7 and PN30 and analysed by one- and
two-dimensional electrophoresis, immunoblotting and
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nanoL.C-ESI-MS/MS. A distinct malformation of the SCO is
present as early as E15. Since stenosis of the Sylvius aqueduct
(SA) occurs at E18 and dilation of the lateral ventricles starts
at E19, the malformation of the SCO clearly precedes the
onset of hydrocephalus. In the affected rats, the cephalic and
caudal thirds of the SCO showed high secretory activity with
all methods used, whereas the middle third showed no signs of
secretion. At E18, the middle non-secretory third of the SCO
progressively fused with the ventral wall of SA, resulting in
marked aqueduct stenosis and severe hydrocephalus. The
abnormal development of the SCO resulted in the permanent
absence of Reissner’s fibre (RF) and led to changes in the
protein composition of the CSF. Since the SCO is the source
of'a large mass of sialilated glycoproteins that form the RF and
of those that remain CSF-soluble, we hypothesize that the
absence of this large mass of negatively charged molecules
from the SA domain results in SA stenosis and impairs the
bulk flow of CSF through the aqueduct.

Keywords Hydrocephalus - Subcommissural organ -
Reissner’s fibre - Cerebrospinal fluid - HTx rat

Introduction

The subcommissural organ (SCO) is an ependymal gland
located at the roof of the third ventricle, at the entrance to
the mesencephalic aqueduct. Ependymal SCO cells contin-
uously secrete high molecular mass glycoproteins into the
cerebrospinal fluid (CSF) in which the bulk of them condense
to form a filamentous structure, named Reissner’s fibre (RF;
Rodriguez et al. 1992, 1998). The RF is a dynamic structure
that continuously grows caudally by the addition of newly
released molecules to its cephalic end. SCO-spondin has been
identified as the main glycoprotein of RF (Gobron et al. 2000;
Meiniel 2001). The RF extends through the aqueduct of
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Sylvius (SA), the fourth ventricle and the central canal of the
spinal cord to reach the ampulla caudalis or fifth ventricle
located at the end of the central canal. Here, the RF disassembles
at a constant rate (Rodriguez et al. 1992, 1998) and RF-
glycoproteins reach local blood vessels (Peruzzo et al. 1987).
RF has the capacity to bind and transport compounds such as
monoamines and contributes to the clearance of these
compounds from the CSF (Rodriguez et al. 1999;
Rodriguez and Caprile 2001; Caprile et al. 2003).

The SCO differentiates at an early stage of ontogenetic
development in all vertebrates and, with the exception of
anthropoids and bats, it remains fully active throughout life
(Rodriguez et al. 1998, 2001). Ontogenetic studies have
revealed signs of secretory activity in SCO cells much
earlier than the appearance of the first RF (Schoebitz et al.
1986, 1993; Rodriguez et al. 1998). In the rat, the SCO is
well developed and is immunoreactive with anti-RF anti-
bodies at embryonic day 14 (E14). However, aggregated
secretory material and a RF proper first appear during the
first postnatal week (Schoebitz et al. 1993). These findings
indicate that the embryonic SCO secretes compounds that re-
main soluble in the CSF (Hoyo-Becerra et al. 2006; Vio et al.
2008). Evidence exists that SCO secretes transthyretin (TTR),
a protein involved in the transport of thyroid hormones
in the CSF (Montecinos et al. 2005).

Several mutant rodent models developing congenital hy-
drocephalus have revealed the role of the neuroepithelium/
ependymal cells and those of the SCO in the onset of fetal
hydrocephalus (Wagner et al. 2003; Chae et al. 2004; Huh et
al. 2009). Transcription factors, such as the regulatory factor X
(Rfx) family, Msx1 and Pax 6, have been identified as key
factors involved in dorsal neural patterning (Estivill-Torrus et
al. 2001; Fernandez-Llebrez et al. 2004; Baas et al. 2006;
Zhang et al. 2007). Abnormalities in these developmental
factors impair SCO formation and function and trigger fetal-
onset hydrocephalus. Increasing evidence also implicates sig-
nal transduction mechanisms in the processes regulating SCO
secretion as a cause of hydrocephalus (Lang et al. 2006;
Picketts 2006). Further, a single injection of antibodies against
RF-glycoproteins disrupts RF formation in the adult rat
(Rodriguez et al. 1990) and immunological blockage of the
SCO-RF complex by maternal transfer of anti-RF antibodies
triggers SA stenosis and hydrocephalus (Vio et al. 2000).

The HTx rat is a genetic model of fetal-onset hydroceph-
alus with a complex mode of inheritance (Jones et al. 2004)
and with confounding epigenetic influences (Jones et al.
2002). In the HTx rat, stenosis of the SA and dilation of
the lateral ventricles start to occur around E18 (Jones and
Bucknall 1988); this is preceded by reduced glycoprotein
immunoreactivity in the SCO at E16 (Somera and Jones
2004). The mechanism and sequence of neuropathological
events leading to SA obliteration are not known. The present
investigation has been designed to investigate the SCO-RF
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complex of non-affected (nHTx) and hydrocephalic
(hyHTx) littermates, with the aim of (1) analysing the
SCO-RF complex at various developmental periods, (2)
investigating the proteins secreted by the SCO into the
CSF and (3) gaining evidence of the role of SCO-RF com-
plex in SA obliteration and pathogenesis of hydrocephalus.
The evidence obtained indicates that, in the hyHTx rat, the
abnormal development and dysfunction of the SCO pre-
cedes the development of hydrocephalus.

Materials and methods
Animals

Rats of the HTx strain were obtained from the laboratory of Dr.
Hazel Jones (University of Florida) in 2002 and were bred into a
colony in the animal house of the Instituto de Anatomia,
Histologia y Patologia, Universidad Austral de Chile, Valdivia,
Chile. The rats were fed ad libitum with rodent food and
maintained under a constant 12-h light/12-h dark photoperiod
and room temperature of 25°C. The colony was maintained by
brother-sister mating of non-affected non-hydrocephalic rats. To
obtain embryos and fetuses at various developmental stages,
brother-sister pairs of non-hydrocephalic HTx rats were caged
together for mating. Every morning vaginal smears were
performed in order to find spermatozoids in the vaginal tract to
determine the exact day of copulation. A sequential morpholog-
ical analysis of the brain of embryos from E15 to E21 was
performed (see below). The day of birth was considered to be
postnatal day 1 (PN1). The hydrocephalic phenotype was iden-
tified from an overtly domed head and by trans-illumination of
the head. The definitive diagnosis was made by microscopic
analysis. Handling, care and processing of animals were carried
out according to regulations approved by the National Research
Council of Chile (Conicyt), the council of the American
Physiological Society and the Institutional Animal Care and
Use Committee of the University of Utah.

Animals for light microscopical analysis

Embryos (n=120; at E15, E16, E17, E18, E19, E20, and E21)
were collected and processed. Because the hydrocephalic
phenotype could not be recognized before E18, the brains of
all embryos from E15 to E17 (before SA stenosis) were
serially sectioned and analysed microscopically. The abnormal
phenotype of the SCO was found to be expressed as early as
E15. This landmark was used to characterize an embryo as
having the hydrocephalic phenotype. Seventy-nine embryos
were classified as nHTx and 41 were classified as hyHTx.
Twenty-five neonatal rats (at PN1, PN3, PN5, PN7 and
PN10) were classified as hyHTx and 36 rats were classified
as nHTx. All rats belonging to the same litter were processed
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simultaneously, allowing a comparative analysis of nHTx and
hyHTx littermates of the same age. Pregnant and newborn rats
were weighed and anaesthetized with an intraperitoneal injec-
tion of ketamine (40 mg/kg) and acepromazine (100 mg/kg).
The head was cut off and a sagittal cut through the lateral region
of the skull was performed to expose the brain tissue. Fixative
was injected into a lateral ventricle. The head was then im-
mersed in Bouin’s fixative for 20 min. The brain was dissected,
immersed in fresh fixative for 2 days and embedded in paraffin.
Serial sagittal or transverse sections (5 pum thick) of the central
nervous system were obtained. The brains of 40 hyHTx and 40
nHTx rats were cut serially. Each series contained about 300
sections; every tenth section of the series was mounted on
separate and successive slides, thus giving ten semi-series
of sections that were used for immunocytochemistry. In
the remaining 75 nHTx and 16 hyHTx rats, adjacent
serial sections through the SCO-aqueduct region were
mounted separately and used for immunocytochemistry and
lectin binding.

