
Cykowski et al. Acta Neuropathologica Communications  (2018) 6:28 
https://doi.org/10.1186/s40478-018-0528-y
RESEARCH Open Access
Phosphorylated TDP-43 (pTDP-43)
aggregates in the axial skeletal muscle of
patients with sporadic and familial
amyotrophic lateral sclerosis
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Abstract

Muscle atrophy with weakness is a core feature of amyotrophic lateral sclerosis (ALS) that has long been attributed
to motor neuron loss alone. However, several studies in ALS patients, and more so in animal models, have challenged
this assumption with the latter providing direct evidence that muscle can play an active role in the disease. Here, we
examined the possible role of cell autonomous pathology in 148 skeletal muscle samples from 57 ALS patients,
identifying phosphorylated TAR DNA-binding protein (pTDP-43) inclusions in the muscle fibers of 19 patients (33.3%)
and 24 tissue samples (16.2% of specimens). A muscle group-specific difference was identified with pTDP-43 pathology
being significantly more common in axial (paraspinous, diaphragm) than appendicular muscles (P = 0.0087). This
pathology was not significantly associated with pertinent clinical, genetic (c9ALS) or nervous system pathologic data,
suggesting it is not limited to any particular subgroup of ALS patients. Among 25 non-ALS muscle samples, pTDP-43
inclusions were seen only in the autophagy-related disorder inclusion body myositis (IBM) (n = 4), where they
were more diffuse than in positive ALS samples (P = 0.007). As in IBM samples, pTDP-43 aggregates in ALS were
p62/ sequestosome-1-positive, potentially indicating induction of autophagy. Phospho-TDP-43-positive ALS and
IBM samples also showed significant up-regulation of TARDBP and SQSTM1 expression. These findings implicate
axial skeletal muscle as an additional site of pTDP-43 pathology in some ALS patients, including sporadic and
familial cases, which is deserving of further investigation.
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Introduction
ALS is a progressive disorder characterized by motor
neuron injury, muscle weakness, bulbar symptoms,
such as dysarthria and dysphagia [1], and frontal-
subcortical cognitive dysfunction in many patients [43,
44]. ALS has a lifetime risk of ~ 1 in 500 persons [51]
and a prevalence in the United States reaching 17 per
100,000 individuals in the eighth decade [39]. Survival
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is generally poor and patients typically live only three
to five years after diagnosis [49].
Pathologic studies of ALS nervous tissue have em-

phasized cell autonomous and non-cell autonomous
pathologies in upper and lower motor neuron
groups, and more recently, in non-motor brain re-
gions [18, 38]. These include neuronal and glial in-
clusions comprising misfolded and phosphorylated
TAR DNA-binding protein 43 kDA (pTDP-43) [10,
17, 35] and fused-in-sarcoma (FUS) protein [34], as well
as dipeptide repeat pathology in C9ORF72 expansion-
associated ALS (c9ALS) [54]. The critical role of glia
and immune cells in disease progression is also recognized
in human ALS and transgenic ALS models [26, 40, 58].
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In contrast, since the original descriptions of ALS [16,
55], the secondary process of muscle atrophy following
motor neuron loss and denervation has been emphasized.
Indeed, electrophysiologic findings in ALS muscle are typ-
ically those of denervation atrophy [19, 29] and are ac-
companied by histopathologic changes of denervation,
such as target fibers and fiber type grouping. At the same
time, electrophysiological and functional studies of human
ALS have supported an active and early role of skeletal
muscle [48] and an early vulnerability of select muscle
groups, such as paraspinous [29, 30]. Further, not all path-
ologies described in ALS muscle are those of denervation
atrophy. Additional pathologies that have been described
in some ALS muscle samples include myopathic features
[28], fiber necrosis and inflammation [2], DNA fragmenta-
tion with expression of pro-apoptotic proteins [52], and
reduced expression of mitochondrial proteins and mito-
chondrial DNA mutations/ deletions [4, 15, 56]. Studies of
protein aggregates in human ALS muscle, that might
indicate cell autonomous pathology, are much more
limited. One study of 30 quadriceps biopsies did not
identify pTDP-43 pathology in any samples [50]. Another
recent study of deltoid samples found p62-positive,
pTDP-43-negative inclusions [2] and p62-positive, pTDP-
43-negative inclusions were recently described in the
gastrocnemius of a single c9ALS patient [53].
Studies in ALS animal models have provided direct

evidence that skeletal muscle can play a more active role
in neurodegeneration. A variety of cell autonomous
pathologies have been identified in the myofibers of
transgenic (tg) mice expressing mutant Cu/Zn super-
oxide dismutase (mSOD1) [32]. These include in-
creased endoplasmic reticulum stress response early
in disease [12], reduction of heat shock protein ex-
pression [7], mitochondrial dysfunction [42], and pro-
apoptotic signaling with increased cytosolic levels of
calcium and calcium-binding proteins [13]. Aggregates
of SOD1 protein have also been detected in the
muscle of mSOD1 animals [6] and multiple studies
have found an alteration in muscle expression of
autophagy-related genes [14, 21]. The most compel-
ling evidence to date for the active role of muscle in
ALS is the finding that tg mice expressing G37R and
G93A human SOD1 in skeletal muscle (hSOD1mus),
but not in nervous tissue, develop neurologic and
pathologic ALS [57], with the wildtype motor neurons
developing ubiquitinated aggregates. Other muscle-
specific tg models have also shown muscular atrophy
and reduced strength [22] and motor neuron degener-
ation [23].
To further examine whether cell autonomous path-

ology is present in the muscle of human ALS patients,
we studied 148 muscle specimens from 57 patients to
identify the prevalence and muscle group distribution of
pTDP-43, a well-characterized marker of ALS pathology
in motor neurons. To extend the work of prior studies,
we included samples not only of appendicular muscle
(quadriceps, deltoid), but also diaphragm and paraspi-
nous muscle groups. We also studied pTDP-43-positive
samples to determine whether the autophagy-related
protein p62/ Sequestosome-1 was present in myofiber
inclusions. To determine the specificity of these findings,
we compared the ALS samples to an additional 25 non-
ALS muscle samples with neurogenic atrophy, including
four samples of clinical and pathologic inclusion body
myositis (IBM). Finally, we examined whether pTDP-43
pathology in muscle was associated with salient disease
characteristics, including age, site of onset, disease dur-
ation, familial or c9ALS status, and the burden of ner-
vous system TDP-43 pathology.
Materials and methods
ALS muscle samples and clinical data
The 57 ALS patients with tissue examined in this study
all underwent autopsy at our institution. The sample
was representative of clinically diagnosed ALS patients
seen at our institution with (1) pathologic confirmation
and (2) skeletal muscle samples obtained at autopsy
from one or multiple muscle groups. All pathologically
confirmed ALS cases with skeletal muscle available for
study were included. The majority of patients were eval-
uated in the clinic of two study authors (SHA, JWA).
The study was conducted with the approval of the Insti-
tutional Review Board at Houston Methodist Hospital
(IRB-(3 N)-0114–0013).
Clinical variables recorded included (a) disease dur-

ation, defined as the time between first symptoms and
autopsy date, (b) age at death, (c) site of disease onset
(“limb”, “bulbar”, or “multifocal/other”), and (d) whether
the patient had familial (fALS) or sporadic ALS (sALS).
As previously described [17], c9ALS status was identified
(or confirmed) for the purposes of this retrospective
study by the presence of TDP-43-negative, p62-positive
inclusions on immunofluorescence (purified mouse anti-
p62 Ick ligand, 1:50, BD Biosciences, San Jose, CA) in
hippocampus and/or cerebellar granule cells. All c9ALS
cases were confirmed using poly-GA (MABN889, EMD
Millipore, 1:200, mouse monoclonal) and poly-GP
(ABN455, EMD Millipore, 1:1000, rabbit polyclonal)
antibodies. In 42 of the 57 patients in this study, the per-
centage of nervous system regions-of-interest (ROIs)
with TDP-43 pathology, as previously reported [17], was
also available.

Non-ALS muscle samples
Non-ALS patients (n = 25) included seventeen samples
with neurogenic atrophy demonstrated on muscle biopsy.
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These non-ALS patients comprised four cases of biopsy-
proven inclusion body myositis (IBM), one case with
neurogenic atrophy in a patient with myasthenic symp-
toms, one case of denervation atrophy in a patient with
nerve plexus injury, one case of steroid myopathy, and 10
biopsies with a range of mild neurogenic changes (scat-
tered nuclear clumps, esterase-positive angulated and
atrophic fibers). Eleven of the non-ALS biopsies were
from quadriceps and the remainder were obtained from
biceps (2), gastrocnemius (2), or an unspecified site (2).
An additional eight samples were included that contained
fairly abundant paraspinous muscle among the various tis-
sues obtained at laminectomy and submitted for routine
pathologic examination. Two such specimens were from
cervical spine with the remainder from lumbar spine and
diagnoses included synovial cyst (2), radiculopathy (1),
spinal stenosis (4), and spondylolisthesis (1).

