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Alexander disease (ALX) is a rare neurodegenerative disease caused by the gene mutations encoding glial
fibrillary acidic protein (GFAP). The formation of aggregates in the cytoplasm of astrocytes, which mainly
consists of GFAP, is characteristic of ALX. To examine the dynamic process of aggregates between the
different domains of GFAP, we performed time-lapse recording on two different mutant GFAP. R239C and
R416W GFAP mutations located in the rod domain and tail domain, respectively, were transfected into
astrocytoma-derived cells, and their real-time dynamics were observed using time-lapse recording. Our
time-lapse recording study indicated that the process of inducing aggregates would be different between
R239C and R416W. In GFP-R239C cells, 32.4% first appeared as aggregates, and clusters of aggregates in
the cytoplasm tended to move inward and form amorphous aggregates. On the other hand, 82.0% of GFP-
R416W cells first showed disrupted GFAP, with a bubble-like or ring-like structure; however, most cells
maintained their structure and were capable of cell division. Our result indicates that the mechanism of
GFAP aggregation depends on the domain in which the point mutation is located. A different approach
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to ALX therapy should be considered according to the domain of GFAP.

© 2009 Elsevier Ireland Ltd. All rights reserved.

Alexander disease (ALX) is a rare neurodegenerative disorder char-
acterized by white matter degeneration, and the formation of
cytoplasmic inclusions called Rosenthal fibers can be demonstrated
in astrocytes in pathological studies [1]. Rosenthal fibers, which
accumulate particularly in astrocyte end-feet in the subpial and
perivascular zones, consist of glial fibrillary acidic protein (GFAP),
heat shock protein 27 (HSP27) and aB-crystallin [7,17,6]. Clinically,
ALX is classified into three subtypes: infantile, juvenile and adult
forms based on the age at disease onset. The infantile form is the
most common and severe and usually presents between birth and 2
years of age with developmental delay, megalocephaly, spasticity,
and seizures. The adult form is milder and presents with spastic
paresis and ataxia, with or without palatal myoclonus. Geneti-
cally, heterozygous GFAP mutations have been found in patients
with ALX [2]. The corresponding domain is composed of the head
domain, alpha-helical rod domain and tail domain. Most GFAP
mutations are located in the rod domain and few in the tail and
head domains [9], although the genotype-phenotype correlation is
unknown; V87G mutation can clinically vary even between affected
members of the same family who carry exactly the same mutation

* Corresponding author. Tel.: +81 75 251 5793; fax: +81 75 211 8645.
E-mail address: toyoshid@koto.kpu-m.ac.jp (T. Yoshida).

0304-3940/$ - see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2009.04.032

[13]. R416W mutation has been found in all three forms of ALX
[2,9,12].

ALX is considered a disorder of astrocytes associated with
protein misfolding and aggregation because GFAP transgenic
mice overexpressing human wild-type GFAP showed characteris-
tic pathological changes and clinical features [10]. The mechanisms
leading to aggregate formation, which were considered models of
Rosenthal fibers, were investigated in recent studies. Mutant GFAP
decreases the solubility of normal GFAP and alters the organiza-
tion of the GFAP network [5]. Insufficient amounts of plectin, an
intermediate filament-associated protein, promote GFAP aggrega-
tion and Rosenthal fiber formation [16]. GFAP aggregates stimulate
autophagic pathways, regulated by p38/MAPK and mTOR signal-
ing pathways [15]. Our previous study using a migration assay
suggested that functional abnormalities of astrocytes might be
induced prior to GFAP aggregation and that this functional alter-
ation depends on the domain in which the point mutation is located
[18].

In this study, to examine the dynamic process of aggrega-
tion between different domains of GFAP, we performed time-lapse
recording of R239C and R416W mutant GFAP, located in the rod and
tail domains, respectively.

The coding region of human genomic DNA was amplified by
polymerase chain reaction (PCR) using the following primers with
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Fig. 1. Time-lapse recording of GFP-wild-type GFAP cells at 10x magnification. Cells shown with red and yellow arrows demonstrated filamentous distribution of GFAP and

cell division.

restriction sites—sense: GFAP-F.EcoRI 5'-CGGGAATTCAGCAGGATG-
GAGAGGAGACG-3/, antisense: GFAP-R.Bam 5-GGCGGATCCCAGA-
GGCCACCAGGTGGGTC-3'. After purification, PCR products were
digested with EcoRI and BamHI and ligated into EcoRI and
BamHI sites of pUC18 plasmid (Takara Shuzo, Otsu, Japan). Point
mutations, R239C (GFAP C729T) and R416W (GFAP C1260T),
were generated as described for the LA PCR in vitro mutage-
nesis kit (Takara Shuzo, Otsu, Japan). Following digestion with
EcoRI and Sphl, each of the mutated DNA fragments was lig-
ated into the EcoRI and Sphl sites of pUC18. The constructs
were sequenced using an ABI PRISM 310 autosequencer (PE
Applied Biosystems, Foster City, CA, USA). To prepare GFAP tagged
with a GFP vector (GFP-R239C and GFP-R416W), each of the
pUC18 plasmids containing mutant GFAP was amplified by PCR
using the following primers with restriction sites—sense: GFAP-
F/Hind-GFP 5/-CGAAGCTTGATTACGAATTCAGCAGG-3/, antisense:
GFAP-R/pAcGFP-Bam 5'-GAGGATCCGTCCTGCCTCACATCACA-3'.
After purification, the PCR products were digested with HindIIl and
BamHI and ligated into the Hindlll and BamHI sites of pAcGFP-C3
(Becton Dickinson, Franklin Lakes, NJ, USA).

