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antibody B8H10 which recognizes a misfolded state of 
SOD1 (misfSOD1) to longitudinally identify its interac-
tome during early disease stage in SOD1G93A mice. This 
strategy identified a direct isozyme-specific association of 
misfSOD1 with Na+/K+ATPase-α3 leading to the prema-
ture impairment of its ATPase activity. Pharmacological 
inhibition of Na+/K+ATPase-α3 altered glutamate recep-
tor 2 expression, modified cholinergic inputs and acceler-
ated disease  pathology. After mapping the site of direct 
association of misfSOD1 with Na+/K+ATPase-α3 onto a 
10 amino acid stretch that is unique to Na+/K+ATPase-α3 
but not found in the closely related Na+/K+ATPase-α1 
isozyme, we generated a misfSOD1 binding deficient, but 
fully functional Na+/K+ATPase-α3 pump. Adeno associ-
ated virus (AAV)-mediated expression of this chimeric 
Na+/K+ATPase-α3 restored Na+/K+ATPase-α3 activity in 
the spinal cord, delayed pathological alterations and pro-
longed survival of SOD1G93A mice. Additionally, altered 
Na+/K+ATPase-α3 expression was observed in the spinal 
cord of individuals with sporadic and familial ALS. A frac-
tion of sporadic ALS cases also presented B8H10 positive 
misfSOD1 immunoreactivity, suggesting that similar mech-
anism might contribute to the pathology.

Keywords  ALS · Na+/K+ATPase-α3 · SOD1 
interactome · Motor neuron excitability · Sporadic and 
familial ALS

Introduction

Amyotrophic lateral sclerosis (ALS) is an adult onset pro-
gressive fatal motor neuron (MN) disease with an incidence 
of one to two persons per 100,000 [40] and is characterized 
by MN degeneration in the spinal cord, motor cortex and 

Abstract  Amyotrophic lateral sclerosis (ALS) is an adult 
onset progressive motor neuron disease with no cure. Trans-
genic mice overexpressing familial ALS associated human 
mutant SOD1 are a commonly used model for examin-
ing disease mechanisms. Presently, it is well accepted that 
alterations in motor neuron excitability and spinal circuits 
are pathological hallmarks of ALS, but the underlying 
molecular mechanisms remain unresolved. Here, we sought 
to understand whether the expression of mutant SOD1 pro-
tein could contribute to altering processes governing motor 
neuron excitability. We used the conformation specific 
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the brain stem [69]. Death usually occurs within 3–5 years 
after diagnosis and no cure or treatment is available [43]. 
Transgenic mice overexpressing familial ALS (fALS) asso-
ciated human mutant SOD1 (mutSOD1) under the control 
of a human SOD1 promoter serve as a valuable animal 
model for examining ALS disease mechanisms [27, 57]. 
These mice reproduce characteristic disease features, such 
as silent presymptomatic phases of increasing cell specific 
stress and dysfunction, and rapidly progressing clinical 
phases followed by paralysis and death. MutSOD1 exhib-
its a high propensity to undergo conformational changes 
leading to aggregation of the protein [51, 52]. Over 160 
SOD1 point mutations have been identified and misfSOD1 
aggregates have been found specifically in disease vulner-
able neurons in patients and animal models of disease sug-
gesting that conformational changes in SOD1 renders the 
enzyme cytotoxic via a gain of function mechanism [2, 22, 
28]. Therapeutic approaches based on targeting the toxic 
protein species in mice via infusion of conformation spe-
cific antibodies against mutSOD1 [24, 38, 53, 63] or viral 
mediated knock down of mutSOD1 [54] have been suc-
cessful in alleviating disease and extending life span.

The consistent temporal reproducibility of dysfunctions 
in MNs in SOD1G93A animals has enabled longitudinal 
studies, revealing that low-excitable or high-firing-thresh-
old fast fatiguable (FF) MNs are most vulnerable to den-
ervation. Medium excitable fatigue-resistant (FR) MNs 
and highly-excitable or low-firing-threshold slow (S) MNs 
resist denervation over a certain time period [50]. FF MNs 
denervate their target muscle fiber before any visible symp-
toms, followed by FR MNs precisely 30–35 days later and 
S MNs partially loose contact with target muscles at end 
stage [29, 50], suggesting that MN vulnerability in ALS 
is inversely proportional to MN excitability. Furthermore, 
MNs in ALS exhibit ER stress [3, 31] and specifically 
FF MNs are most prone to ER stress associated unfolded 
protein response (UPR) [19, 56]. However, the underly-
ing mechanism behind the higher vulnerability of the low 
excitable FF MNs to degeneration in ALS have not been 
elucidated.

Presently, one focus in the field of ALS is to understand 
the precise interplay between MN electro-chemical prop-
erties, alterations in MN excitability and impairments in 
intracellular calcium signaling [21, 34, 35, 58]. MutSOD1 
expressing MNs show alterations in MN excitability as from 
second postnatal week [8, 46] and similar early alterations in 
MN excitability have been observed in sporadic and famil-
ial ALS patients [13, 66, 67, 68]. Recently, it was shown 
that early hyperexcitability of MNs is neuroprotective and 
that reduced excitability aggravates ALS related pathology 
[58]. Furthermore, disease resistant S MNs exhibit an early 
intrinsic hyperexcitability in mutSOD1 neonates while dis-
ease vulnerable FF MNs are not hyperexcitable in neonate 

mutSOD1 mice [35]. Focusing on vulnerable trigeminal 
MNs in mutSOD1 mice, it was found that firing thresh-
old decreased selectively within high-threshold trigeminal 
MNs, while it increased in a subpopulation of low-thresh-
old trigeminal MNs at early presymptomatic stages. How-
ever, those alterations were not observed in disease resist-
ant oculomotor neurons [65], suggesting that alterations in 
MN excitability are early indications of disease associated 
responses within affected MNs in ALS. Further, it has been 
shown that the accumulation of misfSOD1 as detected by 
conformation specific antibodies closely parallels excit-
ability signaling deficits in vulnerable fALS MNs [47, 58], 
indicating that the expression of mutSOD1 might also inter-
fere at some level with molecular components involved in 
neuronal excitability [39, 45, 64]. A recent study employing 
binary epitope mapping technique identified several confor-
mation specific pathogenic species of SOD1 whose pres-
ence directly correlated with disease progression and life 
span of mutant mice [5]. Further, emerging evidences sug-
gest that non-genetic dysfunctions such as metal depletion, 
oxidation and disruption of the quaternary structure cause 
wild-type SOD1 protein to misfold and to adopt a toxic con-
formation as observed in mutSOD1 related fALS, indicating 
that SOD1 might be a shared pathogenic factor between the 
two forms of ALS; sporadic and familial [18, 25, 55].

Despite a growing number of studies describing altera-
tions in MN excitability, the relevant relationship between 
the presence of misfSOD1 and alterations in MN excit-
ability and the identity of molecular players associated with 
these alterations in disease remains unknown. Here, we used 
a proteomic approach to explore the link between the pres-
ence of misfSOD1 and alterations in MN excitability. Using 
the misfSOD1 conformation specific antibody B8H10 [24], 
we mapped the unique interactome of misfSOD1 (G93A 
variant) longitudinally in mutant mice, thereby identify-
ing a conserved signature of the misfSOD1 interactome. 
From the earliest time point (P15), when a distinct B8H10 
positive misfSOD1 signal is detected in a subpopulation 
of mutant MNs, misfSOD1 formed a complex with Na+/
K+ATPase-α3. The direct association of misfSOD1 to Na+/
K+ATPase-α3 led to an early and progressive impairment in 
Na+/K+ATPase-α3 activity. Pharmacological inhibition of 
Na+/K+ATPase-α3 worsened disease pathology and altered 
molecular components involved in neuronal transmission. 
By mapping the site of association of misfSOD1 with Na+/
K+ATPase-α3 onto a 10 amino acid stretch that is unique 
to Na+/K+ATPase-α3 but not found in the closely related 
Na+/K+ATPase-α1 isozyme, we generated a functional mis-
fSOD1 binding deficient Na+/K+ATPase-α3 protein. Viral 
mediated expression of the chimeric pump in two differ-
ent SOD1G93A models restored Na+/K+ATPase-α3 activ-
ity, delayed disease manifestations and increased life span. 
Moreover, altered Na+/K+ATPase-α3 levels and misfSOD1 
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positive immunoreactivity were observed in the spinal cord 
of individuals with sporadic ALS (sALS) and non-SOD1 
mediated fALS cases.

Materials and methods

Mice strains

The moderate expresser transgenic mice line of human 
SOD1 carrying a Gly93-Ala mutation (B6SJL-Tg(SOD1-
G93A)dl1Gur/J), the high expresser transgenic mice line of 
human SOD1 (B6SJL-Tg(SOD1*G93A)1Gur/J) crossed into 
C57BL/6J background and B6.Cg-Tg(SOD1*G37R)1Dwc/J 
were from Jackson Laboratory. The average life spans of 
SOD1 transgenic mice in our colony were 270–280  days 
for medium expresser mice (8–10 copies), 145–152  days 
for high expresser mice (20 copies). Animal care, housing 
(IVC cages, 5 mice/cage), 12 h light/12 h dark cycle, ethi-
cal usage and procedures were approved and performed in 
accordance to the Swiss Veterinary Law guidelines.

Human samples and immunofluorescent staining

Human post mortem samples (n = 9 lumbar spinal cords 
for sporadic (sALS), 4 for controls, 6 for C9ORF72 and 
2 for FUS mutations) were obtained from the Amsterdam 
Academic Medical Center (AMC), Institute of Neuro-
pathology, Division of Neuropathology, Department of 
Pathology ALS Bank following the guidelines of the local 
ethics committee. The spinal cords of these clinically con-
firmed sALS patients, as well as age-matched controls 
had been obtained within 6–12 h after death. Tissues were 
used in compliance with the Declaration of Helsinki. All 
ALS patients suffered from clinical signs and symptoms 
of lower and upper MN disease with the eventual involve-
ment of brain stem motor nuclei. Importantly, none of 
these patients had cognitive impairment or dementia. Age-
matched control patients did not show any neuropatho-
logical anomalies. Transverse paraffin sections (3–4 um 
in thickness) of human (lumbar) spinal cord were cut on a 
microtome. Sections were placed on silane-coated slides, 
de-waxed, rehydrated and heated in citrate buffer for anti-
gen retrieval. Processed sections were incubated with pri-
mary antibodies for 1 h at room temperature. Appropriate 
HRP secondary antibodies were used (1:200, Vector Lab-
oratories, USA) for 1  h, followed by DAB visualization 
(DAKO, Denmark). For immunofluorescence secondary 
antibodies conjugated with Alexa fluorophore (Invitro-
gen) were used. Staining patterns were visualized using a 
Zeiss LSM 700 confocal microscope. The resulting confo-
cal images were processed using the Zeiss LSM software 
and Adobe Photoshop CS5. DAB immunohistochemical 

sections were photographed using an Axioplan micro-
scope (Zeiss) with an Axio Cam HR camera using 63× oil 
immersion lens (Zeiss).

Reagents and pharmacological treatments

Drug administration protocols in all mice were as follows: 
Salubrinal (Alexis Biochemicals, dissolved at 10 mg/ml in 
DMSO), injected intraperitoneally (i.p.) in saline at 1 mg/
kg. Ouabain (Tocris Bioscience; dissolved in ethanol at 
20  mg/ml), injected i.p. or intraspinal in PBS at 0.5  mg/
kg or 0.01–0.05  mg/kg. Tunicamycin (Ascent scientific) 
injected i.p. in saline at 1 mg/kg. RITC Dextran or Cholera 
Toxin Subunit B (Invitrogen) was injected locally into lat-
eral gastrocnemius or soleus, as previously described [56].

