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Abstract Phosphorylated and proteolytically cleaved
TDP-43 is a major component of the ubiquitin-positive
inclusions in the most common pathological subtype of
frontotemporal lobar degeneration (FTLD-U). Intracellular
accumulation of TDP-43 is observed in a subpopulation of
patients with other dementia disorders, including Alzheimer’s
disease (AD) and dementia with Lewy bodies (DLB).
However, the pathological signiWcance of TDP-43 pathology
in these disorders is unknown, since biochemical features
of the TDP-43 accumulated in AD and DLB brains, espe-
cially its phosphorylation sites and pattern of fragmentation,
are still unclear. To address these issues, we performed
immunohistochemical and biochemical analyses of AD and
DLB cases, using phosphorylation-dependent anti-TDP-43
antibodies. We found a higher frequency of pathological
TDP-43 in AD (36–56%) and in DLB (53–60%) than
previously reported. Of the TDP-43-positive cases, about
20–30% showed neocortical TDP-43 pathology resembling

the FTLD-U subtype associated with progranulin gene
(PGRN) mutations. Immunoblot analyses of the sarkosyl-
insoluble fraction from cases with neocortical TDP-43
pathology showed intense staining of several low-molecu-
lar-weight bands, corresponding to C-terminal fragments of
TDP-43. Interestingly, the band pattern of these C-terminal
fragments in AD and DLB also corresponds to that previ-
ously observed in the FTLD-U subtype associated with
PGRN mutations. These results suggest that the morpholog-
ical and biochemical features of TDP-43 pathology are
common between AD or DLB and a speciWc subtype of
FTLD-U. There may be genetic factors, such as mutations
or genetic variants of PGRN underlying the co-occurrence
of abnormal deposition of TDP-43, tau and �-synuclein.
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Introduction

TAR DNA-binding protein of Mr 43 kDa (TDP-43) is a
major component of the tau-negative and ubiquitin-positive
inclusions that characterize the most common pathological
subtype of frontotemporal lobar degeneration (FTLD-U)
and amyotrophic lateral sclerosis (ALS) [2, 9, 24, 31, 32,
38]. Several genes and chromosomal loci, including the
progranulin gene (PGRN) [4, 8], valosin-containing protein
gene (VCP) [42] and an unidentiWed gene at chromosome
9p [28, 41], have been reported to be associated with famil-
ial forms of FTLD-U. Recent Wndings of various missense
mutations of TDP-43 gene (TARDBP) in familial and
sporadic ALS cases prove the essential role of abnormal
TDP-43 in neurodegeneration [12, 20, 37, 40, 43]. These
disorders are now collectively referred to as TDP-43
proteinopathies [2, 9, 31, 32].

Ubiquitin- and TDP-43-positive pathological inclusions
found in FTLD-U include neuronal cytoplasmic inclusions
(NCIs), dystrophic neurites (DNs), neuronal intranuclear
inclusions (NIIs), and glial cytoplasmic inclusions [2, 25,
26, 32, 35]. Based on the cerebral ubiquitin immunohisto-
chemistry, FTLD-U was classiWed into three subtypes by
Sampathu et al. [35] and Mackenzie et al. [25]. Unfortu-
nately, the numbering schemes used in these two systems
do not match. Type 1 by Sampathu et al. or Type 2 by
Mackenzie et al. is characterized by DNs with few NCIs
and no NIIs. Type 2 by Sampathu et al. or Type 3 by
Mackenzie et al. has numerous NCIs with few DNs and no
NIIs. Type 3 by Sampathu et al. or Type 1 by Mackenzie
et al. has numerous NCIs and DNs and occasional NIIs.
This is the pattern found in all cases of FTD caused by
mutations in PGRN [7, 25]. Recently, Cairns et al. [7]
drew these two systems together into a uniWed scheme, and
added familial FTLD-U with VCP mutations as Type 4,
which has numerous NIIs and DNs with few NCIs. Since
they adopted the numbering system by Sampathu et al. in
their consensus paper, we will use that for the rest of this
paper.

Biochemical analyses of the detergent-insoluble fraction
extracted from brains of patients aZicted with FTLD-U
showed that TDP-43 accumulated in these pathological
structures is composed of abnormal C-terminal fragments
that are phosphorylated and ubiquitinated [2, 32]. Using
antibodies speciWc for phosphorylated TDP-43 (pTDP-43),
made by ourselves, we previously identiWed several phos-
phorylation sites in the C-terminal region of the TDP-43
that accumulates in FTLD-U brains [14]. Furthermore, we
found a close relationship between the pathological sub-
types of FTLD-U and the immunoblot pattern of phosphor-
ylated C-terminal fragments of TDP-43, suggesting that
proteolytic processing may be crucial in TDP-43 proteinop-
athy [14].

