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Abstract

β-site amyloid precursor protein-cleaving enzyme 1 (BACE1) plays an important role in the 

development of Alzheimer’s disease (AD), freeing the amyloid-β (Aβ) N-terminus from the 

amyloid-β protein precursor (AβPP), the first step in Aβ formation. Increased BACE1 activity in 

AD brain or cerebrospinal fluid (CSF) has been reported. Other studies, however, found either no 

change or a decrease with AD diagnosis in either BACE1 activity or sAβPPβ, the N-terminal 

secreted product of BACE1 (sBACE1) activity on AβPP. Here, sBACE1 enzymatic activity and 

secreted AβPPβ (sAβPPβ) were measured in Alzheimer’s Disease Neuroimaging Initiative-1 

(ADNI-1) baseline CSF samples and no statistically significant changes were found in either 

measure comparing healthy control, mild cognitively impaired, or AD individual samples. While 

CSF sBACE1 activity and sAβPPβ demonstrated a moderate yet significant degree of correlation 

with each other, there was no correlation of either analyte to CSF Aβ peptide ending at residue 42. 

Surprisingly, a stronger correlation was demonstrated between CSF sBACE1 activity and tau, 

which was comparable to that between CSF Aβ42 and tau. Unlike for these latter two analytes, 

receiver-operator characteristic curves demonstrate that neither CSF sBACE1 activity nor sAβPPβ 
concentrations can be used to differentiate between healthy elderly and AD individuals.

1Data used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (http://
adni.loni.usc.edu/). As such, the investigators within the ADNI contributed to the design and implementation of ADNI and/or provided 
data but did not participate in analysis or writing of this report. A complete listing of ADNI investigators can be found at: http://
adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf.
*Correspondence to: Dr. Mary J. Savage, Molecular Biomarkers & Diagnostics, Merck Research Laboratories, RY50-1D-131, 126 E. 
Lincoln Avenue, Rahway, NJ 07065, USA. Tel.: +1 732 594 1089; mary_savage@merck.com. 
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INTRODUCTION

Amyloid-β (Aβ) concentrations increase in the brains of subjects with Alzheimer’s disease 

(AD) to form extracellular plaque which, together with neurofibrillary tangles containing the 

protein tau, associate with progressive neuron and synapse loss. Aβ is generated by 

sequential cleavage of the transmembrane amyloid-β protein precursor (AβPP) by the 

aspartic protease β-site amyloid precursor protein-cleaving enzyme 1 (BACE1) and a second 

aspartic protease activity contained within the γ-secretase complex [1]. Aβ makes its way 

into the extracellular space and can be measured in cerebrospinal fluid (CSF). Following 

BACE1 cleavage of AβPP, an N-terminal secreted fragment, known as soluble AβPP beta 

(sAβPPβ) is also generated, providing the most proximal readout of BACE1 activity on 

AβPP. A fraction of the transmembrane-oriented, cellular BACE1 protein itself is cleaved 

between Ala429 and Val430[2], losing its C-terminus [3] to form an extracellular, soluble, 

and catalytically-active BACE1 fragment (sBACE1). This cleavage event has been proposed 

as an alternate strategy to reduce or regulate AβPP processing, and sBACE1 may be a 

surrogate biomarker for brain BACE1 activity. Whether sBACE1 correlates in some way 

with ongoing brain BACE1 is unknown, but may be surmised if CSF sBACE1 activity and 

sAβPPβ (thought to be generated primarily in brain) correlate. Although sBACE1 is present 

in CSF (with pH around 7.3), both full-length, cell-associated BACE1 and sBACE1 have 

optimum activity around pH4.5–5.5 [3–5]. A small study examining 31 AD patients[6] 

supported a correlation between CSF sBACE1 activity and amyloid positron emission 

tomography (PET) within brain regions abutting ventricles, but not with other regions 

typically containing amyloid deposition.

Several groups have reported increased BACE1 protein and enzymatic activity in AD brain 

[7–11] or CSF [12–15] compared with control subjects. However, others have observed 

either no change or reductions in BACE1 or sBACE1 concentrations or activity in brains or 

CSF from AD subjects [3, 16–19]. Similar to conflicting reports of sBACE1, CSF sAβPPβ 
has been measured by several groups, with varying results [20–27]. A few unique cohorts 

have been assessed for both CSF sBACE1 activity as well as sAβPPβ levels [18, 19], 

providing complementary means of assessing central nervous system BACE1 activity. Here, 

we applied robust assays for sBACE1 activity [3] and sAβPPβ measures [17] to baseline 

CSF samples from the well-characterized baseline ADNI-1 cohort.

METHODS

Data used in the preparation of this article were obtained from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) database (http://adni.loni.usc.edu). The ADNI was 

launched in 2003 by the National Institute on Aging (NIA), the National Institute of 

Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration 

(FDA), private pharmaceutical companies and non-profit organizations, as a $60 million, 5-
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year public-private partnership. The primary goal of ADNI has been to test whether serial 

magnetic resonance imaging (MRI), PET, other biological markers, and clinical and 

neuropsychological assessment can be combined to measure the progression of mild 

cognitive impairment (MCI) and early AD. Determination of sensitive and specific markers 

of very early AD progression is intended to aid researchers and clinicians to develop new 

treatments and monitor their effectiveness, as well as lessen the time and cost of clinical 

trials.

