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other words they exhibit milder akinesia, when the parkinsonism is mild than when it is
severe. It is worthy to note that lower a-values for local maxima were obtained for all the
patients after medication than before, and when in good condition than in bad condition
(Fig. 3C, D), thereby providing a temporal profile of parkinsonism in each individual
patient.

These results thus suggest that analysis of power-law temporal auto-correlation of physical
activity time series using the bi-directional extension (Ohashi et al., 2003) is applicable to
patients with parkinsonism for the evaluation of motor dysfunction irrespective of the
presence of tremor and may provide useful objective data necessary for the control of drug
dosage in the out-patient clinic and also for the evaluation of new drugs for parkinsonism
(Pan et al., 2007).

4. Evaluation of effects of traditional Chinese -medicine on parkinsonian
symptoms

Conventional antiparkinsonism drugs effectively ameliorate the symptoms of patients with
PD during the initial several years of onset, but become increasingly less effective and
induce motor fluctuations including wearing-off, on-off, dopa-induced dyskinesia, and
agonist-induced sleep attack (Arnulf et al., 2002; Comella, 2002; Hobson et al., 2002; Ondo et
al., 2001; Pahwa et al., 2006). PD patients not infrequently suffer from non-motor symptoms,
such as neuropsychiatric symptoms, autonomic symptoms, gastrointestinal symptoms,
sensory symptoms, non-motor fluctuations (autonomic symptoms, cognitive or psychiatric
symptoms, sensory symptoms including pain), fatigue, and sleep disturbance (Chaudhurié
Schapira, 2009; Miyasaki et al., 2006; Park& Stacy, 2009), and these non-motor symptoms
may be intrinsic to the disease pathology or may be the result of treatment with
dopaminergic agents. Several studies have established that the non-motor symptoms of PD
are common, occur across all stages of PD, and are a key determinant of quality of life
(Chaudhuri& Schapira, 2009).

Herbal remedies have a long history of use (particularly in East Asian countries) for
alleviating various symptoms and have been increasingly used as alternative medicines
worldwide, including the United States (De Smet, 2002). Traditional Chinese medicines
(TCM) ameliorate various symptoms, particularly the ageing-related symptoms, and hence
are likely to be beneficial for chronic diseases such as PD (Iwasaki et al., 2004; 2005a; 2005b).
Good compliance for long-term use with few side effects may be another merit of TCM
suitable for patients with PD (Liané& Luo, 2007; Zhao et al., 2007).

In order to evaluate the effects of TCM on symptoms of parkinsonism, we evaluated the
effects of Zeng-xiao An-shen Zhi-chan 2 (ZAZ2) on patients with PD using this method
together with conventional scales for parkinsonism (Pan et al., 2011a). ZAZ2 granule is
made up of 14 kinds of herbs; Uncaria rhynchophylia 10 g, Rehmanniae radix 10 g, Cornus
officinalis 8 g, Asnaragus cochinchinensic 10 g, Paeonia lactiflora 10 g, Desertliving cistanche 10 g,
Puerariae radix 10 g, Arisaema consanguineum Schott 10 g, Salviae Miltiorrhizae radix 10 g,
Acorus tatarinowii 10 g, Curcuma longa Linn 12 g, Morindae officinalis radix 10 g, Rhizoma
gastrodiae 10 g, andRhizoma chuanxiong 10 g. One hundred and fifteen patients with
idiopathic PD took 8 g of either ZAZ2 granule or placebo granule that was not distinguished
by appearance or taste for 13 weeks. Patients were randomly assigned to the ZAZ2 group
(n=59) or placebo group (n=56). There was no difference in the mean age, gender ratio or
disease duration between the ZAZ2 and placebo groups, and the post hoc test revealed no
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significant baseline (week 0) differences in UPDRS scores, Hoehn & Yahr stages, mean
counts, power-law temporal exponent a values, or in the dosage of antiparkinonian drugs
between the two groups. All the patients were evaluated at week 0, week 1, and week 13 for
the actigraph recording, UPDRS and Secondary Symptom Score, which is conventionally
used in China to evaluate the effects of antiparkinsonism drugs and consists of 8 parts,
including the assessments of non-fluent speech, vertigo, insomnia/nightmares, headache,
sweating or night sweats, tiredness, sense of cold, and dysuria (Long, 1992). The awake-time
and sleep-time actigraph data were used separately for the power-law temporal analyses.
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Fig. 5. Effects of TCM and placebo granules on actigraph recondings. (A) Counts of physical
activity (mean + 5.D.). (B) Average wavelet coefficients, as a function of the wavelet scale for
awake-time and sleep-time. The slopes are power-law exponents a. (C) Power-law
exponents a (mean + S.D.). *: P <0.05, **: P < 0.01. (Pan et al., 2011a)

