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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 immunofiuorescence
experiments, cortical tau-positive neuropil threads and
TDP-43-positive dystrophic neurites were usually stained
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independently (Fig. I1-n), while some neurons showed
cytoplasmic inclusions immunoreactive for both markers
(Fig. lo—q).

In 19 cases with pTDP-43 immunoreactivity in the first
series (Table 3), pTDP-43 pathology was largely restricted
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< Fig. 1 Phosphorylated TDP-43 (pTDP-43) positive structures in Alz-
heimer’s disease cases with diffuse rype of TDP-43 pathology. a Neu-
ronal cytoplasmic inclusions (NCIs) (arrowheads) and dystrophic
neurites (DNs) (arrows) in amygdala. b NCls in the granule cells of the
dentate gyrus, ¢ NCIs in the principal layer (arrows) and small round
or short threads-like structures in the stratum oriens (SO) and stratum
radiatum (SK) 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-
rofibrillary tangle-like structure (arrow), small round structures and
short neurites in the principal layer of the CA1 region. g Large NCls
and short neurites in the subiculum. h Massive NCls and DNs in the
superficial layer of the entorhinal cortex. | A high power view of NCls
and DN in the entorhinal cortex. j Glial cytoplasmic inclusions in the
white matter of the parahippocampal gyrus, k Numerous NCls and
DNs in the superficial layer of the lateral occipitotemporal cortex. Inser
shows a neuronal intranuclear inclusion with a lentiform shape. Double
label immunofiuorescence (--q) demonstrates that most tau-positive
neuropil threads (green fluorescence in 1) and pTDP-43 positive DNs
(red fluorescence in m) in the temporal neocortex are independent (m),
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, 1, k) and pS409/410 (b, ¢, d,
g h, i, j). Double label immunoftuorescence with anti-phosphorylated
tau (ATB) and pS403/404 (1-q). Scale barsa, b, ¢, I, g, 1 100 pm; d, e,
Jy inset in k 10 pmy; b, k 200 pm

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 NCls and
DNs in the temporal neocortex; corresponding to the
“diffuse 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 starl 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 affected.

The mean age at death was significantly higher in cases
with pTDP-43 immunoreactivity in the second series
(P =0.015). A similar tendency was also observed in the
first series, but it was not statistically significant (P = 0.16).
The Braak NFT stage score was significantly higher in
cases with pTDP-43 immunoreactivity in the first series
(P =0.027). This correlation could not be assessed in the
second series since there was insufficient range in the Braak
stage among the cases (Tables |, 4). There were no differ-
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 first 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 significant differ-
ence in the frequency of pTDP-43 immunoreactivity
between the two series (* = 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, 1). 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 NlIs. In double label-
ing confocal microscopy for pTDP-43 and phosphorylated
a-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 first DLB series (Table 5), TDP-43 pathology was

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

NFT
(Braak)

DLB
likelihood

Caseno. Age Sex SP

(CERAD) diagnosis

Pathological Amyg DG

8

Temp TDP-43
path

Diffuse
Diffuse
Diffuse
Limbic
Limbic
Limbic
Limbic
Limbic

F-DLBI 63
F-DLB2 67
F-DLB3 82
F-DLB4 83
F-DLB5 89
F-DLB6 71
F-DLB7 51 High DLB
F-DLB8 82 0 High DLB
SP Senile plaque, NFT neurofibrillary tangle, Amyg amygdala, DG dentate gyrus, Sub subiculum, EC entorhinal cortex, Temp temporal cortex,
path pathology, NA not available

—, None; &, slight; +, mild; ++, moderate; +++, severe

C Int, DLB+AD NA
Int. DLB + AD  +++
Int. DLB + AD

DLB + AD
DLB + AD
DLB + AD

High
High
High
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Table 6 TDP-43-positive structures in the d series of d

ia with Lewy bodies

Case no. Age Sex SP NFT DLB

Pathological Amyg DG CA4 CA2/3 CAl Sub EC

Cing Temp Front Par TDP-43

(CERAD) (Braak) likelihood diagnosis path
SDLBl 90 F C VI It DIB+4AD ++ — = = = 4 * = — — — Limbic
S-DLB2 79 M C Vi Int. DLB+AD + - - - - == = —  — Limbic
SDLB3 74 M 0 1] High DLB + - - = - - - - - - = Amygdala
SDLB4 70 M C n High DLB + NANA NA NA NA NA - - - — Amygdala
S-DLB5S 711 M C m High DLB - - - - - - = = = - - —  Amygdala
SDLB6 74 F C Vi Int. DLE+AD =+ - - = - = = o= = - — Amygdala

SP Senile plague, NFT neurofibrillary tangle, Amyy amygdala, DG dentate gyrus, Sub subiculum, EC entorhinal cortex, Cing cingulate cortex,
Temp temporal cortex, Frons frontal cartex, Par parictal cortex, path pathology, NA not available

—, None; =+, slight; +, mild; ++, moderate; +4+-+, severe

largely confined to limbic region in five 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 significant differences 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-ADI, see Table 3) (lane 4),
FTLD-U, Type 3 (lane 5), and FTLD-U, Type 1 (lane 6).
With phosphorylation-dependent antibodies specific 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

Q) Springer

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-floating sections and the other using
an automated immunostainer for paraffin 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 affected
by TDP-43 pathology [17].

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

In immunochistochemical 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] first classified it into limbic and
diffuse types, and indicated that limbic involvement was
more common. Subsequently, Hu etal. [17] found some
AD cases with TDP-43 pathology confined to the amygdala
only. They suggested that the amygdala is the most susceptible
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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 diffuse type of TDP-43 pathology are shown in a~
J. Neuronal cytoplasmic inclusions (NCls) and dystrophic neurites
(DNs) in the entorhinal cortex of the pure DLB cases without AD
pathology are shown in k (F-DLB7) and | (F-DLB8). a NCls (arrow-
heads) and DNs (arrows) in amygdala. b NCls in the dentate granule
cells, Inser shows immunofluorescence staining of a lentiform inclo-
sion (red) in the nucleus (blue) of a granule cell. ¢ NCls in the principal
layer (@arrows) and massive shor threads-like structures in the stratum
radiatum (SR) of the CA2/3 region. d A high power view of shon
threads-like structures in the stratum radiatum of the CA2/3 region. e
Short threads-like structure in the alveos of the CAl region. I Large

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 diffuse pat-
terns of pTDP-43 pathology, not only in AD cases but also
in DL.B cases. These results suggest a common progressive

