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1 | INTRODUCTION

Abstract

Abnormal mitochondrial dynamics contributes to mitochondrial dysfunction in Alz-
heimer's disease (AD), yet the underlying mechanism remains elusive. In the current
study, we reported that DLP1, the key mitochondrial fission GTPase, is a substrate
of calpain which produced specific N-terminal DLP1 cleavage fragments. In addition,
various AD-related insults such as exposure to glutamate, soluble amyloid-p oligo-
mers, or reagents inducing tau hyperphosphorylation (i.e., okadaic acid) led to cal-
pain-dependent cleavage of DLP1 in primary cortical neurons. DLP1 cleavage
fragments were found in cortical neurons of CRND8 APP transgenic mice which
can be inhibited by calpeptin, a potent small molecule inhibitor of calpain. Impor-
tantly, these N-terminal DLP1 fragments were also present in the human brains, and
the levels of both full-length and N-terminal fragments of DLP1 and the full-length
and calpain-specific cleavage product of spectrin were significantly reduced in AD
brains along with significantly increased calpain. These results suggest that calpain-
dependent cleavage is at least one of the posttranscriptional mechanisms that con-

tribute to the dysregulation of mitochondrial dynamics in AD.
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Although the exact pathogenic mechanism of AD remains elu-
sive, much research has been done to implicate mitochondrial dys-

Alzheimer's disease (AD), the most common cause of dementia in
the elderly, is characterized by progressive neurodegeneration and
cognitive impairment. The pathological hallmarks of AD include
accumulation of extracellular plaques composed of amyloid-p (Ap)
and intracellular neurofibrillary tangles composed of hyperphospho-
rylated tau in the hippocampus and cortex of the human brain
(Mattson, 2004). There is currently no cure or viable treatment for
the neurodegeneration and progressive dementia in AD. According
to the World Alzheimer's Report, there are an ever-increasing num-
ber of people living with AD and will increase to 131.5 million by
2050.

function as an early prominent feature in susceptible neurons that
plays a critical role in the pathogenesis of the disease (Swerdlow,
2016; Wang et al., 2014). Such a primary role is underscored by the
fact that defective glucose utilization and energy metabolism is a
well-documented abnormality preceding functional impairment in
patients with mild cognitive impairment, a prodromal stage of AD,
and in AD (Swerdlow, 2016). While mechanisms underlying mito-
chondrial dysfunction in AD remain incompletely understood, recent
studies from multiple groups demonstrated that abnormal mitochon-

drial dynamics and distribution are likely involved: overexpression of
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familial AD APP mutations or exposure to soluble AB oligomers
induced profound mitochondrial fragmentation, ultrastructural dam-
age, and reduced mitochondrial distribution in neuronal processes in
neuronal culture (Du et al., 2010; Manczak et al., 2010; Wang et al.,
2009; Wang, Su, Siedlak, et al., 2008). These deficits are causally
involved in Ap-induced mitochondrial dysfunction and synaptic
abnormalities in primary hippocampal or cortical neurons in vitro
(Wang, Su, Fujioka, & Zhu, 2008). Mitochondrial damage in the form
of irregular distribution and round and engorged mitochondria are
also documented in AD mouse models (Trushina et al., 2012; Wang
et al., 2017). Mitochondrial numbers were reduced and became dys-
trophic and fragmented in the vicinity of plagues in APP/PS1 mice
revealed by real-time imaging study (Xie et al., 2013). Similarly, swol-
len mitochondria with extensive ultrastructural damage and abnormal
distribution are also observed in the brain of AD patients (Hirai
et al., 2001; Wang et al., 2009).

