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Abstract: The link between histopathological hallmarks
of Alzheimer’s disease (AD), i.e. amyloid plaques, and
neurofibrillary tangles, and AD-associated cognitive
impairment, has long been established. However, the
introduction of interactions between amyloid-beta (ApB)
as well as hyperphosphorylated tau, and the choliner-
gic system to the territory of descriptive neuropathology
has drastically changed this field by adding the theory of
synaptic neurotransmission to the toxic pas de deux in
AD. Accumulating data show that a multitarget approach
involving all amyloid, tau, and cholinergic hypotheses
could better explain the evolution of events happen-
ing in AD. Various species of both AB and tau could be
traced in cholinergic neurons of the basal forebrain sys-
tem early in the course of the disease. These molecules
induce degeneration in the neurons of this system. Recip-
rocally, aberrant cholinergic system modulation promotes
changes in amyloid precursor protein (APP) metabolism
and tau phosphorylation, resulting in neurotoxicity, neu-
roinflammation, and neuronal death. Altogether, these
changes may better correlate with the clinical findings and
cognitive impairment detected in AD patients. Failure of
several of AB- and tau-related therapies further highlights
the need for special attention to molecules that target all
of these mentioned pathologic changes. Another notewor-
thy fact here is that none of the popular hypotheses of AD
such as amyloidopathy or tauopathy seem to be responsi-
ble for the changes observed in AD alone. Thus, the main

*Corresponding author: Javad Mahmoudi, Neurosciences Research
Center (NSRC), Tabriz University of Medical Sciences, Tabriz 51368,
Iran, e-mail: mahmoudi2044@yahoo.com

Alireza Majdi, Saeed Sadigh-Eteghad, Fereshteh Farajdokht and
Seyed Mehdi Vatandoust: Neurosciences Research Center (NSRC),
Tabriz University of Medical Sciences, Tabriz 51368, Iran

Sepideh Rahigh Aghsan: Department of Clinical Pharmacy, Faculty of
Pharmacy, Tabriz University of Medical Sciences, Tabriz 51368, Iran
Ali Namvaran: Immunology Research Center, Tabriz University of
Medical Sciences, Tabriz 51368, Iran

culprit should be sought higher in the stream somewhere
in APP metabolism or Wnt signaling in the cholinergic
system of the basal forebrain. Future studies should target
these pathological events.
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Introduction

The relationship between the histopathological hallmarks
of Alzheimer’s disease (AD), i.e. amyloid plaques (APs),
and neurofibrillary tangles (NFTs), and AD-associated
cognitive impairment, has long been established (Bloom,
2014). However, the introduction of interactions between
amyloid-beta (AB) as well as hyperphosphorylated tau,
and the cholinergic system to the territory of descriptive
neuropathology has drastically changed this field by
adding the theory of synaptic neurotransmission to the
toxic pas de deux in AD (Hampel et al., 2018). Accord-
ingly, these changes have each become the basis for a
theory that tries to explain which changes are the trigger
and which ones are the bullets.

It has been widely accepted that AP is a crucial
factor for the initiation and progression of AD (Sadigh-
Eteghad et al., 2015a,b). AR hypothesis has until now
been the most commonly accepted hypothesis which
tries to justify AD pathophysiology. Soluble Af_,, oli-
gomers, which are thought to play a crucial role in this
hypothesis, are the result of the action of beta and gamma
secretases on amyloid precursor protein (APP) (Anand
et al., 2019). These toxic molecules are internalized by
AB-related receptors and initiate a series of interactions
that lead to tau hyperphosphorylation (Sadigh-Eteghad
et al., 2015a,b). Evidence suggests that AB deteriorates
cognitive function by both hijacking normal cholinergic
mechanisms [i.e. Ap internalization by o7 nicotinic ace-
tylcholine receptor (¢:7nAChR)] and degrading brain cho-
linergic system (Wang et al., 2000; Nagele et al., 2002).
However, this hypothesis suffers from several issues.
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First, Ap accumulation also occurs in cognitively healthy
subjects. Second, there is a weak link between APs and
the severity of cognitive impairment in AD patients.
Third, the onset of cognitive decline in patients with
Down syndrome is temporally variable. Nevertheless, all
of these subjects possess APs almost in the fifth decade
of their lives (Morris et al., 2014). These inconsistencies
cast doubt over the fact that AP is the trigger in this cause-
and-effect affair.

Tau is a microtubule-linked protein that modulates
the stability of tubulin assemblies. In pathological
conditions such as AD, however, it aggregates in inclu-
sions (NFTs and threads) in a hyperphosphorylated
state (Kametani and Hasegawa, 2018). Evidence shows
that spatial pattern of tau accumulation in the brain
has a close relationship with neural death and clinical
presentation in AD (Bejanin et al., 2017). Tau lesions
are also found earlier than AB accumulations (Johnson
et al., 2016), leading to cellular signaling, transport and
cytoskeletal systems, and mitochondrial function defects
(Kametani and Hasegawa, 2018). However, tau pathology
is seen in other neurodegenerative disorders (Hasegawa,
2016). Also, the development of tau and amyloid pathol-
ogies in AD brains is temporally and spatially separated.
This explains that another pathologic factor may influ-
ence both pathologic processes (Mudher and Lovestone,
2002).

The cholinergic hypothesis is based on the pro-
gressive and continuous loss of limbic and neocorti-
cal cholinergic innervation as the primary culprit in
AD phenomenology (Majdi et al., 2017; Hampel et al.,
2018). This hypothesis is supported by three facts: first,
presynaptic cholinergic markers drastically diminish in
the cerebral cortex of AD patients; second, the nucleus
basalis of Meynert (NbM) in the basal forebrain, as the
source of cholinergic innervation, greatly suffers from
degeneration in AD; and third, cholinesterase inhibitors
significantly alleviate symptoms in AD patients (Hampel
et al., 2018). Imaging studies suggest that nAChR impair-
ment is an early finding in AD, indicating the significance
of nAChRs as a potential culprit in AD pathophysiology
(Nordberg, 2001). Nevertheless, the cholinergic hypothe-
sis has received considerably less attention than its other
counterparts.

This review aims to gather the most recent and old
evidence over the various hypotheses of AD and their
relevance, interconnections, and interactions with each
other, which ultimately lead to clinical AD. Giving direc-
tion to the evidence in a tangle of clues, rather than
finding the main culprit, is the main purpose of this
study.
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The amyloid hypothesis

General comments

The amyloid hypothesis, also recognized as the amyloid
cascade hypothesis, has been up until now the mainstream
by which the pathogenesis of AD is justified (LaFerla et al.,
2007; Sadigh-Eteghad et al., 2015a,b; Anand et al., 2019).
This idea is well supported by the fact that AB,, oligom-
ers take part in all identified forms of familial AD (Taka-
hashi et al., 2017). Although there is a continuing dispute
over this hypothesis, new experimental and clinical data
further indicate that an imbalance between Ap,, produc-
tion and clearance is responsible for the initiation and
progression of AD (Selkoe and Hardy, 2016).

