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Fig. 4. Motor function of Tg mice (mutant H46R SOD1) tested with the
Rotarod. For the 5 rpm task (A), there was no significant difference
between the two groups. However, the assessment with the Rotarod task
at 20 rpm was much more improved in the gal-1-treated group than in
the control group (P = 0.038) (B). Red line, gal-1 group (n = 10); blue
line, ‘control group (n = 9). Body weight measurements of the trans-
genic mice treated with thGAL-1/0x or physiological saline (C). Red
line, gal-1 group (n = 14); blue line, control group (n = 14). Error bars
represent SD.

with those in the gal-1-treated group (18.4 + 2.4 versus
19.7 + 2.3 g) (Fig. 4C); however, there was no statistical
significance of the body weights between the two groups
(ANOVA; P = 0.65).

Histopathological evaluation of spinal cords with
147-day-old mice: effect of rhGAL-1/ox on motor neuron
survival

In H&E-stained sections, several pathological features
were seen in both gal-1-treated group and control

group. Neurite swellings, eosinophilic inclusion bodies
similar to Lewy body-like hyaline inclusions in human
ALS, and astrocytic proliferations were detectable in the
anterior horns of the spinal cord. Large anterior homn
cells were decreased in number in both groups, how-
ever, histological evaluation using Nissl-stained spinal cord
sections of the 147-day-old mice suggested a neuro-
protective effect of rhGAL-1/0x on spinal motor neuron
survival.

In Nissl-stained sections, more anterior horn cells of
L4 s segments were preserved in the gal-1-treated group
(Fig. 5A) than in the control group (Fig. 5B) (£ = 0.007,
Table 2). Furthermore, we compared the number of
remaining large anterior horn cells at the cervical level
(Cs_) between the gal-l-treated group and the control
group. At the cervical level, gal-l-treated Tg mice also
had a greater number of large anterior homn cells than the
control group (P = 0.039, Table 2). In both the cervical
and lumbar spinal cords, there was no significant differ-
ence in the number of anterior horn cells between the

Fig. 5. Histological evaluation of the lumbar cord in 147-day-old mice.
(A) thGAL-1/ox-treated mice, (B) physiological saline-treated mice. In
Nissl-stained sections, neuronal cells were well preserved in the
anterior horn of the lumbar cord in the gal-1-treated group. Scale
bars = 200 pm.
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E:lijmber of large anterior hom neurons/sec.tion of spinal cord L4_s and Cs_¢ at postnatal day 147
n Lumbar cord Total Cervical cord Total
L R L R
Control group 5 38+ 03 3703 7.5 £ 0.6* 5710 S7zx 11 114 + 2.4*
Gal-1 group 6 69 + 0.8 6.5 £ 0.7 13.5 £ L.5* 100 £ 1.3 10.1 £ 1.6 20.1 + 2.8*

Values tabulated are mean + SEM. Statistical comparisons were with a two-tailed Student’s ¢ test.
n: number of mice examined; R: right side of the spinal cord; L: left side of the spinal cord.

* Gal-1 vs. Control, P < 0.05.

injected side (left) and the non-injected side (right) (P >
0.05, Table 2).

Discussion

The results of the present study showed the therapeutic
effect of rhGAL-1/ox for H46R SODI1 Tg mice, an animal
model of FALS. The administration of rhGAL-1/ox
prevented the Tg mice from losing spinal anterior horn
neurons. In contrast to the control group, rhGAL-1/ox-
treated mice showed better behavioral performance and a
prolonged life span, consistent with the preservation of
spinal motor neurons. In the present study, rhGAL-1/0x was
injected into the left gastrocnemius muscle. However,
anterior horn cells were well preserved not only in the left
side but also in the right side of the anterior horn of the
lumbar cord. Moreover, the number of anterior horn cells
was well preserved even in the cervical cord. Therefore, it
seems that the effect of thGAL-1/0x on the anterior horn
cells is not through retrograde axonal transport.

Galectin-1, a member of the family of B-galactoside-
binding lectins, is isolated as a homodimer of the 14.5 kDa
subunit. Galectin-1 is present in various tissues and organs,
including the lung, heart, skeletal muscle, skin, placenta,
thymus, lymph node, brain, spinal cord, and peripheral
nerve (Kasai and Hirabayashi, 1996). Several functions for
galectin-1 have been proposed in those tissues: cell growth,
cell differentiation, apoptosis, cell—cell interaction, and cell—
matrix interaction (Perillo et al., 1998).

The galectin-1 molecule has six cysteine residues and,
when it is oxidized, three disulfide bonds are formed
(Inagaki et al, 2000). An oxidized form of galectin-1
showed axonal regeneration-enhancing activity; however, it
lacked a property of lectin to bind to lactose (Inagaki ct al.,
2000). On the other hand, a reduce form of galectin-1
possessed lectin properties but showed no axonal regener-
ation-enhancing activity. Indeed, a galectin-1 mutant, in
which all six cysteine residues were replaced by serine,
induced lectin activity but lacked axonal regeneration-
promoting activity (Inagaki et al., 2000).

These three intramolecular disulfide bonds appear to
represent a stable conformation of oxidized galectin-1. As
these strong covalent linkages are not broken down easily,
injected rhGAL-1/0x probably acted as an oxidized form of
galectin-1, showing axonal regeneration-enhancing activity.

Indeed, thGAL-1/0x confirmed that the protein promotes
axonal regeneration in both in vitro experiments (Horie et
al., 2004) and the in vivo acellular nerve regeneration model
(Fukaya et al., 2003).

On the other hand, because direct application of oxidized
galectin-1 to isolated primary sensory neurons does not alter
their morphology, it is hypothesized that galectin-1 may
stimulate non-neuronal cells to produce a factor that
promotes Schwann cell migration while enhancing axonal
regeneration (Horic et al.,, 1999, 2004). To date, the
following issues have been addressed: (1) identification of
target cells of galectin-l among non-neuronal cells sur-
rounding axons and/or neurons; (2) understanding of the
mechanism whereby oxidized galectin-1 promotes axonal
regeneration.

Recent reports have given possible answers to these
questions. The macrophage is one target cell for oxidized
galectin-1, and an axonal regeneration-promoting factor is
secreted from macrophages stimulated by oxidized galectin-
1 in vitro (Horie et al., 2004). Recently, Horie et al. have
shown the following results: (1) macrophages bear specific
receptors to rhGAL-1/ox on their cell membranes; (2)
rhGAL-1 stimulates tyrosine phosphorylation of proteins in
macrophages, suggesting that thGAL-1/ox specifically
binds to macrophages to activate their signal transduction
pathway; (3) thGAL-1/ox induces macrophages to secrete a
factor(s) to promote axonal regeneration; (4) rhGAL-1/ox
stimulates macrophages to enhance Schwann cell migration.
Surprisingly, the axonal promoting activity of the condi-
tioned medium secreted from galectin-1-activated macro-
phages is distinctively stronger than various trophic factors,
such as nerve growth factor (NGF), insulin-like growth
factor 1 (IGF-I), insulin-like growth factor II (IGF-II), and
ciliary derived neurotrophic factor (CNTF) in vitro (Horie et
al., 2004). Further experiments need to be conducted to
identify the factor released from rhGAL-1/0x-stimulated
macrophages. :

