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On Arachnoid Villi and Meningiomas: Functional Implication
of Ultrastructure, Cell Adhesion Mechanisms, and Extracellular
Matrix Composition
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Arachnoid villi or granulations are small projec-
tions of the arachnoid barrier layer into the venous
sinus and its major tributaries. They are closely
related to the absorption of cerebrospinal fluid,
and are widely accepted to be the origin of human
meningiomas. Arachnoid villi and meningiomas
show a number of similarities in ultrastructure, cell
adhesion mechanisms, and extracellular matrix
composition. Ultrastructurally, both arachnoid and
meningioma cells are characterized by interdigita-
tions connected with junctional complexes, and
extracellular cisterns related to the fluid transport.
Extracellular cisterns and the intercellular space
reveal abundant membrane-derived multilamellar
phospholipids when a conventional ultrastructural
fixative supplemented with tannic acid is used.
Both arachnoid and meningioma cells are connec-

ted by Ca™-dependent adhesion molecules: epi-
thelial-cadherins which are concentrated at the
adherens junctions. Membrane-cytoskeleton inter-
actions by means of merlin and o-catenin mole-
cules are thought to be crucial in signal trans-
duction resulting in contact inhibition of cell
growth in normal arachnoid cells. Impairment of
these molecules might be related to meningioma-
genesis. Glutathione-independent prostaglandin
D, synthase [EC 5.3.99.2] responsible for the
biosynthesis of prostaglandin D, in the central
nervous system is also consistently expressed in
human arachnoid villi and meningiomas. The mul-
tilamellar phospholipids are conceivably related to
this arachidonate metabolism. (Pathology Oncology
Research Vol 2, No3, 144-149, 1996)
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Introduction

Since Weed’s classic work,” many physiological and
morphologic studies have been made on arachnoid villi or
granulations in experimental animalg,'+&!%16-30-33.36.44-46
These works have focused mainly on the drainage mech-
anisms of the cerebrospinal fluid (CSF) and particulate
matter across the endothelium. However, there are consider-
able species variations in size, shape and structure of
arachnoid villi, and the drainage mechanisms of the CSF in
the human are still obscure. Arachnoid villi are known to be
much larger and more complicated in the human'**3%7-3033
than in experimental animals,*#101630.35.36:4446
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Human arachnoid villus"****+%3 is a protrusion of

arachnoid barrier layer through the dural wall of lateral
lacunae or the venous sinus into the venous lumen. Most of
the villus surface is covered with endothelial lining cells on
Llop of thin fibrous tissue similar to the surrounding sinus
endothelium and dura mater, respectively.”**" According-
ly, studying the features of both the arachnoid barrier layer
and the endothelial lining cells might be important in eluci-
dating the mechanisms involved in CSF absorption.

It is widely accepted that meningiomas are derived from
arachnoid cell clusters capping arachnoid villi. In 1831,
Bright’ recognized for the first time the similarities
between meningioma cells and the cells within arachnoid
vilii. The currently-favored concept that meningiomas
arise from arachnoid cells were later proposed indepen-
dently by Cleland’® and Robin.** In 1902, Schmidt® con-
firmed histological similarities between normal arachnoid
villi and meningiomas which strongly supported the deri-
vation of these tumors from arachnoid cells.
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Meningiomas constitute approximately 20% o7 all
intracranial tumors.™ Despite this frequency, the etiology
and pathobiology of these tumors are still largely
unknown. It is widely accepted that meningiomas of
diverse histologic appearance and biologic properties
commonly show a loss of a part of chromosome.”' #7938

As normal arachnoid cells are thought to have a low rate
of cell division, the induction of cell division due to this
gene mutation might be an important early step in the
rransformation of these cells. By considering both the
mechanisms of CSF absorption and lumorigenesis, this
paper s to review on human arachnoid villi and menin-
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Figure 1. A human arachnoid villus consisting of five portions
(A): endothelial lining cells (arrotw head), fibrous capsule (star),
arachnoid cell layer (arrows), cap cell cluster (large arrows),
and central core (asterisk). Hematoxylin-eosin. x40; B-D:
Immunohistologically, E-cadherin (B) is localized to the
arachnoid cell layer (arvows), merlin (C) is found in the cyto-
plasin of arachnoid cells and prostaglandin D, synthase (D;
PGDS) is revealed perinuclearly in arachnoid cells (arrotws)
underneath the cap-cell cluster. E. A syncytial meningiona
with a similar distribution of PGDS to that found in araclmnoid
cells (see D above). hnmunoperoxidase reactions. B: x 200; C: x
125; D-E: x500).

giomas with particular attention paid to the ultrastructure,
cell adhesion mechanisms, and prostaglandin D, synthase
expression.

