Figure 8. Calpain-10 activation in AD pathology
and its implication in neuronal AB secretion.
A-D) Triple fluorescence microscopy illustrat-
ing colocalization of calpain-10 (4) and
SNAP-25 (B) in the periphery of a FSB-stained
plaque (C; 3-channel image shown in D) in the
neocortex of a 24-mo-old APP-Tg mouse. E-H)
Double-fluorescence microscopic views of se-
nile plaques in the hippocampus of a patient
with AD. Calpain-10 (E) and SNAP-10 (G) im-
munolabeling were merged onto FSB-stained
plaques (F, H). 1, ]) A hippocampal slice from a
patient with AD double labeled with anti-cal-
pain-10 antibody (J) and FSB (), demonstrat-
ing calpain-10 activation coexistent with neuro-
fibrillary tangles and neuropil threads. Scale
bars = 50 pm (A-H); 25 pm (7, ).

phic changes of apical dendrites in CS-KO/APP-Tg
mice at 5-6 mo of age.

The present study has also implicated calpain in the
radical morphological disruptions that occur down-
stream of amyloidogenesis. The most notable conse-
quences for neuronal structure include disregulation of
neurite extension and synaptic formation, in agree-
ment with the fact that disrupted neuronal connectivity
and aberrant neuritic sprouting occur in AD brains (55,
56). Moreover, an axonal tracing study in APP23 mice
has revealed that ectopic growth of axons and patho-
logical enlargement of synaptic termini are tightly
associated with amyloid deposition (57). It is of partic-
ular interest that the site of calpain activation in the
APP-Tg mice coincided with GABA, receptor expres-
sion. GABA, receptors are known to emerge early in
the development of the central nervous system and are
concentrated in the growth cone. Experiments using
isolated growth cones have indicated that the activation
of GABA, receptors in the growth cone membrane is
mechanistically linked to calcium influx via L-type
voltage-sensitive calcium channels (33), leading to cal-
cium-dependent degradation of cytoskeletal constitu-
ents by calpain (58). Therefore, the involvement of
GABA, receptors and calpain in ectopic neurite out-
growth and the generation of aberrant synaptic termini
may pardally recapitulate the molecular profile of
developing neuronal growth cones. However, GABA,
receptor activation alone does not seem to account for
the neuropathology of the mutant mice.

We also observed caspase activation in presynaptic,
GAP43-immunoreactive compartments in the brains of
APP-Tg and crossbred mice. GAP43 labeling is consis-
tently observed in dystrophic termini surrounding
plaque lesions (57), justifying the view that activation of
caspase may lead to an increase in the dynamics of
presynaptic cytoskeletal reconfiguration. It has been
suggested that crosstalk may exist between calpain and
caspase (59). Caspase-12 is known to be activated by
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calpain (60), and suppression of excitotoxicity-induced
calpain activation attenuates caspase activity (18). In
addition, caspase-mediated cleavage of CS leads to
increased calpain activity (61). Although we observed
little overlap between the localization of 150kf/136kf
and Clact32 in the brains of patients with AD and
APP-Tg mice, it is likely that activation of calpain-10 and
caspases occurs concurrently in presynaptic terminals.
However, overexpression or deficiency of CS did not
alter the ratio of caspase activation to Af load in the
APP-Tg mice. Therefore, we postulate that caspase
activation is not an essential requirement for calpain-
mediated neuropathology following AB accumulation.
However, there remains a possibility that caspases may
be involved in AD pathology independent of the cal-
pain-CS system.

The results that we obtained from crossbred mice
argue for the consideration of agents that act on the
calpain-CS system in therapeutic approaches to AD.
Taken together with the fact that CS is decreased in AD
brains (62), the present findings in CSKO/APP-Tg
mice strongly support a primary role of the calpain-CS
system in the modulation of AD pathologies. Further-
more, the CS overexpression-mediated attenuation of
AB deposition and neuroglial degeneration in APP-Tg
mice highlights the potential of regulating the cal-
pain-CS system in interventions targeting the neuro-
pathological devastation of AD. This strategy could also
be beneficial in maintaining neuronal function. It
would be of considerable interest to determine whether
truly calpain-specific inhibitors, which may become
available in the near future, rescue the AB amyloidosis
and related neuropathologies observed in APP-Tg and
CS-KO/APP-Tg mice. Furthermore, the CS-KO/
APP-Tg mice could prove of great value in preclinical
testing of the efficacy and specificity of such com-
pounds. The simplest experimental design would be to
measure the average life span of groups of CS-KO/

HIGUCHI ET AL



APP-Tg mice receiving different treatments without
having to perform neuropathological analyses.
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Abstract

Cyclin-dependent kinase 5 (Cdk5) is a Ser/Thr kinase that is
activated by binding to its regulatory subunit, p85. The cal-
pain-mediated cleavage of p35 to p25 and the resuiting
aberrant activity and neurotoxicity of Cdk5 have been impli-
cated in neurological disorders, such as Alzheimer’s disease.
To gain further insight into the molecular mechanisms
underlying the pathological function of Cdk5, we investigated
the role of the calpain inhibitor protein calpastatin (CAST), in
controlling the aberrant production of p25. For this purpose,
brain tissue from wild-type, CAST-over-expressing (trans-
genic), and CAST knockout mice were analyzed. Cleavage of
p35 to p25 was increased in extracts from CAST knockout
mice, compared with wild-type. Conversely, generation of p25

Neurons are frequently exposed to physiological stimuli and
pathological insults that increase intracellular Ca**. Physio-
logically, excitation allows the entry of Ca®" into the pre-
synaptic region to induce neurotransmitter release, and into
the post-synaptic region to evoke signal transduction
processes (Berridge 1998; Clapham 2007). In the patholog-
jcal pathway involved in Alzheimer’s disease (AD), accu-
mulation of AB in neuronal plasma membranes impairs Ca®*
homeostasis (Hardy and Selkoe 2002). An increase in the
levels of intracellular Ca®", regardless of whether this is a
physiological or pathological event, activates a number of
enzymes directly, or indirectly via Ca**-binding proteins.
Calpain, a cytoplasmic Ca**-dependent cysteine protease, is
one of the Ca® -activated enzymes (Saido ez al. 1994; Goll
et al. 2003; Suzuki et al. 2004). Although the physiological
function of calpain in neurons has been suggested in synaptic

® 2011 The Authors

was not detected in brain lysates from CAST-over-expressing
mice. CAST expression was 5-fold higher in mouse cerebel-
fum than cerebral cortex. Accordingly, p25 production was
fower in the cerebellum than the cerebral cortex. Furthermore,
the Ca?*-dependent degradation of p35 by proteasome was
evident when calpain was inhibited. Taken together, these
results suggest that CAST is a crucial regulator of calpain
activity, the production of p25, and, hence, the deregulation of
Cdk5. Therefore, impairment of CAST expression and its
associated mechanisms may contribute to the pathogenesis
of neurodegenerative disorders.

Keywords: Alzheimer's disease, calpain, calpastatin, cyclin-
dependent kinase 5.

J. Neurochem. (2011) 117, 504-515.

function and memory formation (Liu et al. 2008), the details
of this mechanism remain unknown. In contrast, its patho-
logical role is well documented, particularly during necrotic
neuronal death (Bevers and Neumar 2008). Thus, the local or
transient activation of calpain may promote its physiological
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function (Liu et al. 2008), whereas excess activation of this
protein is unfavorable for the survival of neurons.

The p-calpain and m-calpain molecules are the major
calpain forms expressed in neurons. These proteins become
activated by Ca®" concentrations in the pM and mM range,
respectively (Saido et al. 1994; Goll et al. 2003; Suzuki
et al. 2004). Both calpains are composed of an 80 kDa large
catalytic subunit and a 30 kDa small regulatory subunit.
These calpains are activated by autocleavage of the
N-terminal inhibitory domain of the 80 kDa subunit, after
conformational change upon the binding of Ca®* (Strobl
et al. 2000; Moldoveanu et al. 2002). Similarly, calpain
usually cleaves substrate proteins at linker regions that
connect globular functional domains, resulting in the alter-
ation of their properties (Suzuki et al. 2004). As the
activation of calpain is an imreversible reaction, calpain
activation must be strictly controlled, particularly in neurons,
which are vulnerable and exhibit limited regeneration. The
inhibitory mechanism for calpain over-activation is critical,
to avoid the undesired activation of calpain-dependent
pathological pathways.

