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Neuronal loss in primary long-term cortical culture involves
neurodegeneration-like cell death via calpain and p35
processing, but not developmental apoptosis or aging
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Abstract

Primary neuronal culture is a powerful tool to study
neuronal development, aging, and degeneration.
However, cultured neurons show signs of cell death
after 2 or 3 weeks. Although the mechanism un-
derlying this phenomenon has not been elucidated,
several preventive methods have been identified.
Here we show that the neuronal loss in primary
cortical culture involves calpain activation and
subsequent neuronal cell death. Neuronal loss
during cultivation showed destruction of neurites
and synapses, and a decrease in neuron numbers.
p-Calpain and m-calpain were initially activated and
accumulated by increased RNA expression. This
neuronal death exhibited neurodegenerative fea-
tures, such as conversion of p35 to p25, which is
important in the developmental process and in the
pathogenesis of Alzheimer’s disease. But, postnatal
and aged rat cortex did not show calpain activation
and prolonged processing of p35 to p25, in contrast
to the long-term culture of cortical neurons. In
addition, the inhibition of calpains by ALLM or ALLN
blocked the conversion of p35 to p25, indicating that
the calpain activity is essential for the neurode-
generative features of cell death. Taken together, this

study shows that the neuronal loss in primary cortical
cultures involves neurodegeneration-like cell death
through the activation of calpains and the sub-
sequent processing of p35 to p25, but not develop -
mental apoptosis or aging. Our results suggest that
the long term primary culture of cortical neurons
represent a valuable model of neurodegeneration,
such as Alzheimer’s disease.
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Introduction

The central nervous system (CNS) is vulnerable to
defects, diseases, and injuries throughout develop-
ment and adulthood. In many abnormal CNS con-
ditions, neurons in the cerebral cortex are highly
vulnerable. In immature and mature brains, cortical
neurons degenerate after hypoxia-ischemia, trauma,
and seizure, and a subset of neocortical neurons
degenerate in Alzheimer’s disease, amyotropic la-
teral sclerosis, Parkinson’s disease, and Hunting-
ton’s disease (Morrison and Hof, 1997). Despite
many advances in the understanding of the mech-
anisms that cause abnormalities during neuronal
development and a loss of neuronal viability, no
effective restorative or therapeutic treatments exist
for most developmental and for all neurodegenera-
tive disorders.

Many in vivo and in vitro studies have been
performed on neuronal dysfunction and degenera-
tion. These systems have particular advantages and
limitations. First, animal model systems can be used
to reveal many aspects of neuronal development
and neuronal degeneration and provide physiolo-
gical meaning directly (Martin et al., 1998a). However,
definitive comprehension of molecular, biochemical,
and structural observations is often obscured, due to
the inherent complexity of nervous system. Com-
pared with in vivo systems, in vitro cultures provide
homogeneous and uniform data (Martin et al., 1998b).
Furthermore, neuronal development and degenera-
tion should be considered not as separate topics, but
as a continuum (Castagne et al., 1999). Thus, many
developmental or degenerative disorders even in-
cluding aging-associated change, have been studied



in vivo and in vitro (Aguzzi et al., 1996; Silani et al.,
2000).

Banker and Cowan first developed an in vitro
system for the study of isolated hippocampal neu-
rons from 18 day old fetuses of rats (1977). Cells in
these original cultures were cocultured with tissues
or hippocampal explants and survived only for 2
weeks. Since these initial studies, in vitro systems
for isolated hippocampal and cortical neurons and
neuronal cell lines have gradually improved, and are
used widely in various studies (Ray et al., 1993). For
example, serum-free combination media, such as
B27-supplemented neurobasal medium, has shown
an excellent ability for long term survival of neurons
(Brewer et al., 1993; Evans et al., 1998). However,
neurobasal medium contains vitamin E, glutathione,
catalase, superoxide dismutase, and transferrin,
which increase neuronal resistance to biological
oxidants, and thus it is not recommended for survival
studies, e.g. damages by free radicals or oxidation
(Xie et al., 2000). So far, the studies on short
survival of cultured neuronal cells have not identifed
the mechanistics involved or the association with
normal brain aging or the pathogenesis or disease
courses of neurodegenerative diseases such as
Alzheimer’s disease, Parkinson disease, or ischemic
dementia.

Calpains are Ca2+-dependent proteases that med-
iate various physiological and pathological functions.
The two major calpain family proteins, p-calpain and
m-calpain, share a 30 kDa regulatory subunit and
require different Ca® concentrations for activation in
vitro. Activated calpain acts on a host of endogenous
proteins, which include cytoskeletal proteins (fodrin,
vimentin, keratin, and tau), PARP, calmodulin-de-
pendent protein kinase IV (CaMKIV), clathrin as-
sembly protein, bax, and even procaspase-3 (Ando
et al., 1988; Litersky and Johnson, 1995; McGinnis
et al., 1998; Prasad et al., 1998; McGinnis et al.,
1999a; Kim and Kim, 2001). Particularly, in many
neurodegenerative disorders such as Alzheimer’s
disease, this calpain systems are involved (Patrick et
al., 1999; Lee et al., 2000). In Alzheimer’s disease,
calpain is activated by amyloid-beta peptides and
resultant activated calpains cleave p35 protein into
p25. Then, p25 activates CDK5 that would lead to
pathologic phosphorylation of tau proteins. p35 is
known to mediate various physiological phenomena
involving brain development with CDK5 (Nguyen et
al., 2002). Recent data suggest that calpain activa-
tion occurs in normal aging as well as neurode-
generative disorders (Czogalla and Sikorski, 2005).

