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and total brain volumes (2). More recent reports suggest
that changes in regional brain volume may be present as
early as 10 years before clinically diagnosable AD symptoms (3). These findings reinforce the need for earlier
diagnostic paradigms. Brain atrophy caused by neurodegeneration is a critical source for symptoms and is considered irreversible.
The best standard for definitive diagnosis has been
postmortem pathology. The two pathophysiological hallmarks of AD first identified by Alois Alzheimer over 100
years ago are amyloid plaques and neurofibrillary tangles. Both of these molecular pathology hallmarks predate and may contribute to neurodegeneration (4).
However, detecting either of these hallmarks in vivo has
proven difficult. The biggest focus has been on imaging
amyloid plaques, which hold promise as a more specific
diagnostic factor. The most notable work in plaque imaging has been the development of the Pittsburgh Compound B agent (5) for positron emission tomography,
though various MRI approaches have also been suggested
(6–9). Most of the MRI approaches focused on either natural iron accumulation in the plaques (6) or MRI contrast
agents (7–10) but, to date, these approaches typically
understated the presence of plaques.
Macromolecular accumulation inclusive of amyloid
beta, tau protein and likely additional proteins occurs
well before plaque formation and neurodegeneration is
believed to be a causative factor in AD (11). Therefore,
imaging strategies that can detect early macromolecular
accumulation before plaque formation and neurodegeneration would be extremely beneficial for both the diagnosis and monitoring of AD. Importantly, detection of
preplaque macromolecular burden could lead to earlier
detection of AD than any other previously mentioned
approach. Previously, plasma (12,13) and cerebrospinal
fluid (14,15) amyloid burden have been studied with
mixed results. However, these are both indirect measurements of AD pathology. Furthermore, a recent study on
familial AD patients found changes in the amyloid burden in cerebrospinal fluid as early as 25 years before
symptoms and 10 years before amyloid plaque formation
(16). Imaging macromolecular accumulation that occurs
before plaque formation and neurodegeneration directly
in the areas of the brain known to be affected earliest in
AD such as the cortex (17) or the hippocampus (18,19)
may provide an strategy for early detection of AD.
Magnetization transfer contrast (MTC) is a MRI technique to specifically detect changes in macromolecule
concentration and composition (20). Clinically, MTC is
most commonly used to track changes in myelination
as way to grade multiple sclerosis lesions (21). The technique uses the application of a radiofrequency pulse at a

Purpose: The purpose of this study was to determine if magnetization transfer contrast (MTC) imaging could be used to
detect early macromolecular accumulation in a mouse model
of early Alzheimer’s disease.
Methods: We obtained MTC images at 9.4 T at three different
age points in the Tg2576 mouse model of Alzheimer’s disease.
The Tg2576 mouse exhibits increased amyloid beta deposition
that eventually progresses into amyloid beta plaque formation,
increased hyper-phosphorylated tau but does not exhibit
neurodegeneration.
Results: Our results show an increase in the MTC signal that
predates plaque formation and reported learning and memory
deficits in the Tg2576 mouse. This increase in the MTC signal
was reversed in a model of antioxidant therapy.
Conclusion: MTC magnetic resonance imaging can be used
to detect early macromolecular changes in the Tg2576 mouse
model of Alzheimer’s disease. The source of the MTC contrast
is likely complex and warrants further investigation in additional preclinical models that represent early and late stage
Alzheimer’s disease pathologies. Magn Reson Med 000:000–
C 2013 Wiley Periodicals, Inc.
000, 2013. V
Key words: magnetization transfer; MRI; amyloid beta; Alzheimer’s disease

Alzheimer’s disease (AD), the most common form of dementia, is an incurable and progressive neurodegenerative disease (1). One of the major problems in the
management of AD is the lack of a definitive premortem
diagnostic test. The traditional approach that is used for
AD diagnosis is through analysis of symptoms, clinical
history, and family history. However, AD’s primary early
symptom, short-term memory loss, is not unique to the
disease. Another common approach is to use noninvasive imaging to identify areas of neurodegeneration.
With magnetic resonance imaging (MRI), it is possible to
quantify the volume of brain structures and it has been
established that AD patients have reduced hippocampal
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specific distance from the water resonance: the offset frequency. This radiofrequency pulse causes a loss of signal
intensity proportional to macromolecular concentration.
When combined with a reference image where the radiofrequency pulse is not applied, the percent of signal loss
can be quantified in what is referred to as the magnetization transfer ratio (MTR). Specifically, MTC evaluates
changes in semisolid macromolecules (22).