The origins of AR and amyloidopathy

AP was first isolated from the vasculature of the AD brain
(Glenner and Wong, 1984). Accordingly, its upstream
molecule, i.e. the APP, was discovered (Kang et al., 1987).
APP is one of the APP family members, which is composed
of APP and APP-like protein 1 and 2 (APLP1 and APLP2)
(van der Kant and Goldstein, 2015). APP is a type I trans-
membrane protein that is cleaved by a, 3, and y secretase
enzymes. The AP section is located within both the ectodo-
main and transmembrane parts of the APP molecule and
is composed of approximately 40-43 amino acids (Taka-
hashi et al., 2017). Intriguingly, the disease-causing form
of AB, i.e. AB,,, constitutes only around 5-10% of all A
forms produced in the human brain (Gouras et al., 2000).
After synthesis within the endoplasmic reticulum and
shipping to the cell membrane during a secretory process,
APP is cleaved by the o secretase enzyme [one of a disin-
tegrin and metalloproteinase domain (ADAM) 9, ADAMI10,
or ADAM17]. This process leads to the production of
soluble APPo. (sAPPo) and o.C-terminal membrane-bound
fragment (0:CTF)/C83. Accordingly, y secretase cleaves the
remaining molecule to P3 and APP intracellular domain
(AICD). This pathway is called non-amyloidogenic because
o secretase acts on the A domain of APP precluding AR
production (van der Kant and Goldstein, 2015).
Sequentially, APP also undergoes cleavage by the 3
and vy secretases enzymes [the latter is composed of pre-
senilin (PS)1 or PS2, nicastrin, anterior pharynx-defective
(APH)1, and presenilin enhancer 2] at the N and C termi-
nals of the A domain, respectively, leading to AP pro-
duction in a process called the amyloidogenic pathway.
Briefly, B-site APP cleaving enzyme (BACE1) acts on APP
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and produces sAPPB and BCTF/C99. Accordingly, C99 is
cleaved by v secretase and releases AP to the intracellu-
lar space and generation of AICD. Not all cuts by the y
secretase complex are at the same place. Thus, AP pep-
tides with a variable number of amino acids ranging
from 34 to 50 are produced. It has been found that
approximately 90% of all AR molecules are AB, . These
molecules are the predominant form of A species under
normal conditions. However, fragments of AB,, and AB,,
peptides, which are more toxic and prone to oligomeri-
zation and aggregation could be found in APs. AR, then,
takes part in a variety of physiological and pathological
processes, and the AICD regulates gene expression and
Ca* signaling (Bates et al., 2009; Kummer and Heneka,
2014; Takahashi et al., 2017).

AB clearance from the brain

Under physiological conditions, AB is cleared from the
brain through the blood-brain barrier. The mechanisms
by which A is washed out from the brain are either non-
enzymatic or enzymatic.

In the non-enzymatic mechanism, the interstitial
fluid is drained into the cerebrospinal fluid (CSF) or it
passes through the perivascular basement membranes
(or Virchow-Robin arterial spaces) into the blood vessels
(Yoon and Jo, 2012). Also, several vascular AP receptors
expressed by endothelial cells such as the low-density
lipoprotein receptor-related protein-1 (LRP-1), apolipo-
protein J, P-glycoprotein, and very-low-density lipopro-
tein receptor are responsible for the clearance of AP from
the brain (transcytosis). AP receptors also facilitate AB
clearance through glial cell-mediated phagocytosis by
astrocytes (Nagele et al., 2003) and bone marrow-derived
microglia. The process is primarily age dependent and is
mediated by several receptors such as scavenger receptor
class B member 1, the macrophage receptor with collagen-
ous structure, and LRP-1 (Paresce et al., 1996).

Enzymatic mechanisms include multiple proteases of
AB-degrading enzymes (ADEs) such as (1) thiol-depend-
ent metalloendopeptidase [insulin-degrading enzyme
(IDE)], (2) cysteine proteases (cathepsin B, D, and S),
(3) serine proteases [plasmin, myelin basic protein,
acylpeptide hydrolase], (4) matrix metalloproteinase
(MMP-9 and MMP-2), (5) zinc metalloendopeptidase
[NEP-1 and NEP-2, endothelin-converting enzyme-1 and -2,
angiotensin-converting enzyme (ACE)], and (6) enzymes
from miscellaneous groups (glutamate carboxypeptidase
II, aminopeptidase A, and mitochondrial peptidasome)
(Nalivaeva et al., 2012; Yoon and Jo, 2012).
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However, in pathological conditions such as AD,
failure of ADEs (e.g. reduction in NEP and IDE mRNA
levels) (Miners et al., 2009) and transport processes
(e.g. LRP-1 receptor reduction and impaired interac-
tion between LRP-1 and AP) (Bates et al., 2009) leads to
accumulation of AP peptides in the brain. These changes
signify the importance of A turnover in the pathophysio-
logy of the disease.

From A to AD

‘Our hypothesis is that deposition of amyloid-B protein
(ABP), the main component of the plaques, is the causa-
tive agent of Alzheimer’s pathology and that the neurofi-
brillary tangles, cell loss, vascular damage, and dementia
follow as a direct result of this deposition.” These sen-
tences are considered as the establishment of the amyloid
hypothesis by Hardy and Higgins in 1992 (Hardy and
Higgins, 1992).

As mentioned earlier, APP cleavage in a stepwise
manner leads to the production of AB peptides contain-
ing around 39-42 amino acids. These peptides are vul-
nerable to aggregation, forming dimers, oligomers, and
fibrils (Haass and Selkoe, 2007). There is a debate over the
fact which molecules are more toxic to the neurons and
synaptic compartments. However, a consensus has been
reached that soluble AP forms and not insoluble fibril-
lar aggregates are the critical role players in the damages
observed in AD (Ricciarelli and Fedele, 2017).

According to the amyloid hypothesis, failure of mech-
anisms responsible for AP clearance leads to AB accu-
mulation and oligomerization primarily in limbic areas
and associative regions with increasing age. Afterward,
these oligomers affect synaptic complexes and decrease
their efficacy. As time passes, the faulty mechanisms
mentioned above result in diffuse plaque formation and
microglial and astrocytic cell activation. This aggravates
inflammatory responses and oxidative stress and disrupts
neuronal ionic homeostasis. Along with that, altered
kinase/phosphatase activities intensify tangle formation
and result in severe neurodegeneration and synaptic loss
(Selkoe 2002; Selkoe and Hardy, 2016).

Synaptic toxicity

It has been accepted that all Ap species induce damage
primarily in the synaptic complex and reduce its effi-
cacy (Selkoe 2002; Ferreira and Klein, 2011). Because of
the crucial role of synapses in AD, it has been labeled

Brought to you by | Géteborg University - University of Gothenburg

Authenticated
Download Date | 2/6/20 2:19 PM



4 =—— A.Majdietal.: Amyloid, tau, and cholinergic system in AD

as a disease of synaptic failure or a disease in which
synapses go cold (Selkoe 2002; Koffie et al., 2011). The
defects in synapses are presented in several forms such as
changes in neurotransmitter uptake/release, alterations
in the localization of receptors in cells and prevention of
synaptic plasticity, disruption of long-term potentiation,
propagation of long-term depression (LTD), and, last but
not least, cytoskeletal defects at synaptic levels (Ferreira
and Klein, 2011; Koffie et al., 2011; Ferreira et al., 2015).
This could be due to the shift in Wnt signaling from the
canonical pathway, which promotes synaptic plasticity,
to the non-canonical pathway, which is in favor of synap-
tic instability and retraction. The process could be medi-
ated by the canonical Wnt inhibitor Dickkopf-1, which is
itself activated by AP. On the other hand, the association
is thought to be bidirectional where induction of non-
canonical Wnt signaling favors AR generation, whereas
activation of canonical signaling prevents Af production
(Elliott et al., 2018).

Other changes also occur in the postsynaptic com-
partment, including AB-induced changes in o.nAChRs
and metabotropic glutamate receptors (mGluRs), spe-
cifically N-methyl-D-aspartic acid receptors (NMDARs)
(Chang et al., 2016; Farhat and Ahmed, 2017). Toxic
levels of AP oligomers partially prevent synaptic
NMDARs through either receptor desensitization or inter-
nalization, activate extrasynaptic mGluRs, NMDARs,
and downstream aberrant pathways involving calcineu-
rin/STEP/cofilin, p38 mitogen-activated protein kinase
(MAPK), and glycogen synthase kinase 38 (GSK-3[3) mole-
cules, resulting in LTD and dendritic spine and synaptic
loss (Shankar et al., 2007; Li et al., 2009; Tackenberg and
Brandt, 2009).

These synaptotoxic changes correlate well with corti-
cal A levels, but not with AP plaque burden or APP levels
(Mucke et al., 2000; Mucke and Selkoe, 2012). In line
with that, the alterations are more severe where soluble
AP levels (soluble pool of cortical AB including oligom-
ers) escalate, whence no plaque formation has ever hap-
pened (Naslund et al., 2000; DaRocha-Souto et al., 2011).
The synaptic loss is linked to these soluble forms, even in
the very early or preclinical stages of AD (Lue et al., 1999).
Apart from that, several lines of evidence indicate that A}
concentration in the synapses is an essential determiner
in AB-mediated synaptic dysfunction. For example, low/
picomolar doses of AB,, significantly enhance synaptic
activity, whereas its high/nanomolar levels induce the
mentioned synaptic dysfunction and loss. This is, thus,
considered as a ‘bell-shaped association’ or ‘double-
edged-sword relationship’ between extracellular A and
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synaptic activity (Laird et al., 2005; Puzzo et al., 2008;
Abramov et al., 2009; Lasala et al., 2019).

