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Abstract

The APOE genotype is a known susceptibility factor for Alzheimer’s disease (AD). It is apparent

that the presence of the APOE ε4 allele increases the risk for developing AD, lowers the age of

onset in AD, and may influence the pathological burden seen in AD. In this study, we asked

whether BACE1 levels differ by APOE genotype in the AD and non-demented (ND) brain. We

isolated mid-frontal cortex (MFC) and mid-temporal cortex (MTC) from postmortem ND and AD

subjects that were APOE ε3/3, ε3/4, ε4/4 carriers. All AD subjects met NINDS-ADRDA and NIA-

Reagan criteria for a diagnosis of AD. The MFC and MTC were homogenized and the lysates

underwent ELISA and Western blotting for BACE1. The ELISA revealed that total BACE1 levels

were lower in the MFC of AD compared to ND subjects. Furthermore, in APOE ε4 carriers

BACE1 levels were lower than ε3/3 carriers in the ND frontal cortex. No difference in BACE1

levels was observed in AD MFC and in ND and AD MTC tissues. The ELISA results were

confirmed by Western blotting. Our data suggest that brain BACEl levels may be influenced by

the apolipoprotein E genotype before the onset of AD, providing an alternative explanation for the

lower amyloid beta 42 levels in CSF in ND and AD subjects.
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INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent form of dementia worldwide. One of the

histological hallmarks of AD is the accumulation of amyloid beta (Aβ) peptides into

extracellular dense-core senile plaques [1]. Amyloidogenesis results from the successive

proteolysis of the membrane-tethered amyloid precursor protein (APP). First, APP is

cleaved by a β-secretase, releasing a large soluble fraction of APP into the milieu. Second,

the remaining APP C-terminal segment is cleaved in its trans-membrane domain by the γ-

secretase complex to release extracellular Aβ peptides of different lengths [2], and an APP

intracellular domain (AICD) which may act as a transcription regulator [3]. Recent evidence

from transgenic animal and in vitro studies suggests that beta-site APP-cleaving enzyme 1

(BACE1) is the major β-secretase in the brain [4, 5] and the rate-limiting enzyme in

amyloidogenesis [6, 7]. Several reports also suggested that BACE1 levels and activity are

higher in the AD brain versus normal controls (Table 1), though these studies never included

apolipoprotein E (APOE) alleles as confounding factors.

To date, the best susceptibility factor associated with sporadic AD is the APOE allele 4 (ε4).

The APOE ε4 allele is inherited as one of three APOE alleles, termed ε2, ε3, and ε4, which

have mean frequencies in the general population of 8%, 78%, and 14%, respectively [15].

Surprisingly, approximately 50% of Alzheimer’s disease patients are APOE ε4 allele

carriers, and the degree of risk of dementia conferred by the APOE ε4 allele rises in a gene

dose dependent manner [16], increasing with the number of APOE ε4 alleles inherited.

APOE ε4 carriers have higher risks of developing sporadic AD [17] than non-carriers who

tend to get the disease at a later age of onset [18]. Furthermore, the parenchymal and

vascular amyloid neuropathology is greater in non-demented APOE ε4 carriers than in non-

carriers [19].

Two mechanisms have been proposed to explain the high incidence of sporadic AD in

individuals carrying the ε4 allele [20, 21]: 1- decreased clearance of Aβ out of the brain via

the blood-brain barrier due to a lower Aβ-binding capability of ApoE4 versus ApoE2 and

ApoE3 proteins; and 2- increased production of Aβ. The latter hypothesis is supported, in

part, by the finding that lipid-poor ApoE4 protein increases the synthesis of Aβ in an APP-

transfected neuronal cell line [22]. However, no link between APOE ε4 allele and

amyloidogenesis enzymes has been reported in the brain. On the other hand, APOE ε4 has

been included as a confounding factor in the context of CSF BACE1 levels and activity,

which revealed no difference between ND and AD patients [23]. In the present study we

asked whether brain BACE1 levels differ in ND and AD subjects carrying ε3/3, ε3/4, and

ε4/4 APOE alleles. To answer this question, we used the immunoassay for total BACE1

levels that we have recently developed [14].