Immunocytochemistry

The peroxidase-antiperoxidase (PAP) method of Sternberger
et al. (1970) was applied. The following primary antibodies
were used. (1) The AFRU (A = antibody, FR = Reissner’s
fibre, U = urea; Instituto de Anatomia, Histologia y
Patologia, Universidad Austral de Chile) antibody was
raised in rabbits against the constitutive glycoproteins of
the bovine RF and specifically reacts with the high-
molecular-weight glycoproteins secreted by the SCO into
the CSF. AFRU was used at a dilution of 1:1000. (2) Anti-
nestin is a monoclonal antibody raised in mouse (Rat-401,
Hybridoma bank of Iowa University) and was used at a
dilution of 1:50. Incubation in the primary antibody was
for 18 h. Sections to be immunoreacted with anti-nestin
were incubated in 0.02 M citrate buffer, pH 6.0, followed
by microwave irradiation for three sessions of 4 min each.
Anti-rabbit IgG raised in goats (Instituto de Anatomia,
Histologia y Patologia, Universidad Austral de Chile) and
anti-mouse IgG (Sigma, Madrid, Spain) were used at a
dilution 1:50 for 1 h. PAP complexes obtained by using
anti-peroxidase developed in rabbits (Instituto de
Anatomia, Histologia y Patologia, Universidad Austral de
Chile) or mouse (DAKO, Barcelona, Spain) were used at a
dilution of 1:50 and 1:100, respectively, for 30 min. DAB
(3,3’-diaminobenzidine tetrahydrochloride; Sigma, St.
Louis, Mo., USA) was used as an electron donor.
Incubations were performed at 20°C. All antibodies were
diluted in 0.1 M TRIS buffer, pH 7.8, containing 0.7% non-
gelling seaweed gelatine lambda carrageenan and 0.5%
Triton X-100 (both from Sigma). Omission of the incuba-
tion in the primary antibody was used as a control for the
immunoreaction.

Double-immunofluorescence and confocal microscopy

For double-immunofluorescence, sections were incubated
overnight at room temperature with primary antibodies (raised
in rats or rabbits) for 18 h. The following pairs of antibodies
were used: RAFRU (rat AFRU, dilution 1:500)/anti-caveolin
1 (rabbit polyclonal antibody, dilution 1:50; Santa Cruz) and
AFRU (dilution 1:1000)/anti--tubulin IV (monoclonal anti-
body, dilution 1:50; Abcam, UK). After being washed in TRIS
buffer, pH 7.8, sections were incubated with Alexa-488-
labeled anti-rabbit IgG and Alexa-594-labeled anti-mouse
IgG antibodies (Invitrogen, Carlsbad, Calif., USA) diluted
1:500 for 2 h. All antisera were diluted in TRIS buffer,
pH 7.8, containing 0.7% nongelling seaweed carrageenan
(Sigma) and 0.5% Triton X-100 (Sigma). Slides were
coverslipped by using Vectashield mounting medium
(Dako, Barcelona, Spain) and inspected under an
epifluorescence microscope to study colocalization by using
the multidimensional acquisition software AxioVision Rel
version 4.6 (Zeiss, Aalen, Germany). Confocal microscopy
was performed on some sections used for immunofluores-
cence by using a Fluoview 1000 (Miami, Fla., USA) laser-
scanning microscope.

Lectin binding

Three lectins were used: (1) wheat germ agglutinin
(WGA; affinity: internal residues of glucosamine and sialic
acid residues); unlabelled WGA (Sigma) dissolved in 0.1 M
TRIS Ca Mg buffer, pH 7.6, was used at a concentration of
7 ug/ml; (2) Concanavalin A (ConA; affinity: internal resi-
dues of mannose and glucose); unlabelled ConA (Sigma)
dissolved in TRIS Ca Mg buffer, pH 7.6, was used at a
concentration of 7 ug/ml; (3) Limax flavus agglutinin (LFA;
affinity: exclusively for sialic acid); unlabelled LFA
(Calbiochem, San Diego, Calif., USA) dissolved in 0.1 M
TRIS Ca Mg buffer, pH 7.6, was used at a concentration of
7 png/ml. Incubation in lectins was for 1 h at 22°C. Lectin
binding was followed by incubation with the corresponding
antibody, namely, anti-WGA (Sigma), anti-ConA (Sigma) or
anti-LFA (Instituto de Anatomia, Histologia y Patologia,
Universidad Austral de Chile) used at a dilution of 1:1000.
The PAP method was applied and DAB (Sigma) was
used as an electron donor.

Double-labelling with antibodies and lectins

For double-labelling, sections were incubated overnight at
room temperature with an antibody raised in rats against RF-
glycoproteins labelled by RAFRU, at a 1:500 dilution. After
being washed in TRIS buffer, pH 7.8, sections were incu-
bated with Alexa-488-labeled anti-rat IgG antibodies
(Invitrogen) diluted 1:500 for 2 h. Following further washes
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4 Fig. 1 Subcommissural organ (SCO) of non-affected and hydroce-
phalic HTx rats. The hydrocephalic HTx rat displays abnormalities
before the onset of hydrocephalus. a, ¢ Midsagittal section through the
pretectum and Sylvian aqueduct (S4) of a non-affected embryo (N) at
embryonic day 15 (£15). Staining with haematoxylin and eosin
(H-E). The SCO and the pineal primordium (pr) is morphologically
differentiated (pc posterior commissure cells). The ependymal cells of
the SCO project basal processes that end on the external limiting
membrane of the brain and are associated with small clusters of cells
of unknown nature (¢, arrow). Inset in a Low-power view of telen-
cephalon showing the SCO (arrow). b, d Midsagittal section through
the pretectum and SA of an abnormal embryo (Hy) at E15. Staining
with H-E. In the middle third of the rostro-caudal axis, the ependymal
cells of the SCO are much smaller compared with those of the rostral
and caudal thirds (b, d, red arrow). In the middle third, the bundles of
commissural axons are smaller and more numerous and are located
closer to the ependymal layer (compare a, ¢ with b, d). Clustered cells
of an unknown nature are associated with the commissural axons
(compare ¢, arrow and d, asterisk). Inset in b Low-power view of
telencephalon showing the SCO (arrow). e-h Midsagittal sections of
SCO of nHTx (e, g) and hyHTx rats at E18 (f, h), immunostained with
AFRU (A = antibody, FR = Reissner’s fibre, U = urea). The SCO of
nHTx rats is well developed, strongly immunoreactive and producing
secretions (e, g), whereas the abnormality of the SCO of hyHTx rats (f,
h) becomes evident (37 Third ventricle, P pineal gland, » rostral, m
middle, ¢ caudal). i, j Midsagittal sections of SCO of normal E18 rat (i)
and abnormal E18 HTx rat (j) immunostained with anti-nestin. The
basal processes of the ependymal cells of the SCO are strongly immu-
nostained in the nHTX rat (i, asterisk). In the hyHTx rat, only the basal
processes of the rostral and caudal third of the SCO are immunostained
(j, asterisks; R rostral, M middle,). Bars 125 pm (a, b), 450 um (insets),
50 um (e, d), 480 um (e, f), 125 um (g, h), 100 um (i, j)

with TRIS buffer, pH 7.8, sections were incubated with
unlabelled LFA (7 pg/ml; Calbiochem) dissolved in 0.1 M
TRIS Ca Mg buffer, pH 7.6, for 1 h at 22°C. Lectin binding
was revealed by sequential incubation of sections with anti-
LFA at a dilution of 1:1000, for 18 h and Alexa-594-labeled
anti-rabbit IgG antibodies (Invitrogen) diluted 1:500, for
2 h. After washes in TRIS buffer, pH 7.8, slides were
coverslipped by using Vectashield mounting medium
(Dako) and inspected under an epifluorescence microscope
to study colocalization by using the multidimensional
acquisition software AxioVision Rel version 4.6 (Zeiss).

