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Objective: Aggregation and deposition of amyloid beta (A␤) in the brain is thought to be central to the pathogenesis of
Alzheimer’s disease (AD). Recent studies suggest that cerebrospinal fluid (CSF) A␤ levels are strongly correlated with AD status
and progression, and may be a meaningful endophenotype for AD. Mutations in presenilin 1 (PSEN1) are known to cause AD
and change A␤ levels. In this study, we have investigated DNA sequence variation in the presenilin (PSEN1) gene using CSF
A␤ levels as an endophenotype for AD.
Methods: We sequenced the exons and flanking intronic regions of PSEN1 in clinically characterized research subjects with
extreme values of CSF A␤ levels.
Results: This novel approach led directly to the identification of a disease-causing mutation in a family with late-onset AD.
Interpretation: This finding suggests that CSF A␤ may be a useful endophenotype for genetic studies of AD. Our results also
suggest that PSEN1 mutations can cause AD with a large range in age of onset, spanning both early- and late-onset AD.
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Amyloid ␤ (A␤) peptides that are 40 and 42 amino
acids in length (A␤40 and A␤42, respectively) are normal products of amyloid precursor protein (APP) processing and can be detected in both plasma and cerebrospinal fluid (CSF). It has been suggested that the
aggregation of A␤ peptide into insoluble forms (eg, oligomers and plaques) in the brain is a central feature of
Alzheimer’s disease (AD) pathology and pathogenesis.1
This hypothesis is supported by the biological effects of
known genetic risk factors for AD. Although rare, mutations causing familial AD (FAD) involve genes in the
APP processing pathway (APP, presenilin 1 [PSEN1],
and presenilin 2 [PSEN2]) and generally result in increased A␤42/40 ratios. In addition, the confirmed genetic risk factor for late-onset AD (LOAD), the apolipoprotein E (ApoE) gene, has been shown to affect the
aggregation of A␤, in mouse models of A␤ deposition,
in an isoform-dependent manner (ApoE2 ⬍ E3 ⬍
E4).2,3 For some disorders, such as Parkinson’s disease,
prion disease, and frontotemporal dementia, variation
in the levels of expression of the genes that cause autosomal dominant forms of these diseases have been

shown to be associated with risk for sporadic forms of
the same disease.4 –12 It has been proposed that LOAD
may have a similar cause.7
Despite many studies of associations between polymorphisms in PSEN1 and AD (for a summary see Bertram and colleagues13), little progress has been made in
identifying specific polymorphisms in PSEN1 or other
candidate genes that show consistent evidence for association.14 One possible factor is that the clinical diagnoses are not always correct. Diagnosis of AD relies on
clinical judgment, which may introduce error at the
level of ascertainment.15,16 One way to overcome this
problem is the use of intermediate traits, or endophenotypes.17 The use of an endophenotype for studying
complex disease may confer several advantages, providing greater power because it is less heterogeneous than
clinical diagnoses and more directly affected by genetic
variation. Bearden and Freimer18 suggest that a meaningful endophenotype must be heritable, associated
with the causes of the disorder, reliably measured, normally distributed in the population, and associated
with risk for the disorder of interest.
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The biological effects of known AD risk factors have
led to studies of the viability of A␤ levels as an endophenotype for AD. Plasma A␤ levels have been reported to increase in some individuals with FAD.19
Several studies suggest that plasma A␤ levels are related
to LOAD status and progression.20 –22 However, other
studies suggest that plasma A␤ levels are not correlated
with LOAD.23,24 As a result, it is unclear whether
plasma A␤ levels are meaningful biomarkers for
LOAD. In contrast, there is more consistent evidence
that levels of A␤42 in CSF correlate with LOAD status.24 –35 Recently, Fagan and colleagues36 showed that
CSF A␤42 levels vary inversely with A␤ deposition as
measured by positron emission tomography using the
amyloid imaging tracer Pittsburgh compound B. A recent review of these findings suggests that CSF A␤ levels are one of the most promising endophenotypes for
AD.37 Given that the known genetic risk factors for
AD affect A␤ processing, variation in CSF A␤ levels
may be a potentially useful endophenotype for genetic
studies of AD risk.
In this study, we have attempted to identify variation in the PSEN1 gene and test for a correlation with
CSF A␤ levels. We hypothesize that the use of CSF A␤
levels as a quantitative endophenotype will provide an
alternative and powerful approach for the identification
of novel genetic risk factors for AD.
Subjects and Methods
Samples
Our sample consists of 191 volunteers participating in studies of aging and dementia at the Alzheimer’s Disease Research Center at Washington University School of Medicine
from July 1998 to December 2005.38 Sixty-four percent of
these volunteers have a positive family history of AD (one or
more first-degree relatives with AD; see Table 1). This figure
is similar to the general population of “sporadic” AD cases in
which approximately 40% are “family history–positive.”39
The percentage of AD cases who are positive for the ApoE4
allele in this sample is 56%, similar to that reported for other
research samples of AD cases (eg, 55% for amnestic mild
cognitive impairment and 69% for mild AD in the Alzheimer’s Disease Cooperative Study sample).40 Our sample includes 121 female and 70 male subjects between the ages of
45 and 95 years. Our sample includes 143 subjects with
Clinical Dementia Rating (CDR) of 0 (nondemented), 33
subjects with CDR of 0.5 (very mild dementia), and 15 subjects with CDR of 1.0 (mild dementia).41 Eighty-one of the
191 individuals carry at least one ApoE4 allele.
Plasma and CSF were collected from all participants. CSF
and plasma collection, processing, and A␤ measurements
were performed as Fagan and colleagues36 described. All
studies were approved by the Washington University School
of Medicine Human Studies Committee, and informed consent was obtained from all subjects.