In addition to using the various mechanisms that maintain
Ca®" concentrations at a low level, cells also express a
protein that inhibits calpain, calpastatin (CAST) (Murachi
1989; Goll et al. 2003). Full-length CAST is a 113 kDa
protein including four tandem repeats of a calpain inhibitory
domain that is composed of the so-called A to C sequences.
Although CAST has been known for a long time (Murachi
1989), studies of its function, such as those using CAST
transgenic (TG) or knockout (KO) mouse brains, are
relatively recent. CAST-deficient mice show no apparent
phenotype, but have high sensitivity to neurotoxic kainate
(Takano et al. 2005). In contrast, a CAST TG mouse displays
reduced cell death when neuronal toxicity is applied (Higuchi
et al. 2005a; Rao et al. 2008). These results suggest a major
role for CAST in pathological situations; however, the
number of reports investigating the role of CAST in the
development of AD remains limited (Vaisid et al. 2007; Rao
et al. 2008; Liang et al. 2010).

Cyclin-dependent kinase 5 is a member of the Cdk serine/
threonine kinase family, which is activated by the association
with the regulatory subunit, p35 or p39. Cyclin-dependent
kinase 5 (Cdk5) plays a role in a variety of neuronal
activities, including neuronal migration, synaptic activity,
and neuronal cell death (Ohshima ez al. 1996; Dhavan and
Tsai 2001; Lai and Ip 2009; Hisanaga and Endo 2010). p35 is
a protein with a short half-life that is degraded by the
ubiquitin—proteasome system in healthy neurons (Patrick
et al. 1998; Saito et al. 1998). However, under pathological
conditions of cell stress or injury, p35 can be cleaved by
calpain to p25, which is a more stable fragment of p35
(Patrick ef al. 1999; Kusakawa et al. 2000; Lee et al. 2000).
The resulting Cdk5-p25 complex engenders aberrant activity
and phosphorylates a number of substrates abnormally,
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including the tau protein, which is a major component of
paired helical filaments in AD. Aberrant phosphorylation of
particular substrates is thought to induce neuronal cell death,
leading to neurodegenerative diseases (Hisanaga and Endo
2010). Thus, the elucidation of the cleavage mechanism of
p35 is critical for understanding the neuronal cell death
caused by hyperactivated Cdk5. Here, we investigated the
role of CAST in the cleavage of p35 to p25 using CAST-
engineered animals and mouse brain regions exhibiting
different CAST expression levels. The results suggest that
CAST and Ca" are critical factors in the induction of p25-
dependent Cdk5 hyperactivation in pathological conditions.

Materials and methods

Chemicals and antibodies

The anti-human CAST (H-300), anti-Cdk5 (DC17), and anti-p35
(C19) antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The anti-spectrin (MAB1622) antibody was
obtained from Calbiochem (San Diego, CA, USA). The anti-actin
and anti-calpain 1 (p-calpain) (2H2A7C2) antibodies were from
Sigma (St Louis, MO, USA). The anti-calpain 2 (m-calpain)
(AB81013) antibody was purchased from Chemicon (Temecula, CA,
USA). Horseradish peroxidase-conjugated anti-rabbit or anti-mouse
IgG was obtained from Dako (Glostrup, Denmark). The anti-mouse
CAST antibody was described previously (Higuchi et al. 2005a;
Takano ef al. 2005), as was the PHF-1 aberrantly phosphorylated
tau antibody (Otvos ef al. 1994). Benzyloxycarbonyl-leucyl-leucyl-
leucinal (MG132) and AB,_4, were purchased from Peptide Institute
(Osaka, Japan). Ionomycin, N-acetyl-leucyl-leucyl-norleucinal
(ALLN), epoxomicin and the CAST peptide were obtained from
Calbiochem. Puromycin, chloroquine diphosphate salt, and protease
inhibitor cocktail were purchased from Sigma. z-VAD-FMK was
obtained from Enzo Life Sciences International (Plymouth Meeting,
PA, USA). Sodium pentobarbital {somnopentyl) was from Kyoritsu
Seiyaku Corp. (Tokyo, Japan).

Preparation of recombinant CAST

Recombinant CAST was expressed in, and purified from, Escher-
ichia coli (Maki and Hitomi 2000). Recombinant CAST bound to
Ni-beads was eluted from the column using 50 mM sodium
phosphate buffer, pH 7.5 containing 300 mM NaCl and 150 mM
imidazole, and was dialyzed against HEPES buffer before use.

Animals

All animal experiments were performed according to the guidelines
for animal experimentation of the Tokyo Metropolitan University.
The mice were housed in cages of two to five littermates with access
to food and water ad /libitum in an environment subjected to a 12 h
light/dark cycle. CAST TG or KO mice were bred as described
previously (Higuchi et al. 2005a; Takano et al. 2005). ICR mice
were obtained from Sankyo Laboratory Service (Tokyo, Japan).
Mice were anesthetized with diethyl ether and perfused from the left
ventricle using phosphate-buffered saline containing 1 mM EDTA.
In some experiments, mice were decapitated without phosphate-
buffered saline perfusion after anesthetization with diethyl ether.
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Preparation of brain lysates and brain extracts

Lysates were prepared from snap-frozen human brain tissues from
AD patients (four subjects, average age, 68 years (range, 60—
76 years); average postmortem delay, 12.25 h (range, 9-18 h); two
males and two females; all cases were Braak stage 5 or higher) and
controls [three subjects, average age, 82.6 years (range, 76—
87 years); average postmortem delay, 8.16 h (range, 6-11 h); three
males] at the UCL Queen Square Brain Bank. In brief, small frozen
tissue samples were homogenized in ice-cold P2 buffer containing
protease and phosphatase inhibitors as described previously (Platt-
ner et al. 2006). Mouse brains were dissected and homogenized in
10 volumes (volume/weight) of HEPES buffer (20 mM HEPES, pH
7.5, 5 mM KCl, 2 mM MgCl,, 1 mM EGTA, and 1 mM dith-
iothreitol) at 4°C using a teflon pestle in a glass homogenizer.

p35 cleavage experiments

For in vitro. p35 cleavage experiments, the homogenates were
centrifuged at 18 000 g for 20 min and the supernatants were used
as brain extracts. The cleavage of p35 to p25 was induced by
incubation of the brain extracts with the indicated concentrations of
Ca®* at 35°C. In some experiments, the incubation was carried out at
30°C to reduce the cleavage rate. Ca®* concentrations were
calculated using the Maxchelator sofiware (http://maxchelator.stan-
ford.edu/). In vitro degradation of p35 in the absence of Ca>" was
induced by incubation of the embryonic day 16 fetal brain extract
with 10 pM microcystin and 1 mM ATP at 35°C for 1 and 3 h
(Saito er al. 2003).

Neuronal cell cultures

The preparation and maintenance of primary cortical neurons were
described previously (Minegishi ef al. 2010). Cerebellar granule
cells were cultured at a density of 4 x 10° cells/em® in Neurobasal
(Invitrogen, Carlsbad, CA, USA) medium. For the cleavage of p35
to p25 in neurons, primary neurons were treated with 10 uM or
20 uM ionomycin for 15 min at days in vitro 7 (DIV7) or 14
(DIV14). Primary cortical and cerebellar granule neurons at DIV14
were freated with 10 uM AP for 12 h. Neurotoxic AP aggregates
were made by incubation at 37°C for 48 h in 10% (v/v) 60 mM
NaOH and 90% (v/v) 10 mM phosphate buffer, pH 7.4 (Ono et al.
2010).

Global ischemia and reperfusion

Induction of ischemia-reperfusion was performed according to the
method described previously (Uchino et al. 2002). Eight-week-old
ICR mice were anesthetized with 50 mg/kg of sodium pentobarbital.
Ischemia was induced by bilateral common carotid occlusion. After
5 min of ischemia, reperfusion of blood was restored for 30 min and
brain extracts were prepared as described above.

immunoprecipitation and Cdk5 activity assay

Cyclin-dependent kinase 5-p35 was immunoprecipitated from
mouse brain extracts with anti-Cdk5 antibody C8 as described
previously (Saito et al. 2003). The kinase activity of immunopre-
cipitated Cdk5-p35 was measured with 0.1 mM [y->’PJATP and
histone H1 as substrate at 37°C. Histone H1 phosphorylation was
detected by autoradiography after sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and quantified with a liquid
scintillation counter.
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Sodium dodecyl sulfate—~polyacrylamide gel electrophoresis and
immunoblotting

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was
performed using 12.5% acrylamide for p35 and Cdk5, 10%
acrylamide for calpain and CAST, and 7.5% acrylamide for spectrin.
Immunoblotting was performed as described previously (Sato ef al.
2007).

