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In vitro studies have shown that cystatin C (CysC) is
neuroprotective. Here we demonstrate that CysC is
neuroprotective in vivo, in a mouse model of the
inherited neurodegenerative disorder, progressive
myoclonic epilepsy type 1 (EPM1). Loss-of-function
mutations in the cystatin B (CysB) gene, an intracellular cysteine protease inhibitor, lead to this human
disease. A CysB-knockout (CysBKO) mouse model develops symptoms that mimic EPM1. CysB deficiency
in these mice results in enhanced cathepsin B and D
activities, indicating lysosomal dysfunction. We show
that expression of CysC is enhanced in the brains of
CysBKO mice. Crossbreeding of CysBKO mice with either CysC-overexpressing transgenic mice or CysCknockout mice demonstrates that clinical symptoms
and neuropathologies, including motor coordination
disorder, cerebellar atrophy, neuronal loss in the cerebellum and cerebral cortex, and gliosis caused by CysB
deficiency, are rescued by CysC overexpression and
exacerbated by CysC deficiency. Thus, CysC effectively
rescues the CysB loss-of-function mutations, facilitating the reversal of pathophysiological changes and
suggesting a novel therapeutic intervention for
patients with EPM1 and other neurodegenerative
disorders. (Am J Pathol 2010, 177:2256 –2267; DOI:
10.2353/ajpath.2010.100461)

and age-associated neurological deficits. UnverrichtLundborg disease (EPM1), the most common form of
progressive myoclonus epilepsy, is a rare autosomal disorder caused by loss-of-function mutations in the gene
encoding cystatin B (CysB).1–3 EPM1 has an onset of
symptoms at 6 to 15 years of age, and progression with
age leads to myoclonic and tonic-clonic seizures,4,5 neurological decline, and severe ataxia.4,6
CysB, a member of the cystatin family 1 of cysteine
protease inhibitors, is mainly found in the cytosol and at
lower levels in body fluids.7 Cystatin C (CysC), a secreted
cysteine protease inhibitor belonging to the type 2 family
of cystatins, is found in all mammalian body fluids and
tissues. Both CysB and CysC inhibit cathepsins (Cat) B,
H, L, S, and K.8 –10 Uncontrolled proteolysis as a result of
imbalance between active proteases and their endogenous inhibitors has been associated with diverse diseases such as Alzheimer’s disease, cancer, rheumatoid
arthritis, multiple sclerosis, muscular dystrophy, liver disorders, lysosomal disorders, and diabetes (reviewed in
Tizon and Levy11). Furthermore, precursor forms of lysosomal enzymes, which are not susceptible to inhibition by
endogenous inhibitors, have leaked from the lysosomes
in many diseases.12–14 Accordingly, enhanced cytosolic
activity of cathepsins due to loss of CysB function may
account for the pathology seen in EPM1.15–17
Notably, CysC has been implicated in the processes of
neuronal repair of the nervous system. Enhanced CysC
expression was observed in response to injury, including
transient forebrain ischemia,18,19 seizures,20 and induction
of epilepsy.20 –22 Oxidative stress also stimulates an increase in CysC expression in cultured rat primary neurons23
and in cerebral microvascular smooth muscle cells in
vitro.24 Furthermore, we have shown that human CysC is
protective in neuronal cultures exposed to a myriad of cySupported by National Institute on Aging (AG017617 to R.A.N.), National
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totoxic challenges relevant to Alzheimer’s disease and neurodegeneration, including nutritional deprivation, colchicine,
staurosporine, oxidative stress, and amyloid ␤ (A␤).25,26
A mouse model for EPM1 has been generated by
knocking out the CysB gene.27 CysB-knockout (CysBKO)
mice develop myoclonic seizures and ataxia, starting
before 2 months of age, similar to symptoms seen in the
human disease.27 Degeneration of cerebellar granule
cells,27 hippocampal neurons, and cells within the entorhinal cortex was observed in the developing brains of
CysBKO mice.28 These mice also show gliosis and increased expression of apoptotic and glial activation
genes.29 The progressive cerebellar atrophy caused by
CysB deficiency implicates a required role for CysB expression in the development of the cerebellum.28,30
In the present study, we have tested whether CysC
protects in vivo against the deleterious effects of CysB
deficiency. Using quantitative PCR (qPCR), Western blot,
and immunohistochemical analyses, we demonstrated
enhanced CysC expression in brains of CysBKO mice,
suggesting that CysC-increased expression could counteract CysB deficiency. Crossbreeding CysC overexpressing mice31 with CysBKO mice prevented the increase
in cathepsin expression and rescued the clinical and neuronal pathologies characterizing loss-of-function of CysB,
including loss of motor coordination, cerebellar atrophy,
neuronal cell loss in the cerebellum and cerebral cortex,
and gliosis. Moreover, the neuropathology induced by
CysB deficiency was exacerbated in mice lacking both the
CysB and CysC genes. These studies underscore the prospective therapeutic use of CysC in EPMI and have implications for other progressive neurodegenerative disorders
where lysosomal proteases are dysfunctional.