NCls and short neurites in the subiculum. g Massive NCls and DNs in
the superficial layer of the entorhinal cortex. h A high power view of
NCIs and DNs in the entorhinal cortex. | Numerous NCls and DNs in
the superficial layer of the lateral occipitotemporal cortex. J A high
power view of NCls and DNs in the lateral occipitotemporal cortex.
Double label immunofinorescence (m—o) shows partial co-localization
of a-synuclein and pTDP-43 in the NCls in the temporal neocortex (ar-
rows), whereas most a-synuclein-positive neurites are negative for
pTDP-43 (m—o0). hnmunostaining with pS403/404 (a, i, J) and pS409/
410 (b-h, k, 1). Double label immunofluorescence with anti-phosphor-
ylated a-synuclein (pa#64) and pS403/404 (m—o). Scale barsa, b, [, h,
- 100 pym; d, e 25 pm; c, g, § 200 pm; inser in b 10 pm

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 hicrarchical involvement

@ Springer

— 128 —



Acta Neuropathol (2009) 117:125-136

134
,\
N NS SR
Ny D
R P
§SESLS
é‘éQ?Q’.O?’:’ \g & A
FRILEE £
100-
75
50-
37-
25-

: -
20- a - ]*

12 3 45 &6 1
A pS409/410

Fig. 3 The band pattern of the C-terminal fragments of phosphary-
lated TDP-43 (pTDP-43) in Alzheimer's disease (AD) and dementia
with Lewy bodies (DLE). Immunoblot analyses of sarkosyl-insoluble,
urea-soluble fractions, using phosphorylation-dependent anti-TDP-43
antibodies pS409/410 (a) and pS403/404 (b). Lane | 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 +TDP-43 pathology. Schematic dia-

of neocortical regions, with the temporal association cortex
involved first, followed by the frontal lobe and parietal lobe
last.

Since subclassification of FTLD-U is based on TDP-43
pathology in the neocortex [7, 25, 35], only AD and DLB
cases with the diffuse 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 diffuse type) also
had a few pTDP-43-positive NlIs in the dentate gyrus or the
neocortex, These findings are consistent with the previous
reports by Uryu etal. [39] and Nakashima-Yasuda et al.
[30], but differ somewhat from Joseph etal. [19] who
reported all three FTLD-U subtypes in AD, with the major-
ity being Type 2.

Perhaps the greatest significance 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
1o 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
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gram (¢) showing the band pattern of the C-terminal fragments of
phosphorylated TDP-43 we have previously reported [14]. Suong
immunoreactivity throughout the gel is observed only in DLB+ (lane
), AD+ (lane 4) and FTLD-U (lanes 3, 6). DLB+ (lane 3), AD+ (lane
4) and FTLD-U, Type 3 (lane 5) show similar patterns of low M, bands
with three major bands at 23, 24 and 26 kDa and two minor bands at
18 and 19 kDa, while FTLD-U, Type | (lane 6) shows two major bands
at 23 and 24 kDa and two minor bands at 18 and 19 kDa (asterisk)

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 findings 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 a-synuclein pathology [22]. Sev-
eral mutations and polymorphisms of PGRN have recently
been identified in AD and Parkinson's disease populations
[, 6] and these might underlie the co-occurrence of abnor-
mal deposition of TDP-43, tau, and a-synuclein. Further-
more, a common genetic variant in PGRN (rs5848), located
within a binding site for miR-659, has recently been identi-
fied as a major susceptibility factor for sporadic FTLD-U
[34]. Homozygosity for the T-allele of rs5848 causes a sig-
nificant 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 a-synuclein
and TDP-43 in some cytoplasmic inclusions found in this
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and other studies [1, 11, 13, 16, 30] may arguc 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, a-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 al
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 first 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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Abstract To determine whether TAR-DNA binding pro-
tein 43 (TDP-43) immunoreactivily was present in brains of
argyrophilic grain disease (AGD), we immunohistochemi-
cally examined 15 cases of AGD (mean age at death:
84 years) using a panel of anti-TDP-43 antibodies, includ-
ing both phosphorylation-independent and -dependent
ones. Nine AGD cases (60%) showed TDP-43 immunore-
activities mainly in the limbic regions and lateral occipito-
temporal cortex. TDP-43 positive structures included
neuronal cytoplasmic inclusions, dystrophic neurites, glial
cytoplasmic inclusions, grain-like dot-shaped structures,
and neurofibrillary tangle (NFT)-like structures. The distri-
bution of these TDP-43 positive structures was largely
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consistent with that of argyrophilic grains. Double-labeling
confocal microscopy revealed, however, that many of phos-
pho-TDP-43 positive structures were not colocalized with
phospho-tau staining. Colocalization of phospho-TDP-43
and phospho-tau was observed only in part of neuronal
cytoplasmic inclusions, grain-like structures and NFT-like
structures. There were no differences in demographics, dis-
ease duration, brain weight, NFT Braak stage, or severity of
amyloid burden between AGD cases with and without
TDP-43-immunoreactivity. However, cases of AGD with
TDP-43-immunoreactivity were assigned to higher AGD
stages than those without TDP-43-immunoreactivity
(P < 0,05). Furthermore, the TDP-43 pathology tended to
be prominent in cases with severe grain pathology. The
results of the present study indicate for the first time a high
frequency of concomitant TDP-43 pathology in AGD, and
suggest that abnormal accumulation of TDP-43 may be
involved in the pathological process and disease progres-
sion of AGD.

Keywords TDP-43 - Phosphorylation -
Neurofibrillary tangles - Argyrophilic grain - Tau

Introduction

Argyrophilic grain disease (AGD) was first described by
Braak and Braak [3] in the brains of patients with adult-
onset dementia. Subsequently, many studies have revealed
that argyrophilic grains (AGs) are not rare pathological fea-
tures among old demented patients [4]. Recently, Togo
et al. have classified AGD as four-repeat tavopathy such as
progressive supranuclear palsy (PSP) and corticobasal
degeneration (CBD), based on morphological, biochemical,
and genetic analyses [28, 29]. AGD is neuropathologically
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characterized by the presence of small spindle- or comma-
shaped silver stain positive structures, so-called argyro-
philic grains, in the neuropil in the limbic area, which
includes the hippocampus, the entorhinal and transentorhi-
nal cortices and the cingulate cortex [3, 4, 7].

TAR-DNA-binding protein 43 (TDP-43) was first identi-
fied as a major component of the ubiquitin-positive inclu-
sions in sporadic frontotemporal lobar degeneration with
ubiquitinated inclusions (FTLD-U), familial FTLD-U with
progranulin gene mutations, and sporadic amyotrophic
lateral sclerosis (ALS) [2, 22]. Subsequent studies found
that ubiquitin-positive inclusions in familial FTLD-U with
valosin-containing protein gene [23], familial FTLD with
motor neuron disease linked to chromosome 9p [6], and
SOD-1-unrelated familial ALS were positive for TDP-43
[19, 27]. Recent findings of various missense mutations of
TDP-43 gene in familial and sporadic ALS cases prove an
essential role of TDP-43 abnormality in neurodegeneration
[10, 18, 26, 31, 32]. These disorders are now referred to as
TDP-43 proteinopathy (2, 22].

