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Abstract 

 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, with 

asymptomatic and symptomatic phases. Hallmark lesions of AD include extracellular 

deposits of fibrillar amyloid-β (A β) and intracellular Neurofibrillary tangle formations 

(NFTs). However, recent evidence seems to support soluble oligomeric forms of amyloid 

proteins as bioactive species in AD. Amyloid-β oligomers (Aβo), such as Aβ*56, Aβ 

dimers and trimers have been demonstrated to be synaptotoxic species in AD. In 

particular, one of these oligomers, Aβ*56, was found to cause cognitive decline in the 

AD mouse model Tg2576, despite the absence of plaques and neuronal loss. In addition, 

cross-sectional studies suggest its possible involvement in the asymptomatic or 

preclinical phase of AD. However, it is currently unclear how this specific oligomer 

(Aβ*56) influences cellular and molecular processes to lead to cognitive deficits. My 

thesis focused on how Aβ*56 is able to disrupt cognition at the cellular and molecular 

level. First, we demonstrate that Aβ*56 forms a complex with NMDA receptors 

(NMDARs) resulting in an aberrant increase in intracellular calcium driven by synaptic 

NMDARs and the specific activation of the Ca2+/calmodulin dependent protein kinase 

CaMKIIα. Active CaMKIIα induces selective pathological changes in tau in vivo and in 

vitro, involving hyperphosphorylation and missorting. Importantly, other forms of 

endogenous Aβ oligomers do not appear to trigger these effects. Furthermore, other 

kinases such as GSK3, Cdk5 and fyn are not modulated by Aβ*56 in vitro. Interestingly, 

CaMKII phosphorylation is elevated in brain tissue of aged individuals, correlating with 

Aβ*56 abundance. These findings indicate that distinct Aβ oligomers activate specific 
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neuronal signaling pathways in a highly selective manner in vitro. By extrapolation, these 

observations may have important consequences relative to our understanding of the 

different stages of AD.  
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Chapter 1 
 

Introduction 
 
 
 

I.  Introduction to Alzheimer’s disease 
 
 Alzheimer’s disease (AD) is the most common cause of dementia, which is often 

associated with multiple social and functional deficits such as memory impairment, 

communication and language deficits, inability to focus and pay attention, compromised 

reasoning and judgment, impaired visual perception, that are severe enough to hinder a 

person’s daily living. AD makes up 60-80% of dementia cases according to the 

Alzheimer’s Association (www.alz.org). In 2015, 5.3M Americans suffer from AD, the 

great majority of whom are 65 years or older. The annual incidence of AD increases 

steadily starting at age 65 and doubles after 85 years of age (Hebert et al., 1995). More 

than 90% of AD cases appear to be sporadic with no known genetic cause (Bekris et al., 

2010). However, 1 to 6% showed AD-linked mutations that lead to the early-onset of 

clinical symptoms generally before the age of 60 ( Bekris et al., 2010, Bateman et al., 

2011). The number of people diagnosed with AD is projected to triple by 2050 reaching a 

resounding 16 million Americans, making it an urgent issue that needs immediate 

resolving.  

 

 Dr. Alois Alzheimer first described Alzheimer’s disease in 1906 on a 56-year-old 

subject who presented with rapidly progressive dementia that failed to fall within the 

characteristics of ‘senile dementia’ because of its early onset, and disease severity 
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(Alzheimer, Förstl, & Levy, 1991). The German physician characterized the disease as 

‘pre-senile dementia’ until it became clear that pre-senile and senile dementia share the 

same neuropathologies as demonstrated by Blessed, Tomlinson and Roth in 1968 (Burns, 

Tomlinson, & Mann, 1997). The term “Alzheimer’s disease” was coined by his colleague 

Dr. Emil Kraepelin in 1910 and to later include both types of dementia (Katzman, 2008). 

 

  Following postmortem analysis, brains of patients showed a severe degeneration 

of neurons in the cerebral cortex with other pathologies. Abnormalities in the brain of an 

AD patient are first characterized by shrinkage of total brain volume with severe 

degradation of brain regions involved in learning and memory processes. Microscopic 

analysis showed formation of what Dr. Alzheimer referred to as extracellular Fischer’s 

plaques and intracellular fibrillar structures (Alzheimer et al., 1991). These lesions were 

later referred to as amyloid plaques and neurofibrillary tangles (NFTs) respectively and 

are to date the two hallmarks of AD. 

 

Amyloid plaques are mainly composed of a 39-43 amino acid protein amyloid-beta (Aβ) 

peptide, a product of the subsequent cleavage of the amyloid precursor protein (APP) by 

proteolytic enzymes initially termed secretases, β- and !-secretases respectively (Eanes & 

Glenner, 1968; Glenner & Wong, 1984; “Kang et al., 1987; Simans et al., 1993). 

Following amyloidogenic APP processing, Aβ is released outside the cell as a soluble 

protein, however it can aggregate as diffused (non-congophilic) or dense core plaques. 

These amyloid plaques are found abundantly in different areas of the brain including the 

frontal, the parietal and temporal lobes.  
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Although the majority of AD cases are sporadic, mutation in the APP, presenilin-1 

(PSEN1) and presenilin-2 (PSEN2) genes have been identified in early-onset AD. Certain 

of these genetic mutations cause dominantly inherent AD and increase production of the 

42-amino acid form of Aβ (Aβ42). An increase in the ratio of Aβ42:Aβ40 appears to be 

more aggregation-prone and seems to promote more formation of neurotoxic assemblies 

(Chen & Glabe, 2006; Kuperstein et al., 2010; Mann et al., 1996). Aβ42 is of particular 

importance as it has been shown to be the more toxic species of Aβ (Zhang et al., 2002). 

These findings explains the coincidence of an increase in Aβ42 levels with the familial 

AD-linked PSEN1 mutation carrier compared with cases of sporadic AD (Hellström-

Lindahl et al.,  2009).  

 

Neurofibrilary tangles (NFTs), the other hallmark of AD, are mainly composed of the 

microtubule-associated protein tau (Avila et al, 2004; Binder, Guillozet-Bongaarts et al., 

2005; Gamblin et al., 2000; Iqbal et al., 1998; King et al.,1999; Delacourte and Defossez, 

1986). Tau can undergo hyperphosphorylation, truncation and conformational changes 

leading to the formation of intracellular fibrillar aggregates of the protein that make up 

the NFTs (Binder et al., 2005; Luna-Muñoz et al., 2005). Similar to the amyloid plaques, 

NFTs can be very abundant in the diseased brain and are found in brain areas that are 

important for learning and memory processes.  

In addition to the changes in tau and Aβ, multiple other abnormal protein changes have 

been implicated in AD. For instance, intracellular inclusions mainly containing � -

synuclein (�-Syn) known as Lewy bodies (LBs) and Lewy neurites (LNs) are found in 
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close to 60% of sporadic AD and familial AD cases (Baba et al., 1998; Hamilton, 2000; 

Lippa et al., 1998). Additionally subjects with the LB variant of AD generally display 

faster rate of cognitive decline than subjects with AD alone (Olichney et al., 1998). 

Interestingly the effects α-Syn appear to have in AD seems to be dependent on 

dysregulation of soluble levels of α-Syn and not fibrlar α-Syn (Larson et al., 2012; Lee et 

al., 2002; Scott et al., 2010). 

 
Understanding the cellular and molecular mechanism of the disease will require 

understanding the part these proteins play and how they are related to one another. 

 
 
II. The amyloid cascade hypothesis 
 
The amyloid cascade hypothesis postulates that the amyloid-β protein (Aβ) is the 

causative initiator in AD pathology. According to Hardy and Heggins in their original 

report, Aβ depositions precede NFTs formation, cell degeneration, vascular damage and 

behavioral deficit which are proposed to be direct consequences of amyloid deposition 

(Hardy & Higgins, 1992). Two decades later, the majority of the data appears to still 

support the idea that Aβ is the primary initiator of AD pathogenesis. However, the 

concept that Aβ aggregation has a unique and critical role as the key initiator of AD 

pathology revealed many layers of complexity.  

 

The strongest data supporting the role of Aβ as disease initiator comes from human 

genetics. Autosomal dominant familial AD (fAD) is caused by mutations in three genes, 

APP, PSEN1 and PSEN2, which are all inherently involved in A�  production. As 

previously noted, APP is the gene precursor for the amyloid-beta protein.  PSEN1 and 
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PSEN2 on the other hand are the genes encoding for the presenilin-1 (PS1) and pesenilin-

2 (PS2) proteins. PS1 and PS2 are the catalytic subunits of the !-secretase complex that 

cleaves APP to generate A� (Bettens et al., 2013). Therefore, many mutations to any of 

these two genes have the same consequence as the mutations on APP which is to 

typically increase A� production. 

Familial AD-related mutations lead to accelerated accumulation of A� plaques and 

cause early-onset dementia (Bettens et al., 2013; Goate et al., 1991; Levy et al., 1990; 

Tomiyama et al., 2008; Tsubuki, Takaki, & Saido, 2003). Duplication of the APP gene 

located on chromosome 21 increases A� production and causes age-related cognitive 

impairment (Cabrejo et al., 2006; Rovelet-Lecrux et al., 2006; Sleegers et al., 2006), as 

patients with Down syndrome show increased levels of A�42 and develop dementia in 

their fifties. While the physiological roles of the PS are not clear (Borchelt et al., 1996; 

Thinakaran & Parent, 2004), their effects on APP metabolism are now well documented. 

The brains of individuals with PSEN mutations have particularly abundant deposits of A

�42 (Cruts et al., 1996; Gómez-Isla et al., 1997; Lemere et al., 1996). Moreover, 

transgenic animals overexpressing mutant, but not wild type, PSEN1 produce more A�

42 (Borchelt et al., 1996; Scheuner et al., 1996) and cells transfected with mutant PSEN 

produce more A�42 (Borchelt et al., 1996).  

Furthermore, several studies show that A� accumulations can cause toxicity in neurons 

leading to cognitive deficit in mouse models with APP or PSEN mutations. Loss of 

synaptic terminals and LTP deficits have been demonstrated in studies of transgenic mice 

overexpressing mutant APP (Chapman et al., 1999; Spires et al., 2005). A� peptides are 
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also capable of reducing metal ions leading to the production of hydrogen peroxide 

(H2O2). This in turn mediated an elevation of oxidative stress, one of the early 

pathological events of AD (Atwood et al., 2003; Behl, Davis, Lesley, & Schubert, 1994; 

Hensley et al., 1994; Huang et al., 1999).  

The amyloid cascade hypothesis postulates that tau is an effector of A� toxicity (Götz et 

al., 2001; Lewis et al., 2001). In mice, A� seems to worsen tau pathology in animals 

expressing P301L mutation, a tau mutant that leads to NFTs formation. Reduction of 

endogenous tau protein levels in transgenic animals expressing APP with fAD mutations 

prevented A�-induced toxicity in those animals (Rapoport et al., 2002; Roberson et al., 

2007).  In vitro neurons expressing human tau showed an exacerbation of A�-induced 

toxicity. Further, deletion of endogenous tau in neurons damped A�-induced toxicity in 

those neurons (Lewis et al., 2001; Rapoport et al., 2002). As demonstrated by several 

studies, A� aggregation appear to be required for high levels of cortical tau pathology 

(Knopman et al., 2003; Price & Morris, 1999). Altogether, these observations support the 

concept that A� plaques have a unique and critical role as the initiating agent of AD 

pathology with downstream effects being tau pathologies, neuronal loss and cognitive 

dysfunction.  

 However, amyloid plaques correlate poorly with neuronal cell death and clinical 

symptoms both temporally and anatomically in sporadic AD (Gómez-Isla et al., 1997; 

Terry et al., 1991; Dickson et al., 1995; Giannakopoulos et al., 2003; Bennett	 et	 al.,	

2004).	The	brain	regions	that	develop	plaque	depositions	first	and	more	severely	do	

not	coincide	with	regions	where	neuronal	death	is	initiated	and	is	more	prominent.	
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For	 instance,	 cell	 loss	 begins	 in	 areas	 like	 the	 hippocampus	 and	 the	 entorhinal	

cortex,	which	have	relatively	low	amounts	of	A�	plaques	compared	to	areas	such	as	

the	 frontal	 lobes	 (Braak	 &	 Braak,	 1991;	 Serrano-pozo	 et	 al.,	 	 2011).	 It	 became	

evident	 that	 tau	 correlates	 more	 tightly	 with	 neuronal	 loss	 than	 A�	 plaques	

(Arriagada,	Marzloff,	&	Hyman,	 1992;	Gómez-Isla	 et	 al.,	 1997;	 Serrano-pozo	 et	 al.,	

2011).	Neuropathological	 studies	have	 as	well	 documented	 a	 level	 of	A�	 plaques	

deposition	 in	 individuals	with	 intact	 cognitive	 functions,	 though	 these	 individuals	

may	 be	 in	 a	 stage	 when	 clinical	 symptoms	 are	 yet	 to	 be	 manifested	 but	 disease	

processes	 like	 pathological	 A�	 changes	 has	 already	 started	 (Pike	 et	 al.,	 2007),	 a	

concept	discussed	later.	Indeed,	clinically	cognitively	normal	subjects	with	amyloid	

plaque	 burden	 display	 subtle	 cognitive	 deficits	 with	 detailed	 neuropsychometric	

testing	 and	 accelerated	 hippocampal	 atrophy	 when	 compared	 with	 plaque-free	

controls	 (Chetelat	 et	 al.,	 2012;	 Donohue	 et	 al.,	 2014).	 In	 human	 AD	 tauopathy	 as	

measures	by	AT8,	an	antibody	for	paired	helical	filament	(PHF)	tau	phosphorylated	

at	S202,	appeared	to	precede	A�	plaques	deposition	(Braak	et	al.,	2011;	Braak	et	al.,	

2013).	In	mice	overexpressing	APP	with	disease-linked	mutations,	cognitive	deficit	

precedes	 frank	 A�	 plaques	 deposition	 (Hsia	 et	 al.,	 1999;	 Mucke	 et	 al.,	 2000),	

creating	a	discrepancy	that	lead	some	to	challenge	the	amyloid	hypothesis.	However,	

these	findings	may	also	be	supporting	an	altered	amyloid	hypothesis	 in	which	A�	

“aggregates”	other	than	the	plaques	are	mediators	of	impairment	in	AD.	In	deed,	in	

the	past	15	years	there	has	been	emerging	evidence	that	soluble	forms	of	A�	may	

be	the	bioactive	species	 in	AD.	Neuropathological	studies	have	shown	that	fibrillar	
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amyloid	 plaques	 correlate	 poorly	 with	 cognitive	 function	 (Arriagada	 et	 al.,	 1992;	

Bennett	et	al.,	2004;	Giannakopoulos	et	al.,	2003;	Terry	et	al.,	1991).	Rather,	soluble	

A�,	not	plaque	levels,	was	found	to	correlate	better	with	synaptic	loss	in	transgenic	

APP	mice	and	in	brains	of	patients	with	AD	(Lue	et	al.,	1999;	L	Mucke	et	al.,	2000).	

The	 role	 of	 soluble	 A�	 as	 in	 mediating	 synaptic	 dysfunction	 and	 cognitive	

impairment	will	be	discussed	further	in	the	next	section.	

 

Challenge to the amyloid cascade hypothesis also includes the fact that transgenic animal 

models overexpressing APP developed A� pathology and cognitive dysfunction but do 

not recapitulate all the features of full-blown AD. Transgenic animal models of AD do 

not display tau NFTs and the majority of them lack overt neuronal loss at the degree 

found in AD (“Games et al., 1995; Masliah et al., 1996; Hsiao et al., 1996; Irizarry et al., 

1997; Sturchler-Pierrat et al., 1997). A potential explanation for the lack of NFTs in A� 

AD mouse models, that would still support the amyloid cascade hypothesis, is that there 

may be species difference in the tau protein between humans and mice. There are six 

isoforms of adult human tau emanating from the alternative splicing of a single tau gene 

(Goedert et al. 1989a, 1989b; Kosik 1989). Each one of these isoforms either contain 3 

(3R) or 4 (4R) domains with the inclusion or exclusion of a repeat region coded by exon 

10 of the tau gene (Hutton et al. 1998; Spillantini et al. 1998; Poorkaj et al. 2001). On the 

other hand mouse tau isoforms only contain 4R as opposed to similar levels of 3R and 4R 

tau isoforms in human.  Additionally, there are 14 amino acids difference in the N-

terminus of the tau protein sequence between mouse anad human tau. All these 

differences may be the reason for the lack of NFTs in APP mouse models of AD. Indeed, 
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it has been documented that deletion of endogenous mouse tau in animals expressing 

wild-type human tau leads to the formation of NFTs in those animals (Andorfer et al., 

2003). Additionally it was proposed that species difference in inflammatory responses 

(Schwab et al., 2004) or brain aging (Loerch et al., 2008) may be cause for the 

“shortcomings” of amyloid-� models of AD. Altogether, these studies rather support the 

idea that APP models may be representing an earlier stage of AD where A� pathology is 

accompanied with synaptic deficit and cognitive dysfunction without overt neuronal loss 

in the some of the amyloid models (Ashe & Zahs, 2010), although the loss of 

monoaminergic neurons has been reported in brains of APP/PS1 mouse model of AD but 

still no NFTs (Liu et al., 2008). 

 

III. Amyloid beta oligomers 
 
Sequential cleavage of the transmembrane glycoprotein APP by the otein gl!-secretase 

enzymes that generates Ae can lead to the formation of low-molecular weight (low-n) 

aggregates such as dimers and trimers to large aggregates such as proto-fibrils (Haass & 

Selkoe, 2007). The proto-fibrils are intermediate assemblies that lead to fibrillization, 

directing A� plaque deposition (Harper et al., 1997; Walsh et al., 1997). On the other 

hand, we have soluble aggregates of A� ranging from low-n oligomers (e.g.dimers and 

trimers) to mid-range-molecular weight oligomers (e.g. A�*56) to large aggregates, 

some of which do not seem to contribute to the formation of plaques (Larson & Lesné, 

2012). These deposits are referred to as soluble amyloid-�  oligomers (A�o) with 

several of them identified and studied in animal models of AD (Cheng et al., 2007; 
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Gandy et al., 2010; Lesné et al., 2006; Reed et al., 2011; Shankar et al., 2008). A� 

oligomers have been described to promote neurotoxicity, synaptic and network 

dysfunction (Mucke & Selkoe, 2012; Palop et al., 2007; Palop, Chin, & Mucke, 2006; 

Shankar et al., 2008). Amyloid-� dimers, trimers and A�and, a 56 kDa A� oligomer, 

have been identified in brain lysates of patients with AD and from transgenic animal 

models of AD. Cognitive testing assayed these three oligomers to establish their effects 

on neuronal function and cognition (Cleary et al., 2005; Lesne et al., 2006; Shankar et al., 

2008).  

 

Sodium dodecyl sulfate (SDS)-stable A� oligomers with an apparent molecular weight 

of 8 and 12 kDa (putative dimers and trimers) were identified in both soluble and 

insoluble fractions of AD brain tissue (McLean et al., 1999). Several other studies later 

found an elevation of A�  dimers in AD brains and in transgenic mouse models 

expressing AD linked mutations (Kawarabayashi et al., 2004; Shankar et al., 2008). A� 

dimers have deleterious effects on neuronal function and cognition. Healthy rodents 

injected with A� dimers showed impaired brain functions (Reed et al., 2011; Shankar et 

al., 2008). Dimers derived from human brain tissue or cell lines have been shown to 

induce synaptic loss, impair long-term potentiation and disrupt memory (Cleary et al., 

2005; Klyubin et al., 2008; Shankar et al., 2007, 2008; Walsh et al., 2002). It was further 

demonstrated that blockade of LTP was induced by Low-n oligomers (including dimers) 

and not monomers or large aggregates (Walsh et al., 2005). Natural, cell-derived 

Aβ oligomers inhibited hippocampal LTP when small volumes were microinjected into 
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the lateral ventricle of the brains of wild-type rats (Walsh et al. 2002). In addition, dimers 

derived from human AD brains have been shown to induce tau phosphorylation and 

cytoskeletal abnormalities in cultured hippocampal neurons (Jin et al., 2011).  

