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Abstract
It is now established that pathological transactive response DNA-binding protein with a Mr of 43
kD (TDP-43) on sodium dodecyl sulfate-polyacrylamide gel electrophoresis is the major disease
protein in amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) with
ubiquitin-positive inclusions (now known as FTLD-TDP). In fact, the discovery of pathological
TDP-43 solidified the idea that these disorders are multi-system diseases and this led to the
concept of a TDP-43 proteinopathy as a spectrum of disorders comprised of different clinical and
pathological entities extending from ALS to ALS with cognitive impairment/dementia and FTLD-
TDP without or with motor neuron disease (FTLD-MND). These align along a broad disease
continuum sharing similar pathogenetic mechanisms linked to pathological TDP-43. We here
review salient findings in the development of a concept of TDP-43 proteinopathy as a novel group
of neurodegenerative diseases similar in concept to α-synucleinopathies and tauopathies.
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INTRODUCTION
With the advent of new technologies in medicine and related biomedical sciences, concepts
of neurodegenerative diseases continue to be refined, and novel disease entities emerge. For
example, based on advances over the past 25 years, we now know that nearly all
neurodegenerative disease are protein misfolding disorders characterized by pathological
central nervous system (CNS) protein aggregates, alterations in the solubility and
metabolism of corresponding disease proteins, and mutations in genes that encode major
disease proteins of familial disorders and their sporadic counterparts, including the genes
encoding tau, amyloid-β, α-synuclein, and others. The phenotypic features of these diseases
are highly variable, but correlations between genetic abnormalities, clinical features and
underlying neuropathology, as well as mechanisms of neurodegeneration, are recognized.
However, we are far from understanding the precise relationships between genotypes and
disease phenothypes in common as well as uncommon disorders such as Alzheimer’s
disease (AD) and Parkinson’s disease (PD) in addition to frontotemporal degeneration
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(FTD) and amyotrophic lateral sclerosis (ALS). In this review, we summarize recent
advances in ALS and FTD that have resulted from development of the concept that these
disorders represent a spectrum of manifestations of TDP-43 proteinopathy that are so-named
because they are linked to pathological abnormalities in the nuclear protein known as the
human immunodeficiency virus type 1 transactive response DNA-binding protein with a Mr
of 43 kD (TDP-43) on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) which is commonly referred now to as TDP-43.

