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obJec tiVes
The main focus of this thesis was to investigate the role of amyloid associated proteins 
(AAPs) in amyloid-β (Aβ) clearance by glial cells and to study if synthesis of AAPs in 
the brain is reflected in the CSF. Therefore, the following objectives were formulated:

 » Study Aβ clearance by glial cells and investigate the influence of AAPs on this 
process

 » Study if AD related neuroinflammatory changes that occur in early stages of the 
disease are reflected in the CSF and if new biomarkers related to these processes 
can be identified

In this chapter the main findings of the studies described in this thesis will be 
summarized and discussed, followed by suggestions for future research.

role of GliAl cells in Amyloid-β cleArAnce
Aβ deposition in the brain parenchyma and in the walls of vessels is one of the hallmarks 
of AD and is thought to be the result of an imbalance between Aβ production and Aβ 
removal. Recent evidence emphasizes the idea that amyloid deposition in the brain 
of sporadic late-onset AD patients increases due to impaired Aβ removal from the 
brain parenchyma 1. Several pathways for Aβ clearance from the brain have been 
described, including: 1) transport of Aβ across the blood-brain-barrier 2) extra-
cellular degradation of Aβ by proteolytic enzymes and 3) cellular internalization and 
degradation of Aβ by glial cells. The work described in the first part of this thesis 
focussed on the role of glial cells in Aβ removal.

Aβ binding and uptake by microglia and astrocytes
One of the important functions of glial cells is to attack and to remove intruders 
and unwanted substances from the brain. Microglia as well as astrocytes are closely 
associated with amyloid plaques in the brain, which suggests that both cell types can 
contribute to the clearance of amyloid from the brain. Indeed, previous reports by 
our group showed that both primary human microglia and astrocytes were able to 
bind and ingest Aβ42 in vitro 2, 3. Because of the different types of amyloid deposits 
in the brain parenchyma (ranging from diffuse and not or hardly fibrillar to highly 
fibrillar), differences in localization of microglia and astrocytes in control as well as 
AD brain can be seen. Microglia cluster in highly fibrillar amyloid deposits such as 
cores of classical and neuritic Aβ plaques, whereas activated astrocytes remain more 
distant surrounding the somewhat less fibrillar corona. In addition, astrocytes contain 
Aβ immunopositive granules when associated with diffuse and non-fibrillar Aβ 4-6. In 
chapter 2 and 3 we extended the characterization of Aβ uptake by human astrocytes 
and microglia by exposing both cells types to two different forms of Aβ: oligomeric and 9
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fibrillar Aβ (Aβoligo and Aβfib). Oligomers of Aβ consist of small, soluble Aβ aggregates 
that are capable of inducing toxicity to neurons and are able to impair learning and 
memory in several mouse models of AD 7, 8. On the other hand, fibrillar Aβ consists 
of larger β-sheet containing Aβ aggregates that could form the basis of compact Aβ 
plaques, which in turn could trigger a detrimental pro-inflammatory response. We 
characterized the binding and uptake of Aβoligo and Aβfib by primary human microglia 
and astrocytes in vitro by using flow cytometry. We found that both astrocytic (chapter 
2) and microglial (chapter 3) Aβ uptake depends on the size of Aβ-aggregates, since 
both microglia and astrocytes seem to be capable of binding and internalizing smaller 
sized Aβ aggregates more easily compared to the larger fibrillar aggregates. These 
results emphasize an important role of astrocytes, next to microglia, as mediators in 
amyloid clearance. Moreover, from these data we could hypothesize that glial cells 
are more effective in removal of diffuse (non fibrillar) plaques compared to compact 
plaques (high fibrillar plaques), which might explain why amyloid clearance becomes 
more impaired when plaques develop a more fibrillar morphology. Interestingly, when 
Aβ uptake was compared between microglia and astrocytes, microglia were shown to 
internalize more Aβfib compared to astrocytes, whereas no difference in Aβoligo uptake 
was found between both cell types. This might suggest a more important role of 
microglia as the primary immune cell in Aβfib clearance compared to astrocytes.

the effect of amyloid associated proteins on Aβ uptake
Thus far, our results concerning clearance of Aβ by both human microglia and astrocytes 
suggest that these cells are perfectly capable of clearing Aβ in vitro. But how can we 
explain that activated microglia and reactive astrocytes are physically associated with 
amyloid plaques but unable to effectively clear Aβ deposits in AD brain? In a previous 
study, we noticed that primary human microglia have a poor phagocytic capacity 
when compared to human monocyte derived macrophages 2. Possible the microglia 
possess an endophenotype that differs from monocytes/macrophages due to aging in 
the presence of neurons that benefit from an anti-inflammatory environment. This may 
also explain why different results concerning activated microglia are obtained with 
cells obtained from either human/adult brain or from newborn mice 9.

