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Fig. (3). Neurotrophic functional site localizes in the domain for saposin C.

Prosaposin and saposin C showed neurotraphic activity in promoting neurite outgrowth in NS20Y cells, while no activity was demonstrated
with saposin A, B, and D. The neurotrophic activity was further investigated various synthetic peptides derived from saposin C. The active
region was pinpointed to a 12-amino acid-sequence in the N-terminal sequence of saposin C [20].

representing an important determinant of cell fate.

The ganglioside binding nature of prosaposin leads us to
propose that prosaposin-ganglioside complex may be a struc-
faral component of membrane signaling lipid domains as
prosaposin-receptor-G protein complex [7, 64]. Lipid rafts
are small and highly dynamic structures that have lateral
assemblies of specific lipids and proteins including G pro-
tein-coupled receptors in cellular membranes [65, 66]. Those
domains are enriched in certain lipids [sphingolipids includ-
ing gangliosides, sphingomyelin and cholesterol], generally
being insoluble in common detergents such as Triton-X100.
A variety of specific proteins associated with signal trans-
duction have also been detected within those domains [66,
67]. Our recent study suggests that exogenously added
prosaposin might exert its versatile, trophic and anti-
apoptotic activities by binding its target molecule within cell
surface lipid rafis to induce ERK phosphorylation and SK
activation.

1t is notable that prosaposin effects both glial cells and
neurons. Experiments in vifro demonstrated that prosaposin
prevented cell death of Schwann cells and oligodendrocytes
via the ERK and phosphoinositide 3-kinase [PI3K)/Akt
pathways [22, 24]. It also increased the cellular level of a
myelin lipid, sulfatide, in primary Schwann cells and CG4
oligodendrocytes through a Gy, protein-coupled receptor-
mediated mechanism [22-24, 68]. It is well-known that IGF-1
induces both proliferation and differentiation of Schwann
cells [69], while the action of prosaposin on glial cells was
not proliferative but mitogenic, unlike IGF-1.

The biological effect of prosaposin can be observed in
diverse cell types. For example, an ERK-mediated biological
effect of prosaposin was demonstrated in monocytic cells
[63]. This suggests that prosaposin could be congsidered a
new player in the regulation of the apoptotic signal transduc-
tion pathway in cells of non-neurological origin. In this re-
gard, prosaposin may be an additionally required molecule
involved in the apoptotic machinery homeostatically control-
ling cell differentiation and cell numbers. It may also have a
role in organogenesis, the elimination of damaged cells, and
carcinogenesis. A recent study demonstrated that saposin C
can up-regulate urokinase plasmonogen activator, its recep-
tor, and the immediate early gene c-Jun. In prostate stromal
and cancer cells, these effects lead to the activation of p42/44
and SAPK/INK MAPK pathways leading to increased cell
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proliferation, migration, and invasion [70]. This strongly
suggests that saposin C may act as a potent growth factor
associated with prostate carcinogenesis. In a separate study,
prosaposin was shown to enhance multiple signal transduc-
tion pathways potentiating an anti-apoptotic effect in the
prostate cancer cells [71]. This finding implicates prosaposin
over-expression in prostate cancer and suggests that the
prosaposin gene is androgen-regulated gene responsible for
normal and neoplastic growth of the prostate [72-74].
Prosaposin is potentially one of molecules associated with
the process of carcinogenesis in the prostate.

An in vitro effect of prosaposin on oxidative stress was
recently reported [75]. The study using PC12 cells demon-
strated that prosaposin inhibited hydrogen peroxide-induced
apoptotic cell death by suppressing neurotoXic cascades. A
brief treatment with hydrogen peroxide promoted caspase-3
activation in PC12 cells, which was inhibited by simultane-
ous treatment with prosaposin. In accordance with the previ-
ous findings, prosaposin was demonstrated to use ERK and
PI3K/Akt kinase pathways to prevent cell death induced by
oxidative stress. Importantly, PI3K and MEK inhibitors neu-
tralized the anti-apoptotic effects of prosaposin, thus
demonstrating that the dual activation mechanism is crucial
for prosaposin-mediated survival of PC12 cells from oxida-
tive stress. At the same time, it was evident that prosaposin
inhibits caspase-3 activation in mediating its anti-apoptotic
effect. HyO»-induced phosphorylation of the downstream
signaling targets of Akt such as JNK and p38 was com-
pletely knocked down by prosaposin stimulation. Collec-
tively these findings clearly indicate that prosaposin utilizes
a variety of signaling pathways linked to transcription factor
activation to exert its versatile biological actions.

5. MOLECULAR GENETICS OF PROSAPOSIN

Human prosaposin gene encompasses a genomic se-
quence over 19 kb with 15 exons ranging in size from 57 to
1200 base pairs [bp] [76]. The regions encoding saposins A,
B, and D consist of three exons, while the saposin C region
has two exons. Based on the regularity of the positions of
introns, the prosaposin gene is theorized to have evolved
through sequential duplication of an ancestral gene. The
transcriptional regulation of the prosaposin gene locus is of
interest in understanding the neuro-biological and neuro-
developmental significance of prosaposin [see Sections 6
and 7]. A TATA-less promoter sequence was found in the 5'
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region of the human prosaposin gene, in which three poten-
tial transcription initiation sites were located in an region
upstream of the initiation codon [77]. Positive and negative
regulatory elements were also detected upstream of the ATG
initiation codon. AP-1, Oct-1 and two orphan nuclear recep-
tor [RORalpha] binding sites reside in the promoter region of
the human prosaposin gene. In the mouse prosaposin gene,
Sp family members [Spl. Sp3, and Sp4], RORalpha, and an
unknown transcription factor were shown to bind to this
promoter region [78]. Using transgenic mice with S'-flanking
deletions of the prosaposin gene, it was determined that
prosaposin expression is nearly exclusively localized to the
cerebrum, cercbellum and eyes of the transgenic mice. Dele-
tion of RORE and the Sp1 elements significantly decreased
prosaposin gene expression in the CNS, which suggests that
the prosaposin gene expression in the CNS could be due to
the RORE and Spl elements in the promoter region. Interest-
ingly, the human promoter lacks a Spl cluster and has AP-1,
Oct-1 and two RORalpha sites instead [77]. In a separate
study with transgenic approaches, RORalpha and Spl sites
in the 5'-flanking region were shown to mediate develop-
mental regulation in the CNS, and the presence of additional
regulatory elements outside the 5' region of the promoter
element was implicated in the physiological control of the
prosaposin locus [78].

6. PROSAPOSIN REGULATION FOLLOWING
NEURO-INJURY

The expression level of various cytokines and their re-
ceptors is altered in response to traumatic insult to the CNS
and PNS [79]. The expression level of prosaposin transcript
also changes following nerve injury. An early study with
molecular approaches identified the prosaposin gene as one
of the differentially expressed genes associated with sciatic
nerve crush injury [80]. The study showed that the
prosaposin mRNA level was increased 6-fold over controls
after 7 days of sciatic nerve crush and returned to the control
level by 28 days after the operation. In addition, subsequent
studies employing rat models of global cerebral ischemia and
peripheral nerve injury identified the prosaposin gene as one
of differentially induced genes the following nerve damages
[80, 81]. Those findings implicate a significant role for
prosaposin in the nerve degeneration and regeneration proc-
esses following injury. Prosaposin regulation following
nerve injury was further investigated using two rat models:
middle artery occlusion and cortical stab wound injury [82].
In ischemic brains the level of prosaposin mRNA was ele-
vated greater than 400% over controls within 5 days after
ischemic insult and sustained over 3 weeks (Fig. 4). Immu-
nohistochemical staining and in sifu hybridization demon-
strated an enhanced signal distribution of prosaposin mRNA
and injury-induced prosaposin protein around the lesion. The
data suggest that the expression and processing of prosaposin
mRNA may be crucially regulated not only for cerebral ho-
meostasis but also during nerve regenerative and degenera-
tive processes.

