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Progressive Spinal Axonal Degeneration and
Slowness in ALS2-Deficient Mice
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Objective: Homozygous mutation in the ALS2 gene and the resulting loss of the guanine exchange factor activity of the ALS2
protein is causative for autosomal recessive early-onset motor neuron disease that is thought to predominantly affect upper motor
neurons. The goal of this study was to elucidate how the motor system is affected by the deletion of ALS2.
Methods: ALS2-deficient mice were generated by gene targeting. Motor function and upper and lower motor neuron pathology
were examined in ALS2-deficient mice and in mutant superoxide dismutase 1 (SOD1) mice that develop ALS-like disease from
expression of an ALS-linked mutation in SOD1.
Results: ALS2-deficient mice demonstrated progressive axonal degeneration in the lateral spinal cord that is also prominent in
mutant SOD1 mice. Despite the vulnerability of these spinal axons, lower motor neurons in ALS2-deficient mice were preserved.
Behavioral studies demonstrated slowed movement without muscle weakness in ALS2�/� mice, consistent with upper motor
neuron defects that lead to spasticity in humans.
Interpretation: The combined evidence from mice and humans shows that deficiency in ALS2 causes an upper motor neuron
disease that in humans closely resembles a severe form of hereditary spastic paralysis, and that is quite distinct from amyotrophic
lateral sclerosis.
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Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative disease caused by a preferential loss
of motor neurons, resulting in progressive weakness of
skeletal muscles, atrophy, and death due to respiratory
muscle paralysis generally 2 to 5 years after the onset of
the disease. The pathology of ALS is characterized by a
loss of upper and lower motor neurons and degenera-
tion of pyramidal tracts. Approximately 10% of ALS is
inherited. Dominant mutations in Cu/Zn superoxide
dismutase 1 (SOD1) have been identified as the most
frequent cause of inherited ALS.1,2

Homozygous mutation of ALS2, initially proposed
as a second ALS-related gene,3–7 is causative for auto-
somal recessive early-onset motor neuron disease
(ALS2),6–8 a juvenile form of primary lateral sclerosis,7

and infantile ascending hereditary spastic paralysis.9–11

Recessive ALS2 mutations initially were identified in a
Tunisian family6–8 (carrying a frameshift mutation at
amino acid 46 of the corresponding ALS2 polypeptide
and developing progressive spasticity in all limbs be-
tween 3 and 10 years of age), in a Kuwaiti family6,12

(carrying a frameshift mutation at amino acid 475 of
the ALS2 gene and presenting with infantile-onset [1–2

years old] spastic paralysis without lower motor neuron
involvement), and in a Saudi Arabian family7,13 (car-
rying a frameshift mutation in ALS2 at amino acid 623
and being diagnosed as juvenile primary lateral sclerosis
with infantile-onset [1–2 years old] and preserved
lower motor neurons). After these reports, eight addi-
tional ALS2 disease-causing mutations have been iden-
tified, all of which have caused infantile-onset, severe
spastic paralysis.9–11,14,15 Inspection of all reported pa-
tients with ALS2 mutations (Table) shows that all but
one family developed infantile-onset (before 2 years)
spastic paralysis with a predominantly upper motor
neuron (UMN) defect, although lower motor neurons
have been reported to be affected in a minority of
ALS2 patients.8,14 No autopsy report has yet been pub-
lished to confirm these findings.

The ALS2 protein (also referred as alsin) consists of
1,657 amino acids with 3 putative guanine exchange
factor (GEF) domains (Fig 1A). In the nervous system,
it is preferentially associated with the cytoplasmic face
of endosomal membranes,16–18 an association that re-
quires its amino-terminal regulator of chromatin con-
densation (RCC1)–like GEF domain.16 ALS2 has been
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shown to act in vitro as a GEF for two small GTPases,
Rab517,18 and Rac1,18–20 that are known to be in-
volved in endosomal trafficking and actin cytoskeleton
remodeling, respectively. A feature common to all
disease-causing ALS2 mutations is a loss of protein sta-
bility, suggesting that a loss of ALS2 is causative for
this early-onset motor neuron disease.16 A smaller iso-
form of 396 amino acids in humans6,7 (or 928 amino
acids in mice21) has been proposed from the presence
of an alternatively spliced messenger RNA that is most
prominent outside the nervous system,6,21 but there is
no evidence for accumulation of the predicted polypep-
tide.

