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1. ABSTRACT

Choroid plexustissues are intraventricular structures
composed of villi covered by a single layer of ciliated, cuboid
epithelium. The plexuses secrete cerebrospind fluid (CSF),
synthesize numerous molecules, carry nutrients from the blood
to CSF, reabsorb brain metabolism by-products and participate
in brain immunosurveillance.

During ageing, atrophy of epithelium occurs aong
with thickening of basement membranes. Enzymatic activities
of epithdial cels decrease dgnificantly. CSF secretion
decreases as much as 50%. These modifications are concurrent
with subnormal brain activity.

In  Alzheimer's disease, epithelial  atrophy,
thickening of basement membrane and stroma fibrosis are even
more prominent. g and C1lq deposition aong the basement
membrane can be frequently detected, suggesting
immunological  processes.  Synthesis,  secretory, and
transportation functions are significantly atered resulting in
decreased CSF turnover, reduced beta-amyloid clearance, and
increased glycation phenomena as well as oxidative stress.
Such modifications may favour fibrillary transformation of
beta-amyloid protein and tau protein polymerisation.

2. INTRODUCTION

Alzheimer's disease (AD) afflicts 5% of people
more than 65 years old and at least 35% of people older
than 85. This disease is altogether a personal drama, a
familia “catastrophe”’, a major public health problem and a
therapeutic challenge.

Lesions are characterized by the association of
diverse abnormalities that can be encountered with a lower
intensity and slightly different topography in non-demented
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elderly subjects. Cortical atrophy occurs mainly in parieto-
temporal areas. Cerebral cortex contains numerous senile
plagues (SP). These broadly round structures are made of
extracellular b-amyloid deposits surrounded usually by a
neuritic corona containing  intra-neurona  fibrillar
inclusions, neuro-fibrillar tangles (NFT) (1). Despite the
development of neuropsychological diagnostic criteria, a
definitive diagnosis is only made by pathological anaysis
of the brain (2) and no specific peripheral blood marker or
preventive treatment is yet available.

Notwithstanding the progress of research, the
pathogenesis of AD is not fully elucidated. Protein b-
amyloid fibrillotransformation and NFT appear to be the
fina common pathway of various metabolic disorders.
Overproduction or decreased clearance of b-amyloid
peptides are assumed to be responsible for progressive
accumulation and aggregation in brain interstitial fluid.
Various mutations of amyloid precursor protein (APP) and
presenilins 1 and 2, by modifying APP catabolism, induce
hereditary =~ forms  through protein b-amyloid
hyperproduction (3). In sporadic AD, which represents 99
% of cases, there is neither APP hyperexpression nor
mutation of the above mentioned 3 genes (3); however the
brain contains high amounts of neurotoxic soluble
oligomers of b-amyloid protein (4) which are smal
aggregates that are soluble and neurotoxic. Major oxidative
stress also occurs in the brain (5) which might explain
fibrillotransformation of amyloid protein and NFT (6).
Age, apoE4 phenotype and menopause are risk factors truly
defined. Age plays the major role. This suggests that
modifications related to ageing, associated with other
genetic and environmental factors, might modify amyloid
protein metabolism (7, 8).
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Brain is immersed in CSF, which confers
mechanical protection and diminishes apparent weight
according to Archimede's principle (9). CSF should not be
considered as an inert and static fluid. It is renewed severa
times a day and is a medium for transportation of many
molecules. It is used for elimination of by-products of
cerebral catabolism and toxic compounds. CSF is similar to
brain intergtitia fluid. It is amost completely secreted by
choroid plexus (CP). CPs are intraventricular epithelial
formations specialized in CSF secretion. They are
contiguous with the ependyma. CP secretions are critical
for maintaining water balance and therefore the brain
volume (9). CP undergoes important morphological
modifications during ageing. Recent reports indicate that
the structure and functions of CP are significantly altered
in AD.

