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“There are only two ways to live your life. 
One is as though nothing is a miracle. 

The other is as though everything is 
a miracle.”

Albert Einstein
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Alzheimer’s disease
Alzheimer’s disease (AD) is the most common form of dementia in the elderly population 

in the occidental world. Because of the ongoing increase in life expectancy, we can expect 

approximately 25% of people living in the Western hemisphere to be over 65 years of age by 

2050. One third of these elderly people will likely develop AD and become affected with or 

will suffer from the consequences of this severe, disabling disorder, for which no cure exists 

yet. The first AD case was described by the German psychiatrist and neuropathologist Alois 

Alzheimer in 1907 (Alzheimer, 1907). Upon histopathological examination of the brain he 

described the common neuropathological hallmarks of the disease, which are to date still 

used to confirm the definite diagnosis of AD. 

AD is clinically characterized by a gradual decline in memory and cognition that makes pa-

tients in the final stage of the disease bedridden and completely care dependent. Clinical 

symptoms begin with short term memory loss, and progress to more extensive cognitive and 

emotional dysfunction. Death occurs on average 9 years after clinical diagnosis, but the char-

acteristic neuropathological changes that will eventually result in dementia occur decades 

before the first clinical symptoms appear. Neuroimaging and biochemical analysis of the cere-

brospinal fluid, together with neuropsychological examination, are important tools to estab-

lish the diagnosis of “probable AD” during life. However, definite diagnosis of AD can only 

be obtained post-mortem by pathological examination of the brain, which is still the “gold 

standard” for AD diagnosis today. 

Pathology
On a macroscopic level the main pathological hallmark of AD is severe atrophy of selective 

brain regions, such as the neocortex, hippocampus, amygdala and entorhinal cortex. The ex-

tensive neuronal loss results in widening of the sulci, narrowing of the gyri and enlargement of 

the ventricles (figure 1). Microscopically, the characteristic neuropathological lesions include 

senile plaques containing β-amyloid (Aβ) and intracellular neurofibrillary tangles (NFT) con-

taining hyperphosphorylated-tau. Both lesions occur throughout the cerebral cortex and are 

commonly accompanied by deposition of Aβ in the brain vasculature also known as cerebral 

amyloid angiopathy (CAA) (figure 2). NFTs have not only been detected in brains of AD pa-
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tients but also in patients suffering from other types of dementia. Extensive deposition of Aβ 

however exclusively occurs in AD pathology.

Although the pathological diagnosis of AD is based on the presence of insoluble Aβ plaques 

and by the number and distribution of neurofibrillary changes, clinicopathological studies 

suggest that three features in particular correlate with clinical dementia. They are 1) the num-

ber and distribution of neurofibrillary changes (Braak, et al., 2006; Braak and Braak, 1991) ; 

2) a raised level of soluble Aβ in the brain (Lue, et al., 1999; McLean, et al., 1999) ; and 3) the 

severity of CAA (NGoM, 2001).

Neurofibrillary tangles
Neurofibrillary tangles (NFT) are formed by hyperphosphorylation of the microtubule-as-

sociated protein tau, causing it to aggregate intracellularly in an insoluble form in neurons. 

Under physiological conditions the primary function of tau is to bind to the microtubules and 

assists with their formation and stabilization in order to maintain effective axonal transport. 

Figure 1. Macroscopical hallmarks of AD brain. A crosswise slice shows macroscopically the differences 
between a healthy brain and the severely affected AD brain. In the AD brain the cortex shrivels up, dam-
aging areas involved in thinking, planning and memory. Atrophy is especially severe in the hippocampus, 
an area of the cortex that plays a key role in formation of new memories. Ventricles grow larger.
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Under pathological conditions, an excessive disengagement of tau from the microtubules 

takes place due to abnormal post-translational hyperphosphorylation of tau. The detachment 

of tau from the microtubules leads to its intracellular accumulation compromising axonal 

transport and thus contributing to synaptic dysfunction and eventually neuronal death and 

neurodegeneration (Ballatore, et al., 2007).

The severity of NFT pathology is graded on a 0–6 scale (using Roman numerals 0-VI by con-

vention) according to “Braak stages” (Braak and Braak, 1991), which pertain to the spread of 

NFTs in the brain.

NFT pathology relates to the severity of dementia, however, even though the neurofibril-

lary changes are closely related to dementia, they do not have a clear relationship to genetic 

factors in AD and they are thought to appear later in the disease progression, following Aβ 

deposition. Furthermore, NFT are also found in other neurodegenerative diseases, such as 

tauopathies, including progressive frontotemporal dementia subtypes, supranuclear palsy, 

corticobasal degeneration and Pick’s disease.

In AD pathological events, such as Aβ-mediated neurotoxicity, oxidative stress and inflam-

mation may be responsible to initiate or contribute directly or indirectly to tau mediated 

neurodegeneration; however, their precise positioning in the cascade of events that leads to 

neuronal loss remains unclear.

Figure 2. Microscopical hallmarks of AD. Immunohistochemical staining of the 3 hallmarks of AD: A) 
neurofibrillary tangle, B) neuritic plaque and C) cerebral amyloid angiopathy.
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Amyloid Plaques
Plaques are characterized by extracellular deposition of Aβ and can be observed throughout 

the brain parenchyma. Full-length Aβ (Aβ1-40 or Aβ1-42) is derived from the amyloid pre-

cursor protein (APP) by sequential proteolytic activity of the β-secretase (or β-site AAP-cleav-

ing enzyme, BACE) and the γ-secretase/presenilin complex (presenilin-1, nicastrin, APH1A 

and PEN2) (De Strooper 2003). After APP cleavage, Aβ peptides are secreted into the brain 

interstitial fluid (ISF) as monomers/dimers, where they are able to further polymerize into 

diffusible Aβ oligomers. The amino acid sequences of Aβ1-40 and Aβ1-42 are identical with 

the exception that the longer peptide contains 2 extra hydrophobic amino acids at the C-ter-

minus, which render the Aβ1-42 more insoluble and prone to aggregation than Aβ1-40. In 

soluble states, Aβ is passively redistributed in brain parenchyma and cleared (Hardy and 

Selkoe, 2002). However, under pathological conditions Aβ starts to accumulate and because 

of its fibrillogenic characteristic forms protofibrils at first and eventually mature fibrils, which 

will deposit as insoluble plaques. Based on the importance of Aβ accumulation in AD patho-

genesis, the amyloid cascade hypothesis has been formulated (for more details see figure 3).

Several forms of amyloid plaques can be distinguished in the brain parenchyma; the most 

common being compact and diffuse plaques. Diffuse plaques consist of amorphous extracel-

lular deposits of Aβ and occur in large numbers in the same brain regions as neuritic plaques. 

Compact amyloid plaques (also called senile plaques or neuritic plaques) are roughly spher-

ical in shape with a dense core of aggregated Aβ fibrils frequently surrounded by dystrophic 

axons and dendrites, activated microglia and reactive astrocytes. The severity of plaque pa-

thology is scored according to a distinct metric, which is named after the Consortium to 

Establish a Registry for Alzheimer’s Disease (CERAD) (Mirra, 1997). The CERAD scoring 

system is a four-tiered scale representing neocortical neuritic plaques density. 

Amyloid plaques may also contain other proteins such as serum amyloid P component (SAP), 

activated complement proteins and clusterin (Eikelenboom, et al., 2011).

Cerebral Amyloid Angiopathy
CAA is defined by the deposition of a congophilic material (i.e. positive staining with a Con-

go-red dye) in cerebral leptomeningeal and intracortical arteries, arterioles and capillaries 
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and and can occasionnally be found in postcapillary venules and venes. CAA is caused by 

accumulation of Aβ peptide in the media and adventitia of cerebral blood vessels wall and oc-

curs in about 98% of AD patients, with approximately 75% of these cases rated as severe CAA. 

Importantly, clinical studies reported a strong correlation between cognitive impairment and 

the severity of CAA (Attems, et al., 2011; Biffi and Greenberg, 2011; Thal, et al., 2008; Vinters, 

1987).

The biologic overlap between CAA and AD is substantial as CAA is found, to some extent, 

in virtually all AD cases and correlated with AD severity (Thal, et al., 2008). Also genetically 

speaking the analogies between AD and CAA are undeniable. Mutations in the APP, PS1 and 

PS2 genes cause familial forms of AD and widespread CAA (Levy, et al., 2006; Mann, et al., 

2001; Revesz, et al., 2003; St George-Hyslop, et al., 1987; Tanzi, et al., 1987). Most severe CAA 

is seen in cases with the Flemish, Iowa and Dutch mutations in the APP gene. Mutations in 

PS1 and PS2 genes can also lead to CAA in familial AD cases, especially those PS1-mutations 

beyond codon 200 (Revesz, et al., 2002). 

Although non-invasive CAA diagnostic criteria have been developed and refined in the past 

decade, in order to both improve and standardize diagnosis during life (Boston criteria for 

CAA) (Knudsen, et al., 2001), a definitive CAA diagnosis can only be formulated after histo-

logical investigation of affected brain tissue, obtained at autopsy or via brain biopsy. Further-

more, positron emission tomography imaging with the Aβ-binding compound Pittsburgh 

Compound B can be used as a tool to distinguish between AD with or without CAA, as CAA 

generally favors occipital brain regions (Greenberg, et al., 2008) according to post mortem 

analysis of CAA pathology and radiographic analysis of CAA-related hemorrhages.

Common ApoE polymorphisms influence the risk of both sporadic CAA and sporadic AD 

(Biffi, et al., 2010). Based on localization, association to ApoE alleles and occurrence in AD 

patients, two types of sporadic CAA can be defined. CAA type 1 is characterized by Aβ accu-

mulation in capillaries and is therefore often referred to as capillary CAA, although additional 

Aβ depositions in larger blood vessels, leptomeningeal and cortical arteries,  arterioles, veins 

and venules can also be observed (Thal, et al., 2002). CAA type 1 has a strong association with 

Apolipoprotein E4 (ApoE4) genotype (46,7% allele frequency) (Richard, et al., 2010; Thal, 

et al., 2008) and correlates with severity of AD pathology (Attems and Jellinger, 2004). In 

CAA type 2, Aβ depositions are restricted to non-capillary blood vessels. CAA type 2 shows 

a higher frequency of the ApoE2 allele and is not associated with the ApoE4 genotype (Thal, 
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Figure 3. The amyloid cascade hypothesis. The amyloid cascade hypothesis posits that deposition of 
Aβ protein is the causative agent of AD pathology and that NFTs, neuronal cell loss, vascular damage 
follows as a direct result of this deposition that ultimately leads to AD dementia. The amyloid cascade 
hypothesis, first proposed by John Hardy in 1991, synthesizes histopathological and genetic information 
and has dominated AD research for the past twenty years. 
The hypothesis started to take form in 1984 with the isolation of Aβ from leptomeningeal vessels (CAA) 
of an AD case and Down syndrome and later on with the identification of APP mutations as a cause of 
amyloid deposition in hereditary cerebral hemorrhage with amyloidosis Dutch type (a familiar form 
of CAA) (van Duinen et al. 1987; Levy et al. 1990; Van Broeckhoven et al. 1990). It was then clear that 
mutations in the APP gene (located on chromosome 21) could cause Aβ accumulation in some familiar 
cases and that these mutations likely induced an increase in Aβ production. We now know that muta-
tions in APP, presenilin 1 (PS1) and presenilin 2 (PS2) are responsible for familiar forms of early onset 
AD (EOAD). These mutations indeed not only cause increased Aβ production, but, in addition, pro-
mote the release of more toxic forms of Aβ. Although these genetic alterations are not responsible for 
the more common late onset AD, accumulation of cerebral Aβ is still the key event in the pathogenesis of 
the sporadic form of the disease. Increased levels of Aβ can either be the result of increased production 
or alternatively by decreased clearance of Aβ. In sporadic AD Aβ accumulation is most likely due to an 
inefficient removal of Aβ rather than overproduction, as seen in EOAD. (Di Paolo et al., 2011).
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et al., 2002). Interestingly ApoE2, which exerts a protective effect on AD risk, increases risk of 

intracerebral hemorrhage in CAA patients (Nicoll, et al., 1997). Based on the findings it seems 

that these two CAA types represent two different pathological entities. Furthermore, CAA 

type 1 appears to be more strictly related to AD pathology and it has even been postulated that 

CAA type 1 is a specific subtype of sporadic AD, defined by characteristic neuropathological 

features (Richard, et al., 2010) and genotype specific associations (Thal, et al., 2010). 

The two types of CAA also differ with regard to the composition of Aβ species present in the 

vascular wall. The ratio between the two main forms of Aβ (1-40 and 1-42) has been reported 

to be different, with capCAA showing a ratio 1-40/1-42 significantly lower than in CAA type 

2, a ratio much more similar to what found in parenchymal plaques. Thus, Aβ 1–40 has a 

greater tendency to be deposited in the larger vessel wall, whereas Aβ 1–42 is mainly depos-

ited in senile plaques and CAA-affected capillaries (Attems and Jellinger, 2004; Roher, et al., 

2003; Thal, et al., 2008). Nonetheless, it has to be noted that Aβ 1-40 is also present in capCAA 

and senile plaques as well and that the two Aβ isoforms are both present in amyloid-laden 

capillaries (Richard, et al., 2010). 

In addition, N-terminal truncated forms of Aβ and other proteins including apoE are pres-

ent in cerebrovascular Aβ depositions. Aβ is initially deposited in the abluminal portion of 

the tunica media surrounding smooth muscle cells (SMC) as well as in the adventitia. With 

increasing severity all layers of the vessel wall show Aβ depositions accompanied by a loss of 

SMC (Kawai, et al., 1993; Yamaguchi, et al., 1992). In capillaries, devoid of a smooth muscle 

cell layer, amyloid deposition also starts in the basement membrane, may extravasate into the 

neuropil and may also lead to capillary occlusion in severe cases (Thal, et al., 2008; Yamagu-

chi, et al., 1992).

In very severe stages of CAA the vascular architecture is disrupted potentially leading to mi-

croaneurysm formation, fibrinoid necrosis and Aβ depositions in the adjacent surrounding 

neuropil (i.e. dyshoric changes) (Attems, et al., 2011).

Frequently, dyshoric changes are seen surrounding capillaries as globose Aβ accumulation or 

flame like deposits and therefore some authors misleadingly use ‘dyshoric CAA’ as a synonym 

for capCAA.

The deposition of Aβ as CAA is probably due to the failure of two main mechanisms of Aβ 
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Historical notes
In 1907 Alois Alzheimer, a German pychiatrist, described, for the first time, the clinical symp-
toms and the typical plaques and tangles in a demented woman with presenile dementia 
(Alzheimer, 1907). In the same year, and without knowing the findings of Alzheimer, Oskar 
Fischer reported neuritic plaques in 12 cases of senile dementia (Fischer, 1907). These were 
landmark findings in the history of research in dementia because they delineated the clinico-
pathological entity that is now known as Alzheimer’s disease. 
Cerebral amyloid angiopathy was probably observed for the first time in 1909 by Oppenheim 
when he described metachromasia in the core of plaques, which could also be found in near-
by capillaries (Oppenheim, 1909). The amyloid nature of plaques was discovered by Divry in 
1927, who also observed CAA (Divry, 1927), but the first systematic study was made by Scholz 
in 1938 (Scholz, 1938). 
The term “angiopathy dyshorique” was originally introduced by Morel in 1950 (Morel, 1950) 
and interpreted as congophilic angiopathy (synonymous with CAA), with parenchymal le-
sions by Pantelakis in 1954 (Pantelakis, 1954). This terminology was derived from translating 
the original German description of CAA, which used the term Drusige Entartung, as used by 
Scholz, who reported that the substance in this specific form of angiopathy was the same as 
the main component of senile plaques. This term already made the link with amyloid plaques, 
which were called Alzheimer Drusen at that time, and meant the occurrence of plaque-like 
silver and Congo red stainable material in blood vessels (Richard, et al., 2010).
In 1984 Glenner and Wong isolated Aβ from cerebral blood vessels (Glenner and Wong, 
1984b). Glenner and Wong were the first to isolate Aβ (called by them, beta amyloid) from 
the meningeal vessels of first a late onset sporadic AD case and then, based on the universal 
occurrence of AD in trisomy 21, from a Down syndrome brain (Glenner and Wong, 1984a).

Alzheimer, A. 1907. Über eine eigenartige Erkrankung der Hirnrinde. Allgemeine Zeitschrift für Psychi-
atrie 64, 146-8.

Divry, P. 1927. Etude histochimique des plaques séniles. J Belge Neurol Psychiatry 27, 643-57.
Fischer, O. 1907. Miliare Nekrosen mit drusigen Wucherunger der Neurofibrillen, eine regelmässige 

Veränderung der Hirnrinde bei seniler Demenz. Monatsschr Psychiatr Neurol 22, 361-72.
Glenner, G.G., Wong, C.W. 1984a. Alzheimer’s disease and Down’s syndrome: sharing of a unique cere-

brovascular amyloid fibril protein. Biochem Biophys Res Commun 122(3), 1131-5.
Glenner, G.G., Wong, C.W. 1984b. Alzheimer’s disease: initial report of the purification and charac-

terization of a novel cerebrovascular amyloid protein. Biochem Biophys Res Commun 120(3), 
885-90.

Morel, F. 1950. Petite contribution a l’etude d’une angiopathie apparemment dyshorique et topistique. 
Rev Mens Psychiat Neurol 120, 352-7.

Oppenheim, G. 1909. Über ‘drusige Nekrosen’ in der Großhirnrinde. Neurol Zbl 8, 410-3.
Pantelakis, S. 1954. [A particular type of senile angiopathy of the central nervous system: congophilic 

angiopathy, topography and frequency]. Monatsschr Psychiatr Neurol 128(4), 219-56.
Richard, E., Carrano, A., Hoozemans, J.J., van Horssen, J., van Haastert, E.S., Eurelings, L.S., de Vries, 

H.E., Thal, D.R., Eikelenboom, P., van Gool, W.A., Rozemuller, A.J. 2010. Characteristics of 
dyshoric capillary cerebral amyloid angiopathy. J Neuropathol Exp Neurol 69(11), 1158-67.

Scholz, W. 1938. Studien zur Pathologie der Hirngefäße. II. Die drusige Entartung der Hirnarterien und 
-capillaren (Eine Form seniler Gefäßerkrankung). Z Ges Neurol Psychiatr 162, 694-715.
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elimination from the brain: 1) the direct transport of Aβ into the blood via specific receptors 

at the BBB and 2) the perivascular drainage of Aβ with other solutes and interstitial fluid 

along capillary and artery walls. Deposition of Aβ within the perivascular space forms an 

obstacle and reduces the drainage capacity which can lead to CAA formation and also to in-

creased parenchymal Aβ deposition (Weller, et al., 1998; Weller, et al., 2008). 

Clearance of Aβ through the BBB is discussed in the following chapters.

The blood-brain barrier
The BBB is a complex structure within the brain and its main function is to provide and 

maintain a highly controlled microenvironment for neurotransmission to occur through the 

formation of a tight sealed barrier between the circulating blood and the CNS (figure 4). It 

is formed by a monolayer of brain microvascular endothelial cells, capillary basement mem-

branes, astrocytic end feet and pericytes (Fig.2).  The BBB is characterized, at least in part, by 

a specific phenotype of the endothelial cells, with adherens junctions as cell–cell interaction 

stabilizers, and tight junctions (TJ) that limit paracellular flow of water, ions and larger mol-

ecules into the brain. 

TJ are domains of occluded intercellular clefts composed of protein complexes that seal the 

paracellular space. The sealing feature of the TJ is regulated by the expression of transmem-

brane proteins, such as occludin, claudins and junction adhesion molecules, anchored via 

accessory proteins, such as ZO-1-3 to the cytoskeleton. Occludin and the claudins consist of 

four transmembrane domains and two extracellular loops and form the TJ through homo-

philic protein-protein interactions mediated by the extracellular loops and are the most im-

portant membranous components of the junctions. The presence of intricate TJ complexes to-

gether with the lack of fenestrations are important characteristic of the BBB, which guarantee 

the low permeability of the barrier, impeding the entrance of plasma components, red blood 

cells, and leukocytes into the CNS, and conferring the high electrical resistance of the BBB. 

The TJ have a valuable function not only in restricting paracellular permeability (gate func-

tion), but also in segregating the apical and basal domains of the cell membrane (fence func-

tion) so that the endothelium can take on the polarized (apical–basal) properties that are 

more commonly found in epithelia. 
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The supply of necessary substances into the brain needs therefore to be mediated by active 

transport. Several transporters for amino acid and nucleosides are present at the BBB along 

with the glucose transporter 1, allowing the maintenance of cerebral homeostasis. 

BBB disruption is a common feature of virtually all neurodegenerative disorders and so, along 

with neuroinflammation, can be viewed as a key component in the process of neurodegen-

eration. The main question remains whether BBB dysfunction precedes neuropathological 

changes such as senile plaques and NFTs. Alternatively, impaired BBB function might be a 

secondary event and caused by the deposition of aberrant protein aggregates and concomitant 

inflammatory responses. 

Histopathological studies have demonstrated that BBB changes are evident in the cerebral 

microvasculature of AD patients (Claudio, 1996; Farkas and Luiten, 2001). These include de-

generation of perivascular cells, swollen astrocytic end feet (Higuchi, et al., 1987; Yamashita, 

et al., 1991), reduced expression of glucose transporter-1 protein, increased pinocytotic ves-

icles and decreased numbers of mitochondria. In addition, prominent thickening and local 

disruption of capillary basement membranes have been reported by several research groups 

analyzing either biopsy tissue or post mortem material (Farkas, et al., 2000; Perlmutter and 

Chui, 1990). Furthermore, the appearance of string vessels (collapsed and acellular mem-

brane tubes), a reduction in capillary density, accumulation of collagen and perlecans in the 

basement membrane, loss of tight junctions and/or adherens junctions and BBB breakdown 

with leakage of blood-borne molecules have also been reported in AD (Zlokovic, 2011). Tak-

en together, there is ample evidence that microvascular pathology is a commonly observed 

phenomenon in AD brains. 

Because in capCAA accumulation of Aβ occurs at the interface of the CNS and the systemic 

circulation,  affecting those location responsible for the transport or the clearance of Aβ into 

the venous or CSF compartments, the role of capCAA in affecting BBB function and integrity 

and therefore the involvement in Aβ clearance is of particular interest to understand AD 

pathophysiology. 

Amyloid clearance 
The low paracellular permeability of the BBB implies that, in order to cross the barrier, specif-

ic transporters and carriers are needed to allow the entrance of necessary metabolites and nu-



23

trients and the removal of toxic substances in order to maintain cerebral homeostatic balance.

The brain endothelium does not allow free exchange of peptides, and this is also true for the 

passage of Aβ. The transport of Aβ is strictly regulated by specific (and less specific) trans-

porters at the BBB, which play a crucial role in the clearance of Aβ from the brain. 

The major influx transporter for Aβ across the BBB is the receptor for advanced glycation 

endproducts (RAGE). RAGE binds to different forms of Aβ and mediates its pathophysio-

logic cellular responses: not only can it transport Aβ across the BBB into the brain, but Aβ/

RAGE interaction contributes to the neurotoxic effects directly by producing oxidative dam-

age to RAGE-expressing neurons, and indirectly, by activating microglia (Yan, et al., 1996). 

The Aβ-enriched environment in AD brains increases RAGE expression at the BBB and in 

neurons, amplifying Aβ-mediated pathogenic responses.

Low-density lipoprotein receptor related protein 1 (LRP1), a member of the LDL receptor 

family, is the major efflux transporter of Aβ (Shibata, et al., 2000) and acts as a multifunction-

al scavenger and signaling receptor. Binding of Aβ to LRP1 at the abluminal side of the BBB 

initiates Aβ clearance from the brain to the systemic circulation via transcytosis across the 

BBB. LRP1 binds to Aβ either directly or via Aβ chaperones such as ApoE to mediate brain 

Aβ clearance.

ApoE mediates the clearance of Aβ and influence risk of developing AD affecting Aβ clear-

ance in an isoform-dependent manner. The ApoE4 allele is in fact the isoform less effective 

in clearing Aβ when compared to ApoE2 and ApoE3 isoforms (Kim, et al., 2009).  Notably, 

ApoE4 is the major genetic risk factor for sporadic AD, increasing risk and decreasing age at 

onset of AD dose-dependently, with the homozygotes having the higher risk (Castellano, et 

al., 2011).

Another apolipoprotein, ApoJ, also known as clusterin, is involved in the transport of Aβ 

across the BBB. ApoJ, as well as ApoE, can cluster to Aβ and facilitates its binding to LRP2.  

LRP2 quickly transports ApoJ across the BBB and eliminates Aβ as well when it is bound to 

ApoJ. Interestingly, also ApoJ has been reported to increase the risk of developing sporadic 

AD, emphasizing the importance of Aβ clearance in the development of AD.

The ABC (ATP-binding cassette) transporters belong to another class of transporters involved 

in the removal of Aβ from the brain. These are efflux transporters that are normally expressed 

at the BBB and limit the penetration of many drugs into the brain. Some ABC transporters, 
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including P-glycoprotein (P-gp), BCRP (breast cancer resistance protein) and MRP-1 (mul-

tidrug resistance-associated protein 1), are able to transport Aβ mediating its efflux from the 

brain endothelium to blood across the luminal side of the BBB. 

Defective vascular clearance of Aβ from the brain and/or an increased re-entry of peripheral 

Aβ across the blood vessels into the brain result in elevated Aβ levels in the brain parenchyma 

and around cerebral blood vessels. At pathophysiological concentrations, Aβ forms neurotox-

ic oligomers and also self-aggregates, which leads to the development of CAA and plaques.

Because of the pivotal role of Aβ removal in regulating the concentration of Aβ in the brain 

and therefore its accumulation, the transport of Aβ across the BBB might be a key event in the 

pathological cascade that leads to AD.

Figure 4. The Blood-Brain Barrier. The cerebral endothelial cells form tight junctions at their margins 
which seal the aqueous paracellular diffusional pathway between the cells. Pericytes are distributed dis-
continuously along the length of the cerebral capillaries and partially surround the endothelium. Both 
the cerebral endothelial cells and the pericytes are enclosed by, and contribute to, the local basement 
membrane which forms a distinct perivascular extracellular matrix (basal lamina 1, BL1), different in 
composition from the extracellular matrix of the glial endfeet bounding the brain parenchyma (BL2). 
Foot processes from astrocytes form a complex network surrounding the capillaries and this close cell 
association is important in induction and maintenance of the barrier properties. Axonal projections 
from neurons onto arteriolar smooth muscle contain vasoactive neurotransmitters and peptides and 
regulate local cerebral blood. BBB permeability may be regulated by release of vasoactive peptides and 
other agents from cells associated with the endothelium. Microglia are the resident immunocompetent 
cells of the brain. The movement of solutes across the BBB is facilitated by passive or active transporters 
in the endothelial cell membranes. Efflux transporters in the endothelium limit the CNS penetration of 
a wide variety of solutes including Aβ (Abbott et al., 2009).
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Inflammation
Inflammation and oxidative stress in the brain are concurrent with AD. Currently, there has 

been increasing evidence suggesting that inflammatory mechanisms are not merely bystand-

ers in neurodegeneration but powerful pathogenetic forces in the disease process. 

The innate immune response and resulting neuroinflammation appears to be responsible for 

local activation of microglia, astrocytes, and the complement system, the subsequent local 

initiating a pro-inflammatory cascade that results in the release of potentially cytotoxic mol-

ecules, cytokines, reactive oxygen species (ROS) and other related compounds, causing neu-

rodegeneration (Yu and Tan, 2012).

Elevated levels of proinflammatory cytokines and acute phase proteins are localized around 

Aβ plaques in AD (Akiyama, et al., 2000), suggesting that the AD brain is in a chronic proin-

flammatory state. Oligomeric Aβ1-42 can also cause oxidative stress by integrating into mem-

branes and catalytically generating the lipid peroxidation product, 4-hydroxynonenal (HNE), 

and through activation of the ROS-generating enzyme NADPH oxidase in microglia. On the 

other hand, inflammation and/or oxidative stress can themselves cause Aβ accumulation in 

the brain. APP, from which Aβ is cleaved, is transcriptionally regulated similarly to heat shock 

proteins and is responsive to the proinflammatory cytokine IL-1. Oxidative stress, on its turn, 

upregulates proteins involved in Aβ production, such as presenilin 1 (Oda, et al., 2010). 

Several studies have suggested that amyloid associated proteins, such as clusterin and heat 

shock proteins, are involved directly and indirectly in numerous ways related to inflammation 

and immunities in the brain, regulating complement activation, inhibiting NF-κB, activating 

microglia and inducing release of proinflammatory cytokines (Bruinsma, et al., 2012; Erick-

son, et al., 2012).

Modest, transient upregulation of Aβ in the brain may serve as an antioxidant defense and 

promote clearance of damaged cells in the brain by microglia (Kontush, 2001; Neniskyte, et 

al., 2011). Under severe or chronic conditions of cellular stress, it is however feasible that Aβ 

accumulation could transition to pathological levels, resulting in formation of toxic oligomers 

that drive the AD process (Erickson, et al., 2012).

A prominent inflammatory response is found especially surrounding capCAA in which 

dyshoric changes are particularly severe. Furthermore CAA-related inflammation is of clini-

cal importance since patients with this type of pathology present with cognitive decline, sei-
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zures and headaches, that improve upon anti-inflammatory treatment (Chung, et al., 2011; 

Eng, et al., 2004; Kinnecom, et al., 2007). In addition, it has been suggested that especially 

capCAA dyshoric changes could contribute to a rapid clinical deterioration (Eurelings, et al., 

2010), suggesting an important role of capCAA and dyshoric angiopathy, rather than plaques 

and CAA, in cognitive decline.
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Outline of this thesis
Given the central role of the vascular and BBB compartments in the regulation of Aβ clear-

ance the aim of the studies described in this thesis was to examine the role of Aβ transport 

proteins, as well as the expression of specific BBB/endothelial proteins in the AD/CAA brain 

and to elucidate the putative role of CAA in the evolution of AD pathology. To this end, my 

thesis focuses on vascular alterations presented in the capillary form of CAA and the common 

and not common features shared with “classical” AD, on proteins involved in Aβ transport 

across the BBB, including Aβ transporters and amyloid associated proteins, and a number of 

proteins that may play a significant role in the overall homeostasis and maintenance of the 

vascular endothelial and BBB compartment.

