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Fig. 2 Schema showing relationship between the main characteristics
of transgenic rodents with mutant SOD1 and the main mutation of the
human SOD1 gene. The main characteristics of transgenic rodents and
human SOD]1 gene structure are shown diagrammatically. With respect
to transgenic rodents, the main characteristics of copy number, SODI
protein level (SODI1 Pr), and SOD1 activity (SOD1 Act) in the G93A

GB86R mouse
G37R mouse M1 ine Mouse
42 fine 9 S001 PrX1
S0D1 PrX12.3 S0D1 PrX82 9 S001 ActX1
80D ActX14.5 8001 ActX5.0
Human
108 29
(25.3) (1) Moritaetal, 1996 CHF 6
mm (69.1) (8) Hiranoetal, 1994 VIE 7
2 - (8-30) Bereznaietal, 1997 L9Q 8
H46R mouse ———— H46R rat Kawamata et al., 1997 GS 16

4 bine

(12)_ume\ax,,1ess T4 1085p
{18} Rosen ol 1980 G4
etal, 1993 LV 38

H46R/H48Q mouse

L

{42.8) (14) Rosenaotal, 1993 HaR 43

L84V mouse (770} 1re-24} Ackietdl, 1935 HOB 45
.DG (8} Enayatetal, 1985 Q) 45 &
de Bellerochs et al, 1995 oF
G85R mouse & 59
148 line
(5) Shawetal, 1998 G-S°72 il

(51.9) Andersenetal, 1997 DaY 76

86 G+ R Ripaeial, 1355

4 AV Dengetal, 1993 (1-15) (47.2)
AT Nakano etal, 1994 (1-2) (38.1)
14
VM Deng etal., 1995
VG Andersen et al., 1897 (57.2)
2 EK Jones etal, 1994
EG Moutard et al., 1995

S5 Hosler et al., 1996
(AGT-AGC)

{38.5) {1-10) Aosen el
(39.9) Maeda

DS0A mouse —\__—

G93R mouse }8‘2
.DG (43.1) (3-38) Ikeda etal., 1995
(1-3) Kawamata et al., 1994
Rosen et al., 1893
(35) do Bellerodteem 1995
da Balleroche et al., 1995
G93A mouse (66.7) (0.8-1) Esteban etal, 1994
. 6] (0.66) R dl, 1993
G1H line G1L tsosl(a(g) Kc):smm::al 1994
som’ﬂ.u 80011Pl 22 4 etal, 1997 v-)snm'ae
SOD1 Act .04 S0D1 Act 2.66 (G2AMMAC)
G5 G5/GS Hosloretal, 1996 D3V 124 s 120
10copy (4s. i (2) Enayaletal 1995 D-9H 125 28
5001 Pr 1.28 atal, 1 -
8OD1 Act 1.8 {40.2} {28} ,Ardmsere'a 1887 u-)Sle 1
{TEHEE s
]
G612 (2.4) Dal canto et al,,1995 GAA* 133 132
Hosler et al. 1996
2.2008y {79.4) (0.8) Watanabe etal, 1895 SN 134
sl (53.5) Pramatarova etal., 1985 NK 138
500 g vae Hosler et al., 1996 A->A® 140
(GCT6CA)
, 144
0.9-2.1 Sappem 1995 AT 145
G93A rat { Kawamata et

., 1895 C3R 146
148

39 line

(59.5) Pramatarova etel., 1994 [T 148

10copy

80D1 PrX25
80D1 ActX3

153

(17) ince ctal. 1998 816TTTCEIG>"®

26H line
ooy L G127 ins TGGG mouse
$0D1 Prxs.s8 28copy
> 19copy
’ SOD1 ActX1

LY Agmetal, 189 {1.5) {74.8)

1998 (1.2}
Goh Rosen et 1993 (1-4) {38.8]

GH Elshatey et &, 1994 (218} (30.8}
D Estetan et al, 1954 (857)
Hosler et al., 1996 (54.2)
Kawamata et al., 1994

E»G Rosen etal., 1993 (1-8) (35.9)
EK_Dengetal., 1995

DN Omelletal, 1996 (2-3)
Jones et al., 1994

DG Yulgetal, 1885 (3)
de Belleroche et al., 1895

DY Tan etal, 2004

(25-3) Sappetal, 1985 +F-L-E 10bp II' bp +F-F-T-G-P-Stop Deng et al., 1995 unpublished

L3S Takehisa et al., 1999 (6,8)

L-28iop ™ Zu st al, 1337

(TTRTAR)

£-35t0p " Pramatarova ot s, 1994 (1511} [R0.81
TG4

E3S™® Hosleretal, 199

(GAA"D )

E-Stop™ Orrell et al., 1997 (1.5) (46.3)
Stop

L3F Dengetal, 1893 (8-13)
L3S Sappetal, 1995 (9,13<)
ac
v-3G Dengetal., 1893 (0.1-4.5) [35.7}
VI lkedaetal., 1995 (1-2) (56.2)
§ Deng ot al., 1993

A7263° ® Ince et al., 1998 (33)

L126 dei TT mouse

DRDF lines L1262 (Z=stop)

open areas = intron; small dark gray area = 3 prime untranslated region.
Large black areas (beta-sheets) = beta-sheet 1-8; large open areas (be-
ta-loops) = beta-loops 1 to VII [IV, VII=active site; 1II, VI=
key). Superscript Cu = copper binding site; superscript Zn = zinc bind-
ing site; superscript dc = dimer contact. Amino acid or nucleotide substi-
tutions are indicated at appropriate codons according to the accepted

mouse (lines = G1H, GIL, G5, G5/G5, G12, G20), G37R mouse
(lines =42, 9, 106, 29), G85R mouse (line = 148), G86R mouse
(line = M1), L126dellTT mouse (lines = D, DF), G127insTGGG mouse,
H46R rat (line = 4), and G93A rat (lines = 39, 26H) are shown within
each rodent body; exact values for each unit are described in the text (See
“Main characteristics of animal models based on SOD1”). As for the hu-
man SOD1 gene structure, large blue areas (E1-E5) = exon 1 to0 5; small
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international nomenclature. Even SALS has an SOD1 abnormality; each
encircled superscript S indicates the SALS. Each encircled superscript N
indicates ALS without a familial history. Disease durations (years) are
shown in parentheses. FALS shows various disease durations according
to the type of SODI gene mutation responsible; enzyme activities (%
value relative to normal control erythrocytes) are shown in brackets.
Mouse SODI1 gene structure of exon 4 (E4) is shown in yellow
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are summarized in this paragraph in detail and shown
schematically in Fig. 2. There are six major strains of ALS
transgenic rodents carrying human mutant SOD1: G93A
mice (lines: G1, G5, G12 and G20) [19-21, 36], G37R
mice (lines: 42, 9, 106 and 29) [98], G85R mice (lines: 221,
164, 103, 148, 74, 46, 87 and 124) [10], H46R/H48Q mice
(lines:139, 73, 67, and 58) [96], H46R rats (line: 4) {2, 72],
and G93A rats (lines: 39) [2, 72] and 26H [43]). In addi-
tion, seven types of transgenic mice bearing human mutant
SOD1 have been produced: G93R mice [31], D90A mice
[49], H46R mice [1], L84V mice [1], L126delTT mice [97],
L126Z (Z = stop) mice [23], and G127insTGGG mice [48].
There is a major line of transgenic mice carrying mouse
G86R SOD1 (lines: M1, M2 and M3) [§1].

With respect to G93A mice [19-21, 36], the original
mouse strain G1-G93A carries 18.0 & 2.6 transgene copy
numbers expressing 4.1 & 0.54 ng human SOD1 protein
per ug of total protein (ng human SOD1) with SOD1 activ-
ity of 42.6 = 2.1 U per ug of total protein (U). G5-G93A
mice with 4.0+ 0.6 copies show 1.3 +0.21 ng human
SOD1 with 27.0+ 2.9 U SOD1 activity. G12-G93A mice
with 2.2 + 0.8 copies exhibit 1.1 & 0.22 ng human SOD1
with 19.5+ 0.8 U SODI1 activity, and G20-G93A
mice with 1.7 £ 0.6 copies express 0.7 & 0.06 ng human
SOD1! with 16.9 & 0.4 U SOD1 activity. The original
G1 line differentiates into two sub-lines derived from the
same founder. These two sub-lines, named G1H and
GI1L, express different transgene copy numbers: G1H-
G93A mice carrying 25 transgene copy numbers express
3.36 + 0.84 ng SOD1 protein per pg soluble brain protein
(ng SOD/sbp) with SOD1 activity of 3.04 £ 0.71 U per pg
sbp (U/sbp), and GIL-G93A mice expressing 18 copies
show 220+ 0.9ng SOD1/sbp with 2.56 + 0.23 U/sbp
SOD1 activity. G5/G5-G93A mice have been newly gener-
ated from G5-G93A mice: G5/G5-G93A mice with 10 cop-

ies express 1.28 £+ 0.44 ng SOD1/sbp with 1.61 £ 0.14 U/ .

sbp SOD1 activity.

With respect to G37R mice [98], the spinal cord tissues
of G37R-42 mice express the human SODI1 protein at a
level 12.3 times that of the endogenous mouse SOD1 pro-
tein with SOD1 activity 14.5 times higher than the control,
G37R-9 mice show a 6.2-fold SOD1 protein level in spinal
cord tissues and 9.0-fold SOD1 activity relative to the con-
trol, G37R-106 mice show a 5.3-fold SOD1 protein level
and 7.2-fold SOD1 activity, and G37R-29 mice express a
5.0-fold SODI1 protein level and 7.0-fold SOD1 activity.
There is no detailed description of transgene copy numbers
in the original literature.

