1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neurotox Res. Author manuscript; available in PMC 2021 April 22.

-, HHS Public Access
«

Published in final edited form as:
Neurotox Res. 2011 April ; 19(3): 374-388. d0i:10.1007/s12640-010-9172-4.

Calpain Plays a Central Role in 1-Methyl-4-phenylpyridinium
(MPP(+))-Induced Neurotoxicity in Cerebellar Granule Neurons

Richard A. Harbison?,
Department of Biological Sciences and Eleanor Roosevelt Institute, University of Denver, Seeley
G. Mudd Science Bldg., Rm.130, 2101 E. Wesley Ave, Denver 80208, CO, USA

Kristen R. Ryan?,
Toxicology Program, Department of Pharmaceutical Sciences, University of Colorado Denver,
Aurora, CO, USA

Heather M. Wilkins,
Department of Biological Sciences and Eleanor Roosevelt Institute, University of Denver, Seeley
G. Mudd Science Bldg., Rm.130, 2101 E. Wesley Ave, Denver 80208, CO, USA

Emily K. Schroeder,
Research Service, Veterans Affairs Medical Center, Denver, CO, USA

F. Alexandra Loucks,
Neuroscience Program, University of California San Francisco, San Francisco, CA, USA

Ron J. Bouchard,
Research Service, Veterans Affairs Medical Center, Denver, CO, USA

Daniel A. Linseman
Department of Biological Sciences and Eleanor Roosevelt Institute, University of Denver, Seeley
G. Mudd Science Bldg., Rm.130, 2101 E. Wesley Ave, Denver 80208, CO, USA

Research Service, Veterans Affairs Medical Center, Denver, CO, USA

Division of Clinical Pharmacology and Toxicology, Department of Medicine, University of Colorado
Denver, Aurora, CO, USA

# These authors contributed equally to this work.

Abstract

1-Methyl-4-phenylpyridinium (MPP(+))-induced neurotoxicity has previously been attributed to
either caspase-dependent apoptosis or caspase-independent cell death. In the current study, we
found that MPP(+) induces a unique, non-apoptotic nuclear morphology coupled with a caspase-
independent but calpain-dependent mechanism of cell death in primary cultures of rat cerebellar
granule neurons (CGNs). Using a terminal deoxynucleotidyl transferase dUTP nick end-labeling
(TUNEL) assay in CGNs exposed to MPP(+), we observed that these neurons are essentially
devoid of caspase-dependent DNA fragments indicative of apoptosis. Moreover, proteolysis of a
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well recognized caspase-3 substrate, poly (ADP ribose) polymerase (PARP), was not observed in
CGNs exposed to MPP(+). In contrast, calpain-dependent proteolysis of fodrin and pro-caspases-9
and -3 occurred in this model coupled with inhibition of caspase-3/-7 activities. Notably, several
key members of the Bcl-2 protein family appear to be prominent calpain targets in MPP(+)-treated
CGNs. Bid and Bax were proteolyzed to truncated forms thought to have greater pro-death activity
at mitochondria. Moreover, the pro-survival Bcl-2 protein was degraded to a form predicted to be
inactive at mitochondria. Cyclin E was also cleaved by calpain to an active low MW fragment
capable of facilitating cell cycle re-entry. Finally, MPP(+)-induced neurotoxicity in CGNs was
significantly attenuated by a cocktail of calpain and caspase inhibitors in combination with the
antioxidant glutathione. Collectively, these results demonstrate that caspases do not play a central
role in CGN toxicity induced by exposure to MPP(+), whereas calpain cleavage of key protein
targets, coupled with oxidative stress, plays a critical role in MPP(+)-induced neurotoxicity. Our
findings underscore the complexity of MPP(+)-induced neurotoxicity and suggest that calpain may
play a fundamental role in causing neuronal death downstream of mitochondrial oxidative stress
and dysfunction.
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Introduction

1-Methyl-4-phenylpyridinium (MPP(+)) is an inhibitor of mitochondrial complex I and has
been widely used to study protease involvement and oxidative stress in relation to
neurodegenerative disease (Gonzalez-Polo et al. 2004; Jourdi et al. 2009; Leist et al. 1998;
Yang et al. 2009). A large variety of in vitro models support a complex interplay between the
calpain and caspase families of cysteine proteases during MPP(+)-induced neurotoxicity,
contributing to several distinct modes of neuronal death being proposed for this toxin.
Moreover, factors including the concentration of MPP(+) and the duration of toxin exposure
may lead to differential regulation of calpain and caspase activities in neurons exposed to
MPP(+) (Choi et al. 2001; Du et al. 1997). All of these effects contribute to the ultimate
mode of neuronal death induced by MPP(+) (i.e., apoptosis, necrosis, or other less well-
defined pathways to cell death) (Kroemer et al. 2009).

Caspase-dependent neuronal death through the mitochondrial apoptotic pathway has been
demonstrated as a prominent mechanism underlying neurotoxicity and neurodegenerative
disease (Ekshyyan and Aw 2004; Okouchi et al. 2007). In a host of studies elucidating the
cellular signaling mechanisms involved in MPP(+)-induced neurotoxicity including SH-
SY5Y human neuroblastoma cells (Cheng et al. 2009; Wang and Xu 2005), dopaminergic
N-27 cells (Anantharam et al. 2007), and PC12 cells (Bo et al. 2005; Kim et al. 2009),
caspase-dependent mechanisms have been shown to be the primary mode of neuronal death
(Table 1). On the other hand, contrasting studies involving dopaminergic MN9D (Choi et al.
2001; Chu et al. 2005), neuron-like NT2 human teratocarcinoma cells (Domingues et al.
2008), and PC12 cells (Wales et al. 2008) were found to exhibit alternate modes of cell death
which were calpain-dependent and/or caspase-independent (Table 1). Therefore, the specific
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mechanism of cell death induced by MPP(+) neurotoxicity appears to be largely dependent
on the cell system used.