Na+/K+ATPase activity measurement

The Na+/K+ATPase activity was determined by colorimetric 
assay [20]. 50 µg of synaptosomes were suspended in 350 µl of 
30 mM Tris–HCl, 0.1 mM EDTA, 50 mM NaCl, 5 mM KCl, 
6 mM MgCl2 in the presence or absence of 1 or 3 mM Oua-
bain (Na+/K+ATPase inhibitor) that has a dose-dependent and 
isoform-specific action. Na+/K+ATPase-α3 has the highest sen-
sitivity to low concentrations of Ouabain (IC50 values: 0.1–1 μM 
for α3 and 32 μM for α1) [37, 62]. After sonication, the reaction 
was initiated by 3 mM ATP and incubated 40 min at 37 °C. The 
reaction was stopped with 50 µl of 50 % TCA, and samples cen-
trifuged at 1000g for 10 min at 4 °C. 90 µl of supernatant was 
mixed with 200 µl of coloring solution (mix 20 ml of ascorbic 
acid pH 5 with 5 ml of 35 mM ammonium molybdate/15 mM 
zinc acetate). Absorbance was read at 700 nm via a SpectraMax 
Microplate reader (Molecular Devices). NaH2PO4 was the ref-
erence standard and blank was a reaction without ATP. Specific 
Na+/K+ATPase-α3 activity was obtained by subtracting the 
1 mM Ouabain sensitive activity from the global Na+/K+ATPase 
activity and was expressed in nmol of Pi/min/mg of protein.

Immunoprecipitation and western blotting

IP and western blotting was performed from ventral horn 
of spinal cords as described [24]. Primary antibodies used 
for western blot; mouse anti-B8H10, 1:500 (Mediabs), rab-
bit anti-SOD1, 1:1500 (Enzo Life Sciences), rabbit anti-
SOD1 (HPA001401), 1:2000 (Sigma), rabbit anti-Na+/
K+ATPase-α3 (ab78798), 1:2000 (Abcam), goat anti-Na+/
K+ATPase-α3 (sc-16052), 1:500 (Santa Cruz), rabbit anti-
Actin, 1:10,000 (Sigma), rabbit anti-Myc (clone A-14), 
1:1000 (Santa Cruz), mouse anti-Myc tag (9B11), 1:5000 
(Cell Signaling), mouse anti-Na+/K+ATPase-α1, 1:500 
(Santa Cruz), rabbit anti-GFP, 1:5000 (Cell Signaling), 
mouse anti-Tubulin, 1:10,000 (Sigma). For input, 5  % of 
total protein extracts was loaded on the SDS-PAGE gel.
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Mass spectrometry analysis

Whole co-IP were loaded on 12  % SDS gel and run for 
1  cm. Gel was prefixed using fixer for 2  h, washed with 
miliQ H2O for 1 h. Lanes were cut into 9 pieces and each 
piece was again cut into 4 pieces. Gels were washed with 
100 % ethanol for 30 min followed by washing with miliQ 
H2O for 30 min (cycle repeated 3 times). Gel slices were 
kept in 20 % ethanol for further MS analyses. The proteins 
in each gel slice were digested by trypsin, extracted and 
analyzed by nanoLC-MS/MS on a LTQ-orbitrap XL sys-
tem as described [26]. For the individual gel bands, pep-
tides were separated by a short 10 min 5 to 40 % acetonitrile 
gradient, while the samples from the entire gel proteome 
analyses were separated by a 40 min gradient. Peak list files 
in the mgf format were produced either as described in [1] 
or by ProteomeDiscoverer 1.4 (ThermoFisher Scientific) 
and searched against the protein sequences of the reference 
proteome of mus musculus exported as fasta file from Uni-
protKB release (2011_02) complemented with common 
contaminating proteins, like human keratins and pig trypsin. 
Database searching was performed with Phenyx/Easyprot 
software (University of Geneva) as described in [1] using 
acetylation of the protein N-terminus, carbamidomethyla-
tion of Cys, de-amidation on Asn/Gln, oxidation of Met, 
phosphorylation of Ser/Thr/Tyr, and pyro-glutamic acid 
on Asp/Glu as variable modifications in the second search 
round. Protein identifications with at least two unique pep-
tides at a FDR of 1 % (on peptide level) were extracted into 
MIAPE conform Excel files.

Plasmid constructs

Mouse Na+/K+ATPase-α3 cDNA clone was obtained 
from Source BioScience. Expression plasmid encoding the 
N-domain of Na+/K+ATPase-α3 (Na+/K+-N residues 372–
586) was obtained by PCR amplification introducing AsiSI 
and MluI restriction sites at the 5′ and 3′ ends. This frag-
ment was then inserted into pCMV6-entry plasmid (Ori-
gene, RC204204) in front of the myc-tag. Na+/K+-ΔN-myc 
lacking residues 375–583 were synthetized and sub-cloned 
in pcDNA3.1+. Na+/K+ATPase-α3-swap loop, consist-
ing of the Na+/K+ATPase-α3 with amino acids 484–493 
exchanged with the amino acids 494–503 from mouse Na+/
K+ATPase-α1 was generated and cloned into pcDNA3.1+ 
by GeneArt® Gene Synthesis (Life technologies).

Isolation of synaptosomes and immunoprecipitation 
of synaptosomal fractions

Synaptosomes were isolated from ventral and dorsal horn 
of fresh spinal cords using the Syn-PER Reagent (Thermo 
Scientifics). Synaptosomes were kept at 0–4 °C throughout 

the procedure and used for all assays. Antibodies used 
for characterization of synaptosomes were mouse anti-
Lamin A/C, 1:1500 (Santa Cruz), rabbit anti-Synaptophy-
sin, 1:5000 (Dako), rabbit anti-VAChT, 1:2000 (Sigma), 
goat anti-Na+/K+ATPase-α3 (sc-16052), 1:500 (Santa 
Cruz), mouse anti-GFAP, 1:1000 (Santa Cruz) and rabbit 
anti-SOD1, 1:2000 (Sigma), rabbit anti-VAChT, 1:2000 
(Sigma), goat anti-Na+/K+ATPase-α3 (sc-16052), 1:500 
(Santa Cruz). Synaptosomes were incubated with 1 % Tri-
ton X-100 for 20 min on ice and centrifuged at 14,000g for 
15  min to obtain the supernatant. 60  µl of paramagnetic 
beads coated with G protein (Dynabeads; Invitrogen) were 
added to 200 μg of sample, and the mixture was precleared 
at 4 °C for 2 h. The mixture was centrifuged at 15,300g for 
30 s and the supernatant was mixed with appropriate anti-
body and incubated at 4 °C overnight. 60 μl of anti-mouse 
or anti-rabbit IgG beads was added and incubated for 2 h, 
centrifuged at 15,300g for 30 s. The beads were recovered 
by centrifugation, washed thrice in PBS-1 % Triton X-100 
buffer, resuspended in 2× Laemmli buffer, separated on 
12 % SDS-PAGE gels and analyzed by IB.

Surface biotinylation of spinal cord slices

Mice were sacrificed and spinal cords were immediately 
placed into ice-cold Kreb’s solution containing (mM): 125 
NaCl, 4 KCl, 1.25 KH2PO4, 1.5 MgSO4, 26 NaHCO3, 1.5 
CaCl2 and 10 glucose. 500  μm spinal cord slices were 
cut using McIlwain chopper. Slices were equilibrated in 
Kreb’s solution bubbled with 95 % oxygen and 5 % carbon 

Fig. 1   Identification of early aberrant interactions of misfSOD1. a 
Venn diagram of proteins interacting with misfSOD1 at P15, P50 and 
P100 identified by mass spectrometry (MS) after co-IP with B8H10 
antibody from WT and G93A-s spinal cord. Right misfSOD1 inter-
acting proteins grouped according to protein classes after PANTHER 
analysis. b Five shared and conserved interactions of misfSOD1 at 
all three ages, plotted by PMSS score. Each experiment done from 
ventral horn lysates of 4 mice/age and analyzed by MS in parallel. 
Each experiment repeated twice, values plotted for a single experi-
ment. c Ten conserved interactions of misfSOD1 between P50 and 
P100 plotted by PMSS score. d Co-IP of misfSOD1 with B8H10 
antibody from WT and G93A-s ventral horn at P15 (earliest detec-
tion of the B8H10 immunopositive misfSOD1) and P100, IB for Na+/
K+ATPase-α3 and SOD1, detecting both human SOD1 (hSOD1) and 
endogenous mouse SOD1 (mSOD1). Note the increase in misfSOD1-
Na+/K+ATPase-α3 complex at P100 compared to P15 in G93A-s 
lysates. e Co-IP using mouse IgG on P100 G93A-s spinal lysates. Par-
allel IP done with B8H10 antibody from same spinal lysates. IB with 
B8H10 reveals no unspecific association of misfSOD1 with mouse 
IgG. f Co-IP with Na+/K+ATPase-α3 from WT, tg-wt and G93A-s 
spinal cord, IB for Na+/K+ATPase-α3 and SOD1. Note no associa-
tion of Na+/K+ATPase-α3 with normal hSOD1 in tg-wt condition. 
g Presence of a misfSOD1-Na+/K+ATPase-α3 complex in another 
SOD1 mutant model; G37R. h Co-IP with Na+/K+ATPase-α1 from 
WT and G93A-s spinal lysates, IB with SOD1 reveals no interaction 
of Na+/K+ATPase-α1 with misfSOD1 at P100. Representative blot 
from 4 experiments (d) or 3 experiments (e–h)

▸
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dioxide in a 30 °C water bath before biotinylation in 1 mg/
ml biotin solution (Pierce) at 4  °C. Spinal cord ventral 
horns were microdissected and homogenized as above, and 
equal amounts of protein were incubated with NeutrAvidin-
agarose beads (Pierce) to immunoprecipitate biotinylated 
proteins. IP were separated on 10–12  % SDS-PAGE gels 
and analyzed by immunoblotting (IB) using the appropriate 
antibodies.