TDP-43 immunoreactivity, however, has also been
detected in other neurodegenerative disorders, including
Alzheimer's disease (AD), Lewy body disease (LBD),
Pick’s disease, Guamanian parkinsonism—dementia com-
plex (G-PDC), Guamanian ALS (G-ALS), hippocampal
sclerosis, and Huntington's disease [1, 2, 8, 9, 11, 13, 21,
25]. Uryu et al. [30] have recently reported that TDP-43
immunoreactive pathology was detected in 15% of cortico-
basal degeneration (CBD) cases, but not in other primary
tauopathies including progressive supranuclear palsy
(PSP), It is unknown, however, whether TDP-43 positive
structures are present in AGD, which belongs to the pri-
mary tauopathies as well [28]. To address this issue, in the
present study, we immunohistochemically investigated
15 cases of AGD using a panel of anti-TDP-43 antibodies.
Here, we show a high frequency of TDP-43 positive struc-
tures, which are associated with the severity of tau-positive
grain pathology in AGD.

Materials and methods
Materials

A total of 15 cases of AGD were employed in this study.
The neuropathologic diagnosis was confirmed through
standardized neuropathological examinations, which
included staining with hematoxylin—eosin, Kliiver-Barrera,
methenamine—silver and modified Gallyas—-Braak methods,
in multiple cortical and subcortical areas. All cases were
assigned to both a Braak stage of neurofibrillary tangles
(NFTs) and an AGD stage based upon the distribution of
NFTs and AGs seen by modified Gallyas—Braak staining

4 Springer

(Fig. 1a) [5, 7, 24]. The degree of amyloid burden was eval-
uated based upon Consortium to Establish a Registry for
Alzheimer Disease (CERAD) guidelines [20]. All cases
were obtained from brain banks at the Department of
Psychogeriatrics, Tokyo Institute of Psychiatry and at the
Department of Psychiatry, Yokohama City University
School of Medicine, All AGD cases (mean age 84.0 years;
range 75-97 years; 7 females and 8 males) showed a NFT
Braak stage below III, suggesting that they do not have
concomitant AD.

Screening with TDP-43 immunohistochemistry

The presence and severity of TDP-43 immunoreactivity
were assessed in the amygdala, entorhinal cortex, hippo-
campus, lateral occipitotemporal gyrus, and inferior tempo-
ral gyrus, using 10% formalin-fixed and paraffin-embedded
6 um thick sections in all AGD cases. In four of 15 cases,
4% paraformaldehyde (PFA)-fixed and frozen sections in
30 um thickness were also available. Sections were incu-
bated with 0.5% H,0, for 30 min to eliminate endogenous
peroxidase activity in the tissue. After washing sections
with 0.01 M phosphate-buffered saline (PBS, pH 7.4) con-
taining 0.3% TritonX-100 (Tx-PBS) for 30 min, they were
blocked with 10% normal serum, then incubated for 72 h at
4°C with a previously well characterized antibody specific
for phosphorylated TDP-43 (pS409/410) in Tx-PBS con-
taining 10% normal serum [12]. After three 10-min washes
in Tx-PBS, sections were incubated in a biotinylated sec-
ondary antibody for 1 h, and then in avidin-biotinylated
horseradish peroxidase complex (ABC Elite kit, Vector
Laboratories, Burlingame, CA, US) for 1 h. The peroxidase
labeling was visualized with 0.01% 3,3'-diaminobenzidine
(DAB) as a chromogen. The sections were counterstained
briefly with hematoxylin. When the presence of TDP-43
immunoreactivity was noted, additional regions including
caudate nucleus, putamen, cingulate gyrus, insula, and
frontal and parietal cortices were also immunohistochemi-
cally examined for TDP-43. Immunopositive structures to
pS409/410 were confirmed with other several phosphoryla-
tion-dependent and -independent anti-TDP-43 antibodies
(Table 1) [12, 16]. Tau-positive structures were examined
by immunostaining with anti-phosphorylated tau (clone
ATS; 1: 3000, Innogenetics, Ghent, Belgium) (Fig. 1b) and
anti-four-repeat tau (RD4; 1: 100, Millipore, Billerica, MA)
(Fig. lc). Double labeling immunofiuorescence for phos-
phorylated TDP-43 (pS409/410) and phosphorylated tau
(clone ATS; 1: 3000, Innogenetics, Ghent, Belgium) was
performed using fluorescein isothiocianate (FITC)- and
tetramethylrhodamine isothiocyanate (TRITC)-conjugated
secondary antibodies; sections were examined with a con-
focal laser microscope (LSMS PASCAL; Carl Zeiss
Microlmaging gmbh, Jena, Germany).
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Ii'lg. l lmunohlslochﬂnlmy of argyrophilic grain disease using the

dent anti-TDP-43 antibody (pS409/410). Mod-
ified Gallyas—-Bnak method (a) and immunostaining with anti-phos-
phorylated tau (b) and anti-four-repeat tau (¢) show argyrophilic and
tau-positive grains in amygdala (a) and CA region of hippocampus
(¢) and tau-positive neuronal cytoplasmic inclusions in the dentate
granule cells (b). Phosphorylation-dependent TDP-43 immunohisto-
chemistry reveals neuronal cytoplasmic inclusions (NCIs) (d, e), glial
cytoplasmic inclusions (GCls) (f) and dystrophic neurites (g). These
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are morphologically similar to TDP-43 positive structures observed in
frontotemporal lobar degeneration with ubiquitinated inclusions
(FTLD-U). Grain-like (h) and NFT-like (i) structures are also immu-
nopositive. (a, d) amygdala, (b, e) dentate gyrus of hippocampus, (c, i)
CAI1 region of hippocampus, (f) lateral occipitotemporal cortex, (g)
CAZ2 region of hippocampus, (h) entorhinal cortex, Each inset in a low-
er right corner represents a higher magnification of the region indicated
by an arrow (bars 50 pm)

Table 1 Anti-TDP-43

antibodies used in this study Antibody Type Antigen Dilution
10782-2-AP (Protein Tech Group) Rabbit Recombinant protein (aa 1-260) 1:1,000
Anti-TDP43N [3-12] Rabbit EYIRVTEDENC (2a3-12) 1:1,000
pS409/410 Rabbit CMDSKS(p)S(p)GWGM (aa 405-414) 1:1,000
p5403/404 Rabbit NGGFGS(p)S(p)MDSKC (aa 398-408) 1:1,000
Anti-TDP43C (405-414) Rabbit CMDSKSSGWGM (aa 405-414) 1:1,000

Evaluation of severity and distribution of TDP-43
immunoreactivity in AGD

TDP-43 immunoreactive structures were examined on
microscopic fields at 200x magnification in the amygdala.
the entorhinal cortex, the striatum (putamen and caudate),

the hippocampus (3 regions; CAl, CA2, and denlate
gyrus), the cingulate gyrus, the insulated cortex, the lateral
occipitotemporal cortex, and the inferior temporal cortex.

