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a b s t r a c t
Late-onset Alzheimer disease is the most common form of dementia and is strongly associated with age.
Today, around 24 million people suffer from dementia and with aging of industrial populations this number
will signiﬁcantly increase throughout the next decades. An effective therapy that successfully decelerates or
prevents the progressive neurodegeneration does not exist. Histopathologically Alzheimer disease is
characterized by extensive extracellular amyloid β (Aβ) plaques, intracellular neuroﬁbrillary tangles (NFTs),
synaptic loss and neuronal cell death in distinct brain regions. The molecular correlation of Aβ or NFTs and
development of late-onset Alzheimer disease needs further clariﬁcation. This review focuses on structural
and functional alterations of the brain during aging, age-associated imbalances of defences against oxidative
stress and age-related alterations of the metabolism of Aβ, via a comparison of observations in healthy aged
individuals and cognitively impaired or AD patients. Although our understanding of brain region-speciﬁc
neuronal aging is still incomplete, the early structural and molecular changes in the transition from cognitive
health to impairment are subtle and the actual factors triggering the severe brain atrophy during LOAD
remain ambiguous.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Alzheimer disease (AD) represents the most common form of
dementia in the elderly and is linked to age. The prevalence of lateonset AD (LOAD) increases exponentially beginning at the age of 65,
whereas early-onset variants of familial AD (FAD) emerge only in a
small fraction (b5%) [1]. AD is a progressive neurodegenerative
disease with one of the earliest symptoms being memory loss.
Patients can suffer for up to 20 years, undergoing different disease
stages: from mild (2–4 years) to moderate (2–10 years) up to severe
(1–3 years) cognitive decline. AD is characterized by extensive
extracellular deposits of amyloid β protein (Aβ), deriving from
processing of the amyloid precursor protein (APP), and by intracellular neuroﬁbrillary tangles (NFTs) of hyper-phosphorylated tau
protein. These histopathological hallmarks partially correlate with
synaptic alterations, cholinergic deﬁcit, gliosis and neuronal cell
death [2]. Interestingly, they are not an exclusive prerequisite for
the development of the disease, since also brains of non-demented
elderly can show substantial levels of Aβ plaques, NFTs and
inﬂammation in regions typically affected by AD. FAD cases gave
rise to deﬁned genomic linkage regions and insights into genes
connected to the development of FAD, which are all involved in the
generation of Aβ [1]. A genetic polymorphism within the ApoE gene
represents a well-accepted risk factor for sporadic AD and is also
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reported to inﬂuence the metabolism of Aβ [3]. However, the major
non-genetic risk factor for development of sporadic AD is aging
and the pathological circumstances causing LOAD are still under
debate.
2. Demographic considerations
The demography of industrial populations is under a dramatic
change. It is expected that taken the increase in life expectancy into
account the world's population will continuously age throughout
this century. By mid-century one-third of the people are above
60 years of age and also the proportion of people above the age of 80
will increase signiﬁcantly [4]. Since age is the prevailing risk factor
for several neurodegenerative diseases, including AD, aging of the
population will lead to a rapid increase in number of affected
people. Today, about 24 million people suffer from dementia
worldwide and this number is expected to double every 20 years
[5]. Since dementia care is particularly time and cost intensive, the
increasing number of demented patients leads to a severe socioeconomic burden. In 1998, the annual cost of informal caregiving
for elderly with dementia was 18 billion dollars in the USA [6].
Despite enormous research efforts the etiology or pathobiochemical
mechanisms responsible for LOAD still remain largely elusive.
Nevertheless, there is a clear correlation between age and the
probability to develop LOAD. The prevalence of LOAD increases in
the elderly from around 1% at age of 65 to approximately 30% by the
age above 80, with women showing a slightly higher risk than men
[5,7,8].
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3. Classiﬁcation of dementia
Dementia is one of the most common forms of disease in the
elderly and causes a decline in cognitive functions, such as memory,
language and attention. Of all late-onset dementias, LOAD is the most
frequent form, accounting for 50% to 75%. Other types constitute
vascular dementia, dementia with Lewy body and frontotemporal
lobar degeneration, which are neuropathologically different to AD [9].
Mild cognitive impairment (MCI) is an established transitional
state between cognitive aging and pathological dementia and represents a high risk for development of LOAD later in life [5,8,10–12].
