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Table 1 Proportion of cases (percentage of cases in parentheses) containing ubiquitinated (UBQ) and TDP-43 immunoreactive inclusions in
neurons of inferior olives, together with median rating values for each type of inclusion, for each patient group

Group Proportion Median 0 05 1 2 3 4 Proportion Median 0 05 1 2 3 4
UBQ +ve UBQ rating TDP +ve  TDP rating
FTLD 37/48 (77) 1 1 8 10 10 8 t 134827 O 35 5 4 2 1 1
FTLD-TDP 26/32 (81) 3 6 7 5 5 8 1 13/32(40) O 19 5 4 2 1 1
FTLD-U type 1 8/9 (89) 1 1 3 1 2 2 0 19(18) © 8 1 6 0 0 O
FTLD-U type 2 6/10 (60) 2 4 3 1 0 2 0 210200 O 8 2 0 0 0 O
FTLD-U type 3 12/13 (%) 3 11 3 3 4 1 10/13(78) 1 3 2 4 2 1 1
FTLD-tau 10/15 (67) 1 5 0 5 5 0 O 0/15 (O) 0 15 0 0 0 0 O
FTLD-Picks 4/8 (50) i 4 0 3 1 0 O 0/8 (0) 0 8 O 0 06 0 0
FTLD-MAPT 6/7 (86) 2 I 0 2 4 0 0O 0/7 (0) 0 7 0 0 0 0 O
FTLD-DLDH 11 (100) 0O 0 1 0 0 0 0O 0/1 (0) 0 0 o0 0 0 0 O
MND 10/11 (91 1 I 5 2 2 1 0 211 (18) 0 9 0 2 0 0 0
AD 5/5(100) 2 0 1 i 2 1 0 1/520) 0 0 1 0 0 0 O
DLB 517 (71) 2 2 0 1 2 1 1 0/7 (0) 0 7 0 0o 0 0 0
HD 1/3 (33) 0 2 1 0 ¢ 0 O 0/3 (0) 0 3 0 0 0 0 0
PD 13/19 (68) 1 6 3 5 4 1 0 0/19 (0) 0 19 0 0 0 0 O
PSP 111 (100) 1 0 1 5 5 0 0 0110 0 1 0 ¢ 0 0 0O
MSA 2/6 (33) 0 4 0 2 6 0 O 0/6 (0) 0 6 0 0 0 0 O
Control 14/14 (100) 1 0 0 8 3 3 0 0/14 (0) 0 14 0 0 0 0 O

Also shown is the number of cases falling into each rating category for each patient group

FTLD frontotemporal lobar degeneration, MND motor neurone disease, AD Alzheimer’s disease, DLB dementia with Lewy bodies,
HD Huntington’s disease, PD Parkinson’s disease, PSP progressive supranuclear palsy, MSA multisystem atrophy

cells) in only a single FTLD-U type 1 case, and in two type
2 cases. In FTLD-tau, UBQ-ir NCI were present in 4/8
(50%) sporadic FTLD cases with Pick bodies and 6/7
(80%) cases FTLD with MAPT mutations. In all cases of
FTLD-tau, and in the DLDH case, NCI were always of the
conglomerated type. Elsewhere, UBQ-ir NCI were also
seen in 10/11 (91%) patients with MND, these being of the
spicular type in 2 patients but of the conglomerated type in
the other 8 patients. UBQ-ir NCI were also present in 5/5
(100%) patients with AD (1 with spicular NCI and 4 with
conglomerated NCI), 5/7 (71%) patients with DLB, 13/19
(68%) patients with PD, 11/11(100%) patients with PSP,
2/6 (33%) patients with MSA, 1/3 (33%) patients with HD,
and in 14/14 (100%) normal elderly control subjects. In all
these, latter groups of patients NCI were always of a
conglomerated type.

The proportion of patients with UBQ-ir inclusions was
broadly similar in all patient groups (Table 1), though the
small sample sizes of some groups prevented formal sta-
tistical comparisons across all the groups. Within FTLD
group alone, there was no difference in proportion of
patients with UBQ-ir inclusions between those with FTLD-
TDP and those with FTLD-tau ()(2 = 1.21, P = 0.270), or
between the three different FTLD-U histological subtypes
(x* = 4.35, P = 0.113). The density of UBQ-ir inclusions

(i.e., the median number of UBQ-ir inclusions per section)
differed significantly (F7,,5 = 2.24; P = 0.036) across the
patient groups, though post hoc testing did not reveal any
significant differences between any two of the patient
groups. Although the density of UBQ-ir inclusions in
FTLD-TDP did not differ from than that in FTLD-tau
(Fras = 1.65; P = 0.205), there was a tendency for this
to differ within the FTLD-U histological subtypes
(Fa29 = 2.54; P = 0.096), with highest densities being
seen in cases with type 3 histology and lowest in those with
type 2 histology (Table 1). The density of UBQ-ir inclu-
sions also tended to be greater (P = 0.099) in those FTLD-
U type 3 cases with PGRN mutations compared to those
without PGRN mutations.

TDP-43 immunostaining

In TDP-43 immunostaining (TDP-43-ir), using the phos-
pho-independepent TDP-43 antibody, fewer or no NCI
were seen compared to UBQ-ir stained sections. However,
when present, these TDP-43-ir NCI always had a com-
pacted or solid appearance, being rounded or spicular
similar in appearance (Fig. le), similar to those seen on
UBQ-ir (Fig. 1b, ¢). No TDP-43-ir NCI with a conglom-
erated appearance was ever seen. Occasionally, skein-like
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NCI were also seen. Frequently, neurones contained a fine
granular TDP-43 deposition, either diffusely throughout
the perikaryon or more peripherally around the cell margin.
Occasional neurones containing NCI appeared to be
devoid of intracellular organelles and nucleus, and cells
undergoing neuronophagia with clustered microglia and
extracellular NCI were sometimes observed (Fig. If).
There was variable physiological nuclear staining within
neurones of the ION, though glial cell nuclei and cyto-
plasm remained unstained in all cases.

Similar results were obtained with the polyclonal
phospho-dependent TDP-43 antibody, ps409/410-2, with
the exception that the normal diffuse pattern of nuclear
staining was not present with this antibody. All patients and
sections displaying TDP-43 pathological changes with the
phospho-independent antibody were also immunoreactive
with the pS409/410 antibody, with no additional patients/
sections displaying TDP-43-ir.

TDP-43-ir inclusions were seen in 13/48 (27%) FTLD
cases, being present in 13/32 (40%) FTLD-TDP cases
(including 1/4 FTLD-MND cases), but were not seen in
any of the 8 sporadic FTLD cases with Pick bodies or any
of the 7 cases with FTLD with MAPT mutation, or in the
single DLDH case. TDP-43-ir inclusions similar to those in
FTLD-TDP were seen in 2/11 (18%) patients with MND
and /S5 (20%) patients with AD, but were absent in all
patients with DLB or HD. With regards to FTLD-U his-
tological type, TDP-43-ir NCI were present in 1/9 (11%)
cases with type 1 histology, 2/10 (20%) cases with type 2
histology, but were seen in 10/13 (78%) cases with type 3
histology.