3. STRUCTURE AND FUNCTIONS OF CHOROID
PLEXUS

3.1. Structure of choroid plexus

Three CP regions are described: CP of the 3rd
ventricle or Vicg d' Azyr plexus, is a median ribbon in the
choroid network on the roof of 3rd ventricle; it is
subdivided in 2 “cordons’ which reach right and left
foramen of Monro and run on the internal surface of each
lateral ventricle. There are also 2 small CPs on the roof of
4" ventricle. Most studies analyze the lateral ventricle CPs
which are more readily accessible. Weight of human CP is
about 3 g (10).

Choroid tissues are composed of villi covered by
an unistratified epithelium with a central vascular axis.
Epithelia cells are cuboid with a rounded central or basal
nucleus (11). Mitochondria are more numerous at the basal
and apical poles, occupying 15 % of cytoplasm in primates
(12). Epithelial cells present at the apical pole numerous
microvilli of uniform diameter, enmeshed with each other,
and a few cilia The basolateral membrane contains
numerous  interdigitations.  Transmission  electron
microscopy reveals light and dark cells as ultrastructurally
similar. The dark aspect could be due to dehydration related
to hypofunctionality (13). In man, between epithelia cells,
near the basement membrane, dendritic cells can be found
(< 1 % of epithelia cells). They appear to secrete IL-10
149).

Epithelia cells are about 15 nm high. Their total
number has been estimated at 10°%. They lie on an epithelial
basement membrane surrounding a thin stroma with
numerous collagen fibers, scarce dendritic cdls,
macrophages, fibroblasts and large capillaries with a
fenestrated endothelium (11). CPs are richly innervated,
recelving adrenergic, cholinergic, peptidergic and
serotoninergic fibers. The distribution of nervous fibers
varies widely according to species (15). Choroid blood
flow is high, between 4 and 7 times greater than brain flow
depending upon species (16).

3.2. Functions of choroid plexus
Choroid epithelial cells keep some properties of
ependymal cells. For instance, they transport glucose from
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blood to CSF by GLUT1, a glucose transporter (17). They
immunostain for presenilin-1 (18) and lipocortin-1, an anti-
inflammatory corticosteroid (19). By the synthesis of
PLTP, i.e. phospholipid transfer protein (20), they are
implicated in brain lipoprotein metabolism.

CP functions are numerous. Choroid tissues
belong to the hemato-encephalic barrier. Metabolic activity
of CPs s estimated to be half that of the kidneys (10). The
plexuses secrete about 90 % of CSF; the remaining 10 %
comes from brain interstitial fluid drainage. CSF formation
is an active osmotic process regulated by 2 enzymes:
carbonic anhydrase and NaK*-ATPase. Choroid epithelial
cells synthesize numerous proteins such as transthyretin,
transferrin, ceruloplasmin, cytokines and growth factors,
e.g. TGFa, TGFb, bFGF, TNF, and IGF 11 (21, 22). Protein
synthesis varies according to species. The CPs actively
transport from blood to CSF numerous molecules such as
folate, glucose, vitamins B6, B12, C and probably vitamin
E (23, 24). They are able to reabsorb and eliminate from
CSF various by-products of brain metabolism, i.e., organic
anions and cations (25, 26).

Immunohistochemistry has shown that epithelial
cells are polarized. OATP1 (organic anion transport
polypeptide) is located at the apical pole while OATP2 is
basolateral. P-glycoprotein (MDR gene product) is located
at the apical pole while MRP (multidrug resistant protein)
(27) and GLUT1 (glucose transporter) (28) are situated
basolaterally.

3.3. Composition of cerebrospinal fluid

CSF composition is different from plasma (29),
but similar to brain interstitial fluid (30). CSF pH is slightly
acid. Compared to plasma, the levels of Na&, K, Ca™,
HCOy, proteins and glucose are lower, but Cl" and Mg"™
levels are higher (29). Folate levels are 2 to 3 times higher
in CSF than in plasma (23). Transthyretin (TTR) represents
25 % of proteins synthesized by CP and 5 % of CSF
proteins. The CSF level of TTR is lower than plasma, i.e.,
15 mg/ml vs. 200. CSF TTR is amost exclusively
synthesized by CP (31). These data support the idea that
CSF is not a plasma ultrafiltrate but an active secretion by
CP.