Elderly people with MCI progress into dementia at a rate of 10% to
15% each year compared to only 1% to 2% within the general population. However, the discrimination between pathological dementia
and a “normal” age-associated cognitive decline is difﬁcult to deﬁne
for clinicians. The severity of dementia can be assessed by brief
cognitive ratings, such as the Mini-Mental State Examination (MMSE)
[13]. The resulting scores represent cognitive aspects of dementia, but
can be affected by education. In contrast, the clinical dementia rating
(CDR) [14] and the global deterioration scale for aging and dementia
(GDS) [15] include activities of daily living, behaviours as well as
cognition and are not affected by educational levels. These tests allow
the classiﬁcation of age-associated cognitive deterioration, MCI and
severe dementia.
4. Normative brain aging and the LOAD brain
4.1. Histological alterations of the aged brain and LOAD brain
The aging brain undergoes major alterations in functional
performance, but obvious age-related changes at the level of brain
structure are rather minor. In healthy aged brains the total number of
neurons is not signiﬁcantly reduced and the neuronal cell loss, which
is observed during AD is, therefore, due to a distinct pathological
process [16]. The cognitive decline of AD patients is strongly
associated with atrophy in different brain regions. Neuronal atrophy
can be due to shrinkage of neurons, neuronal cell death, or the loss of
dendrites or axons, all of which have been observed in the brains of
AD patients. The region that is initially affected by atrophy is the
medial temporal lobe followed by distinct cortical regions [17].
The expansion of brain atrophy correlates with the cognitive decline
observed in LOAD patients [17,18]. Even though non-demented
elderly can show signiﬁcant levels of NFTs in certain brain regions
and by the age of 85 virtually everybody will have NFTs in the cerebral
cortex [19], the progression of neurodegeneration during LOAD
correlates with the total number and localization of NFTs [20–22].
NFTs are selectively deposited in brain regions that are temporarily
and spatially associated with the cognitive impairment in LOAD. This
implicates that NFTs are a possible early factor of AD and are widely
used for post-mortem staging of the cognitive deﬁcit [23,24].
The relationship between the severity of LOAD and Aβ is not fully
clariﬁed to date. A correlation of brain atrophy and Aβ levels or
insoluble Aβ plaques has been demonstrated in some studies [25,26],
but not in others [27,28]. Interestingly, Aβ levels are well-known to be
already increased in cognitively healthy elderly [29,30], which can
exhibit substantial amounts of Aβ plaques in distinct brain regions. A
prominent difference in Aβ deposits found in non-demented or
demented elderly is their regional distribution: non-demented elderly
show deposits in the cerebral cortex, thalamus and hypothalamus as
well as the basal ganglia. In AD patients they also occur in the
midbrain, brainstem and cerebellum [31]. In fact, the deposition of
Aβ starts in the neocortex and expands to further brain regions,
following partially the neurodegeneration observed in AD patients.
This hierarchal expansion of Aβ plaques is also observed in several
mouse models overexpressing human APP at high levels [32,33].
Importantly, the plaque expansion is accompanied by an age-related
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memory impairment and gliosis, but is not necessarily associated with
the development of NFTs or signiﬁcant neuronal cell death [34].
Thus, at the level of histology changes of the brain during healthy
aging are rather subtle and can include the appearance of considerable
levels of NFTs and Aβ plaques. Only under pathological conditions
histological alterations become signiﬁcant. This suggests that the
presence of NFTs and/or Aβ alone is not sufﬁcient to explain the
atrophy of brain tissue and the development of LOAD. Different or
additional factors have to play a role during aging to initiate the
neurodegenerative cascade.
4.2. Neurotransmission in the aged brain and LOAD brain
Prominent alterations occurring in the aged brain are functional
changes in neuronal activity and neurotransmission, which are
strongly inﬂuenced by already minor morphological alterations.
Recent studies have demonstrated that age-related deﬁcits in learning
and memory are largely identical to functional alterations of the aged
hippocampal neuronal network [35–37]. Passive membrane properties of neurons are maintained, but their excitability is altered and a
critical factor for the deteriorated cognitive function of aged individuals. Dendritic spines are the primary site for excitatory synaptic
transmission. Even in the adult brain spines are highly plastic and
undergo frequent remodelling, which is a basis for learning and
memory formation [38]. In the aged brain the complexity of dendritic
arborization, spine volume, spine length and the total number of
dendrites is signiﬁcantly decremented in certain brain regions [39,40].
