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MSA patients, 62.3 & 7.4 years; PD controls, 68.5 = 8.3 years vs. PD
patients, 68.6 &= 7.9 years; CHF controls, 59.1 & 16.0 years vs. CHF
patients, 66.1 &= 14.8 years). The age distributions for the control
groups were not significantly different from those for the patients’
groups. Mean duration since MSA diagnosis was 3.3 2.1 years
(range, 1-9 years; Table 1). Mean duration since PD diagnosis was
10.7 £ 9.1 years (range, 2-31 years), and the mean Hoehn and Yahr
score was 3.6 & 0.7 (range, 3—5; Table 2).

CONVENTIONAL HRV INDICES

Table 3 presents HRV indices derived from HRV recordings from
MSA patients and age-matched healthy control subjects, together
with the bootstrap estimators for the healthy controls. Compared
with the control group, the MSA patients showed significantly

decreased HRV as indicated by lower SDNN, SDANN, and RMSSD
values, reduced power in all spectral bands (HE, LE, VLE, ULF), and
lower DC and AC. Indices such as LF/HF and DFA o, were also
significantly decreased. Compared with the control group, the PD
patients showed significant decreases only in LF and VLF power
and significantly lower DC and AC (Table 4). LF/HF and DFA
o were significantly decreased. As shown in Tables 3 and 4, these
findings were largely supported also by comparing mean values for
the patient groups with 95%-confidence intervals of the bootstrap
estimators. Table 5 presents the HRV indices in CHF patients and
age-matched healthy control subjects. Compared with the control
group, both surviving and non-surviving CHF patients exhibited
significantly decreased HRV as indicated by lower SDNN and
SDANN, reduced power in LF, VLE and ULF ranges, and lower

Table 3 | Heart rate variability measures in patients with multiple system atrophy (MSA) and age-matched controls.

MSA (n=12) Age-matched control (n = 69)

Mean NN, ms 766 4-89 775110

SDNN, ms 59.7+£23.0 90.4428.6
SDANN, ms 19.94+6.5 475287
RMSSD, ms 13.6+4.4 22.5+11.4
In HF, In ms? 3.750.90 4,97 +1.08
In LF In ms? 4.02-:0.90 5.90+0.97
INVLE In ms? 5.92+0.84 726:+0.81
In ULF In ms? 778+0.93 8.47 +0.64
LF/HF ratio 1.69:1.24 3.28:4+2.49
DC, ms 3.38:£0.98 6.23+1.59
AC, ms -3.38+£0.93 —6.514+1.77
g 0.86+0.24 117 0.15
o 1.2340.09 1,184 0.04
hass 0.4640.07 0.39+0.07
r2-slope —0.05+£0.12 —0.01+0.08

P value Bootstrap samples of age-matched control (n = 12)
0.745 776 (723-832)
<0.001 89.0 (76.4-104.2)
<0.001 48.8 (35.5-64.5)
<0.001 21.6 (16.3-27.6)
<0.001 4.93 (4.34-5.50)
<0.001 5.90 (5.39-6.36)
<0.001 7.30 (6.89-7.72)
0.029 8.45 (8.14-8.79)
0.002 3.47 (2.25-4.87)
<0.001 5.82 (5.11-6.53)
<0.001 —6.13 (~6.94 to —5.28)
<0.001 1.21 (1.08-1.33)
0.118 1.19 (1.15-1.23)
0.005 0.38 (0.35-0.43)
0.309 0.00 {—0.04 t0 0.04)

Fifth column shows mean value and 95 %-confidence interval based on 2000 bootstrap samples. P< 0.05.

Table 4 | Heart rate variability measures in patients with Parkinson disease and age-matched controls.

Parkinson disease (n=10)

Mean NN, ms 779+ 118 7804112

SDNN, ms 70.44£33.5 91.6+29.6
SDANN, ms 34.04£26.7 46.6:274
RMSSD, ms 18.2:£11.6 2314128
In HE In ms? 4.214£1.19 4.96+£1.13
In LF In ms? 4.22£1.31 5.70£0.97
InVLF, In ms? 5.82 4 1.20 717 40.82
In ULF In ms? 8.15+0.77 8.55+0.64
LF/HF ratio 130 + 1.03 2.62+1.69
DC, ms 3.93+ 141 5.46 4 1.60
AC, ms —4.0341.57 —5.80 4+ 1.81
o 0.8340.28 112 +0.24
up 117 +£0.08 1.19:£0.07
Noss 0.42£0.09 0.4040.08
»2-slope —0.01+0.11 —0.0240.09

Age-matched control (n=60)

P value Bootstrap samples of age-matched control (n=10)
0.975 801 (717-885)

0.086 95.8 (76.1-118.7)
0.191 44.4 (30.3-62.2)
0.240 26.3 (17.9-35.5)
0.089 5.00 (4.30-5.71)
0.006 5.69 (5.21-6.17)
0.006 7.13 (6.68~7.56)

0.148 8.66 (8.25-9.08)
0.003 2.48 (1.60-3.54)
0.008 5.27 (4.45-6.11)
0.007 —5.74 (—6.80 to —4.73)
0.011 1.07 (0.96-1.19)
0.456 1.18 (1.14-1.23)

0.574 0.41 {0.37-0.46)

0.81 —0.02 (-0.06 to0 0.03)

Fifth column shows mean value and 95%-confidence interval based on 2000 bootstrap samples. P< 0.05.
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Table 5 | Heart rate variability indices in patients with congestive heart failure and age-matched controls.

CHF (NS; n=39) CHF (SV; n=69) Control (n=90) P value NS-SV P value NS-C P value SV-C

Mean NN, ms 7584+ 114 755 =+ 140 782+ 110 0.99 0.56 0.37
SDNN, ms 591 £381.1 59.7 £39.6 93.4+£29.0 0.99 <0.001 <0.001
SDANN, ms 33.0+272 877 4£38.6 51.64+30.0 0.73 0.006 0.016
RMSSD, ms 37.6+£40.0 40.0+48.3 245+12.8 0.94 0.13 0.017
In HF In ms? 5.43+1.57 5.30+1.67 5.134+1.12 0.89 0.82 0.75
In LF In ms? 4.97+1.80 4.85+1.63 5.97 +1.01 0.90 0.001 <0.001
InVLF In ms? 5.73+1.36 6.04 £1.45 733+0.83 0.40 <0.001 <0.001
In ULF, In ms? 5.73 % 1.23 6.04+£1.45 8.81+£0.64 0.66 <0.001 <0.001
LF/HF ratio 0.834+0.79 0.93+0.78 3.01+2.31 0.95 <0.001 <0.001
DC, ms 3.39+1.60 3.84+2.01 5.87+1.70 0.43 <0.001 <0.001
AC, ms —4.34+2.29 —4.69+2.13 —6.27 +£1.96 0.68 <0.001 <0.001
o 0.79+0.26 0.72+0.24 1.17£0.25 0.44 <0.001 <0.001
o 0.93+0.16 1.00+0.21 1.18+0.08 0.048 <0.001 <0.001
A25s 0.57+0.18 0.48+0.15 0.40+0.08 <0.001 <0.001 <0.001
A2-slope —0.21+0.23 —0.134+0.18 —0.02+0.08 0.03 <0.001 <0.001
P< 0.05.

DC and AC. Indices such as LE/HE, and DFA o and a; were also.

significantly decreased.

