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Abstract Amyotrophic lateral sclerosis (ALS) is a pro-
gressive neurodegenerative disease that primarily involves
the motor neuron system. The author initially summarizes
the principal features of human ALS neuropathology, and
subsequently describes in detail ALS animal models mainly
from the viewpoint of pathological similarities and differ-
ences. ALS animal models in this review include strains of
rodents that are transgenic for superoxide dismutase 1
(SOD1), ALS2 knockout mice, and mice that are transgenic
for cytoskeletal abnormalities. Although the neuropatho-
logical results obtained from human ALS autopsy cases are
valuable and important, almost all of such cases represent
only the terminal stage. This makes it difficult to clarify
how and why ALS motor neurons are impaired at each clin-
ical stage from disease onset to death, and as a conse-
quence, human autopsy cases alone yield little insight into
potential therapies for ALS. Although ALS animal models
cannot replicate human ALS, in order to compensate for the
shortcomings of studies using human ALS autopsy sam-
ples, researchers must inevitably rely on ALS animal mod-
els that can yield very important information for clarifying
the pathogenesis of ALS in humans and for the establish-
ment of reliable therapy. Of course, human ALS and all
ALS animal models share one most important similarity in
that both exhibit motor neuron degeneration/death. This
important point of similarity has shed much light on the
pathomechanisms of the motor neuron degeneration/death
at the cellular and molecular levels that would not have
been appreciated if only human ALS autopsy samples had
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been available. On the basis of the aspects covered in this
review, it can be concluded that ALS animal models can
yield very important information for clarifying the pathogen-
esis of ALS in humans and for the establishment of reliable
therapy only in combination with detailed neuropathological
data obtained from human ALS autopsy cases.
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Introduction

Amyotrophic lateral sclerosis (ALS) in humans is a pro-
gressive disease characterized by degeneration of both
upper and lower motor neurons. Upper motor neurons are
located mainly in layer V of the motor cortex, and are
known as Betz cells, which are giant cells approximately
60-120 pm in diameter. Cytoarchitecturally, the axons of
the upper motor neurons connect directly with the lower
motor neurons located in the motor nuclei of the brainstem
and the anterior horn of the spinal cord. The axons of the
lower motor neurons project mainly to skeletal muscles.
Although an essential pathological feature of ALS is motor
neuron loss, affected motor neurons often contain character-
istic inclusions in the perikarya, dendrites and axons. The
concept of “ALS” has been widely debated for over
130 years since Charcot first introduced the term “la sclé-
rose latérale amyotrophique” in 1874 [15]. Currently, in the
era of advanced genetics, the molecular bases and mecha-
nisms of ALS are now known to be very complex, thus
explaining the different phenotypes of ALS. Therefore,
ALS is considered to be a type of syndrome rather than a
single disease entity.
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Human pathologists are entirely dependent on human
ALS autopsy samples in order to acquire a more definitive
understanding of the etiology and pathogenesis of ALS
motor neuron death. As almost all ALS autopsy samples
are obtained from patients at the terminal stage, it is diffi-
cult to clarify how and why ALS motor neurons are
impaired at each clinical stage from disease onset to death.
Therefore, analyses of ALS autopsy samples alone is not
sufficient to lead to possible therapies for ALS. Under these
circumstances, many researchers including pathologists
have come to rely on animal models of ALS in order to gain
insights into both the mechanisms involved in motor neu-
ron death and possible therapeutic approaches. Inevitably,
these ALS animal models have different characteristics,
because even human ALS, which is the prototype for these
models, is not a single disease. On the basis of the aspects
covered in this review, however, the author wish to empha-
size that ALS animal models can yield very important
information for clarifying the pathogenesis of ALS in
humans only in combination with detailed neuropathologi-
cal data obtained from human ALS autopsy cases.