Furthermore, cross-communication between the calpain and caspase proteolytic systems is
complex and has been characterized in conflicting manners. For example, in different
studies, calpains have been shown to either activate or inactivate caspases. Blomgren et al.
(2001) demonstrated that the executioner caspase-3 of the apoptotic pathway could be
directly activated by m-calpain. On the other hand, McGinnis et al. (1999) argued that
caspases are actively repressed by members of the calpain family. Therefore, as Neumar et
al. (2003) suggested, the timing of calpain activation in concert with the magnitude of
cysteine protease activation may be critical factors in determining the ultimate mechanism of
neuronal cell death.

Many immortalized dopaminergic cell lines utilized to study MPP(+)-induced neurotoxicity
are characterized by high dose range dependency of MPP(+), on the order of 250-1,000 uM
or even higher concentrations to cause neuronal death (see Table 1). In contrast, CGNs—a
primary neuronal system—are susceptible to relatively lower doses of MPP(+) from 100 to
150 uM (Gonzalez-Polo et al. 2001). CGNs share with the dopaminergic cell culture models
the ability to transport MPP(+) across the plasma membrane. CGNs achieve MPP(+) uptake
through a characterized organic cation transporter 3 (OCT 3) (Shang et al. 2003) or a
cationic amino acid transporter (CAT) (Gonzalez-Polo et al. 2001). Thus, although CGNs
lack a bonafide dopamine transporter, their capacity to accumulate MPP(+) makes them a
unique primary neuronal system for investigating the mechanism of cell death induced by
this neurotoxin. Moreover, the high homogeneity of CGN cultures (>95% granule neurons)
makes them amenable to standard biochemical techniques such as western blotting.

The objectives of this study were two-fold. First, we sought to compare the mechanism of
MPP(+)-induced neurotoxicity to a well-characterized model of caspase-dependent, classical
apoptosis in CGNs. Removal of an extracellular, high-potassium depolarization stimulus in
CGNs was previously shown to activate a caspase-dependent, mitochondrial apoptotic
cascade (D’Mello et al. 1993; Linseman et al. 2002). This model of neuronal apoptosis was
utilized in parallel with MPP(+) to compare and contrast the effects of calpains and caspases
on critical cellular substrates, nuclear morphology, and mitochondrial viability in primary
CGNs. Second, we aimed to identify key calpain substrates which are cleaved in CGNs
during MPP(+)-induced neurotoxicity. The identification of these target proteins should
contribute to our understanding of the specific cell death pathways that are activated in
neurons exposed to MPP(+) or other similar neurotoxins.

Materials and Methods

Materials

1-Methyl-4-phenylpyridium iodide (MPP(+)), 4,6-diamidino-2-phenylindole (DAPI), and
Hoechst Dye number 33258 were purchased from Sigma (St. Louis, MO). The calpain
inhibitors, ALLN and ALLM, and glutathione monoethyl ester (GSH) were purchased from
Calbiochem (San Diego, CA). The pan-caspase family inhibitor Boc-D (OMe)-FMK was
from Alexis Biochemicals (San Diego, CA). The ApopTag® Red apoptosis detection kit
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(TUNEL) was obtained from Chemicon International (Temecula, CA). CellQuanti-MTT™
Assay Kit was from BioAssay Systems (Hayward, CA). Caspase Glo 3/7 Assay for
detection of active caspases was purchased from Promega (Madison, WI). The mouse
monoclonal antibody to fodrin was obtained from Chemicon (Temecula, CA). Rabbit
polyclonal antibodies to Bax (P-19), Bcl-2 (N-19), Bid (FL-195), Caspase-3 (H-277), Cyclin
E (M-20), and PARP (H-250) were purchased from Santa Cruz Biotechnologies (Santa Cruz,
CA). The mouse monoclonal and rat polyclonal antibodies to pro-caspase-9 and f-actin,
respectively, were from Cell Signaling Biotechnology (Beverly, MA). Horseradish
peroxidase-conjugated secondary antibodies and reagents for chemiluminescence detection
were purchased from Amersham Biosciences (Piscataway, NJ).

Cerebellar Granule Neuron (CGN) Culture

CGNs were isolated from 7-day-old Sprague-Dawley rat pups as described previously
(Linseman et al. 2002) and plated in basal modified Eagle’s medium containing 10% fetal
bovine serum, 25 mM KCI, 2 mM L-glutamine, and 100 units/ml penicillin/100 pg/ml
streptomycin (Invitrogen, CA) at a density of 4.0 x 108 cells/well on poly-L-lysine coated,
35 mm diameter plastic dishes. Twenty-four hours after plating, cytosine arabinoside (10
uM) was added to the culture medium to inhibit glial growth. Experiments were performed
6-8 days post-plating and were ~95% pure for CGNs.

Quantification of Nuclear Morphology

CGNs were treated with various pro-death stimuli and incubated for 24 h. Post incubation,
cells were fixed with 4% paraformaldehyde and nuclei stained with Hoechst dye (8 pg/ml).
Apoptotic nuclei (Apo) were identified by intense chromatin condensation and/or chromatin
fragmentation, usually into one to three large fragments. Nuclei were categorized as
undergoing non-apoptotic chromatin aggregation (ChAgg) upon the appearance of a
prominent raspberry-like morphology consisting of many small chromatin aggregates.
Viable cells were approximately 10 uM in diameter and lacked any visible signs of nuclear
damage. Typically, ~300 cells were counted from each 35 mm well by randomly counting
three fields in a 63x objective.

TUNEL Assay for Detection of Apoptotic Nuclei

CGNs were plated on polyethyleneimine-coated glass coverslips and treated as described in
“Results” section. Cells were incubated for 24 h. After incubation, cells were washed with
phosphate-buffered saline (PBS), pH 7.4, and fixed with 1% paraformaldehyde (PF) for 30
min. Following the fixation, cells were washed and permeabilized with ethanol and acetic
acid (2:1 v/v) for 5 min at —20°C. After permeabilization, cells were washed and ApoTag
Equlibrium Buffer (EB) was added for a 1-min incubation. EB was removed and cells were
incubated in 55 pl/coverslip ApoTag® Terminal Deoxy-nucleotidyl Transferase (TdT)
Enzyme at 37°C for 1 h in a humidified chamber. The reaction was then stopped by the
addition of 1 ml ApoTag® Stop/Wash Buffer. Media were removed followed by 10 min
incubation in 0.5 ml/coverslip of new Stop/Wash buffer at room temperature (RT). Stop/
Wash buffer was aspirated and coverslips were washed three times with PBS. Following this
wash, cells were incubated with Digoxigenin antibody in a humidified chamber for 30 min
at RT. The antibody solution was removed and the coverslips were washed three times with
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PBS followed by mounting onto glass slides with 0.1% p-phenylenediamine in 75% glycerol
in PBS to prevent quenching. Images were captured using an oil immersion objective (63x)
on a Zeiss Axioplan 2 fluorescence microscope equipped with a Cooke Sensicam CCD
camera and Slidebook Image analysis software (Intelligent Imaging Innovations, Inc.,
Denver, CO).