MATERIALS AND METHODS

Subjects

Study subjects were from the Banner Sun Health Research Institute (BSHRI) Brain

Donation Program (BDP) which has been described in detail elsewhere [24]. In order to

participate in the BDP, subjects sign Institutional Review Board-approved informed
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consents and undergo medical, neurologic, and neuropsychologic assessments. Outside

medical records from primary care physicians, neurologists and other specialists are also

reviewed extensively. For the present clinico-neuropathologic study, the BDP database was

queried to identify all participants with Alzheimer’s disease by NINCDS-ADRDA ciriteria

[25]. Subjects bearing any mutation in proteins of the amyloidogenesis cascade (such as

APP, BACE1, presenilin1, etc) were excluded from the analysis. ND subjects were not

suffering any other neurodegenerative disorder. The ND sample population was enriched in

APOE4 carriers compared to the general population to explore an eventual APOE effect on

brain BACE1 levels.

Neuropathological Assessment

All autopsies were performed by a certified neuropathologist at the BSHRI. Brain tissue is

processed for neuropathological examination in a standardized protocol as previously

described [24]. Briefly, paraffin blocks containing brain tissue were cut at 5 μm intervals

and stained with hematoxylin-eosin for histological analysis. Additional paraffin sections

containing tissue from the olfactory bulb, anterior medulla, anterior and mid-pons, amygdala

with adjacent entorhinal and transentorhinal areas, middle frontal gyrus, middle temporal

gyrus and inferior parietal lobule were immunostained for α-synuclein to identify Lewy

bodies and Lewy-related neurites, using a method previously described [26, 27]. The

diagnosis of AD was made when there was a clinical history of dementia and the

histopathological assessment of the brain were consistent with the categories of

“intermediate” or “high” as established by criteria outlined in a joint publication by the

National Institute on Aging and the Reagan Institute (NIA-Reagan) [28].

Apolipoprotein E genotyping

DNA for APOE genotyping from autopsy cases was extracted from pieces of fixed

cerebellum tissue. Tissue (100 mg) was digested with proteinase K (1 mg/ml) at 55°C and

extracted multiple times with phenol/chloroform. DNA was recovered by isopropanol

precipitation. From living patients, DNA was extracted from white blood cells (buffy coat)

purified from heparinized blood by centrifugation through Histopaque (Sigma-Aldrich, St.

Louis, MO) and using a genomic DNA purification kit (Bio-Rad Laboratories, Richmond,

CA). For PCR reactions, 500 ng of DNA from each sample was used. PCR primers,

amplification conditions employed, and identification of APOE genotypes by Hha I

digestion of amplified material, were carried out according to published protocols [29].

Digested fragments were separated by electrophoresis through 9% acrylamide gels and

identified by ethidium bromide staining.

ELISA and Western Blot

ELISA and BACE1 Western blot procedures have been reported recently [14]. Briefly,

frozen post-mortem brain tissues from the mid-frontal and mid-temporal cortices (MFC and

MTC, respectively) were homogenized in a lysis buffer (135 mM NaCl; 2.7 mM KCl; 10

mM Na2HPO4; 1.8 mM KH2PO4; pH 7.4; 1% Triton X110; 0.1% SDS; 0.05% NP-40;

protease cocktail inhibitor [Complete mini tablets; Roche, Indianapolis, IN]). After

centrifugation for 30 min at 10,000 x g at 4°C, the supernatants were collected and the
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protein concentration assessed by the DC protein assay (Bio-Rad Laboratories, Richmond,

CA). For BACE1 ELISA, 50–100 μg of total protein were loaded per well and analyzed as

described recently [14]. For Western blotting, 30–50 μg of total proteins were separated by

SDS-PAGE and blotted onto PVDF membranes. Following blocking for 1h in 5% non-fat

dry milk, the membranes were incubated overnight with mouse anti-BACE1 C-terminal

antibody (#MAB5308; Millipore, Billerica, MA) diluted 1:2,500. Secondary antibody was

HRP-conjugated goat anti-mouse (#SC-2055; Santa Cruz Biotechnologies, Santa Cruz, CA),

and signal detection was carried out with ECL (Millipore, Billerica, MA) and exposure of

autoradiographic films (Research Products International, Mt. Prospect, IL). The membranes

were then stripped and reprobed with mouse anti-β actin (#A1978; Sigma-Aldrich, St. Louis,

MO). Densitometry analysis was performed, and results were expressed as ratio of BACE1/

actin signals. All Western blot experiments have been carried out in duplicate for each

subject and tissue tested. For ELISA, all samples were analyzed in parallel in five

independent experiments with duplicate wells each time. Figures were assembled in Acrobat

Photoshop.