Statistical evaluation

All of the experiments were performed a minimum of three times
with similar results; representative results are shown. The statistical
significance of the data was tested using Student’s ¢-test to compare
the two conditions. Differences were considered to be significant at
p <0.05 (*) or p <0.01 (**).

Results

CAST levels in AD brains

Aberrant Cdk5 activity and increased levels of p25 have been
implicated in neurodegenerative disorders, suggesting that in
response to loss of Ca** homeostasis, calpain activation and
hence the cleavage of p35 to p25 may contribute to the
etiology of such diseases (Lee er al. 2000; Cruz and Tsai
2004). To test this hypothesis, we examined first the levels of
CAST, an endogenous calpain inhibitor protein, in AD and
control brains by immunoblotting using an anti-CAST
antibody. AD pathology was confirmed by reaction with
the PHF-1 antibody (Fig. la, middle panel), which recog-
nizes phosphorylated tau protein (serine 396 and 404) and is
commonly used as a marker of AD pathology (Otvos et al.
1994). As predicted, high levels of phospho-tau were
selectively detected in the AD samples with no signal
apparent in the corresponding controls. Interestingly, when
the same samples were analyzed for CAST, a significant
decrease in the endogenous calpain inhibitor was evident.
The major band of CAST was detected at ~ 110 kDa,
corresponding to the full length of human CAST (Fig. la,.
upper panel). AD brain samples contained approx. 40% less
CAST in comparison to control brains. A similar decrease
was observed for a CAST fragment at 70 kDa (data not
shown). These data indicate that CAST levels are reduced in
AD.

p35 cleavage to p25 in CAST transgenic or KO mouse brain
extracts

1t is possible that the reduced level of CAST in AD brains
facilitates the hyperactivation of Cdk5 by calpain-mediated
cleavage of p35 to p25. However, postmortem delay is
inevitable in the case of human brains. Activation of calpain
following death makes it difficult to estimate the pathological
component of p25 production (Taniguchi et al. 2001). Given
that levels of CAST inversely correlated with AD pathology,
we went on to define the relationship between CAST,
calpain, and p35 cleavage in genetically-modified animal
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Fig. 1 Levels of the CAST protein in AD patients and controls. (a)
Immunobiots of CAST in corticalthippocampal lysates from healthy
controls (C1-3) vs. AD patients (A1-4) (upper panel). Full-length
CAST was detected at 113 kDa. Immunoblot detection of phosphor-
ylated tau (pTau, middle panel) is also shown along with a loading
controt B-tubulin (Tub, lower panel). Phosphorylated Tau was probed
with PHF-1 for tau pathology in AD brains, and tubulin was a loading
control. Quantitation of levels of CAST detected in (a) is shown in (b).
The levels of CAST in AD brains were 62 + 0.2% of control brains
(means + SE; n = 3 for control and n = 4 for AD; *p < 0.05, Student’s
rtest).

models with altered CAST levels. We analyzed a TG mouse
that over-expressed the human CAST gene under the control
of the calcium-calmodulin kinase II (CaMKII) promoter.
This model was compared to a constitutive CAST KO mouse
as well as wild-type (WT) animals. Equal levels of expres-
sion of mouse CAST were detected in TG and WT mouse
whole brain lysates, while none was present in the CAST KO
(Fig. 2a, top panel). In contrast, human CAST was detected
only in TG brain (Fig. 2a, second panel). There was no
discernible affect on the expression of p-calpain, m-calpain,
CdkS, or actin. The effect of these changes in CAST
expression on CdkS activity was next examined. A Cdk5
immunoprecipitation kinase activity assay using Histone H1
as a substrate showed that Cdk5 activity is marginally
increased in TG brains (107%) and decreased in KO brain
(77%) compared with WT brain (Fig. 2b).

Next, we investigated the levels of p35 and p25. It should
be noted that p25 represents a truncated form of p35, in
which the first 100 N-terminal amino acids are removed by
calpain-dependent cleavage. Thus, an antibody specific for
the C-terminus can be used to detect both p35 and p25 by
immunoblotting. To control for this, acutely prepared WT
mouse brain lysate was incubated in 1 mM Ca®" for 30 min.
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Fig. 2 The effect of transgenic over-expression or knockout of CAST
on levels of p35 and Cdk5 activity. (a) Immunoblots of mouse CAST
(mCAST), human CAST (hCAST), p-calpain (u-calp), m-calpain
(m-calp), Cdk5, and actin in TG, KO, or WT mouse brain. Relative
ratios of the expression of p- and m-calpain are indicated below the
respective biots, 0.95 + 0.07 and 0.94 + 0.06 for m-calpain in TG and
KO mice, and 0.96 + 0.03 and 0.99 + 0.01 for m-calpain in TG and KO
mice (means x SE; n= 3; *p < 0.05, Student’s t-test). (b) The kinase
activity of Cdk5 in TG, KO, or WT mouse brain. The kinase activity was
measured with Cdk5-p35 immunoprecipitated from brain extracts of
1-year-old TG, KO, or WT mice using histone H1 as a substrate (upper
panel). Quantification is shown in lower panel. Bars indicate the
means = SE (n=3; *p < 0.05, Student’s t-test). (c) and (d) Immuno-
blots of p35 and spectrin (Spect) in TG, KO, or WT mouse brain. The
25 kDa cleavage product of p35 {p25) and the 150 kDa cleavage
product of spectrin were detected in lane 1 (WT/Ca?*), in which the
samples were derived by incubating the WT mouse brain extract with
1 mM Ca®* for 30 min at 37°C. Quantification of p35 and spectrin in
CAST TG, KO, and WT mouse brains is shown in lower panels of (c)
and (d). Bars indicate the means + SE (n=3; *p<0.05 and
**p < 0.01, Student’s t-test).

Consistently, this treatment resulted in p25 production
(Fig. 2c, lane 1). However, no p25 was detected in the brain
extracts acutely prepared from any of TG, KO and WT mice.
Interestingly, TG mice exhibited a 1.35-fold increase in p35
in comparison to WT. Furthermore, KO mice displayed a
reduction in p35 levels to 85.2% of that detected in WT
controls, though the reduction was not statistically signifi-
cant. To gain further insight a second analysis was conducted
using a well-defined calpain substrate, spectrin, which is a
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cytoskeletal scaffolding protein that complexes with actin.
Similar to p35, addition of Ca* to a brain extract induces
cleavage of the full-length protein to the 150 kDa calpain-
cleavage product (Fig. 2d, lane 1). In contrast to p35, levels
of spectrin were not appreciably affected by changes in
CAST expression. On the other hand, as with p25, no
calpain-cleaved product of spectrin was produced in these
mice under basal conditions. These data indicate that p35
levels inversely correlate with CAST levels and raise the
possibility that mechanisms beside calpain cleavage may
contribute to p35 expression.

Given very little p25 is detected in normal healthy mouse
brains, it is not surprising that in the absence of stress or
pathology, no p25 was detected even in the absence of CAST
expression. To better understand how factors such as loss of
Ca** homeostasis could affect p3S and p25 levels a simple
model was used in which acutely prepared whole brain
extracts were treated with various times or amounts of Ca®*
to invoke Ca** dependent molecular mechanisms. A treat-
ment of extracts from TG, WT, or KO mice for 0, 10 or
60 min revealed interesting differences in p35 degradation as
a result of changes in CAST expression (Fig. 3a). Specifi-

cally, this treatment resulted in time-dependent reduction in
p35 levels. However, the rate of this reduction was appar-
ently increased in the KO mice lacking CAST expression.
Furthermore, as p35 levels were reduced, no p25 was
generated in the CAST TG mouse. However, p25 was
prominently detected in response to Ca2+ at the 10 min time
point of incubation in the WT and KO mouse brain extracts.
Cdk5 levels were unaffected by any of these treatments. The
pattern for degradation of spectrin was similar to p35,
although the 150 kDa calpain cleavage product was pro-
duced in all mice including the CAST TG line. These data
further point to some specificity in the ability of CAST to
protect p35 from calpain-dependent cleavage.