The Principal Investigator of this initiative is Michael W. Weiner, MD, VA Medical Center 

and University of California – San Francisco. ADNI is the result of efforts of many co-

investigators from a broad range of academic institutions and private corporations, and 

subjects have been recruited from over 50 sites across the U.S. and Canada. The initial goal 

of ADNI was to recruit 800 subjects but ADNI has been followed by ADNI-GO and 

ADNI-2. To date these three protocols have recruited over 1,500 adults, ages 55 to 90, to 

participate in the research, consisting of cognitively normal older individuals, people with 

early or late MCI, and people with early AD. The follow up duration of each group is 

specified in the protocols for ADNI-1, ADNI-2 and ADNI-GO. Subjects originally recruited 

for ADNI-1 and ADNI-GO had the option to be followed in ADNI-2. For up-to-date 

information, see http://www.adni-info.org/.

ADNI cohort

ADNI-1 was launched in 2004 by the National Institute on Aging, the Foundation for the 

National Institutes of Health and by a group of private-public partners as a 5-year 

precompetitive AD biomarker consortium. Written and verbal informed consents were 

obtained from participants at screening and enrollment. Further details regarding ADNI 

including participant selection procedures and complete study protocols and standard 

operating procedures are available at the ADNI website http://adni.loni.usc.edu/. Participant 

demographics are shown in Table 1.

CSF samples

Patients fasted overnight, prior to morning CSF collection. Preanalytical handling followed 

ADNI standard operating procedures which required polypropylene tubes. Samples 

experienced one freeze-thaw cycle prior to analysis. Baseline samples [106 healthy control 

(HC), 92 AD, 183 MCI, and 20 technical replicates (401 total)] were analyzed for sBACE1 

activity and sAβPPβ concentrations concurrently, using aliquots from the same vial at the 

same thaw on ice.

sBACE1 activity and sAβPPβ

Protocols for measuring sBACE1 activity and sAβPPβ were previously published [3, 17] 

and were followed precisely, including inhibitors of non-BACE1 aspartic proteases. CSF 

sBACE activity was defined as primarily sBACE1 versus sBACE2, including both genetic 

and biochemical studies [3, 28]. Briefly for sAβPPβ, a rabbit monoclonal antibody specific 

for the free carboxyl-terminal of wild type human sAβPPβ captured CSF sAβPPβ on an 

ELISA well. To detect sAβPPβ, mouse monoclonal antibody P2–1, conjugated to alkaline 

phosphatase was used, followed by a chemiluminesence-based substrate. To measure 
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sBACE1 activity, a 2-step assay was employed. In the first step, cleavage of a biotinylated 

peptide substrate (biotin-KTEEISEVNFEVEFR) by the endogenous sBACE1 activity in 

CSF at the optimal pH of 4.5 generated biotin-KTEEISEVNF. This product was measured 

by one site ELISA using an NF-cleavage specific antibody after capture on a streptavidin-

coated plate. Standard curves were generated with recombinant, soluble, baculovirus human 

BACE-1 or sAβPPβ (described in above publications) and were used to calculate absolute 

values within the ADNI CSF samples. Non-human primate, rhesus CSF collected from 

cisterna-magna ported monkeys [29] was used as quality control (QC) standards on each 

plate. Blinded data received a statistical QC review at Merck and Company and was 

forwarded, along with the raw data, to Dr. Leslie Shaw at the University of Pennsylvania for 

un-blinding; raw data was then posted to the ADNI website.

Statistical analysis

Details of data QC processing and the statistical analysis are provided in the ADNI data 

primer for sBACE1 activity and sAβPPβ, available at the ADNI website (http://

adni.loni.usc.edu/). Receiver-operator characteristic (ROC) curves described the ability of 

each analyte to discriminate between diagnosis groups (AD versus HC, and sMCI versus 

pMCI). Linear models analysis of variance (ANOVA) and analysis of covariance 

(ANCOVA) were used to compare analyte means among groups for diagnosis at baseline 

and with each group split into those for whom diagnosis was stable or progressed over the 

two year period. The same models were used to examine the effects of age, gender, and 

ApoE genotype. Analytes were modeled on the log scale, unless otherwise indicated. The 

Spearman (rank) correlation coefficient was used to measure the correlation between 

sBACE1 activity, sAβPPβ, and other CSF markers, namely Aβ42, tau, and phospho-tau 181 

(ptau181) which were measured previously [30] and data also posted to the ADNI website.

RESULTS

Intra-assay variability

Within the ADNI sample set were 20 technical CSF replicates that served to assess intra-

assay variability, in addition to the rhesus QC samples that were present on each plate. 