Cloning, protein expression, purification 
and interaction assay

Human WT SOD1 and SOD1G93A and mouse ATP1A3 
nucleotide-binding domain (N, 372–586) were cloned into 
pOPINF [6] using the In-Fusion method (Clontech Laborato-
ries Inc). Constructs were transformed into BL21 DE3 cells 
and proteins expressed via auto-induction at 20 °C for 20 h. 
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Fig. 2   Early and selective impairment of Na+/K+ATPase-α3 activ-
ity in SOD1G93A mice. a Characterization of synaptosomes via IB 
for synaptic and non-synaptic markers. H homogenate, C cytoplas-
mic, Syn synaptosomal extract. Lack of nuclear marker Lamin A/C 
or astrocytic marker GFAP in synaptophysin enriched Syn extracts. 
Bottom co-IP with B8H10 from P40 and P60, G93A-s ventral horn 
(V) and dorsal horn (D) synaptosomes. IB for Na+/K+ATPase-α3 and 
SOD1 reveals the presence of misfSOD1 in association with Na+/
K+ATPase-α3 in ventral horn synaptosomes. b Ouabain sensitive 
Na+/K+ATPase-α3 activity measured at P50 from WT, G93A-s and 
tg-wt ventral, dorsal horn synaptosomes reveals early impairment in 
Na+/K+ATPase-α3 activity in spinal ventral but not in dorsal horn of 
G93A-s mice. Values for activity represent the mean ± SEM for an 
average of 4 experiments, 4 mice/genotype. Ventral: **p =  0.0094, 
F(2,9) = 8.199 by ANOVA, *p < 0.05, **p < 0.01 post-ANOVA Tuk-
ey’s test. Dorsal: p = 0.1158, F(2,9) = 2.766 by ANOVA. c Ouabain 
sensitive Na+/K+ATPase-α3 activity measured in P120, WT, G93A-s 
and tg-wt presents a decline by 50 % in Na+/K+ATPase-α3 activity 
from G93A-s ventral horn. Ventral: ***p < 0.0001, F(2,9) = 58.12 by 

ANOVA, ***p < 0.001 for both comparisons by post-ANOVA Tuk-
ey’s test. Dorsal: p = 0.5551, F(2,9) = 0.6289. n = 4 experiments, 4 
mice/genotype, mean ±  SEM. d Na+/K+ATPase-α3 activity meas-
ured in P20, G93A-f ventral horn reveals a significant reduction in 
activity compared to WT. Ventral horn: *p = 0.0230, unpaired t test, 
t(4) = 3.589, dorsal horn: p = 0.5480, unpaired t test, t(4) = 0.6555. 
Data are presented as mean ± SEM for an average of 3 experiments, 
4 mice/genotype. e Lentiviral mediated knock down of hSOD1G93A 
in G93A-s mice. Representative image panel showing the transduc-
tion of MNs with GFP-tagged LV;shSOD1 or with mismatch shRNA 
(LV;shSOD1-mis). Scale 100  µm. Immunolabeling for misfSOD1 
with B8H10 antibody shows successful knock down of SOD1G93A 
in LV;shSOD1 but not in LV;shSOD1-mis condition, confirmed by 
IB. f Measurement of Ouabain sensitive Na+/K+ATPase-α3 activity 
at P60 after knock down of SOD1 improves the observed deficit in 
activity. Values for activity represent the mean ±  SEM for an aver-
age of 4 experiments, 4 mice/genotype. Ventral: ***p  <  0.0001, 
F(3,12) = 29.17 by ANOVA, ***p < 0.001, by post-ANOVA Tukey’s 
test. Dorsal: p = 0.0518, F(3,12) = 3.442 by ANOVA
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Cells were harvested, resuspended in lysis buffer (50  mM 
Tris, pH 7.5, 500  mM NaCl, 20  mM imidazole, 0.2  % 
Tween-20) and frozen at −80  °C. Cell suspensions were 
thawed, freshly supplemented with Complete EDTA-free 
protease inhibitors (Roche Diagnostics) and 3 U/ml Ben-
zonase (Sigma) before passing through an Avestin Emulsi-
Flex-C3 cell disruptor. For wt SOD1 and AT1A3 N-domain, 
clarified lysates were incubated with NiNTA affinity resin 
(Qiagen) in batch mode followed by cleavage of the 6× His-
tag by addition of 3C protease and elution in 50 mM Tris, pH 
7.5, 500 mM NaCl, 20 mM imidazole. Proteins were frac-
tionated on a Superdex 75 HiLoad 16/60 (GE Healthcare) gel 
filtration column in GF buffer (20 mM Tris, pH 7.5, 200 mM 
NaCl, 2  mM TCEP (only used for AT1A3  N-domain) and 
0.02 % NaN3). Peak fractions were pooled and concentrated 
to 9.7 (wt SOD1) and 6.0  mg/ml (AT1A3  N). For SOD1 
G93A, clarified lysates were incubated with NiNTA affin-
ity resin (Qiagen) in batch mode and the protein eluted in 
50 mM Tris, pH 7.5, 500 mM NaCl, 125 mM imidazole and 
digested overnight at 4  °C with 3C protease to remove the 
N-terminal histidine tag. The released protein tag and 3C 
protease were removed by a second nickel-affinity step and 
untagged SOD1 G93A was further purified over a Superdex 
75 column in GF buffer and concentrated to 1.43  mg/ml. 
For ATP1A3 His-N, clarified lysates were incubated with 
NiNTA affinity resin (Qiagen) in batch mode and the protein 
eluted in 50 mM Tris, pH 7.5, 500 mM NaCl, 125 mM imi-
dazole, followed by fractionation on a Superdex 75 HiLoad 
16/60 (GE Healthcare) gel filtration column in GF buffer. 
Peak fractions were pooled and concentrated to 12.3 mg/ml. 
All proteins were stored at −80 °C. 10 μg of purified His-N 
in 400 μl of His-purification buffer (50 mM NaH2PO4H2O, 
300 mM NaCl, 20 mM imiadazole) were incubated together 
with 25  µl of nickel beads (Ni–NTA Magnetic Agarose 
Beads, Qiagen) for 1 h at 4 °C. Beads were then washed 3× 
with His-purification buffer and resuspended in fresh 400 μl 
of His-purification buffer containing either 1.5 µg of purified 
WT-hSOD1 or 1.5 µg of purified SOD1G93A and incubated 
for 1 h at 4 °C, followed by washing 4× with His-purifica-
tion buffer and eluted using His-tag elution buffer (50 mM 
NaH2PO4H2O, 300 mM NaCl, 250 mM imidazole). Eluents 
were boiled with 2× loading buffer and then separated using 
15 % SDS gel.

Cell culture, transfection and protein extracts

Mouse neuroblastoma cells (n2a) from (ATCC® CCL-
131™), mycoplasma tested were transiently transfected using 
TransIT-Neural (Mirus) or FuGENE HD transfection reagent 
(Promega) according to manufacturer’s protocol. 36  h post 
transfection, cells were harvested and lysed in TNG-T lysis 
buffer (50 mM Tris–HCl pH 7.4, 100 mM NaCl, 10 % glyc-
erol, 1 % Triton X-100, and proteinase inhibitor).

Immunocytochemistry and antibodies

Mice were perfused with 4 % PFA in PBS, (L3–L5) lum-
bar spinal cord isolated and kept overnight at 4  °C in 
30  % sucrose. After embedding, 50 μm cryostat sections 
were post fixed with 4  % PFA for 10  min, followed by 
PBS washes. Antibodies used for immunocytochemistry 
were: mouse anti-B8H10, 1:200 (Mediabs), rabbit anti-
Na+/K+ATPase-α3, 1:200–500 (Abcam), goat anti-Na+/
K+ATPase-α3, 1:200 (Santa Cruz), mouse anti-Na+/
K+ATPase-α3, 1:200 (GeneTex), α6F monoclonal for 
Na+/K+ATPase-α1, (1:100) developed by Douglas M. 
Fambrough and obtained from the Developmental Stud-
ies Hybridoma Bank, rabbit anti-BiP (ab21685), 1:500 
(Abcam), mouse anti-KDEL Grp78, Grp94 (BiP), 1:1000 
(Stressgen), rabbit anti-VAChT, 1:1000 (Chemicon), goat 
anti-VAChT (ab69000), 1:1000 (Abcam), goat anti-ChAT, 
1:500 (Chemicon), rabbit anti-SOD1, 1:500 (Sigma),  rab-
bit anti-GFP, 1:500 (Cell Signaling), mouse anti-Glutamate 
Receptor 2 (MAB397), 1:200 (Millipore), rabbit anti-
GluA3 (AGC-010), 1:50 (Alomone labs), rabbit anti-Chon-
drolectin, 1:100 (Novus Biologicals), rabbit anti-VGluT1, 
1:1000 (SYnaptic SYstems), mouse anti-ERRβ2, 1:500 
(R&D Systems), rabbit anit NF-200, 1:200 (Abcam), rab-
bit anti-Synaptophysin, 1:500 (DAKO). Antibodies were 
applied in PBS-3  % BSA-0.3  % Triton-X 100, and incu-
bated either overnight or for 3 days at 4 °C. Sections were 
briefly washed with PBS and incubated for 4 h at RT with 
appropriate combinations of Alexa fluor-conjugated sec-
ondary antibodies (Invitrogen).

Imaging and image analyses

Confocal images were acquired using a Leica SP5 (Leica 
Microsystems), fitted with 20× air objective, Olympus 
Fluoview 1000-BX61 (Olympus, Tokyo) microscope, fit-
ted with 20× air objective or 60×  Silicone oil objective. 
Images were processed using Imaris 7.6. For C-bouton vol-
ume, images were acquired with a Z-step size of 0.25 μm. 
Imaris was used to build the isosurface of MNs present 
on the same plane and a volume was calculated for each 
C-bouton, which was plotted using GraphPad Prism 4. 
The analysis of BiP or misfSOD1 labeling intensities were 
performed as previously described [56, 58]. The extent of 
colocalization of two labels was measured using the “Colo-
calization” module of Imaris 7.6, 64-bit version (Bitplane 
AG, http://www.bitplane.com). The intensity of each label 
of the entire confocal stack was measured [11] to deter-
mine an intensity threshold for each of the two labels. Vox-
els with intensities above this threshold were considered to 
be above background. To avoid investigator bias in setting 
the thresholds, an automatic thresholding was used [11]. 
The extent of colocalization was calculated as “Percentage 

http://www.bitplane.com
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of voxels above threshold in label “A” colocalized with 
respect to the second label B”.

Purified microsomal fractions enriched in ER 
membranes

Microsomal fractions rich in ER membranes were isolated 
from the mouse ventral horn spinal cord as described previ-
ously [45]. Additional antibodies used for IB were rabbit 
anti-BiP (ab21685), 1:500–1000 (Abcam), mouse anti-Cal-
nexin, 1:1000 (Millipore).

Lentiviral vectors, generation and surgery

Replication-deficient, self-inactivating lentiviral (SIN) 
vectors pCCL-cPPT-PGK-EGFP-WPRE-LTR-H1-shRNA 
(LV;shSOD1 and LV;shSOD1-mis) generated by Patrick 
Aebischer laboratory [54] were ordered from Addgene 
(plasmid 10880 and 10881). Vesicular stomatitis virus G 
(VSV-G)-pseudotyped lentiviruses were produced by the 
transient calcium phosphate co-transfection of 293T cells. 
Na+/K+ATPase-α3 encoding lentivirus was from Gene-
Copoeia, (Catalog #: LPP-OL05865-Lx304-050-S Lot #: 
GC08252K1413). Briefly mice were anaesthetized and 
laminectomy was performed as described [32, 54]. Lenti-
viral vectors 1 × 106 or 107 transduction units (TU) were 
bilaterally injected using a 5-µl Hamilton syringe with a 
34-gauge needle at two sites separated by 2 mm in the lum-
bar L3–L4 region using a stereotaxic frame.

AAV6 Na+/K+Atpase‑α3‑swap loop generation 
and injection

The Na+/K+Atpase-α3-swap loop construct was used to 
produce serotype 6 AAV particles (AAV2/6) by ViroVeK 

(Hayward, CA, USA). Injection of AAV particles in neona-
tal mice (P0–P2) was performed by unilateral injection of 
3 μl of 2.6 × 1011 VG in the lateral ventricle, as described 
previously [14]. A 0.04 % fast green solution was added to 
the vector suspension in order to visualize the spread of the 
vector suspension in the ventricular system. AAV6-GFP 
was provided to us by Patrick Aebischer, EPFL, Lausanne, 
Switzerland.

Measurement of muscle strength and survival

Muscle strength was measured using the grid test as pre-
viously described [56]. All mice were naive, trained for 
3 days prior to the start of the experiment. Measurements 
were done blindly without knowing the genotype of the 
mice. To measure longevity, survival of mice was followed 
up to a point when mice could no longer right themselves 
within 20 s after being put on the side. Kaplan–Meier sur-
vival curves were made using GraphPad Prism 6 Software, 
and significance was calculated using Log-rank test.