Deficiency of ALS2 in mice has been reported to
show mild age-dependent motor coordination and
learning impairment, a higher level of anxiety re-
sponse, and increased susceptibility of oxidative stress
without obvious neuropathology,22 or slowly progres-
sive loss of cerebellar Purkinje cells and modest de-
nervation and reinnervation of lower motor neurons
without manifesting motor impairment.21 Whether
the UMN system, the lesion most relevant to ALS2-
mutated patients, is affected in ALS2-deficient mice
has not been examined. To elucidate how the motor
system is affected by the deletion of ALS2, we have
generated ALS2�/� mice. By evaluating running
speed, analysis of these mice showed a moderate im-
pairment in coordination and slowness without mus-
cle weakness. Slowness of movements is a well-
recognized clinical sign of a UMN defect observed in
human patients including ALS.23–25 Absence of ALS2
also resulted in progressive degeneration of spinal
cord axons predominantly in the lateral columns.
These same axons are also shown to be severely dam-
aged in mutant SOD1 transgenic mice,26 a mouse

model for inherited ALS. The lower motor neurons,
which are severely affected in SOD1 mice, are com-
pletely preserved even in aged ALS2�/� mice. The
pathology and phenotype of ALS2�/� mice is similar
to that of mouse models of hereditary spastic paraly-
sis.27,28 Combined with the recognition that disease
initiates before 2 years of age in almost all ALS2 pa-
tients, it is clear that in both mice and humans, loss
of ALS2 causes UMN disease that is distinct from
ALS.

Materials and Methods
Generation of ALS2-Deficient Mice
A BAC (Bacterial Artificial Chromosome) clone containing
mouse ALS2 gene (RPCI-22 16O13) isogenic to TC1 em-
bryonic stem (ES) cells (129SvEvTac) was identified using
high-density membrane available from BACPAC Resource
Center at the Children’s Hospital Oakland Research Insti-
tute (Oakland, CA; http://bacpac.chori.org). For ALS2 tar-
geting vector, 1.5kb DraI-BglII and 9.7kb EcoRI restricted
genomic DNA fragments homologous to mouse ALS2 gene
as 5� and 3� fragments, respectively, were cloned together with
PGK-neo and HSV-TK cassette for selection (see Fig 1B).
Targeting the ALS2 locus resulted in a truncated ALS2
polypeptide (174 amino acids) due to an insertion of a stop
codon. The linearized vector was electroporated into TC1 ES
cells, and cells were selected by 250�g/ml G418 and 2�M
gancyclovir. Correctly targeted clones by the homologous re-
combination were confirmed by Southern blot using a probe
located outside the homology region (see Figs 1B, C). Two
targeted clones were injected into C57/B6 blastocysts to gen-
erate chimeras, which were subsequently used as founders to
breed F1 ALS2�/� mice. The F1 ALS2�/� mice were inter-
bred to obtain wild-type, heterozygous, and homozygous lit-
termates (F2; mixed 129SvEvTac/C57BL6 genetic back-
ground), which were used for behavioral and pathological

Table. Infantile Disease Onset in Most Patients with ALS2 Mutations

Mutation A46fs C156Y T185fs I336fs T475fs V491fs L623fs N846fs R998st M1207st V1574fs

Location of
mutation,
exon

3 4 4 4 5 6 9 13 18 22 32

Mutant ALS2
product,
amino acid

49 1657 188 339 545 492 645 857 997 1206 1616

Onset, yr 3–10a 1 2 1.5 1.2 1.5 1–2 1.4 1 1 1.5
Loss of walk-

ing, yr
12–
50a

�3–6 �12 4 NA 4 NA 5 NA NA �b

Bulbar symp-
tom, yr

�b 12–16 15 13 4 8 2–10 12 3 13 �12

Upper/Lower
motor symp-
tom

U/Lc U U/L U U U U U U U U

References 6–8 15 14 9, 30 6, 12 9, 30 7,13 9, 30 11 9,30 10

aNot all cases are genetically diagnosed.
bObserved, but age was not reported.
cFifty percent of cases show lower motor neuron symptoms.
fs � frameshift mutation; st � (stop) nonsense mutation; NA � never able to walk.
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analysis. Genotyping was performed by polymerase chain re-
action using three primers; the targeted fragment (135bp) was
amplified by 5�ALS2 primer (GAACACACACTGGCATT-
GTCACTCAGCAG) and 3�neo primer (ATGGCTTCT-