Transmission electron microscopy

Once the light microscopy analysis and the characterization
of the embryos with an abnormal phenotype were complet-
ed, the SCO and SA of four nHTx and four hyHTx rats (at
E18 and PN1) were processed for transmission electron
microscopy. Brain tissue from pregnant and newborn rats
was prepared as for light microscopy (see above), except
that a triple aldehyde fixative mixture containing 4% para-
formaldehyde, 2% glutaraldehyde, 2% acrolein in 0.2 M
phosphate buffer, pH 7.4, was used. A sagittal cut through
the lateral region of the skull was performed to expose the

brain tissue. Fixative was gently subperfused into the ex-
posed brain cavities by using a microliter syringe. The head
was immersed in the same fixative for 20 min and the brain
was dissected out and immersed again in the fixative for 2 h.
Blocks of tissue containing the SCO and rostral third of the
SA were obtained and fixed in 1% OsOy in 0.1 M phosphate
buffer, pH 7.4, for 2 h at 4°C. They were subsequently
embedded in Epon. Sections were contrasted with lead
citrate and uranyl acetate and analysed under a Hitachi H-
700 electron microscope.

CSF collection

Non-affected and hydrocephalic HTx rats at PN1 (nHTx
n=60; hyHTx n=30), PN7 (nHTx n=50; hyHTx n=30) and
PN30 (nHTx n=60; hyHTx n=20) were used for CSF col-
lection. Pups at PN1 and PN7 were anaesthetized with
ketamine (40 mg/kg) and acepromazine (100 mg/kg), the
head was flexed and a 27-gauge needle was inserted into the
cisterna magna (non-affected and hydrocephalic pups; CM-
CSF) and lateral ventricles (hydrocephalic pups; LV-CSF).
In PN30 rats, CM-CSF was collected from non-affected and
hydrocephalic rats and LV-CSF was collected from hydro-
cephalic animals according to Rodriguez et al. (1999). CSF
samples containing blood were discarded. About 25-50 ul
CSF were obtained from each pup and up to 100 ul
from each PN30 rat. CSF samples were collected into
Eppendorf tubes and centrifuged twice to remove cells
or cell debris. Average protein concentrations of PNI,
PN7 and PN30 CSF samples were 1.8, 1.0 and
0.8 pg/ul, respectively. Samples were stored at —70°C
until analysis.

One-dimensional electrophoresis and immunoblotting

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was performed according to the Laemmli
method. Briefly, 15 ul undiluted/non-concentrated CSF
samples from PN1, PN7 and PN30 rats were subjected to
SDS-PAGE by using a 5%—15% polyacrylamide linear
gradient. Proteins were transferred to nitrocellulose
membranes (Towbin et al. 1979). To block non-
specific binding, blots were saturated with 5% non-fat
milk in 0.1 M phosphate-buffered saline containing
0.15 mM NaCl and 0.1% Tween-20 (Sigma, Madrid,
Spain), for 90 min. AFRU (1:5000 dilution) and anti-
TTR (1:3000 dilution, Sigma) were used as primary
antibodies. Anti-rabbit IgG conjugated to horseradish
peroxidase (Pierce, Rockford, Ill., USA) was used at a
1:25,000 dilution, for 1.5 h. Incubations were carried
out at room temperature in the dark. Immunoreactive
polypeptides were detected by using an enhanced
chemiluminescence (ECL) system (Super Signal;

@ Springer



712 Cell Tissue Res (2013) 352:707-725

AFRU

~° "AFRUE18 Hy
— . =

e

g ¥ S ol
W Ty

@ Springer



Cell Tissue Res (2013) 352:707-725

713

<« Fig. 2 SCO of the non-affected HTx rat is fully differentiated at E18. a
All secretory ependymocytes (E) of the SCO of a non-affected embryo
are strongly immunoreactive with AFRU (PC posterior commissure).
The basal processes of these cells contain AFRU+ material (arrow). b
Double-immunolabelling with AFRU (green) and anti-31V-tubulin (red)
shows the subapical zone (arrow) devoid of secretion and containing
microtubules (red). ¢ Ultrastructure of the subnuclear zone containing
large rough endoplasmic reticulum (RER) cisternae (asterisk); n cell
nucleus. d Ultrastructure of the apical cell poles containing secre-
tory granules (arrows). e Details of the boxed area in a. Subapi-
cal and apical zones of the SCO cells are immunostained with
AFRU. Granules stored in the apical cell pole are AFRU+. f Details of
the boxed area in a. f, g The subnuclear region of SCO cells display
AFRU+ (f, arrows) and ConA+ (g, arrow) structures most likely corre-
sponding to dilated RER cisternae (n cell nucleus). h Subapical and apical
zones of the SCO cells. Granules stored in the apical cell pole are LFA+
(white asterisk). i Detail of boxed area in k. Subapical and apical zones of
the SCO cells. LFA+ granules are missing (black asterisk). A thin LFA+
glycocalyx is seen (arrow). j Detail of boxed area in k. LFA+ RER
cisternae are absent. k Rostral (R) and caudal (C) thirds are formed by
secretory ependymocytes similar to those of non-affected E18 embryos
with regard to AFRU immunoreactivity and LFA binding. The middle
third (M) is formed by ependymal cells that are shorter, lack basal long
processes and do not react with AFRU. /nset Area similar to that showed
in rectangle i processed for LFA binding. 1 Under the electron micro-
scope, these cells do not display signs of secretory activity. Secretory
granules are absent. Bars 50 um (a), 15 um (b), 1.5 um(c), 2 um(d),
10 um(e, h, i), 14 um (f), 10 pm (g), 10 pm (j), 50 um (k), 10 pm (inseft),
4 um (1)

Pierce) as instructed by the manufacturer. Molecular
weight standards in the range of 10-250 kDa were used
(Bio-Rad, Hercules, Calif.,, USA). Control blots were
processed as above without the primary antibody.
Immunoblots were digitized (n=4 for each condition
analysed) and densitograms were obtained by using
UN-SCAN-IT software (Silk Scientific, Orem, Utah,
USA). Statistical analyses were performed by using
Prism software (GraphPad Software, San Diego, Calif.,
USA) with l-way analysis of variance (ANOVA) and
Tukey’s test.

