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In this study, we mapped the epitope for anti-TDP-43 mAb and
pAb (Proteintech Group Inc.). We also showed that anti-TDP-43
mAb recognizes human TDP-43, but not mouse TDP-43. Using
these antibodies, we investigated the abnormal forms of TDP-43
from ALS and FTLD brains, and found that the antibodies recog-
nized the amino-terminus of the TDP-43 C-terminal fragments of
24-26 kDa. Immunoblot analysis of Sarkosyl-insoluble fractions
after treatment of proteases also demonstrated that the epitope
is apparently resistant to trypsin and chymotrypsin in the abnor-
mal TDP-43, suggesting that the epitope region is important for
the formation of the pathological structure of TDP-43 in ALS and
FTLD.

2. Materials and methods
2.1. Construction of plasmids

GFP-tagged TDP-43 C-terminal or N-terminal fragments were
constructed as described [23] by amplifying a cDNA encoding
full-length TDP-43 by means of PCR and inserting the fragment
into the pEGFP-C1 vector (Clontech). To investigate the specificity
of TDP-43 mAb for human TDP-43, site-directed mutagenesis of
GFP-tagged full-length TDP-43 was carried out to substitute
Glu204 to Ala (E204A), Asp205 to Glu (D205E), Arg208 to Gin
(R208Q), Glu209 to Gln (E209Q), Ser212 to Cys (S212C), Asp216
to Glu (D216E), and Met218 to Val (M218V), using a site-directed
mutagenesis kit (Strategene)(Fig. 4). All constructs were verified
by DNA sequencing.

2.2. Antibodies

TDP-43 polyclonal antibody, 10782-2-AP, and TDP-43 monoclo-
nal antibody, 60019-2-Ig, were purchased from Proteintech Group
Inc. Anti-GFP monoclonal antibody was purchased from MBL
(Nagoya, Japan). A polyclonal antibody specific for phosphorylated
TDP-43 (pS409/410) was prepared as described {17].

2.3. Cell culture and expression of plasmids

Human neuroblastoma cell line SH-SY5Y and mouse neuroblas-
toma cell line Neuro 2a were maintained in appropriate medium as
described previously [24,25]. Cells were then transfected with
expression plasmids using FuGENEG (Roche) acc&’ding to the
manufacturer’s instructions.

-2.4. Immunoblotting

Expressed proteins in cell lysates were separated by 10% SDS-
PAGE and transferred onto polyvinylidene difluoride membrane
(Millipore, Bedford, MA). After blocking with 3% gelatin, mem-
branes were incubated overnight with primary antibodies
(1:1000) at rcom temperature. After incubation with an appropri-
ate biotinylated secondary antibody, labeling was detected using
the ABC system (Vector Lab., Burlingame, CA) coupled with a
diaminobenzidine (DAB) reaction intensified with nickel chloride.

2.5. Analysis of abnormal TDP-43 in ALS and FTLD-TDP brain

Brains from two cases with Alzheimer's disease (AD), two with
ALS, two with FTLD-TDP (type A), two with FTLD-TDP (type B) and
two with FTLD-TDP (type C) were employed in this study. The two
AD cases had no TDP-43 pathology. The age, sex, brain weight, and
diagnosis are given in Table 1. Sarkosyl-insoluble, urea-soluble
fractions were extracted from these brains as previously described
[6,9]. The samples were loaded onto 15% polyacrylamide gel and
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Table 1
Description of subjects.
Case No. Diagnosis Age (years) Sex BW (g)
1 AD © 65 F 1165
2 AD 70 F 1126
3 ALS 62 M 1230
4 ALS 42 F 1140
5 FTLD-TDP (type A) 71 F 863
6 FTLD-TDP (type A) 66 F 1100
7 FTLD-TDP (type B) 45 M 1260
8 FTLD-TDP (type B) 67. M 1280
9 FTLD-TDP (type C) 67 M na
10 FTLD-TDP (type C) 59 M na

BW, brain weight; AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis;
FTLD-TDP, frontotemporal lobar degeneration with TDP-43 pathology; na, not
available.

transferred onto a membrane. The membrane was cut in the center
of the loaded lane, and the same samples were reacted separately
with anti-TDP-43 Abs and pS409/410 as described above.

2.6. Protease treatment of TDP-43

Sarkosyl-insoluble fractions extracted from neocortical regions
of the brains were treated with trypsin (at a final concentration
of 100 pg/ml, Promega, Madison, USA) or chymotrypsin (at a con-
centration of 10 pg/ml, Sigma-Aldrich, St. Louis, USA) at 37 °C for
30 min. The reaction was stopped by boiling for 5 min. After centri-
fuging at 15,000 rpm for 1min, the samples were analyzed by
immunoblotting with anti-TDP-43 pAb and mAb as described
above.

3. Results
3.1. Epitope mapping of anti-TDP-43 antibody

Our - previous study showed that both TDP-43 mAb and pAb re-
acted with GFP-tagged TDP-43 C-terminal fragment (GFP-TDP
162-414), but failed to detect GFP-TDP 218-414 [23]. To map
the epitope of these antibodies, we expressed a series of GFP-
tagged human TDP-43 C-terminal fragments (Fig. 1A) in SH-SY5Y
cells and immunoblotted them with the antibodies. Both anti-
TDP-43 pAb and mAb detected endogenous human TDP-43 of
43 kDa and exogenous GFP-tagged full-length, 171-414, 181-
414, 191-414 and 201-414 TDP-43. However, both antibodies
failed to detect 211-414 (Fig. 1A). These results suggest that the
epitopes of these antibodies are located within residues 201-210.

To narrow down the epitope structure further, another series of
GFP-tagged C-terminal fragments of TDP-43 was expressed in SH-
SY5Y cells (Fig. 1B) and tested. Both antibodies reacted with GFP-
TDP 203-414, but failed to.recognize GFP-TDP 204-414, 205-414
and 207-414 (Fig. 1B), demonstrating that Thr203 forms the N-ter-
minal border of the epitope for both antibodies.

