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Pathogenic neoangiogenesis in Alzheimer’s disease (AD) is due to amyloid-beta (Ab) and results in
blood-brain barrier (BBB) leakiness in AD. It likely occurs as a compensatory response to impaired cerebral
blood flow and provides a strong link between brain vascularity and AD. Ab immunotherapy is an
experimental treatment for AD; however, unexpected negative vascular side effects seen in early human
clinical trials demonstrate that our knowledge of Ab and AD pathogenesis is incomplete. We demonstrate
that immunization with Ab peptides neutralizes the amyloid trigger leading to neoangiogenesis and reverses
hypervascularity in Tg2576 AD mice. This process resolves plaque burden suggesting that neoangiogenesis
is a key mechanism underlying plaque formation. A meta-analysis demonstrated that hypervascular
reversion in vaccinated Alzheimer’s patients. This appears to be the first example of vascular reversion
following any therapeutic intervention and supports the conclusion that modulation of neoangiogenesis
may repair damage in the AD brain.

A
lzheimer’s disease (AD) is a progressive neurodegenerative disorder and is the leading cause of dementia
in the elderly1. A key neuropathological hallmark of AD is the presence of extracellular neuritic plaques
comprised of the amyloid-beta peptide (Ab)1. According to the amyloid cascade hypothesis, Ab is

produced from the aberrant proteolytic cleavage of the amyloid precursor protein (APP). This results in the
overproduction of the 4 kDa Ab peptide, which is toxic to neurons and synapses either as an insoluble aggregate
or as soluble oligomers2. While the amyloid cascade hypothesis implicates Ab as the main cause of neuronal death
in AD it does not address the effect of Ab on brain vasculature. Recent pre-clinical and clinical studies indicate
that vascular risk factors may play a role in the pathogenesis of AD3, specifically resulting in neurovascular
dysfunction leading to increased vascular permeability4 and hypervascularization5. Impaired cerebral blood flow
(CBF) may be the driver for a compensatory response that results in pathogenic angiogenesis in AD.

AD is currently unpreventable and incurable; however, drugs currently available on the market (reviewed by6)
are marginally effective and only treat disease symptoms. There have been several approaches in the development
of disease modifying treatments for AD (reviewed by7). The majority of these therapeutic strategies have focused
on different aspects of Ab metabolism including modifying production, preventing aggregation, enhancing
elimination and increasing degradation. Ab immunotherapy is an experimental treatment option that has
received considerable attention8. Evidence supporting immunization as a strategy for treating AD comes from
preclinical studies using various AD mice models (summarized by9) that were actively immunized with fibrillated
Ab1-42 using two different strategies: preventative (prior to disease onset) or therapeutic (well-after disease onset).
Supplementing these finds, we have previously demonstrated that active Ab immunization restores blood-brain
barrier (BBB) integrity in an AD mouse model10.
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The overall positive effects of the preclinical Ab immunization of
AD mice encouraged a clinical human trial by Elan/Wyeth in late
199911. However, unexpected negative vascular side effects12 pre-
vented these therapies from reaching patients. The incomplete clin-
ical trial had mixed results including reduced plaque pathology but
persistent taupathies13. This demonstrates that our knowledge of Ab,
AD pathogenesis and the blood-brain barrier (BBB) is incomplete.
Recently, we proposed the hypothesis that amyloidogenesis pro-
motes extensive neoangiogenesis leading to increased vascular per-
meability and subsequent hypervascularization in AD5. We further
hypothesized that active Ab immunization might resolve this patho-
physiological feature of AD. Here we demonstrate that active
immunization with Ab reverses BBB breakdown at the level of the
tight junction (TJ), which creates the physical seal of the BBB.
Moreover we found that immunization with Ab caused a reversion
of hypervascularization as indicated by a decrease in microvessel
density to levels similar to control mice. While the exact mechanism
for Ab immunotherapy remains to be clarified14, it is clear that the
burden of Ab is reduced in the plasma and may directly or indirectly
affect the vasculature. This appears to be the first example of vascular
reversion following any therapeutic intervention and provides the
proof of concept that neoangiogenesis modulation may repair
damage in the AD brain.

Results
Immunized Tg2576 mice exhibit reduced Ab plaque pathology.
Tg2576 (Tg/1) mice immunized with Ab had an overall reduction in
parenchymal Ab plaques (Figure 1). Therapeutically treated Tg/1
with Ab had a decrease in Ab plaque pathology (Figure 1B). A
complete elimination in Ab plaques was seen in the Tg/1 mice
preventatively immunized with Ab (Figure 1D). The number of pla-
ques was quantified (Figure 1 and Table 1), by image thesholding,
confirming previous results10 showing an overall reduction plaque
burden in Ab immunized Tg2576 mice.

