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ABSTRACT 

 

Background: The amyloid precursor protein (APP) cleavage product secreted amyloid precursor 

protein alpha (sAPPα) is a neurotrophic factor demonstrated to be protective in animal models of 

neurodegeneration. Despite evidence that sAPPα activates the insulin signaling pathway the 

effects of sAPPα on diabetes-induced pathology in the nervous system are unknown. 

 

Hypothesis: Studies by us and others strongly suggest that sAPPα is an activating ligand for 

neuronal insulin receptors (IRs). Therefore, we hypothesized that sAPPα could inhibit neuronal 

dysfunction in an animal model of diabetes. This hypothesis was tested in 3 aims.  

AIM 1: Because diabetes is a risk factor for Alzheimer’s disease (AD) and the two 

diseases share similar biochemical indices, we examined if sAPPα could inhibit the development 

of Alzheimer’s-like pathology in diabetic brain tissue.  

AIM 2: AD brain and diabetic peripheral tissues display a similar pathological profile and 

many experimental treatments that are successful at reducing pathology in AD mice are also 

beneficial in the diabetic PNS. Therefore, in this aim, we analyzed if sAPPα could slow the 

development of diabetes-induced peripheral neuropathy.  

AIM 3: In our final aim, we examined the effects of sAPPα overexpressing neural stem 

cells (sAPPα-NSCs) engrafted into the hippocampi on Morris water maze (MWM) performance 

of healthy mice.   

 

Results: Analysis of brain tissue from diabetic sAPPα mice revealed that sAPPα blocked the 

development of Alzheimer’s-like pathology in the form of aberrant tau phosphorylation. 

Additionally, sAPPα decreased diabetes-induced activation of the unfolded protein response 
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(UPR), a sign that diabetic sAPPα mice maintained better overall brain health compared to 

diabetic controls. Interestingly, despite in vitro evidence that both insulin and sAPPα require 

activation of the survival kinase AKT for their survival effects, AKT activation was 

paradoxically increased in wild-type (Wt) diabetic brain tissue and normalized by sAPPα. 

We found that sAPPα slowed the development of diabetes-induced thermal hypoalgesia, 

an indicator of sensory neuropathy, in our model. Cell culture experiments demonstrated that the 

neurotrophic effects of sAPPα in the PNS are associated with up-regulation of the 

neuroprotective transcription factor NFκB and increased expression of the mitochondrial 

antioxidant MnSOD. 

In the final set of experiments, we found that hippocampal injections of sAPPα-NSCs 

altered Morris water maze (MWM) performance of healthy SAMR1 mice. Although future 

studies are required to determine the effects of sAPPα-NSCs on cognition, these preliminary 

results nevertheless warrant future studies investigating the therapeutic potential of sAPPα-

NSCs. 

 

Conclusion: In total, the results presented in this thesis demonstrate that sAPPα can inhibit 

pathology in the diabetic nervous system. Therefore, the data generated from these studies has 

provided a foundation for the development of sAPPα based therapeutics, potentially in the form 

of sAPPα-NSCs, as a treatment option for diabetes and AD.   
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CHAPTER 1: LITERATURE REVIEW AND HYPOTHESIS1 

1.1: INTRODUCTION 

AD was first identified in 1901 by Dr. Alois Alzheimer after he was presented with 51-

year-old Auguste Deter who was suffering from “mental incompetence, aphasia, disorientation, 

paranoia, and unprovoked bursts of anger”.  Although symptoms such as these were considered a 

natural part of aging, Dr. Alzheimer correctly deduced that because Deter was middle age her 

mental deterioration was the result of neurodegenerative brain disease. Over the next four and 

half years Deter became increasingly demented until her death at the age of 55. Upon 

examination of Deter’s brain Dr. Alzheimer found microscopic strands of protein which he 

described as “tangled bundles of fibrils” (neurofibrillary tangles) in addition to “miliary foci” 

(amyloid plaques). In 1906, at the 37th Conference of South-West German Psychiatrists in 

Tübingen Alois Alzheimer presented Deter’s case as, “a peculiar disease of the cerebral cortex” 

thus giving birth to the field of Alzheimer’s disease research. 

AD is the most common form of dementia (Alzheimer's 2016) and by  2050 it’s estimated 

that over 100 million people worldwide will have the disease (Brookmeyer et al. 2007) and the  

annual cost of treating AD is predicted to exceed $1 trillion in the United States alone (Vellas et 

al. 2007). AD is characterized by severe cognitive impairment, neuronal loss and by the presence 

of amyloid plaques, composed of aggregated amyloid beta (Aβ), and neurofibrillary tangles 

(NFTs), composed of aggregated, hyperphosphorylated tau proteins, in the brain. Confirmation 

of an AD diagnosis can only take place post-mortem when the presence of plaques and tangles 

can be documented. In the clinic, probable-AD is diagnosed by deficits in episodic memory 

(Albert et al. 2011) while procedural memory is spared even during the late stages  (Kawai et al. 

                                                           
Sections of chapter 1, were created by Brent Aulston and published in © 2013 Aulston BD, Odero GL, Aboud Z, 

Glazner GW. “Understanding Alzheimer's Disease” - see permissions section 
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2002). With advancements in PET imaging amyloid (Rinne et al. 2010) and tau (Chiotis et al. 

2016) pathology can  now  be measured in living patients, therefore diagnosing guidelines may 

soon move away from the post-mortem paradigm as soon as these new imaging techniques 

become widely available. 

 Mounting evidence suggests that impairment of the brain’s insulin signaling pathway 

may be pathogenic in AD  (Frolich et al. 1999, Cheng et al. 2012, Talbot et al. 2012). Type 2 

diabetes (T2DM) a risk factor for AD (Ott et al. 1996, Cheng et al. 2012) and insulin signaling 

dysfunction is present in the AD brain even in the absence of systemic diabetes (Talbot et al. 

2012). Insulin is critical to brain health and  provides protection by stimulating anti-oxidant and 

anti-apoptotic gene transcription (Duarte et al. 2005, Apostolatos et al. 2012) and deactivating 

pro-apoptotic machinery (Brunet et al. 1999, Barber et al. 2001, de la Monte et al. 2002). Insulin 

also negatively influences Aβ accumulation and tau hyperphosphorylation which are the defining 

characteristics of AD leading to the hypothesis that AD is a brain-specific form of diabetes or 

“type-3 diabetes” (Steen et al. 2005, Kandimalla et al. 2017). 

Interestingly, APP mice develop a pattern of peripheral neuropathy that is similar to that 

of type 1 diabetic animals such as  thermal hypoalgesia, loss of tactile sensitivity, and reduced 

intraepidermal nerve fibers in the hind paws (Jolivalt et al. 2012). Moreover, presence of the ε4 

isoform of the apolipoprotein E (APOE) is a genetic risk factor for both AD and peripheral 

neuropathy (Corder et al. 1993, Monastiriotis et al. 2013, Hatami et al. 2017) and mutations to 

APP cause familial AD and familial sensory neuropathy (Shin et al. 2012). Therapeutic strategies 

that have been successful at treating cognitive deficits in experimental AD mice have also been 

successful at reversing experimental diabetic sensory neuropathy such as enhancement of the 

transcriptional co-activator PGC1α by resveratrol (Roy Chowdhury et al. 2012, Gong et al. 2013) 
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and overexpression of the antioxidant MnSOD (Vincent et al. 2007, Dumont et al. 2009). In 

total, AD and sensory neuropathy are connected biochemically and may be treatable by similar 

therapeutics.  

Work by us and others demonstrates that the APP cleavage product sAPPα activates 

neuronal IRs (Jimenez et al. 2011) and therefore sAPPα may be protective in the diabetic 

nervous system. sAPPα is protective against cognitive impairment in AD mice (Fol et al. 2016) 

and against trophic depletion in dorsal root ganglia (DRG) (Nishimura et al. 2003) neuronal 

cultures suggesting that sAPPα has neurotrophic activity in both the CNS and PNS . With this in 

mind, we designed a series of experiments to determine if sAPPα could replace the effects of 

insulin in the diabetic nervous system by examining the effects of sAPPα on Alzheimer’s-like 

pathology in the brain and on diabetes-induced peripheral neuropathy. 

 

1.2: THE AMYLOID HYPOTHESIS OF ALZHEIMER’S DISEASE 

Overview - Aβ is a small peptide 38-43 amino acids long that is believed to have a major 

role in neurodegeneration and pathology of AD (Thinakaran et al. 2008). Aβ monomers are 

neuroprotective in culture and amyloid toxicity is mediated by Aβ oligomers (Cleary et al. 2005, 

Giuffrida et al. 2009). Nevertheless, over-production of Aβ is the centerpiece of AD research 

since all known familial forms of AD feature enhanced Aβ production (Rocchi et al. 2003, 

Hatami et al. 2017).   

Aβ is produced by successive cleavages of the cell surface protein APP by β- and γ-

secretases (Zhang et al. 2011b). APP can also be processed by α- secretases, which both prevents 

amyloid production and produces the neuroprotective product sAPPα (De Strooper et al. 2000). 
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Therefore, dysregulation of protective α-secretase processing in favor of enhanced 

amyloidogenic cleavages of APP may play a central role in AD pathogenesis and progression.  

APP belongs to a family of transmembrane proteins that includes APP-like protein 1 and 

2 (APPLP1/APPLP2). All APP family members are processed in a similar fashion by α, β, and γ 

secretases (Wasco et al. 1992, Wasco et al. 1993, Coulson et al. 2000), however the Aβ domain 

is unique to APP.  Three isoforms of APP have been identified consisting of 695, 751, or 770 

amino acids that arise from alternative splicing of the same gene located on chromosome 21 

(Goate et al. 1991). APP 751 and APP 770 are expressed in most tissues and contain a 56 amino 

acid Kunitz protease inhibitor domain not found in the neuron specific 695 isoform (Kang et al. 

1990, Rohan de Silva et al. 1997). Increased neuronal expression of 770 and 751 isoforms has 

been linked to increased Aβ production and their expression is elevated in the AD brain 

(Menendez-Gonzalez et al. 2005).  

While the physiological role of APP remains unknown, APP likely plays a role in neurite 

outgrowth, synaptogenesis, neuronal trafficking along the axon, transmembrane signal 

transduction, cell adhesion and calcium metabolism (Zheng et al. 2006, Muller et al. 2017). APP 

concentrations are elevated in the brain during the prenatal period in mice which implies a role of 

APP in brain development (Loffler et al. 1992, Sosa et al. 2017). In the adult brain, APP is 

expressed in regions of synaptic modification (Loffler et al. 1992, Caldwell et al. 2013) and 

increases hippocampal neuronal response to glutamate (Tominaga-Yoshino et al. 2001). 

Alpha-secretase processing of APP: APP is synthesized and transported through the 

Golgi apparatus to the trans Golgi network (TGN) (Hartmann et al. 1997, Xu et al. 1997, 

Greenfield et al. 1999). From there, APP can be transported in secretory vesicles to the cell 

surface where α-secretases reside (Parvathy et al. 1999). APP  processing by α-secretase 
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precludes and prevents Aβ production, and while many candidates have been suggested, 

ADAM10 has been acknowledged as the physiologically relevant α-secretase enzyme (Kuhn et 

al. 2010). The physiological role of APP may require α-secretase processing as abnormalities in 

APP knockout (KO) mice can be reversed by sAPPα treatment (Ring et al. 2007).  

Beta-secretase processing of APP: If not cleaved by α-secretase, APP can be 

alternatively processed by β and γ secretase enzymes to produce Aβ. BACE1 is an aspartyl 

protease that is universally considered the major β-secretase enzyme (Cai et al. 2001). Because 

of the cellular localization of BACE1, it is hypothesized that the majority of Aβ production 

occurs in the golgi or endosomes (Koo et al. 1994, Thinakaran et al. 1996). BACE1 cleavage of 

APP produces  a β-carboxyl terminal fragment (βCTF), that can be further processed into Aβ, 

and the secreted amyloid precursor protein beta (sAPPβ) (Zhang et al. 2011b). sAPPβ differs 

from sAPPα by only 16 amino acids yet produces minimal neurotrophic effects (Furukawa et al. 

1996). sAPPβ has been identified as a ligand for Death Receptor 6 which mediates axonal 

pruning and neuronal death (Nikolaev et al. 2009). Familial AD APP mutations, which are 

present in 5-10% of AD cases (Bekris et al. 2010),  may cause Aβ overproduction by decreasing 

α-secretase processing of APP (Haass et al. 1994) or by increasing the susceptibility of APP 

towards β-secretase cleavage (Zhou et al. 2011).  

Gamma-secretase processing of APP: Generation of Aβ requires additional processing 

of the βCTF by γ-secretase.  The γ-secretase complex consists of PS1 or PS2, nicastrin, APH-1 

and PEN2 (De Strooper 2003, Kimberly et al. 2003). Outside of the APOE ε4 allele (Corder et 

al. 1993) all genetic predispositions to AD involve mutations to APP or presenilin 1 and 

presenilin 2 (Price et al. 1998, Li et al. 2000, Selkoe 2001, Janssen et al. 2003). Presenilin 

mutations may increase Aβ production by increasing γ-secretase activity and altering APP 
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trafficking (Naruse et al. 1998, Kim et al. 2001, Wirths et al. 2002, Kimberly et al. 2003). Like 

BACE1 processing, γ-secretase cleavages occur in the TGN (Xu et al. 1997, Kimberly et al. 

2003) where Aβ peptides of various lengths are generated including Aβ40, which composes the 

majority of the Aβ produced (Burdick et al. 1992), and Aβ42, the more toxic and aggregate-

prone species (Roher et al. 1993, Mann et al. 1996). A decreased Aβ40/Aβ42 ratio has been 

implicated in AD pathogenesis (Fryer et al. 2005, Wiltfang et al. 2007). 

 

Figure 1: Mechanisms of Aβ overproduction in Alzheimer’s disease 

 

Figure 1: Mechanisms of Aβ overproduction in Alzheimer’s disease - The histological 

hallmark of AD is deposition of amyloid within the brain, yet the mechanisms that underlie Aβ 

accumulation remain poorly understood. In healthy individuals, the majority of APP is cleaved 

by alpha secretase enzymes to produce the neurotrophic peptide sAPPα. However, increased 
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expression of BACE1, in AD indicates that there is a disease-induced shift in favor of 

amyloidogenic APP processing that underlies Aβ overproduction. Experimentally, several 

elements have been identified that may contribute to AD-associated BACE1 overexpression, 

including the unfolded protein response mediators PERK/eIF2α, the transcription factor HIF-1α, 

the kinases CDK5 and GSK3β, and the protease caspase-3. Therefore, multiple pathways may 

contribute to Aβ accumulation and AD pathogenesis.  

Mechanisms of Aβ toxicity: Although amyloid plaques are a striking histopathological 

finding in AD, their presence likely has little effect on cognition as antibody-mediated clearance 

of amyloid plaques failed to improve ADAS-cog scores  in AD patients (Holmes et al. 2008) . 

Instead, the detrimental effects of Aβ have been attributed to oligomeric Aβ (Aβo), which is 

formed by elevated concentrations of Aβ monomers (Stine et al. 2003, Nag et al. 2011). Aβo 

levels more strongly correlate with cognitive decline than does plaque load (Lesne et al. 2006, 

Lesne et al. 2008, Tomic et al. 2009) and Aβo negatively impacts learning and memory in animal 

models (Walsh et al. 2002). Oligomers come in a variety of sizes from  low molecular weight 

dimers/trimers to high molecular spheres that aggregate into plaque forming fibrils (Glabe 2008). 

Intermediate-sized spherical Aβo is the most toxic oligomeric species (Glabe 2006, Glabe et al. 

2006, Meier et al. 2006).  

Aβo at the cell surface: Aβ oligomers likely contribute to neuronal death through both 

direct cytotoxicity and impairment of neurotrophic signaling pathways. Both sAPPα  and insulin 

signaling effects are susceptible to Aβo-mediated inhibition of PI3K/AKT which may due to 

direct binding of oligomers to IR/IGF1R (Zhao et al. 2008, Jimenez et al. 2011). In addition to 

blocking IR/IFG1R, extracellular Aβo at the cell surface triggers apoptotic signaling via an 

interaction with the NGF receptor p75 (Tsukamoto et al. 2003), inhibits neuroprotective Wnt/β-
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catenin signaling (Magdesian et al. 2008) and aberrantly activates NMDA receptors (NMDARs) 

resulting in excitotoxic cell death (De Felice et al. 2007) The association between Aβo and 

receptors such as NDMARs may underlie Aβo accumulation at, and disruption of, neuronal 

synapses (Shankar et al. 2007, Reddy et al. 2008).  

Aβo channel and permeability hypothesis: In addition to cell surface interactions, Aβo 

toxicity is associated with permeabilization of the plasma membrane. This occurs by the 

formation of Aβo into cation specific channels (Arispe et al. 1993a, Arispe et al. 1993b) and 

channel-independent disruption of internal and external lipid bi-layers (Demuro et al. 2005). In 

both cases, permeabilization causes cellular toxicity by elevating intracellular calcium 

concentrations resulting in free radical production, bioenergetic inefficiency and activation of 

cell death signaling (Rodrigues et al. 2000, Eckert et al. 2003, Resende et al. 2008). 

Mechanisms of AD amyloidosis; upregulation of BACE1: Regions of the brain 

affected by AD have elevated BACE1 activity and expression levels (Sinha et al. 1999, Vassar et 

al. 1999). Once identified, BACE1 became a popular therapeutic target for AD treatment 

however, BACE1 KO mice have reduced survivability and body size (Dominguez et al. 2005). 

BACE1 KO mice also present with hyperactive behavior (Dominguez et al. 2005) and other 

abnormalities such as hypomyelination of peripheral nerves, reduced grip strength, and elevated 

pain sensitivity (Hu et al. 2006).  

 The unfolded protein response:  Activation of the UPR inhibits protein synthesis during 

cellular insult and also stimulates the expression of BACE1. There are multiple indices of UPR 

activation in the AD brain including increased chaperone expression and enhanced PERK 

phosphorylation (Hoozemans et al. 2005). PERK is a threonine/serine kinase that suppresses 

translation by phosphorylating eIF2α (Wu et al. 2006) that along with eIF2β, eIF2B and eIF2γ, 
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form a translation initiation complex (Kimball 1999). There are increased levels of 

phosphorylated eIF2α (peIF2α) in the brains of AD patients that positively correlates with 

BACE1 and amyloid loads (O'Connor et al. 2008). Furthermore, the APOE4 allele, a major risk 

factor for AD development (Corder et al. 1993, Chartier-Harlin et al. 1994) increases peIF2α 

levels in transgenic mice (Segev et al. 2013). At the cellular level, increased eIF2α 

phosphorylation occurs in response to energy depletion (O'Connor et al. 2008), Aβ (Lee do et al. 

2010) and hypoxia (Kimball 1999, Althausen et al. 2001, Fahling 2009). 

Under normal conditions, eIF2B, which catalyzes the exchange of GDP for GTP on the 

eIF2γ subunit, is free to bind and dissociate from the complex. The exchange of GDP for GTP 

allows for methionine-tRNAs to be incorporated into the initiator complex resulting in the 

translation of AUG start codons on mRNA transcripts. However, eIF2B does not readily 

dissociate from peIF2α that results in decreased GDP being exchanged for GTP, reduced 

incorporation of met-tRNAs into initiator complexes and an overall reduction in translation. 

Paradoxically, increased peIF2α is associated with increased translation of BACE1 transcripts 

(O'Connor et al. 2008) revealing a unique regulatory mechanism for translation of BACE1 

mRNA.  

The BACE1 transcript contains 3 open reading frames. Interestingly, a stem loop 

structure is present after the second ORF (O'Connor et al. 2008). When peIF2α levels are low, 

and initiator complexes can be readily formed, both ORFs on the BACE1 transcript are 

translated and that the stem loop structure following ORF2 causes dissociation of 40s and 60s 

ribosomal subunits before the third ORF can be translated. However, during cellular stress and 

UPR activation, high levels of phosphorylated eIF2α result in inefficient initiator complex 

formation and decreased formation of ribosomal complexes. Therefore, because of decreased 
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translation of the second ORF, fewer 40S scanning ribosomal subunits are dissociated at the stem 

loop structure. Instead, 40S subunits are allowed to scan past the first 2 ORFs and reach the third 

ORF resulting in initiator complexes being formed at the BACE1 start codon resulting in 

translation of BACE1 mRNA (O'Connor et al. 2008).  

GSK3β, JNK, and CDK5: In addition to PERK/eIF2a, GSK3β may contribute to BACE1 

overexpression by indirectly enhancing BACE1 transcription (Ly et al. 2013) causing increased 

Aβ production in vitro (Yu et al. 2012). Enhanced BACE1 expression may be also be caused by 

elevated intracellular calcium levels leading to calpain induced activation of the serine/threonine 

kinase CDK5 (Pierrot et al. 2006). Increased intracellular calcium activates calpain which 

cleaves p35 substrates to p25,  an activator of  CDK5 (Cruz et al. 2006). Active CDK5 enhances 

BACE1 expression by phosphorylating the transcription factor STAT3 resulting in STAT3-

mediated stimulation of the BACE1 promoter (Wen et al. 2008).  

Vascular insufficiency and HIF-1α: Vascular insufficiency is a major risk factor for AD 

(Helzner et al. 2009, Li et al. 2011) and cerebrovascular dysfunction is associated with 

neurodegeneration in AD patients and APP models (de la Torre 2004, Bell et al. 2009). 

Experimental hypoperfusion increases both Aβ and BACE1 (Zhiyou et al. 2009). In addition to 

activating GSK3β (Elali et al. 2013) and PERK (Kumar et al. 2001), vascular insufficiency may 

increase BACE1 expression by activating HIF-1α (Bernaudin et al. 2002). HIF-1α is a 

transcription factor (Semenza 2000, Baranova et al. 2007) that, under normoxic conditions, is 

ubiquitinated and targeted for degradation, but is stabilized and active during oxygen depletion 

(Chun et al. 2002, Dery et al. 2005, Semenza 2007). Stable HIF-1α forms an active 

transcriptional complex with HIF-1β that initiates the transcription of several survival genes 

(Minet et al. 2001, Greijer et al. 2005, Harms et al. 2010) as well as BACE1 (Sun et al. 2006, 
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Zhang et al. 2007, Guglielmotto et al. 2009), which may be the mechanistic basis for 

cerebrovascular impairment-induced Aβ accumulation.  

Possible physiological roles for Aβ: Although linked to several toxicities, Aβ is 

critically important to neurons as Aβ depletion in culture results in cell death (Plant et al. 2003). 

While one of the most commonly cited sources of insulin signaling dysfunction in AD is IR 

antagonism by Aβo (Zhao et al. 2008), there is strong evidence indicating that Aβ monomers 

positively modulate insulin pathway activation (Giuffrida et al. 2009). Aβ and insulin are 

structurally similar  (Kurochkin 1998, Kurochkin 2001) and both Aβ and insulin are degraded by 

insulin degrading enzyme (IDE) (Kurochkin et al. 1994, Qiu et al. 1998, Farris et al. 2003).  

Therefore, while it remains unclear if the brain can synthesize insulin, the brain does appear to 

have an endogenously produced IR agonist in the form of Aβ.  

The pro-survival properties of Aβ appear to involve a modulatory effect on excitatory 

neuronal signaling. NMDAR activation increases Aβ production (Lesne et al. 2005) and  Aβ 

regulates synaptic activity (Kamenetz et al. 2003). When combined with data showing that 

inhibition of γ secretase increases excitatory postsynaptic current frequency and APP deficient 

mice are hypersensitive towards kainite induced seizures (Steinbach et al. 1998, Kamenetz et al. 

2003), these findings indicate that Aβ may be a critical negative regulator of excitatory signals. 

Aβ may also modulate excitability by increasing the expression of inactivating potassium 

channel subunits (Plant et al. 2006), which are key determinants of cell survival and apoptotic 

processes (Yu 2003).  

The physiological role of Aβ may also involve regulation of self-renewing NSC (neural 

stem cell) proliferation and differentiation. This was first suggested after APP was found to be 

critically involved in brain development (Hartmann et al. 1999, Herms et al. 2004, Guenette et al. 
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2006). In accordance, both sAPPα and Aβ influence NSC fate and replication rate (Lopez-

Toledano et al. 2004, Diaz-Moreno et al. 2013, Itokazu et al. 2014). sAPPα (Caille et al. 2004, 

Baratchi et al. 2012, Demars et al. 2013) and Aβ (Diaz-Moreno et al. 2013, Itokazu et al. 2014) 

increase  NSC proliferation and  sAPPα causes NSC differentiation into astrocytes (Baratchi et 

al. 2012, Bailey et al. 2013) while Aβ drives NSCs towards a neuronal fate (Lopez-Toledano et 

al. 2004). Interestingly, because of the neurogenic effect of Aβ, age-related increases of Aβ 

levels may be a means of counter-acting decreases in neurogenesis (Kuhn et al. 1996, Heine et 

al. 2004, Morgenstern et al. 2008). 

Summary: The mechanisms that underlie Aβ accumulation in sporadic AD remain 

unknown but may involve increased expression and activity of the APP cleaving enzyme 

BACE1. Low concentrations of Aβ are neuroprotective and may be an acquired adaptation to 

defend against a multitude of insults. However, because of the toxicity of Aβo, a reduction in 

cerebral amyloid remains a primary goal of AD therapeutics.  

1.3: THE TAU HYPOTHESIS OF ALZHEIMER’S DISEASE 

Tau is a protein that stabilizes microtubules in healthy neurons but is aberrantly 

phosphorylated and aggregated in neurodegenerative diseases such as frontotemporal lobe 

dementia (FTD), Parkinson’s disease and AD. Furthermore, chronic traumatic encephalopathy is 

characterized by the presence of tau aggregates (Omalu et al. 2011a, Omalu et al. 2011b, McKee 

et al. 2013). Tau is encoded by the MAPT gene located on chromosome 17 and mutations to 

MAPT are a direct cause of FTD and Parkinson’s (Foster et al. 1997, Hutton et al. 1998) thus 

demonstrating that dysregulation of tau homeostasis is sufficient to cause neurodegeneration.  

Tau is normally unfolded and associates with, and stabilizes, microtubules (Kadavath et 

al. 2015) and is consequently concentrated in neuronal axons (Binder et al. 1985). The 
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conversion of soluble, monomeric tau to insoluble aggregates is hypothesized to underlie 

neurodegeneration (Goedert et al. 2017).  The mechanistic causes of tau aggregation remain 

poorly understood but aberrant phosphorylation appears to play a central role. 

Hyperphosphorylation of tau  not only promotes aggregation but also leads to tau dissociation 

from microtubules (Bramblett et al. 1993, Yoshida et al. 1993).  

NFTs appear early in AD (Braak et al. 1991, Braak et al. 2011) and better correlate with 

cognitive decline than plaques (Arriagada et al. 1992, Guillozet et al. 2003). The Braak stages of 

Alzheimer’s classify disease progression on a scale of 1-6 based on the accumulation of tau 

deposits. In the early Braak stages, tau aggregates are found only in the superior layers of the 

transentorhinal cortex with deposits spreading into the hippocampus and neocortex in later stages 

(Braak et al. 1991, Braak et al. 1995, Braak et al. 1997). Tau harboring a Pro301Ser mutation 

causes FTD in humans (Bugiani et al. 1999) and neurodegeneration in mouse models (Allen et 

al. 2002). When injected into normal mice, protein extracts from the brains of Pro301Ser 

expressing animals cause initial tau deposition at the injection site that continues to spread to 

adjacent regions of the brain (Clavaguera et al. 2009). This work supports the hypothesis that the 

toxicity of aberrant tau involves a prion disease-like pathological cascade (Woerman et al. 2016). 

 Tau toxicity: Dissociation of tau monomers from microtubules may contribute to 

neurodegeneration as microtubule loss is co-localized with tau deposits in mutated tau expressing 

mice (Hall et al. 2000) and tau KO mice display motor deficits, cognitive impairment and 

disorganization of axonal microtubules (Harada et al. 1994, Ikegami et al. 2000, Lei et al. 2012). 

However, mice with at least one functional MAPT gene have a normal phenotype (Morris et al. 

2013) demonstrating that a reduction in tau function of at least 50% is well tolerated by the brain 

in mice.  
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Although AD is diagnosed by the presence of macroscopic NFTs, tau toxicity is likely 

mediated by intermediately sized oligomers (Bobinski et al. 1997, Wittmann et al. 2001, Berger 

et al. 2007, Mocanu et al. 2008, Lasagna-Reeves et al. 2011). Like Aβo, tau oligomers 

compromise membrane integrity and cause dysregulation of intracellular calcium and 

mitochondrial dysfunction (Flach et al. 2012).  Despite the absence of a secretory sequence, tau 

peptides are released from cells in culture (Yamada et al. 2011) and are found in cerebrospinal 

fluid (Munroe et al. 1995). Aggregation stimulates tau release from neuronal cells (Saman et al. 

2012) and allows oligomers to interact with cell surface receptors. Tau oligomers aberrantly 

activate NMDAR (Amadoro et al. 2006)  and cholinergic receptors causing calcium influx 

(Gomez-Ramos et al. 2009).  The localization of M1/M3 receptors in the entorhinal cortex and 

hippocampal CA1/CA3 fields may account for these regions selective vulnerability in early AD 

(Levey 1996, Gomez-Ramos et al. 2006, Gomez-Ramos et al. 2009, Padurariu et al. 2012). The 

extracellular release of tau aggregates may underlie the propagation of tau deposits as tau 

filaments from the brains of AD patients are taken up by neurons in vitro resulting in aggregation 

of endogenous tau proteins (Kfoury et al. 2012, Santa-Maria et al. 2012). 

 Summary: Tau hyperphosphorylation leading to aggregation may be a primary cause of 

neurotoxicity in AD (Stamer et al. 2002, Gomez-Ramos et al. 2006). Although tau deposits are 

found intracellularly, their toxic effects appear to involve extracellular interactions with 

cholinergic receptors, NMDARs and the plasma membrane. Furthermore, intracellular tau 

inclusions can be released into the extracellular space and taken up by neighboring cells, which 

matches data demonstrating that experimentally seeded tau deposits can spread throughout the 

various regions of the brain. Dysregulated tau may also cause neuronal dysfunction via 

destabilization of microtubules resulting in destruction of intra-neuronal transport systems 
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(Schneider et al. 1999, Stamer et al. 2002, Mandelkow et al. 2003). In total, because mutated tau 

is a direct cause for neurodegenerative brain disease and tau pathology is present before clinical 

symptoms in AD patients, dysregulation of tau homeostasis may play a pathogenic role in 

Alzheimer’s and be the mechanistic connection between AD onset and risk factors, such as 

diabetes. 

1.4: THE DIABETES HYPOTHESIS OF ALZHEIMER’S DISEASE 

Not only is T2DM  a risk factor for AD (Cheng et al. 2012) but AD increases risk of 

developing T2DM by up to 3-fold (Janson et al. 2004). Furthermore, both AD and T2DM display 

insulin signaling impairment (Aytug et al. 2003, Morino et al. 2005, Moloney et al. 2010). 

Abnormal glucose utilization (Friedland et al. 1985, Fukuyama et al. 1994, Desgranges et al. 

1998, Li et al. 2016, Oh et al. 2016) and cognitive decline (Stewart et al. 1999, Logroscino et al. 

2004) are common in both diseases. Insulin signaling dysfunction is present in the AD brain even 

in the absence of systemic diabetes (Frolich et al. 1998, Frolich et al. 1999, Talbot et al. 2012) 

which may be due to reduced insulin levels (Gil-Bea et al. 2010) as well as increased inhibitory 

phosphorylation of insulin receptor substrate (IRS) proteins. Feedback inhibition of insulin 

signaling involves serine phosphorylation of IRS proteins which attenuates insulin signaling by 

inhibiting IRS binding with IR (Paz et al. 1997, Rui et al. 2001, Aguirre et al. 2002). Aberrant 

IRS phosphorylation is hypothesized to contribute to insulin resistance in both diabetic and 

Alzheimer’s disease states (Paz et al. 1997, Werner et al. 2004, Talbot et al. 2012). AD brain 

tissue is insensitive to ex vivo insulin (Talbot et al. 2012) which is associated with dysregulated 

IRS phosphorylation and blunted IR/IGF1R activation. These results support earlier work which 

revealed that tyrosine kinase activity of IR is decreased in AD (Frolich et al. 1998). Therefore, 
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insulin signaling impairment in AD is likely a combination of decreased IGF1/insulin 

availability, blunted receptor activity and inappropriate phosphorylation of IRS. 

Overview of the insulin signaling pathway: The brain is a major metabolic organ that 

accounts for ~25% of the body’s total glucose use (Zlokovic 2008, Zlokovic 2011). While 

glucose uptake in peripheral tissues requires insulin, in the brain this is considered to be an 

insulin-independent process. Insulin and IGF1 are required for proper brain function as they 

provide critical neurotrophic support for neurons. IGF1 and insulin share similar amino acid 

sequences/ tertiary structures  (Bondy et al. 2004) and bind to and activate the others’ receptor 

(Yamaguchi et al. 1993). Both insulin and IGF1 receptors are tyrosine kinases (Kasuga et al. 

1982, Jacobs et al. 1983, Rubin et al. 1983) that phosphorylate substrate proteins such as IRS. 

IRS phosphorylation leads to downstream activation of phosphoinositide-3 kinase (PI3K) and 

AKT, a serine/threonine kinase and key mediator of the neurotrophic effects of insulin and IGF1.  

Origins of cerebral insulin; insulin is peripherally derived: High concentrations of 

insulin are maintained in the brain ranging from 10-100 fold greater levels than that observed in 

the plasma (Havrankova et al. 1979, Baskin et al. 1983). While IGF1 is produced locally by 

neurons (Bach et al. 1991, Bondy et al. 2004) the brain’s source of insulin remains unclear. 

Despite the presence of pre-proinsulin mRNA in neurons (Schechter et al. 1996) it’s been 

suggested that the brain’s sole source of insulin is the pancreas and arrives via the systemic 

circulation (Banks 2004, Burns et al. 2007, Erol 2008).  

Neuronal insulin receptors: Insulin receptors are present in one of two isoforms, the IR-A 

isoform that lacks exon 11 that the other isoform, IR-B, expresses (Ebina et al. 1985, Ullrich et 

al. 1985). A major functional difference between the two isoforms is that IR-A has a higher 

affinity for the neurotrophic factor IGF2 (Frasca et al. 1999) and a slightly higher affinity for 
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insulin (Mosthaf et al. 1990). Brain specific insulin receptors are mainly the IR-A isoform and as 

result of differential glycosylation have a lower molecular weight than their peripheral 

counterparts (Park 2001).  

Structurally, the insulin receptor is a homodimer composed of 2α chains and 2β chains 

held together with disulphide bonds (Hedo et al. 1981, Massague et al. 1981, Siegel et al. 1981). 

Insulin receptor binding of insulin/IGF1 results in a conformational change that activates the 

catalytic tyrosine kinase activity of the β subunits (Kanzaki 2006). This activation of the insulin 

receptor results in autophosphorylation at multiple tyrosine residues (Frattali et al. 1993, Lee et 

al. 1993) including tyrosine 960 (tyrosine 972 in mice) in the juxtamembrane region of the β 

subunit (White et al. 1988, Lee et al. 1994). Phosphorylation at this site is a vital component of 

the insulin signaling cascade because it provides a binding motif for the phospho-tyrosine 

binding domain of IRS (White et al. 1988, Lee et al. 1994). Once docked to the insulin receptor, 

IRS is phosphorylated on tyrosine residues (Kanzaki 2006). 

IRS, PI3K and AKT: Tyrosine phosphorylation of  IRS proteins creates binding sites for 

Src homology 2 domain containing proteins such as PI3K (White 1998). PI3K catalyzes the 

production of 3’phosphoinositide secondary messengers which are critical to the insulin 

signaling cascade. PI3K is composed of a catalytic p110 subunit and a regulatory p85 subunit 

that contains Src homology 2 domains that interact with activated IRS (Myers et al. 1992). 

Formation of the IRS/PI3K complex increases the catalytic activity of the p110 subunit 

(Virkamaki et al. 1999). 

Phosphoinositides produced by PI3K are important signal conductors that bind to 

pleckstrin homology domains on proteins such as IRS (Virkamaki et al. 1999) and AKT (Mayer 

et al. 1993).  This interaction brings IRS and AKT proteins towards the inner layer of the plasma 
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membrane near the juxtamembrane region of the insulin receptor (Yenush et al. 1996) and to 

activating kinases, respectively (Coffer et al. 1991, Burgering et al. 1995, Andjelkovic et al. 

1996, Kohn et al. 1996, Bellacosa et al. 1998, Soskic et al. 1999). Furthermore, binding of 

3’phosphoinositides is required for AKT to be competent for phosphorylation (Alessi et al. 

1997a, Stokoe et al. 1997, Bellacosa et al. 1998, Currie et al. 1999). 

There are two phosphorylation sites on AKT, Thr 308 and Ser 473, capable of inducing 

catalytic activity (Alessi et al. 1996). PDK1, which also depends on 3’phosphoinosites for its 

function, phosphorylates AKT at Thr 308 (Alessi et al. 1996, Alessi et al. 1997b). While 

overexpression of PDK1 has been shown to activate AKT (Alessi et al. 1997a), optimal 

activation of AKT requires additional phosphorylation at Ser 473 by mTORC2 (Sarbassov et al. 

2005) which stabilizes the conformation state of AKT (Yang et al. 2002). 

AKT mediates the neurotrophic effects of insulin/IGF1, in part, by inhibiting pro-

apoptotic machinery (Cardone et al. 1998) and concomitantly activating anti-apoptotic proteins 

(Datta et al. 1997, del Peso et al. 1997, Blume-Jensen et al. 1998, Du et al. 1998, Wang et al. 

1999) . The role of AKT in neurotrophic support also involves the regulation of survival (Du et 

al. 1998, Kane et al. 1999) and apoptotic (Biggs et al. 1999, Brunet et al. 1999, Kops et al. 1999) 

transcription factors.  Moreover, AKT is involved in production of the neurotrophin brain BDNF 

(Du et al. 1998), activation of proteins involved in neurite outgrowth (Read et al. 2009) and 

regulation of the metabolic protein GSK-3 (Bhat et al. 2000).  
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Figure 2: The insulin signaling pathway 

 

 

Figure 2: The insulin signaling pathway - Insulin receptor binding of insulin triggers a complex 

signaling cascade (in blue) leading to activation of the serine/threonine kinase AKT. Upon 

binding of insulin, insulin receptors are autophosphorylated and subsequently bind IRS proteins. 