To date, the mechanism of motor neuron degeneration in
ALS remains unknown; however, several neurotrophic
factors (NTFs) or other therapeutic agents have been studied
because of their potential ability to protect against motor
neuron degeneration. Indeed, these factors have been
extensively studied in animal models of ALS. Several agents
have shown delay of disease onset and/or survival prolon-
gation, and these agents have been viewed as a new
therapeutic strategy for ALS. As for these therapeutic agents,
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the mechanisms of action have been considered to be as
follows: (1) free radical scavengers (Bameoud and Curet,
1999; Dugan et al., 1997; Gurney et al., 1996); (2) glutamate
inhibitors (Gurney et al., 1996); (3) copper chelator
(Hottinger et al., 1997); (4) stabilizers of mitochondria
(Klivenyi et al., 1999); (5) caspase inhibitors (Li et al,,
2000); (6) microglial activation inhibitors (Kriz et al., 2002);
and (7) NTFs. At present, riluzole, a glutamate receptor
antagonist, is commercially available for patients with ALS
(Rowland and Schneider, 2001). As for NTFs, some trials
have been performed on patients with ALS; the subcuta-
neous delivery of IGF-I had marginal success in one of two
human trials (Kaspar et al., 2003); however, other NTFs such
as the CNTF, the glial cell line-derived neurotrophic factor
(GDNF), and the brain-derived neurotrophic factor (BDNF)
have been unsuccessful in human trials (Dawbarn and Allen,
2003).

Several investigations have revealed that the impairment
of axonal transport is the early event of spinal motor
neurons in ALS; disturbance of axonal transport may occur
initially and subsequently cause accumulation of neurofila-
ments in the perikarya and the proximal portion of axons
(Collard et al., 1995; Williamson and Cleveland, 1999;
Zhang et al., 1997). Impairment of the axonal transport may
trap galectin-1 in the perikarya and the proximal portion of
the axons of the anterior hom cells in ALS (Kato et al.,
2001). It has recently been reported that the axotomy of
facial nerve induced transient upregulation of galectin-1
mRNA, suggesting that facial nerve injury can trigger the
synthesis of galectin-1 in neuronal cell bodies (Akazawa et
al., 2004). Several studies have also shown that galectin-1 is
likely to be released from muscle cells and subsequently act
as a factor for myogenesis in vivo (Goldring et al., 2002a,b;
Gu et al,, 1994).

If motor neuron axons and skeletal muscles truly need
galectin-1 for their maintenance or survival, depletion of
this protein may cause degeneration of the motor neurons
and skeletal muscles. Although the mode of action of
galectin-1 on spinal motor neurons remains unclear, the
results of the present study show a potential therapeutic
effect of galectin-1 for patients with ALS.
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Abstract—Studies on the clinical course of familial ALS suggest that the
duration of illness is relatively consistent for each mutation but variable
among the different mutations. The authors analyzed the relative amount of
mutant compared with normal SOD1 protein in the erythrocytes from 29
patients with ALS with 22 different mutations. Turnover of mutant SOD1
correlated with a shorter disease survival time.
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One hundred fourteen different mutations have been
reported in the Cu/Zn superoxide dismutase (SOD1)
gene. The age at onset varies greatly among patients
with ALS with a given mutation, but the duration of
illness seems to be relatively consistent for a given
mutation.»? Therefore, the duration of illness is con-
sidered to be closely linked to some property of each
mutant protein.

We devised a simple method to distinguish mu-
tant SOD1 protein from normal SOD1 protein using
liquid chromatography electrospray ionization mass
spectrometry (LC-ESI-MS).2 We found that the ratio
of mutant/normal SOD1 protein was 0.60 in the dia-
phragm, 0.47 in the iliopsoas muscle, 0.43 in the
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spinal cord, and 0.14 in erythrocytes for the
His46Arg mutant.* Because no protein synthesis oc-
curs in the enucleated erythrocytes and the average
cell age is 60 days, the instability of mutant SOD1
should be more apparent in erythrocytes compared
with most other cells in the body.

We performed a systematic analysis of the relative
amount of human mutant SOD1 proteins in erythro-
cytes in relation to the clinical course of ALS with 22
different SOD1 gene mutations.

Methods. ALS was diagnosed according to the revised El Esco-
rial criteria of the World Federation of Neurology. With informed
consent, SODI gene? and protein studies® were performed. The
age at onset is the time of the first sign of muscle weakness,
atrophy, or clinical symptoms involving upper or lower motor neu-
rons. The duration of illness is the period from onset to respiratory
failure. The protein analysis has been described.? The combined
data from both dead and living patients were analyzed by log-
normal regression using the EM algorithm, with the duration of
illness as a response, and the ratio and age at onset as covariates.

Results. The SODI gene and protein in erythrocytes of
29 patients with ALS and four carriers were analyzed by
genomic sequencing and LC-ESI-MS. Twenty-seven pa-
tients presented with muscle weakness in their extremi-
ties, and 2 patients noticed dyspnea as the initial symptom
of ALS. As representative data, transformed mass spectra of
SOD1 protein from Patients 23 and 25 are shown in figure 1.
The molecular masses of the peaks in figure 1, A and B, were
15846.2 Da and 15845.0 Da, which coincided with the theo-
retical average for the monomer of normal SOD1, 15844.6
Da. SOD1 from Patient 23 showed an ion peak of mutant
SOD1 in addition to a normal peak (see figure 1A). The mu-
tant peak had a molecular mass of 15820.7 Da, and the
difference of 25.5 Da corresponded to the mutation from
leucine to serine. In Patient 25, we could not detect any
significant peaks except the normal peak (see figure 1B). We
measured the intensities of the signals for SOD1 and mutant
SOD1, and the results are shown in the table. The samples
from Patients 14 and 15, whose ratios of mutant/normal
SOD1 were 0.50 and 0.57, respectively, had been stored at
—80 °C for 15 months and 5 years. Similarly, those from

Editorial, see page 1859
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Figure 1. Transformed electrospray ionization (ESI) mass
spectra of SOD1 prepared by immunoprecipitation from Pa-
tient 23 (A) and Patient 25 (B) listed in the table. X and X*
indicate normal and mutant monomer SOD1, respectively.

Table Summary of clinical features and mutant/normal SOD1

Patients 33 and 18, whose ratios were 0.34 and 0.29, respec-
tively, had been stored for 29 months and 5.6 years. These
results indicated that the duration of preservation had little
effect on the ratio. The ratios from three patients and two
carriers with the Ala4dVal mutation were not detected.