 

Amyloid-� trimers are the earliest endogenous oligomeric A� species produced and 

secreted by neurons (Lesne et al., 2013). Trimers are present in brain tissue of transgenic 

mouse models such as the Tg2576 mouse as early as embryonic day 14 and its expression 

persists throughout life (Lesné et al., 2006). Similarly, in human A� trimers brain levels 

were detectable as early as one year of age (Lesné et al., 2013). In addition to the fact that 

trimers are the most abundant species of A� produced and secreted by primary neurons 

in vitro (Larson et al., 2012; Lesné et al., 2006), the formation of trimers in vivo appears 

to be dependent on the levels of A� production (Ma et al., 2007). These findings seem to 

support the hypothesis that A� trimers may be the building blocks for non-fibrilar 

assemblies of A�. The deleterious effects of A� trimers appear to be a conflicting topic. 

A� trimers are found in the Tg2576 transgenic mouse model prior to cognitive decline 

and do not seem to cause deficit when injected into healthy rodents (Lesné et al., 2006; 

Reed et al., 2011).  However, there is one study that claims disruption of synaptic 

plasticity on hippocampal slices caused by application of trimers (Townsend et al., 2006). 

In 2012 pathological tau changes was described in association with the application of A

�  trimers in vitro (Larson et al., 2012). Additionally, in a transgenic rat model of 

Alzheimer’s disease Aβ trimers were found to be the only oligomeric A� species present 

at 3 months of age, when a cognitive deficit was detected (Leon et al., 2010).  
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  Another soluble A� species called A�*56 was first identified in an APP mouse 

model of AD overexpressing human APP with the Swedish mutation, Tg2576 (Lesné et 

al., 2006). A�*56 is a putative dodecamer detected with SDS-PAGE western blotting at 

56 kilodaltons (kDa) that impairs memory in the absence of A� plaque depositions and 

frank neuronal loss (Lesné et al., 2006). The oligomer was since identified in other mouse 

models of AD, notably J20, Arc48 and 3xTgAD with cognitive impairment (Cheng et al., 

2007; Oddo et al., 2006). In the Tg2576 mouse model that overexpresses human APP 

with a familial AD-linked mutation, the onset of a subtle cognitive decline at 6 months of 

age coincides with the detection of A�*56 in forebrain tissues. Further, when the 

purified soluble A� assembly was acutely injected in young healthy rats, it induced a 

transient memory impairment as assessed by Morris Water Maze (MWM) and 

Alternating Lever Cyclic Ratio (ALCR) assay (Lesné et al., 2006; Reed et al., 2011).  

 

In humans, these different amyloid-�  oligomers appear to have different temporal 

patterns with distinct but overlapping levels in different clinical groups of AD. A� 

dimers, trimers and A�*56 are found in brains of cognitively intact individuals and 

increases with age (Lesné et al., 2013). However, Lesne et al (2013) showed that dimers 

are elevated in subjects with probable AD compared to cognitively intact subjects. 

Amyloid-� trimers on the other hand sharply increased in the mild cognitively impaired 

(MCI) individuals and drops in subjects with probable AD (Larson and Lesne 2012; 

Lesne et al., 2013). Finally, A� *56 was elevated in subject without cognitive 
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impairment and dropped in subjects with MCI or probable AD (Lesne et al., 2013). 

Interestingly, A�*56 appears to correlate more strongly with tau-Alz50, a pathological 

conformer of tau, and tau phosphorylated at S202 (CP13), a phosphorylation site found in 

the early stage of AD, than either dimers or trimers (Lesne et al., 2013). The same study 

also showed an inverse correlation with synaptic proteins such as debrin and fyn.  All of 

these changes (increased pathological soluble tau or decreased synaptic proteins) lead to 

neuronal dysfunction and cognitive impairment. Therefore, a correlation with these two 

entities can possibly suggest that A�*56 may be underlying the subtle cognitive deficits 

observed in people at risk for AD (Amieva et al., 2008; Bateman et al., 2012; Jack et al., 

2010; Sperling et al., 2011). Supporting that hypothesis is the fact that A�*56 started to 

increase in subjects in their 40s when also age-associated memory impairment such as 

subtle deficits in declarative memory is first noticeable (Youngjohn & Crook, 1993). 

Together, with the fact that age is the greatest single risk factor in AD, all these findings 

seem to suggest that A�*56 may be important in the preclinical asymptomatic phase of 

AD, as A�*56 appeared to participate in the amyloid cascade before the onset of clinical 

symptoms. 

 

IV. Mediators of Amyloid-� toxicity 
 
Two decades ago, several lines of evidence pointed to strong associations between the 

degrees of cognitive impairment and synaptic alteration in AD subjects (DeKosky & 

Scheff, 1990; Terry et al., 1991). Further, numerous other studies support the hypothesis 

that A� , particularly soluble A�  oligomers, cause cognitive deficits in part by 
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interfering with synaptic functions (Walsh et al., 2002; Cissé et al., 2011; McLaurin et al., 

2006; McLaurin et al. 2006; Cisse et al. 2011a; Roberson et al. 2011, Larson et al 2012). 

Synthetic A� oligomers and soluble A� oligomers isolated from cell culture media or 

brain of subject with AD caused acute synaptic deficits when added to hippocampal 

slices or slice cultures (Gong et al., 2003; Shankar et al., 2007, 2008). A� has been 

proposed to induce synaptic dysfunction by interacting functionally and/or structurally 

with receptors at the synaptic membrane. These proposed receptors include �7-nicotinic 

acetylcholine receptors (�7-nACh), N-methyl-D-aspartate (NMDA) and �-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, insulin receptors, the 

receptor for advanced glycation end-products (RAGE), the cellular prion protein (PrPC), 

and the Ephrin-type B2 receptor (EphB2) (Cissé et al., 2011; Gimbel et al., 2010; Koffie 

et al., 2009; Lacor et al., 2004, 2007; M. Larson et al., 2012; Laurén et al., 2009; 

Simakova & Arispe, 2007; Yan et al., 1999). 

 
A. RAGE in amyloid-β-induced toxicity 
 
The first membrane receptor identified to possibly be interacting with A� oligomers is 

RAGE. RAGE is a 35 kDa transmembrane receptor of the immunoglobulin super family. 

The receptor was originally proposed to interact with A� (Yan et al., 1996) and regulate 

A� accumulation in the brain (Deane et al., 2003). Consistent with this finding, deletion 

of RAGE was reported to rescue A�-induced LTP inhibition (Origlia et al., 2008). In 

addition, in a transgenic animal model of AD harboring the Swedish and the Indiana 

mutation on APP (J20), overexpression of RAGE enhanced cognitive deficit typically 

associated with this model (Arancio et al., 2004). However, the concentration (10 µM) 
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used to initially demonstrate the interaction of RAGE with A�  oligomers largely 

exceeded the physiological concentrations of A� peptides in human brain, interstitial 

fluid and cerebrospinal fluid proposed to be in the low nM range (Shankar et al., 2008; 

Dominic M Walsh et al., 2002). Accordingly, these supraphysiological conditions at 

which A� readily aggregates into fibrils raise the possibility of a non-specific interaction 

between A� and RAGE. Finally, gene ablation of RAGE in another transgenic mouse 

model did not rescue cognitive impairment (Vodopivec et al., 2009) making this topic 

somewhat controversial. To date, a direct interaction of RAGE with A� has not been 

shown. More evidence is therefore needed to support or refute the interaction of RAGE 

with A� oligomers. 

 
B. The prion protein and EphB2 as mediators of amyloid-�-induced toxicity 
 
Two other membrane receptors (PrPC and EpB2 receptors) have been proposed to 

mediate the effects of A�have bed synaptic dysfunction. The prion protein hypothesis 

however, has been highly controversial (Barry et al., 2011; Calella et al., 2010; Freir et al., 

2011; Kessels et al., 2010; Laurén et al., 2009). In the past few years, several studies have 

argued for A�ddependent toxicity to be mediated by PrPc, the cellular prion protein 

(Barry et al., 2011; Gimbel et al., 2010; Laurén et al., 2009).  PrPc has been shown to act 

as a receptor for synthetic forms of A� oligomers leading to the inhibition of long-term 

potentiation (Laurén et al., 2009). This same study reported that deletion of the PRNP 

gene encoding for PrPc lead to decreased binding of A�o to the surface of the cells. 

Supporting these findings, antibodies targeting the 94–104 domain of PrPC blocked the 
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inhibition of LTP triggered by soluble extracts of AD brain (Barry et al., 2011; Freir et al., 

2011). More recently, several independent studies have reported that soluble A�eported 

thPrPc at neuronal dendritic spines where it forms a complex with and leads to activation 

of the Src kinase Fyn (Larson et al., 2012; Um et al., 2012, 2013). Further, PrPC-

interacting oligomers were tightly correlated with cognitive deficit in transgenic models 

of AD (Kostylev et al., 2015). By contrast, numerous other groups have failed to 

demonstrate that A�-induced LTP inhibition/cognitive impairment is dependent on PrPC 

(Balducci et al., 2010; Calella et al., 2010; Kessels et al., 2010) leading to an intense 

debate in the field in relationship to the role of PrPC in AD. This discrepancy can be 

partly explained by the fact that the Aβ used in these studies were highly heterogeneous 

and abundance was highly diverse (Calella et al., 2010; Kessels et al., 2010; Cissé et al., 

2011b; Lesne 2013). For instance, in Kessels et al. it was unclear whether Aβ oligomers 

were present in carboxyl terminal domain of the amyloid precursor protein (APPct100)-

expressing slices. In other studies the transgenic animals used might have been too young 

(Calella et al., 2010; Lesne 2013), to lead to the changes observed previously in Lauren et 

al 2009. 

 

The Ephrin B2 (EphB2) has also been proposed as a receptor for endogenous Aβ 

oligomers (Cissé et al., 2011a). Aβ dimers and trimers seem to be in some sort of a 

complex with the EphB2 receptor as they co-immunoprecipitate with the receptor (Cisse 

et al. 2011a). Amyloid Beta-Derived Diffusible Ligands (ADDLs) application to mature 

hippocampal neurons lowered EphB2 expression by 60% (Lacor et al., 2007). In addition, 

EphB2 expression was found decreased in human AD hippocampal extracts (Simon et al. 
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2009). Further, binding of A� oligomers to some putative receptors, for example, EphB2, 

triggers proteosomal degradation of the receptor, as treatment of cells with the 

proteasome inhibitor lactacystin blocked Aβ-induced depletion of EphB2  (Cissé et al., 

2011a). 

 

 
C. Involvement of the NMDA and AMPA receptors in amyloid-�-induced toxicity 
 
Glutamate is the principal excitatory neurotransmitter in the vertebrate nervous system 

(Meldrum, 2000). It acts postsynaptically on glutamate receptors classified into 

ionotropic (NMDA, AMPA and Kainate) and metabotropic (mGluRs) receptors 

depending on the mechanism by which their activation gives rise to a postsynaptic 

current ( Palmada & Centelles, 1998). Ionotropic glutamate receptors are ligand-gated 

cation channels, that opens in response to glutamate binding. The NMDA receptor is 

particular in this category because in addition to glutamate, activation requires binding of 

one of the coagonists  Glycine or D-serine mostly depending on the brain region (Johnson 

& Ascher, 1987; Matsui et al., 1995).  Another distinct feature of the NMDA receptor is 

the voltage sensitive block by Mg2+ lifted by depolarization during activation (Mayer et 

al., 1984). The NMDAR is a heterodimer of glycine-binding GluN1, glutamate-binding 

GluN2 and glycine-binding GluN3 subunits, meaning that two copies each of the 

GluN1and GluN2 and/or GluN3 subunits are required (Benveniste & Mayer, 1991; 

Clements & Westbrook, 1991). Opening of the NMDAR allows Ca2+ ion through the ion 

channel  initiating signal transduction cascades that in turn modulate synaptic strength 

(Bliss & Collingridge, 1993). 

 Two type of NMDAR pools have been described: synaptic and extrasynaptic 



	

18	
	

NMDAR types (Cottrell et al., 2000; Petralia et al., 2010). These two types of receptors 

are different in the pathways they activate and how they activate them (Hardingham & 

Bading, 2010). For instance, the synaptic NMDARs activation leads to activation of pro-

survival signaling pathways such as activation of the extracellular signal-regulates 

kinases 1/2 (ERK1/2) and cAMP response element-binding protein (CREB), whereas 

activation of extrasynaptic NMDARs leads to inhibition of pro-survival agents or 

activation of pro-apoptotic signaling such as the Forkhead box protein O 1 (FOXO1) and 

the mitogene-activated protein kinases (p38) that lead to excititoxicity (Hardingham & 

Bading, 2010). 

 
 Glutamate receptors are good candidates for mediating Aβ-induced synaptic toxicity as 

oligomeric Aβs have been demonstrated to alter glutamatergic synaptic transmission 

thereby, causing synapse loss (Hsia et al., 1999; Mucke et al., 2000; Shankar et al., 2007; 

Walsh et al., 2002). NMDA and AMPA receptors, ionotropic glutamate receptors, play a 

pivotal role in long-term potentiation (LTP), a cellular process believed to underlie 

learning and memory. Induction of LTP promotes synaptic plasticity, however long-term 

depression (LTD) induction promotes synaptic loss (Kullmann and Lamsa 2007). A� 

oligomers have been suggested to indirectly block NMDA receptors partially by shifting 

NMDAR-dependent signaling cascades toward pathways involved in the induction of 

LTD and synaptic loss (Hsieh et al., 2006; Kim et al., 2001; Li et al., 2009; Shankar et al., 

2007). This blockade of the NMDAR and induction of LTP may be due to desensitization 

(L. Liu et al., 2004) or internalization of the receptor at the synapse (Hsieh et al., 2006; 

Snyder et al., 2005), though the exact mechanisms explaining these changes are still 

unclear. 
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In addition to the synaptic NMDAR, A�-induced deleterious effect may be mediated by 

extrasynaptic NMDARs (S. Li et al., 2009; Shankar et al., 2007) with multiple potential 

down-stream effectors. A�o appear to block neuronal glutamate uptake at synapses, 

leading to a rise in glutamate levels in the synaptic cleft (Li et al., 2009), resulting in 

desensitization of the synaptic NMDARs. On the other hand, the increased glutamate 

levels can lead to spillover and activation of extra- or peri-synaptic NMDARs, which 

play a major role in LTD induction (L. Liu et al., 2004). Diverse lines of evidence 

suggest that extracellular oligomers can bind to pre- and postsynaptic elements on 

cultured neurons and in the AD cortex. Further, studies have shown A� co-localized 

with NMDARs at synapses (Dewachter et al., 2009; Lacor et al., 2007). Finally, 

memantine-HCl (Namenda®) an uncompetitive NMDA receptor antagonist has been 

demonstrated to improve measures of cognition, activities of daily living, global outcome, 

and behavior in patients of moderate to severe AD (Tariot et al., 2004). However, a 

directed interaction between the NMDARs and any of the A� oligomers is yet to be 

established. 

V. Kinases, tau phosphorylation and Alzheimer’s disease 

Tau aggregates as paired helical filaments (PHFs) that constitute neurofibrillary tangles 

(NFTs) in AD and other tauopathies. Intracellular NFTs deposition is preceded by 

hyperphosphorylation and conformational changes of tau (Grundke-Iqbal et al., 1986; 

Iqbal et al., 1994). Tau protein is a microtubule-associated protein that is important for 

neuronal cytoskeleton stabilization (Harada et al., 1994; Chen et al., 1992; Hirokawa et 

al., 1988). The region responsible for tau binding to microtubules contains four repeat 

domains R1, R2, R3 and R4 also called microtubule-binding domains (MBD). Each 
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repeat domain contains a conserved consensus motif KXGS, which can be 

phosphorylated at serine, resulting in the destabilization of the neuronal cytoskeleton 

(Sengupta et al., 1998; Trinczek, 1995). 

In addition to phosphorylation, tau can undergo multiple other post-translational 

modifications including  ubiquitination, acetylation, methylation and O-linked N-

acetylglucosamine (O-GlcNAc)  (Arnold et al., 1996; Cohen et al., 2011; Cook et al., 

2013; Cripps et al., 2006; Funk et al., 2014; Guo et al., 2014; Min et al., 2010; 

Morishima-Kawashima et al., 1993). Ubiquitination of tau has been identified in PHFs 

isolated from AD brains (Cripps et al., 2006; Morishima-Kawashima et al., 1993). 

Multiple studies have described methylation of tau at lysine and arginine residues (Funk 

et al., 2014; Guo et al., 2014). Acetylation has as well been described in AD ( Cohen et 

al., 2011; Cook et al., 2013; Min et al., 2010). Recently a study published at nature 

neuroscience also describes acetylation, methylation and ubiquitination lysine residues in 

endogenous mouse tau (M. Morris et al., 2015). Yet tau phosphorylation is still the most 

widely studied post-translation modification of tau. Tau can be phosphorylated at 

numerous sites, 44 of which are found in AD, 28 of those are exclusively found in AD 

(Martin et al., 2013). Phosphorylation of tau at some of these sites has been demonstrated 

to induce tau conformational changes and to attenuate tau binding to microtubules 

(Gendron & Petrucelli, 2009).  

Tau can be phosphorylated by multiple different kinases. Tau protein kinases belonging 

to the proline-directed protein kinases (PDPK), protein kinases non-PDPK and tyrosine 

protein kinases (TPK) are responsible for phosphorylation of tau. The most studied tau 

protein kinases linked to AD include but are not limited to Glycogen synthase kinase-3 
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(GSK3), cyclin-dependent protein kinase-5 (CDK5) and mitogen-activated protein 

kinases (MAPK), extracellular signal-regulated kinases 1 and 2 (Erk1/2), microtubule 

affinity-regulating kinases (MARK), protein kinase A (PKA), protein kinase B 

(PKB/Akt), protein kinase C (PKC), Fyn and Ca2+/calmodulin dependent protein Kinase 

II (CaMKII)  (Martin et al., 2013).  

A. GSK3, tau phosphorylation 

GSK3 has two main isoforms GSK3� and GSK3�. Phosphorylation at serine 21 (for 

GSK3� isoform), at serine residues 9 and 389 (for GSK3� isoform) inhibits GSK3 

activity whereas phosphorylation at tyrosine 279 (for GSK3� isoform) and at tyrosine 

216 (for GSK3� isoform) increases GSK3 activity (Bhat et al., 2000; Cole, Frame, & 

Cohen, 2004; Stambolic & Woodgett, 1994; Thornton et al., 2008; Wang et al., 1994). 

