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Abstract

The subcommissural organ (SCO) is an ancient and conserved brain gland secreting into cerebrospinal fluid (CSF) glycoproteins
that form the Reissner fiber (RF). The present investigation was designed to further investigate the dynamic of the biosynthetic
process of RF glycoproteins prior and after their release into the CSF, to identify the RF proteome and N-glycome and to clarify
the mechanism of assembly of RF glycoproteins. Various methodological approaches were used: biosynthetic labelling injecting
35S-cysteine and *H-galactose into the CSF, injection of antibodies against galectin-1 into the cerebrospinal fluid, light and
electron microscopical methods; isolated bovine RF was used for proteome analyses by mass spectrometry and glycome analysis
by xCGE-LIF. The biosynthetic labelling study further supported that a small pool of SCO-spondin molecules rapidly enter the
secretory pathways after its synthesis, while most of the SCO-spondin molecules are stored in the rough endoplasmic reticulum
for hours or days before entering the secretory pathway and being released to assemble into RF. The proteomic analysis of RF
revealed clusterin and galectin-1 as partners of SCO-spondin; the in vivo use of anti-galectin-1 showed that this lectin is essential
for the assembly of RF. Galectin-1 is not secreted by the SCO but evidence was obtained that it would be secreted by multiciliated
ependymal cells lying close to the SCO. Further, a surprising variety and complexity of glycan structures were identified in the
RF N-glycome that further expands the potential functions of RF to a level not previously envisaged. A model of the macromo-
lecular organization of Reissner fiber is proposed.
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Dedicated to three pioneers of subcommissural organ research, the late Introduction
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Dr. Hernan Herrera has passed away. He contributed substantially to the
biosynthetic labelling study.
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The subcommissural organ (SCO) is an ancient and conserved
brain gland present throughout the vertebrate phylum. It is
located at the roof of the third ventricle, at the entrance of
the aqueduct of Sylvius (SA). SCO cells continuously secrete
high molecular mass glycoproteins into the cerebrospinal fluid
(CSF) where at least some of them condense to form a fila-
mentous structure known as Reissner fiber (RF; Nicholls
1913; Sterba 1969; Rodriguez et al. 1992, 1998). RF is a
dynamic structure that continuously grows caudally by the
addition of newly released molecules to its cephalic end. It
extends through the SA, the fourth ventricle and the central
canal of the spinal cord to reach the massa caudalis located at
the end of the central canal. When arriving at the massa
caudalis, RF glycoproteins undergo a chemical modification,
disassembly and passage into neighboring vessels (Olsson
1955, 1958; Peruzzo et al. 1987; Rodriguez et al. 1998).
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Despite more than a century of research on the SCO-RF
complex, some relevant questions, such as the full molecular
composition of RF or the mechanism leading to the aggrega-
tion of its proteins, are yet unsolved. This information seems
essential when interpreting the potential role of the SCO-RF
complex in brain physiology, especially when increasing evi-
dence has shown that RF is indispensable to maintain the
patency and the normal flow of CSF through the SA
(Cifuentes et al. 1994; Ortloff et al. 2013; Vio et al. 2000).
Further, RF has the capacity to selectively bind and transport
away amines, thus contributing to the clearance of these com-
pounds from the CSF (Rodriguez and Caprile 2001; Caprile et
al. 2003; S Rodriguez et al. 1999b).

Antibodies against bovine RF glycoproteins specifically
recognize the secretory material present in the SCO of all
vertebrate species examined except anthropoid apes and hu-
man (Oksche et al. 1993; Rodriguez et al. 1984; Sterba et al.
1982) and in the floor plate (Rodriguez et al. 1996; Yulis et al.
1998). When used for immunoblot analyses of bovine SCO,
RF antibodies recognize precursor (540 and 320 kDa) and
processed (450 and 190 kDa) forms (Nualart et al. 1991;
Nualart and Hein 2001). A high conservation of the sugar
moieties has been also revealed using lectins. N-linked high-
mannose chains are associated with the precursor form of the
secretion located in the endoplasmic reticulum of SCO cells;
complex-type carbohydrates are associated with the mature
forms in RF (Herrera and Rodriguez 1990; Meiniel and
Meiniel 1985; Meiniel et al. 1988; Rodriguez et al. 1986,
1990). SCO-spondin has been identified as the major and
specific component of the SCO/RF complex in bovine
(Gobron et al. 1996, 2000; Nualart et al. 1998).

In chick embryos, there is a 4-day delay between the first
signs of secretory activity of the SCO ependymal cells and the
first appearance of a RF proper (Schobitz et al. 1986). In rats,
this delay is more pronounced, taking 5 postnatal days for the
appearance of polymerized secretory material (RF-like) within
the aqueduct and 12 days for the formation of the first RF
(Schobitz et al. 1993). Similar studies in bovine fetuses have
shown that visualization of the first RF is delayed by 17 days
with respect to the first signs of SCO secretory activity
(Meiniel et al. 1990). Thus, during embryonic development
of the chick, rat and bovine, the secretory material released by
the SCO cells remains soluble in the CSF. This led Schobitz et
al. (1986) to conclude that factors other than the ventricular
release of the SCO secretory material are required for the
formation of RF.

What are the mechanisms operating so that the CSF soluble
SCO secretion, SCO-spondin in particular, starts to become
densely packed into the CSF insoluble RF? Olsson (1958) and
Oksche (1961) postulated that the hydrodynamic of the CSF
flowing through the Sylvius aqueduct plays a role in the ag-
gregation of the proteins forming RF. This hypothesis is sup-
ported by the fact that hydrocephalic mice and rats do not form
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a RF (Irigoin et al. 1990; Ortloff et al. 2013; Wagner et al.
2003). However, the fact that SCO isografted into the rat lat-
eral ventricle does form a RF (S Rodriguez et al. 1999b) sup-
ports the view that a CSF compound participates in the assem-
bly of the proteins forming RF and that the rapid and turbulent
flow of the CSF entering the cerebral aqueduct does not play a
role, as suggested by some authors.

The present investigation was designed to (1) further inves-
tigate the dynamic of the biosynthetic process of RF glyco-
proteins prior and after their release into the CSF, (2) identify
the RF proteome and N-glycome and (3) clarify the mecha-
nism of assembly of RF glycoproteins.

The biosynthetic labelling study showed that most of the
SCO-spondin molecules are stored in RER for hours or days
before entering the secretory pathway and being released into
the CSF. The proteomic analysis of RF revealed clusterin and
galectin-1 (Gal-1) as partners of SCO-spondin; the in vivo use
of anti-galectin 1 showed that this lectin is essential for the
assembly of RF. Gal-1 is not secreted by the SCO but evidence
was obtained that it would be secreted by multiciliated
ependymal cells lying close to the SCO. Further, a surprising-
ly large variety and complexity of glycan structures was iden-
tified in the RF N-glycome; this further expands the potential
functions of RF to a level not previously envisaged.

Material and methods
Animals

Sprague-Dawley rats were handled and cared for according to
the principles approved by the National Research Council of
Chile (Conicyt) and following the regulations approved by the
council of the American Physiological Society. Rats were
maintained under a 12-h light/12-h dark cycle (light from
8:00 a.m. to 8:00 p.m.) and constant temperature (22 °C), with
water and food provided ad libitum.

Biosynthetic labelling and autoradiography

Sixty-four male Sprague-Dawley rats, about 2 months old,
were weighed and anesthetized by an intraperitoneal injection
of ketamine (60 mg/kg body weight) and Pacifor (1 mg/kg
body weight) and positioned on a stereotaxic apparatus. The
skin over the skull was incised and a small hole was made in
the skull above the target using a micro drill. A 27-gauge
cannula was inserted into the lateral ventricle; the stereotactic
coordinates were 1.0 mm rostral from the bregma, 1.0 mm
lateral from the sagittal suture and 4.0 mm ventral from the
dura for injection into the lateral ventricle. The implanted
cannula was connected through a polythene tube (0.4 mm
I.D.; 0.8 mm O.D.), to an infusion pump with a delivering rate
of 1 ul/min. The 64 experimental animals were divided into
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two groups, the former receiving 50 uCi of *3S-labeled cyste-
ine (Amersham Radiochemical Centre, specific activity
61.2 mCi/mmol) (n=32) and the later receiving 1.0 puCi of
D- [6- *H]galactose (Amersham Radiochemical Centre; spe-
cific activity 26 Ci/mmol) (n = 32). After perfusion, the needle
was left in place for 10 min prior to withdrawal. Animals were
sacrificed at different times after injection, 10, 20 and 30 min;
1,2 and 3 h; and 1 and 4 days. The central nervous system of
rats was fixed by vascular perfusion with Bouin fluid. Then,
the brains and the spinal cords were dissected out and im-
mersed in fresh fixative for 2 days. Embedding was in paraf-
fin. Serial sagittal or transverse sections (5 pum thick) were
obtained and used for immunocytochemistry (see above) or
autoradiography. The method for autoradiography has been
described in detail in previous publications (Ermisch 1973;
Attila and Talanti 1973; Sterba et al. 1967b). It involves the
application to the sections of a thin uniform layer of Ilford L-4
Nuclear liquid emulsion (Polysciences, Inc). Sections were
revealed after 4 weeks at —70 °C using Kodak developer D-
19b and F-5 as fixer. Adjacent 5-pum-thick sections were im-
munostained with the antiserum AFRU (see below).

