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Abstract

Pyroglutamate amyloid-β peptides (pGlu-Aβ) are particularly pernicious forms of amyloid-β

peptides (Aβ) present in Alzheimer’s disease (AD) brains. pGlu-Aβ peptides are N-terminally

truncated forms of full-length Aβ peptides (flAβ(1-40/42)) in which the N-terminal glutamate is

cyclized to pyroglutamate to generate pGlu-Aβ(3-40/42). β-secretase cleavage of amyloid-β

precursor protein (AβPP) produces flAβ(1-40/42), but it is not yet known whether the β-secretase

BACE1 or the alternative β-secretase cathepsin B (CatB) participate in the production of pGlu-Aβ.

Therefore, this study examined the effects of gene knockout of these proteases on brain pGlu-Aβ

levels in transgenic AβPPLon mice, which express AβPP isoform 695 and have the wild-type (wt)

β-secretase activity found in most AD patients. Knockout or overexpression of the CatB gene

reduced or increased, respectively, pGlu-Aβ(3-40/42), flAβ(1-40/42), and pGlu-Aβ plaque load,

but knockout of the BACE1 gene had no effect on those parameters in the transgenic mice.

Treatment of AβPPLon mice with E64d, a cysteine protease inhibitor of CatB, also reduced brain

pGlu-Aβ(3-42), flAβ(1-40/42), and pGlu-Aβ plaque load. Treatment of neuronal-like chromaffin

cells with CA074Me, an inhibitor of CatB, resulted in reduced levels of pGlu-Aβ(3-40) released

from the activity-dependent, regulated secretory pathway. Moreover, CatB knockout and E64d

treatment has been previously shown to improve memory deficits in the AβPPLon mice. These

data illustrate the role of CatB in producing pGlu-Aβ and flAβ that participate as key factors in the

development of AD. The advantages of CatB inhibitors, especially E64d and its derivatives, as

alternatives to BACE1 inhibitors in treating AD patients are discussed.
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Introduction

The abnormal accumulation of amyloid-β peptides (Aβ) has long been thought to be the

likely cause of Alzheimer’s disease (AD) [1-4]. Aβ are heterogeneous peptides differing at

the carboxyl (C-terminal) and amino (N-terminal) ends, and in their biophysical and

neurotoxic properties [5]. Full-length Aβ (flAβ) have the same N-terminus but different C-

termini with the two most prominent forms being flAβ(1-40) and flAβ(1-42), which have 40

and 42 amino acids, respectively, and the longer flAβ(1-42) being more hydrophobic and

more neurotoxic than flAβ(1-40) [5]. AD brains also contain N-terminally truncated Aβ

species, with notable presence of pyroglutamate amyloid-β peptides (pGlu-Aβ) which lack

the first two N-terminal amino acids of flAβ and have a cyclized N-terminal glutamate

(pyroglutamate, pGlu) [6-8]. The pGlu-Aβ(3-42) species is a dominant fraction of the Aβ in

brains of AD and Down syndrome patients, who develop an age-accelerated AD pathology

[9-14]. pGlu-Aβ(3-42) is more stable, neurotoxic, and causes more aggregation of Aβ than

does flAβ(1-42) [10, 13, 15-18]. Aβ aggregated into oligomers is thought to be the in vivo

neurotoxic form of Aβ and recently pGlu-Aβ(3-42) containing oligomers were found to be

more neurotoxic than those lacking pGlu-Aβ(3-42) [19-22]. Structural differences and

similarities among these Aβ species are illustrated in Figure 1.

Significantly, in transgenic AD mice, pGlu-Aβ(3-42) causes age-dependent behavioral

deficits and inhibits hippocampal long-term neuronal potentiation, which reflects memory

impairment [23-26]. Glutaminyl cyclase (QC) is the enzyme that catalyzes the cyclization of

the free N-terminal glutamate on truncated Aβ(3-40/42) to generate pGlu-Aβ(3-40/42) [27,

28]. Importantly, QC inhibitors or passive immunotherapy using pGlu-Aβ antibodies reduce

brain pGlu-Aβ, pGlu-Aβ amyloid plaque load, and improve behavioral deficits in transgenic

mouse models of AD [29-31]. Thus the pGlu-Aβ may be the “bad actor” among Aβ peptides

causing AD and reducing brain pGlu-Aβ, especially pGlu-Aβ(3-42), may be critical to

effective treatment of the disease [32].

pGlu-Aβ must be excised from amyloid precursor protein (AβPP) by proteases but the

identity of those proteases is not as yet known. It is possible that pGlu-Aβ is formed from

flAβ by removal of the N-terminal amino acids followed by QC-mediated glutamate

cyclization. Thus, a potential protease candidate is that which cleaves AβPP to generate the

N-terminus of flAβ, generically called β-secretase. The aspartyl protease BACE1 is

considered by many to be the primary β-secretase [33, 34]. Alternatively, the cysteine

protease cathepsin B (CatB) has also been shown to have β-secretase activity [35, 36].

Although BACE1 and CatB inhibitors are being developed as AD therapeutics to reduce

flAβ, neither BACE1 nor CatB have been shown to affect pGlu-Aβ in vivo and, thus, if

pGlu-Aβ is the true cause of AD, it is not clear if inhibitors of these proteases will affect

AD.

This study used a transgenic AD mouse model to evaluate effects of BACE1 or CatB gene

knockout on pGlu-Aβ in brain. While many AD mouse models have been developed that

overexpress human AβPP transgenes to study Aβ production, most express an AβPP

transgene encoding the very rare Swedish (Swe) mutations at the β-secretase cleavage site

[37, 38]. However, the vast majority of AD patients have AβPP with the wild-type (wt) β-
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secretase site, and BACE1 and CatB are known to have very different cleavage efficiencies

for these two β-secretase sites [36, 39-43]. The models also express different isoforms of

AβPP, but in human brain the AβPP isoform 695 (AβPP-695) is expressed at greater levels

than the other isoforms and is the main form expressed in neurons [44-48]. Thus, in order to

evaluate the β-secretase production of pGlu-Aβ occurring in the brain neurons of most AD

patients, it is critical that the transgenic model express AβPP containing the wt β-secretase

site sequence and isoform AβPP-695. Two models having these features are those

expressing human wt AβPP (AβPPwt), which is that found in most AD patients [49], and

human AβPP-695 containing the London mutation (AβPPLon), which has the wt β-secretase

site and a rare familial mutation near the AβPP C-terminal cleavage site of Aβ [50]. AβPPwt

and AβPPLon mice overproduce brain flAβ(1-40/42) and develop memory deficits, but

AβPPLon mice are also known to produce pGlu-Aβ(3-42) and develop brain Aβ plaque

pathology and inflammatory processes, which mimic that seen in AD patients [51, 52].

Thus, the AβPPLon mouse model was used here to evaluate the effects of BACE1 and CatB

activity on brain pGlu-Aβ production.

This study also evaluated regulated and constitutive pGlu-Aβ secretion because flAβ and

neurotoxic oligomers are formed and secreted by neurons in these pathways [53-56].

Notably, neural activity modulates the formation, secretion, and deposition of Aβ [53-56].

Neuronal-like chromaffin cells (bovine) in primary culture are a well-established model of

regulated and constitutive secretion of neurotransmitters by neuronal cells [57, 58]. These

cells were used by us to first identify CatB producing flAβ in the regulated secretory

pathway [35], which was subsequently validated to also occur in brain neuronal cells in

primary culture by others [59]. Importantly, chromaffin cells have recently been found to

contain pGlu-Aβ and flAβ in regulated secretory vesicles [60]. Moreover, unlike AβPPLon

mice, chromaffin cells are a natural model and, thus, provide a control for potential

transgene artifacts. Bovine chromaffin cells express AβPP-695 having the wt β-secretase site

and flAβ(1-40/42) sequences found in man [61, 62] and as such model human wt β-secretase

activity. Therefore, neuronal-like chromaffin cells were used to study the effects of CatB

inhibition on pGlu-Aβ levels released from regulated and constitutive secretory pathways.

