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Featured Application: Endolysosomal cathepsin expression and activities are differentially reg-
ulated in the cortex, striatum, hippocampus, and cerebellum of mice upon aging and/or cathep-

sin deficiencies.

Abstract: The association of cathepsin proteases in neurobiology is increasingly recognized. Our
previous studies indicated that cathepsin-K-deficient (Ctsk~/~) mice have learning and memory
impairments. Alterations in cathepsin expression are known to result in compensatory changes in
levels of related cathepsins. To gain insight into the therapeutic usefulness of cathepsin inhibitors
in aging individuals with osteoporosis or neurodegenerative diseases, we studied for variations
in cathepsin expression and activity in aged (18-20 months) versus young (5-7 months) wild-type
(WT) and cathepsin-deficient mice brains. There were age-dependent increases in cathepsin B, D,
and L and cystatin C protein levels in various brain regions, mainly of WT and Ctsk~/~ mice. This
corresponded with changes in activity levels of cathepsins B and L, but not cathepsin D. In contrast,
very little age-dependent variation was observed in cathepsin-B- and cathepsin-L-deficient mouse
brain, especially at the protein level. The observed alterations in cathepsin protein amounts and
activity are likely contributing to changes in important aging-related processes such as autophagy. In
addition, the results provide insight into the potential impact of cathepsin inhibitor therapy in aged
individuals, as well as in long-term use of cathepsin inhibitor therapy.

Keywords: aging disorders; aspartic proteases; brain; cystatin C; cysteine peptidases; protease
inhibitor therapy; lysosomes

1. Introduction

Aspartic and cysteine cathepsins are important enzymes of the endolysosomal system
and are vital biological regulators with diverse fundamental roles in protein processing and
degradation [1-3]. Cathepsins also have specific functions in protein processing such as in
endocrine regulation [4]. Of special interest is the bone remodeling ability of cathepsin K
that has staged its prominence as a targeted therapy for osteoporosis [5-7]. Moreover, there
has been interest in the targeting of cysteine cathepsins, in particular for the treatment of
cancer [8] and Alzheimer’s disease (AD) [8-10].
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It is accepted that endolysosomes, and the hydrolases they contain, change during
aging, also in the central nervous system (CNS), although the outcomes of such changes
are not yet fully understood. After the first biochemical and preclinical studies, a major
expansion of research occurred in the last 20 years, which was facilitated by the devel-
opment of cathepsin-deficient and/or other murine disease models and by using new
approaches [2,9-15]. This research field led to a major advancement in our understand-
ing of the molecular mechanisms underlying physiological and degenerative processes
entailing cathepsin functions in the brain, beyond other organs.

Cathepsins B, D, K, and L are essential for the central nervous system (CNS). While
cathepsin-B- (Ctsb~/~) and cathepsin-L-deficient (Ctsl~/~) mice are viable, double cathep-
sin B/L-deficient mouse pups die between 2 and 4 weeks due to brain atrophy and massive
apoptosis of brain cells [16], suggesting that cathepsins B and L have overlapping neu-
rological roles. Cathepsin D knockout mice are also lethal due to a severe neurological
phenotype [17]. In contrast, cathepsin-K-deficient (Ctsk~/~) mice show milder afflictions,
in that impairments of memory formation and neurobehavior were observed in comparison
with wild-type (WT) controls [18]. At the molecular level, there are alterations in expression
of important molecules such as synaptotagmin, glial fibrillary acidic protein (GFAP), cyclic
nucleotide phosphodiesterase, and tyrosine hydroxylase in the Ctsk~/~ murine model [18].

Hence, the exact role of cathepsins in the CNS is yet to be fully elucidated. For instance,
while cathepsins have been reported to play a role in increasing neurodegenerative protein
aggregate formation [9,19,20], there is also mounting evidence that cathepsins can have neu-
roprotective functions [21-23], probably through aggregate-clearance mechanisms as part
of their involvement in the autophagy-lysosomal system [23,24]. Cathepsin B, for example,
is associated with neuroinflammatory response and oxidative stress in inflammatory brain
diseases and brain aging, where it is found to be upregulated particularly in microglia [11].
Furthermore, cathepsin D plays an important role in neuronal cell homeostasis because of
its proteolytic action towards target proteins such as x-synuclein, apolipoprotein E, hunt-
ingtin, lipofuscin, or tau, namely proteins involved in neurological disorders, including
Huntington’s and Parkinson’s disease [3,25]. Cathepsins are also associated with inflamma-
tory neurological diseases like Niemann-Pick type C (NPC) disease and neuronal ceroid
lipofuscinosis (NCL) [3,26,27].