To more carefully characterize the kinetics of conversion
of p35 to p25 in WT vs. CAST KO mice, a more careful time
course was conducted at 30°C (Fig. 3b). Quantification of
p25 production is shown in Fig. 3(c). In this format, it was
more apparent that the initial production of p25 occurred
earlier and in a more pronounced manner in KO compared
with WT mouse brain extracts (Fig. 3b and c). Taken
together, these data show that CAST expression regulates the
calpain-dependent cleavage of p35 to p25, while pointing to

(a) TG WT KO {c)
ca* 0 10 60 0 10 60 O 10 60 (min) £l 0.4 W
P35 , J ~ 0.3} ."’.
p251 g— 0.2}t 4
Cdks [ pt
— 3 0.1
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l Time (min)

(b) WT : KO Fig. 3 Cleavage of p35 by calpain in CAST
Ca2t 0 5 10 15 30 60 0 5 10 15 30 60 (min) TG or KO mouse brain extracts. () Immuno-
p35 : blots show the effect of treatment of CAST

TG, KO, or WT mouse brain extracts with
1 mM Ca?* for the indicated period of time.
p25 immunoblots for p35/p25, Cdk5, and spec-
Cdk5 trin are shown. (b) Characterization of the
- effects of 2 mM Ca?* on p35 degradation
and p25 production in CAST KO vs. WT
(@ TG wT Ko mouse brain extracts over the broader time-
ca> 0 0.1 10 <>°Q ,\§ 0 01 10 @Q ,\@Q 0 0110 course indicated. incubation with Ca®* was
p35 | - 5 I — e il carried out at 30°C in this experiment. An
immunoblot of Cdk5 is also shown. Thisis a
p25 typical result from three independent
experiments. Quantification of p25 produc-
tion is normalized with Cdk5 and shown in
(e) () () CAST CAST {c). (d) Comparison of 35 cleavage in
WT KO wT KO extracts from CAST TG, KO, or WT mouse
Ca* 0 10 30 0 10 30 10 30 10 30 (min) brains with treatments over a range of Ca®*
p35 - - concentrations. (e) Cleavage of p35 to p25
in WT vs. CAST KO mouse brain extracts
: with 1 mM Ca® in the absence (-), or
p25|
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the possibility that in the absence of calpain activity, p35
levels are regulated by some other Ca®*-dependent mecha-
nism.

In addition to kinetics, the dose-response relationship
between Ca* and p35/p25 levels was evaluated by treating
brain extracts with various concentrations of Ca®* (Fig. 3d).
Using this approach, p35 levels were reduced in TG mouse
brain extracts, as was observed in the time-course experi-
ment, even when incubated with only 0.1 pM Ca**. As in the
time-course experiments, both WT and KO mouse extracts
produced p25 in response to all levels of Ca®*. However,
some p35 remained in WT mice at 0.1 uM Ca®" while only
p25 was appreciated in the KO mice. Furthermore, less p25
was detected, even in the absence of any remaining p35 in
the KO mouse brain extracts possibly because of further
Ca**-depedent degradation subsequent to calpain-dependent
generation of p25.

To ensure that these effects were because of changes in the
levels of the CAST protein, and not to the secondary
consequences of other changes induced by CAST transgen-
esis and knockout, we performed rescue experiments, in
which the WT and KO mouse brain extracts were comple-
mented with recombinant purified CAST. Supplementation
of the WT and KO mice brain extracts with 150 nM
recombinant CAST attenuated Ca®"-dependent generation of
p25, but had no effect on the disappearance of p35 (Fig. 3e,
CAST). The effect of CAST at different concentrations (from
5 nM to 350 nM) was also examined in the WT and KO
mouse brain extracts (Figure S1). The inhibition of p25
generation by exogenous CAST was concentration-depen-
dent. These results suggest that CAST regulates the cleavage
of p35 to p25 in brains.

Differential expression of CAST and differential cleavage to
p25 between cerebral cortex and cerebellum

Calpastatin TG and KO mice are extreme cases, as the
amounts of CAST are genetically modulated in these
animals. Therefore, we wanted to assess the effect of CAST
on the production of p25 in WT animals. It was reported
recently that CAST levels are different in the cerebrum and in
the cerebellum (Vaisid ez al. 2007). We thought that this
could represent a natural model to investigate the effect of
CAST on p25 production. First, we examined the levels of
CAST in several brain regions, i.e., the cerebral cortex,
cerebellum, hippocampus, striatum, and olfactory bulb, using
immunoblotting with anti-CAST and anti-p35 antibodies. As
reported previously, the levels of CAST were about 5-fold
higher in the cerebellum compared with the cerebral cortex
(Fig. 42 and b). Expression of CAST was low in the
hippocampus (~ 60% of that observed in the cerebral
cortex), but its expression in the striatum and olfactory bulb
was about two times higher compared with that observed in
the cerebral cortex. In contrast, we found that the amount of
p35 was lower in the cerebellum than it was in the other brain
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regions. Consistent with the reduced protein amount of p35,
the CdkS activity in the cerebellum was decreased by approx.
33% as compared to cortex (Fig. 4c). Although the expres-
sion of m-calpain was slightly lower in the cerebellum
(~ 90% of that detected in the cerebral cortex), the levels of
Cdk5 and p-calpain were about 1.5 times higher in the
cerebellum compared with the cerebral cortex.

‘We compared the production of p25 between the cerebral
cortex and the cerebellum. Cortical or cerebellar extracts
were incubated with 1 mM Ca®* for the indicated times and
cleavage was examined by immunoblotting using an anti-p35
antibody (Fig. 4d). In the blot of Fig. 4(d), the amount of p35
was adjusted to allow the easy comparison of the production
of p25 between the two brain regions. The decrease in p35
and increase in p25 were quantified in both extracts (Fig. 4e).
The amount of p35 was reduced slightly faster in cerebellar
extracts (Fig. 4e, solid line of right panel) compared with
cortical extracts (Fig. 4e, solid line of left panel). p25
production was higher in cortical extracts compared with
cerebellar extracts (Fig. 4d and e); in addition, the p25
generated in cerebellar extracts was decreased after longer
incubation (Fig. 4e, dotted line of right panel). Therefore, the
total amounts of p35 and p25 were reduced in cerebellar

" extracts after incubation, whereas those detected in cortical

extracts were roughly constant.

Next, we examined the effect of CAST on the production
of p25 in cellular conditions using primary neurons prepared
from cerebral cortex or cerebellum. The amount of CAST
was about 2-fold higher in cerebellar granule cells than it was
in cerebral cortical neurons (Fig. 5a). The cleavage of p35
was induced by treatment of neurons with the calcium
ionophore ionomyecin for 15 min. The amount of p35 at time
0 was adjusted to make the comparison of p25 production
easy. A strong signal for p25 was detected in cerebral cortical
neurons, but p25 was not increased in cerebellar granule cells
(Fig. 5b). The levels of CAST increased from DIV4 to
DIV14 of the cultivation of cerebellar granule cells (Fig. Sc).
The cleavage of p35 to p25 was compared in cerebellar
granule cells between DIV7 and DIV14. The amount of p25
increased significantly in cerebellar granule cells at DIV7,
but not at DIV14, after ionomycin treatment (Fig. 5d). To
evaluate the effect of CAST to molecular mechanisms
underlying AD, we treated cultured cortical or cerebellar
neurons with AP and examined the p25 production. While
p25 was detected in cortical neurons treated with AP, the
same treatment failed to generate p25 in cerebellar granule
neurons (Fig. 5¢). These results also indicate that the levels
of CAST regulate the calpain-mediated generation of p25 in
neurons.

The cleavage of p35 was investigated further at the
individual level using postmortem and ischemic mouse
brains. The production of p25 was compared between the
cerebral cortex and the cerebellum of mice kept at 25°C after
killing by cervical dislocation. Although p25 was generated
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Fig. 4 Regional distribution of CAST in mouse brain and the p35
cleavage in cerebral cortex and cerebellum. (a) Immunoblots of
lysates from adult mouse cerebral cortex (Cx), cerebellum (Cb), hip-
pocampus (Hc), striatum (St), and offactory bulb (Ob) for CAST, p35,
Cdk5, p-calpain, m-calpain, and actin. (b) Ratio of the expression of
p35 and CAST in the various brain regions relative to their expression
in the cerebral cortex. Bars indicate the means = SE (n= 3; "p < 0.05,
Student's ttest). Black bar is CAST and white bar is p35. (¢) The
kinase activity of Cdk5-p35 in mouse cerebral cortex and cerebellum.
The kinase activity was measured as described in the legend of