Here, the effects of deleting the BACE1 gene and the CatB gene, as well as overexpressing

the CatB gene, on brain pGlu-Aβ(3-40/42), flAβ(1-40/42), and pGlu-Aβ amyloid plaque

load in AβPPLon mice were studied. Further, the effects of administering the cysteine

protease inhibitor E64d, which inhibits CatB but not BACE1, on those parameters in

AβPPLon mice having or lacking the CatB gene are presented. In addition, regulated and

constitutive secretion of pGlu-Aβ(3-40) was compared in neuronal-like chromaffin cells

treated with the CatB inhibitor CA074Me. Results show that CatB, but not BACE1,

participates in the production of brain pGlu-Aβ in the AβPPLon mouse model, and that it

may do so in the regulated secretory pathway. These data are highly supportive of CatB as a

drug target for reducing pGluAβ(3-40/42), flAβ(1-40/42), and pGlu-Aβ plaque load. These

findings indicate that compounds, which inhibit CatB activity, have strong potential as AD

therapeutics.
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Materials and Methods

Transgenic animal methods

Transgenic AβPPLon mice with protease gene knockout or overexpression—
The AβPPLon mice were generated by methods previously described [50]. Briefly, the

AβPPLon transgene was made by site-directed mutagenesis to insert the V717I London

mutation into human AβPP DNA. The transgenic mice were created by transfection with the

transgene containing the platelet-derived growth factor beta (PDGFβ) promoter and an SV40

polyadenylation site for expression of AβPP-695. BACE1 deficient knockout (BACE1 KO)

mice were obtained from Jackson Laboratory (Bar Harbor, ME) and CatB deficient (CatB

KO) mice were obtained from Christoph Peters (Albert Ludwig University, Freiburg,

Germany).

Transgenic CatB (CatB TG) mice, which overexpressed CatB, were generated as follows.

For generation of the CatB construct, the pEGFP-N1 vector from Clontech was used. The

pEGFP-N1 CMV promoter was excised by AseI/BglII cleavage and a 1 kb fragment of the

human PDGFβ promoter was cloned into the vector. The PDGFβ promoter fragment was

produced by PCR amplification of human genomic DNA using forward and reverse primers

consisting of 5′-GGGATTAATGATCCACAGTCTCCTGAGTAGCTG-3′ and 5′-

GGGAGATCTGGGAGGCAGGCAGGCCGCTC-3′, respectively. The PDGFβ promoter

fragment included a 27 base pair (bp) 5′ untranslated region lacking the ATG codon.

Downstream of the PDGFβ promoter fragment, the β-globin intron II with flanking exon

sequences (665 bp) was inserted into the XhoI site as a SalI/XhoI fragment. The β-globin

sequence was PCR amplified using forward and reverse primers consisting of 5′-

GGGGTCGACGATCCTGACAACTTCAGGGTG-3′ and 5′-

GGGCTCGAGGCCCTATAGTGAGTCGTATTAC-3′, respectively from the pSG5 vector.

For construction of the CatB expression vector, which was a plasmid containing the platelet

derived growth factor beta (PDGFβ) and CatB (pPDGFβ/CatB) sequences, the enhanced

green fluorescent protein (EGFP) gene was excised from pPDGFβ/EGFP by HindIII/NotI

cleavage. The open reading frame of the CatB cDNA was isolated from mouse brain

messenger RNA (mRNA) by PCR amplification using forward and reverse primers

consisting of 5′-GGGGTCGACAAGCTTGCCACCATGTGGTGGTCCTTGATCC-3′ and

5′-GGGGTCGACGCGGCCGCCTTAGAATCTTCCCCAGTACT-3′, respectively. The

PCR primers contained HindIII/NotI sites for cloning into the HindIII/NotI sites. The

forward primer sequence also included a consensus Kozak motif for translational initiation

in front of the ATG codon.

All mice were maintained on a C57BL/6 background. The transgenic AβPPLon mice were

crossed either with the BACE1 KO, CatB KO, or CatB TG mice to generate the following

transgenic mice: AβPPLon, AβPPLon x BACE1 KO, AβPPLon x CatB KO, and AβPPLon x

CatB TG mice. Polymerase chain reaction (PCR) analysis was utilized to determine the

genotype of the animals as previously described [49].

All mice were analyzed at 12 months because at that age AβPPLon mice express pGlu-

Aβ(3-42), display pGlu-Aβ plaque load, and develop memory deficits [50, 51]. All

experimental mice were male and were given free access to food and water before and
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during the experiment. The animals were sacrificed by isoflurane overdose and

exsanguination.

E64d treatment of transgenic mice—E64d was synthesized and formulated into mouse

chow by methods previously described [63]. Briefly, 99% pure E64d was made by

American Life Science Pharmaceuticals (San Diego, CA) using methods developed and

modified from those described [64]. However, E64d is also commercially available from

various suppliers (e.g., Calbiochem, San Diego, CA). E64d-doped mouse chow was made in

2018, Teklad Global 18% Protein Rodent Diet (Harlan Laboratories, Inc., Madison, WI).

The chow containing 40 mg/kg of E64d was processed according to the manufacturer’s

procedure into standard 12.7 mm pellets and analysis showed that the chow contained that

concentration of E64d (data not shown). The mice consumed on average about 5 gm of

chow per day and had an average body weight of 20 gm and, thus, the animals received an

average calculated daily E64d dose of 10 mg/kg. Animals were fed E64d chow beginning at

9 months of age and continued for 3 months until analysis. All other mice received the same

chow but without E64d during that time. No difference was observed in the amount of

E64d-doped and normal chow consumed by the different groups (data not shown).

E64d inhibits papain-like cathepsin cysteine proteases and calpain-activated neutral

proteases [65] but not BACE1 [36]. To evaluate the relative importance of inhibiting CatB

vs. the other proteases, E64d was administered to AβPPLon (E64d) mice and to CatB KO x

AβPPLon (E64d CatB KO) mice.

Animal care—The regulations of the National Institutes of Health (NIH) as approved by

the Institutional Animal Care and Use Committee (IACUC) at the Medical University of

South Carolina and the Ralph H. Johnson Veterans Affairs Medical Center, Charleston, SC

were adhered to in conducting the animal experiments.

Brain BACE1 and CatB activities—BACE1 and CatB activities were determined in

brain samples prepared and analyzed as previously described using commercial assay kits

(ab65357 and ab65300, respectively, Abcam, Cambridge, MA) [50, 63]. Brain tissue was

washed twice in ice-cold phosphate buffered saline and homogenized in extraction buffer as

per the manufacturer. After 10 minutes incubation on ice, the extract was centrifuged

(100,000 g for 5 minutes) and 50 μl of supernatant was mixed with an equal volume of 2X

reaction buffer and 2 μl substrate in a 96-well microplate. The plates were kept in the dark at

37°C for 1 hour and the fluorescence was recorded using FLUOstar Optima plate reader

(BMG Labtech, Cary, NC). Protein concentration was determined by the bicinchoninic acid

(BCA) method (Bio-Rad, Life Science, Hercules, CA). BACE1 and CatB activities were

expressed as fluorescent units/mg protein.

Corroborating our previous studies, BACE1 KO and CatB KO mice had no brain BACE1

and CatB activities, respectively, and the same brain CatB and BACE1 activities,

respectively, as compared to control mice (data not shown) [50, 63]. In contrast, CatB TG

mice had a significant 500% higher brain CatB activity and no change in brain BACE1

activity relative to control mice (data not shown). These data established that the BACE1

KO and CatB KO mice were suitable for evaluating the effects of the absence of these
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protease activities and that the CatB TG mice were suitable for evaluating the effects of

higher CatB activity on the parameters assessed in this study.

E64d-treated mice had a significant 80% lower brain CatB activity and no significant change

brain BACE1 activity relative to control untreated mice (data not shown), which reproduced

our previous report [63]. As expected, E64d CatB KO mice had no brain CatB activity and

no significant change in BACE1 activity relative to control mice (data not shown). These

data established that the oral E64d dose regime used was suitable for determining the effect

of reducing brain CatB activity on pGlu-Aβ and the other parameters of this study.

Brain pGlu-Aβ and flAβ analysis—Brain Aβ peptides analyses were conducted as

previously described [50]. Briefly, animals were sacrificed and brain extracts homogenized

(1:3 weight/volume of buffer) in 5 M guanidine HCl in 50 mM Tris-HCl and 150 mM

sodium chloride (NaCl) with protease inhibitors (Sigma-Aldrich, St. Louis, MO).

