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ABSTRACT

In recent years immunotherapy-based approaches for treating
Alzheimer’s disease have become the subject of intensive re-
search. However, an important mechanistic-related safety con-
cern is exacerbation of the risk of microhnemorrhage that may
be associated with fast removal of amyloid-B (AB) deposits
found in blood vessels or brain parenchyma. Rapid in vivo
detection of microhemorrhages in living amyloid precursor pro-
tein transgenic mice has not been described, and histological
analysis can take several months before this risk is assessed.
Aged transgenic mice were divided into two groups that would
undergo longitudinal passive immunotherapy for 12 or 18
weeks. 6G1, a nonselective anti-AB monoclonal antibody, and
8F5, a more selective antioligomeric AB monoclonal antibody,
were examined in both longitudinal studies. High-resolution
T2*-weighted magnetic resonance microscopy (100 X 100 X

400 um) was used for microhemorrhage detection in vivo.
Cerebral microhnemorrhages by magnetic resonance imaging
were compared with histological hemosiderin staining in each
animal; results showed that T2*-weighted magnetic resonance
microscopy can reliably detect microhemorrhages of =60 um
in diameter at baseline and after 12 to 18 weeks of treatment in
the same animals in vivo. This correlated significantly with
histological readings. This new imaging safety biomarker can
be readily applied to preclinical antibody screening in a longi-
tudinal manner. 6G1 and 8F5, however, both increased micro-
hemorrhage incidence in aged amyloid precursor protein trans-
genic mice compared with their baseline and vehicle treatment.
A highly selective antibody for soluble AB is needed to address
the question of whether antibodies that do not bind to depos-
ited AB have microhemorrhage liability.

Introduction

Alzheimer’s disease (AD) is the most common cause of
dementia (Boche et al., 2008). According to the amyloid hy-
pothesis, abnormal aggregation of amyloid-B (AB) in the
brain triggers tau aggregation, microglial activation, synap-
tic dysfunction, and neuronal loss, ultimately resulting in
cognitive decline (Hardy and Selkoe, 2002). AR accumulates
in the brains of patients with AD in the form of extracellular
aggregates in the cerebral cortex and in the walls of blood
vessels as cerebral amyloid angiopathy (CAA) (Boche et al.,

This work was funded by Abbott Laboratories.

Article, publication date, and citation information can be found at
http://jpet.aspetjournals.org.

doi:10.1124/jpet.110.172932.

2008). Therefore, A represents an important molecular tar-
get for intervention in AD, and agents that can prevent its
formation and accumulation or stimulate its clearance may
ultimately be of therapeutic benefit (Schenk, 2002). Experi-
mental studies of both active and passive AR immunization
in transgenic mice have confirmed that removal of existing
A plaques can occur, sometimes within a matter of days,
and this is associated with cognitive benefits (Schenk et
al., 1999; Janus et al., 2000; Morgan et al., 2000; Schenk,
2002; Wilcock et al., 2004; Boche et al., 2008). However,
several studies have demonstrated an increased incidence of
cerebral microhemorrhages ex vivo in aged transgenic mice
after a period of immunotherapy (Pfeifer et al., 2002; Racke
et al.,, 2005; Wilcock et al., 2007; Schroeter et al., 2008;
Thakker et al., 2009). The discontinued phase II active im-

ABBREVIATIONS: AD, Alzheimer’s disease; AB, B-amyloid; APP, amyloid precursor protein; CAA, cerebral amyloid angiopathy; FOV, field of view;
MRI, magnetic resonance imaging; NBF, neutral buffered formalin; PBS, phosphate-buffered saline; TE, echo time; TR, repetition time.
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munization trial with aggregated AR as an immunogen
(AN1792) observed more severe CAA in immunized patients
than those without at a similar stage of AD, with multiple
cortical hemorrhages in one case (Boche et al., 2008; Thakker
et al., 2009). Furthermore, microhemorrhage and dose-
dependent vasogenic edema have been reported recently in
patients with AD after passive immunization against AR
(Salloway et al., 2009). These findings have significantly
affected the clinical development of antiamyloid immuno-
therapy platforms across industry and academia (Boche et
al., 2008), and although the mechanism of vascular compro-
mise is not known, both human and animal literature sug-
gest that AR immunotherapy at least transiently worsens
CAA (Thakker et al., 2009).

