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Recent genetic evidence suggests that aberrant glycosphingolipid
metabolism plays an important role in several neuromuscular
diseases including hereditary spastic paraplegia, hereditary sen-
sory neuropathy type 1, and non-5q spinal muscular atrophy. Here,
we investigated whether altered glycosphingolipid metabolism is
a modulator of disease course in amyotrophic lateral sclerosis (ALS).
Levels of ceramide, glucosylceramide, galactocerebroside, lactosyl-
ceramide, globotriaosylceramide, and the gangliosides GM3 and
GM1 were significantly elevated in spinal cords of ALS patients.
Moreover, enzyme activities (glucocerebrosidase-1, glucocerebrosi-
dase-2, hexosaminidase, galactosylceramidase, α-galactosidase, and
β-galactosidase) mediating glycosphingolipid hydrolysis were also
elevated up to threefold. Increased ceramide, glucosylceramide,
GM3, and hexosaminidase activity were also found in SOD1G93A

mice, a familial model of ALS. Inhibition of glucosylceramide syn-
thesis accelerated disease course in SOD1G93A mice, whereas infu-
sion of exogenous GM3 significantly slowed the onset of paralysis
and increased survival. Our results suggest that glycosphingolipids
are likely important participants in pathogenesis of ALS and merit
further analysis as potential drug targets.
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Amyotrophic lateral sclerosis (ALS) is a progressive neuro-
degenerative disorder characterized by selective loss of motor

neurons (MNs) within the CNS. Although our understanding of
the genetic basis of ALS has advanced greatly in recent years (1),
the adverse biological processes that converge on the neuromus-
cular axis to drive both MN death and neuropathological features
in additional cell types remain largely unknown. Glycosphingolipids
(GSLs) are a heterogeneous group of membrane lipids formed
through the covalent linkage of a glycan moiety to ceramide
(Cer; see SI Appendix, Fig. S1 for an overview of GSL metabolism).
Glucosylceramide (GlcCer) and galactosylceramide (GalCer) are
GSLs with a single sugar residue: glucose and galactose respec-
tively. The successive addition of galactose and sialic acid moie-
ties to GlcCer results in the synthesis of gangliosides (e.g., GM3,
GM2, and GM1) (2). GSLs are especially abundant in the CNS
and have bioactive roles in metabolism, growth factor signaling,
oligodendrocyte differentiation, neuroinflammation, angiogene-
sis, and pathways of cell death (2–9)—all of which are thought to
participate in ALS disease pathogenesis.
Several lines of evidence suggest that aberrant changes in GSL

homeostasis may contribute to disease pathogenesis in ALS. Ev-
idence includes the detection of unique gangliosides (10), high
titer serum auto-antibodies to GM2 and GM1 (11, 12), and ele-
vated GM2 levels within the motor cortex of ALS patients (13).
Furthermore, a number of neuromuscular diseases are associated
with mutations in genes that regulate the metabolism of Cer and
GSLs. For example, hereditary sensory neuropathy type I (HSNT1),
a disease that features dorsal root ganglion cell and MN degen-
eration, is attributed to mutations in serine palmitoyltransferase
long chain base subunit-1 (SPTLC1), the rate-limiting enzyme in
Cer synthesis. Notably, certain mutations in SPTLC1 associated
with HSNT1 result in elevated levels of Cer and GlcCer (14). In
addition, mutations in acid ceramidase (ASHA1), an enzyme that

