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Abstract—The cysteine proteases caspase-3 and cathepsins are involved in both neuronal plasticity and neuropathology.
Using primary neuroglial and glial cerebellar cultures, the pH dependence of cleavage of a synthetic caspase-3 substrate, Ac-
DEVD-AMC, was studied. At acidic pH, cathepsin B cleaved Ac-DEVD, this activity being significantly higher than that
of caspase-3 at pH 7.4. This activity is blocked by peptide inhibitors of both caspase-3 and cathepsin B. Substitution of cul-
ture medium for balanced salt solution stimulated cathepsin B secretion in both types of cultures. Ischemia (oxygen—glu-
cose deprivation) significantly decreased secretion of cathepsin B activities into the culture medium.
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Cathepsins are acid endopeptidases from the family
of papain proteinases [1]. Cathepsins are primarily local-
ized in lysosomes, where they participate in degradation
of proteins to amino acids at acidic pH [2]. Cathepsins B
and L are expressed in both neurons and glia and repre-
sent the main lysosomal cysteine proteases in the central
nervous system [3]. Cathepsins are released into the cyto-
plasm under various pathological conditions, including
cerebral ischemia, while excessive activity of these pro-
teinases results in cell damage and death [4].

Cathepsin B participates in cell death of different
types, in particular, by influencing activities of other cys-
teine proteases, including proinflammatory and effector
caspases; e.g. at early stages of focal ischemia, cathepsin
B can activate proinflammatory caspases 1 and 11 [5].
Culture medium from chromogranin A stimulated pri-
mary microglial cultures induced apoptosis and caspase-
3 activation in neuronal cultures, this effect being blocked
by an inhibitor of cathepsins, Z-FA-fmk, or antibodies to

Abbreviations: AMC, 7-amino-4-methylcoumarin; CA074, N-
[L-3-trans-(propylcarbamoyl)-oxyran-2-carbonyl]|-L-
isoleucyl-L-proline; LDH, lactate hehydrogenase.
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cathepsin B [6]. CA074-Me, a seclective cathepsin B
inhibitor, fully blocked processing of procaspase-3 in
cerebellar granular cells undergoing apoptosis induced by
serum deprivation and low K*. In this situation, early
stages of apoptosis were accompanied by an increase in
the number of autophagosomes and lysosomes, while
cathepsin B, initially a part of lysosomal—endosomal cel-
lular compartment, was released into the cytosol [7].
Inhibitory analysis, though frequently used for
exploring the involvement of definite proteinases in
mechanisms of cell death, as a rule, does not provide
doubtless results. Obviously, this is a result of both broad
substrate specificity of proteinases and the fact that
inhibitors are usually substrate analogs. For instance, syn-
thetic inhibitors of cysteine proteinases, though initially
targeted to this class specifically, possess a much broader
inhibitory spectrum. Specific inhibitors of a neutral cys-
teine proteinase, calpain, interact with other cysteine
proteinases, including cathepsin B [8]. Some caspase
inhibitors, like Z-VAD-fmk and Z-DEVD-fmk, directly
block calpain and prevent necrotic cell death induced by
traumatic brain injury [9, 10]. Studies of a caspase
inhibitor, Ac-YVAD-cmk, not only revealed its neuropro-
tective properties in models of oxidative stress and
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ischemia (oxygen—glucose deprivation) in vitro, but also
specified cathepsin B as a target of this inhibitor [11].
Caspase-3 inhibitor Z-DEVD-fmk co-applied with
cathepsin B prevented the death of HT22 cells [6]. These
data raised a question about the ability of cysteine pro-
teases of different classes to cleave common substrates,
the above-mentioned inhibitors being structural analogs
of these substrates. This problem remains poorly studied,
while the point about possible functional role of this phe-
nomenon in the brain remains fully obscure. Recently, we
have shown that an enzyme capable of cleaving a specific
peptide substrate of caspase-3, Ac-DEVD-AMC, at low
pH exists in rat brain [12]. It was cathepsin B that was
apparently the enzyme possessing this “acid” DEVDase
activity in the brain. We hypothesized that in certain situ-
ations (particularly, under hypoxia) cathepsin B might
participate in cleavage of capsase-3 substrates in brain
cells.