Statistical analysis

For immuno-quantification experiments, differences were 
evaluated for their statistical significance by two-tailed, 
unpaired Student’s t test to compare two groups and 
ANOVA to compare three or more groups. Post-ANOVA 
Tukey’s test was used to evaluate statistical significance 
throughout the paper. Values were expressed as mean 
or mean ±  standard error of the mean (SEM). *p < 0.05, 
**p < 0.01, ***p < 0.001.

Results

Mapping the misfSOD1 interactome with conformation 
specific antibody B8H10

A portion of mutSOD1 exists in a non-native or misfolded 
conformation in MNs in the spinal cord. To determine the 
aberrant interactome of misfSOD1, we used the confor-
mation specific antibody B8H10 and co-immunoprecipi-
tated (co-IP) misfSOD1 from the ventral horn of medium 
expresser transgenic mice; SOD1G93A-slow (G93A-s) and 
wild-type (WT) mice at three ages: P15 (earliest detection 
of disease epitope B8H10 in disease vulnerable FF MNs), 
P50 (early presymptomatic stage) and P100 (presympto-
matic stage, 30–35 days before disconnection of FF axons 
from the muscle fibers). To avoid detection of secondary 
interactions associated with UPR, mitochondrial and pro-
teasomal dysfunctions, mass spectrometric (MS) analy-
ses was performed at a very early age of P15 in G93A-s 
mice. MS analyses of the immunoprecipitates identified 

Fig. 3   MN subtype specific expression of Na+/K+ATPase-α1 and 
α3. a Immunolabeling of MNs with VAChT (MN marker) and Na+/
K+ATPase-α3 reveals surface labeling outlining the MN soma 
(arrows) and dendrites. Right immunostaining of alpha-MN pos-
sessing VGluT1 positive synaptic inputs and Na+/K+ATPase-α3 
reveals prominent surface labeling for Na+/K+ATPase-α3. b Immu-
nolabeling of WT spinal cord for VAChT, Na+/K+ATPase-α3 and α1 
reveals differential expression pattern of the two Na+/K+ATPase iso-
forms. Upper and lower panels show representative example of a MN 
expressing strongly either Na+/K+ATPase-α3 or α1. Middle panel 
presents a MN expressing both Na+/K+ATPase-α3 and α1 isozymes. 
c Retrograde labeling of MN subtypes with Rhodamine dextran, 
immunolabeling for Na+/K+ATPase-α3 and α1. Right Quantitative 
analyses (Q.A.) of % of alpha-MN subtypes expressing high levels of 
Na+/K+ATPase-α3 and/or α1. Note the exclusive expression of Na+/
K+ATPase-α3 in FF MNs. d Slow MNs immunolabeled for S MN 
marker ERRβ2 and Na+/K+ATPase-α3 reveals that ERRβ2 positive 
S MNs present negligible expression of Na+/K+ATPase-α3. Scale a 
20; b, c, d 10 μm

◂
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24 proteins at P15, 19 proteins at P50 and 31 proteins at 
P100, which were in a complex with misfSOD1 and were 
absent in WT immunoprecipitates. Of these interacting pro-
teins, five were shared between all three ages and ten were 
shared between P50 and P100 (Fig. 1a, and Suppl. Table 1 
for complete list of proteins). PANTHER (Protein ANaly-
sis THrough Evolutionary Relationships) analysis of the 
misfSOD1 interactome revealed that B8H10 specific mis-
fSOD1 interactions comprised mainly proteins belonging 
to chaperones, transporters and hydrolases protein classes 
(Fig.  1a). Additionally, misfSOD1 interactions involved 
clusters of proteins belonging to the same family and shar-
ing a high degree of structural homology, suggesting that 
these associations were non-random. Moreover, functional 
analyses revealed a selective enrichment of proteins pos-
sessing an ATPase activity and accounting for ion trans-
port functions (Suppl. Fig. 1a–b). Of the five shared mis-
fSOD1 interacting proteins, chaperone Heat shock cognate 
71  kDa protein (HSPA8), Na+/K+ATPase-α3 and adaptor 
protein 14-3-3 protein gamma exhibited an age dependent 

two-fold or more increase in abundance as measured semi 
quantitatively via peptide match score summation (PMSS) 
(Fig. 1b–c). This suggested that these aberrant interactions 
were specific as their association with misfSOD1 increased 
in parallel to the increase in age dependent accumulation 
of misfSOD1 in MNs (Suppl. Fig. 1c). To further confirm 
visually the specificity of our finding, anti-B8H10 co-IP 
were run on SDS-page gels, silver stained and individual 
bands for Na+/K+ATPase-α3, HSPA8 and misfSOD1 were 
analyzed via MS (Suppl. Fig. 1d).

Besides chaperone HSPA8 and 14-3-3 gamma, the asso-
ciation of misfSOD1 with Na+/K+ATPase-α3 was detected 
at P15 which coincided in time with the earliest recorded 
alterations in MN excitability in mutSOD1 models, includ-
ing the G93A-s mice [46]. As Na+/K+ATPase-α3 is exclu-
sively neuronal [30, 42], critically involved in the mainte-
nance of neuronal membrane potential and its expression 
levels as well as pump activity is increased as a function 
of neuronal activity [23], we focused the study on the 
complex consisting of misfSOD1 and Na+/K+ATPase-α3. 
Co-IP of misfSOD1 via B8H10 from G93A-s spinal cord 
and immunoblotting (IB) for Na+/K+ATPase-α3 confirmed 
an interaction between misfSOD1 and Na+/K+ATPase-α3 
as from P15, which increased with increasing accumula-
tion of misfSOD1 (Fig. 1d). As control for the specificity of 
the interaction, co-IP with mouse IgG followed by IB with 
B8H10 revealed no unspecific association of mutSOD1 
with mouse IgG (Fig.  1e). To distinguish between aber-
rant versus normal interaction, co-IP of Na+/K+ATPase-α3 
from protein lysates of transgenic mice overexpress-
ing WT human SOD1 (tg-wt), WT and G93A-s mice was 
performed, which confirmed that the interaction of Na+/
K+ATPase-α3 with misfSOD1 was due to a mutation in 
hSOD1 as this interaction was not detected in WT nor in 
tg-wt mice (Fig. 1f). As additional evidence, co-IP experi-
ments from a different SOD1 model; SOD1G37R (G37R) 
presented the existence of a misfSOD1-Na+/K+ATPase-α3 
complex (Fig. 1g). Neurons in the ventral horn express both 
Na+/K+ATPase-α1 and α3 isozymes sharing a high degree 
of sequence identity [42]. Therefore, to pin down the speci-
ficity of the interaction, Na+/K+ATPase-α1 was immuno-
precipitated from WT and G93A-s spinal protein lysates, 
which revealed no interaction with SOD1 at P100 (Fig. 1h).

Early impairment in Na+/K+ATPase‑α3 activity in the 
ventral horn of the spinal cord

We examined whether the existence of an aberrant complex 
between misfSOD1 and Na+/K+ATPase-α3 would impact 
the physiological functioning of the Na+/K+ATPase-α3 
pump. To this end, Na+/K+ATPase-α3 activity was meas-
ured from purified synaptosomes isolated from the ventral 
and the dorsal horn of the spinal cord from WT, tg-wt and 

Fig. 4   Inhibition of Na+/K+ATPase-α3 pump anticipates disease and 
modulates synaptic connectivity onto MNs. a Schematic of the experi-
ments performed on G93A-s and G93A-f mice described in the figure. 
Bars indicate durations of the Ouabain (Ouab) treatments; colored 
downwards arrows indicate ages at which mice were analyzed. Verti-
cal bars indicate UPR initiations and FF denervations (FF denerv.) 
ages. b Ouabain treatment anticipates disease manifestation. Analy-
sis of the LGC-l1 muscle subcompartment innervated by FF MNs at 
P54, G93A-f (6  days before FF MNs denervate in G93A-f mice) and 
at P122, G93A-s (10–13 days before FF axons disconnect in G93A-s 
mice), reveals premature MN denervation after Ouabain treatment. 
Representative image showing loss of Neurofilament (NF) stain-
ing in treated G93A-s mice. Q.A. of denervated NMJs in the LGC-
l1 subcompartment after Ouabain treatment in G93A-s and G93A-f 
mice but not in control WT and tg-wt condition. Data are presented 
as mean ± SEM, G93A-s: ***p < 0.0001, F(2,9) = 935.4 by ANOVA, 
***p < 0.001 by post-ANOVA Tukey’s test, n =  4 mice each condi-
tion. G93A-f: ***p < 0.0001, F(2,6) = 234.1 by ANOVA, ***p < 0.001 
by post-ANOVA Tukey’s test, n =  3 mice each condition. c Inhibit-
ing Na+/K+ATPase-α3 functioning via Ouabain for 24 h in WT spinal 
cord leads to loss of Glutamate receptor 2 (GluR2) immunoreactivity 
in MNs. Boxed are zoom in: MN with GluR2 labeling +/− Ouabain. 
Right reduced expression of GluR2 in G93A-s mice over disease, 
Q.A of GluR2 intensity (***p < 0.0001, F(5,144) = 58.26 by ANOVA, 
***p  <  0.001 by post-ANOVA Tukey’s test, n =  24–26 MNs/condi-
tion from 3 mice). d Acutely blocking Na+/K+ATPase-α3 leads to 
an increase in size of cholinergic synapses (C-boutons) on WT MNs. 
Immunolabeling for C-boutons (VAChT) after 6 h, 12 h, 24 h or 3 days 
of Ouabain treatment in WT mice reveals altered C-bouton morphol-
ogy. Q.A. of C-bouton volume, (***p  <  0.0001, F(7,498) =  26.98, by 
ANOVA, *p  <  0.05, ***p  <  0.001 by post-ANOVA Tukey’s test, 
n = 39–75 C-boutons). Right comparison of C-bouton volume between 
WT and G93A-s MNs after +/−  3  days Ouabain. Q.A. of C-bou-
ton volume (***p  < 0.0001, F(3,252) =  32.32 by ANOVA, *p  < 0.05, 
***p  <  0.001 in post-ANOVA Tukey’s test, n  =  62–68 C-boutons 
from 4 mice each condition) and C-bouton density on to MN soma 
(***p = 0.0003, F(3,28) = 8.622 by ANOVA, *p < 0.05, **p < 0.01 in 
post-ANOVA Tukey’s test, n =  8 sections from 3 mice for all geno-
types) indicates an increase in volume as well as numbers of C-boutons 
after Ouabain treatment. Scale b 50, c 20, zoom 10, d 20 μm

◂
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G93A-s mice. Along with biochemical characterization 
of synaptosome purity via enrichment of synaptic pro-
teins, the presence of misfSOD1 and Na+/K+ATPase-α3 
complex in the ventral horn synaptosomes was verified 
(Fig.  2a). Measurement of Na+/K+ATPase-α3 activity 
from P50, G93A-s ventral horn synaptosomes revealed 
a significant reduction of 25 % compared to WT. Moreo-
ver, Na+/K+ATPase-α3 activity in G93A-s was reduced by 
18.5 % compared to tg-wt, suggesting that this impairment 
was not due to the sole overexpression of hSOD1 protein 
(Fig. 2b). In contrast, dorsal horn synaptosomes exhibited 
no significant changes in Na+/K+ATPase-α3 activity and 
early functional impairment in Na+/K+ATPase-α3 activity 
was restricted to spinal regions harboring MNs. Measuring 
Na+/K+ATPase-α3 activity at P120, a time point coincid-
ing with the appearance of UPR; an early cellular event in 
disease vulnerable FF MNs, presented a strong reduction 
of 56  % in Na+/K+ATPase-α3 activity in G93A-s com-
pared to WT and 52 % compared to tg-wt (Fig. 2c). Simi-
lar measurements performed on high expresser transgenic 
mice; SOD1G93A-fast (G93A-f) revealed altered Na+/
K+ATPase-α3 activity in the ventral but not dorsal regions 
of the spinal cord as early as P20 (Fig. 2d). To validate the 
involvement of mutSOD1 for the observed impairment in 
Na+/K+ATPase-α3 activity, a lentiviral mediated knock 
down of mutSOD1 via shRNA (LV;shSOD1) at P25 was 
performed  and 35 days later Na+/K+ATPase-α3 activ-
ity was measured (Fig.  2e). The reduction in mutSOD1 
expression rescued Na+/K+ATPase-α3 activity to WT lev-
els, demonstrating that mutSOD1 expression was needed 
for the observed early functional impairment of Na+/
K+ATPase-α3 activity (Fig. 2f).

