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ACh
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AICD
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A
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MRI
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PET
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P-tau
SD
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T-tau
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VaD

Acetylcholine
Alzheimer’s disease
Amyloid precursor protein intracellular domain
Apolipoprotein E allele 4
Amyloid precursor protein
Amyloid- protein
-site APP cleaving enzyme
Blood brain barrier
Body mass index
Cerebrospinal fluid
Computed tomography
Diagnostic and Statistical Manual of Mental Disorders IV
Enzyme-linked immunosorbent assay
High density lipoprotein
World Health Organization’s 10th International
Classification of Diseases
KiloDalton
Mild cognitive impairment
Mini mental status examination
Magnetic resonance imaging
Neurofibrillary tangles
National Institute of Neurological Communicative
Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association
Positron emission tomography
Preseniline 1
Preseniline 2
Hyperphosphorylated tau
Standard deviation
Single photon emission computed tomography
Total tau
Uppsala Longitudinal Study of Adult Men
Vascular dementia

Introduction

Dementia is defined as a persistent deterioration of cognition (memory and
other functions), beyond what could be expected by normal aging, and
severe enough to interfere with daily activities (1-3). Alzheimer’s disease
(AD) is by far the most common form of dementia (4). It accounts for about
two-thirds of all dementia cases and affects about 100 000 people in Sweden
and 20 million people worldwide (4, 5). Vascular dementia (VaD) is the
second most common cause of dementia and accounts for approximately 1525% of dementia cases (6, 7). More rare causes of dementia include frontotemporal dementia and dementia with Lewy bodies (9, 10).
It is unusual to develop dementia before the age of 65. On average 1% of 65
year-olds have dementia, whereas approximately 10% of 80 year-olds and
30% of 90 year-olds are affected (4, 6-8). Incidence rates for both dementia
and AD are similar around the world even though geographic differences
have been reported (4, 6, 7). Given the high prevalence and incidence rate
associated with aging and the growing elderly population, dementia is a rapidly growing health- and socioeconomic problem worldwide (4, 5, 11). In
Sweden, the health-care expenditure for dementia is more than the costs for
heart disease, stroke, cancer or diabetes taken separately (5).
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Symptoms of Alzheimer’s disease
AD is a neurodegenerative disease with a slow gradual onset and a progression over a period of anything between 5-20 years. Subsequently, dementia
causes severe deficits in cognitive functions and a major decline in the
quality of life over a long period of time for both the patient and his/her relatives. The symptoms of AD correspond to the brain areas affected by the
lesions. The synaptic degeneration often starts in the hippocampal area,
which leads to the deterioration of episodic memory early in the course of
the disease. Neurodegeneration then progresses to the posterior temporoparietal cortices, thereby affecting verbal and spatial abilities, logical thinking,
praxis and perceptive functions. In the final stage, severe neuronal loss includes all neocortex association and primary neocortex areas, leading to
severe loss of all cognitive functions. It should be mentioned that there is a
huge clinical variation in initial symptoms, as there is individual variation in
which brain areas are affected first by the lesions. In addition, behavioural
and psychiatric symptoms are common in AD. Insight may be unimpaired
early in the disease course but then declines with the progression to severe
dementia.

Diagnosis of Alzheimer’s disease
Verification of the AD diagnosis can only be made post mortem by histopathological analysis of the brain. Evaluation of cognitive functions and the
clinical diagnosis of AD is instead based on the medical history (as narrated
by the patient and/or a close relative or friend), a battery of neuropsychological tests and a thorough clinical examination of symptoms according
to diagnostic criteria (1, 3). A comparison of the National Institute of
Neurological Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA) and the
Diagnostic and Statistical Manual of Mental Disorders IV (DSM-IV) criteria
for AD is presented in Table 1 (page 15). Brain imaging techniques (computed tomography [CT], magnetic resonance imaging [MRI], single photon
emission computed tomography [SPECT] or positron emission tomography
[PET]) and determination of AD biomarkers in CSF are used as a complement to support the diagnosis of AD. The issue of biomarkers for AD is addressed on page 24. Brain imaging techniques and laboratory tests are also
important in clinical practice for the exclusion of other somatic disorders
causing dementia-like symptoms, i.e. hydrocephalus, brain tumours, hypothyroidism or malnutrition.
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NINCDS-ADRDA
Probable AD
- Deficits in two or more domains of
cognition
- Progressive decline of memory and
other cognitive functions
- Preserved consciousness
- Onset between ages 40 and 90
- absence of systemic or any other brain
disease that could account for symptoms
Possible AD
- Atypical onset, presentation or clinical
course of dementia
- Presence of another illness capable of
producing dementia
Definite AD
- Clinical criteria for probable AD fulfilled
- Tissue diagnosis by autopsy or biopsy

DSM-IV
Insidious onset with progressive decline of
cognitive function resulting in an impairment of
social or occupational functioning from a previously higher level
Impairment of recent memory in at least one of
the following cognitive domains:
- Aphasia
- Apraxia
- Agnosia
- Executive functioning (planning, abstracting)
Cognitive deficits are not due to other neurological, psychiatric, toxic, metabolic or systemic
diseases
Cognitive deficits do not occur solely in the
setting of a delirium

Table 1. Comparison of the NINCDS-ADRDA and DSM-IV criteria for AD.

Mild cognitive impairment
AD pathology does not cause symptoms severe enough to fulfil the criteria
for dementia at early stages in the course of the disease. Mild cognitive
impairment (MCI) is not a pathological entity but defines a level of cognitive
impairment not interfering with activities in daily life, with a high risk of
progression to manifest dementia (12, 13). Importantly, not all subjects with
MCI progress to dementia (caused by AD or other pathologies) (14). There
is currently a great need for diagnostic tools for the identification of people
with MCI who will subsequently develop dementia caused by AD pathology
(15).

Current therapeutic strategies for Alzheimer’s disease
Today there are no curative treatments for AD, only symptomatic ones (16).
Four drugs are approved for the treatment of AD in Sweden. Donepezil (Aricept®), rivastigmine (Exelon®), and galantamine (Reminyl®) are acetylcholinesterase inhibitors indicated for mild to moderate AD. These three drugs
increase the levels of acetylcholine (ACh) in the synaptic cleft by inhibition
15

of the acetylcholine degrading enzyme acetylcholinesterase. Memantine
(Ebixa®) is a low affinity antagonist to N-Methyl-D-aspartate (NMDA) type
receptors, which prevents excitatory amino acid neurotoxicity without interfering with the action of glutamate (which facilitates memory and learning
and has a high affinity for NMDA receptors). Ebixa® is approved for the
treatment of moderate to severe AD. Altogether, current therapeutic strategies only offer symptomatic treatment with moderate clinical effects, although with individual differences in response (16). There is therefore a
great need for new, disease modifying, therapeutic drugs that can slow down
or prevent the development or progress of symptoms related to AD pathology.