Injection of antibodies against Gal-1
into the cerebrospinal fluid

Two female Sprague-Dawley rats, about 2 months old, were
weighed and anesthetized by an intraperitoneal injection of
ketamine (60 mg/kg body weight) and Paciform (1 mg/kg
body weight) and positioned on a stereotaxic apparatus.
Animals received 20 png of anti-galectin-1 rabbit polyclonal
antibody (Chemicon, Millipore) following the same procedure
that was used for >>S-cysteine. After perfusion, the needle was
left in place for 10 min prior to withdrawal. Animals were
sacrificed 3 h after injection. The central nervous system of
rats was fixed by vascular perfusion with Bouin fluid. Then,
the brains and the spinal cords were dissected out and im-
mersed in fresh fixative for 2 days. Embedding was in paraf-
fin. Serial sagittal or transverse sections (5 um thick) were
obtained and used for an incomplete immunostaining
procedure, omitting the incubation with anti-galectin (see be-
low). This procedure demonstrates exclusively the injected
antibody. Adjacent 5-pum-thick sections were immunostained
with the antiserum AFRU (see below).

Reissner fiber collection

Reissner fiber was obtained by perfusing the central canal of
the bovine spinal cord with artificial CSF (Wolf and Sterb
1972; Rodriguez et al. 1984a). Briefly, the spinal cord of each
cow was cut into segments of about 20 cm; they were held
vertically and a cannula connected to a perfusion pump was
inserted into the central canal to perfuse the RF. At the distal
end of the perfused segment, the 20 cm of RF were collected

as a small tangled ball. The perfused RF was fixed by immer-
sion in a triple aldehyde fixative mixture containing 4% para-
formaldehyde, 2% glutaraldehyde, and 2% acrolein and proc-
essed for transmission electron microscopy (see below), or
was fixed by immersion in 4% paraformaldehyde and proc-
essed for whole mount immunofluorescence with AFRU and
galectin-1 (see below). The RF glycoproteins were solubilized
in 50 mM ammonium bicarbonate as previously described
(Nualart et al. 1991) for biochemical analysis. For proteome
and glycome analysis, native non-fixed RF was used.

Immunoblot analyses

Samples (15 pl) of solubilized isolated native bovine Reissner
fiber (RF) were subjected to SDS-PAGE using a 5-15% poly-
acrylamide linear gradient. Proteins were transferred to nitro-
cellulose membranes (Towbin et al. 1979). To block nonspe-
cific binding, blots were saturated with 5% non-fat milk in
0.1 M PBS containing 0.15 mM NaCl and 0.1% Tween-20
(Sigma, Madrid, Spain), for 90 min. Anti-galectin-1 raised in
rabbits (Chemicon, Millipore) was used as primary antiserum,
at a 1:3500 dilution, for 2 h. Anti-rabbit IgG-HRP (Pierce,
Rockford, IL, USA) was used at 1:25,000 dilution, for 1.5 h.
Incubations were at room temperature and in darkness.
Immunoreactive polypeptides were detected by using an en-
hanced chemiluminescence (ECL) system (Super Signal,
Pierce, Rockford, IL, USA) as instructed by the manufacturer.
Molecular weight standards in the range of 10-250 kDa were
used (Bio-Rad, Hercules, CA, USA). Control blots were proc-
essed as above without the primary antibody.

Reissner fiber extracts and nanoLC-ESI-MS/MS
analyses

Isolated bovine Reissner fiber was solubilized in 8§ M
Guanidinium hydrochloride forced by sonication on ice for
1 h. Subsequently, the sample was diluted with the tenfold
volume of 50 mM NH4HCO;. Cystein residues of proteins
were reduced by addition of 1 mM dithiothreitol for 1 h and
further carbamidomethylated by adding 5 mM iodine-
acetamide for 1 h at room temperature. An aliquot of the
sample was subjected to deglycosylation by addition of
0.5 U PNGase F (Sigma) at 37 °C for 16 h. All samples were
subjected to limited proteolytic digestion by adding 0.5 pg
Trypsin gold (Promega) and incubation at 37 °C overnight.
After drying them down in a vacuum centrifuge, peptides
were re-dissolved in 5 pl 0.1% trifluoroacetic acid (TFA)
and purified on a 250-nl reversed-phase (C18, Poros R2)-
nanocolumn. Peptides were eluted in 7 pul 70% (v/v) acetoni-
trile (ACN) and subsequently dried in a vacuum centrifuge.
NanoLC-MS/MS analysis was performed on a hybrid dual-
pressure linear ion trap/orbitrap mass spectrometer (LTQ
Orbitrap Velos Pro, Thermo Scientific, San Jose, USA)
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equipped with an U3000 nano-flow HPLC (Thermo
Scientific, San Jose, CA) as described earlier (Kdhne et al.
2006). The procedure in brief: peptide samples were adjusted
to 10 pl 2% ACN/0.1% TFA and fractionated on a 75 um
(inner diameter), 25 cm PepMap C18-column, packed with
2 pum resin (Dionex, Thermo Scientific). Separation was
achieved through applying a gradient from 2 to 35% ACN
in 0.1% formic acid over 150 min at a flow rate of 300 nl/
min. An Orbitrap full MS scan was followed by up to 15 LTQ
MS/MS runs using collision-induced fragmentation (CID) of
the most abundantly detected peptide ions. Essential MS set-
tings were as follows: full MS (FTMS; resolution 60,000; m/z
range 400-2000); MS/MS (Linear Trap; minimum signal
threshold 500; isolation width 2 Da; dynamic exclusion time
setting 30 s; singly charged ions were excluded from selec-
tion). Normalized collision energy was set to 35% and activa-
tion time to 10 ms. Raw data processing, protein identification
and assignment of the Orbitrap data were performed by
PEAKS Studio 7.0 (Bioinformatics Solutions, Waterloo,
Canada). False discovery rate (FDR) was set to < 1%.

Characterization of Reissner fiber proteins
N-glycosylation

N-glycan structures of Reissner fiber were analyzed by
multiplexed capillary gel electrophoresis with laser-induced
fluorescence detection (XCGE-LIF), as previously described
(Hennig et al. 2016; Ruhaak et al. 2010) with some slight
modifications. In CGE, the sample separation takes place in
a gel-(organic polymer mixed with aqueous buffer)-filled cap-
illary, along an applied high electric field. The separation is
based on differences in the m/z-ratio and the shape of the
analyzed molecules. Highly charged molecules with a low
mass are migrating faster than those with lower charges and/
or higher masses. Additionally, the sieving effect of the gel
enhances and refines this separation by the molecular shape
(hydrodynamic cross-section) of the analytes. Analytes with a
small hydrodynamic cross-section are migrating faster than
those with a bigger one.

For xCGE-LIF analysis, N-glycans were released from
Reissner fiber extract by PNGase F (P7367, Sigma-Aldrich)
treatment for 16 h at 37 °C. To make N-glycans detectable by
LIF, the released N-glycans were labeled with the fluorescent
dye 8-aminopyrene-1,3,6-trisulfonic acid (APTS, Sigma-
Aldrich). Excess of label, salt and other impurities was re-
moved by a post-labelling sample clean-up using
glyXbeads™ (glyXera GmbH, Magdeburg, Germany). The
purified APTS labeled N-glycans were analyzed by xCGE-
LIF. The data evaluation was performed using glycoanalysis
software (glyXtool™ v5.3.1) and database (glyXbase™)
from glyXera. Doing so, the recorded N-glycan electrophe-
rograms were normalized to an internal standard, resulting in
a so-called “N-glycan fingerprint” with highly reproducible
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standardized migration time units (MTU). Subsequently,
using glyXtool™ and glyXbase™, a structural assignment
of the N-glycan peaks was performed. To confirm these as-
signments, a comprehensive exoglycosidase treatment was
conducted, using the enzymes «(2-3) sialidase (GK80020,
Prozyme), «(2-3,6,8) sialidase (GK80040, Prozyme), o(1—
2) fucosidase (P0724S, New England Biolabs), o(1-3,4)
fucosidase (E-F134, QABio), «(1-2,3,4,6) fucosidase
(GKX-5006, Prozyme), 3(1-3) galactosidase (P0726S,
New England Biolabs), (1-4) galactosidase (P0745S,
New England Biolabs), f(1-2,3,4,6)-N-
acetylglucosaminidase (P0744S, New England Biolabs) and
«(1-2,3,6) mannosidase (GKX-5010, Prozyme). All
exoglycosidase digests were carried out at 37 °C and at the
reaction conditions recommended by the respective enzyme
supplier. Each exoglycosidase enzyme was carefully tested
for activity, specificity and possible side activities (data not
shown). As a final step, the symbolic representation of N-
glycans (assigned by glyXbase™ and confirmed by
exoglycosidase sequencing) were depicted on each N-glycan
peak of the N-glycan fingerprint. The symbolic representa-
tions were drawn with GlycoWorkbench (Ceroni et al. 2008),
according to the guideline of the Consortium for Functional
Glycomics (Varki et al. 2009).

