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Fig. 4. Phosphorylated neurofilaments increased after lactacystin
exposure. A=F: In double immunofluorescence of SMI-31 and SMIi-
34, motor neurons (arrows) were not phosphorylated without lacta-
cystin (A-C). SMI-31-positive motor neurons {arrowheads) increased
after 5 pM lactacystin exposure for 36 hr (d-f). A, D: SMI-32. B, E:
SMI-34. C, F: Merge. G, H: In double immunofluorescence of

ing motor neurons as SMI-32-positive cells located in the
anterior homs, having large somas (>30 pm) and long
processes. To clarity a differential effect of the proteasome
inhibitor we exposed organotypic slice cultures of the spi-
nal cords to the irreversible proteasome inhibitor lactacys-
tin (0.5-5 uM). Decreased proteasome activity was con-
firmed by measurements after a 3-hr exposure to lactacys-
tin in a dose-dependent manner (Fig. 2). They remained
suppressed at the same level of activity for 24 hr.
Thirty-six hours after exposure to 5 pM lactacystin,
some of the motor neurons showed morphological
changes. The neurites of untreated motor neurons were
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SMI-32 (green) and -34 (red), there were few SMI-34-positive cells
in control cultures (G). After a 48-hr exposure, the number of dou-
ble-positive motor neurons (merge, yellow) increased (H). I A sig-
nificant difference was seen in the number of SMi-34-positive neu-
ron after a 48-hr exposure compared to control *P < 0.05.

thick, especially in their origins (Fig. 3A). Lactacystin-
exposed neurons were exhibited as thin neurites from
their origins and some neurites were fragmented (Fig. 3B).
Because it is known that phosphorylated neurofilaments
appear in motor neurons in ALS, we examined the double
immunohistochemistry with SMI-32 and SMI-31. SMI-32
recognizes a nonphosphorylated neurofilament heavy
chain and SMI-31 recognizes a phosphorylated one. In
the control slices, SMI-31-positive motor neurons were
seldom observed (Fig. 4A—C). In contrast, the lactacystin-
treated slices contained some motor neurons, which were
double positive for SMI-32 and -31 (Fig. 4D~F). Another



antiphosphorylated neurofilament antibody, SMI-34, was
also positive in lactacystin- treated cultures (Fig. 4G,H).
Phosphorylation was seen in cell bodies and neurites that
occurred in both normal-shaped neurons and degenerated
ones. Slice cultures are considered to have dispersion in
the number of neurons inidally contained in each slice,
and mechanical damage by axotomy during preparation
induces cell loss even without toxic insults. We concluded
that these changes resulted from proteasome impairment,
however, because severe neurite fragmentation and phos-
phorylatdon of neurofilaments were seldom observed in
control cultures. In regard to statistical analysis, SMI-34-
positive neurons increased significantly in 48-hr lactacys-
tin-exposed slices (Fig. 4I). We did not find a significant
difference between the 72-hr exposed group and control,
which we think was due to severe motor neuron loss after
a long-term exposure.

Proteasome Dysfunction Induced Specific
Death of Motor Neurons

Seventy-two hours after exposure to lactacystin, the
number of motor neurons significantly decreased in a
5 UM lactacystin treatment group compared to the control
one (Fig. 5A). The remaining cells exhibited atrophic,
condensed somas and fragmented meandering neurites
(Fig. 5B,C). Some motor neurons had lost their neurites
entirely. In contrast, the SMI1-32-positive neurons in the
dorsal horns showed litde change (Fig. 5D,E). The gen-
eral structure of the dorsal horns was conserved and the
thick neurites of large neurons stretched smoothly. To
examine the dorsal horn more clearly, we stained it with
the anti-calretinin antibody, which is considered to be
a marker for dorsal horn neuron. After treatment with
5 uM lactacystin for 72 hr, calretinin-positive neurons
showed little morphological change (Fig. 6A,B). The
number of surviving motor neurons significantly de-
creased in a dose-dependent manner (1 pM, *P < (.05;
5 uM, **P < (.01), but the number of calretinin-posi-
tive neurons in the dorsal horns did not change (P >
0.05; Fig. 7A).

Another specific proteasonie inhibitor, epoxomicin,
also induced the same degeneration as lactacystin did.
Motor neurons were.damaged in a dose-dependent man-
ner and showed a significant difference at 50 nM,
whereas the dorsal horn neurons did not show any dif-
ferences (Fig. 7B). We prepared 100 nM epoxomicin-
treated slices but could not evaluate them because they
were too fragile to be fixed by the free-floating method
(only 25% of them could be fixed). Excessive protea-
some inhibition might affect not only neurons but also
glial cells, which are indispensable for a slice to attach to
a membrane.

Motor Neurons Did Not Express Majbr
Calcium-Binding Proteins, Calretinin and
Calbindin D-28K

In ALS, the nucleus of extraocular muscles and
Onuf’s nucleus are spared. One of the major hypotheses
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Fig. 5. A: SMI-32-immunostaining of whole slice culture treated
with 5 pM lactacystin for 72 hr. Severe motor neuronal loss was
observed in anterior horns, whereas the construction of dorsal horns
was preserved. Scale bar = 400 ym. B-E: In a higher-power field,
compared to nontreated motor neurons (B), lactacystin-exposed
motor neuron looked profoundly degenerative (C). Its neurites were
fragmented and winding, the margin of the cell body became irregu-
lar. D, E: Large neurons in dorsal horns showed no change. Note
neurites, which smoothly stretched in a nontreated slice (D) and a
lactacystin-exposed slice (E). B-E: All were the same magnification.
Scale bar = 40 pm.

of a differential factor between an easily damaged group
of motor neurons and a relatively resistant one is the
capacity of Ca®* buffering. Easﬂy damaged groups of
motor neurons were reported to lack major calcium-
binding proteins (Alexianu et al., 1994), and in a compa-
rative study of the oculomotor nerve, they had a lower
capacity of Ca>* buffering (Vanselow and Keller, 2000).
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Fig. 6. In calretinin immunohistochemistry, many dorsal horn neu-
rons could be observed. There was little difference between non-
treated slices (A) and 5 uM lactacystin-exposed slices (B).

WEME 52 Beuletioiy

Kureivesdt Neason (5%

[35.577:¢1 M

Gt S

Lactasystin

Fig. 7. A: After a 72-hr exposure to lactacystin, the number of sur-
viving motor neurons decreased in a dose-dependent manner and
had a statistical difference at more than 1 pM (filled bar, *P < 0.05,
**P < 0.01). Calretinin-positive dorsal horn neurons were not dam-
aged significantly at 5 pM (shaded bar, P < 0.05). B: Epoxomicin-

We examined two Ca’*-binding proteins, calretinin and
calbindin D-28K, which have a high capacity for buffering,
Motor neurons showed a lack of staining with both calreti-
nin and calbindin D-28K, whereas many posterior hom
neurons strongly expressed these proteins (Fig. 8A-E).

Intracellular Ca®* Chelation Ameliorated
Lactacystin-Induced Neurotoxicity

To confirm whether the involvement of Ca®*
homeostasis could be the key to the specific vulnerability
of motor neurons induced by proteasome inhibition, we
cotreated slice cultures with lactacystin and an intra-
cellular Ca®* chelator, BAPTA-AM. In addition, other
agents affecting intracellular Ca®" concentration were
also examined. Cotreatment of BAPTA-AM (10 uM)
with lactacystin reduced the degenerated motor neurons
significantly (P < 0.01; Fig. 9A). Many motor neurons
preserved smooth and thick neurites in cotreated cultures
(Fig. 9B). The simultaneous treatment with BAPTA-
AM did not affect the proteasome inhibition by lactacys-
tin (data not shown).

The NMDA receptor blocker MK-801 (10 puM)
and AMPA/kainate receptor blocker CNQX (50 puM)
were investigated because excessive synaptic glutamate
and defective RNA Q/R-editing of GluR2 might be
involved in causing ALS to occur (Rothstein et al,
1993; Kawahara et al,, 2004). They had a tendency to
ameliorate the lactacystin-induced toxicity but without
significance. Ifenprodil (10 pM), a specific blocker of
NMDA receptors containing an NR2B subunit, and the
L-type Ca®" (20 uM) channel blocker failed to show
any protective effects.