Risk factors for sporadic Alzheimer’s disease
A risk factor may be defined as a parameter related to lifestyle, environment
or genetic background, which contributes to the likelihood of developing a
disease. Some risk factors can be modified (e.g. cardio-/cerebrovascular or
psychosocial and lifestyle related factors), whereas other risk factors cannot,
such as for example a person’s genetic makeup.
In AD, old age (4), a family history of AD (17) and genetic susceptibility
in terms of apolipoprotein E (APOE) 4 allele polymorphisms (18), are by
far the strongest risk factors for sporadic AD. Female gender has been associated with an increased risk for sporadic AD (6, 19), but it should be emphasized that the increase in relative risk is much lower compared to the risk
associated with old age, family history or APOE 4 allele polymorphisms.
Diabetes (20, 21), hyperlipidemia (22, 23), hypertension (22-24), smoking
(25-27), alcohol (28), heart disease (29, 30), cerebrovascular disease (31,
32), obesity (33, 34), head trauma (35, 36), depression (37), psychological
stress (38), nutritional factors (39), systemic inflammation (40) and psychosocial and lifestyle related factors such as educational level, social network,
leisure activities and physical activity (41, 42), have all been associated with
the risk of sporadic AD, although the associations are less consistent (see
below). Explanations for inconsistent associations between cardio/cerebrovascular risk factors and AD probably include the co-incidence of
common disorders in the elderly, an additive or synergistic (AD + vascular)
pathogenesis of dementia or misclassification of vascular dementia as AD
(23, 43, 44). Interestingly, it is suggested that risk factors may affect AD risk
in a synergistic manner, i.e. the risk of AD increases with the number of risk
factors present in an individual (23, 43, 44).
APOE 4 polymorphisms
Clinically, a family history of AD has always appeared to be an important
risk factor for AD. Indeed, first degree relatives of sporadic AD patients
16

have an increased risk of developing the disease (17). In 1993, 4 allele
polymorphisms in the APOE gene, located on chromosome 19, were demonstrated to be associated with an increased risk for sporadic AD (18). Carriers
of the 4 allele have an increased risk of developing AD whereas carriers of
the 2 allele seem to have a reduced risk for AD (18, 45). Importantly, not all
carriers of the APOE 4 allele develop AD (46). The prevalence of APOE 4
allele carriers in the population varies in different geographical regions of
the world but may be estimated to be approximately 15% (47, 48).
Apolipoproteins are lipid carrier molecules which are instrumental in the
coordination of the metabolism of lipid following peripheral and central
nervous system injuries (49). In the CNS, apolipoprotein E plays a pivotal
role in the mobilization and redistribution of cholesterol and phospholipid
during neuronal membrane remodelling associated with synaptic plasticity
(49). The mechanism behind the increased risk for sporadic AD in individuals carrying one or two 4 alleles however remains to be elucidated. Indeed it
is intriguing that even though a family history of AD is very common in
cases of sporadic AD (about 25%), and first degree relatives of people with
sporadic AD have an increased risk for AD, no other genetic risk factor has
been sufficiently confirmed other than the APOE 4 allele polymorphism
(46).
Female gender
Female gender is considered a risk factor for sporadic AD (6, 19). This association has been suggested to be related to changes in women’s hormone
levels after menopause, in particular the decline of the important hormone
estrogen (50). Hormonal replacement treatment has however not been
proven to reduce the risk of AD (51, 52).
Diabetes
Potential mechanisms for an association between diabetes and AD include
the presence of cerebrovascular disease, high glucose or insulin levels,
and/or increased oxidative stress (53-59). Several prospective studies report
an increased risk of AD in people with diabetes (20, 53, 60-63). Interestingly, the risk for AD in patients receiving insulin treatment seems to be
higher (20). Even though several studies support the notion of an increased risk for AD in people with diabetes, it has not yet been clarified whether intensive diabetes treatment can decrease the risk of AD and cognitive
decline in the elderly.
Hypertension
Similar to diabetes, the potential mechanism linking hypertension to AD is
suggested to be through mechanisms related to cerebrovascular disease.
There is compelling evidence for an association between hypertension in
middle age and dementia, vascular dementia or AD some 20 years later (2217

24, 64, 65). A relation between hypertension and AD in the elderly (>65
years) is less clear (66-69). Weaker associations in studies of the elderly may
be explained by competing risks by other diseases such as cardiovascular
and cerebrovascular diseases or dementia. In addition the prevalence of hypertension in the elderly is high (70). Subsequently cohorts may be too homogeneous to find differences in exposure for hypertension in persons with
and without AD.
Hyperlipidemia
The relationship between hyperlipidemia and cerebrovascular disease represents one potential mechanism for the potential association between hyperlipidemia and increased risk of AD. Some, but not all, observational studies
report a higher risk of AD in people with high cholesterol or low-density
lipoprotein levels in middle-age (22, 23, 71). In addition, lipid-lowering
medications have been associated with a lower risk of AD (72, 73), although
there are conflicting findings (74). Similar to other risk factors such as diabetes or hypertension, the main damage may appear in mid-life and studies in
the elderly population, with both multiple pathologies and polypharmacy,
may therefore not be able to capture this association.
Obesity
As both diabetes and hyperinsulinemia are more common in people with
high body mass index (BMI), the increased risk for AD in persons with
higher BMI is suggested to be explained by mechanisms related to diabetes
and hyperinsulinemia (75). However, even though higher BMI in mid-life
has been associated with an increased risk of AD (33, 76-78), other studies
report no association between higher BMI and dementia or AD in the elderly
(79, 80). Competing risks, for example death and lack of specificity for hyperinsulinemia, are possible explanations for the lack of a clear association
between higher BMI and the risk of AD in studies of the elderly.
Smoking
Smoking is a well established cardiovascular risk factor which could potentially affect the risk of AD through cerebrovascular disease-related mechanisms. Even though a negative association between cigarette smoking and
AD has been reported (25), there are now several studies suggesting an increased risk of AD for smokers (26-27). Higher risks for AD among smokers
without the APOE 4 allele have been reported, whereas smokers who quit
do not show an increased risk for AD (27, 81). Negative associations may be
explained by survival bias. Currently cigarette smoking is considered to increase the risk for dementia but a potential relationship between smoking
and AD is still controversial.
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Alcohol
Several mechanisms, such as beneficial effects of alcohol on the vascular
system by increasing levels of high density lipoprotein (HDL), decreased
platelet adhesiveness or improved endothelial function, may explain better
cardiovascular outcomes in people with moderate alcohol intake (82). A
moderate alcohol consumption has been associated with a lower risk of dementia in several studies (28, 83-87), although there are conflicting findings
(88). Heavier alcohol intake during middle age has been associated with an
increased risk of dementia later in life (89).
Education level
There are several studies reporting an association between a low educational
level and an increased risk for AD (41, 90, 91). The precise mechanism behind this association remains to be clarified. Some researchers theorize that
the more the brain is used the more synapses are created, thereby providing a
greater cognitive reserve as you age (90, 91). Therefore it may be harder to
detect AD, or cognitive reserves may be greater, in people who exercise their
minds frequently or who have a higher level of education. Importantly,
scores in cognitive tests are affected by educational level and cognitive tests
alone are not diagnostic for AD or dementia, i.e. an individual may perform
poorly in a cognitive test because of a low educational level, but may still
not have AD, or develop AD in the future, and vice versa.
Psychosocial activity and psychological stress
An active and socially integrated lifestyle has been associated with a lower
risk of developing dementia, possibly by providing functional reserves and
reducing psychological stress and vascular damage (42). Interestingly, in a
recent prospective study with 35 years of follow-up, frequent/constant psychological stress in mid-life was associated with an increased risk of developing AD (38).
Head injury
Epidemiological studies, as well as retrospective autopsy data, provide evidence for an increased risk of AD after traumatic brain injury or head
trauma, although there are also conflicting findings (35, 36).
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Neuropathology of Alzheimer’s disease
Neuropathologically AD is characterized by abnormal aggregation of amyloid- (A ) protein in extracellular amyloid plaques and hyperphosphorylated
tau protein in intracellular neurofibrillary tangles in the brain (92-98). A is
a 4 kDa protein fragment which is formed after sequential cleavage of the
amyloid precursor protein APP by - and -secretases, resulting in A peptides of various lengths (39-42 amino acids) (99-101). A 1-42 is the species
most prone to aggregate and is the main component in amyloid plaques,
whereas A 1-40 is the main form of A deposited in cerebral blood vessels
(cerebral amyloid angiopathy) (102-105).
The neurofibrillary tangle consists of hyperphosphorylated fibrillar tau
(98, 106-108). The tau protein is a microtubule-associated protein located in
the neuronal axons binding to tubulin in the microtubules, thereby promoting
axonal transport, microtubule assembly and stability (109). Tau expression is
high in non-myelinated cortical axons, especially in the regions of the brain
that are involved in memory consolidation, such as the limbic cortex (110).
The hyperphosphorylation of tau causes disassembly of microtubules,
thereby disrupting axonal transport. Furthermore, hyperphosphorylated tau
becomes more prone to aggregate into insoluble fibrils which can form larger aggregates, the neurofibrillary tangles (NFT) (111). The loss of microtubule stabilization and NFT formation leads to neuronal and synaptic dysfunction. However, whether hyperphosphorylation and aggregation of tau is
a cause or a consequence of AD pathology is still unknown.