More importantly, the nerve injury-induced response in
prosaposin gene expression was found to be accompanied by
a qualitative change. The human prosaposin gene generated
three alternatively spliced forms of the transcript [83]. The
domain for saposin B is coded by four exons, Exons-6 to -9,
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Fig. (4). Enhanced expression of prosaposin mRNA following
cerebral ischemia.

Prosaposin mRNA expression following cerebral ischemia AL
Focal cerebral ischemia was induced by middle cerebral artery oc-
clusion. After appropriate periods of reperfusion, brains were re-
moved and processed for Northern blot analysis [79]. The blot was
prehybridized and then hybridized with a prosaposin probe, and
then reprobed with a 1.5 kbp fragment of human 18 S rRNA cDNA
for normalization. Expression of prosaposin mRNA was assessed
by the densitomeiric ratio of prosaposin mRNA to 18S rRNA [B].
Difference from controls with *p < 0.01.

of which Exon-8, consisting of only 9 bp, is involved in the
alternative splicing. This alternative splicing gives rise to
prosaposin variants with two and three extra amino acid-
insertions, Gln-Asp-Gln and Asp-Gln, and with no insertion
within the saposin B domain. Our recent study using rat
models with neuro-injury showed that this Exon-8 splicing
was altered in response to nerve injury (Fig. 5). In normal
brain, two prosaposin mRNA species with and without the 9-
base insertion were expressed at a ratio of 85:15; however,
this equilibrium reverted to 5:95 following ischemic injury.
The prosaposin mRNA variant with 6-base insertion was
under detectable levels in those samples. Although the pre-
cise role of Exon-8 splicing remains unknown at this point,
available evidence indicates that the alternative splicing in
the prosaposin gene is tissue specific and conserved from
fish to humans. The expression of Exon-8 is evident in brain
and reproductive organs but only slightly in other major or-
gans such as liver, kidney and spleen. Despite several poten-
tial implied roles for the splicing mechanism [55, 84, 85]. a
recent study with molecular biological approaches demon-
strated that the prosaposin variant with Exon 8-derived se-
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Fig. (5). Alternative Exon-8 splicing and nerve injury.

Alternative 9-base splicing and brain injury. [A] A'primer set [B1 and B2] encompassing a sequence region within Exon-7 and Exon-8 was
designed for RT-PCR to. amplify prosaposin variant transcripts as fragments of 99 bp [Pro-91, 96 bp [Pro-6}-and 90 bp [Pro-0}. The data
shows that 9-base splicing of prosaposin mRNA was induced following brain injuries [79]. Change in Exon-8 alternative splicing was as-
sessed as the densitometric ratio of Pro-9/Pro-0 in each sample [B and C}]. Difference from controls with *p < 0.01.
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quence is dispensable for normal mouse development and
fertility [86]. Collective findings on prosaposin gene regula-
tion implicate a physiological significance of the pre-
prosaposin mRNA processing mechanism in maintaining the
nervous system, although no conclusive evidence showing
the precise role of alternatively spliced prosaposin variants
has been provided. In terms of the neurobiological signifi-
cance of alternative gene splicing, there is accumulating evi-
dence suggesting a potential involvement of an alternative
splicing mechanism in nerve development, regeneration, and
degeneration processes [87]. The tau gene represents a typi-
cal example of a gene that is transcribed into two function-
ally different alternatively spliced mRNA species. The first
is mainly found in developing nervous system and was selec-
tively induced in response to sciatic nerve axotomy [88, 89].
The second variant was shown to be present in Alzheimer’s
disease brains at a high concentration [90]. This raises the
possibility that the tau splicing mechanism may be one of the
contributors to the neuropathology of Alzheimer’s disease.

Prosaposin expression was also shown to be regulated at
protein level following nerve injury. An in situ experiment
using a rat model demonstrated that prosaposin was secreted
into endoneurial fluids in response to sciatic nerve transec-
tion [91]. Prosaposin was not detected in homogenates of
normal uninjured sciatic nerve, suggesting that it was se-
creted as consequence of nerve injury. Those findings clearly
indicate that prosaposin expression is governed immediately
in response to neuronal damage, implicating its crucial in-
volvement in the injury-repair mechanism in the both PNS
and CNS. The regulation of prosaposin following nerve in-
jury may be associated in part with intrinsic cellular repair
‘mechanisms in the nervous systems. In addition, the result-
ing autocrine or paracrine transported prosaposin may act as
a myelinotrophic and injury-repair protein on injured nerves.

7. PROSAPOSIN AS POTENTIAL NEURO-THERA-
PEUTIC

i. Prosaposin-Derived Neurotrophic Peptide, Prosaptide

Since prosaposin is a large molecule, it is more realistic
to use its peptide mimetics for therapeutic purpose, in par-
ticular, for CNS application. Peptide mimetics generally
have significant advantages over the parent polypeptide due
to a variety of reasons: economical production, greater
chemical stability, enhanced pharmacological properties and
reduced antigenicity. In order to explore the applicability of
prosaposin in clinic, we have designed a variety of peptides
emcompassing the neurotrophic region of prosaposin
[prosaptide]. The first to be developed was a neurotrophic
14-mer prosaptide TX14[A] and ultimately we developed an
11-mer D-amino acid-peptide [all D; LLEETANNDLL]
based on the sequence of TX14[A]. Both were tested in vifro
and in vivo. This second generation prosaptide D5 was able
to overcome the physical and the enzymatic barriers to cross-

ing the blood-brain barrier and it remained intact in the brain .

[92]. By taking advantage of such properties, it can be ex-
pected that the use of retro-inverso peptide will be profitably
applied to therapeutic strategies for treatment of patients
with neuro-degenerative disorder, in particular, in the CNS.
The following studies were conducted with not only
prosaposin but also the peptide mimetics of prosaposin.
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ii. Neuro-Efficacy of Prosaposin and Prosaptide
Cerebral Ischemia

The neuro-protective effect of prosaposin was first dem-
onstrated by a study using a gerbil model of cerebral ische-
mia [93]. Ischemia was induced by an occlusion of common
carotid arteries and prosaposin was infused into the lateral
ventricles at a dose of 100 or 240 ng/day for 7 days. Behav-
ioral and histochemical examinations indicated that post-
ischemic learning disabilities and neural loss were signifi-
cantly reduced by prosaposin infusion. Using the same
model, an 18-mer rat prosaptide was also shown to have
neuro-protective activities. It was capable of suppressing
ischemia-induced learning disabilities, hippocampal CAl
neuronal loss, ischemia-induced space navigation disability,
the cortical infarction, and thalamic degeneration [94]. The
efficacy of the rat prosaptide in cerebral ischemia was further
confirmed by a study using an occlusion model in stroke-
prone spontaneously hypertensive rats [95]. Furthermore, a
retro-inverso prosaposin peptide, D5, was tested for its effec-
tiveness and pharmacological behaviour in models of cere-
bral ischemia. In an occlusion model in rats, systemic injec-
tion of D5 was shown to improve post-ischemic behavioral
impairment and to reduce the sizes of infarct areas [96].

Cortical Stab Wound

The neuro-protective effect of prosaposin on brain injury
was demonstrated using a rat model of bilateral stab wound
injury [97]. In this study, prosaposin was injected in each
lesion at 120 ng/day for 3 days following a stab wound. Af-
ter 3 weeks of operation, histological examination and
Morris water maze task were employed to assess the efficacy
of prosaposin. The histological study showed that the
prosaposin-treated group retained a well-preserved morphol-
ogy of the hippocampus and less glial reaction around the
stab wound (Fig. 6), thus suggesting that prosaposin could
facilitate structural preservation of the damaged brain tissue.
Reduction in cavity formation was also evident in the
prosaposin-treated group. In the transfer test, the prosaposin-
treated group showed improved crossings of the platform
place.