Within the FTLD group, the proportion of patients with
TDP-43-ir inclusions was significantly greater in cases with
FTLD-TDP compared to those with FTLD-tau (Fisher’s
exact test P = 0.004), and the proportion of patients
with TDP-43-ir inclusions was significantly greater in cases
of FTLD-U with type 3 histology compared with other
FTLD-U histological subtypes (x* = 12.22, P = 0.002).
The density of TDP-43-ir inclusions (i.e., the median
number of TDP-43-ir inclusions per section) did not differ
significantly between FTLD overall and the other patient
groups (F;11s = 1.68; P = 0.120), though the density of
TDP-43-ir inclusions in FTLD-TDP was significantly
greater than that in FTLD-tau (F 45 = 5.20; P = 0.027).
Moreover, the density of TDP-43-ir inclusions within the
different FTLD-U histological subtypes differed signifi-
cantly (F,,9 = 4.59; P = 0.019), with highest densities in
cases with type 3 histology and lowest in those with type 1
histology. The density of TDP-43-ir inclusions in those
FTLD-U type 3 cases with PGRN mutations was greater
(Fisher’s exact test P = 0.05) than that in those cases
without PGRN mutations.
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Comparison of density of UBQ-ir and TDP-43-ir NCI

The density of NCI within each case, as determined by both
UBQ and TDP-43 immunostaining, was compared on a
group basis using Wilcoxon signed ranks test. The density of
UBQ-ir NCI was significantly greater than that of TDP-43-ir
NCI for FTLD-U histology types 1 (P = 0.007), 2
(P =0.017) and 3 (P = 0.048), FTLD with MAPT muta-
tions (P = 0.023), MND (P = 0.038), AD (P = 0.043),
DLB (P = 0.042), PD (P = 0.000), PSP (P = 0.000), MSA
(P = 0.000), and in the normally aged group (P = 0.000)
and tended to be greater (P = 0.059) in FTLD with Pick
bodies; there was no significant difference (P = 0.317)
between the density of UBQ-ir and TDP-43-ir NCI in HD.

Relationship to age

There was a highly significant correlation (r, = 0.394;
P < 0.001) between rating for UBQ-ir inclusions and age
at death (where known) for those 108 subjects (i.c., patients
and normal controls) without TDP-43-ir inclusions:
patients with TDP-43-ir inclusions were excluded from this
analysis since the presence of such inclusions would have
contributed partially or wholly to the overall UBQ-ir
inclusion score. Nonetheless, a similar relationship with
age was seen amongst those remaining 16 patients with
TDP-43-ir inclusions (r; = 0.581; P = 0.018).

Other immunostaining

In all cases with UBQ-ir NCI, similar appearing NCI
were also seen in p62 immunostaining (Fig. 1). While the
spicular or skein-like UBQ-ir NCI were as strongly
immunoreactive with p62 antibody (Fig. 1g) as those seen
in UBQ (Fig. 1b) or TDP-43 (Fig. le) immunostaining, the
conglomerated type (Fig. 1h) were sometimes, but not
always, as strongly immunoreactive with p62 antibody as
with UBQ immunostaining (Fig. la). None of the type of
inclusion was detected with antibodies to phosphorylated
tau, neurofilament, a-synuclein or o-internexin proteins.

Double immunostaining and confocal microscopy

Double labelling immunohistochemistry showed that most
of the spicular and rounded TDP-43-ir inclusions within
ION were also UBQ-ir (Fig. 2a), though occasional spic-
ular TDP-43-ir NCI were seen that were not UBQ-ir
(Fig. 2b). Sometimes, within the same cell, there were two
spicular NCI, one containing both TDP-43 and UBQ pro-
teins, and one with only TDP-43-ir apparently not being
ubiquitinated (Fig. 2c). On other occasions, spicular NCI
showed parts of the inclusion to be TDP-43-ir and parts
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Fig. 2 Double
immunolabelling of neuronal
cytoplasmic inclusions (NCI) in
neurones of the inferior olivary
nucleus. Most of the spicular
and rounded TDP-43-ir NCI
(brown) are also UBQ-ir
(purple) (a, b), though
occasional TDP-43-ir NCI are
not UBQ-ir (b, ¢), sometimes
even within the same cell where
the other NCI is both TDP-43-ir
and UBQ-ir (¢). On other
occasions, parts of NCI are
TDP-43-ir and parts UBQ-ir (d).
The conglomerated, UBQ-ir
NCI are not TDP-43-ir (e, f).
Microscope objective
magnification x40

that were UBQ-ir were seen (Fig. 2d). Conversely, the
conglomerated, UBQ-ir type of NCI were never TDP-43-ir
(Fig. 2e, ).

Confocal microscopy confirmed that the spicular and
rounded, UBQ-ir NCI (Fig. 3a) were also TDP-43-ir
(Fig. 3b), and that in some instances, the two proteins
appeared to be co-localised (Fig. 3¢). The conglomerated
UBQ-ir NCI did not contain TDP-43 protein (not shown).

Nuclear immunostaining

TDP-43 is a DNA binding protein and therefore most
cases showed variable degrees of physiological nuclear
immunostaining with the phospho-independent TDP-43
antibody, this ranging from very strong to weak or absent
in each of the diagnostic groups. Nonetheless, it was

notable that in FTLD-TDP, MND and AD groups, olivary
neurones with TDP-43-ir NCI showed no TDP-43 nuclear
staining (Fig. le) (see also [10]), whereas neurones without
NCI showed a degree of nuclear staining comparable with
that seen in neurones in other brain stem regions (e.g.,
those in vestibular or hypoglossal nuclei) where UBQ or
TDP-43 NCI were never seen. Nuclear TDP-43-ir was not
diminished in neurones of ION showing conglomerated
TDP-43-negative, UBQ-ir NCI compared to cells without
such UBQ-ir inclusions.

Discussion

The presence of ubiquitinated inclusions in the JON has
been commented on in some early studies [12, 14, 17],
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Fig. 3 Confacal microscopy shows that the spicular and rounded, UBQ-ir NCI are also TDP-43-ir, and that the two proteins are co-localised
(a UBQ green, b TDP-43 red, ¢ merge). Microscope objective magnification x 100

though these observations were made largely on normally
aged persons and in some patients with AD. Likewise,
some previous studies on FTLD-TDP and FTLD-MND
using UBQ immunohistochemistry [25] or TDP-43
immunohistochemistry {10] have alluded to the presence of
ubiquitinated, or TDP-43-containing, NCI within the infe-
rior and superior olivary nuclei, however, there has only
been one previous systematic study of these structures in
FTLD [11]. In this, TDP-43-ir NCI, similar in range of
morphologies to those described here, were present in 79%
of (51) cases of FTLD-TDP, 50% of (4) cases of FTLD-
MND and 50% of (11) cases of MND alone. Unfortunately,
these authors did not further classify the presence of TDP-
43-ir NCI in ION according to FTLD-U histological sub-
type, or in relationship to genetic cause. Consequently, the
specificity of NCI to patients with FTLD-TDP and MND is
unknown, and their relationship to clinical and histological
phenotype, and relevance to disease symptomatology,
remains to be clarified. In the present report, investigating
patients with neurodegenerative diseases such as FILD,
MND, AD, DLB, PD, PSP, MSA or HD, and normally
aged individuals, we have noted NCI to be widely present
in the inferior olives in many patients with different neu-
rodegenerative disorders and in normal elderly persons.
Two types of (mutually exclusive) NCI were seen.

The first type was UBQ/p62 and TDP-43 immunoreac-
tive and had a solid, rounded, spicular or skein like
appearance. This type of inclusion was mostly present in
patients with FTLD-TDP, especially those with FTLD-U
type 3 histology {8, 29] and PGRN mutation. Such inclu-
sions were less common in FTLD-U type 3 cases without
PGRN mutations, being similar in frequency to those in
FTLD-U cases with types 1 and 2 histology [8, 29]. This
kind of inclusion was also seen in a few patients with MND
and occasionally ones with AD, but was not seen in FTLD-
tau, in the single patient with DLDH, in patients with DLB,
PD, PSP or HD, or in normal elderly individuals. The
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presence of TDP-43-ir inclusions in the ION in FTLD-TDP
and MND patients may therefore represent an ‘extension’
of the pathological process to involve this particular brain
region along with cerebral cortex, hippocampus, striatum,
brain stem and spinal cord. TDP-43 pathology has been
noted to occur in the temporal cortex and hippocampus in
about 25% patients with AD [1], and the (occasional)
appearance of such NCI in ION in AD may reflect this
wider cerebral cortical involvement. Indeed, the single AD
case showing TDP-43-ir NCI in ION also displayed
widespread cerebral cortical and hippocampal TDP-43
pathological changes. Consistent with our previous find-
ings within the cerebral cortex [10], we were unable to
demonstrate TDP-43-ir NCI within ION in a variety in
patients with FTLD-tau, including sporadic cases with Pick
bodies and familial cases associated with MAPT exon 10
+13 or +16 mutations.

