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Abstract

[3-Site APP-cleaving enzyme 1 (BACEL1) initiates the generation of amyloid-p (A B), thus
representing a prime therapeutic target for Alzheimer’s disease (AD). Previous work including
ours has used BACE1 haploinsufficiency (BACE1*/~; i.e., 50% reduction) as a therapeutic
relevant model to evaluate the efficacy of partial B-secretase inhibition. However, it is unclear
whether the extent of Af reductions in amyloid precursor protein (APP) transgenic mice with
BACE1*/~ gene ablation may vary with sex or disease progression. Here, we compared the
impacts of BACE1 haploinsufficiency on AB concentrations and APP processing in 5XFAD
Alzheimer mice (1) between males and females and (2) between different stages with moderate
and robust Af} accumulation. First, male and female 5XFAD mice at 6—7 months of age showed
equivalent levels of A, BACEL, full-length APP and its metabolites. BACE1 haploinsufficiency
significantly lowered soluble A oligomers, total AB42 levels and plaque burden in 5XFAD mouse
brains irrespective of sex. Furthermore, there was no sex difference in reductions of p-cleavage
products of APP (C99 and SAPPB) found in BACE1*~-5XFAD mice relative to
BACE1**.5XFAD controls. Meanwhile, APP and sAPPa levels in BACE1*/~-5XFAD mice were
higher than those of 5XFAD controls regardless of sex. Based on these observations, we next
combined male and female data to examine the effects of BACE1 haploinsufficiency in 5XFAD
mice at 12—-14 months of age, as compared with those in 6—7-month-old 5XFAD mice. Oligomeric
Ap and C99 levels were dramatically elevated in older 5XFAD mice. Although the B-metabolites
of APP were significantly reduced by BACEL haploinsufficiency in both age groups, high levels
of these toxic amyloidogenic fragments remained in 12-14-month-old BACE1*/~-5XFAD mice.
The present findings are consistent with our previous behavioral data showing that BACE1
haploinsufficiency rescues memory deficits in 5XFAD mice irrespective of sex but only in the
younger age group.
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INTRODUCTION

BACEL is an aspartyl protease that is responsible for cleaving amyloid precursor protein
(APP) at the B-secretase cleavage site, the first and rate-limiting step in the production of
toxic amyloid-p (AP) peptides (Vassar, 2001). Given increasing consensus that Ap
accumulates to high levels in the brain and triggers a pathogenic cascade ultimately leading
to neuron death and memory deficits in Alzheimer’s disease (AD) (Hardy and Higgins,
1992, Hardy and Selkoe, 2002), BACEL1 is a prime target to prevent or treat this devastating
neurodegenerative disorder (Ohno, 2006, Cole and Vassar, 2007, Ohno, 2008, Vassar et al.,
2009). This view is strongly supported by experimental data demonstrating that BACE1
gene deletion (BACE1~/") dramatically reduces cerebral A levels and prevents the
development of AD-like pathologies and memory impairments in different lines of APP
transgenic mice (Ohno et al., 2004, Laird et al., 2005, Ohno et al., 2006, Ohno et al., 2007).
However, a growing number of BACEL substrates besides APP and some adverse
phenotypes in BACE1~/~ knockout mice imply that chronic over-inhibition of p-secretase
activities may induce potential mechanism-based side effects (Ohno, 2006, Ohno, 2008,
Vassar, 2014, Vassar et al., 2014, Yan and Vassar, 2014). In fact, a recent investigation
clearly demonstrates that chronic oral administration of bioavailable BACEL1 inhibitors at
the high dosage to normal adult mice impairs cognition as well as structural and functional
synaptic plasticity, the effects that were occluded in BACE1™/~ mice (Filser et al., 2015).
Although clinical relevance of these findings remains to be determined, the mouse model
studies suggest a need for the successful balance between tolerable side effects and
sufficient AB reductions for efficacy in therapeutic BACE1 inhibition.

