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Abstract
The visualization of β-amyloid plaque deposition in brain, a key feature of Alzheimer’s disease
(AD), is important for the evaluation of disease progression and the efficacy of therapeutic
interventions. In this study, β-amyloid plaques in the PS/APP transgenic mouse brain, a model of
human AD pathology, were detected using MR microscopy without contrast reagents. β-Amyloid
plaques were clearly visible in the cortex, thalamus, and hippocampus of fixed brains of PS/APP
mice. The distribution of plaques identified by MRI was in excellent agreement with those found
in the immunohistological analysis of the same brain sections. It was also demonstrated that image
contrast for β-amyloid plaques was present in freshly excised nonfixed brains. Furthermore, the
detection of β-amyloid plaques was achieved with a scan time as short as 2 hr, approaching the
scan time considered reasonable for in vivo imaging. Magn Reson Med 52:538–544, 2004.
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Alzheimer’s disease (AD) is characterized by the presence of β-amyloid (Aβ) plaques,
neurofibrillary tangles, and neuronal deficits. The presence of Aβ plaques is one of the major
pathogenic features of the disease, and imaging these plaques would greatly improve early
diagnosis and accurate clinical evaluation of AD. Early identification of the Aβ plaques is
also important in understanding the pathogenic progression of AD and in studying possible
therapeutic interventions such as vaccination to prevent and/or reduce the cerebral
deposition of amyloid β-peptide (1).
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There exist several transgenic mouse models that mimic various aspects of human AD. The
PS/APP mouse is one example that overexpresses both mutant amyloid precursor protein
(mAPP) and mutant presenilin-1 (mPS1) and initially develops Aβ plaques at ~9–10 weeks
of age. Aβ plaques increase rapidly in number and size, and the degree of compact plaques
composed of fibrillar (thioflavin S-positive) Aβ increases with age (2). By 1 year of age,
compact and diffuse plaques are extensive throughout the cortex and hippocampus.
Neurofibrillary pathology is limited to enhanced phospho-tau accumulation around plaques
(3), but tangles do not form. Although overt cell loss is not apparent, neuronal numbers are
reduced in the immediate vicinity of plaques and neuronal damage is associated with
increasing amyloid load. Furthermore, there is an extensive inflammatory response and
activated astrocytes and microglia cluster around plaques (2).

Aβ plaques can be identified using single photon emission computed tomography (SPECT)
(4,5) and positron emission tomography (PET) (6-8) in conjunction with various agents
targeted for amyloid β-peptide or histological dyes such as Congo red (9) or thioflavin S (8).
However, the development of amyloid-imaging agents, which are Aβ specific and can cross
the blood–brain barrier, has been a major challenge. In addition, both SPECT and PET
suffer relatively low spatial resolution, which inhibits their ability to distinguish individual
Aβ plaques that are at least one or two orders of magnitude smaller (20–150 μm) than the
resolution of these techniques.

MRI can provide much higher spatial resolution than SPECT or PET without ionizing
radiation. The detection of Aβ plaques using -weighted MRI has been reported in
postmortem human brain tissue (10). In that study, immunohistologically confirmed plaque-
like structures were identified in the gradient echo images acquired with a spatial resolution
of 40 × 40 × 40 μm3 in ~20 hr. MR imaging of Aβ plaques has also been reported in a
transgenic mouse model of AD following an injection of targeted MR contrast reagents
(11,12). However, these methods are either relatively invasive, requiring contrast reagent
delivery across the blood–brain barrier, or require prohibitively long scan times for in vivo
applications.

The focus of the present work was to image Aβ plaques without exogenous contrast reagents
and within relatively short scan times, compatible with in vivo applications.

