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The purpose of this study is to investigate whether calpastatin (CAST) plays an important role in the
regulated necrosis (RN) in rat retinal neurons under an excessive glutamate condition and furthermore
to investigate whether this process is regulated by calapin1 and calpain2. In the present study, glutamate
triggered CAST inhibition, calpain2 activation and retinal neuronal RN after injury. The application of
CAST active peptide could provide protective effects against activated calpain2 mediated RN. However,

Keywords: the calpain1 activity was not changed in these processes. Finally, in vivo studies further confirmed the
g;ﬁ;ifjenecmsis role of the CAST-calpain2 pathway in cellular RN in the rat retinal ganglion cell layer and inner nuclear
Calpain1 layer after glutamate excitation. In addition, flash electroretinogram results provided evidence that the
Calpain2 impaired visual function induced by glutamate could recover after CAST peptide treatment. This research

indicated that excessive glutamate may lead to CAST inhibition and activated calpain2, but not calpainl
activation, resulting in RN.

Calpastatin

© 2018 Elsevier GmbH. All rights reserved.

1. Introduction

Glutamate, one of the twenty essential amino acids, has
extensive numbers of physiological functions, such as regu-
lating neurogenesis, signaling and neuronal survival (Martinez
et al,, 2014; Mattson, 2008; Yan et al., 2016). However, under
some neurodegenerative conditions such as Alzheimer’s dis-
ease (AD), Huntington’s disease (HD), glaucoma and diabetic
retinopathy, glutamate may exist in high concentrations (Haas
et al., 2017; Miao et al., 2012; Yan et al, 2016). The ineffi-
cient clearance of excessive glutamate from the synaptic cleft
initially activates different types of glutamate receptors, including
N-methyl-D-aspartic acid receptor (NMDAR), a-amino-3-hydroxy-
5-methyl-4-isoxazole propionate receptor (AMPAR) and kainic acid
receptors (KAR) (Lopez-Colome et al., 2016; Quillinan et al., 2016),
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leading to massive calcium accumulation. Overloading calcium can
trigger a cascade of downstream neurotoxic events (Suarez-Pozos
et al., 2017), such as proteases activation, energy deficiency, and
oxidative stress, resulting in neuronal death known as necrosis,
apoptosis and regulated necrosis (RN) (Del Rosario et al., 2015;
Leon et al., 2009; Xu et al., 2007). RN is a form of programmed cell
death that mainly includes necroptosis, ferroptosis, parthanatos,
and so on, which exhibit morphological features similar to those
of necrosis (Cheng et al., 2018; Ding et al., 2015; Galluzzi et al.,
2014; Kong et al., 2017; Pasparakis and Vandenabeele, 2015; Wang
et al., 2018b). However, so far, the molecular pathways underlying
excessive glutamate modulated neuronal RN are still not clearly
defined.

