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�-Site amyloid precursor protein cleaving enzyme 1 (BACE1) (�-secretase) initiates generation of �-amyloid (A�), which plays an early
role in Alzheimer’s disease (AD). BACE1 levels are increased in postmortem AD brain, suggesting BACE1 elevation promotes A� pro-
duction and AD. Alternatively, the BACE1 increase may be an epiphenomenon of late-stage AD. To distinguish between these possibili-
ties, we analyzed BACE1 elevation using a highly specific BACE1 antibody, BACE-Cat1, made in BACE1�/� mice, which mount a robust
anti-BACE1 immune response. Previous BACE1 immunohistochemical studies lack consistent results because typical BACE1 antibodies
produce nonspecific background, but BACE-Cat1 immunolabels BACE1 only. BACE1 elevation was recapitulated in two amyloid precur-
sor protein (APP) transgenic mouse lines. 5XFAD mice form amyloid plaques at young ages and exhibit neuron loss. In contrast, Tg2576
form plaques at a more advanced age and do not show cell death. These two mouse lines allow differentiation between early A�-induced
events and late phenomena related to neuron death. BACE1 levels became elevated in parallel with amyloid burden in each APP trans-
genic, starting early in 5XFAD and late in Tg2576. The increase in BACE1 protein occurred without any change in BACE1 mRNA level,
indicating a posttranscriptional mechanism. In APP transgenic and AD brains, high BACE1 levels were observed in an annulus around
A�42-positive plaque cores and colocalized with neuronal proteins. These results demonstrate that amyloid plaques induce BACE1 in
surrounding neurons at early stages of pathology before neuron death occurs. We conclude that BACE1 elevation is most likely triggered
by the amyloid pathway and may drive a positive-feedback loop in AD.
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Introduction
Amyloid plaques, deposits of �-amyloid (A�), are defining le-
sions in Alzheimer’s disease (AD) brain (Selkoe, 2000). The eti-
ology of AD is poorly understood, however accumulation of A�
is likely to play an early role in AD pathogenesis (Naslund et al.,
2000; Hardy and Selkoe, 2002). A� is a proteolytic product of the
amyloid precursor protein (APP) and is generated through se-
quential cleavages by enzymes called �- and �-secretase.
�-Secretase was identified as the transmembrane aspartic pro-

tease �-site APP cleaving enzyme 1 (BACE1) (Hussain et al.,
1999; Sinha et al., 1999; Vassar et al., 1999; Yan et al., 1999; Haniu
et al., 2000). Because BACE1 initiates formation of A�, factors
that elevate BACE1 levels may promote AD.

Recent studies demonstrate that BACE1 levels and activity are
increased in postmortem AD brains (Fukumoto et al., 2002;
Holsinger et al., 2002; Tyler et al., 2002; Yang et al., 2003; Li et al.,
2004; Harada et al., 2006), suggesting a role in AD. However,
numerous proteins become elevated in AD (for review, see Foun-
toulakis and Kossida, 2006) and the AD brain undergoes massive
cell death (for review, see Morrison and Hof, 1997), so it is diffi-
cult to determine from postmortem brain whether any given
change is an epiphenomenon in late-stage AD, or whether it is an
early event directly involved in pathogenesis. To address this
problem, we investigated whether the BACE1 elevation could be
recapitulated in two APP transgenic mouse lines, 5XFAD (Oakley
et al., 2006) and Tg2576 (Hsiao et al., 1996), which develop amy-
loid plaques at young and old ages, and do and do not exhibit
neuron loss, respectively. In contrast to postmortem AD, these
APP transgenic lines permitted us to analyze the effects of amy-
loid pathology on BACE1 elevation in the presence or absence of
cell death.

Our analysis required immunohistochemistry (IHC) and we
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needed a BACE1 antibody that did not cross-react with other
polypeptides. Previous BACE1 immunolocalization studies in
AD lacked consistency, variously reporting BACE1 in neuron cell
bodies (Fukumoto et al., 2002; Sun et al., 2002), neurites (Sheng
et al., 2003), tangle-bearing neurons (Leuba et al., 2005), and
astrocytes around plaques (Rossner et al., 2001; Heneka et al.,
2005). We found that typical BACE1 antibodies produce nonspe-
cific backgrounds in immunohistochemistry and bind to numer-
ous non-BACE1 polypeptides on immunoblots. Therefore, we
generated a highly specific anti-BACE1 monoclonal antibody,
named BACE-Cat1, by immunizing BACE1�/� mice, which are
immunologically naive to BACE1 and develop a robust immune
response against BACE1 immunogen. Immunoblots demon-
strated that BACE-Cat1 was monospecific for BACE1. Further-
more, BACE1 elevation occurred without increased BACE1
mRNA levels, paralleled amyloid load, and rose early in 5XFAD
and late in Tg2576. Importantly, BACE1 elevation appeared in an
annulus around A�42-positive plaques and colocalized with neu-
ronal, but not astrocytic, markers in APP transgenic and AD
brains. These results strongly suggest that BACE1 elevation in AD
(1) is triggered by amyloid pathology, (2) is an early event before
neuron loss, (3) is posttranscriptional, and (4) involves a
positive-feedback loop that drives A� production and promotes
AD.

Materials and Methods
Animals and human brain tissues. The BACE1 knock-out mice (129/Black
Swiss or C57BL/6J background) were generated as described previously
(Luo et al., 2001). The APP/PS1 double transgenic Tg6799 mice
(C57BL/6J and SJL hybrid background) containing five familial AD mu-
tations (henceforth called “5XFAD” mice) were created by coinjecting
APP K670N/M671L plus I716V plus V717I and PS1 M146L plus L286V
transgenes (both driven by the mouse Thy1 promoter) into single-cell
embryos, thus allowing cointegration, so that mice breed as single trans-
genics (Oakley et al., 2006). The C57BL/6J wild-type and Tg2576
(APPsw, K670N/M671L) (Hsiao et al., 1996) mice were purchased from
Taconic (Hudson, NY). All mice were maintained in microisolator cages
in the Barrier Facilities of Northwestern University Center for Compar-
ative Medicine. All animal procedures were in strict accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Northwestern University Animal Care
and Use Committee.

Temporal lobe of postmortem brain cortex tissue (frozen samples and
4% paraformaldehyde-fixed/cryopreserved) from two human AD
(Braak stage VI; 71-year-old male and 89-year-old female) and one non-
demented (ND) (Braak stage IV; 85-year-old female) subjects were pro-
vided by Northwestern University Cognitive Neurology and Alzheimer’s
Disease Center Brain Bank. In addition, tissue from inferior temporal
gyrus (cryopreserved 40 �m sections) from one AD subject and one ND
subject were obtained from Rush Alzheimer’s Disease Center at the Rush
University Medical Center (Chicago, IL).