The local power-law exponent a values during both awake-time and sleep-time were
significantly decreased after taking ZAZ2 granule, but not after taking placebo granule
(Table 1, Fig 5). The average wavelet coefficients exhibited linear relationships in the range
of scales from 8§ min to 35 min both for the ZAZ2 and placebo groups (Fig. 5B). The local
power-law exponent a values during both awake-time and sleep-time were significantly
decreased both week 1 and 13 in the ZAZ2 group, but not in the placebo group (Table 1 and
Fig 5C, P<0.01; Bonferroni test). The beneficial effects of ZAZ2 were shown with UPDRS
scores, as well; significant and persistent improvements were found in the scores of Part II,
Part II + Part I1I, and Part IV (Table 1). These scores at week 13 were significantly different
between the ZAZ2 group and the placebo group. As the exploratory outcome of this study,
most of the secondary symptoms were improved after taking ZAZ?2 granule, whereas only a
few symptoms were transiently improved in the placebo group (Table 2).

We evaluated the beneficial effects of TCM specifically on sleep disturbance of patients with
parkinsonism. We used placebo-controlled, randomized study design, in which 48 patients
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Placebo (n=54) TCM (n=56)
Week 0 Week 1 Week 13 Week 0 Week 1 Week 13
UPDRS total score 46.6+16.3 44.7£15.3 45.9+18.1 46.3x17.1  37.1£11.2%% 407 £15.1**
UPDRS | 26407 2311 24+12 26+038 2.1£0.7* 23+09
UPDRS I 15.7+9.3 14.8+11.2 153+ 11.6 159z 11.3 12546 13.4+£9.8
UPDRS 1lI 255+12.9  23.8:106* 249127 25.4+10.1 19.3+9.8%  21.6+10.4*
UPDRS IV 31£1.1 29+16 3014 32+14 2.6+0.8** 2,71.3*F
Awake-time (counts/min) 98.5+14.1 1026+18.9  100.7 +16.9 99.8+17.8  126.7 £13.4* 118.4%11.8*%
Sleep-time (counts/min) 42.9£17.1 388+156°  40.1+14.8 432£116  356:13.6% 32.8:13.6%
a(awake-time) 0.97 £0.21 095+£028  096x0.18 0.97+0.24  0.88+021** 0.86%0.19°*
a(sleep-time) 1.19+0.28 1,16 £0.27 1.15+0.29 118£026  1.04+0.22**  1.02+0.18%

Data presented are mean  SD.*:P < 0.05; **:P < 0.01 compared to week 0 (Repeated-measure ANOVAs).
#P < 0.05; P < 0.01 compared to placebo (Bonferroni test). UPDRS: Unified Parkinson's Disease Rating Scale.
a: power-law exponent.