Several studies suggest that the micro-environment of microglia and astrocytes is 
very important for their functioning 10, 11. Next to Aβ, several other proteins are found 
in Aβ plaques 12. These proteins are called amyloid associated proteins (AAPs) and 
they include complement factors, protease inhibitors, apolipoproteins, cytokines and 
chemokines. Amyloid plaques containing non-fibrillar Aβ (e.g. diffuse plaques) co-
localize with α1-antichymotrypsin, Apolipoprotein J and E (ApoJ and ApoE), whereas 
no or little evidence for the presence of SAP and C1q was found 12, 13. In contrast to 
diffuse plaques, compact plaques containing fibrillar Aβ stain intensively for SAP, C1q, 
ACT, ApoJ and ApoE 12, indicating that ACT, ApoJ and ApoE could play a role in 
early plaque formation, whereas SAP and C1q need some degree of fibril formation 



163

GenerAl discussion

9

to get involved. Importantly, several genome wide association studies implicated, next 
to ApoE, also ApoJ, complement receptor 1 (CR1) and phosphatidylinositol binding 
clathrin assembly protein (PICALM) as genetic risk factors for AD 14, 15, implicating 
that amyloid clearance is affected in early AD pathogenesis. ACT, ApoJ, ApoE, SAP 
and C1q are locally produced in the brain and their synthesis is increased in AD 
brain, especially in and around plaques. This links perfectly back to the changed 
micro-environment of glia cells and regulatory function of AAPs in plaque formation. 
Since AAPs can interact with Aβ, they can modulate the aggregation, deposition and 
clearance of Aβ as shown by studies using APP transgenic mice crossed with transgenic 
mice either over-expressing or depleted for one of these AAPs 16-22 23, 24. This stimulated 
us to investigated the possible modulating effects of AAPs on Aβoligo and Aβfib binding 
and uptake by human microglia and astrocytes in vitro.

In chapter 2 we described the effect of AAPs on Aβ uptake by astrocytes. Interestingly, 
ApoJ and ApoE dramatically reduced binding and uptake of Aβoligo, whereas SAP-C1q 
only slightly reduced the Aβoligo uptake. Moreover, SAP-C1q increased Aβfib binding 
and uptake by adult human astrocytes, whereas the other AAPs had no effect on Aβfib 
uptake. In chapter 3, we used the same approach to study the effect of AAPs on Aβoligo 
and Aβfib binding and uptake, but in this case by primary human microglia. ApoJ, ApoE, 
ACT and SAP-C1q, but not SAP and C1q separately, prevented the binding and uptake 
of Aβfib by microglia, whereas only ApoJ inhibited Aβoligo uptake. These data show that 
amyloid binding proteins can hamper Aβoligo removal by astrocytes, and Aβfib removal 
by microglia in the human brain (Figure 1). Whereas astrocytes are found associated 
with diffuse plaques in non demented patients, suggesting a role of astrocytes in the 

Figure 1. Microglia as well as astrocytes take up Aβ42 in a size dependent manner. Aβ oligomers 
are taken up more easily (thick arrows), compared to Aβ fibrils (thin arrows). Microglia ingest 
more Aβ fibrils compared to astrocytes. Amyloid associated proteins present in the early amyloid 
plaques, seem to inhibit Aβ oligomer uptake in astrocytes, whereas uptake of Aβ fibrils is more 
hampered in microglia. See page 219 for color figure.

Figure 1. 

Microglia as well as astrocytes take up Aβ42 in a size dependent manner. Aβ oligomers are taken up 

more easily (thick arrows), compared to Aβ fibrils (thin arrows). Microglia ingest more Aβ fibrils 

compared to astrocytes. Amyloid associated proteins present in the early amyloid plaques, seem to 

inhibit Aβ oligomer uptake in astrocytes, whereas uptake of Aβ fibrils is more hampered in microglia. 
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removal of early (non-fibrillar) Aβ aggregates even before clinical symptoms appear 
4, 5, microglia cells cluster with highly fibrillar amyloid plaques only. Combining this 
with our results, we could hypothesize that the association of amyloid binding proteins 
with Aβ in the brain could hamper the early amyloid clearance by astrocytes, resulting 
in an increase of fibrillar compact plaques in the brain due to elevated levels of Aβ in 
the brain. Although microglia cluster around these fibrillar plaques in an effort to clear 
them, this is inhibited by the presence of amyloid binding proteins which can thus lead 
to the exacerbation of amyloid pathology in the long run.