Human ALS neuropathology

Sporadic ALS (SALS)

Human ALS is classified into two major subtypes: sporadic
ALS (SALS) and familial ALS (FALS). In SALS, the
degenerative change is mainly restricted to the motor neuron
system, except for the oculomotor, trochlear and abducens
nuclei controlling eye movements, as well as Onufrowicz’s
nucleus which functions in fecal and urinary continence.
Upper motor neurons such as the Betz cells in the motor cor-
tex are also affected. Degeneration of the corticospinal tracts
in the anterior and lateral columns of the spinal cord are par-
ticularly evident. Especially, the corticospinal tract degener-
ation is most evident in the lower spinal cord segment,
supporting the hypothesis of a dying back degeneration of
axons. In the degenerated primary motor tracts, there is loss
of large myelinated fibers in association with variable astro-
cytic gliosis. Destruction of these fibers is usually associated
with the appearance of lipid-laden macrophages.

An essential histopathological feature of SALS is loss of
both upper and lower motor neurons, especially large ante-
rior horn cells throughout the length of the spinal cord. In
addition, striated muscles demonstrate denervation atrophy,
i.e., neurogenic muscle atrophy. The surviving motor
neurons often show histopathological features including
cytoplasmic shrinkage and lipofuscin granules. The cytopa-
thology of the affected motor neurons in SALS is character-
ized by the following two important intracytoplasmic
inclusions.
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Bunina bodies

Bunina bodies are small eosinophilic granular inclusions
(1-3 um in diameter) in the anterior horn cells, appearing
either singly or in a group, and sometimes arranged in small
beaded chains. These Bunina bodies are observed within
the cytoplasm or dendrites (Fig. 1a), but they have not been
found within the axoplasm. Bunina bodies stain bright red
with hematoxylin and eosin (H&E) staining, deep blue with
phosphotungstic acid hematoxylin, and blue with Luxol fast
blue. Immunohistochemical studies have revealed that they
express only cystatin C (Fig. 1b), and do not have a variety
of other immunoreactive epitopes such as ubiquitin. Ultra-
structurally, Bunina bodies consist of electron-dense amor-
phous material that contains tubules or vesicular structures.
The amorphous material frequently includes a cytoplasmic
island containing neurofilaments and other micro-organ-
elles [58].

These specific bodies were originally described by a
Russian pathologist Bunina [12] in 1962 in two FALS
patients belonging to two different families. After Bunina’s
report, Hirano immediately confirmed that these inclusion
bodies were present in a number of ALS patients, including
those with SALS and FALS neuropathologically identical
to SALS, as well as Guamanian ALS [41]. Although not all
ALS patients necessarily have Bunina bodies histologi-
cally, Bunina bodies themselves are currently considered a
specific histopathological hallmark of ALS. Broadly speaking,
Bunina bodies can be observed in SALS, frontotemporal
lobar degeneration with motor neuron disease (FTLD-MND;
terminologically identical to ALS with dementia, ALSD),
mutant SODI1-unlinked FALS that is neuropathologically
identical to SALS, and Guamanian ALS. However, there
have been no reports that Bunina bodies are present in
SODI-mutated FALS (Table 1) or transgenic rodents with
mutant SOD1.

Skein-like inclusions (SLIs) and round hyaline
inclusions (RHIs)