Another quite relevant but insufficiently explored
problem is the question about the existence of secreted
proteases in the brain. Cathepsins, in particular cathepsin
B, participate in decomposition of extracellular matrix
proteins [13], and, thus, cathepsin secretion contributes
to cell migration [14]. Microglial cells are able to secrete
cathepsin B [6, 15]. It remains unknown whether astro-
cytes and neurons can secrete cathepsin B. Nevertheless,
intracellular localization of cathepsin B in hippocampal
neurons demonstrates its non-lysosomal distribution in
cell body and dendrites, predominantly in synapses, and,
partially, in postsynaptic space [16]. Moreover, neuronal
secretory vesicles contain cathepsins B and L, enzymes
participating in processing of neuropeptides and B-amy-
loid [17].

The aim of this study was to investigate the ability of
cathepsin B to cleave a synthetic substrate of caspase-3
and explore possible secretion of cathepsin B by primary
neuroglial and glial cultures of rat cerebellum, in particu-
lar under unfavorable conditions like ischemia/reoxy-
genation.

MATERIALS AND METHODS

Culture conditions. Dissociated cerebellar granular
cells and dissociated glial cultures from cerebella of 7-
day-old Wistar rat pups were cultivated as described pre-
viously [18] in a CO,-incubator (95% air, 5% CO,,
35.5°C) for 7-8 days or 13-14 days, respectively.

Cell culture phenotyping. To define cellular content
of cultures, the cell were fixed and incubated in a solution
containing antibodies to neuron-specific protein NeuN
(Chemicon, USA) or glial fibrillar acidic protein (GFAP)
(Dako, Denmark). Immunohistochemical staining of the
two culture types revealed that neuroglial cultures con-
tained 92.1 + 0.6% of neurons, while glia-enriched cul-
tures contained 81.4 + 2.2% of GFAP-positive cells.
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Though astrocytes were the predominant cell type in glial
cultures, some neuronal conglomerates remaining after
the incubation of cultures in low K™ media were still pres-
ent.

Substitution of culture medium. Neuroglial or glial
cultures were transferred from the cultural medium to a
balanced salt solution containing 10 mM glucose,
143.4 mM NaCl, 25 mM KCI, 2 mM CaCl,, 1.2 mM
NaH,PO,, 5 mM Hepes, pH 7.4, and kept in the CO,-
incubator for 10 h at 35.5°C.

Ischemia—reoxygenation. Neuroglial and glial cul-
tures were transferred from culture medium to a deoxy-
genated salt solution without glucose and were kept in a
hermetic box with argon for 1.5-2 h at 35.5°C. Control
cultures were simultaneously incubated in normoxic con-
dition during same time period and in same solution with
10 mM glucose added. After the incubation, all cultures
were transferred to the control salt solution and kept in
the CO,-incubator for 5 h [19].

Assays of proteolytic activities. Activities of proteo-
Iytic cleavage of caspase-3 substrate Ac-DEVD-AMC
(Biomol, USA) and cathepsin B substrate Z-R-R-AMC
(Biomol) were assayed in salt solution and cell lysates
subjected to the above conditions [20]. The cleavage of
the substrates was detected fluorometrically in the pH
range of 3.0-7.4. In selected experiments, a specific
inhibitor of caspase-3, Ac-DEVD-CHO (Biomol), or a
specific inhibitor of cathepsin B, CA074 (N-[L-3-trans-
(propylcarbamoyl)-oxyran-2-carbonyl]-L-isoleucyl-L-
proline) (Biomol), was added into the incubation medi-
um. The fluorescence of AMC (7-amino-4-methyl-
coumarin) generated as a result of proteolysis was
assessed using a Hitachi F-3000 fluorometer at excitation
and emission wavelengths of 400 and 488 nm, respective-
ly. AMC (Sigma, USA) was used as a fluorescent standard
for calculation of proteolytic activity.

