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Alzheimer’s Di51. Alzheimer’s Disease

Reinhard Schliebs

Alzheimer’ s disease (AD) is the most common
neurodegenerative disorder in late life which is
clinically characterized by dementia and pro-
gressive cognitive impairments with presently no
effective treatment. This chapter summarizes re-
cent progress achieved during the last decades
in understanding the pathogenesis of AD. Bas-
ing on the pathomorphological hallmarks (senile
amyloid plaque deposits, occurance of neurofibril-
lary tangles as hyperphosphorylated tau protein in
cerebral cortex and hippocampus) and other con-
sistent features of the disease (neurodegeneration,
cholinergic dysfunction, vascular impairments),
the mayor hypotheses of cause and develop-
ment of the sporadic, not genetically inherited,
AD are described. Finally, to reflect the disease
in its entirety and internal connective relation-
ships, the different pathogenetic hypotheses are
tentatively combined to describe the interplay of
the essential features of AD and their mutually
influencing pathogenetic processes in a unified
model. Such a unified approach may provide
a basis to model pathogenesis and progression
of AD by application of computational methods
such as the recently introduced novel research
framework for building probabilistic computa-
tional neurogenetic models (pCNGM) by Kasabov
and coworkers [51.1].
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51.1 Alzheimer’s Disease

51.1.1 Epidemiology

In 1906/1907 the German psychiatrist Alois Alzheimer
described a patient with progressive memory impair-
ment, disordered cognitive function, altered personality
and social behavior, including paranoia, delusions,
and loss of social appropriateness. Following autopsy,
in the patient’s cerebral cortex and hippocampus he
observed abundant extracellular amyloid-like protein
deposits (neuritic plaques) and a number of pyra-
midal neurons containing intracellular inclusions of
fibrillary structures (neurofibrillary tangles), which was
accompanied by considerable neuronal, in particular
cholinergic, cell loss [51.2]. During the following years
similar cases were observed, and already in the Ger-
man textbook of psychiatry edited by Emil Kraepelin
in 1910, this novel brain disorder was named af-
ter Alois Alzheimer. Later it became evident that this
kind of disorder also provides a common basis for
impairments in cognition in elderly people in late
life. The modern era of AD research, however, began
with the identification of the β-amyloid sequence in
the congophilic angiopathy of AD and Down’s syn-
drome [51.3]. The finding that the amyloid plaques
observed in both disorders contained largely the same
peptide [51.4] and the cloning of the β-amyloid precur-
sor protein gene [51.5–8] have led to major progress
in understanding the pathology and biochemistry of
AD.

AD represents the most common neurodegener-
ative disease with dementia and progressing cogni-
tive deficits. Presently, in Germany there are about
1.2 million people suffering from AD, while worldwide
there are estimates of more than 35 million AD pa-
tients [51.9]. Aging is the most important risk factor for
AD (for a review, see [51.10]). At the age of 65 years
about 1.2% of the population is afflicted, with an ap-
proximate doubling of incidence for every 5 years of age
afterward. For those over the age of 90, the prevalence
increases to nearly 40%. Due to ever-increasing life
expectancy, the number of affected individuals is pro-
jected to rise to more than 2.3 million in Germany [51.9]
and about 100 million worldwide by 2050 [51.11]. The
increasing number of elderly people suffering from
cognitive impairment and dementia will produce a con-
siderable economic burden for the social communities
in the near future, due to the growing costs of health-

care and welfare systems. This challenging perspective
indicates that detailed knowledge of the pathogenetic
mechanisms of AD as well as pharmacotherapeutical
strategies to combat AD are urgently required. It has
been estimated that a delay in the onset of AD by 5
years may decrease the number of affected people by
half.

51.1.2 Morphopathological Hallmarks

The pathology of AD is characterized by two major
histopathological hallmarks such as senile plaques (syn.
neuritic plaques, amyloid plaques) deposed extracellu-
larly in cerebral cortical and hippocampal areas, and
neurofibrillary tangles that occupy much of the cy-
toplasm of select cortical pyramidal neurons. These
neuropathological hallmarks of AD are particularly
prominent in areas such as the parietal and temporal cor-
tices, the hippocampus, the entorhinal cortex, and the
amygdala. In addition to senile plaques and neurofibril-
lary tangles, brains from AD patients also demonstrate
astrocytic gliosis, reactive microglia, inflammation, as
well as neuronal cell loss and synaptic dysfunction,
which have been assumed to be consequences of the ac-
cumulation of the pathological protein components (for
a review, see [51.12]).

Senile plaques are extracellular deposits that are
mostly composed of β-amyloid (Aβ), a proteolytic frag-
ment of the APP. The deposits are associated with
neuronal terminals and degenerative swollen neurites
and are surrounded by a web of astrocytic processes and
microglia cells [51.3, 4, 13].

Neurofibrillary tangles, the second histopathologi-
cal feature in AD, are pathological protein aggregates
detectable in the cytoplasm of select cortical pyramidal
neurons, which mostly consist of hyperphosphorylated
tau, a microtubule-associated protein ([51.14–16], see
also [51.17]). The tau protein is a highly soluble protein
that functions as a modulator of the stability and flex-
ibility of axonal microtubules, mediated by its degree
of phosphorylation. Hyperphosphorylation of tau de-
presses its microtubule assembly activity and its binding
to microtubules [51.18]. Abnormal hyperphosphory-
lated tau demonstrates a high tendency to aggregate
and to form paired helical filaments (PHF) and straight
filaments (SF), thus causing insoluble cytoplasmic in-
clusions, which disrupt the structure and function of

Part
K

5
1
.1



Alzheimer’s Disease 51.2 Cholinergic Dysfunction in Alzheimer’s Disease 891

the neurons [51.19]. However, recent studies have pro-
vided evidence that prefibrillar, oligomeric forms of tau,
rather than PHF, cause the neurodegeneration observed
in AD [51.20].

Many phosphokinases including glycogen synthase
kinase 3β (GSK3β), cyclin-dependent kinase 5 (cdk5),
and extracellular signal-related kinase 2 (ERK2), as
well as the dual specificity tyrosine-phosphorylation-
regulated kinase1A (DYRK1A) have been assumed
to be involved in tau phosphorylation (for a review,
see [51.21]).

The level of hyperphosphorylated tau in AD brains
is about four–eight times higher as compared to age-
matched normal brains. In the adult human brain, six
tau isoforms are expressed through alternative splicing
of a single tau gene on chromosome 17 (for a review,
see [51.22]). Three isoforms contain three tandem mi-
crotubule binding repeats, while the other three forms
contain four microtubule binding repeats. In AD all of
the six tau isoforms contribute to the formation of PHF
by hyperphosphorylation [51.23].

Tau pathology is also seen in a number of other
human neurodegenerative disorders associated with
neurodegeneration and dementia [51.22].

There is experimental evidence of a link between
Aβ and tau pathology in AD with Aβ deposition
preceding the tau pathology [51.21]. Several hypothe-
ses have been suggested, including the dual pathway
model of causality, whereby Aβ and tau are linked by
separate mechanisms driven by a common upstream
driver [51.24].

51.1.3 Genetic Factors Predisposing AD

A small subset of AD cases (< 5%) results from an in-
herited autosomal dominant gene mutations and have
an early-onset at ages between 40 and 60 years, while
the majority of AD cases are sporadic with a complex
aetiology due to interactions between environmental
conditions and specific genetic features of the individ-
ual [51.23].

In patients with the early-onset familial form of the
disease (FAD) that tends to be more aggressive, muta-
tions in genes located on chromosome 21, 14, and 1,
encoding the amyloid precursor protein (APP), prese-
nilin1, and presenilin2, respectively, have been found
(for reviews, see [51.12,25]), while hitherto no tau gene
mutations were observed in AD [51.23].

Moreover, a number of potential risk genes for AD
have been described (for a review, see [51.21]), with
ApoE being the most consistently associated risk gene.
Carriers of the ApoE ε4-allele have a several times
higher risk of developing AD as compared with those
carrying the ApoE ε4-allele [51.26–28].

Inherited variants in the neuronal sortilin-related
sorting receptor SORL1 have been found to be asso-
ciated with late-onset AD [51.29]. Recently performed
genome-wide association studies in late-onset AD pa-
tients revealed the identification of nine further novel
genes that are linked to immune system function,
cholesterol metabolism, and synaptic cell membrane
processes, and which explain around 50% of late-onset
AD genetics (for a review, see [51.30]).

51.2 Cholinergic Dysfunction in Alzheimer’s Disease

Another consistent feature of AD is a progressive neu-
ronal cell loss that is associated with region-specific
brain atrophy. In particular, the cholinergic projection
from the nucleus basalis of Meynert to areas of the
cerebral cortex is the pathway that is very early and
most severely affected in brains from AD patients.
Changes in the cholinergic transmission in AD have
been documented by assessing the major processes oc-
curring at a cholinergic synapse. In the presynaptic
compartment of the cholinergic neuron the neurotrans-
mitter acetylcholine is synthesized from choline and
acetyl-CoA by the catalytic action of the choline acetyl-
transferase (ChAT), and subsequently taken up into the
vesicle by means of the vesicular acetylcholine trans-

porter (VAChT). Following the action potential-induced
release into the synaptic cleft, acetylcholine binds to
both post and presynaptically localized cholinergic
muscarinic (mAChR) and nicotinic acetylcholine re-
ceptors (nAChR). While M1/M3-mAChR subtypes are
mainly localized postsynaptically, parts of the M2/M4-
mAChR subtypes act as autoreceptors on cholinergic
presynaptic compartments to control acetylcholine re-
lease. Similarly, nAChRs are predominantly localized
on both cholinergic and non-cholinergic nerve termi-
nals to regulate transmitter release. In the synaptic cleft,
acetylcholine undergoes a fast degradation by the cat-
alytic action of the acetylcholinesterase (AChE, see also
Fig. 51.1).
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Fig. 51.1 Depiction of main processes occurring at a cholinergic synapse in the brain. In the presynaptic compartment
of the cholinergic neuron the neurotransmitter acetylcholine is synthesized from choline and acetyl-CoA by the catalytic
action of the choline acetyltransferase (ChAT) and subsequently taken up into the vesicle by means of the vesicular
acetylcholine transporter (VAChT). Following the action potential-induced, Ca2+-dependent release into the synaptic
cleft, acetylcholine (ACh) binds to both post and presynaptically localized cholinergic muscarinic (mAChR) and nico-
tinic acetylcholine receptors (nAChR). While M1-mAChR subtypes are mainly localized postsynaptically, parts of the
M2-mAChR subtypes act as autoreceptors on cholinergic presynaptic compartments to control ACh release. Similarly,
nAChRs are predominantly localized on both cholinergic and non-cholinergic nerve terminals to regulate transmitter re-
lease. In the synaptic cleft, ACh undergoes a fast degradation by the catalytic action of the acetylcholinesterase (AChE).
While activation of M1-mAChR and nAChR favor the non-amyloidogenic route of amyloid precursor protein (APP) pro-
cessing, stimulation of M2-mAChR drives the APP processing toward the amyloidogenic path. Activated M2-mAChR
are selectively desensitized by phosphorylation under the catalytic action of G protein-coupled receptor kinase 5 (GRK5).
β-Amyloid (Aβ)-induced GRK5 deficiency leads to presynaptic M2-mAChR hyperactivity, which initiates a cascade of
pathological events including enhanced Aβ formation finally resulting in cholinergic dysfunction. For survival and main-
tenance, cholinergic neurons require neurotrophic support by the nerve growth factor (NGF) mediated through binding to
both high- (trkA) and low-affinity (p75NTR) receptors which are nearly exclusively located on central cholinergic cells

For survival and maintenance, cholinergic neu-
rons require neurotrophic support by the nerve growth
factor (NGF) mediated through binding to both high-
(trkA) and low-affinity (p75NTR) receptors, which are
nearly exclusively located on central cholinergic cells
(Sect. 51.4). Therefore, NGF and its receptors have ad-
ditionally been used as markers to further characterize
cholinergic dysfunction in AD.

