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Abstract

Neuronal damage in brain ischemia is characterized by a disassembly of the proteasome and a decrease in its proteo-
lytic activity. However, to what extent these alterations are coupled to neuronal death is controversial since proteasome
inhibitors were shown to provide protection in different models of stroke in rodents. This question was addressed in the
present work using cultured rat cerebrocortical neurons subjected to transient oxygen- and glucose-deprivation (OGD)
as a model for in vitro ischemia. Under the latter conditions there was a time-dependent loss in the proteasome activity,
determined by cleavage of the Suc-LLVY-AMC fluorogenic substrate, and the disassembly of the proteasome, as assessed
by native-polyacrylamide gel electrophoresis followed by western blot against Psma2 and Rpt6, which are components of
the catalytic core and regulatory particle, respectively. Immunocytochemistry experiments against the two proteins also
showed differential effects on their dendritic distribution. OGD also downregulated the protein levels of Rpt3 and Rpt10,
two components of the regulatory particle, by a mechanism dependent on the activity of NMDA receptors and mediated
by calpains. Activation of the proteasome activity, using an inhibitor of USP14, a deubiquitinase enzyme, inhibited OGD-
induced cell death, and decreased calpain activity as determined by analysis of spectrin cleavage. Similar results were
obtained in the presence of two oleic amide derivatives (B12 and D3) which directly activate the 20S proteasome core
particle. Together, these results show that proteasome activation prevents neuronal death in cortical neurons subjected to
in vitro ischemia, indicating that inhibition of the proteasome is a mediator of neuronal death in brain ischemia.
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Introduction

Cerebral ischemia is one of the most common causes of
death and disability worldwide in developed countries [1].
The lack of oxygen and nutrients in the affected brain during
stroke, the most common clinical manifestation of cerebral
ischemia, leads to undesired neuronal loss through apopto-
sis and necrosis [1]. Accumulation of excitatory amino acids
in the extracellular space, causing a toxic overactivation of
extrasynaptic NMDA (N-methyl-D-aspartate) receptors
(NMDAR) (excitotoxicity) [2, 3] is a well-stablished fea-
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ture in this disease. Consequently, there is a massive influx
of Ca”" in the postsynaptic neuron [4], which results in the
overactivation of the Ca?*-dependent proteases calpains [5].
Transient oxygen and glucose deprivation (OGD) is a well-
known protocol to model ischemia-reperfusion in cultured
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neurons, and recapitulates many of the features that charac-
terize neuronal degeneration in the ischemic stroke (e.g [6]).

Conflicting results have been reported regarding the
role of the Ubiquitin-Proteasome System (UPS) in neuro-
nal damage in brain ischemia [7]. Protein ubiquitination
occurs through a three-step enzymatic cascade catalyzed by
El, E2 and E3 enzymes that target substrate proteins for
degradation [8]. Eight different types of polyubiquitin chain
linkages can be formed, and according to this, there can be
different outcomes on the ubiquitin-modified protein. For
instance, it is widely accepted the K48 polyubiquitin chains
are associated with degradative functions in the 26S protea-
some, a 2.5 MDa multisubunit complex responsible for the
controlled ATP-dependent degradation of polyubiquitinated
proteins [7]. The proteasome is composed of a catalytic 20S
core particle (CP) associated with one (26S proteasome) or
two (30S proteasome) 19S regulatory particles (RP), that
are responsible for detecting, deubiquitinating and unfold-
ing ubiquitinated proteins [9, 10].

UPS impairment has been shown to be transversal to
several neurodegenerative disorders and brain ischemia [7,
11, 12]. The two-vessel occlusion model (15 min) induces
a persistent decrease in the chymotrypsin-like activity of
the proteasome when analysed up to 72 h after the insult,
mirrored by an increase in polyubiquitin conjugates [13].
OGD for 1.5 h also decreases the chymotrypsin-like activ-
ity of the proteasome when evaluated 4 h after the insult
in cultured hippocampal neurons, and similar results were
obtained when these neurons were challenged with toxic
concentrations of glutamate [14]. In addition to the decrease
in proteasome activity, the 26S proteasome was found to be
disassembled into its major constituents, the 19S and the
208 particles, in models of transient forebrain ischemia and
global ischemia [13, 15], and in cultured neurons subjected
to excitotoxic glutamate stimulation [14]. In vitro, it was
also observed an accumulation of polyubiquitinated pro-
teins in cerebrocortical neurons exposed to OGD for 2 h fol-
lowed by different periods of post-incubation period under
normoxic conditions [16]. The identity of these proteins was
resolved and were found to be involved in important neu-
ronal functions and signalling pathways [17]. More recent
studies of phospho-proteomics revealed altered PSD-associ-
ated phosphorylation patterns that are regulated by ubiquitin
during ischemic stroke [18]. However, there are conflicting
data linking proteasome activation and/or inhibition to neu-
roprotection in the context of brain ischemia. CVT-634, the
first proteasome inhibitor to be tested in a rat model of focal
brain ischemia, reduced infarction volume without affect-
ing regional cerebral blood flow [19]. Similarly, the effect
of the proteasome inhibitor MLN519 was tested using tran-
sient middle cerebral artery occlusion (MCAo0) [20, 21], and
the cardioembolic stroke model [22]. In the former model,

a therapeutic window of 6-10 h after ischemia/reperfusion
brain injury was observed. The proteasome inhibitor Bort-
ezomib was also shown to reduce infarct volume and neu-
rological functional deficit when administrated within 4 h
after stroke onset [23]. Systemic proteasome inhibition with
BSc2118 also induced sustained post-stroke neurological
recovery and neuroprotection, when delivered up to 9 h after
stroke [24]. In these studies, the effect of proteasome inhibi-
tors was mainly attributed to stabilization of the blood-brain
barrier integrity [7]. A dichotomic effect of proteasome inhi-
bition/activation is supported by studies showing that [U-1,
an USP14 inhibitor and therefore a UPS enhancer [25],
reduced brain infarct volume in a mouse model of transient
focal cerebral ischemia at day 4 after the insult [26]. The
USP14 inhibitor IU-1 promotes the degradation of the tran-
scription factor REST [26]. Similar work also showed that
IU-1 improves survival and functional recovery, reduces
infarct volume, and restores ubiquitin homeostasis in the
transient MCAo model of focal brain ischemia [27]. Yet, the
molecular mechanisms associated with this improvement
were not systematically addressed. In addition, to what
extent the alterations in neuronal proteasome structure and
function observed in brain ischemia contribute to neuronal
demise remain to be investigated.