APP processing leads to formation of A peptides
APP is a transmembrane glycoprotein that is ubiquitously expressed and
encoded by a gene located on chromosome 21 (101, 112). The physiological
role for APP remains unclear. A characteristic feature of APP is its proteolytic cleavage by secretases (Figure 1) (113). The differential actions of
these secretases lead either to a non-amyloidogenic (114) or an amyloidogenic pathway (99, 115). -secretase cleaves APP within the A region,
which results in a non-amyloidogenic fragment (C83) (100). The -secretase
(or BACE for -site APP cleaving enzyme) cleavage corresponds to the
amyloidogenic pathway that produces a 99 residue COOH-terminal fragment
C (C99) and the soluble -APPs (99, 115-118). Both the C83 and C99 fragments remain in the membrane where they are processed by the -secretase
to produce P3 from C83 or A fragments from C99 (113).
In the early 1990s, the first autosomal inherited APP mutations causing
early onset AD (before the age of 65) were discovered (119, 120). Mutations
in the APP gene or in one of the preseniline genes (PSEN1 or PSEN2),
which encode proteins that are part of the -secretase complex, all result in
increased A levels (121) or A protofibril formation (122) and the devel20

opment of early onset AD. Today more than 150 mutations are known in the
APP and preseniline genes. All of these confer an early onset phenotype of
AD (123-128). However, these mutations (autosomal dominant inherited AD
or familial AD) only account for less than 1% of all AD cases. In the majority of AD cases no specific mutation and no other direct cause of the disease has been identified. This type of AD is referred to as idiopathic or sporadic AD.

-APPs

-APPs

APP

A

-secretase

P3

-secretase

Extracellular

-secretase

-

AICD

AICD

Intratracellular

C83

NON-AMYLOIDOGENIC

Cell membrane

-secretase

C99

AMYLOIDOGENIC

Figure 1. The transmembrane-bound APP molecule can be processed in two ways:
by - and -secretases (forming non-amyloidogenic end-products), or by - and secretases (resulting in release of the amyloid-forming A peptide).

A aggregation and amyloid plaques
As previously described, much of the A found in neuritic plaques is A 1-42,
which is particularly prone to aggregate (102-105). A fibrillization is a
multistep reaction in which the conformation of A is shifted from mostly helical and random coil to a -sheet structure that is more prone to aggregate
(Figure 2). Many of the plaques found in the limbic and association cortices,
but also in thalamus, caudated putamen and cerebellum, show relatively light
amorphous A immunoreactivity that occurs without a compact fibrillar
center (129, 130). These lesions are referred to as diffuse plaques. Diffuse
plaques contain mainly A 1-42 species and are surrounded by little or no A 140, neuritic dystrophy, glial changes or paired helical filaments (129, 130). It
has been suggested that diffuse plaques may represent precursors of the clas21

sical neuritic plaques (131). This hypothesis is best demonstrated by studies
of individuals with Down’s syndrome (who have trisomy of chromosome 21,
which encodes APP) who have little or no A deposition in the first decade
of life, but by around 12 years begin to display diffuse plaques containing
A 1-42 and more such plaques during the second and third decade of life
(132). After the age of 30 years, amyloid fibril formation in neuritic plaques
is present with associated microgliasis, astrocytosis and neuritic dystrophy in
people with Down’s syndrome (132).

Soluble A

Insoluble A

A plaques

-sheet

-sheet structure

A dimer A oligomers A protofibrils

Figure 2. A fibrillization is a multistep reaction in which the conformation of A is
shifted from an -helical to a -sheet structure, which is more prone to aggregate.
Image was kindly provided by Paul O’Callaghan.

The amyloid cascade hypothesis
The amyloid cascade hypothesis was first described by John Hardy et al. in
1992 (133). According to this hypothesis, accumulation of A fibrils in the
brain is the primary factor driving both familial and late onset (sporadic) AD
pathogenesis (133-135). The rest of the disease process, including the hyperphosphorylation of tau protein and formation of neurofibrillary tangles,
microgliosis, synaptic dysfunction and neuronal loss, is proposed to result
from the imbalance between A production, degradation and clearance in the
brain (133-135).
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The pathogenic role of A deposition in AD is supported by the evidence
that each of the disease causing mutations in familial AD results in either
enhanced production of amyloidogenic A peptides (121) or enhanced protofibril formation (Arctic mutation) (122). In contrast, tau gene mutations
result in frontotemporal lobar degeneration and only present with NFT, not
A , pathology (136). In addition, tau pathology was accelerated in a mouse
model of AD expressing both mutant tau and APP, compared to mice expressing only mutant tau (137). Finally, A immunotherapy rapidly cleared
intraneuronal A and later removed early hyperphosphorylated tau aggregates in a transgenic mouse model of AD (138). These findings all support
the hypothesis that NFT pathology is the consequence of an imbalance in A
metabolism and plaque formation.
A major concern with the amyloid cascade hypothesis is the lack of correlation between the number and location of amyloid plaques and the severity
of dementia (139-143). Moreover, abundant cortical A deposits may also be
found in cognitively intact elderly subjects (144). In contrast there is a close
correlation between the burden of NFTs and the degree of dementia in AD
(139). However, aggregation of NFTs will not progress without the presence
of A (145), which may indicate that accumulation of tangles cannot in itself
explain the progression of A aggregation in AD.
Recent findings demonstrate that soluble A is a better determinant of the
degree of neurodegeneration and appears to correlate well with the severity
of dementia (146-149). In fact several lines of evidence now suggest that
soluble oligomeric assemblies of A , rather than insoluble amyloid fibrils,
are responsible for the loss of neurons and synaptic dysfunction observed in
AD (150-152). Such oligomeric forms of A have been shown to be neurotoxic and inhibit long term potentiation both in vitro and in vivo (153-159).
Together these findings support a revision of the initial cascade hypothesis,
as A assembly into neurotoxic oligomers, and not into insoluble amyloid
fibrils or plaques, is the seminal event in AD pathogenesis (Figure 3).
Interestingly, oligomeric A was recently demonstrated for the first time
in human CSF (160). According to this study, higher oligomeric A levels
(in contrast to lower monomeric A 1-42 levels) were observed in CSF in persons with AD or MCI compared to controls. In addition, negative correlations between oligomeric A and mini mental status examination (MMSE)
scores were observed in the AD/MCI group. This finding is particularly
important as it is the first time a potential biomarker has been demonstrated
to correlate with cognitive function.
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Mutations in the APP, PSEN1 and PSEN2 genes
APOE allele 4
Age
Unknown risk factors

Disrupted balance between production, degradation and clearance of A

Elevated levels of neurotoxic A oligomers and protofibrils

Hyperphosphorylation of tau protein and aggregation in neurofibrillary tangles

Neuronal cell death

Alzheimer dementia

Figure 3. The modified amyloid cascade hypothesis.