Homogenates were diluted to 0.5 M guanidine and centrifuged (200,000g for 20 minutes at

4°C), and supernatant and pellet fractions were collected. The pellet was sonicated in 6 M

guanidine and centrifuged (200,000g for 20 minutes at 4°C), and the supernatant was diluted

to 0.5 M guanidine. The two supernatants were combined and pGlu-Aβ(3-40), pGlu-

Aβ(3-42), Aβ(1-40), and Aβ(1-42) were determined using commercial ELISA kits specific

for each peptide (JP27418, JP27716, JP27718, and JP27711, respectively, IBL International

Corp, Toronto, Canada). This procedure resulted in analyses of total brain Aβ, of combined

insoluble and soluble fractions.

pGlu-Aβ amyloid plaque load analysis—Brain sections were analyzed using a

commercial polyclonal antibody (218 003, Synaptic Systems, Goettingen, Germany), which

recognizes the truncated N-terminus of pGlu-Aβ and thus detects both pGlu-Aβ(3-40) and

pGlu-Aβ(3-42). The tissue preparation and sectioning was conducted as previously

described [50]. Briefly, brains were fixed in 4% paraformaldehyde and 30% sucrose for 24

hours at 4°C. Tissues were washed in Tris-buffered saline and transferred to optimum

cutting temperature medium; cryosections were then cut and blocked with normal serum,

incubated with anti-Aβ, and stained with diaminobenzoic acid (Vector ABC Elite kit, Vector

Laboratories, Burlingame, CA). The staining in the sections is referred to here as pGlu-Aβ

amyloid plaque load or pGlu-Aβ plaque. Bright field light microscopy images of the sections

were taken and pGlu-Aβ plaque load quantitated using image analysis (NIH Image

software). Ten sections per mouse were analyzed as previously described [50].

Chromaffin cell methods

Neuronal-like chromaffin cells in primary culture—Neuronal-like chromaffin cells

in primary culture were generated from fresh bovine adrenal medulla of the sympathetic

nervous system as previously described [35]. Briefly, chromaffin cells were dissected from

fresh adrenal glands, dissociated in a collagenase/DNase solution at 37°C, filtered,

centrifuged, and cells were plated onto fibronectin-coated dishes (EMD Chemicals,

Gibbston, NJ) in media containing Dulbecco’s Modified Eagle Medium (DMEM) (Cellgro,

Manassas, VA), 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA), and

penicillin/streptomycin. Cells were maintained at 37°C and 6% CO2.
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Regulated secretion of pGlu-Aβ from chromaffin cells—After six days in culture,

chromaffin cells were subjected to potassium chloride (KCl) depolarization to stimulate

regulated, activity-dependent secretion. Cells were incubated in standard release medium

(SRM) with 0.25 μg/ml BSA (bovine serum albumin) for 90 minutes at 37° C, followed by

removal of media, which represents basal secretion, as previously described [35]. Cells were

then incubated with KCl in SRM media (50 mM KCl, 37° C, 90 minutes) to stimulate

regulated secretion, followed by collection of media Secretion media was collected with

addition of a cocktail of protease inhibitors (1 mM EDTA, 500 μM AEBSF, and 10 μM each

of E64c, leupeptin, pepstatin A, and chymostatin). The secretion media was concentrated by

ultrafiltration through a 2 kilodalton (kDa) cut-off membrane (Vivaspin 2 2K MWCO

Hydrosart, Sartorius, Goettingen, Germany), which retains Aβ. The concentrated sample

was subjected to measurements of pGlu-Aβ(3-40) (JP27418, IBL). Assays of pGlu-Aβ(3-42)

(JP27716, IBL) were conducted but were too low to be detected, although pGlu-Aβ(3-42)

and pGlu-Aβ(3-40) are both present in chromaffin cells [60].

CA074Me treatment of chromaffin cells and levels of secreted pGlu-Aβ(3-40)—
Chromaffin cells (1 × 106 cells/10 cm petri dish) were either untreated or incubated with

CA074Me, a cell-permeable prodrug that is converted intracellular by esterases to CA074,

which inhibits CatB [66, 67]. Cells were treated with 50 μM CA074Me for 24 hours, and

were then induced to secrete via regulated secretion, stimulated by adding KCl (50 mM, 90

minutes) to the media. Control incubation without KCl was included. ELISA was used to

measure pGlu-Aβ(3-40) in cell culture media (as described above).

Statistics—Animal experiments consisted of 10 mice in each group except the control

pGlu-Aβ(3-40), flAβ(3-40) and pGlu-Aβ plaque load groups, which had 20 animals each.

Chromaffin cell culture experiments were conducted in quadruplicate wells. Each

biochemical analysis consisted of two or three replicates. Statistical analyses and data

display were conducted utilizing computer software designed for scientific data analysis

(Prism 6, GraphPad Software). Quantitative data are displayed as the mean and standard

error of the mean (SEM). Differences between the means were evaluated by ANOVA

followed by Dunnett’s multiple comparison test, Bonferroni’s multiple comparison test or

by student’s unpaired t-test, p < 0.05) as noted.

Results

Transgenic mouse results

Brain pGlu-Aβ(3-42) levels were reduced by more than 90% by gene knockout
(KO) or inhibition of CatB, doubled by over expression of the CatB gene, and
not significantly affected by KO of the BACE1 gene—Figure 2A shows that brain

pGlu-Aβ(3-42) was about 13 ng/gm in the brains of control mice and was reduced by over

90% to about 1 ng/gm in CatB KO mice and in E64d-treated mice. Furthermore, pGlu-

Aβ(3-42) was not detected at all in E64d-treated CatB KO mice relative to control mice.

Brain pGlu-Aβ(3-42) levels were statistically equivalent among the CatB KO, E64d, and

E64d CatB KO mice (Bonferroni’s multiple comparison test). These data clearly show that

endogenous CatB controls almost all of the brain pGlu-Aβ(3-42) and suggests that E64d
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treatment acted primarily by inhibiting brain CatB activity to reduce brain pGlu-Aβ(3-42) in

this model.

The exact opposite occurred in CatB TG mice. Figure 2A shows that CatB TG mice had

97% higher pGlu-Aβ(3-42) levels than control mice. Thus, these data show that exogenous

CatB activity clearly drove brain pGlu-Aβ(3-42) production in this model.

In contrast, brain pGlu-Aβ(3-42) levels were not affected in the BACE1 KO mice. Figure

2A shows that BACE1 KO mice had no significant change in levels of brain pGlu-Aβ(3-42)

relative to that in control mice. These data demonstrate that BACE1 did not produce pGlu-

Aβ(3-42) in this model.

Brain pGlu-Aβ(3-40) levels were reduced by about one-third in E64d-treated
mice, reduced by two thirds in CatB KO and E64d-treated CatB KO mice,
increased by about 50% in CatB TG mice, and not significantly affected in
BACE1 KO mice—As shown in Figure 2B, brain pGlu-Aβ(3-40) was a significant 32%

lower in E64d mice, and 65% lower in CatB KO and E64d CatB KO mice, respectively,

relative to control mice. There was no significant difference in pGlu-Aβ(3-40) levels among

these three experimental groups (Bonferroni’s multiple comparison test). Thus, these data

show that endogenous brain CatB activity controlled most of the brain pGlu-Aβ(3-40) in this

model and suggests that E64d acted to reduce brain pGlu-Aβ(3-40) by inhibiting CatB

activity.

Figure 2B also shows that the opposite effect occurred in CatB TG mice, which had a

significant 53% higher brain pGlu-Aβ(3-40) level than control mice. These data show that

exogenous CatB activity drove brain pGlu-Aβ(3-40) production in this model.

In contrast, brain pGlu-Aβ(3-40) levels were not affected by deleting the BACE1 gene as

shown in Figure 2B. Thus, endogenous BACE1 activity did not produce brain pGlu-

Aβ(3-40) in this model.

Brain flAβ(1-42) levels were almost doubled in the CatB TG mice, reduced by
about half in E64d mice, reduced by over 70% in CatB KO and E64d CatB KO
mice, and not significantly affected in BACE1 KO mice—Figure 3A shows that

CatB TG mice had a significantly 93% higher flAβ(1-42) level in brain compared to control

mice. These new data show that exogenous CatB activity drove brain flAβ(1-42) levels in

this transgenic AD model.

Figure 3A also shows that brain flAβ(1-42) levels were 51% lower in E64d mice and were

71% and 74% lower in CatB KO and E64d CatB KO mice, respectively, vs. control mice.

There was no significant difference in the levels among these three experimental groups

(Bonferroni’s multiple comparison test). The CatB KO and E64d mouse data reproduce our

earlier reports [50, 63], which showed that CatB gene deletion or the same E64d treatment in

AβPPLon mice reduced brain flAβ(1-42) by similar amounts. The E64d CatB KO data are

new and show that E64d primarily affected brain flAβ(1-42) by inhibiting CatB activity.

These data show that endogenous CatB activity produced flAβ(1-42) and that E64d reduced

that Aβ species by inhibiting CatB activity in this model.
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Figure 3A further shows that BACE1 KO mice had no significant change in brain

flAβ(1-42) levels compared to control mice. These data also confirm our previous data

showing similar effects due to deleting the BACE1 gene in the AβPPLon model [50]. These

data demonstrate that endogenous BACE1 activity did not produce flAβ(1-42) in this model.