In this study, we sought to investigate the molecular
mechanisms contributing to the alterations in proteasome
structure and functions in neurons during brain ischemia,
and how alterations in the proteasome activity contribute to
neuronal damage. Studies were performed in cultured rat
cerebrocortical neurons transiently exposed to OGD and
showed a role for calpains in the selective cleavage of pro-
teasome subunits. The use of cultured neurons allowed to
avoid interfering with the role of the proteasome in the sta-
bility of the blood brain barrier (see above). Activation of
the 20S proteasome in cultured neurons subjected to OGD
significantly decreased calpain activation and reduced neu-
ronal death, suggesting a crosstalk between the two proteo-
lytic systems.

Materials and methods

Cerebrocortical cultures (high-density and low-
density cultures)

Primary cultures of rat cortical neurons were prepared
from the cortices of E17-E18 Wistar rat embryos, as pre-
viously described [28]. Briefly, cortices were washed with
ice-cold HBSS three and five times, prior and after trypsin
(0.06%, 10 min at 37 °C) treatment, respectively. Cells were
mechanically dissociated with a 5 ml glass pipette, no more
than 10-15 times with HBSS. After counting, the cells were
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plated with Neuronal Plating Medium (MEM supplemented
[Sigma-Aldrich] with 10% horse serum [ThermoFisher],
0.6% glucose and 1 mM pyruvic acid) for 2-3 h in 6- or
24-well plates (92.8x10° cells/cm?) coated with poly-D-
lysine (0.1 mg/mL). After this period, the plating medium
was removed and replaced by Neurobasal medium supple-
mented with SM1 supplement (StemCell Technologies;
1:50 dilution), 0.5 mM glutamine and 0.12 mg/mL genta-
mycin. For imaging purposes, low-density cortical cells
were plated at a final density of 1.0 x 10* cells/cm? on poly-
D-lysine-coated coverslips, in 60 mm culture dishes, in
neuronal plating medium [29]. After 2-3 h, coverslips were
flipped over an astroglial feeder layer in supplemented Neu-
robasal medium, and upon 2-3 days in culture the division
of glial cells was halted by addition of 10 pM 5-FdU-NOAC
(5-FDU) to the culture medium. Cultures were fed twice a
week and maintained in Neurobasal medium supplemented
with SM1 supplement, and kept in a humidified incubator of
95% air and 5% CO,, at 37 °C, for 14-15 days.

Oxygen-glucose deprivation (OGD) assays

Cultured cerebrocortical neurons were incubated for 45 min
or 1h30min (see figure captions) in a solution containing 10
mM Hepes, 116 mM NacCl, 5.4 mM KCl, 0.8 mM MgSO,,
1 mM NaH,PO,, 25 mM NaHCO;, 1.8 mM CaCl,, pH 7.3,
and supplemented with 25 mM glucose (Sham) or with 25
mM sucrose (OGD) at 37 °C, as previously described [6,
7]. In the Sham condition, cells were maintained in an incu-
bator with 5% CO,/95% air, whereas the latter group was
incubated in an oxygen deprived chamber (5% CO,, 7.5%
H,, 87.5% N,; OGD condition) (Thermo Forma Anaerobic
System Model 1029). Cells were further incubated in cul-
ture conditioned medium for 4 h (for preparation of pro-
tein extracts), or for the period of time indicated in figure
captions (for measurement of the proteasome activity and
cell death experiments). When appropriate, 50 pM MDL
28,170 (Calbiochem) or 100 uM APV (Enzo Lifesciences)
were added to the culture medium 30 min before OGD and
were present throughout the experimental procedure. The
DUB USP14 inhibitor IU1 (20 uM; Focus Biomolecules)
was added to the culture medium 30 min before OGD, or
immediately after, and was present throughout the experi-
ment. The 20S oleic derivatives B12 and D3 were synthe-
sized as previously reported [30] and were added to the
culture medium 2 h before OGD (10 uM), and were present
throughout the experiment.

Immunocytochemistry

Cultured cerebrocortical neurons (low-density cultures)
were fixed in 4% sucrose/4% paraformaldehyde (in PBS)
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for 15 min at room temperature and permeabilized with
0.3% Triton X-100 in PBS. Neurons were then incubated
with 10% BSA in PBS, for 30 min at 37 °C, to block non-
specific staining, and incubated overnight at 4 °C with the
primary antibodies diluted in 3% BSA in PBS. The follow-
ing primary antibodies and dilutions were used: anti-Psma2
(1:300 dilution [rabbit]; Cell Signaling #2455), anti-Rpt6
(1:400 dilution [mouse]; Enzo #BML-PW9265), anti-
MAP2 (1:10,000 dilution [chicken], Abcam #ab5392), anti-
PSD95 (1:200 dilution [rabbit]; Cell Signaling # 1673450S)
and anti-PSD95 (1:200 [mouse]; Thermo Scientific #MA1-
045). The cells were washed 6 times with PBS for 2 min
and incubated with Alexa Fluor 568- (1:500 dilution, Invi-
trogen), Alexa Fluor 488- (1:500 dilution; Invitrogen) and
AMCA- (1:200 dilution; Jackson ImmunoResearch) conju-
gated secondary antibodies, for 45 min at 37 °C. After wash-
ing the cells 6 times with PBS for 2 min, the coverslips were
mounted with a fluorescence mounting medium (DAKO).

Fluorescence microscopy and quantitative
fluorescence analysis

Imaging was performed in an Axio Observer Z1 fluores-
cence microscope, coupled to an Axiocam HRm digital cam-
era, using a Plan-Apochromat 63x/1.4 oil objective. Images
were quantified using the ImageJ image analysis software.
For quantitation, independent sets of cells were cultured and
stained simultaneously, and imaged using identical settings.
The immunoreactivity signals were analysed after setting
the thresholds, and the recognizable clusters under those
conditions were included in the analysis. The number, area
and the integrated intensity of Psma2 or Rpt6 particles in
dendrites were determined and represented per dendritic
area. For colocalization analysis, regions around thresholded
puncta were overlaid as a mask in the PSD95 (or MAP2)
channel, and the integrated intensity, area and number of
colocalized particles determined. Fluorescence imaging was
performed at the MICC Imaging facility of CNC-UC, par-
tially supported by PPBI — Portuguese Platform of Biolm-
aging (PPBI-POCI-01-0145-FEDER-022122).

Nuclear morphology staining

Cerebrocortical neurons were cultured for 14 days on poly-
D-lysine-coated glass coverslips, at a density of 1.0x10*
cells/cm?. After the appropriate stimulus (see figure cap-
tions), cells were fixed in 4% sucrose/ 4% paraformaldehyde
(in PBS), for 15 min at room temperature, washed twice
with ice-cold PBS and the nuclei were then stained with
Hoechst 33342 (1 pg/mL), for 10 min, protected from the
light and at room temperature. After this, cells were washed
twice with ice-cold PBS and the coverslips were mounted
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with a fluorescent mounting medium (DAKO). Images were
captured using a Zeiss Axiovert 200 fluorescent microscope
coupled to an Axiocam camera. Three independent cover-
slips were prepared for each experimental condition, and at
least 200 cells were counted in two biological replicates for
each experimental condition.