Biomarkers for Alzheimer’s disease
A biomarker may be defined as a variable (physiological, biochemical or
anatomical) that can be measured in vivo and that indicates specific features
of disease-related pathological changes (161). Ideally, a biomarker should
reflect the underlying pathology and correlate well with the clinical severity
of a disease. In the future, any drug for AD claiming disease modifying abilities will need to demonstrate evidence for effects on disease specific processes such as A aggregation and tau pathology (162).

Optimal sources of biomarkers for Alzheimer’s disease
CSF is the fluid surrounding the central nervous system. CSF is in direct
contact with the extracellular space of the brain and may therefore reflect
biochemical changes that occur in the latter. For these reasons, CSF (in clinical practice collected by lumbar puncture) is considered the optimal source
of AD biomarkers. Blood (plasma or serum) contains proteins produced in
the periphery that may affect brain processes, but blood also contains proteins/peptides exported from the brain. A blood biomarker for AD would be
ideal because of the ease and non-invasive process of sample collection.
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The blood brain barrier
The blood brain barrier (BBB) is formed by a restricted permeability of the
capillaries in the brain, which serves to maintain a controlled milieu for neurons. The CSF:plasma albumin ratio is the standard biomarker for BBB function (163). The CSF:plasma albumin ratio is normal in patients with “pure”
AD but increases in cases with concomitant cerebrovascular pathology as a
result of increased permeability caused by vascular damage (164). Subsequently, information on the CSF:plasma albumin ratio may be of value,
thereby enabling adjustments for the potential influence of BBB damage on
biomarker levels.
There is a complex balance between A production, degradation and
clearance in the brain. The majority of A aggregated in the brain is believed
to be produced by neurons in the brain whereas platelets have been suggested to be the main source of A in blood (165), even though this issue
still remains to be clarified. One study has reported a correlation between
plasma and CSF A levels in healthy controls but not in people with AD
(166), whereas other studies could not demonstrate such a correlation (167,
168). The influence of peripheral A levels on AD pathogenesis remains to
be clarified.

A 1-42, t-tau and p-tau in CSF as biomarkers for Alzheimer’s
disease
The discovery that A is produced during normal cell metabolism and
secreted into CSF was the basis for the development of a promising biomarker for AD (169). The observation that A 1-42 is the most abundant species of A in amyloid plaques led to the development of assays for this specific A form (102). Today there are numerous studies reporting lower CSF
A 1-42 levels in AD compared to age-matched healthy individuals (170).
Lower A 1-42 levels are suggested to reflect sequestration of A 1-42 in senile
plaques or the formation of soluble A oligomers that are inefficiently
detected by enzyme-linked immunosorbent assay (ELISA) (171, 172).
The most common form of ELISA for total tau (t-tau) measurements
detects all isoforms of tau independently of phosphorylation state (173).
T-tau levels are suggested to correlate with the neurofibrillary tangle load
and to reflect the intensity of neuronal and axonal degeneration in the brain
(173). Importantly, patients with acute stroke or brain trauma also have
higher CSF t-tau levels, which correlate with both magnitude of brain damage and probability of poor clinical outcome (174, 175). The highest t-tau
levels are observed in patients with Creutzfeldt-Jakob’s disease (176).
Higher t-tau levels have been associated with fast progression from MCI to
AD or a rapid cognitive decline (178, 179). Together these findings demonstrate that t-tau levels may reflect not only NFT formation but also neurode25

generation in general, regardless of the underlying pathology, thereby indicating limitations in the specificity for AD pathology.
There are two commonly used ELISAs for hyperphosphorylated tau (ptau), which detect either p-tau181 or p-tau231 levels (defining the phosphorylation site of the tau protein) (180, 181). A study comparing the two p-tau assays report similar diagnostic performances (182). P-tau levels have been
demonstrated to reflect the amount of hyperphosphorylated tau as well as the
formation of NFT in the brain (183, 184). Similar to t-tau, higher p-tau levels
in CSF have been reported to predict progression from MCI to AD and a
rapid cognitive decline (178, 179). There is now increasing evidence that ptau levels may be useful for the differentiation between AD and other forms
of dementia (170, 182, 185). Strong correlations between CSF p-tau and ttau levels have been reported in both AD and healthy individuals (186). Such
correlations are however not observed in persons with Creutzfeldt-Jakob´s
disease or acute stroke (174, 176). Instead, these people have higher t-tau
levels but normal p-tau levels.
The diagnostic accuracy for the combination of CSF A 1-42, t-tau and ptau levels for discrimination between persons with AD and healthy controls
is higher than for any of these biomarkers alone, with a sensitivity and specificity of over 85% (187-191). These observations are also consistent with
findings at autopsy (192-195). Together A 1-42, t-tau and p-tau levels in CSF
are believed to be a reliable reflection of A and tau aggregation in amyloid
plaques and neurofibrillary tangles, as well as neurodegeneration in the brain
(196-199).
In routine clinical practice the analysis of CSF A 1-42, t-tau and p-tau
levels in CSF is a well established complement to the other items in dementia assessment. It should however be emphasized that, because of a great
overlap in biomarker levels, the diagnostic performance is far from optimal
for the discrimination between individuals with AD in the predementia phase
(MCI) and other cases of MCI (170, 173). Potential explanations for the
limitations in sensitivity and specificity of current CSF biomarkers for prodromal AD (MCI) compared to MCI cases caused by other pathological
mechanisms include; misclassification, high amounts of deposited A in
cognitively intact elderly individuals (200-202), and a large overlap in biomarker levels in, for instance, people with fronto temporal dementia, dementia with Lewy bodies and vascular dementia (170, 173). Subsequently, on an
individual basis, a person with MCI, or even cognitively healthy individuals,
may display CSF biomarker levels “typical for AD” without developing
clinically manifest dementia during life. This issue is perhaps the greatest
challenge for future research into biomarkers for AD, as disease modifying
drugs, such as A immunotherapy, are believed to be most efficient when
used early in the AD disease process. Therefore, further investigation of
previous and new risk factors/potential biomarkers for AD is motivated.
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Plasma A as a biomarker for Alzheimer’s disease
Based on the observation (in 1996) that plasma A 1-42 levels were elevated in
presymptomatic familial AD mutation carriers (203), it was hypothesized
that plasma A measurements may be a diagnostic tool in sporadic AD.
Initially several cross-sectional studies investigating plasma A levels in
people with AD and controls reported conflicting results. In cross-sectional
studies it is not possible to clarify the temporal relationship between exposure and outcome. Prospective studies are therefore ranked higher in terms of
the validity of the findings (204). The first prospective study of plasma A
levels was published in 2003 (205). Except for this publication, prior to
Study I, studies of plasma A levels in relation to future risk of AD were
scarce (206, 207).