Brain flAβ(1-40) levels were 50% higher in CatB TG mice, reduced by over half
in CatB KO and E64d mice, reduced by almost three fourths in E64d CatB KO
mice, and not significantly affected in BACE1 KO mice—Figure 3B shows that

brain flAβ(1-40) levels were 52% higher in CatB TG mice relative to control mice. These

new data show that exogenous CatB activity controlled flAβ(1-40) levels in this model.

The opposite occurred with the deletion of the CatB gene or inhibition of CatB activity.

Figure 3B shows that brain flAβ(1-40) levels were significantly reduced by 57% in the CatB

KO and E64d mice, and by 74% in the E64d CatB KO mice, relative to control mice. There

was no significant difference in the levels among these three experimental groups

(Bonferroni’s multiple comparison test). The CatB KO and E64d data here confirm our

earlier reports [50, 63], which showed that CatB gene deletion or E64d treatment of

AβPPLon mice resulted in similar brain flAβ(1-40) reductions. The new E64d CatB KO data

suggest that E64d acted primarily by inhibiting CatB to reduce flAβ(1-40) in this model.

Figure 3B also shows that the BACE1 KO mice, on the other hand, had no significant

differences in brain flAβ(1-40) levels relative to that of control mice. These data confirmed

our previous data [50] showing essentially the same result from deleting the BACE1 gene in

this transgenic model. These data show that endogenous BACE1 did not produce flAβ(1-40)

in this model.

Combined brain Aβ is significantly lower in CatB KO, E64d, and E64d CatB KO
mice, higher in CatB TG mice, and not affected in BACE1 KO mice—Figure 4

shows the combined sum of the pGlu-Aβ(3-42), pGlu-Aβ(3-40), flAβ(1-42), and flAβ(1-40)

levels for the animal groups. The combined Aβ was significantly decreased by 55%, 65%,

and 76% in E64d, CatB KO, and E64d CatB KO mice, respectively. Furthermore, the

combined Aβ was significantly increased by 65% for CatB TG mice, and not statistically

different for BACE1 KO mice relative to control mice. There was no significant difference

in the combined Aβ levels for the E64d, CatB KO, and E64d CatB KO mice (Bonferroni’s

multiple comparison test). These data show that endogenous and exogenous CatB activities

had major effects on the total measured Aβ whereas endogenous BACE1 activity had no

significant effect in this model.

All Aβ species were consistently lower in animals in which CatB activity was
inhibited or eliminated, consistently increased for those in which CatB activity
was increased, and not significantly affected in animals lacking BACE1
activity—Figures 5A, B, C, D, and E are graphs of the percent change for each measured

Aβ species in the BACE1 KO, CatB TG, CatB KO, E64d, and E64d CatB KO mice,

respectively, relative to the corresponding Aβ levels in control mice. The figure shows that

all the Aβ species in the BACE1 KO mice had little or no percent change, whereas all the Aβ

species in the CatB TG, CatB KO, E64d, and E64d CatB KO mice had major percent
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changes relative to control mice. In the CatB TG mice all the Aβ species had positive

percent changes, and all the Aβ species in the CatB KO, E64d, and E64d CatB KO mice had

negative percent changes.

pGlu-Aβ(3-42) to flAβ and pGlu-Aβ(3-40) ratios were significantly different in
animals in which CatB activity was inhibited or eliminated, but were not
changed in the CatB TG or BACE1 KO mice from that of control animals—The

ratios of the Aβ species were calculated and analyzed among the animal groups. The

flAβ(1-42) to flAβ(1-40) ratio for control mice was 0.36, which was not significantly

different from any of the experimental animal groups (data not shown). Similarly, the pGlu-

Aβ(3-40) to flAβ(1-40) and flAβ(1-42) for control mice were 0.32 and 0.90, respectively,

and neither differed significantly among all experimental groups (data not shown).

In contrast, as shown in Figures 6A, B, and C, all pGlu-Aβ(3-42) ratios in CatB KO, E64d,

and E64d CatB KO mice were significantly lower than the corresponding ratios in control

mice. E64d CatB KO mice had zero pGlu-Aβ(3-42) measured, which was not significantly

different from that of E6d and CatB KO mice (Bonferroni’s multiple comparison test). The

pGlu-Aβ(3-42) ratios in the CatB TG and BACE1 KO mice did not significantly differ from

the respective ratios in control mice.

Brain pGlu-Aβ amyloid plaque load was about 50% lower due to eliminating or
inhibiting CatB activity, about 175% higher due to increased CatB activity, and
not significantly affected by eliminating BACE1 activity—Figure 7A shows the

quantitative immunohistological analyses of pGlu-Aβ plaque load in brain sections from the

animal groups studied. The antibody used to identify brain pGlu-Aβ plaque load recognized

the N-terminus of pGlu-Aβ and, thus, detected both pGlu-Aβ(3-40) and pGlu-Aβ(3-42) but

not flAβ.

The data show that the brain pGlu-Aβ plaque load was 46% lower in the E64d and CatB KO

mice, and 61% lower in the E64d CatB KO mice relative to control. There was no

significant difference in the levels among the three experimental groups (Bonferroni’s

multiple comparison test). Thus, endogenous CatB activity controls brain pGlu-Aβ plaque

load levels and E64d reduced those levels by inhibiting CatB activity in this model.

Figure 7A also shows that the brain pGlu-Aβ plaque load was 178% higher in the CatB TG

mice relative to controls. Thus exogenous CatB activity controlled brain pGlu-Aβ plaque

load in this model.

However, Figure 7A also shows that BACE1 KO mice had statistically the same brain pGlu-

Aβ plaque load as control. Thus endogenous BACE1 activity did not affect brain pGlu-Aβ

plaque load.

Figures 7B-G show exemplary brain micrographs from control, BACE1 KO, CatB TG, CatB

KO, E64d, and E64d/CatB KO mice, respectively. The quantitative data was obtained over

entire brain sections, whereas the exemplary micrographs display just the hippocampus

region of the brain to clearly display pGlu-Aβ plaques.
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Summary of the AβPPLon mice data—Table 1 summarizes the mean and SEM values

for the animal groups and parameters analyzed.

Chromaffin cell results

The majority of pGlu-Aβ(3-40) is released via the activity-dependent regulated
secretory pathway, and CatB controls pGlu-Aβ(3-40) in that pathway in
neuronal-like chromaffin cells—As illustrated in Figure 8A, Aβ may be secreted by

neurons via constitutive or activity-dependent regulated secretion. The regulated secretory

pathway of neurons provides activity-dependent release of neurotransmitters [68-73].

Notably, neural activity modulates the formation, secretion, and deposition of Aβ [55, 56].

Thus, pGlu-Aβ secretion by these two pathways was investigated in neuronal-like

chromaffin cells (bovine) in primary cultures. As shown in Figure 8B, the chromaffin cells

produce and release pGlu-Aβ(3-40) by constitutive and regulated secretory pathways.

Constitutive secretion is represented by basal secretion, and activity-dependent regulated

secretion is modeled by high KCl that depolarizes the cell and stimulates regulated

secretion. While both pathways secrete pGlu-Aβ(3-40), significantly more is released by

KCl stimulation of the regulated secretory pathway. Thus, the regulated secretory pathway

produces most of the released pGlu-Aβ(3-40) in this model.

The role of CatB in pGlu-Aβ(3-40) production via the constitutive and regulated secretory

pathways was investigated in the chromaffin cell model using the CatB inhibitor CA074Me.

Figure 8B shows that CA074Me treatment of chromaffin cells reduced the amount of pGlu-

Aβ(3-40) released from the regulated secretory pathway. CA074Me treatment had no effect

on levels of constitutively secreted pGlu-Aβ(3-40) (released in the absence of KCl). It is

noted that levels of pGlu-Aβ(3-42) were too low to detect in the secretion media, although it

can be measured in purified secretory vesicles of chromaffin cells [60]. The data show that

the constitutive and regulated secretory pathways produce pGlu-Aβ(3-40) but that the

regulated pathway produced substantially more. Further, CatB inhibition essentially

eliminated pGlu-Aβ(3-40) released from the regulated secretory pathway, but has no effect

on constitutively secreted pGlu-Aβ(3-40) levels in this model. Thus, these data argue that

CatB only produces pGlu-Aβ(3-40) in the regulated secretory pathway of neuronal cells.

