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As the prevalence of Alzheimer disease (AD) continues to rise unabated, new models
have been put forth to improve our understanding of this devastating condition. Although
individual models may have their merits, integrated models may prove more valuable.
Indeed, the reliable failures of monotherapies for AD, and the ensuing surrender of
major drug companies, suggests that an integrated perspective may be necessary if
we are to invent multifaceted treatments that could ultimately prove more successful.
In this review article, we discuss the Wnt/Glycogen Synthase Kinase 3p (GSK3B),
a-synuclein, and type 3 diabetes hypotheses of AD, and their deep interconnection,
in order to foster the integrative thinking that may be required to reach a solution for the
coming neurological epidemic.
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INTRODUCTION

Alzheimer disease (AD) is among the most ominous of modern health epidemics. The current
costs, both human and financial, are staggering and climbing at a precipitous rate. In the United
States alone, 5.5 million adults live with AD, imposing an economic burden of $259 billion
(Alzheimer’s Association, 2017). Over the next three decades, the number of people living with
AD is expected to triple to 13.8 million and the economic costs are projected to quadruple to
$1.1 trillion, single-handedly crippling the United States health care system. AD is also the only
disease on the list of the top 10 disease causes of death for which there is currently no effective
treatment (Alzheimer’s Association, 2017).

AD is not alone in its ascent. Other chronic diseases, particularly Parkinson’s disease (PD),
a neurodegenerative disorder associated with the build-up of a-synuclein protein and death
of dopaminergic neurons, and type 2 diabetes mellitus (T2DM) are increasing in prevalence
at similarly alarming rates (Boyle et al, 2010; Rocca, 2018). Although AD, PD, and T2DM
share common risk factors, chief among these being age, there is more to their relationship.
Evidence suggests that the pathophysiological mechanisms underlying AD, PD, and T2DM interact
synergistically (Giasson et al., 2003; de la Monte and Wands, 2008; Duka et al., 2009; Wills et al.,
2010; Gao et al., 2012; Gassowska et al., 2014; Roberts et al., 2017; Yan et al., 2018).

In addition to the well-known amyloid cascade hypothesis of AD, other hypotheses have been
proposed that include: (1) the Wnt/Glycogen Synthase Kinase 3p (GSK3p) hypothesis (Hooper
et al., 2008; De Ferrari et al., 2014; Llorens-Martin et al., 2014), (2) the a-synuclein hypothesis
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(Moussaud et al., 2014; Yan et al, 2018), and (3) the type
3 diabetes hypothesis (de la Monte and Wands, 2008). In
this review article, we focus on the Wnt/GSK3p hypothesis,
describing how it serves as a platform for a set of positive
feedback loops that contribute to the pathogenesis of AD. In turn,
we also discuss the a-synuclein and type 3 diabetes hypotheses,
describing how they each constitute their own feedback loops and
interact with the Wnt/GSK3f model.

WNT/GSKS3g

Overview of Wnt-Signaling

Wnt-signaling refers to a set of highly conserved signal
transduction pathways that are widely expressed throughout the
body and that play a vital role both in neuronal development
and in the maintenance of proper neuronal function in the
adult human brain (Patapoutian and Reichardt, 2000; Oliva
et al, 2013; Rosso and Inestrosa, 2013; Nusse and Clevers,
2017). In this article, we focus on the better-studied canonical
Wnt-B-catenin-signaling pathway, leaving the topic of the two
non-canonical Wnt-signaling pathways (the Wnt-planar cell
polarity and Wnt-calcium pathways) for others to discuss in
depth (Mudher et al., 2001; Gao et al, 2012; Oliva et al,
2013; Rosso and Inestrosa, 2013; Wan et al., 2014). Canonical
Wnt-B-catenin-signaling (hereafter, referred to simply as Wnt-
signaling) is initiated by the binding of Wnt ligands to the
Wnt receptor pair, Low-Density Lipoprotein Receptor-Related
Protein 6-Frizzled (LRP6-Fz). LRP6 then recruits Dishevelled
(DVL), a scaffolding protein that sequesters GSK3f from the
cytoplasm. The inhibition of GSK3B, a constitutively active
kinase that targets the transcriptional cofactor B-catenin for
proteasomal degradation, is central to Wnt-signaling. Simply
put, Wnt-signaling inhibits GSK3f, permitting p-catenin to
accumulate in the cytoplasm and translocate into the nucleus to
mediate the transcription of genes, such as BACEI and ADAMI0
(elaborated upon below), involved in the pathogenesis of AD
(Rosso and Inestrosa, 2013; Figure 1A).

Dysfunctional Wnt-Signaling Causes the

Production of Af

Amyloid plaques, aggregates of the amyloid B (AB) peptide, are
the primary pathological hallmark of AD. AB is formed by the
sequential cleavage of amyloid precursor protein (APP) by f-
and y-secretase (Figure 1B). This amyloidogenic processing is in
contrast to nonamyloidogenic processing, in which a-secretase
replaces B-secretase and cleaves APP within the Af domain such
that no AP is produced (Haass et al., 2012; Figure 1A). By altering
a- and P-secretase gene expression, as well as by decreasing
APP phosphorylation, Wnt-signaling shifts APP metabolism
away from amyloidogenic processing and protects against Af
neuropathology (Alvarez et al, 2004; Parr et al, 2012; Liu
et al., 2014; De Ferrari et al., 2014; Llorens-Martin et al., 2014;
Wan et al., 2014).

With respect to secretase gene expression, Wnt-signaling
downregulates the sole B-secretase gene, BACEI (Haass et al.,
2012; Parr et al.,, 2015), and upregulates the primary neuronal a-
secretase gene, ADAMIO0 (Haass et al., 2012; Wan et al,, 2012).

In APP-overexpressing mice, GSK3p inhibition has been shown
to decrease BACEI expression and activity, thereby reducing
amyloid plaque load (Ly et al., 2013). Furthermore, in cultured
neurons, activating Wnt-signaling, by using Wnt ligands or
overexpressing P-catenin, is sufficient to increase ADAMIO
expression (Wan et al., 2012) and decrease BACEI expression,
again reducing AP levels (Parr et al, 2015). These data are
consistent with a model in which dysfunctional Wnt-signaling in
the AD brain causes GSK3p-mediated B-catenin depletion, which
leads to a pathological decrease in the ratio of a-secretase to
pB-secretase expression (Figure 1Bi) and, thus, to an increase in
the amyloidogenic processing of APP to AB (Mudher et al., 2001;
Chami et al., 2012; Wan et al., 2012; Ly et al.,, 2013; De Ferrari
et al,, 2014; Llorens-Martin et al., 2014; Wan et al., 2014; Golpich
et al., 2015; Parr et al., 2015).

Wnt-signaling further suppresses amyloidogenic processing
by inhibiting APP phosphorylation. Specifically, Wnt-signaling
inhibits GSK3p, which otherwise phosphorylates APP on Thr668
(Saeki et al.,, 2011; Acevedo et al., 2014), contributing to the
elevated p-Thr668 APP levels that are observed in the human
AD brain (Lee et al., 2003; Figure 1Bii). The direct consequences
of Thr668 phosphorylation are two-fold. First, p-Thr668 APP is
a better substrate for p-secretase than unphosphorylated APP
(Lee et al., 2003). Second, if the APP intracellular domain
(AICD)—which contains Thr668 and is produced in conjunction
with AP by y-secretase-mediated cleavage—is phosphorylated,
it can translocate into the nucleus to upregulate GSK3p gene
expression (Chang et al, 2006; Figure 1B). In this way,
dysfunctional Wnt-signaling permits the phosphorylation of
APP by GSK3, leading to both an increase in A production
and an increase in GSK3p expression, establishing a positive
feedback loop.

As predicted by this model, inhibiting Wnt-signaling with the
LRP6 inhibitor, Dicckopf-1 (DKK1), increases the amyloidogenic
processing of APP and impairs learning and memory in mice
(Killick et al., 2012; Parr et al., 2015; Marzo et al., 2016; Elliott
etal., 2018; Sellers et al., 2018), whereas activating Wnt-signaling
with different GSK3f inhibitors decreases BACEI expression,
decreases APP phosphorylation, decreases Af production,
prevents neurodegeneration, and reduces learning and memory
(Ryder et al., 2003; Chang et al., 2006; Rockenstein et al., 2007;
Fiorentini et al., 2010; Toledo and Inestrosa, 2010; Ly et al., 2013;
Pan et al., 2018).

Ap Causes Dysfunctional Wnt-Signaling

AB, in turn, can inhibit Wnt-signaling to establish another
positive feedback loop. Treatment of rat neurons in vitro with
AB induces the expression of DKK1 and increases GSK3f
activity, thereby decreasing B-catenin levels and contributing
to the death of neurons (Alvarez et al, 2004; Caricasole
et al., 2004; Killick et al., 2012; Elliott et al., 2018; Sellers
et al, 2018). Importantly, activation of Wnt-signaling via
a variety of mechanisms—by treatment with Wnt ligands,
neutralization of DKKI1, or inhibition of GSK3B—appears
sufficient to protect neurons against -catenin depletion and,
ultimately, death (Alvarez et al., 2004; Caricasole et al., 2004;
Silva-Alvarez et al., 2013).
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FIGURE 1 | Dysfunctions in canonical Wnt-Signaling contribute to the neuropathol

platform for GSK3B. The sequestration of GSK3B by the Wnt receptor complex per

substrate for B-secretase and further promoting amyloidogenic processing and the

induces DKK1 expression to feedback and prevent GSK3B inhibition (broken red lin

with the Wnt/GSK3p Model of AD—In the Alzheimer brain, as compared to the hea

loss-of-function and GSK38 gain-of-function alleles are risk factors for AD.

Processing—Glycogen Synthase Kinase 3B (GSK3p) is a constitutively active kinase that phosphorylates and targets g-catenin for proteasomal degradation. The
binding of Wnt ligands to LDL Receptor-Related Protein 6 (LRP6) and Frizzled induces the receptor pair to bind Dishevelled (DVL), a protein that serves as a docking

transcription factors to induce gene expression. This includes promoting anti-amyloidogenic a-secretase expression (blue mRNA) and inhibiting pro-amyloidogenic
B-secretase expression. (B) Dysfunctional Wnt, Amyloidogenic Processing, and Tau Hyperphosphorylation—The LRP6 antagonist, Dickkopf 1 (DKK1), prevents
Whnt-induced GSK3 inhibition (broken red line). Thus, (i) GSK3p causes B-catenin depletion, contributing to a decrease in a-secretase expression and increase in
B-secretase expression (red mMRNA). In addition, (i) GSK3B phosphorylates the intracellular domain of Amyloid Precursor Protein (APP), making APP a better

Intracellular Domain (p-AlCD) induces GSK3B expression. Finally, (i) GSK3B, also known as Tau Kinase |, phosphorylates tau, contributing to microtubule instability
and to the formation of neurotoxic oligomers and phospho-tau (p-tau) Neurofibrillary Tangles (NFTs). (C) Human Neuropathological and Genetic Data are Consistent

indicative of pathway hypoactivity: DKK1 levels are elevated, LRP6 levels are reduced, GSK3p activity is high, and B-catenin is depleted. Furthermore, LRP6

logy of Alzheimer disease (AD). (A) Functional Wnt and Nonamyloidogenic

mits B-catenin to accumulate and translocate into the nucleus, where it binds

production of Amyloid B (AB) by B- and y-secretase. AB inhibits Frizzled and

e). AB also forms extracellular plaques. The leftover phosphorylated APP

Ithy aged brain, the levels and activities of Wnt-signaling components are

Not only does AP indirectly inhibit the initiation
of Wnt-signaling by increasing the expression of the
LRP6 antagonist, DKK1 (Caricasole et al., 2004; Killick
et al., 2012; Purro et al., 2012; Marzo et al., 2016; Elliott
et al,, 2018), but it also directly blocks the binding of Wnt
ligands to the other half of the LRP6-Fz receptor pair.
Using cultured mouse neurons, Magdesian et al. (2008)
demonstrated that AP competitively inhibits the binding of
Wnhnt ligands to Fz and, consequently, prevents p-catenin from
translocating into the nucleus to induce Wnt target gene
expression (Figure 1B). AP also increases GSK3p activity

leading to neurodegeneration (Alvarez et al., 2004; Caricasole
et al, 2004; Hooper et al, 2008; De Ferrari et al, 2014;
Llorens-Martin et al., 2014; Wan et al, 2014). Importantly,
interventions that either block the interaction between AP
and the Wnt receptors, or those that circumvent the AP
blockade and activate Wnt-signaling downstream of LRP6-
Fz, protect neurons against AP toxicity (Alvarez et al.,, 2004;
Caricasole et al., 2004; Hooper et al., 2008; Magdesian et al.,
2008; De Ferrari et al, 2014; Llorens-Martin et al., 2014;
Wan et al,, 2014). Some examples are as follows: a synthetic
soluble peptide homologous to Fz competitively inhibited
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Af binding to Fz and, thereby, protected against B-catenin
depletion (Magdesian et al., 2008); upstream activation of
Wnt-signaling using competitive amounts of exogenous
Wnt ligands (Wnt3a or Wnt7a) prevented AP-induced
neuron apoptosis; downstream activation of Wnt-signaling
using multiple different GSK3f inhibitors also prevented
AB-induced neurodegeneration (Alvarez et al, 1999, 2004;
Silva-Alvarez et al., 2013).