Immunized Tg2576 mice exhibit reduced cerebrovascular tight
junction pathology. Ab immunization can restore the BBB integ-
rity10 but the effect on the expression of TJ proteins like ZO-1 is un-
known. Using both preventatively and therapeutically immunized
mice, with either Ab or PBS, the morphology of cerebrovascular

ZO-1 expression was imaged (Figure 2). Normal ZO-1 expression
was visualized as strong, continuous and uninterrupted staining
patterns. Indistinguishable regardless of brain region (neocortex or
hippocampus), wild-type (1/1) mice immunized with either Ab or
PBS had normal ZO-1 staining patterns (Figure 2A–D). Tg/1 mice
immunized both preventatively and therapeutically with Ab
exhibited normal ZO-1 expression in the capillaries (Figure 2G
and H) similar to 1/1 mice. Abnormal expression appeared as
weak, punctuate and/or discontinuous staining (white arrowheads;
Figure 2E, F, I and J). Tg/1 mice receiving PBS had marked TJ
pathology (Figure 2E and F). Interestingly, Tg/1 mice immunized
with Ab displayed some abnormal TJ pathology mainly in larger
vessels (Figure 2I and J). The shift in abnormal ZO-1 expression
from the capillaries to the larger vessels in the Ab immunized Tg/
1 mice mimicked the observed increase in vascular abnormalities
observed in cerebral amyloid angiopathy (CAA) pathology12.

The incidence of TJ pathology was quantified by scoring the per-
centage of cerebrovasculature with intact versus abnormal ZO-1
morphology. Tg/1 mice immunized with PBS, both preventatively
and therapeutically, had a significantly higher percentage of dis-
rupted TJ expression in the neocortex and hippocampus compared
to their 1/1 counterparts immunized with PBS (Figure 2K–N).
Consistent with previous data10, Tg/1 mice preventatively immu-
nized with Ab displayed a significantly lower percentage of abnormal
vascular TJ expression in the neocortex and hippocampus (averaging
10%; *p , 0.05, 2-way ANOVA) compared to their PBS transgenic
counterparts (Figure 2K and L). The level of TJ disruption in these
mice was similar to 1/1 controls injected with both Ab and PBS.
Moreover, TJ pathology in Tg/1 mice immunized therapeutically
with Ab exhibited a significant decrease (averaging 10%; *p , 0.05,

Figure 1 | Reduced plaque pathology in Tg2576 mice immunized with Ab. Immunized Tg/1 mice, with either Ab or PBS, were immunolabeled for Ab

plaques (green). Therapeutically immunized Tg/1 mice with PBS (A) or Ab (B). Preventatively immunized Tg/1 mice with PBS (C) or Ab (D). Lower

panels correspond to the Ab threshold mask used to quantify the number of plaques, in white. Scale bar, 200 mm. The cortex (CTX) and hippocampus

(CA1, CA2, CA3 and dentate gyrus (DG)) have been labelled. In all panels, data are representative of three experiments performed with Ab and PBS

treated Tg/1 mice as compared to the 1/1.

Table 1 | Ab immunized Tg2576 mice have reduced plaque count.
The number of Ab plaques and the percentage of Ab staining
relative to the total area of the was quantified based on Figure 1

Therapeutically immunized Preventatively immunized

Immunogen PBS Ab PBS Ab

Ab plaque count 504 331 199 55
% of Ab staining 0.54 0.40 0.38 0.04
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Figure 2 | Ab immunized Tg2576 mice had reduced ZO-1 abnormalities. Cerebrovasculature from 1/1 (A–D) and Tg/1 (E–J) mice

immunolabeled for ZO-1 (red) and counterstained for DNA (blue) that were immunized with either with PBS (A, B, E and F) or Ab (C, D, G and H)

preventatively or therapeutically. Normal ZO-1 expression in 1/1, PBS (A and B), 1/1, Ab (C and D) and Tg/1, Ab (G and H). Abnormal ZO-1

expression in Tg/1, PBS (E and F) and larger vessels of Tg/1, Ab (I and J). Scale bar, 20 mm. In all panels, micrographs are representative of three

experiments performed with Ab and PBS treated Tg/1 mice as compared to the 1/1. The percentage of cerebral blood vessels with abnormal ZO-1

expression patterns was quantified. Results were consistent between immunization strategies, preventative (K and L) and therapeutic (M and N), and

brain regions, cortex (K and M) and hippocampus (L and N). In the preventative strategy: 1/1, PBS, n 5 3; Tg/1, PBS, n 5 4; Ab, 1/1, n 5 3; Tg/1,