Human astrocytoma-derived cells (U251) were grown in RPMI
1640 medium (Nikken Biochemical Laboratory, Kyoto, Japan) sup-
plemented with 10% fetal bovine serum (FBS) and amphotericin B
(0.125 p.g/ml). One day before transfection, 4 x 104 cells were plated
onto a 35-mm plate (Becton Dickinson, Franklin Lakes, NJ, USA).
Cells on each plate were transfected for 2h using 2.0 ug plasmid
with transfection reagent (Lipofectamin 2000®, Invitrogen, Japan).
After transfection, cells were washed with medium containing 10%
FBS to terminate the reaction. Cells were assayed for the expression
of the transfected gene after 48 h. Just before the time-lapse record-
ing, cell nuclei were stained with Hoechst 33342 at 37 °C for 30 min.
A plate for real-time acquisition was placed in the incubator at 37 °C
with 5% C0,/95% air on the stage of a fluorescence microscope
(BIOREVO BZ-9000, KEYENCE). Time-lapse images were acquired
every 20 min for 24 h at 10 or 40x magnification.

Real-time images of both GFP-wild-type GFAP (GFP-Wt) and
GFP-mutant GFAP showed two initial phenotype patterns: an
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apparently normal filamentous network, or aggregates. Overall,
86.1% of GFP-Wt cells (n=79) first appeared with a normal fila-
mentous network and 95.6% (n=65) maintained the filamentous
network and were capable of cell division (Fig. 1). The remaining
13.9% of GFP-Wt cells (n=11) first appeared as aggregates. Almost
all of these cells (90.9%, n=11) were unchanged and were incapable
of cell division. In GFP-R239C cells (n=293), 32.4% (n=95) first
appeared as aggregates. In such cells, a cluster of aggregates in the
cytoplasm tended to move inward and form amorphous aggregates
(Fig. 2). These aggregates were incapable of cell division. Overall,
82.0% of GFP-R416W cells (n=73) first appeared as a filament net-
work at 10x magnification; however, these cells showed that the
filaments were constructed of a bubble-like or ring-like structure at
40x magnification (Fig. 3); 79.5% of such cells (n=58) maintained
their structure and were capable of cell division, whereas 20.5% of
cells that appeared with an apparently filamentous network (n=15)
were induced to aggregate.

Our time-lapse recording study indicated that the process of
inducing aggregates would be different between R239Cand R416W.
R239 is located in the helical rod domain or central helical domain
in GFAP, which is considered important for interfilament network
formation, filament assembly and stabilization of subunits [11]. A
previous time-lapse recording study by Mignot et al. showed that
aggregates of R236H, which was also located in the rod domain
of GFAP, either disappeared, associated with cell survival, or coa-
lesced in a huge juxtanuclear structure associated with cell death
[4]. Therefore, mutant GFAP in the rod domain, including R239C,
might be unable to maintain the fundamental filamentous archi-
tecture of GFAP and be induced to aggregate, suggesting that the
degree of severity of mutant GFAP in the rod domain depends on
the degree of disruption of the fundamental structure, which may
have a dominant effect on wild-type GFAP.

R416 is located in the tail domain, which is conserved between
all type 11l intermediate filament proteins and is thought to play a
role in stabilizing protofibrillar interactions and filament diameter
[3]. Furthermore, R416W GFAP is expected to alter interactions with
other cytoskeletal elements [11]. Perng et al. reported that molecu-

©

Fig. 2. Time-lapse recording of a GFP-R239C cell. About 30% of these cells first showed a cluster of aggregates in the cytoplasm (A) and tended to move inward (B), and finally

formed amorphous aggregates (C). This type of aggregate was incapable of cell division.
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Fig. 3. Time-lapse recording of a GFP-R416W cell. These cells showed filaments constructed of a bubble-like or ring-like structure at high magnification (A and D). 79.5% of
such cells maintained the structure and were capable of cell division (B and C). In the other cells, clusters of small aggregates emerged from the cytoplasm (E) and formed

large aggregates (F). This type of aggregate was incapable of cell division.

Table 1

Dynamics of astrocytoma cells transfected with wild-GFAP and mutant GFAP in time-lapse experiment.

GFP-Wt
Initial phenotype

: - network
Dynamic evolution

GFP-R239C
Initial phenotype

o

network
Dynamic evolution

GFP-R416W
Initial phenotype
Dynamic evolution

network

79.5%n0=58)

filamentous network
86.1%(n=68/79)

aggregates

95.6%M=65) 4.4%n=3)

filamentous network
67.6%(n=198/293)

aggregates
94.4%(n=187)

filamentous network
82.0%(n=73/89)

aggregates
20.5%(n=15)

aggregates
13.9%m=11/79)

network  aggregates
9.1%(n=1) 90.9%(n=10)

aggregates
32.4%(n=95/293)
network  aggregates
5.6%(n=11) 9.5%m=9) 90.5%(n=86)
aggregates
18.0%(n=16/89)

A

network  aggregates
6.3%n=1) 93.7%(n=15)

lar chaperones, including HSP27 and aB-crystallin, were associated
with the formation of GFAP aggregates and led to astrocyte malfunc-
tion [14]. In our study, many cells with R416W GFAP were able to
undergo cell division, although the filamentous structure of these
cells was apparently disrupted. Our results suggested that these
cells could maintain the fundamental structure of GFAP, and that
the alteration of R416W GFAP function in astrocytes depended on
other elements which interact with GFAP, supporting the fact that
the phenotype of mutant GFAP in the tail domain shows a variety
of clinical features of ALX with varying severity [2,9,8].

A small population of cells with aggregates recovers filamen-
tous network morphology during time-lapse recording (Table 1).
Some of these cells were not pathological aggregates but appar-
ent aggregates in cell division, because these cells divided and
converted to filamentous network morphology in the early stage
during recording; however, the rest converted to filamentous net-

work morphology without cell division, suggesting that this kind of
aggregate may disappear spontaneously, independent of cell divi-
sion.