DISCUSSION

We showed that proteasome inhibition induced
severe degeneration in motor neurons compared to that
in posterior. neurons. We considered the major reason
for this specific vulnerability to be the low ability of cal-
cium buftering. We reported previously that motor neu-
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exposed slices showed the same results as lactacystin. Motor neurons
decreased in a dose-dependent manner, significantly at 50 nM (filled
bar, ¥*P < 0.01). On the other hand, calretinin-positive dorsal neu-
rons didn’t show any remarkable change (shaded bar, P > 0.05).



Fig. 8. A-C: Calretinin were negative in motor neurons (A; green,
calretinin; red, SMI-32; yellow, merge), whereas many small post-
erior neurons expressed it (B). Relauvely large neurons in dorsal
horns also expressed calretinin (C). D, E: Calbindin D-28K was ne-
gative in motor neurons (I); green, SMI-32; red, calbindin 1-28K;
vellow, merge). There were many positive neurons in posterior
horns (E).

rons were more vulnerable to proteasome inhibition
than were other kinds of spinal cord neurons in a disso-
ciate culture system (Kikuchi et al.,, 2002). There was
also another report stating that motor neurons were
especially vulnerable to proteasome inhibitors and the
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Fig. 9. Cotreated with 5 pM lactacystin and candi- £ :{; ¢
dates for protection simultaneously for 72 hr. In the gz
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BAPTA-AM-treated group motor neuron loss was
significantly inhibited (A; **P < 0.01). B: On im-
munohistochemistry with SMI-32, surviving motor
neurons maintained smoothly stretching neurites in a
BAPTA-AM-treated slice. Scale bar = 40 pum.

Proteasome Inhibition and Motor Neuron Death 449

mutant SOD1-transfected cells fell into proteasomal dys-
function, which leads to motor neuron-specific cell
death (Urushitani et al., 2002). On the other hand, non-
specific toxicity was reported with slice cultures of neo-
natal mice recently (Vlug and Jaarsma, 2004). They used
slice cultures applied to proteasome inhibitors and com-
pared the effects between motor neurons and posterior
calretinin-positive neurons, as we did in this study. They
concluded that both motor neurons and postenor neu-
rons were injured on the same level. However, their
study was different from the present study on some
points. First, they used clasto-lactacystin B-lacton, which
is stronger than the lactacystin we used, and they did
not mention the level of proteasome inhibition. Second,
they applied the reagents for a week, which was longer
than the time used our study. Because proteasome-medi-
ated proteolysis plays a crtical role in maintaining
homeostasis and regulating signal transduction for sur-
vival, excessive inhibition is fatal for any kind of cell. In
the present study, a higher concentrate application (more
than 100 nM epoxomicin) induced extensive cell death
indiscriminately, and longer-term application could also
induce indiscriminate cell death, but the present study
showed that at an early stage, motor neurons were dam-
aged more easily than posterior neurons.

It is uncertain how motor neurons die under pro-
teasome inhibition. Successtul protectlon by BAPTA-
AM must indicate that intracellular Ca®* was the key for
MOotor neuron- szpecxtlc vulnerability. A major change in
intracellular Ca®" could occur in two ways. One is the
influx through calcium channels on the cellular mem-
brane and the other is the redistribution of organelles in
the cytosol. Mitochondria and endopla%mlc reticula (ER)
have a large capacity to hold Ca”". Among these possi-
bilities, we were interested in AMPA receptors, because
they are considered to be involved in human sporadic
ALS (Kawahara, et al., 2004) and their surface expression
is regulated by proteasome-mediated proteolysis of their
anchor protein, PSD95 (Colledge et al., 2003). We
failed to clarify, however, the benefit of the AMPA
receptor blocker CNQX and other agents affecting the
influx of Ca®*. It would be useful to examine on the
future the redistribution of Ca®" inside a cell.

The neurofilament phosphorylation, the important
pathological mark of ALS. is observed in our system.
Whether this modification is a primary event or a result
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of other primary events remains controversial. Some
investigators claim that neurofilaments are working as
sinks for excessive kinase, which could be cytotoxic
(Nguyen et al., 2003). Because it is supposed to be-the
early event both in motor neuron degeneration in ALS
patients and in our model, searching for the responsible
kinase must be meaningful. For example, JNK, a major
stress-activated kinase abundantly expressed in the central
nervous system, was reported to phosphorylate neurofila-
ments and to induce apoptotic signals in N2a cells under
the proteasome inhibitory condition (Sang et al., 2002).
P38/MAPK could also be upregulated by a proteasome
inhibitor (Yu et al., 2004} and it can phosphorylate neu-
rofilaments, too (Ackerley et al., 2004). In ALS path-
ology, JNK/SAPK and p38/MAPK were activated in
glial cells and in motor neurons (Migheli et al., 1997).
Clanfying the involvement of these pathways in our sys-
tem might be helpful in understanding the mechanism
of the disease.

There is another interesting study about protea-
some inhibition using mice spinal cord slice cultures.
Puttaparthi et al. (2003) reported reversible accumulation
of msoluble proteins and ubiquitinated aggregation in
SOD1¢*A_transgenic mice with lactacystin. In the pre-
sent study, no v151ble aggregate was seen in the ubiquitin
or SOD1 immunohistochemistry (data not shown), pos-
sibly because we used wild-type rats and because the
application time was short. Despite the large amount of
evidence of aggregate involvement in neuronal death,
the meaning remains unclear as to whether it is patho-
genic, protective or just a byproduct (Lee et al., 2002;
Arrasate et al., 2004). At least, in short-term application,
it might not be necessary for motor neuron death.

In various neurodegenerative diseases the protea-
some dysfunction is likely a critical mediator involving
complex interaction of diverse mechanisms. Aging, oxi-
dative stress, and the existence of mutant proteins could
induce proteasome dysfunction (Keller et al., 2000;
Urushitani et al., 2002). Proteasome impairment induces
mitochondria dysfunction (Sullivan et al., 2004) and oxi-
dative stress (Ding et al., 2004), and causes accumulation
of proapoptotic signals (Lang-Rollin et al.. 2004). The
results of the present study indicate that, among many
cascades, proteasome dysfunction is a major factor for
motor neurons to decide cellular fate. We hypothesize
that one reason for rapid progression of ALS compared
to other neurodegenerative disorders is this vulnerability
of motor neurons to proteasome dysfunction. We be-
lieve our model is useful for examining the motor neu-
ron-specific mechanism in the downstream of protea-
some dysfunction, which may be the key mediator in
delaying the progression of ALS.
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Abstract

Mutations in Cu,Zn-superoxide dismutase (SOD1) cause familial amyotrophic lateral sclerosis (ALS). it has been proposed that neuronal cell
death might occur due to inappropriately increased Cu interaction with mutant SOD1. Using Cu immobilized metal-affinity chromatography
(IMAC), we showed that mutant SOD1 (A4V, G85R, and G93A) expressed in transfected COS7 cells, transgenic mouse spinal cord tissue, and
transformed yeast possessed higher affinity for Cu than wild-type SOD1. Serine substitution for cysteine at the Cys111 residue in mutant SODI1
abolished the Cu interaction on IMAC. C111S substitution reversed the accelerated degradation of mutant SOD1 in transfected cells, suggesting
that the Cysl111 residue is critical for the stability of mutant SOD1. Aberrant Cu binding at the Cysi11 residue may be a significant factor in
altering mutant SOD1 behavior and may explain the benefit of controlling Cu access to mutant SOD1 in models of familial ALS.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Amyotrophic lateral sclerosis; Cu,Zn- superoxide dlsmutase Copper; Immobilized metal affinity chromatography; Cu chaperone for SOD1: Cysteine:
Protein stability; Oxidative stress; Free radicals

Amyotrophic lateral sclerosis (ALS) is a fatal degenerative
disease that affects motor neurons. A subset of autosomal
dominantly inherited familial ALS (FALS) cases is known to
possess mutations of the Cu,Zn-superoxide dismutase (SODI)

Abbreviations: SOD1, Cu,Zn-superoxide dismutase; ALS, amyotrophic
lateral sclerosis; IMAC, immobilized metal affinity chromatography; FALS,
familial ALS; CCS, Cu chaperone for SODI1; PCR, polymerase chain reaction;
PAGE, polyacrylamide gel electrophoresis; SDS, sodium dodecyl sulfate; PBS,
phosphate-buffered saline.
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gene [1]. Transgenic mice that express mutant SODI, but not
wild-type SOD! nor SOD1 knockout mice, develop motor
neuron disease, indicating a toxic gain-of-function of the mutant
[2.3]. Although the nature of the mutant SOD]1 toxicity has not
yet been determined, one hypothesis is that SOD1 mutations
lead to oxidative damage associated with an inappropriate redox
activity of Cu. Conformational change in mutant SOD] may
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increase the accessibility of substrates to Cu in the protein to
generate reactive oxygen or nitrogen species such as hydroxyl
radicals [4] and peroxynitrite [5], which can be inhibited by Cu
chelators in cell culture [6,7]. This is the proposed mechanism
by which Cu chelators such as p-pehicillamine [8], trientine
[9,10], and N-acetylcysteine [11] rescue mutant SOD1 toxicity
in mouse models of FALS. Conversely, genetic ablation of
metallothioneins, which sequester excess intracellular metals
such as Cu, exacerbated the disease in mutant SOD! mice {12].