The pathophysiological relevance of these TDP-43-ir
NCI in ION remains unclear. TDP-43 is a 43 kDa protein
composed of 414 amino acids which may function as a
transcription repressor or an initiator of exon skipping in
the alternative splicing of mRNA [2, 40]. As a transcription
factor, a physiological presence of TDP-43 within nerve
cell nuclei would be anticipated. However, as reported in
cerebral cortical and hippocampal neurones [2, 40], there
was a complete lack of nuclear TDP-43 immunostaining in
cells of inferior olives in which TDP-43-ir NCI were
present. It has been suggested [40] that TDP-43 inclusions
may stem from a translocation of TDP-43 protein from the
nucleus to the cytoplasm, though it is also possible that
TDP-43 is “prevented” by hyperphosphorylation [2, 40]
from crossing the nuclear membrane, thereby aggregating
within the cytoplasm with loss of nuclear regulatory
function [10].

The second type of NCI in ION was UBQ/p62 immu-
noreactive but TDP-43 negative and had a clumped or
cluster-like appearance, resembling a collection of small
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granules or larger globules. This type of inclusion appears
to be similar to that which has been described previously in
haematoxylin—eosin and UBQ immunostaining {12, 14,
17]. The target protein within these UBQ/p62 immunore-
active, TDP-43 negative, NCI remains elusive, though
present and previous data [17] indicate this is unlikely to be
tau, neurofilament, a-synuclein or a-imernexin—proteins
identified within other pathological structures, such as
neurofibriflary tangles, Lewy bodies or intermediate fila-
ment inclusion bodies, within these groups of disorders. In
contrast to TDP-43-ir NCI, these TDP-43 negative NCI
were not associated with loss of physiological nuclear
TDP-43 binding.

This type of NCI occurred with broadly equivalent fre-
quency and density across all diagnostic groups, and within
each of the FTLD histological subtypes. There did not
appear to be an obvious relationship between the presence
and density of these UBQ/p62 immunoreactive, TDP-43
negative NCI and age at onset, or duration, of illness in any
of the diagnostic groups, or across all groups collectively,
though there was a strong correlation with age at death.
These findings are consistent with previous observations
showing that the frequency of this kind of NCI increases
within the ION with increasing age, such that after the age
of 70 years, all individuals display this kind of pathological
change within neurones of ION [11, 17]. Indeed, in the
present study, all 20 normal individuals, who were all aged
between 58 and 93 years showed such NCI. Moreover,
such NCI were more common within those older patient
groups with neurodegenerative disease (i.e., PD, DLB, PSP
groups) than the younger patient groups (e.g., HD, MND,
FTLD), being present at frequencies similar to those seen
in the normal group of individuals of that age. Hence, the
presence of these NCI in ION is more likely to represent
some manifestation of ‘the ageing process’ within this
particular cell type, rather than being related to (any par-
ticular) neurodegenerative disease per se. Despite, being
UBQ/p62 immunoreactive, such NCI are not immuno-
stained by anti-proteasome antibodies [14], suggesting that
whatever the target protein within them might be, it is not
degraded through the proteasome or, if it is normally
proteolysed through this route, this fails to happen in later
life and the target protein becomes ‘assimilated’ into these
NCI and accumulated within the cell body. There have
been various studies looking at changes in number of nerve
cells in the human ION both in ageing [19, 35, 36, 42] and
in AD [19]. While some studies have concluded that there
was no cell loss with ageing [19, 35, 36], others have
reported a modest cell loss both in ageing [42] and in AD
[19]. Because lipofuscin accumulation is one of the more
obvious pathological changes in cells of ION with ageing
[31, 32] and in AD [30}, there has been interest in whether
this might be responsible for, or at least associated with,

cell loss. Although increases in lipofuscin pigment have
been associated with loss of ribosomal RNA [30] and Golgi
apparatus [4] from ION, it cannot be concluded that lipo-
fuscin accumulation per se is directly responsible for any
cell loss from ION that might occur in later life or AD. The
lack of neurofibrillary changes in this brain region in both
ageing and in AD means that neurodegenerative pathways
involving tau protein are unlikely causes, and lack of tau
proteins within the UBQ-ir NCI would be consistent with
this, though it is appreciated that NFT can sometimes be
present within cells of ION in PSP. Nonetheless, the
extracellular deposits of UBQ/p62 protein, resembling
once internalised NCI, might indeed bear witness to a loss
of neurones from this region with age or neurodegenera-
tion. Identification of the target protein within such NCI
might therefore provide clues to the pathogenesis of cell
loss from ION in ageing and neurodegeneration.
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Amyotraphic lateral sclerosis (ALS) and frontotemporal lobar degeneration with ubiquitin:
inclusions (FTLD-U) are major neurodegenerative diseases with TDP-43 pathology. Here we inv:
gated the effects of methylene blue (MB) and dimebon, two compounds that have been reporte
be beneficial in phase 11 clinical trials of Alzheimer’s disease (AD), on the formation of TDP-43 ag
gates in SH-SYSY cells. Following treatment with 0.05 uM MB or 5 uM dimebon, the number of 1
43 aggregates was reduced by 50X and 45X, respectively. The combined use of MB and dime

Edited by Jesus Avila ' " )
resulted in a 80% reduction in the number. These findings were confirmed by immunoblot anal

Keywords: The results indicate that MB and dimebon may be useful for the treatment of ALS, FTLD-U and o
Taw ' TDP-43 proteinopathies.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative dis-
ease that is characterized by progressive weakness and muscle
wasting, and for which no effective therapies exist. Frontotemporal
lobar degeneration (FTLD) is the second most common form of
dementia after Alzheimer’s disease (AD) in the population below
the age of 65 years. In many cases with these disorders, ubiquitin
(Ub)-positive, tau-negative intracytoplasmic inclusions form in
nerve cells and glial cells. TAR DNA binding protein of 43 kDa
(TDP-43) is the major component of these inclusions [1-3]. Bio-
chemical and histological analyses demonstrated that TDP-43
accumulates in brain and spinal cord in a hyperphosphorylated
and fibrillar form [4]. Furthermore, missense mutations in the
TDP-43 gene have been identified in familial cases of ALS and
ALS with FTLD-U [5-9]. Together, these findings indicate that dys-
function of TDP-43 is central to the etiology and pathogenesis of
ALS and FTLD-U. In addition, TDP-43 has also been found to accu-
mulate in other neurodegenerative disorders, including AD,
dementia with Lewy bodies [10], Parkinsonism-dementia complex

. Corresponding author. Fax: +81 3 3329 8035,
E-mail address: masato@prit.go.jp (M. Hasegawa).
' These authors contributed equally to this work.

of Guam [11}, argyrophilic grain disease [12], Huntington’s dist
[13], Perry syndrome [14] and familial British’ dementia [15].
Inhibition of the aggregation of TDP-43 and promotion of
clearance are considered to be major therapeutic avenues for
and FTLD-U. As for other neurodegenerative diseases, current
include antibodies, synthetic peptides, molecular chaperones
chemical compounds. Of the latter, methylene biue (MB)
dimebon have recently been reported to have significant benefi
effects in phase Il clinical trials of AD {16,17]. MB is a phenot]
zine compound that has been used for treating methemogiob:
mia [18,19], inhibiting nitric oxide synthase [20], reducing nC
[21], enhancing B-oxydation in mitochondria [22], inhibiting
noradrenaline re-uptake {23} and enhancing brain mitochonc
cytochrome oxidase activity [24,25]. It has also been shown to
hibit AD-like AB and tau aggregation in vitro [26,27]. Dimebon
non-selective anti-histaminergic compound that was in clinical
for many years before more selective agents became available |
It has been reported to inhibit butyrylcholinesterase, acetyiche
esterase, NMDA receptors, voltage-gated calcium channels, adi
ergic receptors, histamine H1 receptors, histamine H2 recep
and serotonin receptors, as well as to stabilize glutamate-indu
Ca®* signals [29-31]. The effects of dimebon on pathological §
tein aggregation have not been studied in detail, but recently
demonstrated that chronic administration of this drug redu

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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the number of nerve cell deposits in a mouse model of synuclein-
opathy [32].

