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Occurrence of amyloid � (A�) dense-core plaques in

the brain is one of the chief hallmarks of Alzheimer’s

disease (AD). It is not yet clear what factors are re-

sponsible for the aggregation of A� in the formation

of these plaques. Using Tg2576 and PSAPP mouse

models that exhibit age-related development of amy-

loid plaques similar to that observed in AD, we

showed that �95% of dense plaques in Tg2576 and

�85% in PSAPP mice are centered on vessel walls or

in the immediate perivascular regions. Stereoscopy

and simulation studies focusing on smaller plaques

suggested that vascular associations for both Tg2576

and PSAPP mice were dramatically higher than those

encountered by chance alone. We further identified

ultrastructural microvascular abnormalities occur-

ring in association with dense plaques. Although oc-

currence of gross cerebral hemorrhage was infre-

quent, we identified considerable infiltration of the

serum proteins immunoglobulin and albumin in as-

sociation with dense plaques. Together with earlier

evidence of vascular clearance of A� , our data suggest

that perturbed vascular transport and/or perivascular

enrichment of A� leads to the formation of vasocen-

tric dense plaques in Tg2576 and PSAPP mouse mod-

els of AD. (Am J Pathol 2005, 167:527–543)

Alzheimer’s disease (AD) is characterized by progressive

deposition of the amyloid � protein (A�) in brain regions

responsible for memory and cognition. The chief constitu-

ents of A� plaques are the A� peptides, A�40 and A�42,

and according to the proposed amyloid hypothesis, A� is

the key pathogenic molecule in the causation of AD.1 Ac-

cordingly, mutations causing autosomal-dominant forms of

AD identified within the A� precursor protein (APP) or pre-

senilin proteins (PS1 and PS2)2 increase the production of

total A� (A�40 and A�42) or A�42.3 However, the precise

mechanism by which A� is neurotoxic, or deposited in

plaques, has not been, as yet, resolved.

A variety of A� plaques are described in AD that range

from diffuse to highly compacted plaques, the latter often

contain a dense amyloid core and stain with fibril-binding

dyes such as thioflavin S (ThS).4 Consistent with in vitro

neurotoxic properties of fibrillar A�,5 dense plaques are

associated with neuronal loss and a significant amount of

neuritic pathology in the form of dystrophic neurites with

vesicular organelles, dense bodies, and paired helical

filaments.4 A third form of A� deposition is in the walls of

small arteries and arterioles within the leptomeninges and

cortex as a segmental or concentric amyloid deposit

(cerebral amyloid angiopathy, CAA).6,7 With the recogni-

tion of A� deposition in vessels, considerable efforts have

been devoted to studying the relationship between ves-

sels and parenchymal A� plaques.7–16 However, to date

only one such entity has been accepted as a bona fide

but smaller version of parenchymal A� plaques called

drusige Entartung der Hirnarterien und capillaren or dy-

shoric angiopathy.7,17 These deposits involve smaller
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cortical arterioles and capillaries, and amyloid fibrils ex-

tend from the vessel into the surrounding neuropil and

are associated with dystrophic neurites.18

In a rare familial AD associated with the Flemish APP

substitution (Ala 692 Gly),19 we recently reported that

almost all dense-core plaques from various brain regions

enclosed vessels or were associated with vessel walls.15

Remarkably, dyshoric angiopathy was not only observed

for capillaries and small arterioles, but also medium-sized

arterioles.15 Findings such as these have also been re-

ported in rare familial forms of AD.20 Recently, transgenic

mouse models have been developed that exhibit pro-

gressive age-related A� plaques and CAA similar to that

observed in AD.21–24 Specifically, the dense plaques

closely resemble human pathology, with neuritic dystro-

phy and neuronal loss in the surrounding parenchyma.25

The aim of this study was to explore the anatomical

relationship between vessels (or vascular A�) and dense

plaques in transgenic AD mouse models. In addition, we

explored changes in vascular densities and structural

microvascular abnormalities described previously in

AD.13,26 Using two AD mouse models—Tg2576 (APP/Sw

or APPK670N/M671L; line Tg2576)22 and bigenic PSAPP

(APP/Sw X PS1M146L; line 6.2)23,27—we showed that the

majority of the dense plaques are centered on vessel

walls. We also showed considerable structural microvas-

cular damage and blood-brain barrier (BBB) abnormali-

ties in the vicinity of dense plaques.

Materials and Methods

Transgenic Mice

A total of 16 brains from hemizygous Tg2576 (n � 10,

APPK670N/M671L)22 and bigenic PSAPP (n � 6, Tg2576 X

PS1M146L line 6.2)23,27 mice were studied. Tg2576 mice

comprised four males (15, 17, 24, and 25 months of age)

and six females (10 months of age, n � 2; 13 months of

age, n � 2; and 17 and 24 months of age, n � 1 each);

and PSAPP mice were three males (5, 11, and 20 months

of age) and three females (5 months of age, n � 1; and 11

months of age, n � 2). Tg2576 founder was made in

Swiss Webster X C57BL6/DBA2 hybrid and subsequently

backcrossed to C57BL6/SJL, Swiss Webster, or B5/SJL-

Swiss Webster F1. PSAPP were chiefly in Swiss Webster/

C57D2F1. Control nontransgenic mice in C57BL6/D2AF1

were 12, 18, and 24 months of age (n � 2 each). Mice

were euthanized by cervical dislocation, and either the

right or both hemispheres were immersion-fixed in 10%

neutral buffered formalin (Tg2576) or 4% buffered para-

formaldehyde for 18 hours (PSAPP) and embedded in

paraffin, oriented coronally or sagittally. One PSAPP

mouse that died immediately before being euthanized

was also included in this study. In addition, tissue was

also prepared for electron microscopy (see further). All

animal experiments were approved by the University of

Antwerp ethics committee and conducted according to

the guidelines of the University of Antwerp and the Na-

tional Institutes of Health.

Immunohistochemistry and Image Acquisition

for A� and Vessel Markers on Paraffin-

Embedded Specimens

For A� immunohistochemistry, the following antibodies

were used: biotinylated-4G8 (A�17-24; Signet, Dedham,

MA); 6E10 (A�5-11, Signet); JRF/A�N/11 (A�1-7);28 JRF/

cAb40/10, R209, and FCA3340 (specific for A�40);28

and, JRF/cAb42/12, R226, and FCA3542 (specific for

A�42).28 Different antibodies on serial sections gave con-

sistent staining patterns for dense plaques, which were

defined as dense circumscribed aggregates, chiefly

composed of A�40, and larger than 5 �m in diameter with

clear limiting margins. Dense plaques recognizable on

immunohistochemistry were also ThS-positive (see fur-

ther). Dense vascular deposits were rejected when A�

was confined to the vessel walls. Dyshoric angiopathy in

which A� deposition involves parenchyma was consid-

ered as dense plaques. Furthermore, based on high

specificity and almost no background, biotinylated-4G8

with 70% formic acid pretreatment for 5 minutes at room

temperature was used for plaque-vascular association

studies.

