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Abstract
We propose that Alzheimer’s disease (AD) progression is largely caused by excess reactive oxygen species (ROS) or free radicals created by iron dysregulation. An 
AD brain is struggling with damage control creating harmful tau tangles and amyloid plaques to deal with the dysregulated iron. We hypothesized that transgenic 
APP/PS1 (Amyloid precursor protein/ Presenilin-1) and Tau mice would exhibit higher levels of deposits in the brain which can be detected through MRI as 
well as decreased behavioral performance in radial arm maze tasks. We bred APP/PS1 transgenic mice overexpressing chimeric mouse/human APP-695 with 
mutations and human PSEN1 carrying the exon-9-deleted variant (PSEN1dE9), and Tau mice overexpressing all six isoforms of hyper-phosphorylated human 
MAPT (Microtubule associated protein Tau), which were compared with age controlled wild type mice. Mice received a diet of either regular or methionine rich 
chow as an oxidative stressor. Subgroups received a rescue treatment of either zinc, metformin or clioquinol chow. MRI (Magnetic Resonance Imaging) scans were 
performed using a Siemens 3 Tesla scanner. Behavioral data was collected using a radial arm maze (RAM) for 2 weeks at each point. Data collection time points were: 
1 (baseline), 3, 6 and 9 months. Mean T2 TSE signals from scans on these mice revealed significant signal loss in bilateral hippocampi when compared by age. We also 
found a significant main effect of genotype and a trend toward significance for genotype and treatment interaction in the mean time mice spent in the RAM. Pairwise 
comparison showed a significant difference between the time male and female mice spent in the RAM. There was, however, no effect of signal loss or behavior deficit 
when comparing rescue treatments with or without oxidative insults. The decrease in signal and RAM performance is due to plaque increase and accompanying iron, 
which offers a possibility to refine the imaging techniques in pursuit of a noninvasive diagnostic biomarker. 
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative 

disorder characterized by memory loss and progressive loss of cognitive 
functions that impede performance of 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 (Aβ) 
plaques, neurofibrillary tangles from phosphorylated tau proteins, 
neurodegeneration and synapse loss [1,2] seen in post mortem brain 
studies. Formation of such plaques and tangles precedes, up to a decade 
or more, any clinical symptoms [3,4]. This describes the necessity of 
sensitive biomarkers for AD that not only help in early diagnosis but 
also provide information regarding responses to potential treatments 
that impede disease progression [5-7]. With the number of AD patients 
increasing steadily each year, AD is becoming a larger financial burden 
on the world’s population, as well as a psychological and emotional 
strain on those who live with and take care of patients struck with the 
disease [8]. Advances in methods for treatment and diagnosis, such as 
Magnetic Resonance Imaging (MRI), are extremely important for the 

future of patients with AD; MRI in particular, has already become a 
widely used tool to study AD [9,10].

Currently, however, MRI is not a perfect tool for diagnosing AD, 
but it does allow visualization of neuroatrophy and other artifacts not 
normally observable until after autopsy [11-13]. Unfortunately, many of 
those artifacts are still not visible using MRI until the advanced stages 
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mice are homozygous for the targeted allele and hemizygous for the 
transgene; they express all six isoforms of human MAPT. The hyper-
phosphorylated MAPT can be detected in the brain by three months of 
age [37]. These mice, therefore, were ideal for our experiment to scan 
and behaviorally test them at one (baseline), three, six and nine months 
of their age.

Materials and methods
Animals

For this IACUC approved study, mice were purchased from Jackson 
Laboratories and then bred to produce our colonies. There were a total 
of 70 mice (30F, 40M) tested in this study. Table 1 shows that all 70 were 
tested in the radial arm maze, while 54 of those 70 were used in both 
behavior and the MRI scans. 

There were 18 mice [B6.Cg-Mapttm1(EGFP)Klt Tg(MAPT)8cPdav/J] 
(10F, 8M) homozygous for MAPT allele and hemizygous for human 
MAPT transgene, 27 mice APP/PS1 [B6.Cg-Tg (APP695) 3Dbo 
Tg(PSEN1dE9)S9Dbo/Mmjax] (16F, 11M) double transgenic for 
human APP and human PS1 and 25 mice [C57BL/6J] (4F, 14M) used 
as age matched wild type controls. Genotyping was done on these mice 
to confirm the presence of transgenes. Of the 70 mice run in the maze 
68 had baseline measurements, 61 had 3-month measurements, 20 had 
6-month measurements, and 10 had 9-month measurements. 