Initially, we detected calpain and p35 processing
in long-term culture of primary cortical neurons. To
understand these activations and neuronal loss dur-
ing long-term cultivation, we explored the features of
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neuronal development, aging and degeneration.

Materials and Methods

Materials

Calpain inhibitors, N-Acetyl-Lue-Lue-Norleu-al (ALLM)
and N-Acetyl-Leu-Leu-Met-al (ALLN), were from Cal-
biochem. N-benzyloxycarbonyl-Val-Ala-Asp-fluoro-
methylketone (zVAD-fmk), broad range caspase in-
hibitor, was obtained from PharMingen. Chemicals
for electrophoresis were purchased from Bio-Rad
and Fisher Scientific. Other materials were obtained
from Sigma Chemicals.

Cell culture

Primary neuronal cultures were prepared from the
cerebral cortex of embryonic day 18 rat embryos.
Briefly, the cortices of removed embryos were dis-
sected and freed of meninges. The cells were dis-
sociated by trypsinization (0.25% for 15 min at
37°C), followed by trituration with a fire-polished
Pasteur pipette and plated onto poly-D-lysine-coated
60 mm dishs containing DMEM with 5% fetal bovine
serum and 5% horse serum. Non-neuronal cell di-
vision was arrested after 48 h in 10 uM cytosine
arabinoside (Ara-C) and the media was changed after
24 h. Cultures were maintained at 37°C in a humidified
incubator containing 5% CO- and culture media were
changed every 3 days. Some of cortical cells were
treated with 1% serum (10 times dilution of DMEM with
5% horse serum and 5% fetal bovine serum) and 5 uM
cytosine arabinoside every 5 days intermittently to
suppress the growth of non-neuronal cells.

Western blotting

For whole cell lysate preparation, cells were washed
twice with ice-cold PBS and resuspended in a buffer
containing 150 mM NaCl, 50 mM EDTA, 0.5 M
Tris-HCI (pH 7.4), 1% NP40, 4 mM phenylmethyl-
sulfonylfluoride(PMSF), 1 uM aprotinin, and 1 uM
leupeptin. The extracts were vortexed and centri-
fuged at 17,000 x g for 20 min at 4°C. The clarified
supernatants were stored at -70°C, and protein con-
centration was measured using the Lowry assay
(Biorad). The proteins were resolved by SDS-PAGE
and elctroblotted onto a PVDF membrane (Millipore,
Bedford, MA). The following monoclonal mouse anti-
bodies were used; anti-synaptophysin (1:1,000, Santa
Cruz Biotechnology), anti-syntaxin (1:1,000, Santa
Cruz Biotechnology), anti-actin (1:1,000, Santa Cruz
Biotechnology), anti-bax (1:500, Transduction La-
boratory), anti-bcl-2 (1:1,000, Transduction Labora-
tory), anti-PARP (1:1,000, Pharmingen), anti-u-cal-
pain (1:2,000, Chemicon), anti-m-calpain (1:1,000,
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Biomol), anti-NeuN (1:500, Chemicon), and poly-
clonal rabbit antibodies; anti-p35 (1:1,000, Santa
Cruz Biotechnology), anti-caspase-3 (1:1,000, Santa
Cruz Biotechnology). Secondary antibodies conju-
gated to horse radish peroxidase (1:5,000, Pierce)
followed by enhanced chemiluminescence reagents
(Amersham) were used for the detection of per-
oxidase.

mRNA isolation

Total RNA was obtained using Trizol reagent (Gibco)
following manufacturer’s protocol. Cortical cells and
brain tissues at appropriate time were collected with
RNase free PBS. Total mRNA was extracted with
Trizol and chloroform, precipitated with isopropanol,
and then dissolved in RNA free water. RNA con-
centration was determined spectrophotometrically.

Reverse transcription-polymerase chain reaction

1 ng of mRNA was used for each reverse trans-
criptase (RT) reaction. RT was performed with oligo-
dT methods. Briefly, complementary DNA (cDNA)
was generated by incubating 1 ug of mRNA with
oligo-dT (200 mg/ml), deoxyribonucleotide (dNTPs,
10 mM), 1 xfirst strand buffer and 5 U of AMV
reverse transcriptase (Takara, Japan) at 42°C for 2 h
and then incubated at 72°C for 15 min. The resultant
cDNA was used directly in the PCR, which was
performed as follows. cDNA samples were mixed
with dNTPs (10 mM), individual forward and reverse
primers (10 pmol), 1 x PCR buffer (containing 1.5
mM MgCl,, pH10.0) and Tag DNA polymerase (5

Table 1. Primer sequences for RT-PCR experiments.