Preparation of extracts and quantification of
proteasome activity

Cultured cerebrocortical neurons were washed twice with
ice-cold phosphate-buffered saline (PBS). The cells were
then lysed in 1 mM EDTA, 10 mM Tris-HCI pH 7.5, 20%
Glycerol, 4 mM dithyothreitol (DTT) and 2 mM ATP (100 pl/
well). Whole cell extracts were centrifuged at 16,100 x g for
10 min at 4 °C, total protein content in the supernatants was
quantified using the Bradford method, and the concentration
of the samples was equalized with lysis buffer.

The peptidase activity of the proteasome was assayed by
monitoring the production of 7-amino-4-methylcoumarin
(AMC) from a fluorogenic peptide: Suc-LLVY-AMC (for
chymotrypsin-like activity; Peptide Institute, Inc). Samples
(5-10 pg of protein) were incubated with the fluorogenic
substrate, 50 pM Suc-LLVY-AMC, in 50 mM Tris-HCI (pH
8.0) and 0.5 mM EDTA buffer, in a final volume of 100 pl.
The release of fluorescent AMC was measured at 37 °C
using a SPECTRAmax Gemini EM (Molecular Devices)
microplate reader, at an excitation wavelength of 360 nm
and an emission wavelength of 460 nm, for 60 min at 5 min
intervals. All experiments were performed in the presence
of 2 mM ATP. Specific activity was determined by subtract-
ing the activity measured in the presence of 10 uM MG-132
(Calbiochem), a reversible proteasome inhibitor.

Native gel electrophoresis

Cultured cerebrocortical neurons were washed twice with
ice-cold PBS and the cells were then lysed in 100 pl of 50
mM Tris-HCI pH 7.5, 10% Glycerol, 5 mM MgCl,, 2 mM
DTT and 2 mM ATP. The extracts were then centrifuged at
16,100 x g for 10 min at 4 °C, and the protein content in the
supernatants was quantified using the Bradford method. The
protein concentration in the samples was equalized with
lysis buffer before separation in 4% polyacrylamide native
gels, under non-denaturing conditions, at 90 V for 8 h (4 °C)
as described elsewhere (Elsasser et al., 2005; Caldeira et al.,
2013). The proteins in the gel were then electrotransferred
to polyvinylidene (PVDF) membranes and immunoblotted
using an antibody against Psma2 (1:1000 dilution [rabbit];
Cell Signaling #2455) or Rpt6 (1:1000 dilution [mouse];
Enzo #BML-PW9265).

Western blotting

Cultured cerebrocortical neurons were washed with ice-cold
PBS buffer and then lysed with RIPA buffer (150 mM NaCl,
50 mM Tris-HCI, pH 7.4, 5 mM EGTA, 1% Triton, 0.5%
DOC and 0.1% SDS at a final pH 7.5) supplemented with
50 mM NaF, 1.5 mM sodium orthovanadate and the cock-
tail of protease inhibitors (CLAP [1 pg/ml]: chymostatin,
leupeptin, antipain, pepstatin; Sigma)]. After centrifugation
at 16,100 x g for 10 min, protein in the supernatants was
quantified using the bicinchoninic acid (BCA) assay, and
the samples were diluted with a 2x concentrated denaturat-
ing buffer (125 mM Tris, pH 6.8, 100 mM glycine, 4% SDS,
200 mM DTT, 40% glycerol, 3 mM sodium orthovanadate,
and 0.01% bromophenol blue).

Protein samples were separated by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE), in
6.5-11% polyacrylamide gels, transferred to PVDF mem-
branes (Millipore), blocked for 45 min, with 5% non-
fat milk in Tris-buffered saline supplemented with 0.1%
Tween 20 (TBS-T) and immunoblotted using commercial
antibodies. Blots were incubated with primary antibod-
ies (overnight at 4 °C), washed and exposed to alkaline
phosphatase-conjugated secondary antibodies (1:20,000
dilution; Jackson Immunoresearch; 1 h at room tempera-
ture in TBS-T). The following primary antibodies were
used: Anti-Psma2 (1:1000 dilution [rabbit]; Cell Signaling
#2455), Anti-Rpt6 (1:1000 dilution [mouse]; Enzo #BML-
PW9265), Anti-Rpn10 (1:1000 dilution [mouse]; Enzo #
BML-PW9250), Anti-Spectrin (1:1000 dilution [mouse];
Millipore # MAB1622), Anti-Rpt3 (1:100 dilution [mouse];
Santa Cruz Biotechnology #sc-166115), Anti-Rpn6 (1:1000
dilution [rabbit]; Cell Signaling # 14303). Alkaline phospha-
tase activity was visualized by ECF on the Storm 860 Gel
and Blot Imaging System (GE Healthcare) or the ChemiDoc
Touch Imaging System (BioRad).

To reprobe membranes with additional primary antibod-
ies, namely those used against B-tubulin, used as experi-
mental loading control, ECF was removed by washing the
membranes with TBS-T for 3040 min. After this washing
step, the membranes were stripped for 5 min with 0.2 M
NaOH, and washed again abundantly with water for 30 min.
Membranes were again blocked and incubated with the
anti-B-tubulin antibody (1:600 000). Secondary antibodies
were incubated for 1 h at room temperature as previously
mentioned.

Lactate dehydrogenase activity
After the OGD insult, the cells were further incubated in cul-

ture conditioned medium for the period of time mentioned
in the figure captions. The LDH leakage to the extracellular
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medium was evaluated by a colorimetric assay, using the
CytoTox 96® Non-Radioactive assay kit (Promega), accord-
ing to the manufacturer’s instructions. Briefly, the extracel-
lular medium was removed and diluted with an equal volume
of H,O to a final volume of 100 pl, and 50 pl of substrate
mix was added to the diluted sample, at room temperature,
protected from the light. Incubation with the substrate was
performed for 15—30 min and the reaction was stopped with
50 pl of stop solution. The activity of LDH was measured
using a SPECTRAmax Gemini EM (Molecular Devices)
microplate reader, at a wavelength of 490 nm. The percent-
age of LDH released to the medium was determined as the
ratio between LDH activity in the extracellular medium and
total LDH activity (100% cell death) obtained by cell lysis.

Statistical analysis

Statistical analysis was performed using one-way ANOVA
analysis of variance followed by the Dunnett’s or Bonfer-
roni test, or using the two-tailed Student’s ¢ test, as indicated
in the figure captions.