An LRP6 Deletion Model Supports the
Wnt/GSK3p-Ap Feedback Loop

An LRP6 deletion mouse model provides further support for the
hypothesis that dysfunctional Wnt-signaling and AB constitute
two halves of a positive feedback loop. Liu and coworkers
demonstrated that conditional deletion of LRP6 in mouse
neurons increased levels of B-secretase cleavage products and
precipitated the formation of A plaques, consistent with the
notion that decreased Wnt-signaling promotes the formation
of amyloid pathology. The neuropathological changes were
associated with significant memory deficits, similar to those
exhibited by more common mouse models of AD (Liu et al,
2014). Importantly, Af, in turn, decreased LRP6 expression,
thus validating the positive feedback loop model in which
dysfunctional Wnt-signaling causes an increase in AP, and
vice versa.

These mouse data paralleled those from human patients
with AD. Liu et al. not only found (1) lower LRP6 and
B-catenin levels in the post-mortem brains of AD patients
relative to age-matched control brains (Figure 1C), but also
(2) a negative correlation between LRP6 and AP levels in these
brains and (3) a positive correlation between LRP6 levels and
Mini-Mental State Examination (MMSE) scores, a test in which
higher scores indicate better cognitive function (Liu et al,
2014). Thus, the level of Wnt-signaling dysfunction may predict
the degree of neuropathology and cognitive impairment in
AD patients.

Human Neuropathological and Genetic
Data Support the Wnt/GSK3p Model

Not only are LRP6 levels reduced in the post-mortem brains of
AD patients, but DKK1 levels are also elevated (Caricasole et al.,
2004; Oliva et al., 2013; Wan et al., 2014). The simultaneous
decrease in the Wnt receptor (LRP6) and increase in its
inhibitor (DKK1) cooperatively downregulates Wnt-signaling
and increases GSK3f activity in patients’ brains (Leroy et al.,
2007; Hooper et al., 2008; Oliva et al., 2013; Llorens-Martin et al.,
2014; Wan et al,, 2014; Lazzara and Kim, 2015). The genetic
data concur. Specifically, a loss-of-function mutation in LRP6 has
been identified as a risk factor for AD (De Ferrari et al., 2007),
as have gain-of-function mutations in the GSK3f gene (Schaffer
et al., 2008; Figure 1C).

Furthermore, evidence suggests that the strongest known
genetic risk factor for AD in humans, the ApoE4 allele (Liu
et al., 2013), may negatively impact Wnt-signaling. Similar to
AB, the ApoE4 protein increases DKKI1 expression, binds to the

LRP6-Fz receptor complex, activates GSK3p, and promotes the
amyloidogenic processing of APP (Kim et al.,, 1998; Cedazo-
Minguez et al., 2003; Caruso et al., 2006; Chami et al., 2012;
De Ferrari et al., 2014; Wan et al., 2014; Theendakara et al,
2016). Therefore, there is a case to be made that ApoE4 either
sparks the positive feedback loop between Wnt-signaling and
AB, decreases the threshold for the establishment of the feedback
loop, and/or accelerates the rate at which the loop spirals into
life-altering disease.

GSK3g Links A to p-tau

In addition to contributing to the build-up of amyloid plaques,
the first of the two pathological hallmarks of AD, dysfunctional
Wht-signaling may also contribute to the development of the
second hallmark of AD, phospho-tau (p-tau) Neurofibrillary
Tangles (NFTs). GSK3, alternatively known as Tau Kinase I, is
thought to be the mechanistic link between A and p-tau (Lucas
et al,, 2001; Leroy et al., 2007; Saeki et al., 2011; De Ferrari et al,,
2014; Llorens-Martin et al., 2014). By inhibiting Wnt-signaling,
AB increases GSK3p activity (Alvarez et al., 2004; Caricasole et al.,
2004; Hooper et al., 2008; De Ferrari et al., 2014; Llorens-Martin
et al,, 2014; Wan et al,, 2014). In turn, GSK3p phosphorylates
tau on a set of residues known to be phosphorylated in AD
(Lucas et al., 2001; Leroy et al., 2007; Saeki et al., 2011; De Ferrari
et al., 2014; Llorens-Martin et al., 2014). This results in two
events. First, tau dissociates from microtubules, disabling tau’s
physiological function as a microtubule-associated protein and
thereby contributing to cytoskeleton instability [as an aside, it’s
worth noting that recent data suggest tau functions as more
than just a microtubule-associated protein and that tau loss-of-
function can contribute to a broader array of cellular defects
than previously thought, including brain insulin resistance
(Marciniak et al., 2017)]. Second, hyperphosphorylated tau
aggregates into neurotoxic oligomers that exert further
harmful effects on the cell, such as inducing mitochondrial
dysfunction, oxidative stress, neuroinflammation, and apoptosis
(Gotz et al., 2013; Nilson et al., 2017; Shafiei et al., 2017;
Figure 1Biii).

Experiments conducted in two different animal models of AD,
GSK3pB mice and APP mice, build a strong case for the serial
connection amongst AP, GSK38, and p-tau. First, conditional
overexpression of GSK3p in the cortices and hippocampi of adult
mice has been shown to reduce levels of nuclear B-catenin and
increase levels of p-tau (Lucas et al., 2001). The GSK3p-induced
increase in p-tau pathology is further associated with an increase
in neuronal apoptosis and performance deficits in the Morris
water maze test of spatial memory (Lucas et al., 2001; Hernandez
etal,, 2002). Second, mice overexpressing APP have increased Af
and p-tau loads, along with memory deficits. However, inhibition
of GSK3p in these APP mice is sufficient to protect against
p-tau pathology and against cognitive impairment (Rockenstein
etal., 2007). The neuroprotective and anti-p-tau effects of GSK3p
inhibition in the APP mouse model have been replicated by
multiple independent groups (Fiorentini et al., 2010; Pan et al,,
2018). In short, the two murine models suggest that GSK33/Tau
Kinase I, a central player in Wnt-signaling, links the Ap and p-tau
pathologies of AD.

Frontiers in Aging Neuroscience | www.frontiersin.org

July 2019 | Volume 11 | Article 184


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Norwitz et al.

Alzheimer Disease: An Integrated Perspective

«-SYNUCLEIN

Human Neuropathological

and Genetic Data Suggest
Overlapping Pathology Between
AD and PD

Neither AD nor PD are monolithic disease entities; it is likely
that each is composed of several subtypes that have yet to
be effectively characterized. At least some of the putative AD
subtypes overlap in pathology with those of PD, and vice
versa. More than half of patients with AD present with Lewy
bodies, aggregates of a-synuclein that are the PD equivalent
of AP plaques (Moussaud et al, 2014; Yan et al, 2018).
Furthermore, a-synuclein is a component of AD plaques
themselves. In fact, the creatively named non-Ap component
(NAC) of plaques is a fragment of a-synuclein (Uéda et al,
1993; Jakes et al., 1994). Thus, a-synuclein lesions are present
in the AD brain as distinct Lewy body structures and as part of
amyloid plaques.

Complementarily, classic AD inclusions are observed in the
PD brain. Specifically, in PD patients, p-tau tends to aggregate
in the substantia nigra and other PD-associated brain regions
(Kotzbauer et al., 2004; Wills et al., 2010; Moussaud et al,,
2014; Yan et al, 2018). This presence of p-tau tangles also
correlates with increased GSK3f activity, an observation that
suggests GSK3p may be responsible for tau phosphorylation in
PD, as it is in AD (Duka et al., 2009; Nagao and Hayashi, 2009;
Wills et al., 2010; Golpich et al., 2015; Lazzara and Kim, 2015).
An extension of this logic is that dysfunctional Wnt-signaling
may be a convergence point for the world’s two most common
neurodegenerative disorders.

The genetic evidence also suggests that GSK3f, tau, and
a-synuclein can synergistically interact in neurodegeneration. As
in AD, polymorphisms in the genes that code for GSK3f
and tau (MAPT) are risk factors for PD (Kwok et al,
2005; Goris et al, 2007; Schaffer et al., 2008; Moussaud
et al, 2014; Golpich et al, 2015). Furthermore, there is
a genetic interaction between MAPT and the o-synuclein
gene (SNCA) in which the high-expression MAPT haplotype
(H1) and a polymorphism in SNCA synergistically increase
PD risk (Goris et al, 2007). Notably, in this study, only
PD patients with the H1/H1 MAPT haplotype went on
to develop PD with dementia, hinting that this may be
an instance in which the pathology and symptoms of
a PD subtype overlap with those more typical of AD
(Goris et al., 2007).

More relevant to this review article, the SNCA gene also
affects AD risk. Some SNCA polymorphisms double the risk
of AD (Matsubara et al, 2001; Wang et al., 2016), whereas
others decrease the risk of AD (Xia et al, 1996). With
respect to the latter, a retrospective study conducted by Xia
et al. (1996) showed that a particular allele in the SNCA
promoter was enriched 4-fold in cognitively healthy ApoE4
carriers as compared to ApoE4 carriers with AD, suggesting
that this SNCA polymorphism has a protective effect against
the strongest known risk factor for AD. This interaction was

dose-dependent as the presence of the SNCA allele decreased
AD risk by 3-fold in ApoE4 heterozygotes and by 10-fold in
ApoE4 homozygotes (Xia et al, 1996). The fact that SNCA
mutations affect AD risk is consistent with the hypothesis that
a-synuclein plays a role in the development of AD, at least in
some instances.

a-Synuclein Induces Amyloid Pathology,
Possibly in a Wnt/GSK38-Dependent
Manner, and Is in Positive

Feedback With Aj

Studies using cultured neurons have demonstrated that
either exogenous treatment with a-synuclein or a-synuclein
overexpression is sufficient to increase the production and
secretion of AR (Majd et al.,, 2013; Roberts et al., 2017). One
mechanism by which a-synuclein could increase A levels
is by activating GSK3p, as suggested by mouse experiments
that show that o-synuclein overexpression increases GSK3f
activity (Duka et al, 2009; Golpich et al, 2015). Exactly
how a-synuclein activates GSK3p is a matter that requires
further investigation; however, several lines of in vitro and
mouse data imply that a-synuclein in neurons could induce
GSK3B-activating ROS (Xu et al, 2002; Witt and Flower,
2006; Wakatsuki et al., 2011, 2015; Perfeito et al, 2017;
Figure 2Ai) and decrease the production neuroprotective
canonical Wnt ligands by astrocytes (L’Episcopo et al.,, 2011,
2013, 2014; Okamoto et al., 2011; Lindstrom et al., 2017; Liu
et al., 2018; Figure 2Aii; for an excellent review of the role
of Wnt-signaling in neuron-microglia-astrocyte crosstalk in
neurodegeneration, see L’Episcopo et al, 2018). Although
the dominant mechanism by which a-synuclein induces
GSK3f in vivo is unclear, the observation that intracranial
injections of a-synuclein increase f-secretase and AP levels
in mice (Roberts et al., 2017) is, at minimum, consistent with
the model presented in Figure 1B and with the hypothesis
that a-synuclein-induced AP production is mediated by the
Wnt/GSK3p axis.