These changes in dendritic morphology are closely associated with
an altered neurotransmission and age-related cognitive decline
observed without any remarkable neuronal cell loss during brain
aging and LOAD. The neurotransmission of the aged hippocampal
network declines and this reduction concerns both the glutamatergic
and cholinergic pathways, which represent the primary excitatory
neurotransmitter systems for neuronal communication within the
hippocampus.
The neurotransmitter glutamate is essential for normal brain
function since it is the principal component of excitatory neurotransmission in the brain. Moreover, it plays an essential role in neuronal
plasticity or long-term potentiation (LTP) [41]. LTP is a cellular
mechanism that is considered to be the fundamental mechanism for
learning and memory [42]. Various receptors have been described for
glutamate that include membrane channels (ionotropic glutamate
receptors) and transmembrane receptors linked to intracellular
signalling cascades (metabotropic glutamate receptors) [41,43]. The
expression and distribution of glutamatergic receptors are affected by
brain aging and the number of neurons that express certain glutamate and NMDA receptor subunits are signiﬁcantly reduced [44,45].
At certain conditions, increased concentrations of glutamate can
cause an exaggerated glutamatergic neurotransmission, resulting in
excitatory neurotoxicity [46]. Various neurodegenerative diseases,
including LOAD, have been linked to excitotoxicity. In particular the
over activation of NMDA receptors leads to an immediate rise in
intraneuronal calcium concentrations that ultimately result in neuronal cell death. This makes the NMDA receptor a central pharmacological target against acute and chronic excitatory neurodegeneration.
The drug memantine binds to NMDA receptors and blocks excitotoxicity without interfering with the important physiological function of NMDA receptors in neurotransmission [47]. Memantine
is neuroprotective in multiple in vivo and in vitro systems and
prevents NMDA- and glutamate-mediated neuronal cell death
[48,49]. Recent randomized and controlled trials suggest that
memantine provides measurable beneﬁts for moderate to severe
AD patients [50–52]. Interestingly, also mice overexpressing certain
APP mutations derived from FAD show an improvement in learning
and memory and a decreased Aβ plaque burden after treatment with
memantine [53,54].
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A second important neurotransmitter for modulation of learning
and memory performance is acetylcholine. The cholinergic system is
modiﬁed early in aging and MCI. Abnormalities in cortical cholinergic
neurons are observed with an increased frequency during brain aging
in non-demented subjects, leading to a general age-related hypofunction of cholinergic neurotransmission [55–57]. During AD, the
decrease in cholinergic function is accelerated which gave rise to the
“cholinergic hypothesis” of AD and aging [58,59]. It assumes that the
degenerative decrease in cholinergic neurotransmission originates at
the basal forebrain and innervates cortical regions and the hippocampus. Thus, the cholinergic degeneration is related to the impairment of cognitive performances during aging and AD. The clinical
progression of LOAD correlates with the occurrence of cholinergic
markers such as the reduction in choline acetyltransferase activity,
total levels of acetylcholine and muscarinic and nicotinic receptor
binding [60,61]. This conﬁrms that age-related deﬁcits of the cholinergic system are relevant for the progression of LOAD, rendering
the cholinergic system an attractive therapeutic target. Since direct
supplementation of acetylcholine was not successful to enhance
cholinergic neurotransmission, other therapeutics were developed to
increase the stability and levels of acetylcholine in the synaptic cleft,
such as acetylcholinesterase inhibitors. A variety of studies support a
short-term improvement of cognitive function in non-demented
elderly and MCI patients after treatment with donepezil, a widely
used acetylcholinesterase inhibitor, whereas long-term administration has failed to show any beneﬁt [62–65]. Chronic treatment with
donepezil may lead to a gain of physiological tolerance, possibly
resulting in an up-regulation of acetylcholinesterase activity within
the synaptic cleft.
Thus, neurotransmission is signiﬁcantly inﬂuenced by brain aging
and rapidly deteriorated during LOAD. The modulation of neuronal
activity has proven short-term beneﬁt for stabilization of cognitive
function, but a long-term enhancement has not been successfully
observed so far.