Materials and Methods
Animals
A breeding colony of CysBKO mice was kindly provided by
Dr. Richard M. Myers.27 Homozygous CysBKO mice were
crossed with either transgenic CysC overexpressing mice31
(CysC) or homozygous CysC knockout mice32 (CysCKO)
all on C57BL/6-129Sv background. Homozygous single
and double knockout mice were studied together with their
littermate and age-matched singly transgenic or nontransgenic controls at 2, 4, and 12 months of age. A similar
number of females and males was used for all analyses. No
sex differences were observed in any of the tests. The mice
were tested for pathological abnormalities, and body
weights and brain weights were measured. All animal procedures were performed following the National Institutes of
Health guidelines with approval from the Institutional Animal
Care and Use Committee at the Nathan S. Kline Institute for
Psychiatric Research. All efforts have been made to minimize animal suffering and the numbers of mice used.

Motor Coordination and Balance Measurements
Motor coordination and balance were evaluated on a
rotating rod apparatus (Accuscan Instruments, Colum-

bus, OH) at 0 and 2 rpm speeds. The mice were subjected
to the rotorod for still and rotating experiments for five consecutive trials of 1 minute duration each. The loss in motor
coordination and balance of the mice were judged by the
time the mice spent on the still or rotating rod.27

Immunohistochemistry and Nissl Staining
Mice were deeply anesthetized and transcardially perfused with 0.1 M phosphate buffer, pH 7.4 (PBS), followed by 4% paraformaldehyde in PBS. Brains were
postfixed for 12 hours in 4% paraformaldehyde in PBS at
4°C and transferred to PBS. Blocks of 20 formalin-fixed
mouse brains were prepared by Neuro Science Associates (Knoxville, TN) and serial sagittal sections (40 m) of
the entire extent of the brain were cut. Free-floating sections from all of the mouse groups were then concurrently
processed for histological and immunohistochemical examination. Immunohistochemistry was performed as previously described.33 Control sections were processed with
the omission of the primary or secondary antibodies to
exclude nonspecific reactions. Brain sections were stained
with Neurotrace Nissl stain (Invitrogen Corporation, Carlsbad, CA) to stain neurons and glia in the tissue. Total area
of the cerebellum was measured on five to six sections per
mouse, per genotype (n ⫽ 5), using NIH ImageJ software
(http://rsbweb.nih.gov/ij/, last accessed September 20,
2010).

Western Blot Analysis
Mice were euthanized, brains were dissected, and the
cerebral cortices and cerebella were flash frozen on dry
ice. Tissues were homogenized in lysis buffer: 20 mmol/L
Tris-HCl (pH 7.4), 250 mmol/L sucrose, 1 mmol/L EDTA,
and 1 mmol/L EGTA with protease inhibitors as described
previously.33 Protein concentration was determined by
bicinchoninic acid Protein Assay Kit (Pierce, Rockford,
IL). Equal amounts (30 to 70 g) of total proteins were
boiled in sample buffer (1% SDS, 3% glycerol, 1.5%
␤-mercaptoethanol, and 20 mmol/L Tris-HCl, pH 6.8) and
separated by 15% Tris-glycine gel electrophoresis. The
proteins were electrophoretically transferred onto a 0.2
m nitrocellulose membrane (Bio Rad, Hercules, CA)
in 2.5 mmol/L Tris/19.2 mmol/L Glycine/20% methanol
transfer buffer. The membrane was blocked in 5% milk
(Bio Rad) or 5% bovine serum albumin in 10 mmol/L Tris,
150 mmol/L sodium chloride, pH 7.5, 0.1% Tween-20,
incubated with primary antibody overnight at 4°C, and
with secondary antibody for 1 to 2 hours at room temperature. The membranes were incubated in chemiluminescent fluid (Pierce) for 5 minutes, chemiluminescence was
visualized on Reflection Autoradiography film, and the
intensity of the bands was quantified. ␤-tubulin or ␤-actin
was blotted on the same membrane as an internal control
for loading. The protein bands were scanned, optical
density was calculated by using ImageJ, and the ratio of
protein intensity to either ␤-tubulin or ␤-actin in the same
lane was calculated. Mean and SEM were calculated for
four separate experiments.
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Antibodies Used for Immunofluorescence and
for Western Blotting
The following antibodies were used: rabbit anti-CysC
polyclonal antibody (1:1500 for immunofluorescence
[ICC] and 1:5000 for Western blotting [WB]; Upstate Biotechnology, Billerica, MA), rabbit anti-Cat D polyclonal
antibody (1:500 for ICC and 1:2000 for WB; Scripps, San
Diego, CA), rabbit anti-Cat B polyclonal antibody (1:200
for ICC and 1:1000 for WB; Millipore Corporation, Billerica, MA), rabbit anti-glial fibrillary acidic protein
(GFAP) polyclonal antibody (1:500 for ICC and 1:5000 for
WB; Dako, Carpinteria, CA), mouse anti-neuronal nuclei
(NeuN) monoclonal antibody (1:200 for ICC and 1:1000
for WB; Millipore), mouse anti-␤-tubulin monoclonal antibody (1:10000 for WB; Sigma, St. Louis, MO), or mouse
anti-␤-actin monoclonal antibody (1:5000 for WB; Abcam,
Cambridge, MA), affinity purified rabbit anti-rat CysB antibody, which was raised in our laboratory (Yang et al,
manuscript submitted for publication; dilution 1:10 for
ICC and 1:100 for WB), and rat anti-Lamp-2 polyclonal
antibody (1:5 for ICC; Hybridoma Bank, IA). The following
secondary antibodies were used: fluorescence-conjugated anti-rabbit/anti-mouse antibody for ICC (Invitrogen
Corporation); horseradish peroxidase conjugated antirabbit and mouse antibodies for WB (GE Health care,
Pittsburgh, PA).