Chapter 2
This chapter describes the pathological characteristics of capCAA, the relationship between 

amyloid deposits in capCAA, CAA and plaques, and the distribution patterns of neurofibril-

lary changes, inflammatory markers, and ApoE around amyloid lesions. 

Chapter 3
To investigate the differential expression of proteins between AD and capCAA brains a pro-

teomics study was performed. We identified several proteins specifically upregulated in cap-

CAA, the expression of which has been further validated with immunohistochemical tech-

niques. We here investigated the expression and localization of laminin, clusterin, SAP and 

complement activation in capCAA and AD brains. Both laminin, clusterin, SAP and comple-

ment proteins colocalize with amyloid deposits in CAA and capCAA-affected tissue. Interest-

ingly, we observed a more pronounced colocalization with vascular Aβ compared to amyloid 

plaques in AD brains.

Chapter 4
We investigated BBB alterations in CAA-affected capillaries with the emphasis on tight junc-

tion (TJ) changes and signs of neuroinflammation. We show that Aβ is toxic to brain endo-
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thelial cells via binding to RAGE and concomitant ROS production, which ultimately leads to 

disruption of TJs and loss of BBB integrity, as shown by the leakage of fibrinogen in capCAA 

tissue.

Chapter 5
The expression and function of ABC transporters might be critical in the development of AD 

and (cap)CAA. We demonstrate that Pgp and BCRP are downregulated in capCAA, not in 

AD, and that Aβ and clusterin influence the expression level of P-gp. This might play a pivotal 

role in the development of the different amyloid deposits.

Chapter 6
In this chapter we summarize and discuss the results of this thesis.
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Abstract
Cerebral amyloid angiopathy (CAA) affects brain parenchymal and leptomeningeal 
arteries and arterioles but sometimes involves capillaries (capCAA) with spread of 
the amyloid into the surrounding neuropil, that is, dyshoric changes. We determined 
the relationship between capCAA and larger vessel CAA, A amyloid (Aβ) plaques, 
neurofibrillary changes, inflammation, and apolipoprotein E (APOE) in 22 cases of 
dyshoric capCAA using immunohistochemistry. The dyshoric changes contained 
predominantly Aβ1-40, whereas dense bulblike deposits adjacent to the capillary 
wall contained mostly Aβ1-42. There was an inverse local correlation between Aβ 
plaque load and capCAA severity (p = 0.01), suggesting that Aβ transport between 
the neuropil and the circulation may be mechanistically involved. Deposits of hy-
perphosphorylated tau and ubiquitin and clusters of activated microglia, resembling 
the changes around Aβ plaques, were found around capCAA but were absent around 
larger vessel CAA. In 14 cases for which APOE genotype was available, there was a 
high APOE-ε4 allele frequency (54%; 43% homozygous). The severity of CapCAA 
increased with the number of ε4-alleles; and APOE4 seemed to colocalize with cap-
CAA by immunohistochemistry. These results suggest that capCAA is pathologically 
and possibly pathogenetically distinct from larger vessel CAA, and that it is associ-
ated with a high APOE- ε4 allele frequency. 

Key Words: Alzheimer, Capillary cerebral amyloid angiopathy, Cerebral amyloid angiopathy, 
Dementia, Dyshoric, Neuroinflammation.
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Introduction
Sporadic cerebral amyloid angiopathy (CAA) is characterized by deposits of A-amyloid (Aβ) 

in meningeal and parenchymal arteries, arterioles, and to a lesser extent, brain capillaries 

(Revesz, et al., 2003). Cerebral amyloid angiopathy is a common finding at autopsy, and its 

incidence increases with age and occurs in 70% to 100% of Alzheimer disease (AD) patients 

(Bergeron, et al., 1987; Ellis, et al., 1996). Cerebral amyloid angiopathy may occur in any re-

gion of the brain and spreads in a characteristic pattern starting in the neocortex, where the 

occipital lobe is a predilection site; it may involve other brain areas, including the diencepha-

lon, striatum, and cerebellum (Alafuzoff, et al., 2009; Thal, et al., 2003). Sporadic CAA can 

be classified into CAA-type 1, involving cortical capillaries in addition to leptomeningeal and 

cortical arteries and arterioles, and CAA-type 2, not involving cortical capillaries (Thal, et al., 

2002). Capillary CAA (CapCAA) can occur in any stage of CAA-type 1 and correlates with 

severity of AD pathology, whereas larger vessel CAA does not (Attems and Jellinger, 2004; 

Jellinger and Attems, 2005). A remarkably high apolipoprotein E- ε4 (APOE- ε4) allele fre-

quency (46.7%) has been found in subjects with CAA-type 1 (6). Capillary CAA is relatively 

frequently found in subjects with advanced Aβ deposition in the brain, and severe capCAA in 

the absence of neuritic plaques has been described in a limited number of APOE-ε4 homozy-

gous subjects (Thal, et al., 2008; Vidal, et al., 2000). In capCAA-affected capillaries, more than 

in larger CAA-affected vessels, flamelike amyloid deposits may extend beyond the vessel wall 

and radiate into the neuropil, that is, “dyshoric angiopathy” (Attems, 2005).

Although many capCAA-affected vessels exhibit dyshoric changes, they are not a prerequisite 

for capCAA. Here, we use the term dyshoric changes in capCAA to describe plaquelike AA 

aggregates attached to the basement membranes of capillaries entering the pericapillary neu-

ropil. This is based upon the description of dyshoric angiopathy by Surbek (Surbek, 1961) in 

1961, which distinguished capillaries with plaquelike amyloid deposits (dyshoric angiopathy) 

from parenchymal plaques. The term angiopathy dyshorique was originally introduced by 

Morel in 1950 (Morel, 1950) and interpreted as congophilic angiopathy (synonymous with 

CAA), with parenchymal lesions by Pantelakis (Pantelakis, 1954) in 1954. This terminology 

was derived from translating the original German description of CAA, which used the term 

Drusige Entartung, as used by Scholz (Scholz, 1938), who in 1938 first systematically reported 

that the substance in this specific form of angiopathy was the same as the main component 
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of senile plaques. This term already made the link with amyloid plaques, which were called 

Alzheimer Drusen at that time and meant the occurrence of plaquelike silver-and Congo 

red-stainable material in blood vessels. The vascular changes covered by this description were 

those in larger vessels as well as dyshoric changes in capillaries representing electron-dense 

amyloid material in the affected vessel walls (Schlote, 1965; Scholz, 1938). Here we use the 

term capCAA for amyloid laden capillaries and dyshoric changes to denote the amyloid de-

posits radiating into the neuropil. Some previous studies of capCAA report that Aβ1-42 is the 

most prominent isoform in globular deposits and that both Aβ1-40 and Aβ1-42 are present 

in the capillary wall; Aβ1-40 is mainly found in larger vessel CAA (Attems, et al., 2004; Jeynes 

and Provias, 2006; Oshima, et al., 2006). Little is known about the precise composition of the 

dyshoric changes. The presence of Aβ1-40 in capCAA has been reported to correlate with the 

amount of Aβ1-40 in plaques, but there are conflicting results for the correlation between 

capillary Aβ1-42 and plaque Aβ1-42 (i.e. some have found a positive correlation (Attems, et 

al., 2004), whereas this correlation was negative in other studies(Jeynes and Provias, 2006; 

Oshima, et al., 2006). 

Neurofibrillary changes have been observed around Aβ-laden arteries and arterioles in CAA 

(Delacourte, et al., 1987; Williams, et al., 2005). Interestingly, the presence of tau-positive 

structures is correlated with perivascular Aβ deposits, but not with Aβ in the vessel wall, 

suggesting that parenchymal Aβ might trigger the tau pathology (Attems and Jellinger, 2004; 

Delacourte, et al., 1987; Oshima, et al., 2006; Oshima, et al., 2008; Rozemuller, et al., 1989; 

Williams, et al., 2005).

A neuroinflammatory response, as can be seen around classical plaques, is absent around 

larger vessel CAA (Akiyama, et al., 2000; Eikelenboom, et al., 2008; Yamada, et al., 1997). 

Whether dyshoric capCAA is accompanied by inflammatory changes has not been systemati-

cally investigated, but in addition to the parenchymal Aβ, perivascular tau deposits might elicit 

an inflammatory reaction similar to that observed around plaques. This study aims to further 

investigate the differences between dyshoric capCAA and larger vessel CAA, with respect 

to the distribution of different Aβ-isoforms, the relationship with plaques, the surrounding 

neurofibrillary changes, signs of inflammation, and the correlation with the APOE-ε4 allele.

 

Materials and Methods
Subjects and Clinical Data
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Patient selection was based on neuropathologic findings at autopsy; collection of clinical data 

was performed retrospectively. Subjects with extensive capCAA and dyshoric changes were 

collected from 4 neuropathologic databases that contain autopsies between 2000 and 2007. 

The databases contain subjects with different types of dementia (mostly AD), and Parkinson 

disease (PD) and related disorders; subjects without dementia who donated their brains to the 

Netherlands Brain Bank; and subjects who died of a variety of nonneurological diseases in 1 

academic hospital. Inclusion criteria were based on the neuropathologic finding of capCAA 

and not on clinical characteristics. Both subjects with and without dementia were included 

if there was marked capCAA. Subjects with very mild capCAA, with small number of Aβ-

positive capillaries in some of the microscopic fields were excluded because this is a rather 

common finding in an aged population. All subjects or their legal representatives had signed 

an informed consent form for use of clinical data and tissue for scientific purposes before the 

information was added to the databases. In total, 22 patients with capCAA were included, 

with an average age of 77.9 years (SD, 7.7 years; range, 65-95 years); of these, 10 (46%) were 

men.

Neuropathologic Assessment

The brain specimens were obtained at autopsy with postmortem intervals of less than 15 

hours. For neuropathologic diagnoses, blocks of 5 cortical areas, basal nuclei (including nu-

cleus accumbens), thalamus, hippocampus, amygdala, mesencephalon, pons and medulla 

oblongata, and cerebellum were examined with routine stains (hematoxylin and eosin, pe-

riodic acid Schiff-Luxol fast blue). Hippocampus and cortical areas were also stained with 

methenamine silver and/or an antibody against Aβ 1-17, and either Gallyas or tau (AT8). 

All additional neuropathologic evaluations for this study were performed on formalin-fixed 

paraffin-embedded tissue from occipital pole cortex (Brodmann area 18/19).

Staging of neurofibrillary changes was done according to Braak and Braak (Braak, et al., 2006; 

Braak and Braak, 1991). To determine the CAA stage, temporal pole cortex, hippocampus 

(essentially CA1 and entorhinal area of the parahippocampal gyrus), cerebellum (vermis), 

and striatum (pallidum and caudatum), were analyzed, as described (Thal, et al., 2003).

Immunohistochemistry

Examinations were performed on 5-µm-thick sections of formalin-fixed (4%, 24 hours) par-



affin-embedded tissue. To quench endogenous peroxidase activity, sections were treated with 

0.3% H2O2 in methanol for 30 minutes. Antigen retrieval was performed in either 10 mmol/L 

pH 6.0 sodium citrate buffer heated by microwave for 10 minutes and cooled to room tem-

perature or formic acid for 15 minutes at room temperature and subsequently rinsed in water 

and PBS. Sections were stained using the avidin-biotin-peroxidase complex method, EnVi-

sion method, or Power Vision method, as described (Copani, et al., 2006; Hoozemans, et al., 

2009). The primary antibodies, dilutions, and manufacturers of the antibodies are listed in 

Table 1. The sections stained for AT8 (anti-paired helical filament tau), ubiquitin, glial fibril-

lary acidic protein (GFAP), and HLA-DR (LN3) were costained with Congo red to visualize 

the relationship between these changes and the capCAA.

Immunofluorescent double staining for Aβ1-40 (mouse IgG2b) and Aβ1-42 (mouse IgG1) 

was performed by means of goat anti-mouse isotype-specific secondary antibodies to visual-

ize the distribution of the different isoforms around the capillaries as previously described 

Primary Antibody Antigen dilution method ARS Source

AT8 PHF-TAU 1:200 ABC Na-citrate Innogenetics 
(Gent, Belgium)

Anti-Aβ 1-17 Aβ 1-17 1:50 EV FA Dako (Glostrup, Denmark)

Anti-Aβ 1-40  Aβ 1-40 1:64000 ABC FA The Genetics Company 
(Schlieren, Switzerland)

Anti-A β1-42 Aβ 1-42 1:16000 ABC FA The Genetics Company 
(Schlieren, Switzerland)

Anti-ubiquitin Ubiquitin 1:25600 PV FA
Chemicon 

(Millipore, Temecula, CA, 
USA) 

GFAP GFAP 1:100 EV Na-citrate 
Monosan   

(Sanbio, Uden, The Nether-
lands)

LN3 HLA-DR 1:200 EV Na-citrate 
gift of Dr. J.H.M. Hilgers 

(VUMC, Amsterdam, The 
Netherlands)

Anti-APOE4 APOE4 1:200 EV FA MBL (Naka-ku Nagoya, Japan)

Table 1. Primary Antibodies

Aβ, A-amyloid; ABC, avidin-biotin-peroxidase complex method; ApoE4, apolipoprotein E4; EV, Envi-
sion method; FA, formic acid; GFAP, glial fibrillary acidic protein; Na citrate, sodium citrate; PHF-TAU, 
paired helical filament tau; PV, Power Vision method; ARS, antigen retrieval step; VUMC, VU Medical 
Center.
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case age sex clinical 
diagnosis NP diagn CAA 

stage Braak T ApoE Disease 
duration (m)

1 71 f CJD susp AD 3 4 44 8

2 86 m CJD susp AD 2 6 33 3

3 78 f CJD susp AD 2 4 34 10

4 76 m CJD susp AD 2 4 n.d. 2

5 75 f CJD susp AD changes 3 3 n.d. 3

6 80 m CJD susp AD changes 2 2 n.d. 24

7 85 f AD AD 2 5 n.d. 48

8 73 m AD AD 2 4 44 120

9 72 m AD AD 2 6 32 120

10 85 f AD AD 2 5 44 120

11 65 m AD AD 3 5 33 84

12 75 f AD AD 3 5 44 144

13 83 f AD AD 2 3 n.d. 60

14 74 m AD AD 3 6 n.d. 72

15 89 f AD AD 3 5 33 36

16 70 f PD LBD-NT 3 3 44 rapid progressive

17 69 f PD LBD-NT 2 3 34 unknown

18 75 m PD LBD-NT 3 3 44 unknown

19 70 f PD LBD-NT 1 4 n.d. 18

20 95 f no dementia n.a. 2 3 n.d. n.a.

21 79 m no dementia n.a. 2 1 33 n.a.

22 88 m depression n.a. 1 2 34 n.a.

Table 2. Patient Clinical and Neuropathologica Data

AD, Alzheimer disease; ApoE, apolipoprotein E genotype; Braak T, Braak tangles; CAA, cerebral amy-
loid angiopathy; CJD susp, clinical suspicion of Creutzfeldt-Jakob disease; F, female; LBD-NT, Lewy 
body disease-neocortical type; M, male; n.a., not applicable; n.d., not determined; NP, neuropathologic 
diagnosis; PD, Parkinson disease.
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(Pollio, et al., 2008).

Morphological Analysis and Quantification

Morphological analysis of capCAA and larger vessel CAA scores were determined in sections 

stained with antibodies against Aβ1-17, Aβ1-40, and Aβ1-42. Vessels smaller than 10 µm 

were defined as capillaries. Microscopic fields (n = 4) (capillaries, magnification 10×; larger 

vessels, magnification 2.5×) were analyzed. The Aβ-positive vessels were scored as follows: 0, 

none; 1, occasional positive vessel (<20%); 2, several positive vessels scattered throughout the 

field (20%-60%); 3, most vessels affected (>60%). The presence of Aβ plaques (plaque sever-

ity) was quantified in the same manner as the number of Aβ-positive larger vessels (0, none; 

1, occasional plaque; 2, several plaques scattered throughout the field; 3, abundant presence 

of plaques).

The AT8 and ubiquitin immunostains were scored as follows: 0, none; 1, mild (occasional im-

munoreactivity [IR]); 2, moderate (scattered throughout the field); and 3, severe (surround-

ing most capillaries). All scoring was done by 2 raters (Edo Richard and Anna Carrano). Both 

raters assigned a score to every section, taking into account the whole section; the definite 

score was then assigned in consensus. The observers were blinded to the clinical diagnosis 

and any patient information.

Sections double stained with the primary antibodies and Congo red and for Aβ1-40/1-42 

were evaluated in a qualitative way. Adjacent sections were stained for determination of colo-

calization of APOE4 and Aβ1-17.

Statistical Analysis

Because of the relatively small number of subjects in the study, and the use of ordinal scales 

to grade neuropathologic changes, nonparametric tests were used for all analyses. Spearman’s 

rank correlation coefficients were calculated. Mann-Whitney U statistics was used for analyz-

ing dichotomized variables.

Results
Subjects

Of the 22 patients with capCAA identified from the 4 databases based on the description of 

capCAA in the neuropathologic reports, 4 cases were found among 89 cases in a database of 
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subjects who were clinically suspected of having Creutzfeldt-Jakob disease (CJD), which was 

not confirmed at autopsy; 10 cases were from the database of the Netherlands Brain Bank 

(containing 380 subjects); 8 of these were diagnosed as AD and 2 had no neurological disease; 

4 of 110 cases were from the database with PD and related disorders; and 2 cases were from 

the general pathology database of an academic hospital-one of these was diagnosed as AD, 

and one had no dementia (Table 2).

Neuropathologic Findings

All clinically diagnosed AD patients and 4 of 6 CJD-suspected cases fulfilled neuropathologic 

criteria for AD with respect to tau pathology, Braak tangle stage of IV, or higher. All clinically 

diagnosed PD cases had Lewy body pathology, in addition to moderate tau pathology. The 3 

cases without dementia had Braak tangle scores of I to III.

Aβ Deposition

Dyshoric changes were mainly observed around the capillaries and only rarely around larger 

vessels. Both Aβ1-40 and Aβ 1-42 were detected around the capillaries, and they were highly 

correlated (Spearman ρ 0.855, p< 0.001), but their distributions differed. Aβ1-40 was the main 

component of the dyshoric changes; in addition to its main component in the vessel wall, it 

completely surrounded the capillary with extensive spread into the neuropil (Figs. 1A, C). On 

the other hand, Aβ1-42 was mainly present in dense bulblike deposits directly adjacent to and 

to a lesser extent in the capillary wall. To a much lesser degree than Aβ1-40, there were flame-

like deposits radiating into the neuropil (Figs. 1B, C). This is the reverse of the distribution 

in plaques with a dense core consisting of Aβ1-40 and a diffuse spread around consisting of 

mainly Aβ1-42 (Figs. 1E, F).

The severity of capCAA correlated with the severity of larger vessel CAA (Spearman ρ 0.71, p 

< 0.001). Capillary CAA occurred in any stage of CAA, and no subjects had capCAA without 

any larger vessel CAA. There was a significant inverse correlation between capCAA severity 

and plaque density, with relatively few plaques in subjects with the most extensive capCAA 

(Spearman [rho] -0.52, p = 0.013; Fig. 2). When Aβ1-40 and Aβ1-42 were analyzed separately, 

this correlation was the same for both isoforms (Spearman [rho] -0.59, p = 0.004 vs -0.53, p 

= 0.011; Fig. 2). No significant correlation was found between larger vessel CAA and plaque 

load (Spearman [rho] -0.39, p = 0.076).
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Tau and Ubiquitin

Few or no neurofibrillary tangles were observed in the occipital cortex of any of the subjects, 

although they were present in other brain regions, particularly in the AD cases (Table 2, Braak 

tangle score). AT8 IR was observed surrounding Congo red-positive dyshoric capillaries and 

was virtually absent around the larger Congo red-positive vessels (Figs. 3J, K). Similarly, ubiq-

Figure 1. (A-F) Immunofluorescent double staining for β-amyloid (Aβ) 1-40 (green) and Aβ 1-42 (red), 
illustrating the distribution of the 2 isoforms in capillaries with the surrounding dyshoric changes (A-C) 
and plaques (D-F).

Figure 2. (A-C) Correlation between capillary cerebral amyloid angiopathy (capCAA) severity and 
plaque severity (scored as 0-3) analyzed for β-amyloid (Aβ) 1-17 (A), Aβ 1-40 (B), and Aβ 1-42 (C). 
Scale bars = mean +/- SEM. *p < 0.05, ***p < 0.001.
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uitin-positive neuritic dystrophy was found around capCAA, but not around larger Congo 

red-positive vessels (Figs. 3M, N).

The extent of AT8 immunoreactivity correlated with the severity of ubiquitin reactivity 

(Spearman ρ 0.527, p = 0.03). The cases with little ubiquitin (score <=2) had significantly less 

AT8 IR than the cases with abundant ubiquitin (>2) (0.8 vs 2.4, p = 0.001). No cases had tau 

pathology in the absence of ubiquitin IR; whereas in 2 cases, ubiquitin IR without any tau 

pathology was observed around the dyshoric capCAA-affected vessels.

Glia Activation

Double staining for GFAP and Congo red demonstrated the presence of astrocytes around 

virtually all Aβ-laden vessels, albeit strongest around capillaries, in particular, in the presence 

of dyshoric changes, which were surrounded by clusters of GFAP-immunoreactive astrocytes 

(Figs. 3G, H). Clusters of HLA-DR-positive microglia were strongly associated with Aβ-laden 

capillaries with dyshoric changes but were only sporadically observed around larger ves-

sels harboring CAA (Figs. 3D, E). Clusters of activated microglia and astrocytes were found 

around the classical plaques in the same region. In the control subjects, some GFAP IR was 

present, but no HLA-DR-positive microglia were seen.

APOE

The APOE genotype was available for 14 of 22 cases. The APOEε4 allele frequency in this 

cohort was 54%; 6 (43%) of 14 patients were homozygous for the APOEε4 allele. Of the 8 

subjects in whom the APOE genotype was not determined, 7 had APOE4 IR compatible with 

the presence of at least 1 ε4 allele. When stratified for APOE genotype, subjects with at least 

1 APOEε4 allele had higher scores for capillary Aβ1-17 (2.4 vs 2.0), Aβ1-40 (2.1 vs 1.4), and 

Aβ1-42 (2.3 vs 2.0) than subjects without an ε4 allele. In these small groups, none of these 

differences reached significance, but there was a trend (particularly for Aβ1-40) toward more 

severe capCAA depending on the number of ε4 alleles (Fig. 4). Subjects homozygous for the 

ε4 allele had the strongest association with capillary Aβ, as shown on adjacent sections stained 

for APOE4 and Aβ1-17 (Fig. 5).
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Discussion
We describe neuropathologic changes accompanying the parenchymal Aβ surrounding cap-

CAA with dyshoric changes in a series of 22 cases. Because different neuropathologic data-

bases tend to contain disproportionate numbers of patients with specific diseases, subjects 

were selected from 4 different databases to obtain a sample with as little bias toward a specific 

category of subjects as possible. Despite this, selection bias might have contributed to an over-

representation of subjects with dementia in our sample as a result of the relative overrepresen-

tation of subjects with dementia in these databases. Therefore, clinical data of these subjects 

in relation to the neuropathologic findings should be interpreted with caution. The cases with 

clinical diagnosis of AD and PD were confirmed on neuropathologic analyses. All of the cases 

suspected of having CJD had rapidly progressive dementia, and at autopsy were found to have 

significant tangle pathology; in 4 cases, this fulfilled neuropathologic criteria for AD.

We found several neuropathologic differences between capCAA and larger vessel CAA. Con-

sistent with previous reports, we demonstrated that in capCAA-affected vessels, Aβ1-42 is 

present within the walls of Aβ-laden capillaries and in dense bulblike deposits adjacent to the 

capillary wall (Attems, et al., 2004; Jeynes and Provias, 2006; Oshima, et al., 2006). In previous 

studies, Aβ1-42 was found to be the main isoform in capCAA as opposed to Aβ1-40 in larger 

vessel CAA. In capCAA in our cases, Aβ1-40 was mainly as dyshoric deposits spreading into 

the neuropil and to a relatively lesser degree in the vessel wall, whereas Aβ1-40 deposits were 

in the larger vessel wall CAA. A possible explanation for this difference with previous reports 

could be that few patients in previous series had abundant dyshoric changes (i.e. in which 

Aβ1-40 is the most prominent isoform); therefore, Aβ1-42 was described as the main isoform 

in capCAA.

The high APOEε4 allele frequency (54%) is similar to that found by Thal et al (Thal, et al., 

2002) in their series of capCAA (46.7%). This frequency is much higher than that in the gen-

eral population (14%) and in late-onset sporadic AD (37%) (Slooter and van Duijn, 1997). 

Moreover, the incidence of ε4/ε4 homozygous subjects of 43% is extraordinarily higher than 

that in the general population (3%) and in AD cases (13%) (Poirier, et al., 1993). It is also much 

higher than in the series of Thal et al (Thal, et al., 2002), in which 3 (20%) of 15 genotyped 

type 1 CAA subjects had the ε4/ε4 genotype. Taken together, these findings indicate that this 

specific genotype might represent a strong risk factor for the occurrence of capCAA, specifi-
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Figure 3. Immunoreactivity in capillary cerebral amyloid angiopathy (capCAA) (left column of panels), 
CAA (middle column of panels), and plaques (right column of panels). (D-O) Panels show double stain-
ing with Congo red. (A-C) β-Amyloid (Aβ) 1-17 staining. The dyshoric changes are found around the 
capillaries, and not the larger vessels. (D-F) Microglial activation (LN3 staining) around the capillaries, 
particularly when there are dyshoric changes. (G-I) Glial fibrillary acidic protein-positive reactive as-
trocytes are seen around both capillaries and larger vessels, mostly when there is a dyshoric component. 
(J-L) Hyperphosphorylated tau (AT8 staining) is seen only around the Aβ-laden capillaries and hardly 
around the larger vessels. (M-O) Ubiquitin is found around the Aβ-laden capillaries, mainly when there 
are dyshoric changes, and not around the larger vessels.
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cally with concomitant dyshoric changes (Vidal, et al., 2000). The very high percentage of ε4/

ε4 genotype might be explained by the fact that the subjects in our study were selected based 

on the recognition of widespread capCAA, thereby probably including more severe cases. The 

importance of the ε4 allele in the pathogenesis of capCAA is illustrated by the colocalization 

of APOE4 with capillary Aβ and the increasing severity of capCAA with increasing number 

of ε4 alleles. Although a strong genetic risk factor for dyshoric capCAA, the presence of an 

ε4 allele is not required because 5 (36%) of 14 genotyped subjects did not carry an ε4 allele.

The observation of tau pathology and ubiquitin IR around the capCAA-affected vessels in the 

occipital lobe, an area where few tangles are found (even in advanced AD), is remarkable. This 

supports the hypothesis that the tau pathology may be secondary to the Aβ deposits around 

the capillaries (Delacourte, et al., 1987; Oshima, et al., 2006; Oshima, et al., 2008; Williams, et 

al., 2005). Whether this relationship with tau-IR is different in other regions of the brain (e.g. 

with more neurofibrillary tangles) or whether capCAA in different regions can occur with-

out any tau IR was not investigated. The presence of ubiquitin and tau close to the dyshoric 

changes closely resembles the changes that occur around classical plaques in AD. The fact 

that some cases exhibit ubiquitin without any tau pathology, but no cases exhibit tau pathol-

ogy without any ubiquitin, suggests a sequence of events similar to what happens around Aβ 

plaques, where ubiquitin IR can be found before tau.

Also similar to the changes around Aβ plaques in AD are the clusters of activated microglia 

around the dyshoric Aβ-laden capillaries, indicating a strong inflammatory response, which 

is absent around larger Aβ-laden vessels (Arends, et al., 2000; Rozemuller, et al., 2005). The 

inflammatory reaction associated with Aβ plaques is thought to play a role in the pathogen-

esis of AD and likely contributes to the symptoms of cognitive decline (Arends, et al., 2000; 

Rozemuller, et al., 2005). Whereas larger vessel CAA is generally considered not to contribute 

to the development of cognitive decline, we hypothesize that the parenchymal Aβ in dyshoric 

capCAA with the associated deposits of tau and neuroinflammatory response, resembling the 

changes around Aβ plaques in AD, could contribute to cognitive decline.

The inverse local correlation between capCAA severity and plaque density around the capil-

laries is striking and provides a semiquantitative support for the speculation made by Surbek 

(Surbek, 1961) in 1961. Previous studies that have addressed this issue are contradictory, but 

this might be explained by different definitions of capCAA and by the fact that no clear dis-

tinction was made between capCAA with and without dyshoric changes (Attems and Jellinger, 
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2004; Jeynes and Provias, 2006; Oshima, et al., 2006). The inverse local correlation between 

plaques and capCAA is compatible with the hypothesis of Aβ transport between the neuropil 

and the circulation, that is, increased Aβ in and around capillaries might be accompanied by 

a decrease of Aβ plaques. This is consistent with the findings in a recent Aβ vaccination trial 

in AD patients, in which it was shown that a decrease in plaque load was accompanied by an 

increase in CAA severity (Boche, et al., 2008). Subsequently, CAA severity decreases again, 

suggesting that Aβ removal from plaques and clearance via the vascular system can occur and 

is a dynamic process (Boche, et al., 2008).