Production of human BACE1 N terminus protein. DNA encoding the
BACE1 N terminus catalytic domain (amino acids 46 – 460) was ampli-
fied from the human BACE1 cDNA (Vassar et al., 1999) by PfuUltra
High-Fidelity DNA Polymerase-Based PCR (Stratagene, La Jolla, CA)
with the oligonucleotide forward primer 5�-CACCGAGACCG-
ACGAAGAGCC-3� and the reverse primer 5�-CTAATAGGCTATG-
GTCATGAGGGT-3� (Integrated DNA Technologies, Coralville, IA). Af-
ter purification using the QIAquick PCR Purification kit from Qiagen
(Valencia, CA), BACE1 N terminus DNA was subcloned in-frame with
the N-terminal 6xHis tag of pET100 using the pET100/D-TOPO Expres-
sion kit (Invitrogen, Carlsbad, CA) following the manufacturer’s instruc-
tions. The resulting plasmid was verified with DNA sequencing (Se-
qWright DNA Technology Services; Fisher Scientific, Houston, TX)
before purification using the QIAfilter Maxi kit (Qiagen) and transfor-
mation into One Shot TOP10 chemically competent cells. Expression of

the 6xHis-BACE1 N terminus protein was induced in BL21 Star (DE3)
Escherichia coli by 1 M isopropyl �-D-thiogalactoside (Invitrogen), and
then protein purified by Ni-NTA agarose (Qiagen) chromatography fol-
lowing the manufacturer’s instructions. Purified proteins were dialyzed
against a buffer containing 10 mM Tris-HCl with 0.1% SDS, pH 7.0, at
4°C using D-Tube Dialyzer Maxi of MWCO 12–14 kDa (Novagen/EMD
Biosciences, Madison, WI) to remove small protein contaminants, and
then concentrated in Millipore Amicon Ultra-4 centrifugal filter units
(Fisher Scientific) at 3000 rpm for 5 min at 4°C in the Beckman Allegra
25R centrifuge (Beckman Coulter, Fullerton, CA). Concentrated recom-
binant proteins were stored at �80°C until used.

Immunization of BACE1�/� mice and antibody production. The
monoclonal anti-BACE1 antibodies were generated by immunizing
BACE1�/� mice with 6xHis-BACE1 N-terminal protein consisting of
amino acid residues 46 – 460. Procedures for mouse immunization and
antibody production were as described previously (Binder et al., 1985;
Gamblin et al., 2003) with some modifications. Briefly, five BACE1�/�
mice (129/Black Swiss background) received a regimen of six immuni-
zations at 3 week intervals, with each immunization including two sub-
cutaneous injections of 150 �g of recombinant protein in 1:1 mixture
with Freund’s adjuvant (the first injection contained immunogen in
Freund’s complete adjuvant, whereas all subsequent immunizations
used Freund’s incomplete adjuvant). The last immunization included an
additional intraperitoneal injection of 150 �g of immunogen. Anti-
BACE1 antibodies in the serum of each immunized mouse were titered
by ELISA, and 4 d after the last immunization, the spleen from the mouse
with highest BACE1 antibody titer was isolated and splenocytes were
fused with SP2/o myeloma cells to generate hybridomas.

Anti-BACE1-positive hybridoma clones were initially screened by
ELISA based on their ability to bind to recombinant BACE1 N terminus
(46 – 460) protein. Hybridoma culture supernatants from positive clones
were further assessed by immunoblot analysis of wild-type and
BACE1�/� mouse brain homogenates. Clone 3D5, among all tested,
exhibited the highest avidity for BACE1 (see Fig. 2 B) and hence was
subcloned four times and designated BACE-Cat1. The isotype of BACE-
Cat1 was determined to be IgG1 by a Mouse Monoclonal Antibody Iso-
typing kit (Roche, Nutley, NJ). Antibody production was performed by
adapting the hybridoma secreting the BACE-Cat1 antibody to serum-
free medium, before placing it in a miniPERM Bioreactor (Greiner Bio-
One, Monroe, NC) at 37°C with 5% CO2 and 70% relative humidity. The
BACE-Cat1 antibody was then harvested and purified to homogeneity by
affinity chromatography using protein A-Sepharose 4B (Sigma, St. Louis,
MO) before concentration to 1 mg/ml and storage in HEPES buffered
saline containing 50% glycerol. Either affinity-purified BACE-Cat1 anti-
body, or the culture supernatant directly harvested from the stationary-
phase hybridoma, was used in the ELISA, immunoblot, or IHC experi-
ments described below.

ELISA. ELISA screening of anti-BACE1-positive hybridoma clones
was performed as reported previously (Binder et al., 1985). Briefly, puri-
fied BACE1 N terminus (46 – 460) protein was coated on 96-well micro-
titer plates at 100 ng/well. After blocking for 1 h, hybridoma supernatants
were added to the plates and allowed to incubate for 2 h at room temper-
ature (RT). The plates were then washed and incubated in the presence of
horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary
antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) for
1 h at RT. After addition of the substrate tetramethyl benzidine (Sigma),
the reaction was stopped with an equal volume of 0.65 M H2SO4, and the
plates were read immediately on an ELISA reader at 450 nm. Clones with
significantly positive absorbance readings (�2.0) were then chosen for
additional screening by immunoblot analysis.

To verify specificity of the affinity-purified BACE-Cat1 antibody by
ELISA, BACE1 N terminus (46 – 460) protein was coated on a 96-well
plate as above, followed by addition of serial dilutions of BACE-Cat1 or
the commercial BACE1 antibody PA1-757 (Affinity Bioreagents,
Golden, CO) (supplemental Table 1, available at www.jneurosci.org as
supplemental material), which served as the negative control [PA1-757
recognizes BACE1 amino acids 485–501, which are not present in BACE1
N terminus (46 – 460) immunogen]. With the exception that goat anti-
rabbit secondary antibody was used to detect PA1-757, incubation of
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secondary antibodies, substrate reaction, termination, and absorbance
readings were performed as above.