Cathepsins B and D Activity Assays
The cerebral cortices and cerebella were homogenized
in lysis buffer without protease inhibitors at pH 7.0. Homogenates were acidified at pH 5.5, and Cat B was
assayed by measuring the release of 7-amino-4-methylcoumarin (amc) from Z-Arg-Arg-amc as described.34 Assays were performed in white micro plates in a volume of
200 l mixture (1 to 5 l of enzyme or lysate; 50 l of 0.1%
Brij-35; and 145 l of 0.1 M sodium phosphate buffer pH
6.0 containing 2 mmol/L EDTA and dithiothreitol; 1
mmol/L phenylmethylsulfonyl fluoride, 5 mol/L pepstatin
A, and 5 mmol/L Z-Arg-Arg-amc). Fluorescence of amc
released after 2 hours was read in a Wallac Victor-2
spectrofluorimetric plate reader with a filter set optimized
for detection of 4-methyl-7-aminocoumarin (-amc) standard solution with excitation at 365 nm and emission at
440 nm. Enzyme activity was expressed as the amount of
amc released per hour per milligram protein.
Cat D was assayed at 37°C at pH 4.0 by measuring the
release of amc containing peptide, 7-methoxycoumarin-4acetyl-Gly- Lys-Pro-Ile-Leu-Phe from 7-methoxycoumarin-4acetyl-Gly-Lys-Pro-Ile-Leu-Phe-Phe-Arg-Leu-Lys(Dnp)-DArg-NH2 (BioMol-Enzo, Plymouth Reading, PA), as
previously described.35 Assays were performed in white
microplates in a total volume of 100 l with or without 3 g
of pepstatin for 1 hour. Fluorescence released was read in
a Wallac Victor-2 Spectrofluorimetric plate reader with a
filter optimized for detection of amc standard solution with
excitation at 365 nm and emission at 440 nm. However,
instead of using amc standard, a quenched standard 7-methoxycoumarin-4-acetyl-Pro-Leu-OH was used for express-

ing enzyme activity to account for the release of peptide
containing amc instead of free amc. Enzyme activity was
expressed as the relative amount of quenched standard
released per hour per milligram protein.

Real Time qPCR
qPCR was performed in triplicate on frozen tissue samples dissected from the cerebellum and cerebral cortex
of wild type (WT) and CysBKO mice at 9 to 10 months of
age. Samples were assayed on a qPCR cycler (7900HT,
Applied Biosystems, Foster City, CA). Mouse TaqMan hydrolysis probes designed for CysB (Mn00432770), CysC
(Mn01273163), Cat B (Mm01310507), Cat D (Mn00515586),
GFAP (Mn01253033), and glyceraldehyde-3 phosphate dehydrogenase (GAPDH; Mm99999915) were used (Applied Biosystems) as described previously.36 –38 Standard curves and cycle threshold were generated by
using standards obtained from total mouse brain RNA.
The delta delta cycle threshold method was used to determine relative gene level differences, and expression levels
were presented as percentage of WT as described previously.36,37 Negative controls were used for each assay and
consisted of the reaction mixture without input RNA.

Statistical Analyses
Data are presented as mean ⫾ SD. One way analysis of
variance followed by posthoc multiple comparison Bonferroni’s tests was used to evaluate the differences between genotypes. As the major objective of the study was
to examine whether CysC overexpression/deletion in
CysBKO mice alleviate/exacerbate the pathologies induced by CysB deletion, statistical comparisons were
made between CysBKO mice and each of the other
groups. Behavioral trial results are presented as mean ⫾
SEM with different time intervals analyzed by using twoway analysis of variance followed by posthoc multiple
comparison Bonferroni’s tests. Unpaired, two-tailed Student’s t-test was used to evaluate PCR results because of
the limited number of groups.

Results
Effect of CysC Overexpression on Motor
Coordination in CysBKO Mice
CysBKO mice were crossbred with either CysC transgenic mice or with CysCKO mice to study the effect of
levels of CysC expression on the pathologies observed in
the CysB deficient mice.
Performance of mice on the rotorod, a device that
allows quantification of motor coordination and balance,
was studied to evaluate the effect of the level of CysC
expression on deficit in coordination and balance. Mild
loss in balance was observed as early as 2 months of age
in CysBKO mice, and this characteristic loss increased
with age at 4 and 12 months in all of the CysB deficient
groups. In contrast, WT, CysC overexpressing, and
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0.05, P ⬍ 0.01, and P ⬍ 0.05, respectively; Figure 1).
Overexpression of CysC in CysBKO/CysC mice led to
significantly better performance with mice staying longer
on the still rod (trial 3; P ⬍ 0.05). CysBKO/CysC mice also
managed better coordination on the rotating rod (trial 3;
P ⬍ 0.05), and CysC depletion in CysBKO/CysCKO mice
resulted in a significantly worse motor coordination on the
rotating rod (trials 4 and 5; P ⬍ 0.05). At 12 months, the
three CysB deficient mouse groups performed very
poorly with increased imbalance. CysBKO mice were
significantly different from WT mice in maintaining the
equilibrium on both the still and rotating rods (Figure 1).
CysBKO/CysC mice exhibited increased loss of balance
with age but could stay on the rod for longer time durations as compared with CysBKO mice on the still and
rotating rods (0 rpm; trials 3, 4, and 5; P ⬍ 0.05 each,
respectively).