Phospho(409/410)-TDP-43 immunohistochemistry
Phospho(409/410)-TDP43 antibody (1:500, rabbit poly-
clonal, 22309–1-AP, Proteintech, Rosemont, IL) was ap-
plied to all ALS samples, including paraspinous muscle
(n = 44), deltoid (n = 34), diaphragm (n = 29), quadriceps
(n = 26), skeletal muscle, NOS (n = 13), and one sample
each of gastrocnemius and abdominal wall muscle. Im-
munostaining was performed on formalin-fixed, paraffin
embedded (FFPE) tissue samples, sectioned at 4 μm,
mounted on charged slides and dried for at least 2 h at
50–60 °C. Deparaffinization and rehydration were car-
ried out using a series of xylenes, graded alcohols, and
reagent grade water (ThermoFisher Scientific, Waltham,
MA). Heat-based antigen retrieval was performed using
a 1× antigen retrieval solution at pH 9 (Agilent Tech-
nologies, Santa Clara, CA) and was carried out for 1 h
(30 min at 95 C0, followed by 30 min on ice).
Subsequent washing steps were carried out using a
commercial Tris-buffered saline solution (1×) containing
Tween 20, pH 7.6 (Agilent Technologies) with a 3%
hydrogen peroxide solution (VWR International, Radnor,
PA) used to block endogenous peroxidase. Primary anti-
body was applied for a minimum of 1 h following a one-
hour blocking step at room temperature with 2.5% horse
serum (Vector Laboratories, Burlingame, CA). Slides
were thoroughly washed and a species appropriate Imm-
Press™ HRP IgG detection kit (Vector Laboratories) was
applied for 1 h at room temperature. Following add-
itional washing steps, target antigen was visualized using
DAB chromogen in substrate buffer (Agilent Technolo-
gies). Hematoxylin counterstain was applied and slides
were taken to xylene and mounted with Permount™
(ThermoFisher Scientific). Negative and positive controls
were used with all staining reactions. Positive controls
comprised ALS spinal cord or medulla and performed
appropriately.
Evaluation of pTDP-43 inclusion pathology
Myofibers, adipose tissue, and neurovascular tissue
were assessed for pTDP-43-reactive inclusions. For
myofibers, only cases with unequivocal staining in the
subsarcolemmal region or within sarcoplasm were re-
corded as positive (no intranuclear inclusions were
identified). Semi-quantitation of pTDP43-positive sam-
ples was also performed. For pTDP-43 density, the
number of involved fibers was quantitated in a single
100× low-power field (LPF). For pTDP-43 extent, the
number of LPFs with pTDP-43 pathology per slide was
expressed as a percentage of all LPFs with myofibers in
the sample (e.g., 15 fields with pTDP-43 inclusion path-
ology of 25 total LPFs of muscle = 60% of fields with at
least one pTDP-43 inclusion).

p62 and FUS immunohistochemistry
Using the procedures described above, skeletal muscle
samples that were positive for pTDP-43 were screened
for inclusions of p62 (purified mouse anti-p62 Ick ligand,
1:100, BD Biosciences, San Jose, CA) and/or FUS/TLS
(1:200, rabbit polyclonal, 11570–1-AP, Proteintech). Im-
munohistochemical procedures were identical to those
described above. Negative and positive controls were
used and performed appropriately. For p62, sections of
spinal cord or medulla from ALS patients served as posi-
tive controls. For FUS, positive controls were sections of
FTLD-FUS brain tissue.

Additional staining in a subset of cases
In a subset of ALS cases with pTDP-43 inclusions,
double labeling immunofluorescence procedures were
performed to assess co-expression of pTDP-43 (as
above) with fast myosin (anti-mouse, 1:400, Sigma
Aldrich, M4276), slow myosin (anti-mouse, 1:1000,
Sigma Aldrich, M8421), or p62 (as above). Samples were
incubated overnight with a mixture of primary anti-
bodies at 4 °C following deparaffinization and rehydra-
tion steps, antigen retrieval procedures (10 mM citrate
buffer), and a blocking step using 2.5% horse serum.
After several washes with phosphate buffered saline, sec-
ondary antibodies (1:200) were applied for 1 h, including
the secondary antibodies Alexa Fluor® 555 anti-rabbit
IgG (Thermo Fisher, A-21429), Alexa Fluor® 555 anti-
mouse IgG (Thermo Fisher, A32727), Alexa Fluor® 488
anti-mouse IgG (Thermo Fisher, A11001), and Alexa
Fluor® 488 anti-rabbit IgG (Thermo Fisher, A-11034).
Following further PBS washes, sections were mounted
using Vectashield Antifade mounting media with DAPI
(H-1200, Vector Laboratories, Burlingame, CA).
Additional staining for N-terminal TDP-43 antibody

(1:1000, rabbit polyclonal, 10782–2-AP, Proteintech,
Rosemont, IL), which stains both physiologic and patho-
logic TDP-43, was performed in three ALS samples with
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pTDP-43 inclusions (see Results), two ALS samples
without pTDP-43 inclusions, and a control sample of
frontotemporal lobar degeneration with TDP-43 inclu-
sion pathology. 1% Thioflavin S staining was performed
in the same five ALS samples undergoing N-terminal
TDP-43 immunohistochemistry, as well as four samples
of IBM, three samples of non-ALS, non-IBM neurogenic
atrophy, and two control samples (Alzheimer’s disease).

Evaluation of immunofluorescence studies
All immunofluorescence studies were reviewed within
24 h of staining and images were captured in cellSens
software 1.13 (Olympus America, Inc., Center Valley,
PA) on an Olympus BX-43 Microscope using a DP71
camera, a EGFP FITC/Cy2 filter cube (set number
49002, Olympus, Center Valley, PA) and a CY3/TRITC
filter cube (set number 49004, Olympus, Center Valley,
PA). Slides were examined separately under DAPI,
TRITC, and FITC filters, to facilitate examination of
antibody/ fluorophore-specific signal versus structures
with autofluorescence (e.g., pigment). Images were cap-
tured in cellSens software, including merged images
combining all three channels.

Electron microscopy of FFPE tissue
A protocol at our institution available for the ultrastruc-
tural study of specimens from FFPE blocks not fixed with
glutaraldehyde was used to study four ALS muscle sam-
ples with comparatively extensive pTDP-43 inclusion
pathology (see Results). A region of maximal pTDP-43 in-
clusion pathology was identified microscopically and
marked on the tissue block face. A core of tissue was sam-
pled from the corresponding tissue focus, deparaffinized
and post fixed in buffered 2% osmium tetroxide. Tissues
were dehydrated in a graded ethanol series, followed by
resin infiltration with propylene oxide and EMbed 812
mixture (Electron Microscopy Sciences, Hatfield, PA).
Samples were embedded overnight at 60 oC. Semi-thick
and ultrathin sections were collected using a LEICA EM
UC7 (Leica Microsystems, Buffalo Grove, IL). Stained thin
sections were imaged with JEOL 1400 transmission elec-
tron microscope (JEOL Ltd., Tokyo, Japan) and AMT
Imaging Software (Advanced Microscopy Techniques,
Corp., Woburn, MA).

RNA isolation and real-time PCR
To examine SQSTM1 (p62/ sequestosome-1) and
TARDBP gene expression, RNA was isolated from four
successive 10-μm sections of paraffin-embedded muscle
tissue using an RNeasy® FFPE Kit (Qiagen, catalogue
number 73504, Hilden, Germany) according to the man-
ufacturer’s protocol. RNA was isolated from five ALS
samples (p62 and pTDP-43-positive), three IBM samples
(p62 and pTDP-43-positive), and three samples of non-
ALS, non-IBM neurogenic atrophy (p62 and pTDP-43-
negative). Quantification of RNA was performed using a
Nanodrop ND 100 spectrophotometer (Thermo Fisher
Scientific).
Real-time PCR primer assays were performed using

SYBR® Green dye-based chemistry (Bio-Rad, catalogue #
1725151, Hercules, CA, USA) with commercially available
and experimentally validated PCR primer pairs for
SQSTM1 (Bio-Rad, catalogue # qHsaCED0045925) and
TARDBP (Bio-Rad, catalogue # qHsaCED0043888). House-
keeping genes utilized for normalization of transcript levels
included GAPDH (Bio-Rad, catalogue # qHsaCED0038674)
and RPS18 (Bio-Rad, catalogue # qHsaCED0037454). Each
real-time PCR experiment included eleven ALS, IBM, and
atrophy muscle RNA samples plus a no template control
(12 experimental wells per primer × 4 primers). This ex-
periment was duplicated in the other half of the 96-well
plate and then repeated, again in duplicate, using a new 96-
well plate. A one-step real-time PCR protocol was per-
formed on a CFX96 Touch (Bio-Rad, Hercules, CA, USA),
including a melt curve step to exclude non-specific amplifi-
cation. Experiments were analyzed in CFX Maestro™ soft-
ware for Mac (Bio-Rad, Hercules, CA, USA). TARDBP and
SQSTM1 expression were normalized to both reference
genes (GAPDH, RS18) and relative normalized gene expres-
sion was compared between patient groups. Significance
testing was performed using an unpaired t-test.
Descriptive statistics and statistical analyses
Fisher exact tests were used to determine the strength of
association between pTDP-43 inclusion pathology in
muscle fibers and individual muscle groups (deltoid, quad-
riceps, paraspinous, and diaphragm), as well as axial (dia-
phragm, paraspinous) versus appendicular (deltoid,
quadriceps) musculature. Fisher exact tests were also used
to examine the association between pTDP-43 inclusion
pathology and c9ALS status, fALS status, and onset (limb
versus bulbar). The strength of these associations was re-
corded by the P-value and odds ratio (OR).
Wilcoxon rank sum tests (Mann-Whitney U) were ap-

plied to examine the equality of medians in pTDP-43-
positive and negative ALS patients with respect to age at
death, disease duration, and percentage of central nervous
system regions-of-interest (ROIs) positive for TDP-43
pathology [17]. As previously reported, the last of these
measures was the percentage of 34 different brain regions
positive for TDP-43 inclusions (using Proteintech 10782–
2-AP) (ranging between 27.3 and 100%) and these data
were available for 42 of the 57 patients studied here [17].
Similarly, Wilcoxon rank sum tests were applied to exam-
ine the equality of medians between IBM and ALS pa-
tients with respect to pTDP-43 density and pTDP-43
extent in positive skeletal muscle samples. Statistical
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testing was implemented in Matlab R2015b [37] and stat-
istical significance was set at P ≤ 0.01.