U/ul; Biotools, Spain) in 25 pl reaction volume. The
details for the primers are shown in Table 1. PCR
reactions were carried out using Robocycler (Strata-
gene) as follows; 94°C for 5 min, 28/33 cycles of
94°C for 1 min, 55/58°C for 1 min, and 72°C for 1
min, and an extension at 72°C for 10 min. The PCR
products were separated electrophoretically on 1.2%
agarose gel with 1 ug/ml ethidium bromide.

Terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay

A TUNEL assay was performed to demonstrate DNA
fragmentation in single cells, which occurs during
apoptosis. DNA strand breaks were identified by
labeling free 3'-OH termini with modified dUTP in an
enzymatic reaction using TdT. Briefly, cortical cells,
grown on cover glass for 15 days, were fixed with
4% paraformaldehyde in phosphate-buffered saline
(PBS) for 15 min and permeabilized with 0.2% Triton
X-100 in PBS containing 1% bovine serum albumin
for 15 min. Cells were rinsed in TdT buffer (25-mM
Tris HCI, 200 mM sodium cacodylate, 2.5 mM cobalt
chloride) and incubated with the labeling mix (20 U
of TdT, Boehringer Mannheim) and 1 nmol of Dig-
oxigenen-11-dUTP (Boehringer Mannheim) in 100 pl
of TdT buffer for 2 h at 37°C. The reaction was
stopped by rinsing in 300 mM sodium chloride/30
mM sodium citrate, and placed in Tris-buffered
saline (TBS) containing 0.3% Triton X-100 and 2%
bovine serum albumin for 15 min at room temper-
ature. They were incubated with anti-digoxigenin
sheep antibody conjugated with alkaline phosph-
atase (Boehringer Mannheim), diluted 1:250 in TBS-

Primer Sequence Product size  Cycle (Tm) Reference
F:GCCGACTTCCTGTATGCTTA *31/33 .
caspase-3 R-GCAGGCAGTGGTATTGTTCA 602 bp (55°C) (Ecarnot-Laubriet et al., 2002)
s FiCACTTGAAGCGTGACTTCTTCCTGGCCAATGC 536 b 20129 oo et el 2000)
H-calpain - R.GCACTCATGCTGCCCGACTTGTCCAGGTCAAACTT P (58°C) yetar,
_ F:GGGCAGACCAACATCCACCTCAGCAAAAAC *28/30
m-calpain o STCTCGATGCTGAAGCCATCTGACTTGAT 404 bp (se°c) ~ (rayetal,2000)
_ F:AGTAGTTCTGGACCCAATG 30
calpastatin R-CCCCAGTAGACTTCTCTTTC 230 bp (58°C) (Ray et al., 2000)
F:-GCTGGAGGTGGAGAGGGACA *28/30 -
GFAP R TGGCGGCGATAGTCTTTAGC 456 bp (se°c)  (Crispino etal, 2001)
_ F:-TGGAATCCTGTGGCATCCATGAAAC 30
atin - R TAAAACGCAGCTCAGTAACAGTCCG 348 bp (ss°c) ~ (Faulkneretal, 1995)

* F, forward; R, reverse; Tm, annealing temperature; Cycle, number of PCR cycles.
** In Figure 4B, we performed RT-PCR with lower PCR-cycles to examine the differences between 1% Ara-C and low-serum treat at DIV15.



Triton X-100 for 30 min at 37°C. The color reaction
was revealed with 50 mg/ml 5-bromo-4-chloro-3-
indolyl phosphate toluidine salt (BCIP) and 75 mg/mi
nitro blue tetrazolium chloride (NBT) solution (Sigma)
with levamisole for the inhibition of endogenous
phophatase activity, and mounted with Crystal mount
(Biomeda). Negative control was same reactions
omitting TdT from the labeling mix.

Results

Morphological and biochemical changes in primary
cortical culture

Rat cortical neurons were cultured for 2 to 3 weeks
and were characterized morphologically and bioche-
mically. Under phase contrast microscopy, cortical
neurons at DIV5 (5 days in vitro) extended pro-
minent neurites (Figure 1A). Few synapses were
present at DIV5, but many nascent synaptic junc-
tions were observed. At DIV10, cortical neurons had
an elaborate plexus of axons, dendrites, and syn-
apses, indicating neuronal maturation (Figure 1B). At
DIV20, the number of cortical neurons was reduced
and the prominent destruction of associated neurites
was evident. Even the remaining neurites had nar-
row and rough shapes (Figure 1C). In addition,
cortical cultures were contaminated with astrocytes
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at DIV15. Cultures did not contain any neurons but
only astrocytosis at DIV30 (data not shown).

For biochemical evaluation, we examined the ex-
pressions of synaptic proteins such as synapto-
physin and syntaxin by Western blotting. Synapto-
physin is a structural protein of synaptic vesicles and
syntaxin is a marker of the presynaptic membrane
(Elferink and Scheller, 1995). Synaptophysin and
syntaxin were maximally expressed around DIV10
and then gradually decreased while the level of
actin, a loading control marker, was constant (Figure
1D). The levels of these synaptic proteins were
nearly undetectable from DIV20.

