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Metabolic signatures of amyotrophic lateral sclerosis
reveal insights into disease pathogenesis
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Metabolic dysfunction is an important modulator of disease course
in amyotrophic lateral sclerosis (ALS). We report here that a familial
mouse model (transgenic mice over-expressing the G93A mutation
of the Cu/Zn superoxide dismutase 1 gene) of ALS enters a pro-
gressive state of acidosis that is associated with several metabolic
(hormonal) alternations that favor lipolysis. Extensive investiga-
tion of the major determinants of H concentration (i.e., the strong
ion difference and the strong ion gap) suggests that acidosis is also
due in part to the presence of an unknown anion. Consistent with
a compensatory response to avert pathological acidosis, ALS mice
harbor increased accumulation of glycogen in CNS and visceral
tissues. The altered glycogen is associated with fluctuations in
lysosomal and neutral o-glucosidase activities. Disease-related
changes in glycogen, glucose, and a-glucosidase activity are also
found in spinal cord tissue samples of autopsied patients with ALS.
Collectively, these data provide insights into the pathogenesis of
ALS as well as potential targets for drug development.

carbonic anhydrase | electrolyte | glucagon | glycoproteins |
motor neuron disease

myotrophic lateral sclerosis (ALS) is a fatal neurodegenerative

disorder characterized by the selective loss of motor neurons in
the central nervous system (CNS). Approximately 10% of all fa-
milial cases of ALS are due to mutations in the gene encoding cy-
tosolic copper—zinc superoxide dismutase (SOD1) (1). Similar to
patients with ALS, transgenic mice that express the mutant human
SOD1 protein (e.g, SOD19%*4 mice) display progressive motor
neuron degeneration, muscular atrophy, and a shortened lifespan
(2). Although the exact mechanisms and pathological processes
responsible for the initiation and progression of motor neuron de-
generation remain largely unknown (3), it is becoming increasingly
clear that the disorder’s basis is multimodal (4).

Acidosis is a feature of several neuropathological conditions in-
cluding ischemia, epilepsy, Parkinson disease, and multiple sclerosis
(5-7). In ALS, an acidic environment has the potential to catalyze
the onset and/or progression of several disease features including
diminished glutamate reuptake (8), mitochondrial vacuolization
(9), glial cell activation (10), endoplasmic reticulum stress (11),
and impaired oxidative phosphorylation/ATP synthesis (12). Aci-
dosis also activates acid-sensing ion channels (ASICs), which, when
excessively stimulated, promote intracellular Ca** influx, neuro-
inflammation, axonal degeneration, demyelination, and neuronal
death—features of several mouse disease models (6, 7), including
ALS. Interestingly, gene expression profiling studies showed sig-
nificant up-regulation (2- to 10-fold) of ASIC2 (also known as
amiloride-sensitive cation channel neuronal 1; ACCN1) and
ASIC3 (ACCN3) in laser-captured motor neurons from patients
with ALS harboring mutations in SOD1 (13), suggesting that aci-
dosis occurs in patients with ALS. In agreement, significant up-
regulation of ASIC2 expression was recently noted in the spinal
cords of patients with sporadic ALS and SOD19** mice (14).

Metabolic acid-base disorders are classically identified by mea-
suring the concentrations of plasma or serum electrolytes that af-
fect H* concentration. A strong ion difference (SID), the summed
ion concentrations of all strong base minus all strong acid, is a
major determinant of H* concentration. In healthy mammals,
SID has a positive value of about 40 mEq/L (15). The apparent
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SID (SID,py,), which does not take into account the role of weak
acids in determining SID, is calculated as [Na*] + [K*] + [Mg**] +
[Ca®*] — [CI7] — [lactate]. A more complex Eq. (1,000 x 2.46 x
107" x pCO,/(107PH) + [albumin] x (0.12 x pH — 0.631) +
[phosphate] x (0.309 x pH — 0.469), the effective SID (SIDg),
incorporates the contribution of weak acids derived from carbon
dioxide (CO,), proteins (albumin), and phosphate. The differ-
ence between SID,,, and SID. s called the strong ion gap (SIG),
and represents the contribution of unmeasured (i.e., unidentified)
ions to the SID. SIG values are reportedly a strong predictor of
mortality in individuals exposed to pathological acidosis (16), with
the unidentified ions perhaps passing from liver into blood (17). It
is not known if disease-related changes in SID,,, SID¢, or SIG
manifest during development of ALS.