The analysis of microhemorrhage development may allow
for improved safety profiles of potential immunotherapeu-
tics. Although detection of small (20—-400 pM), individual
microhemorrhages postmortem in mouse brain is possible by
histological examination using Prussian blue (Pfeifer et al.,
2002; Racke et al., 2005; Wilcock et al., 2007), it is very time
consuming (Pfeifer et al., 2002; Wilcock et al., 2004; Racke et
al., 2005; Schroeter et al., 2008). Two further fundamental
questions cannot be easily addressed by using the ex vivo
approach: 1) When do the microhemorrhages occur during
immunotherapy? 2) Does age play a critical role in exacer-
bating cerebral microhemorrhages during immunotherapy?
Thus, a new in vivo safety biomarker for monitoring micro-
hemorrhage is needed. Given the promising data favoring
efficacy of the antiamyloid approach to the treatment of AD
in animal models (Pfeifer et al., 2002; Racke et al., 2005;
Wilcock et al., 2007; Schroeter et al., 2008; Thakker et al.,
2009) it will be of great value to develop a rapid and highly
sensitive method for preclinically screening potential immu-
notherapeutic compounds for their potential to cause vascu-
lar compromise.

MRI microscopy is capable of assessing the global anatom-
ical status of rodent brains because it can provide a three-
dimensional data set of the entire brain without sectioning.
However, MRI-based techniques have the significant limita-
tion of decreased image resolution compared with ex vivo
histology. To apply MRI microscopy to the detection of cere-
bral microhemorrhage in living transgenic mice, one must
determine whether it can provide sufficient resolution and
contrast to identify the microhemorrhage. In this article, we
report the first identification of cerebral microhemorrhage in
living APP Swedish transgenic mice by using T2*-weighted
MRI microscopy with an in-plane resolution of 100 pm. A
Prussian blue histological readout was also acquired after
the imaging endpoint. The fast removal of deposited AR from
the brain vasculature has been hypothesized to be a cause of
microhemorrhage. Therefore, strategies that target soluble
oligomers and avoid the removal of insoluble AR plaques,
which are heavily involved in CAA, have been proposed
(Barghorn et al., 2005) to be a potentially safer and more
effective treatment for AD than nonspecific removal of mul-
tiple species of AB. To test the hypothesis that fewer micro-
hemorrhages will occur when soluble AB oligomers are tar-
geted (reducing the removal of insoluble AB plaques in the
vessel walls), two different anti-AB monoclonal antibodies
were used in two longitudinal studies in aged Tg2576 mice. A
nonselective antibody targeting soluble and insoluble AR
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(6G1) and a more selective antioligomer antibody (8F5) were
used (Barghorn et al., 2005).

Materials and Methods

Initial Control Study

Seven male C57BL/6 mice (approximately 3—6 months old at the
time of imaging), purchased from Taconic Farms (Germantown, NY),
were used in control studies to determine the feasibility of using MRI
to detect hemosiderin deposits in vivo. Hemosiderin deposits result
from the phagocytosis of hemoglobin by macrophages and are used as
a histological marker of hemorrhage. In these studies, mice were
anesthetized with 2.5% isoflurane in oxygen and placed into a small
animal stereotaxic adapter (Stoelting, Chicago, IL) fitted to a larger
stereotaxic frame (David Kopf Instruments, Tujunga, CA). A midline
scalp incision was made by using sterile surgical techniques, and 0.1
wrl of whole arterial blood was microinjected intracerebrally via a
burr hole to deliver to a point at the cortical and subcortical junction
(coordinates from bregma: anterior posterior, —1.7 mm; mediolat-
eral, 1.0 mm; dorsal-ventral, 2.5 mm; dorsal-ventral set at 2.5 mm to
allow for needle bevel). Donor arterial blood was obtained fresh from
seven additional male mice (Taconic Farms) from the carotid artery
under terminal isoflurane anesthesia.

Transgenic Mice

A total of 60 heterozygous double Swedish mutation (K670N and
M671L) Tg2576 transgenic mice that express human APP ¢cDNA
(Hsiao et al., 1996; Spires and Hyman, 2005) were obtained from
Taconic Farms at approximately 3 months of age. Mice were imaged
at approximately 17 to 23 months of age. In the 12-week passive
immunotherapy study, 30 male and female Tg2576 mice underwent
baseline MRI scan at the age of 19 months, followed by 12 weekly
intraperitoneal injections of vehicle [phosphate-buffered saline
(PBS)], antibody 6G1 (0.5 mg/mouse/week in 0.1 ml of PBS), or
antibody 8F5 (0.5 mg/mouse/week in 0.1 ml of PBS), with 10 mice per
group (Fig. 1). In the 18-week passive immunotherapy study, an-
other 30 male Tg2576 mice underwent a baseline MRI scan at the
age of 17 months followed by 18 weeks of weekly treatment with
antibody 8F5 (0.5 mg/mouse/week in 0.1 ml of PBS) or control anti-
body IgG,, (0.5 mg/mouse/week in 0.1 ml of PBS) (Fig. 1). Passive
vaccination was commenced within 1 week of completion of baseline
MRI acquisition. Female mice were group-housed and male mice
were single-housed in filtered isolation cages initially and then
transferred to a filtered, forced-air isolation rack. All mice were
maintained on standard sterile wood chip bedding in a quiet room
under conditions of 12-h lights on/12-h lights off (on at 6:00 AM),
with food and water available ad libitum. An electronic chip, IMI-
1000 from Bio Medical Data Systems (Seaford, DE), was implanted
subcutaneously in the dorsal posterior region for identification pur-
poses. This chip was removed before final MRI scanning. All imaging
was performed during the light phase, and all experiments were
conducted in accordance with the Abbott Institutional Animal Care
and Use Committee and the National Institutes of Health Guide for
Care and Use of Laboratory Animals in facilities accredited by the
Association for the Assessment and Accreditation of Laboratory An-
imal Care.