Light microscopy tissue processing

The subcommissural organs and spinal cord from adult cows
were fixed by immersion with Bouin fixative. Embedding was
in paraffin. Samples were cut serially at a thickness of 5 um.
Sections were used for immunohistochemistry and immuno-
fluorescence (see below).

Pseudoisocyanine staining

Sections of the adult rat subcommissural organ were studied
with N-N" diethyl pseudoisocyanine chlorhydrate (PIC) stain
for the detection of disulfide bonds (Sterba 1964, 1966). A
metachromatic stain, tinted red in the monomer state, purplish
red as a polymer, PIC present a yellow fluorescence.
Following methylation and oxidation, sections were mounted
in a glycerol mixture containing para-phenylenediamine
(PPD), in order to intensify and extend fluorescence and were
studied under an epifluorescence microscope.
Pseudoisocyanine sulfatide-micelles have a maximum absorp-
tion at 583 nm (maximum absorption of the monomeric dye is
at 530 nm).

Immunohistochemistry
Sections from the subcommissural organs and spinal cord

from adult cows were processed for immunohistochemistry
as described by Sternberger et al. (1970) or the streptavidin-
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biotin method (Vectastain kit, VECTOR, SERVA, Heidelberg,
Germany), with diaminobenzidine as electron donor. The fol-
lowing primary antibodies were used: (1) AFRU (antisera
raised in rabbits against isolated bovine fiber of Reissner
dissolved in a medium containing urea; Rodriguez et al.
1984a) was used at a dilution of 1:1000; (2) RAFRU (same
as AFRU but raised in rats) antibody was raised in rats against
the constitutive glycoproteins of the bovine RF and specifical-
ly reacts with the high molecular weight glycoproteins secret-
ed by the SCO into the CSF. RAFRU was used at a dilution of
1:500; (3) anti-caveolin-1 (Santa Cruz Biotechnology) was
used at a dilution 1:100; (4) anti-Gal-1 was used at a dilution
of 1:500. Antibodies were diluted in a buffer containing 0.1 M
Tris buffer, pH 7.8, 0.7% non-gelling seaweed gelatine lamb-
da carrageenan and 0.5% Triton X 100 (Sigma, St. Louis, MO,
USA). Incubation was carried out for 18 h at room tempera-
ture. Omission of the primary antibody during incubation pro-
vided the control for the immunoreaction.

Whole mount immunofluorescence

To stain whole mount, RF was washed with phosphate-
buffered saline (PBS) and incubated at room temperature with
AFRU (1:1000) or anti-galectin 1 (1:500) antibodies (raised in
rabbits) for 48 h. After being washed in PBS, appropriate
secondary antibodies conjugated with Alexa Fluor 594
(1:500; Invitrogen, Carlsbad, CA) were used. Omission of
the primary antibody during incubation provided the control
for the immunoreactions. Immunostained RF was studied un-
der an epifluorescence microscope using the multidimensional
acquisition software AxioVision Rel (version 4.6) of Zeiss
(Aalen, Germany).

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: (1) AFRU (dilution 1:1000)/anti-{3-tubulin IV
(monoclonal antibody, dilution 1:100; AbCam,UK); (2) anti-
S100f (rabbit polyclonal antibody, dilution 1:100, AbCam)/
RAFRU (dilution 1:500). After being washed in Tris buffer,
pH 7.8, sections were incubated with appropriate secondary
antibodies conjugated with Alexa Fluor 488 or 594 (1:500;
Invitrogen, Carlsbad, CA). Antibodies were diluted in a buffer
containing 0.1 mol/L Tris buffer, pH 7.8, 0.7% non-gelling
seaweed gelatin, lambda carrageenan and 0.5% Triton X-
100 (Sigma). Omission of the primary antibody during incu-
bation provided the control for the immunoreactions. Slides
were studied under an epifluorescence microscope using the
multidimensional acquisition software AxioVision Rel

(version 4.6) of Zeiss (Aalen, Germany) or by confocal mi-
croscopy (Zeiss LSM700) with the acquisition software Zen
2012.

Transmission electron microscopy tissue processing

The bovine perfused RF and the brain tissue from rats were
prepared as for light microscopy (see above) except that a
triple aldehyde fixative mixture containing 4% paraformalde-
hyde, 2% glutaraldehyde and 2% acrolein in 0.2 M phosphate
buffer, pH 7.4, was used (Rodriguez 1969). 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 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. The
bovine perfused RF and blocks of tissue containing the SCO
and rostral third of the SA were obtained and fixed in 1%
0s0O4 in 0.1 M phosphate buffer, pH 7.4, for 2 h at 4 °C.
Embedding was in Epon. Sections were contrasted with lead
citrate and uranyl acetate and analyzed under a Hitachi H-700
electron microscope.

Transmission electron microscopy
immunocytochemistry

The SCO of rats was fixed by vascular perfusion with a mix-
ture containing 2% paraformaldehyde, 0.5% glutaraldehyde
and 15% saturated picric acid solution in 0.1 M phosphate
buffer, pH 6.0. The blocks of tissue containing the SCO were
postfixed with 0.25% OsS4. Embedding was in butyl-methyl
methacrylate (Rodriguez et al. 1984b). Ultrathin sections
mounted on nickel grids were processed for the
immunoperoxidase-silver methenamine method (Rodriguez
et al. 1984b). AFRU was used as primary antibody, at a dilu-
tion of 1:2000 for 1 h.

Results

The cells of the SCO show a clear zonation,

with the different compartments of the secretory
pathways localized in discrete regions

of the cytoplasm

The SCO ependymocytes are tall cylindrical cells, about 80 to
100 pum high. The use of (i) a fluorescence dye,
pseudoisocyanin, specific for disulphide bonds (Fig. 1¢), (ii)
immunofluorescence using antibodies specific for Reissner
fiber glycoproteins (AFRU, anti-RF proteins generated in rab-
bits; RAFRU, anti-RF proteins generated in rats) and other
cell components (Fig. la, b), (iii) transmission electron mi-
croscopy (Fig. 11, g) and ultrastructural immunocytochemistry
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<« Fig. 1 The subcommissural organ (SCO)-Reissner Fiber complex of the
rat. a Double labelling with AFRU (red) and anti-caveolin 1 (green). The
ependymal cells of the SCO are bipolar, with an apical pole contacting the
ventricular CSF and a basal process projecting to local capillaries and to
the subarachnoid space. Secretory ependymocytes of the SCO present a
clear zonation: 1) subnuclear region, 2) supranuclear and intermediate
regions, 3) subapical region, 4) apical cell pole, 5) pre-RF and, 6) RF
proper. (PC, posterior commissure). b Double-immunolabeling with
AFRU (green) and anti-BIV-tubulin (red) shows the subapical zone (3)
devoid of AFRU+ material and containing microtubules (red). The two
rectangles frame areas similar to those shown in f and g. ¢
Pseudoisocyanin staining showing the zonation of ependymal cells of
the SCO. The secretory material upon release condenses, first as a film
on the surface of the organ (pre-RF) (5) and, after further packaging, into
Reissner fiber (6). d Ultrastructure of the subnuclear zone containing a
large rough endoplasmic reticulum (RER) cistern filled with a
filamentous material.; NV cell nucleus. e The secretory material stored in
the RER cisternae reacts with AFRU (black star). f Ultrastructure of the
supranuclear cytoplasm (zone 2; see upper rectangle in b) containing the
Golgi apparatus (G) and numerous dilated small RER cisternae (c). MB
multivesicular body. g Ultrastructure of the subapical cytoplasm (zone 3;
see lower rectangle in b) containing a few RER cisternae (c), smooth
endoplasmic reticulum (arrowhead), mitochondria (m) and numerous
microtubules (arrows). GJ gap junction, AJ adherent junction. h
Secretory granules (sg) packed in the apical cell pole and pre-RF react
with AFRU. c cilia. i, j Adjacent sections through the subcommissural
organ (SCO) immunostained using AFRU (i) and processed for
radioautography 3 h after **S-cysteine administration into the CSF (j).
PC posterior commissure, CP choroid plexus, dp deep pineal. Bars: a
20 pm; b 10 um; ¢ 15 pm; d 1 pum; e 0.8 pm; f, g 400 nm; i, j 40 pm

(Fig. le, h) allowed to distinguish six compartments of the
secretory pathway. For descriptive purpose, they have been
labeled with numbers 1 to 6:

* Compartment 1. Large, dilated cisternae of the rough en-
doplasmic reticulum (RER), ranging from 3 to 6 um in
diameter, were localized in the basal cell pole, close to the
cell nucleus. They were filled with a filamentous material
(Fig. 1d) that strongly reacts with AFRU and RAFRU
(Fig. la—e), and with pseudoisocyanin (Fig. 1c).