The SLIs are intracytoplasmic filamentous structures [58]
that are frequently encountered in preparations immuno-
stained for ubiquitin, although in H&E preparations they
are hardly visible or sometimes detected as faintly eosino-
philic structures. SLIs form essential aggregates of thread-
like structures. In more aggregated forms, SLIs show
dense collections of filaments, in which the SLIs appear as
spherical structures. RHIs are pale eosinophilic inclusions
with halos in the remaining anterior horn cells in H&E
preparations [57]. Sometimes, they lack halos and have
irregular margins associated with filamentous structures
similar to SLIs. Immunohistochemically, SLIs and RHIs
are positive for ubiquitin, but negative for phosphorylated
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Fig. 1 Neuropathological findings of human ALS. a, b Light micro-
graphs of Bunina bodies. a Bunina bodies in an anterior horn cell of an
SALS patient. Bunina bodies are small eosinophilic inclusions
(approximately 1-3 pm in diameter) and staining bright red with H&E.
Bunina bodies are observed within the cytoplasm (double arrows), be-
ing arranged in a chain-like formation. In addition, Bunina bodies are
also seen within the dendrites (arrow), appearing as a cluster. H&E. b
Cystatin C immunostaining. Bunina bodies are positive for cystatin C
(double arrows). A Bunina body (indicated by the center arrow) ap-
pears as a round structure with central-lucent core, which corresponds
to a cytoplasmic island containing neurofilaments and other micro-
organs at the ultrastructural level. c—e Light micrographs of neuronal
Lewy-body-like hyaline inclusions (LBHIs). ¢ A round LBHI (arrow)
is observed in the cytoplasm of the anterior horn cell. This round LBHI
is composed of eosinophilic core with paler peripheral halo. A small
ill-defined LBHI (arrowhead) is also seen in the cytoplasm of the ante-

(p) neurofilament protein (NFP; pNFP) and SOD1 [58].
Ultrastructurally, the essential abnormal filaments of the
SLIs range in width from approximately 15 nm in the

rior horn cell, and consists of obscure slightly eosinophilic materials.
H&E. d, e Serial sections of a neuronal LBHI in a spinal anterior horn
cell immunostained with the antibodies against SOD1 (d) and ubiqui-
tin (e). An intraneuronal LBHI is clearly labeled by the antibodies to
SODI and ubiquitin. The immunoreactivity for both SOD1 and ubig-
uitin is almost restricted to the halo of the LBHL f Light micrograph of
an astrocytic hyaline inclusion (Ast-HI) in the spinal cord anterior
horn. The Ast-HI (arrow) is round and eosinophilic. The astrocyte-
bearing the Ast-HI is morphologically different from the adjacent neuron.
The nucleus of the cell bearing the Ast-HI resembles that of a reactive
astrocyte (double arrowheads) and not the nucleus of an oligodendrocyte
(arrowhead). H&E. g A neurofilamentous conglomerate inclusion
showing intense immunohistochemical positivity for phosphorylated
neurofilament protein. Scale bar a (also for b-e, g) 30 um, Scale bar
f10 um

naked parts without granules to about 20 nm in parts with
fuzzy granules (i.e., fibrils with granules); these fibrils
with granules often form bundles. In more aggregated
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Table 1 Summary of main neuropathological findings in autopsied patients with familial amyotrophic lateral sclerosis (FALS) with characteristic

mutations of superoxide dismutase 1 (SODI)

SOD1 Number Neuronal SODI Bunina  Corticospinal tract  Posterior column  References
mutation of patients  inclusion aggregation  body involvement involvement
A4V 3 LBHI + - +(slight) + [89]

5 ICI ND ND +(mild) +(asymmetry) [18]
A4T 1 LBHI + - +(mild) + [92]
G37R 1 LBHI + - + + [46]
H43R 1 LBHI + — + + [67]
H46R 1 LBHI + - +(very mild) +(very mild) [76]
H48Q 1 LBHI&SLI — = +(mild) minimal [88]
E100G 1 SLI - ND + + [44]
DIOIN 2 ICHI ND ND - - [14]
DIO1Y 1 LBHI + - +(very mild) - [94]
L106V 2 LBHI + - + + (Unpublished data from author)
Cll1y 1 LBHI + - + Minimal [32]
13T 1 NFT ND ND + - [78]

(Brain and brain stem)

1 ICAI ND ND - ND [85]

1 ICAI + - ND ND [60]

1 HC ND ND + + [45]

1 NFCI = - +(slight) + [51]
L126S 1 LBHI + - + = [93]
2-bp del 2 LBHI + - +(slight/marked) + [53]
(L126dellTT) 1 LBHI + - + — [50]
C146R 2 LBHI + - +(slight) + [71]
Wild type 2 SLI/RHI - - + - (Unpublished data from author)

