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ABSTRACT 

MRI T2 Signal Changes Indicate Tau Pathophysiology  
in a Murine Alzheimer's Disease Model 

Rajan Deep Adhikari 
Department of Physiology and Developmental Biology, BYU 

Doctor of Philosophy 
 

Pathogenesis, diagnosis and treatment, the essential domains in medical practice, 
seem helpless to address Alzheimer’s disease (AD). With a huge mortality rate, it is looming and 
threatening the socioeconomic barrier. Despite many different studies, the pathogenesis of AD 
remains inconclusive. However, growing numbers of studies suggest oxidative stress to 
contribute to the initiation and progression of AD. We propose an iron hypothesis: iron mediated 
oxidative damage by reactive oxygen species (ROS), which induces protective roles of amyloid 
beta and hyper-phosphorylated tau (HP-tau) to sequester iron and limit the disease. We propose 
to study such mechanism using transgenic mice models for AD, inducing oxidative stress to 
elevate intracellular iron, and analyze its co-localization with proteins using Magnetic 
Resonance Imaging (MRI), 1H Nuclear Magnetic Resonance (NMR) spectroscopy and Western 
blot. We report three primary findings: 1) a significant loss in T2 signal over bilateral 
hippocampi of transgenic mice compared to the wild types (WT) by three months, 
corresponding to early disease and the ability of proteins to sequestration iron. Ability of rescue 
treatments to impede disease progression reflected as preserved T2 signal intensities over these 
areas throughout our study period of nine months. 2) Concentration of zinc and its dual role in 
the presence or absence of oxidative stress reflected as loss of 1H NMR T2 measurement showed 
that higher concentrations of zinc were neuro protective when there was an active oxidative 
stress inducing condition, but neurotoxic and promote oxidative damage in normal condition. 
And 3) Different strains of mice, according to their transgene, expressed various proteins 
associated with AD. However, these expressions were in accordance with our iron-hypothesis.   
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CHAPTER 1: Introduction 

Alzheimer’s disease (AD) is a progressive and incurable neurodegenerative disorder that 

is the sixth leading cause of death in United States. It accounts for almost 60 to 80 percent of all 

forms of dementia. One in three senior citizens in United States die with AD or other forms of 

dementia. However, commonly seen in the elderly population over the age of 65, age being the 

biggest risk factor, Alzheimer’s disease is not a normal aging issue (Association 2017). With 

new developments and innovations, there has been a significant decrease in other leading causes 

of death, while the mortality from AD has increased by 89% since 2000. This disease is 

estimated to cost the nation around 1.1 trillion by 2050 (Association 2017). There is no specific 

investigation method to confirm the diagnosis of AD except by post mortem brain biopsy 

showing amyloid plaques and neurofibrillary tangles (Dickson 1997, Braak and Braak 1998). 

Progression of neurodegeneration and worsening of AD are irreversible. However, some 

symptomatic treatments can impede disease progression to improve the quality of life for those 

with the disease and their caregivers (Association 2017).  

Depositions of extracellular senile plaques, primarily mediated by amyloid beta (Aβ), 

and development of intracellular neurofibrillary tangles are the hallmarks of this disease. These 

plaques and tangles in turn promote degeneration of neuronal synapses, which is progressive, 

and irreversible (Butterfield and Boyd-Kimball 2004, Ittner, Ke et al. 2010). These events are 

primarily seen in the neocortex, hippocampus and other subcortical regions involved in 

cognitive function (Moreira, Carvalho et al. 2010). These pathological changes occur many 

years prior to any clinical symptoms making them ideal markers to predict AD (Nordberg 2008). 

Amyloid B peptide is a normal physiological product from proteolytic processing of its 

precursor protein known as Amyloid Precursor Protein (APP). APP is a transmembrane protein 
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whose precise function is unknown but its overexpression shows a positive effect on cell health 

and growth (O'Brien and Wong 2011). An APP protein undergoes normal proteolytic processing 

by α and γ-secretase respectively (nonamyloidogenic pathway), producing products promoting 

normal cellular functions. Those APPs who fail to be processed normally are internalized inside 

the cell and are cleaved by beta site APP cleaving enzyme (BACE) and γ secretase 

(amyloidogenic pathway) generating Aβ (Younkin 1998, Greenfield, Tsai et al. 1999). 

Generally, such enzymatic actions produce variable length of Aβ with mostly 40 (Aβ40) and 42 

(Aβ42) amino acid residues respectively. The most abundant residue is Aβ40, with around 5-

15% of Aβ42 (Durkin, Murthy et al. 1999). Normally in young and healthy brains, these 

residues are tightly regulated (Shankar and Walsh 2009), however, in old and pathological 

brains, the Aβ oligomers are shown to aggregate and start disease progression promoting 

neuronal dysfunction (Harkany, Abraham et al. 2000, Qiu, Kivipelto et al. 2009, Bao, Wicklund 

et al. 2012).  Presenilin genes 1 (PSEN1) and 2 (PSEN2) regulate enzymatic function of γ-

secretase, and any defect or mutation in these genes leads to increase formation of Aβ as seen in 

early onset forms of AD (Ridge, Ebbert et al. 2013).  

Tau is a microtubule-associated protein, which is important in the assembly and 

stabilization of microtubules (Weingarten, Lockwood et al. 1975). They also influence motor 

proteins like kinesin and dynein that regulate anterograde and retrograde axonal transport 

respectively (Stamer, Vogel et al. 2002). They constitute a family of six isoforms, which range 

from 352 to 441 amino acids. Isoforms differ due to presence of three or four repeat regions 

(3R,0;4R,0;3R,29;4R,29;3R,58;4R,58), found at the carboxyl terminal and presence or absence 

of two peptide inserts at amino terminal (Buee, Bussiere et al. 2000). Three isoforms of Tau 

containing exon 10 (4R) are more efficient at promoting microtubule assembly (Goedert and 
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Jakes 1990), while the isoforms that lack exon 10 (3R) are found to be associated with AD 

(Espinoza, de Silva et al. 2008).  Unlike natively unfolded tau, aggregated tau proteins that form 

into paired helical filaments (PHFs) and into neurofibrillary tangles (NFTs) are associated with 

tauopathies: which is characteristic of various neurodegenerative diseases (Lee, Goedert et al. 

2001). Tau is vital for Aβ induced neurotoxicity (Roberson, Scearce-Levie et al. 2007) and that 

the tau pathology can spread between neurons (Holmes and Diamond 2014). However, while it 

is predominantly an intracellular protein, many recent experiments suggest physiological release 

of tau proteins into the extracellular spaces. Moreover, neuronal activity regulates these 

processes (Pooler, Phillips et al. 2013, Yamada, Holth et al. 2014). Tau functions are regulated 

by its phosphorylation state, and the tau proteins, found in the PHFs that form NFTs, which 

formed these filaments were abnormally phosphorylated (Grundke-Iqbal, Iqbal et al. 1986, 

Grundke-Iqbal, Iqbal et al. 1986, Kosik, Joachim et al. 1986). This hyper-phosphorylation 

disrupts normal function of tau suggesting its role in pathogenesis of tauopathies by inducing 

microtubule network breakdown by neuritic atrophy and neurodegeneration.  Studies of tau in 

patients with tauopathies or in transgenic mice show hyper phosphorylation of tau preceding 

aggregation (Braak, Braak et al. 1994). Other notable loss of functions, following hyper-

phosphorylation of tau include but are not limited to iron transport, neurogenesis, long term 

depression (LTD) and DNA protection (Chauhan and Chauhan 2006, Sultan, Nesslany et al. 

2011, Lei, Ayton et al. 2012).  

Many theories have been put forward to elucidate the pathogenesis of AD; however, they 

still cannot not fill the huge gap in our understanding. Nevertheless, many studies have 

emphasized the importance of oxidative stress in the pathogenesis of neurodegenerative illness. 

In normal physiological conditions, oxygen radicles are regulated by antioxidants. However, 
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during pathological conditions, this balance is altered, producing uncontrollable reactive oxygen 

species (ROS) which are toxic to neurons. The oxidative damage seen in AD includes, but is not 

limited to, advanced glycation products (AGE) (Niwa, Katsuzaki et al. 1996, Zhou, Miller et al. 

1998), nitration (Good, Werner et al. 1996) and lipid peroxidation (Sultana, Perluigi et al. 2013). 

There has been an interesting debate whether Aβ and NFTs are a major source of oxidative free 

radicals promoting neurodegeneration, or that they both serve to compensate or reduce oxidative 

damage (Hensley, Carney et al. 1994). This hypothesis of Aβ as an antioxidant is seen in 

patients with Down’s syndrome, where Aβ deposits are developed in late teens in response to 

increased oxidative stress (Cenini, Dowling et al. 2012). There seems to be equal strength in the 

debate regarding Aβ and NFTs as precursors of oxidative damage or formed as a response to 

such insults. Many observations provide proof that metals, such as iron (Hare, Ayton et al. 

2013), aluminum (Crapper, Quittkat et al. 1980), mercury (Xu, Farkas et al. 2012), copper 

(Brewer 2014) and zinc (Deibel, Ehmann et al. 1996) play a major catalytic role in production of 

free radicals, and much attention has revolved around iron.  
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Figure 1.1:  Iron Regulation In Healthy Conditions. For healthy neurons, 1) Fe3+ is transported 
by iron transport protein “transferrin”, which recognizes the “transferrin receptor” on the cell 
surface and binds to it. 2) This protein-receptor complex goes through endocytosis into an 
endosome. 3) Low pH inside endosome reduces Fe3+ to Fe2+. Fe2+ is then exported to the cytosol 
via divalent metal transporter (DMT). Fe2+ enters the labile iron pool (LIP). 4) This form of iron 
is used for normal enzymatic functions; otherwise, it is oxidized back to Fe3+ and is sequestered 
by iron storage protein “ferritin”. 5) The LIP is monitored by iron response proteins (IRPs) that 
control expression of several iron proteins (APP, Ferritin, and Ferroportin), by binding to a 
hairpin loop in the mRNA known as iron response elements (IRE) and block the ribosome-
binding site to prevent over translation of these proteins. 6) Indeed, there is a normal expression 
of APP, Ferritin and Ferroportin. APP and Ferroportin work together to reduce the levels of 
intracellular and extracellular iron. 
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Iron is an essential micronutrient whose metabolism is tightly regulated. Exchange and 

transport of iron is mediated by Transferrin (Tf), an 80-kDa protein (Anderson, Baker et al. 

1987). Ferrous ions (Fe2+) are oxidized by ferroxidase to Ferric ions (Fe3+) before being 

exported out of cell into the interstitium via ferroportin (FPN), a transmembrane protein (Aisen, 

Enns et al. 2001). These Ferric ions (Fe3+) are incorporated into Tf and are circulated (Finch and 

Huebers 1982). The blood brain barrier prevents such complexes from diffusing into the nervous 

membrane; however, there seems to be another mechanism of endocytosis in the brain capillary 

endothelial cells (Moos, Rosengren Nielsen et al. 2007, Hare, Ayton et al. 2013). The Tf Fe3+ 

complexes are recognized by Tf receptors and are internalized into the endosomes. Low pH 

inside endosome, converts Ferric to Ferrous ions, which are then expelled out into the cytosol 

through Divalent Metal Transporter 1 (DMT1) (Hentze, Muckenthaler et al. 2004). These free 

iron molecules in the cytosol constitute what is known as labile iron pool (LIP), used for normal 

physiological functions. Iron can be stored in a storage protein called ferritin (F) (Theil 2004). 