In summary, our real-time imaging study using time-lapse
recording indicates that the mechanism of GFAP aggregation
depends on the domain in which the point mutation is located and
may be able to explain the difference in clinical features between
the domains. A different approach to ALX therapy should be con-
sidered according to the domain of GFAP.
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Letters to the Editor Related to New Topics

Novel GFAP Mutation in Patient with
Adult-Onset Alexander Disease Presenting
with Spastic Ataxia

Adult-onset Alexander disease is rare and clinically charac-
terized by slowly progressive signs of brainstem and spinal
cord involvement.! Missense mutations in the gene encoding
the glial fibrillary acidic protein (GFAP) have been identified
as a genetic basis for Alexander disease.” We here report a
Japanese patient with adult-onset Alexander disease with a
novel GFAP mutation.

A 36-year-old man of Japanese descent, a child of noncon-
sanguineous parents, with a 10-year history of slowly pro-
gressive gait disturbance, was referred to us. His early motor
and intellectual development were normal. Neurological ex-
amination revealed rhythmic ocular nystagmoid movement,
dysarthria, truncal and limb ataxia, increased muscle stretch
reflex with bilateral Babinski sign, and spasticity in his lower
extremities. Palatal myoclonus was not noted. He was ambu-
latory, but his gait was unsteady owing to ataxia and spastic-
ity in the lower extremities.

Brain MRI demonstrated a marked atrophy of the medulla
oblongata and cervical spinal cord, and a mild atrophy of the
cerebellar hemisphere (Fig. 1A). Fluid attenuation inversion
recovery (FLAIR) images revealed abnormal hyperintensities
in cerebellar dentate nucleus (Fig. 1B) and the periventricular
white matter (Fig. 1C).

Molecular genetic analysis of GFAP was performed using
the patient’s genomic DNA after obtaining written informed
consent. Sequence analysis revealed a heterozygous 302T > C
substitution in exon 1 of GFAP, leading to an L101P substitu-
tion. The L101P substitution is located in the C-terminal end
of the 1A rod domain of GFAP occurring in a highly con-
served amino acid residue across species (Fig. 1D). The
sequence change was confirmed by restriction fragment length
polymorphism (RFLP) using enzyme digestion by Bcgl in the
patient and 100 normal control subjects (Fig. 1E).

To obtain biochemical evidence of pathogenecity of the
novel GFAP L101P mutant, we transfected wild-type and
mutant GFAP, and examined the solubility of the GFAP pro-
tein. Samples were sequentially extracted with different strin-
gent buffers and subjected to western blot analysis (see Sup-
plementary methods). The well-characterized mutant R416W
GFAP was largely recovered from the detergent-resistant S2
fraction because of the decreased solubility of mutant GFAP
(Fig. IF, lane 8) as previously reported.>* In this assay,
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wild-type GFAP was predominantly detected in the soluble
S1 fraction (Fig. 1F, lane 2). In contrast, the mutant L101P
GFAP was largely observed in the detergent-resistant S2
fraction (Fig. 1F, lane 7). Transfected cells were further ana-
lyzed for GFAP assembly by confocal microscopy (see Sup-
plementary methods). Whereas wild-type GFAP displayed
cytoplasmic distribution with a filamentous network, the
L101P mutant yielded an irregular dot-like structure largely
lacking the filamentous structure (Supp. Info. Fig.).

In this study, we identified a novel GFAP mutation in a
Japanese patient with adult-onset Alexander disease present-
ing with slowly progressive spastic ataxia. The parents of the
patient are unaffected; hence, the mutation seems to arise
de novo in the patient as in most cases of Alexander disease.’
Indeed, the mother did not carry the mutation. Unfortunately,
DNA sample was unavailable from the father, who has
recently died of heart disease.

GFAP is a member of the intermediate filament family
with a conserved central helical rod domain flanked by
the head and tail domains (Fig. 1D). The L101P mutation
detected in the patient is located in the coil 1A rod domain,
which is considered to play an essential role in filament for-
mation. Mutations of the «-helix regions in the rod domain
are considered to alter the charge and hydrophobic interac-
tions within coiled coils.* Thus, mutations in the domain may
affect the solubility of GFAP, which is supported by our bio-
chemical experiments using cells expressing mutant GFAP.

To date, more than 10 GFAP missense mutations associated
with adult-onset Alexander disease have been found, with
nearly all occurring in the rod domain.'*>” The genotype—phe-
notype correlation in Alexander disease has been poorly under-
stood particularly in adult-onset cases, probably owing to the
very small number of patients. Alexander disease in our patient
is clinically characterized by slowly progressive spastic ataxia
with bulbar signs without palatal myoclonus, In patients with
adult-onset Alexander disease, bulbar symptoms, gait ataxia,
and spasticity are common clinical features, whereas ocular
motor abnormalities, autonomic dysfunctions, and Palatal myo-
clonus have been reported with varying frequency.'~

Our patient exhibited atrophy of the medulla and spinal
cord, and abnormal hyperintensities of the periventricular
white matter and cerebellar dentate nucleus on FLAIR
images. The characteristic atrophy of the medulla and spinal
cord is invariably present in adult-onset Alexander disease.””
In contrast, leukoencephalopathy and abnormal signal inten-
sities of the cerebellum are not always observed in adult-
onset cases.”” The question of why missense mutations in
the same critical domain of GFAP result in such different
clinical phenotypes and MRI findings in Alexander disease is
intriguing and deserves further attention and elucidation.
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L101P
Human [NP 002046.1} KALAAELNQLRA
P. troglodytes [XP 511561.2] KALAAELNOLRA
R. norvegicus [NP 058705.1] KALAAELNQLRA
M. muscuius [NP 034407.2] KALAAELNQLRA
C. familiaris [XP 511561.2] KALAAELNOLRA
G. gallus [XP 418091.2] KVLVLELNRARE
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FIG. 1. Brain MRI of patient. (A) A midsagittal T1-weighted image shows atrophy of the medulla oblongata and the cervical spinal cord. (B)
An axial FLAIR scan shows signal abnormality of the cerebellum. (C) White matter hyperintensity in the frontal and occipital portions is
observed in a FLAIR image. (D) Localization of novel L101P mutation. Schematic of GFAP is shown. Boxes indicate the four c-helical subdo-
mains within the central rod domain, separated by nonhelical linkers. Amino acid sequences of GFAP among species were compared by multiple
sequence alignments using the Clustalw algorithm. The conserved amino acids are indicated by asterisks. (E) The mutation is confirmed by RFLP
analysis. The 330-bp wild-type PCR product (arrow) was not digested with Begl and generated a single fragment. The mutation resulted in the
cleavage of the product into 180 and 150 bp (arrowhead). (F) Solubility of GFAP in culture cells. C6 cells were transiently transfected with the
expression vector encoding wild-type or mutant (LI01P or R416W) GFAP. Transfected human GFAP (~50 kDa) was detected with the monoclo-
nal anti-human GFAP antibody, which does not react with endogenous rat GFAP (upper panel, lanes 1 and 5). L101P GFAP (lanes 3 and 7)