Although SODI1 is a constitutive cuproenzyme, the Cu that
may mediate the pathogenic biochemistry does not seem to be
the Cu that is coordinated by the active site of mutant SODI.
The evidence for this is the variation in dismutase activity of
FALS-linked mutant SOD! species, which reflects Cu binding
at the active site, ranging from nearly 0% to almost 100% [13].
Disease-associated mutation of SOD1 still induces the disease
in transgenic mice even when the active copper-binding site is
disrupted by multiple substitutions [14-16]. Furthermore, the
pathogenic phenotype of mutant SOD1 mice was not rescued by
genetic removal of the Cu chaperone for SOD1 (CCS), which
incorporates Cu into the buried active site of SODI1 {17].
However, the affinity of the active site of SOD1 for Cu is
extremely high, and disrupting the active site does not disrupt
all forms of Cu binding to SOD1 [18§,19]. Procedures that are
likely to remove all but the highest affinity-bound Cu, such as
treatment with SDS, were used in appraising Cu incorporation
into SOD1 in experiments in which the active site was disrupted

interaction between Cu and SOD1 outside the active site has not
yet been appraised and therefore cannot yet be excluded from
contributing to the FALS phenotype {18,19]. Also, recent data
have indicated that CCS overexpression worsens the FALS
phenotype in mutant SOD1 mice [20].

There are four Cys residues—Cys6, Cys57, Cysll!, and
Cys146—-in the human SOD subunit. Cys57 and Cys146 form
an intramolecular disulfide bond that maintains the protein
structure. A FALS-linked SOD1 mutant has been reported to
bind Cu at a cysteine residue (Cys111) outside the active site
[21]. Cys111 islocated as a free cysteine on the protein’s surface,
near the dimer interface. Substitution of serine for Cysl11 was
reported to increase the stability of the wild-type SOD1 [22].

To clarify a possible aberrant interaction of mutant SOD]
with Cu outside the active site in the pathogenesis of FALS, and
a possible role for Cys111, we studied the affinity for Cu of
SOD1 mutants by immobilized metal-affinity chromatography
(IMAC). IMAC is a method that can scparate proteins
depending on their ability to interact with a metal attached to
the chromatography matrix [23]. Proteins can be separated by
competitive elution with a metal-coordinating agent concentra-
tion gradient based on affinity strength. Metal-ligating residues
such as cysteine, especially at the solvent-facing regions,
determine the affinity of proteins for the metal [24,25]. The
technique has been used to investigate the metal affinity of
native proteins, including human SODI1 [26,27], and also to
identify metal binding sites within proteins, e.g., the Cu and Zn
binding sites on the P-amyloid precursor protein involved in
Alzheimer disease [28.29].

We found that forms of mutant SOD1 had higher affinity for
Cu than wild-type SODI and that mutant SOD | with the C111S
substitution markedly attenvated Cu affinity and increased
protein stability. This may account for the evidence supporting
an interaction with Cu as playing a role in the pathogenesis of
FALS and implicates Cysl111 as a key site for this interaction.

Experimental procedures
Expression plasmids

Expression vectors of human wild-type and mutant (A4V,
G85R, and G93A) SOD1 cDNAs were constructed using the
polymerase chain reaction (PCR) on the EcoRI and EcoRV
sites of the pTracer-CMV2 plasmid (Invitrogen, Carlsbad, CA,
USA). The sequences of the primers for PCR were 5'-
GCCGAATTCCTAGCGAGTTATGGCGACGAA-3’ (EcoRl)
and 5'-GCCGATATCAAGGGAATGTTTATTGGGCGA-3’
(EcoRV). Using the mutant SOD1 vectors as templates, mutants
with C57S or C111S substitution were obtained by site-directed
mutagenesis using PfuTurbo DNA polymerase and Dpnl
endonuclease (Stratagene, La Jolla, CA, USA) in accordance
with the procedure of the QuickChange site-directed mutagen-
esis kit. The entire nucleotide sequence of these SOD1 cDNAs
was confirmed by the ABI Prism 310 genetic analyzer (Applied
Biosystems, Foster City, CA, USA).

Cell culture and transfection

COS7 cells were cultured in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum and antibiotics. COS7
cells were seeded at 1.5 x 10° cells per dish on 60 x 15-mm cell
culture dishes, cultured, and then transfected with 2.0 pg of the
vector carrying the wild-type or mutant SOD1. Transfections
were performed using the FuGENEG6 transfection reagent
(Roche, Indianapolis, IN, USA) according to the manufacturer’s
instructions. Forty-eight hours after transfection, the cultured
cells were homogenized using glass beads of size 420-500 pm
(Polysciences, Warrington, PA, USA) in 500 pl of buffer A
(50 mM Tris, 1 M NaCl, pH 7.4) containing 0.1% Triton X and
protease inhibitor cocktail without metal chelators (Sigma, St.
Louis, MO, USA). After the cell lysates were centrifuged
(20,400g, 5 min), the supernatant was collected and applied to
the IMAC column. The supernatant was also directly analyzed
by polyacrylamide gel electrophoresis (PAGE), as described
later.

For cycloheximide assays, COS7 cells were seeded at 4 x
10* cells per well on six-well cell culture clusters and cultured;
they were then transfected with 1.0 pg of the vector carrying the
wild-type or mutant SODI.

Transgenic mice

All protocols were conducted within NIH guidelines for
animal rescarch and were approved by the Institutional Animal
Care and Use Committee. Transgenic mice that express the
human G85R [3] or G93A [2] SOD! gene, both of which cause
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the ALS phenotype, were maintained as hemizygotes and
euthanized at the symptomatic age (=9 months for G85R and
= 8 months for G93A mice). The G93A transgenic mice with a
delayed phenotype (TgN{SOD1-G93A}1Gurdl) were originally
obtained from The Jackson Laboratory (Bar Harbor, ME, USA)
and maintained by breeding hemizygous carriers to a C57BL/6
mouse strain. The delayed phenotype compared with the ori-
ginally published phenotype is due to a reduction in transgene
copy number. Human wild-type SOD/ transgenic mice
(N1029) [2] were used as the controls. All transgenic progeny
were identified by PCR of tail genomic DNA as described
previously [2]. Animals were perfused and spinal cords from the
mice were dissected, weighed, and then homogenized with 5x
wet weight (1 ml/g) of buffer A containing protease inhibitor
cocktail. After the centrifugation of the homogenate (100,000g,
30 min), the supematant was kept for IMAC.

Yeast strains and culture conditions

The Saccharomyces cerevisiae strains KS107 (sodlA::
TRPI) and PS131 (cesIA:TRPI), which lack endogenous
yeast SODI and ccs/ genes, respectively, were derived from the
parental strain EG103 (MATa leu2-3, 112 his3A1 trpl-289
ura3-52) [30]. Plasmid pLCl (2p URA3) expresses human
wild-type SOD1 under the control of S. cerevisiae PGKI, as
described [31]. The human SODI| mutant A4V or G85R was
obtained by site-directed mutagenesis of pLC1. All yeast strains
were grown in (—)URA synthetic dextrose liquid medium

_aerobically at 30°C. The cell pellets from 100 ml of overnight
culture were homogenized with glass beads in 500 pl buffer A
containing 0.1% Triton X and protcase inhibitor cocktail. After
the centrifugation of the homogenate (20.400g, 5 min), the
supernatant was kept for IMAC.