In turn, exogenous treatment with Af, even at concentrations
as low as 1 pM, has been shown to increase a-synuclein levels
in neurons (Majd et al., 2013). Although the mechanisms by
which A reciprocally induces a-synuclein likewise remains a
gap in the literature, it is worth noting that upregulation of
Wht-signaling via f-catenin overexpression or GSK3p inhibition
protects PD models from developing a-synuclein pathology
and motor deficits (Yuan et al, 2015; Stephano et al., 2018).
Furthermore, in vitro, Drosophila, mouse, and human data
collectively suggest that GSK3B specifically phosphorylates
Ser129 of a-synuclein (Figure 2A1), a post-translational
modification predominant in Lewy bodies and in the PD brain
that may enhance a-synuclein aggregation and/or neurotoxicity
(Fujiwara et al., 2002; Chen and Feany, 2005; Anderson et al.,
2006; Credle et al., 2015). GSK3f is also a known inhibitor
of autophagy (Parr et al, 2012; Ren et al, 2016; Weikel
et al., 2016), a ubiquitous cellular recycling process required
for the effective clearance of excess a-synuclein (Vogiatzi
et al, 2008; Sato et al, 2018; Figure 2A2). Therefore, it
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FIGURE 2 | o-Synuclein is in positive feedback with the Ag and tau pathologies of AD. (A) a-Synuclein is in Positive Feedback with AB—a-synuclein may induce
oxidative stress and promote astrocytic dysfunction. Thus, perhaps by (i) increasing the levels of cytoplasmic ROS and (i) decreasing those of extracellular
astrocyte-derived Wnt ligands, a-synuclein activates GSK3B and induces the production of A (for a more comprehensive discussion about the role of Wnt-signaling
in neuron-glia crosstalk in neurodegeneration, see 'Episcopo et al., 2018). In turn, AB activates GSK3B, which (1) phosphorylates a-synuclein on Ser129 and (2) may
impair the autophagic clearance of a-synuclein. (B) a-Synuclein is in Positive Feedback with Tau—a-synuclein can (i) bind tau’s microtubule-binding domain, causing
tau to disassociate from microtubules, (i) recruit GSK3p to tau and, thereby, promote tau hyperphosphorylation, and (jii) directly seed or chaperone the pathological
aggregation of p-tau. Tau can reciprocate by (1) recruiting GSK3B to a-synuclein, thereby permitting pathogenic Ser129 phosphorylation, and by (2) promoting the
aggregation of a-synuclein. Dashed and solid lines indicate regulatory mechanisms that are, respectively, impaired and enhanced in AD.

is plausible that AP-induced GSK3f activation (Figure 1B)
completes an a-synuclein-Ap feedback loop relevant in some
cases of AD.

a-Synuclein, Directly and via GSK3g,
Induces Tauopathy and Is in Positive
Feedback with p-tau

a-synuclein and tau interact directly (Jensen et al,, 1999; Yan
et al, 2018). Specifically, a-synuclein binds tau within tau’s
microtubule-binding domain (Jensen et al., 1999). Even were
this interaction not sufficient to cause tau to disassociate

from microtubules, the binding of a-synuclein to tau induces
the phosphorylation of tau on Ser262, a post-translational
modification observed in the AD brain that causes tau to release
from microtubules, contributing to cytoskeleton instability
(Jensen et al., 1999). Subsequently, a-synuclein can serve as a
necessary cofactor to help p-tau form oligomers and, eventually,
tangles (Giasson et al.,, 2003; Cremades et al., 2012). Thus, as
reviewed by Moussaud et al. (2014), there are at least three ways
by which a-synuclein can instigate and aggravate tauopathy: by
blocking the interaction between tau and microtubules, thereby
interfering with tau’s physiological function (Figure 2Bi), by
recruiting kinases that promote tau hyperphosphorylation

Frontiers in Aging Neuroscience | www.frontiersin.org

July 2019 | Volume 11 | Article 184


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Norwitz et al.

Alzheimer Disease: An Integrated Perspective

(Figure 2Bii), and by
aggregation of tau into
fibrils (Figure 2Biii).

With regard to the kinase mechanism listed above,
GSK3p/Tau Kinase I may play a particularly important role
in the relationship between a-synuclein and tau. Not only does
a-synuclein interact with tau, but both proteins also interact
with, and are phosphorylated by, GSK38 (Duka et al.,, 2009;
Credle et al., 2015). Thus, a-synuclein can recruit GSK3p to tau,
leading to tau hyperphosphorylation (Figure 2Bii). As this model
predicts, exogenous treatment of cultured cells with a-synuclein
increased levels of p-tau, this phenomenon being blocked by the
inhibition of GSK3p (Gassowska et al., 2014). Similar findings
have been produced in mice in which the overexpression of
a-synuclein is sufficient to induce GSK3p-mediated p-tau
pathology (Duka et al, 2009). Reflecting on the stimulatory
effect of a-synuclein on GSK3, as well as that of AP on GSK3p
(Figure 1B), we can elaborate upon our model: GSK3f can be
conceptualized as the convergence point of a Y-shaped cascade
in which either AR or a-synuclein can activate and/or recruit
GSK3p to induce tau pathology.

Similar to the mutualistic case of Af and a-synuclein,
p-tau can promote a-synuclein pathology (Giasson et al,
2003; Badiola et al, 2011; Yan et al,, 2018). Using multiple
different cell models, Badiola et al. (2011) demonstrated
that tau enhanced the aggregation of a-synuclein. In these
experiments, tau overexpression also reduced cell viability in an
a-synuclein-dependent manner (Badiola et al., 2011), perhaps
by promoting the GSK3p-mediated neurotoxic phosphorylation
of oa-synuclein on Serl29 (Fujiwara et al, 2002; Chen
and Feany, 2005; Anderson et al, 2006; Credle et al,
2015), and promoted the secretion of a-synuclein (Badiola
et al, 2011). Thus, tau can complete an intracellular positive
feedback loop with a-synuclein, possibly by facilitating the
pathogenic phosphorylation of a-synuclein Ser129 by GSK3p
(Figure 2B1) and/or by promoting a-synuclein’s aggregation
(Figure 2B2), and tau might also support the prionic cell-
to-cell propagation of a-synuclein (not shown in Figure 2).
Independent of the exact mechanisms, the relevance of
tau on a-synuclein pathology and its attending symptoms
has been demonstrated in vivo. In mice, the transgenic
expression of tau enhances the formation of a-synuclein
inclusions and the corresponding Parkinsonian phenotype
(Giasson et al., 2003).

seeding or
neurotoxic

chaperoning the
oligomers and

TYPE 3 DIABETES

Overview of Insulin Signaling and Its Role

in the Brain

Several lines of evidence suggest that, in the central
nervous system, insulin does much more than promote
glucose uptake. Insulin is a neuromodulator, affecting the
reuptake and production of particular neurotransmitters
(Schulingkamp et al., 2000; Plum et al, 2005); insulin
regulates food intake and reproduction by acting on the
hypothalamus to alter endocrine system function (Plum

et al,, 2005); and, glucose transport into neurons is largely
insulin-independent. Building upon this last key piece of
evidence, neuron energy utilization also correlates poorly
with the heterogeneous distribution of Insulin Receptor
(IRs) throughout the brain, further suggesting that insulin’s
primary functions in the brain include more than glucose
uptake (Schulingkamp et al., 2000). And, although IRs are
also concentrated in the hypothalamus, olfactory bulb, and
cerebellum, it’s notable that IRs are particularly densely
packed in the hippocampus and cerebral cortex, two brain
regions important in learning and memory that are critically
impacted by AD (Marks et al., 1990; Schulingkamp et al., 20005
Plum et al., 2005).

The insulin signaling cascade is initiated when insulin
binds to the IR, a heterotetrameric receptor tyrosine kinase
that autophosphorylates in order to recruit the adaptor
protein IR Substrate (IRS). IRS subsequently recruits and
activates Phosphoinositide 3-Kinase (PI3K), a lipid kinase that
generates the second messenger Phosphatidylinositol (3,4,5)-
trisphosphate (PIP3). PIP; can diffuse along the membrane to
activate Phosphoinositide-Dependent Kinase 1 (PDK1), which
phosphorylates and activates the terminal kinase in the core of
this cascade, AKT (De Meyts, 2000; Figure 3A).

AKT regulates an expansive set of pathways and processes,
only some of which will be discussed in the following section.
AKT (i) regulates translocation of GLUT3, the canonical
neuronal glucose transporter, and of GLUT4, which is also
essential in neurons (Ashrafi et al, 2017), to the plasma
membrane (Grillo et al., 2009; Ferreira et al.,, 2011). At the
axon terminal and post-synaptic density, the insulin-AKT
pathway (ii) modulates catecholamine release and uptake,
the trafficking of ion-gated channels, and the expression
and localization of neurotransmitter receptors (Chiu et al,
2008; De Felice and Benedict, 2015). Finally, AKT (iii) is
a potent GSK3f inhibitor (Zhou et al, 2014; Figure 3B).
Each of these mechanisms will be discussed further in the
following subsections.

Lack of Energetic Substrates as an

Exacerbating Factor for AD

Even preclinically, patients with AD show widespread
impairment in glucose metabolic rates (Willette et al., 2015),
a deficiency associated with decreased levels of GLUT1 and
GLUT3 (Liu et al., 2008), which import glucose across the
blood-brain barrier and into neurons, respectively. As the brain
can only use either glucose or ketones, and ketones are not
normally available as a fuel, insulin resistance and the ensuing
decrease in GLUT membrane expression (Figure 3Bi) can
decrease mitochondrial ATP production and all ATP-dependent
maintenance processes that are critical to neuron survival (Fong
et al., 2016; Blonz, 2017).

Animal models support the relevance of GLUT transporter
underexpression in AD, as well as the potential involvement of
dysfunctional Wnt-signaling in this process. For example,
overexpression of GLUT3, which is regulated, in part,
by AKT (Ferreira et al, 2011), helps rescue Drosophila
from the morphological and behavioral features associated
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FIGURE 3 | Insulin resistance exacerbates the pathology of AD. (A) Insulin-AKT Pathway—Insulin binds to the Insulin Receptor (IR) tyrosine kinase, which
autophosphorylates and binds the adaptor protein, Insulin Receptor Substrate (IRS). IRS recruits Phosphoinositide 3-Kinase (PI3K), which phosphorylates PIP, into
PIP3. PIP3 diffuses along the membrane to activate Phosphoinositide-Dependent Kinase 1 (PDK1), which activates AKT. AKT phosphorylates many enzymes; this
includes inhibiting GSK3B. (B) Insulin Resistance Contributes to Neuropathology —Insulin resistances (i) causes a decrease in AKT-mediated translocation of GLUT
transporters to the membrane. This contributes to the decreased glucose metabolic rate and mitochondrial dysfunctions observed in AD and PD brains. Insulin-AKT
signaling is critical in synaptic transmission, as is Wnt-signaling. Therefore, insulin resistance (i) may synergize with dysfunctions in Wnt-signaling to decrease
synaptic transmission and synapse integrity. Lastly, insulin resistance (jii) can contribute to hyperinsulinemia and the competitive inhibition of Insulin Degrading
Enzyme (IDE), which also degrades AB. Since AB inhibits insulin-AKT signaling, either insulin or Ag can establish a positive feedback loop in which A inhibits insulin
signaling to decrease AKT activity, increase GSK3p activity and, thus, further increase A levels. Dashed and solid lines indicate regulatory mechanisms that are,

with AP toxicity (Niccoli et al, 2016). Furthermore, in a
mouse model of AD, Nishida et al. (2017) demonstrated
that decreased GLUT1 expression at the blood-brain
barrier was associated with decreased cerebral blood flow,
increased AP accumulation, and memory impairment.
Interestingly, Wnt-signaling has been identified as necessary
for GLUTI1 expression at the blood-brain barrier (Daneman
et al., 2009), and Pan et al. (2018) showed that inhibition
of GSK3B in AD mice has precisely the opposite effects

to those just described in that GSK3f inhibition increased
cerebral blood flow, prevented AP accumulation, and rescued
memory impairment. The complementary findings of the two
mouse studies, in combination with the fact that Wnt ligands
have been observed to increase AKT activity and neuronal
glycolytic rate (Cisternas et al., 2016), hints at the possibility
that dysfunctions in the insulin-AKT and Wnt-signaling
pathways may cooperate to contribute to glucose metabolism
deficiency in AD.
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Insulin Resistance and Wnt-Signaling in
Synaptic Dysfunction

As insulin regulates the release and reception of
neurotransmitters, cerebral insulin resistance can contribute to
a decrease in synaptic activity and density (Abbott et al., 1999;
Chiu et al., 2008; Lee et al., 2011; De Felice and Benedict, 2015;
Figure 3Bii). In Xenopus tadpoles, the expression of a dominant-
negative IR decreased excitatory post-synaptic potentials and
synaptic density (Chiu et al., 2008). Conversely, activation of
the insulin-AKT axis, by pharmacologically stimulating AKT or
PI3K, increased synaptic density and rescued aberrant synaptic
plasticity in wildtype and AD rodents (Cuesto et al., 2011;
Yi et al,, 2018).

At the synapse, the effects of dysfunctional Wnt-signaling
have been shown to be analogous to those of dysfunctional
insulin-signaling. ~ Specifically, blocking the initiation of
Wnht-signaling with DKK1 induced synaptic loss in mice
(Purro et al, 2012; Marzo et al, 2016). Furthermore, as
with AKT activation (Yi et al, 2018), direct pharmacological
activation of Wnt-signaling was sufficient to rescue aberrant
synaptic plasticity (Purro et al., 2012; Marzo et al., 2016). This,
along with the suggestion of crosstalk between the Wnt and
AKT pathways (Palsgaard et al., 2012; Cisternas et al., 2016),
raises the possibility that insulin resistance and dysfunctional
Wnt-signaling may interact to induce synaptic dysfunction in
cognitive decline.

Insulin Resistance and Ag Can Establish a
Wnt/GSK3g-Dependent Positive
Feedback Loop

Insulin Degrading Enzyme (IDE) is a cytoplasmic and secreted
enzyme that degrades both insulin and AB in the human
brain (Qiu et al, 1998; Pérez et al, 2000). Accordingly,
hyperinsulinemia, which is associated with an approximately
two-fold increase in AD risk (Luchsinger et al, 2004), can
competitively inhibit IDE-mediated AP degradation (Qiu et al.,
1998; Pérez et al., 2000; Farris et al., 2003; Neth and Craft, 2017).
In turn, AP can exacerbate hyperinsulinemia by inhibiting IDE
and competing for IR binding (Pérez et al., 2000; Zhao et al., 2008;
O’Neill, 2013).

But, even in those cases in which cerebral hyperinsulinemia
does not initiate the accumulation of AB, a vicious cycle between
AP and insulin-AKT signaling can arise once some degree of
amyloid pathology has been established (Figure 3Biii). The De
Felice group has shown that intracerebroventricular infusion
of AP oligomers in monkeys disrupts insulin-AKT signaling
in the hippocampus in a TNFa-dependent manner, leading to
memory impairment (Lourenco et al, 2013). In this way, AP
releases GSK3p from AKT-mediated inhibition and, reciprocally,
GSK3p increases AP production via the mechanisms displayed
in Figure 1B.