First, we found that the age at onset and the duration of
illness were independent of each other (p = 0.7157). Next,
we plotted the ratio of mutant/normal SOD1 against age at
disease onset (figure 2A) or duration of illness (figure 2B).
We found that the age at onset had no relationship with
the ratio. Conversely, to assess the effects of covariates on
the duration of illness, we performed the likelihood ratio
test, and found that the effect of this ratio on the duration
of illness was evident at the level of 5% (p = 0.0029; see
figure 2B). In addition, to examine whether the survival
time of the patient was longer or shorter if the ratio was
greater or less than a certain value, the values of the
Akaike Information Criterion (AIC), an index commonly
used as an aid for choosing between competing models,
were computed,’ categorizing the value of the ratio into
two groups. The value of AIC was the smallest when cate-
gorizing the ratio into two groups, not detected and de-
tected (AIC = -55.312), and this suggests that the
difference in the duration of iliness is the largest between

Case Sex SOD1 mutation Age at onset, y Site of onset Duration of illness Mutant/normal SOD1
1 M Ala4Ser 34 L leg >3y 0.56
2 M Ala4Thr 21 L lower limb 20 mo Not detected
3 M Ala4Val 43 R hand 32 mo Not detected
4 M Ala4Val 60 R hand 7 mo Not detected
5 F Ala4Val 48 L arm 14 mo Not detected
6 M Vall4Gly 41 Leg paresis 20 mo 0.33
7 M Gly37Arg 41 R hand 6y 0.56
8 M Gly41Asp 36 R leg >11ly Not detected
9 F His46Arg 59 R lower limb 5y 0.11
10 M His46Arg 46 L lower limb >11y 0.18
11 M Asp76Tyr 49 R foot 17y 0.61
12 F Asn86Ser 36 L leg 9y 0.12
13 M Asn86Ser 63 R foot 6y 0.12
14 M Ala89Val 70 R foot >35 mo 0.5
15 F Ala89Val 55 L foot >6y 0.57
16 M Aspl01His 52 R hand 3 mo Not detected
17 F Ser105Leu 54 R arm 5y Not detected
18 F 11e113Thr 63 L arm 19 mo 0.29
19 F Ile113Phe 68 L leg >6y 0.23
20 M Glyl14Ala 38 L hand 29 mo Not detected
21 M Argl15Gly 66 L leg >22 mo Not detected
22 F Leu1262bp del 42 R foot 17 mo Not detected
23 M Leul26Ser 63 Bilateral feet >3y 0.5
24 M Gly127insTGGG 52 Bulbar 8 mo Not detected
25 M Ser134Asn 52 R upper limb 9 mo Not detected
26 M Ser134Asn 39 Bulbar 10 mo Not detected
27 M Gly141Glu 43 R leg >4y 0.28
28 M Leul44Phe 71 R leg >12 mo 0.29
29 F Leul44Phe 42 L foot >3y 0.29
30 M Ala4Val Unaffected Not detected
31 F Ala4Val Unaffected Not detected
32 F Asp76Tyr Unaffected 0.58
33 M 11e113Thr Unaffected 0.34
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Figure 2. Ratio of mutant/normal SODI1 protein in eryth-
rocytes plotted against clinical course. Ratio 0 indicates
mutant protein was not detected. (A) Age at onset. (B) Du-
ration of illness. Arrows designate that patients are alive.
(C) Kaplan-Meier survival curve plot. Filled circles repre-
sent dead patients, and crosses represent living patients.
Solid line and dashed line represent mutant SOD1 pro-
teins that were detected or not detected, respectively. The
median survival time was estimated as 1.4 years (95% CI
0.8 to 11.0 years) for the not-detected group and 9.0 years
(95% CI 6.0 to 17.0 years) for the detected group. This
curve shows that the survival curve for the detected group
is always higher than that for the not-detected group. This
means that patients in the detected group are alive longer
than those in the not-detected group. The two groups did
not contain the same type of mutation.

these two groups, as shown by the Kaplan-Meier survival
curve plot (figure 2C).

Discussion. The stability of SOD1 mutant protein
has been investigated using in vitro models. Unfold-
ing transitions of purified SOD1 mutant holoproteins
and apoproteins were examined. The results showed
that patients with severe loss of stability of apo-
SOD1 have a low mean survival time.® Based on the
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half-lives of the proteins estimated using transfec-
tion of plasmids encoding wild-type or mutant SOD1
into cell lines, it was reported that clinical progres-
sion was not correlated with the half-lives of the
mutant SOD1 proteins.”

In mice transgenic for the Gly93Ala and Gly37Arg
SOD1 mutations, a high copy number of the mutant
SOD1 gene was required for the development of mo-
tor neuron disease, indicating that a large amount of
mutant SOD1 protein is necessary for the disease
expression in these models. Conversely, in trans-
genic mice carrying Gly85Arg or Glyl127insTGGG
SOD1 and showing extremely rapid disease progres-
sion, the mutant protein was not detectable in eryth-
rocytes and was barely detected in spinal cord

‘extracts.®® Using highly specific antibodies against

the truncated Gly127insTGGG SOD1 mutant, it was
shown that the amount of mutant SOD1 protein was
less than 0.5% of that of the normal SOD1 protein in
the brain and spinal cord of the patient. In addition,
the immunohistopathologic study of the spinal cord
of the patient revealed that motor neuron inclusions
were labeled by antibody directed against ubiquitin
and some were also labeled by the mutant-specific
antibody. These results suggest that at least part of
the SOD1 was degraded via a ubiquitin-dependent
pathway.?

We previously classified SOD1 mutants into sta-
ble type (detected group in this study) and unstable
type (not-detected group in this study).'® The trans-
genic mice carrying stable-type SOD1 mutations
(Gly93Ala and Gly37Arg) were reported to show vac-
uolation pathology, and those carrying unstable-type
mutations (Gly85Arg and Glyl27insTGGG) had
Lewy body-like inclusions in motor neurons and as-
trocytes. Therefore, the stability of the SOD1 mutant
proteins is deeply involved in not only the clinical
course but also the pathology of familial ALS.

The not-detected group included an American pa-
tient with the Gly41Asp mutation who is currently
alive with disease duration of 11 years. This indi-
cates that although the stability of the mutant pro-
tein correlates well with the disease progression
statistically, there might be other factors influencing
the disease duration, at least for the Gly41Asp muta-
tion. We analyzed erythrocytes from three patients
and two carriers with the Ala4Val mutation, and the
mutant protein was not detected in any of them. We
also analyzed samples from one patient and one car-
rier each with the Asp76Tyr or Ile113Thr mutation
and found that the ratios were 0.61 and 0.58 for the
Asp76Tyr mutation or 0.29 and 0.34 for the
Ile113Thr mutation (see table). Although the func-
tion of the synthesis and degradation of each mutant
protein throughout life is still unknown, these re-
sults indicate that the ratio may not change during
the course of the disease. Whether molecules that
stabilize the unstable mutants could be useful for
therapy for familial ALS remains to be tested.
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Role of p53 in Neurotoxicity Induced by
the Endoplasmic Reticulum Stress Agent
Tunicamycin in Organotypic Slice
Cultures of Rat Spinal Cord
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The endoplasmic reticulum (ER) is important for main-
taining the quality of cellular proteins. Various stimuli
can disrupt ER homeostasis and cause the accumula-
tion of unfolded or misfolded proteins, i.e., a state of ER
stress. Recently, ER stress has been reported to play
an important role in the pathogenesis of neurological
disorders such as cerebral ischemia and neurodegener-
ative diseases, but its involvement in the spinal cord
diseases has not been fully discussed. We conducted
this study using tunicamycin (Tm) as an ER stress in-
ducer for rat spinal cord in organotypic slice culture, a
system that we have recently established. Tm was
shown to induce ER stress by increased expression of
GRP78. The viability rate of spinal cord neurons
decreased in a dose-dependent manner with Tm treat-
ment, and dorsal horn interneurons were more vuinera-
ble to Tm-induced neurotoxicity. A p53 inhibitor signifi-
cantly increased the viability of dorsal horn interneur-
ons, and immunofluorescence studies showed nuclear
accumulation of p53 in the dorsal horns of Tm-treated
spinal cord slices. These findings suggest that p53
plays an important role in the killing of dorsal horn inter-
neurons by Tm. In contrast, motor neurons were not
protected by the p53 inhibitor, suggesting that the role
of p53 may vary between different cell types. This differ-
ence might be a clue to the mechanism of the stress-
response pathway and might also contribute to the
potential application of p53 inhibitors for the treatment
of spinal cord diseases, including amyotrophic lateral
sclerosis. © 2006 Wiley-Liss, Inc.