Immunoblotting. Protein concentration of brain tissue homogenates
was measured using a BCA protein assay kit from Pierce (Rockford, IL).
Equal amounts (15 �g of protein) of homogenates from wild-type,
BACE1�/�, and/or normal and AD human brain tissues were heated at
70°C for 10 min in SDS sample loading buffer before being separated on
4 –12% NuPAGE Bis-Tris gels in MOPS [3-(N-morpholino)
propanesulfonic acid] buffer (Invitrogen) and transferred to Millipore
(Bedford, MA) Immobilon-P polyvinylidene difluoride membranes. The
blots were blocked at RT in 5% nonfat dry milk made in Tris-buffered
saline with 0.1% Tween 20 (TBST) (Sigma; T9039; modified form), pH
8.0, and then incubated with various commercial primary antibodies
against human BACE1 (supplemental Table 1, available at www.
jneurosci.org as supplemental material) diluted in 5% nonfat milk in
TBST at the concentrations recommended by the manufacturers. For
initial screening of mouse monoclonal anti-BACE1 antibodies, blots
were incubated in hybridoma culture supernatant from each clone at
1:50 or 1:100 dilution. Immunoblotting of brain homogenates of
Tg6799, Tg2576, AD, and controls was performed using affinity-purified
BACE-Cat1 antibody (1:1000 or 1:2000) at 4°C overnight. Blots were
then washed with TBST and incubated in HRP-conjugated goat anti-
rabbit or goat anti-mouse secondary antibodies (1:10,000; 1 h at RT).
Finally, blots were developed using enhanced chemiluminescence (ECL)
Plus detection reagents (Amersham Biosciences, Piscataway, NJ) and
immunosignals captured digitally using the Kodak (Rochester, NY) Im-
age Station 440C. Some blots were processed in stripping buffer contain-
ing 62.5 mM Tris-HCl, pH 6.7, 2% SDS, and 115 mM �-mercaptoethanol
at 55°C for 30 min, and then reprobed with anti-�-actin antibody
(Sigma), which was used as loading control, followed by incubation in
HRP-conjugated goat anti-mouse (1:10,000) secondary antibody.

RNA isolation and real-time PCR. Hemibrains from 9-month-old
5XFAD mice were homogenized in 2.5 ml of QIAzol Lysis Reagent and
RNA was isolated from 0.5 ml of lysate using the RNeasy Lipid Mini kit
(Qiagen). After RNA concentration determination, 1 �g of total RNA
from each sample was used for first-strand cDNA synthesis using Super-
Script III (Invitrogen). cDNA was amplified by quantitative real-time
PCR with Assays-on-Demand premixed Taqman primer/probe set for
mouse BACE1 mRNA (catalog #Mm00478664_m1; Applied Biosystems,
Foster City, CA) and analyzed using an Applied Biosystems 7900HT
sequence analyzer with the relative quantification method normalized
against 18S rRNA (catalog #4333760F; Applied Biosystems). Samples
were run in triplicate, sample averages were determined, and then means
and SEMs were calculated based on the sample averages. All procedures
were performed according to the recommendations of the manufacturer.

Immunohistochemistry. Wild-type and BACE1�/� mice were deeply
anesthetized with intraperitoneal injection of pentobarbital (100 mg/kg),
and then transcardially perfused with HEPES buffer containing protease
inhibitors [20 �g/ml phenylmethylsulphonyl fluoride, 0.5 �g/ml leupep-
tin, 20 �M sodium orthovanadate, and 100 �M dithiothreitol (DTT)]
before removal of brains and postfixation in either 4% paraformaldehyde
(PFA) in PBS or 10% Neutral Buffered Formalin (VWR Scientific, West
Chester, PA). Brains from 5XFAD and Tg2576 mice together with their
wild-type controls were drop-fixed in 4% PFA for 24 h without perfu-
sion. All mouse brain tissues were then cryopreserved in 20% (w/v)
sucrose for �24 h and 30 �m frozen coronal sections were cut on a
sliding microtome and collected in 0.1 M PBS with 0.01% sodium azide
and processed for IHC analyses as described below.

Evaluation of commercial BACE1 antibody immunostaining of
BACE1�/� and �/� brain sections by IHC was conducted using a series
of dilutions for each primary antibody (supplemental Table 1, available
at www.jneurosci.org as supplemental material), following standard pro-
tocols. Omission of primary antibody during the staining procedure was
also performed as a control. Antigen retrieval as described previously
(Jiao et al., 1999) was performed for immunostaining with BACE-Cat1
antibody. Briefly, free-floating sections were incubated in TBS contain-
ing 0.1% SDS and 5 mM DTT for 30 min before heating in 0.1 M sodium
citrate, pH 9.0, at 80°C in a water bath for 3 h. The sections were further
permeabilized with 0.25% Triton X-100 in TBS. Sections were blocked in

5% horse serum, and then incubated in 1% nonfat dry milk in Triton
X-100/TBS before being placed overnight in the BACE-Cat1 primary
antibody diluted at 1:100 (hybridoma culture supernatant) or 1:2500
(affinity-purified antibody) in Triton X-100/TBS containing 1% nonfat
milk at 4°C. Sections were incubated in biotinylated goat anti-mouse
secondary antibody (Jackson ImmunoResearch Laboratories) at 1:2000
for 2 h followed by incubation in the avidin– biotin complex (Vectastain
ABC kit; Vector Laboratories, Burlingame, CA) for 1 h, and finally de-
veloped in the chromogen diaminobenzidine containing H2O2. Adjacent
brain sections from 5XFAD, Tg2576, and AD were probed with the
mouse monoclonal anti-human A� antibody 4G8 (1:5000; Chemicon
International, Temecula, CA) for the detection of amyloid plaques. Sec-
tions were counterstained with hematoxylin and micrographed with a
Nikon (Tokyo, Japan) Eclipse E800 microscope and Spot advanced dig-
ital camera (Diagnostic Instruments, Sterling Heights, MI).

Double-label immunofluorescence and confocal microscopy. 5XFAD and
AD brain sections were prepared as described above. After antigen re-
trieval, floating sections were blocked and incubated overnight at 4°C
with shaking with the BACE-Cat1 antibody (1:250 for 5XFAD; 1:100 for
AD) together with each of the other primary antibodies listed in supple-
mental Table 2 (available at www.jneurosci.org as supplemental mate-
rial). After washes, sections were then incubated in the appropriate sec-
ondary antibodies conjugated with Alexa Fluor 488 or 594 corresponding
to the respective primary antibody (also listed in supplemental Table 2,
available at www.jneurosci.org as supplemental material). Sections were
imaged with a Zeiss (Oberkochen, Germany) LSM 510 META confocal
laser-scanning microscope with a 40�, 1.4 numerical aperture oil im-
mersion objective.

Statistical analysis. Densitometric analyses of BACE1 immunoblots
were performed using Kodak 1D 3.6 image analysis software. Statistical
differences for 5XFAD, Tg2576, and AD versus their respective controls
were determined using two-tailed t test. Data are presented as the
mean � SEM, and p � 0.05 was considered significant.

