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In addition to parenchymal amyloid-� (A�) plaques, Alzheimer’s disease (AD) is characterized by A� in the cerebral vasculature
[cerebral amyloid angiopathy (CAA)] in the majority of patients. Recent studies investigating vascular A� (VA�) in amyloid precursor
protein transgenic mice have suggested that passive immunization with anti-A� antibodies may clear parenchymal amyloid but increase
VA� and the incidence of microhemorrhage. However, the influences of antibody specificity and exposure levels on VA� and microhe-
morrhage rates have not been well established, nor has any clear causal relationship been identified. This report examines the effects of
chronic, passive immunization on VA� and microhemorrhage in PDAPP mice by comparing antibodies with different A� epitopes (3D6,
A�1–5; 266, A�16 –23) and performing a 3D6 dose–response study. VA� and microhemorrhage were assessed using concomitant A�
immunohistochemistry and hemosiderin detection. 3D6 prevented or cleared VA� in a dose-dependent manner, whereas 266 was
without effect. Essentially complete absence of VA� was observed at the highest 3D6 dose, whereas altered morphology suggestive of
ongoing clearance was seen at lower doses. The incidence of microhemorrhage was increased in the high-dose 3D6 group and limited to
focal, perivascular sites. These colocalized with A� deposits having altered morphology and apparent clearance in the lower-dose 3D6
group. Our results suggest that passive immunization can reduce VA� levels, and modulating antibody dose can significantly mitigate the
incidence of microhemorrhage while still preventing or reducing VA�. These observations raise the possibility that A� immunotherapy
can potentially slow or halt the course of CAA development in AD that is implicated in vascular dysfunction.
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Introduction
Overexpression of mutant human amyloid precursor protein
(APP) in various transgenic mice leads to several Alzheimer’s
disease (AD)-type pathologies [for review, see Gotz et al. (2004)
and Games et al. (2006)]. These include the development of pa-
renchymal amyloid-� (A�) plaques, neuritic pathology, synaptic
loss, and gliosis. A number of reports have shown that active
(Schenk et al., 1999; Dickstein et al., 2006) and passive (Bard et
al., 2000; Wilcock et al., 2004; Buttini et al., 2005) A� immuno-
therapeutic approaches are effective in reducing or eliminating
these pathologies in preclinical studies (Janus et al., 2000; Mor-
gan et al., 2000; Wilcock et al., 2004). In addition, other studies
have shown improvement in various cognitive tests (Janus et al.,
2000; Morgan et al., 2000; Wilcock et al., 2004). Importantly,
these findings are supported by mounting correlative findings
from both cognitive testing (Hock et al., 2003) and neuropatho-
logical examination of brains of patients who were enrolled in

clinical trials of A� immunotherapy [AN1792 (Nicoll et al., 2003;
Ferrer et al., 2004; Masliah et al., 2005)].

Recently, another common aspect of AD and cerebral amyloid
angiopathy (CAA) pathology, vascular A� (VA�), has been the
subject of scrutiny in preclinical animal studies. In particular, it
has been reported that passive immunization was associated with
an increase in VA� and microhemorrhage (Wilcock et al., 2004;
Racke et al., 2005). However, predictive clinical implications re-
main unclear, especially in light of favorable behavioral outcomes
in some of these same studies (Wilcock et al., 2004), the lack of
ultrastructural differences in vascular morphology of
hemosiderin-positive vessels in untreated and treated transgenic
mice (Burbach et al., 2007), and, notably, the lack of evidence for
significant hemorrhage or stroke-related consequences in ongo-
ing clinical trials. Furthermore, little is known about the degree to
which VA� is ultimately affected by A� immunotherapeutic ap-
proaches. For instance, it is unknown whether reported increases
in VA� represent a transient phenomenon associated with A�
clearance, whereas longer treatment might actually prevent or
reverse vascular amyloid.