Recently, immunohistochemical examination, using
commercially available phosphorylation-independent anti-
TDP-43 antibodies, has demonstrated abnormal intracellular
accumulation of TDP-43 in neurodegenerative disorders
other than FTLD-U and ALS. These include Alzheimer’s
disease (AD), dementia with Lewy bodies (DLB), Pick’s
disease, hippocampal sclerosis, corticobasal degeneration,
Huntington disease and argyrophilic grain disease [1, 11,
15, 17, 19, 23, 30, 36, 39]. However, the pathological sig-
niWcance of TDP-43 accumulation in these disorders is
unclear, since it takes place only in a subpopulation of the
patients with most of these disorders. Moreover, although
the morphology of the TDP-43 positive structures has been
described, the biochemical features of accumulated TDP-43,
especially its phosphorylation sites and fragmentation, are
still unclear in these disorders. To address these issues, in
the present study, we performed detailed immunohisto-
chemical and biochemical analyses of TDP-43 in cases of
AD and DLB, using our phosphorylation-dependent anti-
TDP-43 antibodies. We Wnd a relatively higher frequency
of TDP-43 deposition in AD and DLB than previously
reported. When TDP-43 pathology occurs in the neocortex
of cases with AD and DLB, the pattern is Type 3. In these
cases, the accumulated TDP-43 demonstrates abnormal
C-terminal phosphorylation and fragmentation. These results
suggest the presence of a common mechanism underlying
the abnormal processing and accumulation of TDP-43 in
AD, DLB and a speciWc subtype of FTLD-U.

Materials and methods

Materials

We studied two independent series of cases (Table 1). The
Wrst was comprised of 53 AD cases and 15 DLB cases from
the institutional collections at the Department of Psychoge-
riatrics, Tokyo Institute of Psychiatry in Japan. The second
series included 25 AD cases and 10 DLB cases from the
Canadian Collaborative Cohort of Related Dementia
(ACCORD) study, a well-characterized memory clinic pop-
ulation, prospectively followed to death [10]. The second
series provided validation of the Wndings from the Wrst
series, included examination of some additional neuroana-
tomical regions not available in the Wrst series and tested
whether similar results could be obtained by using more
traditional immunohistochemical methodology. 

Neuropathological diagnoses of AD and DLB were
made in accordance with published guidelines [27, 33] for
both series. Two cases from the Wrst series and one case
from the second series had little AD pathology, corre-
sponding to the pure form of diVuse Lewy body disease
(DLBD) [21].
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Immunohistochemistry

For the Wrst series, small blocks of brain were dissected at
autopsy and Wxed in 4% paraformaldehyde (PFA) in 0.1 M
phosphate buVer (pH 7.4) for 2 days. Following the cryo-
protection in 15% sucrose in 0.01 M phosphate-buVered
saline (PBS, pH 7.4), blocks were cut on a freezing micro-
tome at 30 �m thickness. The free Xoating sections were
incubated with 0.5% H2O2 for 30 min to eliminate endoge-
nous peroxidase activity in the tissue. After washing with
PBS containing 0.3% Triton X-100 (Tx-PBS) for 30 min,
sections were blocked with 10% normal serum, and then
incubated with the primary antibody for 72 h in the cold.
Following treatment with the appropriate secondary anti-
body, labeling was detected using the avidin–biotinylated
HRP complex (ABC) system (Vector Laboratories, Burlin-
game, CA) coupled with a diaminobenzidine (DAB) reac-
tion to yield a brown precipitate, or with a DAB reaction
intensiWed with nickel ammonium sulfate to yield a dark
purple precipitate, as previously described [2, 3, 13, 14].
For the second series, immunohistochemistry was per-
formed on 5-�m-thick sections of formalin-Wxed, paraYn-
embedded tissue, using the Ventana BenchMark® XT
automated staining system (Ventana, Tuscon, AZ), as pre-
viously described [25]. Prior to immunostaining, sections
underwent microwave antigen retrieval for 13 min in citrate
buVer, pH 6.0. Immunoreactions were developed with
aminoethylcarbizole (AEC).

In the Wrst series, the presence and severity of pTDP-43
immunoreactivity was assessed in amygdala (where avail-
able), hippocampus, entorhinal cortex and temporal neo-
cortex. More extensive anatomical sampling was available
in the second series allowing pathology to be assessed in
the amygdala, hippocampus, entorhinal cortex, cingulate
gyrus, temporal neocortex, frontal neocortex and parietal
neocortex. pTDP-43 pathology was semiquantitatively
scored based on a Wve-point grading scale (¡, none; §,
rare; +, mild; ++, moderate; +++, severe). The primary
antibodies used in this study and their dilutions are sum-
marized in Table 2. Only pTDP-43-speciWc antibodies
(pS409/410 and pS403/404) were employed in the Wrst
series, while both phosphorylation-independent commer-
cial anti-TDP-43 antibody and pTDP-43-speciWc antibod-
ies were employed in the second series. In the second
series, all the same cases were stained with both antibodies
but the pTDP-43-speciWc antibodies often stained a greater
amount of pathology.