Several possible mechanisms of Aβ clearance have been hypothesized. There is clearance 

of Aβ via receptor-mediated transport across the blood-brain barrier (Deane and Zlokovic, 

2007; Shibata, et al., 2000; Tanzi, et al., 2004) and another possible route of Aβ elimination 

is perivascular drainage of Aβ. Impaired clearance along this route might explain greater 

amounts of Aβ deposition in the brain that could ultimately lead to cognitive decline (Weller, 

et al., 2008). Our findings might be compatible with such a faulty blood-brain barrier clear-

ance mechanism, resulting in accumulating deposits in and around the capillaries and leading 

to dyshoric angiopathy. They could also be consistent with obstruction of the perivascular 

route that would result in accumulation of Aβ as CAA and finally capCAA. However, Cap-

CAA can occur with relatively little larger vessel CAA, suggesting that the problem does not 

necessarily start downstream from the capillaries, but rather with insufficient clearance at the 

blood-brain barrier in the capillaries.

Taken together, the pathological hallmarks of capCAA with dyshoric changes clearly differ 

from larger vessel CAA. This underscores the concept that CAA types 1 and 2 represent dis-

Figure 4. (A-C) Capillary cerebral amyloid angiopathy (capCAA) and plaque severity stratified for 
apolipoprotein E4 (APOE) genotype analyzed in the β-amyloid (Aβ) 1-17 (A), Aβ 1-40 (B), and Aβ 
1-42 (C) stains show an apparent correlation between capCAA severity and APOE genotype. Values are 
presented as mean +/- SEM.
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tinct neuropathologic entities. Several novel findings from the current study support this dif-

ference. We describe for the first time that Aβ1-42 is the main isoform in capCAA, as opposed 

to Aβ1-40 in larger vessel CAA. Although absent around larger vessel CAA without dyshoric 

changes, we show that capCAA is associated with tau deposits and clusters of activated micro-

glia, closely resembling the hallmarks of parenchymal neuritic plaques in AD. In view of these 

Figure 5. (A-F) Adjacent sections (10x) stained for β-amyloid (Aβ) 1-17 (A, C, E) and apolipoprotein 
E4 (APOE4) (B, D, F) in apatient with no ε4 allele (A, B), ε 4 heterozygous (C, D), and ε4 homozygous 
(E, F). The dyshoric capillary cerebral amyloid angiopathy severity is low in the ε4-negative subject, 
intermediate in the heterozygous subject, and high in the homozygous subject.
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parenchymal changes, we hypothesize that dyshoric capCAA could possibly contribute to 

cognitive decline. We found a strong association with the APOE-ε4 allele, and the increasing 

capCAA severity with increasing number of ε4 alleles is remarkable and novel. Although the 

negative correlation between dyshoric capCAA and local plaque load was suggested as early 

as 1961, we confirm this finding based on a semiquantitative analysis. The strong association 

with APOE-ε4 and the negative correlation between dyshoric capCAA severity and the local 

plaque load suggest a role for faulty Aβ transport between the parenchyma and the capillary 

system in the pathogenesis of accumulation of Aβ in the neuropil surrounding the capillaries. 

Future studies on expression of proteins involved in transendothelial Aβ transport in subjects 

with capCAA with dyshoric changes may help clarify the underlying mechanisms.
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Supplementary Data

ELISA Aβ40 and Aβ42 (in collaboration with Alex Roher)

Immunoassays for Aβ40 and Aβ42 were performed on capCAA and AD cases, as illustrated 

in Fig. 1. In conformity with the neuropathological observations, quantitation of soluble and 

insoluble Aβ peptides demonstrated statistical differences between capCAA and AD, with 

respect to the ratio and amount of Aβ species. In the Tris-soluble samples (Fig. 1A) the cap-

CAA cases demonstrated a strikingly greater mean value of both Aβ40 (capCAA = 1466 pg/

mg total protein; AD = 112 pg/mg total protein; p = 0.0002) and Aβ42 (capCAA = 218 pg/mg 

total protein; AD = 70 pg/mg total protein; p = 0.0114). A similar difference between capCAA 

and AD was observed in the Guanidine-HCl soluble samples (Fig. 1B) for levels of Aβ40 (cap-

CAA = 205632 pg/mg total protein; AD = 16973 pg/mg total protein; p = 0.0524) and Aβ42 

(capCAA = 270840 pg/mg total protein; AD = 91606 pg/mg total protein; p = 0.0213).

All steps were performed at 4°C. Occipital lobe tissue pieces (100 mg) were homogenized in 6 

volumes (600 µl) of 20 mM Tris-HCl, 5 mM EDTA, pH 7.8, protease inhibitor cocktail (PIC, 

Roche Diagnostics, Mannheim, Germany) with a Teflon tissue grinder. The homogenate was 

centrifuged in a TLA 120.2 rotor (Beckman) for 20 min at 435,000 × g. The Tris-HCl-soluble 

supernatant was collected and total protein measured with the Micro BCA protein assay kit 

Supplementary Figure 1. Elisa quantification of Aβ40 and Aβ42 in capCAA and comparison with AD. 
A. Trizma soluble Aβ levels shows a striking increase of Aβ40 in capCAA respect to AD, with a ratio 
Aβ40:Aβ42 4.2 times higher in capCAA. A similar ratio Aβ40:Aβ42 is observed in the Guanidine-HCl 
fractions (4.09 times higher in capCAA respect to AD). All values are adjusted for total protein. The 
statistical analysis used was an unpaired, 2-tailed t-test. capCAA= capillary cerebral amyloid angiopathy, 
AD= Alzheimer’s disease
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from Pierce (Rockford, IL). The remaining pellet was dissolved in 600 µl of 90% glass distilled 

formic acid (GDFA) with an electric grinder (Omni TH, Kennesaw, GA) and incubated for 1 

h. The GDFA homogenates were then centrifuged at 435,000 × g in a TLA 120.2 rotor for 20 

min. The supernatant was collected and dialyzed 3 times, 30 min each against deionized wa-

ter then twice for 1 h against 0.1 M ammonium bicarbonate and lyophilized. The lyophilized 

material was reconstituted in 500 µl 5 M guanidine hydrochloride (GHCl), 50 mM Tris-HCl, 

pH 8.0, PIC (Roche), shaken for 3 h, centrifuged at 435,000 × g in a TLA 120.2 rotor for 20 

min, the supernatant collected and total protein determined with Pierce’s Micro BCA protein 

assay kit. Aβ40 and Aβ42 were quantified with ELISA kits from Invitrogen according the 

manufacturers’ instructions.

Supplementary Figure 2. Microglia activation around diverse dyshoric Aβ deposits: flames vs. bulbs. 
A, C depict adjacent tissue slices of a capCAA case showing severe flame-like vascular Aβ deposits. B, D 
present a case with severe bulb-like vascular Aβ. Aβ staining is visible in brown in A and B. In C and D 
activated microglia are shown in brown around capCAA microvessels loaded with Aβ (in pink, stained 
with Congo red)



60

Microglia activation

Microglia are strongly activated around dyshoric changes. Especially the flame-like Aβ de-

posits evoke a severe inflammatory reaction, when compared to the mild glia activation in 

response to the more compact and contained bulb-like deposits as shown in Fig. 2.

Activated microglia surrounding capCAA lack the expression of microglia marker CD45 

(Fig. 3). CD45, also known as leukocyte common antigen (LCA), is expressed constitutively 

by resting microglia and it is further inducible at the cell surface during activation (Carson, et 

al., 1998; Sedgwick, et al., 1991). CD45 negative microglia have a proinflammatory phenotype 

(release more cytokines) and have less phagocytic abilities in an AD mouse model (Zhu, et 

al., 2011).

Supplementary Figure 3. CD45 expression in activated microglia. A, B, C, D show in brown Aβ stain-
ing. E, F, G, H, show in brown CR3/43 (a MHC class II marker) positive activated microglia. I, J, K, M 
show in brown CD45 positive activated microglia. In control cases glia activation is absent or negligible 
(A, E, I). In non demented cases that presents with plaques glia activation is already present (B, F, J) 
although is not as strong as in full blown AD (C, G, K) or capCAA (D, H, M). Also notice the striking 
lack of CD45 positivity in activated microglia around capCAA (M). LCA (leukocyte common antigen) 
= CD45
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Abstract
Alzheimer’s disease (AD) is characterized by progressive cognitive impairment asso-
ciated with accumulation of amyloid β (Aβ) in the brain parenchyma such as plaques 
and in cerebral blood vessels as cerebral amyloid angiopathy (CAA). Over half of 
the number of AD cases show presence of Aβ accumulation in and around cortical 
capillaries, which is referred to as capillary CAA (capCAA). CapCAA cases exhibit 
a compromised blood-brain barrier (BBB), which might contribute to impaired Aβ 
clearance observed in AD cases. With this exploratory proteomic analysis using hu-
man post-mortem brain tissue we aimed to identify differentially expressed proteins 
in cases with profound capCAA pathology compared to AD, in order to reveal spe-
cific insight in underlying molecular mechanisms resulting in disturbed clearance of 
Aβ across the BBB. Furthermore, by profiling the proteomes of capCAA patients and 
comparing them with AD cases, we aimed to identify proteins and (patho-)biological 
processes that are involved in the pathogenesis of capCAA and novel biomarkers for 
the differential diagnosis of capCAA and AD. Using mass-spectrometry we identified 
1547 proteins in total, of which 29 were differentially regulated in capCAA com-
pared to AD and controls, including clusterin (ApoJ), serum amyloid P component 
(SAP) and laminin β2. Immunohistochemical evaluation revealed that these proteins 
co-localized with Aβ deposits, predominantly microvascular over parenchymal. In-
terestingly, previous studies have demonstrated that these proteins are involved in 
Aβ aggregation and clearance from the brain, implying the involvement of altered 
clearance mechanisms in the pathophysiology of capCAA.
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Introduction
Alzheimer’s disease (AD) is the most common form of dementia in the elderly affecting 10% 

of the population aged over 65 years (de Jong, et al., 2007). AD is characterized by accu-

mulation of amyloid β (Aβ) protein in the brain parenchyma and in the cerebrovasculature. 

Excessive deposition of Aβ is thought to be the result of an imbalance between Aβ production 

and Aβ removal and increasing evidence suggests that in sporadic late-onset AD this process 

is driven by an impaired clearance of Aβ (Goos, et al., 2012). 

The blood-brain-barrier (BBB) plays an essential role in the clearance of Aβ from the brain 

to periphery. A disturbance in Aβ clearance across the BBB is illustrated in cases that exhibit 

deposition of Aβ in and around cortical capillaries, also referred to as capillary cerebral amy-

loid angiopathy (capCAA). CapCAA is observed in up to 51% of AD cases and is associated 

with the clinical progression of AD (Thal, et al., 2008). Little is known about the molecular 

mechanism leading to capCAA in AD pathogenesis and how amyloid deposition in the ves-

sel wall affects disease development. Considerable effort has been made in understanding 

the pathogenesis of AD and the development of novel therapeutic approaches. However to 

date, there is no effective treatment that can prevent, delay or cure the disease and most of 

the latest clinical trials focusing on decreasing Aβ load in the brain have been failing. Inter-

estingly, anti-Aβ immunization therapies while able to reduce the amount of plaque in the 

brain parenchyma led, in some patients, to increased accumulation in the vasculature and 

consequent vasogenic edema (Alzheimer, 1907; Dierksen, et al., 2010). Clinical diagnosis of 

“probable AD” is based on neuropsychological examination together with neuroimaging and 

biochemical analysis of the cerebrospinal fluid. Although guidelines to diagnose CAA during 

life exist (Boston criteria) (Fischer, 1907), these are not specific for capCAA. Hence currently, 

it is not possible to clinically define whether an AD case has signs of ongoing or progressive 

capCAA. Recently, we neuropathologically defined clinical AD cases which show extensive 

capCAA pathology without presence of senile plaques and only minor tau depositions as tan-

gles (Richard, et al., 2010). These cases are characterized by extensive activated NOX-positive 

glia recruited around vascular Aβ deposits and a damaged BBB showing a reduced expression 

of tight junction proteins (Carrano, et al., 2011a; Carrano, et al., 2012). Identification of dif-

ferentially expressed proteins in cases that only show capCAA pathology might reveal  insight 

in the underlying molecular mechanism resulting in the disturbed clearance of Aβ across the 
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BBB and the identification of specific biomarker for capCAA.

The use of proteomics gives information about changes in the total protein network of a tissue 

or cell and in the recent years it has become extremely useful to study complex diseases, such 

as AD. 

Proteomics studies focusing on the identification of AD biomarkers for early diagnosis or 

disease progression and for the validation of new targets for treatment are reviewed by Juhasz 

(Juhasz, et al., 2011). Although proteomics analysis of AD brain and AD animal models are 

rather abundant, to date there is no study that analyzed the capCAA proteome. Hence, we 

used a proteomic approach  to identify differential changes in the proteome of post-mortem 

brain tissue of patients with exclusive capCAA pathology and compared these finding with 

AD and age-matched non-demented controls.

Analysis of the mass spectrometry data resulted in the identification of 1547 proteins in total. 

A number of proteins that are known to have an altered expression profile in AD compared 

to controls were identified, indicating the value of this approach. Interestingly, we could iden-

tify and validate proteins that were differentially upregulated in capCAA compared to AD, 

including clusterin (ApoJ), serum amyloid P component (SAP) and laminin β2.

This is the first proteomic analysis on human post-mortem capCAA tissue to date. By profiling 

the proteomes of capCAA patients and comparing them with AD and control cases, we iden-

tified proteins and processes that are involved in the pathogenesis of capCAA. More research 

is needed to confirm our findings and to demonstrate whether differentially expressed pro-

teins can be used as possible candidate biomarkers for the differential diagnosis of capCAA. 

Material and Methods
Post-mortem tissue

Two patients with neuropathologically diagnosed pure capCAA without senile plaques, 2 AD 

cases without capCAA and 2 age-matched nondemented controls were selected for the pro-

teomics analysis. These cases were also analyzed by immunohistochemical staining. A total 

of 5 patients with neuropathologically diagnosed capCAA, 5 AD cases without capCAA and 

2 age-matched nondemented controls were selected for the validation of differentially ex-
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pressed proteins by immunohistochemistry. Cases were selected on the basis of the clinical 

and neuropathological diagnosis and immunohistochemical characterization of Aβ aggre-

gates. Human brain specimens were obtained at autopsy with a short post-mortem interval 

(The Netherlands Brain Bank, Amsterdam, The Netherlands and University Medical Centre 

in Utrecht, The Netherlands). Neuropathological evaluation was performed on frozen tissue 

and formalin-fixed, paraffin-embedded tissue from occipital pole cortex. capCAA score was 

defined as follows: severe (+++), moderate (++), mild (+). Staging of AD was evaluated on 

thin paraffin embedded routine slices according to Braak and Braak (Braak, et al., 2006; Braak 

and Braak, 1991) and CERAD (Mirra, et al., 1991). Age, gender, post-mortem delay (PMD), 

Braak, CERAD and capCAA scores and cause of death are listed in Table 1.

Tissue Homogenization and Fractionation Using Gel Electrophoresis

Tissue from the occipital pole cortex was used for proteomics analysis. For homogenization, 

we cut a cortical piece of ~20 mg in a bath of liquid nitrogen in smaller parts. The proteins 

in the tissue were solubilized in 800 μl of 1× reducing SDS sample buffer (containing 62.5 

mM Tris-HCl, 2% w/v SDS, 10% v/v glycerol, and 0.0025% bromphenol blue, 100 mM DTT, 

pH 6.8) using a Pellet Pestles microgrinder system (Kontes glassware, Vineland, NJ). Subse-

quently, proteins were denatured by heating at 100 °C for 10 min. Any insoluble debris was 

removed by centrifuging for 15 min at maximum speed (16.1 relative centrifugal force) in a 

benchtop centrifuge.

Proteins were fractionated using one-dimensional SDS-PAGE. 25 μl of each homogenized 

sample (containing about 50 μg of protein) was loaded on a well of a precast NuPAGE 4–12% 

w/v Bis-Tris 1.5-mm minigel (Invitrogen). The stacking gel contained 4% (w/v) acrylamide/

Bis-Tris. Electrophoresis was carried out at 200 V in NuPAGE MES SDS running buffer (50 

mM Tris base, 50 mM MES, 0.1% w/v SDS, 1 mM EDTA, pH 7.3) until the dye front reached 

the end of the gel. Following electrophoresis, the gels were fixed with a solution of 50% eth-

anol and 3% phosphoric acid. Staining was carried out in a solution of 34% methanol, 3% 

phosphoric acid, 15% ammonium sulfate, and 0.1% Coomassie Blue G-250 (Bio-Rad) with 

subsequent destaining in MilliQ water.

In-gel Digestion

The gel lanes were cut in 10 bands, and each band was processed for in-gel digestion as previ-
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ously described (Piersma, et al., 2010). Briefly, the bands were washed and dehydrated three 

times in 50 mM ammonium bicarbonate, pH 7.9, 50 mM ammonium bicarbonate, and 50% 

ACN. Subsequently, cysteine bonds were reduced with 10 mM DTT for 1 h at 56 °C and al-

kylated with 50 mM iodoacetamide for 45 min at room temperature in the dark. After two 

subsequent wash/dehydration cycles, bands were dried for 10 min in a vacuum centrifuge and 

incubated overnight with 0.06 μg/μl trypsin at 25 °C. The peptides were extracted once in 1% 

formic acid and subsequently twice in 50% ACN in 5% formic acid. The volume was reduced 

to 50 μl in a vacuum centrifuge prior to LC-MS analysis.

Nano-LC-MS/MS

Peptides were separated by an Ultimate 3000 nano-LC system (Dionex LC-Packings, Am-

sterdam, The Netherlands) equipped with a 20-cm × 75-μm inner diameter fused silica col-

umn custom packed with 3-μm 100 Å ReproSil Pur C18 aqua (Dr. Maisch GMBH, Ammer-

Patient # Age 
(years) sex PMD 

(hrs:min) Braak CERAD capCAA cause of death

capCAA 1 71 F < 24 IV B +++ pneumonia
capCAA 2 75 F 6:00 V 0 +++ dehydration
capCAA 3 65 M 7:00 V C ++/+++ pneumonia
capCAA 4 89 F 6:55 V B ++/+++ cachexia, pneumonia
capCAA 5 74 M 3:25 V C +++ died suddenly
AD 1 90 F 3:50 VI C - cachexia/dehydration
AD 2 44 M 4:25 VI C - unknown

AD 3 86 F 5:00 VI C - uremia based on pneu-
monia

AD 4 83 F 7:20 VI C - cachexia/dehydration
AD 5 70 F 4:20 VI C - cachexia/dehydration
Control 1 75 M n.d. 0 A - myocardial infarct

Control 2 72 F n.d. 0 A - lung cancer, broncho-
pneumonia

n.d. : no date, F: female, M: male
Note: CERAD classification can be mistaken in capCAA cases, as neuritic changes around amyloid are 
not necessarily neuritic plaques but can be neurofibrillary degeneration around capCAA. This is prob-
ably the case in classification CERAD A, B and C in severe capCAA cases.

Table 1. Patients details
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buch-Entringen, Germany) as described before (Bergeron, et al., 1987). After injection, the 

peptides were trapped at 30 μl/min on a 0.5-cm × 300-μm inner diameter Pepmap C18 car-

tridge (Dionex LC-Packings, Amsterdam, The Netherlands) at 2% buffer B (buffer A, 0.05% 

formic acid in MQ; buffer B, 80% ACN and 0.05% formic acid in MQ) and separated at 300 

nl/min in a 10–40% buffer B gradient in 60 min. Eluting peptides were ionized at 1.7 kV in a 

Nanomate Triversa chip-based nanospray source using a Triversa LC coupler (Advion, Itha-

ca, NJ). Intact peptide mass spectra and fragmentation spectra were acquired on a LTQ-FT 

hybrid mass spectrometer (Thermo Fisher, Bremen, Germany). Intact masses were measured 

at resolution 50,000 in the ICR cell using a target value of 1 × 106 charges. In parallel, follow-

ing an FT prescan, the top five peptide signals (charge states 2+ and higher) were submitted 

to MS/MS in the linear ion trap (3-atomic mass unit isolation width, 30-ms activation, 35% 

normalized activation energy, Q value of 0.25, and a threshold of 5,000 counts). Dynamic 

exclusion was applied with a repeat count of 1 and an exclusion time of 30 s.

Database Searching

MS/MS spectra were searched against the human IPI database 3.31 using Sequest (version 

27, rev 12), which is part of the BioWorks 3.3 data analysis package (Thermo Fisher, San Jose, 

CA). MS/MS spectra were searched with a maximum allowed deviation of 10 ppm for the 

precursor mass and 1 amu for fragment masses. Methionine oxidation and cysteine carbox-

amidomethylation were allowed as variable modifications, two missed cleavages were allowed 

and the minimum number of tryptic termini was 1. After database searching, the DTA and 

OUT files were imported into Scaffold (versions 1.07 and 2.01) (Proteome software, Portland, 

OR). Scaffold was used to organize the data and to validate peptide identifications using the 

PeptideProphet algorithm, and only identifications with a probability >95% were retained. 

Primary Antibody species raised in Isotype dilution source
Lamininβ2 clone C4 mouse IgG1 1:1000 R&D systems
SAP mouse  -  1:200  SSI Diagnostica
Factor VIII rabbit - 1:50 DAKO

Clusterin clone G7 mouse IgG1 1:100 Dept of Clinical Chemistry, 
Vumc Amsterdam

Anti Aβ 4G8 mouse IgG2b 1:200 Signet

Table 1. Antibodies
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Subsequently, the ProteinProphet algorithm was applied and protein identifications with a 

probability of >99% with 2 peptides or more in at least one of the samples were retained (Ala-

fuzoff, et al., 2009; Ellis, et al., 1996). Proteins that contained similar peptides and could not be 

differentiated based on MS/MS analysis alone were grouped. For each protein identified, the 

number of spectral counts (the number of MS/MS associated with an identified protein) was 

exported to Excel. For quantitative analysis across samples, spectral counts were normalized 

on the sum of the spectral counts per biological sample. 

Each sample was separated in 10 fractions that were subjected to nano LC-MS/MS. Spectral 

counts for identified proteins in a sample were summed across all fractions for each sample 

and were normalized on the total sum of spectral counts for that sample (a similar approach 

has been used in (Jellinger and Attems, 2005). This gives the relative spectral count (SpC) 

contribution of protein i to all spectral counts in the sample (Vidal, et al., 2000). When com-

paring different data sets, these normalized spectral counts are used to calculate fold changes.

Spectral Count Normalization and Statistics 

Normalization was performed as described previously (Pham, et al., 2010; Surbek, 1961). The 

spectral counts of each protein were divided by the total spectral counts of all proteins within 

a sample. This number was multiplied with a constant equal to the average of total spectral 

counts of all samples to obtain a normalized spectral count value in the same range as the 

non-normalized spectral counts. The beta-binomial test (Pham, et al., 2010) was applied to 

find proteins that show significant differences in spectral count numbers between the dis-

eased group and the reference group. Proteins with a p value less than 0.05 were designated 

as being significant.

Unsupervised and supervised cluster analysis of identified proteins was performed using hi-

erarchical clustering in R. The protein abundances were normalized to zero mean and unit 

variance for each individual protein. Subsequently, the Euclidean distance measure was used 

for protein clustering.

Network analysis

To gain insight into the possible interactions of differentially expressed proteins  in capCAA 

tissue we used the database STRING (Pantelakis, 1954) to retrieve functional and physical 

interaction. First, a general network of all identified proteins was created using medium strin-
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gency settings and experimental, database, and co-expression interactions, with a number of 

maximum interactors for each node of 100. Text mining interactions were excluded. Network 

data were exported to a text file and loaded in Cytoscape v 2.8.3 for network visualization and 

analysis. The proteins showing differential expression in the three groups comparison were 

selected together with their first interactors, limiting the selection to the interactors which 

showed at least a fold change of 2 for the comparisons capCAA vs controls or capCAA vs AD. 

Proteins for which interactions were not present in the STRING database were excluded from 

the analysis. Clustering of the final network was obtained with the clusterMaker plugin v 1.1 

(Morris, et al., 2011) using the Markov Cluster (MCL) algorithm (Enright, et al., 2002), while 

ontologies for each cluster were obtained using BINGO plug-in (Schlote, 1965).

Immunohistochemistry analysis for validation of differentially expressed proteins

5 µm cryosections were mounted on coated glass slides (Menzel Gläzer super frost PLUS, 

Brainschweig, Germany) and dried O/N. Sections were incubated in thioflavin S solution 

(100 mg/ml) for 5 minutes to stain Aβ fibrils and washed subsequently 3 times in ethanol 

70%. Sections were preincubated with normal goat serum 1:10 for 10 minutes and overnight 

with a mix of primary antibodies (see table 2) diluted in PBS containing 1% bovine serum 

albumin. Next, sections were incubated with secondary antibodies for 30 minutes.

In some cases an incubation step of 1 h with Streptavidine-Alexa633 followed. For all stain-

ings peroxidase labelling was visualized by reaction with rhodamine-tyramide (1:3000) in the 

presence of 0.01% H2O2 for 5 minutes. After washing, slides were covered with Vectashield 

(Vector laboratories, Burlington, CA, USA). Between all incubation steps, sections were ex-

tensively washed with PBS (pH 7.4). Fluorescent analysis was performed with a Leica TCS 

SP2 AOBS confocal laser-scanning microscope (Leica Microsystem, Heidelberg, Germany). 

Quantification of fluorescent signal was performed by ImageJ software. Four 100 times mag-

nified fields per slides were quantified and an average was calculated.

Table 3. (Page 72) Three group comparison. List of differentially expressed proteins (p< 0.05) 
in the occipital cortex of capCAA patients compared with Alzheimer’s disease cases and con-
trols ranked on fold change (capCAA versus controls). Abbreviations: CAA = capillary cer-
ebral amyloid angiopathy; AD = Alzheimer’s disease; C = control; nc= normalized spectral 
counts; fc = fold change
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Results

Differential protein expression in capCAA, AD and controls

Our primary goal was to determine the differences in protein expression profiles between 

capCAA, AD and control brain tissue in a small scale feasibility study with very well docu-

mented material. For comparative protein profiling, we employed a label-free workflow based 

on protein fractionation by gel electrophoresis coupled to nano-LC-MS/MS of in-gel digested 

proteins and spectral counting that has shown its validity for candidate biomarkers discovery 

(Albrethsen, et al., 2010) (van Dijk, et al., 2012).

To identify proteins associated with capCAA and AD, we compared the protein expression 

profiles in 2 severe capCAA cases with 2 AD cases and 2 age-matched controls. The protein 

band patterns obtained after gel electrophoresis of the 6 brain lysates and Coomassie staining 

were similar in terms of overall pattern and intensity (Fig.1a), thereby ensuring reliable label 

free comparison. 

In total 1546 proteins were identified across all 6 samples (Fig. 1b) (see supplementary table 1 

for the full list of identified proteins). The number of proteins identified in the capCAA brain 

samples was 1487, with 1235 identified in both samples, indicating acceptable reproducibility 

of protein identification and quantification across different biological samples. Similar values 

were obtained for the AD and control brain samples (see Fig. 1b).

44 proteins were not identified in the controls samples; most of these proteins are shared be-

tween the capCAA and AD group, 8 proteins are unique to capCAA, while 10 are found only 

in AD cases. 

To obtain a global overview of the data set, we performed unsupervised hierarchical cluster-

ing using the normalized spectral count data from the identified proteins that were signifi-

cantly differentially expressed in the 3 groups (capCAA, AD and controls, p value < 0.05) 

(Fig. 1 c). Supervised hierarchical clustering using 29 differentially expressed proteins clearly 

showed 2 different groups that clustered according to their pathological status as diseased 

(capCAA and AD) and non-diseased (controls). The diseased cluster further separated in 

capCAA and AD. (Fig. 1d)

Identification of known markers for AD and related diseases

 Aβ was significantly upregulated in both AD and capCAA brain lysates, with a fold change of 
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1.9 and 5.0 respectively, whereas tau protein was only significantly up-regulated in AD brains 

(fold change 2.3) not in capCAA samples (fold change 1.7, p value: 0.15).

ApoE, the most important genetic risk factor for the sporadic form of AD and CAA, was also 

identified in our data set. ApoE was found significantly up-regulated in the capCAA brains 

and in 1 of the AD cases (fold change 3.1 and 3.6 respectively). These findings underscore 

the validity of our proteomics approach to identify proteins associated with AD and related 

pathology.

Differentially expressed proteins in capCAA cases.

 We identified 29 proteins that were differentially expressed in capCAA cases compared to AD 

and control cases (table 3). In addition, we conducted a GO enrichment analysis to identify 

functions, cellular localization and pathways that are differently activated between two differ-

ent proteomes. The 29 significant proteins were compared to the whole list of proteins in our 

dataset for the GO enrichment analysis (Fig. 2).

Of the 29 proteins that were significantly different between the 3 groups, 10 were found to 

be upregulated and 19 downregulated in capCAA compared to controls (table 3). Because of 

our interest in discovering proteins specifically and differentially expressed in capCAA and 

AD, we also compared the expression rate between capCAA and AD samples. Of the pro-

teins upregulated in capCAA respect to controls, only 5 revealed higher spectral counts when 

we compared capCAA to AD. These five proteins include amyloid precursor protein (APP), 

clusterin, serum amyloid P component, laminin β2, and HUWE1. Interestingly, HUWE1 was 

only expressed in capCAA cases and absent in the other samples. 

Of the 19 proteins downregulated in capCAA respect to controls, the expression levels of 10 

were also lower when we compared them to AD profile. In this class of proteins we identified 

2 dehydrogenases, aldehyde dehydrogenase 9A1 (ALDH91A) and L-lactate dehydrogenase 

(LDHA) (fold change -2.3 and -1.4 versus control); and 3 cytoskeleton proteins, actin-related 

protein 3 (ACTR3), alpha-actinin-2 (ACTN2) and microtubule-associated proteins 1A/1B 

light chain 3A (MAP1LC3A) (fold change -3.0, 6.4 and 4.0 versus control). 

Network and pathway analysis 

To obtain an interaction network of the differentially expressed proteins in the three groups 
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we used different tools and databases. First a total interaction network of all identified proteins 

was built using the online database STRING. Network visualization and analysis was carried 

out with the Cytoscape software. The total network of interactions consisted of 1212 nodes, 

representing proteins and 9017 edges representing experimental or functional interactions. 