Utility of a panel of antibodies and lectins was explored

as markers of murine vasculature: Ricinus communis ag-

glutinin (RCA) I; Ulex europaeus agglutinin (UEA) I; Grif-

fonia (Bandeiraea) simplicifolia (GSL I-B4) (Vector Labora-

tories, Peterborough, UK); anti-mouse collagen IV

(Chemicon, Temecula, CA); human smooth muscle cell,

SMA (DAKO, Glostrup, Denmark); and three anti-mouse

CD31 (PharMingen, San Diego, CA; Chemicon; and

Cymbus, Hants, UK). From these markers, GSL I-B4 and

collagen IV emerged as the most efficient murine vascu-

lar markers and were subsequently used in this study.

However, the reactivity of GSL I-B4 (as well as of other

endothelial markers) was substantially reduced in areas

of dense plaque deposition. On the other hand, collagen

IV immunoreactivity although relatively stable in plaque-

rich areas, did not recognize all small vessels. Hematox-

ylin and eosin (H&E) stain was invariably used in con-

junction with immunostaining because it was useful in

identifying degenerating microvessels. For some series,

Verhoeff’s-van Gieson elastica stain was also used with

biotinylated-4G8 histochemistry.

All immunohistochemical procedures were performed

as detailed elsewhere.15 Briefly, double immunohisto-

chemistry was performed using species-specific or IgG

subtype-specific secondary antibodies, conjugated to bi-

otin for an additional amplification step or directly to

horseradish peroxidase, alkaline phosphatase, or galac-

tosidase. For monoclonal anti-A� antibodies, mouse-on-

mouse kit (DAKO Ark system) was used. Color was de-

veloped with 3�3�diaminobenzidine (Roche, Nutley, NJ),

3-amino-9-ethylcarbazole (Roche), 5-bromo-4-chloro-3-

indolyl-phosphate/nitro blue tetrazolium solution (Roche),

or 5-bromo-4-chloro-3-indolyl-D-galactopyranoside (X-

gal, Roche). Sections were counterstained with

hematoxylin.

For each specimen, 40 serial sections of 4 �m thick-

ness were sliced for two to three such series, spaced
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�50 �m apart. Dense plaques were systematically sam-

pled on 4 to 10 random fields (depending on the objec-

tive used, see below) from the rhinal, frontal, hindlimb

motor, cingulate, occipital cortices, hippocampus, as

well as thalamus. All plaques encountered in the 11th to

30th section (80 �m) of each series were followed seri-

ally. An additional 10 flanking sections (thus 40 �m fur-

ther on each end) were used only to conclude the

plaques already being analyzed. Those that could not be

concluded were rejected. For two mice we studied the

entire brain region. For this, all plaques appearing on

coronal brain slices for a Tg2576–24m (n � 210 plaques)

and sagittal slices for a PSAPP-5m (n � 258 plaques)

were studied with the above strategy. Images were

grabbed by a �20 lens covering a field of 0.092 mm2 and

occasionally by a �40 (0.023 mm2), archived into Analy-

SIS (Soft Imaging System, Münster, Germany) with each

plaque being assigned a unique identity, montaged, and

studied serially. More than 350 montages were gener-

ated with �35 Gb of images.

Assessment of Vascular Density,

Microhemorrhages, and Serum Protein

Infiltration

For vascular density assessments, two mice each of 11-

to 13-month-old nontransgenic, Tg2576, and PSAPP

mice were analyzed with GSL I-B4, collagen IV, and goat

anti-mouse immunoglobulin (Ig; Southern Biotechnology

Inc., Birmingham, AL). Three images were grabbed by a

�20 objective (0.092 mm2) from three serial sections

from five cortical (rhinal, frontal, hindlimb motor, cingu-

lated, occipital), hippocampal, and thalamic regions and

were analyzed by densitometry as described earlier.29

Sixteen Tg2576 and PSAPP mice grouped as young

(�3 months, n � 7), adult (15 to 20 months, n � 4), and

old (24 to 25 months, n � 5) together with nontransgenic

mice of 12, 18, and 24 months (n � 2 each) were inves-

tigated for fresh or late microvascular hemorrhage (by

H&E and Pearls’ Prussian blue, respectively) and for

parenchymal serum protein infiltration (Ig and albumin

immunostaining). For Ig staining, sections were treated

with 1:50 biotinylated goat anti-mouse Ig (DAKO) over-

night and detected by streptavidin-biotin-horseradish

peroxidase and 3�3�diaminobenzidine. For albumin stain-

ing, utility of three polyclonal antibodies was tested: bio-

tinylated rabbit anti-mouse albumin (Autogen Bioclear,

Wilts, UK), goat anti-mouse albumin (Bethyl, Montgom-

ery, TX) and rabbit anti-mouse albumin (ICN Pharmaceu-

tical, Cincinnati, OH). Rabbit anti-mouse albumin (ICN)

was further used and detected as described for Ig. Mi-

crohemorrhages and serum staining were semiquantita-

tively scored independently by two investigators as: 0 (no

microhemorrhage or reactivity detected in the entire brain

section), 1 (�2), 2 (�2 to 10), or 3 (�10 such observa-

tions). A total of 10 such series spaced up to 40 sections

apart were analyzed and the scores averaged.

Fluorescent Microscopy

For investigating total and fibrillar A� content and com-

paring the staining patterns of dense plaques, two

adjacent sections from each mouse were studied by

A� immunolabeling and ThS. The sections were first

stained with 1% solution of ThS (Sigma-Aldrich,

Bornem, Belgium) and imaged using a Zeiss Axioskop

50 fluorescent microscope (Carl Zeiss NV, Zaventem,

Brussels) equipped with specific filter sets (excitation,

395 to 440 nm; emission, 515 to 565 nm) connected to

a UNIX workstation with an analysis program (Applied

Imaging System, San Jose, CA). The sections were

thereafter differentiated in 70% ethanol and processed

further for A� histochemistry as described in the earlier

section. Image analysis for A�- and ThS-stained sec-

tions was performed as described previously.29

Co-localization of Ig or albumin with A� was performed

on 16 Tg2576 and PSAPP mice. Three series of two

consecutive sections sampled systematically as de-

scribed above were double-labeled for A� (biotinylated-

4G8 or a combination of R209/R226 antisera28) with ei-

ther Ig or albumin. In parallel, similar series were also

prepared for ThS with Ig or albumin staining for each

mouse. Using Alexa 488- or Alexa 594-labeled anti-

mouse, anti-rabbit, or streptavidin biotin (Molecular

Probes, Leiden, The Netherlands) with specific combina-

tions of excitation and emission filter sets, proportions of

dense-plaques positively labeled for Ig or albumin were

manually assessed.