Polyacrviamide gel electrophoresis and Western blot analysis

Samples were electrophoresed on 4-20% Tris—glycine
polyacrylamide gradient gels (Invitrogen) containing SDS in
running buffer and loading dye with 5% 2-mercaptoethanol
(SDS-PAGE). PAGE samples were electrotransferred to
polyvinylidene fluoride membrane, which was then blocked
overnight at 4°C with 10% nonfat milk and then incubated for
1 h at room temperature with primary antibody in Tris-buffered
saline containing 0.1% Tween 20. Sheep anti-human SODI
antibody (Calbiochem, Darmstadt, Germany) that cross-reacts
with mouse SOD1 was used in most experiments, whereas
rabbit anti-human SODI1-specific antibody (Chemicon, Teme-
cula, CA, USA) {32] was used for blots of the samples from the
transgenic mice, because the expression level of human SOD1
in the mice is relatively low compared with that of endogenous
mouse SODI. After incubation of the membranes for 1 h at
room temperature with corresponding horseradish peroxidase-
conjugated secondary antibody, the protein bands were
visualized using the SuperSignal West Pico chemiluminescent
(Pierce, Rockford, IL, USA) or the ECL Western blotting
detection (Amersham, Uppsala, Sweden) system. For the
elution profile of SODI, the densities of the protein bands

were measured on the membranes using NIH Image 1.62
(National Institutes of Health, Bethesda, MD, USA).

Immobilized metal-affinity chromatography

Chelating Sepharose Fast Flow (400-ul bed volume;
Amersham) was packed into disposable 2-ml polystyrene
columns (Pierce); the resin was presaturated with either CuCl,
or ZnCl, at 20 mM and equilibrated with buffer A. The extracts
of cells or tissue (500 pul, =0.5 mg for cells and =2.5 mg for
tissue) were applied to the column, and the column was washed
with buffer A (500 ul). After additional washing with buffer A
(3 ml), the proteins were eluted using a stepwise imidazole
gradient (0—100 mM, each fraction was 500 pl) in buffer A.
Finally, the column was stripped of all bound Cu with 50 mM
EDTA. In some experiments the sample was loaded, the column
washed, and the column developed with a 30 mM imidazole
step followed by a 50 mM EDTA step (500 pl each). The eluted
SOD! was analyzed in ecach fraction (normalized for elution
volume) by immunoblotting.

For comparison of the elution profiles of SOD1 from the
IMAC column, samples were normalized for total proteins and
brought to the same protein concentration before being loaded
onto the column. Protein concentrations of starting material,
flowthrough, and elution fractions were measured by BCA
assay (Pierce). The starting sample and each IMAC fraction
were analyzed by SDS—PAGE and immunoblotted.

Cycloheximide assays

This protocol was based on a previously reported method
[33]. Forty-eight hours after transfection, the cultured COS7
cells were washed with phosphate-buffered saline (PBS) and
treated for the indicated times with serum-free medium
containing 1 mg/ml cycloheximide (Sigma). The cells were
then homogenized with glass beads in 200 pl buffer B (0.1%
SDS and protease inhibitor cocktail in PBS). After the cell
lysates were centrifuged (20,400g, 5 min), the supernatant was
collected. This supernatant was subjected to Western blot
analysis with sheep anti-human SOD1 and mouse anti-p-actin
(Sigma) antibody.

Resuits

To study the affinity of mutant and wild-type SOD1 for Cu,
we applied extracts of transfected COS7 cells to Cu—IMAC.
The expression level of human SOD1 in each line was similar.
The Cu-IMAC column was developed with a concentration
gradient of imidazole (a relatively low-affinity Cu-coordinating
agent) followed by an EDTA solution (a high-affinity Cu
chelator). Fig. 1A plots the typical elution profile for both total
protein and SODI (assayed by densitometry of Western blot)
from cells expressing wild-type human SODI or G85R mutant
SODI. The total protein elution profile was indistinguishable.
However, =~50% of the G85R mutant SOD1 eluted at imidazole
concentrations above 30 mM, whereas most of the wild-type
SODI1 had eluted by 30 mM imidazole, and almost none
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exhibited this higher Cu-affinity interaction. The total protein
clution profile was similar in all of the cell lines we studied.
Figs. 1B—1D show SODI! Westemn blots of the Cu-IMAC
fraction from cells expressing wild-type human SODI,
mutant SOD1, and mutant SOD1 with C37S substitution
or with C111S substitution. The elution profiles of the three
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pathogenic SOD1 mutants examined were all similarly shifted
to increased Cu affinity relative to the normal human SODI]
profile. Wild-type SOD1 was almost completely cluted by
20 mM imidazole. In contrast, the pathogenic mutants required
much higher imidazole concentrations (up to 50 mM) to be fully
cluted from the Cu-IMAC, implying a gain in Cu affinity. The
C57S substitution did not inhibit the increased Cu affinity of the
three mutant forms of SOD1, but seemed to diminish the lower
affinity Cu interactions (Figs. 1B-1D). In contrast, the C111S
substitution dramatically disrupted Cu interaction in all three
pathogenic mutants, causing =~90% of the SOD1 to elute at
imidazole concentrations <20 mM. The proportions of mutant
SOD1 exhibiting high-affinity Cu interactions were markedly
greater than wild-type SOD1 when expressed in these cells (Fig.
1E). The proportions of high-affinity Cu interaction became
equivalent between wild-type and mutant SOD1 when the
mutant was substituted with C111S (Fig. 1E). These data
indicate that increased Cu affinity is a feature in common for the
three mutant forms of SOD]1 tested and is mediated by the
Cysl11 residue.

Because cysteine may also coordinate Zn**, we repeated the
IMAC with Zn?** for both wild-type and mutant SOD}
expressed in COS7 cells. The interaction with Zn was much
weaker than with Cu for either wild-type or mutant SOD1, with
almost no binding to the Zn on the column (data not shown).
This indicates that SOD1 principally interacts with Cu rather
than Zn in this system.

To determine whether the increase in Cu affinity of mutant
SOD1 occurs in vivo, we analyzed spinal cord tissue from

Fig. 1. Cu~IMAC elution profiles of human SOD1 from extracts of transfected
COS7 cells. Soluble proteins from the lysates of COS7 cells expressing human
wild-type or mutant (A4V, G85R, and G93A) SODI, mutant SOD1 with C57S
substitution, or mutant SOD1 with C11IS substitution were applied to Cu-
IMAC and eluted with increasing concentrations of imidazole. The eluted
fractions were measured for total protein levels and human SODI. Cu~-IMAC
cluates from wild-type SODI! cells were used as reference profiles for
comparison against the mutants in every blot series. (A) Protein and SODI
elution profiles from extracts of COS7 cells transfected with normal human
SOD1 (“Wild-type™) or G85R mutant SODI. The graph shows the amounts of
eluted proteins or SOD1 per fraction, as a percentage of the total eluted proteins
or SOD1, across an imidazole gradient. (B) Westem blots typical of SOD1 levels
in Cu—IMAC fractions from cells transfected with A4V, A4V/C57S, and A4V/
C111S SODI. (C) SOD1 Western blots in Cu-IMAC fractions from cells
transfected with G85R, GS8SR/CS7S, and G8SR/CI11S SOD1. (D) SOD!
Western blots in Cu—IMAC fractions from cells transfected with G93A, G93A/
C578S, and G93A/C111S SODI. Void. starting material that was not bound to the
column; wash, the fraction obtained after the washing step with 500 pl buffer A
(50 mM Tris, 1 M NaCli, pH 7.4). (E) Proportion of higher Cu-affinity mutant
compared to wild-type human SOD1. Soluble proteins from cell lysates were
fractionated by limited Cu-IMAC to generate 30 mM imidazole (fow Cu
affinity) and 50 mM EDTA (high Cu affinity) cluates. The relative amounts of
SOD1 in these fractions were calculated by densitometry of immunoblots. The
graph indicates the amount of human SODI eluting with high Cu affinity
expressed as a proportion of SOD1 eluting with low Cu affinity. The ratio for
each mutant was standardized to that for wild-type SOD1 (set at 1.0) for
comparison. Data are means+SD from four (wild type, WT) or three (the
others) independent experiments. *p < 0.05 compared to wild-type SODI1, #p <
0.05 compared to the respective mutant without C111S substitution by two-
tailed ¢ test.
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Fig. 2. Cu-IMAC elution profiles of human SOD1 from spinal cord extracts of
transgenic mice. (A) Protein and SODI elution profiles from spinal cords
(soluble fraction) of 9-month old human wild-type and G85R mutant SODI
transgenic mice. The graph shows the amouats of eluted proteins or SODI per
fraction, as a percentage of the total cluted proteins or SODI, across an
imidazole gradient. The lower (peak 1) and higher (peak 2) Cu-affinity SODI
elution peaks are shown by arrows. These results are typical of N = 3
experiments. (B) Western blots of the elution of human wild-type (W) and G85R
(M) SODI. Eluted fractions as indicated were electrophoresed and immuno-
blotted for human-SOD I-specific antibody. For this experiment, we applied
1/10 the amount of the original fractions from wild-type SOD1 mice because
SODI expression is much greater than that of G85R SOD1 in the mice. Sup,
starting material; Wash, starting material unbound to the column; EDTA,
column was stripped with 50 mM EDTA and eluted protein assayed for SOD1.
Arrows indicate mutant SOD1 bands cluting with a higher affinity for Cu than
wild-type SOD1. P1 and P2 correspond to peak 1 and peak 2 in A, respectively.
(C) Proporttion of higher Cu affinity mutant compared to wild-type human
SODI. Soluble proteins from spinal cord tissue homogenates (N = 4 cach) of
human wild-type (WT), symptomatic G85R (9 months of age), and G93A
(8 months of age) SOD! transgenic mice were fractionated by limited Cu—
IMAC to generate just 30 mM imidazole (low Cu affinity) and 50 mM EDTA
(high Cu affinity) eluates. The relative amounts of SOD1 in these fractions were
calculated by densitometry of anti-human-specific SOD1 immunoblots. The
graph indicates the ratio of human SOD]1 eluting with high Cu affinity expressed
as a proportion of the amount of SOD1 eluting with low Cu aftinity. The ratio for
each mutant was standardized to that of wild-type SODI1 for comparison.
Data are means+SEM, N = 4 samples, each assayed in duplicate. *p < 0.05 by
two-tailed 7 test.