Severe deficits of presynaptic cholinergic markers
in the cerebral cortex of patients with early-onset AD
were already observed in the late 1970s in a number of
studies [51.31–34]. Biochemical and in situ hybridiza-
tion studies reported a marked and region-dependent

loss in ChAT activity (from 30 to 90%) and ChAT
mRNA levels (about 50%) in the temporal lobe and
frontal and parietal cortices of the AD brain being con-
sistent with striking reductions in the number of basal
forebrain cholinergic neurons. Accompanying the de-
generations of cholinergic neurons are the presence of
neuritic plaques in cholinoceptive cortical target re-
gions, as well as within the basal forebrain nuclei (for
references, see e.g., [51.35]). Neurochemical analysis
have further revealed deficits in several other presynap-
tic cholinergic markers, such as acetylcholine synthesis
and release, as well as a decreased number of nAChRs.
While most studies did not detect changes in M1-
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mAChRs, a decrease in the number of M2-mAChRs
was reported [51.36].

The correlation of clinical dementia ratings with the
reductions in a number of cortical cholinergic markers
such as ChAT, M2-mAChR, and nAChR binding, as
well as levels of acetylcholine [51.36–38], suggested an
association of cholinergic hypofunction with cognitive
deficits, which led to the formulation of the cholinergic
hypothesis of memory dysfunction in senescence and in
AD [51.39].

While there is no doubt that severe loss of corti-
cal cholinergic innervation exists already in the initial
stages of presenile (early-onset) as well as in the ad-
vanced stages of late-onset AD, the assumption of
cholinergic denervation being an early and initial stage
also in mild, late-onset AD has been debated (see
e.g., [51.40]). Only mild losses of AChE activities have
been observed in patients with mild cognitive impair-
ment (MCI, a prodromal stage of AD), and early forms
of AD, while in a number of brain regions studied in
MCI patients no decrease in ChAT activity has been
observed. Similarly, the number of ChAT-positive and
VAChT-positive cells was unaltered in MCI as com-
pared to non-demented controls. While the number
of ChAT-positive neurons was unchanged, the trkA
and p75NTR-containing neurons, which co-localize
with ChAT, were significantly reduced in the nucleus
basalis of subjects with MCI as compared to those
with no cognitive deteriorations. These findings suggest

a downregulation of trkA and p75NTR receptors, thus
a dysfunction of cholinergic neurons rather than cholin-
ergic cell loss [51.41]. This is further emphasized by
observations that other parameters of cholinergic func-
tion such as acetylcholine release, high-affinity choline
uptake, and expression of mAChR and nAChR are also
altered in MCI and early AD [51.35].

Gene expression analysis of single basal fore-
brain cholinergic neurons revealed that trkA, but not
p75NTR, is reduced in MCI. The NGF precursor,
proNGF, has been observed to be increased in the cor-
tex of MCI and AD. As proNGF accumulates in the
presence of reduced cortical trkA and sustained levels
of p75NTR, a shift in the balance between cell survival
and death molecules may occur in early AD. Simi-
larly, BDNF and proBDNF, are reduced in the cortex
of MCI, further depriving basal forebrain cholinergic
cells of trophic support [51.41]. ProNGF is released
from the cerebral cortex in an activity-dependent man-
ner together with enzymes required to generate mature
NGF. Thus, the upregulation of proNGF observed in
AD may indicate a dysregulation in the maturation of
NGF leading to enhanced vulnerability of the choliner-
gic system in AD [51.42]. These data further support
the suggestion of a key role of the cholinergic system in
the functional processes that lead to AD, while provok-
ing the question whether the gradual progressive loss
of cholinergic function is associated with Aβ and tau
pathology, as will be discussed in Sect. 51.3.2.

51.3 APP Metabolism and Its Regulation by Cholinergic Mechanisms

51.3.1 Processing of APP and Generation
of Aβ

The major constituent of neuritic plaques is the 4 kDa
Aβ peptide that is derived from a much larger pro-
tein, the APP. APP belongs to a family of glycosylated
type-I transmembrane proteins which are ubiquitously
expressed but most abundantly in the brain. There are
three major isoforms APP695, APP751, and APP770
(containing 696, 751, 770 amino acids, respectively)
arising from alternative splicing. APP770 (and APP751)
consists of a large extracellular domain, containing a 56
amino acid Kunitz protease inhibitor (KPI) region and
glycosylation sites, a single membrane-spanning region,
and a shorter intracellular carboxyl terminus. While
APP751 and APP770 are expressed in most tissues,
APP695 is predominantly expressed in neurons and
lacks the KPI domain (for a review, see [51.43]).

The precursor protein contains the 39–42 amino
acid sequence of Aβ and is processed either by
an α-secretory or β-secretory pathway yielding non-
amyloidogenic cleavage products or potentially amy-
loidogenic Aβ peptides, respectively. In order to
generate Aβ the APP must be cleaved by two pro-
teases that have been termed β-and γ -secretases. The
β-secretase cleavage results in a truncated APP that is
denoted as secretory sAPP β, and in a remaining part
consisting of 99 amino acids, the β-carboxy-terminal
fragment, β CTF (12 kDa). The β CTF may undergo
a further cleavage by the γ -secretase at the amino acid
711 or 713 to release either Aβ (1–40), the predominant
species, or to a lesser extent, the more amyloidogenic
Aβ (1–42) peptide, respectively, as well as the re-
maining intracellular domain of APP (AICD). Recently,
further APP cleavage sites of the γ -secretase have
been described: the ζ -site generating Aβ (1–46) and
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the ε-site producing Aβ (1–49). An overview of the
amyloidogenic route of APP processing is depicted in
Fig. 51.2a.

The released AICD has been shown to regulate tran-
scription of a number of genes including APP, glycogen
synthase kinase (GSK) 3β, neprilysin, BACE1, p53,
epidermal growth factor receptor (EGFR), and low den-
sity lipoprotein receptor-related protein 1 (LRP1), while
AICD as the intracellular domain mediates interaction
of APP with various cytosolic factors.

Recently, sAPPβ has been reported to undergo a fur-
ther cleavage by a still unknown mechanism to release
N-APP. N-APP was found to bind to the death recep-
tor DR6 to cause axon pruning and neuronal cell death
via caspase-6 and -3, respectively [51.44]. A novel func-
tion of sAPPβ as a regulator of transthyretin and Klotho
gene expression has been detected recently [51.45].

The non-amyloidogenic secretory pathway includes
the proteolytic cleavage of APP by the α-secretase
between amino acid position 16 and 17 of the Aβ

domain, which results in the secretion of a solu-
ble ectodomain of APP, called sAPPα. The remain-
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ing membrane-anchored C-terminal fragment of APP,
α CTF (83 amino acid residues) may further undergo
a γ -secretase cleavage to produce a peptide called p3
and the remaining AICD (see also Fig. 51.2b).

sAPPα has been shown to be involved in mediat-
ing neuronal plasticity and survival, protection against
excitoxicity, neural stem cell proliferation, and inhibi-
tion of stress-induced cdk5 activation; the physiological
function of the rapidly degraded p3 peptide is still un-
clear [51.43].

The α, β and γ -secretases have recently been cloned
and identified. The α-secretase is a zinc metallopro-
teinase and acts as a membrane-bound endoprotease to
cleave APP within the plasma membrane. Three mem-
bers of the ADAM (a disintegrin and metalloproteinase)
family have been proposed to act as α-secretase:
ADAM9, 10, and 17 (for reviews, see [51.43, 46].

Fig. 51.2a,b Processing of the amyloid precursor pro-
tein (APP). (a) The APP contains the 40–42 amino acid
sequence of Aβ, which is partly localized within the trans-
membrane domain of APP. To generate Aβ the APP is
cleaved by two proteases termed as β-and γ -secretases.
The β-secretase cleavage results in formation of secretory
sAPPβ, and in a remaining part, the β-carboxy-terminal
fragment, βCTF. The βCTF may undergo a further cleav-
age by the γ -secretase to release either Aβ (1–40), the
predominant species, or to a lesser extent, the more amy-
loidogenic Aβ (1–42) peptide, respectively, as well as the
remaining intracellular domain of APP (AICD). Aβ pep-
tides may accumulate in the brain as synaptotoxic and
cytotoxic oligomers and as fibrillar aggregates in the form
of senile plaques. The released AICD has been shown to
regulate transcription of a number of genes, while AICD
as intracellular domain mediates interaction of APP with
various cytosolic factors. Recently, sAPPβ was reported to
undergo a further cleavage to release N-APP, which binds
to the death receptor DR6 thereby causing axon pruning
and neuronal cell death. (b) The non-amyloidogenic se-
cretory pathway includes the proteolytic cleavage of APP
by the α-secretase between amino acid position 16 and
17 of the Aβ domain which results in the secretion of
the soluble ectodomain, sAPPα. The remaining membrane-
anchored C-terminal fragment, αCTF may further undergo
a γ -secretase cleavage to produce a peptide called p3
and the remaining AICD. sAPPα has been shown to be
involved in mediating neuronal plasticity and survival, pro-
tection against excitoxicity, neural stem cell proliferation,
and inhibition of stress-induced cdk5 activation. The phys-
iological function of the rapidly degraded p3 peptide is still
unclear [51.43] �
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Fig. 51.3 Amyloid cascade hypothe-
sis of AD: modifying and detrimental
effects of Aβ. The amyloid cascade
hypothesis states that the development
of AD is initiated by abnormal cleav-
age of APP, resulting in an imbalance
of production and clearance of Aβ.
As a consequence, Aβ accumulates in
the brain as synaptotoxic oligomers
and as fibrillar aggregates in the form
of senile plaques, thereby initiating
a cascade of pathogenic events that
ultimately result in the development
of AD [51.47]. For more details, see
text. (Graph adapted from [51.48]
and [51.10])

The membrane-bound, transmembrane aspartyl pro-
tease β-site APP cleaving enzyme 1 (BACE1) has
been identified as the β-secretase, while the γ -secretase
activity is mediated by a high molecular weight com-
plex consisting of presenilin 1 or 2, nicastrin, anterior
pharynx-defective-1 (APH-1), and presenilin-enhancer-
2 (PEN-2) (for reviews, see [51.21, 43, 46].