in both the cerebral cortex and cerebellum after 30 min of
postmortem delay, more p25 was detected in the cerebral
cortex compared with the cerebellum (Figure S2). p25
accumulated gradually in the cerebral cortex with increasing
time of postmortem delay, up to 3 h, whereas the levels of
p25 decreased slightly in the cerebellum after 1h of
postmortem delay, in spite of the significant decrease in the
levels of p35. To examine the generation of p25 under
controlled in vivo experimental conditions, we used an
ischemia—reperfusion system, which- activates calpain in the
brain (Yokota ef al. 1995). Global ischemia was induced by
5 min of bilateral common carotid occlusion, which was
followed by 30 min of reperfusion (Uchino ez al. 2002). The
production of p25 was compared between the cerebral cortex
and the cerebellum by immunoblotting using an anti-p35
antibody (Fig. 6a). The levels of p25 generated in the
cerebellum is expressed as the relative ratio to that in the
cerebral cortex after normalizing the p35 levels between
control cortex and cerebellum (Fig. 6b). The generation of
p25 was higher in the cerebral cortex than in the cerebellum.
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Fig. 2(b). The Cdk5 activity in cerebellum was 64 + 4% of that of
cortex (means = SE; n = 3; *p < 0.05, Student’s t-test). (d) Compari-
son of the cleavage of p35 to p25 in extracts from cerebral cortex vs.
cerebellum. The extracts were treated with 1 mM of Ca®* for the
indicated period. Immunoblots of p35/p25 and Cdk5 are shown. (e}
Quantification of p35 and p25 in the cerebral cortex (Cx, left panel) and
cerebellum (Cb, right panel). The levels of p35 (solid lines) are indi-
cated by the scale of left side vertical axis and those of p25 are by the
scale of right side vertical axis. Bars indicate the means + SE (n= 3;
*p < 0.05, Student’s t-test).

These results indicate that CAST regulates the calpain-
mediated cleavage of p35 to p25 in vivo in brains.

Calcium-dependent proteasomal degradation of p35

As was shown above, the calcium-induced degradation of
p35 was observed in CAST TG mouse brain extracts
(Fig. 3a) and in cerebellar extracts (Fig. 4d). To identify
the protease involved in this degradation of p35, we
incubated TG mouse brain extracts with 1 mM Ca®" in the
presence of various protease inhibitors, such as ALLN
(calpain inhibitor), z-VAD (caspase inhibitor), chloroquine
(cathepsin D inhibitor), puromycin (aminopeptidase A
inhibitor), and MG132 (proteasome inhibitor) (Fig. 7a).
MG132 alone inhibited the degradation of p35. These results
indicate that the calcium-induced degradation of p35 is
catalyzed by the proteasome.

Although, we have previously investigated the proteaso-
mal degradation of p35 (Saito ef al. 1998; Wei et al. 2005;
Minegishi et al. 2010), its mechanism is not yet completely
resolved. The calcium dependence of p35 degradation
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Fig. 5 Cleavage of p35 to p25 in cultured cortical or cerebellar neu-
rons. (a) Immunoblots of extracts from mouse primary cultured cortical
(Cx) and cerebeliar (Cb) neurons at DIV14 for CAST or actin. Quan-
tification of CAST is shown in the lower panel. Bars indicate the
means = SE (n= 3; *p < 0.05, Student's paired ttest). (b) The effect
of the Ca®* ionophore, ionomycin (IM, 10 pM, 15 min) on p25 levels in
Cx vs. Cb cultured neurons. Immunoblots for p35/p25 and Cdk5 are
shown with quantitation of p25 levels (lower panel). Bars indicate the
means = SE (n= 3; *p < 0.05, Student’s ttest). (c) The effect of time
in culture on CAST expression in primary cultured cerebellar neurons.

Cx Cb

Fig. 6 Effects of ischemia on the cleavage of p35 to p25 in mouse
cortex vs. cerebelium. (&) Ischemia induced p25 generation to different
levels in Cx vs. Cb. iImmunoblots of p35/p25, Cdk5, and actin are
shown with quantitation (b). The p25 was measured and normalized to
the amount of p35 in control mouse brain cortex or cerebellum. The
production of p25 in the cerebellum is expressed as the relative ratio to
that in the cerebral cortex after normalizing the p35 levels between
cortex and cerebellum. Bars indicate the means + SE (n=3;
*p < 0.05, Student’s t-test).
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Immunoblots of CAST and actin in lysates from cultures maintained for
the indicated number of days in vitro (DIV) are shown. (d) The effect of
ionomycin (IM, 20 pM, 15 min) on p25 levels in primary cerebellar
neurons at DIV7 and DIV14. Immunoblots of p35/p25 and Cdk5 are
shown with quantitation of p25 (lower panel). Bars indicate the
means = SE (n = 3; *p < 0.05, Student's t-test). (e) AB-induced p25
production in cortical or cerebellar neurons. Mouse cortical neurons
(Cx) and cerebellar neurons (Cb) at DIV14 were treated with 10 uM
AB1.42 for 12 h (+). Immunobilots for p35/p25 and Cdk5 are shown in
duplicate.

became apparent here in the presence of an excess amount of
CAST, which suppressed the activation of calpain. To
determine whether the calcium-dependent proteasomal deg-
radation of p35 occurs in WT mouse brains, we incubated
WT brain extracts with 1 mM Ca®" in the presence of the
calpain inhibitor CAST peptide. Even when the cleavage to
p25 was inhibited by the CAST peptide, the levels of p35 were
still decreased after incubation with Ca** (Fig. 7b, lane 3).
This decrease in p35 was prevented by the administration of
MG132 (Fig. 7b, lane 4) or of the more specific proteasome
inhibitor epoxomicin (Fig. 7b, lane 5). The same result was
obtained using rat brain extracts (data not shown). We tested
if CAST affects the degradation of p35 in the absence of Ca®*
using the in vifro degradation assay (Saito et al. 1998). p35
in fetal mouse brain extract was degraded by incubating with
protein phosphatase inhibitor microcystin and ATP (Fig-
ure S3, lanes 2 and 3), but the addition of recombinant CAST
did not change the degradation of p35 (Figure S3, lanes 4
and 5). These results suggest that CAST regulates only the
Ca**-dependent degradation of p35.

We examined the calcium-dependent degradation of p35
further in primary cortical neurons. Treatment of mouse brain
cortical neurons with low (5 uM) or high (20 uM) concen-
trations of ionomycin for 60 min led to the generation of the
p25, which was inhibited by ALLN, in the presence of
20 uM ionomycin (Fig. 7c, lane 5); in contrast, 5 uM
ionomycin induced the degradation of p35 without the
production of p25 (Fig. 7c, lane 2). This decrease was
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Fig. 7 The pathway of p35 degradation is
determined by CAST. (a) The effects of
various protease inhibitors on p35 degra-
dation in CAST TG mouse brain extracts
treated with 1 mM Ca®*. Lysates were
incubated with vehicle (DMSO), non (Cont),
or treated with an inhibitor of calpain (ALLN,
10 uM), caspase (z-VAD, 1 mM), cathepsin
D (Chlor, chloroguine, 100 uM), aminopep-
tidase (Puro, puromycine, 1 mM), a prote-
ase inhibitor cocktail (PIC containing
AEBSF, aprotinin, leupeptin, bestatin, pep-
statin A, and E-64), or a proteasome inhib-
itor (MG132, 10 uM). Immunoblots of p35
and Cdk5 are shown, with quantitation for
p35 (means = SE; n=3). (b) CAST
switches p35 from calpain-dependent
cleavage to proteasome-dependent degra-
dation. The effect of 1 mM Ca** on mouse
brain extract p35/p25 levels in the presence
of CAST peptide (CP), MG132, or the pro-
teasome inhibitor epoxomicin (Epx) is
shown in immunoblots, with quantitation of
p35 (means = SE; n= 3). (c) The level of
Ca®* ionophore determines the pathway of
p35 degradation. The effect of 5 vs. 20 uM
ionomycin (IM) in the presence of 2 mM
Ca?* in the presence of either the calpain
inhibitor ALLN or the proteasome inhibitor
MG132 is shown in immunoblots of p35/p25
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inhibited by MG132, but not by ALLN (Fig. 7c, lanes 3 and
4). These results indicate that p35 is degraded by the
proteasome in neurons in a calcium-dependent manner.

Discussion

Here, we investigated the role of CAST in the cleavage of the
p35 CdkS5 activator to p25. For this purpose, we performed a
differential analysis of CAST TG, CAST KO and WT mouse
brain extracts, from cerebral cortex and cerebellum. In all
experimental paradigms, the increased levels of CAST
abrogated the cleavage of p35 to p25. Thus, it is conceivable
that the decreased CAST levels in AD brains could lead to
calpain-dependent hyperactivation of Cdk5 thereby contrib-
uting to the pathogenesis of AD. Furthermore, we found that
p35 was degraded by the proteasome in a calcium-dependent
manner. Thus, the calcium-dependent regulation of the
CAST-calpain and ubiquitin—proteasome systems seems to

© 2011 The Authors

and Cdk5, with quantitation of p35 levels
(means + SE; n=3).

play a pivotal role in the regulation of the Cdk5 activity in
the brain.