mediates the hydrolysis of Cer, are linked to forms of spinal
muscular atrophy that are not caused by the more frequent mu-
tations in the survival motor neuron 1 gene (non-5q SMA) (15).
Moreover, hereditary spastic paraplegia (HSP), a disease with cor-
ticospinal tract and in some cases, spinal cord MN degeneration,
is attributed to mutations in GM2 synthase (16) and the non-
lysosomal glucosylceramidase, GBA2 (17). Last, patients with adult-
onset Tay-Sachs disease (GM2 gangliosidosis), a disease triggered
by a deficiency in hexosaminidase (HEX), a lysosomal enzyme
that hydrolyzes GM2 to GM3, have been reported in some in-
stances to display a disease phenotype that closely mimics ALS
(18–20). Interestingly, HEX mRNA is up-regulated within MNs
of transgenic mice expressing the mutant human SOD1 protein
(i.e., SOD1G93A mice), a familial model of ALS (21, 22). Collec-
tively, these findings suggest that titration of GSLs is important to
maintaining neuromuscular system homeostasis. Similar to other
metabolic aspects thought to influence ALS disease progression
(23), GSL bioactivity in the neuromuscular system is likely exerted
through an inverted U-shaped dose–response curve (SI Ap-
pendix, Fig. S1). Healthy (or eustatic) GSL levels are achieved in
the central, optimal range of the curve, whereas GSL levels that
promote features of disease (or cacostasis) are associated with
either end of the curve (i.e., instances of GSL insufficiency or
excess). Here, we investigated whether disrupted GSL homeostasis
contributes to neurodegeneration in ALS. We show that altered
GSL metabolism is a manifestation of sporadic and familial ALS
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and that modulation of GSL levels in SOD1G93A mice significantly
affects disease course.

Results
GSL Levels Are Increased in the Spinal Cords of ALS Patients. To de-
termine whether GSL levels are modified in the spinal cords of
ALS patients, we examined cervical spinal tissue samples collected
at autopsy from six male ALS patients and six age-matched male
controls. In contrast to earlier studies that examined total GSL
levels in the whole spinal cord (10), we analyzed gray matter (GM)
and ventral white matter (VWM) samples separately, because
regional variation in total ganglioside levels within segments of
spinal cord have previously been reported (24). We also measured
individual molecular isoforms of GSLs because of their distinct
biological functions (25). Lipids analyzed include ceramide (Cer),
sphingomyelin (SPM), glucosylceramide (GlcCer), galactosylcer-
amide (GalCer), lactosylceramide (LacCer), globotriaosylcer-
amide (GL3), and the gangliosides GM3 and GM1 (SI Appendix,
Fig. S1). Total levels of Cer, cerebroside (GlcCer + GalCer),
LacCer, and GM1 were significantly elevated up to twofold (P <
0.01) in ALS patient GM tissue samples vs. control (SI Appendix,
Fig. S2). Subsequent analysis of GSL isoforms showed that sig-
nificant (see Fig. 1 for P values) elevations in Cer, SPM, GlcCer,
GalCer, LacCer, GL3, GM3, and GM1 were present in both GM
and VWM tissue samples of ALS patients (Fig. 1 and SI Appendix,
Table S1). Collectively, these finding demonstrate that a number
of lipids derived from Cer are elevated in the spinal cords of ALS
patients, particularly in the GM.

SOD1G93A Mice Display Complex Changes in GSL Levels. To determine
whether ALS mice also display disease related changes in GSLs,
spinal cord samples were collected from male WT and ALS mice
(n = 7/group) at SYMP (symptom onset), ES (onset of partial
paralysis), and MB (full paralysis/meets euthanization criteria)
stages (23). Only in MB SOD1G93A mice (i.e., at a similar dis-
ease phase to the human samples) did we observe a significant
(P < 0.05) increase in Cer (C24:0-OH isoform) levels vs. WT
controls. In contrast, in SYMP and ES SOD1G93A mice, a significant
(P < 0.0001) decrease in C24:1 Cer levels was detected. Fluctuations
in cerebroside levels mirrored changes in Cer, with SYMP and ES
displaying significant (P < 0.05) declines (for C24:0 and C24:1 iso-
forms) and MB mice showing a significant (P < 0.001) increase
relative to SYMP mice (Fig. 2 and SI Appendix, Table S2). Sub-
sequent cerebroside analysis (i.e., peak area ratio of GlcCer to
GalCer) showed that levels of GlcCer nearly doubled (P < 0.0001)

in MB SOD1G93A mice, which is very similar to what was seen
human ALS tissue. Interestingly, similar fluctuations (i.e., an initial
significant decline in SYMP and ES mice followed by a resurgence
in MB mice relative to SYMP mice) were observed for almost all
GSLs downstream of GlcCer including LacCer, GL3 and GM1,
with the only exception being GM3. Total levels of GM3 were
significantly elevated at all phases of disease (SI Appendix, Fig. S3)
and specific isoforms displayed progressive accumulation (Fig. 2
and SI Appendix, Table S2). Disease-related fluctuations in GalCer
and SPM, additional lipids derived from Cer (Fig. 1), were similar
to several of the GSLs analyzed with levels (for major isoforms)
being significantly (P < 0.0001) depressed in SYMP and ES mice
followed by a rebound in MB mice (Fig. 2).