In both microglia and astrocytes, ApoJ and ApoE reduced Aβ binding and uptake, 
however little is known about the mechanism involved. ApoJ in complex with Aβ can 
bind to the megalin receptor (LRP2), which could subsequently mediate Aβ-ApoJ 
internalization and degradation in lysosomes as shown before 25, 26. As far as we know, 
no expression of megalin on microglia has been reported and as shown in chapter 2.3, 
human astrocytes express very low levels of megalin. The absence/very low expression of 
megalin by human microglia and astrocytes might explain why the potential beneficial 
effect of ApoJ on Aβ clearance is absent in our cell cultures. On the other hand, it might 
be that reduced Aβ clearance by glial cells is compensated by an increased clearance 
over the blood-brain-barrier when Aβ is complexed to ApoJ in vivo 27. ApoE was shown 
to promote proteolytic degradation of Aβ, but had no effect on uptake in vitro 28, 29. 
Contrasting results on the effect of murine and human ApoE on amyloid deposition 
were reported in several studies with APP transgenic mice 19, 30, which makes it difficult 
to postulate a clear role of ApoE in AD pathogenesis. Interestingly, different ApoE 
isoforms (ApoE-ε2, -ε3, -ε4) appeared to differentially affect binding and aggregation 
of Aβ. The ApoE-ε4 isoform increases Aβ aggregation compared to ApoE-ε2 and -ε3 
isoforms 31, 32. Although the exact mechanism remains unclear, it could be hypothesized 
that lower affinity of ApoE-ε4 to Aβ or lower availability of ApoE-ε4 in the brain causes 
Aβ to aggregate. This implicates the importance to investigate the effect of these different 
isoforms on Aβ binding and internalization by microglia and astrocytes as well. Next 
to ApoJ and ApoE, also ACT and SAP-C1q modulated amyloid clearance by astrocytes 
and/or microglia. Earlier findings showed that ACT inhibits Aβ clearance both in vitro 
and in vivo 33. We confirm these findings by showing that ACT reduced Aβfib uptake 
in microglia although no effect of ACT was found on Aβ internalization by astrocytes. 
SAP-C1q in complex, but not SAP and C1q alone, reduced Aβoligo internalization and 
increased Aβfib internalization by human astrocytes, whereas SAP-C1q reduced Aβfib 
uptake in human microglia. This implicates a dual role of SAP-C1q in Aβ clearance, 
depending on both Aβ aggregation state and type of glial cell encounter.

Combining our data, we show that the association of Aβ-binding proteins with Aβ 
reduces Aβ clearance by human adult astrocytes and microglia, which could lead to 
exacerbation of AD pathology. 
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Aβ uptake and inflammation
Besides Aβ, a variety of inflammatory mediators, including complement factors, 
serum amyloid P, protease inhibitors, cytokines and chemokines co-localize with 
amyloid plaques very early in AD pathogenesis 12, 34. Moreover, activated microglia and 
astrocytes are found associated with amyloid plaques, suggesting their contribution 
to the inflammatory response in AD brain. This inflammatory reaction may promote 
neurodegeneration, but could also play a neuroprotective role. For example induction 
of gliosis in APP transgenic mouse brain by several pro-inflammatory molecules such 
as IL6, IL-1β, TGF-β or M-CSF leads to a reduction in amyloid plaque pathology 35-38, 
most likely because of increased monocyte/microglial phagocytosis of Aβ. Moreover, 
El Khoury showed that APP transgenetic mice deficient in the chemokine receptor 
Ccr2 exhibit decreased microglial accumulation in the brain and increased Aβ 
deposition39. These studies suggest that the induction of activation of microglia can lead 
to increased amyloid clearance and thus reduced Aβ deposition. In contrast, ablation 
of the immunoregulatory CD45 molecule in APP transgenic mice, leads to increased 
cerebral amyloidosis, promotes an inflammatory phenotype in microglia and reduces 
Aβ42 phagocytosis by microglia 40, which suggests that the activation of microglia and 
skewing towards a pro-inflammatory phenotype leads to impaired removal of Aβ. 
This idea is supported by the finding that proinflammatory cytokines can attenuate 
microglial phagocytosis of Aβ 41-43 and can inhibit Aβ degradation 44 by microglia and 
monocytes. In any case, the precise role of glial activation in AD may very well depend 
on the context, timing, and the mediator of the inflammatory response.

In our studies as described in chapter 2 and 3, neither Aβ alone or in combination with 
AAPs was found to induce an inflammatory response by human astrocytes. On the 
contrary, Aβoligo alone, but not Aβfib caused an increase in IL6 expression by microglia 
compared to medium treated cells. Furthermore, a strong inflammatory response 
was induced by ApoJ, ApoE and ACT upon co-incubation with Aβoligo or Aβfib (>80 
fold increase compared to Aβ alone) confirming previous reports 45, 46. Interestingly, 
we found a relation between reduced Aβfib clearance and an increased inflammatory 
response as measured by IL6 and TNFα secretion. However, whether the increased 
inflammatory response causes the reduction in Aβ internalization or whether both 
processes occur independently remains unclear.

Aβ uptake mechanisms 
Several Aβ uptake mechanisms have been described by glial cells. With use of 
Cytochalasin B (CB), an inhibitor of actin-dependent endocytosis, we showed in 
chapter 3 that in microglia Aβfib is completely internalized via endocytosis, which is 
only partly the case for Aβoligo. In astrocytes, no effect of CB on Aβfib or Aβoligo uptake 
was found. This suggests that different internalization mechanisms for Aβoligo and Aβ 
fib (at least in microglia) are involved, but also that microglia and astrocytes exhibit 
different mechanisms to clear amyloid from the brain.
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For microglia several receptors have been proposed to be involved in Aβfib internalization, 
including scavenger receptors 47, Fc receptors 48, 49, CD14 receptors 50, 51 and a multiprotein 
complex composed of the scavenger receptor type B CD36, an α6β1 integrin and the 
integrin-associated protein CD47 52, suggesting that several receptors, rather than only 
one, collaborate in microglial endocytosis of Aβfib. In contrast to Aβfib, little is known about 
the internalization mechanism of Aβoligo. Uptake via scavenger receptor A and fluid-phase 
pinocytosis have been proposed 53, 54. Although both these uptake mechanisms depend 
on actin polymerization 55, we clearly find cells positive for Aβoligo that remain unaffected 
by CB treatment. What exact processes are involved needs to be further elucidated. For 
example, Aβ40 ingestion by neurons has been suggested to occur via a non-endocytotic, 
nonsaturable and energy independent process, i.e. passive diffusion 56. 

