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Many neurodegenerative diseases including Alzheimer's disease are linked to abnormalities in the vascular
system. In AD, the deposition of amyloid β (Aβ) peptide in the cerebral vessel walls, known as cerebral am-
yloid angiopathy (CAA) is frequently observed, leading to blood flow abnormalities. Visualization of the
changes in vascular structure is important for early diagnosis and treatment. Blood vessels can be imaged
non-invasively by magnetic resonance angiography (MRA). In this study we optimized high resolution
MRA at 17.6 T to longitudinally monitor morphological changes in cerebral arteries in a Tg2576 mouse
model, a widely used model of AD. Our results at 17.6 T show that MRA significantly benefits from the
ultra-high magnetic field strength especially to visualize smaller vessels. Visual and quantitative analysis of
MRA results revealed severe blood flow defects in large and medium sized arteries in Tg2576 mice. In partic-
ular blood flow defects were observed in the middle cerebral artery (MCA) and in the anterior communicat-
ing artery (AComA) in Tg2576 mice. Histological data show that Aβ levels in the vessel wall may be
responsible for impaired cerebral blood flow, thereby contributing to the early progression of AD. To our
knowledge this is the first ultra-high field MRA study monitoring blood flow alterations longitudinally in liv-
ing Tg2576 mice, consequently providing a powerful tool to test new therapeutic intervention related to CAA
in a mouse model of AD.

© 2011 Elsevier Inc. All rights reserved.
Introduction

Alzheimer's disease (AD) is the most common form of dementia
with no effective treatment or definitive ante mortem diagnostic test.
The neuropathologic features of AD include the occurrence of amyloid
β (Aβ)-containing plaques, neurofibrillary tangles, decreased synaptic
density, and loss of neurons (Duyckaerts et al., 2008; Schliebs and
Arendt, 2011). In addition, cerebrovascular abnormalities coexist with
these pathological features of AD. In particular, the deposition of amy-
loid in the cerebral vessel walls, known as cerebral amyloid angiopathy
(CAA) is frequently observed, leading to blood flow abnormalities in AD
(Biffi and Greenberg, 2011; Kumar-Singh, 2008). Small to medium-
sized arteries and arterioles are the most frequently affected vessels
by CAA in AD (Ghiso and Frangione, 2001; Pezzini et al., 2009; Revesz
et al., 2002). Though CAA is very common in the advanced stages of
AD, its contribution to the onset and progression of AD is unknown.

The evidence for blood flow disturbance in AD comes mainly from
postmortem studies (Ellis et al., 1996; Pfeifer et al., 2002). Yamada
(2002) has reported that among AD patients (n=82), the frequency
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of CAA was 87%, whereas the frequency of CAA in elderly non-AD
(n=119) patients was only 35%. CAA of Aβ type, defined by the accu-
mulation of β-amyloid peptide (Aβ) in cerebral vessels, is the most
common form of CAA in elderly population as well as patients with
AD (Yamada, 2000). Currently in vivo diagnosis of CAA relies on
detecting indirect symptoms such as hemorrhage, microbleeding
and abnormal vascular reactivity (Biffi and Greenberg, 2011; Smith
et al., 2008). Although positron emission tomography in combination
with Pittsburg compound, has been shown to detect CAA in AD pa-
tients (Biffi and Greenberg, 2011), the need to use ionizing radiation
for PET and unspecificity of Pittsburg compound for distinguishing
between parenchymal and vascular Aβ plaques impede the use of
this method on a large scale.