Historically, amyotrophic lateral sclerosis (ALS) has been considered to be the prototypical
pyramidal motor system neurodegenerative disease. The presence of additional features has
usually been considered to exclude the diagnosis of classical ALS, and therefore ALS with
additional features was referred to as an ALS-Plus syndrome according to El Escorial
clinical diagnostic criteria.1,2 In fact, the 1998 El Escorial revised criteria for a diagnosis of
ALS include: (i) evidence of lower motor neuron (LMN) degeneration by clinical,
electrophysiological or neuropathologic examination; (ii) evidence of upper motor neuron
(UMN) degeneration by clinical examination; and (iii) progressive spread of symptoms or
signs within a region or to other regions, as determined by history or examination. Further,
these criteria included the absence of: (i) electrophysiological and pathological evidence of
other disease processes that might explain the signs of LMN and/or UMN degeneration; and
(ii) neuroimaging evidence of other disease processes, which might explain the observed
clinical and electrophysiological signs.1 In terms of neuropathology, degeneration of the
UMN and LMN with motor neuron cytoplasmic inclusions immunoreactive for ubiquitin
and corticospinal tract degeneration are considered to be diagnostic for ALS.3 The spectrum
of inclusions found in ALS is heterogeneous, morphologically including: (i) filamentous
aggregations/threads/skeins; (ii) small granules and Bunina bodies; and (iii) larger frayed,
basophilic, and Lewy body-like inclusions. However, besides this diagnostic LMN and
UMN degeneration, ubiquitin-inclusion pathology had increasingly been described in a more
widespread distribution, such as the ubiquitin-positive neuronal inclusions found in the
neocortex or hippocampus, especially in association with dementia (ALS-D).4,5 The concept
of ALS goes back to Jean-Martin Charcot (1825–1893), who described this disorder more
than 100 years ago, which is the most prevalent neurodegenerative motor neuron disease
(MND), while the concept of FTD emerged at about the same time with a report of Arnold
Pick (1851–1924), who described cases of a dementia with severe, circumscribed atrophy of
frontotemporal regions, now known as Pick’s disease (PiD), which is one of the most widely
recognized forms of FTD. Cases with dementia in which argyrophilic intraneuronal
inclusions (Pick bodies) and ballooned neurons are seen in the post mortem brain solidified
the concept of PiD because these lesions distinguished these patients from those with other
types of dementias such asAD, which was first reported by Alois Alzheimer (1864–1915) to
be a cognitive disorder associated with neurofibrillary tangles and amyloid plaques.
However, it became increasingly clear that many patients with PiD-like clinical features did
not show neuropathological evidence of PiD, and a plethora of alternative terms were used
for these non-PiD and non-AD dementias.6–8 Not surprisingly, the classification of FTD,
which also is referred to as frontotemporal lobar degeneration (FTLD), has been fraught
with controversy due in large part to substantial gaps in the understanding of the cellular and
molecular neuropathological correlates of the clinical manifestations of FTLDs. As the
clinical manifestations of different FTLD variants do not enable prediction of the
neuropathological or genetic basis of the dementia in a given patient, it was recommended
that the clinically diverse variants of FTLD should be referred to collectively as FTLD to
emphasize the shared clinical features enabling differentiation from other dementias during
life, but without making assumptions about their neuropathological correlates or underlying
disease processes.9 More recent evidence on the convergence of the different clinical
syndromes in both FTLDs with tau pathology (i.e., tauopathies which account for ~45% of
FTLD cases) or without associated tau pathology during the disease course supports this
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notion.10,11 Moreover, “ubiquitin only dementia” has been shown to account for ~50% of
FTLD cases, and FTLD-U is distinguished from FTLD tauopathies (i.e. FTLD-Tau) by the
presence of frontotemporal degeneration and ubiquitin-positive, but tau- and α-synuclein-
negative inclusions. The cardinal clinical features of all FTLD variants are non-amnestic
cognitive impairments encompassing changes in social behavior often with disinhibition and
language difficulties.10 Using ubiquitin and novel monoclonal antibodies generated from
FTLD-U brains, at least four morphological subtypes of FTLD-U were identified based on
the type and distribution of these ubiquitin-positive inclusions throughout the frontotemporal
cortex and hippocampus.12,13 In 2006, the notion that pathological TDP-43 is involved in
human disease was proposed when TDP-43 was discovered by Neumann et al. to be the
major disease protein in FTLD-U (now known as FTLD-TDP), FTLD with MND (FTLD-
MND) and ALS, suggesting a common pathogenesis linked to TDP-43 abnormalities in
these disorders, which was rapidly confirmed by Arai et al.14,15

Thus, we recently proposed a classification scheme in which pathological TDP-43 is the
major disease defining pathology in so-called primary TDP-43 proteinopathies, which
mainly includes ALS, FTLD-TDP and their transition forms, while a second category of
disorders includes neurodegenerative diseases wherein there is concomitant TDP-43
pathologies, and a third group comprises those neurodegenerative conditions with minor or
no significant TDP-43 pathology.16 This scheme reflects the considerable overlap of
clinicopathological features between all neurodegenerative diseases as reviewed
elsewhere.17 Recently, detailed clinico-pathological studies on the whole spectrum of
TDP-43-related neurodegeneration have become available, and have contributed to
establishing the significance of pathological TDP-43 for ALS and FTLD-U.18 Here, we
focus this review on the major TDP-43 proteinopathies.