Our laboratory and others have used BACE1 haploinsufficiency (BACE1*'~; i.e., 50%
reduction) as a therapeutic relevant model to evaluate the efficacy of partial inhibition of this
enzyme (Laird et al., 2005, McConlogue et al., 2007, Devi and Ohno, 2010a, Devi and
Ohno, 2010b, Kimura et al., 2010, Rabe et al., 2011, Chabrier et al., 2012, Devi and Ohno,
2012, Devi and Ohno, 2013, Sadleir et al., 2015). In these studies, BACE1*/~ reduction is
sufficient to lower brain A concentrations and prevent AD-like phenotypes such as amyloid
plaque and tau pathologies, cholinergic neuron death, mitochondrial dysfunction,
hippocampal CAL synaptic failure, and memory deficits in transgenic mouse models.
However, it is noted that the degree of Ap lowering associated with BACE1
haploinsufficiency may vary depending on sex, age or disease progression in different APP
mice used. To address this issue more comprehensively, we compared the effects of
BACE1*/~ ablation on cerebral A levels and APP processing in (1) male vs. female
5XFAD and (2) younger vs. older 5XFAD mice.
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EXPERIMENTAL PROCEDURES

Animals

We used 5XFAD mice (Tg6799 line) that co-overexpress familial AD (FAD) mutant forms
of human APP (the Swedish mutation: K670N, M671L; the Florida mutation: 1716V; the
London mutation: V7171) and presenilin 1 (PS1) (M146L; L286V) transgenes under
transcriptional control of the neuron-specific mouse Thy-1 promoter (Oakley et al., 2006,
Ohno et al., 2006, Ohno et al., 2007). Hemizygous 5XFAD transgenic mice (backcrossed to
C57BI/6 with >10 generations) were crossbred to heterozygous BACE1 knockout
(BACE1*") mice (C57BI/6 background, The Jackson Laboratory, Bar Harbor, ME, USA)
(Cai et al., 2001, Laird et al., 2005). Genotyping was performed by PCR analysis of tail
DNA. Male and female mice at 67 and 12—-14 months of age, which showed moderate and
massive levels of AB deposition in 5XFAD controls, respectively (Oakley et al., 2006, Ohno
etal., 2007, Kimura et al., 2010), were used for the experiments. All animal procedures were
approved by the Nathan Kline Institute Animal Care and Use Committee and conducted in
accordance with National Institutes of Health guidelines.

Western blotting

Hemibrain samples were taken from the mice under deep isoflurane anesthesia and were
snapfrozen for biochemical assays. For immunoblot analysis, each sample was homogenized
in 8-fold volumes of cold homogenization medium containing 70 mM sucrose, 210 mM
mannitol, 2 MM HEPES, 0.1 mM EDTA and protease/phosphatase inhibitor cocktail, and
centrifuged at 10,000 g for 10 min to remove any insoluble material. Protein concentrations
were determined by a BCA protein assay kit (Pierce, Rockford, IL, USA), and 10-50 ug of
protein was run on NUPAGE 4-12% or 10% Bis-Tris gels (Invitrogen, Carlsbad, CA, USA)
and transferred to nitrocellulose membrane. After blocking, membranes were probed with
the following primary antibodies: anti-BACE1 (1:1,000, B0681, Sigma-Aldrich, St. Louis,
MO, USA), an antibody that recognizes C-terminal epitope in APP (1:1,000, C1/6.1, kindly
provided by Dr. Paul Mathews, Nathan Kline Institute) to detect full-length APP/C-terminal
fragments, an antibody specific for the 3-secretase-cleaved soluble ectodomain of APP with
the Swedish mutation (SAPPB-Swe; 6A1) (1:1,000, 10321, IBL America, Minneapolis, MN,
USA), anti-sAPPa (1:500, 11088, Immuno-Biological Laboratories, Minneapolis, MN,
USA), and anti-p-actin (1:15,000, AC-15, Sigma-Aldrich). The membranes were then
incubated with horseradish peroxidase-conjugated secondary IgG. Immunoblot signals were
visualized by an ECL chemiluminescence substrate reagent kit (Pierce) and quantified by
densitometric scanning and image analysis using Quantity One software (Bio-Rad
Laboratories, Hercules, CA, USA).