It is also notable that the De Felice group later showed
that intracerebroventricular infusion of AP oligomers caused
hypothalamic dysfunction and peripheral insulin resistance in
mice, again in a TNFa-dependent manner. This latter finding,
in conjunction with epidemiological data showing AD increases

an individual’s risk of developing T2DM, suggests yet another
pathological feedback loop in which systemic insulin resistance
increases AP production, leading to AB-mediated hypothalamic
inflammation that further exacerbates systemic insulin resistance
(Clarke et al., 2015).

The AKT Paradox

Obviously, Figure 3 is a simplification of insulin resistance
pathology in the AD brain. What is not as obvious is how it is
a simplification. Not only are pathways and relationships among
proteins necessarily omitted, but there is also a lack of consensus
on the fundamental nature of key relationships. An important
and illustrative example is that AKT may be either underactive
or overactive in the post-mortem human AD brain (Rickle et al.,
2004; Lee et al., 2009).

While this AKT paradox remains to be resolved, one
hypothesis is that the opposite dysfunctions in AKT activity are
time-dependent. For example, intracellular and extracellular Af
may have different effects on AKT activity, with intracellular
AB (not explicitly shown in Figure 3B) accumulating well
before extracellular Ap (Magrané et al., 2005). Intracellular Af
can interfere with the interaction between PDK1 and AKT,
contributing to a decrease in AKT activity and to disease
progression (Magrané et al., 2005; Lee et al., 2009). However,
as extracellular A builds up later, a tipping point [possibly one
that is neuron-specific and heterogenous across the brain (Rickle
et al., 2004)] may be reached whereby AP binds to IRs and
constitutively overstimulates AKT (Xie et al., 2002; Zhao et al,,
2008; Chiang et al., 2010). Rather than being neuroprotective, this
180° flip may be pathogenic in other ways, including saturating
pathway activity, such that the pathway is no longer responsive
to insulin, and inducing mTORI-mediated IRS inhibition, thus
reinforcing insulin resistance (Zhao et al., 2008; Han et al., 2018).
Moreover, Ap binding to IRs causes a dramatic migration of IRs
away from neurites to the soma (Zhao et al., 2008), impairing
synaptic integrity and compounding spatial complexity on top of
temporal complexity.

Evidently, the AKT paradox adds a major qualification to
the model presented in Figure 3B, which we presented as is
for the following two reasons: (1) decreased GLUT transporter
expression, decreased synaptic integrity, and increased GSK3p
activity have been more consistently observed in the AD brain
(Leroy et al., 2007; Liu et al., 2008; Llorens-Martin et al., 2014;
Wan et al, 2014) and (2) pharmacological activators of AKT
have demonstrated therapeutic efficacy in Drosophila and mouse
models of AD (Zhang et al, 2016; Yi et al, 2018), whereas
the same cannot be said for AKT inhibitors. It is important to
acknowledge the AKT paradox as a representative example of the
nuance present within even a single model of AD. Appreciating
this nuance will help us better appreciate the true complexity of
AD that arises out of an interrelationship among the models.

AN INTEGRATED PERSPECTIVE AND
CONCLUDING REMARKS

In this review article, we began by summarizing the cellular,
animal, and human work that demonstrate dysfunctional
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FIGURE 4 | Multi-loop model of AD: an integrated perspective on the
Wnt/GSK3B, a-synuclein, and type 3 diabetes hypotheses. (1) GSK3B, also
known as Tau Kinase 1, phosphorylates tau (De Ferrari et al., 2014). (2) In
turn, p-tau may increase GSK3B activity by inducing oxidative stress (Cente
et al., 2006; Feng et al., 2013; Liu et al., 2015). (3) a-synuclein can also
contribute to tau pathology by binding to tau’s microtubule binding domain
(Jensen et al., 1999), recruiting GSK3B to tau, and helping to promote
pathological p-tau aggregation (Gassowska et al., 2014; Moussaud et al.,
2014). (4) In reciprocation, tau can promote a-synuclein’s phosphorylation by
GSKBB and a-synuclein aggregation (Giasson et al., 2003; Credle et al.,
2015). (5) In addition to facilitating tauopathy, a-synuclein can promote A
production by increasing GSK3p activity (Duka et al., 2009) and B-secretase
levels (Roberts et al., 2017). (6) In turn, AB can increase a-synuclein levels
(Majd et al., 2013), possibly by stimulating GSK3g (Yuan et al., 2015). (7) AR
can simulate GSK3p activity by inducing the expression of DKK1 and by
binding to and inhibiting Frizzled (Caricasole et al., 2004; Magdesian et al.,
2008). p-AlCD, a by-product of AB production, can increase GSK38 gene
expression (Chang et al., 2006). (8) GSK3B phosphorylates APP to enable
p-AICD production and to make APP a better substrate for B-secretase (Lee
et al., 2003; Acevedo et al., 2014). GSK3p overactivity and Wnt-signaling
underactivity also increase B-secretase levels, further promoting the
generation of AB (Ly et al., 2013; Parr et al., 2015). (9) GSK3p can contribute
to insulin resistance by phosphorylating and inhibiting IRS1 (Lee and Kim,
2007). (10) In turn, insulin-AKT pathway dysfunction can contribute to an
increase in GSK3B activity (Magrané et al., 2005; Lee et al., 2009).

(11) Because insulin and A are both IDE substrates, hyperinsulinemia
prevents AB degradation (Qiu et al., 1998; Pérez et al., 2000; Farris et al.,
2003; Neth and Craft, 2017; Folch et al., 2018). (12) A can then further
exacerbate insulin resistance by preventing insulin degradation and by
binding to IRs (Pérez et al., 2000; Zhao et al., 2008; O’Neill, 2013). The above
figure shows only mechanisms whereby these models feedback on one
another and not those additional mechanisms whereby they cooperate to
intensify AD pathology, such as may be the case for glucose transporter
expression and synaptic activity (Chiu et al., 2008; Daneman et al., 2009;
Ferreira et al., 2011; Purro et al., 2012; Marzo et al., 2016).

Wnt-signaling can contribute to the development of AD and
its two pathological hallmarks, Ap plaques and p-tau tangles.
We next described how the canonical PD-associated protein

a-synuclein may be locked in pathological positive feedback
loops with AP and tau. Finally, we discussed some of the
mechanisms by which insulin resistance in the brain, “type
3 diabetes,” may contribute to development and exacerbation of
AD. Throughout each section, we attempted to highlight some
of the ways in which each model interacts with the others.
These interrelationships, summarized in Figure 4, make it clear
that the pathology of AD is not a linear cascade, nor a simple
feedback loop, but rather a network of cross-talking models and
overlapping vicious cycles.

Given the cooperative and reinforced nature of this complex
network, it is no surprise that the prototypical monotherapeutic
approach to AD has reliably failed. Certainly, drugs that target
key nodes within the network, such as GSK3p inhibitors (Noble
et al., 2005; Parr et al., 2012; Licht-Murava et al., 2016) or
AKT activators (Zhang et al., 2016; Yi et al., 2018), have shown
promise in animal models, and this important work affords
us valuable mechanistic insights. However, these pre-clinical
successes generally have not translated into clinical success, at
least not with the same degree of efficacy. This is likely because
animal models harboring distinct AD-causing mutations and
dysfunctions in particular linear pathways do not accurately
recapitulate the complex pathologies underlying sporadic human
AD. In brief, we are proposing that the single-target silver-bullet
approach to AD drug discovery is doomed to fail and that we
may only be able to treat or prevent AD by developing new
multifaceted treatment options.

Further complicating matters, the initial movers of sporadic
human AD are likely highly individual. As examples, only
about half of AD patients present with Lewy Body/a-synuclein
pathology (Yan et al, 2018) and there is evidence to suggest
that diabetes may specifically predispose carriers of the ApoE4
risk allele to develop AD (Zhao et al., 2017; Folch et al., 2018).
If AD is, indeed, composed of many different subtypes, then
even imagining AD as a network of reinforcing positive feedback
loops, as we have done here, underestimates the pathology.
We may not only need multifaceted treatment options, but
personalized ones.

The cost of continuing to simplify AD pathology is a
continuation in the rapidly rising prevalence of AD. It
is, therefore, critical that the global biomedical community
take steps towards thinking more comprehensively about the
mechanisms underlying AD, for only by doing so can we hope
to develop multifaceted, and perhaps one day individualized,
therapies to prevent or treat this devastating disease and reverse
the worldwide neurodegeneration epidemic.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

NN would like to gratefully acknowledge the Keasbey Memorial
Foundation and a generous donation by Mr. Colin Walters for
funding his research at Oxford.

Frontiers in Aging Neuroscience | www.frontiersin.org

July 2019 | Volume 11 | Article 184


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Norwitz et al.

Alzheimer Disease: An Integrated Perspective

REFERENCES

Abbott, M. A., Wells, D. G, and Fallon, J. R. (1999). The insulin receptor
tyrosine kinase substrate p58/53 and the insulin receptor are components of
CNS synapses. J. Neurosci. 19, 7300-7308. doi: 10.1523/JNEUROSCI.19-17-
07300.1999

Acevedo, K. M., Opazo, C. M., Norrish, D., Challis, L. M., Li, Q. X,
White, A. R,, et al. (2014). Phosphorylation of amyloid precursor protein at
threonine 668 is essential for its copper-responsive trafficking in SH-SY5Y
neuroblastoma cells. J. Biol. Chem. 289, 11007-11019. doi: 10.1074/jbc.m113.
538710

Alvarez, A. R, Godoy, J. A., Mullendorff, K., Olivares, G. H., Bronfman, M.,
and Inestrosa, N. C. (2004). Wnt-3a overcomes P-amyloid toxicity in rat
hippocampal neurons. Exp. Cell Res. 297, 186-196. doi: 10.1016/j.yexcr.2004.
02.028

Alvarez, G., Munoz-Montafio, J. R., Satrastegui, J., Avila, J., Bogonez, E., and
Diaz-Nido, J. (1999). Lithium protects cultured neurons against f-amyloid-
induced neurodegeneration. FEBS Lett. 453, 260-264. doi: 10.1016/s0014-
5793(99)00685-7

Alzheimer’s Association. (2017). Alzheimer’s Association report 2017: Alzheimer’s
disease facts and figures. Alzheimers Dement. 13, 325-373. doi: 10.1016/j.jalz.
2017.02.001

Anderson, J. P, Walker, D. E., Goldstein, J. M., de Laat, R., Banducci, K.,
Caccavello, R. J., et al. (2006). Phosphorylation of Ser-129 is the dominant
pathological modification of a-synuclein in familial and sporadic lewy body
disease. J. Biol. Chem. 281, 29739-29752. doi: 10.1074/jbc.m600933200

Ashrafi, G., Wu, Z,, Farrell, R. J., and Ryan, T. A. (2017). GLUT4 mobilization
supports energetic demands of active synapses. Neuron 93, 606.e3-615.€3.
doi: 10.1016/j.neuron.2016.12.020

Badiola, N., de Oliveira, R. M., Herrera, F., Guardia-Laguarta, C., Gongalves, S. A.,
Pera, M., et al. (2011). Tau enhances a-synuclein aggregation and toxicity in
cellular models of synucleinopathy. PLoS One 6:€26609. doi: 10.1371/journal.
pone.0026609

Blonz, E. R. (2017). Alzheimer’s disease as the product of a progressive energy
deficiency syndrome in the central nervous system: the neuroenergetic
hypothesis. . Alzheimers Dis. 60, 1223-1229. doi: 10.3233/JAD-170549

Boyle, J. P., Thompson, T. J., Gregg, E. W., Barker, L. E., and Williamson, D. F.
(2010). Projection of the year 2050 burden of diabetes in the US adult
population: dynamic modeling of incidence, mortality and prediabetes
prevalence. Popul. Health Metr. 8:29. doi: 10.1186/1478-7954-8-29

Caricasole, A., Copani, A., Caraci, F., Aronica, E., Rozemuller, A., Caruso, A., et al.
(2004). Induction of dickkopf-1, a negative modulator of the wnt pathway, is
associated with neuronal degeneration in Alzheimer’s brain. J. Neurosci. 24,
6021-6027. doi: 10.1523/JNEUROSCI.1381-04.2004

Caruso, A., Motolese, M., Iacovelli, L., Caraci, F., Copani, A., Nicoletti, F., et al.
(2006). Inhibition of the canonical Wnt signaling pathway by apolipoprotein
E4 in PC12 cells. J. Neurochem. 98, 364-371. doi: 10.1111/j.1471-4159.2006.
03867.x

Cedazo-Minguez, A., Popescu, B. O., Blanco-Milldn, J. M., Akterin, S., Pei, J. J.,
Winblad, B., et al. (2003). Apolipoprotein E and p-amyloid (1-42) regulation
of glycogen synthase kinase-3p. J. Neurochem. 87, 1152-1164. doi: 10.1046/j.
1471-4159.2003.02088.x