Sciatic Nerve Injury

In an experiment using a guinea pig model of sciatic
nerve transection, prosaposin treatment dramatically in-
creased the number of regenerating nerve fibers, thus sug-
gesting a potential use of prosaposin for the treatment of
peripheral nerve injuries [98]. The study determined the de-
gree of atrophy and chromatolysis of neurons to demonstrate
that prosaposin could promote peripheral nerve regeneration
through its action on alpha-motor neurons in the anterior
horn and on small sensory neurons in the dorsal root gan-
glion. In independent studies, prosaposin-derived 14-mer
peptide TX14[A] was shown to prevent structural and func-
tional abnormalities associated with peripheral neuropathy in
diabetic rats [99, 100]. The peptide treatment exhibited acute
anti-hyperalgesic properties in various pain models in rats
[101, 102]. Using a range of models in which allodynia is
induced to the peripheral nerve with various degrees of dam-
age, pre-treatment with the peptide was shown to alleviate
tactile allodynia and to prevent onset of allodynia in the pa-



10 Central Nervous System Agents in Medicinal Chemistry, 2009, Val. 9, No. 2

clitaxel and formalin injection models. These results demon-
strate the anti-allodynic properties of prosaposin in diverse
models of neuropathic pain and therapeutic potential of
prosaposin for treatment of both degenerative neuropathy
and neuropathic pain.

A B

Fig. (6). Neuro-efficacy of prosaposin on cortical stab wound
injury.

Sprague-Dawley rats were anesthetized and bilateral stab wounds
were made in the motor area of the frontoparietal cortex. Under
anesthesia in a stereotaxis apparatus, rats had been injected in each
stab wound with 1 pl of prosaposin {120 ng/ul per day] for 3 days
post-operation. 0.1 M phosphate-buffered saline [PBS] was used as
contro! [93]. After 3 weeks post-operation, brain sections from rats
treated with prosaposin [A] and PBS [B] were stained with Hema-
toxylin-Eosin stain. Note that the glial reaction around the stab
wound, especially the corpus callosum was more suppressed than
that in stab-wound rats treated with PBS.

In the Seltzer rat model of neuropathic pain, the D5 pep-
tide reduced thermal hyperalgesia in the returning paw with-
drawal latency to control levels [92]. The effect became evi-
dent within 3 hours after injection and was sustained over at
least 48 hours. /n vitro analysis demonstrated that prosaposin
and D5 inhibits K I-stimulated synaptosomal “*Ca”" uptake
similar to v-conotoxin MVIIC, which was abolished by per-
tussis toxin treatment prior to D5 treatment. Collectively,
these findings indicate the involvement of a G-protein-
associated voltage-dependent calcium channel mechanism in
the effect of prosaposin on hyperalgesia in the Seltzer model.

Effect in Developing Rats

The myelinotrophic effect of D5 in developing rats has
been investigated [103]. This study demonstrated that subcu-
taneous D5-injection to neonate rats increased sulfatide con-
centrations in the brains and sciatic nerves by 250 and 150%
over controls, respectively. These results suggested that D5
treatment might stimulate the myelination process in devel-
oping rats, although no significant changes in the level of
other myelin markers such as myelin-associated glycoprotein
and PO protein were demonstrated. The findings suggest that
prosaposin and its peptide mimetic might be applicable
agents to treat both neuroinjury after trauma and unmyeli-
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nated tracks in premature infants such those found in
periventricular leukomalacia.

SUMMARY

With the increasing number of patients with neuro-
degenerative disorders, there is increasing demand for thera-
peutics that control disease symptoms with greater efficacy
to improve the quality of life for patients. The neuro-
pathological tindings in prosaposin deficiency in man and in
prosaposin knock-out mice clearly indicate the physiological
significance of prosaposin in the nervous system. The regu-
lation of prosaposin gene and prosaposin protein expression
following nerve injury may be associated, in part, with in-
trinsic cellular repair mechanisms in the nervous system.
Ample evidence through various studies conducted with
neuro-injury models justify the rationale and validate the
relevance of prosaposin as a therapeutic target. In addition,
collectively these studies provide future perspective in ex-
ploring therapeutic strategies using prosaposin and
prosaposin peptides for treatment of patients with neuro-
degenerative disorders.

ABBREVIATION

AP-1 = Activator protein-1

bp = Base pair

CD = Circular dichroism

ChAT = Choline acetyltransferase

CNS = Central nervous system

ERK = Extracellular signal-regulated kinase

1GF-1 = Insulin-like growth factor-1

LDL = Low-density lipoprotein

Mo6P = Mannose-6-phosphate

Oct = Qctamer transcription factor

PBMC = Peripheral blood mononuclear cell

PE = Phosphatidylethanolamine

pl = Isoelectric point

PI3K = Phosphoinositide 3-kinase

PNS = Peripheral nervous system

ROR = Orphan nuclear receptor

RORE = ROR response element

Sip = Sphingosine-1-phosphate

SDS-PAGE = Sodium dodecylsulfate-polyacrylamide gel
electrophoresis

SK = Sphingosine kinase

Sp = Sp family member
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The y-secretase, composed of presenilin-1 (PS1) or presenilin-2 (PS2), nicastrin (NCT), anterior phar-
ynx-defective phenotype 1 (APH-1), and PEN-2, is critical for the development of Alzheimer’s disease
(AD). PSs are autoproteolytically cleaved, producing an N-terminal fragment (NTF) and a hydrophilic
loop domain-containing C-terminal fragment. However, the role of the loop domain in the y-secre-
tase complex assembly remains unknown. Here, we report a novel PS2 isoform generated by alter-
native splicing, named PS2p, which is composed of an NTF with a hydrophilic loop domain. PS2p
disturbed the interaction between NCT and APH-1, resulting in the inhibition of amyloid-§ produc-
tion. We concluded that PS2§ may inhibit y-secretase activity by affecting the y-secretase complex
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y-Secretase Structured summary:

Amyloid-p MINT-7025654: APH1 (uniprotkb:Q96BI3) physically interacts (M1:0218) with PEN2 (uniprotkb:Q9NZ42),
Nicastrin PS2 beta (uniprotkb:Q61144-2) and PS1 (uniprotkb:P49769) by anti tag coimmunoprecipitation (MI:0007)
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PEN2 (uniprotkb:Q9NZ42) and PS1 (uniprotkb:P49769) by anti tag coimmunoprecipitation (MI[:0007)
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1. Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative
disorder characterized by memory impairment and amyloid-§ pro-
tein (Ap) deposition in the brain. Ap is generated from the amyloid
precursor protein (APP) by two distinct enzymes, B-secretase (or
BACE) and y-secretase. y-Secretase is an intramembrane aspartyl
protease composed of presenilin-1 (PS1) or presenilin-2 (PS2),
nicastrin {NCT), presenilin enhancer 2 (PEN-2), and anterior phar-
ynx defective-1 (APH-1) [1]. Presenilins are endoproteolytically
processed at the hydrophilic loop domain near transmembrane
domain 6 into two fragments that associate as a heterodimer: an

Abbreviations: PS, presenilin; PEN-2, presenilin enhancer 2; APH-1, anterior
pharynx-defective phenotype 1; NCT, nicastrin; CHAPS, 3-cholamidopropyi
dimethylammonio propanesulfonic acid; mRFP, monomeric red fluorescence
protein
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N-terminal fragment (NTF) and a loop domain containing C-termi-
nal fragment (CTF). NCT is glycosylated during y-secretase com-
plex assembly, which occurs during transport from the
endoplasmic reticulum (ER) to the Golgi apparatus [2-4]. All four
components (PS1 or PS2, NCT, PEN-2, APH-1) are required for y-
secretase activity and NCT maturation [5-7]. The current model
for y-secretase complex assembly progresses in three steps: initial
assembly of NCT with APH-1 [8], presenilin binding to the NCT/
APH-1 dimer, and PEN-2 incorporation into the PS/NCT/APH-1 tri-
mer. The final step allows endoproteolysis of PS and formation of
the complete y-secretase complex [6], which includes one of each
component [9]. Missense mutations in PS1 or PS2 increase the ratio
of ABi-42 to ABy_40, leading to formation of Ap aggregates, thereby
leading to AD. By analysis of PS1 and PS2 knockout mice, Chen
et al. [10] observed the differential effect of PS1 and PS2 on NCT
maturation. However, a role of PS2 in the y-secretase complex
assembly remains obscure. In this study, we cloned a novel splicing
isoform of PS2, PS2p containing a hydrophilic loop domain, but
missing the C-terminal transmembrane domain. The interaction
between NCT and APH-1 was inhibited in the presence of PS2p,

0014-5793/$36.00 © 2009 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.
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leading to a disturbance in NCT maturation and a decrease in y-
secretase activity.

