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Cerebral amyloid angiopathy (CAA) is a common feature of Alzheimer’s disease (AD). More advanced stages are accompanied by
microhemorrhages and vasculitis. Peripheral blood-borne macrophages are intimately linked to cerebrovascular pathology coincident
with AD. Magnetic resonance imaging (MRI) was used to noninvasively study microvascular lesions in amyloid precursor protein
transgenic mouse AD models. Foci of signal attenuation were detected in cortical and thalamic brain regions of aged APP23 mice. Their
strength and number was considerably enhanced by intravenous administration of iron oxide nanoparticles, which are taken up by
macrophages through absorptive endocytosis, 24 h before image acquisition. The number of cortical sites displaying signal attenuation
increased with age. Histology at these sites demonstrated the presence of iron-containing macrophages in the vicinity of CAA-affected
blood vessels. A fraction of the sites additionally showed thickened vessel walls and vasculitis. Consistent with the visualization of
CAA-associated lesions, MRI detected a much smaller number of attenuated signal sites in APP23xPS45 mice, for which a strong
presenilin mutation caused a shift toward amyloid �42 , thus reducing vascular amyloid. Similar results were obtained with APP24 and
APP51 mice, which develop significantly less CAA and microvascular pathology than APP23. In a longitudinal study, we noninvasively
demonstrated the reinforced formation of microvascular pathology during passive amyloid � immunotherapy of APP23 mice. Histology
confirmed that foci of signal attenuation reflected an increase in CAA-related lesions. Our data demonstrate that MRI has the sensitivity
to noninvasively monitor the development of vascular pathology and its possible enhancement by amyloid � immunotherapy in trans-
genic mice modeling AD.

Introduction
The pathology of Alzheimer’s disease (AD) is characterized by
amyloid � (A�)-peptide-containing plaques, neurofibrillary tan-
gles consisting of hyperphosphorylated tau, extensive neuritic
and synaptic degeneration, and distinct neuron loss. Vascular
abnormalities coexist with these AD features. At autopsy, �80%
of the AD patients exhibit cerebral amyloid angiopathy (CAA)
(Jellinger, 2002; Greenberg et al., 2004), characterized by deposi-
tion of A� in the walls of cerebral vessels. The contribution of
CAA to the onset of dementia remains unknown. Advanced CAA
leads to degeneration of the smooth muscle cell layer, fibrinoid
necrosis, and microaneurisms, while it may also occlude capillar-
ies (Thal et al., 2008). Although relatively rare, CAA is associated
with hemorrhages ranging from microbleeds to stroke, and with
vasculitis presenting a variable degree of lymphocyte infiltration

and vascular thickening (Vinters et al., 1998; Kinnecom et al., 2007).
Both conditions are accompanied by the presence of macrophages/
microglia, which surround affected vessels (Maat-Schieman et al.,
1997; Vinters et al., 1998). Microbleeds, also referred to as microhe-
morrhages, have long been considered clinically silent. More re-
cently, their potential contribution to the development of cognitive
dysfunction or as a risk factor of hemorrhagic stroke has been exten-
sively investigated (Cordonnier et al., 2007).

Detecting such events in vivo can help to better understand the
role of CAA in the development of dementia as well as in com-
plications potentially related to A� immunization, a therapeutic
approach that has been the subject of intense investigation [see
Brody and Holtzman (2008) for a recent review]. In animal mod-
els, A� immunotherapy has been shown to reduce parenchymal
amyloid, while it may increase cerebral microhemorrhages asso-
ciated with amyloid-laden vessels (Pfeifer et al., 2002; Wilcock et
al., 2007). A recent histological follow-up study of the first active
A� immunotherapy in humans also suggested an increase in
CAA and associated microhemorrhages (Boche et al., 2008).
These results hint at a link between an increase in CAA and pos-
sible complications of A� immunization.
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Following intravenous administration,
superparamagnetic iron oxide (SPIO) parti-
cles are taken up by macrophages through
absorptive endocytosis (Weissleder et al.,
1990). Macrophages loaded with iron parti-
cles present in damaged areas can lead to
local signal changes in magnetic resonance
(MR) images, because of magnetic suscepti-
bility effects of the iron. This property has
been explored to follow with MR imaging
(MRI) the infiltration of macrophages into
inflamed areas in several disease models in
rodents and in patients [for a recent review,
see (Beckmann et al., 2009)].