Transgenic mouse models of AD have been used to understand
how CAA related blood flow abnormalities contribute to the onset
and progression of AD (Hawkes et al., 2011; Herzig et al., 2004;
Merlini et al., 2011; Meyer et al., 2008; Nishitsuji et al., 2007;
Poduslo et al., 2011; Thal et al., 2009). Ex vivo studies in human and
in transgenic mouse models have reported similar observations re-
garding CAA related morphological changes in vascular structures
leading to blood flow defects in AD. Recently, an upregulation of the
angiogenic vascular endothelial growth factor (VEGF) by cortical vas-
cular endothelial cells in 21-month-old transgenic Tg2576 mice has
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been observed suggesting a role of VEGF in formation of vascular Aβ
and mediating CAA (Bürger et al., 2009, 2010). However, direct in
vivo methods to probe blood flow disturbance during AD in mice
are highly challenging. In vivo magnetic resonance (MR) techniques
currently used for AD evaluations in humans and mouse models of
AD are in a state of progression with continued reassessment for en-
hanced diagnostic accuracy (Braakman et al., 2006; Kantarci and Jack,
2004). Non-invasive MR imaging techniques, such as in vivomagnetic
resonance angiography (MRA), have shown great potential to study
blood flow defects in APP23 and APP/PS1 mouse models of AD
(Beckmann et al., 2003, 2011; El Tannir El Tayara et al., 2010). In
this technique shortening of the effective longitudinal relaxation
time (T1) of moving blood provides the vessel contrast with station-
ary tissue (Hu and Norris, 2004). While global architecture of the ce-
rebral vasculature could be detected in both APP23 and APP/PS1 mice
by in vivo MRA at 4.7 T magnetic field strength, further improvement
in visualization is desirable, especially for detection of small arteries
with low blood flow rate. The small size of the mouse brain has con-
siderable limitations for MRA in visualizing cerebral vasculature with
high spatial resolution and signal-to-noise ratio at low magnetic field
strength (≥4.7 T). The T1 relaxation time of tissue increases with the
field strength (van de Ven et al., 2007). Increased T1 relaxation time
and high magnetization at higher fields provides improved signal-
to-noise ratio and higher vessel-to-tissue contrast that may contrib-
ute to the improved quality of MRA (Fushimi et al., 2006). Therefore,
moving to high (such as 9.4 T) or ultra-high (such as 17.6 T) magnetic
field can significantly improve visualization of cerebral vasculature
and blood flow abnormalities in mouse models of AD as well as for
other neurodegenerative diseases. Tg2576 is one of the most widely
used transgenic mouse models of AD (Hsiao et al., 1996). In this
model accumulation of Aβ in cerebral vessels starts between 9 and
12 months of age and severity of CAA increases during aging
(Christie et al., 2001; Domnitz et al., 2005; Holtzman et al., 2000;
Kumar-Singh et al., 2005; Shin et al., 2007). Reports on MRA for this
mouse model are lacking. In addition, the in vivo relationship be-
tween amyloid plaque deposition in brain tissue and its correlation
with blood flow alterations is not clear.

The aim of this study was to: (1) achieve improved visualization of
cerebral vasculature by optimizing and applying in vivoMRA at 17.6 T
magnetic field strength; (2) detect AD related blood flow defects in
cerebral arties in Tg2576 mice; and (3) longitudinally follow, in vivo
amyloid plaque deposition in brain tissue and its correlation with
CAA related morphological changes in cerebral arteries and blood
flow alterations in the same Tg2576 mice with age.

Materials and methods

Mice

In this study transgenic Tg2576 mice developed and described by
Hsiao et al. (1996) were used as model of AD. The mice contained as
transgene the human amyloid precursor protein (APP695) with the
Swedish double mutation (K670N, M671L) under control of a ham-
ster prion protein promoter (Hsiao et al., 1996). Three founder mice
were kindly provided by Dr Karen Hsiao Ashe (University of Minneso-
ta) and used for further breeding. Mice heterozygous for the trans-
gene and wild-type littermates were on a C57BL/6 x SJL
background. At the age of four weeks transgeneity was identified by
polymerase chain reaction of tail DNA as described elsewhere
(Hsiao et al., 1996). The N2 generation mice of both genders were
studied at the ages of 12–18 months. Age-matched non-transgenic
littermates served as controls. In addition, C57BL/6 mice (9 months
old) were used for optimization studies. All of the animal experi-
ments were approved by the institutional animal care and animal
use committee of the University of Leiden in accordance with the
NIH Guide for the Care and Use of Laboratory Animals.
Histology

Histological analyses were performed to assess amyloid deposits
and CAA in Tg2576 mice by following the procedure as described pre-
viously (Braakman et al., 2006). The mice were decapitated and
brains were fixed in 4% buffered paraformaldehyde (Zinc Formal-
Fixx, ThermoShandon, UK) for 48 h. Following fixation brains were
dehydrated and embedded in paraffin. Subsequently coronal sections
(5 μm thick) were carefully cut using a vibratome while maintaining
as much as possible the same spatial orientation of the mouse brain
as in the μMRI experiments. To detect Aβ, brain sections were sub-
jected to immunohistochemistry using anti-Aβ (6E10), anti-Aβ40
(BC40) or anti-Aβ42 (BC42). Immunolabeling was visualized by
using the ABC kit (Vectastain) according to the manufacturer's
instructions.

Magnetic resonance microimaging (μMRI)

All measurements were conducted on a vertical wide bore 9.4 T or
17.6 T Bruker spectrometer with a 1000 mTm−1 actively shielded im-
aging gradient insert (Bruker Biospin GmbH, Germany). A birdcage
radio-frequency (RF) coil (inner diameter 2 cm) was used. The sys-
tem was interfaced to a Linux PC running XWinNMR 3.2 and Paravi-
sion 5.0 (Bruker Biospin GmbH, Germany) software.