In view of these considerations, we sought to examine the
effects of passive immunization in two chronic, 6 month treat-
ment paradigms using PDAPP mice (Games et al., 1995), a model
that favorably mimics the morphological and biochemical com-
position of amyloid deposits typical of sporadic AD (Johnson-
Wood et al., 1997). A thorough characterization identified dis-
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tinct meningeal localizations with compacted VA� deposition
that reproducibly occurred in these mice. We compared the ef-
fects of a plaque-clearing antibody directed against the N termi-
nus of A� (3D6) and a central A� epitope-directed antibody with
high affinity for soluble A� (266) for effects on VA� levels and the
occurrence of microhemorrhage. In contrast to previous findings
in significantly older mice treated with an antibodies generated
against A�28 – 40 and A�33– 40 (Wilcock et al., 2004, 2006), we
found that nearly complete prevention or clearance of VA� was
achieved by treatment with 3D6, whereas 266 demonstrated no
effect. In addition, we found that microhemorrhage was associ-
ated with only a subset of vessels with evident amyloid clearance,
and that its occurrence was mitigated by reducing antibody ex-
posure. Collectively, our observations suggest that A� immuno-
therapeutic approaches have the potential to favorably impact
vascular amyloidogenic pathology in AD at doses that minimize
microhemorrhage and maintain other efficacy outcomes.

Materials and Methods
Study design. The effects of chronic, passive immunization on established
VA� in the PDAPP mouse were examined in two 6-month-long studies.
Study A was designed to compare the efficacy of an N-terminal antibody
(3D6, A�1–5) with a midregion antibody (266, A�16 –23) at a single dose.
Study B was a 3D6 dose–response study. In both studies, 12-month-old,
female, heterozygous PDAPP mice were divided into groups of 40; the
groups were matched as closely as possible for age and transgenic parent.
In a separate assessment, 40 animals from the same colony were exam-
ined to determine baseline vascular amyloid levels at 12 months of age. As
outlined in Table 1, mice in treatment groups were injected intraperito-
neally once weekly with murine monoclonal antibodies 3D6�2a (at three
dose levels), 266�1, or TY11–15 (as a negative �2a control). All treated
animals received an initial loading dose of 2.5 times the weekly dose to
achieve a stable titer at the start of the study. Doses per animal were
calculated based on the historical average weight of a PDAPP mouse in
this age range, 50 g. After termination of the in-life phase, VA� and
microhemorrhage presence and extent were evaluated.

Preparation of antibodies. Preparation methods for antibodies 3D6
(recognizing A�1–5) and 266 (recognizing A�16 –23) have been described
previously (Seubert et al., 1992; Johnson-Wood et al., 1997; Bard et al.,
2003). TY11–15 (IgG2a isotype) served as the irrelevant control antibody.
It recognizes an unknown human lymphocyte antigen and does not rec-
ognize mouse lymphocytes. Antibody 3D6 was labeled with NHS-biotin
as described previously (Seubert et al., 1992).

Brain tissue preparation and histochemistry. Forty micrometer brain
sections were prepared, selected, and colabeled for amyloid and
hemosiderin as described in the supplemental material (available at
www.jneurosci.org). The colabeled tissue was also used to analyze paren-
chymal amyloid burden as described by Bard et al. (2000).

VA� quantification. The meningeal location of VA� deposits in the
PDAPP mice precludes standard percentage area (burden) measure-
ments, which are typically made in the parenchyma and normalized to
brain region (e.g., cortical) area. This, coupled with the large sample sizes
in this study, prompted us to devise a sensitive counting method of
VA�-containing vessels. We were able to cross-validate the resultant data

in a subset of mice using a second measure of VA� burden, which was
normalized to meningeal distance (see below).

3D6-immunoreactive blood vessels were first assessed by counting the
number of all amyloid-containing vessels in the sections (n � 4 – 6/ani-
mal) from study A. Vessels were counted if they contained any amount of
amyloid, and thus would include both partially cleared and uncleared
vessels. Investigators were blinded to the treatment group, and vessels
were counted by three investigators in a subset of animals to validate the
consistency of the counting method.