CGN Lysate Preparation and Immunoblotting

Following treatment as indicated in “Results” section, CGNs were lysed and immunoblotted
according to a previously published method (Loucks et al. 2006). Blots shown are
representative of a minimum of three independent experiments.

Caspase 3/7 Activity Assay

Cells were gently washed with 1 ml PBS and lysed in lysis reagent obtained from Promega
over a 15-min incubation period. Cells were then scraped, transferred into a 1.6-ml
microcentrifuge tube, and spun down at 10,000 rpm for 2 min. A 100-ul aliquot of the
supernatant (lysate) was incubated with 100 pl of Casp-Glo reagent for 1 h at RT.
Luminescence displaying active caspase 3/7 was measured in a TD-20/20 Luminometer.
Results are representative of three independent experiments.

Calpain Incubation in Isolated Mitochondria

The protocol for isolation of rat brain mitochondria was given to us courtesy of Dr. M. Patel
(Department of Pharmaceutical Sciences, University of Colorado Health Sciences Center). It
is described in Liang and Patel (2004) with modifications as described in Loucks et al.
(2009).

MTT Cell Viability Assay

CGNs were incubated in control conditions, 25 mM KCI with 10% Fetal Bovine Serum
(FBS), with either MPP(+) alone or MPP(+) co-incubated with 2 mM glutathione (GSH), 10
UM ALLN, and 20 puM Boc-D (OMe)-FMK (BOC). After 16 h of incubation, 187.5 pl of
CellQuanti-MTT™ Reagent with Assay Buffer (15 ul/80 ul cell culture) was added directly
to the culture medium and incubated for 4 h at 37°C/10% CO». Following incubation, 1,250
pl/well Solubilization Solution was added directly to the media (100 pl/80 pl cell culture)
and mixed on an orbital shaker for 1 h at RT. Next, the contents of each well were scraped
and pipetted into individual 15 ml conical tubes and centrifuged for 2 min at 13,000 rpm. A
500-pl aliquot was removed from each sample, and the absorbance was read at a wavelength
of 570 and 650 nm. The average of the data was plotted relative to the control mean
absorbance for each independent experiment (7= 5).

Statistical Analyses

Data represent the means + SEM for the number (7) of independent experiments that were
performed. One-way analysis of variance tests followed by post-hoc Dunnett’s or Tukey’s
tests were done to evaluate statistical significance between the data sets. A Pvalue of <0.05
was considered statistically significant. Images are representative of at least three
experiments.

Neurotox Res. Author manuscript; available in PMC 2021 April 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harbison et al.

Results

Page 6

CGNs Exposed to the Complex | Inhibitor, MPP(+), Exhibit a Unique TUNEL-Negative,
Caspaseindependent Nuclear Morphology

Under control conditions, CGNSs require a high potassium-regulated depolarization stimulus
for survival and display large, intact nuclei (D’Mello et al. 1993) (Fig. 1a, left panel).
Removal of the depolarization stimulus (5 K) is a classical apoptotic stimulus in CGNs
ultimately resulting in cytochrome c release from mitochondria and activation of the
intrinsic or mitochondrial apoptotic pathway (Linseman et al. 2002, 2004). After a 24-h
incubation in 5 K conditions, CGNSs experience caspase activation leading to nuclear DNA
condensation, fragmentation at nucleosomal linkage regions, and the formation of apoptotic
bodies (Martin et al. 1994; Rubin et al. 1994), as indicated by Hoechst staining (Fig. 1a,
middle panel). In contrast, CGNs incubated for 24 h in medium containing depolarizing
potassium but also exposed to 150 uM MPP(+) display a unique “raspberry-like” nuclear
morphology characterized by marked chromatin aggregation (Fig. 1a, right panel).

First, we examined the role of caspases to elucidate the mechanisms responsible for the
distinct nuclear morphology caused by MPP(+)-induced neurotoxicity. Contrasting studies
have suggested a central role for caspase activation in MPP(+)-induced neurotoxicity
(Gonzalez-Polo et al. 2001, 20034, b, 2004) while other studies have demonstrated a
caspase-independent mode of cell death (Choi et al. 2001; Chu et al. 2005). To address
caspase involvement, we used CGNs incubated for 48 h in 5 K conditions + the pan-caspase
inhibitor, BOC, as a positive control for caspase-dependent apoptosis (Fig. 1b). In 5 K
conditions, apoptotic nuclei composed ~90% of the overall CGN nuclear morphology
observed. The addition of BOC significantly decreased the appearance of this classically
apoptotic morphology with a corresponding increase in the percentage of healthy nuclei. In
MPP(+)-treated CGNs, we predominantly observed the unique nuclear morphology
characterized by extensive chromatin aggregation (Fig. 1b). In marked contrast to the 5 K
condition, CGNs exposed to MPP(+) and co-incubated with BOC demonstrated no apparent
reduction in the level of chromatin aggregation compared to CGNs exposed to MPP(+)
alone.

As an additional measure of caspase involvement, we employed a TUNEL assay. Typically,
control CGNs displayed very few TUNEL-positive cells (Fig. 1c, left panels), whereas
TUNEL-positive cells were the majority of the population in 5 K-treated CGNs (Fig. 1c,
middle panels). In contrast, CGNSs incubated with MPP(+) displayed only an occasional
TUNEL-positive cell and moreover, the unique nuclear morphology induced by MPP(+) was
uniformly TUNEL-negative (Fig. 1c, right panels). These data support a key role for
caspase-independent CGN death following exposure to MPP(+).