While the rhesus CSF QCs for both analytes demonstrated coefficients of variability (CVs) 

of <20% across all plates, the human CSF duplicates ranged between 1–2 fold of each other 

for both analytes with sBACE1 activity more variable than sAβPPβ (CVs = 37% and 20%, 

respectively). Despite this degree of variability in the duplicates, the study was powered at 

80% to detect >15–20% difference in the groups at p < 0.05.

sBACE1 activity and sAβPPβ concentrations across diagnosis groups

Mean CSF sBACE1 activity did not differ across groups (Table 2), whether stratified by 

baseline diagnosis (Fig. 1A), or by a combination of the diagnosis at baseline and 2 years 

later (Fig. 1B). While some of the groups in Fig. 1B that were subdivided by clinical course 

trended higher (progressing healthy controls, pHC; regressing MCI, rMCI), there were few 

individuals in these groups (n = 9 and 4, respectively) and the differences were not 

statistically significant. Likewise, mean CSF sAβPPβ concentrations did not differ (Table 2) 

when grouped by either baseline diagnosis (Fig. 2A) or by the combination of diagnoses at 
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baseline and 2 years later (Fig. 2B). ROC curves for sBACE1 activity and sAβPPβ failed to 

distinguish between AD and healthy control CSF (Fig. 3A, B) with an area under the curve 

for the healthy control and AD groups of 0.48 and 0.45, respectively. In addition, stable 

versus progressing MCI were also not distinguished by the assays, with AUC for sBACE1 

activity of 0.477 and sAβPPβ of 0.547.

Effect of ApoE, age, and gender

The effects of ApoE4, age, and gender were explored by fitting nested ANCOVA models. 

There was no evidence that mean sBACE1 activity or sAβPPβ concentrations differed by the 

number of ApoE4 alleles either as a main effect among all samples (Fig. 4), or as an 

interaction with baseline diagnostic group (data not shown).

With age, sBACE1 activity increased approximately1.8%/year (95% CI = 0.3%, 3.3%) in 

healthy controls (p = 0.02), but not in the MCI or AD groups (Fig. 5A). sBACE1 activity did 

not differ across gender (data not shown). CSF sAβPPβ demonstrated a negative 0.8% 

change/year with age, (95% CI = −1.3%, −0.2%) across all groups (p = 0.0098), with no

−evidence−that the rate was different between groups. Mean CSF sAβPPβ concentration 

was 12% (3%, 22%) higher in males (p = 0.002) compared to females (Fig. 5B).

Correlation of sBACE1 activity and sAβPPβ with other CSF biomarker analytes

In addition to the sBACE1 activity and sAβPPβ measures performed here, additional 

analytes Aβ42, tau, and ptau181 were previously measured from these individuals from 

parallel CSF aliquots [30]. Correlations were assessed between CSF sBACE1 activity and 

sAβPPβ, as well as between each of these analytes and Aβ42, tau, and ptau181.

CSF sBACE1 activity and sAβPPβ demonstrated a modest, but significant correlation with 

each other (r = 0.35, p = 3.2 × 10−12), but neither analyte correlated with Aβ42. Both CSF 

sBACE1 activity and sAβPPβ correlated with tau (r = 0.43, p = 3.3 × 10−18 and r = 0.3, p = 

2.1 × 10−9, respectively), and somewhat weaker correlations to ptau181 (r = 0.28, p = 1.6 × 

108 and r = 0.21, p – 3.2 × 10−5, respectively). The magnitude and significance of the 

sBACE1 activity and tau correlation is comparable to that for Aβ42 versus tau (r = −0.46; p 
= 3.4 × 10−21).

DISCUSSION

Robust and well characterized assays were used to measure CSF sBACE1 activity and 

sAβPPβ in the ADNI-1 baseline cohort. These analytes were evaluated with respect to 1) 

disease status at baseline and after 2 years, 2) age, 3) gender, and 4) ApoE4 status. In 

addition, the correlation between CSF sBACE1 activity and sAβPPβ concentrations was 

assessed, as well as correlation of each of these measures to previously assayed tau, ptau181, 

and Aβ42. Consistent with two recent reports [18, 19], no differences were found in either 

CSF sBACE1 activity or sAβPPβ between baseline AD, MCI patients, and HC; and also 

relative to their subsequent diagnosis 2 years later. Importantly, the Rosén et al. study [18] 

employed the same assay format that was used in the ADNI-1 cohort study reported here. 

This finding of unaltered sBACE1 activity in HC versus AD patients is consistent with a 

report employing stable isotope labeling of newly-synthesized Aβ with 13C6-leucine, which 
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demonstrated no change in the Aβ synthetic rate but a reduced rate of Aβ clearance in AD 

CSF [31]. The relevance of CSF sBACE1 activity to brain membrane BACE1 activity is 

difficult to assess, however, using the same CSF sBACE1 assay reported here, Wu et al.[17] 

measured BACE1 activity and sAβPPβ in HC and AD brain and found unchanging BACE1 

activity in the presence of reduced brain cortical sAβPPβ in AD versus HC; this result 

suggests reduced full-length AβPP substrate in late-stage AD subjects. While CSF sBACE1 

activity has been compared to brain amyloid imaging within the same patient [6], and found 

a correlation only in brain regions close to ventricles, whether and how closely CSF 

sBACE1 activity and sAβPPβ correlate with brain AβPP processing is not entirely clear, 

although the correlation of these analytes to other CSF measures may give some clues.

The sAβPPβ sandwich ELISA employed used a rabbit monoclonal KM neo-epitope capture 

antibody and an N-terminal AβPP antibody for detection [17]. This assay demonstrated 

specificity, sensitivity, and quantitative assessment for sAβPPβ over sAβPPα, as confirmed 

using three methods: 1) recombinant protein standards, 2) immunodepletion of human brain 

homogenate and AβPP knockout mouse brain homogenate, and 3) pharmacological 

assessment with a BACE1 inhibitor in primary neuron cultures [17].

