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Objectives: Transcranial sonography (TCS) has been shown to reveal hyperechogenicity of the substantia
nigra (SN) in people with Parkinson’s disease and in approximately 10% of healthy subjects. It is hypoth-
esized that SN hyperechogenicity in healthy subjects and patients with idiopathic rapid eye movement
(REM) sleep behaviour disorder (iRBD) patients is a marker of vulnerability for Parkinson’s disease.
Methods: TCS and positron emission tomography (PET) with 6-['®F] fluoro-meta-tyrosine (FMT), which
can assess the level of the presynaptic dopaminergic nerve, were performed in 19 male patients with
iRBD, mean age 66.4 (standard deviation [SD] 4.9) years, to assess nigrostriatal function.

Results: Nine patients had pathological SN hyperechogenicity (mean age 66.8 [SD 3.9] years; 0.31 [SD
0.12] cm?) and 10 patients did not have SN hyperechogenicity (mean age 66.0 [SD 5.8] years; 0.11 [SD
0.06] cm?). FMT uptake at the putamen and caudate was significantly lower in iRBD patients with path-
ological SN hyperechogenicity compared with those without SN hyperechogenicity. However, no corre-
lation was found between SN echogenicity and FMT uptake. This is in conflict with previous findings

Substantia nigra hyperechogenicity

which showed that subjects with hyperechogenicity had lower FMT uptake in the striatum.

Conclusion: Pathological hyperechogenic alterations in the SN in patients with iRBD may suggest the
existence of preclinical SN dysfunction as determined by FMT-PET.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Rapid eye movement (REM) sleep behaviour disorder (RBD) is a
parasomnia characterised by dream-enacting behaviours, unpleas-
ant dreams and lack of muscle atonia during REM sleep. RBD may
be idiopathic or related to neurological disease [1]. Patients with
idiopathic RBD (iRBD) have been reported to be at increased risk
for developing Parkinson’s disease (PD) [2]. Transcranial sonogra-
phy (TCS) has been shown to reveal hyperechogenicity of the sub-
stantia nigra (SN) in patients with PD and in approximately 10% of
healthy subjects, and has been suggested as a risk marker for PD in
non-Parkinsonian subjects [3]. However, Berg et al. reported that
SN hyperechogenicity in the elderly is non-specific and of limited
usefulness in predicting an individual’s risk for PD [4]. Recently,
two case-control studies [5,6] showed that pathological SN hyper-
echogenicity was significantly more common in patients with iRBD
compared to control subjects. iRBD is regarded as one of the non-
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motor symptoms of PD, and precedes motor symptoms. Schenck
et al. identified the development of Parkinsonism in 11 of 29
men initially diagnosed with iRBD [7]. It is hypothesized that SN
hyperechogenicity in healthy subjects and patients with iRBD is a
vulnerability marker for PD. Although there is strong evidence that
the echo originates from increased local iron content, the exact
pathophysiological mechanisms for SN hyperechogenicity are not
completely understood.

In order to verify the hypothesis that hyperechogenic altera-
tions in the SN may be suggestive of preclinical nigrostriatal dopa-
minergic dysfunction for patients with iRBD, this study evaluated
the presynaptic dopaminergic function in the striatum using 6-
[*8F] fluoro-meta-tyrosine (FMT) positron emission tomography
(PET).

2. Methods

This study was performed in accordance with the Declaration of
Helsinki. Procedures were approved by the Ethics Review Commit-
tee of Dokkyo Medical University, and informed consent was
obtained from each subject. TCS and 6-[*®F]FMT PET were per-
formed in 19 males with iRBD confirmed by polysomnography.
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The mean age of subjects was 66.4 (standard deviation [SD] 4.9)
years, the mean estimated duration of RBD was 3.5 (SD 1.8) years,
the mean score on the Mini-Mental State Examination (MMSE) was
28.4 (SD 2.0), and the mean score on the Unified Parkinson’s Dis-
ease Rating Scale (UPDRS) part Il was 0.9 (SD 1) (range 0-3). Sub-
jects were recruited from a sleep disorders clinic at Dokkyo
Medical University Hospital between July 2008 and 2010. All had
a history of recurrent dream-enacting behaviours, and RBD was
diagnosed according to the International Classification of Sleep
Disorders, second edition [8].

2.1. 6-['8F] Fluoro-meta-tyrosine positron emission tomography

The PET radiotracer FMT is a substrate of the dopamine-synthe-
sizing enzyme. Most FMT signals result from tracer that has been
metabolized by aromatic amino acid decarboxylase (AADC) and
monoamine oxidase-A, and is trapped in axon terminals as 6-flu-
oro-m-hydrophenylacetic acid without being released or further
processed. FMT signals represent the extent of AADC activity more
fully [9,10].

For 6-['8F|FMT PET, the subject was placed on the scanner bed
in a GEMINI-TF64 (Philips, Amsterdam, The Netherlands) in the su-
pine position. 6-['8F]FMT (weight x 0.12 mCi) was injected intra-
venously using a syringe pump. Carbidopa pretreatment was
used (weight x 2.5 mg). A 10-min static scan was obtained
80 min following injection of 6-['F]JFMT. 6-['®F]FMT PET and mag-
netic resonance imaging (MRI) scans were fused using a Putamen
Analyzer (WebNet Technology, Nasushiobara, Japan). Regions of
interest were placed manually at the perimeters of the right/left
putamen, caudate and cerebellum in MRI scans of the same sub-
jects. Right/left putamen:cerebellum (putamen) or caudate:cere-
bellum (caudate) ratios of 6-['®F]JFMT-derived radioactivity were
estimated. The sizes of the regions of interest were not fixed. Tissue
concentrations of 6-['®F]JFMT-derived radioactivity (in mCi/cc)
were adjusted for the dose per unit of body mass and expressed
in units of mCi-kg/cc-mCi (Fig. 1A and B).

