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Abstract

In human spina bifida aperta (SBA), cerebral pathogenesis [hydrocephalus, Sylvius aque-
duct (SA) stenosis and heterotopias] is poorly understood. In animal models, loss of ven-
tricular lining (ependymal denudation) causes SA stenosis and hydrocephalus. We aimed to
investigate whether ependymal denudation also takes place in human foetal SBA. Consider-
ing that ependymal denudation would be related to alterations in junction proteins, sections
through SA of five SBA and six control foetuses (gestational ages ranged between 37 and 40
weeks) were immunostained for markers of ependyma (caveolin 1, BIV-tubulin, S100),
junction proteins (N-cadherin, connexin-43, neural cell adhesion molecule (NCAM), blood
vessels (Glut-1) and astrocytes [glial fibrillary acidic protein (GFAP)]. In control foetuses,
ependymal denudation was absent. In SBA foetuses different stages of ependymal denuda-
tion were observed: (i) intact ependyma/neuroepithelium; (ii) imminent ependymal denuda-
tion (with abnormal subcellular location of junction proteins); (iii) ependymal denudation
(with protrusion of neuropile into SA, formation of rosettes and macrophage invasion); (iv)
astroglial reaction. It is suggested that abnormalities in the formation of gap and adherent
junctions result in defective ependymal coupling, desynchronized ciliary beating and
ependymal denudation, leading to hydrocephalus. The presence of various stages of ependy-
mal denudation within the same full-term SBA foetuses suggests continuation of the

process after birth.

INTRODUCTION

Spina bifida aperta (SBA) is associated with cerebral and spinal
malformations such as meningomyelocele, Chiari II type malforma-
tion, hydrocephalus (HC) (19, 28, 41) periventricular gray matter
heterotopia and cortical polygyration (20). However, in SBA
patients the information about the nature and degree of the cortical
brain alterations is still sparse. In many of the SBA patients HC
appears to be caused by crowding of the posterior fossa, which
interferes with the CSF flow out the fourth ventricle (11). Less
frequently, HC would be associated to stenosis of the cerebral
aqueduct (5, 30). Furthermore, little is known about the underlying
mechanism triggering the early pathological events. In human
SBA foetuses, we have previously shown that disruption of the
neuroepithelium/ependyma (neuroepithelium/ependymal denuda-
tion) starts during the first trimester, which is before the develop-
ment of HC (13). This process is associated with the formation of
rosette-like structures and migration of neuroblasts into the Sylvius
aqueduct (SA) lumen (14, 36). Interestingly, neuroepithelium/
ependymal denudation and formation of subependymal rosettes (at
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the site of denudation) have been observed in chick embryos after
intraventricular injection of functional blocking antibodies against
N-cadherin, a major component of adherent junctions between
neuroepithelial/ependymal cells (16). In several other animal
models, ependymal denudation is ascribed to a function loss of
different genes involved in the maintenance of junctions between the
cells forming the neuroepithelium/ependyma (6, 8,21, 27, 29, 38).

The aim of the present investigation was twofold. First, to estab-
lish whether in full-term in SBA ependymal denudation is an
ongoing process. The point is relevant as a positive answer would
imply that such a process could continue after birth and be associ-
ated with aqueduct stenosis and the onset of high pressure HC.
Second, to gain more insight into the actual process of ependymal
denudation occurring in SBA foetuses, paying special attention to
junction proteins.

PATIENTS

We retrospectively investigated histological sections and clinical
data of five SBA [21, 22, 37, 39 and 40 weeks gestational age;
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Table 1. Clinical data of spina bifida cases. Abbreviations: GA =
gestational age in weeks; HC =hydrocephalus; L-S=Iumbar-
sacral;  MMC = meningomyeolocele;  Th-L = thoracic-lumbar; V=
ventriculomegaly; + = present, — = absent.

Case GA MMC Vv HC
1 21 L-S - -
2 22 L-S + -
3 37 L-S + +
4 39 L-S - -
5 40 Th-L + +

(GA)] and six control foetuses (20, 21, 22, 33, 37 and 41 weeks
GA). Tissue blocks were obtained at the University Hospital
Groningen Netherlands and the Regional Hospital, Valdivia.
Parents had given verbal informed consent. The medical ethical
committee of the University Hospital Groningen Netherlands and
of the Hospital Regional de Valdivia, Chile approved the study. In
one SBA foetus, abruptio placentae caused delivery. In the other
foetuses, delivery was induced [prostaglandine-E2 medication
(n =4)] and/or assisted [cephalocentesis (n = 2) or vacuum extrac-
tion (n=1)]. Elective termination of the pregnancies was done
after ultrasound demonstration [and/or magnetic resonance
imaging (MRI) confirmation] of spinal meningomyeolocele and/or
HC. After initiation of delivery, all foetuses died during or shortly
after delivery (median 12 h). Patient data concerning the level of
the meningomyelocele and the development of HC are indicated in
Table 1. For comparison with fetal control data, we excluded all
cerebral conditions that might (potentially) relate with impaired
integrity and/or damage of the foetal ependymal lining. Exclusion
criteria for foetal controls involved: congenital cerebral malforma-
tions or chromosomal abnormalities, HC, macrocephaly, fetal
intracerebral bleedings and infections.

Control foetuses had died from: premature labor (3), maternal
diabetes, umbilical cord strangulation and complicated twin preg-
nancy. In all five control foetuses, signs of cerebral pathology prior
to delivery and/or congenital malformations were not found.