Functional implications of ultrastructure

Human arachnoid villi basically comprise five portions:
endothelial lining cells, fibrous capsule, arachnoid cell layer,
cap cell cluster and central core"*° (Fig.1A). The endo-
thelial cells, which play a crucial role in the absorption of
CSE ultrastructurally show numerous micropinocytotic ve-
sicles, intracytoplasmic vacuoles, and microvillous projec-
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tions." ¥ The neighboring endothelial cells are connected
to each other by tight junctions. Flattened cells quite similar
to dural border cells'™* are arranged in tiers in the fibrous
capsule, and are intermingled with connective tissue fibers.
The arachnoid cell layer of the villus is the continuation
of the arachnoid barrier layer surrounding the adjacent
subarachnoid space. This is thickened in places to form
cap cell clusters which often contain concentric caleified
organelles called psammoma  bodies. The normal
arachnoid cell layer 1s characterized by numerous extra-
cellular cisterns'**™" which appear electron-optically to

be empty, or contain fine granular or fuzzy material and
multilamellar phospholipids (Fig.2A-B). These cxlracel-
lular cisterns form outflow channcels for CSF from the
central core into the venous lumen. In the cap cell cluster,
polygonal arachnoid cells are tightly juxtaposed and
linked by a serics of junctional devices. The central core is

in direct continuity with the cranial subarachnoid space,
where a loose network of arachnoid cell processes tra-
verses distended extracelular cisterns.

Meningioma ceils have less junctional devices than
those of arachnoid cells.” Meningioma cells otherwise
show many ulirastructural features in common with non-
neoplastic arachnoid cclls within arachnoid villi.* The
most typical ultrastructural features of arachnoid cells
such as conspicuous interdigitations, numerous junctional
complexes and cytoplasmic filaments are also present in
meningioma cells. At the ultrastructural level syncytial
areas of meningiomas can hardly be differentinted from
the cap ccll cluster of arachnoid villi. ***" Elongated cells
in the fibroblastic type or in the fibrous septum of the
syneytial type of meningiomas are guite similar to those in
the fibrous capsule of the arachnoid villus. Psammoma
bodies are also often formed within meningocytic whorls.

Figure 2. Ultrastructural details of a luman arachnoid villus (A-B) and meningiomas (C-D) fixed in a conventional fixative
containing 0.1% tannic acid. A-B: Note the abundance of multilamellar p/msplzolzpu# in the extracellular cisterns (arrows iin A)
and intercellular space (thick arrows in B). The outermost lamella is in direct continuity with the plasma membrane (thin arrow in
B). C-D: Meaingiomas also exhibit fuzzy material (arrows in C), micropinocytotic vesicles (thin arrows in D) as well as
multilamellay phopholipids (thick arrows in D) both intra- and extracellularly. A: Uranyl acetate and lead citrate counterstaining.
B-D: Lead citrate counterstaining. A: x 3,500; B: 40.000; C: 25,000; D: 20,000.
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Figure 3. A: Western blot analysis for E-cadlierin shotes bands
at ~124 kDa in the control colon epithelium (ane Ci. syncytial
meningionmas (lanes M), and transitional weningiomas (laes
). Fibroblastic meningiomas (lanes F) gave neglieible staining.
B: The samme E-cadherin specific antibody siains the cell bound-
aries in a syncytial meningioma. Ultrastructural immimopero-
Nidase reaction, counterstained with osmitm tetroxide and
uranyl acelate. x 9,000

Cell adhesion mechanisms and tumorigenesis

Epithelial (E)-cadherin,”™* ™ a mransmembruane  glyco-
protein responsible for Ca™-dependent cell adhesion, is
consistently found between arachnoid cells in human ara-
chnoid villi.**™ It is distributed especially in the arachnoid
cell layer containing numerous extracellular cisterns
(Fig.1B) rather than in the cap cell cluster with less cis-
terns.™ The primary role of E-cadherin is 10 passively bind
adjacent arachnoid cells together in arachnoid villi. The
resulting strong adhesive interactions conceivably allow
flexible conformational changes ot individual cells and
extracellular cisterns during the absorption of CSE™

Meningiomas show en block cxpansive growth by usually
compressing and rarcly invading the adjacent brain. Accord-
ingly, it 1s suggested that meningioma cells proliferate with
maintaining tight cell-cell adhesion. In the syncytial and
transitional types of meningiomas. immunoblotting disclo-
ses consistent E-cadherin (Iig.3A).
Ulwrastructurally, B-cadherin is localized at the cell border™
where it is concentrated at the adherens junctions (Fig.3B).