Pathological acidosis can be averted through compensatory
mechanisms such as (i) lowering acid production (e.g., down-
regulating glycogenolysis and glycolysis to inhibit lactate syn-
thesis from glycogen), (if) promoting acid elimination through
increased respiration and renal excretion, and (iii ) resynthesis of
acids back into substrate stores (18). Interestingly, gene expres-
sion studies on laser-captured motor neurons from patients with
ALS showed reduced mRNA levels of a-glucosidase, an enzyme
that degrades glycogen to glucose (13). Similar studies on laser-
captured astrocytes from SOD1%”** mice also demonstrated
more than twofold increases in glycogen synthase mRNA (19).

Therefore, we have now investigated whether SOD19%** mice
undergo metabolic changes favoring development of acidosis and
whether they display disease-related pH changes in the CNS. Fur-
ther, we examined whether the disease course affects the con-
centration of ions responsible for the SID,,, SID.g, and SIG, and
whether SOD1%%*4 mice display compensatory increased glyco-
gen or modifications in a-glucosidase activity to avert acidosis. We
also examined human ALS autopsied cervical spinal cord for
changes in glycogen content and a-glucosidase activity to de-
termine whether the mouse data are relevant for humans.

pPp>

Results

Mice Display Progressive CNS Acidosis as ALS Advances. Before de-
termining whether pH changes occur as a function of disease
progression in ALS mice, we first measured pH in male wild-type
hybrid (B6SJL) mice (r = 12). Within the CNS, significant (P <
0.001) regional variations in pH were observed with the spinal
cord being the most acidic (Fig. 14). To determine whether there
were disease-related changes in CNS pH, measurements were
made when the mice (n = 11 per disease phase) were at symptom
onset (SYMP), end stage (ES), and moribund (MB). No signif-
icant differences in pH were observed between WT and SYMP
SOD1%%** mice (Fig. 1 B-F). However, at the ES stage, signif-
icantly lower pH values (P < 0.0001) were observed in the right
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Fig. 1. pH variessignificantly as a function of sample matrix (blood, CSF, and
CNS parenchyma) and ALS disease course. (A) pH measurements in the blood,
CSF, motor cortex (CTX), brainstem (BS) (motor trigeminal nucleus), and
lumbar spinal cord (SC) of WT mice. Letters not connected by the same letter
differ significantly from each other (P < 0.0001). pH measurements in ALS
mice as a function of disease state vs. WT littermate controls in (B) CSF, (C)
cortex, (D) brainstem, (E) spinal cord, and (F) blood. Significantly different
from WT (*P < 0.0001). Error bars represent the +SEM.

lateral ventricle, brainstem, and lumbar spinal cord, as well as in
the blood (Fig. 1 B-E). No significant differences in pH were
observed between WT and ES SOD19%** within the motor
cortex. MB SOD1%%*4 mice displayed even lower pH values (P<
0.01) in the right lateral ventricle, brainstem, and blood, com-
pared with ES SOD19%* mice (Fig. 1 B-F). Measurements in
lumbar spinal cord were comparable in ES and MB SOD19%4
mice (Fig. 1E). Our data on increasing acidosis within the lumbar
spinal cord agree with recent findings in C57BL/6 SOD1°%4
mice by an alternative pH measuring method (14). Thus, as the
mouse ALS disease advanced, the CNS developed progressively
greater acidosis.