Searching for new biomarkers for Alzheimer’s disease
Cystatin C
Multiple lines of research suggest a role for cystatin C in AD pathogenesis.
Cystatin C is a 120 amino acid endogenous cysteine protease inhibitor that is
secreted by all human tissues studied and is present in all body fluids (208).
Cystatin C inhibits A fibril formation in a concentration-dependent manner
by binding to the A 1-42 and A 1-40 peptides (209). Cystatin C co-localizes
with A in the brains of subjects with AD whereas it is absent or minimal in
control brains (210, 211). The Thr25 allele of the cystatin C gene (CST3) is
associated with reduced secretion, lower circulating levels of cystatin C, and
an increased risk of late onset AD (212-214). Two mutations in the PSEN2
gene associated with familial AD alter intracellular cystatin C trafficking and
result in reduced cystatin C secretion and low levels of cystatin C in the circulation (215). Additionally, two independent genetic studies report that
overexpression of cystatin C reduces A aggregation in several mouse models of AD by binding to A , thereby inhibiting fibril formation (216, 217).
Prior to Study II, serum cystatin C levels in relation to the future risk of
AD had not been studied. Prior to Study III, results from studies investigating the correlations between cystatin C and both A and tau levels in CSF
had not been reported (Study III).

Cathepsin B
Cathepsin B is a 30 kDa lysosomal cysteine protease of the papain subfamily
of proteases (218, 219). The main function of cathepsin B is the degradation
of proteins that have entered the lysosomal system from outside the cell via
endocytosis or phagocytosis (219). Cathepsin B is derived by cleavage of a
proenzyme, procathepsin B, in the lysosomal endosomes. It is mainly active
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intracellularly but may also be secreted as a proenzyme and activated extracellularly (219).
In addition to cancer, osteoporosis and inflammatory lung disease,
cathepsin B has long been implicated in A processing and in AD pathogenesis (219-222). Cathepsin B co-localizes with A 1-42 and the main endogenous cysteine protease inhibitor, cystatin C, in neuronal endosomes in
amyloid plaques in people with AD (210, 211). Furthermore, cathepsin B
cleaves APP at the BACE site (223) and stimulates -secretase cleavage of
APP (224), resulting in higher levels of A .
Cumulatively, genetic knockout data (225), chemical inhibition (223,
226), and RNA silencing studies in cellular and animal models of AD (224),
support the notion that cathepsin B inhibition reduces A load and improves
memory deficit in AD. Based on these data it has been hypothesised that
inhibition of cathepsin B may be a therapeutic strategy in AD. In contrast, in
a mouse model of AD cathepsin B was recently demonstrated to act as an
anti-amyloidogenic via C-terminal degradation of A peptides (including
A 1-40 and A 1-42) (227). Moreover, cystatin C has been suggested to be the
main inhibitor of this anti-amyloidogenic action of cathepsin B (228). It still
remains unclear if cathepsin B is mainly “good” or “bad” in AD pathogenesis and if the balance between cathepsin B and cystatin C is related to the
risk of AD. In Study IV, cathepsin B levels in blood and CSF (and the potential influence of cystatin C levels) in people with AD and MCI compared to
healthy controls were investigated for the first time.
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Aims

Study I:
To investigate the relationship between plasma A 1-40 and A 1-42 levels and
the incidence of AD, VaD and all-type dementia in a large prospective,
population-based study of elderly men, The Uppsala Longitudinal Study of
Adult Men (ULSAM).

Study II:
To investigate the association between serum cystatin C and the future risk
of developing AD in a large prospective, population-based study of elderly
men, ULSAM.

Study III:
To investigate cystatin C, A 1-42 and tau levels in CSF in a large cross sectional study sample of people with AD, MCI, and healthy controls. As a
secondary aim, correlations between cystatin C, A 1-42 and tau levels in CSF
were investigated.

Study IV:
To investigate cathepsin B levels in plasma and CSF in a cross sectional
study sample of people with AD, MCI, and healthy controls, in order to test
the hypothesis that cathepsin B levels can discriminate individuals with AD
or MCI from healthy controls.
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Methods

Study I & II
Study populations
The Uppsala Longitudinal Study of Adult Men (ULSAM) was initiated in
1970. All fifty-year-old men, born in the period 1920-24 and living in Uppsala, Sweden, were invited to participate in a health survey, initially focused
on identifying risk factors for cardiovascular disease (described in detail at
http://www.pubcare.uu.se/ULSAM). The present analyses are based on
the third and fourth examination-cycles of the ULSAM cohort, when the
subjects were approximately 70 years old (1991-95, n=1221) and 77 years
old (1997-2001, n=839). Study populations for Study I & II are presented in
Figure 4.

422 died

1970-73

2841 men born in
1920-24 ( 50 years
old) and living in
the community of
Uppsala were
invited,
2322 (82%)
participated

Cys C = cystatin C

748 died

1991-95

219 ineligible

1997-2001

176 ineligible

1681 eligible
participants in
the 1970-73
study ( 70 years
old) were
invited,
1221 (73%)
participated

Study I
Plasma
A
n=1045

Study II
Serum
Cys C
n=1153

1398 eligible
participants in
the 1970-73
study ( 77 years
old) were
invited,
839 (60%)
participated

Study I
Plasma
A
n=680

Study II
Serum
Cys C
n=761

Figure 4. Study populations for Studies I & II in the Uppsala Longitudinal
Study of Adult Men.
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Outcome measures
The outcome of interest was time to diagnosis of AD or any other type of
dementia. To identify such cases all available medical records from the Uppsala University Hospital, the general practitioners in Uppsala, the community
nursing homes and dementia group care accommodation were reviewed up
to December 31, 2005 (regardless of results in cognitive tests at follow-ups).
Practically all medical care of the ULSAM participants has been provided in
these settings. The records of all possible cases of dementia or cognitive
impairment were reviewed and diagnoses were assigned by two experienced
geriatricians, independently of each other. In cases of disagreement, a third
experienced geriatrician reviewed the case and the diagnosis was determined
by majority opinion. The diagnosis of AD was defined according to the
NINCDS-ADRDA and DSM-IV criteria (1, 3). The majority of the AD cases
(76/82, 93% of the age 70 cohort and 42/46, 92% of the age 77 cohort) were
diagnosed at the Memory Clinic/Clinic of Geriatrics or the Geropsychiatric
Clinic, Uppsala University Hospital. Ninety-three percent of the AD cases
underwent CT scans, all of which showed consistency with AD, i.e. normal
or atrophy present and/or mild to moderate white matter changes. CT findings of 2 brain infarctions that were clinically silent, in the setting of dementia with slow, gradual onset and progression, were considered compatible
with the diagnosis of AD. VaD was defined according to the Chui criteria
(229). Other dementia disorders included Parkinson’s disease with dementia
and frontotemporal dementia. Cases of dementia with insufficiently recorded
medical data were diagnosed as Dementia, Not Otherwise Specified. The
studies were approved by the Ethics Committee at Uppsala University Hospital.