4. AGEING OF CHOROID PLEXUS

4.1. Anatomical modificationsin ageing

Reports of physiologica CP ageing have
described epithelial atrophy, weight increase (32) and
dlightly different modifications according to species.

In elderly rats (33), epithelia cells lose 15 % of
their normal height. At 6 mo of age, they are 12.5 nm high.
At 18 mo, choroid cells have an average height of 11.5 nm
and their morphology is modified, presenting a dome-like
appearance. By 30 mo, the epithelia cells are flattened
(only 10.5 mm high) and have an irregular and elongated
nucleus, significantly shortened microvilli and lipid
vacuoles. Concomitantly, there is an irregular fibrosis of
stroma and thickening of basement membranes. The
epithelial basement membrane (EBM) is typicaly 97 nm
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thick in 6 mo-old-rats, and becomes 214 nm thick by 30
mo. The endothelia basement membrane thickens
similarly, however in lower proportions; 73 nm at 6 mo and
87 nm at 30 mo (33). In elderly mice, the number of dark
epithelial cells increases, and the size of microvilli
decreases (34).

In man, the height of epithelial cells decreases
with age by about 10 %. On average, they are 15 nm high
in newborns and 13.7 nm in the elderly (35). Cytoplasm of
old epithelial cells contains fibrillar inclusions called
Biondi bodies and lipofuchsin deposits, the presence of
which probably alters cell function (36). Nuclei are
irregular and flattened, and the basement membrane is
thickened. EBM appears regular in newborns and is 95 nm
thick, but it becomes irregular and thickened, i.e., 116 nm,
in aged humans (35). The stroma is thicker and contains
collagen fibers, hyaline bodies, cacifications and
psammomas. Sometimes large and/or numerous cystic
formations can be seen. Arterial walls are also thicker, at
media and adventia levels, the elastic fibers being
fragmented (37).

4.2. Functional alterationsin ageing

CPs synthesize numerous enzymes, e.g., the
lactic dehydrogenase and  succinate-dehydrogenase
involved in anaerobic glycolysis and the Krebs cycle. In
ageing rats, the dehydrogenase activities decrease,
respectively, by 9 and 26 % (38) thereby altering
metabolisms dependent on glucose catabolism. The number
of epithelia cells deficient in cytochrome C oxidase, a
mitochondrial enzyme, increases with age thereby
decreasing the cell production of ATP by dtering the
respiratory mitochondrial chain (39). Reductions in ageing
rats also occur in Na'K *-ATPase (40) as well asthe Na'K*-
2CI" cotransporter (41).

The anatomic and enzymatic modifications of
CPs related to ageing are probably responsible for the
drastic diminution of CSF secretion. In anima models, CSF
secretion decreases as much as 45 % during ageing. In rats,
it has been evaluated as 1.2 m/min at 3 mo and 0.65 m/min
at 30 mo (42). In young sheep, CSF secretion has been
measured as 125 ni/min/g CP and in old sheep as 72.5
m/min/g CP (32). Due to the decreasing secretion and the
simultaneoudly increased CSF volume caused by brain
atrophy, the CSF turnover takes longer (42) in elderly rats
(7.9 h) than in young rats (2.2 h). In man, CSF secreted
volume diminishes with age, from 0.41mi/min at 28 yr of
age to 0.19 mi/min at 77 yr (43). As the result of cerebral
atrophy due to ageing (44), the turnover of CSF is
estimated to occur 6 times a day in young adults compared
to 1.7 times daily in elderly subjects.