Discussion

Important findings of this study are that the CatB gene deletion in AβPPLon mice eliminated

over 90% of the brain pGlu-Aβ(3-42) and two thirds of the brain pGlu-Aβ(3-40) relative to

sufficient AβPPLon mice. Thus, these data firmly establish that endogenous CatB can

control pGlu-Aβ(3-40/42) levels in vivo. Complementing those results are the CatB TG

mouse data, which show that overexpressing CatB doubled brain pGlu-Aβ(3-42) and

increased pGlu-Aβ(3-40) by 50% relative to controls, demonstrating that exogenous CatB

activity can also drive pGlu-Aβ(3-40/42) levels in this model. N-truncated and modified

pGlu-Aβ peptides, especially pGlu-Aβ(3-42), are key for the initiation of Aβ oligomerization

leading to neurodegeneration and memory deficits in AD [17-19]. This hypothesis is

reinforced by our earlier results showing that CatB knockout in these same AβPPLon mice

resulted in substantial improvement in memory deficits [50]. These data support CatB as a
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target for reducing pGlu-Aβ neurotoxic peptides, especially pGlu-Aβ(3-42), and brings to

the field a new therapeutic target to effectively treat AD. To the best of our knowledge,

CatB is the only protease target shown to affect pGlu-Aβ.

The E64d mouse data demonstrated the value of the CatB target for reducing brain pGlu-Aβ

because those mice had 80% lower brain CatB activity, 90% less brain pGlu-Aβ(3-42), and

one third less brain pGlu-Aβ(3-40) relative to that in the same transgenic mice fed normal

chow. E64d treatment of CatB KO mice completely eliminated pGlu-Aβ(3-42) and further

reduced pGlu-Aβ(3-40) to the level of CatB KO mice, which was two thirds lower than

control mice. While E64d inhibits all papain-like cysteine proteases and calcium-activated

neutral proteases [65], these data show that E64d acts primarily through inhibiting CatB

because E64d CatB KO mice had equivalent levels of pGlu-Aβ(3-42) and pGlu-Aβ(3-40) as

that found in CatB KO mice.

While deleting the CatB gene eliminated most of the brain pGlu-Aβ, CatB KO mice

nonetheless had low residual brain pGlu-Aβ levels. Thus, other proteases may also produce

pGlu-Aβ. As discussed below, BACE1 was not that other protease because the BACE1 KO

mice had the same pGlu-Aβ(3-40/42) levels as control mice in the AβPPLon mouse model.

E64d treatment of the CatB KO mice eliminated pGlu-Aβ(3-42) but caused no further

reduction in pGlu-Aβ(3-40) beyond that achieved in the CatB KO mice, which suggests that

the other proteases may be different for pGlu-Aβ(3-42) and pGlu-Aβ(3-40). For pGlu-

Aβ(3-42), cathepsin L and cathepsin S could be candidates because E64d inhibits these

papain-like cysteine proteases and they have very efficient wt β-secretase activity [40]. A

candidate for pGlu-Aβ(3-40), on the other hand, may be meprin β because it is a

metalloprotease not likely inhibited by E64d, has wt β-secretase activity, and produces N-

truncated Aβ(2-40), which could be an intermediate in pGlu-Aβ(3-40) production [74].

Brain Aβ amyloid plaque is a hallmark of AD. CatB KO and CatB TG mice had 46% less

and 178% more brain pGlu-Aβ plaque load, respectively, than control mice. Our previous

study showed that deleting the CatB gene in AβPPLon mice reduced flAβ plaque load by

78% relative to controls [50]. CatB is the only protease drug target we know of that has been

shown to affect both brain pGlu-Aβ and flAβ plaque load and, thus, is a drug target with new

AD therapeutic potential.

Since both E64d and E64d CatB KO mice had about half the pGlu-Aβ plaque load of control

mice, these data suggest that E64d acts primarily by inhibiting CatB activity to reduce pGlu-

Aβ plaque load. We previously showed that E64d treatment of AβPPLon mice also reduced

flAβ plaque load by about half relative to control mice [63]. Since E64d has been shown to

reduce both pGlu-Aβ and flAβ plaque loads, it is a potential AD therapeutic having new

capabilities for reducing this hallmark of AD pathology.

Overexpression of the CatB gene in AβPPLon mice doubled brain flAβ(1-42) levels and

increased by more than 50% flAβ(1-40) levels relative to controls. That shows exogenous

CatB activity can drive flAβ(1-40/42) production in this model. These data and the data

showing that deleting the CatB KO gene reduces flAβ(1-40/42) levels are consistent with the
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hypothesis that CatB produces flAβ. These data showing that CatB overexpression increased

flAβ further establishes that CatB can produce flAβ.

The E64d mice had less than half the brain flAβ(1-40/42) levels of control mice, which

reproduced our earlier work showing that the same treatment of AβPPLon mice produced

similar reductions in flAβ(1-40/42) [63] and that E64d treatment of guinea pigs, which are a

natural model of human AβPPwt processing [75], also had similar reductions in brain

flAβ(1-40/42) levels as compared to untreated animals [63, 76]. The new data here is that

E64d CatB KO mice had the same low levels of flAβ(1-40/42) as in E64d or CatB KO mice,

showing that E64d likely acts by inhibiting CatB to reduce flAβ(1-40/42). Recently, others

have shown that treating nontransgenic senescence-accelerated mice, which have AβPP

containing the wt β-secretase site, with an extract of Ginkgo biloba leaves, bilobalide, also

reduced brain flAβ through CatB β-secretase inhibition [77].

The flAβ(1-42) to flAβ(1-40) ratio did not significantly change as a result of eliminating,

inhibiting, or overexpressing CatB activity, which suggests that CatB activity may affect

both flAβ species equally. The ratio of flAβ(1-42) to flAβ(1-40) is known to increase with

age in AβPPLon mice [78] and, although different extraction methods were used, a similar

ratio as that found here was previously reported for brain flAβ from AβPPLon mice based

interpolation of the data [78].

On the other hand, CatB elimination or inhibition significantly lowered the ratios of pGlu-

Aβ(3-42) to flAβ(1-42), flAβ(1-40), and pGlu-Aβ(3-40) relative to the corresponding ratios

in the control mice, suggesting that endogenous CatB activity may differentially affect pGlu-

Aβ(3-42) to a larger extent than the other species. Overexpressing CatB did not result in a

significant difference in those ratios relative to that of control mice although the pGlu-

Aβ(3-42) to flAβ(1-40) and pGlu-Aβ(3-40) ratios tended to be higher than that of controls.

Further research will be required to resolve if there is a differential effect on pGlu-Aβ(3-42)

due to exogenous CatB activity. The pGlu-Aβ(3-40) to flAβ(1-40/42) ratios, in contrast,

were equivalent among all animal groups, suggesting the differential effect of CatB

elimination or inhibition on pGlu-Aβ(3-42) may be specific to this pGlu-Aβ species.

The ratio of pGlu-Aβ(3-42) to flAβ(1-42) found in control mice here is much greater than

previously reported (by about 15- to 60-fold depending on extraction conditions) for

AβPPLon mice of approximately the same 12 month age [51]. These differences may be due

to the different Aβ extraction methods and analytical antibodies used in the two studies. For

example, guanidine Aβ extraction was used here whereas SDS or formic acid extraction was

used in the prior study [51]. Also, the previous study used a pan-antibody detecting all

Aβ(x-42) species, whereas this study used a specific antibody which detected only

flAβ(1-42). The pan-antibody of the previous study detected much more flAβ than we did

here and thus the resulting ratio of pGlu-Aβ(3-42) to flAβ was much lower in the previous

study [51] than that found here.

Turning to the chromaffin cell studies, the data showed that pGlu-Aβ(3-40) undergoes

constitutive and activity-dependent regulated secretion, modeled by KCl depolarization

(high KCl in the media) to stimulate regulated secretion. Constitutive secretion (no KCl)
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provided a low amount of pGlu-Aβ(3-40) released to the media, whereas activity-dependent

secretion caused significantly higher pGlu-Aβ(3-40) media levels. CA074Me treatment

abolished levels of activity-dependent pGlu-Aβ(3-40) released, but had no effect on

constitutive levels secreted; these data suggest that CatB may produce pGlu-Aβ(3-40) in the

regulated but not constitutive secretory pathway. Neuronal-like chromaffin cells (bovine) are

an excellent model of human AβPPwt processing because they express AβPP-695 having the

wt β-secretase and wt Aβ sequences identical to that in man [61, 62]. These chromaffin cell

data, which are from an entirely natural model of human AβPPwt processing, are consistent

with that we obtained here in the unnatural transgenic AβPPLon mouse model. Thus,

evidence from independent natural and artificial transgenic models support the hypothesis

that CatB controls pGlu-Aβ and flAβ production.