In this work, we have used APP23 trans-
genic mice (Sturchler-Pierrat et al., 1997),
which develop a considerable amount of
vascular (CAA) and parenchymal (plaque)
amyloid, to demonstrate the feasibility of
detecting CAA-related microvascular le-
sions by MRI in combination with SPIO ad-
ministration. The specificity of the method
was further shown by comparison with
three additional amyloid precursor protein
(APP) transgenic lines differing in the rela-
tive amount of CAA and compact or diffuse
parenchymal amyloid plaques. Moreover,
we demonstrated the suitability of this im-
aging approach to detect and longitudinally
follow vascular alterations induced by pas-
sive A� immunotherapy of APP23 mice.

Materials and Methods
Animals
All transgenic mice used expressed the transgene
under control of a murine Thy-1 promoter ele-
ment. The generation of APP23 [human APP
with the K670N/M671L mutation (Sturchler-
Pierrat et al., 1997)], APP24 [human APP with
the K670N/M671L and V717L mutations
(Abramowski et al., 2008)], APP51 [human wild-
type APP (Bodendorf et al., 2002)], and PS45
[human presenilin-1 with the G384A mutation
(Herzig et al., 2004)] mice has been described ear-
lier. APP23xPS45 were obtained by crossbreed-
ing the respective lines (Busche et al., 2008). All
mice were hemizygous for the transgene(s) of in-
terest and were bred in-house. Male and female
APP23, male APP24, female APP51, male
APP23xPS45, and age- and gender-matched
wild-type mice have been used throughout the study as indicated in the
figure legends.

Animals were housed under standard conditions (temperature 20–24°C,
relative humidity minimum 40%, light/dark cycle 12 h) and fed a standard
diet (Kliba Nr. 3893.025, Frantschach, Rothrist) and water supply ad libitum.
Mice of different ages were measured by MRI. Age-matched nontransgenic
littermate mice served as controls. Animal handling, care, and experimental
use were in line with the Swiss federal law for animal protection. The study
has been approved by the Veterinary Department of the City of Basel (animal
licenses BS-1094 and -1283).

Passive immunization
Male mice were passively immunized weekly by intraperitoneal injec-
tions of 0.5 mg of �1 mouse monoclonal IgG2a antibody that recognizes
amino acids 3– 6 of human A� (Paganetti et al., 1996). Age-matched
control mice received weekly intraperitoneal injections of 0.5 mg of a

control antibody (monoclonal mouse anti-wheat auxin IgG2a antibody;
AMS Biotechnology). Four groups of mice were formed: (1) APP23 mice
immunized with the �1 antibody (n � 9 at the beginning of the immu-
nization); (2) APP23 mice immunized with the control antibody (n � 10
at the beginning of the immunization); (3) wild-type mice immunized
with the �1 antibody (n � 10 at the beginning of the immunization); (4)
wild-type mice immunized with the control antibody (n � 10 at the
beginning of the immunization). All animals were 18 months old at the
beginning of the immunization.

MRI
For the MRI investigations, animals were anesthetized with 1.3% isoflu-
rane (Abbott) in a mixture of oxygen/N2O (1:2) administered via a face
mask. The body temperature of the mice was kept at 37°C. No stereotac-
tic holding was used.

Measurements were performed with a Biospec 47/40 spectrometer
(Bruker Medical Systems) operating at 4.7 T, equipped with an actively

Figure 1. MRI from old male mice. A, Representative images extracted from 3D datasets acquired from 28-month-old mice 24 h
after SPIO administration. Sites of signal attenuation (arrows) were detected throughout the cerebral cortex of the APP23, but not
in the wild-type mouse. B, Images from a 26-month-old APP23 mouse, extracted from a 3D dataset acquired before (upper row)
and 24 h after SPIO administration (lower row). The interval between both measurements was 2 days. Before SPIO, one site of
signal attenuation was encountered in the cortex (white arrow). This site became more prominent following SPIO. In addition,
many other foci of signal attenuation became apparent (black arrows).
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shielded gradient system. The operational software of the scanner was
Paravision (Bruker). Images were obtained using a three-dimensional
(3D) gradient-echo sequence with the following imaging parameters:
repetition time 40 ms; echo time 8 ms; matrix 256 � 192 � 48; field-of-
view 2.8 � 1.44 � 1.44 cm 3, 2 averages. Total acquisition time for an
image having a pixel size of 109 � 133 � 300 �m 3 was of 12.3 min. The
datasets were reconstructed to 256 3.

MR image analysis
Analysis was performed by a blinded investigator. Sites in the cortex
presenting signal attenuation with a minimum diameter of 150 �m were
counted throughout the whole brain. To ensure that the same site was not
counted multiple times, its presence was carefully controlled over several
consecutive slices from the 3D dataset. In an initial phase, two investiga-
tors who were unaware of the genotype and of the age of the mice ana-
lyzed fifteen 3D datasets, with 10 –16 sites of signal attenuation registered
for each dataset. The agreement between the observers was 90%.