MPP(+)-Treated CGNs Display Calpain-dependent, Caspase-Independent Proteolysis of
Known Substrates

To compare the activities of calpains, Ca2*-dependent cysteine proteases, and caspases,
cysteine-dependent aspartate-specific proteases, in MPP(+)-induced neurotoxicity, we
assessed non-erythroid a-spectrin (fodrin) cleavage. CGNs were treated with MPP(+) + the
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calpain inhibitors, ALLN or ALLM, to analyze calpain-dependent proteolysis. CGNs
incubated for 24 h with MPP(+) displayed 0150 and 0145 kDa cleavage products of fodrin
and a marked decrease in full-length (7)) fodrin (Fig. 2a, left blot). CGNs co-incubated with
MPP(+) and the calpain inhibitors, ALLN or ALLM, showed a reduction in the p145
cleavage product and a corresponding increase in full-length (7)) fodrin. Wang et al. (Nath et
al. 1996) have shown that the p145 kDa cleavage product of fodrin is a calpain-dependent
fragment, explaining the partial blockage of fodrin cleavage in MPP(+)-treated CGNs with
calpain inhibitors. This partial blockage of p145 formation may indicate the spatial and/or
temporal regulation of calpain. Various members of the calpain family may be expressed or
activated at different times or within different cellular compartments following MPP(+)
exposure. Moreover, different calpains may be sensitive to distinct inhibitors or show
limited-to-no susceptibility to ALLN or ALLM, for example. Therefore, ALLN and ALLM
likely do not act as pan-calpain inhibitors and thus, retention of some of the p145 cleavage
fragment is observed. Interestingly, 5 K also produced the p145 cleavage product and BOC
decreased the appearance of this band under 5 K conditions, suggesting that caspases may
actually act upstream of calpains in 5 K-treated CGNs. Wang et al. (Zhang et al. 2009) have
recently shown that the p150 fodrin fragment may actually contain both calpain and caspase-
generated products making this a less useful indicator of which specific protease is involved.

In contrast to the relatively nonspecific nature of the p150 cleavage fragment, the p120 kDa
cleavage fragment of fodrin is definitively a caspase-generated fragment (Nath et al. 1996;
Zhang et al. 2009). CGNs exposed to 5 K showed a striking increase in the p120 cleavage
product. Following normalization to the loading control (FAK), the p120 band induced by 5
K was not decreased by either ALLN or ALLM. However, p120 was completely prevented
by BOC consistent with this being a caspase-generated fragment of fodrin (Fig. 2a, right
blot). In contrast to 5 K, MPP(+)-treated CGNs displayed barely detectable levels of this
pL20 caspase-generated fragment (Fig. 2a, left blot).

Further analyzing calpain and caspase involvement, we assessed the proteolysis of PARP
which has a known caspase-dependent 85 kDa cleavage product (O’Brien et al. 2001;
Wesierska-Gadek et al. 2004). In CGNs exposed to 5 K conditions, the £85 cleavage
fragment is generated and is completely blocked by co-incubation with BOC. However, 5 K-
treated CGNs co-incubated with calpain inhibitors do not show any reduction in the p85
cleavage product (Fig. 2b, right blot). In contrast, proteolysis of PARP to its 85 fragment is
not observed in MPP(+)-treated CGNs (Fig. 2b, left blot).

Calpain Degrades Pro-caspases-9 and -3 in MPP(+)-Treated CGNs

Next, we assessed the propensity of calpains to negatively regulate caspase activity in CGNs
exposed to MPP(+). Previous studies indicate that calpains can selectively regulate caspases
through inactivating proteolysis (Bizat et al. 2003; Chua et al. 2000; McGinnis et al. 1999).
We examined the cleavage of endogenous pro-caspases-9 and —3 in CGNSs incubated for 24
h with MPP(+). Complete degradation of pro-caspase-9 occurred which was prevented by
co-incubation with ALLN (Fig. 3a, upper blot). Similarly, MPP(+) induced the degradation
of full-length (#/) pro-caspase-3 to a lower molecular weight cleavage (¢/v) product, an effect
that was similarly blocked by co-incubation with ALLN (Fig. 3a, lower blot).
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To evaluate the potential consequences of pro-caspase degradation triggered by MPP(+)-
induced neurotoxicity, we utilized a caspase 3/7 assay to detect the activity of these
executioner caspases. CGNs were incubated for 4 h in either control medium, 5 K, MPP(+),
or 5 K simultaneously incubated with MPP(+). Caspase-3 and —7 activities were then
measured by luminescence as described in “Materials and Methods” section. Active caspase
activity was highest in 5 K-treated CGNs, displaying approximately a three-fold increase
over control (Fig. 3b). Neurons exposed to MPP(+) displayed no increase over controls in
active caspase activity. Surprisingly, CGNs incubated in 5 K conditions and exposed
simultaneously to MPP(+) also showed no increase in caspase activity over controls (Fig.
3b; *P<0.01, 5 K+ MPP(+) vs. 5 K alone). Collectively, these data suggest that MPP(+)-
induced neurotoxicity in CGNs is caspase-independent likely as a result of calpain-specific
degradation and inactivation of caspases.

Bcl-2 Family Members, Bid, Bax, and Bcl-2 are Putative Calpain Substrates in CGNs
Exposed to MPP(+)

The calpain-dependence of MPP(+)-induced neurotoxicity in CGNs warranted study of
Bcl-2 family members for proteolysis. Bcl-2 plays pivotal roles in regulating both oxidative
stress and mitochondrial apoptosis by sequestering Bcl-2 homology-3 domain (BH3)-only
proteins which regulate Bax-dependent cytochrome crelease (Cheng et al. 2001). Bcl-2
regulates Bid, a BH3-only protein which has been shown to be proteolyzed in a calpain-
dependent manner (Chen et al. 2001; Mandic et al. 2002). Proteolysis of Bid results in a
truncated form of Bid (tBid) with the potential to induce Bax oligomerization at the
mitochondrial outer membrane forming a cytochrome ¢ pore (reviewed by Willis and Adams
2005). Moreover, Bid appears to be a necessary protein for signaling the Bax-dependent
generation of oxygen radicals at the mitochondria (Ding et al. 2004). In addition to Bid, an
active 18 kDa, calpain-dependent cleavage product of Bax has been previously identified,
and this fragment has the potential to further enhance mitochondrial oxidative stress (Cao et
al. 2003; Choi et al. 2001; Gao and Dou 2000; Wood and Newcomb 2000). In a 48-h
timecourse, CGNs exposed to MPP(+) displayed marked Bid (¢B/d) and Bax (p18)
truncation predominantly beginning at 16 h after treatment (Fig. 4a, b). These results
indicate that Bid and Bax are probable calpain substrates in MPP(+)-treated CGNs.