Assay of lactate dehydrogenase. Lactate dehydroge-
nase (LDH) activity was assessed in salt solution or cell
lysates using a fluorometric method [21] based on moni-
toring of NAD™ accumulation in the reaction of pyruvate
reduction. NAD™ fluorescence was measured at excita-
tion and emission wavelengths of 360 and 460 nm,
respectively. LDH activity was expressed in nmol
NADH/min.

Western blot. Samples of salt solution concentrated
using Amicon filters, and cell lysate, or particulate frac-
tion of neuroglial cultures were subjected to electrophore-
sis under denaturing conditions on 4-12% SDS-poly-
acrylamide gels using a Mini-Protean II device (Bio-Rad,
USA). The proteins were then transferred from gels to
polyvinyl difluoride membrane, incubated with primary
polyclonal antibodies to cathepsin B (FL-339) (Santa-
Cruz Biotechnology, USA), and stained bands correspon-
ding to cathepsin B using a chemiluminescence method.
Protein concentration in salt solution or cell lysates was
determined using the Bradford method [22].
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Statistical analysis. In each experiment, 5-8 inde-
pendent cultures were used. Data are presented as mean *
SEM. The between-group difference was assessed using
Student’s 7-test.

RESULTS

The cleavage of caspase-3 substrate Ac-DEVD-
AMC by lysates of neuroglial cultures significantly
increased with the decrease of incubation medium pH,
reaching a maximum at pH 4.0 (Fig. 1a). The specific
inhibitor of caspase-3, Ac-DEVD-CHO, effectively
blocked the cleavage of the substrate in the pH range of
7.4-4.0. The cleavage of Ac-DEVD-AMC at pH 7.4 in
the salt solution from neuroglial cultures increased with
the duration of cell monolayer incubation (Fig. 1b, curve
1). At pH 4.5, the cleavage of the substrate was more rapid
and proceeded virtually at the same rate beginning from
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Fig. 1. A pH profile of Ac-DEVD-AMC cleavage by lysates of
neuroglial cultures (a) without inhibitor (/) and in the presence of
caspase-3 inhibitor Ac-DEVD-CHO (2) and Ac-DEVD-cleaving
activity in the salt solution from neuroglial cultures (b) at pH 7.4
(1) and 4.5 (2) and lactate dehydrogenase activity (curve 3).
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Fig. 2. Ac-DEVD-cleaving activity in salt solution from neu-
roglial cultures at pH 7.4 (/) and 4.5 (2) and LDH activity (3).

the first hour of incubation of cultures in the salt solution
(Fig. 1b, curve 2). Cell death monitored by the release of
LDH to the salt solution was about 2% of the potentially
possible value (estimated after lysis of cells by 1%
Nonidet) within the period of 0.5-5 h, while cell death
clearly increased at 10 h (Fig. 1b, curve 3). The Ac-
DEVD-AMC-cleaving activity at pH 7.4 in the salt solu-
tion from glial cultures was maximal at 1 h and 3 h of
incubation (Fig. 2, curve [). The substrate-cleaving activ-
ity at pH 4.5 was higher, but changed in a similar way
(Fig. 2, curve 2). The release of LDH into the salt solu-
tion did not change during 10 h of incubation (Fig. 2,
curve 3). Since the intracellular Ac-DEVD-cleaving
activity of both neuroglial and glial cultures did not
change significantly during 10 h of incubation in the salt
solution, the data are not presented. A comparison of
DEVD-cleaving activity of neuroglial cultures at pH 4.5
after 1 h incubation in salt solution revealed a significant-
ly higher activity in this solution as compared with cell
lysate, while in glial cultures the specific extra- and intra-
cellular activities were similar (table).