Thin and Ultrathin Section Preparation and

Immunogold Labeling

Frontal and posterior cortex as well as the hippocam-

pus of three PSAPP (5 months, n � 2; and 11 months)

and 20-month-old nontransgenic mice (n � 2) were

fixed in 4% neutral buffered glutaraldehyde followed

by 2% buffered osmium tetraoxide, embedded in

araldite, and sectioned with a Reichert Jung microtome

equipped with a section counter as described previ-

ously.15 Approximately 250, 1-�m-thick sections were

sliced serially for each block. Semithin sections were

stained with metachromatic methylene blue. A few sec-

tions were also stained immunohistochemically for A�

to confirm the tinctorial properties of methylene blue.

For this, the epoxy resin was removed as described30

and processed as described for paraffin-embedded

tissue. For ultrastructural microscopy, 0.1-�m-ultrathin

sections were collected on copper grids before the

start (prethin) and at the end (postthin) of each semi-

thin series. Sections were contrasted with routine ura-

nyl acetate and lead citrate, and analyzed by a Philips

CM10 electron microscope equipped with a goniomet-

ric coordinator as described previously.15 For immu-

nogold labeling, tissue was fixed in 4% paraformalde-

hyde and 0.01% glutaraldehyde and embedded in

Unicryl (BB Int., Cardiff, UK). Sections were collected

on formvar-coated nickel grids (Ted Pella Inc., Red-

ding, CA) and labeling performed with a polyclonal A�
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antibody (kind gift from Dr. Konrad Beyreuther, ZMBH,

University Heidelberg, Germany (http://www.zmbh.

uni-heidelberg.de/Beyreuther/)) using anti-rabbit linked

with 10-nm gold particles (BB Int.).

Morphometry, Simulations, and Statistics

The following attributes were measured manually by a

specific tool within the AnalySIS package for both thin

(4 �m) and semithin (1 �m) section analysis: 1) the

total plaque size in its largest dimension in any of the

serial section; 2) size of the dense core(s); and, 3) total

number and diameter of the associated vessels within

4 �m of dense plaque (vessel bifurcation was counted

as two). The chance of encountering vessels was cal-

culated as follows: for a given vascular density, mini-

mum area (AT) containing at most one vessel was

calculated by dividing AT by the mean vessel area in

this region, AV, which provided a probability of a given

vessel to be in this unique position (PV � AV/AT). Pre-

suming AV to be circular, the probability of a circular

plaque with radius RP that would either overlap or

juxtapose the vessel within a circle of radius RP � RV �

4 �m was calculated (see Figure 4D). Because the

number of vessels far exceeds the number of dense

plaques, only one plaque could occur at one time. The

probability for both events happening together is P �

PV * PP and was deemed significant if �0.05. Simula-

tions were performed by randomly pitching circles of

diameters 10, 20, and 40 �m to mimic plaques of these

sizes. Simulations pitching partly outside the measured

field, and for transgenic mice, pitching on the plaques,

were rejected. All statistical analysis was performed

either on S-Plus (Splus; Insightful Co., Seattle, WA) or

by SPSS (SPSS Inc., Chicago, IL) and has been ad-

dressed in relevant sections in Results. Multiple com-

parisons were adjusted according to Bonferroni’s

method.

Results

Stereological Estimation of Dense Plaque-

Vascular Association in Tg2576 and PSAPP

Mice

We used stereological techniques to study the relation-

ship between dense plaques and vessels in 10 hemi-

zygous Tg2576 and 6 PSAPP mice brains. We first

confirmed that both A�-immunoreactive and ThS-pos-

itive plaque burden increased exponentially with age

and A� reactivity was consistently more than the ThS-

positive plaque burden for all age groups.31,32 Impor-

tantly, dense plaques recognized on immunohisto-

chemistry (see Materials and Methods for inclusion

criteria) were also ThS-positive. We also confirmed that

PSAPP mice exhibit almost approximately fivefold ac-

celerated pathology compared to Tg257623,31(see Fig-

ure 2D). Two ages for Tg2576 (17 and 24 months, n �

1 each) and one age for PSAPP mice (5 months, n � 1)

were available for paired gender comparisons. Consis-

tent with a greatly accelerated pathology shown for

female APP and PSAPP mice,33,34 17-month-old Tg2576

and 5-month-old PSAPP females deposited almost

twice immunohistochemically-stained and ThS-positive

plaques, compared to males. However, no differences

in plaque load were observed between 24-month-old

male and female Tg2576 that paralleled a high degree

of within-gender heterogeneity in plaque burden ob-

served for comparable age groups. Finally, consistent

with earlier mass spectrometry data,31 we also showed

that the dense plaques and CAA in Tg2576 and PSAPP

mice were predominantly composed of A�40 (data not

shown).

In the first analysis for vascular-association, 2076

dense plaques systematically sampled from neocorti-

cal and hippocampal regions and studied end-to-end

on 4-�m serial sections from nine Tg2576 and five

PSAPP mice revealed a 94.1% and 84.8% association

with small- to medium-sized vessels (Figure 1). To

observe the generality of this observation, we further

studied the entire brain region of a 24-month-old

Tg2576 female and a 5-month-old PSAPP female

mouse. A positive association was evident in 95.7%

plaques for Tg2576 –24m (n � 210 plaques) and in

85.3% for PSAPP-5m mouse (n � 258 plaques). The

Tg2576 –24m and PSAPP-5m were matched for gender

and amyloid burden.

Together, our unbiased and systematic analysis of

2544 dense plaques from 16 Tg2576 and PSAPP mice

revealed two kinds of plaque-vascular relationships. In

the first type, one or more central dense-cores origi-

nated directly from vessel walls. This constituted

70.5% of all dense plaques in Tg2576 and 66.2% in

PSAPP. In some plaques, the involved vessel had a

�50-�m lumen diameter (for instance, see Figure 1,

y3). In the second type of vascular relationship, dense

plaques originated from perivascular regions. In both

types of vascular involvement, new dense cores in-

volved vessels at the plaque periphery. Cumulatively, a

small but statistically significant difference was ob-

served in the proportions of positively associated

plaques in Tg2576 (94.3%, n � 1216) and PSAPP mice

(84.8%, n � 1328) (Pearson �2
� 58.5, P � 0.001)

(Figure 2). This difference was consistent among all

brain regions analyzed (Pearson �2 test, P � 0.01).

Some variation was also noticed between mice of the

same genotype, but this was primarily insignificant

except for one of the oldest PSAPP mice. No difference

in the proportion of positively associated dense

plaques was observed between genders. In addition to

dense plaques, some diffuse plaques were also ob-

served around vessels; however, the relationship of

diffuse plaques to vessels was not consistent.