As the clinicopathological features of sporadic AD
are indistinguishable from the inherited form of AD,
significant efforts have been made to understand the
physiological function of the genes tied to FAD. In
particular, the development of transgenic mice carry-
ing human FAD genes (for a review, see [51.49]) have
essentially contributed to confirm the pathogenic ef-
fects of the mutated AD genes and to support the
amyloid cascade hypothesis of AD, which has been pro-
posed by [51.48] (Fig. 51.3). Changes in the metabolism
of APP and formation and accumulation of Aβ pep-
tides initiates a cascade of events that finally leads to
neuronal dysfunction and cell death associated with
neurotransmitter deficits and dementia (for reviews,
see [51.48, 50]).

51.3.2 Cholinergic Control of APP Processing

The metabolism of APP underlies a strong physiologi-
cal control with a balanced production and clearance of
Aβ. Pathological changes in the processing of APP may
favor the β-secretory pathway with the consequence of
Aβ accumulation either as synaptotoxic oligomers or
as fibrillar aggregates in the form of senile plaques. An

abundant number of investigations in the last decades
provided compelling evidence that APP processing is
controlled by neuronal signaling of several transmitter
systems including cholinergic mechanisms. Particu-
larly, G protein-coupled receptors have been disclosed
to modify APP processing by affecting the proteolytic
activities of the α, β, and γ -secretases (for a compre-
hensive review, see [51.50]).

This section focuses on the interaction of the cholin-
ergic system and APP processing (for a review, see
also [51.50–52]).

Control of APP by mAChR
The first evidence of a link between cholinergic
dysfunction and APP processing was provided by ob-
servations of a co-localization of acetylcholinesterase
(AChE) with Aβ deposits in AD brains [51.53, 54],
which was further validated by a number of in vitro
studies initiated by [51.55, 56]. Secretion of sAPPα

was enhanced by electrical stimulation of tissue slices
from rat brains, which could be blocked by the
sodium-channel antagonist tetrodotoxin [51.57]. Se-
lective activation of M1/M3-but not M2/M4-mAChR
increased sAPPα secretion and decreased total Aβ for-
mation both in vitro [51.58–61] and in vivo in AD
patients [51.62, 63]. A similar effect was achieved
by direct activation of protein kinase C (PKC) by
phorbol ester, indicating that mAChR mediate their
effects on APP processing through activation of the
phosphatidyl inositol signaling pathway [51.64]. A re-
cent cell culture study provided evidence that PKCα
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and PKCε, but not PKCδ, are particularly involved in
controlling sAPPα secretion [51.65]. Further studies re-
vealed that other pathways downstream of the mAChR
may also be involved in the α-secretase-mediated
cleavage of APP, including protein kinase A (PKA),
mitogen-activated protein kinase (MAPK), extracellular
signal-regulated protein kinase (ERK), tyrosine ki-
nase, and phosphatidylinositol 3-kinase (PI3K) [51.66,
67]. Activation of these signaling cascades shifts APP
metabolism towards the α-secretase-mediated pathway
with suppressing β-secretase-mediated Aβ formation
(for a review, see [51.50]). However, a recent study has
questioned the participation of the MEK/ERK pathway
in PKC-stimulated and M1-mAChR-dependent forma-
tion of sAPPα [51.65].

Selective lesion of basal forebrain cholinergic cells
in rat brains [51.68, 69] and administration of selec-
tive M1-mAChR agonists to mice [51.70] provided
strong in vivo evidence that cortical APP processing is
controlled by cholinergic activity originating from the
basal forebrain. Scopolamine treatment of transgenic
Tg2576 mice resulted in increased levels of fibrillar
Aβ, and enhanced α-secretase activity, suggesting that
chronic suppression of cortical muscarinic choliner-
gic transmission may alter the balance between α and
β-secretory APP processing by favoring the amyloido-
genic route [51.71].

While M2-/M4-mAChR have been observed to
inhibit sAPPα release and enhance Aβ produc-
tion [51.59, 72], studies in AD mouse models pro-
vided strong evidence that selective activation of
M1-mAChRs drives the APP processing toward the
non-amyloidogenic pathway. Thus, administration of
the selective M1-mAChR agonist AF267B in the 3xTg-
AD model resulted in reduced Aβ and tau pathologies
in the hippocampus and cortex [51.73]. The decreased
Aβ production indicates an M1-mAChR-mediated shift
of APP processing toward the non-amyloidogenic path-
way, mediated by an increase in PKC activation, ERK1
and ERK2 phosphorylation, and an increase in α-
secretase ADAM17 expression, while the effect of
AF267B on tau is obviously due to the reduced GSK3β

activity [51.73]. These findings were further supported
by genetic ablation studies. Deletion of the M1-mAChR
in primary neurons has been shown to increase amy-
loidogenic APP processing in neurons as evidenced
by decreased agonist-regulated shedding of the neu-
roprotective APP ectodomain sAPPα, and increased
production of toxic Aβ peptides. In APP(Swe/Ind)
transgenic mice, the loss of M1-mAChRs resulted in
increased Aβ level and more amyloid plaques, thus

favoring amyloidogenic APP processing [51.72]. This
data is further supported by a recent study demonstrat-
ing that deletion of M1-mAChR in the 3xTgAD and
Tg-SwDI mice increased plaque and tangle levels in the
brains of 3xTgAD mice and elevated cerebrovascular
deposition of fibrillar Aβ in Tg-SwDI mice, and led to
tau hyperphosphorylation, presumably due to changes
in the GSK3β and PKC activities [51.74].

Given that α and β-secretory APP processing is
differentially regulated through mAChR subtypes, in
SH-SY5Y neuroblastoma cells we examined the signal-
ing pathways through which mAChR subtypes control
β-secretase activity [51.75]. The expression of the
β-secretase BACE1 was found to be differentially regu-
lated in a subtype-specific manner by mAChR. Agonist
binding to M1/M3-receptors upregulated BACE1 ex-
pression through activation of both PKC and MAPK
signaling cascades. In contrast, BACE1 expression was
downregulated by activation of M2-mAChR and PKA-
mediated pathways [51.75]. These results may partly
explain the observed deteriorations of AD patients after
initial improvements by AChE-inhibitor or M1-mAChR
agonist treatment.

Activated G protein-coupled receptors are desen-
sitized by phosphorylation under the catalytic ac-
tion of G protein-coupled receptor kinases [51.76].
GRK5, a member of the GRK protein family, is
specifically involved in desensitizing activated Gi-
coupled M2/M4-mAChR subtypes [51.77]. As M2/
M4-mAChRs function primarily as presynaptic autore-
ceptors on cholinergic neurons, acting as feedback
inhibitor of acetylcholine release [51.78], a functional
loss of GRK5 should cause prolonged or persistent
M2/M4-mAChR signaling leading to reduced acetyl-
choline release and cholinergic hypofunction. As GRK5
deficiency has been reported in AD [51.79], a role of
GRK5 in promoting amyloidogenic APP processing via
prolonged activation of M2/M4-muscarinic autorecep-
tors was suggested [51.80]. Indeed, in AD-like Tg2576
mice lacking one copy of Grk gene significantly in-
creased Aβ accumulation including enhanced plaque
load, and sAPPβ production was observed, which could
be reversed by the administration of selective M2-
mAChR antagonists [51.80].

As Aβ has been shown to be one of the main causes
of the functional deficiency of GRK5 in AD [51.79],
a positive feedback loop among Aβ, GRK5 deficiency,
and cholinergic dysfunction has been postulated, by
which each component can mutually promote each
other, thus exacerbating both amyloid pathology and
cholinergic dysfunction [51.80].
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Control of APP by nAChR
Nicotine through action on nAChR has also been
observed to modulate APP processing both in cell cul-
ture [51.81–84] and in vivo [51.85] by favoring the
non-amyloidogenic pathway when treated with low
doses of nicotine [51.86].

To reveal which subtype of neuronal nAChRs me-
diates the actions of nicotine on APP processing,
subtype-selective suppression/transfection studies were
performed in cell line cultures. Suppression of the
α7-nAChR gene by siRNA indicated that α7-nAChR
stimulation increases sAPPα formation by enhanced α-
secretase activity, accompanied by activation of MAPK
signaling, and improving antioxidant defenses [51.84].

By using cell lines expressing different subtypes
of nAChRs, it has been detected that stimulation of
both α4- and α7-nAChR by nicotinic compounds is
involved in driving the APP processing toward the non-
amyloidogenic pathway by increasing sAPPα secretion

and attenuating Aβ production [51.87]. While activa-
tion of α7 nAChR by nicotine and specific α7-nAChR
agonists promotes non-amyloidogenic APP processing
by decreasing the γ -secretase activity with no ef-
fects on α-secretase and β-secretase activity [51.88],
the decrease in Aβ production by activation of α4β2
nAChR is mediated through regulation of BACE1
transcription, presumably via the ERK1/NFκB path-
ways [51.89].

These findings have also been validated by in vivo
studies. Chronic treatment of transgenic Tg2576 APP
mice with nicotine significantly reduced Aβ plaque de-
position as compared to non-treated controls [51.90].
In a rat model of AD chronic nicotine was observed
to restore normal Aβ levels and prevented short-term
memory and LTP impairment [51.91]. Interestingly,
tobacco-smoking elderly people demonstrated less Aβ

deposition in the entorhinal cortex as compared to non-
smokers [51.92].