To get more insight in the involvement of human astrocytes in amyloid clearance, we 
studied in chapter 4 the expression of the following receptors potentially involved in Aβ 
binding and uptake: Scavenger receptor B1 (SCARB1), macrophage with collagenous 
structure (MARCO; related to class A scavenger receptors) and megalin (LRP-2 
receptor) by primary human astrocytes. Scavenger receptors have been implicated 
in binding and uptake of several compounds including Aβ. Especially SCARB1 and 
MARCO have, based on experimental animal studies, been proposed as important 
players in Aβ binding and uptake 57, 58. The low density lipoprotein receptor related 
protein 2 (LRP2 or megalin) may be involved in the endocytic uptake and degradation 
of Aβ bound to ApoJ 25, 59. All three receptors were reported to be expressed by rodent 
or human astrocytes 58, 60-63. 

In chapter 4 we described the finding that the gene coding for SCARB1 was highly 
expressed on astrocytes, whereas the genes coding for MARCO and LRP-2 were only 
detectable after including a pre-amplification step. Next, we investigated if treatment 
with Aβoligo or Aβfib with or without AAPs would influence the gene expression of 
SCARB1. No modulating effect of Aβ alone on SCARB1 expression was detected, 
whereas co-incubation of Aβoligo with SAP-C1q and Aβfib with ApoE significantly 
increased SCARB1 expression by two-fold. Interestingly SCARB1 expression was only 
increased in control brain derived astrocytes and not in AD brain derived astrocytes. 
Combining these results with our previous finding that SAP-C1q reduced Aβoligo 
uptake by astrocytes (chapter 2), we cautiously speculate that the reduction of Aβoligo 
uptake by SAP-C1q in control brain could initiate the up-regulation of SCARB1 
gene expression by astrocytes in a way to compensate for reduced Aβ clearance. The 
finding that this compensatory response was absent in AD brain derived astrocytes, 
suggests that astrocytes in the AD brain have lost their capacity to adopt to the changed 
environment. Future studies in which next to gene expression also protein expression 
will be assessed are important to unravel the mechanisms underlying astrocytic Aβ 
clearance. 
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Aβ degradation by astrocytes
Next to Aβ internalization, proteolytic degradation of Aβ by microglia and astrocytes 
is another crucial step in the Aβ clearance process. Several Aβ degrading enzymes 
such as neprilysin (NEP), insulin-degrading enzyme (IDE) and metalloproteinase 9 
(MMP-9) have been implicated in Aβ degradation in vitro and in vivo 64-68. Studies on 
primary microglia have shown that these cells degrade Aβ poorly 69, 70, which might 
be caused by the lack of lysosomal enzyme activity 71. Another explanation could be 
that proinflammatory cytokines, as produced by activated astrocytes and microglia 
in AD brain, could dramatically reduce the levels of IDE, NEP and MMP9 as seen 
in microglia of aged APP-PS1 transgenic mice 43. Intriguingly little is known about 
the astrocytic degradation of Aβ. Wyss-Coray showed that mouse astrocytes could 
completely degrade Aβ, suggesting that astrocytes play a role in Aβ uptake and 
subsequent degradation of Aβ 72. 

Therefore we investigated in chapter 4 the gene expression levels of NEP, IDE and 
MMP-9 in astrocytes derived from non-demented control and AD brain. Genes for 
NEP, IDE and MMP-9 were all expressed by human astrocytes, although expression 
of MMP9 was very low. Therefore, we focussed in subsequent experiments on NEP 
and IDE expression only. Astrocytes derived from non-demented control and AD 
brain were compared for their 1) basal gene expression levels in medium treated cells 
2) expression levels after Aβoligo and Aβfib treatment and 3) expression levels after co-
incubation of Aβoligo and Aβfib with ApoJ, ApoE, ACT and SAP-C1q. No differences in 
basal expression levels were found between control and AD astrocytes, suggesting there 
are no intrinsic differences between cultured astrocytes from non-demented subjects 
and AD patients. It is important to note that IDE expression was higher compared to 
NEP, suggesting a more prominent role of IDE in Aβ degradation in human astrocytes in 
vitro. No effects of Aβoligo or Aβfib alone were found on gene expression levels. However, 
when astrocytes were exposed to Aβoligo in combination with ApoJ or ApoE and Aβfib in 
combination with ApoE, NEP expression was increased in control astrocytes, whereas 
no differences were found in AD astrocytes. In contrast, IDE expression was reduced 
upon combined treatment of Aβfib with SAP-C1q or ApoE, suggesting a shift in the 
relative contribution of the astrocyte derived enzymes in the presence of Aβ and 
AAPs. NEP and IDE can both act as intracellular and extracellular proteases, however 
it has been postulated that intracellular Aβ breakdown is mainly determined by  
NEP 28 and that IDE is the principal extracellularly acting protease 73. It is tempting to 
speculate that Aβ in the presence of AAPs could increase intracellular Aβ degradation, 
whereas the extracellular degradation is reduced in human astrocytes. 