Statistical analyses

Unpaired Student’s t tests were used to analyze diVerences
between groups for age and brain weights, whereas the
Braak stage score was analyzed with Mann–WhitneyT
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U test. �2 and Fisher’s exact test were used to analyze the
diVerence between groups for sex.

Confocal microscopy

For double labeling immunoXuorescence for pTDP-43 and
phosphorylated tau in AD or for pTDP-43 and phosphory-
lated �-synuclein in DLB, 4% PFA-Wxed and free Xoating
sections from the Wrst series were used. The sections were
incubated overnight at 4°C in a cocktail of pS409/410 or
pS403/404 and AT8 or p�#64. After washing with Tx-PBS
for 30 min, sections were incubated for 2 h at room tem-
perature in a cocktail of Fluorescein isothiocianate
(FITC)-conjugated goat anti-mouse IgG (1:100, Millipore,
Temecula, CA) and tetramethylrhodamine isothiocyanate
(TRITC)-conjugated goat anti-rabbit IgG (1:100, Millipore).
After washing, sections were incubated in 0.1% Sudan
Black B for 10 min at room temperature and washed with
Tx-PBS for 30 min. Sections were coverslipped with
Vectashield (Vector Laboratories) and observed with a
confocal laser microscope (LSM5 PASCAL; Carl Zeiss
MicroImaging gmbh, Jena, Germany).

Immunoblotting

Sarkosyl-insoluble, urea-soluble fractions were extracted
from the temporal lobe of an autopsied case with no neuro-
logical abnormality as a normal control and cases with AD,
DLB and FTLD-U, as previously described [13, 14]. For
SDS-PAGE of the samples, 15% polyacrylamide gel was used
to visualize low-molecular weight fragments of accumulated

TDP-43 clearly as previously reported [14]. Proteins in the
gel were then electrotransferred onto a polyvinylidene
diXuoride membrane (Millipore Corp., Bedford, MA).
After blocking with 3% gelatin in Tris-buVered saline
(20 mM Tris–HCl, pH 7.5, 500 mM NaCl), membranes
were incubated overnight with pS409/410 or pS403/404.
Following incubation with an appropriate biotinylated
secondary antibody, labeling was detected using the ABC
system coupled with a DAB reaction intensiWed with nickel
chloride.

Results

Immunohistochemical analyses

Accumulation of phosphorylated TDP-43 in AD

As we have described previously, antibodies against
pTDP-43 demonstrated abnormal structures only and did
not show the diVuse nuclear staining pattern typical of nor-
mal TDP-43 [14]. The two primary antibodies (pS409/410
and pS403/404) labeled similar pathological structures with
similar sensitivity. pTDP-43-positive structures were pres-
ent in 36% (19/53) of the Wrst AD series (Tables 1, 3) and
in 56% (14/25) of the second AD series (Tables 1, 4) with
highly variable severity and regional distribution among these
cases. The frequency of pTDP-43 immunoreactivity in the
two series was not signiWcantly diVerent (�2 = 2.826; 1 df;
P = 0.093). pTDP-43-positive NCIs and DNs were variably
present in the amygdala, hippocampus, parahippocampal

Table 2 Antibodies used in this study

IB immunoblotting, IHC-P immunohistochemistry in paraYn-embedded sections, IHC-F immunohistochemistry in free-Xoating sections, IF
immunoXuorescence
a Made by ourselves [14]

Antibody Type Source Dilution

Phosphorylation-independent anti-TDP-43

Anti-TDP-43 Rabbit polyclonal 
(aYnity puriWed)

ProteinTech, Chicago, IL 1:1,000 (IB, IHC-P)

Phosphorylation-dependent anti-TDP-43

pS409/410 Rabbit serum a 1:1,000 (IB, IHC-P), 1:10,000 
(IHC-F), 1:5,000 (IF)

pS403/404 Rabbit serum a 1:1,000 (IB, IHC-P), 1:10,000 
(IHC-F), 1:5,000 (IF)

Anti-tau

AT8 Mouse monoclonal Innogenetics, Gent, Belgium 1:2,000 (IHC-P), 1:100 (IF)

Anti-�-synuclein

p�#64 Mouse monoclonal Wako Chemical, Osaka, Japan 1:3,000 (IF)

Anti-�-synuclein Mouse monoclonal Invitrogen, Burlington, ON, Canada 1:10,000 (IHC-P)

Anti-amyloid � protein

6F3D Mouse monoclonal DAKO, Mississauga, ON, Canada 1:100 (IHC-P)
123



Acta Neuropathol (2009) 117:125–136 129
gyrus and neocortex (Fig. 1). In cases where the neocortex
was involved, NCIs and DNs were predominantly distrib-
uted in the upper layers, most closely resembling FTLD-U
type 3. Moreover, most of these cases also had a few NIIs
with a lentiform shape in the dentate gyrus or the neocortex,

similar to those characteristic of cases with PGRN mutations
[26] (Fig. 1k, inset). NeuroWbrillary tangle-like pTDP-43-
positive structures were occasionally found in the CA1
region (Fig. 1f). Small round, short thread-like or coiled
body-like structures were sometimes observed in the white