*  Compartment 2. The cytoplasm extending from the cell
nucleus to the apical cell membrane is about 70 pm high.
The basal two thirds of this column were occupied by
numerous RER cisternae, 0.5 to 1 wm in diameter and
by the Golgi apparatus, located in the axis of the column
(Fig. 1f). At the light microscopic level, this compartment
was strongly reactive with AFRU and RAFRU (Fig. 1a, b)
and pseudoisocyanin (Fig. 1c).

* Compartment 3. The subapical region contained numer-
ous microtubules, mitochondria and smooth endoplasmic
reticulum and few or none secretory granules (Fig. 1g).
This compartment did not react with AFRU or RAFRU, or
pseudoisocyanin (Figs. la—c) but it did react with
anti-3IV-tubulin (Fig. 1b).

* Compartment 4. Secretory granules located at the apical
cell pole strongly reacted with AFRU and RAFRU
(Fig. 1a-h) and pseudoisocyanin (Fig. 1c).

* Compartments 5 and 6. Upon release, the AFRU+,
pseudoisocyanin+ secretory material first aggregated into
fibrils that formed a mesh on the surface of the SCO (pre-
RF, 5) and, after further packaging, formed Reissner fiber
(6) (Fig. 1a-h). Such an aggregation allowed to visualize
in tissue sections the secreted proteins.

Biosynthetic labelling reveals unique features
of the secretory process in the SCO ependymal cells

The distinct subcellular distribution of the different domains
of the secretory pathway allowed to follow the radiolabelled
proteins and sugars by using light microscopy radioautogra-
phy. SCO-spondin, a complex-type, N-linked glycoprotein, is
the main secretory protein of the SCO forming RF. AFRU
selectively reacted with SCO-spondin becoming a good mark-
er of the ependymal and hypendymal secretory cells of the
SCO (see below). The biosynthesis of SCO-spondin was
tracked by using *S-cysteine to label the protein and *H-ga-
lactose to label the sugar moiety. Both radioactive compounds
were administered into the ventricular CSF of adult rats and
the brain was processed at different time intervals after the
injection. The combined use in adjacent sections of radioau-
tography and immunocytochemistry for RF glycoproteins
allowed to establish the co-existence within the same domains
of the secretory pathway of the immunoreactive secretory ma-
terial and both labels. The progressive appearance and disap-
pearance of both labels along the secretory pathway and their
presence in pre-RF and RF, indicated that both radioactive
compounds had been incorporated into the newly synthetized
secretory glycoproteins.

335-cysteine labelling Twenty minutes after its injection into
the CSF, **S-cysteine was detected in compartments 2 and 4
but was not yet present in the secreted material (Fig. 2a, b).
One hour postinjection, hypendymal cells and compartments
2 and 4 of the ependymal cells were strongly labeled; some
label was found in pre-RF (Fig. 2c¢). Two and 3 h post-
administration of the radiolabel, all six compartments of the
secretory pathway of the ependymocytes, as well the
hypendymal cells, were strongly labeled (Fig. 2d, e). One
and 2 days after the **S-cysteine injection, the secretory path-
way, pre-RF and RF in particular, continued to be strongly
radioactive (Fig. 2f). Hypendymal cells were weakly labeled.
At the fourth day, hypendymal cells were not labeled, the
ependymal cells of the SCO had little label but the RF running
along the Sylvius aqueduct and fourth ventricle was distinctly
labeled (Fig. 2g—j).

*H-galactose labelling Hypendymal cells and compartments 2
and 4 of the ependymal cells were labeled 1 h after the
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<« Fig. 2 Biosynthetic labelling of the secretory pathway of SCO-
compounds using >*S-cysteine and *H-galactose. a, b Adjacent sections
through the subcommissural organ processed for radioautography 20 min
after >° S-cysteine administration into the CSF (a) and immunostained
using AFRU (b). AFRU reacts with the RF proteins present in all
compartments of the secretory pathways of ependymocytes (£, /-5)
and hypendymal cells (Hy) while labeled cysteine is seen only in
compartments 2 and 4 of ependymocytes; the AFRU+ pre-RF (5 in b)
is not yet radiolabelled (asterisk in a). ¢ Radioautography 1 h after >3S-
cysteine administration into the CSF. Zones 2 and 4 of the SCO
ependyma (£) and hypendymal cells (Hy) are labeled. d, e Adjacent
sections through the subcommissural organ immunostained using
AFRU (d) and processed for radioautography 3 h after *>S-cysteine
administration into the CSF (e). All compartments of the secretory
pathway, including pre-RF (5), are labeled. f Radioautography 2 days
after *°S-cysteine administration into the CSF. The hypendymal cells
(Hy), the ependymocytes and the released material forming pre-RR and
Riessner fibrils (Rf) are all strongly labeled. g, h Adjacent sections
through the subcommissural organ processed for radioautography
4 days after >°S-cysteine administration into the CSF (g) and
immunostained using AFRU (h). The ependymocytes and Reissner
fiber (RF) display a weak labelling. i Four days after >>S-cysteine
administration into the CSF Reissner fiber (RF) present in the fourth
ventricle (4° v) is radiolabelled throughout. j Reissner fiber
immunostained with AFRU (arrow). k—n Frontal sections through the
subcommissural organ at different time intervals after the administration
of *H-galactose into the CSF. 1 h after the injection (k) compartments 2
and 4 of ependymocytes (2, 4) and hypendymal cells (/) are labeled; 3 h
postinjections (1), the apical cell pole (4) and released material (5) are
strongly radioactive; 6 h after the injection (m), compartment 2 (2) is
devoid of label while compartments 4 and 5 (4, 5) are strongly labeled.
One day after *H-galactose administration (n), the SCO is completely
depleted of radioactive material. Bars: a, b 40 um; ¢, f, k, 1, m 40 um;
e 20 pm; g, h 20 pm; i, j 10 pm; n 67 um

administration of *H-galactose (Fig. 2k). Three hours after the
injection, compartments 2, 4 and 5 and the hypendymal cells,
were strongly labeled (Fig. 21). At the sixth postinjection hour,
compartment 2 was depleted while compartments 4 and 5
continued to be strongly radioactive (Fig. 2m). One day after
the injection of *H-galactose, the SCO was completely devoid
of label (Fig. 2n).

The wall of the blood vessels present in the sections
through the epithalamus was not labeled by 358-cysteine in
any of the postinjection intervals (Fig. 11, 2c—f). At variance,
the wall of the blood vessels was strongly labeled by *H-ga-
lactose (Fig. 2k—m).

Reissner fiber glycoproteins have a complex pattern
of N-linked glycans

The glycoproteins extracted from Reissner fiber extract
(SCO-spondin, clusterin) (Fig. 3c) showed an enormous
variety of different N-glycan structures; from simple
neutral diantennary N-glycans, to highly complex
tetraantennary N-glycans containing bisecting N-
acetylglucosamin (GIcNAc), up to three sulfations and/
or several sialic acids of the Neu5Ge or NeuSAc type

(Fig. 3a-b’, b”). This makes the Reissner fiber N-gly-
cosylation one of the most complex in nature.

Galectin 1 (Gal-1) was identified as a new interaction
partner of the Reissner fiber glycoproteins (SCO-
spondin) (see below). It is known that Gal-1 strongly
binds to terminal galactose residues, as well as to
«(2-3) linked sialic acids and o(1-2) linked antenna
fucose (fucosylated N-acetyllactosamine). In contrast,
Gal-1 does not bind to terminal «(2—6) linked sialic
acids or «(1-3) linked antenna fucose (Camby et al.
2006; Stowell et al. 2006). To identify possible binding
partners for Gal-1 at the Reissner fiber glycoproteins, a
comprehensive exoglycosidase sequencing of the N-gly-
cans was performed. By comparing the x(2-3) sialidase
digest to the o(2-3,6,8) sialidase digest, the vast major-
ity of sialic acids could be identified as «(2-3) linked
(Fig. 3a, b”). With «(1-2) fucosidase and «(1-3,4)
fucosidase treatment of the desialiylated N-glycans, the
absence of a(1-2) and «(1-3,4) linked antenna fucose
was proven (data not shown). The (3(1-3) galactosidase
and [(1-4) galactosidase treatment confirmed a minor
presence of terminal galactoses (data not shown).