TDP-43 immunoreactive structures were semi-quantita-

tively scored from (=) to (+++): (=) = absent; (+) = mild;
(++) = moderate; (+++) = severe. TDP-43 immunoreactive
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structures were separately evaluated as neuronal cytoplas-
mic inclusions (NCI), dystrophic neurites (DN) and glial
cytoplasmic inclusions (GCI).

Statistical analyses

Data were analyzed with SigmaStat 3.5 (Systat Software, Inc.,
Point Richmond, CA, US), and the significance level was set
at P<005. To compare cases of AGD with and without
TDP-43 immunoreactivity with respect to age at death, dis-
ease duration, brain weight, Braak NFT stage (5], CERAD
plaque score [20], and AGD stage [7, 24], 1 test or Mann—
Whitney Sum Rank Test was performed as appropriate. To
compare cases of AGD with and without TDP-43 immunore-
activity, Fisher's exact test was performed with respect to sex
ratio. According to CERAD criteria [20], amyloid burden was
scored as follows; none: 0, sparse: 1, moderate: 2, frequent: 3.
TDP-43 immunoreactivity was scored as follows; absence: 0,
presence: 1. Relationships among pathological variables were
assessed with Spearman’s Rank Order Correlation.

Results

Distribution of TDP-43 immunoreactive structures
and AGs

Prior to this study, we had produced several phosphory-
lation-specific anti-TDP-43 antibodies [12, 16]. These

antibodies react only with abnormally deposited TDP-43 with
no nuclear staining, making it easy for us to recognize
abnormal findings. In this study, using these antibodies, we
found various types of TDP-43 positive structures in nine
of 15 AGD cases (60%). They include neuronal cytoplas-
mic inclusions, dystrophic neurites and glial cytoplasmic
inclusions (Fig. 1d-g). In addition to these FTLD-U-like’
lesions, some grain-like structures were found to be posi-
tive for TDP-43 (Fig. |h). Various amounts of TDP-43
immunoreactive NFT-like structures were also observed
(Fig. 1i). There was no neuronal intranuclear inclusion in
this series, These TDP-43 positive structures were mainly
detected in the amygdala, entorhinal cortex, hippocampal
CAl, subiculum and lateral occipitotemporal cortex. Of
these regions, the amygdala and adjacent entorhinal cortex
showed the most intense TDP-43 immunoreactivity. TDP-
43 positive neuronal cytoplasmic inclusions in the dentate
gyrus of the hippocampus, which is one of the features of
FTLD-U, were observed in only two of nine cases with
TDP-43 immunoreactivity.

The distribution and severity of TDP-43 immunoreactive
structures were largely parallel with that of AGs, as
detailed in Table 2. For instance, both TDP-43 positive
structures and tau positive AGs were relatively confined to
the amygdala and anterior parahippocampal gyrus in cases
1-5, and they extended to the temporal neocortices in cases
eight and nine. Furthermore, cases 7-9 exhibited TDP-43
immunoreactive pathology in the pyramidal neurons in the
CA2, where NFTs are common in AGD but not in AD [17]

Table 2 AGD staging and distribution of TDP-43-immunoreactive pathology

AGD AMY Parshippocampal gyrus  Hippocampus CIG INS oTC Imc CP
stagin
Ml (ant/post) ICAI CA2 DG  (ant/post) (ant/post) (ant/post) (ant/post)
#1 NCI+, GCI+ NCI+, DN+, GCI+/0 NCI++ 0 1] 00 on 0/0 1] 0
#2 1 NCI+, DN+ NCI+, GCI+/0 0 0 0 00 0/0 NCl+, GCI+/0 010 0
3 0 ] ] NCI+ 0 ] 0/ 00 0/0 00 0
# N NCI+, GCI+ NCI+, GCI+0 0 0 0 0/0 00 00 [171] 0
#5 N NCl++,GCI+ NCI++, GC1+/0 NCH+ 0 [} 0/0 00 NCI+, GCl+, 00 0
DN+0
#6 1 NCI+ NCH, DN+, GCI+/DN+ NCH 0 0 0/0 0/0 NCI+, GCI+, 0/0 0
DN+0
#7 I NCI+++, GClH++ NCI+++, GCI++, NCI++ NCI+ 0O on NCI+/0 NCl+, GCl++, 00 0
DN+/NCl+++, DN+NCH
GCH+, DN+
L NCH+,GCl+  NCl++, GCIH/NCH+ NCI++ NCl+, NCl NA NCI/0 NCH/NCI+ NCI+/0 0
DN+
w NCI++, NCH, DN++, NCl+ NCH NCH 00 0/0 NCH, DN++, DN+0 0
DN++, GCl+ GCH/NCI+, DN+ GCI+/NCl+,
DN++

AMY amygdala, CIG cingulated gyrus, INS insula, OTC occipitotemparal conex, ITC inferior temporal cortex, CP caudate/putamen, ani anterior,
paost posterior, NCI neuronal cytoplasmic inclusions, GCI glial cytoplasmic inclusions, DN dystrophic neurites, NA not available, - absent, + mild,
++ moderate, 44+ severe, *in this case (#3), there is a discrepancy of TDP-43 immunoreactivity between formalin-fixed paraffin-embedded
sections and paraformaldehyde-fixed floating sections (see “Resulis™; Fig. 4)
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(Fig. 1g). Finally, TDP-43 immunoreactivity tended to be
more intense in anterior part of the hippocampus and para-
hippocampal gyrus than in posterior part of those in most
cases. This pathological distribution was again in accor-
dance with an AGs staging system that reflects an
antero-posterior gradient in the putative progression of
AGD [7, 24].

Colocalization of TDP-43 immunoreactive structures
and tau positive structures

Double-labeling confocal microscopy revealed virtually no
colocalization of phospho-tau and phospho-TDP-43 in the
dentate gyrus of the hippocampus (Fig. 2a—). In the
entorhinal conex and the amygdala, however, occasional
colocalization of phospho-tau and phospho-TDP-43 was
observed in the neuronal cytoplasmic inclusions and grain-
like structures in neuropil (Fig.2d-f). In neurons that
showed cytoplasmic co-existence of both proteins, phos-
pho-TDP-43 positive structures were sometimes separated
from phospho-tau (Fig. 2g, h).