Na+/K+ATPase‑α3 is highly expressed in vulnerable FF 
MNs

Since misfSOD1 appears first in a fraction of vulnerable 
MNs and forms a complex with Na+/K+ATPase-α3 but 
not with Na+/K+ATPase-α1, we examined the expression 
pattern of Na+/K+ATPase-α3 and α1 in MNs. Immuno-
labeling revealed that Choline acetyl transferase (ChAT) 
positive WT MNs expressed Na+/K+ATPase-α3 on the sur-
face of MN soma and concentrated along dendrites, juxta-
posed with C-boutons (the presynaptic ending of choliner-
gic partition cells) or with vesicular glutamate transporter 
1 (VGluT1, the proprioceptive terminal on MNs) in the 
ventral horn of the spinal cord (Fig. 3a). Further, a popula-
tion of ChAT positive MNs presented high levels of Na+/
K+ATPase-α3 and low levels of α1 immunolabeling. In a 
second subpopulation of MNs, Na+/K+ATPase-α3 and α1 
expression at equal levels were observed. Lastly, a small 
group of MNs expressed primarily Na+/K+ATPase-α1 
(Fig. 3b). To examine whether this differential expression 

of Na+/K+ATPase-α3 and α1 was MN subtype dependent, 
retrograde labeling with rhodamine dextran was performed 
in WT mice, where vulnerable FF MNs were labeled from 
the lateral gastrocnemius sub-compartment l1 (LGC-l1) or 
resistant FR+S MNs were labeled from the soleus mus-
cle. Subsequent, immunostaining revealed that FF MNs 
predominantly express high levels of Na+/K+ATPase-α3 
whereas half of the soleus MNs co-expressed both Na+/
K+ATPase-α1 and Na+/K+ATPase-α3 at almost equal lev-
els and the other half mainly expressed Na+/K+ATPase-α1 
(Fig. 3c). To further delineate Na+/K+ATPase expression in 
the soleus MN pool, immunostaining with Estrogen related 
receptor beta (ERRβ); a marker for S MNs in the spinal 
cord [17], was performed, revealing that ERRβ positive 

Fig. 5   Reduced surface expression of Na+/K+ATPase-α3 in G93A-s 
MNs. a MisfSOD1 and Na+/K+ATPase-α3 accumulate intracellularly 
in ChAT positive G93A-s MNs (closed arrows). MNs presenting no 
intracellular accumulation of Na+/K+ATPase-α3 and a normal mem-
brane labeling (open arrows). Right Q.A. mutant MNs (%) displaying 
intracellular colocalization of Na+/K+ATPase-α3 with misfSOD1, 
n = 9 sections from 4 mice/genotype, ***p < 0.0001, F(3,32) = 59.62 
by ANOVA, ***p < 0.001 for both comparisons in post-ANOVA Tuk-
ey’s test. Bottom Q.A. of  % of voxel of Na+/K+ATPase-α3 colocal-
ized with misfSOD1, n = 40–44 MNs from 3 mice, ***p < 0.0001, 
F(3,163) = 79.26 by ANOVA, ***p < 0.001 for both comparisons by 
post-ANOVA Tukey’s test. b Top surface biotinylation of WT and 
G93A-s spinal cord slices, IB: Na+/K+ATPase-α3. Visible reduc-
tion of surface Na+/K+ATPase-α3 in P125, G93A-s. Middle Q.A. 
relative surface values of Na+/K+ATPase-α3 by comparing surface 
expression in WT for each age. n =  4 experiments, mean ±  SEM, 
***p < 0.0001, F(9,30) = 365.5 by ANOVA, *p < 0.05, ***p < 0.001 
by post-ANOVA Tukey’s test. Bottom IB for total Na+/K+ATPase-α3 
and tubulin levels. Note the constant total Na+/K+ATPase-α3 level in 
P125, G93A-s spinal cord despite reduction in surface levels at the 
same age. c Immunostaining of spinal sections for Na+/K+ATPase-α3 
and BiP, an ER marker. Na+/K+ATPase-α3 colocalizes with BiP 
in the ER in mutant G93A-s, but not in WT and tg-wt MNs. Single 
plane images through the ER. Right Q.A.  % of Na+/K+ATPase-α3 
voxels overlapping with BiP (n =  32–48 MNs from  3 mice/geno-
type, ***p < 0.0001, F(10,371) = 69.18 by ANOVA, ***p < 0.001 by 
post-ANOVA Tukey’s test). d ER enriched microsomal fractions from 
ventral horns of the spinal cord. IB for Na+/K+ATPase-α3, SOD1 
and ER markers BiP and Calnexin. Bottom relative presence of Na+/
K+ATPase-α3 in the ER, plotted as mean ± SEM by comparing ER 
values in G93A-s to WT, ***p < 0.0001, F(6,14) = 89.68 by ANOVA, 
***p  <  0.001 by post-ANOVA Tukey’s test (n  =  3 experiments, 
8 mice each age). e Immunolabeling for Na+/K+ATPase-α3 and 
VAChT ± 6 days of Salubrinal (Sal) treatment (ER stress inhibitor) in 
G93A-s mice. Analysis done at P125, increased surface levels of Na+/
K+ATPase-α3 (white arrows) were observed in Salubrinal treated 
MNs. Right surface biotinylation of G93A-s spinal cord sections 
after Salubrinal treatment followed by IB for Na+/K+ATPase-α3 
reveals increased surface levels of Na+/K+ATPase-α3 as compared to 
untreated condition. f Ouabain sensitive Na+/K+ATPase-α3 activity 
measured at P125 after Salubrinal treatment. The treatment inhibited 
ER stress and led to an increase of about 50 % in Na+/K+ATPase-α3 
activity in the ventral horn synaptosomes. Ventral: ***p  <  0.0001, 
F(3,12)  =  42.43, dorsal: p  =  0.3033, F(3,12)  =  1.433 by ANOVA, 
**p = 0.0025, post-ANOVA Tukey’s test, n = 4 experiments in case 
of ventral and 3 experiments in case of dorsal with 4 mice each con-
dition. Scale a, e 20, c 10 μm

▸
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S MNs express negligible amounts of Na+/K+ATPase-α3 
(Fig.  3d). This segregation in the expression of Na+/
K+ATPase-α3 and α1 is not unique to the spinal MNs but 
also observed in other neuronal populations in the CNS as 
previously described [42]. These experiments suggest that 
MNs show differential expression of Na+/K+ATPase-α3 
and α1, which might be indicative of their specialized role 
in contributing to the differential intrinsic excitability of 
MNs.

Pharmacological inhibition of Na+/K+ATPase 
accelerates disease pathology

To determine whether the early impairment in Na+/
K+ATPase-α3 activity in MNs contributes to disease pro-
gression, presymptomatic G93A-s, G93A-f, tg-wt and WT 
mice were treated with the Na+/K+ATPase inhibitor Oua-
bain. Na+/K+ATPase-α3 has the highest sensitivity to low 
concentrations of Ouabain (IC50 values: 0.1–1 μM for α3 
and 32 μM for α1) [37, 62]. Treatments with Ouabain were 
started before the onset of the earliest identifiable cellular 
dysfunction in MNs (i.e. UPR) and analyses of the neu-
romuscular junctions (NMJs) were performed 6–13  days 
before the first wave of nerve fiber degeneration (i.e. at 
P54 in G93A-f, or at P122 in G93A-s mice) (see scheme 
in Fig.  4a). Analysis of the NMJs in the treated animals 
revealed anticipated denervation of the target muscle fiber 
in the LGC-l1 sub-compartment, which is purely inner-
vated by the most vulnerable FF MNs (Fig.  4b). Soleus 
muscle innervated by resistant FR and S MNs did not dis-
play signs of axonal disconnection from the muscle after 
Ouabain treatment (Suppl. Fig. 2a). Since FF MNs dener-
vate synchronously and reproducibly in the hind limb mus-
cles between P60 and P62 in G93A-f and between P135 and 
P137 in G93A-s mice, this anticipated denervation indicates 
that deficits in Na+/K+ATPase-α3 activity might play a role 
in accelerating the pathology. Further, enhanced activation 
of astrocytes around MNs was observed in G93A-s spinal 
cord after Ouabain administration, highlighting anticipated 
disease pathology (Suppl. Fig.  2b). Chronic treatment led 
to a progressive decline in muscle strength in G93A-f mice 
and an overall decrease in life span of approximately 12 % 
in both mouse models of fALS (Suppl. Fig. 2c–d).

We assessed whether impairments in Na+/K+ATPase-α3 
activity could alter mechanisms associated with MN excit-
ability. Ionotropic AMPA receptor 2 (GluR2) expression 
levels were strikingly reduced within WT MNs 24 h after 
intraspinal Ouabain administration. Quantifying GluR2 
labeling intensities in G93A-s MNs revealed a significant 
and early reduction in GluR2 expression over disease 
course (Fig. 4c). Moreover, GluR3 subunit expression was 
increased after Ouabain application suggesting that altera-
tions in Na+/K+ATPase-α3 activity might influence the 

expression and the ratio of ionotropic receptor subunits 
thereby impacting neuronal transmission (Suppl. Fig.  2e). 
We examined whether altered Na+/K+ATPase-α3 activity 
and altered expression of AMPA receptors lead to synaptic 
alterations onto MNs which has been previously shown [10, 
49, 58, 59]. Na+/K+ATPase-α3 was inhibited by adminis-
tering Ouabain intraspinaly in WT mice and spinal cords 
were analyzed 6 h, 12 h, 24 h or 3 days after Ouabain appli-
cation. Immunostaining for VAChT (marker for C-boutons; 
metabotropic cholinergic synapses which positively regu-
late MN excitability) revealed that acute Ouabain applica-
tion increased the size of C-boutons onto WT MNs already 
after 6 h. By 24 h, a significant and stable increase in size 