GAGGCGGAAACAACCAGC), and wild-type fragment
(400bp) by 5�ALS2 primer and 3�ALS2 primer (GCAATG-
GCTGTCCGATATTATCACATGGTC). SOD1G85R mice
were described previously.26

Fig 1. Construction of ALS2�/� mice. (A) Domain structure of human and mouse ALS2 protein, their proposed short forms, and
mouse ALS2 polypeptide produced after gene targeting. Known ALS2 disease-causing mutations are also depicted. Insertion of
neomycin-resistant gene into the mouse ALS2 gene produces a translation product of only 171 intact amino acids followed by 3
unique residues and a premature stop codon at amino acid 175. New amino acid residues due to the alternative splicing or frame-
shift are shown (black box). Antigens for generation of ALS2 antibodies are shown at the top. (B) Schematic diagram of ALS2
gene targeting. A map of wild-type (WT) ALS2 locus, the targeting vector, and the ALS2 mutant allele is shown. The targeting
vector was designed to replace most of exon 4 and subsequent intron with neomycin-resistant gene (neo R), resulting in an insertion
of a stop codon. (C, D) Analysis of genomic DNA from WT, heterozygous (ALS2�/�), and ALS2 knock-out (ALS2�/�) mice by
Southern blot (C) and polymerase chain reaction (PCR) (D). The BglII-restricted fragments detected for WT (4kb) and targeted
(8.3kb) ALS2 alleles with probe are indicated (C). WT and targeted PCR products are shown (D). (E) Brain extracts (70�g)
from WT (ALS2�/�), heterozygous (ALS2�/�), and ALS2 knock-out (ALS2�/�) mice together with COS cells lysates (2�g) trans-
fected with WT ALS2 (COS-ALS2) or ALS2 short form (COS-ALS2S) expression plasmids were analyzed by immunoblots using
anti-ALS2 antibody as indicated. Asterisk indicates nonspecific band. (F) Extracts of brain and cerebrum (40�g) from indicated
age of WT mice were immunoblotted with anti-ALS2 and anti–�-tubulin antibody. DH � dbl homology; MORN � Membrane
Occupation and Recognition Nexus motif; PH � pleckstrin homology domain related to a guanine exchange factor (GEF) for the
Rho family; RCC1 � regulator of chromatin condensation (RCC1)–like domain, a GEF for the small G protein Ran; VPS9 �
vacuolar protein sorting 9 domain, a GEF for the GTPase Rab5.
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Antibodies
For generating a monoclonal antibody (mAb-ALS21-263),
histidine-tagged ALS2 polypeptide (amino acids 1–617) was
used as an antigen.16 Hybridomas made by fusion of spleen
and myeloma cells were selected, cloned, and screened by
enzyme-linked immunosorbent assay. Ascites fluid was gen-
erated by intraperitoneal injection of the hybridoma into
mice. The epitope was determined by immunoblot using
amino-terminally truncated ALS2 expression constructs.16 A
polyclonal antibody (pAb-ALS21082)16 and anti-�-tubulin
antibody (Sigma, St. Louis, MO) were described previously.

Plasmids and Transfection
Expression vectors, pCIneoFL-ALS2 (wild type), ALS2 short
form, were described previously.16 COS cells were trans-
fected transiently with Fugene 6 (Roche Diagnostics, India-
napolis, IN) according to the manufacturer’s instructions.

Tissue Extract and Immunoblots
Transfected COS cells were lysed with lysis buffer (1% Triton
X-100 [Sigma], 50mM tris(hydroxymethyl)aminomethane-
HCl pH 7.5, 150mM NaCl) and protease inhibitor cocktail
(1�g/ml aprotinin, 1�g/ml leupeptin, and 1mM phenyl-
methyl sulfonyl fluoride). Mouse tissues were also homoge-
nized in lysis buffer. After centrifugation, the clarified super-
natant was analyzed by immunoblot.