With regard to G85R mice [10], eight lines have been
established with transgene copy numbers of 2-15, and lines
221, 164, 103, 148, 74, 87, 124 show a clinical phenotype.
The SOD1 protein level (human/mouse) in these lines is
0.5, 0.8, 0.6, 1.0, 0.2, 0.6 and 0.6, respectively. Among

seven lines in G85R mice, G85R-148 mice carrying 15
transgene copies numbers express the same SOD1 activity
comparable to the control.

As for G86R mice [81], although there were three origi-
nal lines of M1, M2 and M3 in G86R mice, only line M3
has not been perpetuated. M1 and M3 show a clinical phe-
notype, whereas all M2 mice appear phenotypically nor-
mal. The M1 line exhibits an equal amount of total SOD1
protein to the control and show almost identical SOD1
activity. Since G86R mice express murine mutant G86R
SOD1, they are advantageous for researchers in that the
mouse genomic sequence can be used to reproduce the
mutation in SOD1.

With regard to transgenic rats with human mutant
SOD1, H46R-4 rats carrying 25 transgene copy numbers
express human SOD1 protein at 6 times the level of endog-
enous rat SOD1 and show SOD]1 activity in the spinal cord
tissues that is 0.21 times the control activity [2, 72]. G93A-
39 rats expressing 10 transgene copies express 2.5 times the
human SODI1 protein level and show SOD1 activity in spi-
nal cord tissues that is 3 times the control activity [2, 72].
G93A-26H rats with 64 copies express 8.6 times the human
SOD1 protein level, and their founder rats (G93A-26HL)
with 72 copies show 10.4 times the human SOD1 level
[43].

Neurology and neuropathology of animal models
based on SOD1

The first report of transgenic mice expressing human
mutant SOD1 was published by Gurney et al. [36]. There-
fore, these mice—known as Gurney mice—are the most
well known and have been used extensively by many
researchers. Among these Gurney mice, the G1H- and
G1L-G93A strains are the most widely studied [20, 36].
The first clinical symptom of G1H-G93A mice is report-
edly a fine tremor in one or more limbs, which appears at
approximately 90 to 100 days of age [20]. On the basis of
the author’s experimental experience with G1H- and G1L-
G93A mice, the term “jittering” seems to be a more appro-
priate descriptor for the early clinical symptoms they show,
rather than “tremor”. Although spontaneous jittering/tremor
as a single sign is not specific as the initial symptom, it is
frequently observed in one or both hind legs when motor
work loading such as the extension reflex is applied at a
very early clinical stage. Many G1H-G93A mice at approx-
imately 100 days of age exhibit clinical symptoms such as
slow walking without agility due to muscle weakness, limp
tail, jittering/tremor sometimes associated with motor work
loading, and incomplete paresis of a single hind limb.
These clinical symptoms can be regarded as significant
signs of limb paresis and/or muscle weakness. From the
author’s experience [32, 59}, clinical onset in almost all
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G1H-G93A mice (B6SIL-TgN[SOD1-G93A]1Gur, JR2726)
originating from Jackson Laboratory (Bar Harbor, ME,
USA) occurs at about 100 days after birth, and death occurs
at approximately 120 days. Neurologically, almost all
G1H-G93A mice show a uniform clinical course, beginning
with muscle weakness and/or paresis in the hind limbs,
followed by ascent of paresis or paralysis to the forelimbs,
until by the end stage the mice show severe quadriplegia,
lying sideways or in a moribund state.

The essential cytopathological features of transgenic
rodents overexpressing human mutant SOD1 are motor
neuron loss with astrocytosis, the presence of SOD1-posi-
tive inclusions including LBHIs/Ast-HIs, and vacuole for-
mation. Among these three major pathologic features,
motor neuron loss with gliosis is the most essential, and is
shared between human ALS and human mutant SODI1
transgenic rodents. In the G1H-G93A spinal cord {52, 59},
the number of anterior horn cells at 90 days of age is not
decreased significantly in comparison with age-matched lit-
termates, whereas neuropil and/or neuronal intracytoplas-
mic vacuolation is already evident (Fig. 3a). The numbers
of anterior horn cells in G1H-G93A mice at 100 days of
age are slightly decreased, with abundant vacuoles and few
inclusions (Fig. 3b). At 110 days, the mice demonstrate loss
of anterior horn cells, some inclusions and vacuole forma-
tion. At 120 days, the mice exhibit quadriplegia and/or a
moribund state, with severe loss of anterior horn cells and
prominent inclusion pathology, although vacuolation
pathology is less marked than that at disease onset (Fig. 3c).
Although the author has utilized over 200 G1H-G93A
mice hitherto and observed that the numbers of anterior
horn cells in G1H-G93A mice at 100 days are slightly
decreased, a review paper from Bendotti and Carri has indi-
cated that there is 44% loss of motor neurons at 105 days
[8]. This difference might be based on variations in the
methods used to perpetuate the original G1H-G93A mice
among researchers’ institutions, the presence or absence of
backcross breeding of B6 mice x original G1H-G93A
mice, and differences in quantitation methodologies among
researchers. Therefore, researchers need to be sufficiently
aware of the differences in the genetic background of G1H-
G93A mice and research methodologies before drawing
conclusions. Clinical onset in. most G1L-G93A mice
(B6SIL-TgN[SOD1-G93A]1 Gur?, JR2300) from Jackson
Laboratory occurs at about 185 days after birth, and death
occurs after 250 days. G1L-G93A mice examined at 90,
100, 120, and 150 days of age show only vacuolation
pathology without significant neuronal loss or inclusion
pathology, whereas those aged 180 days reveal slightly
decreased numbers of neurons with many vacuoles and a
few inclusions. At the terminal stage after 250 days of age,
there is significant loss of anterior horn cells, with both
inclusion and vacuolation pathologies [S2, 59].
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Among transgenic rats with human mutant SOD1 [2,
32, 59, 72], H46R line-4 rats develop motor deficits at
approximately 145 days of age, whereas G93A line-39
rats show clinical signs at around 125 days. The number
of anterior horn cells in H46R rats at 110 days is not sig-
nificantly decreased in comparison with age-matched lit-
termates. The anterior horn cells of H46R rats at 135 days
are slightly decreased in numbers and show inclusions,
whereas at 160, 170 and over 180 days, the anterior horn
cells are markedly decreased, and show severe inclusion
pathology, featuring neuronal LBHIs and Ast-His. With
respect to G93A rats, the number of anterior horn cells at
70, 90 and 110 days of age is almost the same as that in
age-matched littermates, although at 90 and 110 days of
age there is marked vacuolation pathology. At 130, 150
and over 180 days of age, there is marked loss of anterior
horn cells, along with both inclusion and vacuolation
pathology.

Invariably, the core pathology of rodents carrying
mutant SOD1 is the lower motor neuron degeneration/
death. As far as can be clarified from the original literature,
however, the pathological lesions of G93A mice [19-21,
36] are distributed mainly in the spinal cord anterior horn,
brainstem motor nuclei, brainstem reticular formation, dor-
sal motor nucleus of the vagus nerve, red nucleus, interpe-
duncular nucleus, and substantia nigra. In G37R mice [98],
the areas of degeneration are mainly the spinal cord anterior
horn, brainstem motor nuclei, and ventral and lateral white
matter of the spinal cord. Vacuole formation is also evident
in the olfactory bulb, pyriform cortex, striatum, thalamus,
hypothalamus, and choroid plexus. G85R mice show severe
neuronal abnormalities in the spinal cord ventral motor
neurons, including small neurons near the central canal, and
rare interneurons of the dorsal horns, as well as brainstem
neurons, especially in the pons [10}. G86R mice show a
pronounced motor neuron loss within the spinal cord ven-
tral horns [&1]. In the brainstem motor neurons, G86R mice
show severe motor neuron depletion in the facial nuclei,
while the oculomotor and hypoglossal nuclei show less
extreme involvement [75]. From a neurochemical view-
point, G86R mice exhibit vulnerability of the spinal cord
motor neurons, which are positive for pNFP, CAT and cal-
retinin proteins [68]. In H46R-4 and G93A-39 rats [2, 72],
the central nervous system lesions are located in the spinal
cord ventral horns and brainstem motor nuclei, but no
pathology is evident in the cerebral cortex and cerebellum.
G93A-26H rats are pathologically similar to G93A-39 rats,
showing motor neuron loss with prominent vacuolation
[43].