GSK3 can efficiently phosphorylate substrates following “priming” that is when 

substrates were previously phosphorylated at a site four amino acids upstream of the 

phosphorylation site targeted by GSK3 (Dajani et al., 2001), making tau a better substrate 

for GSK3. The structure of GSK3 is devoid of activation segment phosphorylation and is 

proposed to be using a mechanism of catalytic activation coupled to binding of 

phosphorylated substrates (Dajani et al., 2001). Twenty-nine of the 42 sites of tau 

phosphorylated by GSK3 are found in brains of AD patients (Hanger, Seereeram, & 

Noble, 2009; Sergeant et al., 2008) suggesting a link between AD and GSK3 induced tau 

hyperphosphorylation. These sites include phosphorylation at S396 and S404, that have 

been identified to be involved in the formation of PHF (Augustinack et al., 2002; 

Greenberg et al., 1992) and S202 and Thr205 (AT8). GSK3� has been proposed to link 

A� to tau pathology. First, overexpression of GSK3� in transgenic mice induces tau 
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hyperphosphorylation leading to neurodegeneration (Lucas et al., 2001). A� peptide 

increases GSK3� activity, tau phosphorylation and apoptotic neuronal death in vitro 

(Yamaguchi et al., 1996; Zheng, Bastianetto, Mennicken, Ma, & Kar, 2002). It appears 

that GSK3-induced hippocampal degeneration and learning impairment are mediated by 

tau proteins, as knocking the tau gene in mice rescued GSK3-induced hippocampal 

degeneration and learning deficits (Gómez de Barreda et al., 2010). Moreover, GSK3� 

phosphorylated at tyrosine 216 (active form) is elevated in the frontal cortex of AD brains 

(Leroy et al., 2007). Finally, in AD patients, GSK3� co-localizes with NFTs (Pei et al., 

1997; Yamaguchi et al., 1996). 

 

B. CDK5, tau phosphorylation 

Cdk5 is activated when co-activators p35/p39 or p25/p29 interact with the kinase. P35 

can undergo proteolytic cleavage by the calcium-dependent calpains to generate p25 and 

p29. Binding of Cdk5 to p35/p39 is enough to activate Cdk5. However, the kinase is 

hyper-activated when Cdk5 binds to the more stable cleavage proteins p25/p29 (M. S. 

Lee et al., 2000; Martin et al., 2013; Patzke & Tsai, 2002). Cdk5 is exclusively activated 

in neurons due the distribution pattern of its activators p35 and p39 (Guidato et al., 1998; 

Miyajima et al., 1995) and is involved in the regulation of neuronal cytoskeleton dynamic 

(Hallows et al., 2003; Smith, 2003) , and synaptic functions (Samuels et al., 2007). 

 

Cdk5 is able to phosphorylate tau at 11 sites, each of which is found in AD. 

Hyperactivation of Cdk5 in the presence of a mutant form of tau P301L has been 

demonstrated to induce tau hyperphosphorylation and NFTs formation (Cruz, Tseng, 
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Goldman, Shih, & Tsai, 2003; Noble et al., 2003). Additionally, long-term activation of 

Cdk5 in mice (during 27 weeks) results in the NFT formation in the cortex and 

hippocampus (Cruz et al., 2003).  Consistent with these findings, p35 overexpression 

potentiates A�-induced apoptosis in neuronal cultures while Cdk5 inhibition reduces A

� peptide-induced toxicity (Alvarez, Toro, Cáceres, & Maccioni, 1999; Chang et al., 

2010; Lopes, Oliveira, & Agostinho, 2010). Moreover, in AD brains, the p25/p35 ratio 

and the level of the hyperactive complex CDK5/p25 are increased (Camins et al., 2006). 

Finally tau becomes a better substrate for GSK3� after its phosphorylation by Cdk5, 

probably by activating tau priming for GSK3 tau phosphorylation (Sengupta et al., 1997). 

 

C. CaMKII, tau phosphorylation 

The calcium calmodulin dependent protein kinase II (CaMKII) is a Ca2+-activated 

enzyme that is highly abundant in the brain, where it constitutes 1–2% of the total protein. 

Four genes (α, β, !, and ") encode the numerous different isoforms of CaMKII. α and β-

subunits are the predominant isoforms in the brain. The enzyme may contain one or both 

subunits that form dodecameric holoenzymes. Each isoform of these subunits consists of 

a catalytic domain, an autoinhibitory domain, a variable segment and a self-association 

domain.  

 

Entry of calcium into the cytosol leads to the coupling of Ca2+ with calmodulin (CaM). 

The Ca2+/CaM complex binds to a region that overlaps with the pseudosubstrate region 

within the autoinhibitory domain, which normally inhibits the catalytic domain of 

enzyme. This process activates the subunit and exposes Thr286/287 site on the 
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autoinhibitory domain for the � and �-subunits respectively. Consequently, exposure of 

Thr286/287 triggers the phosphorylation of the site by a neighboring subunit (Rich & 

Schulman, 1998), that renders the holoenzyme autonomous and independent of calcium 

levels at that point (Lou, Lloyd, & Schulman, 1986; S. Miller, 1986; Saitoh & Schwartz, 

1985; Yang & Schulman, 1999).  

Following activation, CaMKII can phosphorylate several substrates one of which is the 

microtubule associated protein tau. CaMKII can phosphorylate tau at serines 131, 214, 

262, 356, 416 and threonines 135, 212, though not the sole kinase for these sites, and 5 of 

these sites are found phosphorylated in AD brains (Litersky et al., 1996; Singh et al., 

1996; Yamamoto et al., 2005; Yoshimura, 2003).  

Several studies have shown that CaMKII is both necessary and sufficient to induce LTP. 

Numerous CaMKII inhibitors have been derived from the autoinhibitory domain of the 

holoenzyme to investigate a role of CaMKII in long-term potentiation (LTP) induction. 

CaMKII inhibitors such as KN62 and KN93, block the Ca2+-dependent activity of the 

enzyme by interfering with calmodulin binding (Davies et al., 2000; Sumi et al., 1991; 

Terasawa et al., 1990), and prevent LTP induction (Otmakhov et al., 1997). However, 

KN92 and KN93 can also inhibit other members of the CaMK family including CaMKI 

and CaMKIV (Ichinose et al., 2011; Sato et al., 2006). In addition, these compounds act 

as open channel blocker of voltage-gated potassium channels, independently of CaMK 

inhibition, further complicating their experimental use. Therefore, genetic methods, in 

addition to the pharmacological paradigm, were employed to demonstrate that CaMKII is 

indeed involved in the induction of LTP. Partially knocking out α-CaMKII (45%) 

reduced the magnitude of LTP in these animals (Hinds et al., 1998; Silva et al., 1992; 
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Stevens et al., 1994). Moreover, a CaMKIIα mutation that replaced Thr286 by alanine 

more completely abolished LTP (Giese et al., 1998). Finally, postsynaptic application of 

CaMKII enhances the response to applied glutamate (Davies et al., 1989; Montgomery et 

al., 2001), a process known to be prompted by LTP. Further, synapses that are potentiated 

by CaMKII cannot undergo LTP and conversely, synapses that have undergone LTP are 

virtually insensitive to CaMKII (Lledo et al., 1995; Pettit et al., 1994). This involvement 

of CaMKII in LTP induction might explain how CaMKII-mediated tau phosphorylation 

can lead to synaptic dysfunction. 

 

VI. Summary 

Alzheimer’s disease is a progressive neurodegenerative disorder that is characterized by 

severe neuronal loss in the brain, with shrinkage of the total volume of the brain, 

enlargement of ventricle and degeneration of important brain regions like the 

hippocampal formation. Microscopically, AD is characterized by two legions: 

extracellular amyloid plaques and intracellular NFTs. Amyloid plaques are mainly 

composed of the A� peptide that can form insoluble aggregates for plaque depositions 

or soluble aggregates that may not always participate to plaque formation. The soluble A

� assemblies are also referred to as soluble A� oligomers (A�o). Multiple mutations 

on the amyloid precursor protein gene (APP) or the presenilin 1 and 2 gene (PSEN1/2) 

have been demonstrated to cause the early onset familial form of AD. However, the vast 

majority of AD cases are sporadic (over 95%) meaning there is no known single cause 

for the disease. The amyloid cascade hypothesis postulates that A� is the initiator agent 

in AD and that other pathological changes such as neuronal cell death and cognitive 
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deficits are downstream consequences of A� accumulation. However, because amyloid 

plaques do not strongly correlate with symptoms and because cognitive impairment and 

synaptic dysfunction precede plaque deposition in transgenic animals with the familial 

AD mutations, the hypothesis has been altered to now advance soluble Aβ oligomers as 

bioactive species in AD (Lue et al., 1999; Mucke et al., 2000). Several studies have 

demonstrated the presence of A�o in AD and animal models of the disease. These 

different oligomers, mainly dimers, trimers and A�*56, have been demonstrated to have 

deleterious effects. They can cause neuronal dysfunction and cognitive deficits at what 

seems to be different stages of AD (Larson and lesne 2012; Lesne et al., 2013). 

Multiple surface receptors at the membrane have been proposed to be mediating A�-

induced toxicity. The suggested receptors for mediating A� actions include the receptor 

for advanced glycation end-products (RAGE), glutamate receptors (AMPA, NMDA), the 

cellular prion protein (PrPc), Ephrin B2 receptor (EphB2). 

Several Intracellular kinases are involved in the disease process. Kinases such as GSK3, 

Cdk5, Fyn and CaMKII are modulated in AD brains and have been demonstrated to 

phosphorylate tau. The amyloid cascade hypothesis partly postulates that tau is an 

effector of A� -induce toxicity. The above-cited kinases can phosphorylate tau at 

multiple different sites that are found in AD. Phosphorylation of tau by these different 

kinases can lead to the hyperphosphorylation, conformation changes of tau and 

subsequent neuronal dysfunction and cognitive impairment. Cumulatively, the evidence 

so far suggest a crucial role of multiple A� oligomers in disease progression and the 

involvement of multiple receptors and kinases that lead to the vast pathology of the 
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disease. However, which of these oligomers is associated with which signaling cascade 

change is still mostly unknown. This is to the exception of dimers that have been 

associated with PrP, fyn to tau. 

 
 

Chapter 2 
 

A�*56-induced selective alteration of neuronal signaling in a 
mouse model of alzheimer’s disease (Tg2576) 

 
 

I. Introduction 
 
The classical view in Alzheimer’s disease (AD) is that extracellular amyloid-β (Aβ) 

plaques induce a signaling cascade that leads to pathological changes in the microtubule-

associated protein tau. These changes in tau will then result in the formation of 

neurofibrillary tangles (NFTs), causing neuronal dysfunction that leads to cell loss. 

Neuronal degeneration in turn leads to the symptoms observed in AD. However, 

according to our current understanding, AD may be initiated by soluble oligomeric forms 

of Aβ inducing pathological changes in tau (Jin et al., 2011; Larson & Lesné, 2012; 

Mairet-Coello et al., 2013; Roberson et al., 2007), which in turn leads to the dysfunction 

and degeneration of the neuronal elements underlying cognition, including neuronal cells 

and their synapses in the brain (Ittner & Götz, 2011). In the past decade, several groups 

have documented the effects of various putative endogenous soluble forms of Aβ 

oligomers (Aβo), most notably Aβ dimers, trimers and Aβ*56, on memory (Cleary et al., 

2005; S. Lesné et al., 2006; Reed et al., 2011), or its presumed molecular substrate long-
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term potentiation or LTP (Shankar et al., 2008; Townsend et al., 2006; Dominic M Walsh 

et al., 2002). 

 

 The Aβ assembly called Aβ*56 in reference to its apparent molecular weight was 

originally identified in brain tissue of young amnestic Tg2576 mice used as model of AD 

(S. Lesné et al., 2006). Similar observations (Cheng et al., 2007; Leinenga & Gotz, 2015; 

Meilandt et al., 2009; Oddo et al., 2006) from several independent groups validated the 

existence of this Aβ species in other cognitively impaired transgenic mouse models of 

AD overexpressing mutant forms of the human amyloid precursor protein APP. In 

addition, brain infusion of Aβ*56 purified from brain tissue caused transient memory 

deficits in young healthy rodents, demonstrating the memory impairing capability of this 

Aβo (S. Lesné et al., 2006). Recent studies further confirmed the presence of Aβ*56 in 

postmortem human brain tissue and cerebrospinal fluid (Lesné et al., 2013). In these 

cross-sectional studies, the brain abundance of this Aβo started to rise abnormally in the 

fifth decade of life preceding increases in Aβ dimers and trimers by two decades and 

coinciding with the age at which subtle cognitive deficits first appear (Salthouse, 2009). 

Importantly, this elevation in brain Aβ*56 levels was associated with aberrant changes in 

the tau protein typically seen in early stages of the symptomatic phase of AD (Lesné et 

al., 2013). Overall these findings indicate that the Aβ oligomer Aβ*56 might alter 

memory and neuronal function during the presymptomatic phase of AD. To further 

understand the role of Aβ*56 in AD, it becomes fundamental to identify the molecular 

mechanism by which Aβ*56 disrupts tau biology and neuronal physiology. 
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II. Results 

A.  Interaction of A�*56 with the NMDA receptor in Tg2576 and human brain 

Oligomeric A� assemblies have been suggested to alter NMDAR-dependent synaptic 

plasticity experimentally as they can block hippocampal long-term potentiation (LTP) 

(Shankar et al., 2007; Townsend et al., 2006; Walsh et al., 2002). Various studies found 

that NMDA receptors activity can be modulated by the presence of A� (Chen et al., 

2002; Um et al., 2012; Zhang et al., 2010). Since A�*56 can impair memory in absence 

of neuronal loss (Lesné et al., 2006; Reed et al., 2011) and since glutamate receptors are 

involved in the molecular mechanism underlying learning and memory, we hypothesized 

that the deleterious effect of A�*56 on cognition could be mediated by alteration of 

glutamate receptors, in particular the NMDAR. 

A.1 Age-dependent Co-immunoprecipitation of A�*56 with the NMDAR subunits    in 

mouse and human 

We previously reported that Aβ*56 can be detected in Tg2576 (an animal model of AD 

overexpressing human APP with the Swedish mutation) brain lysates enriched in 

extracellular proteins starting at 6 months of age (Lesne et al., 2006). Alongside other 

APP derivatives, this oligomeric Aβ assembly can also be found in PSD (post-synaptic 

density)-containing lysates (MB fraction) (Larson et al., 2012a; Larson et al., 2012b) 

(Fig. 1A). The presence of Aβ*56 in the MB fraction puts it in a location for possible 

binding with a putative receptor through which the oligomer can transduce a deleterious 



	

30	
	

intracellular biological signal. Since Aβ*56 causes memory impairment, we sought to 

determine whether Aβ*56 could interact with glutamate receptors because of their 

importance in the molecular substrate of memory. We therefore performed co-

immunoprecipitation experiments on membrane extracts using various antibodies against 

glutamate receptor subunits or other receptors previously described as interacting with 

synthetic Aβ oligomers: N-Methyl-D-Aspartate receptor (NMDAR) subunits GluN1, 

GluN2A, GluN2B, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

(AMPAR) subunits GluA1, GluA2, the α7-acetylcholine receptor subunit (α7), the 

metabotropic glutamate receptor mGluR5 and the receptor tyrosine kinase Ephrin B2 

(Fig. 1B). The relative amount of Aβ*56 detected varied across immunoprecipitations 

with different GluN antibodies and reflected their abundance in the forebrain. In addition, 

no other Aβ species were detected with 6E10 or 4G8 antibodies (data not shown). It is 

worth noting that, under our experimental conditions, antibodies targeting other receptors 

did not capture any soluble Aβ species. Using either membrane-associated (MB) or 

extracellular-enriched (EC) protein fractions known to contain Aβ*56, we confirmed that 

Aβ*56 co-immunoprecipitated with GluN1 in the MB extracts of 13-month-old Tg2576 

mice but not in the extracellular-enriched (EC) protein fractions which do not contain the 

NMDAR subunit GluN1 (Fig. 1C). Consistently, reverse co-immunoprecipitations with 

either 6E10 or 4G8 (Fig. 1D) also showed a co-capture of Aβ*56 with the NMDAR 

subunit. Similar findings were observed using the A11 antibody raised against non-

fibrillar amyloid oligomers (Fig. 1E), confirming the oligomeric nature of the Aβ 

assembly pulled down by GluN1. In addition, the relative abundance of putative 

Aβ*56:GluN1 complexes increased with aging when comparing transgenic mice at 2, 9 
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and 24 months of age (Fig. 1F). Similar to mouse brain tissue, we found apparent 

Aβ*56:GluN1 complexes in human brain tissues (Fig. 2) from old human subjects (80-90 

years of age, n = 6, Table 1) without cognitive impairment, while none were detected in 

brains of young individuals (10-20 years of age, n = 6). Altogether these biochemical 

experiments suggested the existence of an Aβ*56:NMDAR complex.  

 
Figure 1. Co-immunoprecipitation of Aβ*56 with the NMDA receptor subunit 
GluN1 in Tg2576 brain tissue. (A) Representative western blot profile of APP and Aβ 
molecules in Tg2576 mice (Tg) and wild-type (WT) littermates at 13 months of age using 
6E10. EC: soluble extracellular-enriched fraction, MB: membrane-associated protein 
fraction (n = 6 animals/genotype). (B) Selective co-immunoprecipitation of Aβ*56 with 
NMDAR subunits GluN1, GluN2A, GluN2B but not AMPA receptor subunits (GluA1, 
GluA2), α7-nicotinic acetylcholine receptor subunit (α7), the metabotropic glutamate 
receptor mGluR5 and Ephrin B2 using membrane extracts of Tg2576 mice. Aβ was 
detected with 6E10 (n = 6 animals/genotype/condition). (C) Representative 6E10 western 
blot following immunoprecipitation with GluN1 antibodies from either MB or EC protein 
extracts from 15-month-old Tg2576 mice (Tg) and wild-type (WT) littermates. EC: 
soluble extracellular-enriched fraction, MB: membrane-associated protein fraction (n = 4 
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animals/genotype). (D) Reverse co-immunoprecipitation of Aβ*56:NMDAR complexes 
using 6E10 (B) or 4G8 (C) antibodies as capture antibodies with MB lysates from 7-
month-old WT and Tg2576 mice. NAb, no antibody condition (n = 3-5 
animals/genotype/condition). (E) A11 detection of GluN1 pull-downs confirmed the 
selective age-dependent interaction between the Aβ oligomer Aβ*56 and GluN1 in 
Tg2576 mice at ages when Aβ*56 is present in brain tissue (n = 5 animals/age/genotype). 
(F) Immunoprecipitation of Aβ*56/GluN1 complexes in Tg2576 mice at the indicated 
ages using 6E10 as detection antibody (n = 6 animals/age). Non-denatured synthetic 
human Aβ1-42 (5 ng) was used as internal standard.  

 

Figure 2. Co-immunoprecipitation of Aβ*56 with the NMDA receptor subunit 
GluN1 in human brain tissue. (A) Aβ*56 immunoprecipitated with GluN1 in brain 
tissue of aged human subjects with no cognitive impairment (O) but not in brain tissue of 
younger individuals (Y). 6E10 was used to detect Aβ (n = 6/group/experiment). NP: no 
protein condition; NAb: no antibody condition. (B) Aβ*56:GluN1 ratios from the 
experiment shown in (a). Each point corresponds to the mean value measured for three 
independent experiments and the bold horizontal line indicates the group average. (C) 
Reverse co-immunoprecipitations of Aβ*56:GluN complexes immunoprecipitated with 
6E10 and revealed with GluN1 and GluN2A in brain tissue of aged human subject with 
no cognitive impairment (O) but not in brain tissue of younger individuals (Y). (n = 
6/group/experiment). 
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Table 1. Characteristics of the human specimens used. 
Group Young (n = 6) Old (n = 6) 
Age of death (years), Mean ± SD 16.40 ± 2.41 

 
83.96 ± 2.88 
 

Last MMSE Score, Mean ± SD N.A. 28.17 ± 1.73 
 

Amyloid Burden (% of area), Mean ± 
SD 

N.A. 1.49 ± 0.94 

Tangle density (#/mm2), Mean ± SD N.A. 0.63 ± 1.03 
 

NIA-Reagan score, Count (Score) N.A. 3 (2), 3 (3) 
 

Braak score, Count (Score) N.A. 3 (I), 1 (II), 2 (III) 
 

Abbreviations: MMSE, mini-mental status examination; N.A., Not available. 
	