Here we show that human astrocytes express Aβ degrading enzymes, however further 
studies are needed to determine whether astrocytes can really degrade Aβ. Interestingly, 
loss of microglia was found to have no effect on amyloid plaque deposition 74, suggesting 
a more prominent role for astrocytes in amyloid clearance. Because astrocytes greatly 
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outnumber microglia in the brain, these cells could have a more critical role in Aβ 
removal than previously thought.

General conclusion
The amyloid hypothesis suggests that a decrease in Aβ levels in the brain can lead to a 
reduction of amyloid plaque pathology. Thus, modulation of production or clearance 
of Aβ could be a potential target for AD therapy. The close association of activated glial 
cells with amyloid depositions, the presence of Aβ immunoreactivity inside glial cells, 
the capacity of glial cells to bind and ingest Aβ in vitro and in vivo, and the enhanced 
clearance of Aβ deposits via the recruitment of local microglia in immunization trials 
shows evidence for an active participation of glial cells in amyloid clearance. In this 
study lipoproteins and inflammation-related proteins, which are already present in the 
early phases of AD pathology, were found to inhibit Aβ clearance by microglia as well 
as astrocytes in vitro. We propose that prevention of association of AAPs with Aβ may 
increase glial induced clearance of Aβ and could be of use in treating AD.

Alzheimer diseAse relAted proteins: reflec tion in csf 
In this study, we investigated if certain changes in AD brain, such as the accumulation 
of several proteins related to AD pathology, are reflected in CSF and if we can identify 
possible new biomarkers for AD.

Neuropathological examination of the post mortem brain is still the gold standard for 
AD diagnosis. To be able to diagnose patients with early signs of the disease, or even 
predict AD it is very important to study (pathological) processes in the brains of living 
patients. CSF is in direct contact with the brain and therefore biochemical processes 
taking place in the brain can be reflected in the CSF. Indeed, amyloid pathology load 
and neurofibrillary tangles in the brain correlate well with CSF levels of Aβ42, t-tau 
and p-tau 75-77. To study if changes in AD brain related protein levels are also mirrored 
in CSF, two approaches can be used. First, protein levels in CSF can be related to 
the classicial markers for AD pathology. Secondly, index values of a specific protein 
can be calculated which serves as an indicator of protein production in the central 
nervous system (CNS). Both approaches were pursued and described in chapter 5 
and 6, respectively. Chapter 7 and 8 describes the validation and measurement of two 
potential new CSF biomarker candidates for AD.

bAce1 activity and csf biomarker profile
We used the CSF biomarker profile characteristics to stratify patients as having an 
AD-like biomarker profile or a normal biomarker profile. Whereas a CSF AD-like 
biomarker profile is suggested to correspond to the presence of amyloid and tau 
pathology in the brain, a normal biomarker profile corresponds to the absence of AD 
pathology in the brain. Cut-off values for Aβ42, t-tau and p-tau were used as described 
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before 78, 79 and used to characterize cases included in this study as having an AD-like 
biomarker profile (two or three out of three biomarkers abnormal: Aβ42<495 pg/ml 
in combination with t-tau>356 pg/ml and/or p-tau>54 pg/ml) or a normal biomarker 
profile (one or zero biomarkers abnormal). Previously, an AD-like biomarker profile 
(defined as an abnormal ratio of Aβ42/tau) was shown to be more prevalent in patients 
with subjective memory complaints (SMC), amnestic MCI and non-amnestic MCI 
compared to healthy controls 80. This indicates that abnormalities in AD pathology as 
detected in CSF are already common in patients without clinical signs of dementia 80 
and could thus indicate patients at risk for AD later during life.

In chapter 5 we describe the relation between BACE1 activity and markers for AD 
pathology in CSF. Aβ42 and Aβ40 are generated from the amyloid-β precursor protein 
(APP) following sequential cleavage by β- and γ- secretases. Beta-site APP cleaving 
enzyme-1 (BACE1) is the rate-limiting enzyme for Aβ production and several studies 
reported increased BACE1 protein and activity in postmortem AD brain 81-84. BACE1 
activity can be detected in CSF, where it was higher in CSF of incipient AD patients 
compared to healthy controls 85. Here we hypothesized that patients with underlying 
AD pathology will have higher levels of BACE1 activity in their brain, and consequently 
also in CSF, compared to patients without AD pathology. To this end we determined 
the levels of BACE1 activity with an earlier developed immune-capture assay and the 
levels of Aβ42, Aβ40, t-tau and p-tau with commercial kits (Innogenetics) in CSF of 12 
control, 18 MCI and 17 AD patients. Next patients were classified according to their 
Aβ42, t-tau and p-tau CSF biomarker levels, as having either an AD-like biomarker 
profile or normal biomarker profile. Patients with an AD-like biomarker profile had 
higher CSF BACE1 activity levels compared to patients with a non-AD like biomarker 
profile and BACE1 activity was found to correlate with Aβ40, t-tau and p-tau, but not 
Aβ42. We concluded that increased BACE1 activity in CSF is related to markers of AD 
pathology, suggesting a direct link between BACE1 activity and amyloid plaques and 
tangles in the brain.