Results
BACE1 levels are elevated in APP transgenic mouse and
human AD brains
To investigate the BACE1 elevation in AD, we required a mono-
specific anti-BACE1 antibody appropriate for immunohisto-
chemistry. However, all commercial antibodies that we tested
labeled non-BACE1 bands in immunoblot analysis and produced
nonspecific backgrounds on immunostained BACE1�/� brain
sections (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). The failure of these antibodies to bind
only BACE1 suggested that the enzyme was not particularly im-
munogenic. To generate monospecific monoclonal antibodies
against BACE1, the catalytic domain of human BACE1 (residues
46 – 460) (Fig. 1A) was used to immunize BACE1�/� mice,
which are immunologically naive with regard to BACE1 and
therefore mount a robust immune response against BACE1 anti-
gen. Immunoblot screening of hybridoma culture media identi-
fied two clones (3D5 and 2D5) that produce antibodies labeling a
strong �70 kDa BACE1 band in homogenates of wild-type
mouse and human AD brain and in extracts of BACE1-
overexpressing cells (Fig. 1B). Clone 3D5 was monospecific for
BACE1, so it was chosen for antibody production and renamed
BACE-Cat1. To characterize the binding properties of BACE-
Cat1, we measured its affinity for BACE1(46 – 460) immunogen
by ELISA (Fig. 1C). The dilution curve of BACE-Cat1 revealed
that �50% of immunogen was bound by it at an antibody dilu-
tion of �4 � 10 4 (�25 ng/ml), demonstrating high affinity for
BACE1.

To determine whether the BACE-Cat1 antibody accurately
labeled BACE1 by immunohistochemistry, we stained wild-type
and BACE1�/� mouse brain sections. The strongest BACE-Cat1
signal was observed in the terminal fields of the hippocampus
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mossy fiber output pathway (Fig. 1D,
hatched arrow in WT), the endopiriform
nucleus/claustrum (Fig. 1D, open arrow
in WT), and globus pallidus/amygdala
(Fig. 1D, closed arrow in WT). In support
of these results, BACE1 was previously
shown to localize to mossy fiber terminals
(Laird et al., 2005). No brain regions were
stained in BACE1�/� sections incubated
under identical conditions with BACE-
Cat1 (Fig. 1D, KO). We also observed a
less intense BACE-Cat1 signal throughout
gray and white matter in wild-type brain
that was absent in BACE1�/� brain.
These results demonstrate that antibody
BACE-Cat1 recognizes no other protein
than BACE1 in the brain and therefore
faithfully identifies BACE1.

Next, we wanted to determine whether
we could repeat the work of others dem-
onstrating that BACE1 levels were ele-
vated in AD brain. To accomplish this, we
obtained postmortem brain tissue (tem-
poral lobe cortex) from three AD and
three ND individuals and performed im-
munoblot analysis of brain homogenates
using antibody BACE-Cat1. As with initial
BACE-Cat1 immunoblots of brain ho-
mogenates, a single �70 kDa BACE1 band
was observed (Fig. 2A). Quantification of
the band intensities indicated that BACE1
levels in AD brain were elevated to 163.8%
(�14.7%) of those found in ND brain
(n 	 3 per group; t test, p � 0.05) (data not
shown), similar in magnitude to the
BACE1 increase reported by other groups
(Fukumoto et al., 2002; Holsinger et al.,
2002; Tyler et al., 2002; Li et al., 2004).
These results confirmed that BACE1 is el-
evated in AD brain and demonstrated that
BACE-Cat1 is ideal for specific, unambig-
uous detection and measurement of
BACE1.

Changes in numerous proteins have
been reported in postmortem AD brain
(for review, see Fountoulakis and Kossida,
2006), and it has been challenging to de-
termine whether a particular protein alter-
ation plays an active role in the disease
process, or whether it is a passive by-
stander caused by end-stage neuronal de-
generation and death. One way to address
this question is to use an AD animal model
that recapitulates critical aspects of disease
over time. Therefore, we chose to analyze
two APP-overexpressing transgenic (Tg)
mice that develop AD-like amyloid plaque
pathology with age: (1) the well character-
ized Tg2576 mouse (Hsiao et al., 1996)
that expresses APP with the Swedish mutation (Mullan et al.,
1992), and (2) a Tg mouse that we recently developed called
“5XFAD” (Oakley et al., 2006) that expresses five familial AD
mutations [APP K670N/M671L (Swedish) plus I716V (Florida)

plus V717I (London) and PS1 M146L plus L286V)]. Tg2576 de-
velops plaques starting at �9 months of age. In contrast, the
additive effect of five familial AD mutations in 5XFAD mice ele-
vates A�42 production and initiates plaque formation at �2

Figure 1. Characterization of anti-BACE1 monoclonal antibodies generated in BACE1�/� mice. A, Schematic diagram of
BACE1. BACE1 is a type I transmembrane glycoprotein with a signal sequence (SP) (residues 1–21) and a short prodomain (PD)
(residues 22– 45) that are cleaved during maturation, a long catalytic domain (residues 46 – 460), a single transmembrane
domain (TM), and a short cytoplasmic tail (CD) (residues 478 –501). The entire N-terminal catalytic domain (46 – 460) was
expressed in E. coli and used as the antigen to immunize BACE1�/� mice and generate anti-BACE1 monoclonal antibodies. B,
Screening and analysis of initial anti-BACE1 monoclonal antibodies in hybridoma culture supernatants by immunoblotting. Re-
sults for four representative hybridoma clones are shown. Protein extracts (15 �g/lane) of brain tissues from C57BL/6J wild-type
(WT) mouse, BACE1�/� (KO) mouse, and non-demented aged human (Human) were immunoblotted and incubated with
hybridoma culture media from clones 3D5, 2D5, 5C4, and 2D2. Compared with the others, supernatant staining by clone 3D5,
subsequently named BACE-Cat1, displays the strongest BACE1 signal (arrow at left), has no nonspecific background bands in the
BACE1 WT lane, and has no signal in the KO lane. Hybridoma supernatant dilutions are indicated in parentheses at the bottom of
each blot. C, ELISA characterization of the BACE-Cat1 antibody. A dilution series of either affinity-purified BACE-Cat1 (1 mg/ml) or
PA1-757 (1 mg/ml; ABR) antibodies were added to wells of a 96-well plate that were precoated with recombinant BACE1 catalytic
domain (residues 46 – 460). Wells were then incubated with either HRP-conjugated goat anti-mouse or anti-rabbit secondary
antibodies, developed, and optical densities (O. D.) read at 450 nm. Note the dose-dependent reduction in binding of BACE-Cat1
to BACE1 with increasing antibody dilutions, whereas PA1-757 (which recognizes the BACE1 C terminus) shows no detectable
reading at any dilution and served as a negative control in the ELISA. D, The BACE-Cat1 antibody identifies authentic BACE1
immunoreactivity in mouse brain by immunohistochemistry. Coronal sections of C57BL/6J wild-type (WT) and BACE1�/� (KO;
C57BL/6J background) brains were immunostained under identical conditions with BACE-Cat1 hybridoma culture supernatant
and counterstained with hematoxylin after antigen retrieval (see Materials and Methods). In the WT brain section, diffuse BACE1
immunoreactivity is present throughout the entire section, but is higher in certain brain regions such as the mossy fiber pathway
of the hippocampus (hatched arrow), the endopiriform nucleus/claustrum (open arrow), and globus pallidus/amygdala (closed
arrow). In contrast, BACE-Cat1 signal does not appear in the KO brain section. Scale bar, 400 �m.
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months. Importantly, large pyramidal neurons in cortical layer 5
and the subiculum are lost in 5XFAD, whereas cell death is min-
imal in Tg2576. Therefore, analysis of these two APP Tg lines
allowed us to compare the effects of amyloid pathology on
BACE1 levels in both the presence and absence of neuron loss.

