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to a loss of homoeostasis within the brain, to seeding of 
plaques of insoluble Aβ and to acceleration of the propaga-
tion of tau/NFTs pathology.

Age‑related changes in cerebral arteries, failure 
of elimination of Aβ and loss of homoeostasis 
in the brain in Alzheimer’s disease

There is an estimated 30  % impairment of clearance of 
both Aβ42 and Aβ40 from the human brain in sporadic Alz-
heimer’s disease compared to controls but production of 
Aβ remains the same [12]. Such failure of elimination of 
Aβ is reflected in the accumulation of soluble and insolu-
ble forms of Aβ in the brain and artery walls with age and 
AD. Various pathways for the elimination of Aβ have been 
identified; they include absorption into the blood [26], 
enzymatic degradation [13], passage into the CSF [19] and 
lymphatic drainage of Aβ along perivascular pathways in 
the walls of cerebral capillaries and arteries [5, 9, 17].

Evidence for age-related failure of elimination of Aβ along 
the walls of blood vessels is derived from experimental stud-
ies and observations in human brain tissue. Soluble trac-
ers injected into the brain diffuse through the extracellular 
spaces and rapidly drain along basement membranes in the 
walls of cerebral capillaries and arteries to lymph nodes in the 
neck [4, 23] (Fig. 1a). Aβ produced within the brain paren-
chyma also drains to cervical lymph nodes [17]. Drainage of 
solutes, including Aβ, by the perivascular route is impaired 
with age [9] (Fig. 1b) and by the presence of apolipoprotein 
E ε4 (APOE4) [10], both of which are major risk factors for 
sporadic AD. Cerebral amyloid angiopathy (CAA) further 
impairs perivascular drainage of solutes from the brain [9].

Histological evidence for age-related impairment of 
perivascular elimination of Aβ from the human brain is 

Introduction

Primary age-related tauopathy (PART) [7] is characterised 
by a limited distribution of tau pathology, compared with 
Alzheimer’s disease (AD), and an absence of amyloid-β 
(Aβ) plaques. Clinically, patients with PART are older and 
only a minority have profound cognitive impairment. Neu-
rofibrillary tangles (NFTs) containing hyperphosphorylated 
tau spread in an age-related manner from brainstem to cer-
ebral cortical areas [3] and the presence of Aβ plaques is 
associated with acceleration in the propagation of NFTs in 
the pathogenesis of AD [11, 18]. The amyloid cascade [8] 
appears to drive the hyperphosphorylation and propagation 
of tau [6, 16] and Aβ oligomers have a toxic effect upon 
synapses [16].

In the context of PART, we ask the question “Why 
is there relatively limited spread of NFTs and few if any 
Aβ plaques in PART compared with AD?” In order to 
answer these questions, we examine evidence that ageing 
of cerebral arteries is a trigger for the amyloid cascade and 
propagation of tau and NFTs. We propose that age-related 
changes in cerebral arteries impair the perivascular elimi-
nation of Aβ and other metabolites from the brain leading 
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derived from the study of CAA in which Aβ is deposited 
in the basement membranes in the walls of cerebral capil-
laries and arteries (Fig. 1c) that form the perivascular lym-
phatic drainage pathway from the brain [4]. Biochemical 
studies show a rise in levels of soluble Aβ in the walls of 
human leptomeningeal arteries between the ages of 20 and 
90 years with a sharp rise between 50 and 70 years; there-
after levels decline [22]. As in tracer studies in animals 
[23], Aβ is not present in the walls of human extracranial 
internal carotid arteries [22], indicating that Aβ drains to 
cervical lymph nodes related to the artery at the base of the 
skull. Biochemical studies also showed a lack of correla-
tion between the presence of histologically or immunocy-
tochemically identified CAA and high levels of soluble Aβ 
in the walls of arteries [22]. This suggests that it is the age-
related changes in artery walls that are important factors in 
the failure of elimination of Aβ from the brain rather than 
CAA that tends to appear at a later stage.

The motive force for perivascular drainage of Aβ and 
other solutes appears to be related to vascular pulsations 
[1, 21] as revealed by experimental studies showing that 
reduction of arterial pulsations diminishes perivascular 
drainage [1]. Furthermore, alterations of vascular tone by 
denervation result in CAA [2]. As human cerebral arter-
ies age, there is progressive fibrosis and stiffening of the 
tunica media as reflected in loss of corrugation of the inter-
nal elastic lamina [25]. Stiffening of artery walls reduces 
the amplitude of pulsations in the vessel wall [21] which, 
together with thickening and biochemical age changes in 
vascular basement membranes [15], most likely account for 
age-related failure of perivascular drainage of Aβ and other 
soluble metabolites from the brain [9].

Although there is direct evidence for age-related impair-
ment of perivascular drainage in mice [9], such data are 
not available in humans for whom measurements are only 
available for CSF. In animal studies, 10–15  % of tracer 
leaks from perivascular drainage pathways into the CSF 
[23] and this may be the route by which Aβ enters the 
CSF in humans. Estimates of elimination of Aβ in nor-
mal humans suggest that 25 % of Aβ is cleared across the 
blood–brain barrier and 25 % is cleared through the CSF 
[19]. It is likely that a high proportion of the remaining 
50 % of Aβ is cleared along perivascular pathways but, as 
yet, no direct data are available.