Statistical Analyses
Levels of A␤40, A␤42, and the ratio of A␤42 to A␤40 were
tested for normality using the Shapiro–Wilk test. Values
were then log transformed to approximate a normal distribution and tested again for normality. CSF A␤ values were
stratified by sex. The log-transformed values for each sex
were tested for association with age, CDR, and the presence
or absence of an ApoE4 allele (ApoE4⫹) using linear regression. Age was also tested for nonlinear effects using a locally
weighted polynomial regression (LOESS) fitted curve. After
adjustment for correlated traits, the residuals were tested for
normality using the Shapiro–Wilk test. We calculated Pearson’s correlation coefficients to evaluate the correlation of
CSF and plasma A␤40 and A␤42 levels. Plasma A␤ levels
were tested for association with age using linear regression,
with sex and ApoE4⫹ using t tests, and with CDR using
analysis of variance.

Sequencing and Genotyping
To maximize the probability of detecting functional genetic
variation in our sequencing efforts, we selected the top and
bottom 5% from the distributions of A␤40, A␤42, and
A␤42/40 ratio residuals for each sex. This resulted in 42
unique individuals (some individuals appear in multiple extremes, eg, high A␤42 and high A␤42/40 ratio). Primers were
designed to target each exon of PSEN1 and at least 50bp of 3⬘
and 5⬘ flanking intronic sequence. Primers for sequencing
were designed using consensus sequence from Ensembl and
PRIMER3 (primer sequences will be provided on request).42
A total of nearly 5,600bp were sequenced in each individual in
the PSEN1 gene region. Sequencing was performed using ABI
Big Dye version 3.1 (Applied Biosystems, Foster City, CA).
Sequence analysis was done using Sequencher (Gene Codes,
Ann Arbor, MI). Common single nucleotide polymorphisms
(SNPs) that were detected in this sequencing effort were genotyped in the full sample using Sequenom genotyping technology (Sequenom, San Diego, CA; assay details are available on
request). These SNPs were tested for association with CSF A␤
levels using analysis of variance.

Plasmids, Transfection, and Amyloid ␤ EnzymeLinked Immunosorbent Assay
To test the effects of the A79V mutation, we transfected
A79V mutant PSEN1 into cell lines and measured the secreted A␤40 and A␤42. The complementary DNA constructs for wtPSEN1 and APP⌬NL have been described previously.43 The QuickChange II site-directed mutagenesis kit
(Stratagene, Cedar Creek, TX) was used to introduce the
PSEN1 A79V point mutation into wtPSEN1. The construct
was confirmed by sequence analysis. PSEN1 and PSEN2
double-knock-out mouse embryonic fibroblasts were transfected with APP⌬NL and wtPS1 or A79V, conditioned medium was collected, and secreted A␤40 and A␤42 were measured with a sandwich enzyme-linked immunosorbent assay,
as described previously.43

Results
There is a more than 10-fold difference between the
lowest and highest raw values in both A␤40 and A␤42
levels in CSF in our sample (A␤40: mean ⫽ 9,794pg/
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Fig 1. Sex and cerebrospinal fluid (CSF) amyloid ␤ (A␤) levels. (A) Log-transformed (log) A␤40 compared between male and female subjects. p ⫽ 0.0009. (B) LogA␤42 compared between male and female subjects. p ⫽ 0.0129. p values are from a t test to
compare the means.