Effect of CysC Overexpression on Brain Atrophy
in CysBKO Mice

Figure 1. CysC improves performance on rotorod, a measure of motor
coordination and balance, in CysBKO mice. Still (0 rpm) and rotating (2 rpm)
rods were used to measure motor coordination at 2, 4, and 12 months of age,
and the average time spent on the rod was recorded. Mild signs of discoordination, observed in animals as young as 2 months, showed an increase
with age in the three CysBKO groups. The overexpression of CysC in
CysBKO mice led to less abnormal behavior, whereas CysC deficiency in
CysBKO mice minimized the time spent on the rod even further. Measurements are presented as mean ⫾ SEM (for WT, CysBKO, CysBKO/CysC, and
CysBKO/CysCKO, n ⫽ 4, 11, 11, and 9 at 2 months; n ⫽ 4, 14, 14, and 23 at
4 months; and n ⫽ 4, 20, 21, and 6 at 12 months). The differences from
CysBKO were significant at *P ⬍ 0.05, **P ⬍ 0.01, and ***P ⬍ 0.001.

CysCKO mice did not display motor deficits on the rotorod at all age groups (Figure 1). At 2 months of age,
mice of all genotypes performed well on a still rod, except
for the CysBKO/CysCKO group, which showed a significant decrease in the time they stayed on the rod as
compared with CysBKO mice (trial 1; P ⬍ 0.001; Figure
1). At 2 months, all of the three groups of CysB deficient
mice (CysBKO, CysBKO/CysC, and CysBKO/CysCKO
mice) showed a trend toward losing the coordination on
the rotating rod with a decreased stay on the rod. At 4
months of age, on both a still rod and a rotating rod,
CysBKO showed significantly reduced motor coordination as compared with WT mice in trials 1, 2, and 3 (P ⬍
Table 1.

Measurement of total body weight and whole brain
weight at 12 months of age revealed a statistically significant reduction in CysBKO mice as compared with WT
control mice without a difference in brain- to body-weight
ratios (Table 1) as observed previously.28 CysC overexpression in CysBKO/CysC mice led to increased body
weights and brain weights, whereas a drastic reduction in
CysBKO/CysCKO animals was observed as compared
with CysBKO mice (Table 1). Macroanatomical study of
the brains revealed a reduction in brain size and atrophy
of the cerebellum and neocortical areas of CysBKO mice
as compared with WT mice. Although CysC overexpression in these mice prevented this reduction in the size of
the cerebellum, CysC deficiency in CysBKO mice resulted in an additional decrease in the size of the cerebellum. Quantitative analysis of cerebellar atrophy was
performed by measuring the size of cerebellar folia on
Nissl stained sections (Figure 2, A and B). Cerebellar
atrophy was observed at 2 months of age in CysBKO
mice and increased with age as compared with WT mice
(P ⬍ 0.001; Figure 2C). The effect of CysC depletion in
CysBKO/CysCKO mice was evident starting at 2 months
of age as the cerebella were more atrophied than seen in
CysBKO mice (P ⬍ 0.01). Cerebellar atrophy was attenuated in CysBKO/CysC mice at 4 and 12 months of age,
but was increased in CysBKO/CysCKO mice at these
time points (Figure 2C).

CysC Partially Rescues Brain and Body Weight Loss in CysBKO Mice

Brain weight, g
Body weight, g
Brain/body ratio

Wild type
(n ⫽ 8)

CysBKO
(n ⫽ 11)

CysBKO/CysC
(n ⫽ 6)

CysBKO/CysCKO
(n ⫽ 6)

0.43 ⫾ 0.03***
36.1 ⫾ 3.89**
0.01 ⫾ 0.00

0.32 ⫾ 0.03
31.0 ⫾ 3.43
0.01 ⫾ 0.00

0.36 ⫾ 0.02
34.5 ⫾ 2.71
0.01 ⫾ 0.00

0.26 ⫾ 0.02**
24.3 ⫾ 0.95**
0.01 ⫾ 0.00

Mean ⫾ SD of brain weight and body weight in grams and the ratio between the two weights. The differences from CysBKO were significant at
**P ⬍ 0.01 and ***P ⬍ 0.001.
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Figure 2. Cerebellar atrophy in CysBKO mice is reversed by CysC overexpression. CysBKO mice showed atrophy and reduced cell density in the granular layer
of the cerebellum with increasing age. A and B: Nissl-stained sagittal sections in 12-month-old mice. Scale bars, 500 m (A) and 50 m (B). C: Reduction in the
cerebellar size by CysB deficiency in mice at 2, 4, and 12 months of age. Measurement of the area of cerebellar folia revealed that CysC overexpression was
protective against CysBKO-induced atrophy. Measurements are presented as mean ⫾ SD (n ⫽ 4/5). The differences from CysBKO were significant at *P ⬍ 0.05,
**P ⬍ 0.01, and ***P ⬍ 0.001.