Key words: endoplasmic reticulum; unfolded protein
response; dorsal horn interneuron; pifithrin-a

The endoplasmic reticulum (ER) is an intracellular
organelle that is important for the folding and matura-
tion of transmembrane and secretory proteins (Liu and
Kaufman, 2003). The ER is highly sensitive to altera-
tions of cellular homeostasis and provides strict quality
control to ensure that only correctly folded proteins are

© 2006 Wiley-Liss, Inc.

transported to the Golgi apparatus. A number of bio-
chemical and physiologic stimuli can disrupt ER homeo-
stasis and cause the intraluminal accumulation of un- |
folded or misfolded proteins, when cells activate a signal-
ing pathway called unfolded protein response (UPR;; Zhang
and Kaufman, 2006). The UPR includes induction of
the transcription of UPR genes, a translational attenua-
tion of global protein synthesis, and ER-associated deg-
radation (Liu and Kaufman, 2003). If cells fail to cope
with the adverse stimuli by these responses, apoptosis 1s
inevitable.

Recently, ER stress has been reported to play an
important role in the pathogenesis of a wide variety of
neurological conditions (Shen et al.,, 2004; Paschen and
Mengesdorf, 2005), such as cerebral ischemia (DeGracia
and Montie, 2004), and neurodegenerative diseases,
including Alzheimer’s disease (Katayama et al., 2004)
and Parkinson’s disease (Paschen and Frandsen, 2001;
Takahashi et al., 2003; Takahashi and Imai, 2003; Kher-
adpezhouh et al.,, 2003), and polyglutamine diseases
(Nishitoh et al., 2002) as well as prion discases (Hetz
et al.,, 2003), Pelizacus-Merzbacher disease (Swanton
et al., 2005), GM1 gangliosidosis (Tessitore et al., 2004),
and inclusion body myositis (Vattemi et al., 2004). How-
ever, most experiments reported so far have involved
cell lines, and only a few studies have used spinal cord
cells to assess the pathogenesis of spinal cord disease

Contract grant sponsor: Research Committee for CNS Degenerative Dis-
ease and Group Research in the Pathogenesis and Pathomechanism of
Amyotrophic Lateral Sclerosis, Ministry of Health, Labor and Welfare of
Japan.

*Correspondence to: Jun Tashiro, Department of Neurology, Hokkaido
University Graduate School of Medicine, Kita-15 Nishi-7 Kiva-ku, Sap-
poro, Hokkaido, 060-8638 Japan. E-mail: jtashiro@med.hokudai.ac jp

Received 19 April 2006; Revised 18 August 2006; Accepted 16 Septem-
ber 2006

Published online 27 November 2606 in Wiley InterScience (www.
interscience.wiley.com). DOI: 10.1002/jnr.21120



396 Tashiro et al.

from the perspective of ER stress (Tobisawa et al., 2003;
Wootz et al., 2004).

Amyotrophic lateral sclerosis (ALS) is a neurodege-
nerative disease that selectively affects the upper and
lower motor neurons. Most ALS cases are sporadic, but
approximately 10% are familial. Among the familial
patients, about 20% have mutations of the gene encod-
ing Cu/Zn superoxide dismutase (SOD1; Rosen et al,
1993; Hervias et al., 2005). Mutations of the SODI1
gene and the associated mechanisms leading to neuronal
death such as mitochondrial dysfunction (Hervias et al.,
2005), fragmentation of the Golgi apparatus (Fujita and
Okamoto, 2005), and activation of caspases (Wootz
et al., 2004) have been discussed extensively, but the
contribution of ER stress has not yet been fully eluci-
dated (Tobisawa et al., 2003).

We have been investigating the mechanisms of
neuronal damage in the spinal cord. Our previous studies
were focused on dysfunction of the ubiquitin-protea-
some system (Kikuchi et al., 2002), ER stress (Kikuchi
et al., 2003), and the related effector pathways. In these
two studies, we used lactacystin and epoxomicin as pro-
teasome inhibitors and brefeldin A (BFA) as the ER
stress inducer, in a dissociated culture system, and the
results of both studies suggested that motor neurons
were more vulnerable to the toxicity of those agents
than nonmotor neurons.

More recently, we established an organotypic slice
culture method for rat spinal cord that makes it easier to
identify each cell type accurately, because the architec-
ture of the spinal cord is preserved in the transverse
plane (Tsuji et al, 2005). By using this method, we
evaluated the effect of proteasome inhibition on rat spi-
nal cord neurons, and selective toxicity for motor neu-
rons was clearly demonstrated. To evaluate further the
effects of ER stress on spinal cord neurons, we con-
ducted the present study with another ER stress inducer,
tunicamycin (Tm), and the organotypic slice culture sys-
tem. In addition, studies with p53 inhibitor were per-
formed to investigate the role of p53 in the pathways
leading to neuronal death.

MATERIALS AND METHODS

All procedures were performed in accordance with the
Guide for the Care and Use of Laboratory Animals, Hokkaido
University Graduate School of Medicine.

Materials

The drugs and reagents used in our experiments were as
follows: SMI-32 (Stermnberger Monoclonals Incorporated,
Lutherville, MD), anti-calretinin antibody (Chemicon, Teme-
cula, CA), anti-p53 monoclonal antibody (BD-Biosciences,
San Jose, CA), anti-p53 polyclonal antibody (Santa Cruz Bio-
technology, Santa Cruz, CA), anti-glucose-regulated protein
(GRP) 78 antibody (StressGen Biotechnologies, San Diego,
CA), anti-B-actin antibody (Sigma, St. Louts, MO), peroxi-
dase anti-mouse 1gG (H + L) and anti-rabbit IgG antibodies
(Vector, Burlingame, CA), Alexa Flour 488 goat anti-mouse

IgG and Alexa Flour 568 goat anti-rabbit IgG antibodies (Mo-
lecular Probes, Eugene, OR), Eagle’s minimum essential
medium and glutamine (Nissui, Tokyo, Japan), fetal bovine

-serum and Gey’s balanced solution (Sigma), Hank’s balanced

salt solution (Gibco BRL, Grand Island, NY), brefeldin A and
tunicamycin (Sigma); pifithrin-a  (Calbiochem, San Diego,
CA), and Hoechst 33258 (Sigma).