Table 3 TDP-43-positive structures in the Wrst series of Alzheimer’s disease

SP Senile plaque, NFT neuroWbrillary tangle, Amyg amygdala, DG dentate gyrus, Sub subiculum, EC entorhinal cortex, Temp temporal cortex,
path pathology, NA not available

¡, None; §, slight; +, mild; ++, moderate; +++, severe

Case no. Age Sex SP (CERAD) NFT (Braak) Amyg DG CA4 CA2/3 CA1 Sub EC Temp TDP-43 path

F-AD1 86 M NA NA +++ NA NA NA NA ++ +++ +++ DiVuse

F-AD2 85 F C V NA +++ ++ ++ ++ + +++ +++ DiVuse

F-AD3 80 F C V NA ++ + + ++ ++ +++ +++ DiVuse

F-AD4 67 F C VI NA § ¡ ¡ + ++ +++ +++ DiVuse

F-AD5 82 M NA NA NA ++ ¡ § ++ ++ ++ ¡ Limbic

F-AD6 85 F C VI NA + ¡ § § + ++ ¡ Limbic

F-AD7 86 M C V + + ¡ ¡ § + ++ ¡ Limbic

F-AD8 86 M NA NA ¡ ¡ ¡ ¡ § + + ¡ Limbic

F-AD9 75 M C VI + + § § § + + § Limbic

F-AD10 77 M C V NA NA NA NA NA ++ ¡ ¡ Limbic

F-AD11 78 M C VI NA § ¡ ¡ § + ¡ ¡ Limbic

F-AD12 96 M NA NA NA ¡ ¡ ¡ ¡ + ¡ ¡ Limbic

F-AD13 91 F C IV NA ¡ ¡ ¡ ¡ + ¡ ¡ Limbic

F-AD14 89 F C V NA ¡ ¡ ¡ ¡ + ¡ ¡ Limbic

F-AD15 81 F C V ++ § ¡ ¡ ¡ + + ¡ Limbic

F-AD16 93 M C V NA ¡ ¡ ¡ ¡ + ¡ ¡ Limbic

F-AD17 75 M C VI ¡ ¡ ¡ ¡ + + + ¡ Limbic

F-AD18 89 M C V + ¡ ¡ ¡ ¡ ¡ + ¡ Limbic

F-AD19 72 F NA NA + NA NA NA NA NA NA NA NA

Table 4 TDP-43-positive structures in the second series of Alzheimer’s disease

SP Senile plaque, NFT neuroWbrillary tangle, Amyg amygdala, DG dentate gyrus, Sub subiculum, EC entorhinal cortex, Cing cingulate cortex,
Temp temporal cortex, Front frontal cortex, Par parietal cortex, path pathology

¡, None; §, slight; +, mild; ++, moderate; +++, severe

Case no. Age Sex SP (CERAD) NFT (Braak) Amyg DG CA4 CA2/3 CA1 Sub EC Cing Temp Front Par TDP-43 path

S-AD1 72 F C VI +++ ++ + + +++ +++ +++ + +++ + ¡ DiVuse

S-AD2 85 M C V +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ + DiVuse

S-AD3 84 M C V +++ +++ + ++ ++ +++ +++ ++ +++ +++ + DiVuse

S-AD4 89 M C VI +++ ++ § + +++ +++ +++ + ++ ¡ ¡ DiVuse

S-AD5 81 F C VI +++ ++ ¡ § +++ +++ +++ + ++ ¡ ¡ DiVuse

S-AD6 80 M C VI +++ + § + +++ ++ ++ § ¡ ¡ ¡ Limbic

S-AD7 80 F C VI ++ § ¡ ¡ ++ ++ ++ ¡ ¡ ¡ ¡ Limbic

S-AD8 89 F C VI § + § + +++ +++ + ¡ ¡ ¡ ¡ Limbic

S-AD9 84 F C VI ++ ¡ ¡ ¡ § + + ¡ ¡ ¡ ¡ Limbic

S-AD10 95 M C VI ++ ¡ ¡ ¡ § § + ¡ ¡ ¡ ¡ Limbic

S-AD11 74 F C VI § ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ Amygdala

S-AD12 72 M C VI § ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ Amygdala

S-AD13 79 M C VI + ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ Amygdala

S-AD14 73 M C VI § ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ Amygdala
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matter, including the stratum radiatum and the stratum
oriens of the CA2/3 region, alveus and parahippocampal
white matter. In double labeling immunoXuorescence
experiments, cortical tau-positive neuropil threads and
TDP-43-positive dystrophic neurites were usually stained

independently (Fig. 1l–n), while some neurons showed
cytoplasmic inclusions immunoreactive for both markers
(Fig. 1o–q).