Fig. 6   Identification of the interaction site between misfSOD1 
and Na+/K+ATPase-α3. a Crystal structure of S. acanthias Na+/
K+ATPase (PDB 2ZXE [60]) shown as a cartoon for α (blue/orange), 
β (red), and γ (green) subunits. The cytosolic nucleotide-binding 
domain (N, orange), actuator domain (A, blue) and phosphoryla-
tion domain (P, blue) of the α-subunit are labeled. b Co-IP with 
B8H10 antibody from n2a cells co-transfected with WT-hSOD1 or 
hSOD1G93A and myc-tagged nucleotide-binding domain (N-myc) 
of Na+/K+ATPase-α3, IB: myc and SOD1 indicates that misfSOD1 
interacts with N-myc. Right Reverse co-IP with myc antibody and 
IB for SOD1 and myc. c Detection of N-myc-mutSOD1 com-
plex with different SOD1 mutations: hSOD1G37R, hSOD1A4V, 
hSOD1H48Q. d Zoom-in on the N-domain (orange) of S. acan-
thias Na+/K+ATPase-α3 (2ZXE [60]), highlighting linking resi-
dues to the remaining α-chain (blue). Deletion of residues 375–583 
(orange) in mouse Na+/K+-ATPase-α3 (corresponding to residues 
385–593 in 2ZXE) removes the N-domain without perturbing the 
fold of the rest of the protein. Co-IP with myc antibody from cells 
co-transfected with hSOD1G93A and N-myc or full length Na+/
K+ATPase-α3 lacking the N-domain [Δ375-583 (ΔN-myc)] followed 
by IB with SOD1 and myc reveals loss of association of misfSOD1 
with Na+/K+ATPase-α3 lacking N-domain. e hSOD1G93A inter-
acts directly with nucleotide-binding domain of Na+/K+ATPase-α3. 
Purified recombinant N-domain of Na+/K+ATPase-α3 with N-ter-
minal His tag (His-N) was incubated together with WT-hSOD1 or 
hSOD1G93A. Complex bound to Nickel beads and eluted. IB for 
His-N via Na+/K+ATPase-α3 and SOD1 revealed a direct inter-
action between SOD1G93A and His-N recombinant proteins. f 
Clustal Omega sequence alignment (http://www.ebi.ac.uk/Tools/
msa/clustalw2/) of mouse Na+/K+ATPase-α3 and α1 nucleotide-
binding domains (N). Identical residues are boxed in red while the 
longest continuous stretch that differs between the two sequences 
(acidic loop) which has been swapped between N-domain of α3 to 
that of α1 is framed in blue. Secondary structure elements of the Na+/
K+ATPase-α3 N-domain are displayed in blue above the alignment. 
g Surface representation of mouse Na+/K+ATPase-α3  N-domain 
homology model in two orientations rotated around a vertical axis 
by 180°. The homology model was created using the HHpred pipe-
line (http://toolkit.tuebingen.mpg.de/hhpred) with the N-domain of 
PDB 2ZXE (77 % sequence identity) as template. Residues differing 
between the N-domains of Na+/K+ATPase-α3 and α1 are highlighted 
in cyan and blue. The acidic loop is in blue and highlighted in a 
black box. The nucleotide binding cleft is marked with an asterisk in 
magenta. h Co-IP with SOD1 from n2a cells co-transfected with WT-
hSOD1 or hSOD1G93A and Na+/K+ATPase-α3 or Na+/K+ATPase-
α3-swap-myc, followed by IB for SOD1, Na+/K+ATPase-α3 and 
myc indicates loss of misfSOD1 association with Na+/K+ATPase-α3-
swap-myc

▸

http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://toolkit.tuebingen.mpg.de/hhpred
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of C-boutons was observed. Additionally, in presympto-
matic G93A-s mice, already enlarged C-boutons increased 
further in response to Ouabain (Fig.  4d). Besides being 
larger in volume, the average number of C-boutons contact-
ing WT MN soma increased by a factor of two after 3 days 
of Ouabain treatment. In G93A-s, C-bouton numbers were 
slightly elevated and increased further to similar levels 
to that in WT Ouabain treated condition (Fig.  4d). These 
results indicate that not only suboptimal Na+/K+ATPase 
activity but the resulting alterations in GluR2 and GluR3 
expression as well as synaptic inputs onto MNs might all 
synergistically modify MN excitability and influence the 
disease pathology.

Early reduction in surface localized levels of Na+/
K+ATPase‑α3 in the ventral horn

Since previous results suggested that misfSOD1 binds 
to Na+/K+ATPase-3 whose expression is enriched in FF 
MNs, and these MNs are most vulnerable in fALS, we 
examined the fate of Na+/K+ATPase-α3 over disease 
course in G93A-s mice. As early as P25 in G93A-s mice, 
Na+/K+ATPase-α3 colocalized with misfSOD1 in a frac-
tion of B8H10 positive MNs. Between P75 and P100 this 
colocalization gradually increased and spread to approxi-
mately 55 % of lumbar MNs accounting for the known per-
centage of FF MNs in the lumbar region. Notably, with age, 
an increased intracellular staining for Na+/K+ATPase-α3 
was observed in G93A-s MNs (Fig. 5a). Surface biotinyla-
tion assays on spinal ventral horn slices from G93A-s and 
WT mice at different ages revealed that by P90, in G93A-
s ventral horn, surface levels of Na+/K+ATPase-α3 were 
decreased by 19.5  % compared to WT condition. Strik-
ingly as from P125, G93A-s mice presented dramatic and 
persistent reduction (approximately 75 %) in surface levels 
of Na+/K+ATPase-α3. Despite the reduction in membrane 
associated Na+/K+ATPase-α3 as from P90, total protein 
levels remained unaltered until P125 and a reduction in 
total levels was only observed at a late age; P180 (Fig. 5b). 
This decline in surface associated Na+/K+ATPase-α3 frac-
tion was selective as this reduction was not observed for 
Na+/K+ATPase-α1 at P125 (Suppl. Fig. 3a). At end stage 
of disease, surviving VAChT positive MNs which are pre-
dominantly S MNs exhibited negligible expression of Na+/
K+ATPase-α3. Moreover, neighboring VAChT negative 
neurons were free of misfSOD1 accumulation and pre-
sented membrane expression of Na+/K+ATPase-α3 indicat-
ing that alterations in Na+/K+ATPase-α3 levels were selec-
tive to MNs (Suppl. Fig. 3b).

As Na+/K+ATPase-α3 expression is lost from the sur-
face followed by decline in expression at later ages, G93A-
s spinal cord were transduced with lentivirus contain-
ing full length Na+/K+ATPase-α3. Twenty five days post 

infection, measurements of the Na+/K+ATPase-α3 activ-
ity from the ventral horn revealed an improvement of only 
10  % in activity. However, this improvement in activity 
did not protect NMJs which were denervated at compara-
ble times to those of non-transduced littermates. Further, 
exogenous expression of Na+/K+ATPase-α3 did not pro-
long the life span of mutant mice, suggesting that com-
pensating the Na+/K+ATPase-α3 expression in mutSOD1 

Fig. 7   Expression of misfSOD1 binding deficient Na+/K+ATPase-α3 
delays disease pathology. a Schematic depicting the generation of 
an AAV6 vector expressing full length cDNA of Na+/K+ATPase-α3 
containing the 10 amino acid swap (Atp1a3-swap). Bottom IB of spi-
nal cord confirms increased expression of Na+/K+ATPase-α3 in the 
ventral but not in the dorsal horn of AAV6;Atp1a3-swap injected 
P110, WT mice. Representative blot out of 2 experiments. Q.A. rela-
tive expression levels of Na+/K+ATPase-α3 between injected and 
uninjected WT mice. b Confirmation of expression of Atp1a3-swap 
by dextran labeling of the Soleus motor pool in WT mice, reveal-
ing the expression of Na+/K+ATPase-α3 in S MNs which endog-
enously do not express Na+/K+ATPase-α3. c Reduced presence of 
misfSOD1-Na+/K+ATPase-α3 complex in P40, G93A-f spinal cord 
transduced with AAV6;Atp1a3-swap compared to uninjected litter-
mates. Co-IP performed using B8H10 antibody against misfSOD1 
and IB for Na+/K+ATPase-α3 and SOD1. d Measurement of Oua-
bain sensitive Na+/K+ATPase-α3 activity in AAV6;Atp1a3-swap 
injected spinal ventral horn. The expression of AAV6;Atp1a3-swap 
leads to an increase in Na+/K+ATPase-α3 activity in WT MNs and 
significantly rescues the observed Na+/K+ATPase-α3 activity deficit 
in both G93A-s and G93A-f mice. Activity measurements are rep-
resented as the mean ± SEM for all. ***p < 0.0001, F(3,8) = 14.79 
by ANOVA, **p  =  0.0013 post-ANOVA Tukey’s test for G93A-s. 
***p < 0.0001, F(3,8) = 14.58 by ANOVA, **p = 0.0013, for G93A-f 
mice by post-ANOVA Tukey’s test, n = 3 experiments with 4 mice/
condition. e Immunolabeling for GluR2, sustained expression of 
the receptor in AAV6;Atp1a3-swap infected MNs at P62 in G93A-f 
mice. Labeling for C-boutons and measurements of their volumes in 
AAV6;Atp1a3-swap transduced P40, G93A-f MNs reveals compa-
rable C-bouton volume as that in WT, indicated by the scatter plot 
(***p < 0.0001, F(2,252) = 37.08 by ANOVA, ***p < 0.001 by post-
ANOVA Tukey’s test, n = 68–100 C-boutons from 3 mice/genotype). 
f Expression of misfSOD1 binding deficient Na+/K+ATPase-α3 
delays MN denervation. Analysis of the LGC-l1 muscle subcompart-
ment, purely innervated by FF MNs at P62 and at P100 in G93A-f 
mice exhibits preserved axonal innervation (presence of Synapto-
physin labeling) compared to vehicle treated G93A-f mice. Note by 
P62 all G93A-f FF MNs have synchronously disconnected their tar-
get muscle fibers. Mean ± SEM, unpaired t test, P62: ***p < 0.0001, 
t(6) =  55.64, P100: ***p  <  0.0001, t(6) =  29.15, n =  4 mice/con-
ditions. g AAV6;Atp1a3-swap expression ameliorates loss of mus-
cle strength and extends life span of mutant mice. Values are the 
mean ±  SEM from 8 mice/genotype for muscle strength, two-way 
ANOVA, ***p < 0.0001, F(2,22) = 3820 for genotype and **p < 0.01, 
***p  <  0.001 by Bonferroni test between G93A-f + Vehicle and 
G93A-f AAV6;Atp1a3-swap. Survival: cumulative survival of G93A-f, 
G93A-s mice infected with AAV6;Atp1a3-swap and G93A-f infected 
with AAV6;GFP, n = G93A-f + Vehicle = 8, G93A-f AAV6;Atp1a3-
swap  =  12, G93A-f  +  GFP  =  7 mice, G93A-s  +  Vehicle  =  8, 
G93A-s AAV6;Atp1a3-swap =  6 mice. Median survival values are 
indicated next to the figure. Log rank (Mantel Cox test)  =  48.84, 
***p < 0.0001. Scale b 10, e 10, 20, f 20 μm

▸
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background was not sufficient to rescue the pathology 
(Suppl. Fig. 4a–c).

We next examined the discrepancy between the early 
reduced surface and unchanged total levels of Na+/
K+ATPase-α3. Immunostainings of spinal cord sec-
tions revealed an increased immunoreactivity for Na+/
K+ATPase-α3 in the ER together with ER chaperone BiP 
in MNs of G93A-s and G93A-f, but not in WT and tg-wt 
MNs (Fig. 5c). Microsomal fractions enriched in ER mem-
branes from ventral horn of G93A-s and WT mice revealed 
that in G93A-s at P125, prominent accumulation of Na+/
K+ATPase-α3 within ER membrane fractions occurs 
(Fig. 5d). Note that ER associated mutSOD1 levels did not 
change from P90 to P125. As FF MNs already exhibit UPR 
at P125, we monitored whether relieving ER stress would 
restore Na+/K+ATPase-α3 activity. Delivery of ER stress 
alleviator Salubrinal to G93A-s mice led to the re-locali-
zation of Na+/K+ATPase-α3 to the MN surface (Fig. 5e), 
which led to a partial recovery in Na+/K+ATPase-α3 activ-
ity (approximately 50 %) in G93A-s compared to untreated 

mice (Fig. 5f). We examined whether ER stress could drive 
ER accumulation of surface associated Na+/K+ATPase-α3. 
Early delivery of ER stress inducer Tunicamycin to G93A-s 
mice at P49 (55–60 days before UPR in FF MNs) followed 
by measurement of Na+/K+ATPase-α3 activity revealed no 
decline in activity compared to the untreated G93A-s mice 
(Suppl. Fig. 5a). Moreover, high ER stress at this early time 
point did not lead to the mislocalization of surface bound 
Na+/K+ATPase-α3 to the ER (Suppl. Fig.  5b), hinting 
towards a probable ER retention of newly synthesized Na+/
K+ATPase-α3 at a specific stage in disease coinciding with 
UPR.