Two-dimensional electrophoresis and immunoblotting

Isoelectric focusing (IEF) was carried out with a
PROTEAN IEF Cell electrophoresis system (Bio-Rad).
CSF samples from PN1, PN7 and PN30 rats were used
for analytical runs. Briefly, 50 pug protein, contained in
50 ul CSF, was mixed with a rehydration solution
containing 8 M urea, 2% CHAPS, 0.5% carrier
ampholytes (Bio Lyte 3-10 buffer; Bio-Rad), 18 mM
dithiothreitol (DTT) and a trace of bromophenol blue,
in a total volume of 300 pl and applied to immobilizing
pH gradient gels (ReadyStrip IPG Strips; 7 cm, 3-10
NL, Bio-Rad). After passive rehydration for 14 h at
20°C, IEF was performed as follows: linear 500 V for
30 min, rapid 1000 V for 1 h. For two-dimensional
(2D) gel electrophoresis, focused strip gels were

reduced by equilibrating for 30 min in equilibration
buffer containing 64.8 mM DTT and then alkylated by
equilibrating for 30 min in 135 mM iodoacetamide.
SDS-PAGE was performed according to the Laemmli
method until the bromophenol blue dye front reached
the bottom of the gel. After SDS-PAGE, gels were
silver-stained (Shevchenko et al. 1996) or transferred
to nitrocellulose membranes for immunoblotting as pre-
viously described. Silver-stain spots were digitized
(n=37 for each condition analysed) and densitograms
were obtained by using UN-SCAN-IT software (Silk
Scientific). Since the density of the group of spots
labelled as “spot 35” was consistently similar in CSF
samples from non-affected and hydrocephalic animals
(see below), this density was regarded as 100% to
evaluate the increase or decrease in the density of other
spots that showed variability. Statistical analyses were
performed by using Prism software (GraphPad Software)
with 1-way ANOVA and Tukey’s test.

In-gel digestion and nanoLC-ESI-MS/MS analyses

In-gel digestion Spots from 2D gels stained with silver
nitrate were excised and digested in-gel in an adapted manner
according to Shevchenko et al. (1996).

Mass spectrometric analysis Dried samples were dissolved
in 10 pl 2% acetonitrile (ACN)/0.1% trifluoroacetic acid
(TFA) and applied to an Ultimate 3000 Nano-HPLC
(Dionex, Germany). Each sample was first trapped on
a 1-mm PepMap-trapping column (Dionex, Germany)
for 10 min at 30 pl/min 2% ACN/0.1% TFA and
subsequently subjected to a 75-um ID, 5 cm PepMap
C18-column (Dionex, Germany). Peptide separation was
performed by an ACN-gradient at 300 nl/min under the
following conditions: 0—40 min: 2%-50% ACN, 0.1%
formic acid; 40-50 min: 50%-90% ACN, 0.1% formic
acid; 50-55 min: 90% ACN, 0.1% formic acid; 55—
70 min: 2% ACN, 0.1% formic acid. The separation
column outlet was online-coupled to a nano-spray inter-
face (Bruker, Germany) of an Esquire HCT ETDII-
Iontrap mass spectrometer (Bruker, Germany). Mass
spectra were acquired in positive mass spectrometric
(MS)-mode, tuned for tryptic peptides. MS/MS-precursor
selection was performed in an optimized automatic re-
gime, with preference for double- and triple-charged
ions. Every selected precursor was fragmented by
collision-induced dissociation (CID) and electron trans-
fer dissociation (ETD). MS/MS spectra were processed
by the Data Analysis and BioTools software from
Bruker, Germany. Combined CID/ETD-derived fragment
lists were analysed by the MASCOT algorithm on the
swissprot-database.
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<« Fig. 3 SCO of hydrocephalic HTx rat displays distinct abnormalities
at E18, before onset of hydrocephalus. The three regions of the SCO of
a non-affected (V) and an hydrocephalic HTx rat (Hy) are shown in
sagittal and frontal sections (pc posterior commissure, E ciliated
ependymal cells). Double-immunolabeling with rat AFRU (RAFRU;
red) and anti-caveolin 1 (green in a, e) or with AFRU (green) and anti-
[-tubulin IV (red in b, ¢, d, f, g, i). In the nHTx rat, secretory
ependymocytes of the rostral (R), middle (M) and caudal (C) regions
of the SCO are strongly reactive with AFRU and anti-caveolin 1 (a). In
the hydrocephalic HTx rat, SCO ependymocytes of the middle region
react with anti-caveolin 1 but not with AFRU (e). b—d Frontal sections
through the three regions shown in a, revealing the secretory
ependymocytes in the three regions. f—i Frontal sections through the
three regions shown in e. SCO-ependymocytes of the rostral (f) and
caudal (i) regions strongly react with AFRU. AFRU+ cells are absent
in the middle region (g, asterisk). h Section through the middle region
of the SCO visualized with Nomarski optics showing the absence of
SCO cells and marked stenosis of the Sylvian aqueduct (S4). Bars
80 um (a, e), 40 um (b, ¢, d, f, g, i)

Results

SCO-RF complex of non-affected and hydrocephalic HTx
fetuses before onset of hydrocephalus at E18

Non-affected HTx fetuses Staining with haematoxylin-eosin
and immunostaining with AFRU of the semi-series of sections
through the brain of nHTx HTx fetuses killed before onset of
hydrocephalus revealed that the pretectum was morphologi-
cally differentiated at E15 (Fig. 1a). Large bundles of axons
forming the posterior commissure and crossing the midline
had been formed by this time (Fig. 1¢c). At E15, the SCO first
displayed immunoreactivity with AFRU, an antibody specific
for the glycoproteins secreted by SCO cells. By E17 and E18,
the SCO of the nHTx fetuses was strongly reactive with
AFRU (Fig. le, g). Ependymocytes of the SCO displayed
the well-known zonation of the cytoplasm (Fig. 2a). The
subnuclear zone displayed large cisternae of rough endoplas-
mic reticulum (RER; Fig. 2¢) reacting with AFRU and bind-
ing the lectin ConA (Fig. 2f, g). The supranuclear zone of
ependymocytes contained the Golgi apparatus, numerous cis-
ternae of RER and immature AFRU-positive (AFRU+),
ConA+ secretory granules (Fig. 2a, b). The subapical zone
of SCO ependymocytes contained a few secretory granules
and microtubules that were strongly reactive with anti-3-
tubulin IV (Fig. 2b). In the apical zone, SCO ependymocytes
projected protrusions into the SA containing mature secretory
granules (Fig. 2d), which were strongly reactive with
AFRU (Fig. 2e) and the lectin LFA (Fig. 2h). All SCO
ependymocytes strongly reacted with anti-caveolin 1.

Hydrocephalic HTx fetuses As early as E15, the SCO of
affected fetuses displayed abnormalities. In the middle third of
the SCO, the cells had not differentiated into SCO
ependymocytes (Figs. 1b, d, 2a). In the middle third, bundles
of axons forming the posterior commissure were smaller and

more numerous and lay closer to the ependymal layer as
compared with the same region in the nHTx fetuses (compare
Fig. 1c, d). At E18, the abnormality of the SCO-RF complex of
hydrocephalic fetuses was evident (Fig. 1f, h). Immunostaining
with AFRU and nestin revealed secretory ependymocytes in the
rostral and caudal thirds of the SCO (Fig. 1h, j). The apical zone
of SCO ependymocytes in these regions strongly bound the
lectin LFA (Fig. 2k, inset). The cells lining the middle third of
the SCO did not react with AFRU and nestin (Figs. 1h, j, 3¢)
but strongly expressed caveolin 1 (Fig. 3¢). These cells neither
displayed the subnuclear large cisternac of RER (Fig. 2j) nor
secretory granules, as revealed by electron microscopy (Fig. 21)
and LFA binding (Fig. 2i). The abnormal phenotype of the SCO
of hyHTx rats was confirmed by serial frontal sections taken
through the whole length of the SCO and double-
immunostained with AFRU and anti-3-tubulin IV (compare
Fig. 3b—d/f+, respectively).