Results
Demographics and clinical characteristics
ALS patient characteristics are listed in Table 1. Briefly,
the 57 patients in this study comprised 39 men and 18
women with a median age of 61 years at death (inter-
quartile range, IQR 56–68 years). Ten patients had a
history of fALS (17.5%) and the remaining cases were
sporadic (n = 45, 79%), or family history was unknown
(n = 2). c9ALS was present in 13 patients (22.8%), ac-
counting for 90% of the clinically designated fALS pa-
tients in this study and 4 sALS patients (8.9% of sALS
cases). Limb onset was seen in 38 patients (66.7%), bul-
bar onset in 12 (21.1%), and onset was other/ multifocal
in six (10.5%). Onset site was not available in one pa-
tient. Median disease duration was 2.99 years
(1090 days, IQR 781–1565 days).

Prevalence, distribution, and quantitation of pTDP-43
muscle pathology in ALS
pTDP-43 inclusion pathology was present in 24 of 148
ALS muscle specimens (16.2% of blocks) from 19 of 57
patients (33.3% of patients). pTDP-43 was identified in
myofibers as cytoplasmic or subsarcolemmal aggre-
gates, ranging from blocky, immunoreactive structures
to dot- and dash-like and filamentous inclusions. Rep-
resentative images of p62 and pTDP-43 pathology are
shown in Fig. 1 for three IBM patients and three ALS
patients. A subset of patients with and without pTDP-43
Table 1 Demographic, clinical, and sample characteristics in 57
ALS patients

Characteristic Entire cohort a

Age 61 years (IQR, 56–68), range 39–86 b

Duration 1090 days (IQR, 781–1565), range 315–4886

Men/ Women 39 men (68.4%)/ 18 women (31.6%)

fALS c/ sALS/ C9ALS 10 fALS (18.2%)/ 45 sALS (81.8%)/ 13 C9ALS

Onset site c 38 Limb (66.7%)/ 12 Bulbar (21.1%)/ 6 Multifocal
(10.5%)

Axial muscle
samples

44 Paraspinous (29.7%)/ 29 Diaphragm (19.6%)

Append. Muscle
samples

34 Deltoid (22.9%)/ 26 Quadriceps (17.6%)

Other muscle
samples

13 NOS d (8.8%)/ 1 gastrocnemius/ 1 abdominus
rectus

aData presented are medians with interquartile range (IQR) in parenthesis or
number with percentage
bFor the 17 non-ALS samples with atrophy studied, median age was 60 years
(IQR, 51–62). For the 8 non-ALS paraspinous samples, median age
was 62 years
cfALS/ sALS and c9ALS status were not available in 2 patients. One patient had
an unknown onset site
dThese samples were obtained without reference to anatomic site and simply
labeled as “muscle” in the original autopsy report
inclusions were studied and this showed N-terminal
TDP-43 pathology in the same distribution as pTDP-43,
with cytoplasmic staining and loss of normal nuclear
staining (Fig. 2). Peripheral nerve elements were frequent
components of the autopsy muscle specimens and no
axonal or other neural pTDP-43 inclusions were identified
in any samples, including those with pTDP-43 inclusions
in muscle fibers (Fig. 3). Intranuclear inclusions were not
identified.
Quantitatively, a range of inclusion density and

spatial extent was seen across pTDP-43-positive ALS
samples. The median number of pTDP-43 inclusions
per 100× field was 2 (IQR, 2 to 14.3 inclusions, range
of 1 to 64). The majority of positive samples had mul-
tiple LPFs of pTDP-43 pathology, with a median of 5
LPFs per case having pTDP-43 inclusions (IQR, 2–7
LPFs, range of 1 to 15). A median of 10% of all micro-
scopic LPFs that included skeletal muscle had pTDP-43
pathology (range of 3%–60%), reflecting that the inclu-
sion pathology was patchy and not typically diffuse.
Co-localization of pTDP-43 inclusion pathology was

examined with respect to fast- and slow-myosin heavy
chain expression in 5 ALS cases and 1 IBM sample. In
ALS cases, a median of 2 pTDP-43-immunoreactive in-
clusions was seen in the positive high-power field stud-
ied (range of 1–14). Phospho-TDP-43 inclusions in
both slow- and fast-myosin positive fibers were seen in
two cases (one with 78.5% in fast-myosin expressing fi-
bers, the other with 80% in slow-myosin expressing
fibers). The remaining ALS cases had pTDP-43 positive
inclusions only in slow fibers (2 cases) or fast fibers (1
case). The single IBM sample tested had 83.3% of
pTDP-43-positive inclusions in myofibers expressing
fast myosin.

p62 and FUS IHC in pTDP-43-positive ALS samples
All but one pTDP-43-positive ALS sample (23 of 24
samples) had pathologic inclusions of p62 in myofibers
in the same distribution (Fig. 1). As in IBM cases, p62
was a more sensitive marker, revealing more extensive
inclusion pathology than pTDP-43 alone. FUS immuno-
histochemistry was negative in all 24 ALS samples.

Muscle group distribution of pTDP-43 positive samples in
ALS
Among the 24 pTDP-43-positive ALS muscle samples,
10 were obtained from paraspinous musculature (41.7%
of positive samples), 7 from diaphragm (29.2%), three
from deltoid (12.5%), and one from gastrocnemius (4.2%).
Three positive samples were from a muscle group not
specified in the original autopsy report (12.5%) and
were simply designated as “muscle, NOS.”
Axial muscle groups represented 17 of 24 positive

samples (70.8%) (Fig. 4). Fisher’s exact test revealed a



Fig. 1 p62 Ick and pTDP-43 immunohistochemistry demonstrate p62-immunoreactive and pTDP-43-immunoreactive inclusions in three different
IBM samples (left panels) and three different ALS samples (right panels; these examples all from paraspinous muscle). Immunofluorescence studies
(bottom row) demonstrate co-localization of p62 Ick and pTDP-43 in both IBM and ALS samples, although p62 is the more sensitive of the two in
detecting subsarcolemmal/ sarcolemmal inclusion pathology. Top two rows (immunohistochemistry) photographed at 400× and bottom row
(immunofluorescence) photographed at 600×

Fig. 2 N-terminal TDP-43 immunohistochemistry in a control brain (frontotemporal lobar degeneration) and three ALS muscle samples shown to
have pTDP-43-reactive inclusions. N-terminal TDP-43 immunohistochemistry reveals cytoplasmic inclusions (black arrows), as demonstrated separately
with pTDP-43 immunohistochemistry. There is a loss of normal nuclear staining in affected myofibers. In sample ALS34 (bottom left) a small nerve is
present (white arrow), which does not show pathologic staining in the adjacent panel (white arrow). All images are photographed at 400×
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Fig. 3 Three additional ALS samples (ALS49, ALS22, and ALS42) with pTDP-43 inclusion pathology in muscle fibers, but not in adjacent nerve that
was readily found and evaluated in autopsy-derived ALS muscle specimens. Main panels of pTDP-43-negative nerve (white arrows) photographed
at 200×. Inset of each panel, showing pTDP-43-positive myofibers in the same slide, photographed at 400×
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correspondingly strong and significant positive association
between pTDP-43 pathology in ALS patients and axial
musculature (paraspinous, diaphragm) versus appendicu-
lar muscle groups (P = 0.0092, OR = 4.25). No significant
pTDP-43 and individual muscle group association
(positive or negative) was seen for deltoid (P = 0.2279,
OR = 0.44), quadriceps (P = 0.07, OR = 0.17), or for
paraspinous (P = 0.14, OR = 2.1) or diaphragm (P = 0.25,
OR = 2.04) considered separately (Fig. 4).
Among the 19 ALS patients with any pTDP-43-

positive muscle sample, 4 patients had multiple pTDP-
43-positive samples (7% of the cohort, 21% of positive
samples). The combinations of pTDP-43-positive sam-
ples included: diaphragm and paraspinous (2 patients),
diaphragm, paraspinous, and deltoid (1 patient), and dia-
phragm and deltoid (1 patient). Three of these patients
Fig. 4 Distribution of pTDP-43 pathology in 148 samples from ALS patients, inc
“NOS” represents muscles that were not specified by muscle group in the autop
one negative abdominal wall sample. The right-most bars show that pTDP-43 p
than appendicular (deltoid, quadriceps) samples
had clinically-designated sALS (75%) and c9ALS was
present in two of these four (50%).