IRS proteins are then phosphorylated by activated insulin receptors and complex with PI3K 
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resulting in PI3K activation. Activated PI3K produces phospholipid secondary messengers by 

catalyzing the conversion of phosphatidylinositol 4,5-bisphosphate (PIP
2
) to 

phosphatidylinositol 3,4,5-trisphosphate (PIP
3
). PIP

3
 messengers activate PDK1 which 

phosphorylates AKT at Threonine 308. AKT is further activated by phosphorylation at Ser 473 by 

mammalian target of rapamycin 2 (mTORC2). Targets of activated AKT include pro-apoptotic 

mediators (in red) as well as pro-survival machinery (in green). Loss of insulin signaling (at sites 

labeled with numbers 1-6 in purple) allows FoxO and p53 transcription factors to remain active 

and (1) transcribe genes for pro-apoptotic proteins such as BIM, BAX and FasL. AKT inhibits 

the activity of GSK-3β that, when active, (2) causes increased amyloidogenic processing and 

hyperphosphorylation of tau. Other pro-apoptotic proteins inhibited by AKT include (4) caspase-

9, which forms an apoptotic structure known as the apoptosome, and (6) Bad, which blocks 

activity of the ant-apoptotic protein Bcl-xL. Pro-survival modulators regulated by AKT include 

CREB and NFκB. Reduction of CREB transcriptional activity as a result of a loss of insulin 

signaling leads to (3) decreased BDNF and Bcl-2 expression while inhibition of NFκB leads to 

(5) reduced expression of anti-oxidants such as MnSOD and CuSOD as well as anti-apoptotic 

Bcl-2 family members.  

 

Bcl-2 family: The Bcl-2 family is a structurally related group of proteins that regulate cell 

survival through their effects on mitochondria (Llambi et al. 2011). Mitochondrial dysfunction  

results in mitochondrial membrane permeability and the release of pro-apoptotic factors such as 

Cytochrome c, and apoptosis inducing factor (Bossy-Wetzel et al. 1999, Lemasters et al. 2009, 

Paradies et al. 2009). Bcl-xL is an anti-apoptotic Bcl-2 family member that maintains 

mitochondrial membrane integrity (Tornero et al. 2011).  AKT activates Bcl-xL by 
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phosphorylating BAD which causes dissociation of BAD from Bcl-xL (del Peso et al. 1997, 

Blume-Jensen et al. 1998, Datta et al. 1999, Wang et al. 1999) allowing for mitochondrial 

stabilization. AKT also regulates cell survival prior to Cytochrome c release by inhibiting the 

proteolytic activity of Caspase 9 (Cardone et al. 1998). 

AKT and the regulation of transcription factors: AKT stimulates expression of pro-

survival Bcl-2 members by activating the transcription factor CREB (Zhang et al. 2013). Also 

under CREB transcriptional control is BDNF (Shieh et al. 1998, Tao et al. 1998) which is 

essential for neuronal development, differentiation, synaptic plasticity, and neuroprotection 

against a broad range of cellular insults (Hu et al. 2008). BDNF stimulates non-amyloidogenic 

APP processing pathways (Fu et al. 2002, Rohe et al. 2009) and is protective against Aβo 

toxicity (Arancibia et al. 2008). Insulin signaling impairment resulting in decreased BDNF 

production may contribute to AD development. Both AD and T2DM patients have decreased 

levels of BDNF (Zhen et al. 2013, Forlenza et al. 2015). 

The transcription factor NFκB is also under AKT control (Kane et al. 1999). Like CREB, 

NFκB plays critical roles in neuron survival (Maggirwar et al. 1998, Brunet et al. 1999, Riccio et 

al. 1999) and is also involved in neurite outgrowth, myelin formation and axonal regeneration 

(Mincheva et al. 2011). Genes for antioxidant proteins such as MnSOD (Maehara et al. 2000) 

and Cu/ZnSOD (Rojo et al. 2004) as well as  Bcl-2 and Bcl-xL are targets of NFκB (Tamatani et 

al. 1999).  

When inactive, NFκB is bound to IκB proteins that sequester it to the cytosol (May et al. 

1997, Mercurio et al. 1999, Kaltschmidt et al. 2009). NFκB is activated when IκB proteins are 

phosphorylated by IκB Kinase  (IKK) complexes and targeted for degradation which allows 

NFκB to translocate to the nucleus where it binds to regulatory DNA sequences (Perkins 2007). 
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The IKK complex consists of catalytic IKKα and IKKβ subunits and a regulatory IKKγ subunit 

(Perkins 2007). AKT facilitates NFκB activation by phosphorylating IKKα at a critical 

regulatory site that promotes IKK activation (Ozes et al. 1999) and subsequent IκB degradation. 

AKT influence over transcription factor activity extends to pro-death modulators as well 

(Miyashita et al. 1995, Van Der Heide et al. 2004). The forkhead box class O (FoxO) family of 

transcription factors contribute to apoptosis through the induction of pro-death genes such as 

FasL (Reif et al. 1997, Brunet et al. 1999, Stahl et al. 2002) and the Bcl-2 member BIM-1 

(Dijkers et al. 2000).  FasL facilitates apoptosis by activating caspases (Graham et al. 2001) 

while BIM-1 activates the pro-apoptotic Bcl-2 family member BAX (Yamaguchi et al. 2002). In 

the absence of AKT, FoxO transcription factors are transcriptionally active in the nucleus (Biggs 

et al. 1999, Brunet et al. 1999, Kops et al. 1999).  The FoxO family of transcription factors is 

known to play a role in the cell’s response to oxidative stress, however, their prolonged 

activation results in apoptosis (Reif et al. 1997, Brunet et al. 1999, Dijkers et al. 2000, Stahl et al. 

2002, Barthel et al. 2005). AKT phosphorylates FoxO family members at a conserved c-terminal 

sequence (Van Der Heide et al. 2004) which leads to nuclear exclusion and inhibition of 

transcriptional activity.  

Another pro-death transcription factor known to be inactivated by AKT is p53 

(Yamaguchi et al. 2001) which induces the expression of BAX. Oligomers of BAX insert into 

the outer mitochondrial membrane and provide a passageway for Cytochrome c and other pro-

apoptotic proteins (Kowaltowski et al. 2000). Increased p53 activity leading to BAX expression 

has been linked to neuronal deprivation of neurotrophic factors (Aloyz et al. 1998). 

The effects of diabetes on the CNS, lessons from animal models: One of the earliest 

connections between insulin signaling dysfunction and AD-associated pathology came from 
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IRS2 KO mouse studies (Schubert et al. 2003).  Homozygous IRS2 KO mice had impaired brain 

growth, reduced neuronal proliferation and hyperphosphorylated tau. Follow up studies have 

focused on the impact of peripheral insulin on Aβ and tau and have demonstrated that peripheral 

insulin deficiency exacerbates pathology in APP-overexpressing AD mice (Jolivalt et al. 2010). 

Furthermore, diabetic AD mice display increased learning and memory impairments compared to 

non-diabetic controls. Experimental T2DM, induced by a high fat diet or ablation of the leptin 

gene, also increases Aβ and worsens cognitive performance in AD mice (Takeda et al. 2010, 

Vandal et al. 2014).  

Despite convincing evidence that the induction of T1DM and T2DM in AD mice 

exacerbates pathology and learning and memory deficits, insulin signaling impairment alone 

appears insufficient to replicate all features of AD. For example, mice fed a high fat diet display 

no histopathological or inflammatory changes associated with AD (Moroz et al. 2008). Although 

neuronal specific insulin receptor KO mice present with increased tau phosphorylation and 

increased neuronal apoptosis, no differences in memory, glucose metabolism or amyloid 

production/deposition have been found in this model (Schubert et al. 2004). These results seem 

to suggest that diabetes only exacerbates the AD condition but is not causative. However this 

appears to be refuted by recent work involving the induction of streptozotocin (STZ) diabetes in 

non-human primates. When rendered diabetic by STZ, vervet monkeys display 

hyperphosphorylated tau, increased Aβ deposition and signatures of insulin resistance consistent 

with findings in the human AD brain (Morales-Corraliza et al. 2016).  Therefore, whether or not 

diabetes is sufficient to cause AD remains unknown and the answer appears to be restrained by 

the availability of clinically relevant models. Nevertheless, studies modeling diabetes using a 
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wide range of methods across multiple species have determined that dysfunction of the insulin 

signaling pathway contributes to pathological changes that are associated with AD. 

Mechanisms of diabetes induced amyloidosis: Analysis of AD brain tissue suggests that 

disease-associated Aβ accumulation may be due to a combination of increased BACE1 

expression/activity, decreased brain efflux of Aβ, and diminished expression of enzymes that 

degrade Aβ, all of which are influenced by insulin signaling (Carro et al. 2002, Miners et al. 

2010, Zhang et al. 2011a). APP processing is location dependent (Golde et al. 1992, Vetrivel et 

al. 2006) and insulin increases α-secretase cleavage of APP by increasing APP trafficking 

towards enzymes located at the plasma membrane (Parvathy et al. 1999, Gasparini et al. 2001).  

Disruption of the trafficking process by the attenuation of PI3K/AKT or MAPK results in APP 

becoming concentrated in the TGN and in the vicinity of BACE1, which increases the likelihood 

of beta cleavages taking place. Exacerbation of Aβ levels in AD mice by STZ diabetes has also 

been linked to activation of the UPR (Wang et al. 2010, Devi et al. 2012). 

Mechanisms of diabetes induced tau pathology: Both STZ induced T1DM and 

experimental T2DM alone or in conjunction with APP overexpression induces 

hyperphosphorylation of tau at multiple sites (Planel et al. 2007b, Vandal et al. 2014, El Khoury 

et al. 2016, Gratuze et al. 2017a). Trophic factors such as insulin, IGF1, and BDNF (Hong et al. 

1997, Elliott et al. 2005) prevent aberrant tau phosphorylation therefore dysregulation of insulin 

signaling in AD leading to tau aggregation is a potential mechanistic link between AD and 

diabetes. Early in vitro studies analyzing insulin regulation of tau phosphorylation suggested that 

diabetes associated tau phosphorylation was the result of overactivation of the tau kinase GSK3 

(Hong et al. 1997), which is directly phosphorylated and inhibited by AKT (Bhat et al. 2000). 

However, in vivo studies demonstrate that inactivating phosphorylation of GSK3 is increased in 
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the insulin depleted brain (Clodfelder-Miller et al. 2006) and the failures of clinical trials 

involving GSK3 inhibitors (Hampel et al. 2009) call into question the role of GSK3 in disease 

progression.  

Over activity of other tau kinases such as JNK and PKA have been suggested to underlie 

tau hyperphosphorylation in the STZ diabetic brain (van der Harg et al. 2017); however this 

doesn’t seem to be the case for T2DM models (El Khoury et al. 2016, Gratuze et al. 2017a). 

MAPK is another tau kinase that may contribute to diabetes-induced phosphorylation of tau as 

MAPK is aberrantly active in both AD (Perry et al. 1999) and in the brains of STZ diabetic 

monkeys (Morales-Corraliza et al. 2016). In addition to increased kinase activity, diabetes may 

cause hyperphosphorylation of tau by inactivating tau phosphatases (Liu et al. 2005), particularly 

PP2A (Gratuze et al. 2017b). The mechanisms that underlie dysregulation of PP2A in both 

T1DM and T2DM remain unknown, but disease-induced hypothermia may be involved (Planel 

et al. 2007b, El Khoury et al. 2016). Similarly, AD patients are hypothermic and have suppressed 

PP2A activity (Sontag et al. 2014, Carrettiero et al. 2015). Interestingly, hypothalamic insulin 

regulates thermogenesis (Sanchez-Alavez et al. 2010) suggesting that insulin-depletion in vivo 

causes aberrant tau phosphorylation via down regulation of hypothalamic mediated 

thermogenesis resulting in suppression of tau phosphatases.  

Insulin therapy in Alzheimer’s Disease:  Experimental approaches in AD patients have 

focused on increasing cerebral insulin by treatment with insulin sensitizers or intranasal insulin. 

While these strategies have produced promising results in animal models, results in human in 

patients have been mixed. 

Insulin sensitizers: Insulin-sensitizing PPARγ agonists are currently used alone or as part 

of combinational therapy for the management of T2DM (Mayerson et al. 2002). In animal 
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studies, oral administration of rosiglitazone was successful at improving memory and reducing 

amyloid concentrations in APP mice (Escribano et al. 2010). However, despite success in early 

trials (Watson et al. 2005, Risner et al. 2006), a phase III trial revealed that rosiglitazone (2 or 

8mg once daily) was ineffective at improving global function or ADAS-Cog scores in patients 

with mild to moderate AD after 24 weeks of treatments (Gold et al. 2010).   

Intranasal insulin Direct administration of insulin via an intranasal spray that by-passes 

the blood brain barrier is effective at reversing cognitive deficits in patients with mild to 

moderate probable AD. Daily intranasal insulin was found to improve memory (assessed by 

story recall capability), ADAS-Cog scores, and functional ability in AD patients (Craft et al. 

2012). Interestingly, PET imaging revealed that intranasal insulin increased glucose uptake in 

parietotemporal and frontal brain regions. Intranasal insulin also modulates APP processing 

(Reger et al. 2008) resulting in increased plasma Aβ40/Aβ42 ratios (Dhamoon et al. 2009). In 

total, these results provide evidence that targeting insulin signaling via direct stimulation of IR is 

a therapeutically viable strategy in the treatment of AD and warrants the pursuit of further 

studies. 

Summary - Diabetes is a risk factor for AD and even in the absence of systemic diabetes, 

the AD brain displays insulin signaling impairment in the form of aberrant IRS phosphorylation, 

decreased insulin levels and unresponsive IR. Activation of the insulin signaling pathway shifts 

the balance of pro/anti-apoptotic signals in favor of survival through promotion of Bcl-2 

members that maintain mitochondrial integrity (Hockenbery et al. 1990, Yang et al. 1997, 

Pugazhenthi et al. 2000) and by activation of survival transcription factors such as NFκB (Kane 

et al. 1999) and CREB (Du et al. 1998). In diabetic rodents, insulin is a key regulator of amyloid 

production and tau phosphorylation, which are the two pathological hallmarks of AD. Taken 
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together, these findings suggest that restoration of insulin signaling is a compelling approach 

toward developing effective AD therapeutics.  

1.5: sAPPα AS A THERAPEUTIC FOR ALZHEIMER’S DISEASE 

Evidence that sAPPα activates insulin signaling: Despite extensive research, a putative 

sAPPα receptor remains elusive. sAPPα treatment of hippocampal neurons results in both AKT 

and  GSK3 phosphorylation (Cheng et al. 2002) and sAPPα-mediated activation of AKT can be 

blocked with the PI3K inhibitor wortmannin. PI3K is activated by a multitude of cellular 

messengers including JAK/STAT, IRS, G-proteins, and others (Cantley 2002) however IRS is 

required for sAPPα-mediated neurite outgrowth (Wallace et al. 1997). These results support data 

demonstrating that sAPPα activates IRs in neuronal cell lines (Jimenez et al. 2011). Furthermore, 

the effects of sAPPα on GSK3 can be blocked in vitro by the IR/IGF1R antagonist AG1024 and 

in vivo by infusions of Aβo. While these results indicate that sAPPα signaling involves activation 

of IR, this seems to be contradicted by recent studies which suggest that full length APP and G-

protein signaling are required for sAPPα-mediated neuroprotection, AKT phosphorylation and 

inhibitory phosphorylation of GSK3 (Milosch et al. 2014), although these results do not exclude 

a role for IR in sAPPα signaling. Nevertheless, sAPPα may be used to restore neuroprotective 

activation of AKT/PI3K that is dysfunctional in AD (Griffin et al. 2005). 

sAPPα and cellular protection:  In general, sAPPα has neurotrophic effects and the 

reduction of sAPPα in AD may contribute to neurodegeneration (Moechars et al. 1996). At the 

cellular level, sAPPα is protective against a wide range of insults hypothesized to underlie 

neuropathology in AD. 

Excitotoxicity: Excitotoxic cell death may cause neuronal loss in AD (Hynd et al. 2004) 

which involves excessive stimulation of glutamate receptors resulting in dysregulated calcium 
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influx. Elevated intracellular calcium levels initiates apoptotic signaling via the activation of 

proteases such as caspases and calpains and by opening the mitochondrial transition pore that 

causes impaired bioenergetics and reactive oxidative species (ROS) release (Orrenius et al. 2003, 

Celsi et al. 2009). sAPPα protects neurons from glutamate-induced excitotoxicity in vitro which 

may be due to a combination of sAPPα-mediated activation of NFκB (Barger et al. 1996) and 

modulation of glutamatergic-NMDARs (Furukawa et al. 1998). Dysregulated calcium flux 

though NMDA channels contributes to cell death in AD (Bezprozvanny et al. 2008). The 

NMDAR is a therapeutically viable target as the NMDAR antagonist Memantine is currently 

being used to alleviate symptoms in late stage AD patients (Tariot et al. 2004). sAPPα decreases 

current through NDMARs in hippocampal neurons which may contribute to the protective effect 

of sAPPα against excitotoxicity (Furukawa et al. 1998). Because of the involvement of NMDAR 

in long term potentiation (LTP) (Muller et al. 1988, Lu et al. 2001) these results indicate that 

sAPPα would be negatively involved in memory formation. However, sAPPα increases LTP and 

enhances spatial memory (Taylor et al. 2008); therefore, further investigation into sAPPα 

modulation of NMDARs is required.  

Effects of sAPPα on learning and memory: sAPPα may be able to reverse memory 

impairment in AD as increasing sAPPα production via ADAM10 overexpression prevents 

behavioral and LTP deficits in APP mice (Postina et al. 2004). Furthermore, infusions of sAPPα 

have been found to enhance memory performance in mice, rats, and chicks (Roch et al. 1994, 

Bour et al. 2004) and rescue behavioral abnormalities in APP-KO mice (Ring et al. 2007). 

sAPPα may also play a role in learning and memory in the healthy brain as genetic ablation of 

APP in mice results in cognitive deficits and  reduced locomotor activity (Senechal et al. 2008). 

Moreover, mutations to ADAM 10 cause neuropathological changes such as necrosis, apoptosis 
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and astrogliosis with the hippocampus of APP mice (Taylor et al. 2008) and sAPPα targeting 

antibodies cause deficits in passive and active avoidance tasks (Doyle et al. 1990, Huber et al. 

1993, Mileusnic et al. 2000).  

 AD is characterized by hippocampal dependent memory impairment (Mormino et al. 

2009), and neuronal loss within the CA1 and CA3 hippocampal fields (Simic et al. 1997, 

Bobinski et al. 1998) both of which correlate with reduced cerebrospinal concentrations of 

sAPPα (Almkvist et al. 1997). The cause of AD-associated hippocampal neuronal loss remains 

unclear but reductions in NSC activity may be involved. Neurogenesis within the dentate gyrus 

of the hippocampus and the subventricular zone occurs in adulthood and may contribute to 

learning and memory (Eriksson et al. 1998, Gould et al. 1999, Shors et al. 2001, Magavi et al. 

2002). Decreased neurogenesis occurs in the brains of AD-mice (Haughey et al. 2002). This 

supports data from human studies demonstrating reduced numbers of viable NSCs in the AD 

brain (Lovell et al. 2006). Treatment of NSCs harvested from old SAMP8 mice with sAPPα 

increases NSC proliferative rates (Demars et al. 2013) and infusions of sAPPα increases NSC 

proliferation within the subventricular zone of healthy adult mice (Caille et al. 2004). Therefore, 

the effects of sAPPα on learning and memory may be mediated by sAPPα-mediated modulation 

of NSC activity and neurogenic capacity. 

sAPPα and Aβ: The therapeutic potential of sAPPα as a treatment for AD was recently 

demonstrated using viral mediated gene transfer to increase sAPPα levels and ameliorate 

pathology in the brains of APP/PS1 mice (Fol et al. 2016).  Not only does sAPPα reduce Aβ 

production in vitro and in vivo (Obregon et al. 2012), but sAPPα is also protective against the 

toxic effects of Aβ. In neuronal cultures treated with Aβ, sAPPα blocks oxidative stress and 

enhances cell survival (Goodman et al. 1994). The effects of sAPPα on Aβ formation appear to 
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multifaceted as sAPPα negatively influences pathways involved in BACE1 expression and 

interacts with, and inhibits, BACE1 (Obregon et al. 2012). 

CDK5: CDK5 is a serine/threonine kinase that stimulates BACE1 expression (Cruz et al. 

2006, Wen et al. 2008) and tau phosphorylation (Baumann et al. 1993). Interestingly, sAPPα 

appears to be a negative regulator of CDK5 as genetic ablation of APP causes increased CDK5 

expression in vivo and in vitro (Han et al. 2005). sAPPα also blocks up-regulation of CDK5 

expression and inhibits CDK5 activity (Hartl et al. 2013). The mechanisms by which sAPPα 

regulates CDK5 activity remain unclear; however sAPPα-mediated inhibition of calpain may be 

involved. For example, the excitoprotective effects of statins, which are protective against human 

AD, have been attributed to statin-mediated sAPPα release and subsequent PI3K activation 

resulting in repressed calpain activity (Ma et al. 2009). Interestingly, calpains cleave and release 

sAPPα from APP (Nguyen et al. 2012) suggesting that calpain, CDK5 and sAPPα form a 

regulatory loop that is dysfunctional in AD. 

APP dimers: Under non-pathological conditions, BACE1 has a shorter half-life than that 

observed in stressed tissue (Lefort et al. 2012) which appears to be regulated by trafficking of 

BACE1 to lysosomes, mediated in part by the cellular sorting protein GGA3 (Kang et al. 2010). 

In support, genetic depletion of GGA3 results in BACE1 accumulation and Aβ production 

(Walker et al. 2012).  During insult, cellular GGA3 is degraded by activate caspase-3 enzymes 

resulting in BACE1 accumulation and enhanced levels of Aβ (Vassar 2007). Caspase-3 activity 

is elevated in the AD brain (Su et al. 2001). Antibody-mediated multimerization of APP is 

sufficient to increase caspase-3 levels and BACE1 stability in hippocampal neurons (Lefort et al. 

2012) and sAPPα binds APP and disrupts APP dimerization resulting in decreased caspase-3 

activity and increased GGA3 expression (Thornton et al. 2006, Gralle et al. 2009). 
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BACE1: Overproduction of Aβ in AD appears to be a result of not only increased BACE1 

expression but also increased BACE1 enzymatic activity (Zetterberg et al. 2008). Recent 

evidence indicates that the proteolytic activity of BACE1 is modulated by interactions between 

BACE1 and various cellular messengers. Regulators that both bind and inhibit BACE1 include 

the reticulon family of proteins (He et al. 2004) and the lipid messenger sphingosine-1-phosphate 

(Takasugi et al. 2011). Reticulon binds BACE1which prevents BACE1 from interacting with 

APP. Interestingly sAPPα also binds BACE1 and overexpression of human sAPPα in the 5xFAD 

mouse model decreases Aβ production (Obregon et al. 2012), although it remains unclear 

whether this decrease is attributable to an interaction between sAPPα and BACE1 

Transthyretin: The anti-amyloid effects of sAPPα do not appear to be limited to sAPPα-

mediated suppression of BACE1 expression or direct interference of BACE1 activity, rather it 

appears that sAPPα may also indirectly suppress amyloid toxicity in the brain by stimulating 

expression transthyretin (Li et al. 2010). Transthyretin is an Aβ binding protein that protects 

against amyloid toxicity in the APP mouse brain and in Aβ treated neuronal cultures 

(Schwarzman et al. 1994, Tsuzuki et al. 2000, Costa et al. 2008). The expression of transthyretin 

is concomitantly decreased with sAPPα in AD (Sousa et al. 2007) and levels of transthyretin 

levels are elevated along with sAPPα in APP mice (Stein et al. 2002). Furthermore, infusion of 

anti-transthyretin antibodies into the brain of APP mice accelerates Aβ deposition and increases 

cell death (Stein et al. 2004). Similarly, in vitro studies demonstrate that sAPPα-mediated 

protection against Aβ can be blocked by anti-transthyretin antibodies (Stein et al. 2004).  

Summary - Therapies geared at restoring insulin function have produced promising 

results in human AD patients. sAPPα not only activates insulin signaling but also antagonizes Aβ 
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production and enhances learning and memory. Therefore, sAPPα is a potential therapeutic for 

AD.  

1.6: THERAPEUTIC POTENTIAL OF sAPPα IN THE PERIPHERAL NERVOUS 

SYSTEM 

Sensory neuropathy is characterized by degeneration, demyelination, and loss of fibers 

within the peripheral nerve (Kennedy et al. 1996, Christianson et al. 2003) and is a common 

complication associated with diabetes. Previous studies demonstrate that a variety of 

pathological changes associated with diabetic neuropathy can be reversed with insulin treatment 

(Saleh et al. 2013). As we have reported previously, the underlying mechanism of insulin-

mediated reversal of pathological markers within diabetic DRG neurons appears to involve 

enhancement of NFκB transcription factor activity in neurons (Saleh et al. 2013). NFκB is vital 

for neuronal survival (Maggirwar et al. 1998, Fernyhough et al. 2005, Mattson et al. 2006) and 

deficits in NFκB activity lead to oxidative stress, neuronal degeneration (Mattson et al. 2006) 

and cell death (Fernyhough et al. 2005). NFκB is activated by growth factors such as insulin and 

IGF1 (Heck et al. 1999) as well as increased ROS (Mattson et al. 1997). 

The NFκB family of transcription factors consists of five subunits; p65, RelB, cRel, p50 

and p52, that form homo/hetero dimers and transcribe stress response genes including the 

antioxidant MnSOD (Bernard et al. 2001). Decreased MnSOD may underlie diabetes-induced 

sensory neuropathy and AD-associated neurodegeneration by increasing oxidative stress (Marcus 

et al. 2006, Saleh et al. 2013).  

MnSOD is a 26kDa protein localized in the mitochondria that catalyzes the dismutation 

of superoxide free radicals to hydrogen peroxide. Genetic ablation of MnSOD results in perinatal 

lethality in mice (Li et al. 1995, Lebovitz et al. 1996) and in vitro MnSOD depletion causes cell 
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death in multiple tissue types (Mattson et al. 1993, Van Remmen et al. 2001, Justilien et al. 

2007). MnSOD has been demonstrated to protect peripheral neurons from STZ diabetic-

associated injury (Vincent et al. 2007) and improve learning and memory of AD mice (Massaad 

et al. 2009). In our previous study (Saleh et al. 2013), we discovered that decreases in MnSOD 

expression in diabetic rat DRG are associated with decreased activity of cRel-p50 NFκB 

heterodimers. Because insulin stimulates NFκB activity (Saleh et al. 2013), reduced p50/cRel 

activation may be the mechanistic connection between insulin dysfunction and decreased 

MnSOD levels in the diabetic nervous system. 

Besides insulin, activators of NFκB include inflammatory cytokines (Duh et al. 1989, 

Hohmann et al. 1990) and sAPPα (Barger et al. 1996). Despite evidence that APP is expressed in 

DRG neurons (Scott et al. 1991, Sisodia et al. 1993) where it appears to play an important anti-

apoptotic role (Nishimura et al. 2003), studies exploring the role of APP and its derivatives in 

peripheral neurons are limited. Furthermore, experiments involving APP overexpressing cell 

lines suggest that sAPPα increases MnSOD expression (Kogel et al. 2005) . In total, these data 

indicate that sAPPα is a potential therapeutic for the treatment of diabetes-induced peripheral 

neuropathy. 

1.7: HYPOTHESIS AND RATIONALE 

sAPPα can prevent amyloid and tau pathology in AD mice (Deng et al. 2015, Fol et al. 

2016) and is protective against trophic depletion in DRG neuronal cultures (Nishimura et al. 

2003), however, the effects of sAPPα on the diabetic nervous system are unknown. Because 

sAPPα activates the insulin signaling pathway (Jimenez et al. 2011) we hypothesized that sAPPα 

could inhibit pathology in the diabetic nervous system. This hypothesis was tested in the 

following aims:  
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Aim 1: To determine if overexpression of sAPPα can reduce Alzheimer’s-like pathology in the 

diabetic brain.  

Aim 2: To evaluate the effects of sAPPα on peripheral neuropathy in diabetic mice.  

 

In our final aim (Aim 3), we examined the effects of sAPPα-overexpressing NSCs implanted 

into the hippocampi on MWM performance of healthy mice. 
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Figure 3: Scope of this thesis 

 

 

 

Figure 3: Scope of this thesis - The scope of this thesis begins with data demonstrating that 

sAPPα binds and activates neuronal insulin receptors. We then evaluate the effects of sAPPα in 

the diabetic CNS and PNS. Finally, we test the effects of sAPPα-overexpressing NSCs on MWM 

of healthy mice. 

 

Summary: Diabetes and AD are linked both etiologically and biochemically. 

Furthermore, stimulation of the insulin signaling pathway is a promising therapeutic strategy in 

AD. Although it remains unclear whether or not sAPPα acts directly on IR or IGF1R (Jimenez et 

al. 2011), sAPPα nevertheless activates the insulin signaling pathway, reduces tau 

phosphorylation, improves learning and memory, protects against excitotoxicity and unlike IGF1 

and insulin, directly blocks Aβ production by inhibiting Aβ generating enzymes. sAPPα also has 
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potent cognitive effects, which may be due to a combination of insulin signaling activation as 

well as modulation of NSC activity. In total, sAPPα appears to be an ideal therapeutic for AD 

and diabetes-induced pathology in the nervous system. Therefore, this work tested the hypothesis 

that sAPPα can replace the effects of insulin in vivo. The results described here may provide a 

basis for the development and implementation of sAPPα-based therapeutics. 
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CHAPTER 2: DETAILED MATERIALS AND METHODS 

 

Immunoblotting/immunoprecipitation: Cortical tissue from experimental mice were isolated, 

frozen on dry ice and stored at -80oC until processed.  Protein was extracted by homogenization 

in 4% SDS buffer (125mM Tris-HCl, pH 6.8, 4% SDS).  Protein concentration was determined 

and western blot samples made. Either cell culture or cortical tissue samples (10-20 ug) were 

separated by SDS-PAGE, transferred to PVDF membrane, and blocked with either 5% milk or 

5% bovine serum albumin (BSA) in 0.1% tris buffered saline- tween (TBST). The same solution 

was used for incubation with primary antibodies (incubation in primary antibodies was carried 

out overnight at 4 degrees Celsius, see table 3 for the antibodies used).  The following day, 

membranes were incubated with an appropriate species-specific secondary antibody, washed in 

TBST, and imaged using a FluorSMax (Biorad) or chemidoc (Biorad) imaging system.   ECL 

prime (General Electric) detection kit was used to detect blots in figures 4 and 6 while Clarity 

Western ECL (Biorad) was used for all other blots. Quantity one software was used to quantify 

bands in figures 4 and 6 while all other blots were quantified with Image lab (Biorad) software.  

 For immunoprecipitation, either cortical neuronal cultures or brain tissue were 

homogenized in non-denaturing lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 % Triton, 1 

mM EDTA, 10 mM NaF, 2 mM sodium orthovanadate and protease inhibitors [Roche]).  

Homogenates were incubated at 4ºC for 20 minutes to assist cell lysis, followed by a 

centrifugation at 14,000xg for 10 minutes to remove cellular debris.  Following protein 

quantification, 500 µg of protein was incubated with 2 μg antibodies to insulin receptor (Santa 

Cruz Biotechnology) or APP (6E10, signet) overnight at 4 degrees Celsius.  Protein A/G 

sepharose beads (Pierce) were added and samples were mixed vigorously for 4 hours.  Mixtures 
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were washed twice in lysis buffer and once in ice-cold PBS before eluting with 4% SDS for 

immunoblotting. 

 

Table 1: Antibodies used for study 

Antibodies used for western blot analysis 

Antibody Species Dilution Vendor Catalog # 

phospho-AKT (S473) Rabbit 1/1000 Cell Signaling 9271 

AKT  Rabbit 1/1000 Cell Signaling 9272S 

phospho-AMPK (Thr172) Rabbit 1/1000 Santa Cruz sc-33524 

APP (6E10) Mouse 1/1000 Signet SIG-39320 

APP (A4) Mouse 1/1000 Millipore MAB348 

β-actin Mouse 1/1000 Santa Cruz sc-47778 

phospho-eIF2α (Ser51) Rabbit 1/1000 Cell Signaling 3597S 

eIF2α Rabbit 1/1000 Santa Cruz sc-133132 

phospho-GSK3α (Ser21) Rabbit 1/1000 Cell Signaling 9327S 

GSK3α  Rabbit 1/1000 Cell Signaling 9338S 

phospho-IR (Y972) Rabbit 1/1000 Millipore 07-838 

IR Rabbit 1/1000 Santa Cruz sc-713 

phospho-MAPK (T202/Y204) Rabbit 1/500 Cell Signaling 9106S 

MAPK  Rabbit 1/1000 Cell Signaling 9102 

phospho-PERK (Thr980) Rabbit 1/500 Cell Signaling 3179 

PERK  Rabbit 1/1000 Santa Cruz sc-377400 

PP2A-C Rabbit 1/1000 Millipore 05-421 

phospho-Tau (Thr231) Rabbit 1/2000 Millipore ab151559 

Tau Rabbit 1/2000 Millipore ab39524 

Antibodies used for immunoprecipitation  

Antibody Species Amount Vendor Catalog # 

IR Rabbit 2µg Santa Cruz sc-713 

Antibodies used for immunohistochemistry 

Antibody Species Dilution Vendor Catalog # 

GFAP Rabbit 1/500 Thermofisher PA3-16727 
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Data Analysis: Where appropriate, data were subjected to 2-way repeated measures ANOVA 1-

way ANOVA with Tukey’s or Dunnet’s post-hoc tests or an unpaired, two-sided, student’s t-test 

using Graphpad Prism software (La Jolla, CA). 

 

Induction of type 1 diabetes in experimental animals by STZ: STZ is selectively taken up by 

GLUT2 receptors at the cell surface of insulin producing beta cells in the pancreas. Once taken 

up, STZ destroys beta cells via a genotoxic mechanism resulting in insulin-depletion in the 

whole animal. To render male Sprague Dawley rats (300g) diabetic, we used a single 

intraperitoneal injection STZ (85 mg/kg; Sigma). For Wt and sAPPα overexpressing mice, 

90mg/kg of STZ was given via intraperitoneal injection on 2 consecutive days. Rats were 

maintained in parallel with age-matched controls for 3-5 months while mice were maintained in 

parallel for 10 or 16 weeks. Tail blood glucose was assayed three days after injection to confirm 

diabetes. Only animals with blood glucose values higher than 18mmol/L were considered 

diabetic. For CRND8 mice, a dose of 90 mg/kg was used on three successive days.  Blood 

glucose was determined prior to a fourth injection; if levels were higher than 18.0mmol/L, the 

animal was considered diabetic and not reinjected.  Otherwise, animals were re-injected once 

every three days until diabetic.  CRND8 mice were housed for 6 weeks prior to euthanasia for 

tissue collection.  Only animals diabetic for the same amount of time and same age were used for 

assaying purposes. Furthermore only male animals were used. 

 

Euthanasia: Since the pathways we were interested in (AKT/GSK3/Tau signaling, PP2A 

activation) are modified by common forms of anesthesia (Planel et al. 2009), all mice were 
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euthanized by conscious cervical dislocation. Rats used for DRG cultures were euthanized by 

conscious decapitation.  

 

Ethics statement: All animal studies were in accordance with the University of Manitoba 

Animal Care Committee rules using Canadian Council of Animal Care guidelines. Animal 

studies were completed under University of Manitoba protocol number 14-029. 

 

Embryonic cortical neuron culture: Cortices from E16 embryonic CD1 mice were dissected 

out and triturated to release neurons. For the first 24 hours, neurons were plated in Neurobasal 

media supplemented with 10% FBS and B27 and then in Neurobasal + B27 for the next 6 days. 

Three days after plating, media containing 500nM cytosine arabinoside was used to inhibit glial 

cell growth. 

 

sAPPα dose response experiment: 7 days after plating, cortical neurons were plated in 

Neurobasal media in the absence of B27 for 2.5 hours. After this starvation period, cells were 

treated with 10, 30, or 100 nM sAPPα for 15 minutes then scraped in denaturing lysis buffer and 

processed for western blot.  

 

CRND8 mice: CRND8 mice overexpress APP695 harboring 3 familial AD mutations (Swedish, 

K670N & M671L; Indiana, V717F) which cause increased Aβ production. In these mice, 

expression of mutant APP is driven by the Syrian hamster prion protein promoter on a C57Bl/6 

background (Chishti et al. 2001).   
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Prestoblue assay of viability:  Cultured cortical neurons were in treatment for 16 hours prior to 

the addition of  Prestoblue (thermo fisher). Prestoblue was added to cell culture media according 

to the manufacturer’s instructions. Two hours after the addition of Prestoblue, mean absorbance 

of reduced resorufin (a marker of cell viability) was standardized to absorbance of non-

metabolized resazurin to generate data (expressed as viability). 

 

sAPPα overexpressing mice: Breeding pairs of Tg- sAPP overexpressing mice (Bailey et al. 

2012) were kindly supplied by Dr. Jun Tan, University of South Florida. In brief, transgenic 

mice were created by pronuclear injection of human sAPPα expression constructs into C57Bl/6 

embryos. Hemizygous Tg mice were confirmed by PCR and used for experiments while non-

transgenic littermates served as controls. In these mice, sAPPα overexpression is driven by the 

mouse prion promoter. The concentration of sAPPα in whole brain homogenates from 

hemizygous Tg mice is ~20ng/mg (Bailey et al. 2012) and WB analysis has been used previously 

to confirm the overexpression of sAPPα in hemizygous cortices and hippocampi (Bailey et al. 

2013). 

 

HbA1c analysis: Blood samples were collected from diabetic sAPPα-overexpressing mice, plus 

controls, immediately post-mortem and HbA1c levels determined using available kits (PTS 

diagnostics).  

 

PP2A-C activity: Cortical tissue was homogenized in phosphatase buffer (20nM imidazole, 

2mM EDTA, 2mM EGTA, 1mM benzadine, 10ug/ml pepstatin + 1 protease inhibitor cocktail 

tablet/10ml (Roche)) and immunoprecipitation performed on whole cortices (1 cortex/sample, N 
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= 3-4 animals/group) using anti-PP2A-C antibodies. Once precipitated, activity of PP2A-C 

proteins was detected using available kits (Millipore cat #17-313). Some of the 

immunoprecipitated PP2A-C sample from each animal was set aside for a protein assay. Briefly, 

precipitated PP2A-C proteins were incubated in threonine phosphopeptides at 30⁰C in a shaking 

incubator for 10 minutes. After incubation, samples were centrifuged (2500RPM for 10min) and 

supernatant collected for analysis of free phosphate. Malachite Green Phosphate Detection 

Solution, which changes color in the presence of free phosphate, was added to each sample of 

supernatant and color allowed to develop for 10-15 minutes at room temperature. Sample 

absorbance was read at 650nM and optical density (O.D.) values recorded (higher O.D. values 

corresponded with higher levels of free phosphate and therefore increased PP2A-C activity). 