Mitochondria are dynamic organelles that undergo fusion and fis-
sion controlled by large GTPases: Mitochondrial fission is regulated
by cytosolic protein dynamin-like protein 1 (DLP1) which translo-
cates to mitochondrial outer membrane during fission with the assis-
tance of mitochondrial outer membrane proteins such as Fisl or
Mff1 (Mishra & Chan, 2014). Mitochondrial fusion is regulated by
mitofusin 1 and 2 (MFN1/2) on the outer mitochondrial membrane
and OPA1 on the inner mitochondrial membrane (Mishra & Chan,
2014). Mitochondrial dynamics is critical for maintaining the home-
ostasis of mitochondria including the tight regulation of their mor-
phology and distribution according to the metabolic need of the
cells. Changes in mitochondrial dynamics significantly impact almost
all aspects of mitochondrial function, and defects in the large
GTPases involved in mitochondrial fission/fusion cause human neuro-
logical diseases. Interestingly, our prior studies revealed that all these
large GTPase involved in mitochondrial fission (DLP1) and fusion
(Mfn1/2 and OPA1) are decreased in the fibroblasts and brain of AD
patients and in soluble A oligomer-treated cells (Wang, Su, Fujioka,
et al, 2008; Wang et al., 2009). It appears that these changes not
only result in mitochondrial fragmentation, but also lead to mito-
chondrial abnormal distribution since DLP1 overexpression could
rescue AB-induced depletion of mitochondria in the neuronal pro-
cesses (Wang, Su, Fujioka, et al., 2008). Our results were consistent
with a prior study where DLP1 knockdown led to depletion of mito-
chondria in the dendrites and its overexpression helps to repopulate
dendrites and synapse with mitochondria (Li, Okamoto, Hayashi, &
Sheng, 2004). Reduced levels of fusion GTPases in AD brain were
consistently replicated by other groups (Kandimalla & Reddy, 2016;
Manczak, Calkins, & Reddy, 2011), and our recent study demon-
strated that Mfn2 ablation caused neurodegeneration and other AD-
related deficits in the hippocampus and cortex (Jiang et al., 2018).
However, there were inconsistent reports on the levels of DLP1, the
fission GTPase, in AD: Several groups confirmed our results of
reduced DLP1 in AD brain or fibroblasts (Bossy et al., 2010; Wang,
Song, Tan, Albers, & Jia, 2012) but other group demonstrated
increased levels of DLP1 in AD brain (Kandimalla & Reddy, 2016;
Reddy et al., 2011). While it remains to resolve how DLP1 is

changed in AD brain, it was demonstrated that DLP1 interacts with
tau and/or AB (Manczak et al, 2011; Manczak & Reddy, 2012),
which likely plays a critical role in mitochondrial fragmentation
observed in AD.

To understand the mechanism(s) underlying the changes in the
expression of these fission/fusion GTPases, we investigated the
potential involvement of aberrant calcium signaling since calcium
dyshomeostasis has been well documented in AD as many of the
clinical mutations in the presenilin (PS1/PS2) genes have been shown
to disrupt the calcium signaling cascade (LaFerla, 2002). The aberrant
calcium signaling leads to excitotoxicity and may be a mechanism of
neuronal death in AD. It is well established that Af oligomers induce
a rapid and sustained increase in intracellular calcium in neurons and
AB induces neuronal abnormalities including spine loss and synaptic
dysfunction likely through the activation of calcium-dependent sig-
naling molecules such as calpain (Li et al., 2011). Interestingly, there
is evidence that calpain activation leads to cleavage of the dynamin
protein in an AD cell model (Kelly, Vassar, & Ferreira, 2005). Given
the similarity between dynamin and dynamin-related proteins
involved in mitochondrial fission and fusion, we hypothesized that
calpain activation may be involved in the reduction of these mito-
chondrial fission/fusion proteins in AD. Therefore, in this study we
aimed to investigate the posttranscriptional regulation of mitochon-
drial fission/fusion GTPases with a focus on the effects of calpain
activation and reduced levels of DLP1, the key protein involved in
mitochondrial fission and distribution. We observed the cleavage of
DLP1 by calpain into several fragments at ~65 kDa and 50 kDa in
size. This cleavage can be triggered by AD-relevant insults such as
exposure to glutamate, soluble Af oligomers, or agents inducing tau
phosphorylation. Cleavage fragments of DLP1 as well as the
cytoskeletal protein, spectrin, along with increased active calpain are
observed in AD patient brains supporting our theory that calpain is a
protease that plays a role in the reduction of mitochondrial proteins

seen in AD.

2 | RESULTS

2.1 | Cleavage of recombinant DLP1 by calpain

To investigate whether DLP1 is directly cleaved by calpain, we incu-
bated recombinant N-terminal GST-tagged DLP1 with calpain-1 in
reaction buffer for various times and concentrations and examined
the DLP1 levels by Western Blot analysis. Using a C-terminal DLP1
antibody (i.e., DLP1 C5 antibody against amino acids 560-736 region
of DLP1), a significant reduction in the level of full-length GST-DLP1
is observed with 0.05 units (0.05 U) of calpain-1 after a 30-min
treatment, which became more significantly reduced with higher
units of calpain-1 (Figure 1a). In fact, 30-min treatment with 0.25 or
0.5 units of calpain-1 resulted in total loss of full-length GST-DLP1,
reflecting a dose-dependent effect. We also used a GST antibody to
detect GST-DLP1 after cleavage by calpain. Interestingly, in addition
to the dose-dependent reduction in the level of full-length GST-