Cente, M., Filipcik, P., Pevalova, M., and Novak, M. (2006). Expression of
a truncated tau protein induces oxidative stress in a rodent model of
tauopathy. Eur. J. Neurosci. 24, 1085-1090. doi: 10.1111/j.1460-9568.2006.
04986.x

Chami, L., Buggia-Prévot, V., Duplan, E., Delprete, D., Chami, M., Peyron, J. F,,
et al. (2012). Nuclear factor-kB regulates BAPP and - and y-secretases
differently at physiological and supraphysiological AB concentrations. J. Biol.
Chem. 287, 24573-24584. doi: 10.1074/jbc.M111.333054

Chang, K.-A., Kim, H.-S., Ha, T.-Y., Ha, J.-W., Shin, K. Y., Jeong, Y. H,,
et al. (2006). Phosphorylation of amyloid precursor protein (APP) at
Thr668 regulates the nuclear translocation of the APP intracellular domain and
induces neurodegeneration. Mol. Cell. Biol. 26, 4327-4338. doi: 10.1128/mcb.
02393-05

Chen, L., and Feany, M. B. (2005). a-synuclein phosphorylation controls
neurotoxicity and inclusion formation in a Drosophila model of Parkinson
disease. Nat. Neurosci. 8, 657-663. doi: 10.1038/nn1443

Chiang, H.-C., Wang, L., Xie, Z., Yau, A., and Zhong, Y. (2010). PI3 kinase
signaling is involved in Af-induced memory loss in Drosophila. Proc. Natl.
Acad. Sci. U S A 107, 7060-7065. doi: 10.1073/pnas.0909314107

Chiu, S.-L., Chen, C.-M.,, and Cline, H. T. (2008). Insulin receptor signaling
regulates synapse number, dendritic plasticity and circuit function in vivo.
Neuron 58, 708-719. doi: 10.1016/j.neuron.2008.04.014

Cisternas, P., Salazar, P., Silva-Alvarez, C., Barros, L. F., and Inestrosa, N. C.
(2016). Activation of Wnt signaling in cortical neurons enhances
glucose utilization through glycolysis. J. Biol. Chem. 291, 25950-25964.
doi: 10.1074/jbc.m116.735373

Clarke, J. R., Lyra E Silva, N. M., Figueiredo, C. P., Frozza, R. L., Ledo, J. H,,
Beckman, D., et al. (2015). Alzheimer-associated A oligomers impact the
central nervous system to induce peripheral metabolic deregulation. EMBO
Mol. Med. 7,190-210. doi: 10.15252/emmm.201404183

Credle, J. J., George, J. L, Wills, J., Duka, V., Shah, K., Lee, Y. C, et al.
(2015). GSK-3p dysregulation contributes to Parkinson’s-like pathophysiology
with associated region-specific phosphorylation and accumulation of tau and
a-synuclein. Cell Death Differ. 22, 838-851. doi: 10.1038/cdd.2014.179

Cremades, N., Cohen, S., Deas, E., Abramov, A., Chen, A., Orte, A, et al.
(2012). Direct observation of the interconversion of normal and toxic forms of
a-synuclein. Cell 149, 1048-1059. doi: 10.1016/j.cell.2012.03.037

Cuesto, G., Enriquez-Barreto, L., Caramés, C., Cantarero, M., Gasull, X., Sandi, C.,
et al. (2011). Phosphoinositide-3-Kinase activation controls synaptogenesis
and spinogenesis in hippocampal neurons. J. Neurosci. 31, 2721-2733.
doi: 10.1523/JNEUROSCI.4477-10.2011

Daneman, R,, Agalliu, D., Zhou, L., Kuhnert, F., Kuo, C.]., and Barres, B. A. (2009).
Wnt/-catenin signaling is required for CNS, but not non-CNS, angiogenesis.
Proc. Natl. Acad. Sci. U S A 106, 641-646. doi: 10.1073/pnas.08051
65106

De Ferrari, G., Avila, M., Medina, M., Perez-Palma, E., Bustos, B., and Alarcon, M.
(2014). Wnt/B-catenin signaling in Alzheimer’s disease. CNS Neurol. Disord.
Drug Targets 13, 745-775. doi: 10.2174/1871527312666131223113900

De Felice, F. G., and Benedict, C. (2015). A key role of insulin receptors in memory.
Diabetes 64, 3653-3655. doi: 10.2337/dbi15-0011

De Ferrari, G. V., Papassotiropoulos, A., Biechele, T., Wavrant De-Vrieze, F.,
Avila, M. E., Major, M. B,, et al. (2007). Common genetic variation within
the Low-Density Lipoprotein Receptor-Related Protein 6 and late-onset
Alzheimer’s disease. Proc. Natl. Acad. Sci. U S A 104, 9434-9439.
doi: 10.1073/pnas.0603523104

de la Monte, S. M., and Wands, J. R. (2008). Alzheimer’s disease is
type 3 diabetes-evidence reviewed. J. Diabetes Sci. Technol. 2, 1101-1113.
doi: 10.1177/193229680800200619

De Meyts, P. (2000). The Insulin Receptor and Its Signal Transduction Network.
South Dartmouth, MA: Endotext.

Duka, T., Duka, V., Joyce, J., and Sidhu, A. (2009). a-synuclein contributes to
GSK3p-catalyzed Tau phosphorylation in Parkinson’s disease models. FASEB
J. 23, 2820-2830. doi: 10.1096/1j.08-120410

Elliott, C., Rojo, A. L, Ribe, E., Broadstock, M., Xia, W., Morin, P., et al. (2018). A
role for APP in Wnt signalling links synapse loss with B-amyloid production.
Transl. Psychiatry 8:179. doi: 10.1038/s41398-018-0231-6

Farris, W., Mansourian, S., Chang, Y., Lindsley, L., Eckman, E. A., Frosch, M. P.,
et al. (2003). Insulin-degrading enzyme regulates the levels of insulin, amyloid
p-protein and the B-amyloid precursor protein intracellular domain in vivo.
Proc. Natl. Acad. Sci. U S A 100, 4162-4167. doi: 10.1073/pnas.0230450100

Feng, Y., Xia, Y., Yu, G,, Shu, X,, Ge, H., Zeng, K., et al. (2013). Cleavage of GSK-3p
by calpain counteracts the inhibitory effect of Ser9 phosphorylation on GSK-38
activity induced by H20 2. J. Neurochem. 126, 234-242. doi: 10.1111/jnc.12285

Ferreira, J. M., Burnet, A. L., and Rameau, G. A. (2011). Activity-dependent
regulation of surface glucose transporter-3. J. Neurosci. 31, 1991-1999.
doi: 10.1523/JNEUROSCI.1850-09.2011

Fiorentini, A., Rosi, M. C., Grossi, C., Luccarini, 1., and Casamenti, F. (2010).
Lithium improves hippocampal neurogenesis, neuropathology and cognitive
functions in APP mice. PLoS One 5:e14382. doi: 10.1371/journal.pone.
0014382

Folch, J., Ettcheto, M., Busquets, O., Sanchez-Lopez, E., Castro-Torres, R. D.,
Verdaguer, E., et al. (2018). The implication of the brain insulin receptor
in late onset Alzheimer’s disease dementia. Pharmaceuticals 11:E11.
doi: 10.3390/ph11010011

Frontiers in Aging Neuroscience | www.frontiersin.org

11

July 2019 | Volume 11 | Article 184


https://doi.org/10.1523/JNEUROSCI.19-17-07300.1999
https://doi.org/10.1523/JNEUROSCI.19-17-07300.1999
https://doi.org/10.1074/jbc.m113.538710
https://doi.org/10.1074/jbc.m113.538710
https://doi.org/10.1016/j.yexcr.2004.02.028
https://doi.org/10.1016/j.yexcr.2004.02.028
https://doi.org/10.1016/s0014-5793(99)00685-7
https://doi.org/10.1016/s0014-5793(99)00685-7
https://doi.org/10.1016/j.jalz.2017.02.001
https://doi.org/10.1016/j.jalz.2017.02.001
https://doi.org/10.1074/jbc.m600933200
https://doi.org/10.1016/j.neuron.2016.12.020
https://doi.org/10.1371/journal.pone.0026609
https://doi.org/10.1371/journal.pone.0026609
https://doi.org/10.3233/JAD-170549
https://doi.org/10.1186/1478-7954-8-29
https://doi.org/10.1523/JNEUROSCI.1381-04.2004
https://doi.org/10.1111/j.1471-4159.2006.03867.x
https://doi.org/10.1111/j.1471-4159.2006.03867.x
https://doi.org/10.1046/j.1471-4159.2003.02088.x
https://doi.org/10.1046/j.1471-4159.2003.02088.x
https://doi.org/10.1111/j.1460-9568.2006.04986.x
https://doi.org/10.1111/j.1460-9568.2006.04986.x
https://doi.org/10.1074/jbc.M111.333054
https://doi.org/10.1128/mcb.02393-05
https://doi.org/10.1128/mcb.02393-05
https://doi.org/10.1038/nn1443
https://doi.org/10.1073/pnas.0909314107
https://doi.org/10.1016/j.neuron.2008.04.014
https://doi.org/10.1074/jbc.m116.735373
https://doi.org/10.15252/emmm.201404183
https://doi.org/10.1038/cdd.2014.179
https://doi.org/10.1016/j.cell.2012.03.037
https://doi.org/10.1523/JNEUROSCI.4477-10.2011
https://doi.org/10.1073/pnas.0805165106
https://doi.org/10.1073/pnas.0805165106
https://doi.org/10.2174/1871527312666131223113900
https://doi.org/10.2337/dbi15-0011
https://doi.org/10.1073/pnas.0603523104
https://doi.org/10.1177/193229680800200619
https://doi.org/10.1096/fj.08-120410
https://doi.org/10.1038/s41398-018-0231-6
https://doi.org/10.1073/pnas.0230450100
https://doi.org/10.1111/jnc.12285
https://doi.org/10.1523/JNEUROSCI.1850-09.2011
https://doi.org/10.1371/journal.pone.0014382
https://doi.org/10.1371/journal.pone.0014382
https://doi.org/10.3390/ph11010011
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Norwitz et al.

Alzheimer Disease: An Integrated Perspective

Fong, S., Teo, E.,,Ng, L. F., Chen, C.-B., Lakshmanan, L. N, Tsoi, S. Y., et al. (2016).
Energy crisis precedes global metabolic failure in a novel Caenorhabditis
elegans Alzheimer Disease model. Sci. Rep. 6:33781. doi: 10.1038/
srep33781

Fujiwara, H., Hasegawa, M., Dohmae, N., Kawashima, A., Masliah, E.,
Goldberg, M. S., et al. (2002). a-synuclein is phosphorylated in synucleinopathy
lesions. Nat. Cell Biol. 4, 160-164. doi: 10.1038/ncb748

Gao, C., Holscher, C., Liu, Y., and Li, L. (2012). GSK3: a key target for the
development of novel treatments for type 2 diabetes mellitus and Alzheimer
disease. Rev. Neurosci. 23, 1-11. doi: 10.1515/rns.2011.061

Gassowska, M., Czapski, G. A., Pajak, B, Cieslik, M., Lenkiewicz, A. M.,
and Adamczyk, A. (2014). Extracellular a-synuclein leads to microtubule
destabilization via GSK-3p-dependent tau phosphorylation in PC12 cells. PLoS
One 9:€94259. doi: 10.1371/journal.pone.0094259

Giasson, B., Forman, M., Higuchi, M., Golbe, L., Graves, C., Kotzbauer, P., et al.
(2003). Initiation and synergistic fibrillization of tau and a-synuclein. Science
300, 636-640. doi: 10.1126/science.1082324

Golpich, M., Amini, E., Hemmati, F., Ibrahim, N. M., Rahmani, B., Mohamed, Z.,
etal. (2015). Glycogen synthase kinase-3 § (GSK-3p) signaling: implications for
Parkinson’s disease. Pharmacol. Res. 97, 16-26. doi: 10.1016/j.phrs.2015.03.010

Goris, A., Williams-Gray, C., Clark, G., Foltynie, T., Lewis, S., Brown, J., et al.
(2007). Tau and a-synuclein in susceptibility to and dementia in, Parkinson’s
disease. Ann. Neurol. 62, 145-153. doi: 10.1002/ana.21192

Gotz, J., Xia, D., Leinenga, G., Chew, Y. L., and Nicholas, H. R. (2013). What
renders TAU toxic. Front. Neurol. 4:72. doi: 10.3389/fneur.2013.00072

Grillo, C. A, Piroli, G. G., Hendry, R. M., and Reagan, L. P. (2009).
Insulin-stimulated translocation of GLUT4 to the plasma membrane in rat
hippocampus is PI3-kinase dependent. Brain Res. 1296, 35-45. doi: 10.1016/j.
brainres.2009.08.005

Haass, C., Kaether, C., Thinakaran, G., and Sisodia, S. (2012). Trafficking and
proteolytic processing of APP. Cold Spring Harb. Perspect. Med. 2:a006270.
doi: 10.1101/cshperspect.a006270

Han, K, Jia, N., Zhong, Y., and Shang, X. (2018). S14G-humanin alleviates insulin
resistance and increases autophagy in neurons of APP/PS1 transgenic mouse.
J. Cell. Biochem. 119, 3111-3117. doi: 10.1002/jcb.26452