4.3. General age-related risk factors of brain aging affect LOAD
Since prevalence and onset of LOAD are not explainable simply by
focusing on the regulation of single genes, a more complex picture
involving a variety of risk factors and predisposition genes is likely.
Indeed, several epidemiological studies illustrate that hypertension,
hypercholesterolemia, obesity, diabetes and inﬂammation can significantly inﬂuence the onset and progression of LOAD.
The impact of hypertension on onset of LOAD was analyzed in
several studies and there seems to be a positive correlation between
the condition of high blood pressure in midlife and the onset of
cognitive impairment later in life [66–68]. After manifestation of
LOAD the blood pressure is decreasing compared to non-demented
subjects to yet unknown reasons [69,70]. Hypertension results in
vascular lesions that may promote the onset of cognitive decline.
Interestingly, the ApoE polymorphism and the risk for vascular
lesions in the white matter correlate signiﬁcantly [71]. Randomized,
placebo-controlled clinical trials have shown that the use of blood
pressure-reducing drugs, such as beta blockers or inhibitors of the
angiotensin converting enzyme, decrease the risk for development
of dementia [72,73], but others did not ﬁnd a signiﬁcant beneﬁt
[74–76].
Hypercholesterolemia, obesity and diabetes are all of metabolic
origin and represent a group of well-established age-related cardiovascular risk factors that inﬂuence the prevalence of cognitive decline,
suggesting that cardiovascular diseases are associated with the risk
of developing LOAD [68,77]. These risk factors have not only been
observed in aged people, but in retrospective studies it was
demonstrated that people with multiple cardiovascular risk factors
in midlife show an increased probability for the development of
dementia later in life [68,78].

Inﬂammation occurs in healthy aged brains and is a considerable
contributor to age-related neurodegenerative disorders. Astrocytes
mediate a variety of functions in the central nervous system, including
the inﬂammatory response, the complement cascade and glutamate
homeostasis [79,80]. The activation of astrocytes is progressively
increasing during aging, rendering inﬂammation a common feature in
the brains of healthy aged individuals [81]. Interestingly, astrocytes
play an important role in Aβ clearance and the deposition of Aβ
plaques is connected to astrocyte activation [82], resulting in an
increased gliosis in AD brains compared to non-demented controls
[83,84]. Nevertheless, a recent analysis of the astrocyte proﬁle in the
temporal cortex of aged human brains revealed that some areas of
gliosis co-localize with Aβ plaques, but not all Aβ deposits were
associated with inﬂammation and vice versa not all regions with
dense gliosis showed Aβ plaques [81]. The inﬂammatory response of
the brain leads to a cascade of cellular events that include an enhanced
release of glutamate [85–87] and activation of NMDA receptors [88],
which can cause neuronal cell death through excitotoxicity and
impairment of neuronal calcium homeostasis. Epidemiological studies
demonstrate that the long-term use of anti-inﬂammatory drugs, such
as non-steroidal anti-inﬂammatory drugs (NSAIDs), is associated with
a reduced prevalence of LOAD [89–91], whereas randomized control
trials have not shown any beneﬁt so far [92].
4.4. Oxidative stress in brain aging
It is generally assumed that the accumulation of oxidative damage
within single cells is a driving force of aging. Decades ago Harman
proposed that mitochondria play a central role in this process and
that aging and age-associated degenerative diseases can partly be
attributed to the harmful effects of reactive oxygen species (ROS) on
cellular molecules [93]. The resultant “free radical theory of aging”
describes that the permanent accumulation of ROS over an organism's lifespan causes cellular senescence and the organism to age. In
fact, mitochondria are the primary site for ROS generation, consistent
with their cellular function in electron transport and oxygen consumption for ATP production. Electrons eventually escaping the
respiratory electron chain can reduce oxygen and form ROS that
subsequently oxidize proteins, lipids and nucleic acids (Fig. 1). Oxidative damage contributes to a loss of function and impairs the
cellular antioxidant defence causing an aggravation of the oxidative
burden in a vicious cycle. Recently, the central role of oxidative stress
in aging was further conﬁrmed. We showed that the depletion of
mitochondrial-encoded cysteine is directly correlated with lifespan in
aerobic organisms [94]. In healthy cells the rate of ROS production is
balanced by the cellular antioxidative defence system, consisting of
antioxidative enzymes (eg glutathione peroxidase) and small
antioxidant molecules (eg vitamin E) [95]. The brain is extraordinarily susceptible to oxidative damage because it has a high oxygen
turnover and energy demand and a rather limited antioxidative
capacity. Accumulation of oxidative damage in the brain is particularly deleterious since it is a generally post-mitotic tissue with
neurons exhibiting only a weak self-renewal potential due to their
low proliferative capacity.