SCO-RF complex of non-affected and hydrocephalic HTx
rats after onset of hydrocephalus

By the end of the first postnatal week, non-affected rats
displayed a RF running along the whole length of the
central canal of the spinal cord, as revealed by double-
immunolabelling with AFRU/anti-3-tubulin IV (Fig. 4c¢, ¢, g)
and RAFRU/LFA binding (Fig. 4d). Along the central canal,
RF establish contact with cilia of the ependymal cells (Fig. 4f,
g). Hydrocephalic rats were devoid of RF as shown by
double-immunolabelling with AFRU and anti-3-tubulin IV
(Fig. 4h), Nomarski optics (Fig. 4i) and double-labelling with
RAFRU and the lectin LFA (Fig. 4j). At PN7, the aqueduct
was completely stenosed and the SCO was reduced to a small
patch of secretory cells oriented upwards in the dilated third
ventricle (Fig. 5a). Aggregated RF material could be seen in
the third ventricle close to the SCO (Fig Sa, arrows, blue
asterisk in large inset).

Stenosis of SA at the middle non-secretory third of SCO

All hydrocephalic rats from E19 to PN30 presented the middle
non-secretory third of the SCO lying close to the ventral wall of
the SA, resulting in marked stenosis (Figs. 4a, b, 5a).
Transmission electron microscopy of the stenosed region of
SA revealed a slender lumen, about 1 pm in width, to which
ependymal cells projected microvilli and cilia (data not shown).

Changes in the protein composition of CSF

SCO-proteins At PN7, the CM-CSF of non-affected rats
displayed AFRU+ bands of 200, 180, 164, 145, 120 and
63 kDa (Fig. 5c, d). In the LV-CSF from hydrocephalic PN7
rats, the 145- and 120-kDa bands were missing and two
additional AFRU+ bands of 450 kDa and 320 kDa were
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<« Fig. 4 In the hydrocephalic HTx rat, from E19 on, the Sylvius aque-
duct (SA) becomes progressively stenosed and only the rostral third of
the SCO remains differentiated and secretory. Postnatal hyHTx rats are
devoid of Reissner’s fibre. a, b In hydrocephalic E19 embryos, the
middle non-secretory third of the SCO is situated close to the ventral
wall of the SA (dotted red line in a). Only the rostral secretory third of
the SCO remains active (37 third ventricle, HC habenular commis-
sure). These secretory cells continue to project their basal processes
(asterisk) towards the leptomeningeal space, as revealed by nestin
immunostaining (inset in a). Shortly before birth (E21), the stenosis
of the SA is more extensive (broken red line in b) and the small
secretory SCO is oriented vertically overlooking the third ventricle
(red arrow in b). These cells project their basal processes (asterisk)
to the leptomeninges (arrow, inset in b). c—g By the end of the first
postnatal week, non-hydrocephalic HTx rats are endowed with a
Reissner’s fibre (RF) running along the central canal (cc) of the spinal
cord as shown by double-immunolabeling with AFRU (green) and (3-
IV-tubulin (red, in ¢, e, inset in e). Double-labelling with RAFRU
(green) and the lectin LFA (affinity sialic acid residues; red) shows
that the wall of the central canal is endowed with a thick layer of LFA-
binding material (d) and that RF reacts with both AFRU (d’) and LFA
(d”). Along the central canal, the RF establishes contact with the cilia
of the ependymal cells (f, g). In f, the section is visualized with AFRU
(green) and Nomarski optics by using the multichannel system Axio
Vis Rel (Zeiss). In g, the same section is visualized with AFRU (green)
and (3-IV-tubulin (red). The same bundles of cilia shown in f (arrow,
asterisk) are shown in g. h, i hyHTx rats are devoid of RF (asterisk) as
shown by double-immunolabelling with AFRU (green) and (-IV-tu-
bulin (red; h), Nomarski optics (i) and double-labelling with AFRU
(green) and the lectin LFA (red; j). Bars 140 um (a), 70 um (inset in
a), 180 um (b), 70 um (inset in b), 50 pwm (¢), 25 um (d), 3.5 pm (d’, d”),
15 um (e), 2.5 pm (inset in e), 10 pm (£, g), 10 pm (h, i), 15 um (j)

detected (Fig. 5c, d, blue asterisks). The last-mentioned bands
probably corresponded to RF material ectopically present in
the ventricle (Fig. 5a, inset, arrows and blue asterisk). The
density of the band of 200 kDa was significantly increased in
the CM-CSF of hydrocephalic animals as compared with that
of CM-CSF of non-affected rats and was significantly de-
creased in LV-CSF as compared with that of CM-CSF of
non-affected and hydrocephalic rats (Fig. 5e). The CM-CSF
collected from non-affected PN30 rats displayed AFRU reac-
tive bands of 200, 63, 50 and 25 kDa (Fig. 5b). This pattern
changed completely in the CM-CSF of hydrocephalic rats,
since only the 63-kDa band was present (Fig. 5b). A marked
difference in the pattern of AFRU immunoreactivity was also
seen when hydrocephalic LV-CSF was compared with the
non-affected and hydrocephalic CM-CSF. In the hydrocepha-
lic LV-CSF, the bands of 200 and 63 kDa were more promi-
nent and additional bands of 164, 120 and 50 kDa appeared
(Fig. 5b).

The CM-CSF from non-affected rats collected at PN7 has
additional AFRU+ compounds when compared with that
collected at PN30 (compare Fig. 5b, c¢). The AFRU+ band
pattern of CM-CSF of PN7 rats is similar to that of fetal CSF
(see Vio et al. 2008). The AFRU+ 120-kDa compound can
be regarded as a marker of the fetal SCO. This compound is
missing in the CSF of hydrocephalic PN7 rats (Fig. 5c, d).
On the other hand, the LV-CSF of PN30 hydrocephalic rats

has additional AFRU+ bands as compared with that of PN7
hydrocephalic rats (compare Fig. 5b, d).

CSF proteome analysis The proteome profile was studied
by using gel-based proteomics technology, in non-affected
and hydrocephalic CSF collected at PN1 and PN7. The non-
affected CSF was collected from the cisterna magna and the
hydrocephalic CSF was collected from the lateral ventricles
and cisterna magna. Non-affected and hydrocephalic CSF
samples were aligned to obtain pairs for 2D gel analysis
(Fig. 51, g). Most protein spots were expressed in both normal
and hydrocephalic samples but at different levels of expres-
sion, as shown by gel analysis (Figs. 5f, g, 6a) and densito-
metric analysis of spots (Fig. 6b, c). Most spots were present
in both types of CSF samples at apparently the same concen-
tration (Fig. 5f, g). However, spots 32, 33 and 37 were
significantly increased in hydrocephalic CSF, whereas spots
1 and 12 were only detected in non-affected CSF (Fig. 5f) and
spots 38, 39 and 40 were only detected in hydrocephalic CSF
(Fig. 5g). The three spots (group 37) of 14 kDa but with a
different isoelectric point reacted with anti-TTR, indicating
that they corresponded to isoforms of TTR (Fig. 6¢). This was
confirmed by nanoLC-ESI-MS/MS (Fig. 61). The latter meth-
od also revealed that spots 32 and 33 of about 40 kDa
corresponded to TTR, most likely representing polymeric
forms of the 14-kDa form (Fig. 6b). The three isoforms of
the 14-kDa TTR form (spot 37) and the polymeric forms
(spots 32 and 33) were significantly increased in the hydroce-
phalic LV-CSF as compared with the non-affected CM-CSF
(Fig. 6a—c). The 14-kDa form of TTR was also increased in
the CM-CSF of PN7 hydrocephalic rats as compared with the
CM-CSF of PN7 non-affected rats (Fig. 6d).