WT A4V G85R

Fig. 3. Cu~IMAC elution profiles of human SOD! from extracts of transformed
CCS1 A yeast. Soluble proteins from cell lysates (starting material, “Super-
natant”) of the PS131 yeast strain expressing wild-type (WT), A4V, or G85R
SOD1 were fractionated by Cu—IMAC. Fractions were immunoblotted using
SODI{ antibody. The first (P1) and second (P2) SODI elution peaks are
indicated. Results are each typical of N = 3 experiments.

transgenic mice by Cu~IMAC. Typical of all transgenic tissue
we examined, and similar to the profile of SOD1 expressed in
COS7 cells (Fig. 1A), there was no difference in the total protein
distribution within the imidazole gradient elution fractions
between N1029 and G85R transgenic spinal cord extract (Fig.
2A). Wild-type human SOD1 eluted with one Cu-binding peak
with slightly lower affinity than most of the other proteins that
bind to Cu (peak 1 =15 mM imidazole, Figs. 2A and 2B).
However, as was observed in cell culture (Fig. 1), GBSR SODI1
exhibited not only this lower affinity Cu interaction, but also a
higher affinity peak that indicated enrichment of the mutant
compared with the other proteins (peak 2 =50 mM imidazole,
Figs. 2A and 2B). The increase in Cu affinity of mutant SOD!
was also observed in G93A transgenic spinal cord tissue (Fig.
2C) relative to normal human SOD1 expressed in transgenic
N1029 spinal cord (Fig. 2C).

To characterize mutant SOD1 interaction with Cu in a
nonmammalian system, we studied the elution profiles of
supernatants extracted from yeast expressing human wild-type
and mutant SOD1 by Cu—-IMAC. We utilized a ccs/-deficient
yeast strain [30] to exclude the possible binding of CCS to
SOD1 as mediating the Cu—IMAC interaction. Wild-type
human SOD1 expressed in the yeast eluted with a single low-
affinity Cu-binding peak at 15-20 mM imidazole (P1, Fig. 3), a
Cu affinity similar to that of wild-type human SODI expressed
in cells or the spinal cords of mice (Figs. | and 2). Also similar
to the Cu affinity of SOD1 expressed in cells (Fig. 1), the A4V
mutant manifested a second, higher affinity Cu-binding
property (P2) in addition to a minor peak (P1) at the same
position as that of wild-type SOD1 (Fig. 3). For G85R
expressed in yeast, the lower affinity Cu binding was not
detectable and only the higher affinity Cu binding (P2) was
identified (Fig. 3), indicating that the increased Cu-affimty
species represent a substantial proportion of total mutant SOD1.
These data confirm that the increase in the affinity for Cu in
mutant SOD1 is independent of CCS. We also examined the
elution patterns of human SOD1 expressed in a yeast strain that
lacks the endogenous yeast sod/ gene and detected no
difference from the pattern of SOD1 elution obtained with the
ccsl-deficient strain (data not shown). This means that
endogenous wild-type SODI has no influence on the elution
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of mutant SODI1 by an interaction such as heterodimer
formation.

To examine the effect of C1118 substitution on the stability
of the mutant SOD1 protein, we analyzed the degradation of
SODI1 in transfected cells in which protein translation had been
inhibited with cycloheximide [34]. The transfected COS7 cells
were treated with cycloheximide and harvested after 6 and 12 h
whereupon cellular SOD1 turnover was analyzed by Western
blotting using the anti-B-actin antibody as a loading control
(Fig. 4). The levels of A4V, G85R, and G93A SODI proteins
decreased more rapidly than the levels of wild-type SODI and
were significantly lower after 12 h treatment with cyclohex-
imide (Fig. 4B). Mutant SOD! with C578S substitution degraded
at a rate that was indistinguishable from that of the mutant
without the substitution (Fig. 4A). However, after 12 h
incubation with cycloheximide, the mutants with CI1IS
substitution were significantly more stable (Figs. 4A and 4B),
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Fig. 4. Stability of wild-type and mutant SOD1 analyzed by cycloheximide
inhibition of protein synthesis. The COS7 cells were transfected with wild-type,
mutant (A4V, G85R, and G93A), mutant with C57S, or mutant with C111S
human SOD1, and after 48 h, they were treated with cycloheximide (1 mg/ml)
for different times (0, 6, and 12 h). (A) Typical SOD1 Western blots of soluble
fractions of cell lysates from each type of transfected cell preparation. 3-Actin
loading controls are shown. (B) Amounts of SODI protein remaining in
transfected cells 12 h after cycloheximide addition. The amount of SOD1 at each
time point was calculated by densitometry using SOD1 immunoblots. The graph
indicates the ratio of SOD1 remaining after 12 h of cycloheximide treatment
versus the amount of SODI at 0 h (starting levels) in each line. Data are
means+ SD from three independent experiments. *p << 0.01 compared to wild-type
SOD1, #p < 0.05 compared to the respective mutant without C111S substitution
by two-tailed ¢ test.

approaching wild-type levels. These results indicate that
Cysl 11 is the critical residue for the concomitant instability of
mutant SODI, as well as its increased Cu affinity.

Discussion

In this study, we used Cu—IMAC to demonstrate an increase
in the affinity of mutant SOD1 for Cu (Figs. 1, 2. and 3)and a
critical role for the Cys111 residue (Fig. 1) in this interaction.
Cysteine, histidine, glutamate, aspartate, and tyrosine are
residues that coordinate binding to the immobilized metal in
IMAC. SOD1 binding to Cu on IMAC resin is unlikely to be
mediated by the intact active site coordinating residues because
the affinity of the active site for Cu (Kg=femtomolar) [35] would
be too high to be competed for by imidazole, a low-affinity
metal-coordinating agent, at this concentration. The interaction
of wild-type SOD1 with Cu we observed (Figs. I, 2, and 3) is
relatively low affinity and probably mediated by solvent-facing
residues. The increased Cu affinity of G85R SOD1 (Figs. 1A,
1C, 2, and 3) is an important observation because these mutants
do not efficiently incorporate Cu [13]. and therefore the
immobilized Cu is likely to be interacting with SOD1 residues
outside the active site, on a solvent-facing surface.

We hypothesized that Cys111 could be a candidate site in
human SOD1 that could mediate the enhanced coordination of
the immobilized Cu. Previous in vitro studies indicated that Cu
abnormally binds to Cys111 in H46R mutant SOD1 {21} The
importance of Cyslll for the stability of SOD1 was under-
scored by findings that C111S substitution in wild-type SOD1
increased resistance to heat inactivation and the conformational
stability of the protein [22}. Indeed, bovine wild-type SODI,
which lacks Cys at position 111, is reported to be more stable
than human SODI1 [22]. In agreement with those previous
findings, we found that Cys!ll played a pivotal role in the
increased Cu affinity and stability of mutant SOD1. C1118
substitution in mutant SOD1 (A4V, G85R, and G93A) negated
the increase in Cu binding (Fig. 1) while stabilizing the mutant
(Fig. 4). This is important because previous reports have
indicated that the decreased stability of mutant SOD1 could be
related to its toxicity [36] and correlates with disease
progression [37].