Clinical and pathologic associations of pTDP-43 muscle
pathology
The characteristics of ALS patients with and without
pTDP-43-positive muscle samples are shown in Table 2.
Briefly, patients with pTDP-43 skeletal muscle pathology
(n = 19; 13 males, 6 females) had a median age of
64 years (IQR, 58.5–69.5 years), median disease duration
of 1114 days (IQR, 840 to 2133.5 days), and included
three fALS and four c9ALS patients. Patients had limb
(n = 11), bulbar (5), and multifocal (3) sites of symptom
onset. The group without pTDP-43 pathology had a me-
dian age of 59.5 years (IQR, 54.3–66.5 years), median
disease duration of 1085 days (IQR, 723 to 1390 days),
luding (from left to right) deltoid, paraspinous, diaphragm, and quadriceps.
sy report and “Other” includes one positive gastrocnemius sample and
athology was significantly more prevalent in axial (diaphragm, paraspinous)



Table 2 Characteristics of muscle samples with and without pTDP-43 pathology

Variable pTDP-43 Positive (n = 19) pTDP-43 Negative (n = 38) P-val a

Muscle group 17 Axial, 4 Appendicular b 56 Axial, 57 Appendicular b 0.003

Patient age 64 years (IQR, 58.5–69.5) 59.5 years (IQR, 54.3–66.5) 0.1

Disease duration 1114 days (IQR, 840–2134) 1085 days (IQR, 723–1390) 0.34

CNS TDP+ ROI c 58.3% TDP+ (IQR, 45.5–79.4) 50.0% TDP+ (IQR, 42.3–76.5) 0.67

Men, Women 13 men, 6 women 26 men, 12 women NA

fALS, sALS 3 fALS, 16 sALS 7 fALS, 29 sALS 0.78

C9ALS d 4 C9ALS 9 C9ALS 0.80

Onset site 11 Limb, 5 Bulb, 3 Multifocal 27 Limb, 7 Bulb, 3 Multifocal 0.49
aP-values represent differences using Fisher exact test or Mann-Whitney U test as appropriate (See Methods/ Results). b These numbers do not include three
positive “NOS” samples, ten negative “NOS” samples, or negative abdominal wall muscle. c The percentage of brain and spinal cord ROIs positive for TDP-43 pathology
as previously described in Cykowski et al., 2017 [17] (see Methods). d C9ALS status accounted for 9 of 10 fALS patients with one patient having an unknown genetic basis
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and included 7 fALS and 9 c9ALS patients. These
pTDP-43-negative patients had limb (n = 27), bulbar (7),
and multifocal (3) sites of symptom onset.
No significant differences were identified between ALS

patients with and without pTDP-43 muscle pathology
with respect to age (z = 1.7, P = 0.1) or disease duration
(z = 0.95, P = 0.34). Likewise, no significant association
was seen between pTDP-43 status in muscle and fALS
status (OR = 0.78), c9ALS status (OR = 0.8), or site of
symptom onset (OR = 0.57). Utilizing data from an
earlier study [17], ALS cases with pTDP-43 muscle
pathology had a median of 58.3% and 50.0% of brain
Fig. 5 Non-ALS, non-IBM samples were negative for pTDP-43 pathology. Rep
degeneration (top left panel), stained for pTDP-43, followed by H&E-stained se
show pTDP-43 negative results in a patient with long-term steroid use and pr
muscle obtained in the course of laminectomy in non-ALS patients. Images in
staining at the top right (600×) for sample ALS43. Images in the bottom row
regions involved by TDP-43 inclusion pathology, re-
spectively (z = 0.42, P = 0.67).
Inclusion pathology in IBM and non-IBM, non-ALS muscle
Non-ALS muscle biopsies with atrophy (n = 17) included
9 females and 8 males with a median age of 60 years
(IQR, 51–62 years). Samples of non-ALS paraspinous
muscle (n = 8) included 6 females and 2 males with a
median age of 62 years (IQR, 58–66 years). Among non-
ALS samples, only IBM cases showed pTDP-43-
immunoreactive inclusions (see Figs. 1 and 5).
resentative brain section control from a patient with frontotemporal lobar
ction and positive pTDP-43 myofiber in an ALS patient. Bottom panels
ofound fiber atrophy and two samples of pTDP-43-negative paraspinous
the top row all photographed at 400×, except for the inset of pTDP-43

all photographed at 200×
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Four cases of IBM (clinically suspected and pathologic-
ally confirmed) were from three males and one female
with a median age of 59 years. Among these samples, only
IBM cases (100%) had pTDP-43 inclusions, which were
also p62-immunoreactive (Fig. 1). Three non-ALS, non-
IBM cases with mild neurogenic atrophy had granular,
non-specific p62 immunoreactivity (pTDP-43 negative)
that did not resemble that seen in either ALS or IBM pa-
tients. Likewise, in non-ALS paraspinous samples, p62 oc-
casionally showed immunoreactive structures, but these
were uniformly pTDP-43-negative and did not resemble
those in ALS or IBM muscle. In IBM patients, within the
focus of maximum pTDP-43 pathology (100× field), IBM
cases had a median of 10 involved myofibers (IQR of 7–
11.8), whereas for ALS cases the median was 2 (IQR of 2–
14.3) (z = − 1.1, P = 0.26). However, IBM and ALS patients
with pTDP-43 inclusions did significantly differ in the
spatial extent of pathology, with IBM patients having a
median of 67% of LPFs involved (z = − 2.7, P = 0.007).

pTDP-43 replication study in a subset of cases
A subset of 5 pTDP-43-positive muscle samples, two
from patients with IBM and three from patients with
ALS, were sent to an independent research laboratory
for separate evaluation using their pTDP-43 immunohis-
tochemistry protocol (phospho-TDP-43, 1D3 clone, 1:
500). Five unstained sections, cut at 4 μm and labeled
“ALS1–3” and “IBM1–2”, were shipped to the labora-
tory. Their results matched the spatial distribution and
staining intensity of pTDP-43 in all IBM and ALS sam-
ples (see Online Resource Additional file 1: Figure S1).

Ultrastructural findings
A region of FFPE tissue, enriched for pTDP-43 path-
ology in ALS muscle samples, was prepared for electron
microscopy (see Methods). Due to the nature of the spe-
cimen, autolytic changes and degradation of the sarco-
mere were present, as evidence by degeneration of
myofibrils and Z-bands (Fig. 6). However, in each sample
studied, sarcolemmal or subsarcolemmal filamentous
material, ranging between 10 and 20 nm in width, was
identified. This material was well demarcated from de-
generating sarcomeres and is not identified in specimens
with non-specific neurogenic atrophy or autolysis (per-
sonal experience of the authors). The structures resem-
bled non-specific filamentous material that may be seen
in muscle biopsy (filamentous bodies), although this ma-
terial was more frequent in pTDP-43-positive ALS sam-
ples submitted for electron microscopy than we have
observed for filamentous bodies in clinical muscle biopsy
samples. Figure 6 shows the appearance of this material
in sarcolemmal (top row), subsarcolemmal (middle row)
and subsarcolemmal locations adjacent to a neuromuscular
junction (bottom row), in three different patient samples.
In this limited sample, no intranuclear inclusions, myelin-
like figures, or lysosomal debris was identified. Mitochon-
dria were too degenerated for evaluation.

Quantitative PCR
As shown in Fig. 7, real time PCR analyses revealed in-
creased TARDBP and SQSTM1 mRNA levels in both
ALS and IBM patients relative to non-ALS, non-IBM
control muscle. For ALS samples, relative to controls,
there was a 4.21 fold increase (expression standard error
of the mean (SEM) of 0.54) (P = < 0.0001) in SQSTM1 and
1.67 fold increase in TARDBP (SEM= 0.31) (P = 0.0128).
For IBM samples, relative to controls, there was a 1.
33 fold increase in SQSTM1 expression (SEM of 0.26)
(P = 0.012) and 1.31 fold increase in TARDBP expression
(SEM of 0.29) (P = 0.014).

Discussion
This study demonstrates that aggregates of phosphory-
lated TDP-43 may be identified in the skeletal muscle of
both sALS and fALS patients, including patients with
and without c9ALS. This implicates axial skeletal muscle
as an additional site of pTDP-43 pathology in ALS. A
muscle group-specific difference in muscle pathology
was also suggested by the finding that pTDP-43 inclu-
sions were significantly more frequent in samples from
axial muscle groups than appendicular groups (the ab-
sence of inclusion pathology in quadriceps samples is
also consistent with the negative result of an earlier
study [50] that did not assess axial muscle groups). Our
finding that pTDP-43-positive (FUS-negative) aggregates
in ALS samples are also positive for the autophagy path-
way protein p62/ sequestosome-1 suggests the possibility
of an engagement of endogenous autophagic mecha-
nisms in ALS muscle, as in motor neurons. Indeed, this
pattern resembled the co-localization of pTDP-43 and
p62 inclusions in IBM [9, 31], an intrinsic myopathy in
the differential diagnosis of ALS [33] with pathologic
protein aggregates, progressive and asymmetrical weak-
ness [46], and impairments in autophagy. Other charac-
teristic features of IBM, however, were not identified in
our ALS samples and there was significantly more exten-
sive pTDP-43 inclusion pathology in IBM muscle than
in ALS. Nonetheless, pTDP-43 aggregates in ALS and
IBM muscle may arise through similar mechanisms, in-
cluding impairments in autophagy and proteostasis.
To our knowledge this is the first study to systematic-

ally demonstrate the presence of pTDP-43 aggregates in
the myofibers of ALS patients, particularly in axial
muscle groups. This implicates ALS muscle as an add-
itional site of pTDP-43 pathology, as previously demon-
strated in motor neurons, non-motor neurons, and glia.
The downstream effects of cytoplasmic pTDP-43 path-
ology in ALS muscle cells requires further study, though