Expression of proteins

Western blot analysis performed on 17 APP/PS1, 17 Tau and 18 
WT mice for effect of amyloid and tau proteins production. APP/PS1 
and MAPT [F (4, 96) = 8.254, p <0.001]. APP/PS1 [F (2, 49) = 14.945, p 
<0.001] and MAPT [F (2, 49) = 6.263, p =0.004] mice showed significant 
production of amyloid and tau proteins respectively as compared 
to other strain types (Figure 1). There was no effect of production of 
proteins with age. 

Diet

Diets outlined on Table 2 were given to the mice ad libitum as 
follows. All mice received regular chow purchased from Harlan Teklad 
(TD 8604) until one month of age. Regular chow contained 0.4% of 
Methionine and 80 mg/kg of zinc. They were however, devoid of 
Metformin and Clioquinol. Methionine rich diet (10g/kg) purchased 
from Harlan Teklad (TD 150154) was introduced to half of the mice 
for a strain type, while the other half continued on the same regular 
diet. At three months, one mouse per strain from each diet type was 
sacrificed and tissues harvested for experiments. The remaining mice in 
each strain from each diet type were further divided into four groups: 
three groups receiving additional rescue treatment with three drugs 
(Metformin, Zinc and Clioquinol) and a remaining group continued on 
the same diet. Mice were given food ad libitum until RAM tasks were 
started at which point food was restricted to 3-4 hours a day beginning 
at approximately 6 pm Monday and repeated each day through Friday. 
Feeding restrictions ensured that the mice would search the maze for 
food. The mice had ad libitum access to food Friday night through 
Sunday night since no behavioral testing was done over the weekends. 
Mice were weighed at the beginning and end of each week during the 
testing period to verify they maintained a healthy body weight. If mice 
lost more than 15% of their body weight or seemed lethargic, they were 
allotted additional time to feed. Only a few mice needed extra time to 
feed, which only occurred within the first two weeks of RAM testing.

of AD, and therefore too late for effective preventative care. At advanced 
stages of AD, increased MR signal dropout is seen localized in areas 
of Aβ plaque and tau tangle deposition, linking those pathologies to 
clusters of iron deposits [14]. Both of these proteins are found to have 
a strong affinity to iron [15-19], and since these iron deposits can be 
visualized using MRI we might be able to detect AD before it noticeably 
affects cognition. 

Iron plays a very important role in our body as a reactive mineral 
utilized in many redox reactions required for cells and tissues survival 
[20]. Cells use this reactive molecule without suffering oxidative 
damage through tight regulation by various proteins and transcription 
factors [20,21]. If, however, this regulation is disrupted, available iron 
will tip the scales in favor of production of reactive oxygen species 
(ROS), which then increase oxidative stress causing internal damage 
to the cell [22]. 

As a reactionary defense mechanism to this oxidative damage, 
the cell will initiate several pathways including cleavage of the 
transmembrane protein APP creating the pathogenic Aβ plaques [23]. 
Aβ and neurofibrillary tangles are seen as the cause of AD. But, these 
proteins might be working to sequester free iron to limit the oxidative 
stress. The body recognizes the iron as the source of stress and is simply 
attempting to alleviate that stress the only way it is programmed how to. 
This is evidenced by the handful of Iron Response Elements (IRE) that 
react to increased levels of iron [24]. With iron as the common thread 
between the developing Aβ plaques and NFTs (Neurofibrillary tangles), 
oxidative stress and iron dysregulation become even more culpable for 
the unexplained cases of AD, forming what we call the iron hypothesis.

Central to this iron hypothesis and the dysregulation of iron 
pathways is homocysteine (HCY). Several diseases, including AD, have 
been linked to elevated levels of HCY [25-28]. HCY is an amino acid 
found within the human body, created by the metabolism of the essential 
amino acid methionine. Methionine utilizes a circular metabolic 
pathway between itself and several other products, including HCY [29]. 
This pathway is regulated by diet, as several key vitamins and minerals 
as well as diet regulated hormones affect methionine’s metabolism, 
namely: iron, insulin, folate and vitamin B12 [25,30,31]. When levels 
of HCY are increased it contributes to the dysregulation of iron, and 
its own creation, by mobilizing stored iron from the metalloprotein, 
ferritin [32,33]. In response to the elevated levels of HCY, ROS and iron, 
the body reacts and produces the telltale pathologies of AD, attempting 
to curtail the oxidative stress and damage on the cell. 