The solution-based BACE1 activity assay used an optimized, high affinity substrate and 

antibody detection of the ‘NFEV’ neo-epitope that was generated following sBACE1 

cleavage of the biotin-KTEEISEVNFEVEFR substrate. This assay was specific for sBACE1 

since all the non-BACE1 aspartyl protease activity in the CSF was completely inhibited with 

Pepstatin A and the remaining sBACE1 protease activity was inhibited dose-dependently 

with BACE1 specific inhibitors Merck-3 and Statin-Val- [3]. A previous report of elevated 

CSF sBACE1 activity [14] noted in the discussion that the result could have been 

confounded with non-BACE activity. Two studies that found elevated CSF sBACE1 activity 

[12, 14] did not provide assay validation parameters such as dynamic range, precision, 

reproducibility, sensitivity, recovery of sBACE1 spike into CSF samples, and dilution 

linearity. These parameters are important to assess a robust assay. Finally, two reports [12, 

13] used very small sample sets of AD and HC patients (n ≤ 5) so these studies should be 

viewed as preliminary.

The well-characterized BACE activity assay employed both in this and other studies [3, 15, 

18] previously demonstrated acceptable variability parameters. Here, while the rhesus CSF 

QC samples demonstrated %CV within acceptable range, the human CSF technical replicate 

%CV were higher than expected. Wu et al. [3] found intra- and inter-day CV for neat and 

sBACE1-spiked rhesus CSF (not human CSF), to be between 4–10%, while intraday CV of 

rhesus CSF reported in our study was 20%, approximately 2–4 fold higher. Compared to the 

sAβPPβ assay, the sBACE1 activity assay is a multi-step procedure and this may have 

contributed to the increased variability. In addition, there were 401 total samples run 

concurrently within the same assay run, possibly also contributing to the somewhat higher 

variability. Despite this variability, the assay was sufficiently powered to detect relatively 

small differences.

While CSF sBACE1 activity increased with age approximately 1.8%/year in HC, activity 

was unchanged with age in either the MCI or AD groups, as found in other reports [18, 19]. 
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At ages less than 75 years, sBACE1 activity in HC trended lower than either the MCI or AD 

groups, while at ages greater than 75 years, sBACE1 activity in the HC group appeared 

similar or slightly higher. Whether CSF sBACE1 activity was lower in the MCI or AD group 

at earlier ages would be interesting, but challenging to assess. One possibility is that there is 

a gradual, age-dependent increase in sBACE1 activity in all groups, but that a higher steady 

state was achieved at earlier ages in the MCI and AD group. Longitudinal samples from the 

same individual would be useful in this regard, including sporadic AD prodromal phases, or 

alternatively, from a familial AD cohort where each individual has a known mutation for 

autosomal dominant AD [32].

CSF sAβPPβ concentrations negatively correlated with age across all diagnostic groups and 

were on average higher in males versus females. In Rosén et al. [18], reduced concentrations 

of CSF sAβPPβ were found in AD patients with Mini-Mental State Examination (MMSE) 

scores between 0–20, compared with patients having MMSE above 20, or with healthy 

controls. This is also consistent with a recent study of 57 stable controls and 92 AD 

individuals with a high percentage of postmortem confirmation, which found a 20% 

reduction in levels of both sAβPPβ and sAβPP[H9251] in the AD group [33]. AD 

individuals in this study were more advanced, with a mean MMSE score of 13 compared 

with ~23 in ADNI AD subjects. As with the age-dependent decrease found in our study, this 

association with cognitive decline could reflect the reduced brain volume and neuronal loss 

characteristic of disease progression. Consistent with an association between brain volume 

and sAβPPβ levels, two studies found reduced CSF sAβPPβ in frontotemperal dementia 

compared with AD [34, 35], or compared with control [34]. Reduced concentrations of brain 

sAβPPβ, sAβPPα (both pmol/g), and full length AβPP (% of control) have been reported in 

AD brain compared to aged control [17], also consistent with neuronal loss. In contrast, Pera 

et al. [19] reported increased CSF sAβPPβ with age.

sAβPPβ and sBACE1 activity positively correlated with each other, while levels of each also 

positively correlated with both tau and ptau181, but not with Aβ42. CSF sBACE1 activity 

may indeed reflect brain activity as correlations are found with CSF sAβPPβ across all 

diagnostic groups, also found by others [18,19]. The lack of a correlation between Aβ42 and 

either CSF sBACE1 or sAβPPβ in any group [18 (sAβPPβ only), 19, 26], including healthy 

control, suggests that BACE1 activity may not be rate limiting for Aβ generation. This is 

consistent with findings in heterozygous BACE1 knockout mice with 50% reduced BACE1 

activity which do not have reduced Aβ; complete gene knockout was required to change Aβ 
concentrations[36]. Aβ42 sequestered into brain amyloid may also account for the lack of 

correlation with either CSF sBACE1 or sAβPPβ in the MCI or AD groups. In addition, 

formation of Aβ42 oligomers, binding of Aβ42 to chaperone-like proteins and sequestering 

of Aβ42 in the plasma membrane or intracellularly could also lead to reduced apparent CSF 

Aβ42 [37]. Alternatively, despite the significant correlation between CSF sBACE1 and 

sAβPPβ, CSF sBACE1 may not fully represent the membrane BACE1 activity in the brain, 

or may only represent brain BACE1 activity that is located near ventricles, A previous report 

found significant correlation between CSF sBACE1 activity and amyloid PET within brain 

regions abutting ventricles, but not with other regions containing amyloid deposition [6].
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That the strongest correlation in the ADNI-1 baseline CSF samples was found between 

sBACE1 activity and tau, even in healthy normal individuals, suggests there may be related 

processes leading to the appearance of these normally cell-associated proteins in the CSF. 