Characterization of neuronal loss during cultivation
by TUNEL assay

To characterize neuronal loss, TUNEL (Terminal
deoxynucleotidyl transferase-mediated dUTP nick-
end labeling) assay was performed from DIV15.
Interestingly, neurons at DIV15 were 60% TUNEL
positive, although the numbers of attached neurons
rarely decreased and the morphologies of neurites
and synapses were relatively intact by phase con-
trast microscopy (Figure 2B and 2C). Contaminat-
ing non-neuronal cells were not detected by TUNEL
staining.

(DIV)

Synaptophysin

Syntaxin

Actin

Figure 1. The morphology of rat embryonic cortical neurons is changed during cultivaiton. (A) Neurons at DIV5. (B) Neurons at DIV10.
(C) Neurons at DIV20. Regional proliferation of non-neuronal cells is shown in left lower side (Bars = 100 um). (D) Expressions of syn-
aptic proteins are decreased during cultivation. Cells at each DIV were analyzed by western blotting for the synaptic proteins, synapto-
physin and syntaxin, which are markers for synaptic vesicles or presynaptic membrane. The level of actin represents quantitative control
of western blotting. All experiments were repeated at least three times and representative data are shown.
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Figure 2. Long-term cultured primary cells show the neuron specific destruction or death. Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assays were performed at DIV15 cells to identify quantity of neuronal cell death. (A) Cells at DIV15 without terminal deoxy-
nucleotidyl transferase (TdT) incubation. (B) Nuclei of cells at DIV15 are stained by TUNEL method and the morphology of stained cells is neuronal.
(C) Statistical analysis of TUNEL staining in cells at DIV15 is presented. Neuronal and non-neuronal cells were distinguished by morphological criteria,
the presence/absence of neurites, and 'Negative' represent cells incubated without TdT. Several hundred neurons were scored for each condition at
least three times and the results are given as mean + standard error of the mean (SEM) and statistical significance is indicated as ***P < 0.001 by

Student's t-test (Bars = 100 um).
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Figure 3. The death of long-term cul-
tured neuron is associated with accu-
mulation of calpain proteins. Levels of
several apoptotic molecules are ana-
SN Caspase-3 lyzed in cultured neuron by immuno-
blotting at indicated times. (A) Expres-
sions of bax, bcl-2, procaspase-3,
. and PARP (B) The levels of p-calpain
- PARP and m-calpain. All experiments were
repeated at least three times and rep-
resentative data are shown.

Patterns of apoptotic molecules during cultivation

To evaluate the mechanism of neuronal death in
long-term cultures, we performed western blotting for
several apoptotic molecules, including bax, bcl-2,
procaspase-3, and PARP (Figure 3A). The level of
Bax (a pro-apoptotic protein) decreased from DIV15,
but the level of bcl-2 (an anti-apoptotic protein)
remained constant during cultivation. Procaspase-3
levels were also decreased from DIV15, but PARP
(a target of caspase-3), decreased from DIV10 -
before caspase-3 reduction.

The level of members of the calpain family of
cysteine proteases were examined and compared
with caspase-3. Interestingly, the levels of p- and
m-calpain increased from DIV10 (Figure 3B). These
findings agree with the observed decrease in Bax
and with the early cleavage of PARP, which pre-
ceded caspase-3 processing, because Bax, cas-
pase-3, and PARP are proteolytically processed by
calpains (Kobayashi et al., 1990; Shah et al., 1996;
Wood et al., 1998; McGinnis et al., 1999b). Thus, we
examined the levels of u- and m-calpain.
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Caspase-3

p-calpain

Figure 4. Transcription of p-
calpain and m-calpain are in-
creased and the proteases are
activated at late period (DIV15
and DIV20) of culture. (A) The
RNA levels of p-calpain, m-cal-
pain, caspase-3, and calpasta-
tin were measured by RT-PCR.
The level of actin represents
control of quantity in mRNA
loading. (B) After 1% serum
and intermittent cytosine arabi-
noside (Ara-C) treatments ev-
ery 5 days at 5 pg/ml dose to

m-calpain

p280  suppress glial cells, RT-PCR
was performed. (C) Western
blotting of caspase-3 and cal-
pains. (D) The western blotting

pP150  of fodrin, which is cleaved by
= . — . . p145 calpains; intact fodrin (p280)

and the cleavage products

B [ pT120 (p145/p150, p120) are indicat-

ed. The level of NeuN repre-

e s Caspase-3
Fodrin
TS S | -calpain
— m-calpain NeuN

sents the quantity of neuron. Al
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The accumulation and activation of
calpains during cultivation

To study how the levels of calpain proteins were
increased, we performed reverse transcription-poly-
merase chain reaction (RT-PCR). Both of u- and
m-calpains were increased from DIV15 but the level
of calpastatin (an endogenous calpain inhibitor) was
unchanged (Figure 4A). Therefore, the up-regulation of
these two calpains at the protein levels seems to be
the result of the up-regulation of the transcription.