Here we investigated whether MB and dimebon can reduce the
formation of TDP-43 inclusions in SH-SY5Y cellular models. Signif-
icantly, the treatment of cells with each compound and their com-
bined application inhibited the formation of TDP-43 aggregates,
suggesting that MB and dimebon may be effective for the treat-
ment of ALS and FTLD-U.

2. Materials and methods
2.1. Antibodies

A polycional anti-TDP-43 antibody (anti-TDP-43) was pur-
chased from ProteinTech Group Inc. (10782-1-AP, Chicago, USA),

A polyclonal antibody specific for phosphorylated TDP-43 (anti-
pS409/410) (available from Cosmo Bio Co,, Tokyo, Japan) [4] and
an anti-Ub antibody (MAB1510, Chemicon, Billerica, USA) were
used for the evaluation of pathological forms of TDP-43,

2.2. TDP-43 cellular models and addition of compounds

To investigate the effects of MB and dimebon on the formation
of TDP-43 aggregates, we used two cellular models of TDP-43 pro-
teinopathy. The first consists of SH-SY5Y cells expressing mutant
TDP-43 that lacks both the nuclear localization signal (NLS) and
residues 187-192 (ANLS&187-192). In these cells, round struc-
tures positive for both anti-pS409/410 and anti-Ub are observed
[33]. The second model consists of SH-SYSY cells expressing an
aggregation-prone TDP-43 C-terminal fragment (residues 162-

B. 0.05uM MB + DW

D. 0.05uM MB + 5uM Dimebon

E. 120 1 -
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Fig. 1. Immunohistochemical analysis of the effects of methylene biue (MB) and dimebon on the aggregation of TDP-43 in SH-SY5Y cells expressing TDP-43 (ANLS&187-192),
TDP-43 inclusions were stained with anti-pS409/410 antibody and detected with Alexa Fluor 488-labeled secondary antibody. Representative confocal images from celis
treated with control (DMSO + DW)(A), 0.05 pM MB + DW (B), 5 uM dimebon + DMSO (C) and 0.05 pM MB + 5 uM dimebon (D) are shown. (E) Quantitation of cells with TDP-
43 aggregates. The number of cells with intracellular TDP-43 aggregates was counted and expressed as the percentage of cells with aggregates in the absence of compound
(taken as 100%). Fluorescence intensity within an area of approximately 800 pm x 800 pm was assessed by confocal microscopy. The intensity of Alexa Fiuor 488 was
calculated as the ratio of that of TO-PRO-3. At least B areas per sample were measured (n = 8-16). Data are means = S.EM. P <0.01 by Student's f test.
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414) as a green fluorescent protein (GFP)-fusion {34,35]. Its expres-
sion alse results in the formation of anti-pS409/410- and anti-Ub-
positive inclusions. Six hours after transfection, the cells were trea-
ted with MB (Sigma-Aldrich, St. Louis, USA) dissolved in dimethyl
sulfoxide {DMSO), dimebon dissolved in sterile distilled water
(PW) or MB+ dirnebon and cultured for 3 days. As controls, cells
yere treated with either DMSO or DW, or both of them for 3 days.

2.3. Immunohistochemical analysis

SH-SY5Y cells were grown on coverslips and transfected as de-
scribed [33], After incubation for the indicated times, the cells were
fixed with 4% parafermaldehyde and stained with anti-phesphory-

lated TDP-43 antibody pS409/410 or anti-Ub, followed by Alexa
Fluor 488- or Alexa Fluor 568-labeled IgG (Invitrogen, Carlsbad,

A, Céntrol (DMSO+DW)

‘C. 5uM Dimebon + DMSO

120 -

m

100 4

40 -

20 -

Cells with aggregates (%)
3

0 -
MB (i)

USA). After washing, the cells were further incubated with TO-
PRO-3 (Invitrogen, Carlsbad, USA) to stain nuclear DNA. To quan-
tify the cells with TDP-43 aggregates, the laser power (at 488 nm
for detection of Alexa Fluor 488 and GFP) was adjusted, so that only
aggregates were detected as described [34]. Total intensity of fluo-
rescence detected at the threshold laser power and that of TO-PRO-
3 fluorescence, the latter corresponding to the total number of cells
in a given field (approximately 800 pm x 800 ptm), were measured
with LSM5 Pascal v 4.0 software (Carl Zeiss), and the ratio of cells
with inclusions calculated.

2.4. Immunoblot analysis

Tris saline (TS)-soluble, Triton X-100 (TX)-soluble and Sarkosyl
(Sar)-soluble fractions, as well as the final pellet, were prepared,

5

B.0.051M MB +DW

D. 0.05uM MB + 5uM Dimebon

Dimebon (M)

Big. 2. Immunohistochemical analysis of the effects of methylene blue (MB) and dimebon on the aggregation of TDP-43 in SH-SYSY cells expressing TDP-43 C-terminal
fragment (162-414) as GFP fusion protein. TDP-43 inclusions were detected by fluorescence of GFP, when the laser power was adjusted. Representative confocal images from
cells deoated with-contrel {BMSO + DW) (A), 0.65 uM MB + DW (B), 5 uM dimebon + DMSO (C) and 0.05 pM MB + 5 uM dimebon (D) are shown. (E) Quantitation of cells with
TDP-43 aggregates. The intensity of fluorescence of GFP was calculated as the ratio of that of TOPRO-3, At least 8 areas per sample were measured (n = 8~16). Data are

means + SEM. 'P<0.01 by Student’s t test.
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run on SDS-PAGE and immunoblotted with anti-TDP-43 and anti-
pS409/410 antibodies, as described [33).

3. Results
3.1. Effects of MB and dimebon on the formation of TDP-43 inclusions

We first investigated the cytotoxicity of MB and dimebon. SH-
SYSY cells were treated with different concentrations of each com-
pound, cultured for 1 day, followed by growth measurements. No
toxic effects were detected with dimebon at concentrations of 1-
60 uM, whereas a significant decrease in the number of cells was
observed with MB at concentrations greater than 0.1 uM. Cells
transfected with TDP-43 (ANLS&187-192) formed round intracel-
fular inclusion-like structures that were positive with both anti-
pS409/410 and anti-Ub antibodies, as reported previously [33]
(Fig. 1A). When the cells were treated for 3 days with MB, dimebon
or MB + dimebon, the number of TDP-43 inclusions was reduced
(Fig. 1B-D). Compared to controls, we observed a 50% reduction
in the number of inclusions with 0,05 uM MB, a 45% reduction with
5 uM dimebon and a 80% reduction with 0.05 uM MB+5 pM
dimebon (Fig. 1B-E). The effects were concentration-dependent
and statistically significant (Fig. 1E). Thus, 10 uM dimebon caused
a 60% reduction and 20 pM dimebon a 70% reduction in the num-
ber of TDP-43 inclusions. Similar results were obtained using a sec-
ond cellular model of TDP-43 proteinopathy (Fig. 2), which
expresses a C-terminal fragment (162-414) of TDP-43 as GFP fu-
sion protein [34]. Other anti-histaminergic compounds, including
promethazine hydrochloride, diphenhydramine hydrochloride
(H1 histamine receptor antagonist) and thioperamide maleate
(H3 histamine receptor antagonist) (Sigma-Aldrich, St. Louis,
USA), did not affect the number of TDP-43 aggregates (Fig. 3). Sim-
ilarly, two phenothiazine compounds tested, chlorpromazine
hydrochloride and perphenazine (Sigma-Aldrich, St. Louis, USA),
which failed to exert any effect on tau aggregation, did not affect
the aggregation of TDP-43 (Fig. 3)