Behavioral Assay
Grip strength was measured using a Grip Strength Meter
(Columbus Instruments, Columbus, OH). Mice were al-
lowed to grip a triangular bar only with hind limbs, followed
by pulling the mice until they released; five force measure-
ments were recorded in each separate trial. For rotarod anal-
ysis, mice were placed on the rotating rods automatically ac-
celerating from 0 to 40g for 4 minutes (Rotor-Rod System,
San Diego Instruments, San Diego, CA). The latency of
time to fall from the rotating rod was recorded. Mice were
tested for three trials. For running speed, a bike computer
(Cordless 7; CAT EYE, Osaka, Japan) was attached to the
running wheel (13cm diameter, Activity Wheel; Lafayette In-
strument, Lafayette, IN) to measure the distance and average
speed of running by detecting the revolution of the wheel
with digital magnetic counters. Activity of the mice was re-
stricted on the wheel during three consecutive measurements (5
minutes per trial) in a dark room. All behavioral studies were
performed with the genotype unknown to the examiner.

Tissue Preparation and Morphological Analysis
Mice were perfused transcardially with 4% paraformaldehyde
in 0.1M phosphate buffer, pH 7.4. Brain and spinal cord
tissues were embedded with paraffin and stained with Luxol
fast blue. Spinal cords and L5 roots transversely sectioned
into 5mm blocks were treated with 2% osmium tetroxide in
0.05M cacodylate buffer, washed, dehydrated, and embedded
with Epon (Electron Microscopy Sciences, Hatfield, PA).
One-micrometer cross sections were stained with 1% toluidine
blue. Axonal diameters of L5 roots were measured by Bio-
quant software (BIOQUANT Image Analysis Corporation,
Nashville, TN). Entire roots were imaged, imaging thresholds
were selected individually, and the cross-sectional area of each

axon was calculated and reported as a diameter of a circle of
equivalent area. Axon diameters were grouped into 0.5�m
bins.

For counting degenerating axons in the spinal cord, the
degenerated axons were determined by axonal swelling, loss
of myelin structure, or abnormal toluidine blue–positive ac-
cumulations within axoplasm.

For counting Purkinje cells, tissues were fixed in 4% para-
formaldehyde in 0.1M phosphate buffer, pH 7.4, frozen, sec-
tioned (30�m), and stained with cresyl violet. Purkinje cells
were counted in every 25th sagittal section through entire
cerebellum as described elsewhere.29 The number of degen-
erated axons in the lateral column and dorsal column of spi-
nal cord cross sections and number of the Purkinje cells in
cerebellar sagittal sections were counted under bright-field
microscope by an experimenter blinded to the genotype.

Results
Generation of ALS2-Deficient Mice
To generate an ALS2-deficient mouse model, we used
homologous recombination in mouse ES cells to dis-
rupt the mouse ALS2 gene. A targeting construct was
designed to replace 1.5kb of the ALS2 gene contain-
ing exon 4 and a portion of intron 4 with a
neomycin-resistant gene. This yielded a gene with a
premature translation terminator at amino acid 175
of both the 1,651-amino acid full-length ALS2 prod-
uct and the proposed 928-amino acid shorter isoform
(see Figs 1A, B). Four targeted ES clones were iden-
tified, two of which were used to generate ALS2�/�

mice. Homologous recombination was confirmed by
genomic DNA blotting and polymerase chain reac-
tion (see Figs 1C, D). Immunoblotting of brain ly-
sates with two independent ALS2 antibodies showed
no detectable full-length ALS2 in extracts from
ALS2�/� mice, confirming the gene disruption of
ALS2 (see Fig 1E). Moreover, neither of the proposed
ALS2 short forms, which should migrate at either ap-
proximately 60KDa16 or approximately 100 KDa,21

could be detected using ALS21-263 antibody, even in
wild-type mice (see Fig 1E).