Discussion

The stenosis of the SA is a key event for the development of
fetal-onset hydrocephalus (Jones et al. 1987; Jones and
Bucknall 1988; Bruni et al. 1988a, 1988b). The mecha-
nism(s) responsible for this stenosis remains obscure.
Overholser et al. (1954) have postulated that the secretion
of the SCO prevents the closure of the SA and that
maldevelopment of the SCO leads to SA stenosis and hy-
drocephalus. This hypothesis has been supported by findings
obtained in animal models and human cases (Takeuchi and
Takeuchi 1986; Takeuchi et al. 1987; Pérez-Figares et al.
1998, 2001). The most direct evidence comes from the
induction of SA stenosis and hydrocephalus by the
immunoneutralization of the secretory proteins of the SCO
during the fetal and postnatal periods of Sprague Dawley rats
(Vio etal. 2000). The HTx rat is a genetic model of fetal-onset
hydrocephalus in which stenosis of the SA and dilation of the
lateral ventricles starts at E18 (Jones and Bucknall 1988;

@ Springer



718

Cell Tissue Res (2013) 352:707-725

|a AFRU PN7 Hy b HTx (PN 30)
| 630 _ MW !
e »450 — 1l
e 390 =
; *320 200 — _E
200 =%
64— -
3v HC” E 120 -
q z| 63 — p—— .
\#" I 50_
25—.-4
CM_ CM LV
N N Hy
o’ Flragy Sco CSF
ClvH d,w HTx(PN7) € HTx (PN 7)
y P CM CM LV
320-
/l** %gg_- |? —
Kk 200—’ h N H
. S|180— > T .
&[164— = & P —
CMN \ & 1a5— * ﬁ§ 200
% 29 150 =
[=}
*x oI
120— N2 100
Sa
58 50 j;l
oo ocowxw o ™ §Z
28 |ReX o © ‘ | o 2 CMN CMHy LVHy
CMN LV Hy
kpa T PN1 NCsF kDa| O PN 1 Hy CSF
2504
-_— 2 4 150-
150 A 12
100 g == 19 *§
o3 I
| ——— 7
| 50 - — 50-|
28 29, 32 25
374 30 = gy
37-]
34 33
25— 35@_4—35 25
20 20-]
15 - = S

85 10

[ =
oo

Pl 4 s

Fig. 5 Changes occur in the cerebrospinal fluid (CSF) proteins of hydroce-
phalic HTx rats. a Hydrocephalic rat at PN7 immunostained with AFRU. The
SCO is reduced to a small patch of secretory cells (red arrow). The cells of the
SCO have basal processes ending at the leptomeninges (small inset, asterisk).
Note the aggregated RF material (arrows in large inset, blue asterisk). Bars
200 pm (a), 20 pm (inset). b Immunoblotting analysis of the SCO and CSF
from non-affected (V) and hydrocephalic (#y) rats collected at PN30 by using
AFRU as the primary antibody (numbers molecular weight in kDa, blue
asterisks secretory compounds also found in CSF from hydrocephalic HTx
rats [see ¢]). CSF was collected from the cisterna magna (CM) in non-affected
and hydrocephalic animals and from the lateral ventricles (L)) in hydroce-
phalic animals. ¢ Densitometric linear scanning of the CSF immunoblots
shown in d. d Immunoblotting analysis with AFRU of non-affected CM-CSF
(CM N) and hydrocephalic LV-CSF (LV Hy) collected at PN7. In the

Somera and Jones 2004). Here, we provide new evidence that
the abnormal development of the SCO precedes the stenosis

@ Springer

hydrocephalic LV-CSF (d), note two compounds of 450 and 320 kDa (blue
asterisks) not present in the non-affected CSF but corresponding to RF
proteins (see blue asterisks in inset of a and in b, ¢) and two compounds that
are missing (black asterisks) compared with non-affected CSF (see red
asterisks in ¢). e The band of 200 kDa is significantly (**P<0.001) increased
in the CM-CSF of hydrocephalic animals as compared with their LV-CSF and
with the CM-CSF of non-affected rats; this band was significantly decreased
(*P<0.05) in LV-CSF of hydrocephalic rats as compared with the CM-CSF of
non-affected rats. Values are given as means + SEM. f, g CSF proteome
analysis. CSF from non-affected (N) and hydrocephalic (Hy) rats was
analysed by two-dimensional chromatography and silver-staining. Note the
spots present in the N CSF but missing in the Hy CSF (highlighted in blue),
spots present in Hy CSF but missing in the N CSF (highlighted in red) and
spots more optically dense in Hy CSF than in N CSF (highlighted in green)

of the SA and that an alteration in the secretion of SCO
glycoproteins can cause SA stenosis and hydrocephalus.
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Fig. 6 Transthyretin (TTR) concentration is raised in the CSF of
hydrocephalic HTx rats. CSF proteome analysis. a Comparative den-
sitometric analysis of spots 32 and 33 and of spots 37.1, 37.2 and 37.3
from CM-CSF of non-affected PN7 rats and LV-CSF of PN7 hydroce-
phalic rats. The density of spots 32, 33 and 37 (1-3) was significantly
increased in the hydrocephalic (Hy) CSF. b Quantitative densitometric
analysis of spots 32 and 33. Since the density of the group of spots
labelled “spot 35” was consistently similar in CSF samples from non-
affected and hydrocephalic animals (see Fig. 5f, g), this density was
regarded as 100% in order to evaluate increases or decreases of other
spots that showed variability. In Hy CSF, the density of spot 32 is
increased at PN1, PN7 and PN30. The density of spot 33 is increased at
PN7 (PN30 samples were not studied). *P<0.05; **P<0.01;

CHEHYTIAAL

LEPYSBYSTTA VVENPON

**%P<0.001. Values are given as means + SEM. LC-ESI-MS/MS
revealed that both spots corresponded to TTR. ¢ Densitometry of the
three isoforms of TTR (spots 37.1, 37.2, 37.3) in the CSF of non-
affected (V) and hydrocephalic (Hy) rats at PN7. *P<0.05. d Compar-
ative two-dimensional (2D) electrophoresis of CM-CSF collected from
non-affected (N) and hydrocephalic (Hy) rats at PN7. The three
isoforms of TTR are increased in Hy CSF. e One (/D)- and two
(2D)-dimensional electrophoresis and immunoblotting with anti-TTR
of Hy CSF. Anti-TTR reacts with a band of 14 kDa in 1D blots. This
band corresponds to the three spots (/, 2, 3) that have different
isoelectric points (p/) and that react with anti-TTR. f LC_ESI-MS/
MS analysis of spots 37 (1-3) reveals that the three proteins of
14 kDa correspond to isoforms of TTR
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<« Fig. 7 Summary of our findings in non-affected and hydrocephalic
HTx rats. a In the non-affected rat, the rostral end of the Sylvius
aqueduct (S4) is lined ventrolaterally by multiciliated ependyma (CE)
and dorsally by the subcommissural organ (SCO). The sialylated
glycoproteins secreted by the SCO into the aqueduct form Reissner’s
fibre (RF) and also remain soluble in the CSF (stars). These negatively
charged molecules and the RF proper contribute to keeping open this
slender region of the aqueduct (thick double-headed blued arrow)
allowing the flow of CSF (light blue circle) through the aqueduct
(red arrows). b In the non-affected rat, the whole SCO secretes
sialylated glycoproteins into the aqueduct forming a negatively
charged layer on the surface of (1) the SCO (LFA binding), (2) the
ventral wall of the aqueduct and (3) Reissner’s fibre (RF), keeping the
aqueduct open (green arrows) and allowing the flow of CSF. ¢ In the
hydrocephalic HTx rat, the middle third of the SCO does not secrete
negatively charged molecules, RF does not form, the aqueduct be-
comes stenosed and the CSF does not flow. d The abnormal middle
third of the SCO, lacking sialoglycoproteins, is the site at which
aqueduct stenosis starts. Aggregated RF material (f) is only seen
(displaced) in the third ventricle. e-g E18 embryo. Double-labelling
with RAFRU (red) and the lectin LFA (affinity for sialic acid residues;
green) shows that the surface of the subcommissural organ (SCO) and
aqueduct (S4) strongly binds LFA (sialic acid residues = negative
charges). Inset Detail of SA wall revealed only with the channel for
green fluorescence. Note the thick coat of sialic acid residues (arrow). f
Detail of boxed area in e with only the channel for red fluorescence
(RAFRU) revealing the secretory proteins stored in RER cisternae
(vellow arrow) and in apical secretory granules (white arrow). Note
the subapical region (asterisk). g Same area as in f but merging both
channels. Secretory proteins stored in RER do not bind LFA (red,
yellow arrow) but those stored in the post-Golgi secretory granules
do bind LFA (white arrow). h—j PN7 rat. Double-labelling with
RAFRU (green) and the lectin LFA (affinity for sialic acid residues;
red) shows that the periphery of Reissner’s fibre (RF) reacts more
strongly with RAFRU and binds more LFA (arrows) than the core of
the fibre. j Merged image. Yellow surface of RF (arrow) corresponds to
sialylated glycoproteins (asterisk apical processes of ependymal cells
contacting RF, E ependymal cells). Bars 100 pm (b, d), 30 pm (e),
15 um (inset in e), 7 um (f, g), 5 um (h—j)