Figure 1. Sylvius aqueduct (SA, transverse section) of control foetuses
[33 and 37 weeks gestational age (GA)]. Immunofluorescence for BIV-
tubulin and N-cadherin. A-E. Control foetus 37 weeks GA. A.
Haematoxylin—eosin stain. The dorsal (dw), lateral (lw) and ventral wall
(vw) of the SA are lined by different ependymal cells. Bar 100 um. Insert:
Detailed magnification of area framed in small rectangle in B. BIV-tubulin
immunofluorescence. A few scattered small rosettes (arrows) located
under the ependyma (E) are shown. Bar 24 um. B. Adjacent section to
that of previous figure. Double immunolabeling with anti-BIV-tubulin (red)
and anti-N-cadherin (green). The areas framed are shown in insert of A
and in E. Bar 300 um. C. Laterodorsal ependyma (E) of SA shown in A.
Ependyma with a normal appearance immunostained for N-cadherin.
Immunoreaction is mostly confined to the apical region of lateral plasma
membrane (arrows). Bar 24 um. Insert: High magnification of an area
shown in C. Bar 10 um. D Same section shown in C. An overlay of a
double-immunofluorescence image to visualize BIV-tubulin (red) and
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MATERIALS AND METHODS

Immunocytochemistry

Post-mortem time before fixation ranged between 2 h and 3 days
for the SBA patients and between 12 h and 3 days for the control
cases. The brain stem containing the SA of all SBA patients and
of four controls were fixed by immersion in 4% formalin in
phosphate-buffered saline, pH 7.4, and embedded in paraffin. The
SA has three distinct segments in its rostrocaudal axis (see
Results). The middle segment (MSA) is the longest. MSA was cut
transversally. All tissue blocks containing the aqueduct were seri-
ally cut. Several hundreds of 5-pum-thick sections were obtained in
each series. From each series, every 20 sections were mounted
together, thus obtaining 20 series per tissue block. These series
were used for haematoxylin—eosin stain and for immunocyto-
chemistry according to the immunoperoxidase method or the
streptoavidin-biotin method (Vectastain kit, VECTOR, SERVA,
Heidelberg, Germany), with diaminobenzidine (DAB) as electron
donor. Some series were processed for immunofluorescence. For
immunocytochemistry, antisera and the PAP complex were diluted
in Tris buffer, pH 7.8, containing 0.7% non-gelling seaweed
lambda carrageenan (Sigma, St. Louis, MO, USA) and 0.5% Triton
X-100 (Sigma). The following primary antibodies were used: (1)
anti-glial fibrillary acidic protein (GFAP; an astroglial marker),
raised in rabbit (Sigma), 1:500 dilution (2); anti-S100 (AbCam,
Cambridge, UK), dilution 1:100 (3); anti fIV-tubulin (an ependy-
mal and cilium marker) (AbCam), dilution 1:100 (4); anti-caveolin
1 (antibodies against the cholesterol-binding proteins of the invagi-
nations (caveola) of the plasma membrane, serving as an ependy-
mal marker), raised in rabbit, affinity purified (N-20; Santa Cruz
Biotechnology, Inc., San Diego, CA, USA), 1:200 dilution (5);
anti-glucose transporter 1, raised in rabbits (Glut-1, blood capillar-
ies marker, kindly provided by Coralia I. Ribas, Memorial Sloan-
Kettering Cancer Center, NY, USA), 1:1000 dilution (6); anti-N-
cadherin, raised in rabbits (Santa Cruz Biotechnology), dilution
1:50 (7); anti-neural cell adhesion molecule (NCAM), monoclonal,
which recognizes polysialylated and nonsialylated forms of neural
cell adhesion molecules (5BS8 clone; Developmental Studies

N-cadherin (green). Arrow points to an adherent junction. Bar 24 um. E.
Detailed magnification of area framed in large rectangle in B. BIV-tubulin
immunofluorescence showing the selective fluorescence of the
ependyma (E) and the absence of rosettes in the periaqueductal neuro-
pile. F-H. Control fetus 33 weeks GA. F. Transverse section of SA.
BIV-tubulin immunofluorescence showing the selective fluorescence of
the ependyma and the absence of rosettes in the periaqueductal neuro-
pile. dw, dorsal wall of SA. Bar 100 um. Insert: Detailed magnification of
dorsal wall of SA (arrow). Same section shown in F. An overlay of a
double-immunofluorescence image to visualize BIV-tubulin (red) and
N-cadherin (green). Cells with no or a few cilia are seen. Bar 30 um.
G. Detailed magnification of rectangle of Figure F. Double-
immunofluorescence for BIV-tubulin (red) and N-cadherin (green). Bar
23 um. H. Detailed magnification of rectangle of Figure G showing cilia
in red (c) and N-cadherin-based adherent junctions in green (arrow). Bar
12 pm.
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Figure 2. (A-F) Sylvius aqueduct (SA) of a control foetus [20 weeks
gestational age (GA)l. A. Sagittal section through the middle (MSA)
[collicular recess (cr)] and caudal (CSA) third of SA. Haematoxylin—eosin
stain. An area similar to that framed is shown in B. Cerebellum (Ce); 4°,
fourth ventricle. Bar 250 pm. B. Magnification of area framed in A.
Double-immunofluorescence for BIV-tubulin (red) and caveolin 1 (green).
The ventral wall (V) of CSA is multiciliated (red) and expresses caveolin
strongly, whereas the dorsal wall (D) is not multiciliated and expresses
caveolin 1 poorly. Areas framed in the dorsal and ventral walls are shown
in C-F. Bar 70 um. Insert: Detailed magnification of ventral wall showing
N-cadherin-based adherent junctions (green). Bar 12 um. C. Detailed
magnification of area framed in B. Double-immunofluorescence for BIV-
tubulin (red) and connexin 43 (green) showing the multiciliated ventral (V)
ependyma of SA. Note the strong expression of connexin 43. Bar 8 um.
D. Detailed magnification of area framed in B showing the monociliated
dorsal (D) ependyma of SA. The few multiciliated cells and the monocili-
ated cells (full arrow) all express connexin 43 (broken arrow). Bar 8 um.
Insert: Detailed of area shown in D showing a multiciliated cell and cross