The calpastatin (CAST)-calpains system has drawn wide atten-
tion because of the discovery of relationships between changes in
its genes and human diseases (Suzuki et al., 2004). Calpains, which
exist ubiquitously in organisms, are a family of calcium dependent
cysteine proteases that are vital for varieties of calcium-related
cellular processes, such as survival, proliferation, differentiation,
apoptosis and signal transduction (Agudo et al., 2009; Curcio
et al,, 2016; Martensson et al., 2017; Senter et al., 1991). There
are two major calpain isoforms in the nervous system - cal-
pain1 (p-calpain) and calpain2 (m-calpain) -, which differ in their
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activation of micromolar and millimolar levels of calcium require-
ments, respectively (Hoque et al., 2016; Liu et al., 2005; Wang
et al,, 2016a). From previous research, activation of calpain1/2
may lead to various neuronal degenerative diseases such as AD,
PD, epilepsy, glaucoma and diabetic retinopathy (Ahn et al., 2016;
Kaur et al.,, 2011; Liu et al., 2005; Pandey et al., 2016; Wang et al.,
2016b). Our previous results also demonstrated that glutamate
accumulation could lead to calpain2-mediated RN in primary reti-
nal neurons (Wang et al., 2018a). However, some recent studies
showed that calpain1 activation could promote cell survival under
some conditions, such as cerebellar ataxia, epileptic activity and
ischemia/reperfusion injury (Seinfeld et al., 2016; Wang et al.,
2016b; Wang et al., 2016c¢). In fact, some of the studies indicating
the distribution of calpain1 in the retina have not addressed the role
of calpain1 in neuronal RN. Therefore, in this study, we first aimed
to investigate whether activity of calpain1 was changed in rat reti-
nal neurons after glutamate injury. We are also interested in the
distinction and relationship between calpain1 and calpain2 in neu-
ronal RN. In addition, levels of calpain1/2 are physiologically strictly
regulated by CAST, a specific endogenous inhibitor of calpains
(Averna et al., 2001; Volbracht et al., 2005). Although some reports
have indicated that calpain1 and calpain2 play opposite roles in
cell death, there are still no studies that have investigated whether
the different regulatory role of CAST on calpain1 and calpain2 exist
in retinal neuronal RN after glutamate injury. Our previous study
has demonstrated that Pin1 may interact with CAST/calpain2 com-
plex and play a regulatory role in complex-mediated retinal RN
(Wangetal.,2018a). However, we did not investigate whether CAST
directly participate into retinal RN induced by glutamate. Thus, the
second aim of this study is to further address the direct role of
CAST in retinal RN and the specific distinct roles of CAST in cal-
painl or/and calpain2 mediated retinal RN following glutamate
excitotoxicity.

To further demonstrate the potential differential roles of CAST
in calpainl or/and calpain2 activation, we first verify the effects
of CAST on RN in retinal neurons after glutamate injury in vitro.
Further, we investigated the effect of active CAST peptide in acti-
vation of calpain1 or/and calpain2 under the excessive glutamate
condition in vitro. Finally, in vivo studies were performed to verify
the role of CAST-calpain1/2 pathways in RN in retinal GCL and INL
after glutamate excitatory transmission. We expect that the results
will provide a better mechanism for understanding neuronal RN in
glutamate excitatory in the future.

2. Methods and materials

2.1. Primary retinal neuron cultures and in vitro model
preparation

All experimental procedures were approved by the Ethics Com-
mittee of the 3rd Xiangya Hospital of Central South University in
accordance with the National Institutes of Health (NIH) Guidelines
for the Care and Use of Laboratory Animals. 1-day-old Sprague-
Dawley (SD) rats were used for five studies (Li et al., 2016;
Morgan-Warren et al., 2016; Wang et al., 2017). Briefly, the retinae
were first removed aseptically and placed in Dulbecco’s modified
Eagle’s medium (DMEM, GE Healthcare, Logan, Utah USA) con-
taining 0.02% papain and digested at 37°C for 10 min. Then, the
retinal tissue was triturated 30 times and filtered with a 70-mm
nylon cell strainer. Last, the cells were plated at a density of 6 x 10°
cells/mL. Four hours after plating, the DMEM medium was replaced
with neurobasal medium (Thermo Scientific, Waltham, USA) sup-
plemented with B27 (Thermo Scientific). On the seventh day, the
neuronal cultures were treated with 50 wM glutamate (Sinopharm,
Beijing, China) for 2 h and then allowed to recover for 0, 2, 4, 6, 12,

or 24 h as our previous research described (Aihara et al., 2014; Kim
et al, 2016; Wang et al., 2018a).

2.2. Animal model of GT and tissue preparation

The SD rat glutamate models were prepared following our pre-
vious protocol (Wang et al., 2018a). Briefly, rats were anesthetized
and a single dose of 5L of 100mM glutamate in 0.01 M PBS
was injected into the vitreous cavity using a 32-gauge Hamil-
ton needle and syringe (Sisk and Kuwabara, 1985; Wang et al.,
2018a). A sham operation was performed as a control. Animals
were allowed to survive for 6 h. Each group was composed of 5 ani-
mals. At each sacrifice time point, animals were anesthetized and
perfused transcardially with 0.9% sodium chloride, followed by 4%
paraformaldehyde (PF). After perfusion, eyes were enucleated, the
anterior segments were removed and the posterior eyecups were
post-fixed in 4% PF overnight at 4°C. Then, the eyes were placed
sequentially in 15% and 30% sucrose at 4 °C. Next, the eyecups were
embedded in Tissue-Tek optimal cutting temperature medium and
frozen in liquid nitrogen. Afterwards, cryosections were cut into
6 mm thickness using a microtome (Thermo Scientific).