O.D. values were then standardized to values obtained from the protein assay to give the amount 

of PP2A-C activity/amount of protein. Mean values of this calculation for each group were 

determined and used for data in figure 12. 

 

DRG sensory neuron cultures and treatments: DRG were harvested from adult normal or 

diabetic Sprague Dawley rats (see Table 3) and single cells dissociated with trypsin treatment 

followed by trituration. Cells were grown in Hams F12 media (Sigma) supplemented with N2 

(0.1mg/ml transferrin, 20nM progesterone, 0.01 mM cytosine arabinoside, 100µM putrescine, 

30nM sodium selenite, 1mg/ml BSA) (Huang et al. 2005). Control neurons were cultured in the 

presence of 10mM D-glucose while diabetic neurons were exposed to 25mM D-glucose to 

mimic hyperglycemic conditions.  

For experiments, cells were grown in F12 + N2 supplement without growth 

factors/insulin for 24 hours. sAPPα used for experiments was purchased from sigma (catalogue # 
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S9564). See supplementary materials section for an example data sheet and example of Sigma’s 

quality control. Thirty nM sAPPα (Sigma) was determined to be the minimum dose required to 

induce a significant increase in DRG neuronal outgrowth. Subsequent experiments used 

treatments of 100nM sAPPα as this concentration was found to stimulate robust neurite 

outgrowth in cultured DRG cells. Some wells were incubated with 20uM AG1024 (Santa Cruz), 

an antagonist of IR/IGF1R, for 60min prior to insulin or sAPPα treatment. This concentration of 

AG1024 was found to completely block insulin-induced neurite outgrowth in our cultures. 

Insulin used for experiments was purchased from Sigma. 

 

Immunocytochemistry staining of cultured DRG neurons for NFκB subunits and β-tubulin 

class III: After appropriate treatment, cultured DRG neurons were fixed with 2% 

paraformaldehyde in phosphate buffered saline (PBS, pH 7.4) for 15min at room temperature 

then permeabilized with 0.3% TritonX-100 in PBS for 5min. Cells were then incubated in 

blocking buffer (Roche, Indianapolis, IN) diluted with FBS and 1mM PBS (1:1:3) for 1hr then 

rinsed three times with PBS. Primary antibodies against β-tubulin isotype III (1:500) (neuron 

specific; Sigma Aldrich, Oakville, ON) or the NFκB subunits p50, p65, and c-Rel (Santa Cruz 

Biotechnology, Santa Cruz, CA,) were added to wells and plates were incubated at 4°C 

overnight. The following day, cells were rinsed 3X with PBS and incubated with AlexaFluor 

488-conjugated secondary antibodies (1:500) (Invitrogen) or Cy3-conjugated secondary 

antibodies (1:500) (Jackson Laboratories) for 1hr at room temperature. Cells were then washed 

3X with PBS. Coverslips were mounted on glass slides with DAPI-supplemented mounting 

medium.  Cells were imaged using a Carl Zeiss Axioscope-2 fluorescence microscope (20X 
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objective) equipped with an AxioCam camera. Images were captured using AxioVision3 

software. 

 

Quantification of neurite outgrowth: To determine neurite outgrowth, fluorescent images of 

cultured cells stained with β-tubulin class III/Cy3 conjugated antibodies were captured. In order 

to quantify neurite outgrowth, the mean fluorescent pixel area of neurites was determined by 

removing the fluorescence of the cell body using ImageJ (NIH) software leaving only neurite 

fluorescence remaining in the image. Total pixel area of the remaining neurites was then divided 

by the total cell number, to give mean neurite outgrowth area per cell. Data is reported as the 

average outgrowth/cell ratio between the three coverslips imaged for each group.  

 

Analysis of nuclear/cytoplasmic ratios for NFκB subunits: To determine nuclear: cytoplasmic 

ratios of NFκB subunits, the nucleus of neurons stained for the NFκB subunits p50, p65, or cRel 

was traced and mean fluorescence intensity measured using ImageJ software. This value was 

then divided by the mean fluorescence value obtained from the cytoplasm to obtain the 

nuclear/cytoplasmic fluorescent ratio (Saleh et al. 2013) 

 

RT-PCR: Whole DRGs were isolated from adult wild type and Tg sAPPα over-expressing mice. 

DRGs were homogenized in Trizol (Thermo Fisher) and RNA was extracted as per the 

manufacturer’s instructions.  The cDNA template was prepared using the iScript cDNA 

Synthesis Kit (BIO-RAD) as per the manufacturer’s instructions.  Finally, amplification of 

sAPPα was performed using the REDExtract-N-Amp™ Tissue PCR Kit (Sigma Aldrich) as per 

the manufacturer’s instructions.  The primers used for amplification of sAPPα (457 bp) and β 
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actin (100 bp) are as follows (5’ to 3’):  β actin forward:  GATGTATGAAGGCTTTGGTC; β 

actin reverse: TGTGCACTTTTATTGGTCTC; sAPPα alpha forward: 

GCCTGGACGATCTCCAGC; sAPPα reverse:  TGGCCCGGTGTTAGCACTGGC.  Annealing 

temperatures used for PCR amplification of sAPPα and β actin are 69°C (40 cycles) and 60°C 

(30 cycles), respectively.  PCR products were run on a 3% agarose gel in 1x TAE at 100V for 35 

minutes.  Images were obtained on a ChemiDoc MP (BIO-RAD).  

 

Quantification of thermal sensitivity (Hargreaves test): Hind paw thermal response latencies 

were measured using the Hargreaves thermal sensitivity machine. In short, rodents were placed 

in plexiglass cubicles on top of the modified Hargreaves device (UCSD, La Jolla, CA, USA) and 

the heat source was placed directly below the middle of one of the hind paws and the time until 

paw withdrawal measured. Response latency of each paw was measured 4 times at 5 min 

intervals and the median value of trials 2-4 used to represent the response latency for that paw. 

Median values were then averaged with between the two hind paws for each animal to generate 

data points (Jolivalt et al. 2012).  

Mice: Wt, SAMR1 mice that were injected with NSCs and subjected to MWM testing were 

obtained from Harlan Laboratories and maintained in conventional housing until 6 months of 

age. 6-month old mice then had NSCs implanted and were housed 2 more months in 

conventional housing before MWM testing. After testing, mice were sacrificed by cervical 

dislocation and brain tissue processed for analysis by immunohistochemistry (IHC). eGFP mice: 

Homozygous eGFP mice expressing mice were purchased from Jackson Laboratories (Stock No. 

003291). In these mice, expression of enhanced green fluorescent protein (eGFP) is under the 

control of a chicken beta-actin promoter and cytomegalovirus enhancer. 
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Generation NSCs: NSCs used for implantation were generated by breeding homozygous, eGFP 

expressing, C57/Bl6 dams (driven by the beta-actin promoter) with C57/Bl6 wild-type sires, to 

generate Wt-NSCs, or homozygous sAPPα-overexpressing sires, to generate sAPPα-NSCs. 

NSCs were harvested from the cortices of the resulting (E14) embryos. Tg, sAPPα-

overexpressing NSCs have been demonstrated to secrete >10fold more sAPPα into culture media 

compared to Wt-NSCs (Bailey et al. 2013). 

 

NSC culture: Cortices were dissected out, triturated and cells passed through a 40uM mesh. 

Cells were maintained in media containing  basic fibroblast growth factor (bFGF) (20ng/ml) and 

human epidermal growth factor (hEGF) (20ng/ml), in order to maintain NSC characteristics, 

until implantation. Cultured Wt-NSCs and sAPPα-NSCs were analyzed for nestin expression by 

WB to confirm NSC characteristics (Supplemental Figure 1). 

 

NSC implantation: Six-month old SAMR1 mice were anesthetized with isoflurane and 

incisions made along the midline of the scalp. 3ul of NSCs (100,000 cells/ul) suspended in 

ACSF were injected into each hippocampi, according to previous studies (Blurton-Jones et al. 

2009) using the following coordinates (relative to the bregma): anteroposterior -2mm,  

mediolateral +/- 1.75mm, and dorsoventral -1.75mm After surgery, scalp incisions were closed 

with sutures and mice returned to their home cages after the effects of anesthesia had worn off. 

Carprofen was given up to 24 hours post-operatively for pain control. A total of 29 mice were 

injected for this study (10 were injected with ACSF, 11 with sAPPα-NSCs and 8 with Wt-

NSCs). 2 mice injected with Wt-NSCs had to be euthanized due to health reasons before the end 

of the study. 
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MWM: Eight weeks after the implantation of NSCs, cognitive ability was assessed in our mice 

using the MWM. The maze consisted of a circle pool filled with water that was made opaque by 

the addition of non-toxic, black water-based paint. A circular platform was hidden 2cm below 

the surface of the water. Visual cues were placed at cardinal points around the pool. Mice were 

placed into the pool and allowed to swim freely for 1 minute or until the hidden platform was 

found. If the platform was not found after 1 min, mice were placed onto the platform and 

remained there for 20 seconds before being removed from the pool. Each day of training 

consisted of 4 trials (up to 1 minute or when mice found the platform) in which mice were placed 

under each visual cue. A total of 5 days of training was performed. After the training sessions on 

day 5, the hidden platform was removed and mice were placed back into the pool to swim for 60 

seconds.  Time in the quadrant where the hidden platform had been previously, as well as crosses 

over the previous location of the platform, were recorded and quantified. 

 

IHC analysis of hippocampal slices:  Hippocampi were removed immediately after sacrifice 

and fixed in 4%  paraformaldehyde (PFA) for 1 hour. After fixation, tissue was placed into 30% 

sucrose overnight then placed into molds containing OCT. 20um slices were prepared from 

frozen blocks of OCT containing tissue then analyzed by IHC. Briefly, slices were incubated in 

anti-GFAP antibodies (Thermofisher; 1:500) diluted in blocking buffer (Roche) overnight at 4 

degrees Celsius. The next day, slices were washed with PBS and incubated in cy-3 conjugated 

anti-rabbit antibodies 1:500) for 1 hour at room temperature. Slices were then washed with PBS 

and sealed to glass coverslips using DAPI-containing hard set mounting medium. 
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2CHAPTER 3: sAPPα ACTIVATES NEURONAL IR 

 

INTRODUCTION:  

Despite evidence that sAPPα activates the PI3K/AKT axis, stimulates MAPK signaling, 

and requires IRS to stimulate neuronal outgrowth, the putative receptor sAPPα receptor remains 

unknown. Previous studies demonstrate that the protective effects of sAPPα can be blocked by 

inhibitors of IR/IGF1R and by Aβ oligomers which antagonize IR. While these studies provide a 

clear link between sAPPα and the insulin signaling pathway, several unknowns remain. For 

instance, it is unclear if the effects of sAPPα are mediated through activation of IR or the 

structurally similar IGF1R. Furthermore, a direct interaction between sAPPα and IR has yet to be 

established and it’s unknown whether or not sAPPα would bind the same ligand binding sites on 

IR as insulin. Therefore, the goals of this work were to determine if sAPPα activates IR 

specifically, and if so, is that activation mediated by direct binding or by an indirect method such 

as inhibition of IR phosphatases.   

 

RESULTS: 

sAPPα increases insulin receptor phosphorylation in neuronal cultures – To 

determine if sAPPα would activate IR in vitro, neuronal cultures were insulin depleted for 2.5 

hours in order to remove endogenous insulin signaling. After this washout period, sAPPα (10, 30 

                                                           
2 Sections of text from chapter 3 and 4, and figures 4, 6, 8, 9, and 10, are published in  Experimental Neurology, 

2018 Brent D. Aulston, Jason Shapansky, YaWen Huang, Gary L.Odero, Gordon W. Glazner ,” Secreted amyloid 

precursor protein alpha activates neuronal insulin receptors and prevents diabetes-induced encephalopathy”. -see 

permissions section 
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and 100 nM) was added for 15 minutes after which cells were lysed and lysates prepared for 

western blot. To assess insulin receptor activation, we analyzed phosphorylation of neuronal IR 

at Tyr 972 as this site in particular is required for activation of the insulin signaling pathway by 

providing a docking site for IRS (White et al. 1988). As demonstrated in Figure 4A, sAPPα 

increased IR phosphorylation in a dose-dependent manner. Because antibodies targeted to 

phosphorylation sites on IR can also cross-react with phosphorylation sites on IGF1R, we 

performed immunoprecipitation on sAPPα-treated lysates using antibodies specific for the 

insulin receptor. Western blot analysis of these precipitated lysates revealed that sAPPα 

specifically increased IR phosphorylation (Fig. 4B).  

 

Figure 4: sAPPα increases insulin receptor (IR) phosphorylation in cultured mouse cortical 

neurons 
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Figure 4:  sAPPα increases insulin receptor (IR) phosphorylation in cultured mouse cortical 

neurons -  (A) Mouse embryonic cortical neurons were cultured for 7 days, then insulin depleted 

for 2.5 hours prior to treatment with sAPPα (10 nM, 30 nM, or 100 nM). 15 minutes after the 

addition of treatments, cells were lysed and lysates prepped for western blot. Immunoblotting 

with phosphorylated insulin receptor (pIR, Y972) antibody revealed a dose-related increase 

relative to actin versus controls. Data is mean pIR/actin ratio +/- SEM. Graph units are 

arbitrary. Data was analyzed with a one-way ANOVA, Tukey post-hoc, *p<0.05, **p<0.01 vs 

0nM sAPPα. N= 3 wells.  (B)  Mouse embryonic cortical neurons were cultured for 7 days, and 

then insulin depleted for 2.5 hours prior to treatment with sAPPα (100nM).  Cell lysates were 

collected 15 minutes after the addition of sAPPα.  IR were immunoprecipitated (IP:IR) from 

untreated (Untr.) and sAPPα treated (sAPPα) lysates and probed by immunoblot for phospho-IR 

(IB: pIR Y972) and total IR (IB: IR). This figure is the work of Jason Schapansky. 

 

sAPPα is protective against insulin depletion – Since sAPPα activated neuronal IRs in 

vitro, we next analyzed if sAPPα is protective against insulin depletion. To test this, cortical 

neurons were cultured in the absence of insulin for 16 hours and then cell viability evaluated (Fig 

5B, for cell viability assay details, see Presto Blue assay in the Materials and Methods). In order 

to determine the protective effects of endogenous sAPPα production on cell survival, some 

cultures were treated with GI254023X, an inhibitor of α-secretase. Only insulin-depleted cells 

cultured in GI254023X showed a difference in cell viability compared to cultures with both 

insulin and endogenous sAPPα production. These results suggest that sAPPα is protective 
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against insulin depletion in neurons which is supported by the finding that APP/sAPPα binds IR 

in brain tissue from healthy rats (Fig 5A). 

 

Figure 5: APP/sAPPα binds IR in vivo and is protective against insulin depletion in vitro 

 

Figure 5: APP/sAPPα binds IR in vivo and is protective against insulin depletion in vitro – A. 

Cortical tissue from a 3month old wild-type rat was homogenized in RIPA buffer and immuno-

precipitation performed using antibodies against the beta subunit of insulin receptor (IR) or non-

specific IgG antibodies as a control. Following IP, precipitates were Western blotted and probed 

with anti-APP antibodies (raised against the N-terminus of APP). B. Cortical neurons were 

plated in B27 media +/- insulin, and +/- 20uM of the alpha secretase inhibitor GI254023X for 

16 hrs. Cells were then incubated in Presto Blue for 2 hrs and cell viability was assessed by 

analyzing absorbance at 570nm (corresponding to absorbance by reduced rezofurin) 

standardized to absorbance at 600nm (corresponding to absorbance by oxidized resazurin). Data 
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represents mean absorbance +/-SEM (expressed as viability). N = 5-6 wells/treatment.  Data 

was analyzed by 1-way ANOVA with Tukey’s post-hoc test. * indicates p<0.05. 

 

APP/sAPPα physically interacts with IR and competes with insulin for IR binding 

sites in vivo - Activating phosphorylation of neuronal IR in culture can occur directly by receptor 

binding ligands, such as insulin and IGF1, or indirectly by treatments, such as hydrogen peroxide 

(Hayes et al. 1987, Mahadev et al. 2001), that inhibit phosphatases that act on IR. Therefore, a 

potential physical interaction between APP/sAPPα and IR was assessed in vivo using co-

immunoprecipitation (Co-IP). Co-IP of insulin receptors in CRND8 and CRND8-STZ brain 

homogenates was followed by Western blot analysis of Co-IP samples with a specific sAPPα 

antibody. As demonstrated in Table 2, Wt and CRND8 mice were successfully rendered type 1 

diabetic, and therefore insulin depleted. sAPPα/APP was detected in the both CRND8 and 

CRND8-STZ pulldown samples (Fig. 6A), but CRND8-STZ animals had significantly higher 

APP/sAPPα levels than saline injected CRND8 animals. To rule out the possibility that the 

increased interaction between APP and IR we observed in CRND8-STZ homogenates was a 

result of differential expression of APP or IR, we analyzed cortical APP (using antibodies raised 

against the N-terminus of APP) and IR levels in our animals and found no differences in 

expression between CRND8 and CRND8-STZ groups (Fig. 6B). 

 

Table 2: Blood glucose of Wt and Tg (CRND8) mice 

Group B.G (mmol/L) 

Wt 13.1 + 0.54 

Tg-CRND8 12.3 + 0.67 



Page 65 of 195 

 

Wt –STZ 31.3 + 0.77*** 

Tg-CRND8 STZ 30.8 + 1.24*** 

 

Table 2: Blood glucose and brain weight Wt and Tg (CRND8) mice - 8-week old wild-type (Wt) 

and transgenic CRND8 mice were rendered diabetic with intraperitoneal injections of 

streptozotocin (STZ) and maintained for 6 weeks. Data represents mean blood glucose (B.G.) 

measurements at the time of death +/- SEM.  Data was analyzed using 1-way ANOVA with 

Tukey’s post-hoc test. *** indicates p<0.001 compared to Wt/Tg-CRND8 groups. N = 5-

11/group.  
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Figure 6: Physical interaction between APP/sAPPα and insulin receptor is greater in 

insulin-depleted animals 

 

Figure 6:  Physical interaction between sAPPα and insulin receptor is greater in insulin-

depleted animals -  A. Co-immunoprecipitation (co-IP) of cortical lysates from CRND8 and 

CRND8 STZ mice with a specific IR antibody (IP: IR) followed by immunoblot with 6E10 

antibody (IB: 6E10) and IR antibodies (IB: IR) revealed that the amount of sAPPα bound to IR  

was significantly higher in  CRND8-STZ mice than non-diabetic controls (mean sAPPα/IR ratio 

+/- SEM, t-test, N = 3/4/group, *p<0.05). B. CRND8 and CRND8-STZ cortical lysates were 

probed by western blot using antibodies raised against IR and the N-terminus of full length APP 

(APP A4). Data represents mean protein levels standardized to actin loading controls +/- SEM. 
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N =3 animals/group. Data was analyzed with student’s t-test. No differences (p>0.05) in APP/IR 

expression were detected between groups. Part A of this figure is the work of Jason Schapansky. 

Part B was completed by Brent Aulston. 
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 SUMMARY: 

With this work we demonstrate that sAPPα activates IR in the absence of insulin, and 

sAPPα/APP physically interacts with IR and competes with insulin for ligand binding sites. The 

antibodies used in these experiments detect the N-terminus of APP (Fig. 5) and an epitope 

between amino acids within the Aβ region (antibody 6E10, Fig. 6). Because these antibodies 

detect both APP and sAPPα, it is unclear which form interacts with IR. Nevertheless, these 

results suggest that sAPPα is an activating ligand for IR.  
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CHAPTER 4: SECRETED AMYLOID PRECURSOR PROTEIN ALPHA PREVENTS 

DIABETES-INDUCED ENCEPHALOPATHY 

 

INTRODUCTION:  

Hyperphosphorylation of the microtubule associated protein tau leading to tau 

aggregation is hypothesized to contribute to cognitive dysfunction and cell death in AD, 

Parkinson’s disease and diabetic encephalopathy. Previous studies demonstrate that neuronal 

insulin signaling directly regulates tau phosphorylation in vitro and in vivo. Despite evidence that 

sAPPα activates AKT and prevents tau phosphorylation in the brains of AD mice, the effects of 

sAPPα on diabetes-induced tau pathology remain unexplored. Therefore, we tested the 

hypothesis that sAPPα could prevent the development of Alzheimer’s –associated tau pathology 

in the insulin-depleted rodent brain.   

 

RESULTS: 

Generation of diabetic sAPPα-overexpressing mice – Built off the results obtained in 

chapter 3, the central hypothesis tested in this thesis was that sAPPα inhibit the development of 

pathology in the diabetic nervous system. We tested this by rendering sAPPα-overexpressing 

mice insulin depleted with STZ injections. It was important to determine if STZ-injected sAPPα 

mice were as hyperglycemic as their Wt counterparts as any discrepancies in glycemic profiles 

could confound our results. As shown in Figure 7, no differences in fasting blood glucose or 

HbA1c levels were found between diabetic Wt and diabetic sAPPα (Tg) mice. This demonstrates 

that sAPPα overexpression did not affect the animals’ response to STZ nor did sAPPα increase 

glucose uptake. 
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Figure 7: Characteristics of diabetic sAPPα mice 

 

 

Figure 7: Characteristics of diabetic sAPPα mice - A. Pre-injection body weight and body 

weight 16 weeks post-injection was determined in diabetic (STZ) wild-type (Wt) and sAPPα (Tg) 

overexpressing cohorts plus saline(Sal)  injected controls. Data was analyzed by a 2-way, 

repeated measures ANOVA. ## indicates p<0.01 between saline groups and Tg STZ group. **** 
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indicates p<0.0001 between saline groups and Wt STZ group. B. Fasting (3 hours) blood 

glucose levels were measured 2 days prior to death. Data represents mean blood glucose +/- 

SEM. Data was analyzed by a 1-way ANOVA and Tukey’s post hoc test.  **** indicates 

p<0.0001 between STZ injected groups and saline injected groups. No differences were detected 

between Tg STZ and WT STZ mice or between Tg saline and Wt saline mice. C. HbA1c 

percentages were determined with blood samples collected immediately post mortem. Data 

represents mean HbA1c % +/- SEM. Data was analyzed by a 1-way ANOVA and Tukey’s post 

hoc test.  **** indicates p<0.0001 between STZ injected groups and saline injected groups. No 

differences were detected between Tg STZ and WT STZ mice or between Tg saline and Wt saline 

mice. For A and B,  N = 6-10 animals per group. For C, N = 3-7 animals/group. 

 

Overexpression of sAPPα prevents hyper-phosphorylation of tau in the diabetic 

brain – Elevated levels of sAPPα have been suggested as a mechanism for the absence of 

neurodegeneration in young CRND8 mice despite having supraphysiological concentrations of 

Aβ (Jimenez et al. 2011). To test the hypothesis that sAPPα specifically could prevent pathology 

in the insulin depleted brain, we examined phosphorylated tau levels in the cortices of our 

diabetic sAPPα mice.   

Aberrant tau phosphorylation leading to tau aggregation is hypothesized to underlie 

neurodegeneration in AD (Braak et al. 1991, Braak et al. 1997, Delacourte et al. 1999, Price et al. 

1999). Because sAPPα decreases tau phosphorylation in human cell lines as well as transgenic 

AD mice (Deng et al. 2015), we hypothesized that sAPPα overexpression would prevent tau 

hyperphosphorylation in the STZ-diabetic brain. As demonstrated in Figure 8, analysis of 

cortical lysates from diabetic-sAPPα mice revealed a decreased phospho-tau (Thr 231)/total tau 
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ratio compared to diabetic-Wt controls (p<0.01). No differences between non-diabetic controls 

and diabetic sAPPα-overexpressing mice were detected. 

 

Figure 8:  Overexpression of sAPPα prevents hyperphosphorylation of tau in diabetic 

cortices 

 

 

Figure 8: Overexpression of sAPPα prevents hyperphosphorylation of tau in diabetic cortices 

– Cortical tissue lysates from 16 week diabetic (STZ) or non-diabetic, saline injected (Sal) wild-

type (Wt) and sAPPα-overexpressing mice (Tg) were analyzed by WB for phosphorylated Tau 

(T231). Data represents mean phospho-protein/loading control ratio +/- SEM. Data was 
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analyzed by a 1-way ANOVA and Tukey’s post-hoc test. N= 3 animals for Wt group, 4 animals 

for Wt-STZ group and 6 animals for Tg-STZ group. Graph units are arbitrary. ** indicates p < 

0.01 compared to Wt-STZ group.  

 

sAPPα suppresses diabetes-induced UPR activation - To test whether or not sAPPα 

negatively regulated stress signaling in the diabetic brain, we next analyzed activation of the 

UPR in the cortices of our animals. The UPR is a highly conserved cell survival pathway that 

reduces protein translation in response to insult (Verkhratsky et al. 2002, Kogel et al. 2003, 

Brewster et al. 2006). Activating phosphorylation of the ER kinase PERK (T980) results in 

PERK-mediated phosphorylation of eIF2α (Ser51) and inhibition of translational complex 

formation. In addition to being an indicator of cell stress, diabetes induced activation of the UPR 

has been linked mechanistically to the exacerbation of amyloid pathology in AD mice via 

increased BACE1 expression (Devi et al. 2012). In our animals, we found that sAPPα prevented 

PERK activation in diabetic cortices (Fig. 9, p<0.05 compared to Wt-STZ) although no 

differences in eIF2α phosphorylation were detected between groups.  
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Figure 9: sAPPα suppresses diabetes-induced UPR activation 

 

 

Figure 9: sAPPα suppresses diabetes-induced UPR activation – Cortical tissue lysates from 16 

week diabetic (STZ) or non-diabetic, saline injected (Sal) wild-type (Wt) and sAPPα-

overexpressing mice (Tg) were analyzed by WB for UPR activation by determining 
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phosphorylation of PERK (Thr 980) and eIF2α (Ser51). Data represents mean protein/loading 

control ratio in whole cortical lysates +/- SEM. Data was analyzed by a 1-way ANOVA and 

Tukey’s post-hoc test. * indicates p<0.05 compared to Wt STZ group. N= 3 animals for Wt 

group, 4 animals for Wt-STZ group and 5 animals for Tg-STZ group. 

sAPPα blocks aberrant AKT/GSK3 phosphorylation - Abnormal activation of the tau 

kinase GSK3 is hypothesized to contribute to tau pathology in AD (Hooper et al. 2008) and 

pharmacological inhibition of GSK3 reduces tau phosphorylation in rats (Georgievska et al. 

2013). GSK3 activity is suppressed by phosphorylation of serine (Ser 9 on the GSK3β isoform 

and Ser 21 on the GSK3α isoform) residues by the survival kinase AKT (Cross et al. 1995). Cell 

culture studies indicate that the protective effects of sAPPα are mediated by activation of AKT 

(Wallace et al. 1997, Cheng et al. 2002) that may underlie sAPPα-mediated inhibition of GSK3 

both in vitro and the brains of AD mice in vivo (Deng et al. 2015). In contrast to cell culture 

studies, in vivo insulin depletion increases phosphorylation of GSK3 and AKT in brain tissue 

(Clodfelder-Miller et al. 2006) suggesting an activation of stress response pathways in order to 

counteract the loss of trophic support. Therefore, we analyzed the effects of sAPPα on AKT and 

GSK3 phosphorylation the STZ diabetic brain. Furthermore, because sAPPα appears to be an 

activating ligand for neuronal IR and competes with insulin for binding sites on IR (Figures 5 

and 6) we analyzed the effects of sAPPα on AKT/GS3 in the non-diabetic Tg mice. Because 

sAPPα is a competitive agonist for IR, we hypothesized that sAPPα overexpression in the non-

diabetic brain may impact pathway activation downstream of IR, however, no differences in 

AKT or GSK3 phosphorylation were detected between Wt and Tg mice. Moreover, we found 

that diabetes-induced phosphorylation of both AKT and GSK3α was prevented by sAPPα-
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overexpression (Fig. 10).  WB analysis of IR expression and IR phosphoprylation revealed no 

differences between groups (Supplemental Figure 2). 

 

Figure 10: sAPPα blocks aberrant AKT/GSK3 phosphorylation 
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Figure 10: sAPPα blocks aberrant AKT/GSK3 phosphorylation – Cortical tissue lysates from 

16 week diabetic (STZ) or non-diabetic, saline injected (Sal) wild-type (Wt) and sAPPα-

overexpressing mice (Tg) were analyzed by WB for phosphorylated AKT (S473) and 

phosphorylated GSK3α (ser 21). Data represents mean protein/loading control ratio +/- SEM. 

Data was analyzed by a 1-way ANOVA and Tukey’s post-hoc test. N= 3 animals/group. Graph 

units are arbitrary. * indicates p < 0.05 compared to Wt STZ group. ** indicates p < 0.01 

compared to Wt STZ group. *** indicates p < 0.001 compared to Wt STZ group.  

 

The effects of sAPPα on PP2A-C activity and MAPK/AMPK/PKA signaling in the 

diabetic brain – The protective effects of sAPPα in culture have been attributed to both 

activation of the IRS/AKT cascade and the MAPK pathway. The results in Figure 10 ruled out 

the possibility that sAPPα reduced tau phosphorylation by inhibiting GSK3 activity, therefore we 

next examined the effects of sAPPα on MAPK signaling as the MAPK pathway is 

neuroprotective and activated by sAPPα but is also a positive modulator of tau phosphorylation 

(Guise et al. 2001). However, WB analysis of cortical lysates detected no differences between 

non-diabetic and diabetic Wt/Tg mice (Fig. 11). In addition to the MAPK pathway, we analyzed 

activation of AMPK, a tau kinase that’s abnormally active in AD (Vingtdeux et al. 2011) but no 

differences in AMPK activity were observed in our animals.  

 Recent work has identified PKA as a positive regulator of tau phosphorylation that is up-

regulated in the diabetic brain (van der Harg et al. 2017). However, contrary to this report, 

activity of PKA, determined by phosphorylation of PKA at Thr 197, was significantly decreased 

in the brains of our Wt-STZ mice compared to non-diabetic controls (p<0.05). We observed a 
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trend towards decreased phospho-PKA in the Tg-STZ group compared to Wt controls but no 

significant differences were detected.  

 The lack of differences in tau kinase activation we observed suggested that differences in 

tau phosphorylation between diabetic Wt and Tg mice could be the result of altered tau 

phosphatase activity. The phosphatase PP2A accounts for approximately 70% of the tau 

phosphatase activity in the brain (Liu et al. 2005) and PP2A activity has been reported to be 

decreased by diabetes (Planel et al. 2007b). In our animals, expression of the catalytic subunit of 

PP2A (PP2A-C) was unchanged between groups (Fig. 12A) however activity of 

immunoprecipitated PP2A-C proteins was decreased in WT-STZ cortical lysates which was 

patially normalized in the sAPPα diabetic group (12B) (See supplementary Figure 1 for WB 

analysis of IP samples). These results suggest that the effects of sAPPα on tau phosphorylation 

are mediated by maintenance of PP2A-C activity.  
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Figure 11: The effects of sAPPα on tau phosphorylation are not mediated by AMPK, 

MAPK or PKA 
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Figure 11: The effects of sAPPα on tau phosphorylation are not mediated by AMPK, MAPK 

or PKA – Cortical tissue lysates from 16 week diabetic (STZ) or non-diabetic, saline injected 

(Sal) wild-type (Wt) and sAPPα-overexpressing mice (Tg) were analyzed by WB for activating 

phosphorylation of AMPK (Tyr 172), MAPK (Thr 202/Tyr 204) and PKA (Thr 197). Data are 

mean protein/loading control ratio in whole cortical lysates +/- SEM. Data was analyzed with a 

1-way ANOVA and Tukey’s post-hoc test. * indicates p<0.05 vs Wt group. N= 3 animals for Wt 

group, 4 animals for Wt-STZ group and 6 animals for Tg-STZ group. 

Figure 12: Overexpression of sAPPα maintains PP2A phosphatase in the diabetic brain 

 

Figure 12: Overexpression of sAPPα maintains PP2A phosphatase in the diabetic brain – A. 

Cortical lysates from diabetic sAPPα (Tg STZ) and diabetic Wt mice (Wt STZ) plus saline 

injected wild-type controls (Wt sal) were probed for PP2A-C expression. Data represents mean 

protein/actin ratio +/- SEM. 1-way ANOVA with Tukey’s post-hoc test revealed no differences in 
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PP2A-C expression between groups. B. Cortical tissue was homogenized in phosphatase buffer 

(see Materials and Methods) and IP performed on lysates using anti-PP2A-C antibodies. Activity 

of precipitated PP2A-C proteins was assessed using available kits (see Materials and Methods). 

Data represents mean activity level standardized to protein level +/- SEM. Data is expressed as 

a percentage of the control ( Wt Sal) group. Data was analyzed with 1-way ANOVA with Tukey's 

post-hoc test. ** indicates p<0.01 compared to Wt STZ group. * indicates p<0.05 compared to 

Wt STZ group. For A, N= 3 animals for Wt group, 4 animals for Wt-STZ group and 6 animals for 

Tg-STZ group. For B, N = 3-4 animals/group. 

 

SUMMARY: 

 With this work, we studied the effects of sAPPα on the diabetic brain by rendering Tg, 

sAPPα-overexpressing mice STZ diabetic. As expected, overexpression of sAPPα blocked 

diabetes-induced tau phosphorylation (T231) in cortical tissue after 16 weeks of diabetes which 

was associated with decreased activation of the UPR suggesting an overall protective effect of 

sAPPα in the STZ diabetic brain. However, despite in vitro studies demonstrating that sAPPα 

modulates tau phosphorylation by modulating AKT/GSK3, we found elevated phosphorylation 

of AKT and GSK3 in the cortices of Wt-STZ mice which was reduced by sAPPα 

overexpression. In order to identify alternative mechanisms that may mediate the effect of 

sAPPα on tau phosphorylation, we next analyzed activity of PP2A, a phosphatase that acts on 

tau, GSK3 and AKT.  Here, we show that the catalytic subunit of PP2A has reduced activity in 

diabetic brain tissue which was reversed by sAPPα overexpression.  These data demonstrate that 

sAPPα prevents aberrant phosphorylation of tau, AKT and GSK3 in the diabetic brain which 

may be related to sAPPα-mediated activation of PP2A phosphatases.  
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CHAPTER 5: SECRETED AMYLOID PRECURSOR PROTEIN ALPHA REVERSES 

NFΚB DEFICITS IN INSULIN-DEPLETED DRG NEURONS 

 

INTRODUCTION:  

The development of a type 1 diabetic, sAPPα overexpressing model enabled us to 

evaluate the protective effects of sAPPα in both the diabetic CNS and the PNS. APP is expressed 

in DRG neurons and is protective against cell death in trophic deprived DRG cultures, yet the 

role of APP/sAPPα in the diabetic PNS has yet to be evaluated. Previously, we found that 

diminished activity of the neuroprotective transcription factor NFκB may underlie the 

development of sensory neuropathy via decreased expression of the antioxidant MnSOD. Both 

NFκB activity and MnSOD expression are influenced by the insulin signaling pathway and 

sAPPα. Therefore, we hypothesized that sAPPα would prevent sensory neuropathy in diabetic 

mice and reverse NFκB activity/MnSOD expression deficiencies in insulin depleted DRG 

neurons. 

 

RESULTS: 

Table 3: Blood glucose measurements of rats used in study 

 

Group B.G. (mmol/L) 

Control 6.9 + 2.5 

Diabetic 25.6 + 4.8*** 
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Table 3: Blood glucose measurements of rats used in study - 3-5 month STZ-diabetic and age 

matched control rats were maintained in parallel until the end of the study. Diabetes was induced 

by a single intraperitoneal injection of STZ (85mg/kg) while control animals were injected with 

saline. STZ induced diabetes was confirmed three days after injection by tail blood glucose 

assay. Values reflect mean blood glucose measurements at the time of sacrifice, +/- SEM. Data 

was analyzed by students t-test. N = 8 animals/group. *** indicates p<0.001. 

Expression of NFκB gene targets in diabetic DRG – STZ-diabetic rats display 

peripheral neuropathy characterized by the dying back of axons and reduced intraepidermal 

nerve fiber density (Kennedy et al. 1996, Christianson et al. 2003, Mizisin et al. 2007, Quattrini 

et al. 2007). We and others have reported decreased transcriptional activity of the 

neuroprotective transcription factor NFκB in the DRG of STZ-diabetic rats (Berti-Mattera et al. 

2011). In order to determine if the expression of neuroprotective proteins reported to be, at least 

partially, under the transcriptional control of NFκB is altered in the DRGs of STZ-diabetic rats, 

Western blotting of whole DRG homogenates from control and diabetic animals was performed 

with antibodies against MnSOD (SOD2), Cu/ZnSOD (SOD1) and calbindin. As expected, we 

observed a significant decrease in MnSOD expression in STZ-diabetic DRGs compared to age 

matched controls however no difference in calbindin expression was detected (Fig. 13). 

Interestingly, a significant increase in Cu/ZnSOD expression was observed in the STZ-diabetic 

DRGs (Fig. 13). These results suggest that diabetes decreases specific NFκB targets while 

leaving others unaffected or upregulated via NFκB-independent mechanisms.  
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Figure 13: Expression of NFκB gene targets in diabetic DRG 
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Figure 13: Expression of NFκB gene targets in diabetic DRG - Intact DRGS were removed 

from STZ-diabetic rats (Dia) or controls (Con), homogenized and analyzed by Western blot. 

MnSOD, Cu/ZnSOD and Calbindin bands were standardized to actin loading controls. Data 

represent mean protein/actin ratio expressed as a percentage of the Wt group +/- SEM. Student’s 

t-test was used to evaluate differences between control and diabetic groups. N = 3 animals/ 

group. * indicates p < 0.05. 

 

sAPPα slows the development of diabetes-induced neuropathy in vivo – Loss of 

sensation in the hands and feet is indicative of peripheral neuropathy in diabetic patients 

(Pittenger et al. 2004). Thermal hypoalgesia, an indicator of sensory neuropathy, appears in 

diabetic C57Bl/6 mice ~8 weeks following STZ injection (O'Brien et al. 2014). Therefore, to 

determine if sAPPα overexpression in the peripheral nervous system could delay the onset of 

diabetes-induced sensory neuropathy, a second cohort of Wt/sAPPα were rendered STZ diabetic 

(Fig 14) and thermal sensitivity determined using Hargreaves method (see Materials and 

Methods) (Fig 14D).  Compared to Wt-STZ animals, Tg-STZ mice displayed decreased latency 

paw withdrawal (p<0.05) after 10 of weeks diabetes while no differences were detected between 

Tg-STZ and non-diabetic controls indicating a preservation of sensation to thermal stimuli in 

diabetic sAPPα mice.  
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Figure 14: Overexpression of sAPPα delays the development of thermal hypoalgesia in 

diabetic mice 

 



Page 87 of 195 

 

 

Figure 14:  Overexpression of sAPPα delays the development of thermal hypoalgesia in 

diabetic mice – A. Body weight of diabetic (STZ) wild-type (Wt) and sAPPα (Tg) overexpressing 

mice and saline (sal) injected controls was determined prior to STZ injection (week 0) and 

weekly until the duration of the study. Data represents mean body weight +/- SEM. Data was 

analyzed by a 2-way ANOVA. *** indicates p<0.001 between saline and STZ injected groups. 