Direct association of misfSOD1 with Na+/K+ATPase‑α3 
via residues 484–493 in the nucleotide binding domain 
of Na+/K+ATPase‑α3

As Na+/K+ATPase-α3 is a transmembrane pump with a 
large cytoplasmic nucleotide-binding domain (N), encom-
passing residues 372–586 (Fig.  6a), we hypothesized that 
the aberrant interaction between the protein and misfSOD1 
occurs via the intracellular N-domain. Consistent with 
our hypothesis, the expression of C-terminal myc-tagged 
nucleotide binding domain (N-myc) of Na+/K+ATPase-α3 
together with hSOD1G93A or WT-hSOD1 in mouse neu-
roblastoma (n2a) cells revealed a selective association of 
B8H10 positive misfSOD1 but not of WT-hSOD1 with 
N-myc. To further clarify that WT-hSOD1 did not associ-
ate with N-myc, a reverse co-IP with myc antibody was 
performed which revealed no association between the 
two (Fig.  6b). Various SOD1 mutants interacted with the 
same N-domain of Na+/K+ATPase-α3 (Fig.  6c), hinting 
towards a conserved conformational state of misfSOD1 
which determined this interaction. Notably, this associa-
tion was lost when hSOD1G93A and Na+/K+ATPase-α3 
lacking the N-domain (residues 375-583 deleted and 
termed as ΔN-myc) were co-expressed together (Fig. 6d). 
To gain insights into the interaction, purified recombinant 
N-terminal His-tagged N-domain of Na+/K+ATPase-α3 
(His-N), WT-hSOD1 or hSOD1G93A proteins were incu-
bated together. IB for His-N and hSOD1 revealed that 
hSOD1G93A directly interacts with the N-domain of Na+/
K+ATPase-α3 (Fig. 6e). Note that we used n2a cells as they 
do not show endogenous Na+/K+ATPase-α3 expression. 
Transient expression of hSOD1G93A but not WT-hSOD1 
with Na+/K+ATPase-α3 in n2a cells leads to their co-accu-
mulation into aggregate like structures (Suppl. Fig. 6a, b).

Having established a direct interaction between misf-
SOD1 and Na+/K+ATPase-α3 via its N-domain, we aimed 
to further narrow down the site of this interaction. Align-
ing the N-domains of homologous Na+/K+ATPase-α3 
and Na+/K+ATPase-α1 revealed 78  % sequence identity 
and highlighted distinct stretches of residues which are 

Fig. 8   ALS spinal cords present B8H10 positive misfSOD1 and 
altered Na+/K+ATPase-α3 expression. a Na+/K+ATPase-α3 is 
downregulated in spinal cord of sporadic ALS (sALS) patients. IB 
from control cases (n = 4) and patients with sALS (n = 9) displays 
reduced protein levels of Na+/K+ATPase-α3. Right Q.A. of aver-
age protein levels normalized to internal loading control tubulin, 
***p = 0.0004, unpaired t test, t(11) = 4.990. Extreme right patient 
cases (sALS1–7) show negligible amounts of Na+/K+ATPase-α3, 
observed by the relative Na+/K+ATPase-α3 levels, ***p  <  0.0001, 
unpaired t test, t(9)  =  12.05. Representative blot from 4 experi-
ments. b IB from control cases (n =  4) and patients with familial 
ALS (fALS) harboring mutations in the C9ORF72 gene (n =  6) or 
FUS gene (n  =  2) show reduced Na+/K+ATPase-α3 levels. Right 
Q.A. of average Na+/K+ATPase-α3 levels normalized to internal 
loading control tubulin, *p =  0.0486, unpaired t test, t(8) =  2.324. 
Of the 6 samples, fALS cases 1–4 show stronger reduction in Na+/
K+ATPase-α3 expression compared to cases fALS-5 and fALS-6 
which have near normal expression. Extreme right Q.A. of average 
Na+/K+ATPase-α3 levels normalized to internal loading control tubu-
lin for fALS cases with FUS mutations, **p = 0.017, unpaired t test, 
t(4) = 7.546. c Immunohistochemical staining for Na+/K+ATPase-α3 
in spinal cord tissues from humans with sALS as compared to unaf-
fected controls. Note the increased plasma membrane-associated 
labeling for Na+/K+ATPase-α3 in some of the surviving sALS MNs. 
For a lower power comparative view, see Suppl. Fig.  8a. d Immu-
nofluorescence staining of sALS and control alpha-MNs show-
ing broader surface localization of Na+/K+ATPase-α3 in two of the 
remaining sALS MNs as compared to the control, where a fine out-
line of Na+/K+ATPase-α3 around the MN soma is observed. e Pres-
ence of B8H10 immunopositive misfSOD1 in human sALS patient 
spinal cord. Immunohistochemical misfSOD1 staining on MNs in 
humans with sALS as compared to unaffected controls; black arrows 
mark staining for misfSOD1 associated with the plasma membrane of 
MNs. Large intracellular aggregate reactive with the B8H10 antibody 
are indicated by arrow heads. Red arrow head marks an adjacent MN 
negative for misfSOD1 immunoreactivity. f Immunofluorescence 
staining of sALS and control alpha-MNs incubated with B8H10 anti-
body displaying subplasmalemmal accumulation of misfSOD1 in the 
sALS MN. Scale bar c 25, d 40, e 30, f 20 μm

◂
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different thereby likely determining specificity of the inter-
action (Fig.  6f). Homology modeling of the N-domain 
of mouse Na+/K+ATPase-α3 using the crystal struc-
ture of the S. acanthias Na+/K+ATPase as template [60] 
(PDB 2ZXE, 77  % sequence identity in the N-domain) 
enabled us to map these differences onto the N-domain 
surface for a structure function analysis (Fig.  6g). Strik-
ingly, all residue changes between the N-domains of Na+/
K+ATPase-α3 and Na+/K+ATPase-α1 reside on the sur-
face opposite of the nucleotide-binding cleft whereas the 
domain surface that binds ATP and interacts with the actua-
tor (A) and the phosphorylation (P) cytosolic domains of 
the Na+/K+ATPase-α3 chain are completely conserved. 
Additionally, the longest continuous N-domain sequence 
stretch that differs between Na+/K+ATPase-α3 and Na+/
K+ATPase-α1, residues 484–493, forms a distinct solvent 
exposed acidic loop thereby providing a putative interac-
tion site for misfSOD1. To test this hypothesis, n2a cells 
were transfected either with hSOD1G93A or WT-hSOD1 
and a myc-tagged Na+/K+ATPase-α3 construct where 
residues 484–493 were exchanged to the corresponding 
residues of Na+/K+ATPase-α1 termed as Na+/K+ATPase-
α3-swap-myc, followed by co-IP with SOD1. The bind-
ing of hSOD1G93A to Na+/K+ATPase-α3-swap-myc 
was lost (Fig. 6h), indicating that the acidic loop in Na+/
K+ATPase-α3 is the probable site for association with 
misfSOD1.

Expression of misfSOD1 binding deficient Na+/
K+ATPase‑α3 restores Na+/K+ATPase‑activity 
and prolongs survival of mutant SOD1G93A mice

Next, to determine whether the binding of misfSOD1 to 
Na+/K+ATPase-α3 leading to the impairment in its ATPase 
activity also influences the disease pathophysiology, mis-
fSOD1 binding deficient Na+/K+ATPase-α3 where resi-
dues 484–493 were replaced by corresponding residues 
from Na+/K+ATPase-α1 (494–503), was expressed in 
MNs via adeno-associated virus (AAV6), referred to as 
AAV6;Atp1a3-swap. This chimeric Na+/K+ATPase-α3 
pump was fully functional as assessed by the measure-
ment of its ATPase activity in n2a cells (Suppl. Fig. 7). IB 
for Na+/K+ATPase-α3 after transduction of spinal cord 
with AAV6;Atp1a3-swap revealed a two-fold increase in 
the expression of Na+/K+ATPase-α3 in WT ventral horn 
spinal cord (Fig.  7a). As further evidence, MNs from the 
soleus muscle were labeled with RITC-dextran. Approxi-
mately 85 % of soleus MNs presented expression of Na+/
K+ATPase-α3 compared to non-transduced soleus MNs, 
where 50 % of soleus MNs express negligible amounts of 
Na+/K+ATPase-α3 (Fig.  7b). Co-IP of misfSOD1 from 
P40, G93A-f spinal cord via B8H10 antibody revealed 
a decline in misfSOD1-Na+/K+ATPase-α3 complex in 

AAV6;Atp1a3-swap transduced G93A-f spinal cords 
(Fig. 7c). Subsequent measurements of Na+/K+ATPase-α3 
activity revealed prominent rescue of Na+/K+ATPase-α3 
activity in both mouse models. Notably, the restoration of 
Na+/K+ATPase-α3 activity in P35, G93A-f and P70, G93A-
s MNs was to a similar extent as in WT conditions (Fig. 7d). 
The rescue in Na+/K+ATPase-α3 activity led to a high and 
sustained GluR2 expression levels in AAV6;Atp1a3-swap 
infected P62, G93A-f MNs compared to uninfected litter-
mates. C-bouton in SOD1G93A mice which were trans-
duced with AAV6;Atp1a3-swap were smaller than those on 
non-transduced MNs and near similar in volume to those in 
WT conditions (Fig. 7e). Further, NMJs exhibited sustained 
axonal innervation and 80 % of disease vulnerable FF MN 
innervated endplates were preserved at P62 (Fig. 7f). At a 
behavioral level, G93A-f AAV6;Atp1a3-swap injected mice 
presented improved muscle strength as measured by the 
grid test (Fig. 7g). Despite the presence of mutSOD1 pro-
tein and endogenous Na+/K+ATPase-α3, the expression of 
AAV6;Atp1a3-swap prolonged the life span of G93A-f and 
G93A-s mice (Fig. 7h).