Results

0GD decreases proteasome activity and induces its
disassembly

OGD is a well-characterized approach to model global brain
ischemia-reperfusion in cultured neurons [6, 14, 31-33].
Previous studies showed that OGD induces neuronal death
by a mechanism dependent on the activation of NMDA
receptors [14, 34, 35], as observed in brain ischemia fol-
lowed by reperfusion [36]. To characterize the effect of OGD
on proteasome activity, cerebrocortical neurons were tran-
siently subjected to OGD for 1.5 h and the chymotrypsin-
like activity of the proteasome was evaluated after further
incubation of the cells for different time periods in culture
conditioned medium in normoxic conditions. Exposure of
cerebrocortical neurons to OGD for 1.5 h rapidly decreased
the activity of the proteasome, to 47-62% of the control
(Fig. 1A; *0.05<p<0.0001****), Importantly, under these
conditions there was an increase in cell death from 14 to
27%, as determined by DNA staining with Hoechst 33342
at 10 h after the insult (Fig. 1B; **p<0.01). Cell death was
characterized by chromatin condensation and a decrease in
the size of nuclei, which is characteristic of apoptotic-like
death and is in accordance with previous findings under the
same conditions (e.g [6]).

In additional experiments we compared the alterations in
the assembly of the proteasome in cultured cortical neurons
subjected to OGD for 1.5 h, and further incubated in culture
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conditioned medium for 4 h; these are the conditions that
showed the most robust downregulation in chymotrypsin-
like activity of the proteasome. We observed a reduction in
the population of fully-assembled proteasomes (26S and
308, for single- and double-capped proteasomes, respec-
tively) to about 10%, as shown by a decrease in the catalytic
core particle Psma2 immunoreactivity in the high molecular
weight fraction (Fig. 1C, left panel; ***p<0.001), as well
as in the regulatory particle protein Rpt6 (8%) (Fig. 1D
*H*%p<0.0001). Similarly, the 20S proteasomes were
upregulated to more than 4-fold, as shown by an increase
in the Psma2 immunoreactivity in the low molecular weight
fraction (Fig. 1C right panel; **p<0.01). Control western
blot experiments to evaluate total levels of Psma2 and Rpt6
proteins, showed no changes in total abundance of both pro-
teins, further indicating a proteasome disassembly under
these conditions (Fig. 1E and F; ns p>0.05; Fig. 1. Supple-
mentary information).

Together, these data show a proteasomal dysfunction fol-
lowing OGD, associated to the disassembly of the complex.

Transient OGD alters the subcellular localization the
proteasome

The UPS is responsible for the turnover of many cyto-
solic proteins, and under resting conditions their compo-
nents show a widespread distribution in neurons, including
nuclei, cytoplasm, dendrites, axons and synaptic buttons
[37]. Little is known about the proteasome dynamics after
brain ischemia, such as the alterations in the subcellular
localization of the two components of the 26S proteasome.
Therefore, we evaluated the effect of OGD on the distribu-
tion of the proteasome in low density cultures of cerebro-
cortical neurons during different post-incubation periods.
We first adapted the OGD protocol to low density cultures
(Banker cultures; 1.0 x 10* cells/cm?) [38] since high den-
sity cultures do not allow assessing accurately the subcel-
lular distribution of proteins using immunocytochemistry.
Given the putative protective effect provided by glial cells
when present during the period of OGD, we tested the isch-
emic insult on neurons in the absence of the glial cell feeder
layer. After OGD, cortical neurons were further incubated
in culture conditioned medium and in the presence of glial
cells. A significant increase in cell death was observed
after ischemic insults of 45 min (~30%) when analysed
4 h (*p<0.05) and 8 h (**p<0.01) after the OGD period
(Fig. 2). Therefore, to facilitate subsequent co-localization
experiments, we employed a 45-min OGD period followed
by several post-incubation periods. The briefer OGD dura-
tion was chosen due to its association with minimal cell
death and no change in the pattern of staining for the den-
dritic marker (see below).
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Fig. 2 Effect of OGD on neuronal survival in low-density cultures.
Low-density cultured cerebrocortical neurons were subjected or not to
OGD for 45 min, and further incubated in culture conditioned medium
for 4 and 8 h. Cell death was evaluated by nuclear morphology analy-
sis (A), staining the nucleus with Hoechst 33342, and presented in the
quantification graph as the percentage of cell death (B). Arrows point

Despite the clear heterogeneity in their subunit composi-
tion, it is possible to label the two proteasomal particles, the
20S and the 19S, by means of antibodies recognizing Psma2
and Rpt6 proteins, respectively [ 10]. Both proteins are found
in the soma and dendrites of cultured neurons as evaluated by
the colocalization with the somato-dendritic marker MAP2
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performed by one-way ANOVA, followed by Bonferroni’s multiple
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0.01)

(Figs. 3 and 4). The results of Fig. 3 show a significant
increase of the area (Fig. 3A2, 1.42-fold; ****p<0.0001)
and intensity (Fig. 3A3, 1.62-fold; ****p<0.0001) of
Psma2 puncta in dendrites after 45 min of OGD followed
by 2 h of post-incubation. These effects were transient since
4 h after OGD these differences were no longer observed. At
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Fig. 3 Alterations in the dendritic distribution of PSMA2 in cerebro-
cortical neurons subjected to OGD. PSMA2 protein expression was
evaluated by immunocytochemistry in neurons subjected to 45 min of
OGD and further incubated in culture conditioned medium for 2, 4
or6 h. The number (A1), area (A2), and intensity (A3) of PSMA2 clus-
ters (puncta) were analyzed in the dendritic compartment through colo-
calization with MAP2, and normalized for its length. The number (A4)
and area (AS) of PSMA?2 puncta colocalizing with PSD95, as well as
the percentage of PSMA2 puncta colocalized with PSD95 (normalized

a later time-point, i.e. 6 h after OGD, there was a secondary
increase in the puncta number (Fig. 3A1, 1.25; *p<0.05)
and intensity (Fig. 3A3, 1.99-fold; **p<0.01), without fur-
ther changes in the area of the puncta. Further analysis of
the OGD-induced changes in the Psma2 distribution along
dendrites showed a significant, although transient, increase

