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Abstract
Our laboratory and others have reported the ability to detect individual Alzheimer’s disease (AD)
amyloid plaques in transgenic mouse brain in vivo by magnetic resonance imaging (MRI). Since
amyloid plaques contain iron, most MRI studies attempting to detect plaques in AD transgenic mouse
brain have employed techniques that exploit the paramagnetic effect of iron and have had mixed
results. In the present study, using five-way anatomic spatial co-registration of MR images with three
different histological techniques, properties of amyloid plaques in AD transgenic mouse brain were
revealed that may explain their variable visibility in gradient- and spin-echo MR images. The results
demonstrate differences in the visibility of plaques in the cortex and hippocampus, compared to
plaques in the thalamus, by the different MRI sequences. All plaques were equally detectable by
T2SE, while only thalamic plaques were reliably detectable by T2*GE pulse sequences. Histology
revealed that cortical/hippocampal plaques have low levels of iron while thalamic plaques have very
high levels. However, the paramagnetic effect of iron does not appear to be the sole factor leading
to the rapid decay of transverse magnetization (short T2) in cortical/hippocampal plaques.
Accordingly, MRI methods that rely less on iron magnetic susceptibility effect may be more
successful for eventual human AD plaque MR imaging, particularly since human AD plaques more
closely resemble the cortical and hippocampal plaques of AD transgenic mice than thalamic plaques.
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Introduction
Recent studies in Alzheimer’s disease (AD) transgenic mice and human AD tissue specimens
have reported the ability to image AD amyloid plaques using magnetic resonance imaging
(MRI) without the aid of a contrast enhancing agent (Benveniste et al., 1999; Helpern et al.,
2004; Jack et al., 2004; Jack et al., 2005; Lee et al., 2004; Poduslo et al., 2002; Vanhoutte et
al., 2005; Zhang et al., 2004). Our laboratory demonstrated the ability to detect amyloid plaques
in T2-weighted MR images of AD transgenic mouse brains ex vivo (Poduslo et al., 2002), as
well as in vivo (Jack et al., 2004; Jack et al., 2005), without the aid of a contrast agent. The
preferred mechanism to produce endogenous contrast for visualizing plaques is based on the
differential decay rate of water signal in plaques versus surrounding brain tissue. This decay
process, also known as “transverse relaxation”, is described by a time constant (T2 or T2*) that
depends on the type of pulse sequence (spin-echo and gradient-echo, respectively) used in
acquiring the MR data. It has been proposed that the detectability of amyloid plaques in T2-
and T2*-weighted MR images is due to the presence of iron in plaques (Benveniste et al.,
1999; Jack et al., 2004; Jack et al., 2005; Lee et al., 2004; Vanhoutte et al., 2005) which
decreases the relaxation time (both T2 and T2*) of the plaque water. This hypothesis is
consistent with the observation that amyloid plaques appeared larger in T2*-weighted gradient-
echo images compared to T2-weighted spin-echo images (Jack et al., 2004). This “blooming
effect” on T2*-weighted images is consistent with the static local susceptibility gradients
produced by microscopic tissue iron which is a paramagnetic species (Jack et al., 2004).

The presence of iron in AD amyloid plaques, as well as other metals such as copper and zinc,
has been reported previously using histological and analytical methods (Falangola et al.,
2005; LeVine, 1997; Lovell et al., 1998; Miller et al., 2006). High concentrations of iron and
other metals in plaques are hypothesized to cause oxidative stress and generate free radicals
that promote neurotoxicity and lead to neurodegeneration in AD (Gerlach et al., 1994; Smith
and Perry, 1995). Iron, copper, and zinc have also been shown to promote the aggregation of
amyloid peptides into fibrils (Huang et al., 2004). In normal human and rodent brain, high
levels of iron are observed in regions including the basal ganglia (globus pallidus, caudate, and
putamen), thalamic nuclei, substantia nigra, and red nucleus (Hill and Switzer, 1984; Koeppen,
1995; LeVine, 1991; Vymazal et al., 1995; Mitsumori et al., 2007). These structures exhibit
accelerated T2 and T2* relaxation rates compared to other brain tissue, which is attributed to
their high iron content (Schenck, 1995; Vymazal et al., 1995; Mitsumori et al., 2007). The high
levels of iron in the substantia nigra have been proposed to play a role in Parkinson’s disease
pathogenesis by increasing oxidative stress and generating free radicals (Gerlach et al.,
1994).