ml, range ⫽ 2,355–24,899pg/ml; A␤42: mean ⫽
940pg/ml, range ⫽ 259 –2,802pg/ml). The raw
A␤42/40 ratio values have a mean of 0.1 and range
from 0.026 to 0.30. Although CSF A␤40 and A␤42
levels and A␤42/40 ratios were not normally distributed, log transformation of each trait produced a distribution that was not inconsistent with normality, and
thus could be analyzed using standard parametric statistics. The log-transformed CSF A␤40 and A␤42 levels were significantly greater in women than in men
( p ⫽ 0.0009 and 0.0129, respectively; Fig 1), but
A␤42/40 ratios were similar in both sexes. To account
for the possibility of sex-specific effects, we stratified
A␤40 and A␤42 values by sex for subsequent analyses.44 Whereas A␤40 levels were significantly associated
with sex, we failed to detect age-, CDR-, or ApoE4⫹dependent differences in A␤40 levels (Table 2).
In contrast, A␤42 levels were significantly decreased
with increased age and increased CDR in both male
and female subjects. A␤42 levels were also significantly

less in the presence of at least one ApoE4 allele in both
male and female subjects. The A␤42/40 ratio was significantly decreased with increased age, increased
CDR, and presence of the ApoE4 allele.
We detected no strong evidence for a nonlinear relation between age and CSF A␤ levels (Fig 2). After
adjusting for age and the other associated traits using
linear regression, we failed to reject normality for the
residuals of A␤40, A␤42, and A␤42/40 ratio, allowing
for the use of analysis of variance for the genetic analyses. Whereas our sample is enriched for subjects with
positive family histories, residual A␤42 values are not
significantly different between the groups with positive
and negative family histories ( p ⫽ 0.5; Table 1). Not
surprisingly, the major difference between these two
groups is that the positive family history group has a
much greater frequency of the ApoE4 allele (0.49 in the
positive vs 0.31 in the negative group).
A␤ levels in plasma are not strongly correlated with
CSF A␤ levels (A␤40: n ⫽ 176, Pearson’s r ⫽ 0.06,

Table 1. Summary of the Characteristics of the Total Sample, as Well as Subsets with Positive (One or More
First-Degree Relatives with Alzheimer’s Disease) and Negative Family Histories
Whole Sample
(N ⴝ 191)

Positive Family
History
(n ⴝ 122)

Negative Family
History
(n ⴝ 69)

66.9 (45–95, 12.2)

65.7 (45–91,11.5)

69.1 (46–95, 13.1)

Female, %

63

64

61

ApoE4⫹, %

42

49

31

Characteristics

Mean age (range, SD), yr

CDR

Mean A␤42

0 ⫽ 75%

0 ⫽ 75%

0 ⫽ 75%

0.5 ⫽ 17%

0.5 ⫽ 19%

0.5 ⫽ 15%

1 ⫽ 8%

1 ⫽ 6%

0.0009

0.016

1 ⫽ 10%
⫺0.013

Included are the number of subjects, age, percentage of female subjects, percentage of apolipoprotein E4 (ApoE4) allele carriers
(ApoE4⫹), Clinical Dementia Rating (CDR), and the mean of amyloid beta peptide 42 amino acids in length (A␤42) residuals after log
transformation and adjustment for correlated traits (age, CDR, sex, and presence/absence of the ApoE4 allele). The mean A␤42 values
between the positive and negative family history subsets were not significantly different when compared using a t test ( p ⫽ 0.5).
SD ⫽ standard deviation.
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Table 2. p Values for Linear Regressions of the
Cerebrospinal Fluid LogA␤40, LogA␤42, and
LogA␤42/40 Ratio Values with Age, Clinical
Dementia Rating, and the Presence or Absence of
the Apolipoprotein E4 Allele in Male and Female
Subjects
Trait

Sex

logA␤40

0.0009

Male

Age

CDR

ApoE4ⴙ

0.5858

0.5677

0.103

0.2576

0.5508

0.3182

Male

0.0077

0.0064

0.0071

Female

0.0064 ⬍0.0001

0.0262

⬍0.0001

0.0012

Female
logA␤42

0.0129

log(A␤42/A␤40 ratio) 0.2758 0.001

CDR ⫽ Clinical Dementia Rating; ApoE4⫹ ⫽ apolipoprotein
E4 allele carrier; A␤42 ⫽ amyloid beta peptide 42 amino
acids in length.