Fig. 6 Electron microscopy of three ALS muscle samples (study samples ALS23, ALS34, and ALS43). For each muscle sample, a region-of-interest was
dissected out of the FFPE block in a region with maximal pTDP-43 and p62 inclusion pathology and subsequently processed for electron microscopy
using a protocol for FFPE specimens (see Methods). Filamentous material (black arrows in all three rows) is present in these foci, entirely within myofibers
and sharply demarcated from degenerating myofibrils (white arrow, middle row, left-most panel). Basement membrane (black asterisk, middle row, left
panel) and nuclear clumps (white arrow, top row, left panel) are also identified, despite the degenerated nature of the specimen. The filamentous material
identified predominantly measures between 10 and 20 nm in thickness (right panels of top and middle rows, which are enlargements of the middle
panels in their respective rows). In the bottom row, the middle and right-most panels show accumulation of this material adjacent to invaginations of the
cell membrane at an apparent neuromuscular junction (white asterisks). Scale bar and magnifications are shown for each panel
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studies in transgenic animals expressing mutant human
TDP-43 have identified a toxic gain-of-function from
cytoplasmic aggregation, leading to transcriptional dys-
regulation, including within histone processing genes
[3]. Several results of this study raise the question as to
whether pTDP-43 in ALS muscle represents a cell au-
tonomous pathology. First, the presence of pTDP-43 in-
clusions in muscle did not associate at all with disease
duration or the burden of central nervous system TDP-
43 pathology [17]. If cell-to-cell spread were the sole
mechanisms explaining muscle pTDP-43 pathology, one
would expect significant positive associations between
muscle fiber inclusion pathology and either duration or
the burden of nervous system TDP-43 pathology.
Second, pTDP-43 co-localized with p62 in affected
muscle fibers and a concomitant up-regulation of
TARDBP and SQSTM1 gene expression was seen by
real-time PCR. Co-localization with an autophagy path-
way protein (p62), and up-regulation in gene expression
(for TDP-43 and p62), suggests this may be an endogen-
ous pathology in muscle that engages the autophagy
pathway. Increased expression of p62 has also been seen
in non-ALS, non-IBM muscle diseases, including genet-
ically driven forms of muscular dystrophy [20], so it may
not implicate autophagy in all cases. Third, pTDP-43
co-localized with both fast- and slow-myosin expressing
fibers in the same ALS sample (motor neurons innerv-
ating fibers of a single type) and was distributed within



Fig. 7 qPCR analysis was performed in 5 ALS muscle samples (“ALS1–5”) and 3 IBM muscle samples (“IBM1–3”), all containing p62 and pTDP-43 inclusions
by immunohistochemical studies (see Results). Three non-ALS, non-IBM samples with mild neurogenic atrophy in the muscle biopsy were also studied
(“MSC1–3”). SQSTM1 and TARDBP were analyzed relative to the expression of two housekeeping genes (18 s, GAPDH) and data shown are combined from
two 96-well plates (4 replicates per sample and primer). There was a significant increase in relative normalized gene expression for both ALS and IBM
samples (a), relative to controls (right) and this was most significant for SQSTM1 expression in ALS samples (> 4-fold expression relative to
controls, P < 0.0001). Clustergram by gene target (b) shows heterogeneity across ALS and IBM samples with increase gene expression
(red-brown) most conspicuous in ALS samples 1–3 and 5, as well as IBM samples 2 and 3
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multiple fascicles rather than a single fascicle. However,
it is also important to recognize that the majority of
skeletal muscle samples were negative for pTDP-43.
One reason for this may be that our study used single
tissue samples obtained from between one and four
muscle groups per patient. This approach is distinctly
different from the postmortem examination of ALS
nervous systems, where all anatomic regions (brain,
spinal cord) are amenable to sampling and diagnostic
pTDP-43 that may actually be quite limited in spatial
extent. Recent autopsies at our institution, not included
in this study, with paraspinous samples at multiple
spinal levels, have indeed shown patchy, multifocal and
segmental involvement of muscle (see Online Resource
Additional file 1: Figure S2). This suggests that the true
prevalence of pTDP-43 pathology in muscle cannot be
ascertained from single biopsy-size samples and may be
underestimated even in the present study.
An alternative mechanism explaining pTDP-43 aggre-

gates in ALS muscle is a “prion-like” transfer of pTDP-
43 protein, possibly through anterograde axonal trans-
port. This model of neuron-to-neuron spread has been
proposed to explain dissemination of pTDP-43 path-
ology in brain and spinal cord [8]. If trans-synaptic
spread between neurons indeed takes place in ALS, then
spread along the axons of motor neurons, across the
neuromuscular junction, and into myofibers is plausible.
A distance-dependent interaction between motor neu-
rons and muscle, possibly acting in concert with muscle-
specific pathology, may explain the enrichment of
pTDP-43 inclusions in axial muscle. This question de-
serves further investigation, possibly through studies
examining the density of spinal cord motor neuron
pTDP-43 pathology in tandem with paraspinous muscle
samples at the same spinal level.
Our study also identified co-localization of p62/

sequestosome-1 in pTDP-43 inclusions of ALS muscle,
which suggests the possibility that the autophagy path-
way is activated. This recapitulates pathology well de-
scribed in inclusion body myositis (IBM). Further
comparison of ALS and IBM muscle samples may provide
insight as to how pTDP-43 inclusions arise in vulnerable
ALS muscle groups. To date, there have been few studies
of pTDP-43 (or p62) pathology in ALS muscle. None of
these, to our knowledge, have examined both axial and ap-
pendicular muscle groups or compared findings in ALS
and IBM, and non-ALS, non-IBM samples with neuro-
genic atrophy. Previous studies do include a negative
study of ALS quadriceps biopsies from 30 patients [50]
(the 26 quadriceps samples studied here were also
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negative), a study of 31 deltoid biopsies finding p62-
immunoreactive, pTDP-43-negative foci in 25.8% of
samples [2], and a case report of a c9ALS patient with
blocky p62 inclusions in gastrocnemius [53]. Inclusion
pathologies have been much more extensively studied
in IBM, where β-amyloid, α-synuclein, and p-tau inclu-
sions have also been described [5]. IBM inclusions are
also reported to be positive for Thioflavin S, a finding
identified here in all four IBM samples studied and in
three pTDP-43-positive ALS samples examined (see
Online Resource Additional file 1: Figure S3). In IBM,
p62 appears to be the most sensitive marker of inclu-
sion pathology [27] and these additional inclusions have
not been seen in all studies [9]. Nonetheless, these find-
ings have led to the hypothesis that protein aggregates
in IBM muscle result from impairments in autophagy,
the cellular process by which misfolded protein aggre-
gates are degraded [25, 31]. Supporting this hypothesis
are the increased expression of the endosome marker
clathrin, the autophagy-related protein ATG5, the
microtubule-associated protein light chain (LC3), and
beclin-1 [25] in IBM samples. IBM samples also dem-
onstrate more frequent LC3-reactive fibers than in
pTDP-43-negative, non-IBM inflammatory myopathy
(e.g., polymyositis), which indicates that alterations in
autophagy are critical in IBM and not linked to inflam-
mation per se. For ALS, autophagy impairments in
motor neurons, as in IBM muscle fibers, have been pro-
posed as a mechanism leading to cell degeneration and
toxic protein aggregates [11, 45]. Moreover, mutations
in fALS have been reported in autophagy-related genes,
including optineurin (OPTN) [36], ubiquilin 2
(UBQLN2), sequestosome 1 (SQSTM1) [24], and ubi-
quitin segregase (VCP) [51] (the last of these also being
described in familial IBM). In ALS nervous systems,
p62- and LC3-reactive inclusions have also been identi-
fied in spinal cord motor neurons [47], in addition to
TDP-43 [41]. The findings of the current study, which
extends the spectrum of pTDP-43 and p62 inclusion
pathology to ALS skeletal muscle, particularly in axial
muscles, suggests that impairments in autophagy may
also involve ALS muscle. Future studies are needed to
determine whether other autophagy-related proteins,
such as LC3, beclin-1, and optineurin, are over- or
under-expressed in ALS muscle.
An intriguing finding of this study was that pTDP-43

pathology was significantly enriched in axial muscle
samples. It is known that physiologic abnormalities in
paraspinous muscle by electromyography (EMG) are re-
liable in confirming the clinical diagnosis of ALS and
help to distinguish the disease from its mimics [29].
Paraspinous abnormalities have also been described as
being present early in the disease [30]. Denervation
changes by EMG in paraspinous muscle are also
associated with features of diaphragm denervation – an
association possibly explained by the medial position of
the relevant motor neurons in the ventral horn [19]. A
recent study of multiple muscle groups, including thor-
acic (T10), lumbar (L3, L5), and sacral (S1) paraspinous
muscle has also shown non-contiguous abnormalities by
needle EMG (e.g., fibrillation potentials). This finding
suggests the possibility of multifocal and discontinuous
initiation of disease in different motor neuron pools.
More extensive sampling of paraspinous muscle groups
at autopsy will help to determine if pTDP-43 pathology
is similarly multifocal and discontinuous. Further, a limi-
tation of this study, to be addressed in future studies, is
that autopsy-derived diaphragm and paraspinous muscle
samples from non-ALS patients with other critical ill-
nesses or neurological diseases were not available for
study. Paraspinous muscle and muscle biopsy specimens
from a range of non-ALS, non-IBM neurologic diagno-
ses did not show pTDP-43 pathology, but these speci-
mens were not from patients with critical illnesses, such
as ALS.
Studies in the mSOD1 mouse model of ALS have pro-

vided direct evidence that cell autonomous pathology in
muscle can drive the development of the disease [32].
The muscle of mSOD1 animals has been reported to
have alterations in the endoplasmic reticulum stress re-
sponse [12] and heat shock protein expression [7], as
well as mitochondrial dysfunction [42], pro-apoptotic
signaling, and increased cytosolic levels of calcium and
calcium-binding proteins [13]. Aggregates of SOD1 pro-
tein have also been detected in gastrocnemius, soleus,
and flexor digitorum longus of the transgenic animal [6].
Further, as in IBM, increased gene expression of autoph-
agy components LC3 and SQSTM1 is reported in
mSOD1 muscle [14]. Most critically, studies of trans-
genic ALS mice have revealed that muscle-restricted and
muscle-initiated pathologies may induce motor neuron
degeneration. Specifically, expression of G37R and G93A
human SOD1 in skeletal muscle (hSOD1mus), but not
nervous tissue, can lead to neurologic and pathologic
ALS [57] with ubiquitinated aggregates in wild type
neurons. Models with a muscle-restricted distribution of
SOD1 G93A mutation also show progressive muscular
atrophy, mitochondrial dysfunction, and reduced muscle
strength [22] and the atrophic muscles of these mice up-
regulate autophagy genes, including LC3.