We hypothesize that dysregulation of iron storage stimulates 
oxidative damage to neurons, which in turn promotes amyloid beta, 
and neurofibrillary tangles deposits. Both of these proteins are found 
to have strong affinity iron [15-18]; there are studies showing strong 
association of iron with amyloid beta [19], and with neurofibrillary 
tangles [34, 35]. 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 as well as 
mouse behavioral tasks.

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 wild type control mice using two-
dimensional T2 weighted turbo-spin echo sequence using a 3T MRI 
scanner as well as behavioral tasks in an 8-arm radial arm maze (RAM). 
Double transgenic APP/PS1 mice express both human Presenilin 
1 and a chimeric amyloid precursor protein (APP). In these mice, 
amyloid plaques start depositing by six months of age [36]. MAPT 
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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 used a two-dimensional T2 weighted turbo-
spin echo sequence. The sequence was implemented on 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 was 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 yielded a voxel size equal to 0.27 x 0.27 
x 0.9mm. Due to the small voxel size, 16 averages were employed in 
pursuit of a better signal to noise ratios (SNR), which increased the 
total acquisition time to 23 minutes. The TR and TE were 8000ms and 

Experiment WT WT Total Tau Tau Total AB AB Total
RAM 4F 21M 25 10F 8M 18 16F 11M 27
MRI 4F 14M 18 10F 8M 18 7F 11M 18

Table 1. Genotype and Gender by Experiment

Treatments Concentration (per 
g of chow) Dosage

Methionine 10 mg/g 1500 mg/kg
Metformin 0.66 mg/g 100 mg/kg
Clioquinol 0.20 mg/g 30 mg/kg

Zinc 1.33 mg/g 200 mg/kg

Group #  - Stress Treatment
1  - No Stress No Treatment
2  - Methionine No Treatment
3  - No Stress Metformin
4  - No Stress Clioquinol
5  - No Stress Zinc
6  - Methionine Metformin
7  - Methionine Clioquinol
8  - Methionine Zinc

Table 2. Treatment mounts and Treatment groups

Figure 1. Expression of amyloid beta protein is significantly greater in APP/PS1 mice as compared to MAPT and WT. Tau protein expression was significantly higher in MAPT mice as 
compared to APP/PS1 but not WT. However, expression of either protein were not significantly different at various age

Anesthesia

Mice were placed in a chamber connected with a constant flow of 
3-4% isoflurane mixed with oxygen to induce anesthesia. When the 
mice were sufficiently anesthetized, they were quickly transferred and 
placed in a prone position on a specially designed table with a custom 
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115ms respectively, and flip angle was 150 degrees. Other acquisition 
parameters were a turbo factor of 12, a readout bandwidth of 340 Hz/
pixel with a fast mode RF pulse selected and a slice distance of 0.45mm.

Estimation of signal intensities
The OsiriX software platform was used to calculate the signal 

intensities. An area of 2.001 mm2 (W: 1.694 mm H: 1.504 mm P: 5.0 
mm) was chosen over bilateral hippocampi and used as our region of 
interest (ROI) (Figure 2). 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. 

Behavior

Mouse behavior was tested using an 8 arm Radial Arm Maze 
(RAM). Our protocol was designed similarly to Hodges radial arm 
maze protocol [38]. The radial arm maze, pictured in Figure 3, was 
constructed out of 7 mm thick opaque, white, plastic. The dimensions 
of the maze were a 27 inch (685.8 mm) diameter, 3.5 inch (88.9 mm) 
arm width, 8 inch (165.1 mm) arm height, 9 inch (228.6 mm) arm 
length, and 1 inch (25.4 mm) hole diameter at the end of each arm for 
food baiting. The end of each arm had a unique symbol as a visual que 
for the mouse. The maze was surrounded by a curtain to reduce spatial 
cues in the room and the varying undergraduate research associates 
positions or number. Mice were run in the maze at the testing periods 

of 1(baseline), 3, 6 and 9 months of age. Each testing period lasted for 
2 weeks (10 weekday’s total) and consisted of 10 trials a day. Each trial 
was run for 5 minutes (300 seconds) or until the mouse discovered the 
baited arm. A specific arm was baited for each mouse until they reached 
completion criterion, which we determined to be entering the baited 
arm on the first try, 3 trials in succession. After completion criterion 
the mouse’s baited arm would switch to a reversal arm, and testing 
continued until reaching completion criterion again. This was repeated 
for the duration of the testing periods. 