2.2. Transcranial sonography

TCS was performed using a conventional transcranial Doppler
sonograph equipped with a 2.5-MHz phased-array transducer as
described previously [5]. Hyperechogenic areas on both sides were
analysed separately. To compare areas of echogenicity and the fre-
quency of hyperechogenicity, the side of the midbrain (right or left)
with the greater area of SN echogenicity in each subject was used
for these statistical comparisons. Planimetric quantification of the
areas of increased echogenicity was done on both sides of the SN
independently (Fig. 1C and D). In accordance with previously re-
ported cut-off values, areas of echogenicity <0.20 cm? were classi-
fied as normal, and areas of echogenicity >0.20cm? were
classified as pathological |3].

The mean interval between performance of TCS and FMT-PET
was 126.6 (SD 174.8) days. TCS is performed routinely to assess
preclinical condition at the study institute. Berg et al. reported that
the echogenic area of the SN did not change in the course of PD
during a 5-year follow-up study [11]. Therefore, the interval be-
tween the performance of TCS and FMT-PET cannot be considered
to influence the results.

Clinical examinations, including the MMSE and UPDRS, FMT-
PET and TCS were performed independently by physicians who
were blinded to the results of other examinations.

2.3. Statistical analysis

Values are expressed as mean (SD). p-values were determined
using the Mann-Whitney U-test. A p-value <0.05 was taken to

indicate statistical significance. A statistical comparison of factors
such as age of patients, MMSE score, UPDRS part Il score and 6-
['SF]JFMT uptake was performed between the groups of patients
with iRBD based on the presence or absence of pathological SN
hyperechogenicity. The Spearman’s correlation coefficient was
used for analysis of the correlation between the echogenic area
of the SN and the degree of 6-['®F]JFMT uptake.

3. Results

Demographic and clinical data on patients with iRBD are sum-
marized in Table 1. Nine of the patients with iRBD had pathological
SN hyperechogenicity (mean 0.31 [SD 0.12] cm?) and 10 did not
have SN hyperechogenicity (mean 0.11 [SD 0.06] cm?). Therefore,
the 19 patients were divided into two groups: those with and those
without SN hyperechogenicity. Age distributions, MMSE scores,
and UPDRS part III scores did not differ significantly between the
groups. Evaluation of motor activity using the UPDRS part III score
ranged from zero to three points, which did not fulfill the diagnos-
tic criteria for probable PD. Compared with the patients without SN
hyperechogenicity, the patients with SN hyperechogenicity had
significantly lower uptake of 6-['3F]FMT in the putamen (mean
4.40 [SD 0.83] and 3.22 [SD 0.98], respectively; p=0.027) and the
caudate (mean 3.69 [SD 0.42] and 2.86 [SD 0.82], respectively;
p=0.014) (Table 1). However, the echogenic area of the SN did
not correlate with the degree of 6-['®F][FMT uptake in the putamen
(r=-0.4465, p = 0.0553) or the caudate (r = —0.4007, p = 0.0891).
In addition, the UPDRS part III scores did not correlate with the de-
gree of 6-['"®F]FMT uptake in the putamen (r=—0.240, p = 0.323),
the caudate (r=—0.040, p=0.871), or the echogenic area of the
SN (r=-0.216, p = 0.375).

4. Discussion

Unger et al. [12] identified a significant association between
midbrain hyperechogenicity and iRBD, and reported that two out
of five iRBD patients with SN hyperechogenicity had unremarkable
findings by presynaptic dopamine transporter imaging with fluoro-
propyl-carbomethoxy-iodophenyl-tropane (FP-CIT) single-photon
emission computed tomography (SPECT). Iranzo et al. [13] recently
reported that '**-FP-CIT striatal binding did not correlate with the
extent of SN echogenicity in patients with iRBD. In the present
study, FMT uptake in the putamen and caudate was significantly
lower in iRBD patients with pathological SN hyperechogenicity
than in those without SN hyperechogenicity. In contrast to the
present results, Iranzo et al. [13] found that patients with SN
hyperechogenicity did not have lower tracer uptake compared
with patients without SN hyperechogenicity and they did not find
a correlation between SN size and tracer uptake.

Booij et al. [14] reported that motor signs of PD started when
the decrease in the percentage of '2*I-FP-CIT binding ratios in the
putamen was 46-64% using age-corrected data. Spiegel et al. [15]
and Doepp et al. [16] reported a lack of correlation between SN
echogenicity and striatal FP-CIT uptake in patients with PD. Spiegel
et al. [15] hypothesized that the pathogenic substrate of SN hyper-
echogenicity is different from that associated with degeneration of
dopaminergic SN projection neurons. Berg et al. [11] failed to find
evidence of an increase in the size of the echogenic SN area in a 5-
year longitudinal study on PD patients with substantial progres-
sion of motor symptoms.

On the other hand, Weise et al. [17] reported a significant
correlation between the extension of the echogenic SN area and stri-
atal B-CIT binding. They discussed the possibility that the extension
of SN echogenicity may be a consequence of degeneration of
dopaminergic neurons in the SN, rather than an independent and
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Fig. 1. (A) 6-|'°F] Fluoro-meta-tyrosine positron emission tomography (6-['*FJFMT PET) on magnetic resonance imaging (MRI). This demonstrates preserved dopamine
terminals in the caudate and putamen in a healthy subject. (B) 6-['®F]FMT PET on MRL This demonstrates patchy decreased dopamine terminals in the caudate and putamen
in a patient with idiopathic rapid eye movement sleep behaviour disorder (iRBD). (C) Transcranial sonography (TCS) of bilateral substantia nigra (SN) hyperechogenicity in a
healthy subject. The area of hyperechogenic SN signal within the hypo-echogenic crus cerebri is encircled on the ipsilateral side for planimetric measurement (0.10 cm?). (D)
TCS of bilateral SN hyperechogenicity in a patient with iRBD. The area of the hyperechogenic SN signal within the hypo-echogenic crus cerebri is encircled on the ipsilateral
side for planimetric measurement (0.44 cm?).