Excitotoxicity

Excitotoxicity was once thought to be a late finding in AD.
However, recent studies have shown that it is part of the
early alterations occurring in AD. A clear link exists between
glutamate-induced excitotoxicity and memory impairment
in AD (Esposito et al., 2013; Majdi et al., 2016; Pallo et al.,
2016). AB-induced overactivation of NMDARSs is one of the
central mechanisms by which A exerts its toxic effects on
neurons and causes neuronal damage in AD. However, the
evidence for a direct interaction between these receptors
and AP lacks (Roberson et al., 2007). Accumulating data
show that soluble A oligomers are implicated in the induc-
tion of excitotoxicity in AD (Sikova et al., 2014). Evidence
suggests that soluble AP oligomers disrupt NMDA signal-
ing and induce the internalization of postsynaptic NMDA/
NR2A subunits. Also, AP interacts with excitatory amino
acid transporter (EAAT) on astrocyte, which leads to an
increase in the concentration of glutamate in the synaptic
cleft. Escalated glutamate levels induce the activity of extra-
synaptic NMDA/NR2B receptors and increase intracellular
calcium levels, which ultimately lead to synaptic loss and
neuronal cell death. Of interest, AB-induced excitotoxicity
results in p38 MAPK, GSK-3B, and Janus kinase (JNK) acti-
vation, leading to cytoskeletal tau hyperphosphorylation
and neurodegeneration (Esposito et al., 2013). The moder-
ate efficacy of memantine (an NMDA receptor antagonist)
in the symptomatic treatment of AD proposes the ration-
ale for the AB-induced glutamate increase/excitotoxicity
hypothesis (Danysz and Parsons, 2012).

Oxidative stress

Oxidative stress is a significant role player in the AD-
induced neurodegeneration (Huang et al., 2016; Majdi
et al., 2016). Oxidative stress has also been implicated in
the pathogenesis of the earlier stages of AD, i.e. amnestic
mild cognitive impairment (aMCI). AB-induced oxidative
stress leads to a ‘quadrilateral of neuronal death.’ This
includes changes in the proteostasis network, protein
phosphorylation, mammalian target of rapamycin (mTOR)
activation, and glucose metabolism. Oxidative stress has
also a close relationship with synaptic loss and excitotox-
icity, where each component is simultaneously the cause
and effect of a vicious cycle in AD.
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Evidence shows that oxidative stress and its resulting
lipid peroxidation commonly happen in A, ,, oligomer-
dense areas of the brain, but not in AB, , -poor regions
(Butterfield and Boyd-Kimball, 2018). In line with that,
AB,. .., AB,_,,» and AB,_ oligomers are shown to increase
protein oxidation, as indicated by the elevated levels of
protein carbonyls (PCs) in cortical synaptosomes (Ansari
et al., 2006). It has been verified that levels of PCs are
higher in AB-rich regions as opposed to AB-poor areas of
the AD brains (Hensley et al., 1995). Further, AB-mediated
oxidative stress disrupts mitochondrial function, reduces
ATP production, and decreases glucose metabolism
(hypometabolism) in AD and aMCI brains (Butterfield,
2014). Besides, AP-mediated oxidative stress triggers
mTOR activation, causes aggregation of cellular detritus
and damaged organelles inside neurons, and leads to neu-
ronal cell death (Tramutola et al., 2015).

AP coordination by active metal ions, particularly
copper (Cu) either in the +I or +II oxidative states and
iron [Fe (II)], also directly participates in reactive oxygen
species production and oxidative stress, thus launching
a connection between AD and oxidative stress (Cheignon
et al., 2018).

Neuroinflammation

Microglial dysfunction and the resulting neuroinflam-
mation are significant contributors to the pathogenesis
of AD. Accordingly, the relationship between diffusible
AP oligomers and microglial cells is extensively investi-
gated (Salminen et al., 2009; Xu et al., 2016). Activation
of microglia by AP increases the release of neurotoxic pro-
inflammatory mediators (M1 activation), which causes
neurodegeneration (Liu et al., 2012a,b). AB also induces
neuronal death by activation of astrocytes and release
of nitric oxide (NO), cytokines, and chemokines, such as
interleukin-6 (IL-6), tumor necrosis factor-o. (TNF-o), and
growth-related oncogene. The mentioned molecules then
activate caspases and induce neuronal apoptosis (Dorey
et al., 2014). They also activate pro-oligomeric pathways
by regulating APP processing. This then creates a vicious
cycle where neuroinflammation triggers AB oligomers
production and vice versa (Blasko et al., 2004; Alasmari
et al., 2018). Also, AP oligomers and fibrils are consid-
ered foreign molecules by the innate immunity system;
thus, they influence the activity of the pattern recognition
receptors such as Toll-like receptors, NOD-like receptors,
formyl peptide receptors, receptor for advanced glycation
end products, scavenger receptors, complement receptors,
and pentraxin 3. Activation of these receptors induces the
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activity of several signaling pathways and causes neuro-
inflammation. AP oligomers can also produce calcium-
permeable ion channels (amyloid channels) on neuronal
membranes (A calcium channel hypothesis, which is dis-
cussed under the Apoptosis section). These pores escalate
potassium efflux, induce IL-1 release, and cause neuroin-
flammation (Arispe et al., 2007; Salminen et al., 2009; Liu
et al., 2012a,b). Cross-talks between neuroinflammation
and AD pathology, i.e. the formation of neuritic plaques
and NFTs, and neuronal cell death have been demon-
strated (Salminen et al., 2009). However, AD treatment
using anti-inflammatory agents such as nonsteroidal anti-
inflammatory drugs has not shown promising results yet
(Meyer et al., 2019).

Apoptosis

Apoptosis is an essential aspect of AD neurodegenera-
tion. AP activates pro-apoptotic pathways in AD; however,
the exact mechanisms are under investigation (Loo et al.,
1993; Simon et al., 2011). One of the key features of AB-
induced apoptosis is the fast accumulation of GD3, a
disialoganglioside, in lipid raft microdomains including
caveolae before mitochondrial repositioning. Following
GD3 overproduction, cell cycle activation and apopto-
sis are inevitable (Copani et al., 2002; Kim et al., 2010).
Evidence also suggests that AB ,, oligomers induce
mitochondrial fission by protein Drpl upregulation and
prevent mitochondrial fusion by proteins Mfn1/2 and
OPA1 downregulation. Accordingly, because of mitochon-
drial dynamics disruption, neuronal apoptosis occurs.
Further, AB, ,, oligomers alter mitochondrial membrane
potentials, making mitochondria vulnerable to damage
and mitophagy (Han et al., 2017). AB,_,, also accumulates
inside the mitochondria through clathrin-mediated endo-
cytosis and results in mitochondrial function disruption
and neuronal apoptosis. This is mediated by activation
of the CD95/Fas apoptotic pathway, escalated Bax/Bcl-2
ratio, and cytochrome C discharge from the mitochon-
dria (Morishima et al., 2001; Cha et al., 2012). Addition-
ally, accumulation of large amounts of protofibrillar AB, ,,
by astrocytes causes significant astrocytic endosome/
lysosome damages and microvesicle-mediated neuronal
apoptosis in AD (Sollvander et al., 2016). In addition,
AB, ,, promotes apoptosis by increasing the expression of
Meg3 long noncoding RNA and activates p53-dependent
and -independent pathways (Huang and Liu, 2015). AB, ,
(but not AB, , )-induced apoptosis could be also mediated
by AP channels. These pores cause abnormal elevations
of the intracellular calcium levels inside both neuronal
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and mitochondrial membranes. Increased intracellular
calcium, in turn, increases Ca* flux via voltage-sensi-
tive Ca?* channels in the plasma membrane and triggers
several apoptotic pathways (Kagan et al., 2002). Because
AP peptides tend to form channels in low PH conditions,
they also reside on lysosomes, release toxic lysosomal
contents into the cytosol, and cause apoptosis (Knauer
etal., 1992).