DLP1, we also observed the appearance of a specific band around
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75 kDa with the 30-min treatment of 0.05 units of calpain-1 which
peaked with the treatment of 0.25 units of calpain-1 but then
decreased with the treatment of 0.5 units of calpain-1. Since the
DLP1 was N-terminally tagged with GST, this ~75 kDa band likely
reflects a ~50 kDa N-terminal cleavage fragment of DLP1. The
reduction of full-length GST-DLP1 and appearance of cleavage frag-
ments were completely prevented when calpeptin, a specific calpain
inhibitor, was present along with calpain, demonstrating the speci-
ficity of the calpain cleavage reaction. Treatment with 0.25 units of
calpain-1 led to gradual reduction of full-length GST-DLP1 with time
until its full cleavage after 10 min as revealed by the C-terminal
DLP1 antibody (Figure 1b). Similarly, we also observed the appear-
ance of the 75 kDa fragment as early as 1 min which peaked at
10 min and was completely gone at 15 min (Figure 1b).

To further investigate this calpain-dependent cleavage of DLP1,
whole cell lysate from M17 neuroblastoma cells was incubated with
calpain-1 at varying concentrations for 30 min. Using an antibody

(a)
Calpain 1
Calpeptin
150
100
75
150 =
100 ==
75 wm
FIGURE 1 Dose- and time-dependent
cleavage of recombinant DLP1 tagged with (b)
GST at N-terminal by calpain-1 and DLP1 C | in 1
cleavage by calpain in M17 neuroblastoma aipain
cells. (a) 160 ng recombinant GST-DLP1 Time

was incubated with calpain-1 at 30°C at
the indicated concentration for 30 min in
the absence/presence of calpeptin, and the
remaining GST-DLP1 was visualized by
Western Blotting with a C-terminal specific
DLP1 antibody (upper panel) or a GST
antibody (lower panel). (b) 160 ng
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against N-terminal DLP1 (i.e., DLP1 D6C7 antibody), we confirmed
the dose-dependent reduction of full-length DLP1 by calpain-1 (Fig-
ure 1c). Importantly, accompanying the reduced full-length DLP1,
there was an accumulation of a major band around 50 kDa after cal-
pain-1 treatment. In fact, the accumulation of this band even per-
sisted with up to 4 hr of 1 unit calpain-1 treatment (not shown).
There was also a weak band around 65 kDa in the lysate treated
with 0.2 units calpain which was gone in the lysate treated with
0.5 units calpain, likely reflecting a transient intermediate DLP1 frag-
ment generated by calpain cleavage. In fact, these two cleavage
products were also present in the M17 lysate at basal condition as
faint bands, suggesting such cleavage likely occurs endogenously.
The concurrent treatment with calpeptin abolished both the reduc-
tion of full-length DLP1 and the appearance/accumulation of DLP1
N-terminal fragments. These results suggest that DLP1 is a substrate
of calpain and that calpain cleavage of DLP1 yields N-terminal frag-
ments of 65 and 50 kDa in size. We therefore used DLP1 N-terminal
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with 0.25 units calpain-1 at 30°C for the

indicated duration, and the remaining GST-

DLP1 was visualized by Western Blotting (c)

with a C-terminal specific DLP1 antibody Calpain
(upper panel) or a GST antibody (lower Calpeptin
panel). (c) Representative Western Blot of
DLP1 N-terminal specific antibody (i.e.,
DLP1 D6C7) in whole cell lysates from
M17 cells incubated with calpain-1 at 30°C
at the indicated concentrations for 30 min
in the absence/presence of calpeptin.
Similar data were obtained with three
independent experiments
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antibody to detect these calpain-dependent N-terminal DLP1 frag-
ments in later studies.

2.2 | DLP1 cleavage by calpain in glutamate-treated
neurons

To investigate calpain-dependent DLP1 cleavage in cells, we exam-
ined the DLP1 protein levels in rat primary neurons treated with glu-
tamate, which induces calcium dyshomeostasis and excitotoxicity
through the activation of the NMDA and AMPA receptors and is
believed to be involved in AD. Under this condition, glutamate treat-
ment led to activation of calpain activity as revealed by the almost
complete loss of 250 kDa full-length spectrin protein and the
appearance of a major 150 kDa spectrin cleavage product which is
specific to calpain activity (Figure 2a,b). Similarly, the full-length
DLP1 protein was almost completely gone in glutamate-treated cells
which was accompanied by an accumulation of the 50 kDa N-termi-
nal fragment (Figure 2a,c) as was identified in both the cell free
cleavage assay and M17 cell lysate (Figure 1). With the addition of
calpeptin to the glutamate treatments, the loss of full-length spectrin
and DLP1 along with the increase in the specific cleavage fragments

of these two proteins was significantly inhibited (Figure 2a—c).