The counts were then analyzed using a second method that was statis-
tically determined by using a receiver operating characteristic curve to
identify the optimal cutoff that balanced the sensitivity and specificity of
the statistical analyses. The two resulting categories reflected the amount
of VA�: “none to little VA�” (�3 amyloid-positive vessels per section
per animal) or “moderate VA�” (�3 amyloid-positive vessels in at least
one section per animal). Pairwise comparisons using Fisher’s exact test
(FET) were then performed, and the Hochberg method (Hochberg,
1988) was used to adjust for multiple pairwise comparisons to maintain
a statistical significance of 0.05.

Results achieved by this counting method in the dose–response study
(study B) were then verified against a percentage area measurement in a
subset of animals from the same study. For this, meningeal VA� area
measurements were made using MetaMorph image analysis software to
measure the area of vascular A� deposits, which was then normalized to
the distance along the cortical meninges to allow for comparisons be-
tween groups. The 3 mg/kg 3D6 group was not analyzed, because VA�
was nearly zero at this dose.

Hemosiderin quantification. Each animal was scored on a 0 –3 scale for
presence, amount, location, and intensity of hemosiderin staining across
the sections. A score of “0” indicated very little or no staining, a “1”
indicated small punctate or weak staining in a few sections per animal, a
“2” was assigned to contiguous accumulations with greater staining in-
tensity in multiple sections, and “3” reflected the darkest observed stain-
ing in most of the sections, usually encompassing most of the affected
vessel. These ratings were designed to reflect the range of hemosiderin-
positive staining observed in the present preclinical animal study and
therefore do not represent or translate to ratings of clinical hemorrhagic
disorders. Investigators were blinded to the treatment group, and ratings
were assigned by three investigators in a subset of animals to validate the
rating method. Pairwise comparisons using Fisher’s exact test were per-
formed to test for differences between treatment groups. Observations
were also made regarding the morphological appearance of the immu-
nolabeled amyloid and its spatial relationship with hemosiderin. Within
each study, the Hochberg method was used to adjust for multiple pair-
wise comparisons.

Results
Vascular A� quantitation
VA� was prominent in discrete foci in the leptomeninges and
superficial parenchyma of untreated PDAPP mice as revealed by
thioflavin S staining for compact amyloid and by antibody 3D6,
which recognizes both compact and diffuse amyloid in the
PDAPP mouse and human AD (Fig. 1). Previous analysis of un-
treated, 12-month-old animals established that A�-positive ves-
sels were present in �40% of mice, whereas 23% of mice had
moderate VA� deposition. VA� was largely confined to the lep-
tomeninges and immediately underlying superficial brain layers
and was especially predominant in the cortex, where dense de-
posits were reliably found in midline vessels of the sagittal sinus
region (Fig. 1). In the single-dose comparison study of the
N-terminal and midregion antibodies (study A), 3D6 at 3 mg/kg
completely prevented the formation and/or cleared existing VA�
compared with either 266 or TY11–15 (Fig. 2) ( p � 0.0001 for
both comparisons). A comparison of the level of moderate VA�
in 3D6-treated mice (0 –3%) with the 12 month levels of moder-
ate VA� (23%) indicates that amyloid was likely removed by
treatment. 3D6 treatment also lowered the parenchymal amyloid

Table 1. Study design

Study Antibody n Load dose Maintenance

A TY11–15 40 7.5 mg/kg 3 mg/kg
A 3D6�2a 40 7.5 mg/kg 3 mg/kg
A 266�1 40 7.5 mg/kg 3 mg/kg
B TY11–15 40 7.5 mg/kg 3 mg/kg
B 3D6�2a 40 7.5 mg/kg 3 mg/kg
B 3D6�2a 40 0.75 mg/kg 0.3 mg/kg
B 3D6�2a 40 0.25 mg/kg 0.1 mg/kg
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plaque burden by 98% ( p � 0.0001), whereas 266 showed no
effect. In the 3D6 dose–response study (study B) (Fig. 3), VA�
was again significantly prevented from developing and/or cleared
by 3D6 treatment at the 3.0 mg/kg 3D6 dose level compared with
treatment with the TY11–15 control ( p � 0.0001). There was also
prevention or clearance of VA� at the intermediate dose level (0.3
mg/kg) versus control ( p � 0.016). There was no difference be-
tween the 0.1 mg/kg dose group and the TY11–15 control group
( p � 0.8037). Similar results were obtained with the quantitation
of the percentage area of VA� (Fig. 3f). Although the number of
vessels was not significantly different, apparent partial clearance
of amyloid was observed from vessels in this group at the micro-
scopic level (Fig. 4).