A 24-h incubation of neuroglial cultures with cell-
permeable caspase-3 inhibitor FK010 (Z-Asp(OMe)-
Glu(OMe)-Val-Asp(OMe)-FMK) within the concentra-
tion range of 2-50 uM inhibited the DEVDase activity of
cell lysates at pH 7.4 by 60.2-70.9% (Fig. 3a), while at
pH 4.5 the dose-dependence is more expressed (inhibition
by 32.0-86.8%) (Fig. 3b). FK029 (Z-Phe-Ala-FMK), a
cathepsin inhibitor with a predominant affinity to cathep-
sin B, just moderately decreased DEVDase activity of cell
lysates at pH 7.4 (by 18.6-40.8%) (Fig. 3a), while at
pH 4.5 it fully blocked the cleavage of Ac-DEVD (Fig.
3b). The caspase-3 inhibitor Ac-DEVD-CHO (5 uM)
equally effectively blocked the cleavage of Ac-DEVD-
AMC (50 uM) by salt solution from glial cultures at
pH 7.4 and 4.5, while cathepsin B inhibitor CA074 (5 uM)
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Ac-DEVD-AMC-cleaving activity (nmol AMC/min per mg) of balanced salt solution (BSS) and lysates from neu-
roglial and glial cultures 1 h after incubation in the salt solution

Neuroglial cultures

Glial cultures

pH of incubation medium

BSS lysate BSS lysate
7.4 0.07 + 0.005 0.04 + 0.004 0.05 £+ 0.006 0.04 + 0.003
4.5 0.83 = 0.062 0.66 + 0.052* 0.59 £+ 0.057 0.52 + 0.045

* Difference lysate versus BSS is significant at p < 0.05.

significantly inhibited the AC-DEVD-cleaving activity
only at pH 4.5 (Fig. 4a). The cleavage of cathepsin B sub-
strate Z-RR-AMC (50 uM) was more active at pH 7.4 as
compared with pH 4.5 and did not depend on the pres-
ence of Ac-DEVD-CHO (5 uM) at pH 7.4, while it could
be fully blocked by Ac-DEVD-CHO at pH 4.5. CA074
(5 uM) effectively blocked the cleavage of cathepsin B
substrate Z-RR-AMC both at pH 7.4 and 4.5 (Fig. 4b).
The rate of cleavage of caspase-3 substrate Ac-
DEVD-AMC by the active form of cathepsin B was sim-
ilar at pH 7.4 and 6.0 (Fig. 5a). However, decreasing pH
to 4.5 increased the activity more than twofold. Caspase-
3 inhibitor Ac-DEVD-CHO did not affect Ac-DEVD-
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Fig. 3. Ac-DEVD-cleaving activity of cell lysates at pH 7.4 (a) and
4.5 (b) after 24 h incubation of neuroglial cultures in the presence
of caspase-3 inhibitor FK010 (Z-DEVD-fmk) (2) and cathepsin
inhibitor FK029 (Z-FA-fmk) (3). *, ** Difference from control
without inhibitors (/) at p < 0.05 and p < 0.01, respectively.

AMC cleavage at pH 7.4 and 6.0, but fully suppressed it at
pH 4.5. A significant decrease of Ac-DEVD-AMC in the
presence of cathepsin B inhibitor CA074 was evident at
pH 6.0 and 4.5. The proteolysis of cathepsin B substrate
Z-RR-AMC by purified cathepsin B at pH 7.4 and 6.0
was an order a magnitude higher than the cleavage of Ac-
DEVD-AMC (Fig. 5b) with a maximum at pH 6.0. The
efficacy of Ac-DEVD-CHO blocking activity significant-
ly increased from pH 6.0, while cathepsin B inhibitor
CAO074 significantly prevented the substrate cleavage at all
pH values studied.