By using a modified Prussian blue iron staining technique that is more sensitive and involves
the use of diaminobenzidine (DAB), oligodendrocytes and myelin sheaths have been shown
to contain high concentrations of iron, particularly in the caudate putamen (LeVine, 1991) and
thalamus (Hill and Switzer, 1984) of normal, wild-type mice or rats, which we have also
observed in our wild-type mice (Jack et al., 2005). When using the same iron staining technique,
our laboratory and others have recently observed that amyloid deposits in the cortex,
hippocampus, and thalamus of AD transgenic mice, which are detectable by MRI, also stain
positive for iron (Falangola et al., 2005; Jack et al., 2004; Jack et al., 2005; Lee et al., 2004;
Vanhoutte et al., 2005). Our laboratory was able to perform positive four-way spatial
correlations between in vivo T2-weighted MRI, ex vivo T2-weighted MRI, thioflavine S
amyloid staining, and DAB-enhanced iron staining (Jack et al., 2005). In an earlier study, we
observed that the large amyloid deposits in the thalamus of older APP/PS1 AD transgenic mice
(~20 months) were particularly susceptible to T2*-weighted MRI enhancement of their
apparent size compared to T2-weighted MRI and thioflavine S staining, suggesting they might
contain high levels of iron (Jack et al., 2004). Histochemical staining for iron using the Prussian
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blue reaction without DAB-enhancement stained thalamic plaques very intensely while cortical
and hippocampal plaques stained very weakly, verifying that the thalamic plaques contained
higher iron content (Jack et al., 2004). We subsequently used the more sensitive Prussian blue
reaction with DAB enhancement to demonstrate that the cortical and hippocampal plaques also
contain iron, but at much lower levels than the thalamic plaques (Jack et al., 2005). The purpose
of the present study was to further characterize the cortical, hippocampal, and particularly the
thalamic plaques using additional MRI sequences and tissue staining methods. MRI methods
included T2-weighted spin-echo (T2SE) and T2*-weighted gradient-echo (T2*GE) pulse
sequences. Tissue staining methods included DAB-enhanced iron staining, thioflavine S
amyloid staining, and anti-Aβ immunohistochemistry. We specifically evaluated differences
in iron content between cortical/hippocampal plaques and thalamic plaques. We determined
that thalamic plaques contain amyloid-β peptide (Aβ), but are qualitatively different from
cortical and hippocampal plaques. Densitometry was also performed on histological sections
stained for iron to quantify the relative iron content of plaques compared to tissue in the same
three brain regions.

Materials and methods
Animals

These experiments were performed using transgenic mice that express two mutant human
proteins associated with familial AD and have been described in detail elsewhere (Holcomb
et al., 1998). Hemizygous transgenic mice (Tg2576) expressing mutant human amyloid
precursor protein (APP695) (Hsiao et al., 1996) were mated with a strain of homozygous
transgenic mice (M146L6.2) expressing mutant human presenilin 1 (PS1) (Holcomb et al.,
1998). The animals were genotyped for the expression of both transgenes by a PCR method
using a sample of mouse-tail DNA. Wild-type, non-transgenic (WT) mice were obtained from
Jackson Labs (Strain B6SJLF1/J, Bar Harbor, ME) and were used as the background strain for
the transgenic mice. The mice were housed in a virus-free barrier facility under a 12-hr light/
dark cycle, with ad libitum access to food and water. All procedures performed were in
accordance with the NIH Guidelines for the Care and Use of Laboratory Animals using
protocols approved by the Mayo Clinic and University of Minnesota Institutional Animal Care
and Use Committees.

Magnetic resonance imaging
APP/PS1 transgenic AD mice (9, 12, 24, and 30 months) were used in this study. MRI was
performed ex vivo on perfused, formalin-fixed brains soaked in phosphate-buffered saline
(PBS). After an overdose of sodium pentobarbital (200 mg/kg, IP), the animals were perfused
with phosphate-buffered saline followed by neutral-buffered, 10% formalin. Each brain was
removed and fixed further in formalin overnight and then immersed in PBS, pH 7.4 for 24
hours to remove excess formalin and equilibrate the brain in an isotonic solution. Each brain
was then embedded vertically in 2% agar in a 15 mm-diameter glass tube. Ex vivo MRI was
performed with a Unity Inova spectrometer (Varian, Palo Alto, CA) which was interfaced to
a 9.4T/31 cm horizontal bore magnet equipped with actively-shielded gradients capable of 300
mT/m in a rise-time of 500 µs (Magnex Scientific, Abingdon, UK). Radiofrequency
transmission and signal reception were performed with a dual-loop quadrature surface coil
built in-house (loop diameter = 1 cm).

Mouse brains were imaged ex vivo with a T2-weighted spin-echo (T2SE) sequence designed
specifically for this type of application and has been described previously (Jack et al., 2004).
Imaging parameters were: repetition time (TR) = 2000 ms; echo time (TE) = 52 ms; image
matrix size = 256 × 96 × 32 in the x, y, and z directions, respectively, at corresponding field-
of-view (FOV) of 15.36 mm × 5.76 mm × 3.84 mm, which resulted in nominal voxel
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dimensions of 60 µm × 60 µm × 120 µm. Acquisition time using the T2SE sequence was 1 hr.,
42 min. These are the same pulse sequence parameters which we successfully used to detect
individual amyloid plaques in APP/PS1 mice in vivo (Jack et al., 2004; Jack et al., 2005). The
brains were also scanned with a 3D T2*-weighted gradient-echo (T2*GE) sequence to
maximize the relaxivity of endogenous iron. The T2*GE sequence parameters were: TR = 150
msec, TE = 16.4 msec, nominal flip angle = 15°, acquisition bandwidth = 60 kHz; image matrix
size = 256 × 256 × 128 in the x, y, and z directions, respectively, with a corresponding FOV
of 15.36 mm × 15.36 mm × 3.84 mm. This resulted in nominal voxel dimensions of 60 µm ×
60 µm × 120 µm, respectively. Acquisition time was 1 hr., 22 min. MR images were filtered
to smooth noise while preserving edges.

Histological techniques
After ex vivo MRI was completed, brains were removed from the agar and processed
histologically. A 5-mm thick block of agar was left attached to the posterior of the hemisphere
as a base for mounting to the microtome platform in order to maintain the same orientation of
the hemisphere as in the MRI scan. After cryoprotecting for 24 hrs. each in 10% and then 30%
sucrose in 0.1 M phosphate, pH 7.4, frozen coronal sections (30 µm) were cut with a sliding
microtome throughout the whole extent of the cerebral cortex. The brains were sectioned in
the same coronal orientation histologically as in the MRI scan. Adjacent 30 µm sections were
processed histochemically for the presence of iron or stained with thioflavine S or anti-Aβ
immunohistochemistry (IH) to detect amyloid deposits.