To determine the C-terminus of the epitope, a series of GFP-
tagged N-terminal fragments of TDP-43 was expressed and immu-
noblotted with these antibodies (Fig 1C). Anti-TDP-43 pAb reacted
with all of the N-terminal fragments tested, although it stained the
1-212 fragment most strongly. This suggests that one of the pAb
epitopes is located at the N-terminal region of TDP-43, in addition
to the central epitope. Anti-TDP-43 mAb strongly stained GFP-TDP
1-212, moderately stained GFP-TDP 1-210, and barely stained GFP-
TDP .1-209, while it failed to react with GFP 1-208 and 1-207
(Fig. 1C), indicating that Glu209 forms the C-terminus of the epi-
tope for anti-TDP-43 mAb. Thus, anti-TDP-43 mAb recognizes res-
idues 203-209 of human TDP-43.
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Fig. 1. Epitope mapping of anti-TDP-43 polyclonal and monoclonal antibodies. (A) Schematic diagram of GFP-tagged full-length TDP-43 (GFP-TDP) and the C-terminal
fragments. Immunoblot analyses of GFP-TDP and the C-terminal fragments in SH-SYSY cells. Both mAb and pAb reacted with GFP-TDP and the C-terminal fragments, except
for 211-414. The anti-GFP antibody recognizes all the proteins expressed. (B) Further epitope mapping of anti-TDP-43 antibodies. Immunoblot analyses of the GFP tagged
C-terminal fragments of TDP-43. Both mAb and pAb reacted with 203-414, but failed to recognize 204-414, 205-414, and 207-414. The anti-GFP antibody recognizes all of
the fragments. (C) Epitope mapping of the C-terminus recognized by anti-TDP-43 polyclonal and monaclonal antibodies. Immunoblot analyses of GFP-TDP and N-terminal
fragments in SH-SY5Y cells. Anti-TDP-43 pAb reacted with all of the N-terminal fragments, although it stained 1-212 fragment most strongly. In contrast, anti-TDP-43 mAb
strongly stained GFP-TDP 1-212, moderately stained GFP-TDP 1-210, and barely stained GFP- TDP 1-209, while it failed to react with GFP 1-208 and 1-207. The anti-GFP

antibody recognized all of the fragments equally. The arrows indicate endogenous TDP-43 in SH-SY5Y cells.

3.2. Amino acid sequence differences between human and mouse TDP-
43 ' :

The anti-TDP-43 mAb reacted with endogenous TDP-43 of
human neuroblastoma SH-SY5Y cells, but not with TDP-43 of
mouse neuroblastoma Neuro2a cells (Fig. 1B, 1C, 2B). Similarly,
the mAb recognized TDP-43 in human brain extract, but failed to
detect TDP-43 in mouse brain extract, suggesting that the mAb
doeés not recognize mouse TDP-43 (data not shown). The absence
of reactivity with  mouse  TDP-43 -is = explained - by
the sequence differences around the epitope between hutnan and
mouse TDP-43 (Fig. 2A). Each' different amino acid of human
TDP-43 was substituted to that of mouse TDP-43. The mutated
proteins were expressed in Neuro2a cells and immunoreactivity
with anti-TDP-43 mAb was examined. Substitution of D216 to E
and M218 to V did not affect the immunoreactivity (Fig. 2B),
whereas substitutions of E204 to A, D205 to E, and R208 to Q abol-
ished the immunoreactivity of anti-TDP-43 mAb, indicating that
these residues are necessary for recognition by - the mAb.
Anti-TDP-43 pAb reacted with these mutants, although a:marked

decrease in immunoreactivity was observed in the cases of
E204A, D205A, R208Q, and S212C.

3.3. Blochemlcal analysis of abnormal TDP-43 in ALS and FILD brams
with anti-TDP-43 mAb

: On immunoblots of Sarkosyl-insoluble fractions extracted from
the brain of patients with ALS and FTLD-TDP (type A), the anti-
TDP-43 mAb detected phosphorylated ™ full-length TDP-43 at
45kDa, two bands around 25kDa and high-molecular-weight
smears, in addition to the normal TDP-43 band at 43 kDa, which
can also be detected in control cases. Immunoblot analysis of the
split membrane with a phosphorylation-dependent anti-TDP-43
antibody pS409/410 revealed that the two bands around 25 kDa
stained with the mAb corresponded to the C-terminal fragments
of 24 and 26 kDa recognized by pS409/410 (Fig. 3)[17]. These re-
sults demonstrated that these 24 and 26 kDa C-terminal fragments
contain the epitope of the mAb, residues 203-209, and that the
cleavage sites of these C-terminal fragments are located at the
N-terminal side of Thr203.
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Fig. 2. Alignment of human and mouse TDP-43 (A) and 1mmunoblot analyses of
mutated TDP-43 with anti-TDP-43 antibodies. (A) The amino acid sequences of
human (upper) and mouse (lower) TDP-43 around the epitope of anti-TDP-43 mAb.

The asterisks show identical amino acids. (B) Immunoblot analyses of GFP-TDP wild
type (Wt) and GFP-TDP mutants expressed in Neuro2a cells. Substitution of D216 to
E and M218 to V did not affect the immunoreactivity, whereas substitutions of E204
to A, D205 to E, and R208 to Q, abolished the unmunoreactlvnty of anti-TDP-43 mAb.

Anti-TDP-43 pAb reacted with all these mutants, although markedly decreased
immunoreactivities were observed in E204A, D205A; R208Q, and'S212C; The arrows
.indicated endogenous TDP-43 in Neuro2A cells. Note that endogenous mouse TDP-
43 in Neuro 2a cells was not recogmzed by antj- TDP—43 mAb. f
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anti-TDP. anh—TD / antikTOP:
mAb p$4091410 pS409!410 mAb - pS409/410

Fig. 3. Immunoblot analyses of Sarkosyl-insoluble fractions from ALS, FTLD-TDP
(type A); and AD brains with anti-TDP-43 monoclonal antibody and phosphoryla-
tion-dependent . anti-TDP-43 antibody, pS409/410. With pS409/410, fragments of
approximately 45 kDa and 18-26 kDa, as well as smearing, were detected. The
banding pattern of 18-26 kDa fragments showed three major bands at 23, 24, and
26 kDa, and 2 mirnior bands at 18 and 19 kDa, with the 24 kDa band being the most
intense. In addition to the normal full-length TDP-43 at 43 kDa, anti-TDP-43 mAb
labeled phosphorylated full-length TDP-43 at 45kDa, high-molecular-weight
smears and two bands at 26 kDa and 24 kDa (arrowheads), which were not seen
in the AD case. The two bands corresponded to the major 26 and 24 kDa bands were
detected with pS409/410.