<
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and longitudinal views of the single cilium of monociliated cells (arrow).
Bar 4 um. E,F. Detailed views of areas of ventral and dorsal ependyma
framed in B. E. The multiciliated ventral ependyma (V) expresses caveo-
lin 1 in the apical (arrow) and subnuclear regions of the cells. Bar 10 um.
F. The Dorsal ependyma (D) expresses caveolin 1 mostly in the apical
region of the cells (arrow). Bar 10 um. G-J. Cross section through the
middle third of SA of a spina bifida aperta (SBA) fetus (22 weeks GA).
G. Double-immunofluorescence for BIV-tubulin (red) and N-cadherin
(green). Bar 30 um. H. A region of previous section showing the image
only for N-cadherin. Some cells display N-cadherin-based adherent junc-
tions (full arrows) whereas others do not (broken arrow). Bar 15 um. L.
Section adjacent to that of Figure G, immunostained for glial fibrillary
acidic protein (GFAP). In the dorsal wall there are many immunoreactive
elongated cells. The area framed is shown in J. Bar 30 um. J. Magnifica-
tion of area framed in Figure |. GFAP+ cells displaying a basal process
intermingled with non-reactive cells. Bar 8 um. Insert: Detailed view of
previous figure showing that GFAP+ are not multiciliated (arrows).
C =cilia. Bar 4 um.

<

Hybridoma Bank, lowa City, [A), supernatant was used undiluted
(8); anti-connexin 43, raised in rabbits (kindly provided by JC
Saéz, Universidad Catolica de Chile), dilution 1:750. We used
omission of incubation in the primary antiserum as control test for
immunostaining. This procedure resulted in no staining.

Double immunofluorescence and
confocal microscopy

Double immunofluorescence staining was performed by combin-
ing anti BIV-tubulin (ependymal marker) with antibodies against
S100, connexin 43 or N-cadherin. Additional combination was
NCAM and N-cadherin.

Appropriate secondary antibodies conjugated with Alexa Fluor
488 or 594 (1:500 dilution; Invitrogen) were used. Omission of
the primary antibody was used as a control test. This procedure
resulted in no fluorescence. Sections were mounted in Vectashield
(Dako) and inspected with an epifluorescence microscope provided
with the multidimensional acquisition software AxioVision Rel
(version 4.6) of Zeiss (Jena, Germany). Confocal microscopy by a
Fluoview 1000 (Miami, FL, USA) laser-scanning microscope was
performed on the same sections used for immunofluorescence.

RESULTS

Different ependymal cell types line the SA

In all (SBA and control) foetuses, the cerebral aqueduct was open.
The central nervous system of the youngest control fetus (20
weeks) was cut sagittaly. A midsagittal section through the SA
allowed to distinguish three regions in the rostro-caudal axis,
namely a narrow rostral segment (rostral SA = RSA), about | mm
in length, corresponding to the region occupied by the subcommis-
sural organ, a wide open middle segment (MSA), about 3.5 mm in
length, with a dorsal expansion corresponding to the collicular
recess and a narrow and flat caudal segment (CSA), about 1 mm in
length, opening to the fourth ventricle (Figure 2A). This shape of
SA correlates completely with that of SA of mice and rats (cf. 42).
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Worth indicating is that measurements of SA mentioned earlier
were done in young brain tissue fixed in formalin and embedded in
paraffin, under which conditions shrinkage must be expected to
occur.

In the youngest control foetus (20 weeks), the neuroepithelium/
ependyma lining revealed different features at the ventral and the
dorsal CSA walls (Figure 2A,B). The ventral neuroepithelium/
ependyma was multiciliated and strongly expressed connexin 43
and caveolin 1 throughout the cytoplasm (Figure 2B-D). In the
dorsal neuroepithelium/ependyma, most cells were monociliated
and expressed connexin 43 and caveolin 1 at the apical cell pole
(Figure 2B,D,F). Cells of the dorsal and ventral walls expressed
N-cadherin (Figure 2B insert). In the dorsal wall of MSA there was
a mixed population of multiciliated and monociliated cells. This
was also found in cross sections through the MSA of the two
youngest SBA foetuses (21 and 22 weeks GA). The dorsal wall of
MSA was lined by a pseudo-stratified neuroepithelium formed by
multiciliated BIV-tubulin+/GFAP- cells (Figure 2G,I). The non-
ciliated (and/or monociliated) cells were GFAP+ and displayed a
long basal process and were likely to correspond with radial glia/
stem cells (Figure 2L,J). In full term foetuses GFAP+ cells were
scarce and circumscribed to small areas (Figure 3B) or scattered
(Figure 6F).

In full-term control foetuses (33, 37 and 41 weeks), the dorsal
wall of the MSA was lined by a mixed population of multiciliated
and monociliated cells (Figure 1A,C,D,F), whereas the latero-
ventral walls were lined by multiciliated ependyma (Figure 1EG).
The dorsal neuroepithelium/ependyma was about 15 um height
(Figure 4A) and expressed BIV-tubulin (Figure 1D,F) and caveolin
1 (Figure 6B,C). At the lateral walls of MSA there were areas lined
by cylindrical cells alternating with others lined by flat multicili-
ated ependyma (Figure 1A,B,E,F). The cytoplasm of these cells
was poorly reactive with anti-BIV-tubulin and caveolin 1, which
was mainly present at the apical cell pole (Figure 6B,C). The
ventral MSA wall was endowed with tall multiciliated ependymal
cells, about 17-um height. This ependyma was strongly reactive
with anti-BIV-tubulin and anti-caveolin 1. Most of the cells dis-
played short basal processes, which projected into the neuropile
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Figure 3. Sylvius aqueduct (transverse section) of a full-term spina
bifida aperta (SBA) foetus [(37 weeks gestational age (GA)]. Immunofluo-
rescence for N-cadherin, neural cell adhesion molecule (NCAM) and
immunocytochemistry for glial fibrillary acidic protein (GFAP). A. Immu-
nocytochemistry for N-cadherin. This figure is used for orientation.
Framed areas 1, 2, 3 and 4 are shown as C,E,D and G, respectively. Bar
360 um. B. Area similar to that framed by red rectangle in A. GFAP+ cells
with and without basal processes intermingle with GFAP- cells. Bar
35 um. € and D show areas resembling normal ependyma. C. Area
framed by rectangle 1 in A. Immunofluorescence for N-cadherin. Ventral
ependymal cells display strong reaction at their lateral plasma mem-
brane (arrows). Bar 10 um. D. Area framed by rectangle 3in A. Immunof-
luorescence of N-cadherin was located at the lateral plasma membrane
(full arrow) or as abnormal masses in the cytoplasm (broken arrow). Bar
10 um. E. Area framed by rectangle 2 in A. Immunofluorescence for
N-cadherin. Only a minority of cells were immunoreactive for N-cadherin
at the lateral plasma membrane (full arrow), whereas all others have
abnormal immunoreactive masses in the cytoplasm (broken arrows). Bar
14 um. F. Magnification of previous figure showing masses of