Behavior analysis

The videos were analyzed using ANY-maze Behavioral Tracking 
Software (Stoelting Co.; Wood Dale, IL; version 4.99m). We recorded 
time spent in the maze, distance run during a trial, and number of 
errors made, based on the number of times the mouse entered an 
incorrect (not baited) arm. There was no statistical significance in the 
distance run by the mice. Statistics on those values were calculated 
using SPSS by performing a multivariate ANOVA and correcting for 
multiple comparisons using a Bonferroni correction. 

Results
MRI signal intensity

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. There was no effect of oxidative insult or diet 
rescue on T2 TSE signal. 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. However, the oxidative 
stress and rescue treatments did not affect the outcome. Future studies 
include histological and Western blot confirmation.

Time in RAM

Each mouse was placed in the RAM and given a total of 5 minutes 
(300 seconds) to explore the different arms and discover the hidden 
treat in the baited arm. If the mouse found the baited arm the trial was 
ended immediately. We saw a statistically significant main effect of 
genotype [F (2,25) = 13.505, P = 0.000] and a trend towards significance 
for genotype and treatment interaction [F (11,23) = 1.900, P = 0.094]. 
Post hoc analysis of the genotypes showed that WT and tau had a mean 
difference of the time spent in the maze of 34.225 [+/- 9.607: P = 0.003] 
and surprisingly APP and tau had a mean time difference of 50.167 
[+/- 8.913; P = 0.000]. (Figure 4-A) Female mice spent a mean time of 
21.745 seconds [+/-6.726: P = 0.002] longer in the maze then the males 
in the study. (Figure 4-C)

Errors in RAM

An error was calculated each time that a mouse entered an incorrect 
(unbaited) arm during the duration of each of a mouse’s trials. There 
was a trend towards significance for genotype in number of errors made 
[F (2,10) = 3.377, P = 0.074]. Post hoc analysis of the genotypes showed 
that WT and tau had a mean difference of the number of errors of 2.144 
(+/- 6.95: P = 0.015) and again surprisingly APP and tau had a mean 
error difference of 1.973 [+/-0.635: P = 0.024]. (Figure 4-B) Like what 

Figure 2. Measurement of T2 signal intensities. A) ROI with specific dimensions were 
chosen over hippocampi (bilateral) B) Intensity values from A were normalized to values 
obtained from ipsilateral eyes

Figure 3. Radial Arm Maze Set Up. 8 Arms each with a unique symbol at the end.  A hole 
at the end contains the bait
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was seen with mean time, female mice had a trend toward significance 
in mean errors with a mean difference of 1.012 (+/-0.512: P = 0.064).

Discussion
MRI signal intensity

While there have been studies showing evidence of plaques in 
human brain tissues using a 7.1 T (300 MHz) magnet [39], and in mice 
models [37,40]; the usefulness of MRI in diagnosis and in evaluation of 
AD in humans is still limited. We demonstrated a T2 signal decrease in 
bilateral hippocampus of human transgenic mice for AD, and believe 
that this is due to accumulation of iron in the lesions associated with 
disease: amyloid beta plaques and neurofibrillary tangles. Presence 
of iron contributes T2 signal loss due to field inhomogeneity [41-43] 
which alters the brain water content [44]. Figures 5 and 6 show the 
average signal intensities and Figure 7 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 to be 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 started at one month, 
neurons robustly tried to manage neuronal damage by sequestering free 
iron. This overwhelming process of sequestering iron is reflected as loss 
of signals in hippocampus, where we expect these pathological changes 
to happen in abundance. By three months, when rescue treatments were 

started, much of neuronal damage has already happened and was likely 
irreversible. Signals measured at and after three months did not have 
significant differences. This corresponds to ineffectiveness of rescue 
measures taken after irreversible damage that had already happened. 
Since, WT do not produce any plaques or tangles, they effectively 
managed 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 [43,45]. Hallgren and Sourander have 
demonstrated, MRI sensitivity to iron quantity in different brain 
regions, corresponding to qualitative MRI observation [42]. The 
amount of iron present in plaques of a mice brain is too small to be 
sensitive enough to be observed in an image. Stronger magnetic fields 
have better sensitivity for observing small quantities of iron, because 
T2 signal decrease which is related to the iron contribution is linearly 
dependent on magnetic field [42]. Higher SNR offers better image 
quality with contrast features, but this comes with longer acquisition 
time; which makes it much more difficult to scan humans, and in many 
cases, animals as well. The limitation of our imaging techniques to 
visualize iron on T2 weighted images being translated to human studies 
is therefore, time. However, despite that limitation our study did show 
a correlation between T2 weighted MRI signal and neuropathological 
changes in mice model for AD, especially at early age.