ELISAs of soluble AB oligomers and total AB42

To measure the concentrations of soluble AB oligomers, each hemibrain sample was
homogenized in 8-fold volumes of homogenization medium, as described above. To
quantitate total levels of AB42, each hemibrain was extracted in 8-fold volumes of cold 5 M
guanidine HCI plus 50 mM Tris HCI (pH 8.0) buffer and centrifuged at 20,000 g for 1 h at
4°C to remove insoluble material. Final guanidine HCI concentrations were below 0.1 M.
Protein concentrations were determined by a BCA protein assay kit (Pierce). Supernatant
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fractions were analyzed by well-established human Ap ELISA kits specific to oligomeric
forms of AB (27725, IBL America, Minneapolis, MN, USA) and AB42 (KHB3441,
Invitrogen) according to the protocols of the manufacturers. Optical densities at 450 nm of
each well were read on a VersaMax tunable microplate reader (Molecular Devices,
Sunnyvale, CA, USA), and sample AB oligomer and AB42 concentrations were determined
by comparison with the respective standard curves. Af} oligomer and AB42 concentration
values were normalized to total brain protein concentrations and expressed in picograms and
nanograms per milligram of total protein, respectively.

AP immunohistochemistry

Mice were transcardially perfused with 0.1 M phosphate buffered saline (PBS, pH7.4),
followed by 4% paraformaldehyde in PBS under deep isoflurane anesthesia. Brains were
postfixed for 24 h in 4% paraformaldehyde in PBS at 4°C and transferred to PBS. The brain
was sectioned coronally at 30 um using a vibratome (VT1200, Leica Microsystems, Wetzlar,
Germany), and successive sections were stored in PBS containing 0.05% sodium azide at
4°C. Brain sections taken at levels between —1.7 and —1.9 mm to bregma according to the
mouse brain atlas of Franklin and Paxinos (2008) were stained by the avidin-biotin
peroxidase complex (ABC) method as described previously (Kimura et al., 2010, Devi and
Ohno, 2013, Devi and Ohno, 2015). Briefly, the sections were incubated overnight at 4°C
with mouse monoclonal anti-Ap1-16 (6E10) antibody (1:200, S1G-39347, Covance,
Princeton, NJ, USA). The ABC kit (PK-2200, Vector Laboratories, Burlingame, CA, USA)
was utilized with 3,3’-diaminobenzidine tetrahydrochloride as a chromogen to visualize the
reaction product. The sections were then mounted on charged slides, dehydrated in a series
of alcohol, cleared in xylene and covered with a coverslip. Light microscopy was conducted
on an Axioskop 2 microscope equipped with an AxioCaM HRc digital camera (Zeiss,
Oberkochen, Germany) for capturing images. Semi-quantitative analysis was performed
using AxioVision imaging software with the AutoMeasure module (Zeiss). The threshold
optical density that discriminated staining from background was determined and held
constant for all quantifications. Identified objects were individually inspected by the same
investigator to confirm the object as a plaque or not in a blinded manner. Percentage area
occupied by AP deposits in the hippocampus was assessed bilaterally to compare plaque
burden between BACE1*/~-5XFAD mice and 5XFAD controls.

Data analysis

RESULTS

Data were analyzed by a two-way analysis of variance (ANOVA) and post-hoc Bonferroni
comparisons were performed to determine the significance of differences between the
groups when appropriate. Data were presented as mean + S.E.M. and the level of
significance was set for p value less than 0.05.

Comparison of changes in A levels and APP processing between male and female
BACE1*/~-5XFAD mice at 6-7 months of age