migrates slightly slower than the wild-type or R416W GFAP. The same samples were blotted with the anti-actin antibody to show that compara-
ble amounts of proteins were loaded (lower panel).
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Early Brain Abscess: A Rare Complication of
Deep Brain Stimulation

Deep brain stimulation (DBS) is successfully used for symp-
tomatic treatment of various movement disorders. However,
the technique is not without risks' for adverse events related
to surgery, hardware, or stimulation itself, There is a contin-
ued need for standardized reporting of adverse events related
to DBS surgery, especially with respect to serious infections.’
These include the rare complication of intracerebral infec-
tions, which if not recognized, may cause serious and long-
term morbidity.

A 55-year-old man with tremor-predominant Parkinson’s
disease underwent unilateral DBS surgery. The electrode
(3387, Medtronic, Minneapolis, MN) was placed in the right
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Abstract There is mounting pathological, biochemical
and genetic evidence that the metabolism and aggregation
of the 43-kDa transactive response (TAR)-DNA-binding
protein (TDP-43) play a crucial role in the pathogenesis of
sporadic and some forms of familial amyotrophic lateral
sclerosis (ALS). Recently, it was reported using an ELISA
system that elevated levels of TDP-43 were detected in
plasma samples from patients with Alzheimer’s disease and
frontotemporal dementia, compared to healthy controls. To
determine whether quantification of TDP-43 in cerebrospi-
nal fluid (CSF) is potentially informative in the diagnosis of
ALS, we measured the concentration, by a similar ELISA
method, of TDP-43 in CSF from 30 patients with ALS
(diagnosed according to the revised El Escorial criteria) and
29 age-matched control patients without any neurodegener-
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ative disease. We found that, as a group, the ALS patients
had significantly higher levels of TDP-43 in their CSF than
the age-matched controls (6.92 % 3.71 ng/ml in ALS versus
5.31 £0.94 ng/ml in controls, p <0.05), with levels of
TDP-43 in CSF elevated beyond 95% upper confidence
level for the control group in six (20%) of the patients with
sporadic ALS. All the six patients with higher levels of
CSF TDP-43 were examined within 10 months of the onset
of illness. The patients examined within 10 months of onset
showed significantly higher levels of CSF TDP-43
(8.24 + 4.72 ng/ml) than those examined after 11 months
or more of onset (5.41 & 0.66 ng/ml, p <0.05). These
results suggest that the levels of TDP-43 in CSF may
increase in the early stage of ALS. We also confirmed the
existence of the TDP-43 protein in CSF from some patients
with ALS, and a control subject, by western blotting of pro-
teins immunocaptured from the CSF samples. Raised TDP-
43 levels in the CSF may preempt the formation of TDP-43
pathology in the central nervous system, or correlate with
early-stage TDP-43 pathology, and accordingly be a bio-
marker for the early stage of ALS.

Keywords - Amyotrophic lateral sclerosis - TDP-43 -
Cerebrospinal fluid - ELISA : Biomarker :

Introduction

Amyotrophic lateral sclerosis (ALS) is a relentlessly pro-
gressive and ultimately fatal neurodegenerative disorder
characterized pathologically by the degeneration of upper
and lower motor neurons and the presence of ubiquitin-pos-
itive, tau- and o-synuclein-negative cytoplasmic inclusions
(UBIs) in the degenerating neurons [26, 29]. Most ALS
cases are sporadic (SALS), but about 10% of ALS patients
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have a positive family history (FALS), of which about 20%
are caused by missense mutations in the gene for superox-
ide dismutase 1 (SODI) [11, 25]. About 15% of ALS cases
develop frontotemporal dementia (FTD)—a clinical sub-
type of frontotemporal lobar degeneration (FTLD) [27]—
but about 50% of ALS patients will develop cognitive
impairment during the course of their illness [1, 15, 27].
Recently, the 43-kDa transactive response (TAR)-DNA-
binding protein (TDP-43), which is encoded by the
TARDBP gene on chromosome 1, was identified as the
major pathological protein of the motor neuron inclusions
found in SALS and SOD1-negative FALS, as well as spo-
radic and familial FTLD with UBIs (FTLD-U) [2, 7, 8, 14,
16, 19, 28, 32]. Furthermore, missense mutations in the
TARDBP gene in FALS and SALS have been reported,
implying that abnormal TDP-43 alone may be sufficient to
cause neurodegeneration [10, 13, 31, 34]. These collective
studies provide evidence of a direct link between the TDP-
43 protein, its aggregation, and the development of ALS.
They also suggest that TDP-43 could serve as a marker can-
didate for SALS, for which no biological markers have yet
been established to aid its clinical diagnosis. The availabil-
ity of such a resource would have a major impact on clini-
cal practice.