We hypothesized that the early accumulation of macromolecules in the Tg2576 mouse model of AD would
have MTC effects. At the molecular level, both amyloid
and tau begin as soluble monomers that eventually
become insoluble deposits (19,23). The aggregation and
eventual insolubility of these peptides suggests that the
partially insoluble intermediates might provide an MTC
effect. The focus of the study was on the two areas
affected early in AD mentioned above: cortex and
hippocampus.
In this work, we show that MTC MRI can detect ADrelated macromolecular changes in the Tg2576 mouse
model of AD. The Tg2576 mouse overexpresses a
mutated form of amyloid precursor protein with the
Swedish familial AD mutation and exhibits accumulation of detergent-insoluble amyloid as early as 6 months
and eventual plaque formation as early as 10 months of
age (24). This mouse model of AD was chosen because it
does not present the advanced hallmarks of AD such as
neurofibrillary tangles and neurodegeneration and is
regarded as an “early” model of AD (24). However, phosphorylated tau has been observed in this model suggesting that some tau pathology is present (25–29). We were
able to observe an MTC signal increase before plaque formation in this mouse model. When the Tg2576 mouse
model was combined with a treatment paradigm known
to reduce amyloid accumulation and plaque formation,
tau pathology, and learning and memory deficits (28,30),
the MTC signal went back to baseline. This imaging
strategy has the potential to serve as an early imaging
biomarker for AD before plaque development and neurodegeneration ensue.
METHODS
Animal Model
The Tg2576 mouse (24) overexpresses a mutant variant
of the human APP gene (Lys670 ! Asn670, Met671 !
Leu671) found in a Swedish family with early-onset AD.
Aged (12 months) Tg2576 mice (N ¼ 4) and control littermates (N ¼ 5) were used in the first part of the experiments. Longitudinal imaging at 4, 6, and 10 months was
accomplished using the same model with transgenic
mice (N ¼ 5) and control littermates (n ¼ 4).
The Tg/SOD mice overexpress both a mutant APP
transgene as well as a mitochondrial superoxide dismutase (SOD2) transgene (28,30). To produce Tg/SOD mice,
male Tg2576 mice were crossed with female SOD2 mice
(31). This breeding scheme also produces Tg2576, SOD2
and WT siblings. We performed MTC imaging on aged
(11–14 months) mice with Tg/SOD (N ¼ 3), Tg2576
(N ¼ 2), and Controls (N ¼ 3) from this colony. All the
animals used in this study were handled in compliance
with institutional and national regulations and policies.
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The protocols were approved by the Institutional Animal
Care and Use Committee at Baylor College of Medicine.
Imaging Protocol
Mice were anesthetized by isoflurane gas at 5% in oxygen and placed into a mouse holder where they were
kept under anesthesia at a nominal 2% isoflurane in oxygen. Imaging was performed utilizing a Bruker Avance
Biospec, 9.4 T spectrometer; 21 cm bore horizontal imaging system (Bruker Biospin, Billerica, MA) with a 35 mm
volume resonator. During imaging, the animal body tem
perature was maintained at 37.0 C using an animal heating system (SA Instruments, Stony Brook, NY). T2
weighted images were taken before MTC imaging to
locate ideal MTC slice placement. MTC imaging pulse
sequence comprised a presaturation square pulse at the
designated offset frequency followed by a RARE
sequence with echo time/pulse repetition time ¼ 8.14/
1512 msec with Rare Factor ¼ 8. Images were recorded
with a 256  256 matrix, field of view ¼ 2  2 cm, slice
thickness ¼ 1 mm, and average ¼ 2. Presaturation off-resonance pulses ranged from 0 to 20 kHz in the initial
experiments but only the 20 kHz offset was used in subsequent experiments. Specific MT parameters were pulse
length ¼ 40 msec, number of pulses ¼ 36, pulse
strength ¼ 6 or 12 mT, and saturation time ¼ 1440 msec. A
reference image was also taken with the same parameters
except the saturation pulse.
An additional T2 weighted image of the MTC slice was
taken to visualize the anatomy. Regions of interest (ROIs)
were manually drawn for each mouse on this T2
weighted image of the hippocampus and cortex. Drawing
the ROIs on the T2 image ensured that that the MTR
image would not bias ROI selection. For the hippocampus, the effort was made to try to avoid including the
dorsal third ventricle. For the cortex, the ROI did not
extend beyond the somatosensory cortex on either side.
Average MTR measurements were calculated based on
these ROIs.