The cadherin-dependent cell adhesion is known to be
mediated by a group of cytoplasmic proteins such as o-

cxpression
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catenin, moesin, ezrin, radixin, ete. o-catenin is
consistently identified in meningiomas by immunoblotting
and immunohistochemistry (data not shown). Merlin, «
radixin-like protein encoded by the ncurofibromatosis
type-2 tumor suppressor gene, as well as moesin and ezrin
were recently cloned. ™ These proteins are localized
underncath the plasma membrane to link the membrane
protein E-cadherin to the eytoskeletal microfilament.

With  immunoblotting  and/or  immunohistochemistry
nerlin expression has been found in all arachnoid vilh and
meningiomas  studied. Meningioma  cells  usually  show
negligible or weak immunostaining in their cytoplasm as
compared to normal arachnoid cells (Fig. 7C). Merlin 1s
considered to act as a tumor suppressor” by linking cell
membrane proteins and actin filaments o cach other which
results in the normal contact inhibition of cell growth. Impa-
irment and mis-localization of mutated merlin gene products
might be related 10 meningioma-genesis.

A7

Multilamellar phospholipids and prostaglandin D,
synthase production

When prefixed with glutaraldehyde containing 0.1-1%
tannic acid and postfixed with osmium tetroxide. both
arachnoid and meningioma cells exhibit abundant finger-
print-like multilamellar bodies™ " (Fig.2A-D). These are
tound intracytoplasmically as well as in the intercellular
space and extraccltular cisterns. The number of lumellae
in a single multilamellar body ranges from 3 to 20. with a
distance of ~5.0 nm between the lamellae. The electron-
dense zone measures 3.0 nm while the electron-lucent
zone is 2.0 nm. The outermost famella sometimes shows
a direct continuity with the cytoplasmic or mitochondrial
membranes ol these cells. Furthermore, tannic acid 1s
known to intcract with the choline component of phos-
phatidyl choline,"""* which is a major component in mul-
tilamellar bodies and is also found in the cell membranc.
These suggest that multilamellar bodies are most prob-
ably formed from cell membrane-derived phospholi-
pids. Interestingly, these bodies are quite similar ultra-
structurally 1o the deposits of human pulmonary sur-
factant.'"'”

Glutathione-independent  prostaglandin D, synthase
(PGDS) is an enzyme [EC 5.3.99.2] responsible for the
biosynthesis of prostaglandin D, in the central nervous
system.” PGDS has recently been identified in the rat
leptomeninges® as well as in human arachnoid villi and
meningiomas.”’ In arachnoid villi, PGDS was predomi-
nantly seen in the perinuclear cytoplasm of arachnoid cells
underneath the cap cell cluster (Fig./1)). Meningioma
cells  show similar PGDS reaction in their perinuclear
region and variable exient of dilfuse immunostaining in
their cytoplasm (Fig./F). RT-PCR reveals an amplified
PGDS gene expression in meningiomas, regardless of
their histological subtype (Fig.4). Therefore, it is sugges-
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Figure 4. RT-PCR analysis of prostaglandin D, synthase gene
expression in 19 human meningiomas as compared to the inter-
nal control G3PDH genc. S: syncytial, T: transitional, F:
fibroblastic, ag: angiomatous, and at: atypical meningiomas.
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ted that human arachnoid and meningioma cells can pro-
duce PGDS and synthesize prostaglandin D,.

In 1973, Olsson et al. demonstrated that approximately
40% of '“I-labeled PB-trace, which was recently demon-
strated 1o be identical with PGDS,*'*" is excreted in the
urine if injected into the lumbar subarachnoid space of
human volunteers. In the CSF of healthy men 8ug/ml PGDS
was detected. In contrast, in the CSF of patients suffering
from hydrocephalus, extremely low levels (<0.4ug/ml) of
PGDS were found.® A homology search on the primary
structure of this protein revealed that PGDS is a member of
the lipocalin superfamily,’' a group of proteins consisting
of a variety of secretory proteins that bind and transport
small lipophilic molecules.” It is thought that PGD, is syn-
thesized by PGDS {rom multilamellar bodies through ara-
chidonate cascades and PGDS as a carrier protein may
contribute to the ubsorption of CSF-related substances from
arachnoid villi into the venous sinus. If so, it is quite reason-
able for hydrocephalus patients to show significantly fess
PGDS levels than healthy individuals.

Conclusions

Concerning their ultrastructure, cell adhesion mechanism,
and synthesis of multilamellar phospholipids or PGD,,
meningioma cells show remarkable similarities with normal
arachnoid cells. The less organized ultrastructure, reduced
merlin expression and genclic mutations result in an
impaired differentiation and function in meningiomas.
Further studying the consequences of neoplastic transform-
ation may assist in elucidating the molecular mechanisms
involved in the function of normal arachnoid villi.
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