Cholinergic dysfunction

AB-induced cholinergic system dysfunction, especially
in the basal forebrain cholinergic neurons, is an early
hallmark of AD (Nunes-Tavares et al., 2012). AB peptides
reduce acetylcholine (ACh) production and discharge,
prevent its axonal transportation via the inhibition of
vesicular ACh transporter, and disrupt its degradation.
Along with that, a decrease in the choline acetyltrans-
ferase (ChAT) and acetylcholinesterase (AChE) activities,
and the net amounts of nAChRs and muscarinic receptors
have been reported in AD (Nyakas et al., 2011). Of inter-
est, although the total level of AChE decreases in the AD,
its activity increases around plaques due to the effects
of AB,,, on oxidative stress and excitotoxicity through
o7/nAChRs and voltage-dependent calcium channels,
which are permeable to Ca* (Fodero et al., 2004). Cholin-
ergic dysfunction also results from the direct effects of AP
on aberrant neuritic sprouting. The latter induces cholin-
ergic fiber swelling and formation of grape-like structures
(Nyakas et al., 2011).

AChE, on the other hand, induces AP aggregation via
forming binding sites (at the ACE peripheral anionic site,
which is different from the catalytic site of the enzyme)
with AB molecules by reducing the lag phase of the
peptide aggregation. This indicates that AChE acts as a
chaperone which facilitates A oligomer formation with
high structural stability (Carvajal and Inestrosa, 2011).
It also increases the neurotoxicity of AB aggregates. For
example, neurons injected with AB-AChE complexes
reveal a much-distorted neurite network as opposed to
neurons administered with AP alone. This is, at least in
part, mediated by the effects of AB-AChE complexes on
mitochondrial membrane potential. Intriguingly, the
impact is shown to be greater compared to AB alone
(Dinamarca et al., 2010). Also, M1 and M3 muscarinic
receptor subtypes escalate APP production via the induc-
tion of the phospholipase C/protein kinase C pathway
and increase BACE expression in the AD brain (Nitsch
et al., 1992; Zuchner et al., 2004).

DE GRUYTER

Amyloid hypothesis: pros and cons

Pros

Several lines of evidence presented above strongly
indicate the crucial role of soluble AB oligomers in all
aspects of AD pathology. Here, the conformation and
also endogenous Af species concentration are of para-
mount significance. Thus, neglecting these factors may
lead to the current controversy over the ingenuity of the
amyloid hypothesis. Besides, other factors also support
the amyloid hypothesis of AD: (1) carriers of autoso-
mal-dominant mutations in the APP or the vy secretase
complex proteins presenilin 1/2 (PSEN1/2) clearly show
AD pathology, (2) a large number of patients with Down
syndrome show AD-like clinical findings early in life due
to the overexpression of the APP gene located on chromo-
some 21, (3) several rodent and non-rodent models based
on APP or APP/PS1 mutations mimic the critical struc-
tural and behavioral features of AD, (4) several genetical,
immunological, and pharmacological strategies trying
to decrease the cerebral AR burden in AD model of mice
have alleviated AD pathology and manifestations (Gotz
et al., 2004; Li et al., 2013; Puzzo et al., 2014; Ricciar-
elli and Fedele, 2017). Other evidence also supports the
amyloid hypothesis of AD. It has been demonstrated that
mutations in APP and PSEN1/2 genes primarily result in
early-onset AP deposition ensued by NFT formation. This
evidence clearly states that AP formation chronologi-
cally precedes NFT deposition in AD. However, tau muta-
tions leading to some types of frontotemporal dementia
do not lead to AP accumulation in the brain (Selkoe and
Hardy, 2016).

Further, the crossing of hAPP tg mice with hTau tg
mice [double mutant (tau/APP) progeny] meaningfully
escalates NFT formation without exerting any effects on
AP deposition (Lewis et al., 2001). On the other hand,
the crossing of APP tg mice with tau knockout animals
decreases behavioral impairment expressed by animals
compared with the animal in which tau is expressed
(Roberson et al., 2007). Compelling evidence also shows
that injection of soluble AP oligomers results in tau
hyperphosphorylation and NFT formation. However, this
does not happen when tau is primarily knocked down in
the animals (Jin et al., 2011). These data are further sup-
ported by a locus recognized in chromosome 10, which is
associated with increased AP production and is linked to
late-onset AD (LOAD) (Mudher and Lovestone, 2002). It
seems that tau is an essential factor in AD pathogenesis.
However, it is a downstream agent in amyloid cascade.
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This role thus appears to be ‘permissive’ than ‘causative’
(Maruyama et al., 2013).

Cons

The opponents of amyloid hypothesis argue that although
carriers of autosomal-dominant mutations in the APP or
the y secretase complex proteins presenilin 1/2 (PSEN1/2)
clearly show AD pathology, this does not mean that famil-
ial cases of AD (FAD) or early-onset AD share the same
features with LOAD or sporadic AD patients. Besides, no
correlation exists between cerebral amyloid burden or
CSF levels of AB, ,, and cognitive decline pattern, where a
considerable number of subjects expressing massive cer-
ebral amyloid deposition do not exhibit AD-like cognitive
impairment (Aizenstein et al., 2008; Fagan et al., 2009;
Klunk et al., 2009; Villemagne et al., 2011; Harrison and
Owen, 2016). On the other hand, the cerebral distribution
pattern of tau shows a better correlation with AD symp-
tomology than AB. Additionally, no temporal and spatial
correlations exist between these two pathologic factors.
Indeed, some evidence suggests that tangle formation
may occur before plaque deposition in the brain (Braak
and Braak, 1991; Price et al., 1991; Schonheit et al., 2004;
Herrup 2015).

Further evidence proposes that transgenic mice
models of FAD, which show severe amyloid pathology,
do not exhibit considerable neuronal damage, nor tangle
formation, as expected by the amyloid hypothesis (Herrup
2015; Makin 2018). The same thing could be shown in
humans, where the massive amyloid burden is found in
the cerebellum, but no subsequent NFT formation nor
neuronal loss could be demonstrated (Joachim et al.,
1989; Jacobs et al., 2017).

Amyloid hypothesis: where do we stand?
Failure of clinical trials

No convincing conclusion could be drawn from the
arguments made by opponents and proponents of the
amyloid hypothesis. A definitive response might be
elicited from the AB-directed immunotherapies for AD.
Several studies are on the go to assess the impacts of
active or passive AP vaccination in AD patients (Relkin
et al., 2009; Bohrmann et al., 2012; Farlow et al., 2015).
Monoclonal antibodies such as bapineuzumab, gan-
tenerumab, solanezumab, aducanumab, crenezumab,
and N3pG-Ap are being or have been tried in AD patients.
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However, several of these trials have failed, and new ones
are being designed (Table 1) (Liu et al., 2016; Mullard
2016; Mullane and Williams, 2018). To further address
the problems observed in these studies, the mentioned
drugs were tried in the earlier and asymptomatic phases
of AD (NCT02008357 and NCT02760602 trials) or in the
at-risk population (NCT01998841 trial) where no signifi-
cant neuronal damage could be found in the brain (Ric-
ciarelli and Fedele, 2017). If the elimination of amyloid
pathology halts NFT formation, then the cascade-based
hypothesis of AB is confirmed. The second possibility
could be that vaccination eliminates amyloid pathology
and reverses dementia but exerts no effects of NFT for-
mation. In this case, A is the sole role player in AD, and
the cascade hypothesis should be revised. Conversely,
if the elimination of AP affects neither clinical manifes-
tations of AD nor NFT formation, then the hypothesis
should be thoroughly revised (Mudher and Lovestone,
2002). Unfortunately, the results of clinical trials prove
the latter case in which the AP hypothesis requires a
radical revision, which will be discussed to some extent
in what follows.