2.3. Drug application

CAST active peptide and Negative peptide were obtained from
MilliporeSigma (Darmstadt, Germany). All drugs were dissolved
in sterile phosphate-buffered saline (PBS, GE Healthcare) as stock
solutions. CAST peptide and Negative peptide were used at a con-
centration of 50 nM. Drugs were administered directly to primary
retinal neuronal cultures or intravitreal injection of rats 1 h before
GT.

2.4. Lactate dehydrogenase (LDH) release

For in vitro experiments, a LDH cytotoxicity assay kit (Bey-
otime, Shanghai, China) was used to measure the LDH released from
necrotic cells into the extracellular space/supernatant upon the
rupture of the plasma membrane (Shang et al., 2017; Xiong et al.,
2016) after different treatments. Cell-free culture supernatants
were collected from 96-well microtiter plates and incubated with
the appropriate reagent mixture according to the manufacturer’s
instructions at room temperature (RT) for 30 min. For in vivo exper-
iments, a LDH cytotoxicity assay kit was purchased from Jiancheng
institutes (Nanjing, China) and assays were performed according
to the instructions (Wang et al., 2018a). Briefly, the retinae were
homogenized by sonication in 0.86% NaCl, and incubated with the
appropriate reagent mixture at 37 °C for 30 min. The intensity of
red color formed in the assay, measured at a wavelength of 490 or
450 nm, was proportional to both LDH activity and the percentage
of necrotic cells. The percentage of necrotic cell death was calcu-
lated by the color intensity of treated cells minus control cells/LDH
releasing reagent treated cells minus control cells from four inde-
pendent experiments.

2.5. Propidium iodide (PI) staining

PI staining was performed to determine necrotic neurons (Li
et al., 2016; Pietkiewicz et al., 2015; Rosenbaum et al., 2010). Cell
cultures were washed twice with ice-cold PBS and incubated with
PI at RT for 20 min in the dark. For in vivo experiments, 5 L PI
were intravitreally injected 30 min prior to sacrifice (Huang et al.,
2013). Rats were euthanized at indicated time points. Eyes were
frozen in nitrogen vapor and cryostat sections were cut. The cov-
erslips or retinal sections were washed three times and covered
with an anti-fading mounting medium with DAPI (Vector Labora-
tories, Burlingame, USA). Images were captured by a fluorescence
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microscope (Olympus, Tokyo, Japan). The percentages of cells were
analyzed by Image ] software (NIH, Baltimore, Maryland USA). The
number of PI staining cells were assessed by calculating the number
of PI-positive cells in every intact captured images.

2.6. Immunofluorescence staining

Cell cultures were fixed for 20 min with 4% PF and the rat reti-
nal sections were recovered at RT. The samples were blocked for
1h in blocking buffer that consisted of PBS containing 5% normal
bovine serum and 0.3% Triton X-100 and then incubated with com-
binations of the primary antibodies against the following targets:
CAST (1:50, Santa Cruz, Dallas, USA), calpain1 (1:100, Abcam, Cam-
bridge, UK), calpain2 (1:100, Abcam), PTEN (1:50, Boster, Wuhan,
China), overnight at 4°C. The samples were shifted to RT for
30 min and then washed three times with PBS and incubated with
Alexa-conjugated secondary antibodies (1:200, Jackson Immuno
Research, West Grove, Pennsylvania USA) for 2 h. After washing
three times in PBS, the samples were covered with Vectashield
mounting medium (Vector Laboratories, Burlingame, California
USA) containing DAPI. Images were taken under the fluorescence
microscope.