Organotypic Slice Culture

Organotypic slice cultures were prepared as described
previously (Tsuji et al., 2005). Under deep anesthesia with ke-
tamine, neonatal Sprague-Dawley rats on the day 7 were eu-
thanized by decapitation, and their lumbar spinal cords were
removed. Nerve roots and excess connective tissue were re-
moved in cooled Gey's balanced salt solution containing 6.5 mg/
ml glucose. Then, the spinal cords were cut into 400-pm shi-
ces with a Mcllwain tissue chopper (Mickle Laboratory Engi-
neering, Gomshall, Surrey, United Kingdom). Four or five sli-
ces were set on a membrane insert (Millicell-CM, Millipore,
Bedford, MA) and placed into a six-well culture dish with 1 ml
of culture medium consisting of 50% Eagle’s minimum essen-
tial medium, 25% Hank’s balanced salt solution, 25% horse se-
rum, 6.4 mg/ml glucose, and 2 mM l-glutamine. The slices
were incubated at 37°C in a 5% CQO5 incubator, and the cul-
ture medium was changed twice per week. All cultures were
used in the experiments after 10 days in vitro.

Experimental Treatment

The spinal cord slices were exposed to Tm at various
concentrations (1-20 pg/ml) and BFA at 50 uM on the tenth
day of culture. Slices were incubated for about 24 hr before
performing Western blot analysis and for about 72 hr before
Western blotting and immunohistochemistry or immunofluo-
rescence in a 5% CQO, incubator maintained at 37°C. To
study the protective effect against Tm-induced toxicity, a syn-
thetic inhibitor of p33 [pifithrin-a (PFT)] was added to the
culture medium sunultaneously with Tm. All reagents added
to the culture medium were diluted in dimethyl sulfoxide,
and the final concentration of dimethyl sultoxide was adjusted
to be identical in each well, including the control.

Western Blot Analysis

After slices had been incubated for about 24 and 72 hr,
they were rinsed with phosphate-buftered saline (PBS) and
then homogenized in a sample buffer containing 2 mM
EDTA, 2.3% sodium dodecyl sulfate (SDS), 10% glycerol, and
62.5 mM Tris (pH 6.9). After centrifugation at 15,000 rpm
for 15 min, the supernatant was stored frozen at —20°C. Pro-
teins were separated by SDS-polyacrylamide gel electrophore-
sis (10% acrylamide) and transferred electrophoretically to a
nitrocellulose membrane. Blots were incubated with the pri-
mary antibody and subsequently with the secondary antibody,
followed by development with an ECL kit (Amersham, Pis-
cataway, NJ). Anti-GRP78 antibody (1:20,000) and ant-B-
actin antibody (1:5,000) were used as the primary antibodies.
The density of each band was measured with Image J software
(National Institutes of Health, Bethesda, MD)), and the relative
band intensity was obtained as the density of Tm-treated band
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divided by that of control band of each experiment after the
adjustment by using corresponding density of B-actin band.

Immunohistochemistry and Immunofluorescence

For labeling of neurons in the spinal cord slices, cultures
were fixed with 4% paraformaldehyde for 1 hr; rinsed with
PBS; and, after blocking, stained overnight at 4°C with SMI-
32 (1:2,500) or anti-calretinin antibody (1:3,000) diluted in
PBS containing 0.3% Triton X-100 and 0.2% bovine serum
albumin. After several washes with PBS containing 06.3% Trton
X-100, the slices were incubated with secondary antibodies
(1:250) for 5 hr and then visualized with diaminobenzidine
tetrahydrochlonide (DAB).

For immunofluorescence, the fixation procedure and
primary antibodies were the same as described above, except
that the two primary antibodies were used together for double
staining. Incubation with the secondary antibodies (1:100), Alexa
Flour 488 goat anti-mouse IgG and Alexa Flour 568 goat anti-
rabbit IgG, was for 1 hr. Photographs were taken with a fluoro-
scope with a CCD camera (Nikon, Tokyo, Japan) and were
colored with imaging software or were taken by using a con-
focal microscope (MRC-1024; Bio-Rad).

Definition of Viable Neurons and Statistical Analysis

Organotypic slice culture has the advantage of allowing
both immunoreactivity and anatomical location to be assessed
for accurate identification of cells. We defined viable motor
neurons as SMI-32-paositive cells with a large cell body (>30 pm)
located in the anterior hom of the spinal cord, whereas dorsal
horn interneurons were defined as anti-calretinin antibody-
positive cells in the dorsal horn.

We counted the number of viable motor neurons and
dorsal horn interneurons in each slice. The average number of
viable cells in each slice was calculated, and the viability rate
was obtained as the average number under each test condition
divided by that in the control tor every experiment. The
experiments were repeated at least three times independently.
Statistical analysis was perfomed by using the Kruskal-Wallis
test, Welch’s t-test, and Student’s t-test with Microsott Excel
add-in software (Statcel 2).

RESULTS

Induction of ER Stress by Tm in Organotypic
Slice Culture

Western blot analysis showed increased expression
of GRP78 in slices incubated with 2 pg/ml Tm for 24 hr
compared with control slices, and, even after 72-hr incu-
baton with 1 pg/ml Tin, the increased expression of GRP78
persisted (Fig. 1). The GRP proteins are constitutively
expressed in all cells, and their transcription is induced by
a number of different stimuli that disrupt ER function
(Kaufman, 1999). Among these proteins, GRP78 is the
best characterized ER-stress marker and ER  molecular
chaperone, and it serves as a master regulator that plays an
essential role in activating important transducers for initia-
tion of the UPR (Zhang and Kaufman, 2006). Thus, this
finding suggests that exposure to Tm caused ER stress in
cultured slices of rat spinal cord.
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Fig. 1. Western blots showing increased expression of GRP78 in the
Tm-treated group after 24 and 72 hr of incubation (A). Relative
band intensity calculated from the densities of bands measured in
Western blots (B). Increased GRP78 expression was shown to persist
even after 72 hr of incubation. Tm, tunicamycin; C, control.

Toxicity of Tm for Spinal Cord Neurons

The viability rate of both motor neurons and dorsal
hom interneurons decreased in a dose-dependent man-
ner (Fig. 2), indicating that Tm was toxic for spinal cord
neurons in organotypic slice culture. In addition, the vi-
ability rate of dorsal horn interneurons was considerably
lower than that of motor neurons at the low concentra-
tion of Tm. These results suggest that dorsal horn inter-
neurons were more highly susceptible to Tm-induced
neurotoxicity.

Differing Effects of BFA and Tm on
Spinal Cord Neurons

Although the number of slices was not sufficient
for statistical analysis, motor neurons were more severely
damaged than dorsal horn interneurons in BFA-treated
slices (Fig. 2). This finding is consistent with the results
of our previous study, which showed that motor neu-
rons were more vulnerable to BFA-induced neurotoxic-
ity in dissociated culture (Kikuchi et al., 2002). Both
Tm and BFA are ER stress inducers, but they showed
different profiles of spinal cord neuronal damage.

Protective Effect of PFT on Spinal Neurons
Against Tm-Induced Neurotoxicity

When the slices were incubated concomitantly
with Tm and PFT, a p53 inhibitor, the viability rate of
dorsal horn interneurons showed a significant increase at
1, 2, and 10 pg/ml of Tm (Fig. 3), except when the
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Dorsal hom interneurons
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concentration of Tm was a high 20 pg/ml. The viability
rate of motor neurons also increased with addition of
PFT, but the difference was not statistically significant at
any concentration of Tm tested.