Fig. 2 Confocal double-immu-
nofluorescence of phospho-
TDP43 (a, d, g) and phospho-tau
(b, e, h). Merged images are
shown in ¢, fand i. In the granu-
lar cells in the dentate gyrus of
the hippocampus, a TDP-43
positive neuronal cytoplasmic
inclusion (red fluorescence in a
and ¢) is not colocalized with tau
labeling (green fluorescence in
b and ¢). In the entorhinal conex,
small dot-like structures, short
dyswophic neurites and round
inclusions are immunopositive
for TDP-43 (d), and a lot of
grains and neurons are positive
for tau (e). Partial colocalization
is seen in some grain-like
structures in the neuropil and
neuronal cytoplasmic inclusions
(yellow in [). Nuclei are stained
with TO-PRO-3 (Invitrogen,
Takyo, Japan), producing a blue
color. A higher magnification
of co-existence of phospho-tau
and phospho-TDP-43 seen in the
same neurons (g-1). Most of
phospho-TDP-43 positive
structure (red in g and h) is
separated from phospho-tau
(green in b and §)

Confirmation of TDP-43 immunoreactivity through
various methods

The staining patterns obtained with pS409/410, a phosphor-
ylation-specific antibody (Fig. 1d-i), were almost same as
those obtained with pS403/404, another phosphorylation-
specific antibody (Fig. 3b, f). They stained only abnormal
structures with no nuclear staining. Anti-TDP43C (405-
414), a phosphorylation-independent C-terminal antibody,
showed similar staining to those except for a weak staining
of normal nuclei (Fig. 3c). Commercial antibody (10782-2-
AP) and anti-TDP43N [3-12], a phosphorylation-indepen-
dent N-terminal antibody, also stained abnormal structures
with intense nuclear staining (Fig. 3a, d, e). Because of
such nuclear staining, it was difficult to identify grain-like
structures using these phosphorylation-independent anti-
bodies.

In four cases for which both formalin-fixed paraffin-
embedded sections and 4% PFA-fixed free-floating frozen
sections were available, one case showed TDP-43 immuno-
reactivity. In this case, however, a significant difference of
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Fig.3 Immunohistochemistry using a panel of anti-TDP-43 antibod-
ies. Immunostaining of dentate gyrus of the hippocampus (a—¢) and
amygdala (d—f) using commercial phosphorylation-independent anti-
body (10782-2-AP, Protein Tech) (a, d), pS403/404 (b, I), anti-
TDP43C (405-414) (c), and anti-TDP43N [3-12] (e). All antibodies
positively stain neuronal cytoplasmic inclusions. Note that it is easier
the immunoreactivity was observed between the sections. In
free-floating sections, massive TDP-43 positive grain-like
structures in the neuropil in the entorhinal cortex (Fig. 4a)
and neuronal cytoplasmic inclusions in the dentate fascia
(Fig. 4b) were recognized, while in paraffin-embedded sec-
tions, only occasional neuronal cytoplasmic inclusions were
seen in CA1 of the hippocampus. This discrepancy of immu-
noreactivity may be due to methodological differences
including a fixation and a treatment of brain tissues.

Relationship of TDP-43 immunoreactivity to demographics
and pathological variables

There were no differences in age at death, disease duration,
sex, brain weight, NFT Braak stage, or severity of amyloid

- R o

e b .

Fig. 4 Immunohistochemistry of free-floating sections of case #3 us-
ing pS409/410. a Massive grain-like or dot-like structures and short
dystrophic neurites in the entorhinal cortex. b A lot of neuronal cyto-
plasmic inclusions in the dentate gyrus of the hippocampus
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to recognize neuronal cytoplasmic inclusions by pS403/404 (b, f) and
anti-TDP43C (405-414) (c) than by a commercial antibody to TDP-43
(a, d) and anti-TDP43 N [3-12] (e), which intensely stain normal nuclei.
Each inset in a lower right corner represents a higher magnification of
the region indicated by an arrow (bars 50 pm)

burden between AGD cases with and without TDP-43
immunoreactivity. Clinical diagnoses are varied in both
AGD cases with and without TDP-43 immunoreactivity:
four senile dementia, one Alzheimer's disease, one vascular
dementia, one Parkinson's disease with dementia, two
schizophrenia in nine AGD cases with TDP-43 immunore-
activity, and one senile dementia, one alcoholic dementia,
one dementia with Lewy bodies, one senile psychosis,
one unclassified dementia, one schizophrenia in six AGD
cases without TDP-43 immunoreactivity. There was no
AGD case with clinical diagnosis of FTLD in this series.
AGD cases with TDP-43-immunoreactivity had higher AGD
stages than those without TDP-43 immunoreactivity
(P <0.05). The frequency of TDP-43 immunoreactivity was
correlated with AGD stage (r = 0.62, P= 0.01), and with
CERAD plaque scores (r=-—0.53, P=0.03), but not
with NFT Braak stage (r = 0.06, P = 0.80).

Discussion

By immunohistochemical examinations using a panel of
phosphorylation-dependent and -independent antibodies to
TDP-43, in this study, we demonstrated a high frequency
(60%) of TDP-43 pathology in AGD cases for the first
time. The limbic regions, especially the amygdala and the
anterior part of the parahippocampal gyrus, showed the
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Table 3 Comparison of AGD with and without TDP43-immunoreactive pathology

TDP-43 positive (N=9) TDP-43 negative (N = 6) P value
Age at death & SD (years) 828 +6.7 85889 NS
Disease duration =+ SD, (years) 55+£3.0N=6) T24£34(N=4) NS
Sex ratio (F/M) 4/5 3 NS
Brain weight £ SD (gm) 1124 + 102 1121 + 155 NS
NFT Braak stage (25th, 75th percentile) 2.0(1.25, 2.0) 2.0(1.0,2.75) NS
CERAD plaque score (25th, 75th percentile} 2.0(0.0,2.0) 25(20,30) NS
AGD stage (25th, 75th percentile) 2.0(1.75,3.0) 10(1.0,1.0) P<0.05

There was no difference in demographics between cases with and without TDP-43 immunoreactivity. AGD cases with TDP-43 immunoreactivity
had higher AGD stages than those without TDP-43 immunoreactivity (P < 0.05), but there was no difference in NFT Braak stages and CERAD

plague scores between them

NS not significant, NFT neurofibrillary tangle, CERAD Consortium to Establish a Registry for Alzheimer Disease Guidelines, AGD argyrophilic

grain disease

most frequent and severe TDP-43 pathology. These find-
ings are consistent with the previous reports of TDP-43
pathology in AD and LBD [13, 14].