2.7. Western blot

Cell cultures and rat retinal tissues were lysed in RIPA containing
1% protease inhibitors (CWBIO, Beijing, China). The extracts were
centrifuged at 12,000 x g for 20 min at 4°C. The protein concen-
tration was determined by BCA assay and 10 g of each protein
sample was loaded per lane. Proteins were separated by 4-6% or
10% SDS-PAGE gel and transferred to nitrocellulose membranes
(GE Healthcare). The membranes were blocked with 5% nonfat
milk with 0.1% Tween 20 for 1h or 3h at RT and then incubated
overnight at 4 °C with primary antibodies: CAST (1:200), calpainl
(1:1,000), calpain2 (1:500), PTEN (1:500), HSP90, (1:1,000, Protein-
tech, Wuhan, China) GAPDH (1:5,000, Beyotime), 3-Actin (1:5,000,
Beyotime). The membranes were then shifted to RT for 30 min.
After washing three times, the membranes were incubated with
HRP-conjugated secondary antibodies (1:2000, Beyotime) for 2h
at RT. The immunoreactive bands were visualized by chemilumi-
nescence reagent (CWBIO). Integrated density values of specific
proteins were quantified using Image ] software and normalized
to the values of GAPDH or [3-Actin.

2.8. Calpain activity

Pan-calpain activity: pan-calpain activity was measured by a
calpain activity assay kit (Abcam) according the manufacturer’s
protocol. Briefly, cell cultures were harvested and homogenized
in ice-cold extraction buffer. Then, tissues were centrifuged at
12,000 x g for 5 min at4°C and the supernatant was incubated with
reaction buffer for 1 h at 37 °Cin the dark. Last, pan-calpain activity
was shown by fluorescence and was detected at 365 nm excita-
tion and 460 nm emission measured using a Bio-rad microplate
reader (Hercules, USA). Changes in pan-calpain activity are normal-
ized to the saline control and expressed as fold change of relative
fluorescent units (RFU) (Wolhuter et al., 2018).

Calpain2 activity: calpain2 activity was assessed by measuring
the fold change of PTEN expression (Hanouna et al., 2017; Wang
et al., 2016c¢). The activity of calpain2 in the control group was set
to m (=1). The increased activity of calpain2 (=n) was the absolute
value of quantitative difference between the fold change of PTEN
in control group and treated group. The total activity of calpain2 is
m+n.

Calpain1 activity: there is no commercial kit or specific sub-
strates to detect calpain1 activity. As calpain1 and calpain2 are the

main forms of the calpain family (Wang et al., 2016c¢), the calpain1
activity is approximately the quantitative difference between the
activity of pan-calpain and calpain2 (Wang et al., 2016c). The activ-
ity of calpain1 in the control group is set to p (=1). The increased
activity of calpainl (=q) is the quantitative difference between
increased activity of pan-calpain and calpain2. The total activity
of calpain1 was p+q.

2.9. Flash electroretinogram (fERG)

Rats were adapted in the dark for 6 h after drug application. All of
the following procedures were conducted under dim red illumina-
tion. Recordings were performed by the RM6240 system (Chengdu
Instrument Factory, Chengdu, China). The recording electrode was
inserted into the anterior chamber. The reference and ground elec-
trodes were placed on the subcutaneous layer of the forehead and
tail base respectively. Bandpass was filtered at 10 Hz. Flash lumi-
nance ranged 1.6 cd/s/m?. Each eye was exposed to flashes three
times and the interval was 5min. When one eye was recorded,
the contralateral eye was covered. All procedures were repeated
at least 4 times. The amplitude of the b wave was calculated from
the bottom of a wave to the peak of b wave.

2.10. Statistical analysis

Figure panels were assembled by using Photoshop (Adobe Sys-
tems Incorporated, San Jose, USA). The measurement data were
presented as the mean4SD. One-way analysis of variance and
independent sample t-tests were used to analyze the data using
GraphPad Prism 5 software (GraphPad Software Inc, San Diego,
USA). A value of p <0.05 was considered statistically significant.