BIOLOGY OF TDP-43
TDP-43 is a 414 amino acid nuclear protein encoded by the TARDBP gene on chromosome
1 (for reviews, see19–22). While the functions of TDP-43 are not yet completely understood,
TARDBP was first identified as a gene encoding a 43 kD protein that binds to the
transactivating responsive DNA sequence of human immunodeficiency virus type 1.
Subsequently, TDP-43 was also shown to be involved in the splicing of the cystic fibrosis
transmembrane conductance regulator gene, the apolipoprotein A-II gene and possibly
others.20,22–30 TDP-43 is a highly conserved protein ubiquitously expressed in many tissues
including the CNS where it is present in neuronal and glial nuclei and to a lesser extent in
the cytoplasm. It contains two RNA-recognition motifs and a glycine-rich carboxy terminal
region that may be required for exon skipping and splicing inhibitory activity as well as
binding to other nuclear proteins. This is consistent with the finding that the carboxy
terminal domain binds to several proteins of the heterogeneous nuclear ribonucleoprotein
family involved in the biogenesis of mRNA. Other studies also identified TDP-43 as a
multi-functional RNA binding protein involved in: (i) exon-skipping of cystic fibrosis
transmembrane conductance regulator and apolipoprotein A-II genes;20,25,26 (ii) exon-
inclusion of the survival of motor neuron gene;31 (iii) stabilization of low molecular weight
neurofilament protein mRNA through a direct interaction with its 3′ untranslated region;29

and (iv) modulation of cyclin-dependent kinase 6 expression24,32 and microRNA
biogenesis.33 TDP-43 has also been shown to bind to the proximal promoter of the mouse
SP-10 gene (acrosomal vesicle protein 1), which is involved in spermatogenesis, thereby
implicating TDP-43 in regulating its expression.23 Finally, other reported functions of
TDP-43 include: (i) acting as scaffold for nuclear bodies (i.e., Gemini of coiled bodies)
through interaction with survival of motor neuron protein;34 (ii) cell cycle regulation and
apoptosis;24,32 and (iii) mRNA transport and regulation of local translation at synapses.30

Thus, the physiological functions of TDP-43 are diverse but incompletely characterized, and
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they likely involve the regulation of multiple biological processes through TDP-43 binding
to DNA, RNA, and/or proteins.

CLINICO-PATHOLOGICAL CORRELATIONS IN THE MAJOR TDP-43
PROTEINOPATHIES

The concept of linking ALS and FTLD-U precedes the discovery of TDP-43 based on the
shared accumulation of ubiquitin-positive cellular inclusions, as well as on the clinical
evidence of overlapping symptoms. Initially, TDP-43 pathology in FTLD-U, FTLD-MND
or ALS was reported only in select CNS areas.14,15 However, increasing evidence indicates
that the deposition of pathological TPD-43 aggregates occurs in multiple brain areas in ALS
as well as FTLD-TDP35–40 (Fig. 1). Detailed reviews on the significance of clinical overlap
and transition forms between ALS, ALS-D, FTLD-MND and FTLD-U have recently been
published41–43 and consensus criteria on the diagnosis of frontotemporal cognitive and
behavioral syndromes in ALS have emerged.44 Likewise, the spectrum of TDP-43
pathology and the associated recommended neuropathological nomenclature, including the
morphological subtypes, have been the subject of detailed reviews.19,45–49 We recently
published a study on whole CNS TDP-43 pathology in a large cohort of cases representing
the most common forms of TDP-43 proteinopathy, both according to their clinical
phenotype (pure ALS, pure FTD, or a combination of both in FTLD-MND), as well as to
their morphological subtypes.18 Based on this work and an astonishingly large number of
other studies reported since 2006, we conclude that there is significant overlap of both
clinical and pathological features among the major TDP-43 proteinopathies. In fact, ALS,
ALS-D/FTLD-MND and FTLD-U may be situated at different points along one continuous
and broad clinico-pathological spectrum of multisystem degenerations. Other than the
defining clinical syndromes in pyramidal motor system and cognitive domains,
extrapyramidal signs were the most common clinical features, consistent with the robust
pathology found in the striatum and substantia nigra.18 FTLD-U subtype 1 (characterized by
frequent long neuritic profiles predominantly in the superficial cortical layers) appears to
represent the most “cortical variant of degeneration” in comparison with subtypes 2 (with
neuronal cytoplasmic inclusions in superficial and deep cortical layers) and 3 (with
abundance of small neuritic profiles and neuronal cytoplasmic inclusions predominantly in
the superficial cortical layers).12,18 In terms of LMN pathology, the latter two subtypes
(especially subtype 2) are closer to the MND phenotype when compared with subtype 1
(Fig. 2). Further, cases with predominantly neuronal intracytoplasmic inclusions (i.e.,
subtype 212) can present with clinical MND in addition to FTD,50 whereas cases with
predominantly dystrophic neurites (i.e., subtype 112) tend to show semantic dementia, and
when neuronal cytoplasmic inclusions and dystrophic neurites are coupled with neuronal
intranuclear inclusions, albeit less frequent (i.e., subtype 312), FTD or progressive nonfluent
aphasia is common with or without clinical MND.50 These clinico-pathological correlations
continue to be affirmed in recent studies of additional cohorts of post mortem cases based on
TDP-43 staining.51,52 Notably, FTLD-U patients with numerous neuronal cytoplasmic
inclusions, as seen in subtypes 2 or 3,have shorter survival times than those with subtype
1,18,51,53 potentially indicating a link to the involvement of LMNs in decreased survival, as
it was previously shown that FTLD-MND has significantly shorter survival than FTLD-U.54