We used 5XFAD APP/PS1 transgenic mice; a rapid-onset and aggressive amyloid model
based on a combination of five FAD mutations and consequently accelerated production of
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AP42 that is more toxic or prone to aggregation (Oakley et al., 2006, Ohno et al., 2006,
Ohno et al., 2007). A series of investigations from our laboratory as well as others has
demonstrated that 5XFAD mice begin to develop visible amyloid deposition as early as 2
months of age and exhibit significant cognitive impairments on hippocampus-dependent
behavioral tasks around 6 months concomitant with moderate Ap accumulation and the
onset of Schaffer collateral-CA1 synaptic dysfunction (Oakley et al., 2006, Ohno et al.,
2006, Kimura and Ohno, 2009, Ohno, 2009, Devi and Ohno, 2010a, Hongpaisan et al.,
2011, Chenetal., 2012, Jawhar et al., 2012, Seo et al., 2014, Zhang et al., 2014, Devi and
Ohno, 2015). We first compared the effects of BACE1 haploinsufficiency on soluble AB
oligomers, a plausible mediator of synaptic and memory failure in AD (Haass and Selkoe,
2007, Ferreira and Klein, 2011, Zahs and Ashe, 2013), in male and female 5XFAD mice at
6—7 months of age (Fig. 1A). ELISA assays that specifically detect oligomeric forms of AB
showed equivalent baseline levels of Ap oligomers in male and female 5XFAD mice. A
two-way ANOVA revealed a significant main effect of BACE1*/~ mutation (p < 0.05) in the
absence of a main effect of sex or a significant genotype X sex interaction. Post-hoc
Bonferroni tests indicated that AB oligomers were significantly and equivalently reduced in
male and female BACE1*/~-5XFAD mouse brains as compared with their respective
5XFAD controls (p < 0.05). Similarly, a two-way ANOVA for total AB42 levels in
guanidine extracts (Fig. 1B) and hippocampal plaque loads (Fig. 1C) also revealed only
significant main effects of BACE1*/~ genotype (p < 0.05) without a main effect of sex or a
significant genotype X sex interaction. Levels of soluble AB oligomers, total A$42 and
plague burden in male and female BACE1*~-5XFAD mice relative to their respective
5XFAD controls are summarized in Table 1.

Next, we performed western blot analysis and compared changes in APP processing
between male and female 5XFAD mice (Fig. 2A). Two-way ANOVAs for BACE1
expression (Fig. 2B) or f-metabolites of APP such as the p-secretase-cleaved C-terminal
fragment of APP (C99) (Fig. 2D) and its counterpart SAPPp (Fig. 2F) revealed significant
main effects of BACEL haploinsufficiency (p < 0.05) without main effects of sex or
significant genotype X sex interactions. Post-hoc Bonferroni tests showed that all of these
parameters associated with the B-cleavage of APP were indistinguishable between male and
female 5XFAD controls and significantly reduced to the same extent in male and female
BACE1*/~-5XFAD mouse brains (p < 0.05). Meanwhile, two-way ANOVASs for full-length
APP (Fig. 2C) and the a-secretase-cleaved soluble ectodomain of APP (sAPPa) (Fig. 2G)
revealed significant elevations in association with BACE1*/~ deletion (p < 0.05) in the
absence of main effects of sex or significant genotype X sex interactions. Post-hoc tests
indicated significant increases of full-length APP and sAPPa, in female BACE1*/~-5XFAD
mice (p < 0.05) and a trend toward increase of SAPPa in male BACE1*/~-5XFAD mice (p =
0.052) as compared with respective 5XFAD controls. Intriguingly, a trend toward decrease
rather than increase in the other a-cleavage product C83 was found in BACE1*/~-5XFAD
mice (p = 0.079; two-way ANOVA), a change in males reaching statistical significance (p <
0.05) (Fig. 2E). Levels of the parameters for APP processing in male and female
BACE1*/~-5XFAD mice as compared to the respective 5XFAD controls are summarized in
Table 1.
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Collectively, reductions in AB levels and pathology as well as changes in APP processing
occurred equivalently in male and female BACE1*/~-5XFAD mice as compared with those
of respective 5XFAD controls.