Next, we investigated which cultured cell types
showed calpain accumulations, because astrocyte
contamination and subsequent reactive astrocytosis
were evident from DIV15. Initially, we examined the
level of glial-fibrillary acidic protein (GFAP) (an astro-
cyte marker) by RT-PCR and as shown Figure 4A,
the level of GFAP increased from DIV15. To confirm
where the accumulation and activation of calpains

L least three times and repre-
sentative data are shown.

originated from, neurons or glia, we repressed glial
or non-neuronal populations by low serum cultivation
and intermittent treatment with cytosine arbinoside
(Ara-C) (Figure 4B). Low serum (1%) or intermittent
Ara-C treatment was started from DIV5 and Ara-C
was treated at 5 ug/ml every 5 days to minimize the
toxicity and the other effects of Ara-C. As expected,
low serum and Ara-C treatment repressed GFAP
up-regulation (Figure 4B) and morphological astrocy-
tosis. However, p- and m-calpain were not reduced
by glial suppression. These results suggest that the
accumulations of p-calpain and m-calpain occur in
neuronal cells, but not in glial cells.

To measure the activities of p- and m-calpain,
western blotting was performed for caspase-3, p-
calpain, m-calpain, and fodrin (Figure 4C and 4D).
Cells at DIV15 under conditions of glial suppression
showed lower levels of caspase-3 than cells at DIV5.
In contrast to caspase-3, the levels of p-calpain at
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Figure 5. Accumulation and acti-
vation of calpains are shown only
in long-term cultured neuron, but
not in postnatal or aged cortical
tissue. 'young' and 'old' shows
each rat (Sprague-Dawley) cort-
ical tissue of 6 and 29 months.
(A) Levels of calpains and cas-
pase-3 are analyzed by western

o9 O blotting in cultured neuron and

5 o ke
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DIV15 were reduced after 1% serum and intermittent
Ara-C treatment, but these were still higher than at
DIVS. Interestingly, m-calpain showed a dramatic
reduction after glial suppression by 1% serum and
intermittent Ara-C treatment. To confirm the correla-
tion between the activity and accumulation of cal-
pains, we tested the cleavage of fodrin (a substrate
of both calpains) (Figure 4D). Fodrin (also called
all-spectrin) is a cytoskeletal protein of 280 kD that
is cleaved to 150 and 145 kD fragments by calpains
or to 150 and 120 kD by activated caspase-3 (Wang,
2000). We initially found that even in neurons at
DIV5 calpain-mediated fodrin cleavage was in-
creased, compared with cortex tissue at 18th em-
bryonic day. Cells at DIV15 showed reduced calpain
cleavage bands (145 and 150 kD) but cells with glial
suppression at DIV15 showed the sustained activa-
tion of calpains (145 and 150 kD cleavage bands)
together with the 120 kD caspase-3 cleavage band.
These data shows that only primary neurons at
DIV15, but not glia, sustained activation of calpains
and increased activation of caspase-3. The purity of
neuronal cells were checked by Western blot for
NeuN neuronal marker (Mullen et al., 1992).

Calpain activities during postnatal development and
neuronal loss during long-term culture

To determine whether the accumulation and activa-
tion of calpains and neuronal death after long-term
culture are caused by developmental apoptosis of

- | 280

Fodrin p150
| m-calpain - . ' . t . p145
L .

PCR analysis of GFAP levels. (C)
Levels of calpains and caspase-3
are analyzed by western blotting
in young (6 months) and old (29
months) rat cortices. (D) Cleav-
age of fodrin in postnatal, young,
and old rat cortex, and in cultured
neurons. All experiments were
repeated at least three times and
representative data are shown.

p120

central nervous systems, we compared cultured
neurons with the postnatal cortical tissues from rat
matched for the duration in vitro culture. The in vitro
culture and in vivo tissue samples showed that pro-
caspase-3 processing was more prominent in post-
natal cortical tissues (Figure 5A). Next, we com-
pared the levels of both calpains between in vivo
and in vitro conditions. First, all samples were ex-
amined using RT-PCR for GFAP, because, as shown
by Figure 4A and 4C, glial cells including astrocytes
might contain endogenous basal levels of calpains.
All samples except cells at DIV5 were found to
contain GFAP (Figure 5B). However, postnatal corti-
cal tissues did not express p- or m-calpain (Figure
5C), but neurons at DIV15 contained high levels of
calpains. We checked the activity of calpains by
examining fodrin cleavage. As shown in Figure 5D,
fodrin protein was not cleaved in postnatal cortical
tissues as much as in cultured neurons.

Involvement of p35 processing in long-term neuron
culture

To define the mechanism of calpain-induced death in
long-term culture more precisely, we focused on the
processing of p35 protein. The processing of p35 to
p25 is associated with the phosphorylation of neuron-
specific cyclin-dependent kinase 5 (CDK5) and the
subsequent pathologic phosphorylation of tau pro-
tein, which is an important aspect of tauopathy in
Alzheimer’s disease (Maccioni et al., 2001). Re-



cently, it was found that the cleavage of p35 into p25
could occur by calpain activation (Patrick et al.,
1999; Lee et al, 2000). Figure 6A shows the
processing of p35 in embryonic 18 day cortical
tissue and in vitro cultures at DIV5 and DIV15. In
parallel with the fodrin western blot results in Figure
5D, the cleavage of p35 to p25 started to occur on
DIV5. Untreated primary cells at DIV15 did not show
p35 band because the number of NeuN-positive
neurons in the cell population was relatively low. But,
the cells treated with 1% serum or with Ara-C at
DIV15 displayed p35 to p25 conversion more so
than untreated cells. In particular, cells treated with
intermittent Ara-C at DIV15 showed a p25 band only,

A

p35

NeuN - -
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indicating full conversion of p35.