Recent reports have revealed various degrees of co-
occurrence of TDP-43 immunoreactivity in a variety of
neurodegenerative disorders, including AD, LBD, CBD,
Guamanian ALS/PDC and Huntington's disease [1, 9, 11,
13, 21, 25, 30]. Amador-Ortiz reported that 20-30% of AD
and 70% of hippocampal sclerosis had TDP-43 immunore-
activity [1]. All AGD cases employed in this study did not
fulfill the pathological criteria of AD, and there is no sig-
nificant difference of Braak staging between cases with
TDP-43 immunoreactivity and those without TDP-43
immunoreactivity (Table 3). Although only one AGD case
with hippocampal sclerosis was included in our series, that
case showed no TDP-43 immunoreactivity. Thus, it is
unlikely that a high frequency of TDP-43 pathology in
this AGD series is due to concurrent AD or hippocampal
sclerosis.

In this AGD series, although the concomitant TDP-43
pathology was the most severe in the limbic structures,
many cases showed the extension of TDP-43 pathology
into the temporal neocortices. It is currently unknown if
this represents concurrent primary pathological process of
FTLD-U, or a secondary change occurring in susceptible
neuronal populations. At least, a simple coincidence of
FTLD-U and AGD seems unlikely based on our findings
as follows. First, the frequency of TDP-43 positive neuro-
nal cytoplasmic inclusions in the dentate gyrus, which are
one of the pathological hallmarks of FTLD-U, is low
(22%) in our AGD cases with TDP-43 immunoreactivity.
Second, TDP-43 positive grain-like structures found in
our AGD cases have not been reported in FTLD-U brains
so far. Third, parallel distribution of TDP-43 positive
structures and tau positive AGs and a higher AGD stages

in cases with TDP-43 immunoreactivity than in those
without TDP-43 immunoreactivily suggest some relation-
ships between accumulation of TDP-43 and that of tau,
Double label immunofiuorescence microscopy revealed
partial colocalization of phospho-tau and phospho-TDP-
43 in grain-like structures and neuronal cytoplasmic
inclusions in this study. Such partial colocalization of tau
and TDP-43 is consistent with that previously reported in
AD, LBD, Guamanian PDC and CBD [1, 2, 8, 11, 13, 21].
Although these findings may not suggest a direct interac-
tion between tau and TDP-43, there may be common fac-
tors or mechanisms that affect the conformation or
modification of both proteins, leading to their intracellular
accumulation.

Ikeda etal. [15] reported that the clinical features of
AGD consist of personality changes characterized by emo-
tional disorder with aggression or ill temper and relatively
preserved cognitive function. These clinical features are
also observed in FTLD. In this study, however, none of
AGD cases, including the case with massive TDP-43
pathology (Fig. 4), had a clinical diagnosis of FTLD. More-
over, there was no significant difference in demographics,
including age at death, disease duration, sex and brain
weight, between AGD cases with TDP-43 pathology and
those without TDP-43 pathology. These findings suggest
the possibility that TDP-43 pathology does not have a sig-
nificant impact on the clinical presentation of AGD. This is
consistent with the previous report by Uryu et al. [30] that
showed a lack of association between TDP-43 pathology
and clinical manifestations in AD. It should be noted, how-
ever, that in the present study, a sample size was small and
only a limited set of clinical manifestations was examined.
Further studies using more detailed associations with
larger data sets on behavioral impairments in AGD should
be performed.
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ubiquitinated
43) in SH-SYSY cells similar to those in brains of amyotrophic lateral sclerosis (ALS) and frontotem-
poral lobar degeneration with ubiquitinated inclusions (FTLD-U). Two candidate sequences for the
nuclear localization signal were examined. Deletion of residues 78-84 resulted in cytoplasmic local-
ization of TDP-43, whereas the mutant lacking residues 187-192 localized in nuclei, forming unique
dot-like structures. Proteasome inhibition caused these to assemble into phosphorylated and ubig-
uitinated TDP-43 aggregates. The deletion mutants lacked the exon skipping activity of cystic fibro-
sis transmembrane conductance regulator (CFTR) exon 9. Our results suggest that intracellular
localization of TDP-43 and proteasomal function may be involved in inclusion formation and neu-
rodegeneration in TDP-43 proteinopathies.
© 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

Phosphorylation
Ubiquitination

1. Introduction

Frontotemporal lobar degeneration with ubiquitinated
inclusions (FTLD-U) and amyotrophic lateral sclerosis (ALS) are
well-known neurodegenerative disorders, FTLD is the second
most common form of cortical dementia in the population below
the age of 65 years [1]. ALS is the most common of the motor
neuron diseases, being characterized by progressive weakness
and muscular wasting, resulting in death within a few years.
Ubiquitin (Ub)-positive inclusions were found as a pathological
hallmark in brains of patients with FTLD-U and ALS, as well as
in Alzheimer's disease (AD) and Parkinson’s disease (PD). Re-
cently, TAR DNA binding protein of 43 kDa (TDP-43) has been

I lobar d with ubiquitinated

FTLD-U, fi
inclusi ALS, ¥ phic lateral sclerosis; Ub, ubiquitin: TDP-43, TAR DNA
bindiug protein n(43kDi CFTR, cystic fibrosis transmembrane conductance
NLS, localization signal; TX, Triton X-100; Sar, Sarkosyl.
* Corresponding authors, Fax: +81 3 3329 8035 (T. Monaka).
E-mail addresses: nonakat@pricgoip (T. Nonaka), masato®prit.go jp
(M. Hasegawa).

identified to be a major protein component of ubiquitin-positive
inclusions in FTLD-U and ALS brains [2.3]. TDP-43 was first iden-
tified as a cellular factor that binds to the TAR DNA of HIV type 1
[4], and was also identified independently as part of a complex
involved in inhibition of the splicing of the cystic fibrosis trans-
membrane conductance regulator (CFTR) gene [5]. TDP-43 aggre-
gates in neuronal cytoplasm and nuclei in a variety of
neurodegenerative disorders, which are now collectively referred
to as TDP-43 proteinopathies. For understanding molecular path-
ogenesis and evidence-based therapies for TDP-43 proteinopa-
thies, it is necessary to study the molecular mechanisms of
aggregation of TDP-43.

To elucidate these issues, in this study, we have established
the cellular models for intracellular aggregates of TDP-43 similar
to those in brains of TDP-43 proteinopathies patients. Expression
of deletion mutants of TDP-43 lacking two candidate sequences
for the nuclear localization signal (NLS), residues 78-84 or
187-192, resulted in the formation of Ub- and phosphorylated
TDP-43-positive cytoplasmic inclusions in the presence of a pro-
teasome inhibitor. These results suggest that intracellular locali-
zation of TDP-43 and proteasomal function may be involved in
the pathological process of TDP-43 proteinopathies.