Table 1. Measurements before and after taking test granules. (Pan et al., 2011a)

Group Time Nonfluent Vertigo Ivjsomma/ Headache s.weatmg O Tiredness Sense of Dysuria
speech nightmare night sweats cold
week 0 1.08+0.74 1.33£0.83 2.77£0.98 0.92 £ 0.56 2.11+0.68 1,66 +0.57 1.90 £ 0.67 223069

TCM week 1 0.56  0.28* 0.84 £ 0.26" 2.03+078* 0.64£028"% 1238x069*%  1.21£0.46* 148 £0.57* 1.43 £031*%
week 13 0.65£0.33*% 0.95 £ 0.37* 1.73+0.38"  0.63 20.19*" 148:0.28"% 127051 1.58 £ 0.61 1.46 +£0.36*™

week 0 1.12£0.59 1.31£0.97 267+ 087 1.02£0.75 213+£1.32 1.70£0.97 1.78 £0.39 2.29+1.02
Placebo  week t 0.69 £0.32* 1.12£0.69 2.40 £0.69* 0.96 + 0.36* 1.87 £0.58 1.35 £ 0.69% 1.39+0.81 1.69 £ 0.92%
week 13 1.02£0.36 1.28 £0.53 2.45+0.38 0.99 £ 0.65 218 £0.56 1.58 4 0.66 1.64 £0.58 2.18+1.30

Data presented are mean + SD.*: P < 0.05, ** P < 0.01 compared with 0 weeks (Repeated-measure ANOVAs).
#P < 0.05, ##P < 0.01 compared to placebo (Bonferroni test).

Table 2. Secondary symptom scores before and after taking test granules. (Pan et al., 2011a)

with idiopathic PD who had at least three awakenings per night occurring at least 3 nights
per week participated. Patients wore the actigraph on the wrist of their non-dominant hand
for seven consecutive days twice at week 0 (before) and week 6 of taking either one of the
granule. For control, age-matched 25 patients with non-neurological diseases who had
neither sleep disturbance nor parkinsonism wore the actigraph for seven consecutive days.
Daily profiles of activity counts clearly demonstrated an improvement of the biological
rhythm after the additional treatment in the TCM group but not in the placebo group (Fig.
6A). After treatment, sleep latency, median sleep efficiency and the median 5 least active
hour, all of which were the parameters specifically reflected sleep disturbance (Pan et al.,
2011b), shifted towards the values of the control group in the TCM group, but not in the
placebo group (Fig 6B).

Scores in UPDRS Part II reflects the long-term outcome of the patients (Harrison et al., 2009).
That both a-values for local maxima and the scores in UPDRS Part II, Part II + Part III and
Part IV improved after TCM suggested that o-values for local maxima reflected patients’
overall ADL, including motor symptoms and non-motor symptoms. Therefore, it is likely
that analysis of the a-values is useful for the evaluation of drug effects on the long-term
outcome of patient with PD (Pan et al., 2011a; 2011b).
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Fig. 6. Effects of cerebral granule (TCM). (A) Daily profiles of actigraph count for three
“consecutive days before and after taking TCM. Dashed line: midnight. (B) Changes from
baseline in actigraph counts. Columns and bars (inean + 5.D.) indicate sleep efficiency (%),
sleep latency (min) and the 5 least active hours (counts/min). *: p < 0.05; **: p < 0.01.
Reprinted with permission from (Pan et al., 2011b).

5. Assessment for effects of GVS for ameliorating parkinsonism

Enhancing neuronal transmission is a possible non-pharmacological therapeutic strategy for
neurological diseases. The cranial nerves send direct inputs to the brain, and their
stimulation may lead to alterations in various central functions. Such stimulation may
potentially be a therapeutic strategy for brain disorders due to the low invasiveness as
compared to deep brain stimulation. Considering its central connections, the vestibular
nerve can influence limbic-to-motor functions, and we applied non-invasive and non-
nociceptive noisy galvanic vestibular stimulation (GVS) to the patients with parkinsonism.
We successfully improved parkinsonian symptoms by using noisy GVS at a low-frequency
range targeting the vestibular nerves of patients with levodopa responsive PD and levodopa
unresponsive parkinsonism (Yamamoto et al., 2005). This effect is- presumably through the
demonstrated vestibule-cerebellar connections, and input noise played the beneficial role in
sensitizing neural systems, possibly through a mechanism known as stochastic resonance, a
basic physical mechanism underlying noise-enhanced responses of nonlinear systems to
weak signals. It is hypothesized that a central circuit signaling the onset of movement of
which the threshold is relatively increased due to the diseases may benefit from noisy
emulation of the afferent firing rates. We analyzed whether the beneficial effects of GVS on
parkinsonism was reflected in a decrease of the a-value for local maxima.