Altered Na+/K+ATPase‑α3 expression in fALS 
and sALS patients

Lastly, we examined whether alterations in Na+/
K+ATPase-α3 expression levels would also be present in 
non-SOD1 mediated fALS and sALS as alterations in MN 
excitability has been observed in both forms of ALS in 
humans, as well as in iPSC cells from patients differentiated 
into MNs  [13, 66–68]. Examining lumbar human spinal 
cord tissue for Na+/K+ATPase-α3 expression from control 
and sALS patients revealed that in four age matched cases, 
strong expression of Na+/K+ATPase-α3 was observed. 
In contrast, of the nine cases of sALS patients examined, 
seven cases (sALS-1–7, lanes 5–11) revealed a strong 
reduction in Na+/K+ATPase-α3 levels (Fig. 8a). One sALS 
case (sALS-8, lane 12) presented near normal expression 
of Na+/K+ATPase-α3 when compared to control cases. 
Further, alterations in the expression of Na+/K+ATPase-α3 
was observed in non-SOD1 mediated fALS cases. Of the 
six cases related to mutations in the C9ORF72 gene; four 
cases (fALS-1–4, lanes 5–8) presented lower levels of 
Na+/K+ATPase-α3 while the other two cases (fALS-5–6) 
presented Na+/K+ATPase-α3 expression similar to con-
trol cases (Fig. 8b). Both cases harboring mutations in the 
FUS gene exhibited reduced Na+/K+ATPase-α3 expres-
sion (Fig. 8b). Immunohistochemical analysis revealed that 
in the control group as expected, basal Na+/K+ATPase-α3 
immunoreactivity finely outlined the periphery of the MN 
soma. Interestingly, some of the surviving MNs (10–20 %) 
from human sALS spinal cord showed increased Na+/
K+ATPase-α3; in several representative examples broad 
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ruffled plasma membrane-associated Na+/K+ATPase-α3 
staining was observed (Fig.  8c–d; Suppl. Fig.  8). Further, 
immunostaining for misfSOD1 revealed that several sALS 
cases presented immunolabeling for misfSOD1. misfSOD1 
immunoreactivity was not restricted to large globular intra-
cellular aggregates (arrow heads), but was also found close 
to the plasma membrane in the form of diffuse or slightly 
speckled staining (black arrows) (Fig. 8e–f) similar to the 
labeling observed for Na+/K+ATPase-α3.

Discussion

Our work provides a mechanistic explanation for how 
expression of mutSOD1 might contribute to altering MN 
excitability in fALS. Profiting from the B8H10 antibody 
which detects a disease specific epitope on misfSOD1 in 
vulnerable FF MNs as from P7 in G93A-s mice, we per-
formed a longitudinal unbiased proteomic screen of the 
misfolded SOD1G93A interactome. This provided the ear-
liest signature of proteins interacting with misfSOD1 and 
led to the identification of a core group of aberrant inter-
actions which included Na+/K+ATPase-α3. The early and 
consistent interaction of misfSOD1 with the N-domain 
of Na+/K+ATPase-α3 led to functional impairment of 
its ATPase activity in MN associated regions of the spi-
nal cord. This impairment of Na+/K+ATPase-α3 activity 
further modified GluR2 expression levels and cholinergic 
C-bouton inputs onto MNs. Notably, Na+/K+ATPase-α3 
expression was enriched within disease vulnerable FF MNs 
whereas its expression was the lowest in disease resist-
ant MNs. AAV mediated expression of misfSOD1 bind-
ing deficient Na+/K+ATPase-α3 in  vivo restored Na+/
K+ATPase-α3 activity in spinal cord, delayed pathological 
alterations associated with MN excitability and prolonged 
significantly the life span of mutSOD1 mice.

Na+/K+ATPase-α3 is an integral neuronal membrane 
protein exporting three Na+ ions and importing two K+ 
ions for each ATP hydrolyzed and is a major determi-
nant of neuronal resting membrane potential [15]. There-
fore, suboptimal functioning of the ATP-driven ion pump 
will lead to elevated intracellular Na+ levels resulting in 
a higher resting potential which at first might account for 
hyperexcitability and eventually lead to the collapse of 
membrane potential. Furthermore, the tight functional cou-
pling between glutamate receptors and Na+/K+ATPase is 
required for the maintenance of intraspinal synaptic func-
tion. The suppression or diminishing of Na+/K+ATPase 
activity  causes the rapid internalization and proteasome-
mediated degradation of AMPA receptors (AMPAR), 
resulting in lasting suppression of AMPAR-mediated syn-
aptic transmission [70]. An early and a prominent reduction 
in GluR2 has been found in presymptomatic G93A-f mice 

[61], and our work has revealed that impaired or dimin-
ished Na+/K+ATPase-α3 activity influences this reduction, 
which could be rescued by the viral mediated expression 
of misfSOD1 binding deficient Na+/K+ATPase-α3. These 
results indicate that sub-optimal Na+/K+ATPase-α3 func-
tioning might not only alter membrane potential but con-
comitantly influence neuronal transmission in the spinal 
cord.

Impairment in Na+/K+ATPases can be recapitulated in 
other neurodegenerative diseases, where selective neuronal 
vulnerabilities due to altered excitability predispose them 
to degeneration [57]. DJ-1 mutations causing early onset 
Parkinson’s disease (PD) confer neuronal vulnerability via 
energy metabolism deficits leading to impairments in Na+/
K+ATPase activity to which mutant substantia nigra pars 
compacta neurons (SNpc) are particularly sensitive [48]. 
SNpc neurons mainly express Na+/K+ATPase-α3 and are 
vulnerable to mutations in the Na+/K+ATPase-α3 gene, 
leading to Rapid Onset Dystonia Parkinson [12]. In Alzhei-
mer’s disease (AD), the activity of Na+/K+ATPase is sig-
nificantly lower in the brains of patients with AD than in 
the brains of normal controls and directly correlates with 
impaired neuronal function [36]. Interestingly, the expo-
sure of synaptosomes isolated from postmortem human 
hippocampus to Aβ selectively reduced Na+/K+ATPase 
and Ca2+ATPase activities, but not the activities of Mg2+-
dependent ATPase or Na+/Ca2+ exchanger, suggesting 
that impairments in ATPase activities associated with ion 
movements might correlate with the pathogenesis of AD 
[41]. In fALS, a progressive loss of expression of all three 
Na+/K+ATPases at end stage in G93A-f mice has been 
shown [16]. Moreover, this study also examined other fac-
tors such as increased nitric oxide which could contribute 
to the reduction in Na+/K+ATPase activity and found that 
high basal levels of nitric oxide was not causally associ-
ated with the observed impairment in G93A-f mice [16]. In 
this context, our finding of a selective association of mis-
fSOD1 with Na+/K+ATPase-α3 and the resultant impair-
ment in its ATPase activity provides incremental insights 
into how early impairments in Na+/K+ATPase-α3 activity 
could selectively alter MN excitability in mutSOD1 medi-
ated fALS.

Na+/K+ATPase-α1 is ubiquitously expressed, whereas 
Na+/K+ATPase-α3 exhibits a restricted neuronal expres-
sion pattern, and both proteins can occur together or sin-
gly in neurons [30, 42] which is probably indicative of their 
specialized functions. We show that FF MNs predomi-
nantly express Na+/K+ATPase-α3, whereas S MNs mainly 
express Na+/K+ATPase-α1 and that B8H10 immunoreac-
tive misfSOD1 specifically binds to Na+/K+ATPase-α3. 
This suggests that early impairment in Na+/K+ATPase-α3 
function might initially and rather selectively impact FF 
MNs. Functional differences between Na+/K+ATPase 
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isozymes are observed with regards to their affinity for 
Na+, where Na+/K+ATPase-α3 has lower affinity for Na+ 
than Na+/K+ATPase-α1 [44]. Na+/K+ATPase-α1 plays a 
major role in maintaining basal intracellular Na+ levels, 
whereas Na+/K+ATPase-α3 plays an important role in con-
trolling resting membrane potential. Particularly, the func-
tion of Na+/K+ATPase-α3 is crucial during suprathresh-
old neuronal activity that leads to rapid large intracellular 
increase in Na+ levels [4]. Moreover, the recovery of intra-
cellular Na+ levels after suprathreshold activity requires 
increased Na+/K+ATPase-α3 activity and subsequently 
greater energy consumption. In general, Na+/K+ATPase 
pump activity uses approximately 50  % of ATP gener-
ated by the neurons and it is of interest to note that Na+/
K+ATPase-α3 exhibits higher ATP-affinity compared to α1 
[7]. Computational modeling of selective MN vulnerability 
in ALS suggested that deficits in ATP production and con-
sumption might directly impair Na+/K+ATPase homeosta-
sis thereby generating a deadly feedback loop. Such a defi-
cit would be catastrophic to neurons, causing incomplete 
repolarization and making them more inclined to fire, even-
tually leading to complete loss of firing when the mem-
brane potential becomes too depolarized [34]. Since mus-
cle contractions induced by FF MNs are powerful but short 
lived and the recruitment of FF MNs requires crossing a 
high excitability threshold, the finding that FF MNs mainly 
express Na+/K+ATPase-α3 might corroborate well with 
the proposed function of Na+/K+ATPase-α3. However, at 
the same time, the high demand for ATP to maintain opti-
mal Na+/K+ATPase-α3 functioning might expose FF MNs 
to vulnerability in conditions associated with suboptimal 
functioning of Na+/K+ATPase-α3 and ATP generation.

We show that misfSOD1 interacts with the cytosolic 
N-domain of Na+/K+ATPase-α3 and have mapped this 
interaction to an isoform-specific solvent exposed acidic 
loop (residues 484–493) opposite of the nucleotide bind-
ing site. This leads to reduced ATPase activity (measured as 
free Pi levels produced by Na+/K+ATPase-α3) already at 
P50 when the surface levels of the pump are still the same 
for WT and G93A-s (Figs. 2b, 5b). With this we can specu-
late about how misfSOD1 might impair the function of the 
Na+/K+ pump: as the ATP binding site on the N-domain is 
located opposite of the acidic loop where misfSOD1 inter-
acts, the aberrant association likely allows ATP binding but 
might prevent autophosphorylation or any subsequent con-
formational change needed for Na+ release to the extracel-
lular space or K+ uptake from the cytosol. This suggests 
that Na+/K+ATPase-α3 is blocked anywhere between 
Na3E1ATP and K2E2-P state leading to perturbed cellular 
ion concentrations and membrane resting potential. The ini-
tial and early decline by 22 % in Na+/K+ATPase-α3 activ-
ity measured at P50 would then be sufficient to overload 
the remaining normally functioning Na+/K+ATPase-α3. 

This, together with reduced ATP availability due to defec-
tive mitochondrial functioning as suggested by Le Masson 
et al. [34], might launch a vicious cycle accentuating Na+/
K+ATPase deficits in disease.

We further show that Na+/K+ATPase-α3 levels were 
altered in ALS patient tissues, suggesting that alterations in 
Na+/K+ATPase-α3 levels are pathogenesis related. Since 
both aging and oxidative stress impair Na+/K+ATPase 
activity [20, 33], it is plausible that these factors could 
actively impair Na+/K+ATPase-α3 function which then 
might serve as an important determinant for MN dysfunc-
tion in sALS and fALS. Another possibility for altered 
Na+/K+ATPase-α3 levels could be related to the observa-
tion that WT-SOD1 in sALS cases undergoes age and envi-
ronment associated modifications, causing conformational 
alterations in the structure of WT-SOD1, leading to a gain 
of toxic properties similar to those in mutSOD1 [9, 18, 25]. 
Here, one could imagine the toxic conformation alterations 
in WT-SOD1 might enable it to aberrantly associate with 
Na+/K+ATPase-α3, impairing its function and providing a 
link between altered MN excitability and ALS pathogen-
esis. Regarding the reasons for the apparent discrepancy 
between the Na+/K+ATPase-α3 immunoblot and immu-
nohistochemistry data, we think that the reduction in Na+/
K+ATPase-α3 protein levels in the immunoblots is due to 
the overall reduction in α-MN numbers and also due to the 
fact that only 10–20 % of the remaining α-MNs showed the 
increased plasma membrane-associated Na+/K+ATPase-α3 
labeling. In conclusion, our results provide experimental 
and mechanistic insights into the relationships between 
misfSOD1 accumulation and alterations in MN excitability 
and spinal connectivity in fALS. We identify impairment 
in Na+/K+ATPase-α3 activity as being a determinant for 
selective vulnerability of MNs in disease and provide valu-
able new avenues for potential therapeutic strategies.
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