3. Results
3.1. Glutamate induces necrosis in primary retinal neurons

Primary retinal neurons were treated with 50 wM glutamate for
0, 2, 4, 6, 12, or 24h. PI staining was used to label the necrotic
neurons. In our observation time points, the number of increased
Pl-positive cells was observed at 2h and peaked at 6h after GT
(Fig. 1A, B). A LDH assay was also conducted to evaluate the per-
centage of necrotic neurons. Compared with 0h, the percentage
of necrotic neurons was increased in a time-dependent manner at
all observation time points (Fig. 1C). These results indicated that
glutamate treatment (GT) could induce necrosis in primary retinal
neurons.

3.2. CAST, calpain1 and calpain2 activities following GT

We first examined whether the expression of CAST, calpainl
and calpain2 in cultured primary retinal neurons could be changed
after GT. Double immunofluorescence results showed that CAST,
calapin1l and calapin2 are all predominantly located in cyto-
plasm and nucleus, and slightly in dendrites (Fig. 2A-C). Western
blot results showed that the expression of CAST was remarkably
decreased after 2, 4, or 6h of GT and then tended to be at nor-
mal levels at 12 and 24 h (Fig. 2D, E). In parallel to the decreased
CAST expression, the calpain2 expression was increased compared
to the control group and exhibited a peak at 6 h after GT (Fig. 2D,
G). However, following GT, the expression of calpainl did not
change remarkably at all time points (Fig. 2D, F). These results sug-
gest that CAST expression was inhibited and calpain2 expression
was enhanced after GT, while the expression of calpain1 was not
changed after GT.

We next analyzed the activity of calpainl and calpain2. PTEN
is the specific substrate of proteolysis of calpain2 and used to be
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Fig. 1. Necrotic retinal neurons determined by PI staining and LDH release after GT. (A) Glutamate treated retinal neurons were stained with PI (red). Nuclei were coun-
terstained with DAPI (blue). (B) Quantitative analysis of PI stained neurons after GT. (C) The percentage of necrotic neurons were determined by LDH release. *p <0.05 vs
respective CTL or 0 h group. Data are expressed as means = SD (n=5). Scale Bar =20 wm in all panels. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

considered the specific marker of calpain2 activation (Briz et al.,
2013; Liu et al., 2016). The decreased PTEN levels indicated that
calpain2 is activated (Fig. 2D, H). However, as described in Section
2, there is no specific calpain1 substrate, therefore we first detected
the pan-calpain activation by a commercial kit, which showed that
the pan-calpain activation was also enhanced after GT. As calpain1
and calpain2 are the main forms of calpain, thus we calculated the
calpain1 activity by the quantitative difference of pan-calpain and
calapin2 (see the materials). Although the calapinl activity was
increased slightly and accurately, the difference was not significant.
Together, this results indicate that calpain1 was activated, but the
calpain2 activity was not changed after GT.

Some researchers have reported that heat shock protein 90
(HSP90) interacts with calpain1 and plays a regulatory role in cal-
painl activation, in conditions of increased calcium (Averna et al.,
2015; Martines et al., 2017). Thus, we further investigate whether
HSP90 was changed in our study. From the western blot results (see
Supplement figure), it is clear that the expression of HSP90 was not
changed after GT.

3.3. The role of CAST in activities of calpain1 and calpain2

To investigate the underlying different roles of CAST in regu-
lating activities of calpainl or/and calpain2, we cultured retinal
neurons with active CAST peptide before GT. Correlated with pre-
vious reports, our results first showed that CAST was efficiently

blocked the calpain2 activity, which was shown by decreased cal-
pain2 expression and increased PTEN level (Fig. 3A-E). Next we
investigated the effect of CAST on calpain1. However, the expres-
sion and activation of calpain1 were not significant compared to the
GT group (Fig. 3A-C). This results suggest that the calpainl activ-
ity might not be affected by CAST in this glutamate injury model.
Altogether, these results suggest that CAST may lead to differential
activation of calpain1 and calpain2 in retinal neurons after GT.

