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INTRODUCTION

Dementia is a major problem in the elderly population with the
prevalence doubling every 5 years after the age of 65 years (39).
Some 2.3% of those over the age of 65 years and up to 25% over 85
years in the UK show clinical evidence of moderate to severe
cognitive impairment (24). Alzheimer’s disease is the commonest
type of dementia, but it often overlaps with vascular dementia
because of cerebral infarction (83). Imaging studies suggest that
40% of patients with Alzheimer’s disease also have some degree
of vascular dementia (103) and this is supported by pathological

studies (25).

ALZHEIMER'’S DISEASE

Alzheimer’s disease is characterized pathologically by the accumu-
lation of ubiquitinated hyperphosphorylated tau in neurofibrillary
tangles within neurons and by the deposition of amyloid-B (AB)
in brain tissue and in the walls of cerebral blood vessels as cerebral
amyloid angiopathy (CAA) (26). A diagnosis of Alzheimer’s
disease is made in post-mortem brains by the presence of insoluble
plaques of AP and by the number and distribution of neurofibrillary
changes that include neuritic amyloid plaques, neurofibrillary
tangles and neuropil threads (14, 55). Clinicopathological studies,
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Abstract

Alzheimer’s disease is the commonest dementia. One major characteristic of its pathology
is accumulation of amyloid-3 (AB) as insoluble deposits in brain parenchyma and in blood
vessel walls [cerebral amyloid angiopathy (CAA)]. The distribution of AB deposits in the
basement membranes of cerebral capillaries and arteries corresponds to the perivascular
drainage pathways by which interstitial fluid (ISF) and solutes are eliminated from the
brain—effectively the lymphatic drainage of the brain. Theoretical models suggest that
vessel pulsations supply the motive force for perivascular drainage of ISF and solutes. As
arteries stiffen with age, the amplitude of pulsations is reduced and insoluble A is depos-
ited in ISF drainage pathways as CAA, thus, further impeding the drainage of soluble Ap.
Failure of perivascular drainage of AP and deposition of A in the walls of arteries has two
major consequences: (i) intracerebral hemorrhage associated with rupture of AB-laden
arteries in CAA; and (ii) Alzheimer’s disease in which failure of elimination of ISF, A and
other soluble metabolites from the brain alters homeostasis and the neuronal environment
resulting in cognitive decline and dementia. Therapeutic strategies that improve elimination
of AP and other soluble metabolites from the brain may prevent cognitive decline in
Alzheimer’s disease.

however, suggest that three features in particular correlate with
clinical dementia. They are (i) the number and distribution of neu-
rofibrillary changes (13, 14); (ii) a raised level of soluble AP in the
brain (49, 53); and (iii) the severity of CAA (17).

Several major pieces of evidence suggest a key role for AP in the
pathogenesis of Alzheimer’s disease (92). There is the association
of Down’s syndrome with the pathological changes of Alzheimer’s
disease (50) and its link with chromosome 21 that contains the
gene for amyloid precursor protein (APP) (92). There is a well-
established link between mutations in the APP and presenilin genes
and familial Alzheimer’s disease with the overproduction of AR,
especially AB1-42 (31). In late onset sporadic Alzheimer’s disease,
the major genetic link is with the apolipoprotein E (APOE) locus
(20); the protein APOE co-localizes with Af in the brain in Alzhe-
imer’s disease (58). In transgenic mice expressing human APP and
human tau transgenes, AP} deposition develops prior to the accu-
mulation of tau in neurons, suggesting a causal relationship (63).
Finally, oligomers of AP appear to be toxic to neurons, and injec-
tion of AP into mice with mutations of the tau gene accelerates
hyperphosphorylation of tau and the formation of neurofibrillary
tangles (92).

In this review we focus upon the reasons why amyloid accumu-
lates in the elderly and Alzheimer brain and examine how this may
influence therapeutic strategies for Alzheimer’s disease.
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Accumulation of Af in the elderly and
Alzheimer brain

Amyloid in the brains of elderly individuals and in Alzheimer’s
disease is mainly composed of A} peptides, 40 or 42 amino acids in
length, derived from the trans-membrane protein APP by the action
of two aspartyl proteases, B- and y-secretase (93). Although AP is a
soluble peptide, it is converted into an intermediate insoluble pre-
fibrillar form and into 8—10 nm amyloid fibrils with a B-pleated
sheet structure under the influence of concentration of A, pH and
a variety of tissue factors (69). Soluble and insoluble forms of A3
are both present in the brain in Alzheimer’s disease. The diffuse
and focal cored or neuritic plaques of AP are a prominent histologi-
cal feature of Alzheimer’s disease in sections stained by immuno-
histochemistry with antibodies directed against AP (26). However,
it is the high levels of soluble AP in the brain, measured biochemi-
cally, that correlate with cognitive decline and dementia rather than
the number of plaques of insoluble AP (49, 53).