Ab, n 5 3. In the therapeutic strategy: 1/1, PBS, n 5 4; Tg/1, PBS n 5 3; 1/1, Ab, n 5 4; Tg/1, Ab, n 5 5. Values are expressed as mean 6 SEM and are

pooled from 3 separate experiments, *p , 0.05, **p , 0.01, ***p , 0.001.
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Figure 3 | Ab immunized Tg2576 mice have reduced microvascular density. CD105 (green) cerebrovasculature staining regardless of the (A) absence or

(B) presence (white arrowheads) of ZO-1 (red) abnormalities. Ubiquitous ‘‘hotspot’’ staining of CD105 in the cortex of a preventatively immunized Tg/1

mouse with either (C) PBS or (D) Ab. Scale bars, 20 mm. In all panels, micrographs are representative of three experiments performed with Ab and PBS

treated Tg/1 mice as compared to the 1/1. Significantly MVD increased in Tg/1, PBS compared to Tg/1, Ab and 1/1, PBS immunized

either (E) preventatively (n 5 4 for all groups) and (F) therapeutically (1/1, PBS, n 5 4; Tg/1, PBS, n 5 3; 1/1, Ab, n 5 4; Tg/1, Ab, n 5 4). The

average brain to body weight ratio was not significant between mice immunized either (G) preventatively (1/1, PBS, n 5 5; Tg/1, PBS, n 5 4;

1/1, Ab, n 5 5; Tg/1, Ab, n 5 3) or (H) therapeutically (1/1, PBS, n 5 4; Tg/1, PBS, n 5 4; 1/1, Ab, n 5 5; Tg/1, Ab, n 5 5). Values are expressed as

mean 6 SEM and are pooled from 3 separate experiments, *p , 0.05, ***p , 0.001.
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2-way ANOVA) in TJ pathology compared to Tg/1 mice immu-
nized with PBS in both the neocortex and hippocampus (Figure 2M
and N). Furthermore, therapeutic Ab immunization was able to
restore TJ protein expression to levels similar to 1/1. It is important
to note that PBS or Ab treated 1/1 mice resulted in minimal TJ
disruption.

Angiogenesis in immunized Tg2576 brains. The microvascular
density (MVD) is increased, by extension angiogenesis, in aged
Tg2576 mice5 with disease progression and severity. Does active
Ab immunization alter the MVD in AD mice? CD105 staining was
used to quantify the MVD, which was ubiquitous in the cere-
brovasculature regardless of the absence (Figure 3A) or presence
(Figure 3B) of TJ abnormalities. Representative examples of the
ubiquitous CD105 ‘‘hotspot’’ staining in immunized (preventa-
tively) Tg2576 mice with PBS (Figure 3C) or Ab (Figure 3D)
demonstrates the MVD qualitatively. Tg/1 mice preventatively
immunized with PBS had over double the MVD (0.4560 6 0.0072;
***p , 0.001, 2-way ANOVA) compared to their PBS immunized
1/1 counterparts (0.1951 6 0.0130) (Figure 3E). In contrast, the
MVD in Tg/1 mice preventatively immunized with Ab was signifi-
cantly reduced compared to their PBS administered Tg/1 geno-
type counterparts (0.1972 6 0.0075; *p , 0.05, 2-way ANOVA)
(Figure 3E) and at a similar level observed in 1/1 animals. The
MVD in the therapeutically treated mice mirrored the observations
in the mice immunized preventatively. Tg/1 mice immunized after
disease onset with PBS (0.4939 6 0.0077) had over double the MVD
compared to PBS-immunized 1/1 mice (0.2044 6 0.0222; ***p ,

0.001, 2-way ANOVA) (Figure 3F). As seen in the Tg/1 mice
immunized prior to disease onset, Tg/1 mice immunized with Ab
after disease onset also had a significantly reduced MVD (0.2180 6

0.0130; *p , 0.05, 2-way ANOVA) compared to Tg/1 mice immu-
nized with PBS (Figure 3F). In short, Tg2576 mice immunized with
Ab had significantly lower vascular densities (50%) compared to
wild-type mice and PBS treated Tg2576 mice. Changes in vascular
density were independent of the physical size of the brains
(Figure 3G and H).