p ⫽ 0.46; A␤42: n ⫽ 175, Pearson’s r ⫽ 0.08, p ⫽
0.28). Plasma A␤40 levels had a mean of 177.9pg/ml
and ranged from 75.57 to 399.99pg/ml. Plasma A␤42
levels had a mean of 35.37pg/ml and ranged from 1.03
to 163.04pg/ml. Plasma A␤40 and A␤42 levels were
not significantly associated with sex, CDR, or ApoE4.
Plasma A␤40 but not plasma A␤42 was significantly
associated with age (Fig 3).
We used normalized and adjusted values of CSF
A␤40, A␤42, and A␤42/40 ratio to choose individuals
with extreme values (the top and bottom 5% for each
phenotype, independently) for DNA sequencing. We
did not detect significant differences in the ages or
CDR scores of any extreme category when compared
with the rest of the sample. We identified eight genetic
variations in PSEN1 in our sample. Five are previously
reported SNPs (rs165932, rs1800839, rs362384,
rs362385, and rs7523). rs1800839 is located 31bp upstream of exon 1. rs165932 is located 16bp downstream of exon 8 and has been investigated for association with AD in more than 30 published studies.13
rs362384, rs362385, and rs7523 are all located in exon
12, which is not translated. For each of these common
SNPs, the minor allele was more frequently observed
in individuals from the upper end of the A␤ distribution, suggesting that they could be linked to functional
variation affecting A␤ levels. To evaluate this further,
we genotyped each of these SNPs in the entire CSF
data set. We failed to detect evidence for association of
these common SNPs with CSF A␤ levels.
The other three genetic variations in this sample are
present in single heterozygous individuals. SNP1 and
SNP2 are located in the untranslated exons 1 and 12,
respectively. They do not appear to be localized to
known splice sites. However, their location in untranslated exons makes it possible that they could alter the

stability or regulation of PSEN1 messenger RNA. The
remaining variant is a missense mutation in exon 4,
which changes codon 79 from alanine (GCC) to valine
(GTC), or A79V. This is a known FAD mutation that
has been reported previously in four families.45,46 The
carrier of this mutation in our sample is nondemented
and has the fifth highest adjusted A␤42 value and the
third highest A␤42/40 ratio value in our sample. Pittsburgh compound B imaging in this individual showed
no evidence of ␤-amyloid deposition (data not shown).
This individual is a member of a large, multigenerational FAD kindred that had been previously ascertained at the Washington University School of Medicine Alzheimer’s Disease Research Center. This family
is classified as a LOAD family; the mean age at onset
(AAO) of AD for the family is 69 years and varies
widely (range, 55–78 years). We genotyped 20 additional family members for this variant, including four
demented individuals, six at-risk individuals (offspring
of demented individuals), five nondemented elderly
siblings of demented individuals, and five offspring of
nondemented individuals. Three of the four demented
individuals were found to be heterozygous for the mutation, with AAO greater than 75 years and autopsyconfirmed AD. The fourth case (AAO of 78 years)
lacked the mutation and had a large number of cortical
Lewy bodies in addition to histopathological AD at autopsy. Three of the six at-risk individuals were heterozygous for the mutation. The remaining 10 individuals (5 nondemented elderly siblings and 5 offspring of
nondemented individuals) had wild-type sequence. No
other individuals from our CSF sample came from
families with an established multigenerational AD inheritance pattern.
To investigate the consequences of this mutation
on A␤ levels, we introduced the A79V point mutation into wild-type PSEN1 sequence, then transfected

Fig 2. Age and cerebrospinal fluid (CSF) logA␤42. Dashed
line is a linear regression (r2 ⫽ 0.08; p ⬍ 10⫺3). Solid line
is a LOESS fitted curve.
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Fig 3. Age and plasma A␤ levels. (A) Plasma A␤40 and age. p ⫽ 0.0001. (B) Plasma A␤42 and age. p ⫽ 0.16. p values are
from linear regressions.

into PSEN1/2 knock-out mouse embryonic fibroblasts. The A␤42 levels and the A␤42/A␤40 ratio in
the conditioned media from these cells were significantly greater than the wild-type PSEN1 sequence
(Fig 4). A␤40 levels and total A␤ (combined A␤40
and A␤42) levels were not significantly different from
the wild type.
Discussion
We have investigated variation in the exons and flanking intronic regions of PSEN1 using CSF A␤ levels as
an endophenotype for AD. This novel approach led

directly to the identification of a single disease-causing
mutation in a LOAD family. This finding suggests that
CSF A␤ values may be a useful endophenotype for genetic studies of AD. Our results also suggest that
PSEN1 mutations can cause AD with a large range in
AAO, spanning the ranges of both early-onset AD and
LOAD. It appears that genetic variation in PSEN1 explains the extreme A␤ levels in just 1 of the 42 samples
we sequenced. This suggests that the other extreme values are due to variation in other genes or environmental factors.
CSF A␤42 levels and A␤42/40 ratios are associated