Comparison of changes in soluble AB oligomers and APP processing between younger
and older BACE1*~-5XFAD mice

Since younger 5XFAD mice showed no sex difference in their response to BACE1
haploinsufficiency, we next combined male and female data together to compare the effects
of BACE1*/~ reduction in 5XFAD mice at 6-7 and 12-14 months of age that develop
moderate and massive AP plaque pathology, respectively (Fig. 3). ELISA data showed that
levels of soluble AB oligomers were greatly increased with age in 5XFAD mice (p < 0.05;
385.6% relative to younger 5XFAD), while the degree of Ap oligomer reductions in
BACE1*~-5XFAD mice compared with 5XFAD controls (p < 0.05) were indistinguishable
between younger and older age groups (64.5% and 63.1%, respectively) (Fig. 3A).
Consequently, residual levels of AB oligomers in 12—14-month-old BACE1*/~-5XFAD mice
were significantly higher than those of 6-month-old 5XFAD mice (p < 0.05). Similar
patterns of changes were observed in C99 levels as assessed by immunoblot analysis of
brain samples (Fig. 3B, D). Levels of C99 in younger and older BACE1*/~-5XFAD mice
compared to the age-matched 5XFAD controls were 43.3% (p < 0.05) and 79.2% (p < 0.05),
respectively.

As a mechanism underlying accelerated f-amyloidogenesis in 5XFAD mice with aging, we
previously demonstrated that BACEL expression is significantly elevated (~2-fold relative to
wild-type controls) in older 5XFAD mice (=12 months of age) (Devi and Ohno, 2010b, Devi
and Ohno, 2013). In these studies, haploinsufficiency lowered BACE1 expression by ~50%
regardless of age in concordance with a single BACEL allele ablation, whereas BACE1
levels equivalent to wild-type controls remained in older BACE1*/~-5XFAD mice (i.e.,
twice the gene copy number). In addition, the present results indicated that full-length APP
was also age-dependently increased in 5XFAD mouse brains (p < 0.05) (Fig. 3B, C).
Furthermore, BACE1 haploinsufficiency did not affect the upregulation of APP expression
in 12-14-month-old 5XFAD mice. Together, these results suggest that older
BACE1*~5XFAD mice have persistent elevations of APP as well as BACE1, thus
suffering from high residual levels of toxic f-amyloidogenic peptides (not only A but also
C99) in brains.

DISCUSSION

Our previous investigations have demonstrated beneficial effects of BACE1
haploinsufficiency, including the prevention of cognitive and synaptic dysfunctions, in
5XFAD mice at ~6 months of age harboring moderate levels of AB accumulation (Devi and
Ohno, 2010b, Kimura et al., 2010, Devi and Ohno, 2012, Devi and Ohno, 2013). The
findings are based on the combined data from male and female animals because of the
absence of significant sex difference. Consistent with these results, we showed that male and
female 5XFAD mouse brains at 6-7 months of age have equivalent levels of total AB42,
plaque deposition, and soluble A oligomers, critical forms of Ap proposed to cause
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synaptic and memory failure in AD (Haass and Selkoe, 2007, Ferreira and Klein, 2011, Zahs
and Ashe, 2013). Importantly, the present study demonstrated significant reductions of these
A species in BACE1*/~-5XFAD mice irrespective of sex. Furthermore, BACE1
haploinsufficiency significantly lowered direct -cleavage metabolites of APP (C99 and
SsAPPB) in 5XFAD mouse brains, changes that were also indistinguishable between males
and females. Therefore, these data indicate that BACE1 reduction by 50% is sufficient to
suppress de novo AP production in both male and female 5XFAD transgenic mice and
consequently lower cerebral AB, as measured by soluble oligomeric species as well as by
guanidine-extracted total amounts of AB42 or amyloid plaque load.