The proteomic analysis of Reissner fiber reveals
the presence of proteins not previously recorded

In addition to SCO-spondin, the following proteins were iden-
tified (Table 1):

*  Gal-1. With 95% of the peptides covered, the presence of
Gal-1 in RF may be considered validated. This was con-
firmed by the identification of Gal-1 in immunoblot of RF
extracts (Fig. 3d) and by the in vitro and in vivo effects on
RF of an antibody against Gal-1 (see below). Gal-1 was
not detected in the bovine and rat SCO neither by immu-
nocytochemistry or immunoblot.

*  Clusterin. Clusterin is a 70- to 80-kDa N-glycosylated
protein. A higher amount of peptides and higher sequence
coverage was detected after deglycosylation of RF, indi-
cating that clusterin represents a constituent of RF rather
than a protein randomly attached to the fiber.

* S1008. The presence of S1003 protein in RF extracts
detected by mass high-resolution tandem mass spectrom-
etry was confirmed by immunocytochemistry of RF and
SCO (see below).

*  Calmodulin. The high level of peptide coverage indicates
that this Ca + binding protein is a component of RF.
Confirmation by immunoblotting and immunocytochem-
istry using anti-calmodulin was not performed.

»  Other proteins. The spectrometric analysis indicated the
probable presence in RF of creatine kinase B-type, tubulin
beta and tubulin alpha.
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«Fig. 3 xCGE-LIF derived fingerprints of the Reissner Fiber N-
glycosylation pattern. Signal intensity (in relative fluorescence units
(RFU)) of APTS labeled N-glycans is plotted over their normalized
migration time units [MTU”]. a Fingerprint of Reissner fiber derived N-
glycans without enzymatic exoglycosidase treatment. b Fingerprint of
Reissner fiber derived N-glycans after o(2-3) sialidase treatment. The
major N-glycan structures were annotated via migration time matching
with glyXbase™ and confirmed by a series of exoglycosidase digests (see
the “Method” section). For the sake of simplification, N-glycan structures
were only annotated in figure b. Each annotated N-glycan structure has
several sialic acid residues, which create the enormous complexity of the
Reissner fiber N-glycosylation shown in figure a. b> Conventional sugar
symbols. b” N-glycan structure of peak 2 shown in b, before and after
neuraminidase treatment. FA4G4(4)Su3S4(2,3) indicates one fucose (F)
attached to a four antennary N-glycan core (A4) with four galactose (G4),
three sulfate (Su3) and four sialic acid (S4) residues; (4) indicates
galactose linked to N-acetylglucosamine in 3 1-4 position; (2, 3)
indicates sialic acid linked to galactose in «-2—3 position. ¢ Freshly
collected bovine Reissner fiber was immunostained in block using
AFRU. d Immunoblot of RF extract using anti-galectin 1 shows an
immunoreactive band of 14 kDa. Bars: ¢ 150 pm

Macromolecular organization of Reissner fiber

In the bovine SCO, there were three populations of
ependymocytes, most cells were AFRU+, S100B-, while
small populations were either AFRU—, S100B+ or AFRU+
and S100B+ (Fig. 4a-b’). The AFRU+ Reissner fiber was
surrounded by S100B+, AFRU— patches arranged as a beaded
ring (Fig. 4c¢, d, inset).

RF proper is formed by the assembly of bundles of fila-
ments. In fresh, hydrated RF, these filaments were about 2 to
5 um thick (Fig. 4f~g’). Under in vitro conditions, the fresh
RF may spontaneously disassemble with its filaments becom-
ing readily visible (Fig. 4f); an optic dense structure linking
transversally the unpacked filaments was observed (Fig. 4f).
In tissue sections of dehydrated/embedded RF, the AFRU+
filaments forming RF ranged from 0.5 to 2 um in thickness
and were unevenly distributed throughout the fiber (Fig. 4e).

Transmission electron microscopy of cross-sections of bovine
RF revealed that the fiber is essentially formed by microfilament
10-15 nm thick, running longitudinally along the fiber. In the
core of RF, such microfilaments are more densely packed than in
the cortex (Fig. 5a, b). This spatial organization agrees with the
observation that in cross-sections of RF processed for immuno-
cytochemistry, a peripheral ring is more reactive with anti-RF
antibodies than the core (Fig. Sa, inset). In sagittal sections of
REF, the microfilaments displayed a wavy profile and were packed
into bundles, 0.2 to 1 um thick, running longitudinally. The
bundles were linked by horizontally oriented short 7-nm-thick
filaments that formed a honeycomb-like structure (Fig. Sc, d).
These bundles most likely corresponded to the filaments seen
under phase contrast microscopy and by immunofluorescence
(see above).

Microvesicles, 100—150 nm in diameter, were present at the
border between the core and the cortex of RF (Fig. 5b); some

Table 1 Reissner fiber protein composition resolved by high-resolution tandem mass spectrometry

Description Accesion -101gp Peptides Coverage (%) PNGase
SCO-spondin P98167 458.98 499 61 -
OS=Bos taurus GN=SSPO PE=2 SV =2 SSPO_BOVIN 521.86 676 72 +
Galectin-1 P11116 251.53 35 95 -
OS=Bos taurus GN=LGALS1 PE=1 SV =2 LEG1_BOVIN 264.98 29 95 +
Creatine kinase B-type QS5SEA61 268.79 33 82 -
OS=Bos taurus GN=CKB PE=1 SV =1 KCRB_BOVIN 295.25 33 86 +
Tubulin beta-2B chain Q6B856 279.02 43 82 -
OS=Bos taurus GN=TUBB2B PE=1 SV =2 TBB2B_BOVIN 291.13 35 82 +
Tubulin alpha-1B chain P81947 257.56 31 70 -
OS=Bos taurus PE=1 SV =2 TBAIB 281.54 28 73 +

BOVIN

Protein S100-B P02638 204.74 19 61 -
OS=Bos taurus GN=S100B PE=1 SV =2 S100B_BOVIN 216.29 16 65 +
Protein S100-A1 P02638 165.62 6 49 -
OS=Bos taurus GN =S100A1 PE=1 SV =2 S100B_ BOVIN 184.56 7 49 +
Calmodulin P62157 196.32 15 83 -
OS=Bos taurus GN=CALM PE=1 SV =2 CALM BOVIN 217.95 19 99 +
Clusterin P17697 214.74 15 41 -
OS=Bos taurus GN=CLU PE=1 SV =1 CLUS _BOVIN 247.59 20 62 +

Isolated bovine Reissner fiber was solubilized in guanidinium hydrochloride and divided into two aliquots. One aliquot was treated with PNGase F to
remove the N-glycans prior to tryptic digestion and mass spectrometric analysis
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<« Fig. 4 The bovine SCO secretes the S100f3 factor. a Sagittal section of
the bovine SCO. Double immunofluorescence with RAFRU (red) and
S100f3 (green) showing the ependymal (£) and hypendymal cells (/). b,
b’ Detailed magnification of area framed in a, using the channel for S-100
(b) or both channels (b”). Three populations of SCO cells can be
distinguished: 1. RAFRU+ (/, red); 2. S100(3 + (2, green); 3. RAFRU+
and S100f + (3, yellow). ¢ Frontal section of the bovine spinal cord.
Double immunofluorescence with RAFRU (red) and S100(3 (green)
shows the wall of the central canal and the RF reacting with S1003 and
RAFRU. d and inset detailed magnification of previous figure. S1003 +
patches are located at the periphery of the RF (arrows). e Magnification of
the RF shown in the inset. RF is formed by the assembly of bundles of
filaments (arrows). f Nomarski optic of fresh bovine RF, showing
individual filaments becoming visible due to an spontancous
unpackaging of RF starting a given point (black arrow). White arrow
points to a dense structure linking the unpacked filaments. g, g’ In
block immunostaining with AFRU. The diameter of the fresh non-
dehydrated RF is 50 um. Individual AFRU+ filaments (arrows) can be
seen. Bars a, ¢ 100 um; b, b> 50 um; ¢ 25 um; d 50 um; d inset 13 pum; e
10 um; £ 100 pm; g 100 um; g> 20 pm

were observed between the bundles of microfilaments
(Fig. 5¢).

Under in vitro and in vivo conditions, anti-Gal-1
disassembles Reissner fiber

The incubation of RF with anti-Gal-1 for 24 h reacted with the
filaments forming RF and partially disassembled the fiber
resulting in a reduction of its width (Fig. 7a, b).