51.4 Modulation of Cholinergic Function by Aβ

While impaired cholinergic neuronal signaling may in-
duce pathologically enhanced Aβ production, there is
also abundant evidence of the cytotoxic, modifying, and
suppressing capacities of Aβ on cholinergic cells and
function, suggesting the generation of vicious feedback
loops. This section reviews the effect of Aβ on viabil-
ity and signaling of cholinergic neurons including NGF
signaling in cholinergic cells.

51.4.1 Cytotoxicity of Aβ on Cholinergic Cells

The most predominant Aβ peptides detected in
Alzheimer plaques are Aβ (1–40) and Aβ (1–42). Aβ

(1–42) is more fibrillogenic and displays higher neuro-
toxicity in vivo than Aβ (1–40) [51.93]. The insoluble,
high-molecular weight fibrils are major components of
the senile plaques in the Alzheimer brain and have been
assumed for a long time to be the most toxic forms
responsible for cholinergic neurodegeneration (see,
e.g., [51.35, 94]). However, recent evidence indicates
that soluble oligomers of Aβ (such as low-molecular
weight monomers, oligomers and amyloid-derived dif-
fusible ligands (ADDLs)), as well as protofibrils
represent the main neurotoxic species leading to early
neuronal dysfunction and memory deficits in AD (for
reviews, see e.g., [51.95, 96]). In different cell and
animal models prefibrillar assemblies of Aβ have

been shown to induce neurotoxicity (for reviews, see
e.g., [51.51, 97], electrophysiological changes [51.98],
modulation of synaptic plasticity [51.98, 99], and dis-
ruption of cognitive function [51.100, 101], which may
explain why early onset of cholinergic dysfunction is
in progress before there is considerable plaque forma-
tion in AD. Indeed, in AD brains, it has been observed
that the severity of neurodegeneration correlates best
with the pool of soluble Aβ rather than with the num-
ber of insoluble Aβ plaques [51.102]. This data fits well
with observations in AD-like transgenic mouse mod-
els revealing decreases in cholinergic fibre density, in
mAChR and nAChR binding levels in the cerebral cor-
tex already before onset of plaque deposition [51.103–
109]. Studies in BACE1 knock-out mice that do not
produce any significant amount of Aβ [51.110] pro-
vided further evidence of Aβ-induced cholinotoxicity.
BACE1 gene deletion rescued memory deficits and
cholinergic dysfunction in AD mice which was asso-
ciated with tremendously reduced Aβ levels [51.111].

In a recent study on brain autopsy in AD pa-
tients, the relationship between various Aβ oligomer
assemblies found in AD brains with the levels of
fibrillar Aβ and cholinergic synaptic function was ex-
amined, suggesting that only distinct Aβ oligomers
induce impairment of cholinergic neurotransmission in
AD [51.112].
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51.4.2 Modulation of Cholinergic
Transmission by Subtoxic Aβ

Aβ is also produced under normal conditions and se-
creted in the brain as a soluble peptide [51.113, 114],
which raised the possibility that Aβ may also play
a physiological role. This is supported by cell cul-
ture studies providing evidence of a modulatory role
of soluble Aβ at subtoxic concentrations on choliner-
gic neurotransmission [51.35]. Soluble Aβ at pM to
nM concentrations strongly inhibited the potassium-
stimulated release of acetylcholine from hippocampal
slices and reduced the high-affinity uptake of choline in
synaptosomal preparations from cortex and hippocam-
pus [51.115]. Choline deprivation has been suggested
to render basal forebrain cholinergic neurons particu-
larly vulnerable [51.116] and may initiate autocanni-
balism of cholinergic cells by cleavage of membrane
phosphatidylcholine to replenish the choline availabil-
ity [51.35].

Aβ peptides at subtoxic concentration also de-
creased the intracellular acetylcholine concentration in
primary cultures [51.117] and resulted in reduced activ-
ity of ChAT but not AChE activity in cholinergic SN56
cells [51.118]. As exposure of primary neurons by Aβ

reduced glucose uptake, the Aβ-mediated decline in in-
tracellular acetylcholine might be due to the limited
supply of acetyl-CoA, a prerequisite to acetylcholine
synthesis.

AChE has been found in amyloid plaques. The asso-
ciation of AChE and Aβ alters the enzymatic properties
of AChE and renders Aβ more toxic by accelerating
assembly of Aβ into fibrils (for a review, see [51.119]).

Aβ at nanomolar concentration did not affect
mAChR ligand binding, but impaired M1-mAChR asso-
ciated signaling in primary septal and cortical cultures,
which resulted in reduced inositol phosphate production
and decreased calcium release from the intracellular
pool [51.120].

Aβ exposure of primary cultures and brain slices
have also been found to affect nAChR binding and sig-
naling, but depending on the concentration of Aβ (see
also Sect. 51.4.4).

In conclusion, in vitro data indicate that Aβ at phys-
iological concentration (nM to pM) appears to play
a potent negative modulator of acetylcholine synthesis
and release, and interferes with normal cholinergic sig-
naling mediated through mAChR and nAChR subtypes.

However, APP itself may also affect cholinergic
transmission. APP was found to interact with the
high-affinity choline uptake by mediating presynaptic

localization and activity of the high-affinity choline
transporter [51.121].

51.4.3 Effect of Aβ on mAChR

In AD brains the number of M1-mAChR has been re-
ported to be mostly unaffected, while in some studies
a decreased number of the M2-mAChR subtype was
described as associated with the impaired coupling of
the mAChR to heterotrimeric GTP-binding proteins (G
proteins) [51.36].

While in vitro studies did not provide any evidence
of a direct interaction of Aβ with mAChR binding
sites, pathologically accumulating Aβ appears to affect
mAChR signaling mainly by influencing downstream
events, finally leading to loss of mAChRs and cholin-
ergic dysfunction [51.103, 107, 109, 122]. Recently,
a mechanism was proposed to explain how Aβ may
interfere in mAChR signaling by interruption of the
mAChR G-protein coupling [51.123].

Aβ accumulation triggers increased generation of
reactive oxygen species inducing dimerization of the
angiotensin type 2 receptor, which can further cross-link
and lead to oligomerization of the angiotensin type 2
receptor dimers. The angiotensin type 2 oligomers
sequester the G-protein Gα,q/11, thus preventing the
coupling of Gα,q/11 to the M1-mAChR. Dysfunctional
coupling of M1-mAChR and Gα,q/11 is considered to
mediate cholinergic deficits and cell loss, tau phospho-
rylation, and memory impairments [51.123].

Recently, in transgenic AD-like Tg2576 mice, Aβ-
dependent inactivation of the JAK2/STAT3 axis was
reported. This resulted in downregulation of ChAT
activity and desensitization of the M1-mAChR, thus
providing evidence of another mechanism of how en-
hanced level of Aβ can impair mAChR signaling and
induce cholinergic dysfunction [51.124].

51.4.4 Effect of Aβ on nAChR

AD patients show a significant reduction in nAChRs,
which has been documented by Western blotting
[51.125, 126], immunohistochemical analysis [51.127,
128], or radioligand binding studies ([51.129]; for
reviews, see [51.130, 131]). The most vulnerable neu-
rons appear to be those expressing high levels of
α7-nAChR [51.132]. As α7-type AChRs are highly ex-
pressed in brain regions relevant to memory functions,
it has been suggested that α7 AChR has an impor-
tant role in the development of AD (for a review,
see [51.133]).
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Exposure of PC12 cells to Aβ resulted in a signif-
icant decrease in nAChR, which led to the suggestion
that Aβ can damage nAChR [51.134, 135]. Similarly,
in rats chronically infused with Aβ peptides, signifi-
cant decreases in the levels of nAChR subunits α7, α4,
and β2, accompanied by an increased BACE expres-
sion, have been observed [51.136]. Both actions of Aβ

could be reversed by chronic delivery of nicotine, sug-
gesting inhibitory rather than damaging effects of Aβ

on nAChRs [51.136].
On the other hand, there are reports that Aβ may

affect nAChR by direct binding with high-affinity
to nAChR, in particular to the α7 subtype [51.132,
137–140]. Other studies have been unable to confirm
these findings [51.135, 141]. Aβ has been observed
to act as an agonist of α7-nAChR, mediating the
activation of the ERK2 MAP kinase signaling cas-
cade [51.142]. Other groups have reported inhibitory
actions of Aβ on α7 nAChR [51.143], which appears
to depend on the concentration of Aβ; low concen-
tration can activate, higher concentrations desensitize
α7 nAChR [51.144]. This compares well with observa-
tions in triple transgenic mice overexpressing mutated
human APP, presenilin-1 and tau (3xTg-AD), which
demonstrate an age-dependent reduction in α7-nAChRs
as compared to age-matched non-transgenic mice. The
loss of α7-nAChRs is preceded by intracellular Aβ

accumulation and is restricted to brain regions that
develop Aβ pathology [51.139], a finding which mim-
ics the situation detectable in brains of AD patients.
Therefore, parts of the cholinergic deficits produced in
Alzheimer’s disease as well as in transgenic APP mice
could be attributed to the suppression of cholinergic
functions by Aβ peptides.

Recently, it was hypothesized that α7-nAChR
may represent the missing link in understanding AD
etiopathology [51.145]. This hypothesis stresses re-
cent experimental findings that nicotinic agonists and
Aβ may compete for the α7-nAChR binding site,
whereas intracellular signaling cascades are activated
that control either survival or cell death pathways, re-
spectively [51.130]. Moreover, a recent study supports
α7-nAChR as a mediator of Aβ-induced pathology in
AD by demonstrating that both agonists and antagonists
may modulate Aβ-induced tau phosphorylation through
GSK-3β [51.146]. Deletion of the α7-nAChR gene in
the PDAPP Alzheimer mouse model improved cog-
nitive deficits and synaptic pathology, suggesting that
blocking the α7-nAChR function may alleviate symp-
toms of AD and may represent a potential treatment
strategy [51.147].

Recently, the functional effects of Aβ fibrils and
oligomers on nAChRs were examined by measuring
intracellular calcium levels in neuronal cells [51.148].
It was demonstrated that fibrillar Aβ exerts neurotoxic
effects mediated partly through a blockade of α7-
nAChRs, whereas oligomeric Aβ may act as a ligand
activating α7-nAChRs, thereby stimulating downstream
signaling pathways [51.148].

On the other hand, overexpression of APP (SWE)
gene has been shown to influence the expression of
nAChRs and resulted in neurotoxicity [51.149], while
the disruption of cholesterol homeostasis as observed in
AD brain may affect cholinergic synapses by decreasing
the number of nAChR (see, e.g., [51.133]).