In contrast to our findings, Sadleir et al. (2015) recently reported that Af levels were
significantly reduced in female but not in male BACE1*/~-5XFAD mice at 4, 6 and 9
months of age. Intriguingly, baseline levels of AB42, C99 and sAPPJ were significantly
higher in female 5XFAD mouse brains than those of age-matched male 5XFAD controls. It
is hypothesized that the greater amounts of B-products of APP may be accounted for by the
higher transgenic APP levels in female 5XFAD mice most likely due to the presence of
estrogen responsive element in their murine Thy-1 promotor sequence. As a consequence,
they argue that BACEL expression is not in excess over APP in female 5XFAD mice with
higher transgene overexpression (~200% relative to endogenous APP level), rendering Ap
and other B-product levels responsive to reductions by BACE1 haploinsufficiency.
Meanwhile, BACE1 may be in excess over APP in 5XFAD males with lower transgenic
APP overexpression (~160%) so that 50% BACE1 reduction has little effect on lowering
AB. In this study, we found no difference in APP expression levels between male and female
5XFAD mice, and APP overexpression relative to wild-type control levels in the 5XFAD
model (Tg6799 line) was much higher (300-500%) in a series of previous investigations
including ours (Oakley et al., 2006, Ohno et al., 2007, Hong et al., 2013, Devi and Ohno,
2014, Py et al., 2014, Devi et al., 2015). The results using well-established anti-APP
antibodies against the C-terminus (C1/6.1) and N-terminus (22C11) are consistent in these
studies. Collectively, although it is unclear why APP overexpression was so low in a cohort
of 5XFAD males tested by Sadleir et al. (2015) with anti-C-terminal APP (Y188), it seems
reasonable to conceive that levels of B-cleaved metabolites are consistently sensitive to
reductions by BACE1 haploinsufficiency if APP levels are highly overexpressed in 5XFAD
mice regardless of sex. This is in accordance with the observations in other AD transgenic
mice with high APP overexpression showing that BACE1*/~ mutation-associated reductions
of AB, C99 and sAPPp are significant and indistinguishable between males and females
(Laird et al., 2005, Rabe et al., 2011). Moreover, it should be noted that BACE1*/~ knockout
mice show no or only marginal reductions (10-20%) of endogenous AB40 as compared with
wild-type controls (Pastorino et al., 2004, Nishitomi et al., 2006, Sankaranarayanan et al.,
2008, Rabe et al., 2011). In this regard, while pharmacological data demonstrate that chronic
treatments with bioavailable small-molecule BACEL1 inhibitors (e.g., GRL-8234 and
TAK-070) in preventive settings improve memory impairments concomitant with significant
cerebral AP reductions in 5XFAD as well as Tg2576 mice (Fukumoto et al., 2010, Chang et
al., 2011, Devi et al., 2015), it would be important to further evaluate their therapeutic
efficacy in APP knock-in mice that circumvent APP overexpression (Webster et al., 2013,
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Li etal., 2014, Saito et al., 2014) and thus may be less responsive to rescue by partial
BACEL1 inhibition.

Whereas -metabolites of APP were reduced, levels of full-length APP and sAPPf were
increased, to a lesser extent, in BACE1*/~-5XFAD mice at 6-7 months of age without a
significant sex difference. These results are in agreement with previous observations in
different APP transgenic mice including male and female APP23 as well as 5XFAD (Rabe
etal., 2011, Sadleir et al., 2015), indicative of elevated steady-state APP levels and some
compensatory activation of the a-secretory pathway (i.e., larger increase rates in SAPPa
than APP) as a consequence of robust reduction in the B-cleavage of APP. Nevertheless, we
unexpectedly found a trend toward decrease rather than increase in the other a-cleavage
product C83 in BACE1*~-5XFAD mice (p = 0.079). What mechanisms can reconcile this
observation with an increase in the direct a-cleavage metabolite SAPPa? It is theoretically
possible that C83 may be cleaved more (thus reduced) to compensate for C99 decrease and
substitute for C99 to produce APP intracellular domain (AICD). However, this mechanism
seems unlikely given a growing body of data showing that AICD is preferentially derived
from C99 in the amyloidogenic pathway rather than from C83 in the nonamyloidogenic
pathway (Goodger et al., 2009, Belyaev et al., 2010, Flammang et al., 2012). Meanwhile, it
is interesting to note experimental evidence that the a-secretase-mediated proteolytic
conversion of C99 to C83 may occur in AD conditions (Jager et al., 2009, Flammang et al.,
2012). Since C83 signals are accompanied by more extensive C99 bands in 5XFAD mice
overexpressing human APP with the Swedish mutation, it seems most likely that some
component of C83 could derive from the a-cleavage of C99 in this model. We hypothesize
that the C83 reduction found in BACE1*/~-5XFAD mice may reflect a secondary change
that occurs as a consequence of prior C99 reduction. This view is supported by our recent
pharmacological data demonstrating that administration of the B-secretase inhibitor
GRL-8234 to 5XFAD mice induced C83 lowering concomitant with C99 reductions (Devi
et al., 2015). The results are also consistent with clinical observations that the C-terminally
truncated short fragments of A, which are released by sequential - and a-cleavage of APP,
are elevated in AD compared to non-demented controls and their concentrations change in
accordance with the availability of the substrate C99 (e.g., increase by vy-secretase inhibition)
(Portelius et al., 2006, Portelius et al., 2010, Portelius et al., 2011).