2.3 | DLP1 cleavage by calpain in Ap-treated
neurons

To investigate a potential mechanism underlying DLP1 reduction in
AD, we examined DLP1 levels in rat primary neurons treated with
soluble Ap oligomers. As expected, treatment with Ap oligomers led
to decreased full-length spectrin and a significant increase in the
150 kDa spectrin cleavage fragment (Figure 3a,c), indicating that
treatment with Ap caused calpain activation. Similarly, a significant

+

(50uM)
(50uM)

FIGURE 2 Calpain-dependent cleavage
of spectrin and DLP1 in glutamate-treated
rat primary cortical neurons. (a)
Representative Western Blots of DLP1 in
primary cortical neurons (DIV12) treated
with 50 uM glutamate in the absence/
presence of 50 uM calpeptin for 4 hr.
Spectrin was probed as a positive control
for calpain activation; p-tubulin was probed
as an internal loading control. (b, c)
Quantitative analysis of levels of 150 kDa
cleavage fragment (CF) of spectrin CF (b)
and 50 kDa cleavage fragment (CF) of
DLP1 (c). The expression levels of all
proteins were normalized to tubulin and
expressed as a relative to nontreated
control values of each respective protein.
Data are presented as the mean + SEM of
three independent experiments (*p < 0.05,
**p < 0.001)

«—Full Length
«—Cleavage Fragment

«—Full Length

«—Cleavage Fragment

increase in the 50 kDa cleavage fragment was revealed when
detected by the DLP1 N-terminal antibody (Figure 3a,b). Co-treat-
ment with calpeptin in Ap-treated neurons prevented the activation
of calpain as demonstrated by the restoration of full-length spectrin
along with the reduction of 150 kDa cleavage fragment to the level
similar to vehicle-treated cells (Figure 3a,c). Under this condition, the
appearance of DLP1 cleavage fragment was also completely reversed
(Figure 3a,b).

2.4 | DLP1 cleavage by calpain in okadaic acid-
treated neurons

Hyperphosphorylation of tau protein is also involved in the patho-
genesis of AD. We further analyzed the impact of phosphorylated
tau on calpain cleavage of DLP1. To mimic the neurotoxicity of
phosphorylated tau in cell cultures, we treated primary rat neurons
with okadaic acid which is an inhibitor of serine/threonine phos-
phatases 1 and 2A and induces hyperphosphorylation of tau (Kamat,
Rai, & Nath, 2013). Interestingly, okadaic acid treatment induced
dose-dependent degradation of both full-length spectrin and DLP1
proteins in cultured neurons and the appearance of calpain cleavage
products of 150 kDa spectrin fragment and 50 kDa DLP1 fragment
(Figure 4a-c). As a specificity control, concurrent calpeptin treatment
abolished the cleavage of both spectrin and DLP1 after okadaic acid
treatment (Figure 4b,c).

2.5 | DLP1 cleavage by calpain is not a general
response during mitochondrial fragmentation

It is known that a variety of stresses that disrupt mitochondrial func-
tion also cause mitochondrial fragmentation (De Vos, Allan, Grierson,
& Sheetz, 2005). To investigate whether calpain-dependent DLP1 is
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a general response during mitochondrial fragmentation when mito-
chondrial function is disrupted, we treated rat primary cortical neu-
rons with rotenone (10-100 nM), a specific inhibitor of complex I,
and FCCP (0.5-2 uM), a widely used mitochondrial protonophore
that uncouples electron transport and oxidative phosphorylation, at
a range of concentrations that disrupt mitochondrial function and
cause mitochondrial fragmentation (Barsoum et al., 2006; De Vos
et al, 2005) and investigated the calpain-dependent cleavage of
spectrin and DLP1 by Western Blot analysis. Our results indicated
that neither rotenone nor FCCP caused any changes in the 150 k
Da calpain-dependent cleavage product of spectrin or increase in the
50 kDa cleavage product of DLP1 (Supporting Information Figure S1),
suggesting that DLP1 cleavage by calpain is not a general response
during mitochondrial fragmentation.