Conclusions
In summary, this study implicates axial skeletal muscle
(diaphragm and paraspinous muscles) as an additional site
of pTDP-43 pathology in ALS. Up-regulation of TARDBP
and SQSTM1 expression by real-time PCR supports this
as a possible cell autonomous pathology in ALS, though
future studies using unbiased techniques with a wide
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range of transcripts for normalization are needed (e.g.,
RNA-Seq). Additional studies utilizing tissue dedicated for
electron microscopy study, with registration to histologic
data, are required to clarify the ultrastructural features of
the pTDP-43-positive material in ALS muscle. Nonethe-
less, our findings suggest that the impaired clearance of
misfolded proteins in ALS, a well-recognized mechanism
in motor neuron degeneration, may play an important role
in pTDP-43 pathology in ALS muscle.

Additional file

Additional file 1: Figure S1. ALS muscle samples from three patients
(top, middle, and bottom rows) with pTDP-43-immunoreactive inclusions.
pTDP-43-stained sections (Proteintech clone 22309-1-AP) and H&E-stained
sections from Houston Methodist (lab of MDC) are shown in the left
three panels for each patient. The right-most panel of each patient
shows repeat pTDP-43 staining at the University of Kentucky using the
protocol of that laboratory and a different pTDP-43 antibody (1D3 clone,
1:500). All images are photographed at 400x without magnification
except for five images photographed at 200x (top row, two right-most
panels; middle row, H&E section; bottom row, two left-most panels).
Figure S2. Four muscle samples from a recent autopsy of an ALS patient
not included in this study. The patient had a clinical diagnosis of C9ALS
and a positive family history of ALS (fALS). Examination of brain and
spinal cord confirmed ALS and showed characteristic p62-
immunoreactive and TDP-43-negative lesions in brain, consistent with
C9ALS. Examination of seven muscle samples using p62 and pTDP-43
immunohistochemistry showed unequivocal pTDP-43-reactive lesions in
muscle fibers of thoracic paraspinous and diaphragm muscle, an
equivocal focus in sacral paraspinous muscle (not shown), but no pTDP-
43-positive lesions in cervical paraspinous muscle (not shown). The inset
of diaphragm shows the same focus on a deeper histologic section, also
stained for pTDP-43, further revealing the thread- and dash-like inclusions
in this sample. All images are photographed are 200x except for
diaphragm, which is photographed at 400x. Figure S3. 1% Thioflavin S
staining was performed in Alzheimer’s disease (AD) control tissue from
occipital cortex and hippocampus/ subiculum (top left panel, 200x, and
top middle panel, 400x), IBM muscle (top right, Non-ALS09,
photographed at 600x), pTDP-43-positive ALS muscle samples with
electron microscopy data shown in Fig 6 (ALS43, ALS34, ALS23), all
photographed at 600x magnification, and a pTDP-43-negative ALS
muscle with atrophy and abundant lipofuscin pigment (ALS50) (600x).
Green arrows highlight thioflavin S-reactive material in all samples,
whereas white arrows indicate autofluorescent material, such as
lipofuscin pigment (top left, bottom left, and bottom right panels), which
appears yellow-orange in images combining FITC/ DAPI/ and TRITC filters
(see Methods for detail on immunofluorescence microscopy). For ALS
sample ALS43, the inset at lower left (600x) shows the similar shape of
inclusions in this area by pTDP-43 immunohistochemistry. (PDF 1807 kb)

Acknowledgements
We appreciate the efforts of Ms. Claire Haueter of the Houston Methodist
Hospital elecrtron microscopy core laboratory, who assisted in the preparation
and ultrastructural examination of specimens. We appreciate the efforts of the
neuropathology core at the University of Kentucky Alzheimer’s Disease Center
that assisted in external pTDP-43 staining in a subset of IBM and ALS samples,
as well as the constructive feedback of core director Dr. Peter T. Nelson. We are
grateful to the ALS patients and their family members for the donations that
made this work possible.

Funding
Data collection, analysis, and interpretation, as well as writing of the manuscript,
was supported by a Clinician-Scientist Research Award from the Institute of
Academic Medicine in the Houston Methodist Research Institute (HMRI) of the
Houston Methodist Hospital (to author MDC).
Availability of data and materials
The datasets obtained during and/or analyzed during the study are available
from the corresponding author on reasonable request.

Authors’ contributions
MDC conceived of the study, performed pathological and statistical analyses,
and drafted the initial and final versions of the manuscript, tables, and
figures, including supplementary material. SZP and ALR reviewed salient
pathologic characteristics with MDC, assisted MDC in performing the primary
autopsy examination in the patients studied herein, and reviewed the
manuscript. ASA assisted MDC in the laboratory, including critical staining
experiments, and critically evaluated the manuscript. SHA and JWA provided
clinical data and expert clinical input and SHA provided critical feedback that
improved study design. All authors read and approved the final manuscript.

Ethics approval and consent to participate
All procedures performed in this retrospective study were in accordance
with the ethical standards of the institutional research committee and with
the 1964 Helsinki declaration and its later amendments or comparable
ethical standards. The study was also carried out with IRB approval from
Houston Methodist Hospital (IRB-(3 N)-0114–0013).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Pathology and Genomic Medicine, Houston Methodist
Hospital, 6565 Fannin Street, Houston, TX 77030, USA. 2Institute of Academic
Medicine (IAM) in the Houston Methodist Research Institute (HMRI), Houston
Methodist Hospital, 6565 Fannin Street, Houston, TX 77030, USA. 3Houston
Methodist Neurological Institute, Houston Methodist Hospital, 6565 Fannin
Street, Houston, TX 77030, USA. 4Department of Neurology, Houston
Methodist Hospital, 6565 Fannin Street, Houston, TX 77030, USA.

Received: 17 March 2018 Accepted: 19 March 2018

References
1. Al-Chalabi A, Jones A, Troakes C, King A, Al-Sarraj S, van den Berg LH (2012)

The genetics and neuropathology of amyotrophic lateral sclerosis. Acta
Neuropathol 124:339–352. https://doi.org/10.1007/s00401-012-1022-4

2. Al-Sarraj S, King A, Cleveland M, Pradat PF, Corse A, Rothstein JD, Leigh PN,
Abila B, Bates S, Wurthner J et al (2014) Mitochondrial abnormalities and
low grade inflammation are present in the skeletal muscle of a minority of
patients with amyotrophic lateral sclerosis; an observational myopathology
study. Acta Neuropathol Commun 2:165. https://doi.org/10.1186/s40478-
014-0165-z

3. Amlie-Wolf A, Ryvkin P, Tong R, Dragomir I, Suh E, Xu Y, Van Deerlin VM,
Gregory BD, Kwong LK, Trojanowski JQ et al (2015) Transcriptomic changes
due to cytoplasmic TDP-43 expression reveal dysregulation of histone
transcripts and nuclear chromatin. PLoS One 10:e0141836. https://doi.org/
10.1371/journal.pone.0141836

4. Artuso L, Zoccolella S, Favia P, Amati A, Capozzo R, Logroscino G, Serlenga
L, Simone I, Gasparre G, Petruzzella V (2013) Mitochondrial genome
aberrations in skeletal muscle of patients with motor neuron disease.
Amyotroph Lateral Scler Frontotemp Degener 14:261–266. https://doi.org/
10.3109/21678421.2012.735239

5. Askanas V, Engel WK (2007) Inclusion-body myositis, a multifactorial muscle
disease associated with aging: current concepts of pathogenesis. Curr Opin
Rheumatol 19:550–559. https://doi.org/10.1097/BOR.0b013e3282efdc7c

6. Atkin JD, Scott RL, West JM, Lopes E, Quah AK, Cheema SS (2005) Properties
of slow- and fast-twitch muscle fibres in a mouse model of amyotrophic
lateral sclerosis. Neuromuscul Disord 15:377–388. https://doi.org/10.1016/j.
nmd.2005.02.005

https://doi.org/10.1186/s40478-018-0528-y
https://doi.org/10.1007/s00401-012-1022-4
https://doi.org/10.1186/s40478-014-0165-z
https://doi.org/10.1186/s40478-014-0165-z
https://doi.org/10.1371/journal.pone.0141836
https://doi.org/10.1371/journal.pone.0141836
https://doi.org/10.3109/21678421.2012.735239
https://doi.org/10.3109/21678421.2012.735239
https://doi.org/10.1097/BOR.0b013e3282efdc7c
https://doi.org/10.1016/j.nmd.2005.02.005
https://doi.org/10.1016/j.nmd.2005.02.005


Cykowski et al. Acta Neuropathologica Communications  (2018) 6:28 Page 14 of 15
7. Bhattacharya A, Wei R, Hamilton RT, Chaudhuri AR (2014) Neuronal cells but
not muscle cells are resistant to oxidative stress mediated protein
misfolding and cell death: role of molecular chaperones. Biochem Biophys
Res Commun 446:1250–1254. https://doi.org/10.1016/j.bbrc.2014.03.097