Previous work from our laboratory and others has shown that partial BACE1 gene
suppression (e.g., haploinsufficiency and siRNA) reduces Ap/C99 levels and mitigates AD-
like pathologies and memory impairments in transgenic mouse models (Singer et al., 2005,
McConlogue et al., 2007, Devi and Ohno, 2010a, Devi and Ohno, 2010b, Kimura et al.,
2010, Chabrier et al., 2012, Devi and Ohno, 2012, Devi and Ohno, 2013), while some
reports indicate the decreased therapeutic efficacies with progression of disease. In 5XFAD
mice at advanced age (=12 months), BACEL haploinsufficiency is no longer able to rescue
memory deficits and has only marginal effects on highly increased levels of total AB42 and
plaque burden (Devi and Ohno, 2010b, Devi and Ohno, 2012, Devi and Ohno, 2013).
Likewise, chronic administration of BACE1 inhibitors ameliorates memory impairments
concomitant with cerebral AB/C99 lowering in Tg2576 and 5XFAD mice only if the
treatment is started at relatively earlier (or prepathological) stages (Fukumoto et al., 2010,
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Chang et al., 2011, Devi et al., 2015). In this study, we demonstrated that toxic -cleaved
fragments of APP, i.e., soluble AP oligomers (Haass and Selkoe, 2007, Ferreira and Klein,
2011, Zahs and Ashe, 2013) and C99 (Nalbantoglu et al., 1997, Lauritzen et al., 2012,
Tamayev and D’Adamio, 2012, Tamayev et al., 2012) both of which are responsible for
synaptic/cognitive dysfunctions and neurodegeneration in AD, were dramatically elevated in
5XFAD mouse brains during advanced stages. A combination of BACE1 elevations as
reported in our previous studies (Devi and Ohno, 2010b, Devi and Ohno, 2013) and
increased expression of its substrate APP shown in the present study seems to underlie the
detrimental acceleration of f-amyloidogenic processing of APP in older 5XFAD mice.
Interestingly, recent evidence indicates that both BACE1 and APP become elevated in
neurons surrounding amyloid plaques in 5XFAD mice (Kandalepas et al., 2013), in brains of
APys_35 injected animals (Lin et al., 2009) and in primary cultured neurons following
exposure to AB42 (Sadleir et al., 2014), representing a detrimental feed-forward link
between AB accumulation and BACEL/APP elevations during AD progression.
Mechanistically, although transgenic APP overexpression is under transcriptional control of
the neuron-specific Thy-1 promoter in 5XFAD mice (Oakley et al., 2006), further
posttranscriptional mechanisms (e.g., overactivation of the PERK-dependent translation
initiation factor elF2a phosphorylation pathway) are implicated in elevations of APP as well
as BACEL in this model during advanced disease stages (O’Connor et al., 2008, Devi and
Ohno, 2010b, Devi and Ohno, 2013, Devi and Ohno, 2014).