Ependymal Disruption in Human Spina Bifida

N-cadherin in the cytoplasm (broken arrows) and a weak reaction
throughout the cytoplasm. Bar 8 um. G. Same area shown in square 4 of
A. Section adjacent to Figure 70. This is an area undergoing ependymal
denudation; the adjacent ependyma (E) and the ependyma of the
forming rosettes (R) have little or no N-cadherin (broken arrow). Bar
32 um. H. Stretch of ependyma of SA of a full-term SBA patient (40
weeks GA). N-cadherin appears located at the lateral plasma membrane
of ependymal cells (arrow). Bar 48 um. I. Detailed view of previous figure
showing the normal location of N-cadherin, namely, as elongated
patches along the lateral plasma membrane (broken arrow) and as small
patches in the most apical region of the lateral plasma membrane (full
arrows). Bar 9 um. J. Area framed by rectangle 2 in A. Immunofluores-
cence for the neural cell adhesion molecule (NCAM). Only at few places
NCAM appears to be at the lateral membrane of ependymal cells (full
arrow), otherwise it displays at abnormal locations in the cytoplasm or at
the apical plasma membrane (broken arrows). Bar 10 um. K. Double
immunolabeling for NCAM (red) and N-cadherin (green). Both molecules
display an abnormal location in the ependymal layer (broken and full
arrows). Bar 10 um.

<

(Figures 4C,D and 5A). Double immunostaining with anti-S100
and anti-BIV-tubulin revealed that most cells lining the MSA
reacted with both antibodies. There were, however, a few cells that
only reacted with anti-BIV-tubulin and others that only reacted with
anti-S100 (Figure 5G,H).

All types of ependymal cells lining the SA were immunoreactive
for NCAM, N-cadherin, especially at the lateral plasma membrane
(Figures 1C,D,H and 4E-H), and connexin 43, mainly as small
cytoplasmic masses located at the apical cell pole and at the lateral
plasma membrane (Figures 2C,D and 5SA-D).

In one of the control foetuses (37 weeks GA) a few subependy-
mal small rosettes were detected with anti-BIV-tubulin. These
rosettes were circumscribed to a small region of the lateral SA wall
(Figure 1B,E,F). In all other control foetuses rosettes were absent
(Figures 1E,F and 2B).

Sequential ependymal SA alterations according
to reconstructed pathology

The description of results will concentrate on findings occurring in
the SA of full-term SBA patients, and will follow what we think is
the temporal sequence of events.

Abnormalities of junction proteins precede
ependymal denudation

Areas that probably were about to undergo ependymal denudation
were recognized by the abnormal subcellular distribution of junc-
tion proteins. In some of these areas, N-cadherin appeared as large
cytoplasmic masses (Figures 3E,F and 41,J). This clearly con-
trasted with the dotted N-cadherin arrangement at the lateral
plasma membrane found in the ependyma of the control cases
(Figure 1C,H) and in areas of the SA of SBA displaying a normal
appearance (Figure 4B—H). In other abnormal ependymal areas,
N-cadherin was localized at the apical plasma membrane
(Figure 41) or around the cell nucleus (Figure 4K). In the SBA
foetus of 37 weeks GA, marked SA abnormalities were observed
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(Figures 3 and 7). In this foetus, ependymal patches with a normal
N-cadherin expression (Figure 3C,D) alternated with other
ependymal patches with little or no N-cadherin expression
(Figure 3G) or displaying large masses of N-cadherin
Figure 3E,F). NCAM appeared as cytoplasmic masses of varying
size and dots at the apical plasma membrane (Figure 3J,K). The SA
of the 22-week SBA case showed patches of neuroepithelium/
ependyma devoid of N-cadherin (Figure 2H).

The same ependymal regions that had an abnormal expression of
N-cadherin also displayed abnormal connexin 43 immunoreactiv-
ity (Figure 5E). In these areas there were cells containing large
supranuclear clusters of immunoreactive granules whereas
others were devoid of immunoreactive connexin 43 (Figure SK).
Confocal microscopy nicely confirmed these abnormal patterns
(Figure 5LJ).

Ependymal denudation involves loss of ependymal
cells, rosette formation and arrival of macrophages

Areas undergoing ependymal denudation were characterised by the
following three histopathological features:

(i) Absence of neuroepithelium/ependyma. The use of the ependy-
mal markers, such as antibodies against BIV-tubulin, caveolin 1,
S100 and N-cadherin made the denuded areas easy to recognize
(Figure 41I). The extent of denudation ranged from a few ependymal
cells (Figure 41) to a few millimeters in length (Figure 7N).

(i) Accumulation of macrophages. Large clusters of macrophages
were confined to those areas devoid of ependyma and endowed
with rosettes of varying size (Figures 3G and 7N,O). This accumu-
lation of macrophages was not observed in normal ependymal
areas.

(iii) Formation of subependymal rosettes. Two types of rosettes
were distinguished, that are, large and small rosettes.