Cathepsins are relevant in many biological systems and processes, and this poses
therapeutic considerations. For instance, a highly effective cathepsin K inhibitor entered
clinical trials for the treatment of osteoporosis (for review, see [6]). However, it was ar-
gued that oral administration of cathepsin K inhibitors for osteoporosis could result in
off-target CNS effects [5,18] or alterations in immune function [28]. Indeed, it was because
of such off-target effects that the highly efficient bone resorption inhibitor Odanacatib was
withdrawn from otherwise successful clinical trials as late as in phase III due to cerebrovas-
cular events [6]. Since the downregulation of one cathepsin often leads to compensatory
upregulation of related cathepsins [1], another important therapeutic consideration is to
ask, whether the use of cathepsin inhibitors is likely to affect cathepsin balance due to
compensation. On the one hand, if the activity of one cathepsin is downregulated using an
inhibitor, upregulation of another cathepsin with similar or overlapping functions may offer
a degree of protection [4,29]. On the other hand, possibilities remain for overcompensatory
effects due to upregulation of cathepsins with slightly different functions. Thus, more
comprehensive knowledge on the individual biological effects of cathepsins is invaluable
in therapeutic targeting.

In order to understand the possible effects of cathepsin inhibitor therapy on CNS in
particular, and to gain an in-depth understanding of the potential of cathepsin inhibitor
therapeutics in the treatment of aging-related diseases, this study aimed to examine al-
terations in cathepsin expression and activity in the aging brain of mice. Using young
and aged WT mice, as well as cathepsin-deficient (Ctsb~/~, Ctsl~/~, Ctsk~/~) mice of
the same age groups, various brain regions were studied for cathepsin localization using
immunofluorescence confocal laser scanning microscopy, proteolytic activity assays, and
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immunoblot in order to elucidate morphological, biochemical, and functional variations.
The endogenous inhibitor of cysteine cathepsins, cystatin C, was included in this study
to better understand the balancing of proteolytic with antiproteolytic factors upon aging
and/or loss of cysteine cathepsin function. We hypothesized that there would be alterations
in aged compared to young CNS cathepsin levels, and that deficiency in one cathepsin could
lead to compensatory upregulation of other cathepsins that could be further exacerbated
in aging.

2. Materials and Methods
2.1. Animals

All studies were performed on male cathepsin-deficient or WT C57B1/6] mice. The
Cts~/~ mice were housed under standard conditions, with a 12 h/12 h light/dark cycle
with lights out at 07:00 p.m. and ad libitum water and food in the animal facility of
Jacobs University Bremen, Germany. Backcrossing to a congenic C57Bl1/6] background
was performed at least over 8 generations for Ctsk~/~ mice. Generation of the founder
cathepsin-deficient mice at University of Gottingen, Germany, and the genotyping methods
are described elsewhere [7]. The procedures have been described for the generation of
Ctsb=/~ [30,31] and Ctsl~/~ mice [32].

2.2. Tissue Sampling

Brain samples were collected from young (5-7 months old) and aged (18-20 months old)
male WT C57Bl/6] mice and from mice deficient for cathepsins B, K, or L. The mice were
perfused with 0.9% NaCl supplemented with 200 IU heparin (Braun Melsungen AG, Mel-
sungen, Germany). Harvested whole brains were separated into two hemispheres, of which
one was fixed with 4% PFA in 200 mM HEPES, pH 7.4, and further processed for cryosec-
tioning as described before [18]. The other hemisphere was immediately dissected on ice
and the cortex, hippocampus, cerebellum, and striatum combined with the mesencephalon
and diencephalon (collectively referred to in this paper as striatum) were separated and
snap-frozen in liquid nitrogen.

2.3. SDS-PAGE, Immunoblotting, and Densitometry

Protein extraction. A Potter S homogenizer (1000 rpm for 2 min; Sartorius, Gottingen,
Germany) was used to homogenize tissue samples in ice-cold PBS containing 0.5% Triton
X-100. The resulting homogenates were placed in a rotary mixer for 40 min at 4 °C for
further extraction. Subsequent centrifugation was performed at 10,000x g and 4 °C for
10 min. Afterwards, the supernatants were removed and stored at —20 °C.

Gel electrophoresis. The Neuhoff assay was used to specify the protein content of all
samples [33]. Tissue lysates were normalized to equal amounts of protein and boiled in
sample buffer consisting of 10 mM Tris-HCl, pH 7.6, 0.5% (wt/vol) SDS, 25 mM DTT, 10%
(wt/vol) glycerol, and 25 ug/mL bromophenol blue. Proteins were separated on 12.5%
acrylamide gels.

Immunoblotting and immunodetection. Separated proteins were semidry blotted
onto nitrocellulose membrane. Blocking with 5% milk powder in PBS containing 0.3%
Tween-20 (PBST) was performed overnight at 4 °C. Primary antibodies, goat anti-mouse
cathepsin B (GT15047, Neuromics, through Acris Antibodies, Herford, Germany), rabbit
anti-human cathepsin D (IM16, Calbiochem-Novabiochem GmbH, Bad Soden, Germany),
goat anti-mouse cathepsin L (GT15049, Neuromics), and rabbit anti-mouse cystatin C
(Dr. Magnus Abrahamson, Lund, Sweden) were applied for 1.5 h at room temperature
(RT). The appropriate secondary antibodies, either goat anti-rabbit IgG (4050-05, South-
ern Biotech, Birmingham, AL, USA) or rabbit anti-goat IgG (6160-05; Southern Biotech),
were applied for 1 h at RT. Commonly used housekeeping proteins are altered in aged
compared to young tissue due to large age-related differences in protein turnover [34,35].
Protein loading was therefore verified by Ponceau staining of blots and Coomassie-stained
gels. Inmunoreactions were visualized by enhanced chemiluminescence on CL-XPosure
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film (Pierce through Perbio Science Europe, Bonn, Germany) or on Hyperfilm MP (GE
Healthcare Europe GmbH, Munich, Germany).