This finding is consistent with others [15, 18], which found a correlation between sBACE1 

and tau across all groups. Tau also correlated with sAβPPβ, albeit to a lesser degree. 

Correlation between these two analytes was also demonstrated in human brain [17]. As these 

proteins are neuron-enriched, their correlation may be linked with neuronal/synapse 

numbers in the brain.

In conclusion, our findings in the baseline ADNI-1 cohort are consistent with two recent 

publications employing unique human cohorts, one which used the same BACE1 activity 

assay as in this report; there is no apparent diagnostic utility of CSF sBACE1 or sAβPPβ 
beyond that of Aβ42, tau, and ptau181 [30]. The further documentation of interesting 

correlations among the CSF biomarkers adds to the overall understanding of AD biology 

and disease progression.

ACKNOWLEDGMENTS

Data collection and sharing for this project was funded by the Alzheimer’s Disease Neuroimaging Initiative (ADNI) 
(National Institutes of Health Grant U01 AG024904) and DOD ADNI (Department of Defense award number 
W81XWH-12-2-0012). ADNI is funded by the National Institute on Aging, the National Institute of Biomedical 
Imaging and Bio-engineering, and through generous contributions from the following: Alzheimer’s Association; 
Alzheimer’s Drug Discovery Foundation; Araclon Biotech; Bio-Clinica, Inc.; Biogen Idec Inc.; Bristol-Myers 
Squibb Company; Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and Company; EuroImmun; F. Hoffmann-La 
Roche Ltd and its affiliated company Genentech, Inc.; Fujirebio; GE Healthcare;; IXICO Ltd.; Janssen Alzheimer 
Immunotherapy Research & Development, LLC.; Johnson & Johnson Pharmaceutical Research & Development 
LLC.; Medpace, Inc.; Merck & Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx Research; Neurotrack 
Technologies; Novartis Pharmaceuticals Corporation; Pfizer Inc.; Piramal Imaging; Servier; Synarc Inc.; and 
Takeda Pharmaceutical Company. The Canadian Institutes of Health Research is providing funds to support ADNI 
clinical sites in Canada. Private sector contributions are facilitated by the Foundation for the National Institutes of 
Health (http://www.fnih.org). The grantee organization is the Northern California Institute for Research and 
Education, and the study is coordinated by the Alzheimer’s Disease Cooperative Study at the University of 
California, San Diego. ADNI data are disseminated by the Laboratory for Neuro Imaging at the University of 
Southern California.

REFERENCES

[1]. Vassar R, Citron M (2000) Abeta-generating enzymes: Recent advances in beta- and gamma-
secretase research. Neuron 27, 419–422. [PubMed: 11055423] 

[2]. Hussain I, Hawkins J, Shikotra A, Riddell DR, Faller A, Dingwall C (2003) Characterization of 
the ectodomain shedding of the beta-site amyloid precursor protein-cleaving enzyme 1 (BACE1). 
J Biol Chem 278, 36264–36268. [PubMed: 12857759] 

[3]. Wu G, Sankaranarayanan S, Tugusheva K, Kahana J, Seabrook G, Shi XP, King E, Devanarayan V, 
Cook JJ, Simon AJ (2008) Decrease in age-adjusted cerebrospinal fluid beta-secretase activity in 
Alzheimer’s subjects. Clin Biochem 41, 986–996. [PubMed: 18489907] 

[4]. Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA, Denis P, Teplow DB, Ross S, 
Amarante P, Loeloff R, Luo Y, Fisher S, Fuller J, Edenson S, Lile J, Jarosinski MA, Biere AL, 
Curran E, Burgess T, Louis JC, Collins F, Treanor J, Rogers G, Citron M (1999) Beta-secretase 
cleavage of Alzheimer’s amyloid precursor protein by the transmembrane aspartic pro-tease 
BACE1. Science 286, 735–741. [PubMed: 10531052] 

[5]. Sinha S, Anderson JP, Barbour R, Basi GS, Caccavello R, Davis D, Doan M, Dovey HF, Frigon N, 
Hong J, Jacobson-Croak K, Jewett N, Keim P, Knops J, Lieberburg I, Power M, Tan H, Tatsuno 
G, Tung J, Schenk D, Seubert P, Suomensaari SM, Wang S, Walker D, Zhao J, McConlogue L, 

Savage et al. Page 8

J Alzheimers Dis. Author manuscript; available in PMC 2018 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.fnih.org


John V (1999) Purification and cloning of amyloid precursor protein beta-secretase from human 
brain. Nature 402, 537–540. [PubMed: 10591214] 