Since the pathology of ALS rodents bearing mutant
SOD1 is expressed primarily as lower motor neuron degen-
eration/death, the number of reports describing upper motor
neuron pathology in these models is limited in comparison
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Fig. 3 Neuropathological findings of G1H-G93A mice as a gold-stan-
dard ALS model. a The number of anterior horn cells at 90 days of age
is not decreased significantly; approximately 10 anterior horn cells can
are observed, although an anterior horn cell with intracytoplasmic vac-
uolation is evident (arrow). b The numbers of anterior horn cells at
100 days of age are slightly decreased; about eight anterior horn cells
can be seen, whereas abundant vacuoles are observed. ¢ At 120 days,
when the mouse is quadriplegic and moribund, there is severe loss of
anterior horn cells and prominent inclusion pathology (arrowheads),
although the vacuolation pathology is less marked than that at disease
onset (in Fig. b). There is an inverse correlation between the number of
vacuoles and the number of inclusions. a—¢ H&E. Scale bar a (also for
b, ¢) 200 pm. d Light micrograph of a round neuronal LBHI (arrow)
in a spinal anterior horn cell of a G1H-G93A mouse. This LBHI is ob-
served in the cytoplasm of an anterior horn cell, and is composed of

eosinophilic core with paler peripheral halo. Vacuolation pathology is
evident in the neuropil. H&E. Scale bar d 20 ym. e-h Immunostaining
with antibody against human SOD1 in the spinal cord anterior horn of
the GIH-G93A mouse. This antibody (MBL, Nagoya, Japan) recog-
nizes only human SODI, i.e., mutant human G93A-SOD1. e Litter-
mate mouse, showing no expression of G93A-SOD1. f In a 90-day-old
G1H-G93A mouse, G93A-SOD1 is expressed mainly in the neuropil,
and sometimes expressed intensely within the rims of vacuoles in the
neuropil and motor neuron cytoplasm (arrows). However, it is not ex-
pressed in the motor neurons. g In a 110-day-old G1H-G93A mouse,
G93A-SOD1 is expressed within the motor neuron cytoplasm in addi-
tion to the vacuole rims in the neuropil (arrows). h: In a 120-day-old
G1H-G93A mouse, LBHIs are strongly positive for G93A-SOD1
(arrows). Scale bar e (also for f~h) 10 pm
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with more frequent focusing on lower motor neuron pathol-
ogy. This can be explained mainly in terms of the anatomi-
cal difference in the corticospinal tract system between
humans and rodents: the main corticospinal tracts in the
human spinal cord are the lateral and anterior columns,
while the main spinal cord pyramidal tracts in rodents are
the dorsal columns. Another major consideration is that
even at necropsy with end-stage pathology, SOD1-mutated
FALS, which is the prototype for these models, demon-
strates only slight or mild corticospinal tract degeneration.
Although there are a relatively few reports, some are perti-
nent. One group has reported that 110-day-old G1H-G93A
mice demonstrate degeneration of the corticospinal and
bulbospinal systems, in which 53% of corticospinal, 41%
of bulbospinal and 43% of rubospinal neurons are lost (the
bulbospinal neuron system in mice comprises three sys-
tems: rubospinal, vestibulospinal and reticulospinal neu-
rons) [103]. Another group has reported that G85R mice
at the end stage show progressive axonal degeneration of
corticospinal tracts in the dorsal and lateral columns of the
spinal cord [101].

Inclusion pathology

Ever since Hirano et al. {42] emphasized the presence of
neuronal LBHIs in the anterior horn cells of FALS patients
with posterior column involvement in 1967, and the author
discovered Ast-HIs in 1996 [53], LBHI/Ast-HI have been
considered pathognomonic features of mutant SOD1-linked
FALS with posterior column involvement, which is the
prototype form of human mutant SOD1 transgenic rodents,
and in these transgenic rodents neuronal LBHIs are fre-
quently observed in the soma (Fig.3d) and neurites,
although rarely in axons. Although Ast-HlIs are sometimes
found in only long-surviving patients with SOD1-mutated
FALS [53, 54], they are frequently seen in G85R mice and
H46R rats as well as in both G1H-/G1L-G93A mice and
G93A rats at terminal stage [56, 59].

The author has examined six different lines of G1H-/
G1L-G93A mice, G85R-148 mice, L84V mice, and H46R-4
and G93A-39 rats by electron microscopy, and all show
almost identical ultrastructural features of neuronal LBHIs
and Ast-HIs. Interestingly, neuronal LBHIs observed in both
SOD1-mutated rodents and humans have a similar ultra-
structure, being composed mainly of randomly oriented
granule-coated fibrils approximatelyl5-25 nm in diameter
and granular materials. Ast-HIs seen in both SOD1-mutated
rodents and humans also have the same ultrastructure.
Therefore, the essential ultrastructural common components
of neuronal LBHIs and Ast-Hls in SOD1-mutated rodents
and humans are granule-coated fibrils about 15-25 nm in
diameter and granular materials. As the inclusions develop,
the granule-coated fibrillar component increases and the
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amount of granular material decreases, suggesting that the
former might be derived from the latter [57].

It is of considerable interest that LBHIs/Ast-Hls
observed in SOD1-mutated rodents are light- and electron-
microscopically identical to those in patients with
SOD1-mutated FALS. The presence of LBHI/Ast-HI is a
morphological hallmark of cells affected by mutant SODI
[58], and the formation of LBHI/Ast-HI is reported to be
correlated with disease severity and progression [90].
However, the mechanism by which SOD1 mutation in vivo
leads to the formation of 15-25-nm granule-coated fibrils
as an essential component of LBHI/Ast-HI remains poorly
defined. An important clue for explaining the formation of
the granule-coated fibrils as an ultrastructural hallmark
of mutant SOD1 has been reported: the same granule-coated
fibrils as those in SOD1-mutated cells in vivo are induced
by endoplasmic reticulum (ER) stress in vitro using neuro-
blastoma cells overexpressing human mutant L84V SOD1
{100]. Transgenic mice with L84V SOD1 show aberrant
aggregation of the ER in association with early-stage
neuronal LBHISs, suggesting that the LBHIs might arise as a
result of ER dysfunction [100]. Collectively, the presence
of LBHI/Ast-HI is a light-microscopical hallmark of
SOD1-mutated cells, and the 15-25-nm granule-coated
fibrils as an essential component of the LBHI/Ast-HI
provide ultrastructural authentication of SOD1-mutated
cells. In marked contrast, Bunina bodies are not found in
the transgenic rodents bearing mutant SOD1.

Vacuolation pathology

With regard to vacuolation pathology, although transgenic
rodents expressing mutant SOD1 exhibit vacuoles of vari-
ous sizes in neurons and neuropil, similar features are not
evident in autopsy cases of mutant SOD1-related FALS,
which is the prototype of the mutant SOD1 transgenic
rodent. This vacuolation pathology is also undetectable in
mutant SODI1-unrelated FALS and SALS. Ultrastructur-
ally, the vacuolation is evident in somata, dendrites and
axons of motor neurons. At an early stage, these alterations
occur in the rough ER and mitochondria. In particular, peri-
nuclear vacuoles in somata at the early stage are derived
from dilated ER cisternae. As the disease progresses, the
number of mitochondria-derived vacuoles increases, while
the number of vacuoles originating from the ER decreases.
Mitochondria-derived vacuoles originate through expan-
sion of the mitochondrial intermembrane space and exten-
sion of the outer mitochondrial membrane {40]. These
vacuoles are apparently more abundant at disease onset,
and decline thereafter; vacuole formation itself is reported
to be related to disease onset rather than disease progres-
sion [61]. There are abundant vacuoles and few LBHIs in
the early course of degeneration in GIL-G93A and G1H-



“Acta Neuropathol (2008) 115:97-114

107

G93A mice (Fig. 3b), and mice at the terminal stage show
less abundant vacuoles and many LBHIs (Fig. 3c), i.e.,
there is a significant inverse correlation between the num-
bers of vacuoles and LBHIs [91]. Another important find-
ing in G1H- and G1L-G93A mice at the presymptomatic
stage is fragmentation of the Golgi apparatus in the spinal
cord anterior horn cells [69].

Contribution of mutant SOD1 in each cell type

Transgenic rodents overexpress human mutant G93A
SODI in ali cells because the transgene is driven by a non-
cell-specific endogenous promoter. On the other hand, there
are transgenic mice in which mutant SOD1 expression is
driven by a neuron-specific promoter such as the neurofila-
ment light chain. In transgenic mice whose anterior horn
cells specifically overexpress mutant SOD1, neither motor
neuron impairment nor degeneration is evident [80]. Trans-
genic mice that overexpress the mutant SOD1 transgene in
neurons after birth also do not show motor neuron pathol-
ogy [65]. Some other types of transgenic mice overexpress
mutant G86R SOD1 only in astrocytes under control of the
GFAP promoter. Despite the fact that these mice develop
astrocytosis, they show no motor neuron degeneration and
develop normally [34]. Although neurons or astrocytes play
very important role in ALS pathogenesis, it is of consider-
able interest that mutant SOD1, when over expressed either
in neurons or astrocytes, does not sufficiently contribute to
the onset of ALS. In culture study, conversely, astrocytes
expressing mutated SOD1 kill spinal primary and embry-
onic mouse stem cell-derived motor neurons [73]. In addi-
tion to neurons and astrocytes, microglia are closely related
to neuron injury not only in ALS but also other neuro-
degenerative disorders. Approaches such as the use of a
deletable mutant SODI1 transgene have demonstrated that
diminishing mutant SOD1 within microglia has little effect
on the early disease phase but sharply slows later disease
progression: i.e., SOD1 mutated motor neurons are a deter-
minant of onset and early disease, and mutant accumulation
within microglia accelerates disease progression [9]. Inter-
estingly, microglia themselves have a double-edged sword
effect; wild-type microglia can extend the survival of G93A
mice with PU.1 knockout mice (which are unable to
develop myeloid and lymphoid cells) by using bone mar-
row transplantation [6]. Since retraction of motor axons
from synaptic connections to muscle is among the earlier
presymptomatic morphological findings in SOD1-mutated
mice, muscle itself is also a likely primary source of mutant
SOD1 toxicity. However, use of a deletable mutant gene to
eliminate mutant SOD1 from muscle does not affect disease
onset or survival: SOD1-mutant-mediated damage within
muscles is not a significant contributor to non-cell-autono-
mous pathogenesis in ALS [66].