Image and Statistical Analysis
MTRs in the form of MTR ¼ (Unsaturated  Saturated)/
Unsaturated were calculated. Pixel by pixel MTR calculations were performed using in house code developed
in Matlab (The Mathworks, Natick, MA) to generate
pseudocolored images. Region based MTR calculations
were also performed in Matlab for quantification. Graphs
and statistical analyses were conducted on the regionbased calculations with Prism (GraphPad Software, San
Diego, CA). Graphs are shown as Mean 6 SEM.
RESULTS
Magnetization Transfer Contrast in Aged Tg2576 Mice
The initial focus was to assess whether both the MTR
value would change in Tg2576 mice and at which frequency offset that change occurred. An age point that
mimicked clearly symptomatic AD where changes would
likely be more pronounced would be ideal for the initial
validation. Specifically, experiments were conducted on
12-month-old Tg2576 mice because at this age point they
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have a very consistent amyloid plaque pathology
(24,32,33). Additionally, extensive learning and memory
(24,30,33–35) and neurological deficits (28,36–38) have
been reported at this age point.
Single slice MTC datasets and T2-weighted anatomical
reference images were acquired. ROIs were manually
drawn on the anatomical reference image of each individual mouse for the cortex and hippocampus. These
two regions were chosen because they are part of the earliest and most extensively affected by the AD molecular
pathology. ROI based quantification of the MTC datasets
was performed for the cortex (shown in Fig. 1A) and hippocampus (shown in Fig. 1B) at five different frequency
offsets. The lower offsets have a higher MTR value due
to nonspecific direct water saturation. For both regions,
the largest enhancement in the Tg2576 mice over control
littermates was at the 20 kHz offset. A one-tailed t-test
was performed at this offset only and was found to be
significant for both ROIs. The P-value for the cortex was
0.018 and for the hippocampus was <0.01. Figure 1C
shows a representative MTR map and corresponding anatomical reference for each genotype. Images were manually aligned for ease of comparison.
Application as an Early Neuroimaging Biomarker
After establishing that MTC could distinguish between
Tg2576 mice and littermate controls, the focus shifted toward determining the earliest time point at which MTR
changes occurred. A cohort of Tg2576 mice and littermate controls were imaged at 4, 6, and 10 months longitudinally. At 4 months of age, Tg2576 mice are
considered to be phenotypically identical to control
mice. The 6-month time point was chosen because that
is when accumulation of amyloid is first seen in this
mouse model (32) and learning and memory deficits are
not evident yet at 6 months (24). At 10 months of age, senile plaques are first detectable. Additionally, by this
time, learning and memory as well as neurological deficits are already established (30,32,37). Overall, this provides three different scenarios similar to the earliest
stages of AD: normal function, prodromal, and mild cognitive impairment.
MTC datasets were acquired at the 20 kHz offset based
on the results in the 12-month-old mice. Single slice
MTC datasets and T2-weighted anatomical reference
images were acquired. ROIs were manually drawn on the
anatomical reference image of each individual mouse for
the cortex and hippocampus. The average MTR for the
cortex (shown in Fig. 2A) and hippocampus (shown in
Fig. 2B) was calculated at each time point. As expected,
there was no significant difference for either region at 4
months of age. The MTR values were significantly higher
in both regions at 6 months of age as determined by onetailed Student’s t-test: P-value for the cortex was 0.013
and for the hippocampus was <0.01. This is at least 4
months before plaques develop in this mouse model. The
MTR values were also elevated at 10 months. One-tailed
Student’s t-test once again confirmed that the difference
was significant. The P-value for the cortex was <0.01 and
for the hippocampus was 0.039. Figure 2C shows a representative MTR map and corresponding anatomical refer-
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FIG. 1. MTC MRI values are elevated at 12 months in Tg2576
mice. Panels (a) and (b) show region based quantification of the
MTR at 6 mT for the cortex and hippocampus, respectively. The
genotypes were found to be significantly different in each case by
two-way ANOVA. Student’s t test were performed on the 20 kHz
offset only and gave P ¼ 0.0305 for panel (a) and P < 0.01 for
panel (b), respectively. Number of animals equals 5 for control and
4 for Tg2576. Panel (c) shows a representative anatomical image
and MTR map for each genotype. Representative ROIs for the
cortex (light blue) and hippocampus (yellow) have been overlayed
on the anatomical images.

ence for each genotype at 4 months. Figure 2D shows the
MTR map and corresponding anatomical reference for
the same animals as Figure 2C at 10 months. Images were
manually aligned for ease of comparison.