 
 

 

A.2 Interactions of Aβ*56 with the NMDAR in vitro 

 Though the results so far seem to suggest complexing of Aβ*56 with the 

NMDAR subunits, it is unknown whether there is a direct interaction between the two. 

To demonstrate that Aβ*56 can directly interact with NMDAR subunits, we applied 

Aβ*56 purified from aged APP transgenic mouse brains onto HEK293T cells transfected 

with GluN1 and/or GluN2B. Vehicle and monomeric Aβ were used as negative controls. 

Preparations of isolated Aβ species including monomers and Aβ*56 derived from 

transgenic animals were obtained using a modified protocol previously described for 

purifying Aβ oligomers endogenous to human brain tissue (Larson et al., 2012a) (Fig. 3). 

Purified Aβ*56 was applied to cells for 60 minutes as previously reported (Larson et al., 

2012a). Aβ*56 co-localized with GluN-transfected HEK293T cells treated with the Aβ 

assembly (Fig. 4A). Consistently, application of decreasing concentration of Aβ*56 to 
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the GluN-transfected HEK293T cells resulted in a concentration dependent decrease of 

Aβ*56 co-localized with GluNs (Fig. 4B). At 0.025 pM, co-localization between Aβ*56 

and GluN was no longer detectable. To assess which subunit might be responsible for the 

interaction, cells were then transfected with discrete GluN subunits. Following the 

application of Aβ, Aβ*56 readily co-localized with GluN1 but not with GluN2B 

indicating that Aβ*56 may be binding to the NMDAR through a direct interaction with 

GluN1 (Fig. 4A). These findings support the interaction of Aβ*56 with the NMDAR 

subunit GluN1. 

 

Figure 3. Biochemical characterization of soluble Aβ species present in APP 
transgenic brain tissues. Immuno-affinity capture (IAC) of soluble Aβ species was 
either performed using crosslinked 6E10 or with a 1:1 mixture of 40- and 42-end specific 
Aβ antibodies (labeled 40/42). (A) Representative western blotting profiles of soluble 
APP/Aβ oligomers affinity-purified from 15-18 month-old Tg2576 with 6E10 antibodies 
and of captured Aβ species following a sequential round of IAC with our 40/42 column 
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using 6E10, A11 (targeting non-fibrillar amyloid oligomers) or OC (targeting fibrillar 
amyloid oligomers) (right panels) illustrate the various input material used for 
segregation by size-exclusion chromatography. Detection with anti-IgG-IR680 was used 
as negative control. (B) Typical size-exclusion chromatograms observed using a Tricorn 
Superdex™ 75 column following IAC-6E10 or IAC-40/42. Several peaks (green arrows) 
corresponding to the APP/A� species seen by western blot are clearly observed with 
elutions at predicted molecular weights (blue arrows correspond to 4 out of 6 molecular 
weight standards used). (C) Representative western blot images of the respective SEC 
fractions isolated in (B) using 6E10 (in green, left panels) or A11 (in red, right panels). 
(D) Silver staining confirmed the apparent purity of the isolated species. Examples for 
SEC fractions containing A� monomers and A�*56 are shown. 

 

Figure 4. Colocalization of Aβ*56 with the NMDAR subunit GluN1 in HEK293 cells. 
(A) Representative confocal images of Aβ*56 binding to HEK293 cells transfected with 
NMDAR subunits GluN1 or GluN2B-eGFP. After 1 hour of 2.5uM Aβ*56, Aβ or Veh 
treatment, cells were immunostained for GluN1 (red channel, [c, h, m, r, w]), Aβ 
(magenta, [d, i, n, s, x]) and nuclei were stained with DAPI (blue channel, [a, f, k, p, u]). 
(B) Representative confocal images of A�*56 binding to HEK293 cells transfected with 
NMDAR subunits GluN1 or GluN2B-eGFP. After 1 hour of 2.5, 0.25, 0.025uM A�*56, 
or Veh treatment. (Scale bars = 15 �m; n = 6 dishes/group). 
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B. Increased Activation of CaMKII by Aβ*56 

NMDAR-mediated neuronal responses depend on the subcellular localization of the receptors at 

the plasma membrane, i.e. synaptic or extrasynaptic, and involve known distinct, opposing or 

overlapping signaling pathways (Hardingham & Bading, 2010). Briefly, the activation of 

extracellular signal-regulated kinases (ERKs), cyclic AMP-response element binding protein 

(CREB) and Ca2+/calmodulin dependent kinases (CaMK) have been traditionally linked to 

mediating the effect of synaptic NMDA receptors. By contrast, the activation of the p38 kinase, 

Forkhead box protein O (FOXO) and the inhibition of ERK and CREB are believed to be the 

downstream effectors of extrasynaptic NMDAR (Hardingham & Bading, 2010). We therefore 

assessed key components of these major common pathways in Tg2576 mice at an age when 

Aβ*56 is present (7 months) or absent (4 months). There was no change of phosphorylation in the 

cell survival-promoting kinases ERKs and CREB at S133 or in the cell death-inducing kinase p38 

at T180/Y182 (Fig. 5). Since the gene expression activity of the FOXO member FOXO-1 relies 

upon nuclear translocation, we examined its relative abundance in extracts enriched in 

intracellular proteins (IC) and in extracts containing nuclear proteins (MB) (Larson et al., 2012b; 

Lesne et al., 2006). Similar to other intracellular messengers, we did not observe any overt 

changes in the biochemical segregation of FOXO-1 across ages and genotypes (Fig.6).  
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Figure 5. The major pathways regulated by extrasynaptic NMDA receptors are not 
altered in 7-month-old Tg2576 mice. (A) Representative western blot analysis of 
signaling pathways traditionally activated by NMDAR in brain tissues of wild-type and 
Tg2576 mice. Phosphoproteins were detected in the 800nm channel (green) while total 
protein levels were measured in the 680nm channel (red). Unless indicated otherwise, IC 
protein extracts were used. (B-D) Quantification of the respective phospho/total protein 
ratios for ERK (b), CREB (c) and p38 (d) in the various age groups studied. No statistical 
differences were observed in the aforementioned proteins between groups. (Histograms 
represent the mean ± standard deviation; two-way ANOVA [F(7,28) = 38.7825, P = 
0.0001] followed by Student t test with Bonferroni correction, �P < 0.05, n = 5/group). 
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Figure 6. FOXO-1 levels are not altered in 7-month-old Tg2576 mice. (A) The 
relative abundance of FOXO-1 protein in intracellular (IC) and membrane-associated 
(MB) pools was used to assess putative translocation of the transcription factor in the 
forebrain of mice studied. The MB fraction contains nuclear proteins as opposed to 
extracellular and intracellular-enriched extracts (Larson et al., 2012). (B) No statistical 
differences were observed in IC and MB levels of FOXO-1 between groups. (Histograms 
represent the mean ± standard deviation; two-way ANOVA [F(7,28) = 38.7825, P = 
0.0001] followed by Student t test with Bonferroni correction, �P < 0.05, n = 5/group). 
 

When the ionotropic glutamate receptor (GluN or NMDAR) is activated, the receptor 

becomes permeable to cations, notably calcium ions (Ca2+) that rush across the 

membrane into the cytoplasm of the cell, leading to a significant influx of extracellular 

Ca2+. Increased intracellular calcium then binds to calmodulin to activate CaMKII 

(Hardingham & Bading, 2010). Considering that the CaMKII isoform has previously 

been linked to neuronal toxicity in neurodegenerative disorders other than AD (Coultrap 

et al., 2011; Picconi et al., 2004) and the lack of observed changes in CREB 

phosphorylation mediated by CaMKIV in 7-month-old Tg2576 mice, we assessed 

CaMKII activity by measuring its phosphorylation state at T286 (Fig. 7). 

Phosphorylation at T286 increased by ~2.5-fold in 7-month-old Tg2576 mice compared 
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to younger 4-month-old Tg2576 littermates or age-matched wild-type (WT) and Tg5469 

animals (Fig. 7A,B) overexpressing human wild-type APP at a level similar to that of 

mutant APP in Tg2576 mice (Ma et al., 2007). This apparent elevation in pT286-

CaMKIIα (thereafter denoted as pCaMKII) in Tg2576 mice was transient and declined to 

26% and 32% in 12- and 16-month-old mice, respectively, compared to control levels. 

Importantly, Aβ*56 levels correlated with pCaMKII in 6 to 9-month-old transgenic 

animals, with no changes observed for total CaMKII levels (R2 = 0.4777, P = 0.0128, n = 

12; Fig. 8). Supporting our biochemical findings, pCaMKII immunoreactivity was 

markedly enhanced in the synaptic fields of Tg2576 CA1 pyramidal neurons at 7 months 

of age (Fig. 7C). Moreover, the observed cellular distribution of pCaMKII was consistent 

with the preferential translocation of CaMKII to the synapse once phosphorylated 

(Merrill et al., 2005). Based on this observation, we biochemically assessed whether 

pCaMKII was accumulating in PSD (post-synaptic density)-containing lysates (MB 

fraction) of Tg2576 mice over time. We found that active CaMKII accumulated in an 

age-dependent manner in this fraction (Fig. 7D,E), further validating imaging analyses. 

Overall, these results indicate a supraphysiological activation of CaMKII at synapses 

associated with the onset of Aβ*56 detection in Tg2576 mice. 

 To directly demonstrate that Aβ*56 caused a selective exacerbation of CaMKII 

activity, we applied endogenous soluble Aβ oligomers purified from APP transgenic 

mouse brains at pathophysiologically relevant concentrations (pM to nM range) onto 

primary cultured cortical neurons. Preparations of apparent Aβ monomers, dimers, 

trimers and Aβ*56 derived from transgenic animals were obtained using a protocol 

previously described for purifying Aβ oligomers endogenous to human brain tissue 
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(Larson et al., 2012a) (Fig. 3). Due to the low abundance of Aβ*56 in brain tissue and 

recovery yields following our two-step purification method, Aβ*56 was applied to cells 

in a dose-dependent manner ranging from 1 to 25 pM. By contrast, low-molecular weight 

soluble Aβ species were applied at concentrations (1-5 nM) previously found to be 

biologically active in our in vitro system (Larson et al., 2012a). To attempt inducing a 

sustained effect on CaMKII that might recapitulate the exposure of neurons to Aβ*56 in 

vivo, primary cortical neurons were exposed to each purified Aβ molecule for 60 min as 

previously described (Larson et al., 2012a) (Fig. 7F and Fig. 3). While baseline levels of 

pCaMKII were readily detected in vehicle-treated neurons, application of increasing 

concentrations of Aβ*56 induced a dose-dependent potentiation of CaMKII 

phosphorylation, which plateaued at an average of 2.89-fold starting at 5 pM (Fig. 7F, 

G). Time course experiments using 2.5 pM Aβ*56 applications indicated that CaMKII 

activity peaked after 1 hour of treatment and declined to baseline within 8 hours (Fig. 

7H, I). Consistent with the elevation in CaMKII phosphorylation, confocal 

immunofluorescence analyses revealed a translocation of pCaMKII to postsynaptic 

densities in neurons treated with 2.5 pM Aβ*56 for 60 minutes (Fig. 9). Z-stack 

reconstruction analyses confirmed a 2.53-fold elevation of pCaMKII colocalization with 

PSD-95 in neurons exposed to Aβ*56 (Fig. 7K, L). Furthermore, neuronal cell death as 

determined by lactate dehydrogenase assay indicated that the concentrations of Aβ*56 

used were not cytotoxic under our experimental settings (Fig. 10A). Different from 

Aβ*56, applications of Aβ monomers, dimers or trimers at 1 nM onto cortical neurons 

did not alter CaMKII phosphorylation compared to vehicle-exposed cells (Fig. 10B, C). 

Finally, in vitro application of Aβ*56 did not trigger the activation of ERK, CREB or p38 
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kinases (Fig. 11), similar to what was observed in 7-month-old Tg2576 animals. These 

findings indicate that CaMKIIα becomes hyperactive in the presence of Aβ*56. 

 

Figure 7. CaMKII is abnormally phosphorylated at T286 in brain tissue of 7-month-
old Tg2576 mice and in cortical neurons treated with Aβ*56. (A) Representative 
western blotting images for pT286-CaMKIIα and CaMKIIα in intracellular protein 
extracts of 4-, 7-, 12- and 17-month-old Tg2576 as well as in age-matched wild-type and 
Tg5469 mice, which overexpress the wild-type human form of APP695 at a similar level 
than the APPSwe transgene in Tg2576 mice. (B) Quantification of the phosphorylated/total 
CaMKII ratio revealed a ~3.5-fold increase in T286 phosphorylation at 7 months of age 
compared to younger Tg2576 animals. Of note, the activation of CaMKII was reduced in 
Tg2576 mice older than 12 months of age. White bars, wild-type mice; Black bars, 
Tg2576 mice; Grey bars, Tg5469 mice. (Histograms represent the mean ± standard 
deviation; two-way ANOVA [F(7,28) = 38.7825, P < 0.0001] followed by Student t test 
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with Bonferroni correction, �P < 0.05 vs. 4-month-old WT mice, �P < 0.05 vs. 4-month-
old Tg2576 mice, n = 6-9/age/genotype). The ANOVA revealed a significant effect of the 
transgene (F = 8.4721, P = 0.0305), of age (F = 44.793, P < 0.0001) and transgene*age 
interaction (F = 52.3397, P < 0.0001). (C) Confocal imaging analysis of pT286-
CaMKIIα expression and cellular localization in CA1 pyramidal neurons of 7-month-old 
WT and Tg2576 mice. Dendrites labeled with the microtubule-associated protein 2 
(MAP2) are shown in blue and pT286-CaMKIIα (pCaMKII) is shown in magenta. Please 
note the apparent increase in pCaMKII immunoreactivity along the dendritic projections 
but not in the soma of pyramidal cells. Scale bar = 20 µm. (D) Representative western 
blotting images for pT286-CaMKIIα and CaMKIIα in membrane-associated protein 
extracts of 4-, 7-, 12- and 17-month-old Tg2576 mice. (E) Quantification of the 
phosphorylated/total CaMKII ratio revealed an age-dependent increase in T286 
phosphorylation starting at 7 months of age compared to younger Tg2576 animals. 
(Histograms represent the mean ± standard deviation; one-way ANOVA [F(3,24) = 
30.4023, P < 0.0001] followed by Student t test with Bonferroni correction, �P < 0.05 vs. 
4-month-old WT mice, �P < 0.05 vs. 7-month-old Tg2576 mice, n = 6/age). (F) Western 
blot images for pT286-CaMKIIα and total CaMKIIα in DIV12-14 primary mouse cortical 
neurons treated with vehicle or increasing concentrations of brain-derived Aβ*56 for 60 
minutes. (G) Densitometry analyses revealed a dose-dependent elevation of the pT286-
CaMKII/total CaMKII ratio in neurons exposed to Aβ*56. (Histograms represent the 
mean ± standard deviation; ANOVA [F(4,30) = 14.6822, P < 0.0001] followed by Student t 
test with Bonferroni correction, �P < 0.05 vs. vehicle, �P < 0.05 vs. 1 pM condition, n = 6-
8/group). (H) Western blot images for pT286-CaMKIIα and total CaMKIIα in DIV12-14 
primary mouse cortical neurons treated with 2.5 pM of brain-derived Aβ*56 for 1, 6, 8, 
12 or 24 hours. (I) Densitometry analyses revealed a transient elevation of the pT286-
CaMKII/total CaMKII ratio in neurons exposed to 2.5 pM Aβ*56 that lasted up to 8 
hours. (Histograms represent the mean ± standard deviation; ANOVA [F(4,34) = 17.4461, 
P < 0.0001] followed by Student t test with Bonferroni correction, �P < 0.05 vs. vehicle, 
�P < 0.05 vs. 1 hour condition, n = 6/group). (K) Representative images of dendrites 
illustrating the cellular distribution of the pCaMKII/PSD-95 colocalization channel with 
respect to MAP2 in neurons treated with vehicle or 2.5 pM Aβ*56 for 60 minutes. MAP2, 
pCaMKII and PSD-95 were, respectively, visualized with AlexaFluor405, AlexaFluor488 
and AlexaFluor647 conjugated secondary antibodies and colocalization analyses between 
pCaMKII and PSD-95 were performed using the Imaris7.x colocalization tool (Bitpane 
Scientific Software). Upon creating a colocalization channel (shown in yellow), Z-stacks 
of images were transformed for volume rendering and voxel count analysis. Scale bar = 3 
µm. (L) Quantification of the voxels occupied by the colocalization channel between 
pCaMKIIα/PSD-95 or total CaMKII/PSD-95 revealed a marked accumulation of 
pCaMKII and CaMKII at postsynaptic sites under Aβ*56 exposure. (Histograms 
represent the mean ± standard deviation; Student t test, F(1,14) = 37.339, �P < 0.05 vs. 
Vehicle, n = 8 ROIs/group). 
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Figure 8. Relationship between CaMKIIα activity and Aβ*56 expression in young 
Tg2576 mice. (A) Representative western blot analyses of pT286-CaMKIIα (green), total 
CaMKII (red) in brain tissues of WT and Tg2576 mice at 6 to 9 months of age. Aβ*56 
was detected with 4G8 following immunoprecipitation with crosslinked 4G8 (4G8XL) 
using 200 µg of MB extracts. (B) Quantification of the averaged CaMKII activity in WT 
and Tg2576 animals as assessed by analyzing the pCaMKII/CaMKII ratio. (Histograms 
represent the mean ± standard deviation; F(1, 13) = 4.7843, Student t test, �P < 0.05 vs. WT 
mice, n WT = 3 and n Tg2576 = 12). (C) Regression analysis between the pCaMKII/CaMKII 
ratio and A�*56 levels in all transgenic animals studied (P = 0.0128, n = 12). 
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Figure 9. Aβ*56-induced translocation of pCaMKIIa to postsynaptic sites in 
primary cortical neurons. (A) Representative immunofluorescence images of MAP2 
(blue), CaMKII (green) and pT286-CaMKII (magenta) in primary cortical neurons 
treated with vehicle or 2.5 pM Aβ*56 for 60 minutes. Arrowheads indicate the cell bodies 
of neurons. Please note the marked reduction in CaMKII labeling in the cell bodies of 
Aβ*56-treated neurons compared to vehicle-treated cells. Scale bar = 20 µm. (B) 
Software-generated three dimension rendering of MAP-2 (blue), CaMKII (green), 
pCaMKII (magenta), PSD-65 (red) immunoreactivities in Aβ*56-treated neurons. The 
merged image is presented below. Scale bar = 3 µm. (C) Using two fluorescence pairs 
(pCaMKII/PSD95 and CaMKII/PSD-95), the corresponding colocalization channels were 
created for comparison and clarity purposes between treatment conditions (Vehicle vs. 
2.5pM Aβ*56). Examples of the cellular distribution of the pCaMKII/PSD-95 
colocalization channel (shown in yellow) on two dendrites are presented. Scale bar = 3 
µm. 