Any excess iron is exported out to interstitium by the only known iron exporting protein, FPN 

(Ganz 2005), which is associated with ferroxidase and helps to oxidize ferrous to ferric ions 

(Abboud and Haile 2000). Neurons are devoid of ferroxidase, but APP substitutes their function 

in regulating iron levels (Duce, Tsatsanis et al. 2010). Iron is shuttled between ferritin and LIP to 

maintain a constant level for cellular functions. These functions are regulated by Iron response 

proteins (IRP 1 & IRP 2), which are peptides that bind with iron response elements (IRE) at the 

ribosomal binding sites (RBS) (Aisen, Enns et al. 2001) of amyloid precursor protein (APP), 

ferritin and ferroportin, preventing their expression. IRP are closely regulated by LIP (54) 

(Figure 1.1). Disruptions in these regulations are found to promote neurodegeneration illnesses, 

like AD (Qin, Zhu et al. 2011, Antharam, Collingwood et al. 2012), where they are found to be 
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associated with amyloid plaques and neurofibrillary tangles (Connor, Menzies et al. 1992, 

Smith, Harris et al. 1997). Neurons were found to have high levels of iron, in their redox active 

state (Good, Werner et al. 1996, Smith, Harris et al. 1997) prior to formation of plaques 

(Leskovjan, Kretlow et al. 2011) , which were prevented by iron chelation therapy (Guo, Wang 

et al. 2013). 

The brain requires around 20% of basal oxygen consumption. During respiration, 

mitochondria, which are regulated by superoxide dismutase, produce superoxide as a byproduct. 

As discussed earlier, iron is recognized as a major cause of oxidative stress due to its potential in 

forming hydroxyl radicals from hydrogen peroxide (Fenton reaction) (Honda, Casadesus et al. 

2004). Immunohistochemistry studies have shown co-localization of iron with amyloid plaques 

(Aβ) and hyper-phosphorylated Tau proteins (Stamer, Vogel et al. 2002, Mondragon-Rodriguez, 

Perry et al. 2013). Such co-localizations of iron with amyloid beta were reported using an 

ingenious method using Magnetic Resonance Imaging (MRI) (Meadowcroft, Connor et al. 

2009).  

In our work here, we hypothesize that Aβ and HP-tau sequester excess iron that 

overwhelms ferritin: primary iron storage protein (Watt 2013). Since, iron can be associated 

with various proteins; we want to know the affinity of iron to the different proteins involved 

during different stages of disease. Our proposed iron hypothesis for AD may clarify this affinity. 

We hypothesize that Aβ and P-tau actually protect neurons against oxidative damage by binding 

to iron. However, we do not fully understand the pathophysiological mechanism or related 

stages of disease with regard to Aβ and P-tau iron sequestration.  

Homocysteine is known to be a neurotoxic non-protein amino acid (Kruman, Culmsee et 

al. 2000), and is known to be elevated in AD (Miller 1999). Its neurotoxicity is mediated via 



 

8 

mechanisms like stimulating NMDA (Lipton, Kim et al. 1997) and glutamate receptors 

(Kruman, Culmsee et al. 2000). Homocysteine is also known inhibit and mobilize iron from 

ferritin promoting iron mediated oxidative damage. We propose that neurons sense this elevated 

free iron and promote production of ferritin, amyloid beta and neurofibrillary tangles to 

sequester them and prevent further oxidative damage. We believe that it is a natural defense 

mechanism of neurons against oxidative insult. We surmise that formation of amyloid beta 

outside the neurons is natural mechanism to keep free iron outside the cells, and when this 

mechanism overwhelms; the tau protein gets hyper-phosphorylated to attract more free iron, 

thereby trying to save neurons from further damage.  
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Figure 1.2:  Regulation Of Iron During Oxidative Stress.   
Elevated iron levels cause significant changes in the controlled environment inside the cell. 7) 
When iron levels rise, the IRPs recognize the elevated iron levels and fall off the IRE to allow 
transcription of APP, Ferritin and Ferroportin. If the increase in iron level is transient, increased 
Ferritin expression is able to bind and sequester the iron and prevent oxidative stress caused by 
free iron. 8) If the neuron is experiencing oxidative stress and free iron load, it promotes 
phosphorylation of tau (p-tau). Tau normally controls the trafficking of APP to cell surface. 
Phosphorylated tau allows APP to fuse with the membrane where it couples with Ferroportin to 
export iron, preventing reactive oxygen species formation. 9) Continued oxidative stress induces 
the expression of BACE1, the protease that cleaves APP to form Ab, which then binds and packs 
free iron into plaques. Continued neuronal oxidative stress leads to inhibition of phosphatase, 
which cycles p-tau to tau. This leads to hyper-phosphorylation of tau (HP-tau), which is known 
to form aggregates with trivalent metals such as Fe3+. 10) According to this model, elevated Fe3+ 

levels exist and trigger the aggregation of HP-tau into tangles. 11) We propose that the 
homocysteine (Hcy) is the trigger that leads to the initial oxidative stress. Hcy blocks iron 
loading into Ferritin, releases iron from Ferritin and hyper-phosphorylates tau. 
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Iron Hypothesis: 
  

Our iron hypothesis as a cause for AD is based on the facts that iron reacts with oxygen 

to generate what is known as reactive oxygen species (ROS) which promotes oxidative damage 

to tissues, and that iron is associated with Aβ plaques, HP-tau tangles in, and AD diseased brain. 

Figure 1.2 demonstrates regulation of iron during oxidative stress. Homocysteine (Hcy) is a 

molecule known to be elevated in several conditions including AD. Hcy can perform redox 

chemistry to reduce and release iron from ferritin leading to elevated cytosolic iron levels. Hcy 

also inhibits iron loading into ferritin by binding to iron. The overall effect is an elevated level 

of free iron in the cytosol. The excess of iron is then expelled from the cell via Ferroportin, 

which requires APP for better coordination. Thus, the elevated iron level will release the IRB 

from RBS promoting expression of APP, ferritin and Ferroportin. The APP is cleaved by 

secretase to form Aβ that sequesters iron outside the cells. Hcy inhibits phosphatase activity and 

that continuous oxidative stress causes phosphorylation of tau (HP-tau), which is released from 

microtubules leading to its aggregations. When the export of iron to Aβ plaques becomes 

overwhelmed, the HP-tau comes into play by storing the excess iron in the tangles, within the 

cells.   Tau is the microtubule-associated protein that undergoes dynamic phosphorylation and 

de-phosphorylation as it maintains the integrity of the microtubules. Under various oxidative 

conditions, this dynamic cycle is altered and tau proteins undergo hyper-phosphorylation. In 

AD, HP-tau leads to the formation of paired helical filaments and neurofibrillary tangles inside 

the cells.  

One function of tau is to traffic APP to the cell surface.  Phosphorylation of tau allows 

APP to fuse with the membrane where it couples with Ferroportin to export iron from the neuron 

to protect from the formation of reactive oxygen species.  Continued oxidative stress induces the 
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expression of BACE1, the protease that cleaves APP to form Aβ, then Aβ binds and packages 

free Fe3+ into plaques. Continued neuronal oxidative stress leads to inhibition of phosphatases, 

which cycle P-tau back to tau.   This leads to hyper-phosphorylation of tau (HP-tau), which is 

known to form aggregates with Fe3+.  According to our model, elevated Fe3+ levels exist and 

trigger the aggregation of HP-tau into tangles.   We propose that homocysteine (Hcy) is the 

trigger that leads to the initial oxidative stress.  Hcy blocks iron loading into ferritin, releases 

iron from ferritin, and causes the hyper-phosphorylation of tau. 

We propose to conduct experiments to test the pathophysiological process of oxidative 

stress and development of AD pathology on a murine animal model. We will introduce oxidative 

stress conditions through the administration of a methionine rich diet, which provides a non-

protein amino acid –Homocysteine. In separate, age- matched cohorts; we will introduce 

metformin, zinc and Clioquinol, each of which acts directly to reduce the free iron in the cell. 

Metformin is known to reduce rate of formation of advance glycation products (AGEs) (Ahmad, 

Shahab et al. 2013), decrease xanthine oxidase activity (Pavlovic, Kocic et al. 2000) and lipid 

peroxidation markers (Tessier, Maheux et al. 1999) improving antioxidant activities in red blood 

cells (Faure, Rossini et al. 1999) and hepatic and blood vessels (Ewis and Abdel-Rahman 1995).  

Clioquinol is an antibiotic and naturally present copper/zinc chelator that solubilizes 

amyloid beta deposits (Faux, Ritchie et al. 2010). A phase II clinical trial with Clioquinol 

reported significant less deterioration in cognitive function with patients with moderately severe 

AD (Ritchie, Bush et al. 2003).  It has higher affinity for iron (Todorich and Connor 2004) and 

reduces brain iron content (Kaur, Yantiri et al. 2003).  

Zinc is an essential micronutrient required for intracellular signaling; cell mediated 

immune functions and oxidative stress (Gammoh and Rink 2017).  Zinc inhibits nicotinamide 
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adenine dinucleotide phosphate oxidases (NADPH oxidase), which catalyzes the production of 

ROS (Marreiro, Cruz et al. 2017). It also serves as a cofactor of superoxide dismutase (SOD), 

which catalyzes ROS into hydrogen peroxidase. It also helps induce generation of metallothione, 

which can scavenge ROS (King, Brown et al. 2016). Zinc increases the activation of antioxidant 

proteins, molecules and enzymes such as glutathione (GSH), catalase, and SOD. It also reduces 

the activities of oxidant-promoting enzymes such as inducible nitric acid synthase and NADPH 

oxidase and inhibits the lipid peroxidation products. 

We hypothesize that treatment with these drugs would indirectly reduce the pathological 

burden seen in AD. These experimental perturbations will be introduced regularly throughout 

the animals’ lifetimes, and analyzed at one, three, six and nine months of age using in vivo 

imaging, postmortem immunohistochemistry, and biochemistry techniques. 

We propose the following specific research questions to support our specific aims: 

Specific Aim 1 

  We will elucidate the time course of iron association with APP, Ferroportin, ferritin, Aβ 

and HP-tau proteins in wild type and AD transgenic murine brains by introducing controlled 

oxidative stress conditions through the administration of homocysteine. We want to know 

specifically: Does the temporal, sequential pathophysiology related to oxidative stress influence 

neuronal death? In addition, we will introduce a subset of mice subjects to metformin, 

Clioquinol, and zinc treatments, which are known or proposed to reduce the labile iron pool 

(LIP) in models of oxidative stress. We expect our iron-reducing treatments to ameliorate the 

deposition of iron-bound Aβ and ironbound HP-tau even in transgenic AD mice (beyond what 

they would have genetically deposited). 
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Specific Aim 2 

We will develop an MRI technique to differentiate iron-bound Aβ and iron-bound HP-

tau in our murine brains.  We want to know if we can differentiate iron-bound Aβ localization 

from iron bound HP-tau localization using MRI technique and develop an anatomical and 

pathological biomarker for AD.  

Our experimental plan and procedures are designed to test our Iron Hypothesis, but our 

plan also tests treatments known to decrease cellular iron. If our hypothesis is correct, the work 

in this proposal will prove our hypothesis and outline a pathway for preventive treatments to 

lower intracellular iron concentrations to prevent AD. 

Approach 

Diet Treatments 

Starting at 1 month of age, half of the mice from each strain type will receive either 

methionine rich chow while the other half will continue with regular food. Oxidative stress 

rescue treatments with Metformin, Zinc and Clioquinol will start at 3 months, amelioration of 

oxidative stress pathology is expected to begin appearing at 6 months relative to non-rescued 

mice. 

Magnetic Resonance Imaging Protocol for Mice 

We will acquire MRI images of the mice, at 1, 3, 6 and 9 months of age, in a Siemens 3T 

Trio scanner. Mice will be anesthetized using isoflurane and placed in a custom-made 4-turn 

Transmit/Receive (TR) solenoidal RF mouse coil. We expect T2 signal loss in hippocampi as 

plaques and iron in them will build up generating contrast image. Such signal loss will be related 
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with the western blot analysis. These optimizations and relations will help us to develop an MRI 

technique, which can differentiate ironbound Aβ and ironbound HP-tau.  

Post-mortem Preparation and Analysis of Murine Brains  

At the end of each time point, one subgroup of mice will be sacrificed. Brains will be 

extracted and hemispheres will be separated, with one processed for histological analysis and the 

other processed for Western blot and NMR analysis. We will correlate with MRI scans to locate 

the pathological lesion and will biopsy the brain specimen for NMR and western blot 

experiments.  

