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Abstract
In this review, we summarize recent advances in understand-
ing frontotemporal lobar degeneration (FTLD), amyotrophic
lateral sclerosis (ALS) and related neurodegenerative disor-
ders that are collectively known as TDP-43 proteinopathies,
since transactive response DNA-binding protein 43 (TDP-43)
was recently shown to be the major component of the ubig-
uitinated inclusions that are their pathological hallmarks.
TDP-43 proteinopathies are distinct from most other neuro-
degenerative disorders because TDP-43 inclusions are not
amyloid deposits. Besides TDP-43-positive inclusions, both
sporadic and familial forms of FTLD and ALS have the patho-
logic TDP-43 signature of abnormal hyperphosphorylation,
ubiquitination and C-terminal fragments in affected brain
and spinal cord, suggesting that they share acommon mech-
anism of pathogenesis. Thus, these findings support the
concept that FTLD and ALS represent a clinicopathologic
spectrum of one disease, that is, TDP-43 proteinopathy.
Copyright © 2008 S. Karger AG, Basel

Introduction

Frontotemporal lobar degeneration (FTLD) refers to a
clinically, genetically and pathologically heterogeneous
group of neurodegenerative disorders and is the second
most common form of dementia in those under the age
of 65, after Alzheimer’s disease (AD), with prevalence es-
timates ranging between 3.3 and 25.4 per 100,000 [1, 2].
Clinically, FTLD is characterized by progressive changes
in social, behavioral and/or language dysfunction. Cur-
rent research criteria divide FTLD into 3 clinical syn-
dromes: frontotemporal dementia (FTD), primary pro-
gressive nonfluent aphasia (PNFA) and semantic demen-
tia (SD) [3]. FTD, the most common clinical form,
primarily presents with personality and behavioral
changes often associated with disinhibition, apathy and
lack of insight, while PNFA and SD present predominant-
ly with language dysfunctions characterized by effortful
speech and phonemic errors, as well as severe problems
with naming objects and understanding words, respec-
tively. In the early phase of these syndromes, there is rel-
ative preservation of memory, but, in addition, patients
may display movement abnormalities, such as parkin-
sonism or motor neuron disease (MND) [4-6].

The term ‘frontotemporal lobar degeneration’ reflects
the prominent frontal and temporal lobe atrophy associ-
ated with neuronal loss and gliosis on neuropathological
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examination. In addition, as in most adult-onset neuro-
degenerative diseases, abnormal proteinaceous inclu-
sions are present in neurons and glial cells. Thus, based
on immunohistochemistry (IHC), FTLD can be broadly
divided into 2 pathological categories: (1) those cases
with tau-positive inclusions known as tauopathies, such
as FTLD with Pick bodies, corticobasal degeneration,
progressive supranuclear palsy, argyrophilic grain dis-
ease and neurofibrillary tangle-only dementia, and (2)
those cases without tau pathology. The latter can be fur-
ther categorized by the presence or absence of ubiquitin-
positive, tau- and a-synuclein-negative inclusions (UBIs)
[4]. Those with UBIs are termed FTLD-U, which is the
most common neuropathological subtype of FTLD, and
together with FTLD tauopathies they account for >95%
of FTLDs [7-10].

Despite exhaustive efforts, using biochemical tech-
niques similar to those used in studying other neurode-
generative diseases, such as tauopathies and synucleinop-
athies, and the recent identification of genetic defects un-
derlying familial forms of FTLD-U, such as mutations in
the progranulin gene (GRN) [11, 12] and valosin-contain-
ing gene (VCP) [13], the protein-building blocks of UBIs
in FTLD-U remained unknown until recently when we
identified transactive response (TAR) DNA-binding pro-
tein 43 (TDP-43) as the major disease protein in UBIs in
both FTLD-U and amyotrophic lateral sclerosis (ALS)
[14]. Hence, this review will focus on the identification
and pathobiology of TDP-43 as the disease protein in
sporadic and familial FTLD-U with and without MND
as well as in sporadic and familial ALS. In addition, our
current knowledge on TDP-43 neuropathology in other
neurodegenerative diseases will also be described. Final-
ly, the implications of these findings for the diagnosis and
treatment of this new class of disorders, which collective-
ly can be referred to as neurodegenerative TDP-43 pro-
teinopathies, will be discussed.