8. Braak H, Brettschneider J, Ludolph AC, Lee VM, Trojanowski JQ, Del Tredici K
(2013) Amyotrophic lateral sclerosis–a model of corticofugal axonal spread.
Nat Rev Neurol 9:708–714. https://doi.org/10.1038/nrneurol.2013.221

9. Brady S, Squier W, Sewry C, Hanna M, Hilton-Jones D, Holton JL (2014) A
retrospective cohort study identifying the principal pathological features
useful in the diagnosis of inclusion body myositis. BMJ Open 4:e004552.
https://doi.org/10.1136/bmjopen-2013-004552

10. Brettschneider J, Arai K, Del Tredici K, Toledo JB, Robinson JL, Lee EB,
Kuwabara S, Shibuya K, Irwin DJ, Fang L et al (2014) TDP-43 pathology and
neuronal loss in amyotrophic lateral sclerosis spinal cord. Acta Neuropathol
128:423–437. https://doi.org/10.1007/s00401-014-1299-6

11. Castillo K, Nassif M, Valenzuela V, Rojas F, Matus S, Mercado G, Court FA, van
Zundert B, Hetz C (2013) Trehalose delays the progression of amyotrophic
lateral sclerosis by enhancing autophagy in motoneurons. Autophagy 9:
1308–1320. https://doi.org/10.4161/auto.25188

12. Chen D, Wang Y, Chin ER (2015) Activation of the endoplasmic reticulum
stress response in skeletal muscle of G93A*SOD1 amyotrophic lateral sclerosis
mice. Front Cell Neurosci 9:170. https://doi.org/10.3389/fncel.2015.00170

13. Chin ER, Chen D, Bobyk KD, Mazala DA (2014) Perturbations in intracellular
Ca2+ handling in skeletal muscle in the G93A*SOD1 mouse model of
amyotrophic lateral sclerosis. Am J Physiol Cell Physiol 307:C1031–C1038.
https://doi.org/10.1152/ajpcell.00237.2013

14. Crippa V, Boncoraglio A, Galbiati M, Aggarwal T, Rusmini P, Giorgetti E,
Cristofani R, Carra S, Pennuto M, Poletti A (2013) Differential autophagy
power in the spinal cord and muscle of transgenic ALS mice. Front Cell
Neurosci 7:234. https://doi.org/10.3389/fncel.2013.00234

15. Crugnola V, Lamperti C, Lucchini V, Ronchi D, Peverelli L, Prelle A, Sciacco M,
Bordoni A, Fassone E, Fortunato Fet al (2010) Mitochondrial respiratory chain
dysfunction in muscle from patients with amyotrophic lateral sclerosis. Arch
Neurol 67: 849–854 Doi https://doi.org/10.1001/archneurol.2010.128

16. Cruveilhier J (1853) Sur la paralysie musculaire progressive atrophique. Arch
Gen Med I, 561

17. Cykowski MD, Powell SZ, Peterson LE, Appel JW, Rivera AL, Takei H, Chang
E, Appel SH (2017) Clinical significance of TDP-43 neuropathology in
amyotrophic lateral sclerosis. J Neuropathol Exp Neurol 76:402–413. https://
doi.org/10.1093/jnen/nlx025

18. Cykowski MD, Takei H, Schulz PE, Appel SH, Powell SZ (2014) TDP-43
pathology in the basal forebrain and hypothalamus of patients with
amyotrophic lateral sclerosis. Acta Neuropathol Commun 2:171. https://doi.
org/10.1186/s40478-014-0171-1

19. de Carvalho M, Pinto S, Swash M (2010) Association of paraspinal and
diaphragm denervation in ALS. Amyotroph Lateral Scler 11:63–66. https://
doi.org/10.3109/17482960902730080

20. Dialynas G, Shrestha OK, Ponce JM, Zwerger M, Thiemann DA, Young GH,
Moore SA, Yu L, Lammerding J, Wallrath LL (2015) Myopathic Lamin
mutations cause reductive stress and activate the nrf2/keap-1 pathway.
PLoS Genet 11:e1005231. https://doi.org/10.1371/journal.pgen.1005231

21. Dobrowolny G, Aucello M, Musaro A (2011) Muscle atrophy induced by
SOD1G93A expression does not involve the activation of caspase in the absence
of denervation. Skelet Muscle 1:3. https://doi.org/10.1186/2044-5040-1-3

22. Dobrowolny G, Aucello M, Rizzuto E, Beccafico S, Mammucari C,
Boncompagni S, Belia S, Wannenes F, Nicoletti C, Del Prete Z et al (2008)
Skeletal muscle is a primary target of SOD1G93A-mediated toxicity. Cell
Metab 8:425–436. https://doi.org/10.1016/j.cmet.2008.09.002

23. Dupuis L, Gonzalez de Aguilar JL, Echaniz-Laguna A, Eschbach J, Rene F,
Oudart H, Halter B, Huze C, Schaeffer L, Bouillaud F et al (2009) Muscle
mitochondrial uncoupling dismantles neuromuscular junction and triggers
distal degeneration of motor neurons. PLoS One 4:e5390. https://doi.org/10.
1371/journal.pone.0005390

24. Fecto F, Yan J, Vemula SP, Liu E, Yang Y, Chen W, Zheng JG, Shi Y, Siddique
N, Arrat H et al (2011) SQSTM1 mutations in familial and sporadic
amyotrophic lateral sclerosis. Arch Neurol 68:1440–1446. https://doi.org/10.
1001/archneurol.2011.250

25. Girolamo F, Lia A, Amati A, Strippoli M, Coppola C, Virgintino D, Roncali L,
Toscano A, Serlenga L, Trojano M (2013) Overexpression of autophagic
proteins in the skeletal muscle of sporadic inclusion body myositis.
Neuropathol Appl Neurobiol 39:736–749. https://doi.org/10.1111/nan.12040
26. Graber DJ, Hickey WF, Harris BT (2010) Progressive changes in microglia and
macrophages in spinal cord and peripheral nerve in the transgenic rat
model of amyotrophic lateral sclerosis. J Neuroinflammation 7:8. https://doi.
org/10.1186/1742-2094-7-8

27. Hiniker A, Daniels BH, Lee HS, Margeta M (2013) Comparative utility of LC3,
p62 and TDP-43 immunohistochemistry in differentiation of inclusion body
myositis from polymyositis and related inflammatory myopathies. Acta
Neuropathol Commun 1:29. https://doi.org/10.1186/2051-5960-1-29

28. Iwasaki Y, Sugimoto H, Ikeda K, Takamiya K, Shiojima T, Kinoshita M (1991)
Muscle morphometry in amyotrophic lateral sclerosis. Int J Neurosci 58:165–170

29. Kuncl RW, Cornblath DR, Griffin JW (1988) Assessment of thoracic paraspinal
muscles in the diagnosis of ALS. Muscle Nerve 11:484–492. https://doi.org/
10.1002/mus.880110512

30. Kyuno K, Ito H, Saito T, Kowa H, Tachibana S (1996) Needle
electromyography in the thoracic paraspinal muscles of motor neuron
disease. No To Shinkei 48:637–642

31. Lloyd TE (2010) Novel therapeutic approaches for inclusion body myositis.
Curr Opin Rheumatol 22:658–664. https://doi.org/10.1097/BOR.
0b013e32833f0f4a

32. Loeffler JP, Picchiarelli G, Dupuis L, Gonzalez De Aguilar JL (2016) The role
of skeletal muscle in amyotrophic lateral sclerosis. Brain Pathol 26:227–236.
https://doi.org/10.1111/bpa.12350

33. Ludolph AC, Knirsch U (1999) Problems and pitfalls in the diagnosis of ALS.
J Neurol Sci 165(Suppl 1):S14–S20

34. Mackenzie IR, Ansorge O, Strong M, Bilbao J, Zinman L, Ang LC, Baker M,
Stewart H, Eisen A, Rademakers R et al (2011) Pathological heterogeneity in
amyotrophic lateral sclerosis with FUS mutations: two distinct patterns
correlating with disease severity and mutation. Acta Neuropathol 122:87–98.
https://doi.org/10.1007/s00401-011-0838-7

35. Mackenzie IR, Bigio EH, Ince PG, Geser F, Neumann M, Cairns NJ, Kwong LK,
Forman MS, Ravits J, Stewart H et al (2007) Pathological TDP-43 distinguishes
sporadic amyotrophic lateral sclerosis from amyotrophic lateral sclerosis with
SOD1 mutations. Ann Neurol 61:427–434. https://doi.org/10.1002/ana.21147

36. Maruyama H, Morino H, Ito H, Izumi Y, Kato H, Watanabe Y, Kinoshita Y, Kamada
M, Nodera H, Suzuki H et al (2010) Mutations of optineurin in amyotrophic
lateral sclerosis. Nature 465:223–226. https://doi.org/10.1038/nature08971

37. MathWorks (2015) Matlab R2015b. City
38. McCluskey LF, Elman LB, Martinez-Lage M, Van Deerlin V, Yuan W, Clay D,

Siderowf A, Trojanowski JQ (2009) Amyotrophic lateral sclerosis-plus
syndrome with TAR DNA-binding protein-43 pathology. Arch Neurol 66:
121–124. https://doi.org/10.1001/archneur.66.1.121

39. Mehta P, Antao V, Kaye W, Sanchez M, Williamson D, Bryan L, Muravov O,
Horton K (2014) Prevalance of amyotrophic lateral sclerosis - United States,
2010–2011. Morbidity and mortality weekly report (MMWR). Center for
Disease Control and Prevention, City