Enzymes Involved in Modulating GSL Levels Are Altered in ALS Patients
and SOD1G93A Mice. Next, we asked whether GSL accumulation
within the spinal cords of ALS patients was due to impaired en-
zymatic action either within lysosomes or other cytoplasmic or-
ganelles. Measurement of enzymatic activities at acidic (pH 4.5)
and neutral (pH 7.0) pH in the cervical spinal cord GM and VWM
was performed for each ALS patient and age-matched control for
the following enzymes: GBA1, GBA2, HEX, galactosylceramidase
(GALC), α-galactosidase (α-GAL), and β-galactosidase (β-GAL).
Average activities of all of the enzymes examined (irrespective

of the pH used in the measurements) were not significantly re-
duced, suggesting that GSL accumulation is not due to reduced
enzyme activity. However, acidic GBA1 activity was dramatically
reduced in the GM of two of the six ALS patients compared with
controls (Fig. 3A). Interestingly, perhaps as a compensatory re-
sponse to GSL accumulation, the average activity of all of the
enzymes in the GSL pathway was significantly increased (by 67–
343%) in ALS vs. control samples. In the ALS GM samples of
patients, significant elevations in acidic GBA2 (67%; P < 0.05),
GALC (145%; P < 0.05), α-GAL (328%; P < 0.01), and β-GAL
(345%; P < 0.01) enzyme activities and in neutral GBA2 (126%;
P < 0.01), HEX (323%; P < 0.05), GALC (96%; P < 0.05),
α-GAL (214%; P < 0.01), and β-GAL (343%; P < 0.01) activities
were detected (Fig. 3). In the VWM samples from ALS patients,
acidic GBA1 (90%; P < 0.01) and HEX (144%; P < 0 0.05)
activity were also higher (Fig. 3A).
We also compared the activities of the enzymes at both acidic

and neutral pH in the spinal cords of ALS mice at various phases
of disease (SYMP, ES, and MB; n = 6/phase) to those in WT
controls (n = 6). In contrast to what was observed in ALS pa-
tients, significant reductions (P < 0.01) in the activities of GBA1

Cer

C18
:0

C24
:0-

OH
C24

:1
0

200

400

600

800

1000

C
er

 (n
g/

m
g 

tis
su

e)

GL3

C22
:0

C22
:1

C24
:1

0

2000

4000

6000

8000

10000

G
L3

 (n
g/

m
g 

tis
su

e)

#

Cerebroside

C18
:0

C24
:0

C24
:1

0

2000

4000

6000

8000

ce
re

br
os

id
e 

(n
g/

m
g 

tis
su

e)

GalCer  

C18
:0

C24
:0

C24
:1

0

50

100

150

200

250

Pe
ak

 A
re

a 
R

at
io

GM1

C16
:0

C18
:0

C20
:0

0

20

40

60

80

100

G
M

1 
(n

g/
m

g 
tis

su
e)

#

#

GlcCer

C18
:0

C24
:0

C24
:1

0.0

0.5

1.0

1.5

Pe
ak

 A
re

a 
R

at
io

SPM

C16
:0

C18
:0

C24
:1

0

10

20

30

40

SP
M

 (u
g/

m
g 

tis
su

e) ALS-GM
CTRL-GM
ALS-VWM
CTRL-VWM

LacCer

C18
:0

C20
:0

C24
:1

0

500

1000

1500

La
cC

er
 (n

g/
m

g 
tis

su
e)

GM3 

C22
:0

C23
:0

C24
:0

0

500

1000

1500

2000

2500

G
M

3 
(n

g/
m

g 
tis

su
e)