Fig 4. Amyloid ␤ (A␤) analysis of the A79V mutant. PS1/2 knock-out cells were transfected with APP⌬NL and wtPS1 or the
A79V mutant. Secreted A␤40 and A␤42 were measured. Each data set (in triplicates) was normalized to wtPS1 values. The
amount of A␤40 (A), A␤42 (B), total A␤ (A␤40 ⫹ A␤42) (C), as well as A␤42/A␤40 ratio (D) was plotted. Error bars represent standard error of the mean. p values from a Student’s t test are provided for each plot. Shown are combined data from four
independent experiments. p ⫽ 0.14 (A); 0.027 (B); 0.21 (C); 0.15 (D).
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with dementia as measured by the CDR, as well as the
known risk factors for AD, age, and presence of the
ApoE4 allele. These results confirm previous findings.36,47–51 Maccioni and colleagues’52 recent study
reported no effect of sex on CSF A␤42 in 93 individuals. In our larger sample, we detected a significant sex
effect. Our findings are also consistent with analysis
performed by Farrer and coworkers,53 which showed
that the effects of the ApoE4 allele on risk for AD varied with age and sex. Plasma A␤ levels in our sample
did not show strong correlation with CSF A␤ levels.
This result, together with the strong association between CSF A␤ levels and CDR, suggests that CSF A␤
levels are a better candidate endophenotype for AD
than plasma A␤ levels.
Recently, Fagan and colleagues36 showed that CSF
A␤42 is inversely correlated with ␤-amyloid deposition. Another recent study, using samples from a large
cohort of individuals with a broad age distribution, observed that the relation of CSF A␤42 with age is complex, with the slope of a LOESS fitted curve showing a
marked decrease in slope after the sixth decade of
life.51 Based on these studies, it might be hypothesized
that A␤42 levels might decrease more quickly as individuals reach the age at which A␤42 deposition begins
(50 – 60 years).54,55 Peskind and colleagues’51 data
roughly fit this prediction.51 However, the age range of
their sample (21– 88 years) is much larger than in our
sample (45–95 years) and includes many younger individuals. In our sample, which includes only individuals
that are at or near the age at which deposition is expected to begin, we detect a simple linear relation between A␤42 and age.
The inclusion of subjects with positive family histories enriches our sample with individuals who carry genetic risk factors for AD. Such enrichment increases
the probability of a few individuals with autosomal
dominant mutations that cause disease (such as PSEN1
mutations), or more likely with common genetic variations related to risk for AD, for example, ApoE4. Although we did not detect association with the five
common polymorphisms that we identified, we did
identify several individuals who are heterozygous for
rare variants including one individual carrying the
A79V mutation, a mutation known to segregate with
FAD. The four families that have previously been
found to carry this mutation had AAO ranging from
50 to 62 years. The mutation segregates with AD in
the family we identified in this study, though AAO is
much later in this family than those studied previously.
One individual in this family had AD but was found
not to carry the mutation. On autopsy it was evident
that this individual had a more complicated pathological burden than the three carriers of the mutation.
Given the large size of this pedigree and the late AAO
(78 years) in this individual, it is probable that this

person had “sporadic AD.” The individual we first
identified is near the age at which amyloid deposition
would be expected to begin. This individual currently
has no clinical symptoms of disease and no evidence of
␤-amyloid deposition using Pittsburgh compound B
imaging. This individual had extreme values (though
not the most extreme in our sample) for both CSF
A␤42 and A␤42/40 ratio. This in vivo observation is
consistent with our in vitro assays, which show increases in A␤42 level and A␤42/A␤40 ratio in cells
with the A79V mutation relative to control cells.
PSEN1 mutations are generally associated with earlyonset AD. This may be due to ascertainment bias, because many families with strong histories of AD and
late or highly variable onset may not have been
screened for PSEN1 mutations. Our findings and those
of another recent report by Larner and coworkers56
suggest that PSEN1 mutations can result in much later
onset than traditionally has been considered. Furthermore, the A79V mutation is associated with a broad
range of AAO, suggesting the existence of genetic or
environmental modifiers of disease onset. ApoE genotype does not appear to explain the variation in AAO
in this family. In future studies we hope to determine
the additional genetic or environmental factors, or
both, that may be influencing AAO in this family.
This work demonstrates that CSF A␤ levels are a
useful endophenotype for AD in the search for novel
genetic risk factors. We anticipate that continued application of this approach will lead to the identification
of additional genetic variation in other genes, which
may explain the extreme A␤ values observed in other
individuals in this sample.