Statistical analysis

Two-sample t-tests were used to compare the AD and ND groups on BACE1 levels for both

the frontal and temporal brain regions and also for brain weight. Additional two-sample t-

tests were also carried out to discern differences between APOE ε4 carriers and non-carriers

for both the ND and AD groups. One-way analysis of variance (ANOVA) was used to

compare the individual APOE groups (ε3/3, ε3/4, ε4/4) on BACE1 levels for the frontal and

temporal regions and also for brain weight.

RESULTS

The brain samples used in this study were from a total of 29 ND and 54 AD subjects, with

the APOE allele distribution shown in Table 2. Analysis of post-mortem data demonstrated

that brains weights were 14.8% lower in AD versus ND subjects (p<0.001). There was no

difference in brain weights between the APOE genotypes in the ND and AD groups

(p>0.05). In addition, ANOVA analyses indicated there was no difference in the subject age

and post-mortem delay among all groups studied (p>0.05).

BACE1 levels were measured in the frontal and temporal cortices of all AD and ND subjects

from Table 2 using a newly developed immunoassay which, compared to the assays reported

previously (Table 1), detects total BACE1 (i.e. full-length and membrane-truncated

isoforms) after capture with an antibody recognizing a conformational epitope in the vicinity

of the BACE1 catalytic domain [14]. First, we analyzed BACE1 levels in all ND and AD

brain samples independently of APOE status. Data indicated that total BACE1 levels were

12% lower in the AD frontal cortex compared to ND (p=0.003; Figure 1). In the temporal

cortex a 6.5% decrease in BACE1 levels was obtained, though not statistically significant

(p=0.14). These ELISA experiments have been carried out five times in total with duplicate

wells each time to confirm the data.

In order to determine whether the difference in BACE1 levels in the frontal cortex relates to

APOE status, we then broke down the groups into APOE ε3/3, ε3/4, and ε4/4 allele carriers.
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Interestingly, this sub-analysis showed that BACE1 levels were 16.9% higher in APOE ε3/3

than in APOE ε4 carriers in the frontal cortex (Fig. 1). No difference by APOE status was

observed in AD subjects. However, we observed that ND APOE ε4 carriers had similar

BACE1 levels as AD subjects (Fig. 1). In the temporal cortex there was a 4.5% decrease in

BACE1 levels in APOE ε4 carriers which was not statistically significant (p=0.27). No

differences were observed across the APOE genotypes in the AD subjects in both frontal and

temporal tissues.

Next, we conducted BACE1 Western blots to validate the ELISA data. In this aim, we used

a BACE1 C-terminus antibody that recognizes full-length BACE1 and is different from the

antibodies used for the ELISA method. In the ND frontal cortex we observed bands of lower

intensity in APOE ε3/4 and ε4/4 subjects compared to ε3/3 (Fig. 2A). Densitometry analysis

with normalization to actin indicated that BACE1 levels in ND APOE ε3/3 subjects were

15.4% higher than APOE ε4 carriers (p=0.002), confirming the ELISA data. However, no

significant differences were observed in ND temporal tissues, and AD frontal and temporal

tissues across APOE genotypes (p>0.05), as obtained by ELISA.

DISCUSSION

In the present study we investigated post-mortem BACE1 levels in relationship to APOE

genotype in two areas of the neocortex where dense plaques accumulate in large numbers in

AD subjects, i.e. the mid-frontal and mid-temporal cortices. Using two techniques detecting

different pools of BACE1 (i.e. total BACE1 by ELISA, and full-length BACE1 by Western

blot), we found that BACE1 levels in MFC tissues are lower in AD compared to ND.

Further, we found that APOE genotype influences BACE1 levels in ND MFC. No difference

was detected in AD MFC across APOE genotypes. Similarly, APOE genotypes had no

significant effect on BACE1 levels in ND and AD MTC.