Western Blot Processing of Murine Brains 

The biopsies will be homogenized and ultra-centrifuged to be analyzed by Western blot 

procedures and analyzed by antibodies specific for APP, Ferroportin, Aβ, tau and ferritin. SDS 

gel electrophoresis will separate different proteins based on their molecular weight. Western blot 

then can help us identify relative quantities for a particular protein or proteins of interest. We 

expect to see the expression of proteins like APP, Ferroportin, Aβ, HP-tau and ferritin to 

increase after oxidative stress conditions and reduce following rescue treatments.  

Nuclear Magnetic Resonance for Mice Brain 

We will run NMR on the same biopsy samples and measure relaxation properties.  We 

will use these values to inform MRI scans at subsequent time points for cohort subgroups and 

develop a technique to differentiate ironbound Aβ and ironbound HP-tau in our murine brains. 
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Material and Methods  

Ethics Statement 

Institutional Animal Care and Use Committee (IACUC) approved all procedures and all 

animals were treated in accordance with their guidelines. Three strain types 1: B6.Cg-Mapttm1 

(GFP) Klt Tg(MAPT)8cPdav/J 18 mice (7F, 11M) were bred by crossing mice that are 

homozygous for the targeted mutation- MAPT and hemizygous for the transgene- human MAPT 

with mice homozygous for targeted mutation- MAPT and wild type for the transgene.  2: 

C57BL/6J were purchased from Jackson lab and 3: B6.Cg-Tg (APP695) 3Dbo 

Tg(PSEN1dE9)S9Dbo/Mmjax were purchased from Mutant mouse resources and research 

centers. They were maintained in specific pathogen free environment at Life Science Building, 

BYU. They were fed on regular ad libitum (TD.8604) and were housed at a 12-hour light/12-

hour dark cycle. They were bred and the pups were genotyped for their respective transgene at 

21 days of age. Matched genotypes were separated for experiment and unmatched genotypes 

were culled as per IACUC guidelines.  

Genotyping and Identification 

Ear notching method was used to collect tissues for DNA sampling for genotyping and 

identification. Proper techniques were ensured to restrain the animal during ear notching. The 

notching device was disinfected using 75% ethanol between each animal and between cages.   

Diet Treatments 

At one month of age, 9 mice from each strain type were separated randomly to receive 

methionine rich ad libitum (36 mg/day), the other half were continued on control ad libitum 

(methionine: 18 mg/day).  
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After two months, all mice received rescue treatment with metformin, zinc or Clioquinol in 

continuation with the diets they were receiving. 

1. 0.1% Metformin. 

2. 30 mg/kg/day Clioquinol.  

3. 200mg/kg zinc. (control diet: 80mg/kg) 
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Abstract 

APP/PS1 transgenic mice overexpressing chimeric mouse/human APP-695 and mutant 

human presenilin 1 (PSEN1) carrying the exon-9-deleted variant (PSEN1dE9) both directed to 

neurons were linked to familial Alzheimer’s disease. In addition, other transgenic mice 

overexpressing all six isoforms of hyper-phosphorylated of microtubule associated protein tau 

(MAPT) were scanned at various ages and compared with age controlled WT. Mean T2 turbo 

spin echo (TSE) signals obtained from in vivo T2 weighted MRI on these mice revealed 

significant signal loss in bilateral hippocampi when compared by age. There was, however, no 

effect of signal loss when compared to rescue treatments with or without oxidative insults. This 

in vivo analysis of signal loss, due to iron in the plaques, outlines a possibility to refine the 

imaging techniques in pursuit of a noninvasive diagnostic biomarker. 

Introduction 

 Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by 

memory loss and progressive loss of cognitive functions that impede performances in daily 

activities. It is mostly seen in the elderly population and is the leading cause of dementia. The 

diagnostic hallmarks of AD are the presence of amyloid beta plaques, neurofibrillary tangles 

from phosphorylated tau proteins, neurodegeneration and synapse loss (Katzman 1986, 

Coleman, Federoff et al. 2004) seen in post mortem brain biopsies. Formation of such plaques 

and tangles precedes, up to a decade or more, before any clinical symptoms appear (Morris, 

Storandt et al. 1996, Haroutunian, Perl et al. 1998). This describes the necessity of a sensitive 

biomarker for AD that not only helps in early diagnosis but also provides information regarding 

responses to possible treatments that retard disease progression (Knoll 1983, Anderson, Waters 

et al. 1988). AD is steadily affecting more patients, with a broader socioeconomic impact, 
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necessitating the quest for the development of more effective treatments and diagnostic tools 

(Growdon 1999). Neuroimaging techniques, MRI in particular, have been a widely used tool to 

study AD (de Leon, Golomb et al. 1993, de Leon, Bobinski et al. 2001) 

We hypothesize that dysregulation of iron storage stimulates oxidative damage to 

neurons, which in turn promotes amyloid beta, and neurofibrillary tangles deposits. Both these 

proteins are found to have strong affinity iron (Bouras, Giannakopoulos et al. 1997, LeVine 

1997, Zheng, Xin et al. 2009, Wan, Nie et al. 2011). There are studies showing strong 

association of iron with amyloid beta (Meadowcroft, Connor et al. 2009), and with 

neurofibrillary tangles (Good, Perl et al. 1992, Benveniste, Einstein et al. 1999). Since, these 

iron deposits can be visualized in magnetic resonance platform; we propose an increase in 

plaques and tangles in transgenic mice vs wild types that would be seen in MRI.  

To study the possibility of detection of these pathological changes in mice brains, we 

investigated using APP/PS1 and MAPT transgenic mice together with age matched controls 

wild types on two-dimensional T2 weighted turbo-spin echo sequence using a 3T MRI scanner. 

Double transgenic APP/PS1 mice express both human Presenilin 1 and a chimeric amyloid 

precursor protein (APP). The humanized APP transgene allows mice to secrete a human beta 

peptide, and inclusion of Swedish mutation elevates the amount of amyloid beta production by 

favoring processing through the beta secretase pathway. The PS1 transgene expresses a mutant 

human presenilin 1 associated with familial AD. In these mice, amyloid plaques start depositing 

by six months of age (Savonenko, Xu et al. 2005). MAPT mice are homozygous for the targeted 

allele and hemizygous for the transgene; they express all six isoforms of human MAPT. These 

hyper-phosphorylated MAPT are detected in the brain by three months of age (Andorfer, Kress 

et al. 2003). These mice, therefore, were ideal for our experiment to scan them at one, three, six 
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and nine months of their age. We ran two-dimensional T2 weighted turbo-spin echo sequence to 

image the hippocampal signal dropouts. Our results show significant T2 signal decay in these 

transgenic mice as compared to age-controlled wild types.   

Materials and Methods  

Animals 

All MRI experiments were conducted at Magnetic Resonance Imaging Research Facility, 

BYU-Provo. Institutional Animal Care and Use Committee (IACUC) approved MRI procedures 

and all animals were treated in accordance with their guidelines. 18 mice (7F, 11M) 

homozygous for MAPT allele and hemizygous for human MAPT transgene and the other 18 

mice (10F, 8M) double transgenic for human APP and human PS1 were bred and confirmed by 

genotyping. Their results were compared with age matched controlled 18 wild types (4F, 14M).   

Diet 

All mice received ad libitum supply of regular chow purchased from Harlan Teklad (TD 

8604) until one month of age. Methionine rich diet purchased from Harlan Teklad (TD 150154) 

was introduced to half of the mice for all strain type to trigger elevated homocysteine, while the 

other half continued on the same regular diet. At three months, one mouse per strain from each 

diet type were sacrificed and tissues harvested for experiments. Remaining eight mice per strain 

from each diet type were further divided into four pairs: three pairs receiving additional rescue 

treatment with: Metformin, Zinc or Clioquinol .A remaining pair continued on the same diet. 

Mice were scanned using MRI at one, three, six and nine months of age. 
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Anesthesia 

Mice were placed in a chamber connected with a constant flow of 3-4% isoflurane in 

oxygen to induce anesthesia. When the mice were sufficiently induced, they were quickly 

transferred and placed in a prone position in a special designed table with a custom nosecone 

attached to a delivery system that supplied a regular flow of isoflurane mixed with oxygen. 

During maintenance of anesthesia, the flow was adjusted to 1L/min and concentration of 

isoflurane to 1.5%. This was delivered with an isoflurane vaporizer/ anesthesia machine 

(Veterinary Anesthesia Systems, INC.) equipped with Pureline® oxygen concentrator. Eyes 

were protected with an ophthalmic ointment to prevent any corneal damage. Post scanning, mice 

were placed in a flat bed and were continuously monitored until they could normally access food 

and water.   

MRI Scanning 

The structure scans use two-dimensional T2 weighted turbo-spin echo sequence. The 

sequence was implemented using a 3T Siemens whole-body scanner (Siemens Medical Systems, 

Erlangen, Germany) with a custom-made 4-turn Transmit/Receive (TR) solenoid radio 

frequency mouse coil. The FOV of the scan is 87mm (readout) x 24.5mm (phase) x 0.9mm 

(slice) and the acquisition matrix was 320 (readout) x 90 (phase encode) and 42 in slices 

direction (12 slices were used for oversample) which yields the voxel size equal to 0.27 x 0.27 x 

0.9mm. Because of the small voxel size, 16 averages were employed in pursuit of a decent SNR, 

which made the total acquisition, time about 23 minutes. The TR/TE = 8000/115 ms, and flip 

angle was 150 degrees. Other acquisition parameters were turbo factor of 12, the readout 

bandwidth = 340 Hz/pixel. Fast mode RF pulse was selected and the slice distance was 0.45mm. 
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Estimation of Signal Intensities 

OsiriX platform was used to calculate the signal intensities (Figure 2.1). An area of 2.001 

mm2 (W: 1.694 mm H: 1.504 mm P: 5.0 mm) was chosen over bilateral hippocampi as our 

region of interest (ROI) (Figure: 2.1). The maximum signal intensities from ROI were 

normalized with the intensities from the ipsilateral eye, which was used as an internal control. 

The average mean values were analyzed on SPSS software.  

 

Figure 2.1:  T2 weighted MRI Scan. Image constructed following 2D T2 weighted turbo spin 
echo sequence on mice brain at the age of one, three, six and nine months. Signal dropouts over 
bilateral hippocampi (Left) were measured after normalizing with maximum signal intensities 
from the ipsilateral eye (Right).    
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Results 

Eighteen APP/PS1 mice, 18 Tau, and 18 WT mice were imaged and analyzed separately 

for the effect of time on mean T2 TSE signal. APP/PS1 [F (3, 21) =5.410, p=0.006] and Tau [F 

(3, 21) =11.861, p<0.001], but not WT [F (3, 21) =0.705, p=0.560] mice showed a significant 

signal decline with age in the left hippocampus. Likewise, APP/PS1 [F (3, 21) =4.720, p=0.011] 

and Tau [F (3, 21) =8.384, p=0.001], but not WT [F (3, 21) =0.493, p=0.691] mice showed a 

significant signal decline with age in the right hippocampus Expected accumulation of the 

pathological proteins beta-amyloid and tau in the hippocampus of the respective APP/PS1 and 

Tau transgenic mice appeared to result in a measurable T2 signal decay compared with that of 

WT mice. Rescue treatments started at three months prevented further loss in T2 signals.  Future 

studies include histological and Western blot confirmation.  

 

Figure 2.2:  T2 Signal Intensities Over Left Hippocampus. Corresponding to the oxidative stress 
started at one month: an average T2 signal measured at age one month, over left hippocampus, 
was significantly decreased when measured again at three, six and nine months for APP/PS1 and 
MAPT mice but not WT. Rescue treatments were started at three months which limited the 
pathological changes thereafter.   
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Figure 2.3:  T2 Signal Intensities Over Right Hippocampus. Corresponding to the oxidative 
stress started at one month: an average T2 signal measured at age one month, over right 
hippocampus, was significantly decreased when measured again at three, six and nine months 
for APP/PS1 and MAPT mice but not WT. Rescue treatments were started at three months 
which limited the pathological changes thereafter. 
 