140

3.2. Immunoblot analysis of TDP-43 in cells treated with MB and
dimebon

The immunohistochemical results were confirmed by immuno-
blotting. Cells expressing TDP-43 (ANLS&187-192) (data not
shown) or the C-terminal fragment (162-414) of TDP-43 (Fig, 4)
were sequentially extracted with TS, TX, and Sar, and the superna-
tants and pellets analyzed by immunoblotting. In cells transfected
with the C-terminal fragment (162-414) of TDP-43, phosphory-
lated C-terminal fragment of TDP-43 was detected in the Sar-insol-
uble fraction, as reported previously [34] (black arrowhead in Fig
4A). The levels of this band with slower gel mobility were reduced
when the cells were treated with MB, dimebon or MB + dimebon
(Fig. 4A and B). By contrast, similar levels of endogenous TDP-43
(black arrow in Fig. 4A) and expressed C-terminal fragment of
TDP-43 (white arrowhead in Fig. 4A) were detected in TS- and
TX-soluble fractions of control cells and of cells treated with MB
or dimebon, indicating that these compounds did not affect the
amount of TDP-43,

4. Discussion

In this study, we examined the effects of two compounds, MB
and dimebon, on the formation of abnormally phosphorylated
TDP-43 inclusions using SH-SY5Y cellular models, Both com-
pounds, when used singly or in combination, significantly reduced
the number of TDP-43 aggregates. Although its mechanism of ac-
tion remains to be clarified, it is reasonable to speculate that MB
may bind to dimers and oligomers of TDP-43 and thereby inhibit
fibril formation, as has previously been demonstrated for the inhi-
bition of A and tau aggregation by MB in vitro [27]. The present
findings show, for the first time, that MB can reduce protein aggre-
gation in cells,

In addition, we have identified dimebon as a compound capa-
ble of inhibiting the formation of abnormal inclusions of TDP-43.
In view of the recent demonstration of its efficacy in a phase 1l

120

100 1

801

601

Cells with aggregates (%)

404
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PMT DPH

PMT : promethazine hydrochioride (10uM)

DPH : diphenhydramine hydrochloride (601M)

Thiop : thioperamide maleate (60uM}

Antihistamines

Thiop (€374 249
Phenothiazines

CPZ : chiorpromazine hydrochloride {0.1uM)
PZC : perphenanne {0.1uM)

Fig. 3. Immunohistochemical analysis of the effects of three anti-histaminergic compounds, promethazine hydrochloride (PMT), diphenhydramine hydrochloride (DPH) and
thioperamide maleate {Thiop), and two phenothiazine compounds, chiorpromazine hydrochloride (CPZ) and perphenazine (PZC) on the aggregation of TDP-43 in SH-SY5Y
cells expressing GFP-fused TDP-43 C-terminal fragment (162-414) as GFP fusion protein. Quantitation of cells with TDP-43 aggregates is shown. No reduction in the TDP-43
aggregation was observed with these compounds. Promethazine hydrochloride and phenothiazines were tested at 10 uM and 0.1 uM, respectively, because they were toxic at

higher concentrations.
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Control 0.05uM MB

5uM Dimebon

S5uMDimebon  +0,05uM MB

TS TX Sar ppt TS TX Sar ppt TS TX Sar ppt TS TX Sar ppt

150-
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50-

anti-TDP-43 (Protein Tech)

B Control 0.05uM MB
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150-

20- - e
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Fig 4 immuaeblot analysis of the effects of methylene blue (MB) and dimebon on the aggregation of TDP-43 in SH-SYSY cells expressing GFP-tagged TDP-43 C-terminal
fragment (162-414). Tris saline (TS)-soluble material, Triton X-100 (TX)-soluble material, Sarkosy! (Sar)-soluble material and the remaining pellet (ppt) were prepared from
qontrot cells and from cells treated with 0.05 uM MB, 5 uM dimebon or 0.05 uM MB + 5 uM dimebon, run on SDS-PAGE and immunoblotted with anti-TDP-43 antibody (A) or
anti=-pS409/430 antibedy (B). Abnormally phosphorylated TDP-43 C-terminal fragment (162-414) with a higher apparent molecular mass than the corresponding non-
phesphorylated fragment (white arrowhead) was detected by both antibodies (black arrowheads). Sirnilar levels of the non-phosphorylated GFP-tagged C-terminal fragment
of TDP-43 (white arrowhead) and of endogenous TDP-43 (black arrow) were detected with the anti-TDP-43 antibody (A).

chinical tral, dimebon may well become a new drug for the treat-
ment of AD and other neurodegenerative diseases. Although there
have been some reports suggesting that dimebon may act as a
neureprotective agent and prevent mitochondrial pore transition
ipn experimental models of AD [36] and Huntington’s disease
[30], its precise mede of action remains unknown. The present
study suggests that dimebon may act by reducing the production
of accumulatien of abnoermal pretein aggregates. It remains to be
determined whether the effects on TDP-43 aggregation are of a
direct or an indirect nature. It will also be interesting to investi-
gate the effects of dimebon in existing [37] and future animal
medels of TDP-43 proteinepathy. We could net detect a signifi-
cant effect of dimebon on the in vitro assembly of recombinant
human a-synuclein into filaments and on the heparin-induced
assembly of recombinant human tau into filaments (data not
shown). The recent demonstration that dimeben reduces the
pumber of protein inclusions in a model synucleinopathy {32}
suggests that its effects may be indirect.

MB has been used for many years to treat a variety of condi-
tions, including methemogiobinemia [19], septic shock [20] and
depression [38]. It has recently been used in a phase Il trial of AD

[16]. Furthermore, MB has been reported to have activity as an en-
hancer of mitochondrial activity [24], and a recent study has re-
ported that it delays cellular senescence in cultured human
fibroblasts [25], However, high doses of MB are known to be toxic
and to cause the formation of Heinz bodies in erythrocytes in in-
fants [39]. A combination therapy, like the one used here, may
therefore be advantageous.

In conclusien, the present results showing a reduction in the
number of TDP-43 inclusions following the addition of MB and/or
dimebon to transfected SH-SY5Y cells suggest that these com-
pounds may be beneficial for the treatment of ALS and FTLD-U.
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INTRODUCTION

Surrogate markers for the Alzheimer disease (AD)-associated 42-amino acid form
of amyloid-B (AB42) have been sought because they may aid in the diagnosis of
AD and for clarification of disease pathogenesis. Here, we demonstrate that
human cerebrospinal fluid (CSF) contains three APLP1-derived AB-like peptides
(APL1B) that are generated by B- and y-cleavages at a concentration of ~4.5 nM.
These novel peptides, APL1B25, APL1B27 and APL1B28, were not deposited in AD
brains. Interestingly, most -y-secretase modulators (GSMs) and familial AD-
associated presenilinl mutants that up-regulate the relative production of
AB42 cause a parallel increase in the production of APL1828 in cultured cells.
Moreover, in CSF from patients with pathological mutations in presenilin1 gene,
the relative APL1328 levels are higher than in non-AD controls, while the relative
AB42 levels are unchanged or lower. Most strikingly, the relative APL1828 levels
are higher in CSF from sporadic AD patients (regardless of whether they are at
mild cognitive impairment or AD stage), than those of non-AD controls. Based on
these results, we propose the relative level of APL1328 in the CSF as a candidate
surrogate marker for the relative level of AR42 production in the brain.