To examine whether other cysteine residues of mutant SOD1
play the same role as Cys111, we introduced C57S substitution
into the protein. In contrast to the effects of Cys111 substitution,

not rescue mutant instability (Fig. 4A). C57S substitution
prevents the disulfide bond between Cys57 and Cysl46. In
general, increasing the number of disulfide bonds in a protein
enhances stability by reducing the conformational entropy of
the unfolded protein [38]. Human SOD! protein 1s reported to
be unstable without the intrasubumit disulfide bond [39].
Although the function of the disulfide bond in SODI is
not fully elucidated [40], it could be related to either the
dimerization of SOD1 or the metal binding process at the active
site or both [41]. Thus, mutant SOD1 with C57S may become
conformationally further destabilized, exposing Cu-interaction
sites such as Cysl11 to enhance Cu affinity of the protein.
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The mechanism by which Cys111 mediates the increased Cu
affinity of mutant SOD1 is not yet clear. One possibility is that a
cellular factor selectively modifies Cyslll in mutant SODI.
The factor may be a Cu®*-coordinating protein or moiety such
as a glutathione or carbonyl group [42-44]. Cysl111 is reported
to be a target of posttranslational modifications, such as
glutathionylation {45]. These interactions may be dissociated
by SDS or may be small in molecular weight, because a shift of
the SOD1 band on SDS—PAGE was not discernable. Data from
ion-exchange chromatography of erythrocyte extracts from
FALS patients with SOD1 mutations and controls [46] support
this possibility: the samples from FALS patients exhibited
abnormal Cu-containing fractions that separated from fractions
containing SOD1 activity. Our data excluded CCS as the Cu-
binding interacting protein because, even in ccs/-deficient
yeast, mutant SOD! exhibited higher Cu affinity (Fig. 3).
The interacting factor at Cyslll may alternatively induce a
conformational change in mutant SOD1 that exposes buried
Cu®*-coordinating residues, such as the Zn>" binding site or
histidine 110 adjacent to Cyslll, which is conserved in
mammalian species. Both are potentially Cu®*-coordinating
sites. Even when the active Cu site of SOD1 is disrupted in
the quadruple mutant transgenic mice (H46R/H48Q/H63G/
H120G) [16], the Zn binding site retains an aspartate plus two
histidines, which is a powerful metal binding motif. A third
possibility is that Cys111 in mutants is merely more stable in the
reduced (—SH) state and acts, in concert with His110, to bind Cu
directly, which has been demonstrated in H46R mutant SOD!
{21]. Wild-type SOD1 may be more likely than mutant SODI1 to
become oxidized, or to form mixed disulfide adducts, at
Cysl11, so disabling this residue as a Cu ligand.

Our findings also indicate that only a fraction of mutant
SOD1 in the cell develops increased Cu affinity. This is
congruent with evidence that the disease phenotype is mediated
by only a fraction of the total expressed mutant SOD! [47]. We
hypothesize that this subpopulation of mutant SOD1 may
mediate a toxic interaction with Cu®" that contributes to the
pathogenesis of FALS. Although previous evidence had
excluded active-site Cu interaction as mediating toxicity, our
current data indicate that a non-dismutase Cu-binding site,
Cysl1l, could account for the evidence that aberrant Cu
interaction with mutant SOD1 plays a role in FALS pathogen-
esis. It is notable that even in the absence of CCS, SOD1 still
retains 15-20% Cu-mediated activity [17]. It has been
cstimated that this residual copper binding still represents a
substantial concentration of intracellular Cu (10 pM) in SOD1-
overexpressing transgenic mice 18], demonstrating the ability
of SOD1 to recruit Cu in vivo even in the absence of the active-
site insertion mechanism.

Incorrectly coordinated Cu®” is highly redox active and
therefore potentially toxic. An increased Cu®" interaction with
mutant SOD1 may foster pro-oxidant activities, including the
generation of reactive oxygen [4,6] or nitrogen species [5,35].
Cu-mediated reactions may also oxidize mutant SOD1 itself to
become pathogenic by causing misfolding and aggregation of
the protein [48]. By analogy, ceruloplasmin, another abundant
antioxidant cuproenzyme (ferroxidase), also abnormally binds

chelatable Cu on a surface outside its active Cu binding sites to
generate abnormal pro-oxidative activity [49]. This may be the
mechanistic explanation for the evidence of cellular Cu playing
a role in the toxicity of mutant SODI.

The degree of increase in Cu affinity that was caused by each
FALS-linked SOD1 mutation we studied was variable between
mutations, but was reasonably consistent between expression
systems. For example, G93A seemed to cause less of an
increase in Cu affinity than G85R in both cell culture (Fig. 1E)
and transgenic mouse tissue (Fig. 2C). However, our survey of
mutations was limited, and further studies will be needed to
confirm that the relative gain in Cu affinity consistently varies
according to the particular SOD]1 mutation. It will also be
important to determine whether the degree of gain in Cu affinity
correlates with the severity of the clinical phenotype.

The current data support consideration of cellular Cu
interactions with mutant SOD1 as a potential mediator of
neurodegeneration in the pathogenesis of FALS and the
possibility of interdicting the reaction at the Cysll1! residue
as a potential pharmacological target.
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Abstract In G93A mice, the most popular model of
amyotrophic lateral sclerosis (ALS), neuronal Lewy-
body-like hyaline inclusions (LBHIs) and mitochon-
dria-derived vacuoles are observed in addition to motor
neuron loss. Although LBHIs are thought to be toxic,
the significance of the mitochondria-derived vacuoles
has not been fully investigated. In this study, the
relationship between the formation of these vacuoles
and LBHIs was clarified statistically in the lumbar
segment from two phyletic lines of G93A mice (GIL,
G1H), using immunohistochemical methods. Further-
more, the distributions of vacuoles and LBHIs were
examined in the pons including the facial nucleus,
where pathological changes occur in ALS patients and
G93A mice. Numerous vacuoles 2-3 um in diameter
were detected in the neuropil of the lumbar segment
from GI1L mice euthanatized approximately 3.5 months
prior to the onset of the disease. Most of the vacuoles
disappeared, but some became larger as the disease
progressed. The number of vacuoles with a diameter
exceeding 5 nm began to decrease after disease onset,
while that of intra-neuritic LBHIs increased rapidly.
There was a strong inverse correlation between the
numbers of vacuoles. and LBHIs in symptomatic mice
(P<0.01; GIL, r=-0.91; G1H, r=-0.93). In the fa-
cial nucleus of GIL mice, where the number of motor
neurons was significantly reduced, only a few LBHIs
were detected along with prominent vacuole formation.
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In contrast, significantly more LBHIs with little vacu-
ole formation were evident around the facial nucleus in
GI1L mice. Furthermore, the SOD1 immunoreactivity
in vacuoles initially increased and then decreased after
disease onset. Taken together, the present findings
suggest that the mitochondria-derived vacuoles might
prevent the formation of LBHIs by sequestering mu-
tated SOD1 from the cytoplasm.

Keywords Vacuole - Lewy-body-like hyaline
inclusion - Mitochondria - Transgenic mice -
Amyotrophic lateral sclerosis '

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal motor
neuron disease whose pathogenesis remains unknown.
About 10% of ALS cases are familial and approxi-
mately 15-20% of familial ALS patients possess the
copper/zinc superoxide dismutase (SOD1) gene muta-
tion [&, 40]. Since transgenic mice or rats carrying the
human mutated SOD1 gene (SODI mice or rats) de-
velop progressive motor deficits caused by loss of
anterior horn cells [3, 12, 16, 32, 39, 56], they have been
used by many researchers as a model of ALS. SOD1
mice or rats carrying different mutated SOD1 genes
have been reported to show different pathologic fea-
tures: in G93A mice or rats, many Lewy-body-like
hyaline inclusions (LBHIs) and mitochondria-derived
vacuoles are observed [6, 7, 32]; in G85R or G86R
mice, many LBHIs, but almost no vacuoles, appear
long before the onset of the disease [3, 39]; in H46R
rats, many LBHIs and very few vacuoles are found
[32]); in G37R mice, there is prominent vacuole for-
mation and almost no LBHIs [53, 56]. Although in
G85R mice the level of mutant G85R SODI1 protein
expressed is only 20% of endogenous SOD1, these mice
show very progressive motor deficits [3]. Other SOD1



mice or rats express a mutant protein level approxi-
mately 10 times higher than that in murine SODI [12,
16,-32, 56]. Several lines of G93A or G37R mice with
different levels of mutant protein expression show dif-
ferent pathologic features [6, 7, 536]. Thus, the differ-
ences in neuropathology observed among SOD1 mice
or rats appear to depend on the character of the mu-
tant protein and its level of expression.