Hernandez, F., Borrell, J., Guaza, C., Avila, J., and Lucas, J. J. (2002). Spatial
learning deficit in transgenic mice that conditionally over-express GSK-3f
in the brain but do not form tau filaments. J. Neurochem. 83, 1529-1533.
doi: 10.1046/j.1471-4159.2002.01269.x

Hooper, C., Killick, R., and Lovestone, S. (2008). The GSK3 hypothesis of
Alzheimer’s disease. J. Neurochem. 104, 1433-1439. doi: 10.1111/§.1471-4159.
2007.05194.x

Jakes, R., Spillantini, M. G., and Goedert, M. (1994). Identification of two distinct
synucleins from human brain. FEBS Lett. 345, 27-32. doi: 10.1016/0014-
5793(94)00395-5

Jensen, P. H., Hager, H., Nielsen, M. S., Hojrup, P., Gliemann, J., and Jakes, R.
(1999). a-synuclein binds to tau and stimulates the protein kinase a-catalyzed
tau phosphorylation of serine residues 262 and 356. J. Biol. Chem. 274,
25481-25489. doi: 10.1074/jbc.274.36.25481

Killick, R., Ribe, E. M., Al-Shawi, R., Malik, B., Hooper, C., Fernandes, C., et al.
(2012). Clusterin regulates f-amyloid toxicity via Dickkopf-1-driven induction
of the wnt-PCP-JNK pathway. Mol. Psychiatry 19, 88-98. doi: 10.1038/mp.
2012.163

Kim, D.-H., Inagaki, Y., Suzuki, T., Ioka, R. X., Yoshioka, S. Z., Magoori, K.,
et al. (1998). A new low density lipoprotein receptor related protein, LRP5, is
expressed in hepatocytes and adrenal cortex, and recognizes apolipoprotein E.
J. Biochem 124, 1072-1076. doi: 10.1093/oxfordjournals.jbchem.a022223

Kotzbauer, P. T., Giasson, B. I, Kravitz, A. V., Golbe, L. I, Mark, M. H.,
Trojanowski, J. Q., et al. (2004). Fibrillization of a-synuclein and tau in familial
Parkinson’s disease caused by the A53T a-synuclein mutation. Exp. Neurol.
187, 279-288. doi: 10.1016/j.expneurol.2004.01.007

Kwok, J. B. ]., Hallupp, M., Loy, C. T., Chan, D. K. Y., Woo, J., Mellick, G. D., et al.
(2005). GSK3p polymorphisms alter transcription and splicing in Parkinson’s
disease. Ann. Neurol. 58, 829-839. doi: 10.1002/ana.20691

L’Episcopo, F., Tirolo, C., Serapide, M. F., Caniglia, S., Testa, N., Leggio, L.,

(2018). Microglia polarization, gene-environment

and wnt/B-catenin signaling: emerging roles of glia-neuron and glia-

stem/neuroprogenitor crosstalk for dopaminergic neurorestoration in aged

et al interactions

Parkinsonian brain. Front. Aging Neurosci. 10:12. doi: 10.3389/fnagi.2018.
00012

L’Episcopo, F., Tirolo, C., Testa, N., Caniglia, S., Morale, M. C., Cossetti, C.,
et al. (2011). Reactive astrocytes and Wnt/B-catenin signaling link nigrostriatal
injury to repair in l-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of
Parkinson’s disease. Neurobiol. Dis. 41, 508-527. doi: 10.1016/j.nbd.2010.
10.023

L’Episcopo, F., Tirolo, C., Testa, N., Caniglia, S., Morale, M. C., Impagnatiello, F.,
et al. (2013). Aging-induced Nrf2-ARE pathway disruption in the
subventricular zone drives neurogenic impairment in parkinsonian
mice via PI3K-Wnt/-catenin dysregulation. J. Neurosci. 33, 1462-1485.
doi: 10.1523/JNEUROSCI.3206-12.2013

L’Episcopo, F., Tirolo, C., Testa, N., Caniglia, S., Morale, M. C., Serapide, M. F.,
et al. (2014). Wnt/B-catenin signaling is required to rescue midbrain
dopaminergic progenitors and promote neurorepair in ageing mouse model
of Parkinson’s disease. Stem Cells 32, 2147-2163. doi: 10.1002/stem.1708

Lazzara, C. A., and Kim, Y. H. (2015). Potential application of lithium in
Parkinson’s and other neurodegenerative diseases. Front. Neurosci. 9:403.
doi: 10.3389/fnins.2015.00403

Lee, C.-C., Huang, C.-C., and Hsu, K.-S. (2011). Insulin promotes dendritic spine
and synapse formation by the PI3K/Akt/mTOR and Racl signaling pathways.
Neuropharmacology 61, 867-879. doi: 10.1016/j.neuropharm.2011.06.003

Lee, M. S., Kao, S. C,, Lemere, C. A., Xia, W., Tseng, H. C., Zhou, Y., et al. (2003).
APP processing is regulated by cytoplasmic phosphorylation. J. Cell Biol. 163,
83-95. doi: 10.1083/jcb.200301115

Lee, H.-K., Kumar, P., Fu, Q., Rosen, K. M., and Querfurth, H. W. (2009). The
insulin/Akt signaling pathway is targeted by intracellular B-amyloid. Mol. Biol.
Cell 20, 1533-1544. doi: 10.1091/mbc.e08-07-0777

Lee, J., and Kim, M. S. (2007). The role of GSK3 in glucose homeostasis and
the development of insulin resistance. Diabetes Res. Clin. Pract. 77, S$49-S57.
doi: 10.1016/j.diabres.2007.01.033

Leroy, K., Yilmaz, Z., and Brion, J. P. (2007). Increased level of active GSK-3f in
Alzheimer’s disease and accumulation in argyrophilic grains and in neurones at
different stages of neurofibrillary degeneration. Neuropathol. Appl. Neurobiol.
33, 43-55. doi: 10.1111/j.1365-2990.2006.00795.x

Licht-Murava, A., Paz, R., Vaks, L., Avrahami, L., Plotkin, B., Eisenstein, M., et al.
(2016). A unique type of GSK-3 inhibitor brings new opportunities to the clinic.
Sci. Signal. 9:ral10. doi: 10.1126/scisignal.aah7102

Lindstrom, V., Gustafsson, G., Sanders, L. H., Howlett, E. H., Sigvardson, J.,
Kasrayan, A., et al. (2017). Extensive uptake of a-synuclein oligomers in
astrocytes results in sustained intracellular deposits and mitochondrial damage.
Mol. Cell. Neurosci. 82, 143-156. doi: 10.1016/j.mcn.2017.04.009

Liu, C. C,, Liu, C. C,, Kanekiyo, T., Xu, H., and Bu, G. (2013). Apolipoprotein e and
Alzheimer disease: risk, mechanisms and therapy. Nat. Rev. Neurol. 9,106-118.
doi: 10.1038/nrneurol.2012.263

Liu, Y., Liu, F., Igbal, K., Grundke-Igbal, I, and Gong, C. (2008). Decreased
glucose transporters correlate to abnormal hyperphosphorylation of tau in
Alzheimer disease. FEBS Lett. 582, 359-364. doi: 10.1016/j.febslet.2007.12.035

Liu, Z., Li, T., Li, P., Wei, N., Zhao, Z., Liang, H., et al. (2015). The ambiguous
relationship of oxidative stress, tau hyperphosphorylation, and autophagy
dysfunction in Alzheimer’s disease. Oxid. Med. Cell. Longev. 2015:352723.
doi: 10.1155/2015/352723

Liu, C. C,, Tsai, C. W., Deak, F., Rogers, J., Penuliar, M., Sung, Y. M., et al.
(2014). Deficiency in LRP6-mediated Wnt signaling contributes to synaptic
abnormalities and amyloid pathology in Alzheimer’s disease. Neuron 84, 63-77.
doi: 10.1016/j.neuron.2014.08.048

Liu, M., Qin, L., Wang, L., Tan, J., Zhang, H., Tang, J., et al. (2018). a-synuclein
induces apoptosis of astrocytes by causing dysfunction of the endoplasmic
reticulum-Golgi compartment. Mol Med. Rep. 18, 322-332. doi: 10.3892/mmr.
2018.9002

Llorens-Martin, M., Jurado, J., Hernandez, F., and Avila, J. (2014). GSK-
3p, a pivotal kinase in Alzheimer disease. Front. Mol. Neurosci. 7:46.
doi: 10.3389/fnmol.2014.00046

Lourenco, M. V., Clarke, J. R,, Frozza, R. L., Bomfim, T. R., Forny-Germano, L.,
Batista, A. F., et al. (2013). TNF-a mediates PKR-dependent memory
impairment and brain IRS-1 inhibition induced by Alzheimer’s p-amyloid
oligomers in mice and monkeys. Cell Metab. 18, 831-843. doi: 10.1016/j.cmet.
2013.11.002

Frontiers in Aging Neuroscience | www.frontiersin.org

12

July 2019 | Volume 11 | Article 184


https://doi.org/10.1038/srep33781
https://doi.org/10.1038/srep33781
https://doi.org/10.1038/ncb748
https://doi.org/10.1515/rns.2011.061
https://doi.org/10.1371/journal.pone.0094259
https://doi.org/10.1126/science.1082324
https://doi.org/10.1016/j.phrs.2015.03.010
https://doi.org/10.1002/ana.21192
https://doi.org/10.3389/fneur.2013.00072
https://doi.org/10.1016/j.brainres.2009.08.005
https://doi.org/10.1016/j.brainres.2009.08.005
https://doi.org/10.1101/cshperspect.a006270
https://doi.org/10.1002/jcb.26452
https://doi.org/10.1046/j.1471-4159.2002.01269.x
https://doi.org/10.1111/j.1471-4159.2007.05194.x
https://doi.org/10.1111/j.1471-4159.2007.05194.x
https://doi.org/10.1016/0014-5793(94)00395-5
https://doi.org/10.1016/0014-5793(94)00395-5
https://doi.org/10.1074/jbc.274.36.25481
https://doi.org/10.1038/mp.2012.163
https://doi.org/10.1038/mp.2012.163
https://doi.org/10.1093/oxfordjournals.jbchem.a022223
https://doi.org/10.1016/j.expneurol.2004.01.007
https://doi.org/10.1002/ana.20691
https://doi.org/10.3389/fnagi.2018.00012
https://doi.org/10.3389/fnagi.2018.00012
https://doi.org/10.1016/j.nbd.2010.10.023
https://doi.org/10.1016/j.nbd.2010.10.023
https://doi.org/10.1523/JNEUROSCI.3206-12.2013
https://doi.org/10.1002/stem.1708
https://doi.org/10.3389/fnins.2015.00403
https://doi.org/10.1016/j.neuropharm.2011.06.003
https://doi.org/10.1083/jcb.200301115
https://doi.org/10.1091/mbc.e08-07-0777
https://doi.org/10.1016/j.diabres.2007.01.033
https://doi.org/10.1111/j.1365-2990.2006.00795.x
https://doi.org/10.1126/scisignal.aah7102
https://doi.org/10.1016/j.mcn.2017.04.009
https://doi.org/10.1038/nrneurol.2012.263
https://doi.org/10.1016/j.febslet.2007.12.035
https://doi.org/10.1155/2015/352723
https://doi.org/10.1016/j.neuron.2014.08.048
https://doi.org/10.3892/mmr.2018.9002
https://doi.org/10.3892/mmr.2018.9002
https://doi.org/10.3389/fnmol.2014.00046
https://doi.org/10.1016/j.cmet.2013.11.002
https://doi.org/10.1016/j.cmet.2013.11.002
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Norwitz et al.