Furthermore, a Meta-analysis (see Appendix 1) that quantified the
endothelial (laminin staining) in the grey and white matter in a
vaccinated Alzheimer patient, as originally described by15, was con-
ducted. Overall, brains from immunized patients had a reduced
apparent vascular density compared to relevant controls. In the grey
matter, 390 brain endothelia were identified in the untreated AD
patient compared to 262 brain endothelia in the immunized AD
patient (a 33% reduction after immunization). Similarly, in the white
matter, 536 brain endothelia were identified in the untreated AD
patient compared to 402 brain endothelia in the immunized AD
patient (a 25% reduction after immunization).

Discussion
Ab immunotherapy continues to be explored as an experimental
treatment option for AD. However, the unexpected negative vascular
side effects seen in the early clinical trials of the human AD vaccine
have prevented these therapies from reaching AD patients. The
recent evidence suggests some optimism on this front16. Our object-
ive in the current study was to determine if immunization with Ab
peptides can resolve amyloidogenesis-triggered angiogenesis and
hypervascularity in Tg2576 AD mouse. We find a dramatic reversion
of hypervascularization follows immunization with Ab. This appears
to be the first example of vascular reversion where vascular density
reverts to normal levels following therapeutic intervention. These
findings clearly support a vascular angiogenesis model for AD patho-
physiology and provide the first evidence that modulating angiogen-
esis, repairs damage in the AD brain.

BBB dysfunction was initially identified in animal models of AD17

and was later confirmed as a prominent, though unexplained, clinical

feature of AD in patients18. We recently proposed a new hypothesis
that is consistent with the literature relating to the BBB in AD:
amyloidogenesis promotes extensive neoangiogenesis leading to
increased vascular permeability and subsequent hypervasculariza-
tion in AD5. In this model, pathological angiogenesis in AD may
occur as a compensatory response to impaired CBF that induces
neuroinflammation (releasing pro-angiogenic cytokines) and Ab,
which also acts as promoter of angiogenesis.

Here we demonstrate that Ab immunization modulates pro-
angiogenic signals in treated Tg2576 mice that overexpress the
human APP695 containing the double missense Swedish mutations
(K670N/M671L), which causes early-onset AD. The relative amount
of angiogenesis can be quantified through the average microvascular
staining densities of CD105 in the brain19,20. The Tg2576 mice immu-
nized with Ab had significantly lower vascular densities (50%) com-
pared to wild-type mice and PBS treated Tg2576 mice. This result
was mirrored in a Meta-analysis in vaccinated human AD patients.
Again this demonstrates that angiogenic signals are reduced when
Ab is removed. It is presumed that neuroinflammation, a patho-
logical feature of AD21, is reduced as a result of amyloid immunother-
apy. The removal of the toxic Ab species22 by active immunization
would reduce neuroinflammatory cytokines like IL-1b, which can
induce angiogenesis23. While the direct involvement of Ab in influ-
encing angiogenesis is controversial, recent evidence supports this
hypothesis. Cameron et al.24 demonstrated Ab can directly influence
angiogenesis via notch signalling. The authors suggest that Ab acts as
competitive inhibitor to de-repress signals for angiogenesis.

In vivo (reviewed by9) and clinical25 studies have demonstrated the
efficacy of active Ab1-42 immunotherapy in treating AD and AD-like
neuropathology; however, in this report we used Ab1-40 that repli-
cated the earlier findings10. Although Ab1-40 and Ab1-42 have been
cut from the same cloth, they do not share the same biochemical26

and pathophysiological properties. The soluble Ab1-40 species is
associated with the BBB and therefore CAA27. The insoluble Ab1-42

species is mainly found in senile plaques28. Post active vaccination
with Ab1-42 results in the reduction of Ab1-42 (reduction in plaques)
and evidence exists for the increase in Ab1-40 in patients29 (increase in
CAA). Furthermore, an increase in cerebrovascular deposits of
Ab1-42 has also been observed30, which has been interpreted as part
of a faulty perivascular drainage mechanism12.