Accumulation of p53 in the Dorsal Horn After
Tm Treatment

Immunofluorescence analysis of slices cultured with
Tm showed p53 immunoreactivity, which was consid-
ered to be p33-nuculear accumulation, in the dorsal
horn area after double staining with anubodies for p53
and calretinin (Fig. 4). Calretnin-positive dorsal horn
interneurons markedly decreased in Tm-treated slices
and were not superimposed on p53-positive spots in a
merged image. These findings suggest that the dorsal
horn interneurons with nuclear translocation of p53
were too severely damaged to retain immunoreactivity

3 Motor neurons
@ Dorsal horn interneurons

Viability rate

Tm1

} Control Tm2 Tmi18¢ Tm20 {(ug/mi

Fig. 2. Light microscopic findings (A—H). Compared with control sli-
ces (A,B), motor neurons were well preserved in the slice treated with
1 pg/ml Tm (C), but the dorsal horn interneurons were considerably
damaged (D). At 20 pg/ml, spinal cord neurons were diminished in
both the anterior and the dorsal horns (E,F). Motor neurons were
selectively damaged in BFA-treated slices (G,H). Viability rate of
motor neurons and dorsal horn interneurons (I). At a low concentra-
tion (1 pg/ml), the viability rate of dorsal horn interneurons signifi-
cantly decreased, whereas that of motor neurons was almost the same as
the control. As the concentration increases, the viability rate decreased
in a dose-dependent manner. *P < 0.01 compared with control cul-
tures. Values represent the mean and SE. Scale bars = 100 pum.

for anticalretinin antibodies. In the anterior homs of
Tm-treated slices, there was weak p53 staining of the
cytosol of a motor neuron, but no definite evidence of
nuclear accumulation. Control slices did not show any
clear p53 staining in either the anterior hom or the dor-
sal horn. We also performed an immunofluorescence
study with Hoechst 33258, but the background staining
was too high for proper interpretation, and we could
not determine whether apoptosis was involved in the
neuronal death.

DISCUSSION

In the present study, Tm was shown to induce ER
stress and spinal cord neurotoxicity, but it was not selec-
tive for motor neurons. Rather, dorsal horn interneurons
were more vulnerable than motor neurons, which is
inconsistent with the results of our previous study using

Journal of Neuroscience Research DOI 10.1002/jnr
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Fig. 3. Protective effect of PFT against neurotoxicity induced by
1 pg/m] Tm (A,B). The viability rate of the dorsal hom intemeurons
significantly increased in slices treated concomitantly with 1 gg/ml Tm
and PFT (C). The viability rate of motor neurons did not significantly
increase with PFT at any concentration of Tm (C). *P < 0.01. Values
represent the mean and SE. Scale bars = 100 pm.

BFA as an ER stress inducer for cells in dissociated cul-
ture (Kikuchi et al., 2003). Although ditferent expen-
mental systems were used in the two studies, the dis-
crepancy can be attributed to the different ER  stress
inducers, because BFA also tended to damage neurons in
the anterior horn more severely than in the dorsal horn
in our organotypic slice culture system.

Both Tm and BFA are potent ER stress inducers,
and it is generally considered that they equally induce
ER stress in several experimental systems (Nakagawa
et al., 2000; Aoki et al., 2002; Shiraishi et al., 2005), but
the mechanism causing ER stress is different. Tm inhib-
its protein N-linked glycosylation inside the ER,
whereas BFA blocks protein transport from the ER to
the Golgi apparatus. This difference in action can have
various consequences, as we have shown in the present
study. Even when both Tm and BFA exert the same
effect on one cell type, their effects on another cell type
might not always be the same (Ledesma et al., 2002).

In general, various kinds of stress acting on the ER
cause the UPR, and, when cells cannot cope with the
stress, apoptosis occurs via several signaling pathways.
We used a p53 inhibitor to examine whether p53 was
involved in ER-stress induced apoptosis, because there 1s
accumulating evidence for the contribution of p53 to
the stress-signaling pathways leading to neuronal death.
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A p53 inhibitor, PFT, was effective at protecting dorsal
horn interneurons from Tm peurotoxicity in this study.
In addition, immunofluorescence showed nuclear accu-
mulation of p53 in the dorsal horns of slices treated with
Tm. Thus, the induction of dorsal hormn neuronal dam-
age by Tm was shown to be p53 dependent.

p33 Is a well-known tumor suppressor gene prod-
uct, and its antitumor activity is achieved primarly
through the induction of apoptosis (Schmitt et al., 2002).
The mechanisms by which p53 induces apoptosis are
both transcription dependent and independent (Fridman
and Lowe, 2003; Fig. 5). After activation, p53 translo-
cates to the nucleus and initiates the transcription of var-
ious proapoptotic factors that include death receptors,
Bcl-2 proteins such as Bax, the BH3-only proteins Bid
and Noxa, and p53 up-regulated modulation of apopto-
sis (PUMA; Culmsee and Mattson, 2005). p53 Also ac-
cumulates in the cytoplasm, where it mediates mitochon-
drial outer membrane permeabilization through direct
physical interaction with Bax in a transcription-inde-
pendent manner (Chipuk et al., 2004). After the mito-
chondrial outer membrane permeabilization occurs, fac-
tors such as cytochrome ¢ and apoptosis-inducing factor
(AIF) are released to activate caspase-dependent and -in-
dependent cell death processes, respectively (Hong et al.,
2004).

PFT is a synthetic, cell-permeable p53 inhibitor
that mainly inhibits translocation of p53 into the nucleus
(Culmsee and Mattson, 2005). PFT was originally iso-
lated for its ability to reversibly block p53-dependent
transcriptional activation and apoptosis (Komarov et al.,
1999). It has been shown that PFT suppresses the trans-
activation of p53-responsive genes encoding p21, Mdm2,
cyclin G, and Bax, and the antiapoptotic effect of PFT
has been found to be p53-dependent (Gudkov and Ko-
marova, 2005). Also, PFT lowers the nuclear, but not
cytoplasmic, level of p53 protein after DNA damage
(Komarov et al., 1999). Taken together, these observa-
tions suggest that the major mechanism by which PFT
protects against apoptosis is the inhibition of p53 nuclear
translocation (Fig. 5).

Our results suggest that p33 nuclear translocation
plays the central role in the mechanism leading to Tm-
induced death of dorsal hom interneurons, which pro-
vides strong support for those earlier reports. On the
other hand, the viability rate of motor neurons did not
significantly increase by PFT, and p53 nuclear accumula-
tion was not found in the anterior horns of Tm-treated
slices. These findings indicate that p53 nuclear transloca-
tion might not be primarily involved in Tm-induced
motor neuronal death. A study using several tumor cell
lines demonstrated that ER stress inhibited p53-mediated
apoptosis through the increased cytoplasmic localization
of p53 (Qu et al., 2004). This indicates that the actions
of p53 may depend on the cell type and that motor neu-
rons might have different mechanisms for coping with
various cellular stresses compared with other neurons.

With regard to the mechanisms of Tm-induced
dorsal horn interneuronal death, the downstream path-
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Fig. 4. Immunofluorescence micrographs of a dorsal horn doubly
stained with anticalretinin antibody (A) and anti-p53 monoclonal anu-
body (B). Dorsal horn interneurons were severely damaged (A), and
nuclear accumulation of p53 is seen in the dorsal hom of a slice treated
with Tm (B). Control slices showed no p53 immunoreactivity in either
the anterior horn or the dorsal horn {(not shown). Scale bars = 100 pm.

ways after the translocation of p53 to the nucleus have
not been demonstrated in the present study. As well as
the contribution of caspase cascade to this process, the
involvement of apoptosis in the dorsal horn interneuro-
nal death itself remains to be clarified. We are working
on these issues to reveal the network of the pathways
leading to ER-stress-induced neuronal death.