The TDP-43 is a 414-amino acid nuclear protein that
is highly conserved across species and is ubiquitously
expressed in tissues, including heart, lung, liver, spleen,
kidney, muscle, and brain [4]. Previous reports suggested
that physiological functions of TDP-43 might involve bind-
ing to single strand DNA, RNA, and proteins, to regulate
biological processes in the nucleus [4, 17, 23]. Recently,
Foulds et al. have shown that TDP-43 can be detected in
human plasma by enzyme-linked immunosorbent assay
(ELISA) and western blotting, and that the levels of this
protein are elevated (compared to healthy controls) in some
patients’ with Alzheimer’s disease (AD) and others with
FTD [9]. These findings suggest that TDP-43 is constitu-
tively released into the extracellular space and can be
detected in the body fluids, such as plasma and possibly
cerebrospinal fluid (CSF). Interestingly, Foulds et al.
detected elevated levels of TDP-43 protein in plasma of
22% patients with AD and 46% patients with FTD. The
proportions of patients with FTD and AD showing raised
plasma TDP-43 levels correspond closely to those propor-
tions of patients known from autopsy studies to harbor
TDP-43 pathological changes in their brains, and so it was
concluded that raised plasma levels of TDP-43 may witness
the presence of TDP-43 pathology within the brain. Patho-
logical studies have indicated that about half of all cases
with FTD have ubiquitin-positive, TDP-43-positive cyto-
plasmic inclusions (FTLD-U pathology) that are identical
with those seen in motor neurons in ALS [15, 18, 30]. We
therefore considered that the quantification of extracellular

@ Springer

TDP-43 in plasma and CSF could offer an opportunity for
the development of a molecular biomarker not only for
FTLD-U, but also for ALS and related diseases. There are
no previous reports that have quantified TDP-43 either in
CSF or plasma samples from patients with ALS. In this
study, we modified the ELISA protocol described by
Foulds et al. [9] to improve its sensitivity and applied this
method to measure the levels of TDP-43 in CSF from
patients with ALS and control cases.

Materials and methods
CSF samples

The CSF samples were obtained from 30 patients with
SALS (ages 42-85, mean & SD 65.3 - 10.0, see Table 1
for clinical details) and 29 age-matched control patients
(ages 54-84, mean &= SD 68.8 &+ 8.7). All subjects pro-
vided written informed consent to participate in the study,
which was approved by the University Ethics Committee
(Kyoto Prefectural University of Medicine, Kyoto, Japan).
The study procedures were designed and performed in
accordance with the Declaration of Helsinki. The patients
with SALS examined in this study consisted of those with
“definite” (n = 17) or “probable” (n = 13) ALS, diagnosed
according to the revised El Escorial criteria [3]. None of the
SALS patients had a family history of ALS, or SOD-1
mutations. In this study we excluded any SALS patients
with dementia. The age-matched control subjects com-
prised neurologically normal individuals (healthy controls,
n=13) and controls with various neurological disorders
(disease controls, n = 16) including patients with epilepsy
(n=2), cerebellar ataxia (n = 1), benign positional vertigo
(n=1), myelopathy (n = 1), cervical spondylosis (n=2),
cranial and peripheral neuropathy (n=6), and myopathy
(n=3). None of the 29 age-matched control patients had
dementia. Fresh CSF samples were collected from living
SALS and control cases, and then stored at —80°C until
used for the ELISA.

Immunoassay protocol

The TDP-43 in CSF was measured using a sandwich
ELISA system similar to that reported by Foulds et al. [9]
with small modifications. The ELISA - plates (Nunc
MaxiSorp, flat-bottom 96-well Black MicroWell plate,
Roskilde, Denmark) were coated by overnight incubation
at 4°C with 0.2 ug/ml anti-TDP-43 monoclonal antibody
raised against a recombinant protein corresponding to resi-
dues 1-261 of human TDP-43 (H00023435-M01, clone
2E2-D3, Abnova Corporation, Walnut, USA), 100 pl/well,
diluted in 200 mM NaHCO, buffer, pH 9.6. The plates
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T:tli,el:;t: W?éi“:ﬁlsi?ailf t(i)lile Case  Gender Age at Disease Clinical Bulbar Dementia CSF TDP-43
}v)v hen CSF samples were taken onset (y) duration (m) diagnosis®  sign (ng/ml)
?md the concentration of TDP-43 1® M 74 9 Definite B _ 1976
in CSF b .
2 F 61 10 Definite + - 18.39
3° M 68 Definite + - 12.05
4b F 41 Definite + — 10.70
5° M 74 Definite + - 8.12
6" M 66 Probable - - 7.40
7 M 84 20 Definite + - 6.95
8 F 68 9 Definite + — 6.55
F 65 26 Definite - - 6.48
10 M 68 10 Probable —_ — 6.35
11 F 64 32 Definite - - 6.02
12 M 65 2 Probable — - 5.96
13 M 66 5 Probable — - 5.81
14 M 64 8 Probable - - 5.63
15 M 53 10 Probable - - 5.53
16 F 78 30 Probable + - 5.51
17 M 81 19 Probable + — 5.46
18 F 54 32 Probable — — 5.38
19 F 69 23 Definite + - 5.28
20 M 60 11 Probable - - 5.21
ALS Amytrophic lateral 21 M 50 10 Definite - - 5.17
;c‘ff;‘;egip nfif:;gfg‘“al 2 M 70 38 Probable  + - 5.15
M male; F female 23 M 69 12 Definite + - 5.04
2 patients were diagnosed as 24 M 63 8 Definite + - 4.95
“definite” or “probable” ALS 25 F 61 11 Definite + - 495
according to the revised Al 2% M 69 14 Probable  + - 492
Escorial criteria [3]
b Patients 1,2, 3,4, 5 and 6 27 F 62 9 Definite + — 4.81
showed higher levels of CSE 28 M 60 36 Probable  + - 471
TDP-43 than the 95% upper con- 29 F 57 8 Definite — — 4.66
fidence level for the control 30 M 40 28 Definite _ _ 4.63

group (>7.18 ng/ml)

were washed three times with PBST [0.01 M phosphate
buffer, 0.0027 M potassium chloride and 0.137 M sodium
chloride, pH 7.4 (PBS) containing 0.05% Tween 20], and
incubated with 200 pl/well of blocking buffer (PBST con-
taining 2.5% gelatin) for 2 h at 37°C. The plates were
again washed three times with PBST and 100 pl of the
CSF samples to be tested were added to each well. To
eliminate inter-assay variability as a confounding factor,
all CSF samples were run in duplicate on the same day
with the same lot of standards. After washing three times
with PBST, the detection antibody, anti-TDP-43 rabbit
polyclonal antibody (10782-2-AP, ProteinTech Group,
Chicago, USA), 100 pl/well, diluted to 0.2 pg/ml in block-
ing buffer, was added and the plates were incubated at
37°C for. 2 h. After washing three times with PBST, the
plates were incubated with 100 pl/well of goat anti-rabbit
secondary antibody coupled to horseradish peroxidase