All in vivo MR imaging studies were conducted as previously de-
scribed (Braakman et al., 2006). Before MR imaging, the mice were
anesthetized with 2% isoflurane (Forene, Abott, UK), in air (0.3 l/
min) and oxygen (0.3 l/min). During scanning the isoflurane concen-
tration was maintained between 1 and 1.5% to keep the breathing of
the animal at a constant rate of ~50 breaths per minute. Animals
were placed in a birdcage RF coil with a special mouse head mask,
which was used to administer the anesthetic gas during MR experi-
ments. A respiration sensor, connected to a respiration unit, was
placed on the abdomen of the mouse, to monitor it's respiration
rate during the MR imaging. The respiration unit was connected to a
computer having Bio-SAM respiration monitoring software (Bruker
Biospin, Germany). The body temperature of the mouse was kept
constant by pumping warm water through the gradient system. The
rectal body temperature of the mouse during scanning was measured
to be 35±1 °C.

T2-weighted MR images were acquired with a multislice rapid ac-
quisition with relaxation enhancement (RARE) (Hennig et al., 1986)
sequence at 9.4 T. Coronal images were obtained with a slice thick-
ness of 0.5 mm. A resolution of 78×78 μmwas achieved within an ac-
quisition time of ~25 min. The imaging parameters used for the RARE
sequence were: TE=11.6 ms (effective TE=23.33 ms); TR=6 s;
FA=90°, averages=4, RARE factor (echo train length)=4;
FOV=2.00×2.00 cm2 and image matrix=256×256. Quantification
of Aβ plaque load in MR images was done as described earlier
(Braakman et al., 2006).

Magnetic resonance angiography (MRA)

Time-of-flight (TOF) angiograms were obtained using a three-
dimensional (3D) gradient-echo sequence. To find the optimum com-
bination of parameters for TOF-MRA at 17.6 T, variable flip angle (FA)
and repetition time (TR) parameters of the 3D time-of-flight (TOF)
gradient echo sequence were systematically varied to obtain the
best image quality in a reasonable imaging time. The following pa-
rameters were used: Echo time (TE)=1.86 ms; field-of-view (FOV)
=15×15×15 mm; matrix size=128×128×128; FA=10°, 15°, 20°,
30°, 40° or 50°; TR=15, 20, 30, or 40 ms.

Optimized scan parameters used to acquire high-resolution 3D-MRA
of transgenic mice and non-transgenic littermates were as follows:
TE=1.86 ms; FOV=17×17×17 mm; matrix size=256×192×192;
FA=20°; and TR=20ms. All data were zero-filled to 256×256×256.
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Three-dimensional TOF MRA was compared at 9.4 T and 17.6 T. All
imaging parameters were kept the same at both magnetic fields. Im-
aging parameters were TE=1.86 ms; TR=20 ms; FA=20°. All data
(matrix size 256×192×192) were zero-filled to 256×256×256.
The total acquisition time of 3D-TOF was ~9 min. Three-dimensional
view was obtained by generating maximum-intensity projections
(MIP) using Paravision 5 software (Bruker Biospin, GmbH, Germany).

Identification of cerebral arteries was performed by inspecting
the angiograms under various angles and comparing the vessels
to the anatomical atlas of Dorr et al. (Dorr et al., 2007) and previ-
ous reports in the literature (Beckmann et al., 1999; El Tannir El
Tayara et al., 2010; Okuyama et al., 2004; Reese et al., 1999;
Schambach et al., 2009).

Image analysis and quantification

The severity of the vascular abnormalities in Tg2576 mice and
non-transgenic control mice was evaluated by visual assessment as
well as by a semi-quantitative analysis.

Visual assessment of MCA was based on the pointing system as
described earlier (El Tannir El Tayara et al., 2010). According to this
system, blood flow abnormalities were graded on the basis of the
number and extents of signal voids detected on the MR angiograms.
A flow disturbance was counted when a decrease of the signal was
visible on the scan, but the signal intensity at the level of the artery
did not yet reach background level. A void was counted when the sig-
nal intensity at the level of the artery reaches the background level.
Fig. 1. Optimization of 3D TOF-MRA at 17.6 T magnetic field strength. (A) The effect of vary
evaluated on contrast to noise ratio (CNR) of middle cerebral artery (MCA) (A) and azygos
measured at a constant TR of 20 ms (C). Vessels having higher blood flow such as MCA were
blood flow were better visualized at smaller FA (15°–20°). (D) The slice of 3D data set in
2=background brain tissue; 3=surrounding air). The optimization was performed on thr
The values are the mean±SD (error bars) over five slices.
Furthermore a distinction was made between a small void and an ex-
tended void. The grades were defined as follows: (1) flow disturbance
visible, but the artery shape was unaltered; (2) one or two small sig-
nal voids: a small signal void was defined as a void with a maximum
length of twice the diameter of the artery; (3) more than 2 small sig-
nal voids; (4) one extended signal void: an extended void was de-
fined as a void with a length larger than twice the diameter of the
artery; (5) a combination of small and extended voids; and (6) artery
was partially or completely missing.