Post-incubation period

PSMA2 colocalization with PSD 95

2h 4h 6h
Post-incubation period

for the mean of the control) (A6), were also calculated. Imaging was
performed in an Axio Observer Z1 fluorescence microscope, coupled
to an Axiocam HRm digital camera, using a Plan-Apochromat 63x/1.4
oil objective. The scale bar represents 10 um. Results are mean+ SEM
of at least 3 independent experiments (30 cells). Statistical analysis
was performed by one-way ANOVA, followed by Bonferroni test.
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 - significantly dif-
ferent when compared to control conditions

in the number (Fig. 3A4, 1.41-fold; ***p<0.001) and area
(Fig. 3AS, 1.52-fold; **p<0.01) of puncta that colocalized
with the post-synaptic density marker PSD95, when anal-
ysed 2 h after the ischemic insult. In addition, the percent-
age of total Psma2 immunoreactivity that colocalized with
PSD95 was also increased at 2 h after OGD, but no similar
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Fig. 4 Alterations in the dendritic distribution of Rpt6 in cerebrocorti-
cal neurons subjected to OGD. Rpt6 protein expression was evaluated
by immunocytochemistry in neurons subjected to 45 min of OGD and
further incubated in culture conditioned medium for 2, 4 or—6 h. The
number (Al), area (A2), and intensity (A3) of Rpt6 clusters (puncta)
were analyzed in the dendritic compartment through colocalization
with MAP2, and normalized for its length. The number (A4) and area
(AS) of Rpt6 puncta colocalizing with PSD95, as well as the percent-
age of Rpt6 puncta colocalized with PSD95 (normalized for the mean
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of the control) (A6), were also calculated. Imaging was performed in
an Axio Observer Z1 fluorescence microscope, coupled to an Axiocam
HRm digital camera, using a Plan-Apochromat 63x/1.4 oil objective.
The scale bar represents 10 um. Results are means+SEM of at least
3 independent experiments (30 cells). Statistical analysis was per-
formed by one-way ANOVA, followed by Bonferroni test. **p<0.01;
XD <0.0001 - significantly different when compared to control
conditions



Apoptosis (2025) 30:1372-1390

1381

effects were observed when the Psma?2 distribution was ana-
lysed at later time points after the ischemic insult (Fig. 3A6,
1.24-fold; **p<0.01).

In contrast with the observations for the Psma2 protein,
OGD did not affect the number (Fig. 4A1), area (Fig. 4A2)
and intensity (Fig. 4A3) of Rpt6 puncta along dendrites
when evaluated 2 h and 6 h after the insult (ns p>0.05). Fur-
thermore, no changes were detected in the number and area
of Rpt6 puncta that colocalized with PSD95 (Fig. 4A4-A5),
as well as in the total protein fraction that colocalized with
PSD95 (Fig. 4A6). Alterations in the subcellular distribu-
tion of Rpt6 were only observed at 4 h after the insult, with
a decrease in the area (Fig. 4A2, 0.74-fold; ****p<0.0001)
and intensity of puncta (Fig. 4A3 0.85-fold; **<0.01),
as well as in the puncta number (Fig. 4A4, 0.86-fold;
**p<0.01) and area (Fig. 4AS, 0.69-fold; ****p<(.0001)
that colocalized with PSD95.

Together, these results show differential effects of OGD
in the localization Psma2 and Rpt6, which were used to label
the 20S and 19S proteasome, respectively. The distribution
of Psma2 was more affected at 2 h after the insult, while the
localization of Rpt6 only showed changes at 4 h after OGD.

0GD induces calpain activation: a possible link
leading to proteasome dysfunction

The abundance of the proteasome can be regulated by sev-
eral ways, in cells destined to die. For instance, apoptotic
Jurkat T cells showed a cleavage of several proteasome
subunits by caspase-3, such as Rpt5, Rpn2, Rpnl, Rpnl0
subunits [39, 40], while a2, a4, 34 and Rptl were truncated
by caspase-7 [41]. Furthermore, Rpnl0 can be cleaved by
calpains in the presence of mitochondrial toxins in cultured
cortical neurons [42]. Therefore, we hypothesized that cal-
pains, a group of Ca?"-dependent cysteine proteases, could
play a role in the inactivation of the proteasome in isch-
emic conditions, by limited proteolysis of specific protea-
somal subunits. Indeed, the [Ca%]i overload followed by
activation of calpains is a hallmark of brain ischemia, both
in in vivo and in vitro models, as is also characteristic of
NMDAR-dependent excitotoxicity [32, 43].
Cerebrocortical neurons subjected to OGD for 1.5 h
exhibited a 4-fold increase in the calpain-mediated cleav-
age of spectrin (a well-known hallmark of calpain acti-
vation), giving rise to the spectrin breakdown products
(SBDP) 150/145, when compared to the control (Fig. 5A;
p<0.0001; Fig. 5. Supplementary information). The
abundance of SBDP150/145 was reduced to basal lev-
els in the presence of the calpain inhibitor MDL28170
(Fig. 5A; ns p>0.05, when compared with the control), or
NMDAR antagonist APV (Fig. 5A; ns p>0.05). Both inhib-
itors completely abrogated the increase of SBDP150/145

observed in cortical neurons subjected to OGD (Fig. 5A;
*#%*%p<0.0001). Furthermore, in the absence of the inhibi-
tors there was no apparent formation of the SBDP120,
further suggesting that caspase-3 is not a key mediator of
cellular responses under these experimental conditions [44].

We further investigated the role of calpains in the cleav-
age of several proteasome subunits in cultured cerebrocorti-
cal neurons exposed to OGD or maintained under control
conditions. OGD (1.5 h) significantly decreased (35%)
Rpn10 protein levels (a regulatory subunit) in cultured cor-
tical neurons, when evaluated after 4 h of reoxygenation
(Fig. 5B; "p<0.001; Fig. 5. Supplementary information),
but the antibody used did not detect the truncated pro-
tein (not shown). The effect of OGD was abrogated in the
presence of the calpain inhibitor MDL28170 (Fig. 5B; ns
p>0.05), and by the NMDAR antagonist APV (Fig. 5B; ns
p>0.05). Similarly, we observed a decrease of about 36%
in total Rpt3 protein abundance (Fig. 5C; *p<0.01). This
decrease was prevented when neurons were pre-incubated
with the calpain inhibitor MDL28179 (Fig. 5C; ns p>0.05;
Fig. 5. Supplementary information), and with the NMDAR
antagonist APV (Fig. 5C; ns p>0.05). In contrast, we did
not find any differences in Rpn6 total proteins levels in neu-
rons subjected to OGD (Fig. 5D; ns p>0.05; Fig. 5. Supple-
mentary information), showing the specificity of the effects
of calpains on the cleavage of some proteasome subunits.

Altogether, the results obtained show a calpain-mediated
selective cleavage of 26S proteasome subunits under con-
ditions that mimic brain ischemic in vitro. However, due
to the heterogeneity of the complex, we cannot definitively
exclude the possibility of cleavage occurring in other sub-
units. Further studies are required to address whether and
to what extent other proteasomal subunits are cleaved by
calpains under excitotoxic conditions.