The 40-amino-acid-long AP (AB1-40) is more soluble than the
longer AB1-42 and they differ in their distribution in brain and
vessel walls. AB1-40 tends to be the major form in the amyloid in
artery walls in CAA; whereas, AB1-42 is more prominent in the
plaques in brain tissue (38, 90). AP in plaques and in artery walls is
co-distributed with APOE (58), suggesting that APOE may have a
role as a chaperone for AP (69).

Although synaptic activity regulates the level of AP in interstitial
fluid (ISF) (19), little is known about the normal physiological
function of AP (33). But as we will seek to demonstrate here, Af in
its insoluble forms has a major pathological role in blocking the
drainage of ISF and solutes from the brain.

Increased production of Af or failure of
elimination in Alzheimer’s disease?

Mutations in the APP and presenilin genes are associated with an
overproduction of AP in familial forms of Alzheimer’s disease,
particularly of AB1-42 (78, 79). It was the discovery of such muta-
tions in the 1990s that resulted in the formulation of the amyloid
cascade hypothesis. This states that Alzheimer’s disease is caused
by increased production of AB, a cleavage product of APP (31, 32).
Increased production of AP may occur in the 5% of cases of Alzhe-
imer’s disease that are familial. However, there is no firm evidence
for overproduction of AP in the much more common sporadic late
onset Alzheimer’s disease in which the major susceptibility gene is
the APOE locus (20). From the evidence available today, it seems
likely that the decreased elimination of AP that occurs with advanc-
ing age is a major cause of Alzheimer’s disease. Even in familial
forms of Alzheimer’s disease, the onset of dementia is often
delayed until the fifth or sixth decades (26), suggesting that failure
of elimination of AP} with age also plays a part in the pathogenesis
of familial types of the disease. In these cases, the overproduction
of aberrant forms of AB may overwhelm the mechanisms for elimi-
nation of A} at an earlier age than in sporadic Alzheimer’s disease.

Mechanisms for the elimination of Ap from
the brain

Several mechanisms for elimination of AP have been identified,
and they fall into three main categories:
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(1) Enzymic degradation of AP in the brain parenchyma by pro-
teases, such as, neprilysin (28, 54) and insulin-degrading enzyme
(IDE) (47).

(ii) Direct absorption of AP into the blood via low-density lipopro-
tein receptor-related protein (LRP)-1 at a rate estimated for
AB1-40 at 0.21 pmol/minute/g ISF and at a slower rate for AB1-42
(8). P-glycoprotein expressed on the luminal aspect of endothelial
cells also contributes to the removal of AP from the brain into the
blood (18).

(iii) Perivascular drainage of AP with other solutes and ISF along
capillary and artery walls (67, 100). This is some sixfold slower
than absorption into the blood via LRP (8) but perivascular drain-
age appears to compensate when the LRP mechanism is blocked
or fails (80) and when neprilysin levels in the brain are reduced
(54).

In this review, we concentrate mainly on the failure of perivascu-
lar drainage of AP that occurs in the aging brain. We relate this
failure to CAA, to Alzheimer’s disease and to the spectrum of
arterial disease that may also result from failure of elimination
of proteins along perivascular pathways. This condition can be
defined as “protein-elimination failure arteriopathy” (PEFA) which
is seen throughout the body but is most commonly associated with
the central and peripheral nervous systems (see below). In order to
put PEFA into context, we will first review how fluid and solutes are
eliminated from the central nervous system (CNS).

EXTRACELLULAR FLUIDS AND THE
CENTRAL NERVOUS SYSTEM

Cerebrospinal fluid (CSF) and ISF are the two extracellular fluids
associated with the brain and spinal cord (95). Failure of CSF
drainage is associated with hydrocephalus (95), and failure of ISF
drainage is associated with CAA, intracerebral hemorrhage (ICH),
dementia and the uncommon condition of giant tumefactive
perivascular spaces (74).

Cerebrospinal fluid

CSF has received more attention than ISF in the past, probably
because it is readily accessible in vivo due to its relatively large
pool of 30 mL CSF in the ventricles and 110 mL in the subarach-
noid spaces (9). Produced by the choroid plexus at a rate of 350 uL/
minute in humans (22), CSF passes through the ventricular system
into the subarachnoid spaces. In humans, CSF appears to act as a
buoyancy fluid and movement of CSF is related to pulsations in
the vascular system (4). In humans, most of the CSF drains into the
blood via arachnoid villi and granulations in the major venous
sinuses (95, 96). In non-primates, such as rat, rabbit and sheep,
arachnoid villi are less well developed than in humans and in these
species some 50% of the CSF drains via the cribriform plate and
nasal lymphatics to regional lymph nodes in the neck (12, 21, 41).