This work was supported by the NIH (National Institute on Aging,
P50-AG05681, J.C.M.; P01-AG03991, J.C.M.; P01-AG026276,
J.C.M.; R01-AG16208, A.M.G.), Washington University General
Clinical Research Center (US Public Health System, M01-RR00036),
and a Ford Foundation Predoctoral Fellowship (J.S.K.K.).
We gratefully acknowledge the subjects and families who participated in this study. We also acknowledge the contributions of A.
Shah and M. Spinner for CSF and plasma processing and biomarker
measurements; J. Norton and D. Levitch for collection and ascertainment of FAD samples; the Genetics, Clinical, Psychometric, and
Biostatistics Cores of the Washington University Alzheimer’s Disease Research Center for ApoE genotyping and clinical, cognitive,
and psychometric evaluation and data management; Dr B. De
Strooper for providing the PS1/2 knock-out cells; and Dr T. Golde
for providing the APP⌬NL construct.

References
1. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s
disease: progress and problems on the road to therapeutics. Science 2002;297:353–356.
2. Bales KR, Verina T, Dodel RC, et al. Lack of apolipoprotein E
dramatically reduces amyloid beta-peptide deposition. Nat
Genet 1997;17:263–264.

Kauwe et al: CSF A␤ Levels and PSEN1

451

3. Holtzman DM, Fagan AM, Mackey B, et al. Apolipoprotein E
facilitates neuritic and cerebrovascular plaque formation in an
Alzheimer’s disease model. Ann Neurol 2000;47:739 –747.
4. Baker M, Litvan I, Houlden H, et al. Association of an extended haplotype in the tau gene with progressive supranuclear
palsy. Hum Mol Genet 1999;8:711–715.
5. Chiba-Falek O, Touchman JW, Nussbaum RL. Functional
analysis of intra-allelic variation at NACP-Rep1 in the alphasynuclein gene. Hum Genet 2003;113:426 – 431.
6. Farrer M, Maraganore DM, Lockhart P, et al. alpha-Synuclein
gene haplotypes are associated with Parkinson’s disease. Hum
Mol Genet 2001;10:1847–1851.
7. Hardy J. Expression of normal sequence pathogenic proteins for
neurodegenerative disease contributes to disease risk: ‘permissive
templating’ as a general mechanism underlying neurodegeneration. Biochem Soc Trans 2005;33:578 –581.
8. Houlden H, Baker M, Morris HR, et al. Corticobasal degeneration and progressive supranuclear palsy share a common tau
haplotype. Neurology 2001;56:1702–1706.
9. Hutton M, Lendon CL, Rizzu P, et al. Association of missense
and 5⬘-splice-site mutations in tau with the inherited dementia
FTDP-17. Nature 1998;393:702–705.
10. Owen F, Poulter M, Shah T, et al. An in-frame insertion in the
prion protein gene in familial Creutzfeldt-Jakob disease. Brain
Res Mol Brain Res 1990;7:273–276.
11. Polymeropoulos MH, Lavedan C, Leroy E, et al. Mutation in
the alpha-synuclein gene identified in families with Parkinson’s
disease. Science 1997;276:2045–2047.
12. Zarranz JJ, Alegre J, Gomez-Esteban JC, et al. The new mutation, E46K, of alpha-synuclein causes Parkinson and Lewy
body dementia. Ann Neurol 2004;55:164 –173.
13. Bertram L, McQueen M, Mullin K, et al. The AlzGene Database. Alzheimer Research Forum. Available at: http://
www.alzgene.org. Accessed January 16, 2007.
14. Bertram L, Tanzi RE. Alzheimer’s disease: one disorder, too
many genes? Hum Mol Genet 2004;13(spec no 1):R135–R141.
15. Kendler KS, Diehl SR. The genetics of schizophrenia: a current,
genetic-epidemiologic perspective. Schizophr Bull 1993;19:
261–285.
16. Risch N, Botstein D. A manic depressive history. Nat Genet
1996;12:351–353.
17. Gottesman II, Gould TD. The endophenotype concept in
psychiatry: etymology and strategic intentions. Am J Psychiatry
2003;160:636 – 645.
18. Bearden CE, Freimer NB. Endophenotypes for psychiatric
disorders: ready for primetime? Trends Genet 2006;22:306 –313.
19. Scheuner D, Eckman C, Jensen M, et al. Secreted amyloid
beta-protein similar to that in the senile plaques of Alzheimer’s
disease is increased in vivo by the presenilin 1 and 2 and APP
mutations linked to familial Alzheimer’s disease. Nat Med
1996;2:864 – 870.
20. Mayeux R, Honig LS, Tang MX, et al. Plasma A␤40 and A␤42
and Alzheimer’s disease: relation to age, mortality, and risk.
Neurology 2003;61:1185–1190.
21. Mayeux R, Tang MX, Jacobs DM, et al. Plasma amyloid betapeptide 1-42 and incipient Alzheimer’s disease. Ann Neurol
1999;46:412– 416.
22. Schupf N, Patel B, Silverman W, et al. Elevated plasma amyloid beta-peptide 1-42 and onset of dementia in adults with
Down syndrome. Neurosci Lett 2001;301:199 –203.
23. Fukumoto H, Tennis M, Locascio JJ, et al. Age but not diagnosis is the main predictor of plasma amyloid beta-protein levels. Arch Neurol 2003;60:958 –964.
24. Mehta PD, Pirttila T, Mehta SP, et al. Plasma and cerebrospinal fluid levels of amyloid beta proteins 1-40 and 1-42 in Alzheimer disease. Arch Neurol 2000;57:100 –105.