.No differences were detected between Tg STZ and WT STZ mice or between Tg saline and Wt 

saline mice. B. Fasting (3 hours) blood glucose levels were measured at the time of death. Data 

represents mean blood glucose +/- SEM. Data was analyzed by a 1-way ANOVA and Tukey’s 

post hoc test.  **** indicates p<0.0001 between STZ injected groups and saline injected groups. 

No differences were detected between Tg STZ and WT STZ mice or between Tg saline and Wt 

saline mice. C. HbA1c percentages were determined with blood samples collected immediately 

post mortem. Data represents mean HbA1c % +/- SEM. Data was analyzed by a 1-way ANOVA 

and Tukey’s post hoc test.  **** indicates p<0.0001 between STZ injected groups and saline 

injected groups. No differences were detected between Tg STZ and WT STZ mice or between Tg 

saline and Wt saline mice. D. Dorsal root ganglia were isolated from wild type (Wt) and sAPPα 

over-expressing (Tg) mice.  Trizol was used to extract RNA and RT-PCR was used to prepare the 

cDNA template for subsequent PCR amplification of sAPPα.  β actin and samples with no 

template (double de-ionized water: DDW) were used as internal PCR controls. E. Thermal 

sensitivity of the lower extremities (palmer surface of hind paws) in control and STZ-diabetic 

Wt/Tg sAPPα mice was determined using Heargraves method (see Materials and Methods). Data 

are withdrawal latency (in seconds) +/- SEM. Data was analyzed by 2-way ANOVA followed by 

Bonferonni post-hoc test *p < 0.05 vs Tg STZ and Wt STZ. No significant differences were 

detected between Tg STZ mice and non-diabetic controls. Gary Odero completed part D of this 
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figure under the direction of Brent Aulston. Darrell Smith completed part E of this figure under 

the direction of Brent Aulston. 

 

The neurotrophic effects of sAPPα are mediated by neuronal insulin receptors - In 

order to elucidate the mechanisms underlying the neurotrophic effects of sAPPα we next 

quantified neurite outgrowth of DRG neurons cultured co-treated with sAPPα +/- AG1024, an 

antagonist of IR/IGF1R ligand binding sites . As demonstrated in Figure 15, sAPPα treatment 

increased neurite outgrowth of DRG neurons cultured from Wt and diabetic rats. Furthermore, 

we determined that the effects of sAPPα on neurite outgrowth were completely inhibited by the 

application of AG1024 (Fig. 16). In the absence of other treatments, AG1024 had no effect on 

neurite outgrowth in our cultures. Additional experiments confirmed the specificity of AG1024 

inhibition of IR/IGF1R as the dose of AG1024 used was found not to affect NGF-induced 

neurite outgrowth (Supplemental Figure 6). These data indicate that ligand binding sites on 

IR/IGF1R are necessary for the neurotrophic effects of sAPPα on DRG neurons. 
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Figure 15: sAPPα enhances neurite outgrowth of DRG neurons cultured from healthy and 

diabetic rats 

 

Figure 15: sAPPα enhances neurite  e outgrowth of DRG neurons cultured from healthy and 

diabetic rats - DRG neurons were cultured from non-diabetic (Wt) and 2-month diabetic (Dia) 

rats as described in Materials and Methods. Wells were treated with 30nM sAPPα or left 

untreated for 24 hours before fixation in PFA.  Fixed neurons were then stained with antibodies 

against β-tubulin class III (RED) and imaged using a fluorescent microscope. Area of neurite 

outgrowth/cell body was assessed as described in the Materials and Methods section. Data 

represent mean neurite outgrowth/well +/- SEM. N = 3 wells Data were analyzed by student’s t-

test. Graph units are arbitrary. * indicates p<0.05. ** indicates p<0.01 vs untreated. Scale bar 

is 20μm. 
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Figure 16: sAPPα-mediated neurite outgrowth of cultured DRG neurons requires 

IR/IGF1R ligand binding sites 
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Figure 16: sAPPα-mediated neurite outgrowth of cultured DRG neurons requires IR/IGF1R 

ligand binding sites - Control DRG neurons were cultured as described in Materials and 

Methods. Wells were treated with AG1024 (20μM), an antagonist of IR/IGF1R, or vehicle for 60 

minutes prior to 100nM sAPPα or 10nM insulin treatment and maintained in treatment for 24 

hours before fixation. Neurons were then stained with antibodies against β-tubulin class III and 

imaged using a fluorescent microscope. Area of neurite outgrowth/cell body was assessed as 

described in the Materials and Methods section. Data represent mean neurite outgrowth/well +/- 

SEM. N = 3 wells. Data were analyzed with 1-way ANOVA and Tukey’s post-hoc test. Graph 

units are arbitrary. * indicates p<0.001 vs indicated sample. Scale bar is 20μm 

 

sAPPα activates NFκB and increases MnSOD expression in cultured DRG neurons - 

Decreased NFκB activity is associated with diabetes-induced neuropathy that may contribute to 

degeneration of peripheral neurons by decreasing expression of the antioxidant MnSOD.  To 

determine the effects of sAPPα on NFκB activity in our cultures, DRG neurons from control and 

diabetic animals were cultured and treated with 100nM sAPPα, 10nM insulin or otherwise left 

untreated for 24hrs then fixed and immuno-stained for the NFκB subunits p50, cRel, and p65 

(Fig. 17). Our data show that nuclear localization for both p50 (p<0.05) and cRel (p<0.01) was 

decreased in untreated diabetic DRG neurons compared to untreated control neurons while no 

difference in the nuclear/cytoplasmic ratio of p65 was observed. Both sAPPα and insulin 

treatment of diabetic DRG neurons significantly increased the nuclear/cytoplasmic ratios of p50 

(insulin: p<0.01, sAPPα: p<0.01) and cRel (insulin: p<0.01, sAPPα: p<0.01) subunits compared 

to untreated diabetic neurons. Consistent with our previous work demonstrating that p65 activity 

is unaltered in diabetic DRG (Saleh et al. 2013), neither insulin nor sAPPα treatment of diabetic 
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DRG neurons produced a difference in the p65 nuclear/cytoplasmic ratio compared to untreated 

diabetic cells.  

Figure 17: sAPPα treatment of diabetic DRG neurons increases the nuclear/cytoplasmic 

ratio of the NFκB subunits cRel and p50 
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Figure 17: sAPPα treatment of diabetic DRG neurons increases the nuclear/cytoplasmic ratio 

of the NFκB subunits cRel and p50 - Untreated non-diabetic control DRG neurons (Con Unt.) 

or diabetic DRG neurons that were untreated (Dia Unt.) or treated with 100nM sAPPα (sAPP) 

or treated with 10nM insulin (Ins) were cultured for 24 hours and then immunostained with 
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antibodies against the NFκB subunits p50, cRel, or p65. Nuclei (marked with arrows) were 

stained with DAPI. Nuclear/cytoplasmic ratios were determined as described in the Materials 

and Methods. A. Data represents mean nuclear/cytoplasmic ratio expressed as a percentage of 

the Con Unt. group, +/- SEM. N= 80-120 cells/treatment group. Data were analyzed with 1-way 

ANOVA and Dunnett’s post-hoc test. * indicates p<0.05 compared to untreated diabetic group. 

** indicates p<0.01 compared to untreated diabetic group. *** indicates p<0.001 compared to 

untreated diabetic group. Representative images of neurons stained for P50 (B) cRel (C) and p65 

(D). Scale bars are in the lower left corners of B C and D and are 20μm. 

 

We next cultured DRG neurons in starvation media (F12 absent of insulin/growth factors) 

+/-100nM sAPPα for 24 hours (Fig. 18) to determine if exogenous sAPPα would increase 

expression of MnSOD in our cultures. Western blot analysis of cell lysates revealed a significant 

increase (p<0.05) in MnSOD expression in the sAPPα treated group compared to untreated cells. 

 

Figure 18: sAPPα increases MnSOD expression in insulin-deprived DRG neurons 

 

Figure 18: sAPPα increases MnSOD expression in insulin-deprived DRG neurons – Adult Wt 

rat DRG neurons were cultured as described in the Materials and Methods. After plating, cells 
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were incubated in starvation media (F12+N2 supplement without growth factors) for 24 hours 

+/- 100nM sAPPα. After treatment, cells were lysed and lysates prepped for WB. Data 

represents mean MnSOD/actin ratio +/- SEM. Student’s t-test was used to evaluate differences 

between untreated and sAPPα groups. N= 3 wells. Graph units are arbitrary. * indicates p < 

0.05.  

 

SUMMARY:  

Sensory neuropathy is characterized by peripheral nerve degeneration and is a common 

complication in patients with diabetes. We have found previously that diabetes may contribute to 

the development of peripheral neuropathy by reducing the activity of the transcription factor 

NFκB, and in turn, decreasing the expression of neuroprotective genes such as MnSOD, in DRG 

neurons. With this work, we found that sAPPα slowed loss of sensation in the lower extremities 

of diabetic mice, and, in culture, increased MnSOD expression and reversed diabetes-induced 

deficits in NFκB. Moreover, we determined that ligand binding sites on IR/IGF1R are required 

for the neurotrophic effects of sAPPα on DRG neurons. In total, these data indicate that the 

neurotrophic effects of sAPPα in the PNS involve activation of an insulin signaling/NFκB axis 

and provide preliminary evidence that sAPPα is a potential treatment for diabetes-associated 

peripheral nerve disease.  
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CHAPTER 6: THE EFFECTS OF SECRETED APP ALPHA OVEREXPRESSING 

NEURAL STEM CELLS ON MORRIS WATER PERFORMANCE OF HEALTHY MICE 

 

INTRODUCTION:  

NSCs are currently being evaluated for the treatment of many neurodegenerative 

diseases. In AD mice, NSCs have been shown to reverse cognitive impairment but not aberrant 

tau phosphorylation or amyloid deposition (Blurton-Jones et al. 2009). However, given the 

toxicity of Aβ oligomers and aggregated tau in culture and in vivo, NSC-based therapies could be 

improved upon by targeting AD-associated pathologies. For example, NSCs genetically modified 

to overexpress neprilysin, a protease that degrades Aβ, have been found to improve cognition 

and decreased amyloid levels compared to Wt-NSCs in AD mice (Blurton-Jones et al. 2014). 

Because sAPPα reduces tau and amyloid pathology, increases learning and memory and provides 

neurotrophic support by activating the insulin signaling pathway, sAPPα is an ideal candidate for 

NSC-based therapeutics in the treatment for AD. With this work, we examined the effects of 

sAPPα-NSCs on MWM performance in healthy mice.  
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RESULTS: 

Both Wt and sAPPα – NSCs differentiate primarily into astrocytes after 

implantation – Wt and sAPPα NSCs were generated as described in the Materials and Methods 

section. In brief, homozygous sAPPα mice (or Wt controls) were bred to mice homozygous for 

eGFP. Resulting embryos where hemizygous for sAPPα (sAPPα-NSCs) (or nullizygous for 

sAPPα (Wt-NSCs)) and hemizygous for eGFP. NSCs were harvested from E14 embryos and 

maintained in culture before implantation.  

Previous work demonstrates that embryonic NSCs cultured from the same line of Tg, 

sAPPα overexpressing mice used in our studies secrete >10 fold more sAPPα into culture media 

than Wt-NSCs (Bailey et al. 2013). Furthermore, in preliminary studies, we found that starvation 

media (no growth factors or supplements) conditioned by sAPPα-NSCs increased the survival of 

cultured neurons compared to media conditioned by Wt-NSCs (Supplementary Figure 2).   

NSCs have the potential to differentiate into oligodendrocytes, neurons, and astrocytes 

and cell culture studies demonstrate that sAPPα steers NSCs towards an astrocytic fate (Baratchi 

et al. 2012). Therefore we anticipated a disparity in differentiation characteristics between Wt 

and sAPPα -NSC grafts. However, IHC analysis of hippocampal slices taken from our NSC 

injected animals with antibodies raised against the astrocytic marker GFAP demonstrate that the 

vast majority of both NSC types differentiated into astrocytes (Fig. 19). 
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Figure 19: Differentiation of NSC grafts 

 

Figure 19: Differentiation of NSC grafts - To determine differentiation characteristics of NSC 

grafts, brains were removed 2 months after NSC injection (after MWM testing) and  

hippocampal slices were probed with antibodies raised against the astrocytic marker GFAP 

(RED)  followed by the addition of cy-3 conjugated secondary antibodies and the nuclear stain 

DAPI (BLUE). Overlap of green eGFP/red GFAP signals (YELLOW) confirmed astrocytic 

differentiation of Wt-NSCs (A.) and sAPPα-NSCs (B.). Scale bar is 0.5mm. 

 

sAPPα-NSCs alter MWM performance of healthy mice – During the training phase of the 

MWM, all groups learned the maze (Figure 20 C-E), however sAPPα-NSC injected mice had 

significantly faster escape times on day 2 compared to both ACSF and Wt -NSC injected groups 

(Figure 20B). Furthermore, sAPPα-NSC injected mice had significantly more platform crosses 
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during the probe trial compared to Wt-NSC and ACSF treated controls (Figure 20G) despite not 

spending an increased amount of time in the target quadrant (Figure 20F). These discordant 

results suggest a difference in search strategies by sAPPα-NSC treated mice, although additional 

studies are needed.  
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Figure 20: sAPPα-NSCs alter MWM performance of healthy SAMR1 mice 
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Figure 20: sAPPα-NSCs alter MWM performance of healthy SAMR1 mice – A. Design of 

MWM used for testing. Colored symbols were placed around the outside of the pool. The circle 

within the triangle-square quadrant represents the target platform. B. Data represents average 

escape latency over 4 trials for each group during the 5 days of training +/- SEM. ## indicates p 

<0.01 compared to Wt-NSC treated group, *** indicates p <0.001 compared to ACSF treated 

group. C.-E, Date represents mean time spent in each quadrant by ACSF (C.) Wt-NSC (D.) and 

sAPPα-NSC (E.) treated mice +/- SEM. * indicates p<0.05 compared to time spent in the target 

quadrant. ** indicates p<0.01 compared to time spent in the target quadrant. *** indicates 

p<0.001 compared to time spent in the target quadrant. ## indicates p<0.01 between indicated 

groups. Data was analyzed by a 1-way ANOVA and Tukey’s post-hoc test. Dashed line indicates 

threshold for time being due to random chance. F. Data represents mean time spent in the target 
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quadrant during the probe trial +/- SEM. Data was analyzed by a 1-way ANOVA and Tukey’s 

post-hoc test. No differences in mean time spent in the target quadrant were detected amongst 

groups. G. Data is mean platform crosses during the probe trial. ** indicates p<0,01. *** 

indicates p<0.001. Data was analyzed by a 1-way ANOVA and Tukey’s post-hoc test. 
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SUMMARY:  

The use of genetically modified NSCs for the delivery of therapeutics has been tested for 

spinal cord injury, Parkinson’s disease and stroke. Given the apparent effects of sAPPα on AD 

pathology, sAPPα-NSCs are an intriguing treatment for AD and diabetic encephalopathy. With 

this work, we found that both Wt and sAPPα - NSCs survive implantation into the hippocampus 

long term (8 weeks) and that both types of cells differentiate primarily into astrocytes, as 

determined by labeling with GFAP antibodies. Furthermore, we found that sAPPα-NSCs altered 

MWM performance of healthy mice. Although further studies are needed to determine if sAPPα-

NSCs can increase cognition in healthy mice, these results provide preliminary evidence that 

sAPPα-NSCs are a potential therapeutic for the nervous system.  
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CHAPTER 7: DISCUSSION AND CONCLUSIONS 

 

 With this work we tested the hypothesis that sAPPα can replace insulin in the diabetic 

nervous system. We found that overexpression of sAPPα in neural tissue prevented Alzheimer’s-

like pathology in the brain and prevented peripheral, sensory neuropathy. We also found that 

grafts of sAPPα-overexpressing NSCs implanted into the brain increased cognition in healthy 

mice. In total, these findings demonstrate that sAPPα is an activating ligand for IR that can 

replace the effects of insulin in vivo. 

7.1: sAPPα BINDS AND ACTIVATES NEURONAL INSULIN RECEPTORS 

Insulin and IGF ligands engage in cross-over activation with the others’ receptor   

(Belfiore et al. 2009). Interestingly, Aβ and insulin share a sequence homology (Yip 1992, 

Kurochkin 1998) suggesting that sAPPα, like Aβ, may be an activating ligand for IR. As our data 

demonstrate, sAPPα was able to activate neuronal IR in the absence of insulin (Fig 4.) 

Furthermore, not only does sAPPα bind IR directly, it also competes with insulin for binding 

sites on IR as a greater interaction between IR and sAPPα was discovered in the insulin-depleted 

rodent brain (Fig 5.) suggesting that sAPPα is insulin mimetic. 

The antibody used for the IP experiment in Figure 6A detects amino acids 3-8 within the 

Aβ sequence .The arginine to glycine amino substitution in mouse Aβ, which lies within the 

epitope recognized by the 6E10 antibody, likely confirms the human specificity of this antibody. 

An antibody raised against the N-terminal of APP was used to quantify overall APP levels 

(mouse and human) in CRND8 homogenates. Given the size of the bands detected (~100kDa), 

we can conclude that we observed an interaction between either APP or sAPPα, of human origin, 
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and IR in the brain homogenates of CRND8 mice. This interaction may explain, in part, why 

CRND8 are protected from supra-physiological levels of Aβ early in life (Jimenez et al. 2011). 

While the results obtained in Figure 6A confirm that human APP, when overexpressed, 

binds to mouse IR, this observation does not address whether or not APP/sAPPα, normally binds 

IR in the Wt rodent brain. However, as demonstrated in Figure 5A, antibodies raised against the 

N-terminus of APP/sAPPα (which therefore detect mouse APP) were able to detect APP/sAPPα 

in IR-IP samples from Wt rat cortices. This interaction suggests that APP/sAPPα normally bind 

IR in the healthy brain. To test the neuroprotective effects of endogenously produced sAPPα, we 

examined the effects of an α-secretase inhibitor on survival of insulin deprived, Wt neurons. 

Neither insulin depletion nor administration alone affected survival of cultured neurons which 

may be due the use of B27 and B27 (-insulin) supplements (Fig 5B). According to our data, it is 

likely that these supplements are able to protect against insulin deprivation or inhibition of 

sAPPα production. However, exposure to both insulin deprivation and the α-secretase inhibitor 

significantly decreased neuronal viability. These results, along with the previous findings that 

APP and α-secretase KO mice display neural degeneration, suggest that endogenously produced 

sAPPα is normally neuroprotective in the brain. 

Both insulin and IGF1 are being evaluated for treatment of AD-associated insulin 

dysfunction, therefore, it’s important to clarify why sAPPα based therapeutics are of interest 

even though more potent ligands (insulin/IGF1) are already available for use in the clinic. First, 

as outlined in the introduction, sAPPα directly binds and inhibits BACE1 thus lowering Aβ 

levels. Secondly, analysis of the amino acid sequence of sAPPα reveals that there are fewer IDE 

cleavage sites on sAPPα than on insulin/IGF1 meaning that sAPPα treatments could potentially 

stimulate insulin signaling pathways while leaving more IDE available to digest Aβ compared to 
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IGF1/insulin therapies. Lastly, according to our data (Figs 7 and 16), sAPPα-based therapies are 

unlikely to affect peripheral insulin regulation. When taken into consideration, these findings 

suggest that sAPPα is an ideal therapeutic for the treatment of diabetic encephalopathy, AD and 

other neurodegenerative diseases. 

Characterization of diabetic sAPPα-mice - After our in vitro studies revealed that 

sAPPα acts as an activating agonist for neuronal insulin receptors, we next rendered sAPPα- 

mice type 1 diabetic in order to determine the effects of sAPPα in the absence of insulin in vivo. 

Importantly, no differences in glycemic control between diabetic sAPPα mice and diabetic Wt 

mice were detected (Figs 7 and 16) thus ruling out variation in glucose utilization as a 

confounding factor in our studies. These results also demonstrate that sAPPα expression in the 

nervous system does not affect glucose regulation. 

Studies done in the same line of Tg, sAPPα mice that we used for our work demonstrate 

that despite the use of a neural tissue specific promoter, levels of sAPPα in the plasma of Tg 

hemizygous mice reach concentrations of 18ng/mg (~180nM) (Bailey et al. 2012). As Figure 4 

demonstrates, this concentration of sAPPα is more than sufficient to activate neuronal IRs, 

therefore, it is unclear why circulating sAPPα did not modulate glucose levels in our mice. The 

inability of plasma sAPPα to affect glucose uptake is indirect evidence that concentration of 

sAPPα that activate neuronal IR in vitro do not activate peripheral IRs in vivo. This is in direct 

contradiction to in vitro studies demonstrating that sAPPα activates AKT and increases glucose 

uptake in cultured myotubes at concentrations of ~3nM (Hamilton et al. 2014). Although beyond 

the scope of this thesis, future studies addressing the discordant results between the effects of 

sAPPα on peripheral IR in vitro and peripheral in vivo IR are needed.  
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Typically AD development is associated with T2DM rather than T1DM although recent 

epidemiological studies have solidified T1DM as an AD risk factor (Whitmer et al. 2015). 

Nevertheless, because of the association between AD and T2DM, it begs the question of whether 

or not the STZ, insulin-depletion model is appropriate for use in assessing potential AD 

therapeutics when T2DM is a disease of hyperinsulinemia. However, obese humans and high fat 

diet animal models both display decreased cerebral insulin levels (Kaiyala et al. 2000, Benedict 

et al. 2004) which may be a result of insulin resistance at the blood brain barrier resulting in 

decreased insulin transport (Baura et al. 1993, Urayama et al. 2008). Furthermore, intranasal 

insulin increases memory and cognition in obese humans (Novak et al. 2014) suggesting, 

counterintuitively, that cerebral insulin dysfunction in T2DM is a result of hypoinsulinemia. 

These findings, coupled with the multiple studies demonstrating decreased insulin levels in the 

AD brain, indicate that the STZ diabetic mouse is a reasonable model for evaluating therapeutics 

aimed at restoring insulin signaling in order to treat AD.  

7.2: sAPPα PREVENTS DIABETES INDUCED CHANGES IN THE BRAIN 

Because sAPPα both activates insulin signaling (Figs. 4-6) and is protective in brain 

tissue of young APP mice (Jimenez et al. 2011), we hypothesized that sAPPα could prevent the 

development of Alzheimer’s-like pathology in the diabetic brain. We found that overexpression 

of sAPPα prevented diabetes-induced hyperphosphorylation of tau (Fig. 8), GSK3α and AKT 

(Fig. 10) and also blocked activation of the UPR (Fig. 9). Development of diabetes-induced 

pathology in the brain is time-dependent and worsens with duration of the disease (Planel et al. 

2007b, Jolivalt et al. 2008, El Khoury et al. 2016, Gratuze et al. 2017a), however, our data show 

that even after prolonged diabetes (16 weeks), tau phosphorylation in diabetic sAPPα-

overexpressing brain tissue was similar to non-diabetic controls. 
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sAPPα blocks aberrant tau phosphorylation: rationale for the use of sAPPα in AD - 

AD and diabetes are epidemiologically linked (Ott et al. 1996) and share overlapping pathology. 

The presence of NFTs composed of abnormally phosphorylated tau aggregates is a pathological 

hallmark of AD (Iqbal et al. 2009) and aberrantly phosphorylated tau is found in the brains of 

type-1 and type-2 diabetic animal models (Clodfelder-Miller et al. 2006, Kim et al. 2009). The 

present work demonstrates that sAPPα can prevent hyperphosphorylation of tau in insulin-

depleted cortices (Fig.8). Although tau is aberrantly phosphorylated at multiple sites in the STZ-

diabetic brain (Clodfelder-Miller et al. 2006, Planel et al. 2007b), we analyzed phosphorylation 

at Thr 231 as hyperphosphorylation of this site in particular is associated with tau aggregation 

and neurodegeneration early in human AD (Cho et al. 2004, Luna-Munoz et al. 2005, Luna-

Munoz et al. 2007, Alonso et al. 2010, Driver et al. 2014). Therefore, based on these data we 

hypothesize that sAPPα has the potential to prevent AD pathogenesis by blocking abnormal tau 

phosphorylation.  

sAPPα reduces diabetes-induced stress in the brain - Activation of the UPR in the 

brain is both a sign of cell stress and potentially involved in AD-associated amyloid 

accumulation (Devi et al. 2012). In addition to protein misfolding in the ER, the UPR can be 

activated by oxidative stress and excitotoxicity, both of which are common to diabetes and AD 

(Markesbery 1997, Hynd et al. 2004, Mastrocola et al. 2005, Anu et al. 2010, Jayanarayanan et 

al. 2013). We found decreased activating phosphorylation of the UPR kinase PERK in diabetic 

sAPPα-overexpressing brain tissue compared to Wt diabetic controls which suggests that 

diabetic sAPPα mice maintained overall brain health even in the absence of insulin. This data 

also demonstrates that diabetes-induced stress in brain tissue is associated with aberrantly 

phosphorylated tau and not increased amyloid aggregation. Interestingly, despite being a 
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downstream substrate for PERK, we observed no differences in phosphorylation of eIF2α 

between our experimental groups. To date, the only known eIF2α PP1 (O'Loghlen et al. 2003) 

which is not up-regulated in the STZ diabetic brain (Gratuze et al. 2017b). Therefore, future 

studies will need to analyze the balance of activity of the eIF2α kinases PERK, PKR and GNC2 

(Lourenco et al. 2015) in the diabetic brain in order to address the disparity in PERK and eIF2α 

phosphorylation. 

Effects of sAPPα on AKT on GSK3  – In culture, the trophic effects of insulin/sAPPα 

are mediated by PI3K-AKT activation (Cheng et al. 2002, Deng et al. 2015) resulting in 

increased, inhibitory phosphorylation of GSK3α/β (Cross et al. 1995, Milosch et al. 2014). 

However, insulin-depletion in vivo results in increased AKT/GSK3 phosphorylation (Clodfelder-

Miller et al. 2005, Clodfelder-Miller et al. 2006). The up-regulation of phospho-AKT (~5 fold) 

we observed in Wt-STZ cortices is likely a protective, compensatory mechanism enacted during 

the course of diabetes as an increase in AKT activity would provide increased neuroprotection to 

counteract the effects of insulin depletion. Importantly, our results demonstrate that aberrant tau 

phosphorylation, at least during the late stages of diabetes, is not due to diabetes induced 

inactivation of AKT and consequent over-activation of GSK, which is contrary to studies that 

demonstrate sAPPα-mediated reductions in phosphorylated tau are associated with inhibitory 

phosphorylation of GSK3 in AD mice (Deng et al. 2015). Alternatively, our data indicates that 

the effects of sAPPα on tau phosphorylation in the diabetic brain are independent of GSK3 

activity.  

Activity of PKA is decreased in late stage diabetes - PKA is a tau kinase (Jicha et al. 

1999)  recently discovered to be upregulated in the STZ diabetic brain (van der Harg et al. 2017) 

and therefore hypothesized to underlie diabetes-induced tau phosphorylation. However, we 
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found that PKA activity was decreased in the brains of our Wt STZ mice (Fig. 11). This 

discrepancy may be explained by the difference in the duration of diabetes of the two studies (20 

days vs 16 weeks). Together, these results suggest that aberrant activation of tau kinases may 

mediate tau-hyperphosphorylation in early, but not late, stage diabetes which is supported by our 

findings that none of the tau kinases we evaluated (GSK3, MAPK, PKA and AMPK) were up-

regulated in the STZ diabetic brain.  

sAPPα and PP2A-C – PP2A is a trimeric phosphatase composed of regulatory PP2A-A 

and PP2A-B subunits plus a catalytic PP2A-C subunit. Activity of PP2A-C is decreased in the 

diabetic brain and is hypothesized to underlie aberrant tau hyperphosphorylation (Planel et al. 

2007b). AKT is also a substrate for PP2A (Padmanabhan et al. 2009), therefore our data 

indicates that diabetes results in a drop in PP2A activity that consequently causes aberrant tau 

phosphorylation and overactive AKT. In turn, this increase in AKT activity may account for the 

increase of GSK3 phosphorylation we observed in Wt-STZ cortices. Our data show that sAPPα 

normalized AKT/GSK3 phosphorylation in diabetic brain tissue indicating that PP2A activity 

was preserved in sAPPα STZ mice, which was confirmed by analysis of PP2A activity in cortical 

lysates (Fig. 12). 

Diabetes and AD, a unified hypothesis: Numerous studies demonstrate that the insulin 

signaling pathway is dysfunctional in the AD brain and supporting animal studies have 

determined that insulin has a direct impact on AD-like pathology. Yet AD research is 

complicated by the apparent disconnect between the effects of insulin depletion in vitro and in 

vivo. For example, insulin depletion in culture decreases AKT activity, increases activity of the 

tau kinase GSK3 and increases tau hyperphosphorylation. However, despite the presence of 

hyperphosphorylated tau in the diabetic and AD brain, AKT is over-active in both diseases (Fig. 
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10) (Talbot et al. 2012).  Given these findings, we postulate that the mechanistic connection 

between diabetes and AD involves an initial impairment of the brain’s insulin signaling pathway 

and subsequent inhibition of PP2A. Although PP2A inhibition may initially delay catastrophic 

collapse of brain function via activation of AKT, the concurrent hyperphosphorylation of tau is a 

plausible cause of neurodegeneration (Figure 21). Furthermore, feedback inhibition of insulin 

signaling by overactive AKT may underlie insulin resistance via inappropriate inhibitory 

phosphorylation of IRS, which is present in diabetic primate models and AD patients (Talbot et 

al. 2012, Morales-Corraliza et al. 2016).  Although increasing PP2A activity appears to be an 

attractive therapeutic target for the treatment of diabetes and AD, the effects of PP2A inhibition 

on AKT are likely critical for survival of the diseased brain. An alternative approach is to restore 

baseline insulin signaling via trophic factor administration thus increasing PP2A activity, 

decreasing tau phosphorylation and maintaining AKT signaling at an appropriate level. In 

accordance with this hypothesis, we speculate that in our studies, sAPPα was able to restore 

baseline insulin signaling in our diabetic animals thereby normalizing PP2A function and 

phosphorylation of tau, GSK3 and AKT. Interestingly, hypothermia can reduce PP2A activity 

(Planel et al. 2007a) and STZ-diabetic mice are hypothermic (Planel et al. 2007b) which may be 

the result of decreased insulin/IGF1 in the thermogenic centers of the hypothalamus (Sanchez-

Alavez et al. 2011). According to these results, and in conjunction with our data demonstrating 

the sAPPα acts as an insulin mimetic, it’s possible that sAPPα may have thermogenic activity in 

the hypothalamus, although further studies are needed to determine the effects of brain sAPPα on 

body temperature in the whole animal. 
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Figure 21: Dysregulation of PP2A in diabetes and AD 
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Figure 21: Dysregulation of PP2A in diabetes and AD - Insulin signaling regulates activity of 

PP2A, a phosphatase that acts on AKT, GSK3 and Tau. In the healthy brain, when the insulin 

signaling pathway is intact, insulin stimulates PP2A activity which reduces phosphorylation of 

AKT, GSK3 and tau. However, decreased PP2A activity in AD and diabetes may lead to over-

active AKT, feedback inhibition of IRS, insulin resistance, and hyperphosphorylation of tau 

leading to tau aggregates, tau toxicity and eventual neurodegeneration. Furthermore, the data 

presented here suggests that inactivation of PP2A, and not over-active GSK3, mediates 

hyperphosphorylation of tau in the diabetic brain.  

 

7.3: sAPPα IS PROTECTIVE IN THE SENSORY PNS 

We found that sAPPα-overexpressing mice were protected from the development of 

diabetic, peripheral neuropathy induced by insulin-depletion despite having elevated blood 

glucose and HbA1c levels.  Furthermore, we found that sAPPα-mediated increases in neurite 

outgrowth of DRG neurons could be blocked with the competitive IR/IGF1R antagonist 

AG1024. This is in agreement with the data presented in Figure 6 demonstrating that insulin and 

sAPPα compete for ligand binding sites on neuronal IR. Although AG1024 does not discriminate 

between IR and IGF1R, the results obtained in Figure 4B confirm that sAPPα specifically 

activates IR. In summary, we found that sAPPα is protective in the diabetic PNS and that the 

neurotrophic effects of sAPPα in DRG cultures require insulin/IGF1 receptors.  

sAPPα activates NFκB and increases MnSOD expression in diabetic DRG - In order 

to characterize neuroprotective expression changes in diabetic DRG, we determined in vivo 

levels of the NFκB transcription targets MnSOD, Cu/ZnSOD and calbindin. No difference in 

calbindin expression was found, however, consistent with previous reports MnSOD expression 
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was decreased by diabetes and interestingly, occurred with a concomitant increase in Cu/ZnSOD. 

Prior studies involving transgenic mice revealed that overexpression of MnSOD results in 

decreased Cu/Zn/SOD expression (Vincent et al. 2007) which suggests that the expression of the 

two SOD enzymes is linked and may represent an important evolutionary trait that ensures that 

the cell maintains some level of antioxidant protection when expression of either SOD enzyme is 

compromised.  

Consistent with reports that sAPPα can stimulate NFκB activity (Barger et al. 1996), we 

found that sAPPα/insulin treatment of diabetic neurons increases nuclear localization of the 

NFκB subunits cRel and p50, but not p65 which was associated with enhanced MnSOD 

expression. Because MnSOD overexpression protects against the development of peripheral 

neuropathy in type 1 and type 2 diabetic mouse models (Vincent et al. 2007), we hypothesize 

that sAPPα-mediated activation of NFκB resulting in increased MnSOD underlies the protective 

of effects of sAPPα on DRG neurons.  

7.4: sAPPα-OVEREXPRESSING NSCs IMPROVE MWM IN HEALTHY MICE 

 Wt-NSCs, in the absence of genetic modification, have been demonstrated to ameliorate 

cognitive deficits in APP mice without reducing tau or amyloid pathology (Blurton-Jones et al. 

2009). Therefore, because sAPPα antagonizes both aberrant tau phosphorylation and amyloid 

accumulation sAPPα -NSCs may provide therapeutic advantages beyond Wt -NSCs. With this 

work, we found that sAPPα-overexpressing NSCs survive long term after implantation into the 

hippocampus and alter MWM performance of healthy mice. 

 The differentiation characteristics of NSC grafts have a significant impact on their 

therapeutic potential. While it has been established that sAPPα steers NSCs towards an astrocytic 

fate, unexpectedly, in our study, the majority of both sAPPα and Wt  NSCs differentiated into 
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GFAP+ astrocytes. Because different classes of astrocytes can have varying protective effects on 

nervous tissue, the benefits from sAPPα  -NSCs over Wt  -NSCs we observed in our animals may 

not be due solely to elevated sAPPα levels. For instance, previous studies demonstrate that glial 

precursors differentiated with BMP release increased levels of GDNF, BDNF, IGF1 and IGF2 

(Proschel et al. 2014) and are a more beneficial treatment than other GFAP+ cells in animal 

models of Parkinson’s and spinal cord injury (Davies et al. 2008, Davies et al. 2011, Proschel et 

al. 2014). Interestingly, sAPPα has been found to activate BMP/Smad signaling in NSCs (Kwak 

et al. 2014) suggesting that sAPPα may drive NSCs toward an astrocytic lineage that releases 

elevated amounts of neurotrophic factors.   

 The MWM is a widely used procedure that is utilized to evaluate learning and memory 

capability of rodents. In our study, we found that sAPPα-NSC injected mice found the target 

platform significantly faster on day 2 of the acquisition trial phase However, additional analysis 

is required to confirm that the effects of sAPPα-NSCs on escape latency were not due to an 

increase in swim speed. Speculatively, because NSCs were injected in the hippocampi of our 

animals and both types of NSCs had limited migration from the injection site, it is unlikely that 

sAPPα-NSCs affected the motor centers of the brain resulting in an increase of swim speed, 

although additional studies are required. 

 Results obtained from the probe trial revealed that sAPPα-NSCs had significantly more 

platform crosses compared to control groups despite not spending an increased amount of time in 

the target quadrant. Further analysis will be required to understand this discrepancy.  

Despite the therapeutic potential of sAPPα, a viable delivery method for sAPPα in human 

patients does not yet exist. At 110kDa sAPPα is too large for intranasal delivery (Ozsoy et al. 

2009) and intra-cerberoventricular infusions may not be feasible in human patients due the 
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frequency in which sAPPα would need to be administered. Furthermore, cost of therapy remains 

a prohibitive factor for use of sAPPα in the clinic necessitating the development of practical, 

cost-effective methods. Given the long term survivability of NSC grafts in the brain, sAPPα-

overexpressing NSCs may be able to meet this criterion. 

7. 5: POTENTIAL PITFALLS  

 

The data presented here demonstrates that sAPPα can block the development of tau 

pathology and aberrant AKT signaling induced by diabetes, presumably by activating PP2A. 

Furthermore, we found that sAPPα-NSCs can improve cognition in healthy mice. Together these 

results suggest that sAPPα is an ideal therapeutic for AD. However, there are several potential 

pitfalls for a sAPPα-based therapy for the treatment of neurodegenerative disease. First, the 

mechanisms that underlie the effects of sAPPα on cognition remain unknown, however sAPPα-

mediated activation of NMDARs may be involved (Taylor et al. 2008). Given the role of 

NMDARs in AD-associated excitotoxicity (Rammes et al. 2017), it’s unclear whether or not 

sAPPα would be beneficial in the AD brain or if sAPPα modulation of NMDARs would 

accelerate cell death. 

 Secondly, although beyond the scope of this thesis, aberrant activation of inflammatory 

pathways may contribute to AD pathogenesis (Parbo et al. 2017). Inappropriately activated 

microglia may contribute to cell death in AD (Sarlus et al. 2017) and sAPPα is a microglia 

activator (Barger et al. 2001). While microglial activation as a result of sAPPα treatment has 

been suggested to be beneficial due to microglial-mediated clearance of amyloid beta (Fol et al. 

2016) in AD mice, it is unknown whether or not sAPPα would exacerbate deleterious 

inflammation in human AD. 
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Finally, as previously discussed, the experiments described here were completed in type 1 

diabetic, insulin-deficient animal models while AD is typically characterized by insulin 

resistance. Given the signatures of insulin resistance in the AD brain, it is uncertain whether or 

not sAPPα would be able to activate the insulin signaling pathway sufficiently to reverse neural 

pathology. Furthermore, if high doses of sAPPα are required to activate insulin signaling in the 

AD brain, this may an increase in the potential for the adverse effects described above. 