A side effect observed in the failed clinical Ab immunization trial
was increased CAA-associated cerebral microhemorrhaging31, also
noted in a variety of AD mouse models after active32 and passive33

immunization. Normally, excessive Ab accumulation triggers
neoangiogenesis resulting in the disruption of the TJs and BBB dys-
function. Microvascular leakage ensues allowing peripheral amyloid
to enter the brain and coalesce as neurotoxic amyloid plaques.
Cerebrovascular damage is further exasperated by and Ab induced
ROS derived from NADPH-oxidase34. During immunization how-
ever, various Ab clearance mechanisms are activated including opso-
nization, microglia removal and antibody disaggregation. As Ab
plaques are dissolved, solubilized Ab is removed from the brain
parenchyma along perivascular drainage routes35. Immunization
therefore neutralizes the pro-angiogenic signal by stimulating an
immune response to Ab but other aspects of the disease, once
formed, may be unresolved by immunization. For unknown reasons,
the perivascular drainage of Ab is halted and becomes deposited in
the cerebral arteries, resulting in CAA. As noted earlier, the primary
Ab species found deposited in the CAA-affected vasculature is the
more soluble Ab1-40, believed to be of neuronal origin36. This model
may ultimately explain the emergence of CAA in the failed human
AD Ab immunization trials31.

Recently, the anti-proliferative drug bexarotene (Targretin), an
oral anti-cancer agent, has been shown to reduce plaque burden
and increase memory performance in animal models of AD37. This
study interprets bexarotene acting on retinoid X receptors to

www.nature.com/scientificreports
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upregulate transcription of apoE, a protein that is implicated in
amyloid beta plaque degradation37. The improvement in hippocam-
pal function is ultimately attributed by the reduction of plaque accu-
mulation or turnover, nevertheless, other modes of action in AD are
possible. Bexarotene is also known to modulate the transcription of
genes that are involved in cell migration, proliferation and apopto-
sis38. Moreover, in vitro, bexarotene has shown to directly exhibit an
anti-angiogenic effect by downregulating pro-angiogenic factors39.
These data and those presented herein, therefore directly point
towards reversing cerebrovasculature angiogenesis as a new thera-
peutic modality for AD.

Methods
Mice. Tg2576 transgenic (Tg/1) mice were used in this study. These mice express
human APP695 containing the Swedish mutation (K670N/M671L)40, under control
of the hamster prion protein promoter (Taconic). Mice were maintained on mixed
C57Bl6/SJL background by mating heterozygous Tg2576 males to C57Bl6/SJL F1
females. Wild-type (1/1) littermates were used as controls. Mice were fed standard
lab chow and water ad libitum and kept under a 12 hour light/dark cycle. All animal
procedures were conducted with approval by the University of British Columbia
Animal Care Committee.

Ab vaccination. Ab vaccination was performed as described by10. Briefly, two
separate active vaccination strategies were carried out, therapeutic and preventative.
In the preventative immunization approach, mice were vaccinated beginning at 6
weeks of age and sacrificed at 12 months of age. Mice used in the therapeutic strategy
were vaccinated beginning at 11 months of age and sacrificed at 15 months of age. Ab
peptide was freshly prepared from lyophilized powder for each set of injections. For
immunizations, 2 mg of Ab (human Ab1-40, Bachem) was added to 0.9 mL of
deionized water and thoroughly mixed. Then 100 mL of 103 PBS was added to obtain
a final 13 PBS concentration. The solution was vortexed and placed at 37uC
overnight until use the next day. Ab1-40 (100 mg antigen per injection) or PBS
(control) was mixed 151 (v/v) with complete Freund’s adjuvant (CFA) for the first
immunization. This was followed by a boost with Ab1-40 (100 mg) or PBS mixed 151
(v/v) with incomplete Freund’s adjuvant (ICFA) at two weeks and monthly thereafter.
From the fifth immunization onward, straight PBS or Ab were injected. Injections
were performed i.p.

Tissue preparation. Tissues were prepared as previously described by10. Mice were
terminally anesthetized with ketamine/xylazine (100 mg/kg; 10 mg/kg) and perfused
with PBS for 5 minutes. Brains were then rapidly excised, olfactory bulbs and
cerebellum removed, weighed and post-fixed in 4% paraformaldehyde for four days at
4uC. The brains were then imbedded in paraffin and sectioned serially at 5 mm.
Paraffin embedding, sectioning, and dewaxing were performed by Wax-it Histology
Services Inc. (Vancouver). Average brain to body mass ratios were compared
amongst the preventatively and therapeutically mice.