SODI1-positive LBHIs in neurons are neuropatho-
logical hallmarks of familial ALS linked with SODI
mutation [15, 17, 22, 44]. In cell lines transfected with
mutated SODI1, aggregations of mutated SODI or
LBHI-like structures are formed [9, 21, 46]. In SODI
mice or rats, such aggregates of SOD1 or LBHIs appear
before onset of the disease {3, 4]. These aggregates of
SODI1 or LBHIs, which are found specifically in the
affected spinal cord or brainstem [15, 44, 54], are resis-
tant to strong detergents or reducing agents. Although
formation of aggresomes [21] or inclusions such as Lewy
bodies in Parkinson’s disease might be considered the
result of cell-protective responses to various forms of
stress [36], aggregation of mutant SOD1 or the forma-
tion of LBHIs in SODI1-mutated ALS is reported to
have a toxic effect [4, 5, 23] due to sequestration of the
components that are essential for maintaining cell
functions [24, 23], induction of repetitive misfolding and
reduction of chaperone function [2], or reduction of the
activity of the proteasome integral for protein turnover
[20, 21, 53].

The most important function of mitochondria in
cells is the production of ATP, which is indispensable
for sustaining life. Cytochrome ¢ oxidase (CCO), which
is located in the inner membrane of the mitochondrion
and, in mammals, is composed of 13 different subunits,
participates in electron transport within mitochondria
[50]. Cytochrome ¢ (cyt ¢) is oxidised by CCO through
electron transport in the intermembrane space of the
mitochondrion [38]. The large amount of energy re-
quired for action potentials in neurons depends on the
ATP produced by mitochondria through electron
transport. In G93A mice, the most widely used animal
model of ALS, one of the very early pathologic fea-
tures is the appearance of vacuoles followed by that of
abnormal mitochondria [6, 14, 28, 42, 43], suggesting
that the vacuoles are derived from mitochondria [14,
28].

The formation of LBHIs has been thought to have
toxic effects, but the significance of the vacuoles remains
unclear. Since the vacuoles appear far earlier than the
LBHIs, an investigation of vacuoles would be important
for clarifying the pathogenesis of the disease in G93A
mice. In the study presented here, we carried out a
quantitative examination of the vacuoles using an
immunohistochemical method and analyzed the rela-
tionship between the vacuoles and the formation of
LBHIs in the lumbar segment or facial nucleus of G93A
mice in order to clarify the significance of mitochondria-
derived vacuoles. :
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Materials and methods
Animals

Transgenic mice expressing the G93A mutated human
SODI gene at a low (B6SJL-TgN[SOD1-G93A]1Gur?,
GIL) or high (B6SJL-TgN[SODI-G93A]1Gur, GI1H)
level were obtained from the Jackson Laboratory (Bar
Harbor, ME, USA). These mice were bred and main-
tained as hemizygotes by mating with wild-type B6SJL
mice. Non-transgenic littermates were used as controls.
All animals were genotyped using polymerase chain
reaction amplification of the tail DNAs under condi-
tions that have been described previously [33]. All ani-
mals were handled in accordance with the Guidelines for
the Care and Use of Laboratory Animals at Osaka
University Graduate School of Medicine. We evaluated
the animals clinically, examining their hindlimb exten-
sion when they were suspended in the air by the tail [1,
33, 34, 49].

Tissue preparation

We examined control (260+ 6 days old), G1L, and G1H
mice (n=13 in each group). GI1L mice were euthanatized
at the age of 90, 140 (the asymptomatic stage), 180 (the
presymtomatic stage), 230 days (the symptomatic stage)
or at the end stage when they could hardly move or
drink water because of severe paralysis (259 £6 days
old, the moribund state). GIH mice were euthanatized
at the age of 66 (the asymptomatic stage), 100 (the early
symptomatic stage), or 115 days (the late symptomatic
stage). They were deeply anesthetized with sodium
pentobarbital, and perfused with phosphate-buffered
saline (PBS, pH 7.4) followed by 4% paraformaldehyde.
The brainstem and spinal cord were removed, immersed
in the same fixative overnight at 4°C, and then cryo-
protected. Ten-micrometer-thick frozen sections were
prepared and stained with hematoxylin and eosin (HE).
Small pieces of lumbar segments were fixed with 2.5%
glutaraldehyde in 0.1 M PB (pH 7.4) for 2 h at 4°C,
followed by 1% osmium tetroxide in 0.1 M PB at 4°C,
dehydrated in an ethanol series and embedded in Epon;
LUVEAK-812 (glycerol triglycidyl ether, Nakarai Tes-
que, Kyoto, Japan)/LUVEAK-DDSA (dodecylsuccinic
anhydride, Nakarai Tesque)/LUVEAK-MNA (methyl-
nadic anhydride, Nakarai Tesque)/LUVEAK-DMP-30
(2,4,6-Tris  (dimethylaminomethyl) phenol, Nakarai
Tesque). Transverse sections | um thick were stained
with toluidine blue.

Immunohistochemical analysis of vacuoles in lumbar
segment and brainstem

For immunohistochemical evaluations, frozen or
deparaffinized sections were incubated for 30 min with
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0.3% H,0, to quench endogenous peroxidase activity
and then washed with PBS. Normal goat serum was
used as a blocking reagent. Mouse monoclonal anti-
bodies against cyt ¢ (1:100 in 1% PBS containing
bovine serum albumin, clone 6H2.B4, BD PharMin-
gen, CA, USA), CCO subunit 1 (1:400 clone 1D6,
Molecular Probes Inc, OR, USA), human SODI]
(0.5 pg/ml, clone 1G2, MBL, Aichi, Japan) or GFAP
(ready to use, DAKO, Glostrup, Denmark) were used
as primary antibodies. Tissue sections were incubated
with each primary antibody for 18 h at 4°C. The
- avidin—biotin-immunoperoxidase  complex (ABC)
method was employed according to the manufacturer’s
instructions to detect each bound antibody using the
appropriate Vectastain ABC kits (Vector Laboratories,
Burlingame, CA, USA). 3,3-Diaminobenzidine tetra-
hydrochloride (DAKO, Glostrup, Denmark) was used
as the final chromogen. Hematoxylin was used to
counterstain cell nuclei. In control experiments, pri-
mary antibodies were omitted from the incubation
medium.

Quantitative evaluation of motor neurons, LBHIs
and cyt ¢-positive vacuoles in the lumbar segment

To estimate the number of neurons in the gray matter
(VII, VIII, IX Rexed areas) showing clear nucleoli and
cell bodies with a diameter greater than 25 pm [26, 28,
48], presumed to be alpha motoneurons [10, 30, 31],
video images of the anterior horns were obtained with a
digital camera (KEYENCE VB-7010, KEYENCE,
Osaka, Japan) attached to a light microscope (ECLIPSE
E800, Nikon, Tokyo, Japan) for each section, and the
areas of motor neurons showing clear nucleoli and cell
bodies were measured using image analysis software
(VH-H1AS5, KEYENCE). The number of neurons with
a diameter greater than 25 um were counted in HE-
stained sections. LBHIs with a halo and core and cyt-c-
positive vacuoles in the gray matter were also counted
(X100 objective). LBHIs were also confirmed using
antibodies against human SOD1 and GFAP. Since the
vacuoles are contained exclusively in neuronal processes
[19, 43], and not in astrocytes, only neuronal LBHIs
were counted to examine the relationship between the
vacuoles and LBHIs in neurons. LBHIs in cells pos-
sessing glial nuclei were omitted. To establish how the
size and number of vacuoles in the lumbar segments of
GIL mice changes chronologically over the clinical
course of the disease, vacuoles were divided according to
size into small (<5 um) or large (> 5 um). Every fifth
section (40 pm interval) was obtained, and three sections
from each mouse were used to obtain the total number
of neurons, LBHIs or vacuoles. The quantitative eval-
uation was analyzed statistically. Moreover, the rela-
tionship between the number of vacuoles and LBHIs
was estimated in each symptomatic mouse (GIL,
230 days and the moribund state 259 = 6 days; G1H, 100
and 115 days).