Hemosiderin quantitation
To categorize differences among treatment groups, we developed
a hemosiderin rating scale that reflected the range of staining
densities found within this study. In 12-month-old mice, hemo-
siderin, indicative of microhemorrhage, was nearly undetectable.
In immunized mice, the hemosiderin staining was limited and
confined to the structural boundaries of the vasculature without
spread into the surrounding parenchyma. Focal hemosiderin de-
posits were found in vessels of the leptomeninges of the cortex
(Fig. 5) and the hippocampal thalamic interface, vessels of the
sagittal sinus at the medial cortex, and a few parenchymal vessels
connected to those in the leptomeninges. Hemosiderin was usu-
ally concentrated within macrophage-like cells in these areas (Fig.
5f). The foci of hemosiderin were often associated with altered
VA� morphology. Instead of the characteristic distinct bands and
scales of VA� deposition, the amyloid had an unusual patchy,
degraded appearance or was completely absent. These features
were particularly notable in the leptomeningeal vessels (Fig. 5)
and vessels in the sagittal sinus, which often displayed well devel-
oped VA� morphology in the TY11–15 control groups (Figs. 2,
3).

Hemosiderin staining was predominantly absent or mild in all
treatment groups, with the majority of animals across groups

having scores of 0 or 1 (Fig. 6). Scores in the 3D6 3 mg/kg treat-
ment groups of both studies were significantly higher, indicating
that these were more likely than the control to have hemosiderin
scores �0. In study A, the distributions of hemosiderin scores
were similar in the TY11–15 and 266 groups, indicating that
treatment with 266 antibody did not increase hemosiderin scores.
In the dose–response study, differences between the TY11–15
control group and the 0.1 mg/kg 3D6 and 0.3 mg/kg 3D6 groups
were either significantly reduced or substantially minimized, in-
dicating that the low and intermediate doses were not likely to
increase hemosiderin ratings beyond baseline levels. These dif-
fered from the 3.0 mg/kg group ( p � 0.0003 and 0.0043, respec-
tively), which again significantly differed from controls ( p �
0.0001). Compared with study A, the higher hemosiderin scores
in the 3.0 mg/kg group could be attributable to differences in
antibody exposure levels over time and slightly higher baseline
levels in the cohort, because scores were slightly elevated in the
control group.

Association of VA� clearance and microhemorrhage
The relationship between VA� clearance and microhemorrhage
was established by examining the colocalization of VA� mor-
phology and hemosiderin staining. Significant reduction of vas-

Figure 1. Meningeal foci of VA� are found in the PDAPP mouse model and appear similar to
human VA� deposits. a, Thioflavin S staining reveals A� in midline vessels of an 18-month-old
PDAPP mouse. b, 3D6 antibody detection reveals A� in a similar pattern. c, 3D6 immunohisto-
chemistry similarly labels VA� in a human AD section. d, The leptomeninges and superficial
parenchymal vessels are also major sites of VA� in the PDAPP mouse. Scale bars, 100 �m.

Figure 2. Study A: 3D6 (A�1–5), but not 266 (A�16 –23), clears/prevents VA� at a dose of 3
mg/kg. Representative observations are shown using the midline vessels as examples. a, VA�
in midline vessels in control-treated animals. b, VA� in 3 mg/kg 3D6-treated animals is cleared/
prevented. c, VA� in 3 mg/kg 266-treated animals is similar to the control. The graph shows the
percentage of animals in each group with none or little VA� (white bars) and moderate VA�
(hatched bars). Statistical analyses show significant VA� clearance/prevention by 3D6 com-
pared with the control and 266 groups and no difference in clearance/prevention between the
TY11–15 control and 266 groups. FET p values �0.025, indicated by asterisks in the table, are
statistically significant using the Hochberg method of multiple comparisons. Scale bar, 50 �m.