A key feature of the pathology of AD is the accumulation of
amyloid-8 peptides (AB) in senile plaques (Masters et al, 1985;
Selkoe, 2001). AB is produced via endoproteolysis by BACE,

(1) Psychiatry, Department of integrated Medicine, Division of Internal
Medicine, Osaka University Graduate School of Medicine, Osaka 565-0871,
japan.

(2) Department of Psychogeriatrics, Tokyo Institute of Psychiatry, Tokyo 156-
8585, japan.

(3) Department of Molecular Neuroscience, Brain Research institute, Niigata
University, Niigata 951-858s, Japan.

(4) Department of Neurology and Gerontology, Kyoto Prefectural University of
Medicine, Kyoto 602-8566, Japan.

(5} Department of Neurology, Gunma University School of Medicine, Gunma
371-8511, japan.

www.embomolmed.org EMBO Mol Med 1, 223-235

which cleaves BAPP at the extracellular domain (Hussain et al,
1999; Sinha et al, 1999; Vassar et al, 1999; Yan et al, 1999), and
by the presenilin (PS)-vy-secretase complex (Francis et al, 2002;
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Yu et al, 2000}, which cleaves BAPP in the transmembrane
domain (TM) (De Strooper, 2003; Edbauer et al, 2003; Kimberly
et al, 2003; Takasugi et al, 2003). To date, no AB-like TM-
containing peptides from other type-1 TM proteins have been
found in brain. However, because in vitro studies indicate that
AB-like peptides derived from Notch-1, CD44, BAPP like protein
1/2 {APLP1/2), alcadein, B-subunits of voltage-gated sodium
channels and interleukin-1 receptor Il are secreted by cultured
cells (Araki et al, 2004; Eggert et al, 2004; Kuhn et al, 2007;
Lammich et al, 2002; Okochi et al, 2002, 2006; Wong et al, 2005),
we suspected that AB-like peptides may exist in vivo.

AB42 is a major constituent of senile plaques and is thought to
induce the pathological process of AD (Selkoe, 2001). Thus the
level of AB42 production in the brain, especially relative to total
AB production, is a potential biomarker of the pathological
process in AD. However, in patients with AD, the relative ratio of
APB42 to total AB in CSF is lower (Andreasen et al, 1999; Jensen
et al, 1999; Motter et al, 1995), probably because AB42 in the
brain is being cleared more rapidly from the soluble pool by an
enhanced rate of deposition/aggregation. To date, surrogate
markers for estimating AB42 generation in the brain have not
been identified. Such surrogate markers might reveal an
increased ratio of AB42 production and is also associated with
the pathology of sporadic AD cases.

in this study, we demonstrate that human CSF contains novel
APLP1-derived APLIB species. Our data indicate that brain
APL1B28 levels are a surrogate marker for the brain AB42
production, as the relative ratio of APL1B28 was up-regulated in
CSF samples from patients with a variety of familial AD
mutations and sporadic AD.

RESULTS

Identification of novel Ag-like peptides (APL1B) derived from
APLP1 in human CSF

APLP1 and APLP2 are similar to BAPP in the primary sequence
and homologous in function (Coulson et al, 2000}. To find an in
vivo AB-like peptide, we focused on APLP1 and raised
antibodies against the juxtamembrane domain (IQRDELA-
PAGTGVSRE for 0A601 and DELAPAGTGVSRE for 0A663).
Human CSF was obtained by lumbar puncture from non-
demented patients, and proleins were immunoprecipitated
using these antibodies or anti-Ap antibody 4G8. The molecular
masses of the precipitated proteins were analysed by matrix-
assisted laser desorption/ionization-time of flight (MALDI-TOF)
mass spectroscopy (MS). Experiments using OA601 or QA663
detected an identical set of three peptides of 2,329, 2,473and

A) Figure 1. MALDI-TOF MS analysis of APLP1
* peptides in human CSF,
29 ! A. Determination of the molecular masses of APLP1
2.:5 peptides in human CSF. Human CSF (300 pl) was
) Kb‘o immunoprecipitated with the indicated anti-
1 ‘\?“? bodies and analysed by MALDI-TOF MS. Numbers
Y shown on top of the peaks are molecular masses.
A Asterisks (7) indicate nonspecific peaks.
OAB601 (APLP1 ) B. Adiagram of the APL1f} and AP domainsin APLP1
and BAPP sequences, respectively. Arrowheads
[+) and the grey boxes indicate cleavage sites and
rg’/\b‘o the deduced TM, respectively. The numbers
‘\'/q?\(%) above the arrowheads indicate the number of
| '(y OAB63 (APLP1) amino acid residues in each fragment,
4G8 (AB)
2000 3000 4000 5000 6000
B) AN
APLPY - "RKVNASVPRGFPE‘HSSEIngDELAPAGTGVSREAVSGLLIRGEG&&;ILSMLLLRRKK'~“‘"~ -
[ BN
parr -~ ""sEVK:’DAEFRHDSGYBVHHQKLVFFAEDVGsm(Gi\IIéMGMXTVIVITLVMLKKKQ"*‘-~-
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2,586 Da (Fig 1A). Under the same conditions, the AB species
were recognized by 4G8 (Fig 1A). On the basis of the molecular
weights and the epitopes recognized by the antibodies, we
presumed the amino acid sequences of the set of APLP1
peptides. These peptides were named APL1B25 (calculated MW
2,327.2Da), APL1B27 ({calculated MW 2471.3Da} and
APL1B28 (calculated MW 2,584.3 Da} to reflect the number of
amino acid residues in each peptide (see Table S1 of Supporting
Information). Finally, the amino acid sequences were deter-
mined by using a liquid chromatography-tandem MS (LC/MS/
MS) system (see Fig S1 of Supporting Information). Similar to
AB, the novel brain peptide species derived from APLP1 have a
juxtamembrane region at their common N-terminus and a part
of the hydrophobic TM at their variable C-termini (Fig 1B).

Sequential endoproteolytic processing by BACE and
PS/y-secretase produces the APL1f species in untransfected
SH-SYSY cells

We suspected that APL1B is generated by a similar process as
AB. Since naive SH-SYSY human neurcblastoma cells were
found to secrete the same APL18 species as those found in the
human CSF (Fig 2A), degradation of endogenous APLP1 in the
cells was then analysed by immunoprecipitation (IP)-MS
analysis (Fig 2A). The cells were also radiolabelled with 3°s)
methionine overnight (Fig 2B) and analysed by IP-autoradio-
graphy (Fig 2B; second and fourth panels). Both the IP-MS
analysis and the pulse-chase experiments revealed that treat-
ment with a BACE1/2 inhibitor, inhibitor 1V, abolishes APL1B
secretion. In addition, recombinant BACE1/2 cleaved an APLP1
peptide (Nma-EIQRDELAK(Dnp)-RR-NH2) containing the
N-terminus of APLIB as well as a wild-type (wt) BAPP
peptide (Nma-EVKMDAEFK(Dnp)-RR-NH;), which contains
the N-terminal sequence of AB (see Fig S2 of Supporting
Information). These results suggest that BACE1/2 can partici-
pate in the generation of APL1B which is reminiscent of AB
generation (Farzan et al, 2000; Hussain et al, 2000).

To determine if PS/y-secretase is involved in the secretion of
APL1B, the cells were treated with the y-secretase inhibitors
DAPT (Fig 2A and B) and L685,458 (Fig 2B). Both compounds
abolished APL1B secretion and concomitantly induced intra-
cellular accumulation of APLP1 C-terminal fragment (CTF)
stubs, the substrate for y-cleavage (Fig 2B; third and fourth
panels). These results suggest that sequential endoproteolysis
by BACE1/2 and PS/v-secretase mediates APL1pB generation.