Fig. 1. GSL accumulation is a neuropathological feature of disease in ALS patients. Major isoforms of Cer, Cerebroside, GalCer, GlcCer, LacCer, GL3, GM3,
GM1, and SPM are significantly elevated (#P < 0.05, ϕP < 0.01, ♦P < 0.001, *P < 0.0001) in cervical spinal cord homogenates of ALS patients. Statistical
comparisons shown are made to control (CTRL) tissue subtype. Minor isoform data and comparisons between different subtypes are reported in SI Appendix,
Table S1. Error bars represent ± SEM.
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(pH 7), GBA2 (pH 4.5, pH 7), and GALC (pH 4.5, pH 7) were
observed in the spinal cords of ALS mice during the ES and MB
phases of disease (Fig. 3B). The activities of α-GAL and β-GAL
were not significantly altered during the course of the disease in
ALS mice. However, it should be stressed that the differences in
ALS patients were primarily limited to GM samples, whereas the
measurements in mice encompassed pooled GM + WM. Similar
to ALS patients, neutral and acidic HEX enzyme activities were
significantly elevated (P < 0.01) in the spinal cords of ES and MB
ALS mice vs. controls (Fig. 3B).

Inhibition of Glucosylceramide Synthase Significantly Accelerates
Disease Progression in SOD1G93A Mice. To determine the func-
tional significance of GlcCer accumulation in MB SOD1G93A

mice, we chronically treated ALS mice (starting at P50, n =17
sex per group) with GENZ-667161 (60 mg/kg per day), an in-
hibitor of GlcCer synthase (GCS). We recently reported that
GENZ-667161 lowers brain GlcCer levels in a mouse model of
neuronopathic Gaucher disease, a lysosomal storage disorder
that features lipid accumulation due to a deficiency in GBA1
(26). We also tested the impact of GENZ-642347 (360 mg/kg
per day starting at P50, n =16 sex per group), another inhibitor
of GCS that is equally effective at lowering GlcCer levels in the
peripheral tissues but does not cross the blood–brain barrier
(27). ALS mice treated with GENZ-642347 showed no mea-
sureable changes in disease course (i.e., body mass, symptom
onset, paralysis onset. or survival; SI Appendix, Fig. S4). In
contrast, inhibition of GCS within the CNS of ALS mice with
GENZ-667161 significantly accelerated disease progression.
Loss of body mass was observed in male mice administered
GENZ-667161 starting at the earlier age of 87 d (Fig. 4A; P <
0.01). Symptom onset in either sex was not altered, but onset of
paralysis was significantly accelerated (P < 0.0001) relative to
untreated same-sex control mice (104 vs. 118 d of age in males
and 108.5 vs. 128.5 d in females). Overall survival was also
adversely impacted with lifespan significantly shortened (P <
0.0001) by 11 and 11.5 d in male (112 vs. 123 d) and female
(121 vs. 132.5 d) mice treated with GENZ-667161 (Fig. 4A).
These findings suggest that accumulation of GlcCer within the
spinal cord of ALS mice during the MB phase of disease may
be a compensatory response to slow the disease course.

Intracerebroventricular Infusion of GM3 Significantly Slows Disease
Course in SOD1G93A Mice. Because we observed a significant in-
crease in HEX activity and GM3 levels in the spinal cords of
SOD1G93A mice (and ALS patients), we sought to determine
what the impact of further increases in these two measures would

have on disease course in ALS mice. Although CNS delivery
of recombinant adeno-associated viral (AAV) vectors encoding
human HEX (n =18/sex) at P1 significantly increased (P < 0.01)
enzyme activity within the spinal cords of SOD1G93A mice, no
notable alterations in disease phenotype was observed compared
with sex-matched control mice (n = 18/sex) treated with an
empty vector (AAV-Null) (SI Appendix, Fig. S5). In a follow-up
experiment, we examined the impact of directly increasing GM3
levels, rather than rely on HEX-mediated metabolism of GM2 to
GM3. Mice were chronically infused with either GM3 (12 μg/d)
or vehicle (artificial cerebrospinal fluid) into the lateral ventri-
cles of male SOD1G93A mice starting at 90 d of age (n =
10/group). Infusion of GM3 significantly delayed the onset of pa-
ralysis by 8 d (112 vs. 104 d, P < 0.0095) and significantly ex-
tended (albeit modestly) survival by 6 d (122 vs. 116 d, P < 0.04;
Fig. 4B). These findings suggest that the observed elevations in
HEX activity and the resultant higher GM3 levels observed in
ALS patients and mice may be a compensatory response to slow
the disease course.