As opposed to the pro-apoptotic and pro-oxidant effects of Bax and Bid at mitochondria,
anti-apoptotic Bcl-2 has recently been shown to regulate mitochondrial susceptibility to
oxidative stress through direct interaction with the intracellular antioxidant glutathione
(GSH) (Zimmermann et al. 2007). In a 48-h timecourse of MPP(+ exposure, CGN lysates
immunoblotted for Bcl-2 demonstrated the appearance of a 16-kDa cleavage product (016
clv) after 24 h and a corresponding marked reduction of full-length Bcl-2 (/Bcl-2) (Fig.
4c). The appearance of this 16 kDa fragment agrees with the presence of a putative cleavage
site between G142 and R143 (WGRI) which is analogous to a known calpain cleavage site
on human Bid between G69 and R70 (LGRI) (Fig. 4e). The comparable rat Bid sequence is
HGRI (lItoh et al. 2003). Cleavage at G142/R143 of rat Bcl-2 would result in a predicted
16,044 Da (~ 16 kDa) fragment containing the N19 antibody recognition site (Fig. 4e). Upon
incubating isolated rat brain mitochondria (Isol Mitos) with active calpain | in vitro, the
calpain-incubated fraction exhibited the appearance of a 16-kDa Bcl-2 fragment while the 77
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Bcl-2 was nearly completely degraded (Fig. 4d). An additional fragment (*) was present in
the calpain-incubated fraction possibly due to cleavage of Bcl-2 between R41 and R42 (Fig.
4e), a site consistent with Friedrich and colleagues’ predictions of consensus calpain
cleavage sites (Tompa et al. 2004). The absence of this additional Bcl-2 fragment (denoted
by (*) in Fig. 4d) in MPP(+)-treated CGNs (see Fig. 4c) suggests that calpain | may not be
the principal calpain isoform activated by MPP(+) in these neurons. Alternatively, this
putative calpain cleavage site may be masked in the endogenous Bcl-2 protein found in
CGN:s. Our findings indicate a likely role for calpain-dependent proteolysis of Bcl-2 family
members in MPP(+)-induced neurotoxicity.

Significant Protection of MPP(+)-Treated CGNs is Observed Through a Combination of
Cysteine Protease Inhibition and Addition of the Critical Antioxidant Glutathione

Accumulation of MPP(+) in CGNs results in a coordinated activation of calpains and
production of ROS at mitochondria resulting in neuronal death. Since calpains directly
cleave and inactivate caspases in CGNs exposed to MPP(+) (see Fig. 3), calpain inhibition
might be expected to de-repress caspases under these conditions. Therefore, we predicted
that inhibitors of both calpains and caspases may need to be used in combination to
significantly reduce MPP(+) neurotoxicity. Moreover, Bid truncation (Chen et al. 2001;
Mandic et al. 2002) and Bax oligomerization in the outer mitochondrial membrane result in
augmentation of ROS production at this organelle (Starkov et al. 2002; Wei et al. 2001;
Wood and Newcomb 2000). In addition, we recently showed a key role for Bcl-2 in
regulating the mitochondrial GSH antioxidant pool and the potential for BH3-only proteins
to inhibit this antioxidant function of Bcl-2 (Zimmermann et al. 2007). Given that Bid, Bax,
and Bcl-2 are proteolyzed in MPP(+)-treated CGNSs, we hypothesized that exogenous GSH
may also be necessary to attenuate MPP(+) neurotoxicity.

To test the above hypotheses, we evaluated the effects of a calpain inhibitor, a caspase
inhibitor, and a cell-permeable ester of GSH, either alone or in combination, on CGN death
induced by MPP(+). Hoechst staining of CGNs exposed to MPP(+) and co-incubated with
an inhibitor/antioxidant cocktail including ALLN, BOC, and GSH, showed a distinct
improvement in nuclear morphology characterized by a complete absence of chromatin
aggregation normally induced by MPP(+) in these neurons (Fig. 5a, compare middle and
lower panels). Although, the inhibitor/antioxidant cocktail essentially prevented MPP(+)-
induced chromatin aggregation, the nuclei still remained somewhat condensed when
compared to control CGNs (Fig. 5a,compare upper and lower panels). The inhibitor/
antioxidant cocktail largely preserved CGN neuritic processes that were otherwise
significantly fragmented in MPP(+)-treated CGNs (Fig. 5b). Quantitatively, we found that
MPP(+)-treated CGNs co-incubated with any inhibitor alone, or a combination of any two
inhibitors, did not show any significant difference in the amount of chromatin aggregation
from that observed with MPP(+) alone (data not shown). In contrast, co-incubation of
MPP(+)-treated CGNs with all three components resulted in a marked shift from chromatin
aggregation (ChAgg) to a somewhat condensed, but non-fragmented and non-aggregated
nuclear morphology (Fig. 5¢). Co-incubation of MPP(+)-treated CGNs with all three
inhibitors also significantly enhanced neuronal viability measured by an MTT assay (Fig.
5d). When viability was assayed by quantifying the percentage of CGNs with intact
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neuronal processes greater than two soma lengths, the addition of the calpain inhibitor,
ALLN, was sufficient to induce a statistically significant, although modest, increase in
viability relative to MPP(+) alone (Fig. 5e). These data demonstrate that a combined
inhibition of calpains and caspases, in addition to supplementation with GSH, significantly
decreases neurotoxicity induced by MPP(+) in CGNs.