A layer of ependyma separates CSF in the ventricles from the
periventricular brain tissue, but ependymal cells lack tight junc-
tions and fluid appears to drain from periventricular white matter
into the ventricles (1). The ependymal lining around the ventricles
is often incomplete in adult brains. In hydrocephalus, in which
drainage of CSF from the ventricles is impeded, CSF passes into
periventricular white matter, often through breaks in the ependyma
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Perivascular drainage of interstitial fluid and solutes along
basement membranes of capillaries and arteries

ISFFAH

Figure 1. Perivascular pathways for the
drainage of interstitial fluid (ISF), solutes,
including amyloid-B (AB), from the brain.
Injection studies show that tracers diffuse
through the extracellular spaces of the brain
and enter basement membranes of capillaries
to drain out of the brain along basement
membranes in the tunica media of arteries.
The drainage pathway is depicted here by the
green lines and arrows. Basement membranes
of the arterial endothelium and on the outer
aspect of the arterial wall are devoid of tracer
and are coloured blue. Endothelium is pink.
From the results of the study by Carare et al.
(15).

Capillary

(95, 99). There may be communication between CSF in the
subarachnoid space and the brain and spinal cord in rodents (1); but
in the human brain, (94, 96), a layer of pia mater, subpial collagen
and the glia limitans separate the CSF in the subarachnoid space
from nervous system tissue in the brain and spinal cord (3, 59).
Pharmacological agents injected into the spinal CSF have little or
no functional effect on the spinal cord (2), suggesting that there is
a functional barrier between CSF in the subarachnoid space and
the CNS.

Interstitial fluid

ISF in the brain and spinal cord is derived partly from the blood and
partly from tissue metabolism (1), and amounts to 280 mL in the
human brain (9). CSF may contribute to ISE, but the amount is
uncertain (1). There are no lymphatic vessels in the mammalian
brain that are comparable in structure to those in the rest of the
body. However, it is estimated that the rate of drainage of ISF from
the brain is 0.11-0.29 uL/minute/g of brain (1, 86) and that this is
comparable to the average lymphatic drainage in the rest of the
body (86).

If there are no lymphatic vessels, how do ISF and solutes drain
from the brain?

Recent studies using fluorescent tracers and laser confocal
microscopy have shown that ISF and solutes drain from the mouse
brain along basement membranes of capillaries and arteries (15).
By combining these results with earlier studies it is possible to
identify a continuous route for the drainage of ISF from the brain
to cervical lymph nodes. This perivascular lymphatic drainage
pathway is blocked by AP in CAA and Alzheimer’s disease.

Perivascular drainage of ISF and solutes from
the brain

The details of the drainage pathway by which fluorescent tracers
are eliminated from the mouse brain (15) are highly relevant to
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Solutes and ISF drain
along basement
membranes bebween
smooth muscle cells

Smooth muscle cells

CAA. Formalin-fixable fluorescent 3 kDa dextran (about the same
molecular weight as AB) and fluorescent 40 kDa ovalbumin were
injected (volume 0.5 uL) into the caudate putamen of mice, and the
distribution of the tracers was monitored at 5 minutes to 24 h.
Fluorescent dextran and ovalbumin tracers initially spread dif-
fusely within the extracellular spaces of gray matter. By 5 minutes
after injection, however, both tracers were detected within the base-
ment membranes of capillaries and in basement membranes sur-
rounding smooth muscle cells of the tunica media of artery walls.
By 3 h, the 0.5 uL of tracer had been removed from brain paren-
chyma and from the basement membranes of capillaries and artery
walls. Although no tracer could be detected in the basement mem-
branes within the walls of leptomeningeal arteries, tracers were
present in perivascular macrophages on the outer aspect of the
leptomeningeal artery walls. This suggests that (i) tracers had
reached the leptomeningeal vessels on their passage out of the
brain; and (ii) a proportion of tracer had moved centrifugally
through the walls of arteries during its passage out of the brain.

Figure 1 summarizes the perivascular drainage pathway for ISF
and solutes out of the brain (15). Tracers in the extracellular spaces
of the brain enter the capillary basement membranes between the
endothelial layer and the surrounding astrocytes and then pass into
the basement membranes between the smooth muscle cells in the
tunica media of arteries. No tracer was detected in basement mem-
branes of arterial endothelium or in basement membranes between
the artery wall and the surrounding glia limitans (15).

Lymphatic drainage of ISF and solutes

No fluorescent tracer was detected in cervical lymph nodes in the
study reported above (15), possibly because of the very small
amount of tracer injected. However, previous studies have shown
that ISF and solutes drain from the brain to cervical lymph
nodes (21, 86). Evans blue albumin, horseradish peroxidase and
radioiodine-labeled serum albumin injected as tracers into rodent
or rabbit brains have been located in the adventitia of arteries in the
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circle of Willis at the base of the brain (86), but not in the walls of
the carotid arteries in the neck. The presence of tracer in the adven-
titia of carotid arteries ceased abruptly at the skull base, suggesting
that tracers drain from artery walls to cervical lymphatics (86).