3.4. The epitope of these TDP-43 antibodies constitute part of protease-
resistant core domain of TDP-43 in ALS and FTLD brains

In order to characterize the epitope further, we treated the
Sarkosyl-insoluble fractions extracted from brains of patients with
proteases and analyzed them with these antibodies. Without pro-
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tease treatment, both antibodies strongly stained normal full-
length TDP-43 of 43 kDa in all cases examined including AD cases
which were without TDP-43 pathology. In ALS and FTLD-TDP cases,
phosphorylated full—]ength TDP-43 of 45 kDa (Fig 4A, arrows) and
the ~25 kDa fragments (Fig 4A, arrow heads) were detected with
these antibodies. After trypsin treatment, the full-length band of
TDP-43 was disappeared and the protease-resistant fragments
around 25 kDa (Fig 4B, white arrows) and smearing substances ap-
peared in the ALS and FTLD-TDP cases. Similarly, after chymotryp-
sin treatment, protease-resistant triplet bands of 16, 20 and 25 kDa
(Fig 4C, white arrow heads) and smearing substances were clearly
detected in ALS and FTLD-TDP-cases with the mAb, while no such
bands were seen in AD cases. On blot with the pAb, multiple bands
were detected in addition to the triplet, and some of these bands
were also detected in AD cases, suggesting that the pAb stained
some normal fragments in addition to the abnormal TDP-43 bands.
In the cases examined, apparent difference was not detected in
these trypsin-resistant and chyrnotrypsm -resistant bands detected
among the chmcopathologmal phenotypes of the diseases. By pro-
teinase K treatment, immunoreactivities with these antibodies
were completely abohshed (data not shown), suggesting that the
epitope is not entlrely resistant to any proteases. However, it is
obvious that the epitope of the TDP-43 deposited in the patients
is fairly protease-resistant compared to the normal protein. These
results indicate that the epitope of the mAb (residues 203-209 of
TDP-43) constitute part of the protease-resistant domain of TDP-
43 which determine a common characteristic of the abnormal
TDP-43 in both ALS and FTLD-TDP.

4. Discussion

‘This is the first analysis of the epitopes of Proteintech’s anti-
TDP-43 polyclonal and monoclonal antibodies, which have often
been used to research TDP-43 proteinopathies since 2006 [6,7].
We demonstrated that anti-TDP-43 mAb specifically recognizes
residues 203-209 of human TDP-43, which form a part of the sec-
ond RNA-recognltxon ‘motif (RRMZ residues 193-257) of normal
TDP—43 [26], but constitute part of the protease-resistant core do-
main of TDP-43 aggregates that determine the common character-
istic of abnormal TDP-43 in ALS and FTLD-TDP-43.

RRM2 is a functional domain with distinct RNA/DNA binding
characteristics. The anti-TDP-43 mAb recognized human TDP-43,
but not mouse TDP-43. Site-directed mutagenesis and subsequent
immunoblot analysis revealed that Glu204, Asp205 and Arg208
residues in human TDP-43 are important for the specific recogni-
tion by the' mAb (Fig. 2). In fact, human TDP-43 shares 98.5%
homology with mouse TDP-43 at the amino acid level, but the
RRM2 domain has only 66% homology. *

We also showed that one of the major epitopes of the pAb is lo-
cated in almost the same region at that of the mAb (Fig. 1),
although the pAb also recognizes the N-terminal region of TDP-
43. Recently, TDP-43 transgenic mice overexpressing human
TDP-43 have been produced as animal models of TDP-43 protein-
opathy [27]. However, abnormal TDP-43 pathologies in these mice
are very rare, so new transgenic or other animal models that devel-
op abundant TDP-43 pathology are still required. Since the TDP-43
mADb recognizes human TDP-43, but not mouse TDP-43, it will be a
useful reagent for the characterization of mouse lines transgenic
for human TDP-43, together with phosphoerylation-dependent
antibodies.

Biochemical analyses of TDP-43 proteinopathies have demon-
strated that abnormally phosphorylated full-length and C-terminal
fragments of TDP-43 are the major species in the inclusions. The
band patterns of the C-terminal fragments at 18-26 kDa are closely
correlated with the clinicopathological subtypes of TDP-43 pro-
teinopathies [17]. In addition, most of the pathogenic mutations
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Fig. 4. Immunoblot analysis of Sarkosyl-insoluble fractions from AD and TDP-43 proteinopathies before and after protease treatment. (A) Without protease treatment,
normal TDP-43 of 43 kDa was detected with these antibodies in all cases examined. In the ALS and FTLD-TDP cases, phosphorylated full-length TDP-43 of 45 kDa (arrows),
high-molecular-weight smears, and the 24-26 kDa fragments (arrow heads) were detected in addition to the normal TDP-43. (B) Upon trypsin treatment, full-length TDP-43
disappeared, and the protease-resistant ~25 kDa fragments (white arrows) and smears appeared in ALS and FTLD-TDP cases, but not in AD cases. (C) After chymotrypsin
treatment, triplet bands (white arrowheads) were detected in ALS and FTLD-TDP cases with the mAb and multxple bands were detected with pAb whereas such

immunoreactivities were hardly detected in AD cases.

are found in the C-terminal half of the TDP-43 [13-16]. Therefore,
misfolding or structural alteration of the C-terminal half of TDP=43
seems to be the key to the pathogenesis of TDP-43 protemopathles
By mass spectrometric analysis of the 23 kDa band in Sarkosyl-
insoluble fraction from FILD-TDP (type A), we identified the
cleavage site as the N-terminus of Asp219 [23]. Another group re-
ported cleavage at’Asp208, based on N-terminal sequencing of urea
extracts of FTLD-TDP brain [28]. However, the c]ea'vage,site"s of the
other major C-terminal fragments of 24 and 26 kDa have not been
determined yet. In this study, we showed that the pathological
TDP-43 C-terminal fragments of 24 and 26 kDa in ALS and FILD-
TDP type A contain the epitope of anti-TDP-43 mAb, residues
203-209, by comparing the immunoblotting results with those

using pS409/410 (Fig. 3). This result suggests that the cleavage

sites of pathological TDP-43 C-terminal fragments in ALS and
FTLD-TDP are located at the N-terminal side of Thr203. Although

the mechanisms of generation of the C-terminal fragments are still

controversial, the presence of multiple cleavage sites suggests'that
cleavage may occur after the aggregation or assembly of TDP-43.
Structural or  conformational - changes in" the proteins  are
thought to be the most important in protein aggregatlon in these
neurodegenerative diseases. To analyze the conformational change
in the epitope of TDP-43 from normal to the abnormal states fur-
ther, we treated the Sarkosyl-msoluble TDP-43 with trypsin or chy-
motrypsin, and immunoblotted. with these ,antlbodles. The
protease-resistant TDP-43 bands and smears were detected in
ALS and all subtypes of FTLD-TDP with these anti-TDP-43 antibod-
ies (Fig. 4), while no such bands were seen in AD cases. These dem-
onstrate that the epitope is protease-resistant in the abnormal
TDP-43 but not in normal TDP-43. Using an antibody pS409/410
that recognizes the C-terminal phosphorylation sites, some

protease-resistant TDP-43 bands are detected, and the band pat-
terns are slightly different between ALS and FTLD-TDP type C
[29]. On immunoblots with anti-TDP-43 pAb and mAb, such differ-
ence was not observed. This is probably due to that the epitope of
the mADb and pAb is located in the amino-terminus of the protease-
resistant core of the TDP-43, whereas epitope of the pS409/410 -
located in the C-terminus. Similar protease-resistant bands have
been reported in abnormal prion in prion diseases, tau in Alzhei-
mer's disease and alpha-synuclein in Parkinson’s disease and
dementia with Lewy bodles Biochemical studies in these protein-
opathies suggested that the protease-resistant bands represent the
core domains of the filamentous aggregates of these proteins with