MATERIALS AND METHODS
Transgenic Mice

Hemizygous transgenic mice expressing mutant human APPK670N,M671L protein (line
Tg2576) (13) and a homozygous line of mice expressing human mutant PS1M146V protein
(line 8.9) were crossed to generate off-spring including parental type singly transgenic (PS1)
off-spring, doubly transgenic PS/APP animals (14). A total of seven 17–19-month-old mice
were used in this study: four doubly transgenic mice (PS/APP), one singly transgenic mouse
(PS), and two nontransgenic (NTg) mice. The PS/APP mice begin to deposit Aβ at ~12
weeks of age. The Aβ deposition accumulates progressively and forms plaque-like lesions
throughout the life span of the PS/APP mice. At 17–19 months of age, these mice exhibit
numerous dense-cored plaques containing Aβ peptide within the cortex and hippocampus.
Contrary to the PS/APP mice, the PS mice have elevated Aβ-42 peptide, but do not form any
amyloid deposits (14).

Brain Preparation and Histology
Two PS/APP mice, one PS mouse and one NTg mouse were perfused with phosphate-
buffered saline (PBS) (pH 7.4) through the left cardiac ventricle, followed by 10% buffered
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formalin. After perfusion fixation, the top of the cranium was removed and the heads of the
mice were stored in 10% buffered formalin at room temperature. To investigate the
influence of blood and blood vessels on image contrast, brains from one PS/APP mouse and
one NTg mouse were fixed by removing the top of the cranium of the head and immersing
the head in 10% buffered formalin without any perfusion. Overall fixation duration for all
fixed brains was between 6 days and 40 days, which is long enough to complete the fixation
process (15). To characterize the effects of the fixation process on image contrast and
visualization of Aβ plaques, an additional PS/APP mouse was imaged immediately after
death, without any perfusion or fixation procedures, to characterize the effects of the fixation
process.

The mouse heads were positioned at the center of a plastic tube filled with 10% buffered
formalin and tightly sealed for MR measurements. After MR imaging, fixed brains from
each genotype were carefully removed from the head and the posterior part of the brain was
placed on a stand, maintaining as much as possible the same spatial orientation as in the MR
imaging experiments. Each brain was then cut serially in 50-μm-thick coronal sections using
a vibratome (series 1000) and collected at 150-μm intervals. To visualize the Aβ plaques,
immunohistopathology was performed using antibody 6E10 at 1:1000 (Sigma, St. Louis,
MO). Sections were immunostained by a standard avidin-biotin complex method using
diaminobenzidine as chromogen. To identify the iron presence of Aβ plaques, brain sections
from two PS/APP mouse brains, fixed with methacarn or formalin, were stained with Perl’s
reaction following 3,3–diaminobenzidine (DAB) enhancement (16). The staining is based on
the formation of ferric ferrocyanide (Prussian blue) when ferric ion (Fe3+), released from
iron-containing compounds by hydrochloric acid (HCl), reacts with potassium ferrocyanide.
The ferric ferrocyanide then catalyzes the oxidation of DAB with formation of a brown
precipitate.

Immunolabeled sections were digitized at a resolution of 1200 dpi using a scanner or a CCD
camera (AxiCam HRc, Carl Zeiss Microimaging, Thornwood, NY) attached to a
microscope. All digitized histological sections and MR images were examined using
PhotoShop 7.0 (Adobe Systems, San Jose, CA). MR images and histological images of the
PS/APP mice were matched based on anatomical landmarks. Due to differences between
slice thickness in MRI (200 μm) and histology (50 μm), each MR image had at least three
corresponding histological images.

NMR Methods
All experiments were performed on a 7 T, 40 cm bore horizontal magnet (Magnex
Scientific, UK) with a 10-cm gradient insert capable of 1000 mT/m in 400 μs interfaced to
an SMIS (Guilford, UK) console. Mouse brain specimens in plastic tubes were placed in a
1.5-cm-diameter 8-element-birdcage RF coil. T2-weighted MR images were acquired using
a multislice fast spin-echo (FSE) sequence with navigator correction for the Nyquist-ghost
reduction. The data acquisition parameters for high-resolution images were FOV = 13.8 mm
× 13.8 mm, image matrix = 256 × 240, base echo time (TE) = 10 ms, repetition time (TR) =
5–6 sec, flip angle = 85–90°, number of slices = 20, sweep width = 100 kHz, and echo train
length = 4. For low-resolution images, imaging parameters were FOV = 13.8 mm × 13.8
mm, image matrix = 196 × 180, base echo time (TE) = 9.3 ms, repetition time (TR) = 0.6–1
sec, flip angle = 46–50°, number of slices = 5–6. Data were acquired in time blocks of 65–
80 min and averaged together in complex mode after Fourier transformation to minimize the
effect of B0 magnetic field drift due to temperature changes of magnets during prolonged
MR scanning. To reduce the magnetic field inhomogeneity, automatic shimming was
performed using FASTMAP (17) and the resulting water linewidths were 13–17 Hz from a 5
× 5 × 6 mm3 volume.
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To maximize the signal-to-noise (SNR) ratio of MR images, the TR and flip angle of the RF
excitation pulse were optimized using the following equation describing SNR for total MR
scan time assuming complete dephasing of transverse magnetization before the next RF
excitation:

[1]

where A is a proportionality constant and M0 the equilibrium magnetization of water
protons, T1 the longitudinal relaxation time, and θ, the flip angle of the RF excitation pulse.
Although SNR values reach the maximum as TR approaches zero, experimentally
achievable TR values are limited by factors such as gradient duty cycle, data acquisition
time, and RF pulse durations. Based on numerical calculations of SNR using Eq. 1 and T1 of
water proton of 1.7 sec, SNR values are ~95% and ~78% of the maximum theoretical SNR
at TR of 2 and 5 sec, respectively. TE of the FSE sequence was optimized to provide the
best visibility of Aβ plaques by varying effective echo-positions of FSE echo trains with a
fixed base TE of 9.3 ms.

MRI data were processed with a program written in IDL (RSI, Boulder, CO) for Fourier
transformation and navigator echo phase correction. Images were reconstructed to 256 × 256
and 192 × 192 matrices by zero-padding phase encoding dimension for high-resolution and
low-resolution data, respectively. Similar windowing of image intensity was applied to the
images of all genotypes.

RESULTS
MR microscopy of Aβ plaques was achieved with careful adjustment of MR parameters of
the FSE sequence for high SNR and contrast of the plaques. Immunolabeled histological
images are shown in Fig. 1 from PS/APP (1a), PS (1b), and NTg (1c) mouse brains.
Numerous dark spots, corresponding to Aβ plaques, are visible throughout the PS/APP
mouse brain, including the cortex and hippocampus. However, the immunolabeled
histological images of PS and NTg mice did not show any dark spots, which is consistent
with the absence of Aβ plaques in those mice.

Shown in Fig. 2 are MR microscopy images (54 × 58 × 200 μm3) from PS/APP (2a), PS
(2b), and NTg (2c) mouse brains, acquired after PBS perfusion and formalin fixation. For
each mouse brain five levels of slices covering the hippocampus, from approximately
bregma −1.22 mm to −2.70 mm, were shown. In the PS/APP mouse brain (Fig. 2a),
numerous circular signal hypointensities were visible in cortical areas and hippocampus. In
contrast to the PS/APP mouse brain, the PS mouse brain (Fig. 2b) and the NTg mouse brain
(Fig. 2c) did not show any similar signal hypointensities in cortical areas or hippocampus.

The influence of blood in blood vessels on plaque image contrast is shown in Fig. 3a,b. The
formalin-fixed PS/APP mouse brain even without PBS perfusion for blood removal (Fig. 3a)
showed similar signal hypointensities as seen in the PBS-perfused PS/APP mouse brain
(Fig. 2a). In contrast to the PS/APP brain, NTg brain with the same preparation did not show
any signal hypointensities (Fig. 3b), suggesting that the presence of blood in the blood
vessels alone does not significantly affect the plaque contrast. Figure 3c shows MR images
(54 × 58 × 200 μm3) of the PS/APP mouse brain taken immediately after death without PBS
perfusion or formalin fixation. Circular signal hypointensities similar to those from the fixed
brain were observed in the MR images (Fig. 3c), although the visibility of Aβ plaques was
somewhat reduced.
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For further validation that these MR signal hypointensities correspond to the presence of Aβ
plaques, MR images were compared with corresponding immunolabeled images. Co-
registered high-resolution MR images and corresponding immunolabeled images from an
18-month-old PS/APP mouse brain are shown in Fig. 4a,b. Similar constellations of MR
signal hypointensities and Aβ plaques can be seen from the magnified images of
corresponding insets from MR and histology images. To verify the presence of iron in Aβ
plaques, neighboring brain sections were stained with either an Aβ antibody (Fig. 5a) or
DAB-enhanced Perl’s reaction (Fig. 5b). A similar pattern of distribution of Aβ plaques and
iron staining can be seen in both sections (Fig. 5, black arrows), which serves to support the
presence of iron in Aβ plaques. There was no positive staining for iron or Aβ plaques in the
negative control sections (NTg) or sections stained only with DAB, indicating the specificity
of the staining method.