The immunological significance of lymphatic drainage of ISF
and solutes is emphasized in experiments showing that removal
of the cervical lymph nodes in the rat interferes with B and T
lymphocyte-mediated immune reactions in the brain (34, 35, 45,
66). Despite the role played by the drainage of ISF and solutes in
immunological reactions in the brain, there is little evidence that
lymphocytes or macrophages drain from the brain to regional
lymph nodes with ISF. The perivascular drainage pathways along
vascular basement membranes do not seem to have the capacity for
the drainage of cells (15). The absence of direct drainage of inflam-
matory cells from brain to lymph nodes may be a factor in the
relative immunological privilege in the brain (30, 66)

Motive force for the perivascular drainage of
solutes from the brain

Movement of CSF within the ventricles, aqueduct and at the
foramen magnum is driven by the pulsations of intracranial arteries
(4). Less is known about the motive force for the perivascular
transport of ISF and solutes from the brain. However, theoretical
studies suggest that the contrary (or reflection) wave that follows
each pulse wave is the force driving ISF and solutes along artery
walls in the reverse direction to the flow of blood (75). Such a
model would require some form of attachment or valve-like
mechanism to prevent back flow during the pulse wave. It is pos-
sible that changes in the conformation of basement membranes
during expansion and recoil of the artery wall may play such a
valve-like role, but direct evidence for this is not yet available.

CEREBRAL AMYLOID ANGIOPATHY

Deposition of AP in blood vessel walls as CAA is a feature of
elderly humans, Alzheimer’s disease and a number of hereditary
disorders (69). Leptomeningeal and cortical arteries are most fre-
quently affected, and capillaries in the human brain are the least
often involved. CAA is also a feature of transgenic mice bearing
mutant human genes for APP; such mice produce increased
amounts of AP (38). ICH is a major and often fatal complication of
CAA, but CAA is also associated with Alzheimer’s disease (5).

AP is deposited in perivascular drainage pathways in CAA
(100). In the early stages of CAA, AP has almost exactly the same
distribution as soluble tracers that are draining from the brain along
basement membranes in the walls of capillaries and arteries
(15, 67, 100). Capillary basement membranes can be visualized by
staining for collagen IV (Figure 2A). AB is deposited in the base-
ment membranes of capillaries (Figure 2B) (67, 100), often
forming compact nodules (Drusen) (67, 76, 100) (Figure 2C). Col-
lagen IV in basement membranes surrounding smooth muscle cells
in the tunica media of arteries is also well demonstrated by im-
munohistochemistry (Figure 3A). Staining for A shows that it is
deposited in basement membranes between smooth muscle cells in
artery walls in CAA (67, 100) (Figure 3B).

Smear preparations of fresh brain tissue give a slightly different
view of the relationships between AP and vessel walls in CAA (67).
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Figure 2. Amyloid angiopathy involving capillaries in Alzheimer’s
disease. Amyloid-B (AB) is deposited in the basement membranes of
cerebral capillaries. A. Normal capillary showing collagen IV (brown) in
the basement membrane. B. AB (brown) in the basement membrane of
a cerebral capillary. C. Small hemispherical “Drusen” of AB on the outer
aspect of a capillary basement membrane laden with AB (brown). Immu-
nohistochemistry for (A) collagen IV (Novocastra monoclonal antibody)
(B) and (C) AB. Reproduced with permission from Preston et al (67).
Bars =10 um.

Figure 4A shows a capillary loop with amyloid in the basement
membrane and a feathery outcrop of amyloid in the surrounding
brain tissue. The brittle nature of the amyloid deposits in CAA is
apparent in Figure 4B in which plates of AP in an artery wall
appear to have shattered.

Ultrastructural studies show that fibrils of AP are initially depos-
ited in the lamina densa of the basement membranes in the media
between smooth muscle cells (102), and this increases the thick-
ness of the basement membrane. Eventually smooth muscle cells
die and the artery wall becomes almost completely replaced by
AB (69).

In many ways, AP acts as a natural tracer for the perivascular
drainage of solutes and ISF; they both drain along the same
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Figure 3. Cerebral amyloid angiopathy with deposition of amyloid-B (AB)
in basement membranes of arteries. A. A normal leptomeningeal artery
showing collagen IV (brown) in the basement membranes between the
smooth muscle cells in the tunica media. Nuclei of the smooth muscle

cells are stained blue. B. Tangential section through a leptomeningeal
artery showing AP in the basement membranes of the tunica media.
Immunohistochemistry for (A) collagen IV (Novocastra monoclonal anti-
body) (B) AB (Dako pan-AB monoclonal antibody) Bars = 20 um.

Figure 4. Cerebral amyloid angiopathy in smear preparations. A. A capillary loop (cap) with amyloid in its basement membrane (green) and a sheath of
amyloid fibers in the surrounding brain. B. An artery with plates of amyloid (green) in the wall that appear to have been shattered during the preparation
of the smear. A and B stained by thioflavin S. Confocal images. Reproduced with permission from Preston et al (67).
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Figure 5. Loss of collagen 1V in association with deposition of amyloid in
the walls of arteries and capillaries in cerebral amyloid angiopathy (84). A
and B are from the same microscope field. A. Cerebral cortex stained
only for collagen IV (black) showing focal loss of collagen IV from capil-
lary (*, upper arrow) and artery (*, lower arrow) walls. B. The same
vessels (* and arrows) show amyloid (green) replacing collagen IV in

perivascular basement membrane pathway out of the brain
(Figure 1). Deposits of AP are usually only seen in the walls of
cortical vessels and the smaller leptomeningeal arteries by immu-
nohistochemistry. Biochemical studies, however, have shown that
AP is present in the leptomeningeal arteries in individuals aged
20-90 years (20 years was the youngest age tested) (82). AP was
present in the walls of middle cerebral arteries and basilar arteries
at the base of the brain, but no AR was detected in the walls of
internal carotid arteries in the neck (82). This supports the obser-
vations in experimental animals that solutes draining from the
brain along perivascular pathways leave the artery walls at the
base of the skull probably to drain to regional lymph nodes in
the neck.