We also showed that inclusion formation is present to a greater extent than neuronal loss and
gliosis in neocortex of ALS cases which may signify that TPD-43 pathology develops very
early in the disease state and precedes overt neurodegeneration by some as yet unspecified
period of time.18 However, in advanced disease stages, TDP-43 inclusion pathology and
reactive tissue changes can be similarly abundant due to more profound degenerative
changes.18 For the future, other proteins linked to disease progression may be identified in
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TDP-43 inclusions, but their role in mechanisms of neurodegeneration in TDP-43
proteinopathies will need to be defined.55

BIOCHEMISTRY OF PATHOLOGICAL TDP-43
From the biochemical perspective, the profile of the TDP-43 proteinopathies has been
shown in sporadic and familial FTLD-U and ALS CNS tissues to comprise ubiquitination,
variable hyperphosphorylation and N-terminal truncation of the TDP-43 protein. SDS-
PAGE of sarkosyl-insoluble extracts isolated from affected cortical regions showed disease-
specific bands at ~45 kD, ~25 kD, as well as high molecular weight aggregate smears in
addition to the normal band at 43 kD.14,15,56,57 Since pathological TDP-43 is abnormally
hyperphosphorylated, we and others have investigated the sites of TDP-43 phosphorylation.
Notably, TDP-43 has 41 serine, 15 threonine and eight tyrosine residues. By predictive in
silico analysis some of these are potential phosphorylation sites as shown by Hasegawa and
colleagues who made phosphorylation-specific antibodies and demonstrated that TDP-43
becomes abnormally phosphorylated at residues 379, 403, 404, 409, and 410 in a small
number of cases of FTLD-U and ALS.57,58 In our study of a larger cohort of post mortem
cases, we used a similar approach, and we reported on the characteristics of our rat
monoclonal antibodies 1D3 and 7A9 raised to diphosphopeptide S409/410 of TDP-43
(CSMDSKSpSpGW).59 These monoclonal antibodies were used to study the presence of
S409/410 phosphorylation by immunohistochemistry and immunoblots in a large series of
FTLD-U cases with/without MND, including familial cases with progranulin (GRN) or
valosin containing protein (VCP) mutations or linkage to chromosome 9p, as well as 18 ALS
cases and other neurodegenerative disease cases with or without concomitant TDP-43
pathology. Our data demonstrated that phosphorylation of S409/410 of TDP-43 is a highly
consistent feature in TDP-43 inclusions of ALS and FTLD-U, thereby confirming the
findings of Hasegawa and colleagues,57,58 as well as extending our initial findings that
pathological TDP-43 is abnormally phosphorylated.15 Further, we extended these studies by
showing phosphorylated TDP-43 in the inclusions of a more diverse and larger group of
sporadic and familial forms of TDP-43 proteinopathies.59 Physiological nuclear TDP-43
was not detectable with these monoclonal antibodies by immunohistochemistry, while
accumulations of phosphorylated C-terminal fragments were readily seen in Western blots in
affected cortical brain regions from ALS and FTLD-U. At least four fragments were
detected suggesting that they may represent the same C-terminal fragment with different
degrees of phosphorylation, different C-terminal fragments with same sites of
phosphorylation, or a combination of both. Indeed, these C-terminal fragments were often
more abundant than phosphorylated full-length TDP-43 in the cortex. However, in the spinal
cord the predominant p409/410-labeled TDP-43 protein species is full-length TDP-43,59

which is consistent with our previous findings that different TDP-43 species may form
distinct inclusions in cortical versus spinal cord cells.60