(HRP) (Dako Ltd., Denmark), diluted 1:10,000 in blocking
buffer, at 37°C for 1 h. After washing four times with
PBST, 100 pl/well of an enhanced chemiluminescent sub-
strate (SuperSignal ELISA Femto Maximum Sensitivity
Substrate, Pierce Biotechnology, Rockford, USA) was
finally added, and then chemiluminescence in relative light
units was immediately measured at 395 nm with a micro-
plate luminometer (SpectraMax L, Molecular Device,
Tokyo). The standard curve for the ELISA assay was car-
ried out with triplicate measurements using 100 pl/well of
recombinant TDP-43 protein (MW 54.3 kDa, AAH01487,
recombinant protein with GST tag, Abnova Corporation,
Walnut, USA) solution at different concentrations (0.24,
0.48,0.97,1.9,3.9,7.8, 15.6, 31.2, 62.5, 125 and 250 ng/ml)
of the protein in PBS. The relative concentration estimates
of CSF TDP-43 were calculated according to each
standard curve.

@ Springer



58

Acta Neuropathol (2009) 117:55-62

Immunoprecipitation of TDP-43 from CSF

According to the ELISA results, CSF samples from
selected patients with SALS giving a high chemilumines-
cence signal were chosen for immunoprecipitation. One
milliliter of the CSF sample, to which a cocktail of protease
inhibitors (Calbiochem, San Diego, USA) had been added,
was incubated with 10 pg of anti-TDP-43 monoclonal anti-
body (H00023435-M01, clone 2E2-D3, Abnova Corpora-
tion) overnight at 4°C. The resultant solution was
immunocaptured with magnetic beads coupled with pri-
mary anti-mouse IgG antibodies (Dynabeads sheep anti-
mouse IgG, Dynal Biotech Ltd., Wirral, UK), as described
by the manufacturer. The beads were then washed three
times with PBS. Any captured TDP-43 was eluted from the
beads by boiling in Laemmli sample buffer (Bio-Rad,
Tokyo, Japan) for 5 min, and examined by gel electropho-
resis and immunoblotting.

Gel electrophoresis and immunoblotting

Proteins eluted from the magnetic beads were separated on
10% Tris—glycine polyacrylamide gels (READY GEL J,
Bio-Rad, Tokyo, Japan). For immunoblotting, proteins sep-
arated by SDS-PAGE were transferred to Immobilon™
Transfer PVDF Membrane (0.45 pm, Millipore, Bedford,
USA). The membrane was blocked with 5% dried skimmed
milk in 10 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20,
pH 7.5 (TBS-t) overnight at 4°C. After blocking, the
membrane was incubated for 2 h with anti-TDP-43 rabbit
polyclonal antibody (10782-2-AP, ProteinTech Group,
Chicago, USA) diluted to 1:1,000 in TBS-t. The
membranes were washed three times in TBS-t, followed by
incubation with a secondary antibody, HRP-conjugated
goat anti-rabbit antibody (Dako LTD., Denmark),
(1:10,000). The protein bands were visualized by using
ECL plus (GE healthcare, Little Chalfont, UK) as described
by the manufacturer.

Statistical analysis

Regarding  differences between the SALS and  control
groups, the groups were compared using Mann-Whitney U
test. The level of significance was set at p'< 0.05. All analy-
ses’ were carried out using GraphPad Prism software
(GraphPad Prism Version 4.0, GraphPad software, San
Diego, USA).

Results

Figure 1 shows the standard curve obtained with our
ELISA system, demonstrating that TDP-43 was detected
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Fig.1 Standard curve for the TDP-43 ELISA. Data represent the

mean =+ SD of triplicate readings. The goodness of fit was 99.7% and
the lower detection limit of the method was 0.49 ng/ml

with high sensitivity. The goodness of fit was 99.7% and
the lower detection limit of the method was 0.49 ng/ml.
The intra-assay coeflicient of variation (CV) was 9.9% at a
concentration of 15.6 ng/ml (n=6), 5.0% at a concentra-
tion of 7.8 ng/ml (n=6) and 10.2% at a concentration of
1.95 ng/ml (n=6). The inter-assay CV was 10.7% at a
concentration of 15.6 ng/ml (n=3), 6.6% at a concentra-
tion of 7.8 ng/ml (n=3) and 10.2% at a concentration of
1.95 ng/ml (n = 3).

In the previous report by Foulds etal,, TDP-43 was
barely detectable by ELISA in the plasma samples obtained
from the vast majority (92%) of healthy control subjects,
77% of patients with AD, and 54% of patients with FTD
[9]. Here, we have improved the sensitivity of their ELISA
system, with slight modifications based on the use of
chemiluminescence for the detection of HRP-labeled reac-
tion, and we could readily determine the concentrations
of TDP-43 in human CSF- samples. Comparison of the
concentrations: of TDP-43 in CSF shows that it was
significantly - higher in the SALS group (mean 4 SD
6.92 = 3.71 ng/ml, n = 30) than that in the age-matched
control ‘subjects * (5.31 & 0.94 ng/ml, n=29) (p =0.023,
Mann—Whitney U test; Fig: 2a). As shown in Fig. 2a
(dashed line), we estimated the 95% upper confidence level
for the control group to be 7.18 ng/m! of TDP-43. Among
the 30 patients with SALS, there were six patients (20%)
with levels of TDP-43 in CSF higher than this 95% upper
confidence limit for the controls (i.e. more than 7.18 ng/ml,
Table 1). Interestingly, all of the six patients with higher
levels of CSF TDP-43 were examined within 10 months of
the onset of illness (Table 1). Among the 30 patients with
ALS examined in this study, the patients examined within
10 months of onset showed significantly higher levels of
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Fig. 2 aPlots for the concentra-
tions of TDP-43 in CSF in the

p <0.05

p<0.05

control patients (n = 29) and the a 20- l
patients with SALS (n = 30).