4.5. Oxidative markers in normative brain aging, MCI and LOAD
An increased oxidative burden has been observed in the brain of
non-demented elderly and of LOAD patients [96–98]. Membrane
lipids are commonly attacked by ROS and peroxidation of lipids is the
most frequently analyzed oxidative marker that is signiﬁcantly
increased during aging [98–100]. Peroxidation of polyunsaturated
fatty acids is a deleterious process since it is self-propagating until
either it is stopped by the antioxidative defence or until available
lipids are exhausted by oxidation [101]. The oxidative modiﬁcation of
fatty acids leads to a structural damage of the membrane and the
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Fig. 1. Free oxygen and nitrogen radicals as driving force for aging and neurodegeneration. The free radical theory of aging and neurodegeneration summarizes the role of the
accumulation of oxygen and nitrogen radicals in pathology. Basically all macromolecules can be attacked and oxidized by free radicals, leading to structural changes and molecule
dysfunction. During neurodegeneration the oxidation of membrane lipid compounds and of proteins is especially well described, the latter is frequently leading to protein misﬁling
and aggregation.

generation of several aldehyde by-products, such as 4-hydroxy-2nonenal, which have a high oxidative potential themselves and can
severely impair cellular function [102]. Post-mortem analysis of the
brains of MCI or LOAD patients found increased levels of lipid
peroxidation in brain regions that are affected by neurodegeneration
rather early [103,104].
Several studies have shown that also protein oxidation increases
exponentially with brain aging [105–107] and is associated with a
decreased capacity of the antioxidative defence machinery [107].
Importantly, also levels of oxidized proteins correlate with cognitive performance and patients with MCI or LOAD exhibit increased
levels of protein carbonylation, a key marker for protein oxidation
[108,109].
Another well-documented age-dependent modiﬁcation is the
oxidative damage of DNA. In particular mitochondrial DNA is
susceptible to free radical-mediated damage due to its proximity to
the site of ROS production, the lack of potentially protective histones
and the limited function of the repair machinery. Mutations in
mitochondrial DNA cause a respiratory chain dysfunction, which can
increase cellular oxidative stress. It is well-established that mitochondrial mutations accumulate during brain aging and neurodegenerative diseases [110,111]. Compared to control subjects, MCI or LOAD
patients show a signiﬁcantly increased number of mutations in
distinct mitochondrial and nuclear DNA bases in brain regions that are

ﬁrst to be affected by neuronal atrophy [112,113]. The increase in DNA
mutations is expanding throughout the brain and correlates with the
progression of neurodegeneration. Importantly, the number of
mutations in mitochondrial DNA is approximately 10 times higher
compared to nuclear DNA, consistent with its close location to the site
of oxidative stress generation [113].
In summary, the oxidative burden observed in healthy brain aging
and under neuropathological conditions conﬁrms that the accumulation of oxidatively modiﬁed biomolecules is a general hallmark of
brain aging and is enhanced during neurodegenerative conditions.
Interestingly, the oxidative pressure in brain regions of MCI patients is
comparable to those observed in the brain of LOAD patients [103,109].
This indicates that an advanced oxidative damage of affected brain
regions occurs early in LOAD pathogenesis, even before the appearance of a cognitive deﬁcit. Therefore, the therapeutical intervention of
oxidative stress by increasing the capacity of the antioxidative
defence machinery may delay onset or slow down progression of
LOAD [114]. Indeed, in several epidemiological studies and clinical
trials the use of antioxidants stabilized the cognitive function in
elderly and prevented or decelerated memory and learning impairment in MCI or LOAD patients.