Partly based on the data that dense plaques up to 40

�m in diameter could not associate by chance (see

further), from 10-month-old Tg2576 mice (n � 2), the

earliest plaque depositing mice in this series, we fur-

ther studied 101 plaques �20 �m in diameter (mean
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diameter, 13.8 �m; range, 5.52 to 19.95 �m; SD, 3.39

�m). Eighty-six percent of plaques were collected from

the frontal cortex. With collagen IV alone that does not

recognize all small capillaries, a positive association

was evident in 81.2% of dense plaques. Because

plaques larger than 20 �m were not analyzed from this

series, this set of plaques was not considered for fur-

ther stereology and statistical analyses.

Figure 1. Vascular association of dense amyloid plaques in Tg2576 of different age groups studied on 4-�m serial sections. Integers on the bottom left corner
represent relative sectional distance. A–C: Analysis of early dense plaques (arrowheads) from frontal neocortex of a 10-month-old Tg2576 mouse showing
association with vessels [biotinylated A� antibody 4G8, blue; collagen IV (CIV), brown]. D: Hippocampus of a 15-month-old Tg2576 where linear streak of amyloid
is deposited along vessels (A�, blue; CIV, brown). E: A thalamic region of a 24-month-old Tg2576 demonstrating development of small dense-core plaques
(arrowheads) in association with vessels (A�, purple; GSL I-B4, brown). Thalamus develops pathology very late in Tg2576 therefore these deposits represent
early dense plaques. F: Frontal neocortical region of a 24-month-old female Tg2576 with insets numbered a through z4 enlarged in the following micrographs
shows that all dense A� deposits (a to y3) are either dense plaques (arrowheads) originating from vessel walls (arrows), or are classical CAA with A� limited
to the vessel walls (z1 to z4) (A�, brown; H&E counterstain; except section y3 to y4 where A� is purple and CIV is brown). Scale bars, 20 �m.
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Quantitative Stereological Estimation of Dense

Plaque-Vascular Association in Tg2576 and

PSAPP Mice

Vascular relationship of the dense plaques was further

explored by quantitative stereological techniques (Figure

3). Select plaques sampled systematically from neocor-

tical and hippocampal regions of 14 Tg2576 and PSAPP

mice (see above), and all plaques sampled from the

entire brain hemisphere of Tg2576–24m and PSAPP-5m

were analyzed on serial sections for plaque diameters,

number of cores, and the number and caliber of associ-

ated vessels within an arbitrary distance of 4 �m between

the plaque periphery and the adventitia of the vessel.

A statistically significant difference of means was ob-

served between maximal diameters of dense plaques in

Tg2576 (n � 466 plaques; mean diameter, 34.1 �m;

range, 5.0 to 195.1 �m; SD, 23.23 �m) and PSAPP mice

(n � 643 plaques; mean diameter, 25.6 �m; range, 5.1 to

89.7 �m; SD, 15.38 �m) (P � 0.001, CI � 6.2 to 10.8).

Figure 2. Vascular association of dense amyloid plaques in Tg2576 and PSAPP mice. A–C: Analysis for total plaques (A), for different brain regions (B), and for
different age groups (C). D: Relative ThS and total A� plaque burden for age groups shown in C. Significance was calculated by a �2 statistic between the
genotypes (**P � 0.001 and *P � 0.01). Error bars in A and B represents SEM for proportions for all PSAPP, but only select Tg2576 (n � 4) where a reasonable
number of plaques were deposited. Error bars in C and D represent SD.
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Size distribution of dense plaques showed that the modal

diameter of plaques in PSAPP was smaller than 20 �m,

whereas the majority of the plaques in Tg2576 were

larger (Figure 3A). This difference was also consistent

between A� burden-matched Tg2576–24m and

PSAPP-5m (data not shown). Thus, PSAPP mice tended

to have more numerous and smaller plaques than

Tg2576 mice.

Analysis of the relationship between vessels and

plaque sizes revealed �75% association for plaque di-

ameters �10 �m in both Tg2576 and PSAPP mice. This

association became stronger with increasing plaque di-

ameter (Figure 3B). A strong correlation was observed

between plaque diameter and number of associated ves-

sels (Pearson’s coefficient correlation, r � 0.64, n � 1094

plaques, P � 0.001). Twenty-one percent of plaques in

Tg2576 were associated with vessels while significantly

fewer plaques in PSAPP had vessels within them (5%;

Pearson �2
� 64.5, P � �0.001). The presence of ves-

sels within plaques was dependent on plaque size. More

than 50% of plaques larger than 60 �m had a vessel

inside the plaque conglomerate or in one of its cores, and

this number approached 100% in plaques larger than

100 �m for Tg2576 mice.

No correlation was observed between the caliber of

the largest associated vessel and maximum plaque di-

ameter or the diameter of individual plaque cores (n �

1025 plaques, Pearson’s coefficient correlation, r � 0.25,

P � 0.001). A strong correlation, however, was noted

between the total number of cores and the total number

of associated vessels (Pearson’s coefficient correlation,

r � 0.65, P � 0.001). A multivariate regression analysis

showed that the association between the number of

cores and vessels was independent of plaque size. Of all

variables analyzed, the total number of associated ves-

sels was the strongest predictor of the number of cores

within a plaque (analysis of variance, regression SS �

2036, df � 2; residual SS � 1516, df � 1085; F � 728.5,

P � 0.001). Furthermore, plaques showed an association

with vessels within an average thickness of 11.8 �m (SD,

8.92 �m). This parameter did not differ between Tg2576

and PSAPP mice (Kaplan-Meier survival curve; log rank

test, P � 0.05). Kaplan-Meier analysis further showed that

in any given 4-�m section, 30% of the plaques were

related to a vessel. If followed serially, �50% were pos-

itive in the next three to four sections. Some remained

negative (Figure 3C).

Increased Association of Plaques with Vessels

Is Not Incidental

A clear origin of dense plaques from vessel walls was

noted for most plaques; however, �19 to 24% of the

dense plaques (PSAPP/Tg2576) seem to originate from

immediate perivascular regions. To confirm that this was

not due to a chance association of plaques with the

normal capillary network, the following experiments were

performed. First, the mean vascular number and areas

were measured for seven brain regions from 11- to 13-

month-old nontransgenic, Tg2576, and PSAPP mice (n �

2, each) (Figure 4). To do this, sections were stained with

GSL I-B4, collagen IV, and an anti-mouse Ig. A strong

correlation was observed between them (Pearson’s co-

efficient correlation, r � 0.84, P � 0.001). For a total of

10,316 Ig-labeled vessels studied further, the mean vas-

cular densities for nontransgenic, Tg2576, and PSAPP

mice, were 529/mm2 (SD, 87.2), 331/mm2 (SD, 78.1),

467/mm2 (SD, 85.3). A significantly decreased total vas-

cular number and area was observed for Tg2576 com-

pared to both PSAPP and nontransgenic mice (for all

comparisons: t �4.6, df � 82, P � 0.001). When studied

in relation to brain regions, this difference was especially

evident in the rhinal and frontal cortices (Pearson’s �2

test, P at least �0.01). Based on these data, the average

area covered by a single vessel and thus the maximum

size of a single plaque that could occur within a distance

of 4 �m with a probability of �0.05 was calculated. Our

analysis showed that all plaques with a �20 �m diameter

could not be explained by chance association, and for

Tg2576 this could be as large as 80 �m.