2. Materials and methods
2.1. Antibodies

Anti-PS2p antibody was generated in rats by serial immuniza-
tion with the synthetic peptide CESKGA conjugated to KLH (Biogate
Co., Ltd., Japan). Anti-FLAG antibody was purchased from Sigma
(Saint Louis, MO).
2.2. DNA constructs

Mouse presenilins (PS1, PS2, PS2p) and human PEN-2, APH-1,

and NCT cDNAs were tagged with HA (PS1, PS2, PS28, and PEN-
2), FLAG (APH-1), Myc (PS1), V5 (NCT), Xpress (PS2p), and mono-

Y. Suzuki et al./ FEBS Letters 583 (2009) 1403-1408

meric red fluorescence protein (mRFP) (PS1, PS28). FLAG, Myc,
and V5 are tagged at C-terminal and the others are tagged at N-ter-
minal. Human mannosidase I ¢cDNA was inserted into pEGFP
(Clontech, Mountain View, CA) as the Golgi apparatus marker
[11]. The transmembrane domain (100-134 amino acid residues)
of cb5 was fused to GFP and mRFP to generate the ER markers,
ER-GFP and ER-mRFP, respectively.

2.3. Reverse transcription-polymerase chain reaction (RT-PCR) and
real-time PCR

RT-PCR was performed according to a previously described pro-
cedure [12]. PCR was carried out for 30 cycles with an annealing
temperature of 65 °C. The PCR primer pairs were as follows: mouse
PS2, 5'-AGGAGCTGGAGGAGGAGGAG-3' (PS2ZW-1), 5'-ATGTAGAG-
CTGGTGGGAGGC-3' (PS2W-2); mouse PS28, 5'-AGGAGGAGGAAA-
GTAAGGGG-3' (PS2BETA-2); mouse f-actin, 5'-GTTTGAGACCTTC-
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AACACC-H, 5'-GTGGTGGTGAAGCTGTAG-3'. Real-time PCR was
performed using SYBR Green by Thermal Cycler Dice (Takara,
Japan) according to the manufacturer’s protocol. The PCR primer
pairs have been described previously [13].

2.4, PS2/SC100 transformant and ELISA

Xpress-tagged PS2p and pTK-Hyg (Clontech) were co-transfec-
tedd into HEK293 cells stably expressing SC100 [13], selected with
600 pg/ml of hygromycin, by calcium-phosphate and DNA precip-
ttation, ELISA was performed as described previously [13] using AB
ELISA Kits (Wako, Japan). All measurements were performed in
three independent experiments.

2.5, mmunaoprecipitation

HEKZ293 cells were lysed in lysis buffer [50 mM Tris-HCl pH 7.4,
150 mM NaCl, 5 mM EDTA, 0.1% 3-cholamidopropy! dimethyl-
ammonio propanesulfonic acid (CHAPS) (Dojindo, Japan)] supple-
meated  with  protease  inhibitor (Roche Applied Science,
NManriheim, Germany) and centrifuged at 12 000xg for 30 min.
Alter the supernatant was precleared with protein A, immunopre-
cipitation was performed using an ANTI-FLAG M2 affinity gel (Sig-
ma) according to the manufacturer’s protocol.

2.6, Western blot

subeellular fractionation was performed as described previ-
ausly [12]. Cells and tissues were lysed in RIPA buffer (50 mM
Peis-HC pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% Na deoxycholate,
0.1% SDS) or TTS buffer (50 mM Tris-HCl pH 8.0, 150 mM NacCl,
U Feiton X-100, 0.1% SDS, 5 mM EDTA) containing protease inhib-
itors. Equal amounts of cell or tissue lysates were separated on
SDS-PAGE and transterred to PYVDF membranes (Immobilon P,
Millipore, Billerica, MA).

2.7, Microscopic analysis
Cells were fixed in 4% paraformaldehyde in 0.1 M phosphate

buffer (pH 7.2) at 24 h after transfection and mounted on Perma
Fluor™ (Thermo Shandon, Pittsburgh, PA). Samples were exam-

B

anti-HA
antibody

anti-ESKGA
antibody

whole
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ined with confocal microscopy (LSM 510, Carl Zeiss, Oberkochen,
Germany).

2.8. RNase protection assay

RNase protection assay was performed according to a previ-
ously described procedure [14]. Briefly, 0.6 jig of mRNA was
hybridized with antisense RNA probe and then samples were di-
gested by RNase A/T1 using RPA 1™ Ribonuclease Protection As-
say Kit (Ambion, Austin, TX). Antisense RNA probe was synthesized
using the MAXIscript In Vitro Transcription Kit (Ambion) with
[0-3?PJUTP (800 Ci/mmol, MP Biomedicals Inc., Solon, OH). The
reactions were assessed on a 5% polyacrylamide/8M urea gel. Sig-
nal was calculated using Image ], corrected by number of UTP,

3. Results
3.1. Molecular cloning and expression of PS28

To understand the role of PS2 in y-secretase complex formation,
we amplified the full-length mouse PS2 cDNA from mRNA of the
mouse eye by RT-PCR. By coincidence, we cloned a novel isoform
of PS2, whose molecular weight was smaller than the predicted
size. It had an extra five nucleotides (GTAAG), leading to the trans-
lation of an additional four out-of-frame residues (SKGA) at the
loop domain (Fig. 1A). By cloning the intron at the insertion point,
we found that the exon was extended. Interestingly, the mouse and
human splicing site sequences were highly conserved, especially at
the boundary of the 5’ end of the intron (5 splicing site). This splic-
ing isoform, named PS2f, was composed of NTF and a hydrophilic
loop domain, but it lacked the seventh transmembrane domain and
downstream C-terminal regions. Under highly stringent condi-
tions, the PS2p transcript was detected by RT-PCR (Fig. 1C) and
RNase protection assay (Fig. 1D) from mouse brain mRNA, and
the PS2p protein was enriched in the microsomal fraction detected
by anti-ESKGA antibody, which specifically reacted with the PS2p
protein (Fig. 2A and B). The PS2p loop domain-cleaved product
was not observed in lysates from HEK293 cells stably expressing
PS2B as observed with the active site mutated PS1 in the seventh
transmembrane domain (data not shown). We performed confocal
microscopy analysis using ER and Golgi apparatus markers to

microsome
whole brain
pinal cord
Xpress-PS23

o-tubulin

Fig. 2. Expression of PS2p protein. (A) Specificity of anti-ESKGA antibody. (B) Endogenous PS2p protein in the microsomal fraction of mouse brain (left). PS2B was detected by
anti-PSANTF antibody (right). Arrow: PS2p; arrowhead: PS2. (C) Localization of PS2p. (a, d) monomeric red fluorescence protein (mRFP)-PS28; (g, j) mRFP-PS1; (b, h) ER-GFP;
(e, k) mannosidase H-GFP; (¢, £, i, 1) merge; (¢, , ', I') higher magnification of the region marked by the square in ¢, f, i, |, respectively. Scale bars represent 5 um.
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examine the subcellular localization of PS28 (Fig. 2C). PS1 localized
at the Golgi as well as ER (Fig. 2Cg-1), whereas PS2p mainly local-
ized at the ER (Fig. 2Ca~f). Thus, we conclude that PS28, which is
composed of NTF and a hydrophilic loop domain, is expressed in
the mouse brain and mainly localized at the ER.