The MTC Signal Reverts to Baseline upon
Efficacious Treatment
Additionally, we tested if the MTC signal changes in
response to antioxidant therapy in Tg2576 mice. Our
group has previously shown that when the Tg2576
mouse model of AD is crossed with a mouse overexpressing the mitochondrial antioxidant superoxide dismutase 2 (SOD), the resultant offspring (Tg/SOD) have
reduced AD pathology including improved cognition,
improved axonal transport, and improved cerebral blood
flow (28,30). The MTR at 12 mT was calculated at the
cortex for 11–14-month-old Tg2576 and Tg/SOD mice as
shown in Figure 3. SOD overexpression recovered the
increased MTC signal suggesting that it may be reflecting
the therapeutic effect. These data suggest that this methodology can be used to assess therapeutic response in
the Tg2576 mouse.
DISCUSSION
Diagnosis of AD is still a critical area of need with most
diagnoses given by process of elimination. While other
imaging paradigms are sufficient to track disease progression, they are currently ineffective at detecting the earlier
stages of AD. The goal of this study was to test if MTC
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FIG. 2. MTC MRI values are elevated as early as 6 months in Tg2576 mice. Panels (a) and (b) show region based quantifications of the
MTR at 6 mT for the cortex and hippocampus, respectively, at the 20 kHz offset. The same mice were imaged at each age point. The
genotypes were found to be significantly different in each case by repeated measures ANOVA. Student’s t-test were performed for each
individual age point. *P < 0.05 and **P < 0.01. Number of animals equals 4 for control and 5 for Tg2576. Panels (c) and (d) present a representative anatomical image and MTR map of the same mouse for each genotype at 4 months in panel (c) and 10 months in panel (d),
respectively.

MRI is sensitive to macromolecular changes that are seen
early in AD. The results show that MTC MRI can detect
differences in the Tg2576 mouse model well before plaque formation and learning and memory deficits. This is
significant because no other MRI imaging modality has
been reported to detect this earliest stage of AD (5).
Importantly, the increased MTR in the Tg2576 mouse
reversed back to baseline in the antioxidant treatment
model. Therefore, we believe MTC MRI may be used in
the Tg2576 model to examine response to treatment.
It will be important to identify the molecular source of
the increased MTR. The two major molecular hallmarks
of AD, and therefore likely contributing sources of the
MTC signal, are amyloid beta and tau protein (4). However, there are other molecular pathologies that could
also be involved including gliosis (39), vascular alterations (28,40), and cytoskeletal rearrangements (28,41). It
would be ideal to test each individual possibility individually to identify how much it contributes to changes
in the MTC signal but that will be challenging to do in
vivo. Therefore, verification of these results in the
Tg2576 in other mouse models of AD will be necessary
to ensure the result is not restricted to the Tg2576
model. For example, in the case of tau pathology, the
Tg2576 is not the ideal model and better models of tau
aggregation will be needed to evaluate the contributions
of tau accumulation (42,43). The Tg2576 mouse model
used here only has limited tau pathology and does not
exhibit neurodegeneration unlike that which is observed
in AD patients. Animal models that include all three
pathological hallmarks (amyloid beta, tau, and neurode-

generation) may be more accurate predictors of the usefulness of MTC. Such additional models would allow for
consolidation of our findings compared with the
reported clinical MTC data for AD patients. Specifically,
symptomatic AD patients (late stage) show a lower MTR

FIG. 3. The MTC signal can reflect a response to treatment. It
shows the region based quantification of the MTR at 12 mT for the
cortex at the 20 kHz offset for control, Tg2576, and Tg2576
crossed to SOD2 (Tg/SOD). The Tg/SOD mice have been previously shown to recover Tau phosphorylation (28). The genotypes
were found to be significantly different by one-way ANOVA. Bonferroni post-tests were used to compare the Tg2576 group to WT
and Tg/SOD. *P < 0.05 and **P < 0.01.
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than controls (44,45). This lowered MTR is likely due to
neurodegeneration and subsequent loss of macromolecules. Additionally, as neurons die they are replaced by
cerebrospinal fluid which has a much lower MTR.
In summary, we have shown that the MTR is significantly increased in the Tg2576 mouse model, a model of
early AD that exhibits amyloid beta accumulation, tau
hyperphosphorylation, and no neurodegeneration. These
data demonstrate that MTR can detect macromolecular
changes in a mouse model of early stage AD and that
MTC imaging should be further evaluated in additional,
more complex models of AD to better define the clinical
potential.
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