Table 1
Area of hyperechogenic substantia nigra (SN) signals in two groups of patients with idiopathic rapid eye movement sleep behaviour disorder (n = 19).
SN hyperechogenicity” p-Value
Normal (<0.20 cm?) (n = 10) Pathological (>0.20 cm?) (n=9)
Age (years), mean (SD) 66.0 (5.8) 66.8 (3.9) 0.623
Range, years 58-77 62-72 N/A
Sex, male/female 10/0 9/0 N/A
Estimated duration of RBD (years), mean (SD) 3.9(1.7) 4.3 (2.1) 0.389
MMSE score, mean (SD) 284 (2.1) 28.4(1.9) 0.864
UPDRS part Il score, mean (SD) 0.9 (1.1) 1.0 (1.0) 0.729
Uptake of 6-['F] FMT, mean (SD)
Putamen 4.40 (0.83) 3.22 (0.98) 0.027
Caudate 3.69 (0.42) 2.86 (0.82) 0.014
Putamen/caudate ratio 1.19 (0.19) 1.12 (0.10) 0.514

RBD, rapid eye movement sleep behaviour disorder; MMSE, Mini-Mental State Examination; UPDRS, Unified Parkinson’s Disease Rating Scale; FMT, fluoro-meta-tyrosine; SD,
standard deviation; N/A, not applicable.

Transcranial sonography (TCS) was considered pathological when SN echogenicity was >0.20 cm?.

p-Value was determined by Mann-Whitney U-test.

“Side of the midbrain (right or left) with the greater area of SN echogenicity.
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mechanistically unrelated phenomenon. SN echogenicity is sensi-
tive to degeneration of dopaminergic neurons. A report by Behnke
etal.[18] showed that *fluoro-DOPA uptake was lowest in patients
with PD, followed by individuals with SN hyperechogenicity,
and finally healthy controls without SN hyperechogenicity. The
difference was significant between the three groups. Walter et al.
[19] reported that brain parenchyma sonography demonstrated
SN hyperechogenicity in concordance with abnormal nigrostriatal
18E_DOPA PET in all symptomatic and three asymptomatic Parkin
mutation carriers. Thus, they suggested SN hyperechogenicity
as an early marker for detection of preclinical Parkinsonism.
DelleDonne et al. [20] showed that incidental Lewy body disease
(ILBD) has nigrostriatal pathological features that are intermediate
between those in pathologically normal persons and patients
with PD. Among the participants with ILBD, decreased striatal
dopaminergic immunoreactivity was documented for both tyrosine
hydroxylase and vesicular monoamine transporter 2 in comparison
with the pathologically normal subjects; the reductions were even
greater in patients with PD. Also, SN neuronal loss correlated with
both striatal vesicular monoamine transporter 2 and tyrosine
hydroxylase. Thus, ILBD probably represents presymptomatic PD
rather than non-specific, age-related o-synuclein pathological
changes.

The current study compared FMT-PET findings in patients with
iRBD with and without SN hyperechogenicity. Pathological SN
hyperechogenicity in iRBD may be suggestive of nigrostriatal dopa-
minergic dysfunction, as determined by FMT-PET. However, there
was no significant correlation between the area of SN hyperechog-
enicity and the degree of 6-['®F][FMT uptake. It may be that these
two parameters have different characteristics. In other words, the
area of SN echogenicity is thought to be a stable marker, whereas
the uptake of dopaminergic tracer changes progressively with
time.

Iranzo et al. found that 19% of 43 patients developed a neuro-
degenerative syndrome such as PD, dementia with Lewy bodies
(DLB), or multiple system atrophy (MSA) 2.5 years after TCS and
1231_FP-CIT SPECT. They postulated that the combined use of
T23_FP-CIT SPECT and TCS is a potential strategy for early
identification of patients with iRBD who are at risk for develop-
ment of a synucleinopathy [13]. They also reported that one case
of iRBD who developed MSA had decreased striatal '2*[-FP-CIT
uptake and normal echogenic SN, and this discrepancy might be
explained by the fact that SN hyperechogenicity is less common
in MSA than in PD or DLB [13]. Even when SN echogenicity is
normal in iRBD, the risk for developing MSA remains. Therefore,
patients with iRBD who are at risk for developing not only PD
or DLB, but also MSA need to be followed-up.

This study had several limitations. One weak point was that the
mean interval between TCS and FMT-PET was approximately four
months. Berg et al. reported that the area of SN echogenicity did
not change with time in PD [11], but this has not been investigated
in patients with iRBD. Due to the lack of a control group in this
study, it was not possible to assess if those patients with abnormal
PET results had a greater or different echogenic size than those
with normal PET results. Satisfactory results of TCS are difficult
to obtain in females [5], and all subjects in the study were male.
In the future, in order to clarify whether there is a gender differ-
ence in the relationship between SN hyperechogenicity and FMT-
PET findings, it may be helpful to determine the background of
the gender differences in the onset of PD.

Hyperechogenic alterations in the SN may suggest the existence
of preclinical SN dysfunction and of an underlying neurodegenera-
tive disorder such as PD or DLB associated with nigrostriatal dys-
function in patients with iRBD. In terms of clinical interest and
use of the study findings, there is a need for close clinical follow-
up to detect the early signs of a disease characterised by Parkinson-

ism, and also to test neuroprotective therapies in the near future in
such patients.
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Abstract

Telestroke in clinical practice

Hitoshi Alzawa, MDD, PhDM Jun Sawada, MDD, PhD.Y, Tsukasa Saito, M.D.", Hisako Endo, M.D.",
Takayvuki Katayama, M.D., Ph.D.”, Naoyuki Hasebe, M.D.,, Ph.D.*, Hatsune Hiranuma, M.D., PhLD?,
Kouji Takahashi, M.D,, Ph.D.%, Syun Haneda, M.D., PhD.* and Kivoshi Moriya, Ph.D.?
UDivision of Neurclogy, Department of Internal Medicine, Asahikawa Medical University
TPresent affiliation: Department of Neurdlogy, Tokyo National Hospital, National Hospital Crganization
IMepartment of Radiology, Asahikawa Medical University
“Furano Hoepital
"Department of Medicine and Enginesring Combined Research Institute, Asahikawa Medical University

Background and Purpose: To examine whether a telestroke system is an effective method of pro-
viding expert stroke care to patients in yural areas,

Methods: Videoconferencing and radiological imaging linked the stroke center of Asahikawa Medi-
cal University Hospital and the emergency room of Furano Hospital (a rural hospital without access to
a siroke specialist). The stroke patients referred to Furano Hospital were diagnosed using the tele-
stroke system and started on medication. The clinical courses and outcomes of the patients were
reviewed.