Three hours after its injection into the CSF of adult rats,
anti-Gal-1 was selectively detected in the pre-RF and in RF
present in the Sylvius aqueduct and in the central canal of the
spinal cord (Fig. 7c—). In the injected rats, RF was fragmented
and the pieces were twisted, forming tangles strongly reactive
with anti-rabbit IgG. The tangles were seen close to the SCO
and along the central canal of the spinal cord (Figs. 6b and 7e,

f, g).

Galectin 1 is secreted by a discrete region
of multiciliated ependyma of the third ventricle

In rats injected with anti-Gal-1 into the ventricular CSF, the
antibody was tracked by using anti-rabbit IgG. The injected
antibody was seen to react with a material located on the
ventricular pole of multiciliated ependymal cells located in
the most dorsal region of the lateral walls of the third ventricle
(Fig. 7j-1). This region is adjacent to the SCO (Fig. 6b). Other
regions of multiciliated ependyma were devoid of immunore-
active galectin 1 (Fig. 7k).

Discussion

The subcommissural organ (SCO) is an ancient and conserved
brain gland characterized by specialized ependymal cells

secreting into the ventricle glycoproteins that form the
Reissner fiber (RF) (Nicholls 1913; Sterba 1969; Rodriguez
et al. 1992, 1998). Despite the knowledge collected over a
century, there are key questions on the SCO-RF complex not
yet elucidated. The present findings contribute to further clar-
ify the exceptional biosynthetic process of RF glycoproteins,
to elucidate the RF proteome and N-glycome and to provide
evidence to understand the polymerization processes of RF
proteins. The substantial body of evidence harvested during
a century (see Rodriguez and Oksche 1993) and some new
information provided by the present paper have tempted us to
outline the biography of SCO-spondin, the main protein
forming RF.

Natural history of SCO-spondin, the main RF
constituent: birth, storage, maturation, packaging,
transport, release, gathering with partner molecules,
working while traveling a long trip, aging

and degradation

Birth SCO-spondin is a N-linked-sialoglycoprotein of
450 kDa (Nualart et al. 1991) with a multidomain organization
(Gobron et al. 1996; Meiniel et al. 2008). It is synthetized as a
precursor form of 540 kDa (Nualart et al. 1991). This precur-
sor is a N-linked, high-mannose-type glycoprotein while
stored in the RER (Diederen et al. 1987; Herrera and
Rodriguez 1990; Meiniel and Meiniel 1985; Rodriguez et al.
1986). According to the present report, there are bi- and tri-
antennary mannosyl cores that are the template for a large
variety of N-linked complex-type carbohydrate chains (see
below).

Proteins that enter the secretory pathway contain disulfide
bonds within and between constituent polypeptide chains
(Bulleid 2012; Feige and Hendershot 2011). Interestingly,
thrombospondin (TSP)-1, a closely related molecule to
SCO-spondin, is a homotrimer of disulfide-linked 150-kDa
monomers (Hogg 2003). Early histochemical studies on the
SCO indicated that the secretory material is rich in disulfide
bonds. By using pseudoisocyanin, a fluorescent probe specific
for disulfide bonds (Sterba 1962), G. Sterba and his group
concluded that the proteins secreted by the SCO into the
CSF are covalently linked by disulfide bonds (Sterba 1966,
1969; Sterba et al. 1967b; Wolf and Sterb 1972).

Storage Ever since the first ultrastructural study of the SCO
(Afzelius and Olsson 1957), the landmark characteristic of the
SCO cells of all species investigated, including human embry-
os, is the exceptional arrangement of the RER into numerous
and large cisternae (Leatherland and Dodd 1968; Miiller and
Sterba 1965; Oksche 1969; Rodriguez et al. 1992, 1998;
Stanka et al. 1964; Sterba 1966; Sterba et al. 1967a; Wenger
et al. 1969; Ziegels 1976). The combined use of lectins and
antibodies have shown that the bulk of material stored in RER
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Fig. 5 Transmission electron microscopy of the bovine Reissner fiber. a
Cross-section of Reissner fiber. RF displays different electron density in
the core and the cortex. Inset The cortex (arrow) appears as a ring that is
more strongly reactive with RAFRU than the core (asterisk). b
Magnification of a showing that the core filaments are more densely
packed than in the ring. Microvesicles (arrows) are concentrated at the
border between the ring and core. Broken arrows cilia, CC central canal.
Inset High magnification showing cross-sectioned filaments (/) and

is the N-glycosylated SCO-spondin precursor form of
540 kDa (Herrera and Rodriguez 1990; Meiniel et al. 1988;

@ Springer

microvesicles displaying a three-layered membrane (unit of membrane,
arrows). ¢ Sagittal section of RF. Bundles (A) of microfilaments forming
the RF are separated by electron lucent spaces (B) containing
microvesicles (arrows). d High magnification of previous figure
showing that microfilaments (f small arrows) are packed into bundles
(A) that are bridged by short filaments forming a honey comb-like
structure (large arrows). Bars: a 1 pm; a inset 25 pm; b 500 nm; ¢
300 nm; d 150 nm

Nualart and Rodriguez 1996; Nualart et al. 1991, 1998;
Rodriguez et al. 1986, 1987a, b).
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Previous investigations (Diederen and Vullings 1993;
Diederen et al. 1987; Ermisch et al. 1968, 1971; Sterba et al.
1967b) and the present biosynthetic labelling study point to
the existence of two pools of SCO-spondin molecules. Within
a period of 20 min, a pool of SCO-spondin molecules is syn-
thesized in the RER, transported to the Golgi apparatus, proc-
essed and packed into granules, behaving as a conventional
secretory protein. The largest pool of SCO-spondin, however,
remains in the lumen of large RER cisternae for long periods
ranging from hours to days. Since these radiolabeled mole-
cules will finally be processed through the Golgi apparatus,
transported and released, they should be regarded as stored
healthy precursor forms. The increasing radiolabelling of the
RER compartments during the first 3 h after injection of *>Cys
into the CSF also indicates that the radioactive SCO-spondin
continues to be synthetized and stored in the RER while the
label is still present in the CSF (the CSF is renewed approxi-
mately every 4 h).

Maturation When moving from RER to the Golgi cister-
nae, the carbohydrate moiety and the protein backbone of
SCO-spondin undergo processing; the latter is cleaved to
a 450-kDa form while the high mannose-oligosaccharide
is processed to a complex-type oligosaccharide (Nualart
and Rodriguez 1996; Meiniel et al. 1988; Rodriguez et al.
1986, 1998). The present MS study of RF glycoproteins
has shown a wealth of different complex-type oligosac-
charides (see below).

Packaging The Golgi apparatus is a robust structure present
along the axis of the supranuclear region of the SCO cells.
Condensing vacuoles and immature secretory granules are
surprisingly missing in the frans-Golgi region in all species
investigated. Typical electron dense secretory granules are on-
ly seen in the ventricular cell pole (Rodriguez et al. 1998). A
likely explanation is that, once formed, the secretory granules
are quickly transported to the cell pole.

Transport The subapical (compartment 3) region of the SCO
cells contains bundles of microtubules and few secretory gran-
ules. It may be regarded as the transport domain. Beyond this
domain, the secretory granules accumulate at the ventricular
cell pole as a small pool. Packaging of the secretory granules
and their transport occur within a 20-min period after synthe-
sis, as shown by the radiolabelling with >*S-Cys and *H-Gal of
compartments 2, 3 and 4. Since release of the radiolabeled
secretion occurs between the first and the second hour after
the **Cys/"*Gal injection into the CSF, it may be suggested
that upon their arrival to the apical cell pole, the secretory
granules are stored here for up to 1 h.

Release into the CSF The SCO secretion is continuously
discharged into the CSF where it starts an aggregation process

(pre-RF) preceding the formation of RF. Pre-RF starts to be
labeled sometime between the first and second hour after syn-
thesis of the **Cys/™*Gal labeled secretory proteins. Since
*3Cys/™3Gal is available in the CSF for at least 4 h, it may
be assumed that for a period of about 5-6 h postinjection, the
labelling of pre-RF and RF proper is due to SCO-spondin that
follows that rapid path. At variance, release of >>Cys-labeled
SCO-spondin several hours and days after **Cys administra-
tion could only correspond to radioactive SCO-spondin that
after a long storage within RER enters the secretory pathway
to be released. The fact that during the 5 days following the
injection of *>Cys, RF present in the Sylvius aqueduct and
fourth ventricle is homogeneously radiolabeled indicates that
during this period radioactive SCO-spondin stored in RER has
continuously been released. The marked decrease of radioac-
tivity in the RER 4d after the label injection and the labelling
of the RF proximal end (see Fig. 2g) suggest that the RER
stock of radioactive secretion is close to be depleted.