In a second method, the vasculature was studied more

closely with a variety of histochemical techniques in trans-

genic and control mice (Figure 5). On these sections, sim-

ulations were performed by randomly pitching circles of

diameters 10, 20, and 40 �m to mimic plaques of various

sizes. The circles had additional rims with radii exceeding

Figure 3. Morphometry in Tg2576 and PSAPP mice. A: Size distribution of
dense plaques. B: Vascular association of dense plaques according to their
sizes. C: Kaplan-Meier analysis suggested that in four to five sections (16 to
20 �m), �80% of plaques would appear to be associated with vessels at least
once.
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the first circle by 4 �m and vessels were counted within the

rim area to mimic the arbitrary distance chosen for the

positive association of plaques. A statistically significant

difference was present between these simulations and the

corresponding plaque sizes categorized in three groups (5

to �10 �m, 10 to �20 �m, and 30 to �40 �m) for both

Tg2576 and PSAPP mice (Pearson’s �2 test, P � 0.001).

Next, plaques of the categorized sizes were compared with

all vessels encompassed by the outer circle (rim area plus

the area within the inner circle) to mimic the pushing model

of amyloidogenesis in which developing plaques push the

neuropil outside.13 A similar analysis again showed a highly

significant difference between the plaques and simulations

for sizes 10 and 20 �m and a borderline significance for 40

�m (Pearson’s �2 test, P at least �0.05). When the true sizes

of plaques were taken into account, the differences were

also significant for 40-�m diameter (analysis of variance,

P � 0.001). Moreover, no statistical difference was ob-

served between the vascular densities in APP, PSAPP, and

nontransgenic mice with this methodology. Thus, the ob-

served vascular association in Tg2576 and PSAPP mice

cannot be attributed to chance.

Vessels Associate with All Dense Plaques in

PSAPP Mice on Serial Semithin and Ultrathin

Section Analysis

To address the significantly higher number of dense

plaques in PSAPP mice not having a vascular relation-

ship, we used 1-�m-semithin sections sliced from resin-

embedded brains of 5- and 11-month-old PSAPP mice

(Figure 6). Approximately 150 serial sections from each

series were stained with methylene blue that only recog-

nizes dense plaques as confirmed with A� immunohisto-

chemistry. Furthermore, a morphometric analysis was

performed for 100 plaques. Diameters of the plaques

were assessed along with the sizes and number of indi-

vidual central cores and the number of vessels. The

mean diameter of senile plaques and of dense amyloid

core was 54.7 �m (range, 14.7 to 103.8 �m; SD, 23.32)

and 34.1 �m (range, 2.7 to 76.7 �m; SD, 21.58),

respectively.

Figure 4. Vascular densities in nontransgenic, Tg2576, and PSAPP mice. A:
Vessels stained by an anti-Ig for thalamus in 11- to 13-month-old nontrans-
genic, Tg2576, and PSAPP mice. B and C: Vessel densities were further
calculated as number/area, and as area/area by densitometry. D and E: Based
on both densities, the relative probability of encountering a vessel by chance
was calculated as shown and bars represent the maximum size of the plaques
at which they could occur in these regions without being associated with a
vessel by chance. Error bars were calculated with SD of the mean vascular
area (AT).

Figure 5. Simulation studies in nontransgenic, Tg2576, and PSAPP mice. A:
An example of simulations of 10-�m, 20-�m, and of 40-�m ring composites
assessing the relative chance of encountering vessels. B and C: Simulation for
peripheral association with vessels (between the two circles) (B), or simu-
lation for the situation when vessels are pushed outside the plaques (C, all
vessels within the outer circle). Significance is calculated by Pearson’s �2

test (**P � 0.001 and *P � 0.01). Error bars in B and C represent SEM.
Notably, only those plaques that had a vascular association in all of the
sections or none at all were included for this analysis because the control
sections cannot be analyzed serially.
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No plaque was identified that did not associate with

a vessel at some level. For many dense amyloid cores,

degenerated structures (vascular or neuritic) were also

noted. The number of vessels had a strong correlation

with the number of dense-core plaques (Pearson �2
�

72.4, P � 0.001). This is despite the fact that the

number of vessels was underrepresented because the

same vessel was associated with a number of dense

plaques on serial sections. In addition, we again no-

ticed at least two types of plaque-vascular relation-

ships. In the first (mural) type of association, circum-

scribed amyloid plaques studded the outer basal

lamina of vessels. A single vessel could be shown to

have many dense A� deposits in serial sections. Sec-

ond, amyloid deposits originated from immediate

perivascular parenchyma. Vessels at the periphery of

plaques had focal vascular amyloid deposits, appar-

ently adding new amyloid cores. In addition, a third

type of vascular association was characterized by

amyloid at the center of a plaque sending fine exten-

sions toward a nonamyloidotic vessel. Directional amy-

loid growth was more consistently noted when a vessel

was near, than when no vessels were observed.

Lastly, we attempted to identify the earliest A� depos-

its discernible by electron microscopy on serial sections

sliced on formvar-coated single slot grids (Figure 7). All

small fibrillar plaques observed originated from vessel

walls. A� fibrils frequently stretched under the basement

membrane toward the media-adventitial junction or into

the perivascular space as observed earlier in AD.35

Some fibrillar A� was evidenced in the neuropil but these

were quite dispersed.

Loss of Endothelium and BBB Dysfunction in

Tg2576 and PSAPP Mice

Based on a consistently decreased reactivity of a series

of endothelial markers for Tg2576 and PSAPP mice brain

vasculature, especially in the vicinity of A� deposits, we

examined 5- and 11-month-old PSAPP female mice ultra-

structurally (Figure 8). Both mice demonstrated all or

some of these features: loss or thinning of endothelium,

endothelial nuclear elongation, basement membrane

thickening or splitting to accommodate A�, degeneration

of smooth muscle cells, swelling of astroglial endfeet,

degeneration of pericytes (or sometimes activation, with

enlarged mitochondria), or a complete degeneration of

microvessels. These features were not only evident in

vessels that deposited A� in their walls but also in vessels

that were free of A� deposits confirmed on immunogold

labeling. Many of these vessels were either in close prox-

imity to dense plaques in the same or serial sections, or

observed to be curved or branching. Control nontrans-

genic mice up to 20 months of age did not show similar

changes in the endothelium or other vascular structures

(data not shown).