51.4.5 Aβ and Neurotrophin Signaling

For their maintenance and survival basal forebrain
cholinergic cells require the neurotrophic support by
the nerve growth factor (NGF) that is produced and re-
leased by cholinoceptive cells in the cortex. NGF exerts
its action by binding to the high-affinity NGF-specific
receptor tyrosine kinase, trkA, and the low-affinity, pan-
neurotrophin receptor, p75NTR, which are expressed
by basal forebrain cholinergic neurons, while neurons
in other brain regions express little or no p75NTR.
Receptor-bound NGF is internalized and retrogradely
transported to the nucleus of basal forebrain choliner-
gic cells (for a review, see [51.150]). Transgenic mice
that have been modified to produce anti-NGF antibod-
ies exhibit degeneration of basal forebrain cholinergic
cells and partly mimic AD-like pathology, suggesting
that NGF has an important role for cholinergic cell via-
bility [51.151].

While NGF expression is not altered in AD, dys-
function of cytoskeletal transport including reduced
axonal transport of NGF has been assumed to play
an important role in the development of AD pathol-
ogy [51.150, 151], as both APP and tau are involved
in axonal transport. Increased doses of APP markedly
decreased retrograde transport of NGF and resulted in
degeneration of forebrain cholinergic neurons [51.152].

Trophic deprivation has been observed to affect the
cleavage of surface APP by BACE1, releasing sAPPβ,
which is further cleaved to N-APP, which may bind
to the death receptor 6 (DR6) to trigger degenera-
tion [51.44]. On the other hand, APP may directly
interact with p75NTR, which mediates death of basal
forebrain cholinergic neurons [51.153].

Recently, it was discovered that the precursor of
NGF, the proNGF, also displays biological activities,
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but that these activities are distinct from that of ma-
ture NGF ([51.17]; for a review, see [51.154]). proNGF
may interact with sortilin as co-receptor for p75NTR
and induce p75NTR-dependent apoptosis or may, to
a lesser extent, bind to trkA and mediate trA-dependent
neuronal survival [51.155]. In AD brains a reduced con-
version of proNGF into mature NGF, and an increased
NGF degradation has been observed [51.156], suggest-
ing an imbalance of NGF/proNGF signaling in AD that
may contribute to the cholinergic cell loss.

Because of the select expression of p75NTR by
basal forebrain cholinergic neurons, a role of p75NTR
in cholinergic dysfunctions in AD has been suggested
(for a review, see [51.157]). There is abundant evi-
dence from in vitro studies that p75NTR increases the
susceptibility of cells to Aβ toxicity, suggesting that
p75NTR mediates Aβ cytotoxicity by direct interac-
tion with Aβ, or acting on signal transduction pathways
mediated by p75NTR [51.158, 159]. These observa-
tions were further confirmed recently by a number of
in vivo studies. Aβ injected into the hippocampus of
p75NTR/knock-out mice caused less neuronal death as
compared to that observed in wild type (p75NTR+/
+) mice [51.160]. Transgenic Thy1-hAPPLondon/Swe
Alzheimer-like mice lacking wild type p75NTR did
not display Aβ-associated basal forebrain choliner-

gic neuritic dystrophy and reduced cholinergic cortical
fibre density as has been observed in transgenic Thy1-
hAPPLondon/Swe mice with intact p75NTR [51.161].
The data provide evidence that p75NTR may be a major
player in Aβ-associated cholinergic deficits, mediated
through a p75NTR-activated c-Jun N-terminal kinase
pathway [51.162].

Using another genetic approach (crossing the
p75NTR knock-out mouse with the transgenic APP-
swe/PS1dE9 AD mouse), p75NTR has been shown to
regulate Aβ deposition by increasing neuronal Aβ pro-
duction [51.163]. The extracellular domain of p75NTR
after shedding from the membrane (by an α-secretase
activity) may bind and sequester Aβ and thus inhibit
Aβ aggregation and reduce Aβ deposition. Moreover,
it may also block the interaction of p75NTR and Aβ

or proNGF by competitive binding, thus attenuating
the p75NTR-dependent neurotoxicity and cell death
[51.163]. On the other hand, p75NTR has been shown
to be upregulated in two strains of AD transgenic mice
compared to corresponding wild-type mice, which cor-
related with the age-dependent accumulation of Aβ

(1–42) level [51.164]. As activation of p75NTR signal-
ing was observed to stimulate Aβ production [51.163],
the Aβ-induced p75NTR upregulation may initiate a vi-
cious cycle that accelerates AD development [51.164].

51.5 Tau and Cholinergic Transmission

While no tau mutations have been described in the
brains of AD patients, pathogenic mutations in the tau
genes cause frontotemporal dementia [51.165], sug-
gesting that posttranscriptional alterations in tau gene
expression may contribute to the cognitive deficits in
AD presumably also by interacting with the cholin-
ergic transmission. Several studies have demonstrated
that activation of nAChR results in a significant
increase in tau phosphorylation, whereas mAChR ac-
tivation may prevent tau phosphorylation (for reviews,
see [51.130, 145]. Nicotine was found to induce tau
phosphorylation at those sites that were also hyper-
phosphorylated in AD, presumably mediated through
activation of the α7 subtype of nAChR [51.143].
This was further emphasized by observations in
triple transgenic 3xTg-AD mice that develop age and
regionally-dependent accumulation of both plaques
and tangles as well as progressive deficits in cog-
nition [51.166–168]. Chronic nicotine administration
to one-month-old 3xTg-AD mice for five months did
not change soluble Aβ levels but resulted in a strik-

ing increase in phosphorylation and aggregation of
tau, which appeared to be mediated by p38-MAP ki-
nase [51.139].

Cholinergic basal forebrain neurons have been
shown to demonstrate tau pathology both in patients
with mild cognitive impairment and in AD patients. Sin-
gle cell gene expression profiling in individual human
cholinergic basal forebrain neurons revealed a shift in
the ratio of three-tandem repeat tau to four-tandem re-
peat tau during the progression of AD but not during
normal aging [51.169].

Basal forebrain pretangles and tangles have been
observed prior to the pathology in the entorhinal/peri-
rhinal cortex, indicating that abnormalities in cortical
cholinergic axons and tau pathology within the basal
forebrain cholinergic system occur very early in the
course of life and increase in frequency in old age and
AD [51.170, 171]. In a tau transgenic mouse model,
tau pathology has been observed in both hippocampus
and basal forebrain, which was associated with a sig-
nificant reduction in medial septal cholinergic neurons
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and a decreased uptake and retrograde transport of NGF
by cholinergic nerve terminals [51.172], suggesting that
tau pathology may participate in cholinergic degenera-
tion [51.172].

In conclusion, as Aβ may trigger tau phospho-
rylation, and Aβ pathology precedes tau pathology,
tau-mediated changes in cholinergic cells may represent
an indirect effect of pathogenic Aβ accumulation.

51.6 Neurovascular Function in AD

51.6.1 Cerebrovascular Abnormalities
and Dysfunction in AD

In the brain, the cerebral blood flow is tightly regulated
to assure adequate and timely blood supply to brain
regions that have momentarily high energy demand
because of enhanced neural activity, a phenomenon
called functional hyperemia [51.174]. Already at very
early stages of AD, changes in the cerebral blood flow,
such as reduced blood supply at rest and altered per-
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Fig. 51.4 The vascular hypothesis of AD. The vascular hypothesis for AD is based on findings that vascular risk factors
damage the brain microvasculature, which results in chronic hypoperfusion, reduced cerebral blood flow, and reduced
glucose supply [51.173]. Vascular synaptic damage may induce retrograde cell death of cholinergic neurons, which
may trigger inflammation, favor amyloidogenic APP processing and cerebral amyloid angiopathy (CAA), and initiate
tau pathology. Damage to vascular endothelial cells may induce angiogenesis and VEGF upregulation, which further
promotes β-amyloidogenesis. As basal forebrain cholinergic neurons particularly respond sensitively to reduced glucose
supply by synaptic dysfunction and degeneration, the cascade of events leading to the development of AD is further
exacerbated. For details, see text

fusion to activated areas have been observed, which
provided evidence to suggest a causal relationship be-
tween vascular mechanisms and the development of
sporadic AD. This vascular hypothesis of AD was
first formulated by [51.175] (for reviews, see [51.173,
176, 177], Fig. 51.4). Insufficient cerebral blood flow
may induce hypoxia-sensitive pathways leading to
inflammation with upregulation of pro-inflammatory
cytokines and to oxidative stress with generation of re-
active oxygen species, which may be detrimental to
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vascular integrity and function. Indeed, cerebrovascular
abnormalities such as thickening of the microvascu-
lar basement membranes, decreased luminal diameter,
and microvascular degeneration, in particular in the
temporal-parietal cortex, have frequently been observed
in AD patients [51.177].

In advanced AD cases Aβ deposition occurs also
in cerebral vessels (cerebral amyloid angiopathy CAA),
which may result in smooth muscle degeneration and
weakening of the vascular wall, impairing vasomotor
function, and increasing the risk of cerebral hemor-
rhage [51.178]. Indeed, it has been suggested that the
recently detected brain microbleeds (small dot-like le-
sions) in AD brains are the missing link between
the amyloid cascade hypothesis and the vascular hy-
pothesis [51.179]. The CAA observed during normal
aging and in the majority of AD cases is likely to
be caused by the failure of Aβ elimination from the
brain parenchyme. It has been suggested that receptor
for advanced glycation end products (RAGE), and low
density lipoprotein receptor related protein 1 (LRP1)
play a role in controlling the Aβ transport through the
blood brain barrier (for a review, see [51.180]). A recent
study in transgenic AD-like mice (Tg2576) further sup-
ported the clearance hypothesis demonstrating impaired
perivascular solute drainage from the brain in aged
mice as compared to younger ones [51.181]. Currently,
in a transgenic AD mouse model with strong CAA
pathology, it has been suggested that early perivascular
astrocytic dysfunction play a particular role in impairing
cerebrovascular and metabolic pathology [51.182].

Studies in transgenic mouse models of AD sug-
gested that the compromised cerebral hemodynamics
observed in AD appears to be associated with in-
flammation [51.183]. The local activation of microglia
and reactive astrocytes is accompanied by production
and secretion of proinflammatory cytokines such as
interleukin-1β (IL-1β), tumor necrosis factor (TNF)-
α, and transforming growth factor (TGF)-β1. En-
dothelial cells are known to respond sensitively to
inflammatory stimuli by production of reactive oxy-
gen species that may further exacerbate the vascular
damages [51.184].