"3Gal appears as a good marker of the rapidly releasable
SCO-spondin. Since conjugation of galactose to the sugar
chain occurs in the Golgi apparatus, pulse chasing of "*Gal
appears as a good strategy to track the “rapid” SCO-spondin.
Indeed, 1 and 3 h after its intraventricular administration,
H3Gal labels the Golgi apparatus, the apical secretory granules
and the released material forming pre-RF. Six hours after
"3Gal injection, what in fact corresponds to 2 h after the label
has been completely cleared from CSF, the Golgi apparatus is
no longer labeled but the apical secretory granules and pre-RF
are. After 1d of being injected, "*Gal was completely missing
from the SCO cells while >>Cys strongly labeled all compart-
ments of the secretory pathway, indicating that when the
33Cys-labeled SCO-spondin molecules that had been stored
in the RER for 1d entered the Golgi cisternae, M3Gal was
longer available. It may be suggested that the 3 Cys+,
H3Gal + secretion corresponds to the “rapid” SCO-spondin
and the *°Cys+, "?Gal- secretion corresponds to SCO-
spondin stored in the RER that becomes slowly and progres-
sively releasable.

What is the mechanism leading to a small pool of SCO-
spondin to rapidly enter the secretory pathways while most of
the SCO-spondin molecules are stored for hours or days be-
fore entering the secretory pathway? What are the signals,
either extracellular or intracellular, driving this complex
clock? The functional significance of this unique property of
SCO cells remains a challenge.

Association The SCO-spondin molecules released into the
CSF undergo a progressive process of aggregation, first
as flocculated material on top of the cilia (Schobitz et
al. 2001; Wenger et al. 1969), then forming loose fi-
brils, the “origin fibers” (Ursprungsfiden, Nicholls
2013; Sterba et al. 1967a), later a mesh of fibrils on
the whole surface of the SCO (“pre-RF,” Rodriguez et
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<« Fig. 6 Summary of findings. In the rough endoplasmic reticulum SCO-
spondin is synthetized and N-glycosylated with oligosaccharides rich in
mannose and glucose (/) and further glycosylated in the Golgi apparatus
(2) to form secretory granules that are transported by microtubules (3, mt)
to the cell pole (4). SCO-spondin is released as dimers formed by
intercatenary disulfide bonds (green dot). On top of the cilia (¢), SCO-
spondin dimers are cross-linked into oligomers by Gal-1 (vellow hook)
present in the CSF. This oligomers correspond to the 10-nm
microfilaments visualized with transmission electron microscopy. These
microfilaments are further packed into fibrils by the action of clusterin
(blue hook). In turn, fibrils are densely packed to form the Reissner fiber
proper (RF). Gal-1 (yellow hook), secreted into the CSF by ependymal
cells close to the SCO, is present in RF. Antibodies anti-Gal-1 injected
into the CSF interferes the assembly of pre-RF fibrils and of RF. b In the
adultrat, a single injection into the CSF of antibodies against Gal-1 blocks
the addition of the newly released SCO-spondin molecules resulting in
the detachment of RF from the SCO and its fragmentation (yellow).
Ependymal cells located close to the SCO (green) secrete Gal-1 into the
third ventricle. 3°v third ventricle, p pineal, 4 thalamus

al. 1986, 1987a) and finally into RF proper (Sterba et
al. 1967a). The present pulse-chase labelling study has
shown that the aggregation process from pre-RF to RF
takes about 1-2 h.

What is the mechanism underlying the progressive pack-
aging of the proteins secreted by the SCO? There is strong
evidence that RF glycoproteins, once released, form
intercatenary disulfide bonds leading to the formation of pre-
RF (Wolf and Sterb 1972). The role of disulfide bonds in the
assembly of RF is strongly supported by the disaggregation
and re-aggregation of isolated bovine RF using oxidative and
reducing agents (Wolf and Sterb 1972). Disulfide bonds can
be cleaved in the extracellular environment and this cleavage
may be reversible, a mechanism frequently used for control-
ling protein function (Hogg 2003). Disulfide cleavage was
first described in thrombospondin-1 (Hogg 2003), a protein
closely related to SCO-spondin. If this mechanism operates in
SCO-spondin, it would explain the presence in the CSF of
soluble proteins reacting with anti-SCO-spondin (Vio et al.
2008).

A series of experiments has demonstrated that the aggrega-
tion of RF proteins into fibrils and pre-RF depends on SCO-
intrinsic factors other than disulfide bonding and that the full
packaging of proteins forming the RF proper depends on part-
ner molecules extrinsic to the SCO but present in the CSF
(Hoyo-Becerra et al. 2005; Rodriguez et al. 1989, 1999a;
Schobitz et al. 1986, 2001). What is the nature of these puta-
tive intrinsic and extrinsic factors?

Gathering with partner molecules Is there an intrinsic partner
molecule involved in the aggregation process? Clusterin is a
good candidate. According to the present investigation, clus-
terin is a constituent protein of RF. Clusterin is a N-glycosyl-
ated protein with five disulfide bridges, with an apparent mass

of 70-80 kDa. Under normal conditions, clusterin is constitu-
tively secreted from cells and is found in extracellular fluids
(Wilson and Zoubeidi 2016). Immunohistochemical studies
have revealed the occurrence of clusterin as a granule compo-
nent of neuroendocrine cells (Jenne and Tschopp 1992).
Although present in RF, the presence of clusterin in the SCO
cells has yet to be investigated.

Galectin 1 (Gal-1): What is the nature of the CSF mole-
cule(s), extrinsic to the SCO, involved in the highest degree of
aggregation of RF proteins? The present MS analysis revealed
Gal-1 to be present in the freshly collected bovine RF.
Furthermore, in vitro incubation of the bovine RF with anti-
bodies against Gal-1 resulted in its partial disassembly and the
same antibody injected into the CSF of rats specifically bound
to RF and resulted in its fragmentation.

Gal-1 is a non-covalent homodimeric protein, with a 14-
kDa monomer containing one carbohydrate-recognizing do-
main (Elola et al. 2005). It occurs as a non-covalent homodi-
mer widely expressed in many tissues. Gal-1 is present extra-
cellularly and intracellularly. It is an atypical secreted protein
(Elola et al. 2005) that does not pass along the standard endo-
plasmic reticulum/Golgi pathway.

The following evidence supports that Gal-1 does partici-
pate in the packaging of RF by cross-linking SCO-spondin
molecules as they are released into the CSF. (i) Gal-1 exists
as a dimer in solution (Camby et al. 2006; Leppénen et al.
2005); it is present in plasma (He et al. 2017). Dimerized
Gal-1 has the property to crosslink glycoproteins (Earl et al.
2011). Gal-7 and Gal-9 have been detected in the human CSF
(Burman and Svenningsson 2016; Dumont et al. 2004). (ii)
After being secreted, Gal-1 has several partner proteins,
thrombospondin is one of them (Moiseeva et al. 2000). (iii)
Gal-1 binds x2-3 sialylated glycans (Patnaik et al. 2005;
Stowell et al. 2006). Since the majority of sialic acids identi-
fied in RF proteins are «(2—-3) linked (present report), it seems
likely that Gal-1 binds to the glycans of SCO-spondin. (iv) RF
formation is blocked by intraventricular administration of an-
ti-Gal-1, closely resembling the blockage of RF formation by
a single injection into the CSF of an antiserum against RF
proteins (S. Rodriguez et al. 1990).

What is the source of Gal-1 found in RF? In Gal-1 secreting
neurons, Gal-1 is confined to the surface and/or extracellular
region (Sango et al. 2004), reflexing the atypical mechanism
of secretion via inside-out transportation translocation across
the plasma membrane (Camby et al. 2006). Anti-Gal-1
injected into the CSF immunoreacts with a material located
in the apical plasma membrane domain of a small population
of multiciliated ependymal cells of the third ventricle. The
possibility that a small source of Gal-1 is located close and
rostral to the SCO and that the CSF entering the Sylvius aqg-
ueduct quickly conveys Gal-1 to the site of release of SCO-
spondin seems fascinating. Interestingly, expression of Gal-1
has been reported in neurons of the pineal gland and in the
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<« Fig. 7 Antibodies against galectin-1 disassemble Reissner fiber. a, b In
block immunostaining with anti-galectin-1. The antibody reacts with
filaments (full arrow) and patches of material on the surface of RF (b,
broken arrow). The incubation of RF with anti-galectin-1 for 24 h
partially disassembles RF resulting in a reduction of its width from 50
to 30 um, (a). ¢, I Injection of anti-galectin-1 into the CSF of adult rats
and detection of the injected antibody by using anti-rabbit IgG in the
sections. ¢, d Adjacent sagittal sections of the SCO of a rat injected
with anti-galectin-1, incubated with anti-IgG (incomplete
immunostaining, ¢) or with AFRU (d). Ag-Ab complex are shown on
the surface of SCO cells (arrows). This is best shown in inset (arrows). e
Frontal section of the SCO of a rat injected in vivo with anti-galectin-1,
incubated with anti-IgG. RF is free into the ventricular lumen, rolled as a
tangle (arrow). Inset High magnification of tangled RF showing the
selective binding of the injected antibody (arrow). f, g, h Frontal
sections of the spinal cord of a rat injected in vivo with anti-galectin 1,
incubated with anti-IgG. There are levels of the spinal cord where RF is
missing (h) while in others RF appears as rolled tangles (f, ). i In sagittal
sections of the Sylvius aqueduct, fragments of RF with patches of
material that had reacted with the injected antibody are seen (arrow). j,
1 Frontal section through the dorsal region of the third ventricle (3°v) of a
rat injected in vivo with anti-galectin-1. Incomplete immunostaining
using anti-IgG in the section. In a discrete region of the third ventricle
delimited by the arrows in j, the multiciliated ependymal cells have
immunoreactive material on their ventricular pole (broken arrow in K,
1). CP choroid plexus. k Close to the dorsal wall of the ventricle there is
a sharp limit between immunoreactive and non-immunoreactive
ependyma (broken arrow). 1 More ventral, immunoreactive and non-
immunoreactive ependymal cells are intermingled. Bars: a 100 pm; b
30 pm; ¢, d 20 um; e, f,h 40 um; g 10 pm; i 5 um; j 100 um; k, i 10 pm