Impact of Disease Course in ALS Mice on Major Determinants of H"
Concentration. Blood samples were collected from male WT and
ALS (at SYMP and ES) mice at 10:00 AM and 6:00 PM (n = 6
per group per time point) and their serum chemistries (con-
centration of Na*, K*, Mg**, Ca®*, CI7, lactate, CO,, albumin,
and PO, ions) were analyzed (Table S1). Blood from ES mice
(i.e., mice that displayed significant declines in CNS pH) had
significant reductions in K*, Mg**, and Ca** cations at 10:00 AM
(P < 0.01) compared with WT mice. No significant changes in
cation levels were observed in ALS mice at 6:00 PM except for
Ca**, which was significantly lower (P < 0.01) in both SYMP and
ES mice. The concentrations of ClI” and lactate anions were also
impacted during the course of the disease, with significant re-
ductions (P < 0.01) in both CI” and lactate levels. Reductions in
CI™ were limited to SYMP mice at 6:00 PM, whereas reductions
in lactate were observed in both SYMP and ES mice at 10:00 AM.
Blood levels of CO,, PO, and albumin (ions used to calculate
the SID.¢) in ALS mice at 10:00 AM were not affected during
the disease course. However, significant reductions in albumin
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(P < 0.01) were observed in SYMP and ES mice at 6:00 PM.
Alterations in serum ion levels are limited (in some cases) to
specific circadian time points in ALS mice for reasons that are not
well understood, perhaps attributable to various factors including
potential disease-related differences in metabolic activity at the
sampled time points (e.g., 10:00 AM = postprandial per rest
phase; 6:00 PM = preprandial per onset of activity phase).

Ion concentrations were then used to calculate SID,pp, SID.y,
and SIG in serum by the equations given in the Introduction. In
the first reported measurements in mice, we found that WT mice
display a SID,p, value of 43.02 + 1.73, and similar values were
found in SYMP (44.26 + 1.65) and ES (41.60 + 1.70) ALS mice
(Fig. 2A4), consistent with previous measurements in normal
mammals (13). Interestingly, calculations of SIDg, which takes
into account the additional contribution of weak acids, showed
significant (P < 0.01) differences between WT and ES mice
(46.46 + 1.85 vs. 30.03 + 1.87; Fig. 24). The SIG was then cal-
culated by subtracting SID.¢; from SID,pp. A SIG value greater
than zero indicates presence of unexplained anions, whereas a
SIG of less than zero suggests presence of unexplained cations.
We found that ES mice displayed a positive SIG value compared
with their WT counterparts (11.57 + 0.22 vs. —3.44 + 0.16; Fig.
2A4). Hence, careful examination of pH and SIG may represent a
unique approach to track disease progression in patients with ALS.

Carbonic Anhydrase Inhibition Accelerates Mouse ALS. Carbonic
anhydrase catalyzes the conversion of CO, and H,O to HCO;™~
and its inhibition leads to elevated CO, levels (acidosis). Cats
and rabbits given acetazolamide (a carbonic anhydrase inhibitor)
show significant reductions in pH within the brain (20, 21).
Therefore, we examined the impact of acetezolamide on ALS
mice. ALS mice (n = 10) administered acetazolamide (begin-
ning on day 60) displayed a more rapid decline in hindlimb grip
strength (P < 0.01), an earlier onset of paralysis (114 vs. 120 d;
P < 0.01), and a trend toward accelerated death (122 vs. 134.5 d)
vs. control siblings treated with vehicle (Fig. 2 B-D). Grip strength
(Fig. 2B) and lifespan were unaffected in WT mice treated with
acetazolamide. These findings indicate that promotion of acidosis
in ALS mice accelerates disease progression. Furthermore, pre-
scribing carbonic anhydrase inhibitors to treat hypertension,
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Fig. 2. Impact of ALS on the major determinants of [H*] and the rate of disease
progression in ALS mice following administration of acetazolamide (pH lowering
agent). (A) Calculated apparent strong ion difference (SID,,), effective strong
ion difference (SIDefs), and strong ion gap (SIG) in ALS mice as function of disease
state vs. WT littermate controls. (B) Hindlimb grip strength, (C) median end stage
(partial paralysis in one limb) age, and (D) median survival age following daily
treatment with acetazolamide (ATZ, ~30 mg/kg). Significantly different from WT
(*P < 0.01). Error bars represent +SEM.