2.4. Cathepsin Activity Assays

Cathepsins B and L. Enzyme activity assays were performed as described [18]. Tissue
extracts containing 10 pg of total protein were mixed with 0.1% Brij35 and reactivated
for 5 min at 40 °C with reaction buffer (88 mM KH,PO4, 12 mM Nap,HPOy4, 1 mM Naj-
EDTA, 2 mM freshly prepared L-cysteine, pH 6.0; all final concentrations). For controls,
run in parallel, the reaction buffer included 10 pM of the cysteine protease inhibitor
E64. After reactivation, samples and controls were incubated with 5 uM cathepsin B
substrate N-benzyloxycarbonyl-arginyl-arginine-7-amido-4-methylcoumarin (Z-Arg-Arg-
AMC; Bachem Distribution Services GmbH, Weil am Rhein, Germany) or with 5 uM cathep-
sin L substrate N-benzyloxycarbonyl-phenylalanyl-arginine-7-amido-4-methylcoumarin
(Z-Phe-Arg-AMC; Bachem Distribution Services GmbH) plus 1.5 uM CA-074 cathepsin-B-
specific inhibitor (Merck Biosciences GmbH, Darmstadt, Germany) at pH 5.5 for 10 min
at 40 °C and 800 rpm. Reactions were terminated by adding stop solution containing
100 mM sodium chloroacetate, 30 mM sodium acetate, and 70 mM acetic acid, pH 4.3,
and fluorescence was measured with a Tecan GENios Reader (Tecan Deutschland GmbH,
Crailsheim, Germany), using excitation/emission wavelengths of 360/465 nm.

Cathepsin D. Activity was tested as previously described [18] by incubating tissue
extracts with 200 uM cathepsin D substrate 7-methoxycoumarin-4-yl-acetyl-glycyl-lysyl-
prolyl-isoleucyl-phenylalanyl-phenylalanyl-arginyl-leucyl-lysine (2,4-dinitrophenyl)-D-
arginine (MOCAc-Gly-Lys-Pro-lle-Leu-Phe~Phe-Arg-Leu-Lys (Dnp)-D-Arg-NH;); Merck
Biosciences GmbH) in 50 mM sodium acetate (pH 4.0) for 10 min at 40 °C and 800 rpm.
Controls were incubated in addition with 1 uM pepstatin A (Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany). Reactions were stopped by adding 5% trichloroacetic acid, and
fluorescence was measured using excitation/emission wavelengths of 328/393 nm.

Analysis. Assays were performed twice generally in duplicate. All assays were
performed with 1 = 4 mice for each genotype. Relative fluorescence units (RFU) of controls
were subtracted from the values for the corresponding samples. In order to allow averaging
over several assays, RFU values were normalized using the averages of young wild-type
control measurements within a given assay for each brain region.

2.5. Immunohistochemistry

Brain hemispheres were cut horizontally on a cryostat (Leica CM1900, Leica Microsys-
tems) into 16 um serial sections and washed prior to the staining procedure in calcium
and magnesium-free (CMF)-PBS at 4 °C as previously described [18]. Upon blocking of
nonspecific binding sites with 3% bovine serum albumin (Albumin Fraction V, Roth, Karl-
sruhe, Germany) including 0.3% Triton X-100 in CMF-PBS, respectively, primary antibodies
were applied on brain sections overnight at 4 °C in a moisturized chamber. Goat anti-
mouse cathepsin B (GT15047, Neuromics, through Acris Antibodies, Herford, Germany),
goat anti-mouse cathepsin L (GT15049, Neuromics), rabbit anti-human cathepsin D (IM16,
Calbiochem-Novabiochem GmbH, Bad Soden, Germany), and mouse anti-NeuN (Milli-
pore, Schwalbach am Taunus, Germany) were used. Secondary antibodies, rabbit anti-goat
IgG F(ab’), fragment conjugated with Alexa 488 (A21222, Invitrogen through Molecular
Probes, Karlsruhe, Germany), or goat anti-mouse IgG conjugated with Alexa 546 (A11018,
Invitrogen through Molecular Probes, Karlsruhe, Germany), or goat anti-rabbit IgG conju-
gated with Alexa 488 (A11034, Invitrogen) were applied for 4 h along with DRAQ5™ as a
nuclear marker (Biostatus Ltd., Shepshed Leicestershire, UK). Sections were mounted with
Mowiol embedding medium (33% glycerol, 14% Mowiol/Elvanol in 200 mM Tris-HCl, pH
8.5, Hoechst, Frankfurt, Germany), imaged with a Zeiss LSM 510 META laser-scanning
microscope (Carl Zeiss GmbH, Oberkochen, Germany) and analyzed using LSM 5 software
(version 3.2; Carl Zeiss, Jena, Germany).
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2.6. Densitometry Analysis and Statistical Evaluations

TINA software (Raytest, Straubenhardt, Germany) was used for densitometry. All
data are shown as mean =+ standard errors. Differences among groups were analyzed using
Student’s t-test using GraphPad Prism 5.04 (GraphPad, San Diego, CA, USA).