As controls, FALS siblings with wild-type SODI are also tabulated in the bottom row

+, present; —, absent

ND not described; LBHI Lewy-body-like hyaline inclusion; /CI intracytoplasmic inclusion; SLI skein-like inclusion; RHI round hyaline inclusion;
ICHI intracytoplasmic hyaline inclusion; NFT neurofibrillary tangle (straight filament); ICA/ intracytoplasmic argyrophilic inclusion (neurofila-
ment accumulation); HC hyaline conglomerate (with neurofilament epitope); NFCI neurofilamentous conglomerate inclusion; bp, base pair; del

deletion

forms, SLIs that appear to be spherical structures are com-
posed of many bundles of these fibrils with granules [58].
Ultrastructurally, the essential abnormal filaments of the
RHIs range in width from approximately 15 nm in the
naked parts without granules to about 20 nm in the parts
with fuzzy granules (fibrils with granules), being very sim-
ilar to the fibrils with granules in SLIs [58]. As a whole,
RHIs form spherical aggregates without a limiting mem-
brane, and a hypothesis that SLIs evolve to RHIs has even
been proposed [58]. Unlike Lewy body-like hyaline inclu-
sions (LBHIs) in mutant SODI-linked motor neurons,
although RHIs are similar to LBHIs in H&E preparations,
RHIs are negative for SOD1 [58]. Simply and clearly to
state, SLIs/RHIs are ultrastructurally composed of 15-20-nm
fibrils with granules, and L.LBHIs comprised of 15-25-nm
granule-coated fibrils with SODI epitope [58] (see
“Neuronal LBHIs and Ast-HIs").

@_ Springer

Familial ALS (FALS)

The FALS accounts for approximately 5-10% of all cases
of ALS, and is histopathologically subclassified into two
types. One type of FALS is neuropathologically identical to
SALS, and frequently contains Bunina bodies. On the basis
of the author’s observations of two mutant SOD1-unlinked
siblings with FALS, this mutant SOD1-non-linked FALS
type has similar neuropathological features including Bun-
ina bodies and SLIs/RHIs (Table 1). It is likely that the
inclusion bodies originally described by Bunina (Bunina
bodies) would have been present in this FALS type. The
other form of FALS is that showing posterior column
involvement. In addition to the pathological features of
SALS, this form also shows degeneration of the middle
zone of the posterior column, Clarke nuclei and posterior
spinocerebellar tracts. In 1967, Hirano et al. [42] reported
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the presence of Lewy body-like hyaline inclusions (LBHIs)
in the anterior horn cells throughout the spinal cord in this
type of FALS (Fig. 1c). This led to the establishment of this
entity as FALS with posterior column involvement. In
H&E preparations, neuronal LBHIs show an eosinophilic
core with a paler peripheral halo, and their name is derived
from their H&E staining features, which resemble those of
Lewy bodies in patients with Parkinson’s disease.

To date, more than 100 different mutations within all
exons of the SOD1 gene and its introns have been identified
as being involved in the development of chromosome 21g-
linked FALS. These SOD1 gene mutations are present in
about 20% of FALS patients. SOD1-mutated FALS shows
a variety of clinical phenotypes according to which type of
SOD1 gene mutation is responsible: the disease onset and
duration are reported to be closely linked to the type of the
SOD1 mutation (Fig. 2), i.e., as Fig. 2 demonstrates, FALS
with mutant G93A SODI1 shows rapid disease progression
with severe neurological symptoms (about 1 year to at most
4 years), while FALS with mutant H46R SOD! has a very
long disease duration with mild neurological signs (11—
24 years). From the viewpoint of only the copy number of
the mutant SOD! gene, almost all FALS patients with het-
erozygosity for the mutant SOD1 gene carry only a single
copy of mutant SOD1 gene, i.e., most patients with SOD1-
mutated FALS have the same transgene copy number.
Based on this notion, it might be expected that FALS
patients with heterozygosity for the mutant SOD1 gene
would exhibit a similar expression level of mutant SOD1
protein. However, the protein expression level of mutant
SOD!1 in FALS patients differs due to the difference in sta-
bility of the mutant SOD1 protein itself; FALS patients
with unstable-type mutant SODI1 show a lower protein
expression level than FALS patients with stable-type
mutant SOD1 [86].