2.6 | Calpain-dependent cleavage of DLP1 in
neurons of APP transgenic mouse model

We next investigated whether the calpain-dependent cleavage of
DLP1 is present in neurons of CRND8 mice, a widely used APP
transgenic (Tg) mouse model expressing the APP Swedish (KM670/
671NL) and APP Indiana (V717F) mutations that shows early signs
of memory impairment as well as striking amyloid plaque pathology
(Yin et al, 2018). In the primary cortical neurons isolated from
CRNDS8 mice, we observed significant presence of the 150 kDa cal-
pain-dependent cleavage fragment of spectrin compared to neurons
from their nonTg littermate controls (Figure 5a,c), suggesting a
higher calpain activity in the CRND8 neurons. In conjunction with

activated calpain, we also observed a significant presence of the 65

!
+

«—Cleavage Fragment

Actin T e — ——————— ey, -

Relative Spectin CF

AR42 - + +
Calpeptin - -

and 50 kDa cleavage fragments of DLP1 (Figure 5a,b). Furthermore,
treatment with calpeptin inhibited the increased levels of 150 kDa
cleavage fragment of spectrin as well as the 65 and 50 kDa DLP1

cleavage fragments (Figure 5a-c).

2.7 | DLP1 cleavage in AD brains

Our prior studies demonstrated that protein levels of DLP1 are sig-
nificantly reduced but mRNA levels of DLP1 are not changed in the
brain of human AD patients compared to age-matched control
patients (Wang et al.,, 2009), suggesting the involvement of post-
transcriptional regulation of DLP1 expression. To investigate
whether calpain activation is involved in the reduced expression of
DLP1 in AD brain, we first investigated the levels and activity of cal-
pain in brain homogenates from AD and age-matched control
patients by performing Western Blot analysis of calpain and calpain-
dependent cleavage products of spectrin. As an 80 kDa protease,
calpain is activated by its autoproteolytic cleavage into 76- and 58-
kDa fragments. As reported previously (Atherton et al., 2014), the
calpain antibody used in this study only recognized a single promi-
nent band around 76 kDa in both AD and control brain homoge-
nates, corresponding to its active form. Quantification analysis
revealed that the level of this active form of calpain is significantly
increased in AD brain (Figure 6a,b). Both the full-length and calpain-
dependent 150 kDa cleavage fragments of spectrin were present in
both AD and control samples. There was a trend (p = 0.07) of
decrease in the level of full-length spectrin and a significant decrease
in the level of 150 kDa cleavage product in the brain tissues from

AD patients as compared to that from the age-matched nonAD
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control patients (Figure 6a,c,d). We also probed the DLP1 cleavage
products in these brain homogenates. Similarly, our N-terminal DLP1
antibody revealed that both full-length and the two cleavage frag-
ments (i.e., 65 and 50 kDa bands) of DLP1 were also present in AD
and control sample (Figure 6a). Consistent with our previous report
(Wang et al., 2009), there was a significant decrease in the level of
full-length DLP1 (Figure 6e). Moreover, the levels of the cleavage
fragments of DLP1 decreased in the AD samples as compared to the
age-matched nonAD controls samples (Figure 6f). Relative levels of
DLP1 and calpain were also compared in hippocampal neurons in
adjacent serial sections of AD and control cases using immunocyto-
chemistry (Figure 6g). Neuronal staining for DLP1 was highest in the
control cases and very weak staining was seen in the AD cases (Fig-
ure 6g). Conversely, very little calpain was detected in the same neu-
rons in the control cases, while the AD cases had more neurons
with calpain staining, and at higher levels than was found in the con-
trols (Figure 6g).

3 | DISCUSSION

In this study, we investigated the association between DLP1 levels
and calpain activation in the context of AD models and AD brain. By
employing the in vitro calpain cleavage assay using GST-DLP1
recombinant protein and cell lysate from M17 neuroblastoma cells,
we demonstrated that DLP1 is indeed a substrate of calpain which
produced specific N-terminal DLP1 fragments. Furthermore, various

AD-related insults such as exposure to glutamate, soluble Ap

oligomers, or reagents inducing tau hyperphosphorylation (i.e., oka-
daic acid) led to DLP1 cleavage accompanied by calpain activation in
primary cortical neurons. DLP1 cleavage fragments were also present
in cortical neurons of CRND8 APP transgenic mice. Importantly, cal-
peptin, a potent small molecule inhibitor of calpain, prevented DLP1
cleavage in all these models, demonstrating the specific involvement
of calpain activation in DLP1 cleavage in these models. Lastly, we
found the presence of N-terminal DLP1 fragments in the human
brains and the levels of both full-length and N-terminal fragments of
DLP1 were significantly reduced in AD brains. These results suggest
that calpain activation is at least one of the posttranscriptional
mechanisms that contribute to the changes in the levels of large
GTPases involved in mitochondrial fission/fusion and dysregulation
of mitochondrial dynamics in AD.