3. Results
3.1. Localization of Cathepsins B, D, and L in Mouse Brain

To look for age-dependent alterations in cathepsin localization in mouse CNS, brain
sections of WT young (5-7 months old) and aged (18-20 months old) mice were stained
for cathepsins B, D, or L, the neuronal marker NeuN, and the nuclear marker Draq 5™.
Cathepsin-B-, D-, and L-positive staining was detected in neurons and non-neuronal brain
cells in a vesicular pattern around nuclei (Figures 1-3). In the cortex and striatum, cathepsin
staining was sparse and distributed mostly around the cellular nuclei in a vesicular pattern
(Figures 1A-D, 2A-D and 3A-D). This was particularly evident in NeuN-positive neurons,
but was also observed for some NeuN-negative cells. In the hippocampus, cells of the
dentate gyrus (DG) showed intense accumulation of cathepsin-B- and L-positive vesicles
(Figures 1E,F and 2E,F). In the cerebellum, there was intense cathepsin staining in neurons
and Purkinje cells of the granular layer, while neuronal cells of the molecular layer were
sparsely stained (Figures 1G,H, 2G,H and 3G,H). Overall, both young and aged brain
samples showed similar patterns of cathepsin distribution, suggesting that there were no
age-dependent alterations in cathepsin localization.