Results: A stroke specialist at a university hospital obtained clinical inforniation on siroke patients
at Furano Hospital through the videoronferencing system and viewed brain MRL/MRASCT images of
the patients. As a result, the time fram the onset to starting treatment for the stroke patients was
shortened.

Conclusions: The telestroke svstem is a useful tool for rural sircke medicine.

(Ton T Stroke 33: 34-88, 2011}
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TDP-43 pathology in sporadic ALS occurs in motor neuromns
lacking the RNA editing enzyme ADAR2
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Abstract Both the appearance of cytoplasmic inclusions
containing phosphorylated TAR DNA-binding protein
(TDP-43) and inefficient RNA editing at the GluR2 Q/R
site are molecular abnormalities observed specifically in
motor neurons of patients with sporadic amyotrophic lat-
eral sclerosis (ALS). The purpose of this stndy is to
determine whether a link exists between these two specific
molecular changes in ALS spinal motor neurons. We
immunohistochemically examined the expression of aden-
osine deaminase acting on RNA 2 (ADAR?2), the enzyme
that specifically catalyzes GluR2 Q/R site-editing, and the
expression of phosphorylated and non-phosphorylated
TDP-43 in the spinal motor neurons of patients with spo-
radic ALS. We found that all motor neurons were ADAR2-
positive in the control cases, whereas more than half of
them were ADAR2-negative in the ALS cases. All
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ADAR2-negative neurons had cytoplasmic inclusions that
were immunoreactive to phosphorylated TDP-43, but
lacked non-phosphorylated TDP-43 in the nuclens. Our
resulis suggest a molecular link between reduced ADAR2
activity and TDP-43 pathology.

Keywords Amyotrophic lateral sclerosis -
Adenosine deaminase acting on RNA 2 - TDP-43 -
RNA editing - Motor neuron

Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating dis-
ease characterized by a progressive deterioration of motor
function resulting from the degeneration of motor neurons.
More than 90% of ALS cases are sporadic and approxi-
mately 5-10% are familial. Although at least six causal
genes have been identified so far in individuals affected
with familial ALS, SOD1 [ ], ALS2 (alsin) [i¢, 9],
senataxin (ALS4) [7], vesicle-trafficking protein/synapto-
brevin-associated membrane protein [*7], TAR DNA-
binding protein (TDP-43) [/, 7, 52, #7, 4+/] and FUS/TLS
[=2, %], the pathogenesis of sporadic ALS remains largely
unexplored.

One hypothesis for selective neuronal death in sporadic
ALS is excitotoxicity mediated by abnormally Ca®"-per-
meable o-amino-3-hydroxy-5-methyl-4-isoxazolepropionate -
(AMPA) receptors, which are a subtype of the ionotrepic

glutamate receptor [+, -, -i)" The recent finding of

. - reduced RNA éditing of the AMPA receptor subunit GluR2

at the Q/R site provides a plausible pathogenic mechanism
underlying motor neuron death in sporadic ALS [i, _f,
- i]. Reduced GluR2 Q/R site-editing, catalyzed by an
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enzyme called adenosine deaminase aciing on RNA 2
(ADARY), appears to be specific to sporadic ALS among
several neurodegenerative diseases [!, i+, =0, .7, Z7L

TDP-43 was identified as a component of ubiquitin-
positive, but tau-negative cytoplasimic inclusions in cortical
neurons in patients with frontotemporal lobar degeneration
(FTD) and spinal motor neurons in patients with sporadic
ALS [*]. The TDP-43 found in these inclusions was
demonsirated to be abnormally phosphorylated [i -, Z¢].

Because both reduced GluR2 Q/R site-editing and for-
mation of TDP-43-containing inclusions occur specifically
in sporadic ALS motor neurons, we used immunohisto-
chemistry to examine the expression of TDP-43 and
ADAR2 in ALS motor neurons and elucidate a link
between these two molecules.

Materials and methods

Subjects

This study was conducted using lumbar spinal cords from
seven cases of sporadic ALS and six disease-free control
cases. Consent for antopsy and approval for the use of
human tissue specimens for research purposes was
approved by appropriate institutional human ethics com-
mittees. Clinical information is given in Table 1.

Western blot analysis using the anti-ADAR2 antibody
(RED1)

To examine the specificity of the polyclonal anti-ADAR2
antibody (RED 1) (Exalpha Biologicals, Watertown, MA) in
the human brain, Western blot analysis was performed as
reported previously [17]. From 100 mg of human frontal
cortex, nuclear and cytoplasmic fractions were separated
with the PARIS Protein and RNA Isolation System (TA-
KARA, Tokyo) according to the manufacturer’s
instructions. Nuclear and cytoplasmic proteins as well as
those containing recombinant ADAR2a (rADAR2a) and
recombinant ADAR2b (rADAR2b) proteins synthesized by
in vitro translation were suspended in 500 pl of cold Cell
Fraction Buffer provided with the PARIS Protein and RNA
Isolation System (TAKARA). Samples were then boiled
with 500 pl of 2 x SDS gel-loading buffer and subjected to
SDS-PAGE. After electrophoresis, proteins were transferred
to an Immobilon-P transfer membrane (Millipore, Bedford,
MA). Blots were blocked in a buffer containing Tween/PBS
and 1% bovine serum albumin (BSA). Then immunoblotting
for histone protein (MAB052; CHEMICON, Temecula, CA,
1:2,000), glyceraldehyde-3 phosphate dehydrogenase
(GAPDH) (MAB374; CHEMICON, 1:2,000) or ADAR2
(RED1; Exalpha Biologicals, Watertown, MA, 1:4,000) was

&) Springer

conducted overnight at 4°C. For secondary antibodies, per-
oxidase-conjugated AffiniPure goat anti-mouse IgG
(H + L) (Jackson ImmunoResearch, West Grove, PA;
1:5,000) or peroxidase-conjugated AffiniPure rabbit anti-
sheep IgG (H + L) (Jackson ImmunoResearch; 1:5,000)
was used. Visnalization was carried out using ECL plus
Western blotting detection reagents (GE Healthcare Bio-
science, Piscataway, NJ). Specific bands were detected with
an LAS 3000 system (Fujifilm, Tokyo).