The major finding in this study is that we firmly established
DLP1 as a physiological and AD-relevant pathophysiological sub-
strate of calpain in cells and in the brain. This was first clearly shown
by our in vitro calpain cleavage assay demonstrating a dose- and
time-dependent cleavage of recombinant GST-DLP1 by calpain
which was inhibited by calpeptin. This in vitro assay also suggested
the presence of an intermediate 50 kDa N-terminal DLP1 cleavage
fragment before its complete digestion by calpain. Indeed, we found
this 50 kDa fragment along with another 65 kDa N-terminal frag-
ment of DLP1 in the M17 cells at basal condition which could be
enhanced by calpain treatment and inhibited by calpeptin, suggesting
that they are present in the physiological condition by calpain cleav-

age. These two specific N-terminal fragments of DLP1 were also
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(a)
FIGURE 5 Calpain-dependent cleavage Calpeptin
of spectrin and DLP1 in primary cortical .
neurons isolated from CRND8 APP Spectrin m:
transgenic mice. (a) Representative
Western Blots of DLP1 in primary cortical DBLPA T
neurons (DIV12) isolated from either
CRNDS8 mice or littermate control mice .
Actin *

treated with/without 50 uM calpeptin for
4 hr. Spectrin was probed as a positive
control for calpain activation; actin was
probed as an internal loading control. (b, c)
Quantitative analysis of levels of 150 kDa
cleavage fragment (CF) of spectrin (c) and
50 kDa cleavage fragment (CF) of DLP1
(b). The protein levels were normalized to
actin and expressed as a relative to
nontreated control values of each
respective protein. Data are presented as
the mean = SEM of three independent
experiments (*p < 0.05, **p < 0.001)
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present in the brains from elderly human control patients which con-
firms the physiological presence of these cleavages in vivo. Impor-
tantly, the current study demonstrated that these calpeptin-sensitive
cleavages of DLP1 were significantly enhanced by AD-relevant
insults such as treatment with glutamate, soluble Ap oligomers or
okadaic acids, modeling excitotoxicity, Ap exposure, or tau hyper-
phosphorylation induction, but not by general insults that disrupt
mitochondrial function, which thus demonstrated the involvement of
the calpain-dependent cleavage of DLP1 in AD models. The patho-
physiological relevance of calpain-dependent cleavage of DLP1 is
further corroborated by the evidence from cortical neurons of
CRND8 APP transgenic mice and brain tissues from AD patients.
Calpain activation has been closely linked with AD as it has been
shown to cleave: APP that regulates AB production (Morales-Corral-
iza et al., 2012), tau leading to production of neurotoxic fragments
(Ferreira & Bigio, 2011), synaptic proteins like dynamin-1 (Kelly
et al., 2005), and NMDA receptor subunit NR2B important for
synaptic health (Simpkins et al., 2003). Our results thus added
reduced DLP1 as a victim of enhanced calpain activation in AD
which affect mitochondrial dynamics and contribute to mitochondrial
dysfunction during AD pathogenesis. Calpain inhibition has been
pursued as a therapeutic target for AD (Medeiros et al., 2012) which
therefore could also potentially have positive impact on mitochon-
drial dynamics. Imbalance in kinase and phosphatase results in tau
hyperphosphorylation and plays an important role in the pathogene-
sis of AD. Fission activity of DLP1 is also regulated by phosphoryla-
tion at several sites, and cytosolic calcium signaling could either
increase DLP1 phosphorylation at Ser616 by Ca?*/calmodulin-depen-
dent kinase Il (Xu et al., 2016) or decreased DLP1 phosphorylation
at Ser637 through calcineurin (Cereghetti et al., 2008). While it was
demonstrated that DLP1 phosphorylation at Ser616 is increased in
AD brain (Wang et al., 2009), how phosphorylation of DP1 at
Ser637 is changed in AD is not clear. Furthermore, whether and
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how the phosphorylation at these sites affects or relates to calpain
cleavage of DLP1 remains to be determined.