Identification of Ubiquitinated, Phosphorylated and
Truncated TDP-43 as the Disease Protein in FTLD-U

Our initial approach to identify the disease protein in
FTLD-U was to adopt various biochemical enrichment
techniques similar to those used for other neurodegen-
erative diseases, such as the isolation of tau containing
paired helical filaments in AD and the isolation of a-
synuclein in Parkinson’s disease (PD) [15]. The rationale
for this approach is the recognition that most neurode-
generative diseases share a common pathogenetic mech-
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anism characterized by accumulation of intracellular
and extracellular misfolded protein aggregates in the
central nervous system. The underlying disease mecha-
nism involves the misfolding of normally soluble proteins
into B-pleated conformation and the deposition of the
misfolded proteins into insoluble fibrillar aggregates with
the physical and chemical properties of amyloid. For ex-
ample, most of these neurodegenerative disease-specific
aggregates (as exemplified by tangles and plaques in AD
and Lewy bodies, LBs, in PD) are filamentous and display
the ultrastructural and dye-binding properties of amy-
loid; that is, the formation of ~10-nm-wide fibrils with
B-pleated sheet structures that stain with silver, Congo
red, thioflavin S or other amyloid dyes. However, UBIs in
FTLD-U are not detected by amyloid-binding dyes, sug-
gesting that FTLD-U might be a unique neurodegenera-
tive proteinopathy characterized by protein misfolding in
the absence of brain amyloidosis. Thus, it was no surprise
that biochemical techniques used to purify filamentous
aggregates, such as the methods developed to isolate
paired helical filaments in AD, were unsuccessful in iso-

Fig. 1. Scheme of a combined biochemical and immunologic ap-
proach used to identify TDP-43 as the disease protein in FTLD-U
and ALS. a This panel outlines the steps used in the approach.
b Urea-soluble protein extracts of cortical gray matter from nor-
mal control and FTLD-U separated by SDS-PAGE and immuno-
blotted with anti-ubiquitin. The box indicates high-molecular-
mass (Mr >250 kDa) smear of proteins from FTLD-U extracts
used for immunization of mice (c¢) for monoclonal antibody
(mAD) production. d THC results from the screen of hybridoma
supernatants for immunodetection of UBIs by new mAbs. Note
the characteristic TDP-43-positive cytoplasmic inclusions in the
hippocampal dentate granule cells in an FTLD-U brain and the
clearance of physiological nuclear TDP-43 in cells with inclusions
(arrows). e Immunoblot analysis of urea-soluble protein extracts
from control and FTLD-U cortical gray matter with novel mAbs
demonstrates the unique protein profile or banding pattern in the
FTLD-U compared to the control brain (molecular mass markers
are shown on the left). * Unique ~25-kDaband in FTLD-U. f This
two-dimensional SDS-PAGE shows representative urea-soluble
protein extracts from FTLD-U brains immunoblotted with novel
mAbs (the pI range from 3 to 10 is shown on the bottom, while
molecular mass markers are shown on the left). Liquid chromato-
graphic mass spectrometry analysis was performed on Coomas-
sie blue-stained sister gels, identifying TDP-43 as the disease pro-
tein. g TDP-43 immunoblot analysis of urea-soluble protein ex-
tracts from control and FTLD-U brains are shown here and this
demonstrates the disease-specific biochemical profile of TDP-43
with additional ~25-kDa bands (*), a ~45-kDa band (**) above
the normal 45-kDa band and the high-molecular-weight protein
smear (***) in extracts from FTLD-U brains, which are not de-
tectable in control brain extracts (molecular mass markers are
shown on the left).
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lating UBIs from FTLD-U brains. Furthermore, the task
of finding the protein components of UBIs in FTLD-U
was limited by: (1) the heterogeneous morphology and
distribution of the UBIs in different brain regions among
different FTLD-U cases; (2) the relatively low abundance
of the UBIs; and (3) the lack of reagents other than anti-
ubiquitin antibodies for the detection of UBIs. Thus, al-
though multiple biochemical techniques including frac-
tionation of disease brains to enrich for UBIs and two-
dimensional differential gel electrophoresis proteomic
approaches were used to identify the disease protein or
proteins in FTLD-U, they were uniformly uninformative.
For these reasons, we pursued an alternative strategy
combining biochemical and immunologic approaches
[16]. To do this, we made the assumption that the in-
creased levels of ubiquitin-immunoreactive, high-molec-
ular-weight smears in insoluble material from biochemi-
cal fractionation of FTLD-U brains after sodium dodec-
ylsulfate polyacrylamide gel electrophoresis (SDS-PAGE),
compared to normal brain insoluble material, contain the
disease protein in UBIs (fig. 1b). Thus, we used the high-
molecular-mass (Mr>250 kDa) protein smear from SDS-
PAGE of FTLD-U for immunizing mice to generate
potentially useful antibody probes for our FTLD-U stud-
ies (fig. 1c). However, this approach was complicated by
the fact that the distribution of UBIs in FTDL-U brains
is heterogeneous and their abundance is low relative to
tangles and plaques in AD brain. Based on the morphol-
ogy and laminar distribution of ubiquitin-positive neu-
ronal cytoplasmic inclusions (NCIs), neuronal intranu-
clear inclusions (NIIs) and dystropohic neurites (DNs) in
affected cortical brain regions, at least 3 pathological sub-
types of FTLD-U were distinguished [16]. Briefly, sub-
type 1 is characterized by a predominance of long neu-
ritic profiles over NCls in superficial cortical layers, sub-
type 2 shows a predominance of NCIs in both superficial
and deep cortical layers, and in subtype 3 ring-shaped
NCIs as well as short neuritic and intranuclear profiles
are present predominantly in the superficial cortical lay-
ers (fig. 2). This system of FTLD-U subtyping was inde-
pendently confirmed by others [17].