It is well documented that calpain is activated during
neuronal cell death through various insults, such as ischemia
and glutamate or kainate cytotoxicity (Saido ez al. 1994; Xu
et al. 2007; Liu et al. 2008). Activated calpain cleaves many
proteins, leading to exacerbation of the cellular death
processes. However, it has not been determined conclusively
whether calpain activation is a primary cause of this
phenomenon, In contrast, it has been proposed that calpain
activation is a result of neuronal death under conditions in
which peurons cannot maintain the intracellular calcium
concentration at a low level. We examined here the role of
CAST in calpain activation in vitro and in vivo. For this
purpose, we used two different mouse models, which exhibit
opposing changes in CAST levels, namely the CAST TG and
CAST KO mice. Calpain activation occurred easily in brain
tissue from KO mice, as well as in tissue from brain regions,
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such as the cerebellum, that express low levels of CAST. At
low levels of CAST, calpain was activated concomitantly
with the small and transient increase in Ca®" that is
insufficient to activate calpain under normal conditions.
These results implicate the possibility that calpain overacti-
vation is a cause of neuronal cell death, if the levels of CAST
are low or reduced.

Calpastatin was decreased significantly in AD (Rao et al.
2008 and this study). These results suggest that neurons in
AD brains cannot regulate the level of activation of calpain,
even when a subtle insuit is applied. Many reports have
demonstrated hyperactivation of Cdk5 by the calpain-med-
iated cleavage of p35 to p25 in neurodegenerative diseases,
including AD (Patrick ef al. 1999; Lee et al. 2000; Cruz and
Tsai 2004). Consistently, p25-induced Cdk5 activation can
indirectly mediate abnormal tau phosphorylation via dereg-
ulation of glycogen synthase kinase 3 {(GSK3) (Plattner et al.
2006). In addition, recent reports suggest a possible
involvement of the calpain—Cdk5 cascade in AD neuro-
degeneration through beta-secretase (BACE)-AB feedback
loop (Zheng et al. 2005; Cruz et al. 2006; Wen et al. 2008;
Liang et al. 2010). One of the remaining questions is, why
the levels of CAST are decreased in AD brains. CAST is
degraded mainly by calpain in adult brains (Higuchi et al.
2005a). Decreased expression of CAST in AD patients, in
which massive neurodegeneration has already occurred,
might be simply a result of calpain activation. Alternatively,
CAST expression may be decreased in AD, over the
age-dependent reduced expression (Averna et al. 2001) for
unidentified reasons. Our finding of the easy induction of the
hyperactivation of Cdk5 in the cerebral cortex with the low
levels of CAST expression supports the latter possibility, i.e.,
that the reduced levels of CAST could be a cause of the
initial activation of calpain. Activated calpain may down-
regulate CAST further. As a result of this kind of positive
activation loop, calpain would attain an abnormally high
activity in neurons, leading to neurodegeneration. If this is
the case, the inhibition of calpain activation would be a likely
candidate to achieve the prevention of AD, because the
inhibition of calpain does not induce any apparent deleterious
effects in healthy neurons (Higuchi et al. 2005b; Liu et al.
2008; Pietsch et al. 2010). Moreover, CAST is a promising
candidate for inhibition of calpain overactivation in
neurodegenerative diseases.

Calpastatin was identified as an inhibitor of calpain more
than 20 years ago (Murachi 1989). No other function of
CAST has been indicated (Goll et al. 2003). The physiolog-
ical, as well as pathological, functions of CAST in the brain
were challenged recently by the generation of CAST KO and
TG mice (Higuchi et al. 2005a; Takano et al. 2005; Rao
et al. 2008; Liang et al. 2010). The two types of mice, either
over-expressing CAST or lacking CAST, respectively,
exhibited no apparent phenotype in normal conditions. In
contrast, in pathological conditions, neurons expressing more

© 2011 The Authors

Calpastatin regulates cleavage of Cdk5 activator p35 | 513

CAST were resistant to a kainate insult (Higuchi ez al. 2005a;
Rao et al. 2008), whereas neurons deficient in CAST showed
vulnerability to this insult (Takano ef al. 2005). These results
confirmed that CAST plays a major role in pathological
neurodegeneration when calpain is activated. Later, behavior
analysis of CAST KO mice found that these animals display
a deficiency in the acoustic startle response and decreased
locomotive activity in a stressful environment (Nakajima
et al. 2008), suggesting the possibility that CAST also has a
physiological function in synaptic activity. The question
remains whether the deficiency in the acoustic startle
response and the decreased locomotive activity are a result
of calpain activation in stressful environmental conditions. If
the function of CAST is associated exclusively with calpain
inhibition, these results may mean that calpain participates in
some of the affective motor activities. The report of a study
using p-calpain KO mice described a role for this protein in
post-synaptic function (Grammer et al. 2005). If calpain is
not involved in locomotive function, however, these results
suggest a novel function of CAST that is independent of
calpain. Several locomotive behaviors are controlled by
cerebellar neurons, where CAST is expressed abundantly.
Although the reason for the extremely high levels of
expression of CAST in the cerebellum remains unknown,
the high levels of CAST may be connected with cerebellar
motor function. In any case, to date, there is no clear
evidence indicating that stronger suppression of calpain
activation by high CAST expression is deleterious in
neurons.

The proteasome is a non-lysosomal protease system that
degrades ubiquitinated proteins (Goldberg 2003; Tanaka
2009). The proteasome regulates a number of physiological
cellular processes, including the cell cycle, immune response,
endoplasmic reticulum stress response, and metabolism, in a
manner that differs from that observed for calpain, which
functions mainly in pathological cell death. Therefore, the
proteasome has several properties that are in contrast to those
of calpain. For example, the proteasome is active in normal
cellular conditions, in which calpain is usuvally inactive.
Nonetheless, the cross-talk between the ubiquitin—protea-
some system and calpain has been suggested. For example,
inhibition of the proteasome induces the calpain-mediated
cleavage of IkappaB (IkB) (Li et al. 2010). Here, we used
CAST TG and KO mice to show that the levels of the p35
protein increased in parallel with the increase in the
expression of CAST. p35 is a protein that has a short half-
life and is degraded by the proteasome. The increased
amount of p35 suggests the decreased turnover rate of p35 in
CAST TG mouse brains, although CAST did not affect the
in vitro degradation of p35 in the absence of Ca*'. It is not
known how CAST regulates the proteasome-dependent p35
degradation.

Finally, we found the calcium-dependent degradation of
p35 using CAST TG mouse brains, in which the calpain-
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dependent cleavage of p35 to p25 was suppressed. This
calcium-dependent degradation was also seen in WT brains
in the presence of calpain inhibitors. The degradation of p35
was induced in neurons via treatment with glutamate or
NMDA (Wei et al. 2005; Hosokawa et al. 2006). The
NMDA-induced degradation of p35 was regulated by
calcium (Wei ef al. 2005); we thought that calcium may
stimulate the activity of Cdk5 to phosphorylate p35, which
represents a tag for ubiquitination. According to the present
results, however, calcium seems to stimulate the ubiquitina-
tion or degradation of p35, rather than the activity of Cdk3-
p35. It was proposed that the NMDA-dependent degradation
of p35 is involved in synaptic plasticity (Wei et al. 2005). As
described above, the involvement of CAST in synaptic
activity was also suggested by the decreased locomotive
activity observed in CAST KO mice (Nakajima et al. 2008);
CAST may contribute to synaptic activity via the regulation
of proteasome activity. CAST-engineered mice may represent
animal models that will be useful for the more detailed
investigation of the calcium-dependent degradation system.
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Introduction

Alzheimer’s disease (AD) is the most common cause of dementia
in the elderly. It is characterized clinically by progressive declines
in memory, executive function, and cognition. It is also
characterized by pathological features, including the deposition
of amyloid plagues and neurofibrillary tangles as well as neuronal
and synaptic loss in particular areas of the brain [1]. Accumulation
of amyloid B peptide (AB) is hypothesized to initiate the pathogenic
cascade that eventually leads to AD. The amyloid hypothesis is
based on an imbalance between the production and clearance of
AB [2]. AB is produced by f- and y-secretase-mediated sequential
proteolysis of amyloid precursor protein (APP) and plays a central
role in AD pathogenesis. Because f- and y-secretases are directly
involved in AP production, they are straightforward and attractive
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therapeutic targets for AD. A number of compounds that inhibit
or modulate these secretase activities and AP levels in vitro and in
i have to date been developed [3,4].