3.2. PS2f inhibits the interaction between NCT and APH-1, leading to
disturbance of NCT maturation

To examine the role of PS2p in NCT maturation, we determined
whether PS2p was integrated into the y-secretase complex. After
transfection of PS2p with four y-secretase components (NCT-V5,
PS1-Myc, HA-PEN-2, APH-1-FLAG), an immunoprecipitation assay
with the anti-FLAG antibody was carried out using lysis buffer con-
taining 0.1% CHAPS (Fig. 3A). We found that the association be-
tween APH-1 and NCT was significantly inhibited in the presence
of PS2p. The interaction of PS1 or PEN-2 with APH-1 was not dis-

turbed. Interestingly, the NTF of PS2 (PS2N, Met!-Lys3%%) did not
disturb the interaction between NCT and APH-1 (Fig. S1). To inves-
tigate whether y-secretase complex was affected by the presence
of PS2B, biue native polyacrylamide gel electrophoresis (BN-PAGE)
was performed after transfection of all four y-secretase compo-
nents (NCT, PS1, PEN-2, APH-1) into parental HEK293 cells and
HEK293 cells stably expressing PS2p. The anti-NCT antibody recog-
nized a 440 kDa protein complex, which was observed in the other
three components (PS1, PEN-2, and APH-1) by western blot
(Fig. S2). The signal for the endogenous as well as exogenously ex-
pressed NCT band was drastically reduced, indicating that the
incorporation of NCT into the y-secretase complex was disturbed
in the presence of PS28 (Fig. 3B). Next, we examined whether
transportation of NCT was affected. A Western blot analysis re-
vealed that brefeldin A, which disturbs Golgi function, decreased
the upper (possibly glycosylated mature) NCT (Fig. 3C). The matu-
ration of endogenous NCT was consistently inhibited in HEK293
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Fig. 3. PS2p disturbed y-secretase complex assembly. (A) Immunoprecipitation of y-secretase components with anti-Flag antibody (APH-1) after co-transfection into HEK293
cells. Data represent mean + S.EM in three independent experiments corrected by the APH-1 protein (right). (B) PS2 inhibited the incorporation of NCT into the y-secretase
complex in HEK293 cells stably expressing PS28 (arrowhead). top, BN-PAGE; middle and bottom, SDS-PAGE. (C) 10 pg/mt of brefeldin A treatment. (D} Matured NCT
increased in HEK293 cells stably expressing PS2p after transfection of PS2 siRNA. arrowhead, matured form of endogenous NCT; arrow, immature NCT. Control: parental

HEK293 celis; PS2p: HEK293 cells stably expressing PS2p.
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Fig. 4. PS2p disturbed y-secretase activity. (A) Secreted AB;_4; and AB;.4 were
measured by ELISA. (B) Real-time PCR of downstream target genes of notch. (C)
NICD was similarly detected by western blotting after immunoprecipitation with
anti-Notch antibody in both parental HEK293 cells and HEK293 cells stably
expressing PS2p (arrowhead) PS28(~), HEK293 cells; PS25(+), HEK293 cells stably
expressing PS2p. =: heavy chain.

cells stably expressing PS2p, which was rescued by PS2B knock-
down (Fig. 3D). Thus, these findings suggest that the loop domain
may be critical for y-secretase complex assembly.

3.3. PS2p inhibits y-secretase activity

To determine the role of PS2 in relation to y-secretase activity,
we first analyzed AB secretion by ELISA using HEK293 cells stably
expressing PS2p, which also constitutively expressed the C-termi-
nal region of APP SC100. AB;_4, and AB,_4 Secretion was signifi-
cantly inhibited in the presence of PS2p (Fig. 4A). In HEK293
cells, the expression of the downstream notch target genes hesl
and hey1 was regulated by y-secretase activity [13]). In contrast,
in HEK293 cells stably expressing PS28, real-time PCR showed that
hes1 and hey1 expression was not inhibited (Fig. 4B). Moreover,
immunoprecipitation with anti-Notch antibody indicated that
NICD in HEK293 cells stably expressing PS28 was detected simi-
larly to that in HEK293 cells (Fig. 4C). These data suggest that
PS2p mainly affect A production, but not notch signaling.

4. Discussion

In this study, we showed that an alternative splicing isoform of
mouse PS2, composed of NTF and a hydrophilic loop domain, dis-
turbs the interaction between NCT and APH-1 leading to inhibition
of y-secretase activity.

PS2B is produced by extension of the mouse PS2 gene exon 9
(NM_011183.2), which causes a frameshift mutation that creates
a stop codon in the following exon and encodes for translation of
four additional out-of-frame residues (SKGA). Sequences around

the splicing sites were conserved between mouse and human (in-
tron 14, NG_007381), suggesting that the extended exon may not
be specific to mouse PS2 (Fig. 1A). A PS2p fragment containing
GTAAG was detected in the mouse brain even under highly strin-
gent PCR conditions, although its expression level was low
(Fig. 1C and D). The PS2p protein was enriched in the microsomal
fraction of mouse brain (Fig. 2B). Consistent with a previous study
that endoproteolysis in the PS1 mutation of active sites (D385A in
TM7) does not occur [15], endoproteolytic cleavage of PS2B was
not observed by Western blot. Thus, PS2B existed in cells without
endoproteolytic processing at the conventional site of the loop
domain.

PS1 CTF, especially the C-terminal residues, interacts with NCT
[16] through its transmembrane domain [17], which may be the
trimeric assembly intermediate (PS/NCT/APH-1) during y-secre-
tase complex assembly [8]. In our study, PS2p interfered with the
binding of NCT to APH-1 and with NCT incorporation into the y-
secretase complex even in the presence of PS1. However, the NTF
of PS2 (PS2N) did not affect binding of NCT to APH-1 (Fig. S1).
PS28 also inhibited NCT maturation (Fig. 3C), which was not due
to disturbance of transportation, because wild-type CFTR protein
was detected at the plasma membrane in the presence of PS28
(Fig. S3). Following treatment with brefeldin A, an inhibitor of
intracellular protein transport at the ER-Golgi junction and in
trans-Golgi, the upper band of NCT (arrowhead in Fig, 3C) disap-
peared, but the size of the lower band did not change, suggesting
that transportation of NCT was specifically prevented at the
ER-Golgi junction by PS2p which is mainly localized at the ER.
The PS loop domain is dispensable for PS localization and y-secre-
tase activity {18,19]. Consistently, NTF of PS2 (PS2 N) interacted
with APH-1 and did not affect the y-secretase complex formation
(Fig. S1). In contrast, PS2B, which is PS2N fused with the C-terminal
loop domain, prevented the interaction of NCT to APH-1. Since
APH-1 stabilize the PS holoprotein in the y-secretase complex
and endoproteolytic processing of PS is occurred after PEN-2 is
joined to the complex[6], the holoprotein of PS may be critical
for complex formation although the cleaved loop domain does
not disturb the complex after all four components of y-secretase
are joined to the complex. These results indicate that a hydrophilic
loop domain, which is fused to the C-terminal and not the NTFs of
PS, may be crucial for completion of y-secretase complex assembly.
Consistently, AB1-42 secretion and the ratio of ABy_42/AB1_40 Were
significantly decreased in the presence of PS2p. However, we could
not detect the difference of Notch signaling in HEK293 cells stably
expressing PS28, using two different methods, NICD detected by
immunoprecipitation and expression of Notch target genes by
real-time PCR. This result suggests the differential effect of PS2p
on AP generation and Notch signaling. We did not determine the
precise mechanism, but one possibility is that the y-secretase com-
plex formation is not completely destroyed by PS2p (Fig. 3B). The
other possibility is that PS28 may regulate y-secretase activity as
TMP21, which differentially regulates y-secretase activity [20].
However, it requires further experiments to address the precise
mechanism. Based on these data, we conclude that PS2p prevented
formation of y-secretase complex assembly at the ER, resulting in
inhibition of y-secretase activity.
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EXERCISE INDUCES METALLOTHIONEINS IN MOUSE SPINAL CORD