Large rosettes were present (one to five large rosettes per
section) at the denuded areas (Figure 7A, B) and deep in the neuro-
pile, at dorsolateral locations of the SA (Figure 4A). They ranged
from 30 to 98 um in diameter and were lined by cubic or cylindrical
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Figure 4. Cross-section through the middle third of Sylvius aqueduct
(SA) of a full-term spina bifida aperta (SBA) foetus [40 weeks gestational
age (GA)l. Immunofluorescence for BIV-tubulin and N-cadherin. A.
Haematoxylin—eosin stain. Small (broken arrow) and large (full arrow)
rosettes are shown. The dorsal (dw), lateral (Iw) and ventral (vw) of the
SA are lined by different ependymal cells. Bar 300 um. Insert: Detailed
magnification of area framed in A showing marked morphological differ-
ences between the ependyma of the dorsal (dw) and lateral (Iw) walls of
SA. Bar 60 um. B. Immunostaining with the cilium marker BIV-tubulin.
The ependyma and small rosettes (arrow) are stained. Bar 350 um. C.
Detailed magnification of area framed by large rectangle in B. The
ependyma (E) and their cilia are selectively stained. Bar 56um. Insert:
Detailed magnification of area framed by small rectangle in B. The
ependyma and small rosettes (arrows) are selectively stained. Bar
37 um. D,E. Detailed magnification of an area shown in C. Ventral
ependyma with a normal appearance immunostained for BIV-tubulin (D)
and N-cadherin (E). Ependyma (E) and cilia (c) in D and adherent junctions
in E are strongly reactive. Bar 21 um. F. Double immunolabeling. Ependy-

Ependymal Disruption in Human Spina Bifida

mal cells and cilia (c) reacted with anti-BIV-tubulin (green) and adherent
junctions (arrow) with anti-N-cadherin (red). Bar 9 um. G. Ventral
ependyma. Confocal microscopy using double immunostaining for
N-cadherin (green) and BIV-tubulin (red). N-cadherin localizes orderly at
the lateral plasma membrane of the ependymal cells (arrows). Bar
36 um. H. Detailed magnification of previous figure corresponding to an
area similar to that indicated by white full arrow in |. Arrow points to
N-cadherin immunoreaction at the lateral plasma membrane. Bar 7um. I.
Detailed magnification of area framed by broken rectangle in B. There
are areas with disruption of the ependymal lining (asterisk), or with
abnormal location of the immunoreactive N-cadherin (broken arrow), or
with large amount of immunoreactive cadherin in the cytoplasm (red
arrow). Full arrow points to normal ependyma. Bar 21 um. J,K. Areas of
abnormal ependyma similar to those indicated by red and broken arrows,
respectively, in Figure I. Confocal microscopy using double immun-
ostaining for N-cadherin (green) and BIV-tubulin (red). N-cadherin local-
izes abnormally within the ependymal cells (red and broken arrows). Bar
7 um.

<

shaped multiciliated cells (Figures 4A and 6A, D). At the ventral
wall of SA, large rosettes were absent (Figures 4A and 6A, B).
Large rosettes expressed caveolin 1, BIV-tubulin and connexin 43
in a normal pattern (ie, similar to intact ependymal SA areas
(Figures 6E and 7C-E). This was contrasted by an abnormal
N-cadherin expression, as some cells displayed the protein around
the cell nucleus and others displayed little or not protein
(Figure 7H,I). Large rosettes were not immunoreactive for GFAP
(Figure 6F) or S100 (Figure 7M). There were rosettes lined by
ependyma displaying some normal morphological characteristics,
that is, ordered arrangement of their cells and a strong reaction with
anti-BIV-tubulin, whereas others were lined by cells with abnormal
appearance and poorly reacting with anti-BIV-tubulin. These
varying morphological appearances apparently reflect individual
pathological alterations after rosette formation.

Small rosettes were numerous (a few hundreds per section) and
located in the neuropile underlying the dorsolateral wall of the SA
(Figures 5F and 6A,B). The small rosettes were about 18 um in
diameter. They were lined by a few flat cells that appeared to be
multiciliated, as shown by the immunoreaction with anti-BIV-
tubulin (Figure 6E, insert). Small rosettes expressed caveolin 1
(Figure 6E), BIV-tubulin (Figures 4B,C, 5F and 6G insert, 7A,J,K)
and connexin 43 (Figure 7B) and did not express N-cadherin,
S100, GFAP or Glut-1 (Figures 5G, 6F,G and 7G,L). Small rosettes
were also observed at distance of the SA, in the surroundings of
large rosettes. Rosettes were not found in the 22-week SBA case
(Figure 2Q).

Astrocytes cover denuded areas

Newly denuded areas were devoid of a glial layer, allowing protru-
sion of neuropile into the SA (Figure 7P). Subependymal hemor-
rhages and bleeding into the SA also occurred at these areas
(Figure 7N). A layer of GFAP-reactive cells covered those areas
that had earlier undergone denudation [see (10)].

Other malformations of the aqueduct, such as forking
(Figure 6A—C) and nodular structures disrupting the ependyma
(Figure 7P) co-existed with areas of ependymal denudation.
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All the phases described earlier (1-3) could be observed in the
same foetus and even in the same section, irrespective of the age.
This implies that there are several foci of ongoing ependymal denu-
dation in the human foetal SA. Some foci reflected the initiation of
ependymal denudation (ie, abnormal expression of junction pro-
teins), other foci reflected ongoing ependymal denudation, and
other foci reflected completed ependymal denudation. In the &yh
mouse, this whole process may involve a time span of less than 1
day (42).

DISCUSSION

In human foetal SBA, we studied the pathogenesis and histology of
ependymal denudation. SBA fetuses revealed various stages of
ependymal denudation, whereas control foetuses did not. Areas
with abnormal immunostaining for junction proteins of ependymal
cells most likely corresponded to regions that were about to
undergo ependymal denudation. Areas lacking ependyma and
endowed with rosettes and macrophages indicated ongoing
ependymal denudation. Areas devoid of ependyma but lined by an
astrocyte layer indicated a more advanced phase of ependymal
denudation. In full-term foetal SBA, coexistent signs of pending,
ongoing and recent ependymal denudation implicate that ependy-
mal denudation is a continuous process which is likely to continue
after birth.