452

Annals of Neurology

Vol 61

No 5

May 2007

25. Bergen A, Engedal K, Kringlen E. The role of heredity in lateonset Alzheimer disease and vascular dementia: a twin study.
Arch Gen Psychiatry 1997;54:264 –270.
26. Galasko D, Chang L, Motter R, et al. High cerebrospinal fluid
tau and low amyloid beta42 levels in the clinical diagnosis of
Alzheimer disease and relation to apolipoprotein E genotype.
Arch Neurol 1998;55:937–945.
27. Hampel H, Teipel SJ, Fuchsberger T, et al. Value of CSF betaamyloid1– 42 and tau as predictors of Alzheimer’s disease in
patients with mild cognitive impairment. Mol Psychiatry 2004;
9:705–710.
28. Jia JP, Meng R, Sun YX, et al. Cerebrospinal fluid tau,
Abeta1– 42 and inflammatory cytokines in patients with Alzheimer’s disease and vascular dementia. Neurosci Lett 2005;383:
12–16.
29. Motter R, Vigo-Pelfrey C, Kholodenko D, et al. Reduction of
beta-amyloid peptide42 in the cerebrospinal fluid of patients
with Alzheimer’s disease. Ann Neurol 1995;38:643– 648.
30. Schoonenboom NS, Mulder C, Van Kamp GJ, et al. Amyloid
beta 38, 40, and 42 species in cerebrospinal fluid: more of the
same? Ann Neurol 2005;58:139 –142.
31. Shoji M, Matsubara E, Kanai M, et al. Combination assay of
CSF tau, A beta 1-40 and A beta 1-42(43) as a biochemical
marker of Alzheimer’s disease. J Neurol Sci 1998;158:134 –140.
32. Tamaoka A, Sawamura N, Fukushima T, et al. Amyloid beta
protein 42(43) in cerebrospinal fluid of patients with Alzheimer’s disease. J Neurol Sci 1997;148:41– 45.
33. Kawarabayashi T, Younkin LH, Saido TC, et al. Agedependent changes in brain, CSF, and plasma amyloid (beta)
protein in the Tg2576 transgenic mouse model of Alzheimer’s
disease. J Neurosci 2001;21:372–381.
34. Strozyk D, Blennow K, White LR, Launer LJ. CSF Abeta 42
levels correlate with amyloid-neuropathology in a populationbased autopsy study. Neurology 2003;60:652– 656.
35. Sunderland T, Linker G, Mirza N, et al. Decreased betaamyloid1– 42 and increased tau levels in cerebrospinal fluid of
patients with Alzheimer disease. JAMA 2003;289:2094 –2103.
36. Fagan AM, Mintun MA, Mach RH, et al. Inverse relation between in vivo amyloid imaging load and cerebrospinal fluid
Abeta42 in humans. Ann Neurol 2006;59:512–519.
37. Sunderland T, Hampel H, Takeda M, et al. Biomarkers in the
diagnosis of Alzheimer’s disease: are we ready? J Geriatr Psychiatry Neurol 2006;19:172–179.
38. Morris JC, McKeel DW Jr, Fulling K, et al. Validation of clinical diagnostic criteria for Alzheimer’s disease. Ann Neurol
1988;24:17–22.
39. Silverman JM, Raiford K, Edland S, et al. The Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD). Part VI.
Family history assessment: a multicenter study of first-degree
relatives of Alzheimer’s disease probands and nondemented
spouse controls. Neurology 1994;44:1253–1259.
40. Grundman M, Petersen RC, Ferris SH, et al. Mild cognitive impairment can be distinguished from Alzheimer disease and normal aging for clinical trials. Arch Neurol 2004;61:59 – 66.
41. Morris JC. The Clinical Dementia Rating (CDR): current version and scoring rules. Neurology 1993;43:2412–2414.
42. Rozen S, Skaletsky H. Primer3 on the WWW for general users
and for biologist programmers. In: Krawetz S, Misener S, eds.
Bioinformatics methods and protocols: methods in molecular
biology. Totowa, NJ: Humana Press, 2000:365–386.
43. Wang J, Beher D, Nyborg AC, et al. C-terminal PAL motif of
presenilin and presenilin homologues required for normal active
site conformation. J Neurochem 2006;96:218 –227.