PNAS | June 25,2013 | vol. 110 | no.26 | 10813

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308421110/-/DCSupplemental/pnas.201308421SI.pdf?targetid=nameddest=ST1

glaucoma, or migraine headaches in patients with ALS may be
contraindicated.

ALS Mice Display Aberrant Glycogen Increases in CNS and Viscera.
Pathological acidosis is typically averted by decreasing acid syn-
thesis and/or enhancing acid elimination (18). Therefore, we
determined whether ALS mice harbored changes in glucose and
glycogen levels interpretable as responses counteracting patho-
logical acidosis. Glucose levels in the CNS of WT mice (n = 6)
showed significant regional variation (P < 0.0001), with levels in
cerebral cortex (CTX) > midbrain (MB) > cerebellum (CB) =
brainstem (BS) > lumbar spinal cord (SC) (Fig. 34). Similar
regional variations in glucose levels were observed in the CNS of
ALS mice (n = 6 per disease phase) (Fig. 34). In contrast, gly-
cogen levels were comparable throughout the CNS of WT and
ALS mice (Fig. 34). In cerebral cortex, although the glucose
levels in ALS mice were lower (P < 0.05), the glycogen levels in
WT and ALS mice were similar (Fig. 34), as they were in mid-
brain and cerebellum. However, in brainstem and lumbar spinal
cord, ALS mice displayed significantly higher levels of glycogen
compared with WT (P < 0.0001) (Fig. 34). Notably, the timing of
abnormal glycogen accumulation in the CNS of ALS mice was
coincident with significant declines in pH (shown above). Indeed,
linear regression analysis showed that disease-related changes in
pH and glycogen were significantly (P < 0.004) correlated (* =
0.7714, Fig. S1).

As increased excretion of acids from the CNS into the pe-
riphery might occur (protecting the CNS from aberrant carbo-
hydrate metabolism), we also measured glucose and glycogen
levels in liver, muscle, and kidney of ALS mice at two circadian
times (10:00 AM and 6:00 PM; n = 6 per disease phase per time
point). In liver and muscle, circadian variations in glucose and
glycogen were observed, with carbohydrate levels higher at
10:00 AM than at 6:00 PM (Fig. 4 A and B). Glucose levels in
liver were comparable between ALS and WT mice at all sampled
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time points; however, glycogen levels were four- to fivefold higher
in ALS mice at 10:00 AM (P < 0.001) (Fig. 44). Interestingly,
increased glycogen was observed in SYMP mice, which was be-
fore detection of disease-related changes in pH. In muscle, sig-
nificant reductions in glucose and concomitant elevations in
glycogen were also observed in SYMP and ES mice. At 6:00 PM,
glucose levels were significantly lower (P < 0.05) and glycogen
levels higher (P < 0.05) in both SYMP and ES mice than in their
WT counterparts (Fig. 4B). In kidney, significantly (P < 0.01)
higher levels of glucose and significantly (P < 0.01) lower levels of
glycogen were detected in ALS mice, perhaps reflecting that more
glucose and lactate were excreted into urine with less being stored
as glycogen (Fig. 4C). Collectively, our findings showed that
changes in glucose and glycogen levels occurred in peripheral
tissues before any overt signs of disease.