In 19 cases with pTDP-43 immunoreactivity in the Wrst
series (Table 3), pTDP-43 pathology was largely restricted
123
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�

to the limbic region (amygdala, hippocampus and entorhi-
nal cortex) in 14 cases (73.7%). This distribution of pTDP-
43 pathology corresponds to the “limbic type” according to
Amador-Ortiz et al. [1]. The remaining four cases (21.1%)
showed more widespread lesions with numerous NCIs and
DNs in the temporal neocortex; corresponding to the
“diVuse type” according to Amador-Ortiz et al. [1]. Of the
14 cases with pTDP-43 immunoreactivity in the second
series (Table 4), pTDP-43 pathology was found only in the
amygdala in 4 cases (28.6%), showed more widespread
involvement of limbic structures in 5 cases (35.7%) and
extended into the cerebral neocortex in the remaining 5
cases (35.7%).There appeared to be a hierarchy to the ana-
tomical distribution and severity of involvement that was

best demonstrated in the second series (Table 4). The
pathology seemed to start in the amygdala and then pro-
gress to other limbic structures before involving the neocor-
tex. Among neocortical regions, the temporal lobe was
always involved, the frontal lobe less frequently and only
rarely the parietal lobe was aVected.

The mean age at death was signiWcantly higher in cases
with pTDP-43 immunoreactivity in the second series
(P = 0.015). A similar tendency was also observed in the
Wrst series, but it was not statistically signiWcant (P = 0.16).
The Braak NFT stage score was signiWcantly higher in
cases with pTDP-43 immunoreactivity in the Wrst series
(P = 0.027). This correlation could not be assessed in the
second series since there was insuYcient range in the Braak
stage among the cases (Tables 1, 4). There were no diVer-
ences in sex or brain weight between the cases with pTDP-
43 immunoreactivity and those without (see Table 1).

Accumulation of phosphorylated TDP-43 in DLB

pTDP-43-positive structures were found in 53% (7/15) of
the Wrst DLB series (Tables 1, 5) and in 60% (6/10) of the
second DLB series (Tables 1, 6) with variable frequency
and regional distribution. There was no signiWcant diVer-
ence in the frequency of pTDP-43 immunoreactivity
between the two series (�2 = 0.000; 1 df; P > 0.999).

Figure 2 illustrates pTDP-43-positive structures
observed in DLB + AD cases (a–j, m–o) and in pure DLBD
cases (k, l). The morphology and anatomical distribution of
the pathology was similar to that seen in the series of AD
cases and the neocortical involvement again resembled
FTLD-U Type 3 with a few lentiform NIIs. In double label-
ing confocal microscopy for pTDP-43 and phosphorylated
�-synuclein in the cortex, some neurons showed cytoplas-
mic inclusions immunoreactive for both markers (m–o).

Of the eight cases with pTDP-43 immunoreactivity in
the Wrst DLB series (Table 5), TDP-43 pathology was

Fig. 1 Phosphorylated TDP-43 (pTDP-43) positive structures in Alz-
heimer’s disease cases with diVuse type of TDP-43 pathology. a Neu-
ronal cytoplasmic inclusions (NCIs) (arrowheads) and dystrophic
neurites (DNs) (arrows) in amygdala. b NCIs in the granule cells of the
dentate gyrus. c NCIs in the principal layer (arrows) and small round
or short threads-like structures in the stratum oriens (SO) and stratum
radiatum (SR) of the CA2/3 region. d A high power view of small
round or short threads-like structures in the stratum oriens of the CA2/
3 region. e Glial cytoplasmic inclusions (arrows) and a small round or
a short threads-like structure in the alveus of the CA1 region. f A neu-
roWbrillary tangle-like structure (arrow), small round structures and
short neurites in the principal layer of the CA1 region. g Large NCIs
and short neurites in the subiculum. h Massive NCIs and DNs in the
superWcial layer of the entorhinal cortex. i A high power view of NCIs
and DNs in the entorhinal cortex. j Glial cytoplasmic inclusions in the
white matter of the parahippocampal gyrus. k Numerous NCIs and
DNs in the superWcial layer of the lateral occipitotemporal cortex. Inset
shows a neuronal intranuclear inclusion with a lentiform shape. Double
label immunoXuorescence (l–q) demonstrates that most tau-positive
neuropil threads (green Xuorescence in l) and pTDP-43 positive DNs
(red Xuorescence in m) in the temporal neocortex are independent (n),
while there is partial colocalization of tau and pTDP-43 in some neu-
ronal cytoplasmic inclusions (arrows in o–q). Immunohistochemistry
using primary antibodies pS403/404 (a, e, f, k) and pS409/410 (b, c, d,
g, h, i, j). Double label immunoXuorescence with anti-phosphorylated
tau (AT8) and pS403/404 (l–q). Scale bars a, b, c, f, g, i 100 �m; d, e,
j, inset in k 10 �m; h, k 200 �m

Table 5 TDP-43-positive structures in the Wrst series of dementia with Lewy bodies