In conclusion, the present study has shown that
dorsal horn interneurons were more vulnerable to Tm-
induced neurotoxicity than motor neurons in organo-
typic slice cultures of rat spinal cord and that this toxic-
ity was effectively attenuated by PFT, suggesting the
involvement of p53 in Tm-induced dorsal horn inter-
neuronal death. We could not detect a significant pro-
tective effect of PFT against motor neuronal death, but
the difference between dorsal horn interneurons and

Fig. 5. Diagram of the pathways that may be involved in Tm-
induced neuronal death. In the present study, PFT was significantly
effective at ameliorating Tm-induced dorsal horn interneuronal tox-
icity, and nuclear accumulation of p53 was demonstrated by immu-
nofluorescence, suggesting that the nuclear translocation of p53 was
necessary for Tm to kill dorsal horn interneurons. Motor neurons
may be damaged via different mechanisms, including a p533 transcrip-
tion-independent pathway, because these cells were not effectively
protected by PFT.

motor neurons may be a clue to a better understanding
of the stress-response pathways. Moreover, a better under-
standing of the pathways involved might allow p53 inhibi-
tors to be used in the treatment of spinal cord conditions,

Journal of Nevoscience Research DOI 10.1002/jnr



such as ischemia and injury, or demyehlinating and neuro-
degenerative diseases, including ALS.
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A dysfunctional ubiquitin-proteasome system recently
has been proposed to play a role in the pathogenesis
of neurodegenerative diseases, including amyotrophic
lateral sclerosis (ALS). We have shown previously that
spinal motor neurons are more vulnerable to protea-
some inhibition-induced neurotoxicity, using a dissoci-
ated culture system. To confirm this toxicity, we used
organotypic slice cultures from rat neonatal spinal
cords, which conserve the structure of the spinal cord
in a horizontal plane, enabling us to identify motor neu-
rons more accurately than in dissociated cultures. Fur-
- thermore, such easy identifications make it possible to
follow up the course of the degeneration of motor neu-
rons. When a specific proteasome inhibitor, lactacystin
(5 uM), was applied to slice cultures, proteasome activ-
ity of a whole slice was suppressed below 30% of con-
trol. Motor neurons were selectively damaged, espe-
cially in neurites, with the increase of phosphorylated
neurofilaments. They were eventually lost in a dose-
dependent manner (1 pM P < 0.05; 5 M, P < 0.01).
The low capacity of Ca®* buffering is believed to be one
of the factors of selectivity for damaged motor neurons
in ALS. In our system, negative staining of Ca®* bmdmg
proteins supported this notion. An intracellular Ca?*
chelator, BAPTA-AM (10 puM), exerted a significant pro-
tective effect when it was applied with lactacystin simul-
taneously (P < 0.01). We postulate that proteasome
inhibition is an excellent model for studying the mech-
anisms underlying selective motor neuron death and
searching for new therapeutic strategies in the treatment
of ALS. © 2005 Wiley-Liss, Inc.

Key words: amyotrophic lateral sclerosis; motor neu-
ron; proteasome; calcium

Amyotrophic lateral sclerosis (ALS) is a fatal neuro-
degenerative disease causing progressive muscular atro-
phy and weakness. Riruzole is the only medicine clini-
cally approved to delay the progression, but its effect is

© 2005 Wiley-Liss, Inc.

unsatisfactory. The disease in most patients is sporadic
and of unknown cause, but about 10% of the cases are
familial. In 1994, mutations of copper/zinc superoxide
dismutase (SOD1) (ALS1) were reported to cause a domi-
nantly inherited ALS that closely resembles the sporadic
form (Rosen et al,, 1993). Since then, more than 110
kinds of SOD1 mutations have been reported (www
alsod.org). Because SOD1-knockout mice did not show
any phenotypes of motor neuron diseases (Reaume
et al, 1996) whereas mutant SOD1 transgenic mice
reproduced clinical signs and pathologies aftecting motor
neurons (Gurney et al.,, 1994), the mechanism by which
SOD1-mutations cause motor neuron degeneration not
should not be a loss of function, but rather an adverse
gain of function. Some attractive hypotheses, about excito-
toxicity, oxidative damage, abnormal accumulation of
phosphorylated neurofilaments, mitochondrial dysfunc-
tion, and impairment of the ubiquitin-proteasome system
(UPS) have been discussed (Bruijn et al., 2004).

Protein accumulation is a common and crucial
pathological feature of neurodegenerative diseases that
could mean impairment of protein degradation (Cie-
chanover and Brundin, 2003). In ALS, skein-like inclu-
sions (SLIs), round hyaline inclusions (RHIs), and
Bunina bodies are the specific markers of the disease in
sporadic form, and Lewy body-like hyaline inclusions
(LBHIs) are in ALS1 (Wood et al., 2003). SLIs, RHIs
and LBHIs frequently contain ubiquitin, a signal of deg-
radation in the 26S-proteasome. UPS plays a major role
in cell survival by degradation of proteins in a relatively
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short time, which regulates various functions such as sig-
nal transduction, cell cycle, and synaptic modulation
(Korhonen and Lindholm, 2004). The pathologies of
ubiquitin-positive inclusion might suggest the involve-
ment of UPS in ALS.

In SOD1¢%4 transgenic mice, which are hindlimb-
onset, the focal decrease of proteasome activity in lumber
spinal cords preceded the clinical motor symptom (Kaba-
shi et al., 2004). It is also reported that SOD1%**A_trans-
fected cells fell into proteasome dysfunctdon and motor
neurons were specifically vulnerable in primary culture
systems (Kikuchi et al., 2002; Urushitani et al.,, 2002).
There is a report examining protease activity in ALS
patients, however, which concluded that there were no
significant changes in the cytoplasmic protease activity of
the spinal cords (Shaw et al., 1996). In a study with slice
cultures of mouse spinal cords, no specific vulnerability of
motor neurons was seen compared to neurons in the pos-
terior horns (Vlug and Jaarsma, 2004).

To confirm whether motor neurons are vulnerable
to proteasomal dysfunction, we investigated the organo-
typic slice cultures of neonatal rat spinal cords exposed
to the specific proteasome inhibitor, lactacystin. Protea-
some inhibition induced severe degeneration of motor
neurons but the minimum change in the posterior horns
and the difference was considered to be due to the low
buffering ability of intracellular Ca>* in motor neurons.

MATERIALS AND METHODS

Materials

The following reagents were used in these experiments:
SMI-31, -32, and -34 (Sternberger Monoclonals Incorporated,
Lutherville, MD); anti-calretinin antibody and anti-calbindin
D-28K antibody (Chemicon, Temecula, CA); Eagle’s MEM
and glutamine (Nissui, Tokyo, Japan); fetal bovine serum
(FBS) and Gey’s balanced solution (Sigma, St. Lous, MO);
Hank’s balanced salt solution (HBSS; Gibco BRL, Grand
Island, NY); lactacystin, epoxomicin, and MCA-conjugated
protease substrates (Peptide Institute, Osaka, Japan); 6-cyano-
7-nitroquinoxaline-2, 3-dione (CNQX) and (+)-MK-801
hydrogen maleate (Research Biochemicals International,
Natick, MA); ifenprodil tartrate salt and nimodipine (Sigma);
BAPTA-AM (Dojindo, Kumamoto, Japan); peroxidase anti-
mouse IgG (H+L) and anti-rabbit IgG antibodies (Vector,
Burlingame, CA), Alexa Fluor 488 goat anti-mouse IgG,
Alexa Fluor 568 goat anti-rabbit IgG, Zenon Alexa Fluor 488
mouse [gG1 labeling kit (Molecular Probes, Eugene, OR);
and rhodamine-conjugated anti-mouse Igs (Tagoimmunologi-
cals, Camarillo, CA).