MRI contrast agent
Colloid-based SPIO (Endorem, 11.2 mg of Fe/ml; Guerbet) particles,
so-called ferumoxides, were used. Ferumoxides represent Fe2O3 and

Fe3O4 particles with a mean particle diameter
of 150 nm, consisting of nonstoichiometric
magnetic crystalline cores covered with a
3-nm-thick dextran T-10 layer (Jung, 1995).
Animals received a bolus of Endorem (0.2 ml)
intravenously 24 h before an imaging session.
To exclude that the injection of SPIO itself
could not have elicited vascular damage, 28- to
30-month-old APP23 mice (n � 6) were im-
aged by MRI before and 1 h after intravenous
administration of physiological saline (0.2 ml)
as a bolus.

Postmortem analyses
Mice (n � 40 male APP23, n � 7 female
APP51, n � 6 male APP23xPS45, n � 18 male
APP24) were overdosed with pentobarbital.
The brains were removed from the skull and
fixed for histology, or both hemispheres were
separated. One brain hemisphere was then
fixed for histology, while the forebrain from
the second hemisphere (excluding olfactory
bulb, brainstem and cerebellum) was used for
assessments of A� levels. Analyses were per-
formed blind to the genotype and treatment of
the mice. Brains from n � 20 APP23 mice were
used solely for histology, and from n � 13
APP23 and n � 13 APP24 animals for determi-
nation of A� levels only. Brains from the re-
maining animals were submitted to both
analyses.

Histology. Removed whole or half brains
were fixed by immersion in 4% formaldehyde
in 0.1 M PBS at 4°C for 1 week at minimum.
After dehydration through increasing graded
series of ethylic alcohol (50%, 70%, 80%, and
100%), brains were trimmed to get horizontal
(coronal) sections and embedded in paraffin.
Acquisition of 3D MRI datasets facilitated the
detection of lesions, as these could be searched
for through the whole brain. For the validation,
the horizontal (coronal) coordinate of the slice
showing a lesion in the MRI served as basis to
localize the corresponding lesion by histology.
Eight consecutive 5-�m-thick sections were
cut with a microtome at the horizontal level
provided by MRI. Sections were mounted onto
Superfrost slides, dried at 37°C, deparaffinized
in xylene, hydrated through graded ethylic al-
cohol, and washed in deionized water. Hema-

toxylin and eosin staining according to standard protocols was used to
assess the general morphology. The Perls/Prussian blue reaction and the
Congo red staining were used respectively to visualize ferric iron and to
demonstrate amyloid. Grading of iron-containing microglia was done
according to Pfeifer et al. (2002). Severity grades 1 and 2 (�10 cells) were
summarized as moderate, in contrast to grade 3 (�10 cells, abundant).

Immunohistochemistry was performed on paraffin sections according
to previously published protocols (Calhoun et al., 1999) by using the
avidin-biotin-peroxidase complex method (Vector Laboratories) with
diaminobenzidine as chromogen. NT12 antiserum raised against A�40

(Paganetti et al., 1996) was diluted 1:2000 in PBS with 3% goat serum and
incubated overnight at 4°C. After rinsing, sections were incubated for 1 h
with biotinylated anti-rabbit IgG secondary antibody (BA1000, Vector
Laboratories) diluted 1:200 in PBS. Following another rinsing, sections
were further processed with the avidin-biotin-peroxidase technique
(ABC-Elite Kit PK6100; Vector Laboratories). Finally, sections were re-
acted with metal-enhanced diaminobenzidine substrate (Code 1718096,
Boehringer), counterstained with hemalum, dehydrated, cleared in xy-
lene, and coverslipped.

Figure 2. Histological examination of cerebral cortex sites with foci of attenuated MRI signal (�, �, �). At 24 h following SPIO
administration, a male 28-month-old APP23 mouse was analyzed in vivo by MRI and processed for histology immediately there-
after. Perls/Prussian blue staining showed iron-loaded macrophages in CAA-laden vessels (Congo red positive) at both sites (� and
�). While the vessel walls were thickened at both � and � locations, only site � in addition showed vasculitis characterized by
lymphocyte infiltration (Hematoxylin eosin). At site �, isolated iron-loaded macrophages (severity grade 1) were present close to
amyloid vessels. 1, Iron in isolated macrophages; 2, iron in macrophages at the vessel wall; 3, amyloid deposit in vessel wall; 4,
vasculitis; P, amyloid plaque. Scale bars, 50 �m. Congo red-stained sections were observed under bright field or polarized light.
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Quantification of total A� in brain homoge-
nates. Forebrain hemispheres, excluding olfac-
tory bulb, brainstem, and cerebellum, were
weighed, homogenized by sonication in 9 vol-
umes of Tris-buffered saline, 20 mM Tris-HCl,
pH 7.6, 137 mM sodium chloride, and protease
inhibitor cocktail Complete (Roche Molecular
Biochemicals), and extracted with 70% formic
acid. The extracts were neutralized by addition
of 19 volumes of 1 M Tris-base and centrifuged
for 15 min at 20,000 � g. The supernatants
were analyzed by electrochemoluminescence-
linked immunoassays (Human A�40 and
A�42 Ultrasensitive Kits, Meso Scale Discov-
ery) (Abramowski et al., 2008).