Development of SCO is regulated by at least three different
set of genes

The present findings in the hydrocephalic HTx rat suggest
that the gene(s) mutated in the HTx is (are) involved in the
development of only a discrete region of the SCO.
Furthermore, in mutant mice such as the Msx1 strain
(Fernandez-Llebrez et al. 2004; Ramos et al. 2004), the
transgenic mice RFX4 v3 and the fyn knockout mice
(Blackshear et al. 2003; Baas et al. 2006; Rodriguez et al.
2007), only the rostral third of the SCO fully differentiates,
whereas the middle and caudal regions fail to develop into a
secretory structure. The neuroepithelium of the pretectal
region, a prosomere 1 derivative, differentiates into the
SCO. By analysing the expression of Pax3, Pax6 and Six3
in chicken and mouse (Ferran et al. 2008) and of cadherins
(Redies et al. 2000), three pretectal domains in the
anteroposterior axis have been distinguished and designated
as precommissural, juxtacommissural and commissural.
These three domains probably correspond to the three

regions (rostral, middle and caudal) described in the SCO
of the HTx rat (see above). A series of gain- or loss-of-
function experiments performed in transgenic mice have
helped to unfold the role played by various homeogenes
and regulatory factors in the development of the SCO,
including Pax6, Msx1, engrailed 1, Otx2, Dab2, RFX4 and
SOCS (Louvi and Wassef 2000; Estivill-Torrus et al. 2001;
Blackshear et al. 2003; Fernandez-Llebrez et al. 2004; Krebs
et al. 2004; Ramos et al. 2004; Zhang et al. 2007; Cheung et
al. 2008; Huh et al. 2009; Larsen et al. 2010). The altered
expression of these genes in the pretectal region leads to
the abnormal development of the SCO and fetal-onset
hydrocephalus. Taken as a whole, the evidence supports
the conclusion that the development of the rostral, middle
and caudal regions of the SCO is driven by three different
sets of genes. This implies that the normal SCO should be
composed of three different regions, supporting early stu-
dies that described a supracommissural, a precommissural
and a subcommissural portion in the rodent and primate
SCO (Palkovitts 1965; Hofer 1976). Although the genes
that are responsible for hydrocephalus in the HTx rat have
not yet been identified, a quantitative trait analysis has
shown that the loci associated with the hydrocephalus
phenotype exist on chromosomes 9, 10, 11 and 17 (Jones
et al. 2004). Gene arrays studies have found a relatively
low number of transcripts to be altered in this model, such
as kolecystokinin, nuclear factor 1, galectin-3, xanthine
dehydrogenase and tumor necrosis factor (Miller et al.
2006). No information is available on whether these altered
proteins are involved in the abnormal development of the
SCO of the hydrocephalic HTx rat. Thus, the genetic basis
of such a distinct malformation of the SCO of this rat strain
remains unsolved.

Hydrocephalic HTx rats lack RF

The polymerization of RF-glycoproteins is a complex
process that is poorly understood. Briefly, the released
proteins first aggregate into fibrils arranged as a film that
covers the surface of the SCO (pre-RF) and the floor of
the SA and then undergo a higher degree of aggregation
to form RF (Rodriguez et al. 1987). Since the hydroce-
phalic HTx rats lack RF, such a mechanism presumably
does not operate in this mutant. Why are these rats unable
to form a RF despite (1) their retention of a rostral portion
of the SCO that is actively secreting and (2) their
narrowed but open SA? The middle and caudal regions
of the SCO, which are absent in these rats during pre- and
postnatal life, are probably necessary for RF assembly. Do
these two regions of SCO secrete compounds different
from those secreted by the rostral region of the SCO?
The changes found in the AFRU+ proteins in the hydro-
cephalic CSF suggest a positive answer (see below).
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Abnormal development of the SCO triggers SA stenosis
and hydrocephalus

In the non-affected rat, differentiation of the SCO starts
at E12-E13 (Schoebitz et al. 1993); this process is altered
in the hydrocephalic HTx rat. In these rats, a distinct
malformation of the SCO is present as early as EI5
(present investigation). Since stenosis of the SA occurs
at E18 and dilation of the lateral ventricles starts at E19,
malformation of the SCO clearly precedes the onset of
hydrocephalus, supporting the findings by Somera and
Jones (2004).

SCO ependymocytes are highly differentiated cells with a
distinct zonation of the cytoplasm. The supranuclear region
contains flattened cisternae of RER and the Golgi apparatus,
the large subnuclear RER cisternae store the precursor forms
of the secretory proteins, the subapical zone contains bun-
dles of microtubules transporting the secretory granules and
the apical region contains mature secretory granules
(Rodriguez et al. 1992, 1998). The absence of this organi-
zation of the secretory pathway in the cells forming the
middle third of the SCO of the hydrocephalic HTx rat and
the lack of AFRU immunoreactivity of these cells indicate
that this region of the abnormal SCO is not secreting RF
proteins.