_cross-B structures [30-32]. By analogy with these proteins we pro-

pose that these _protease-resistant C-terminal fragments represent

_ the core of the filamentous aggregates of TDP-43. Since the epitope

of the mAb and pAb are determined to locate at residues 203-209,
this may be important in the formation of a core region of patho-
logical TDP-43 aggregates which is common in all TDP-43 protein-
opathies. Finally, the protease treatment used in this study may be
useful for detection of the abnormal TDP-43 in brains of patients,
animal models, culture cells and in vitro models with these anti-
TDP-43 antibodies more specifically, as used for detection of
abnormal prion proteins.
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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 significance 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
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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 specific 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 a-synuclein.
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Introduction

TAR DNA-binding protein of M, 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 unidentified gene at chromosome
9p [28, 411, have been reported to be associated with famil-
ial forms of FTLD-U. Recent findings 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 classified 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 etal. [7]
drew these two systems together into a unified 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 afflicted 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 specific for phosphorylated TDP-43 (pTDP-43),
made by ourselves, we previously identified 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].

@ Springer

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-
nificance 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 find 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 specific subtype of FTLD-U.

Materials and methods
Materials

We studied two independent series of cases (Table 1). The
first 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 findings from the first

series, included examination of some additional neuroana-
tomical regions not available in the first 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 first series and one case
from the second series had little AD pathology, corre-
sponding to the pure form of diffuse Lewy body disease
(DLBD) [21]. :
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Immunohistochemistry

P value
0.35
>0.99

6(6.0,6.0) 0.11

For the first series, small blocks of brain were dissected at
autopsy and fixed in 4% paraformaldehyde (PFA)in 0.1 M
phosphate buffer (pH 7.4) for 2 days. Following the cryo-
protection in 15% sucrose in 0.01 M phosphate-buffered
saline (PBS, pH 7.4), blocks were cut on a freezing micro-
tome at 30 um thickness. The free floating sections were
incubated with 0.5% H,0, 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
intensified 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-um-thick sections of formalin-fixed, paraffin-
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
buffer, pH 6.0. Immunoreactions were developed with
aminoethylcarbizole (AEC). ‘

In the first 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 five-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-specific antibodies
(pS409/410 and pS403/404) were employed in the first
series, while both phosphorylation-independent commer-
cial anti-TDP-43 antibody and pTDP-43-specific 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-specific antibodies often stained a greater
amount of pathology. V

TDP-43
negative
4 (40%)
71.0+£95
3:1

Second series (N = 10)
NA

TDP-43
positive

6 (60%)
76.3+74
4:2
4.5(2.0,6.0)

NA

P value
0.15
>0.99
0.54

negative

7 (47 %)
81.7£6.5
5:2
4(3.25,4.0)

Dementia with Lewy bodies
=15)
TDP-43
1,144 £+ 146 0.79

First series (N
TDP-43
positive
8(53%)

735 +£12.8
6:2

4 (3.0, 6.0)
1,123 £ 151

P value
0.56

= 25)
TDP-43
negative
11 (44%)

5:6
6(6.0,6.0) 0.7

812470 727+£92 0.015*

Second series (N
8:6

Pvalue TDP-43
positive
14 (56%)
6 (6.0, 6.0)
NA

0.95
0.027*

53)

TDP-43

negative

34 (64%)

78.8 +10.7 0.16
20:14

5(4.0,5.0)
1,116 £ 137 0.98

Alzheimer’s disease
First series (N
TDP-43

positive

19 (36%)

828 7.5

11:8

5(5.0,6.0)

1,117 £ 162

Statistical analyses

Unpaired Student’s  tests were used to analyze differences
between groups for age and brain weights, whereas the
Braak stage score was analyzed with Mann—Whitney

(25th, 75th percentile)
Brain weight & SD (g)

Table 1 .Demographics and pafhology of all cases employed in this study

Mean age at death & SD (years)

Sex, M:F
. Median Braak NFT stage

Number of cases (%)
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Table 2 Antibodies used in this study

Antibody Type Source

Dilution

Phosphorylation-independent anti-TDP-43

Anti-TDP-43 Rabbit polyclonal

(affinity purified)
Phosphorylation-dependent anti-TDP-43
pS409/410 Rabbit serum 2
pS403/404 Rabbit serum 2

" Anti-tau

AT8 Mouse monoclonal
Anti-a-synuclein
pod#o64 Mouse monoclonal

Anti-a-synuclein Mouse monoclonal
Anti-amyloid B protein

6F3D Mouse monoclonal

ProteinTech, Chicago, IL

Innogenetics, Gent, Belgium

Wako Chemical, Osaka, Japan
Invitrogen, Burlington, ON, Canada

DAKO, Mississauga, ON, Canada

1:1,000 (IB, IHC-P)

1:1,000 (IB, THC-P), 1:10,000
(IHC-F), 1:5,000 (IF)

1:1,000 (IB, IHC-P), 1:10,000
(IHC-F), 1:5,000 (IF)

1:2,000 (IHC-P), 1:100 (IF)

1:3,000 (IF)
1:10,000 (IHC-P)

1:100 (IHC-P)

IB jimmunoblotting, JHC-P immunohistochemistry in paraffin-embedded sections, IHC-F immunohistochemistry in free-floating sections, IF

immunofluorescence
2 Made by ourselves [14]

U test. ¥> and Fisher’s exact test were used to analyze the

difference between groups for sex.
Confocal microscopy

* For double labeling immunofluorescence for pTDP-43 and
phosphorylated tau in AD or for pTDP-43 and phosphory-
lated a-synuclein in DLB, 4% PFA-fixed and free floating
sections from the first series were used. The sections were
incubated overnight at 4°C in a cocktail of pS409/410 or
pS403/404 and AT8 or pa#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
Microlmaging 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

A Springer

TDP-43 clearly as previously reported [14]. Proteins in the
gel were then electrotransferred onto a polyvinylidene

. difluoride membrane (Millipore Corp., Bedford, MA).