3.2. Cathepsin B, D and L Protein and Activity Levels in WT and Cathepsin-Deficient
Mouse Brain

Immunoblot studies and activity assays were performed with cathepsins B, D, and
L in various brain regions of young and aged WT and Ctsb~/~, Ctsk~/~, and Ctsl~/~
mice (Figures 4-6). Negligible cathepsin B protein and activity levels were detected in all
Ctsb=/~ samples, which served as appropriate controls (Figure 4). Most notably, cathepsin
B protein levels were increased in all brain regions of aged Ctsk~/~ mice compared to young
Ctsk~/~ animals (Figure 4A-D). This finding corresponded with an observed increase in the
activity levels of cathepsin B in all brain regions of aged compared to young Ctsk~/~ mice
(Figure 4E-H). Similarly, in aged WT mice, there were also significant increases in cathepsin
B activity in the striatum, hippocampus, and cerebellum (Figure 4F-H), although these
differences were not significantly detected at the protein level (Figure 4A-D). However, the
immunostainings also showed a marked increase in cathepsin B in aged mice in all four
brain regions (Figure 1). In the cerebellum of aged CtsI~/~ mice, cathepsin B activity levels
were slightly, but significantly, elevated compared to young Ctsl~/~ mice (Figure 4H).
When comparing among genotypes, the elevated levels of cathepsin B protein in aged
Ctsk—/~ striatum and hippocampus was significantly higher compared to age-matched WT
controls (Figure 4B,C). In addition, significantly higher levels of cathepsin B protein were
detected in young Ctsk~/~ and Ctsl~/~ striatum compared to WT controls (Figure 4B), and
in the cerebellum, cathepsin B protein levels were also elevated in young Ctsl~/~ mice
compared to WT controls (Figure 4D). These observations could indicate compensatory
upregulation of cathepsin B protein in the absence of cathepsins K and L.
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Figure 1. Distribution and localization of cathepsin B in the CNS of young and aged WT
mice. (A-H) Cathepsin B localization in CNS of WT young (A,C,E,G, 5-7 months old) and aged
(B,D,F,H, 18-20 months old) mice using confocal scanning microscopy (green, cathepsin B; blue,
Drag5™ nuclear stain; red, NeuN neuronal marker). Boxed areas in (A-D) are magnified in the
respective inserts (top right). Cathepsin B was localized in a vesicular pattern (arrows) in neuronal
cells and other brain cells in cortex (A,B), striatum (C,D), hippocampus (E,F), and cerebellum (G, H).
Scale bars: 50 pm.
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Figure 2. Distribution and localization of cathepsin D in the CNS of young and aged WT
mice. (A-H) Cathepsin D localization in CNS of WT young (A,CE,G, 5-7 months old) and aged
(B,D,F,H, 18-20 months old) mice using confocal scanning microscopy (green, cathepsin D; blue,
Draq5™ nuclear stain; red, NeuN neuronal marker). Like cathepsin B, cathepsin D was localized
in a vesicular pattern (arrows) in neuronal cells and other brain cells in cortex (A,B), striatum (C,D),
hippocampus (E,F), and cerebellum (G,H). Scale bars: 50 pum.
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Figure 3. Distribution and localization of cathepsin L in the CNS of young and aged WT
mice. (A-H) Cathepsin L localization in CNS of WT young (A,C,E,G, 5-7 months old) and aged
(B,D,F,H, 18-20 months old) mice using confocal scanning microscopy (green, cathepsin L; blue,
Draq5™ nuclear stain; red, NeuN neuronal marker). Boxed areas in (A-D) are magnified in the
respective inserts (top right). Like cathepsin B, cathepsin L was localized in a vesicular pattern (arrows)
in neuronal cells and other brain cells in cortex (A,B), striatum (C,D), and hippocampus (E F), and
cerebellum (G,H). Scale bars: 50 pm.
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Figure 4. Status of cathepsin B protein and activity levels in the CNS of young and aged cathepsin-
deficient mice compared to WT controls. (A-D) Densitometry analysis of immunoblots prepared from
lysates of cerebral cortex, striatum, hippocampus, and cerebellum of young (white bars) and aged (gray
bars) WT, Ctsb=/~, Ctsk=/~, and CtsI~/~ mice as indicated. Representative immunoblots are shown in
the lower panels; lanes represent separate individuals. Coomassie-stained gels serve as a loading control.
There were age-dependent increases in cathepsin B protein in all brain regions of aged Ctsk~/~ animals.
(E-H) Cathepsin B activity (measured in relative fluorescence units (RFU)), as determined by cleavage of
Z-Arg-Arg-AMC at pH 6.0. Cathepsin B activity was increased in all brain regions of aged Ctsk~/~ mice,
as well as in striatum, hippocampus, and cerebellum of aged WT mice. Levels of significance between
different ages are denoted as * or # for p < 0.05; ** or # for p < 0.01; *** or ## for p < 0.001.
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Figure 5. Status of cathepsin D protein and activity levels in the CNS of young and aged cathepsin-deficient
mice compared to WT controls. (A-D) Densitometry analysis of immunoblots prepared from lysates of
cerebral cortex, striatum, hippocampus, and cerebellum of young (white bars) and aged (gray bars) WT,
Ctsb~/—, Ctsk=/~, and Ctsl~/~ mice as indicated. Representative immunoblots are shown in the lower
panels; lanes represent separate individuals. Coomassie-stained gels serve as a loading control. There were
age-dependent increases in cathepsin D protein in cortex, striatum, and cerebellum of aged Ctsk~/~ and
WT animals. (E-H) Cathepsin D activity (measured in relative fluorescence units (RFU)), as determined by
cleavage of MOCACc-Gly-Lys-Pro-lle-Leu-Phe~Phe-Arg-Leu-Lys (Dnp)-D-Arg-NH2 at pH 4.0. Cathepsin D
activity was increased in the hippocampus of aged Ctsl~/~ mice. Levels of significance between different
ages are denoted as * or * for p < 0.05; ** or # for p < 0.01; ** or " for p < 0.001.
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Figure 6. Status of cathepsin L protein and activity levels in the CNS of young and aged cathepsin-
deficient mice compared to WT controls. (A-D) Densitometry analysis of immunoblots prepared
from lysates of cerebral cortex, striatum, hippocampus, and cerebellum of young (white bars) and
aged (gray bars) WT, Ctsb~/~, Ctsk~/~, and Ctsl—/— mice as indicated. Representative immunoblots
are shown in the lower panels; lanes represent separate individuals. Coomassie-stained gels serve as a
loading control. There were age-dependent increases in cathepsin L protein in striatum, hippocampus,
and cerebellum of aged WT animals and in hippocampus and cerebellum of aged Ctsk™/~ mice.
(E-H) Cathepsin L activity (measured in relative fluorescence units (RFU)), as determined by cleavage
of Z-Phe-Arg-AMC at pH 5.5. Cathepsin L activity was increased in the cortex of aged Ctsk~/~ mice.
Levels of significance between different ages are denoted as * or * for p < 0.05; ** or # for p < 0.01;
*** or ## for p < 0.001.

However, these alterations in cathepsin B protein were not necessarily reflected at
the activity level. In the cortex, cathepsin B activity was significantly lower in aged and
young Ctsk~/~ and Ctsl~/~ mice compared to WT controls (Figure 4E), while the decrease
at the protein level did not reach significance. In the striatum, contrary to the generally
observed increases at the protein level, cathepsin B activity was lower in young Ctsk~/~
and Ctsl~/~ mice and aged CtsI~/~ compared to WT controls (Figure 4F). Hippocampal
cathepsin B activity was also lower in young and aged CtsI~/~ mice compared to WT
controls (Figure 4G). In the cerebellum, cathepsin B activity was lower in aged Ctsk—/~
and Ctsl~/~ mice compared to WT controls, and similar to the protein level, activity was
significantly increased in the young Ctsl~/~ mice compared to the young WT controls
(Figure 4H). Thus, in general, and despite the increased cathepsin B protein levels detected
by immunoblot, it appeared that ablation of cathepsins K and L resulted in an overall
decrease in cathepsin B activity.