Proteasome activation as a protective strategy
to prevent cell death evoked by OGD in cultured
cerebrocortical neurons

Proteasome downregulation as well as its disassembly is
a common feature observed in models of transient global/
focal ischemia, and also in in vitro models [13—15, 45, 46].
However, these observations contrast with the neuroprotec-
tive effects resulting from proteasome inhibition in several
in vivo models of brain ischemia (e.g [20, 24, 47, 48]).
Whether inhibition of the proteasome contributes to neuro-
nal death in cerebrocortical neurons exposed to OGD was
assessed using two different approaches: (i) [U1 is an inhibi-
tor of USP14, a DUB associated with the 26S proteasome,
that enhances protein ubiquitination in cultured cortical
neurons (not shown) and the degradation of mutant pro-
teins associated with several neurodegenerative disorders,
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Fig. 5 Effect of OGD on calpain activation and on Rpn6, Rpn10 and
Rpt3 total protein levels in cultured cerebrocortical neurons. Cultured
cerebrocortical neurons were subjected to OGD for 1.5 h and were
further incubated in culture conditioned medium for 4 h. When appro-
priate, cerebrocortical neurons were incubated with 100 uM APV or
50 uM MDL28170. The inhibitors were added 30 min prior and dur-
ing OGD, and were also present during the post-incubation period.
(A) Spectrin full-length (280 kDa) and SBDPs (150 and 145 kDa)
were analyzed by western blot using an antibody recognizing both the

including Tau, Ataxin-3 and TDP-43, in cell lines [49]; (ii)
activators of the 20S core particle.

First, cerebrocortical neurons were subjected to OGD for
1.5 h, and the neuroprotective effect of the UPS activator
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N- and C-terminal regions of the protein. The total abundance of (B)
Rpn10, (C) Rpt3 and (D) Rpn6 proteins levels were also evaluated
by immunoblot. B-tubulin was used as loading control. Control (Sham
without MDL or APV) protein levels of spectrin were set to 100%.
The results are the average+SEM of 3 independent experiments. Sta-
tistical analysis was performed by one-way ANOVA, followed by the
Bonferroni’s multiple comparison test, comparing all the conditions
with the respective control (ns, p>0.5; 7 p< 0.0001; *p< 0.5; ***p<
0.001 ****p<0.0001)

IU1 (20 pM) was evaluated by analyzing the nuclear mor-
phology 10 h after the insult. The concentration of IU1 used
here is within the range of concentrations that affect the deg-
radation of endogenous substrates without compromising
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cell viability (up to 100 pM) in human-derived cell lines
[49, 50]. Pre-incubation of the cerebrocortical neurons with
IU1 abrogated OGD-induced cell death, as determined by
analysis of the nuclear morphology (Fig. 6A, B; ns p>0.05).
However, the protective effect of IU1 was not observed
when the drug was applied immediately after the insult
(post-OGD). The results obtained under the latter condi-
tions are comparable to those obtained in vehicle-treated
cells (Fig. 6A, B; *p<0.05). Similar results were obtained
when the release of LDH, a cytosolic enzyme, to the extra-
cellular medium was evaluated. We observed a neuropro-
tective effect of [U1 when applied 30 min before the insult,
and a loss of this effect when the drug was added imme-
diately after the OGD insult (Fig. 6C; ns p>0.05 for pre-
OGD, and *p<0.05 for post-OGD). To investigate whether
incubation with U1 affects calpain activation following
OGD, the activity of the protease was analyzed by measur-
ing the cleavage of spectrin (Fig. 6D. Supplementary infor-
mation). Cerebrocortical neurons exposed to OGD for 1.5 h
and further incubated in culture conditioned medium for 4 h
showed a 1.9-fold increase of the SBDP150/145 (Fig. 6D;
*p<0.05), which is indicative of calpain activation [44].
However, when 20 uM of [U1 was present there was no
increase in SBDPs 150/145 kDa when the Sham and OGD
conditions were compared, indicating that there was no cal-
pain activation (Fig. 6D; ns p>0.05). These results suggest
that proteasome activation inhibits OGD-induced upregula-
tion in calpain activity.

IU1 can have several pleiotropic effects through the
regulation of known UPS targets (e.g. mTOR), and more
importantly, through the regulation of autophagy [51, 52],
all of them known to have an impact in neuronal survival in
several models of brain ischemia [53]. To have a more direct
evidence supporting the protective role of proteasome acti-
vation in cortical neurons subjected to OGD, we used two
oleic amide derivatives that were recently shown to act as
20S proteasome core particle activators [30]. Compound 17
(renamed to B12) and compound 25 (renamed to D3) were
used to ascertain their protective effects in cultured neurons
subjected to OGD, and were both shown to boost the activ-
ity of the 20S proteasome by 3.5 and 0.5-fold, respectively
[30]. Cerebrocortical neurons were pre-incubated with the
compounds (10 uM) for 2 h prior to the insult and then
exposed to 1.5 h of OGD. Both compounds blocked OGD-
induced cell death as determined by analysis of the nuclear
morphology (Fig. 7A, B; ns p>0.05). To ascertain the effect
of the 20S proteasome activators on the cleavage of spectrin,
we decided to use B12 since it showed the highest effect
of the 20S proteasome [30]. Similar to U1, pre-incubation
of the neurons with B12 also abrogated the effects of OGD
on the activation of calpains, as determined by analysis of
spectrin cleavage (Fig. 7C; *p< 0.05; Fig. 7. Supplementary

information). Together, these results show that preservation
of proteasome function is neuroprotective in the context of
an in vitro model of transient ischemia.

Discussion

In this work we found that OGD-induced neuronal death is
associated with calpain-dependent cleavage of proteasome
subunits, together with the dissociation of the 20S catalytic
core from the 19S regulatory particles. The impairment
in the proteasome activity under these conditions is a key
mediator of neuronal death as observed using two distinct
experimental approaches to upregulate proteasome activity.
Together, these results point to an important role for pro-
teasome dysfunction in neuronal death in brain ischemia,
which contrast with the protective effects of proteasome
inhibitors observed in in vivo models of brain ischemia that
have been attributed to the preservation of the blood-brain
barrier [20-24, 47].

Incubation of cultured cerebrocortical neurons under
OGD for 1.5 h reduced the chymotrypsin-like activity of
the proteasome by about 58%, when evaluated 4 h after the
insult. In cultured hippocampal neurons OGD also induced
time-dependent cell death by a mechanism dependent on
the activity of NMDAR, resembling the mechanisms that
contribute to neuronal death in brain ischemia [14]. The
decreased proteolytic activity of the proteasome after OGD
correlates with its disassembly, as observed in cultured cor-
tical neurons exposed to the same conditions. The decrease
in the proteasome stability may result from the excessive
stimulation of glutamate receptors, as suggested in experi-
ments with hippocampal neurons subjected to excitotoxic
stimulation [14]. In accordance with the results obtained in
in vitro experiments, transient global brain ischemia in rats
was shown to impair the 26S proteasome activity, promote
its disassembly and subsequent accumulation of polyubiqui-
tinated proteins [11, 13]. Together, these findings show that
transient incubation of cultured neurons under conditions
of OGD is a valuable model to investigate the molecular
mechanisms involved in the disassembly of the proteasome
in brain ischemia.