After blocking with 3% gelatin in Tris-buffered saline

(20 mM Tris-HCI, 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 intensified 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 diffuse 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 first 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 significantly different (* = 2.826; 1 df;
P =0.093). pTDP-43-positive NCIs and DNs were variably
present in the amygdala, hippocampus, parahippocampal
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Table 3 TDP-43-positive structures in the first series of Alzheimer’s disease

Caseno. Age Sex SP(CERAD) -NFT (Braak) Amyg - DG = CA4 CA2/3 CAl Sub EC  Temp TDP-43 path
F-AD1 86 M NA NA et NA NA NA NA ++ +++ Diffuse
F-AD2 85 F C \' NA +H+ ++ ++ + +++ Diffuse
F-AD3 -80 F C A" NA ++ + + ++ ++ ++ Diffuse
F-AD4 67 F C VI NA + — - + ++ +++ Diffuse
F-ADS5 82 M . NA NA NA ++ - * ++ ++ ++ - Limbic
F-AD6 85 F C VI NA + - * + + L+ - Limbic
F-AD7 86 M C \' + + - - + + ++ - Limbic
F-ADS8 86 M NA NA - - - - + + + - Limbic
F-AD9 75 M C VI- + + + + + + + + Limbic
F-AD10 77 M C A% NA NA NA NA NA ++ - - Limbic
F-ADI11 78 M C VI NA + - - + + - — Limbic
F-AD12 96 M NA NA NA - - - - + - - Limbic
F-AD13 91 F C v .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
FADI7 75 M C VI - - - - + + + —  Limbic
FADIS 8 M C \4 + - - - - -« — " Limbic
F-AD19 72 F NA NA. + NA NA NA NA NA NA NA NA

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

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

Caseno. Age Sex SP(CERAD) NFT (Braak) Amyg DG CA4 CA2/3 CAl Sub EC Cing Temp Front Par TDP-43 path
S-AD1 72 ' F C Vi ‘ +++ + +++ A + +++ + —  Diffuse
S-AD2 8 M C v e i +++ A + . Diffuse
S-AD3 84 M C \' +++ o+ + ++ ++  4++ +++ ++ +H++ +++ + Diffuse
S-AD4 89 - M C VI +++  ++  E + +++ +HH+ HH + ++ — —  Diffuse
S-AD5 81 F C VI +++ - + ++-1; +++  HH + A+ — —  Diffuse
S-AD6 80 M C VI ++ o+ + + +++ 4+ - - —  Limbic
S-AD7 8 F C VI ++ + - — ++ o+ — - - —  Limbic
S-AD8 8 F C VI + + + + +++ — - — —  Limbic
S-AD9 84 F C VI ++ - — - + + + - — - —  Limbic -
S-AD10 95 M C VI A+ — — — + + o+ - - - —  Limbic
S-AD11 74 F C VI + - — - — — - — — - —  Amygdala
S-AD12 72 M C VI + - - - - - - — — - —  Amygdala
S-AD13 79 M C VI + - — - - = B — - - —  Amygdala
S-AD14 73 M C VI + - - - — - — - - - —  Amygdala

SP Senile plaque, NFT neurofibrillary 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

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,
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similar to those characteristic of cases with PGRN mutations
[26] (Fig. 1k, inset). Neurofibrillary tangle-like pTDP-43-
positive structures were occasionally found in the CAl
region (Fig. 1f). Small round, short thread-like or coiled
body-like structures were sometimes observed in the white
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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 immunofluorescence
experiments, cortical tau-positive neuropil threads and
TDP-43-positive dystrophic neurites were usually stained

@ Springer
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independently (Fig. 1l-n), while some neurons showed
cytoplasmic inclusions immunoreactive for both markers
(Fig. 1o—).

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 type of TDP-43 pathology. a Neu-
ronal cytoplasmic inclusions (NCIs) (arrowheads) and dystrophic
neurites (DNs) (arrows) in amygdala. b NClIs 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 (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-
rofibrillary tangle-like structure (arrow), small round structures and
short neurites in the principal layer of the CAl region. g Large NCls
and. short neurites in the subiculum. h Massive NCIs and DNs in the
superficial layer of the entorhinal cortex. i A high power view of NCIs
and DN in the eptorhinal cortex. j Glial cytoplasmic inclusions in the
white matter of the parahippocampal gyrus. k Numerous NCIs and
DN in the superficial layer of the lateral occipitotemporal cortex. Inset
shows a neuronal intranuclear inclusion with a lentiform shape. Double
label immunofluorescence (1-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 (n),
while there is partial colocalization of tau and pTDP-43 in some neu-
ronal cytoplasmic inclusions (arrows in 6—q). Immunohistochemistry
using primary antibodies pS403/404 (a, e, f, k) and pS409/410 (b, ¢, d,
g, h, i, j). Double label immunofluorescence with anti-phosphorylated
tau (ATS) and pS403/404 (I-q). Scale bars a, b, ¢, f, g,1100 um; d, e,
j, inset in k 10 pm; h, 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 NCIs 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 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 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 1, 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 (;Fables 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 (3> = 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 NIIs. In double label-
ing confocal microscopy for pTDP-43 and phosphorylated
oc—synuclem 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

Caseno. Age Sex SP NFT DLB Pathological Amyg DG CA4 CA2/3 CAl - Sub EC “.Temp TDP-43
: (CERAD) (Braak) likelihood diagnosis path
F-DLB1 63 F C VI Int. DLB + Alj NA +++  + ++ + .+ Diffuse
F-DLB2 67 M C VI Int. DLB+AD  +++  +++ + ++ + ++ b Diffuse
EDLB3 82 F C VI Int. DLB+AD  NA + + + + o+ Diffuse
F-DLB4 83 M C v High DLB+AD  +++ + - + + ++ - Limbic
F-DLB5 8 M C v High DLB+AD NA - - + — + + - Limbic
FDLB6 71 M C v High DLB+AD NA . =+ - + — + =+ — Limbic
‘F-DLB7 51 M O I High DLB ++ + + ++ + ++ = Limbic
FDLBS 82 M O II High - DLB + — - - - -+ - Limbic

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
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Table 6 TDP-43-positive structures in the second series of dementia 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
S-DLB1 90 F : C VI Int. DLB+AD +++ — — — - + * - - - — Limbic
S-DIB2 79 M C VI Int. DLB + AD ++ - - = — - = - - - — Limbic
S-DLB3 74 M O I High DLB + - - = - - - - = — — Amygdala
S-DLB4 70 M C 1 High DLB + NA NA NA NA NA NA - - - — Amygdala
SDLB5 71 M C it High DLB - + - - - - - = = = - — Amygdala
S-DLB6 74 F C VI Int. DLB+AD &+ - - = - = - = = — — Amygdala