 

7.6:  DISCORDANT RESULTS 

 

 Although the work presented here expands on and is supported by the literature, there are 

number of discordant results with previous studies that will need to be explored in future studies. 

AKT GSK3; in vivo vs in vitro: The mechanisms that underlie modulation of tau phosphorylation 

by the insulin signaling pathway are unknown and seem to vary between in vitro and in vivo 

paradigms. This is reinforced by previous studies that suggest sAPPα treatment in vitro reduces 

tau phosphorylation via a GSK3 dependent mechanism (Deng et al. 2015) while our data 

indicates that sAPPα reductions in phosphorylated tau in vivo are independent of GSK3. 

Similarly, a number of studies have found that sAPPα activates AKT in culture (Cheng et al. 

2002, Jimenez et al. 2011) while our data show that sAPPα reduces AKT phosphorylation in 

diabetic mice. This discrepancy may be due to differences in PP2A activity as we and others 

have found decreased PP2A activation in the diabetic brain. Future work will need to focus 

specifically on how insulin signaling regulates PP2A in neuronal cultures in order to elucidate 

the differential effects of insulin on AKT/GSK3 signaling in vitro and in vivo.  
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The putative sAPPα receptor: Perhaps the biggest controversy addressed in this study is the 

identification of sAPPα as a ligand for neuronal insulin receptors. Although this work has 

demonstrated that sAPPα activates neuronal IR and can replace insulin in vivo, one potential 

weakness is that because of the antibodies used, it’s unclear whether we observed APP or sAPPα 

binding to IR. However, given that exogenous sAPPα in vitro increases IR phosphorylation, and 

because sAPPα is released extracellularly from membrane bound APP, we believe that it is very 

likely that sAPPα, and not APP, is the binding partner for IR. These results, however, do not 

address the discrepancy between our data and previous studies that suggest the neurotrophic 

effects of sAPPα are mediated by an interaction with APP (Milosch et al. 2014). One possible 

explanation is that sAPPα interacts with multiple receptors and modulates multiple pathways. 

Therefore, future studies will need to identify which effects elicited by sAPPα are attributable to 

interactions with IR and APP. Although we demonstrated that the effects of sAPPα on DRG 

neurons could be blocked with the IR/IGF1R inhibitor AG1024, additional experiments 

analyzing the role of IR in sAPPα-mediated neuroprotection are needed. 

7.7: FUTURE DIRECTIONS 

 

Testing the effects of sAPPα on brain pathology in animal models of T2DM - Although this 

work demonstrates that sAPPα can prevent tau pathology and other diabetes-induced changes in 

the brain of STZ injected mice, the effects of sAPPα on brain health in T2DM remains unknown. 

In future studies, sAPPα overexpressing mice will be crossed with leptin receptor deficient mice 

(the obese, db/db+ model of T2DM) and tau phosphorylation/PP2A assessed. Concurrent 

experiments will evaluate tau phosphorylation and PP2A activity in the brains of high fat diet fed 
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mice. Because both of these models also develop peripheral neuropathy (O'Brien et al. 2014), we 

will also assess health of the PNS in these animals.  

Testing the effects of sAPPα on vascular cells in vitro and in vivo - The effects of diabetes on 

the brain are not limited to nervous tissue as insulin signaling dysfunction also has profound 

effects on the cerebrovasculature. Although sAPPα is well documented as a neuroprotectant, 

emerging evidence suggests that endothelial cells may also utilize sAPPα for cytoprotection 

(d'Uscio et al. 2017). Furthermore, diseased endothelial cells may contribute to AD pathogenesis 

by overproducing Aβ that consequently gets spread throughout the brain via the vast network of 

the vasculature (Kitazume et al. 2010). Therefore, future of experiments will examine whether or 

not sAPPα can protect the cerebrovasculature in vitro and in vivo and prevent amyloidosis in 

animal models of vascular insufficiency.  

 

Testing the effects of sAPPα-NSCs in animal models of neurodegeneration - In future work, 

we will test the hypothesis that direct brain delivery of sAPPα via sAPPα-NSCs will activate 

neuronal insulin pathways and ameliorate neuronal pathology associated with Aβ overproduction 

in animal models of diabetes and AD. In order to model human AD, we will be using the non-

transgenic SAMP8 mouse model of AD. For controls, we will use the SAMR1 strain commonly 

used in parallel with the SAMP8. To model AD-associated insulin signaling impairment, some 

SAMR1 mice will be rendered diabetic by STZ injection. We will measure four classes of 

endpoint in this study 1: Function, in which the cognitive abilities of experimental animals will 

be assessed, 2: Neural Pathology, 3: APP processing and 4: insulin signaling. We expect that 

sAPPα-NSCs will ameliorate pathology in our models and that sAPPα-NSCs will exert benefits 

beyond that of Wt-NSCs due to a combination of insulin pathway activation and inhibition of Aβ 
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production. If successful, this work will provide preliminary evidence that sAPPα-NSCs are a 

potential therapeutic in the treatment of AD-associated insulin signaling dysfunction and Aβ 

accumulation. 

7.8: CONCLUDING REMARKS 

As of yet, the putative sAPPα receptor remains unknown. These studies, in combination 

with those done previously, strongly suggest that the neuroprotective effects of sAPPα are 

mediated by a direct interaction with IR. Moreover, our results demonstrate that sAPPα can 

inhibit the develop of pathology in the diabetic CNS and PNS without affecting glycemic 

control. Therefore, it is our belief that sAPPα, potentially as part of a NSC-based delivery 

system, should be pursued as a treatment for insulin signaling dysfunction in the diabetic and AD 

nervous systems. 

  



Page 123 of 195 

 

REFERENCES 

 

Aguirre, V., E. D. Werner, J. Giraud, Y. H. Lee, S. E. Shoelson and M. F. White (2002). 

"Phosphorylation of Ser307 in insulin receptor substrate-1 blocks interactions with the 

insulin receptor and inhibits insulin action." J Biol Chem 277(2): 1531-1537. 

Albert, M. S., S. T. DeKosky, D. Dickson, B. Dubois, H. H. Feldman, N. C. Fox, A. Gamst, D. 

M. Holtzman, W. J. Jagust, R. C. Petersen, P. J. Snyder, M. C. Carrillo, B. Thies and C. 

H. Phelps (2011). "The diagnosis of mild cognitive impairment due to Alzheimer's 

disease: recommendations from the National Institute on Aging-Alzheimer's Association 

workgroups on diagnostic guidelines for Alzheimer's disease." Alzheimers Dement 7(3): 

270-279. 

Alessi, D. R., M. Andjelkovic, B. Caudwell, P. Cron, N. Morrice, P. Cohen and B. A. Hemmings 

(1996). "Mechanism of activation of protein kinase B by insulin and IGF-1." EMBO J 

15(23): 6541-6551. 

Alessi, D. R., M. Deak, A. Casamayor, F. B. Caudwell, N. Morrice, D. G. Norman, P. Gaffney, 

C. B. Reese, C. N. MacDougall, D. Harbison, A. Ashworth and M. Bownes (1997a). "3-

Phosphoinositide-dependent protein kinase-1 (PDK1): structural and functional 

homology with the Drosophila DSTPK61 kinase." Curr Biol 7(10): 776-789. 

Alessi, D. R., S. R. James, C. P. Downes, A. B. Holmes, P. R. Gaffney, C. B. Reese and P. 

Cohen (1997b). "Characterization of a 3-phosphoinositide-dependent protein kinase 

which phosphorylates and activates protein kinase Balpha." Curr Biol 7(4): 261-269. 

Allen, B., E. Ingram, M. Takao, M. J. Smith, R. Jakes, K. Virdee, H. Yoshida, M. Holzer, M. 

Craxton, P. C. Emson, C. Atzori, A. Migheli, R. A. Crowther, B. Ghetti, M. G. Spillantini 



Page 124 of 195 

 

and M. Goedert (2002). "Abundant tau filaments and nonapoptotic neurodegeneration in 

transgenic mice expressing human P301S tau protein." J Neurosci 22(21): 9340-9351. 

Almkvist, O., H. Basun, S. L. Wagner, B. A. Rowe, L. O. Wahlund and L. Lannfelt (1997). 

"Cerebrospinal fluid levels of alpha-secretase-cleaved soluble amyloid precursor protein 

mirror cognition in a Swedish family with Alzheimer disease and a gene mutation." Arch 

Neurol 54(5): 641-644. 

Alonso, A. D., J. Di Clerico, B. Li, C. P. Corbo, M. E. Alaniz, I. Grundke-Iqbal and K. Iqbal 

(2010). "Phosphorylation of tau at Thr212, Thr231, and Ser262 combined causes 

neurodegeneration." J Biol Chem 285(40): 30851-30860. 

Aloyz, R. S., S. X. Bamji, C. D. Pozniak, J. G. Toma, J. Atwal, D. R. Kaplan and F. D. Miller 

(1998). "p53 is essential for developmental neuron death as regulated by the TrkA and 

p75 neurotrophin receptors." J Cell Biol 143(6): 1691-1703. 

Althausen, S., T. Mengesdorf, G. Mies, L. Olah, A. C. Nairn, C. G. Proud and W. Paschen 

(2001). "Changes in the phosphorylation of initiation factor eIF-2alpha, elongation factor 

eEF-2 and p70 S6 kinase after transient focal cerebral ischaemia in mice." J Neurochem 

78(4): 779-787. 

Alzheimer's, A. (2016). "2016 Alzheimer's disease facts and figures." Alzheimers Dement 12(4): 

459-509. 

Amadoro, G., M. T. Ciotti, M. Costanzi, V. Cestari, P. Calissano and N. Canu (2006). "NMDA 

receptor mediates tau-induced neurotoxicity by calpain and ERK/MAPK activation." 

Proc Natl Acad Sci U S A 103(8): 2892-2897. 

Andjelkovic, M., T. Jakubowicz, P. Cron, X. F. Ming, J. W. Han and B. A. Hemmings (1996). 

"Activation and phosphorylation of a pleckstrin homology domain containing protein 



Page 125 of 195 

 

kinase (RAC-PK/PKB) promoted by serum and protein phosphatase inhibitors." Proc 

Natl Acad Sci U S A 93(12): 5699-5704. 

Anu, J., T. Peeyush Kumar, M. S. Nandhu and C. S. Paulose (2010). "Enhanced NMDAR1, 

NMDA2B and mGlu5 receptors gene expression in the cerebellum of insulin induced 

hypoglycaemic and streptozotocin induced diabetic rats." Eur J Pharmacol 630(1-3): 61-

68. 

Apostolatos, A., S. Song, S. Acosta, M. Peart, J. E. Watson, P. Bickford, D. R. Cooper and N. A. 

Patel (2012). "Insulin promotes neuronal survival via the alternatively spliced protein 

kinase CdeltaII isoform." J Biol Chem 287(12): 9299-9310. 

Arancibia, S., M. Silhol, F. Mouliere, J. Meffre, I. Hollinger, T. Maurice and L. Tapia-Arancibia 

(2008). "Protective effect of BDNF against beta-amyloid induced neurotoxicity in vitro 

and in vivo in rats." Neurobiol Dis 31(3): 316-326. 

Arispe, N., H. B. Pollard and E. Rojas (1993a). "Giant multilevel cation channels formed by 

Alzheimer disease amyloid beta-protein [A beta P-(1-40)] in bilayer membranes." Proc 

Natl Acad Sci U S A 90(22): 10573-10577. 

Arispe, N., E. Rojas and H. B. Pollard (1993b). "Alzheimer disease amyloid beta protein forms 

calcium channels in bilayer membranes: blockade by tromethamine and aluminum." Proc 

Natl Acad Sci U S A 90(2): 567-571. 

Arriagada, P. V., J. H. Growdon, E. T. Hedley-Whyte and B. T. Hyman (1992). "Neurofibrillary 

tangles but not senile plaques parallel duration and severity of Alzheimer's disease." 

Neurology 42(3 Pt 1): 631-639. 



Page 126 of 195 

 

Aytug, S., D. Reich, L. E. Sapiro, D. Bernstein and N. Begum (2003). "Impaired IRS-1/PI3-

kinase signaling in patients with HCV: a mechanism for increased prevalence of type 2 

diabetes." Hepatology 38(6): 1384-1392. 

Bach, M. A., Z. Shen-Orr, W. L. Lowe, Jr., C. T. Roberts, Jr. and D. LeRoith (1991). "Insulin-

like growth factor I mRNA levels are developmentally regulated in specific regions of the 

rat brain." Brain Res Mol Brain Res 10(1): 43-48. 

Bailey, A. R., H. Hou, D. F. Obregon, J. Tian, Y. Zhu, Q. Zou, W. V. Nikolic, M. Bengtson, T. 

Mori, T. Murphy and J. Tan (2012). "Aberrant T-lymphocyte development and function 

in mice overexpressing human soluble amyloid precursor protein-alpha: implications for 

autism." FASEB J 26(3): 1040-1051. 

Bailey, A. R., H. Hou, M. Song, D. F. Obregon, S. Portis, S. Barger, D. Shytle, S. Stock, T. 

Mori, P. G. Sanberg, T. Murphy and J. Tan (2013). "GFAP expression and social deficits 

in transgenic mice overexpressing human sAPPαlpha." Glia 61(9): 1556-1569. 

Banks, W. A. (2004). "The source of cerebral insulin." Eur J Pharmacol 490(1-3): 5-12. 

Baranova, O., L. F. Miranda, P. Pichiule, I. Dragatsis, R. S. Johnson and J. C. Chavez (2007). 

"Neuron-specific inactivation of the hypoxia inducible factor 1 alpha increases brain 

injury in a mouse model of transient focal cerebral ischemia." J Neurosci 27(23): 6320-

6332. 

Baratchi, S., J. Evans, W. P. Tate, W. C. Abraham and B. Connor (2012). "Secreted amyloid 

precursor proteins promote proliferation and glial differentiation of adult hippocampal 

neural progenitor cells." Hippocampus 22(7): 1517-1527. 

Barber, A. J., M. Nakamura, E. B. Wolpert, C. E. Reiter, G. M. Seigel, D. A. Antonetti and T. W. 

Gardner (2001). "Insulin rescues retinal neurons from apoptosis by a phosphatidylinositol 



Page 127 of 195 

 

3-kinase/Akt-mediated mechanism that reduces the activation of caspase-3." J Biol Chem 

276(35): 32814-32821. 

Barger, S. W. and A. S. Basile (2001). "Activation of microglia by secreted amyloid precursor 

protein evokes release of glutamate by cystine exchange and attenuates synaptic 

function." J Neurochem 76(3): 846-854. 

Barger, S. W. and M. P. Mattson (1996). "Induction of neuroprotective kappa B-dependent 

transcription by secreted forms of the Alzheimer's beta-amyloid precursor." Brain Res 

Mol Brain Res 40(1): 116-126. 

Barthel, A., D. Schmoll and T. G. Unterman (2005). "FoxO proteins in insulin action and 

metabolism." Trends Endocrinol Metab 16(4): 183-189. 

Baskin, D. G., D. Porte, Jr., K. Guest and D. M. Dorsa (1983). "Regional concentrations of 

insulin in the rat brain." Endocrinology 112(3): 898-903. 

Baumann, K., E. M. Mandelkow, J. Biernat, H. Piwnica-Worms and E. Mandelkow (1993). 

"Abnormal Alzheimer-like phosphorylation of tau-protein by cyclin-dependent kinases 

cdk2 and cdk5." FEBS Lett 336(3): 417-424. 

Baura, G. D., D. M. Foster, D. Porte, Jr., S. E. Kahn, R. N. Bergman, C. Cobelli and M. W. 

Schwartz (1993). "Saturable transport of insulin from plasma into the central nervous 

system of dogs in vivo. A mechanism for regulated insulin delivery to the brain." J Clin 

Invest 92(4): 1824-1830. 

Bekris, L. M., C. E. Yu, T. D. Bird and D. W. Tsuang (2010). "Genetics of Alzheimer disease." J 

Geriatr Psychiatry Neurol 23(4): 213-227. 



Page 128 of 195 

 

Belfiore, A., F. Frasca, G. Pandini, L. Sciacca and R. Vigneri (2009). "Insulin receptor isoforms 

and insulin receptor/insulin-like growth factor receptor hybrids in physiology and 

disease." Endocr Rev 30(6): 586-623. 

Bell, R. D., R. Deane, N. Chow, X. Long, A. Sagare, I. Singh, J. W. Streb, H. Guo, A. Rubio, W. 

Van Nostrand, J. M. Miano and B. V. Zlokovic (2009). "SRF and myocardin regulate 

LRP-mediated amyloid-beta clearance in brain vascular cells." Nat Cell Biol 11(2): 143-

153. 

Bellacosa, A., T. O. Chan, N. N. Ahmed, K. Datta, S. Malstrom, D. Stokoe, F. McCormick, J. 

Feng and P. Tsichlis (1998). "Akt activation by growth factors is a multiple-step process: 

the role of the PH domain." Oncogene 17(3): 313-325. 

Benedict, C., M. Hallschmid, A. Hatke, B. Schultes, H. L. Fehm, J. Born and W. Kern (2004). 

"Intranasal insulin improves memory in humans." Psychoneuroendocrinology 29(10): 

1326-1334. 

Berger, Z., H. Roder, A. Hanna, A. Carlson, V. Rangachari, M. Yue, Z. Wszolek, K. Ashe, J. 

Knight, D. Dickson, C. Andorfer, T. L. Rosenberry, J. Lewis, M. Hutton and C. Janus 

(2007). "Accumulation of pathological tau species and memory loss in a conditional 

model of tauopathy." J Neurosci 27(14): 3650-3662. 

Bernard, D., B. Quatannens, A. Begue, B. Vandenbunder and C. Abbadie (2001). 

"Antiproliferative and antiapoptotic effects of crel may occur within the same cells via 

the up-regulation of manganese superoxide dismutase." Cancer Res 61(6): 2656-2664. 

Bernaudin, M., A. S. Nedelec, D. Divoux, E. T. MacKenzie, E. Petit and P. Schumann-Bard 

(2002). "Normobaric hypoxia induces tolerance to focal permanent cerebral ischemia in 

association with an increased expression of hypoxia-inducible factor-1 and its target 



Page 129 of 195 

 

genes, erythropoietin and VEGF, in the adult mouse brain." J Cereb Blood Flow Metab 

22(4): 393-403. 

Berti-Mattera, L. N., B. Larkin, Z. Hourmouzis, T. S. Kern and R. E. Siegel (2011). "NF-kappaB 

subunits are differentially distributed in cells of lumbar dorsal root ganglia in naive and 

diabetic rats." Neurosci Lett 490(1): 41-45. 

Bezprozvanny, I. and M. P. Mattson (2008). "Neuronal calcium mishandling and the 

pathogenesis of Alzheimer's disease." Trends Neurosci 31(9): 454-463. 

Bhat, R. V., J. Shanley, M. P. Correll, W. E. Fieles, R. A. Keith, C. W. Scott and C. M. Lee 

(2000). "Regulation and localization of tyrosine216 phosphorylation of glycogen 

synthase kinase-3beta in cellular and animal models of neuronal degeneration." Proc Natl 

Acad Sci U S A 97(20): 11074-11079. 

Biggs, W. H., 3rd, J. Meisenhelder, T. Hunter, W. K. Cavenee and K. C. Arden (1999). "Protein 

kinase B/Akt-mediated phosphorylation promotes nuclear exclusion of the winged helix 

transcription factor FKHR1." Proc Natl Acad Sci U S A 96(13): 7421-7426. 

Binder, L. I., A. Frankfurter and L. I. Rebhun (1985). "The distribution of tau in the mammalian 

central nervous system." J Cell Biol 101(4): 1371-1378. 

Blume-Jensen, P., R. Janknecht and T. Hunter (1998). "The kit receptor promotes cell survival 

via activation of PI 3-kinase and subsequent Akt-mediated phosphorylation of Bad on 

Ser136." Curr Biol 8(13): 779-782. 

Blurton-Jones, M., M. Kitazawa, H. Martinez-Coria, N. A. Castello, F. J. Muller, J. F. Loring, T. 

R. Yamasaki, W. W. Poon, K. N. Green and F. M. LaFerla (2009). "Neural stem cells 

improve cognition via BDNF in a transgenic model of Alzheimer disease." Proc Natl 

Acad Sci U S A 106(32): 13594-13599. 



Page 130 of 195 

 

Blurton-Jones, M., B. Spencer, S. Michael, N. A. Castello, A. A. Agazaryan, J. L. Davis, F. J. 

Muller, J. F. Loring, E. Masliah and F. M. LaFerla (2014). "Neural stem cells genetically-

modified to express neprilysin reduce pathology in Alzheimer transgenic models." Stem 

Cell Res Ther 5(2): 46. 

Bobinski, M., M. J. de Leon, M. Tarnawski, J. Wegiel, B. Reisberg, D. C. Miller and H. M. 

Wisniewski (1998). "Neuronal and volume loss in CA1 of the hippocampal formation 

uniquely predicts duration and severity of Alzheimer disease." Brain Res 805(1-2): 267-

269. 

Bobinski, M., J. Wegiel, M. Tarnawski, M. Bobinski, B. Reisberg, M. J. de Leon, D. C. Miller 

and H. M. Wisniewski (1997). "Relationships between regional neuronal loss and 

neurofibrillary changes in the hippocampal formation and duration and severity of 

Alzheimer disease." J Neuropathol Exp Neurol 56(4): 414-420. 

Bondy, C. A. and C. M. Cheng (2004). "Signaling by insulin-like growth factor 1 in brain." Eur J 

Pharmacol 490(1-3): 25-31. 

Bossy-Wetzel, E. and D. R. Green (1999). "Apoptosis: checkpoint at the mitochondrial frontier." 

Mutat Res 434(3): 243-251. 

Bour, A., S. Little, J. C. Dodart, C. Kelche and C. Mathis (2004). "A secreted form of the beta-

amyloid precursor protein (sAPP695) improves spatial recognition memory in OF1 

mice." Neurobiol Learn Mem 81(1): 27-38. 

Braak, H. and E. Braak (1991). "Neuropathological stageing of Alzheimer-related changes." 

Acta Neuropathol 82(4): 239-259. 

Braak, H. and E. Braak (1995). "Staging of Alzheimer's disease-related neurofibrillary changes." 

Neurobiol Aging 16(3): 271-278; discussion 278-284. 



Page 131 of 195 

 

Braak, H. and E. Braak (1997). "Frequency of stages of Alzheimer-related lesions in different 

age categories." Neurobiol Aging 18(4): 351-357. 

Braak, H. and K. Del Tredici (2011). "The pathological process underlying Alzheimer's disease 

in individuals under thirty." Acta Neuropathol 121(2): 171-181. 

Bramblett, G. T., M. Goedert, R. Jakes, S. E. Merrick, J. Q. Trojanowski and V. M. Lee (1993). 

"Abnormal tau phosphorylation at Ser396 in Alzheimer's disease recapitulates 

development and contributes to reduced microtubule binding." Neuron 10(6): 1089-1099. 

Brewster, J. L., D. A. Linseman, R. J. Bouchard, F. A. Loucks, T. A. Precht, E. A. Esch and K. 

A. Heidenreich (2006). "Endoplasmic reticulum stress and trophic factor withdrawal 

activate distinct signaling cascades that induce glycogen synthase kinase-3 beta and a 

caspase-9-dependent apoptosis in cerebellar granule neurons." Mol Cell Neurosci 32(3): 

242-253. 

Brookmeyer, R., E. Johnson, K. Ziegler-Graham and H. M. Arrighi (2007). "Forecasting the 

global burden of Alzheimer's disease." Alzheimers Dement 3(3): 186-191. 

Brunet, A., A. Bonni, M. J. Zigmond, M. Z. Lin, P. Juo, L. S. Hu, M. J. Anderson, K. C. Arden, 

J. Blenis and M. E. Greenberg (1999). "Akt promotes cell survival by phosphorylating 

and inhibiting a Forkhead transcription factor." Cell 96(6): 857-868. 

Bugiani, O., J. R. Murrell, G. Giaccone, M. Hasegawa, G. Ghigo, M. Tabaton, M. Morbin, A. 

Primavera, F. Carella, C. Solaro, M. Grisoli, M. Savoiardo, M. G. Spillantini, F. 

Tagliavini, M. Goedert and B. Ghetti (1999). "Frontotemporal dementia and corticobasal 

degeneration in a family with a P301S mutation in tau." J Neuropathol Exp Neurol 58(6): 

667-677. 



Page 132 of 195 

 

Burdick, D., B. Soreghan, M. Kwon, J. Kosmoski, M. Knauer, A. Henschen, J. Yates, C. Cotman 

and C. Glabe (1992). "Assembly and aggregation properties of synthetic Alzheimer's 

A4/beta amyloid peptide analogs." J Biol Chem 267(1): 546-554. 

Burgering, B. M. and P. J. Coffer (1995). "Protein kinase B (c-Akt) in phosphatidylinositol-3-

OH kinase signal transduction." Nature 376(6541): 599-602. 

Burns, J. M., J. E. Donnelly, H. S. Anderson, M. S. Mayo, L. Spencer-Gardner, G. Thomas, B. 

B. Cronk, Z. Haddad, D. Klima, D. Hansen and W. M. Brooks (2007). "Peripheral insulin 

and brain structure in early Alzheimer disease." Neurology 69(11): 1094-1104. 

Cai, H., Y. Wang, D. McCarthy, H. Wen, D. R. Borchelt, D. L. Price and P. C. Wong (2001). 

"BACE1 is the major beta-secretase for generation of Abeta peptides by neurons." Nat 

Neurosci 4(3): 233-234. 

Caille, I., B. Allinquant, E. Dupont, C. Bouillot, A. Langer, U. Muller and A. Prochiantz (2004). 

"Soluble form of amyloid precursor protein regulates proliferation of progenitors in the 

adult subventricular zone." Development 131(9): 2173-2181. 

Caldwell, J. H., M. Klevanski, M. Saar and U. C. Muller (2013). "Roles of the amyloid precursor 

protein family in the peripheral nervous system." Mech Dev 130(6-8): 433-446. 

Cantley, L. C. (2002). "The phosphoinositide 3-kinase pathway." Science 296(5573): 1655-1657. 

Cardone, M. H., N. Roy, H. R. Stennicke, G. S. Salvesen, T. F. Franke, E. Stanbridge, S. Frisch 

and J. C. Reed (1998). "Regulation of cell death protease caspase-9 by phosphorylation." 

Science 282(5392): 1318-1321. 

Carrettiero, D. C., F. E. Santiago, A. C. Motzko-Soares and M. C. Almeida (2015). 

"Temperature and toxic Tau in Alzheimer's disease: new insights." Temperature (Austin) 

2(4): 491-498. 



Page 133 of 195 

 

Carro, E., J. L. Trejo, T. Gomez-Isla, D. LeRoith and I. Torres-Aleman (2002). "Serum insulin-

like growth factor I regulates brain amyloid-beta levels." Nat Med 8(12): 1390-1397. 

Celsi, F., P. Pizzo, M. Brini, S. Leo, C. Fotino, P. Pinton and R. Rizzuto (2009). "Mitochondria, 

calcium and cell death: a deadly triad in neurodegeneration." Biochim Biophys Acta 

1787(5): 335-344. 

Chartier-Harlin, M. C., M. Parfitt, S. Legrain, J. Perez-Tur, T. Brousseau, A. Evans, C. Berr, O. 

Vidal, P. Roques, V. Gourlet and et al. (1994). "Apolipoprotein E, epsilon 4 allele as a 

major risk factor for sporadic early and late-onset forms of Alzheimer's disease: analysis 

of the 19q13.2 chromosomal region." Hum Mol Genet 3(4): 569-574. 

Cheng, G., C. Huang, H. Deng and H. Wang (2012). "Diabetes as a risk factor for dementia and 

mild cognitive impairment: a meta-analysis of longitudinal studies." Intern Med J 42(5): 

484-491. 

Cheng, G., Z. Yu, D. Zhou and M. P. Mattson (2002). "Phosphatidylinositol-3-kinase-Akt kinase 

and p42/p44 mitogen-activated protein kinases mediate neurotrophic and excitoprotective 

actions of a secreted form of amyloid precursor protein." Exp Neurol 175(2): 407-414. 

Chiotis, K., L. Saint-Aubert, I. Savitcheva, V. Jelic, P. Andersen, M. Jonasson, J. Eriksson, M. 

Lubberink, O. Almkvist, A. Wall, G. Antoni and A. Nordberg (2016). "Imaging in-vivo 

tau pathology in Alzheimer's disease with THK5317 PET in a multimodal paradigm." Eur 

J Nucl Med Mol Imaging 43(9): 1686-1699. 

Chishti, M. A., D. S. Yang, C. Janus, A. L. Phinney, P. Horne, J. Pearson, R. Strome, N. Zuker, 

J. Loukides, J. French, S. Turner, G. Lozza, M. Grilli, S. Kunicki, C. Morissette, J. 

Paquette, F. Gervais, C. Bergeron, P. E. Fraser, G. A. Carlson, P. S. George-Hyslop and 

D. Westaway (2001). "Early-onset amyloid deposition and cognitive deficits in 



Page 134 of 195 

 

transgenic mice expressing a double mutant form of amyloid precursor protein 695." J 

Biol Chem 276(24): 21562-21570. 

Cho, J. H. and G. V. Johnson (2004). "Primed phosphorylation of tau at Thr231 by glycogen 

synthase kinase 3beta (GSK3beta) plays a critical role in regulating tau's ability to bind 

and stabilize microtubules." J Neurochem 88(2): 349-358. 

Christianson, J. A., J. T. Riekhof and D. E. Wright (2003). "Restorative effects of neurotrophin 

treatment on diabetes-induced cutaneous axon loss in mice." Exp Neurol 179(2): 188-

199. 

Chun, Y. S., M. S. Kim and J. W. Park (2002). "Oxygen-dependent and -independent regulation 

of HIF-1alpha." J Korean Med Sci 17(5): 581-588. 

Clavaguera, F., T. Bolmont, R. A. Crowther, D. Abramowski, S. Frank, A. Probst, G. Fraser, A. 

K. Stalder, M. Beibel, M. Staufenbiel, M. Jucker, M. Goedert and M. Tolnay (2009). 

"Transmission and spreading of tauopathy in transgenic mouse brain." Nat Cell Biol 

11(7): 909-913. 

Cleary, J. P., D. M. Walsh, J. J. Hofmeister, G. M. Shankar, M. A. Kuskowski, D. J. Selkoe and 

K. H. Ashe (2005). "Natural oligomers of the amyloid-beta protein specifically disrupt 

cognitive function." Nat Neurosci 8(1): 79-84. 

Clodfelder-Miller, B., P. De Sarno, A. A. Zmijewska, L. Song and R. S. Jope (2005). 

"Physiological and pathological changes in glucose regulate brain Akt and glycogen 

synthase kinase-3." J Biol Chem 280(48): 39723-39731. 

Clodfelder-Miller, B. J., A. A. Zmijewska, G. V. Johnson and R. S. Jope (2006). "Tau is 

hyperphosphorylated at multiple sites in mouse brain in vivo after streptozotocin-induced 

insulin deficiency." Diabetes 55(12): 3320-3325. 



Page 135 of 195 

 

Coffer, P. J. and J. R. Woodgett (1991). "Molecular cloning and characterisation of a novel 

putative protein-serine kinase related to the cAMP-dependent and protein kinase C 

families." Eur J Biochem 201(2): 475-481. 

Corder, E. H., A. M. Saunders, W. J. Strittmatter, D. E. Schmechel, P. C. Gaskell, G. W. Small, 

A. D. Roses, J. L. Haines and M. A. Pericak-Vance (1993). "Gene dose of apolipoprotein 

E type 4 allele and the risk of Alzheimer's disease in late onset families." Science 

261(5123): 921-923. 

Costa, R., A. Goncalves, M. J. Saraiva and I. Cardoso (2008). "Transthyretin binding to A-Beta 

peptide--impact on A-Beta fibrillogenesis and toxicity." FEBS Lett 582(6): 936-942. 

Coulson, E. J., K. Paliga, K. Beyreuther and C. L. Masters (2000). "What the evolution of the 

amyloid protein precursor supergene family tells us about its function." Neurochem Int 

36(3): 175-184. 

Craft, S., L. D. Baker, T. J. Montine, S. Minoshima, G. S. Watson, A. Claxton, M. Arbuckle, M. 

Callaghan, E. Tsai, S. R. Plymate, P. S. Green, J. Leverenz, D. Cross and B. Gerton 

(2012). "Intranasal insulin therapy for Alzheimer disease and amnestic mild cognitive 

impairment: a pilot clinical trial." Arch Neurol 69(1): 29-38. 

Cross, D. A., D. R. Alessi, P. Cohen, M. Andjelkovich and B. A. Hemmings (1995). "Inhibition 

of glycogen synthase kinase-3 by insulin mediated by protein kinase B." Nature 

378(6559): 785-789. 

Cruz, J. C., D. Kim, L. Y. Moy, M. M. Dobbin, X. Sun, R. T. Bronson and L. H. Tsai (2006). 

"p25/cyclin-dependent kinase 5 induces production and intraneuronal accumulation of 

amyloid beta in vivo." J Neurosci 26(41): 10536-10541. 



Page 136 of 195 

 

Currie, R. A., K. S. Walker, A. Gray, M. Deak, A. Casamayor, C. P. Downes, P. Cohen, D. R. 

Alessi and J. Lucocq (1999). "Role of phosphatidylinositol 3,4,5-trisphosphate in 

regulating the activity and localization of 3-phosphoinositide-dependent protein kinase-

1." Biochem J 337 ( Pt 3): 575-583. 

d'Uscio, L. V., T. He, A. V. Santhanam and Z. S. Katusic (2017). "Endothelium-specific amyloid 

precursor protein deficiency causes endothelial dysfunction in cerebral arteries." J Cereb 

Blood Flow Metab: 271678X17735418. 

Datta, S. R., A. Brunet and M. E. Greenberg (1999). "Cellular survival: a play in three Akts." 

Genes Dev 13(22): 2905-2927. 

Datta, S. R., H. Dudek, X. Tao, S. Masters, H. Fu, Y. Gotoh and M. E. Greenberg (1997). "Akt 

phosphorylation of BAD couples survival signals to the cell-intrinsic death machinery." 

Cell 91(2): 231-241. 

Davies, J. E., C. Proschel, N. Zhang, M. Noble, M. Mayer-Proschel and S. J. Davies (2008). 

"Transplanted astrocytes derived from BMP- or CNTF-treated glial-restricted precursors 

have opposite effects on recovery and allodynia after spinal cord injury." J Biol 7(7): 24. 

Davies, S. J., C. H. Shih, M. Noble, M. Mayer-Proschel, J. E. Davies and C. Proschel (2011). 

"Transplantation of specific human astrocytes promotes functional recovery after spinal 

cord injury." PLoS One 6(3): e17328. 

De Felice, F. G., P. T. Velasco, M. P. Lambert, K. Viola, S. J. Fernandez, S. T. Ferreira and W. 

L. Klein (2007). "Abeta oligomers induce neuronal oxidative stress through an N-methyl-

D-aspartate receptor-dependent mechanism that is blocked by the Alzheimer drug 

memantine." J Biol Chem 282(15): 11590-11601. 



Page 137 of 195 

 

de la Monte, S. M. and J. R. Wands (2002). "Chronic gestational exposure to ethanol impairs 

insulin-stimulated survival and mitochondrial function in cerebellar neurons." Cell Mol 

Life Sci 59(5): 882-893. 

de la Torre, J. C. (2004). "Is Alzheimer's disease a neurodegenerative or a vascular disorder? 

Data, dogma, and dialectics." Lancet Neurol 3(3): 184-190. 

De Strooper, B. (2003). "Aph-1, Pen-2, and Nicastrin with Presenilin generate an active gamma-

Secretase complex." Neuron 38(1): 9-12. 

De Strooper, B. and W. Annaert (2000). "Proteolytic processing and cell biological functions of 

the amyloid precursor protein." J Cell Sci 113 ( Pt 11): 1857-1870. 

del Peso, L., M. Gonzalez-Garcia, C. Page, R. Herrera and G. Nunez (1997). "Interleukin-3-

induced phosphorylation of BAD through the protein kinase Akt." Science 278(5338): 

687-689. 

Delacourte, A., J. P. David, N. Sergeant, L. Buee, A. Wattez, P. Vermersch, F. Ghozali, C. 

Fallet-Bianco, F. Pasquier, F. Lebert, H. Petit and C. Di Menza (1999). "The biochemical 

pathway of neurofibrillary degeneration in aging and Alzheimer's disease." Neurology 

52(6): 1158-1165. 

Demars, M. P., C. Hollands, T. Zhao Kda and O. Lazarov (2013). "Soluble amyloid precursor 

protein-alpha rescues age-linked decline in neural progenitor cell proliferation." 

Neurobiol Aging 34(10): 2431-2440. 

Demuro, A., E. Mina, R. Kayed, S. C. Milton, I. Parker and C. G. Glabe (2005). "Calcium 

dysregulation and membrane disruption as a ubiquitous neurotoxic mechanism of soluble 

amyloid oligomers." J Biol Chem 280(17): 17294-17300. 



Page 138 of 195 

 

Deng, J., A. Habib, D. F. Obregon, S. W. Barger, B. Giunta, Y. J. Wang, H. Hou, D. Sawmiller 

and J. Tan (2015). "Soluble amyloid precursor protein alpha inhibits tau phosphorylation 

through modulation of GSK3beta signaling pathway." J Neurochem 135(3): 630-637. 

Dery, M. A., M. D. Michaud and D. E. Richard (2005). "Hypoxia-inducible factor 1: regulation 

by hypoxic and non-hypoxic activators." Int J Biochem Cell Biol 37(3): 535-540. 

Desgranges, B., J. C. Baron, V. de la Sayette, M. C. Petit-Taboue, K. Benali, B. Landeau, B. 

Lechevalier and F. Eustache (1998). "The neural substrates of memory systems 

impairment in Alzheimer's disease. A PET study of resting brain glucose utilization." 

Brain 121 ( Pt 4): 611-631. 

Devi, L., M. J. Alldred, S. D. Ginsberg and M. Ohno (2012). "Mechanisms underlying insulin 

deficiency-induced acceleration of beta-amyloidosis in a mouse model of Alzheimer's 

disease." PLoS One 7(3): e32792. 

Dhamoon, M. S., J. M. Noble and S. Craft (2009). "Intranasal insulin improves cognition and 

modulates beta-amyloid in early AD." Neurology 72(3): 292-293; author reply 293-294. 

Diaz-Moreno, M., R. Hortiguela, A. Goncalves, I. Garcia-Carpio, G. Manich, E. Garcia-

Bermudez, M. Moreno-Estelles, C. Eguiluz, J. Vilaplana, C. Pelegri, M. Vilar and H. 

Mira (2013). "Abeta increases neural stem cell activity in senescence-accelerated SAMP8 

mice." Neurobiol Aging 34(11): 2623-2638. 