 

Figure 10. CaMKII activation is not induced by low-n Aβ oligomers purified from 
APP transgenic mice. (A) Neuronal death of primary cortical neurons exposed to 2.5pM 
Aβ*56 or Vehicle for 60 minutes as determined by LDH assay. Full kill condition (100% 
cell death) consisted in applying 0.1% Triton X-100 onto cells in order to disrupt the 
neuronal plasma membrane. (Histograms represent the mean ± standard deviation; one-
way ANOVA [F(2,21) = 529.3333, P < 0.0001] followed by Student t test with Bonferroni 
correction, �P < 0.05 vs. Vehicle, n = 9-12/condition). (B) Western blot analysis of 
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pCaMKII� and total CaMKII� in primary cortical neurons exposed to discrete 1 nM A
�  oligomers. Duplicate wells are displayed. (C) Quantification of the respective 
pCaMKII�/CaMKII� ratio revealed no statistically significant changes across groups 
under our experimental conditions. (Histograms represent the mean ± standard deviation; 
ANOVA followed by Student t test with Bonferroni correction, �P < 0.05 vs. 4-month-
old Tg2576 mice, �P < 0.05 vs. 7-month-old Tg2576 mice, n = 4-6/group). 

 

Figure 11. The major pathways regulated by extrasynaptic NMDA receptors are not 
altered by endogenous Aβ oligomers in mouse cortical primary neurons following a 
60-minute exposure. (A) Representative western blot analysis of signaling pathways 
traditionally activated by NMDAR in primary cortical neurons treated with either vehicle 
or various concentrations of Aβ*56. Phosphoproteins were detected in the 800nm channel 
(green) while total protein levels were measured in the 680nm channel (red). (B) 
Quantification of the respective phospho/total protein ratios for ERK, P38 and CREB 
revealed no overt changes under our conditions. (Histograms represent the mean ± 
standard deviation; one-way ANOVA [F(4,21) = 0.0833, P = 0.8974, F(4,21) = 0.4967, P = 
0.7390 and F(4,21) = 0.3286, P = 0.8526 respectively] followed by Student t test with 
Bonferroni correction, n = 5-6/group). (C) Western blot analysis of ERK, P38 and CREB 
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in primary cortical neurons exposed to either vehicle or low molecular weight Aβ 
molecules (1 nM) for 60 minutes. (D) Quantification of the respective phospho/total 
protein ratios for ERK, P38 and CREB revealed no statistically significant changes under 
our settings. (Histograms represent the mean ± standard deviation; one-way ANOVA 
[F(3,16) = 0.6586, P = 0.5894, F(3,16) = 1.8590, P = 0.3772 and F(3,16) = 0.6222, P = 0.6370 
respectively] followed by Student t test with Bonferroni correction, n = 5/group). 
 

 

C. A�*56-Induced Enhanced Synaptic NMDAR-Dependent Calcium Influx 

For its initial activation, CaMKII depends on intracellular Ca2+ changes (Coultrap & 

Bayer, 2012). Taking into consideration the apparent binding of Aβ*56 to the NMDAR 

subunits, the activation of an intracellular signaling pathway traditionally associated with 

synaptic NMDAR stimulation and the lack of activation of cellular messengers 

modulated by extrasynaptic NMDARs (Hardingham & Bading, 2010), we sought to 

examine the effect of Aβ*56 on synaptic NMDAR-dependent calcium influx. Calcium 

transients were visualized in mouse cortical neurons transfected with GCaMP6f, a 

genetically engineered calcium indicator, and bicuculin/4-aminopyridine (Bic4AP, a 

GABA receptor antagonist and potassium channel blocker, respectively) was applied 

onto cells for 15 seconds to stimulate the NMDAR, since this paradigm was previously 

characterized to selectively activate synaptic NMDARs in primary cultured neurons 

(Hardingham & Bading, 2002; Léveillé et al., 2008). In the absence of Aβ*56, the 

Bic4AP pulse induced a lasting elevation of eGFP fluorescence (Fig. 12A, B). In the 

presence of 2.5 pM Aβ*56 (a 30-minute pretreatment followed by a 5 minute recording 

period), application of Bic4AP resulted in an enhanced and sustained influx of calcium 

mediated by synaptic NMDARs (Fig. 12A,B ). Upon calculating the peak amplitude and 

the global magnitude of the recorded responses (Fig. 12C, D), Aβ*56 potentiated 
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synaptic NMDAR-induced Ca2+ influx by ~4.5-fold compared to cells exposed only to 

vehicle (a respective 4.99 ± 0.16- and 3.94 ± 0.16-fold increase compared to control 

cells).  

 

To demonstrate that NMDAR-mediated Ca2+ currents are specifically enhanced in the 

presence of Aβ*56, we exposed the cells to a series of sequential bath stimulations with 

Bic4AP preceding or following a 15-min exposure to 2.5 pM Aβ*56; then we subjected 

the cells to Bic4AP/MK801 stimulations to block opened synaptic NMDARs. Finally, the 

same cells were exposed to another Bic4AP bath stimulation to ensure that synaptic 

NMDAR were indeed blocked (Fig. 12E). Adding the NMDAR-antagonist MK801 led to 

an 82% reduction in NMDAR-mediated Ca2+ influx in cells exposed to Aβ*56 (Fig. 12E, 

F). The lack of potentiated Ca2+ influx triggered by the subsequent Bic4AP stimulation 

indicated that extrasynaptic NMDARs were not involved in the potentiation induced by 

Aβ*56 (Fig. 12E, F). Together, these findings were consistent with the selective 

activation of CaMKII by synaptic NMDARs. 
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Figure 12. Aβ*56 enhances synaptic NMDAR-dependent calcium transients in 
primary cultured neurons. (A) Representative confocal images for GCaMP6f-
transfected neurons in presence or absence of Aβ*56 at rest or following stimulation of 
synaptic NMDARs with Bic4AP (see methods). Scale bars = 20 µm. (B) Fluorescence 
responses of GCaMP-transfected neurons following synaptic NMDAR activation in the 
presence (red) or absence (black) of Aβ*56. Bold solid lines correspond to the average 
response while the flanking upper and lower grey-shaded areas indicate the standard 
deviation. The black bar indicates the exposure of Bic4AP. (C) Quantification of the 
maximum GCaMP fluorescence ratio revealed an ~5-fold increase in neurons exposed to 
Aβ*56 following simulation of synaptic NMDARs (F(1,13) = 21.122, Student t test, �P < 
0.05, n = 6-9 cells per group). (D) Quantification of the area under the curve for the traces 
recorded indicated an ~4-fold potentiation of Ca2+ influx following synaptic NMDAR 
stimulation in presence of Aβ*56. (F(1,13) = 22.306, Student t test, �P < 0.05, n = 6-9 cells 
per group). (E) Neuronal Ca2+ responses induced following sequential bath stimulations 
consisting of two 15-second Bic4AP exposures, a 15-minute Aβ*56 exposure (2.5 pM), 
two 15-second Bic4AP exposures, two 45-second Bic4AP+10µM MK801 exposures. 
Blockade of synaptic NMDAR was verified by applying a final Bic4AP application. 
(Histograms represent the mean ± standard deviation; one-way ANOVA [F(8,51) = 9.4731, 
P < 0.0001] followed by Student t test with Bonferroni correction, �P < 0.05 vs. Bic4AP 
(stimulation #2), �P < 0.05 vs. Bic4AP post-Aβ*56 (stimulation #5), n = 8 
cells/treatment). (F) Averaged Ca2+ responses in cortical neurons consecutively exposed 
to Bic4AP, Bic4AP post-Aβ*56 application and Bic4AP+MK801. (Histograms represent 
the mean ± standard deviation; one-way ANOVA [F(2,40) = 14.7673, P < 0.0001] 
followed by Student t test with Bonferroni correction, �P < 0.05 vs. Bic4AP, �P < 0.05 vs. 
Bic4AP post-Aβ*56, n = 16 responses/treatment). 
 

III. Discussion 
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The soluble Aβ oligomer, Aβ*56 is found in the MB fraction and appears to co-

immunoprecipitate with the NMDAR subunits but not with the subunits of other 

glutamate receptors, nicotinic acetylcholine receptors or EphB2 receptors in mouse and in 

human brain tissue. Further Aβ*56 co-localizes with the NMDAR subunit GluN1 and not 

GluN2B in HEK293T cells. This complexing of Aβ*56 to the NMDAR seems to induce 

an enhanced influx of Ca2+ through the synaptic NMDAR receptor type in vitro. 

Moreover, CaMKII the main mediator of the synaptic NMDAR activation is hyper-

activated and translocates to the PSD in the presence of Aβ*56 both in vitro and in vivo. 

Altogether these findings seem to suggest that Aβ*56, an oligomer shown to have 

deleterious effects on cognition in a transgenic animal model of Alzheimer’s disease, can 

bind to the ionotropic glutamate receptor, synaptic NMDAR and enhanced activation of 

the receptor, leading to the increase activation of the downstream kinase CaMKII and 

localization of the activated kinase to the post synaptic density. It is worth noting that 

when examining the intracellular-enriched (IC) fraction the increased activation of 

CaMKII appeared to be transient both in the mouse model and in primary cortical 

neurons treated with Aβ*56. However, when the membrane-bound fractions are 

analyzed, the increase in CaMKII phosphorylation persisted and even increased further in 

the forebrains of older animals. Following activation, CaMKII translocated to the PSD 

where it is known to interact with anchored receptors. This data suggested a persistent 

Aβ*56-dependent increased activation of CaMKII. This is in agreement with fact that 

Aβ*56 levels remain elevated in the brain of Tg2576 mice starting at 6 months and even 

increase slightly further at later ages. Considering that the NMDA receptor is very 
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important for the cellular and molecular process underlying learning and memory and the 

involvement of abnormally activated CaMKII in multiple neurological disorders (Weeber 

et al. 2003; Picconi et al 2004; Yabuki et al. 2014) it is reasonable to believe that Aβ*56 

is mediating its toxic effect via the NMDAR/CaMKII axis. 

 
 

Chapter 3 
 
A�*56-induced pathological tau changes in brains of Tg2576 

mice 
 
I. Introduction 
 
Tau pathology in AD is thought to act as a downstream effector of A� in the disease 

process. The amyloid hypothesis suggests that disease-relevant tau pathological changes 

result from the accumulation of A�  (Hardy & Higgins, 1992) . We proposed to 

determine whether the conformation and phosphorylation of tau molecules was altered in 

the presence of Aβ*56 in vivo and in vitro. As mentioned in the Introduction section, 

several kinases can phosphorylate tau at multiple sites thereby contributing to pathology 

in AD (Martin et al., 2013). In animal models, phosphorylation of tau at certain sites have 

been linked to specific neuronal dysfunction. For instance, tau phosphorylation at Y18, 

S409 and S416 are linked to cell cycle re-entry or CCR (Seward et al., 2013), which is a 

characteristic of cortical neuron in the AD brain. Neurons in most regions of the normal 

adult human brain do not divide (Altman & Das, 1965; Kuhn et al., 1996). However, in 

the AD brain (Arendt et al., 2010) and numerous mouse models of the disease (Li et al., 

2011), neurons re-enter cell cycle but fail to divide. Instead, this ectopic CCR is proposed 

to account for a significant amount of neuronal loss in the AD brain (Arendt et al., 2010). 
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Phosphorylation of tau at S202 has also been proposed to be one of the earliest 

pathogenic tau changes that take place in the AD brain. CaMKII is one of the kinases that 

can phosphorylate tau at sites that are found in AD and during aging (Martin et al., 2013; 

Steiner et al., 1990). In addition to its hyperphosphorylation, the translocation of tau from 

the axon to dendritic spines constitute another pathological characteristic of tau, which 

has recently been proposed to contribute to synaptic dysfunction (Frandemiche et al., 

2014; Hoover et al., 2010; Ittner et al., 2010).  

Here we examined the effects Aβ*56 on tau phosphorylation and on its cellular 

distribution following Aβ*56-induced CaMKII hyper-activation. 

  

II. Results 

 

A. A�*56-Induced hyperphosphorylation and misslocalization of tau 

One substrate of CaMKII is the tau protein at various serine residues including S262, 

S409 and S416, which are hyperphosphorylated in the AD brain (Martin et al., 2013; 

Steiner et al., 1990). Of particular interest, phosphorylation at S416 leads to a 

conformational change in the tau protein associated with the biochemical profile of AD 

(Steiner et al., 1990). We therefore examined the phosphorylation and conformation 

status of tau for changes commonly associated with AD (Fig. 13A). Across transgene and 

age groups, no obvious phosphorylation increases were detected at Y18, S262, 

S396/S404 and S409 (Fig. 13A, B). However we detected a 2.73 ± 0.22- and a 2.68 ± 

0.34-fold increase in phosphorylation at S202 and S416, respectively, in 7 month-old 

Tg2576 forebrains compared to non-transgenic littermates (Fig. 13A, B). In addition, we 
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observed a delayed electrophoretic migration of pS416-tau molecules resulting in the 

detection of two additional bands of ~55 and 60 kDa as previously documented (Steiner 

et al., 1990) (Fig. 13A), which tau epitope and dephosphorylation assays confirmed as 

hyperphosphorylated 0N4R tau conformers (C. Liu & Götz, 2013) (Fig. 14). Both pS202- 

and pS416-tau protein levels present in IC extracts declined at 12 and 16 months of age 

compared to those detected in 7-month-old Tg2576 mice (Fig. 15) paralleling the 

transient elevation of pCaMKII observed (Fig. 7). 

 

Figure 13. Hyperphosphorylation and missorting profile of soluble tau species in 
young Tg2576 mice. (A) Representative quantitative western blotting images for soluble 
tau species detected in intracellular-enriched fractions (IC) in 4-, 7-month-old Tg2576 as 
well as 4-month-old WT mice. (B) Quantification of the modified/total Tau ratio revealed 
a ~2.7- and 2.6-fold increase in pS202-Tau (CP13) and pS416-tau respectively at 7 
months of age compared to younger Tg2576 animals. Light colors correspond to 4-
month-old animals while darker colors represent data obtained in 7-month-old mice. 
(Histograms represent the mean ± standard deviation; two-way ANOVA [F(2,21) = 
67.6019, P < 0.0001] followed by Student t test with Bonferroni correction, �P < 0.05 vs. 
age-matched WT mice, �P < 0.05 vs. 4-month-old Tg2576 mice, n = 6-9/age/genotype). 
(C) Western blotting images for total soluble tau, PSD-95 and actin in membrane extracts 
(MB) of Tg2576 mice preceding (4 months) or concurrent with Aβ*56 detection (7 and 
12 months). (D) Densitometry analysis indicated an abnormal accumulation of tau in 
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PSD-containing lysates of 7-month-old Tg2576 mice or older. (Histograms represent the 
mean ± standard deviation; one-way ANOVA [F(2,18) = 19.7636, P < 0.0001] followed by 
Student t test with Bonferroni correction, �P < 0.05 vs. 4-month-old Tg2576 mice, �P < 
0.05 vs. 7-month-old Tg2576 mice, n = 6-9/age/genotype). 
 

 

Figure 14. Epitope and dephosphorylation tau assays confirm the presence of 
hyperphosphorylated tau conformers detected by pS416-Tau antibodies. (A,B) 
Representative western blot analyses of 0N4R-Tau (0NTau) and pS416-Tau in untreated 
(A) or CIP-treated (B) IC fractions of 6-month-old WT, Tg2576 and MAPT-null mice. 
Actin was used as internal control (lower right inserts). (C,D) Representative western blot 
analyses of total Tau (Tau5) and pS416-Tau in untreated (C) or CIP-treated (D) IC 
fractions of 6-month-old WT, Tg2576 and MAPT-null mice. Actin was used as internal 
control (lower right inserts). (n = 3/genotype). 
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Figure 15. Temporal expression profile of pS202-Tau and pS416-Tau in Tg2576 
mice. (A) Representative western blot analysis of pS202-Tau (CP13), pS416-Tau and 
total tau (Tau5) in IC fractions of Tg2576 mice at 4, 7, 12 and 16 months of age. Actin 
was used as internal control (red). (B) Quantification of the respective protein ratios 
(phosphorylated/total) for pS202- and pS416-Tau species in the various age groups 
studied. (Histograms represent the mean ± standard deviation; one-way ANOVA [F(3,23) = 
23.4704, P < 0.0001 for pS202-Tau and F(3,23) = 25.6013, P < 0.0001 for pS416-Tau]  
followed by Student t test with Bonferroni correction, �P < 0.05, n = 6-9/group). 
 

   

Consistent with this apparent specificity in the observed pattern of tau hyperphosphorylation, we 

observed that neither Cdk5 nor GSK3β, two of the major tau kinases, were abnormally activated 

in 7-month-old Tg2576 mice and in primary cortical neurons exposed to Aβ*56 (Fig. 16). At later 

ages, however, these kinases, which have been widely implicated in the downstream effects of 

Aβo became abnormal at 12 and 16 months of age (Fig. 16). Upon assessing the relative 

abundance of the two distinct classes of oAβ species, non-fibrillar (A11+) and pre-fibrillar (OC+), 

respectively, in the forebrain of Tg2576 mice, regression analyses indicated that OC-

immunoreactive Aβ species (which Aβ*56 is not (M. E. Larson & Lesné, 2012; S. E. Lesné et al., 

2013; S. Lesné et al., 2006)) were remarkably correlated to Cdk5 activation at 12 and 16 months 

of age (R2= 0.7544, P = 0.0248 and R2=0.8854, P = 0.0051 respectively; Fig. 17). Interestingly, 

none of the Aβ species measured using the 6E10, 4G8, 82E1, A11 or OC antibodies appeared to 
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be related to the changes we had observed in GSK3β activity between different age groups (data 

not shown). Accordingly, none of the additional tau sites linked to the aforementioned kinases 

were hyperphosphorylated (S396, S409 and S404, respectively; Fig. 13A,B) in 7-month-old 

Tg2576 mice further arguing against their potential involvement in mediating the initial signaling 

response induced by Aβ*56. 