ELECTRON MICROSCOPY OF PATHOLOGICAL TDP-43
Several studies focusing on the ultrastructure of the TDP-43-positive inclusions have shown
that these lesions contain granular material and variably abundant filaments (with an average
width of ~15 nm) that are TDP-43 immunoreactive.39,56,57,61–64 However, unlike other
neurodegenerative disorders characterized by filamentous inclusions such as AD, PD and
FTLD-Tau that are brain amyloidoses, TDP-43 inclusions do not demonstrate the properties
of amyloid.46 Thus, TDP-43 proteinopathies are distinct because they are not CNS
amyloidoses and may therefore provide insights into the consequences of protein
misfolding, oligomerization and aggregate formation in the absence of amyloidogenesis.46

The idea of inclusion formation with different morphological stages following a certain
sequence has been raised in the literature in ALS with and without dementia.62 For example,
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it has been suggested that diffuse punctuate cytoplasmic staining in the form of linear wisps
(“fine skeins”) aggregate to form thicker and longer threads (“coarse skeins”); Similarly,
dot-like inclusions were postulated to eventually form round inclusions in this disease.62

And, in keeping with this idea it was suggested, based on immunohistochemical and
biochemical studies, that delocalization, accumulation and ubiquitination of TDP-43 in the
cytoplasm of human motor neurons are early dysfunctions in the cascade of the events
leading to motor neuron degeneration in ALS, preceding the formation of insoluble
inclusion bodies.65

GENETICS OF PATHOLOGICAL TDP-43
Recent findings of mutations in the TARDP gene in cases of familial autosomal-dominant
and rare sporadic ALS patients further corroborate the significance of pathological TPD-43
as being mechanistically implicated in the disease process.66–81 Although no mutations in
the TARDP gene have yet been reported in either familial or sporadic FTLD-U,66,68,82,83

single patients with FTLD-MND and TARDBP mutations do exist.84 Significantly, many of
the TARDBP variants display autosomal-dominant inheritance in familial ALS patients,
suggesting that they may be pathogenic mutations. To date, more than 25 TARDBP genetic
variants have been identified, and the majority of these are in the glycine-rich domain of
TDP-43, suggesting that they may disrupt the normal exon skipping and splicing functions
of TDP-43. Finally, a number of variants involved the substitution of serine and threonine
residues, suggesting the possibility that this could lead to aberrant phosphorylation of
TDP-43 and play a role in the onset or progression of disease.

Moreover, mutations in a gene encoding another DNA/RNA-binding protein with striking
structural and functional similarities to TDP-43 called FUS (fused in sarcoma) or TLS
(translocation in liposarcoma) have been reported recently to trigger degeneration of motor
neurons.85–87 A mutation in angiogenin, a protein that is involved in RNA maturation, was
recently reported; however, the inclusions were negative for TDP-43 and angiogenin, but
positive for smooth muscle alpha-actin, probably a partner of angiogenin.88 Further,SETX is
the gene coding for senataxin, which is involved in DNA repair and RNA processing, and it
has been shown to be mutated in familial ALS.89 Notably, GRN gene mutations cause
TDP-43 pathology which is restricted largely to subtype 3,13,56,90–92 and despite the lack of
apparent clinical or neuropathological differences between cases with and without GRN
gene abnormalities, a distinct phenotype appears to be present at the molecular level.93

Given that the number of patients with a family history of dementia and/or MND is higher
than that of patients with GRN, VCP or TARDBP mutations, other genetic abnormalities,
such as the chromosome 9p locus or others, might play a role as well.94 Promising are recent
data by Rollinson and coworkers95 which suggest ubiquitin-associated protein 1 (encoded
on chromosome 9p) as being a genetic risk factor for subjects diagnosed with FTLD
according to current diagnostic criteria by Neary and colleagues.6