Effects of AP deposition on vessel walls in CAA

Basement membranes

The initial effect of deposits of AR on the walls of capillaries
and arteries is a change in the protein composition of basement
membranes. Capillary basement membranes contain collagen IV
(Figure 2A), laminin and fibronectin. In normal arteries, collagen
IV is present in basement membranes throughout the width of the
vessel wall (Figure 3A); whereas, laminin, fibronectin and perlecan
are predominantly located in basement membranes at the periphery
of the artery and in the endothelial basement membrane (84).

The heparan sulphate proteoglycan, perlecan, is associated with
deposits of AP in the brain and accelerates A fibril formation in
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capillary and artery walls. The endothelial and outer basement mem-
branes in the artery wall are selectively preserved and spared from
amyloid deposits. Erythrocytes within vessel lumina are yellow. Immu-
nohistochemistry for collagen IV (Novocastra monoclonal antibody),
counterstained with Congo red for amyloid that appears green in this
confocal hybrid image. Bars = 40 um in both illustrations.

vitro (36); whereas, laminin binds to AP in basement membranes
and is a potent inhibitor of A} amyloid fibril formation (16). There
appears to be a role for the heparan sulphate proteoglycan, agrin, in
the accumulation of A in blood vessel walls in the Dutch type of
familial CAA but not in Alzheimer’s disease (91).

Major changes occur in the basement membranes when AR is
deposited in the walls of arteries and capillaries in CAA. There is
a decrease in collagen IV (Figure 5) (105), laminin (Figure 6) and
perlecan in artery walls whereas fibronectin remains relatively
unaffected. Loss of collagen IV and laminin from capillary base-
ment membranes occurs at sites of AR deposition (Figures 5 and
6). However, the amount of fibronectin associated with the walls
of capillaries is increased at sites of A deposition (Figure 7)
(84).

There is selective preservation of collagen IV in basement
membranes of the arterial endothelium and in the outermost base-
ment membranes of the tunica media in cortical arteries in CAA
(Figure 5). These two basement membrane layers are also devoid of
experimental tracers when they drain along perivascular pathways
of intracerebral arteries (Figure 1) (15). Lack of involvement of the
endothelial basement membranes in arteries affected by CAA may
mean that the endothelium is selectively preserved in these vessels
(105) and may account for the low incidence of arterial thrombosis
associated with CAA. Preservation of the outer basement mem-
brane suggests that AP drains longitudinally into artery walls from
capillary basement membranes and not radially from the brain,
even though AP often accumulates in the periarterial glia limitans
(67).
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Figure 6. Laminin is lost from regions of amyloid deposition in the walls membranes (¥*). Erythrocytes within capillaries are yellow. Immunohis-
of capillaries in cerebral amyloid angiopathy (84). A and B are from the tochemistry for laminin, (Novocastra monoclonal antibody) counter-
same microscope field. A. cerebral cortex stained only for laminin (black) stained with Congo red for amyloid that appears green in this confocal
showing focal loss of laminin from capillary walls (*). B. The same hybrid image. Bars = 40 um in both illustrations.

vessels show amyloid (green) replacing laminin in the capillary basement

Figure 7. Fibronectin is increased adjacent to regions of amyloid depo- increase in fibronectin (*). Erythrocytes within vessel lumina are yellow.
sition in the walls of capillaries in cerebral amyloid angiopathy (84). A and Immunohistochemistry for fibronectin (Novocastra monoclonal anti-
B are from the same microscope field. A. Cerebral cortex showing an body), counterstained with Congo red for amyloid that appears green in
increase in fibronectin (black) in the brain parenchyma around capillaries this confocal hybrid image. Bars = 40 um in both illustrations.

(*). B. The same vessels show amyloid (green) in association with the
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Destructive changes in artery walls in CAA

With increasing amounts of AB deposited in the walls of arteries in
CAA, there is loss of smooth muscle cells from the tunica media
(67), focal aneurysm formation, fibrinoid necrosis and separation
of the outer part of the vessel from the inner layers—so called
double barreling of arteries (51, 69). Intracortical arteries are not
usually affected as severely as leptomeningeal arteries by destruc-
tive changes, but may show extensive replacement of smooth
muscle cells by AP.

Inflammatory changes associated with CAA

An uncommon but distinctive feature of CAA is an angiodestruc-
tive inflammation. It is often granulomatous and affects mainly
leptomeningeal arteries laden with AP (77). Patients may present
with alteration in mental state, headaches and seizures and with
hyperintense lesions in the white matter on MRI (42, 77). The
APOE €4 genotype is strongly related to CAA-related inflamma-
tion (42).