Since tau missorting to the PSD alters synaptic function (Frandemiche et al., 2014; 

Hoover et al., 2010; Zempel et al., 2010), we measured total tau levels in membrane 

extracts from forebrains of Tg2576 mice at 4, 7, and 12-months of age containing PSD-

95 as described elsewhere (Larson et al., 2012a). Tau abnormally co-segregated with 

PSD-95 at 7 months of age, and further accumulated in 12-month-old Tg2576 animals 

(Fig. 13C,D). To support these biochemical changes, we performed immunofluorescent 

labeling followed by confocal imaging analyses (Fig. 18). In CA1 pyramidal neurons of 

7-month-old Tg2576 mice, there was a striking increase of pS202-Tau in the soma and 

dendrites of the stratum radiatum (Fig. 18, panel F). By contrast, pS416-Tau was nearly 

exclusively detected in dendrites (Fig. 18, panel G), matching the distribution of 

pCaMKII (Fig. 7C). Importantly, pS202-Tau and pS416-tau colocalized at dendritic 

spines in transgenic mice (Fig. 18 panels I-L). These results indicate that the ~2-fold 

elevation in CaMKII activity observed in Tg2576 at ages when Aβ*56 starts forming is 

associated with a ~2.5-fold increase in tau hyperphosphorylation at S202/S416 and 

missorting of this tau species into spines. 
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Figure 16. Temporal expression profiles of Cdk5 adaptor proteins and GSK3 in WT 
and Tg2576 mice. (A) Representative western blot analysis of Cdk5 adaptors (p35 and 
p25) and GSK3α/β in brain tissues of wild-type and Tg2576 mice at 4, 7, 12 and 16 
months of age. Actin was used as internal control. (B, C) Quantification of the respective 
protein ratios for P25 (B) and GSK3�  (C) in the various age groups studied. The 
ANOVA analysis for the p25/p35 ratio revealed significant effects of the transgene (F = 
8.8771, P = 0.0056), of age (F = 12.7530, P < 0.0001) and transgene*age interaction (F = 
8.5758, P = 0.0003). The ANOVA for pGSK3�/GSK3� revealed significant effects of 
the transgene (F = 53.0123, P < 0.0001), of age (F = 26.5855, P < 0.0001) and 
transgene*age interaction (F = 12.1330, P < 0.0001). (Histograms represent the mean ± 
standard deviation; two-way ANOVA [F(7,31) = 10.4771, P < 0.0001 and F(7,32) = 23.3261, 



	

57	
	

P < 0.0001 respectively] followed by Student t test with Bonferroni correction, �P < 0.05 
vs. 4-month-old mice, �P < 0.05 vs. age-matched mice, n = 4-6/group). (D) 
Representative western blot analysis of Cdk5 adaptors (p35 and p25) and GSK3α/β in 
DIV14 mouse primary cortical neurons in absence or presence of 2.5pM Aβ *56 for 60 
minutes. Actin was used as internal control. (E) Quantification of the respective protein 
ratios for P25 (left panel), GSK3� (middle panel) and GSK3� (right panel) in the 
tested conditions. (Histograms represent the mean ± standard deviation; [F(1,8) = 0.8911, 
P = 0.3728, F(1,8) = 0.6679, P = 0.4374 and F(1,8) = 0.0425, P = 0.8419 for the p25/p35, 
pGSK3� /GSK3�  and pGSK3� /GSK3�  ratio respectively], Student t test, n = 
5/group). 

 

Figure 17. OC-positive Aβ oligomers are associated with Cdk5 activation in middle-
aged Tg2576 mice. (A) Age-dependent accumulation of oligomeric Aβ conformers in 
MB lysates of Tg2576 mice by dot blotting analysis using A11 and OC antibodies. 6E10 
was also used to measure APP/Aβ levels and actin was used as internal control. (n = 6 
animals/age). (B) Normalized levels of Aβ species indicated an age-dependent 
accumulation of A11 and OC conformers in MB extracts of Tg2576 animals. 
(Histograms represent the mean ± standard deviation; one-way ANOVA [F(3,20) = 
14.9375, P < 0.0001, F(2,15) = 13.8173, P = 0.0004, F(1,10) = 19.8003, P = 0.0012 and 
respectively] followed by Student t test with Bonferroni correction; �P < 0.05 vs. 4-
month-old Tg2576 mice, �P < 0.05 vs. 7-month-old Tg2565 mice, n = 6/age). (C) 
Regression analyses between OC-immunoreactive Aβ species and Cdk5 activation 
assessed by the p25/p35 ratio at 12 and 16 months of age revealed positive correlations 
(R2 = 0.7544, F = 12.2901 and R2= 0.8854, F = 30.9039, n = 6/age). 
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Figure 18. Abnormal phosphorylation and missorting of tau in the CA1 pyramidal 
neurons of 7-month-old Tg2576 mice . (A-K) Representative confocal images of CA1 
hippocampal neurons immunostained for the microtubule-associated protein 2 (MAP2; 
blue channel, [A, E, I]), pS202-Tau (CP13; green, [B, F, J]) and pS416-Tau (magenta, [C, 
G, K]) revealed an aberrant accumulation and differential missorting of soluble tau 
species in 7-month-old Tg2576 mice. The bottom row images (I-K) illustrate the synaptic 
localization of pS416-tau in transgenic hippocampal cells. (L) Using Bitplane’s Imaris 
7.x suite, volume renderings of the MAP2, pS202-Tau and pS416-tau channels were 
created and a colocalization channel for the soluble tau species was generated (displayed 
in yellow). The resulting channel is shown with the 3D rendering of MAP2 to illustrate 
the colocalization of abnormal tau species at dendritic spines. (Scale bars = 20 �m [A-
H], 10 �m [I-K],3 �m [L],; n = 6 sections/animals; N = 3-6 animals /age/genotype). 
 

To demonstrate that Aβ*56 is triggering these pathological changes in tau, we exposed 

primary cortical neurons to increasing concentrations of Aβ*56 previously shown to 

activate CaMKII, and examined the phosphorylation/missorting status of tau (Fig. 19). 

Mirroring the data observed in 7-month-old Tg2576 mice, tau phosphorylation was 
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unaltered at Y18, S262, S396/S404 and S409 in the presence of Aβ*56 (Fig. 19A, B). In 

contrast, neuronal levels of soluble pS202-Tau and pS416-Tau rose sharply in a dose-

dependent manner in presence of increasing amounts of Aβ*56 (Fig. 19A, B). It is worth 

noting that although purified Aβ dimers and trimers can trigger a Fyn-mediated 

phosphorylation of tau at Y18 (Larson et al., 2012a), neither species induced the 

hyperphosphorylation of tau at S202 and S416 (Fig. 20). In parallel, an Aβ*56-mediated 

~2 to 2.5-fold accumulation of tau was observed in membrane-enriched lysates 

containing PSD-95 (Fig. 19C, D). These in vitro findings demonstrate that Aβ*56 causes 

highly selective pathological changes in the tau protein. 

 

Figure 19. Selective tau hyperphosphorylation in primary neurons exposed to Aβ*56. 
(A) Western blot analysis of soluble tau species detected in mouse cortical neurons 
exposed to increasing concentrations of Aβ*56 for 60 minutes. (B) Quantification of the 
modified/total Tau ratio revealed a dose-dependent increase in both pS202-Tau and 
pS416-Tau compared to controls. Due to the large magnitude of the effects of Aβ*56 on 
pS202-Tau, the y-axis was broken. (Histograms represent the mean ± standard deviation; 
one-way ANOVA [F(2,21) = 67.6019, P < 0.0001] followed by Student t test with 
Bonferroni correction, �P < 0.05 vs. vehicle-treated neurons, �P < 0.05 vs. 1 pM Aβ*56 
condition, n = 6-8/treatment). (C) Western blotting images for total soluble tau detected 
with the antibody tau5, PSD-95 and actin in MB extracts of vehicle or Aβ*56 treated 
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neurons. (D) Densitometry analysis indicated an abnormal accumulation of tau in MB 
lysates in cells that received ≥ 2.5 pM Aβ*56. (Histograms represent the mean ± standard 
deviation; one-way ANOVA  [F(2,21) = 67.6019, P < 0.0001] followed by Student t test 
with Bonferroni correction, �P < 0.05 vs. vehicle-treated neurons, �P < 0.05 vs. 1 pM 
Aβ*56 condition, n = 6-8/treatment). 
 

 

Figure 20. Brain-derived Aβ dimers and trimers do not induce tau 
hyperphosphorylation at Serine 202. (A) Western blot analysis of tau phosphorylation 
at Y18, S202, S396/404, S409 and S416 in primary mouse cortical neurons. Oligomeric 
Aβ were applied at 1nM (Aβ monomer equivalent) for 60 minutes. Tau5 was used to 
measure total tau levels and actin was used as internal control. (B) Densitometry analysis 
of tau protein changes relative to total tau levels detected with Tau5 confirmed that low-n 
Aβ oligomers trigger a Fyn-dependent phosphorylation of tau at Y18 as previously 
reported (Larson et al., 2012). No changes were observed for the other phosphoepitopes 
tested. (Histograms represent the mean ± standard deviation; one-way ANOVA [F(3,12) = 
177.8357, P < 0.0001; F(3,12) = 0.1351, P = 0.9372; F(3,12) = 0.3881, P = 0.7637; F(3,12) = 
0.0393, P = 0.9891 and F(3,15) = 0.4221, P = 0.7399 for pY18-, pS202-, pS396/404-, 
pS409- and pS416-Tau respectively] followed by Student t test with Bonferroni 
correction; �P < 0.05 vs. vehicle, n = 4-5/group). 
 

B. A�*56-Induced hyperphosphorylation and misslocalization of tau is dependent 
on CaMKII activity. 
To further demonstrate that the downstream signaling cascade induced by Aβ*56 is 

dependent on CaMKII, we applied Aβ*56 at a final concentration of 2.5 pM to primary 

cultured neurons pretreated with tatCN21, a selective inhibitor of CaMKII (Vest et al., 

2007) for 15 min (Fig. 21). As previously described (Fig. 7), a 60 min exposure to 2.5pM 
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Aβ*56 triggered a 2.28-fold increase in CaMKII phosphorylation at T286 compared to 

vehicle-treated cells (Fig. 21A, B). Pretreatment with 1 µM tatCN21 prevented the 

elevation in pT286-CaMKII induced by Aβ*56 (118 ± 11.85 vs. 228.18 ± 10.95, P < 

0.05) and, importantly, maintained CaMKII activity levels at baseline. As predicted, 

tatCN21 lowered the baseline levels of active CaMKII in the primary neurons.  

 

 Once the efficacy and the extent of the inhibition of CaMKII was established in 

the presence of Aβ*56, we evaluated a potential rescue of the tau phenotype (Fig. 21C-

E). In the presence of 2.5 pM Aβ*56 alone, pS416-tau levels increased by ~2-fold (2.03 

± 9.79) compared to the vehicle control as shown in Fig. 19. In addition, a putative 

misfolded tau conformer was readily observed (Fig. 21C). Inhibiting CaMKII with 

tatCN21 blocked the aberrant hyperphosphorylation of tau at S416 and prevented the 

observed shift in the folding of tau proteins (Fig. 21C, D). Similar observations were 

made for tau phosphorylation at S202 (Fig. 21E).  

 

Moreover, we addressed whether inhibiting CaMKII could block the apparent missorting 

of tau triggered by Aβ*56. Pretreating cortical neurons with tatCN21 completely 

abolished the translocation of tau to dendrites and into dendritic spines induced by Aβ*56 

exposure (Fig. 22A-C). Furthermore, the biochemical segregation of tau into membrane-

enriched compartments further supported these findings (Fig. 22D,E), indicating that tau 

hyperphosphorylation at S416 might be necessary to redistribute tau. 
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Finally, to demonstrate that NMDAR activity is required to mediate the effects of Aβ*56, 

primary neurons were first pretreated with the NMDAR-PSD uncoupling peptide 

tatNR2B9c (Aarts et al., 2002) in the presence or absence of Aβ*56. We found that 

disrupting the interaction between NMDAR and PSD-95 inhibited the 

hyperphosphorylation of tau at S202 and S416 induced by Aβ*56 (Figure 23), 

reminiscent of the protection conferred by the peptide from Aβ-induced toxicity (Ittner et 

al., 2010). 

 

 

Figure 21. Inhibiting CaMKII prevents Aβ*56-induced tau hyperphosphorylation at 
S416. (A) Representative quantitative western blotting images for pT286-CaMKIIα and 
total CaMKII in primary cortical neurons pretreated with the CaMKII inhibitor tat-CN21 
in presence or absence of 2.5 pM Aβ*56. (B) Quantification of the phosphorylated/total 
CaMKII ratio confirmed that the pretreatment with tat-CN21 prevented the over-
activation of CaMKIIα triggered by Aβ*56 in primary neurons. (Histograms represent the 
mean ± standard deviation; two-way ANOVA [F(3,35) = 25.0063, P < 0.0001] followed by 
Student t test with Bonferroni correction, �P < 0.05 vs. vehicle-treated neurons, �P < 
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0.05 vs. Aβ*56-treated neurons, n = 6-9/group). The ANOVA revealed a significant 
effects of Aβ*56 (F = 26.7966, P < 0.0001), of tat-CN21 (F = 16.2025, P = 0.0003) and 
Aβ*56xtat-CN21 interaction (F = 27.4058, P < 0.0001). (C) Western blot analysis for 
soluble pS416-Tau and total tau (as measured with the tau5 antibody) in mouse primary 
neurons pretreated with the CaMKII inhibitor tat-CN21 in presence or absence of 2.5 pM 
Aβ*56. (D, E) Quantification of the phosphorylated/total tau ratio confirmed that the 
pretreatment with tat-CN21 prevented the hyperphosphorylation of tau at S416 (D) and 
S202 (E) triggered by Aβ*56. (Histograms represent the mean ± standard deviation; two-
way ANOVA [F(3,35) = 28.4569, P < 0.0001 and F(3,35) = 24.8972, P < 0.0001 
respectively] followed by Student t test with Bonferroni correction, �P < 0.05 vs. vehicle-
treated neurons, �P < 0.05 vs. Aβ*56-treated neurons, n = 6-9/group). 

 

Figure 22. CN21 pretreatment prevents the missorting of tau in cortical primary 
neurons exposed to Aβ*56. (A) Representative confocal images of primary mouse 
cortical neurons immunostained for the microtubule-associated protein 2 (MAP2; blue 
channel, [A, E, I]), pT286-CaMKIIα (green, [B, F, J]) and pS416-Tau (magenta, [C, G, 
K]) revealed an abnormal cellular localization of soluble tau species in neurons treated 
with 2.5 pM Aβ*56 for 60 minutes. Please note the somatic distribution of pS416-tau in 
C while it is preferentially detected in dendrites in G. (Scale bar = 30 µm; n = 6 
dishes/group). (B) Surface of dendrites labeled with MAP2, pS416-tau and PSD-95 
illustrating the cellular distribution of the pS416-tau/PSD-95 colocalization channel 
(shown in yellow) with respect to MAP2 (in blue) in neurons treated with vehicle, 2.5 pM 
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Aβ*56 or tatCN21 pretreatment (15 minutes) followed by 2.5 pM Aβ*56 for 60 minutes. 
Scale bar = 3 µm. (C) Quantification of the colocalization of pS416-tau with PSD-95 in 
mouse primary neurons exposed to vehicle, 2.5 pM Aβ*56 or tatCN21 pretreatment (15 
minutes) followed by 2.5 pM Aβ*56. (Histograms represent the mean ± standard 
deviation; one-way ANOVA [F(2,20) = 67.7832, P < 0.0001] followed by Student t test 
with Bonferroni correction; �P < 0.05 vs. vehicle, �P < 0.05 vs. Aβ*56-treated neurons, n 
= 8 ROIs/group). (D) Representative western blot images for soluble tau in MB extracts 
of neurons exposed to vehicle, Aβ*56, Aβ*56+CN21 and CN21 using tau5. Actin was 
used as internal standard. (E) Densitometric analyses revealed an abnormal ~4-fold 
accumulation of tau species in membrane-enriched lysates of neurons treated with Aβ*56, 
which was blocked by pretreating cells with tatCN21 for 15 minutes. (Histograms 
represent the mean ± standard deviation; one-way ANOVA [F(3,12) = 197.3191, P < 
0.0001] followed by Student t test with Bonferroni correction; �P < 0.05 vs. vehicle, �P < 
0.05 vs. Aβ*56-treated neurons, n = 4/group). 

 

Figure 23. Uncoupling NMDAR from the PSD prevents Aβ*56-induced tau 
hyperphosphorylation at S416. (A) Representative quantitative western blotting images 
for pCaMKIIα, CaMKIIα, pS202-Tau, pS416-Tau, total Tau and actin in primary cortical 
neurons pretreated with the NMDAR uncoupling peptide tat-NR2B9c for 15 minutes in 
presence or absence of 2.5 pM Aβ*56. (B, C, D) Quantification of the pCaMKII/CaMKII 
(b) and phosphorylated/total tau ratios (c, d) confirmed that the pretreatment with tat-
NR2B9c prevented the CaMKII overactivation and the hyperphosphorylation of tau 



	

65	
	

triggered by Aβ*56 in primary neurons. (Histograms represent the mean ± standard 
deviation; one-way ANOVA [F(3,14) = 252.0481, P < 0.0001, F(3,14) = 22.6029, P < 
0.0001 and F(3,12) = 16.1364, P = 0.0009 respectively] followed by Student t test with 
Bonferroni correction; �P < 0.05 vs. vehicle, �P < 0.05 vs. A�*56-treated neurons, n = 
4-6/group).  
 

III. Discussion 

Here we demonstrated a hyperphosphorylation of tau at S416 and S202, two sites that are 

hyperphosphorylated in early stages of AD, in the presence of A�*56 both in vivo and in 

vitro via a CaMKII activity dependent pathway. CaMKII has multiple substrates one of 

which is tau. Since S416-tau is a substrate of CaMKII this could be the mechanism by 

which A�*56 induced hyperphosphorylation of tau at that. However, A�*56 also 

increases phosphorylation of tau at S202 which is not a direct target of CaMKII as it does 

not correspond to the consensus sequence of the kinase. Yet, inhibition of CaMKII 

activity leads to the return to basal levels of tau phosphorylation at S202. These findings 

lead us to think that the phosphorylation at S202 may follow a hierarchical 

phosphorylation process of tau as is observed in the case of GSK3 anad PKA (Hanger et 

al., 2009; T. Li & Paudel, 2006; Woods et al., 2001). We speculate that “substrate 

priming” at S416 may be responsible for the subsequent S202 phosphorylation. 

Interestingly, the phosphorylation of tau by A�*56 at these two sites seems to be 

selective and specifically dependent on CaMKII activity. Other phosphorylations sites, 

such as Y18, S262, S409 and S396/S404, evaluated are unchanged in the presence of A

�*56.  Further, other well studied kinases in AD (e.g. Cdk5 and GSK3) are not 

modulated by A�*56 in vitro and in the 7 month old Tg2576 mice. It is worth noting 

that other A� species (monomer, dimer, trimers, protofibrils) studied did not affect tau 
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phosphorylation at S416 even though some of them have been shown to induce tau 

phosphophorylation at other sites such as Y18 (Larson et al., 2012). Further, this 

hyperphosphorylaton of tau in the presence of A�*56 is accompanied by a translocation 

of the protein into the PSD where it is not normally found, at least not at the resting state 

of the neuron. This A�*56-induced missorting of tau is dependent on pCaMKII as 

inhibition of the kinase directly or via internalization of the NMDAR leads to an abolition 

of the abnormal cellular distribution of tau. In conclusion, our findings suggest that A�

*56 is mediating its deleterious effects by promoting an abnormal activation of CaMKII 

that leads to the specific and selective hyperphosphorylation of tau and consequently 

miss-localization of the tau into the dendritic spines.  

Chapter 4 
A�*56-induced pathological changes in neuronal signaling 

and tau state in another mouse model of Alzheimer’s disease, 
J20 

 
I.  Introduction 
Multiple mouse models have been generated to recapitulate the major 

neuropathological hallmarks of the disease, notably amyloid-�  plaques and 

neurofibrillary tangles. The generation of these models is based on the genetics of AD or 

expression of human tau. A transgenic model of AD often contains human APP (hAPP) 

and/or PSEN1/2 with the genetic mutations described in AD or contains the tau 

manipulations that lead to the formation of neurofibrillary tangles. Expression of mutant 

APP (hAPP) and/or PSEN1/2 increase formation of the A� peptide and accumulation of 

the protein in plaques, soluble assemblies and several other APP fragments that can be 

biologically active. The Tg2576 mouse above used is one of these mouse models that 
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recapitulate certain aspects of AD, amyloidosis, tau hyperphosphorylation, cellular 

deficits and cognitive dysfunction. This line expressed human APP with the Swedish 

mutation (Hsiao et al., 1996). It is clear that A�*56 is found in this mouse model and 

leads to the previously described changes potentially mediating its deleterious effects. 