To gain insight into the possible co-modulation of neighboring proteins for the differentially 

expressed proteins in capCAA we built a subnetwork of proteins which showed differential 

regulation in capCAA patients with respect to AD and control subjects with their first inter-

actors. This subnetwork included 65 proteins and 132 interactions (figure 2). Of the 65 pro-

teins, 12 proteins showed differential expression in capCAA vs control subjects while 10 were 

differential when compared to AD patients. APP was one of the most interconnected nodes 

in the network, showing experimental interaction with APOE and clusterin (CLU). These 

three proteins were all significantly up-regulated in capCAA patients with respect to controls 

(figure 2a) while only CLU was up-regulated significantly in capCAA when compared to AD 

(figure 2b). APP showed experimental interactions also with annexin 1 (ANXA1) which was 

Figure 1. (a) SDS gel showing protein band patterns of the 6 brain lysates. A,D: controls; B,E: AD cases: 
C,F: capCAA cases. (b) Numbers of proteins identified in proteomics analysis of capCAA, AD and 
controls brain samples. (c) Unsupervised cluster analysis of the entire data set. (d) Supervised cluster 
analysis of the 29 proteins significantly differentially expressed in the 3 group comparison.



76

significantly up-regulated in capCAA vs AD comparison (figure 2b, fold change 7.9) and with 

alpha actinin 1 (ACTN1) which was decreased in capCAA patients with respect to controls 

(fold change -6.3). 

Using cluster analysis we found 12 modules of proteins showing high interconnection. To ver-

ify if these modules were involved in specific pathways we searched for enrichment of biologi-

cal processes for each of the subnetworks. The subnetwork which included the majority of dif-

ferentially expressed proteins was the one with APP, CLU and APOE, mainly involved in lipid 

transport (figure 2c), followed by negative regulation of ubiquitin-protein ligase activity. The 

third sub-network, for which gene ontology analysis evidenced enrichment in cell-substrate 

adhesion processes, included laminin β2 (LAMB2) and serum amyloid P component (SAP or 

APCS) proteins both differentially regulated in capCAA. Subnetwork number 4, involved in 

cell signaling and protein phosphorylation, included CAMK2D, which was significantly re-

duced in capCAA with respect to both AD and controls subjects (fold change = -100 for both 

the comparisons), but also STAT1, increased significantly in capCAA vs AD comparison (fold 

change = 100). The complete gene ontology enrichment analysis of the 12 clusters is reported 

in supplementary table 2.

Validation by immunohistochemical staining

To verify the expression of proteins upregulated in the occipital cortex of capCAA cases, im-

munohistochemical staining for clusterin, SAP (serum amyloid P component) and LAMB2 

(laminin β2) was performed on brain tissue slices from occipital pole cortex of capCAA, 

AD and controls. Protein selection was based on significances (pvalue lower than 0.05), fold 

change (higher than 2) and readily availability of antibodies. Furthermore these proteins, in-

terestingly, have the ability to bind Aβ and modulate Aβ aggregation and clearance at the BBB.

To demonstrate the relationships between the mass spectrometry expression and the expres-

sion observed for the same proteins by immunostaining, we compared the fold change ex-

pression measured in the two analyses. Immunohistochemical analysis showed that clusterin, 

SAP and laminin β2 were abundantly expressed in capCAA cases and colocalized with mi-

crovascular amyloid deposits. Laminin β2, which is normally expressed in the vascular basal 

lamina, was predominantly increased in capCAA cases, specifically around Aβ-laden vessels, 

were the structure of the basal lamina was altered and appeared as a double barrel. In contrast, 
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in AD tissue laminin expression was severely reduced, especially in the microvasculature.

SAP immunostaining revealed that this protein clearly colocalized with vascular amyloid in 

capCAA cases, whereas SAP was weakly expressed in and around classical plaques of AD 

cases and absent in control cases.

Clusterin markedly accumulated in capCAA-affected vessels and colocalized with amyloid 

deposits in capCAA and AD cases. However, in capCAA the expression was significantly 

increased compared to AD cases as clusterin not only localized to vascular amyloid deposits 

but also accumulated as a halo around Aβ-laden microvessels. Clusterin immunoreactivity 

was lacking in control cases. 

Figure 2. Interaction network of differentially expressed proteins in capCAA patients. Functional and 
experimental intereactions were retrieved from STRING database and the proteins which showed dif-
ferential expression in the 3 groups comparison were selected with their first interactors. a) fold change 
capCAA vs controls b) fold change capCAA vs AD, c) cluster analysis of the network. Twelve clusters 
were identified including a maximum of 14 proteins and a minimum of 2 proteins. On the right the most 
significant biological process for each clusters is reported . NS = not significant.
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Discussion 
In the present study, we aimed to identify proteins that are associated with capCAA pathol-

ogy. Because some capCAA is observed in up to 51% of AD cases (Thal, et al., 2008), we 

were specifically interested in proteins differently expressed between AD cases without cap-

CAA and pure capCAA without amyloid plaques. Clinically pure capCAA cases can mim-

ic Creutzfeldt-Jakob disease (CJD) (Eurelings, et al., 2010). Identification of differently ex-

pressed proteins might reveal novel biomarkers or targets for therapeutic intervention. To 

this end, we analyzed protein profiles of pure capCAA, AD and control brain samples using a 

high resolution tandem mass spectrometry-based proteomics approach. We identified 1547 

proteins, of which 29 were significantly differentially regulated between the 3 groups. To our 

knowledge, this is the first proteomics analysis of capCAA and comparison with AD cases 

lacking microvascular amyloid deposition. We here showed that the protein expression pro-

files of AD and capCAA are significantly different, and particularly that such differentially 

expressed proteins might reveal distinct pathogenic pathways leading to these 2 subtypes of 

AD. Furthermore, we have demonstrated that our method based on the selection of pure 

severe cases is a valid approach for the identification of proteins and pathological processes 

important for the characterization of diverse Aβ-related diseases.

Classical AD markers

Although accumulation of hyperphosphorylated tau in dystrophic neurites is commonly seen 

surrounding Aβ-laden capillaries (Richard, et al., 2010), the lower Braak stage (tau pathology) 

and the low frequency of tau tangles in our capCAA cases might explain why tau expression 

is not significantly altered in capCAA cases. 

ApoE is strongly associated with AD and capCAA and ApoE4 is a major genetic risk factor 

for AD, increasing risk and decreasing age at onset of AD dose-dependently, with the ho-

mozygotes having a higher risk (Glenner and Wong, 1984), and an even higher frequency in 

capCAA cases (Richard, et al., 2010; Thal, et al., 2008). ApoE is an amyloid associated protein 

found in all types of Aβ deposits. The apoE levels measured with our proteomic analysis re-

flected Aβ expression and, although up-regulated compared to controls, were not significantly 

different between capCAA and AD. Our small case selection was not base on ApoE genotype, 

but considering the influence of ApoE4 allele on AD and capCAA, this can be an interesting 
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approach for future studies. 

Disturbed amyloid clearance

In the present study we observed specifically in capCAA an upregulation of proteins affect-

ing the clearance of Aβ, a process thought to be severely compromised in AD and capCAA. 

Alterations in the mechanisms regulating Aβ clearance would, in fact, lead to a misbalance 

situation in which accumulated cerebral Aβ start aggregating and depositing as plaques or 

vascular CAA (Weller, et al., 2008).

Laminin β2, SAP and clusterin were all strongly upregulated in capCAA cases, even when we 

compared it to AD. 

Laminin, among other proteins, is present at the cerebrovascular basement membrane (Mir-

ra, et al., 1991) and it has been suggested that basement membrane alterations may play a role 

Figure 3. Validation - Lamininβ2 immunostaining (a) and quantification (b) show that lamininβ2 ex-
pression is increased in capCAA cases specifically in and around blood vessels affected by Aβ deposi-
tion. Lamininβ2 is expressed on the abluminal side of the vasculature where the basement membrane is 
located and can colocalize with vascular Aβ in capCAA and CAA, but does not colocalize with paren-
chymal plaques.
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Figure 4. Validation - SAP immunostaining (a) and quantification (b) show control cases. SAP is signifi-
cantly more abundant in capCAA, where it colocalizes with vascular Aβ, whereas it is only moderately 
expressed in parenchymal plaques.

Figure 5. Validation - Clusterin immunostaining (a) and quantification (b) show that clusterin is pre-
sent in virtually all Aβ deposits both in capCAA and AD. Immunoreactivity was lacking in control cases. 
Clustering expression is significantly higher in capCAA compared to AD. In capCAA cases, clusterin is 
found colocalizing with vascular Aβ and accumulating as a halo around Aβ-laden microvessels.
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in the aetiology of CAA (Juhasz, et al., 2011). Changes in the basal membrane structure, such 

as thickening, reduplication and vacuolization, have been reported in AD brains (Carrano, 

et al., 2011b; Sedgwick, et al., 1991). Basal membrane proteins have been shown to interact 

directly with Aβ influencing its aggregation. Laminin, for instance, is capable of preventing 

Aβ aggregation and promoting disaggregation of pre-formed fibrils (Carson, et al., 1998; Ver-

beek, et al., 1998; Zhu, et al., 2011).

The expression pattern that we observed for the β2 subunit of laminin is of particular inter-

est, since not only laminin β2 is upregulated in capCAA but it appears to be decreased in the 

vasculature of AD brains. A diagnostic marker with such characteristics might be useful to 

discriminate capCAA from AD and could potentially find clinical use since change in brain 

laminin levels could be reflected in the CSF (Matsuda, et al., 2002). 

SAP is a plasma glycoprotein that can bind a variety of ligands, including Aβ (Hartz, et al., 

2012) and is a universal component of amyloid deposits (Menon and Kidwell, 2009; Verbeek, 

et al., 1998). SAP levels are elevated in AD brain (Raposo, et al., 2011; Zipfel, et al., 2009) and 

it has been suggested that SAP plays a role in AD pathogenesis by binding to Aβ, accelerating 

fibril formation and inhibiting Aβ proteolysis (Eurelings, et al., 2010; C. Mulder, et al., 2010). 

(Raposo, et al., 2011; Ryu and McLarnon, 2009; Zipfel, et al., 2009). On the other hand SAP, 

in combination with Aβ and complement proteins, in particular C1q, promotes the release of 

pro-inflammatory cytokines enhancing inflammation around Aβ deposits (Veerhuis, et al., 

2003). SAP was strongly upregulated in capCAA cases respect to AD, as measured by our pro-

teomics analysis. Immunohistochemistry revealed that microvascular Aβ deposits harbour 

significantly more SAP than parenchymal plaques, which might initiate or, at least, contribute 

to severe glial activation associated with capCAA (Carrano, et al., 2011a; Richard, et al., 2010). 

Furthermore, as for laminin, SAP levels can be monitored in CSF. Although no differences 

in CSF SAP levels have been reported between AD and controls (S.D. Mulder, et al., 2010), it 

is possible, considering the higher degree of SAP positivity detected in capCAA versus AD, 

that capCAA cases would show significant changes in CSF SAP levels compared to controls.

Clusterin is a well-known amyloid associated protein present in amyloid plaques and we here 

show that its expression is significantly increased in capCAA cases. Clusterin is a glycoprotein 

involved in the clearance of Aβ peptides and fibrils by binding to megalin receptors and en-
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hancing endocytosis of fibrils into glial cells. The binding of Aβ to clusterin should promote 

its clearance and the overexpression of clusterin could be a compensatory mechanism to the 

high abundance of cerebral Aβ. On the other hand the presence of clusterin can alter the 

aggregation of the amyloid, this results in the formation of slowly sedimenting, non-fibrillar 

Aβ complexes that are highly toxic to neurons (Bibl, et al., 2008; Goos, et al., 2009). Increase 

in clusterin might be beneficial in the initial stage of the disease, however when the disease 

progresses it might promote accumulation of toxic Aβ complexes.

Laminin, SAP and clusterin were found to co-localize with Aβ deposits, predominantly mi-

crovascular over parenchymal. Although, these proteins can be defined as Aβ-associated 

proteins, the levels measured in our proteomics analysis were not directly reflective of total 

Aβ levels. It appears that they strongly colocalize with fibrillar amyloid deposits, thioflavin-S 

positive, which are the main component of capCAA and CAA. This might suggest that lami-

nin, SAP and clusterin are not directly related to the abundance of cerebral Aβ in general, 

but they might contribute to the formation of highly fibrillar vascular Aβ deposits (capCAA), 

instead of parenchymal plaques. Taken together the differential expression of proteins such 

as laminin, SAP and clusterin, might represent a crucial step in the pathogenesis of capCAA, 

affecting Aβ fibrilization, Aβ transport across the BBB and Aβ-driven neuroinflammation. 

Whether these Aβ-associated proteins can be used in a clinical setting as diagnostic markers 

remains to be investigated and warrants further studies.

Other potential candidate markers

In addition to clusterin, SAP and laminin β2, we observed reduced expression of various 

other proteins, including proprotein convertase subtilisin/kexin type 1 (proSAAS), lactate 

dehydrogenase A (LDHA), aldehyde dehydrogenase 9A (ALDH9A1), specific cytoskeleton 

proteins, calcium/calmodulin-dependent protein kinase type II delta chain (CAMK2D) and 

phosphatidylinositol-5-phosphate 4-kinase type-2 beta (PIP4K2B). ProSAAS is a prohor-

mone expressed in synaptic vesicles (Delacourte, et al., 1987) and it has been shown that pro-

SAAS fragments accumulate in tau-positive Pick bodies and other tauopathies (Oshima, et 

al., 2008; Williams, et al., 2005). ProSAAS was repeatedly identified as a potential AD marker 

and found upregulated in AD CSF (Braak, et al., 2006; Eikelenboom, et al., 2008; Yamada, et 

al., 1997). Interestingly, we showed that proSAAS is upregulated in AD brains, but markedly 
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downregulated in capCAA cases. This might be explained by the low frequency of tau tangles 

in capCAA cases and might imply that the pathological processes leading to tau pathology in 

AD are likely not involved in capCAA, where the disease is, instead, centred on the compro-

mised Aβ clearance at the BBB.

The dehydrogenases LDHA and ALDH9A1 are both specifically downregulated in capCAA, 

not in AD. LDHA is a mediator of aerobic glycolysis, an enzyme responsible for the conver-

sion of pyruvate to lactate (Poirier, et al., 1993). Changes in LDHA levels have been associated 

to amyloid pathology as its expression is decreased in AD transgenic mice and in primary 

cortical neurons exposed to Aβ (Boche, et al., 2008).  Remarkably, we found no alterations 

in LDHA expression in AD brains, whereas LDHA expression was significantly decreased in 

capCAA. When LDHA expression decreases, glycolytic metabolism is taken over by the mi-

tochondria leading to increased free radical production, consequent oxidative stress and cell 

death, and ultimately cognitive impairment (Boche, et al., 2008). ALDH9A1 is a detoxifica-

tion enzyme participating in the oxidation of aldehydes and in the metabolism of gamma-am-

inobutyric acid (GABA) and dopamine. Lack of ALDH would lead to increased accumulation 

of toxic aldehydes (Tanzi, et al., 2004). Decreased function and/or expression of ALDH, as we 

have specifically observed in capCAA brain, may play an important role in the pathophysiol-

ogy of capCAA and might promote neurotoxicity and neuronal death. 

Conclusions

In this study, we are able to demonstrate the occurrence of significant differences between 

capCAA and AD proteomes, despite the overlap of these two pathological conditions. Im-

paired Aβ clearance, altered synaptic plasticity, accumulation of toxic metabolites appeared 

to be the main pathways affected in capCAA. Proteins specifically up- or downregulated in 

capCAA (and not in AD) might underscore altered pathogenic pathways explaining why Aβ 

accumulates around the brain vasculature instead of depositing as plaques in the brain paren-

chyma, as it is observed in AD. The identification of proteins that are differentially expressed 

comparing AD and capCAA cases offers the opportunity to diagnose the two AD subtypes 

and to develop differential approaches for treatment, as different therapeutic targets can be 

identified for the two conditions. This not only would allow optimize treatments but would 

help us in the designing of clinical trials and in the selection of specific (more homogenous) 
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patients groups minimizing the variability of clinical outcome. It is now important to con-

tinue in the direction of assessing the validity and feasibility of such proteins for use as bio-

markers, for instance analysing their modulation in vivo during disease progression in animal 

models and in human cases, e.g. by extending our proteomics analysis to more cases with 

diverse profiles (apoE genotypes, mild versus severe cases) and by CSF analysis.
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Supplementary Data

Supplementary Figure 1. Expression of complement proteins C1q, C3d, C5-9 in capCAA and AD. 
Clusterin and SAP are both amyloid associated proteins and both modulate the complement system. 
SAP can bind to C1q and initiate activation of the classical pathway of the complement. Clusterin is a 
complement inhibitor and can suppress complement activation suppressing the formation of complex 
C5-9.
Therefore we analyze the expression of several complement proteins located at different stages of the 
cascade in post-mortem occipital cortices from capCAA and AD cases. Immunohistochemistry analy-
sis reveals that C1q, C3d and C5-9 colocalize with the most fibrillar Aβ deposits, showing significantly 
higher levels in capCAA compared to AD.
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Supplementary Figure 2. Quantification of complement proteins C1q, C3d and C5-9 expression in cap-
CAA, AD and controls. Fluorescent analysis was performed with confocal laser-scanning microscope 
and quantification of fluorescent intensity was performed by ImageJ software. Quantification confirmed 
that these complement proteins are markedly upregulated in capCAA compared to AD and controls.

Supplementary Table 1. (Page 94-130). List of identified proteins (p< 0.05) in the occipital 
cortex of capCAA patients compared with Alzheimer’s disease cases and controls ranked on 
pvalue. Abbreviations: CAA = capillary cerebral amyloid angiopathy; AD = Alzheimer’s dis-
ease; C = control; nc= normalized spectral counts; fc = fold change
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Abstract

Cerebral amyloid angiopathy (CAA) is frequently observed in Alzheimer’s disease 

(AD) and is characterized by deposition of amyloid beta (Aβ) in leptomeningeal and 

cortical brain vasculature. In 40% of AD cases, Aβ mainly accumulates in cortical 

capillaries, a phenomenon referred to as capillary CAA (capCAA). The aim of this 

study was to investigate blood–brain barrier (BBB) alterations in CAA-affected cap-

illaries with the emphasis on tight junction (TJ) changes. First, capCAA brain tissue 

was analyzed for the distribution of TJs. Here, we show for the first time a dramatic 

loss of occludin, claudin-5, and ZO-1 in Aβ-laden capillaries surrounded by NADPH 

oxidase-2 (NOX-2)-positive activated microglia. Importantly, we observed abundant 

vascular expression of the Aβ transporter receptor for advanced glycation endprod-

ucts (RAGE). To unravel the underlying mechanism, a human brain endothelial cell 

line was stimulated with Aβ1-42 to analyze the effects of Aβ. We observed a dose-de-

pendent cytotoxicity and increased ROS generation, which interestingly was reversed 

by administration of exogenous antioxidants, NOX-2 inhibitors, and by blocking 

RAGE. Taken together, our data evidently show that Aβ is toxic to brain endothelial 

cells via binding to RAGE and induction of ROS production, which ultimately leads 

to disruption of TJs and loss of BBB integrity. 
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Introduction
Alzheimer’s disease (AD) is the most common neurological disorder affecting elderly and is 

clinically characterized by a progressive cognitive decline associated with extracellular accu-

mulation of neurotoxic amyloid β (Aβ) and hyperphosphorylated tau-positive neurofibrillary 

tangles (Deane and Zlokovic, 2007; Jeynes and Provias, 2006). Senile plaques predominantly 

consist of Aβ deposits and can be observed throughout the cerebral cortex in advanced stag-

es of the disease. Alternatively, Aβ is able to accumulate in the cerebrovasculature, which is 

referred to as cerebral amyloid angiopathy (CAA). CAA is a common finding in the elderly, 

with an incidence up to 50% of the population (Rensink, et al., 2003). There is a strong asso-

ciation between AD and CAA as CAA occurs in 80%–100% of AD cases. CAA can be wide-

spread and is usually observed in larger vessels, including leptomeningeal vessels and cortical 

arteries and arterioles. Remarkably, Aβ depositions are also observed in cortical capillaries 

(Attems, 2005). Several groups support the distinction between CAA present in larger vessels 

(CAA type II) and Aβ accumulation in both larger vessels and capillaries (CAA type I or 

capillary CAA (capCAA) (Thal, et al., 2002). CAA is a major cause of hemorrhagic and isch-

emic strokes in elderly patients, probably also involved in microbleeds (Attems, et al., 2005; 

van Horssen, et al., 2005), and may play a role in AD progression. Relatively little is known 

on the impact of capCAA in AD pathogenesis, although it is tempting to speculate that Aβ 

accumulation in capillaries may affect blood–brain barrier (BBB) integrity. Notably, BBB dys-

function has been reported in various neurological conditions, including multiple sclerosis, 

cerebral ischemia, and AD (Coisne and Engelhardt, 2011; Hawkins and Davis, 2005; Zipser, 

et al., 2007; Zlokovic, 2008).

The BBB is a tight sealed barrier between the circulating blood and the central nervous system 

(CNS), consisting of brain microvascular endothelial cells that are surrounded by basement 

membranes, astrocytic endfeet, and pericytes. The brain microvascular endothelium is char-

acterized by the presence of tight junctions (TJs) and lack of fenestrae, thereby limiting the 

entry of plasma components, red blood cells, and leukocytes into the CNS, and confer the low 

paracellular permeability and high electrical resistance of the BBB (Hawkins and Davis, 2005; 

Zlokovic, 2008). TJs are complex structures located at the apical region between endotheli-

al cells and are composed of connecting transmembrane proteins (occludin and claudins) 

that form the primary seal linked via accessory cytoplasmic proteins (zona occludens family 
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members) to the actin cytoskeleton (Hawkins and Davis, 2005).

Occludin is a phosphoprotein with four transmembrane domains and intracellular amino and 

the carboxyl termini (Blasig, et al., 2011). Occludin expression is associated with increased 

electrical resistance and decreased paracellular transport. Claudins comprise a multigene 

family consisting of more than 20 members and contain two extracellular loops and four 

transmembrane domains and interact in both a homophilic and heterophilic way with clau-

dins of adjacent cells. Claudin-5 is a critical component of the BBB as it prevents the passage 

of molecules larger than 800 Da (Overgaard, et al., 2011). Carboxyterminal parts of both 

occludin and claudins interact with membrane-associated recruiting proteins of the zona oc-

cludens (ZO) protein family. ZO proteins are reported to link transmembrane proteins to the 

actin cytoskeleton and have signaling potential (Gonzalez-Mariscal, et al., 2011).

Leakage of the BBB in AD has been suggested by the detection of plasma proteins associat-

ed with amyloid plaques (Akiyama, et al., 1992; Kalaria, 1992; Wisniewski, et al., 1997) and 

within AD brain parenchyma (Kalaria, 1992; Wisniewski, et al., 1997; Zipser, et al., 2007). 

Likewise, in CAA, an impaired barrier function was detected associated with cerebrovascu-

lar Aβ deposits (Wisniewski, et al., 1997). Opening of the BBB and concomitant altered TJ 

expression or localization has been attributed to vascular Aβ aggregates (Blanc, et al., 1997; 

Gonzalez-Velasquez, et al., 2008; Marco and Skaper, 2006; Tai, et al., 2009), which in turn 

are able to induce reactive oxygen species (ROS) production, mainly generated by NADPH 

oxidase (NOX), in neuronal and non-neuronal cell cultures (Babior, 2000; Li, et al., 2008; 

Zhou, et al., 2008). Both endogenous and exogenous ROS induce loss of endothelial cell–cell 

interactions (van Wetering, et al., 2002) and are able to modulate BBB integrity and disrupt 

TJs (Lehner, et al., 2011; Schreibelt, et al., 2007). However, to date, the link between Aβ, ROS 

production and TJs alterations remains elusive.

The involvement of RAGE appears to be very important in the development of the AD and 

CAA pathology, since RAGE mediates the influx of Aβ into the brain parenchyma and con-

sequently in an unbalanced situation enhances Aβ accumulation. RAGE is also known to be 

critical regarding the effects exerted by Aβ through its binding to the transporter. Aβ/RAGE 

interaction has been reported to activate NOX and a cascade of effects such as NF-kB-mediat-

ed endothelial activation resulting in secretion of proinflammatory cytokines, the expression 

of adhesion molecules and suppression of cerebral blood flow (Zlokovic, 2008). 

In this study, we combine neuropathological findings in unique brain samples of capCAA 
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patients and show a dramatic loss of TJ proteins in Aβ-laden capillaries. Interestingly, cap-

CAA-affected vessels are surrounded by NOX2-immunopositive activated microglia. We next 

investigated the link between Aβ toxicity and TJ changes using a human cerebral microvascu-

lar endothelial cell line and demonstrated that cytotoxic Aβ via production of ROS, decreased 

TJ proteins expression which could be rescued by exogenous antioxidants, NOX-2 inhibition, 

and RAGE blocking antibody.

Materials and methods

Postmortem tissue

Six patients with extensive capCAA and two age-matched non-demented controls were se-

lected. Human brain specimens were obtained at autopsy with a short postmortem interval 

(The Netherlands Brain Bank, Amsterdam, The Netherlands and University Medical Centre 

in Utrecht, The Netherlands). Neuropathological evaluation was performed on frozen tissue 

and formalin-fixed, paraffin-embedded tissue from occipital pole cortex. CapCAA score was 

defined as follow: severe (+++), moderate (++), and mild (+). Staging of AD was evaluated 

according to Braak and colleagues (Braak and Braak, 1991). Age, gender, postmortem delay 

(PMD), Braak, CERAD, and CAA scores and cause of death of all cases used in this study are 

listed in Table1.

Immunohistochemistry

For immunohistochemical staining, 5-μm cryosections were air-dried and fixed in ace-

tone for 10 min. Next, sections were preincubated with normal goat serum 1:10, diluted in 

phosphate buffered saline (PBS) containing 1% bovine serum albumin (Roche Diagnostics, 

Mannheim, Germany) for 10 min. Sections were incubated O/N with primary antibodies: 

anti-occludin (mouse, Zymed), anti-ZO1 (rabbit, Zymed) (Table2) diluted in PBS containing 

1% bovine serum albumin. Subsequently, sections were incubated with EnVision goat-anti-

mouse horseradish peroxidase (HRP) or EnVision goat-anti-rabbit HRP (Dako, Glostrup, 

Denmark) for 60 min. Peroxidase labeling was visualized by EnVision 3,3-diaminobenzidine 

1:50 (EV-DAB; Dako). Sections were counterstained with hematoxylin. Finally, tissue sec-

tions were rinsed with 70% ethanol prior to a 20 min incubation with 50 ml saturated NaCl 
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solution (0.5 M NaCl in 80% ethanol) which was supplemented with 0.5 ml 1% NaOH solu-

tion. Then sections were transferred to saturated Congo Red (VWR internationaal, Leuven, 

the Netherlands) solution supplemented with 0.5 ml 1% NaOH solution for 20 min. Congo 

Red staining was used to visualize Aβ fibrils. Between all incubation steps, sections were ex-

tensively washed with PBS (pH 7.4). PBS served as negative control. 

Paraffin sections (5 μm) were mounted on coated glass slides (Menzel Gläzer super frost PLUS, 

Brainschweig, Germany) and dried O/N at 37°C. Sections were deparaffinized and rehydrated 

by xylene and a sloping concentration of ethanol (100%, 96%, and 70%). Endogenous perox-

idase was blocked by incubating the sections in methanol+0.3% H2O2 for 30 min. Antigen re-

trieval was established by boiling the sections in 1 mM EDTA buffer for 10 min. Then, sections 

were O/N incubated with anti-claudin-5 (mouse, Zymed) or anti-NOX2 (mouse) (see Table2) 

diluted in PBS supplemented with 1% BSA. Then the sections were incubated for 30 min with 

EnVision anti-rabbit/anti-mouse HRP. Peroxidase labeling was visualized by EVDAB 1:50. 

Sections were counterstained with hematoxylin. The sections were stained with Congo Red as 

described above. Finally sections were rinsed twice with 100% ethanol, put in xylene and cov-

ered with DePeX mounting medium (Gurr, Germany). Between all incubation steps, sections 

were extensively washed with PBS (pH 7.4). PBS served as negative control.

Immunofluorescence

For co-localization studies, cryosections were incubated in thioflavin S solution (100 mg/

ml) for 5 min to stain Aβ fibrils and washed subsequently three times in ethanol 70%. Sec-

tions were preincubated with normal goat serum 1:10 for 10 min and incubated O/N with a 

Patient # Age Gender PMD Braak CERAD CAA cause of death
1 75 F 6 V 0 +++ dehydration
2 65 M 7 V C ++/+++ pneumonia

3 83 F 5 III B ++/+++ cachexia by de-
mentia syndrome

4 71 F < 24 IV B +++ pneumonia
5 86 M > 24 VI B + pneumonia
6 78 F - IV A +++ pneumonia

Table 1. Summary of Patient Details
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mix of primary antibodies: anti occludin/claudin-5 and anti factor VIII or anti ZO-1/RAGE 

and anti CD31 diluted in PBS containing 1% bovine serum albumin. Sections were then in-

cubated with secondary antibodies: Cy5 labeled goat-anti-rabbit 1:100, diluted in EnVision 

goat-anti-mouse HRP (Dako) for 30 min. Peroxidase labeling was visualized by reaction with 

rhodamine-tyramide (1:3000) in presence of 0.01% of H2O2 for 5 min. After washing, slides 

were covered with Vectashield (Vector laboratories, Burlington, ON, Canada). Between all 

incubation steps, sections were extensively washed with PBS (pH 7.4). Fluorescent analysis 

was performed with a Leica TCS SP2 AOBS confocal laser-scanning microscope (Leica Mi-

crosystem, Heidelberg, Germany). Quantification of TJ protein-expressing vessel was also 

performed normal vessels versus Aβ-laden vessels. Four fields per slides were counted and a 

ratio was calculated (magnification X10).