Immunohistochemical analysis

The human spinal cords were fixed in 10% neutral buffered
formalin for about 7 days and then embedded in paraffin.
Serial 7 pm sections were cut for immunohistochemical
analysis. The immunoreactive features of the anti-ADAR2
antibody on frozen sections were also evaluated. To examine
the localization of ADAR?2 and TDP-43 in a single neuron, a
pair of adjacent sections was used for immunohistochem-
istry. The sections were mounted on slides and then
deparaffinized in xylene, hydrated with an ethanol series and
heated at 120°C for 2 min for antigen retrieval. The sections
were then washed with phosphate-buffered saline (PBS) and
incubated with the primary antibody overnight at 4°C.
Polyclonal anti-ADAR2 (REDI1, 1:100), monoclonal anti-
phosphorylated TDP-43 (pTDP-43) (pS409/410) (Cosmo
Bio Co., Ltd., Tokyo, Japan; 1:3,000) and rabbit polyclonal
phosphorylation-independent anti-TARDBP (piTDP-43)
(Protein-Tech Group, Inc.; 1:3,000) were used. Bound
antibodies were detected using an avidin—biotin—peroxidase
complex kit (Vector Laboratories, Burlingame, CA, USA).
Diaminobenzidine tetrahydrochloride was used as the
chromogen, and the sections were lightly counterstained
with hematoxylin. The RED1 antibody was incubated with
5 pg/pl of recombinant ADAR2 (Abnova Corp., Taiwan) at
4°C overnight. These samples were then subjected to
immunohistochemistry for the preabsorption test.

To test the effects of fixation, the paraffin-embedding
procedure and the postmortem delay on ADAR2 immu-
noreactivity, rat spinal cord samples were processed either
immediately after removal (PMI-0) or after the spinal cords
were held at room temperature for 6 h (PMI-6) or 24 h
(PMI-24). Some samples were quickly frozen on dry ice,
and the others were fixed in 10% buffered formalin after
each treatment. The immunohistochemical process was the
same as that used for the paraffin-embedded human sec-
tions, except that frozen sections were incubated with the
primary antibody for I h at room femperature after wash- .
ing with PBS. g

Frozen sections of lumbar spinal cords from SOD1%9%4
transgenic mice at 24 and 35 weeks of age were also used
for immunohistochemistry with anti-ADAR2 and anti-
pTDP-43 antibodies.
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Table 1 Profiles of ALS cases and disease controls

Case Age Sex PMI(h) Brain Diagnosis Duration Onset  Number of ADAR2 (+) pTDP-43 ADAR2 (-) ADAR2Z (+) Number of
weight of ALS of ALS MN/AH (—) MN/AH pIDP-43 () pTDP-43 AH examined
(2 mean == SD mean & SD (%) MN/AH (+) MN/AH

mean = SD (%) »n (%)

1 67 M 3 1,390 ALS 1year 1 month UE 6026 1315208 48 +£24(79.2) 0 4

2 5 F 5 1,290 ALS 1 year 9 months UE 23+1.2 0 = 0 (0.0) 23+05@100) O 4

3 69 M 3 1,430 ALS 2 years UE 3315 23:+19(69.6) 10408 (30.4) O 7

4 75 F 2 1,080 ALS 2 years 6 months LE 87+£31 57+£28(1654 3.0 3.0 (34.6) 1(0.2) 6

5 77 M 15 1,200 ALS 3 years 1 month  Bulb 35+1.6 05:+06(14.3) 304£12(8.7) 0 4

6 62 M 3 1,390 ALS 3 years 7 months UE 49+ 1.7 1.3 £ 0.8 (26.5) 3.6 £ 1.7(73.5) 0 7

7 69 M 15 1,460 ALS 12 years UMN 22+07 0.8 04 (38.5) 13+£03 (615 0 6

8 6 M 2 1,200  Cerebellar tumor 15.8 8.6 15.8 & 8.6 (100) 0 0 4

9 58 M 7 1,420 Myotonic dystrophy 133 4£72 133 £ 7.2 (100) 0 0 4

10 70 F 2 1,040 Limb-girdle muscular dystrophy 102 £ 54 10.2 & 5.4 (100) 0 0 6

11 73 M 3 1,170  Theophylline intoxication 82449 824 49(100) 0 0 6

i2 77 M 15 1,200 Limb-girdle muscular dystrophy 109 £ 6.1 109 % 6.1 (100) 0 0 8

13 78 M 1 1,310  Meningitis 84446 84+ 4.6(100) 0 0 8

PMI postmortem interval, AH anterior horn, MN motor neuron, UE upper exiremities, LE lower extremities, Bulb bulbar symptoms, UMN upper motor neuron sign
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Double immunofluorescence study using anti-ADAR2
antibody and anti-phosphorylation-independent
TDP-43 antibody

Formalin-fixed paraffin-embedded spinal cord sections
from an ALS patient (case 6 in Table !) were double-
immunostained with RED1 antibody (> 100) and anti-TDP-
43 monoclonal antibody (Abnova, x1,000). Labeled goat
anti-rabbit IgG antibody (Molecular Probes, Alexa 488)
and labeled goat anti-mouse IgG (Molecular Probes, Alexa
594y were nsed as secondary antibodies (< 1,000).