0014-5793/$34.00 © 2008 Federation of European Biochemical Societies. Published by Elsevier BV, All rights reserved.

doi:10,1016/j.febslet. 2008,12.031
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2. Materials and methods
2.1, Construction of plasmids

The PCR product of the open-reading frame of human TDP-43
using pRc-CMV-TDP-43 as a template was subcloned into the mam-
malian expression vector pcDNA3 (Invitrogen) using restriction
sites BamH I and Xba L, creating pcDNA3-TDP-43. To construct plas-
mids of the deletion mutants, we used a site-directed mutagenesis
kit (Strategene). PCR was performed using the forward primer (5'-
GTATGTTGTCAACTATATGGATGAGACAGATGC-3') and the reverse
primer (5'-GCATCTGTCTCATCCATATAGTTGACAACATAC-3') for the
deletion mutant of 78-84 residues (ANLS), and the forward primer
(5'-GCAAAGCCAAGATGAGGTGTTTGTGGGGCGC-3') and the reverse
primer (5'-GCGCCCCACAAACACCTCATCTIGGCTTTGC-3') for the
deletion mutant of 187-192 residues (A187-192), with pcDNA3-

TDP-43 as a template, respectively. For the construction of the dou-
ble-deletion mutant ANLS&187-192, PCR was performed using the
forward primer (5'-GCAAAGCCAAGATGAGGTGTTTGTGGGGCGC-3')
and the reverse primer (5-GCGCCCCACAAACACCTCATCTTG
GCTTTGC-3') with pcDNA3-TDP-43ANLS as a template.,

The reporter plasmid pSPL3-CFTR9 was constructed as follows.
Healthy human genomic DNA (a gift from Dr, Makoto Arai, Tokyo
Institute of Psychiatry, Japan) was subjected to PCR with the use
of the forward primer (5'-CGGAATTCACTTGATAATGGGCAAA-
TATC-3') and the reverse primer (5-CCCTCGAGCTCGCCAT
GTGCAAGATACAG-3'), containing EcoR | and Xho | sites, respec-
tively. The genomic region containing 221 bp of intron 8, the entire
exon 9 (183 bp), and 266 bp of intron 9 of the human CFTR gene
was amplified and digested with the two restriction enzymes, fol-
lowed by ligation into pSPL3 (Life Technologies), affording the plas-
mid pSPL3-CFTR9. All constructs were verified by DNA sequencing.

A 1 108 188 183 257 274 14 414
PR
(NLS) (187-182)
B anti-TDP-43 TO-PRO-3

....

c
wild-type

’ " I- ¥
D
ANLS

A187-192

.

Fig. 1. Subcellular localization of wild-type and mutant TOP-43 in SH-SYSY cells. (A) Schematic diagram of the structura! domains of TDP-43. RNA recognition motifs (RRM-1
and -2: blue) and glycine-rich domain (Gly-rich: red) are shown. (B-E) Immunastaining of untransfected SH-SYSY cells (B) and cells 72 h post transfection with wild-type
TDP-43 (C), ANLS (A78-84) TDP-43 (D), and A187-192 TDP-43 (E) with anti-TDP-43 antibody (Left panel, green), nuclear staining by T0-PRO-3 (middle panel, blue) and the
merged image (right panel) are shown.
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+MG132
TO-PRO-3

Fig. 2. Expression of mutant TDP-43 followed by proteasome inhibition with MG132 results in the formation of intranuclear inclusions. Immunostalning of untransfected
cells (A) and cells 72 h post transfection with wild-type TDP-43 (B), ANLS (C), and A187-192 (D) followed by MG132 treatment (20 uM for 6 h) with antl-TDP-43 antibody
(left panel, green), nuciear staining by TO-PRO-3 (middle panel, blue) and merged image (right panel).

2.2, Antibodies

A polyclonal TDP-43 antibody 10782-1-AP (anti-TDP-43) was
purchased from ProteinTech Group Inc. A polyclonal antibody spe-
cific for phosphorylated TDP-43 (anti-pS409/410) was prepared as
described [6]. Anti-ubiquitin monoclonal antibody (mAb),
MAB1510, was purchased from Chemicon. Monoclonal anti-HA
clone HA-7 were obtained from Sigma.

2.3. Cell culture and expression of plasmids

SH-SYSY cells were cultured in DMEM/F12 medium (Sigma)
supplemented with 10% (v/v) fetal calf serum, penicillin-strepto-
mycin-glutamine (Gibco), and MEM non-essential amino acids
solution (Gibco). Cells were then transfected with expression
plasmids using FUGENEG6 (Roche) according to the manufacturer’s
instructions. In the proteasome inhibition experiments, final
1 uM MG132 (Peptide institute) in DMSO was added to the cul-
ture medium, and incubated overnight.

2.4. Confocal immunofluorescence microscopy

SH-SYSY cells were grown on a coverslip (15 x 15 mm) and
transfected with expression vector (1 ug). After incubation for the

indicated time, the transfected cells on the coverslips were fixed
with 4% (w/v) paraformaldehyde in phosphate-buffered saline
(PBS) for 30 min. The coverslips were then incubated with 0.2% (v/
v) Triton X-100 (TX) in PBS for 10 min. After blocking for 30 min in
5% (w/v) BSA in PBS, cells were incubated with anti-phosphorylated
TDP-43 antibody, pS409/410 (1:500 dilution), anti-TDP-43 (1:500),
anti-Ub(1:500)or anti-HA(1:500) for 1 hat 37 *C, followed by FITC-
or TRITC-labeled goat anti-rabbit or-mouse IgG (Sigma, 1:500 dilu-
tion)as a secondary antibody for 1 hat 37 °C. After washing, the cells
were further incubated with TO-PRO-3 (Molecular Probes, 1:3000
dilution in PBS) for 1 h at 37 °C to stain nuclear DNA, and analyzed
using a LSMS5 Pascal confocal laser microscope (Carl Zeiss),

2.5. Sequential extraction of proteins and immunoblotting

SH-SYSY cells were grown in 6-well plates and transfected tran-
siently with expression plasmids (1 pg). After incubation for the
indicated time, cells were harvested and lysed in TS buffer
[50 mM Tris-HCl buffer, pH 7.5, 0.15 M NaCl, 5 mM ethylenedi-
aminetetraacetic acid, 5mM ethylene glycol bis(p-aminoethyl
ether)-N,N,N,N-tetraacetic acid, and protease inhibitor cocktail
(Roche)], Lysates were centrifuged at 290,000xg for 20 min at
4 °C, and the supernatant was recovered as the TS-soluble fraction.
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TS-insoluble pellets were lysed in TS buffer containing 1% (v/v) TX,
and centrifuged at 290,000xg for 20 min at 4 °C. The supernatant
was collected as TX-soluble fraction. TX-insoluble pellets were fur-
ther sonicated in TS buffer containing 1% (w/v) Sarkosyl (Sar), and
incubated for 30 min at 37 *C. The mixtures were centrifuged at
290,000xg for 20 min at room temperature, and the supernatant
was recovered as the Sar-soluble fraction. The remaining pellets
(insoluble in Sar) were lysed in SDS-sample buffer and heated for
5 min

Each sample (10 or 20 pg) was separated by 12% (v/v) SDS-
PAGE using Tris-glycine buffer system, and proteins were trans-
ferred onto polyvinylidene difluoridé membrane (Millipore). The
blots were incubated overnight with the indicated primary anti-
body at an appropriate dilution (1:1000-3000) at room tempera-
ture, followed by the incubation with a biotin-labeled secondary
antibody. Signals were detected using an ABC staining kit (Vector).