Patients with ALS Harbor Increased Glycogen in the Spinal Cord. To
determine whether carbohydrate levels are also modified in hu-
mans with ALS, we examined cervical spinal tissue samples col-
lected at autopsy from male patients with ALS (n = 6) and aged
matched male controls (n = 6). For patient donor information
please see Supporting Information (Table S2). Glucose levels were
significantly (P < 0.01) elevated in tissue homogenates of gray
matter (GM) from ALS vs. control individuals (Fig. 3B), although
levels in ventral white matter (VWM) homogenates were compa-
rable in ALS and control samples. Similar to what was observed in
SOD1°%** mice, glycogen levels were significantly elevated in both
GM (P < 0.01) and VWM (P < 0.001) ALS vs. control tissue
homogenates (Fig. 3B). To determine which cell types harbored
increased glycogen, periodic acid-Schiff (PAS) staining on paraffin-
embedded cervical spinal cord sections showed increased glycogen
in residual GM neurons and glia (Fig. 3C) and in VWM glia (Fig.
3D). Consistent with our biochemical findings, PAS staining
appeared to be both stronger and more widespread in ALS vs. control
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Fig. 3. Tissue levels of glucose and glycogen are affected by ALS disease course in mice and humans. (A) Glucose and glycogen levels as a function of CNS
region (CTX, cerebral cortex; MB, midbrain; CB, cerebellum; BS, brainstem; and SC, lumbar spinal cord) in ALS mice as function of disease (SYMP, symptomatic
stage; and ES, end stage vs. WT littermate controls. Significantly different from WT (*P < 0.05, **P < 0.0001). Bars with different letter are significantly
different from each other (P < 0.0001). (B) Glucose and glycogen levels in human ALS and control (CTRL) cervical spinal cord tissue homogenates (GM, gray
matter; VWM, ventral white matter). Significantly different from CTRL (*P < 0.001). Error bars represent +SEM. (C and D) Paraffin-embedded, PAS-stained
cervical spinal sections of human ALS and CTRL donors (C, GM; D, VWM; arrowheads point to glycogen storage; all images are at 20x cells except for panels at

60x in the Lower Right corner in C and D. (Scale bars, 50 pm.)
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Fig. 4. Glucose (GLC) and glycogen (GLY) levels in peripheral tissues are af-
fected by ALS disease course. GLC and GLY levels measured in (A) liver, (B)
muscle, and (C) kidney of ALS mice as a function of disease phase vs. WT lit-
termate controls at two circadian times (SYMP, symptomatic; ES, end
stage). Significantly different from WT (*P < 0.05, **P < 0.01, ***P < 0.001).
Error bars represent +SEM.

tissue (Fig. 3 C and D). Collectively, these findings suggest that gly-
cogen accumulation in spinal cord is a common feature of ALS.

ALS Mice Show Changes in a-Glucosidase Activity. Reduced a-gluco-
sidase mRNA levels have been reported in laser-captured motor
neurons from spinal cords of patients with ALS (13). Deficiency in
lysosomal acid a-glucosidase activity leads to Pompe disease,
a “neuromuscular” lysosomal storage disease characterized by
aberrant glycogen accumulation in both viscera and CNS (22, 23).
Neutral (endoplasmic reticulum, ER) a-glucosidase trims glucose
residues from N-glycans of glycoproteins, which is part of an
elaborate and important quality-control system that promotes the
proper folding and oligomerization of newly formed proteins and
their transport from the ER to their final destination (24). We
examined acidic and neutral a-glucosidase enzyme activities in
spinal cord, muscle, liver, and serum as a function of disease pro-
gression in ALS (n = 5 per disease phase) vs. WT (n = 5) mice. All
samples were collected at 10:00 AM. No significant changes in
enzyme activity were observed between WT and ALS mice in se-
rum, but in spinal cord, a significant (P < 0.01) reduction in acid
a-glucosidase activity was found in SYMP and ES vs. WT mice (Fig.
5A). In contrast, neutral enzyme activity was significantly (P <
0.001) elevated more than twofold in ES (i.e., in mice, at the
onset of paralysis) vs. WT counterparts (Fig. 54). In muscle
and liver, both acidic and neutral a-glucosidase activities were
significantly (P < 0.001) elevated two- to eightfold (Fig. 5 B and
C) in ES mice vs. WT counterparts. Interestingly, enzyme ac-
tivity levels varied across different tissues, and were signifi-
cantly greater in liver (P < 0.001) and muscle (P < 0.01) than in
spinal cord (Fig. 5D).