The cerebral aqueduct of full-term human
foetuses is lined by several populations of
ependymal cells that appear to be associated to
different pathological events

At the dorsal, lateral and ventral walls of the SA, conventional light
microscopy and immunocytochemistry revealed at least three
populations of ependymal cells (present report). In the SA of wild-
type hyh mice, several populations of ependymal cells have been
described (42). Interestingly, in mutant Ayh mice, some of these
ependymal populations undergo proliferation; others appear resis-
tant to denudation whereas others undergo denudation (33, 40, 42).
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Figure 5. Sylvius aqueduct (SA, transverse section) of a full-term spina
bifida aperta (SBA) foetus (40 weeks GA). Immunofluorescence for con-
nexin 43, BIV-tubulin and S100 protein. A. Double Immunofluorescence
for connexin 43 (green) and BIV-tubulin (red). The multiciliated ependyma
lining the ventral region of the SA displays a normal appearance. The
area framed is shown in B and C using different channels at the fluores-
cence microscope. Bar 23 um. Insert: Same section only visualized for
connexin 43. Bar 78 um. B. Detailed view of area framed in A. Immunof-
luorescence for connexin 43. Strongly reactive dots are mainly located in
the apical cytoplasm (arrows). Bar 8 um. Insert: Detailed view of an
ependymal cell showing connexin 43 as elongated masses located in the
supranuclear cytoplasm and at the lateral plasma membrane (arrow). Bar
5 um. C. Same area shown in B. An overlay image of connexin 43 (green)
and BIV-tubulin (red). Bar 8 um. D. Same section shown in C analysed
with confocal microscopy. The normal subcellular distribution of con-
nexin 43 is clearly visualized (arrow). Bar 8 um. E. Section adjacent to
that shown in Figure 2 I. A zone of the ependyma of the lateral wall of SA
delimited by the two arrows appears disrupted. The area framed is
shown in K. Bar 12 um. Insert: Confocal microscopy of the same section
showing the subcellular distribution of connexin 43 in a normal ependy-
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mal region (arrow). Bar 12 um. F. Dorsal wall of SA. Double Immunofluo-
rescence for connexin 43 (green) and BIV-tubulin (red). The numerous
small rosettes (arrows) express BIV-tubulin. An area similar to that
framed is shown in G. Bar 80 um. G. Section adjacent to that shown in F
processed for double Immunofluorescence for S100 (green) and BIV-
tubulin (red). Arrow points to transition between dorsal and lateral
ependyma. In the dorsal ependyma there is a mixed population of green
and red cells. Bar 15 um. Top and middle inserts: Detail of some of the
ependymal cells. Bar 10 um. Bottom insert: Small rosettes express BIV-
tubulin but not S100. Bar 9 um. H. Section adjacent to that shown in A.
Ventral ependymal cells of normal appearance. Most cells express BIV-
tubulin and S100 (full arrow) and few express BIV-tubulin only (broken
arrow). Bar 11 um. I, J. Areas of abnormal ependyma similar to those
indicated by full and broken arrows, respectively, in figure K. Confocal
microscopy using double immunostaining for connexin 43 (green) and
BIV-tubulin (red). Connexin 43 accumulates either intra-cellular (I, full
arrow) or is scarce or missing (J, broken arrow). Bar 5 um. K. Detailed
view of the region framed in E visualizing only the channel for connexin
43. Abnormal ependymal cells have either large masses of connexin 43
(full arrow) or little or none connexin 43 (broken arrow). Bar 4 pm.

<«

The functional significance of different ependymal populations
found in control and SBA human foetuses is still unclear. However,
the present findings suggest an association between ependymal
lineages of SA and the observed SA pathology. For instance,
ependymal cells lining the ventral SA walls of SBA foetuses
display a normal subcellular distribution of N-cadherin and con-
nexin 43. These cells do not detach. Ependymal cells at the lateral
SA walls display an abnormal intracellular location of junction
proteins, and are likely to undergo denudation. Formation of large
rosettes is mostly associated to this ependyma. The ependyma
lining the dorsal SA is mostly associated with the formation of
numerous small rosettes (see further discussion).

Alterations of cell junction proteins as a
possible mechanism of ependymal denudation
and HC in SBA

In former reports of human SBA foetuses, we indicated that
neuroepithelial/ependymal denudation has been shown to occur in
the SA, telencephalon (13, 14) and spinal cord (37). In these foet-
uses, ependymal denudation precedes Chiari type Il malformation
and HC. Loss of neuroepithelium/ependyma is associated with
permanent neurodevelopmental abnormalities, as ependymal cells
regenerate poorly (36). At the denuded SA, fusion with the oppos-
ing denuded neuropile would result in stenosis or obliteration and
severe HC (42). In human and Ayh mice, adhesion and junction
proteins have been associated with the pathogenesis of SA stenosis
and HC (4, 25, 26, 46). In this perspective, we investigated the
expression of N-cadherin and other junction molecules in normal
and hydrocephalic SBA foetuses.

N-cadherin-based adherent junctions play a role
in the maintenance of
neuroepithelial/ependymal lining

Cadherins are known to play a key role during neural tube forma-
tion (22). After closure of the neural tube, N-cadherin represents
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the major calcium-dependent cell adhesion molecule in the neu-
roepithelium and later in the ependyma (7, 18). Blocking anti-
bodies against chicken N-cadherin disrupt the neuroepithelium/
ependyma and leads to ependymal denudation, protrusion of the
neuropile into the ventricle and formation of periventricular
rosettes (16). In accordance with these findings, various animal
models with a defect in cell-cell junctions undergo ependymal
denudation, periventricular rosette formation, abnormal protrusion
of neuropile into the SA and HC (4, 16, 24, 40).