Immunoblot analysis with BACE-Cat1 on whole brain ho-
mogenates from 5XFAD and nontransgenic (non-Tg) mice of
ages ranging from 2 to 12 months showed a gradual increase in
cerebral BACE1 levels (Fig. 2B) that paralleled the age-dependent
rise of A�42 level and amyloid plaque load in this Tg line (Oakley
et al., 2006). Quantification of BACE1 band intensities demon-
strated that BACE1 levels in 5XFAD brain were increased up to
�190% of those found in non-Tg brain by 9 months of age, and
then leveled off (Fig. 2C) (n 	 3–5 per genotype and age; t test,
p � 0.001). BACE1 elevation was also observed in brains of 4- to
6-month-old 5XFAD mice by immunoblot using a different anti-
BACE1 antibody directed against the C terminus of BACE1
(Ohno et al., 2006). Interestingly, TaqMan real-time PCR analy-
sis revealed that BACE1 mRNA levels in 5XFAD brains (108.3 �
6.6%) (data not shown) were not increased relative to age-mated
non-Tg (100 � 6.4%), indicating that the BACE1 elevation was
not the result of increased BACE1 gene transcription or mRNA sta-
bility. Tg2576 also exhibited a small (�15%) but significant increase
in BACE1 level at 12 and 18 months of age (data not shown), reflect-
ing the lower amyloid load and slower plaque onset in Tg2576. The
BACE1 elevation occurred either in the absence of (i.e., Tg2576) or
before (i.e., 5XFAD) major cell loss, indicating that the BACE1 in-
crease was not the end product of late-stage degeneration and neu-
ron death. Together, these data demonstrate that elevated BACE1
levels (1) are found in both AD and APP transgenic brain, (2) follow
amyloid burden but not neuron loss, and (3) are likely the result of a
posttranscriptional mechanism.

BACE1 levels are elevated around amyloid plaques in APP
transgenic and AD brain
The increase of BACE1 level with amyloid load in two APP Tg
mouse models demonstrated that the BACE1 elevation was trig-

gered by A� or amyloid plaques. To initially investigate the rela-
tionship of the BACE1 increase to plaques, we stained alternate
brain sections from APP Tg (5XFAD, 9 months; Tg2576, 18
months) and non-Tg mice with BACE-Cat1. Interestingly, in ad-
dition to the normal BACE1 staining pattern found in the mossy
fiber pathway of the hippocampus (Fig. 3A, Non-Tg), we ob-
served aberrant BACE1 localization having a plaque-like distri-
bution in the brains of 5XFAD (Fig. 3, compare B, D) and Tg2576
(Fig. 3, compare C, E) mice. BACE1-positive accumulations were
present in cortex, hippocampus (Fig. 3), and other brain regions
with amyloid plaques in 5XFAD and Tg2576 mice, but were com-
pletely absent in Non-Tg brain (Fig. 3A,F). Of the commercial
anti-BACE1 antibodies tested, only one (B0681; Sigma) labeled
ring-like BACE1 accumulations similar to BACE-Cat1 in 5XFAD
mouse brain, although it had a much higher background than
BACE-Cat1 (supplemental Fig. 2, available at www.jneurosci.org
as supplemental material). Adjacent APP Tg brain sections
stained with the anti-total A� antibody 4G8 displayed patterns of
amyloid plaques that appeared similar to those identified by
BACE-Cat1 staining. Because 5XFAD mice generate higher levels
of A�42 and have greater amyloid burdens than Tg2576 mice
(Oakley et al., 2006), 4G8 detected numerous amyloid plaques in
5XFAD (Fig. 3D) but few by comparison in Tg2576 (Fig. 3E). The
numbers of BACE-Cat1-positive accumulations and 4G8-
positive plaques were proportional within each APP Tg line.
When comparing the morphologies of BACE-Cat1- and 4G8-
positive deposits at higher magnification, we observed that
BACE1 immunoreactivity frequently formed ring-like structures
with clear cores (Fig. 3G,H), whereas the A�-positive plaques
typically had solid cores (Fig. 3 I, J).

To determine the pattern of BACE1 localization in human AD
brain, we performed BACE-Cat1 and 4G8 immunohistochemis-
try on sections of temporal lobe cortex from the three AD patients
and ND control analyzed previously by immunoblot. Similar to
the labeling in APP Tg brain sections, the BACE-Cat1 antibody
stained BACE1-positive concentrations in AD brain that typically
had ring-like profiles with clear cores (Fig. 4B–D,I–K). BACE1

Figure 2. Immunoblotting with BACE-Cat1 reveals elevated BACE1 levels in human AD and APP transgenic mouse brains. A, Human autopsy brain tissues (temporal lobe cortex) of clinically
diagnosed AD (n 	 3) and non-demented controls (ND) (n 	 3) were homogenized and analyzed by BACE-Cat1 immunoblot. Lanes with BACE1�/� (KO) brain homogenate and lysate from
BACE1-overexpressing HEK293 cells (�) were included as negative and positive controls, respectively. Molecular mass markers are on the left. Immunoblot analysis for �-actin served as a loading
control. B, Brain homogenates from representative 2- to 12-month-old 5XFAD (n 	 3–5 per age) and age-matched normal control (Non-Tg) (n 	 3–5 per age) mice were subjected to immunoblot
analysis using BACE-Cat1 antibody. The BACE1 band migrates at �70 kDa, and the occasional band at �60 kDa represents endogenous mouse IgG (ms IgG) (detected by goat anti-mouse IgG
secondary antibody) present in blood of brains from mice that were not transcardially perfused with buffer. Note that the lane with the homogenate from perfused KO brain does not have the
background band. The intensities of the BACE1 bands in 5XFAD lanes are significantly greater than those of age-matched Non-Tg BACE1 bands. C, Quantification of 5XFAD and Non-Tg BACE1 signals
detected by BACE-Cat1 immunoblot analysis is represented as percentage of 2 month Non-Tg control (100%). Note that BACE1 levels in 5XFAD brains reach �190% of control at 9 months and level
off and that Non-Tg BACE1 levels appear to decrease slightly with age. Error bars indicate SEM. ***p � 0.001.
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accumulations were not apparent in ND
brain (Fig. 4A,H). We observed that the
number of BACE-Cat1-positive deposits
was typically less than that of 4G8-positive
plaques in AD brain (Fig. 4E–G). The rea-
son for the smaller number of BACE1 ac-
cumulations relative to plaques is not
completely clear, although we speculate
that the BACE1 elevation occurs in only a
subpopulation of plaques.