3.4. The role of CAST in retinal neuronal RN

To evaluate the effect of CAST on retinal neuronal RN, the neu-
rons were cultured with active CAST peptide. PI staining and LDH
assay were performed to determine the necrosis. Fig. 4 shows that
RN in CAST treatment group was reduced compared with the GT
group, indicated by decreased LDH and PI counts. Meanwhile, the
CAST Negative peptide did not change the percentage of RN in
the DMSO group, as compared to GT group (Fig. 4). Collectedly,
these results demonstrate that decreased CAST activity plays an
important role in retinal neuronal RN after GT and that application
of active CAST peptide has a protective effect against glutamate-
induced RN.
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Fig 2. Activities of CAST, calpain1, calpain2 and PTEN in retinal neurons following GT. (A-C) Double-immunofluorescence staining of MAP2 with CAST, calpain1 and calpain2,
Scale Bar =20 pm. The small frame is the enlargement of the indicated area, Scale Bar=10 um. (D) Western blot of CAST, calpain1, calpain2 and PTEN expression in retinal
neurons following GT. (E-H) The statistical analysis of CAST, calpain1, calpain2 and PTEN expression by western blot in retinal neurons following GT. *p <0.05 vs CTL group.
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Fig. 3. Activities of calpain1, calpain2 and PTEN in retinal neurons following GT and pretreated with CAST peptide before GT for 6 h. (A) Western blot of calpain1, calpain2
and PTEN expression in retinal neurons following GT. (B) The statistical analysis of pan-calpain2, calpain1 and calpain2 activities pretreated with CAST peptide before GT.
*p<0.05 vs CTL group. (C, E, F) The statistical analysis of calpain1, calpain2 and PTEN expression by western blot pretreated with CAST peptide before GT. Data are expressed

as means + SD (n=5). *p<0.05 vs CTL group, #p <0.05 vs Glu 6 h group.

3.5. CAST modulates RN in retinal GCL and INL in vivo

Fig. 5 shows that PI stained necrotic cells in the ganglion cell
layer (GCL) and the inner nuclear layer (INL) were increased in the
glutamate group (Fig. 5E, F), compared with controls (Fig. 5A, B)
or sham groups (Fig. 5C, D). Next, we investigated the effect of
active CAST peptide in RN. PI staining results showed significant
reduction of necrotic cells in retinal GCL and INL following CAST
peptide application (Fig. 5G, H). Quantitative analysis of PI posi-
tive cells in GCL and INL is shown in Fig. 5M. The LDH assay in vivo
also demonstrated that increased necrotic cells were observed in
the glutamate group compared with controls or sham groups. And
the increased LDH release was decreased in the CAST peptide pre-
treatment group (Fig. 5N). Altogether, these results indicated that
CAST could provide a protective role in retinal cells in GCL and INL
against glutamate injury. Last, fERG was performed to evaluate the
visual function (Liao et al., 2016). FERG results showed that the
amplitudes of b wave in the glutamate group were significantly
decreased compared to controls or sham groups (Fig. 51-K). Mean-
while, the amplitudes of b wave were enhanced in CAST peptide
treated groups (Fig. 5L). Quantitative analysis of the b wave ampli-

tudes is shown in Fig. 50. This results demonstrated that CAST has
protective effects on retinal function after GT.

4. Discussion

In this study, we investigated the role of the CAST-calpain2 path-
way in rat retinal neuronal RN induced by glutamate. Cultured
retinal neurons were exposed to glutamate, which was able to trig-
ger inhibition of CAST, calpain2 activation and neuronal RN. After
application of active CAST peptide, both calpain2 activity and neu-
ronal RN were decreased. Additionally, our study indicated that
CAST may have no significant effect on calpainl activity in such
a glutamate injury model. Finally, by using an animal glutamate
treatment model, we demonstrated that CAST has a neuropro-
tective role against glutamate induced retinal RN. These results
suggest that CAST and calpain2 could be potential targets to pro-
tect neurons from RN in some neurodegenerative diseases such as
glaucoma, diabetic retinopathy, and even central nervous system
diseases.