Previous studies of postmortem AD patient brains show
increased calpain activity in end-stage AD brain (Atherton et al.,
2014; Jin et al., 2015; Saito, Elce, Hamos, & Nixon, 1993) as well as
elevated levels of cleaved products of several calpain substrates
(Atherton et al., 2014; Liu et al., 2005). In the current study, while
we also observed increased levels of active calpain in AD brain, we
observed clear reduction, sometimes a complete depletion, in the
levels of full-length spectrin or DLP1 in the brains from AD patients,
and also found significantly reduced levels of calpain-specific
150 kDa fragment of spectrin along with reduced levels of two N-
terminal fragments of DLP1. This complete depletion of DLP1 full-
length and N-terminal fragments in nearly all of the AD samples we
examined, in our opinion, implicated excessive calpain activation that
resulted in more complete degradation of DLP1 in AD. Along this
reasoning, it was demonstrated that calpain activation is associated
with disease progression through various Braak stages and the levels
of full-length and calpain-dependent cleavage products of certain
substrates such as CAST peaked at earlier stages but both declined
at later stage (Kamat et al., 2013). It is therefore of interest to fur-
ther determine how the levels of DLP1 and its cleavage fragments
change along different stages during the course of AD. Nevertheless,
our study does not preclude the potential involvement of other pro-
teases in the cleavage of DLP1. For example, studies have shown
that caspases may indirectly regulate cleavage of mitochondrial
GTPases such as OPA1 (Loucks et al., 2009) and DLP1 during apop-
tosis (Estaquier & Arnoult, 2007).

The presence of 65 and 50 kDa DLP1 fragments at physiological
conditions, especially in the brain of elderly controls, may be inter-
esting. The function of DLP1 has been thoroughly explored in both
yeast and mammals as it is similar to the classic dynamins in mem-
brane scission and remodeling of mitochondria (Sesaki, Adachi,
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Kageyama, Itoh, & lijima, 2014). It is a cytosolic protein that forms
dimers and tetramers and is recruited to the mitochondrial surface
through interactions with various outer mitochondrial proteins such
as mitochondrial fission factor (Mff), Fis1, and mitochondrial elonga-
tion factor (MIEF1/2; Sesaki et al., 2014). Crystal structures show
that DLP1 assembles into spirals which mediates mitochondrial scis-
sion (Mears et al., 2011). DLP1 contains four domains: an N-terminal
GTPase domain, middle domain, variable domain, and C-terminal
GTPase effector domain (GED; Otera, Ishihara, & Mihara, 2013). The
middle domain is important in the regulation of DLP1 self-assembly
into dimers and tetramers (Frohlich et al., 2013). So it can stand to
reason that cleavage of DLP1 somewhere in the middle domain
resulting in 50 kDa and 65 kDa fragments as shown in our data
could lead to dysfunctional oligomerization of DLP1 and therefore
affect its function in regulating mitochondrial fission. While DLP1

knockdown could lead to abnormal mitochondrial distribution, how

adjacent sections of AD or control

DLP1 cleavage fragments may affect mitochondrial transport and
distribution is not clear. Further studies will be needed to map the
specific cleavage sites and their impact on DLP1 functions.

In conclusion, this study established DLP1 as a calpain substrate
and suggested that calpain activation could contribute to reduced
DLP1 levels and mitochondrial dynamics abnormalities and mito-
chondrial dysfunction in AD.

4 | EXPERIMENTAL PROCEDURES

4.1 | Human brain tissues

Samples were obtained at autopsy and, following approved IRB pro-
tocols, were received from the Brain Bank at Case Western Reserve
University and from the NIH Neurobiobank in accordance with the
institutional

bioethics guidelines. The diagnosis of Alzheimer's
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disease was obtained according the NINCDS-ADRDA group criteria
(McKhann et al., 1984). Brain samples from cases of neuropathologi-
cally confirmed AD (nh =13, ages 67-90 year [76.5 + 1.8 year,
mean + SEM] and PMI range of 3-26 hr [9.1 * 2 hr], gender: 8M:5F)
and neuropathologically normal cases (n =12, ages 60-92 year
[77.5 + 2.6 year] and PMI range 4-25 hr [mean 13.6 + 1.7 hr], gen-
der: 5M:7F) were used for Western Blot or immunocytochemical

studies.

42 |
culture

Primary rat and CRND8 mouse neuronal

Primary cultures of both rat and mouse cortical neurons were pre-
pared from the brains of embryonic pups at day 18 and day 16,
respectively, as previously reported (Kaech & Banker, 2006; Zhao
et al., 2017) with some modification. In brief, the cerebral cortices
were dissected from the embryonic brain and dissociated by
trypsinization for 10 min at room temperature. The resulting cell
suspensions were resuspended in neurobasal medium supple-
mented with B27 (Gibco-BRL, Waltham, MA, USA) and penicillin-
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) and
plated onto poly-p-lysine (Sigma, St. Louis, MO, USA) coated plas-
tic plates. Neurons were maintained at 37°C in 5% CO, for
12 days prior to chemical treatment. After 12 days in vitro (DIV),
the neuron culture medium was replaced with fresh medium con-
taining treatments of AP, glutamate, and calpeptin as described in
the paper.