Using immunocytochemistry and antibodies specific for
PMSA?2 and Rpt6, commonly used as markers of the 20S
catalytic particle and the 19S regulatory particle, respec-
tively, we found that OGD has a differential effect on the
dendritic distribution of the two proteasomal components.
This is also in accordance with the results showing a dis-
assembly of the proteasome in cultured cerebrocortical
neurons subjected transiently to OGD. Previous work from
our laboratory also showed that the nuclear and cytoplas-
mic population of proteasomes are differentially affected by
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Fig.6 Cell death evoked by OGD is prevented by the USP14 inhibitor
[U1. Cultured cerebrocortical neurons were subjected or not to OGD
for 1.5 h, and further incubated in culture conditioned medium for 10 h
(A, B) or 24 h (C) in the presence or absence of the DUB USP14 inhib-
itor IU1 (20 uM). The inhibitor IU1 was added 30 min prior and during
OGD (preOGD), or immediately after (postOGD), and was present
during the post-incubation period. Cell death was evaluated by nuclear
morphology analysis (A,B), staining the nucleus with Hoechst 33342,
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and by the LDH activity present in the extracellular medium (C). The
scale bar represents 50 pm. Full-length (280 kDa) and proteolytic frag-
ments of a-spectrin (SBDPs) were analysed by western blot using an
antibody recognizing both N- and C-terminal regions of the protein
(D). The results are the average+SEM of 4-5 independent experi-
ments. Statistical analysis was performed by one-way ANOVA, fol-
lowed by Bonferroni’s multiple comparison test, comparing selected
pairs of columns (ns, p>0.5; *p< 0.05; **p< 0.01; ****p< 0.0001)
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Fig. 7 20S proteasome activators are protective against OGD-induced
cell death. Cultured cerebrocortical neurons were subjected or not to
OGD for 1.5 h, and further incubated in culture conditioned medium
for 8 h in the presence or absence of the core particle activators B12
and D3 (10 uM). The activators were added 2 h prior and were present
throughout the time of the experiments Cell death was evaluated by
nuclear morphology analysis, staining the nucleus with Hoechst 33342
(A), and presented in the quantification graph as the percentage of cell

excitotoxic glutamate stimulation, with the nuclear fraction
being more affected under these conditions [14]. Using a
different model, it was shown that depriving yeast cells from
nitrogen, but not glucose, induces proteasome disassembly
followed by nuclear export and targeting to the vacuoles.
However, the core and regulatory particles were targeted to
the vacuoles in a differential manner, since only the former
proteasomal component depended on the deubiquitinating
enzyme Ubp3 [54]. Despite the differences between neurons
and yeast cells, it may be hypothesized that the clustering
of Psma2 along dendrites at an early stage following OGD
(2 h), in regions close to the synapse, may result from an
increased trafficking of 20S proteasomes (without discard-
ing putative effects on 26S proteasomes) to hotspots where
there is an increased formation of reactive oxygen species.
This may be relevant from the functional point of view
since the 20S proteasomes are more effective in degrading

death (B). The scale bar represents 30 um. Full-length (280 kDa) and
proteolytic fragments of a-spectrin (SBDPs) were analysed by western
blot using an antibody recognizing both N- and C-terminal regions
of the protein (C). The results are the average = SEM of 4-5 inde-
pendent experiments. Statistical analysis was performed by one-way
ANOVA, followed by Bonferronids multiple comparison test, compar-
ing selected pairs of columns (ns, p>0.5; *p< 0.05; **p< 0.01; ***p<
0.001)

oxidatively damaged proteins, another common hallmark
of the ischemic brain [1]. The delayed increase in the Rpt6
puncta intensity after OGD in cortical neurons may suggest
that regulatory mechanisms are induced to restoring normal
and basal ubiquitin-dependent proteolysis after the 20S pro-
teasome degrades the oxidatively damaged proteins. How-
ever, we can only speculate that the differential sorting of
the 19S regulatory particle can serve as signaling complex
by processing non-proteasome-targeting ubiquitin linkage
[10].

The proteasome disassembly observed in in vivo models
of brain ischemia as well as in cultured neurons subjected to
OGD may allow the degradation of unfolded and oxidized
proteins, which was shown to be carried out more effectively
by 20S proteasomes, by a mechanism that does not require
ubiquitination [55, 56]. In fact, we found that B12 and D13,
two activators of the 20S proteasome, protected cultured
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cerebrocortical neurons subjected to OGD. Yet, whether
these compounds activate already functional or latent pro-
teasomes is still unknown and awaits further investigation
[57]. Given the rather short post-incubation period used in
this work, we cannot exclude the possibility that the disas-
sembled proteasomes may reassemble at later time points,
along with a recovery in the proteolytic activity. Together,
the results suggest that proteasome disassembly may have
a dual impact in cell survival. The concomitant increase in
20S proteasomes may allow to efficiently degrade oxida-
tively damaged proteins, in an unregulated and energy-inde-
pendent manner, to cope with cellular stress [58]. However,
an overall hypofunction of the proteasome may have del-
eterious consequences contributing to neuronal cell death.

Herein, we provide evidence showing calpain activa-
tion in cerebrocortical neurons subjected to OGD (1.5 h),
when evaluated 4 h after the insult, as determined by an
increase in the levels of spectrin-breakdown products of
150/145 kDa. The apparent absence of the 120 kDa SBDP
under the same conditions rules out the possible contribu-
tion of caspase-3 to the cellular responses to the injury. The
results are in accordance with other reports showing calpain
activation in cultured hippocampal neurons subjected to
OGD, when evaluated at different post-incubation periods
after the insult [32, 59]. We also showed that NMDAR act
upstream of calpain activation in cerebrocortical neurons
subjected to OGD, by using pharmacological tools to inhibit
NMDAR and calpains. Under these conditions, no spectrin
cleavage was observed, corroborating previous in vitro and
in vivo findings [32, 43, 59—61].

Numerous reports have identified calpain targets which
are cleaved in brain ischemia thereby contributing to neu-
ronal demise [5]. The experimental setup used in this work
allowed the identification of two proteasome proteins that
are cleaved by calpains, providing an insight about the
molecular mechanism contributing to proteasome hypo-
function in cortical neurons exposed transiently to OGD.
In accordance with a previous report, we observed the cal-
pain-mediated cleavage of the Rpn10 ubiquitin acceptor in
cerebrocortical neurons subjected to OGD [42]. Among the
proteasome subunits tested, we also validated Rpt3 as a cal-
pain substrate, using western blot experiments, along with
Rpn10.