Western blots of glial cell lysates (lane /), particulate
fraction of glial cells (lane 2), and salt solution (lane 3)
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Fig. 4. Effects of caspase-3 inhibitor Ac-DEVD-CHO or cathep-
sin B inhibitor CA074 on the cleavage of caspase-3 substrate Ac-
DEVD-AMC (a) and cathepsin B substrate Z-RR-AMC (b) by
salt solution from glial cultures at different pH values: /) without
inhibitors; 2) Ac-DEVD-CHO; 3) CA074. * Difference from con-
trol without inhibitors at p < 0.01.
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revealed a band near 40 kDa corresponding to procathep-
sin B (Fig. 6). A band in the 30 kDa region that is present
both in cell lysate (lane /) and in salt solution (lane 3)
belongs to the single chain form of cathepsin B [23].
Protein bands revealed in salt solution in the region of
25 kDa (27, 24, and 23 kDa), are, most probably, results
of processing the single chain form of cathepsin B and
may correspond to heavy chains of cathepsin B double
chain form [24]. In addition, a 21 kDa band was revealed
in cell lysate that might correspond to the heavy chain of
active cathepsin B form. As a result of oxygen—glucose
deprivation of neuroglial cultures, the DEVD-cleaving
activity in the salt solution at pH 7.4 was significantly (by
23.3 = 7.9%) higher than control (Fig. 7, curve /), while
at pH 4.5 it decreased significantly (by 30.6 + 2.1%; Fig.
7, curve 2). A similar decrease was evident at pH 6.0 when
cathepsin B substrate Z-RR-AMC was used (Fig. 7, curve
3). During reoxygenation, a significant decrease in pro-
teolytic activity could be demonstrated only when Ac-
DEVD-AMC was used as a substrate; after 3 h of reoxy-
genation the activity was 68.5 = 10.2% of that in the salt
solution from control cells. The release of LDH into salt
solution increased up to 9.5 + 1.0% from intracellular
activity under ischemia; after 3 and 5 h of reoxygenation,
it was significantly higher than control (by 5.8 + 1.2 and
3.5+ 0.5%, respectively) (Fig. 7, curve 4).
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Fig. 5. Effects of caspase-3 inhibitor Ac-DEVD-CHO or cathep-
sin B inhibitor CA074 on the cleavage of caspase-3 substrate Ac-
DEVD-AMC (a) and cathepsin B substrate Z-RR-AMC (b) by
the active form of cathepsin B from bovine spleen at different pH
values: /) without inhibitors; 2) Ac-DEVD-CHO; 3) CA074.
* Difference from control without inhibitors at p < 0.01.
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Fig. 6. Identification of cathepsin B by immunoblotting. Lanes:
1) lysate of glial cells; 2) particulate fraction from glial cells; 3)
concentrated salt solution after 1 h incubation of glial cultures.
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Fig. 7. Effects of ischemia/reoxygenation of neuroglial cultures
on activities of proteolytic enzymes in the salt solution: /) cleav-
age of caspase-3 substrate Ac-DEVD-AMC at pH 7.4; 2) cleav-
age of caspase-3 substrate Ac-DEVD-AMC at pH 4.5; 3) cleav-
age of cathepsin B substrate Z-RR-AMC at pH 6.0; 4) release of
LDH into salt solution. *, ** Differences from control at p < 0.05
and p < 0.01, respectively.

DISCUSSION

The following main facts have been ascertained in
this study. First, cathepsin B cleaves a synthetic substrate
of caspase-3 at acidic pH values in vitro in cerebellar cell
cultures (earlier we discovered a similar proteolytic activ-
ity in rat brain [8]). Second, a caspase-3 inhibitor blocks
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the cleavage of a synthetic caspase-3 substrate by cathep-
sin B at acidic pH in vitro and when it is applied to cell
cultures. Third, substitution of culture medium with salt
solution induces secretion of cathepsin B from neuroglial
and glial culture. Fourth, the secreted cathepsin B activi-
ty in neuroglial cultures decreases under ischemia.

Cathepsin B possesses both endopeptidase and
exopeptidase activities; it is able to bind a dipeptide sub-
strate containing basic amino acids in P1 and P2 positions
(arginine in P1 and arginine or phenylalanine in P2) [25].
A detailed analysis of the pH dependence of cathepsin B
dependent hydrolysis demonstrated that at least seven
amino acid residues dissociating in the range of pH 3-9
determine substrate binding and/or conversion [26]. Our
results give evidence of the ability of cathepsin B to cleave
the bond not only after arginine residue in cathepsin B
substrate Z-RR-AMC, but also the peptide bond after
arginine residue in caspase-3 substrate Ac-DEVD-AMC
at acidic pH in vitro.