Data analysis
Mean values (�SEM) from n individual ani-
mals are presented. Mann–Whitney analyses
were performed on the counts at the different
time points with SYSTAT 11 (Systat Software).
In addition, for the longitudinal assessment of
the effects of immunization, the log10 of the
counts were analyzed using an extension of
ANOVA, called “Mixed model analysis” or
“ANOVA with random effects” in SYSTAT 12.
For multiple comparisons, a Bonferroni cor-
rection followed the ANOVA. Significance was
assumed at the 5% probability level.

Results
Microvascular lesions in APP23 mice
revealed by MRI
The feasibility of detecting CAA-related
changes in mice was tested using MRI in
the absence and in combination with iron
oxide nanoparticles. Optimization of the
method with APP23 mice, which develop
significant CAA (Calhoun et al., 1999), led
to a sensitive T2*-weighted gradient-echo
imaging sequence used throughout the
present study. Similar to previous experi-
ence with MRI detection of macrophage
infiltration into inflamed peripheral tis-
sues (Beckmann et al., 2009), an interval of 24 h between SPIO
administration and image acquisition turned out to be well
suited. Figure 1A shows coronal MR images extracted from a 3D
dataset acquired from a 28-month-old mouse. Focal signal atten-
uations were observed throughout the cerebral cortex (indicated
by arrows) as well as in thalamic regions. Instead, diffuse contrast
changes over an extended region are detected in peripheral tissues
with macrophage infiltration or in the brain as shown for stroke
and multiple sclerosis [see Beckmann et al., 2009 for a review].
No signal change was detected in the brains of age-matched wild-
type controls (Fig. 1A). Although rare, sites of attenuated signal
could be detected in cortical areas of APP23 mice without con-
trast agent injection (Fig. 1B). After SPIO administration, these
sites were more prominent and additional foci of signal attenua-
tion became clearly visible as demonstrated in Figure 1B. For
comparison, in 28-month-old APP23 mice, the mean number of
sites showing MRI signal attenuation in the cortex was 0.5 � 0.2
(n � 10 animals) and 10.1 � 1.5 (n � 8 animals) without and
with SPIO administration, respectively.

Histology revealed iron-containing macrophages at the sites
of MRI signal attenuation in all SPIO-injected APP23 mice. Fig-
ure 2 shows the histological analysis of regions in cerebral cortex

matching three foci of attenuated MRI signal. At two sites, iron-
containing macrophages were found in the wall of thickened ves-
sels, which also contained amyloid deposits. One of the vessels
(site �) in addition presented vasculitis with typical infiltration of
lymphocytes. At the third site, isolated iron-loaded macrophages
(severity grade 1) were present close to amyloid-laden vessels.
Detailed histological analyses of 60 regions of MRI signal attenu-
ation (five APP23 animals; 26 –28 months of age) revealed clus-
ters of iron-containing macrophages of all severity grades (grades
1, 2: moderate: �10 cells; grade 3: abundant: �10 cells), mostly in
close vicinity to CAA-affected blood vessels. Grade 1 and 2 lesions
had sizes up to 250 �m in the MR images, whereas grade 3 lesions
appeared typically at sizes of 300 – 400 �m in the MRI. No blood
vessel association was apparent for a fraction of the moderate
sites (17 � 11% of sites), but it may have been missed on the thin
5 �m sections. In contrast, CAA-affected blood vessels were
present at the majority of the sites with moderate (65 � 17%) and
at all sites with abundant (18 � 16%) iron-containing macro-
phages. The majority of these cells were located outside the blood
vessels. In the walls of CAA-affected vessels, they were relatively
rare (8 � 1% of CAA vessels). Additional cerebrovascular alter-
ations such as a thickened vessel wall and vasculitis were found in