In order to visualize tissue iron, a diaminobenzidine (DAB)-enhanced method of the Prussian
blue reaction was performed that is sensitive enough to detect trace amounts of iron in AD
plaques (LeVine, 1991; LeVine, 1997). Briefly, mounted 30-µm sections were rehydrated in
PBS and then incubated in 10 mg/ml sodium borohydride (Sigma Chemical, St. Louis, MO)
in PBS for 30 min. The sections were washed twice for 5 min. between each step in PBS. The
sections were incubated for 20 min. in 30 µg/ml proteinase K (Sigma Chemical, St. Louis,
MO), 0.1% Triton X in PBS. The sections were then incubated in 1% potassium ferrocyanide
(Sigma Chemical, St. Louis, MO), 1% HCl, and 1% Triton X in distilled water for 30 min.
Lastly, the sections were incubated in 0.5 mg/ml 3,3'-diaminobenzidine tetrahydrochloride
(Sigma Chemical, St. Louis, MO) and 2 µl/ml 30% hydrogen peroxide (Sigma Chemical, St.
Louis, MO) in 0.05 M Tris HCl, pH 7.6, for 15 min. in the dark. The sections were rinsed for
five minutes each in three changes of distilled water, dehydrated, coverslipped, and then imaged
without counterstaining. In negative control sections in which the potassium ferrocyanide step
was omitted but the DAB/H2O2 step was included to test for the presence of endogenous
peroxidases, no plaques were stained, confirming the specificity of the staining for iron and its
presence in plaques.

The other two sets of adjacent sections were processed histologically to detect amyloid deposits
and plaques using two standard methods. One set of sections was mounted and stained with
fresh, filtered, aqueous 1% thioflavine S using a standard protocol (Wengenack et al., 2000).
The thioflavine S positive amyloid plaques were visualized with epifluorescence microscopy
using filters for fluorescein isothiocyanate (excitation = 488 nm; emission = 520 nm). Another
set of adjacent sections underwent IH for amyloid using a standard anti-Aβ monoclonal mouse
antibody (4G8, Covance Research Products, Berkeley, CA). Briefly, free-floating sections
were washed with PBS/0.3% Triton-X (PBST). Endogenous peroxidase activity in the sections
was quenched by reacting with 0.5% H2O2 in PBST for 30 min. The sections were blocked
with 1.5% normal horse serum in TBS for 60 min. The sections were incubated with the anti-
Aβ primary antibody at a dilution of 1:1000 in 0.1% BSA/0.3% Triton-X/PBS overnight at 4°
C. The primary antibody was then visualized using a Vectastain Elite ABC immunoperoxidase
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kit (PK-6102) and Vector VIP (SK-4600) as the substrate according to the instructions (Vector
Laboratories, Burlingame, CA).

Anatomic matching of MR images to histological sections
Anatomic spatial co-registration between T2SE and T2*GE MRI scans and the corresponding
histological sections of the same mouse was accomplished using image analysis software with
a linked cursor system (Analyze, Analyze Direct, Overland Park, KS) (Robb, 1990). Using the
iron-stained histological section as the reference section, the spatially matched ex vivo MRI
(virtual) section was determined using readily identifiable anatomic landmarks common to
both sections such as the hippocampus, white matter tracts, and blood vessels. If necessary,
the MRI volume was rotated on the x or y axis to compensate for slight changes in orientation
that may have occurred transferring the brain from the agar to the microtome. The occurrence
of the same plaque in both the histological and MRI section was verified using the linked-
cursor tool.

Densitometry of plaques and tissue in APP/PS1 and WT brain sections stained for iron
The relative iron content of plaques in cortex, hippocampus, and thalamus was determined by
densitometry of the histological sections stained for iron with the DAB-enhanced Prussian blue
method. Using grayscale images, the mean gray level intensity was measured in ten plaques
in each region of a 24-month old APP/PS1 mouse brain and an age-matched WT mouse. The
mean intensity of tissue was also measured in a plaque-free, 20-pixel2 ROI adjacent to each
plaque and corresponding locations in the WT brain images. All histochemical conditions, as
well as microscope and camera settings were kept constant between APP/PS1 and WT brain
sections. Statistical analysis was performed by a two-way ANOVA of plaque versus tissue
intensity across three brain regions followed by Student-Newman-Keuls post-hoc multiple
comparisons (Sigma Stat 3.10, Systat Software, San Jose, CA).

Total iron content of brain tissue in APP/PS1 and WT mice
Total iron content of brain tissue in APP/PS1 and WT mice was measured in fresh, PBS-
perfused, frozen tissue from cortex, hippocampus, and thalamus using inductively coupled
plasma – mass spectrometry (ICP-MS). Samples from 24-month old mice were tested
following acid digestion. Results were reported as µg iron/g tissue. Statistical analysis was
performed by a two-way ANOVA of APP/PS1 versus WT brain tissue iron across three brain
regions followed by Student-Newman-Keuls post-hoc multiple comparisons (Sigma Stat 3.10,
Systat Software, San Jose, CA).