Reconsideration of the role of APP metabolism products

The wealth of evidence presented earlier supports the
critical role of AB in AD. However, the results of anti-Af
trials (which have been directed against various forms of
AP) indicate that AP may not be the pathogenetic factor
we are looking for, and it may just have a participating role
in the progression of AD. This might be very bold a claim,
however. Some other downstream molecules resulting
from APP processing, i.e. accumulation of APP C-terminal
fragments such as C83, €99, and AICD, may be involved
in AD pathology (Pera et al., 2013; Svedruzic et al., 2015;
Kametani and Hasegawa, 2018). Recently, a clinical trial
that used a y secretase inhibitor (semagacestat) in AD
patients showed a decrease in AP production, along with
an increase in APP C-terminal fragments in the brain.
This was in tandem with the worsened symptoms in the
selected AD patients (Doody et al., 2013). Several studies
have investigated the link between APP C-terminal frag-
ments and accumulation of phosphorylated tau, impaired
axonal vesicle trafficking, synaptic failure, and memory
impairment (Ghosal et al., 2009; Szpankowski et al., 2012;
Tamayev et al., 2012), suggesting the role of APP C-termi-
nal fragments in the pathogenesis of sporadic and famil-
ial AD. Here, we may conclude that the weight should be
shifted from dysregulated A production to impaired APP
metabolism and its resulting by-products.
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Table 1: Summary of selected anti-Af immunotherapies in patients suffering from various stages of AD.

DE GRUYTER

Drug Target Site of action Clinical phase Result(s)
Patients Efficacy Adverse effects
Solanezumab Mainly monomers Mid-domain Phase lll Mild AD Decrease in AR None
burden (S) and
improved cognitive
function (S)
Gammagard IVIG Oligomers and Af fibrils AP aggregates Phase IlI Mild to moderate Mainly negative ?
AD results;
Improved cognitive
function in
moderate AD and
APOE e4 carriers
Gantenerumab ~ Monomers, oligomers, Central region and  Phase llI Prodromal to mild Decrease in AB None
and fibrils N terminus AD burden (NS)
Bapineuzumab  Mainly monomers, fibrils, N terminus Phase IlI Mild to moderate Decrease in AR Vasogenic
and deposited APs AD burden (S) and edema,
improved cognitive amyloid-
function (NS) related imaging
abnormalities
Ponezumab Mainly AB, ,, species C terminus Phase ll Mild to moderate Decrease in AB None
AD burden (NS) and
improved cognitive
function (NS)
BAN2401 Protofibrils Protofibrils Phase | Mild AD _ None
Crenezumab Oligomers, fibrils, and Pyroglutamate- Phase Il Mild AD Decrease in AB None
plaques AB, burden (S) and
improved cognitive
function (S)
Aducanumab Oligomers and fibrils N terminus Phase Ib Prodromal to mild Decrease in A Amyloid-
AD burden (S) and related imaging
improved cognitive abnormalities
function (S)
Donanemab? APs AB, ,, Phase | Mild AD Decrease in AR Strong
burden immunogenicity
UB311 ? N terminus of AR, |, Phasel Mild to moderate Improved cognitive None
AD function (S)
Gamunex ? ? Phase I1/Ill Mild to moderate ? ?
AD
GSK-933776 APP, monomers, N terminus Phase | Mild AD Decrease in AR ?
oligomers, protofibrils, burden (NS)
fibrils, and APs
Affitope ADO2 ? N terminus Phase | Mild to moderate None None

AD

25, Significant; NS, non-significant.

Commonly known as N3pG-AB monoclonal antibody or LY3002813. Data are obtained from https://www.alzforum.org/therapeutics.
This table does not include data for other AB-directed therapies such as BACE1 inhibitors.

The role of AB,_,, monomers

AB, ,, monomers are exceedingly prone to aggregation,
thus forming species ranging from soluble oligomers to
large prefibrillar assemblies (Ha et al., 2007). In normal
conditions, AP, ,, monomers possess neuroprotective
characteristics, where they are involved in glucose uptake

by neurons (Giuffrida et al., 2015). However, these mole-
cules are also dominantly found in the lag phase of AD
(Arosio et al., 2015). Although it has been demonstrated
that neuronal toxicity of oligomeric forms of AP is higher
than monomeric forms. Monomers can modulate APP
metabolism and BACE1 activity, leading to increased AR
production and tau hyperphosphorylation (Tamagno
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et al., 2018). These findings may further shed light on the
fact that any AB-based immunotherapy not only should be
directed against oligomeric forms but also should target
monomeric species. This may fundamentally change the
position where we stand now.

The tangle and tau hypothesis

General comments

‘Whenever a theory appears to you as the only possible
one, take this as a sign that you have neither understood
the theory nor the problem which it was intended to solve.’
This remark by Karl Popper in his famous book ‘Objective
Knowledge: An Evolutionary Approach’ in 1972 might be
generalized to the amyloid hypothesis, which has been
the mainstream concept of AD pathology over the last
20 years. The results of AB-directed immunotherapy trials
have yielded nothing but failure. Thus, is it fair to propose
that tau is the main culprit or at least a permissive factor in
AD initiation and progression (Kametani and Hasegawa,
2018)?

The origins of tau and tauopathy in AD

Tau is a microtubule-associated protein that takes part in
the stabilization of tubulin assemblies. In the adult brain,
two different isoforms of tau, namely, 3-repeat (3R) and
4-repeat (4R), are expressed. These isoforms are found in
the neuronal axons in normal conditions (Goedert et al.,
1989). However, in AD, some unique alterations in tau
structure, i.e. hyperphosphorylation due to discrepancy
between activities of kinases (such as GSK3p and CDK5)
and phosphatases (including PP1, PP2A, PP2B, and PP5),
truncation of tau, glycosylation, glycation, nitration,
ubiquitination, lysine methylation, and sumoylation,
disrupt microtubule assembly and provoke tau aggrega-
tion in a pair helical filament form called NFTs (Patterson
et al., 2011). In a perion-like manner, abnormal tau then
converts normal tau to the abnormal molecule (Kametani
and Hasegawa, 2018). Evidence suggests that hyperphos-
phorylation increases tau affinity to the microtubule, dis-
sociating the cargos from the kinesin and thus preventing
regular axonal transport (Brady and Sperry, 1995). Sequen-
tially, tau is first hyperphosphorylated. Then, it produces
tau dimers and oligomers. These oligomers tend to aggre-
gate and form the paired helical filaments (PHF) or related
straight filaments. The final assembly of these structures
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ultimately leads to the formation of pathological inclu-
sions, which are called either, NFT if formed in the neu-
ronal soma, or threads, if formed in dendrites or axons
(Zempel and Mandelkow, 2014; Chong et al., 2018). Tau
oligomers are more toxic than the larger assemblies and
spread trans-synaptically from one neuron to the other,
and also from one area to another in the AD brain. Tau oli-
gomers are also present in the extracellular space, taking
part in LTD and memory impairment (Liu et al., 2012a,b;
Fa et al., 2016). However, the order of these steps is not
universally accepted, and some argue that tau phospho-
rylation happens after aggregation, and conformational
changes in tau protein are responsible for tau aggregation
(Mena et al., 1996).

From tau to AD

Pathological tau assemblies are first formed in a limited
number of neurons in specific areas of the brain and
accordingly spread to other regions. This stereotypi-
cal spatiotemporal spreading happens in a well-defined
manner via three distinct mechanisms, namely, endo-
cytosis, macropinocytosis, and exosomes (Simic et al.,
2016). According to Braak and Braak, tau pathology is
first detectable in the transentorhinal area (stages I and
I). Subsequently, it spreads to the limbic area (stages III
and IV) and neocortical regions (stages V and IV) (Braak
and Braak, 1991). This widespread involvement of various
brain areas correlates well with clinical features of AD, but
not amyloid burden (Bejanin et al., 2017). This is accom-
panied by extensive loss of synapses and their function in
areas most severely affected by tau pathology (Dejanovic
et al., 2018). Several mechanisms have been proposed by
which pathological tau impairs synaptic function and
exacerbates neurodegeneration. This will be discussed in
detail in what follows.