Pathogenesis of CAA

When Scholz described CAA in 1938 (76), he suggested that
amyloid in blood vessel walls was derived from the blood. Later it
was proposed that the AP in CAA was mainly derived from smooth
muscle cells within the artery walls (102). In common with most
cells in the body, smooth muscle cells produce APP and produce
measurable amounts of AP in cell culture (29). It was then proposed
that A is entrapped in perivascular ISF drainage pathways in CAA
in the human brain (100). Support for this proposal came from
transgenic mice that produce mutant human Af only in the brain,
and develop prominent CAA (38). However, AP produced by
smooth muscle cells artery walls may contribute to or even initiate
deposition of A in the perivascular drainage pathways (29, 62).

Almost all cases of CAA occur in middle aged or elderly indi-
viduals, so one major question is why does old age predispose to
CAA? Several factors have been identified that may help to answer
this question.

Factors impeding perivascular elimination of A
and other amyloids in CAA

Nature of the amyloid

Apart from AP, a number of other chemically distinct amyloids
are associated with CAA; these include cystatin C, transthyretin,
gelsolin, prion protein, ABri and ADan (69). Furthermore, the
structure of AP and the proportions of AB1-40 and 1-42 may vary
in familial CAA and familial Alzheimer’s disease because of muta-
tions in the APP or presenilin genes (69). Such variations may
affect the capacity of the amyloidogenic proteins to drain along
perivascular pathways in aging arteries.

Failure of degradation of AP or absorption into
the blood

A reduction in the degradation of AP by neprilysin and other pro-
teases in elderly human brains (54) and in transgenic mice (28) is
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associated with increased severity of CAA. Furthermore, the AP
molecules that are produced by the Dutch, Flemish, Italian and
Arctic mutant APP genes are resistant to degradation by neprilysin
(89). Diversion of AP into perivascular drainage pathways may be
the major reason for the increased severity of the CAA in these
disorders (37). AP is also diverted into perivascular drainage path-
ways when absorption of AP into the blood via the LRP mechanism
is reduced (80).

Failure of transport of soluble amyloid along
aging arteries

Clinical disease and severe deposition of AP in the brain and in
CAA do not usually occur until adulthood or middle age even in
cases of familial Alzheimer’s disease and familial CAA (69, 78).
In the sporadic forms of CAA, significant deposition of AP is
unusual before the seventh decade (26). Theoretical models
suggest that perivascular drainage of ISF, and A is driven by
vessel pulsations (75). The character of pulsations in arteries
changes with age as vessels become stiffer with arteriosclerosis
(57). This may be a major factor in slowing the drainage of AP
and allowing it to form insoluble amyloid fibrils within vascular
basement membranes. AR CAA is a prominent feature of many
transgenic mouse models in which there is production of mutant
human APP (38). CAA presents at about 12 months of age, but
changes in cerebral artery similar to the aging of human arteries
occur before the AP is deposited (81). Changes in vessel tone
resulting from cholinergic deafferentation in the rabbit also result
in CAA (7). From these observations it seems that age changes
and stiffening of artery walls and cholinergic deafferentation
impede the perivascular drainage of AP, and that this induces
CAA and, ultimately, the deposition of AP in the brain in Alzhe-
imer’s disease (6, 98).

Production of A by smooth muscle cells

Insoluble AB1-42 appears to be deposited first in artery walls and
this is followed by the much more abundant deposition of more
soluble AB1-40 in CAA (90). One explanation for this observation
may be that elimination of AB1-42, produced by smooth muscle
cells in the walls of aging arteries, fails and that this provides a
nidus for the accumulation of the more soluble AB1-40 draining
from the brain in perivascular pathways (29, 62).

Inherent defects or age changes in vascular
basement membranes

AP relates to various protein constituents in vascular basement
membranes especially heparan sulphate proteoglycan that pro-
motes amyloid fibril formation (43, 44) and laminin that inhibits
amyloid fibril formation (16). Ultrastructural changes occur in
vascular basement membranes with age; they become thicker
and accumulate collagen (27). Such changes may interfere with
perivascular drainage of AP. Transgenic mice that express trans-
forming growth factor B1 at low levels in astrocytes, show thicken-
ing of capillary basement membranes and deposition of AP in the
walls of cerebral blood vessels at the age of 6 months (104). It is not
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yet known whether genetic variations in constituents of basement
membranes results in increased deposition of AP in aging vessel
walls.

Influence of branching pattern of the vessels

Accumulation of AP in artery walls in CAA is often discontinuous
along the length of the vessel wall and may show focal accumula-
tion at the sites of vessel branching (100), suggesting some imped-
ance of drainage at vessel branches. Viewing the cerebral vascular
tree as a whole, there are some differences between mice and men
in the pattern of development of CAA. Tracing the development of
CAA in 10- to 26-month-old transgenic mice showed a progression
of CAA starting in the arteries at the base of the brain and then
involving the smaller branches of the cerebral arteries on the
superior surfaces of the brain (23). At a microscopical level, initial
deposition of AP had a banding pattern determined by the organi-
zation of the vascular smooth muscle cells. In humans, A deposi-
tion that is detectable by histological techniques is usually confined
to the smaller branches of the leptomeningeal arteries and arteries
in the cortex (100).