Dijkers, P. F., R. H. Medema, J. W. Lammers, L. Koenderman and P. J. Coffer (2000). 

"Expression of the pro-apoptotic Bcl-2 family member Bim is regulated by the forkhead 

transcription factor FKHR-L1." Curr Biol 10(19): 1201-1204. 

Dominguez, D., J. Tournoy, D. Hartmann, T. Huth, K. Cryns, S. Deforce, L. Serneels, I. E. 

Camacho, E. Marjaux, K. Craessaerts, A. J. Roebroek, M. Schwake, R. D'Hooge, P. 



Page 139 of 195 

 

Bach, U. Kalinke, D. Moechars, C. Alzheimer, K. Reiss, P. Saftig and B. De Strooper 

(2005). "Phenotypic and biochemical analyses of BACE1- and BACE2-deficient mice." J 

Biol Chem 280(35): 30797-30806. 

Doyle, E., M. T. Bruce, K. C. Breen, D. C. Smith, B. Anderton and C. M. Regan (1990). 

"Intraventricular infusions of antibodies to amyloid-beta-protein precursor impair the 

acquisition of a passive avoidance response in the rat." Neurosci Lett 115(1): 97-102. 

Driver, J. A., X. Z. Zhou and K. P. Lu (2014). "Regulation of protein conformation by Pin1 

offers novel disease mechanisms and therapeutic approaches in Alzheimer's disease." 

Discov Med 17(92): 93-99. 

Du, K. and M. Montminy (1998). "CREB is a regulatory target for the protein kinase Akt/PKB." 

J Biol Chem 273(49): 32377-32379. 

Duarte, A. I., M. S. Santos, C. R. Oliveira and A. C. Rego (2005). "Insulin neuroprotection 

against oxidative stress in cortical neurons--involvement of uric acid and glutathione 

antioxidant defenses." Free Radic Biol Med 39(7): 876-889. 

Duh, E. J., W. J. Maury, T. M. Folks, A. S. Fauci and A. B. Rabson (1989). "Tumor necrosis 

factor alpha activates human immunodeficiency virus type 1 through induction of nuclear 

factor binding to the NF-kappa B sites in the long terminal repeat." Proc Natl Acad Sci U 

S A 86(15): 5974-5978. 

Dumont, M., E. Wille, C. Stack, N. Y. Calingasan, M. F. Beal and M. T. Lin (2009). "Reduction 

of oxidative stress, amyloid deposition, and memory deficit by manganese superoxide 

dismutase overexpression in a transgenic mouse model of Alzheimer's disease." FASEB J 

23(8): 2459-2466. 



Page 140 of 195 

 

Ebina, Y., L. Ellis, K. Jarnagin, M. Edery, L. Graf, E. Clauser, J. H. Ou, F. Masiarz, Y. W. Kan, 

I. D. Goldfine and et al. (1985). "The human insulin receptor cDNA: the structural basis 

for hormone-activated transmembrane signalling." Cell 40(4): 747-758. 

Eckert, A., U. Keil, C. A. Marques, A. Bonert, C. Frey, K. Schussel and W. E. Muller (2003). 

"Mitochondrial dysfunction, apoptotic cell death, and Alzheimer's disease." Biochem 

Pharmacol 66(8): 1627-1634. 

El Khoury, N. B., M. Gratuze, F. Petry, M. A. Papon, C. Julien, F. Marcouiller, F. Morin, S. B. 

Nicholls, F. Calon, S. S. Hebert, A. Marette and E. Planel (2016). "Hypothermia mediates 

age-dependent increase of tau phosphorylation in db/db mice." Neurobiol Dis 88: 55-65. 

Elali, A., P. Theriault, P. Prefontaine and S. Rivest (2013). "Mild chronic cerebral hypoperfusion 

induces neurovascular dysfunction, triggering peripheral beta-amyloid brain entry and 

aggregation." Acta Neuropathol Commun 1(1): 75. 

Elliott, E., R. Atlas, A. Lange and I. Ginzburg (2005). "Brain-derived neurotrophic factor 

induces a rapid dephosphorylation of tau protein through a PI-3 Kinase signalling 

mechanism." Eur J Neurosci 22(5): 1081-1089. 

Eriksson, P. S., E. Perfilieva, T. Bjork-Eriksson, A. M. Alborn, C. Nordborg, D. A. Peterson and 

F. H. Gage (1998). "Neurogenesis in the adult human hippocampus." Nat Med 4(11): 

1313-1317. 

Erol, A. (2008). "An integrated and unifying hypothesis for the metabolic basis of sporadic 

Alzheimer's disease." J Alzheimers Dis 13(3): 241-253. 

Escribano, L., A. M. Simon, E. Gimeno, M. Cuadrado-Tejedor, R. Lopez de Maturana, A. 

Garcia-Osta, A. Ricobaraza, A. Perez-Mediavilla, J. Del Rio and D. Frechilla (2010). 

"Rosiglitazone rescues memory impairment in Alzheimer's transgenic mice: mechanisms 



Page 141 of 195 

 

involving a reduced amyloid and tau pathology." Neuropsychopharmacology 35(7): 

1593-1604. 

Fahling, M. (2009). "Cellular oxygen sensing, signalling and how to survive translational arrest 

in hypoxia." Acta Physiol (Oxf) 195(2): 205-230. 

Farris, W., S. Mansourian, Y. Chang, L. Lindsley, E. A. Eckman, M. P. Frosch, C. B. Eckman, 

R. E. Tanzi, D. J. Selkoe and S. Guenette (2003). "Insulin-degrading enzyme regulates 

the levels of insulin, amyloid beta-protein, and the beta-amyloid precursor protein 

intracellular domain in vivo." Proc Natl Acad Sci U S A 100(7): 4162-4167. 

Fernyhough, P., D. R. Smith, J. Schapansky, R. Van Der Ploeg, N. J. Gardiner, C. W. Tweed, A. 

Kontos, L. Freeman, T. D. Purves-Tyson and G. W. Glazner (2005). "Activation of 

nuclear factor-kappaB via endogenous tumor necrosis factor alpha regulates survival of 

axotomized adult sensory neurons." J Neurosci 25(7): 1682-1690. 

Flach, K., I. Hilbrich, A. Schiffmann, U. Gartner, M. Kruger, M. Leonhardt, H. Waschipky, L. 

Wick, T. Arendt and M. Holzer (2012). "Tau oligomers impair artificial membrane 

integrity and cellular viability." J Biol Chem 287(52): 43223-43233. 

Fol, R., J. Braudeau, S. Ludewig, T. Abel, S. W. Weyer, J. P. Roederer, F. Brod, M. Audrain, A. 

P. Bemelmans, C. J. Buchholz, M. Korte, N. Cartier and U. C. Muller (2016). "Viral gene 

transfer of APPsalpha rescues synaptic failure in an Alzheimer's disease mouse model." 

Acta Neuropathol 131(2): 247-266. 

Forlenza, O. V., B. S. Diniz, A. L. Teixeira, M. Radanovic, L. L. Talib, N. P. Rocha and W. F. 

Gattaz (2015). "Lower Cerebrospinal Fluid Concentration of Brain-Derived Neurotrophic 

Factor Predicts Progression from Mild Cognitive Impairment to Alzheimer's Disease." 

Neuromolecular Med 17(3): 326-332. 



Page 142 of 195 

 

Foster, N. L., K. Wilhelmsen, A. A. Sima, M. Z. Jones, C. J. D'Amato and S. Gilman (1997). 

"Frontotemporal dementia and parkinsonism linked to chromosome 17: a consensus 

conference. Conference Participants." Ann Neurol 41(6): 706-715. 

Frasca, F., G. Pandini, P. Scalia, L. Sciacca, R. Mineo, A. Costantino, I. D. Goldfine, A. Belfiore 

and R. Vigneri (1999). "Insulin receptor isoform A, a newly recognized, high-affinity 

insulin-like growth factor II receptor in fetal and cancer cells." Mol Cell Biol 19(5): 

3278-3288. 

Frattali, A. L. and J. E. Pessin (1993). "Relationship between alpha subunit ligand occupancy 

and beta subunit autophosphorylation in insulin/insulin-like growth factor-1 hybrid 

receptors." J Biol Chem 268(10): 7393-7400. 

Friedland, R. P., T. F. Budinger, E. Koss and B. A. Ober (1985). "Alzheimer's disease: anterior-

posterior and lateral hemispheric alterations in cortical glucose utilization." Neurosci Lett 

53(3): 235-240. 

Frolich, L., D. Blum-Degen, H. G. Bernstein, S. Engelsberger, J. Humrich, S. Laufer, D. 

Muschner, A. Thalheimer, A. Turk, S. Hoyer, R. Zochling, K. W. Boissl, K. Jellinger and 

P. Riederer (1998). "Brain insulin and insulin receptors in aging and sporadic Alzheimer's 

disease." J Neural Transm 105(4-5): 423-438. 

Frolich, L., D. Blum-Degen, P. Riederer and S. Hoyer (1999). "A disturbance in the neuronal 

insulin receptor signal transduction in sporadic Alzheimer's disease." Ann N Y Acad Sci 

893: 290-293. 

Fryer, J. D., K. Simmons, M. Parsadanian, K. R. Bales, S. M. Paul, P. M. Sullivan and D. M. 

Holtzman (2005). "Human apolipoprotein E4 alters the amyloid-beta 40:42 ratio and 



Page 143 of 195 

 

promotes the formation of cerebral amyloid angiopathy in an amyloid precursor protein 

transgenic model." J Neurosci 25(11): 2803-2810. 

Fu, W., C. Lu and M. P. Mattson (2002). "Telomerase mediates the cell survival-promoting 

actions of brain-derived neurotrophic factor and secreted amyloid precursor protein in 

developing hippocampal neurons." J Neurosci 22(24): 10710-10719. 

Fukuyama, H., M. Ogawa, H. Yamauchi, S. Yamaguchi, J. Kimura, Y. Yonekura and J. Konishi 

(1994). "Altered cerebral energy metabolism in Alzheimer's disease: a PET study." J 

Nucl Med 35(1): 1-6. 

Furukawa, K., S. W. Barger, E. M. Blalock and M. P. Mattson (1996). "Activation of K+ 

channels and suppression of neuronal activity by secreted beta-amyloid-precursor 

protein." Nature 379(6560): 74-78. 

Furukawa, K. and M. P. Mattson (1998). "Secreted amyloid precursor protein alpha selectively 

suppresses N-methyl-D-aspartate currents in hippocampal neurons: involvement of cyclic 

GMP." Neuroscience 83(2): 429-438. 

Gasparini, L., G. K. Gouras, R. Wang, R. S. Gross, M. F. Beal, P. Greengard and H. Xu (2001). 

"Stimulation of beta-amyloid precursor protein trafficking by insulin reduces 

intraneuronal beta-amyloid and requires mitogen-activated protein kinase signaling." J 

Neurosci 21(8): 2561-2570. 

Georgievska, B., J. Sandin, J. Doherty, A. Mortberg, J. Neelissen, A. Andersson, S. Gruber, Y. 

Nilsson, P. Schott, P. I. Arvidsson, S. Hellberg, G. Osswald, S. Berg, J. Falting and R. V. 

Bhat (2013). "AZD1080, a novel GSK3 inhibitor, rescues synaptic plasticity deficits in 

rodent brain and exhibits peripheral target engagement in humans." J Neurochem 125(3): 

446-456. 



Page 144 of 195 

 

Gil-Bea, F. J., M. Solas, A. Solomon, C. Mugueta, B. Winblad, M. Kivipelto, M. J. Ramirez and 

A. Cedazo-Minguez (2010). "Insulin levels are decreased in the cerebrospinal fluid of 

women with prodomal Alzheimer's disease." J Alzheimers Dis 22(2): 405-413. 

Giuffrida, M. L., F. Caraci, B. Pignataro, S. Cataldo, P. De Bona, V. Bruno, G. Molinaro, G. 

Pappalardo, A. Messina, A. Palmigiano, D. Garozzo, F. Nicoletti, E. Rizzarelli and A. 

Copani (2009). "Beta-amyloid monomers are neuroprotective." J Neurosci 29(34): 

10582-10587. 

Glabe, C. G. (2006). "Common mechanisms of amyloid oligomer pathogenesis in degenerative 

disease." Neurobiol Aging 27(4): 570-575. 

Glabe, C. G. (2008). "Structural classification of toxic amyloid oligomers." J Biol Chem 

283(44): 29639-29643. 

Glabe, C. G. and R. Kayed (2006). "Common structure and toxic function of amyloid oligomers 

implies a common mechanism of pathogenesis." Neurology 66(2 Suppl 1): S74-78. 

Goate, A., M. C. Chartier-Harlin, M. Mullan, J. Brown, F. Crawford, L. Fidani, L. Giuffra, A. 

Haynes, N. Irving, L. James and et al. (1991). "Segregation of a missense mutation in the 

amyloid precursor protein gene with familial Alzheimer's disease." Nature 349(6311): 

704-706. 

Goedert, M., D. S. Eisenberg and R. A. Crowther (2017). "Propagation of Tau Aggregates and 

Neurodegeneration." Annu Rev Neurosci 40: 189-210. 

Gold, M., C. Alderton, M. Zvartau-Hind, S. Egginton, A. M. Saunders, M. Irizarry, S. Craft, G. 

Landreth, U. Linnamagi and S. Sawchak (2010). "Rosiglitazone monotherapy in mild-to-

moderate Alzheimer's disease: results from a randomized, double-blind, placebo-

controlled phase III study." Dement Geriatr Cogn Disord 30(2): 131-146. 



Page 145 of 195 

 

Golde, T. E., S. Estus, L. H. Younkin, D. J. Selkoe and S. G. Younkin (1992). "Processing of the 

amyloid protein precursor to potentially amyloidogenic derivatives." Science 255(5045): 

728-730. 

Gomez-Ramos, A., M. Diaz-Hernandez, R. Cuadros, F. Hernandez and J. Avila (2006). 

"Extracellular tau is toxic to neuronal cells." FEBS Lett 580(20): 4842-4850. 

Gomez-Ramos, A., M. Diaz-Hernandez, A. Rubio, J. I. Diaz-Hernandez, M. T. Miras-Portugal 

and J. Avila (2009). "Characteristics and consequences of muscarinic receptor activation 

by tau protein." Eur Neuropsychopharmacol 19(10): 708-717. 

Gong, B., Y. Pan, P. Vempati, W. Zhao, L. Knable, L. Ho, J. Wang, M. Sastre, K. Ono, A. A. 

Sauve and G. M. Pasinetti (2013). "Nicotinamide riboside restores cognition through an 

upregulation of proliferator-activated receptor-gamma coactivator 1alpha regulated beta-

secretase 1 degradation and mitochondrial gene expression in Alzheimer's mouse 

models." Neurobiol Aging 34(6): 1581-1588. 

Goodman, Y. and M. P. Mattson (1994). "Secreted forms of beta-amyloid precursor protein 

protect hippocampal neurons against amyloid beta-peptide-induced oxidative injury." 

Exp Neurol 128(1): 1-12. 

Gould, E., A. Beylin, P. Tanapat, A. Reeves and T. J. Shors (1999). "Learning enhances adult 

neurogenesis in the hippocampal formation." Nat Neurosci 2(3): 260-265. 

Graham, S. H. and J. Chen (2001). "Programmed cell death in cerebral ischemia." J Cereb Blood 

Flow Metab 21(2): 99-109. 

Gralle, M., M. G. Botelho and F. S. Wouters (2009). "Neuroprotective secreted amyloid 

precursor protein acts by disrupting amyloid precursor protein dimers." J Biol Chem 

284(22): 15016-15025. 



Page 146 of 195 

 

Gratuze, M., N. B. El Khoury, A. Turgeon, C. Julien, F. Marcouiller, F. Morin, R. A. 

Whittington, A. Marette, F. Calon and E. Planel (2017a). "Tau hyperphosphorylation in 

the brain of ob/ob mice is due to hypothermia: Importance of thermoregulation in linking 

diabetes and Alzheimer's disease." Neurobiol Dis 98: 1-8. 

Gratuze, M., J. Julien, F. R. Petry, F. Morin and E. Planel (2017b). "Insulin deprivation induces 

PP2A inhibition and tau hyperphosphorylation in hTau mice, a model of Alzheimer's 

disease-like tau pathology." Sci Rep 7: 46359. 

Greenfield, J. P., J. Tsai, G. K. Gouras, B. Hai, G. Thinakaran, F. Checler, S. S. Sisodia, P. 

Greengard and H. Xu (1999). "Endoplasmic reticulum and trans-Golgi network generate 

distinct populations of Alzheimer beta-amyloid peptides." Proc Natl Acad Sci U S A 

96(2): 742-747. 

Greijer, A. E., P. van der Groep, D. Kemming, A. Shvarts, G. L. Semenza, G. A. Meijer, M. A. 

van de Wiel, J. A. Belien, P. J. van Diest and E. van der Wall (2005). "Up-regulation of 

gene expression by hypoxia is mediated predominantly by hypoxia-inducible factor 1 

(HIF-1)." J Pathol 206(3): 291-304. 

Griffin, R. J., A. Moloney, M. Kelliher, J. A. Johnston, R. Ravid, P. Dockery, R. O'Connor and 

C. O'Neill (2005). "Activation of Akt/PKB, increased phosphorylation of Akt substrates 

and loss and altered distribution of Akt and PTEN are features of Alzheimer's disease 

pathology." J Neurochem 93(1): 105-117. 

Guenette, S., Y. Chang, T. Hiesberger, J. A. Richardson, C. B. Eckman, E. A. Eckman, R. E. 

Hammer and J. Herz (2006). "Essential roles for the FE65 amyloid precursor protein-

interacting proteins in brain development." EMBO J 25(2): 420-431. 



Page 147 of 195 

 

Guglielmotto, M., M. Aragno, R. Autelli, L. Giliberto, E. Novo, S. Colombatto, O. Danni, M. 

Parola, M. A. Smith, G. Perry, E. Tamagno and M. Tabaton (2009). "The up-regulation 

of BACE1 mediated by hypoxia and ischemic injury: role of oxidative stress and 

HIF1alpha." J Neurochem 108(4): 1045-1056. 

Guillozet, A. L., S. Weintraub, D. C. Mash and M. M. Mesulam (2003). "Neurofibrillary tangles, 

amyloid, and memory in aging and mild cognitive impairment." Arch Neurol 60(5): 729-

736. 

Guise, S., D. Braguer, G. Carles, A. Delacourte and C. Briand (2001). "Hyperphosphorylation of 

tau is mediated by ERK activation during anticancer drug-induced apoptosis in 

neuroblastoma cells." J Neurosci Res 63(3): 257-267. 

Haass, C., A. Y. Hung, D. J. Selkoe and D. B. Teplow (1994). "Mutations associated with a 

locus for familial Alzheimer's disease result in alternative processing of amyloid beta-

protein precursor." J Biol Chem 269(26): 17741-17748. 

Hall, G. F., B. Chu, G. Lee and J. Yao (2000). "Human tau filaments induce microtubule and 

synapse loss in an in vivo model of neurofibrillary degenerative disease." J Cell Sci 113 ( 

Pt 8): 1373-1387. 

Hamilton, D. L., J. A. Findlay, G. Montagut, P. J. Meakin, D. Bestow, S. M. Jalicy and M. L. 

Ashford (2014). "Altered amyloid precursor protein processing regulates glucose uptake 

and oxidation in cultured rodent myotubes." Diabetologia 57(8): 1684-1692. 

Hampel, H., M. Ewers, K. Burger, P. Annas, A. Mortberg, A. Bogstedt, L. Frolich, J. Schroder, 

P. Schonknecht, M. W. Riepe, I. Kraft, T. Gasser, T. Leyhe, H. J. Moller, A. Kurz and H. 

Basun (2009). "Lithium trial in Alzheimer's disease: a randomized, single-blind, placebo-

controlled, multicenter 10-week study." J Clin Psychiatry 70(6): 922-931. 



Page 148 of 195 

 

Han, P., F. Dou, F. Li, X. Zhang, Y. W. Zhang, H. Zheng, S. A. Lipton, H. Xu and F. F. Liao 

(2005). "Suppression of cyclin-dependent kinase 5 activation by amyloid precursor 

protein: a novel excitoprotective mechanism involving modulation of tau 

phosphorylation." J Neurosci 25(50): 11542-11552. 

Harada, A., K. Oguchi, S. Okabe, J. Kuno, S. Terada, T. Ohshima, R. Sato-Yoshitake, Y. Takei, 

T. Noda and N. Hirokawa (1994). "Altered microtubule organization in small-calibre 

axons of mice lacking tau protein." Nature 369(6480): 488-491. 

Harms, K. M., L. Li and L. A. Cunningham (2010). "Murine neural stem/progenitor cells protect 

neurons against ischemia by HIF-1alpha-regulated VEGF signaling." PLoS One 5(3): 

e9767. 

Hartl, D., S. Klatt, M. Roch, Z. Konthur, J. Klose, T. E. Willnow and M. Rohe (2013). "Soluble 

alpha-APP (sAPPαlpha) regulates CDK5 expression and activity in neurons." PLoS One 

8(6): e65920. 

Hartmann, D., B. De Strooper and P. Saftig (1999). "Presenilin-1 deficiency leads to loss of 

Cajal-Retzius neurons and cortical dysplasia similar to human type 2 lissencephaly." Curr 

Biol 9(14): 719-727. 

Hartmann, T., S. C. Bieger, B. Bruhl, P. J. Tienari, N. Ida, D. Allsop, G. W. Roberts, C. L. 

Masters, C. G. Dotti, K. Unsicker and K. Beyreuther (1997). "Distinct sites of 

intracellular production for Alzheimer's disease A beta40/42 amyloid peptides." Nat Med 

3(9): 1016-1020. 

Hatami, A., S. Monjazeb, S. Milton and C. G. Glabe (2017). "Familial Alzheimer's Disease 

Mutations within the Amyloid Precursor Protein Alter the Aggregation and Conformation 

of the Amyloid-beta Peptide." J Biol Chem 292(8): 3172-3185. 



Page 149 of 195 

 

Haughey, N. J., A. Nath, S. L. Chan, A. C. Borchard, M. S. Rao and M. P. Mattson (2002). 

"Disruption of neurogenesis by amyloid beta-peptide, and perturbed neural progenitor 

cell homeostasis, in models of Alzheimer's disease." J Neurochem 83(6): 1509-1524. 

Havrankova, J., J. Roth and M. J. Brownstein (1979). "Concentrations of insulin and insulin 

receptors in the brain are independent of peripheral insulin levels. Studies of obese and 

streptozotocin-treated rodents." J Clin Invest 64(2): 636-642. 

Hayes, G. R. and D. H. Lockwood (1987). "Role of insulin receptor phosphorylation in the 

insulinomimetic effects of hydrogen peroxide." Proc Natl Acad Sci U S A 84(22): 8115-

8119. 

He, W., Y. Lu, I. Qahwash, X. Y. Hu, A. Chang and R. Yan (2004). "Reticulon family members 

modulate BACE1 activity and amyloid-beta peptide generation." Nat Med 10(9): 959-

965. 

Heck, S., F. Lezoualc'h, S. Engert and C. Behl (1999). "Insulin-like growth factor-1-mediated 

neuroprotection against oxidative stress is associated with activation of nuclear factor 

kappaB." J Biol Chem 274(14): 9828-9835. 

Hedo, J. A., M. Kasuga, E. Van Obberghen, J. Roth and C. R. Kahn (1981). "Direct 

demonstration of glycosylation of insulin receptor subunits by biosynthetic and external 

labeling: evidence for heterogeneity." Proc Natl Acad Sci U S A 78(8): 4791-4795. 

Heine, V. M., S. Maslam, M. Joels and P. J. Lucassen (2004). "Prominent decline of newborn 

cell proliferation, differentiation, and apoptosis in the aging dentate gyrus, in absence of 

an age-related hypothalamus-pituitary-adrenal axis activation." Neurobiol Aging 25(3): 

361-375. 



Page 150 of 195 

 

Helzner, E. P., J. A. Luchsinger, N. Scarmeas, S. Cosentino, A. M. Brickman, M. M. Glymour 

and Y. Stern (2009). "Contribution of vascular risk factors to the progression in 

Alzheimer disease." Arch Neurol 66(3): 343-348. 

Herms, J., B. Anliker, S. Heber, S. Ring, M. Fuhrmann, H. Kretzschmar, S. Sisodia and U. 

Muller (2004). "Cortical dysplasia resembling human type 2 lissencephaly in mice 

lacking all three APP family members." EMBO J 23(20): 4106-4115. 

Hockenbery, D., G. Nunez, C. Milliman, R. D. Schreiber and S. J. Korsmeyer (1990). "Bcl-2 is 

an inner mitochondrial membrane protein that blocks programmed cell death." Nature 

348(6299): 334-336. 

Hohmann, H. P., M. Brockhaus, P. A. Baeuerle, R. Remy, R. Kolbeck and A. P. van Loon 

(1990). "Expression of the types A and B tumor necrosis factor (TNF) receptors is 

independently regulated, and both receptors mediate activation of the transcription factor 

NF-kappa B. TNF alpha is not needed for induction of a biological effect via TNF 

receptors." J Biol Chem 265(36): 22409-22417. 

Holmes, C., D. Boche, D. Wilkinson, G. Yadegarfar, V. Hopkins, A. Bayer, R. W. Jones, R. 

Bullock, S. Love, J. W. Neal, E. Zotova and J. A. Nicoll (2008). "Long-term effects of 

Abeta42 immunisation in Alzheimer's disease: follow-up of a randomised, placebo-

controlled phase I trial." Lancet 372(9634): 216-223. 

Hong, M. and V. M. Lee (1997). "Insulin and insulin-like growth factor-1 regulate tau 

phosphorylation in cultured human neurons." J Biol Chem 272(31): 19547-19553. 

Hooper, C., R. Killick and S. Lovestone (2008). "The GSK3 hypothesis of Alzheimer's disease." 

J Neurochem 104(6): 1433-1439. 



Page 151 of 195 

 

Hoozemans, J. J., R. Veerhuis, E. S. Van Haastert, J. M. Rozemuller, F. Baas, P. Eikelenboom 

and W. Scheper (2005). "The unfolded protein response is activated in Alzheimer's 

disease." Acta Neuropathol 110(2): 165-172. 

Hu, X., C. W. Hicks, W. He, P. Wong, W. B. Macklin, B. D. Trapp and R. Yan (2006). "Bace1 

modulates myelination in the central and peripheral nervous system." Nat Neurosci 9(12): 

1520-1525. 

Hu, Y. and S. J. Russek (2008). "BDNF and the diseased nervous system: a delicate balance 

between adaptive and pathological processes of gene regulation." J Neurochem 105(1): 1-

17. 

Huber, G., J. R. Martin, J. Loffler and J. L. Moreau (1993). "Involvement of amyloid precursor 

protein in memory formation in the rat: an indirect antibody approach." Brain Res 603(2): 

348-352. 

Hutton, M., C. L. Lendon, P. Rizzu, M. Baker, S. Froelich, H. Houlden, S. Pickering-Brown, S. 

Chakraverty, A. Isaacs, A. Grover, J. Hackett, J. Adamson, S. Lincoln, D. Dickson, P. 

Davies, R. C. Petersen, M. Stevens, E. de Graaff, E. Wauters, J. van Baren, M. 

Hillebrand, M. Joosse, J. M. Kwon, P. Nowotny, L. K. Che, J. Norton, J. C. Morris, L. A. 

Reed, J. Trojanowski, H. Basun, L. Lannfelt, M. Neystat, S. Fahn, F. Dark, T. 

Tannenberg, P. R. Dodd, N. Hayward, J. B. Kwok, P. R. Schofield, A. Andreadis, J. 

Snowden, D. Craufurd, D. Neary, F. Owen, B. A. Oostra, J. Hardy, A. Goate, J. van 

Swieten, D. Mann, T. Lynch and P. Heutink (1998). "Association of missense and 5'-

splice-site mutations in tau with the inherited dementia FTDP-17." Nature 393(6686): 

702-705. 



Page 152 of 195 

 

Hynd, M. R., H. L. Scott and P. R. Dodd (2004). "Glutamate-mediated excitotoxicity and 

neurodegeneration in Alzheimer's disease." Neurochem Int 45(5): 583-595. 

Ikegami, S., A. Harada and N. Hirokawa (2000). "Muscle weakness, hyperactivity, and 

impairment in fear conditioning in tau-deficient mice." Neurosci Lett 279(3): 129-132. 

Iqbal, K., F. Liu, C. X. Gong, C. Alonso Adel and I. Grundke-Iqbal (2009). "Mechanisms of tau-

induced neurodegeneration." Acta Neuropathol 118(1): 53-69. 

Itokazu, Y. and R. K. Yu (2014). "Amyloid beta-Peptide 1-42 Modulates the Proliferation of 

Mouse Neural Stem Cells: Upregulation of Fucosyltransferase IX and Notch Signaling." 

Mol Neurobiol. 

Jacobs, S., F. C. Kull, Jr., H. S. Earp, M. E. Svoboda, J. J. Van Wyk and P. Cuatrecasas (1983). 

"Somatomedin-C stimulates the phosphorylation of the beta-subunit of its own receptor." 

J Biol Chem 258(16): 9581-9584. 

Janson, J., T. Laedtke, J. E. Parisi, P. O'Brien, R. C. Petersen and P. C. Butler (2004). "Increased 

risk of type 2 diabetes in Alzheimer disease." Diabetes 53(2): 474-481. 

Janssen, J. C., J. A. Beck, T. A. Campbell, A. Dickinson, N. C. Fox, R. J. Harvey, H. Houlden, 

M. N. Rossor and J. Collinge (2003). "Early onset familial Alzheimer's disease: Mutation 

frequency in 31 families." Neurology 60(2): 235-239. 

Jayanarayanan, S., S. Smijin, K. T. Peeyush, T. R. Anju and C. S. Paulose (2013). "NMDA and 

AMPA receptor mediated excitotoxicity in cerebral cortex of streptozotocin induced 

diabetic rat: ameliorating effects of curcumin." Chem Biol Interact 201(1-3): 39-48. 

Jicha, G. A., C. Weaver, E. Lane, C. Vianna, Y. Kress, J. Rockwood and P. Davies (1999). 

"cAMP-dependent protein kinase phosphorylations on tau in Alzheimer's disease." J 

Neurosci 19(17): 7486-7494. 



Page 153 of 195 

 

Jimenez, S., M. Torres, M. Vizuete, R. Sanchez-Varo, E. Sanchez-Mejias, L. Trujillo-Estrada, I. 

Carmona-Cuenca, C. Caballero, D. Ruano, A. Gutierrez and J. Vitorica (2011). "Age-

dependent accumulation of soluble amyloid beta (Abeta) oligomers reverses the 

neuroprotective effect of soluble amyloid precursor protein-alpha (sAPP(alpha)) by 

modulating phosphatidylinositol 3-kinase (PI3K)/Akt-GSK-3beta pathway in Alzheimer 

mouse model." J Biol Chem 286(21): 18414-18425. 

Jolivalt, C. G., N. A. Calcutt and E. Masliah (2012). "Similar pattern of peripheral neuropathy in 

mouse models of type 1 diabetes and Alzheimer's disease." Neuroscience 202: 405-412. 

Jolivalt, C. G., R. Hurford, C. A. Lee, W. Dumaop, E. Rockenstein and E. Masliah (2010). "Type 

1 diabetes exaggerates features of Alzheimer's disease in APP transgenic mice." Exp 

Neurol 223(2): 422-431. 

Jolivalt, C. G., C. A. Lee, K. K. Beiswenger, J. L. Smith, M. Orlov, M. A. Torrance and E. 

Masliah (2008). "Defective insulin signaling pathway and increased glycogen synthase 

kinase-3 activity in the brain of diabetic mice: parallels with Alzheimer's disease and 

correction by insulin." J Neurosci Res 86(15): 3265-3274. 

Justilien, V., J. J. Pang, K. Renganathan, X. Zhan, J. W. Crabb, S. R. Kim, J. R. Sparrow, W. W. 

Hauswirth and A. S. Lewin (2007). "SOD2 knockdown mouse model of early AMD." 

Invest Ophthalmol Vis Sci 48(10): 4407-4420. 

Kadavath, H., R. V. Hofele, J. Biernat, S. Kumar, K. Tepper, H. Urlaub, E. Mandelkow and M. 

Zweckstetter (2015). "Tau stabilizes microtubules by binding at the interface between 

tubulin heterodimers." Proc Natl Acad Sci U S A 112(24): 7501-7506. 



Page 154 of 195 

 

Kaiyala, K. J., R. L. Prigeon, S. E. Kahn, S. C. Woods and M. W. Schwartz (2000). "Obesity 

induced by a high-fat diet is associated with reduced brain insulin transport in dogs." 

Diabetes 49(9): 1525-1533. 

Kaltschmidt, B. and C. Kaltschmidt (2009). "NF-kappaB in the nervous system." Cold Spring 

Harb Perspect Biol 1(3): a001271. 

Kamenetz, F., T. Tomita, H. Hsieh, G. Seabrook, D. Borchelt, T. Iwatsubo, S. Sisodia and R. 

Malinow (2003). "APP processing and synaptic function." Neuron 37(6): 925-937. 

Kandimalla, R., V. Thirumala and P. H. Reddy (2017). "Is Alzheimer's disease a Type 3 

Diabetes? A critical appraisal." Biochim Biophys Acta 1863(5): 1078-1089. 

Kane, L. P., V. S. Shapiro, D. Stokoe and A. Weiss (1999). "Induction of NF-kappaB by the 

Akt/PKB kinase." Curr Biol 9(11): 601-604. 

Kang, E. L., A. N. Cameron, F. Piazza, K. R. Walker and G. Tesco (2010). "Ubiquitin regulates 

GGA3-mediated degradation of BACE1." J Biol Chem 285(31): 24108-24119. 

Kang, J. and B. Muller-Hill (1990). "Differential splicing of Alzheimer's disease amyloid A4 

precursor RNA in rat tissues: PreA4(695) mRNA is predominantly produced in rat and 

human brain." Biochem Biophys Res Commun 166(3): 1192-1200. 

Kanzaki, M. (2006). "Insulin receptor signals regulating GLUT4 translocation and actin 

dynamics." Endocr J 53(3): 267-293. 

Kasuga, M., F. A. Karlsson and C. R. Kahn (1982). "Insulin stimulates the phosphorylation of 

the 95,000-dalton subunit of its own receptor." Science 215(4529): 185-187. 

Kawai, H., M. Kawamura, S. Mochizuki, K. Yamanaka, H. Arakaki, K. Tanaka and J. Kawachi 

(2002). "[Longitudinal study of procedural memory in patients with Alzheimer-type 

dementia]." No To Shinkei 54(4): 307-311. 



Page 155 of 195 

 

Kennedy, W. R., G. Wendelschafer-Crabb and T. Johnson (1996). "Quantitation of epidermal 

nerves in diabetic neuropathy." Neurology 47(4): 1042-1048. 

Kfoury, N., B. B. Holmes, H. Jiang, D. M. Holtzman and M. I. Diamond (2012). "Trans-cellular 

propagation of Tau aggregation by fibrillar species." J Biol Chem 287(23): 19440-19451. 

Kim, B., C. Backus, S. Oh, J. M. Hayes and E. L. Feldman (2009). "Increased tau 

phosphorylation and cleavage in mouse models of type 1 and type 2 diabetes." 

Endocrinology 150(12): 5294-5301. 

Kim, S. H., J. Y. Leem, J. J. Lah, H. H. Slunt, A. I. Levey, G. Thinakaran and S. S. Sisodia 

(2001). "Multiple effects of aspartate mutant presenilin 1 on the processing and 

trafficking of amyloid precursor protein." J Biol Chem 276(46): 43343-43350. 

Kimball, S. R. (1999). "Eukaryotic initiation factor eIF2." Int J Biochem Cell Biol 31(1): 25-29. 

Kimberly, W. T., M. J. LaVoie, B. L. Ostaszewski, W. Ye, M. S. Wolfe and D. J. Selkoe (2003). 

"Gamma-secretase is a membrane protein complex comprised of presenilin, nicastrin, 

Aph-1, and Pen-2." Proc Natl Acad Sci U S A 100(11): 6382-6387. 

Kitazume, S., Y. Tachida, M. Kato, Y. Yamaguchi, T. Honda, Y. Hashimoto, Y. Wada, T. Saito, 

N. Iwata, T. Saido and N. Taniguchi (2010). "Brain endothelial cells produce amyloid 

{beta} from amyloid precursor protein 770 and preferentially secrete the O-glycosylated 

form." J Biol Chem 285(51): 40097-40103. 

Kogel, D., R. Schomburg, E. Copanaki and J. H. Prehn (2005). "Regulation of gene expression 

by the amyloid precursor protein: inhibition of the JNK/c-Jun pathway." Cell Death 

Differ 12(1): 1-9. 



Page 156 of 195 

 

Kogel, D., R. Schomburg, T. Schurmann, C. Reimertz, H. G. Konig, M. Poppe, A. Eckert, W. E. 

Muller and J. H. Prehn (2003). "The amyloid precursor protein protects PC12 cells 

against endoplasmic reticulum stress-induced apoptosis." J Neurochem 87(1): 248-256. 

Kohn, A. D., F. Takeuchi and R. A. Roth (1996). "Akt, a pleckstrin homology domain containing 

kinase, is activated primarily by phosphorylation." J Biol Chem 271(36): 21920-21926. 

Koo, E. H. and S. L. Squazzo (1994). "Evidence that production and release of amyloid beta-

protein involves the endocytic pathway." J Biol Chem 269(26): 17386-17389. 

Kops, G. J., N. D. de Ruiter, A. M. De Vries-Smits, D. R. Powell, J. L. Bos and B. M. Burgering 

(1999). "Direct control of the Forkhead transcription factor AFX by protein kinase B." 

Nature 398(6728): 630-634. 

Kowaltowski, A. J., A. E. Vercesi and G. Fiskum (2000). "Bcl-2 prevents mitochondrial 

permeability transition and cytochrome c release via maintenance of reduced pyridine 

nucleotides." Cell Death Differ 7(10): 903-910. 

Kuhn, H. G., H. Dickinson-Anson and F. H. Gage (1996). "Neurogenesis in the dentate gyrus of 

the adult rat: age-related decrease of neuronal progenitor proliferation." J Neurosci 16(6): 

2027-2033. 

Kuhn, P. H., H. Wang, B. Dislich, A. Colombo, U. Zeitschel, J. W. Ellwart, E. Kremmer, S. 

Rossner and S. F. Lichtenthaler (2010). "ADAM10 is the physiologically relevant, 

constitutive alpha-secretase of the amyloid precursor protein in primary neurons." EMBO 

J 29(17): 3020-3032. 