4.3. Modification of cerebrospinal fluid in ageing

During ageing CSF composition does not vary
much. Simultaneous, balanced alterations of the synthesis,
secretion, reabsorption, and transportation functions of CP
might explain the stable concentration of CSF components
in hedthy, ederly subjects. Nevertheless, Ieptomeninges
fibrosis (45) and decreased secretion might ater the
epuration capacities of CSF. For example, in rats, clearance
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of b-amyloid protein injected intraventricularly decreases
considerably with age, from 10.4 pl/min a 3 mo to 0.71
pl/min at 30 mo; consequently, the amyloid protein brain
content increased significantly (7 % at the end of CSF
perfusion in young rats and 49 % in old animals (42)).
Therefore, the increase of b1-40 and b1-42 amyloid protein
levels in elderly humans could be related to decreased
clearance from the CNS.

The CSF concentration of some molecules
synthesized by CP (TTR) or transported from plasma and
of high molecular weight (a2-macroglobulin, 1gG)
increases dightly with age. This could be due to altered
clearance rather than compromised brain-barrier
permesability (42, 46, 47). Overall, however, these slightly-
modified transport phenomena do not seem to disturb brain
homeostasis in healthy elderly subjects.

CP demonstrates a capacity for sequestering toxic
heavy metals and metalloid ions (48). For instance, a
patient with argyria had silver deposits in the basal lamina
of CP, but the brain was free of silver (49). Moreover, in
hemochromatosis, MRI detected an iron overloading in CP
(50).

5. CHOROID PLEXUS AND ALZHEIMER'S
DISEASE

5.1. Anatomical alterationsin Alzheimer’sdisease

In AD, CSF composition is considered subnormal
for common biological parameters (2). However, some
molecules such as pyruvate and lactate are at elevated
levels, which favours a brain oxidative phosphorylation
deficit (51). Other substances are decreased suggesting
anatomical and/or functional alterations of the CPs.

CPs present abnormalities similar to those
observed in ageing, athough greatly enhanced. Epithelial
atrophy is significant: cell height decreases by 22 % to
10.5 pm compared to controls of the same age (13.7 pm),
and by 30 % compared to newborns (15 pm) (35).
Epithelial cells contain numerous lipofuchsin vacuolaes and
Biondi bodies. The percentage of epithelial cells containing
Biondi bodies is significantly increased in AD patients
(36). There are dso numerous Biondi inclusions in the
ependymal layer (52). Epithelial basement membranes are
very irregular and thickened; their thickness increases by
28 % compared to controls of the same age, 352 nm vs. 274
nm, and by 270 % compared to newborns (95 nm) (35).
Stroma of villi isirregularly fibrotic; its thickness can reach
severa tenths of a mm (35, 53). CP contains vessels with
thickened walls, hyaline bodies, cacifications, and
psammomas mainly at the glomus level. Immunohistology
reveals many linear deposits of 1gG, IgM and Clq along
the epithelial basement membrane suggesting intervention
of immunological processes (54).

5.2. Cerebrospinal fluid in Alzheimer’s disease

These anatomical abnormalities suggest a
decrease of functional capacities of CPs. According to their
localisation, secretory capacities are difficult to appreciate
but they seem to decrease drastically. Indeed, during
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isotopic scinticisternographies, there is a mgor delay of
reabsorption as well as transitory ventricular contamination
phenomena which intimates a decrease in CSF turnover
(55-57) and epuration capacities. CSF production has been
measured (58) by using an intraventricular catheter in
patients with Parkinson’s disease or AD. The mean CSF
production rate decreased significantly in AD patients. It is
worth noting that in Down’s syndrome the CSF production
does not differ from that of normal subjects (59). Due to
cerebral atrophy and the consequent ventricular dilatation,
the CSF turnover is about 36 hin AD patients.

The decrease of CSF production could favor the
glycation of proteins and the formation of b-amyloid
protein oligomers. AD brain contains 3 times more
advanced glycation products (AGE) than controls (60).
Diffuse deposits of amyloid protein, senile plagues and
NFT are known to contain AGE (6). Glycation of proteins
promotes their aggregation, the polymerisation of tau
proteins with formation of filaments, and protein b-amyloid
protein  fibrillotransformation (60, 61). In \vitro,
fibrillotransformation is accelerated in the presence of
AGE, probably through initiation of nucleation phenomena
(62). The first stage of protein glycation induces
spontaneous formation of Amadori bodiesin afew hours or
days. In ageing, levels of CSF proteins, glucose and
Amadori bodies remain stable, the CSF turnover reduction
being insufficient to increase protein glycation. On the
contrary, in AD the Amadori bodies increase significantly
while CSF protein and glucose levels remain stable.
Increased contact time between glucids and proteins relates
to a substantial decrease of CSF turnover (63).