Association of CAA with apolipoprotein E

APOE co-localizes with AB in plaques in brain parenchyma and
with AP in vessel walls in CAA (58). The €4 allele of APOE is a
risk factor for the development of CAA and APOE €2 allele is
associated with fibrinoid necrosis in CAA vessels and with ICH
(51). APOE ¢4 allele is also a risk factor for Alzheimer’s disease
(20) and for capillary CAA (87). As yet, the exact reasons for the
association of CAA with APOE polymorphisms are not clear, but
it is possible that APOE is associated with fibrillogenesis of AP
within brain tissue and in perivascular drainage pathways (46).

PROTEIN-ELIMINATION FAILURE
ARTERIOPATHIES (PEFA)

CAA involving the deposition of AP in the walls of cerebral arter-
ies can be considered as a PEFA and part of a general pathological
phenomenon that involves other proteins and arteries in organs
other than the brain.

Perivascular drainage of ISF and soluble proteins is highly devel-
oped in the CNS but it may not be unique to the CNS as it appears
to occur in other organs. A variety of amyloid proteins, other than
the different types of AP, is deposited in the walls of cerebral
arteries; they include cystatin C, gelsolin and transthyretin, which
may be associated with familial CAA and ICH or dementia (69).
However, cystatin C and transthyretin are also deposited in arteries
in other organs.

Arteries in peripheral nerves are particularly affected in familial
transthyretin amyloid peripheral neuropathy (68). Like the brain,
nerves do not posses conventional lymphatics and in transthyretin
amyloid neuropathy, deposits of amyloid are seen within the endo-
neurium and in artery walls (68). In cystatin C amyloidosis,
amyloid is deposited not only in the walls of cerebral arteries but
also in arteries in other organs and in nonvascular basement mem-
branes (65).

Elimination of proteins that are endogenous to artery walls
appears to fail in cerebral autosomal dominant arteriopathy with
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subcortical infarcts and leukoencephalopathy (CADASIL) (72).
This disorder is caused by single missense mutations or small
deletions in the Notch3 gene encoding a transmembrane receptor
Notch3 (40, 72). Notch signaling is essential during development
when it regulates cellular differentiation but in adults, Notch3 is
expressed only in vascular smooth muscle cells (40). In CADASIL,
electron-dense granular osmiophilic material (GOM) and Notch3
protein accumulate in arterial walls throughout the body because of
impaired clearance and result in destruction of vascular smooth
muscle cells (40). The major effects in humans are seen in the
cerebral arteries (40) but in transgenic mice expressing mutant
Notch3, GOM deposits and Notch3 accumulation is seen within
both the cerebral and peripheral arteries. Arteries in the tail are
severely affected in the transgenic mice with degeneration of vas-
cular smooth muscle cells (72); this may be due to the length of the
artery, and thus be analogous to the situation in the brain.

These examples of PEFA suggest that drainage of ISF and
solutes occurs along arteries in organs other than the brain and,
when drainage fails, they are liable to develop PEFA.

COMPLICATIONS ARISING FROM THE
FAILURE OF PERIVASCULAR DRAINAGE
OF AMYLOID FROM THE BRAIN

Failure of elimination of AP from the brain along perivascular
drainage pathways is associated with two major disorders, (i)
CAA-related ICH and (ii) Alzheimer’s disease. The two disorders
appear to be largely distinct in their clinical occurrence and mani-
festations (97, 106).

Intracerebral haemorrhage associated with CAA

ICH related to CAA is associated with a number of hereditary
disorders but most cases are sporadic. Most of the familial cases of
ICH related to CAA are due to missense mutations in the part of the
APP gene that codes for AP (106). No genetic abnormality in the
presenilin genes has been identified, at least in the Dutch type of
ICH (11). Hereditary cerebral hemorrhage with amyloidosis-Dutch
type is the most fully documented of the familial cases. It presents
clinically with strokes, mostly hemorrhagic, at a mean age of
50 years; cognitive decline is generally only present after the first
stroke (10, 106). Pathologically, patients show severe amyloid
angiopathy particularly involving occipital and cerebellar leptom-
eningeal arteries and cortical arteries (106). Many of the vessels
with CAA have secondary degenerative changes including aneu-
rysm formation.