Synaptic loss

Synaptic loss as a central finding in AD has a better asso-
ciation with tau pathology than with the load of APs
(Weiner et al., 2013). Several lines of evidence link tau to
synaptic dysfunction in AD. First, tau detachment from
microtubules interferes with kinesin motors and impairs
the transportation of mitochondria in the neuronal axon.
It also disrupts cargo deliveries to the dendritic spines.
Second, tau accumulation inside neurons has destructive
effects on synaptic structures such as postsynaptic density
(PSD) of excitatory synapses. This is induced by disrupted
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regulation of F-actin (which is an essential element in
the growth and stability of PSD) and Fyn kinase (which
is essential for NMDAR stimulation) in neurons. Third,
NFT aggregation inside neurons in the AD brain decreases
synaptophysin, a synaptic protein, mRNA by 35-37%
(Dixit et al., 2008; Hoover et al., 2010; Chai et al., 2011).
Fourth, PSDs of neurons damaged by tau aggregations
become devoid of specific intracellular signaling proteins,
i.e. small GTPase regulators. The latter plays an essential
role in the postsynaptic compartment by regulating the
dynamics of F-actin in spines. On the other hand, PSDs
may be loci for complement C1q accumulation, which has
a role in innate immunity. All these changes may not be
detected using conventional methods but play a role in
tau-mediated synaptic dysfunction (Spence and Soder-
ling, 2015; Dejanovic et al., 2018).

Oxidative stress

Tau prevents the kinesin-dependent carriage of mitochon-
dria, neurofilaments, Golgi vesicles, and peroxisomes
into neurites. This makes neurons highly susceptible to
oxidative damage. As a result of deficient transportation
of peroxisomes to neurites, they cannot defend against
oxidative stress, and thus, these neurons have shorter
and fewer neurites (Stamer et al., 2002). Also, it has been
revealed that some tau fragments induce copper reduc-
tion, promoting H,0, production and oxidative stress (Su
et al., 2007). On the other hand, AB-induced oxidative
stress exacerbates tau hyperphosphorylation and aggre-
gation at paired helical filament (PHF-1) epitope (serine
396/404) by blocking glutathione synthesis activity and
upregulating GSK-3f activity. This creates a vicious cycle
that leads to neurodegeneration in AD (Feng et al., 2013;
Alavi Naini and Soussi-Yanicostas, 2015).

Mitochondrial dysfunction and apoptosis

Mitochondrial dysfunction is a universal finding in AD
(Moreira et al., 2010). It has been found that pathologic
tau molecules disrupt normal mitochondrial function in
several ways. Both in vivo and in vitro studies show that tau
reduces mitochondrial complexes (particularly complex I
and V) and antioxidant enzyme activities, and thus pre-
vents ATP production. Mitochondrial membrane potential
impairment also happens as a result of N-terminal-trun-
cated tau aggregation in mitochondria (Eckert et al., 2011;
Wang et al., 2015; Li et al., 2016). Phosphorylated tau
also interacts with voltage-dependent anion channel 1
protein (VDAC1) in the AD brain and impairs the opening
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and closure of mitochondrial pores, leading to mitochon-
drial dysfunction and apoptosis (Kobayashi et al., 2003;
Manczak and Reddy, 2012). Mitochondrial dysfunction
then aggravates the aforementioned oxidative stress. It
should be noted that mitochondrial dysfunction increases
pathologic tau phosphorylation, exacerbating the events
described above (Cheng and Bai, 2018).

Neuroinflammation

Intraneuronal tau pathology provokes neuronal damage
and reactivates resting microglia and their transforma-
tion into phagocytic microglia. Consequently, these cells
aggregate and form clusters. Also, expression of specific
markers such as lymphocytic antigen CD4 and integrins
CD45, CD68, CD18, CD11a, b, and c by activated microglia
is escalated. Accordingly, the infiltration of leukocytes
from blood into the brain tissue exacerbates the men-
tioned inflammatory changes (Zilka et al., 2012). Intra-
neuronal tau could also be released into the interstitial
fluid without overt neurodegeneration. The released
molecules activate the innate immune response through
the MAPK pathway, increase the release of NO and inflam-
matory cytokines such as TNF-a, IL-1B, and IL-6, and esca-
late tissue inhibitor of metalloproteinase-1 production
by astroglia-microglia cells (Kovac et al., 2011). On the
other hand, neuroinflammation induces conformational
changes in tau protein and increases misfolded hyper-
phosphorylated tau protein levels (Zilka et al., 2012).

Tau hypothesis: pros and cons
Pros

Evidence provided above shows that tau pathology plays
an active and crucial role in the progression of AD. Besides,
several other facts support the tau hypothesis of AD. The
number and burden of tangles are in close association
with cognitive impairment detected in AD patients (Nagy
et al., 1995). Besides, increase in tau burden most com-
monly occurs in areas that are thought to have a pivotal
role in memory formation (Naslund et al., 2000).

Along with that, hyperphosphorylated tau levels in
CSF are in a close association with the memory-associated
areas of the brain, such as the hippocampus, in patients
with MCI (de Leon et al., 2006; Fagan and Holtzman,
2010). Also, AD-inducing variants of triggering recep-
tor expressed on myeloid cells 2 (TREM2) and apolipo-
protein E4 (ApoE4) promote cerebral atrophy mainly in
the hippocampus and piriform/entorhinal cortex. These
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changes are independent from A} pathology and depend
mainly on tau aggregations (Krasemann et al., 2017; Shi
et al., 2017; Ulland et al., 2017).

Cons

Until now, 15 drugs (active and passive immunizations)
have been developed to target hyperphosphorylated tau.
However, the results are either unavailable or discourag-
ing (Table 2). Only two vaccines [namely, methylthion-
inijum (MT), a tau aggregation inhibitor (TAI) registered
under NCT00515333 code and tideglusib, a GSK-3 inhibitor
registered under NCT01350362 code]| have shown promis-
ing preliminary results, which should be validated across
larger-scale studies (del Ser et al., 2013; Wischik et al., 2015).

Tau picture is further complicated when studies show
that tau mutations could give rise to tau inclusions and
NFTs, but they cannot produce APs. However, a mutation
in APP could create both plaques and tangles. Thus, it
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could be inferred that amyloid pathology, wherever it is,
is upstream to tau pathology. Double-mutant mice that
possess both amyloid and tau mutations have shown more
brain tangles than those with only tau mutations (G6tz
et al., 2001; Lewis et al., 2001). Other evidence indicates
that APP, and not AP, serves as a receptor that facilitates
intracellular aggregation of tau (Takahashi et al., 2015).

AB or tau: finding the bullet and
trigger!

There are three potential ways of interaction between
AP and tau. First, AR induces an aberrant process which
leads to tau hyperphosphorylation and synaptic toxicity.
Second, tau is critically involved in the mediation of AR
toxicity, and its presence is necessary for AB-induced neu-
ronal damage. Third, AR and tau act in parallel and syn-
ergistically, each one targeting specific cellular processes

Table 2: Summary of selected anti-tau immunotherapies in patients suffering from various stages of AD.

Medication Target Other names Clinical phase Therapy category Efficacy
RO7105705  Tau MTAU9937A and RG6100 Phase Il Passive Unavailable
immunotherapy
AADvac-1 Tau Axon peptide 108 conjugated  Phase ll Active immunotherapy Unavailable
to KLH
ACI-35 Tau - Phase | Active immunotherapy Unavailable
BIIBO76 Tau NI-105 and 6C5 hulgG1/l Phase | Passive Unavailable
immunotherapy
BIIB0O80 Tau IONIS-MAPTRx and ISIS Phase | RNA based Unavailable
814907
BIIB092 Tau BMS-986168 and IPN007 Phase Il Passive Unavailable
immunotherapy
C2N 8E12 Tau ABBV-8E12 Phase Il Passive Unavailable
immunotherapy
EpothiloneD Tau BMS-241027 Discontinued Small molecule Unavailable
JNJ-63733657 Tau - Phase | Passive Unavailable
immunotherapy
LMTM Tau TRx0237, LMT-X, methylene Phase lll Small molecule Negative results in all phases
blue, and TAI
LY3303560 Tau - Phase Il Passive -
immunotherapy
RG7345 Tau RO6926496 Discontinued Passive -
immunotherapy
Rember TM Tau Methylene blue, MT, TRx-0014, Discontinued Small molecule Benefit was observed on the ADAS-cog
and TAI scale in both mild and moderate AD
subjects
TPI 287 Tau - Phase | Small molecule
Tideglusib Tau NP031112, Nypta®, Zentylor™, Discontinued Small molecule Positive trends in MMSE, ADAS-cog, GDS,

GSK-3 inhibitor, and NP12

and GCA without statistical significance

MMSE, Mini-mental state examination; ADAS-cog, Alzheimer’s disease assessment scale—cognitive subscale; AD, Alzheimer’s disease;
GDS, global deterioration scale; GCA, global cortical atrophy; KLH, keyhole limpet hemocyanin. Data are obtained from https://www.

alzforum.org/therapeutics.
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mentioned above, thus fortifying each other’s destructive
impacts (Ittner and Gotz, 2011). But what is the bullet and
what is the trigger? There remain other explanations.