The evidence presented above suggests that one of the 
primary factors in the failure of elimination of Aβ from the 
brain is age-related changes in the walls of cerebral arter-
ies due to fibrosis and stiffening of the artery walls and 
age-related changes in the basement membranes [15, 25]. 
Deposition of Aβ in the walls of cerebral arteries as CAA 
appears to be a consequence of age-related impairment of 
perivascular drainage of Aβ; CAA further impairs perivas-
cular drainage [5, 9].

Although CAA does not appear to be the primary cause 
of failure elimination of Aβ but a secondary complica-
tion, it acts as a useful marker for failed elimination of Aβ. 
There is some variation in the severity of CAA between 
arterial territories. For example, CAA and CAA-related 
haemorrhages are most common in the occipital and tem-
poral lobes that are supplied by the posterior cerebral artery 
derived from vertebral and basilar arteries [20]. It appears 
that different arterial trees show different age-related struc-
tural changes with varying effects on the elimination of Aβ 
and other metabolites.

Loss of homeostasis in the ageing brain and in 
Alzheimer’s disease

The major effect of impaired perivascular drainage is 
loss of homeostasis. This is reflected in the rise in lev-
els of soluble Aβ and oligomers of Aβ in the brain in 
AD and the seeding of plaques of insoluble Aβ [18, 24]. 
However, little is known about the levels of other toxic 
metabolites in the aged brain that could be harmful to 
the neuronal environment. Homoeostasis in the brain is 
maintained by the blood–brain barrier [14] and by the 
elimination of brain metabolites along a number of path-
ways including perivascular drainage [4, 23]. There is 

Fig. 1   Perivascular drainage of Aβ from the brain in the young, with 
age, in AD and in PART. a Young: In the brains of normal young indi-
viduals, soluble metabolites, such as soluble Aβ, are released into 
the interstitial fluid (ISF), and diffuse for short distances through the 
extracellular spaces of the brain parenchyma. Solutes then drain to 
cervical lymph nodes by bulk flow along basement membranes in the 
walls of cerebral capillaries and arteries [10] that form the perivascu-
lar lymphatic drainage pathways of the brain. Only 10–15 % of ISF 
draining by the perivascular route leaks into the CSF [23]. The bulk 
flow pathways are in the basement membranes of cerebral capillaries 
and arteries (thin blue arrows). There is very slow age-related prop-
agation of tau from brainstem to trans-entorhinal regions (thin pur-
ple arrow). (p-tau: hyperphosphorylated tau). b Ageing: Changes  in 
basement membranes and fibrosis of artery walls with age and arte-
riosclerosis result in impairment (X) of perivascular lymphatic drain-
age of solutes, including soluble Aβ, with impaired homoeostasis in 
the brain. Impaired drainage results in a rise in the level of soluble 
Aβ that promotes seeding of insoluble Aβ plaques and starts to drive 
the hyperphosphorylation and propagation of tau (thin green arrows). 
c Alzheimer’s disease: There is an increasing impairment of diffu-
sion   through the extracellular spaces (ECS) due to the presence of 
Aβ plaques and increasing impairment of perivascular lymphatic 
drainage resulting from deposition of Aβ in artery walls as cerebral 
amyloid angiopathy (CAA). As a result, there is further failure of 
elimination of soluble Aβ leading to an Aβ-driven acceleration of 
phosphorylation and propagation of tau. Thus tau–NFTs pathology 
spreads from hippocampus to other areas of the brain in the progres-
sion of AD. d PART: Many unresolved questions remain but it would 
seem that age-related propagation of NFTs proceeds in PART with-
out Aβ as an accelerating factor. It is probable that any age-related 
impairment of perivascular drainage of soluble Aβ is insufficient to 
significantly reduce elimination of Aβ or significantly impair homoe-
ostasis in the brain
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evidence for impaired function of the blood–brain bar-
rier in AD [14] and the rise in levels of soluble Aβ is 
evidence that failure of elimination of soluble metabo-
lites from the ageing brain also contributes to loss of 
homoeostasis.

It is likely that impaired elimination of Aβ and other 
metabolites induced by age-related changes in cerebral 
arteries triggers the rise in soluble Aβ and oligom-
ers that drives the amyloid cascade with seeding of Aβ 
plaques, hyperphosphorylation of tau and propagation 
of NFTs.

What might we learn from PART to help 
understand Alzheimer’s disease?

We began with the question “Why is there relatively limited 
spread of NFTs and few if any Aβ plaques in PART com-
pared with AD?” Answering this question would help us to 
understand more about AD. It appears from the evidence 
presented here that age-related changes in cerebral arter-
ies are the trigger for the amyloid cascade, seeding of Aβ 
plaques and tau propagation. It may be of value, therefore, 
to compare cases of PART with AD brains to determine (1) 
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whether there  are structural differences in cerebral arter-
ies between PART and AD with less severe age-related 
changes in PART than in AD and (2) whether levels of sol-
uble Aβ and oligomers in the brains of patients with PART 
are normal, reflecting normal perivascular elimination of 
soluble Aβ and maintenance of homeostasis.

The results of further investigations into the role of age 
changes in cerebral arteries as a trigger for the amyloid cas-
cade could help to direct therapeutic strategies for improv-
ing perivascular elimination of Aβ and other metabolites 
along ageing cerebral arteries in the management of AD.
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