Results
Five-way spatial co-registration of plaques in cortex, hippocampus, and thalamus

The purpose of the present study was to further investigate the role of iron in the detectability
of AD amyloid plaques by MRI. The results are illustrated in Figures 1–4 which show five-
way spatially co-registered MR images of ex vivo scans using T2SE or T2*GE sequences in
brains from AD transgenic mice at 9, 12, 24, or 30 months of age and corresponding histological
sections stained for iron, thioflavine S, or anti-Aβ IH, respectively. The results indicated that
all amyloid plaques contained some iron. Spatial co-registration of individual plaques was not
performed in the 9-month old mouse (Fig. 1) because the plaques were not large enough so
that the same plaques could be observed in all three adjacent histological sections. However,
we have previously performed four-way spatial co-registration between in vivo T2SE, ex vivo
T2SE, thioflavine S, and iron stained sections in mice as young as 6 and 9 months (Jack et al.,
2005). No WT mice have displayed amyloid or iron-containing deposits at the ages studied
(3–24 months) thus far in our laboratory (not shown). The appearance of MR images and
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histological sections stained with thioflavine S or for iron from WT mice can be seen in our
previous reports (Jack et al., 2004; Jack et al., 2005). As we have reported previously, we are
able to consistently detect individual AD amyloid plaques by MRI both ex vivo and in vivo in
APP/PS1 transgenic mouse brain, confirmed by spatial co-registration to histological sections,
without the aid of a contrast-enhancing agent (Jack et al., 2004; Jack et al., 2005).

In the present study, many plaques were detectable by MRI in the cortex, hippocampus, and
thalamus of ex vivo AD transgenic mouse brains, and they increased in frequency and size
with age, as is also observed histologically (Wengenack et al., 2000). Plaques, particularly in
the thalamus, could be detected with both T2- and T2*-weighted MRI, although more reliably
in mice 12 months and older (e.g., Figs. 4A, 4C, 4D, 4F). While cortical and hippocampal
plaques start to develop around 3 months of age in APP/PS1 mice (Wengenack et al., 2000),
plaques do not generally appear in the thalamus until around 12 months of age, which will be
discussed more in the next paragraph. In T2-weighted images, plaques in the cortex and
hippocampus appeared with similar conspicuity as the thalamic plaques, but were less obvious
in the T2*-weighted images (e.g., Figs. 4A, 4B, 4D, 4E). In T2-weighted images, all plaques
appeared to be approximately the same size as they were in the histological sections. In T2*-
weighted images, however, the thalamic plaques appeared to be much larger and more
hypointense than in the T2-weighted images, most likely due to the magnetic susceptibility
effect of iron which has its greatest effect on T2*-weighted images (compare Figs. 3C and 4C
to 3F and 4F, respectively). Quantitative measurements with image analysis revealed that the
thalamic plaques were an average of 66% larger in diameter in T2*-weighted images than in
the three histological preparations, while the thalamic plaque diameters were only 3% larger
in T2-weighted images. The quantitative measurements also revealed, however, that the
diameters of the cortical and hippocampal plaques were actually slightly larger in both the
T2*-weighted images (28%) and the T2-weighted images (32%) compared to their diameters
in the three histological preparations. Image analysis of plaque intensity in the MR images
confirmed that the thalamic plaques were darker (by 30.5%) in T2*-weighted images compared
to T2-weighted images. However, cortical and hippocampal plaques were actually brighter (by
17.4%) in T2*-weighted images compared to T2-weighted images, making them less
conspicuous in T2*-weighted images.

Histological analysis revealed that the plaques detectable by MRI could be divided into two
populations based on their differing iron content and morphology. Cortical and hippocampal
plaques contained low amounts of iron that could only be detected with a more sensitive
technique, namely the DAB-enhanced Prussian blue method, while thalamic plaques contained
much higher amounts of iron because they stained very intensely with the DAB-enhanced
Prussian blue method and could also be detected with the less-sensitive Prussian blue method
without DAB-enhancement (i.e., Perls’ stain), as we have shown previously (Jack et al.,
2004). Both populations of plaques stained with thioflavine S and contained Aβ peptide, as
revealed by anti-Aβ IH. However, the morphology of the plaques was somewhat different. All
cortical/hippocampal plaques had a fibrillar morphology, with an intensely thioflavine S-
stained core and fibrils radiating out from it (Figs. 2K, 3K, 4K). Most thalamic plaques had a
spherical morphology with a well-defined margin and no radiating fibrils (Figs. 2L, 3L, 4L).
The thalamic plaques stained very intensely for iron throughout (Figs. 3F, 4F). Thioflavine S,
however, stained the thalamic plaques non-uniformly, with intense staining around the
perimeter and less intense staining in the core, giving a somewhat hollow appearance compared
to the cortical/hippocampal plaques (Figs. 3L, 4L). Both types of plaques, however, were
immunopositive to the standard anti-Aβ antibody, 4G8, displaying equal staining intensity
throughout the whole plaque (Figs. 3N, 3O, 4N, 4O).

In summary, amyloid plaques detectable by MRI could be divided into two populations based
on histological analysis and morphology. The two populations exhibited different levels of
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detectability with the gradient-echo and spin-echo sequences. Thalamic plaques contained very
high levels of iron and were detectable by both types of pulse sequences. The presence of
thalamic plaques became more obvious with age due to the large magnetic susceptibility of the
iron-laden plaques and the consequent “blooming” effect in T2*–weighted images. As
compared with the thalamic plaques, cortical/hippocampal plaques contained lower levels of
iron, which is consistent with their reduced conspicuity (relative to thalamic plaques) in the
T2*–weighted images. On the other hand, cortical/hippocampal plaques displayed similar
conspicuity as thalamic plaques in T2-weighted images, because the spin-echo sequence
compensated destructive interferences arising in the “static dephasing regime” (Yablonskiy
and Haacke, 1994).