Earlier, age-related hemorrhagic stroke and micro-

hemorrhages have been reported in APP23 mice.36 We

investigated whether Tg2576 and PSAPP mice also

similarly encounter macro- or microhemorrhages. Of

three mice that we lost during this study, one died just

before being euthanized. Autopsy revealed a large

cingulate-cortical bleed. Using the scoring system out-

lined in Materials and Methods, we further analyzed the

combined prevalence of fresh and late microhemor-

rhages (by a H&E and a Prussian blue staining),

scored by two investigators for 16 Tg2576 and PSAPP

Figure 6. Semithin (1 �m thick) serial section analysis for PSAPP mice.
Integers on the bottom left corner represent the relative sectional distance.
A: Amyloid plaques on methylene blue staining were confirmed as dense-
core plaques on histochemistry. B: Small dense deposit (arrowhead) de-
veloping in association with vessel wall (arrows) in close proximity to a
senile plaque (c) surrounded by its neuritic elements (n). C: A dense plaque
completely enclosing a vessel (arrow). B and C represent the first, mural-
type of vascular association. D: Association of plaque c1 with perivascular
space (*), the second type of vascular association. This converts to a mural-
type of association in the following section (arrow in section marked �3).
Similarly, plaque c2 with no relationship in section 0 developing a perivas-
cular space association (*) in the section marked �4. E and F represent a
third kind of vascular relationship in which growing edges of the plaques
(arrowheads) extend toward vessels (arrows). Scale bars, 20 �m.
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mice. A high concordance rate was observed between

the investigators (Pearson’s coefficient correlation, r �

0.94, P � 0.001) and the scores were further averaged.

Transgenic mice grouped into young, adult, and old

age groups, compared to age-matched controls

showed a small, but a significantly higher score (mean

score � SEM in transgenic versus control: 0.20 � 0.05

versus 0.05 � 0.04 for young, 0.88 � 0.11 versus

0.30 � 0.11 for adult, and 0.43 � 0.13 versus 0.50 �

0.12 for the old age group; Pearson’s �2 test, P at least

�0.05). Importantly, microhemorrhages were not only

present around CAA, but also around dense plaques.

We further questioned whether microvascular de-

generation might have a more subtle functional conse-

quence on BBB integrity. To assess this, we studied

parenchymal infiltration of Ig and albumin serum pro-

teins that are normally restricted by BBB. Sections

were systematically sampled and scored as described

above. A significantly higher scoring for all age groups

versus age-matched controls was observed for albu-

min (0.60 � 0.07 versus 0.10 � 0.08 for young; 1.13 �

0.12 versus 0.35 � 0.12 for adult; 1.67 � 0.14 versus

0.80 � 0.16 for the old age group; Pearson’s �2 test,

P � 0.05) and for Ig immunolabeling (0.05 � 0.04

versus 0.54 � 0.06 for young; 0.30 � 0.11 versus

1.05 � 0.13 for adult; 0.50 � 0.12 versus 1.73 � 0.13

for the old age group; Pearson’s �2 test, P � 0.05).

Focal staining for Ig and albumin was frequently ob-

served in what appeared as plaques although occa-

sionally, neuronal surfaces were also stained.

Figure 7. The earliest discernable A� aggregates recognized ultrastructurally by 10-nm gold particles on paraformaldehyde-fixed tissue. A: A 5-month-old PSAPP
mouse depositing A� in a microvessel that seems to originate from the outer (abluminal) surface of the basement membrane and is contained within the thickened
basal lamina (*). B: Similar vascular amyloid deposition in an 11-month-old PSAPP originating at the basement membrane and stretching toward the adventitia
where it makes a focal dense deposit. Note the strong immunogold label for A�, arrows; pvs, perivascular space. Scale bars, 1 �m.
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We further investigated the proportion of ThS or an-

ti-A� labeled plaques for Ig and albumin staining for 16

Tg2576 and PSAPP mice (Figure 9). Ig or albumin

labeling of dense plaques with either ThS or anti-A�

showed good correlations (Pearson’s coefficient corre-

lations, r � 0.91, P � 0.001). For anti-A�-labeled

plaques, an overall average of 2.4 to 18.2% showed Ig

labeling and 1.8 to 16.6%, albumin staining. The pro-

portion of dense plaques stained for serum proteins in

the vicinity of microhemorrhages was close to 100%

(Figure 9). On a multivariate linear regression analysis

the presence of microhemorrhages or of serum pro-

teins in Tg2576, PSAPP, and nontransgenic mice inde-

pendently increased with age and ThS burden (analy-

sis of variance, age: F � 11, P � 0.001; ThS: F � 9, P �

0.01). Because age emerged as one of the predictors,

Figure 8. Vascular degenerative changes in PSAPP mice. A: Five-month-old PSAPP with a small arteriole in proximity to a dense amyloid plaque (am) showing
endothelial loss (* in a1 and a2), smooth muscle cell (sm) degeneration (** in a4 and compare with the normal profile in a3), and slightly apparently swollen
astroglial endfeet (edges marked by arrowheads in a5) (m, mitochondria; n, neuritic elements; pvs, perivascular space; p, pericytes). B: An 11-month-old PSAPP
with degenerating vessels or vascular profiles (*) in the vicinity of an amyloid plaque (am). C: A 5-month-old PSAPP with an abnormal branching vessel distant
from amyloid plaques demonstrating endothelial loss (*). Scale bars, 1 �m.
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no intercomparisons were made between Tg2576 and

PSAPP mice that were well balanced for A� burden,

but not for age.

Discussion

Dense Amyloid Deposits in AD Mice Are Derived

from Vessel Walls

A precise understanding of the development of different

forms of plaques, especially those that are thought to

contribute to AD pathology, is crucial for devising thera-

peutic approaches to retard or reverse this devastating

disease. Here we show that dense A� deposits are de-

velopmentally related to vessels in two well studied and

partly independent models of amyloidosis. Systematically

analyzed different brain regions from a panel of Tg2576

and PSAPP mice of different age groups first showed that

�85 to 94% of dense plaques in PSAPP/Tg2576 mice are

associated with vessels, a relationship that was consis-

tent for different brain regions, genetic backgrounds,

gender, and to some extent, age and amyloid burden.