The feasibility of MR imaging of Aβ plaques in a relatively short MR scan time of 2 hr was
examined (data not shown). Similar circular signal hypointensities as seen in Fig. 2a were
clearly visible in the areas of cortex and hippocampus on the MR images acquired with
spatial resolution of 72 × 78 × 200 μm3 and an MR scan time of 2 hr, which is approaching
reasonable in vivo MR scan times.

DISCUSSION
In this study, we report the visualization of Aβ plaques using MR microscopy (54 × 58 ×
200 μm3) without any exogenous contrast reagent. Aβ plaques in the cortex and
hippocampus of PS/APP mouse brain were visualized on T2-weighted MR images using an
FSE sequence.

When T2-weighted MRI is used in the absence of a plaque-specific contrast reagent, some of
the signal hypointensities seen in the brain may not be attributable to Aβ plaques alone,
since blood vessels, microhemorrhage, and local axonal fibers may also cause signal losses.
Recently, it has been reported that senile plaques in human AD brain samples do not induce
susceptibility effects in T2*-weighted images (18). Most of the signal hypointensities in that
study were attributed to blood vessels present in the tissue. However, in the present study the
contribution from the blood vessels to the MR signal hypointensities is thought to be
minimal, since very similar distributions of signal hypointensities are observable in the PS/
APP mouse brains regardless of PBS perfusion. The fact that NTg mice with the same
preparation showed no signal hypointensities in the brain regardless of PBS perfusion
further supports the conclusion that signal hypointensities were not caused by the
contribution of blood in vessels.

With respect to the contribution of large axonal fibers, white matter appears dark in the T2-
weighted images and can complicate the identification of Aβ plaques. Considering that
major axonal fibers are found in the areas of corpus callosum and thalamus, and can be
clearly distinguished from other circular signal hypointensities in the areas of cortex and
hippocampus, the observed circular signal hypointensities in cortex and hippocampus is
unlikely from axonal fibers. However, the ability to identify Aβ plaques in the regions
containing white matter tracts was limited due to similar signal characteristics.

The specificity of MR contrast of Aβ plaques can be improved using targeted MR contrast
reagents. However, only a few contrast reagents suitable for MR studies have been reported
to date, e.g., putrescine-Gd-Aβ (11), Gd-DTPA-Aβ, and MION-Aβ (12). Additionally, the
toxicity of contrast reagents has yet to be established for in vivo studies.
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One possible mechanism of the reduction of MR signal intensities in Aβ plaques observed in
this study is shortening of T2 values due to the presence of iron in the plaques. Previous
studies using biochemical, immunohistochemical, and analytical methods have
demonstrated the presence of metal ions, including iron, associated with amyloid plaques
(19-21). It is reported that large Aβ plaques with iron accumulation in thalamic areas of a
different transgenic mouse model of AD (APP 717I, London mutation) were detectable
using T2*-weighted MR images (22). In that study, smaller plaques in the cortex and
hippocampus were not visible. In comparison, our study shows the presence of MRI signal
hypointensities in the thalamic regions as well as in the cortex and hippocampus of PS/APP
mice (Figs. 2a, 3a,c), which is consistent with histological sections. However, the direct
comparison of their results with our current observations is difficult due to the differences in
pulse sequences, imaging resolution, and other MR parameters, and transgenic animal
models. To demonstrate the presence of iron in the plaques, we performed histological
staining of iron (Fe3+) using the DAB-enhanced Perl’s reaction counterstained with nuclear
fast red (16). Histological sections fixed with methacarn (data not shown) or formalin
showed the presence of iron in Aβ plaques (Fig. 5), which is consistent with previous
observation in humans (23-25) and in another transgenic mouse model of AD pathology
(16). Our data show a close resemblance of distribution of iron staining and Aβ staining in
neighboring sections of a PSAPP mouse brain. Although not all Aβ plaques were stained
with iron, many Aβ plaques were colocalized with iron. Considering the fact that these are
neighboring slices, along with the thickness of sections and the size of the plaques, it is
likely that a majority of Aβ plaques contain iron. However, further study is needed to
investigate the extent of colocalization of iron and Aβ plaques.