According to the present investigation the ependymal cells of
control foetuses and of preserved ependymal areas of SBA foetuses
are joined together by N-cadherin-based adherent junctions and
gap junctions. In SBA patients, areas with disorganized ependymal
cells showed abnormal location of N-cadherin, NCAM and con-
nexin 43. Furthermore, similar to the pathological phenotype
described in animal models (16, 29, 40), the SA of SBA foetuses
carrying a defect in cell—cell junctions showed ependymal denuda-
tion associated with abnormal protrusion of the neuropile into the
SA lumen and formation of large and small periventricular rosettes
(present report). Some of these alterations have also been reported
in different cases of human HC (14, 36).

Disruption of N-cadherin-based adherent
junctions is associated to the formation of
periventricular rosettes

Rosettes (large rosettes according to present description) consist of
a halo or spoke-wheel arrangement of cells surrounding a central
cavity (45). In humans they have been associated to ependymomas
(45) and different cases of HC (1, 14, 36). They have also been
observed in cases of canine juvenile HC (47) and congenital HC
induced by X-radiation in rats (39). Furthermore, loss of function
of different genes have also been associated to the development of
ependymal rosettes in rodents (6, 8, 21, 27, 29). Interestingly, these
studies suggest that rosette formation is associated with a defect in
cell polarity and cell—cell adhesion of neuroepithelial/ependymal
cells (16, 36). Indeed, N-cadherin blockage in chicken embryos
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Figure 6. Smalland large ependymal rosettes are a distinct feature of the
Sylvius aqueduct (SA) of spina bifida aperta (SBA) foetus. A. SA (trans-
verse section) of a full-term SBA fetus (40 weeks GA). Haematoxylin—
eosin stain. Abnormalities, such as forking (broken arrow), numerous
small (arrows) and large rosettes are shown. Bar 160 um. B. Immun-
ostaining with anti-caveolin 1. The ependymal lining and the subependy-
mal small rosettes (arrow) are reactive. The dorsal (dw), lateral (lw) and
ventral (vw) of SA are lined by different ependymal cells. Bar 120 um. C.
Detailed magnification of area framed by top rectangle in B. Deep enfold-
ing of the ependyma (forking) and subependymal small rosettes (arrows)
are observed. The areas framed are shown in top and bottom inserts. Bar
40 um. Topinsert: Dorsal ependymal cells display caveolin 1 at their apical
and basal poles. Bar 10 um. Bottom insert: lateral ependyma displayed
caveolin 1 at the apical cell pole. Bar 10 um. D. Detailed magnification of
areaframedin A. Alarge rosette (R) and numerous small rosettes (arrows)

<
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are shown. Bar 40 um. E. Adjacent section to that of previous figure
immunostained for caveolin 1. The large rosette (R) and the numerous
small rosettes (arrows) are reactive. Bar 40 um. Insert: Small rosette.
Immunofluorescence for BIV-tubulin. Elongated structures most likely
corresponding to cilia are strongly reactive (arrow). Bar 5 um. F. Anti-glial
fibrillary acidic protein (GFAP) immunostains a mesh of glial processes
embedding the rosettes but the large (R) and small rosettes (arrows) are
not reactive. Bar 40 um. Insert: Area similar to that framed by bottom
rectangle in B. Scarce andisolated GFAP+ cells in the ependymal lining are
seen (arrows). Bar 40 um. The cell indicated by broken arrow is shown in
top insert. G. Large (R) and small rosettes (arrows) do not react with
anti-Glut-1 but capillaries (c) do. Bar 40 um. Insert: Double Immunofluo-
rescence for connexin 43 (green) and BIV-tubulin (red). The ependyma
lining the ventricle (broken arrow) and the cells lining the small rosettes (r,
full arrow) are multiciliated. Bar 8 um.

<

results in a disruption of the epithelial structure of the ependyma
followed by the formation of ependymal rosettes (16). In SBA
foetuses, the formation of periventricular rosettes appears to follow
a similar pattern.

Many questions are still open with respect to the significance of
rosettes. An intriguing aspect is that the ependyma forming the
large rosettes shares some of the features of the normal ependyma
(ie, normal subcellular distribution of connexin 43, caveolin 1 and
BIV-tubulin) and some of the characteristics of the defective
ependyma (little or none N-cadherin and S100). What is the actual
pathological mechanism that leads to the formation of large
rosettes? How to explain the presence of large rosettes at distance
from the SA wall? What is the relation between the location of
rosettes and the time of development? Are large rosettes occurring
in pathologies different from HC also associated with ependymal
denudation?

In addition to large subependymal rosettes associated with
abnormal ependyma of SBA fetuses, we also observed numerous
small subependymal rosettes in areas with intact ependyma. A few
flat ependymal cells that do not express N-cadherin and S100 form
these small rosettes. The distinct phenotype of small rosettes and
their presence underneath intact ependyma and the finding of a few
of them in a control SA suggest that the origin and significance of
small rosettes is different from that of large rosettes.

Abnormalities in the formation of adherent and
gap junctions may be interrelated phenomena
leading to alterations of cell-cell coupling

Gap junctions play an important role in the regulation of cell com-
munication and cell—cell coupling (9, 35). For instance, intercellu-
lar communication through gap junctions may help to maintain
synchronized ependymal ciliary beating (17, 34) and CSF flow (2).
A number of studies indicate that the formation of gap junctions is
interrelated with the formation of adherent junctions (12, 15, 23,
31, 32, 43). Indeed, recent studies suggested that connexin 43 and
N-cadherin may co-assemble during their traffic to the plasma
membrane (44). Accordingly, we observed that ependymal cells of
SBA foetuses displayed an abnormal subcellular distribution of
both connexin 43 and N-cadherin.

A study by Xu et al (48) revealed that the association between
connexins and cadherins is important for structural and functional
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purposes. In this context, defects of adherent junctions between
ependymal cells in SBA foetuses could alter gap junction-
dependent ependymal physiology prior to, or in the absence of],
ependymal disruption. Thus, an alteration of the CSF flow through
the SA of SBA foetuses could be envisaged even if denudation is
confined to small areas of the aqueduct wall.