In the MSA patients, the pattern of changes in conventional
HRV indices was similar to that observed in the CHF patients.
While the decreased HRV in both MSA and CHF patients might
reflect reduced vagal heart rate control, decreases in LF/HF and
DFA o were observed for both MSA, a disease with reported pre-
ganglionic sympathetic failure (o 1 21, 266%), and for CHE
a pathology associated with sympathetic overdnve (Packer, tong;
4, 204e). In contrast, no decreases in SDNN and HF
power, indices of reduced HRV, were observed in the PD patients,
which might reflect relatively intact vagal heart rate control. How-
ever, decreases in LE/HF and DFA o were also observed in PD, a
disease with reported postganglionic sympathetic failure (150

, bugn),

NON-GAUSSIAN AND INTERMITTENT PROPERTIES OF HRV

Figure 2 shows representative results of the multiscale PDF analy-
sis for MSA, CHF, and PD patients (one patient from each group)
and a healthy subject. As shown in Figures 2M-P, HRV data from
the MSA and PD patients and the healthy subject yielded similar
PDF curves at each scale. In contrast, recordings from the CHF
patient yielded a PDF curve with a more tapered center and fatter
tails at relatively smaller scales. This reflects intermittent large devi-
ations or bursts observed at s =20's in CHF patients (Figure 2G),
while this increased intermittency was not observed in the MSA
and PD patients. In addition, as the scale s increases, deformation
of PDFs toward a Gaussian distribution was clearly observed only
in the CHF patient. The deformation process of the non-Gaussian
PDF can be described by the relation between the non-Gaussianity
index \;and scale s. As shown in Figure 3, the MSA and PD patient
groups and the healthy subject groups showed nearly constant 22
values across a wide range of scales s, resulting in an almost zero
value \>-slope. In contrast, the CHF patient group, particularly
non-survivors, was characterized by almost linear increases in )\f
as the log scale decreased from 200 to 20 s, similar to that observed

vk o

et al,, fuus

for a cascade model of intermittent turbulence (Figure 1B). Con-
sequently, the \?-slope for the CHF patients was significantly more
negative than that for the healthy controls.

N5 for the MSA patients was slightly but significantly higher
than that for healthy controls (Table 3), although the level was
much lower than that for CHF non-survivors (Table 5). X5 for
the PD patients failed to increase compared with that for healthy
controls (Table 4). Both MSA and PD patients with sympathetic
failure had \?-slopes of almost zero, which were not significantly
different from those of healthy controls (Tables 3 and 4). Only
CHEF patients with known sympathetic overdrive had significantly
negative A’-slopes (Table 5).

DISCUSSION

Long-term ambulatory HRV continues to attract clinical interest
as a useful tool for risk stratlﬁcatlon in AMI ( foer

( jocial, 1997 sret ol 3 i)Pa’nents
at higher mortality r1sk frequently have higher healt rates with
reduced and less complex (or monotonic) HRV, and most indices
used to characterize such HRV dynamics primarily reflect reduced

y

or impaired vagal function (+ e ot b 90n; Rarine coab, 2t
t#32). In contrast, few HRV indices are related to sym-
pathetic function and their autonomic correlates and prognostic
significance are still uncertain. For example, a decrease, but not
the increase, in LF/H IF beheved to reflect the sympathovagal bal-
ance (1% i), is associated with increased mortality
risk (7 3 i ., 200G ) in patients exhibiting
sympathetlc activation (¢ firfos ot o »4). Similarly, a decrease
in DFA a, known to be couelated thh LF/HF and sensmve
to changes in the sympathovagal balance (i L, 266u),
is associated with increased mortality risk (i 4 al., 20605
st12:1). The present study further demonstrated
that both of these indices are also decreased in MSA, a neurodegen-

erative disorder associated with preganglionic sympathetic failure

Praigor o al
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i hothio cp ol

Frontiers in Physiology | Computational Physiology and Medicine

February 2012 | Volume 3 | Article 34 | 6



Kiyono et al.

Ambulatory HRV without sympathetic activation

A,BJog A B/og

FIGURE 2 | Multiscale PDF characterization of heart rate variability.
lllustrative examples of time series of NN intervals b(t) (A-D), time series of
Aoseli) (E=H), time series of Aqgose(i) (I-L), and standardized PDFs (in
logarithmic scale) of A, B(i) for (from the top to bottom) s =20, 60, 180, 300s
(M-P), where o, denotes the SD of A B(i). In solid lines, we superimpose the
PDF approximated by Castaing’s model (" ..o 1w 0 14). The panels on
the leftmost side (A,E,I,M) are data for a 60-year-old male patient with
multiple system atrophy (MSA). The panels on the left-of-center side (B,EJ,N)
are data for a 68-yearold male patient with Parkinson disease (PD). The panels
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on the right-of-center side (C,G,K,0) are data for a 83-year-old female patient
with congestive heart failure (CHF) who died 54 days after the measurement.
The panels on the rightmost side (D,H,L,P) are data for a control subject
(84-year-old male). For comparison, the dashed line denotes a Gaussian
distribution. Note that, while the raw b(t) for the patients looks much different
from that for the control subject, the degrees of non-Gaussianity (i.e., the
shapes of PDF) remain unaltered across scales for MSA and PD patients and
the healthy control, except for those for the CHF patient at shorter scales )
(G.0).

(% sz o0 wh 2t7), and in PD, which is often accompanied by
postganglionic sympathetic failure (fir e o of o0 fooa),
As a marker potentially related to sympathetic cardiac over-
drive, we have recently introduced increased non-Gaussianity of
HRV w1th1n LF 'mcl VLF ranges in patients with CHF and AMI
(bsvnsn ppariee ol i), ca1d1opath01001eskn0wn
to be assoc1ated w1th sympathetlc overdrive (i boy, ity -
siaoc: b ). In the present study, we further demonstrated
that a marked increase in intermittent and non-Gaussian HRV
was not observed in MSA and PD patients with sympathetic fail-
ure. We still have not determined why ;s for the MSA patients
was slightly but significantly higher than that for healthy controls;
this enhanced non-Gaussianity may be due to adrenergic stimu-
lants administered to ameliorate severe orthostatic symptoms in
the MSA patients. However, the scale-dependent increase in A2
with decreasing log scales mainly within the VLF range, leading

to a markedly higher \»s¢ in the CHF patients (Table 5), was not
observed in MSA. Therefore, we suggest that the systematically
increased non-Gaussianity of HRV within LF and VLF ranges
could be a hallmark of sympathetic cardiac overdrive and that
indices such as \»ss and \>-slope could be used to measure the
degree of sympathetic activation. Indeed, we recently observed
decreased )255 in the AMI patients taking (anti-sympathetic)
B-blockers (i v o wh strid),

Using eoncepts developed in statistical and non-linear physics,
it has been demonstrated that the healthy human heart rate fluctu-
atesina complex manner even under resting conditions, exhlbmng
flactal long-range correlations (% ot ol i et

: ) and multlﬁactal propertles (+ RPN L

: ), Baqed on these
findings, #0 propObed an analogy between
heart rate dyn”umcs and hydrodynamlc turbulence because a

Adrgoirad

www.frontiersin.org

February 2012 | Volume 3 | Article 34 | 7



Kiyono et al.

Ambulatory HRV without sympathetic activation

| —A— MSA (n=12) ]
= age~matched healthy control

10°
scale, sec

102
scale, sec

FIGURE 3 | Time-scale dependence of the non-Gaussianity index, 2. The
results for (A) multiple system atrophy (MSA), (B) Parkinson disease (PD),
and (C) congestive heart failure (CHF) patients, both for survivor (SV; n=69)
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and non-survivor (NS; n=39). Age-matched controls were selected from a
database of healthy subjects. Error bars indicate 95%-confidence intervals of
the group averages.

phenomenological model of hydrodynamic turbulence, called the
multiplicative cascade model (¢ ; 77), can also
have multifractal properties. Using multlscale PDF analy515, we
later demonstrated that the healthy human HRV does not show
slow and gradual convergence to a Gaussian distribution (} ;01
ot ab 2wyt Figure 3), an important requirement of the multiplica-
tive cascade model (Figure 1B). In contrast, the present study and
previous work (i syeses o4 ai, 264i) suggest that HRV within LF
and VLF ranges of CHF patients, especially non-survivors, is more
compatible with the multiplicative cascade model.