[6]. Grimmer T, Alexopoulos P, Tsolakidou A, Guo LH, Henriksen G, Yousefi BH, Förstl H, Sorg C, 
Kurz A, Drzezga A, Perneczky R (2012) Cerebrospinal fluid BACE1 activity and brain amyloid 
load in Alzheimer’s disease. ScientificWorld-Journal 2012, 712048. [PubMed: 22272179] 

[7]. Fukumoto H, Cheung BS, Hyman BT, Irizarry MC (2002) Secretase protein and activity are 
increased in the neocortex in Alzheimer disease. Arch Neurol 59, 1381–1389. [PubMed: 
12223024] 

[8]. Yang LB, Lindholm K, Yan R, Citron M, Xia W, Yang XL, Beach T, Sue L, Wong P, Price D, Li 
R, Shen Y (2003) Elevated beta-secretase expression and enzymatic activity detected in sporadic 
Alzheimer disease. Nat Med 9, 3–4. [PubMed: 12514700] 

[9]. Li R, Lindholm K, Yang LB, Yue X, Citron M, Yan R, Beach T, Sue L, Sabbagh M, Cai H, Wong 
P, Price D, Shen Y (2004) Amyloid b peptide load is correlated with increased b-secretase 
activity in sporadic Alzheimer’s disease patients. Proc Natl Acad Sci U S A 101, 3632–3627. 
[PubMed: 14978286] 

[10]. Johnston JA, Liu WW, Todd SA, Coulson DT, Murphy S, Irvine GB, Passmore AP (2005) 
Expression and activity of b-site amyloid precursor protein cleaving enzyme in Alzheimer’s 
disease. Biochem Soc Trans 33, 1096–1100. [PubMed: 16246054] 

[11]. Ahmed RR, Holler CJ, Webb R, Li F, Beckett TL, Murphy MP (2010) BACE1 and BACE2 
enzymatic activities in Alzheimer’s disease. J Neurochem 112, 1045–1053. [PubMed: 19968762] 

[12]. Holsinger RM, McLean CA, Collins SJ, Masters CL, Evin G (2004) Increased β-secretase 
activity in cerebrospinal fluid of Alzheimer’s disease subjects. Ann Neurol 55, 898–899. 
[PubMed: 15174031] 

[13]. Verheijen JH, Huisman LG, van Lent N, Neumann U, Paganetti P, Hack CE, Bouwman F, 
Lindeman J, Bollen EL, Hanemaaijer R (2006) Detection of a soluble form of BACE-1 in human 
cerebrospinal fluid by a sensitive activity assay. Clin Chem 52, 1168–1174. [PubMed: 16614000] 

[14]. Zhong Z, Ewers M, Teipel S, Bürger K, Wallin A, Blennow K, He P, McAllister C, Hampel H, 
Shen Y (2007) Levels of beta-secretase (BACE 1) in cerebrospinal fluid as a predictor of risk in 
mild cognitive impairment. Arch Gen Psychiatry 64, 718–726. [PubMed: 17548753] 

[15]. Zetterberg H, Andreasson Ulf, Hansson O, Wu G, Sankaranarayanan S, Andersson ME, 
Buchhave P, Londos E, Umek RM, Minthon L, Simon AJ, Blennow K (2008) Elevated 
cerebrospinal fluid BACE1 activity in incipient Alzheimer disease. Arch Neurol 65, 1102–1107. 
[PubMed: 18695061] 

[16]. Preece P, Virley DJ, Costandi M, Coombes R, Moss SJ, Mudge AW, Jazin E, Cairns NJ (2003) 
Beta-secretase (BACE) and GSK-3 mRNA levels in Alzheimer’s disease. Brain Res Mol Brain 
Res 116, 155–158. [PubMed: 12941471] 

[17]. Wu G, Sankaranarayanan S, Hsieh S, Simon AJ, Savage MJ (2011) Decrease in brain soluble 
amyloid precursor protein β (sAβPPβ) in Alzheimer’s disease cortex. J Neurosci Res 89, 822–
832. [PubMed: 21433051] 

[18]. Rosén C, Andreasson U, Mattsson N, Marcusson J, Minthon L, Andreasen N, Blennow K, 
Zetterberg H (2012) Cerebrospinal fluid profiles of amyloid β-related biomarkers in Alzheimer’s 
disease. Neuromolecular Med 14, 65–73. [PubMed: 22350541] 

[19]. Pera M, Alcolea D, Sánchez-Valle R, Guardia-Laguarta C, Colom-Cadena M, Badiola N, Suárez-
Calvet M, Lladó A, Barrera-Ocampo AA, Sepulveda-Falla D, Blesa R, Molinuevo JL, Clarimón 
J, Ferrer I, Gelpi E, Lleó A (2013) Distinct patterns of ABPP processing in the CNS in 
autosomal-dominant and sporadic Alzheimer disease. Acta Neuropathol 125, 201–213. [PubMed: 
23224319] 

[20]. Palmert MR, Usiak M, Mayeux R, Raskind M, Tourtel-lotte WW, Younkin SG (1990) Soluble 
derivatives of the beta-amyloid protein precursor in cerebrospinal-fluid-alterations in normal 
aging and in Alzheimer’s disease. Neurology 40, 1028–1034. [PubMed: 2113204] 