Kumar, R., S. Azam, J. M. Sullivan, C. Owen, D. R. Cavener, P. Zhang, D. Ron, H. P. Harding, 

J. J. Chen, A. Han, B. C. White, G. S. Krause and D. J. DeGracia (2001). "Brain ischemia 



Page 157 of 195 

 

and reperfusion activates the eukaryotic initiation factor 2alpha kinase, PERK." J 

Neurochem 77(5): 1418-1421. 

Kurochkin, I. V. (1998). "Amyloidogenic determinant as a substrate recognition motif of insulin-

degrading enzyme." FEBS Lett 427(2): 153-156. 

Kurochkin, I. V. (2001). "Insulin-degrading enzyme: embarking on amyloid destruction." Trends 

Biochem Sci 26(7): 421-425. 

Kurochkin, I. V. and S. Goto (1994). "Alzheimer's beta-amyloid peptide specifically interacts 

with and is degraded by insulin degrading enzyme." FEBS Lett 345(1): 33-37. 

Kwak, Y. D., B. J. Hendrix and K. Sugaya (2014). "Secreted type of amyloid precursor protein 

induces glial differentiation by stimulating the BMP/Smad signaling pathway." Biochem 

Biophys Res Commun 447(3): 394-399. 

Lasagna-Reeves, C. A., D. L. Castillo-Carranza, U. Sengupta, A. L. Clos, G. R. Jackson and R. 

Kayed (2011). "Tau oligomers impair memory and induce synaptic and mitochondrial 

dysfunction in wild-type mice." Mol Neurodegener 6: 39. 

Lebovitz, R. M., H. Zhang, H. Vogel, J. Cartwright, Jr., L. Dionne, N. Lu, S. Huang and M. M. 

Matzuk (1996). "Neurodegeneration, myocardial injury, and perinatal death in 

mitochondrial superoxide dismutase-deficient mice." Proc Natl Acad Sci U S A 93(18): 

9782-9787. 

Lee do, Y., K. S. Lee, H. J. Lee, H. Kim do, Y. H. Noh, K. Yu, H. Y. Jung, S. H. Lee, J. Y. Lee, 

Y. C. Youn, Y. Jeong, D. K. Kim, W. B. Lee and S. S. Kim (2010). "Activation of PERK 

signaling attenuates Abeta-mediated ER stress." PLoS One 5(5): e10489. 

Lee, J., T. O'Hare, P. F. Pilch and S. E. Shoelson (1993). "Insulin receptor autophosphorylation 

occurs asymmetrically." J Biol Chem 268(6): 4092-4098. 



Page 158 of 195 

 

Lee, J. and P. F. Pilch (1994). "The insulin receptor: structure, function, and signaling." Am J 

Physiol 266(2 Pt 1): C319-334. 

Lefort, R., J. Pozueta and M. Shelanski (2012). "Cross-linking of cell surface amyloid precursor 

protein leads to increased beta-amyloid peptide production in hippocampal neurons: 

implications for Alzheimer's disease." J Neurosci 32(31): 10674-10685. 

Lei, P., S. Ayton, D. I. Finkelstein, L. Spoerri, G. D. Ciccotosto, D. K. Wright, B. X. Wong, P. 

A. Adlard, R. A. Cherny, L. Q. Lam, B. R. Roberts, I. Volitakis, G. F. Egan, C. A. 

McLean, R. Cappai, J. A. Duce and A. I. Bush (2012). "Tau deficiency induces 

parkinsonism with dementia by impairing APP-mediated iron export." Nat Med 18(2): 

291-295. 

Lemasters, J. J., T. P. Theruvath, Z. Zhong and A. L. Nieminen (2009). "Mitochondrial calcium 

and the permeability transition in cell death." Biochim Biophys Acta 1787(11): 1395-

1401. 

Lesne, S., C. Ali, C. Gabriel, N. Croci, E. T. MacKenzie, C. G. Glabe, M. Plotkine, C. 

Marchand-Verrecchia, D. Vivien and A. Buisson (2005). "NMDA receptor activation 

inhibits alpha-secretase and promotes neuronal amyloid-beta production." J Neurosci 

25(41): 9367-9377. 

Lesne, S., M. T. Koh, L. Kotilinek, R. Kayed, C. G. Glabe, A. Yang, M. Gallagher and K. H. 

Ashe (2006). "A specific amyloid-beta protein assembly in the brain impairs memory." 

Nature 440(7082): 352-357. 

Lesne, S., L. Kotilinek and K. H. Ashe (2008). "Plaque-bearing mice with reduced levels of 

oligomeric amyloid-beta assemblies have intact memory function." Neuroscience 151(3): 

745-749. 



Page 159 of 195 

 

Levey, A. I. (1996). "Muscarinic acetylcholine receptor expression in memory circuits: 

implications for treatment of Alzheimer disease." Proc Natl Acad Sci U S A 93(24): 

13541-13546. 

Li, H., B. Wang, Z. Wang, Q. Guo, K. Tabuchi, R. E. Hammer, T. C. Sudhof and H. Zheng 

(2010). "Soluble amyloid precursor protein (APP) regulates transthyretin and Klotho 

gene expression without rescuing the essential function of APP." Proc Natl Acad Sci U S 

A 107(40): 17362-17367. 

Li, J., Y. J. Wang, M. Zhang, Z. Q. Xu, C. Y. Gao, C. Q. Fang, J. C. Yan, H. D. Zhou and G. 

Chongqing Ageing Study (2011). "Vascular risk factors promote conversion from mild 

cognitive impairment to Alzheimer disease." Neurology 76(17): 1485-1491. 

Li, W., S. L. Risacher, E. Huang, A. J. Saykin and I. Alzheimer's Disease Neuroimaging (2016). 

"Type 2 diabetes mellitus is associated with brain atrophy and hypometabolism in the 

ADNI cohort." Neurology 87(6): 595-600. 

Li, Y., T. T. Huang, E. J. Carlson, S. Melov, P. C. Ursell, J. L. Olson, L. J. Noble, M. P. 

Yoshimura, C. Berger, P. H. Chan, D. C. Wallace and C. J. Epstein (1995). "Dilated 

cardiomyopathy and neonatal lethality in mutant mice lacking manganese superoxide 

dismutase." Nat Genet 11(4): 376-381. 

Li, Y. M., M. T. Lai, M. Xu, Q. Huang, J. DiMuzio-Mower, M. K. Sardana, X. P. Shi, K. C. Yin, 

J. A. Shafer and S. J. Gardell (2000). "Presenilin 1 is linked with gamma-secretase 

activity in the detergent solubilized state." Proc Natl Acad Sci U S A 97(11): 6138-6143. 

Liu, F., I. Grundke-Iqbal, K. Iqbal and C. X. Gong (2005). "Contributions of protein 

phosphatases PP1, PP2A, PP2B and PP5 to the regulation of tau phosphorylation." Eur J 

Neurosci 22(8): 1942-1950. 



Page 160 of 195 

 

Llambi, F., T. Moldoveanu, S. W. Tait, L. Bouchier-Hayes, J. Temirov, L. L. McCormick, C. P. 

Dillon and D. R. Green (2011). "A unified model of mammalian BCL-2 protein family 

interactions at the mitochondria." Mol Cell 44(4): 517-531. 

Loffler, J. and G. Huber (1992). "Beta-amyloid precursor protein isoforms in various rat brain 

regions and during brain development." J Neurochem 59(4): 1316-1324. 

Logroscino, G., J. H. Kang and F. Grodstein (2004). "Prospective study of type 2 diabetes and 

cognitive decline in women aged 70-81 years." BMJ 328(7439): 548. 

Lopez-Toledano, M. A. and M. L. Shelanski (2004). "Neurogenic effect of beta-amyloid peptide 

in the development of neural stem cells." J Neurosci 24(23): 5439-5444. 

Lourenco, M. V., S. T. Ferreira and F. G. De Felice (2015). "Neuronal stress signaling and 

eIF2alpha phosphorylation as molecular links between Alzheimer's disease and diabetes." 

Prog Neurobiol 129: 37-57. 

Lovell, M. A., H. Geiger, G. E. Van Zant, B. C. Lynn and W. R. Markesbery (2006). "Isolation 

of neural precursor cells from Alzheimer's disease and aged control postmortem brain." 

Neurobiol Aging 27(7): 909-917. 

Lu, W., H. Man, W. Ju, W. S. Trimble, J. F. MacDonald and Y. T. Wang (2001). "Activation of 

synaptic NMDA receptors induces membrane insertion of new AMPA receptors and LTP 

in cultured hippocampal neurons." Neuron 29(1): 243-254. 

Luna-Munoz, J., L. Chavez-Macias, F. Garcia-Sierra and R. Mena (2007). "Earliest stages of tau 

conformational changes are related to the appearance of a sequence of specific phospho-

dependent tau epitopes in Alzheimer's disease." J Alzheimers Dis 12(4): 365-375. 

Luna-Munoz, J., F. Garcia-Sierra, V. Falcon, I. Menendez, L. Chavez-Macias and R. Mena 

(2005). "Regional conformational change involving phosphorylation of tau protein at the 



Page 161 of 195 

 

Thr231, precedes the structural change detected by Alz-50 antibody in Alzheimer's 

disease." J Alzheimers Dis 8(1): 29-41. 

Ly, P. T., Y. Wu, H. Zou, R. Wang, W. Zhou, A. Kinoshita, M. Zhang, Y. Yang, F. Cai, J. 

Woodgett and W. Song (2013). "Inhibition of GSK3beta-mediated BACE1 expression 

reduces Alzheimer-associated phenotypes." J Clin Invest 123(1): 224-235. 

Ma, T., Y. Zhao, Y. D. Kwak, Z. Yang, R. Thompson, Z. Luo, H. Xu and F. F. Liao (2009). 

"Statin's excitoprotection is mediated by sAPP and the subsequent attenuation of calpain-

induced truncation events, likely via rho-ROCK signaling." J Neurosci 29(36): 11226-

11236. 

Maehara, K., T. Hasegawa and K. I. Isobe (2000). "A NF-kappaB p65 subunit is indispensable 

for activating manganese superoxide: dismutase gene transcription mediated by tumor 

necrosis factor-alpha." J Cell Biochem 77(3): 474-486. 

Magavi, S. S. and J. D. Macklis (2002). "Induction of neuronal type-specific neurogenesis in the 

cerebral cortex of adult mice: manipulation of neural precursors in situ." Brain Res Dev 

Brain Res 134(1-2): 57-76. 

Magdesian, M. H., M. M. Carvalho, F. A. Mendes, L. M. Saraiva, M. A. Juliano, L. Juliano, J. 

Garcia-Abreu and S. T. Ferreira (2008). "Amyloid-beta binds to the extracellular 

cysteine-rich domain of Frizzled and inhibits Wnt/beta-catenin signaling." J Biol Chem 

283(14): 9359-9368. 

Maggirwar, S. B., P. D. Sarmiere, S. Dewhurst and R. S. Freeman (1998). "Nerve growth factor-

dependent activation of NF-kappaB contributes to survival of sympathetic neurons." J 

Neurosci 18(24): 10356-10365. 



Page 162 of 195 

 

Mahadev, K., A. Zilbering, L. Zhu and B. J. Goldstein (2001). "Insulin-stimulated hydrogen 

peroxide reversibly inhibits protein-tyrosine phosphatase 1b in vivo and enhances the 

early insulin action cascade." J Biol Chem 276(24): 21938-21942. 

Mandelkow, E. M., K. Stamer, R. Vogel, E. Thies and E. Mandelkow (2003). "Clogging of 

axons by tau, inhibition of axonal traffic and starvation of synapses." Neurobiol Aging 

24(8): 1079-1085. 

Mann, D. M., T. Iwatsubo, Y. Ihara, N. J. Cairns, P. L. Lantos, N. Bogdanovic, L. Lannfelt, B. 

Winblad, M. L. Maat-Schieman and M. N. Rossor (1996). "Predominant deposition of 

amyloid-beta 42(43) in plaques in cases of Alzheimer's disease and hereditary cerebral 

hemorrhage associated with mutations in the amyloid precursor protein gene." Am J 

Pathol 148(4): 1257-1266. 

Marcus, D. L., J. A. Strafaci and M. L. Freedman (2006). "Differential neuronal expression of 

manganese superoxide dismutase in Alzheimer's disease." Med Sci Monit 12(1): BR8-14. 

Markesbery, W. R. (1997). "Oxidative stress hypothesis in Alzheimer's disease." Free Radic Biol 

Med 23(1): 134-147. 

Massaad, C. A., T. M. Washington, R. G. Pautler and E. Klann (2009). "Overexpression of SOD-

2 reduces hippocampal superoxide and prevents memory deficits in a mouse model of 

Alzheimer's disease." Proc Natl Acad Sci U S A 106(32): 13576-13581. 

Massague, J., P. F. Pilch and M. P. Czech (1981). "A unique proteolytic cleavage site on the beta 

subunit of the insulin receptor." J Biol Chem 256(7): 3182-3190. 

Mastrocola, R., F. Restivo, I. Vercellinatto, O. Danni, E. Brignardello, M. Aragno and G. 

Boccuzzi (2005). "Oxidative and nitrosative stress in brain mitochondria of diabetic rats." 

J Endocrinol 187(1): 37-44. 



Page 163 of 195 

 

Mattson, M. P., B. Cheng, A. R. Culwell, F. S. Esch, I. Lieberburg and R. E. Rydel (1993). 

"Evidence for excitoprotective and intraneuronal calcium-regulating roles for secreted 

forms of the beta-amyloid precursor protein." Neuron 10(2): 243-254. 

Mattson, M. P., Y. Goodman, H. Luo, W. Fu and K. Furukawa (1997). "Activation of NF-

kappaB protects hippocampal neurons against oxidative stress-induced apoptosis: 

evidence for induction of manganese superoxide dismutase and suppression of 

peroxynitrite production and protein tyrosine nitration." J Neurosci Res 49(6): 681-697. 

Mattson, M. P. and M. K. Meffert (2006). "Roles for NF-kappaB in nerve cell survival, 

plasticity, and disease." Cell Death Differ 13(5): 852-860. 

May, M. J. and S. Ghosh (1997). "Rel/NF-kappa B and I kappa B proteins: an overview." Semin 

Cancer Biol 8(2): 63-73. 

Mayer, B. J., R. Ren, K. L. Clark and D. Baltimore (1993). "A putative modular domain present 

in diverse signaling proteins." Cell 73(4): 629-630. 

Mayerson, A. B., R. S. Hundal, S. Dufour, V. Lebon, D. Befroy, G. W. Cline, S. Enocksson, S. 

E. Inzucchi, G. I. Shulman and K. F. Petersen (2002). "The effects of rosiglitazone on 

insulin sensitivity, lipolysis, and hepatic and skeletal muscle triglyceride content in 

patients with type 2 diabetes." Diabetes 51(3): 797-802. 

McKee, A. C., R. A. Stern, C. J. Nowinski, T. D. Stein, V. E. Alvarez, D. H. Daneshvar, H. S. 

Lee, S. M. Wojtowicz, G. Hall, C. M. Baugh, D. O. Riley, C. A. Kubilus, K. A. Cormier, 

M. A. Jacobs, B. R. Martin, C. R. Abraham, T. Ikezu, R. R. Reichard, B. L. Wolozin, A. 

E. Budson, L. E. Goldstein, N. W. Kowall and R. C. Cantu (2013). "The spectrum of 

disease in chronic traumatic encephalopathy." Brain 136(Pt 1): 43-64. 



Page 164 of 195 

 

Meier, J. J., R. Kayed, C. Y. Lin, T. Gurlo, L. Haataja, S. Jayasinghe, R. Langen, C. G. Glabe 

and P. C. Butler (2006). "Inhibition of human IAPP fibril formation does not prevent 

beta-cell death: evidence for distinct actions of oligomers and fibrils of human IAPP." 

Am J Physiol Endocrinol Metab 291(6): E1317-1324. 

Menendez-Gonzalez, M., P. Perez-Pinera, M. Martinez-Rivera, M. T. Calatayud and B. Blazquez 

Menes (2005). "APP processing and the APP-KPI domain involvement in the amyloid 

cascade." Neurodegener Dis 2(6): 277-283. 

Mercurio, F. and A. M. Manning (1999). "Multiple signals converging on NF-kappaB." Curr 

Opin Cell Biol 11(2): 226-232. 

Mileusnic, R., C. L. Lancashire, A. N. Johnston and S. P. Rose (2000). "APP is required during 

an early phase of memory formation." Eur J Neurosci 12(12): 4487-4495. 

Milosch, N., G. Tanriover, A. Kundu, A. Rami, J. C. Francois, F. Baumkotter, S. W. Weyer, A. 

Samanta, A. Jaschke, F. Brod, C. J. Buchholz, S. Kins, C. Behl, U. C. Muller and D. 

Kogel (2014). "Holo-APP and G-protein-mediated signaling are required for sAPPαlpha-

induced activation of the Akt survival pathway." Cell Death Dis 5: e1391. 

Mincheva, S., A. Garcera, M. Gou-Fabregas, M. Encinas, X. Dolcet and R. M. Soler (2011). 

"The canonical nuclear factor-kappaB pathway regulates cell survival in a developmental 

model of spinal cord motoneurons." J Neurosci 31(17): 6493-6503. 

Miners, J. S., Z. van Helmond, P. G. Kehoe and S. Love (2010). "Changes with age in the 

activities of beta-secretase and the Abeta-degrading enzymes neprilysin, insulin-

degrading enzyme and angiotensin-converting enzyme." Brain Pathol 20(4): 794-802. 



Page 165 of 195 

 

Minet, E., G. Michel, D. Mottet, M. Raes and C. Michiels (2001). "Transduction pathways 

involved in Hypoxia-Inducible Factor-1 phosphorylation and activation." Free Radic Biol 

Med 31(7): 847-855. 

Miyashita, T. and J. C. Reed (1995). "Tumor suppressor p53 is a direct transcriptional activator 

of the human bax gene." Cell 80(2): 293-299. 

Mizisin, A. P., R. W. Nelson, B. K. Sturges, K. M. Vernau, R. A. Lecouteur, D. C. Williams, M. 

L. Burgers and G. D. Shelton (2007). "Comparable myelinated nerve pathology in feline 

and human diabetes mellitus." Acta Neuropathol 113(4): 431-442. 

Mocanu, M. M., A. Nissen, K. Eckermann, I. Khlistunova, J. Biernat, D. Drexler, O. Petrova, K. 

Schonig, H. Bujard, E. Mandelkow, L. Zhou, G. Rune and E. M. Mandelkow (2008). 

"The potential for beta-structure in the repeat domain of tau protein determines 

aggregation, synaptic decay, neuronal loss, and coassembly with endogenous Tau in 

inducible mouse models of tauopathy." J Neurosci 28(3): 737-748. 

Moechars, D., K. Lorent, B. De Strooper, I. Dewachter and F. Van Leuven (1996). "Expression 

in brain of amyloid precursor protein mutated in the alpha-secretase site causes disturbed 

behavior, neuronal degeneration and premature death in transgenic mice." EMBO J 

15(6): 1265-1274. 

Moloney, A. M., R. J. Griffin, S. Timmons, R. O'Connor, R. Ravid and C. O'Neill (2010). 

"Defects in IGF-1 receptor, insulin receptor and IRS-1/2 in Alzheimer's disease indicate 

possible resistance to IGF-1 and insulin signalling." Neurobiol Aging 31(2): 224-243. 

Monastiriotis, C., N. Papanas, G. Trypsianis, K. Karanikola, S. Veletza and E. Maltezos (2013). 

"The epsilon4 allele of the APOE gene is associated with more severe peripheral 

neuropathy in type 2 diabetic patients." Angiology 64(6): 451-455. 



Page 166 of 195 

 

Morales-Corraliza, J., H. Wong, M. J. Mazzella, S. Che, S. H. Lee, E. Petkova, J. D. Wagner, S. 

E. Hemby, S. D. Ginsberg and P. M. Mathews (2016). "Brain-Wide Insulin Resistance, 

Tau Phosphorylation Changes, and Hippocampal Neprilysin and Amyloid-beta 

Alterations in a Monkey Model of Type 1 Diabetes." J Neurosci 36(15): 4248-4258. 

Morgenstern, N. A., G. Lombardi and A. F. Schinder (2008). "Newborn granule cells in the 

ageing dentate gyrus." J Physiol 586(16): 3751-3757. 

Morino, K., K. F. Petersen, S. Dufour, D. Befroy, J. Frattini, N. Shatzkes, S. Neschen, M. F. 

White, S. Bilz, S. Sono, M. Pypaert and G. I. Shulman (2005). "Reduced mitochondrial 

density and increased IRS-1 serine phosphorylation in muscle of insulin-resistant 

offspring of type 2 diabetic parents." J Clin Invest 115(12): 3587-3593. 

Mormino, E. C., J. T. Kluth, C. M. Madison, G. D. Rabinovici, S. L. Baker, B. L. Miller, R. A. 

Koeppe, C. A. Mathis, M. W. Weiner, W. J. Jagust and I. Alzheimer's Disease 

Neuroimaging (2009). "Episodic memory loss is related to hippocampal-mediated beta-

amyloid deposition in elderly subjects." Brain 132(Pt 5): 1310-1323. 

Moroz, N., M. Tong, L. Longato, H. Xu and S. M. de la Monte (2008). "Limited Alzheimer-type 

neurodegeneration in experimental obesity and type 2 diabetes mellitus." J Alzheimers 

Dis 15(1): 29-44. 

Morris, M., P. Hamto, A. Adame, N. Devidze, E. Masliah and L. Mucke (2013). "Age-

appropriate cognition and subtle dopamine-independent motor deficits in aged tau 

knockout mice." Neurobiol Aging 34(6): 1523-1529. 

Mosthaf, L., K. Grako, T. J. Dull, L. Coussens, A. Ullrich and D. A. McClain (1990). 

"Functionally distinct insulin receptors generated by tissue-specific alternative splicing." 

EMBO J 9(8): 2409-2413. 



Page 167 of 195 

 

Muller, D., M. Joly and G. Lynch (1988). "Contributions of quisqualate and NMDA receptors to 

the induction and expression of LTP." Science 242(4886): 1694-1697. 

Muller, U. C., T. Deller and M. Korte (2017). "Not just amyloid: physiological functions of the 

amyloid precursor protein family." Nat Rev Neurosci 18(5): 281-298. 

Munroe, W. A., P. C. Southwick, L. Chang, D. W. Scharre, C. L. Echols, Jr., P. C. Fu, J. M. 

Whaley and R. L. Wolfert (1995). "Tau protein in cerebrospinal fluid as an aid in the 

diagnosis of Alzheimer's disease." Ann Clin Lab Sci 25(3): 207-217. 

Myers, M. G., Jr., J. M. Backer, X. J. Sun, S. Shoelson, P. Hu, J. Schlessinger, M. Yoakim, B. 

Schaffhausen and M. F. White (1992). "IRS-1 activates phosphatidylinositol 3'-kinase by 

associating with src homology 2 domains of p85." Proc Natl Acad Sci U S A 89(21): 

10350-10354. 

Nag, S., B. Sarkar, A. Bandyopadhyay, B. Sahoo, V. K. Sreenivasan, M. Kombrabail, C. 

Muralidharan and S. Maiti (2011). "Nature of the amyloid-beta monomer and the 

monomer-oligomer equilibrium." J Biol Chem 286(16): 13827-13833. 

Naruse, S., G. Thinakaran, J. J. Luo, J. W. Kusiak, T. Tomita, T. Iwatsubo, X. Qian, D. D. Ginty, 

D. L. Price, D. R. Borchelt, P. C. Wong and S. S. Sisodia (1998). "Effects of PS1 

deficiency on membrane protein trafficking in neurons." Neuron 21(5): 1213-1221. 

Nguyen, H. T., D. R. Sawmiller, Q. Wu, J. J. Maleski and M. Chen (2012). "Evidence supporting 

the role of calpain in the alpha-processing of amyloid-beta precursor protein." Biochem 

Biophys Res Commun 420(3): 530-535. 

Nikolaev, A., T. McLaughlin, D. D. O'Leary and M. Tessier-Lavigne (2009). "APP binds DR6 to 

trigger axon pruning and neuron death via distinct caspases." Nature 457(7232): 981-989. 



Page 168 of 195 

 

Nishimura, I., R. Takazaki, K. Kuwako, Y. Enokido and K. Yoshikawa (2003). "Upregulation 

and antiapoptotic role of endogenous Alzheimer amyloid precursor protein in dorsal root 

ganglion neurons." Exp Cell Res 286(2): 241-251. 

Novak, V., W. Milberg, Y. Hao, M. Munshi, P. Novak, A. Galica, B. Manor, P. Roberson, S. 

Craft and A. Abduljalil (2014). "Enhancement of vasoreactivity and cognition by 

intranasal insulin in type 2 diabetes." Diabetes Care 37(3): 751-759. 

O'Brien, P. D., S. A. Sakowski and E. L. Feldman (2014). "Mouse models of diabetic 

neuropathy." ILAR J 54(3): 259-272. 

O'Connor, T., K. R. Sadleir, E. Maus, R. A. Velliquette, J. Zhao, S. L. Cole, W. A. Eimer, B. 

Hitt, L. A. Bembinster, S. Lammich, S. F. Lichtenthaler, S. S. Hebert, B. De Strooper, C. 

Haass, D. A. Bennett and R. Vassar (2008). "Phosphorylation of the translation initiation 

factor eIF2alpha increases BACE1 levels and promotes amyloidogenesis." Neuron 60(6): 

988-1009. 

O'Loghlen, A., M. I. Perez-Morgado, M. Salinas and M. E. Martin (2003). "Reversible inhibition 

of the protein phosphatase 1 by hydrogen peroxide. Potential regulation of eIF2 alpha 

phosphorylation in differentiated PC12 cells." Arch Biochem Biophys 417(2): 194-202. 

Obregon, D., H. Hou, J. Deng, B. Giunta, J. Tian, D. Darlington, M. Shahaduzzaman, Y. Zhu, T. 

Mori, M. P. Mattson and J. Tan (2012). "Soluble amyloid precursor protein-alpha 

modulates beta-secretase activity and amyloid-beta generation." Nat Commun 3: 777. 

Oh, H., C. Madison, S. Baker, G. Rabinovici and W. Jagust (2016). "Dynamic relationships 

between age, amyloid-beta deposition, and glucose metabolism link to the regional 

vulnerability to Alzheimer's disease." Brain 139(Pt 8): 2275-2289. 



Page 169 of 195 

 

Omalu, B., J. Bailes, R. L. Hamilton, M. I. Kamboh, J. Hammers, M. Case and R. Fitzsimmons 

(2011a). "Emerging histomorphologic phenotypes of chronic traumatic encephalopathy in 

American athletes." Neurosurgery 69(1): 173-183; discussion 183. 

Omalu, B., J. L. Hammers, J. Bailes, R. L. Hamilton, M. I. Kamboh, G. Webster and R. P. 

Fitzsimmons (2011b). "Chronic traumatic encephalopathy in an Iraqi war veteran with 

posttraumatic stress disorder who committed suicide." Neurosurg Focus 31(5): E3. 

Orrenius, S., B. Zhivotovsky and P. Nicotera (2003). "Regulation of cell death: the calcium-

apoptosis link." Nat Rev Mol Cell Biol 4(7): 552-565. 

Ott, A., R. P. Stolk, A. Hofman, F. van Harskamp, D. E. Grobbee and M. M. Breteler (1996). 

"Association of diabetes mellitus and dementia: the Rotterdam Study." Diabetologia 

39(11): 1392-1397. 

Ozes, O. N., L. D. Mayo, J. A. Gustin, S. R. Pfeffer, L. M. Pfeffer and D. B. Donner (1999). 

"NF-kappaB activation by tumour necrosis factor requires the Akt serine-threonine 

kinase." Nature 401(6748): 82-85. 

Ozsoy, Y., S. Gungor and E. Cevher (2009). "Nasal delivery of high molecular weight drugs." 

Molecules 14(9): 3754-3779. 

Padmanabhan, S., A. Mukhopadhyay, S. D. Narasimhan, G. Tesz, M. P. Czech and H. A. 

Tissenbaum (2009). "A PP2A regulatory subunit regulates C. elegans insulin/IGF-1 

signaling by modulating AKT-1 phosphorylation." Cell 136(5): 939-951. 

Padurariu, M., A. Ciobica, I. Mavroudis, D. Fotiou and S. Baloyannis (2012). "Hippocampal 

neuronal loss in the CA1 and CA3 areas of Alzheimer's disease patients." Psychiatr 

Danub 24(2): 152-158. 



Page 170 of 195 

 

Paradies, G., G. Petrosillo, V. Paradies and F. M. Ruggiero (2009). "Role of cardiolipin 

peroxidation and Ca2+ in mitochondrial dysfunction and disease." Cell Calcium 45(6): 

643-650. 

Parbo, P., R. Ismail, K. V. Hansen, A. Amidi, F. H. Marup, H. Gottrup, H. Braendgaard, B. O. 

Eriksson, S. F. Eskildsen, T. E. Lund, A. Tietze, P. Edison, N. Pavese, M. G. Stokholm, 

P. Borghammer, R. Hinz, J. Aanerud and D. J. Brooks (2017). "Brain inflammation 

accompanies amyloid in the majority of mild cognitive impairment cases due to 

Alzheimer's disease." Brain 140(7): 2002-2011. 

Park, C. R. (2001). "Cognitive effects of insulin in the central nervous system." Neurosci 

Biobehav Rev 25(4): 311-323. 

Parvathy, S., I. Hussain, E. H. Karran, A. J. Turner and N. M. Hooper (1999). "Cleavage of 

Alzheimer's amyloid precursor protein by alpha-secretase occurs at the surface of 

neuronal cells." Biochemistry 38(30): 9728-9734. 

Paz, K., R. Hemi, D. LeRoith, A. Karasik, E. Elhanany, H. Kanety and Y. Zick (1997). "A 

molecular basis for insulin resistance. Elevated serine/threonine phosphorylation of IRS-1 

and IRS-2 inhibits their binding to the juxtamembrane region of the insulin receptor and 

impairs their ability to undergo insulin-induced tyrosine phosphorylation." J Biol Chem 

272(47): 29911-29918. 

Perkins, N. D. (2007). "Integrating cell-signalling pathways with NF-kappaB and IKK function." 

Nat Rev Mol Cell Biol 8(1): 49-62. 

Perry, G., H. Roder, A. Nunomura, A. Takeda, A. L. Friedlich, X. Zhu, A. K. Raina, N. 

Holbrook, S. L. Siedlak, P. L. Harris and M. A. Smith (1999). "Activation of neuronal 



Page 171 of 195 

 

extracellular receptor kinase (ERK) in Alzheimer disease links oxidative stress to 

abnormal phosphorylation." Neuroreport 10(11): 2411-2415. 

Pierrot, N., S. F. Santos, C. Feyt, M. Morel, J. P. Brion and J. N. Octave (2006). "Calcium-

mediated transient phosphorylation of tau and amyloid precursor protein followed by 

intraneuronal amyloid-beta accumulation." J Biol Chem 281(52): 39907-39914. 

Pittenger, G. L., M. Ray, N. I. Burcus, P. McNulty, B. Basta and A. I. Vinik (2004). 

"Intraepidermal nerve fibers are indicators of small-fiber neuropathy in both diabetic and 

nondiabetic patients." Diabetes Care 27(8): 1974-1979. 

Planel, E., A. Bretteville, L. Liu, L. Virag, A. L. Du, W. H. Yu, D. W. Dickson, R. A. 

Whittington and K. E. Duff (2009). "Acceleration and persistence of neurofibrillary 

pathology in a mouse model of tauopathy following anesthesia." FASEB J 23(8): 2595-

2604. 

Planel, E., K. E. Richter, C. E. Nolan, J. E. Finley, L. Liu, Y. Wen, P. Krishnamurthy, M. 

Herman, L. Wang, J. B. Schachter, R. B. Nelson, L. F. Lau and K. E. Duff (2007a). 

"Anesthesia leads to tau hyperphosphorylation through inhibition of phosphatase activity 

by hypothermia." J Neurosci 27(12): 3090-3097. 

Planel, E., Y. Tatebayashi, T. Miyasaka, L. Liu, L. Wang, M. Herman, W. H. Yu, J. A. 

Luchsinger, B. Wadzinski, K. E. Duff and A. Takashima (2007b). "Insulin dysfunction 

induces in vivo tau hyperphosphorylation through distinct mechanisms." J Neurosci 

27(50): 13635-13648. 

Plant, L. D., J. P. Boyle, I. F. Smith, C. Peers and H. A. Pearson (2003). "The production of 

amyloid beta peptide is a critical requirement for the viability of central neurons." J 

Neurosci 23(13): 5531-5535. 



Page 172 of 195 

 

Plant, L. D., N. J. Webster, J. P. Boyle, M. Ramsden, D. B. Freir, C. Peers and H. A. Pearson 

(2006). "Amyloid beta peptide as a physiological modulator of neuronal 'A'-type K+ 

current." Neurobiol Aging 27(11): 1673-1683. 

Postina, R., A. Schroeder, I. Dewachter, J. Bohl, U. Schmitt, E. Kojro, C. Prinzen, K. Endres, C. 

Hiemke, M. Blessing, P. Flamez, A. Dequenne, E. Godaux, F. van Leuven and F. 

Fahrenholz (2004). "A disintegrin-metalloproteinase prevents amyloid plaque formation 

and hippocampal defects in an Alzheimer disease mouse model." J Clin Invest 113(10): 

1456-1464. 

Price, D. L. and S. S. Sisodia (1998). "Mutant genes in familial Alzheimer's disease and 

transgenic models." Annu Rev Neurosci 21: 479-505. 

Price, J. L. and J. C. Morris (1999). "Tangles and plaques in nondemented aging and 

"preclinical" Alzheimer's disease." Ann Neurol 45(3): 358-368. 

Proschel, C., J. L. Stripay, C. H. Shih, J. C. Munger and M. D. Noble (2014). "Delayed 

transplantation of precursor cell-derived astrocytes provides multiple benefits in a rat 

model of Parkinsons." EMBO Mol Med 6(4): 504-518. 

Pugazhenthi, S., A. Nesterova, C. Sable, K. A. Heidenreich, L. M. Boxer, L. E. Heasley and J. E. 

Reusch (2000). "Akt/protein kinase B up-regulates Bcl-2 expression through cAMP-

response element-binding protein." J Biol Chem 275(15): 10761-10766. 

Qiu, W. Q., D. M. Walsh, Z. Ye, K. Vekrellis, J. Zhang, M. B. Podlisny, M. R. Rosner, A. 

Safavi, L. B. Hersh and D. J. Selkoe (1998). "Insulin-degrading enzyme regulates 

extracellular levels of amyloid beta-protein by degradation." J Biol Chem 273(49): 

32730-32738. 



Page 173 of 195 

 

Quattrini, C., M. Tavakoli, M. Jeziorska, P. Kallinikos, S. Tesfaye, J. Finnigan, A. Marshall, A. 

J. Boulton, N. Efron and R. A. Malik (2007). "Surrogate markers of small fiber damage 

in human diabetic neuropathy." Diabetes 56(8): 2148-2154. 

Rammes, G., C. Mattusch, M. Wulff, F. Seeser, M. Kreuzer, K. Zhu, J. M. Deussing, J. Herms 

and C. G. Parsons (2017). "Involvement of GluN2B subunit containing N-methyl-d-

aspartate (NMDA) receptors in mediating the acute and chronic synaptotoxic effects of 

oligomeric amyloid-beta (Abeta) in murine models of Alzheimer's disease (AD)." 

Neuropharmacology 123: 100-115. 

Read, D. E. and A. M. Gorman (2009). "Involvement of Akt in neurite outgrowth." Cell Mol 

Life Sci 66(18): 2975-2984. 

Reddy, P. H. and M. F. Beal (2008). "Amyloid beta, mitochondrial dysfunction and synaptic 

damage: implications for cognitive decline in aging and Alzheimer's disease." Trends 

Mol Med 14(2): 45-53. 

Reger, M. A., G. S. Watson, P. S. Green, L. D. Baker, B. Cholerton, M. A. Fishel, S. R. Plymate, 

M. M. Cherrier, G. D. Schellenberg, W. H. Frey, 2nd and S. Craft (2008). "Intranasal 

insulin administration dose-dependently modulates verbal memory and plasma amyloid-

beta in memory-impaired older adults." J Alzheimers Dis 13(3): 323-331. 

Reif, K., B. M. Burgering and D. A. Cantrell (1997). "Phosphatidylinositol 3-kinase links the 

interleukin-2 receptor to protein kinase B and p70 S6 kinase." J Biol Chem 272(22): 

14426-14433. 

Resende, R., E. Ferreiro, C. Pereira and C. Resende de Oliveira (2008). "Neurotoxic effect of 

oligomeric and fibrillar species of amyloid-beta peptide 1-42: involvement of 



Page 174 of 195 

 

endoplasmic reticulum calcium release in oligomer-induced cell death." Neuroscience 

155(3): 725-737. 

Riccio, A., S. Ahn, C. M. Davenport, J. A. Blendy and D. D. Ginty (1999). "Mediation by a 

CREB family transcription factor of NGF-dependent survival of sympathetic neurons." 

Science 286(5448): 2358-2361. 

Ring, S., S. W. Weyer, S. B. Kilian, E. Waldron, C. U. Pietrzik, M. A. Filippov, J. Herms, C. 

Buchholz, C. B. Eckman, M. Korte, D. P. Wolfer and U. C. Muller (2007). "The secreted 

beta-amyloid precursor protein ectodomain APPs alpha is sufficient to rescue the 

anatomical, behavioral, and electrophysiological abnormalities of APP-deficient mice." J 

Neurosci 27(29): 7817-7826. 

Rinne, J. O., D. J. Brooks, M. N. Rossor, N. C. Fox, R. Bullock, W. E. Klunk, C. A. Mathis, K. 

Blennow, J. Barakos, A. A. Okello, S. Rodriguez Martinez de Liano, E. Liu, M. Koller, 

K. M. Gregg, D. Schenk, R. Black and M. Grundman (2010). "11C-PiB PET assessment 

of change in fibrillar amyloid-beta load in patients with Alzheimer's disease treated with 

bapineuzumab: a phase 2, double-blind, placebo-controlled, ascending-dose study." 

Lancet Neurol 9(4): 363-372. 

Risner, M. E., A. M. Saunders, J. F. Altman, G. C. Ormandy, S. Craft, I. M. Foley, M. E. 

Zvartau-Hind, D. A. Hosford and A. D. Roses (2006). "Efficacy of rosiglitazone in a 

genetically defined population with mild-to-moderate Alzheimer's disease." 

Pharmacogenomics J 6(4): 246-254. 

Rocchi, A., S. Pellegrini, G. Siciliano and L. Murri (2003). "Causative and susceptibility genes 

for Alzheimer's disease: a review." Brain Res Bull 61(1): 1-24. 



Page 175 of 195 

 

Roch, J. M., E. Masliah, A. C. Roch-Levecq, M. P. Sundsmo, D. A. Otero, I. Veinbergs and T. 