CysC Overexpression Inhibits the Cell Loss
Caused by CysB Deficiency
In addition to cerebellar atrophy,39 neuronal degeneration has been previously shown in the cortical motor
areas of the brains of patients with EPM1, in correlation
with motor symptoms of the disease.40 Immunocytochemical staining with anti-NeuN antibody revealed a
loss of NeuN immunoreactivity with increasing age in the
brains of CysBKO mice starting at 2 months of age.
Neuronal loss was most pronounced in the cerebellar
granular layer of CysBKO mice when compared with WT
(Figure 3A). Western blot analysis of cerebellar homogenates of 4 months old mice with the anti-NeuN antibody
revealed two bands of 46 and 48 kDa (Figure 3B), which

were quantified and presented as a ratio of the ␤-actin
band in the same lane for each subject. Results indicate
a significant neuronal loss in CysBKO mice as compared
with WT mice (P ⬍ 0.001). Importantly, CysC overexpression in CysBKO/CysC mice partially rescued the neuronal
loss phenotype as compared with CysBKO mice (P ⬍
0.05; Figure 3C).

Gliosis Induced by CysB Deficiency Is Reduced
by CysC Overexpression
Immunostaining for GFAP revealed a profound gliosis in
the brains of 4-month-old CysBKO mice, staining white
matter tracts, and glial cells in the subicular complex,
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(Figure 5A). Comparison of the intensity of the CysBlabeled bands demonstrated that CysC transgenic and
CysCKO mice express similar levels of CysB as compared with WT mice, indicating no enhanced expression
of CysB to compensate for the loss of CysC in the brains
of CysCKO mice (Figure 5A). Immunocytochemistry revealed greater CysB staining intensity in the cerebellum
compared with the cerebral cortex. CysB immunoreactivity was the strongest in Purkinje cells and in Bergmann
glia, exhibiting predominantly punctate staining patterns
within the cytoplasm as well as a diffuse distribution
throughout the cytoplasm (Figure 5B). Double immunostaining with antibodies directed against CysB and the
lysosomal marker LAMP-2 confirmed the cellular colocalization (Figure 5, C and D). These immunocytochemical
data suggest that CysB is localized within the cytoplasm
and lysosomal compartments.

Compensation for CysB Deficiency by
Increased CysC Expression in the
Brains of CysBKO Mice
Figure 3. CysC protects against neuronal loss in the cerebella of CysBKO
mice. A: Cerebellar sections from 4-month-old mice immunostained with an
anti-NeuN antibody show granule cell layer loss in the cerebella of CysBKO
compared with WT mice. Scale bar, 100 m. B: Western blot analysis of
cerebellar homogenates with anti-NeuN antibody shows increased level of
expression in CysBKO/CysC mice compared with CysBKO mice. C: Quantification of the ratio of NeuN to ␤-actin bands are presented as the mean ⫾
SD (n ⫽ 4/5). The differences from CysBKO were significant at *P ⬍ 0.05,
**P ⬍ 0.01, and ***P ⬍ 0.001.

neocortex, hippocampus, and cerebellum (Figure 4A).
Real time qPCR was used to test the effect of CysB
deletion on GFAP mRNA levels, showing a significant
increase in CysBKO PCR products in the cerebral cortex
and cerebellum as compared with WT mice (Figure 4B).
Western blot analysis in cortical tissue homogenates
demonstrated a concomitant robust increase in GFAP
protein expression in CysBKO mice as compared with
WT mice at 4 months of age (Figure 4). Similar observations were found at 2 and 12 months of age (data not
shown). In contrast, decrease in GFAP expression was
observed in CysBKO/CysC mice compared with CysBKO
mice, whereas profound gliosis was observed in CysBKO/CysCKO mice (Figure 4C). CysC and CysCKO mice
did not show any significant change in GFAP immunoreactivity as compared with WT mice. Immunocytochemical
analysis confirmed that the intensity of gliosis was reduced in CysC overexpressing CysBKO/CysC mice,
whereas CysBKO/CysCKO mice showed an increase in
GFAP immunoreactivity (Figure 4D).

Localization of CysB Expression in the Brains of
Wild Type Mice
We used an affinity purified polyclonal anti-rat CysB antibody that detects by Western blot analysis a protein of
12 kDa in the cerebellum of WT, CysC transgenic, and
CysCKO mice, but not in the brains of CysBKO mice

Increased CysC immunoreactivity was observed in the
cerebral cortex and cerebellum of CysBKO mice compared with WT controls by immunocytochemistry (Figure
6, A and B) and by Western blot analysis (Figure 6, C–F).
No CysC expression was observed in CysCKO and CysBKO/CysCKO brains (Figure 6, C and E). Quantification
of the 14-kDa CysC band revealed an increase in CysC
protein levels in the cortices and cerebella of CysBKO
mice compared with WT animals (P ⬍ 0.05; Figure 6,
C–F), and CysBKO/CysC compared with CysC mice (Figure 6, C–F). Similar results were obtained at 2 and 12
months of age in the cerebral cortex and cerebellum
(data not shown).