In the Cache County study the impact of a high vitamin C, vitamin E
and carotene ingestion was analyzed in 3831 elderly residents for
around seven years and it was observed that the combinatory
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application of these antioxidants from food or supplements potentially delays the age-related cognitive decline [115]. The beneﬁt of the
ingestion of high levels of antioxidants for the reduced prevalence of
LOAD has been demonstrated in several clinical trials [116,117], but
also contradictory results have been published. For instance, a recent
study analyzing the ingestion of vitamin E for prevention of MCI or
LOAD failed to show a signiﬁcant beneﬁt [118] and using Ginkgo biloba
extract in a randomized controlled trial did also not ﬁnd a reduction in
the incidence of dementia in cognitive normal and MCI subjects [119].
This discrepancy may be explained by the duration of treatment and
the general poor blood brain barrier permeability of many used
antioxidants and needs further clariﬁcation.
5. Amyloid in normative aged and LOAD brains
5.1. The amyloid precursor protein and generation of Aβ
After the discovery of Aβ as the major component of amyloid
plaques in the AD brain [120,121], it was soon established that APP is
the protein precursor of Aβ. APP is a ubiquitously expressed transmembrane protein and appears in three different isoforms (695, 751
and 770 amino acid residues) that arise from alternative splicing [1].
The longer isoforms of APP are predominantly expressed in nonneuronal tissue, whereas the shorter version is expressed at high
levels in neurons [122].
APP is processed by the action of at least three different enzymes
called secretases [123]. During non-amyloidogenic processing, αsecretase cleaves APP within the Aβ domain, which impedes the
release of Aβ and results in secretion of sAPPα and the intracellular Cterminal fragment C83 (αCTF). This enzymatic activity refers to
ADAM (a disintegrin and metalloprotease) family members, in
particular ADAM10 and ADAM17 [124]. The amyloidogenic processing of APP is initiated by β-secretase (BACE; β-site APP cleavage
enzyme) that cuts APP at the N-terminal site of the Aβ domain,
generating sAPPβ and intracellular C99 (βCTF) [125]. Subsequently
C83 and C99 are processed by the γ-secretase complex that cleaves at
the C-terminal site of the Aβ domain and releases Aβ from the C99
fragment. In addition, this leads to generation of the AICD (APP
intracellular C-terminal domain), the outermost C-terminal stub of
APP. The AICD is known to be transcriptionally active after translocation into the nucleus [126]. γ-secretase is a multimeric enzymatic
complex consisting of presenilin-1 (PS-1) or presenilin-2, nicastrin,
APH-1 and PEN-2 [123,127]. It is unique in its enzymatic properties,
since it cleaves within the transmembrane domain of type-I
transmembrane proteins (eg APP, Notch). Recent evidence indicates
that the proteolysis occurs at three different sites of the transmembrane domain [128,129]. The diversity of possible cleavage sites gives
rise to Aβ peptides of different length. The most prominent forms
consist of 40 and 42 amino acids (Aβ40/Aβ42), with a proportion of
Aβ42 to Aβ40 of around 10% [1]. The C-terminus of Aβ has important
implication for toxicity, as the longer version has a higher tendency to
oligomerize and exhibit stronger neurotoxic properties.
5.2. Aβ toxicity and amyloid cascade hypothesis
Based on the evidence that mutations in APP, PS-1 and PS-2 genes
are linked to FAD and result in an increased generation of Aβ42, effort
to identify key-pathological mechanisms for development of AD gave
soon rise to the “amyloid cascade hypothesis” [130]. This hypothesis
focuses on Aβ as the principal component of neuronal cell death and
depicts that an imbalance in Aβ production and clearance initiates a
cascade leading to synaptic and neuronal dysfunction, hyperphosphorylation of tau and ﬁnally atrophy in distinct areas of the
brain. Transgenic mouse models expressing human APP and/or PS
with FAD-linked mutations partially support this hypothesis as the
overproduction of Aβ42 mimics the pathophysiology observed in AD

to a certain extent [34]. Although different transgenic lines vary in
their phenotype and often no NFTs or neurodegeneration is observed,
Aβ can independently cause an AD-related pathology. Interestingly,
genetic polymorphisms associated with LOAD also directly or
indirectly modify the metabolism of Aβ [3,131]. A correlation of Aβ
and neurodegeneration is further supported by Trisomy 21 patients,
which carry an extra copy of the APP gene, and show histopathological
symptoms of AD in high frequency early in life [132].
What is the mode of toxicity of Aβ? The peptide shares a common
feature with several proteins involved in neurodegenerative diseases,
which is the strong propensity for oligomerization or aggregation.