In brief, we hypothesize that an abnormal expression of gap and
adherent junction proteins could cause both, impaired CSF flow
through the SA and ependymal denudation (Figure 8). It remains
to be elucidated whether such phenomena could be attributed
to underlying genetic defects, and/or to an altered ependymal
microenvironment, such as changes in CSF composition.

In full-term human foetal SBA, ependymal
denudation is still an ongoing process

In full-term SBA foetuses (37-, 39- and 40-week GA), early and
late stages of ependymal denudation are concurrently present indi-
cating that, at these stages, the ependymal denudation is still an
ongoing process. In these foetuses, it may be suggested that such a
process would have continued after birth. In the mutant 4y mice,
the timely program of ependymal denudation starts during the
foetal life and ends by the end of the first postnatal week (33, 42).
Only when this program is completed, the obliteration of SA
occurs, triggering a severe HC. Future histological investigations in
human neonatal SBA patients may help to elucidate whether or not,
similar mechanisms contribute to progressive high-pressure HC.
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Figure 7. (A-M) /Immunofluorescence properties of small and large
rosettes present in the Sylvius aqueduct (SA) of spina bifida aperta (SBA)
foetuses. A, B. Small rosette immunostained for BIV-tubulin (A, red) and
connexin 43 (B, green). The cells forming the small rosette display immu-
noreactive connexin 43 throughout the cytoplasm and as small dots
(arrows). C cilia. Bar 4 um. C,D. A large rosette immunostained for
connexin 43 (C, green) and BIV-tubulin (D, red). The cells forming the
rosette display immunoreactive connexin 43 throughout the cytoplasm
and as apical dots (arrow). The area framed is shown in E. Bar 10 um. E.
Confocal microscopy of area framed in D. Connexin 43 appears as apical
dots (arrow). C cilia. Bar 3um. F, G. Dorsal wall of SA. Double-
immunofluorescence for BIV-tubulin (F, red) and N-cadherin (G, green).
The ependyma (E) and small rosettes (r, arrow) react with anti-BIV-
tubulin. The ependyma contains N-cadherin (full arrows) but small
rosettes do not (broken arrow). Bar 7 um. H. Large rosettes express
N-cadherin abnormally, with some areas displaying immunoreactive
N-cadherin (arrows) and others being no reactive (asterisk). Bar 6 um. I.
Confocal microscopy. Large rosette immunostained for BIV-tubulin (red)
and N-cadherin (green). N-cadherin appears around the cell nucleus (n).
Bar 5 um. J. Lateral wall of SA immunostained for BIV-tubulin (red) and
S100 protein (green). Small rosettes express BIV-tubulin (arrow) but not

Ependymal Disruption in Human Spina Bifida

S100. Bar 10 um. K, L. Double-immunofluorescence for BIV-tubulin (K,
red) and S100 (L, green). Small rosettes express BlIV-tubulin (K, full
arrow) but not S100 (L, broken arrow). Bar 4 um. M. Large rosettes do
not express S100. Bar 8 um. N-P. The Sylvius aqueduct of full-term SBA
fetuses displays several abnormalities. Transverse section through the
Sylvius aqueduct (SA) of SBA fetus (37 weeks GA) stained with
Haematoxylin—eosin. N. The aqueduct has regions undergoing denuda-
tion (framed area), that had undergone denudation (arrows) and that are
disrupted (broken circle). The fresh subependymal and intra-aqueductal
hemorrhages (indicated by stars) are attributed to acute, delivery-related
damage (perinatal cerebral insufficiency caused by asphyxia and incar-
ceration). Bar 215 um. Left insert: SA of the same patient sectioned at a
different level. The small area framed is shown in right insert. Bar
450 um. Right insert: Enlarged view of area framed in left insert. Numer-
ous small rosettes are shown (arrow). Bar 35 um. O. Detailed view of
area framed in N showing a region of the ependyma undergoing denuda-
tion delimited by the two arrows, characterized by loss of ependyma,
formation of large rosettes (R) and accumulation of macrophages (M).
Bar 120 um. P. Intraependymal nodular structures (stars) disrupt the
ependyma (E). Bar 80 um. Insert: Protrusion of neural tissue (arrow)
through an area devoid of ependyma. Bar 160 um.
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Figure 8. Line drawing of proposed mechanisms underlying ependymal
denudation and abnormal CSF flow in the Sylvius aqueduct (SA) of spina
bifida aperta (SBA) patients. The ependyma of the SA of control foetuses
and the non-altered regions of the SA of SBA patients display a normal
expression and a normal transport to the lateral plasma membrane of the
junction proteins N-cadherin and connexin 43 (left panel). This results in
normal gap and adherent junctions. In the altered SA regions of SBA
patients, N-cadherin and connexin 43 are expressed but their transport

| Connexin 43 N-cadherin

Brain Pathology 21 (2011) 163-179
© 2010 The Authors; Brain Pathology © 2010 International Society of Neuropathology

k@t

SBA-altered ependyma

Nonsynchronized cilia beating

——p Abnormal CSF flow ~~—~%» HYDROGEFHALUS

A
Estenosis SA
Hq’ﬂ o % e% o G A
F o :
[ —Ps
% . e _ - -» Denudation
a
74
e 4'!’1.'
Apoptosis?

to the lateral plasma membrane appears impaired. Subsequently,
N-cadherin and connexin 43 may abnormally accumulate in the cyto-
plasm, whereas functional adherent and gap junctions fail (right panel).
All together, this may induce: (i) ependymal denudation, aqueduct steno-
sis and CSF obstruction; (ii) nonsynchronized cilia beating, abnormal CSF
flow, and may finally contribute to (iii) hydrocephalus. Abbreviations:
AJ = adherent junction; GJ =gap junctions; ER =rough endoplasmic
reticulum; Nu = cell nucleus; TGN = trans-Golgi network.
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