Next, we examined the p35 levels with respect to
developmental and aging processes (Figure 6B).
Postnatal cortical samples up to postnatal 13 day
(P13) showed p25-cleaved band, but not at P18 as
observed in vitro at DIV20. In cerebral cortex of
young (7 months) and old (29 months) rats, p25
product was not detected. These results suggest
that the neuronal loss during long-term culture was
not the result of developmental or aging processes,
although transient cleavage of p35 was observed in
postnatal tissues, but it might be associated with
neurodegeneration via calpain and p35.

B
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- - - p25
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Figure 6. p35 converts to p25 in long-term primary neuronal culture, but not in postnatal or aged cortical tissue.
Conversion of p35 to p25 was examined in neuronal culture and postnatal (P3-P18), young (7 months), and old
(29 months) cerebral cortex of rat by western blotting. (A) p35 processing into p25 are shown in cells at DIV5 and
DIV15 with 1% serum and Ara-C treatments. NeuN neuronal marker represents density of neurons. (B) p35 dur-
ing postnatal periods is transiently processed into p25, and p35 in young and old cerebrum is not processed into
p25. All experiments were repeated at least three times and representative data are shown.
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Figure 7. Caspase inhibitor or calpain inhibitors block conversion of p35 to p25. (A) Western blotting of p35 was
performed at DIV5 after treatment with 100 uM zVAD-fmk, 20 uM ALLN and 20 uM ALLM. (B) Culture of primary
neuron using Neurobasal medium with B27 or B27A0 (without antioxidants) also shows the conversion of p35 to
p25 despite a delayed manner. All experiments were repeated at least three times and representative data are

shown.
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The effects of calpain inhibitors on the cleavage
of p35

The above data demonstrates that the death of
long-term cultivated neurons may be associated with
the accumulation and activation of calpains. Thus,
we examined whether calpain inhibition blocks the
processing of p35 (Figure 7A). We measured the
initial processing of p35 at DIV5, since it has been
reported that ALLM (N-Acetyl-Leu-Leu-Met-CHO)
and ALLN (N-Acetyl-Leu-Leu-Nle-CHO) are toxic to
some mammalian cells (Fallis et al., 1999; An et al.,
2000). ALLN and ALLM at 20 uM were not toxic to
DIV5 neurons (tested by trypan blue exclusion as-
say) and blocked the calpain activation via western
blot for Fodrin (data not shown). In parallel, zZVAD-
fmk (z-Val-Ala-AspOMe-CH;F, a pancaspase inhibi-
tor) was also tested. It was found that zZVAD-fmk and
the two calpain inhibitors blocked p35 to p25 pro-
cessing by western blotting of neurons at DIV5.

Finally, we examined whether cultured neurons in
serum-free Neurobasal™ media (GIBCO, USA) ex-
hibit p35 - p25 processing (Figrure 7B). These media
were supplemented with B27™ or B27 minus AO™
(B27 supplement without anti-oxidants), since anti-
oxidants such as Vitamin E, Vitamin A and glutath-
ione have neuroprotective effects. Cultured neurons
at DIV21 showed a cleavage band of p25 under both
conditions. Moreover, the cleavage of fodrin into 145
kD or 150 kD coincided with the cleavage of p35
protein indicating that calpains were also activated in
Neurobasal™ media with some delays compared to
other serum-supplemented media

Discussion

The aim of this study was to investigate the mecha-
nism of neuronal loss in long-term primary neuronal
cultures with respect to neuronal development, ag-
ing, and neurodegeneration. During the cultivation of
primary neurons, neuronal loss and neurite degene-
ration were observed by morphological analysis and
the levels of synaptic vesicle-associated proteins,
including synaptophysin and syntaxin, were reduced.
Moreover, at DIV15 when neuronal loss was ap-
parent, 60% of remaining or morphologically well-
attached neurons were TUNEL-positive, and this
apoptotic phenomenon occurred in parallel with a
reduction in procaspase-3. However, PARP (a target
substrate of caspase-3) was initially cleaved before
the activation of caspase-3, suggesting the down-
regulation of PARP protein or the cleavage by other
proteases. Interestingly, Bax protein was reduced
whereas Bcl-2 levels remained constant. Therefore,
we examined calpain proteases, rather than cas-
pase-3, because it has been reported to cause cell

death through Bax and PARP cleavage (Wang, 2000).