For the semi-quantitative method, the average contrast-to-noise
ratio (CNR) and signal-to-noise ratio (SNR) were calculated from
the coronal slices (n=5–9) of the MRA data set. Three regions of in-
terest (ROI) were selected in each slice: (1) an ROI manually delin-
eated in the vessel contour on cross-sectional slices (ROI); (2) an
ROI of the background brain tissue without vessels (BG); and (3)
an ROI of the surrounding air. The average standard deviation of
the ROI in surrounding air was defined as noise (σ). The CNR of
each region was calculated as: CNR=(sROI-sBG)/σ (air). The SNR
was calculated as: SNR=sROI/σ (air). “s” refers to average signal in-
tensity within the selected area. Signal intensity of ROI placed on the
vessel was calculated above a threshold value corresponding to
s(BG)+[0.1x s(BG)].

The means and standard deviations of each region were calculat-
ed. The statistical comparisons were made by pooling all slice mea-
surements from all the datasets in a given sample group and
performing one-tailed and/or two-tailed Student's t-test. Statistical
significance was assigned for P valuesb0.05.
ing the radiofrequency pulse flip angle (FA) and inflow time (repetition time, TR) was
pericallosal artery (azPA) (B). The effect of varying the FA on the CNR of MCA and azPA
better visualized at higher FA (30°), however smaller vessels such as azPA having low
dicating the region of interest for which CNR evaluation was performed (1=vessel;
ee mice, with nearly identical results. For clarity, the plots are from a single specimen.



Fig. 2. Coronal (A), sagittal (B) and transverse (C) projection of high-resolution MIPs of a 3D-TOF angiogram of a mouse cerebrovascular system revealing arterial anatomy at 17.6 T
magnet field strength. The following arteries were clearly identified: (1) Olfactory artery (OlfA); (2) Anterior communicating artery (AComA); (3) Anterior cerebral artery (ACA);
(4) Middle cerebral artery (MCA); (5) & (10) Internal carotid artery (ICA); (6) Facial artery (external Maxillary artery);(7) Palatine portion of pterygopalatine (PPP); (8) Posterior
cerebral artery (PCA); (9) Maxillary artery; (11) Pterygo portion of pterygopalatine; (12) Caudal cellebellar artery;(13) A branch of common carotid artery; (14) Vertebral artery
(VA); (15) Common carotid artery (CCA); (16) Ophthalmic artery; (17) Anterior azygos cerebral artery (azACA); (18) Azygos pericallosal artery (azPA); (19) Superior cerebellar
artery (SCA); (20) Basilar artery (BA); (21) Middle internal frontal artery; (22) Anterior internal frontal artery; and (23) External carotid artery (ECA).
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Results and discussion

Optimization of MRA at 17.6 T

The 3D TOF MRA sequence was optimized at 17.6 T to visualize ce-
rebral arteries in living mouse. To find the optimum combination of
parameters for TOF MRA at 17.6 T, radiofrequency pulse repetition
time (TR) and pulse flip angle (FA) were steadily varied. Fig. 1
shows the effect of varying FA and TR on contrast to noise ratio
(CNR) of MCA (Fig. 1A) and azygos pericallosal artery (azPA)
(Fig. 1B). As is clear from this figure, MCA which is one of the large
vessels with relatively high blood flow (Dorr et al., 2007) has
Fig. 3. Angiogram in sagittal view of same 9-month-old wild-type mouse imaged at 9.4 T (A
better resolved at 17.6 T as compared to 9.4 T. Comparison of SNR (C) and CNR (D) of ACA, M
were higher at 17.6 T as compared to 9.4 T. Values are expressed as mean±SD (error bars)
excellent visibility at all combination of FA (20°–50°) and TR (15–
40 ms). However small vessels such as azPA are better delineated at
smaller FA (20°). While a longer TR offers greater CNR, the TR of
20 ms had been chosen as optimum to obtain reasonable resolution
in a relatively short scan time for subsequent measurements. The re-
lationship between CNR and FA (10°–50°) at constant TR (20 ms) of
MCA and azPA is shown in Fig. 1C. A representative slice of 3D data
set of MRA showing region of interest used for estimation of CNR of
vessels with respect to background brain tissue and surrounding air
is shown in Fig. 1D.