Because almost all ALS2-mutated patients present
with infantile disease onset (see the Table) and ALS2
is known to be expressed at highest levels in the
brain,16,17 we initially examined whether expression
level of ALS2 was altered during development. The
expression level of ALS2 in brain was at a constant
level from the embryonic to the adult stage (see Fig
1F).

ALS2-Deficient Mice Showed Motor Impairment in
Coordination and Slowness
Interbreeding of ALS2�/� mice was used to produce
ALS2 null progeny. ALS2�/� mice were born in the
expected Mendelian ratio, developed normally, and
generally indistinguishable from wild-type littermates.
To examine the potential motor impairment of
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ALS2�/� mice, we measured rotarod, grip strength,
and running speed. As early as 5 months, ALS2�/�

mice showed a shorter latency to fall from the rotating
rod compared with wild-type littermates (wild type:
182.3 � 16.4 seconds; ALS2�/�: 100.5 � 16.9 sec-
onds; p � 0.01; n � 7; Fig 2A). The latency was fur-
ther shortened at 16 months of age (wild type: 97.0 �
6.9 seconds; ALS2�/�: 67.0 � 9.1 seconds; p � 0.03;
n � 4; see Fig 2A). All mice showed comparable learn-
ing ability as measured by an increasing latency to fall
during repeated trials (see Fig 2B). Grip strength of
hind limbs showed no difference between wild-type
and ALS�/� mice at 5, 12, or 16 months (see Fig 2C).

To further examine whether slowness of movement
is associated with a motor coordination decline in
ALS2�/� mice, we measured the voluntary running
speed of mice using a running wheel equipped with a

computer that allowed measurement of running speed,
duration of running, and total distance of run. No dif-
ference was seen between genotypes at 2 months old
(see Fig 2D). By 5 months, average running speed was
reduced by approximately 20% in ALS2�/� mice (wild
type: 1.094 � 0.025km/hr; ALS2�/�: 0.844 �
0.051km/hr; p � 0.001; n � 7), as well as 16 months
of age (wild type: 1.014 � 0.051km/hr; ALS2�/�:
0.84 � 0.043km/hr; p � 0.02; n � 4) (see Fig 2D).
The total distance of running was decreased in
ALS2�/� mice at 5 and 16 months of age, consistent
with the decreased running speed (see Fig 2E). There
was no significant difference in duration of running be-
tween genotypes (see Fig 2F). Moreover, there was no
statistical difference in body weight of the mice used for
behavioral studies between genotypes (data not shown).

Fig 2. Deficient motor coordination and slowness of movement in ALS2�/� mice. (A, B) Rotarod analysis of ALS2�/� (knock-out
[KO]) and wild-type (WT) mice. (A) The mean latency to fall from the rotating rod at 2 (n � 4), 5 (n � 7), and 16 (n � 4)
months is shown. *p � 0.01; **p � 0.03 (unpaired t test). (B) The mean holding time of the mice on the rotating rod at 5 (left;
n � 7) and 16 months old (right; n � 4) is shown with three sequential trials. Repeated-measures analysis of variance confirmed
a statistically significant difference between genotypes at 5 (p � 0.005) and 16 months (p � 0.001). (C) Preserved grip strength
in ALS2�/� mice. Averaged grip strength of ALS2�/� (KO) and WT mice (n � 5 each) at indicated age is plotted. (D) Running
speed. The average running speed of ALS2�/� and WT mice at 2 (n � 3), 5 (n � 6), and 16 (n � 4) months old is shown. #p
� 0.001; ##p � 0.02 (unpaired t test). (E) Total distance of running. The average total distance of run measured simultaneously
in (D) is plotted. *p � 0.01 (unpaired t test). (F) Duration of running measured simultaneously with running speed in (D). Er-
ror bars denote standard error.
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Preservation of Lower Motor Neurons and
Cerebellum in ALS2-Deficient Mice
Because a minority of ALS2-mutated patients have
been shown to develop lower motor neuron defects (ie,
patients in 28,14 of 11 reported affected families; see
the Table), we examined whether lower motor neurons
were affected in ALS2�/� mice. There were no degen-
erative changes in the axons of L5 motor roots (Figs
3A–D). Aged ALS2�/� mice (16 months) had slightly
fewer large caliber axons compared with wild-type lit-
termates; however, a trend of loss of a few motor axons
did not reach statistical significance between genotypes
(wild type: 958 � 28; ALS2�/�: 866 � 46; n � 4;
p � 0.13, unpaired t test) (see Figs 3C, D). Moreover,
there were no detectable abnormalities in lumbar mo-
tor neurons (see Fig 3F), cerebellum (see Fig 3H), in-
cluding the number of Purkinje cells (wild type: 642 �
6 cells/section; ALS2�/�: 664 � 62 cells/section; n �
3; p � 0.74, unpaired t test; see Fig 3I), primary mo-
tor cortex, and hippocampus (data not shown) even in
the aged ALS2�/� mice.