Thus, we hypothesized that p-calpain and m-
calpain in long-term culture could cleave bax,
procaspase-3, and PARP, but not bcl-2. The levels of
these two calpains were very low at DIV5, but they
both accumulated from DIV10. This is a rare
phenomenon in vitro cell culture conditions, al-
though some in vivo experiments found that p-
calpain and m-calpain were abnormally high in the
brains of Alzheimer’s disease patients (Nilsson et al.,
1990; Nixon et al., 1994). Moreover, in Parkinson’s
disease, m-calpain is quantitatively upregulated in
the substantia nigra and locus coeruleus (Mouatt-
Prigent et al., 1996). Thus, we investigated whether
the protein levels of these two calpains in primary
neuronal culture are increased, and compared their
RNA levels. RT-PCR showed that the mRNA levels
of p-calpain and m-calpain were increased during
long-term culture of primary neurons, but the level of
calpastatin (an endogenous inhibitor of calpain) was
unchanged. These data showed that net ratio of
calpain to calpastatin was increased, and suggest
that neuronal loss in long-term culture may be as-
sociated with increased calpain expression. Addi-
tionally, we measured the activities of calpains by
following the cleavage of fodrin (a cytoskeletal pro-
tein), which is a common target substrate of p-cal-
pain or m-calpain. The 150 and 145 kD cleavage
products by calpains and a 120 kD product by
caspase-3 are generated. As compared with the
18th embryonic day (E18), cells at DIV5 showed a
calpain-specific cleavage bands, but cells at DIV15
showed a different pattern of reduced cleavage
pattern, which was not correlated with the micro-
scopic features of neuronal cell death. We believe
that these results might be due to glial or non-
neuronal cell contamination, and thus we tried to
repress the glial population and isolate pure neuron-
al cells.

Glial suppression with low serum or intermittent
Ara-C treatment did not change the mRNA levels of
p- and m-calpain, however, interestingly, reduced the
protein levels of the two calpains. This may indicate
that the calpains in isolated neuronal or glia-sup-
pressed cultures are more enzymatically active as
confirmed by the cleavage pattern of fodrin. Cells
cultured with glial suppression at DIV15 not only
showed calpain cleavage activity, but also showed
the caspase-3 120 kD cleavage product, whereas
untreated cells did not. Surprisingly, cultured neurons
showed strong cleavage of fodrin from DIV5. In
addition, this synergistic effect of calpains and
caspase-3 during long-term cultivation of primary
neurons has been reported in focal ischemia of rat
cortex and in cell death by amyloid precursor protein
(APP) in neuroblastoma cells (Blomgren et al., 2001;



Kuwako et al., 2002). Thus, we conclude that neu-
ronal loss by long-term culture occurs gradually and
is associated with the initial activation and ac-
cumulation of calpains and the subsequent activa-
tion of caspase-3.

Cell death during normal development has been
described for almost all neuronal cell types in central
and peripheral nervous systems (Oppenheim, 1991;
Vaux and Korsmeyer, 1999). Although the underlying
molecular mechanisms are still not clear, several
relationships have been unearthed. These suggest
the importance of early neural cell death in postnatal
neural development, which is supported by the
dramatic phenotype changes when death is pre-
vented by capase-3, caspase-9 or Apaf1 gene dis-
ruption (Kuida et al., 1996; 1998; Honarpour et al.,
2000). Also, it has been reported that caspase-3 is
upregulated and activated in the perinatal develop-
ing brains (Mooney and Miller, 2000; Shimohama et
al., 2001). Thus, neuronal loss due to long term
embryonal cortex culture was compared with de-
velopmental cerebral cortex apoptosis, because
primary neuronal culture is usually set up at 16-18
embryonal days and thus neuronal loss in culture
might be a part of the developmental apoptosis.
Therefore, we measured the levels of caspase-3 and
of the two calpains in the culture samples and in the
tissue samples of matched postnatal days. We found
that procaspase-3 was gradually processed in vivo
in rat cortex indicating developmental apoptosis, as
reported previously. However, p-calpain and m-cal-
pain were not detected in the in vivo cortex, but the
long term culture (DIV15) showed caspase-3 pro-
cessing and the accumulations of pu- and m-calpain
simultaneously. These results suggest pathological
apoptosis via the calpain system in long term
cultures while developmental apoptosis in postnatal
CNS. Moreover, no calpain activity was found in the
postnatal cortex. So, we concluded that the neuronal
loss by long-term cultivation does not comprise
developmental apoptosis, since developmental ap-
optosis seems to be associated with caspase-3
activity, but not with activation of calpains.