SP Senile plaque, NFT neuroWbrillary tangle, Amyg amygdala, DG dentate gyrus, Sub subiculum, EC entorhinal cortex, Temp temporal cortex,
path pathology, NA not available

¡, None; §, slight; +, mild; ++, moderate; +++, severe

Case no. Age Sex SP 
(CERAD)

NFT 
(Braak)

DLB 
likelihood

Pathological 
diagnosis

Amyg DG CA4 CA2/3 CA1 Sub EC Temp TDP-43 
path

F-DLB1 63 F C VI Int. DLB + AD NA +++ + ++ + ++ +++ ++ DiVuse

F-DLB2 67 M C VI Int. DLB + AD +++ +++ + ++ + ++ +++ ++ DiVuse

F-DLB3 82 F C VI Int. DLB + AD NA + § + + ++ ++ + DiVuse

F-DLB4 83 M C IV High DLB + AD +++ + ¡ + + ++ +++ ¡ Limbic

F-DLB5 89 M C IV High DLB + AD NA ¡ ¡ + ¡ + + ¡ Limbic

F-DLB6 71 M C IV High DLB + AD NA § ¡ § ¡ § § ¡ Limbic

F-DLB7 51 M 0 II High DLB ++ + + ++ § ++ ++ ¡ Limbic

F-DLB8 82 M 0 II High DLB + ¡ ¡ ¡ ¡ ¡ + ¡ Limbic
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largely conWned to limbic region in Wve cases (62.5%),
while three cases (37.5%) revealed more widespread
lesions in the temporal cortex. In the second series
(Table 6), four cases (66.7%) showed slight TDP-43
pathology only in amygdala and the remaining two cases
(33.3%) showed moderate to severe TDP-43 pathology in
amygdala and slight to mild TDP-43 pathology in limbic
region.

There were no signiWcant diVerences in the mean age at
death, sex and Braak NFT stage score between cases with
pTDP-43 immunoreactivity and those without, in either
series (see Table 1). All three cases with pure DLB had
some TDP-43 pathology.

Biochemical analyses of accumulated TDP-43 in AD and 
DLB

Figure 3 shows immunoblot analyses of sarkosyl-insoluble,
urea-soluble fractions extracted from brains of a normal
control (lane 1), AD without pTDP-43 immunoreactivity
(AD¡, lane 2), DLB with pTDP-43 immunoreactivity
(DLB+, F-DLB2, see Table 5) (lane 3), AD with pDP-43
immunoreactivity (AD+, F-AD1, see Table 3) (lane 4),
FTLD-U, Type 3 (lane 5), and FTLD-U, Type 1 (lane 6).
With phosphorylation-dependent antibodies speciWc for
pS409/410 (a) and for pS403/404 (b), intense immunoreac-
tivity throughout the gel was observed only in DLB+ (lane
3), AD+ (lane 4), FTLD-U, Type 3 (lane 5), and FTLD-U,
Type 1 (lane 6). Regarding low-molecular-weight frag-
ments, DLB+ (lane 3) and AD+ (lane 4) showed a similar
pattern with three major bands at 23, 24 and 26 kDa and
two minor bands at 18 and 19 kDa. Of three major bands, a
23 kDa band was the most intense, while the immunoreac-
tivity of two minor bands at 18 and 19 kDa was similar.
This band pattern corresponds to that of FTLD-U, Type 3
(see lane 5 in a, b and schematic diagram in c), previously
reported by us [14]. FTLD-U with Type 1 (lane 6) showed
a band pattern with two major bands at 23 and 24 kDa and

two minor bands at 18 and 19 kDa, which is consistent with
our previous report [14].

Discussion

In this study, we used phosphorylation-dependent anti-
TDP-43 antibodies to perform detailed immunohistochemi-
cal and biochemical examination of two independent series
of brains with AD and DLB. We found higher frequencies
of TDP-43 pathology in AD (36–56%) and DLB (53–60%)
than in previous reports [1, 16, 17, 19, 28, 36]. This may be
due to the two immunohistochemical protocols we
employed, one on free-Xoating sections and the other using
an automated immunostainer for paraYn sections, are more
sensitive than the methods used in previous studies. In
addition, the higher frequencies found in our second series
are partially explained by inclusion of examination of the
amygdala, the region that appears to be most often aVected
by TDP-43 pathology [17].

The largely consistent observations between our two
series, despite diVerences in the ethnic populations and
source of the clinical cases, suggest that our Wndings are
more likely to be broadly applicable to other populations of
AD and DLB patients. We have also demonstrated that
similar Wndings are attainable using various immunohisto-
chemical methodology employed by diVerent labs.