Quantification of motor neurons in ALS and control
spinal cords

Serial sections of both ALS and control cases were
immunostained with piTDP-43, ADAR2, or pTDP-43.
Large ADAR2-positive and -negative neurons with nucle-
oli in the anterior horns on each section were counted
separately. In addition, we examined whether each of the
motor neurons was immunostained with pTDP-43 or piT-
DP-43 in the respective adjacent section.

Statistics

The Mann—Whitney U test was used to compare the
pumber of anterior horn cells (AHC) in ALS samples
compared to controls.

Results
Nuclear localization of ADAR2

The Western blot analysis of the human cortex showed that
the anti-ADAR2 antibody (RED1) recognized two iso-
forms of active ADAR2 protein, ADAR2a and ADAR2b,
in the nuclear fraction, but not in the cytoplasmic fraction.
It is reasonable for ADAR2 to be localized in the nuclear
fraction because ADAR?2 primarily acts on RNA. The
validity of this fractionation was verified by the presence of
histone in the nuclear fraction and of GAPDH in the
cytoplasmic fraction (Fig. (a). ADAR2 immunoreactivity
is observed in the nuclei of motor neurons from frozen
sections of rat (Fig. ! b) and human spinal cords (Fig. ‘c).

ADAR?2 expression in motor neurons of normal rat
and SOD1 transgenic mouse

Intense ADAR2 immunoreactivity was observed in the -

nucleolus of the nuclei from all motor nevrons examined in
the frozen rat sections (Fig. -a, c), whereas both the
nuclens and cytoplasm were immunoreactive for ADAR2

@ Springer
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Fig. 1 Nuclear localization of the ADAR2 protein in the human
brain. Western blot analysis of the buman cortex demonstrates that
ADAR?2 protein is localized in the nuclear fraction, but not in the
cytoplasmic fraction. The validity of this fractionation was verified by
the presence of histone in the nuclear fraction and of GAPDH in the
cytoplasmic fraction. ADAR2 immunoreactivity is demonstrated in
the nuclei of large neurons in the anterior horn of the rat spinal cord
(b) and the human spinal cord (¢). Bar indicates 20 pm. N nuclear
fraction, C cytoplasmic fraction, H brain homogenate, YADAR2a
recombinant human ADAR2a, rADAR2b recombinant human
ADAR2b

in the paraffin-embedded sections of both PMI-0 and PMI-
6 tissues (Fig. 'b, d, e, g, h). The intensity of ADAR2
immunoreactivity varied markedly among the nuclei (even
on the same section) and was uniformly low in the cyto-
plasm of the motor neurons in the paraffin-embedded
sections. ADAR?2 immunoreactivity in the nuclei of motor
neurons on the frozen and paraffin-embedded sections of
PMI-24 tissue was less intense than in PMI-0 and PMI-6
tissues (Fig. 2). ADAR2 immunoreactivity was observed in
the nucleus of all the motor neurons examined in the spinal
cords of SOD1¢%%4 transgenic mice (Fig. - b).

ADAR?2, phosphorylation-dependent TDP-43
and phosphorylation-independent TDP-43 expression
in human control spinal motor neurons

In the spinal cords of human control cases, all motor
neurons examined (n = 380 from 6 cases) showed
ADAR?2 immunoreactivity, typically in the cytoplasm with
slight or no apparent immunoreactivity observed in the
nuclei (Table |; Figs. -a, b, Za). Similar ADAR2 immu-
noreactivity was observed in all the neurons in the pontine
nuclei, including atrophic neurons in patients with multiple
system atrophy and spinocerebellar atrophy type 1
(Supplementary Figure 1). Phosphorylation-independent
TDP-43 (piTDP-43) stained the nuclei of the same motor
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Fig. 2 ADAR2

immunohistochemistry of motor

neurons in the rat lumbar spinal

cord. ADAR? is expressed in

the nuclei of neurons in frozen

sections created at 0 h

postmortem (a, ¢). On the

conirary, ADAR2 is always

positive in the cytoplasm of

neurons in formalin-fixed,
paraffin-embedded sections

from different rats, with a

variable intensity of nuclear PMI
immunoreactivity among 0Oh €
neurons (b, d, e). Frozen (f) and
paraffin-embedded sections

(g, b) with a 6-h postmortem

interval display

immunoreactivity similar io

those with a 0-h postmoriem

interval. Nuclear

immunoreactivity was less §
intense on both frozen sections
(i) and paraffin-embedded
sections (j, k) created at 24 h PMI 3
postmortem compared with

those prepared at 0 h. PM 6h

postmortem interval. Bar

indicates 20 pm

" .

PMI
24 h

neurons (Figs. -ta/, a”, b/, “b, c), while phosphorylation-
dependent TDP-43 (pTDP-43) did not stain either the
nucleus or cytoplasm on the adjacent section (Fig. <4b").
Two different anti-ADAR?2 antibodies exhibited immuno-
reactivity in the cytoplasm of motor neurons (Fig. #a, b, g,
Supplementary Figure 2), and preabsorbed anti-ADAR2
antibody did not show any immunoreactivity (Fig. --h).

ADAR?2, pTDP-43 and piTDP-43 expression
in ALS spinal motor neurons

Both ADAR2-positive (Fig. -ic open arrow) and -negative
motor neurons (Fig. -c closed arrow) were observed in the
ALS spinal cords. The immunoreactivity in the ADAR2-
positive neurons was observed in the cytoplasm, but
apparently not in the nuclei (Figs. ‘¢ open arrow, e, f, “d,
f), as observed in the conirol motor neurons. These
ADAR2-positive neurons
immunoreactivity in the nucleus (Figs. ¢/, ', “e, f,), but
exhibited no pTDP-43-positive inclusions (Fig. ¢, ¢’). In

showed normal piTDP-43

5}
d )
g h
i k

contrast, all ADAR2-negative neurons showed pTDP-43-
positive inclusions in the cytoplasm (Fig. c’, d").