Densitometry of plaques and tissue in APP/PS1 brain sections stained for iron
Quantitative densitometry of brain sections from a 24-month old APP/PS1 mouse stained with
the DAB-enhanced Prussian blue method for iron was used as a relative measure of iron content
within plaques and tissue. Lower intensity values correspond to darker, more intense staining
as a result of higher iron content oxidizing greater amounts of diaminobenzidine. This results
in an inverse relationship between intensity level (brightness) and relative iron content because
the densitometry intensity values are gray scale values where 0 equals pure black and 255
equals pure white. The results are listed in Table 1. Plaques in all three brain regions had
significantly lower intensity values than adjacent tissue (p<0.001), indicating that plaques have
relatively higher iron content. Among brain regions, the intensity value for thalamic plaques
was more than ten fold lower than the intensity values for cortical or hippocampal plaques,
indicating that thalamic plaques have much higher relative iron content. These quantitative
densitometric results confirm the observations made above, whereby intensely dark staining
of thalamic plaques in histological sections stained with the DAB-enhance Prussian blue
method indicated very high relative levels of iron. In WT brain tissue, intensity values were
slightly lower than APP/PS1 tissue free of plaques. While there was an overall significant
difference by ANOVA (p<0.001), only the intensity values in the thalamus were significantly
lower in WT compared to APP/PS1 (p<0.001). Across brain regions, the intensity values were
significantly lower in the thalamus than the cortex in both APP/PS1 and WT mice (p<0.001).
This indicates that thalamic tissue has relatively higher endogenous levels of iron and may be
the source for higher iron levels in thalamic plaques compared to cortical or hippocampal
plaques in APP/PS1 mice.

Total iron content of brain tissue in APP/PS1 and WT mice
Total iron content of brain tissue in 24-month old APP/PS1 and WT mice was measured in
fresh, PBS-perfused, frozen tissue from cortex, hippocampus, and thalamus using inductively
coupled plasma – mass spectrometry (ICP-MS). The results are listed in Table 2. Total iron
content was higher in all three brain regions of APP/PS1 brain, compared to WT brain, with
the highest concentration occurring in the thalamus. Statistical analysis performed by a two-
way ANOVA of APP/PS1 versus WT brain tissue iron across three brain regions indicated that
there were significantly higher levels of iron in APP/PS1 mouse brain (APP/PS1 vs. WT – [F
(1,11)=18.04, p<0.005]; Brain Region – [F(2,11)=4.27, p<0.07]; APP/PS1 vs. WT × Region
Interaction – [F(2,11)=2.65, ns]). Student-Newman-Keuls post-hoc multiple comparisons
indicated that only the iron content of the thalamus reached a level of statistical significance.
This chemical analysis reveals that the overall iron content of the APP/PS1 mouse brain is
higher than in WT mice, particularly in the thalamus.
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Discussion
Putative mechanisms of plaque detectability

Due to the greater conspicuity of cortical and hippocampal plaques in T2- versus T2*-weighted
images and relative to the thalamic plaques in young AD mice, we originally believed that two
mechanisms might be responsible for the MRI signal loss associated with amyloid plaques.
One mechanism was transverse relaxation in the “dynamic dephasing regime”, which occurs
due to water diffusion in microscopic magnetic field gradients in the time (TE) which elapses
between excitation and the spin echo. The second mechanism was exclusion of tissue water
protons from the dense hydrophobic core of larger amyloid plaques. A recent study from our
laboratory, however, found that the water proton density of cortical plaques is only slightly
lower than the surrounding tissue, while plaque T2* and T2 values were similar (Chamberlain
et al., 2009). Thus, in spin-echo imaging of cortical and hippocampal plaques, other relaxation
channels such as proton exchange and dipole-dipole interactions must also play a role,
particularly for plaques that do not contain high levels of iron. Spin-echo sequences have been
shown to be more sensitive to microscopic field gradients, whereas gradient-echo sequences
are more sensitive to magnetic field gradients extending over much larger spatial scales (Fujita,
2001). When iron is present, T2*-weighted sequences generally result in greater signal loss and
spatial blooming, and as such, yield greater sensitivity for iron than T2-weighted sequences.
Cortical/hippocampal plaques, however, did not exhibit the susceptibility “blooming” effect
that was observed around the thalamic plaques. Iron in cortical and hippocampal plaques may
therefore exist in a form and distribution that produces only microscopic susceptibility
gradients. Although we used a surface coil in this study, we do not believe the results are
attributable to decreases in MR signal with increased distance from the coil. While gradient
echo sequences may be more sensitive to MR signal decrease, it should not alter the tissue
contrast characteristics because we previously found that the T1 values of amyloid plaques and
surrounding tissue are similar (Chamberlain et al., 2009). We observed much greater magnetic
susceptibility effects in thalamic plaques, which are farther from the coil, than in cortical or
hippocampal plaques. One might expect the opposite to be the case if depth sensitivity of the
surface coil was a major contributing factor to the results.