 
 

 

Figure 2.4: Estimated Marginal Means of MRI. Marginal means measured for bilateral 
hippocampus against time (1= one month, 2=three month, 3=six month and 4=nine month). Both 
left and right hippocampi show significant decrease in means between one and three months.  
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Discussion 

While there have been studies showing evidence of plaques in brain tissues using 7.1 T 

(300 MHz) magnet (Benveniste, Einstein et al. 1999), and in mice models (Andorfer, Kress et al. 

2003, Savonenko, Xu et al. 2005); usefulness of MRI in diagnosis and evaluation of AD in 

humans are still limited. In this present study, we have demonstrated a T2 signal decrease in 

bilateral hippocampi of human transgenic mice for AD. We believe that this is due to an 

accumulation of iron in the pathological lesions associated with the disease: amyloid beta 

plaques, neurofibrillary tangles or both. Presence of iron contributes T2 signal loss due to field 

inhomogeneity (Bizzi, Brooks et al. 1990, Vymazal, Brooks et al. 1992, Vymazal, Brooks et al. 

1995), which alters the brain water content (Miot, Hoffschir et al. 1995). Figure 2.3 shows 

average signal intensities and figure 2.4 shows estimated marginal means measured on 

APP/PS1, MAPT and WT mice over one, three, six and nine months. These data show a 

significant drop in the mean T2 signals among transgenic mice, highest between one and three 

months of age suggesting early pathology. These mice were modeled to produce pathological 

lesion by three to six months, but with oxidative stress, they began early. With oxidative stress 

treatment starting at one month, neurons robustly tried to manage neuronal damage by 

sequestering free iron. This overwhelming process of sequestering iron is reflected by a loss of 

signal in hippocampi, where we expect these pathological changes to happen in abundance. By 

three months, when rescue treatments were started, much of the neuronal damages have already 

happened and were irreversible. However, mice continued to receive oxidative stress treatment 

throughout their life. However, the signals measured at and after three months did not have 

significant differences. This corresponds to effectiveness of rescue measures that prevented 

further damages to neurons. T2 signal changes did not return to normal, because rescue 
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treatments only impedes disease progression but irreversible damage that has already happened. 

Since, WT mice do not produce any plaques or tangles; they were able to manage oxidative 

insult by homocysteine, which was reflected as no significant changes in their T2 signals.  

Axial 3.0T T2 weighted images, however, did not show any observable differences, 

between strains at different ages, with or without treatments. Iron deposits in various parts of 

brain have been successfully studied using T2 weighted MRI (Hallgren and Sourander 1958, 

Vymazal, Brooks et al. 1992) and Hallgren and Sourander have demonstrated MRI sensitivity to 

iron quantity in different brain regions, corresponding to qualitative MRI observation (Vymazal, 

Brooks et al. 1995). The amount of iron in a plaque of a mice brain is too small to be sensitive 

enough for it to be observed in an image. A higher magnetic field has better sensitivity for 

observing small quantities of iron. T2 signal decreases relative to the iron contribution linearly, 

dependent on the magnetic field (Vymazal, Brooks et al. 1995). Higher signal-to-noise ratios 

offer better image qualities with contrast features, but this comes with longer acquisition time; 

which makes it more difficult to scan humans, or in many cases, animal models. This suggests 

the limitations of our imaging techniques to visualize iron on T2 weighted images. However, our 

study shows a correlation between T2 weighted MRI signal and neuropathological changes in 

mice model for AD, especially at an early age.  
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Abstract 

Ultra-centrifuged brain samples were investigated with 1H NMR Relaxometry inversion 

recovery and Carr-Purcell-Meiboom-Gill pulse sequences. Depending on the rescue treatment, 

age and strain type, we found significant decrease in T2 NMR signal in mice with no oxidative 

insult followed by rescue with either a normal diet or a diet rich in zinc. T2 signals were 

significantly low at six months of age as compared to three and nine month. WT mice showed a 

significant decrease in signal compared to APP/PS1 and MAPT mice. This study provides 

evidence of zinc in either promoting neurodegeneration in otherwise healthy neurons or 

protecting neurons from further oxidative damage when diseased.   

Introduction 

Alzheimer’s disease is a major cause of dementia in the elderly population. Pathological 

proteins like amyloid plaques and neurofibrillary tangles are considered hallmarks for this 

disease (Harman 2006). In addition, these lesions precede clinical diagnosis by decades. It is still 

unclear what triggers these changes, and if their production are related to each other. Our 

hypothesis is that the free iron mediated oxidative stress induces amyloid beta plaques, to limit 

the excess iron. With continued oxidative stress, the plaques ultimately become exhausted. To 

compensate this burden, tau proteins get hyper-phosphorylated into neurofibrillary tangles and 

hold the free iron. Thus, we believe that the correlation between iron and these proteins changes 

according to the age of mice. Association of iron with amyloid beta (Falangola, Lee et al. 2005) 

and neurofibrillary tangles (Smith, Harris et al. 1997) has been studied in various platforms 

including MRI. However, optimal imaging strategies to image human are not yet available. We 

wanted to study the intrinsic magnetic resonance parameters, such as longitudinal (T1) and 

transverse (T2) relaxations times and use them to refine imaging techniques. Since, these 
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parameters are sensitive to changes in the biophysical environment of water; we hypothesized 

that the association of iron with amyloid beta and neurofibrillary tangles will have an effect on 

these parameters. Though, zinc is known for its antioxidant and protective role, it can be 

neurotoxic when a particular threshold is reached. In this study, we found evidence of zinc 

promoting neurodegeneration in otherwise healthy brains and protecting against oxidative 

damage in pathological brains.    

Materials and Methods 

All mice were treated ethically according to the guidelines of Institutional Animal Care 

and Use Committee (IACUC).  These guidelines include minimizing animal suffering and the 

number of animals used to perform the required experiments. Mice were housed in the specific 

pathogen free environment at Life Science Building, BYU Provo, UT. Mice were placed in a 

small shoebox type cages with Ab Libitum access to food and water. They received normal 12hr 

light/dark cycle lighting. Eighteen mice each with human transgene APP/PS1 and MAPT were 

studied and compared with 18 other age matched wild types controls. Animals were anesthetized 

using isoflurane and decapitated. The brain was rapidly removed and dissected along the sagittal 

plane into two equal hemispheres. One hemisphere was fixed by submerging in 4% 

formaldehyde solution and the other hemisphere was immediately immersed into liquid nitrogen 

to flash freeze and then stored in -80 freezer until further use.  

Frozen brain samples were weighed and freshly prepared cold tris-buffered saline 

solution (TBS) containing 20 mM Tric-HCl, 150 mM NaCl, pH 7.4 was added at 4: 1 v/w ratio. 

Protease inhibitor was added to the mixture to prevent unwanted degradation of proteins.  The 

mixture was then homogenized at 4M/s for one minute in a MP Biomedical Fast prep 24 

Homogenizer at Dr. Price’s lab, BYU Provo, UT. The homogenate was transferred to 5*41 mm 
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ultra-clear centrifuge tubes and loaded onto sw55 Ti rotor. This setup was then ultra-centrifuged 

at 40,000 k rpm in a Beckman optima le- 80K Ultracentrifuge at 4-degree temperature for one 

hour. The supernatant was then collected and stored in -80 freezer until further use.  

Hundred ul mice brain ultra-centrifuged samples were mixed with 800 ul of 99.9 % 

Deuterium oxide (D2O). The mixture were then transferred into 300 MHz 5mm Ultra Precision 

NMR TubesTM, and stored in -20 freezer until used. NMR study was done at the Nuclear 

Magnetic Resonance facility in the Benson building, BYU Provo, UT. We used a Varian 

INOVA 300 MHz system to acquire 1H spectra that is run by Agilent’s Vnmrj 4.2 software. The 

NMR probe was stabilized at five ºC by supplying nitrogen air passed through a heat exchanger 

immersed in a mixture of dry ice and isopropyl alcohol.  

Inverse Recovery (T1)/Longitudinal Relaxation 

For each sample, 10 inversion recovery data sets were collected. Each data set consisted 

of a 180º pulse, followed by a variable relaxation delay, followed by a 90º pulse, followed by a 

free induction decay (FID) with a total accumulation time of around 0.2 h. Each FID was a sum 

of four scans with a relaxation delay of 16 s before the initial 180º pulse. The FIDs were 

typically collected as 8192 complex data points during an acquisition period of 1.707 s. The 

spectral width was set at 0.0 to 9.6 ppm and the receiver gain at 30 dB. The 90o pulse widths 

were calibrated at 9.0 ± 0.3 us at 58 dB power. All FIDs were exponential weighted and 

transformed with the size of 64k, with 2 Hz of line broadening.  

The VnmrJ software fit each peak in the spectrum with an exponential curve to extract 

the longitudinal relaxation time (T1) for each peak in the spectrum. 
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CPMG (T2)/Spin-Spin Relaxation 

For each sample, 10 CPMG data sets were collected. Each data set consisted of a variable 

length train of 180º pulses with the CPMG phase alternation followed by a free induction decay 

(FID) with a total accumulation time of around 0.2 h. Each FID was a sum of four scans with a 

relaxation delay of 15 s before the train of 180º pulses. The FID was typically collected as 8192 

complex data points during an acquisition period of 1.707 s. The spectra width was set at 0.0 to 

9.6 ppm with a spectral width of 4799.6 Hz and the receiver gain at 30 dB. The 90º excitation 

pulse width was calibrated at 9.0 ± 0.3 us at 58 dB power. FID was exponentially weighted and 

transformed with the size of 64k, with 2 Hz of line broadening. The VnmrJ software fit each 

peak in the spectrum with an exponential curve to extract the spin-spin relaxation time (T2) for 

each peak in the spectrum. 

Results 

Brain homogenate from seventeen APP/PS1 mice, 18 Tau, and 18 WT mice was 

analyzed separately for their relaxation properties on 300 MHz NMR system. Rescue treatment 

had a significant effect on T2 measurements [F (8, 3) =22.888, P=0.013]. There was statistical 

significance either with no treatment (p= <0.013) or with Zinc (p=<0.042) as rescue measures on 

mice who did not receive any oxidative insult. Likewise, there was a significance difference in 

T2 measurements between three and six months of age (p=0.038) and between six and nine 

months of age (p=0.042), but the main effect of age on T2 measurement was trending towards 

significance (F [2, 3) =9.186, p=0.053]. Similarly, there was significant difference in T2 

measurements of APP/PS1 with WT (p=0.025), but not with tau (p=0.139) and between WT and 

Tau (p=0.116). The overall comparison, however was also trending towards significance [F (2, 
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3) =8.695, P=0.056]. However, there was no effect on T1 measurement with rescue treatments 

[F (8, 3) =1.352, p=0.442], age [F (2, 3) =0.605, p=0.601] and between cohorts [F (2, 3) =0.301, 

p=0.760].  

 

 

 

 

 

Figure 3.1:  Effect of Rescue Treatments on Mean T1.NMR measurements on brain 
homogenates of mice that received rescue treatments with: None=No treatment, M=Metformin, 
Z=Zinc and C=Clioquinol, who were previously stimulated with H=Homocysteine or N=Normal 
Diet. T1 measurement was not significantly affected by rescue treatments (P=0.760). 
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Figure 3.2:  Effect of Rescue Treatments on Mean T2.NMR measurements on brain 
homogenates of mice that received rescue treatments with: None=No treatment, M=Metformin, 
Z=Zinc and C=Clioquinol, who were previously stimulated with H=Homocysteine or N=Normal 
Diet. Significant drop in T2 measurements were found on mice who were not stimulated by 
oxidative stress, but were rescued either with normal diet (P=<0.013) or with zinc (P=<0.042).  