One possibility is that APP protein and its metabolism
products such as AP are responsible for the worsening
of tau aggregation inside neurons. Here, we, along with
Kametani et al. (Kametani and Hasegawa, 2018), assume
that neither tau nor A is sufficient to produce AD-like
pathology, but the problem should be sought in the APP
and its metabolism level. This could be supported by
the fact that APP metabolism impairment increases APP
C-terminal fragments level, which leads to axonal and
synaptic defects and misplacement of tau proteins. This,
in turn, exacerbates synaptic defects mentioned earlier
(Goldsbury et al., 2006; Rodrigues et al., 2012). Another
direct consequence of APP metabolism failure is AB
amyloidosis, which increases tau aggregation, induces
oxidative stress, neuroinflammation, and apoptosis,
and worsens AD pathology (Leyns et al., 2017). At this
stage, it does not seem such bold a claim to state that
AD might be a dysfunction of APP and its metabolism,
and not merely AP or tau pathology. The latter factors are
necessary for AD initiation and progression but do not
appear to be sufficient. They are indeed permissive and
not causative.

Another possibility is the Wnt signaling pathway
whose dysfunction is upstream to both Ap and tau, and
its dysregulation could mediate both amyloid and tau
pathologies (Anderton et al., 2000; De Ferrari et al., 2014).
Apart from these effects, aberrant Wnt signaling disrupts
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apolipoprotein E function, and glucose metabolism in
the brain (De Ferrari et al., 2014; Cisternas and Inestrosa,
2017). It has been shown that Wnt signaling is essential
for sAPPa production and tau phosphorylation modula-
tion in normal conditions. These effects are mediated
through the interaction between Wnt and the destruc-
tion complex. This complex is composed of the Fz recep-
tor, LRP5/6, as well as Dvl. The complex inhibits GSK-3B,
prevents [(-catenin degradation, and decreases BACE1
expression. However, dysregulation of the Wnt signaling
pathway decreases the non-amyloidogenic metabolism
of APP (thus shifting the balance toward amyloidogenic
pathway) and increases tau phosphorylation through
GSK-3p activation (leading to tau hyperphosphorylation)
and B-catenin degradation (leading to increased BACE1
expression) (Ittner and Gotz, 2011; Tapia-Rojas and Ine-
strosa, 2018) (Figure 1).

These are just possibilities whose authenticity should
be validated across experimental studies and clinical
trials.

The cholinergic hypothesis

General comments

The cholinergic system and ACh play a crucial role in
the formation of memory. They also have an essential
role in learning, attention, and other higher brain tasks
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Figure 1: The interaction of AB, tau, APP, and Wnt signaling pathway in the pathophysiology of AD.
Ab, amyloid-b; APP, amyloid precursor protein; AD, Alzheimer’s disease.
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(Hampel et al., 2018). Progressive presynaptic rather than
postsynaptic loss of limbic and neocortical cholinergic
innervation is an early pathogenic incident in the AD
brain, which is interconnected with the severity of the
cognitive decline. The wealth of evidence led to the pro-
posal of the cholinergic hypothesis of AD and the inven-
tion of cholinesterase inhibitor drugs (Hampel et al.,
2019). A distinctive feature, which distinguishes the
cholinergic hypothesis of AD from others, is its empha-
sis on the recent theory of synaptic neurotransmission
rather than traditional descriptive neuropathology. Three
main pillars of this theory are as follows: first, a selec-
tive decrease in the presynaptic cholinergic activity in the
brain of AD subjects (Davies and Maloney, 1976); second,
prominent atrophy of the NbM, as the core of cortical cho-
linergic neurons, in the basal forebrain in AD patients.
This results in severe memory and learning impairment
(Whitehouse et al., 1982; Mesulam 2012). Third, the
established efficacy of cholinergic agonists, specifically
cholinesterase inhibitors, in the improvement of AD
symptoms and the deteriorating impacts of cholinergic
antagonists in the same settings (Drachman and Leavitt,
1974; Summers et al., 1986).

Compelling evidence suggests that cholinergic
lesion occurs at asymptomatic or prodromal stages of the
disease, indicating its primary role in the pathogenesis of
AD (Hampel et al., 2018).

Cholinergic lesion and AD
Involvement of the cholinergic system in AD

Cholinergic NbM neurons, known as Ch4, project fibers to
all cerebral cortex in primates. These cells are extremely
vulnerable to the neurodegeneration observed in AD.
Accumulating data propose that a massive load of NFTs
could be traced in Ch4 neurons, especially in the antero-
lateral (Ch4al) and posterior (Ch4p) sections, in both early
(MCI) and advanced stages of AD. Strikingly, NFT density
is in good correlation with the severity of AD symptoms
and cognitive impairment (Mesulam et al., 2004). Very
low amounts of NFTs could also be found in healthy
individuals who are at risk for AD. This suggests that the
involvement of Ch4 neurons of NbM is an early incident in
AD (Mesulam, 2004). NFTs are not the only pathological
findings in Ch4 neurons. It has been shown that loss of
cholinergic projections in the inferior temporal gyrus and
entorhinal cortex is linked to the burden of AB detected
in these regions. Further evidence shows that amyloid
burden is correlated with the degeneration level of NbM
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(Beach et al., 1997; Kerbler et al., 2014; Grothe et al.,
2016). Additionally, synaptic complexes of the choliner-
gic system are highly susceptible to AP oligomers, being
damaged early in the course of the disease (Bell et al.,
2006; Ferreira-Vieira et al., 2016). Altogether, these facts
provide compelling evidence that the cholinergic system
is a key role player in AD pathophysiology.

AChE

AChE tailed splice variant (AChET) or G4 is the principal
form in the central nervous system, which has a C-termi-
nal o-helix peptide of 40 amino acids named T peptide.
Through disulfur bonding between these peptides,
homodimers and homotetramers of AChET are generated,
which constitute the functional units at the cholinergic
synapse (Henderson et al., 2010; Hicks et al., 2011). It has
been shown that AChE activity and levels are affected by
AD (Garcia-Ayllén et al., 2011). A general loss in the AChE
protein levels and enzyme activity has been detected in
all areas of the AD brain. Also, a selective and predomi-
nant loss of tetramers (G4) of AChE has been reported in
Brodmann areas 9, 10, 11, 21, 22, and 40, and the amyg-
dala of AD patients. The mentioned change had a good
correlation with the degeneration of presynaptic ele-
ments. This occurs along with preservation or even esca-
lation of lighter species of this molecule (Fishman et al.,
1986; Saez-Valero et al., 1999). The same changes could
be traced in CSF and blood samples of patients with
AD (Saez-Valero et al., 2000; Garcia-Ayllon et al., 2010).
These alterations might resemble the expression pattern
of AChE in the embryonic stage, indicating the AChE-
mediated stimulation of a neuronal restoration system in
the AD (Layer, 1995).

Evidence suggests that both hyperphosphorylated
tau and AP interact with AChE. It has been revealed that
AP imposes increasing effects on AChE level, explaining
why the latter is higher around AP plaques (Sberna et al.,
1997). Also, it has been found that P-tau can activate AChE
expression and increase its level (Silveyra et al., 2012).
However, these changes are accompanied by an extreme
loss of AChE activity in AD. AChE directly interacts with
soluble A and facilitates its precipitation around plaques
(Rees et al., 2003). AChE overexpression also changes APP
metabolism, increases PS1 levels, and promotes the amy-
loidogenic APP pathway (Silveyra et al., 2012).