During the history of analyzing Aβ peptide chemistry and its toxic
properties this attribute was driven into different directions, leading
the AD ﬁeld into diverse orientations. Initially the monomeric Aβ
peptide was thought to be the crucial toxic component [133]. This
view was modiﬁed by ﬁndings that rather high molecular weight
aggregates and protoﬁbrils of Aβ may represent the primary toxic
species [134,135] and nowadays Aβ oligomers or even dimers are
discussed to be the major harmful agent [136,137]. Mechanisms that
have been approved to the toxicity of Aβ include activation of
inﬂammation [138,139], damage to mitochondria [140,141] and
membranes [142,143] and alterations of the cellular calcium homeostasis [144,145]. Interestingly, Aβ was shown to directly induce
oxidative stress, leading to lipid peroxidation and cell death in vitro
[146,147] (Table 1). Furthermore, evidence suggests that not only Aβ
can induce oxidative stress but oxidative stress can even stimulate Aβ
generation [148,149].
Despite the well-characterized toxicity of Aβ peptides and the
cumulative analysis of an increased Aβ burden in FAD cases, the
hypothesis of Aβ as the sole factor for age-associated AD-linked
neurodegeneration is repeatedly challenged [150,151]. One prominent reason is the missing degeneration of neurons observed in
transgenic rodent models expressing APP and/or PS genes carrying
FAD mutations and producing high amounts of Aβ. A clear toxicity of
Aβ is so far described in cell culture models, whereas in vivo
convincing correlative data are still missing.
5.3. Aβ and neuronal transmission
The cognitive decline of demented elderly can temporarily occur
before an obvious neuronal atrophy, which leaves questions about
the mode of Aβ toxicity and the “amyloid cascade hypothesis”
unanswered. In addition, also a deﬁcit in memory and learning in
APP-transgenic mice is often observed independent of a signiﬁcant
neurodegeneration. Recent effort to identify the impact of Aβ on
neuronal function elucidated an association between Aβ and
neuronal activity that can signiﬁcantly inﬂuence cognition without
neuronal cell loss. The injection of different Aβ fragments into
hippocampal brain regions resulted in a decline in synaptic
transmission [152–154] and the electrophysiological evaluation of
aged APP-transgenic mice revealed an impairment of synaptic
plasticity [155,156]. In an elegant experimental setting the group
of Malinow was able to analyze the effect of Aβ on electrophysiology
in detail [157]. Interestingly, they found that neuronal activity
increased Aβ formation and that increased Aβ levels depress
excitatory synaptic transmission. This interplay was conﬁrmed in
several in vitro and in vivo studies [158–160]. Thus, Aβ might
function as a negative feedback modulator that is regulated by
neuronal activity and also regulates itself neurotransmission.
Interestingly, it was shown that Aβ inhibits neurotransmission by
directly decreasing spine density [161], which can result in
behavioural deﬁcits due to a decreased glutamatergic neuronal
signalling. This structural alteration is mediated by an increased
endocytosis of AMPA receptors, which are necessary for stabilization
of spines and synapse size [162,163]. Aβ seems to decrease the
synaptic distribution of Ca(2+)/calmodulin-dependent protein
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kinase II, which is important for AMPA receptor trafﬁcking and
function and may inﬂuence the removal of the AMPA receptor from
the synaptic membrane [164]. Importantly, it was shown that the
impact of Aβ on synaptic activity depends on the concentration
of the peptide. Picomolar concentrations of Aβ42 positively modulate neurotransmission and memory, whereas concentrations in
the nanomolar range result in the reduction of neuronal activity
[165,166]. Thus, age-related disturbances in the metabolism of Aβ
might regionally increase Aβ42 levels that negatively modulate
neuronal activity and potentially lead to a decline in cognitive performance, culminating in dementia.

clearance of Aβ, but the reduced activity alone is not sufﬁcient to
initiate neurodegeneration or cognitive impairment.
Thus, generation of Aβ by APP processing and total Aβ levels do not
clearly suggest a crucial role of the peptide for the development of
LOAD, since the observed differences between cognitive health and
pathology are rather minor. Even though the in vitro neurotoxic
potential of Aβ is without doubt, the impact of Aβ on LOAD-related
neuronal cell death in vivo remains ambiguous and is by itself not
sufﬁcient to explain the heterogeneity and complexity of the disease.