Thus, to take into account the possibility of multiple
disease protein(s) among the different FTLD-U subtypes,
we immunized mice with high-molecular-mass (Mr >250
kDa) insoluble material obtained from brains of each of
the 3 FTLD-U subtypes to general antibodies recogniz-
ing UBIs from each of these subtypes. Over 50,000 hy-
bridomas were generated, and they were all screened by
IHC using brain sections from all 3 FTLD-U subtypes
(tig. 1d). We were successful in generating novel mono-

44 Neurosignals 2008;16:41-51

clonal antibodies (mAbs) specific for subtypes 1 and 2,
but not 3. Interestingly, subtype-specific mAbs immuno-
labeled all UBIs in the corresponding FTLD-U subtype
used to generate the mAbs, but not UBIs in other sub-
types [16]. Importantly, a few of these mAbs were able to
distinguish FTLD-U subtypes and control brain extracts
inimmunoblots. For example, the subtype-specific mAbs
labeled a unique protein band in the respective subtype
extracts and not in other subtypes or control brains
(fig. 1e). Thus, using these novel mAbs, we performed ex-
tensive protein analysis of extracts from FTLD-U brains,
including two-dimensional SDS-PAGE and liquid chro-
matographic mass spectrometry, and we were able to de-
termine theidentity of the subtype-specificbands (fig. 1f).
Interestingly, both subtype 1- and 2-specific bands were
identified as N-terminally truncated species of TDP-43,
which suggests that the mAbs recognize subtype-specif-
ic conformations or posttranslational modifications of a
C-terminal breakdown and/or cleavage product of TDP-
43 (tig. le).

TDP-43 is a 414-amino-acid nuclear protein, encoded
by the TARDBP gene on chromosome 1. The gene was
initially cloned from a genomic screen for cellular factors
that bind to the TAR DNA of HIV type 1 [18] and was
also identified independently as part of a complex in-
volved in the splicing of the cystic fibrosis transmem-
brane conductance regulator gene [19, 20]. More recently,
it was shown to regulate the expression of the mouse SP-
10 gene [21] and the splicing of intron and exon of the
apoA-II gene [22]. TDP-43 is a highly conserved protein
that is ubiquitously expressed in all tissues examined, in-
cluding heart, lung, liver, spleen, kidney, muscle and
brain [19]. It contains 2 RNA recognition motifs as well
as a glycine-rich C-terminal sequence [19, 23], which may
be required for its exon skipping and splicing inhibitory
activity [24, 25]. This is consistent with the finding that
the C-terminal domain of TDP-43 binds to several pro-
teins of the heterogeneous nuclear ribonucleoprotein
family, which are involved with the biogenesis of mRNA
[24, 26]. Finally, TDP-43 may also act as scaffold for nu-
clear bodies through interaction with survival motor
neuron protein [27].