A number of risk factors are assumed to mediate the
cerebrovascular dysfunctions and to trigger AD pathol-
ogy, such as hypertension, hyperlipidemia, enhanced
homocysteine levels, diabetes type 2, metabolic syn-
drome (obesity, hypertension, cardiovascular disease,
atherosclerosis), as well as genetic factors (ε4 allele of
ApoE), age, and life style [51.173, 185, 186]. However,
it is still a matter of debate whether neurovascular dys-

function and vascular lesions play a causative role for
the neurodegenerative processes as suggested by a num-
ber of reports (for a review, see [51.180]). However,
regardless of that, cerebrovascular diseases appear to
play an important role in determining the presence and
severity of the clinical symptoms of AD [51.187].

51.6.2 Effect of Aβ on Brain Vascular System

The microvascular degenerations observed in AD may
also be the consequence of the vasoactive detrimental
effects of Aβ. Aβ is a potent vasoconstrictor in the
brain, as has been shown in vivo and in vitro by ap-
plication of exogenous Aβ to normal blood vessels and
to mouse cortices. On the other hand, Aβ may cause
degeneration of both the larger perforating arterial ves-
sels as well as cerebral capillaries, presumably mediated
through the induction of reactive oxygen species by ac-
tivation of NADPH oxidase, which may subsequently
severely affect regulation of cerebral blood vessels and
brain perfusion, as well as impair the blood brain
barrier (for reviews, see [51.174, 178, 188, 189]). In-
deed, observations in transgenic AD-like mice revealed
Aβ-mediated impairments of endothelium-dependent
regulation of cortical microcirculation, abnormal vas-
cular autoregulation, reduced cerebral blood flow, and
attenuated cerebrovascular reactivity to functional hy-
peremia already before onset of any plaque load, further
supporting the link of Aβ to the mechanisms of vascular
dysfunction (for comprehensive reviews, see [51.174,
177]. However, the view that elevated soluble Aβ levels
are sufficient to cause cerebrovascular dysfunction has
also been challenged by studies on the Tg2576 trans-
genic mouse model [51.190].

Moreover, Aβ peptides have been described to in-
hibit angiogenesis both in vitro and in vivo [51.191,
192], and deregulation of angiogenic factors may
contribute to various neurological disorders includ-
ing neurodegeneration (for a review, see [51.193]).
One of the key angiogenic factors, the vascular en-
dothelial growth factor (VEGF), a highly conserved
heparin-binding protein [51.194], was originally found
in vascular endothelial cells and is able to induce
vascular endothelial cell proliferation, migration, and
vasopermeability in many types of tissue [51.195].

Increased intrathecal levels of VEGF have also been
observed in brains of AD patients as compared to age-
matched healthy individuals [51.196–198], which has
been correlated with the clinical severity of the dis-
ease [51.199]. However, the functional significance of
VEGF upregulation in the pathogenesis and progres-
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sion of AD is still a matter of debate. While VEGF
and other angiogenic factors were found to be enhanced
in AD [51.200–203], neovascularization has been ob-
served only in the hippocampus of AD patients [51.203].

51.6.3 Effect of Ischemia and
Hypoperfusion on APP Processing

There are reports that ischemia and hypoperfusion may
trigger accumulation and cleavage of APP into Aβ, and
its deposition in the brain, as well as hyperphospho-
rylation of tau and PHF formation (for a review, see
[51.180]). The upregulation of VEGF in response to hy-
poxic, ischemic, or hypoglycemic stress [51.204–206],
suggests its involvement also in the processing of APP.
In turn, APP is also highly expressed in the endothelium
of neoforming vessels [51.207], and inhibitors of β- and
γ -secretases have been reported to inhibit angiogenesis
and tumor growth [51.207], suggesting a role of APP
metabolism also during angiogenesis. Recently, VEGF
has been shown to also be involved in the induction
of microglial-mediated inflammation by Aβ deposits
via the microglial VEGF receptor subtype Flt-1 serv-
ing as a chemotactic receptor to mobilize microglial
cells [51.199].

As vascular endothelial cells are also capable of ex-
pressing and to secreting APP [51.208], it has been
hypothesized that VEGF may also be involved in the
formation and deposition of Aβ. This hypothesis has
been addressed by examining the effect of VEGF on
APP processing in brain slice cultures, as well as in pri-
mary neuronal, astroglial, and vascular endothelial cells
derived from AD-like transgenic Tg2576 mice [51.209].
The exposure of brain slices by VEGF resulted in an in-
hibition of the formation of soluble Aβ peptides, which
was accompanied by a transient decrease in β-secretase
activity, as compared to controls [51.209]. Similar stud-
ies in primary neurons, astrocytes, and endothelial cells
expressing the Swedish mutation of human APP, have
further provided evidence that VEGF affects APP pro-
cessing but differentially acts in cells that form the
neuron-glia-vascular unit [51.210].

51.6.4 Effect of Aβ on Cholinergic Function
in the Brain Vascular System

There is a large body of evidence that cerebral blood
flow and local glucose delivery is controlled by neu-
ronal activity, known as neurometabolic and neurovas-
cular coupling [51.177, 184, 211, 212]. Dysfunctions of
the regulation of the cerebral blood circulation may af-

fect vital control mechanisms that ensure delivery of
adequate amounts of substrate and maintain the home-
ostasis of the microenvironment of the neurovascular
unit. The neurovascular unit defines the cellular in-
teraction between brain capillary endothelial cells, the
end feet of perivascular astrocytes, and neuronal ax-
ons [51.184]. Pial arteries at the surface of the brain are
densely innervated by perivascular nerves that originate
from autonomic and sensory ganglia, whereas intrac-
erebral arterioles and capillaries receive afferents that
originate from subcortical neuronal centers as well as
from local cortical interneurons (for a comprehensive
review, see [51.213]).

Based on findings in immunocytochemistry and
electron microscopy, it is known that the cholinergic
axons originating from the basal forebrain project not
only to the cortical neuropile but also to arterioles,
capillaries, and to perivascular astrocytes within the
cerebral cortex [51.214]. Furthermore, there is physi-
ological evidence that the central cholinergic pathways
are involved in the regulation of cerebral cortical blood
flow. Electrical or chemical stimulation of cholinergic
basal forebrain neurons results in increased cerebral
blood flow [51.215]. The involvement of ACh as a neu-
rotransmitter in the control of regional cerebral blood
flow has been further demonstrated by administration of
cholinergic drugs [51.216]. While application mAChR
antagonist decreased cerebral blood flow, the inhibition
of AChE led to increased cerebral blood flow [51.217].
This response was found to be dependent on nitric ox-
ide (NO) production and presumably to be mediated
through the M5-mAChR subtype [51.216]. The basal
forebrain cholinergic fibers can either directly affect
the cerebrocortical microvasculature or innervate sub-
populations of GABAergic interneurons releasing the
vasodilators NO and VIP [51.218]. The interneurons ap-
pear to serve as a functional relay to adapt perfusion to
locally increased neuronal activity [51.212].

On the other hand, damage to the neurovascu-
lar unit either by oxidative stress, inflammation, or
Aβ accumulation may induce degeneration of vascular
cholinergic nerve terminals and subsequent retrograde
cell death of basal forebrain cholinergic neurons. The
loss of cholinergic innervation of components of the
neurovascular unit may affect APP processing with
enhanced Aβ formation and deposition, microglia ac-
tivation, and inflammation, thus suggesting a link
between Aβ production, impairments in cerebrovascu-
lar function, and basal forebrain cholinergic deficits in
AD (cholinergic-vascular hypothesis of AD; [51.219,
220]). Indeed, a semiquantitative immunohistochemical
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study on aged Tg2576 mice revealed an Aβ-mediated
decrease in cholinergic innervation of cortical blood
vessels [51.221], which has been assumed to contribute
to the alterations of the cerebrovascular system ob-
served in transgenic Tg2576 mice [51.209].

51.6.5 Effect of Glucose Deprivation
on Cholinergic Neurons

AD patients feature decreased basal cerebral glu-
cose utilization, presumably as a consequence of the
cerebrovascular dysfunction and compromised cere-
bral hemodynamics [51.177]. Glucose deprivation has
been suggested to render basal forebrain choliner-
gic neurons particularly vulnerable [51.222], as they
require glucose not only for energy production but
also to synthesize acetylcholine from choline and
acetyl-CoA, which is generated by glucose degrada-
tion through glycolysis. As in cholinergic neurons
energy production and acetylcholine synthesis compete
for acetyl-CoA; reduced glucose supply with the con-
sequence of a decline in acetyl-CoA synthesis may
easily evoke energy deficits, leading to impairment of
their function and structural integrity, as neurons have
no energy reserves [51.222]. Interestingly, it has been
proposed that these early abnormalities in brain glu-
cose and energy metabolism in AD are caused by
an insulin-resistant brain state, which appears to be
responsible for the increased Aβ accumulation, tau
phosphorylation, and cognitive deficits (for a review,
see [51.223]).

On the other hand, reduced glucose utilization in
AD may also be caused by progressive Aβ accu-
mulation affecting expression and/or activity of key
enzymes of the glycolysis in brain cells. In a mouse
model of AD (Tg2576 mice) expression and activ-
ity of the phosphofructokinase (PFK), a key enzyme
in regulation of glycolysis, was studied [51.224]. In
a 24-month-old transgenic Tg2576 mouse cortex, but
not in 7, 13, or 17-month-old mice, the copy num-
ber of PFK-C mRNA, the PFK protein level and PFK
enzyme activity was significantly reduced as com-
pared to non-transgenic litter mates, while the mRNA
level of the other PFK isoforms did not differ be-
tween transgenic and non-transgenic tissue samples. In
situ hybridization in brain sections from aged Tg2576
mice revealed reduced PFK-C mRNA expression in
Aβ plaque-associated neurons and upregulation in re-
active astrocytes surrounding Aβ deposits. The data
demonstrate that long-lasting high Aβ burden impairs
cerebral cortical glucose metabolism by reducing PFK
activity in Aβ plaque-associated neurons and con-
comitant upregulation in reactive, plaque-surrounding
astrocytes [51.224]. Therefore, Aβ-induced alterations
in glucose metabolism may contribute to cholinergic
dysfunction and cell loss.

In conclusion, the basal forebrain cholinergic sys-
tem plays a significant role in neurovascular regulation
and blood flow control, and vascular cholinergic deficits
caused by damaged microvasculature may vice versa
contribute to amyloidogenic APP metabolism, thus ex-
acerbating AD pathology.