Figure 3. Age-related effects in male APP23 mice. A, Foci of attenuated signal are shown in two slices extracted from 3D MRI
datasets acquired at different ages from a representative animal. SPIO was administered 24 h before each image acquisition. B,
Age-dependent increase in the number of sites presenting signal attenuation in the brain cortex of male APP23 mice and age-
matched littermate controls as determined from 3D MRI datasets. Data are given as mean � SEM (n � 8 –16 mice at each time
point). The levels of significance *0.01 � p � 0.05, **0.001 � p � 0.01, and ***0.0001 � p � 0.001 refer to Mann–Whitney
statistical tests performed between APP23 and wild-type mice at each specified age. The contrast agent, SPIO, was administered
24 h before each image acquisition.
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�30% of the sites of MRI signal attenuation. None of the sites
showed an acute hemorrhage. Histological analyses of wild-type
mice after SPIO administration did not identify any iron or other
pathological alteration in the brain consistent with the absence of
MRI signal foci. Together these data indicated that the MRI pro-
tocol detected a range of microvascular lesions from minor to
more severe pathologies.

Brains of three APP23 animals (age 26 –28 months) that had
not received SPIO were also examined by histology. At sites of
MRI signal attenuation, iron-containing macrophages (moder-
ate number) associated with CAA-affected vessels were detected.
In addition, a thickened vessel wall and vasculitis were detected at
these sites. Iron-containing macrophages were only rarely found
in the vessel wall (1 � 0.8% of analyzed CAA vessels).

To investigate whether the injection of SPIO itself might elicit
vascular damage, APP23 male mice (n � 6) 28 –30 months of age
were measured by MRI before and 1 h after intravenous injection
of saline as a bolus. No additional sites of signal attenuation were
observed following saline administration (data not shown).
Moreover, a careful histological analysis of 28- to 30-month-old
APP23 mice did not reveal increased signs of inflammation or
CAA pathology in animals that received SPIO. These observa-
tions demonstrate that the injection of SPIO per se did not cause
vascular damage.

Age-dependent increase in microvascular lesions in
APP23 mice
The number of pathological blood vessels increases with age
and amyloid deposition in APP23 transgenic mice (Winkler et
al., 2001). Consistently, we found an age-dependent elevation
of attenuated signal foci in the cerebral cortex of male APP23
mice that had received SPIO before MRI (Fig. 3). The number
of sites displaying signal attenuation increased from 16
months of age onwards. In wild-type controls, only a very
small increase in number of foci was observed after an age of
18 months. The number of sites displaying signal loss in the
cortex of female transgenic mice developed in a similar way
and was not significantly different from that in male APP23
mice.

We next examined the long-term stability of the signal atten-
uation following SPIO injection. Animals labeled with SPIO at 16
months completely lost the signal when reanalyzed 1 month later.
In contrast, for APP23 mice older than 23 months, sites present-
ing signal attenuation were visible even 1 or 2 months after SPIO
administration (Fig. 4). Therefore, we verified whether repeated
administration of SPIO might have led to different results com-
pared to a single dose. Similar numbers of foci were encoun-
tered in 28-month-old APP23 mice that had received one or
multiple injections of SPIO [10.0 � 2.7 foci (means � SEM) for a
single injection of SPIO to n � 5 mice; 10.2 � 1.7 foci for seven
administrations of SPIO to 6 mice, starting at an age of 19
months, with a minimum interval of 1 month between consecu-
tive contrast agent administrations], demonstrating that any re-

Figure 4. Effect of repeated SPIO administration on number of sites presenting signal atten-
uation in male APP23 mice. The same animals were repeatedly measured by MRI at the specified
ages, just before and 24 h following SPIO administration. For APP23 mice older than 21 months,
some foci of signal loss were detected even 1 or 2 months after the last SPIO administration.
Data are given as mean � SEM. The significance levels p refer to Mann–Whitney comparisons.

Figure 5. Characterization of various transgenic mouse lines differing by the relative
amount of CAA and parenchymal amyloid plaques. A, Histological sections were stained with a
rabbit polyclonal antibody to A� (NT12) indicating the presence of amyloid plaques (red ar-
rows), diffuse plaques (black arrows), and vascular amyloid (blue arrows). Note the difference in
CAA frequency as well as severity between the lines. B, Forebrain concentrations (means �
SEM) of A�40 and A�42 for the different APP transgenic mouse lines at the ages used: APP23
(24- to 28-month-old male mice, n � 20), APP51 (28-month-old female mice, n � 7),
APP23xPS45 (13- to 17-month-old male mice, n � 6), and APP24 (26-month-old male mice,
n � 18) animals.
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sidual label did not affect the total number of sites detected after
acute SPIO administration.