Despite the pathological heterogeneity among the
FTLD-U subtypes and the specificity of the novel mAbs
for specific subtypes, IHC using commercially available
TDP-43 antibodies showed TDP-43 to be the major com-
ponent in the characteristic inclusions, NCIs, NIIs and
DN, in all 3 FTDL-U subtypes (fig. 2). This was further
supported by the colocalization of ubiquitin and TDP-
43-positive inclusions in double-labeling fluorescence
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Fig. 2. Classification of TDP-43 proteinopathies. Accumulation of TDP-43-positive inclusions defines a new
class of proteinopathies, including FTLD-U and ALS, that are distinct from all other neurodegenerative protein
misfolding diseases because, unlike most of these other disorders, TDP-43 proteinopathies are not central ner-
vous system amyloidoses. As described in the text here, based on the TDP-43 THC profile, 4 histological sub-
types of FTLD-U can be delineated; note that some, but not all, are associated with different familial forms of
FTLD-U. Images below each subtype and ALS illustrate the characteristic histological features by anti-TDP-43
IHC.
studies [14]. Notably, the characteristic inclusions of oth- TDP-43 Pathology in Sporadic and Familial FTLD-U
er neurodegenerative disorders, including those that are with and without MND
signature lesions of Pick’s disease, corticobasal degenera-
tion, progressive supranuclear palsy, FTD with parkin- It is now clear that virtually all different morphologi-

sonism linked to chromosome 17 (FTDP-17) caused by cal forms of UBIs in FTLD-U with and without MND,
tau gene (MAPT) mutations, neuronal intermediate fila- including ubiquitin-positive NCIs, NIIs and DN, are
ment inclusion disease, basophilic inclusion body dis- TDP-43 positive [14, 28, 30]. The robust TDP-43 immu-
ease, hereditary diffuse leukoencephalopathy with spher-  nostaining in affected cortical regions of FTLD-U has the
oids, AD, argyrophilic grain disease, neurofibrillary tan-  same distinct morphology and distribution pattern as
gle-only dementia, PD, dementia with LBs, multiple those detected with anti-ubiquitin antibodies, suggesting
system atrophy and trinucleotide repeat diseases were that anti-TDP-43 antibodies detect the same neuropa-
virtually negative for TDP-43 [14, 28]. Thus, these impor-  thology in subtypes 1-3 as antibodies to ubiquitin [14, 28,
tant negative findings reinforced the initial observations  30]. Furthermore, UBIs in the motor neurons of spinal
that TDP-43 is a highly specific marker for FTLD-U [14].  cord and brain stem in FTLD-U with and without clini-
Moreover, our finding that TDP-43 is the major disease cal signs of MND were immunopositive for TDP-43 [14,
protein in FTLD-U has been confirmed by many other  28]. When present, DNs were most numerous in neocor-
laboratories [28-31]. tical areas of the frontal and temporal lobes; rarely, nu-
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merous DNs were seen in the CA1 subfield of the hippo-
campus. TDP-43-positive NCIs and NIIs were variably
distributed throughout cortical areas and the hippocam-
pus, including the dentate gyrus [14, 28, 30]. Notably,
physiological TDP-43 is detectable in the nuclei of unaf-
fected neurons, but it is dramatically absent in the nuclei
of neurons with NCIs, suggesting that TDP-43 redistrib-
utes from nucleus to cytoplasm in affected neurons
(fig. 1d) [14, 28, 30]. This redistribution may have signif-
icant consequences on the physiological and pathobio-
logical functions of TDP-43. In addition, TDP-43 ITHC
revealed previously unrecognized white matter patholo-
gy in FTLD-U cases, comprised of TDP-43-positive glial
cytoplasmic inclusions and rare thread-like inclusions
that are negative for ubiquitin, tau and a-synuclein [31].
Based on their morphology and double-labeling experi-
ments, these affected glial cells most likely are oligoden-
drocytes. TDP-43-positive glial inclusions can be found
throughout the frontal and temporal lobes in a subset of
FTLD-U cases with the highest density in subtype 2 and
3 cases, providing further evidence for pathological het-
erogeneity in FTLD-U [31]. Moreover, scattered glial in-
clusions can be found in brainstem and spinal cord re-
gions in FTLD-U cases with motor neuron involvement.
This suggests that white matter pathology might also
contribute to the neurodegenerative process and the cog-
nitive and motor impairments seen in patients affected
by FTLD-U.