The multiplicative (log-normal) cascade model used to gener-
ate fluctuations with intermittent bursts such as those shown in
Figure 1A is given by

11
j—1
xi = §;exp Z G (t——z”l 1J> ,
=1

J

where £; is Gaussian white noise with zero mean, () (k) are inde-
pendent Gaussian random variables with zero mean and constant
variance, and (-( is the floor function (i v v if 2607). The m
is the total number of cascade steps, yielding the total number of
data points 2" (i= 1,...,2™). An essential part of the model is that
£;is modulated by multiplication of random (log-normal) weights
explo (k)] (k=0, 1, ..., 27—1) at the j-th step every 2m=j
subintervals; therefore, large fluctuations are observed only when

the momentary weights for (many) different steps with varying
timescales are simultaneously large (refer to Figure 5 of k. ivenn
i 7). Using multiscale PDF analysis, ivesier of of (20857
turther showed that this model exhibits the scale dependence ofa
non-Gaussianity index in the form of A2 ~ In s (Figure 1B).

The fact that heart rate dynamics of CHF patients with sym-
pathetic activation exhibit a non-Gaussianity index which decays
with scales within LF and VLF ranges suggests a sympathetic ori-
gin for HRV intermittency. In these scales (20-200s), heart rate
dynamics reflect cardxovascular reculatlon by neural humoral,
and thermal influences (¥ itriey mised Homnnchi i1). These
subsystems are con31de1ed to be compens'\tory, thelefore, it is
likely that only simultaneous failure of all these subsystems oper-
ating at multiple timescales, compatible with the reciprocal of
cascade steps “j” in the above example, could result in sympathetic
overdrive, leading to large and intermittent heart rate deviations.
We propose that such a multiplicative picture would provide a
deeper physiological understanding of the nature of sympathetic
function. In addition, it would provide a reason why methods
requiring stationary, not intermittent, dynamics have not been
successful in finding the sympathetic correlates of ambulatory
HRW.

In the present study, we focused on daytime HRV for the follow-
ing reasons. First, as reported in our previous study (: it i .

i), there are large differences in non-Gaussianity and its scale
dependence between day and night in healthy humans, presumably
because of the difference in the sympathovagal balance. Second,
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disorders of sleep and sleep breathing are common in MSA
(* #+lonie 261 1); therefore, incorporating nighttime data would
inevitably introduce additional complexity. Third, one of our goals
is to assess sympathetic activity, which is predominant during the
day. Note that this shift from 24-h HRV to daytime HRV does
not change our previous finding of the increased non-Gaussianity
of low frequency HRV in CHF patients than in healthy controls
In agreement w1th previous studies (* v iy

Vi i~), our MSA patients showed swmﬁcamly
dec1eased HRV as ev1denced by lower SDNN and HF power. This
decrease is probably related to the known abnormalities in cen-
tral vagal (i o, Zite) and sympathetic function in
these patients (“+:xc o4 i, '¢65). On the other hand, changes in
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Amyotrophic lateral sclerosis (ALS) is the most common adult-onset fatal motor neuron disease. In spinal
motor neurons of patients with sporadic ALS, normal RNA editing of GluA2, a subunit of the L-a-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, is inefficient. Adenosine deaminase acting on
RNA 2 (ADAR2) specifically mediates RNA editing at the glutamine/arginine (Q/R) site of GluA2 and motor
neurons expressing Q/R site-unedited GluA2 undergo slow death in conditional ADAR2 knockout mice.

Keywords: Therefore, investigation into whether inefficient ADAR2-mediated GluA2 Q/R site-editing occurs universally
RNA editing in motor neurons of patients with ALS would provide insight into the pathogenesis of ALS. We analyzed the
ADAR?2 (adenosine deaminase acting on extents of GluA2 Q/R site-editing in an individual laser-captured motor neuron of 29 ALS patients compared
RNA 2) with those of normal and disease control subjects. In addition, we analyzed the enzymatic activity of three
ALS (amyotrophic lateral sclerosis) members of the ADAR family (ADAR1, ADAR2 and ADAR3) in ALS motor neurons expressing unedited
ilMU/l:/%\ ) GluA2 mRNA and those expressing only edited GluA2 mRNA. Q/R site-unedited GluA2 mRNA was expressed

in a significant proportion of motor neurons from all of the ALS cases examined. Conversely, motor neurons of
the normal and disease control subjects expressed only edited GluA2 mRNA. ADAR2, but not ADAR1 or
ADAR3, was significantly downregulated in all the motor neurons of ALS patients, more extensively in
those expressing Q/R site-unedited GluA2 mRNA than those expressing only Q/R site-edited GluA2 mRNA.
These results indicate that ADAR2 downregulation is a profound pathological change relevant to death of
motor neurons in ALS.

Neuronal death

© 2011 Elsevier Inc. All rights reserved.

Introduction and Kawahara, 2005; Takuma et al., 1999). This is in marked contrast

to the fact that all GluA2 mRNA expressed in the spinal motor neu-
rons was edited in control subjects (Kawahara et al.,, 2004a; Kwak
and Kawahara, 2005; Takuma et al., 1999), in patients with motor
neuron diseases other than sporadic ALS (Kawahara et al., 2006;
Kwak and Kawahara, 2005) and in dying neurons in neurodegenera-
tive diseases, including degenerating Purkinje cells of patients with
spinocerebellar degeneration (Akbarian et al., 1995; Kawahara et al.,
2004a; Suzuki et al., 2003).

Conversion of glutamine (Q) to arginine (R) at the Q/R site of
GluA2 affects multiple AMPA receptor properties, including Ca® " per-
meability of receptor-coupled ion channels, receptor trafficking, and
assembly of receptor subunits (Burnashev et al., 1992; Greger et al.,

Amyotrophic lateral sclerosis (ALS) is the most common adult-
onset fatal motor neuron disease with unknown etiology. In spinal
motor neurons of patients with ALS, normal RNA editing of GluA2, a
subunit of the L-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor, is inefficient (Kawahara et al,, 2004a; Kwak

Abbreviations: ALS, amyotrophic lateral sclerosis; ADAR2, adenosine deaminase
acting on RNA 2; AH, anterior horn; AMPA, L-a-amino-3-hydroxy-5-methyl-4-isoxazo-
lepropionic acid; BLCAP, bladder cancer associated protein; CYFIP2, cytoplasmic fragile
X mental retardation protein interacting protein 2; GluA2, AMPA receptor subunit 2;
MSA, multiple system atrophy; PBP, progressive bulbar palsy; PH, posterior horn; Q/

R, glutamine/arginine; RT-PCR, reverse transcription polymerase chain reaction.
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2003; Greger et al.,, 2002; Sommer et al., 1991). In the GluA2 pre-
mRNA, the adenosine coding for the Q/R site is converted to inosine
(A-to-I conversion) by adenosine deaminase acting on RNA 2
(ADAR2) (Higuchi et al.,, 1993; Melcher et al., 1996), and inosine is
read as guanosine during translation, thereby converting the genomic
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Table 1

Profile of the cases with sporadic ALS.
Individual Age at onset Clinical type Duration of Initial

(year) of ALS illness symptom

Al 77 Classic 2y U/E
A2 G0 Classic 2y3 mo U/E
A3 39 Classic 13y UJ/E, L/E
A4 77 Classic 1y7mo L/E
A5 69 Classic 2y U/E
A6 31 Classic S5y U/E
A7 57 Classic 1y 9 mo U/E
A8 72 Classic 5y 3 mo U/E
A9 67 Classic 2y U/E
A10 54 Classic 3y U/E
All 58 Classic 3y UJE
Al12 42 Classic 6 mo U/E, L/E
A13 64 Classic 7 mo U/E
Al14 70 Classic 1y3mo UJE, L/E
A15 70 Classic 4y U/E
A16 71 Classic 2y 9mo U/E
A17 80 Classic 2y U/E
Al18 56 Classic 5y4 mo U/E
A19 22 Baso 8 mo U/E
A20 39 PBP 1y4mo Bulbar
A21 a7 PBP 2y Bulbar
A22 78 PBP 1y 4 mo Bulbar
A23 85 PBP 1y 8 mo Bulbar
A24 43 PBP 1y5mo Bulbar, U/E
A25 70 PBP 4y Bulbar
A26 58 ALS-D 10 mo UJE, L/E
A27 76 ALS-D 2y U/E
A28 67 PBP 4y5mo Bulbar
A29 75 PBP 2y6mo Bulbar

Classic: limb-onset classical ALS, PBP: progressive bulbar palsy, ALS-D: ALS with dementia,
Baso: ALS with basophilic inclusion body, y: year, mo: month, Bulbar: dysarthria and/or
dysphagia, U/E: weakness and/or amyotrophy in upper extremities, L/E: weakness and/
or amyotrophy in lower extremities.