MRI analyses of APP transgenic mouse lines differing in
cerebral amyloid angiopathy
To further evaluate the specificity of the method for microvascu-
lar lesions, these changes were reduced by crossbreeding APP23
with mutated presenilin transgenic mice (APP23xPS45, analyzed
at 15–17 months). We also used transgenic lines forming less
CAA as they express human wild-type APP (APP51 mice, 28 –30
months) or APP with the Swedish and London mutations
(APP24 mice, 24 months). Histological analysis of the neocortex
(Fig. 5A) confirmed that vascular A� was most pronounced in
24- to 28-month-old APP23 mice. Most parenchymal amyloid
plaques were compact, but a considerable amount of diffuse de-
posits were present as well at this advanced age. In contrast, only
scattered vascular amyloid was seen in APP23xPS45 mice, al-
though they contained as much compact and more diffuse A�
deposits at this younger age (Fig. 5A). Biochemically this histo-
logical change was associated with a shift of A� isoforms from
A�40 to A�42 (Fig. 5B) as expected (Herzig et al., 2004; Busche et
al., 2008). APP51 mice showed a similar distribution of the dif-
ferent forms of A� deposits as APP23, but the deposits were
generally less abundant (Fig. 5A). This was reflected in the lower
A� level but an unchanged A�42/40 ratio (Fig. 5B). For APP24
mice, A� deposits in the cerebral cortex were predominantly dif-
fuse. To a lesser degree, compact amyloid plaques could also be
found. The amount of vascular A� was lower than that in APP23
animals (Fig. 5A). In agreement, the A� level was generally lower
than in APP23 mice and the shift from A�40 to A�42 was moder-
ate compared to APP23xPS45 (Fig. 5B).

In contrast to the MRI results obtained with APP23 animals,
no significant increases in number of sites displaying MRI signal
attenuation were found in the cortex or other brain regions of
APP23xPS45, APP24, and APP51 transgenic mice (Fig. 6). A mi-
nor, nonsignificant increase may have occurred in APP51 mice at
30 months of age. These observations are consistent with the

histological results presented above and summarized in Table 1,
indicating a more pronounced presence of vascular A� in APP23
than in the other three lines.

MRI detection of increased microvascular lesions following
passive A� immunotherapy of APP23 mice
Treatment of plaque-bearing APP23 mice with A� antibody �1
was demonstrated to increase microhemorrhages (Pfeifer et al.,
2002). We have used a similar passive immunization protocol to
determine whether the MRI paradigm developed was able to de-
tect these microvascular lesions in vivo. Starting at 18 months of
age, APP23 mice received either 0.5 mg of �1 antibody (recogniz-
ing amino acids 3– 6 of A�) or unrelated control antibody and
were imaged at baseline and at different time points during the
treatment. The number of foci presenting signal attenuation in
the cerebral cortex increased during �1 immunization (Fig. 7). In
contrast, there was only a small and nonsignificant trend toward
an increase in the control antibody-treated animals. No sites of
signal attenuation were detected in the brains of age-matched
wild-type mice that received either the �1 or the control anti-
body. Histology performed at the end of the study showed a
significant increase of blood vessels associated with CAA and of
iron-containing macrophages in the cerebral cortex of �1
antibody-treated APP23 mice (Table 2). This confirms the de-
scribed increase in CAA-related microvascular lesions in the ce-

Figure 6. Comparison of the different APP transgenic mouse lines for foci of MRI signal attenuation in the cerebral cortex. Representative images from each line are presented with corresponding
signal attenuation foci indicated by arrows. The number of sites is given as means � SEM. Five to twelve animals were analyzed per group and time point. The level of significance p refers to
Mann–Whitney statistical comparisons. Images were acquired 24 h after SPIO injection.

Table 1. Comparison of the different forms of A� deposition in the cerebral cortex
of the four transgenic lines (5–7 brains per line, 3 slices per brain) used in the
present study

Transgenic line/age
Compact amyloid
plaques Diffuse plaques

Vascular amyloid
(CAA)

APP23 (24 months) ���� �� ���
APP51 (28 –30 months) ��� �� ��
APP23xPS45 (15–17 months) ���� ��� �
APP24 (24 months) �� ��� ��

The total number of amyloid plaques and vascular amyloid profiles per slice was estimated and classified with the
following grading system: �, 5–10 deposits; ��, 11–50 deposits; ���, 51–100 deposits; ����, more
than 100 deposits. All animals were male except for the APP51 mice.

1028 • J. Neurosci., January 19, 2011 • 31(3):1023–1031 Beckmann et al. • MRI Detection of Vascular Lesions in AD Models



rebral cortex of APP23 mice following �1 antibody treatment.
Our data demonstrate that MRI imaging is suited to detect such
treatment-related alterations in mice. This includes minor le-
sions as these were primarily increased during treatment.