In a previous study from our group, using the same criteria as in this study, MCI 
patients with a normal biomarker profile (low-risk) showed higher levels of IL6 and 
CRP in CSF compared to AD patients, suggesting that inflammatory processes are 
involved in early stage of AD, even before Aβ and tau changes are present in CSF of 
MCI patients 86. Thus, CSF biomarker profiles can be used to study patients at risk for 
AD. The earlier patients at risk for AD can be identified, the higher the chance that 
drug therapy will be successful.

serum amyloid p and c-reactive protein: intrathecal synthesis as monitored by index values
Next to Aβ, other proteins co-deposit in the amyloid plaque, such as serum amyloid P 
component (SAP) 12, 13. SAP may hamper removal of amyloid deposits by preventing 
their proteolytic breakdown 87. C-reactive protein (CRP) is closely related to SAP, 
but does not co-localize with amyloid plaques. Both proteins work closely together 
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with the complement system in the innate immune system. Both SAP and CRP 
synthesis are up-regulated in AD brain, most likely via local production by neurons 88.
In chapter 6 we studied if increased levels of SAP and CRP in the brain of AD patients 
compared to controls is reflected in CSF. CSF contains both brain derived proteins 
and proteins derived from the blood by passive diffusion. In order to investigate the 
contribution of brain derived SAP and CRP to the concentration in CSF, we calculated 
index values for both SAP and CRP. In the case of SAP, the SAP index is the CSF SAP 
to serum SAP ratio compared to the CSF albumin to serum albumin ratio. The SAP 
index is, therefore, an indicator of the relative amount of CSF SAP compared to serum. 
Any increase in the index is a reflection of SAP production in the CNS (intrathecal 
production). The same can be calculated for CRP. In this way index values were 
calculated for SAP and CRP and compared between control and AD subjects. We were 
unable to show an increase in SAP or CRP index in AD patients compared to control, 
suggesting that the increased local production of SAP and CRP in AD brain does not 
substantially contribute to their CSF levels. In contrast, we detected a slight decrease in 
the SAP index of AD patients, but this was not significant (p=0.1). We could speculate 
that if SAP deposits in amyloid plaques in AD brain (in contrast to CRP), less of the 
protein will be able to diffuse to the CSF. This idea is in line with the results of another 
study, in which SAP levels in CSF were shown to be lower in patients with MCI that 
at follow up had progressed to AD, compared to MCI patients that remained stable 
89. We concluded from this study that although no clear differences in SAP and CRP 
index values between control and AD patients were found, this approach indicates the 
necessity to not only detect protein levels in CSF, but also to correct for serum protein 
infiltration that could “blur” the specific contribution of its brain derived fraction. 
Although the blood-brain barrier (BBB) prevents substances from the blood to freely 
enter the CNS, blood derived proteins can enter the CSF via passive diffusion, which is 
mainly determined by its size 90. In this study we also showed that the diffusion of SAP 
from blood to CSF was much lower than could expected based on its molecular size. 
However, at this moment no valid explanation can be given for this finding.

new csf biomarker candidates for Ad
Several studies have been directed towards finding AD biomarkers in CSF to determine 
the extent and stage of the disease process as early as possible. Focus has primarily 
been on the two pathological hallmarks of AD, the extracellular amyloid plaques and 
intraneuronal neurofibrillary tangles. However, in the last decades, research institutes 
all over the world have gained tremendous new knowledge on AD pathogenesis which 
highlights the importance of additional pathogenic factors such as neuroinflammation, 
oxidative stress, mitochondrial dysfunction and impaired amyloid clearance.

psA-Act complex in csf
ACT is a serine protease inhibitor that can bind and form stable complexes with serine 
proteases. ACT is found specifically in Aβ containing plaques, where it was shown to 
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be in complex with a yet unknown protease. Since ACT enhances amyloid pathology 
in vivo, ACT may cause Aβ accumulation by inhibiting activity of a protease involved 
in either formation or break down of Aβ. Up till now the target protease of ACT in the 
brain remains unidentified.

In chapter 7 we describe kallikrein 3 (hK3, also known as prostate-specific antigen 
(PSA)) as a possible candidate. Because of its affinity for ACT in serum 93 and its 
relation with inflammatory processes, we set out to determine whether PSA can be 
locally produced in the brain and if PSA and PSA-ACT complex levels can be detected 
in CSF. In addition, we investigated if levels of PSA and PSA-ACT in CSF could 
distinguish healthy controls from patients with AD. We showed with RT-PCR that PSA 
can be locally produced in the brain of both men and women, suggesting a role for PSA 
in human brain tissue. Next we developed a PSA-ACT complex ELISA to determine 
the levels of PSA and PSA-ACT complex in CSF of 12 controls, 19 MCI and 16 patients 
with probable AD. Although PSA was shown to be present in the brain of both men 
and women, both PSA and PSA-ACT complex levels in CSF were only detectable in 
men, which indicates that PSA in CSF does not reflect PSA levels in the brain. From 
these data we concluded that PSA and PSA-ACT are not suitable as biomarkers for AD 
in both men and women. Indeed, no differences in CSF levels of PSA and PSA-ACT 
were found between control, MCI and AD patients in male subjects. This raises the 
question about the origin of PSA in CSF. The albumin quotient (CSF albumin to serum 
albumin ratio) is a standard marker for blood-brain barrier function 94. We found that 
the albumin quotient and the PSA quotient (CSF PSA to serum PSA ratio) were highly 
correlated and that the concentration of PSA in CSF corresponds to its hydrodynamic 
radius. These data suggest that PSA in CSF originates from the blood by diffusion. 