Q codon (CAG) to an R codon (CGG) at the Q/R site of GluA2. Because
A-to-I conversion at the GluA2 Q/R site occurs in all GIuA2 expressed
in neurons, only Q/R site-edited GluA2 is expressed in virtually all
neurons in the mammalian brain (Seeburg, 2002). Failure of Q-to-R
conversion at this site produces Ca?*-permeable AMPA receptors,
resulting in increased excitation of neurons, which has been shown
to culminate in fatal status epilepticus in mice (Brusa et al., 1995;
Feldmeyer et al., 1999; Higuchi et al., 2000). Moreover, ADAR2-
deficient motor neurons undergo slow death due to failure of GluA2
Q/R site-editing with expression of unedited GluA2 in conditional
ADAR2 knockout (ADAR2"¥/M0*yAChT-CreFast or AR2) mice
(Hideyama et al., 2010). Because A-to-I nucleotide conversion in the
pre-mRNA for the GluA2 Q/R site is critical to survival of motor neu-
rons, we investigated whether the expression of unedited GluA2
with a reduction of ADAR2 occurs in motor neurons of patients with
sporadic ALS irrespective of the phenotype.

Materials and methods
All studies were carried out in accordance with the Declaration of

Helsinki, and the Ethics Committee of the University of Tokyo ap-
proved the experimental procedures used.

T. Hideyama et al. / Neurobiology of Disease 45 (2012) 1121-1128

Study population and spinal cord and brain tissue samples

Frozen spinal cords from pathologically proven patients with ALS
(n=29; age 23-87 years) were used in this study (Table 1). Spinal
cords from patients with multiple system atrophy (MSA) (n=5;
age 65-78 years) and from control subjects (n=12; age 27-82)
were used as disease and normal controls, respectively (Table 2).
The ALS group included classical limb-onset ALS, progressive bulbar
palsy (PBP), ALS with long clinical course, ALS with basophilic inclu-
sion body, and ALS with dementia. All patients were clinically exam-
ined by neurologists prior to death and none had relatives with ALS.
Previously reported cases (Kawahara et al., 2004a) were included in
this study, but we obtained additional samples from these cases.
Spinal cord tissues were rapidly frozen on dry ice immediately after
removal at autopsy and were kept at —80 °C until use. Written
informed consent was obtained from all of the subjects prior to
death or from their relatives.

Samples of the anterior horn (AH), posterior horn (PH) and white
matter (SpW) of the spinal cord were obtained by dissecting frozen
axial spinal cord sections under a binocular microscope within a
freezing chamber. In addition, single motor neurons were dissected
with a laser microdissector (Leica AS LMD, Leica Microsystems) as
previously described (Kawahara et al, 2004a; Kawahara et al,
2003b; Takuma et al., 1999). Total RNA was isolated from dissected
tissues, and first-strand cDNA was synthesized and treated with DNA-
ase | (Invitrogen) as previously described (Kawahara et al., 2003a;
Kawahara et al., 2003b).

Analysis for editing efficiency at A-I sites

Editing efficiencies at the Q/R sites in GluA2 mRNA were calculat-
ed by quantitative analyses of the digests of RT-PCR products with
Bbvl as previously described (Kawahara et al,, 2004a; Kawahara
et al,, 2003a; Kawahara et al.,, 2003b; Takuma et al., 1999). In brief,
2l of cDNA was subjected to first PCR in duplicate in a reaction
mixture of 50 pl containing 200 mM each primer, 1 mM dNTP Mix
(Eppendorf AG), 5 pl of 10x PCR buffer and 1 pl of Advantage 2 Poly-
merase mix (BD Biosciences Clontech). The PCR amplification began
with a 1-min denaturation step at 95 °C, followed by 40 cycles of de-
naturation at 95 °C for 10 s, annealing at 58 °C for 30 s and extension
at 68 °C for 40 s. Nested PCR was conducted on 2 pl of the first PCR
product under the same conditions with the exception of the anneal-
ing temperature (56 °C). Primer pairs used for each PCR were listed in
Table S1. After gel purification using the Zymoclean Gel DNA Recov-
ery Kit according to the manufacturer's protocol (Zymo Research),
an aliquot (0.5 mg) was incubated with Bbvl (New England BioLabs)
at 37 °C for 12 h. The PCR products originating from Q/R site-edited
GIluA2 mRNA had one intrinsic restriction enzyme recognition site,
whereas those originating from unedited mRNA had an additional
recognition site. Thus, restriction digestion of the PCR products origi-
nating from edited GluA2 mRNA should produce different numbers of
fragments (two bands at 116- and 66-bp) from those originating from
unedited GluA2 mRNA (three bands at 35-, 81- and 66-bp). As the 66-
bp band would originate from both edited and unedited mRNA, but
the 116-bp band would originate from only edited mRNA, we

Table 2
Profile of the cases with sporadic ALS, control, and disease control (MSA).
Cases Sporadic ALS Control MSA
Classic Baso PBP ALS-D
n=18 n=1 n=38 n=2 n=12 n=>5
Age at onset (year) mean4=SD (range) 61.9413.7 (31-80) 22 66.84+16.8 (41-87) 67.0 (58-76) 52.4+18.0 (27-82) 71.6£5.5 (65-78)
Duration of illness (month) mean + SD (range) 3824342 (6-1 56)"1 3 31.8+12.5 (16-53) 17 (10-24)

*1; with long duration (1 case): 156-mo, Classic: classical limb-onset ALS; PBP: progressive bulbar palsy; ALS-D: ALS with dementia; Baso: ALS with basophilic inclusion body; Con-
trol: neurologically free control subjects; MSA: multiple system atrophy. Please refer to Table 1 for a more detailed profile of the cases with sporadic ALS.
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quantified the molarity of the 116- and 66-bp bands using the 2100
Bioanalyzer (Agilent Technologies) and calculated the editing
efficiency as the ratio of the former to the latter for each sample
(Supplementary Table 1).

With similar methods, we calculated the editing efficiencies at the
Q/R sites in GluR6 mRNA and in GluA2 pre-mRNA, the R/G site in
GluA2 mRNA, and the K/E sites in cytoplasmic fragile X mental retar-
dation protein interacting protein 2 (CYFIP2) mRNA and pre-mRNA
(Supplementary Table 1) (Kawahara et al.,, 2004a; Kawahara et al,
2003a; Kawahara et al., 2003b; Kwak et al., 2008; Nishimoto et al,,
2008; Paschen et al., 1994; Takuma et al., 1999). Following restriction
enzymes were used for restriction digestion of the respective A-to-I
sites; Bbvl for the Q/R sites, NlalV (New England BioLabs) for the
R/G sites, and Msel (New England BioLabs) for the K/E site. Primer
pairs used for each PCR and sizes of restriction digests of PCR products
were indicated in Supplementary Table 1.

Quantitative PCR

The expression levels of ADAR1, ADAR2, ADAR3, GluA2 and
{3-actin mRNAs were measured using the LightCycler system (Roche
Diagnostics, Indianapolis, IN) (Kawahara et al., 2004a; Kawahara
et al,, 2003a; Takuma et al.,, 1999). To prepare an internal standard
for quantitative PCR, gene-specific PCR products of approximately
1 kb in length were amplified from human cerebellar cDNA with the
same primer pairs as previously reported (Supplementary Table 2)
(Kawahara et al., 2004a; Kawahara et al, 2003a; Takuma et al,
1999). Each ¢cDNA sample was amplified in a reaction mixture (20 ml
total volume) composed of 10 [l of 2x LightCycler 480 Probes Master
Roche (Roche Diagnostics), 0.5 mM of each primer set and 0.1 mM
probes (Universal Probe Library Set, Human, Roche Diagnostics)
(Supplementary Table 3).

DNA sequence

Editing efficiency at the Y/C site in mRNA of bladder cancer associated
protein (BLCAP) was evaluated by sequencing the PCR products with a
3100 Genetic Analyzer sequencer (Applied Biosystems, Foster City, CA)
(Supplementary Table 1).