40. Meyer K, Ferraiuolo L, Miranda CJ, Likhite S, McElroy S, Renusch S, Ditsworth
D, Lagier-Tourenne C, Smith RA, Ravits J et al (2014) Direct conversion of
patient fibroblasts demonstrates non-cell autonomous toxicity of astrocytes
to motor neurons in familial and sporadic ALS. Proc Natl Acad Sci U S A
111:829–832. https://doi.org/10.1073/pnas.1314085111

41. Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC, Chou TT,
Bruce J, Schuck T, Grossman M, Clark CM et al (2006) Ubiquitinated TDP-43
in frontotemporal lobar degeneration and amyotrophic lateral sclerosis.
Science (New York, NY) 314:130–133

42. Palamiuc L, Schlagowski A, Ngo ST, Vernay A, Dirrig-Grosch S, Henriques A,
Boutillier AL, Zoll J, Echaniz-Laguna A, Loeffler JP et al (2015) A metabolic
switch toward lipid use in glycolytic muscle is an early pathologic event in
a mouse model of amyotrophic lateral sclerosis. EMBO Mol Med 7:526–546.
https://doi.org/10.15252/emmm.201404433

43. Ravits J, Appel S, Baloh RH, Barohn R, Brooks BR, Elman L, Floeter MK,
Henderson C, Lomen-Hoerth C, Macklis JD et al (2013) Deciphering
amyotrophic lateral sclerosis: what phenotype, neuropathology and genetics
are telling us about pathogenesis. Amyotroph Lateral Scler Frontotemp
Degener 14(Suppl 1):5–18. https://doi.org/10.3109/21678421.2013.778548

44. Ringholz GM, Appel SH, Bradshaw M, Cooke NA, Mosnik DM, Schulz PE
(2005) Prevalence and patterns of cognitive impairment in sporadic ALS.
Neurology 65:586–590. https://doi.org/10.1212/01.wnl.0000172911.39167.b6

45. Rudnick ND, Griffey CJ, Guarnieri P, Gerbino V, Wang X, Piersaint JA, Tapia
JC, Rich MM, Maniatis T (2017) Distinct roles for motor neuron autophagy
early and late in the SOD1G93A mouse model of ALS. Proc Natl Acad Sci U
S A 114:E8294–E8303. https://doi.org/10.1073/pnas.1704294114

https://doi.org/10.1016/j.bbrc.2014.03.097
https://doi.org/10.1038/nrneurol.2013.221
https://doi.org/10.1136/bmjopen-2013-004552
https://doi.org/10.1007/s00401-014-1299-6
https://doi.org/10.4161/auto.25188
https://doi.org/10.3389/fncel.2015.00170
https://doi.org/10.1152/ajpcell.00237.2013
https://doi.org/10.3389/fncel.2013.00234
https://doi.org/10.1001/archneurol.2010.128
https://doi.org/10.1093/jnen/nlx025
https://doi.org/10.1093/jnen/nlx025
https://doi.org/10.1186/s40478-014-0171-1
https://doi.org/10.1186/s40478-014-0171-1
https://doi.org/10.3109/17482960902730080
https://doi.org/10.3109/17482960902730080
https://doi.org/10.1371/journal.pgen.1005231
https://doi.org/10.1186/2044-5040-1-3
https://doi.org/10.1016/j.cmet.2008.09.002
https://doi.org/10.1371/journal.pone.0005390
https://doi.org/10.1371/journal.pone.0005390
https://doi.org/10.1001/archneurol.2011.250
https://doi.org/10.1001/archneurol.2011.250
https://doi.org/10.1111/nan.12040
https://doi.org/10.1186/1742-2094-7-8
https://doi.org/10.1186/1742-2094-7-8
https://doi.org/10.1186/2051-5960-1-29
https://doi.org/10.1002/mus.880110512
https://doi.org/10.1002/mus.880110512
https://doi.org/10.1097/BOR.0b013e32833f0f4a
https://doi.org/10.1097/BOR.0b013e32833f0f4a
https://doi.org/10.1111/bpa.12350
https://doi.org/10.1007/s00401-011-0838-7
https://doi.org/10.1002/ana.21147
https://doi.org/10.1038/nature08971
https://doi.org/10.1001/archneur.66.1.121
https://doi.org/10.1073/pnas.1314085111
https://doi.org/10.15252/emmm.201404433
https://doi.org/10.3109/21678421.2013.778548
https://doi.org/10.1212/01.wnl.0000172911.39167.b6
https://doi.org/10.1073/pnas.1704294114


Cykowski et al. Acta Neuropathologica Communications  (2018) 6:28 Page 15 of 15
46. Sanmaneechai O, Swenson A, Gerke AK, Moore SA, Shy ME (2015) Inclusion
body myositis and sarcoid myopathy: coincidental occurrence or associated
diseases. Neuromuscul Disord 25:297–300. https://doi.org/10.1016/j.nmd.
2014.12.005

47. Sasaki S (2011) Autophagy in spinal cord motor neurons in sporadic
amyotrophic lateral sclerosis. J Neuropathol Exp Neurol 70:349–359. https://
doi.org/10.1097/NEN.0b013e3182160690

48. Schiffman PL, Belsh JM (1993) Pulmonary function at diagnosis of
amyotrophic lateral sclerosis. Rate Deteriorat Chest 103:508–513

49. Schmolck H, Mosnik D, Schulz P (2007) Rating the approachability of faces
in ALS. Neurology 69:2232–2235. https://doi.org/10.1212/01.wnl.0000296001.
16603.b3

50. Soraru G, Orsetti V, Buratti E, Baralle F, Cima V, Volpe M, D'Ascenzo C,
Palmieri A, Koutsikos K, Pegoraro E et al (2010) TDP-43 in skeletal muscle of
patients affected with amyotrophic lateral sclerosis. Amyotroph Lateral Scler
11:240–243. https://doi.org/10.3109/17482960902810890

51. Taylor JP, Brown RH Jr, Cleveland DW (2016) Decoding ALS: from genes to
mechanism. Nature 539:197–206. https://doi.org/10.1038/nature20413

52. Tews DS, Goebel HH, Meinck HM (1997) DNA-fragmentation and apoptosis-
related proteins of muscle cells in motor neuron disorders. Acta Neurol
Scand 96:380–386

53. Turk M, Haaker G, Winter L, Just W, Nickel FT, Linker RA, Chevessier F,
Schroder R (2014) C9ORF72-ALS: P62- and ubiquitin-aggregation
pathology in skeletal muscle. Muscle Nerve 50:454–455. https://doi.org/
10.1002/mus.24283

54. Vatsavayai SC, Yoon SJ, Gardner RC, Gendron TF, Vargas JN, Trujillo A,
Pribadi M, Phillips JJ, Gaus SE, Hixson JD et al (2016) Timing and significance
of pathological features in C9orf72 expansion-associated frontotemporal
dementia. Brain. https://doi.org/10.1093/brain/aww250

55. Veltema AN (1975) The case of the saltimbanque prosper Lecomte. A
contribution to the study of the history of progressive muscular atrophy
(Aran-Duchenne) and amyotrophic lateral sclerosis (Charcot). Clin Neurol
Neurosurg 78:204–209

56. Vielhaber S, Winkler K, Kirches E, Kunz D, Buchner M, Feistner H, Elger CE,
Ludolph AC, Riepe MW, Kunz WS (1999) Visualization of defective
mitochondrial function in skeletal muscle fibers of patients with sporadic
amyotrophic lateral sclerosis. J Neurol Sci 169:133–139

57. Wong M, Martin LJ (2010) Skeletal muscle-restricted expression of human
SOD1 causes motor neuron degeneration in transgenic mice. Hum Mol
Genet 19:2284–2302. https://doi.org/10.1093/hmg/ddq106

58. Zhao W, Beers DR, Appel SH (2013) Immune-mediated mechanisms in the
pathoprogression of amyotrophic lateral sclerosis. J NeuroImmune
Pharmacol 8:888–899. https://doi.org/10.1007/s11481-013-9489-x
•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

https://doi.org/10.1016/j.nmd.2014.12.005
https://doi.org/10.1016/j.nmd.2014.12.005
https://doi.org/10.1097/NEN.0b013e3182160690
https://doi.org/10.1097/NEN.0b013e3182160690
https://doi.org/10.1212/01.wnl.0000296001.16603.b3
https://doi.org/10.1212/01.wnl.0000296001.16603.b3
https://doi.org/10.3109/17482960902810890
https://doi.org/10.1038/nature20413
https://doi.org/10.1002/mus.24283
https://doi.org/10.1002/mus.24283
https://doi.org/10.1093/brain/aww250
https://doi.org/10.1093/hmg/ddq106
https://doi.org/10.1007/s11481-013-9489-x

	Abstract
	Introduction
	Materials and methods
	ALS muscle samples and clinical data
	Non-ALS muscle samples
	Phospho(409/410)-TDP-43 immunohistochemistry
	Evaluation of pTDP-43 inclusion pathology
	p62 and FUS immunohistochemistry
	Additional staining in a subset of cases
	Evaluation of immunofluorescence studies
	Electron microscopy of FFPE tissue
	RNA isolation and real-time PCR
	Descriptive statistics and statistical analyses

	Results
	Demographics and clinical characteristics
	Prevalence, distribution, and quantitation of pTDP-43 muscle pathology in ALS
	p62 and FUS IHC in pTDP-43-positive ALS samples
	Muscle group distribution of pTDP-43 positive samples in ALS
	Clinical and pathologic associations of pTDP-43 muscle pathology
	Inclusion pathology in IBM and non-IBM, non-ALS muscle
	pTDP-43 replication study in a subset of cases
	Ultrastructural findings
	Quantitative PCR

	Discussion
	Conclusions
	Additional file
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