K. HASHIMOTO, Y. HAYASHI, T. INUZUKA AND
. HOZUMI*

Department of Neurology and Geriatrics, Gifu University Graduate
School of Medicine, 1-1 Yanagido, Gifu 501-1194, Japan

Abstract—Regular exercise has displayed a beneficial effect
on the progression of amyotrophic lateral sclerosis (ALS).
However, the mechanism is poorly understood. We here
present that regular exercise on a treadmill induces metallo-
thioneins (MTs: MT-1, MT-2, and MT-3} in spinal cords of
mice. As MTs are strong scavengers of reactive oxygen spe-
cies and have some neurotrophic activities, exercise may
have some beneficial effects on spinal motor neurons in
patients with ALS owing to the induction of MTs. The running
exercise on a treadmill for 30 min/day increased the mRNA
expression levels of MT-1, MT-2, and MT-3 up to 193%, 298%,
and 196%, respectively, of the control value 12 h after the
start of exercise. After two weeks of daily exercise, Western
blotting of the MTs proteins showed that the expression
levels of MT-1/2 and MT-3 reached 173% and 146%, respec-
tively, compared with those in sedentary mice. Running ex-
ercise on a treadmill for 2 weeks led to the gradual accumu-
lation of MT proteins in the spinal cords of the mice. In
addition, MT-1/2 and MT-3 immunoreactivities were enhanced
in astrocytes particularly in the gray matter of the spinal cord.
We revealed that regular exercise induced transient in-
creases in the expression leveis of MT mRNAs and resulted
in accumulation of MT proteins in the spinal cords of the
normal mice. © 2009 IBRO. Published by Elsevier Ltd. All
rights reserved.

Key words: metallothionein, growth inhibitory factor, amyo-
trophic lateral sclerosis, neurodegenerative disease, astro-
cyte, treadmill.

Amyotrophic lateral sclerosis (ALS) is a progressive and
fatal neurodegenerative disease characterized by selec-
tive motor neuron degeneration. The majority of ALS cases
are sporadic amyotrophic lateral sclerosis (SALS), and
approximately 10% of ALS cases are familial amyotrophic
lateral sclerosis (FALS), 10-20% of which are the result of
mutations in the Cu/Zn superoxide dismutase (SOD1)
gene. The combination of genetic, pathological and bio-
chemical studies has fueled four primary hypotheses for
mechanisms that provoke or contribute to the disease,
which are oxidative damage, axonal strangulation from

*Corresponding author. Tel: +81-58-230-6253; fax: +81-58-230-6252.

E-mail address: ihozumi@gifu-u.ac.jp (I. Hozumi).

Abbreviations: AD, Alzheimer's disease; ALS, amyotrophic lateral
sclerosis; ANOVA, analysis of variance; BDNF, brain-derived neuro-
trophic factor; FALS, familial amyotrophic lateral sclerosis; GFAP, glial
fibrillary acidic  protein; G93A, glycine at position 93 substituted with
alanine; KO, knockout; mAb, monoclonal antibody; MT, metallothio-
nein; NGF, nerve growth factor; NT, neurotrophin, ROS, reactive
oxygen species; RT-PCR, reverse transcriptase-polymerase chain
reaction; SALS, sporadic ALS; SOD1, Cu/Zn superoxide dismutase.

neurofilamentous disorganization, toxicity from intraceliu-
lar aggregates and/or failure of protein folding or degrada-
tion, repetitive motor neuron firing and subsequent excito-
toxic death due to mishandling of glutamate (Cleveland
and Rothstein, 2001; Hozumi et al., 2004). Many other
mechanisms have been reported including heavy metal
toxicity and dysfunction in neurotrophic factors (Boillée et
al., 2006). Despite those studies, the etiology of SALS
remains unclarified. We have recently shown that the ex-
pression of metallothioneins (MTs: MT-1, MT-2 and MT-3)
was diminished in the spinal cords of patients with SALS.
The study suggests that MTs are profoundly involved in the
pathogenesis of SALS (Hozumi et al., 2008b).

MTs are small (6—8 kDa) cysteine-rich, metal (Cu/Zn)-
binding proteins that scavenge reactive oxygen species
(ROS). MT-1 and MT-2 exist together in all tissues and are
abbreviated as MT-1/2. MT-1 suppresses CNS inflamma-
tion and neurodegeneration, and prevents cell death fol-
lowing kainic acid-induced epileptic seizures (Penkowa et
al., 2005). MT-3 exists mainly in the CNS (Hozumi et al.,
2008a). MT-3 inhibits neurite extension and protects cor-
tical neurons from the toxicity of amyloid beta peptides and
hydroxyl radicals (Uchida et al., 1991). Moreover, MT-3
knockout (KO) mice were more susceptible to seizures
induced by kainic acid and subsequently exhibited greater
neuronal injury in the CA3 field of the hippocampus. Con-
versely, transgenic mice containing high levels of MT-3
were more resistant to CA3 neuronal injury induced by
seizures (Erickson et al., 1997). MT-3 prevents neurode-
generation and may have some effect on neurogenesis
after brain damage (Sakamoto et al., 2003; Hozumi et al.,
2006). Crossing G93A (glycine at position 93 substituted
with alanine) SOD1 mice with MT-1/2 or MT-3 KO mice
accelerated the onset or progression of ALS in the progeny
(Nagano et al., 2001; Puttaparthi et al., 2002). The expres-
sion levels of MT-3 mRNA were decreased in the spinal
cords of patients with SALS (ishigaki et al., 2002). MT-1/2
can be induced by various factors: heat shock, heavy
metals such as Zn, Cd, Mg, and Cu (Aschner et al., 1997,
Hidalgo et al.,, 2001), but MT-3 has been shown to be
induced only by brain injury and sleep deprivation (Hozumi
et al., 1995; Cirelli and Tononi, 2000).

Recent studies suggest that physical exercise has a
beneficial effect on the progression of ALS (McCrate et al.,
2008). Regular exercise can increase the life span of a
transgenic mouse model of FALS (G93A SOD1) and delay
the onset (Kirkinezos et al., 2003). However, the mecha-
nism by which exercise affects motor neurons is poorly
understood. Here we examined how regular exercise af-
fects the expression of MTs in the spinal cords of normal
mice.