MPP(+) Induces Calpain-Dependent Cleavage of Cyclin E to Active Low Molecular Weight

Fragments

Cyclin E is a cell cycle protein which regulates cyclin-dependent kinase 2 at the G1/S
checkpoint (Keyomarsi and Pardee 1993; Keyomarsi et al. 1995; Keyomarsi and Herliczek
1997; Harwell et al. 2000; Wang et al. 2003). Cyclin E can be cleaved to active low
molecular weight fragments by calpain (Libertini et al. 2005; Wang et al. 2003). This
activation of cyclin E induces cell cycle entry which may contribute to neurotoxicity and/or
neurodegenerative diseases (Yang et al. 2001, 2003; Jordan-Sciutto et al. 2002).

Moreover, recent studies have suggested that MPP(+) may trigger cell cycle re-entry in
CGNs (Alvira et al. 2007). Therefore, we examined cyclin E processing and found control
neurons lacked the appearance of an active low molecular weight fragment (LMWF) of
cyclin E. On the other hand, CGNs exposed to MPP(+) produced a LMWF of cyclin E by 12
h which continued to be present at 24 h (Fig. 6a). The formation of this LMWF was
completely blocked in CGNs co-incubated with the combination inhibitor/antioxidant
cocktail used previously (Fig. 6a). In contrast, 5 K-treated CGNs did not display the LMWF
of cyclin E indicating that the mechanism responsible for cyclin E processing was not
activated by this apoptotic stimulus (Fig. 6a, first lane).

Consistent with this finding, co-incubation of MPP(+)-treated CGNs with BOC alone had no
effect on cyclin E processing (Fig. 6b), demonstrating that caspases were not required.
Similarly, GSH had no effect on MPP(+)-induced cyclin E processing. However, ALLN
completely prevented cyclin E proteolysis in MPP(+)-treated CGNSs consistent with an
essential role for calpain in neuronal death (Fig. 6b). These findings are in accordance with
Libertini et al. (2005) and suggest that Complex | inhibition by MPP(+) may induce the cell
cycle in CGNs through calpain-dependent proteolysis of cyclin E.

Discussion

Our results indicate a central role of calpain in the mechanism of CGN death induced by
exposure to the complex | inhibitor and neurotoxin MPP(+). However, inhibition of calpain
alone does not significantly attenuate MPP(+)-induced neurotoxicity. Instead, a combination
of calpain and caspase inhibitors, coupled with the critical antioxidant GSH, is necessary to
significantly ameliorate MPP(+)-induced toxicity in CGNs. These findings suggest that
multiple pro-death pathways (e.g., mitochondrial oxidative stress) act in a coordinated
manner with calpain to cause MPP(+)-induced neurotoxicity.

There are many examples demonstrating either caspase-dependent, classically apoptotic
modes of neuronal death or non-apoptotic mechanisms of MPP(+)-induced neurotoxicity
(Table 1). In the same dopaminergic cell line (PC12), the primary mechanism of cell death
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induced by MPP(+) may be either apoptotic or non-apoptotic (Kim et al. 2009; Wales et al.
2008). In a similar manner, CGN death induced by MPP(+) has either been shown to exhibit
strong caspase dependence (Du et al. 1997), or alternatively displays a key role for calpain
activation as well (Leist et al. 1998). In order to systematically evaluate the roles of calpains
and caspases in CGNs, low potassium (5 K) conditions were used as a well-characterized
model of caspase-dependent apoptosis which could be directly contrasted to MPP(+) toxicity
in this primary neuronal system. By comparing these models directly in CGNs, we find that
MPP(+)-induced toxicity shows little-to-no similarities to classical apoptosis such as that
triggered by 5 K.

Our results demonstrate a prominent role for calpain and a mostly caspase-independent
mechanism for MPP(+)-induced neurotoxicity in CGNs as evidenced by: (1) the unique
nuclear morphology of MPP(+)-treated CGNs compared to 5 K (apoptosis), (2) the lack of
caspase-dependent proteolytic fragments of fodrin and PARP, (3) the calpain-mediated
degradation and inhibition of caspases, (4) calpain-dependent proteolysis of pro-death Bcl-2
family members Bid and Bax, (5) calpain-dependent proteolysis of pro-survival Bcl-2, and
(6) calpain-sensitive proteolysis of cyclin E. Previous study demonstrated that fragments of
fodrin at 120 kDa (Nath et al. 1996) and PARP at 85 kDa (O’Brien et al. 2001; Wesierska-
Gadek et al. 2004) are caspase-dependent; however, these fragments were notably absent in
MPP(+)-treated CGNs indicating a lack of caspase activation. The above findings are
consistent with the results showing that pro-caspase-9 and —3 are degraded in a calpain-
dependent manner in MPP(+)-treated CGNs which likely contributes to the observed lack of
caspase activity. Many groups have reported that calpain-dependent cleavage can result in
the inactivation of caspases (Bizat et al. 2003; Chua et al. 2000; McGinnis et al. 1999).
Furthermore, we show that caspase-3/7 activity induced by culturing CGNs in 5 K medium
is suppressed by concomitant exposure to MPP(+), suggesting that caspase activity is
inhibited through activation of calpain by this neurotoxin. These results indicate that calpain
can act as a key negative regulator of caspases during neurotoxicity.

The present study provides data identifying Bcl-2 as a novel calpain substrate during
MPP(+)-induced neurotoxicity in CGNs. Bcl-2 is a mitochondrial outer membrane protein
which has been shown to regulate a pool of the critical antioxidant, GSH, at mitochondria
(Zimmermann et al. 2007). This antioxidant function of Bcl-2 at mitochondria is in addition
to its negative regulation of Bax-induced apoptosis through sequestration of BH3-only
proteins like Bid (Cheng et al. 2001). Interestingly, Bcl-2 is also capable of inhibiting cell
cycle progression by arresting cells in Gg (Janumyan et al. 2003). The putative calpain-
dependent proteolysis of Bcl-2 is predicted to occur between G142 and R143 within the
BH3 groove (see Fig. 4e). This site on rat Bcl-2 is homologous to the known calpain
cleavage site on human Bid, and processing of Bcl-2 at this site would yield the observed 16
kDa cleavage fragment of this pro-survival protein. The BH3 groove is critical for Bcl-2
binding to and neutralizing pro-apoptotic Bid and Bax, as well as its potential to bind GSH
and regulate the mitochondrial pool of this antioxidant (Zimmermann et al. 2007). Thus,
proteolysis of Bcl-2 by calpain may contribute to enhanced pro-death activities of Bid and
Bax, increased mitochondrial oxidative stress, and cell cycle re-entry during MPP(+)
toxicity.
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In addition to Bcl-2 proteolysis, we also observed calpain-dependent cleavage of Bax to an
18-kDa form known to be more active at mitochondria (Cao et al. 2003). Moreover, Bid was
processed to tBid in MPP(+)-treated CGNs suggesting that this BH3-only protein was
activated by calpain proteolysis as well. Collectively, these data indicate that calpain
cleavage of Bcl-2, Bid, and Bax likely contributes to MPP(+)-induced neurotoxicity in
CGNs. Cleavage of Bid and Bax may enhance the neurotoxic effects of MPP(+) in CGNs
while cleavage of Bcl-2 may repress its ability to either sequester pro-death Bid and Bax or
regulate the redox state at mitochondria through modulation of GSH pools.