APL1B and AB levels are comparable in human CSF

We next determined how much APL1 is present in the CSF. To
do this, an LC/MS/MS system was established to measure the
level of each APL1B species. The LC/MS/MS analysis was first
performed using synthetic APL18 peptides to select optimal
‘daughter (or product)’ ions and conditions for quantification
(b2, y20 and y21 for APL1B25/28; b2, y21 and y22 for APL1B27;
see Fig S3 of Supporting Information). The peak areas of the
three daughter ions were measured and the average of three
calculated concentrations was defined as the concentration for
each APL1B species. Subsequently, various amounts of each
synthetic peptide were added to the CSF (50 ul) of patients with

www.embomoimed.org EMBO Mol Med 1, 223-235
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Figure 2, APL1B secretion from naive SH-SYSY cells, Inhibition of APL18
secretion from SH-SYSY cells upon treatment with an inhibitor of BACEL/2
{1 pM inhibitor V) or PS/y-secretase (10 uM DAPT or 1 M L685458).

A. Conditioned media were analysed by I1P-MS. Asterisks (°) indicate non-
specific peaks,

B. Cells were radiolabelled with [**S] methionine overnight. APL1B (detected
via IP-autoradiography) was detected in the conditioned medium {fourth
panel). Note that [3*S} incorporation in the APL1B bands was abolished by
the inhibitors. APLP1 holoprotein {detected via direct blotting and
IP-autography; first and second panels) and APLP1-CTF stubs (detected via
iP-blotting; third panel) were detected in the resultant cell lysates.
Accumuiation of APLP1-CTF stubs upon PS/y-secretase inhibitor treatment
indicates inhibition of degradation of APLP1-CTF stubs, which are the final
substrate for APL1B generation following BACE cleavage. Experiments
were performed in duplicate (two independent culture dishes).

(Fig 3B) or without AD (Fig 3A). The amounts of synthetic
peptide and areas of the resultant daughter ions change in
parallel in both the cases. Thus, the levels of each APL1 species
in CSF (200ul) were measured in this system. The APLIB
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Figure 3. Quantification of APL1f in human CSF by LC/MS/MS.

A. X-axis, levels of the synthetic APL1P added to the CSF; Y-axis, areas of the indicated daughter ions. Note that none of the Y-intercepts is zero. This is due to the
presence of APL1f in CSF {C100; non-AD). The experiments were performed three times and values represent mean + SD.
B. The experiments were repeated using another CSF sample (C114; sporadic AD).

C. Comparison of the level of each APL1J species in human CSF (n =17).

level in CSF from nou-demented patients was 4.5+ 1.7nM
{mean : S.D. {n=17}; see Table 52 of Supporting Information),
and the concentrations of APLIB25, APLIB27 and APL1B28
were 1.9 1 0.69, 1.7 +0.72 and 0.94 + 0.39nM, respectively
{Fig 3C). Thus, considering the total AB level in human
CSF (500 pM to 4nM, depending on the experimental
methods for the measurement) (Fukuyama et al, 2000; lda
ot al, 1996; Kauwe et al, 2007; Mehta et al, 2000; Southwick
et al, 1996; Wiltfang et al, 2007), the results indicate that
the level of APL1B in the CSF is similar to or even higher than
that of AB.

APL1B is not a senile plaque component in AD

We investigated whether APL1B accumulates in senile plaques,
as is the case for AB. The majority of A in senile plaques is
highly insoluble but can be obtained by extraction of the sodium
dodecyl sulphate (SDS)-insoluble fraction with 70% formic acid
(FA; i.e., FA fraction). Thus, we analysed how much APLIB and
AR are in the fraction of AD brain samples. The number of AB

«' 2009 EMBO Molecular Medictne
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(including smeared bands) levels was calculated by comparison
of the densitometric values of the fractions and of synthetic AR
(see Fig 4A and Fig S4 of Supporting Information). The FA
fractions from 2.5mg of AD brain samples (n=2) contained
0.40-0.80 ug of AB (Fig 4A). However, the FA fractions from
65 mg of the same AD brains contained less than 0.1 pg of
APL1B (Fig 4B}, indicating that the FA fraction of AD brains
conlains much less APL1B than AB (<1%). Immunohistochem-
ical analysis also indicated that neither of the anti-APLIB
antisera stain senile plaques in AD temporal lobe tissues (see Fig
S5 of Supporting Information). To further characterize the non-
aggregative nature of APL1#, we incubated APL1B in vitro under
A fibril/protofibril formation conditions, and analysed the
solution by electron microscopy and size exclusion chromato-
graphy (SEC). Even though each APL1B peptide was incubated
much longer than AB40, no APLI1B fibril/protofibril formation
could be detected (see Fig 4C-F and Fig S6 of Supporting
Information). Collectively, the data indicate a non-amyloido-
genic character of APLIB peptides.

EMBO Mol Med 1, 223-235 www.embomolmed.org
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Figure 4. Biochemical and electron microscopic analysis of APL1B.

Kanta Yanagida et al.

B) synthetic FA fraction
APL1B (pmol) (65 mg brain)
N AV
Pe LS FTE P

APL1828
(20 days)

APL127
(20 days)

A.  AB in the FA fraction of sporadic AD brain samples. The indicated levels of synthetic AB40 and AB42 mixtures (1:1) and brain A fractions (extracted from
2.5 mg of non-demented {N1 and N2] or sporadic AD [AD1 and AD2] brain tissue) were subjected to SDS-PAGE and analysed by immunoblotting with
monoclonal antibody 4G8. AB levels in each FA fraction-containing lane were calculated from the optical densities by comparison with the optical densities

of synthetic peptide bands (left four lanes) as a standard.

B. APL1Binthe FA fraction. Subsequently, the indicated fevels of synthetic APL1825, APL1827 and APL1828 mixtures (1:1:1) and much higher amounts of brain
FA fraction (extracted from 65 mg of brain tissue) were immunoblotted with the antibody OA601. Note that OA601 detected a positive signal in the synthetic

APL1B mixture but not in the FA fractions.

, Negative staining of AB/APL1S peptides incubated in vitro. Precipitated fibrils were observed when synthetic AB40 was incubated for four days (C). For

synthetic APL1B25, 27 and 28 peptides, no fibrils were observed (D-F, respectively).

Some GSMs increase the relative production of APL1828 in
parallel with that of AB42 in cell cuiture

Assuming that the ratio of AB42 to total A production in the
brain increases in AD, we reasoned that a surrogate marker for
AB42 production would be a potential biomarker for progres-
sion of AD pathology. We studied whether the levels or
production of any of the APL1P species might correlate with
AB42levels/production. The GSM, 52474, which increases the
relative AB42 level (Kukar et al, 2005), was added to naive SH-
SYSY cells, and the levels of secreted APL13 and AB species
were measured. When the concentration of 52474 in the
conditioned medium was increased to 30uM, the ratio of
APL1B28 to total APL1B increased (R*>=0.983, t=29.0,
p=135x10""; Fig 5A). By measuring AB40 and AB42
generation in conditioned media (Fig 5B), we were able to
confirm that increasing the concentration of the compound
resulted in an increase in the relative AB42 level (R?=0.9495,
t=16.7, p=3.93 x 10~''; Fig 5B). Importantly, 52474 increased
the ratio of APL1#28 to total APL13 (sum of APL18325, 27 and
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28) in parallel with that of AP42 (R*=0.9578, t=184,
p=1.02 x 107'"; Fig 5C). Similar results were obtained with
fenofibrate, another GSM (see Fig S7A of Supporting Informa-
tion). Thus, the results suggest that APL1B28 generation
increases in parallel with AB42 generation under these
conditions. This is reminiscent of our previous results showing
that, among the NP species secreted from mouse Notch-1
receptor, some compounds including S2474 and fenofibrate
caused parallel changes in the ratios of the longer NB25 form to
total NB and of AB42 to total AB (Okochi et al, 2006).