0306-4522/09 $ - see front matter © 2009 IBRO. Published by Elsevier Ltd. All rights reserved.
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EXPERIMENTAL PROCEDURES
Animals and exercise

C57BL/6J male mice were purchased from Japan SLC, Inc.
(Hamamatsu, Japan). Mice were housed in a temperature-con-
trolted (23+3 °C) room with a 12-h light/dark cycle. Food and
water were provided ad libitum throughout this study. The tread-
mill running exercise program was administered as described
previously (Kirkinezos et al., 2003). Briefly, the male mice in the
exercise groups ran on a treadmill machine (MK-680 S, Muroma-
chi, Tokyo, Japan) at 13 m/min and 30 min/day. The exercise
program was carried out from 9 to 10 o'clock. A control group
remained sedentary. The exercise was started at 7 weeks of age.
For MT-1/2 or MT-3 protein expression level analysis, mice were
anesthetized and sacrificed, and their spinal cords were removed
24 h after the exercise program for a week or 2 weeks. For MT
mRNA expression level analysis, mice were anesthetized and
sacrificed, and their spinal cords were removed 6 h, 12h,and 24 h
after 30 min of an exercise stimulation. For immunohistochemis-
try, mice were anesthetized and sacrificed, and their spinal cords
were removed 24 h after the exercise program for 2 weeks. The
experimental designs and all procedures were in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and the guidelines on the handling of exper-
imental animals issued by the Japanese Association for Labora-
tory Animal Science and the Animal Experimental Committee of
Gifu University. Every effort was made to minimize the number of
animals used and their suffering. This study was approved by the
Animal Experimental Committee of Gifu University.

Antibodies

Western blotting. A mouse anti-MT-3 monoclonal antibody
(mAb) was prepared as described previously (Tokuda et al., 2007;
Hozumi et al., 2008a). A mouse anti-MT-1/2 mAb (E9) (Dako,
Produktionsvej, Denmark), a mouse anti-a-tubulin mAb (1:2000,
Sigma Aldrich, St. Louis, MO, USA), and a sheep anti-mouse igG
Ab (GE Healthcare, Buckinghamshire, UK) were used in this
study.

Assay for protein leveis of MTs

The spinal cords of the mice were homogenized in PBS containing
protease inhibitor cocktail set (10 uM AEBSF, 0.8 uM aprotin, 50
1M bestatin, 15 uM E-64, 20 uM leupeptin, and 10 uM pepstatin
A). After centrifugation at 12,000xg for 15 min at 4 °C, the
supernatant was collected. Proteins (50 ug) were separated by
5-20% linear gradient SDS-PAGE and transferred to a PVDF
membrane sheet (Bio-Rad Laboratory, CA, USA). Protein concen-
tration was determined using the BCA Protein Assay Reagent
(Thermo Fisher Scientific Inc., IL, USA). The blots were developed
with ECL plus (Amersham, Piscataway, NJ, USA) and analyzed
using Science Lab (2005) Multi Gauge Ver3.0 (Fujifim, Tokyo,
Japan).

Real-time reverse transcriptase—polymerase chain
reaction (RT-PCR) analysis

The gene expressions of MT-1, MT-2, and MT-3 were quantified
by real-time RT-PCR analysis as described previously (Wakida et
al., 2006). Briefly, total RNAs were isolated from spinal cords
using RNeasy Lipid Tissue Mini Kit (Qiagen Sciences, MD, USA).
cDNA synthesis and real-time PCR were carried out using SYBR
PrimeScript RT-PCR Kit (TaKaRa Bio inc., Shiga, Japan) and the
Thermal Cycler Dice Real Time System (TaKaRa). The follow-
ing primer pairs were used as follows: the mt-1 sense primer
5.GGTCCTCTAAGCGTCACCAC-3' and antisense primer 5'-GAG-
CAGTTGGGGTCCATTC-3'; the mt-2 sense primer 5-CCTGTGC-

CTCCGATGGAT-3' and antisense primer 5'-ACTTGTTCGGAAGC-
CTCTTTG-3'; the mt-3 sense primer 5'-CTGAGACCTGCCCCT-
GTC-3' and antisense primer 5-TTCTCGGCCTCTGCCTTG-3'. As
a housekeeping gene, B-actin was amplified using the sense primer
5'-GATCTGGCACCACACCTTCT-3' and antisense primer 5'-
GGGGTGTTGAAGGTCTCAAA-3'.

Immunohistochemistry

Under ether anesthesia, mice were sacrificed, and the spinal
cords were removed and immersed in 4% paraformaldehyde (pH
7.4) overnight. The lumbar spinal cords were embedded in paraf-
fin, sectioned (5 um), and then deparaffinized using xylene and a
graded series of alcohols. Sections were then washed in PBS,
treated with 0.3% hydrogen peroxide for 10 min, and then washed
again. Immunohistochemical analysis was performed using an
immunoperoxidase reagent kit, Histofine SAB-PO (M) Kit (Nichirei
Corporation, Tokyo, Japan), following the instructions of the man-
ufacturer. The primary antibody used was a mouse anti-MT-1/2
or -MT-3 mAb. The sections on slides were dehydrated through
graded alcohols, coverslipped with Permount, and then viewed
under a Zeiss Axioskop 2. The sections were double-stained with
an anti—glial fibrillary acidic protein (GFAP) antibody (DAKO,
Produktionsvej, Denmark) to confirm the MT-immunopositive
cells.

Statistical analyses

Data were assessed by one-way analysis of variance (ANOVA),
followed by Scheffe's post hoc test. When applicable, an unpaired
Student's t-test was used. The significance was set at P<0.05.

RESULTS

Changes of MT mRNAs in spinal cords after
treadmill running exercise

The levels of MTs mRNA in spinal cords of mice with single
30 min-exercise or after 2-week-exercise were analyzed
with real time RT-PCR. With 30 min of exercise stimula-
tion, the expression levels of MT mRNAs were significantly
increased 12 h after the beginning of the exercise training.
The MT-1 and MT-3 mRNA expression levels were up-
regulated to approximately 1.93-fold and 1.96-fold, respec-
tively, compared with sedentary levels. The MT-2 mRNA
expression level was markedly more increased up to
2.98-fold compared with sedentary level (Fig. 1A). The
levels of MT-1 and MT-2 mRNA showed a tendency of
upregulation even after 2 weeks’ exercise but lower than
those after single 30-min-exercise at first. The levels of
MT-3 showed no significant change after 2 weeks’ ex-
ercise (Fig. 1B).

MT-1/2 and MT-3 protein expression levels in spinal
cords after treadmill running exercise

The levels of MT-1/2 and MT-3 protein in spinal cords of
2-week-exercised (9 weeks old) and 2-week-sedentary
mice (9 weeks old) were analyzed by Western blotting. The
MT-1/2 and MT-3 protein expression levels in the spinal

“cords of 2-week-exercised mice were 1.73-fold (P=0.043)

and 1.46-fold (P=0.040) higher than those of sedentary
mice, respectively (Fig. 2A, B). The levels of MTs proteins
were chronologically analyzed at control (7 weeks old
mice), and 7-day-exercised and 14-day-exercised mice in
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Fig. 1. Regulation of MT mRNA expression levels in spinal cords after treadmill running exercise. The expression levels of MTs mRNAs were
significantly increased 12 h after the beginning of the exercise training. After 2 weeks of exercise the levels of MT-1 and MT-2 mRNA still showed
a tendency of upregulation. Thirty minutes of exercise stimulation was administered and MT mRNA expression levels in the spinal cords were
examined at 6 h 12 h, and 24 h after the beginning of exercise (A, n=3). Two weeks of exercise was administered and MT mRNA expression
levels in the spinai cords were examined at 1 h, 6 h, 12 h, and 24 h after the beginning of last exercise (B, n=3). One-way ANOVA revealed
significant effects in the interaction between MT mRNA expression levels and exercise stimulations. Scheffe’s post hoc test ** P<0.01, * P<0.05

vs. control.

the spinal cord by Western blotting. The levels of MTs in
the spinal cord in mice were not significantly changed at
least between 7 and 9 weeks old in the experiment. The
time course study showed that the MT-1/2 protein expres-
sion level was gradually increased for 14 days, reaching
2.04-fold that of the controi value (0 day). The MT-3 protein
expression level also gradually increased, reaching 1.39-
fold that of the control value. However, the increase in
MT-3 protein expression level was slower and smaller than
that in MT-1/2 protein expression level (Fig. 3).