 
 
Figure 3.3:  Age Effect on Mean T1.  NMR measurements show no significant difference in 
mean T1 time, measured at the age of three, six and nine months. 
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Figure 3.4:  Age effect on Mean T1 and T2:  NMR measurements show a significant difference 
in T2 time. Significance was noted between three and six months and between six and nine 
months.  

 

 

Figure 3.5:  Mean T1 and T2 Effect on Strain: Only T2 measurement showed significant 
difference in mean T2 measurement on WT. There was no significance in T2 measurement 
between APP/PS1 and MAPT mice. T1 time did not show any significant changes among any 
strain types.    
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Discussion 

In this present pilot study, we examined the relaxation properties of brain homogenates 

with varying degrees of iron related pathology. While we did not observe any significant 

differences in T1 values, T2 measurements were significantly affected by rescue treatments 

(Figure 3.1). The main significant decrease in T2 signal was found in those mice who did not 

receive any rescue treatment and those who received zinc as rescue. These findings were in 

contrast with our hypothesis. Measurements of T2 are affected by various factors, including but 

not limited to, sample inhomogeneity, temperature gradients across sample and paramagnetic 

impurities. While we do not expect any paramagnetic impurities in our sample, other than those 

already present, our biggest concern was sample inhomogeneity.  Though we only used 

supernatant from brain ultracentrifuge, we do not rule out any possibility of transferring some 

cellular debris. Poor mixing of such solutions and presence of solid particles might have 

interfered with our relaxation measurement. Our experiments were conducted in a temperature-

controlled environment to prevent protein denaturation. Different temperature gradients across 

samples, leading to convection (Loening and Keeler 1999) might have interfered in our finding. 

However, we do not solely attribute this finding to sample preparation and instrumentation 

errors. We expected zinc to reduce iron load in the lesions and increase transverse relaxation 

time. We believe that this is due to the amount of zinc that was given in the diet. While zinc is 

considered a powerful antioxidant and is known to reduce amyloid beta plaques (Cardoso, Rego 

et al. 2005, Garai, Sengupta et al. 2006), it can also aggregate amyloid beta at higher 

concentrations (Bush, Pettingell et al. 1994, Bush 2003) favoring α helical structures in Aβ 

peptides promoting aggregation (Huang, Atwood et al. 1997). We have found that around 200-

300 mg of zinc per kg chow was successfully used in various studies (Simon and Taylor 2001, 
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Summers, Rofe et al. 2009). We followed the methods of Summers and supplemented mice diet 

with 200 mg zinc per kg of chow. Such studies required diets to be given for just a few months; 

however, we continued to feed our mice with zinc diet for nine months. We believe that this 

prolonged exposure to zinc might have accumulated and contributed to increase 

neuropathological burden: corresponding to decrease in T2 time. Similar studies have reported 

that addition of zinc to solution containing amyloid beta, reduces signal intensity in dual NMR 

experiments involving 1H-15N and 1H-13C (Danielsson, Pierattelli et al. 2007), primarily by 

binding with the histidines ligands. Zinc is also known to inhibit the ferroxidase activity of APP, 

increased cytosolic iron and subsequent Ab burden (Duce, Tsatsanis et al. 2010). This indicates 

use of Clioquinol, a powerful zinc chelator, as a therapeutic measure to lessen amyloid plaques 

burden and were seen effective in preclinical APP transgenic models of AD (Cherny, Atwood et 

al. 2001). Amount of iron present in samples with other treatments might have been too small 

for NMR to detect the differences. However, significant difference in T2 NMR signal between 

three and six months and between six and nine-month can be explained otherwise. Rescue 

treatment was not started until month three. When there were no or very little oxidative 

stressors, amount of zinc added was toxic: which explains the likelihood of zinc induced 

neurodegeneration, iron sequestration and T2 signal loss   
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Abstract 

Free iron mediated oxidative stress seems to be a cornerstone in pathogenesis and 

progression of Alzheimer’s disease (AD), which disrupts normal regulation of proteins. Ferritin 

upregulates to store overwhelmingly free iron, along with Ferroportin and Amyloid precursor 

protein promoting and shuttling out amyloid beta plaques. Tau protein gets hyper-

phosphorylated and aggregates into neurofibrillary tangles.  We report that different strains 

regulate these proteins differently, but in accordance to our iron hypothesis. However, the 

expression of tau isoform in pathogenesis was not uniform and was found to be strain 

dependent, their role justified our model. Further investigations including amyloid beta and 

histopathological confirmation may bridge our understanding in pathogenesis of AD. 

Introduction  

Alzheimer’s disease (AD) is a progressive neurodegenerative condition, primarily seen in 

the elderly population, characterized by memory loss, personality change and decline in 

cognitive function (Selkoe 2001). The diagnostic hallmarks of AD are presence of extracellular 

amyloid beta (Aβ) plaques and intracellular neurofibrillary tangles, which are associated with 

neuronal loss, astrocytosis and microglial oxidative damage (Reddy and Beal 2005, Tanzi and 

Bertram 2005, Reddy and McWeeney 2006). Many recent publications have attributed oxidative 

stress to be a major factor promoting AD progression. Due to its huge oxygen consumption, the 

respiratory chain in the mitochondria is vulnerable in producing superoxide, a primary reactive 

oxygen species (ROS)(Adam-Vizi 2005), which under normal physiological conditions, is 

neutralized by naturally occurring anti-oxidants. During pathological conditions in older brains, 

the mechanism of maintaining steady state is disrupted favoring numerous factors promoting 

neurodegeneration. Processing of Amyloid Precursor Protein (APP) is one such mechanisms that 
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get dysregulated, forming amyloid beta (Aβ) plaques. APP is a heterogeneous group of 

polypeptides, that is expressed everywhere, having a molecular weight of 110-140 kDa (Selkoe, 

Podlisny et al. 1988). Normally APP is cleaved by A and G secretase, but in a pathological 

brain, APP is aberrantly cleaved by BACE and G secretase (Haass, Schlossmacher et al. 1992, 

Shoji, Golde et al. 1992), producing AB. The role of AB still is an unresolved topic for debate. 

Some argue about AB facilitating the generation of free radicals (Behl, Davis et al. 1994, 

Hensley, Carney et al. 1994, Mattson 1995), while other suggest that oxidative stress precedes 

AB formation (Yan, Yan et al. 1995, Nunomura, Perry et al. 2000, Pratico, Uryu et al. 2001) and 

that AB in fact, acts as superoxide dismutase to reduce oxidative stress (Bush, Atwood et al. 

2000).  The expression of APP and AB are upregulated in AD brains associated with increased 

AB deposits (Menendez-Gonzalez, Perez-Pinera et al. 2005).  Elemental iron is a potential 

source for hydroxyl radical that may promote oxidative damage and neurodegeneration, and 

there have been studies in AD brains showing altered metabolism of iron, including transferrin 

and ferritin, an iron transport and storage protein, respectively (Connor, Menzies et al. 1992, 

Good, Perl et al. 1992). Almost all iron exchange and transport is mediated by transferrin (Finch 

and Huebers 1982). Intracellularly, iron can follow many different pathways depending on its 

need. Excess iron is stored in an abundant protein called ferritin (Theil 2004). Fe2+ ions from the 

cytosol are oxidized by ferroxidase and exported into the interstitium by Ferroportin (Aisen, 

Enns et al. 2001).  Despite lacking ferroxidase activity, APP in the neurons, interacts with 

Ferroportin to export iron from neurons (Wong, Tsatsanis et al. 2014) preventing oxidative 

damage.  

We examined the expression of these AD associate proteins in mice with human 

transgenes for APP/PS1 and MAPT. A subset of mice from each strain was fed a methionine 
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rich diet to induce oxidative stress and subsequently rescued with metformin, zinc and 

clioquinol. Their outcomes were compared with age matched wild type controls.  

Materials and Methods 

Animals were anesthetized using isoflurane and decapitated. Brain rapidly removed and 

dissected along the sagittal plane into two equal hemispheres. One hemisphere was fixed by 

submerging in 4% formaldehyde solution and the other hemisphere was immediately immersed 

into liquid nitrogen to flash frozen and stored in -80 freezer until further use.  

Frozen brain samples were weighed and freshly prepared cold tris-buffered saline 

solution (TBS) containing 20 mM Tric-HCl, 150 mM NaCl, pH 7.4 and Protease inhibitor was 

added at 4: 1 v/w ratio. The mixture was then homogenized at 4M/s for one minute in a MP 

Biomedical Fast prep 24 Homogenizer at Dr. Price’s lab, BYU Provo, UT. The homogenate was 

then transferred to 5*41 mm ultra-clear centrifuge tubes and loaded onto sw55 Ti rotor. This 

setup was ultra-centrifuged at 40,000 rpm in a Beckman optima le- 80K Ultracentrifuge at 4-

degree temperature for one hour, housed at Life Science Building, BYU Provo, UT. The 

supernatant was then collected and stored in -80 freezer until further use. 

Protein concentration was determined using the BCA protein determination kit (Pierce). 

Samples were then appropriately diluted with above-mentioned TBS buffer to a uniform protein 

concentration of 2ug/ul across all samples. Before loading, these samples were diluted in 2x 

Laemmli Sample Buffer (Bio Rad) containing 1x concentration of 2.5% 2-mercaptoethanol 

(BME, 355mM) (gibco, Life Technologies). Final concentration of proteins in each samples, 

following such dilution, was 1ug/ul. Samples were boiled at 95o for 5 minutes to reduce and 

denature the proteins. The CriterionTM TGXTM (Tris-Glycine extended) precast gels of 4-15% gel 

percentage (Bio Rad) were used to load the gels. SpectraTM Multicolor Broad Range Protein 
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Ladder (ThermoFischer Scientific) and Precision plus ProteinTM Dual Color Standards (Bio Rad) 

was used as a molecular weight marker. Gels were run at a constant voltage of 200 mv for 42 

minutes with running buffer containing 25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3. Tank 

transfer method was implemented to transfer proteins into 45um nitrocellulose membrane (Bio 

Rad), using a constant voltage of 100 mv for 60 minutes. Transfer buffer contained 25 mM Tris, 

192 mM glycine and 20% methanol. Membranes were blocked overnight using 5% non-fat dairy 

milk or 5% Bovine Serum Albumin (Biomatik).  Membranes were cut at appropriate positions 

and incubated with respective primary antibodies: 1: Rabbit Anti-phospho-MAPT (Sigma) 2: 

Rabbit Anti-Ferritin (Abcam) 3: Rabbit Anti-SLC40A1 (ThermoFischer Scientific) 4: Rabbit 

Anti-Amyloid Precursor Protein (Cell Signaling) 5: Rabbit Anti- GAPDH (Cell Signaling) and 

6: Rabbit Anti-B-amyloid (Cell Signaling). GAPDH was used as a loading control. IRDye® 

800CW Donkey Anti-Rabbit IgG (H+L) (LI-COR) was used as a secondary antibody.   

Results  

Ferritin 

Brain homogenate from 17 APP/PS1 mice, 18 Tau, and 18 WT mice was analyzed 

separately for the expression of different proteins associated with AD. Using a univariate 

analysis of variance, we found a significant main effect of cohort alone on the expression of 

ferritin [F (2, 53) =62.539, P=0.016]. Age [F (2, 53) =0.005, P=0.995] and rescue treatment 

alone [F (8, 53) =0.469, P=0.819], were not significant factors. We did not find any significant 

main effect interaction between cohort and rescue [F (14, 53) =0.351, P=0.909], cohort and age 

[F (2, 53) =0.056, P=0.947], age and rescue [F (9, 53) =0.316, P=0.909], and between all three 

factors [F (11, 53) =0.209, P=0.968].  After adjusting for multiple comparisons using Tukey 

HSD analysis, we found significant difference in the expression of ferritin between APP/PS1 
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and WT (P=0.040) and APP/PS1 and MAPT (P=0.013) but not between WT and MAPT 

(P=0.066).   