Subtype 1 is characterized by an abundance of long
neuritic profiles predominantly in the superficial cortical
laminae, with few or no NCIs and NIIs (fig. 2). There are
also TDP-43-positive inclusions in the hippocampal den-
tate granule cells. Interestingly, all the inclusions can be
labeled with subtype 1-specific mAbs, but not with sub-
type 2-specific mAbs. Glial pathology is rare [31]. Sub-
type 1 cases tend to be sporadic and without MND, but
there are a few cases with MND and/or family history
that have subtype 1 pathology [28]. However, no specific
genetic defect has been associated with subtype 1. This
subtype is the most common in patients with SD [17,
32].

The predominant inclusions in subtype 2 cases are
NCIs mainly in the upper cortical laminae, but also
throughout the entire cortical thickness (fig. 2). There are
also TDP-43-positive inclusions in the hippocampus.
These inclusions are positive with subtype 2 mAbs, but
not subtype 1 mAbs. In addition, numerous TDP-43-pos-
itive granular ‘pre-inclusions’ are present in the neurons
of affected regions, but they are not ubiquitin positive
[28]. In some subtype 2 cases, TDP-43-positive inclu-
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sions, similar to UBIs found in ALS cases, are detected in
motor neurons in the hypoglossal nuclei and ventral horn
of the spinal cord and this could explain why many sub-
type 2 patients often present with clinical signs of MND
[17]. Moreover, subtype 2 is associated frequently with
abundant glial pathology in affected cortical, brainstem
and spinal cord regions [31]. Most interestingly, among
familial FTLD cases, only those with a confirmed linkage
to alocus on chromosome 9, but not those with a GRN or
VCP mutation, are subtype 2 cases [28]. Finally, the mor-
phology and distribution of TDP-43 pathology in FTLD-
MND are also consistent with subtype 2 [32].

Subtype 3 cases are characterized by an abundance of
small neuritic profiles and NClIs, often ring shaped, pre-
dominantly in the superficial cortical layers (fig. 2). Fur-
thermore, lentiform NIIs can be found in affected corti-
cal regions. In addition, glial pathology is often present
in affected cortical regions. These findings have been
confirmed and extended by others [30, 33], and none of
the inclusions in subtype 3 cases stain with subtype 1 or
2 mAbs. The morphology and distribution of TDP-43 pa-
thology in GRN(+) cases are indicative of subtype 3 [14,
28, 33]. Interestingly, there are clinical parkinsonism fea-
tures in many of the GRN(+) cases [34]. Furthermore,
PNFA cases also typically show subtype 3 TDP-43 pa-
thology [32].

Mutations in a gene known as VCP on chromosome 9,
that encodes the valosin-containing protein (VCP), also
have been shown to cause FTD with inclusion body myo-
sitis and Paget’s disease of bone [35]. However, TDP-43
pathology in VCP(+) cases does not correlate with sub-
types 1-3. A unique neuropathology of FTLD-U with ro-
bust TDP-43 and ubiquitin staining of DNs and NIIs
with few NCls in the affected cortical regions and no de-
tectable inclusions in the hippocampal dentate granule
cells was evident (fig. 2) [13, 36]. The DNs and NIIs are
most abundant in the upper cortical layers [36]. Thus,
VCP(+) cases can be classified as FTLD-U subtype 4 [28].
So far, this histological subtype has not been described in
sporadic or other familial FTLD-U cases.

Finally, not all FTLD-U cases have TDP-43-positive
UBIs. In our large multicenter study of FTLD-U, UBIs
from 7/192 cases were TDP-43 negative [28]. Of these, 2
cases were sporadic, 1 familial with unidentified gene
linkage and 4 with mutations in the charged multivesicu-
lar body protein 2B gene (CHMP2B). CHMP2B on chro-
mosome 3 was recently linked to FTD in a large Danish
pedigree [37]. Although few cases have been examined
post-mortem and the neuropathology was originally de-
scribed as ‘dementia lacking distinctive histopathology’,
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recent studies have revealed ubiquitin-positive NCIs
in the dentate fascia and sparse inclusions in the neocor-
tex [28, 38]; however, these inclusions are TDP-43 nega-
tive.