Analogs of caspase-3 synthetic substrate, an irre-
versible caspase-3 inhibitor FK010 (Z-DEVD-fmk) and a
reversible inhibitor of caspase-3 Ac-DEVD-CHO, block
Ac-DEVD-cleaving activity of cathepsin B at acidic pH
in vitro. The proteolysis by cathepsin B of its convention-
al substrate is also inhibited by Ac-DEVD-CHO at acidic
pH. The amino acid sequence of caspase-3 synthetic sub-
strate Ac-DEVD-AMC corresponds to the cleavage site
of poly(ADP-riboso)polymerase (PARP1), an enzyme
participating in DNA repair. During apoptosis, PARP,
localized in the nucleus, undergoes proteolysis by cas-
pase-3 and caspase-7 to yield the fragments of 89 and
24 kDa [27-29]. During necrotic cell death, PARP is also
cleaved but fragments of 50 kDa appear [30, 31]. In
experiments in vivo and in vitro Gobeil et al. [32] revealed
the involvement of lysosomal proteinases, including
cathepsin B, in PARP degradation during necrosis induc-
tion in Jurkat T cells, PARP proteolysis by purified
cathepsin B proceeding at pH 7.4. Thus, cathepsin B and
caspase-3 possesses common physiological and synthetic
substrates, and changes in extra- and intracellular pH
can, apparently, modify the specificity of proteolytic
activity of cathepsin B.

Cathepsin B functions not only in lysosomes. In our
study, substitution of culture medium with salt solution
induced a release of cathepsin B from neuroglial and glial
cultures, the time course of the release being not related
to cell death, unlike the release of caspase-3. The ratio of
cathepsin B-specific activity in salt solution and cell
lysates suggest that the enzyme is secreted. Identification
of cathepsin B using immunoblotting confirms the pres-
ence of both the proenzyme (40 kDa) and activated forms
of cathepsin B (30, 27, 24, and 23 kDa) in the salt solu-
tion. Stimulation of microglial cells BV2 by lipopolysac-
charide resulted in secretion of procathepsin B and the
single chain form of cathepsin B (30-32 kDa) into the
culture medium [33]. We suggest that substitution of the
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medium with salt solution induces additional secretion of
other proteinases participating in the processing of pro-
cathepsin B.

Most lysosomal cysteine proteinases, including
cathepsin B, are unstable and possess low activity at neu-
tral pH values, optimal pH values lying in the acidic range
(pH 5.5) [1]. Our results suggest that in situations of
decreased extra- and/or intracellular pH, a broadening of
cathepsin B proteolytic activity spectrum takes place in
the brain. Let us speculate about possible functional sig-
nificance of such situations in vivo. Maintaining stable
pH is necessary for normal functioning of neurons.
Under physiological conditions, the extracellular pH in
the brain is 7.3, while the intracellular pH is 7.0 [34, 35].
Cerebral ischemia is accompanied by a significant
decrease in pH since oxygen deficit resulting from
decrease in cerebral blood flow induces an increase in
glycolysis and lactate accumulation [36, 37]. Under
ischemia, brain pH usually decreases to 6.5 in normo-
glycemia, but under severe ischemia or hyperglycemia pH
may decrease to 6.0 or even lower values [38, 39], the
degree and trend of changes in extra- and intracellular pH
being not necessarily similar. In focal brain ischemia in
rats, the predominant decrease of extracellular pH pro-
ceeded faster than the decrease of intracellular pH in the
peri-infarct zone [39]. The release of cathepsin B from
lysosomes during acute focal ischemia without reoxy-
genation suggests possible involvement of cathepsin B at
early stages of infarct zone formation [5]. In our experi-
ments, ischemia (oxygen—glucose deprivation) of neu-
roglial cultures induced a decrease in the activity and/or
release of cathepsin B to the salt solution before the onset
of reoxygenation and was accompanied by an increase of
caspase-3 activity in the salt solution, which, most prob-
ably, was related to cell damage and LDH release. The
decrease of cathepsin B activity in the salt solution during
ischemia might be related to the release of inhibitors of
lysosomal cysteine protease of the cystatin family from
damaged cells [40].

This work was supported by the Russian Foundation
for Basic Research (grant No. 08-04-00870).
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