The solid line represents the
mean values of the concentra-
tions of each group. The concen-
tration of CSF TDP-43 in the
SALS group was significantly
higher than that in the age-
matched control subjects

(p = 0.023, Mann—Whitney

U test). The dashed line corre-
sponds to the 95% upper confi-
dence level for the control group
(7.18 ng/ml). b Plots for the
concentrations of TDP-43 in
CSF in the ALS patients
examined within 10 months of
onset (duration < 10 M, n = 16)
and those examined after

11 months or more of onset
(duration > 11 M, n=14). The
former showed significantly
higher levels of CSF TDP-43
than the latter (p = 0.028,
Mann—Whitney U test)
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CSF TDP-43 (mean & SD 8.24 +4.72 ng/ml, n=16),
compared with those examined after 11 months or more of
onset (5.41 £ 0.66 ng/ml, n = 14) (p = 0.028, Mann—Whitney
U test; Fig. 2b). These results suggest that the levels of
TDP-43 in CSF may increase in the early stage of ALS.
Among the six patients with higher levels of CSF TDP-43,
five patients were diagnosed as “definite” ALS and four
patients had bulbar signs (Table 1). However, not all of the
patients with “definite” ALS or with bulbar signs showed
an increased concentration of TDP-43 in CSF (Table 1).
There were no significant differences in the levels of CSF
TDP-43 between “definite” and “probable” ALS groups, as
well as between patients with and without bulbar signs
(data not shown). There were no significant correlations
between the CSF TDP-43 levels and the age of the subjects,
for either the SALS or the control groups. Also, there were
no significant differences in the levels of CSE TDP-43
between the healthy controls and the disease controls (data
not shown).

When proteins in the CSF samples from SALS patients
with high levels of TDP-43 (based on ELISA results) were
immunocaptured with the anti-TDP-43 monoclonal anti-
body, and then probed with the anti-TDP-43 rabbit poly-
clonal antibody on immunoblots, a protein band migrating
at ~43 kDa was seen (Fig. 3, lane 2-4). A weaker band at
~43 kDa, migrating in the same place as that in patients
with SALS, was detected in a similarly treated low-reading

Duration<10M Duration=11M
Patients with ALS

1 2 3 4

50KDa

37KDa

25KDa

Fig. 3 Immunoblotting of the proteins immunocaptured from CSF
samples obtained from a control patient (lane I); and three patients
with SALS (lanes 2-4) and high ELISA results. TDP-43 is seen as a
single band migrating at ~43 kDa (arrow). There are also bands pres-
ent that reacted with the secondary (goat anti-rabbit) antibody, migrat-
ing at ~23 and ~50 kDa, which are derived from immunoglobulins
(double dagger), and those migrating at ~66 kDa derived from
albumin (hash)

@ Springer



60

Acta Neuropathol (2009) 117:55-62

sample obtained from a control] subject (Fig. 3, lane 1). The
antibodies employed here for the immunocapture and
detection by immunoblotting were exactly the same as
those used as capture and the reporter antibodies, respec-
tively, in our ELISA system for TDP-43. Using this pair of
antibodies, we detected only the ~43 kDa band corre-
sponding to the full-length TDP-43, and did not detect any
lower molecular weight bands including ~25 kDa bands
corresponding to C-terminal fragments of TDP-43.

Discussion

To our knowledge, this is the first study to report the detec-
tion and levels of TDP-43 in human CSF. Further, we also
believe that ours is the first study to suggest that CSF TDP-
43 concentrations are significantly increased in some
patients with SALS as compared with those from age-
matched control patients. These measurements were made
using ELISA, and the presence of TDP-43 in CSF was con-
firmed by immunoblotting analysis of the proteins immuno-
captured from the CSF samples. Similar results were
obtained in an independent study carried out at Lancaster
University, though based upon fewer CSF samples. Using
the previously published TDP-43 ELISA method [9], 8
CSF samples obtained from Royal Preston Hospital (with
local ethical committee approval) were assayed. These
comprised samples from two normal individuals, two
patients with SALS, and four patients with other neurologi-
cal disorders. Among these 8 samples, those from the two
patients with SALS gave the highest signals (data not
shown).

The TDP-43 normally exists and subserves its functions
in the nucleus [4, 23] and so is generally considered to be
an intracellular protein that is not secreted into the extracel-
lular space. It has, however, been reported recently that
TDP-43 can be detected within plasma of some patients
with FTD and AD, and also within (fewer) normal controls
by using ELISA and immunoblotting analysis [9]. This pre-
vious report confirmed the specificity of the antibody pair
employed here for the sandwich ELISA; and showed that
the readout from the ELISA accurately reflects the levels of
TDP-43 present in plasma, as detected by immunoblotting.
We used a slightly modified ELISA system, in which the
same antibody pair as the previous study, but with a chemi-
luminescence system for signal detection was used, and we
determined the levels of CSF TDP-43 in patients with
SALS, during life. Using the same pair of the capture and
detection -antibodies for immunoblotting "analysis of the
proteins immunocaptured from CSF, we detected only one
specific band (at 43 kDa) corresponding to full-length TDP-
43, and did not detect any C-terminal fragments of TDP-43.
These results imply that the ELISA system employed in
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this study predominantly measures the full-length TDP-43
protein.