Fig. 2 depicts a high resolution MRA of a 14-months-old wild-type
mouse along the coronal (A) and sagittal (B) and transverse (C)
) and 17.6 T (B) magnetic field strengths. Arrows indicate vascular branches, which are
CA and PPP vessels estimated at 9.4 T and 17.6 T. Both CNR and SNR in all three vessels
. Two-tail student T test, *Pb0.05, **Pb0.01, n=3.

image of Fig.�2
image of Fig.�3


962 F. Kara et al. / NeuroImage 60 (2012) 958–966
directions acquired in 9 min using optimized sequence parameters at
17.6 T. Many small and medium size vessels were nicely delineated at
17.6 T within this short scan time.

Field dependence

Fig. 3 compares the angiogram of vascular system of the same
wild-type mouse imaged at 9.4 T and 17.6 T. In general MRA at
17.6 T revealed enhanced visualization of vessels compared to the
data collected in a field of 9.4 T, especially for small vessels. For exam-
ple, branches of anterior azygos cerebral artery (azACA) are better re-
solved at 17.6 T as compared to 9.4 T. Figs. 3C and D summarize the
effect of field strength on CNR (a) and SNR (b) of vessels including
MCA, anterior cerebral artery (ACA) and palatine portion of pterygo-
palatine (PPP). The calculated SNR (Fig. 3C) of all three vessels are
significantly higher at 17.6 T as compared to 9.4 T. The SNR of MCA,
ACA and PPP were ~50%, ~47% and ~33% higher at 17.6 T than at
9.4 T, respectively. MCA and ACA also showed significantly higher
CNR (~70–80%) at 17.6 T than at 9.4 T (Fig. 3D). The superior contrast
at 17.6 T could be attributed to longer T1 of background tissue as well
as greater magnetization of inflowing blood (Howles et al., 2009). The
longer T1s of tissues provide better background suppression, which
allows improved visualization of smaller distal vessels with MRA.
The observed increase in SNR was less than expected for the higher
field of 17.6 T. This could be due to increased susceptibility effects
and larger field inhomogeneity at higher magnetic field. Since SNR
is inversely proportional to the square root of T1, longer T1 at higher
field also has an inverse effect on SNR (Dydak and Schar, 2006). Nev-
ertheless the substantial increase of vessel SNR at 17.6 T is offering
the possibility to either increase the spatial resolution or to shorten
scan times for future mouse MRA studies.

Evaluation of vascular alterations in control and Tg2576 mice with age

To evaluate and compare the in vivo vascular alterations in control
and Tg2576 mice and to follow changes over time, we applied high
resolution MRA at 17.6 T. In general blood flow alterations detected
on TOF-angiograms were more frequent in Tg2576 mice as compared
to control mice. In particular, the overall decrease in the brightness of
arteries and alterations such as flow voids and vessel signal loss were
more visible in Tg2576 mice as compared to control mice. Fig. 4 (A
and B) shows representative angiograms of two 18-month-old
Tg2576 mice. The numbers on the angiogram indicate the appointed
score to the level of severity of alterations. The higher the score, the
more severe the alteration was. For example, a flow disturbance with-
out apparent change in vessel shape is visible in AComA (score 1 in
Fig. 4. (A, B) Angiograms collected at 17.6 T magnet of 18-month-old transgenic mice show
ber indicates the appointed score to the level of severity of alterations. For example: 1=a flo
origin of AComA in image B); 3=more than two small voids in same artery (as observed on
carotid artery on both sides in image A); 5=a combination of an extended void and several
6= the signal is no longer visible (as shown at the pterygo portion of the pterygopalatine arte
mean score in control and Tg2576 mice with age. Values are mean±SE (error bars); one-t
Fig. 4A); A small signal void was observed at the origin of AComA
(score 2 in Fig. 4B); More than two small voids in the same artery
were observed in MCA on both sides (score 3 in Fig. 4B); An extended
void can be seen in the small branch of common carotid artery (CCA)
on both sides (score 4 in Fig. 4A); A combination of an extended void
and several small signal voids was observed in the small branches of
carotid artery on both sides (score 5 in Fig. 4B). Signal was no longer
visible for the pterygo portion of the pterygopalatine artery (score 6
in Figs. 4A and B). Fig. 4C shows the enlarge view of these alterations.

In general, MCA was one of the most altered vessels on TOF-
angiogram of Tg2576 mice. A comparison of the alteration mean
scores in MCA in Tg2576 and control mice with age is shown in
Fig. 4D. The changes in MCA alteration score in control and Tg2576
mice were insignificant at the age of 14 and 16 months while became
significantly higher (~57%) at the age of 18 months in Tg2576 mice as
compared to the control mice (Fig. 4D). The abnormalities in MCA in
Tg2576 mice, detected by MRA in this study, are consistent with in
vivo cerebral blood flow alterations observed in MCA in human AD
patients (Franceschi et al., 1995; Ishibashi et al., 1998). In these pa-
tients, stenoses, hypoperfusion and decreased cerebral blood flow
have been reported in the MCA.