MRI Methodology

MRI experiments were carried out by using a Bruker BioSpin
horizontal-bore scanner (7.0 T/21 ¢m, 300 MHz) (Bruker BioSpin,
Ettlingen, Germany) equipped with a triple-axis gradient unit (max-
imum 40 G/cm per direction). Animals were first anesthetized with
medetomidine hydrochloride (Domitor, 1 mg/kg i.p.; Pfizer Animal
Health, Exton, PA) + ketamine (75 mg/kg i.p.; Fort Dodge Animal
Health, Fort Dodge, IA) (Luo et al., 2008) and then placed in a
dual-coil small animal restrainer (Insight Neuroimaging Systems,
LLC, Worcester, MA), which contains a volume coil for transmitting
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Fig. 1. Imaging study paradigms. The two longitudinal study paradigms are illustrated. Multiple MRI readouts were used in the 18-week imaging
study (bottom), whereas 1 MRI readout was used in the 12-week study (top). Although the same age (~23 months old) Tg2576 was used for the
endpoint image acquisition in both longitudinal studies, animals used in the 18-week study were approximately 2 months younger at the beginning

of assessment.

and a surface coil for receiving. Respiration rates and waveforms
were continuously monitored via a force transducer. Rectal temper-
ature was monitored and maintained at 37 + 1°C via a feedback-
regulated, circulating water pad. For longitudinal imaging studies,
medetomidine anesthesia was reversed by intraperitoneal injection
of atipamezole (0.1 mg/kg; Antisedan; Pfizer, Karlsruhe, Germany)
at the end of each imaging session (Weber et al., 2006). Coil-to-coil
electromagnetic interaction was actively decoupled. Multislice, mul-
tiecho pulse sequence with TR/TE = 500/11 ms, bandwidth = 2700
Hz, FOV = 2.56 X 2.56 cm, imaging matrix = 256 X 256, and six
averages was used for T1 anatomical images for eight 1-mm slices.
Rapid acquisition relaxation enhanced pulse sequence with TR/TE =
3000/50 ms, bandwidth = 5400 Hz, FOV = 2.56 X 2.56 cm, matrix =
256 X 256, rapid acquisition relaxation enhanced factor = 8, and four
averages was used for T2 anatomical images for eight 1.0-mm slices.
In-plane resolution for T1 and T2 anatomical images were 100 X 100
pm and covered the range of interaural 6.0 to —1.0 mm. A gradient
echo three-dimensional fast low-angle shot sequence with TR/TE =
100/13 ms, bandwidth = 22,000 Hz, FOV = 2.56 X 2.56 cm, imaging
matrix = 256 X 256 X 16, and four averages was used for T2*
anatomical images with in-plane resolution = 100 X 100 pm and
interplane resolution = 400 pm and covered the range of approxi-
mately interaural 6.0 to 0.0 mm. After intracerebral microinjection of
whole arterial blood in the initial control studies, acute scans were
obtained from all seven mice within 30 min. Of these, three mice
were perfusion-fixed for subsequent histological assessment and
identification of acute “hemorrhage.” The remaining four mice were
housed for an additional 14 days, at which point two of the mice were
rescanned for identification of hemosiderin deposits resulting from
the initial injection. After MRI, theses mice and the remaining two
mice were perfusion-fixed for histochemical confirmation of hemo-
siderin deposits. Ex vivo T2*-weighted MRI microscopy was con-
ducted after in vivo imaging in the same animal for the 12-week
longitudinal study. Thorough cardiac perfusion was used to eradi-
cate blood flow void signal in the ex vivo setting. For the 18-week
longitudinal MRI study, multiple time-point MRI readouts were
collected at 6, 12, and 18 weeks after baseline acquisition. The
paradigms for the 12- and 18-week longitudinal MRI studies are
illustrated in Fig. 1.

Histology

Initial Control Studies. For the initial control studies, three
mice that were microinjected with arterial blood were euthanized
with 100% CO,, 2 h after the microinjection (after the initial MRI
scan). Brains were removed and immersion-fixed in neutral buffered
formalin (NBF). After paraffin embedding, sectioning was conducted

on a microtome at 6-pm slice thickness. Hematoxylin and eosin
staining was used to visualize the acute hemorrhage. Detection of
acute hemorrhage via histology was compared with MRI images in
the same area. Perl’s Prussian blue staining was used to identify
hemosiderin deposits in the remaining four normal C57BL/6 mice 14
days after blood microinjection. Detection of chronic hemorrhage
using MRI was compared with histology in each animal.