Although we have not investigated the functional impact
of the calpain-mediated cleavage of proteasome subunits,
there are several lines of evidence suggesting that mutations
and knock-down of specific proteasome subunits affects its
overall function. Thus, knockdown of the Rpt1, Rpn10, Rpn2
and Rpn12 proteasome subunits among others, reduced the
viability of Schneider 2 (S2) cells, as well as the chymo-
trypsin-like activity [62]. However, after glycerol-gradient
centrifugation to isolate the different subpopulations of
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proteasomes, the activity of the 26S proteasome was only
impaired when Rpn2, Rptl and Rpn12 were downregulated,
whilst Rpn10 knockdown showed the opposite effect [62].
Therefore, a reduction in Rptl, Rpn2 and Rpn12 total pro-
tein levels has a profound effect on proteasome assembly.
Additionally, the C-terminal region of the Rpt3 protein is
essential for a proper assembly of the proteasome [ [63];
see [64] for results showing the effect of point mutations
and peptide entry], and turnover of polyubiquitinated pro-
teins [65], whereas the Rpn6 protein was shown to interact
with both Psma2 and Rpt6 protein, thus tethering the base
of the 19S particle to the 20S [66]. In fact, its absence in
yeast cells results in a severe impairment in the ubiquitin-
proteasome pathway as shown by compromised assembled
proteasomes and accumulation of polyubiquitin chains [67],
whereas its overexpression increases proteasome assembly
in embryonic stem cells [68]. Rpn10-deficient mice showed
embryonic lethality, and UIM domain deletion in this pro-
tein impaired the ubiquitin-dependent degradation of pro-
teins in the mice liver [69]. Studies using a similar mice
model with the UIM domain of Rpn10 genetically deleted
showed an impaired interaction of polyubiquitinated sub-
strates with the proteasome, as shown with purified protea-
somes immunoblotted with an antibody against ubiquitin
[70]. Genetic deletion of the Rpn10 ortholog in Drosophila
melanogaster showed a dramatic increase in polyubiquiti-
nated proteins, larval lethality along with an increase in 26S
proteasomes [ [71]; see also [62]]. The available evidence,
including the result showing Rpnl0 cleavage by calpains
[42], suggest that the stability/abundance of Rpn10 may not
be the only factor responsible for controlling proteasome
stability/assembly given the increase in proteasome activity
when the protein is downregulated [42, 62]. However, the
differential effects observed may be organism-and tissue-
dependent and may also involve the degradation/interaction
of other proteins.

Given the effects described above, the cleavage of Rpn10
alone is unlikely to account for the observed downregula-
tion of proteasome activity. On the other hand, the cleavage
of Rpt3 may contribute to the decrease in the stability of the
proteasome after OGD [63]. Strikingly, one report showed
that several calpain isoforms are in close proximity of the
26S proteasome, but whether there is a recruitment of these
proteases to the vicinity of the 26S proteasome in the con-
text of brain ischemia is unknown [72]. It should also be
considered that calpains cleave but do not degrade target
proteins [5]. Therefore, the formation of truncated protea-
some subunits may influence the proteasome structure and
activity that is distinct from that obtained after deletion of
the protein. Other factors that may also contribute to the
regulation of the proteasome activity/stability after OGD
include: (i) availability of ATP, which is important for the
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assembly of the 26S proteasome [73, 74]; (ii) phosphoryla-
tion state of proteasome subunits [75, 76].

The DUB USP14 acts as a brake in the degradation of
proteasome substrates in vivo since its genetic deletion
increased the overall protein turnover in yeast cells [77], and
similar results were obtained upon inhibition of the enzyme
in cultured mammalian cells [49, 78]. We found that prein-
cubation of cortical neurons with the USP14 inhibitor IU1,
as well as with the 20S proteasome activators B12 and D3,
abrogates OGD-induced cell death. Interestingly, there was
adecrease in calpain activity under the same conditions, sug-
gesting that [U1 may act upstream of calpain activation, or it
may reduce its activity through post-transcriptional regula-
tion. In accordance with our observations, [U1 was reported
to reduce brain infarct volume in a mouse model of transient
focal cerebral ischemia at day 4 after the insult. In the latter
study, elevation of the microRNA124 was found to down-
regulate USP14, and inhibition of this DUB mimicked the
effect obtained under the former conditions [26]. However,
the possibility of an increased ubiquitin-dependent protein
turnover was not considered in this study. More recently,
two studies addressed the role of USP14 in controlling pro-
teolysis in the cells, and showed an even more complex
mechanism than initially proposed. USP14 is responsible
for trimming both Lys48 and Lys63 polyubiquitin chains,
which is in accordance with the consequent increase in the
overall accumulation of polyubiquitin conjugates [25, 49,
52, 79]. The neuroprotective effects of the USP14 inhibition
may also be attributed to increased autophagy [51], being
consistent with the effect of autophagy in neuroprotection in
in vivo and in vitro models of transient brain ischemia [80].
Because IU1 increases the turnover of proteins degraded in
the UPS, identifying the putative candidates that are down-
regulated and contribute to the observed neuroprotective
effects may provide an additional strategy for treating brain
injury in transient ischemia models. Despite the multitude of
mechanisms that may underlie the protective effects of U1
in cerebrocortical neurons exposed to OGD, the increased
cell survival also observed in the presence of the 20S pro-
teasome activators clearly show a protective role of protea-
some stimulation under the conditions used.

The results showing an inhibition of calpain activation
by IU1 and by activators of the 20S proteasome in cortical
neurons subjected to OGD, suggesting that the modulation
of this proteolytic pathway may contribute to the protec-
tive effects of the DUB inhibitor. Since calpains cleave
several proteasome subunits, as shown in this work, inhibi-
tion of these proteases in cells pretreated with IU1 or with
the proteasome activators may enhance proteasome stabil-
ity and protein degradation by the UPS, thereby stabiliz-
ing the proteostasis mechanisms. The protective effects of
IU1 were only observed when the drug was present during

OGD, suggesting that the maintenance of the proteostasis
through activation of the UPS is relevant within a critical
time period. However, the time required to achieve an effec-
tive concentration of U1 inside the cells may prevent the
effect of the DUB inhibitor when administered after OGD.
This is particularly relevant given the observed decrease in
proteasome activity immediately after the incubation of the
cells under conditions of OGD.

The impairment of the proteasome activity associated
with neuronal death after OGD is in apparent contradic-
tion with the reports pointing to a neuroprotective effect of
proteasome inhibitors in several in vivo models of transient
global/focal ischemia [20-24, 47, 48, 81]. However, the
latter results have been attributed mainly to the inhibition
of the inflammatory responses resulting from the ischemic
insult and to the stabilization of the blood-brain barrier. In
fact, chemical proteasome inhibition is sufficient to increase
neuronal cell death by inducing ER stress and activating the
mitochondrial apoptotic pathway [14, 82, 83]. Therefore,
therapeutic strategies to augment the degradative capacity
of the UPS may also afford neuroprotection in several brain
disorders.

In conclusion, we hereby propose a mechanism in which
30/26S proteasome disassembly and downregulation may
be critical events downstream of calpain activation follow-
ing transient brain ischemia leading to neuronal death. In
addition, proteasome activation decreased OGD-induced
calpain activation, showing a cross-talk between the two
proteolytic systems.
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