Statistical analysis

Differences and correlations between two groups were evaluated
using Mann-Whitney U-test with SPSS software (version 15; SPSS
Inc., Chicago, IL) and Pearson product-moment correlation coefficient
with GraphPad Prism version 5 (GraphPad Software, Inc., La Jolla, CA),
respectively. Moreover, differences between three groups were
evaluated using repeated ANOVA with GraphPad Prism version 5. Dif-
ferences were considered statistically significant with p<0.05 and
highly significant with p<0.01.

Results

Inefficient GIuA2 editing in motor neurons is a universal molecular
abnormality in patients with sporadic ALS

We analyzed the extent of GluA2 Q/R site-editing in spinal cord
and motor neuron lysates from 29 cases of pathologically proven spo-
radic ALS of various phenotypes (Table 1). Efficiency of RNA editing at
the GluA2 Q/R site in the anterior horn (AH) was nearly 100% in the
control subjects, whereas efficiency was significantly lower in all of
the ALS cases examined (Fig. 1A). To test whether unedited GluA2
mRNA was universally expressed in motor neurons in ALS cases, we
examined the extent of GluA2 Q/R site-editing in lysates of motor
neurons. Reverse transcription polymerase chain reaction (RT-PCR)
products for GluA2 mRNA were not always yielded from lysates of a

single motor neuron and approximately one third of the lysates
yielded amplicons for GluA2 mRNA. When we could not effectively
amplify RT-PCR products from any of the lysates of a single motor
neuron in a case, we used lysates of 30 motor neurons dissected
from the same case. We dissected more than 10,000 motor neurons,
including 500 motor neurons of control subjects, 600 motor neurons
of patients with MSA and 1270 motor neurons of patients with ALS.
These lysates except those of 100 motor neurons from two ALS case
(A28, A29) yielded GluA2 RT-PCR amplicons. The number of motor
neurons examined and the mean editing efficiency in each case
were shown in Supplementary Table 1. We found that at least one
motor neuron in each of the 27 ALS cases expressed detectable
amounts of unedited GluA2 mRNA. The proportion of unedited
GluA2 varied among motor neurons in each ALS case, ranging from
0% to 100%. Conversely, all of the motor neurons from control subjects
and patients with MSA expressed only edited GluA2 mRNA (Fig. 1B
and Supplementary Table 1).

ADAR2 is downregulated in all the motor neurons including apparently
normal motor neurons that express only edited GluA2

In the AH, the expression level of ADAR2 mRNA relative to GluA2
mRNA in ALS cases was decreased to less than one third of that in
control cases. In contrast, expression levels in the PH and the SpW
of the spinal cord of ALS cases were not different from those of the
control cases (Fig. 2A). After examining whether unedited GluA2
mRNA was contained in each single motor neuron lysate, we pooled
¢DNA from 100 single motor neuron lysates of four ALS cases that
contained only edited GluA2 mRNA (ALS®%*), We pooled together
cDNA from 47 motor neurons that expressed unedited GluA2 mRNA
into a sample called ALS"™ (Fig. 3). In addition, we obtained lysates
of 100 or 30 motor neurons from control subjects and MSA cases. We
analyzed the expression level of ADAR2 mRNA in these lysates rela-
tive to GluA2 mRNA (Fig. 2B) and p-actin mRNA (Fig. 2C). Both ana-
lyses demonstrated that the motor neurons of ALS patients
expressed significantly lower amounts of ADAR2 mRNA than those
of the control subjects or patients with MSA. Notably, the expression
level of ADAR2 mRNA was much lower for ALS“™¢ than for ALS®dt
(Figs. 2B and C).

Next, we examined the efficiencies of A-to-1 conversion at ADAR2-
mediated conversion positions. A-to-I conversion at the Q/R site of
GluA2 pre-mRNA and the K/E site in CYFIP2 are specifically mediated
by ADAR2 (Kwak et al,, 2008; Nishimoto et al., 2008; Riedmann et al.,
2008), and A-to-1 conversion at the Q/R site of GIuR6 is partially
mediated by ADAR2 (Higuchi et al., 2000; Paschen et al., 1994). The
editing efficiencies at these sites in lysates were lower in ALS cases
than in control cases, although the difference in the efficiency of
GIuR6 Q/R site-editing between ALS and control cases did not reach
statistical significance (Figs. 2D-F). Furthermore, efficiencies of edit-
ing at these sites were significantly correlated with the efficiency of
GluA2 Q/R site-editing (Supplementary Figs. 1A and B). These results
indicate that ADAR2 activity is significantly decreased in ALS motor
neurons.

ADAR1 and ADAR3, other members of the ADAR family, play no role in
ALS pathogenesis

There are three members of the ADAR family, including ADAR1,
ADAR2 and ADAR3. ADAR1 catalyzes A-to-l editing in vivo with dif-
ferent but overlapping site-selectivity from ADAR2 (Levanon et al.,
2005; Nishimoto et al.,, 2008; Wang et al.,, 2004), whereas editing
activity has not been demonstrated for ADAR3 that predominantly
localizes in brains (Chen et al, 2000). The expression levels of
ADAR1 mRNA in lysates of ALS motor neurons (both ALS®%® and
ALSU"d) were similar to or even higher than those in lysates of con-
trol motor neurons (Fig. 4A). In addition, efficiencies of ADAR1-
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Fig. 1. Reduction of GluA2 Q/R site-editing in ALS motor neurons. (A) Editing efficiencies at the GluA2 Q/R site in anterior horn (AH) lysates of spinal cord from sporadic ALS patients
(ALS) and control subjects (Ctl). Editing efficiencies for the ALS group (ALS, n=29) was significantly lower than that of the control group (Ctl, n=12) (61.0%+22.7% vs.
99.4% £ 0.7%; ***p<0.001). Each circle represents the extent of GluA2 Q/R site-editing in each ALS case (red) or control case (blue), illustrating that values representing editing
efficiency were less than 100% in all ALS cases, whereas those in the control subjects were approximately 100%. Columns and bars represent the mean + SEM. (B and C) Extents
of GluA2 Q/R site-editing in motor neuron lysates. Each narrow bar represents the editing efficiency in the lysate of one motor neuron, and each wide bar represents the editing
efficiency in the lysate of 30 motor neurons. The results from the lysates of an individual case are shown in the same color. Editing efficiency was 100% in all motor neurons
from all control subjects and patients with multiple system atrophy (MSA). Note that the extent of editing was less than 100% in at least one motor neuron of all 27 ALS cases ex-
amined, regardless of the clinical phenotype. Red asterisks indicate lysates showing 0% editing efficiency. Classical ALS: limb-onset ALS (blue); Baso: ALS with basophilic inclusion

body (green); PBP: progressive bulbar palsy (orange); ALS-D: ALS with dementia (red).

mediated A-to-I conversion at the R/G site of GluA2 mRNA (Wang et
al, 2004) and the Y/C site of bladder cancer associated protein
(BLCAP) mRNA (Kwak et al., 2008; Nishimoto et al., 2008) in the
ALS AH lysates did not differ from those in the control AH lysates
(Figs. 4B and C and Supplementary Fig. 1C). Finally, ADAR3 mRNA
expression level in the lysate of the ALS AH did not differ from that
of the control AH (Supplementary Fig. 1D).