Schroeter et al. • Immunotherapy Reduces Vascular A� in PDAPP Mice J. Neurosci., July 2, 2008 • 28(27):6787– 6793 • 6789



cular amyloid was observed in the 0.3 and
3.0 mg/kg groups in both studies. The ma-
jority of animals in these groups had he-
mosiderin scores of 0 or 1, indicating that
most brains with reduced VA� had little or
no evidence of microhemorrhage. Several
examples of hemosiderin-negative vessels
with unusually sparse VA� and an eroded
appearance were found in all of the treat-
ment groups (Fig. 4b). These may be ves-
sels in which amyloid was being cleared in
the absence of microhemorrhage. When
hemosiderin staining was seen in 0.1
mg/kg 3D6-treated animals (Fig. 5d), it
was typically accompanied by an unusu-
ally sparse and uneven perivascular distri-
bution of amyloid, possibly indicative of
clearance in progress. These perivascular
patches of amyloid occurred at sites of
vessel-associated hemosiderin labeling
within the cortical meninges, parenchyma,
and the sagittal sinus vessels. Hemosiderin
staining in the 0.3 mg/kg 3D6-treated ani-
mals was also associated with a very scant,
perivascular distribution of amyloid (Fig.
5e). The amyloid morphology was similar
to that in the 0.1 mg/kg 3D6-treated ani-
mals, but amyloid was less abundant, and
some hemosiderin-positive vessels were
cleared of amyloid. Both complete and
partial amyloid removal were observed at
sites of vessel-associated hemosiderin
staining, including the cortical meninges
and parenchyma. In contrast, hemosiderin-positive vessels in the
3 mg/kg 3D6-treated animals were often completely devoid of
amyloid (Fig. 5f). This hemosiderin-positive, VA�-negative fea-
ture was never observed in untreated mice and likely illustrates a
residual hemosiderin “footprint” that occurred in a subset of
vessels with complete VA� removal. Another feature in these
areas was the presence of cells that contained hemosiderin inclu-
sions (Fig. 5f). These macrophage-like cells were not immunore-
active for A� and therefore appear to be a separate population
from the microglia and macrophages that remove parenchymal
amyloid plaques.

Discussion
CAA has been identified as an independent risk factor for cogni-
tive impairment and is associated with significant pathologies
such as hemorrhage and ischemic damage (Greenberg et al.,
2004). In typical cases, progressive CAA leads to the destruction
of smooth muscle cells in the meningeal and parenchymal vascu-
lature, presumably leading to tonal impairment and compromise
of both perfusion and perivascular clearance systems (Christie et
al., 2001; Preston et al., 2003). Currently A�-targeted therapeutic
approaches for AD have not been shown to reduce vascular amy-
loid deposition in chronic in vivo preclinical paradigms. How-
ever, there is evidence that the direct application of amyloid an-
tibodies to the brain (Prada et al., 2007) and blocking the
apolipoprotein E/A� interaction (Sadowski et al., 2006) reduce
VA�.

We show here evidence of the near-complete prevention
and/or clearance of VA� by an N-terminal-specific A� antibody
(3D6) after chronic treatment with a peripherally administered

Figure 3. Study B: VA� is cleared at 3 mg/kg 3D6 and partially cleared at lower doses of 3D6. a, VA� is abundant in lepto-
meningeal vessels in control-treated animals. b, VA� in the 0.1 mg/kg group. c, VA� in the 0.3 mg/kg group is partially cleared.
d, VA� in the 3 mg/kg group is cleared. e, Percentage of animals in each group with none or little VA� (white bars) and moderate
VA� (hatched bars). Statistical analyses show significant VA� clearance/prevention in the 0.3 and 3 mg/kg 3D6-treated groups
compared with the other groups. FET p values �0.025, indicated by asterisks in the table, are statistically significant using the
Hochberg method of multiple comparisons. f, Quantitation of VA� by area shows the same result. Brackets and arrows indicate
VA�. Scale bar, 100 �m.