BIOMARKERS OF PATHOLOGICAL TDP-43
Other recent studies have reported evidence of elevated TDP-43 plasma levels in clinically
diagnosed FTD patients as well as in a subset of AD patients, which may reflect the
presence of co-morbid TDP-43 pathology, and increased cerebrospinal fluid TDP-43 levels
in FTLD-U and ALS patients as compared with controls.96–98 These are intriguing findings
since they might offer the possibility of developing a diagnostic ante mortem assay and a
biomarker to monitor responses to new interventions in clinical trials, but these studies need
to be extended and the findings verified in larger patient and control cohorts, especially
through post mortem follow-up studies. However, skeletal muscle of ALS patients, another
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potential ante mortem diagnostic approach, has been shown to be devoid of pathological
TDP-43.99

CONCLUSIONS
In summary, TDP-43 diseases or proteinopathies represent a novel class of
neurodegenerative disorders akin to α-synucleinopathies and tauopathies. Notwithstanding
this, the definite pathogenetic role of TDP-43 inclusions in neurodegenerative diseases is not
yet established.100–102 The widespread distribution of pathological TDP-43 establishes the
diffuse involvement of the CNS, with different populations of neurons and glial cells being
differentially vulnerable throughout the brain and spinal cord, as well as temporally
throughout the disease course. The idea of a predominantly frontotemporal degeneration
pattern in FTLD-TDP and a primarily pyramidal tract degeneration pattern in MND should
be refined in favor of the concept that TDP-43 proteinopathies represent a broad clinico-
pathological spectrum of a single disorder involving multiple systems and sharing similar
disease mechanisms linked to pathological TDP-43.5,15,103,104
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Fig. 1.
Anti-(TAR) DNA binding protein with aMr of 43 (TDP-43) immunohistochemistry in ALS
with dementia (A–D,F) and frontotemporal lobar degeneration (FTLD)-TDP (E) (bar = 20
µm). A. Lewy body-like inclusion (large arrow) in the substantia nigra; note the nucleus
devoid of the endogenous TDP-43 staining (“cleared nucleus”) (small arrow) that is present
in the affected neuron, but not in an unaffected neuron (arrowhead). B. Neuronal
cytoplasmic inclusions (large arrow) and neuronal intranuclear inclusion (short arrow) in the
visual cortex. C. Fibrillar or skein-like curled inclusions in the sensory cortex (arrow). D.
Cleared nuclei coupled with cytoplasmic, granular, or diffuse staining (“pre-inclusions”)
(large arrow) in Wernicke’s area. E. Hypothalamus showing dense neuronal cytoplasmic
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inclusion (large arrow), smaller granular neuronal cytoplasmic TDP-43 immunoreactivity
(small arrow), and dystrophic cellular processes (arrowhead). F. Oligodendrocyte with
cytoplasmic inclusion in the white matter of cingulate gyrus.
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Fig. 2.
(TAR) DNA binding protein with a Mr of 43 (TDP-43) multisystem diseases: clinico-
pathological spectrum. Schematic illustration of the concept of a clinico-pathological
spectrum of the major TPD-43 diseases extending from frontotemporal lobar degeneration
(FTLD)-U (ubiquitin-positive) or FTLD-TDP at one end to ALS at the other. Blue
arrowhead-like triangles denote clinical syndrome with motor neuron disease decreasing and
dementia increasing from left to right. Color change in central box denotes increasing or
decreasing spread and severity of TDP-43 pathology in the brain and spinal cord, as an
approximate estimation. Specifically, yellow represents predominant involvement of the
spinal cord and red represents predominant involvement of cortical areas. Other brain areas
are not as explicitly represented in this color-coded diagram. FTLD-U subtype refers to the
classification of the cortical pattern of TDP-43 or ubiquitin-positive inclusions according to
Sampathu et al.12 with the addition of an unclassified type denoting the absence of TDP-43
lesions or the presence of a degree of TDP-43 pathology burden that was not sufficient for
subtyping. MND = motor neuron disease, ALS-D = ALS with dementia, FTLD-MND =
frontotemporal degeneration with MND.
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