Although there is a predictable relationship between
pathological TDP-43 subtypes and clinical phenotypes
(17, 32], the significance of TDP-43 subtypes in the for-
mation of cytoplasmic, neuritic and nuclear inclusions is
unknown. The identification of 2 different mutant genes
(PGRN, VCP) and another unidentified gene on chromo-
some 9 that are linked to FTLD-U with TDP-43 pathol-
ogy should provide important clues for the elucidation of
pathogenic pathways that lead to the accumulation of
pathological TDP-43. Indeed, it is tempting to speculate
that there might be a distinct TDP-43 pathological path-
way unique to each TDP-43 subtype.

Biochemical Studies of TDP-43 in FTLD-U

Biochemical analyses of TDP-43 in affected brain re-
gions of FTLD-U and control cases revealed that TDP-43
is pathologically modified in FTLD-U [14]. These modi-
fications include the presence of a disease-specific hyper-
phosphorylated protein band that migrates at ~45 kDa,
ubiquitinated high-molecular-mass smears, and C-ter-
minal fragments at ~25 kDa are evident in the Sarkosyl-
insoluble, urea-soluble protein extracts of FTLD-U brains
(fig. 1g). Although the solubility and expression levels of
the physiological TDP-43 species at 43 kDa did not ap-
pear to differ between FTLD-U and control brains, the
signature of pathological TDP-43 was detected in Sar-
kosyl-insoluble urea extracts of gray and white matters
from affected regions of all familial and sporadic FTLD-
U brains with TDP-43 inclusions, albeit to a variable ex-
tent [14, 28, 31, 36]. This variation seems to reflect the
density of TDP-43-positive inclusions detected by IHC
(36].

Among neurodegenerative diseases with aggregates
containing misfolded proteins, mutations are often found
in the gene encoding the misfolded protein in familial
forms of the diseases. For example, mutations in the mi-
crotubule-associated protein tau gene (MAPT) are patho-
genic for FTDP-17, the other major familial forms of FTD
wherein tau tangles are the major neuropathology. Thus,
it is not surprising that searching for mutations or dis-
ease-associated variations in the TARDBP gene is a prior-
ity for several laboratories. So far, no pathogenic muta-
tions in TARDBP have been identified in familial FTLD
and there is no evidence that variations in the TARDBP

Neurodegenerative TDP-43
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gene increase risk for sporadic FTLD [39-41]. This raises
the possibility that the redistribution and abnormal ac-
cumulation of TDP-43 might be a consequence of differ-
ent underlying disease processes rather than the cause of
the disease. However, since TDP-43 is a highly conserved
protein, pathogenic variations in the TARDBP gene might
be very rare, or they may not have the potent effects of
autosomal dominant gene mutations like those in MAPT,
but continued efforts are needed to determine if changes
in TARDBP result in familial forms of FTLD-U.

TDP-43in ALS

ALS is a common neurodegenerative MND character-
ized by the relentless loss of both upper motor neurons
(UMN:Ss) and lower motor neurons (LMNSs), resulting in
progressive weakness, muscular wasting and spasticity
leading to paralysis and death within 3-5 years [42]. The
etiology is unknown and there is currently no effective
treatment. Most ALS cases are sporadic (sSALS), but about
10% of ALS patients have a positive family history (fALS),
of which ~20% result from missense mutations in the
Cu/Zn superoxide dismutase 1 gene (SODI) [42, 43].
Clinically, about 20% of ALS cases also develop or present
with FTD [44], but ~50% of ALS patients will develop
evidence of cognitive impairment during the course of
their illness [45]. Besides the loss of UMNs and LMNss,
the hallmark neuropathological findings in ALS include
degeneration of corticospinal tracts and abnormal accu-
mulation of insoluble ubiquitin-positive inclusions in the
cytoplasm of degenerating motor neurons [46]. These
UBIs often appear as either filamentous skeins or com-
pact, LB-like round inclusions [14, 46-48] and these are
most common in LMNs. Until recently, little was known
about the identity of the protein(s) in these inclusions.
The overlapping clinical and neuropathological features
between FTLD and ALS prompted us to investigate the
role of TDP-43 in ALS. In our initial report, we demon-
strated that all UBIs in motor neurons of sSALS were ro-
bustly double-labeled by TDP-43 and ubiquitin antibod-
ies, but not by subtype 1- and 2-specific mAbs. Likewise,
the UBIs present in the hippocampus and the frontal and
temporal cortex of some ALS cases [49] were also immu-
nolabeled by TDP-43. Furthermore, results from bio-
chemical analysis of Sarkosyl-insoluble, urea-soluble spi-
nal cord and brain extracts from affected regions of ALS
showed the same biochemical signature of pathological
TDP-43 as seen in FTLD-U. These initial findings were
rapidly confirmed by others [47, 48, 50]. As described in
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a subset of FTLD-U cases, additional oligodendroglial
pathology in the affected brain regions is a consistent
tinding in sALS [47]. Moreover, TDP-43-positive inclu-
sions have been reported in some patients with primary
lateral sclerosis, a form of MND characterized by the pro-
gressive loss primarily of UMN:Ss [50].