However, the soluble assembly A�*56 is also found in other mouse models such as the 

J20 (Cheng et al., 2007). J20 overexpresses hAPP with the Swedish and Indiana mutation 

(Mucke et al., 2000). Several A� species are detectable in the brain of this mouse with 

several other APP fragments. A�*56 is detectable at 3-4 months of age when spatial 

cognitive deficits are first detected (Cheng et al., 2007). We ask whether the presence of 

A�*56 in this mouse model leads to the changes we described in the Tg2576 mouse. 

 

II.  Results 

 

As mentioned above A�*56 is expressed in the J20 at an earlier age than in the Tg2576. 

We analyzed the CaMKII/tau axis in these mice at 3 and 6 months of age as A�*56 has 

been shown to be expressed at 3 month of age. Similar to Tg2576 mice phosphorylation 

of CaMKIIα is significantly increased in the J20 at 3 and 6m month of age when 

compared to the age matched wild-type (WT) mice (Figure 24A, B). This increase in 

CaMKII though to a lesser extent follows the same profile, as when the IC fraction is 

examined the abnormal activation of CaMKII appears to be transient. The increase in 

CaMKII phosphorylation at 6 months is significantly lower than compared to 3 months 

J20 (Figure 24A, B). We found that CaMKII activity at 9 month in the intracellular 
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fraction of the J20 (IC brain lysates) is not significantly different from WT (Figure 24C, 

D).  

   Considering that CaMKII can phosphorylate tau and the increase in tau 

phosphorylation at S416 and S202 previously observed in the Tg2576 mice when A�

*56 was present, we examined tau phosphorylation in the J20 mice when A�*56 is 

present. Similar to the Tg2576 mice pS202-tau and pS416-tau was selectively increased 

 at 3 months and declined (by how many folds) at 6 months of age in the J20 brain lysates 

(Figure 25). The other tau phosphorylation site examined S262 was not significantly 

altered when comparing the 3 and 6 month J20 compared to the WT (Figure 25). These 

findings therefore demonstrate that the specific alteration of the CaMKII/tau axis by A�

*56 is not specific to one mouse model but may be a general feature of AD mouse 

models. 
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Figure 24. Aberrant phosphorylation of CaMKII in young J20 mice expressing 
Aβ*56. (A, C) Representative quantitative western blotting images for pCaMKIIα and 
total CaMKII in WT and J20 mice at 3, 6 and 9 months of age. (B, D) Quantification of 
the phosphorylated/total CaMKIIα ratio indicated that CaMKII is overactivated at ages in 
J20 when Aβ*56 is first detected (Cheng et al., 2007). n = 5/group). 
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Figure 25. Aberrant phosphorylation of tau in young J20 mice expressing Aβ*56. 
(A, C) Representative quantitative western blotting images for pS202-Tau, pS416-Tau, 
pS262-Tau and total Tau our J20 cohort. (B, D) Quantification of the 
phosphorylated/total tau ratios confirmed that a selective hyperphosphorylation of Tau 
associated with Aβ*56 in J20 mouse brains similar to those observed in Tg2576 animals. 
The analysis for pS202-Tau revealed no significant effects of transgene (F = 0.0053, P = 
0.9426) due to opposite variations with aging, but significant effects of age (F = 15.4113, 
P = 0.0012) and transgene*age interaction (F = 21.9372, P = 0.0002). The analysis for 
pS262-Tau revealed a significant effect of transgene (F = 19.5346, P = 0.0004), but no 
effects of age (F = 0.9088, P = 0.3546) or transgene*age interaction (F = 0362, P = 
0.8515). Finally, the analysis for pS416-Tau revealed significant effects of transgene (F = 
45.4571, P < 0.0001), of age (F = 4.6441, P = 0.0367) but no transgene*age interaction 
(F = 0.3975, P = 0.5373). (Histograms represent the mean ± standard deviation; two-way 
ANOVA [F(3,16) = 12.4513, P < 0.0001, F(3,16) = 6.8265, P = 0.0036 and F(3,16) = 16.8329, 
P < 0.0001 for S202, S262 and S416 respectively] followed by Student t test with 
Bonferroni correction, �P < 0.05 vs. 3-month-old WT mice, �P < 0.05 vs. 3-month-old 
J20 mice, n = 5/group). 
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III.  Discussion 

Examination of the J20 mouse indicated an abnormal increase in phosphorylation of 

CaMKII in this line at ages when A�*56 was detected. In the IC fraction the abnormal 

elevation of pCaMKII levels appeared to be transient as the levels decreased overtime 

even though the levels of A�*56 persist, just as has been observed in Tg2576 mice.  The 

levels of CaMKII activity in the PSD containing fraction was not evaluated in this 

paradigm but it would not be unreasonable to predict a persistent increase in pCaMKII 

levels mirroring the levels of A�*56, similar to our observations in Tg2576 mice. 

Further, the Phosphorylation of tau at S202 and S416 showed an increase in the J20 at 3 

months and declined toward normal levels at 6 and 9 month of age. This 

hyperphosphorylation of tau in the presence of A� *56 seems specific as other 

phosphorylation sites of tau examined were unchanged. 

All these findings appear to support an important role of the CaMKII/tau axis in 

modulating the deleterious effects of A�*56 in mouse models of Alzheimer�s disease. 

The prove of this concepts in these two mouse models with not only different AD 

associated mutation but also different backgrounds provides a general pathway A�*56 

could be causing cognitive deficit in mice in general and possibly in human. 

 
Chapter 5 

Association of A�*56 with abnormal molecular changes in 
cognitively intact human subjects 

 
 
I.  Introduction 
 
Alzheimer’s disease is a progressive neurodegenerative disorder that initially presents 
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with difficulties in episodic memory and acquisition of new memories. Clinical diagnosis 

of probable Alzheimer’s disease dementia is made when these impairments progress to 

include remote memory and executive functions severe enough to interfere with the 

patient’s daily living. The stage preceding the diagnosis of probable AD is referred to as 

the mild cognitive impairment (MCI) phase during which cognitive deficit is apparent but 

not severe enough to meet the criteria for AD clinical diagnosis. Recent biomarker 

studies have demonstrated that the neuropathology of AD may begin years prior to the 

onset of clinical symptoms (Bateman et al., 2012; Moonis et al., 2005; J. C. Morris et al., 

2009; Skoog et al., 2003; Storandt, Mintun, Head, & Morris, 2009). This stage is 

typically referred to as the asymptomatic or preclinical phase of AD.   

 

The notion of a preclinical phase of AD was initiated when it became clear that amyloid 

plaques correlated poorly with cognitive function (Bennett et al., 2004; Giannakopoulos 

et al., 2003; Terry et al., 1991) and after neuroimaging studies have demonstrated that 

large proportion of non-demented older adults have significant amyloid deposition in the 

brain (Aizenstein et al., 2008; Mintun et al., 2006; Morris et al., 2014; Rowe et al., 2010). 

These findings have driven the hypothesis of the existence of a preclinical phase of AD 

with pathology accompanied by abnormalities in brain without apparent 

neurodegeneration (Price & Morris, 1999). In deed amyloid imaging studies have 

demonstrated an elevated amyloid deposition in the brains of presymptomatic carriers of 

autosomal dominant mutations linked to familial AD several years before expected age of 

onset (Klunk et al., 2007; Knight et al., 2011; Villemagne et al., 2009). Furthermore, 

amyloid positivity in cognitively normal subjects is associated with regional brain 
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atrophy (Chetelat et al., 2012; Dickerson et al., 2009; Mormino et al., 2009). 

Cerebrospinal fluid (CSF) studies also support the existence of an asymptomatic phase of 

AD.  Amyloid plaque deposition in the brain is believed to echo a decrease in CSF Aβ1-

42 levels in AD subjects compared to controls (Fagan et al., 2007; Sunderland et al., 

2003). Low CSF Aβ1-42 has been associated with whole-brain atrophy (Fagan et al., 

2009). In subjects with AD-linked mutation decreased CSF Aβ1-42 has been described 

several years before estimated age of onset (Moonis et al., 2005). 

 

All these findings support the hypothesis of an asymptomatic phase of AD during which 

there is pathological processes occurring that precede cognitive dysfunction. This divides 

Alzheimer’s disease in three stages two symptomatic stages that end in full blown AD 

preceded by a MCI stage and an asymptomatic phase usually referred to as preclinical 

AD. 

 

II.  Results 

 

As previously mentioned Aβ*56 appears to play a role in the asymptomatic phase of AD. 

First of all Aβ*56 has been shown to increase in brains of cognitively intact older adults 

starting in the fifth decade of life with the levels of soluble tau increasing in parallel 

(Lesné et al., 2013). Further, in that study Aβ*56 strongly correlated with two 

pathological forms of soluble tau (tau-Alz50 and pS202-tau). CP13 (pS202-tau) is one of 

the earliest pathological tau changes (Andorfer et al., 2003). Supporting the involvement 

of Aβ*56 in the preclinical stage of AD is a negative correlations between Aβ*56 and 
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two postsynaptic proteins (Lesné et al., 2013).  

 

Since Aβ*56 has been found to be elevated in cognitively unimpaired subject starting in 

their 40s and keep increasing over time but drops in MCI and AD brains we wondered 

whether pCaMKII which seems to be mediating the effects of Aβ*56 in mouse brain and 

in vitro, is modulated in the human brain when Aβ*56 is elevated. Using a subset of 

subjects from the Lesne et al study (2013), we found here that CaMKIIα activity was 

higher in older brains compared to young subjects’ brains. Active CaMKII levels rose 

significantly in this cohort starting in the fifth decade of life and continued to rise with 

age in subjects in their 60s with intact cognition (Fig. 26A). In addition to the rise in 

parallel of Aβ*56 with pCaMKII, active CaMKII levels also positively correlated with 

Aβ*56 brain levels (Spearman Rho = 0.559, P = 0.0001, n = 46; Fig. 8) in unimpaired 

elderly subjects. These observations suggest that Aβ*56 is abnormally elevating the 

activity of CaMKII for up to 2-3 decades in humans, possibly creating a chronic sublethal 

stress level that might constitute one of the first initializing steps of the presymptomatic 

phase of AD. 
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Figure 26. CaMKII activity increases with aging in the first six decades of life and is 
associated with Aβ*56 levels in human brain tissue. Total CaMKII, pT286-CaMKII 
and Aβ*56 protein levels were determined in the inferior temporal gyrus of cognitively 
intact subjects from the Brain and Tissue Bank for Developmental Disorders, University 
of Maryland Baltimore. (A) Box plot analyses revealed a rise of CaMKII phosphorylation 
at T286 with aging in postmortem brain tissue. (N = 46, �P < 0.05 compared to second 
decade group, Kruskal-Wallis [#2

(5,36) = 15.1795, P = 0.0096] followed by Bonferroni-
corrected Mann-Whitney U tests). (B) Regression analyses indicated that Aβ*56 levels 
positively correlated with active pCaMKII (N = 46; Spearman rank correlation, P = 
0.0002). 
 

III.  Discussion 

It is a widely accepted notion that Alzheimer’s disease can be divided in three different 

clinical phases: a preclinical phase, an MCI and full-blown AD. Here we showed that 

Aβ*56 is elevated in human brains of cognitively intact individuals that could be in their 

asymptomatic (preclinical) phase starting in the 5th decade of life. Interesting previous a 

study has shown a decline of Aβ*56 levels in MCI and AD (Lesné et al., 2013), 

suggesting that Aβ*56 may be playing a more significant role in the preclinical phase of 

AD rather than in AD or MCI. Coincidently, levels of active CaMKII are elevated in that 

same group of subjects that could be in the preclinical phase of AD starting in their 40s. 
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Further we showed a strong correlation of pCaMKII with Aβ*56 in the same cohort, 

suggesting a relationship between the two proteins in this paradigm. Our findings support 

the idea that Aβ*56 effects in potential preclinical Alzheimer’s disease could be mediated 

by CaMKII activity as found in mice and in vivo, providing insight on possible earlier 

molecular changes in AD. 

 
 
 
 
 

Chapter 6 
Discussion and future directions 

 
In the previous studies we demonstrated that Aβ*56 coimmunoprecipitates with the 

NMDA receptor subunits GluN1, GluN2A and GluN2B in Tg2576 mice and brain of 

cognitively intact human subjects. Further, we showed that Aβ*56 binds to the GluN1 

subunit and not the GluN2B subunit in HEK293T cells. This interaction of Aβ*56 with 

the NMDAR seemed to have functional implications as bath application of the oligomer 

to primary cortical neurons induced an enhanced Ca2+ influx through the NMDAR. 

Consequently, CaMKII activity is elevated in the presence of Aβ*56 both in vivo and in 

vitro. In both the young Tg2576 mice and in neurons treated with Aβ*56 purified from 

aged APP transgenic animals the elevation of CaMKII activity is paralleled with the 

translocation of the kinase to the PSD, in line with the described physiological behavior 

of CaMKII (Coultrap et al., 2011), that persist with the levels of Aβ*56. Interesting we 

also demonstrated a hyperphosphorylation of tau at two sites S202 and S416 in the 

presence of Aβ*56. This increase in tau phosphorylation by Aβ*56 is accompanied with 

a translocation of tau into the dendritic spines. 



	

77	
	

There are several important new concepts that can be derived from our findings. First of 

all, the increase in CaMKII in the membrane fraction followed the same profile as the 

detection of Aβ*56 in that same fraction. Aβ*56 is detected on the MB faction of Tg2576 

mice starting at 6 month and slight increases with age (Lesné et al., 2006). Coincidently 

the interaction of Aβ*56 with the NMDAR subunit steadily increased with age in those 

same animals. This existing data supports the conclusion that CaMKII activity is 

modulated continuously by Aβ*56.  

Second Aβ*56 seems to activate a pathway that is different from the signaling pathway 

that appear to be involved in mediating the toxicity of other Aβ species. For instance, 

even though Aβ*56 is capable of increasing activation of CaMKII by more than two fold, 

a thousand time higher concentrations of Aβ monomers, dimers, or timers could not 

induce modulation of the kinase activity. In addition to being specific, this activation of 

CaMKII by Aβ*56 is selective. Kinases previously described to be activated in the 

presence of other Aβ species (dimers and trimers) such as the member of the Sarc family 

kinase, Fyn do not appear to be modulated by the presence of Aβ*56 (Larson et al., 

2012a).  

Further, even though Aβ*56 has been shown to phosphorylate tau at two sites S202 and 

S416, that can be phosphorylated by multiple kinases, no other kinases beside CaMKII 

examined appeared to be modulated by the oligomer. Our results support the activation of 

Cdk5 and GSK3β in older Tg2576 mice at 12 and 16 months of age but not at 7m of age 

when Aβ*56 was already present (Fig. 16). These findings possibly reveal that other 

forms of Aβ accumulating with aging in Tg2576 animals might be responsible for 

activating these two kinases. Biochemical analysis using conformationally-distinct 
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classes of Aβ oligomers specific antibodies, non-fibrillar (A11+) and prefibrillar (OC+) 

oAβ revealed a strong correlation between OC+ oligomers and Cdk5, but no correlations 

with the A11+ (Aβ*56 belongs to this category, Larson et al., 2012). These findings seem 

to suggest that prefibrillar Aβ oligomers may be responsible for the increase in Cdk5 

activation, while Aβ*56 would be responsible for the activation of CaMKII and 

subsequent hyperphosphorylation of tau noted, supporting the hypothesis that different 

Aβ species confer toxicity through distinct and selective pathways. 

Third, Aβ*56 is present in potential preclinical AD and appears to be mediating its 

effects through the activation of CaMKII. It was demonstrated in the past that Aβ*56 is 

elevated in human brains starting in their 40s and accumulated with aging in non-

demented subjects. However, the level of the soluble oligomers drops significantly in the 

brains of MCI and AD patients (Lesné et al., 2013). The greatest known risk factor for 

Alzheimer's disease is advancing age. Most individuals with the disease are age 65 or 

older. The likelihood of developing Alzheimer's disease doubles about every five years 

after age 65. After age 85, the risk reaches nearly 50 percent, putting the aging cohort in 

the category of potential preclinical AD. This combined with the fact that Aβ*56 brain 

levels are low in MCI and AD appear to suggest that Aβ*56 may be import in the 

asymptomatic phase of AD. Consistent with this argument, the temporal accumulation of 

pCaMKIIα matched well with the temporal profile of Aβ*56 levels. We showed that 

pCaMKII/CaMKII ratio rose sharply with aging in the temporal cortex of the studied 

cohort and was correlated with Aβ*56 levels in postmortem brain tissue of non-impaired 

human subjects across aging. Further, we showed that Aβ*56 levels correlated strongly 

with pS202-Tau levels in old non-demented subjects. Functionally, the consequence of 
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tau hyperphosphorylation at S202 by the Aβ*56/GluN/CaMKIIα axis could lead to a 

well-established disruption of microtubule dynamics (Trinczek et al., 1995). This fits 

with evidence of the already described medial temporal lobe hyperactivity in individuals 

at genetic risk for AD, in low-performing clinically normal and amyloid-positive MCI 

subjects (Miller et al., 2008; Putcha et al., 2011; Sperling et al., 2009). Interestingly, 

subtle cognitive impairment have been described in clinically intact subjects in which 

there is nonclinical memory deficits around the same age (Salthouse, 2009). All these 

findings together seem to suggest an intiator role of Aβ*56 in Alzheimer’s disease. 

Fourth, Aβ*56 appears to induce neuronal dysfunction via the Aβ*56/GluN/CaMKIIα 

axis without causing neuronal cell death. In the Tg2576 mice there is no known 

neurodegenration in the presence of Aβ*56. Similarly, even though the levels of Aβ*56 

used in vitro is comparable to that present in 7 months old Tg2576 mice, as it caused 

changes in CaMKII activation and tau phosphorylation to the same extent then in vivo, 

we never observed any evidence that Aβ*56 was inducing cell death. Analysis of LDH 

release in neurons exposed to Aβ*56, modulations in intracellular messengers classically 

linked to neuronal cell death such as the activation of p38 or reductions in ERK/CREB 

activity (Hardingham & Bading, 2010), and evaluation of caspase-3 activation (data not 

shown) failed to show evidence of Aβ*56 causing cell death. These findings fit with the 

lack of frank neuronal loss in the Tg2576 and the fact that synaptic dysfunction is 

observed in preclinical AD but no neuronal cell death (Ashe & Zahs, 2010). 

Finally, the data resonates with the emerging concept that CaMKII is altering neuronal 

physiology and cognition when aberrantly over-activated in the brain. Although CaMKII 

is typically involved in LTP giving it a crucial role in learning and memory, its abnormal 
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activation has been described in several other neuronal disorders (Picconi et al., 2004; 

Weeber et al., 2003; Yabuki et al., 2014). Increased phosphorylation of CaMKII 

accompanied by deficits in both context-dependent learning and hippocampal long-term 

potentiation (LTP) has been described in Angelman Syndrom (Weeber et al., 2003). 

Similarly, excessive CaMKII activation is observed in Attention Deficit Hyperactivity 

Disorder (ADHD) and in Parkingson’s disease (Picconi et al., 2004; Yabuki et al., 2014). 

Now we describe an abnormal elevation of CaMKII phosphorylation in subjects that 

could be in preclinal AD leading to the hyperphosphorylation of tau that can be reversed 

both in vivo and in vitro by inhibiting the kinase directly or by uncoupling the NMDA 

receptor to the PSD. 