4.3 | Drugs

Glutamate (50 pM; Sigma), calpeptin (50 pM; Tocris Bioscience, Min-
neapolis, MN, USA), FCCP (0.25-2 uM; Sigma), rotenone (10—
100 nM; Sigma), and okadaic acid (5-50 nM; Cayman Chemical, Ann
Arbor, MI, USA) were added to neuronal cultures at the indicated
final concentrations. AB oligomers were prepared as previously
described (Song et al., 2014). Briefly, lyophilized A peptides were
dissolved in dimethyl sulfoxide, diluted in neurobasal without phenol
red (Gibco-BRL) to a final concentration of 1 uM, and incubated at
4°C for 16 hr. Prepared Ap oligomers were added to neuronal cul-

tures for the indicated times.

4.4 | Calpain cleavage assay

In vitro cleavage of recombinant GST-DLP1 protein by calpain was
performed as previously described (Garg, Timm, Mandelkow, Man-
delkow, & Wang, 2011). Briefly, recombinant GST-DLP1 (160 ng;
Abnova, Walnut, CA, USA) was incubated with calpain-1 (Biovision,
San Francisco, CA, USA) in reaction buffer for various times with or
without calpeptin (50 pM; Tocris Bioscience, Minneapolis, MN, USA).
After being incubated for the indicated times, the reaction mixture
was mixed with an equal volume of 2x SDS sample buffer and
boiled for 10 min. Samples were subjected to SDS-PAGE followed
Blotting with anti-DLP1 D6C7 (Cell

by Western Signaling
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Technology, Danvers, MA, USA) or anti-GST (Santa Cruz, Dallas, TX,
USA) antibodies.

4.5 | Western Blotting

Samples of frozen cortical gray matter of AD (N = 7), and age- and
gender-matched control cases (N = 7) were homogenized and lysed
with RIPA Buffer (Abcam) plus 1 mM phenylmethylsulfonyl fluoride
(Sigma) and Protease Inhibitor Cocktail (Sigma) and centrifuged for
10 min at 16,000 x g at 4°C. Protein concentrations of the lysates
from total cortical gray matter homogenates were determined by the
bicinchoninic acid assay method (Pierce, Rockford, IL, USA). Equal
amounts of proteins (20 pg) were separated by sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to immobilon membranes. After blocking with 10% nonfat dry milk,
primary and secondary antibodies were applied and the blots devel-
oped with enhanced chemiluminescence (Santa Cruz).

Cell lysates from primary neurons were prepared with protein
extraction solution (Cell Signaling Technology) in accordance with
the manufacturer's guidelines. Proteins were subjected to SDS-PAGE
and subsequently transferred to PVDF membrane (Bio-Rad, Hercules,
CA, USA) and blocked with 5% skim milk in TBST buffer. Blots were
incubated for 16 hr at 4°C with primary antibodies to DLP1 D6C7
(1:1,000; Cell Signaling), calpain (1:2,000; Catalog#2556, Cell Signal-
ing), spectrin (1:1,000; Cell Signaling), actin C4 (1:5,000; Thermo
Fisher Scientific)) DLP1 C-5 (1:1,000; Santa Cruz), and GAPDH
(1:2000; Cell Signaling). The blots were washed in TBST buffer, incu-
bated with secondary antibodies for 1 hr at 23°C, and visualized

using enhanced chemiluminescence reagents (Santa Cruz).

4.6 | Immunocytochemical procedures

Hippocampus samples from AD (n = 6) and neuropathologically nor-
mal cases (n = 5) were fixed in formalin and paraffin embedded. Tis-
sue sections 6 micron thick were used for immunostaining as
described previously (Jiang et al., 2018). Antigen retrieval was per-
formed in a pressure cooker using acetate buffer (Biocare Medical).
Serial adjacent sections were immunostained for DLP1 and calpain-1
with identical conditions for all cases used. Images of the CA2 neu-
rons were obtained on a Zeiss Axioskop and densitometric analysis

performed using Axiovision software to determine staining intensity.

4.7 | Statistical analysis

Data are presented as means + standard error of the mean (SEM) of
at least three independent experiments and, where appropriate, were
analyzed using one-way analysis of variance (ANOVA) or Student's t
test. p < 0.05 was considered statistically significant.
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