Iron has been associated with lower T2 values in areas associated with high iron
concentration, such as globus pallidum and red nucleus, compared to surrounding areas
(26-28). Therefore, it is likely that the signal hypointensities in the current T2-weighted
images are caused by reduction of T2 values associated with increased iron content in Aβ
plaques. This observation is also consistent with our previous study demonstrating short T2
values in cortex and hippocampus of PS/APP mice in vivo compared to those of
nontransgenic mice (29). Further studies are needed to characterize the colocalization of Aβ
plaques and iron and the effect of the presence of iron in the plaques on the MRI contrast.
However, the current study cannot exclude the possibility that the reduction of MR signal
intensity may be due to the reduction of water content in Aβ plaques.

Similar constellations of MR signal hypointensities and Aβ plaques in the corresponding
histology sections were identified (Fig. 4); however, it was rather difficult to achieve co-
registration of each plaque in MRI and histology point by point. Direct superposition of the
two images could not be performed, as the histological preparation procedures caused
nonisotropic size changes, and the orientation of histological sectioning did not exactly
coincide with that of MRI. Slice thickness differences between MR images (200 μm) and
histology sections (50 μm) posed additional difficulties in co-registration. With careful
histological preparation and further improved MR methods such as 3D data acquisition with
isotropic resolution and the use of image co-registration software, direct comparison may be
achievable. In the co-registered MR and Aβ histological images, the size of the MR signal
hypointensities did not always appear to match Aβ plaques in corresponding histological
sections. The size mismatch may be explained partly by the difference in slice thickness
between MR and histology. This mismatch may also be the result of microscopic
susceptibility effects caused by paramagnetic particles such as iron in Aβ plaques, which
would effectively extend the MR signal hypointensities beyond the size of actual plaques.

Although many circular signal hypointensities were clearly identifiable in the MR images of
PS/APP mouse brain, overall cortical areas and hippocampus showed much higher signal
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variations compared to similar regions in the brains of PS or NTg mice. The higher signal
inhomogeneity in MR images of PS/APP mouse brain compared with those of PS or NTg
mouse brains with similar overall SNR may reflect the presence of numerous smaller size
Aβ plaques (see Fig. 4 histology sections), which could not be identified individually but
contributed to the overall MR signal of the much larger image voxels (i.e., partial volume
effects). This observation suggests that the signal variations in homogeneous tissue areas
such as cortex may be used to quantify plaque burden without requiring very high spatial
resolution.

The formalin fixation process alters tissue characteristics by forming cross-links between
proteins and/or proteins and nucleic acids, and creating hydroxymethylene bridges and
binding of calcium ions (30). For MR imaging, the fixation process enhances gray-white
matter contrast (15), which can also be seen in Figs. 2 and 3. However, the fixation process
did not alter the plaque contrast for MRI, as demonstrated in Figs. 2a and 3c, indicating that
the plaque contrast observed in the fixed PS/APP mouse brains was not due to the effect of
the formalin fixation process.

The presence of plaque contrast in nonfixed brain tissue opens the possibility of in vivo
plaque imaging. To date, most MR studies that have attempted to visualize Aβ plaques have
been achieved with substantially long MR scan times of over 10 hr, which is not compatible
with in vivo studies. In the present study, we achieved a reduction of the MR scan time to ~2
hr at 7 T for imaging Aβ plaques of fixed transgenic mouse brain with careful optimization
of MR parameters. Although this scan time is approaching a range acceptable to in vivo
imaging, further reduction is necessary. This may be possible by the use of more sensitive
RF coils, such as a volume-transmit and surface-receive coil set, higher field strength, and
more time-efficient pulse sequence design with reduced base TE and increased signal
sampling time. Another important factor for in vivo Aβ plaque imaging is the reduction of
artifacts and blurring caused by physiological motion, such as breathing and cardiac
pulsation, which can be alleviated by improved immobilization of the mouse head in
conjunction with cardiac and/or respiratory gating.