Excessive glutamate accumulation could activate glutamate
receptors and subsequently lead to calcium overloading, eventually
resulting in programmed cell death (Lalkovicova and Danielisova,
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stained with PI(red). (A", C', E', G’) The framed areas show merged nuclei and PI staining in the GCL as indicated. (I-L) Representative fERG results. (M) Quantitative analysis of
Pl-stained cells in GCL and INL in retina, Data are expressed as means = SD (n=4, each). *p <0.05 vs CTL group, #p < 0.05 vs Glu group. (N) The percentage of necrotic cells was
determined by LDH release, Data are expressed as means + SD (n=4, each). *p <0.05 vs CTL group, #p < 0.05 vs Glu group. (0O) Quantitative analysis of the b wave amplitudes.
Data are expressed as means & SD (n=4, each). *p<0.05 vs CTL group, #p <0.05 vs Glu group. GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer;
OPL: outer plexiform layer; ONL: outer nuclear layer. Scale Bar =20 wm in all panels. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig 6. Possible mechanisms underlying the effect of glutamate in RN in retinal neu-
rons. The role of CAST-calpain2 pathway induced by excessive glutamate in the RN
in retinal neurons.

2016; Ozaki et al., 2016). In addition to apoptosis, RN, another
form of programed cell death, could occur in glutamate injury
(Pasparakis and Vandenabeele, 2015). The RN was further divided
into several types, such as receptor interacting protein 3 (RIP3)
dependent necroptosis (Degterev et al., 2008; Jiang et al., 2014; Liao
et al., 2017; Wang et al., 2018c), erastin induced ferroptosis, and
mitochondrial permeability transition (MPT) dependent RN (Gao
et al., 2015; Kong et al., 2017). Although these RN types do not
share completely the same signaling pathways, they exhibit some
degree of crosstalk (Galluzzi et al., 2014; Zhao et al., 2015).
Calpain is considered as one of the controllers in neural injury
induced by calcium overloading (Chen et al., 2016; Cheng et al.,
2018; Sanges et al., 2006). In the traditional view, calpain could be
over-expressed in neurodegeneration (Curcio et al., 2015; Shang
et al., 2014). However, recent studies reported that calpain2 is
neurodegenerative but calpainl is neuroprotective under exces-
sive neurotoxic conditions (Wang et al., 2016¢; Wang et al., 2014).
In our research, we found that calpain2 activity was enhanced,
accompanied by increased retinal neuronal RN, after GT. Besides,
there was a decrease in the expression of CAST, an endogenous
inhibitor of calpain. Like most studies demonstrating that CAST is
the inhibitor of calpain, the decreased CAST activity can explain
the calpain2 activation in glutamate treated neurons. In our previ-
ous research, we found that Pin1 may modulate glutamate-induced
retinal RN through CAST/calpain2 pathway (Wang et al., 2018a).
While we did not investigate whether CAST could modulate retinal
RN directly. Therefore, in this research, we further uncovered the
role of CAST in RN induced by glutamate. CAST active peptide was
directly applied to neuronal cultures and able to inhibit calpain2
activity and necrotic neurons. This was consistent with the abil-
ity of CAST peptide to interfere with calpain activation mediated
cell death as previously reported (Comitato et al., 2014). Last, the
visual function was also recovered, as shown by an increased ampli-
tude of b wave, after CAST peptide treatment. Collectively, these
results provided strong evidences for CAST as an inhibitor for cal-
pain2 mediated retinal neuronal RN after GT. Lots of evidences have
reported that calpain2 activation is involved in series of neurode-
generative diseases. Like in AD process, calpain2 activation could
modulate cytoskeletal turnover, remodeling and kinases activity,
such as CDKS5, which play important role in 3-amyloid plague gen-
eration and tau protein abnormalities (Kling et al., 2017; Stevenson

et al., 2017). It also has been reported that calpain2 activation par-
ticipate in Wolfram Syndrome, a genetic neurodegeneration, which
is due to the loos of Syndrome 2 gene, a negative regulator of cal-
pain2 (Lu et al., 2014). Calpain2 upregulation also has been found in
patients with diabetic retinopathy (DR). Increased calpain2 induces
pro-death proteins such as Bcl-2 family and caspase-12, eventu-
ally leading to the DR genesis (Ahn et al., 2016). Thus, our study
about abnormal CAST-calpain2 activities might provide a beneficial
target to inhibit excessive glutamate related neuronal damages. In
fact, some calpain inhibitors have been tested in clinical experiment
(Ono et al., 2016; Wang et al., 2016¢). However, none of them are
further used in clinical therapy. Major limitations are lack of speci-
ficity, cellular penetration and sufficient bioavailable (Kling et al.,
2017). As our results indicate that application of selective calpain2
inhibitors may be specific neuroprotective strategies.