The plaque-like characteristics of the
BACE1 accumulations suggested that they
might be physically associated with amy-
loid deposits. To investigate this, we per-
formed double immunofluorescence
staining and confocal microscopy on APP
Tg and AD brain sections incubated with
BACE-Cat1 in combination with anti-A�
antibodies. First, we did double staining of
5XFAD (9 month) and AD (AD1) brain
sections with BACE-Cat1 plus anti-A�42
C-terminal-specific antibody. Interest-
ingly, we typically observed a ring of
BACE1 immunoreactivity surrounding an
A�42-positive core in both human AD
and 5XFAD brains (Fig. 5A). BACE1 im-
munostaining around deposits had simi-
lar morphologies in both human and
mouse, although the BACE1 labeling in
5XFAD was usually stronger and had a
more globular appearance than in AD.
The majority of A�42-positive plaques in 5XFAD also stained for
BACE1, but a lower proportion of A�42 plaques displayed
BACE1 immunoreactivity in AD.

Next, we double labeled AD brain sections with BACE-Cat1
and anti-A�40 C-terminal-specific antibody (Fig. 5B). In this
case, BACE1 and A�40 immunoreactivities mostly overlapped,
with both signals often assuming ring-like profiles, implying that
an A�42 core was surrounded by a halo of BACE1 and A�40.
Together, our results with double immunofluorescence labeling
for BACE1 and either A�42 or A�40 demonstrate that the BACE1
elevation in APP Tg and AD brain is physically associated with
amyloid plaques.

The BACE1 elevation occurs predominantly within neurons
surrounding plaques
We were interested in determining the cell type in which BACE1
becomes elevated in the brain, so we incubated 5XFAD and AD
brain sections with BACE-Cat1 plus antibodies against neuronal
and glial markers and performed double immunofluorescence
microscopy. Labeling of AD brain sections with BACE-Cat1 and
an antibody that recognizes the C terminus of APP (amino acids
676 – 695) (Cole et al., 2005) revealed robust colocalization of
BACE1 and APP (Fig. 5C, top row). Thus, accumulation of both
APP substrate and BACE1 enzyme occurred in plaques, a condi-
tion that could contribute to amyloid deposition. Double immu-
nostaining of AD brain sections for BACE1 and tau (which com-
prises neurofibrillary tangles) showed tau-positive filamentous
structures (presumably neurites or neuropil threads) encircling
BACE1-positive deposits in AD brain (Fig. 5C, bottom row).
Although some tau immunoreactivity penetrated into BACE-
Cat1-labeled deposits and colocalized with BACE1, the amount
of overlap was relatively low.

Although APP and tau are highly expressed in neurons, they
are found in other cell types as well. Therefore, we performed
double immunofluorescence labeling of 5XFAD and AD brain
sections with BACE-Cat1 plus the neuron markers neuron-
specific enolase (NSE), synaptophysin, microtubule-associated
protein 2 (MAP2), or �-III tubulin. BACE1-positive deposits
mostly costained for NSE (Fig. 6A) and the presynaptic marker
synaptophysin (Fig. 6B) in 5XFAD brain, although colocaliza-
tion appeared less in AD because of partial loss of NSE and syn-
aptophysin immunoreactivity in AD plaques. MAP2, a somato-
dendritic marker, did not exhibit significant colocalization with
BACE1 around 5XFAD plaques (Fig. 6C). BACE1 colocalized
with �-III tubulin to a small extent in 5XFAD and even less in AD
(Fig. 6D), but this was mainly the result of diminished �-III
tubulin staining in the plaque. Finally, very little BACE1 colocal-
ization was observed with glial fibrillary acidic protein (GFAP),
an astrocyte marker, in either 5XFAD or AD brain (Fig. 6E),
indicating that astrocytes are not the major source of the BACE1
elevation in AD or APP Tg brain. Together, our double immu-
nofluorescence staining results indicate that neurons are the pri-
mary cell type that harbors the BACE1 increase in both AD and
APP Tg brain, and that the BACE1 elevation appears predomi-
nantly in presynaptic structures.

Discussion
BACE1 localization in brain
Several groups have reported that BACE1 levels and activity are
increased in AD brain (Fukumoto et al., 2002; Holsinger et al.,
2002; Tyler et al., 2002; Yang et al., 2003; Li et al., 2004; Harada et
al., 2006). The cause of this increase and whether it plays a role in
disease has been difficult to determine because postmortem brain
tissue does not allow investigation of the evolution of pathology.

Figure 3. BACE-Cat1 reveals plaque-like staining in APP transgenic brains by immunohistochemistry. A–J, Coronal brain
sections from 5XFAD and Tg2576 mice were immunostained with BACE-Cat1 antibody (A–C, F–H ) or anti-total A�-amyloid
antibody 4G8 (D, E, I, J ) and counterstained with hematoxylin. Only images of the hippocampus are shown. A, F, Nontransgenic
(Non-Tg) brain section from 9-month-old mouse stained with BACE-Cat1 shows the normal BACE1 immunoreactivity pattern with
strongest labeling in the hippocampal mossy fiber pathway. B, G, 5XFAD brain section from 9-month-old mouse stained with
BACE-Cat1 displays plaque-like BACE1 immunoreactivity. Note that BACE1-positive deposits typically have unstained cores. D, I,
Adjacent 5XFAD brain section stained with 4G8 antibody reveals amyloid plaques that have a similar spatial distribution as
BACE-Cat1-positive deposits. C, H, Tg2576 brain section from 18-month-old mouse stained with BACE-Cat1 also shows a plaque-
like pattern of BACE1-positive deposits, although the number of deposits is less than in 5XFAD mice. E, J, Adjacent Tg2576 brain
section immunostained with 4G8 antibody shows a similar distribution of amyloid plaques as that of BACE1-positive deposits. F–J,
Higher magnification images of boxed areas in A–E. BACE1 immunoreactivity typically forms a ring-like structure with a clear
center in both 5XFAD and Tg2576 transgenic mice (G, H ), whereas amyloid plaques have a more uniformly stained core (I, J ). Scale
bars: A–E, 200 �m; F–J, 20 �m.
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Fortunately, transgenic mouse models are available that recapit-
ulate aspects of AD pathology, thus allowing analysis of disease
initiation and progression. In this study, we show with a new
highly specific anti-BACE1 monoclonal antibody, BACE-Cat1,
that BACE1 levels become elevated in the brains of two APP
transgenic mouse lines, 5XFAD and Tg2576, and human AD.
Overall, the biochemical and histological characteristics of the
BACE1 elevation in the two APP transgenics matched well with
those in AD. To our knowledge, this is the first demonstration
that BACE1 levels begin to increase early and in parallel with
amyloid pathology in AD mouse models. Importantly, the
BACE1 elevation was directly proportional to the amyloid bur-
den of a given APP transgenic line. Because the BACE1 increase
occurred either in the absence of (Tg2576) or before (5XFAD)
major neuron loss in APP transgenics, the rise in BACE1 levels
appeared to be the result of amyloid pathology rather than of cell
death. Immunostaining revealed that BACE1 accumulated in
ring-like deposits that mirrored the distribution of amyloid
plaques. BACE1 was concentrated in neurons, rather than astro-
cytes, surrounding A�42-containing plaque cores in both APP
transgenic and AD brains. The BACE1-positive deposits colocal-
ized mainly with synaptophysin, but not MAP2 (a somatoden-
dritic marker), suggesting presynaptic BACE1 localization, al-
though a more definitive EM immunolocalization study is
required to demonstrate this conclusively. In addition, BACE1
elevation occurred in AD deposits containing APP and tau. Our
results are supported by those of Sheng et al. (2003), showing