Neuropathologically, it is of note that many SODI-
mutated FALS cases are of the posterior column involve-
ment type with neuronal LBHIs (Table 1). In addition to
neuronal LBHIs, certain long-surviving FALS patients with
SOD1 gene mutations show astrocytic hyaline inclusions
(Ast-HIs), which were first reported by the author in 1996
[53] (Fig. 1f). Neuronal LBHIs and Ast-HIs are characteris-
tic intracytoplasmic structures in SODI-mutated cells. By
marked contrast, Bunina bodies have not been described in
mutant SOD1-linked FALS unlike mutant SOD1-unlinked
FALS with Bunina bodies (Table 1).

Neuronal LBHIs and Ast-HlIs

Neuronal LBHIs and Ast-HIs in SOD1-mutated FALS have
strong SODI immunoreactivity (Fig. 1d), and both type of
inclusion are strongly positive for ubiquitin (Fig. le). Inter-
estingly, LBHIs/Ast-HIs contain both wild-type and mutant

SOD! protein [11]. Ultrastructurally, neuronal LBHIs,
which consist of filaments and granular materials, exhibit
dense cores with rough peripheral halos and lacking a limit-
ing membrane. The filaments of these inclusions are com-
posed of approximately 15-25-nm granule-coated fibrils in
association with normal 10-nm neurofilaments [53-57].
The neurofilaments are located mainly in the periphery and
rarely in the central portion. Ast-HIs appear as globular
structures that are well demarcated from other cytoplasmic
structures, and have no limiting membrane. Ast-Hls are
composed of about 15-25-nm granule-coated fibrils with
granular materials, sometimes surrounded by normal glial
filaments [53-57]. The essential constituents common to
both neuronal LBHIs and Ast-HIs are granule-coated
fibrils, and the indirect immunogold technique shows label-
ing with colloidal gold particles for wild-type and mutant
SOD1 only on the surface of the granule-coated fibrils: the
essential common constituents of LBHIs/Ast-HIs are
SOD1-positive granule-coated fibrils [57].

Another characteristic pathological feature of patients
with SOD1-mutated FALS is slight or mild corticospinal
tract involvement, in contrast to severe degeneration of
the lower motor neurons (Table 1). In patients with FALS
lacking LBHI with the I113T mutation, neurofilament
pathology is an almost universal feature. Frequently,
neurofilamentous conglomerate inclusions (NFCIs) are evi-
dent, while they are less common in patients with SALS
(Iess than 5%). Although NFClIs are recognized as homoge-
neous, faintly eosinophilic, oval or multi-lobulated inclu-
sions in H&E preparations, they are intensely positive for
pNFP immunohistochemically (Fig. 1g). Two FALS sib-
lings with wild-type SOD1 in the bottom row of Table 1
show Bunina bodies and SLIs/RHIs that are usually
observed in SALS, and neuropathologically they showed
histology that was almost identical to SALS. These two
mutant SODI1-unlinked FALS siblings did not exhibit
LBHIs or posterior column degeneration. Although SLIs
are seen in SALS and mutant SOD1-unlinked FALS as well
as FALS with H48Q and E100G, many cases of SOD1-
mutated FALS do not show SLIs (Table 1).