Finally, our data suggest a key role for calpain in triggering cell cycle re-entry in MPP(+)-
treated CGNs. A study by Libertini et al. (2005) significantly demonstrated—in MCF7
metastatic breast cancer cells—the ability of cyclin E to transactivate the gene for calpain 2,
enhancing the cell cycle while simultaneously stimulating calpain activation. In response to
MPP(+), calpain-dependent proteolysis of cyclin E to active LMWFs and reciprocal calpain
activation may be acting in a feed forward manner to force post-mitotic CGNs into the cell
cycle, ultimately resulting in cell death.

In summary, our data suggest the multi-faceted role of calpain in facilitating MPP(+)-
induced neurotoxicity. While the data leave questions regarding the specific timing and
localization of calpain activation, they strongly suggest the central role of calpain in CGN
death induced by MPP(+) (Fig. 7). As proteolysis of cyclin E could be completely prevented
by a calpain inhibitor alone in lieu of the fodrin proteolysis data showing that calpain
inhibitors could not completely block processing, a hypothesis is reinforced that multiple
isoforms of calpain may be activated at different time points and within distinct cellular
compartments during MPP(+)-induced neurotoxicity. Additionally, cross-talk between
members of the calpain and caspase families may be occurring which prevents one class of
inhibitor alone from completely blocking the toxic effects of MPP(+). Finally, part of this
calpain activation may be dependent on the degree and timing of the calcium influx into the
neuron as Neumar et al. (2003) previously suggested. Therefore, calcium-mediated
excitotoxicity due to MPP(+) may utilize distinct members of the calpain family to
coordinate different stages of neurotoxicity. To date, at least 16 mammalian members of the
calpain family have been identified and several of these are alternatively spliced into
multiple isoforms (Zatz and Starling 2005; Saez et al. 2006). Nine of these calpain family
members appear to demonstrate a ubiquitous expression pattern while the others show
tissue-specific expression. In addition, at least 50 distinct endogenous or exogenous
inhibitors of calpain have been discovered and many of these demonstrate broad selectivity
for multiple family members (Saez et al. 2006). These facts make it a difficult task to
definitively identify which calpain family members and/or isoforms may be involved in a
given pathological state. Nonetheless, in the MPP(+) model of neurotoxicity in CGNs, our
findings suggest a major role of calpain activation in triggering multiple cell death signals
through proteolysis of critical substrates including pro-caspases, Bcl-2 family members, and
cell cycle regulatory proteins. It is the complex interplay of these diverse death signals that
ultimately triggers neuronal death in response to this neurotoxin.
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Fig. 1.

M%P(+) induces a unique nuclear morphology in CGNs that is caspase-independent and
TUNEL-negative. a CGNs were incubated for 24 h in control medium containing 25 mM
KCl and 10% FBS (CONT) or apoptotic medium containing 5 mM KCI and lacking FBS (5
K). Alternatively, CGNs were exposed to MPP(+) (150 pM) in CONT medium. Following
incubation, cells were fixed and nuclei stained with Hoechst. Scalebar = 10 um. b CGNs
were incubated essentially as described in &, but for 48 h and + the pan-caspase inhibitor,

BOC (20 uM). Nuclear morphology was quantified as either “normal”, “classically
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apoptotic” (Apo), or “chromatin aggregation” (ChAgg). Data represent the means + SEM (n
=3); *P<0.01 versus 5 K alone. ¢ CGNs were treated exactly as described in a. Following
incubation, TUNEL-positive cells were labeled with rhodamine (/ower panels). Nuclei were
stained with Hoechst (upper panels). Arrows indicate TUNEL-positive CGNSs. In the 5 K
condition, essentially all of the apoptotic cells were TUNEL-positive. Scale bar = 10 um
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Fig. 2.
MPP(+) stimulates calpain-dependent proteolysis in the absence of significant caspase

activation. CGNs were incubated for 24 h in either control medium containing 25 mM KCI
and 10% FBS (CONT), apoptotic medium containing 5 mM KCI without FBS (5 K), or in
CONT medium containing MPP(+) (150 uM). Some cultures were co-incubated with either
the calpain inhibitors, ALLN or ALLM (2.5 pM), or the pan-caspase inhibitor, BOC (20
uM). Following incubation, cells were lysed, proteins resolved by SDS-PAGE, and
membranes immunoblotted (1B) with antibodies to either Fodrin (a) or PARP (b). Western
blots for focal adhesion kinase (FAK) and actin are shown as corresponding loading
controls. f, full-length; p150 and p145, calpain breakdown products of fodrin; p120,
caspase-generated fragment of fodrin; p85, caspase-generated fragment of PARP
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Fig. 3.