Twelve- and 18-Week Longitudinal Studies. For the two lon-
gitudinal studies, after the last in-life MRI scan, each mouse was
deeply anesthetized with medetomidine/xylazine and perfused with
ice-cold PBS at a rate of 5.0 ml/min for 2.5 min via the left atrium by
using an open thorax method. The right atrium was cut at the start
of the perfusion. Each mouse was then perfusion-fixed with 10%
NBF at a rate of 5 ml/min for 5.5 min. For the first 12-week immu-
notherapy study, the brain was removed from each mouse, cut into
two hemispheres, and postfixed in 10% NBF overnight. Brains were
subsequently cryoprotected by placement in a solution of 30% su-
crose for approximately 2 days (until the brain hemispheres had
fallen to the bottom of the vial) and stored at 4°C until sectioning.
Brains were sectioned at 30 pm with a cryostat. The right hemi-
sphere was sectioned in the coronal plane, and the left hemisphere
was sectioned in the horizontal plane. A total of eight series of
sections were cut. One series of sections was stained with Perl’s
Prussian blue to identify hemosiderin deposits resulting from micro-
hemorrhages and counterstained with neutral red. An arbitrary 60
pm was used to categorize Prussian blue-positive lesions into two
pools: number of all lesions versus number of lesion with size =60
pm. This was based on control studies that indicated this may be a
possible detection size limit for our MRI protocol. An adjacent series
of sections was stained with Congo red to identify AR deposits. The
remaining six series of sections were stored for alternative future
histochemical analyses. Thus, there was approximately 240 pm (30
pm X eight series) between each section analyzed. For the second
18-week passive immunization study, the whole brain was sectioned
in the coronal plane; otherwise the same histological preparation
was used.

Antibodies

Antibodies were produced at Abbott Laboratories (Structural Bi-
ology, Advanced Technology, Abbott Park, IL). Monoclonal antibod-
ies 6G1 and 8F5 were generated from mice immunized with AB; 4,
globulomer according to standard procedures (Barghorn et al., 2005).
Antibody 8F5 is reported to be approximately 100 times more selec-
tive than 6G1 for soluble AB oligomers (Barghorn et al., 2005). In
brief, anti-AB mAb ML5-6G1.3E2.5C3 (molecular mass 150 kDa)
was produced by fermentation in 25-liter wave bags, purified of most
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endotoxin (approximately 1 EU/mg remained), and provided in a
volume of 57 ml and a concentration of 0.96 mg/ml in PBS at pH 7.4.
Anti-AB mAb ML5-8F5 (molecular mass 148 kDa) was produced by
fermentation in 10-liter wave bags, purified of endotoxin, and pro-
vided in a volume of 20 ml and a concentration of 1.65 mg/ml in PBS
at pH 7.4. IgG,,, 35 ml at a concentration of 7.03 mg/ml, was
produced by Abbott Laboratories (Structural Biology, Advanced
Technology) and used as a negative control for 8F5 in the second
18-week vaccination study. Antibody solutions were diluted under
sterile conditions in PBS pH 7.4 and aliquoted into sterile tubes and
stored at 4°C until use. All solutions were prepared fresh on the day
of injection. Each transgenic mouse was dosed with 0.5 mg/week i.p.

Data Analysis

Microhemorrhage incidence identified by MRI was determined by
two independent, blinded investigators after the completion of the
in-life portion of the study. This was conducted by reviewing scans on
the console monitor in the imaging laboratory in a blinded manner
over 4 to 6 h. Scorers were first trained to examine “normal,” non-
pathological MRI data from young, healthy mice. This was done to
get accustomed to the typical hyperintensities and hypointensities
that are present in T2*-weighted scans. Because microhemorrhage
signals often present asymmetrically in the brain, bilateral signals
in congruent brain regions were usually excluded from microhemor-
rhage quantification. Microhemorrhage incidence identified by his-
tology was also determined by two investigators using the postmor-
tem tissue sections. This was conducted in a blinded manner over a
full 30-day period using a light microscope (Nikon, Tokyo, Japan).
Each section on each slide was evaluated separately in a grid pattern
(left to right, top to bottom) under 60X (6X objective lens, 10X
eyepiece lens) magnification. Higher magnification (120X, 240X)
was used for clarification of unclear points of interest. Microhemor-
rhages were counted on a per-site basis in Prussian blue-stained
sections. Using a stage micrometer, the estimated size, location, and
nature (intensity of staining) of each cluster site was individually
recorded. To account for differences in every cluster site that could
contain several hemosiderin deposits close together or spread further
apart, microhemorrhage data collected by histology were trans-
formed into microhemorrhage scores (Pfeifer et al., 2002; Racke et
al., 2005), based on the number of hemosiderin-positive cells de-
tected in each deposit. Each deposit was rated with a score of 1 to
3 based on the following criteria: 1 = one to three hemosiderin-
positive cells, 2 = four to 10 hemosiderin-positive cells, and 3 =
>10 hemosiderin-positive cells. Each mouse’s microhemorrhage
score was calculated by multiplying the rating of each deposit by
the total number of deposits, which provided a general estimate of
the extent of microhemorrhage (Pfeifer et al., 2002; Racke et al.,
2005). All calculations were made by using Prism version 4.0 for
Windows (GraphPad Software Inc., San Diego, CA). Quantified
microhemorrhage data were analyzed by one- or two-way analysis
of variance (with repeated-measures where appropriate), and sig-
nificant main effects and interactions were analyzed by Bonfer-
roni post hoc tests. An « level of p < 0.05 was set for statistical
significance.