Chromaffin cells are a predictive model of brain neuronal flAβ secretion because the CatB

control of flAβ we showed to occur in the regulated secretory pathway of chromaffin cells

[35] was subsequently found by others to also occur in brain neurons [59]. Inhibition of

CatB reduced flAβ secretion via the regulated secretory pathway in chromaffin cells [35], as

did CatB inhibition or Cat B siRNA silencing in rodent brain neurons [59]. Thus, these data

suggest that CatB may control pGlu-Aβ and flAβ production in the regulated secretory

pathway of brain neurons, which is consistent with brain studies showing that neural activity

modulates Aβ secretion and deposition [55, 56].

The BACE1 gene knockout, on the other hand, had no significant effect on pGlu-

Aβ(3-40/42) in AβPPLon mice, which argues that BACE1 may not produce pGlu-Aβ. That

is consistent with reports showing that BACE1 inhibitor treatment of SH-SY5Y cells

expressing human AβPPwt had no effect on N-terminal truncated Aβ(2-40) or Aβ(3-40) [79]

and that BACE1 did not produce pGlu-Aβ(3-x) in kidney cells expressing human AβPPwt

[80]. These data suggest that BACE1 inhibitors may not reduce pGlu-Aβ in most AD

patients, who have wt β-secretase AβPP processing. That may be a significant limitation to

BACE1 inhibitor efficacy given the pathological potential of pGlu-Aβ.

In that regard, an important question is whether pGlu-Aβ is actively produced or a byproduct

of extracellular Aβ plaque aging because, if pGlu-Aβ is actively produced, it is more likely

to be causing AD than if it is merely a result of plaque aging. Strong support for active

pGlu-Aβ production came from the report showing that passive immunization with an anti-

pGlu-Aβ antibody during development prevented pGlu-Aβ plaque deposition in young

transgenic AD mice [30]. However, another study using different transgenic AD mice found

that such treatment did not prevent pGlu-Aβ plaque deposition in young transgenic AD mice

(although it did remove it from old mice) from which the by-product theory was

hypothesized [31]. The data here clearly show that pGlu-Aβ levels can be regulated in CatB

in transgenic mice and cell cultures and, thus, are direct evidence that pGlu-Aβ is actively

produced and not merely a by-product of extracellular Aβ aging.

Our hypothesis is that CatB may control pGlu-Aβ by cleaving the wt β-secretase site in

AβPP to produce flAβ, which is subsequently processed to pGlu-Aβ. Data has shown that

CatB has wt β-secretase activity and readily cleaves the AβPP sequence, SEVK↓M↓D↓AE,

at the positions marked by the arrows and produces flAβ [35, 40, 81]. The Aβ species
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resulting from those cleavages may serve as intermediates in the biosynthesis of pGlu-

Aβ(3-40/42) as they could subsequently undergo N-terminal truncation by one or more

proteases yet to be identified to form Aβ(3-40/42) species followed by QC conversion to

pGlu-Aβ(3-40/42).

Differences in the β-secretase site sequence in AβPP transgenes used in different models

may explain some apparently contradictory results in the literature regarding CatB AβPP

processing. For example, others found slightly increased flAβ(1-42) resulted from deleting

the CatB gene in mice expressing the AβPPSwe transgene [82] whereas we showed here and

previously that the CatB deletion caused large reductions in flAβ(1-40/42) in transgenic

AβPPLon and AβPPwt mice [49, 50]. That discrepancy may be resolved by the fact that

CatB does not cleave the Swe β-secretase site sequence [36] and, thus, deleting the CatB

gene in transgenic mouse models expressing AβPPSwe does not reduce flAβ(1-40/42) as has

been shown by us and others [49, 50, 82]. But CatB readily cleaves the wt β-secretase site

sequence [36] and, thus, its deletion in transgenic models expressing AβPPLon or AβPPwt,

which have the wt β-secretase site, caused large reductions in flAβ [49, 50]. Since most AD

patients have the wt β-secretase activity, CatB is an important therapeutic target for lowering

flAβ.

Others have also shown that activation of CatB with Z-Phe-Ala-diazomethylketone (PADK),

which is a non-specific lysosomal protease activator, in transgenic AβPPSwe/Ind and

AβPPSwe/PS1ΔE9 mice reduces flAβ [83], whereas we show that specific overexpression of

CatB increases flAβ in AβPPLon mice. That difference can also be explained by the

differences in the ability of CatB to cleave Swe and wt β-secretase sites, as discussed above.

Thus, the PADK activation of CatB did not produce more flAβ because the transgenic

animals expressed AβPP containing the Swe mutation, which CatB does not cleave. The

reduction in flAβ caused by PADK in those animals is likely not due to CatB because CatB

knockout in the AβPPSwe/Ind mouse model (used in the PADK study) had no effect on flAβ

levels or β-secretase biomarkers relative to controls [49]. Thus, the reduction in flAβ caused

by PADK is likely due to other targets than CatB, which PADK is known to have [84].

As discussed above, AβPP-695 is the major AβPP isoform in human brain and is primarily

expressed in neurons [44-48]. However, AβPP-751 and AβPP-770 isoforms are also present

in human brain but in lower and trace amounts, respectively, and are primarily expressed in

glia cells and not in neurons [44]. AβPP-751 and AβPP-770 structurally differ from

AβPP-695 by containing the kunitz protease inhibitor (KPI) domain and with AβPP-770 also

containing the MRC and OX-2 domains, all of which are functional domains that are not

present in AβPP-695 [44-48]. The AβPPLon mouse model used here expressed AβPP-695

and not AβPP-751 or AβPP-770. Table 2 summarizes these aspects of the three AβPP

isoforms.

The differences in AβPP isoforms used in different models may resolve apparent conflicts in

data obtained from overexpression of CatB activity in different transgenic mice. Others have

shown that transgenic mice expressing PDGF-AβPP, which contains the wt β-secretase site

sequence (I63 mice), had slightly reduced flAβ(1-42) as a result of CatB overexpression

[85]; but we show here that CatB overexpression in AβPPLon mice dramatically increased
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flAβ(1-40/42). The difference in that prior study [85] is that the PDGF-AβPP mice

expressed the AβPP-751 and AβPP-770 isoforms (AβPP-751/770) in brain [47, 86], but in

this study the AβPPLon mice expressed AβPP-695, the major AβPP isoform present in

human brain neurons [44-48]. In the prior study [85], the altered APP gene structure of the

PDGF-AβPP construct had deletions in introns 6 and 8 as well as insertion of four

nucleotides in intron 7, which resulted in unusual mRNA splicing to result in AβPP-751/770

containing the KPI domain (exon 7) [47], which contrasts with normal neurons that produce

AβPP-695 (lacking the KPI domain) by microRNA mechanisms that allow RNA splicing to

produce AβPP-695 [47, 87]. These studies represent neuronal expression since the PDGF

promoter was utilized in our study and the other study [85]. This study shows that CatB

expression in mice expressing AβPP-695, the main AβPP in human brain neurons [44-48],

resulted in increased flAβ(1-40/42).

A similar analysis could also explain apparent conflicting BACE1 knockout data. Others

have reported that deleting the BACE1 gene caused a decrease in flAβ in PDGF-AβPP [88]

or AβPP51/16 mice [89], which express AβPP-751/770 and AβPP-751, respectively,

containing the wt β-secretase site sequence, whereas we show here and previously that the

BACE1 gene deletion in AβPPLon mice expressing AβPP-695 had no effect on flAβ [49,

50]. Clearly, there are differences in PDGF-AβPP and AβPP51/16 mouse models expressing

AβPP-751/770 [88, 89] compared to our study here of AβPPLon mice expressing AβPP-695,

the major isoform of AβPP expressed in human brain [44-48].

In wt mice (not expressing a transgenic AβPP transgene), a group reported that BACE1 KO

significantly reduced flAβ(1-40) in mouse brain [90], but that same group also reported that

BACE1 overexpression had no effect on mouse flAβ(1-40) from which they concluded that

BACE1 has a minimal effect on flAβ levels and that other factors modulate flAβ levels [91].

However, BACE1 gene expression in transgenic mice expressing human APP[V717I]

resulted in elevation of Aβ species [92]. Studies of BACE1 KO in wt mice (no AβPP

transgene) have reported the absence of wt β-secretase activity [93]; however, the β-

secretase assay used in that study contained E64, which inhibits CatB activity, and thus

those data do not exclude CatB as also having wt β-secretase activity. Brain neurons from

BACE1 KO wt mice have been shown to produce less flAβ(1-40/42) in “conditioned media”

relative to neurons of sufficient animals [93, 94]. However, “conditioned media” reflects

constitutive and not regulated flAβ secretion and, therefore, these data also do not exclude

CatB production of flAβ via regulated neuronal cell secretion. Thus, it may be that BACE1

and CatB both produce flAβ, BACE1 possibly doing so via the constitutive secretory

pathway and CatB could do so via the regulated secretory pathway.