Figure 4. A) Mean time spent in the maze by genotype for mice. B) Mean Errors in maze by genotype for mice. C) Mean time spent in the maze by sex
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Figure 5. T2 signal intensities: Left Hippocampus.Mean T2 signal intensities (Y axis) from the left hippocampus, compared between APP/PS1 (AB), MAPT (Tau) and WT at one, three, six 
and nine months. Significant signal decline seen in AB and Tau between one and three months. WT does not show any significant loss in signal intensities

Figure 6. T2 signal intensities: Right Hippocampus.Mean T2 signal intensities (Y axis) from the right hippocampus, compared between APP/PS1 (AB), MAPT (Tau) and WT at one, three, 
six and nine months. Significant signal decline seen in AB and Tau between one and three months. WT does not show any significant loss in signal intensities

Figure 7. Estimated marginal means of MRI on bilateral hippocampus against time (1= one month, 2=three month, 3=six month and 4=nine month). Both left (A) and right (B) hippocampi 
show significant decrease in means between one and three months
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Behavior

One of the first evidences of neuropathological changes that 
patients and the family members of those afflicted with AD notice is 
altered behavior; for this reason behavior and memory have become a 
widely tested measure in the many models of AD [46]. We observed this 
same behavioral degeneration in our tau cohorts regardless of whether 
they were receiving the rescue treatment or not, but surprisingly the 
APP mice performed just as well as the WT mice. Aβ plaques have 
long been the culprit for the loss of memory and decrease in cognition, 
but recently amyloid has been shown to have varying effects on the 
memory and cognition in both humans and animal models [47]. The 
variation may come from differing plaque types, solubility of the Aβ 
peptides, and location of the deposition in the brain [48,49]. Rogalski 
et. al. even examined 10 “SuperAgers”, who they defined as people over 
the age of 90 who test at a cognitive level of an average person age 50-
60. Upon autopsy, up to half of these “SuperAgers” had moderate to 
high densities of neuritic Aβ plaques, yet had above average cognitive 
performance [50]. Another study using APP/PS1 transgenic mice found 
that treatment with estrogen improved spatial learning tasks in both the 
T-maze and the RAM, while not affecting the Aβ accumulation and 
plaque formation [51]. Our lack of difference in memory tasks might 
be attributed to these same variations in the Aβ peptides and plaques. 

Variation of AD between sex has also become a heavily debated 
subject between dementia researchers. While most sources would state 
that there is roughly a 3:2 disparity between women and men with AD, 
some sources say that the difference only appears in the higher age 
groups of AD patients [52-54] When looking specifically at visuospatial 
memory tasks, men routinely perform better than women with or 
without AD [55]. Examining mouse studies there is hardly a consensus 
about the performance of transgenic and non-transgenic mice, with 
evidence of either gender outperforming the other, or having equal 
results [56-58]. We add our results to the handful of mouse models and 
the human studies that show decreased female performance compared 
to males. The reason for this difference is less clear as we showed no 
significant difference of T2 signal decrease between the mice based on 
sex, despite the overall levels for both sexes of transgenic mice being 
decreased due to increased plaque deposition. 

A caveat to these results is that there were reduced numbers of 
mice in each of the cohorts which reduces the statistical power of the 
experiment. With 2 oxidative treatments, 3 rescue treatments and 3 
time points, our cohorts were left with only 1 or 2 mice each. In the 
future we hope to repeat the experiment and focus in on select cohorts 
thereby increasing the number of mice per group and hopefully the 
power as well. We also plan to continue the study further by examining 
the deposition of the Aβ proteins and plaques and tau tangles, among 
other proteins, through histology, western blot and NMR.

Conclusions
The model we used shows neurodegeneration in the hippocampus 

of transgenic mice due to plaque and tangle accumulation and iron 
deposit. This was evidenced by the signal decrease seen in the MRI 
images of both the APP/PS1 and Tau transgenic mice. The behavior of 
the tau mice was also evidenced this conclusion when compared to WT 
mice. Female mice show the same behavioral degeneration compared 
to males. While the diets failed to impact either the decreased signal 
seen in the MRI scans or the behavioral deficits, it is possible that is 
due to lack of numbers. In the future, in addition to completing the 
histological and western blot analysis we will focus on improving the 
numbers used in each cohort of the study.
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