Immunostaining. Dewaxed paraffin sections underwent antigen retrieval using a
conventional stovetop pressure cooker using 20 mM Tris with 0.7 mM EDTA buffer
(pH 9.0) at full steam for 5 minutes. Cooled slides were then incubated in blocking
buffer (25% normal goat serum; 3% BSA; 0.3% Triton X-100, Sigma) for 1 hour at
room temperature. Primary antibodies used included rabbit anti-ZO-1 (15200,
Invitrogen), mouse anti-human CD105 (1520, DAKO), and mouse anti-Ab1-16

(6E10) (152000, Covance). Primary antibody staining was performed overnight at 4C
in staining buffer (10% normal goat serum; 3% BSA; 0.3% Triton X-100). Secondary
antibodies used were complimentary to the species of the primary conjugated with
either Alexa Fluor dyes 488 or 568 (15500, Invitrogen). Secondary antibody staining
was performed at room temperature for 1 hour in staining buffer. TOTO-3 (1510000,
Invitrogen) was used for nuclear counterstaining. Sections were washed in PBS with
0.1% Tween-20 (Sigma) three times for 5 minutes each between staining steps.
Stained sections were coverslipped using Fluoromount-G (Southern Biotech) and
allowed to air dry in the dark overnight.

Confocal and quantitative analysis of tight junction morphology. Brain sections
were analyzed from paraffin blocks from every fifth section. Images were taken on a
Zeiss LSM510 Meta (Zeiss, Germany) using a 403/1.3 oil-immersion Plan-Neoflaur
objective. The composite projected image was imported into Adobe Photoshop, at
600 dpi, and optimized for contrast and brightness. Quantitative analysis of tight
junction morphology was analyzed according the methodology described previously5.
Confocal data sets represented approximately 100 cerebral blood vessels from both
young and aged Tg2576 and littermate controls in the frontal cortex and
hippocampus. Individual vessels were scored as either normal (1) or abnormal (0) for
ZO-1 expression. Normal ZO-1 expression was judged as strong, continuous, intense
and linear staining. In contrast, abnormal ZO-1 expression was judged as weak,
punctate and/or discontinuous staining. Abnormal ZO-1 blood vessel expression was
compared to normal blood vessels found in normal control or in normal vessels in
diseased brains. To minimize the recording of incomplete or undulating vessels as
abnormal, due to observed ‘‘gaps’’ in ZO-1 staining, evidence of vessel continuity was
sought in the images. For example, the presence of stained nuclei (with TOTO-3) or

punctate or diffuse ZO-1 remnants was used to localize the position of abnormal gaps
along the vessel tract. The incidence of tight junction disruption was defined as the
average percentage of blood vessels in a given region of brain that displayed abnormal
tight junction morphology. Ab was imaged with a Zeiss LSM 710 Laser Scanning.

Microvessel density quantification. Microvessel density was quantified by confocal
microscopy using the methods described previously5. Using CD105 as a brain
angiogenic endothelial marker19, images of optimal fluorescent intensity were
acquired and analyzed using the Zeiss LSM510 Meta software. Areas within the brain
section containing high density (‘‘hotspots’’) CD105 staining were imaged using the
203/0.45 N-Achroplan objective using the confocal imaging parameters mentioned
previously. The total fluorescence area (TFA) in mm2 was integrated above
background, by the software, for each hotspot. The average TFA from four different
hotspots per mouse was quantified. The TFA was used as a numerical representation
of the total microvessels stained by the CD105 antibody. The microvascular density of
the imaged field was expressed as a ratio of the TFA to the total area of the image.

Meta-analysis of vascular densities in human tissues and Ab quantification was
performed with a custom script using MatLab (v7.10.0.499, R2010a). The edges of the
sections were detected using a segmentation algorithm to calculate the total area of
each section. A threshold value was then calculated using the Sobel operator, which
was tuned to 50% to obtain a binary mask for each section. To quantify Ab and
laminin, the images were first converted into grayscale and then into black and white,
using a threshold level of 0.6. Every pixel above this threshold level has been quan-
tified as either Ab or laminin, respectively. Eight or more connected white pixels,
within the mask, were considered as either a plaque or endothelia. The percentage of
Ab staining was calculated by dividing the number of pixels above the threshold by
the number of pixels of the total area of the tissue section. Images used in the Meta-
analysis have been cropped to remove the original authors figure labelling. The Meta-
analysis images were inverted to increase contrast.

Statistical analysis. All experiments were performed at least three times in triplicate.
Statistical comparisons between Tg2576 (Tg/1) AD mice and wild-type (1/1)
control littermates immunized with PBS or Ab in the different immunization
strategies were performed with 2-way ANOVA for unmatched values with
Bonferroni post-tests. All statistical analyses were performed using GraphPad Prism
(v5.01 for Windows, GraphPad Software, San Diego California USA,
www.graphpad.com). p-values less than 0.05 were considered significant.
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