Progressive Spinal Axon Degeneration in ALS2-
Deficient and Mutant Superoxide Dismutase 1 Mice
A common clinical feature of ALS2-mutated pa-
tients both with the typical infantile onset (1–2 years
old)9 –11,14,15,30 and the later juvenile onset8 is pro-
gressive spasticity, suggesting a UMN defect (see the
Table). In hereditary spastic paralysis that affects
UMNs, a corticospinal tract (CST) lesion is the com-
mon pathological hallmark. To determine whether
the impaired motor performance observed in
ALS2�/� mice could be due to the degeneration of
the CST, we examined cross sections of spinal cords
from 16-month-old ALS2�/�, normal littermate, and
mutant SOD1G85R mice,26 a mouse model for dom-
inantly inherited ALS. In mice, most (80%) CST ax-
ons are located in the dorsal column (Fig 4A).31,32

Surprisingly, almost all of these CST axons both from
the cervical and lower thoracic cord were preserved in
ALS2�/� mice. This was also true for SOD1G85R

mice, in which few CST axons were degenerated even
in end-stage animals (see Figs 4B–D and 5B). In con-
trast, swollen and degenerating axons were predomi-
nantly seen in the lateral column from ALS2�/� mice
compared with wild-type mice (see Figs 4H, I).
Counting of abnormal axons showed even more ro-
bust degeneration in lateral column axons in the end-
stage SOD1G85R mice (see Figs 4J and 5A). Such ax-
onal changes were not found in younger ALS2�/� or
SOD1G85R mice (see Figs 4F, G). In mice, the lateral
column contains descending axons including approx-
imately 20% of CST axons (referred as dorsolateral
CST),32 rubrospinal tract, and tectospinal tract that
contribute to motor control. In the lateral column of
ALS2�/� mice, the distal axons in the lower thoracic

cord were more affected than those in the cervical re-
gion (see Fig 5A), implicating retrograde axonal de-
generation, as seen in human hereditary spastic para-
plegia (HSP) patients.33

Discussion
Combined with the measurement of grip strength, we
have demonstrated slowness of running speed without
an effect on muscle weakness in ALS2�/� mice in an
age-dependent manner. In human patients, including
those with ALS, “slowness out of proportion to muscle
weakness” is also recognized as a sensitive sign of a
UMN defect.23–25 Mice deficient for PLP (proteolipid
protein)27 and paraplegin,28 which are mouse models
for HSP, exhibit modest motor impairment similar to
ALS2�/� mice.22 Like the ALS2�/� mice, these models
develop moderate declines of rotarod performance dur-
ing aging; however, there has been no demonstration
of a UMN defect in those mice. Indeed, little is known
about UMN disease in rodents and the methods to an-
alyze UMN defects. Here, we have established a simple
method (running speed), which when combined with a
measure of muscle strength may provide an assessment
of UMN function. Although slowness without weak-
ness could arise from a variety of causes including, for
example, extrapyramidal disorders or joint disease,
given the otherwise healthy condition of the ALS2�/�

mice, the neuropathological findings in those mice,
and the clinical deficit in human patients with ALS2
mutations, we conclude that slowness without muscle
weakness seen in ALS2�/� mice is due to a UMN de-
fect. This phenotype contrasts with that of mutant
SOD1 mice that develop severe lower motor neuron
degeneration leading to prominent muscle weakness.
Although not recognized in prior reports, this SOD1-
mediated disease contains a UMN component, too, as
demonstrated by obvious degeneration of the subset of
UMN within the lateral spinal column.