The observation that post-mortem BACE1 levels are significantly lower in the frontal lobe

of ND APOE ε4-positive subjects is, to our knowledge, a novel finding. It may provide an

alternative explanation to the low CSF Aβ42 levels found in ND APOE ε4 carriers. Several

reports have indicated that ND and AD APOE ε4-positive subjects display lower CSF Aβ42

levels than APOE ε4-negative subjects [30–32]. The main explanation was that the ApoE4

variant promotes more Aβ deposition than ApoE2 and 3 [33]. However, a recent study

combining brain imaging and CSF biomarkers found a significant correlation between

cortical thickness, ventricular enlargement, CSF Aβ42 levels, and APOE status in ND and

AD subjects [34]. Since BACE1 is principally expressed by neurons in the brain [35], if

APOE ε4 carriers undergo faster neuronal loss that non-carriers this would result in lower

brain BACE1 levels, as we observed here, and lower the production of soluble Aβ42

peptides released into the CSF. Furthermore, a decrease in BACE1 levels might also explain

the fact that neuritic plaques correlate less with the progression of AD than neurofibrillary

tangles. At early stages of the disease, high BACE1 levels would produce large amounts of

Aβ that would rapidly deposit into neuritic plaques. But, when the neuronal loss is

pronounced less Aβ is produced and the number and size of plaques increases less rapidly.

Overall, combined with previous CSF Aβ data, our results indicate a possible APOE allelic

effect on brain BACE1 levels and other AD biomarkers. Therefore, it would be interesting
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to conduct multicenter studies to analyze brain BACE1 levels and β-secretase activity using

standardized methods (detecting total or transmembrane BACE1 isoforms, or both in

parallel), sharing some of the samples for better comparisons, and including APOE genotype

as confounder. Such multicenter studies would increase the power to detect APOE effects on

AD biomarkers compared to individual studies, as well as increase the number of ND

subjects homozygous for ε4 which are rare in individual repositories due the scarcity of such

elderly individuals in the general population.

Our finding that ND subjects had higher BACE1 levels than AD in the frontal lobe is in

contrast to most previous reports which showed an increase in AD in the same brain region

(Table 1). Consequently, we repeated the ELISA experiments five times to confirm the data,

and conducted Western blots in duplicate for further validation. Several technical and

physiological points could be advanced to explain the difference. First, our ELISA method

uses two antibodies directed at the extracellular domain of BACE1 [14] while the majority

of previous studies used techniques detecting transmembrane, full-length BACE1 [9, 13].

Based on the fact that BACE1 can be shed from the plasma membrane [36] and on data

collected from platelets [37], we believe that our method detects more soluble BACE1

isoforms than previous methods, though to date it is not known how much soluble BACE1 is

present in the brain, whether its levels change during normal and pathological aging, and

whether soluble BACE1 is able to cleave transmembrane APP in vivo. To investigate full-

length BACE1 we carried out Western blots using the same antibody as used by others (i.e.

Millipore #MAB5308, [9, 13]). Interestingly, our Western blot data confirmed the ELISA

data, suggesting that most BACE1 isoforms are present at lower levels in the frontal lobe of

the AD subjects in our sample population. Some studies have shown that the increase in

brain BACE1 protein levels in AD was not corroborated by changes in mRNA levels in the

frontal cortex [38], nor by BACE1 protein levels and activity in the CSF [23], both of which

showed no difference between AD and ND. Therefore, it is a challenge to reach a consensus

as whether BACE1 protein levels increase or decrease in the AD brain given the utilization

of different methodologies (summarized in [14]), the existence of several isoforms of the

protein (soluble vs. transmembrane), the brain regions studied, and cohorts with various

post-mortem delays. Standardization of the methods would likely help resolving such issue.

Second, it is possible that our results may be unique to the sample population used for this

study. For example, while most studies showed an increase in the frontal cortex, results

regarding BACE1 levels in the temporal cortex were much less clear (Table 1). Moreover,

several studies have tested large cohorts to obtain significant results in the frontal cortex

because interindividual variations were challenging [9, 11]. To test whether the data

presented here are specific to our sample population we are planning to increase the sample

size and compare our population to samples from other repositories. Nonetheless, our

present data suggest that APOE genotype should be added as confounder in brain BACE1

levels and β-secretase activity analyses. Third, it is well documented that neuronal loss

occurs during AD. For example, a decreased in NSE expression (marker of healthy neurons)

in the frontal cortex was associated with disease severity [38]. Since BACE1 is principally

expressed by neurons [35] one would anticipate BACE1 and Aβ levels to dramatically

decrease when the neuronal loss is pronounced, though some compensatory mechanisms

may develop such as BACE1 expression by glial cells under stress [39], hence maintaining
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Aβ levels, to a certain level during the progression of the disease. To note, we do not

exclude that brain BACE1 levels are higher in AD than in ND subjects at early stages of the

disease, though this hypothesis remains to explore.