Previous MRI studies
Previously, using a four-way anatomic spatial co-registration of in vivo T2SE MRI with ex
vivo T2SE MRI, thioflavine S histological staining, and DAB-enhanced iron histological
staining, we reported that individual amyloid plaques were not only detectable in vivo by MRI
without the aid of a contrast enhancing agent in AD transgenic mice, but that they also contain
iron (Jack et al., 2005). One other study was also able to detect individual plaques in vivo by
MRI without the aid of a contrast agent (Vanhoutte et al., 2005). That study used T2*GE pulse
sequences and was able to detect thalamic plaques, but not cortical/hippocampal plaques,
reporting the same results in vivo that we observed ex vivo in relation to thalamic plaques,
their iron content, and visibility by T2*-weighted pulse sequences (Vanhoutte et al., 2005).
Another study was able to detect cortical/hippocampal plaques in vivo by MRI using a T2*-
weighted pulse sequence with the aid of a contrast agent, but only after administration of
mannitol to transiently open the blood-brain barrier (Wadghiri et al., 2003). Earlier studies that
employed T2*-weighted pulse sequences to detect amyloid plaques ex vivo had mixed results
(Benveniste et al., 1999; Dhenain et al., 2002). Several other studies have reported the ability
to detect individual plaques by ex vivo MRI with and without the aid of a contrast agent (Lee
et al., 2004; Poduslo et al., 2002; Wadghiri et al., 2003; Zhang et al., 2004).

Comparison of pulse sequences
The present study compared two types of pulse sequences (T2SE and T2*GE) side by side in
one experiment using five-way anatomic spatial co-registration with histological staining for
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iron, thioflavine S, and anti-Aβ IH to determine the relative detectability of amyloid plaques
with different pulse sequences. This side-by-side analysis allowed us to compare the
detectability of different types of amyloid plaques by different MR pulse sequences. Plaques
in the thalamus were detectable by both pulse sequences, but plaques in the cortex and
hippocampus were reliably detectable by only the T2SE pulse sequence in the present study.
Thalamic plaques contained very high levels of iron, while cortical/hippocampal plaques
contained much lower levels of iron. Iron played a large role in the detectability of thalamic
plaques because they appeared larger than their true size and increased in apparent size with
increasing TE, as observed by us, as well as others, thus confirming the magnetic susceptibility
effects of iron (Vanhoutte et al., 2005). However, in our experience, cortical and hippocampal
plaques are less conspicuous than thalamic plaques when using the T2*GE sequence. As
discussed above, this observation can be explained by lower iron content in cortical and
hippocampal plaques as compared with thalamic plaques. It can also be partially due to the
shorter TE of the T2*GE sequence, which must be used to minimize image artifacts (i.e., signal
dropout) arising from bulk magnetic susceptibility effects. While plaque size was definitely a
factor in the overall detectability of plaques and thalamic plaques were generally larger than
cortical/hippocampal plaques, there was no apparent correlation of iron content with plaque
size. Iron content was more dependent on plaque morphology, such that all (spherical) thalamic
plaques had very high iron content and all (fibrillar) cortical/hippocampal plaques had very
low iron content regardless of size, with no similarity or overlap in iron content among plaques
of similar size between the two types.

This suggested that some other factor contributed to the detectability of cortical/hippocampal
plaques by T2SE pulse sequences. Since cortical/hippocampal plaques have very dense,
hydrophobic, crystalline cores that stain very intensely with thioflavine S, water exclusion was
originally believed to play a larger role than iron in the detectability of cortical/hippocampal
plaques by T2SE pulse sequences. Higher levels of vascularity in the cortex and hippocampus
might result in higher water content in those regions compared to the thalamus. However,
proton density measurements indicated that there was no difference in water content between
plaques and surrounding tissue (Chamberlain et al., 2009). Furthermore, since we observed the
same profile of plaque detectability both in vivo and ex vivo among the pulse sequences and
the regional water content could differ greatly between in vivo and ex vivo specimens,
differences in water content most likely do not play a significant role in regional differences
in plaque detectability. Regardless, since T2SE pulse sequences not only impart equal
detectability of most plaques (cortical/hippocampal and thalamic), with the noted exception of
diffuse plaques, but also give an accurate representation of their size independent of their iron
content, pulse sequences that rely less on iron paramagnetic effects should be employed for
use in in vivo MRI plaque detection in developmental studies of plaque deposition or
therapeutic studies of plaque prevention/removal by secretase inhibitors or passive
immunization.

Regional differences in iron
The main reason it is more desirable to be able to detect cortical/hippocampal plaques in AD
transgenic mice rather than thalamic plaques is because they more closely resemble amyloid
plaques in human AD patients and because an in vivo diagnostic imaging technique for AD in
human patients is the ultimate goal of AD transgenic mouse MRI studies. However, the
differences in iron content and morphology between cortical/hippocampal plaques and
thalamic plaques present a unique opportunity to study the causes of plaque detectability by
MRI. Since both types of plaques are immunoreactive for Aβ peptide, why do they exhibit
such large differences in iron content? One explanation could simply be higher endogenous
levels of iron in the surrounding tissue. Using DAB-enhanced iron staining, higher levels of
iron, found predominantly in oligodendrocytes, have been reported to occur in white matter
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tracts, such as the corpus callosum and fiber bundles running through the thalamus, in normal
rats (Hill and Switzer, 1984). We have also observed similar patterns of iron staining in our
WT mice (Jack et al., 2005). The posterior and ventral posteromedial thalamic nuclei, the
regions in which the thalamic plaques are observed, have high levels of metabolic activity due
to their high levels of cytochrome oxidase (Haidarliu and Ahissar, 2001). The cytochrome
oxidase activity is highest in punctate regions referred to as the “whisker barreloids”, which
are responsible for processing sensory information from the vibrissae (Haidarliu and Ahissar,
2001). High levels of iron together with high metabolic activity suggest that these regions are
very likely subjected to high levels of oxidative stress. Because it has been demonstrated in
vitro that iron and other metals catalyze the aggregation of Aβ into fibrils and plaques (Mantyh
et al., 1993), the higher levels of endogenous iron could also facilitate the formation of the
thalamic plaques. However, because thalamic plaques appear in APP/PS1 mouse brain at a
later age than cortical/hippocampal plaques (12 months vs. 3 months), other factors must also
play a role in their formation. For example, the levels of transgene expression in the brain
exhibit regional differences in this and other transgenic mouse models. The level of mutant
APP transgene expression in the APP/PS1 mouse model is higher in the cortex and
hippocampus than in the thalamus (Irizarry et al., 2001), while the level of PS1 transgene
expression is higher in the posterior and ventral posteromedial thalamic nuclei than the cortex
and hippocampus, with the exception of the CA3 region of the hippocampus (McGowan et al.,
1999). Therefore, since Aβ peptide production is higher in the cortex and hippocampus, it
would stand to reason that amyloid plaques would be more numerous in those regions.