In this study, we visualized Aβ plaques using a T2-weighted imaging sequence in formalin-
fixed PS/APP mouse brain and demonstrated the presence of the Aβ plaque contrast in a
nonfixed brain. The Aβ plaques in the MR images were confirmed by comparing the
immunohistological analysis of the same brain sections. MR parameters were then
optimized, allowing the visualization of Aβ plaques within a relatively short scan time of ~2
hr, compatible with in vivo imaging. Having shown that plaque contrast and MR scan times
are compatible with in vivo applications, further technical development will be required to
minimize cardiac and respiratory motion artifacts.
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FIG. 1.
Histological sections of mouse brains stained with Aβ antibody. Representative histological
sections of a PS/APP (a), a PS (b), and an NTg mouse (c) brains stained with Aβ antibody.
In the PS/APP mouse brain (a), numerous dark spots, corresponding to Aβ plaques, are
visible throughout the brain, whereas neither PS mouse nor NTg mouse shows any similar
dark spots.
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FIG. 2.
MR microscopy of fixed mouse brains with PBS perfusion. MR microscopy images of fixed
brains of a PS/APP mouse (a) and a PS mouse (b) and an NTg mouse (c) with spatial
resolution of 54 × 58 × 200 μm3 (TR = 5–6 sec, TE = 10 ms, total scan time = 10–11 hr).
Numerous circular signal hypointensities can be seen in the areas of cortex and hippocampus
of the PS/APP mouse brain (a), whereas no distinctive signal hypointensities are visible in
PS (b) and NTg (c) mouse brains.
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FIG. 3.
Effect of PBS perfusion and formalin fixation on plaque contrast. High-resolution MR
images (54 × 58 × 200 μm3) were acquired from the brains of a PS/APP mouse (a) and an
NTg mouse (b) with formalin-fixation but without PBS perfusion, and a PS/APP mouse (c)
without either process. Similar patterns of circular signal hypointensities as the perfused PS/
APP mouse brain in Fig. 2a can be seen in the areas of cortex and hippocampus of the PS/
APP mouse brain (a), whereas no distinctive signal hypointensities are visible in the NTg
brain (b). Again, similar patterns of signal hypointensities are identifiable in the nonfixed
and nonperfused PS/APP mouse brain (c).

Lee et al. Page 12

Magn Reson Med. Author manuscript; available in PMC 2014 March 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 4.
Co-registration of MR microscopy and histology of a PS/APP mouse brain. Two expanded
MR images (54 × 58 × 200 μm3) of a PS/APP mouse brain and their corresponding
histological sections stained with Aβ antibodies. Boxes and drawings indicate groups of Aβ
plaques identified from both MRI and histology. Although there is general agreement in the
pattern of plaque distribution, not all Aβ plaques apparent in the histology sections appear in
the MR images, possibly due to differences between slice thickness of MRI (200 μm) and
histology (50 μm), as well as misalignment of axes of MRI and histological sections.
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FIG. 5.
Co-registration of Aβ plaques and iron. Brain sections from a PS/APP mouse brain fixed
with formalin and stained with an Aβ antibody (a) or Perl’s reaction following 3,3–
diaminobenzidine (DAB) enhancement (16) (b). The iron staining is based on the formation
of ferric ferrocyanide (Prussian blue) when ferric ion (Fe3+), released from iron-containing
compounds by hydrochloric acid (HCl), reacts with potassium ferrocyanide. The ferric
ferrocyanide then catalyzes the oxidation of DAB with formation of a brown precipitate.
Clear staining of iron (Fe3+) can be seen in Aβ plaques (b). Arrowheads indicate the co-
registered plaques.
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