Cell culture

A human cerebral microvascular endothelial cell line (hCMEC/D3) (Weksler, et al., 2005) was 

maintained in EBM-2 medium (Clonetics, Cambrex BioScience, Wokingham, UK) supple-

mented with VEGF, IGF-1, EGF, basic FGF, hydrocortisone, ascorbate, gentamycin, and 2.5% 

fetal bovine serum (FBS) 40. T75 flasks, 96-well plates and 24-well plates were coated with 

type 1 collagen (Gibco HBSS, Invitrogen, Carlsbad, CA). hCMECs were detached at 37°C 

with 2 ml trypsin/EDTA in PBS. Cultures were grown to confluence at 37°C in 5% CO2 until 

the formation of monolayers.

Primary 
Antibody 

species 
raised in dilution method ARS source

Occludin mouse 1:200 EnVision EDTA Zymed (Invitrogen)
Claudin-5 mouse 1:200 EnVision Na-citrate Zymed (Invitrogen)
ZO-1 rabbit 1:100 ABC - Zymed (Invitrogen)
NOX-2 mouse 1:100 EnVision Na-citrate Gift of D. Roos
RAGE goat 1:500 ABC - Biochem
Factor VIII rabbit 1:250 ABC - DAKO
CD31 mouse 1:10 ABC - DAKO

Table 2. Primary Antibodies Used in this Study
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Aβ1-42 preincubation

Synthetic Aβ1-42 (Bachem, Bubendorf, Switzerland) was dissolved in 0.1% ammonium hy-

droxide and stored in 50 μl, 1 mM aliquots at−80°C. 40 μM Aβ1-42 was preincubated in EBM-

2 medium without FBS for 3 days in order to form aggregates. Then Aβ1-42 was further 

diluted in cell medium to obtain appropriate concentrations.

Electron microscopy

Pre-aggregated Aβ1-42 was applied to formvar carbon-coated copper grids (Stork Veco BV, 

Eerbeek, The Netherlands) and dried for 10 min. Grids were negatively stained with uranyl 

acetate for 5 min and examined with a Zeiss EM109 electron microscope to visualize the for-

mation of fibrils.

MTT assay

The cytotoxicity of synthetic Aβ1-42 preparations was assessed by the 3-(4,5-dimethylthi-

azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma Aldrich, Germany) assay. hCMECs 

were cultured in 96-well plates until they reached 100% confluence. Cells were incubated for 

24 h with different concentrations of Aβ1-42 (1 nM, 10 nM, 100 nM, 1 μM, 10 μM). Antioxi-

dants and blocking antibody anti-RAGE were applied 2 h prior Aβ incubation and were still 

present during the entire treatment. Then cells were incubated with MTT (1 mg/ml) for 3 h at 

37°C. The formazan-salt generated by mitochondria of viable cells as a result of conversion of 

MTT was dissolved in glycin/DMSO (ratio 1:6) and the absorbance was measured at 540 nm.

Live/dead assay

Using the LIVE/DEAD Viability/Cytotoxicity Assay Kit (Molecular Probes Inc, Eugene, OR) 

living and dead cells can be distinguished from each other. hCMECs were cultured in 96-

well plates until they reached 100% confluence. Cells were incubated for 24 h with different 

concentrations of Aβ1-42 (1 μM, 10 μM, 20 μM). Cells were washed gently with warm PBS. 

Then 1 μl calcein AM and 1.5 μl ethidium homodimer 1 were added to warm EBM-2 medium 

and 100 μl of this mixture was added per well for 20 minutes. The cell permeable calcein AM 

is converted into the green fluorescent calcein by intracellular esterase activity (excitation 

495 nm; emission  515 nm). Ethidium homodimer 1 is able to enter cells with damaged 

membranes. It undergoes a 40-fold enhancement of fluorescence upon binding to nucleic 

acids and produces a red fluorescent signal in dead cells (excitation  495 nm, emission 
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635nm). Four 10 times magnified fields were counted and a ratio was calculated for live and 

dead cells.

Amplex Red assay

hCMECs were cultured in 96-well plates until they reached 100% confluence. Cells were 

treated with different concentrations of Aβ1-42 (1 nM, 10 nM, 100 nM, 1 μM, and 10 μM) for 

24 h. After incubation, Aβ was removed and H2O2 production was detected using the Amplex 

red fluorescent dye (Molecular Probes, Breda, the Netherlands) which reacts 1:1 with H2O2 in 

the presence of horseradish peroxidase, producing highly fluorescent resorufin. Fluorescence 

was detected at 37°C in a fluorimeter (Galaxy-Fluostar, BMG, Offenburg, Germany). The ex-

citation and emission fluorescent wavelengths were 550 and 590 nm, respectively. The calibra-

tion signal was produced by addition of known amounts of H2O2 added to the reaction mix. 

The velocity whereby H2O2 was produced was calculated using non-linear regression.

mRNA isolation and real-time quantitative PCR

To investigate mRNA expression of TJ proteins cells were grown on a 24-well plate until 

they reached 100% confluency. Cells were incubated with different concentrations of Aβ1-42 

(10 nM, 100 nM, 1 μM) for 24 h. mRNA was isolated by using the mRNA capture kit (Roche 

Applied Science, Almere, the Netherlands) following the manufacturer’s protocol. mRNA was 

reverse transcribed using the Reverse transcription system kit (Promega, Madison, WI) ac-

cording to the manufacturer’s instructions using GeneAmp PCR system 9700 (Applied Bio-

systems, Foster City, CA). cDNA was diluted three times and quantified for mRNA levels of 

occludin/claudin-5/ZO-1 relative to the housekeeping gene GAPDH. The accumulation of 

PCR product is measured using Sybergreen II (Applied Biosystems). Primers were devel-

oped using the program Primer Express 2.0 (Applied Biosystems). The sequences of prim-

ers are as follows: human occludin: sense 5’-CCCGTTTGGATAAAGAATTGG-3’, antisense 

5’-TCAAACAACTTGGCATCAGA-3’; human ZO-1: sense 5’-CCCGAAGGAGTTGAG-

CAGGAAATC-3’, antisense 5’-CCACAGGCTTCAGGAACTTGAGG-3’. The PCR amplifi-

cation was performed in triplicate in a 7900 HT Fast Real-Time PCRSystem (Applied Bio-

systems). Relative expression levels of TJ proteins in relation to the reference GAPDH were 

calculated using the mathematical model: ΔΔCT. The formula is 2-ΔΔCT where ΔCT=CTtar-

get - CTreference and ΔΔCT=ΔCTsample - ΔCTcalibrator.
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Statistical analysis

Data were analyzed statistically by Student’s t-test or analysis of variance (ANOVA) followed 

by post hoc analysis with Bonferroni’s method (*P<0.05, **P<0.01, ***P<0.001).

Results

Reduced tight junction protein expression in CapCAA-affected vessels

Using Congo Red, we observed extensive Aβ deposits throughout the occipital cortex in cap-

illaries and larger vessels. No Aβ was detected in brain vessels of control brains. To investigate 

the expression of TJ proteins, postmortem tissue of 6 capCAA patients and 2 non-neurolog-

ical controls was stained for occludin, claudin-5, and ZO-1. We observed a normal vascular 

expression pattern of TJ proteins in control tissue capillaries and in vessels not affected by 

Aβ deposition in samples from capCAA patients (Figs.1A, 1C, and 1E). Interestingly, we ob-

served a marked reduction or even complete loss of occludin, claudin-5 and ZO-1 staining 

in CAA-affected capillaries (Figs.1B, 1D, and 1F). Quantification based on triple fluorescent 

staining for Aβ, TJs and an endothelium marker confirmed significant loss of TJ proteins ex-

pression in Aβ-laden capillaries compared to non-affected capillaries (Figs. 2d–2f).

Aβ-laden capillaries are surrounded by NOX-2-positive activated microglia

Aβ is known to induce ROS-generating enzymes, including NOX-2 in microglia. NOX-2 is 

constitutively expressed by microglial cells and under physiological conditions NOX-2 activi-

ty is low. However, NOX-2 is strikingly upregulated in response to acute and chronic stimuli, 

including Aβ (Li and Shah, 2003; Park, et al., 2005). We show that NOX-2 is expressed in 

microglial cells in control brain tissue (Fig. 3A), however NOX-2 is abundantly and widely 

expressed in microglia throughout capCAA-affected tissue. Cells stained positive for NOX-2 

were recognized as microglia based on their morphology (e.g., characteristic long branch-

ing processes and a small cellular body). Particularly, Aβ-positive capillaries are engulfed by 

NOX2-immunoreactive microglia (Fig. 3B), strongly suggesting increased ROS production in 

close vicinity of Aβ-laden capillaries with TJ changes.

Aβ induces occludin and ZO-1 mRNA downregulation

Immunohistopathological findings showed reduced TJ expression in Aβ-laden capillaries. To 
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investigate the direct effects of Aβ on mRNA expression of TJ proteins, we examined the 

effects of Aβ1-42 on occludin, claudin-5, and ZO-1, using a human cerebral microvascular 

endothelial cell line (hCMEC/D3) (Weksler, et al., 2005). Endothelial cells treated for 24 h 

with increasing concentration of Aβ fibrils (Fig. 4C)showed a dose-dependent significant re-

duction of occludin and ZO-1 transcripts (max reduction of 55% and 45%, respectively) (Figs. 

4A and 4B). Remarkably, no changes in claudin-5 mRNA were detected (data not shown). 

These results are in line with the loss of occludin and ZO-1 in capCAA tissue, and suggest 

Figure 1. Loss of TJ proteins in capCAA. TJ proteins (brown) are normally expressed in endothelial cells 
of capillaries. Claudin-5 immunoreactivity was localized virtually in all the vasculature in control and 
unaffected tissue (A). Loss of endothelial claudin-5 was observed in Aβ-laden capillaries (Congo red) 
(arrows) (B). Occludin immunoreactivity was localized virtually in all the vasculature in control and un-
affected tissue (C). Loss of occludin in endothelial cells was observed in Aβ-laden capillaries indicated 
by the arrows (D). ZO1 expression was detected in the vasculature of control and unaffected tissue (E). 
Loss of ZO1 in endothelial cells was observed in Aβ-laden capillaries indicated by the arrow (F). 
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that reduced TJ protein expression might be caused by Aβ deposits in the microvasculature.

Aβ is toxic to brain endothelial cells via enhanced ROS production

In order to test which concentration of Aβ is lethal to brain endothelial cells, we performed 

a live/dead assay. Hereto, cells were incubated for 4 h and 24 h with different concentrations 

of Aβ1-42. Cells treated for 4 h with Aβ1-42 did not show any sign of cell death (data not 

shown), however after 24 h of Aβ treatment, we observed cell death using Aβ concentration 

of 10 μM and higher. No significant cytotoxicity was detected upon 1 μM Aβ treatment when 

compared to vehicle-treated cells (Fig. 5A).

To evaluate the cytotoxic effect of Aβ on hCMECs, we assessed the effect on mitochondrial 

function as a measure of cell viability. We showed a dose-dependent decrease in brain endo-

thelial cell viability after 24 and 48 h of Aβ1-42 treatment. After 24 h, a dose-dependent effect 

of Aβ on mitochondrial function was observed with a maximum effect at 1 μM Aβ1-42 with 

a decline of mitochondrial function around 50% (Fig. 5B). Dose-dependent toxicity was also 

present at 48 h (data not shown).

We observed cell death and impaired mitochondrial function, which can both be related to 

ROS production (Hsu, et al., 2010; Turrens, 2003). In order to investigate whether Aβ1-42 

induces production of ROS, hCMECs were treated with Aβ1-42 for 24 h. Using an Amplex 

Red assay, we showed that Aβ1-42 induced a dose-dependent increase in H2O2 production 

compared to vehicle-treated cells (Fig. 5C).

Antioxidants/ROS scavengers rescue endothelial cells from Aβ1-42 toxicity

Since we detected hydrogen peroxide production in response to Aβ incubation, we further 

elucidated the involvement of NADPH oxidase and xanthine oxidase in Aβ-mediated ROS 

production using specific inhibitors such as diphenylene iodonium (DPI) and allopurinol. Al-

pha-lipoic acid (alpha-LA) was used as general ROS scavenger. Endothelial cells preincubated 

with DPI, allopurinol, and alpha-LA for 2 h were then treated with different concentrations 

of Aβ1-42 (10 nM and 100 nM) in presence of the different compounds for 24 h. Cell viabil-

ity was measured by MTT assay. DPI, allopurinol, and LA were all able to rescue hCMECs 

from Aβ-mediated toxicity (Fig. 6), indicating that Aβ-mediated cytotoxicity is mainly due to 

Aβ-induced ROS production.
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Figure 2. Loss of TJ proteins in capCAA: co-localization study. Triple immunofluorescence analysis 
confirmed loss of TJs in endothelial cells affected by Aβ deposition; (a), (b), and (c) represent respec-
tively analysis for TJ proteins claudin-5, occludin, and ZO1. Aβ was detected by Thioflavin S (green). 
Claudin-5, occludin, and ZO1 (red) were downregulated in capillaries detected by endothelial markers 
factor VIII and CD31 (blue). (A, B, C, D) Aβ-laden capillaries; (E, F, G, H) normal capillaries. Quantifi-
cation of claudin-5 (d), occludin (e), and ZO-1 (f) expressing capillaries in CAA and non-CAA micro-
vasculature is shown in the graphs. *p < 0.05, by Student t test.
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Antioxidants rescue Aβ-dependent downregulation of TJ proteins

We proved that Aβ1-42 fibrils induce ROS generation in our cell system and it has been pre-

viously shown that ROS can affect TJs integrity (Schreibelt, et al., 2007; van Wetering, et al., 

2002). We hypothesized that the downregulation of TJ proteins observed upon Aβ1-42 fibrils 

treatment is due to the Aβ-dependent ROS production. To elucidate the link between Aβ, 

ROS, and TJs expression changes, we incubated hCMEC with allopurinol for 2 h prior to Aβ 

treatment; we then measured the expression of occludin and ZO-1 mRNA levels. As allopu-

rinol was able to rescue cells from Aβ-mediated cytotoxicity, it was also capable of restoring 

TJ mRNA levels, confirming that indeed Aβ-driven ROS production is responsible for major 

TJ alterations (Fig. 7).

Upregulation of RAGE in capCAA

RAGE is the most important influx transporter for Aβ across the BBB and is expressed at rel-

atively low levels in the microvasculature under physiological conditions. We show by means 

Figure 3. NOX2 expression in capCAA. NOX2 is normally detected in microglia of control brains (A, 
white arrows). No immunoreactivity is detected in endothelial cells. In capCAA tissue, NOX2 immuno-
reactivity is increased in microglia (white arrows) and endothelial cells of Aβ-laden vasculature (black 
arrows) (B).
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of immunohistochemical analysis a striking increase in RAGE expression in capCAA-affected 

capillaries compared to control and nonaffected capillaries. These results confirm, as previ-

ously reported (Donahue, et al., 2006), that Aβ induces a local upregulation of RAGE (Fig. 8).

RAGE mediates Aβ-induced cytotoxicity

In order to determine the involvement of RAGE in the Aβ cytotoxic effects, we treated hC-

MEC with a blocking antibody against RAGE. Cells were treated with the blocking antibody 

for 2 h and for 24 h together with Aβ1-42 fibrils. MTT assay showed that blocking RAGE 

rescued cells from Aβ-induced toxicity, demonstrating that Aβ effects on endothelial cells are 

exerted at least partially by its binding to RAGE (Fig. 9).

Figure 4. Aβ induces downregulation of TJ proteins. Occludin (A) and ZO1 (B) mRNA expression was 
assessed by q-PCR on hCMEC upon 24 h Aβ treatment. Cells were treated with increasing concentra-
tion of Aβ 1-42 (10 nM, 100 nM, 1 lM). TJs expression was normalized to the expression of house-
keeping gene GAPDH. Data were represented as the mean ± SEM; n = at least three experiments with 
triplicate samples. *p < 0.05, ***p < 0.001 by Student t test. Aβ fibrils were characterized by electron 
microscopy. (C) shows electron micrographs of Aβ 1-42 incubated 3 days at 37 °C prior to being added 
to the cell cultures.
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Figure 5. Aβ cytoxicity and ROS production. HCMEC/D3 were incubated with increasing concentra-
tions of Aβ 1-42. Cells incubated for 24 h with 1 µM Aβ 1-42 or less looked morphologically normal and 
appeared fluorescently green at the live/ dead assay, no significant cells death was detected. At 10 µM or 
higher concentration, Aβ 1-42 was toxic to hCMEC, dead red fluorescent cells were detected respect to 
control (A). After 24 h incubation with Aβ 42, there was a cell viability response in a dose-dependent 
manner with a maximum effect of 1 µM Aβ 42 and a maximum decline of mitochondrial function 
around 50% measured by MTT assay (B). The same treatment induced ROS production, here measured 
as production of H2O2. A dosedependent H2O2 was observed after 24 h of treatment (C). Data were 
represented as the mean – SEM; n = at least three experiments with triplicate samples. **p < 0.01, ***p 
< 0.001 by Student t test. 

Figure 6. Antioxidants rescue hCMEC from Aβ toxicity. HCMEC were preincubated for 2 h with anti-
oxidants, allopurinol, DPI, and lipoic acid, before Aβ treatment. After preincubation, cells were treated 
with 10 nM, 100 nM, or vehicle in presence of the antioxidants. Antioxidants could reverse the toxic 
effect of Aβ 1-42 on endothelial cells. Data were represented as the mean ± SEM; n = at least three. *p < 
0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA, followed by post hoc Bonferroni test.
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Discussion

For the first time, we show in this study a dramatic loss of TJ proteins in Aβ-laden capillaries, 

which are surrounded by NOX2-positive activated microglia. We demonstrated in an in vi-

tro BBB system that Aβ is able to induce ROS formation and decrease TJ mRNA levels, which 

could be rescued upon pretreatment with NOX inhibitors and lipoic acid. We further demon-

strate that blocking RAGE is a way to rescue cells from Aβ-induced toxicity.

Using our unique postmortem tissue, we here provide evidence on the loss of expression of TJ 

proteins in capCAA. So far, histopathological studies have demonstrated that microvascular 

alterations can be extensive in AD patients (Claudio, 1996; Farkas and Luiten, 2001). These al-

terations have been shown associated with vascular Aβ deposition as degeneration of perivas-

cular cells, including pericytes and smooth muscle cells, swollen astrocytic end feet (Higuchi, 

et al., 1987; Yamashita, et al., 1991), reduced expression of brain endothelial glucose trans-

porter-1 protein, increased pinocytotic vesicles, and decreased numbers of mitochondria. In 

addition, prominent thickening and local disruption of vascular basement membranes was 

reported by several research groups analyzing either biopsy tissue or postmortem AD materi-

al (Claudio, 1996; Mancardi, et al., 1980; Perlmutter and Chui, 1990). Vascular abnormalities 

that are associated with local amyloid accumulation suggest that impaired vascular function 

and thus impaired BBB integrity represents a common phenomenon in AD pathology. Al-

though there are several studies demonstrating BBB alterations in CAA type II, comprehen-

sive immunohistochemical studies on BBB abnormalities in Aβ-laden capillaries (CAA type 

I) are limited. In vitro studies support the idea that Aβ deposition affects BBB integrity since 

different Aβ peptides are able to increase endothelial permeability (Blanc, et al., 1997; Tai, et 

al., 2009) and induce altered expression and translocation of TJs proteins in human and ani-

mal ECs (Gonzalez-Velasquez, et al., 2008; Marco and Skaper, 2006). Remarkably, data on pu-

tative TJ alterations and the underlying mechanisms in CAA-affected capillaries are lacking.

To provide novel data on the BBB integrity during CAA, we selected a unique cohort of pa-

tients with abundant Aβ deposits in cortical capillaries. We observed a striking loss of oc-

cludin, claudin-5, and ZO-1 immunostaining in Aβ-laden capillaries, whereas unaffected 

capillaries showed a normal expression pattern, indicating that loss of TJ expression was 

predominantly related to microvascular Aβ deposition. Importantly, endothelial cells of cap-
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CAA-affected vessels still express endothelial markers, including factor VIII and CD31, ex-

cluding brain endothelial cell death as a potential reason for the lack of TJ protein expression. 

Although leakage of the BBB has been supported by elevated plasma proteins associated with 

Aβ deposits, we here for the first time provide direct evidence of TJ proteins loss in AD brains 

linked to Aβ accumulation. The subsequent breakdown of the BBB may in turn disrupt nor-

mal transport of nutrients, vitamins, and electrolytes across the BBB, which are essential for 

proper neuronal functioning.

Interestingly, we detected enhanced expression of the ROS-generating enzyme NADPH ox-

idase-2 (NOX-2) in microglia surrounding Aβ-laden vessels. Previous data from our group 

demonstrated that deposition of Aβ throughout the brain parenchyma, especially extravas-

cular deposition of Aβ that from the vessel wall radiates into the neuropil (named dyshoric 

changes), is able to induce an inflammatory response, consisting in activation of microglia 

and astrocytes (Richard, et al., 2010; Rozemuller, et al., 1989). Upon phagocytosis or recog-

nition of Aβ by microglia cells, a series of responses may occur that includes the release of 

Figure 7. Antioxidants rescue Aβ-dependent downregulation of TJ proteins. Occludin (A) and ZO-1 
(B) mRNA expression was assessed by q-PCR on hCMEC upon 24 h 100 µM Aβ treatment in the pres-
ence of allopurinol. TJs expression was normalized to the expression of house-keeping gene GAPDH. 
Co-treatment with allopurinol was able to restore normal levels of TJ transcripts. Data were represented 
as the mean ± SEM, n = at least three. *p < 0.05, ***p < 0.001 by two-way ANOVA followed by post hoc 
Bonferroni test.
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proinflammatory cytokines and ROS. One of the main sources of ROS under neuropatholog-

ical conditions is enhanced NOX activity, together with the mitochondrial respiratory chain. 

In particular, NOX-2 is a well-known NADPH oxidase expressed in microglia where it is nor-

mally expressed at low levels. However, under pathological conditions, NOX-2 is upregulated 

and associated with a wide variety of vascular pathologies such as hypertension, diabetes, and 

hyperlipidemia (35). Enhanced expression of NOX-2 leads to increased ROS levels, partic-

Figure 8. RAGE expression in capCAA brain tissue. Expression of RAGE was detected by triple im-
munofluorescence analysis. Aβ was detected by Thioflavin S (green, A and E). No Aβ was detected 
in control tissue. RAGE (red) is strongly higher expressed in Aβ-laden capillaries (B) with respect to 
control (F). Capillaries were stained with endothelial marker CD31 (C, G). Merge show co-localization 
of Aβ and RAGE at capillary level in cap CAA (D), but no co-localization in control tissue (H).

Figure 9. Blocking RAGE rescue cell from Aβ cytotoxic effects. HCMEC were preincubated for 2 h 
with blocking antibody anti-RAGE (40 µg/ml) prior to Aβ 1-42 treatment. Anti-RAGE was always 
present during treatment. Blocking RAGE could reverse the toxic effect of Aβ 1-42 on endothelial cells. 
Data were represented as the mean – SEM; n = at least three. *p < 0.05, by Student t test.
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ularly superoxide, and induces oxidative stress. In material derived from non-neurological 

controls, NOX-2 expression is mainly limited to microglia. Notably, the expression pattern of 

NOX-2 in capCAA tissue was strikingly different; revealing a stronger microglial expression, 

especially around capCAA-affected vessels, and NOX-2 was clearly expressed in perivascular 

macrophages associated with Aβ-laden capillaries. From these findings we conclude that Aβ 

deposition within and surrounding capillaries induces microglial activation and subsequent 

upregulation of NOX-2 protein expression in activated microglial cells and perivascular mac-

rophages. These results support the idea of increased production of ROS in close proximity of 

capCAA-affected vessels and are in line with the observation that protein and DNA oxidative 

damage are increased in AD brains (Lyras, et al., 1997; Wang, et al., 2005).

To unravel pathways involved in BBB damage and Aβ-induced oxidative stress in brain endo-

thelial cells, an in vitroapproach was taken using the validated human brain endothelial cell 

line hCMEC/D3. We first assessed the cytotoxic effects of Aβ1-42, one of the predominant 

Aβ isoforms accumulating in Aβ-laden capillaries. Aβ1-40 is the predominant form of Aβ 

in larger CAA-affected vessels, such as arterioles and leptomeningeal vessels. However, the 

Aβ1-40/Aβ1-42 ratio of capillary Aβ is significantly lower than that of affected arteries and 

veins but equals that found in senile plaques (Richard, et al., 2010), indicating that Aβ1-42 is 

a common Aβ isoforms in microvascular CAA. Furthermore, Aβ1-42 is known to be the most 

toxic form of Aβ to endothelial cells (Eisenhauer, et al., 2000). Hence, we used the Aβ1-42 

isoform for our in vitro studies. We treated endothelial cells with pre-aggregated Aβ peptide 

as aggregates were reported to be more toxic to ECs (5). At standardized conditions we could 

observe cells death after 24 h incubation at concentrations higher than 10 μM. Subtoxic con-

centrations of Aβ1-42 were then used to assess the effects of amyloid on TJ expression in vitro. 

Using this set-up, we showed a significant dose-dependent downregulation of TJ proteins oc-

cludin and ZO-1 mRNA levels upon Aβ1-42 incubation, but no changes in claudin-5 mRNA 

level, as also reported by Tai et al. (Tai, et al., 2009), which was in contrast to our postmortem 

findings. Reduced expression of occludin after 48 h of Aβ1-40 incubation has been previous-

ly described in hCMEC, but no changes in claudin-5 or ZO-1 (Gonzalez-Velasquez, et al., 

2008). Aβ1-42 has been reported to reduce expression of claudin-5 and occludin in primary 

rat brain endothelial cells albeit at higher concentrations than the concentration used in this 

study (Marco and Skaper, 2006). Our results, together with the previous findings, confirm the 
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significant loss of occludin and ZO-1 in capCAA tissue and directly related these observations 

to Aβ deposit in the microvasculature. We speculate that claudin-5 protein expression may be 

altered by Aβ, as our immunohistochemical results strongly suggested. It is conceivable that 

prolonged exposure to Aβ is needed to decrease claudin-5 expression, as occurs in the patient 

material, or that loss of claudin-5 reported in capCAA tissue is not due to altered expression 

at transcriptional level but to a post-translational modification or degradation of the protein.

Our in vitro results showed dose-dependent decrease of mitochondrial function and increased 

production of ROS upon Aβ1-42 stimulation of hCMEC. One consequence of impaired mi-

tochondrial function is enhanced generation of ROS, and since dysfunctional mitochondria 

will produce more ROS, a feed-forward loop is set up, resulting in a vicious cycle (Wang, et 

al., 2007; Zhu, et al., 2006). Aβ is also known to increase ROS production in different cerebral 

cell types and we showed that both NOX inhibition and exogenous antioxidants were able to 

counteract the toxic effect of Aβ1-42, confirming that reduced cell viability was indeed caused 

by ROS.

The cytotoxic effects of vascular Aβ might be caused by Aβ binding to RAGE. We observed for 

the first time a striking increase of RAGE expression in Aβ-laden capillaries. RAGE is a major 

influx transporter for Aβ across the BBB and its expression is upregulated in AD and trans-

genic models of amyloidosis in the affected cerebral vessels, microglia, and neurons (Zlokovic, 

2008). RAGE not only imports Aβ into the brain, increasing Aβ accumulation in the cerebral 

parenchyma, but when bound to its ligands also induces ROS production through NADPH 

oxidase activation (Wautier, et al., 2001). Importantly, we showed that blocking RAGE pre-

vents Aβ-induced decrease of cell viability.

Conclusion

Taken together, we show the occurrence of severe TJ alterations in Aβ-laden capillaries. In-

terestingly, affected capillaries were surrounded by NOX2-positive activated microglia.  In 

vitro  experiments confirmed that Aβ was able to decrease TJ mRNA levels and that both 

exogenous antioxidants as well as NOX inhibitors limit Aβ-mediated cellular toxicity. We fur-

ther demonstrated that RAGE is the mediator of the Aβ-cytotoxic effects on endothelial cells. 

We speculate that due to increased local Aβ-driven ROS production, TJ protein expression is 

altered in the microvasculature of capCAA brains. It is plausible that extensive microvascular 



154

Aβ depositions, enhanced microvascular expression of RAGE, and concomitant loss of TJ 

protein expression impair BBB function and consequently leads to inefficient transport of 

nutrients into the brain. Collectively, these pathological processes might hamper Aβ clearance 

from the brain and thereby contribute to neuronal damage.
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Abstract
Introduction: β-Amyloid (Aβ) accumulation in cortical capillaries is a variant of ce-
rebral amyloid angiopathy (CAA) referred to as capillary CAA (capCAA). CapCAA 
is associated with a neuroinflammatory response. In vitro studies indicate that Aβ in-
duces reactive oxygen species (ROS) production, mainly generated through NADPH 
oxidase (NOX), by activated microglia. ROS in turn can induce altered expression 
of tight junctions (TJ), which are eminent for blood brain barrier (BBB) function. 
Whether the function of the BBB is affected in the brains of Alheimer’s disease (AD) 
patients with co-morbidity capCAA remains elusive. Interestingly cases with only 
capCAA exist making it possible to study the capCAA independent of the AD pa-
thology

Aim: In this study we have investigated BBB alterations in capCAA and addressed the 
role of the neuroinflammatory response.

Methods: Human post mortem brain tissue with capCAA was analyzed by immuno-
histochemical staining.

Results: In this study we show for the first time a dramatic loss of TJ proteins clau-
din-5, occludin and ZO-1 in Aβ-laden capillaries. In addition, affected capillaries are 
associated with clusters of NOX-2-positive activated microglia. Disrupted BBB func-
tion was observed by increased presence of fibrinogen around the affected capillaries. 

Conclusions: Our data provide support for early observation that the neuroinflam-
matory response is involved in the altered expression of TJs in endothelial cells and 
loss of BBB integrity in capCAA.