BACE1 immunoreactivity around A� de-
posits in APP/PS1 transgenic mice. To-
gether, our data suggest that the BACE1
elevation occurs in presynaptic neuronal
structures around neuritic plaques and
that A�42 may cause the increase.

Mouse and human BACE1 are highly
homologous (Luo et al., 2001), and there-
fore it was not surprising that BACE-Cat1
recognized a single �70 kDa band repre-
senting the mature BACE1 protein (Vas-
sar et al., 1999; Haniu et al., 2000) in both
mouse and human brain homogenates.
Immunohistochemistry using BACE-
Cat1 on mouse brain sections revealed ro-
bust anti-BACE1 staining in terminal
fields and lighter labeling in neuronal cell
bodies throughout the brain. Importantly,
BACE1�/� brain sections were negative
after BACE-Cat1 staining. The mossy fiber
staining pattern for BACE1 was similar to
that reported by Laird et al. (2005), who
used a rabbit antibody against amino acids
46 –163 of BACE1 (Cai et al., 2001). Other
groups have also reported cerebral BACE1
immunolocalization in normal and AD
humans, as well as in wild-type and APP
transgenic mice (Hussain et al., 1999;
Rossner et al., 2001; Fukumoto et al., 2002;
Sun et al., 2002; Hartlage-Rubsamen
et al., 2003; Heneka et al., 2005; Leuba et
al., 2005; Singer et al., 2005; Harada et al.,
2006). However, a consensus BACE1 im-
munostaining pattern has not emerged.
The reports have variously noted BACE1
immunostaining in neuron cell bodies,

neurites, tangle-bearing neurons, and astrocytes around amyloid
plaques. Some results are consistent, but most are not. We at-
tribute these disparate findings to nonspecific labeling of the dif-
ferent BACE1 antibodies used in these studies. Because immuno-
staining of BACE1�/� brain sections has not been routinely
used as a negative control, validation of BACE1 labeling patterns
has been lacking. Our current study was rigorously controlled,
using BACE1�/� brain sections and homogenates and BACE1–
293 cell lysates for negative and positive controls, respectively.
Moreover, BACE-Cat1 labeled only a single �70 kDa band of the
correct size for mature BACE1 in human or mouse brain and no
bands were detected in BACE1�/� brain. Therefore, we con-
clude that the BACE-Cat1 immunostaining pattern reflects gen-
uine BACE1 localization in the brain.

In wild-type brain, BACE1 immunolocalization was highest
within terminal fields, including those of the hippocampal mossy
fiber pathway (giant boutons), the endopiriform nucleus/claus-
trum, and the globus pallidus/amygdala. We recently confirmed
presynaptic BACE1 localization within the giant boutons of the
mossy fiber pathway (J. Zhao and R. Vassar, unpublished obser-
vations). Our work, and that of others (Lazarov et al., 2002; Sheng
et al., 2003), supports the notion that the terminal is a major site
of amyloidogenic APP processing. A� may act as a negative reg-
ulator of excitatory transmission at the synapse (Kamenetz et al.,
2003), adding functional significance to the localization of
BACE1 in terminals. Other BACE1 substrates have been re-
ported, such as APLPs (APP-like proteins) (Li and Sudhof, 2004),

Figure 4. BACE-Cat1 reveals plaque-like staining in human AD brains by immunohistochemistry. A–N, Brain sections (inferior
temporal gyrus or temporal lobe cortex) from normal (ND) and AD age-matched humans were immunostained with BACE-Cat1
(A–D, H–K ) or anti-total A� antibody 4G8 (E–G, L–N ) and counterstained with hematoxylin. A, H, Diffuse low-level BACE1
immunoreactivity with BACE-Cat1 is observed in ND cortex, but no deposits are apparent. B–D, Brain sections from three AD
subjects all exhibit plaque-like BACE1-immunopositive deposits with BACE-Cat1, although numbers of BACE1 deposits in different
patients vary considerably. I–K, As in APP transgenic brains, BACE1 immunoreactivity in AD brains is typically ring-like in appear-
ance surrounding a relatively unstained core. E–G, AD brain sections stained with anti-total A� antibody 4G8 show numerous
amyloid plaques in all three specimens. L–N, In contrast to BACE1-positive ring-like deposits, most amyloid plaques in AD brain
exhibit stained cores with 4G8. Note that the number of BACE1-positive deposits is considerably less than that of amyloid plaques
in the section of the same brain region and that many 4G8-positve deposits appear to be diffuse plaques. Higher-magnification
images of boxed areas in A–G are shown in H–N. Scale bars: A–G, 60 �m; H–N, 20 �m.
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Na� channel �-subunit (Wong et al., 2005), LDL (low-density
lipoprotein)-receptor related protein (von Arnim et al., 2005),
sialyltransferase (Kitazume et al., 2001), and P-selectin glycopro-
tein ligand-1 (Lichtenthaler et al., 2003), and some may have

terminal localization, suggesting that BACE1 cleavage of certain
substrates may be required for normal synaptic function.

Role of BACE1 elevation in AD
By the time of death, the AD brain has been devastated by neu-
rodegeneration and cell loss. Postmortem AD brain is severely
reduced in mass, and the number of neurons in the hippocampus
and neocortex is decreased by �30 – 60% (for review, see Morri-
son and Hof, 1997). Many biochemical parameters deviate from
normal in AD, and a large number of proteins undergo a plethora
of changes, including increased or decreased expression, frag-
mentation, accumulation, phosphorylation, oxidation, etc. Re-
cent proteomic analyses estimate that �100 different proteins
have deranged levels or abnormal modifications in AD (for re-
view, see Fountoulakis and Kossida, 2006). Some of these protein
alterations may play a role in AD pathogenesis; however, it is
exceedingly difficult to determine whether a particular change
actively participates in pathophysiology, or whether it is a passive
end product of advanced cellular degeneration and death. Our
observation that BACE1 levels become elevated around amyloid
plaques in two APP transgenic mouse lines, one with neuron
death and one without, demonstrates that the BACE1 increase is
a pre-cell loss event that is triggered by plaque pathology. Al-
though the two mouse models express transgenes with different
FAD mutations, promoters, and integration sites, they share the
common phenotypes of A� overproduction and plaque forma-
tion, indicating that these properties must be responsible for the
BACE1 elevation. Therefore, it is likely that the BACE1 elevation
in human postmortem AD brain is not just one of numerous
degenerative changes in terminal brains but may be actively in-
volved in disease progression.