Saitoh (1994). "Increase of synaptic density and memory retention by a peptide 

representing the trophic domain of the amyloid beta/A4 protein precursor." Proc Natl 

Acad Sci U S A 91(16): 7450-7454. 

Rodrigues, C. M., S. Sola, R. Silva and D. Brites (2000). "Bilirubin and amyloid-beta peptide 

induce cytochrome c release through mitochondrial membrane permeabilization." Mol 

Med 6(11): 936-946. 

Rohan de Silva, H. A., A. Jen, C. Wickenden, L. S. Jen, S. L. Wilkinson and A. J. Patel (1997). 

"Cell-specific expression of beta-amyloid precursor protein isoform mRNAs and proteins 

in neurons and astrocytes." Brain Res Mol Brain Res 47(1-2): 147-156. 

Rohe, M., M. Synowitz, R. Glass, S. M. Paul, A. Nykjaer and T. E. Willnow (2009). "Brain-

derived neurotrophic factor reduces amyloidogenic processing through control of 

SORLA gene expression." J Neurosci 29(49): 15472-15478. 

Roher, A. E., J. D. Lowenson, S. Clarke, A. S. Woods, R. J. Cotter, E. Gowing and M. J. Ball 

(1993). "beta-Amyloid-(1-42) is a major component of cerebrovascular amyloid deposits: 

implications for the pathology of Alzheimer disease." Proc Natl Acad Sci U S A 90(22): 

10836-10840. 

Rojo, A. I., M. Salinas, D. Martin, R. Perona and A. Cuadrado (2004). "Regulation of Cu/Zn-

superoxide dismutase expression via the phosphatidylinositol 3 kinase/Akt pathway and 

nuclear factor-kappaB." J Neurosci 24(33): 7324-7334. 

Roy Chowdhury, S. K., D. R. Smith, A. Saleh, J. Schapansky, A. Marquez, S. Gomes, E. Akude, 

D. Morrow, N. A. Calcutt and P. Fernyhough (2012). "Impaired adenosine 

monophosphate-activated protein kinase signalling in dorsal root ganglia neurons is 



Page 176 of 195 

 

linked to mitochondrial dysfunction and peripheral neuropathy in diabetes." Brain 135(Pt 

6): 1751-1766. 

Rubin, J. B., M. A. Shia and P. F. Pilch (1983). "Stimulation of tyrosine-specific phosphorylation 

in vitro by insulin-like growth factor I." Nature 305(5933): 438-440. 

Rui, L., V. Aguirre, J. K. Kim, G. I. Shulman, A. Lee, A. Corbould, A. Dunaif and M. F. White 

(2001). "Insulin/IGF-1 and TNF-alpha stimulate phosphorylation of IRS-1 at inhibitory 

Ser307 via distinct pathways." J Clin Invest 107(2): 181-189. 

Saleh, A., J. Schapansky, D. R. Smith, N. Young, G. L. Odero, B. Aulston, P. Fernyhough and 

G. W. Glazner (2013). "Normalization of NF-kappaB Activity in Dorsal Root Ganglia 

Neurons Cultured from Diabetic Rats Reverses Neuropathy-linked Markers of Cellular 

Pathology." Exp Neurol. 

Saman, S., W. Kim, M. Raya, Y. Visnick, S. Miro, S. Saman, B. Jackson, A. C. McKee, V. E. 

Alvarez, N. C. Lee and G. F. Hall (2012). "Exosome-associated tau is secreted in 

tauopathy models and is selectively phosphorylated in cerebrospinal fluid in early 

Alzheimer disease." J Biol Chem 287(6): 3842-3849. 

Sanchez-Alavez, M., O. Osborn, I. V. Tabarean, K. H. Holmberg, J. Eberwine, C. R. Kahn and 

T. Bartfai (2011). "Insulin-like growth factor 1-mediated hyperthermia involves anterior 

hypothalamic insulin receptors." J Biol Chem 286(17): 14983-14990. 

Sanchez-Alavez, M., I. V. Tabarean, O. Osborn, K. Mitsukawa, J. Schaefer, J. Dubins, K. H. 

Holmberg, I. Klein, J. Klaus, L. F. Gomez, H. Kolb, J. Secrest, J. Jochems, K. Myashiro, 

P. Buckley, J. R. Hadcock, J. Eberwine, B. Conti and T. Bartfai (2010). "Insulin causes 

hyperthermia by direct inhibition of warm-sensitive neurons." Diabetes 59(1): 43-50. 



Page 177 of 195 

 

Santa-Maria, I., M. Varghese, H. Ksiezak-Reding, A. Dzhun, J. Wang and G. M. Pasinetti 

(2012). "Paired helical filaments from Alzheimer disease brain induce intracellular 

accumulation of Tau protein in aggresomes." J Biol Chem 287(24): 20522-20533. 

Sarbassov, D. D., D. A. Guertin, S. M. Ali and D. M. Sabatini (2005). "Phosphorylation and 

regulation of Akt/PKB by the rictor-mTOR complex." Science 307(5712): 1098-1101. 

Sarlus, H. and M. T. Heneka (2017). "Microglia in Alzheimer's disease." J Clin Invest 127(9): 

3240-3249. 

Schechter, R., D. Beju, T. Gaffney, F. Schaefer and L. Whetsell (1996). "Preproinsulin I and II 

mRNAs and insulin electron microscopic immunoreaction are present within the rat fetal 

nervous system." Brain Res 736(1-2): 16-27. 

Schneider, A., J. Biernat, M. von Bergen, E. Mandelkow and E. M. Mandelkow (1999). 

"Phosphorylation that detaches tau protein from microtubules (Ser262, Ser214) also 

protects it against aggregation into Alzheimer paired helical filaments." Biochemistry 

38(12): 3549-3558. 

Schubert, M., D. P. Brazil, D. J. Burks, J. A. Kushner, J. Ye, C. L. Flint, J. Farhang-Fallah, P. 

Dikkes, X. M. Warot, C. Rio, G. Corfas and M. F. White (2003). "Insulin receptor 

substrate-2 deficiency impairs brain growth and promotes tau phosphorylation." J 

Neurosci 23(18): 7084-7092. 

Schubert, M., D. Gautam, D. Surjo, K. Ueki, S. Baudler, D. Schubert, T. Kondo, J. Alber, N. 

Galldiks, E. Kustermann, S. Arndt, A. H. Jacobs, W. Krone, C. R. Kahn and J. C. 

Bruning (2004). "Role for neuronal insulin resistance in neurodegenerative diseases." 

Proc Natl Acad Sci U S A 101(9): 3100-3105. 



Page 178 of 195 

 

Schwarzman, A. L., L. Gregori, M. P. Vitek, S. Lyubski, W. J. Strittmatter, J. J. Enghilde, R. 

Bhasin, J. Silverman, K. H. Weisgraber, P. K. Coyle and et al. (1994). "Transthyretin 

sequesters amyloid beta protein and prevents amyloid formation." Proc Natl Acad Sci U 

S A 91(18): 8368-8372. 

Scott, J. N., I. M. Parhad and A. W. Clark (1991). "Beta-amyloid precursor protein gene is 

differentially expressed in axotomized sensory and motor systems." Brain Res Mol Brain 

Res 10(4): 315-325. 

Segev, Y., D. M. Michaelson and K. Rosenblum (2013). "ApoE epsilon4 is associated with 

eIF2alpha phosphorylation and impaired learning in young mice." Neurobiol Aging 

34(3): 863-872. 

Selkoe, D. J. (2001). "Alzheimer's disease: genes, proteins, and therapy." Physiol Rev 81(2): 

741-766. 

Semenza, G. L. (2000). "HIF-1: mediator of physiological and pathophysiological responses to 

hypoxia." J Appl Physiol (1985) 88(4): 1474-1480. 

Semenza, G. L. (2007). "Hypoxia-inducible factor 1 (HIF-1) pathway." Sci STKE 2007(407): 

cm8. 

Senechal, Y., P. H. Kelly and K. K. Dev (2008). "Amyloid precursor protein knockout mice 

show age-dependent deficits in passive avoidance learning." Behav Brain Res 186(1): 

126-132. 

Shankar, G. M., B. L. Bloodgood, M. Townsend, D. M. Walsh, D. J. Selkoe and B. L. Sabatini 

(2007). "Natural oligomers of the Alzheimer amyloid-beta protein induce reversible 

synapse loss by modulating an NMDA-type glutamate receptor-dependent signaling 

pathway." J Neurosci 27(11): 2866-2875. 



Page 179 of 195 

 

Shieh, P. B., S. C. Hu, K. Bobb, T. Timmusk and A. Ghosh (1998). "Identification of a signaling 

pathway involved in calcium regulation of BDNF expression." Neuron 20(4): 727-740. 

Shin, S. C. and J. Robinson-Papp (2012). "Amyloid neuropathies." Mt Sinai J Med 79(6): 733-

748. 

Shors, T. J., G. Miesegaes, A. Beylin, M. Zhao, T. Rydel and E. Gould (2001). "Neurogenesis in 

the adult is involved in the formation of trace memories." Nature 410(6826): 372-376. 

Siegel, T. W., S. Ganguly, S. Jacobs, O. M. Rosen and C. S. Rubin (1981). "Purification and 

properties of the human placental insulin receptor." J Biol Chem 256(17): 9266-9273. 

Simic, G., I. Kostovic, B. Winblad and N. Bogdanovic (1997). "Volume and number of neurons 

of the human hippocampal formation in normal aging and Alzheimer's disease." J Comp 

Neurol 379(4): 482-494. 

Sinha, S., J. P. Anderson, R. Barbour, G. S. Basi, R. Caccavello, D. Davis, M. Doan, H. F. 

Dovey, N. Frigon, J. Hong, K. Jacobson-Croak, N. Jewett, P. Keim, J. Knops, I. 

Lieberburg, M. Power, H. Tan, G. Tatsuno, J. Tung, D. Schenk, P. Seubert, S. M. 

Suomensaari, S. Wang, D. Walker, J. Zhao, L. McConlogue and V. John (1999). 

"Purification and cloning of amyloid precursor protein beta-secretase from human brain." 

Nature 402(6761): 537-540. 

Sisodia, S. S., E. H. Koo, P. N. Hoffman, G. Perry and D. L. Price (1993). "Identification and 

transport of full-length amyloid precursor proteins in rat peripheral nervous system." J 

Neurosci 13(7): 3136-3142. 

Sontag, J. M. and E. Sontag (2014). "Protein phosphatase 2A dysfunction in Alzheimer's 

disease." Front Mol Neurosci 7: 16. 



Page 180 of 195 

 

Sosa, L. J., A. Caceres, S. Dupraz, M. Oksdath, S. Quiroga and A. Lorenzo (2017). "The 

physiological role of the amyloid precursor protein as an adhesion molecule in the 

developing nervous system." J Neurochem 143(1): 11-29. 

Soskic, V., M. Gorlach, S. Poznanovic, F. D. Boehmer and J. Godovac-Zimmermann (1999). 

"Functional proteomics analysis of signal transduction pathways of the platelet-derived 

growth factor beta receptor." Biochemistry 38(6): 1757-1764. 

Sousa, J. C., I. Cardoso, F. Marques, M. J. Saraiva and J. A. Palha (2007). "Transthyretin and 

Alzheimer's disease: where in the brain?" Neurobiol Aging 28(5): 713-718. 

Stahl, M., P. F. Dijkers, G. J. Kops, S. M. Lens, P. J. Coffer, B. M. Burgering and R. H. Medema 

(2002). "The forkhead transcription factor FoxO regulates transcription of p27Kip1 and 

Bim in response to IL-2." J Immunol 168(10): 5024-5031. 

Stamer, K., R. Vogel, E. Thies, E. Mandelkow and E. M. Mandelkow (2002). "Tau blocks traffic 

of organelles, neurofilaments, and APP vesicles in neurons and enhances oxidative 

stress." J Cell Biol 156(6): 1051-1063. 

Steen, E., B. M. Terry, E. J. Rivera, J. L. Cannon, T. R. Neely, R. Tavares, X. J. Xu, J. R. Wands 

and S. M. de la Monte (2005). "Impaired insulin and insulin-like growth factor 

expression and signaling mechanisms in Alzheimer's disease--is this type 3 diabetes?" J 

Alzheimers Dis 7(1): 63-80. 

Stein, T. D., N. J. Anders, C. DeCarli, S. L. Chan, M. P. Mattson and J. A. Johnson (2004). 

"Neutralization of transthyretin reverses the neuroprotective effects of secreted amyloid 

precursor protein (APP) in APPSW mice resulting in tau phosphorylation and loss of 

hippocampal neurons: support for the amyloid hypothesis." J Neurosci 24(35): 7707-

7717. 



Page 181 of 195 

 

Stein, T. D. and J. A. Johnson (2002). "Lack of neurodegeneration in transgenic mice 

overexpressing mutant amyloid precursor protein is associated with increased levels of 

transthyretin and the activation of cell survival pathways." J Neurosci 22(17): 7380-7388. 

Steinbach, J. P., U. Muller, M. Leist, Z. W. Li, P. Nicotera and A. Aguzzi (1998). 

"Hypersensitivity to seizures in beta-amyloid precursor protein deficient mice." Cell 

Death Differ 5(10): 858-866. 

Stewart, R. and D. Liolitsa (1999). "Type 2 diabetes mellitus, cognitive impairment and 

dementia." Diabet Med 16(2): 93-112. 

Stine, W. B., Jr., K. N. Dahlgren, G. A. Krafft and M. J. LaDu (2003). "In vitro characterization 

of conditions for amyloid-beta peptide oligomerization and fibrillogenesis." J Biol Chem 

278(13): 11612-11622. 

Stokoe, D., L. R. Stephens, T. Copeland, P. R. Gaffney, C. B. Reese, G. F. Painter, A. B. 

Holmes, F. McCormick and P. T. Hawkins (1997). "Dual role of phosphatidylinositol-

3,4,5-trisphosphate in the activation of protein kinase B." Science 277(5325): 567-570. 

Su, J. H., M. Zhao, A. J. Anderson, A. Srinivasan and C. W. Cotman (2001). "Activated caspase-

3 expression in Alzheimer's and aged control brain: correlation with Alzheimer 

pathology." Brain Res 898(2): 350-357. 

Sun, X., G. He, H. Qing, W. Zhou, F. Dobie, F. Cai, M. Staufenbiel, L. E. Huang and W. Song 

(2006). "Hypoxia facilitates Alzheimer's disease pathogenesis by up-regulating BACE1 

gene expression." Proc Natl Acad Sci U S A 103(49): 18727-18732. 

Takasugi, N., T. Sasaki, K. Suzuki, S. Osawa, H. Isshiki, Y. Hori, N. Shimada, T. Higo, S. 

Yokoshima, T. Fukuyama, V. M. Lee, J. Q. Trojanowski, T. Tomita and T. Iwatsubo 



Page 182 of 195 

 

(2011). "BACE1 activity is modulated by cell-associated sphingosine-1-phosphate." J 

Neurosci 31(18): 6850-6857. 

Takeda, S., N. Sato, K. Uchio-Yamada, K. Sawada, T. Kunieda, D. Takeuchi, H. Kurinami, M. 

Shinohara, H. Rakugi and R. Morishita (2010). "Diabetes-accelerated memory 

dysfunction via cerebrovascular inflammation and Abeta deposition in an Alzheimer 

mouse model with diabetes." Proc Natl Acad Sci U S A 107(15): 7036-7041. 

Talbot, K., H. Y. Wang, H. Kazi, L. Y. Han, K. P. Bakshi, A. Stucky, R. L. Fuino, K. R. 

Kawaguchi, A. J. Samoyedny, R. S. Wilson, Z. Arvanitakis, J. A. Schneider, B. A. Wolf, 

D. A. Bennett, J. Q. Trojanowski and S. E. Arnold (2012). "Demonstrated brain insulin 

resistance in Alzheimer's disease patients is associated with IGF-1 resistance, IRS-1 

dysregulation, and cognitive decline." J Clin Invest 122(4): 1316-1338. 

Tamatani, M., Y. H. Che, H. Matsuzaki, S. Ogawa, H. Okado, S. Miyake, T. Mizuno and M. 

Tohyama (1999). "Tumor necrosis factor induces Bcl-2 and Bcl-x expression through 

NFkappaB activation in primary hippocampal neurons." J Biol Chem 274(13): 8531-

8538. 

Tao, X., S. Finkbeiner, D. B. Arnold, A. J. Shaywitz and M. E. Greenberg (1998). "Ca2+ influx 

regulates BDNF transcription by a CREB family transcription factor-dependent 

mechanism." Neuron 20(4): 709-726. 

Tariot, P. N., M. R. Farlow, G. T. Grossberg, S. M. Graham, S. McDonald, I. Gergel and G. 

Memantine Study (2004). "Memantine treatment in patients with moderate to severe 

Alzheimer disease already receiving donepezil: a randomized controlled trial." JAMA 

291(3): 317-324. 



Page 183 of 195 

 

Taylor, C. J., D. R. Ireland, I. Ballagh, K. Bourne, N. M. Marechal, P. R. Turner, D. K. Bilkey, 

W. P. Tate and W. C. Abraham (2008). "Endogenous secreted amyloid precursor protein-

alpha regulates hippocampal NMDA receptor function, long-term potentiation and spatial 

memory." Neurobiol Dis 31(2): 250-260. 

Thinakaran, G. and E. H. Koo (2008). "Amyloid precursor protein trafficking, processing, and 

function." J Biol Chem 283(44): 29615-29619. 

Thinakaran, G., D. B. Teplow, R. Siman, B. Greenberg and S. S. Sisodia (1996). "Metabolism of 

the "Swedish" amyloid precursor protein variant in neuro2a (N2a) cells. Evidence that 

cleavage at the "beta-secretase" site occurs in the golgi apparatus." J Biol Chem 271(16): 

9390-9397. 

Thornton, E., R. Vink, P. C. Blumbergs and C. Van Den Heuvel (2006). "Soluble amyloid 

precursor protein alpha reduces neuronal injury and improves functional outcome 

following diffuse traumatic brain injury in rats." Brain Res 1094(1): 38-46. 

Tomic, J. L., A. Pensalfini, E. Head and C. G. Glabe (2009). "Soluble fibrillar oligomer levels 

are elevated in Alzheimer's disease brain and correlate with cognitive dysfunction." 

Neurobiol Dis 35(3): 352-358. 

Tominaga-Yoshino, K., T. Uetsuki, K. Yoshikawa and A. Ogura (2001). "Neurotoxic and 

neuroprotective effects of glutamate are enhanced by introduction of amyloid precursor 

protein cDNA." Brain Res 918(1-2): 121-130. 

Tornero, D., I. Posadas and V. Cena (2011). "Bcl-x(L) blocks a mitochondrial inner membrane 

channel and prevents Ca2+ overload-mediated cell death." PLoS One 6(6): e20423. 



Page 184 of 195 

 

Tsukamoto, E., Y. Hashimoto, K. Kanekura, T. Niikura, S. Aiso and I. Nishimoto (2003). 

"Characterization of the toxic mechanism triggered by Alzheimer's amyloid-beta peptides 

via p75 neurotrophin receptor in neuronal hybrid cells." J Neurosci Res 73(5): 627-636. 

Tsuzuki, K., R. Fukatsu, H. Yamaguchi, M. Tateno, K. Imai, N. Fujii and T. Yamauchi (2000). 

"Transthyretin binds amyloid beta peptides, Abeta1-42 and Abeta1-40 to form complex 

in the autopsied human kidney - possible role of transthyretin for abeta sequestration." 

Neurosci Lett 281(2-3): 171-174. 

Ullrich, A., J. R. Bell, E. Y. Chen, R. Herrera, L. M. Petruzzelli, T. J. Dull, A. Gray, L. 

Coussens, Y. C. Liao, M. Tsubokawa and et al. (1985). "Human insulin receptor and its 

relationship to the tyrosine kinase family of oncogenes." Nature 313(6005): 756-761. 

Urayama, A. and W. A. Banks (2008). "Starvation and triglycerides reverse the obesity-induced 

impairment of insulin transport at the blood-brain barrier." Endocrinology 149(7): 3592-

3597. 

van der Harg, J. M., L. Eggels, F. N. Bangel, S. R. Ruigrok, R. Zwart, J. J. M. Hoozemans, S. E. 

la Fleur and W. Scheper (2017). "Insulin deficiency results in reversible protein kinase A 

activation and tau phosphorylation." Neurobiol Dis 103: 163-173. 

Van Der Heide, L. P., M. F. Hoekman and M. P. Smidt (2004). "The ins and outs of FoxO 

shuttling: mechanisms of FoxO translocation and transcriptional regulation." Biochem J 

380(Pt 2): 297-309. 

Van Remmen, H., M. D. Williams, Z. Guo, L. Estlack, H. Yang, E. J. Carlson, C. J. Epstein, T. 

T. Huang and A. Richardson (2001). "Knockout mice heterozygous for Sod2 show 

alterations in cardiac mitochondrial function and apoptosis." Am J Physiol Heart Circ 

Physiol 281(3): H1422-1432. 



Page 185 of 195 

 

Vandal, M., P. J. White, C. Tremblay, I. St-Amour, G. Chevrier, V. Emond, D. Lefrancois, J. 

Virgili, E. Planel, Y. Giguere, A. Marette and F. Calon (2014). "Insulin reverses the high-

fat diet-induced increase in brain Abeta and improves memory in an animal model of 

Alzheimer disease." Diabetes 63(12): 4291-4301. 

Vassar, R. (2007). "Caspase-3 cleavage of GGA3 stabilizes BACE: implications for Alzheimer's 

disease." Neuron 54(5): 671-673. 

Vassar, R., B. D. Bennett, S. Babu-Khan, S. Kahn, E. A. Mendiaz, P. Denis, D. B. Teplow, S. 

Ross, P. Amarante, R. Loeloff, Y. Luo, S. Fisher, J. Fuller, S. Edenson, J. Lile, M. A. 

Jarosinski, A. L. Biere, E. Curran, T. Burgess, J. C. Louis, F. Collins, J. Treanor, G. 

Rogers and M. Citron (1999). "Beta-secretase cleavage of Alzheimer's amyloid precursor 

protein by the transmembrane aspartic protease BACE." Science 286(5440): 735-741. 

Vellas, B., S. Andrieu, C. Sampaio and G. Wilcock (2007). "Disease-modifying trials in 

Alzheimer's disease: a European task force consensus." Lancet Neurol 6(1): 56-62. 

Verkhratsky, A. and O. H. Petersen (2002). "The endoplasmic reticulum as an integrating 

signalling organelle: from neuronal signalling to neuronal death." Eur J Pharmacol 447(2-

3): 141-154. 

Vetrivel, K. S. and G. Thinakaran (2006). "Amyloidogenic processing of beta-amyloid precursor 

protein in intracellular compartments." Neurology 66(2 Suppl 1): S69-73. 

Vincent, A. M., J. W. Russell, K. A. Sullivan, C. Backus, J. M. Hayes, L. L. McLean and E. L. 

Feldman (2007). "SOD2 protects neurons from injury in cell culture and animal models 

of diabetic neuropathy." Exp Neurol 208(2): 216-227. 



Page 186 of 195 

 

Vingtdeux, V., P. Davies, D. W. Dickson and P. Marambaud (2011). "AMPK is abnormally 

activated in tangle- and pre-tangle-bearing neurons in Alzheimer's disease and other 

tauopathies." Acta Neuropathol 121(3): 337-349. 

Virkamaki, A., K. Ueki and C. R. Kahn (1999). "Protein-protein interaction in insulin signaling 

and the molecular mechanisms of insulin resistance." J Clin Invest 103(7): 931-943. 

Walker, K. R., E. L. Kang, M. J. Whalen, Y. Shen and G. Tesco (2012). "Depletion of GGA1 

and GGA3 mediates postinjury elevation of BACE1." J Neurosci 32(30): 10423-10437. 

Wallace, W. C., C. A. Akar, W. E. Lyons, H. K. Kole, J. M. Egan and B. Wolozin (1997). 

"Amyloid precursor protein requires the insulin signaling pathway for neurotrophic 

activity." Brain Res Mol Brain Res 52(2): 213-227. 

Walsh, D. M., I. Klyubin, J. V. Fadeeva, W. K. Cullen, R. Anwyl, M. S. Wolfe, M. J. Rowan and 

D. J. Selkoe (2002). "Naturally secreted oligomers of amyloid beta protein potently 

inhibit hippocampal long-term potentiation in vivo." Nature 416(6880): 535-539. 

Wang, H. G., N. Pathan, I. M. Ethell, S. Krajewski, Y. Yamaguchi, F. Shibasaki, F. McKeon, T. 

Bobo, T. F. Franke and J. C. Reed (1999). "Ca2+-induced apoptosis through calcineurin 

dephosphorylation of BAD." Science 284(5412): 339-343. 

Wang, X., W. Zheng, J. W. Xie, T. Wang, S. L. Wang, W. P. Teng and Z. Y. Wang (2010). 

"Insulin deficiency exacerbates cerebral amyloidosis and behavioral deficits in an 

Alzheimer transgenic mouse model." Mol Neurodegener 5: 46. 

Wasco, W., K. Bupp, M. Magendantz, J. F. Gusella, R. E. Tanzi and F. Solomon (1992). 

"Identification of a mouse brain cDNA that encodes a protein related to the Alzheimer 

disease-associated amyloid beta protein precursor." Proc Natl Acad Sci U S A 89(22): 

10758-10762. 



Page 187 of 195 

 

Wasco, W., S. Gurubhagavatula, M. D. Paradis, D. M. Romano, S. S. Sisodia, B. T. Hyman, R. 

L. Neve and R. E. Tanzi (1993). "Isolation and characterization of APLP2 encoding a 

homologue of the Alzheimer's associated amyloid beta protein precursor." Nat Genet 

5(1): 95-100. 

Watson, G. S., B. A. Cholerton, M. A. Reger, L. D. Baker, S. R. Plymate, S. Asthana, M. A. 

Fishel, J. J. Kulstad, P. S. Green, D. G. Cook, S. E. Kahn, M. L. Keeling and S. Craft 

(2005). "Preserved cognition in patients with early Alzheimer disease and amnestic mild 

cognitive impairment during treatment with rosiglitazone: a preliminary study." Am J 

Geriatr Psychiatry 13(11): 950-958. 

Wen, Y., W. H. Yu, B. Maloney, J. Bailey, J. Ma, I. Marie, T. Maurin, L. Wang, H. Figueroa, M. 

Herman, P. Krishnamurthy, L. Liu, E. Planel, L. F. Lau, D. K. Lahiri and K. Duff (2008). 

"Transcriptional regulation of beta-secretase by p25/cdk5 leads to enhanced 

amyloidogenic processing." Neuron 57(5): 680-690. 

Werner, E. D., J. Lee, L. Hansen, M. Yuan and S. E. Shoelson (2004). "Insulin resistance due to 

phosphorylation of insulin receptor substrate-1 at serine 302." J Biol Chem 279(34): 

35298-35305. 

White, M. F. (1998). "The IRS-signalling system: a network of docking proteins that mediate 

insulin action." Mol Cell Biochem 182(1-2): 3-11. 

White, M. F., J. N. Livingston, J. M. Backer, V. Lauris, T. J. Dull, A. Ullrich and C. R. Kahn 

(1988). "Mutation of the insulin receptor at tyrosine 960 inhibits signal transmission but 

does not affect its tyrosine kinase activity." Cell 54(5): 641-649. 

Whitmer, R. A., G. J. Biessels, C. P. Quesenberry, Jr., J. Y. Liu, A. J. Karter and M. Beeri 

(2015). "Type 1 diabetes and risk of dementia in late life: The kaiser diabetes &amp; 



Page 188 of 195 

 

cognitive aging study." Alzheimer's & Dementia: The Journal of the Alzheimer's 

Association 11(7): P179-P180. 

Wiltfang, J., H. Esselmann, M. Bibl, M. Hull, H. Hampel, H. Kessler, L. Frolich, J. Schroder, O. 

Peters, F. Jessen, C. Luckhaus, R. Perneczky, H. Jahn, M. Fiszer, J. M. Maler, R. 

Zimmermann, R. Bruckmoser, J. Kornhuber and P. Lewczuk (2007). "Amyloid beta 

peptide ratio 42/40 but not A beta 42 correlates with phospho-Tau in patients with low- 

and high-CSF A beta 40 load." J Neurochem 101(4): 1053-1059. 

Wirths, O., G. Multhaup, C. Czech, N. Feldmann, V. Blanchard, G. Tremp, K. Beyreuther, L. 

Pradier and T. A. Bayer (2002). "Intraneuronal APP/A beta trafficking and plaque 

formation in beta-amyloid precursor protein and presenilin-1 transgenic mice." Brain 

Pathol 12(3): 275-286. 

Wittmann, C. W., M. F. Wszolek, J. M. Shulman, P. M. Salvaterra, J. Lewis, M. Hutton and M. 

B. Feany (2001). "Tauopathy in Drosophila: neurodegeneration without neurofibrillary 

tangles." Science 293(5530): 711-714. 

Woerman, A. L., A. Aoyagi, S. Patel, S. A. Kazmi, I. Lobach, L. T. Grinberg, A. C. McKee, W. 

W. Seeley, S. H. Olson and S. B. Prusiner (2016). "Tau prions from Alzheimer's disease 

and chronic traumatic encephalopathy patients propagate in cultured cells." Proc Natl 

Acad Sci U S A 113(50): E8187-E8196. 

Wu, J. and R. J. Kaufman (2006). "From acute ER stress to physiological roles of the Unfolded 

Protein Response." Cell Death Differ 13(3): 374-384. 

Xu, H., D. Sweeney, R. Wang, G. Thinakaran, A. C. Lo, S. S. Sisodia, P. Greengard and S. 

Gandy (1997). "Generation of Alzheimer beta-amyloid protein in the trans-Golgi network 



Page 189 of 195 

 

in the apparent absence of vesicle formation." Proc Natl Acad Sci U S A 94(8): 3748-

3752. 

Yamada, K., J. R. Cirrito, F. R. Stewart, H. Jiang, M. B. Finn, B. B. Holmes, L. I. Binder, E. M. 

Mandelkow, M. I. Diamond, V. M. Lee and D. M. Holtzman (2011). "In vivo 

microdialysis reveals age-dependent decrease of brain interstitial fluid tau levels in 

P301S human tau transgenic mice." J Neurosci 31(37): 13110-13117. 

Yamaguchi, A., M. Tamatani, H. Matsuzaki, K. Namikawa, H. Kiyama, M. P. Vitek, N. Mitsuda 

and M. Tohyama (2001). "Akt activation protects hippocampal neurons from apoptosis 

by inhibiting transcriptional activity of p53." J Biol Chem 276(7): 5256-5264. 

Yamaguchi, H. and H. G. Wang (2002). "Bcl-XL protects BimEL-induced Bax conformational 

change and cytochrome C release independent of interacting with Bax or BimEL." J Biol 

Chem 277(44): 41604-41612. 

Yamaguchi, Y., J. S. Flier, H. Benecke, B. J. Ransil and D. E. Moller (1993). "Ligand-binding 

properties of the two isoforms of the human insulin receptor." Endocrinology 132(3): 

1132-1138. 

Yang, J., P. Cron, V. M. Good, V. Thompson, B. A. Hemmings and D. Barford (2002). "Crystal 

structure of an activated Akt/protein kinase B ternary complex with GSK3-peptide and 

AMP-PNP." Nat Struct Biol 9(12): 940-944. 

Yang, J., X. Liu, K. Bhalla, C. N. Kim, A. M. Ibrado, J. Cai, T. I. Peng, D. P. Jones and X. Wang 

(1997). "Prevention of apoptosis by Bcl-2: release of cytochrome c from mitochondria 

blocked." Science 275(5303): 1129-1132. 



Page 190 of 195 

 

Yenush, L., K. J. Makati, J. Smith-Hall, O. Ishibashi, M. G. Myers, Jr. and M. F. White (1996). 

"The pleckstrin homology domain is the principal link between the insulin receptor and 

IRS-1." J Biol Chem 271(39): 24300-24306. 

Yip, C. C. (1992). "The insulin-binding domain of insulin receptor is encoded by exon 2 and 

exon 3." J Cell Biochem 48(1): 19-25. 

Yoshida, H. and Y. Ihara (1993). "Tau in paired helical filaments is functionally distinct from 

fetal tau: assembly incompetence of paired helical filament-tau." J Neurochem 61(3): 

1183-1186. 

Yu, F., Y. Zhang and D. M. Chuang (2012). "Lithium reduces BACE1 overexpression, beta 

amyloid accumulation, and spatial learning deficits in mice with traumatic brain injury." J 

Neurotrauma 29(13): 2342-2351. 

Yu, S. P. (2003). "Regulation and critical role of potassium homeostasis in apoptosis." Prog 

Neurobiol 70(4): 363-386. 

Zetterberg, H., U. Andreasson, O. Hansson, G. Wu, S. Sankaranarayanan, M. E. Andersson, P. 

Buchhave, E. Londos, R. M. Umek, L. Minthon, A. J. Simon and K. Blennow (2008). 

"Elevated cerebrospinal fluid BACE1 activity in incipient Alzheimer disease." Arch 

Neurol 65(8): 1102-1107. 

Zhang, H., Y. Gao, Z. Dai, T. Meng, S. Tu and Y. Yan (2011a). "IGF-1 reduces BACE-1 

expression in PC12 cells via activation of PI3-K/Akt and MAPK/ERK1/2 signaling 

pathways." Neurochem Res 36(1): 49-57. 

Zhang, L., H. Zhao, X. Zhang, L. Chen, X. Zhao, X. Bai and J. Zhang (2013). "Nobiletin protects 

against cerebral ischemia via activating the p-Akt, p-CREB, BDNF and Bcl-2 pathway 

and ameliorating BBB permeability in rat." Brain Res Bull 96: 45-53. 



Page 191 of 195 

 

Zhang, X., K. Zhou, R. Wang, J. Cui, S. A. Lipton, F. F. Liao, H. Xu and Y. W. Zhang (2007). 

"Hypoxia-inducible factor 1alpha (HIF-1alpha)-mediated hypoxia increases BACE1 

expression and beta-amyloid generation." J Biol Chem 282(15): 10873-10880. 

Zhang, Y. W., R. Thompson, H. Zhang and H. Xu (2011b). "APP processing in Alzheimer's 

disease." Mol Brain 4: 3. 

Zhao, W. Q., F. G. De Felice, S. Fernandez, H. Chen, M. P. Lambert, M. J. Quon, G. A. Krafft 

and W. L. Klein (2008). "Amyloid beta oligomers induce impairment of neuronal insulin 

receptors." Faseb J 22(1): 246-260. 

Zhen, Y. F., J. Zhang, X. Y. Liu, H. Fang, L. B. Tian, D. H. Zhou, T. R. Kosten and X. Y. Zhang 

(2013). "Low BDNF is associated with cognitive deficits in patients with type 2 

diabetes." Psychopharmacology (Berl) 227(1): 93-100. 

Zheng, H. and E. H. Koo (2006). "The amyloid precursor protein: beyond amyloid." Mol 

Neurodegener 1: 5. 

Zhiyou, C., Y. Yong, S. Shanquan, Z. Jun, H. Liangguo, Y. Ling and L. Jieying (2009). 

"Upregulation of BACE1 and beta-amyloid protein mediated by chronic cerebral 

hypoperfusion contributes to cognitive impairment and pathogenesis of Alzheimer's 

disease." Neurochem Res 34(7): 1226-1235. 

Zhou, L., N. Brouwers, I. Benilova, A. Vandersteen, M. Mercken, K. Van Laere, P. Van Damme, 

D. Demedts, F. Van Leuven, K. Sleegers, K. Broersen, C. Van Broeckhoven, R. 

Vandenberghe and B. De Strooper (2011). "Amyloid precursor protein mutation E682K 

at the alternative beta-secretase cleavage beta'-site increases Abeta generation." EMBO 

Mol Med 3(5): 291-302. 



Page 192 of 195 

 

Zlokovic, B. V. (2008). "The blood-brain barrier in health and chronic neurodegenerative 

disorders." Neuron 57(2): 178-201. 

Zlokovic, B. V. (2011). "Neurovascular pathways to neurodegeneration in Alzheimer's disease 

and other disorders." Nat Rev Neurosci 12(12): 723-738. 

 

  



Page 193 of 195 

 

PERMISSIONS 

1. Sections of chapter 1were created by Brent Aulston and published in © 2013 Aulston BD, 

Odero GL, Aboud Z, Glazner GW. “Understanding Alzheimer's Disease” under CC BY 

3.0 license. Available from: http://dx.doi.org/10.5772/54913. Per Intech’s copyright 

license, the copyright of the published work belongs to the author. Permission for use of 

this work was granted from Intech contingent on the preceding citation being included.   

 

2. Sections of chapter 3 and 4 are published in  Experimental Neurology, 2018 Brent D. 

Aulston, Jason Shapansky, YaWen Huang, Gary L.Odero, Gordon W. Glazner ,” Secreted 

amyloid precursor protein alpha activates neuronal insulin receptors and prevents 

diabetes-induced encephalopathy”. According to Elsevier’s copyright policy, journal 

article authors are allowed to use their published work in their dissertation without 

permission on the contingency that the work will not be used for commercial use.  

 

  

http://dx.doi.org/10.5772/54913


Page 194 of 195 

 

SUPPLEMENTARY FIGURES 

 

Supplementary Figure 1: PP2AC viability assay 

 

Supplementary Figure 1: PP2AC viability assay – A. immunoprecipitated PP2A-C proteins 

were blotted and band density quantified. Number below bands represent animal IDs. Data is 

mean density +/- SEM. No differences in average band density were detected following analysis 

with 1-way ANOVA and Tukey’s post hoc test. B. image of the plate used for the colormetric 

assay which quantified PP2AC activity in brain homogenates. 
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Supplementary Figure 2: Culture media conditioned by sAPPα-NSCs increases neuronal 

survival compared to media conditioned by Wt-NSCs 

 

Supplementary Figure 2: Culture media conditioned by sAPPα-NSCs increases neuronal 

survival compared to media conditioned by Wt-NSCs – NSCs were placed into starvation media 

(neurobasal -B27) for 24 hours then cultures were centrifuged and supernatant (conditioned 

media) was collected. Cultures of cortical neurons (see Materials and Methods) were treated for 

24 in neurobasal +/- B27 or media conditioned by Wt – NSCs (-B27 (Wt NSC)) or sAPPα-NSCs 

(-B27 (sAPP NSC)). A. Viability of neuronal cultures was assessed by presto blue assay. Data is 

mean viability (Arb unit) +/- SEM. Data was analyzed by a 1-way ANOVA and Tukey’s post hoc 

test. N = 5-8 wells/ treatment. ### indicates p<0.001 compared to -B27 group. ** indicates 

p<0.01. B. Cultured neurons were stained for a viability marker (hydrolyzed calcein AM: green) 

and a apoptotic marker (ethidium homer dimer – 1: red) following treatment. Scale bar is 20μm. 