Organotypic Slice Cultures

These procedures were carried out under the approval
of the animal care and use committee of Hokkaido University
School of Medicine. Organotypic slice cultures were prepared
as described previously (Stoppini et al., 1991). Briefly, after
deep anesthesia with ketamine, neonatal Day 6 Sprague-Idaw-
ley rats were decapitated and their lumber spinal cords were

removed. Nerve roots and excessive tissues were removed in
a cooled Gey’s balanced salt solution containing 6.5 mg/ml of
glucose. Spinal cords were then cut into 400-pum slices with a
Mcllwain tissue chopper (Mickle Laboratory Engineering Co.
Ltd., Gomshall, Surrey, UK). Four slices were put onto a
membrane insert (Millicell-CM; Millipore, Bedford, MA) and
placed in a 6-well culture dish containing 1 ml of culture
medium consisting of 50% Eagle’s MEM, 25% HBSS, 25%
horse’ serum, 6.4 mg/ml of glucose, and 2 mM I-glutamine.
The slices were incubated at 37°C in a 3% CQO, incubator
and the culture medium was changed twice a week. All cul-
tures were used in the experiments after 10 days in vitro.

Immunohistochemistry and Immunofluorescence

For the labeling of neurons in spinal cord slices, the cul-
tures were fixed with 4% paraformaldehyde for 1 hr, rinsed
with phosphate-buffered saline (PBS) and, after blocking,
stained overnight at 4°C with SMI-32 (1:2,500) or the poly-
clonal antibody against calretinin (1:5,000), diluted in PBS
containing 0.3% Triton X-100 and 0.2% bovine albumin.
After several washings with PBS containing 0.3% Triton X-
100, the cultures were incubated with a secondary antibody
(1:250) for 3 hr and visualized with diaminobenzidine tetrahy-
drochloride (DAB).

For immunofluorescence analysis, the fixation and pri-
mary antibody procedures were the same as described for
immunohistochemistry. Secondary antibodies (1:100) were
mcubated for 1 hr. When two kinds of mouse-derived pri-
mary antibodies are used in the same staining, the Zenon
mouse 1gG labeling kit is useful to distinguish between them.
Using the Zenon mouse [gG labeling kit, Alexa Fluor 488-
labeled goat Fab fragments against mouse IgG Fc fragments
can form complexes with mouse-derived primary antibodies
before their application. on slices, simplifying procedures that
use multiple mouse-derived antibodies. After SMI-31 (or -34)
and the secondary antibody, Alexa Fluor 568-tagged anti-
mouse IgG, were applied, SMI-32 that had been labeled with
a Zenon One kit beforchand was incubated for 90 min.
Photographs were taken using a fluoroscope with a CCD
camera (Nikon, Tokyo, Japan) in black and white at first, and
colored with software Image-Pro 2 (Media Cybernetics, Silver
Springs, MD) later. Some pictures were also taken with con-
focal microscopy (MRC-1024; Bio-Rad).

Measurement of Proteasome Activity

Proteasome activity was assayed with MCA-binding
substrates producing AMC when the substrates were cleaved.
An increase of AMC can be monitored photometrically at
370 nm. A lysate for one experiment was made from four sli-
ces on a membrane. They were crushed in an ice-cooled buf-
fer (20 mM Tris, 20 mM NaCl, 1 utM EDTA, and 5 mM 2-
mercaptoethanol; pH 7.6) and divided into 50-pL aliquots.
Equivalent doses of a proteolysis buffer (4 mM ATP, 10 mM
MgCl,, and 8 mM dithiothreitol) containing 100 pM AMC-
binding substrate (Boc-LRR-AMC, Suc-LLVY-AMC, Z-LLE,
substrates as trypsin-like, chymotrypsin-like, peptidylglutamyl-
peptide hydrolytic proteolytic protease) were added. After incu-
bation at 37°C for 30 min, an absorbance of 370-nin wavelength
was measured with a UV spectrophotometer. Lysates without any
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Fig. 1. Immunohistochemistry of whole slice culture with SMI-32.
Large. strongly SMI-32-positive motor neurons gathered in lateral
anterior homs. Scale bar = 400 pm.
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Fig. 2. Three kinds of protease activities of proteasome were signifi-
cantly inhibited in a dose-dependent manner after a 3-hr exposure to
lactacystin. *P < 0.05, **P < 0.01.

substrates were used for a reference. Data were corrected with
a protein amount and represented as a rate of the non-lacta-
cystin-treated sample. The protein concentration was meas-
ured with a protein assay kit using Bradford’s method (Bio-
Rad protein assay kit; Bio-Rad, Tokyo, Japan).

Experimental Treatment of Organotypic Slices
and Quantification of Cell Death

The organotypic slices were exposed to two kinds of
proteasome inhibitor, lactacystin and epoxomicin, in the cul-
ture medium at various concentrations (lactacystin, 0.5-5 pM;
epoxomicin, 10-30 nM) for 72 hr in a 5% COa, incubator
maintained at 37°C. To study the involvement of excitotoxic-
ity in the proteasome inhibition-induced effects, glutamate
receptor antagonists were used. These included the non-
competitive N-methyl-p-aspartate (NMDA) receptor blocker,

Fig. 3. Immunofluorescence with SMI-32. A: Motor neurons with-
out lactacystin have thick and long neurites. B: After 36 hr of expo-
sure to lactacystin, fragmentation of neurites started.

MK-801 (10 pM), the specific blocker of the NMDA recep-
tor containing an NR2B subunit, ifenprodil (10 uM), and the
competitive a-amino-3-hydroxy-5-methylisoxasole-4-propio-
nate (AMPA)/kainate receptor blocker, CNQX (50 pM).
These inhibitors were coincubated with lactacystin for 72 hr
in the culture medium. To examine the effect of calcium acti-
vity, the intracellular calcium chelator BAPTA-AM (10 uM),
and an L-type calcium channel blocker, nimodipine (20 uM),
were coadministered with lactacystin for 72 hr.

Statistical Analysis

All data presented in this study are representative of at
least four cultured slices of every experiment, repeated three
times independently. Staustical analysis was carried out using
analysis of vartance (ANOVA), followed by the post-hoc test
(Tukey’s method) with the Excel add-in software, Statcel2.

RESULTS

Early Change of Motor Neurons
by Proteasome Inhibition

The organotypic spinal cord culture was established
referfing to past articles (Stoppini et al., 1991; Bergold
et al., 1997). A horizontal structure was preserved and
many motor neurons were detected in the anterior horns
in SMI-32 stains (Fig. 1). Some neurons in the dorsal
horns were as large as motor neurons, which could be
misidendfied as motor neurons if their location were
unavailable, as in a dissociate culture. We defined surviv-