Fig. 5 (A and B) compares 3D angiogram and its source-slice data
set of control and a Tg2576 mouse. Severe decrease of signal intensity
can be seen in anterior communicating artery (AComA) in addition to
MCA in Tg2576mouse, but not in control mice. Visibility of alterations
in individual slice of MRA data set validates the changes seen in 3D
MIP in Tg2576 mice. An age-dependent evaluation of contrast-to-
noise ratio (CNR) changes was performed in the source data images
for every mouse for MCA and AComA (Figs. 5C and D). In both control
and Tg2576 mice, an overall decrease in vessel CNR was observed
with age. However, decrease in CNR was more significant in Tg2576
mice than in control mice especially at the age of 18 months
(Figs. 5C and D). A 3D representation of age-dependent changes
seen in AComA in control and Tg2576mice is shown in Fig. 5E. The ar-
teries such as ACA, and olfactory artery (OlfA) in Tg2576 mice also
showed a decreasing trend in CNR as compared with control mice, al-
though this decrease did not reach statistical significance (supple-
mentary Fig. S1). Age-dependent increase in blood flow defects
were also observed in a small branch of common carotid artery in
Tg2576 mice (supplementary Fig. S2).

Thus, our results show that blood flow alterations in Tg2576 mice
can be very well detected with MRA at 17.6 T and can be followed
longitudinally in the same mice with age. The blood flow abnormali-
ties detected by MRA in the Tg2576 mice are consistent with cerebro-
vascular abnormalities reported in human AD patients (Franceschi et
al., 1995; Ishibashi et al., 1998). These findings suggest that Tg2576 is
ing various level of severities of morphological changes appointed in 3D MIP. The num-
w disturbance (as seen in AComA in image A); 2=a small signal void (as observed at the
the MCA on both sides in image B); 4=an extended void (as observed in the external
small signal voids (as observed in the external carotid artery on both sides in image B);
ry in image A and B). The enlarge view of alterations is shown in C). (D) MCA alteration
ail student T test; *Pb0.05; n=4.

image of Fig.�4


Fig. 5. Representative MIP images and source-slice data set of an 18-month-old control (A) and Tg2576 mouse (B). Tg2576 mouse exhibited severe blood flow alteration at one of
the AComA as depicted by arrow (b) which was not visible in control mice (a). The slices of 3D angio data collected at 17.6 T magnet indicating the regions used for the signal in-
tensity evaluation for control (c, e) and Tg2576 (d, f) mice. Severe decrease of signal intensity was observed in AComA and MCA in Tg2576 mice. (C) Age-dependent changes in
contrast-to-noise ratio (CNR) of AComA (C) and MCA (D) in control and Tg2576 mice. One-tail student T test was used for statistical evaluation. *Pb0.05 and **Pb0.01. The number
of animals per age is as follows: control mice: age 14th month (n=8), 16th month (n=6), and 18th month (n=6); Tg2576 age 14th month (n=8), 16th month (n=7), and 18th
month (n=6). (E) Age-dependent changes in AComA in a control mouse (a–c) and a Tg2576 (d–f) mouse imaged at the age of 14 (a,d); 16 (b, e) and 18 (c, f) months.
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a valid mouse model for studying CAA related blood flow abnormali-
ties in vivo. The hypointensities seen in 3D MIP of the mouse brain
might be caused by a number of interrelated factors such as changes
in vessel morphology (narrowing, compression, partial occlusion
etc.) and/or complex blood flow patterns (turbulent flow, reversal,
acceleration or very slow blood flow) (Anderson et al., 1990;
Beckmann, 2011; El Tannir El Tayara et al., 2010). Any of these factors
can lead to loss of signal within cerebral arteries. Beckmann et al.
(2003) used the corrosion casts method to identify the underlying
structural changes in the cerebrovascular system of APP23 AD
mouse and showed that morphological anomalies of the vessel, such
as constrictions and/or narrowing, occur at the sites where altered
perfusion were detected by MRA (Beckmann et al., 2003). More re-
cently the study of Thal et al. (2009) has signified the association of
CAA with cerebral blood flow disturbance seen in MRA in APP23
mice. The blood flow alterations in Tg2576 seen in the present
study may be associated with CAA related elevation of Aβ levels in
the vessel wall (Domnitz et al., 2005). Fig. 6 shows the angiogram of
an 18 month-old wild-type and a Tg2576 mouse, indicating flow dis-
turbance in the branches of the MCA in Tg2576 mice (Figs. 6A–D).
Histological staining of Aβ confirmed the presence of CAA in the ter-
ritory of the pial branches of the MCA of the Tg2576 mouse, but not in
the wild-type mouse (Figs. 6E–F), suggesting a causal role of CAA on
the blood flow alterations monitored by MRA. In addition, the immu-
nohistochemistry also shows large prevalence of the Aβ40 isoform in
cerebral vessel walls of Tg2576 mice, as compared to the Aβ42 iso-
form (Figs. 7A–C). These results are consistent with previous reports
showing that dense plaques and CAA in Tg2576 mice are predomi-
nantly composed of Aβ40 (Harigaya et al., 2006; Kumar-Singh et al.,
2005) and that Aβ40 could play a role in the cerebrovascular alter-
ations observed in Alzheimer's disease (Han et al., 2008; Niwa et al.,
2000). The magnetic susceptibility effects due to the presence of
iron in the amyloid plaques near or around the vessels may create sig-
nal voids in MRA that may have no connection with flow disturbance
(El Tannir El Tayara et al., 2010). However, we did not observe any se-
vere iron deposition in Tg2576 mouse brain (supplementary Fig. S3),
thus ruling out the contribution of iron-related susceptibility effects
to the signal voids seen in the MRA images for this mouse model.