Discussion
Emerging evidence indicates that aberrant Cer and GSL me-
tabolism has an important role in the pathogenesis of a number
of neuromuscular diseases including HSP, HSN1, and non-5q
SMA (14–17, 28). Here, we show that alterations in GSLs are
also a feature of ALS and provide evidence to suggest that these
changes likely influence the rate of disease progression. A pre-
vious investigation of disease-related changes in gangliosides, a
subtype of GSL, in ALS patients revealed no major quantitative
differences. However, in that study, the entire intact spinal cord
was examined for changes in total ganglioside levels (10). In
contrast, our analysis of cervical spinal cord gray and white
matter samples showed that the major isoforms of Cer, GalCer,
GlcCer, LacCer, GM3, GM1, GL3, and SPM were significantly
elevated in ALS patients. These findings corroborate an earlier
study that evaluated Cer and SPM levels in human ALS spinal
cords (29). Importantly, we also showed that GSL-related pa-
thology in ALS patients was not due to a reduction in the activity
of the enzymes that mediate their degradation (as is observed in
lysosomal storage diseases); acidic enzymatic activities of GBA1,
GBA2, HEX, GALC, α-GAL, and β-GAL were all significantly
increased in ALS spinal cord samples. Furthermore, for a
number of these enzymes (i.e., GBA2, HEX, GALC, α-GAL,
and β-GAL), neutral enzyme activities were also significantly
elevated, suggesting that increased GSL hydrolysis also occurred
at the plasma membrane or within organelles that mediate their
synthesis. The complex question of what causes Cer and GSLs to

Fig. 2. ALS mice display complex changes in GSL levels within the spinal cord. Major isoforms of Cer, Cerebroside, GalCer, GlcCer, LacCer, GL3, GM3, GM1,
and SPM are significantly altered (#P < 0.05, ϕP < 0.01, ♦P < 0.001, *P < 0.0001) in ALS mice vs. WT controls. Minor isoform data and comparisons between
different phases of ALS disease are reported in SI Appendix, Table S2. Error bars represent ± SEM.
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accumulate (and in which organelles) is unknown and warrants
further investigation. However, an aberrant increase in the de
novo synthesis of Cer (leading to increased GSL levels) is an
unlikely explanation for these observations, given that in fully
differentiated cells (i.e., neurons), GSL levels (50–90%) are
predominately derived from salvage pathways rather than from
de novo synthesis (30), Further, the expression of palmitoyl-
transferase long chain base subunit-2 (SPTLC2), the rate-limit-
ing enzyme in Cer synthesis, is reduced more than threefold in
the MNs of ALS patients (31).
It is difficult to determine whether GSL accumulation during

the terminal phase of disease contributes to disease pathogenesis
or if it is part of a compensatory response to slow disease pro-
gression. At sufficient levels, LacCer would be expected to pro-
mote disease, as it is a significant mediator of neuroinflammation
and apoptosis (8). Interestingly, LacCer activation of microglia is

mediated in part through stimulation of the NF-κB signaling
pathway (32), which was recently reported to play an important
role in microglia-induced MN death in ALS (33). Moreover,
accumulation of GL3 and GalCer would also be expected to
exacerbate disease. For example, lysosomal GL3 accumulation
in Fabry disease, a manifestation of reduced α-GAL activity, re-
sults in cerebral vascular dysfunction (34), which is also a path-
ological feature of ALS (35). Similarly, impairment in GalCer
metabolism due to mutations in GALC results in Krabbe disease,
a fatal disorder that features demyelination and severe motor
impairment (36).
Alternatively, the increased flux of Cer in the GlcCer pathway

may initiate the synthesis of neurotrophic gangliosides that
promote neurite outgrowth and axonal health (5) to slow the rate
of ALS disease pathogenesis. Indeed, in our current study, GM3
levels were significantly elevated in the spinal cords of ALS