Results

Initial Control Study. Detection of acute (Fig. 2) and
chronic (Fig. 3) microhemorrhages in naive mouse brain was
demonstrated after microinjecting small volumes (0.1 pl) of
arterial blood intracerebrally by using MRI and histology.
Artificial “cerebral microhemorrhage” was clearly visible im-
mediately (Fig. 2) and 14 days (Fig. 3) after the initial mi-
croinjection of whole blood by T2*-weighted MRI microscopy,
but not by T1- or T2-weighted MRI. The blood-generated
hypointense MRI signal was colocalized with red blood cells
at the acute phase (immediate) and with hemosiderin deposit
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Fig. 2. Control study: acute detection of artificial microhemorrhage in
naive mice using MRI and histology. A, hemotoxylin and eosin staining.
B, T1-weighted MRI. C, T2-weighted MRI. D, T2*-weighted MRI. Arrows
indicate site of microinjection of whole blood (volume 0.1 wl). MRI scans
were taken within 30 min of microinjection of whole blood.

at the chronic phase (14 days after injection). These dark
signals persist after eliminating any blood flow void effect by
imaging again after cardiac perfusion (Fig. 31).
Twelve-Week Longitudinal Study. A maximum of one
to two probable cerebral microhemorrhage signals were ob-
served at baseline in 19-month-old transgenic animals before
any treatment (Fig. 4). One mouse with four microhemor-
rhages at baseline was excluded from analysis, but was
treated with 8F5 and followed to the final imaging assess-
ment. Monoclonal antibodies 6G1 and 8F5 increased the
incidence of microhemorrhages after 12 weeks of treatment
(Figs. 4 and 5, respectively) in both coronal and horizontal
MRI planes. Subsequent Prussian blue histochemistry re-
vealed hemosiderin deposits (Fig. 5, B-D) at many of the
sites identified in MRI scans in vivo (Fig. 5A). Quantification
of MRI-identified microhemorrhages corroborates histochem-
istry findings and revealed a significant increase after 12
weeks of treatment with 6G1 and 8F5 compared with their
own baseline (Fig. 6A). This was supported by a significant
main effect of time (F, ;5 = 21.68; p < 0.001), demonstrating
higher numbers of microhemorrhages at the 12-week time
point, and a significant treatment X time interaction (Fy ;53 =
4.39; p < 0.05). Bonferroni post hoc testing of this interaction
revealed that both 6G1 (p < 0.05) and 8F5 (p < 0.01) treat-
ment significantly increased the number of microhemor-
rhages compared with vehicle treatment. No increase in
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Day 1

in vivo

Day 14
in vivo

Fig. 3. Control study: detection of artificial microhemorrhage in naive
mice using MRI and histology 14 days after microinjection. A-C, T1-
weighted MRI. D-F, T2-weighted MRI. G-I, T2*-weighted MRI at days
indicated after microinjection of whole blood. Images in A, D, and G were
acquired 1 day after microinjection of blood, and images in B, E, and H
were acquired 14 days after microinjection of blood in live animals. After
thorough cardiac perfusion, the same animals were scanned by MRI
again (C, F, and I). J and K, Prussian blue histochemical staining of
hemosiderin deposits resulting from artificial microhemorrhage at 14
days after microinjection of whole blood. Arrows indicate site of microin-
jection of whole blood (volume 0.1 pl) at 15X (J) and 120X (K).

hemorrhage incidence was seen after 12 weeks of treatment
with PBS (Fig. 6A). This increase by 6G1 and 8F5 was also
the case when microhemorrhages >60 pm were quantified
(Fig. 6B). Quantification of histochemistry-identified micro-
hemorrhages also showed increased microhemorrhages in
the 8F5 and 6G1 treatment groups compared with mice
treated with vehicle (Fig. 6C). Mice treated with 8F5 showed
significantly more microhemorrhages compared with vehicle
(p < 0.05), whereas mice treated with 6G1 showed a similar
trend (p = 0.08). It is important to note that the one mouse,
which was excluded at the beginning of the study because of
more than four microhemorrhages at baseline, revealed more
than 20 microhemorrhages after 12 weeks of 8F5 treatment
(Fig. 9).