Tau isoforms 

Using a generalized linear model, we found a significant main effect of cohort alone on 

the expression of tau isoforms [F (4, 53) =30.316, P=0.032] Wilk's Lambda=0.000]. None of the 

other factors were significant. We found significant main effect interactions between cohort and 

tau isoform 48 [F (2, 53) =101.146, P=0.010], cohort and tau isoform 45 [F (2, 53) =44.970, 

P=0.022], and cohort and tau isoform 42 [F (2, 53) =52.590, P=0.019]. After adjusting for 

multiple comparisons using Tukey HSD analysis, we found significant difference in the 

expression of tau 48 isoform between WT and APP/PS1 (P=0.007) and APP/PS1 and tau 

(P=0.015) but not between WT and tau (P=0.062). Likewise, expression of tau isoform 45 was 

significant between tau and WT (P=0.039) and tau and APP/PS1 (P=0.015), but not between 

APP/PS1 and WT (P=0.094). Similarly, we found significant difference in the expression of tau 

42 isoform between WT and APP/PS1 (P=0.013) and between WT and tau (P=0.025) but not 

between APP/PS1 and tau ((P=0.149).  

Tau Isoforms, Ferroportin and APP 

Using a generalized linear model, we found a significant main effect of cohort alone on 

the expression of tau isoforms (48, 45 & 42), ferroportin and APP [F (4, 53) =18.764, P=0.051, 

Wilk's Lambda=0.001]. None of the other factors were significant. We found significant main 

effect interactions between cohort and ferroportin [F (2, 53) =24.805, P=0.039], and cohort and 

APP [F (2, 53) =66.248, P=0.015]. After adjusting for multiple comparisons using Tukey HSD 

analysis, we found significant difference in the expression of Ferroportin between WT and tau 

(P=0.043) and APP/PS1 and tau (P=0.043) but not between WT and APP/PS1 (P=0.993). 
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Likewise, expression of APP was significant between APP/PS1 and WT (P=0.012) and tau and 

APP/PS1 (P=0.020), but not between tau and WT (P=0.167).  

 

 

 

Figure 4.1:  APP/PS1 and Tau Isoforms. Ultra-centrifuged brain homogenate extract were 
separated by SDS PAGE and probed with MAPT antibodies as described in Methods. 
Expression of tau isoforms (42, 45, 48) in APP/PS1 mice, density normalized to GAPDH.  

 
 
Figure 4.2:  MAPT and Tau Isoforms. Ultra-centrifuged brain homogenate extract were 
separated by SDS PAGE and probed with MAPT antibodies as described in Methods. 
Expression of tau isoforms (42, 45, 48) in MAPT mice, density normalized to GAPDH.   

 

Figure 4.3:  WT and Tau Isoforms.  Ultra-centrifuged brain homogenate extract were separated 
by SDS PAGE and probed with MAPT antibodies as described in Methods. , Expression of tau 
isoforms (42, 45,48) in WT mice, density normalized to GAPDH.   
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Figure 4.4:  Strain Differences in Tau Isoforms. Isoform 45 was expressed significantly in 
MAPT mice, while expression in APP/PS1 was not significant to any isoforms and WT showed 
a predilection to isoform 42 expressions over other strain types. 
 
 
 
 

 
 
Figure 4.5:  APP/PS1 Response to Oxidative Stress. Ultra-centrifuged brain homogenate extract 
were separated by SDS PAGE and probed with respective antibodies as described in Methods. 
Expression of ferritin, ferroportin and APP in APP/PS1 mice compared and normalized to 
GAPDH. 
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Figure 4.6:  MAPT Response to Oxidative Stress. Ultra-centrifuged brain homogenate extract 
were separated by SDS PAGE and probed with respective antibodies as described in Methods. 
Expression of ferritin, ferroportin and APP in MAPT mice compared and normalized to 
GAPDH. 

 

 

 

 

Figure 4.7:  WT Response to Oxidative Stress. Ultra-centrifuged brain homogenate extract were 
separated by SDS PAGE and probed with respective antibodies as described in Methods. 
Expression of ferritin, ferroportin and APP in WT mice compared and normalized to GAPDH.  
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Figure 4.8: Strain’s Response to Oxidative Stress. Ferroportin was significantly under expressed 
in MAPT strain while APP/PS1 and WT showed marked expression following oxidative stress. 
APP is significantly over expressed in APP/PS1.  
 
 

 

 

Figure 4.9:  Ferritin Expression by Strain Type.  APP/PS1 strain showed significant increase in 
ferritin expression over MAPT and WT.    
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Discussion 

The complexities of tau isoform’s role in various pathologies are variable, so, exclusive 

classification of tauopathies is challenging. Though, there are some studies attempting to 

attribute a particular isoform or group of isoforms responsible for pathogenesis, we are reporting 

various tau proteins with different molecular weight expressed with significance between 

cohorts. Expression of other proteins like ferritin (F), ferroportin (Fpt) and amyloid precursor 

protein (APP) are also discussed along with their possible interaction with various tau isoforms.  

While MAPT mice were able to produce all six isoforms, tau45 was expressed significantly 

higher (P=0.022) in MAPT than APP/PS1 and WT. However, the expression of tau48 and tau42 

were not significant, in-fact, tau42 was significantly higher in WT than other strains including 

MAPT. This explains the complicated variation in isoforms expressions and pathology. As a 

response to oxidative stress treatment, APP/PS1 mice, along with their transgenic inclination, 

started producing amyloid beta to counteract the pathology. Significant increase in ferritin 

expression alone was not sufficient to keep iron sequestered, which is why APP production 

increased to make more amyloid beta. Subsequently, ferroportin expression also rose to shuttle 

iron complexed amyloid beta out of cell. The pathogenesis seems to be addressed by amyloid 

beta only, which is why expression of any isoform of tau was significantly lower or insignificant 

to other strain types. This activity describes our hypothesis of iron mediated oxidative stress and 

up regulation of these proteins to limit damages. Similarly, MAPT mice were programmed to 

produce all six isoform of human tau proteins. However, in response to oxidative stress, these 

particular strain types produced significant amounts of tau45. Since they were already 

programmed to produce hyper-phosphorylated tau, which could sequester iron and limit ROS 

mediated damage; APP expression was significantly lower than in APP/PS1 and WT mice. 
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Hyper-phosphorylated tau sequesters iron and forms intracellular neurofibrillary tangles, thereby 

limiting the roles of APP and ferroportin, which were found expressed significantly lower than 

APP/PS1 types. However, the expression of ferritin was lower than that seen with APP/PS1. 

Although, we do not fully understand the affinity of iron between hyper-phosphorylated tau and 

ferritin, the pathogenesis and expression of these proteins fits our iron hypothesis model. When 

we compared the pathogenesis with WT, which were not programmed to produce any particular 

proteins in dominance, we found expression of tau42 in significantly higher levels than other 

strains, including MAPT. However, the expression of APP was significantly lower and 

ferroportin was equally expressed as APP/PS1. Since the expression of amyloid beta could not 

reported, it would be interesting to compare the pathological burden among strains, especially to 

address the temporal dynamics of our hypothesis. Higher expression of ferroportin in WT is 

likely related to upregulation of APP and ferritin, as they share common regulating pathway 

involving iron response element and iron response protein. Our findings have a strong base to 

support the hypothesis we put forward and we will be updating our findings from western blot 

for amyloid beta and histological confirmation.  
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CHAPTER 5: General Conclusion and Relevance of Research 

Our results strongly support the model for our iron hypothesis in initiation and 

progression of Alzheimer’s disease. T2 weighted MR signal dropout in hippocampi seen by 

three months, strongly correlates with disease pathology and iron accumulation. This serves as a 

reference for developing better imaging sequences to improve signal-to-noise ratio in the future. 

In addition, this study highlights early pathogenesis, which facilitates future investigations to be 

conducted in the near future. Zinc concentration and its role at various oxidative conditions was 

interesting. Our study informs that the concentration of zinc, widely used for short-term (few 

weeks) studies may have reported benefitting outcomes, however, the same dosage for months 

(>three month) could be toxic to neurons. However, these finding demands further investigation 

as zinc is known to have dual effect in promoting and reducing amyloid plaques. Lastly, western 

blot results also supported our model for iron hypothesis. It was an interesting observation to see 

how different strain types, with predisposed conditions produced certain type of tau proteins, act 

differently but still in accordance to our iron hypothesis model.  

While we could not comment on amyloid beta status, our next step is to follow up with 

western blot experiment on these proteins, and conformational histopathological studies looking 

for correlations between iron and proteins related to this disease. With so much of information 

inclining towards our hypothesis, we believe these remaining experiments will consolidate our 

finding in proving our hypothesis true. 
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Appendix 1:  T2 Signal Intensities Measurements from Bilateral Hippocampi and Eyes from All 
Strains of Mice at One, Month.  

      
ONE MONTH 

Strain Oxidative 
Treatment 

Rescue 
Treatment 

Mouse 
ID Gender Age Left 

HPC 
Right 
HPC  

Left 
Eye  

Right 
eye 

APP/PS1 H H 1 F 9 26.054 29.722 133 135 
APP/PS1 H H 2 M 6 29.684 25.114 32 30 
APP/PS1 H M 3 F 9 22.139 21.541 99 98 
APP/PS1 H M 4 F 6 17.921 18.833 79 86 
APP/PS1 H C 5 F 9 22.472 22.923 71 75 
APP/PS1 H C 6 F 6 26.861 25.444 108 100 
APP/PS1 H Z 7 F 9 29.973 24.444 136 130 
APP/PS1 H Z 8 F 6 33.351 32.632 170 169 
APP/PS1 N Z 9 M 9 30.919 27.658 157 166 
APP/PS1 N Z 10 M 6 33.444 32.5 164 169 
APP/PS1 N - 11 M 3 25.684 24.028 116 117 
APP/PS1 N N 12 M 9 27.865 26.077 162 159 
APP/PS1 N N 13 M 6 20.917 18.222 127 119 
APP/PS1 N C 14 F 9 28.795 26.667 118 126 
APP/PS1 N C 15 F 6 24.417 23.514 140 143 
APP/PS1 H - 16 M 3 27.325 28.135 129 137 
APP/PS1 N M 17 F 6 23.947 22.139 89 80 
APP/PS1 N M 18 M 9 24.216 20.649 138 140 
MAPT N N 40 M 9 29.314 28.051 153 136 
MAPT N N 41 M 6 29.947 30.595 194 188 
MAPT H H 46 F 9 19.622 23.868 78 77 
MAPT H H 47 F 6 28.5 25.053 47 58 
MAPT H M 48 M 9 29.027 30.028 120 122 
MAPT H M 49 M 6 27.865 30.086 141 140 
MAPT H C 53 F 9 24.324 20.2 102 110 
MAPT H C 54 F 6 28.875 30.865 159 147 
MAPT H Z 55 F 9 25.447 22.784 122 134 
MAPT H Z 56 F 6 29.921 33.056 132 139 
MAPT H - 57 F 3 25.806 28.622 147 149 
MAPT N - 58 M 3 30.75 25.972 144 139 
MAPT N M 59 F 9 26.056 25.184 156 151 
MAPT N M 60 F 6 18.784 17.919 113 105 
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Appendix 1 continued. 

      ONE MONTH 

Strain Oxidative 
Treatment 

Rescue 
Treatment 

Mouse 
ID Gender Age Left 

HPC 
Right 
HPC  

Left 
Eye  

Right 
eye 

MAPT N C 61 M 9 32.114 31.944 165 167 
MAPT N C 62 M 6 30.171 30.528 166 168 
MAPT N Z 64 F 9 22.579 21.5 131 119 
MAPT N Z 65 F 6 20.4 20.324 130 124 

WT N N 16 M 9 26.722 27.194 131 129 
WT N N 17 M 6 29.974 28.108 153 152 
WT H M 20 M 6 32.514 32.079 148 149 
WT H M 21 M 9 26 24.158 141 138 
WT H C 22 M 6 21.757 19.757 128 109 
WT H C 23 M 9 19.029 17.462 133 125 
WT H Z 29 M 9 26.946 28.526 123 142 
WT H Z 30 M 6 22.568 24.579 128 115 
WT H H 31 M 9 24.526 27.579 136 152 
WT H H 32 M 6 35.703 32.081 99 104 
WT N C 33 F 9 27.972 27.194 141 163 
WT N M 34 M 9 25.865 25.73 114 125 
WT N M 35 M 6 14.361 13.343 96 104 
WT N - 36 M 3 30.763 29.676 110 124 
WT N Z 46 F 9 19.868 20.054 124 116 
WT N Z 47 F 6 25.27 23.833 101 96 
WT N C 48 F 6 26.861 27.343 117 116 
WT H - 49 M 3 22.056 20.167 135 138 
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Appendix 2:  T2 Signal Intensities Measurements from Bilateral Hippocampi and Eyes from All 
Strains of Mice at Three, Month.  