Relation between mutant SOD1 and disease progression

Unlike patients with SODI1-mutated FALS, transgenic
rodents bear both human mutant SOD1 and native endoge-
nous rodent SOD1. Native endogenous rodent SOD1 cata-
lyzes the conversion of the superoxide radical to hydrogen
peroxide and molecular oxygen. Even overinduced human
mutant SOD1 also detoxifies the superoxide radical, which
is a source of reactive oxygen species generated from aero-
bic organisms, and protects cells, including motor neurons,
from oxidative injury. Based on the gain-of-function theory,
human mutant SOD1 itself acts as a cytotoxic factor, and in
G1H-G93A mice human mutant G93A-SOD1 shows cyto-
toxicity for motor neurons. In 90-day-old G1H-G93A mice
that show no significant motor neuron loss and only slight
vacuolation pathology, G93A-SOD1 is already present but
its expression level is not marked, and immunohistochemi-
cally it is expressed mainly in the neuropil, sometimes being
expressed intensely within the rims of vacuoles in the neuro-
pil and motor neuron cytoplasm (Fig. 3e.f). In contrast,
motor neurons do not express mutant SOD1 (Fig. 3e,f). In
100-day-old G1H-G93A mice that demonstrate a slightly
decreased number of motor neurons and prominent vacuola-
tion pathology, mutant G93A-SODI1 is highly expressed in
comparison with the level at 90 days of age. At 110 days, the
mice that show loss of anterior horn cells with some inclu-
sions and vacuole formation also exhibit high expression of
mutant G93A-SOD1, which morphologically is located
within the motor neuron cytoplasm and the vacuole rims in
the neuropil (Fig. 3e,g). End-stage G1H-G93A mice that
show severe motor neuron loss as well as vacuolation and
inclusion pathologies demonstrate high expression of mutant
G93A-SOD1, and immunohistochemically mutant G93A-
SOD1 is aggregated and sequestered into the LBHIs, which
are strongly positive for mutant G93A-SOD1 (Fig. 3e, h).
Considered in connection with the abundance of neuropil
vacuoles and few LLBHIs at the early stage, and the fact that
mice at the terminal stage show many LBHIs and less abun-
dant vacuoles, as well as the accumulation of mutant G93A-
SODI1 in vacuoles at the early stage and marked aggregation
of mutant G93A-SOD1 in LBHIs at the late stage, it is possi-
ble that cytotoxic mutant G93A-SOD1 within vacuoles at
the early stage leaks into the neurons and then aggregates
within neurons as LBHIs with disease progression. Along
with disease progression, there is a breakdown of cytotoxic
mutant SOD1 sequestration in vacuoles, and the mutant
SOD1 aggregates in motor neurons, resulting in their degen-
eration/death.

Development of rats with human mutant SOD1

The ultimate aim of developing transgenic rodents express-
ing human mutant SODI are as follows: to gain an
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understanding of the mechanism of motor neuron death in
the presence of mutant SOD1, and to test new ALS therapies.
Freshly obtained mouse spinal cord including the nerve
roots, cauda equina and filum terminale, weighs only about
110 mg and is approximately 4 cm in length. In order to
perform more extensive analysis of the mechanism of
motor neuron death and to devise new ALS therapies that
are difficult or impossible to explore using the small spinal
cord of the mouse, transgenic rats expressing human mutant
SOD1 have been developed [2, 43, 72]. As rats are a larger
species than mice, they are easier to use in studies involv-
ing manipulations of spinal fluid (e.g., implantation of
intrathecal catheters for chronic therapeutic studies and
CSF sampling) and the spinal cord (e.g., direct administra-
tion of viral and cell-mediated therapies).

Relationship between ALS and TDP-43

The 43-kDa TAR DNA-binding protein (TDP-43) is local-
jzed to the nucleus. Originally, TDP-43 was identified as a
component of ubiquitinated inclusions in frontotemporal
lobar degeneration with ubiquitinated inclusions (FTLD-
U) and ALS [3, 74]. Analyses of TDP-43 immunohisto-
chemistry in SALS (two patients), mutant SOD1-unrelated
FALS (two patients) and ALSD (one patient) have shown
TDP-43-immunoreactive inclusions such as SLI/RHI in
the anterior horn cells of the spinal cord [93]; as men-
tioned above, SLI/RHI are characteristic morphological
structures in ALS, and mutant SOD1-unrelated FALS is
neuropathologically indistinguishable from SALS. TDP-
43 immunoreactivity has also been detected in the motor
neurons of the hypoglossal nucleus in 4 patients with
FTLD-MND/ALSD and 11 patients with ALS; TDP-43-
positive structures include SLI/RHI [26]. Although Bunina
bodies are a pathognomonic structure in SALS, mutant
SODI1-unrelated FALS and FTLD-MND/ALSD, Bunina
bodies themselves are negative for TDP-43 [95]. With
regard to mutant SODl-related motor neuron death,
LBHIs, which are characteristic structures in mutant
SOD1-related FALS with A4T (one patient) and D101Y
(one patient) reportedly do not express TDP-43 [95]. In
SALS (one patient) as well as mutant SOD1-related FALS
with A4T (one patient) and 1113T (one patient), TDP-43 is
mislocalized from the nucleus to the cytoplasm [83]. Espe-
cially, one case of SALS was reported to show ubiquitin-
positive RHIs with TDP-43 staining pattern [83]. By
marked contrast, human mutant G93A, G37R and G85R
SOD1-transgenic mice do not show any TDP-43 abnor-
malities including either TDP-43-positive inclusions or
TDP-43 mislocalization [83]. It could be stated that in gen-
eral, TDP-43 contributes to mutant SOD1-unlinked motor
neuron degeneration, whereas mutant SOD1-linked motor
neuron degeneration may not be essentially related to
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TDP-43 abnormality; in particular, human mutant SOD1
transgenic mice do not show TDP-43 abnormality [83].

Mouse models of ALS2

As already mentioned, SOD1 mutations have been identi-
fied as a cause of autosomal dominant FALS [22, 84].
Mutation in a second ALS-related (ALS2) gene has also
been identified as the cause of a rare autosomal recessive
form of juvenile-onset ALS, also referred to as ALS2 [7,
37, 102], as well as juvenile-onset primary lateral sclerosis
(PLS) [37], and infantile-onset ascending hereditary spas-
tic paralysis (HSP) [24, 29, 35). In humans, the ALS2 gene
is located on chromosome 2 at position 33.2, and encodes
a protein called ALS2 protein or alsin. ALS2 protein is
produced in a wide range of normal tissues, with the high-
est amounts in the brain and spinal cord. ALS2 protein is
composed of 1,657 amino acids with three predicted guan-
ine nucleotide exchange factor (GEF)-like domains [37,
102]): an N-terminal regulator of chromatin condensation
(RCC 1)-like domain (RLD) homologous to GEF for Ran
GTPase [77], middle Dbl homology (DH) and pleckstrin
homology (PH) (DH/PH)-like domains resembling GEF
for Rho GTPase [37], and a C-terminal vacuolar protein
sorting 9 (VPS9)-like domain similar to GEF for Rab5
GTPase [79]. This ALS2 protein is particularly abundant
in motor neurons. ALS2 protein is preferentially associ-
ated with the cytoplasmic face of the endosomal mem-
brane [79]. Although the function of ALS2 protein in
motor neurons is unclear, it may play an important role in
regulating cell membrane organization and the movement
of molecules within motor neurons. Therefore, it would be
expected to play a role in the development of axons and
dendrites. It is unclear how and why loss of ALS2 protein
function causes the ALS2-linked diseases: ALS2, juve-
nile-onset PLS, and infantile-onset ascending HSP. In
order to gain insight into the physiological role of ALS2
protein and the pathogenesis of ALS2-linked diseases,
four types of ALS2 knockout mice have been successfully
developed. '

The ALS2 knockout mice with disruption of exon 3 of
the murine ALS2 gene reported by Cai et al. [13] show a
higher anxiety response as well as an age-dependent deficit
of motor coordination and learning. Histopathologically
and biologically, ALS2 knockout mice are characterized by
a lack of neuropathological abnormality, no alteration of
peripheral nerve conduction or electromyography features,
susceptibility to oxidative stress, and increased susceptibil-
ity to glutamate receptor-mediated excitotoxicity. In the
ALS?2 knockout mice reported by Hadano et al. [3%], exon
3 of the murine ALS2 gene is disrupted by inserting a stop
codon. These mice demonstrate no obvious developmental,



Acta Neuropathol (2008) 115:97-114

109

reproductive or motor abnormalities. However, histopatho-
logically and biologically, they are characterized by an age-
dependent decrease in the size and number of ventral motor
axons and cerebellar Purkinje cells, astrocytosis and
microglial activation in the spinal cord and brain, motor
unit remodeling and fiber redistribution in skeletal muscle,
and slightly affected endosomal dynamics. ALS2 knockout
mice with disruption of both exons 3 and 4 of the murine
ALS?2 gene reported by Devon et al. [25] show mild hypo-
activity. Neuropathologically, at the age of 12 months, they
show significantly smaller cortical motor neurons, and in
addition, marked diminution of Rab5-dependent endosome
fusion activity and disturbance in endosomal transport of
the insulin-like growth factor 1 and BDNF receptors. ALS2
knockout mice with disruption of exon 4 of the murine
ALS2 gene reported by Yamanaka et al. [101] demonstrate
slowed movement without muscle weakness and progres-
sive axonal degeneration in the lateral spinal cord. Signifi-
cantly, all four of these ALS2 knockout murine models
show no human ALS2-like symptoms and are not neurolog-
ically analogous to humans with ALS2.