Figure 4. Morphology of VA� during clearance. a, Rounded masses and bands of intact A�
encompass an unaffected leptomeningeal vessel. b, VA� has a patchy, eroded appearance
during partial clearance. This morphology is not seen in untreated mice. Both images are from
0.1 mg/kg 3D6-treated animals. Scale bar, 50 �m.
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antibody. The effect was likely dependent on the ability to effi-
ciently bind deposited amyloid, because a midregion A� anti-
body (266), which less avidly binds deposited A� in vivo, showed
no evidence of clearing or preventing VA�. Although a growing
body of evidence suggests that the formation and composition of
vascular amyloid may differ from that of parenchymal plaques
(Herzig et al., 2004), antibody 3D6 is competent to prevent
and/or clear both forms and thus may have a broad spectrum of
amyloid-reducing activity. It would be of interest to determine
whether the parenchymal and vascular amyloid-clearing proper-
ties of various A� antibodies with different epitope configura-
tions are obligately linked.

Previous studies investigating the effects of A� immunother-
apy and brain vasculature in APP transgenic mice have reported
an increased incidence of microhemorrhage. However, a clear
cause-and-effect relationship between VA� and microhemor-
rhage has not been described. In this report we showed that vas-
cular amyloid was either prevented from developing and/or
cleared in a majority of vessels without inducing microhemor-
rhage. These results augmented earlier observations by demon-
strating that the incidence of microhemorrhage was associated
with VA� removal. Moreover, the limited areas with microhem-
orrhages were focally restricted to the architectural boundaries of
the vasculature that did not involve the parenchyma. These were
associated with either partial or complete removal of VA�. Im-
portantly, microhemorrhage could be significantly mitigated by
modulating the antibody dose within ranges that still effectively
cleared parenchymal amyloid plaques.

Racke et al. (2005) reported the increased occurrence of mi-
crohemorrhage in PDAPP mice after a significantly larger dose of
3D6 after a 6 week treatment period using 22/23-month-old an-
imals, significantly older than the mice in the current study. No-
tably, the extent of the reported microhemorrhage was also larger
than any observed incidence in the current study, in keeping with
our findings of a positive correlation between antibody dose and
microhemorrhage scores. Our observations agree with their find-
ings regarding the inability of 266 to bind deposited amyloid or
induce microhemorrhage and extend these findings to show that
266 is also not able to prevent or clear VA�.

VA� effects in different APP transgenic mice are likely to vary
according to several important features, including the age of an-
imal during the study interval and the nature of the mutated
protein. Because the compaction of the deposits over time and
the relative degree of A�40 versus A�42 production likely influ-
ence both the aggregation properties of A� and the epitope-
related binding efficiency of antibodies, these factors need to be
considered in cross-comparisons between studies. We used 12-
month-old PDAPP mice that do not have widespread, aggressive
VA� pathology, but reliably develop foci of compacted thioflavin
S-positive meningeal VA� that increases over the 6 month treat-
ment interval.

In contrast, APP transgenic mice with very severe VA� pa-
thology (APP23 mice) develop spontaneous cerebral hemor-
rhage (Winkler et al., 2001), and, similar to human CAA patients,
it is likely attributable to derangement and loss of smooth muscle
cells (Winkler et al., 2001) and other destructive consequences of
A�-related toxicity (Christie et al., 2001). The degree of
treatment-related effects such as microhemorrhage will probably
vary depending on the severity of baseline VA� pathology. Pas-
sive immunization of 21-month-old APP23 mice using an
N-terminal region A� antibody exacerbated the incidence and
extent of the baseline hemorrhage (Pfeifer et al., 2002). However,
subsequent ultrastructural studies did not find structural differ-
ences in the vasculature of treated and nonimmunized control
mice (Burbach et al., 2007). The conclusion was that immuno-
therapy did not lead to or exacerbate overt damage to the vascular
wall, despite the severity of the baseline VA� pathology. The
present study differs from the previous report by examining
PDAPP mice that exhibit little spontaneous microhemorrhage.
In addition, A� and hemosiderin were measured in the same
sections. We documented the colocalization of apparent A� re-
moval and microhemorrhage and found that focal microhemor-
rhage occurred only in a subset of vessels being cleared of amy-
loid. Because our quantitation method did not distinguish
between partially cleared and intact VA�, the absolute degree of
clearance was likely underestimated.