      
THREE MONTHS 

Strain Oxidative 
Treatment 

Rescue 
Treatment 

Mouse 
ID Gender Age Left 

HPC 
Right 
HPC  

Left 
Eye  

Right 
eye 

APP/PS1 H H 1 F 9 28.806 26.079 154 152 
APP/PS1 H H 2 M 6 27.676 26.722 142 142 
APP/PS1 H M 3 F 9 32.556 31.811 162 190 
APP/PS1 H M 4 F 6 26.886 24.649 166 163 
APP/PS1 H C 5 F 9 31.694 29.667 158 150 
APP/PS1 H C 6 F 6 26.575 26.5 145 147 
APP/PS1 H Z 7 F 9 11.079 10.868 90 79 
APP/PS1 H Z 8 F 6 24 27.737 123 135 
APP/PS1 N Z 9 M 9 19.784 18.65 122 151 
APP/PS1 N Z 10 M 6 27.361 25.184 147 143 
APP/PS1 N - 11 M 3 25.162 23.514 189 159 
APP/PS1 N N 12 M 9 23.4 22.806 150 154 
APP/PS1 N N 13 M 6 24.128 21.784 162 145 
APP/PS1 N C 14 F 9 22.167 23.143 111 120 
APP/PS1 N C 15 F 6 23.389 19.921 148 148 
APP/PS1 H - 16 M 3 18.639 19.081 135 125 
APP/PS1 N M 17 F 6 28.917 27.432 142 137 
APP/PS1 N M 18 M 9 20.421 20.5 149 149 
MAPT N N 40 M 9 28.868 27.368 167 153 
MAPT N N 41 M 6 24.316 22.526 138 149 
MAPT H H 46 F 9 28.694 24.028 159 157 
MAPT H H 47 F 6 23.914 20.306 156 142 
MAPT H M 48 M 9 33.105 29.75 205 205 
MAPT H M 49 M 6 27.083 27.385 170 177 
MAPT H C 53 F 9 28.5 25.343 150 158 
MAPT H C 54 F 6 28.622 26.763 159 163 
MAPT H Z 55 F 9 30.27 26.135 174 162 
MAPT H Z 56 F 6 29.054 27.444 176 161 
MAPT H - 57 F 3 30.684 28.737 178 169 
MAPT N - 58 M 3 23.421 22.784 123 126 
MAPT N M 59 F 9 25.5 24.514 154 167 
MAPT N M 60 F 6 27.816 28.026 140 148 
MAPT N C 61 M 9 19.081 18.189 126 119 
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Appendix 2 continued. 

      THREE MONTHS 

Strain Oxidative 
Treatment 

Rescue 
Treatment 

Mouse 
ID Gender Age Left 

HPC 
Right 
HPC  

Left 
Eye  

Right 
eye 

MAPT N C 62 M 6 19.103 18.73 147 148 
MAPT N Z 64 F 9 26.342 23.868 138 142 
MAPT N Z 65 F 6 27.632 25.421 160 149 

WT N N 16 M 9 26.105 26.605 166 166 
WT N N 17 M 6 28.081 29.421 182 189 
WT H M 20 M 6 35.703 31.459 178 202 
WT H M 21 M 9 35.308 30.833 180 195 
WT H C 22 M 6 31.105 29.658 161 185 
WT H C 23 M 9 30.289 27.405 167 175 
WT H Z 29 M 9 26.658 24.947 162 168 
WT H Z 30 M 6 22.795 24.722 156 146 
WT H H 31 M 9 18.806 19.316 144 135 
WT H H 32 M 6 32.632 35.135 188 201 
WT N C 33 F 9 22.472 21.556 139 132 
WT N M 34 M 9 28.054 25.395 168 167 
WT N M 35 M 6 27.889 25.5 167 166 
WT N - 36 M 3 18.154 17.737 118 124 
WT N Z 46 F 9 28.944 29.622 163 151 
WT N Z 47 F 6 17.806 18.868 143 134 
WT N C 48 F 6 25.395 27.289 170 168 
WT H - 49 M 3 27.529 27.447 166 157 
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Appendix 3:  T2 Signal Intensities Measurements from Bilateral Hippocampi and Eyes from All 
Strains of Mice at Six, Month.  

      
SIX MONTHS 

Strain Oxidative 
Treatment 

Rescue 
Treatment 

Mouse 
ID Gender Age Left 

HPC 
Right 
HPC  

Left 
Eye  

Right 
eye 

APP/PS1 H H 1 F 9 25.639 25.75 140 144 
APP/PS1 H H 2 M 6 24.028 23.971 138 153 
APP/PS1 H M 3 F 9 28.75 30.474 137 151 
APP/PS1 H M 4 F 6 23.486 20.975 147 141 
APP/PS1 H C 5 F 9 20.189 19.077 146 150 
APP/PS1 H C 6 F 6 25.211 26.447 190 174 
APP/PS1 H Z 7 F 9 25 24.743 150 150 
APP/PS1 H Z 8 F 6 26.917 27.351 172 174 
APP/PS1 N Z 9 M 9 20.257 19.972 123 136 
APP/PS1 N Z 10 M 6 17.811 16.25 90 101 
APP/PS1 N - 11 M 3         
APP/PS1 N N 12 M 9 13.108 10.897 68 61 
APP/PS1 N N 13 M 6 22.167 21.472 139 127 
APP/PS1 N C 14 F 9 21.568 20.686 149 151 
APP/PS1 N C 15 F 6 16.278 13.405 104 106 
APP/PS1 H - 16 M 3         
APP/PS1 N M 17 F 6 29.892 25.865 162 174 
APP/PS1 N M 18 M 9 23.917 18.632 168 171 
MAPT N N 40 M 9 31.639 29.639 162 166 
MAPT N N 41 M 6 18.371 18.676 131 135 
MAPT H H 46 F 9 21.861 18.395 150 134 
MAPT H H 47 F 6 23.568 23.944 124 143 
MAPT H M 48 M 9 18.5 16.694 130 133 
MAPT H M 49 M 6 21.444 19.974 167 141 
MAPT H C 53 F 9 25.028 23.139 142 138 
MAPT H C 54 F 6 23 17.526 162 158 
MAPT H Z 55 F 9 14.833 15.846 113 109 
MAPT H Z 56 F 6 17.703 15.395 130 119 
MAPT H - 57 F 3         
MAPT N - 58 M 3         
MAPT N M 59 F 9 16.667 17.108 124 132 
MAPT N M 60 F 6 21.056 20.108 136 134 
MAPT N C 61 M 9 17.861 18.5 128 132 
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Appendix 3 continued. 

      SIX MONTHS 

Strain Oxidative 
Treatment 

Rescue 
Treatment 

Mouse 
ID Gender Age Left 

HPC 
Right 
HPC  

Left 
Eye  

Right 
eye 

MAPT N C 62 M 6 20.925 21.333 161 145 
MAPT N Z 64 F 9 25.361 25.889 172 166 
MAPT N Z 65 F 6 26.541 25.649 146 148 

WT N N 16 M 9 23.861 22.528 175 174 
WT N N 17 M 6 28.947 26.111 213 195 
WT H M 20 M 6 26.842 26.579 176 164 
WT H M 21 M 9 26.056 22.514 145 153 
WT H C 22 M 6 15.875 15.333 111 109 
WT H C 23 M 9 15.556 15.514 116 115 
WT H Z 29 M 9 30.811 29.029 175 176 
WT H Z 30 M 6 25.861 25.5 178 166 
WT H H 31 M 9 22.943 26.278 148 161 
WT H H 32 M 6 24.429 21.778 147 148 
WT N C 33 F 9 19.611 18 78 68 
WT N M 34 M 9 22.308 20.684 142 144 
WT N M 35 M 6 13.351 13.395 76 74 
WT N - 36 M 3         
WT N Z 46 F 9 25.694 26.351 161 161 
WT N Z 47 F 6 27.306 29.162 171 179 
WT N C 48 F 6 22.361 21.297 162 172 
WT H - 49 M 3         
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Appendix 4:  T2 Signal Intensities Measurements from Bilateral Hippocampi and Eyes from All 
Strains of Mice at Nine, Month.  

      
NINE MONTHS 

Strain Oxidative 
Treatment 

Rescue 
Treatment 

Mouse 
ID Gender Age Left 

HPC 
Right 
HPC  

Left 
Eye  

Right 
eye 

APP/PS1 H H 1 F 9 31.111 30.056 192 175 
APP/PS1 H H 2 M 6         
APP/PS1 H M 3 F 9 27.351 30 157 167 
APP/PS1 H M 4 F 6         
APP/PS1 H C 5 F 9 25.351 24.026 169 162 
APP/PS1 H C 6 F 6         
APP/PS1 H Z 7 F 9 21.686 22 154 152 
APP/PS1 H Z 8 F 6         
APP/PS1 N Z 9 M 9 18.75 17.105 125 118 
APP/PS1 N Z 10 M 6         
APP/PS1 N - 11 M 3         
APP/PS1 N N 12 M 9 20.806 22.972 156 156 
APP/PS1 N N 13 M 6         
APP/PS1 N C 14 F 9 24.917 20.744 141 147 
APP/PS1 N C 15 F 6         
APP/PS1 H - 16 M 3         
APP/PS1 N M 17 F 6         
APP/PS1 N M 18 M 9 24.757 24.054 126 141 
MAPT N N 40 M 9 21.421 15.778 141 158 
MAPT N N 41 M 6         
MAPT H H 46 F 9 19.829 18.189 146 179 
MAPT H H 47 F 6         
MAPT H M 48 M 9 21.189 19.27 150 138 
MAPT H M 49 M 6         
MAPT H C 53 F 9 23.789 24.865 174 172 
MAPT H C 54 F 6         
MAPT H Z 55 F 9 20.486 16.711 117 123 
MAPT H Z 56 F 6         
MAPT H - 57 F 3         
MAPT N - 58 M 3         
MAPT N M 59 F 9 20.211 17.543 128 136 
MAPT N M 60 F 6         
MAPT N C 61 M 9 24.946 24.514 194 170 
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Appendix 4 continued. 

      NINE MONTHS 

Strain Oxidative 
Treatment 

Rescue 
Treatment 

Mouse 
ID Gender Age Left 

HPC 
Right 
HPC  

Left 
Eye  

Right 
eye 

MAPT N C 62 M 6         
MAPT N Z 64 F 9 26.306 24.658 160 148 
MAPT N Z 65 F 6         

WT N N 16 M 9 14.526 14.306 51 47 
WT N N 17 M 6         
WT H M 20 M 6         
WT H M 21 M 9 19.615 18.556 130 143 
WT H C 22 M 6         
WT H C 23 M 9 21.5 22.27 148 155 
WT H Z 29 M 9 29 26.8 155 164 
WT H Z 30 M 6         
WT H H 31 M 9 22.763 21.154 148 146 
WT H H 32 M 6         
WT N C 33 F 9 27.297 25.861 174 168 
WT N M 34 M 9 17.487 15.861 110 114 
WT N M 35 M 6         
WT N - 36 M 3         
WT N Z 46 F 9 28.128 27.184 180 185 
WT N Z 47 F 6         
WT N C 48 F 6         
WT H - 49 M 3         
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Appendix 5:  T1 and T2 Measurements on Ultra-Centrifuged Mice Brain Homogenates for 
APP/PS1 Mice at Three, Six and Nine Months.  