SP Senile plaque, NFT neurofibrillary 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

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-AD1, 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
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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
more 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 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] 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 (NCIs) and dystrophic neurites
(DNs) in the entorhinal cortex of the pure DLB cases without AD
pathology are shown in k (F-DLB7) and 1 (F-DLBS). a NCls (arrow-
heads) and DNs (arrows) in amygdala. b NCIs in the dentate granule
cells. Inset shows immunofluorescence staining of a lentiform inclu-
sion (red) in the nucleus (blue) of a granule cell. ¢ NCls 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 CAl region. f 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 DLB cases. These results suggest a common progressive

252

NCIs and short neurites in the subiculum. g Massive NCIs and DNs in .
the superficial 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 superficial layer of the lateral occipitotemporal cortex. j A high
power view of NCIs and DNs in the lateral occipitotemporal cortex.
Double label immunofluorescence (m—o) shows partial co-localization
of a-synuclein and pTDP-43 in the NCIs in the temporal neocortex (ar-
rows), whereas most a-synuclein-positive neurites are negative for

' pTDP-43 (m-o0). Immunostaining with pS403/404 (a, i, j) and pS409/

410 (b-h, k, ). Double label immunofluorescence with anti-phosphor-
ylated a-synuclein (po#64) and pS403/404 (m—o0). Scale bars a, b, f, h,
j-1100 pm; d, e 25 pum; ¢, g, i 200 pm; inset inb 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 hierarchical involvement
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A pS409/410

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 I 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-

of neocortical regions, with the temporal association cortex

involved first, followed by the frontal lobe and paﬁetal 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 NCls
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 NIIs 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
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
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B pS403/404

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 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 1 (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
{5, 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 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, 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 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 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

Differentiating clinically between Parkinson’s disease (PD) and the atypical parkinsonian syndromes of
Progressive supranuclear palsy (PSP), corticobasal syndrome (CBS) and multiple system atrophy (MSA) is
challenging but crucial for patient management and recruitment into clinical trials. Because PD (and the
related disorder Dementia with Lewy bodies (DLB)) and MSA are characterised by the deposition of
aggregated forms of a-synuclein protein (a-syn) in the brain, whereas CBS and PSP are tauopathies, we
have developed immunoassays to detect levels of total and oligomeric forms of a-syn, and phosphorylated
and phosphorylated oligomeric forms of a-syn, within body fluids, in an attempt to find a biomarker that
will differentiate between these disorders. Levels of these 4 different forms of a-syn were measured in post
mortem samples of ventricular cerebrospinal fluid (CSF) obtained from 76 patients with PD, DLB, PSP or
MSA, and in 20 healthy controls. Mean CSF levels of total and oligomeric «-syn, and phosphorylated c-syn,
did not vary significantly between the diagnostic groups, whereas mean CSF levels of phosphorylated
ohgomerlc a-syn did differ significantly (p<0.001) amongst the different diagnostic groups. Although all 4
measures of a-syn were higher in patients with MSA compared to all other diagnostic groups, these were
only significantly raised (p<0.001) in MSA compared to all other diagnostic groups, for phosphorylated
oligomeric forms of a-syn. This suggests that this particular assay may have utility in differentiating MSA
from control subject and patients with other a-synucleinopathies. However, it does not appear to be of help
in distinguishing patients with PD and DLB from those with PSP or from control subjects. Western blots
show that the principal form of «-syn within CSF is phosphorylated, and the finding that the
phosphorylated oligomeric a-syn immunoassay appears to be the most informative of the 4 assays
would be consistent with this observation.

© 2011 Elsevier Inc. All rights reserved.

Introduction generative conditions that are neuropathologically distinct entities,
. but show clinical overlap with PD. Because of the prominent clinical
Idiopathic Parkinson's disease (PD) is one of several neurodegen- features they show in addition to parkinsonism, they are often

erative disorders that can present with similar clinical symptoms,

particularly parkinsonism which is a combination of tremor, rigidity .

and bradykinesia. Progressive supranuclear palsy (PSP), corticobasal
syndrome (CBS) and multiple system atrophy (MSA) are neurode-
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described as “atypical” Parkinsonian syndromes. .

In vivo diagnosis of PD and atypical Parkinsonian disorders relies
on clinical criteria (Poewe and Wenning, 2002). Although none of
these disorders is currently curable, it is important to make the correct
diagnosis as early as possible since the symptomatic therapeutic
approaches differ, and future (causative) therapies might be targeted
directly against the underlying pathological process in each of these
disorders. Reliable, early clinical diagnosis is also crucial for correct
classification of patients within clinical trials {Schlossmacher and
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Mollenhauer, 2010). Nonetheless, clinical diagnosis of PD is often
imprecise, particularly during the early stages of the illness. Indeed,
clinicopathological studies have shown that only 69-70% of people
with autopsy-confirmed PD had, in life, at least two of the cardinal
clinical signs of the disease, and 20-25% of people with two of these
symptoms had a pathological diagnesis other than PD (Hughes et al.,
19892, 2001). There is clearly an urgent need to develop a biomarker
for PD and the related disorder of Dementia with Lewy bodies (DLB)
which will not only distinguish these disorders from normal people,
but also from patients with other parkinsonian and/or dementing
syndromes. Considerable effort therefore currently goes into the
development of biomarkers for PD and the atypical parkinsonian
disorders that would reliably allow the clinician to distinguish
between them at an early stage.

PD and DIB are both characterised pathologically by the deposition
of aggregated forms of a-synuclein protein (o-syn) in the brain in the
form of neuronal cytoplasmic inclusions (Lewy bodies, LBs) and
dystrophic processes (Lewy neurites, LNs) (Spillantini et al., 1997,
1998). In PD, a-syn pathology is principally found in brain stem and
mid brain structures (substantia nigra, locus caeruleus, dorsal motor
vagus, and nucleus of Meynert) (Spillantini et al,, 1997), whereas in
DLB the similar a-syn changes are focussed on regions such as
cirigulate cortex, parahippocampal gyrus and amygdala (Spillantini
et al, 1998). LBs and LNs contain a misfolded, fibrillar and
phosphorylated form of a-syn (Anderson et al, 2006; Spillantini
et al,, 1997). In demented PD patients (PDD), there is a ‘spread’ of
o-syn pathology into cortical structures, and PD, PDD and DLB may
form a continuum of disease. Pathological changes also involving
a~syn, but chiefly in glial cells, characterise MSA. Collectively, PD, DLB
and MSA are often referred to as ‘c-syncleinopathies’ (Spillantini
et al, 1998). PSP and CBS on the other hand are tauopathies.