Investigations
The information on definite and possible risk factors for dementia used in
both Study I and Study II was collected from examinations at age 70 and at
age 77. Fasting serum cholesterol concentrations were assayed by enzymatic
techniques. APOE was genotyped by minisequencing (230). Smoking status
(current smokers or non-smokers) was assessed by questionnaires and education level was assessed by interviews at age 72. Education level was stratified as low (elementary school only, 6-7 years), medium (secondary school),
or high (university studies). Systolic and diastolic blood pressure was measured in a standardized way, to the nearest 2 mm Hg following a 10 min rest
with the subject in the supine position. Hypertension at baseline was defined
as systolic blood pressure at or above 140 mm Hg and/or diastolic blood
pressure at or above 90 mm Hg, and/or use of antihypertensive medication
(70). The presence of diabetes at baseline was defined as a fasting plasma
glucose level of 7.0 mmol/L or more and/or the use of oral hypoglycemic
agents or insulin. Body mass index (BMI) was calculated as weight/height2
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(kg/m2). Serum samples were collected and stored at -70 C. A 1-40 and A 1-42
in plasma were analyzed by ELISA as previously described (231, 232). Cystatin C measurements were performed with a latex enhanced reagent
(N Latex Cystatin C, Dade Behring, Deerfield, IL) using a Behring BN
ProSpec analyzer (Dade Behring, Deerfield, IL). Assays were performed
blinded with respect to all clinical data.

Statistical analyses
Data is given as percentages (%), means ± standard deviation (SD). Distributions of the continuous variables were tested using the Shapiro-Wilks test.
Logarithmic transformation was performed to achieve normal distributions
for the skewed variables. Two-tailed 95% confidence intervals and p-values
were examined, with p<0.05 regarded as significant. Cox proportional hazard regression models were used in order to investigate the crude and multivariate-adjusted estimates of the hazard ratio (HR) of AD or other types of
dementia according to A and serum cystatin C levels.

Study III & IV
Patients and controls
CSF and plasma samples were collected from patients diagnosed with AD
(n=101), MCI (n=84), and non-demented healthy volunteers as controls
(n=28) at three Swedish Memory Disorder units: Uppsala University Hospital, Uppsala, Skåne University Hospital, Malmö, and Karolinska University
Hospital, Huddinge, Stockholm. AD diagnoses were assigned and validated
according to the NINCDS-ADRDA and DSM-IV criteria (1, 3). MCI patients had to be free of significant underlying medical, neurological, or psychiatric illness and meet the following criteria; (i) subjective memory complaints; (ii) objective signs of decline in any cognitive domain; (iii)
intact activities of daily living; (iv) the clinical features do not fulfil the
DSM-IV/ICD-10 criteria for dementia (12, 13). Controls were mainly recruited among the spouses of the patients included in this study. Inclusion
criteria for controls were (i) absence of memory complaints or other cognitive symptoms, (ii) preservation of general cognitive functioning and (iii) no
active neurological or psychiatric disease. Informed consent was obtained
from all participants. The study was approved by the Ethics Committees at
Uppsala, Skåne (Malmö) and Karolinska University Hospitals respectively.
Data on all variables (age at lumbar puncture, sex, MMSE score, and APOE
genotype [ 4 allele carrier vs. non-carrier]) were available for all participants.
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Investigations
Cerebrospinal fluid (7-10 ml) samples were collected, gently inverted, centrifuged and aliquoted into polypropylene tubes prior to freezing at -80ºC.
On the same occasion, heparin plasma samples were collected and stored at
-80ºC. CSF and plasma cathepsin B levels were analyzed by commercial
sandwich ELISAs (DY2176, R&D Systems, Minneapolis, MN, USA). The
absorbance was measured in a SpectraMax 250 (Molecular Devices, Sunnyvale, CA, USA). CSF samples from a group of healthy individuals were
analyzed in order to verify normal values. Quantification of A 1-40 and A 1-42
concentrations in CSF and in plasma were performed by the multiplex
Luminex xMAP technique using the INNO-BIA plasma A forms assay
(Innogenetics, Ghent, Belgium), as described elsewhere in detail (233). CSF
total tau concentration was determined using a sandwich ELISA (Innotest
hTAU-Ag, Innogenetics, Gent, Belgium) specifically constructed to measure
all tau isoforms, irrespective of phosphorylation status, as previously
described (173). Tau phosphorylated at threonine 181 was measured using a
sandwich ELISA method (INNOTEST® PHOSPHO-TAU(181P), Innogenetics, Ghent, Belgium) (180). Cystatin C measurements were performed
using cystatin C reagents from Gentian (Moss, Norway) on Architect Ci8200
(Abbott Laboratories, Abbott Park, IL, USA). Albumin levels were analyzed
on a Cobas C501 analyzer (Roche Diagnostics, Mannheim, Germany).

Statistical analyses
Data is given as percentages (%), means ± standard deviation (SD). Distributions of variables were investigated using Shapiro-Wilk’s (Study III & IV)
and kurtosis test (Study IV). Differences in means between diagnostic
groups were investigated by student´s t-test (Study III) or ANOVA (Study
IV). The risks of AD and MCI in relation to cathepsin B levels in plasma and
CSF were analyzed using logistic regression models.
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Results

Study I
In the age 70 cohort the participants had a median follow-up time of 11.2
years (maximum of 14.4 years), contributing to 10,208 person-years at risk.
One-hundred and forty six men were diagnosed as having some type of
dementia, of which 82 developed AD and 25 were diagnosed with VaD. In
the age 77 cohort the participants had a median follow-up time of 5.3 years
(maximum of 7.9 years), contributing to 3420 person-years at risk. Seventyfour people developed some type of dementia, of which 46 were diagnosed
with AD and 10 with VaD.
In unadjusted Cox proportional hazard analyses in the age 77 cohort, low
A 1-40 levels were significantly associated with a higher AD incidence, both
when expressed in terms of a continuous variable and when split into tertiles.
Men in the lowest tertile of A 1-40 had a fivefold higher risk of AD relative to
the highest tertile (95% CI, 1.7-15.0, p=0.006). In models adjusting for age
and APOE genotype, low plasma A 1-40 remained significantly associated
with an increased risk of AD. Kaplan-Meier curves for the cumulative incidence of AD by tertiles of plasma A 1-40 in the age 77 cohort are shown in
Figure 5.
In unadjusted models, men in the lowest tertile of A 1-42 had a more than
two-fold increased risk of AD (p=0.03), which did not however reach statistical significance in Cox models adjusting for age and APOE genotype.
In the age 70 cohort neither A 1-40 nor A 1-42 levels were associated with
risk of AD. There was no association between changes in A 1-40 or A 1-42
levels between the age 70 and age 77 cohorts and risk of AD.
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Figure 5. Alzheimer’s disease-free survival analysis by tertiles of plasma A
levels in the 77 year-old cohort in ULSAM.
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Study II:
The median follow-up from the age 70 examination was 11.3 years (maximum of 14.4 years), contributing to 11,505 person-years at risk. Eighty-two
subjects were diagnosed with AD during follow-up (incidence rate 7.1/1000
person-years at risk). The median follow-up from the age 77 examination
was 5.3 years (maximum of 7.9 years), contributing to 3516 person-years at
risk. Forty-three people were diagnosed with AD during follow-up (incidence rate of 13.9/1000 person-years at risk).
In the age 70 cohort, lower cystatin C levels were associated with a higher
risk of AD, independent of age, APOE 4 genotype, glomerular filtration
rate, diabetes, hypertension, stroke, cholesterol, BMI, smoking, education
level and plasma A levels. One SD decrease in serum cystatin C was significantly associated with a 28-38% higher risk of incidence of AD, both in
crude models and in multivariable models.
In the age 77 cohort, one SD decrease in serum cystatin C was significantly associated with a 47-75% higher risk of incidence of AD, both in
crude models and in multivariable models adjusting for the same potential
confounders.
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Furthermore, a 0.1 µmol/liter decrease of serum cystatin C between ages
70 and 77 was associated with a 29% higher risk of developing AD (HR 1.29
95% CI 1.03 to 1.63, p<0.03). The incidence rates of AD by tertiles of cystatin C for the age 70 and age 77 cohorts are shown in Figure 6.
Age 77