Among previously reported human patients with ALS2-
linked disease, the members of a Tunisian family with
138delA ALS2 gene mutation showed development of
spasticity in all limbs between 3-10 years of age [7, 37,
102], and their clinical symptoms might be classifiable as
part of a spectrum of HSP rather than typical ALS. The
members of a Kuwaiti family with 1425_1426delAG ALS2
gene mutation showed infantile-onset spastic paralysis
without lower motor neuron involvement at 1-2 years
of age [37]. Members of a Saudi Arabian family
with1867_1868delCT ALS2 gene mutation developed PLS
between 1-2 years of age {33, 102]. Up to now, eight addi-
tional ALS2-linked diseases have been reported [24, 29, 30,
35, 62], and a major common characteristic is infantile-
onset spastic paralysis, reflecting upper motor disturbance.
Although lower motor neuron impairment has been
reported in a limited number of patients with ALS2 gene
mutation, the majority of ALS2 gene mutations appear to
be linked to upper motor neuron diseases from the view-
point of human clinical data of 11-type ALS2-linked dis-
eases. Although to the author’s knowledge there has been
no reported autopsy case of ALS2, detailed neuropathologi-
cal data from human ALS2 autopsy cases would clarify this
point. In this context, although the author is unable to
address the similarities and differences between human
ALS2 and ALS2 animal models from a neuropathological
viewpoint, it might be concluded that data from ALS2
knockout mice and ALS2-linked diseases mentioned above
would become more valuable for clarifying the pathogene-
sis of human ALS2 if detailed human ALS2 autopsy data
were also available.

Animal models based on cytoskeletal abnormalities.
Animal models based on neurofilament abnormalities

The neuron cytoskeleton consists of three major filaments:
actin microfilaments, microtubules, and neurofilaments.
Neurofilaments biochemically comprise three different iso-
forms known as neurofilament triplet proteins: light subunit
(68 kDa), medium subunit (160 kDa), and heavy subunit
(200 kDa). Ultrastructurally, neurofilaments are approxi-
mately 10 nm in diameter, but in cross-section they appear
tubular in structure with a narrow central electron-lucent
core, and have fine side arms. Their size places them in the
so-called “intermediate filaments” morphologically.

Neurofilament-lacking mice

Mice lacking any of the neurofilament triplet protein genes
show no developmental problems [82]. However, mice
lacking the neurofilament light subunit show a lack of
intermediate filament structure, axonal hypotrophy, and
aggregation of neurofilament medium and heavy subunit in
motor neurons, although significant motor neuron loss is
not evident [S]. Mice lacking the neurofilament medium
subunit show axonal atrophy without significant motor
neuron loss, and reduce contents of neurofilament light
subunit [28]. Mice without the neurofilament heavy subunit
also exhibit axonal atrophy without significant motor
neuron loss [47]. Therefore, model mice lacking any of the
neurofilament triplet protein subunits are not compatible
with human ALS patients, as no significant motor neuron
loss is evident.

Transgenic mice expressing the human wild-type
neurofilament gene

Transgenic mice expressing the human wild-type neurofila-
ment heavy chain gene show defective axonal transport and
axonal atrophy in association with ultrastructural diminu-
tion of cytoskeletal components, the smooth endoplasmic
reticulum, and mitochondria [16]. In mice showing a high
level of expression, neurofilament aggregation is observed
in the cytoplasm of neurons and proximal axons [17]. How-
ever, this transgenic mouse model shows no significant
motor neuron loss [16]. Like neurofilament heavy chain-
type transgenic mice, the neurofilament light chain-type
transgenic mice show accumulation of neurofilaments in
the neurons and axonal degeneration without significant
motor neuron loss [99]. Therefore, transgenic mouse mod-
els expressing the human wild-type neurofilament gene
bear no histopathological resemblance to human ALS in
terms of significant motor neuron loss.
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Transgenic mice expressing the human mutant
neurofilament light chain gene with the L394P

Transgenic mice expressing the human mutant neurofila-
ment light chain gene with the L394P develop neurological
symptoms of muscle weakness. Unlike mice expressing the
human wild-type neurofilament gene, these mice show sig-
nificant motor neuron loss [64]. From this viewpoint, this
mouse model is closely similar to human ALS on the basis
of neurofilament pathology, although in human ALS there
is no mutation of the neurofilament light chain gene with
L394P [27].

Transgenic mice expressing the peripherin gene

Peripherin is a 58-kDa type III intermediate filament pro-
tein, which has been reported to be a component of ubiqui-
tinated inclusion bodies in motor neurons of ALS patients
[39]. As the name “peripherin” indicates, the protein exists
mainly in the peripheral nervous system, and only a small
amount is expressed with a selective distribution in the cen-
tral nervous system. Overexpression of peripherin in trans-
genic mice leads to loss of spinal cord anterior horn cells
and formation of inclusions that are immunoreactive for
peripherin [4].

Transgenic mice expressing the dynamitin gene

The dynein/dynactin-complex is a type of motor protein
responsible for minus-end-directed movement along the
microtubule and plays an important role in fast retrograde-
related axonal transport. Supporting the hypothesis that
impairment of retrograde axonal transport causes motor
neuron death, point mutations of the p150 subunit of the
dynactin gene have been reported in ALS patients [70].
Experimentally, on the basis of this retrograde axonal trans-
port impairment theory, mice overexpressing dynamitin,
which is a subunit of dynactin, have been produced, and
these mice show disruption of the dynein/dynactin com-
plex, leading to inhibition of retrograde axonal transport.
Histologically, such dynamitin-overexpressing mice show
motor neuron loss {63].

Concluding remarks

Human ALS pathology exhibits a variety of cytopathologi-
cal features including Bunina bodies, SL1s/RHIs, LBHIs/
Ast-HIs, and NFClIs in addition to motor neuron degenera-
tion. Among various rodent models of ALS, rodents with
mutant SODI recapitulate motor neuron degeneration and
SOD1-immunoreactive LBHIs/Ast-HlIs, both of them found
in SOD1-mutated FALS patients. Even with these similari-
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ties, human ALS pathology is different from that of rodents
carrying SOD1 mutation, because (1) ALS is not a single
entity but rather a heterogeneous syndrome, (2) relevant
anatomical structures are different between humans and
rodents, and (3) human pathology generally deals with only
the terminal stage of the disease. In spite of these differ-
ences, motor neuron degeneration in rodent models pro-
vides us with opportunities to analyze the motor neuron
degeneration process in detail and even to test therapeutic
attempts. It is necessary to be aware not only of the similar-
ities but also of differences between these ALS models and
human ALS, because they are complementary.
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Neuronal Lewy body-like hyaline indusions {(LBMY) and astrocytic hyaline inclusions {(Ast-Hi} containing mutant CufZn
superoxide dismutase 1 (SOD1} are morphological halimarks of familial amyotrophic lateral sclerosis (FALS) associated with
mutant SOD1. However, the mechanisms by which mutant SOD1 contributes to formation of LBHI/Ast-HI in FALS remain poorly
defined. Here, we report induction of LBHI/Ast-Hi-like hyaline inclusions {LHIs} in vitro by ER stress in neuroblastoma cells.
These LHI closely resemble LBHI/Ast-Hi in patients with SOD1-linked FALS. LHI and LBHI/Ast-H! share the following features: 1)
eosinophilic staining with a pale core, 2} SOD1, ubiquitin and ER resident protein (KDEL} positivity and 3} the presence of
approximately 15-25 nm granule-coated fibrils, which are morphological hallmark of mutant SOD1-linked FALS. Moreovey, in
spinal cord neurons of L84V SOD1 transgenic mice at presymptomatic stage, we observed aberrant aggregation of ER and
numerous free ribosomes associated with abnormal inclusion-like structures, presumably early stage neuronal LBHI We
conclude that the LBHI/Ast-HI seen in human patients with mutant SOD1-linked FALS may arise from ER dysfunction.

Citation: Yamagishi S, Koyama Y, Katayama T, Taniguchi M, Hitomi J, et al (2007) An In Vitro Model for Lewy Body-Like Hyaline Inclusion/Astrocytic

Hyaline tnclusion: Induction by ER Stress with an ALS-Linked SOD1 Mutation. PLoS ONE 2(10): e1030. doi:10.1371/journal.pone.0001030

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegen-
erative disorder in which both upper and lower motor neurons
begin to degenerate in middle-aged persons. About 10% of ALS
patients demonstrate autosomal dominant inheritance of this
disease, a disorder known as familial ALS (FALS) [1-6]. About
20% of FALS cases are associated with mutations of the Cu/Zn-
superoxide dismutase (SOD1) gene [7]. SODI is an abundant
protein of approximately 153 amino acids that accounts for
approximately 1% of total cytosolic protein. More than 100
different SOD1 mutations have been reported as risk factors in
association with FALS.