The relationship between clearance of parenchymal and vas-
cular amyloid is not entirely understood. However, recent re-

Figure 5. VA� clearance results in microhemorrhage in a subset of vessels. a– c, Partial (a, b) and complete (c) clearance or prevention of VA� is seen at all doses of 3D6 with no evidence of
microhemorrhage in most animals. d–f, In a subset of mice, microhemorrhage was seen at some sites of partial clearance at lower doses (d, e) and at sites of complete clearance at 3 mg/kg 3D6 (f ).
Arrows indicate phagocytes containing hemosiderin but not amyloid. Scale bar, 100 �m.
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ports indicate that a comodulatory relationship may exist be-
tween the two pathologies, which may be further clarified in the
context of plaque removal (Herzig et al., 2004; Wilcock et al.,
2004; Nicoll et al., 2006). For example, breeding mutant APP
mice with heavy VA� to those with heavy parenchymal plaque
loads actually decreases VA�, suggesting that plaques can provide
a template for A� that would otherwise deposit onto the vascu-
lature (Herzig et al., 2004). Conversely, Wilcock et al. (2004)
showed an increase in VA� during the course of parenchymal
plaque removal in a passive immunization paradigm in aged
mice, suggesting that A� displacement from parenchymal to
vascular compartments may occur during the course of
immunotherapy.

In the current study, we demonstrate that VA� can be pre-
vented from developing or nearly completely cleared during the
course of passive immunization. Our results are in keeping with
recently published studies involving the direct application of an
N-terminal antibody to the brain in which VA� was cleared with-
out evidence of microhemorrhage (Prada et al., 2007). The clear-
ance seen in our studies was accompanied by an increased inci-
dence of microhemorrhage that could be controlled by lowering

the antibody dosage. Because VA� was ultimately prevented
from developing or cleared by the termination of the study, such
microhemorrhages may be transient events in this model and
raise the possibility that A� immunotherapy may offer prophy-
lactic benefit toward CAA progression. Interestingly, a recent
study has shown that immunization with full-length A� peptide
in TG 2576 mice actually improves the integrity of the blood–
brain barrier (i.e., reduced the permeability of Evan’s blue), sug-
gesting that other aspects of A� immunotherapy might have a
positive impact on the vasculature (Dickstein et al., 2006).

We should also note that the mice used in our studies do not
develop the equivalent degree of VA� associated with aggressive
CAA and spontaneous hemorrhage. Therefore, extension of these
outcomes to all forms of CAA would be premature.

To date, no autopsy information is available from passively
immunized patients. However, some information from the au-
topsy studies of AN1792-immunized patients might be relevant
to these findings, because they were found to predominantly pro-
duce N-terminal A� antibodies. Several reports demonstrate re-
duction of parenchymal A� plaque burden with generally high or
even increased CAA (Nicoll et al., 2003; Patton et al., 2006). How-
ever, in more recent cases (�5 years after treatment), evidence of
reduced CAA (J. Nicoll, personal communication) (Boche et al.,
2007) is being documented in treated patients. Thus, the preven-
tion, production, and potential clearance of vascular amyloid in
the context of A� immunotherapy are likely to be dynamic pro-
cesses that warrant further outcome measures in preclinical ani-
mal models and documentation in treated patients.

Approximately 80% of AD patients are affected by at least
mild CAA, in which a subset is more severely affected. These
individuals exhibit clinically detrimental consequences of hem-
orrhage, white matter degeneration, ischemia, and inflammation
(Ellis et al., 1996; Greenberg et al., 2004). The findings from our
study provide evidence that A� immunotherapy can potentially
prevent, mitigate, or even reverse the progression of significant
vascular pathology in PDAPP mice and raise the possibility for a
similar effect in AD patients. Currently, no treatment for CAA is
available, and thus these findings extend the potential therapeutic
benefits of A� immunotherapy.
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