The frequency and severity of CAA in Tg2576 mice are age related
(Domnitz et al., 2005). The CAA first accumulates in the anterior re-
gion of the brain in large arteries around the 10th month of age and
then progress toward smaller vessels distal from the midline and lat-
eral side of the brain (16 months) and finally at an advanced age of
23 months almost all the vessels are affected by CAA (Domnitz et
al., 2005). Our in vivo age-dependent MRA studies have shown severe
impairment of blood flow starting only at the older age of 18 months,
(Figs. 4D and 5C, D) suggesting that after a certain level of elevation of
Aβ, cerebrovascular abnormalities can be observed with MRA in these
Tg2576 mice. Consistent with this suggestion, extensive loss of vascu-
lar smooth cells (VSMCs) correlated with severity of the CAA was
reported in older Tg2576 mice (Christie et al., 2001; Han et al.,
2008). These results confirmed that mild amounts of CAA have little
or no effect on vessel wall integrity. However, as amounts of CAA in-
crease significant disruptions of vessel wall integrity develop, includ-
ing considerable losses of VSMCs (Han et al., 2008). In addition, a
more recent MRA study reported blood flow alterations in the tha-
lamic vessels of APP23 mice and histology results showed capillary
CAA association with vessel occlusion and cerebral blood flow distur-
bances in APP23mice (Thal et al., 2009). Despite these findings, in an-
other MRA study drastic cerebral blood flow disturbance was
observed in APP23 mice brain, which did not correlate with CAA
levels, such that deposits of amyloid plaques were not observed in

image of Fig.�5


Fig. 6. Angiogram in sagittal view of an 18-month-old wild-type (A) and a Tg2576 mouse (B). The magnified subsampled area of the wild-type mouse shows the visible blood flow
signal from branches of MCA (C), however in the Tg2576 mouse a marked decrease in blood flow signal intensity from the branches of the MCA was observed (D). Histological
section of the brain of an 18-month-old wild-type (E) and a Tg2576 mouse (F), stained with monoclonal anti-Aβ (6E10) antibodies. CAA was detected in the territory of the
pial branches of the MCA of the Tg2576 mouse, as can be clearly seen (arrows) in the magnified subsampled area on the right in (F). Scale bar, 1 mm.
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arteries located in the circle of willis (Beckmann et al., 2003). It was
suggested that blood flow abnormalities in the brain might have
been caused by soluble Aβ in these mice (Beckmann et al., 2003;
Burgermeister et al., 2000). Another study has proposed that small
amyloid aggregates associated with the microvasculature lead to
morphological and architectural alterations of the vasculature before
amyloid plaques appear; resulting in altered local blood flow in
APP23 mice (Meyer et al., 2008).

Blood flow alterations associated with increased CAA levels are
more severe in APP23 mice (Beckmann et al., 2003), compared to
the Tg2576mice (this study). If mainly soluble Aβ in the blood caused
severe blood flow alterations in APP23 mice, this effect should have
been very drastic in Tg2576 mice, due to the fact that Tg2576 mice
have higher levels of soluble Aβ in the blood (Kuo et al., 2000,
2001). It was stressed that the reason for the relatively rare
Fig. 7. CAA detected in the brain sections of 23-month-old Tg2576 mouse stained with an
depicted in (C). Aβ-positive plaques in the cortex and hippocampus are shown with arrowh
in brain sections stained with Aβ42 are depicted in the enlarged view at the right. Scale ba
occurrence of CAA in Tg2576 mice and the significant occurrence in
APP23 mice can be related with expression levels and genetic back-
ground of the transgenic lines (Burgermeister et al., 2000).