Deletion of CysB Enhances mRNA Levels of the
Proteases Cat B and Cat D and the Protease
Inhibitor CysC
Real time qPCR was used to test the effect of CysB
deletion on the mRNA levels of CysB, CysC, Cat B, Cat D,
and GAPDH in CysBKO and WT mice. Analysis of CysB
mRNA levels in cerebral cortex and cerebellum verified
the CysB gene deletion in CysBKO mice (data not
shown). Quantitative analyses showed that CysC mRNA
levels were significantly increased in CysBKO mice in
both cerebral cortex (P ⬍ 0.001) and cerebellum (P ⬍
0.03) in comparison with WT mice at 9 to 10 months of
age (Figure 7A). CysCKO mice, analyzed as controls, did
not show any CysC mRNA expression, and CysB mRNA
levels in CysCKO mice were similar to WT mice (data not
shown). Although a trend of increased Cat B mRNA expression was found in CysBKO mice, the difference compared with WT did not attain significance (Figure 7B). Cat
D mRNA was significantly elevated in cortices (P ⬍ 0.01)
and cerebella (P ⬍ 0.03) of CysBKO mice compared with
WT mice (Figure 7C).
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Figure 4. Gliosis induced by CysB deletion is attenuated by CysC overexpression. A: Immunocytochemical staining with anti-GFAP antibody of a sagittal section
from a CysBKO mouse revealed intense astrogliosis in gray and white matter areas of both the cerebrum and cerebellum (Scale bar, 1 mm). B: CysB deficiency
induces GFAP mRNA expression. qPCR analysis of GFAP is presented relative to mRNA expression of GAPDH in the cortices and cerebella of CysBKO and WT
mice. Measurements are presented as the mean ⫾ SD (n ⫽ 4/5). The differences from WT were significant at *P ⬍ 0.05 and ***P ⬍ 0.001. C: Western blot analysis
of brain cortical homogenates with anti-GFAP antibody confirms the effect of CysC level of expression on gliosis in CysBKO mice. D: Immunostaining of cerebral
cortex of 4-month-old mice showed that overexpression of CysC in CysBKO mice reduces GFAP staining, whereas CysC deficiency in CysBKO mice exacerbated
the pathology (Scale bar, 100 m).

CysC Reverses the Impact of CysB Deletion
on the Levels of Expression and Activity of
Lysosomal Enzymes
CysB deficiency has been shown previously to increase
cathepsin activity.16 Accordingly, we found that Cat B
and Cat D immunostaining was increased in the brains of
CysBKO mice as compared with WT mice, although deletion of CysB had a stronger effect on Cat D expression
levels compared with Cat B (Figures 8A and 9A). Bio-

chemical analyses of Cat B and Cat D activities were
performed in cortical and cerebellar homogenates of
4-month-old mice. CysBKO mice showed an increase in
Cat B activity as compared with WT mice in both cerebral
cortex and cerebellum (P ⬍ 0.05; Figure 8, B and C). A
trend of decrease in Cat B activity was observed in
CysBKO/CysC mice as compared with CysBKO mice,
and knocking out both CysB and CysC led to a significant
increase in Cat B activity in CysBKO/CysCKO mice when
compared with CysBKO mice (P ⬍ 0.05) in both cerebral

Figure 5. Localization of CysB in cerebellar neurons. A: Western blot analysis with anti-CysB antibody of cerebellar homogenates of 4-month-old mice shows
no immunoreactivity in the brains of CysBKO mice. B: Immunofluorescent labeling of CysB in the cerebellum of a WT mouse shows localization mainly in Purkinje
cells and Bergmann’s glial cells in the molecular layer. Both cytosolic and punctate staining was observed in Purkinje cells. Inset shows the CysB punctate staining
within Purkinje cells (Scale bars, 100 m and 10 m [inset]). C and D: Double-immunolabeling with antibodies to CysB (red) and to LAMP-2 (green) show
colocalization in cortical neurons, suggesting lysosomal expression of CysB (Scale bar, 10 m).
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Figure 6. Enhanced CysC expression levels in the brains of CysBKO mice. Brain sections immunostained with anti-CysC antibody showed increased expression
levels of CysC in CysBKO mice compared with WT mice in the cerebral cortex (A; Scale bar, 50 m) and cerebellum (B; Scale bar, 100 m). C and E: Western
blot analysis of cerebellar and cortical homogenates, respectively, with anti-CysC antibody confirms an increase in CysC expression levels in CysBKO mice
compared with WT mice and in CysBKO/CysC mice compared with CysC singly transgenic mice. D and F: Quantification of the ratio of CysC to ␤-tubulin bands
in cerebellum and cerebral cortex, respectively, presented as the mean ⫾ SD (n ⫽ 4/5). The differences from CysBKO were significant at *P ⬍ 0.05.

cortex and cerebellum (Figure 8, B and C). Cat D was
significantly increased in the cortices (P ⬍ 0.01) and
cerebella (P ⬍ 0.001) of CysBKO mice compared with
WT mice (Figure 9, B and C). Although Cat D activity was
decreased in the cortices of CysBKO/CysC mice compared with CysBKO mice (P ⬍ 0.05), CysC depletion in
CysBKO/CysCKO mice did not affect Cat D activity when
compared with CysBKO mice (Figure 9, B and C).