10

Rate (per 1000)

5

6
2

0

4

Rate (per 1000)

8

15

10

20

12

25

Age 70

1

2

3

Tertiles of serum cystatin C

1

2

3

Tertiles of serum cystatin C

Figure 6. Incidence rates of AD according to tertiles of serum cystatin C in
the age 70 and age 77 cohorts.

Study III:
As expected, both in unadjusted logistic regression models and in models
adjusting for age, sex and APOE genotype, lower levels of A 1-42 and higher
levels of t-tau and p-tau in CSF were associated with a higher risk of AD.
Lower A 1-42 levels, higher levels of t-tau and p-tau were also associated
with a higher risk of MCI. Levels of cystatin C were not associated with AD
or MCI, neither in unadjusted models nor in multivariable models.
In multivariable models, cystatin C levels in CSF were strongly positively
correlated with both t-tau and p-tau levels, in each diagnostic group as well
as in the total sample. Cystatin C and A 1-42 levels in CSF were positively
correlated in both people with AD and controls and were borderline significant in MCI (p=0.06). Scatter plots of the correlations (unadjusted) between
cystatin C, A 1-42, t-tau and p-tau levels in CSF in the total sample are presented in Figure 7 (page 37).
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Figure 7a-c. Correlations between CSF cystatin C and total tau (7a), cystatin C and p-tau (7b), cystatin C and A
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Study IV
In unadjusted models, people with AD had higher plasma cathepsin B levels
compared to healthy controls. The results remained statistically significant in
models adjusting for age, sex, APOE genotype, A , cystatin C and
CSF:plasma albumin ratio. A similar trend, although only borderline statistically significant, was observed in MCI compared to healthy controls. Neither
in unadjusted models nor in multivariable models were there any differences
in cathepsin B levels in CSF in AD and MCI compared to healthy controls.
Based on A 1-42, t-tau, and p-tau levels in CSF, people with MCI with a
high risk for developing AD (categorized as “high risk MCI”) can be identified by using a certain formula (190). In additional analyses using this proposed formula, cathepsin B levels in individuals with “high risk MCI” and
“low risk MCI” compared to AD and healthy controls were investigated.
However, neither in plasma nor in CSF was there any difference in cathepsin
B levels. Cathepsin B levels in plasma are presented in Figure 8.

Figure 8. Cathepsin B levels (lines define the means) in plasma in people with AD
(n=101), High risk MCI (n=55), Low risk MCI (n=29) and healthy controls (n=28).
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Discussion and future perspectives

Plasma A as predictor of Alzheimer´s disease
In Study I it was demonstrated that low plasma A 1-40 levels may precede
clinical AD in elderly men. Study I was one of the first prospective studies to
investigate the relationship between plasma A 1-42 and A 1-40 levels and
future risk of AD or dementia. To date, several studies (both prospective and
cross sectional) have been performed reporting higher (205-207, 232, 234),
lower (235, 236) or no differences (168, 231, 237-240) in plasma A 1-42 or
A 1-40 levels in relation to the risk of sporadic AD. Plasma A levels appear
to decline in individuals who are likely to develop AD (205). Subsequently,
inconsistencies in results may be related to the timing of sample collection
relative to the diagnosis of AD. In addition, plasma A has been analyzed
with different ELISAs that may be measuring different A species depending on the antibody affinity. It is now well established that AD is associated
with lower A 1-42 levels in CSF (241-243). The association between low
plasma A 1-40 and the incidence of AD in the ULSAM cohort may be a reflection of an increased deposition of A in the central nervous system or in
cerebral blood vessels prior to the onset of AD (244, 245). In a broader perspective, Study I contributes to the insight that, because of inconsistencies in
results, there are limitations in using plasma A as a biomarker/predictor of
AD.
Serum cystatin C as predictor of Alzheimer’s disease
Study II was the first prospective study to investigate the relationship
between serum cystatin C levels and the future risk of AD. In Study II it was
demonstrated that low levels of serum cystatin C preceded clinically manifest AD in elderly men. Cystatin C is suggested to protect against the development of AD by the inhibition of A aggregation (209). In addition, there
is genetic data supporting a causal role for cystatin C in the development of
AD (216, 217), although there are conflicting findings (246). Hypothetically,
low serum cystatin C levels reflect a reduced ability to inhibit A aggregation. Interestingly neither serum creatinine nor microalbumineria were predictive of AD in the ULSAM cohort (data not shown in paper), further supporting the notion that the association between cystatin C and AD is not
explained by renal function confounders. Even though serum cystatin C was
an independent risk factor for AD in Study II, replication of our findings is
39