5.4. Age-related alterations of Aβ levels

Based on statistical calculations virtually everybody has a high
chance to become demented if a certain age is reached and death is
not due to other incidences or other age-associated degenerative
diseases. Although this correlation is obvious, the molecular details of
the link between aging and cognitive decline is not clear to date.
Importantly, LOAD is inﬂuenced by several general risk factors of agerelated degenerative disorders, such as hypertension, cardiovascular
risk factors, inﬂammation, and increased oxidative burden. Comparing age-related alterations in brain histology, neurotransmission and
Aβ metabolism during healthy brain aging conﬁrms that it is only a
small step from cognitive health to cognitive impairment and the
causal triggers are still unknown. Even though FAD cases gave rise to
deﬁned genetic risk factors and genetic polymorphisms have been
associated with sporadic AD, their involvement in onset and
progression of LOAD is still ambiguous. To date not all facets of
histological and molecular brain aging and particularly differences in
aging of certain brain regions have been elucidated, but they may play
a pivotal role for the development of LOAD.

Total levels of Aβ are increased in the cerebrospinal ﬂuid or plasma
of cognitively healthy subjects and AD patients [167,168]. Healthy
elderly exhibiting increased Aβ42 levels remain cognitively normal
over a period of years. To date there is no evidence that age-related
increased Aβ levels result from an enhanced neuronal Aβ generation
or a preference for amyloidogenic APP processing. In non-neuronal
cells we have shown that the processing of endogenous APP is downregulated during aging and that factors inﬂuencing this complex
cleavage, such as secretase activity and membrane environment, are
altered [169]. The activity of APP processing secretases has been
analyzed during aging and already minor alterations of BACE activity
have strong effects on AD pathology in transgenic mice [170]. Several
groups found that β-secretase activity is increased during aging
compared to non-demented controls [169,171,172]. This modiﬁcation
of enzymatic activity is apparently not mediated by enhanced βsecretase expression levels, but rather due to an altered posttranscriptional modiﬁcation of the enzyme that inﬂuences its activity.
The increased BACE activity was observed in brains bearing Aβ
plaques and was often found to be located close to plaques [173]. This
implies that an increase in β-secretase activity occurs as feedback of
an exaggerated Aβ deposition and is not necessarily central for the
age-related accumulation of Aβ itself.
One crucial parameter of increased Aβ levels is the efﬁciency of its
degradation. Interestingly, the degradation of brain-derived Aβ seems
to occur not only within the brain but also in peripheral tissues.
Clearance experiments in rats depicted that after infusion of radiolabelled Aβ into the brain 30% of the injected peptides were found in
blood and urine within minutes and were soon taken up by the liver or
kidney [174]. In fact, transport of Aβ from brain parenchyma to blood
has to occur across the blood brain barrier and is actively mediated by
LRP-1 (LDL receptor-related protein-1) [175]. The subsequent transport of Aβ in the blood is supported by a soluble variant of LRP1 that
acts as a sink and sequesters soluble Aβ to promote the passage across
the blood brain barrier [176]. P-glycoprotein is a further protein,
transporting Aβ from the brain parenchyma into the blood. Expression
levels of this protein are inversely correlated with amyloid deposition
in the brains of non-demented subjects [177]. Also the transport of Aβ
from the blood into the brain has been demonstrated and is mediated
through binding to the protein RAGE (receptor for advanced glycation
end products) in endothelial cells [178].
In the brain multiple enzymes have been discovered that are
responsible for degradation of Aβ, rendering the cleavage products
less likely to aggregate and less neurotoxic. Neprilysin is one of the
rate-limiting enzymes for Aβ degradation and overexpression of this
protease reduces Aβ deposition, synaptic dysfunction and memory
impairment in APP-transgenic mice [179,180]. Neprilysin expression
levels in human post-mortem tissue are uniformly decreased in nondemented elderly and LOAD patients and are inversely correlated to
age-related increased Aβ levels [181,182]. Importantly, neprilysin
levels were found to be signiﬁcantly associated with the ApoE
genotype, resulting in a reduced expression in the presence of the
ɛ4 allele [183]. This suggests that neprilysin is a key-player for
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