Quantitative analysis of LBHIs in the pons including
the facial nucleus

For histological analyses of the facial nucleus (nVII), we
examined non-transgenic littermates (n=3,
264 + 7 days) and G1L mice in the moribund state (n=7,
258 +7 days). Each carefully hemisected brainstem was
embedded in paraffin and sectioned transversely. The
pons including the nVII was identified in these sections,
with reference to the mouse brain atlas of Paxinos and
Franklin [37]." Six-micrometer-thick paraffin sections
were prepared and stained with HE. In the nVII, large
neurons with clear nucleoli and cell bodies were counted.
LBHIs located in three subregions of the pons (vacuole-
rich area = intra-nVII, the border zone, and vacuole-
poor area, as delineated in Fig. 1) were also counted
(x40 objective). To estimate the number of LBHIs per
unit area in each subregion, video images of the pons
were obtained with a digital camera (KEYENCE VB-
7010, KEYENCE, Osaka, Japan) attached to a light
microscope (ECLIPSE E800, Nikon, Tokyo, Japan) for
each section, and the areas of three subregions were
measured using image analysis software (VH-HIAS,
KEYENCE). Every fifth section (at 24-um intervals)
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Fig. 1 Schematic diagram of the three subregions in the pons;
vacuole-rich area (=intra-nVII), the border zone and vacuole-poor
area. The boundary of massive vacuole formation limited to the
facial nucleus (nVII) is shown at low (a) and high (b) magnification
as a yellow line, using actual microscopic fields digitized for
illustrative purposes. The definition of the vacuole-rich area
(=intra-nVII), border zone and vacuole-poor area is as follows:
vacuole-rich area (light blue) corresponds to the inner area outlined
in yellow; the border zone (white) corresponds to the surrounding
area outlined in yellow and green, 120 pm exterior to the yellow line;
the vacuole-poor area (pink) corresponds to the outer area of the
pons excluding the other two regions. N neuron



was obtained, and three sections from each mouse were
used to obtain the total number of neurons and the
density of LBHIs. The number of motor neurons and
the density of LBHIs were analyzed statistically. All
quantitative investigations were performed indepen-
dently by three neuropathologists (HS, HF, SK).

Statistics

Data are expressed as the mean + standard error of the
mean (SEM). All statistical analyses of histopathological
data were carried out using the Statview for Macintosh
software package (Ver5.0, SAS Institute Inc, CA, USA).
A nonparametric test, Mann-Whitney U test, was used
to analyze the number of neurons, LBHIs and vacuoles
in the lumbar segment or the number of neurons and the
density of LBHIs in the pons. The relationship between
the number of LBHIs and vacuoles in the lumbar seg-
ment was estimated by regression analysis.

Results

Morphological changes of vacuoles in the lumbar
segment of GI1L or G1H mice

Many tiny vacuoles 2-3 pm in diameter were found in
neurites mainly at the edge of the anterior horn in GIL
mice at 90 days (Fig. 2a). Some of the vacuoles were
hardly distinguishable from capillary vessels. At
140 days, larger but fewer vacuoles than those at
90 days were observed in the same area (Fig. 2b). Vac-
uoles were also scattered diffusely in the anterior horn.
At 180 days, round vacuoles larger than those at
140 days (Fig. 2¢) were frequently found throughout the
gray matter. At the later stages in G1L mice, the large
vacuoles appeared slightly deformed and were reduced

Fig. 2 Morphological changes
in vacuoles in the anterior horn
of G1L mice at different stages.
(Epon sections, toluidine blue,
a 90 days, b 140 days,

¢ 180 days, d end stage).

a Many small vacuoles

(<5 pum, arrow heads) are
evident at the edge of the
anterior horn. b The number of
vacuoles has decreased.
Vacuoles (arrows) at the edge of
the anterior horn have become
larger. ¢ The number of
vacuoles (arrows) is smaller
than in b. Note the large
vacuoles in neurites including
axons (clear arrow). d Only a
few vacuoles (arrows) are
evident. LBHIs (clear arrow)
appear in the anterior horn. N
neuron; V vessels. Scale bar a
(also for b—d) 20 pm
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in number (Fig. 2d). Many LBHIs were scattered in the
gray matter. In GIH mice, more prominent vacuole
formation was observed (Fig. 4a, d) than that in GIL
mice. The vacuoles became larger and their number was
reduced by 115 days (Fig. 4d) in comparison with those
at 100 days (Fig. 4a). Although at 100 days the vacuoles
were observed mainly in the anterior horn, by 115 days
their distribution had also extended to the whole of the
gray matter.

Immunohistochemical analyses of vacuoles
in the lumbar segment of G1L mice

As a negative control, sections were incubated without
the primary antibody; this resulted in no staining in the
lumbar segments of normal and G93A low-copy
transgenic mice (G1L mice). As expected, the cyto-
plasm of motor neurons was clearly stained for cyt ¢ or
CCO in the lumbar segment of normal mice (Fig. 3a,
b). The staining pattern with the two antibodies was
similar, showing a fine granular pattern. The neuropil
was also weakly stained for these antibodies. The
immunohistochemical analysis revealed many tiny
vacuoles, strongly positive for cyt ¢ at the edge of the
anterior horn in G1L mice (90 days; Fig. 3c—e). Some
vacuoles were scattered in the neuropil of the anterior
horn. Axons were lined with tiny vacuoles that ap-
peared to be attached together. The rim of the vacuoles
in the neuropil was stained for cyt ¢ (Fig. 3d, €). The
structures lying interior to the vacuolar rim were CCO-
positive, although the rim itself was CCO-negative. At
140 days, the number of vacuoles was lower than that
at 90 days. In contrast, large vacuoles (> 5 pm), which
were never seen at 90 days, were frequently observed at
the edge of the anterior horn (Fig. 3f). The cyt ¢
immunoreactivity was reduced within the rim of these
large vacuoles (Fig. 3f, g). Small vacuoles (<5 pm) did
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Fig. 3 Immunohistochemistry of vacuoles in the anterior horn of
GI1L mice (a, b normal control, ¢-1 G1L mice; a, b 263 days, c—
90 days, f-h 140 days, i 180 days, j, k 230 days, | end stage; a, c—g,
j, lcyt ¢, b, h, i, k CCO). a A fine granular staining pattern is
evident in the cytoplasm of motor neurons (N, arrows). The
neuropil is also weakly stained. b Motor neurons (N, arrows) show
well-defined cytoplasmic staining for CCO. Diffusely scattered fine
dots can be seen in the neuropil. c—e Tiny, densely immunolabeled
vacuoles within the rim (arrow heads) are prominent at the edge of
the anterior horn. d is a high magnification view of c. e is a high
magnification view of d. f The number of vacuoles is lower than in
d. Large vacuoles ( > 5 pum, arrows), which were never seen in d. The
immunoreactivity for cyt ¢ is reduced within the rim of large
vacuoles (arrows) compared to that of small vacuoles (<5 um,

not fuse to form a large vacuole. Some small and large
vacuoles were found in the dorsal horn. Each vacuole
had CCO-positive structures lying interior to the rim
(Fig. 3h). At 180 days, there was a reduction in the
number of small vacuoles (<5 pm), and many large

£40 days
cCo

arrow heads). In axons, tiny vacuoles are tightly packed to form a
columnar shape (clear arrow). g is a high magnification view of f. h
Abnormal structures lying interior to the rim of vacuoles (arrows,
arrow heads) are strongly positive for CCO. Irregular CCO-positive
dots (arrow heads) are scattered in the neuropil. i Large CCO-
positive complexes lying interior to the rim of large vacuoles. j The
number of vacuoles (arrow, arrow head) is lower than that in i. Cyt-
c-positive small vacuoles (arrow head) are seen only rarely. k CCO-
positive complexes (arrows) lying interior to the vacuolar rim have
become atrophic in comparison with those in i. § Small vacuoles are
not evident. Some large vacuoles (arrows) remain. N neurons; V
vessels. Scale bars: a (also for b)50 pm, ¢ 100 pm, d (also for f, h-1I)
20 pm, and e (also for g) 10 pm

vacuoles (> 5 pm) were found scattered not only at the
edge of the anterior horn, but also throughout the
neuropil. These vacuoles had highly CCO-positive
structures lying interior to the rim (Fig. 3i). At later
stages, the tiny, strongly cyt c-positive vacuoles were