We suggest that CSF TDP-43 levels are likely to reflect
the TDP-43 content of the interstitial and extracellular com-
partments within the CNS and that the protein is, accord-
ingly, principally of neural origin, possibly including both
neuronal and glial cells [20, 35]. A recent report has linked
the presence of TDP-43 inclusions to the breakdown of
neurons, rather than glial cells: neuronophagia in the SALS
spinal cord was found to involve motor neurons containing
TDP-43 inclusions, while no motor neurons without TDP-
43 inclusions were seen to undergo neuronophagia [24].
This suggests that extracellular TDP-43 in brain and CSF
could arise from the degeneration of motor neurons. Nor-
mal diffusion through the brain parenchyma as a result of
normal cerebral blood flow or extravasation of blood prod-
ucts due to a leaking blood brain barrier is another possible
source of TDP-43 in CSF, as TDP-43 is ubiquitously
expressed [4] and is found in blood plasma [9]. If the CSF
TDP-43 we have detected is of neural rather than peripheral
origin, then our findings could reflect a breakdown of
affected motor neurons, and correlate with previous patho-
logical studies that have shown that TDP-43 can redistrib-
ute from the nucleus to the cytoplasm in affected neurons
[6, 19]. Our finding that CSF TDP-43 levels are increased
in some patients with SALS, especially in their early stages,
shows striking parallels with the growing literature on
increased concentrations of tau protein in the CSF of
patients with AD and, even more so in Creutzfeldt-Jakob
disease, where the level of CSF tau reflects the degree of
neuronal degeneration or damage [22, 33].

In this study, 6 of the 30 (20%) SALS patients had CSF
TDP-43 levels that exceed the upper 95% confidence limit
for the control patients. In the previous study on human
plasma, 46% of the FTD and 22% of the AD patients had
TDP-43 levels above the upper 99% confidence limit of the
reference population [9]. The authors argued that the pro-
portion of patients showing high plasma TDP-43 levels in
both FTD and AD closely matched those proportions pre-
dicted from histological studies to have ubiquitin/TDP-43-
based histology [5; 6, 15; 18, 30]. Histological studies of
ALS patients have reported ubiquitin/TDP-43-based patho-
logical changes in almost all non-SOD1 associated patients
[16, 20]. The discreparicy between the reported incidence
of ubiquitin/TDP-43-based histology in ALS and the per-
centage of the SALS patients with increased levels of CSF
TDP-43 by this study could be explained by one or more of
the following hypotheses: (1) some of the control patients
might have as yet unidentified reasons to have increased
CSF TDP-43 levels. This possibility, however, is unlikely
because there was no significant difference in the levels of
CSF TDP-43 between the healthy normal controls and the
disease controls; (2) elevated levels of CSF TDP-43 might
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be observed only in patients with more widespread extra-
motor and cortical TDP-43 pathology, who accounts for
only a small proportion (25-30%) of non-demented
patients with SALS [20]. In this study, four out of six SALS
patients with increased levels of CSF TDP-43 had bulbar
signs, suggesting that those four patients might have more
widespread pathology than those without bulbar signs.
However, there were also SALS patients with CSF TDP-43
levels similar to the control in spite of positive bulbar signs;
(3) CSF TDP-43 levels might depend on the stage of the
disease, or rate of disease progression or severity. Regard-
ing the last possibility, our results suggest that the levels of
TDP-43 in CSF may be increased in the early stage of ALS,
because all of the six patients with increased CSF TDP-43
were examined within 10 months of the onset of disease,
and the patients examined within 10 months of onset
showed significantly higher levels of CSF TDP-43 than
those examined after 11 months or more of onset. If CSF
TDP-43 is mainly derived from the breakdown of affected
motor neurons, as discussed above, then the levels of CSF
TDP-43 in ALS would be increased in the early stage of the
disease, reflecting neuronal damage, but might decrease as
the disease progresses because this would be accompanied
by a decrease in the number of motor neurons in the spinal
cord, which are possibly the source of the extracellular
TDP-43. Besides, previous studies have shown that the rate
of disease progression in ALS varies at different stages of
the disease in the same patient [12], and that TDP-43
pathology found in SALS of long duration was apparently
mild in degree and limited in distribution [21]. Further lon-
gitudinal studies based on repeat sampling from the same
ALS patients in the different stages of the disease will help
to address this matter.

Foulds etal. showed that TDP-43 is constitutively
released into the extracellular space and could be detected
in plasma [9]. Our results have also demonstrated that the
levels of TDP-43 in CSF could be determined in living
patients by using a sensitive ELISA, and that these levels
may be increased in the early stage of ALS. Although we
recognize that the present data are still very preliminary,
our findings suggest that the quantification of TDP-43 in
CSF or peripheral plasma (or both) could have potential
value as diagnostic laboratory tools for patients with TDP-
43 proteinopathies, such as FTLD-U and ALS, especially
the early stages of ALS. No biological marker reflective of
this kind of pathology is available for any of these disor-
ders. Besides, from the point of view of genetics, the
expression levels of TDP-43 in CSF and plasma are partic-
ularly important in ALS, because the recent discovery of
pathogenic missense mutations in the TARDBP gene in
FALS and SALS cases, none of whom had evidence of
FTLD, demonstrates that defects in the TARDBP gene are
sufficient to cause some part of FALS and SALS {10, 13,

31, 34]. The sensitivity and usefulness of TDP-43 as a bio-
marker in clinical practice could be improved by develop-
ing ELISA systems that are more specific for pathological
forms of TDP-43, including phosphorylated TDP-43 and
its N- or C-terminal fragments. Large-scale, prospective,
and well-controlled studies, especially those that include
subjects with autopsy-confirmed ALS with TDP-proteinop-
athy, are necessary to validate the usefulness of quantifica-
tion of normal or pathological forms of TDP-43 as an
urgently needed surrogate marker for the diagnosis and
disease progression of ALS.
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