Neutral a-Glucosidase Activity Is Elevated in Patients with ALS. Our
findings of altered o-glucosidase enzyme activity in SOD19%34
mice prompted us to examine acidic and neutral enzyme activities
in GM and VWM tissue homogenates from male patients with
ALS (n = 6) vs. age-matched male controls (n = 6). In contrast to
our findings in ALS mice, we observed a trend toward an eleva-
tion in acidic a-glucosidase activity (Fig. 5 E and F), suggesting
that a reduction in acidic a-glucosidase activity may be limited to
the SOD19%** model. Alternatively, disease-related changes in
enzyme activity might be species specific. However, consistent
with our observations in SOD1 mice, a significant elevation
in neutral a-glucosidase activity was noted in human ALS cervi-
cal spinal cord GM samples (Fig. 5E), and not in the VWM (Fig.
5F). Importantly, linear regression analysis showed that glucose
levels in spinal cord GM correlated significantly (P < 0.001) with
neutral (+* = 0.6477) and acidic (+* = 0.6147) glucosidase enzyme
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activity. In VWM, a significant (P < 0.001) correlation was also
observed between glycogen levels and neutral (~ = 0.4142) and
acidic (/* = 0.8172) glucosidase activities (Fig. S2). Recently de-
veloped human cell culture models of ALS (25) could be used to
further elucidate the relationship between glucose, glycogen, and
glucosidase enzyme activity within specific cell types in gray and
white matter.

Discussion

We show here that the SOD19%** mouse model of ALS enters a
state of progressive acidosis associated with manifold metabolic
alterations present also in autopsied human ALS spinal cord
samples. Several lines of evidence indicate that acidosis is not
merely a consequence of disease, but is a significant modulator
of disease progression. For example, in a controlled clinical trial,
the intake of branched chain amino acids (exogenous acids) led to
accelerated loss of pulmonary function in patients with ALS (26).
Also, a faster rate of decline in muscle strength was observed in
patients with ALS treated with Topiramate (Apotex Corp.), a
known inhibitor of carbonic anhydrase (a crucial enzyme that
buffers pH and helps maintain acid-base balance) (27). Consis-
tent with these observations, we showed that motor functional
decline and onset of paralysis were accelerated in ALS mice upon
administration of acetazolamide, another carbonic anhydrase in-
hibitor. The carbonic acid (H,COj3)-bicarbonate (HCO;™) system
(CO, + H06H,CO3H" + HCO;") is central to maintaining
acid-base balance through its ability to provide rapid adjustments
to changing levels of volatile [partial carbon dioxide tension
(pCO,)] and nonvolatile acids (hydrochloric, sulfuric, lactic, etc.).
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Fig. 5. a-Glucosidase activity is affected by ALS disease course in mice and
patients. Lysosomal (pH 4.3) and neutral (pH 7.0) a-glucosidase activities were
measured in ALS mice as a function of disease phase vs. WT littermate con-
trols (SYMP, symptomatic; ES, end stage) in (A) spinal cord, (B) muscle, and (C)
liver. Significantly different from WT (*P < 0.001). (D) Relative enzyme activity
across different tissues (in WT mice) graphed relative to spinal cord levels.
Bars with different letters are significantly different from each other (P <
0.01). (E and F) Lysosomal (acidic) and neutral a-glucosidase activities in hu-
man ALS and control (CTRL) cervical spinal cord tissue homogenates (GM,
gray matter; VWM, ventral white matter). Significantly different from CTRL
(*P < 0.01). Error bars represent +SEM.
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The relationship between volatile (i.e., respiratory) and nonvolatile
(i.e., metabolic) acids is best understood through an extension
of the Henderson—Hasselbalch equation (pH = pK X log [HCO;7/
(0.03 x pCO,)]) (28). Either an increase in pCO, or a drop in
[HCO5™] will trigger a decrease in pH. Hyperventilation is a com-
pensatory response initiated by nonvolatile acid accumulation,
because it decreases pCO,, which in turn promotes the dissociation
of H,COj; into CO, and H,0. As H,COj dissociates (and CO; is
expelled by the lungs) H* removal (alkalization) is promoted as H*
combines with HCO;5™. Given these processes, it is not surprising
that an increase in breathing frequency, tidal volume, and CO,
production was found to occur in SOD19%** mice several weeks
before death (29). Sustained hyperventilation leading to CO,
depletion within the CNS, however, will initiate vasoconstriction,
reduced blood flow, ischemiaé and edema (30)—all occurring
in the spinal cord of SOD1°%*# mice before motor neuron
degeneration (31, 32).