Alzheimer Disease: An Integrated Perspective

Lucas, J., Herndndez, F., Gomez-Ramos, P., Mordn, M. A., Hen, R., and
Avila, J. (2001). Decreased nuclear B-catenin, tau hyperphosphorylation and
neurodegeneration in GSK-3p conditional transgenic mice. EMBO J. 20, 27-39.
doi: 10.1093/emboj/20.1.27

Luchsinger, J. A., Tang, M., Shea, S., and Mayeux, R. (2004). Hyperinsulinemia
and risk of Alzheimer disease. Neurology 63, 1187-1192. doi: 10.1212/01.wnl.
0000140292.04932.87

Ly, P. T. T., Wu, Y., Zou, H., Wang, R, Zhou, W., Kinoshita, A., et al.
(2013). Inhibition of GSK3p-mediated BACEI expression reduces Alzheimer-
associated phenotypes. J. Clin. Invest. 123, 224-235. doi: 10.1172/JCI64516

Magdesian, M. H., Carvalho, M. M. V. F,, Mendes, F. A., Saraiva, L. M,,
Juliano, M. A., Juliano, L., et al. (2008). Amyloid-p binds to the extracellular
cysteine-rich domain of frizzled and inhibits Wnt/-catenin signaling. J. Biol.
Chem. 283, 9359-9368. doi: 10.1074/jbc.M707108200

Magrané, J., Rosen, K. M., Smith, R. C., Walsh, K, Gouras, G., and
Querfurth, H. W. (2005). Intraneuronal B-amyloid expression downregulates
the Akt survival pathway and blunts the stress response. J. Neurosci. 25,
10960-10969. doi: 10.1523/INEUROSCI.1723-05.2005

Majd, S., Chegini, F., Chataway, T., Zhou, X. F., and Gai, W. (2013). Reciprocal
induction between a-synuclein and B-amyloid in adult rat neurons. Neurotox.
Res. 23, 69-78. doi: 10.1007/5s12640-012-9330-y

Marciniak, E., Leboucher, A., Caron, E., Ahmed, T., Tailleux, A., Dumont, J.,
et al. (2017). Tau deletion promotes brain insulin resistance. J. Exp. Med. 214,
2257-2269. doi: 10.1084/jem.20161731

Marks, J. L., Porte, D., Stahl, W. L., and Baskin, D. G. (1990). Localization of
insulin receptor mRNA in rat brain by in situ hybridization. Endocrinology 127,
3234-3236. doi: 10.1210/endo-127-6-3234

Marzo, A., Galli, S., Lopes, D., McLeod, F., Podpolny, M., Segovia-Roldan, M.,
et al. (2016). Reversal of synapse degeneration by restoring Wnt signaling in
the adult hippocampus. Curr. Biol. 26, 2551-2561. doi: 10.1016/j.cub.2016.
07.024

Matsubara, M., Yamagata, H., Kamino, K., Nomura, T., Kohara, K., Kondo, I, et al.
(2001). Genetic association between Alzheimer disease and the a-synuclein
gene. Dement. Geriatr. Cogn. Disord. 12, 106-109. doi: 10.1159/000051243

Moussaud, S., Jones, D. R., Moussaud-Lamodiére, E. L., Delenclos, M.,
Ross, O. A., and McLean, P. J. (2014). a-synuclein and tau: teammates in
neurodegeneration? Mol. Neurodegener. 9:43. doi: 10.1186/1750-1326-9-43

Mudher, A., Chapman, S., Richardson, J., Asuni, A., Gibb, G., Pollard, C., et al.
(2001). Dishevelled regulates the metabolism of amyloid precursor protein via
protein kinase C/mitogen-activated protein kinase and c-Jun terminal kinase.
J. Neurosci. 21, 4987-4995. doi: 10.1523/jneurosci.21-14-04987.2001

Nagao, M., and Hayashi, H. (2009). Glycogen synthase kinase-3p is associated with
Parkinson’s disease. Neurosci. Lett. 449, 103-107. doi: 10.1016/j.neulet.2008.
10.104

Neth, B. J., and Craft, S. (2017). Insulin resistance and Alzheimer’s disease:
bioenergetic linkages. Front. Aging Neurosci. 9:345. doi: 10.3389/fnagi.2017.
00345

Niccoli, T., Cabecinha, M., Tillmann, A., Kerr, F., Wong, C. T., Cardenes, D.,
et al. (2016). Increased glucose transport into neurons rescues AP toxicity in
Drosophila. Curr. Biol. 26, 2291-2300. doi: 10.1016/j.cub.2016.07.017

Nilson, A. N., English, K. C., Gerson, J. E., Barton Whittle, T., Nicolas Crain, C.,
Xue, J., et al. (2017). Tau oligomers associate with inflammation in the brain
and retina of tauopathy mice and in neurodegenerative diseases. J. Alzheimers
Dis. 55, 1083-1099. doi: 10.3233/jad-160912

Nishida, Y., Winkler, E., Sagare, A., De Vivo, D., and Zlokovic, B. (2017).
Decreased glucose transporter 1 expression at the blood-brain barrier
exacerbates Alzheimer disease-like phenotypes in mouse models. J. Neurol. Sci.
381:768. doi: 10.1016/j.jns.2017.08.2167

Noble, W., Planel, E., Zehr, C., Olm, V., Meyerson, J., Suleman, F., et al.
(2005). Inhibition of glycogen synthase kinase-3 by lithium correlates with
reduced tauopathy and degeneration in vivo. Proc. Natl. Acad. Sci. U S A 102,
6990-6995. doi: 10.1073/pnas.0500466102

Nusse, R., and Clevers, H. (2017). Wnt/B-catenin signaling, disease, and
emerging therapeutic modalities. Cell 169, 985-999. doi: 10.1016/j.cell.2017.
05.016

O’Neill, C. (2013). PI3-kinase/Akt/mTOR signaling: impaired on/off switches in
aging, cognitive decline and Alzheimer’s disease. Exp. Gerontol. 48, 647-653.
doi: 10.1016/j.exger.2013.02.025

Okamoto, M., Inoue, K., Iwamura, H., Terashima, K., Soya, H., Asashima, M.,
etal. (2011). Reduction in paracrine Wnt3 factors during aging causes impaired
adult neurogenesis. FASEB J. 25, 3570-3582. doi: 10.1096/fj.11-184697

Oliva, C. A, Vargas, J. Y., and Inestrosa, N. C. (2013). Wnt signaling: role in LTP,
neural networks and memory. Ageing Res. Rev. 12, 786-800. doi: 10.1016/j.arr.
2013.03.006

Palsgaard, J., Emanuelli, B., Winnay, J. N., Sumara, G., Karsenty, G., and
Kahn, C. R. (2012). Cross-talk between insulin and Wnt signaling in
preadipocytes: role of Wnt co-receptor low density lipoprotein receptor-related
protein-5 (LRP5). J. Biol. Chem. 287, 12016-12026. doi: 10.1074/jbc.M111.
337048

Pan, Y., Short, J. L., Newman, S. A., Choy, K. H. C., Tiwari, D., Yap, C,, et al.
(2018). Cognitive benefits of lithium chloride in APP/PS1 mice are associated
with enhanced brain clearance of 3-amyloid. Brain Behav. Immun. 70, 36-47.
doi: 10.1016/j.bbi.2018.03.007

Parr, C., Carzaniga, R., Gentleman, S. M., Van Leuven, F., Walter, ., and Sastre, M.
(2012). Glycogen synthase kinase 3 inhibition promotes lysosomal biogenesis
and autophagic degradation of the amyloid-f precursor protein. Mol. Cell. Biol.
32, 4410-4418. doi: 10.1128/MCB.00930-12

Parr, C., Mirzaei, N., Christian, M., and Sastre, M. (2015). Activation of the Wnt/f-
catenin pathway represses the transcription of the f-amyloid precursor protein
cleaving enzyme (BACE1) via binding of T-cell factor-4 to BACE1 promoter.
FASEB J. 29, 623-635. doi: 10.1096/fj.14-253211

Patapoutian, A., and Reichardt, L. F. (2000). Roles of Wnt proteins in
neural development and maintenance. Curr. Opin. Neurobiol. 10, 392-399.
doi: 10.1016/50959-4388(00)00100-8

Pérez, A., Morelli, L., Cresto, J. C., and Castafio, E. M. (2000). Degradation of
soluble amyloid p-peptides 1-40, 1-42, and the Dutch variant 1-40Q by insulin
degrading enzyme from Alzheimer disease and control brains. Neurochem. Res.
25, 247-255. doi: 10.1023/A:1007527721160

Perfeito, R., Ribeiro, M., and Rego, A. C. (2017). a-synuclein-induced oxidative
stress correlates with altered superoxide dismutase and glutathione synthesis
in human neuroblastoma SH-SY5Y cells. Arch. Toxicol. 91, 1245-1259.
doi: 10.1007/500204-016-1788-6

Plum, L., Schubert, M., and Bru, J. C. (2005). The role of insulin receptor signaling
in the brain. Trends Endocrinol. Metab 16, 59-65. doi: 10.1016/j.tem.2005.
01.008

Purro, S. A, Dickins, E. M., and Salinas, P. C. (2012). The secreted Wnt antagonist
Dickkopf-1 is required for amyloid p-Mediated Synaptic Loss. J. Neurosci. 32,
3492-3498. doi: 10.1523/J]NEUROSCI.4562-11.2012

Qiu, W. Q., Walsh, D. M., Ye, Z., Vekrellis, K., Zhang, J., Podlisny, M. B., et al.
(1998). Insulin-degrading enzyme regulates extracellular levels of amyloid B-
protein by degradation. J. Biol. Chem. 273, 32730-32738. doi: 10.1074/jbc.273.
49.32730

Ren, F.,, Zhang, L., Zhang, X., Shi, H., Wen, T, Bai, L., et al. (2016). Inhibition of
glycogen synthase kinase 38 promotes autophagy to protect mice from acute
liver failure mediated by peroxisome proliferator-activated receptor a. Cell
Death Dis. 7:¢2151. doi: 10.1038/cddis.2016.56

Rickle, A., Bogdanovic, N., Volkman, I., Winblad, B., Ravid, R., and Cowburn, R. F.
(2004). Akt activity in Alzheimer’s disease and other neurodegenerative
disorders. Neuroreport 15, 955-959. doi: 10.1097/00001756-200404290-00005

Roberts, H. L., Schneider, B. L., and Brown, D. R. (2017). a-synuclein increases
p-amyloid secretion by promoting B-/y-secretase processing of APP. PLoS One
12:€0171925. doi: 10.1371/journal.pone.0171925

Rocca, W. A. (2018). The burden of Parkinson’s disease: a worldwide perspective.
Lancet Neurol. 17, 928-929. doi: 10.1016/S1474-4422(18)30355-7

Rockenstein, E., Torrance, M., Adame, A., Mante, M., Bar-on, P., Rose, J., et al.
(2007). Neuroprotective effects of regulators of the glycogen synthase kinase-30
signaling pathway in a transgenic model of Alzheimer’s disease are associated
with reduced amyloid precursor protein phosphorylation. J. Neurosci. 27,
1981-1991. doi: 10.1523/jneurosci.4321-06.2007

Rosso, S. B., and Inestrosa, N. C. (2013). WNT signaling in neuronal maturation
and synaptogenesis. Front. Cell. Neurosci. 7:103. doi: 10.3389/fncel.2013.00103

Ryder, J., Su, Y., Liu, F., Li, B., Zhou, Y., and Ni, B. (2003). Divergent roles of
GSK3 and CDK5 in APP processing. Biochem. Biophys. Res. Commun. 312,
922-929. doi: 10.1016/j.bbrc.2003.11.014

Saeki, K., Machida, M., Kinoshita, Y., Takasawa, R., and Tanuma, S. (2011).
Glycogen synthase kinase-3p2 has lower phosphorylation activity to tau than

Frontiers in Aging Neuroscience | www.frontiersin.org

July 2019 | Volume 11 | Article 184


https://doi.org/10.1093/emboj/20.1.27
https://doi.org/10.1212/01.wnl.0000140292.04932.87
https://doi.org/10.1212/01.wnl.0000140292.04932.87
https://doi.org/10.1172/JCI64516
https://doi.org/10.1074/jbc.M707108200
https://doi.org/10.1523/JNEUROSCI.1723-05.2005
https://doi.org/10.1007/s12640-012-9330-y
https://doi.org/10.1084/jem.20161731
https://doi.org/10.1210/endo-127-6-3234
https://doi.org/10.1016/j.cub.2016.07.024
https://doi.org/10.1016/j.cub.2016.07.024
https://doi.org/10.1159/000051243
https://doi.org/10.1186/1750-1326-9-43
https://doi.org/10.1523/jneurosci.21-14-04987.2001
https://doi.org/10.1016/j.neulet.2008.10.104
https://doi.org/10.1016/j.neulet.2008.10.104
https://doi.org/10.3389/fnagi.2017.00345
https://doi.org/10.3389/fnagi.2017.00345
https://doi.org/10.1016/j.cub.2016.07.017
https://doi.org/10.3233/jad-160912
https://doi.org/10.1016/j.jns.2017.08.2167
https://doi.org/10.1073/pnas.0500466102
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1016/j.exger.2013.02.025
https://doi.org/10.1096/fj.11-184697
https://doi.org/10.1016/j.arr.2013.03.006
https://doi.org/10.1016/j.arr.2013.03.006
https://doi.org/10.1074/jbc.M111.337048
https://doi.org/10.1074/jbc.M111.337048
https://doi.org/10.1016/j.bbi.2018.03.007
https://doi.org/10.1128/MCB.00930-12
https://doi.org/10.1096/fj.14-253211
https://doi.org/10.1016/s0959-4388(00)00100-8
https://doi.org/10.1023/A:1007527721160
https://doi.org/10.1007/s00204-016-1788-6
https://doi.org/10.1016/j.tem.2005.01.008
https://doi.org/10.1016/j.tem.2005.01.008
https://doi.org/10.1523/JNEUROSCI.4562-11.2012
https://doi.org/10.1074/jbc.273.49.32730
https://doi.org/10.1074/jbc.273.49.32730
https://doi.org/10.1038/cddis.2016.56
https://doi.org/10.1097/00001756-200404290-00005
https://doi.org/10.1371/journal.pone.0171925
https://doi.org/10.1016/S1474-4422(18)30355-7
https://doi.org/10.1523/jneurosci.4321-06.2007
https://doi.org/10.3389/fncel.2013.00103
https://doi.org/10.1016/j.bbrc.2003.11.014
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Norwitz et al.