In immunohistochemical examinations of AD and DLB
cases in the present study, phosphorylation-dependent anti-
TDP-43 antibodies stained NCIs and DNs in the cerebral
grey matter as previously reported [1, 16, 30, 39], and some
thread-like or coiled body-like structures in the whiter mat-
ter. Regarding the distribution of TDP-43 pathology in AD,
Amador-Ortiz et al. [1] Wrst classiWed it into limbic and
diVuse types, and indicated that limbic involvement was
more common. Subsequently, Hu et al. [17] found some
AD cases with TDP-43 pathology conWned to the amygdala
only. They suggested that the amygdala is the most susceptible

Table 6 TDP-43-positive structures in the second series of dementia with Lewy bodies

SP Senile plaque, NFT neuroWbrillary tangle, Amyg amygdala, DG dentate gyrus, Sub subiculum, EC entorhinal cortex, Cing cingulate cortex,
Temp temporal cortex, Front frontal cortex, Par parietal cortex, path pathology, NA not available

¡, None; §, slight; +, mild; ++, moderate; +++, severe

Case no. Age Sex SP 
(CERAD)

NFT 
(Braak)

DLB 
likelihood

Pathological 
diagnosis

Amyg DG CA4 CA2/3 CA1 Sub EC Cing Temp Front Par TDP-43 
path

S-DLB1 90 F C VI Int. DLB + AD +++ ¡ ¡ ¡ ¡ + § ¡ ¡ ¡ ¡ Limbic

S-DLB2 79 M C VI Int. DLB + AD ++ ¡ ¡ ¡ ¡ ¡ § ¡ ¡ ¡ ¡ Limbic

S-DLB3 74 M 0 II High DLB + ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ Amygdala

S-DLB4 70 M C II High DLB + NA NA NA NA NA NA ¡ ¡ ¡ ¡ Amygdala

S-DLB5 71 M C III High DLB § ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ Amygdala

S-DLB6 74 F C VI Int. DLB + AD § ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ Amygdala
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region, and that TDP-43 pathology in AD spreads from
limbic structures to association cortices. In the present
study, we observed amygdala only, limbic, and diVuse pat-
terns of pTDP-43 pathology, not only in AD cases but also
in DLB cases. These results suggest a common progressive

anatomical pattern of pTDP-43 pathology in AD and DLB,
with sequential spread from the amygdala to other limbic
structures and then to association cortices. Although the
number of cases was small, the results from our second
series also suggests that there may be hierarchical involvement

Fig. 2 Phosphorylated TDP-43 (pTDP-43) positive structures in cases
of dementia with Lewy bodies. TDP-43 positive structures in cases of
DLB plus AD with diVuse type of TDP-43 pathology are shown in a–
j. Neuronal cytoplasmic inclusions (NCIs) and dystrophic neurites
(DNs) in the entorhinal cortex of the pure DLB cases without AD
pathology are shown in k (F-DLB7) and l (F-DLB8). a NCIs (arrow-
heads) and DNs (arrows) in amygdala. b NCIs in the dentate granule
cells. Inset shows immunoXuorescence staining of a lentiform inclu-
sion (red) in the nucleus (blue) of a granule cell. c NCIs in the principal
layer (arrows) and massive short threads-like structures in the stratum
radiatum (SR) of the CA2/3 region. d A high power view of short
threads-like structures in the stratum radiatum of the CA2/3 region. e
Short threads-like structure in the alveus of the CA1 region. f Large

NCIs and short neurites in the subiculum. g Massive NCIs and DNs in
the superWcial layer of the entorhinal cortex. h A high power view of
NCIs and DNs in the entorhinal cortex. i Numerous NCIs and DNs in
the superWcial layer of the lateral occipitotemporal cortex. j A high
power view of NCIs and DNs in the lateral occipitotemporal cortex.
Double label immunoXuorescence (m–o) shows partial co-localization
of �-synuclein and pTDP-43 in the NCIs in the temporal neocortex (ar-
rows), whereas most �-synuclein-positive neurites are negative for
pTDP-43 (m–o). Immunostaining with pS403/404 (a, i, j) and pS409/
410 (b–h, k, l). Double label immunoXuorescence with anti-phosphor-
ylated �-synuclein (p�#64) and pS403/404 (m–o). Scale bars a, b, f, h,
j–l 100 �m; d, e 25 �m; c, g, i 200 �m; inset in b 10 �m
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of neocortical regions, with the temporal association cortex
involved Wrst, followed by the frontal lobe and parietal lobe
last.

Since subclassiWcation of FTLD-U is based on TDP-43
pathology in the neocortex [7, 25, 35], only AD and DLB
cases with the diVuse type of TDP-43 pathology could be
subtyped. All of these cases had pTDP-43-positive NCIs
and short DNs in the upper cortical layers, which corre-
sponds to FTLD-U Type 3. In addition, most of them (8 of
9 AD cases and 2 of 3 DLB cases with the diVuse type) also
had a few pTDP-43-positive NIIs in the dentate gyrus or the
neocortex, These Wndings are consistent with the previous
reports by Uryu et al. [39] and Nakashima-Yasuda et al.
[30], but diVer somewhat from Joseph et al. [19] who
reported all three FTLD-U subtypes in AD, with the major-
ity being Type 2.