Our data suggest that a positive feedback loop starts in AD in
which A�42 deposition causes BACE1 (and possibly APP) levels
to rise in nearby neurons. Increased A� production may then
ensue, initiating a vicious cycle of additional amyloid deposition
followed by higher BACE1 levels. Although the total BACE1 in-
crease in AD is relatively small (�1.6-fold), BACE1 concentra-
tions in neurons near plaques appear high and may stimulate
local A� production. In support of this hypothesis, modestly el-
evated BACE1 levels cause increased A� production in vivo in
BACE1 transgenic mice (Bodendorf et al., 2002; Chiocco et al.,
2004; Mohajeri et al., 2004; Willem et al., 2004; Chiocco and
Lamb, 2005; Lee et al., 2005; Ozmen et al., 2005) and in APP
transgenic mice treated with energy inhibitors (Velliquette et al.,
2005). Because perforant pathway axons are a major source of A�
for plaque formation in the outer molecular layer of the hip-
pocampus (Lazarov et al., 2002; Sheng et al., 2002), we speculate
that BACE1 and APP accumulation in dystrophic neurites
around plaques could drive local A� overproduction. However,
we emphasize it is currently unclear whether the BACE1 elevation
in AD leads to increased A� generation and disease progression.
An AD feedback loop has long been surmised, and the BACE1
elevation in neurons around plaques suggests a plausible mecha-
nism for it.

The molecular mechanism of BACE1 elevation around
plaques is unknown. BACE1 mRNA levels are unchanged in
5XFAD brain, even in mice with extensive amyloid and an ap-
proximately twofold rise in BACE1 protein. These results suggest
translational or protein stability mechanisms and are supported
by recent studies showing control of BACE1 levels through post-
transcriptional processes such as translational efficiency (Lam-
mich et al., 2004), lysosomal targeting (Koh et al., 2005), and
proteosomal degradation (Qing et al., 2004). Because plaques

Figure 5. Immunofluorescence double labeling of BACE1 together with A�, APP, or tau in
5XFAD and AD brains. Brain sections from 5XFAD or AD brains were costained with BACE-Cat1
and either antibodies against A�42 (A), A�40 (B), APP (C, top), or tau (C, bottom). A, 5XFAD
(top) and AD (bottom) brain sections were double stained with BACE-Cat1 (red) and anti-A�42
C-terminal specific antibody (green). Note that BACE1 immunoreactivity surrounds the A�42
core of the plaques in both APP Tg and AD brains. B, AD brain section was double stained with
BACE-Cat1 (red) and anti-A�40 C-terminal-specific antibody (green). Two representative amy-
loid plaques are shown. Note the high degree of colocalization between BACE1 and A�40
immunoreactivities. C, Top, AD brain section was double stained with BACE-Cat1 (red) and
anti-APP C-terminal antibody (green). There is extensive colocalization of BACE1 and APP im-
munoreactivities within the deposit. C, Bottom, AD brain section was double stained with BACE-Cat1
(red) and anti-tau R1 antibody (green). Filamentous tau-positive structures tend to be concentrated
around and partially overlap with the BACE1 deposit. Scale bar: A, Top left, 20 �m.
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show BACE1 elevation around an A�42 core, it is likely that A�42
triggers the BACE1 increase. A�42 is highly toxic to neurons, and
we favor the notion that A�42 neurotoxicity directly induces the
BACE1 elevation. However, indirect effects of A� are also possi-
ble, such as the involvement of inflammatory cells recruited to
the plaque. Alternatively, reduced BACE1 degradation as a result
of disrupted trafficking in dystrophic neurites could underlie
BACE1 accumulation around plaques.

Interestingly, nearly all deposits were BACE1 positive in
5XFAD brains, whereas only a subset of plaques exhibited BACE1
immunoreactivity in AD brains. As mentioned above, we specu-
late that BACE1-positive deposits represent neuritic plaques, al-
though unequivocal demonstration of this requires additional
investigation. Conversely, diffuse plaques lacking a compact
A�42 core may not trigger BACE1 elevation. The number of
BACE1-positive plaques appears to be proportional to A�42 ra-
tio: 5XFAD mice generate A�42 almost exclusively (Oakley et al.,
2006), whereas in AD A�42 is made at lower levels. Alternatively,
the BACE1 elevation may occur at an early/middle stage of plaque
evolution preferentially modeled in APP transgenics. Because AD
specimens usually represent end-stage disease, it is possible that
many plaques are “burned out” as a result of degeneration, as

indicated by relatively reduced immuno-
staining of neuronal markers around
plaques in AD compared with 5XFAD
(Fig. 6A–D), and therefore loose BACE1
immunoreactivity. Although we favor the
notion that A�42 plaque cores trigger
BACE1 elevation, the possibility exists
that A� oligomers (for review, see Walsh
et al., 2005; Glabe and Kayed, 2006),
rather than amyloid plaques, may be re-
sponsible for increased BACE1 levels. Ad-
ditional investigation will be required to
fully understand which form of A� causes
the BACE1 elevation in AD.

Cerebral BACE1 levels increase after
injury or stress (Apelt et al., 2004; Blasko et
al., 2004; Chen et al., 2004). Recently, we
reported that energy inhibitor treatment
causes BACE1 elevation in Tg2576 brain
to promote 
� production (Velliquette et
al., 2005). Thus, aging-related stresses in
pre-AD brain may cause BACE1 levels and
A� production to increase. Short-term el-
evation of BACE1 may be beneficial under
conditions of acute injury or stress. How-
ever, under chronic conditions of disease,
as occurs in AD, elevated BACE1 may ex-
acerbate amyloid pathology and accelerate
AD progression.

In conclusion, we showed that amyloid
plaques appear to induce a dramatic in-
crease in BACE1 levels in surrounding
neurons and that this increase parallels
amyloid burden but not neuron loss.
Therefore, BACE1 elevation in AD is likely
triggered by the amyloid pathway and is
probably an early pre-cell death event,
suggesting that once amyloid deposition
begins, BACE1 levels increase and acceler-
ate A� production. BACE1 is a prime
therapeutic target for AD, although it has

been challenging to develop BACE1 inhibitor drugs and under-
standing the mechanism of amyloid-induced BACE1 elevation
may uncover novel targets more amenable to drug development
than BACE1 itself.
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