Recently, fenofibrate and flubiprofen have been reported to
modulate the y-cleavage by binding to BAPP (Kukar et al, 2008).
Although sulindac sulfide (Weggen et al, 2001) and compound-
W (Okochi et al, 2006) have been shown to lower the relative
AB42 level to total AB, they did not cause a decrease in the
relative APL1B28 level to total APL1B (see Fig S7B-D of
Supporting Information). Our results demonstrate that some
GSMs, but not all, affect intramembrane proteolysis of human
APLP1 as well as BAPP/mNotch-1.
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Several FAD-associated presinilin 1 {PS1) mutants
up-regulate the relative production of APL1828 as well as
that of AB42 in cell culture
We also examined whether FAD mutants in PS1 can cause, in
addition to their effect on AB42, an increase in the ratio of
APL1B28 to total APLIB. Previous studies using PS1 mutant-
fransgenic mice report that the magnitude of the increase in the
relative AB42 level in cultured cells reflect the magnitude of
increase in the brain (Borchelt et al, 1996; Citron et al, 1997). We
chose the mutants PS1 L85P, H163R, L166P, G206V, 1213T,
M233L, R278L. 1.286V, L381V, G384A and AE9. We prepared
hniman embryonic kidney 293 (HEK293) cells stably expressing
BAPP Swedish (sw), wi APLPI, and each of the selected PSI
FAD mutant forms. In the stable cell lines, endogenous PS
proteins in PS/y-secretase complex were successfully displaced
hy the exogenous mutant form (see Fig S8 of Supporting
Information). Analysis of conditioned media revealed that many
of the PSI mutants increase the relative level of APLIB28 and
AP42 in parallel (Fig 5D).

However, three of the mutant forms, PS1 HI63R, 1213T and
M233L, were exceptions and had very minor or no effects on the

Apd2ftotal AR

rate of increase in relative APLIB28 production {wt PS
background, mean 1 SD=0.163 +0.031) (Fig 3D). This is
reminiscent of our previous finding that FAD-associated PS1
CY28 does not increase the relative amount of NB25 generated
from Notchl (Okochi et al, 2006). Thus, there may be PS}
mutant forms that affect the interaction between BAPP and
PS/y-secretase but not the interaction between APLP) and
PS/y-secretase.

In CSF from patients and in cultured cells, some PS1 FAD
mutations cause a parallel increase in the ratio of APL1B28 to
total APL1B

As APL1828 is not detected in insoluble AD brain fractions
(Fig. 4), we examined whether the relative APL1328 level in CSF
reflects the relative production of AB42 in the brain. We
prepared CSF from patients bearing PS! FAD mutants (PS]
L85P, H163R, G206V, M233L, L286V and 1.381V) (Table 1) and
from non-demented patients (see Table S2 of Supporting
information), and measured the level of each APLIB and AB
species in the samples (Fig. 6).

Table 1. Clinical information of the familial AD patients in this study

Mutation Diagnosis

PS1 L8SP Early onset AD with spastic paraplegia (variant type AD)
PS1 H163R Early onset AD with parkinsonism

PS1 G206V Early onset AD with psychosis

PS1 M233L-1 tarly onset AD with parkinsonism

PS1 M233L-2 Farly onset AD with spastic paraplegia

PS1 L286V Early onset AD

PS1 G381V Early onset AD with spastic paraplegia {(variant type AD)

Age of onset Age of CSF collection Symptoms
(Year) (Year)
26 27 MMSE23/30
41 48 MMSE3/30
37 38 MMSE10/30
41 48 MMSE2/30
37 53 MMSEQ/30, bed-ridden
40 47 MMSE22/30, CDR1
29 57 MMSEQ/30, bed-ridden
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Figure 6. Relative APL1828 levels in CSF of PS1 FAD patients.

A. Relationship between the relative ratio of AB42 level to total AB level in the
CSF (for the non-demented patients with wt PS1 [n = 17] or patients with
the indicated PS1 FAD mutations) and the relative ratio of AB42 pro-
duction to total AB production in cell culture (K293 cells stably expressing
wt PS1 or the indicated PS1 FAD mutants). For non-demented patients, the
value is a mean, and the error bar represents the SD.

B, Relationship between the relative ratio of APL1328 level to total APL1B
fevel in the CSF and the relative ratio of APL1828 production to total APL18
production in cell culture. Patients M233L-1 and M233L-2 are brothers.

C. Reilationship between the relative ratio of APL1B28 level to total APL1B
fevel in the CSF and the relative ratio of AB42 production to total A
production in cell culture.
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We first calculated the relative AB42 levels in the CSF
and then compared the values with those secreted from wt PS or
the PS mutant-expressing cells (Fig 6A). As expected, although
the relative levels of AR42 secreted from the mutant cells were
elevated (wt PS background, meanz+SD=0.104 +0.004),
the relative levels of AB42 in the CSF were unchanged or
decreased (non-demented patients, mean + SD =0.093 -+ 0.010)
(Fig 6A). Thus, it seems that the relative AB42 levels in CSF do
not correspond to the relative generation of AB42 in FAD brains.

We, next, performed a similar study with APL1pB (Fig 6B).
More specifically, the relative APL1B28 levels in mutant CSF
were compared with the levels secreted from mutant cells. PS1
L8SP, 1286V, G206V and L381V mutants were found to up-
regulate the relative APL1B28 level in conditioned medium
(Fig 5D). In contrast to what was found for AB42, the relative
APL1B28 level is, indeed, up-regulated in CSF of the FAD
patients bearing these mutants (non-demented patients, mean
+SD=10.208 +0.030) (Fig 6B). However, in CSF of patients
bearing the mutations PS1 H163R and M233L, which do not
increase the relative APL1828 level in conditioned medium
(Fig 5D), the relative level of APL1B28 is not up-regulated
(Fig 6B). These results suggest that, as for the PS1 FAD
mutations, the relative APL1828 levels in CSF correlate with the
relative generation of APL1B28 in the brain (R*=0.74, t =4.10,
p=0.006; Fig 6B). Collectively, we found that PS1 FAD
mutations that increase the relative levels of AB42 and APL1328
in cell culture, also elevate the relative CSF levels of APL1828
but not AB42 (Fig 6C). Thus, APL1B28 is a potential surrogate
marker for AB42. That is the relative level of APL1p28 in CSF
correlated with the relative generation of AP42 in the brain
(R*=0.79, t=3.31, p=0.04; Fig 6C).

Even at the mild cognitive impairment {(MCI) stage, the
relative level of APL1B28 in the CSF of sporadic AD patients is
higher than that of non-AD controls

Given that APL1328 may be a non-aggregating surrogate marker
for AB42, we examined whether the relative ratio of APL1B28 in
the CSF changes in sporadic AD patients. We measured APL1B
and AR species in CSF of patients with sporadic AD (M =43)
including those who were at the MCI stage (n=9) and in
demented patients without AD (n=35) as well as in non-
demented individuals (n=17) (Supplementary Table 2). The
relative ratios of APL1B28 are plotted against those of AB42 in
Fig 7A. As clearly shown, results for many of the sporadic AD
patients were located in the lower-right part (a location where
APL1B28 ratio is high and Ap42 ratio is low) of the plot.
Statistically, even when the patients were at the MCI stage
(mean + SEM = 0.248 -+ 0.003), the relative APL1B28 level in
the CSF of sporadic AD patients (0.263 3 0.001) was higher than
that of non-demented (0.208+0.002) or non-AD patients
(0.212+£0.002) with significant differences between non-
demented and sporadic AD patients (p < 0.0001), non-demen-
ted and MCl-stage patients (p < 0.01), non-AD and sporadic AD
patients (p<0.001), and non-AD and MCl-stage patients
(p<0.05), according to the Kruskal-Wallis and Wilcoxon-
Mann-Whitney tests (Fig 7B). In addition, we also observed the
lowered tendency of the relative Ap42 level in the CSF of
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