There are a number of other types of familial CAA associated
with mutations in the APP gene including the Italian, lowa,
Flemish and Piedmont types that have similar presentations to the
Dutch type (106). Cystatin C CAA is associated with Icelandic
type of familial ICH (48, 65)

Sporadic A CAA is associated with 20-30% of spontaneous
ICH (106). The hemorrhages are distributed preferentially in the
temporal and occipital lobes (71) similar to hemorrhages in the
Dutch type of familial CAA (106). This region of the brain is
supplied largely by the posterior cerebral artery circulation which
may indicate a preference for this part of the cerebral circulation to
develop CAA (97). Although there is no association between
genetic abnormalities in the APP gene in sporadic CAA, APOE &4
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Figure 8. Failure of Elimination of amyloid-B (AB) from the brain in
Alzheimer’s disease. A. In the normal young brain, AB is produced by
neurons and other cells, diffuses through the extracellular spaces and
is either degraded by neprilysin and insulin-degrading enzyme (IDE) or
absorbed into the blood via lipoprotein receptor-related protein (LRP)-1
mediated mechanisms. Some AB also drains with interstitial fluid along
perivascular pathways in the walls of capillaries and arteries and a
small proportion may diffuse toward the surface of the brain. B. With
age disposal of AB by neprilysin, IDE and LRP-1 mediated mechanisms
fails and more AR is diverted to the perivascular drainage pathways. C.

is associated with increased deposition of A in artery walls (64)
and APOE €2 is associated with hemorrhage and the vasculopathic
features of CAA, particularly fibrinoid necrosis (52). There are
other factors involved in the pathogenesis of sporadic CAA, in
particular, the failure of degradation of AP by neprilysin in the
elderly population (54).

Alzheimer’s disease

CAA is associated with dementia in Alzheimer’s disease (5, 17)
and in the types of familial CAA that are not primarily associated
with ICH, for example the Arctic and the ABri and ADan types of
CAA (69, 106).

Dementia in Alzheimer’s disease is the most important compli-
cation resulting from the failure of perivascular elimination of AR
from the brain. Deposition of insoluble A in artery walls impedes
the elimination of soluble A, resulting in the accumulation of
insoluble plaques of AP and eventually a rise in the level of soluble
AP and other metabolites in the brain. It may be the alteration in
brain homeostasis and deterioration of the neuronal environment
that are the major causes of cognitive decline in Alzheimer’s
disease.
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As arteries stiffen with age, perivascular drainage of AR becomes less
efficient and ultimately fails because of blockage of the pathways
by deposits of amyloid fibrils—cerebral amyloid angiopathy (CAA).
Insoluble AB is deposited as plaques in the brain parenchyma and this
interferes with diffusion of AB and other solutes through the extra-
cellular spaces. Eventually, perivascular drainage fails and levels of
soluble AB and other soluble metabolites in the brain rise and disturb
homeostasis of the neuronal environment, resulting in neuronal mal-
function, cognitive decline and dementia.

Figure 8 suggests a possible sequence of events that leads to
failure of homeostasis in the extracellular environment of neurons
in the brain in Alzheimer’s disease, largely because of blocking of
perivascular drainage of soluble metabolites by A in CAA.

AR is produced throughout life by cells in the brain and diffuses
through the extracellular spaces to be degraded by neprilysin and
IDE or absorbed into the blood via LRP mediated mechanisms
(Figure 8A). AP also drains along perivascular pathways.

As neprilysin, IDE and LRP disposal mechanisms fail with age,
more AP is diverted into perivascular drainage pathways in the
walls of aging arteries (Figure 8B). There may also be an increase
in the diffusion of AP toward the surface of the brain and deposition
of insoluble AP in the extracellular spaces of gray matter to form
plaques.

Perivascular elimination of AP fails as age changes and stiffen-
ing in artery walls reduce the motive force for the drainage of Ap.
Drainage is further reduced by the deposition of fibrillar Af in the
drainage pathways themselves (Figure 8C). Deposition of A as
CAA has the effects of blocking the drainage of soluble metabo-
lites, including AP, and loss of homeostasis of the extracellular
environment of neurons in the brain. Loss of homeostasis and
deterioration in the extracellular environment of neurons may play

Brain Pathology 18 (2008) 253-266

© 2008 The Authors; Journal Compilation © 2008 International Society of Neuropathology



Weller et al

a major role in neuronal dysfunction and cell death in Alzheimer’s
disease. Furthermore, soluble oligomers of A} may also be one of
the toxic metabolites (92)

Impaired drainage of ISF may also partly account for the
increase in fluid in the white matter (leukoaraiosois) in Alzheimer’s
disease (70), and reduced perfusion reserve in the white matter
(88).

Therapeutic strategies for Alzheimer’s disease

Preventing the accumulation of AP in perivascular drainage path-
ways seems to be a valid therapeutic target in Alzheimer’s disease.
Immunotherapy removes established plaques of insoluble AP from
the brain (60, 61, 101) and relieves the restricted diffusion of solutes
through the extracellular spaces of the brain (56, 85). However,
immunotherapy does not appear to reduce the burden of AR in CAA
(60, 61, 101). Age changes with stiffening of artery walls appear to
be related to the failure of perivascular elimination of A and the
development of CAA in both humans and mice (81, 98). Therapies
to reduce cerebrovascular disease may retard the development of
CAA. However, reducing the amount of AP entering the perivascular
drainage pathways, by increasing the level of neprilysin in the brain,
or by improving LRP-related clearance of AP into the blood, (73)
may also be sustainable therapeutic strategies.
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