Strain Oxidative 
Treatment 

Rescue 
Treatment Mouse ID Gender Age T1 T2 

                
APP/PS1 H H 1 F 9 6.46 3.15 
APP/PS1 H M 3 F 9 7.28 3.12 
APP/PS1 H M 4 F 6 6.57 2.97 
APP/PS1 H C 5 F 9 6.67 3.15 
APP/PS1 H C 6 F 6 6.53 3.01 
APP/PS1 H Z 7 F 9 6.51 2.83 
APP/PS1 H Z 8 F 6 6.67 2.99 
APP/PS1 N Z 9 M 9 4.29 1.43 
APP/PS1 N Z 10 M 6 5.92 2.83 
APP/PS1 N - 11 M 3 6.28 2.99 
APP/PS1 N N 12 M 9 6.37 2.94 
APP/PS1 N N 13 M 6 5.95 2.83 
APP/PS1 N C 14 F 9 6.71 2.98 
APP/PS1 N C 15 F 6 7.11 3.02 
APP/PS1 H - 16 M 3 7.78 2.9 
APP/PS1 N M 17 F 6 7.39 3.44 
APP/PS1 N M 18 M 9 6.29 3.02 
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Appendix 6:  T1 and T2 Measurements on Ultra-Centrifuged Mice Brain Homogenates for 
MAPT Mice at Three, Six and Nine Months.  

Strain Oxidative 
Treatment 

Rescue 
Treatment Mouse ID Gender Age T1 T2 

MAPT N N 40 M 9 6.6 2.78 
MAPT N N 41 M 6 6.16 2.82 
MAPT H H 46 F 9 6.57 2.74 
MAPT H H 47 F 6 6.4 2.91 
MAPT H M 48 M 9 6.63 3.08 
MAPT H M 49 M 6 6.35 2.94 
MAPT H C 53 F 9 6.26 2.91 
MAPT H C 54 F 6 5.95 2.63 
MAPT H Z 55 F 9 6.07 2.99 
MAPT H Z 56 F 6 6.55 2.88 
MAPT H - 57 F 3 6.6 2.92 
MAPT N - 58 M 3 6.35 2.82 
MAPT N M 59 F 9 6.71 2.83 
MAPT N M 60 F 6 6.15 2.79 
MAPT N C 61 M 9 6.37 2.89 
MAPT N C 62 M 6 7.65 2.69 
MAPT N Z 64 F 9 6.95 2.86 
MAPT N Z 65 F 6 7.1 2.81 
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Appendix 7:  T1 and T2 Measurements on Ultra-Centrifuged Mice Brain Homogenates for WT 
Mice at Three, Six and Nine Months.  

Strain Oxidative 
Treatment 

Rescue 
Treatment Mouse ID Gender Age T1 T2 

WT N N 16 M 9 6.79 2.99 
WT N N 17 M 6 4.68 1.81 
WT H M 20 M 6 6.48 2.74 
WT H M 21 M 9 6.52 2.93 
WT H C 22 M 6 6.18 2.77 
WT H C 23 M 9 7.66 3.19 
WT H Z 29 M 9 6.35 2.89 
WT H Z 30 M 6 6.48 2.93 
WT H H 31 M 9 6.4 2.84 
WT H H 32 M 6 6.56 2.85 
WT N C 33 F 9 6.49 2.92 
WT N M 34 M 9 6.51 2.89 
WT N M 35 M 6 6.8 2.94 
WT N - 36 M 3 6.47 2.93 
WT N Z 46 F 9 6.64 2.93 
WT N Z 47 F 6 4.53 1.49 
WT N C 48 F 6 6.65 3.04 
WT H - 49 M 3 6.61 3.13 
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Appendix 8:  Ultra-Centrifuged Mice Brain Homogenates Were Run On SDS PAGE Gel And 
Were Probed And Density Measured For Following Proteins: APP, Ferritin, Ferroportin And 
GAPDH.  

 

 
Oxidative 
Treatment 

Rescue 
Treatment 

Mouse 
ID Gender Age GAPDH Ferritin Fpn APP 

APP/PS1 H H 1 F 9 24000 10800 1020 204 
APP/PS1 H M 3 F 9 24400 10200 689 461 
APP/PS1 H M 4 F 6 26000 14200 959 452 
APP/PS1 H C 5 F 9 21700 9910 803 341 
APP/PS1 H C 6 F 6 20200 11500 754 256 
APP/PS1 H Z 7 F 9 20500 8390 722 257 
APP/PS1 H Z 8 F 6 19100 10200 879 483 
APP/PS1 N Z 9 M 9 20400 10900 633 361 
APP/PS1 N Z 10 M 6 20200 8130 665 267 
APP/PS1 N - 11 M 3 16000 8690 918 243 
APP/PS1 N N 12 M 9 18700 8710 617 146 
APP/PS1 N N 13 M 6 21700 8990 855 280 
APP/PS1 N C 14 F 9 24100 8970 722 290 
APP/PS1 N C 15 F 6 30800 9470 942 220 
APP/PS1 H - 16 M 3 24800 8110 774 374 
APP/PS1 N M 17 F 6 30300 7090 572 266 
APP/PS1 N M 18 M 9 29900 10300 563 298 
MAPT N N 40 M 9 1200 136 113 131 
MAPT N N 41 M 6 1060 89.3 66.3 90.5 
MAPT H H 46 F 9 1260 114 90.7 87.8 
MAPT H H 47 F 6 1130 117 125 79.3 
MAPT H M 48 M 9 1310 98.6 139 93 
MAPT H M 49 M 6 989 125 127 112 
MAPT H C 53 F 9 973 131 143 102 
MAPT H C 54 F 6 906 156 132 122 
MAPT H Z 55 F 9 928 178 130 150 
MAPT H Z 56 F 6 1030 167 192 88.1 
MAPT H - 57 F 3 797 185 134 54.2 
MAPT N - 58 M 3 854 147 185 161 
MAPT N M 59 F 9 820 140 166 104 
MAPT N M 60 F 6 1090 114 122 83.8 
MAPT N C 61 M 9 1110 163 123 29.1 
MAPT N C 62 M 6 1060 185 127 75.9 
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Appendix 8 continued. 

Strain Oxidative 
Treatment 

Rescue 
Treatment 

Mouse 
ID Gender Age GAPDH Ferritin Fpn APP 

          
MAPT N Z 64 F 9 1140 164 124 72.4 
MAPT N Z 65 F 6 1470 147 141 96.6 

WT N N 16 M 9 26800 4430 605 43.9 
WT N N 17 M 6 23600 3640 474 24.9 
WT H M 20 M 6 25000 4360 817 16.9 
WT H M 21 M 9 32400 4530 650 42.6 
WT H C 22 M 6 18000 3210 528 16.9 
WT H C 23 M 9 30400 4970 766 39.8 
WT H Z 29 M 9 26200 4510 764 35.1 
WT H Z 30 M 6 18900 6350 663 24.2 
WT H H 31 M 9 28600 5660 917 52.5 
WT H H 32 M 6 21900 4970 868 48.5 
WT N C 33 F 9 25300 4790 994 62 
WT N M 34 M 9 24500 5030 994 29 
WT N M 35 M 6 24600 4940 826 48.2 
WT N - 36 M 3 27100 4330 826 45.2 
WT N Z 46 F 9 29100 3910 1180 61.5 
WT N Z 47 F 6 28000 2710 1090 49.9 
WT N C 48 F 6 30000 5220 941 41.1 
WT H - 49 M 3 30500 5410 1250 35.8 
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Appendix 9:  Ultra- Centrifuged Mice Brain Homogenates Were Run On SDS PAGE Gel And 
Were Probed For Various Following Proteins. Density Measurement of GAPDH for Tau and 
Different Tau Proteins Measured at 42, 45 And 48 kDa. 

  

Strain Oxidative 
Treatment 

Rescue 
Treatment 

Mouse 
ID Gender Age GAPDH 

TAU 
TAU-

48 
TAU-

45 
TAU-

42 
APP/PS1 H H 1 F 9 11300 19.6 53.4 21.4 
APP/PS1 H M 3 F 9 9170 20.9 28 19 
APP/PS1 H M 4 F 6 11400 15.5 42.1 21.7 
APP/PS1 H C 5 F 9 9920 14.1 29.4 24.5 
APP/PS1 H C 6 F 6 8590 5.61 23.3 17.7 
APP/PS1 H Z 7 F 9 9090 14.4 30 29.7 
APP/PS1 H Z 8 F 6 9770 15.3 25.5 14.4 
APP/PS1 N Z 9 M 9 8700 17.5 28.3 16.6 
APP/PS1 N Z 10 M 6 10800 29.4 27.4 13.5 
APP/PS1 N - 11 M 3 9640 20.6 21.6 21.1 
APP/PS1 N N 12 M 9 8080 7.54 33 22.1 
APP/PS1 N N 13 M 6 10800 27.7 21.9 25.4 
APP/PS1 N C 14 F 9 10100 10.8 42.8 27.5 
APP/PS1 N C 15 F 6 10100 56.2 42.3 17.5 
APP/PS1 H - 16 M 3 8080 31.3 20.6 25.1 
APP/PS1 N M 17 F 6 8970 17 29.9 27.5 
APP/PS1 N M 18 M 9 11000 36.2 21.1 9.73 
MAPT N N 40 M 9 8530 99.7 413 73.4 
MAPT N N 41 M 6 8520 6.93 72.7 17 
MAPT H H 46 F 9 10500 38.9 215 8.62 
MAPT H H 47 F 6 6490 46.9 403 55.9 
MAPT H M 48 M 9 8850 39.9 288 61.3 
MAPT H M 49 M 6 7970 72.8 357 14.8 
MAPT H C 53 F 9 8180 51.7 357 43.8 
MAPT H C 54 F 6 9270 47.6 240 40.1 
MAPT H Z 55 F 9 8210 46.6 254 47.8 
MAPT H Z 56 F 6 8400 34.1 171 19.8 
MAPT H - 57 F 3 8760 17.5 21.1 -11.3 
MAPT N - 58 M 3 9540 21 143 13.9 
MAPT N M 59 F 9 9560 34.5 271 90.2 
MAPT N M 60 F 6 9660 49 298 47.1 
MAPT N C 61 M 9 8910 37.5 90.8 7.91 
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Appendix 9 continued. 

Strain Oxidative 
Treatment 

Rescue 
Treatment 

Mouse 
ID Gender Age GAPDH 

TAU 
TAU-

48 
TAU-

45 
TAU-

42 
MAPT N C 62 M 6 10300 24.9 145 18.4 
MAPT N Z 64 F 9 12100 29.7 166 5.03 
MAPT N Z 65 F 6 10800 128 152 10.9 

WT N N 16 M 9 8310 47.8 80 56 
WT N N 17 M 6 5170 35.8 85.8 53.1 
WT H M 20 M 6 7080 45.8 107 59.8 
WT H M 21 M 9 8140 46.7 95.6 65 
WT H C 22 M 6 4390 61.9 123 72.1 
WT H C 23 M 9 8810 57.1 117 76.4 
WT H Z 29 M 9 8760 58.7 124 65.3 
WT H Z 30 M 6 7090 92.6 137 110 
WT H H 31 M 9 11600 62.5 108 67.4 
WT H H 32 M 6 9140 52.1 127 53.3 
WT N C 33 F 9 11800 58.5 115 68.2 
WT N M 34 M 9 10100 46.1 76.2 65 
WT N M 35 M 6 10500 61.3 85.7 66.2 
WT N - 36 M 3 9640 43.1 73.3 53.5 
WT N Z 46 F 9 9630 60.3 82.7 54 
WT N Z 47 F 6 10900 81.2 103 74 
WT N C 48 F 6 10700 54.7 82.2 62 
WT H - 49 M 3 10400 63.4 104 73.3 
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