Pathological acidosis in ALS could be attributed to a number
of events arising as the disease progresses. These include meta-
bolic abnormalities, increased muscle catabolism, impaired re-
spiratory function (although the latter does not occur until a few
days before death in SOD19%** mice (29), whereas we observed
acidosis ~20 d before death) and the accumulation of an as yet
undetermined anion. Indeed, we showed that SOD1%%*4 mice
present several changes indicative of altered lipid metabolism
(e.g., reduced circulating triglyceride levels, reduced fat mass,
increased circulating levels of the lipolytic hormone glucagon,
and decreased levels of the antilipolytic hormone insulin), which,
when prolonged, can trigger acidosis (Fig. S3). Interestingly, the
changes in glucagon and insulin preceded reductions in fat mass
and the development of pathological acidosis. We also recently
reported that SOD19%** mice displayed pathological elevations
in the lipolytic hormone, corticosterone, which significantly
correlated with accelerated disease progression (33). The reason
why increases in lipid metabolism manifest during ALS remains
unclear. During ALS progression the CNS may become more
dependent on alternative fuels (lipids, ketones, amino acids) to
generate energy when glucose flux through the glycolytic path-
way is diminished (34). Our finding of an increased SIG also
suggests that an unknown anion may be responsible, in part, for
the development of acidosis in ALS mice. We showed that at the
ES stage, the SIG value approaches 12 mEq/L, which is partic-
ularly interesting given that SIG values greater than 10 are re-
portedly the strongest predictor of mortality in individuals
exposed to pathological acidosis (16).

A variety of compensatory mechanisms that either lower acid
production, promote acid elimination, or both may help to avert
pathological acidosis (18). Glucose utilization (35) and mono-
carboxylate transporter 1 (MCT1)-mediated lactate uptake (36)
within the CNS are inhibited by acidosis. Indeed, glucose uptake
and/or levels within the CNS are significantly diminished in
patients with ALS (37), SOD19%** mice (32, 38), and in WT
mice exposed to cerebrospinal fluid (CSF) from patients with
ALS (39). Moreover, lactate levels are reduced in spinal cords
of SOD1%%** mice (19), as is the expression of MCT1 (36). Our
results extend these findings. Concomitant with the reductions
in pH, significant accumulation of glycogen was observed in
both the CNS and visceral organs of SOD1°”** mice. Within
the ALS mouse CNS, reductions in pH were highly correlated
(”* = 0.7714) with glycogen accumulation. Importantly, spinal
cord glycogen accumulation also appears to be a prominent
feature of human ALS. Specifically, we found elevated glycogen
in gray and ventral white matter samples from autopsied
patients with ALS, confirmed by histological analyses showing
elevated glycogen in both neurons and glia. The increased gly-
cogen in the CNS of SOD1%?** mice and humans with ALS is
consistent with spinal cord gene expression profiling studies
from ALS mice and humans that showed elevated glycogen
synthase mRNA levels and altered a-glucosidase mRNA (13,
19). Indeed, we show here that lysosomal (glycogen degrading)
a-glucosidase activity is significantly reduced within the lumbar
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spinal cord of SOD1%%*4 mice in advance of the onset of hin-
dlimb paralysis. However, lower acidic a-glucosidase activity was
not observed in the spinal cord samples from patients with ALS,
so this feature may be limited to mutant SOD1-related ALS.
Nevertheless, therapeutic possibilities are suggested, given that
rapamycin, a drug recently reported to lower glycogen levels in
a-glucosidase knockout mice (40) (a model of Pompe disease)
was also shown to accelerate disease in SOD1%%** mice (41).
Accelerated disease progression in ALS mice following treat-
ment that reduces glycogen levels is consistent with the data
indicating that glycogen increase slows the disease course.