The endoplasmic reticulum (ER) is responsible for the synthesis,
initial post-translational modification, and proper folding of
proteins, as well as for their sorting export and delivery to
appropriate cellular destinations. A variety of conditions, such as
loss of the intraluminal oxidative environment or loss of calcium
homeostasis, can cause accumulation of misfolded proteins in the
ER. To cope with such accumulation, there are three possible
responses in eukaryotes. The first response is known as the
unfolded protein response (UPR), in which IREla and ATF6
recognize aberrant proteins and increase the expression of ER-
resident chaperones such as GRP78/BiP and GRP9% to promote
proper protein folding [8,9]. The second response involves
suppression of translation mediated by the serine/threonine kinase
PERK, which phosphorylates and inactivates the translation
initiation factor elF-2o to reduce the production of misfolded
proteins [10,11]. The third response is ER-associated degradation
(ERAD), in which misfolded proteins are expelled from the ER
and targeted for degradation by cytoplasmic proteasomes [12,13].
Although these three protective responses can transiently control
the accumulation of misfolded proteins within the ER, they can be
overcome by sustained ‘ER stress’ [14—16]. ‘ER stress’ is involved
in neuronal death and various neurodegenerative disorders, such

@ PLoS ONE | www.plosone.org

as Charcot-Marie-Tooth disease, and is especially related to
inclusion body diseases such as Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease and ALS [17-23].

Histopathologic studies have revealed that neuronal Lewy body-
like hyaline inclusions (LBHI) and astrocytic hyaline inclusions
{(Ast-HI), are morphological hallmarks of mutant SOD]1-linked
FALS [24]. Neuronal LBHI and Ast-HI are ultrastructually
identical and share various features, with both consisting of 15—
25 nm granule-coated fibrils, both showing immunoreactivity for
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SODI, ubiquitin, and copper chaperone for SOD (CCS), and
both appearing late in the course of the disease (i.e. at ~10 to
30 years of age in humans [24-27]). Recently, Wate et al. reported
that neuronal LBHI are immunoreactive for GRP78/BiP,
a component of the UPR cellular response to ER stress [28].

In the present study, we show that ER stress in a neuroblastoma
line expressing mutant SOD1 can provoke SODI aggregation in
ER and formation of LBHI/Ast-HI-like hyaline inclusion bodies
(LHIs), which show SODI, ubiquitin, GRP78/BiP and ER
resident protein (KDEL) immunopositivity similar to the shared
cytopathological features of LBHI and Ast-HI. Induced neuro-
blastoma LHI furthermore consisted of 15-25 nm granule-coated
fibrils, a hallmark of mutant SODI-linked FALS, raising the
possibility that these acutely induced aggregations represent
a precursor to LBHI/Ast-HI seen in advanced FALS. In support
of this possibility, we observe abnormal ER and numerous free
ribosomes aggregated in the peri-nuclear region neuroblastoma
cells expressing L84V SODI under ER stress condition and in
spinal cord neurons in presymptomatic transgenic mice expressing
L84V SODI. Taken together, these findings suggest a model for
early events in FALS cellular pathology, in which ER stress
promotes the aggregation of mutant SOD1 and is involved in the
development of LBHI/Ast-HI in patients with mutant SODI
linked FALS.

RESULT
Aggregation and ubiquitination of mutant SOD1

under ER stress

To identify conditions which lead to the aggregation of mutant
SODI, we generated SK-N-SH human neuroblastoma cell lines
that stably expressed FLAG-tagged human SODI encoding
a leucine to valine substitution mutation (L84V) associated with
FALS [29]. Western blot analysis confirmed that expression of
endogenous and exogenous SOD1 was equal in the cell line
(Fig. 1A). Reports that neuronal LBHI contain GRP78/BiP, an
ER resident component of the UPR response, suggested that ER
stress might be a factor in the aggregation of mutant SOD1 [28].
We therefore examined localization of wild-type and mutant
SOD! under normal conditions and under conditions of ER stress
(Figure 1). Under normal conditions, wild-type and L84V SODI
were distributed through the cytosol (Fig. 1B and D). However,
following treatment with tunicamycin, an inhibitor of N-
glycosylation which causes ER stress, small SODI-positive
aggregates (up to 3 um in diameter) were seen in L84V SODI-
expressing cells (22.3%, p<0.001; Fig. 1E and F). A much smaller
percentage of wild-type SOD1 expressing cells (2.9%, n.s.) showed
non-inducible SOD1 aggregation (Fig. 1C and F). To confirm
whether ER stress is required for the aggregation of SODI, we
compared tunicamycin and thapsigargin as ER stress inducers
with etoposide as a non-ER stress inducer (causing DNA damage).
Exposure to 1 and 3 pg/ml tunicamycin (21.1% and 17.5%,
respectively) or 0.3 and 1 pM thapsigargin (27.0% and 27.2%,
respectively) significantly increased the number of cells containing
SODI aggregates, in L84V SOD1 expressing neuroblastoma cells.
Treatment with 100 and 300 pM etoposide did not lead to
a significant increase in aggregates (Fig. 1G). Thus mutant SOD]
forms aggregates following treatments provoking ER stress, but
not following treatment causing damage to the nucleus.

Since the SOD 1-positive inclusions of FALS patients are known
to be eosinophilic [26], we performed hematoxylin-eosin (HE) and
anti-SOD1 antibody staining to determine whether the aggregates
induced in the neuroblastoma line were also eosinophilic.

@ PLoS ONE | www.plosone.org
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Figure 1. Eosinophilic aggregates of L84V SOD1 are induced by ER
stress. (A) Western blotting analysis of the expression of SOD1 in SK-N-
SH ceills, which stably expressed FLAG tagged wild-type SOD1 or L84V
mutant SOD1. Arrowheads and arrow indicate exogenous and
endogenous SOD1, respectively. (B-D) immunofluorescent analysis of
SOD1 aggregates in SK-N-SH cells expressing wild-type SOD1 (B, C) or
L84V SOD1 (D, E). Cells were incubated under control conditions (B, D)
or with 1 pg/ml tunicamycin (C, E) for 24 h, and then were fixed and
stained with an anti-SOD1 antibody. Tunicamycin induced aggregates
of SOD1 (arrowheads) in L84V SOD1-expressing cells, but not in wild-
type SOD1-expressing cells. Scale bar =20 um. (F) Quantification of (B-
D). After the staining the cells with SOD1 aggregates were counted and
scored. Numbers indicate the amounts of total counted cells. Asterisks
show a significant difference from control, *p<<0.001. (G) SOD1
aggregates induced by tunicamycin and thapsigargin, but not by
etoposide. SK-N-SH cells expressing L84V SOD1 were exposed to 0.3, 1
and 3 pg/ml tunicamycin, 0.3 and 1 uM thapsigargin and 100 and
300 uM etoposide. Asterisks show a significant difference from control,
*p<0.001. (H-J) Eosinophilic SOD1 aggregates induced by tunicamycin.
Cells were treated as described in (E) and then stained with HE (H), anti-
SOD1 antibody (l), or both (J). Scale bar=20 um.
doi:10.1371/journal.pone.0001030.g001
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Figures 1H-] show that the aggregates induced by tunicamycin
treatment were positive for both eosin and SODI.

In patients with mutant SODI-linked FALS, SOD]I-positive
aggregates are reported to be ubiquitinated by RING finger-type
E3 ubiquitin ligases such as dorfin [30-33]. To investigate whether
the SOD1 aggregates induced by ER stress were ubiquitinated, we
performed double immunostaining with anti-SOD] and anti-
ubiquitin antibodies (Fig. 2 A-R). After treatment with either
tunicamycin or ALLN, a specific proteasome inhibitor, wild-type
and L84V SOD1-expressing cells were immunostained with anti-
SODI1 and anti-ubiquitin antibodies. As a result, mutant SOD1
aggregates induced by either tunicamycin or ALLN were clearly
colocalized with ubiquitin, suggesting the SOD!] were ubiquiti-
nated. To further examine the ubiquitination of the mutant
SODI1, a co-immunoprecipitation assay utilizing ubiquitin was
performed (Fig. 2S). As expected, L84V SODI-expressing cells

LBHI/Ast-HI-Like Inclusions

showed a positive ubiquitin ladder after ALLN treatment, but
wild-type SOD1-expressing cells did not.

Aggregates of SODl1 show positive localization to
the ER, but not to the mitochondria, lysosomes, or

Golgi apparatus

Under normal conditions, SOD1 is diffusely distributed through-
out the cytoplasm. In contrast, under the pathological condition,
SOD1 aggregates are associated with specific organelles such as
the mitochondria and/or ER [34-37]. Since the tunicamycin-
induced aggregates of mutant SOD] were localized to the central
and peripheral regions of the cytoplasm (Fig. 1E, H-]), we
investigated the subcellular localization of these aggregates with
organelle specific markers. Confocal microscopy analysis clearly
showed colocalization of SOD1 and an ER retention signal

SOD1

SOD1

ubiquitin

merge

control

™

ALLN

sop1™ sap1™

e+ .+
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iP; anti-FLAG
anti-Mye

anti-lgG

Figure 2. Ubiquitination of mutant SOD1 aggregates. (A-R) Colocalization assay with SOD1 and ubiquitin. SK-N-SH cells expressing wild-type SOD1
(A-1) or L84V SOD1 (J-R) were incubated with 1 ug/ml of tunicamycin (D-F, M-0), 4 ng/mi of ALLN (G-I, P-R), or no agents (A-C, J-L) for 24 h. Then
the cells were fixed and stained with anti-SOD1 antibody (green; A, D, G, J, M, P) or anti-ubiquitin antibody (red; B, E, H, K, N, Q). Arrows indicate
colocalization of SOD1 aggregates and ubiquitin. Scale bar=20 pm. (S) Co-immunoprecipitation assay utilizing ubiquitin. SK-N-SH cells stably
expressing wild-type and L84V SOD1 were transfected with a myc-tagged ubiquitin expression vector. After incubation with or without ALLN, cell
lysates were prepared and assayed with anti-myc antibody of the immunoprecipitant with anti-FLAG antibody. Asterisk shows an ubiquitinated
ladder that appeared after ALLN treatment of L84V SOD1-expressing cells. IgG bands are shown as loading controls.