Eighteen-Week Longitudinal Study. A maximum of
one to two probable cerebral microhemorrhage signals were
observed at baseline in 17-month-old transgenic animals be-
fore any treatment. Figure 7 illustrates the quantification of
microhemorrhages from the individual MRI time points dur-
ing the 18 weeks of 8F5 and IgG,, treatment. For the MRI
data, a main effect of time was detected (F5 ;5 = 6.65; p <
0.001), suggesting an overall increase in microhemorrhages
as treatment progressed. For the initial 6 and 12 weeks of
treatment, no significant increase of microhemorrhages was
found in the 8F5 treatment group; however, Bonferroni post
hoc testing revealed a significant increase of cerebral micro-
hemorrhages at 18 weeks in the 8F5 treatment group com-
pared with IgG,, (p < 0.05; Fig. 7). Quantification of histo-
chemistry-identified microhemorrhages with lesion size =60
pm corroborates our MRI findings in that significantly more
microhemorrhages were detected in 8F5 treatment groups
compared the mice treated with IgG,, (p < 0.05; Fig. 7).

Fig. 4. Example of microhemorrhages in
cortex across multiple MRI slices (1-8) af-
ter 12-week treatment with mAb 6G1 (1-
8). T2*-weighted coronal MRI scans at
baseline or after 12 weeks of 6G1 treat-
ment. Only eight coronal slices are shown
in this example from a total of 16 taken.
In vivo indicates MRI scans taken just
before the end of the study. Ex vivo indi-
cates MRI scans taken after cardiac per-
fusion fixation. Arrows indicate microhe-
morrhages visible to T2*-weighted MRI.

Fig. 5. Example of microhemorrhage in cortex after 12-week
treatment of mAb 8F5. A, in vivo T2*-weighted MRI in the
horizontal plane. B-D, Prussian blue/neutral red histochem-
ical staining of a cluster of hemosiderin deposits postmortem
in the same brain at different magnifications. Hemosiderin-
positive cells are illustrated under higher magnification
(black arrows). E-G, Congo red staining on an adjacent series
of brain tissue sections (30 pM apart) shows Congo red-
positive staining vessel proximal to hemosiderin-positive cells
(red arrow). Multiple AB deposits are visible in cortex (hollow
arrow) by Congo red staining.
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Fig. 7. Time course of MRI findings of microhemorrhage (mean += S.E.M.)
at baseline, 6 weeks, 12 weeks, and 18 weeks in IgG,, or 8F5 treatment
groups. A, 8F5, V, IgG,,. Histology: quantification of microhemorrhage
(mean = S.E.M.) with lesion size =60 pm after 18-week treatment of
IgG,, or 8F5 is shown. *, P < 0.05 compared with IgG,, (Bonferroni post
hoc test) for MRI data or IgG2a (one-tailed ¢ test) for histology data.

Correlation of MRI and Histology. Figure 8 shows the
correlation plot for microhemorrhage findings by MRI and
histology in the two longitudinal studies. A significant corre-
lation was observed for all microhemorrhages identified by
histology versus microhemorrhages identified by MRI (% =
0.5492; p < 0.0001). An improved correlation was found when
plotting lesion size =60 pm identified by histology versus
MRI findings (% = 0.7511; p < 0.0001). Noticeably, a near 1:1
ratio was observed in Fig. 8B, which implies that microhem-
orrhages of =60 pm are quite likely to be detected by T2*-
weighted MR microscopy using our current protocol.

Discussion

An independent safety monitoring committee has found
that patients with AD given the highest dose of an experi-
mental monoclonal antibody, bapineuzumab, were more
likely to develop cerebral vasogenic edema; the highest dose
was subsequently discontinued from the clinical trial (Sallo-
way et al., 2009). The Food and Drug Administration has also
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C  Histology
6,
5 Fig. 6. A, MRI findings of microhemor-
* rhages are illustrated (mean = S.E.M.) at
44 baseline and after 12 weeks of treatment
% with vehicle, 6G1, and 8F5. B, number of

new wH >60 pm detected by MRI after 12
weeks of treatment. C, histology: quanti-
2 fication of microhemorrhage (mean =
S.E.M.) with lesion size =60 pm after
12-week treatment of vehicle, 6G1, and
8F'5 is illustrated. *, P < 0.05 compared
with vehicle at 12-week time point (Bon-
ferroni post hoc test).