[21]. Prior R, Monning U, Schreitergasser U, Weidemann A, Blennow K, Gottfries CG, Masters CL, 
Beyreuther K (1991) Quantitative changes in the amyloid βA4 precursor protein in Alzheimer 
cerebrospinal fluid. Neurosci Lett 124, 69–73. [PubMed: 1677459] 

Savage et al. Page 9

J Alzheimers Dis. Author manuscript; available in PMC 2018 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[22]. Van Nostrand WE, Wagner SL, Shankle WR, Farrow JS, Dick M, Rozemuller JM, Kuiper MA, 
Wolters EC, Zimmerman J, Cotman CW (1992) Decreased levels of soluble amyloid β-protein 
precursor in cerebrospinal fluid of live Alzheimer disease patients. Proc Natl Acad Sci U S A 89, 
2551–2555. [PubMed: 1557359] 

[23]. Sennvik K, Fastbom J, Blomberg M, Wahlund LO, Winblad B, Benedikz E (2000) Levels of 
alpha- and beta-secretase cleaved amyloid precursor protein in the cerebrospinal fluid of 
Alzheimer’s disease patients. Neurosci Lett 278, 169–172. [PubMed: 10653020] 

[24]. Olsson A, Höglund K, Sjögren M, Andreasenb N, Minthonc L, Lannfeltd L, Buergere K, Möllere 
HJ, Hampele H, Davidssona P, Blennow K (2003) Measurement of α-and β-secretase cleaved 
amyloid precursor protein in cerebrospinal fluid from Alzheimer patients. Exp Neurol 183, 74–
80. [PubMed: 12957490] 

[25]. Lewczuk P, Kamrowski-Kruck H, Peters O, Heuser I, Jessen F, Popp J, Bürger K, Hampel H, 
Frölich L, Wolf S, Prinz B, Jahn H, Luckhaus Ch, Perneczky R, Hüll M, Schröder J, Kessler H, 
Pante J, Gertz HJ, Klafki HW, Kölsch H, Reulbach U, Esselmann H, Maler JM, Bib M, 
Kornhuber J, Wiltfang J (2008) Soluble amyloid precursor proteins in the cerebrospinal fluids as 
novel potential biomarkers of Alzheimer’s disease: A multicenter study. Mol Psychiatry 84, 1–8.

[26]. Zetterberg H, Andreasson Ulf, Hansson O, Wu G, Sankaranarayanan S, Andersson ME, 
Buchhave P, Londos E, Umek RM, Minthon L, Simon AJ, Blennow K (2008) Elevated 
cerebrospinal fluid BACE1 activity in incipient Alzheimer disease. Arch Neurol 65, 1102–1107. 
[PubMed: 18695061] 

[27]. Taverna M, Straub T, Hampel H, Rujescu D, Lichtenthaler SF (2013) A new sandwich 
immunoassay for detection of the α-secretase cleaved, soluble amyloid-β protein precursor in 
cerebrospinal fluid and serum. J Alzheimers Dis 37, 667–678. [PubMed: 23948916] 

[28]. Shi XP, Tugusheva K, Bruce JE, Lucka A, Chen-Dodson E, Hu B, Wu GX, Price E, Register RB, 
Lineberger J, Miller R, Tang MJ, Espeseth A, Kahana J, Wolfe A, Crouthamel MC, 
Sankaranarayanan S, Simon A, Chen L, Lai MT, Pietrak B, DiMuzio J, Li Y, Xu M, Huang Q, 
Garsky V, Sardana MK, Hazuda DJ (2005) Novel mutations introduced at the beta-site of 
amyloid beta protein precursor enhance the production of amyloid beta peptide by BACE1 in 
vitro and in cells. J Alzheimers Dis 7, 139–148. [PubMed: 15851852] 

[29]. Cook JJ, Wildsmith KR, Gilberto DB, Holahan MA, Kinney GG, Mathers PD, Michener MS, 
Price EA, Shear-man MS, Simon AJ, Wang JX, Wu G, Yarasheski KE, Bateman RJ (2010) Acute 
gamma-secretase inhibition of non-human primate CNS shifts amyloid precursor protein (AβPP) 
metabolism from amyloid-beta production to alternative AβPP fragments without amyloid-beta 
rebound. J Neurosci 30, 6743–6750. [PubMed: 20463236] 

[30]. Shaw LM, Vanderstichele H, Knapik-Czajka M, Clark CM, Aisen PS, Petersen RC, Blennow K, 
Soares H, Simon A, Lewczuk P, Dean R, Siemers E, Potter W, Lee VM, Trojanowski JQ (2009) 
Alzheimer’s Disease Neuroimaging Initiative. Cerebrospinal fluid biomarker signature in 
Alzheimer’s disease neuroimaging initiative subjects. Ann Neurol 65, 403–413. [PubMed: 
19296504] 

[31]. Mawuenyega KG, Sigurdson W, Ovod V, Munsell L, Kasten T, Morris JC, Yarasheski KE, 
Bateman RJ (2010) Decreased clearance of CNS beta-amyloid in Alzheimer’s disease. Science 
330, 1774. [PubMed: 21148344] 