Development of a human, cell-based in vitro assay system is a
basic requisite for drug discovery and for investigating mechanisms
of the disease. Induced pluripotent stem (iPS) cells reprogrammed
from somatic cells [5,6] provide an opportunity to easily generate
and use patient-specific differentiated cells. Because previous AD
assay systems using human cancer cell lines or primary rodent cell
cultures did not perfectly present the human intracellular
environment or components, human iPS (hiPS) cell-derived
neuronal cells may enable the development of more efficient
drugs, such as y-secretase modulators, and the better elucidation of
AD mechanisms. In this study, we successfully generated forebrain
neurons from hiPS cells, and showed that AP production in
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neuronal cells was detectable and inhibited by some typical
secretase inhibitors and modulators. Thus, we provide a new
platform for AD drug development, which might be applied to AD
patient-specific iP$ cell research.

Results

Differentiation of forebrain neurons from hiPS cells

Recently, forebrain neurons were successfully differentiated
from mouse embryonic stem (ES) cells [7,8,9] and human ES and/
or iPS cells [9,10,11]. The methods used for differentiation into
spinal motor neurons and midbrain dopaminergic neurons
required the morphogens retinoic acid (RA)/sonic hedgehog
(SHH) and fibroblast growth factor 8 (FGF8)/SHH, respectively
[11,12]. On the other hand, non-morphogens [10,11] or Lefty A
and Dickkopf homolog 1 (Dkkl) [7,9] have been used for the
induction of hiPS cells into forebrain neurons. Because amyloid
plaques are observed in the cerebral cortex from the early stage of
AD development [13], stem cells should be differentiated to at
least forebrain neurons for in vitro assays in AD research.

We differentiated forebrain neurons from hiPS 253G4 cells,
which were generated from human dermal fibroblasts using three
reprogramming factors (Oct3/4, Sox2, and KIf4) [14], as
described previously (Figure 1A) [12,15]. When neural stem cells
were induced with Noggin and SB431542 for 17 days, we obtained
cells that were positive for the neuroectodermal marker, Nestin
(Figure 1B), as previously reported using human and monkey ES
cells [15]. After culturing the cells with morphogen-free medium
for days 17-24, Forkhead box G1 (Foxgl) expression was induced
and Foxgl-positive cells were observed (Figure 1C, D) [11,15]. We
also examined whether treatment with cyclopamine, an SHH
inhibitor, increased the number of neurons presenting a
glutamatergic phenotype as observed in mouse ES cells [8]. The
expression level of vesicular glutamate transporter 1 (vGlutl), a
glutamatergic marker, was not significantly increased by the
addition of cyclopamine (final concentration 1 pM) from days 17
to 24 (data not shown). Therefore, we did not add cyclopamine in
this period in subsequent experiments. At day 24, dissociated cells
were reseeded on 24-well plates to further characterize the cells.

Next, we evaluated the hiPS cell-derived neuronal cells using
four cortical layer-specific markers, T-brain-1 (Thrl) and chicken
ovalbumin upstream promoter transcription factor (GOUP-TF)-
interacting protein 2 (Ctip2) [9,10,11], and cut-like homeobox 1
(Cux1) and special AT-rich sequence-binding protein 2 (Satb2)
[16]. Quantitative polymerase chain reaction (JPCR) revealed that
expression levels of these markers were increased in a differenti-
ation day-dependent manner (Figure 1E). At day 52, all four of
these markers were visualized by immunocytochemistry (ICC)
(Figure 1F). The percentages of marker-positive cells relative to the
total number of cells were 62.2+2.9% for Thrl, 11.9+3.0% for
Ctip2, 82.6%5.0% for Cuxl, and46.0%7.1% for Satb2. The
population of each marker-positive cell was similar to that of data
reported previously in human fetal brain around gestational week-
20 [16]. In this experimental schedule, most cells expressed one or
a few neocortical markers at day 52.

Characterization of hiPS cell-derived neuronal cells

Cells that were reseeded at day 24, were sparsely adhered to the
culture plate and had proliferated and extended neurites in a time
course-dependent manner as observed by the neuronal marker,
class-III B-tubulin (Tyjl), and microtubule-associated protein 2
(MAP2) (Figure 2A). Tujl expression was almost saturated at day
45 (Figure 2B), but MAP2 and synapsin I expression were still
increasing (Figure 2C, D). Synaptic development continued until
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day 52, and many synapsin I-positive puncta were detected by
ICC at day 52 (Figure 2A). Expression of the glial marker, glial
fibrillary acidic protein (GFAP), was highest at day 52 in this
schedule (Figure 2E). This sequential expression pattern is similar
to that reported recently in human pluripotent stem cell-derived
neurons; the synapsin I-positive neuronal and GFAP-positive glial
cultures at day 52 corresponded to the stage at which spontaneous
neuronal activity was observed [17]. ’

We then examined the neurotransmitter phenotypes of these
differentiated neurons by evaluating the synthesizing enzymes for
two typical cortical neurotransmitters, glutamate and y-aminobu-
tyric acid (GABA). Expression of the glutamatergic neuronal
marker, phosphate-activated glutaminase (PAG) [18], and the
GABAergic neuronal marker, glutamate decarboxylase (GAD),
were observed by ICC at day 52 (Figure 2F). PAG- and GAD-
positive neurons comprised 60=20% and 5+4% of total cells,
respectively. Most of the Tujl-positive neurons were also co-
localized with the punctate signals of vGlutl (Figure 2G). GABA-
positive neurons comprised a similar population to the GAD-
positive ones (Figure 2F, H). On the other hand, cholineacetyl-
transferase (ChAT) or wvesicular acetylcholine transporter
(VAChT)-positive cholinergic neurons were little observed at day
52, although their mRNA level increased with differentiation time
(Figure S1). These data showed that a majority of differentiated
neuronal cells possessed a glutamatergic phenotype in the present
condition.

Differentiated neuronal cells express some components

related to AP production

To evaluate their usefulness as an AD model, we measured the
levels of A secreted from the differentiated neuronal cells at days
38, 45, and 52. In the non-amyloidogenic pathway, o-secretase
cleaves full-length APP (FL-APP) within the AP domain to the
large soluble APP fragment (sAPPo) and APP-C terminal fragment
o (CTFa) (Figure 3) [19]. In the amyloidogenic pathway, B-
secretase, B-site APP cleaving enzyme 1 (BACEL), cleaves APP on
the N-terminal side of the AP domain to soluble sAPPf and APP-
CTFB (Figure 3). FL-APP and its cleavage products were
increased in a time-course-dependent manner (Figure 3).

APP has three alternatively spliced isoforms: APP695, APP751,
and APP770. APP695 is most abundantly expressed in neurons,
whereas APP751 and APP770 show more ubiquitous expression
patterns [20]. In cell lysates, we detected three separate APP
variants on western blots. The estimated percentages of the
neuron-dominant variant APP695 were 64.5%1.0%, 68.6%2.2%,
and 69.622.1% at days 38, 45, and 52, respectively (Figures 3A
and S2). The neuronal population at day 52 was approximately
consistent with the sum of the percentages of the glutamatergic
and GABAergic neurons mentioned above.

The aspartyl protease BACEL, the major B-secretase involved in
cleaving APP, is a significant molecule for AD pathology because
BACEI] protein levels and activity are increased in the brains of
patients with the sporadic form of AD [21]. In our differentiated
neurons, BACE!L protein levels were increased in a time course-
dependent manner (Figure 4A, B), and we speculated that the
upregulation of BACEl protein levels may be due to a
posttranscriptional mechanism [22]. BACE1 mRNA levels were
slightly elevated with time (Figure 4B). These data may indicate
that increased BACE] protein levels were mainly induced by
translational activation along with neuronal differentiation.