We also measured the activity of neutral a-glucosidase, an ER
resident enzyme that plays a critical role in the processing of N-gly-
cans attached to glycoproteins to ensure proper folding. Removal of
glucose residues by neutral a-glucosidase generates a monoglycosy-
lated epitope that is recognized by lectin chaperones (i.e., calnexin
and calreticulin) to maintain the protein within the ER until proper
folding is achieved. Removal of the last glucose residue leads to the
misfolded protein being transported to the proteasome for degra-
dation (24). Enzyme activity was elevated more than twofold in the
spinal cords of ES mice, as well as being significantly elevated in
spinal cords of patients with ALS. We speculate that the continuous
trimming of glucose residues from misfolded proteins by neutral
a-glucosidase (to promote protein refolding) may also contribute to
aberrant glucose homeostasis (and potentially to glucose neurotox-
icity) (42) within the spinal cord. Indeed, our measured significant
glucose accumulation within spinal cords of patients with ALS sig-
nificantly correlated (+* = 0.6477) with a-glucosidase enzyme activity.

Changes in glycogen content were also observed in peripheral
tissues of ALS mice, perhaps due in part to glucose and/or lactate
export from the CNS, serving to protect the CNS from patho-
logical acidosis and neurotoxicity. We were surprised to find
elevated acidic (lysosomal) a-glucosidase activity in peripheral
tissues and speculate that lysosomal a-glucosidase activity may
increase in peripheral tissues when glycogen levels in the CNS
become pathogenic, at which point glycogen must be metabolized
to glucose and excreted. In agreement with this hypothesis, we
observed that SOD1%?** mice had significantly increased glucose
levels in kidneys (despite normal serum levels) and had 2.2-8.6-
fold increases in a-glucosidase activities in liver and muscle of ES
vs. WT mice. We noted also that basal neutral a-glucosidase ac-
tivity in WT mice is 1.7- and 4-fold greater in muscle and liver,
respectively, vs. spinal cord. Both the basal- and disease-induced
differences in neutral a-glucosidase activity within muscle and
liver may explain in part why misfolded SOD1 protein was
detected at significantly higher levels in CNS than in peripheral
tissues in mouse ALS (43, 44). Our point of emphasis is that this
mouse ALS model displays significant glycogen increases in both
CNS and peripheral tissues.

Developing drugs to alleviate acidosis and slow progression of
ALS will be challenging. Although we also found significant up-
regulation of ASIC mRNA in the spinal cords of SOD1°%** ALS
mice, treatment with amiloride, an ASIC blocker that can lessen
disease severity in rodent models of multiple sclerosis, Parkinson
disease, and ischemia (diseases also featuring acidosis) (5-7),
failed to slow disease progression in the ALS mice model (Fig.
S4). This may reflect the fact that several neuropathological
features catalyzed by acidosis also occur independently of ASIC
activation. Given our current findings, it is also no surprise that
assisted ventilation (e.g., with bilevel positive airway pressure,
BiPAP) has been linked to extended survival rates in patients
with ALS (45, 46). Clearly, assisted ventilation would be most
helpful during periods of acidosis.

In summary, our data showed that SOD mice and humans
with ALS share several metabolic abnormalities indicative of in-
creased lipolysis and pathological acidosis. The disease also af-
fected serum concentrations of ions used to calculate the SID,,
SID.¢r, and SIG, strongly suggesting that development of patho-
logical acidosis was likely due in part to the presence of an un-
identified anion. Furthermore, SOD19”*# mice display metabolic
changes indicative of a compensatory response that may help
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avert pathological acidosis. Our results also demonstrated that
glycogen increase and fluctuations in a-glucosidase activity in the
spinal cord are robust features of human ALS. Collectively, our
work provides fresh insight into the pathogenesis of ALS as well
as potential biomarkers and targets for drug development.

Materials and Methods

Transgenic male ALS mice that strongly express the mutant SOD1°%** transgene
were divided into equivalent groups. Mutant SOD1%%** 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 provided
with food and water ad libitum. At 75 d of age, food pellets were place on the
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