Because the appearance and prevalence of dense A�

deposits, including CAA, might vary in different brain

regions of these and other AD models,31,36 we further

analyzed the entire brain region of one each of Tg2576

and PSAPP mice. Again, �85 to 96% of dense plaques in

PSAPP/Tg2576 mice were associated with vessels. Mod-

eling and simulation studies suggested that for plaques

up to 40 �m in diameter (constituting �70% plaques in

Tg2576 and �80% in PSAPP mice), the observed vas-

cular associations were not due to chance. To further

strengthen our data, we studied dense plaques �20 �m

diameter from one of the youngest Tg2576 that barely

deposit A�. Using collagen IV alone, a vascular marker

that does not consistently recognize all small capillaries,

�81% of the dense plaques were positively associated

with vessels.

This is the first report addressing a vascular relation-

ship of A� plaques in mouse models of AD. Earlier

studies in humans have suggested or demonstrated

a vascular origin of senile plaques or diffuse

plaques.7–12,14,15,35 Our study differs from these on

three counts: 1) we addressed plaques occurring in

AD mouse models; 2) we studied only dense A� de-

posits and excluded diffuse plaques from our analy-

ses; and, 3) we did not exclude association with cap-

illaries �10 �m as Kawai and colleagues13 did.

Indeed, we showed a frequent occurrence of dyshoric

angiopathy involving terminal arterioles (defined as

vessels with lumen diameter �50 �m) and occasion-

ally, even larger muscular arterioles.

Figure 9. Staining for serum proteins for dense plaques. Left: A: A 24-month-old Tg2576 showing Ig staining of dense plaques in hippocampal region associated
with vessels (arrows). A doubleheaded arrow points to a vessel within plaque. B: Amyloid angiopathy in thalamus of the same mouse again showing Ig staining
of the abluminal surface of CAA (arrows) as well as of the associated plaque (arrowhead). C and D: Albumin staining in various brain regions of the same
mouse. Right: Integers on the bottom left corner represent the relative sectional distance. Serum proteins co-localized with A� plaques in a hemorrhagic area
(arrows and asterisks) of a 17-month-old Tg2576 studied by light and fluorescent microscopy. Arrowhead points to a plaque distant from hemorrhage not
infiltrated by serum proteins. However, infiltration of dense plaques by serum proteins in nonhemorrhagic areas also occurred as shown here in a cortical region
of an elderly 25-month-old Tg2576. Scale bars, 40 �m.
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Although we show that most dense A� deposits are

associated with vessels in mouse models of AD, we also

suggest a vascular-related temporal sequence in their

evolution. For instance, it might be argued that diffuse

plaques develop first and those that are traversed by

vessels evolve into dense plaques. However, if this in-

deed occurs, it is a rapid phenomenon as even in the

youngest Tg2576 mice analyzed here that barely depos-

ited A�, the majority of the dense plaques were already

formed. These data are consistent with similar observa-

tions made on young PSAPP mice,23,24,31 suggesting

that the majority of the ThS-positive plaques might not

pass through a detectable diffuse stage on their way to

becoming dense plaques.31 We also confirmed this in

older mice that deposited robust A�. Serial 1-�m-thin

section analysis of 5- and 11-month-old PSAPP mice with

dyes that do not recognize diffuse A�, showed that all

dense deposits occurred in association with vessel walls

or in the immediate perivascular regions. A further search

by electron microscopy for the earliest compact fibrillar

structures, with the aid of A� immunogold labeling,

pointed again toward vessel walls being the nidi for most

dense plaques. And lastly, the notion that dense-core

plaques are developmentally distinct from diffuse

plaques in Tg2576 and PSAPP is also supported by

observations that the majority of small dense plaques

lacked surrounding diffuse amyloid, which otherwise

would have been expected if part of a diffuse plaque

underwent compaction to form a dense plaque.

In a 20-month-old PSAPP mouse, only �75% of the

dense plaques were associated with vessels. It has been

previously shown that the proportion of ThS-positive

plaques in aging PSAPP mice increase while immunohis-

tochemically detected A� remains constant.32 We did not

analyze PSAPP mice �11 months by semithin or ultra-

structural microscopy, therefore a possibility exists that

some diffuse plaques in these elderly PSAPP mice might

have been converted to ThS-positive plaques.

Tg2576 and PSAPP Mice Have BBB

Dysfunction as Described in AD

By 5 months of age, PSAPP mice have a number of

ultrastructural vascular abnormalities, including endothe-

lial loss, basement membrane thickening, loss of smooth

muscle cells, and pericytic degeneration. Some vessels

were completely degenerated. Besides amyloidotic ves-

sels, these changes were also pronounced in vessels

that were in the direct vicinity of plaques; however, loss of

endothelial cells was also observed in vessels free of

amyloid and distant from plaques, some of which were

curved or branched. The curved or branching vascular

segments are proposed to be prone to shear stress due

to an alteration in blood flow,37 although toxicity of solu-

ble A� on endothelial cells38 could also contribute signif-

icantly to the endothelial degenerative changes observed

here. Interestingly, these aspects have a close resem-

blance to AD pathology in which a wide variety of struc-

tural microvascular abnormalities have been observed to

correlate with the number of senile plaques, including

loss of endothelial cell markers CD31 and CD34,39 base-

ment membrane thickening,40 and astrogliosis, among

others.4,26

We further showed that these ultrastructural microvas-

cular abnormalities are associated with functional impair-

ments of the BBB especially in the vicinity of microvessel-

related dense A� deposits. Although occurrence of

hemorrhages in Tg2576 and PSAPP mice was signifi-

cantly more than age-matched nontransgenic mice, such

phenomena were not observed to be very frequent. On

the other hand, using immunohistochemical approaches,

we observed a recurrent extravasation of serum proteins,

normally restricted by BBB, in the neuropil. Presence of

Ig or albumin was observed in up to 18% of dense A�

deposits for any mouse examined. These observations

were more consistent in older mice and especially in

those regions that also had hemorrhages. By contrast, a

minimal or no BBB leakage was observed in nontrans-

genic mice.41 Moreover, we suspect that these plasma

extravasations are rather subtle and transient, escaping

detection by isotopic permeability studies.42

Vasocentric Dense Plaques in Tg2576 and

PSAPP Resemble Flemish AD Pathology

Despite having abundant CAA, sporadic AD patients do

not commonly have strokes. The described pathology for

Tg2576 and PSAPP best resemble Flemish AD pathology

characterized by vascular hemorrhage and dementia.