Discussion

The consistent results obtained from a large number of single
motor neurons derived from a considerable number of ALS cases
clearly demonstrate that inefficient GluA2 Q/R site-editing is a
disease-specific molecular abnormality observed among sporadic
ALS patients with different clinical manifestations, including classical
limb-onset ALS, progressive bulbar palsy and ALS with dementia.
GluA2 Q/R site-editing is fully preserved throughout life from the em-
bryonic stage in mammalian brains (Burnashev et al., 1992; Nutt and
Kamboj, 1994), including human brains (Kawahara et al., 2004b). A~

to-1 conversion at the GluA2 Q/R site is specifically mediated by
ADAR2 (Higuchi et al, 2000), and motor neurons deficient in
ADAR2 undergo slow death specifically due to a failure to edit this
site, as observed in conditional ADAR2 knockout (AR2) mice
(Hideyama et al., 2010). Expression of unedited GluA2 is also toxic
in cultured cells (Mahajan and Ziff, 2007). Therefore, inefficient
GluA2 Q/R site-editing is likely a common molecular abnormality
and one cause of motor neuron death in ALS. Notably, the present
study demonstrated that Q/R site-unedited GluA2Z mRNA was
expressed in motor neurons of two patients with ALS with dementia
as occurred in patients with other clinical phenotypes of sporadic ALS.
Based on the recent observation that ALS is not infrequently associat-
ed with the pathology in fronto-temporal lobar degeneration with
ubiquitin-immunoreactive inclusion bodies (FTLD-U) and that
degenerating neurons in both patients with ALS and those with
FTLD-U exhibit TDP-43 pathology, it is believed that there is a com-
mon pathogenic mechanism between ALS and FTLD-U (Cairns et al.,
2007). The present result is in agreement with this concept and
lends support to the hypothesis that inefficient GluA2 Q/R site-



T. Hideyama et al. / Neurobiology of Disease 45 (2012) 1121-1128 1125
A x 103 B %1073 C x10-3
AH  PH  Spw s bt
200 i
& . 5,000 -
o 100 N 160 : £ 5
: 3 S «
3 = _ T 3,000 -
o O 420+ . @
~ ~ -~ "
N N o
x o d %
< 50 < 80+ . Z 1,000 - :
o) o 5. a
< < < =
40 + 2 150
o B . "
CA CA CA C  Aedt Auned MSA C  Acdt puned MGA
*k
D o E 0 - F o
50 100 + @ 100 -
a ) »
- AH  MN AH .
5% A0+ % Sk * 38 80 - 5-% 80 - &
c » B e
SR 30 E3 60r 2Z et
B o i > o e
o O')‘D oy
25 20t EX 40 . £2 awf
55 o 52 * B o
10 ¢ 5 20 3 20 +
£ i ! : : o
- — - 0 " 0
CA _GA  CA cC_ A G© c
MRNA Pre-mRNA AH MN

Fig. 2. Downregulation of ADAR2 mRNA and editing efficiency of ADAR2 substrates in ALS motor neurons. (A) The relative abundance of ADAR2 mRNA in the GluA2 mRNA base in
the spinal cord anterior horn (AH) was significantly less in the ALS group (A) than in the control group (C) (*p<0.05). In contrast, relative abundance in the posterior horn (PH) or
white matter (SpW) of the spinal cord did not differ between the two groups. (B and C) Relative abundance of ADAR2 mRNA in lysates of motor neurons in the GluA2 mRNA base
(B) and {>-actin mRNA base (C). The expression level of ADAR2 mRNA in ALS®" (A% n=4) was significantly lower than in the lysates of motor neurons of control subjects
(C; n=4; ™p<0.02), and that in ALS""? (A"*¢) was much lower than in A®“*, On the contrary, ADAR2 mRNA level in the MSA group did not differ from the C group. (D) Editing
efficiency at the K/E site of CYFIP2 mRNA in lysates of AH (*p<0.03) and motor neurons (MN) (**p<0.005) and editing efficiency of CYFIP2 pre-mRNA in the AH (*p<0.02) were
significantly lower in the ALS group (A) than in the control group (C). (E) Editing efficiency at the Q/R site of GluR6 mRNA was lower in the ALS AH than in the control AH, although
this difference was not statistically significant. Editing efficiency at the GluR6 Q/R site was not significantly different between AH and the lysate of 100 MN from control spinal cord.
(F) Editing efficiency at the Q/R site of GluA2 pre-mRNA in the AH lysates from the ALS group was lower than that of the lysates of the control group (**p<0.01). Columns and bars
represent mean + SEM. Each triangle represents a value for the AH lysate, and each circle represents a value for the MN lysate from a single case. C: Lysate of 100 motor neurons
from control subjects (n=4). A°!: lysate of 100 motor neurons expressing only Q/R site-edited GluA2 mRNA from ALS patients. AUred: Jysate of 47 motor neurons expressing Q/R

site-unedited GluA2 mRNA from ALS patients. MSA: lysate of 30 motor neurons from the patients with multiple system atrophy (n=G6).

editing is a common death-causing molecular abnormality in sporadic
ALS.

Of the three members of the ADAR family, only ADAR2 was down-
regulated in ALS motor neurons. Although ADAR1 catalyzes A-to-l
conversions that are critical during embryogenesis (XuFeng et al.,
2009) and ADAR3 is predominantly localized in the central nervous
system (Chen et al., 2000), neither ADAR1 nor ADAR3 participates
in the inefficient GluA2 Q/R site-editing in ALS motor neurons. In ad-
dition, ADAR2 was downregulated in all ALS motor neurons, even in
those motor neurons expressing only edited GluA2 (ALS®®") and
more extensively in those motor neurons expressing unedited
GluA2 (ALS""?), indicating profound downregulation of ADAR2 asso-
ciated with sporadic ALS. Deficient ADAR2 induces death of motor
neurons via failure to edit the GluA2 Q/R site, and expression of edi-
ted GluA2 by genetic engineering of the endogenous GluA2 gene res-
cues motor neurons lacking ADAR2 from death in AR2 mice
(Hideyama et al., 2010). Investigations on the conditional ADAR2
knockout mice in which one ADAR2 gene allele was ablated in
motor neurons (HeteroAR2; ADAR21%/*/VAChT-Cre.Fast) demon-
strated that the motor neurons with reduced ADAR2 expressed uned-
ited GluA2 mRNA, and although the unedited GIuA2 accounted for no
more than 30% of all GluA2 mRNA, these motor neurons underwent
slow death (Hideyama and Kwak, 2011). Therefore, expression of un-
edited GluA2, even in a small proportion, is not favorable for the

survival of motor neurons in mice and expression of ADAR?2 sufficient
to edit all the GluA2 mRNA rather than the expression level of ADAR2
per se is the critical factor for motor neuron survival. The critical role
of GluA2 Q/R site-editing in neuronal death indicates that ALS motor
neurons can survive, provided they express only edited GluA2, de-
spite reduced ADAR2 activity. However, the expression level of
ADAR?2 likely decreases further with progression of the disease, and
once the expression level of ADAR2 decreases below a threshold
that is necessary to edit the Q/R site of all GluA2, motor neurons
enter into a death cascade (see Fig. 5). This interpretation is consis-
tent with the finding that the proportion of unedited GluA2 among
all the GluA2 expressed in single neurons varied widely from 0% to
100% in a single ALS cases (Fig. 1C) (Kawahara et al., 2004a) and
with the pathological finding that both healthy-appearing and
shrunken motor neurons are observed in the ventral horn of the
same ALS patients (Weller et al.,, 1997), as well. Therefore, it is likely
that progressive downregulation of ADAR2 is closely relevant to the
pathogenesis of ALS, in which the failure of A-to-1 conversion at the
GluA2 Q/R site is critical. We previously demonstrated that the
threshold level of ADAR2 mRNA expression that enables editing of
the Q/R sites of all GluA2 mRNA is approximately 20 x 10~ relative
to GluA2 mRNA in human brains (Kawahara et al, 2003a). We
obtained consistent results in the present study; the expression
level of ADAR2 mRNA in ALS® was well above this threshold
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Fig. 3. Collection of ALS single motor neurons. We dissected single motor neurons from 27 sporadic ALS cases using a laser microdissector (see Table 1). After examining the effi-
ciency of GluA2 Q/R site-editing in each lysate of a single motor neuron, we separately collected the remaining cDNA of the lysate that contained only Q/R site-edited GluA2 (ALS®")
and lysate that contained unedited GluA2 mRNA (ALS""%), Each ALS®" contained cDNA from 100 motor neurons that expressed only Q/R site-edited GluA2 (n=4), and one
ALS""¢¢ contained cDNA from 47 motor neurons that expressed unedited GluA2. ALS®" and ALS""™*® were used for analysis of the expression levels of ADART mRNA and ADAR2

mRNA in ALS motor neurons shown in Figs. 2B and C.