Cell count of anterior horn motor neurons

The number of anterior horn cells (motor neurons) (AHC)
in 7 sporadic ALS cases was reduced to 39 =+ 21%
(mean == SD) of the number in control cases (p < 0.0001,
Mann-Whitney’s U test, Fig. ). A significant proportion
of motor neurons (98 out of 170 anterior horn cells; 58%)
in the spinal cords obtained from patients with ALS were
ADAR2-negative (Table 1; Fig. ©). ADAR2-negative
motor neurons were observed in all ALS cases examined,
but the proportions varied from 30% in case 3 to 100% in
case 2 (Table |). Notably, all the ADAR2-negative motor
neurons had pTDP-43-positive inclusions in the cytoplasm.
Conversely, viriually all the ADAR2-positive motor neu-
rons had piTDP-43 immunoreactivity in their nuclei, but
did not exhibit pTDP-43-positive cytoplasmic inclusions
(Table .; Fig. ). Only one motor neuron was stained with

)
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Fig. 3 Expression of ADAR2 and phosphorylation-dependent
TDP-43 in spinal motor neurons of SOD1 transgenic mice. A low-
magnification view of the lumbar spinal anterior horn in a SOD1%%4
transgenic mouse, at 34 weeks of age showing that all the motor
neurons are ADAR2 positive (a). A high-magnification view shows
predominant nuclear immunoreactivity (b). There is no phosphoryla-
tion-dependent TDP-43 immunoreactive inclusion in the motor
neurons (¢, arrow). Bar indicates 20 pm

both ADAR?2 and pTDP-43 (n = 1 in case 4), but none of
the motor neurons lacked immunoreactivity to both
ADAR2 and pTDP-43. These results indicate a strong
association between ADAR2-deficiency and the develop-
ment of pTDP-43-positive inclusions in the motor neurons
of patients with sporadic ALS. However, there is no
apparent relationship between the duration of disease and
the number of remaining motor neurons with ADAR2
positivity and/or pTDP-43 positivity.

Discussion

ADAR?2 expression was observed in all 380 spinal motor
neurons examined in the control cases in this study, and in
a portion of the spinal motor neurons from ALS cases
(approximately 42% of 170 neurons). The nuclei of these
ADAR2-positive neurons were also immunoreactive for
piTDP-43. Notably, more than half the motor neurons in
ALS cases lacked immunoreactivity to both ADAR2 and
piTDP-43, but these double-negative neurons always
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displayed pTDP-43-positive inclusions in the cytoplasm.
Therefore, normal motor neurons express ADAR2 without
forming phosphorylated TDP-43-positive cytoplasmic
inclusions, whereas motor neurons lacking ADAR2 in
sporadic ALS formed inclusions.

ADAR? immunoreactivity was exclusively observed in
the nuclei of rat motor neurons on the frozen sections
created 0-6-h postmortem. Because the density of motor
neurons in the spinal ventral gray matter is too low to
detect ADAR2 by Western bloiting analysis, we used fro-
zen human brain for the analysis, which demonstrated that
REDI1 specifically recognized two isoforms of active
ADAR? protein in the nuclear fraction [{7]. The nuclear
localization of the ADAR?2 protein in the motor neurons
was demonstrated immunohistochemically in frozen
human spinal cord sections. In addition, expression of
ADAR2 mRNA in the human spinal cord was demon-
strated [+ ]. These results are consistent with the function
of ADAR2 in the cell nucleus, which is catalysis of the
conversion of adenosine to inosine (A-to-I) at various pre-
mRNA positions including the Q/R site of GluR2. We also
observed ADAR2 immunoreactivity in the cytoplasm of
motor neurons in human paraffin-embedded sections.
Importantly, the nuclei of motor neurons were predomi-
nantly immunoreactive to ADAR2 in frozen sections of the
same control subject. In paraffin-embedded sections and
frozen sections from the spinal cord after a 24-h post-
mortem interval, there was a reduction in ADAR2
immunoreactivity in the nucleus with the concomitant
appearance of immunoreactivity in the cytoplasm of rat
motor neurons. Therefore, ADAR2 immunoreactivity in
the cytoplasm likely represented ADAR?2 protein translo-
cated from the nucleus to the cytoplasm resulting from the
procedure of paraffin embedding and/or the delay between
death and tissue fixation, which are unavoidable during
routine neuropathological examinations of human antopsy
materials. Because all the control motor neurons demon-
strated cytoplasmic ADAR2 immunoreactivity, it is likely
that ADAR2-negative motor neurons in ALS spinal cords
lacked ADAR? protein localized to the nucleus.

ADAR?2 is involved in the A-to-I conversion of various
pre-mRNAs and specifically catalyzes GluR2 Q/R site-
editing. AMPA receptors containing GluR2 which is
unedited at the Q/R site have significantly higher Ca**
permeability than those containing edited GluR2. This
factor plays a crucial role in neuron survival [7, *1].
Neurons in the mammalian brain only express Q/R site-
edited GluR2 mRNA, and mice unable to edit this site die
from status epilepticus early in life [ -]. GluR2 Q/R site-
editing occurs with 100% efficiency in normal human
motor neurons, but is characterized by high variability
(from O to 100%) among individual motor neurons in
individual cases of ALS [!<]. Therefore, ADAR2-positive



Acta Neuropathol

Fig. 4 Expression of ADAR2,
phosphorylation-dependent
TDP-43 and phosphorylation-
independent TDP-43 in spinal
motor neurons from adjacent
sections. A low-magnification
view of the lumbar spinal
anterior horn in a control subject
(case 8) shows that all the motor
neurons are immunoreactive for
ADAR? (a). These neurons
show phosphorylation- Iy
independent TDP-43 (piTDP-

43) immunoreactivity in the

nucleus in an adjacent section

(a’, a": a high-magnification

view of the open square in a'). A

lumbar spinal motor neuron

from a control subject (case 12)

shows diffuse ADAR2
immunoreactivity in the

cytoplasm (b). The adjacent C
section shows piTDP-43
immunoreactivity in the nucleus
(b"), but does not show
phosphorylation-dependent
TDP-43 (pTDP-43)
immunoreactivity (b”). All
ADAR2-negative neurons
(closed arrows in c; case 6)
display pTDP-43-positive
inclusions in the cytoplasm (c’),
whereas an ADAR2-positive
neuron from a patient with ALS
(open arrow in ¢) has no pTDP-
43 immunoreactivity (). An
ADAR2-negative neuron (d;
case 6) has multiple pTDP-43-
positive inclusions in the
cytoplasm (). ADAR2-
positive neurons (e case 6,

f case 3) show phosphorylation- g
independent TDP-43

immunoreactivity in the nucleus

(¢, f). ADAR2

immunoreactivity in the

cytoplasm (g) disappeared when
recombinant ADAR2-

preabsorbed anti-ADAR2

antibody was used as the

primary antibody (h) (case 12).