Perhaps the greatest signiWcance of this study is the evi-
dence it provides that the pathological TDP-43 that accu-
mulates in AD and DLB is similar to that in FTLD-U. First,
positive staining of abnormal structures in immunohisto-
chemistry and of abnormal bands on immunoblots of sarko-
syl-insoluble fraction with pS403/404 and pS409/410
antibodies suggest that C-terminal phosphorylation sites of
TDP-43 accumulated in AD and DLB brains are common
to those in FTLD-U brains [14]. Second, intense staining of
low-molecular-weight bands around 20–25 kDa on immu-
noblotting of sarkosyl-insoluble fraction from AD and DLB
cases with neocortical pTDP-43 pathology indicates that

the generation of C-terminal fragments of TDP-43 takes
place in brains of these diseases as it does in FTLD-U [14,
18]. Furthermore, the band pattern of C-terminal fragments
in AD and DLB corresponds to that of FTLD-U, Type 3,
found in our previous report [14]. These Wndings suggest
that there may be a common process that leads to the accu-
mulation of pathological TDP-43 in FTLD-U Type 3, and
some cases of AD and DLB. In this context, it should be
noted that cases of familial FTLD-U with PGRN mutations
always show Type 3 TDP-43 pathology [7]. Some familial
FTLD-U cases with PGRN mutations have additional AD
pathology [29] or tau and �-synuclein pathology [22]. Sev-
eral mutations and polymorphisms of PGRN have recently
been identiWed in AD and Parkinson’s disease populations
[5, 6] and these might underlie the co-occurrence of abnor-
mal deposition of TDP-43, tau, and �-synuclein. Further-
more, a common genetic variant in PGRN (rs5848), located
within a binding site for miR-659, has recently been identi-
Wed as a major susceptibility factor for sporadic FTLD-U
[34]. Homozygosity for the T-allele of rs5848 causes a sig-
niWcant reduction in the level of PGRN protein and is asso-
ciated with a 3.2-fold increased risk of developing FTLD-
U. The majority of these cases have Type 3 TDP-43 pathol-
ogy. It is therefore possible that the subset of AD and DLB
patients who develop TDP-43 pathology are carriers of this,
or some other genetic risk factor, for TDP-43 proteinopa-
thy. Partial colocalization of tau and TDP-43 or �-synuclein
and TDP-43 in some cytoplasmic inclusions found in this

Fig. 3 The band pattern of the C-terminal fragments of phosphory-
lated TDP-43 (pTDP-43) in Alzheimer’s disease (AD) and dementia
with Lewy bodies (DLB). Immunoblot analyses of sarkosyl-insoluble,
urea-soluble fractions, using phosphorylation-dependent anti-TDP-43
antibodies pS409/410 (a) and pS403/404 (b). Lane 1 normal control;
lane 2 AD without pTDP-43 immunoreactivity (AD¡); lane 3 DLB
with pTDP-43 immunoreactivity (DLB+); lane 4 AD with pTDP-43
immunoreactivity (AD+); lane 5 FTLD-U with Type 3 TDP-43 pathol-
ogy; lane 6 FTLD-U with Type 1 TDP-43 pathology. Schematic dia-

gram (c) showing the band pattern of the C-terminal fragments of
phosphorylated TDP-43 we have previously reported [14]. Strong
immunoreactivity throughout the gel is observed only in DLB+ (lane
3), AD+ (lane 4) and FTLD-U (lanes 5, 6). DLB+ (lane 3), AD+ (lane
4) and FTLD-U, Type 3 (lane 5) show similar patterns of low Mr bands
with three major bands at 23, 24 and 26 kDa and two minor bands at
18 and 19 kDa, while FTLD-U, Type 1 (lane 6) shows two major bands
at 23 and 24 kDa and two minor bands at 18 and 19 kDa (asterisk)
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and other studies [1, 11, 13, 16, 30] may argue against a
direct interaction between these proteins, and support the
notion that there may be genetic or environmental factors
that make the subset of neurons vulnerable for intracellular
accumulation of tau, �-synuclein and TDP-43.

The fact that the accumulated TDP-43 in AD and DLB is
biochemically similar to that believed to be pathogenic in
FTLD-U, suggests that it might contribute to neurodegener-
ation or modify the clinical course. At present, there is a lit-
tle data regarding the relationship between the presence of
TDP-43 pathology and the clinical phenotype of AD or
DLB. The older age at death of the AD cases with pTDP-43
pathology, observed in our second series (Table 4), is con-
sistent with the previous report by Joseph et al. [19]. Naka-
shima-Yasuda et al. [30] also found a higher average age at
death in the TDP-43 positive cases in Lewy body related
diseases with dementia. A higher Braak NFT stage in the
TDP-43 positive patients was found in DLB + AD cases by
Nakashima-Yasuda et al. [30] and also in our Wrst series of
AD (Table 1). Further studies using larger cohorts with
more detailed clinical, radiological and pathological data
are needed to elucidate the clinical impact of TDP-43
pathology in AD and DLB.
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