needed in order to evaluate the relationship between serum cystatin C levels
and the risk of developing AD in the general population.
Cystatin C in relation to A 1-42 and tau levels in CSF
In Study III cystatin C levels in CSF were demonstrated to be positively
correlated with both A 1-42 and tau levels.
Elevation of tau levels in CSF is consistently found in AD compared to
controls and is believed to reflect neurodegeneration in the brain (247, 248).
Little is known about a potential biological interaction between cystatin C
and tau. One potential explanation for the observed positive correlation
between cystatin C and tau levels may be that the release of cystatin C
increases as a result of increased neurodegeneration.
In accordance with the only previous study we are aware of by Hansson et
al. (2009) (249), a positive correlation was also observed between cystatin C
and A 1-42 levels in CSF in Study III. This finding may be consistent with the
observation that cystatin C inhibits A aggregation in a concentrationdependant manner by binding to A peptides (209, 250). Indirectly our findings suggest that CSF cystatin C levels may depend on both A 1-42 and tau
levels in CSF and that any change in cystatin C levels in CSF occurs downstream of changes in A 1-42 and tau levels.
Cathepsin B levels in people with Alzheimer´s disease compared to
healthy controls
In Study IV, higher plasma cathepsin B levels were observed in people with
AD compared to healthy controls, independent of age, sex and cystatin C
levels. There was no difference between diagnostic groups with regard to
cathepsin B levels in CSF. Furthermore, we could demonstrate that there is
no clear correlation between cathepsin B levels in plasma and CSF.
To the best of our knowledge there are no previous studies of cathepsin B
levels in plasma and CSF in people with AD or MCI compared to healthy
controls. As previously described, several lines of neuropathological, genetic
knockout, in vivo and in vitro studies support a role for cathepsin B in AD
pathogenesis (210, 221-228).
Given the demonstrated lack of correlation between A , cystatin C and
cathepsin B levels in plasma and CSF one could speculate that any effect of
plasma cathepsin B (and/or cystatin C) on A aggregation in AD pathogenesis would be on A circulating in the vascular system. Indeed there are
reports suggesting that aggregation of A circulating in the vascular system
may be an underestimated risk factor for cognitive decline and the development of AD (251). Interestingly, in a cellular model of AD, cathepsin B expression was stimulated by high levels of A 1-42 (227). In the current study,
higher plasma A 1-40 and A 1-42 levels were observed in AD compared to
healthy controls. Hypothetically, higher cathepsin B levels in plasma in people with AD may be explained by an increased expression of cathepsin B in
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response to higher A levels in the circulation. Interestingly another cathepsin, cathepsin L, was recently reported to degrade A and to increase secretase activity and reduce A 1-42 levels (via the non-amyloidogenic pathway) (224). The potential involvement of several cathepsins in A metabolization with both pro- and anti-amyloidogenic activities is a great challenge
for any therapeutic strategy in AD targeting cathepsin activity. Therefore,
further investigations of the role of the family of cathepsins and cathepsin
inhibitors (cystatins) in relation to the risk of AD are motivated.
The broad overlap in cathepsin B levels between study groups indicates
that cathepsin B measurements cannot discriminate AD from healthy controls. Prospective studies of cathepsin B levels in relation to risk of AD could
provide valuable additional information in order to evaluate the importance
of cathepsin B levels in relation to the risk of AD.
Closing remarks
As previously described, there are today numerous studies suggesting that
oligomeric A , and not monomers of A , is disease driving in AD. Future
studies of the relationship between any candidate biomarkers (including
plasma A , cystatin C and cathepsin B) and oligomeric A (in plasma and/or
CSF) could potentially provide valuable information in order to evaluate the
biomarker’s relevance in AD diagnostics and disease pathogenesis.
Studies I-IV are association studies of the relation between exposure of
A , cystatin C and cathepsin B levels and the risk of AD. Several aspects
such as, for example, sensitivity, specificity, prediction, cost, safety and
acceptability need to be considered before a new biomarker can be adopted
in clinical praxis (252). Subsequently, further investigations are needed in
order to clarify the clinical use of A , cystatin C and cathepsin B levels in
blood as biomarkers of AD.
This thesis demonstrates that low plasma A 1-40 and low serum cystatin C
levels may precede the onset of clinically manifest AD in elderly men.
Furthermore, it is demonstrated that cystatin C levels are positively correlated with both A 1-42 and tau levels in CSF, which is interesting as
aggregation of A 1-42 and tau proteins are the pathological hallmarks of AD.
Also shown is that people with AD have higher mean cathepsin B levels in
plasma compared to healthy controls. Our findings are consistent with the
hypothesis that, in addition to A 1-42 and tau levels in CSF, A 1-40, cystatin C
and cathepsin B levels in blood may reflect the risk of developing AD.
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Strengths and limitations

The strengths of Study I & II include the prospective longitudinal design, the
population-based study setting, the large number of participants, the nearly
complete follow-up, the validation of the cases limiting the inclusion of false
positive cases, and the repeated measurements of plasma A and serum cystatin C levels. Moreover, the sample handling and ELISA protocols were
standardized to reduce variability and measurement error. The ULSAM
study was restricted to men of the same age in an ethnically homogeneous
geographic region, reducing confounding by other genetic, disease, age- and
gender-related factors. However, these factors can also be argued to limit the
generalizability.
In Studies III & IV limitations include the cross-sectional study design
and the limited information on potential confounders. Another limitation in
Study III is the lack of information on cystatin C (CST3) gene polymorphisms. The strengths include the sizeable number of individuals with AD,
MCI or healthy controls with plasma and CSF samples collected in a standardized way on the same occasion.
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Conclusions

Study I
Low levels of plasma A 1-40 preceded the incidence of AD in elderly men,
independent of potential confounders. Plasma A 1-42 levels were not associated with AD incidence in the present study. The clinical value of A measurement in plasma remains to be established in future studies.

Study II
Low levels of serum cystatin C preceded clinically manifest AD in elderly
men free of dementia at baseline and may be a marker of future risk of AD.
These findings strengthen the evidence of a role for cystatin C in the development of clinical AD.

Study III
Mean CSF cystatin C levels did not differ between persons with AD, MCI
and healthy controls. Interestingly, cystatin C levels were positively correlated with both tau and A 1-42 levels in CSF independent of age, sex and
APOE genotype.

Study IV
Plasma cathepsin B levels were higher in people with AD compared to
healthy controls whereas there was no difference between diagnostic groups
in cathepsin B levels in CSF. However, the overlap in cathepsin B levels
between diagnostic groups limits the potential for cathepsin B as biomarker
in AD.
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Sammanfattning på svenska

Alzheimers sjukdom orsakas sannolikt av en störd balans mellan produktion
och nedbrytning av amyloid- (A ) protein, vilket leder till ökad inlagring
av A - och tau-protein samt degeneration av nervceller i hjärnan. De senaste
forskningsrönen ger allt starkare stöd för att balansen mellan ett särskilt enzym, cathepsin B, och en hämmare av detta enzym, cystatin C, har betydelse
för tendensen hos A att aggregera. Målet med denna avhandling var att
undersöka A -, cystatin C- och cathepsin B-nivåer i blod och ryggvätska i
relation till risken för Alzheimers sjukdom.
Studie I & II baserades på Uppsala Longitudinal Study of Adult Men
(ULSAM), en populationsbaserad studie av medelålders män som initierades
1970 då deltagarna var 50 år gamla. Studie I & II baserades på förnyade
undersökningar av deltagarna i kohorten vid 70 och 77 års ålder. Resultaten
visade att låga nivåer av plasma A 1-40 (Studie I) och låga serum nivåer av
cystatin C (Studie II) var associerade med ökad risk för Alzheimers sjukdom,
oberoende av andra kända riskfaktorer. Studie III & IV baserades på ett stort
material av personer med AD, mild kognitiv störning (MCI) och friska kontroller som sammanställts genom ett samarbete mellan tre minneskliniker i
Sverige: Akademiska sjukhuset, Uppsala, Skånes Universitetssjukhus,
Malmö, och Karolinska Universitetssjukhuset, Huddinge, Stockholm. Av
Studie III framgick att cystatin C-nivåer var positivt korrelerade till både
A 1-42- och tau-nivåer i ryggvätska, vilket är intressant eftersom inlagring av
A 1-42 och tau-protein i hjärnan är typiska fynd vid Alzheimers sjukdom.
Resultaten i Studie IV visade att medelnivån av cathepsin B i plasma var
högre hos personer med Alzheimers sjukdom än hos friska kontrollpersoner
oberoende av cystatin C-nivåer.
Sammanfattningsvis visas i avhandlingen att låga plasma A 1-40- och låga
serum cystatin C-nivåer kan föregå insjuknandet i Alzheimers sjukdom hos
äldre män, att cystatin C-nivåer är positivt korrelerade till både A 1-42- och
tau-nivåer i ryggvätska, samt att medelnivån av cathepsin B i plasma är högre hos personer med Alzheimers sjukdom än hos friska kontrollpersoner.
Fynden antyder att, utöver A 1-42- och tau-nivåer i ryggvätska, kan A 1-40-,
cystatin C- och cathepsin B-nivåer i blod vara kopplade till risken att insjukna i Alzheimers sjukdom.
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