Bar indicates 20 pm

motor neurons likely represent noriital neurons expressing
Q/R site-edited GluR2, whereas ADAR2-negative motor
- neurons tepresent those expressing Q/R site-unedited
GIluR2 [, 2]. The present results indicating the presence
of both ADAR2-positive and -negative motor neurons are
consistent with high variability in the efficiency of GluR2
Q/R site-editing (from 0 to 100%) among individual motor

a a"
e L5
;
b’ bb? ’
c' d
Q‘ d)
e . .
Y-
» »
] f

neurons in ALS patients [1-]. These findings strengthen the
hypothesis that reduced ADAR2 activity is closely asso-
ciated with the pathogenesis of sporadic ALS [].

The presence or absence of ADARZ immunoreactivity
in the cytoplasm of motor neurons was conversely relaied
to pTDP-43 immunoreactivity in the cytoplasm. Abnor-
mally processed TDP-43 was initially identified as a

@ Springer
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Fig. 5 Double-labeled
immunofluorescence study
using anti-ADAR?2 and anti-
piTDP-43 antibodies. a—¢
Control motor neuron was
immunopositive for ADAR?2 in
the cytoplasm and nucleus and
piTDP-43 in the nucleus.

d—f An ALS motor neuron
immunoreactive to ADARA?2 in
the cytoplasm showed
immunoreactivity to piTDP-43
in the nucleus. g-i An ALS
motor neuron lacking
immunoreactivity to ADAR2
showed piTDP-43 positive
cytoplasmic inclusions (arrow)
and loss of piTDP-43
immunoreactivity in the
nucleus. Asterisks indicate
lipofuscin autofluorescence.
Bar indicates 20 pm ALS
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%
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& < L Q¥ & el
F & & & X &
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Fig. 6 Motor neurons with different immunoreactivities in ALS and
control cases. The number of anterior horn cells (motor neurons)
(AHCs) in 7 sporadic ALS cases was reduced to 39 % 21% (mean %
SD) of the number in control cases (p < 0.0001, Mann-Whitney
U test). In ALS cases, 42% of total AHCs were ADAR2-positive and
pTDP-43-negative (pink bar); 58% were ADAR2-negative and pTDP-
43-positive (blue bar). Only one AHC out of 170 (0.2%) was positive
for both ADAR2 and pTDP-43, and none were negative for both
ADAR?2 and pTDP-43. All lumbar spinal motor neurons (7 = 380)
from 6 control cases were ADAR2-positive and pTDP-43-negative
(pink bar). AHC anterior horn cell (motor neuron)

protein component of ubiquitin-positive and tau-negative
inclusions in the brains of patients with FTD and ALS [,
=7]. Subsequently, abnormal TDP-43-positive inclusions
were found in various proportions in neurons from patients
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with other neurodegenerative disorders, such as Parkin-
son’s disease dementia and dementia with Lewy bodies
[2+], Parkinsonism-dementia complex and ALS in Guam
[+, 1], corticobasal degeneration [~] and Alzheimer’s
disease [, [, “]. These results imply that aberrant pro-
cessing of TDP-43 may be involved in a common pathway
of the neurodegenerative process and that the accumulation
of pTDP-43 in the cytoplasm of motor neurons is not a
disease-specific event in ALS [, 13, 4, “a].

This study demonstrates that all ADAR2-negative motor
neurons showed pTDP-43-positive inclusions in the cyto-
plasm in cases of sporadic ALS, suggesting a molecular
association between reduced ADAR?2 activity and the for-
mation of pTDP-43-positive inclusions in ALS motor
neurons. Both TDP-43 and ADAR?2 are nuclear proteins,
playing roles in the regulation of RNA processing; TDP-43
regulates RNA splicing [+, 1] and ADAR2 catalyzes RNA
editing. However, there is no report regarding the func-
tional link between the two molecules. We found that
pTDP-43-positive inclusions showed no ADAR2 immu-
noreactivity, indicating that the trapping of ADAR2 protein
in the inclusions due to direct protein—protein interaction is
unlikely. Reduced ADAR?2 activity increases Ca®* per-
meable AMPA receptors by failure to edit the Q/R site of
GluR2 [, «, i-], but it is not known whether an increase of
the Ca®>* overload influences the TDP-43 processing. Thus,
it is not clear from the present immunohistochemical study
whether the reduced ADAR2 expression is a cause or a °
consequence of TDP-43 pathology. Interesiingly, neither
pTDP-43-positive inclusions [, 7] nor a reduction of

GluR2 Q/R-site-editing [/"] was associated with
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SOD-related familial ALS or SBMA, an X-linked hered-
itary lower motor neuron disease associated with expanded
CAG repeats in the androgen recepior gene. Consistent
with the absence of pTDP-43-positive inclusions in the
spinal motor newrons of SODI-associaied familial ALS,
present study demonstrated that all the motor neurons
examined were ADAR2-positive in SOD1%%** transgenic
mouse spinal cords. Elucidation of the molecular mecha-
nism underlying the co-occurrence of reduced ADAR2
activity and abnormal TDP-43 pathology in the same motor
neurons may provide a clue to the neurodegenerative pro-
cess of sporadic ALS.
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