2.6. CFTR exon 9 skipping assay

Cos-7 cells in 6-well plates were transfected with 0.5 ug of the
reporter plasmid pSPL3-CFTR9 plus 1pg of pcDNA3 plasmid
encoding wild-type or its mutants, using FuGENEG. The cells were
harvested 48 h post transfection, and total RNA was extracted with
TRIzol (Invitrogen). The cDNA was synthesized from 1 ug of total
RNA with the use of the Superscript Il system (Invitrogen). Pnimary
and secondary PCRs were carried out according to the instruction
manual of the exon trapping system (Life Technologies).

3. Results
3.1. Effect of deletion of two candidate NLS in TDP-43

Amino acid sequence containing proline followed by a cluster of
basic amino acids is known to be typical NLS. We found two such
sequences in TDP-43, PKDNKRK (residues 78-84) and PLRSRK (res-
idues 187-192) (Fig. 1A). To examine whether these sequences
function as the NLS, we constructed corresponding deletion mu-
tants of TDP-43 and expressed them in SH-SY5Y cells. We em-
ployed non-tagged TDP-43 plasmid for expression in cultured
cells, since expression of hemagglutinin (HA)-tagged TDP-43 in
SH-5Y5Y cells caused formation of inclusion-like structures
(Fig. 51), suggesting that addition of the epitope tag to the N-termi-
nus may affect the conformation of TDP-43 and promote non-spe-
cific aggregate formation.

Endogenous TDP-43 expressed in the nucleus (Fig. 1B). Similar
but stronger nuclear TDP-43 staining was observed in cells
expressing wild-type TDP-43 (Fig. 1C), as compared with non-
transfected cells (Fig. 1B). When the deletion mutant lacking
residues 78-84 (ANLS) was transiently expressed, strong TDP-43
signals were detected in cytoplasm (Fig. 1D). This is reasonable be-
cause the sequence of 78-84 contains a part of the bipartite NLS in
TDP-43 recently identified by Winton et al. [7].

When the deletion mutant lacking residues 187-192 (A187-
192) was expressed, on the other hand, the mutant protein formed
dot-like structures in nuclei (Fig. 1E). This observation suggests
that this sequence does not function as a NLS.

3.2. Formation of intracellular TDP-43 inclusions in cultured SH-SY5Y
cells

Impaired Ub-proteasome system has been suggested in some
forms of neurodegenerative disease [8], and TDP-43 is indeed ubig-
uvitinated in the brains of patients with FTLD-U or ALS [3]. To exam-
ine whether impaired Ub-proteasome system is involved in
inclusion formation, we treated cells transfected with TDP-43

wild-type or deletion mutants with a proteasome inhibitor,
MG132, in immunocytochemistry using phosphorylation-indepen-
dent anti-TDP-43 antibody, no obvious change in the localization
of TDP-43 was observed in mock cells (Fig. 2A), or in cells transfec-
ted with wild-type (Fig. 2B) or ANLS mutant (Fig. 2C) after MG132
treatment, as compared to those without MG132 (Fig. 1). In con-
trast, many round nuclear inclusions were generated in cells trans-
fected with A187-192 mutant after MG132 treatment (Fig. 2D:
~12% of inclusion-positive cells).

Fig. 3 revealed the results of double immunostaining using anti-
pS409/410, phosphorylation-dependent anti-TDP-43 antibody [6),
and anti-Ub antibody. Cells expressing wild-type TDP-43 showed

+MG132
wild-type

-MG132
wild-type

A187-182 A187-192

ANLS

ANLS & 187-192

ANLS & 187-192
G. | .

Fig. 1 Immunocytochemical analyses of intracellular inclusion-like structures

formed in cells fected with deleti of TDP-43. SH-SYSY cells 72 h
post transfection with wild-type, (A and B), A187-192 (C and D), ANLS (E and F),
and ANLS&187-192 (G and H) before (A, C, E, G) and after (B, D, F, H) treatment
with MG132 (20pM for 6h) were stained with a phospharylation-specific
antibody, anti-pS409/410 (green), anti-ubiquitin (Ub: red) antibodies, and TO-
PRO-3 (blue).
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no immunoreactivity for anti-pS409/410 and anti-Ub antibodies in
the or absence of MG132 (Fig. 3A and B). Cells transfected
with A187-192 showed small dot-like structures positive for anti-
pS409/410 antibody but negarive for anti-Ub antibody without
MG132 treatment (Fig. 3C). Cells transfected with A187-192 after
the MG132 treatment contained inclusion-like structures in nuclei
that were intensely labeled with both antibodies (Fig. 3D: ~8% of
inclusion-positive cells). Relatively large inclusions (~5 pm) were
immunopaositive for both antibodies, while small ones (<1 um)
were positive for only phospho-specific TDP-43 antibody, suggest-

T. Nonaka et ol /FEBS Letters 583 (2008) 394-400

ing that abnormal phosphorylation of TDP-43 is an early event in
the process of inclusion formation.

Cells transfected with ANLS showed no immunoreactivity with-
out MG132 treatment (Fig. 3E), but showed formation of cytoplas-
mic inclusions pasitive for both anti-pS409/410 and anti-Ub after
MG132 treatment (Fig. 3F: ~10% of inclusion-positive cells), Fur-
thermore, cells transfected with mutant TDP-43 lacking both the
NLS and residues 187-192, named ANLS&187-192, formed intra-
cellular round inclusion-like structures positive for both anti-
pS409/410 and anti-Ub antibodies, independently of treatment
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-5
e - — --ﬂ:asu
- 37
-25
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Fig 4. Immunoblot analyses of intracellular inc of deleted TDP-43
(WT) or TDP-43 deletion mutants, before (A and B) and after (€ and D) treatment with MG
(TX) and 1% Sarkosyl (Sar), and these and the Sark insoluble pellets (ppt
43 antibody (A and €) and anti-pS40/410 (B and D).
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