Potential causal factors for cerebral blood flow abnormalities ob-
served in our study and other studies may not be limited to Aβ levels
(soluble and/or insoluble), but also other factors that are independent
of CAA level might have been contributed blood flow abnormalities
(Beckmann et al., 2003; El Tannir El Tayara et al., 2010; Shin et al.,
2007; Thal et al., 2008). Vascular oxidative stresses have been related
to alterations in cerebrovascular dysfunction in AD (Bennett et al.,
2009). Superoxide-producing enzyme NADPH oxidase, a major
source of reactive oxygen species (ROS), appears to play a central
role in cerebrovascular dysfunction (Park et al., 2008). Recently, it
has been reported that 12- to 15-month-old Tg2576 mice lacking
the catalytic subunit, Nox2, of NADPH oxidase do not develop
ti Aβ40 (A) and anti Aβ42 (B). Magnified subsample areas of A (a–e) and B (f–j) are
eads and CAA affected blood vessels are shown with arrows. Plaques attached to vessels
rs in A and B, 1 mm.
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Fig. 8. (A) In vivo T2-weighted MR images of the brain of a 16 (a, c) and 23 (b, d) month old control (a, b) and Tg2576 mice (c, d) showing that hypointense regions corresponding to
Aβ plaques increased with age in the Tg2576 mouse. (B) Age-dependent changes in Aβ plaques load in a Tg2576 mouse detected by μMRI.
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oxidative stress, cerebrovascular dysfunction, or behavioral deficits,
suggesting a potential role for ROS in CAA-induced vessel dysfunction
(Park et al., 2008). Subsequently it was reported that cerebrovascular
dysfunction in aged Tg2576 mice can be fully rescued by antioxidants
and the peroxisome proliferator-activated receptor agonist pioglita-
zone (Nicolakakis et al., 2008). In addition, Aβ induced endothelial
dysfunction, which is characterized by impaired endothelium-
dependent vasodilation due to an reduced endothelial production of
vasodilators, such as nitric oxide (NO) and an increased release of va-
soconstrictors including endothelin-1 (ET-1), might be playing a role
in cerebral flow abnormalities in AD (Elesber et al., 2006). In spite of
this multitude of findings, the causal factors for blood flow abnormal-
ities occurring in vessels of Tg2576 mice and other AD mouse models
require further investigation. Being able to follow progression of vas-
cular abnormalities in vivo can increase our understanding of such
causal factors.

Age-dependent increase in Aβ plaque load

To explore the temporal relationship between in vivo plaque load
development in the brain tissue and blood flow abnormalities, we
performed high-resolution μMRI in parallel to MRA in the same
Tg2576 mice with age. Fig. 8A depicts in vivo T2-weighted MR images
of the brain of a 16 and 23-month-old control and Tg2576 mouse.
Hypointense regions corresponding to Aβ plaques were observed in
Tg2576 mouse brain and increased with age (Fig. 8A). As expected
Aβ plaques were not visible in control mouse brain. The quantitative
analysis of Aβ plaque load in cortex in Tg2576 mice between 12 and
18 months of age is shown in Fig. 8B. A marked increase in plaque
load was observed in Tg2576 mice with age. However, the increase
in plaque load was more rapid between 16 and 18 months of age
(Fig. 8B). This time course matches well with the drastic increase in
blood flow defect between 16 and 18 months of age seen in same
Tg2576 mice (Figs. 4D and 5C, D). These results indicate that severity
of amyloid plaque deposition in the brain parenchyma and cerebro-
vascular deposition of Aβ may be closely linked.

In conclusion, in this study we optimized and performed 3D TOF
MRA at 17.6 T for detailed in vivo assessment of mouse cerebral vas-
culature and to compare the age- dependent alteration in cerebral
vasculature in control and Tg2576 transgenic mouse models of AD.
Our results show that MRA significantly benefits from the ultra-high
magnetic field strength (17.6 T) especially to visualize smaller ves-
sels. Age-dependent blood flow abnormalities were observed in vivo
in MCA and AComA of 18-month-old Tg2576 mice. In addition, histol-
ogy data showed cerebrovascular amyloid deposition in Tg2576 mice.
These results show that vascular abnormalities observed in this study
are part of the pathological alterations developed by Tg2576 mouse
models of AD. MRA studies at ultra-high magnetic field provide a
powerful non-invasive tool to test the effectiveness of putative
disease-modifying therapeutic intervention in mouse model of AD
in vivo.
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