Transgenic animal models linked to superoxide
dismutase 1 (SOD1)

Main characteristics of animal models based on SOD1

It is possible to create transgenic animals (rodents) expressing
the human wild-type and mutated SOD1 gene. Currently,
transgenic rodents expressing human mutant SOD1 are
thought to provide the most suitable animal model of human
ALS. There are several lines of transgenic rodents express-
ing human mutant SODI, and their main characteristics
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Fig. 2 Schema showing relationship between the main characteristics
of transgenic rodents with mutant SOD! and the main mutation of the
human SOD1 gene. The main characteristics of transgenic rodents and
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tutions are indicated at appropriate codons according to the accepted
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 SOD! gene mutation responsible; enzyme activities (%
value relative to normal control erythrocytes) are shown in brackets.
Mouse SODI 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) [81].

With respect to G93A mice [19-21, 36], the original
mouse strain GI1-G93A carries 18.0 & 2.6 transgene copy
numbers expressing 4.1 £ 0.54 ng human SODI1 protein
per ug of total protein (ng human SOD1) with SOD1 activ-
ity of 42.6 £ 2.1 U per pg of total protein (U). G5-G93A
mice with 4.0+ 0.6 copies show 1.3 £0.21 ng human
SOD1 with 27.0 £2.9U SODI activity. G12-G93A mice
with 2.2 £ 0.8 copies exhibit 1.1 £ 0.22 ng human SOD1
with 1954+ 08U SODI 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 SODI activity. The original
Gl line differentiates into two sub-lines derived from the
same founder. These two sub-lines, named GIH and
GIL, 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 G1L-G93A mice expressing 18 copies
show 2.20+0.9ng SODI1/sbp with 2.56 £+ 0.23 U/sbp
SOD1 activity. G5/G5-G93 A 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 SODI activity 14.5 times higher than the control,
G37R-9 mice show a 6.2-fold SODI 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 SODI protein level
and 7.2-fold SOD1 activity, and G37R-29 mice express a
5.0-fold SOD! protein level and 7.0-fold SODI 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 SODI1 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 SODI
activity. Since G86R mice express murine mutant G86R
SODI, 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
SODI, H46R-4 rats carrying 25 transgene copy numbers
express human SOD1 protein at 6 times the level of endog-
enous rat SODI and show SOD1 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 SODI 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 SODI 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
GIL-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 [52, 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 SODI 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 SODI
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 GIH-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-
GI93A mice and research methodologies before drawing
conclusions. Clinical onset in most G1L-G93A mice
(B6SJL-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 [52, 59].
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Among transgenic rats with human mutant SODI [2,
52, 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 SODI 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 [81]. 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

;f,%!.

eosinophilic core with paler peripheral halo. Vacuolation pathology is
evident in the neuropil. H&E. Scale bar d 20 um. e-h Imnmunostaining
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-SODI. e Litter-
mate mouse, showing no expression of G93A-SODI. 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-SODI 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-SODI
(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 G§5R 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-Hls 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-HIs 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-HlIs. 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 approximatelyl15-25 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-HIs 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-HIs
observed in SOD1-mutated rodents are light- and electron-
microscopically identical to those in patients with
SODI1-mutated FALS. The presence of LBHI/Ast-HI is a
morphological hallmark of cells affected by mutant SOD1
[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 SODI1 show aberrant
aggregation of the ER in association with early-stage
neuronal LBHIs, 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
SODI1-mutated cells, and the 15-25-nm granule-coated
fibrils as an essential component of the LBHI/Ast-HI
provide ultrastructural authentication of SOD[-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 SODI-related FALS,
which is the prototype of the mutant SODI transgenic
rodent. This vacuolation pathology is also undetectable in
mutant SODI-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 G1L-G93A and G1H-
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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
SOD1 in all 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 SODI1, 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 SOD1 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 SODI-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: SODI-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
GIH-GY93A 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-SODLI 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-
SODI 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 LBHIs 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-
SODI 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 SOD! 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 SOD1 are as follows: to gain an
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understanding of the mechanism of motor neuron death in
the presence of mutant SODI, 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-
ized 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 [95]; as men-
tioned above, SLI/RHI are characteristic morphological
structures in ALS, and mutant SODI-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
SOD1-unrelated FALS and FTLD-MND/ALSD, Bunina
bodies themselves are negative for TDP-43 [95]. With
regard to mutant SODI-related motor neuron death,
LBHIs, which are characteristic structures in mutant
SOD!-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 I113T (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
SOD|-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 SOD!
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 ALS?2 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 Db1 homology (DH) and pleckstrin
homology (PH) (DH/PH)-like domains resembling GEF
for Rho GTPase [87], 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. [38], exon
3 of the murine ALS2 gene is disrupted by inserting a stop
codon. These mice demonstrate no obvious developmental,
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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
ALS2 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 transpori of
the insulin-like growth factor 1 and BDNF receptors. ALS2
knockout mice with disruption of exon 4 of the murine
ALS? 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 ALS?2 autopsy cases would clarify this
point. In this context, although the author is unable to
address the similarities and differences between human
ALS?2 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 ALS?2 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 [5]. 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.