On the other hand, AChE increases GSK-3f activity
and tau hyperphosphorylation (Toiber et al., 2008). In a
vicious cycle, escalated levels of AChE promote both the
amyloidogenic pathway and tau hyperphosphorylation in
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AD (Garcia-Ayllon et al., 2011). Other studies have found
that re-treatment of SH-SY5Y cells with siRNA AChE could
halt AP42-mediated PS1 escalation. The contradictory
findings may indicate the fact that several forms, tetra-
meric versus monomeric, or T-variant versus R-variant
or N-extended variant, of AChE, are present in AD brain,
each one having specific roles and functions (Silveyra
etal., 2012).

ChAT

AP also interacts with ChAT in AD. It has been found that
single intracerebroventricular (i.cv.) injection of AB,, ..
to the mice brain reduces ChAT activity in the cortex,
hippocampus, and medial septum, but not in the basal
forebrain (Yamaguchi and Kawashima, 2001; Ikonomovic
et al., 2005; Fgaier et al., 2015). However, other studies
failed to recapitulate these results and showed no effect
of i.cv. injections of AB,, .. on ChAT activity (Pavia et al.,
2000). This might be due to the differences in route,
duration, dose, and species of AB being administered
(Kar et al., 1998). In agreement with the former assump-
tion, reduced ChAT activity is accompanied by decreased
ACh production (Nunes-Tavares et al., 2012) and choline
uptake in AD (Parikh et al., 2014). In line with that, a
decrease in ChAT activity has been linked to the burden of
NFTs in AD (Wilcock et al., 1982).

Muscarinic AChRs

AChRs have an important role in AD. For instance, M,
and M, ACh receptors or M,/G-protein coupling dramati-
cally decrease in the hippocampus and cortex. Also, the
number of M, receptors decreases in the cortex of AD sub-
jects, contributing to the symptomology of the disease
(Tsang et al., 2006; Lebois et al., 2018). The severity of
muscarinic receptors’ loss is in association with the sever-
ity of AD dementia (Tsang et al., 2006). It has been found
that the hypofunction of M,/M, receptors results in the acti-
vation of the amyloidogenic pathway of APP metabolism
and alteration of proteolysis of APP, ultimately increas-
ing AB generation (Caccamo et al., 2006). Among these
receptors, the M, subtype is of paramount importance, as
it is copious in the areas associated with memory, i.e. the
hippocampus, and is linked to short-term memory (Konar
et al., 2019). Also, activation of M, receptors stimulates o
secretase activity and shifts the balance of APP processing
toward the non-amyloidogenic pathway (Welt et al., 2015).
Indeed, muscarinic agonists reduce A aggregation and
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tau phosphorylation, and improve cognitive outcomes
(Nitsch et al., 2000; Beach et al., 2001; Jones et al., 2008;
Zhao et al., 2019).

nAChRs

nAChRs are another major component of the cholinergic
system, playing a significant role in its pathophysiology.
Research shows that o,3, and o, receptors are the most
common subtypes in the human brain (Sadigh-Eteghad
et al., 2015a,b). Among these, the o, subtype is of special
importance due to its abundance in the basal forebrain
neuronal projections to the hippocampus and its role in
memory and learning (Sadigh-Eteghad et al., 2016). Con-
flicting results have been presented about the change in
the mass of nAChRs in AD, some of which showing their
increase and others indicating their decrease through-
out the disease (Banerjee et al., 2000; Counts et al.,
2007; Pandya and Yakel, 2011). However, the contradict-
ing results may originate from the fact that some studies
assessed the mRNA levels of the receptors, while others
evaluated the protein levels. A post-translational change
in this regard would justify the observed differences
between studies. Thus, a reduction in the expression
of a8, and o, receptors can potentially happen in AD,
which leads to cognitive impairment (Wevers et al., 1999;
Burghaus et al., 2000).

It has been found that in the early stages of AD, A}
aggregation interacts with the o, receptors in the basal
forebrain with high affinity compared to other subtypes
and alters its expression pattern (Pettit et al., 2001; Parri
et al., 2011). Evidence shows that high micromolar con-
centrations of AP seen in AD inactivate o, receptors,
impair cell signaling pathways, and cause nAChR-medi-
ated AP internalization. The mentioned cascade finally
impairs synaptic plasticity and cognition (Pettit et al.,
2001; Gu and Yakel, 2011). Additionally, internalization
of the AB-o., nAChR complex by endocytosis leads to Af3
accumulation inside neurons and triggers upregulation
of the o, nAChRs. The latter has been shown to have toxic
effects on neurons (Liu et al., 2015). o, nAChR inactiva-
tion by AP, on the other hand, changes APP metabolism
post-translationally and increases plaque burden.
Further, it has been found that nAChR modulation by A
causes tau hyperphosphorylation and PHFs, as well as
NFT formation (Ahmed et al., 2017). Conversely, low pico/
nanomolar doses of AB bind to o, nAChRs and activate
these receptors and downstream cell survival signaling
pathways, inducing neuroprotection (Sadigh-Eteghad
et al., 2014).
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Astrocytic and microglial nAChRs participate in A
phagocytosis and degradation. These receptors are also
involved in the AB-associated oxidative stress and neu-
ronal death and protect neurons against these insults via
a trophic factor-mediated pathway. Further, glial nAChRs
indirectly interact with NMDA and AMPA receptors and
modulate gamma-aminobutyric acid and intracellular
calcium levels (Sadigh-Eteghad et al., 2016).

Linking the cholinergic system to Ap and tau

Early in the course of AD, cholinergic neurons of the basal
forebrain system undergo severe degeneration, leading
to cholinergic atrophy in the mentioned area. Along with
that, cortical loss of glutaminergic neurotransmission
occurs. Accordingly, because of the alterations in mus-
carinic and nicotinic AChRs, tau hyperphosphorylation,
NFT formation, altered APP metabolism, and increased
AP production occur, possibly leading to AD (Babic 1999;
Sivaprakasam, 2006). However, the trigger and bullet
mystery remain largely an imbroglio unresolved.

Targeting the cholinergic system in AD

Because of its popularity, the cholinergic system has been
the target of treatment in AD for a long time. Searching
ALZFORUM  (https://www.alzforum.org/therapeutics),
we came across 30 different cholinergic-based therapeu-
tics that have been designed to partially or entirely target
the cholinergic system in AD. Eighteen of these molecules
have been discontinued for several reasons. However, the
remaining drugs such as donepezil, galantamine, rivastig-
mine, and tacrine are almost the only treatments provid-
ing partial symptomatic relief for patients with varying
degrees of AD. Others such as GLN-1062 (Memogain),
HTLO0018318, Ladostigil, and SUVN-G3031 are under phase
1/2 clinical trials. Among these, Ladostigil has shown
promising preliminary results in MCI patients in imaging
findings and selected cognitive tests (http://www.avphar.
com/ladostigil/clinical-data/). To our surprise, nicotine,
another cholinergic drug, and its metabolite cotinine do
not exist in this list. Several clinical trials using nicotine
patches have been conducted or are being performed
in AD and MCI patients. Unlike other trials, the results
of these trials have been promising (Wilson et al., 1995;
White and Levin, 1999; Gold et al., 2012). Based on con-
vincing evidence, we suggest that nicotine and cotinine
could both be potentially promising leaders in the treat-
ment of AD, and more attention should be directed toward
these agents (Majdi et al., 2017, 2018).
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Concluding remarks

Accumulating data show that a multitarget approach
involving all amyloid, tau, and cholinergic hypotheses
could better explain the evolution of events happening in
AD. Early in the course of the disease, various species of
AP and tau could be traced in cholinergic neurons of basal
forebrain system. These molecules induce degeneration
of cholinergic neurons. Reciprocally, aberrant cholinergic
system modulation promotes changes in APP metabolism
and tau phosphorylation, resulting in neurotoxicity, neu-
roinflammation, and neuronal death. Altogether, these
changes may better correlate with the clinical findings
and cognitive impairment detected in AD patients. Failure
of several of AB- and tau-related therapies further high-
lights the need for special attention to molecules that
target all of these mentioned pathologic changes. None of
the popular hypotheses of AD, i.e. amyloid nor tau, seem
to be responsible for the changes observed in AD alone.
Thus, the main culprit should be sought higher in the
stream somewhere in APP metabolism or Wnt signaling
in the cholinergic system of the basal forebrain. Future
studies should aim at targeting these pathological events.
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