(78.5% 107> +£26.1x 10~ %; range 60.0-117 x 10~ >), whereas the ex-
pression level in ALS""*? was far below this threshold (3.48x1073)
(Figs. 2B and C).

In the present study, we showed that the expression level of
ADAR2 mRNA is a factor regulating the ADAR2 activity in human spi-
nal motor neurons, and that reduced expression level of ADAR2 tran-
scripts was the cause of reduced ADAR2 activity in ALS motor
neurons. We previously demonstrated that all the motor neurons ex-
press ADAR2 immunoreactivity in the spinal cord of normal human
subjects, whereas approximately half of motor neurons lack ADAR2
immunoreactivity in patients with sporadic ALS (Aizawa et al,
2010). The present results provided us with knowledge that the
lack of ADAR2 protein in ALS motor neurons resulted from reduced
expression level of ADAR2 transcripts but not from accelerated degra-
dation of ADAR2 protein, as shown in ischemic rat brain (Mahajan et
al., 2011). Molecular mechanism regulating the level of ADAR2 mRNA
expression and ADAR?2 activity has been poorly elucidated. At least 48
different RNA variants are expressed in human brain, among which

only three variants accounting for less than 10% of total amount of
the transcripts encode active form of ADAR2 (Kawahara et al.,
2005). Aside from the regulation by the expression level of ADAR2
mRNA, ADAR2 activity was positively regulated by the presence of
inositol hexaphosphate in the catalytic domain (Macbeth et al,
2005) and negatively regulated by excessive expression of ADAR1 in
glioma cells (Cenci et al., 2008) and cleavage of ADAR2 protein by
Ca?*-dependent protease (Mahajan et al., 2011).

Because ADAR2 is an RNA regulatory protein, the present findings
support the emerging hypothesis that defects in RNA processing play
a role in neurodegenerative diseases, including ALS (Lagier-Tourenne
and Cleveland, 2009). For example, the mislocalization of TDP-43 and
FUS/TLS has been reported in the motor neurons of ALS patients, includ-
ing sporadic ALS. We previously found that ADAR2-deficient motor
neurons exhibit TDP-43 pathology, whereas ADAR2-expressing motor
neurons exhibit normal TDP-43 subcellular localization in sporadic
ALS patients (Aizawa et al., 2010), indicating that there is a molecular
link between these two RNA processing proteins. Whether TDP-43
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Fig. 4. Normal ADAR1 and ADAR3 in ALS motor neurons. (A) The expression levels of ADART mRNA in ALS motor neurons, both ALS®t (A®%t) and ALS"™? (AU"*?) were in the same
level as in control motor neurons (C). (B) Extents of RNA editing at the Y/C site of bladder cancer associated protein (BLCAP) mRNA in ALS AH did not differ from those in control AH.
(C) There was no significant difference in editing efficiency at the R/G site of GluA2 mRNA in AH between ALS and control cases. Columns and bars represent mean - SEM. Each
triangle represents a value for the AH lysate, and each circle represents a value for the MN lysate from a single case.
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pathology, including absence from the nucleus and mislocalization in
the abnormal inclusion bodies, causes ADAR2 downregulation, or con-
versely ADAR2 downregulation causes TDP-43 pathology, remains to
be elucidated. Recent microarray study demonstrated that ADAR2
mRNA was a target RNA of TDP-43 protein (Sephton et al,, 2011) and
ADAR2 gene expression was downregulated in the brain of TDP-43
knock-down animals (Polymenidou et al.,, 2011). Although these stud-
ies suggest that the reduction of ADAR2 expression resulted from the
absence of TDP-43 in the nucleus of motor neurons with TDP-43 pathol-
ogy, the quite modest extent of ADAR2 downregulation in the TDP-43
knock-down animal brain (Polymenidou et al., 2011) could not explain
the loss of ADAR2-immunoreactivity in the motor neurons with TDP-43
pathology in patients with sporadic ALS (Aizawa et al., 2010). There
remains a possibility that downregulation of ADAR2 causes TDP-43
pathology in ADAR2-lacking motor neurons. A close molecular link
between ADAR2 downregulation and TDP-43 pathology in sporadic
ALS is supported by the finding that neither inefficient GluA2 RNA edit-
ing nor mislocalization of TDP-43 occurs in SOD1 transgenic animals or
SOD1-associated ALS patients (Kawahara et al.,, 2006; Mackenzie and
Rademakers, 2007; Tan et al., 2007). These results suggest that death
pathway involved in sporadic ALS including FTLD-MND is likely in com-
mon, while death pathway in SOD1-associated familial ALS may be one
of other multiple different death pathways of motor neurons (Kwak and
Weiss, 2006).

Because expression of ADAR2 was already reduced even in the
motor neurons that express only edited GIuA2 in ALS patients, down-
regulation of ADAR2 likely occurred before the onset of ALS symp-
toms and initiated the process of cell death when GluA2 RNA
editing was incomplete. Therefore, investigation into the death
cascade initiated by reduced ADAR2, including mislocalization of
TDP-43, may provide insights into the pathogenesis of sporadic ALS.
Unfortunately, little is known about the regulatory mechanism of
ADAR?2 expression in brains and spinal cords, and we do not know
why ADAR2 is downregulated in ALS motor neurons. Because of the
potentially critical role of ADAR2-mediated GluA2 RNA editing in

sporadic ALS, elucidation of molecular mechanisms underlying
ADAR2 downregulation is awaited. Demonstration of the disease-
specific molecular abnormality that is involved in cell death provides
a clue to the development of novel therapeutic strategies, and nor-
malizing GluA2 Q/R site-editing in motor neurons is one potential
method for treating sporadic ALS (Kwak et al., 2008).
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1. introduction

Parkinson disease (PD) is a neurodegenerative disorder not only with motor symptoms,
including resting tremor, rigidity, bradykinesia and postural instability, but also with non-
motor symptoms, including autonomic disturbance, sleep disturbance and depression. Due
to the lack of objective biomarkers like the blood glucose level for diabetes mellitus, severity
of parkinsonism has been evaluated by using the symptom-based Unified Parkinson Disease
Rating Scale (UPDRS) (Martinez-Martin et al., 1994) that covers the various aspects of
symptoms in patients with PD. Although the UPDRS is the standard method for the
assessment of parkinsonism and the evaluation of drug effects, the scoring is not free from
inter-rater variance or the fluctuation of the symptoms.

Wearable accelerometers enable long-term recording of patient’s movement during
activities of daily living, and hence might be a suitable device for quantitative assessment of
the disease severity and progression. Alterations in locomotor-activity levels and
disturbances in rest-activity rhythms have long been recognized as integral signs of major
psychiatric and neurological disorders (Teicher, 1995; Witting et al., 1990). Improvement of
ambulatory activity monitors (actigraph) has enabled precise calibration and storage of
thousands of activity measurements acquired at predetermined times, hence enabled long-
term recording of patient’s movement during ordinary daily living (Katayama, 2001; Korte
et al., 2004; Mormont et al., 2000; Okawa et al., 1995; Teicher, 1995; Tuisku et al., 2003; van
Someren et al., 1996). It has been demonstrated that use of these devices is useful for the
quantitative estimation of human behavior properties in normal subjects and patients with a
variety of diseases, including depression, pain syndrome, and PD (Jean-Louis et al., 2000;
Korszun et al., 2002; Nakamura et al., 2007; Ohashi et al., 2003; Pan et al., 2007; van Someren
et al., 1993; 1998; 2006). However, because the pattern of daily activity greatly influences the
recording with accelerometers, recorded activity levels may not adequately reflect the
disease severity (Fig 1). Therefore, reliable analytical methods of the body acceleration
signal free from the level of activity are required to describe the characteristics of body
activity during daily living. Recently, fractal analysis was shown to be a robust tool to
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disclose hidden auto-correlation patterns in biological data, such as heartbeat and limb
movement (Ohashi et al., 2003; Pan et al., 2007; Peng et al., 1995; Sekine et al., 2004; Struzik et
al,, 2006). Power-law auto-correlation exponents for local maxima and minima of
fluctuations of locomotor activity would be the most useful for our purpose, as they
represent the level of persistency of movement patterns (Ohashi et al., 2003; Pan et al., 2007).
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In this review, we show how we can extract hidden autocorrelation patterns reflecting the
severity of parkinsonism from the actigraph recording of patients’ activity, and demonstrate
that the analysis using power-law exponents is useful for the evaluation of effects of therapy
on motor and non-motor symptoms of parkinsonism.