Discussion
In vivo detection of microvascular pathologies such as microhe-
morrhages and vasculitis in humans gains increasing importance
as these lesions potentially contribute to cognitive dysfunction or
indicate a risk of hemorrhagic stroke. Moreover, microhemor-
rhages may be elevated by A� immunotherapy, various ap-

proaches of which are currently developed for AD. In patients,
focal hypointensities have been detected using T2*-weighted
gradient-echo protocols (Fazekas et al., 1999; Tanaka et al., 1999;
Imaizumi et al., 2004; Pettersen et al., 2008; Ayaz et al., 2010).
While the signal attenuation is expected to result from the
paramagnetic properties of the hemoglobin degradation prod-
uct hemosiderin, the relationship to histologically detected mi-
crohemorrhages could not be studied satisfactorily in humans. In
the present study, we have demonstrated that MRI can detect
microvascular pathologies in a CAA-containing mouse model of
AD and that an increase during A� immunotherapy can be fol-
lowed in vivo.

T2*-weighted gradient-echo images acquired from the brain
of aged APP23 mice without contrast agent showed only a small
number of foci of signal loss in cortical and thalamic areas, which
resulted from hemosiderin in macrophages as confirmed by Ber-
lin blue histological staining. After administration of SPIO, 24 h
before the measurements, the hypointense foci identified in pre-
contrast images could be enhanced considerably and many more
sites of signal loss became clearly apparent. Histology at the sites
of signal loss demonstrated the presence of iron entrapped in
macrophages in the vicinity of pathologic, CAA-affected blood
vessels, or more rarely in the vessel wall. A fraction of the sites
showed additional pathology such as thickened vessel walls and
vasculitis. The same spectrum of lesions was found with or with-
out SPIO treatment. Hence, sites of signal attenuation in the
absence of labeling could pathologically not be distinguished
from sites detected after SPIO labeling. This assertion is based on
the analysis of histological slices obtained from the sites of atten-
uated signals as detected in vivo, rather than on a systematic slic-
ing of whole brains. The number of cortical sites displaying signal
attenuation increased with age. These observations suggest that
administration of iron oxide nanoparticles improved the detec-
tion of microhemorrhages in the brains of APP23 mice and also
led to the labeling of additional sites of microvascular alterations.
Our findings match previous observations in the same transgenic
line showing a very similar location of iron-containing macrophages
(siderophages) at areas displaying cerebrovascular amyloid, addi-
tional vascular pathology at a subset of sites, and an age-related in-
crease in these microhemorrhages (Calhoun et al., 1999; Winkler et
al., 2001). Interestingly, at the sites analyzed in the present study, we
did not detect any acute hemorrhages in agreement with their very
rare occurrence in previous investigations (Calhoun et al., 1999;
Winkler et al., 2001). The vast majority of the sites of signal attenu-
ation, therefore, represent older lesions.

To further confirm that the sites of attenuated MRI signal in
the APP23 brain reflected CAA-associated microvascular pathol-

Figure 7. Immunization study with male APP23 mice. A, MR images from two animals at
baseline (17 months of age) and at 2 months after beginning of immunization (20 months of
age). Additional sites of signal attenuation were detected only in the brain cortex of the mouse
receiving the �1 antibody (arrows). Both animals had received SPIO 24 h before being imaged.
B, Number of signal attenuation foci (means � SEM, n � 8 –10 mice in each group and time
point) in cerebral cortex, 24 h after SPIO administration to immunized mice. Treatment with the
�1 antibody increased the number of foci with MRI signal attenuation. A baseline measure-
ment was done at 17 months. The arrow indicates the beginning of the immunization, at 18
months of age. The significance levels p correspond to Mann–Whitney comparisons at the
specified time points and, in parentheses, to the longitudinal comparisons of the log10 of the
individual counts using ANOVA with random effects.

Table 2. Summary of histological analysis performed on the cerebral cortex from 6
APP23 male mice treated with the �1 antibody and on 5 male APP23 mice that
had received the control antibody

Parameter Control antibody �1 antibody Statistics

Blood vessels with CAA 25.6 � 3.8 33.9 � 3.3 p � 0.04
Areas with iron containing

macrophages (total)
3.6 � 1.2 15.2 � 3.0 p � 0.03

By severity grade
Low: 1–3 macrophages 0.9 � 0.6 7.1 � 1.6 p � 0.006
Moderate: 4 –10 macrophages 2.5 � 0.9 6.7 � 1.3 p � 0.01
Abundant: �10 macrophages 0.3 � 0.2 1.4 � 0.5 n.s.

Amyloid vessels with iron-containing
macrophages

2.6 � 0.7 3.0 � 0.5 n.s.