APP-CTFB is cleaved to AP and APP intercellular domain
(AICD) by y-secretase (Figure 3). The y-secretase complex consists
of four core members, presenilin (PS; either PS1 or PS2), nicastrin,
Pen-2, and Aph-1 [23]. PSI, nicastrin, and Pen-2 were detected by
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Figure 1. Differentiation of forebrain neurons from hiPS cells. (A) Experimental scheme of neural differentiation from hiPS cells, 253G4.
Nestin-positive neuroepithelial cells (B) and Foxg1-positive cells {C) were observed at days 17 and 24, respectively. Scale bar, 50 pm. Expression levels
of Foxg1 (D) and the neocortical markers Tbr1, Ctip2, Cux1, and Satb2 (E) at days 0, 24, and 52. Expression levels were measured by gPCR and
normalized by that of GAPDH. “Fold expression” is shown as a ratio of day 24/day 0 or day52/day 0. Each column represents the mean = SD of 3
assays. "p<0.05, “p<0.01, "p<0.001, significantly different from day 0 by Dunnett's test. (F) ICC staining of Tbr1-, Ctip2-, Cux1- and Satb2-positive

cells at day 52. Scale bar, 50 pm.
doi:10.1371/journal.pone.0025788.g001

western blotting, but their expression levels did not change
markedly over time (Figure 4A, C). Aph-1 has two isoforms in
human, Aph-IA and Aph-1B, which are considered to have
different effects on the production of AP species related to AD
[24]. Their expression levels measured by gPCR were relatively
constant (Figure 4D). The Aph-1B/Aph-1A ratios also did not
show significant differences among the time points analyzed here
(Figure 4E).

AP has several species, including AP40 and AB42, which have
emerged as two of the most robust AR measurements in brain.
Recent studies suggest that AB40 and AP42 may have different
effects on AP aggregation or oligomerization [25,26]. We
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measured AB40 and AP42 secreted into conditioned media for 2
days by sandwich ELISA. Both types of AB increased with time
(Figure 5A). The level of AP40 was higher than that of AB42,
compatible with previous reports [4,27,28,29,30]. Interestingly,
the ratio of AB42/AB40 was highest at day 38, and there was no
significant difference between days 45 and 52 (Figure 5B).

Inhibition of AB40 and AB42 secretion

We examined whether the differentiated neurons contained
funtional B- and y-secretases and whether AR secretion could be
controlled. We selected the most effective, commercially available
B- and y-secretase inhibitors, f-secretase inhibitor IV (BSI) [31]
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Figure 2. Characterization of neuronal and glial cells differentiated from hiPS cells. (A) Time-dependent morphological changes of cells
reseeded in a 24-well plate. Neuronal and glial cells were stained by anti-Tuj1 (left; red), anti-synapsin | (left; green), anti-MAP2 (tight; red), and anti-
GFAP (right; green) antibodies and DAPI (right; blue) at 38, 45, and 52 days. Scale bar, left; 20 pm, right; 50 um. Expression levels of Tuj1 (B), synapsin |
(C). MAP2 (D), and GFAP (E) at days 0, 24, 38, 45, and 52 were measured by qPCR and normallzed by that of GAPDH. “Fold expression” is the ratio of

expression at each day compared to day 0. Each point represents mean * SD of 3 assays. "p<0.05, “p<0.01,

p<0.001, significantly different from

day 0 by Dunnett’s test. (F-H) Neurotransmitter phenotypes at day 52. PAG {red)- and GAD {green)-positive (F), vGlut1 (green)- and Tuj1 (red)-positive
(G), and GABA (green)- and Tuj1 (red)-positive cells (H). Blue, DAPI. Scale bar, 50 um.

doi:10.1371/journal.pone.0025788.g002

and 7y-secretase inhibitor XXI/Compound E (GSI) [32], respec-
tively. We also examined the effect of a non-steroidal anti-
inflammatory drug (NSAID), sulindac sulfide [33], because some
NSAIDs directly modulate y-secretase activity to selectively lower
AB42 levels [33,34]. The cells were treated with each drug for 2
days, and AP was monitored in the collected media at day 38 or
52.

There were different susceptibilities to all three drugs between
days 38 and 52 (Figure 6) as revealed by two-way analysis of
variance (ANOVA) [significant interaction between day and dose
(BSI, #<<0.001 in AB40 and AB42, respectively; GSI, p<0.001 in
AP40 and AP42, respectively; NSAID, $<<0.001 in AB42)].
Following BSI and NSAID treatment, secretion of AB40 and
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AP42 was decreased in a dose-dependent manner (Figure 6A, B,
E, and F). NSAID especially showed more efficient inhibition of
AP42 than that of AB40, consistent with a previous report [33].
Following GSI treatment (Figure 6C, D), secretion of both AB40
and AP42 was increased at lower doses (107"'~1072 M), but was
inhibited at higher doses (107'—10"°M) at day 52. This.
phenomenon, which is called a “gradual AP rise”, was observed
following the addition of other GSIs in a cell line system [35]. On
the other hand, secretion of both AB40 and AP42 at day 38
showed a fast increase at lower doses (107''=107° M) (AB surge)
and drastic decline at 1078 M. We also examined the effects of
these inhibitors on cell viability using the lactate dehydrogenase
(LDH) assay. Two-day-treatments with the highest concentrations
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on the given day compared to day 38. "p<<0.05, “p<0.01,
doi:10.1371/journal.pone.0025788.g003

of BSI, GSI, or NSAID did not induce cell death (Table S1). We
also traced these experiments using buman ES (hES) cell (H9)-
derived neuronal cells (Figure S4) because remaining expression of
reprogramming factors, Oct3/4 and KIf4, were observed in hiPS
cell (253G4)-derived neuronal cells (Figure $6). The AP produc-
tion and its inhibition by these drugs in hES cell-derived neuronal
cells were relatively similar to those in hiPS cell-derived ones
(Figure S5). These data showed that BSI, GSI, and NSAID
partially or fully blocked AP production in the hiPS cell-derived
neuronal cells, indicating that these cells expressed functional B-
and 7y-secretases.

Discussion

AD is the most common cause of dementia in the elderly, with
progressive neuronal loss in the cerebral cortex and hippocampal
formation. Although the underlying etiology of most AD remains
unclear, AP is thought to play a pivotal role in its pathogenesis.
Studies from animal and cellular models have shown that
mutations in the APP, PS1, and PS2 genes affected the production
of AP, which contributes to the formation of amyloid plaques [19].
In several strains of mouse models, AB levels in brain tissue,
cerebrospinal fluid (CSF), and plasma have been associated with
AD pathogenesis and cognitive impairment [27,28,36]. Human
samples from clinical AD patients have also been used for
pathological and biochemical analyses to understand the etiology
of AD. AP levels in CSF and plasma have been examined to
evaluate their risks for AD [29,37], but brain tissues are only
available postmortem for such analyses. On the other hand,
immortalized human cell lines derived from kidney or brain,
primary neurons derived from mice and rats, or cells artificially
overexpressing APP or presenilin with or without familial AD
mutations have been utilized for in vitre studies [4,30]. There is no
doubt that these cells are quite different from living neurons in the
human body in terms of innate qualities. Although we have had no
choice until recently, important advances in technology of iPS cells
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""p<0.001, Tukey's test.

may now provide the opportunity to use intact human-derived
neuronal cells [38].

We evaluated whether iPS cell-derived neuronal cells could be
applied to an i vitro cell-based assay system for AD research. In
particular, further investigations into the metabolic mechanisms of
AP are requisite for drug development to treat the brains of
patients afflicted with AD. In this respect, we provide a profile of
the molecular components associated with AB production in hiPS
cell-derived neuronal cells and propose to add an A assay system
using these cells to the panel of generalized AB-monitoring systems
(Table 1). Human neuronal cells are considered to provide more
accurate human neuronal conditions within which to evaluate
drug efficacy or toxicity than other human cell lines (e.g., cancer
lines). Furthermore, we would be able to investigate how hiPS cell-
derived neuronal cells reflect AD-related physiological and
pathological conditions based on A production.

In the present study, we characterized iPS cell-derived neuronal
cells in terms of their expression of neuronal and glial markers by
exposing them to Noggin and SB431542 during their differenti-
ation (Figures 1 and 2). We observed increases in GFAP mRNA
levels and in synapsin I-positive synaptic puncta at day 52. This
was consistent with data showing that the existence of astrocytes
promotes synaptic activity in human ES cell-derived neurons [40].
When differentiation occurred in the presence of non-morpho-
gens, we obtained mainly glutamatergic neurons (Figure 2F, G),
quite in line with previous reports of concerning hES and hiPS
cells [10,11]. Expression of the forebrain marker Foxgl suggests a
default forebrain identity of the 253G4 iPS cells used in this study
(Figure 1C, D). We also observed the expression of the neocortex-
specific transcriptional factors Thrl, Ctip2, Cuxl, and Satb2
(Figure 1E, F). These expression schemes appear to mimic human
neocortical development in vitro [16], although further analyses are
needed to assist in understanding human neuronal subtype-specific
differentiation.

This is the first study to observe the expression of APP, B- and v-
secretase, and the production of AP in hiPS$ cell-derived neuronal
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