@ Springer

- 447 -



110

Acta Neuropathol (2008) 115:97-114

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, SLIs/RHIs, LBHIs/
Ast-Hls, and NFCIs in addition to motor neuron degenera-
tion. Among various rodent models of ALS, rodents with
mutant SOD1 recapitulate motor neuron degeneration and
SOD | -immunoreactive LBHIs/Ast-HIs, 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 SOD!1 mutation, because (1) ALS is not a single
entity but rather a heterogeneous syndreme, (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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Mutant SOD1 impairs axonal transport of choline
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Mutations in the superoxide dismutase 1 (sod1) gene cause familial amyotrophic {ateral sclerosis (FALS),
likely due to the toxic properties of misfolded mutant SOD1 protein. Here we demonstrated that, starting
from the pre-onset stage of FALS, misfolded SOD1 species associates specifically with kinesin-associated
protein 3 (KAP3) in the ventral white matter of SOD1%%*A-transgenic mouse spinal cord. KAP3 is a kinesin-
2 subunit responsible for binding to cargos including choline acetyltransferase (ChAT). Motor axons in
SOD1%%°A.Tg mice also showed a reduction in ChAT transport from the pre-onset stage. By employing a
novel FALS modeling system using NG108-15 cells, we showed that microtubule-dependent release of acetyl-
choline was significantly impaired by misfolded SOD1 species. Furthermore, such impairment was able to be
normalized by KAP3 overexpression. KAP3 was incorporated into SOD1 aggregates in human FALS cases as
well. These results suggest that KAP3 sequestration by misfolded SOD1 species and the resultant inhibition
of ChAT transport play a role in the dysfunction of ALS.

INTRODUCTION

Previous studies using transgenic animal models expressing

Amyotrophic lateral sclerosis (ALS) is a fatal, progressive neuro-
degenerative disease characterized by motor neuron cell death in
the brain and spinal cord accompanied by rapid loss of muscle
control and eventually complete paralysis (1,2). The vast majority
of ALS cases are of a sporadic nature, while ~10% are familial
(FALS). Although the cause of sporadic ALS remains unclear,
15-20% of FALS patients have point mutations in cytosolic
Cu**/Zn** superoxide dismutase (SOD1). SOD1 is an antioxi-
dant enzyme ubiquitously expressed in the cytosol, which con-
verts the superoxide anion radical to hydrogen peroxide. More
than 115 disease-causing mutations, affecting all regions of the
SOD1 gene product, have been identified.

mutated human SODI1 have shown that the disease is not caused
by a loss of its dismutase activity, but by the gain of toxic proper-
ties (1). Many mutant SODI proteins tend to become easily mis-
folded and form aggregates, especially under oxidative stress
(3,4). Intracellular aggregates containing SODI were specifically
detected in affected regions of both patients and animal models
possessing sod! mutations (5-7). In spinal cords of mutant
SOD1-Tg mice, misfolded intermediates of mutant SOD1 pro-
teins, which showed a decrease in solubility and increase in
size, were found prior to disease onset (8,9). These results
suggest that misfolded molecules containing mutant SOD1 may
contribute to motor neuron-specific damage in ALS.
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