These patients present with the largest dense-core

plaques reported in AD that are also multicentric as de-

scribed here for Tg2576 and PSAPP mice.15,19,43 More-

over, we recently showed that a majority of dense-core

plaques in Flemish AD patients are directly associated

with vessel walls.15 The observed resemblance of plaque

origin and morphology between the Flemish AD and

Tg2576/PSAPP mice also has a biochemical basis. Ear-

lier studies have suggested that despite the fact that

PSAPP mice have elevated levels of A�42 on both en-

zyme-linked immunosorbent assay44 and on mass spec-

trometry31 than Tg2576, both PSAPP and Tg2576 have at

least twofold higher A�40 levels than A�42.31 This al-

though is in sharp contrast to AD and Down’s syndrome

patients,4,45 interestingly, a mass spectrometric analysis

of Flemish AD brain has also revealed a preponderance

of A�40.15 Table 1 summarizes these similarities. It is also

not yet clear to which extent the plaque-vascular relation-

ship exists for human nonvariant AD. For one, the trans-

genic mice studied here secrete supraphysiological

amounts of A� and because vessels are a normal path of

clearance (see next section), mice might be skewed to

have dense plaque formation around vessels. Further-

more, some unique components of murine vasculature

might also interact with human A�, either enriching it in

this compartment, or directly creating or maintaining the

seed. Specific gangliosides could be one factor that has

been shown to seed plaque deposition.46
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Microvessels Play a Central Role in the

Observed Pathology of Mouse Models of AD

Recent work on transgenic mice has provided evidence

that A� existing in monomeric or soluble form in the

parenchymal interstitial fluid undergoes varied fates in-

volving macrophage uptake and degradation by cellular

or extracellular proteases.47–49 Some A� (predominantly

A�42) is readily deposited at the sites of production as

diffuse plaques and the remaining A� diffuses passively

following Fick’s diffusion principle, suggested by the

presence of A� at sites distant from its production.50,51

Evidence also suggests that diffusing, soluble A� may be

cleared out of brain by two pathways associated with

blood vessels. One of these mechanisms is a direct A�

transport across the BBB mediated by LDL receptor-

related protein-1 (LRP-1), which in turn is influenced by

�2-macroglobulin and ApoE.52 This is a highly efficient

mechanism of brain A� clearance not only in young an-

imals, but also in partly clearing pathological amounts of

A� in mouse AD models.53 Another vessel-related A�

clearance is along the periarterial interstitial fluid drain-

age pathways from where A� reaches cerebrospinal fluid

and is eventually drained into the systemic circulation.

Tracer experiments demonstrate that this is equivalent to

lymphatics of brain,54 and might be a major route of A�

elimination in older animals when the A� transport across

BBB becomes less efficient52 or when this pathway is

overwhelmed as in mouse AD models.51,54 And lastly, A�

transport across the BBB is bidirectional with A� from

blood also being actively transported across the BBB

with the receptor for advanced glycation end products

(RAGE).55

The present evidence that dense plaques in Tg2576

and PSAPP mice are centered on vessel walls suggests

that A� may be deposited during clearance by vascular

or perivascular drainage pathways. Formation of CAA in

these mouse AD models has been earlier proposed to be

due to A� entrapment in the periarterial interstitial fluid

drainage path.51,54,56 How this precisely happens is cur-

rently unknown. The observations that PSAPP mice have

more numerous but significantly smaller dense plaques

than Tg2576 mice support the premise that A�42 is im-

portant in seeding dense plaques. This nidus could either

be provided directly by vascular components57 or by

diffusing A� interaction with specific vascular chaper-

ones that facilitate its growth along or within vessel walls

and result in classical CAA. However, in the presence of

other local factors (ie, bulk A� flow; see below), the initial

vascular nidus might further sequester diffusing A� and

grow back into the parenchyma as dyshoric angiopathy

or dense plaques.

The evidence that predominantly neuronally derived

A� in Tg2576 and PSAPP mice deposits in association

with vessels as CAA51,54,56 or dense plaques (this study)

suggests that soluble A� migrates toward vessels (Figure

10). If the clearance across the BBB is highly efficient as

suggested,53 this could be an important factor in main-

taining an A� gradient between neurons and vessels.

Moreover, this gradient may be specific for A�40 as

LRP-mediated BBB transport clears A�40 more efficiently

than A�42.58 Interestingly, A�40 is also the major con-

stituent of both types of dense deposits (dense plaques

and CAA) in Tg2576 and PSAPP mice.23,31 Furthermore,

a slight, but significantly higher proportion of vascular

association noted for dense A� plaques occurring in

Tg2576 mice, also showing a higher A�40 burden,31

suggest that A�40 plays a pivotal role in dense-plaque

formation. Interestingly, amyloid polymerization has been

shown to occur by monomer addition in a reaction dis-

tinct from, and competitive with, formation of oligomeric

intermediates.59 Perhaps, the low fibrillogenic potential of

A�40 along with its specific vascular clearance mecha-

nisms facilitates its migration toward vessels where it is

polymerized on the existing plaques by monomer addi-

tion. Additional support for an evolutionarily conserved

pathway for clearance of A�40 by vessels is the obser-

vation that neprilysin does not degrade A�40 in vivo as

efficiently it does A�42.60

Additionally, RAGE can transport A� from the blood to

the abluminal endothelial surface55 and further the

growth of plaques especially when the normal brain to

vessel clearance gradient is lost as can occur during

aging.52 Another factor that could lead to disruption of A�

clearance is down-regulation of LRP expression or A�-

mediated proteasome degradation of LRP in vascular

endothelium.55 We propose that a compromised BBB

may contribute to A� clearance as well as to the growth

of vessel-associated plaques when the LRP-mediated A�

efflux is lost or hindered. In the absence of an intact BBB,

Table 1. Morphological and Biochemical Comparison of A� Plaques Observed in Tg2576 and PSAPP Mouse Models of AD, and
Human Nonvariant AD as Well as Flemish AD

Tg2576 (old) PSAPP
Flemish AD

patients
AD and Down’s

syndrome patients

Dense plaque characteristics:
Large dense cores ���� ��� ��� �

Multicentric dense cores ���� ���� ��� �

Neuritic � � ��� ���

Vasocentric ���� ��� ��� �

CAA �� to ��� �� to ��� ��� � to ���

Dyshoric angiopathy involving
larger arterioles

�� to ��� � to �� �� to ��� �

Diffuse plaques � �� �� ���

A� C-terminus A�40��A�42 (31) A�40�A�42 (31) A�40��A�42 (15) A�40�A�42
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plasma A� can accelerate the growth of dense plaques.

Conversely, A� may be cleared directly into the blood

depending on the equilibrium between blood and brain

A�. All this fits well with evidence that A� accumulates in

brain as blood levels of A� fall, and this clearance is

greatly increased by the peripheral sequestering of A�

by immune61 or nonimmune55,62 mechanisms.

Notwithstanding the precise mechanism of formation,

the present study, for the first time, demonstrates that

dense amyloid plaques in Tg2576 and PSAPP mice are

centered on vessel walls. If a similar mechanism is also

operative in AD, therapeutics targeting A� clearance

from the vascular compartment may be most beneficial.
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