doi:10.1371/journal.pone.0001030.g002
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Figure 3. Positive translocation of SOD1 aggregates to ER, but not to the mitochondria, Golgi apparatus, or lysosomes. (A-1, A’-l') Stress-
dependent localization of SOD1 to the ER. L84V SOD1-expressing SK-N-SH cells were incubated for 24 h without (A-I) or with 1 png/ml of tunicamycin
(A’-1'). Then the cells were fixed and stained using an anti-SOD1 antibody (green; A, D, A’, D’) and an anti-KDEL antibody (red; B, B') or an anti-
GRP78/BiP antibody (red; E, E'). GFP-cytochrome b5 were transfected to the cells and stained with anti-GFP (green; G, G') and anti-50D1 (red; H, H')
antibodies. Merged images (C, F, |, C' F’, I'). The aggregates of SOD1 (arrowheads) are positive for KDEL, GRP78/BiP and cytochrome b5. (J-R, J'-R’)
Analysis of SOD1 localization to the mitochondria. L84V SOD1-expressing SK-N-SH cells were treated as described in above. The locations of the
mitochondria and SOD1 were visualized in L84V SOD1-expressing SK-N-SH cells using 100 nM Mito-tracker (red; K, K'), an anti-Tim17 antibody (red; N,
N’) or an anti-Tom20 antibody (red; Q, Q') and an anti-SOD1 antibody (green; J, M, P, J', M, P'). Merged images (L, O, R, L', O, R). (5-U, 5’-U")
Investigation of SOD1 localization to the Golgi apparatus. L84V SOD1-expressing SK-N-SH cells were treated as described in above. Then the cells
were stained with anti-SOD1 antibody (green; S, §') and anti-GM130 antibody (red; T, T'). Merged images (U, U'). (V-X, V'-X") Analysis of the
localization of SOD1 to the lysosomes. A GFP-tagged L84V SOD1 vector was transfected into L84V SOD1-expressing SK-N-SH cells. After 24 h of
incubation with 1 pg/ml of tunicamycin, the cells were incubated for a further 30 min with 100 nM Lyso-tracker (red; W, W’) to visualize the
lysosomes. GFP channel (V, V') Merged images (X, X’). Scale bars =20 pm. Arrowheads indicate aggregated SOD1.
doi:10.1371/journal.pone.0001030.g003
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(KDEL) containing protein and GRP78/BiP, suggesting SOD1
localization in ER (Fig. 3A-F, A’-F’). In order to confirm the
SOD1 colocalization with ER, we utilized GFP conjugated
cytochrome b5, a typical C-terminal anchored ER membrane
protein. As expected, SOD1 showed the positive staining with
cytochrome b5, indicating mutant SOD] localization to ER
(Fig. 3G-1, G'-T"). In the absence of stress, ER was located to the
perinuclear region. However, treatment with tunicamycin seemed
to cause its relocation to an abnormal region near the cell
periphery. The aberrant distribution of ER following tunicamycin
treatment was not observed in cells expressing wild type SOD!
(Fig. SIC’, F" and I'). These results suggest deterioration of ER
function and localization due to aggregation of mutant SODI.

In light of previous reports identifying mutant SOD] coloca-
lization to the mitochondria [34,35,37], we also examined the
potential colocalization of mutant SOD1 with mitochondria. In
contrast to the results with markers for ER, the SOD1 aggregates
induced by tunicamycin did not colocalize with the mitochondria
marker Mitotracker, with Tim17 which marks the mitochondrial
inner membrane nor Tom20 which marks the mitochondrial outer
membrane (Fig. 3J'~R’). The localization of these SODI
aggregates also did not correspond with the Golgi apparatus or
the lysosomes, which were stained by anti-GM130 antibody and
Lyso-tracker, respectively (Fig. 38'-X").

Our previous results in figure 3C’, F' and I’ revealed aberrant
redistribution of ER membranes in tunicamycin-treated mutant
SOD1 expressing cells to the cell periphery region. To directly
visualize the localization of ER, we performed electron micro-
scopic analysis of tunicamycin-stressed cells expressing mutant
SODI. Figure 4A and B showed abnormal aggregates of rough
ER, sac-like structures with surface ribosomes, associated with
numerous free ribosomes. Mutant SOD1 localization to these

Figure 4. ER and SOD1 co-localization in peri-cytoplasmic membrane
region. (A) Electron micrograph of L84V SOD1-expressing SK-N-SH cells
after treatment with 1 ng/m! of tunicamycin for 24 h as described in
Materials and Methods. (B) Enlargement of part of (A). Arrowheads
indicate abnormal ER aggregates, where mutant SOD1 is localized as in
Fig. 3C' and 3E’. Scale bar=1 um. (C) SOD1 localization in peri-
cytoplasmic membrane region. Cells were treated as described in (A)
and immune electron micrograph was obtained as described in
Materials and Methods. Arrows show SOD1 immunoreactive in ER.
doi:10.1371/journal.pone.0001030.g004
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peripheral aggregates was confirmed by immunoelectron micros-
copy (Fig. 4C), implying defective functional actvities of ER and
free ribosomes in cells expressing mutant SODI.

LBHI/Ast-HI-like Inclusions are induced by ER stress.
Wate et al. [28] reported that neuronal LBHI in G93A SODI
transgenic mice are immune reactive for GRP78/BiP, an ER
resident component of the UPR response. As shown in figures 3A’-
I' and 4C, mutant SODI localized to the ER following stress
induction by tunicamycin. These SODI1 aggregates shared
additional features with LBHI/Ast-HI, namely eosin positivity
and ubiquitin immune reactivity. Those observations led us to
consider whether ER stress would eventually induce the formation
of full-fledged LBHI/Ast-HI. To test this hypothesis, we examined
whether inclusion bodies containing mutant SOD1 developed in
L84V SOD1-expressing cells subjected to ER stress. Consistent
with this idea, eosinophilic hyaline inclusions (~10 to 20 um in
diameter) with a pale core, which are similar to neuronal LBHI/
Ast-HI in the spinal cord of ALS patients harboring a SODI
mutation, developed within 24 hrs of exposure to tunicamycin
(Fig. 5A), but not in cells expressing wild type SOD1 (data not
shown). In fact, the eosin-positive LBHI/Ast-HI-like hyaline
inclusions (LHIs) were morphologically similar to the Ast-HI seen
in the spinal cord of transgenic L84V SODI1 mice at the
symptomatic stage (Fig. 5A and D). Furthermore, ultrastructual
analysis revealed that the LHIs in neuroblastoma cells were
composed of granule-coated fibrils (approximately 15-25 nm in
diameter) and granular materials, which are the typical morpho-

|1 LHI

Ast-Hi

Figure 5. LHIs containing granule-coated fibrils are morphologically
identical with Ast-HI from L84V transgenic mice. (A-F) Comparison of
a LHI induced by ER stress in an L84V SOD1-expressing SK-N-SH cell (A-
C) and Ast-Hl in the spinal cord of a transgenic L84V SOD1 mouse (D-F).
(A) An eosinophilic LHI in the cytoplasm of the SK-N-SH cell expressing
L84V SOD1 cell was induced by treatment with 1 pg/ml of tunicamycin
for 24 h (scale bar=20 um). (B) Electron micrograph of a hyaline
inclusion (arrow) obtained by the direct epoxy resin-embedding
method after decolorization of the HE-stained section shown in (A).
N, nucleus; x3000 (scale bar=1 um). (C) At a high magnification, the
inclusion is composed of granule-coated fibrils (arrows) approximately
15-25 nm in diameter and granular materials. x16000 (scale
bar=1 pm). (D) An eosinophilic Ast-HI from a transgenic L84V SOD1
mouse. (E) Electron micrograph of an Ast-Hl obtained by the direct
epoxy resin-embedding method mentioned in (B). N, nucleus; x2000
(scale bar=1 um). (F) Enlargement of (E). x16000 (scale bar=1 um).
Note that the fibrils observed in (C) and (F) are ultrastructually identical.
doi:10.1371/journal.pone.0001030.g005
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logical hallmarks of mutant SODI-linked FALS, and were
identical with the Ast-HI found in L84V SODI mice (Fig. 5C,
F; [38]). These results suggest that LBHI/Ast-HI in FALS patients
might be provoked by ER stress as we observed for LHIs.

We further explored the molecular similarity between the LHI
and LBHI/Ast-HI, using double-label immunocytochemistry. As
shown in figure 6A-D, LHIs induced by tunicamycin are
immunopositive for anti-SODI1 and anti-ubiquitin antibodies,
consistent with the LBHI/Ast-HI features. In the spinal cord
of G93A SODI mutant mice at the symptomatic stage,
neuronal LBHI show GRP78/BiP immunoreactive, suggesting
the involvement of ER resident protein [28]. Therefore, we
examined whether LHIs also contain ER resident protein. As
expected, LHI showed anti-KDEL positivity, indicating the
involvement of ER resident proteins such as calreticulin, GRP
94, PDI and GRP78/BiP in LHI development (Fig. 6E and F).
Furthermore, Ast-HI in spinal cord of L84V SODI transgenic
mice at symptomatic stage also showed KDEL positive (Fig. 6G
and H), meaning that the principle features of these inclusions in
neuroblastoma cells and the LBHI/Ast-HI of FALS patients are
the same and implying LHI and LBHI/Ast-HI might develop in
similar procedure.