In several studies, ACT levels in CSF have been quantified and were found to be 
increased in AD cases compared to controls 95-98. These findings hint to an important 
role of ACT as a marker for AD. Indeed increased levels of ACT in CSF have been 
related to stage of the disease and increased probability of AD 95, 96. Moreover, a logistic 
regression model based on CSF ACT, neuroserpin and Aβ1-42 discriminated AD 
patients from controls with a sensitivity of 95% and a specificity of 79% 95, which is 
comparable to the standard markers Aβ42 and tau. Since ACT is capable of forming 
stable complexes with proteases, it could be that determination of CSF levels of ACT 
bound to a protease could increase sensitivity and specificity even more. Several 
human kallikreins (hK) have been detected in the adult human brain 99. HK6 (also 
known as neurosin) has the highest expression in brain compared to the other hKs 
99 , is detected in amyloid plaques 100 and was shown to be produced by microglial 
cells 100, 101. Moreover, hK6 was found to be complexed to ACT in milk and ascites 
fluid 102. All these results together emphasizes the possible importance of hK6-ACT 
complexes in CSF as a new biomarker for AD. At this moment, our lab is working on 
the development of an assay to determine hK6-ACT in CSF.
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General conclusion
AD is most likely the result of the complex interplay of genetics, environment and aging 
that all affect different cellular and molecular pathways, leading to amyloid protein 
deposition and synaptic and neuronal loss. It is estimated that by the time a patient is 
clinically diagnosed with AD, the disease has been progressing for many years, so it is 
crucial that the disease is detected in a very early phase. This stresses the need for new 
biomarkers in CSF and blood that could help to identify those patients at risk for AD. In 
this thesis effort was made to discover new CSF biomarkers for early diagnosis of AD, 
with the focus on proteins associated with amyloid plaque pathology. Many of these 
proteins are related to inflammatory processes involved in the very early phases of AD 
pathogenesis and could thus serve as early biomarkers for AD. However, as illustrated 
by several previously performed studies and those described in this thesis, it seems 

I.v.m. copyright is deze paragraaf niet openbaar
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that the majority of inflammation related factors are not specific for AD pathogenesis, 
because of an inferior capacity to discriminate between AD patients and controls or 
because of conflicting results between different studies. One explanation for the bad 
performance of inflammatory proteins as a CSF biomarker for AD can be the presence 
of serum proteins in CSF. Many inflammatory proteins can be produced in the brain, 
but most are mainly synthesized in the periphery, suggesting we must be cautious with 
interpreting CSF data alone. Proteins can enter the CSF from the bloodstream in a size 
dependent way that could “blur” the specific contribution of brain derived protein. 
Simultaneous measurement of both the CSF and the blood are needed to understand if 
and to what extent the biomarker originated from the brain rather than derived from 
the blood. Recently, proteins involved in Aβ clearance including ApoJ, PICALM and 
CR1 were characterized as new risk factors for AD. In order to develop new biomarkers 
for AD, we might have focused on the “wrong” players in the amyloid cascade. We 
should shift our focus to factors involved in amyloid clearance instead, which seem to 
contribute to early AD pathogenesis in late onset AD patients. Nevertheless some of 
these inflammatory markers may be suitable as a stage-marker to monitor progression 
of the disease and to evaluate the effect of treatment.

GenerAl concludinG stAtements:
 » Primary human microglia and astrocytes internalize Aβ. This uptake is dependent 

on the aggregation state of Aβ (chapter 2 and 3)
 » Several amyloid associated proteins inhibit Aβ oligomer internalization by 

astrocytes and Aβ fibril internalization by microglia (chapter 2 and 3)
 » Several amyloid associated proteins induce a pro-inflammatory response in 

microglia, but not in astrocytes (chapter 2 and 3)
 » Astrocytes can function as professional phagocytes as determined by the gene 

expression of several Aβ-receptors and Aβ-degrading enzymes (chapter 4)
 » The regulatory mechanism to modulate the expression of enzymes and receptors 

involved in Aβ clearance is dysfunctional in astrocytes derived from AD brain, 
whereas it remains unaffected in astrocytes derived from non-demented brain 
(chapter 4)

 » Increased BACE1 activity in CSF relates to AD pathology in the brain (chapter 5)
 » Increased expression of SAP and CRP in AD brain is not mirrored in CSF  

(chapter 6)
 » PSA-ACT complex levels in CSF cannot differentiate between control and AD 

patients (chapter 7)
 » Evidence for a new isoform of SAP in CSF (chapter 8)
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suGGestions for future reseArch
Studies on AD-related mechanisms have depended on the use of cellular models and 
animal systems, which can be perfectly used to study the effect of new therapeutic 
strategies. Many researchers rely on the use of transgenic mice as model systems to 
understand the biochemistry and cell biology of proteins associated with AD, however 
we need to acknowledge the limitations of these transgenic mice models when 
modelling a disease that is only found in humans. Of course it is not feasible to examine 
disease mechanisms on humans, but that stresses the use of cell culture systems using 
cells derived from the human brain. Therefore, we made use of cell cultures of adult 
primary human microglia and astrocyte to study their role in amyloid clearance in 
the brain. The studies described in this thesis point to an important role of amyloid 
associated proteins (AAPs) in amyloid clearance by microglia and astrocytes, but the 
underlying mechanisms remain largely unclear. Understanding the mechanisms will 
be challenging, but will also provide potential therapeutic targets in the treatment of 
AD. Suggestions for future research to unravel these mechanisms will be put forward 
in the following paragraphs.