Number LtHs (> 60um)
w
1

posted concerns regarding the safety of immunotherapy ap-
proaches, stating that microhemorrhage susceptibility is a
risk factor for vasogenic edema. This highlights the impor-
tance of such safety assessments while developing immuno-
therapy strategies for the treatment of AD.

Although the diagnosis of microhemorrhages in human
brain by gradient-echo sequence or T2*-weighted MRI (Of-
fenbacher et al., 1996; Fazekas et al., 1999; Greenberg et al.,
2004) has been established, the preclinical identification of
cerebral microhemorrhage is challenging because microhem-
orrhage in a mouse brain is approximately two orders of
magnitude smaller (in the range 20 to 400 pm) than that
found in human brain (<5 mm in size) (Viswanathan and
Chabriat, 2006). In our initial control study, we demon-
strated the feasibility of detecting cerebral microhemorrhage
in living transgenic mice. We were able to visualize a hypoin-
tense MRI signal immediately after microinjection of 0.1 pl of
arterial blood, which represents the proposed upper limit of
microhemorrhage size (400 X 400 X 500 pm?®) induced by
immunotherapy in aged transgenic mice (Pfeifer et al., 2002;
Racke et al., 2005; Wilcock et al., 2007; Thakker et al., 2009).
Second, we observed the hypointense MRI signal 14 days
after exogenous blood injection, which remained even after
perfusion of the brain with PBS. Although deoxygenated
blood signal may contribute to the hypointensity MRI finding
in the acute phase (Linfante et al., 1999), hemosiderin depos-
its after macrophage phagocytosis of red blood cells (Bradley,
1993; Viswanathan and Chabriat, 2006) during the chronic
phase of bleeding results in the hypointense signal in T2%-
weighted MRI demonstrated in Fig. 2. That the hypointense
MRI signal is detectable at the location of blood microinjec-
tion even after 14 days rules out the possibility of a vascular
flow void effect (Fig. 2) and is supported by the detection of
hemosiderin deposits via Prussian blue histochemistry
(Bradley, 1993; Viswanathan and Chabriat, 2006).

Immunotherapy-induced cerebral microhemorrhages were
detected in aged living transgenic mice by T2*-weighted MRI
microscopy (Figs. 4—6). Support for the use of MRI for detec-
tion of microhemorrhages comes from the fact that those
identified by MRI microscopy quite often colocalized with
those determined by histology. It is important to note that a
point-to-point comparison between histology and MRI is not
feasible (Jack et al., 2004), because of the different in-plane
and interplane resolution used in MRI (in-plane: 100 X 100
pm; interplane: 400 pm) and histology (in-plane: ; inter-
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plane: 240 pm). Because of this, there is not a perfect slice-
to-slice comparison for MRI and histology. Nevertheless, our
findings in histology significantly correlated with MRI find-
ings in the current data set (Fiig. 8), and one might speculate
an improved correlation if entire histology sections were
used.

There is the potential that hypointensities found in T2 or
T2*-weighted MRI microscopy could be attributed to AR
plaques in transgenic mice (Jack et al., 2004; Lee et al., 2004;
Zhang et al., 2004). This is unlikely in our study, because we
did not use an extremely high resolution in MRI (100 pm
versus ~50 to 60 wm; Jack et al., 2004; Lee et al., 2004,
Zhang et al., 2004) as is required for potential interference by
AR plaques. Sigurdsson et al. (2008) have shown that very
large plaque deposits are detectable in aged Tg2576 mice via
T2*-weighted MRI at 100-pm resolution. However, given the
size of the plaques detected by Congo red in our work (Fig. 5),
which seem smaller than 100 pm (the reported maximal
plaque size in mice; Jack et al., 2004), we do not believe that
many plaques would be detected by MRI in our studies. In
addition, there was a greater correspondence between the
location of MR hypointensities and hemosiderin deposits;
Congo red-positive plaques tended not to colocalize with he-
mosiderin deposits (see Fig. 5).

Although we were able to successfully implement the use of
T2*-weighted MRI microscopy to identify cerebral microhe-
morrhage in living mouse brain, the mechanisms of anti-Ap
immunotherapy-induced microhemorrhages in aged trans-
genic mice are still not fully understood. Although we repli-
cated the effect of monoclonal mouse antibody 6G1 (structur-
ally equivalent to antibody 6E10; see Barghorn et al., 2005)

Baseline

After 8F5 mAb Rx

to exacerbate cerebral microhemorrhages in aged transgenic
mice (Thakker et al., 2009), 8F5, a more selective antibody to
soluble oligomers, was also associated with cerebral micro-
hemorrhage examined in the first and confirmed in the sec-
ond longitudinal study (Figs. 6 and 7). It is possible that
because of the high relative concentration of insoluble to
soluble AR in the brain of Tg2576 mice at older ages
(Kawarabayashi et al., 2001) that the more selective antibody
8F5 demonstrated some nonspecific binding to fibrillar AB
and the vasculature. This may have contributed to the sim-
ilar effects on microhemorrhage production in both 6G1- and
8F5-treated groups.