Numbers (means � SEM) refer to counts of areas in the vicinity of CAA vessels presenting iron-containing macro-
phages, averaged over 11 sections per animal.
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ogy, we introduced a strong presenilin mutation (APP23xPS45
mice), which shifted A� generation toward the 42 isoform, thus
increasing parenchymal and reducing vascular amyloid (Herzig
et al., 2004). Consistent with this change, MRI detected a much
smaller number of attenuated signal sites than in APP23 mice.
Very similar results were obtained with APP24 and APP51 mice,
both of which develop significantly less CAA and microvascular
pathology than APP23 mice. Overall, these observations strongly
indicate that following administration of SPIO, MRI detects
CAA-related pathology, and not changes reflecting deposition of
parenchymal amyloid.

Different mechanisms may have contributed to the foci of
signal attenuation detected by MRI after administration of con-
trast agent. (1) Since iron was found entrapped in macrophages,
it is conceivable that SPIO nanoparticles were endocytosed in the
blood circulation by macrophages, which then infiltrated the
brain at sites of pathologic vessels. Although these sites coincided
to a certain extent with the location of previous microhemor-
rhages, they also represented additional CAA-related microvas-
culopathy, characterized by the presence of macrophages
(Vinters et al., 1998; Thal et al., 2008). Circulating macrophages
have been shown to migrate from the lumen into the vessel wall
(Vinters et al., 1998) and may be recruited into amyloid-
containing AD or APP transgenic mouse brain (Fiala et al., 2002;
Stalder et al., 2005; Simard et al., 2006). Macrophages are able to
transmigrate the blood– brain barrier (BBB) when attracted by
chemokines produced by amyloid �-stimulated cells (Fiala et al.,
1998; El Khoury et al., 2007; Hickman and El Khoury, 2010). (2)
A partial, local BBB breakdown could also have caused leakage of
contrast agent, which would then be taken up by microglia in
brain. However, studies in old APP23 mice with the extracellular
contrast agent, gadolinium-tetraazacyclododecanetetraacetic
acid (Gd-DOTA), administered intravenously did not show sig-
nificant hyperintense signals, indicating that the agent did not
leak through the BBB (data not shown). With a mean molec-
ular diameter of 0.9 nm, Gd-DOTA is considerably smaller
than the SPIO nanoparticles (mean diameter of 150 nm) used
in this study (Corot et al., 2003). These results are in agree-
ment with histological analyses performed by Winkler et al.
(2001), demonstrating an absence of significant BBB disrup-
tion in old APP23 animals.

The present investigation also demonstrates that SPIO-
enhanced MRI is well suited to detect the treatment-induced
elevation of microhemorrhage in mice as observed in some stud-
ies of A� immunotherapy (Pfeifer et al., 2002; Wilcock et al.,
2007). While chronically treated with the A� antibody �1, APP23
mice showed an increase in the number of sites with attenuated
MRI signals, which could be followed with time. Lack of a change
in control antibody-treated APP23 mice and �1-treated wild-
type animals demonstrated the specificity of the measurements.
Postmortem histological analysis confirmed a corresponding in-
crease in the number of CAA-associated iron-containing macro-
phages in brain. These results are in agreement with previous
studies of �1-treated aged APP23 mice demonstrating a twofold
increase in the frequency and severity of microhemorrhages
(Pfeifer et al., 2002; Burbach et al., 2007). Overall, our in vivo and
postmortem observations show an increase in CAA-related mi-
crovascular pathology in the cerebral cortex of APP23 mice as a
consequence of passive A� immunotherapy. They demonstrate
the sensitivity of the MRI method used to detect this increase in
living animals. As SPIO is approved for clinical use, the approach
has translational value and can be used to screen or to monitor
patients for microvascular lesions.

In conclusion, the present results demonstrate that MRI in
combination with the administration of SPIO can be used non-
invasively to study CAA-related microvascular lesions in trans-
genic mouse models of AD. The technique is complementary to
MR angiography, which has detected flow disturbances at the
level of the circle of Willis in old APP23 mice (Beckmann et al.,
2003; Thal et al., 2009). Overall, these approaches visualize the
loss of vascular integrity, which provides the basis for the age-
related impairment of the cerebral blood volume response to
pharmacological or electrical stimulation shown in brain func-
tional MRI studies in APP23 mice (Mueggler et al., 2003). These
observations support the idea that cerebral microcirculatory ab-
normalities developing progressively contribute to AD pathogen-
esis and cognitive impairment (Meyer et al., 2008). Although not
well understood, certain forms of A� immunotherapy may have
the potential to enhance such pathologies, which could be mon-
itored noninvasively by an approach as described here.
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