We, and others, have previously reported that a-syn can be
detected within cerebrospinal fluid (CSF) and plasma (El-Agnaf et al.,
2003, 2006; Tokuda et al., 2006, 2010). This extracellular form of
a-syn seems to be secreted from neuronal cells by exocytosis
(Emmanouilidou et al,, 2010; Lee et al,, 2005) and could play an
important role in cell-to-cell transfer of a-syn pathology in the brain
(Angot and Brundin, 2009). Consequently, levels of a-syn within
plasma and/or CSF might therefore serve as a biomarker for PD, and
other o-synucleinopathies (i.e. DLB, MSA). Here, we have tested
whether ventricular post mortem CSF measures of o-syn can predict
the presence or amount of a-syn pathology within the brain in
a-synucleinopathies, and can differentiate the a-synucleinopathies
from each other, as well as from other parkinsonian disorders, such as
progressive supranuclear palsy (PSP), which are characterised by
tauopathy. Moreover, because pathological investigations have
demonstrated that the aggregated o-syn within LBs and LNs is
phosphorylated (at Ser 129) (Anderson et al.,, 2006; Fujiwara et al.,
2002: Obi et al, 2008), we have argued (Foulds et al, 2010) that
these modified, pathological forms of the protein ought to more
accurately reflect the fundamental neuropathology of PD, and that
measurements of phosphorylated a-syn within CSF might provide a
more direct marker of a-syn pathology in the brain (akin to
measurement of tau phosphorylated at Ser 181 (ptau-181) as an
‘index of neurofibrillary pathology in AD (see Blennow and Hampel,
2003 for review)), than the more straightforward measures of ‘total
a-syn’ which most previous assays (for example, El-Agnaf et al.,
2003, 2006; Tokuda et al., 2006, 2010) have been limited to.

Materials and methods

All CSF samples and brain tissues had been collected with full
Ethical permission, following donation by next of kin, and were kindly
provided by the Parkinson's Disease UK Brain Bank (PDUKBB) and
Queen Square Brain Bank (QSBB), except for one MSA case from
Manchester Brain Bank (MBB). Clinical diagnoses had been made
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locally by the referring specialist Neurologist in care of the patient.
Nonetheless, in all instances, the clinical diagnosis had been
confirmed pathologically by Neuropathologists within their respec-
tive tissue banks. For PDUKBB cases, clinical information and
neuropathological reports were available on PDUK web site. For
QSBB and MBB cases relevant information was available locally. All
clinical and pathological diagnoses were made in accordance with

" internationally recognised criteria.

Samples of CSF were obtained at post mortem from 96 individuals
(Table 1), 85 were provided by the PDUKBB, 10 by QABB and one from
MBB. CSF was drawn directly at post mortem from the subarachnoid
space and/or lateral ventricles and immediately frozen and stored at
—80 °C pending analysis. The post mortem delay time between death
and obtaining/freezing CSF was variable, ranging from 2 to 96 h,
though 62% of samples had been collected within 24 h of death and
only 15% after 48 h of death.

Of the 85 samples from PDUKBB, 39 were from patients clinically
diagnosed as having PD, 17 patients had DLB, 7 had PSP, 4 had MSA
and 18 were controls. Of the 10 samples from QSBB, 5 had PSP, 3
had MSA and 2 were controls. The sample from MBB had MSA.
Twenty six. of the PD patients were anecdotally reported in their
clinical histories as suffering from dementia (PD Dem) and/or
cognitive impairment (PD Cog), whereas no evidence of cognitive
impairment or dementia had been reported in the other 13 patients
who were therefore considered to be cognitively unimpaired  (PD
nonD). All patients with PSP had classical Steele-Richardson
syndrome. All patients with MSA had striatonigral degeneneration
(SND) subtype except one with a mixed subtype. Formal neuro-
psychological testing had not been performed for most of the PD
and DLB cases, and MMSE scores were therefore generally not
available. One of the QSBB PSP cases scored 23/30 on MMSE and 3
others from PDUKBB were reported as suffering from dementia, but
the remaining PSP cases; and all the MSA and control cases had
been considered to display no cognitive lmpalrment or had normal
MMSE scores (where available).

Although, overall, age at onset, age at death and duration of illness
differed significantly between PD, DLB, PSP, MSA and control groups
(F3‘72 =2.95, pP= 0.039, F4_95 =248, p= 0.05, F3,72 =4.55, p= 0.006,
respectively) (Table 1), post hoc Tukey test showed no significant
differences in any of these measures between any of the diagnostic
groups, probably because of the small sample sizes involving PSP and
MSA groups, particularly in respect of disease duration. (Table 1).
There were no- significant differences between PD, PDD or DLB
groups (F 52 =043, p=0.654; F;53=2.40, p=0.100; F;5,=0.845,
p = 0.435, respectively).

Paraffin sections (6 pum) of frontal and cingulate cortex, hippo-
campus and temporal cortex, amygdala and parahippocampus, and
substantia nigra were obtained from the PDUKBB and QSBB from the
same PD, DLB, PSP and MSA patients, wherever possible. However,
sections were only available from 6 of the 20 control subjects (4 from
PDUKBB and 2 from QSBB (Table 1).

Table 1

Selected clinical and demographic details of cases stud1ed
Group Gender Age at onset Age at death Duration

(year) (year) (year)

All PD (n=39) 29M, 13F 64.2411.8 784467 142+738
PD (n=13) 10M, 3F 66.1+11.7 790465 129466
PDD (n=26) 19M, 10F 6334120 78.1+6.9 14884
DLB (n=17) 14M, 3F 624482 740+£75 11.8+69
PSP (n=12) 10M, 2F 735469 80.7+79 6.6+3.8
MSA (n=38) 4M, 4F 643+£76 709+7.4 7.6+29
Controls (n=20) 13M, 7F na 7794121 na
“Controls (n==6) 5M, 1F na 733+124 na

4 Those 6 of the 20 control cases for which paraffin sections were available.
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Biochemical methods

Preparation of recombinant a-syn

Recombinant a-syn (without any purification tag) was prepared
at Lancaster University from E. coli using the following protocol. pJEK2
was used to transform FB850, a rec A~ derivative of BL21 (DES) pLysS.
FB850 carrying this plasmid was grown in an 800 ml batch culture and
protein expression was induced through the addition of isopropyl--
D-thiogalactopyranoside (IPTG). A protein with a molecular weight of
~17 kDa started to accumnulate in the cells 30 min after induction and
reached maximum levels after 150 min. Immunoblot analysis iden-
tified this protein as a-syn using an anti-a-syn mouse monoclonal
antibody (MAD 211, from Santa Cruz Biotechnology, Santa Cruz, CA,
USA). After a 3 h induction, the suspension was centrifuged, and the
cells resuspended in buffer. The cells were lysed by. sonication, and
then cell debris and insoluble material was removed by centrifugation
at 4°C for 1h at 30,000 rpm. «-Syn was extracted from the
supernatant by ammonium sulphate precipitation, then purified
using two chromatography columns; mono Q and Superose 6. After
purification, 5 pig of protein ran as a single band when observed on a
Coomassie blue-stained SDS gel, corresponding to monomeric o-syn.