Discussion
CysB Deficiency Leads to Lysosomal Pathology
in Brain Tissues
CysB gene mutation resulting in loss-of-function is responsible for the severe neurological disorder, EPM1.
Cerebellar atrophy and motor cortex degeneration has

Figure 7. CysB deficiency increases mRNA levels of Cat B, Cat D, and CysC. qPCR analysis of
CysC (A), Cat B (B), and Cat D (C) is depicted
relative to mRNA expression of GAPDH in the
cortices and cerebella of CysBKO and WT mice.
Measurements are presented as the mean ⫾ SD
(n ⫽ 4/5). The differences from WT were significant at *P ⬍ 0.05, **P ⬍ 0.01, and ***P ⬍ 0.001.
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Figure 8. Increased Cat B immunoreactivity and activity in CysBKO mice.
A: Immunocytochemical staining with anti-Cat B antibody of the cerebral
cortex of mice at 4 months of age (Scale bar, 50 m). B and C: Proteolytic
activity of Cat B in cortical (B) and cerebellar (C) homogenates expressed
as nanomole per minute per milligram of protein. Measurements are
presented as the mean ⫾ SD (n ⫽ 4/5). The differences from CysBKO
were significant at *P ⬍ 0.05.

been shown to occur in patients with EPM1, correlating
with the motor symptoms of the disease.39,40 Similar to
patients with EPM1, CysBKO mice display myoclonic
seizures, progressive ataxia, loss of motor coordination,
and cerebellar pathology. The principal cytopathology of
CysBKO mice appears to be a loss of cerebellar granule
cells,27 mimicking the changes seen in patients with
EPM1. Apoptotic neuronal loss was also described within
the hippocampal formation and entorhinal cortex at 3 to 4

months of age, and in older mutant mice (16 to 18 months
old), accompanied by gliosis, most marked in the subicular complex and hippocampus, as well as the entorhinal
cortex, neocortex, striatum, and in the white matter.28
Using immunohistochemical and Western blot analyses,
we confirmed the age-related neuronal loss in the cerebellum of CysBKO mice. Similar to a previous demonstration,17 we also show enhanced GFAP mRNA and protein
levels, indicative of widespread gliosis in the brains of
CysBKO mice. Immunohistochemical staining of the
brains of WT mice with an anti-CysB antibody revealed
stronger CysB staining in the cerebellum compared with
the cerebral cortex, with the strongest expression in Purkinje cells and in Bergmann glia (Figure 5).41 This differential distribution of CysB expression may account for the
greater vulnerability of cerebellar neurons observed in
CysBKO mice.
CysB immunostaining in brains of WT mice in this study
shows cytoplasmic and lysosomal localization, supporting earlier findings that CysB is distributed diffusely
throughout the cytoplasm42 and localized mainly within
lysosomal compartments.43 We confirm and extend the
reports that CysB has a role in lysosomal functioning
and that loss-of-function in EPM1 and subsequent lysosomal dysfunction are the major pathogenic factors
in the disease.43
Increased cathepsins’ enzymatic activity has been
associated with the loss of CysB.16 Earlier studies hypothesized that augmented proteolysis by lysosomal
cathepsins, mainly by Cat B, is responsible for phenotypic characteristics of EPM1 and deletion of Cat B in
CysBKO mice resulted in a reduction in the amount of
cerebellar granule cell apoptosis depending on mouse
age.15 This finding established Cat B as a contributor
to the apoptotic phenotype of CysBKO mice and humans with EPM1.15 Herein, we also demonstrate increased mRNA, protein, and enzymatic activity levels
of the two lysosomal enzymes Cat B and Cat D in the
brains of CysBKO mice. Primary lysosomal dysfunction
in lysosomal storage disorders was suggested as the
cause of severe neurodegenerative phenotypes.44 Increased cathepsin activities and apoptotic nuclear
changes in cerebellar granule cells suggest that CysB
deficiency causes lysosomal dysfunction and subsequent oxidative damage resulting in neurodegeneration
and cell death.

CysC Prevents Neurodegeneration Caused by
CysB Deficiency

Figure 9. Cat D immunoreactivity and activity in CysBKO mice. A: Immunocytochemical staining with anti-Cat D antibody of the cerebral cortex of
4-month-old mice (Scale bar, 50 m). B and C: Proteolytic activity of Cat D
in cortical (B) and cerebellar (C) homogenates expressed as nanomole per
minute per milligram of protein. Measurements are presented as the mean ⫾
SD (n ⫽ 4/5). The differences from CysBKO were significant at *P ⬍ 0.05,
**P ⬍ 0.01, and ***P ⬍ 0.001.