Etiology of thalamic plaques
Since the cores of the thalamic plaques do indeed contain Aβ, some other factor must be
responsible for their irregular thioflavine S staining. The spherical (thalamic) plaques develop
at a much later age than the fibrillar plaques in the cortex and hippocampus, appearing at around
12 months of age, compared to about 3 months for fibrillar (cortical/hippocampal) plaques.
Some fibrillar plaques were also observed in the thalamus at younger ages along with those in
the cortex and hippocampus. The spherical thalamic plaques seemed to have a limited
anatomical distribution. They were observed only in a few specific thalamic nuclei ventral to
the dorsal hippocampus approximately between Bregma –1.0 to –2.5, which included the
ventrolateral, the ventral posteromedial, and posterior thalamic nuclei, and were never
observed in the cortex or hippocampus. The fibrillar plaques most closely resemble typical AD
plaques in humans and generally do not have a regional preference in APP/PS1 mice,
particularly with increasing age, although they are more prevalent in the cortex (all regions)
and hippocampus than the midbrain, brainstem, and cerebellum.

Spherical amyloid deposits similar to those observed in the thalamus in the present study have
also been reported in the antero-ventral nucleus of the thalamus in human AD patients (Braak
and Braak, 1991). However, iron staining was not performed so the iron content of the deposits
was not reported to determine if the deposits observed in AD brain are exactly the same as
those observed in the AD transgenic mice. Similar deposits have also been reported to occur
in normal human brain which were verified to contain iron by a DAB-enhanced Prussian blue
iron staining method (Morris et al., 1992), as well as in the globus pallidus of non-human
primates (Schultz et al., 2001; Wadsworth et al., 1995; Yanai et al., 1994). Spherical, globular
“concretions” containing high levels of iron and very closely resembling those described here
were observed in the globus pallidus and choroid plexus of normal human brain (Morris et al.,
1992). Recent preliminary reports have also reported that thalamic plaques in AD transgenic
mouse brain also contain very high levels of calcium compared to cortical and hippocampal
plaques (Dhenain et al., 2002; Dhenain et al., 2009). Another study reported that amyloid
plaques in APP/PS1 mice contain lower levels of iron and calcium than human AD plaques
and even lower relative levels than surrounding tissue when normalized to protein content,
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which they found to be higher in plaques (Leskovjan et al., 2009). This further supports our
assertion that MR pulse sequences that rely heavily on the paramagnetic effects of iron should
not be developed for plaque imaging in AD. Furthermore, if plaque-detecting pulse sequences
are developed in AD transgenic mice rather than ex vivo human AD brain tissue, the pulse
sequences may be even more sensitive to human AD plaques due to the added paramagnetic
effects of higher levels of iron and other metals in the human AD plaques.

Since thalamic plaques contain much higher levels of iron, calcium, and other minerals and
have a globular structure of concentric layers when viewed with electron microscopy (Dhenain
et al., 2002; Dhenain et al., 2009), while cortical/hippocampal plaques have radially oriented
fibrils (Sasaki et al., 2002), the Aβ and amyloid present in thalamic plaques may not have the
same beta-sheet structure as cortical/hippocampal plaques. Differences in β-sheet structure and
content might explain why the thalamic plaques stained intensely with the Aβ antibody, but
not as intensely with thioflavine S, which binds to the beta-sheet structure of amyloid in general
and not Aβ peptide specifically. In conclusion, the so-called thalamic plaques observed in APP/
PS1 AD transgenic mice in the present study may not necessarily be unique to AD transgenic
mouse models, but they appear to have no relation to the stereotypical senile/neuritic amyloid
plaques in human AD patients or other transgenic mouse models. Therefore, we believe only
(fibrillar) cortical and hippocampal plaques should be used as the endpoint for the development
of MR imaging techniques to screen putative amyloid reducing/inhibiting therapies or, more
importantly, for the detection of amyloid plaques and diagnosis of AD in human patients.