51.7 Interrelationship of Amyloid, Cholinergic Dysfunction,
and Brain Vascular Impairments

For a variety of pathological features that have been
attributed to play major roles in triggering AD, three
major hypotheses of AD have been stressed.

51.7.1 Cholinergic Hypothesis of AD

The early occurrence of basal forebrain cholinergic cell
loss in FAD and in advanced stages of sporadic AD, as
well as the correlation of clinical dementia ratings with
the impairments of cholinergic function have suggested
a role of the cholinergic system in the pathogenesis of
AD (Fig. 51.5). Indeed, both in vitro and in vivo studies
provided evidence of a modulatory role of choliner-
gic signaling on APP metabolism, and impairments

in mAChR and nAChR signaling may drive the APP
processing toward the amyloidogenic path and thus con-
tribute to the amyloid pathology of AD.

Selective activation of M1/M3 but not M2/M4-
muscarinic acetylcholine receptors (mAChR) increased
sAPPα secretion and decreased total Aβ formation,
mediated through activation of PKC and/or MAPK
signaling. Agonist action on nAChR has been shown
to modulate APP processing by favoring the non-
amyloidogenic pathway and to inhibit β-amyloid fibril
formation. AChE was found to promote the aggregation
of Aβ and plaque formation by forming a complex with
the growing fibrils. Vice versa, Aβ may increase AChE
around Aβ plaques through the action of Aβ on α7-

Part
K

5
1
.7



Alzheimer’s Disease 51.7 Interrelationship of Amyloid, Cholinergic Dysfunction, and Brain Vascular Impairments 905

nAChR. At nanomolar concentrations soluble Aβ has
been observed to inhibit markers of cholinergic func-
tion. Activation of α7-nAChR may induce degradation
and clearance of Aβ at least in transgenic APPswe
mice.

NGF plays a maintaining role for cholinergic cells,
but was also observed to modulate cholinergic control
of APP processing and to influence APP metabolism by
favoring the non-amyloidogenic pathway through TrkA
receptors, but to increase neuronal Aβ production via
p75NTR.

Cholinergic dysfunctions may also be caused by
impaired glucose utilization, damages of the microvas-
culature (retrograde cholinergic terminal degradation),
and impaired NGF signaling (Fig. 51.5).

51.7.2 Amyloid Cascade Hypothesis

The discovery of Aβ as the major component of senile
plaques, one of the histopathological hallmarks of AD,
provided the basis for the establishment of the amyloid
cascade hypothesis of AD, stating that Aβ accumulation
is the essential event leading to neuronal dysfunction
and cell death associated with neurotransmitter deficits
and dementia (Fig. 51.3). This hypothesis was partic-
ularly supported by investigations of transgenic mice
carrying human FAD genes. These mice mimic some of
the key features of AD such as amyloid plaques, cogni-
tive deficits, and impairments in neuronal signaling and
microvasculature.

Metabolic
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cholinergic dysfunction
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Oxidative stress

Inflammation
IL-1�, TNFα

Vascular system
Cerebral blood flow/NO
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Fig. 51.5 The cholinergic hypothesis of AD.
The cholinergic hypothesis states that a dys-
function of basal forebrain cholinergic neurons
causes the cognitive decline observed in AD
patients, which is based on experimental find-
ings that cholinergic neurotransmission has
a fundamental role in learning and mem-
ory [51.39]. The hypothesis has been further
validated by experimental observations that
APP processing is controlled by choliner-
gic neuronal activity. Cholinergic dysfunction
shifts the route of APP processing toward the
amyloidogenic route, which again contributes
to cholinergic deficits. Cholinergic dysfunc-
tions may also be caused by impaired glucose
utilization, damage to the microvasculature
(retrograde cholinergic terminal degradation),
and impaired NGF signaling (for details, see
text)

Both in vitro and in vivo studies demonstrated the
detrimental and modifying effects of accumulating Aβ

on cholinergic synaptic events by blocking nAChR,
impairing mAChR signaling, inhibiting AChE, and in-
terfering with NGF signaling by binding to p75NTR.

Aβ may damage vascular endothelial cells and
demonstrates vasoactive properties by impairing per-
fusion, perivascular drainage, and cerebral blood flow,
as well as inhibiting angiogenesis. It may trigger
inflammation by activation of microglial and reac-
tive astroglial cells, which secrete pro-inflammatory
cytokines (IL-1β, TNFα, TGFβ), and mediates tau
pathology, which finally leads to neurodegeneration and
dementia. IL-1β and TNFα have been shown to se-
lectively degenerate cholinergic basal forebrain cells,
while IL-1β has been found to upregulate APP expres-
sion and to stimulate the amyloidogenic route of APP
processing. Furthermore, IL-1β may also promote ac-
tivity and expression of AChE.

51.7.3 Vascular Hypothesis of AD

The vascular hypothesis for AD is based on findings
that vascular risk factors damage the neurovascular unit,
which results in chronic hypoperfusion, reduced cere-
bral blood flow, and reduced glucose supply (Fig. 51.4).
As brain capillary endothelial cells receive a choliner-
gic input from the basal forebrain, the vascular synaptic
damages may induce retrograde cell death of cholin-
ergic neurons, which may trigger inflammation and
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alterations in neurotrophin signaling, may favor amy-
loidogenic APP processing including CAA, and initiate
tau pathology. Damage to vascular endothelial cells may
induce angiogenesis and VEGF upregulation, which
further promotes β-amyloidogenesis. As basal fore-

brain cholinergic neurons particularly respond very
sensitively to a reduced glucose supply by synaptic
dysfunction and degeneration, the cascade of events
leading to the development of AD is further exacerbated
(Fig. 51.4).

51.8 Computational Modeling of the AD Brain

An understanding the pathogenesis of AD has been
achieved by addressing a number of different ap-
proaches, ranging from investigations of the role and
function of key proteins of AD pathology, exploring
specific mechanisms and signaling cascades, neuro-
physiological and highly sophisticated neuroimaging
techniques, up to the application of recently devel-
oped high-performance techniques of gene expression
profiling and proteomic analyses, as well as genome-
wide association studies. Consequently, during the last
decades of research in neuroscience a vast number of
experimental data and datasets have been accumulated
and collected in various databases for genes, proteins,
molecule structures, enzyme kinetics, etc., which re-
quire great computational effort and IT technology to be
efficiently handled. On the other hand, computational
approaches may provide useful tools not only to han-
dle the abundant data available so far, but also to allow
us to construct neuronal and brain networks to simu-
late the pathogenesis of the disease in its entirety and
relevant connectivity, and to use the designed networks
to computationally test for potential therapeutic strate-
gies. Moreover, modeling the description of complex
brain networks may also open new windows in our un-
derstanding of the basic mechanisms of the disease. In
particular, solid and reliable computational models of
the AD brain may help to elucidate the probabilities
to which extent each of the hypotheses reviewed above
contributes to the pathogenesis and progression of the
disease.

In AD research computational approaches have
been applied at various levels of complexity to inves-
tigate both single pathogenetic aspects of AD such as
oligomerization, fibrillization, and aggregation of Aβ

and AD-related proteins, Aβ binding motifs relevant
to AD chemistry, structure – activity relationships and
protein–protein interactions of AD relevant molecules,
AD related cell signaling pathways, kinetics of en-
zyme substrate complexes relevant to APP processing,
as well as to develop more complex systems such as mo-
lecular connectivity maps/protein interaction networks,

neuronal and brain networks and their dynamics, gene–
gene interactions and relevant proteomic changes, as
well modeling of cognition/cognitive tasks.

In the following, a selection of recent advances
made by applying computational approaches in AD-
related research, will be presented; it is not intended to
be complete or comprehensive.

Protein Aggregation
To understand the dynamics of the Aβ peptide ag-
gregation process involved in AD [51.225] and the
differentiation between disease and non-disease pro-
tein aggregation [51.226], molecular-level simulation
models have been applied. Computationally derived
structural models of Aβ and the interaction with possi-
ble aggregation inhibitors have been reported [51.227].

Protein–Protein Interactions
Examples of computational analysis and the prediction
of protein–protein interaction include associations be-
tween the death cell receptor 6 (DR6) ectodomain and
an N-terminal fragment of amyloid precursor protein
(NAPP, [51.228]), in silico analysis of the apolipopro-
tein E and the Aβ peptide interaction [51.229], the
effects of mutations on protein interactions [51.230],
as well as the regulation of tau protein kinase II by its
subunits [51.231].

AD-Related Cell Signaling Pathways
To identify protein signal pathways between APP and
tau proteins, recently a modified network-constrained
regularization analysis was applied to microarray data
from a transgenic mouse model and AD patients. The
corresponding protein pathways were then constructed
by applying an integer linear programming model to
integrate microarray data and the protein–protein inter-
action (PPI) database [51.232].

To quickly model and visualize alternative hypothe-
ses about uncertain pathway knowledge, a prototype
tool for representing and displaying cell-signaling path-
way knowledge, for carrying out simple qualitative rea-
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soning over these pathways and for generating quanti-
tative biosimulation codes, Chalkboard, was developed
and tested for the network of APP processing [51.233].

Structure – Activity Relationship
of AD-Relevant Molecules

Using computational chemistry a multitarget quantita-
tive structure-activity relationship (QSAR) model has
recently been developed being able to predict the results
of 42 different experimental tests for GSK-3 inhibitors
with heterogeneous structural patterns [51.234], while
computational studies of Cu(II)/Met and Cu(I)/Met
binding motifs revealed a low affinity binding site of
Cu(II) in Aβ [51.235].

Kinetics of Enzyme Substrate Complexes
Relevant to APP Processing

Combining bioinformatics, molecular dynamics, and
density functional theory studies, enabled researchers
to elucidate the mechanisms for the hydrolytic cleav-
age of Val-Ile and Ala-Thr peptide bonds of APP by the
intramembrane aspartyl protease presenilin 1 [51.236].

Gene–Gene Interactions
Uncovering genes that are linked with AD can help
to understand pathogenesis and progression of the dis-
ease. In genome-wide association studies millions of
single nucleotide polymorphisms (SNP) have been an-
alyzed in thousands of AD patients and compared
with healthy individuals in order to correlate ge-
nomic changes with the disease and to reveal harmful
mutations or susceptibility genes [51.237]. As any
single genetic variant for AD may be dependent on
other genetic variants (gene–gene interaction) and en-
vironmental factors (gene-environment interaction) the
evaluation of genetic association studies represents
a computational challenge. This has been addressed
by the introduction of the multifactor dimensional-
ity reduction (MDR) method proposed by [51.238],
which was further improved by the log-linear model-
based multifactor dimensionality reduction (LM-MDR)
method in sporadic AD [51.239], and grid computing to
drive data intensive research [51.240]. Another compu-
tational strategy for simultaneously identifying multiple
candidate genes for genetic human brain diseases from
a brain-specific gene network-level perspective has been
proposed by [51.241]. By integrating diverse genomic
and proteomic datasets based on a Bayesian statistical
model, a large-scale human brain-specific gene network
has been established, which has been used to effectively
identify multiple candidate genes for AD [51.241].