In light of the typical infantile onset of severe spastic
tetraplegia that is seen in ALS2-mutated patients, why
was the UMN defect seen in the ALS2�/� mice so
moderate? The motor impairment of ALS2�/� mice
shown by us and others21,22 was indeed mild. One
possible explanation is the anatomical difference of
UMN between human and rodents. The anatomy of
CST of rodents differs markedly from humans in several
ways. First, the majority of the CST descends in the
ventromedial part of dorsal column in rodents (see Fig
4A), whereas it is located in the lateral column in hu-
man and nonhuman primates.31,32 Second, although the
dorsal column in human consists of ascending tract ax-
ons only, the dorsal column in rodents contains both
CST and ascending sensory tracts (such as fasciculus gra-
cilis). Third, the CST axons in rodents probably do not
directly connect with spinal motor neurons but with in-
terneurons, and corticomotor neuronal connections in
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rodents are thought to be exclusively polysynaptic.31,34

Indeed, we have determined that the CST in the dorsal
column was preserved in ALS2�/� mice and relatively
preserved in an SOD1 mouse model, as is also the case
for PLP�/� and paraplegin�/� mice.27,28 The differ-
ences in UMN anatomy between rodents and human
may explain moderate motor impairment and relative
preservation of CST in the dorsal column seen in
ALS2�/� mice relative to the much earlier onset and se-
verity in humans. Added to this is the possibility of a
more substantial contribution to ALS2 function in mice
from the related ALS2-CL gene, which has a gene prod-
uct that has a 50% similarity to the carboxyl-terminal

portion of ALS2 including the vacuolar protein sorting 9
(VPS9) GEF domain and that can interact with Rab5
and modulate endosome dynamics.35

Despite Hadano and colleagues report21 of decreased
motor axons in 18-month-old ALS2�/� mice, neither
we nor Cai and colleagues22 observed any pathological
changes in the lower motor neuron system. Moreover,
in contrast with a reported loss of 22% of Purkinje
cells in 18-month-old ALS2�/� mice,21 careful exami-
nation of our ALS2�/� mice showed no losses or
pathological changes in the cerebellum (see Figs 3H, I),
the brain region where ALS2 protein accumulates to its
highest level, but there was clear axonal degeneration in

Fig 3. Lumbar motor neurons and cerebellum are preserved in ALS2�/� mice. (A, B) Cross sections of L5 motor roots from 16-
month-old wild-type (A) and ALS2�/� (B) mice stained with toluidine blue. Insets show lower magnification. (C) Numbers of axons
in L5 motor roots of 16-month-old wild-type (ALS2�/�) and ALS2�/� mice. Counts are averages from four animals for each geno-
type. (D) Distributions of axonal diameters in motor axons in 16-month-old wild-type (ALS2�/�) and ALS2�/� mice. Points represent
the average distribution of axon diameters from the entire roots of four mice for each genotype. (E, F) Luxol fast blue staining of repre-
sentative transverse sections of lumbar spinal cord from 16-month-old wild-type (E) and ALS2�/� mice (F). (G, H) Cresyl violet stain-
ing of representative sections of cerebellum from 16-month-old wild-type (G) and ALS2�/� mice (H). Insets show higher magnification
of Purkinje cells. (I) Number of Purkinje cells per cerebellar sagittal section of 16-months-old wild-type (ALS2�/�) and ALS2�/�

mice. Counts are averages from three animals for each genotype. Bars � 10�m (A, B); 50�m (E–H).
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the lateral column of the spinal cord. The diversity of
apparent phenotypes seen among the three indepen-
dently produced ALS2�/� mice might be due to dif-
ference of genetic background or differences in the de-
gree of gene inactivation from altered gene-targeting
strategies. Although exon 4 was disrupted in our study,
producing a predicted translation terminator at amino
acid 175, exon 3 was disrupted by others, thereby pro-
ducing a 14-amino acid predicted translation product.
For each of these, it is hard to exclude the possible
production of low levels of alternatively spliced variants
that could provide some residual ALS2 function. De-
spite these differences, impaired rotarod performance

was reported in all three ALS2�/� mice, albeit the re-
sult of Hadano and colleagues21 did not reach statisti-
cal significance probably as a consequence of loss of
sensitivity from a high accelerating rate of the rotating
rod (80g/min) instead of 10g/min in this and Cai and
colleagues’ study.22