However, our data also indicated that calpain1 activity was not
significantly changed in the retinal neuronal neurons after GT. Con-
sistent with our results, some other researchers reported that, inrat
models employing ventral root transection, calpain2 but not cal-
pain1 was activated in motor-neurons, thus initiating neuropathic
pain(Chenetal.,,2018; Zangetal., 2015).In particular, some reports
indicated that calpain2 but not calpain1 activation was involved in
neurofibrillary tangles, tau protein abnormalities and cholinergic
impairments in AD patients (Grynspan et al.,, 1997; Yin et al., 2016).
Similar studies also found that calpain2, not calpain1, was activated
in the tissues of gastric and colorectal cancer patients (Ivanovaetal.,
2014; Liu et al., 2017). These different changes of calpain1 and cal-
pain2 activity may be likely due to the different responses and roles
of calpain1 and calpain2 to the glutamate excitotoxicity. As previ-
ous studies proposed by Braudry and Wang et al. considered that
the opposite roles of calpain1 and calpain2 were due to their dif-
ferent regulatory signaling pathways (Wang et al., 2016¢c; Wang
et al.,, 2014). Activation of synaptic NMDAR-coupled calpain1 is
neuroprotective while activation of extrasynaptic NMDAR-coupled
calpain2 is neurodegenerative (Wang et al., 2013; Wang et al,,
2016¢). According to these reports it is conceivable that the defense
mechanism of calpain1 may be inhibited by glutamate injury. Fur-
ther studies with the assistance of genetic tools to manipulate the
specific calpain types would be necessary to clarify the distinct roles
of calpain1 and calpain2 in neuronal RN after glutamate.

Although the different changes of calpainl and calpain2 were
found in some previous research (Chen et al., 2018; Zang et al.,
2015), the distinct regulatory mechanism of CAST on the changes
of calpain1 and calpain2 is still unclear. In our study, we found that
CAST application might be unaffected the calpain1 activity signifi-
cantly in this in vitro model. Some researchers have reported that
HSP90 interacts with calpain1 by competing with CAST and plays
a regulatory role in calpain1 activation, in conditions of increased
calcium (Averna et al., 2015; Martines et al., 2017). In this context,
the CAST is not present in the HSP90-calpain1 complex and could
notregulate the calpain1 activity (Grieve etal.,2016; Martinesetal.,
2017). As a result, the calpainl cannot be resistant to glutamate-
mediated injuries. In the present study, we speculated that HSP90
is involved in the process of calpain1 activity. Thus we also inves-
tigate the expression change of HSP90. However, the expression of
HSP90 remains unaffected after GT (see Supplement figure). The
unchanged HSP90 expression could protect calpain1 from activa-
tion and explain the stable calpain1 activity. Although the precise
mechanism of glutamate-mediated effect of HSP90 has not been
fully investigated, we showed that the HSP90-calpain1 molecular
pathway may be unchanged in primary retinal neuronal cultures
under the excessive glutamate context. Thus, it can be speculated
that the underlying neuroprotective role of calpain1 failed to work
in this retinal neuronal cultures. Further investigation is needed
to clearly define the regulatory mechanism of HSP90 in calpain1-
mediated RN.
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In conclusion, we demonstrated that excessive glutamate may
lead to CAST inhibition, resulting in activated calpain2, but not
calpain1, and mediation of retinal neuronal RN (Fig. 6). This is
a complementary mechanism for neurodegeneration in the glu-
tamate induced injury and expands our understanding of the
CAST-calpain2 neurodegenerative mechanism. Due to the promi-
nent role of glutamate in a series of neurologic diseases (Gu et al.,
2014), therapies that target blocking glutamate induced cell necro-
sis by the CAST-calpain2 pathway could be novel therapeutic agents
for prevention of glutamate excitotoxicity.
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