2. Analytical method of the motionlogger recordings for power-law auto-
correlation exponents

We analyzed patients’ physical activity records collected by an actigraph device using
power-law exponents probing temporal auto-correlation of the activity counts. The power-
law exponent for local maxima most sensitively and reliably reflects disability without being
influenced by the presence of tremor or the patterns of daily living (Pan et al., 2007).

To examine temporal auto-correlation of the physical activity time series (i.e., dynamic
aspects of physical activity), we used an extended, random-walk analysis, the detrended
fluctuation analysis (DFA) (Peng et al., 1995), with a modification (Ohashi et al., 2003) for
various “real-world” signals including activity time series. Briefly, a daytime physical
activity time series was integrated, as in DFA, and wavelets with different time scales (S)
were slid along the time series and correlated with the data to obtain the wavelet coefficients
(W(S)) at each point. The third derivative of the Gaussian function was used as the so-called
“mother wavelet”:

W(t) = 1(3-£2)e051 2
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where t is time. This is equivalent to using the Gaussian second derivative (so-called
“Mexican hat”) wavelet to examine the raw signals (Fig. 2), though the integration approach
automatically removes the local mean and the local linear trend, as in DFA. By changing the
scale of the wavelet, this “hat-shaped” template dilates or contracts in time, probing
transient increases or decreases in activity records in different time scales. The transient
increases (low-high-low activity patterns) yield local maxima of the wavelet coefficients at
their time points; while the decreases (high-low-high activity patterns) yield local minima of
the wavelet coefficients (see Fig. 2). Next, the squared wavelet coefficients at the local
maxima or minima were averaged for all the available days. As the coefficient gives the
magnitude of local fluctuations matching the shape of () with different time scales, the
squared W(5) was used, again as in DFA. Finally, the power-law exponent (a) was obtained
separately for local maxima and minima as the slope of a straight line fit in the double-
logarithmic plot of S vs. W(5)2. This method yields the same a-values as does DFA (Ohashi
et al., 2003), but separately for periods with higher and lower activity levels. The power-law
(scaling) exponent, a, reflects the probability of a simultaneous increase or decrease in the
variability at two distant points in time in the time series, applied to all distances up to long-
range time scales, thereby probing the nature of “switching'” patterns between high and low
values in a statistical sense. Larger power-law exponents indicate positive temporal auto-
correlation or persistency in the increase or decrease, and lower values correspond to
negative auto-correlation or anti-persistency (Ohashi et al., 2003).
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Fig. 2. Conceptual explanation of the method to obtain power-law exponents for local
maxima and minima. (top) Various widths of hat-shaped wavelets are slid along the data to

. detect local minima (middle) and local maxima (bottom) of the wavelet coefficients. Note that
the local minima and maxima appear at the transient decreases and increases of the activity,
respectively. The power-law exponents are calculated from the slope of the log-log plot of
squared wavelet coefficients vs. the scale for local minima and maxima. In the actual
analysis, we used an integrated, rather than raw, time series and y/(1), i.e., the derivative of
the “hat-shaped” wavelet. This yields the same power-law exponents as those obtained by
the DFA method for the same local maxima and minima as obtained in this figure.
Reprinted with permission from (Pan et al., 2007).
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This method enables to evaluate relationships between time scales and magnitudes of
fluctuation within each time scale, eliminating non-stationarity in the input data (i.e., changes
in the baseline and trends within the data windows at different scales) that could affect
calculation of the magnitudes of fluctuation. Therefore, this approach is suitable for the
analysis of the long-term data collected in ambulatory settings (Pan et al., 2007).

3. Quantitative analysis of parkinsonism using power-law auto-correlation
exponents

The data acquired during awake-time and sleep-time were separated with Action-W,
Version 2 (Ambulatory Monitors Inc., Ardsley, NY) (Fig. 1) and the data during awake-time
were used for analyses. Average wavelet coefficients for local maxima and minima of the
severe and mild groups provided straight lines in the range of 8-35 min (Fig. 3A), indicative
of very robust a-values. When the mean a-values for local maxima and minima were
compared, they found a significantly lower a-value for local maxima in the mild group than
in the severe group (Fig. 3B). All the patients (13 male and 9 female patients with Parkinson
disease) in both the severe (Hoeh-Yahl score > 3.0; n=9)) and mild groups (H-Y score = 3.0;
n=10)) showed significantly lower a-values for local maxima on good-condition (GC) days
than on bad-condition (BC) days that were classified according to diary scores, whereas
there was no significant difference in the mean a-values for local minima (Fig. 3C).

maxima minima B severe
—e— severe 8.6 _o— severe 8.6 Cmild
slope=1.085 slope=1.105
--&-- mild --&-- mild >
slope=0.847 slope=0.977 G
8 8 £
«
&}
e
174 17.4 xima minima
09 11 13 15 7769 1.0 13 15 faxima
8min Jog g 35min 8min joq g 35min
C. 16 maxima minima :
ofore maxima minima
-, BC 1.4 h;m‘u
O GC L2 der e o
o' - QJ, £
1 QL 08 g;
e
0.8 0. x
0. \
0.6
0.2
04 0
maxima minima BC GC BC GC

maxima minima BF AF BF AF

Fig. 3. Local maxima and minima of fluctuation of physical activity. (A) Average wavelet
coefficients, as a function of the wavelet scale, for local maxima and minima. The slopes are
power-law exponents, o.. (B) Comparisons of the mean for the severe and the mild groups,
(Q) for BC and GC days and for individual patients, and (D) for days before and after
antiparkinsonism medication and for each patient. *: P < 0.05, **: P < 0.01, and ***: P < 0.001.
Reprinted with permission from (Pan et al., 2007).
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When the effects of medication were examined, we found that all the patients who did not
take any medication at the time of enrolement (n=6) showed lower a-values for local
maxima on days more than three weeks after they received clinically effective anti-
parkinsonism medication than on those before (Fig. 3D). Although presence of tremor
significantly increased the activity counts in the arms with tremor as compared with those
without tremor (Fig. 4A), power-law scaling of the records from arms with tremor showed a
linear correlation between log S and log 1W(S)2 in the range of 8 to 35 min (Fig. 4B) and a-
values for local maxima were the same between the arms with tremor and those without
tremor (Fig. 4B) with significantly higher a-values in patient arms than in control arms (Fig.
4C)
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Fig. 4. Effects of tremor on actigraph counts and the power-law exponents. (A) Daily profiles
of physical activity for the arm affected with tremor and that without tremor of a patient
with unilaterally predominant parkinsonism with continuous tremor on one side. (B)
Average wavelet coefficients for Jocal maxima among arms with tremor (tremor) and
without tremor (no tremor) of 6 patients with tremor, 26 arms of 13 patients without tremor
(without tremor) and 20 arms of 10 control subjects (control). (C) The power-law exponents
for local maxima and minima. *: P < 0. 05. Reprinted with permission from (Pan et al., 2007).

Larger power-law exponents (a) indicate positive temporal auto-correlation, or persistency,
in the increase or decrease in the variability of activity at two distant points in time in the
time series, and lower values correspond to negative auto-correlation or anti-persistency
(Ohashi et al., 2003). In other words, a lower a for local maxima or minima of activity
records reflects more frequent switching behavior from low to high or high to low physical
activity, respectively, and the switching behavior from lower to higher activity levels is
considered to be related to akinesia in patients with parkinsonism. We found lower a-values
for local maxima during GC days than during BC days, in the mild group than in the severe
group, and before medication than after medication. Thus, these results demonstrate that
the power-law analyses accurately describe the well known phenomenon that under these
conditions patients switch their physical activity from lower to higher levels more easily, in