Preparation of phosphorylated c-syn
Phosphorylated a-syn was prepared from recombinant a-syn as
described previously (Sasakawa et al., 2007).

Preparation of oligomeric forms of a-syn

To prepare a standard for the oligomeric o-syn immunoassay, the
recombinant protein was oligomerised by incubation at 45 M in
phosphate-buffered saline (PBS) in an orbital shaker at 37°C for
5days, and the monomer and oligomer were separated by size
exclusion chromatography. A sample (0.5ml) of pre-aggregated
a-syn was loaded onto a Superose 6 column (44 x 1 cm) connected
to a fast protein liquid chromatography (FPLC) system (Atka
Purifier, GE Healthcare) and eluted with running buffer (PBS) at a
flow rate of 0.5 ml/min. Absorbance of the eluate was monitored at
280 nm and fractions of 1 ml were collected and protein concen-
tration determined.

To prepare a standard for the phosphorylated oligomeric o-syn
immunoassay, the phosphorylated protein was allowed to aggregate
by incubation at 50 uM in PBS in an orbital shaker at 37 °C for 5 days.
Aggregation of the protein was confirmed by thioflavin T assay (see
Supplementary data). In this case, the amount of sample available was
too small to fractionate by size-exclusion chromatography.

Immunoassays

We have already established immunoassays for the measurement
of ‘total’ and ‘soluble oligomeric’ forms of a-syn in human biological
fluids, including blood plasma and CSF (El-Agnaf et al.,, 2003, 2006;
Tokuda et al., 2006), but these methods have been further optimized
here.

Total c-syn

An ELISA plate (Iwaki) was coated with 100 pl/well of anti-o-syn
monoclonal antibody 211 diluted 1:1000 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) (0.2 ug/ml) in 50 mM NaHCOs, pH 9.6, and
incubated at 4 °C overnight. The wells were then washed 4 times with
PBS containing 0.05% Tween-20 (PBS-T), and incubated for 2h at
37 °C with 200 pl/well of freshly prepared blocking buffer (2.5%
gelatin in PBS-T). The plate was washed again 4 times with PBS-T and
100 pl of the assay standard or CSF samples were added to each well,
(each CSF sample was diluted 1:40 with PBS), and the assays were
performed in triplicate. Following this, the plate was incubated at
37 °C for 2 h. After a repeat washing with PBS-T, 100 pl/well of the

detection antibody, anti-o/3/y-synuclein FL-140 (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA), dilution 1:750 (0.27 pg/ml) in
blocking buffer was added, and the plate was incubated at 37 °C for
2 h. After another wash with PBS-T, the plate was incubated with
100 pl/well of secondary antibody (goat anti-rabbit HRP (Sigma),
dilution 1:10,000 in blocking buffer at 37 °C for 2 h. The plate was
then washed again with PBS-T before adding 100 pl/well of Sure Blue
TMB Microwell Peroxidase Substrate (KPL, USA) and leaving the
colour to develop for 30 min at room temperature. Finally 100 pl/well
of stop solution (0.3 M H,50,4) was added and absorbance at 450 nm
was determined. Recombinant monomeric a-syn was used to create a
standard curve (Fig. 1a).

Oligomeric c-syn

The microtitre plate was coated and blocked using the same
method as the assay for ‘total a-syn’. The wells were then washed 4
times with PBS-T and 100 pl of the CSF samples (diluted 1:25 with
PBS) or assay standard (oligomeric a-syn) was added to each well, in
triplicate. Following this, the plate wasincubated at 37 °Cfor 2 h. After
a repeat wash with PBS-T, 100 pl/well of the detection antibody,
biotinylated anti-a-synuclein 211 (diluted 1:1000 in blocking buffer)
was added, and the plate was incubated at 37 °C for 2 h. After another
wash with PBS-T, the plate was incubated with 100 pd/well of
streptavidin-europium, diluted 1:500 in streptavidin-europium buffer
(Perkin Elmer) and shaken for 10 min. After a further 50 min agitation
on a rotating platform, the plate was washed again with PBS-T, before
adding 100 pl/well enhancer solution (Perkin Elmer). Finally, the
plates were read on a Wallac Victor? 1420 multi-label plate reader,
using the time-resolved fluorescence setting for europium.

Oligomeric a-syn was used to create a standard curve (Fig. 1b).
The specificity of this assay towards aggregated forms of o-syn was
confirmed (the o-syn monomer gave no significant signal).

Phosphorylated o-syn

The antibody-sandwich immunoassay for ‘total’ a-syn was
modified to detect only phosphorylated forms of the protein by
replacing the 211 phospho-independent capture antibody with -
polyclonal anti-c-synuclein N-19 (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA), diluted 1:3000 (0.07 pg/ml). The phospho-
dependent rabbit monoclonal antibody, Phospho (pS129) Antibody
(Epitomics Inc., CA, USA), used at a dilution of 1:3000, was the chosen
detection antibody. This antibody only detects a-syn phosphorylated
at Ser129. The preferred secondary antibody was human serum
absorbed goat anti-rabbit HRP, 1:3000 (KPL, USA, rehydrated- in
1ml H,0). This assay did not detect non-phosphorylated recom-
binant a-syn. '

Oligomeric, phosphorylated a-syn

The antibody-sandwich ELISA for ‘oligomeric’ o-syn was modified
to detect only phosphorylated, oligomeric forms of the protein, by
replacing the 211 phospho-independent capture antibody with the
phospho-dependent rabbit monoclonal antibody, Phospho (pS129)
(Epitomics, Inc., CA, USA), used at a dilution of 1:3000. The detection
antibody was biotinylated Phospho (pS129) at a dilution of 1:400.
Recombinant, oligomerised, phosphorylated a-syn (oligo-pS-c-syn)
was used to generate a standard curve (Fig. 1d). This assay did not
detect the monomeric form of pS-a-syn.

Immunoblotting

According to the measures of total and oligomeric a-syn within
CSF, cases with relatively high and low concentrations of a-syn were
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