Fig. 3. GSL metabolism is altered in the spinal cords of ALS patients and mice. (A) Lysosomal (pH 4.5) and cytoplasmic (pH = 7.0) GBA1, GBA2, HEX, GALC,
α-GAL, and β-GAL activities in the cervical spinal cord homogenates of ALS patients and age-matched controls. Statistical comparisons are relative to CTRL
tissue subtype (#P < 0.05, ϕP < 0.01). (B) Lysosomal enzyme activities measured in SYMP, ES, and MB ALS mice compared with WT controls. Groups not
connected by the same letter are significantly different (P < 0.01). Error bars represent ± SEM.
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patients and SOD1G93A mice. An increase in GM3 may also
potentially slow disease by promoting oligodendrocyte differ-
entiation (6), which is adversely affected in ALS mice (37), or by
inhibiting the activation of matrix metalloproteinase-9 (38), which
is expressed at high levels in those MNs most vulnerable in ALS
(39). Interestingly, gene expression analysis studies carried out in
ALS mice have shown that HEX (an enzyme that metabolizes
GM2 to GM3) mRNA level is up-regulated in MNs before and
during overt signs of disease (21, 22). We confirmed these ob-
servations (SI Appendix, Fig. S6) and also showed that corre-
sponding HEX enzyme activity was increased nearly threefold in
the spinal cords of SOD1G93A mice. Similarly, we also detected a
significant increase in HEX activity in the spinal cords of ALS
patients. However, we found that further increasing Hex activity
to 10-fold above WT levels in SOD1G93A mice through adeno-
associated virus-mediated gene transfer did not impact the dis-
ease course. This result may have been due to a limited avail-
ability of the endogenous substrate (GM2) for hydrolysis by HEX.
Consistent with this supposition, intracerebroventricular infusion
of exogenous GM3 in SOD1G93A mice modestly delayed the
onset of paralysis and improved survival outcome. It is difficult to
predict if increasing GM3 levels would impact human ALS, given
that baseline GM3 levels are nearly fivefold higher in humans
compared with mice, and we also detected significant species

differences in the major isoforms of GM3 (SI Appendix, Fig. S7).
Nevertheless, assessing the effect of specific GM3 isoforms in
newly developed in vitro human cell models of ALS (40–42) has
the potential to validate the merit of altering GM3 levels to treat
the human condition.
Characterization of GSL levels in SOD1G93A mouse spinal

cords at various phases of disease revealed complex changes in
Cer and GSL levels. Cer and GSL levels in moribund ALS mice
were similar to ALS patients at autopsy in that their spinal
cords had significantly elevated levels of specific isoforms of
Cer, GlcCer, and GM3 vs. WT controls. In contrast, during the
early symptomatic and end stage phases of disease, we found
that Cer and the majority of derived GSLs (GalCer, LacCer,
GL3, and GM1) were significantly lower in ALS vs. WT mice.
This finding could be due to reduced Cer synthesis, which
seems likely given that SPTLC (isoforms 1, 2, and 3) and 3-
ketodihydrosphingosine reductase (FVT1; second step in Cer
synthesis) mRNA levels were significantly reduced in ALS mouse
spinal cords (SI Appendix, Fig. S8). Alternatively, diminished Cer
levels may be due to reduced entry of Cer from salvage pathways
following hydrolysis of various Cer-derived lipids. Consistent with
this possibility, both GBA and GALC enzyme activities were sig-
nificantly reduced in ALS mice. Whether the level of reduction in
Cer levels during the earlier phases of disease contributes to dis-
ease pathogenesis or is part of a compensatory response is un-
known. If a threshold level of reduction is reached, then a number
of relevant ALS disease features including demyelination and
Wallerian degeneration may be either initiated or exacerbated
(43–45). Consistent with this notion, mutations in SPTLC1 and
FVT1 that cause a complete loss of enzyme activity are associated
with HSN1 (46) and bovine spinal muscular atrophy (28). Alter-
natively, the level of reduction in Cer synthesis may be a com-
pensatory response to avert synthesis of toxic lipids derived from
Cer with reduced cerebroside and ganglioside synthesis being
a tolerable consequence.
Although the genetic evidence cited above clearly shows that