Cathepsin D protein levels were elevated in aged compared to young WT in the cortex,
striatum, and cerebellum; the same was observed in aged Ctsk~/~ mice (Figure 5A-D),
reflecting the general pattern observed for Cathepsin B protein in these genotypes. In
contrast, the cathepsin D protein levels in the Ctsb~/~ and Ctsl~/~ mice were unaffected
with age (Figure 5A-D). Furthermore, activity of cathepsin D was generally stable with age
in all the different genotypes (Figure 5E-H), with only a significant age-dependent increase
in cathepsin D activity observed in CtsI~/~ hippocampus (Figure 5G). Few differences
were seen when comparing different genotypes for cathepsin D protein and activity. In
aged striatum of Ctsb~/~ and Ctsl~/~ cathepsin D protein levels were significantly lower,
whereas cathepsin D protein levels in aged Ctsk~/~ mice were increased compared to
aged WT controls (Figure 5B); none of these differences were detected at the activity level
(Figure 5F). In the hippocampus, cathepsin D protein levels were elevated in aged Ctsk~/~
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mice compared to WT controls (Figure 5C), and cathepsin D activity was decreased in
the hippocampus of young Ctsl~/~ mice compared to WT controls (Figure 5G). In the
cerebellum, a significant increase in cathepsin D protein levels was observed in young
and aged Ctsb~/~ mice and a decrease in aged Ctsk~/~ compared to age-matched WT
controls (Figure 5D). Cathepsin D cerebellar activity was increased in both young and aged
Ctsl~/~ mice compared to WT controls (Figure 5H). Overall, while age and/or ablation of
cathepsins B, K, and L may have resulted in increased cathepsin D protein, cathepsin D
activity remained relatively unaffected.

Negligible cathepsin L activity and protein were detected in all CtsI~/~ samples,
which served as experimental controls (Figure 6). Cathepsin L protein levels were increased
in all brain regions except cortex of aged WT compared to young WT mice (Figure 6A-D),
corresponding to an age-dependent increase in cathepsin L activity in WT hippocam-
pus (Figure 6G). In Ctsk™/~ mice, cathepsin L protein levels were observed to be age-
dependently elevated in the hippocampus and cerebellum (Figure 6C,D), and activity was
age-dependently elevated in the cortex (Figure 6E) in contrast to almost equal protein levels.
The only alteration in Ctsb~/~ mice was a slight age-dependent decrease in cathepsin L
protein in the cortex (Figure 6A). When comparing cathepsin L protein levels among differ-
ent genotypes, it was observed that cathepsin L protein levels were increased in both young
and aged Ctsb~/~ striatum (Figure 6B) and in young cerebellum (Figure 6D) compared
to age-matched WT controls (Figure 6B), suggesting that there may be upregulation of
cathepsin L protein in these brain regions to compensate for the lack of cathepsin B. In
contrast, hippocampal cathepsin L protein levels were decreased in aged Ctsb~/~ and
Ctsk~/~ mice compared to young WT animals (Figure 6C). At the activity level, cathepsin
L activity was significantly decreased in the cerebellum of aged Ctsb~/~ mice compared to
aged WT animals (Figure 6H), but no other significant variations in activity were detected
with the absence of cathepsins B or K. Thus, similar to cathepsin D, while age and/or
ablation of cathepsins B, K, and L may have resulted in variations to cathepsin L protein,
activity remained relatively unaffected.

3.3. Cystatin C Protein Levels in WT and Cathepsin-Deficient Mouse Brain

Immunoblot studies were also performed to determine protein amounts of the en-
dogenous cysteine cathepsin inhibitor cystatin C in various brain regions of young and
aged WT and Ctsb~/~, Ctsk—/~, and Ctsl~/~ mice (Figure 7). Differences in protein levels
in the cortex were rather seen between different genotypes, whereas aging seemed to have
less effect on the cystatin C protein levels. Only in Ctsl~/~ mice did we see an increase
in cystatin C levels in the cortex in aged mice. In the striatum, an increase in cystatin C
levels was observed in Ctsk~/~ aged mice. The other genotypes did not show alterations in
cystatin C levels with aging. In the striatum of Ctsl~/~ mice, significantly more cystatin C
was detected over WT controls. In the hippocampus, an age-dependent increase in cystatin
C protein was detected in WT and Ctsk~/~ mice, while significant differences were also
observed comparing WT and Ctsb~/~ and CtsI~/~ mice. In the cerebellum, an increase
in cystatin C was detected in aged WT mice and a decrease in aged Ctsb~/~ mice. A
higher cystatin C protein level was observed in all three cathepsin-deficient young animals
compared to young WT mice. Thus, both aging and loss of specific cathepsins affected
protein levels of cystatin C in different brain regions.
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Figure 7. Status of cystatin C protein levels in the CNS of young and aged cathepsin-deficient mice
compared to WT controls. (A-D) Densitometry analysis of immunoblots prepared from lysates of
cerebral cortex, striatum, hippocampus, and cerebellum of young (white bars) and aged (gray bars)
WT, Ctsb~/~, Ctsk~/~, and CtsI~/~ mice as indicated. Representative immunoblots are shown in
the lower panels; lanes represent separate individuals. Coomassie-stained gels serve as a loading
control. There were age-dependent decreases in cystatin C protein in cerebellum of Ctsb~/~ mice
and increases in striatum and hippocampus of aged Ctsk~/~ mice, in cerebellum of aged Ctsl~/~
mice, and in hippocampus of aged WT animals. Levels of significance between different ages are
denoted as * or # for p < 0.05; ** or * for p < 0.01; ** or * for p < 0.001.