Key words: Alzheimer’s disease, Cerebral Amyloid Angiopathy, neuroinflammation, blood-
brain barrier.
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Introduction
Cerebral amyloid angiopathy (CAA) is frequently observed in Alzheimer’s disease (AD) and 

is characterized by deposition of β-amyloid (Aβ) in leptomeningeal and cortical brain vas-

culature. In 40% of AD cases, Aβ mainly accumulates in cortical capillaries, a phenomenon 

referred to as capillary CAA (capCAA) (Richard, et al., 2010). Relatively little is known about 

the impact of capCAA on AD pathogenesis. Previously, we have shown that a strong neuroin-

flammatory response, consisting of clusters of activated microglia and astrocytes, occurs spe-

cifically around capCAA vessels with dyshoric Aβ deposits, similar to the observed changes 

around Aβ plaques in the parenchyma (Akiyama, et al., 2000; Richard, et al., 2010). The in-

flammatory reaction associated with Aβ deposits is thought to play a role in the pathogenesis 

of AD and likely contributes to the symptoms of cognitive decline (Arends, et al., 2000; Roze-

muller, et al., 2005). Concomitant to cognitive decline, the inflammatory reaction associated 

with Aβ deposits is thought to play a role in the pathogenesis of AD and likely contributes to 

the symptoms of cognitive decline (Arends, et al., 2000; Rozemuller, et al., 2005). Concomi-

tant to cognitive decline, the inflammatory reaction associated with Aβ deposits around capil-

laries could impair the function of the blood-brain barrier (BBB). 

Upon phagocytosis or recognition of Aβ by microglia cells, a series of responses may occur, 

which include the release of proinflammatory cytokines and reactive oxygen species (ROS). 

ROS are predominantly produced by activation of NADPH oxidase (NOX) and during mi-

tochondrial respiration and ROS generation are significantly increased under neuropatho-

logical conditions. Microglia mainly express NOX-2 and we showed that activated microglia 

around Aβ-laden capillaries show an enhanced expression of the ROS-generating enzyme 

NOX-2 suggesting local ROS production (Carrano, et al., 2011). 

In vitro studies have revealed that both endogenous and exogenous ROS induce loss of en-

dothelial cell–cell interactions (van Wetering, et al., 2002) and are able to modulate BBB in-

tegrity and disrupt tight junctions (Schreibelt, et al., 2007). Tight junctions (TJs) are the main 

structures responsible for the barrier properties of the BBB and restrict the entry of circulat-

ing molecules and cells. These results support the idea of increased production of ROS in 

close proximity of capCAA-affected vessels and are in line with the observation that protein 

and DNA oxidative damage are increased in AD brains (Lyras, et al., 1997; Wang, et al., 2005).

Opening of the BBB and concomitant altered TJs expression or localization has been attrib-
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uted to vascular Aβ aggregates (Blanc, et al., 1997; Gonzalez-Velasquez, et al., 2008; Marco 

and Skaper, 2006; Tai, et al., 2009), however, comprehensive immunohistochemical studies 

on BBB abnormalities in Aβ-laden capillaries are limited. In line with previous in vitro data 

we hypothesize that the recruitment and activation of microglia due to Aβ deposition at the 

capillaries would generate ROS in proximity of the endothelium and consequently affect the 

expression of TJ proteins and BBB integrity. 

Methods
We selected a cohort of patients with severe capCAA (n = 23). Human brain specimens were 

obtained at autopsy with a short postmortem interval (The Netherlands Brain Bank, Am-

sterdam, The Netherlands and University Medical Centre Utrecht, The Netherlands). Neuro-

pathological evaluation was performed on frozen tissue and formalin-fixed, paraffin-embed-

ded tissue from occipital pole cortex. Brain tissue was analyzed for expression of TJs, NOX-2, 

plasma proteins and Aβ by immunohistochemical staining.

Results
In our cohort of capCAA cases, abundant Aβ deposits are localized at the capillary level, as 

we previously  described (Richard, et al., 2010). Immunohistochemical staining of brain tissue 

slices of capCAA cases showed a strong inflammatory response and typical intraneuronal ac-

cumulation of ubiquitin and hyperphosphorylated tau in dystrophic neurites, a sign of a severe 

neuronal dysfunction, localized around capCAA. Both glia activation and neuritic changes 

strictly correlated with the severity of microvascular Aβ load in the tissue. Microglia clustered 

around capCAA capillaries not only appeared morphologically activated but showed a strong 

expression of NOX-2 when compared to control situation, suggesting increased production of 

ROS and consequent oxidative stress around capCAA (Carrano, et al., 2011). 

When analyzing TJ expression, we observed a partial loss (30–40%) of TJ proteins, occludin, 

claudin-5 and ZO-1 in Aβ-laden capillaries. Furthermore, immunohistochemical stainings 

revealed leakage of fibrinogen within the brain parenchyma in severe capCAA. In the cases 

analyzed (n = 8), fibrinogen was found as a diffuse staining within the parenchyma-surround-

ing vessels and in the majority of the cases (n = 7), we also found colocalization of fibrinogen 

with the most fibrillar capillary Aβ deposits. In the 3 most severe capCAA cases, the positivity 

for fibrinogen was virtually present around all Aβ-laden vessels, suggesting an ongoing dis-
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ruption of BBB integrity. The measured changes (reduced TJ expression, glia activation and 

fibrinogen leakage) all correlated with severity of capCAA pathology.

Discussion and conclusion
In this study we showed that activated microglia express NOX-2 cluster around capCAA cap-

illaries; this induces increased production of ROS that eventually affects TJs and BBB integrity 

leading to leaking of fibrinogen. The effects of vascular Aβ on endothelial cells and microglia 

are mediated, at least in part, by Aβ interaction with the receptor for advanced glycation end 

products (RAGE), which we and others found to be upregulated in capCAA, AD and trans-

genic mouse models of amyloidosis in the affected cerebral vessels, microglia, and neurons 

(Carrano, et al., 2011; Zlokovic, 2008). RAGE mediates transport of Aβ into the brain paren-

chyma. In addition, Aβ/RAGE interaction has been reported to activate NOX and a cascade of 

effects such as NF-κB-mediated endothelial activation. Overall Aβ/RAGE interaction results 

in increased secretion of prion flammatory cytokines, expression of adhesion molecules and 

suppression of cerebral blood flow (Zlokovic, 2008). Aβ/RAGE interaction is also able to ac-

tivate microglia, and consequent inflammatory response, and is thought to be involved in the 

clustering of microglia around Aβ deposits (Fang, et al., 2010). Aβ accumulation in the brain 

is a gradual process that probably involves alteration of the physiological clearance of amyloid 

from the brain, either through Aβ transport across the BBB or along perivascular spaces. 

Aβ deposits trigger the recruitment of microglia around affected capillaries. Both activated 

microglia and endothelium release proinflammatory cytokines and ROS which compromise 

not only TJs but also neuronal function. The breakdown of the BBB may disrupt the normal 

transport of nutrients, vitamins and electrolytes across the BBB, which are essential for proper 

neuronal functioning and thus contribute to the neurodegenerative process. In addition, the 

abnormal production of proinflammatory cytokines, chemokines and the complement sys-

tem, as well as ROS, by microglia, can disrupt nerve terminals causing dysfunction and loss of 

synapses, which correlates with memory decline (Hensley, 2010). It appears that impairment 

of the BBB and a chronic neuroinflammatory response both aggravate synaptic and neuronal 

dysfunction, and are therefore important players in the resulting neuronal loss and dementia 

associated with AD.
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Figure 1. Fibrinogen leakage in capCAA. Post mortem tissue of capCAA brains shows fibrinogen stain-
ing (purple) surrounding Aβ (pink) laden vessels. A) depicts 2 microvessels affected by Aβ deposition. 
In the left one a strong staining for fibrinogen is also present colocalizing with Aβ. Non affected mi-
crovessels show expression of TJ protein claudin-5 (brown). B) magnification of an Aβ (pink) microves-
sel showing reduced expression of claudin-5 (brown) and deposition of fibrinogen (purple) along the 
vessel walls. C) On the left, a severe leakage of fibrinogen (purple) can be observed around Aβ (pink) 
laden vessels. Fibrinogen appears as a diffuse staining in the parenchyma surrounding the vasculature, 
and in some instances also colocalizes with vascular Aβ. In the most affected area, activated glia cells 
show fibrinogen positivity as well.
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Abstract
Alzheimer’s disease (AD) is the most common form of dementia and marked by 
deposition of amyloid β (Aβ) within the brain. Alterations of Aβ transporters at the 
blood-brain barrier may have a role in the disease process. We investigated the ex-
pression of ABC transporters P-gp and BCRP in non-neurological controls, AD, and 
severe capillary cerebral amyloid angiopathy (capCAA) cases, which are character-
ized by deposition of Aβ within the structure of cerebral capillaries. 

Our data show that P-gp and BCRP are profoundly downregulated in capCAA, but 
not in AD and control cases. In vitro P-gp, but not BCRP, was down-regulated in 
brain endothelial cells by exposure to oligomeric Aβ42, but not fibrillar Aβ42 or 
Aβ40. Co-incubating Aβ42 together with clusterin, an amyloid associated protein 
highly expressed in capCAA, strongly reduced levels of P-gp. 

In conclusion, accumulation of Aβ, in combination with clusterin, within and around 
cerebral capillaries may further aggravate the disease process by affecting P-gp ex-
pression. Loss of P-gp expression or activity may serve as a selective biomarker for 
ongoing capCAA. 

Keywords: Cerebral amyloid angiopathy; Alzheimer’s disease; P-gp; BCRP; ABC transport-
ers; blood-brain barrier
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Introduction
Alzheimer’s disease (AD) is the most common form of dementia and characterized by in-

creased deposition of amyloid β (Aβ) within the brain. Accumulation of Aβ depends on a 

disequilibrium between production and clearance of Aβ.  Several pathways for Aβ clearance 

have been described: (1) Aβ endocytosis by astrocytes and microglial cells; (2) Aβ enzymatic 

degradation (e.g., by neprilysin or the insulin-degrading enzyme; (3) Aβ transport across the 

BBB and/or (4) Aβ drainage along perivascular spaces (Thal, et al., 2008b; Weller, et al., 2008). 

If any of these mechanisms fail the result is an increased retention of Aβ within the brain and 

consequently Aβ aggregation and deposition.

The BBB plays a crucial role in maintaining the delicate homeostasis of the brain, including 

the active removal of Aβ. Through restrictive barrier properties and polarized expression of 

selective transporters, such as the ATP-binding cassette (ABC) transporters, the BBB effec-

tively regulates movement of metabolites and nutrients between blood and brain parenchyma. 

Previously, we have shown that the BBB is altered in cases with severe capillary cerebral am-

yloid angiopathy (capCAA) , a specific subtype of CAA characterized by Aβ protein accu-

mulation in the walls of brain capillaries, which occurs in up to 51% of AD cases (Attems, 

2005; Richard, et al., 2010; Thal, et al., 2002; Thal, et al., 2008b). Patients with capCAA can 

also present with rapidly progressive dementia disease (Eurelings, et al., 2010) or can have a 

diagnosis of vascular disease. In capCAA the deposition of Aβ occurs at the level of the BBB 

and it is therefore feasible that the mechanism principally altered in capCAA patients is Aβ 

transport across the BBB. It has been hypothesized that changes in protein expression at the 

BBB endothelial cells may increase the Aβ load in the brain leading to the Aβ accumulation 

as observed in AD and CAA (Zlokovic, 2011). 

In recent years, the involvement of the ABC transporters in the pathogenesis of AD has been 

postulated. In particular, P-glycoprotein (P-gp) and breast cancer resistant protein (BCRP) 

are of interest in the disease process, since both transporters mediate Aβ clearance from the 

brain (Wolf, et al., 2012). Changes in expression and function of ABC transporters at the BBB 

may therefore be a primary cause of increased Aβ load in the brain, especially in the presence 

of capCAA. 
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In the brain, Aβ deposits often are associated with accumulation of other proteins, which 

can modulate the response of the cerebral cells to Aβ exposure (van Horssen, et al., 2005; 

Veerhuis, et al., 2005). Recently, genome-wide association studies showed that, in addition 

to ApoE genetic variants, single nucleotide polymorphisms in the clusterin gene may also 

confer risk to develop sporadic AD (Harold, et al., 2009; Lambert, et al., 2009). Therefore 

we hypothesized that clusterin, an amyloid associated protein (Kida, et al., 1995; McGeer, et 

al., 1994; Nuutinen, et al., 2009; Zhan, et al., 1994), might enhance the potential detrimental 

effects of Aβ on the brain endothelium. Clusterin also binds to and facilitates the transport of 

Aβ through the binding to LRP2 (low-density lipoprotein receptor-related protein 2) and it is 

actively involved in mechanisms that clear Aβ from the brain across the BBB (Calero, et al., 

2000) (Bell, et al., 2007) (Zlokovic, 2008). 

Because of the possible crucial role of P-gp and BCRP in maintaining a homeostatic level of 

Aβ and their localization at the brain capillaries, we set out to investigate the expression of the 

ABC transporters in AD cases, and we specifically selected cases that at the neuropathological 

examination presented with severe capCAA. Herein, we compared the expression profile of 

P-gp and BCRP to non-neurological control tissues and the differential incidence of trans-

porter changes in AD and capCAA cases. 

Accumulated Aβ itself can damage the BBB thereby altering the expression of several pro-

teins, such as tight junctions (Carrano, et al., 2011b). Using an in vitro approach, we analysed 

the downstream effects of Aβ on the expression of P-gp and BCRP in a validated human en-

dothelial BBB in vitro model accordingly to Aβ aggregation state (fibrillar or oligomeric) and 

isoform (Aβ40 or Aβ42).

We here describe that specifically in capCAA cases the expression of ABC transporters P-gp 

and BCRP is strongly reduced, in comparison with controls and AD without capCAA, and 

we demonstrated in vitro that Aβ reduces the expression of P-gp especially in combination 

with clusterin.
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Material and Methods

Post-mortem tissue

Cases were selected on the basis of the neuropathological diagnosis and immunohistochem-

ical characterisation of Aβ aggregates. Seven patients with neuropathologically diagnosed 

capCAA, 5 AD cases without capCAA and 4 age-matched non-demented controls were se-

lected. Human brain specimens were obtained at autopsy with a short post-mortem interval 

(The Netherlands Brain Bank, Amsterdam, The Netherlands and University Medical Centre 

in Utrecht, The Netherlands). Neuropathological evaluation was performed on frozen tissue 

and formalin-fixed, paraffin-embedded tissue from occipital pole cortex. CapCAA score was 

defined as follow: severe (+++), moderate (++), mild (+). AD pathology was evaluated ac-

cording to Braak (Braak, et al., 2006; Braak and Braak, 1991) and CERAD (Mirra, et al., 1991).

Age, gender, post-mortem delay (PMD), Braak, CERAD and capCAA scores and cause of 

death of all cases used in this study are listed in Table 1. 

Patient # Age Sex PMD Braak CERAD capCAA cause of death
capCAA 1 76 M < 24 h IV C ++/+++ peumonia
capCAA 2 78 F < 24 h IV A +++ pneumonia
capCAA 3 95 F < 24 h III B ++ peritonitis
capCAA 4 75 M 22 h III 0 +++ pneumonia
capCAA 5 65 M 7 h V C ++/+++ pneumonia
capCAA 6 75 F 6 h V C +++ dehydration
capCAA 7 71 F < 24 h IV B +++ Pneumonia

AD 1 89 F 4:30 h VI C - pneumonia
AD 2 69 M 5 h VI C - pneumonia
AD 3 67 F 6 h VI C - pneumonia, dehydration
AD 4 81 F 6 h VI C - pneumonia
AD 5 91 F 5:45 h VI C - ruptured aneurysm

control 1 80 M 7 h 0 0 - cachexia, dehydration
control 2 93 F 6 h II 0 - cachexia
control 3 84 M 7 h I 0 - Exacerbation of COPD
control 4 77 F n.d. I A - cachexia

Table1. Summary of Patient Details

capCAA: capillary cerebral amyloid angiopathy; AD: Alzheimer’s disease; PMD: post-mortem   
delay; M: male; F: female; COPD:  chronic obstructive pulmonary disease
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Immunohistochemistry

5 μm paraffin sections were mounted on coated glass slides (Menzel Gläzer super frost PLUS, 

Brainschweig, Germany) and dried O/N at 37  ° C. Sections were deparaffinized and rehydrat-

ed by xylene and a sloping concentration of ethanol (100%, 96% and 70%). Endogenous per-

oxidase was blocked by incubating the sections in methanol + 0.3% H2O2 for 30 minutes. An-

tigen retrieval was established by boiling the sections in 1 mM EDTA buffer for 10 minutes. 

Sections were O/N incubated with anti-P-gp or anti-BCRP antibodies (Table 2) diluted in PBS 

supplemented with 1% BSA. Next, sections were incubated for 1 h with relative secondary 

antibodies HRP-labelled. For P-gp HRP EnVision undiluted solution was used. For BCRP 

sections were incubated with goat anti-mouse IgG2a HRP-labelled. Peroxidase labelling was 

visualized by EVDAB 1:50. Sections were then stained for Aβ with anti-Aβ (mouse, DAKO) 

for 1h, after a further 15 minutes treatment with formic acid.  After 60 minutes incubation 

with alkaline phosphatase conjugated goat anti-mouse IgG1, tissue sections were washed in 

0.2 M Tris-HCl buffer, pH 8.5. Alkaline phosphatase was visualized by Liquid Permanent Red 

(LPR; Dako, Glostrup, Denmark). Finally, tissue sections were counterstained with haema-

toxylin. Slides were covered with aqueous mounting medium (Aquatex, Merck, Darmstadt, 

Germany). Between all incubation steps, sections were extensively washed with PBS (pH 7.4).

Primary 
Antibody 

species 
raised in Isotype dilution ARS source

Pgp (clone 
15D3) mouse IgG1 1:50 tris-EDTA

Dept of Pathology, VUmc Am-
sterdam; courtesy of G. Scheffer 
*

BCRP (clone 
BXP-21) mouse IgG2a 1:50 tris-EDTA

Dept of Pathology, VUmc Am-
sterdam; courtesy of G. Scheffer 
*

Factor VIII rabbit - 1:250 - DAKO
Anti Aβ mouse IgG1 1:10 formic acid DAKO
4G8 mouse IgG2b 1:200 - Covence

Clusterin 
(clone G7) mouse IgG1 1:100 -

Dept of Clinical Chemistry, 
Vumc Amsterdam; courtesy of 
prof. B Murphydr 

Table 2. Primary Antibodies Used in this Study

ARS: antigen retrieval step
* Kooij G. et al. Brain. 2011 Feb;134(Pt 2):555-70
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Immunofluorescence

For colocalization studies, cryosections were incubated in thioflavin S solution (100 mg/ml) 

for 5 minutes to stain Aβ fibrils and washed subsequently 3 times in ethanol (70% in water). 

Sections were incubated with normal goat serum 1:10 in PBS containing 1% bovine serum 

albumin for 10 minutes. For P-gp and BCRP staining sections were incubated O/N with a 

mix of primary antibodies: mouse-anti P-gp/BCRP and rabbit-anti factor VIII diluted in PBS 

containing 1% bovine serum albumin. Sections were then incubated with secondary antibod-

ies: Cy5 labelled goat-anti-rabbit 1:100, diluted in EnVision goat-anti-mouse HRP (Dako, 

Glostrup, Denmark) for 30 minutes. For the immunohistochemical analysis of clusterin, sec-

tions were incubated O/N with a mix of primary antibodies: mouse-anti clusterin (IgG1) 

and mouse-anti Aβ 4G8 (IgG2b). Subsequently, sections were incubated with isotype-specific 

secondary antibodies: goat-anti-mouse IgG2b horseradish peroxidase (HRP) and biotinylat-

ed goat-anti-mouse IgG1. An incubation step of 1 h with Streptavidine-Alexa633 followed. 

For all stainings peroxidase labelling was visualized by reaction with rhodamine-tyramide 

(1:3000) in presence of 0.01% of H2O2 for 5 minutes. After washing, slides were covered with 

Vectashield (Vector laboratories, Burlington, CA, USA). Between all incubation steps, sec-

tions were extensively washed with PBS (pH 7.4). Fluorescent analysis was performed with a 

Leica TCS SP2 AOBS confocal laser-scanning microscope (Leica Microsystem, Heidelberg, 

Germany). Quantification of vessel expressing ABC transporters was performed by manually 

counting the percentage of positive vessels in four 100 times magnified fields per slide. Total 

amount of vessels in the field was counted based on factor VIII staining.

Cell culture

The human cerebral microvascular endothelial cell line (hCMECs) that expresses key BBB 

proteins were maintained in EBM-2 medium (Clonetics, Cambrex BioScience, Wokingham, 

UK) which was supplemented with VEGF, IGF-1, EGF, basic FGF, hydrocortisone, ascorbate, 

gentamycin and 2.5% fetal bovine serum (FBS) 40. T75 Flasks, 96 wells plates and 24 wells 

plates were coated with type 1 collagen (Gibco HBSS, Invitrogen, USA). hCMECs were de-

tached at 37 °C with 2 ml trypsin/EDTA in PBS. Cultures were grown to confluence at 37 °C 

in 5% CO2 until the formation of monolayers (Carrano, et al., 2011b; Weksler, et al., 2005).

Aβ preparations



174

Synthetic Aβ42 (Bachem, Bubendorf, Switzerland) and  Aβ40 (Anaspec, USA) were dissolved 

in 0.1% ammonium hydroxide and stored in 50 μl, 1 mM aliquots at -80 °C. Aβ40 and Aβ42 

preparations enriched in oligomers (O40, O42) and fibrils (F40, F42) were prepared essential-

ly as described before (Chafekar, et al., 2008; Dahlgren, et al., 2002). 

Fibrils were prepared as follows:  100 μM Aβ was prepared in 10% HCl sterile solution, dilut-

ing stock drop by drop on vortex, followed by 10 minutes sonication. Aβ was incubated for 

24h at 37 ° C in order to form aggregates. The preparation was further diluted in culture me-

dium to obtain appropriate concentrations prior to cell treatments. Oligomers were prepared 

as follows: 100 μM Aβ was prepared in FBS-free cell medium, diluting stock drop by drop on 

vortex, followed by 10 minutes sonication. Aβ was incubated for 24 h at 4 °C in order to form 

oligomers. The preparation was further diluted in culture medium to 100 nM prior to cell 

treatments and incubated at RT for 1 h alone or in combination with 10 nM clusterin (isolated 

from human plasma by affinity chromatography as previously described (Krijnen, et al., 2005; 

Mulder, et al., 2012; Murphy, et al., 1988). 

Electron microscopy

Aβ aggregates were applied to formvar carbon-coated copper grids (Stork Veco BV, Eerbeek, 

The Netherlands) and dried for 10 min. Grids were negatively stained with uranyl acetate for 

5 min and examined with a Zeiss EM109 electron microscope to characterize the Aβ prepa-

rations.

Viability assay

The cytotoxicity of synthetic Aβ preparations was assessed by the 3-(4,5-dimethylthi-

azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma Aldrich, Germany) assay. hC-

MECs were cultured in 96 well plates until they reached  confluence. Cells were incubated for 

24 hours with 100 nM of Aβ40 and Aβ42 fibrils or oligomers enriched preparations with or 

without 10 nM clusterin. Cells were incubated with MTT (1 mg/ml) for 3 hours at 37°C. The 

formazan-salt generated by mitochondria of viable cells as a result of conversion of MTT was 

dissolved in glycin/DMSO (ratio 1:6) and the absorbance was measured at 540 nm.

mRNA isolation and real-time quantitative PCR

To investigate mRNA expression of ABC transporters, hCMECs were grown on a 24 wells 

plate until they reached confluence. Cells were incubated for 24 hours with 100 nM of Aβ40 
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and Aβ42 fibrils or oligomers enriched preparations with or without 10 nM clusterin. mRNA 

was isolated by using the mRNA capture kit (Roche Applied Science, Almere, the Nether-

lands) following the manufacturer’s protocol. mRNA was reverse transcribed using the re-

verse transcription system kit (Promega, Madison, USA) according to the manufacturer’s 

instructions using GeneAmp PCR system 9700 (Applied Biosystems, Foster City, USA). 

cDNA was diluted 3 times and quantified for mRNA levels of P-gp and BCRP relative to the 

housekeeping gene GAPDH. The accumulation of PCR product is measured using Syber-

green II (Applied Biosystems, Foster City, USA). Primers were developed using the program 

Primer Express 2.0 (Applied Biosystems, Foster City, USA). The sequences of primers are 

as follows: human P-gp: sense 5’- GTCCCAGGAGCCCATCCT-3’, antisense 5’-CCCGGCT-

GTTGTCTCCATA-3’; human BCRP: sense 5’- AGATGGGTTTCCAAGCGTTCAT-3’, anti-

sense 5’-CCAGTCCCAGTACGACTGTGACA-3’. The PCR amplification was performed in 

triplicate in a 7900 HT Fast Real-Time PCRSystem (Applied Biosystems, Foster City, USA). 

Relative expression levels of the ABC transporters in relation to the reference GAPDH were 

calculated using the mathematical model: ΔΔCT. The formula is 2-ΔΔCT where ΔCT = CT-

target - CTreference and ΔΔCT = ΔCTsample – ΔCTcalibrator.

Statistical analysis

Data were analyzed statistically by Student’s t-test or analysis of variance (ANOVA) followed 

by post hoc analysis with Bonferroni’s method (*P<0.05, **P<0.01, ***P<0.001).



176

Results

P-gp and BCRP protein expression in capCAA and AD

To visualize the expression pattern of the ABC transporters P-gp and BCRP in AD and cap-

CAA samples and correlate it to Aβ deposition, tissue sections from occipital cortex of AD 

with and without capCAA and non-demented controls were co-stained for Aβ and either 

P-gp or BCRP (Fig. 1). No Aβ deposits were observed in control cases. AD without capCAA 

showed Aβ accumulation in classical and diffuse plaques and occasionally in large vessels and 

leptomeningeal vessels. In capCAA cases, Aβ was mainly found to be deposited in capillaries 

and larger vessels, with few or no amyloid plaques (Fig. 1).

In our cohort of severe capCAA cases, 39.6±21.5% of microvessels was Aβ-positive.

In occipital cortex specimens of non-neurological control patients, homogeneous P-gp ex-

pression was observed in the cerebrovasculature and particularly in the microvasculature 

(Fig. 1a). 

Interestingly, in capCAA most of the Aβ laden vessels showed profound loss of P-gp expres-

sion compared to controls (Fig. 1b). P-gp expression remained detectable in vessels not affect-

Figure 1. P-gp and BCRP expression in capCAA, AD and controls. Immunohistochemical detection of 
ABC transporter P-gp (a-c) and BCRP (d-f) in occipital cortex section from the brain of normal (a,d), 
AD (c, f) and capCAA case (b, e). ABC transporters (brown) are normally expressed in endothelial cells 
of capillaries as observed in control cases and in AD. Aβ (pink) is found deposited in parenchymal or 
vascular plaques, respectively in AD and capCAA cases. A severe loss of P-gp and BCRP is observable 
in Aβ-laden capillaries in capCAA cases compared to AD and controls.
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ed by Aβ deposition. Expression of P-gp was occasionally detected in glial cells surrounding 

amyloid positive vessels, not in controls cases.  In AD cases without capCAA the expression of 

P-gp in the capillary bed appeared unaltered (Fig. 1c), although we could observe some P-gp 

positive microglia in classical plaques. 

BCRP showed a similar distribution pattern as P-gp in control cases, with strong immuno-re-

activity in capillaries (Fig. 1d). We also observed a reduced expression of BCRP in capCAA 

cases, specifically in Aβ-laden vessels (Fig. 1e). No obvious changes were found in AD cases 

Figure 2. Loss of P-gp expression in capCAA: co-localization study and quantification. a) Triple im-
munofluorescence analysis confirmed loss of P-gp (red) in endothelial cells affected by Aβ deposition. 
Aβ was detected by Thioflavin S (green). Endothelial cells were detected by endothelial markers factor 
VIII-von Willebrand (blue). b) Quantification of P-gp expressing capillaries in capCAA, AD and con-
trol microvasculature is shown in the graph. Bars indicate the percentage of P-gp positive microvessels. 
***p<0.001, by Student t test.
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when compared to controls (Fig. 1f). No immunoreactivity for BCRP on glial cells could be 

detected.

To quantify the number of vessels positive for P-gp and BCRP, we performed a triple-staining 

for Aβ, P-gp/BCRP and the endothelial marker factor VIII (Fig. 2a and Fig. 3a). The total 

number of vessels per field was calculated based on the reactivity for factor VIII and did not 

significantly differ in the 3 groups. 

The percentage of microvessels lacking P-gp expression was calculated showing that in the 

capCAA group 45.3±13.4% of the vessels lacked P-gp immunoreactivity (Fig. 2b). 75.3±17.7% 

of Aβ-positive microvessel lacked P-gp expression.  P-gp negative  microvessels all co-local-

Figure 3. Loss of BCRP expression in capCAA and AD: co-localization study and quantification. a) 
Triple immunofluorescence analysis confirmed loss of BCRP (red) in endothelial cells affected by or in 
proximity of Aβ deposition. Aβ was detected by Thioflavin S (green). Endothelial cells were detected by 
endothelial markers factor VIII-von Willebrand (blue). b) Quantification of BCRP expressing microves-
sels in capCAA, AD and controls microvasculature is shown in the graph. Bars indicate the percentage 
of P-gp positive microvessels. *p<0.05, ***p<0.001, by Student t test.



179

ized with Aβ. In AD cases without capCAA P-gp staining of microvessels appeared to be of 

lower intensity, however no significant reduction was observed in the number of P-gp positive 

vessels in the AD group without capCAA compared to controls.

The number of BCRP-positive vessels was strongly reduced in capCAA cases, up to 50.8±12.9% 

of the total blood vessels, but no differences in staining intensity were observed. 77.4±15.5% 

of Aβ-positive microvessel lacked P-gp expression in capCAA cases. Upon quantification we 

could measure a reduction also in AD cases without capCAA, counting up to 18.1±6.1% 

BCRP negative vessels Fig. 3b). 