MPP(+) inactivates pro-caspases-9 and —3 in CGNs via calpain-dependent degradation. a
CGNs were incubated for 24 h in either control medium containing 25 mM KCI and 10%
FBS (CONT), CONT medium including MPP(+) (150 uM), or CONT medium containing
MPP(+) (150 pM) and the calpain inhibitor ALLN (2.5 uM). Following incubation, cells
were lysed, proteins separated by SDS-PAGE and membranes immunoblotted (1B) with
antibodies to either pro-caspase-9 (upper panel) or pro-caspase-3 (lower panel). Western
blots for actin are shown as corresponding loading controls. 7/, full-length; c¢/v, calpain-
generated cleavage product of pro-caspase-3. b Caspase 3/7 activity was quantified after a 4
h incubation period for CGNs subjected to either CONT medium or apoptotic medium with
5 mM KCIl and lacking FBS (5 K), in either the absence of presence of MPP(+) (150 pM).
The results are expressed as the fold change in caspase activity relative to the CONT which
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was set at a value of 1.0. Data represent the means £ SEM (7= 3); * < 0.01 versus 5 K
alone
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Fig. 4.
The Bcl-2 family proteins, Bid, Bax, and Bcl-2 are putative calpain substrates in MPP(+)-

treated CGNs. CGNs were incubated for up to 48 h in medium containing 25 mM KCI and
10% FBS and including MPP(+) (150 uM). Following incubation, cells were lysed, proteins
resolved by SDS-PAGE, and membranes immunoblotted (I1B) with antibodies to either, Bid
(a), Bax (b), or Bcl-2 (). d In a separate experiment, mitochondria were isolated from rat
brain and were incubated in vitro with either vehicle or recombinant calpain I. Mitochondrial
lysates were subsequently western blotted for Bcl-2. e Possible sites on rat Bcl-2 yielding
putative calpain-generated fragments are indicated. Western blots for COXIV are shown in
figures a—d as corresponding loading controls. 7/, full-length; p16 c/v, 16 kDa fragment of
Bcl-2 generated by active calpain I; *, N-terminal truncated fragment of Bcl-2 generated by
active calpain I; p18 Bax, calpain-generated fragment of Bax; AS non-specific band; tBid
(p15), truncated Bid of ~15 kDa; tBid (p13), truncated Bid of ~13 kDa
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Fig. 5.

MPP(+)-induced toxicity in CGNs is significantly attenuated by a drug cocktail including
glutathione and inhibitors of caspases and calpains. a CGNs were incubated for 24 h in
either control medium containing 25 mM KCI and 10%FBS (CONT, upper panel) or CONT
medium containing 150 pM MPP(+) (middle panel). Additionally, the lower panel shows
CGNs exposed to MPP(+) and co-incubated with a pan-caspase inhibitor, BOC (20 uM), a
calpain inhibitor, ALLN (10 uM), and glutathione monoethyl ester (GSH; 2 mM) (MPP + 3
INH; i.e., an inhibitor cocktail). Following incubation, cells were fixed and nuclei stained
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with Hoechst. Areas demarcated by the boxes were enlarged 300% to show detailed nuclear
morphology. Scale bar = 10 um. b Corresponding brightfield images show gross cell
morphology including neuritic processes. Orientation identical to (a). Note healthier neurites
in the lower panel (MPP + 3INH) compared to the middle panel (MPP + alone). c CGNs
were treated exactly as in a. Nuclei were quantified based on their morphology as either
“normal” (as seen in CONT), “condensed” (as seen in MPP+ 3 INH), or “chromatin
aggregation” (as seen in MPP+ alone) (ChAgg). Data represent mean + SEM (n=3).d
CGNs were treated as described in (a) except for 16 h. Following incubation, percent cell
viability (relative to CONT) of MPP(+)-treated CGNs and CGNs exposed to MPP+ 3INH
was measured by the reduction of a tetrazolium salt, MTT (see Experimental Procedures).
Percent viability of CONT cells was set at 100%. Data represent the mean + SEM (n=15); *
P<0.01 versus MPP(+) alone. £. CGNs were treated for 24 h with either CONT medium,
MPP+ alone, or MPP+ in combination with ALLN (2.5 uM). Cells possessing neurites
longer than two times the cell body were quantified as viable. Data represent the mean +
SEM (n=5); * P<0.01 versus CONT; # P< 0.05 versus MPP+ alone
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Fig. 6.
The cell cycle protein, Cyclin E, is processed by calpain to an active low molecular weight

fragment in MPP(+)-treated CGNs. CGNs were incubated for either 12 or 24 h in control
medium containing 25 mM KCI and 10% FBS (c), or control medium containing 150 uM
MPP(+) (M). Alternatively, CGNs were co-incubated with MPP(+) and either a pan-caspase
inhibitor, BOC (B; 20 pM), a calpain inhibitor, ALLN (A; 10 uM), glutathione (G; 2 mM),
or all three inhibitors together (3INH). To compare to a classical apoptotic stimulus, cells
were incubated for 24 h in medium containing 5 mM KCI minus FBS (5 K). Following
incubation, cells were lysed, proteins resolved by SDS-PAGE, and membranes
immunoblotted (IB) with antibodies to Cyclin E (a and b). Western blots for actin are shown
as corresponding loading controls. 7/, full-length; NS non-specific band, LMWF low-
molecular weight fragment produced by calpain
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Fig. 7.
Calpain plays a central role in MPP(+)-induced neurotoxicity. The neurotoxin, MPP(+)

causes neuronal death principally through inhibition of Complex | of the mitochondrial
respiratory chain. Inhibition of Complex | leads to the formation of reactive oxygen species
(ROS) and an influx of calcium (Ca2*) into the neuron. MPP(+) may cause increased
intracellular Ca%* via the production of ROS or by alternative pathways (*), e.g., via NMDA
receptor sensitization. An increased concentration of intracellular Ca2* results in the
activation of calpain, a Ca2*-dependent cysteine protease. Activation of calpain in CGNs
results in several important downstream effects detailed in this manuscript: (1) Calpain
degrades initiator and executioner pro-caspases, —9 and —3, respectively. (2) The pro-
survival protein, Bcl-2, localized to the mitochondrial outer membrane, is putatively cleaved
by calpain. Cleavage of Bcl-2 likely disrupts its anti-apoptotic, antioxidant, and cell cycle
inhibitory functions. (3) Cyclin E undergoes calpain-dependent proteolysis forming active
low molecular weight fragments. Active cyclin E has been shown to transactivate the gene
for calpain 2 which in turn, would lead to additional proteolysis of cyclin E. Constitutively
active cyclin E/Cdk 2 complexes resulting from the production of active low molecular
weight fragments of cyclin E induce entry into the cell cycle of terminally differentiated
neurons, ultimately causing cell death
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