44. Frikke-Schmidt R, Sing CF, Nordestgaard BG, TybjaergHansen A. Gender- and age-specific contributions of additional
DNA sequence variation in the 5⬘ regulatory region of the
APOE gene to prediction of measures of lipid metabolism.
Hum Genet 2004;115:331–345.
45. Cruts M, van Duijn CM, Backhovens H, et al. Estimation of
the genetic contribution of presenilin-1 and -2 mutations in a
population-based study of presenile Alzheimer disease. Hum
Mol Genet 1998;7:43–51.
46. Finckh U, Muller-Thomsen T, Mann U, et al. High prevalence
of pathogenic mutations in patients with early-onset dementia
detected by sequence analyses of four different genes. Am J
Hum Genet 2000;66:110 –117.
47. Andreasen N, Vanmechelen E, Vanderstichele H, et al. Cerebrospinal fluid levels of total-tau, phospho-tau and A beta 42
predicts development of Alzheimer’s disease in patients with
mild cognitive impairment. Acta Neurol Scand Suppl 2003;
179:47–51.
48. Clark CM, Xie S, Chittams J, et al. Cerebrospinal fluid tau and
beta-amyloid: how well do these biomarkers reflect autopsyconfirmed dementia diagnoses? Arch Neurol 2003;60:
1696 –1702.
49. Guillozet AL, Weintraub S, Mash DC, Mesulam MM. Neurofibrillary tangles, amyloid, and memory in aging and mild cognitive impairment. Arch Neurol 2003;60:729 –736.

50. Kanai M, Matsubara E, Isoe K, et al. Longitudinal study of
cerebrospinal fluid levels of tau, A beta1– 40, and A beta1– 42(43) in Alzheimer’s disease: a study in Japan. Ann Neurol 1998;44:17–26.
51. Peskind ER, Li G, Shofer J, et al. Age and apolipoprotein E*4
allele effects on cerebrospinal fluid beta-amyloid 42 in adults
with normal cognition. Arch Neurol 2006;63:936 –939.
52. Maccioni RB, Lavados M, Guillon M, et al. Anomalously phosphorylated tau and Abeta fragments in the CSF correlates with
cognitive impairment in MCI subjects. Neurobiol Aging 2006;
27:237–244.
53. Farrer LA, Cupples LA, Haines JL, et al. Effects of age, sex, and
ethnicity on the association between apolipoprotein E genotype
and Alzheimer disease. A meta-analysis. APOE and Alzheimer
Disease Meta Analysis Consortium. JAMA 1997;278:
1349 –1356.
54. Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol (Berl) 1991;82:
239 –259.
55. Braak H, Braak E, Bohl J, Reintjes R. Age, neurofibrillary
changes, A beta-amyloid and the onset of Alzheimer’s disease.
Neurosci Lett 1996;210:87–90.
56. Larner AJ, Ray PS, Doran M. The R269H mutation in
presenilin-1 presenting as late-onset autosomal dominant Alzheimer’s disease. J Neurol Sci 2007;252:173–176.

Kauwe et al: CSF A␤ Levels and PSEN1

453