4. Discussion

To our knowledge, this is the first report examining alterations of cysteine cathep-
sin and cystatin C levels in aging brain from both WT and cathepsin-deficient (Ctsb~/~,
Ctsl=/~, and Ctsk~/~) mice. Overall, age-dependent increases in cathepsin protein levels
were detected particularly in WT and Ctsk~/~ brain regions (see Graphical Abstract). This
corresponded in part to an increase in enzyme activity, as for cathepsin B protein and
activity, which were both elevated in Ctsk~/~ mice upon aging. However, in many cases,
while cathepsin protein was age-dependently increased, there were no significant changes
in activity levels, particularly for cathepsin D activity, which remained relatively stable
with age among the different genotypes. Localization of cathepsins B, D, and L expression
confirmed their vesicular staining pattern in neuronal and non-neuronal cells in both young
and aged brain.

4.1. The Proteolytic Network of the Rodent Brain upon Aging

Alterations in proteolytic networks involved in the aging CNS are generally not
fully understood, particularly in relation to cathepsins. However, the endolysosomal
system of neurons comprises cathepsins among other proteases, which are capable of
initiating and executing cell death programs not only in certain pathologic states but also
during aging [14]. Because cathepsin proteases are clearly important in processing and/or
in degrading neuronal proteins, they may thus exert either neuroprotective or harmful
roles [14].

Early studies injecting lysosomotropic drugs into the brain of young rats resulted in
morphological features that are otherwise only seen in aged brain [14,36]. The alterations
caused by lysosomotropic drug injections included accumulation of lipofuscin and decline
in dopamine receptors, suggesting that endolysosomal enzymes are likely involved [14,36].
Relevant to our findings of the present study, a previous investigation of others has reported
that cathepsin B levels and activity were higher in aged compared to young neostriatum
in rat brain, and detected age-related increased cathepsin D protein levels in different
brain regions [37]. Some care is needed in the interpretation of the enzyme activity assays
of this particular report, because cathepsins S and X/Z were described only later, such
that specific activity assay designs are needed to distinguish them from related cysteine
cathepsins and verify the data. Another study focusing on hippocampal cathepsin B
activity reported no significant change for aged (16-20 months) compared to young mice
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(1-3 and 7-8 months) [21], which correlates with our findings. Using a transgenic mouse
model that results in increased amyloid beta (Af8) production, the same study found that
cathepsin B hippocampal activity was higher with increased Af levels in young but not
in aged mice, which may suggest that upregulation of cathepsin B in this model could
be a protective response to a stimulus that declines with aging [21]. Collectively, the
results mentioned above and those of this study suggest a connection between variations in
endolysosomal proteolysis by cathepsins and development of CNS aging-related diseases.
Thus, activation of endolysosomal cathepsins in aging could either be a compensatory
effect or a regenerative attempt to rescue cells [38].

Cystatin C was also inspected in this study. We reasoned that cystatin C as an endoge-
nous antiproteolytic factor has the ability to balance cysteine cathepsin activity. This was
indeed reported in, e.g., thyroid tissue of differently aged WT and mice deficient in the
G-protein-coupled receptor Taarl [39]. In the present study, increases in cystatin C protein
levels were observed upon aging in the hippocampus of WT and Ctsk~/~ mice. Hence,
increased cystatin C could potentially counteract the increased cathepsin B activities in the
hippocampus of Ctsk~/~ mice. However, cystatin C levels remained largely unaffected in
the cortex, striatum, and hippocampus of Ctsb~/~ mice upon aging, while it was down-
regulated in the cerebellum (see Figure 7). We conclude that the upregulated cathepsin
amounts are not counter balanced by an upregulation of the cystatin C inhibitor. Therefore,
the role of cystatin C remains elusive in the brain of cathepsin-deficient mice.

However, cystatin C is recognized as a neuroprotective protein in AD [40,41], and it
is considered in recent therapeutic strategies aiming at drug delivery to the brain [42—44].
Cystatin C is present in all body fluids [45], and it passes the blood-brain barrier (BBB),
which is why its blood concentrations are indicative of the permeability of the BBB [46]
among other tissue barriers or kidney function. Whether the changes in cystatin C protein
amounts are also indicative of different permeabilities of the blood-brain and the blood—
cerebrospinal fluid barriers upon aging or cathepsin deficiencies in mice is not known at
this point and must be investigated further. It is interesting to note in this context that
cathepsin K is particularly highly expressed in cells of the choroid plexus of mice [18].
This is of special interest because most changes in cysteine cathepsin protein or activity
levels were observed in the Ctsk~/~ mice (this study). Hence, future studies must aim at
investigating structural and functional changes of the blood—cerebrospinal fluid barrier of
Ctsk~/~ mice in comparison with WT and upon aging.