Next, we investigated the association between
long-term culture and neurodegeneration. The acti-
vation of calpains has been reported to feature in the
pathogenesis of Alzheimer’'s disease (Huang and
Wang, 2001). Two major pathological events are
consistently identified in the Alzheimer’s diseased
brain, which involve amyloidopathy (amyloid plaque)
and tauopathy (neurfibrillary tangle) (Hardy and
Selkoe, 2002; Michaelis et al., 2002). In the etiology
of tauopathy, the hyperphosphorylation of tau protein
by CDK5 and by other kinases is an important step
leading to the dissociation of microtubules and the
formation of intracellular tau aggregates in a paired
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helical filament conformation. The activation of cal-
pains would set in motion a cascade of calpain-
mediated p35 to p25 conversion, cdkS activation, tau
hyperphosphorylation and aggregation, neurofibril-
lary tangle formation, and ultimate neuronal death
(Patrick et al., 1999). Thus, we tested for the
conversion of p35 to p25 to determine whether the
accumulation and activation of calpains in culture
are associated with neurodegeneration, such as that
in Alzheimer’s disease. During long-term neuronal
culture, p35 was found to be gradually processed
into p25 in a calpain- dependent manner in parallel
with the cleavage of fodrin. In particular, samples
treated with intermittent Ara-C at DIV15 showed
almost complete conversion of p35 to p25. In case of
neuronal cells cultured in a serum-free medium
(Neurobasal Media), the processing of p35 was also
found to occur, despite delayed response than in
serum-supplemented media. Furthermore, we com-
pared the processing of p35 to p25 in the cerebral
cortex tissues of perinatal (3-18 postnatal day),
young (7 months), and old (29 months) rats. Perinatal
cortex at 3-18 postnatal days showed an early and
transient cleavage of p35 to p25, whereas cultured
neuronal cells showed the strong cleavage product
of p35. Moreover, immunoreactivity of p25 at 18
postnatal days was not observed, possibly because
it reached the end of transient apoptosis for post-
natal cortex development. Young and old cortices
showed no p25 band, although the level of p35
protein was slightly reduced. Although the conver-
sion of p35 to p25 occurred in the perinatal cortices,
cultured neurons (i.e. glia suppressed cells) fully
processed p35 to p25 as reported previously (Lee et
al., 2000). Because of these differences, we believe
that the neuronal loss during long-term culture bear
more resemblance to neurodegeneration, as in
Alzheimer’s disease, than to developmental or aging
processes.

Although our data did not show activation of cal-
pains and p35 processing in aged cortex of SD
(Sprague-Dawley) rats, several reports indicated
these activation in aged brains (Kimura et al., 2003;
Hinman et al., 2004; Bernath et al., 2006). In aged
Wister rat brains, breakdown of cytoskeletal proteins
such as fodrin and MAP-2 in neurons by calpains
was elevated (Kimura et al., 2003) and, in aged
monkey brains, activated microglia with calpain acti-
vation was observed (Hinman et al., 2004). How-
ever, these studies showed different modes of
calpain activation depending on the cell types and
degenerative regions. Moreover, as for the degree of
the calpain activation, normal aged human brain did
not show activated calpain as much as Alzheimer’s
diseased brain (Saito et al., 1993; Tsuji et al., 1998).
From these, we concluded that the lack of cleavage
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of fodrin and p35 processing in aged cortex of SD
rats might be due to the differences in strains and/or
species as mentioned by Kimura et al. and less
extent of normal aging than that of degenerative
disorders. Furthermore, our data showed that aged
SD rat brain exhibited decreased p35 levels with no
p25 band rather than p35 processing into p25.
These could be due to the decreased p35 ex-
pression or its degradation during the aging process.
According to recent data, p35 can be degraded by
proteasome in glutamatergic synapses when syn-
aptic plasticity was increased by glutamate receptor
agonists, NMDA or kinate, although this proteosomal
regulation of p35 in aged brain needs to be exa-
mined further (Wei et al., 2005).

Many in vitro neurodegenerative model systems
have been suggested for Alzheimer’s and Parkin-
son’s disease (Blum et al., 2001; Hardy and Selkoe,
2002), and have been used to examine the effects of
neurotoxins like amyloid-beta peptides, apolipopro-
tein E, 6-hydroxydopamine (6-OHDA), and 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and to
examine the effects of gene mutations or disruptions
(Liu and Hong, 2005). However, these models have
several shortcomings because; i) The effective
levels of toxins required to cause degeneration is too
high; ii) The pattern of cell death is usually uniform;
ii) Cell death or degeneration occurs over a short
period of time, which could mean acute neuronal
injury, and because, iv) regional selectivity cannot be
investigated as compared with in vivo models.
Considering these problems, our long term neuronal
culture can have some advantages as a model of
neuronal degeneration since it does not require a
neurotoxin treatment; and it can be used for studying
culture methods. In fact, as mentioned above, in-
creased calpain mRNA expression or protein ac-
cumulation cannot be effectively reproduced by in
vitro neurotoxin treatment using neuron-like cell lines
or primary cultures, because the proteolytic activa-
tion of calpains involves 'qualitative' regulation not a
‘quantitative’ change by RNA expression. However,
in vivo studies reported high calpain immuno-
reactivity in many neurodegenerative disorders (the
increase of total calpains), and the activation of
calpain by cleavage or by autolytic-specific anti-
bodies (the increase of activated calpain), suggest-
ing both 'qualitative' and 'quantitative’ regulation
(Nilsson et al., 1990; Nixon et al., 1994; Tsuiji et al.,
1998). Our results demonstrate that primary long-
term culture of the cortex itself is a good model
system of neurodegeneration and the up-regulation
(quantitative) and activation (quantitative) of calpain
systems are involved in degeneration of primary
neuronal culture. But further studies will be needed
to examine other molecules, such as CDK5 and tau

phosphorylation, involved in the pathogenesis of
neurodegeneration.
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