Notably, BACE1 haploinsufficiency did not reverse the upregulation of APP (this study) or
BACE1 (Devi and Ohno, 2013) in 5XFAD mice at later age. Similarly, neither APP nor
BACEL1 elevations were affected by treatments with the BACE1 inhibitor GRL-8234 (Devi
et al., 2015). Consequently, BACE1*/~-5XFAD mice and GRL8234-treated 5XFAD mice at
>12 months of age have high residual levels of toxic Ap oligomers and C99 (even if partially
reduced), which render these mice no longer responsive to cognitive rescue by partial
BACEL inhibition. To avoid potential mechanism-based adverse effects that may be caused
by direct over-suppression of B-secretase activities such as chronic exposure to a highest
dose of inhibitor drugs (Filser et al., 2015), our results suggest that BACEL inhibitors in
combination with APP-lowering drugs (Rosenkranz et al., 2013, Asuni et al., 2014) or
agents that can block disease-specific BACE1-elevating mechanisms (Medeiros et al., 2012,
Ly etal., 2013, Devi and Ohno, 2014) may represent safer and more efficacious
interventions to treat memory deficits in diagnosed AD with established amyloid pathology.
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Fig. 1.
Effects of BACEL haploinsufficiency on AB concentrations and plaque burden in male and

female 5XFAD mice at 6-7 months of age. (A, B) Levels of soluble AB oligomers in
hemibrain samples (A) and total AB42 in guanidine extracts (B) were quantified by
sandwich ELISAs and expressed in picograms and nanograms per milligram of total protein,
respectively (n = 3-8 mice per group). (C) Percentage area occupied by plaques,
immunostained with the 6E10 anti-Ap antibody in the hippocampus, was measured for
quantification (n = 5-6 mice per group). All of these measures for p-amyloidosis were
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equivalent in male and female 5XFAD controls and significantly reduced regardless of sex
in BACE1*~-5XFAD mice (*p < 0.05 vs. 5XFAD). All data are presented as mean + S.E.M.
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Effects of BACEL haploinsufficiency on APP processing in male and female 5XFAD mice
at 6-7 months of age. (A) Representative immunoblots of protein extracts from hemibrain
homogenates of male (M) and female (F) mice. (B—G) Immunoreactive bands were
quantified and expressed as the percentage of male 5XFAD controls (n = 3-6 mice per
group). BACEZ1 haploinsufficiency significantly reduced BACEL, C99 and sSAPPf with the
Swedish mutation (SAPPB-Swe) in 5XFAD mice, whereas it increased full-length APP and
SAPPq (*p < 0.05 vs. 5XFAD). There was no significant sex difference in these changes
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observed in BACE1*/~-5XFAD mice as well as baseline values in 5XFAD controls. All data
are presented as mean + S.E.M.
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Fig. 3.

Ef?‘ects of BACEL haploinsufficiency on soluble Af oligomers and APP processing in
5XFAD mice during different disease stages. (A) Levels of soluble Ap oligomers in
hemibrain samples were quantified by sandwich ELISA and expressed in picograms per
milligram of total protein (n = 6-9 mice per group). (B) Representative immunoblots of
protein extracts from hemibrain homogenates of mice. (C, D) Immunoreactive bands were
quantified and expressed as the percentage of 5XFAD controls at 6-7 months of age (n = 4-
5 mice per group). While BACE1 haploinsufficiency significantly reduced Af oligomer and
C99 levels in 5XFAD mice irrespective of age (*p < 0.05 vs. 5XFAD controls), both toxic
B-cleavage products of APP were elevated with age in 5XFAD mice and their remaining
levels in 12-14-month-old BACE1*/~-5XFAD mice were significantly higher than those of
6-7-month-old 5XFAD controls (*p < 0.05). Furthermore, BACE1 haploinsufficiency had
no effect on age-dependent increases in full-length APP expression in 5XFAD mice. All
data are presented as mean + S.E.M.
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Summary of percent levels of AB, BACE1 and APP metabolites in male and female BACE1*/~-5XFAD mice

at 6-7 months of age as compared with their respective 5XFAD controls

% relative to 5XFAD controls (mean + S.E.M.)

Male BACE1*~5XFAD  Female BACE1*~-5XFAD

Ap oligomers
Total AB42
Plaque load
BACE1
fl-APP

C99

c83
SAPPB-Swe
SAPPa

63.8+1.8
50.5+5.9
333+74
38.0+3.4
106.9 + 2.6
51.0+35
74750
56.7 +3.7
123.0+5.6

65.1+2.0
28724
20.6 +6.0
57.9+9.2
125251
44922
725+15.9
43147
153.7+5.3
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