Our findings appear to support the notion of Aβ*56 mediating its deleterious effects on 

cognition via the Aβ*56/GluN/Tau axis. However, we have yet to prove that the observed 

changes in CaMKII and tau are causing deficit in the synaptic function and that the 

cognitive deficit caused by Aβ*56 is dependent on the abnormal pCaMKII levels. In 

future directions it will be interesting to evaluate the effects Aβ*56, phosphorylation of 

tau at S202 and S416 has on dendritic spine morphology and proper functioning. Tau 

mutant with the pseudo phosphorylated and the non-phosphorylatable forms at S416 and 

S202 have already been generated. It will be important to determine the role of these 

phosphorylation sites on cellular distribution to infer impact on synaptic function. 

Additionally, the plane is to analyze spine morphology in the presence of Aβ*56 to 

determine if the oligomer has any effects on spine shape which are linked to their 

functions.   
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Furthermore, our data seems to suggest a binding of Aβ*56 to the NMDAR or more 

precisely to the GluN1 subunit. Since this binding to the receptor seems to modulate it, it 

will be interesting to determined where it is binding. To addressed this question multiple 

site on the GluN1 subunit will be altered to determine which region is important for 

binding of Aβ*56. 

To conclude Aβ*56 appears to cause neuronal dysfunction by abnormally activating 

CaMKII in what could be the asymptomatic phase of AD that leads to the 

hyperphophorylation of tau possibly leading to the cognitive deficit in animals and 

potentially in human. However, further investigation is needed to definitively link these 

changes to synaptic dysfunction and cognitive deficit. 

 

Chapter 7 
 Material and methods 

 
Human brain tissue 

De-identified postmortem brain tissue from the inferior temporal gyrus (Brodman Area 

20) from subjects enrolled in the Religious Orders Study and in the Brain and Tissue 

Bank at the University of Maryland, Baltimore (National Institute of Child Health and 

Human Development Brain and Tissue Bank for developmental disorders brain 

specimens) underwent biochemical analyses. All brain tissue samples were selected to 

have a post-mortem interval <10 h. The characteristics of the clinical diagnostic groups 

used in this study are summarized elsewhere (Lesne et al., 2013).  

The specimen used for the co-immunoprecipitation experiments in Fig. 2 consisted in six 

randomly selected samples from individuals from 10-20 years of age of the Brain and 



	

82	
	

Tissue Bank at the University of Maryland, Baltimore and six randomly selected samples 

from subjects over 80 years of age from the Religious Orders Study, Rush University 

(Table 1). The cross-sectional analyses presented in Fig. 26 were all from the Brain and 

Tissue Bank at the University of Maryland, Baltimore. 

The University of Minnesota Institutional Review Board approved all human studies. 

Transgenic animals  

Mice from the APP line Tg2576, which express the human amyloid precursor protein 

with the Swedish mutation (APPKM670/671NL), directed by the hamster prion promoter 

(Hsiao et al., 1996), were purchased from Taconic Farms, Inc. and bred to obtain wild-

type and hemizygous animals. Mice from the J20, MAPT-null and Htau lines (Andorfer et 

al., 2003; Mucke et al., 2000) were purchased from The Jackson Laboratory. J20 animals 

bred following guidelines provided by the Mucke laboratory. Both male and female mice 

were used in all experiments. All mice were group housed by gender (aggressive animals 

were singly housed), given food and water ad libitum and maintained on a 12-hour 

light/dark cycle (7 a.m./7 p.m.). None of the animals analyzed were excluded. 

All animal procedures and studies were reviewed and approved by the University of 

Minnesota Institutional Animal Care and Use Committee and Institutional Review Board. 

Primary cell cultures  

Mouse cortical cultures of neurons were prepared from 14- to 15-days-old embryos as 

described previously (Larson et al., 2012a) using 5x105 cells/dish. After 3 days in vitro 

(DIV), neurons were treated with 10 µM AraC to inhibit proliferation of non-neuronal 

cells. All experiments were performed on near pure neuronal cultures (> 98% of 
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microtubule associated protein-2 immunoreactive cells) after 12-14 DIV. Three to nine 

35mm dishes per culture per condition were used across three independent experiments. 

The concentration and duration of the pretreatments with tatCN21 or with tatNR2B9c 

were determined by dose-response (1, 5 and 10 µM) and time-course (15, 30 and 60 

minutes) experiments using CaMKII and neuronal cell death estimated by LDH assay. 

Accordingly, pretreatments were set to 15 minutes at 1 µM for both peptides as longer 

durations and higher concentrations prove toxic to cells (data not shown). 

Following treatment(s), cells were harvested in an ice-cold lysis solution containing 50 

mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Triton X-100 (Sigma) with 1 mM 

phenylmethylsulfonyl fluoride (PMSF), 2 mM 1,10-phenanthroline monohydrate (1,10-

PTH), 1% (v/v) mammalian protease inhibitor cocktail (Sigma), 0.1% (v/v) phosphatase 

inhibitor cocktails A (Santa Cruz Biotechnology, Inc.) and 2 (Sigma-Aldrich). Cell 

lysates were centrifuged for 10 minutes at 13,000 x g, supernatants were isolated, and 

corresponding pellets were resuspended with the protease/phosphatase inhibitor-

containing lysis buffer to extract membrane-bound proteins. Plasma membranes were 

solubilized in RIPA lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Triton 

X-100, 1 mM EGTA, 3% SDS, 1% deoxycholate, 1 mM PMSF, 2 mM 1,10-PTH, 1% 

(v/v) mammalian protease inhibitor cocktail (Sigma), 0.1% (v/v) phosphatase inhibitor 

cocktails A (Santa Cruz Biotechnology, Inc.) and 2 (Sigma-Aldrich). Membrane lysates 

were then subjected to centrifugation for 10 minutes at 16,000 x g, and the soluble 

fraction was removed and stored for analysis. 

Protein extractions  
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For analyzing Aβ species, we harvested one dissected hemi-forebrain per animal and 

used two extractions protocols described elsewhere (Lesne et al., 2006; Shankar et al., 

2008). In particular, membrane-enriched protein extracts (or MB extracts) refer to protein 

lysates obtained following the third step of a serial extraction with a lysis RIPA buffer 

comprised of 50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, 

3% SDS and 1% deoxycholate. Samples are then centrifuged at 16,100 x g for 90 minutes. 

Supernatants are collected and pellets further extracted with formic acid to analyze 

fibrillar/deposited proteins. It is possible that the use of the RIPA lysis buffer might strip 

loosely bound Aβ from plaques. 

Protein amounts were determined by the Bradford protein assay (BCA Protein Assay, 

Pierce). All supernatants were ultra-centrifuged for 60 min at 100,000 x g. Finally, before 

analysis, fractions were endogenous immunoglobulins were depleted by sequentially 

incubating extracts for one hour at room temperature with 50 µL of Protein A-Sepharose, 

Fast Flow® followed by 50 µL of Protein G-Sepharose, Fast Flow® (GE Healthcare Life 

Sciences). 

Tau dephosphorylation 

Tau (50 µg IC lysate/reaction) was dephosphorylated by treatment with calf-intestinal 

alkaline phosphatase (CIP, New England BioLabs, Inc.) at 20 units/mL for 3 hours at 

37°C. The reaction was stopped by adding SDS-PAGE loading buffer and heat 

denaturation at 95°C. 

Affinity purification of human Aβ oligomers 

One milligram of total brain proteins from Tg2576 or J20 APP transgenic mice were 

incubated for 3 hours at 4°C with Protein G-coupled magnetic beads (MagG beads, GE 
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Life Sciences) previously crosslinked with 200 µg of purified 6E10 antibody (Covance) 

or with 200 µg of Mab13.1.1 and Mab2.1.3 (100 µg of each). Immunocaptured proteins 

were eluted from the immune complexes using 1% n-octyl beta-D-thioglucopyranoside 

(OTG; Sigma Aldrich) in 100 mM Glycine, pH 2.8 for 1 minute (3 rounds). 

Relative amounts of purified oligomeric A� were calculated based on synthetic A�1-42 

standards (0.001, 0.025, 0.05, 0.1, 0.25, 0.5, 1 and 2.5 ng) ran alongside the samples used 

for experiments. Since there are no reagents selective to each A� oligomer to date, we 

opted to determine the relative abundance of purified A� oligomers compared to eight A

� standards. The mass of a given A� oligomer was estimated based on these standards 

and molar concentration was calculated based on the empirical molecular weight of each 

given A� oligomer (9, 14 and 56 kDa for putative A� dimers, trimers and A�*56 

respectively). 

Importantly, considering that the relative abundance of a given A� oligomer varies with 

aging, amyloid deposition and protein segregation (Fowler et al., 2014; Larson and Lesne, 

2012; Lesne et al., 2006), protein lysates of 15-18-month-old APP Tg mice were screened 

by western blotting to measure the abundance of apparent Aβ dimers, trimers and Aβ*56 

prior to be subjected to the purification steps consisting of sequential immune-affinity 

captures and size-exclusion chromatography (SEC). Similar segregations were obtained 

regardless of the line used although the relative yields for a given oAβ differed between 

lines. 

Consistent with our previous findings (Fowler et al., 2014; Larson and Lesne, 2012; 

Lesne et al., 2006, Lesne et al., 2013), Aβ dimers are far more abundant in MB-enriched 
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protein lysates (MB) compared to extracellular-enriched lysates (EC), while this pattern 

is reversed for putative Aβ trimers. Similar biochemical segregation was also observed 

using postmortem human brain tissue (Lesne et al., 2013). The example provided in 

Figure 3 using EC lysates reflects this segregation following our 4-step extraction 

protocol. 

Size-exclusion chromatography (SEC)  

Immunoaffinity purified protein extracts were loaded on Tricorn Superdex® 75 columns 

(Amersham Life Sciences, Piscataway, NJ, USA) and run at a flow rate of ~0.3 mL/min. 

Fractions of 250 µL of eluate in 50 mM Tris-HCl, 150 mM NaCl, 0.01% Triton X-100, 

pH 7.4, were collected using a BioLogic DuoFlow QuadTec 40 system (Bio-Rad) 

coupled to a microplate-format fraction collector. A280 was determined live during the 

experiments and confirmed following each run on a DTX800 Multimode microplate 

reader (Beckman Coulter). 

Western blotting and quantification 

 
SDS-PAGE. Electrophoreses were done on pre-cast 10-20% SDS-polyacrylamide Tris-

Tricine gels, 10.5-14% and 4-10.5% Tris-HCl gels (Bio-Rad). Protein levels were 

normalized to 2-100 µg of protein per sample (depending on targeted protein) and 

resuspended with 4X loading buffer.  

Transfer. Thereafter, proteins were transferred to 0.2 µm nitrocellulose membrane (Bio-

Rad).  

Blotting. To detect Aβ molecules, nitrocellulose membranes were boiled in 50 mL PBS 

by microwaving for 25 and 15 sec with 3 min intervals. Membranes were blocked in 

TTBS (Tris-Buffered Saline-0.1%Tween®20) containing 5% bovine serum albumin 
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(BSA) (Sigma) for 1-2 hours at room temperature, and probed with appropriate 

antisera/antibodies diluted in 5%BSA-TTBS. Primary antibodies were probed either with 

anti-IgG immunoglobulins conjugated with biotin or InfraRed dyes (Li-Cor Biosciences, 

USA). When biotin-conjugated secondary antibodies were used, IR-conjugated 

Neutravidin® (Thermo Scientific) was added to amplify the signal. Blots were revealed 

on an Odyssey platform (Li-Cor Biosciences). For the detection of A11-reactive A� 

species, all blotting steps were performed in total absence of detergent in the buffers used. 

Stripping. When required, membranes were stripped using RestoreTM Plus Stripping 

buffer (Pierce) for 30-180 min at room temperature depending on antibody affinity. 

Quantification. Densitometry analyses were performed using OptiQuant software 

(Packard Bioscience, Meriden, CT) or using the Odyssey software (Li-Cor). Each protein 

of interest was probed in three individual experiments under the same conditions, and 

quantified by software analysis, following determination of experimental conditions 

ascertaining linearity in the detection of the signal. The method used allows for a 

dynamic range of ~100-fold above background. Respective averages were then 

determined across the triplicate western blots. Normalization was performed against the 

actin or the total form of the studied protein in the case of phosphorylated proteins. 

Importantly, due to the large number of samples analyzed, specimens were processed in 

two separate ways in order to compare possible effects induced by aging and by the 

transgene across groups. 

Dot blotting 

Two micrograms of MB protein extracts were mixed with sterile filtered deionized water 

in a total volume of 2.5 �L. Each sample was adsorbed onto a nitrocellulose membrane 
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until dry for 30 minutes. Following a brief activation in 10% methanol-containing TBS, 

membranes were boiled in PBS to enhance antigen detection (Lesne et al., 2006). All 

steps were performed without detergent to enhance A11 and OC binding of oligomeric 

species (Lesne et al., 2006). 

Immunoprecipitations 

Aliquots (100-250 µg) of protein extracts were diluted to 1 mL with dilution buffer (50 

mM Tris–HCl, pH 7.4, 150 mM NaCl) and incubated with appropriate antibodies (5 µg) 

overnight at 4°C, and added 50 µL of Protein G-Sepharose, Fast Flow® (GE Life 

Sciences) or Protein G-coupled magnetic beads (MagG beads, GE Life Sciences) 1:1 

(v:v) slurry solution with dilution buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, pH 

7.4) for two to 16 hours. The beads were washed twice in 1mL of dilution buffer and 

proteins were eluted in 25 �L of loading SDS-PAGE buffer by boiling. 

Antibodies  

The following primary antibodies were used in this study: 6E10 [1:2,500], 4G8 [1:2500], 

biotinylated-6E10 [1:2,500] (Covance), 40/42-end specific Mab2.1.3 and Mab13.1.1 

[1:1,000] (kind gift from Pritam Das, Mayo Clinic, Jacksonville, FL), A11 [1:1,000] 

(kind gift from Rakez Kayed University of Texas Medical Branch, Galveston, TX), Tau5 

[1:2,000] (Covance), PS262-tau [1:2,000] (Cat.# AB9656, EMD Millipore), anti-pY18-

tau [1:2,500] (kind gift from Gloria Lee, University of Iowa, Iowa City, IA), anti-pS416-

tau [1:2,000] (Cat.# ab119391, Abcam), anti-pS409-tau [1:2,000] (Cat.# OPA1-03150, 

Thermo Scientific), pS202-tau(CP13) [1:500], PG5 [1:500], PHF1 [1:500], Alz50 [1:500] 

(kind gifts from Peter Davis, Albert Einstein College of Medicine, Yeshiva University, 

Manhasset, NY), 0N4R-tau [1:2,000] (Liu and Gotz, 2013), anti-GluN1 [1:1,000] (Cat.# 
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sc-1467 and sc-9058, Santa Cruz Biotechnology, Inc.), anti-GluN1-CT and anti-GluN2B 

[1:1,000] (Cat.# 05-432, #AB1557 and #06-600, EMD Millipore and Cat.# sc-1469 and 

sc-9057, Santa Cruz Biotechnology, Inc.), anti-GluN2A [1:1,000] (Cat.# sc-9056, Santa 

Cruz Biotechnology, Inc. and Cat.# 2720, Tocris bioscience), anti-mGluR5 [1:1,000] 

(Cat.# RA16100, Neuromics and Cat.# G9915, Sigma Aldrich), anti-AChR�7 [1:1,000] 

(Cat.# sc-1447, Santa Cruz Biotechnology, Inc.), anti-GluA1 [1:1,000] (Cat.# sc-7609, 

Santa Cruz Biotechnology, Inc.), anti-GluA2 [1:1,000] (Cat.# sc-7610, Santa Cruz 

Biotechnology, Inc.), anti-EphB2 [1:2,000] (512012, R&D systems, Inc. and Cat.# sc-

28980, Santa Cruz Biotechnology, Inc.), anti-Actin [1:10,000] (C4, EMD Millipore and 

Cat.# A2066, Sigma Aldrich), anti-CaMKII�  [1:1,000] (Cat.# NBP1-20008, Novus 

Biological; Cat.# PA1-14077, Thermo Scientific and Cat.# sc-5306, Santa Cruz 

Biotechnology), pT286-CaMKII� [1:1,000] (Cat.# MA1-047, Thermo Scientific and 

Cat.# 3361, Cell Signaling), anti-MAP2 [1:500] (Cat.# NB300-213, Novus Biologicals), 

anti-PSD95 [1:200] (Cat.# sc-8575, Santa Cruz Biotechnology, Inc. and Cat.# ab18258, 

Abcam), anti-CREB [1:1,000] (Cat.# MAB5432, EMD Millipore), anti-pS133-CREB 

[1:1,000] (Cat.# 06-519, EMD Millipore), anti-p38 [1:1,000] (Cat.# 9212, Cell Signaling), 

pT180/Y182-P38 [1:2,000] (Cat.# 9216, Cell Signaling), anti-ERK [1:1,000] (Cat.# 06-

182, EMD Millipore), anti-pERK [1:1,000] (12D4, EMD Millipore), anti-GSK3�/� 

[1:1,000] (Cat.# sc-56913, Santa Cruz Biotechnology, Inc.), pS21/S9-GSK3� /� 

[1:1,1000] (Cat.# 9327, Cell Signaling), pS9-GSK3�  [1:2,000] (Cat.# 9336, Cell 

Signaling), anti-p35 [1:1,000] (Cat.# sc-820, Santa Cruz Biotechnology, Inc.), anti-

FOXO1 [1:1,000] (2H8.2, EMD Millipore), anti-Calcineurin A [1:1,000] (Cat.# 2614, 



	

90	
	

Cell Signaling), anti-PP1�  (Cat.# 2582, Cell Signaling), anti-PP2AC (1D6, EMD 

Millipore) and anti-cleaved Caspase-3 (Cat.# 9664, Cell Signaling).  

Validation of the antibodies used was performed comparing the specificity and 

segregation pattern of the target protein using extracellular- (EC), intracellular- (IC) and 

membrane bound-enriched protein extracts as described in the section Protein Extractions. 

Confocal imaging  

Triple or Quadruple-label immunofluorescence was performed as previously described 

(Larson et al., 2012a; Larson et al., 2012b) using Alexa Fluor 488, 555, 635-conjugated 

secondary antibodies (Molecular Probes, Invitrogen). Mouse brain sections were treated 

for autofluorescence with 1% Sudan Black solution and coverslipped with ProLong 

mounting medium (Molecular Probes). Digital images were obtained using an Olympus 

IX81 FluoView1000 microscope with laser intensities ranging from 7-11%. Raw image 

z-stacks (0.1-0.5 µm intervals) were analyzed using Bitplane’s Imaris7.x software suite. 

Frame size was maintained at 1024 × 800 and optical zoom of 1.00 was utilized to allow 

for maximum distribution of pixel size to tissue dimensions without over sampling. Six 

regions of interest (ROIs) per brain section (6 sections/brain) per animal (4-6 animals per 

group) were used. For in vitro analyses, eight ROIs/dish/group were used. Z stacks were 

reconstructed using the Surpass or Easy3D modules of the Imaris software package 

(version 7.x, Bitplane Inc., USA). 

Statistical Analyses  

When variables were non-normally distributed, nonparametric statistics were used 

(Spearman rho correlation coefficients, Kruskal-Wallis nonparametric analysis of 

variance followed by Bonferroni-corrected two-group posthoc Mann-Whitney U tests). 
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When variables were normally distributed, the following parametric statistics were used 

(one/two-way ANOVA followed by Bonferroni-corrected two-group posthoc Student t 

tests). Sample size was determined by power analysis to be able to detect statistically 

significant changes within a 20% variation of measured responses. Analyses were 

performed using JMP 11 (SAS Institute, USA). 
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