Aβ effects on P-gp and BCRP gene expression

The observed reduction of P-gp and BCRP in the capillary endothelium of capCAA brain 

coincided with Aβ deposition, which suggests that Aβ may influence the expression of these 

transporters. To assess this, we analysed by means of quantitative real-time PCR, the expres-

sion of P-gp and BCRP by cultured human cerebral endothelial cells (hCMEC/D3) in vitro  

upon treatment (24 h) with either fibrils enriched or oligomers enriched Aβ40, or either fibril 

enriched or oligomer enriched Aβ42 preparations (100 nM). Of the 4 preparations tested, 

the oligomeric form of Aβ42 induced a significant downregulation (37.3±9.6%) in P-gp tran-

scription levels (Fig. 4a) in line with the reduced expression observed by immunostaining in 

the human capCAA brains (Fig. 2b) . No changes in the transcription levels of BCRP mRNA 

could be observed in the brain endothelial cell culture after exposure to Aβ (Fig. 4b).

Clusterin alters Aβ effects on ABC transporters

The expression of clusterin is upregulated in AD brains and clusterin is also known as an am-

yloid associated protein localizing with Aβ plaques and CAA (McGeer, et al., 1994; Zhan, et 

al., 1994). We therefore studied the distribution of clusterin in the human AD brains with and 

without capCAA by immunostaining. Our immunohistological examination confirmed the 

high levels of clusterin in the AD and capCAA cases and the colocalization of clusterin with 

Aβ deposits, in parenchymal plaques as well as in areas with (capillary) CAA (Fig. 5).

Due to the strong interaction of clusterin and Aβ, we hypothesized that the first can modify 

the effects of the latter, especially when aggregated around the capillary endothelium. To test 

this, we exposed a monolayer of human brain endothelial cells to a mixture of Aβ and cluster-

in and measured the expression of P-gp and BCRP (Fig.6).
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Upon co-incubation with clusterin, Aβ fibrils and oligomers yielded similar results with 

respect to P-gp expression. Clusterin was found to predominantly affect the fibrillar Aβ 

preparations (of both Aβ40 and Aβ42) inducing a reduction in P-gp mRNA levels (36.8±0.12% 

and 46.8±0.14% respectively) when compared to Aβ treatment alone. On the other hand, the 

oligomeric Aβ-clusterin preparations did not significantly differ from oligomeric Aβ alone in 

their ability to affect P-gp expression.

In these conditions, a significant reduction in P-gp expression was observed when cells were 

treated with 100 nM fibrillar Aβ42 (41±0.5%) or oligomeric Aβ42 (37±0.7%) in the presence 

of 10 nM clusterin. Clusterin alone did not induce significant changes in P-gp mRNA levels 

(Fig. 6a). Importantly, using the same set-up, no changes were observed in BCRP mRNA 

expression levels (Fig. 6b). Used treatments did not affect the cell viability as determined by 

MTT assay (data not shown). 

Figure 4. Aβ effects on P-gp and BCRP gene expression. P-gp (a) and BCRP (b) mRNA expression was 
assessed by q-PCR on hCMEC upon 24 h Aβ treatment. Cells were treated with fibrillar or oligomeric 
preparation of Aβ40 and Aβ42 at 100 nM. (F40: Fibrillar Aβ40; O40: oligomeric Aβ40; F42: fibrillar 
Aβ42; O42: oligomeric Aβ42). P-gp expression is reduced by Aβ42 oligomers. No effect on BCRP ex-
pression was observed. P-gp and BCRP expression was normalized to the expression of house-keeping 
gene GAPDH. Data were represented as the mean±SEM; n=at least three experiments with triplicate 
samples. *p<0.05, by Student t test.
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EM characterization of Aβ preparations

The characterization of the Aβ preparations by electron microscopy (EM) confirmed the dif-

ference in aggregation state between fibrils and oligomers (Fig. 7). Aβ fibrils clearly exhibit-

ed thread-like fibrillar structures whereas the oligomeric preparations showed smaller and 

amorphous aggregates of various sizes. There was no difference in appearance between Aβ40 

and Aβ42, although Aβ40 fibrils seemed longer and less complex than Aβ42 fibrils.

Clusterin and clusterin-Aβ preparations were also analysed by EM. Clusterin appeared as 

electron dense globular aggregates associated in amorphous larger complexes. When co-incu-

bated with clusterin, the appearance of Aβ preparations changed drastically, as the oligomeric 

and fibrillar preparation appeared identical to each other as judged by EM. There was no 

remnant of the fibrillar structure of neither the fibrils, nor the aggregates visible in the oligo-

meric preparations. Clusterin/Aβ complexes were large and homogeneously strongly electron 

dense, characterized by a somehow random organization of small compact globular units 

(Fig. 7).

Figure 5. Clusterin expression in capCAA, AD and control brain tissue. Expression of clusterin was detected 
by triple immunofluorescence analysis. Aβ was detected by Thioflavin S (green) and anti- Aβ antibody 4G8 
(red). No Aβ or clusterin was detected in control tissue. Clusterin (blue) is strongly expressed in and around 
Aβ-laden capillaries and Aβ plaques. Merge shows colocalization of Aβ and clusterin in capCAA and AD cases. 
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Figure 6. Clusterin alters Aβ effects on ABC transporters. P-gp (a) and Bcrp (b) mRNA expression was 
assessed by q-PCR on hCMEC upon 24 h 100 μM Aβ treatment in the presence of clusterin. Fibrillar 
and oligomeric preparations of Aβ40 and Aβ42 were incubated for 1h with 10 μM clusterin at room 
temperature prior to cell treatment. (F40: Fibrillar Aβ40; O40: oligomeric Aβ40; F42: fibrillar Aβ42; 
O42: oligomeric Aβ42). Transporter expression was normalized to the expression of house-keeping 
gene GAPDH. Clusterin altered the effects of the fibrillar, but not the oligomeric preparations, on P-gp 
expression. No effects on BCRP expression were detected. Data were represented as the mean±SEM, 
n=at least three. *p<0.05, **p<0.005 compared with vehicle treated endothelial cells; #p<0.05 compared 
Aβ preparations with and without clusterin, by twoway ANOVA followed by post hoc Bonferroni test.
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Figure 7. Electron microscopy characterization of Aβ preparations. Figure shows electron micrographs 
of fibrillar and oligomeric Aβ preparations individually or in combination with clusterin. Preparations 
were incubated 24 h followed by a further incubation of 1h with or without clusterin prior to being 
added to the cell cultures. (F40: Fibrillar Aβ40; O40: oligomeric Aβ40; F42: fibrillar Aβ42; O42: oligo-
meric Aβ42).
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Discussion
In this study we have shown that the expression of ABC transporters P-gp and BCRP is se-

verely decreased in capCAA cases compared to AD cases lacking microvascular amyloid de-

posits. In vitro treatment with the oligomeric form of Aβ42 specifically induces a reduction 

in P-gp expression, not BCRP expression, in cultured human brain endothelial cells. Further-

more, the presence of clusterin, which is highly expressed in capCAA affected vessels, strong-

ly affects Aβ-mediated effects on P-gp, modifying the aggregation state of Aβ and inducing an 

oligomeric-like reduction in P-gp expression.

In our study we observed a selective loss of P-gp expression of in the microvasculature of cases 

with established capCAA compared to AD cases without amyloid-laden microvessels. P-gp, 

a transmembrane protein of 170 kDa, is thought to have a pivotal role in the clearance of Aβ 

from the brain and it has been shown to mediate the transport of Aβ in in vitro cell cultures 

(Kuhnke, et al., 2007; Lam, et al., 2001) and in vivo in AD mouse models (Cirrito, et al., 2005; 

Hartz, et al., 2010). We here are the first to report reduced expression of the ABC transporters 

P-gp and BCRP in cases with established capCAA using immunohistochemistry on post-mor-

tem tissue. Several groups have analysed the expression of P-gp in models of AD. In hAPP 

mice, P-gp expression and function was profoundly reduced and re-instating its function re-

stored the levels of amyloid in the brain of treated animals (Hartz, et al., 2010). Moreover, in a 

human cohort of non-demented elderly a reduced expression of P-gp was correlated with the 

extent of amyloid plaques (Vogelgesang, et al., 2002) and with vascular amyloid (Vogelgesang, 

et al., 2004). Diminished expression of P-gp has also been demonstrated in confirmed AD 

cases and correlated to vascular amyloid deposits (Jeynes and Provias, 2011; Wijesuriya, et 

al., 2010). In a recent in vivo study decreased P-gp function was measured in AD patients by 

positron emission tomography (PET) (van Assema, et al., 2012). Together, these data indicate 

that P-gp may have a role in the pathogenesis of AD. Our current findings confirm and extend 

this hypothesis that low capillary P-gp expression is specifically related to capCAA and not 

parenchymal Aβ deposition as we did not observe significant changes in P-gp expression in 

AD without microvascular amyloid deposits.

We show here a severe reduction in BCRP expression in Aβ-laden capillaries and we are the 

first to report a decrease in BCRP expression not only in capCAA, but also to a lesser extent 
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in AD without microvascular Aβ deposits. To date, there are conflicting reports in literature 

on the role of BCRP as an Aβ transporter and its involvement in AD pathogenesis is unclear.  

BCRP has been shown to transport Aβ40 in murine and human endothelial cell systems (Tai, 

et al., 2009; Xiong, et al., 2009) while others reported no effect on Aβ transport (Hartz, et al., 

2010; Krohn, et al., 2011). It has been shown that the expression of BCRP is unaltered in AD 

cases (Wijesuriya 2010) or even upregulated (Xiong 2010). Such differences are probably due 

to different techniques. In the study of Xiong and coworkers BCRP expression was measured 

by microarray analysis using RNA extracted from brain tissue. This provides an assessment 

of BCRP levels in the brain, and in all the different brain cell populations, and not specifically 

in the microvasculature. Wijesuriya et al. analyzed BCRP expression in hippocampal blood 

vessels of AD by immunohistochemistry and did not observe any significant changes com-

pared to controls. In our study we found a slight decrease in vascular BCRP expression in the 

occipital cortex of AD cases, and a more striking loss in capCAA. Therefore regional differ-

ences might exist in the brain expression of BCRP and the occipital area, which is also the 

preferential site for capCAA, could represent a hot spot in the brain particularly susceptible 

to vascular changes. 

In our approach we have considered capCAA and AD without microvascular pathology as 

separate entities. Despite the overlap of the pathological conditions, half of AD cases do not 

show Aβ deposition at the capillaries (Thal, et al., 2008a) and it appears that the downstream 

effects on the function of the BBB differs. It is conceivable that the altered expression of the 

ABC transporters P-gp and BCRP that we have observed specifically in capCAA is secondary 

to amyloid deposition in affected capillaries. We here provide evidence that Aβ induces a 

downregulation of brain endothelial P-gp in vitro, although is it not excludible that an initial 

reduction in P-gp and/or BCRP is responsible for an initial impaired clearance of Aβ from the 

brain, which ultimately causes amyloid accumulation in microvasculature. In turn, impaired 

P-gp and BCRP expression may become more profound in later stages due to the amyloid 

deposition itself. This last hypothesis is supported by the fact that we observed a significantly 

lower expression of P-gp in capCAA cases, even in non-Aβ-affected vessels, compared to 

controls and AD. Whether reduced P-gp and BCRP expression in capCAA is a primary or 

secondary effect can, however, not be concluded from post-mortem immunohistochemical 

studies, as high cerebral concentrations of diffusible amyloid in the severe capCAA cases 
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might affect the status of the endothelium, even in the absence of local insoluble deposits.

Changes in P-gp and BCRP expression in capCAA can be attributed to the inflammatory pro-

cesses around Aβ-laden vasculature. P-gp and BCRP are regulated by pro-inflammatory cyto-

kines (IL-6, TNF-alpha, IL-1 beta) (Miller, 2010) or under inflammatory conditions (Kooij, et 

al., 2011). Activated glial cells, surrounding microvessels (Bruinsma, et al., 2012; Carrano, et 

al., 2011a; Carrano, et al., 2011c; Richard, et al., 2010), secrete high levels of pro-inflammatory 

cytokines when challenged with Aβ, especially in combination with clusterin (Mulder, et al., 

2012; Nielsen, et al., 2011) and could have a detrimental effect on P-gp and BCRP expression.

Although we could mimic reduced expression of P-gp in vitro upon Aβ treatment in human 

cerebral microvascular endothelial cells (hcMEC), we did not observe changes in BCRP ex-

pression. This is probably due to the fact that Aβ does not trigger a massive release of cyto-

kines in hcMEC at the conditions we tested (Poller, et al., 2010), which might be necessary to 

downregulate BCRP. 

The observed P-gp decreased expression in our in vitro system might be associated with the 

induction of the NADPH oxidase complex by amyloid treatment (Carrano, et al., 2011b) as 

it has recently been shown that NADPH oxidase activation in endotoxin-activated microglia 

lower the function of P-gp (Matsumoto, et al., 2012). We previously demonstrated that pre-

aggregated fibrillar Aβ induces NADPH oxidase-driven release of reactive oxygen species in 

hcMEC via binding to RAGE (Carrano, et al., 2011b) and we hypothesise that RAGE might 

be involved also in the downregulation of P-gp, but further investigation is needed in order 

to clarify this point.

We showed here that clusterin is present at high concentrations in capCAA brains and strictly 

colocalized with vascular amyloid deposits. Recent genome-wide association studies repeat-

edly identified clusterin as a genetic risk factor for sporadic AD (Harold, et al., 2009; Lambert, 

et al., 2009). Clusterin also binds to and facilitates the transport of Aβ across the BBB through 

binding to low-density lipoprotein receptor-related protein 2 (LRP2) (Calero, et al., 2000) 

(Bell, et al., 2007) (Zlokovic, 2008). When the ratio Aβ:clusterin is in favour of Aβ, as in the 

conditions we tested, clusterin is incorporated in the Aβ aggregates. In vitro we found that 

clusterin interaction with Aβ aggregates not only is able to change the aggregation state of the 
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amyloid species, but by doing so it also alters the effects of fibrillar Aβ42 on P-gp expression. 

In our system the binding of clusterin to Aβ fibrils changed the latter to complexes with in 

vitro effects similar to the oligomeric Aβ alone or oligomeric Aβ complexed with clusterin. 

On the other hand, no functional change was observed when we co-incubated Aβ oligomers 

with clusterin. Possibly this is due to the fact that clusterin disassembles Aβ fibrils into smaller 

particles with properties similar to the oligomers (Oda, et al., 1995). The effects evoked by 

clusterin might be either 1) conformational dependent: the binding to clusterin exposes one 

or multiple epitopes interacting with the endothelial cell surface; or 2) size dependent: the 

new generated small aggregates can be transported through the BBB. Both, either together 

or independently, might trigger a cascade of events leading to a change in P-gp expression. 

In the light of our findings the reduced expression of the ABC transporters in AD and specif-

ically in capCAA cases, might have relevant clinical implications. Several patient studies have 

suggested that humans with P-gp polymorphisms, or those receiving P-gp inhibitors, exhibit 

different pharmacological responses or even neurotoxicity in response to the administration 

of several drugs, such as loperamide, chemotherapeutics, antidepressants and antiepileptics 

when compared with control subjects (Greenberg, et al., 2005; Loscher, 2007; Sadeque, et al., 

2000; Uhr, et al., 2008). 

Vice versa, the selective loss of the function of P-gp may also have a beneficial effect by pro-

moting the entry of therapeutics into brain.  Some antiepileptics, most of which induce multi-

drug resistance, might be part of such a category, as very recently it has been found that the 

antiepileptic drug levetiracetam ameliorates memory performance in mild cognitive impair-

ment cases and AD mouse model (Bakker, et al., 2012; Sanchez, et al., 2012).

Therefore assessing in vivo P-gp function by PET in AD and capCAA patients could be useful 

in the clinical practice as therapeutic intervention outcomes can differ in cases with altered 

BBB profile. Furthermore and most importantly, as we have shown that a significant differ-

ence exists in P-gp expression between capCAA and AD, P-gp function assessed by PET could 

therefore be used as a diagnostic biomarker to clinically discriminate capCAA from AD. 

Similar implications may hold true for BCRP, although, to date no specific PET tracers are 

available to reliably determine BCRP function in vivo (Dorner, et al., 2011). Nonetheless, 
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BCRP remains an interesting target and the mechanisms involved in BCRP regulation and its 

role in the development of AD and capCAA need to be further elucidated.

Our data suggest that P-gp expression is the key ABC transporter affected in capCAA. We 

therefore hypothesize that alterations of P-gp at the cerebral capillaries are key to and specific 

for capCAA mediated disease progression and that loss of P-gp activity may serve as a selec-

tive marker for capCAA. The identification of underlying mechanisms of observed alterations 

of P-gp at the cerebral microvasculature in capCAA may hold the key for novel intervention 

strategies to limit Aβ accumulation within the brain thus preventing cognitive decline and 

concomitant neurodegeneration.
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Summary and discussion
capCAA and AD
Amyloid β protein deposition in the walls of capillaries is a subtype of cerebral amyloid angi-

opathy (CAA) referred to as capillary CAA (capCAA). CapCAA is a neuropathological fea-

ture present in 51% of AD cases (Thal, et al., 2008). Patients with capCAA can also present 

with rapidly progressive dementia disease or can have a diagnosis of vascular disease. We have 

selected cases with prominent capCAA pathology, in which vascular Aβ is the main form 

of amyloid deposition. The presence of extensive capCAA distinguishes a subgroup of AD 

cases showing few or no parenchymal plaques, the characteristics of which are studied and 

described in this thesis.

Identification of differentially expressed proteins in clinical cases that present capCAA pa-

thology could reveal specific insight in the underlying molecular mechanism resulting in the 

disturbed clearance of Aβ across the BBB as well as specific biomarkers for capCAA.

For the aim of this thesis the following main goals were formulated: 

- Describe the neuropathological characteristics of capCAA, common features and 

differences with classic AD.

- Assess BBB changes in capCAA and underlying pathological pathways.

Spatial localization of Aβ isoforms: Aβ40 and Aβ42
In chapter 2 we described the main histopathological features of capCAA comparing it with 

CAA in larger blood vessels (from now on referred to as CAA) and with the common hall-

marks of AD (Richard, et al., 2010). Hereto, we histopathologically analyzed a unique cohort 

of severe capCAA cases. Interestingly, we observed major differences between capCAA and 

CAA. Firstly, capCAA is more often accompanied by dyshoric changes, i.e. extrusion of Aβ 

fibrils that radiate from the vessel wall into the brain parenchyma, compared to CAA. Such 

changes may occur in two distinct forms: bulb-like dense deposits sitting on the capillary 

walls and flame-like Aβ aggregates spreading from the capillaries into the neuropil. Upon 

studying the composition of the amyloid deposits in capCAA we could demonstrate that both 
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the main Aβ isoforms, Aβ40 and Aβ42, are present in capCAA. Specifically, we showed that 

Aβ42 is the main component of the dense bulb-like deposits adjacent to the capillary wall, 

while Aβ40 accumulation was predominantly found in the flame-like deposits. These features 

are significantly different from what has been observed in CAA-affected vessels in AD. In 

CAA the main isoform present is Aβ40, which is mostly localized within the vessel walls of 

arteries and leptomeningeal vessels. In CAA Aβ intercalates between smooth muscle cells 

and the tunica media and adventitia of small and mid-sized arteries. Capillaries lack such a 

structural organization (i.e. several concentric layers) in which Aβ can accumulate, therefore 

when the amyloid starts aggregating around the capillaries it cannot be trapped within the 

vessel walls and naturally spreads into the surrounding neuropil. The bulb-like deposits of 

Aβ42 that we described are likely to be the seeding focal points where Aβ aggregation starts, 

as it is known that Aβ42 is highly fibrillogenic and a seed of Aβ42 exponentially increases 

and speeds up fibril formation in vitro and in vivo (Lehner, et al., 2011). The peculiar depo-

sition pattern seen in capCAA is also different from what is seen in the classical plaques of 

AD patients. The bulb-like and flame-like deposits remarkably resemble classical plaques, 

especially when they are combined and occur in the same location, with the dense bulb re-

sembling the globular amyloid core of the plaque and the flames the halo of the plaque. In the 

absence of an isotype specific staining, capCAA with such characteristics can be easily mis-

taken for a plaque residing next to a capillary. Despite these morphological similarities, the 

core of classical plaques is mainly composed of Aβ40, versus the capCAA bulbs being Aβ42, 

and the diffuse halo is predominantly composed of Aβ42, versus the capCAA flames being 

Aβ40. This clearly shows that plaques and capCAA are two distinct phenomena, which are 

likely the result of different pathological pathways involved in Aβ aggregation and clearance. 

Importantly, the occurrence of plaques and capCAA are inversely correlated, meaning that 

areas of the brain densely affected by capCAA deposits show less plaque burden. This might 

implicate that the local microenvironment influences Aβ depositing either as plaque or cap-

CAA, suggesting that capCAA occurs in those areas where Aβ flows toward the circulation 

in the attempt of being cleared from the brain. Amyloid driven pathogenesis/hypothesis of 

AD was first described by our own group with Masters and Beyreuther in 1989 (Rozemuller, 

et al., 1989), but what is the mechanism directing the aggregation of Aβ either toward the 

parenchymal compartment or the vascular one? It has been shown that in mouse models the 

ratio of Aβ40:Aβ42 is a critical factor that influences the formation of CAA or plaques. In the 
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presence of a high Aβ40:Aβ42 ratio, the formation of CAA is favored. Increasing the concen-

trations of both Aβ40 and Aβ42, maintaining the ratio in favor of Aβ40, induces the forma-

tion of both plaques and CAA. On the other hand, when Aβ42 is the main amyloid isoform, 

only plaques are formed (Oppenheim, 1909). It has also been demonstrated that the ApoE 

genotype can modify the ratio Aβ40:Aβ42 in transgenic AD mice. ApoE4, the most important 

risk factor for capCAA and AD, increases the ratio Aβ40:Aβ42 and, by doing so, switches the 

deposition of Aβ from the parenchyma to the vasculature compartment (Divry, 1927). ApoE 

is able to influence Aβ aggregation and alters both transport and clearance of soluble Aβ in 

the brain.   ApoE isoforms do not differentially influence Aβ production in vivo; however, 

ApoE isoforms differentially affect Aβ clearance before Aβ deposition, with ApoE4 resulting 

in clearance that is slower than ApoE3 and ApoE2 (Glenner and Wong, 1984b). 

In human capCAA cases the brain ratio Aβ40:Aβ42 is higher than in AD and the frequency 

of ApoE4 alleles is higher as well. It would be tempting to speculate that ApoE4 is the culprit, 

but it is not that simple. Although ApoE4 has a strong association with developing capCAA 

and also correlates with capCAA severity, having one or two ApoE4 alleles is neither sufficient 

nor necessary for developing capCAA. Other factors are likely being involved and contribute 

to the modulation of Aβ clearance and aggregation.

Figure 1. Schematic representation of Aβ deposition in capCAA and CAA. Dyshoric Aβ accumulates 
as dense bulb-like deposits (blue) and flame deposits (red) in capCAA microvessels. Flames and bulbs 
are often lacking in large vessels CAA, where Aβ (black) predominantly accumulates between smooth 
muscle cells layers and tunica media and adventitia.
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Amyloid associated proteins
Next to Aβ and ApoE, virtually all vascular and parenchymal Aβ depositions contain several 

inflammation-related proteins (Akiyama, et al., 2000; Eikelenboom and Stam, 1982; Eikelen-

boom and Veerhuis, 1996). These so-called Aβ-associated proteins (AAP) include clusterin, 

complement proteins, serum amyloid P component (SAP), α1-antichymotrypsin (ACT), 

ICAM-1, α2-macroglobulin, small heat shock proteins (sHSP) and heparan sulphate proteo-

glycans. These proteins play a role in the transport, fibrillogenesis, deposition and toxicity of 

Aβ and they are also important for the sequestration of neurotoxic Aβ species in plaques or 

CAA. Normally most AAPs are produced at low levels in the brain, however their synthesis 

rate increases in AD, following Aβ deposition (Eikelenboom and Stam, 1982; Greenberg, et 

al., 2008). Due to the involvement of AAPs in determining Aβ aggregation and transport, we 

have investigated their expression in capCAA cases.  We have specifically shown that clus-

terin, laminin, complement proteins and SAP expression are strongly increased in capCAA. 

This increased expression was more striking in capCAA-affected vessels compared to what 

we observed around senile plaques, and clusterin, laminin, complement proteins and SAP 

strictly colocalized with fibrillar capillary amyloid deposits (chapter 3).

Besides ApoE, recent genome-wide association studies repeatedly identified clusterin as a 

genetic risk factor for sporadic late-onset AD (Harold, et al., 2009; Lambert, et al., 2009). 

Clusterin is associated with amyloid plaques, but we showed in chapter 3 and chapter 5 that 

its expression is significantly higher in capCAA. Similar to ApoE, clusterin is a glycoprotein 

involved in the clearance of Aβ peptides and fibrils by binding to low-density lipoprotein 

receptor-related protein 2 (LRP2) (Bell, et al., 2007; Calero, et al., 2000; Zlokovic, 2008) and 

enhancing endocytosis of fibrils by glial cells. The binding of clusterin to Aβ should promote 

Aβ clearance and thus overexpression of clusterin could be a cellular defense mechanism 

aimed at reducing Aβ levels in the capCAA brain. On the other hand, it has been demon-

strated that the presence of clusterin can alter the aggregation of the amyloid leading to the 

formation of slowly sedimenting, non fibrillar Aβ complexes that are toxic to neurons (Bibl, 

et al., 2008; Goos, et al., 2009) and endothelial cells (chapter 5).  Furthermore, an AD mouse 

model crossed with clusterin knockouts deposits fewer Aβ fibrils and have healthier neur-

ites than those with clusterin, suggesting the protein exacerbates pathology (DeMattos, et 

al., 2002). The effect of clusterin may depend on the relative ratio of the protein to Aβ; small 
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amounts of clusterin may stabilize oligomers, but not completely encase them, allowing the 

molecules to exert toxic effects. 

Clusterin can also inhibit the activation of the complement system. This is an important prop-

erty since several studies have demonstrated that protein aggregates, such as Aβ, can activate 

the complement system and provoke inflammatory responses in AD (Vinters, et al., 1996). 

Although clusterin is highly expressed in and around capCAA-affected vessels, it is appar-

ently not able to regulate complement activation. Histochemical studies have revealed that in 

capCAA and CAA the complement system is activated and amyloid deposits contain several 

complement factors, e.g. C1q protein, and the membrane attack complex C5b-9 (chapter 3)

(Eikelenboom and Stam, 1982; Eikelenboom and Veerhuis, 1996).

So it seems that the putative protective effects of clusterin fail in capCAA, where not only we 

observe a tremendous deposition of fibrillar Aβ, but also a severe inflammatory response, 

including activation of the complement system. 

Inflammatory response in capCAA
Neuroinflammation seems to be a common response associated with capCAA and plaques 

as clusters of activated glial cells are observed in close proximity to capCAA-affected vessels 

and classic senile plaques. The inflammatory reaction associated with Aβ deposits is thought 

to play a role in the pathogenesis of AD and contributes to the symptoms of cognitive decline 

(Arends, et al., 2000; Rozemuller, et al., 2005). Interestingly, it appears that microglia and 

astrocytes are highly activated around amyloid-laden capillaries, while in large CAA-affected 

vessels, in the absence of dyshoric changes, we only observed reactive astrocytes, no activated 

microglia.  Activation of glial cells is mainly related to the presence of dyshoric Aβ deposits 

in capCAA. These deposits induce recruitment and activation of microglia cells around the 

affected blood vessels, in contrast with the mild glial response observed around vessels with 

dense and compact globular Aβ deposits (chapter 2). 

A similar pattern was observed when we analyzed the distribution of hyperphosphorylat-

ed tau and ubiquitin, which accumulate in dystrophic neurites. In all cases the parenchyma 

surrounding capCAA contains numerous dystrophic neurites showing similarities with the 

disturbances occurring around classical plaques in AD. Remarkably, dystrophic neurites are 

rarely seen in close proximity to large Aβ-laden vessels without dyshoric changes.
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Both glia activation and neuritic changes strictly correlate with the severity of Aβ load in the 

tissue and vasculature. Microglia clustered around capCAA capillaries not only appear mor-

phologically activated but show a marked expression of the reactive oxygen species (ROS) 

generating enzyme NADPH oxidase-2 (NOX-2), suggesting increased production of ROS 

and consequent oxidative stress around capCAA (chapter 4).

It is reasonable to hypothesize that the parenchymal reaction associated with capCAA (or 

more generally with dyshoric changes) is related to the amyloid conformational structure 

rather than the Aβ species. Similar inflammatory reactions can be found in other forms of 

amyloidosis. Interestingly, also prion amyloid fibrils lead to severe tauopathy and microglia 

Figure 2. Summary of the characteristics of capCAA and AD studied in this thesis.
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accumulation (Gonzalez-Mariscal, et al., 2011; Overgaard, et al., 2011).

Another peculiar observation we came across analyzing glia activation, and particularly the 

microglia, is the absence or low expression of CD45 by microglia in patients with capCAA. 

CD45 is an immunomodulator which reduces the proinflammatory phenotype of microglia 

cells, switching them to a more phagocytic mode, as demonstrated in an AD mouse model 

(Biffi, et al., 2010). The lack of CD45 might not only be involved in an impaired removal of 

Aβ by microglia, but also fuel the development of a severe inflammatory response around 

capCAA, inducing the microglia to secrete proinflammatory cytokines. Although these are 

preliminary observations, studying the phenotype of glial cells recruited around Aβ deposits 

can potentially be very interesting and deserves further investigation.