Amyloid protein clearance, which is significantly
reduced in elderly animals (42), is still unknown in AD
patients. Amyloid protein monomers do not seem to have
brain toxicity. In vitro, they self-aggregate and form
spontaneously soluble, apparently neurotoxic oligomers,
the level of which increases with time (64). Amyloid
protein oligomers can also be formed and secreted from
cells (65). The brain from AD patients contains 12 times as
many oligomers as controls (4). AD severity appears to be
correlated more to amyloid protein oligomer level than to
senile plague number (64). The decrease of CSF turnover,
the increase of protein glycation and the diminution of b-
amyloid protein clearance could atogether induce oligomer
formation and retention.

CPs are involved in the regulation and secretion
of several growth factors that can affect CSF dynamics
(22). Experimentally, ventricular enlargement and fibrosis
of arachnoid villi were produced in adult rats by infusing
bFGF (66). In AD, hydrocephalus ex vacuo and arachnoid
fibrosis are usual (67) and increased bFGF levels in brain
parenchyma could be due to local sequestration (22).

Importantly, epithelial atrophy suggests a
decrease of enzymatic activities due to atered protein
synthesis. In vitro, CSF inhibits amyloid protein
fibrillotransformation probably through sequestration (68).
Levels of CSF transthyretin, a CP synthesized molecule
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which associates with b-amyloid protein to form complexes
(69), are 13 % lower in AD (47, 70, 71).

Transport functions are also impaired. CSF folate
and vitamin B12 are actively transported by CP to CSF and
are involved in methylation processes, particularly of
myelin,  proteins, phospholipids, nucleic  acids,
catechnolamines and acetylcholine. The levels of these two
vitamins are significantly lower in AD (72-74). In the
plasma, homocysteine levels were correlated with vitamin
B12 and folate depletion. Homocysteine, which mediates
lipid peroxidation and increases the production of toxic
HNE, has an increased level in AD CSF (74).

Ascorbic acid and a-tocopherol levels, the two
major scavengers of free radicals of CSF, are decreased in
AD (75, 76). These abnormalities could explain the major
oxidative stress of AD brain (5) and the decrease of CSF
antioxidant capabilitiesin AD (76).

The reduced levels of these molecules, in the face
of decreased CSF turnover, means an even more
diminished availability for brain. These abnormalities could
cause methylation problems, increase oxidative stress and
lipid peroxidation, modify amyloid protein clearance, and
facilitate tau protein polymerisation, as well as formation of
amyloid protein oligomers and fibrilloformation.

6. CONCLUSION

CP tissues, despite their small weight, appear to
play a major role in brain homeostasis. Ageing of CP is
characterized by epithelial atrophy, a decrease of enzymatic
activities, thickening of basement membranes (mainly
epitheliad BM), and irregular stroma fibrosis. These
morphological modifications imply untoward effects on
brain functions, in part due to compromised CSF epuration
capacities.

During AD, these ultrastructural abnormalities
are significantly augmented. They are frequently associated
with immunoglobulins and Clq deposits aong epithelia
basement membrane, reflecting immunological processes.
These morphologica modifications are associated with
diminished secretion, synthesis and transport functions,
inducing a slower turnover of CSF, a decrease of protein
amyloid sequestration, an increase of glycation processes
and of oxidative stress. Altogether, these conditions may
facilitate fibrillotransformation of amyloid protein and tau
protein polymerisation.

Other ageing-induced aterations, such as
leptomeningeal and arachnoid villi fibrosis (67), capillary
network modifications induced by brain
hypovascularisation (77), and CP hypoperfusion secondary
to heart failure (78), may also potentiate CP dysfunction
and its consequences.
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