The absence of RF in the hydrocephalic HTx rat will
have at least two consequences. First, we hypothesize that
the sialylated glycoproteins secreted by the SCO provide a
large mass of negatively charged molecules that help to keep
the SA open (Fig. 7; see also Wagner et al. 2003). During
prenatal life, negative charges are provided by the CSF-
soluble sialylated glycoproteins secreted by the SCO
(Fig. 7e), whereas during postnatal life, these charges are
provided by the sialoglycoproteins forming RF (Fig. 7h—j).
In the hyHTx rat, the lack of secretions from the middle and
caudal regions of the SCO largely diminishes the negative
charges in the SA domain and this contributes to SA steno-
sis (Fig. 7). The absence of RF and consequently of the
negative charges of sialic acid, is a common feature among
the various animal models in which the abnormal develop-
ment of the SCO-RF complex leads to aqueductal stenosis
and fetal onset hydrocephalus (Rodriguez et al. 2007).
Furthermore, the absence of RF implies the loss of the bulk
of SCO-spondin, the major constitutive protein of RF that
displays 26 thrombospondin type I repeats with antiadhesive
properties (Gobron et al. 1996; Monnerie et al. 1998;
Meiniel 2001). Etus and Belce (2003) have reported a de-
crease of sialic acid content in periventricular areas of ma-
ture rats with hydrocephalus induced by the injection of
kaolin into the cisterna magna. This change in sialic acid
resulting from an induced hydrocephalus is certainly not
related to the physiopathology underlying the onset of
congenital hydrocephalus.
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A second consequence of the absence of RF in the
hydrocephalic HTx rat would be on the CSF hydrodynam-
ics. The fresh untreated bovine RF has a 97.3% water
content and is 50 pm in diameter (Rodriguez et al. 1984a).
Thus, in the living animal, RF occupies a large proportion of
the SA lumen. A single injection of anti-RF antibodies into
the CSF interrupts the formation of RF (Rodriguez et al.
1990) and leads to a reduction of the bulk flow of CSF
through the central canal of the spinal cord (Cifuentes et al.
1994). The absence of RF in the SA of the hydrocephalic
HTx rat might thus also interfere with the bulk flow of CSF
through the aqueduct (Fig. 7). This possibility is supported
by the following findings: (1) horseradish peroxidase, a 42-
kDa marker protein, when injected into a lateral ventricle of
a PN5 hydrocephalic HTx rat does not move through the
stenosed SA (own unpublished observation); (2)
immunoneutralization of the SCO-RF complex during the
fetal and postnatal periods in normal rats results in SA
stenosis and hydrocephalus (Vio et al. 2000). Thus, RF
appears as a key element for normal CSF flow through the
SA. This may help us to understand why the SCO-RF
complex, an ancient structure in evolution, is situated at
the “right” place, namely the entrance of the SA.

Changes in the proteome of CSF of hyHTx rats

The comparative analysis of the proteome of CSF collected
from non-affected rats and hydrocephalic littermates has
revealed that many proteins are present in both types of
CSF, whereas others are missing either in the normal CSF
or in the hydrocephalic CSF and yet others are present in
both types of CSF but at a higher concentration in the
hydrocephalic CSF. These differences can neither be
explained by abnormal clearance nor by a dilution factor
of the large CSF volume, since many proteins are present in
both types of CSFs at similar concentrations, whereas others
are increased or decreased in the hydrocephalic CSF.
Instead, abnormalities in the secretion of proteins that are
normally released into the CSF, such as those of the SCO
(SCO-spondin) and choroid plexus (TTR), might contribute
to the abnormal protein composition of the hydrocephalic
CSF. The present investigation has focused on these pro-
teins. Studies are in progress to identify the other proteins
whose presence in the CSF of the hydrocephalic HTx rat is
altered.

Abnormalities in SCO secretion The 200-kDa AFRU+ pro-
tein present in the CSF of nHTx rats has been regarded as a
processed form of SCO-spondin (Vio et al. 2008). The
presence of this protein in the hydrocephalic CSF and the
absence of RF indicate that the small portion of SCO
remaining in the hydrocephalic HTx rat secretes SCO-
spondin as a processed CSF-soluble protein. The
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significance of this protein in the non-hydrocephalic CSF
and hydrocephalic CSF remains to be investigated. Worth
considering is the finding that SCO-spondin promotes neu-
ronal growth and differentiation (Monnerie et al. 1998;
Meiniel 2001). The hydrocephalic CSF of the lateral ventri-
cles of PN7 rats contains AFRU+ proteins of 450 and
320 kDa. In the nHTx rat, these proteins are present in the
SCO proper but not in the RF or CSF (Vio et al. 2008) and
correspond to partially processed forms. This indicates that
the SCO of hyHTx rats releases immature forms of RF-
proteins into the CSF. At PN30, out of the four bands
consistently revealed by AFRU in the CSF of the cisterna
magna in nHTX rats, only one (63 kDa) is present in the CSF
collected from the cisterna magna of hyHTx rats. How did
the 63-kDa protein reach the cisterna magna? We hypothe-
size that the basal processes of the SCO ependymocytes of
HTx rats projecting towards the subarachnoid space (basal
route of secretion; Rodriguez et al. 1984b) could be the
pathway by which the 63-kDa protein reaches the cisternal
CSF. Furthermore, at PN30, the CSF of the lateral ventricle
of hyHTx rats contains more forms of AFRU+ compounds
and at a higher concentration than the CSF from cisterna
magna of nHTx, suggesting that these proteins are secreted
by the rostral end of the SCO and that they are not efficient-
ly cleared from the CSF of hyHTx rats. The findings indi-
cate that not only the absence of RF but also the lack of flow
through the SA of sialylated SCO secretory proteins and the
presence in the CSF of abnormal forms of SCO secretory
proteins contribute to SA stenosis.

TTR concentration in the CSF of non-affected and hydroce-
phalic HTx rats In the CSF of hyHTx rats, the TTR con-
centration is higher than in the CSF of nHTx rats. This
should be ascribed to a higher rate of secretion and not to
a reduced clearance, since the CSF concentration of other
proteins either decreases or does not change at all. What is
the source of the TTR present in the CFS of the hyHTx rats?
Under normal conditions, the main source of CSF-TTR is
the choroid plexus (Johanson et al. 2008). The choroid
plexus of the hyHTx rat probably secretes TTR into the
CSF at a higher rate in comparison with the nHTx rat. In
this context, factors that modulate TTR levels in the hydro-
cephalic CSF could be important to consider in hydroceph-
alus. The findings that RF-glycoproteins have specific
binding sites in the choroid plexus (Miranda et al. 2001)
and that the CSF concentration of these proteins is increased
in the hydrocephalic CSF, have to be kept in mind. The SCO
is also a source of CSF-TTR (Rodriguez et al. 2001;
Montecinos et al. 2005). However, the small group of
SCO secretory cells present in the hyHTx rat are probably
not responsible for the increased levels of TTR in the CSF.
Additionally, information has been obtained that, under
normal conditions, neurons can contribute to the CSF levels

of TTR (Li et al. 2011) and that such a contribution in-
creases substantially under certain pathological states, such
as A3 pathology (Buxbaum et al. 2008; Li and Buxbaum
2011). The possibility of a neuronal origin of the increased
levels of TTR in the CSF of the hyHTx rat, which also
displays brain pathology (Mashayekhi et al. 2002), must
also be considered.

TTR-committed functions in the CNS have not been
completely addressed. A growing number of reports shows
additional TTR roles other than the transport of T4 (Woeber
and Ingbar 1986) and retinol (Kanai et al. 1968), such as its
involvement in normal brain development (Schreiber 2002;
Richardson et al. 2007; Fleming et al. 2009). Furthemore,
evidence has been provided that TTR has beneficial effects
on neurodegenerative processes such Af3 and Tau-
associated pathology (Li and Buxbaum 2011). We speculate
that the increased production of TTR in the hyHTx rat is
involved in neuroprotection.

Concluding remarks

In the hydrocephalic HTx rats, a distinct malformation of
the SCO is present as early as E15. Since stenosis of the SA
occurs at E18 and dilation of the lateral ventricles starts at
E19, the malformation of the SCO clearly precedes the onset
of hydrocephalus. The abnormal development of the SCO
results in changes in the protein composition of CSF and the
absence of RF. Since the SCO is the source of a large mass
of sialylated glycoproteins that form RF and those that
remain CSF-soluble, we hypothesize that the absence of this
large mass of negatively charged molecules from the SA
domain results in SA stenosis, impairs the bulk flow of CSF
through the aqueduct and causes severe hydrocephalus. The
proteomic screening of CSF has revealed differences in the
CSF proteins of non-affected and hydrocephalic rats, in
particular with respect to SCO-secretory proteins and TTR.
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