Added to previous reports [30–32], our present data provide good evidence that the levels of

several proteins involved in AD neuropathology are changed in APOE ε4-positive subjects.

We anticipate that correlations with additional proteins will be identified in the future.

However, the underlying mechanisms of these associations are still unclear. In addition,

APOE effects may be more complicated than initially thought, as evidenced by the recent

demonstration that APOE expression could be regulated by transcription modulators acting

on upstream genes located on the same chromosomal region as APOE (TOMM40), and that

such regulation might be brain region specific [40, 41]. Given the complex organization of

the BACE1 promoter [42], such complex transcription regulation mechanisms may also

happen for BACE1, though these remain to investigate. Nonetheless, the clinical and

biological data acquired until now [31, 32, 34] suggest that APOE ε4 carriers develop AD

neuropathological features earlier and progress faster than non-carriers, suggesting that the

APOE ε4 allele accelerates neurodegeneration. To verify this hypothesis one could conduct

longitudinal studies combining brain imaging and several biomarkers with baseline data

acquired many years before what is currently done. Such paradigm could also help resolving

the question of why, and maybe how, some APOE ε4 carriers do not develop dementia.

In conclusion, our data suggest that APOE alleles may regionally and differentially regulate

BACE1 levels in the human brain. Further studies will include samples from subjects who

suffered other dementia for specificity controls. Moreover, future multicenter analyzes of

brain BACE1 levels by APOE genotype will answer the question of whether the data we

presented here are unique to the cohort studied or whether they can be generalized to

worldwide populations. Finally, our results provide some new hypotheses to explain the

decrease in CSF Aβ42 levels in APOE ε4 carriers in ND and AD subjects, and for the large

interindividual differences reported earlier for BACE1 levels in AD versus ND brain

samples.
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Fig. 1.
BACE1 ELISA. Brain tissue from mid-frontal and mid-temporal cortices of ND and AD

subjects carrying the APOE ε3/3, ε3/4, ε4/4 alleles were analyzed for total BACE1 levels by

ELISA. BACE1 levels were significantly lower in AD compared to ND in the MFC. In

addition, APOE ε4 carriers showed lower protein levels than ε3/3 subjects in MFC. No

difference was found in ND MTC, and in AD MFC and MTC across the APOE groups.

Boxes show the upper and lower quartiles, the central line is the median, and whiskers

extend to the outliers. * p<0.005; n = number of subjects per group.
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Fig. 2.
BACE1 Western blot. (A) Representative Western blot of BACE1 (top images) and beta-

actin (bottom images) in MFC (left) and MTC (right). APOE ε3/3 carriers showed higher

BACE1 signals than APOE ε4 heterozygotes and homozygotes in ND samples. (B)

Densitometry analysis of BACE1 signals in MFC (left) and MTC (right). BACE1 levels

normalized to actin were significantly lower in APOE ε4 carriers (ε3/4 and ε4/4) than in

non-carriers in ND frontal cortex. No significant difference was noted in the temporal cortex

of ND subject and in AD groups. * p<0.05.
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Table 1

Summary of the main literature on brain BACE1 protein levels in Alzheimer’s disease post-mortem

specimens.

Reference Technique (antibody used, BACE1 epitope)* Brain Region Observations

Holsinger et al., 2002 [8] WB (anti-serum 00/6, C-term) Frontal Cortex AD (n=10) > ND (16)

Fukumoto et al., 2002 [9] WB and ELISA (MAB5308, C-term; PA1-756, N-
term)

Frontal Cortex AD (52) > ND (22)

Temporal Cortex AD (61) > ND (18), but not
significant

Cerebellum AD (57) = ND (26)

Li et al., 2004; Yang et al.,
2003 [10, 11]

WB and ELISA (SECB1, ectodomain; SECB2,
ectodomain)

Frontal Cortex AD (39) > ND (40)

Hippocampus AD (8) > ND (8)

Zhao et al., 2007 [12] WB (BACE1-Cat, ectodomain) Temporal Cortex AD (3) > ND (3)

Ahmed et al., 2010 [13] WB and ELISA (MAB5308, C-term; MBA931,
ectodomain)

Frontal Cortex AD (12) > ND (11)

*
See Gonzales et al., 2011 [14], for antibody details and possible technical limitations; WB: Western blotting.
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