Much more effort has been given to developing BACE1 inhibitors than CatB inhibitors to

reduce flAβ. As a result, BACE1, but not CatB, inhibitors are now in the clinic where they

have been shown to reduce cerebrospinal fluid flAβ(1-40/42) in volunteers. However, there

is a real risk that BACE1 inhibitors may have insufficient efficacy or excessive toxicity. As

shown here, BACE1 does not seem to control pGlu-Aβ, which may be the Aβ species

causing the disease. Thus, BACE1 inhibitors may not succeed because they may fail to

lower pGlu-Aβ. And toxicity issues may limit clinical use of BACE1 inhibitors. Two major

BACE1 inhibitor clinical trials have been stopped due to toxicity problems [95, 96]. And
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while it is not clear whether the toxicity is due to on or off BACE1 target effects, BACE1 is

a problematic target because animals lacking BACE1 develop neuropathology and muscle

pathology [97-100].

CatB inhibitors on the other hand, are potentially more effective and a safer alternative to

BACE1 inhibitors. As shown here, CatB inhibitors reduced both flAβ and pGlu-Aβ and,

thus, will likely be effective if either of these Aβ species cause the disease. Moreover, CatB

inhibitors are potent neuroprotectants in models of traumatic brain injury and ischemia,

which are risk factors for AD [101, 102]. And CatB knockout studies show that the absence

of CatB prevents tumor necrosis factor (TNF) induced cell death and interleukin-1β (IL1β)

inflammation, both of which occur in AD [103-107]. Thus, CatB inhibitor therapeutics

would reduce flAβ and pGlu-Aβ, as well as provide neuroprotection and reduce apoptosis

and inflammation.

CatB knockout mice are normal and indistinguishable from sufficient littermates [108] and

thus the CatB as a drug target does not seem to pose the toxicity target risks of BACE1.

Importantly, E64d has demonstrated to be safe to use in man. Originally developed in the

1980’s for treatment of muscular dystrophy, E64d (also known as EST and Loxistatin)

completed chronic Phase III trials but did not advance as a drug because of insufficient

efficacy for treating muscular dystrophy [109]. Nonetheless, published clinical and

toxicology data show that E64d was safe during administration to adult volunteers and

pediatric patients on a chronic basis without adverse events and has a wide therapeutic

window [110-124]. Thus, CatB inhibitors, generally, and E64d in particular have theoretical

and demonstrated safety advantages over BACE1 inhibitors.

In summary, this study supports CatB as a protease target, which produces brain pGlu-

Aβ(3-40/42), illustrated by CatB gene knockout and expression. Importantly,

pharmacological inhibition of CatB by E64d reduces pGlu-Aβ(3-42) as well as

flAβ(1-40/42). Inhibitors of CatB, proposed as an alternative β-secretase, have potential as

new AD therapeutics based on their ability to reduce both the pGlu-Aβ and flAβ produced

from AβPP containing the wt β-secretase site expressed in the majority of AD patients.
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Figure 1. Illustration of flAβ(1-40), flAβ(1-42), N-truncated Aβ(3-40), N-truncated Aβ(3-42),
pGlu-Aβ(3-40), and pGlu-Aβ(3-42) indicates the differences and similarities among these Aβ
species
All Aβ species are shown with details of their N- and C-termini. Aβ species having C-

terminal residues at position 40 and 42 are colored blue and red, respectively. This study

analyzed flAβ(1-40), flAβ(1-42), pGlu-Aβ(3-40), and pGlu-Aβ(3-42) (but not N-truncated

Aβ(3-40) and N-truncated Aβ(3-42)).

A. flAβ(1-40). In this Aβ species, aspartic acid (D) is located at the N-terminus, which is

known as position 1 of the Aβ, and valine (V) is at the C-terminus located at position 40.

The N-terminus of flAβ(1-40) is created by β-secretase cleavage of AβPP.

B. flAβ(1-42). Like flAβ(1-40), this Aβ species begins at the N-terminus position 1 with D

but has two additional amino acids (compared to flAβ(1-40)) at the C-terminus, which are

isoleucine (I) and alanine (A) with the latter located at position 42. These additional C-

terminal residues make flAβ(1-42) more neurotoxic with a greater propensity to aggregate

Aβ than flAβ(1-40). The N-terminus of flAβ(1-42) is also created by β-secretase cleavage of

AβPP.

C. N-truncated Aβ(3-40). D and A found in flAβ at positions 1 and 2 are not present and the

N-terminus begins with glutamate (E) at position 3. This Aβ species has the C-terminal V

residue at position 40 as in flAβ(1-40). N-truncated Aβ(3-40) is required for pGlu-Aβ(3-40)

formation because E can only be cyclized if it is an N-terminal amino acid. How N-

truncated Aβ(3-40) is formed from AβPP is not known.

D. N-truncated Aβ(3-42). This species has features of N-truncated Aβ(3-40) in that the N-

terminus is E at position 3 and the C-terminus is residue A at position 42 (like that of

flAβ(1-42)). Again, N-truncated Aβ(3-42) is required for pGlu-Aβ(3-42) formation but how

that occurs is not known.

E. pGlu-Aβ(3-40). This Aβ species is the same as N-terminal Aβ(3-40) except the N-

terminal E residue is cyclized to pyroglutamate (pGlu or pE) at position 3. E is converted to

pE by the enzyme glutaminyl cyclase (QC). One aspect of this study was to determine if the

established β-secretase, BACE1, or the alternative β-secretase, CatB, affects pGlu-Aβ(3-40)

levels.
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F. pGlu-Aβ(3-42). This Aβ species is the same as N-terminal Aβ(3-42) except the N-

terminal E residue is cyclized to pE at position 3. pGlu-Aβ(3-42) is more neurotoxic, has a

greater propensity to aggregate Aβ, and is much more resistant to degradation than

flAβ(1-42). pGlu-Aβ(3-42) is thought by some to be the Aβ species which causes AD.

Again, a focus of this study was to evaluate the effects of BACE1 and CatB on pGlu-

Aβ(3-42) levels.
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Figure 2. pGlu-Aβ(3-40/42) levels were reduced in AβPPLon mice with CatB gene knockout
(KO) or with E64d inhibition of CatB activity, increased in animals expressing the CatB gene,
and not effected in BACE1 KO animals
A. pGlu-Aβ(3-42). The mean brain pGlu-Aβ(3-42) levels for AβPPLon mice (control),

BACE1 gene knockout AβPPLon mice (BACE1 KO), transgenic CatB AβPPLon mice

(CatB TG), CatB knockout AβPPLon mice (CatB KO), AβPPLon mice fed E64d-containing

chow (E64d), and CatB knockout AβPPLon mice fed E64d-containing chow (E64d CatB

KO) are shown. Brain pGlu-Aβ(3-42) levels were significantly reduced in CatB KO, E64d,

and E64d CatB KO mice, significantly increased in CatB TG mice, and the same in BACE1

KO mice as compared to control mice.

B. pGlu-Aβ(3-40). The mean brain pGlu-Aβ(3-40) values for the same animal groups as in

Fig. 2A are shown. Brain pGlu-Aβ(3-40) levels were significantly reduced in CatB KO,

E64d, and E64d CatB KO mice, significantly increased in CatB TG mice, and the same in

BACE1 KO mice as compared to control mice.

(All animal data in this study were from animals that were12 months old at sacrifice. Panels

‘A’ and ‘B,’ ANOVA, one way analysis of variance, p < 0.0001, Dunnett’s multiple

comparison with control, *p < 0.05)
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Figure 3. flAβ(1-40/42) levels were reduced by CatB gene knockout or inhibition by E64d,
increased by CatB gene expression, and not effected by BACE1 knockout in AβPPLon animals
A. flAβ(1-42). CatB KO, E64d, and E64d CatB KO mice had significantly lower flAβ(1-42),

CatB TG mice had significantly higher flAβ(1-42), and BACE1 KO mice had statistically

equivalent flAβ(1-42) levels as in control mice.