complete inhibition of de novo Cer synthesis is detrimental to
MN survival, it is also evident that titration of Cer (i.e., its me-
tabolism and flux along various lipid-generating pathways) is also
critical to MN survival. For example, certain mutations in
SPTLC that lead to increased enzyme activity and Cer are also
associated with HSHN1 (14). Moreover, mutations in ASAH1
(an enzyme mediating lysosomal hydrolysis of Cer) effecting a
70% reduction in activity are a known cause of non-5q SMA (15).
Near complete (90–95%) loss of ASAH1 enzyme activity causes
Farber disease, a fatal lysosomal storage disease of young chil-
dren (47). The wide phenotypic spectrum associated with muta-
tions in ASAH1 suggests that relatively small alterations in Cer
flux through various biological pathways can profoundly affect
MN survival. The importance of Cer homeostasis is also sup-
ported by zebrafish experiments showing that morpholino-based
oligonucleotide-mediated knockdown of the ASAH1 ortholog
leads to a marked loss of MN axonal branching and increased
apoptosis in the spinal cord (15). Moreover, a twofold increase in
expression of neutral ceramidase (ASAH2) in astrocytes bearing
mutant SOD1 suggests that nonlysosomal aberrant Cer metabolism
may also generate intercellular reactions leading to ALS (48).
Therefore, we hypothesize that during the course of ALS, ac-

cumulation of toxic agents derived from Cer becomes favored,
triggering two homeostatic adjustments: (i) an initial reduction in
Cer synthesis, as implicated in ALS mice and patients; and (ii) an
increase in Cer flux down the GlcCer metabolic pathway, also
observed in ALS mice and patients. The shunting of Cer to the
GlcCer metabolic pathway precludes entry of Cer into other bio-
logical pathways that are ultimately toxic to MNs. In support, an
increase in GlcCer synthase (GCS) activity (i.e., GlcCer accumu-
lation) is a known negative regulator of Cer-induced apoptosis
(49), and we found in our current study that disease was signifi-
cantly accelerated in SOD1G93A mice treated with a GCS inhibitor.
Overall, our study provides previously unidentified insights into

the neuropathological roles played by GSLs and their corresponding

Fig. 4. Modulation of GSL levels impacts disease progression in ALS mice.
(A) Inhibition of GSL synthesis within the CNS accelerates disease progression
in ALS mice. ALS mice treated with GENZ-667161 (161) (inhibitor of gluco-
sylceramide synthase with CNS penetrance) showed significant changes in
the rate of body weight loss (*P < 0.01), the median onset of end stage
(males = 104 vs. 118 d, females = 100.5 vs. 128.5 d; P < 0.0001), and median
survival (males = 112 vs. 123 d, females = 121 vs. 132.5 d; P < 0.0001) vs.
untreated ALS sibling/sex-matched counterparts. (B) The onset of paralysis
was significantly (P < 0.0095) delayed by 8 d, and survival was significantly
(P < 0.0473) extended by 6 d in ALS mice that received continuous intra-
cerebroventricular infusion of GM3 (12 μg/d) vs. mice infused with vehicle
(artificial cerebrospinal fluid) (treatment initiated at day 90).
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enzymes in ALS. Similar to our previous work (23, 50), our present
study underscores in metabolic terms that multiple pathological
aspects of ALS are still unexplored. A greater understanding of
the biological pathways that regulate Cer flux following in-
hibition of GCS in ALS mice has the potential to lead to the
identification of toxic entities that are targetable for drug de-
velopment.

Materials and Methods
Transgenic male ALS mice that highly express the mutant SOD1G93A were
divided equally among groups. Mutant SOD1G93A gene copy number and
protein expression were confirmed by PCR and Western blot analysis, re-
spectively. Animals were housed under light:dark (12:12 h) cycles and pro-
vided with food and water ad libitum. At 75 d of age, food pellets were
place on the cage floor to facilitate food consumption by motor-affected

mice. Mice were scored into three phases: symptomatic (SYMP) = abnormal
hind limb splay, median age = 82 d; end stage (ES) = onset of limb paralysis
(typically hind limb), median age = 103 d; and moribund (MB) = unable to
right themselves within 30 s when placed on their backs, median age = 122 d.
All procedures followed protocols approved by Genzyme’s Institutional Ani-
mal Care and Use Committees. For further information regarding lipid anal-
ysis, enzyme activity measurements, and modulation of GSL levels through
administration of small molecules and exogenous GM3, please see SI Appen-
dix, Materials and Methods.
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