Aβ clearance by microglia and astrocytes
Uptake of different Aβ species
Several forms of Aβ have been described to be present in the amyloid plaque. We 
focussed on the clearance of Aβ42 by glial cells because this form is thought to be 
the most pathogenic and most abundantly present in the amyloid plaque 103. However, 
other forms of amyloid have also been described in amyloid plaques, such as Aβ40 and 
Aβ3(pE)-42. Although, Aβ40 is part of amyloid plaques in the brain parenchyma, it was 
found to be predominantly deposited in the vasculature, which is related to cerebral 
amyloid angiopathy (CAA). Recently, Aβ3(pE)-42 gained more interest because it 
represents an important fraction of Aβ peptides in AD brain 104 and it was shown to 
induce rapid aggregation and increased toxicity compared to Aβ1-42. We described 
that both microglia and astrocytes are capable of binding and ingesting Aβ42 peptides, 
however we know little about the role of human glial cells in the clearance of other Aβ 
peptides. Evaluating the role of glial cells in clearance of other Aβ species than Aβ42, 
could give a more complete view on the role of glial cells in amyloid removal.

Determining the exact uptake mechanism
We know very little about the exact Aβ uptake mechanisms used by astrocytes and 
microglia. Several Aβ uptake mechanisms have been described for microglia, suggesting 
that more than one mechanism is involved. However, most studies used rodent glia 
cells from either neonatal or adult brain. It is important to note that large differences 
between neonatal and adult rodent brain derived cells in Aβ uptake has been shown. 
Moreover, results on rodent cells are not easily transposable to the human situation and 
need to be confirmed in primary human microglia and astrocytes as well.
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Aβ degradation
Several studies suggest that microglia become deficient in clearing Aβ, which might 
be related to a decrease in Aβ degrading enzymes over time. In chapter 4 we showed 
that human astrocytes express several Aβ degrading enzymes, shedding new light on 
astrocytes as potential helpers in Aβ degradation. It is important to know what the 
role of both microglia and astrocytes is in degrading Aβ, by investigating not only the 
protein expression levels but also the activity of different Aβ degrading enzymes. Can 
this activity be regulated by different forms of Aβ (Aβ42, Aβ40 and Aβ3(pE)-42) and 
what is the role of AAPs in this process?

Overall it can be said that little is known about the mechanism involved in the 
internalization and degradation of different forms of Aβ by both human microglia and 
astrocytes. Moreover, additional studies are needed to evaluate the possible detrimental 
role of amyloid binding proteins in amyloid clearance. This could help us to identify 
new therapeutic drug targets and to develop new strategies to halt AD. Our ideas for 
future research are summarized in figure 2.

csf biomarkers for Ad
The neuropathological hallmarks of AD, Aβ1-42 and tau, measured in CSF are still 
the most successful neurochemical biomarkers for AD. CSF analysis of these markers 
are capable of differentiating AD patients from controls with good sensitivity and 
specificity. However, it is a new challenge to find chemical markers in CSF to diagnose 
AD in a very early stage, preferentially before clinical symptoms appear. Whereas the 

Figure 2. Proposal for future research. 1) What mechanism(s) use microglia and astrocytes to 
bind and ingest the different forms of Aβ? 2) What is the modulatory effect of amyloid associated 
proteins on the uptake of different forms of Aβ and how can these effects be explained? 3) What 
Aβ degrading mechanisms do microglia and astrocytes have and could these mechanisms be 
modulated by amyloid associated proteins? See page 219 for color figure.

 
Figure 2. Proposal for future research 
 
1) What mechanism(s) use microglia and astrocytes to bind and ingest the different forms of Aβ? 2) What is the modulatory effect of amyloid associated 
proteins on the uptake of different forms of Aβ and how can these effects be explained? 3) What Aβ degrading mechanisms do microglia and astrocytes 
have and could these mechanisms be modulated by amyloid associated proteins? 

1
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search for new biomarkers is still ongoing, we most likely end up with a panel of CSF 
biomarkers instead of only one marker to make an accurate early diagnosis and for 
monitoring prognosis of the disease. The coming time, we will have to decide what 
aspects of AD pathogenesis we should focus on. Recent developments indicate that 
next to ApoE genotype, also variations in the genes coding for ApoJ, PICALM and 
complement receptor 1 (CR1) are associated with the risk to develop sporadic AD. 
These data suggest a potential dysfunction of Aβ clearance mechanisms in the brain, 
introducing a new array of potential biomarkers for AD, but also opening new avenues 
for possible therapeutic interventions.
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