B. Aβ(1-40). CatB KO, E64d, and E64d CatB KO mice had significantly reduced Aβ(1-40),

CatB TG mice had significantly increased Aβ(1-40), and BACE1 KO mice had flAβ(1-40)

that were statistically equivalent to that of control mice. (panels ‘A’ and ‘B’, ANOVA, one

way analysis of variance, p < 0.0001, Dunnett’s multiple comparison to control,*p < 0.05)
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Figure 4. Total measured Aβ was lower in AβPPLon mice with CatB knockout or inhibition,
higher in animals having expressing the CatB gene, and not effected in animals with BACE1
gene knockout
The combined sum of the pGlu-Aβ(3-42), pGlu-Aβ(3-40), flAβ(1-42), and flAβ(1-40) is

displayed for each animal group. The total measured Aβ was significantly reduced in CatB

KO, E64d, and E64d CatB KO mice, significantly increased in CatB TG mice, and

unaffected in BACE1 KO mice compared to control mice. (ANOVA, one way analysis of

variance, p < 0.0001, Dunnett’s multiple comparison to control, *p < 0.05)
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Figure 5. The percent changes in pGlu-Aβ(3-42), pGlu-Aβ(3-40), flAβ(1-42), and flAβ(1-40) were
all greatly reduced in AβPPLon mice CatB knockout or inhibition, all greatly increased in
animals expressing the CatB gene, and not significantly changed in animals with BACE1
knockout relative to the levels in control mice
The panels show for each experimental animal group the percent changes in pGlu-Aβ(3-42),

pGlu-Aβ(3-40), flAβ(1-42), and flAβ(1-40) relative to the corresponding species in control

mice. The ordinate axis is the same scale in all panels so that direct comparisons among the

panels can be made.

A. BACE1 KO mice. The Aβ species had very small positive and negative percent changes.

B. CatB TG mice. All Aβ species had large positive percent changes with pGlu-Aβ(3-40)

and flAβ(1-40) being about 50% higher, and pGlu-Aβ(3-42) and flAβ(1-42) being about

100% higher than controls.

C. CatB KO mice. All Aβ species had large negative percent changes with pGlu-Aβ(3-40)

and flAβ(1-40) being more than 50% and 60% lower respectively, and pGlu-Aβ(3-42) and

flAβ(1-42) being more than 90% and 70% lower, respectively.

D. E64d mice. All Aβ species had large negative percent changes with pGlu-Aβ(3-40) and

flAβ(1-40) being about 35% and 55% lower, respectively, and pGlu-Aβ(3-42) and

flAβ(1-42) being more than 90% and 50% lower, respectively.

E. E64d CatB KO mice. All Aβ species had large negative percent changes with pGlu-

Aβ(3-40) and flAβ(1-40) being 66% and 75% lower, respectively, and pGlu-Aβ(3-42) and

flAβ(1-42) being 100% and 80% lower, respectively.
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Figure 6. Ratios of pGlu-Aβ(3-42) to flAβ(1-40/42) and pGlu-Aβ(3-40) were significantly lower in
AβPPLon mice with CatB gene knockout or with E64d treatment relative to those in control
mice
Of all the ratios of Aβ species, only the pGlu-Aβ(3-42) ratios differed among the animal

groups and those ratios are shown here. The E64d CatB KO mouse data is in the far right

column position, but because the pGlu-Aβ(3-42) level was zero, all the pGlu-Aβ(3-42) ratios

were zero for those animals and thus no column appears at that position.

A. pGlu-Aβ(3-42)/flAβ(1-42). This ratio was about 3.7 – 4.2 fold lower in CatB KO, E64d

mice, and E64d CatB KO mice as compared to that ratio in control mice. The ratio did was

not significantly different for the BACE1 KO and CatB TG mice relative to control mice.

B. pGlu-Aβ(3-42)/flAβ(1-40). This ratio was about 4.5 - 5 fold lower in the CatB KO, E64d,

and E64d CatB KO mice than control mice. There were no significant difference in the ratio

of the BACE1 KO and CatB TG relative to control mice but the CatB TG mice tended to

have a higher ratio.

C. pGlu-Aβ(3-42)/pGlu-Aβ(3-40). This ratio was a significant 4.8 -5 times lower in the CatB

KO, E64d and E64d CatB KO mice relative to control mice. There was no significant

difference in this ratio in the BACE1 KO and CatB TG relative to that of the control mice

but the CatB mice tended to have a higher ratio.

(ANOVA, one way analysis of variance, p < 0.0001, Dunnett’s multiple comparison to

control using standard deviations of the ratios, *p < 0.05)
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Figure 7. pGlu-Aβ amyloid plaque load was about 50% lower in CatB KO, E64d, and E64d CatB
KO mice, much higher in CatB TG mice, and the same in BACE1 KO mice
A. Quantitation of pGlu-Aβ amyloid plaque load. Quantitative image analysis data are

shown for immunohistological brain sections analyzed for plaques detected with anti-pGlu-

Aβ antibody that recognizes both pGlu-Aβ(3-40) and pGlu-Aβ(3-42) in all animal groups.

The pGlu-Aβ plaque load was significantly lower in CatB KO, E64d, and E64d CatB KO

mice and significantly higher in CatB TG animals, but the same in BACE1 KO mice relative

to that in control mice. (ANOVA, one way analysis of variance, p < 0.0001, Dunnett’s

multiple comparison to control, *p < 0.05)

B-G. Exemplary micrographs of brain sections. Representative micrographs of the

hippocampus from control (B), BACE1 KO (C), CatB TG (D), CatB KO (E), E64d (F), and

E64d CatB KO mice (G) are shown. Arrows point to examples of individual pGlu-Aβ

plaque deposits within the section.
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Figure 8. The CatB inhibitor CA-074Me reduces pGlu-Aβ(3-40) generated in the regulated
secretory pathway of neuronal-like chromaffin cells
A. Illustration of neuronal activity-dependent regulated secretion and constitutive (basal)

secretion. Regulated and constitutive secretory pathways represent two distinct secretory

vesicle systems in which neurons produce bioactive molecules [68-73]. Notably activity-

dependent secretion of neurotransmitters and bioactive molecules utilize the regulated

secretory pathway, composed of regulated secretory vesicles that release molecules in an

activity-dependent manner [68-73]. Both pathways are illustrated.

B. pGlu-Aβ(3-40) is produced and secreted from the regulated secretory pathway, and is

reduced by CA074Me, an inhibitor of CatB. In cultured neurons, activity-dependent

secretion is modeled by KCl depolarization (high KCl in the medium). Constitutive, basal

secretion was conducted without KCl. Neuronal-like chromaffin cells (in primary culture,

prepared from the sympathetic nervous system) were utilized to assess pGlu-Aβ released

from the regulated and constitutive secretory pathways, and to assess the effects of the CatB

inhibitor CA074Me.

KCl significantly stimulated the regulated secretion of pGlu-Aβ(3-40) by ~2-fold above

basal constitutive secretion (open bars). Importantly, treatment of cells with CA074Me

(striped bars) reduced the amount of pGluAβ(3-40) in the regulated compared to the

constitutive secretory pathway. (Statistically significant for KCl compared to no KCl,

student’s t-test, #p < 0.05; statistically significant for CA074Me and KCl condition,

compared to KCl condition, student’s t-test, * p < 0.05)
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Table 1

Quantitative Summary of the AβPPLon Mouse Data

Mouse
model

Chow Mean (SEM)

pGlu-
Aβ(3-40)

(ng/g)

flAβ(1-40)
(ng/g)

pGlu-
Aβ(3-42)

(ng/g)

flAβ(1-42)
(ng/g)

pGlu-Aβ
plaque load

(% area)

AβPPLon
(control)

Normal 23.4 (2.4) 72.9 (4.4) 13.4 (1.7) 25.9 (3.4) 0.41 (0.05)

BACE1 KO
AβPPLon

Normal 25.0 (3.4) 79.5 (6.4) 14.3 (1.8) 28.9 (3.1) 0.40 (0.05)

CatB TG
AβPPLon

Normal 35.9 (4.9) 115.6 (9.2) 25.9 (1.9) 51.0 (4.0) 1.14 (0.11)

CatB KO
AβPPLon

Normal 8.4 (1.4) 31.0 (4.3) 1.1 (0.4) 7.5 (1.7) 0.22 (0.02)

AβPPLon E64d 15.4 (2.7) 32.3 (3.3) 1.5 (0.5) 12.8 (1.2) 0.21 (0.04)

CatB KO
AβPPLon

E64d 8.6 (1.3) 17.9 (15.6) 0.0 (0.0) 6.7 (1.4) 0.11 (0.02)

This table shows the mean values, and SEM, for the various species of pGlu-Aβ and flAβ peptides measured in the different transgenic AβPPLon
mouse models studied here (Control, BACE1 KO, CatB TG, CatB KO, E64d, and E64d CatB KO mice).
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Table 2

Comparison of AβPP Isoforms 695, 751, and 770

AβPP-695 AβPP -751 AβPP-770

Relative Brain Levels Major Minor Trace

Neuronal Expression Major Minor Minor

Glial Expression Minor Major Major

KPI Domain No Yes Yes

MRC & OX-2 Domains No No Yes

The table summarizes information on AβPP-695, AβPP-751, and AβPP-770 isoforms obtained by several studies in human and rat brains [44-48].
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