Summary
In summary, five-way anatomic spatial co-registration revealed that while iron plays a role in
the detectability of amyloid plaques by MRI, cortical and hippocampal plaques have much
lower levels of iron, but are still detectable by MRI, particularly T2-weighted sequences,
suggesting that other factors contribute to plaque detectability by MRI. Therefore, future
studies of plaque deposition or therapeutic trials with secretase inhibitors or passive
immunization using in vivo MRI plaque detection should use sequences that optimize the
detectability of cortical and hippocampal plaques in mice because they more closely resemble
human AD plaques, and focus less on sequences that rely solely on the magnetic susceptibility
of iron. Pulse sequences such as the T2SE pulse sequence used in the present study may be a
good starting point. However, since T2SE pulse sequences are also susceptible to iron
paramagnetic effects and may detect any iron-containing structures such as blood vessels,
microhemorrhages, and white matter in addition to plaques, the development of plaque specific
contrast agents and MR pulse sequences that minimize magnetic susceptibility, such as T1-
weighted MR, should also be pursued to add a further level of confidence to the MR detection
of amyloid plaques. In the interim, the present results make it highly encouraging to pursue
the development of T2-weighted spin-echo sequences for the detection of amyloid plaques in
AD patients without the aid of a contrast-enhancing agent.

Research highlights

Human Alzheimer’s disease (AD) and AD transgenic mouse amyloid plaques contain iron.

Many MR studies have attempted to image amyloid plaques using T2*-weighted pulse
sequences that maximize the magnetic susceptibility effects of iron.

APP/PS1 transgenic mice develop two types of amyloid plaques based on histological and
morphological analysis: 1) fibrillar, found predominantly in the cerebral cortex and
hippocampus, and 2) spherical, found only in the thalamus.

Fibrillar plaques more closely replicate human AD amyloid plaques, but contain very low
levels of iron and are much less detectable by T2*-weighted MR.
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T2-weighted (spin echo) MR relies less on the magnetic susceptibility of iron and can detect
fibrillar cortical and hippocampal amyloid plaques better than T2*-weighted MR.
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Fig. 1.
Five-way anatomic spatial co-registration of a 9-month old APP/PS1 AD transgenic mouse
brain. Ex vivo MRI scans of matched sections imaged using either a (A) T2SE or (B) T2*GE
pulse sequence. Matched adjacent histological sections processed with (C) DAB-enhanced iron
staining, (D) thioflavine S amyloid staining, or (E) anti-Aβ peptide immunohistochemistry.
Scale bar = 500 µm.
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Fig. 2.
Five-way anatomic spatial co-registration of a 12-month old APP/PS1 AD transgenic mouse
brain. Ex vivo MRI scans of matched sections imaged using either a (A) T2SE or (D) T2*GE
pulse sequence. Matched adjacent histological sections processed with (G) DAB-enhanced
iron staining, (J) thioflavine S amyloid staining, or (M) anti-Aβ peptide immunohistochemistry.
Scale bar = 500 µm. (B, E, H, K, and N) Higher magnification of cortical plaques positively
matched by spatial co-registration. Corresponding plaques are labeled with numbers when
present in a particular section. All matched plaques may not be present in all adjacent
histological sections. (C, F, I, L, and O) Higher magnification of thalamic plaques positively
matched by spatial co-registration. (O) Scale bar = 100 µm.
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Fig. 3.
Five-way anatomic spatial co-registration of a 24-month old APP/PS1 AD transgenic mouse
brain. Ex vivo MRI scans of matched sections imaged using either a (A) T2SE or (D) T2*GE
pulse sequence. Matched adjacent histological sections processed with (G) DAB-enhanced
iron staining, (J) thioflavine S amyloid staining, or (M) anti-Aβ peptide immunohistochemistry.
Scale bar = 500 µm. (B, E, H, K, and N) Higher magnification of hippocampal plaques
positively matched by spatial co-registration. Corresponding plaques are labeled with numbers
when present in a particular section. (C, F, I, L, and O) Higher magnification of thalamic
plaques positively matched by spatial co-registration. (O) Scale bar = 100 µm.
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Fig. 4.
Five-way anatomic spatial co-registration of a 30-month old APP/PS1 AD transgenic mouse
brain. Ex vivo MRI scans of matched sections imaged using either a (A) T2SE or (D) T2*GE
pulse sequence. Matched adjacent histological sections processed with (G) DAB-enhanced
iron staining, (J) thioflavine S amyloid staining, or (M) anti-Aβ peptide immunohistochemistry.
Scale bar = 500 µm. (B, E, H, K, and N) Higher magnification of cortical plaques positively
matched by spatial co-registration. Corresponding plaques are labeled with numbers when
present in a particular section. All matched plaques may not be present in all adjacent
histological sections. (C, F, I, L, and O) Higher magnification of thalamic plaques positively
matched by spatial co-registration. (O) Scale bar = 100 µm.
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Table 2

Total iron content of fresh brain tissue in APP/PS1 and WT mice.

Brain Region APP/PS1a WTa
APP/PS1 vs.
WT p-valueb

Cortex 15.00 ± 1.10 11.45 ± 0.05 ns

Hippocampus 13.20 ± 0.50 10.90 ± 3.68 ns

Thalamus 20.00 ± 0.40 11.80 ± 1.60 0.005

a
Mean (± SEM) tissue iron (µg/g tissue) measured by inductively coupled plasma – mass spectrometry (ICP-MS).

b
Two-way ANOVA APP/PS1 vs. WT Tissue Iron: APP/PS1 vs. WT – [F(1,11)=18.04, p<0.005]; Brain Region – [F(2,11)=4.27, p<0.07]; APP/PS1

vs. WT × Region Interaction – [F(2,11)=2.65, ns]; Student-Newman-Keuls post-hoc multiple comparisons.
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