We have interpreted this impaired rotor-rod perfor-
mance accompanied with slowness in motion as a
UMN sign based on our pathological findings, al-
though it is difficult to completely rule out the possi-
bility of cerebellar or extrapyramidal contribution to
this motor phenotype. In humans, the cerebellum is
also known to contribute to muscle tone, because an

Fig 4. Progressive spinal axonal degeneration both in ALS2�/� and mutant superoxide dismutase 1 (SOD1) mice. (A) Schematic
drawing of mouse spinal cord indicating corticospinal tract in dorsal column and lateral column shown in (B–J). (B–J) Representa-
tive toluidine blue staining of transverse sections of lower thoracic spinal cord from 16-month-old wild-type (B, H) and ALS2�/�

(C, I) mice, and 12-month-old (end-stage) SOD1G85R (D, J) mice. (B–D) Axons in the corticospinal tract in ventromedial part of
dorsal column were preserved. Boxed areas are magnified in the insets. (E–G) Normal structure of axons in lateral column in 7.5-
month-old wild-type (E) and ALS2�/� (F) and 5-month-old SOD1G85R mice (G). (H–J) Axonal degeneration in lateral column
was seen in 16-month-old ALS2�/� mice (I), as well as end-stage SOD1G85R mice (J), but not in wild-type mice (H). Representa-
tive degenerated axons are indicated with arrows (severely degenerated) and arrowheads (degenerated). Bars � 20�m.
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ablative lesion in the cerebellum typically causes a de-
crease in muscle tone.23 Indeed, it is possible that part
of the spasticity in ALS2 patients may be secondary to
cerebellar deficits. Cerebellar dysfunction may be diffi-
cult to appreciate in these patients because the severe
spasticity may mask other clinical signs including the
expected ataxia. Future autopsy studies of patients may
uncover cerebellar involvement in this disease.

The progressive axonal degeneration in aged
ALS2�/� mice provides evidence that ALS2 does play a
role in maintenance of a subset of spinal cord axons,
those in the dorsolateral CST, which may have a direct
connection with spinal motor neurons.32 The dorsolat-
eral CST, as well as many descending tracts that par-
ticipate in motor control such as rubrospinal and tecto-
spinal tracts, are located in the lateral column.
Degeneration of these axons was seen in both ALS2�/�

and mutant SOD1 mouse models, demonstrating vul-
nerability of these axons in those models. Moreover, a
gradient of an increased number of degenerated axons
in lower thoracic cord versus cervical cord raises the
possibility of retrograde axonal degeneration of de-
scending axons (see Fig 5A), a finding consistent with
ascending disease progression from lower to the upper
limbs seen in patients with ALS2 mutations.9,30 Al-
though tracer-mediated visualization of such tracts may
be challenging due to a transport defect(s) expected in
degenerating axons, an effort to identify the origin of
these degenerating tracts in mouse models may provide
a mechanistic view of UMN degeneration. The pro-
posed role of ALS2 in vesicular trafficking17 and/or
neurite extension20 through Rab5 and/or Rac1 GEF
activities, respectively, might explain the spinal axonal
degeneration of ALS2�/� mice seen in this study, al-

though these hypotheses have been tested only with
ALS2�/� fibroblasts, in which altered endosome traf-
ficking has been reported.21

Finally, ALS2�/� mice generated in this study exhibit
a moderate, age-dependent impairment of motor coor-
dination and slowness of movement likely due to the
progressive spinal axonal degeneration with preservation
of lower motor neurons, consistent with HSP mouse
models. Our study, together with clinical reports of pa-
tients with ALS2 mutations,30 illustrates that ALS2 is a
severe UMN disease that closely resembles HSP, but is
quite distinct from sporadic or familial ALS. Future elu-
cidation of the physiological role of ALS2 in neuronal
maintenance will provide further understanding of the
mechanism underlying UMN degeneration.
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