choroid plexus (Akazawa et al. 2004; Sango et al. 2004), two
circumventricular organs.

Briefly, RF may be regarded as the result of a dynamic
process involving interactions between SCO-spondin and
Gal-1 at different levels of organization. Gal-1 could provide
the scaffolding for oligomeric assemblies of SCO-spondin;
SCO-spondin may assemble into higher-order clusters
through intercatenary disulfide bonds, direct Gal-1-protein in-
teractions and the clustering effect of clusterin (Fig. 6).
Amazingly, half a century ago, Sterba proposed that RF is
formed by a high molecular weight secretion from the SCO
and a low molecular weight substance from the CSF (Sterba
1969; Wolf and Sterb 1972).

Other members of RF: the proteomic analysis also showed
the presence in RF of calmodulin, S100f3, creatine kinase B-
type, a-tubulin and (-tubulin. While S100(3 is co-expressed
by a subpopulation of the SCO-spondin secreting cells of the
SCO (present report), there is no evidence on the source of
calmodulin present in RF. The pattern of immunostaining of
S100p as patches located at the periphery of RF indicates that
S100p is associated to RF but it does not participate in RF
polymerization. Since calmodulin and S100(3 are members of
a family of Ca2 + —binding proteins (Haeseleer and
Palczewski 2002; Heizmann and Cox 1998), they might reg-
ulate the concentration of calcium in the microenvironment of
RF, the long and slender central canal of the spinal cord in

particular. B-type creatine kinase is the cytosolic brain-type
isoform of a well established energy buffering and shuttling
system. There is evidence that creatine kinase isoforms asso-
ciate with proteins at sites of ATP delivery and consumption
(Schlattner et al. 2016). Whereas B-type creatine kinase has
often been found concentrated at the inner site of the plasma
membrane where it is coupled with ATP-consuming reactions,
its extracellular location has not yet been described. Moreover,
there is no evidence that RF formation is ATP dependent.
Transmission electron microscopy provided evidence for
microvesicles migrating between the fibrils of RF (Fig. 5).
These microvesicles could be the source of the identified B-
type creatine kinase as well as tubulin isoforms. Both proteins
represent abundant cytosolic proteins of neurons and glial
cells and might be constituents of exosomes derived from
these cells.

How does the protein composition matche with the macro-
molecular organizations of RF? Along the vertebrate phylum,
the elemental components of RF are wavy microfilaments
about 10 nm thick, running longitudinally (Afzelius and
Olsson 1957; Hoheisel et al. 1971; Kohno 1969; Miiller and
Sterba 1965; Rodriguez 1970; Rodriguez and Caprile 2001;
Sterba and Naumann 1966). Since the same microfilaments
are also the elemental component of pre-RF, they most likely
correspond to oligomers of SCO-spondin. Although specula-
tive, it may be proposed that SCO-spondin is first
oligomerized into microfilaments by the action of sulphide
bridging and the cross-linking action of Gal-1; these microfil-
aments would be further packed into 0.2- to 1-um-thick fila-
ments (Sterba et al. 1967¢) by the horizontally oriented 7-nm
microfilaments (clusterin?) (Fig. 6a).

Working while traveling a long trip RF grows rostro-caudally
by the permanent aggregation of newly released SCO-spondin
molecules (Sterba 1969; Rodriguez et al. 1987b, 1992; Sterba
et al. 1967a). After a few hours of administration, 35S—cys—
labeled material appears in RF (Ermisch 1973; Diederen and
Vullings 1993; Ermisch et al. 1968; Sterba et al. 1967b,
present report). With increasing time after injection, more dis-
tal segments of RF become progressively labeled, until the
entire length of RF is labeled. This has allowed to determine
the growth rate of RF in various species. In the mouse, RF
grows 10% of its total length per day (Ermisch 1973). Thus,
the life span of a SCO-spondin molecule, since its synthesis to
the arrival to its final destination in the terminal ventricle, is
around 15 days.

What do the RF molecules do while traveling along the
cerebral aqueduct, fourth ventricle and the whole length of
the spinal cord? RF participates in the regulation of the CSF
concentration of monoamines either by binding and
transporting them away (I-DOPA, noradrenaline, adrenaline),
or by transiently binding them and releasing them back to the
CSF (serotonin) (Hess and Sterba 1973; Caprile et al. 2003;
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Ermisch et al. 1970). Adrenaline and noradrenaline share the
same binding site corresponding to a repeated sequence pres-
ent in SCO-spondin, while serotonin has its own binding site
(Caprile et al. 2003). RF-deprived rats by
immunoneutralization with anti-SCO-spondin have an in-
creased CSF concentration of bioamines (S Rodriguez et al.
1999b).

The complex multidomain structure of SCO-spondin, the
surprising variety and complexity of N-glycan structures
(present report) and its amazing journey through the CSF sug-
gest that this molecule, in the manner of a cargo train with
numerous wagons, is engaged in the CSF concentration and
clearance of numerous compounds (in addition to biogenic
amines), yet to be investigated.

Aging and degradation At the distal end of the spinal cord, the
central canal becomes dilated, forming the terminal ventricle
(Olsson 1955). At this site, RF ends as a jelly mass known as
massa caudalis (Olsson 1955; Oksche 1969). When passing
from the RF stage to the massa caudalis stage, RF glycopro-
teins become unpacked and undergo chemical modifications
associated to a rich local battery of enzymes (Naumann 1968).
A key modification is the loss of sialic acid residues, exposing
galactose as terminal residue (Rodriguez et al. 1987a, b, c).
The modified RF glycoproteins escape from the terminal ven-
tricle by openings in the dorsal wall and appear to reach lym-
phatic vessels (Peruzzo et al. 1987). However, the important
question of the final fate of RF glycoproteins and their cargo
(the compound bound to SCO-spondin), beyond the terminal
ventricle, is an open question.

Evolutionary history of SCO-spondin, a protein 770
million years old

The SCO is present throughout the evolution of chordates,
from amphioxus (Olsson 1955; Olsson and Wingstrand
1954; Rodriguez and Oksche 1993) to man (Oksche 1969;
Rodriguez et al. 2001). The tunicate Oikopleura dioica, which
merges at the bottom of the ocean over 770 million years ago,
already has a single cell secreting a very thin Reissner fiber
(Olsson 1958, 1972, 1993) that immunoreacts with antibodies
against mammalian RF glycoproteins (Olsson et al. 1994). RF
represents a very conserved design, with the same fundamen-
tal pattern in all members of the vertebrate phylum and a
remarkable conservation of the nature of the proteins contrib-
uting to its formation (Gobron et al. 1999; Helm et al. 2017,
Olsson 1993; Rodriguez et al. 1992). The SCO-spondin gene
is traceable from deuterostomes to humans, as a single copy
that could be modified as a result of exon shuffling in ancestral
chordates (Creveaux et al. 1998; Helm et al. 2017;
Kawashima et al. 2009). Thus, the ancient SCO-spondin
may be considered a member of an exclusive group of proteins
accompanying the brain through its long lasting evolution.

@ Springer

The large molecular size of SCO-spondin, its con-
served sequence along evolution, its multidomain struc-
ture and the complexity and variety of N-glycan struc-
tures demonstrated in the present research characterize
SCO-spondin as an ancestral secretion exhibiting molec-
ular plasticity and multiplicity of functions in an emerg-
ing brain that will evolve toward a more complex, hi-
erarchy and sophisticated central nervous system.
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