Thus, we participated in a multicenter neuropatholog-
ical study of TDP-43 in a large series of SALS and fALS
cases. Surprisingly, while pathological TDP-43 detected
by IHC is a consistent finding in sALS and non-SODI-
fALS, no TDP-43-positive inclusions were detected by
the same methods in a series of 15 SODI-fALS cases
caused by 7 different SODI mutations [47]. Similar find-
ings were reported in 2 Japanese SODI-fALS cases [48],
while a third study on 2 SODI-fALS cases reported the
absence of TDP-43 in hyaline conglomerate inclusions
and noted the presence of ubiquitin-negative, TDP-43-
immunoreactive profiles in the cytoplasm of motor neu-
rons [51]. The remarkable finding of TDP-43 pathology
in sALS and non-SODI-fALS, but not in SODI-fALS was
further confirmed by the presence of disease-specific
biochemical TDP-43 signature in the spinal cord and
brainstem of SALS and non-SODI-fALS, but not in cases
of fALS caused by SODI mutations [47].

Taken together, the results provide histological and
biochemical evidence that ALS and FTLD-U represent a
clinicopathological spectrum of neurodegenerative dis-
orders characterized by pathological accumulations of
abnormal TDP-43 aggregates. The absence of TDP-43
pathology in the vast majority of SODI-fALS cases im-
plies that motor neuron degeneration in these cases may
result from mechanisms that are different from those un-
derlying sALS and non-SODI-fALS.

TDP-43 Pathology in Other Neurodegenerative
Diseases

As discussed in the previous section, TDP-43 is a
highly specific marker for FTLD-U lesions, although rare
inclusions in some tauopathies do contain both TDP-43
and tau immunoreactivities [29, 52]. This specificity of
TDP-43 for distinctly different lesions contrasts sharply
with ubiquitin which tags many disease proteins for deg-
radation and is present in many neurodegenerative dis-
ease-specific lesions. Moreover, the distinctness of TDP-
43 lesions permits the investigation of TDP-43 pathology
in the setting of other neurodegenerative disorders to de-
termine if TDP-43 lesions occur concurrently with other
neuropathologies, such as neurofibrillary tangles and

48 Neurosignals 2008;16:41-51

LBs. For example, the presence of tau and a-synuclein
inclusions in addition to those formed by TDP-43 has
been reported recently in members of 2 GRN(+) families
[53]. Surprisingly, TDP-43 inclusions similar to those
found in FTLD-U and ALS have been reported in AD as
well as in Guam parkinsonism-dementia complex (G-
PDC) and Guam ALS (G-ALS). A study of 123 AD cases
showed that ~20% harbored TDP-43 pathology in the
hippocampus [54]. A similar finding was noted in our
multicenter FTLD-U study, where ~16% of the AD cases
had TDP-43-positive inclusions in the hippocampus [28].
The presence of TDP-43 pathology in AD was confirmed
and further extended to cases of PD, PD with dementia
and dementia with LBs [55]. In this study of TDP-43 in
LB-related diseases, TDP-43 inclusions were found in the
hippocampus of ~29% of dementia with LBs/AD, ~7%
of PD and ~19% of PD with dementia cases. G-PDC and
G-ALS are neurodegenerative diseases specific to the
Chamorro population on Guam. Clinically, they are
characterized by either progressive cognitive impairment
similar to AD, or motor impairments similar to PD or
MMD. A study of 9 G-PDC brains showed the presence
of TDP-43-positive inclusions in the frontotemporal and
hippocampal regions as well as the disease-specific ab-
normal TDP-43 biochemical profile [52]. This finding
was independently observed in a study of large series of
G-PDC and G-ALS cases [56]. TDP-43 pathology was
found to varying degrees in the gray and white matter of
neocortical regions as well as in the hippocampus of G-
PDC. Surprisingly, TDP-43-positive neuronal and glial
inclusions were present in the spinal cord not just in G-
ALS but also G-PDC, albeit to a lesser extent than in G-
ALS. This finding in Guam neurodegenerative diseases
supports the hypothesis that FTD and ALS may represent
the 2 extremes of a continuous clinicopathological spec-
trum of one disease. Further investigation is needed to
determine the significance of concomitant TDP-43 pa-
thology in other neurodegenerative diseases.