Alzheimer Disease: An Integrated Perspective

glycogen synthase kinase-3f1. Biol. Pharm. Bull. 34, 146-149. doi: 10.1248/bpb.
34.146

Sato, S., Uchihara, T., Fukuda, T., Noda, S., Kondo, H., Saiki, S., et al. (2018).
Loss of autophagy in dopaminergic neurons causes Lewy pathology and
motor dysfunction in aged mice. Sci. Rep. 8:2813. doi: 10.1038/s41598-018-
21325-w

Schaffer, B. A. J., Bertram, L., Miller, B. L., Mullin, K., Weintraub, S., Johnson, N.,
etal. (2008). Association of GSK-3p with Alzheimer disease and frontotemporal
dementia. Arch. Neurol. 65, 1368-1374. doi: 10.1001/archneur.65.10.1368

Schulingkamp, R. J., Pagano, T. C., Hung, D., and Raffa, R. B. (2000). Insulin
receptors and insulin action in the brain: review and clinical implications.
Neurosci. Biobehav. Rev. 24, 855-872. doi: 10.1016/50149-7634(00)00040-3

Sellers, K. J., Elliott, C., Jackson, J., Ghosh, A., Ribe, E., Rojo, A. L, et al. (2018).
Amyloid B synaptotoxicity is Wnt-PCP dependent and blocked by fasudil.
Alzheimers Dement. 14, 306-317. doi: 10.1016/j.jalz.2017.09.008

Shafiei, S. S., Guerrero-Muifioz, M. J., and Castillo-Carranza, D. L. (2017). Tau
oligomers: cytotoxicity, propagation, and mitochondrial damage. Front. Aging
Neurosci. 9:83. doi: 10.3389/fnagi.2017.00083

Silva-Alvarez, C., Arrazola, M. S., Godoy, J. A., Ordenes, D., and Inestrosa, N. C.
(2013). Canonical Wnt signaling protects hippocampal neurons from Af
oligomers: role of non-canonical Wnt-5a/Ca2+ in mitochondrial dynamics.
Front. Cell. Neurosci. 7:97. doi: 10.3389/fncel.2013.00097

Stephano, F., Nolte, S., Hoffmann, J., EI-Kholy, S., Von Frieling, J., Bruchhaus, L.,
et al. (2018). Impaired Wnt signaling in dopamine containing neurons is
associated with pathogenesis in a rotenone triggered Drosophila Parkinson’s
disease model. Sci. Rep. 8:2372. doi: 10.1038/s41598-018-20836-w

Theendakara, V., Peters-Libeu, C. A., Spilman, P., Poksay, K. S., Bredesen, D. E.,
and Rao, R. V. (2016). Direct transcriptional effects of apolipoprotein E.
J. Neurosci. 36, 685-700. doi: 10.1523/J]NEUROSCI.3562-15.2016

Toledo, E. M., and Inestrosa, N. C. (2010). Activation of Wnt signaling by lithium
and rosiglitazone reduced spatial memory impairment and neurodegeneration
in brains of an APPswe/PSEN1AE9 mouse model of Alzheimer’s disease. Mol.
Psychiatry 15, 272-285. doi: 10.1038/mp.2009.72

Uéda, K., Fukushima, H., Masliah, E., Xia, Y., Iwai, A., Yoshimoto, M., et al.
(1993). Molecular cloning of cDNA encoding an unrecognized component of
amyloid in Alzheimer disease. Proc. Natl. Acad. Sci. U S A 90, 11282-11286.
doi: 10.1073/pnas.90.23.11282

Vogiatzi, T., Xilouri, M., Vekrellis, K., and Stefanis, L. (2008). Wild type
a-synuclein is  degraded by chaperone-mediated autophagy and
macroautophagy in neuronal cells. J. Biol. Chem. 283, 23542-23556.
doi: 10.1074/jbc.M801992200

Wakatsuki, S., Furuno, A., Ohshima, M., and Araki, T. (2015). Oxidative
stress-dependent phosphorylation activates ZNRF1 to induce neuronal/axonal
degeneration. J. Cell Biol. 211, 881-896. doi: 10.1083/jcb.201506102

Wakatsuki, S., Saitoh, F., and Araki, T. (2011). ZNRF1 promotes
Wallerian degeneration by degrading AKT to induce GSK3pB-dependent
CRMP2 phosphorylation. Nat. Cell Biol. 13, 1415-1423. doi: 10.1038/ncb2373

Wan, X. Z, Li, B, Li, Y. C, Yang, X. L, Zhang, W., Zhong, L., et al
(2012). Activation of NMDA receptors upregulates A Disintegrin and
Metalloproteinase 10 via a Wnt/MAPK signaling pathway. J. Neurosci. 32,
3910-3916. doi: 10.1523/jneurosci.3916-11.2012

Wan, W., Xia, S., Kalionis, B., Liu, L., and Li, Y. (2014). The role of Wnt signaling in
the development of Alzheimer’s disease: A potential therapeutic target? Biomed
Res. Int. 2014:301575. doi: 10.1155/2014/301575

Wang, Q., Tian, Q., Song, X,, Liu, Y., and Li, W. (2016). SNCA gene polymorphism
may contribute to an increased risk of Alzheimer’s disease. J. Clin. Lab. Anal.
30, 1092-1099. doi: 10.1002/jcla.21986

Weikel, K. A., Cacicedo, J. M., Ruderman, N. B., and Ido, Y. (2016).
Knockdown of GSK3P increases basal autophagy and AMPK signalling
in nutrient-laden human aortic endothelial cells. Biosci. Rep. 36:€00382.
doi: 10.1042/BSR20160174

Willette, A. A., Bendlin, B. B., Starks, E. J., Birdsill, A. C., Johnson, S. C.,
Christian, B. T., et al. (2015). Association of insulin resistance with cerebral
glucose uptake in late middle-aged adults at risk for Alzheimer disease. JAMA
Neurol. 72, 1013-1020. doi: 10.1001/jamaneurol.2015.0613

Wills, J., Jones, J., Haggerty, T., Duka, V., Joyce, J. N., and Sidhu, A. (2010).
Elevated tauopathy and a-synuclein pathology in postmortem Parkinson’s
disease brains with and without dementia. Exp. Neurol. 225, 210-218.
doi: 10.1016/j.expneurol.2010.06.017

Witt, S. N., and Flower, T. R. (2006). a-synuclein, oxidative stress and apoptosis
from the perspective of a yeast model of Parkinson’s disease. FEMS Yeast Res.
6,1107-1116. doi: 10.1111/j.1567-1364.2006.00135.x

Xia, Y., Rohan de Silva, H., Rosi, B., Yamaoka, L. H., Rimmler, J. B,
Pericak-Vance, M. A., et al. (1996). Genetic studies in Alzheimer’s disease
with an NACP/a-synuclein polymorphism. Ann. Neurol. 40, 207-215.
doi: 10.1002/ana.410400212

Xie, L., Helmerhorst, E., Taddei, K., Plewright, B., Van Bronswijk, W., and
Martins, R. (2002). Alzheimer’s B-amyloid peptides compete for insulin
binding to the insulin receptor. J. Neurosci. 22:RC221. doi: 10.1523/jneurosci.
22-10-j0001.2002

Xu, J., Kao, S. Y., Lee, F, Song, W, Jin, L. W,, and Yankner, B. A.
(2002). Dopamine-dependent neurotoxicity of a-synuclein: a mechanism for
selective neurodegeneration in Parkinson disease. Nat. Med. 8, 600-606.
doi: 10.1038/nm0602-600

Yan, X., Uronen, R. L., and Huttunen, H. J. (2018). The interaction of a-synuclein
and Tau: a molecular conspiracy in neurodegeneration? Semin. Cell Dev. Biol.
doi: 10.1016/j.semcdb.2018.05.005 [Epub ahead of print].

Yi, J. H, Baek, S. J., Heo, S., Park, H. J., Kwon, H., Lee, S., et al. (2018).
Direct pharmacological Akt activation rescues Alzheimer’s disease like
memory impairments and aberrant synaptic plasticity. Neuropharmacology
128, 282-292. doi: 10.1016/j.neuropharm.2017.10.028

Yuan, Y. H., Yan, W. F,, Sun, J. D., Huang, J. Y., Mu, Z., and Chen, N. H. (2015).
The molecular mechanism of rotenone-induced a-synuclein aggregation:
emphasizing the role of the calcium/GSK3p pathway. Toxicol. Lett. 233,
163-171. doi: 10.1016/j.toxlet.2014.11.029

Zhang, B., Wang, Y., Li, H, Xiong, R., Zhao, Z, Chu, X,, et al. (2016).
Neuroprotective effects of salidroside through PI3K/Akt pathway activation
in Alzheimer’s disease models. Drug Des. Devel. Ther. 10, 1335-1343.
doi: 10.2147/dddt.s99958

Zhao, W.-Q., De Felice, F. G., Fernandez, S., Chen, H., Lambert, M. P., Quon, M. J.,
et al. (2008). Amyloid B oligomers induce impairment of neuronal insulin
receptors. FASEB J. 22, 246-260. doi: 10.1096/£j.06-7703com

Zhao, N, Liu, C. C., Van Ingelgom, A. J., Martens, Y. A., Linares, C., Knight, J. A.,
etal. (2017). Apolipoprotein E4 impairs neuronal insulin signaling by trapping
insulin receptor in the endosomes. Neuron 96, 115.e5-129.e5. doi: 10.1016/j.
neuron.2017.09.003

Zhou, W., Dong, L., Wang, N,, Shi, J., Yang, J., Zuo, Z., et al. (2014). Akt mediates
GSK-3p phosphorylation in the rat prefrontal cortex during the process of
ketamine exerting rapid antidepressant actions. Neuroimmunomodulation 21,
183-188. doi: 10.1159/000356517

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Norwitz, Mota, Norwitz and Clarke. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

July 2019 | Volume 11 | Article 184


https://doi.org/10.1248/bpb.34.146
https://doi.org/10.1248/bpb.34.146
https://doi.org/10.1038/s41598-018-21325-w
https://doi.org/10.1038/s41598-018-21325-w
https://doi.org/10.1001/archneur.65.10.1368
https://doi.org/10.1016/s0149-7634(00)00040-3
https://doi.org/10.1016/j.jalz.2017.09.008
https://doi.org/10.3389/fnagi.2017.00083
https://doi.org/10.3389/fncel.2013.00097
https://doi.org/10.1038/s41598-018-20836-w
https://doi.org/10.1523/JNEUROSCI.3562-15.2016
https://doi.org/10.1038/mp.2009.72
https://doi.org/10.1073/pnas.90.23.11282
https://doi.org/10.1074/jbc.M801992200
https://doi.org/10.1083/jcb.201506102
https://doi.org/10.1038/ncb2373
https://doi.org/10.1523/jneurosci.3916-11.2012
https://doi.org/10.1155/2014/301575
https://doi.org/10.1002/jcla.21986
https://doi.org/10.1042/BSR20160174
https://doi.org/10.1001/jamaneurol.2015.0613
https://doi.org/10.1016/j.expneurol.2010.06.017
https://doi.org/10.1111/j.1567-1364.2006.00135.x
https://doi.org/10.1002/ana.410400212
https://doi.org/10.1523/jneurosci.22-10-j0001.2002
https://doi.org/10.1523/jneurosci.22-10-j0001.2002
https://doi.org/10.1038/nm0602-600
https://doi.org/10.1016/j.semcdb.2018.05.005 [Epub ahead of print].
https://doi.org/10.1016/j.neuropharm.2017.10.028
https://doi.org/10.1016/j.toxlet.2014.11.029
https://doi.org/10.2147/dddt.s99958
https://doi.org/10.1096/fj.06-7703com
https://doi.org/10.1016/j.neuron.2017.09.003
https://doi.org/10.1016/j.neuron.2017.09.003
https://doi.org/10.1159/000356517
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Multi-Loop Model of Alzheimer Disease: An Integrated Perspective on the Wnt/GSK3, -Synuclein, and Type 3 Diabetes Hypotheses
	INTRODUCTION
	WNT/GSK3
	Overview of Wnt-Signaling
	Dysfunctional Wnt-Signaling Causes the Production of A
	A Causes Dysfunctional Wnt-Signaling
	An LRP6 Deletion Model Supports the Wnt/GSK3-A Feedback Loop
	Human Neuropathological and Genetic Data Support the Wnt/GSK3 Model
	GSK3 Links A to p-tau

	-SYNUCLEIN
	Human Neuropathological and Genetic Data Suggest Overlapping Pathology Between AD and PD
	-Synuclein Induces Amyloid Pathology, Possibly in a Wnt/GSK3-Dependent Manner, and Is in Positive Feedback With A
	-Synuclein, Directly and via GSK3, Induces Tauopathy and Is in Positive Feedback with p-tau

	TYPE 3 DIABETES
	Overview of Insulin Signaling and Its Role in the Brain
	Lack of Energetic Substrates as an Exacerbating Factor for AD
	Insulin Resistance and Wnt-Signaling in Synaptic Dysfunction
	Insulin Resistance and A Can Establish a Wnt/GSK3-Dependent Positive Feedback Loop
	The AKT Paradox

	AN INTEGRATED PERSPECTIVE AND CONCLUDING REMARKS
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