[32]. Bateman RJ, Xiong C, Benzinger TL, Fagan AM, Goate A, Fox NC, Marcus DS, Cairns NJ, Xie 
X, Blazey TM, Holtzman DM, Santacruz A, Buckles V, Oliver A, Moulder K, Aisen PS, Ghetti 
B, Klunk WE, McDade E, Martins RN, Masters CL, Mayeux R, Ringman JM, Rossor MN, 
Schofield PR, Sperling RA, Salloway S, Morris JC (2012) Dominantly Inherited Alzheimer 
Network. Clinical and biomarker changes in dominantly inherited Alzheimer’s disease. N Engl J 
Med 367, 795–804. [PubMed: 22784036] 

[33]. Seeburger J, Holder D, Combrinck M, Joachim C, Laterza O, Tanen M, Dallob A, ChAβPPell D, 
Snyder K, Flynn M, Simon A, Modur V, Potter W, Wilcock G, Savage J, Smith MJAD, (2015) 
CSF biomarkers distinguish postmortem confirmed Alzheimer’s disease from other dementias 
and healthy controls in the OPTIMA cohort. J Alzheimers Dis 44, 525–539. [PubMed: 
25391385] 

[34]. Alcolea D, Carmona-Iragui M, Suárez-Calvet M, Sánchez-Saudinós MB, Sala I, Antón-Aguirre 
S, Blesa R, Clarimón J, Fortea J, Lleó A (2014) Relationship between β-secretase, inflammation 

Savage et al. Page 10

J Alzheimers Dis. Author manuscript; available in PMC 2018 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and core cerebrospinal fluid biomarkers for Alzheimer’s disease. J Alzheimers Dis 42, 157–167. 
[PubMed: 24820015] 

[35]. Gabelle A, Roche S, Gény C, Bennys K, Labauge P, Tholance Y, Quadrio I, Tiers L, Gor B, 
Boulanghien J, Chaulet C, Vighetto A, Croisile B, Krolak-Salmon P, Perret-Liaudet A, Touchon 
J, Lehmann S (2011) Decreased sAβPPβ, Aβ38, and Aβ40 cerebrospinal fluid levels in 
frontotemporal dementia. J Alzheimers Dis 26, 553–563. [PubMed: 21709372] 

[36]. McConlogue L, Buttini M, Anderson JP, Brigham EF, Chen KS, Freedman SB, Games D, 
Johnson-Wood K, Lee M, Zeller M, Liu W, Motter R, Sinha S (2007) Partial reduction of BACE1 
has dramatic effects on Alzheimer plaque and synaptic pathology in ABPP Transgenic Mice. J 
Biol Chem 282, 26326–26334. [PubMed: 17616527] 

[37]. Slemmon JR, Meredith J, Guss V, Andreasson U, Andreasen N, Zetterberg H, Blennow K (2012) 
Measurement of Aβ1–42 in cerebrospinal fluid is influenced by matrix effects. J Neurochem 120, 
325–333. [PubMed: 22023354] 

Savage et al. Page 11

J Alzheimers Dis. Author manuscript; available in PMC 2018 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
CSF sBACE1 activity averages are not different across the three baseline diagnostic groups 

(A, p = 0.21), or in the subgroups based on diagnoses at baseline and 2 years after baseline 

(B, p = 0.27; sHC, stable healthy control; pHC, healthy control progressing to either mild 

cognitive impairment (MCI) or Alzheimer’s disease (AD); rM, regressing MCI; sM, stable 

MCI; pM, progressing MCI; A, AD). Sample numbers for baseline and 2-year diagnosis are 

listed at the top of the respective figures.
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Fig. 2. 
CSF sAβPPβ concentration averages are not different across the three baseline diagnostic 

groups (A, p = 0.70), or in the subgroups based on diagnoses at baseline and 2 years after 

baseline (B, p = 0.39; sub group abbreviations and sample numbers as described in Fig. 2 

legend).
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Fig. 3. 
Receiver-operator characteristic (ROC) curve analysis indicates neither CSF sBACE1 

activity (A) nor CSF sAβPPβ (B) are useful to discriminate between either 1) healthy 

control versus AD (AUC = 0.478, standard error (SE) = 0.04 and AUC = 0.451, SE = 0.04, 

respectively) or 2) stable MCI versus progressing MCI populations (AUC = 0.477, SE = 

0.04 and AUC = 0.547, SE = 0.04, respectively).
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Fig. 4. 
CSF sBACE1 activity (A) and sAβPPβ concentration (B) are not different across individuals 

with different copy number of apolipoprotein E4 (apoE4) alleles (p = 0.3 and p = 0.34, 

respectively). Sample numbers per apoE4 allelle: zero E4 allele = 191, one E4 allele = 149, 

two E4 alleles = 42.
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Fig. 5. 
Age dependence of CSF analytes: sBACE1 activity increased significantly with age in 

healthy control (p = 0.02), but not in either MCI or AD groups (A). CSF sAβPPβ 
concentrations decreased significantly with age across all groups (p = 0.009). Concentrations 

were significantly elevated in males versus females (p = 0.002).
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Table 1

ADNI-1 Patient demographics

Control MCI AD

n 106 183 92

Age (range) 76 (62–90) 74 (55–89) 75 (57–89)

Gender (M/F)% 50/50 33/66 45/55

ApoE4 % 25% 54% 71%

MMSE (range) 29 (25–30) 27 (23–30) 24 (20–27)

MCI, mild cognitive impairment; AD, Alzheimer’s disease; ApoE4, apolipoprotein E4; MMSE, Mini-Mental State Examination.
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