Gene–Protein Interactions, Posttranslational
Modification of Gene Products

Microarray analyses are a valuable tool for large-
scale screening of differential gene expressions that are
presumably involved in AD pathogenesis, but cannot
provide information about protein levels, posttrans-
lational modifications of gene products, or activity
changes, which are important for the understanding of
the molecular processes of signal transduction path-
ways and intracellular interactions between proteins
that influence cellular function. For example, toxic-
ity studies of oligomeric Aβ (1–42) on cholinergic
SN56.B5.G4 cells, revealed that gene products af-
fected by Aβ (1–42) exposure were present in the
endoplasmatic reticulum (ER), Golgi apparatus, and/or
otherwise involved in protein modification and degra-
dation (chaperones, ATF6) indicating a possible role of
ER-mediated stress in Aβ-mediated toxicity. Moreover,
a number of genes, which are known to be involved in
AD (clusterin, acetylcholine transporter), were found to
be affected following Aβ (1–42) exposure of cholin-
ergic cells [51.242]. However, proteomic analyses of
lysates of the cells exposed to Aβ (1–42) identified
Aβ-mediated changes in protein levels and additionally
in phosphorylation status, which provided complemen-
tary information to the microarray data. The levels of
calreticulin and mitogen-activated protein kinase ki-
nase 6c were upregulated in cholinergic cells exposed
to Aβ (1–42), while γ -actin appeared downregulated.
Decreased phosphorylation of phosphoproteins, such as
the Rho GDP dissociation inhibitor, the ubiquitin car-
boxyl terminal hydrolase-1, and the tubulin α-chain
isotype Mα6 have been observed [51.243]. The pro-
teins identified have also been reported to be affected in
brains of AD patients, suggesting a potential role of Aβ

in influencing the integrity and functioning of the pro-
teome in AD. The data suggest that Aβ (1–42) mediates
its cytotoxic action by affecting proteins that also play
key roles in a number of other physiological processes
such as apoptosis, cytoskeletal changes, protein degra-
dation of misfolded or damaged proteins, stress-related
MAPK signaling, and GTPase function, indicating the
Aβ-mediated disturbance of a complex mutually inter-
acting network of signal transduction pathways. Patho-
logical changes of one component of the network may
have consequences on compartments of other cascades,
finally resulting in either compensatory mechanisms,
or when persistently overshooting, in pathogenic pro-
cesses. In this respect, computational approaches may
represent a very useful tool to model such complex net-
works because they are able to simulate the dynamics of
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such networks and the consequences of any disturbance.
Assessment of particular signaling cascades reveals
kinetic parameters that can be entered into a more
complex network composed of a number of interacting
pathways. This means that the complexity of the system
can be steadily increased, finally addressing not only
static but modeling also dynamic features of the system.

Molecular Connectivity Maps/Protein
Interaction Networks

A computational framework was recently developed to
build disease-specific drug-protein connectivity maps
by integration of gene/protein and drug connectiv-
ity information based on protein interaction networks
and literature mining, without requiring information on
gene expression profiles [51.244]. Such molecular con-
nectivity maps of various diseases appear to be adequate
tools to computationally prove the therapeutic profile
of candidate drugs before application in clinical tri-
als [51.244].

Neuronal and Brain Networks
There are different organizational levels by which brain
networks can be designed comprising either single neu-
rons (microscale), a group of neurons, or anatomically
distinct brain regions (macroscale; for a review, see
e.g., [51.245]). A brain network consists of two basic
elements, the nodes representing neurons or regions of
interest and edges linking the nodes. The edges define
either functional or structural associations among dif-
ferent neuronal elements of the brain. The small-world
network introduced by [51.246] has been found to be
an attractive model for the characterization of complex
brain networks because it captures both segregated and
integrated information processing of the brain [51.247].
Based on EEG, MEG and/or fMRI data, and using
modern graph theory-based computational approaches
the designed brain network can be used to map brain
functional activities under both normal and pathologi-
cal conditions. Analysis of AD patients revealed altered
small-world characteristics, which reflect the aberrant
neuronal connectivity in AD brain and may explain the
cognitive deficits [51.245].

Neural networks have also been used for longitudi-
nal studies in AD [51.248]. The proposed new type of
neural network (mixed effects neural network) has been
found to be a reliable tool for predicting non-linear dis-
ease trajectories and uncovering significant prognostic
factors in longitudinal databases of AD [51.248].

A computational model of network dynamics de-
scribing the progression of the neuropathology from

the hippocampus into neocortical structures in AD has
been proposed by [51.249]. The model focuses on a fi-
nal common breakdown in function, termed runaway
synaptic modification, and proposes that the imbalance
of variables regulating the influence of synaptic trans-
mission on synaptic modification causes the pathogenic
processes in the hippocampus and cortex. Memory
deficits are described as being due to increased inter-
ference effects on recent memory caused by runaway
synaptic modification [51.250].

Applying the framework of an associative mem-
ory model, the interplay between synaptic deletion
and compensation, and memory deterioration was com-
putationally studied in AD [51.251]. The simulation
shows that a disease-induced synaptic deletion may be
compensated by a local, dynamic mechanism, where
each neuron maintains the profile of its incoming
postsynaptic current, suggesting that the primary fac-
tor in the pathogenesis of cognitive deficiencies in
AD is the failure of local neuronal regulatory mecha-
nisms [51.251].

Recently, a novel research framework for build-
ing probabilistic computational neurogenetic models
(pCNGM) was proposed by [51.1]. The pCNGM rep-
resents a multilevel modeling framework inspired by
the multilevel information processes in the brain. The
framework comprises a set of several dynamic mod-
els including low (molecular) level models, a dynamic
model of a protein regulatory network (PRN), and
a probabilistic spiking neural network model (pSNN).
It can be used for modeling both artificial cognitive
systems and brain processes. Using data obtained from
relevant genes/proteins a pCNGM may simulate their
dynamic interaction which matches data related to brain
development, higher-level brain function, or disorders
such as AD [51.1].

Modeling of Cognition/Cognitive Tasks
There are a number of studies using computational
modeling to simulate various cognitive and behavioral
deficits observed in AD patients such as phonologi-
cal dyslexia [51.252], decrease of performance in daily
living activities [51.253], human path planning strate-
gies [51.254], and memory impairments [51.255].

In conclusion, the recent advances in applying com-
putational approaches to model the pathogenesis of AD
by complex brain network methods provide some hope
towards the understanding of the complexity of the dis-
ease as well as being able to computationally derive
novel routes of treatment strategies and prove the thera-
peutic profile of candidate drugs.
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51.9 General Conclusion: Mutual Interactions of Cholinergic, Aβ,
and Vascular Pathologies

Taken together, the observations mentioned above indi-
cate that a disbalance or disturbance of the homeostatic
interrelationship between cholinergic function includ-
ing NGF, APP metabolism, and control mechanisms
of brain microvasculature (CBF, perfusion, glucose
delivery) may result in deleterious consequences by fa-
voring the amyloidogenic route of APP processing with
enhanced plaque formation and induction of local neu-
roinflammatory events. Persisting β-amyloid-induced
glial upregulation of pro-inflammatory cytokines then
further contributes to damage cholinergic functions and
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Fig. 51.6 Interrelationship between cholinergic neurotransmission, APP metabolism, inflammation, and brain vascu-
lar system. The interplay of the essential features observed in AD (Aβ accumulation, cholinergic dysfunction, vascular
impairments, inflammation, neurodegeneration) and their mutually influencing processes is shown. A disbalance or dis-
turbance of the homeostatic interrelationship between cholinergic function including NGF, APP metabolism, and control
mechanisms of brain microvasculature (cerebral blood flow (CBF), perfusion, glucose delivery) may result in deleteri-
ous consequences by favoring the amyloidogenic route of APP processing with enhanced plaque formation and induction
of local neuroinflammatory events. Persisting Aβ-induced glial upregulation of pro-inflammatory cytokines then further
contributes to damage cholinergic functions as well as promotes the amyloidogenic pathway. On the other hand, ag-
ing, and life-style associated damage to the brain microvasculature may affect Aβ clearance and perivascular drainage,
promote cerebrovascular Aβ deposition, inducing partial loss of cholinergic vascular innervation and changes in vascu-
lar function, angiogenesis, and VEGF upregulation with consequences on APP processing and Aβ accumulation, which
finally may develop into a detrimental positive feedback loop, a vicious cycle

further promotes the amyloidogenic pathway. On the
other hand, aging and life-style associated damage of
the brain microvasculature may affect Aβ clearance and
perivascular drainage, promote cerebrovascular Aβ de-
position, inducing partial loss of cholinergic vascular
innervation and changes in vascular function, angiogen-
esis and VEGF upregulation with consequences on APP
processing and Aβ accumulation, which finally may
develop into a detrimental vicious cycle.

The interplay of the essential features observed in
AD (Aβ accumulation, cholinergic dysfunction, vascu-
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lar impairments, inflammation, neurodegeneration), and
their mutually influencing processes are summarized
in Fig. 51.6. We hypothesize that a disturbance of this
homeostatic relationship may develop during late ag-
ing and may represent a major cause for the genesis of
sporadic Alzheimer’s disease. However, which kind of
aging-related factors may play a role remains to be dis-
closed, but they would allow us to derive strategies for
establishing prophylactic measures.

Computational approaches to model pathogenesis
and progression of AD appear to be useful tools to
reflect the disease in its entirety and internal con-
nective relationships, and thus to open new views

in our understanding of basic mechanisms of AD.
The pCNGM research framework as recently intro-
duced and described by [51.1], represents a promising
and potential tool to model the AD brain in its
complexity and dynamics at different operational lev-
els, including functional neuron-glia-vascular units,
gene–protein interactions, cell signaling cascades, re-
gional association, and higher cognitive function. Thus
computational approaches of modeling the AD brain
may help to elucidate the probabilities to which ex-
tent each of the hypotheses reviewed in this chapter
contribute to pathogenesis and progression of the
disease.
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