Implications of TDP-43 Proteinopathy for the
Diagnosis and Treatment of FTDs and ALS

Our initial discoveries [14] that TDP-43 abnormalities
are the underlying neuropathological substrates of famil-
ial and sporadic forms of FTLD-U with and without
MND as well as ALS have been confirmed and extended
by numerous follow-up studies to familial and sporadic
forms of FTLD-U with and without MND as well as to
sALS and non-SODI-fALS. It is evident that a new class
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of neurodegenerative disorders, TDP-43 proteinopathies,
has emerged that is defined by distinct TDP-43 patholo-
gies [for review, see 57-59]. This will have significant im-
plications for the diagnosis and treatment of FTDs and
ALS. This is abundantly clear based on similar earlier
advances in understanding mechanisms of tau- and am-
yloid B-mediated neurodegeneration in AD and other
tauopathies as well as a-synuclein-mediated neurode-
generation in PD and related synucleinopathies [15].
However, drugs that are designed to ameliorate or reverse
brain amyloidosis, such as many in clinical trial now for
AD, are unlikely to have efficacy in FTLD-U because
TDP-43 inclusions are formed by TDP-43 aggregates that
do not have the physical and chemical properties of amy-
loids [28, 54]. However, efforts to abrogate TDP-43 ag-
gregation could inform efforts to target prefibrillar forms
of amyloid such as oligomeric forms of tau, amyloid {3 or
a-synuclein in other neurodegenerative diseases charac-
terized by brain amyloidosis. Furthermore, the develop-
ment of assays to monitor the levels of normal and patho-
logical TDP-43 in plasma and/or cerebrospinal fluid as
biomarkers of FTLD-U and ALS could lead to the devel-
opment of diagnostic tests to distinguish TDP-43 pro-
teinopathies from other clinically similar neurodegener-
ative disorders, such as tauopathies. In addition, the de-
velopment of imaging ligands that enable the detection of
TDP-43 neuropathology in living patients will provide a
powerful tool not only for diagnosis, but also for follow-
ing the response of patients with a neurodegenerative
TDP-43 proteinopathy to disease-modifying therapies
when they become available. Thus, recognition that TDP-
43 pathology underlies and links FTLD-U and ALS is a
significant driver of efforts to develop more effective
therapies for these disorders.
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Conclusion

In summary, the identification of TDP-43 as the major
component of the pathologic inclusions in most cases of
sporadic and familial FTLD-U with and without MND
as well as sALS and non-SODI-fALS has resolved a long-
standing enigma regarding the nature of the ubiquitinat-
ed inclusions in these disorders. Pathological TDP-43 is
the most sensitive and specific marker for FTLD-U and
ALS, and antibodies to TDP-43 allowed the detection of
previously unrecognized glial pathology in FTLD-U and
ALS. Thus, despite the significant clinical, genetic and
neuropathological heterogeneity of FTLD-U and ALS,
ubiquitinated, hyperphosphorylated and C-terminal
fragments of TDP-43 are present in both neurodegenera-
tive disorders in addition to TDP-43-positive inclusions,
thereby implicating TDP-43 in novel and unifying mech-
anisms of FTLD and ALS pathogenesis. Thus, these ob-
servations support the idea that FTLD-U and ALS may
represent the 2 extremes of a continuous clinicopatho-
logical spectrum of one disease, that is, TDP-43 pro-
teinopathies (fig. 2). The important consequences of the
discoveries summarized in this review will reorient ef-
forts to develop better strategies for the diagnosis and
treatment of FTDs and ALS.
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