A &

LHI

1L

Ast-HI

Figure 6. Positive immunoreactive against ubiquitin, SOD1 and KDEL
of LHIls. (A-D) LHIs show immunoreactive against ubiquitin and SOD1.
Eosinophilic LHIs in SK-N-SH cells (arrowheads in A and C) induced by
tunicamycin were immunostained for ubiquitin (B) and SOD1 (D} after
de-colorization. (E-H) KDEL immunoreactive in both LHI and Ast-HI.
Eosinophitic LHI in SK-N-SH cells (arrowhead in E) and Ast-HI in spinal
cord of L84V SOD1 mouse (arrowhead in G) were immunostained
against anti-KDEL antibody after de-colorization (F, H). Scale
bar=20 um

doi:10.1371/journal.pone.0001030.g006
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Abnormal ER aggregated around peri-nuclear
region with numerous free ribosomes at

presymptomatic stage of Ast-Hl in L84V SOD1 mice.
To further explore the relationship of LHI to the development of
LBHI/Ast-HI in FALS patients with mutant SOD}, we
performed ultrastructual examination of transgenic L84V SODI
mice, which show neuronal LBHI and Ast-HI at symptomatic
stage (Fig. 5D-F, 6G—H; [35]). We examined the mice at the
presymptomatic stage in the hope of detecting precursors to
hyaline inclusion bodies. In spinal cord neurons of the pre-
symptomatic L84V SOD] transgenic mice, we observed aberrant
aggregation of electron-dense rough ER around the peri-nuclear
region with numerous free ribosomes, which were suspected to be
producing mutant SOD1 (Fig. 7). This suggests that the aberrant
SODI fibrils observed in spinal neurons of these mice at later

Figure 7. ER shows abnormal aggregation with numerous free
ribosomes in L84V SOD1 mouse at presymptomatic stage. (A-C)
Electron micrographs of a neuron obtained from an L84V SOD1
transgenic mouse containing ER aggregates. The inset in (A) shows a
cytoplasmic inclusion-like structure (arrowhead) stained with toluidine
blue. (A) %3500 (scale bars=20 um). (B) %8000 (scale bar=1 um).
() x15000 (scale bar=1 um). Arrowheads indicate abnormal ER
aggregates.

doi:10.1371/journal.pone.0001030.g007
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stages might be produced by cooperative activity of ER and
ribosomes. These inclusion-like structures with abnormal accu-
mulation of ER seemed likely to represent a precursor to the later
neuronal LBHI observed in this line. These results imply that the
deterioration of ER function and the involvement of ER might be
important for formation and developing neuronal LBHI/ Ast-HI
in mutant SODI harboring FALS patients.

DISCUSSION

Aggregated proteins or inclusions are a pathological hallmark and
possible causative agent of several neurodegenerative disorders
including ALS [39]. While LBHI/Ast-HI have been established as
morphological hallmarks of mutant SOD1-linked FALS, litde is
known about the formation of these structures in neurons [6].
Several in vitro systems have been provided for analysis mutant
SOD1 aggregation [35,36,40], however, the relationship between
mutant SOD1 aggregation i witro and pathological hyaline
inclusions in viwo remains unclear. The LHI we observed in SK-
N-SH cells expressing mutant SOD1 provide a direct link between in
vitro and in vivo SOD1 aggregation. To our knowledge, this is the first
study to show reproducible induction of LBH1/Ast-HI like structures
meeting the criteria of inclusion bodies {24,26,31,38,41].
LBHIs/Ast-HIs in human FALS consist of a chaotic mixture of
cytoplasmic proteins (such as SODI, copper chaperone for SOD
(CCS), peroxiredoxin 2, and glutathione peroxidase 1), cytoskeletal
proteins (such as tubulin, tau protein, and phosphorylated- and
nonphosphorylated neurofilament), nuclear proteins (such as
neuron-specific enolase) and synaptic proteins (such as synapto-
physin [24,38,41-43]). Recently, it has been published that
GRP78/BiP, an ER resident chaperon protein, is also co-localized
with LBHI of G93A SOD! mice [28]. GRP78/BiP is molecular
chaperone protein induced by IREIl in response to aberrant
protein folding and promotes proper protein folding. In this
context, GRP78/BiP may be acting as part of the UPR response
to resolve granule coated fibrils. Tobisawa et al. [35] reported
increased protein levels of GRP78/BiP in motor neurons of
mutant SODI1 transgenic mice, suggesting that the motor neurons

in their model suffer from ‘ER stress’. While the importance of ER

stress or proteosome malfunction in formation of mutant SODI
aggregates has been established [35,36,40], the mechanisms by
which mutant SOD1 forms LBHI/Ast-HI in FALS remain poorly
understood. In this study, we present three lines of evidence for the
involvement of ER stress in early events in LBHI/Ast-HI
formation. First, ER stress in neuroblastoma cells expressing
mutant SOD1 results in SODI- and ubiquitin-immunopositive
LHIs, compatible with LBHI/ Ast-HI, composed of granule-coated
fibrils approximately 15-25 nm in diameter and granular
materials (Figs. 5 and 6). Secondly, we observed similar structures
in the spinal cord of L84V SODI transgenic mice at pre-
symptomatic stages, including abnormal electron dense, i.e.
stressed, ER and numerous free ribosomes. (Figs. 4 and 7). Third,
positive staining against anti-KDEL antibody, which recognizes
ER resident proteins such as calreticulin, GRP 94, PDI and
GRP78/BiP, were observed in both the LHI and Ast-HI of L84V
SOD! transgenic mice at symptomatic stages (Fig. 6E-H). These
findings support the hypothesis that ER stress induces LBHIs/Ast-
HIs creation in FALS patients with mutant SODI]. Taken
together, these observations suggest that LHI in neuroblastoma
cells and LBHI/Ast-HI in FALS patients might develop through
similar processes.

In this study, we presented evidences that ER stress causes
aggregates of mutant SODI and formation of LHI which is
compatible with LBHI/Ast-HI. However, other questions arise
from these results. 1) Why did same stress induce the different
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outcome of mutant SOD1 aggregation in the neuroblastoma? 2)
Are the smaller aggregates competent to develop to LHIs? To
answer these questions, we sought without success to identify the
origin of the granule coated fibrils or SODI containing
filamentous structure (e.g. less densely coated fibrils) in the smaller
SOD1 aggregates localized to ER in L84V SOD] expressing cells.
Nevertheless, we found common features between the small
aggregates in L84V SODI expressing SK-N-SH cells and neuronal
LBHI-precursor 'in L84V transgenic mice, including regions of
abnormal ER aggregation surrounded by abundant free ribosomes
(Fig. 4B and Fig 7C). Furthermore, LHI and Ast-HI were
immunopositive for the KDEL peptide present in ER-resident
proteins, suggesting the involvement of ER itself in formation or
development of LBHI/ Ast-HI (Fig. 6E-H). We suggest that aberrant
SOD1 fibril might be produced by cooperative activity of ER and
ribosomes. To answer the questions, careful observation of LHI with
time lapse analysis is needed.

It remains unclear why the major symptoms of ALS in patients
with mutant SODI-linked FALS do not develop until middle age,
but we speculate that age-dependent changes in responses to ER
stress might provide an answer. Under normal conditions, newly

" synthesized and misfolded proteins are refolded by chaperons such

as GRP78, 94, calnexin, and calreticulin. This UPR response may
be more robust in younger FALS patients and might be the reason
the proteins aggregates are not observed in young patients even
though mutant SODI1 is expressed. However, a decrease in
protein folding or chaperone capability may occur with aging, and
accumulation of misfolded proteins in the ER lumen may
gradually lead to ER stress [44]. Consistent with this idea,
Tobisawa et al. reported mutant SODI1 retention in the ER in
COS7 cells [35] and Kikuchi et al. reported age-dependent
increase of mutant SOD] aggregation to ER in spinal cord of
G93A SOD1 mice, suggesting ER dysfunction might be caused by
mutant SOD1 [36]. Prolonged ER stress associated with in-
sufficient degradation of misfolded proteins would subsequently
activate apoptotic pathways. Nakagawa et al. reported that
caspase-12, the ER resident caspase, is specifically cleaved and
activated by ER stress, and that cells derived from mice lacking
caspase-12 are resistant to ER stress [16]. In the spinal cords of
G93A SODI mice, caspase-12 is activated in symptomatic period
and can be inhibited by overexpression of XIAP (X-linked
mhibitor of apoptosis protein [45,46]. Then, we analyzed
activation of caspase-4 (the human orthologue of rodent caspase-
12) following tunicamycin treatment. As expected, the SODI
aggregates of the L84V SODI-expressing neuroblastoma cells
colocalized with caspase-4 (unpublished data), implying caspase-4
might contribute to cell death in our model system.

Although it can take longer than 30 years for LBHI/Ast-HI to
develop in FALS patients, we could induce the formation of
morphologically similar LHI within 24 hours in our simple model.
Detection of the molecular targets for ER stress-induced hyaline
inclusions of mutant SOD1 in our model might lead to the
development of therapy that can prevent the progression of mutant
SOD]1-linked FALS. Ultimately, our study should contribute to the
development of a simple system to analyze novel therapies for ALS.

MATERIALS AND METHODS

Transgenic Mice

Transgenic mice for mutant human SODI1'#*Y (C587BL/6
background) were created (M. Kato, et al. Transgenic mice with
ALS-linked SOD1 mutant L84V. Abstract of the 31st Annual
Meeting of Society for Neuroscience, San Diego, 2001). Mice were
genotyped by PCR to detect the mutant SODI transgene using
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