We tested the hypothesis that CysC overexpression can
rescue the loss of function of CysB in CysBKO mice. We
observed an endogenous compensatory up-regulation of
CysC in CysBKO mice, with a sevenfold increase in CysC
mRNA levels and increased CysC protein expression
levels in the brains of CysBKO mice as compared with
WT mice. The compensatory activation of CysC occurs
despite the different subcellular localization of the two
inhibitors. Although CysB is intracellular, with mainly lysosomal and cytoplasmic localization, the primary struc-
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ture of CysC is indicative of a secreted protein and accordingly, it has been demonstrated that most of the
CysC is targeted extracellularly via the secretory pathway
(reviewed in Levy et al).45 Enhanced CysC expression
occurs in human patients with epilepsy, in animal models
of neurodegenerative conditions, and in response to injury, including facial nerve axotomy, noxious input to the
sensory spinal cord, perforant path transections, hypophysectomy, and transient forebrain ischemia (reviewed in
Levy et al).45 Thus, an increase in CysC expression in
CysBKO mice might represent an intrinsic neuroprotective mechanism to rescue neurons by inhibiting the apoptosis-promoting actions of cathepsins. However, the
level of CysC expression in these mice may not be sufficient to counteract the progression of the disease. The
effect of CysC overexpression was observed on motor
coordination and balance as tested by performance on
rotorod, cerebellar atrophy, neuronal loss in the cerebellum, and gliosis, revealing that CysC partially compensates for loss of cysteine protease inhibition in the absence of CysB.
In vitro experiments have indicated that both CysB
and CysC can inhibit cathepsins B, H, L, S, and K.46
We found increased Cat B and Cat D mRNA levels and
enzymatic activities in the brains of CysBKO mice.
These findings are consistent with those in cells from
patients with EPM1 in which decreased levels of CysB
mRNA and reduced CysB protein levels correlated with
increased activities of Cat B, Cat L, and Cat S.16 CysC
deficiency in CysBKO/CysCKO mice further elevated
cathepsin activity as compared with CysBKO mice,
leading to aggravated pathologies. Although we show
that CysC overexpression in CysC transgenic mice did
not affect the enzymatic activity of Cat B and Cat D,
CysC overexpression in CysBKO mice decreases Cat
B and Cat D activities in the brains of the CysBKO/
CysC mice.
These data show that CysC overexpression partially
prevents neurodegeneration in CysBKO mice through
inhibition of cathepsins activity. Although CysC can inhibit cysteine proteases, protease-independent activities
have been shown previously.47– 49 We have observed
that in neuronal cultures exposed to cytotoxic challenges,
the neuroprotective action of CysC does not require Cat
B inhibition25 but involves induction of fully functional
autophagy via the mTOR pathway, leading to proteolytic
clearance of autophagy substrates by lysosomes.25
Moreover, CysC inhibits A␤ oligomerization50 and fibril
formation in vitro51 and in vivo.33,52 CysC also increases
cell survival when added together with preformed oligomeric or fibrillar A␤ to either cultured primary hippocampal neurons or to N2a cells.26 Although CysC inhibits A␤
aggregation, it does not disrupt preformed A␤ fibrils or
oligomers.50,51 Thus, CysC exhibits a dual protective effect against A␤ toxicity, inhibiting A␤ aggregation in addition to the direct neuroprotective effect that is independent of its anti-A␤ amyloidogenic property, dependent on
pathways such as induction of autophagy and inhibition
of cysteine proteases.

CysC Overexpression Reverses the
Pathophysiology Induced by CysB Deficiency
CysC level of expression in CysBKO mice has multiple
effects on the pathologies observed in these mice. CysC
overexpression in CysBKO mice decreased cerebellar
granule cell loss, reduced gliosis, and as a result, improved motor coordination and reduced the extent of
imbalance. The loss of CysC in CysBKO/CysCKO mice
had an opposing deteriorating effect. There are several
possible explanations for the fact that none of the pathologies studied recovered to WT control levels by overexpression of CysC in CysBKO mice in this study. We
cannot rule out the possibility that higher CysC levels
have deleterious effects on cell viability. CysC overexpression in CysBKO/CysC mice above the elevated CysC
levels in CysBKO mice may lead to localized toxic levels
of the protein, similar to the observation that CysC injection into rat hippocampus caused neuronal degeneration
in the site of the injection.53 Alternatively, it is possible
that CysC cannot compensate for all CysB functions, due
to different cellular localization and/or inhibitory activities.
Although CysC is a secreted protein and is internalized
into cells,54 CysB is localized mainly to lysosomes and its
deletion impairs lysosomal functioning.30,43 Moreover, although CysB is highly expressed in Purkinje cells and
Bergmann glia,15,27,28 CysC levels of expression in these
cells are comparable to other regions of the brain. Finally,
the level of CysC expression in the crossed mice could
be insufficient to counteract the full lysosomal dysfunction due to loss of CysB.
Anti-epileptic drug treatments are used currently as a
therapeutic intervention in patients with EPM1.55 Longterm side effects of these drugs can be avoided if other
treatment modalities are developed and implemented.
Our findings showing that CysC plays a protective role
under conditions of neuronal challenge are consistent with
CysC being neuroprotective in neurodegenerative diseases
such as EPM1. We demonstrate here that CysC, or a CysCmimicking analog, could be a therapeutic candidate with a
potential of preventing neurodegeneration. Also, this work
has strong implications for Alzheimer’s disease and other
age-related neurodegenerative disorders where lysosomal
dysfunction plays a considerable role.44
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