Several studies also showed age-dependent changes in aspartic cathepsin D expression
and/or activity in human and rat brain tissue (summarized in [14]). In Wistar rats, cathepsin
D activity was significantly increased with aging in the cerebellum, cerebrum, hippocampus,
and pons [47]. This agrees partly with our findings of this study, because we found an
increase in cathepsin D in the cerebellum, the cortex, and the striatum of WT mice. Another
study evaluated the distribution of cathepsin D activity (based on hemoglobin degradation)
in 50 different areas of the CNS of adult and aged humans, revealing that the alterations
in cathepsin D’s proteolytic activity were less pronounced with age in the human brain
than in the rat brain [48]. On this basis, a possible relationship was suggested between
activation of cathepsin D and senile plaques formation in AD and aging [49].

4.2. Potential Contributions of Microglia and Autophagy

Another source of excessive cathepsins amounts in the aged brain stems from activated
microglia [50]. Microglia activation is understood as an integral part of neuroinflammation
that accompanies numerous neurodegenerative disorders, including AD. Moreover, alter-
ations of cathepsin expression during brain aging were proposed as a possible mechanism
underlying microglia priming in brain aging [14,51,52]. By way of example, cathepsin B
was suggested to be involved in NALP3 inflammasome-mediated generation of interleukin
1-f in response to A3 [53].

The general pattern of cathepsin protein upregulation in aged compared to young
animals’ tissues may also relate to their important roles in autophagy, a vital process of pro-
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tein recycling and turnover for removal of accumulated cellular damaging factors, which
declines with age [54-56]. However, an increase in cathepsin levels in aged brain, particu-
larly if in conjunction with endolysosomal leakage, could conversely lead to activation of
apoptotic pathways [54,57]. We can neither rule out nor support that the age-dependent
upregulation of cathepsin expression in mouse brain, in particular of WT and Ctsk~/~ mice,
found in this study is a response to an increased requirement for autophagy. Hence, for
future studies, it will be interesting to determine whether autophagy is enhanced in brain
tissue of any of the mouse models used in this study.

4.3. Changes in Wild-Type and Cathepsin-K-Deficient Mouse Brain Tissues upon Aging Differ
from Those in Cathepsin B and L Deficiency

Interestingly, in Ctsk~/~ samples, an age-dependent increase in protein expression was
generally pronounced for cathepsins B, D, and L in all brain regions, with the exceptions of
cathepsin D in the hippocampus and cathepsin L in cortex and striatum (see Figures 46,
see also Graphical Abstract); this phenomenon was observed to a lesser extent in WT
mice. Thus, it is possible that cathepsins B, D, and L are upregulated in Ctsk~/~ brain to
compensate for the lack of cathepsin K in these particular brain regions upon aging. Further
studies are needed to support this hypothesis, for instance by treating WT mice with
Odanacatib to pharmacologically knock-down cathepsin K activity. Such investigations
would allow drawing conclusions on the possible effects of long-term use of cathepsin
K inhibitors upon aging and whether such an intervention would result in alterations of
redundant and/or related cysteine cathepsins in the CNS. In keeping with this notion,
partial reduction of cathepsin K activity by an inhibitor is likely to have fewer effects than
those observed in Ctsk~/~ mice, which are lacking cathepsin K function completely from
development onwards.

When comparing across genotypes, genetic ablation of cathepsins B, L, and K often led
to increased cathepsin protein expression compared to WT, though activity was frequently
unchanged or even decreased (this study). Again, this may be in an attempt to upregulate
cathepsin protein to compensate for the lack of another cathepsin. In contrast to WT and
Ctsk~/~, the mouse brain regions of Ctsl~/~ and Ctsb~/~ showed fewer or more subtle
age-dependent variations in cathepsin expression, especially at the protein level. This may
mean that homeostatic processes involving cathepsins in the aging CNS are less extensive
in Ctsl~/~ and Ctsb~/~ compared to WT and Ctsk~/~ brain regions.

5. Conclusions and Perspectives

In conclusion, the present and previous studies demonstrate that alterations in levels
of cathepsin activity may not correspond to drastic changes in tissue morphology and/or
protein homeostasis [1,18,58]. However, the results highlight once more the importance of
examining both protease protein amounts and their activity levels in biological systems to
better understand and predict the effectiveness of inhibitor therapeutics. Overall, this study
has identified variations in the cathepsin proteolytic network in the CNS of aging mice,
and the findings provide insights into regional differences of the somewhat redundant
cysteine cathepsin protease network. An understanding of the various aspects of cathepsin
dynamics will lead to more effective application in inhibitor therapy for diseases with
higher incidences in aging populations.
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