.Localization of MT proteins in spinal cords after
treadmill running exercise

Localization and immunoreactivity of MT proteins in spinal
cords after 2 weeks of exercise were analyzed by immu-
nohistochemistry analyses. In the lumbar spinal cords of
sedentary mice, MT-1/2 immunoreactivity was observed in
astrocytes and their processes particularly in the white

matter, and it was faintly recognized in small cells in the
gray matter, whereas MT-3 immunoreactivity was recog-
nized in small cell bodies in the white matter. In the lumbar
spinal cord after the 2-week-exercise, MT-1/2 immunore-
activity was enhanced in astrocytes particularly in the gray
matter, whereas MT-3 immunoreactivity was also en-
hanced in small cells particularly in the gray matter (Fig. 4).
The MT-positive cells were confirmed to be astrocytes by
co-staining with an anti-GFAP antibody immunostaining
(Fig. 5).

DISCUSSION

We demonstrated that regular exercise on a treadmill
physiologically induced MTs in the spinal cords of normal
mice in this study. MT-1/2 and MT-3 immunoreactivities
were enhanced in astrocytes particularly in the gray matter
of the spinal cords. MTs are low-molecular-weight, cys-
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Fig. 2. Differences in MT-1/2 or MT-3 protein expression levels in spinal cords after 2 weeks of treadmill running exercise. Both MT-1/2 (A) and MT-3
(B) protein expression levels in the spinal cords of 2-week-exercised mice were significantly higher than those of sedentary mice. Immunoblotting was
performed using the anti-MT-1/2 antibody (A, left, n=5) or the anti-MT-3 antibody (B, right, n=7-8). The density levels were analyzed and presented
as fold induction compared with that of the sedentary group (bottom graph). Unpaired Student's t-test * P<0.05.

teine-rich, and metal (Cu/Zn)-binding proteins with multi-
functions inciuding ROS. Therefore, this study provides a
promising clue to developing a new treatment for neuro-
degenerative diseases such as ALS.

The group of ALS patients that exercised three times
weekly showed significantly better clinical functional scores
than the group receiving conventional care (Bello-Haas et
al., 2007). Kirkinezos et al. (2003) showed in the G93A-
SOD1 FALS model mice that regular exercise had a ben-
eficial effect on the progression, the mechanism of which
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remains to be elucidated. In G93A SOD1 mice, the onset
and survival time are different among reported studies.
Moreover, the effects of exercise are different among re-
ported studies. Kirkinezos et al. (2003) showed a beneficial
effect, especially in male mice. Liebetanz et al. (2004)
have reported that extensive exercise showed a positive
trend for the survival time and no significant differences
between sexes for the onset and survival time. Veldink et
al. (2003) showed that exercise had a beneficial effect on
the onset time of the low-copy G93A SOD1 female mice
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Fig. 3. Time course of MT-1/2 or MT-3 protein expression levels in spinal cords. MT-1/2 (A) and MT-3 (B) protein expression level was gradually
increased with time for 14 days. Exercise stimulation was administered for the duration indicated and spinal cords were examined after 24 h.
Immunoblotting and density analysis was performed as described in the legend to Fig. 1.
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Fig. 4. MT immunoreactivities in lumbar spinal'cords after 2 weeks of treadmill running exercise. Immunohistochemical analysis was performed using
the:anti-MT=1/2:antibody or the anti-MT:3 antibody. (A) White: matter; (B) ventral horn of lumbar region.

and the survival time of the high-copy G93A SOD1 female
mice: In:the study on the wild type mice, the difference of
effects by exercise between sexes has not been exam-
ined. Regular exercise has a wide range of beneficial
effects on physical and mental functions: The molecular
mechanism of ‘exercise in detail is still unknown. Physical
exercise may induce neurogenesis via neurotrophic fac-
tors, decrease oxidative damage, and protect brain func-
tion, while excessive exercise may increase proteolytic
degradation by proteasomes. (Adlard and Cotman 2004;
Cotman and Engesser-Cesar, 2002; Radak et al., 2001).

In CNS, neurotrophic factors such as brain-derived
neurotrophic factor (BDNF) and nerve growth factor (NGF)
affect the maintenance of neurons and the interconnect-
edness of synapses. A previous study showed that exer-
cise affected the expression of BDNF, NGF and other
factors particularly in the hippocampus but not in the spinal
cord (Hennigan et al., 2007). In the spinal cord only BDNF,
neurotrophin (NT)-3 and NT-4 expressions have been re-
ported to be affected by exercise (Skup et al., 2000;
Gomez-Pinilla et al., 2001). Although IGF-1 and GDNF did
not change in the spinal cord (Engesser-Cesar et al., 2007
Siamilis et al., 2009), interestingly, synergy of IGF-1 and
exercise has been reported to have a benefit in ALS mice
(Kaspar et al., 2005)." To-our knowledge other- factors
related with exercise have not been reported yet. Intrigu-
ingly, exercise acutely induced BDNF mRNA expression
after a single bout of exercise (170%) and a week of
exercise (138%), and increased the protein expression
level of BDNF only 2 h later (Gomez-Pinilla.et al., 2001).
NT-3 and NT-4 mRNA expressions and immunoreactivities

in-the spinal cord were enhanced:acutely by wheel volun-
tary ‘exercise ‘but ‘not:by -treadmill-exercise (Ying et al;
2003):

In our study;:interestingly, regular exercise on a tread-
mill-induced not-only MT-1-and‘MT-2 but-also MT-3."The
change in the expression of the MT-3 protein-was smaller
and slower in reaction compared with that of the MT-1/2
protein. The levels of protein in MTs. are thought to be
accumulated little by little by single bout of exercise. This
phenomenon is similar to the finding observed following
stab wounds in the rat brain: (Hozumi et al,, 1995). in
addition, MT-2 mRNA was prominently induced in the spi-
nal cord. This is also similar to the phenomenon observed
in the rat brain with focal cerebral ischemia (Wakida et al.,
2006). The induction of MT isoforms seems to be similarly
regulated by various stimuli and stresses.

Histologically, both MT-1/2 and MT-3 immunoreactivi-
ties were enhanced in astrocytes particularly in the gray
matter. Similarly, MT-1/2 immunoreactivity reportedly has
been enhanced in the G93A-SOD1 ' FALS model mice
(Gong and Elliott, 2000): Crossing G93A-SOD1 mice with
either MT-1/2 or MT-3 KO mice markedly accelerated the
expression of paralysis and shortened survival (Nagano et
al., 2001, Puttaparthi et al., 2002). The MTs-positive cells
cannot-be-recognized except-in astrocytes in this experi-
ment, although MT-immunoreactivities were recognized in
a few neurons in human autopsy materials in the previous
study. In some pathological conditions, we speculate that
other cells except astrocytes may be MT-positive. The
immunoreactivity of MT-3 in astrocytes.in the gray. matter
of the lumbar spinal cord .in. human ALS:was negatively
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Fig. 5. MT co-localization in astrocytes in the white matter (A) and the gray matter (B) of the lumber spinal cords after 2 weeks of treadmill running
exercise and in the gray matter of the sedentary mice (C) as a control. Immunohistochemical analysis was performed using the anti-MT-1/2 antibody
or the anti-MT-3 antibody, and anti-GFAP antibody. MT-1/2-positive cells were confirmed to coincide with GFAP-positive cells. MT-3-positive cells
were also confirmed to coincide with GFAP-positive cells. Both MT-1/2 and MT-3 immunoreactivities were enhanced in astrocytes particularly in the
ventral horn of the gray matter of the lumbar region after the treadmill running exercise for 2 weeks.

correlated with the duration of ALS (Hozumi et al., 2008b). further stressed in the pathogenesis of ALS in G93A-SOD1
Recently, the role of astrocytes in the spinal cord has been mice (Bilsland et al., 2008; Nagai et al., 2007). ishigaki et
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