The abnormal production of pro-inflammatory cytokines, chemokines and the complement 

system, as well as ROS, by microglia, can disrupt nerve terminals causing dysfunction and 

loss of synapses, which correlates with memory decline (Hensley, 2010). These inflammatory 

mediators are produced by activated microglia and reactive astrocytes, but also neurons and 

vascular endothelial cells can further contribute to the production of pro-inflammatory cy-

tokines, acute phase proteins and complement.

Vascular-derived products of a permanently dysfunctional endothelium could result in neu-

ronal injury in neurodegenerative disease states. In the Aβ loaded brain, an injured/altered 

brain endothelial cell can also release factors that are injurious or toxic to neurons (Biffi and 

Greenberg, 2011; Glenner and Wong, 1984a).

To summarize, in capCAA both activated glial cells and endothelium can release proinflam-

matory cytokines and ROS, which compromise not only neuronal function but also BBB 

function and integrity (chapter 2 and 4).
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BBB alterations in capCAA
An important function of the BBB that may go awry in AD and capCAA is the regulation of 

the brain pool of Aβ. Brain Aβ levels, which are in equilibrium with plasma and CSF Aβ con-

centrations, are modulated by influx and efflux of soluble Aβ across the BBB via interaction 

with specific receptors and transporters located on brain endothelium.

In capCAA accumulation of Aβ occurs exactly at the interface of the CNS and the systemic 

circulation, affecting those locations responsible for transport and clearance of Aβ into the 

venous or CSF compartments. The role of capCAA in altering and modulating BBB function 

and integrity, which directly affects Aβ clearance, is of particular relevance in understanding 

AD pathophysiology.

Brain endothelial cells regulate the neuronal milieu both by their synthetic functions as well 

as by their BBB function. Therefore, disturbance in cerebrovascular metabolic or transport 

functions could result in a noxious neuronal environment in the capCAA brain.

Disturbed clearance of Aβ 
Aβ is mainly produced in neurons and astrocytes and then released into the brain intersti-

tial fluid (Revesz, et al., 2002). Under normal conditions Aβ is cleared or removed, keeping 

Aβ concentrations low and thereby avoiding aggregation. Several pathways involved in Aβ 

clearance have been described: (1) Aβ endocytosis by astrocytes and microglial cells; (2) Aβ 

enzymatic degradation (e.g., by neprilysin or the insulin-degrading enzyme (IDE); (3) Aβ 

transport across the BBB and/or (4) Aβ drainage along perivascular spaces (Thal, et al., 2008). 

If any of these mechanisms fail the result is an increased retention of Aβ within the brain and 

consequently Aβ aggregation and deposition as either plaques or (cap)CAA.

In capCAA the deposition of Aβ occurs at the level of the BBB; it is therefore feasible that the 

mechanism principally altered in capCAA patients is Aβ transport across the BBB. Accumu-

lating evidence from patients and animal models of AD suggests that vulnerable brains may 

suffer from an increase in Aβ influx receptors and/or a decrease in Aβ efflux receptors (Bell 

and Zlokovic, 2009; Deane, et al., 2004). 

The involvement of RAGE (receptor for advanced glycation endproducts) appears to be very 
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important in the development of the AD and capCAA pathology, since RAGE mediates the 

influx of Aβ into the brain parenchyma and consequently in an unbalanced situation en-

hances Aβ accumulation. RAGE is also known to be critical regarding the effects exerted by 

Aβ through its binding to the transporter. Aβ/RAGE interaction has been reported to activate 

NOX and a cascade of effects such as NF-κB-mediated endothelial activation resulting in se-

cretion of proinflammatory cytokines, the expression of adhesion molecules and suppression 

of cerebral blood flow (Zlokovic, 2008), fueling not only Aβ accumulation but also oxidative 

stress and inflammatory responses associated with capCAA.

While RAGE is expressed at relatively low levels in the microvasculature under physiological 

conditions, its expression is upregulated with increasing ligand concentration, including Aβ 

(Donahue and Johanson, 2008). In AD brains, RAGE is upregulated and found in neurons, 

astrocytes, and microglia particularly in proximity to Aβ plaques and neurofibrillary tangles 

(Deane and Zlokovic, 2007; Donahue, et al., 2006). We confirmed that Aβ induces a local up-

regulation of RAGE in capCAA cases as well. In chapter 4 we have shown a striking increase 

in RAGE expression in capCAA-affected capillaries and demonstrated that Aβ cytotoxic ef-

fects on endothelial cells are exerted at least partially by its binding to RAGE. 

Low density lipoprotein receptor/related protein 1 (LRP-1) is also expressed in the cerebral 

microvasculature and is a major Aβ efflux transporter (Shibata, et al., 2000). ApoE4, but not 

ApoE3 or ApoE2, blocks LRP1mediated Aβ clearance from the brain and, hence, promotes 

its retention (Di Paolo and Kim, 2011). Reduced LRP1 levels in brain microvessels, perhaps 

in addition to altered levels of other efflux transporters like P-glycoprotein (P-gp), are associ-

ated with Aβ cerebrovascular and brain accumulation during ageing in rodents, non-human 

primates, and humans. In addition, LRP1 levels are increased in transgenic AD mice models 

as well as patients with Alzheimer’s disease (Abbott, et al., 2010).

In fact, we have shown that the expression of two other efflux transporters for Aβ at the 

BBB, P-gp and breast cancer resistance protein (BCRP), is severely affected when we compare 

capCAA with controls and AD lacking microvascular amyloid pathology (chapter 5). These 

transporters are thought to facilitate the release of Aβ into the blood stream, subsequent to Aβ 

uptake mediated by LRP-1 in the endothelial cells of the capillaries. If one of these proteins is 

downregulated, cerebral Aβ levels are bound to rise. It has been demonstrated that mice lack-
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ing P-gp at the BBB have reduced clearance of Aβ from the CNS and lower levels of LRP1 in 

brain capillaries (Cirrito, et al., 2005).

We also showed that P-gp loss in capCAA can be related to clusterin. The effects of clusterin 

on Aβ aggregation have significant repercussions on P-gp expression, as Aβ/clusterin com-

plexes might have a peculiar interaction with cell membranes or other molecules inducing a 

stronger downregulation of P-gp than Aβ aggregates alone. This may represent an additional 

detrimental role for clusterin in the pathogenesis of capCAA.

Figure 3. The role of blood–brain barrier transport in brain homeostasis of Aβ. Aβ is produced from 
the Aβ precursor protein (APP), both in the brain and in peripheral tissues. Clearance of Aβ from the 
brain normallymaintains its low levels in the brain. This peptide is cleared across the blood– brain bar-
rier (BBB) by the lowdensity lipoprotein receptor-related protein 1 (LRP1). LRP1 mediates rapid efflux 
of a free, unbound form of Aβ and of Aβ bound to apolipoprotein E2 (ApoE2), ApoE3 from the brain’s 
interstitial fluid into the blood, and ApoE4 inhibits such transport. LRP2 eliminates Aβ that is bound to 
clusterin (CLU) by transport across the BBB. ATPbinding cassette P-gp and BCRP mediates Aβ efflux 
from the brain endothelium to blood across the luminal side of the BBB. Cerebral endothelial cells, peri-
cytes, vascular smooth muscle cells, astrocytes, microglia and neurons express different Aβ-degrading 
enzymes, including neprilysin (NEP), insulin-degrading enzyme (IDE), tissue plasminogen activator 
(tPA) and matrix metalloproteinases (MMPs), which contribute to Aβ clearance. In the circulation, Aβ 
is bound mainly to soluble LRP1 (sLRP1), which normally prevents its entry into the brain. Systemic 
clearance of Aβ is mediated by its removal by the liver and kidneys. The receptor for advanced glycation 
end products (RAGE) provides the key mechanism for influx of peripheral Aβ into the brain across 
the BBB. Faulty vascular clearance of Aβ from the brain and/or an increased re-entry of peripheral 
Aβ across the blood vessels into the brain can elevate Aβ levels in the brain parenchyma and around 
cerebral blood vessels. At pathophysiological concentrations, Aβ forms neurotoxic oligomers and also 
self-aggregates, which leads to the development of Aβ plaques and cerebral amyloid angiopathy (modi-
fied from Zlokovic, Nature Reviews Neuroscience 12, 723-738).
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The accumulation of clusterin and clusterin/Aβ complexes on the abluminal side of the BBB 

is possibly due to a reduction in the expression of the receptor that transports them across 

the BBB, LRP2. 

The transport of Aβ across the BBB is a delicate and intricate mechanism mediated by pro-

teins (transporters) the expression of which is modulated by several factors, first of all Aβ 

itself. It is quite remarkable that Aβ induces upregulation of the influx transporter RAGE 

and downregulation of the Aβ efflux transporters, meaning that initial subtle increases in 

Aβ concentration would degenerate in a more profound Aβ brain retention due to impaired 

clearance. We postulate that AAPs involved in the clearance of Aβ (like apoE and clusterin) 

are responsible to initiate this cascade slowing the rate of Aβ removal.  In this scenario, the 

local environment surrounding the capillaries is subjected to increased levels of Aβ, which 

eventually aggregate in the microvasculature.

Multiple pathogenic cascades, possibly more than the ones described in this thesis, in the 

neurovascular unit may contribute to faulty clearance of amyloid across the BBB and amplify 

neuronal dysfunction and injury in capCAA.

Breaking the barrier
BBB disruption is a common feature of virtually all neurodegenerative disorders and so, along 

with neuroinflammation, can be viewed as a key component in the process of neurodegenera-

tion. Changes in the cerebral microvasculature have been reported in brains of AD subjects 

(Abbott, et al., 2010; Blasig, et al., 2011; Claudio, 1996; Farkas and Luiten, 2001; Perlmutter 

and Chui, 1990). However, the mechanisms that underlie massive deposition of Aβ aggregates 

in cerebral blood vessels and brain parenchyma are poorly understood. Likewise, processes 

involved in Aβ-driven neuroinflammation and associated BBB malfunction are largely un-

known.

In vitro studies support the idea that Aβ deposition affects BBB integrity since different Aβ 

peptides are able to increase endothelial permeability (Blanc, et al., 1997; Tai, et al., 2009) and 

induce altered expression and translocation of tight junctions (TJs) proteins in human and 

animal endothelial cells (Gonzalez-Velasquez, et al., 2008; Marco and Skaper, 2006).

When analyzing TJs we observed a marked loss of key TJ proteins, such as occludin, claudin-5 

and ZO-1 in Aβ-laden microvessels (Carrano, et al., 2011), which was confirmed later by 
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Hartz and colleagues (Hartz, et al., 2012).

To unravel pathways involved in BBB damage and Aβ-induced oxidative stress in brain en-

dothelial cells, an in vitro approach was taken using a validated human brain endothelial cell 

line. We showed a significant dose-dependent downregulation of TJ proteins occludin and 

ZO-1 mRNA levels upon Aβ treatment. Such downregulation is due to the release of reac-

tive oxygen species mediated by the binding of Aβ to RAGE, which in turn activates NOX.  

The role of RAGE in contributing to BBB disruption is not only limited to the modulation of 

TJs expression but also affecting TJs integrity through induction of matrix metalloproteases 

(Coisne and Engelhardt, 2011). 

Together, our data suggest that Aβ contributes to the loss of barrier integrity in capCAA by 

decreasing TJ protein expression. Likely consequences are barrier leakage and radiological 

cortical cerebral microhaemorrhages (accumulation of iron loaded macrophages)(Gonzalez-

Velasquez, et al., 2008; Zipfel, et al., 2009), which are commonly associated with CAA (Menon 

and Kidwell, 2009; Raposo, et al., 2011).

Damaged BBB has been confirmed by immunohistochemical examination of capCAA brains 

revealing leakage of fibrinogen into the brain parenchyma. Fibrinogen was found as a dif-

fuse staining throughout the parenchyma surrounding affected vessels and we frequently 

detected colocalization of fibrinogen with fibrillar capillary Aβ deposits. In the most severe 

cases fibrinogen immunoreactivity was present in tissue surrounding all Aβ-laden vessels, 

suggesting an ongoing disruption of BBB integrity. The histopathological changes, including 

reduced TJ expression, glia cell activation and fibrinogen leakage, all correlated with sever-

ity of capCAA pathology. Blood proteins, such as fibrinogen, have essential functions in the 

maintenance of integral vasculature homeostatic processes involved in blood clotting. How-

ever, under pathological conditions a weakened BBB could allow extravasation of plasma 

proteins into parenchymal regions of the brain. A likely consequence of increased infiltration 

of proteins is the exacerbation of inflammatory responses mediated by the resident immune 

responding cells, microglia.

Microglia may not only initiate an inflammatory response to Aβ but also amplify and sustain 

inflammation in response to fibrinogen extravasation (Ryu and McLarnon, 2009). In this case 

a chronic inflammatory environment could be maintained by reciprocal signaling between 



211

activated microglia and perturbed vasculature. Concomitant to cognitive decline, the inflam-

matory reaction associated with capCAA could impair the function and integrity of the BBB 

and decrease Aβ removal, which contributes to disease progression. The inflammatory reac-

tion associated with the vasculature exacerbates Aβ effects on the BBB, and specifically the 

impairment of the BBB integrity. Such damage of the BBB may play a significant, if not criti-

cal role in the pathogenesis of AD and capCAA, especially in terms of any distortions of the 

homeostatic balance of the brain, and in particular of cerebral Aβ levels.

Therapeutic strategies and search for biomarkers
Considerable effort has been made in recent years toward gaining a better understanding of 

the pathogenesis of AD, and in developing novel therapeutic approaches. However to date, 

there is no effective treatment that can prevent, delay or cure the disease and most of the latest 

clinical trials focusing on decreasing Aβ load in the brain have been unsuccessful. Interest-

ingly, anti-Aβ immunization therapies resulted in reduced numbers of plaques in the brain 

parenchyma. However, in some patients this led to an increase in vascular amyloid and subse-

quent vasogenic edema (Alzheimer, 1907; Dierksen, et al., 2010). It is interesting that the risk 

of developing vascular side effects are strongly correlated to the ApoE4 allele, implying that an 

impaired Aβ clearance results in an ineffective treatment. Differential response to therapy, in 

such cases, might be due to the presence of ongoing (cap)CAA pathology. In AD cases with a 

certain degree of capCAA, or with an increased risk of developing capCAA (apoE4 carriers), 

plaque burden might be reduced, inducing the movement of Aβ from the parenchyma toward 

the vasculature district, in the attempt to be cleared via the blood stream. We have shown 

that in capCAA cases, clearance through the BBB is impaired because of altered expression 

of transporters and amyloid associated proteins, leading to build up of Aβ in and around the 

vasculature and consequent vascular complications.

Clinical diagnosis of “probable AD” is based on neuroimaging and biochemical analysis of 

the cerebrospinal fluid (CSF), together with neuropsychological examination.  Reduced CSF 

Aβ42 levels are consistently observed in AD patients (Mulder, et al., 2010), while, in contrast, 

levels of the more soluble CSF Aβ40 are normal (Bibl, et al., 2008). Furthermore, the increased 

CSF total tau and phosphorylated tau concentrations in AD (de Jong, et al., 2007) are likely 

related to the pathological accumulation of these proteins in neurofibrillary tangles. AD pa-
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tients with many microbleeds have even lower CSF Aβ42 levels than AD patients without 

microbleeds, potentially due to additional amyloid deposition in cerebral vessel walls (Goos, 

et al., 2009) and CAA patients, presenting with lobar hemorrhage, exhibit lowered CSF lev-

els of both Aβ42 and Aβ40 compared with controls and even to AD (Verbeek, et al., 2009). 

CapCAA cases would likely show lower levels of CSF Aβ42 and Aβ40 together with slightly 

increased CSF tau, reflective of the pathological features observed in the brain and how they 

compare to classical AD pathology. This remains an assumption as a comparative CSF analy-

sis of AD, capCAA and CAA cases has yet to be performed, possibly due to the difficulties in 

differentially diagnosing these diseases during life.

Although guidelines to diagnose CAA during life exist (Boston criteria) (Knudsen, et al., 

2001), these are not specific for capCAA. Hence currently, it is not possible to clinically define 

whether an AD case has capCAA pathology. Clinical evaluation of capCAA is very difficult, 

and although severe capCAA is associated with rapidly progressive dementia (Eurelings, et 

al., 2010), ApoE4 genotype (Richard, et al., 2010; Thal, et al., 2008) and occurrence of micro-

bleeds (Dierksen, et al., 2010; Goos, et al., 2012), these findings are also observed in AD, or to 

be precise, in the heterogeneous population that we clinically define as AD. 

Identifying biomarkers capable of discriminating subgroups in the AD population during 

life, in first instance cases affected by microvascular amyloidosis, is critical for the diagnosis 

of capCAA and the design of clinical trials, in terms of inclusion or exclusion of specific sub-

populations for determined treatments. It also appears obvious that two sub-populations of 

AD, as diverse as we have described in this thesis, could benefit from different therapeutic 

approaches. 

With our proteomics analysis of post-mortem tissue (chapter 3) we aimed to identify markers 

that could discriminate capCAA from AD. We have shown that proteins involved in Aβ ag-

gregation and clearance at the BBB are severely modulated in capCAA, while these processes 

are marginally affected in AD. The ideal biomarker should be specific for capCAA and easily 

measurable in vivo, either in CSF (or even better, in plasma) or by brain imaging. Although 

we are still far from being able to pinpoint “the biomarker” for capCAA or AD, we have shown 

that cases with predominant microvascular (capCAA) or parenchymal (AD) Aβ are different 

enough to show significant differences in a small cohort using a proteomics approach. 
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In this thesis we have described common and different neuropathological features between 

AD and capCAA and pioneered the proteome analysis of capCAA and compared it with 

classical AD in post mortem tissue (chapter 3) describing pathways subjected to differential 

modulations, in first instance BBB related alterations. It is now important to continue in the 

direction of assessing the validity and feasibility of such proteins for use as biomarkers, for 

instance analyzing their modulation in vivo during disease progression in animal models and 

in human cases, e.g. by CSF analysis and brain imaging.

Conclusion
CapCAA is a distinct entity that defines sub-groups of both CAA and AD and whose patho-

genesis is specifically associated with decreased transendothelial clearance of Aβ. CapCAA 

has a considerable influence on the BBB, affecting its integrity and function, and thereby af-

fecting the homeostasis of the ageing brain.

We have demonstrated here that although capCAA and AD share some pathological hall-

marks, several proteins involved in Aβ clearance are differentially deregulated. Proteins specif-

ically up or down regulated in capCAA (and not in AD) might underscore altered pathogenic 

pathways explaining why Aβ accumulates around the brain vasculature instead of depositing 

as plaques in the brain parenchyma, as observed in AD. Furthermore, the identification of 

proteins that are clearly different between AD and capCAA cases could be used as biomarkers 

for the diagnosis of capCAA during life. 
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Nederlandse samenvatting
De ziekte van Alzheimer

De ziekte van Alzheimer (AD) is een irreversibele, progressieve hersenaandoening die lang-

zaam het geheugen en denkvermogen en uiteindelijk het zelfs het vermogen om eenvoudige 

taken uit te voeren, aantast. AD is de meest voorkomende oorzaak van dementie onder oud-

ere personen. Dementie is het verlies van cognitief handelen – denken, herinneren en rede-

neren. Het leidt onder meer tot gedragsveranderingen, en heeft sterke invloed op het dagelijks 

leven en dagelijkse activiteiten.

Hoewel de oorzaak of oorzaken van AD nog niet volledig duidelijk zijn, is het gevolg van AD 

in de hersenen overduidelijk. AD beschadigt en vernietigt hersencellen (neuronen). Een door 

AD aangetast brein telt veel minder cellen en veel minder verbindingen tussen de overgeblev-

en hersencellen dan een gezond brein. Door het voortschrijdende verlies van neuronen, zorgt 

AD voor significante krimpt van de hersenen.

Wanneer doktoren hersenmateriaal van een AD patiënt onder een microscoop bekijken, zien 

ze drie soorten afwijkingen, die de typische kenmerken van AD worden genoemd:

Kluwen (tangles). Hersencellen zijn afhankelijk van een intern ondersteuning- en transport-

systeem, dat essentiële bouwstenen en voedingsstoffen door de uitgestrekte axonen van de 

neuronen kan transporteren. Dit systeem staat of valt bij het goed functioneren van het ei-

wit tau. In de neuronen van een door AD aangetast brein binden lange slierten van dit ei-

wit samen tot een kluwen, waardoor het transportsysteem in de cel tot stilstand komt. Dit 

falen van het transportsysteem wordt sterk in verband gebracht met de afname van het aantal 

hersencellen bij AD.

Eiwit ophopingen (amyloïde plaques). De samenklontering van het eiwit beta-amyloid kan 

hersencellen op meerdere manieren beschadigen en vernietigen, ondermeer door het ver-

storen van de communicatie tussen de cellen. Hoewel de uiteindelijke oorzaak van het afster-

ven van hersencellen bij AD niet bekend is, is de ophoping van beta-amyloid één van de meest 

voornaamste verdachten. 

Eiwit ophoping in de vaatwand (vascular amyloid deposits). Staat ook wel bekend als cere-

brale amyloïde angiopathie (CAA) en is de ophoping van beta-amyloid op de wanden van 
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de bloedvaten in de hersenen. Er kunnen twee vormen van CAA worden beschreven: CAA 

type 1 wordt gekarakteriseerd door de eiwit ophoping in capillairen en wordt daarom vaak 

capillaire CAA (capCAA) genoemd. CapCAA komt voor in 51% van alle AD gevallen en cor-

releert met de ernst van de dementie; CAA type 2 wordt gekarakteriseerd door beta-amyloid 

ophopingen in de grotere bloedvaten.

De amyloïde ophopingen vergroten de kans dat de aangetaste vaten slecht functioneren en ver-

hogen daarmee de kans op hersenbloedingen en tasten de functionaliteit van de bloed-hersen 

barrière (BBB) aan.

Amyloïde ophoping

Een verminderde klaring van beta-amyloid uit de hersenen via de bloedvaten en/of een ver-

hoogde terugstroom van beta-amyloid vanuit de perifere vaten leidt tot een verhoogd niveau 

van beta-amyloid in het hersenweefsel – het parenchym – als plaques en rondom de hersen-

vaten, als CAA. Bij pathofysiologische concentraties vormt beta-amyloid neurotoxische 

oligomeren en aggregeert op zichzelf verder wat uiteindelijk leidt tot CAA en parenchymale 

plaques. Omdat de klaring een cruciale rol speelt in de handhaving van beta-amyloid con-

centraties in de hersenen, en daarmee in de formatie van plaques en CAA, kan het feitelijke 

transport van het eiwit over de bloed-hersen barrière een hoofdrol spelen in de pathologische 

cascade welke leidt tot AD.

De bloed-hersen barrière

De bloed-hersen barrière (BBB) is de scheiding tussen het circulerende bloed en de hersenen 

dier ervoor zorgt dat de hersenen een sterk gereguleerd (micro-)milieu kan onderhouden, 

hetgeen noodzakelijk is voor efficiënte neurotransmissie. De BBB is semi-permeabel; wat wil 

zeggen dat het sommige stoffen doorlaat, terwijl het andere stoffen selectief de toegang wei-

gert. In de meeste weefsels in het lichaam zijn de kleinste bloedvaten, de capillairen, omgeven 

door endotheel cellen met kleine openingen – fenestrae – tussen de cellen. Door deze openin-

gen kunnen (voedings-) stoffen eenvoudig de bloedvaten in en uit. Echter, in de hersenen 

zijn deze fenestrae afwezig en sluiten de endotheelcellen strak op elkaar aan. Ze vormen een 

zogenaamd tight junction, waardoor stoffen niet zomaar de bloedvaten uit kunnen gaan. Ont-

wrichting van de BBB is een gemeenschappelijk kenmerk van vrijwel alle neurodegeneratieve 

stoornissen en kan zo, samen met neuronale inflammatie, gezien worden als één van de be-
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langrijkste componenten in het proces van neurodegeneratie. Omdat in capCAA beta-am-

yloid aggregeert op de vaatwanden, op het grensvlak van de hersenen en de bloedsomloop, 

daar waar beta-amyloid juist uit de hersenen verwijdert dient te worden, is de rol van capCAA 

op de werking en integriteit van de BBB en daarmee samenhangend de klaring van beta-am-

yloid, van bijzonder belang in het begrijpen van de pathofysiologie van AD.

Doelstellingen

De aanwezigheid van uitgebreide capCAA onderscheidt een subgroep van AD gevallen 

met weinig tot geen parenchymale plaques, waarvan de eigenschappen en kenmerken in dit 

proefschrift zijn onderzocht en beschreven. Identificatie van differentieel tot expressie geb-

rachte eiwitten in klinische gevallen met capCAA pathologie, zou specifiek inzicht kunnen 

geven in de achterliggende moleculaire mechanismes welke leiden tot de verstoorde klaring 

van beta-amyloid over de BBB. Tevens kunnen hierdoor specifieke bio-markers geidentifi-

ceerd worden voor capCAA.

Gezien de centrale rol van de vasculaire en BBB compartimenten in de regulatie van beta-am-

yloid klaring is het doel van de studies, zoals beschreven in dit proefschrift, het onderzoeken 

en beschrijven van de rol van beta-amyloid transport eiwitten, evenals de expressie van speci-

fieke BBB/endotheel eiwitten in de ADCAA hersenen en het uitzoeken van de vermeende rol 

van CAA in de ontwikkeling van de AD pathologie. Hiertoe is mijn proefschrift gericht op 

de vasculaire veranderingen welke plaats vinden in de capillaire vorm van CAA. Op zowel de 

gemeenschappelijke als de onderscheidende eigenschappen met “klassiek” AD, op de eiwitten 

welke een rol spelen in het transport van beta-amyloid over de BBB, waaronder amyloid-beta 

transporters en amyloid geassocieerde eiwitten, en een aantal eiwitten welke een significante 

rol kunnen spelen bij de algemene homeostase en onderhoud van de vasculaire endotheel en 

BBB compartimenten. 

Voor het uiteindelijke doel van dit proefschrift zijn de volgende algemene doelstellingen ge-

formuleerd:

- Beschrijf de neuropathologische eigenschappen van capCAA, en de gemeenschappelijke en 

onderscheidende eigenschappen met klassiek AD.

- Onderzoek de veranderingen aan de BBB in capCAA en diens achterliggende pathologische 

trajecten.
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Hoofdstuk 2 beschrijft de pathologische eigenschappen van capCAA, de relatie tussen amy-

loïde afzettingen in capCAA, CAA en parenchymale plaques en de verspreidingspatronen van 

neurofibrillaire veranderingen, inflammatoire markers en ApoE rondom amyloïde laesies.

Om de differentiële eiwit expressie tussen AD en capCAA in de hersenen te bestuderen, 

wordt in Hoofdstuk 3  een proteomics studie beschreven. We hebben verschillende eiwit-

ten geïdentificeerd welke specifiek meer tot expressie komen in capCAA, hetgeen vervolgens 

verder onderzocht is middels immunohistochemische technieken. We hebben de expressie 

onderzocht van de eiwitten laminin, clusterin en SAP en van de activatie van het complement 

systeem in capCAA en AD hersenen. Zowel laminin, clusterin, SAP en de complement eiwit-

ten colocaliseren met beta-amyloid aggregaten in CAA en capCAA hersenweefsel. Opvallend 

is dat we een sterkere colocalisatie aantroffen met de vasculaire beta-amyloid afzetting in 

vergelijking met de parenchymale ophopingen in AD hersenen. 

Hoofdstuk 4. We onderzochten BBB veranderingen in capCAA met de nadruk op de veran-

deringen in de tight junction (TJ) alsmede tekenen van neuronale inflammatie. We hebben 

aangetoond dat beta-amyloid schadelijk is voor de endotheel cellen in de hersenen via de 

binding aan RAGE en de daaropvolgende oxidatieve stress, wat uiteindelijk leidt tot verstor-

ing van de TJs en verlies van BBB integriteit, wat zichtbaar is door de aanwezigheid van fibrin-

ogeen in capCAA weefsel. 

De expressie en functie van ABC transporters is mogelijk cruciaal in de ontwikkeling van 

AD en capCAA. We laten in Hoofdstuk 5 zien dat P-gp en BCRP minder sterk tot expressie 

komen in capCAA, maar niet minder in AD, en dat beta-amyloid en clusterin invloed hebben 

op de mate van expressie van P-gp. Dit speelt mogelijk een cruciale rol in de ontwikkeling van 

verschillende amyloïde afzettingen.

Samenvatting

CapCAA is een afzonderlijke entiteit die subgroepen van zowel CAA en AD identificeert en 

de bijbehorende pathogenese is specifiek geassocieerd met een verminderde klaring van be-

ta-amyloid bij de BBB. CapCAA heeft een significante invloed op de BBB, tast zijn integriteit 

en functie aan en draagt daarmee bij aan een verstoorde homeostase van het verouderende 

brein. We hebben hier aangetoond dat hoewel capCAA en AD een aantal gemeenschappelijke 
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pathologische kenmerken delen, verscheidende eiwitten wel degelijk verschillend zijn ontre-

geld. Eiwitten die specifiek meer of juist minder tot expressie komen in capCAA (en niet in 

AD) tonen mogelijke veranderde pathogene cascades aan. Dit zou kunnen verklaren waarom 

beta-amyloid aggregeert rond de hersenvaten in plaats van in het brein parenchym, zoals bij 

AD. Verder zouden de eiwitten, waarvan aangetoont is dat ze duidelijk anders tot expressie 

komen in capCAA ten opzichte van AD, gebruikt kunnen worden voor de ontwikkeling van 

biomarkers voor de differentiele diagnose van capCAA bij nog in leven zijnde patiënten. 
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APOJ  apolipoprotein J
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BBB  blood brain barrier
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EV  EnVision Method



230
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LA  lipoic acid
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NFT  neurofibrillary tangles
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O/N  over night

PET  Positron emission tomography

P-gp  P-glycoprotein

PIB  Pittsburgh compound-B

PMD  post mortem delay

PS  presenilin

RAGE  receptor for advance glycation end products

ROS  reactive oxygen species

SAP  serum amyloid P component

SMC  smooth muscle cells

TJ  tight junction

ZO  zona occludens
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