A study by Racke et al. (2005) demonstrated that the
occurrence of cerebral microhemorrhage depends on the an-
tibody being used. Although 3D6, an N-terminal antibody
with fibril plaque binding capacity, resulted in an increased
incidence of microhemorrhage, 266, a mid-domain antibody
without plaque binding, did not show such a liability signal
in aged PDAPP transgenic mice after a 6-week dosing regi-
men (Racke et al., 2005). The authors suggest that the results
indicate plaque binding is necessary for increased microhe-
morrhage to occur, although it is possible that 6 weeks of
exposure was not enough to detect a treatment effect. Our
results from the second 18-week longitudinal study further
emphasize the complexity of these microhemorrhage mecha-
nisms, because none were observed at the 6- and 12-week
imaging time points during 8F5 treatment. The same anti-
body titer is expected across all treatment durations (al-
though not measured in the current studies), although mi-
crohemorrhage was detected only at the 18-week time point.
By taking the advantage of imaging in a longitudinal man-

Fig. 9. One mouse that was excluded at the beginning of
the 12-week longitudinal study (because of multiple abnor-
mal MRI findings at baseline) revealed massive exacerba-
tion of microhemorrhages (red circles) after 8F5 treatment.
Second slices in the middle rows were magnified (~10X)
for better visualization of microhemorrhage-induced hy-
pointensity signal in MRI.
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ner, we provide evidence that a sufficient antibody dosing
duration, here 12 to 18 weeks, may be necessary for im-
munotherapy-induced cerebral microhemorrhage in aged
Tg2576 mice. Nevertheless, the mechanisms involved in AR
immunization-associated risk of cerebral hemorrhage war-
rant further investigation.

Despite the unknown mechanism by which immunother-
apy may cause cerebral microhemorrhage, it seems that age
is a significant factor. This is supported by the work of
several groups showing microhemorrhage liability in differ-
ent lines of APP transgenic mice over 19 months of age
(Pfeifer et al., 2002; Wilcock et al., 2004, 2007; Racke et al.,
2005), and others who reported no microhemorrhage signal
in mice under 16 months of age (Pfeifer et al., 2002; Seabrook
et al., 2006). In our second longitudinal study of 18 weeks in
duration, we did not observe increased incidence of microhe-
morrhage until Tg2576 mice reached 21 months of age, illus-
trated in Fig. 6. By using a multiple time-point readout, our
longitudinal MRI study provides the first direct evidence
that age is an important factor for the development of
cerebral microhemorrhage during immunotherapy. Signif-
icant development of CAA in aged transgenic mice (Pfeifer
et al., 2002; Wilcock et al., 2004; Kumar-Singh et al., 2005;
Racke et al., 2005) is presumably the cause, although
spontaneous cerebral microhemorrhage in aged transgenic
mice does occur (Kumar-Singh et al., 2005). This corrobo-
rates our baseline MRI findings of very few microhemor-
rhages (Figs. 4 and 7).

Because it is feasible to diagnose cerebral microhemorrhage
in transgenic mice and humans using the T2*-weighted MRI
technique, the success of AR immunotherapy may be improved
by screening patients with Alzheimer’s for the presence and
severity of CAA and baseline microhemorrhages before such
therapies are undertaken, especially for those patients under-
going treatment with anticoagulants. Although clinical trial
findings with bapineuzumab in general showed good safety and
tolerability, it is very important to note that all trials are ex-
cluding patients with cerebrovascular disease or MRI vascular
abnormalities. Our findings in Tg2576 mice (Fig. 9) imply that
patients with AD and preexisting cerebrovascular disease or
MRI vascular abnormalities could be susceptible to severe ad-
verse effects during immunotherapy.

In conclusion, a new preclinical safety biomarker for anti-
body-induced cerebral microhemorrhages is described. Anti-AR
antibodies 6G1 and 8F5 increased the incidence of microhem-
orrhage in aged Tg2576 mice compared with baseline and ve-
hicle-treated controls. This is the first example of exacerbation
of cerebral microhemorrhages by a soluble oligomeric AB-selec-
tive antibody. A highly selective antibody for soluble oligomers
that demonstrates little or no vascular plaque binding warrants
further investigation. T2*-weighted MR microscopy can be
readily applied to screening all AB-targeted immunotherapeu-
tics in a longitudinal manner. This methodology can also be
used in the evaluation of compounds directly targeting CAA,
which is a disorder of growing societal importance and with few
therapeutic options (Towfighi et al., 2005). Therefore, the infor-
mation generated using this technology has the potential to
directly translate to human clinical trials and thus may accel-
erate drug innovation.
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