As previously described (Yamamoto et al.,, 2005), a portable GVS device was used to deliver
currents using a bilateral unipolar configuration, in which electrodes were placed over the
patient’s bilateral mastoid processes with the reference electrodes placed on the forehead.
The waveform, a zero-mean, linearly detrended noisy current with a 1/f-type power
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spectrum (Struzik et al., 2006) within a range of 0.01-2.0 Hz or a constant zero current for
control, with a duration of 300 sec was continuously repeated during the tests. The
magnitude of noisy GVS was set to 60% of each subject’s nociceptive threshold (0.29 + 0.20
mA). Then either the noisy GVS or the control zero current was continuously applied for the
first 24 hours, and then switched to the counter-part and applied for another 24 hours, while
the patients’ wrist activity was monitored continuously for 48 hours. The order of noisy GVS
and the control zero current was determined for each patient by random selection.
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Fig. 7. lllustrative examples of wrist activity data of a PD patient during the control (CON)
period (A) and during GVS application (B). The wavelet coefficients (W(5)) of these data, as
a function of the wavelet scale (5) are shown for local maxima (C) and minima (D). The
slopes are power-law exponents a. Reprinted with permission from (Pan et al., 2008).

The representative wrist activity data of a PD patient during the control period and during
the application of GVS were shown in Fig. 7A, B. Compared to control, GVS was associated
with more frequent switching between higher and lower levels of activity. This resulted in a
higher wavelet power (W(5)?) with GVS (Fig. 7C, D), particularly at smaller scales (S), or
higher frequencies, for local maxima (Fig.7C). The power-law exponent o, given by the slope
of the log S vs. Log W(S)? relationship and characterizing the nature of switching patterns
between high and low values in a statistical sense, was smaller with GVS than with control
stimulation, especially for the local maxima (Fig. 7C,D).

The group average wavelet coefficients exhibited linear relationships in the range of scales
(S) from 8 min to 35 min both for local maxima and minima and for GVS and control
conditions (Fig. 8A, B). The slope for local maxima with noisy GVS was substantially less
than that with control stimulation. For local maxima, the mean power-law exponent was
significantly smaller for GVS than for the control (Fig. 8C). The difference in the mean o for
local minima was much less than that for the local maxima. When the mean a-values for the
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Fig. 8. The group average wavelet coefficients for local maxima (A) and minima (B) for GVS
and control (CON) conditions. (C) Comparisons of the mean a for GVS and CON (left) and
the within-individual differences (right). The error bars represent SEM. Reprinted with
permission from (Pan et al., 2008).

first and the second days were compared, significant differences were not observed either
for local maxima or minima, suggesting that the above differences were due to the GVS
application itself, not to an order effect.

We confirmed that measurement of the mean o for local maxima detected the improvement
of parkinsonism during GVS with sufficient sensitivity (Pan et al., 2008).

6. Conclusion

Analysis of patients’ physical activity records collected by an actigraph device using power-
law exponents probing temporal autocorrelation of the activity counts provides methods for
the evaluation of disability resulting from motor and non-motor parkinsonism without
being influenced by the presence of tremor or different patterns of daily living (Pan et al.,
2007). Sufficient sensitivity and reliability of this method warrants the objectivity in the
evaluation of symptom severity (Pan et al., 2008; Pan et al., 2011a) , hence this method may
be useful for the evaluation of disease progression and efficacy of new drug,.
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BRI RISEELE (ALS) & 90% L EDIISFET
BHD. Feld, SEHIOMAEE ALS SRR OBED
5, ALS OEE)=1—0VTldk, AMPA SBHOY T
I1=v hTHD GluAZ BERTIE RNA RET NN
ZF Q/R EMMINKIFEDEDHRIBELCVWD I EZFHR
Lic. TO GluA2 Q/R B0 RNA {REEI adenosine
deaminase acting on RNA 2 (ADAR2) [Tk D4SEM
[ChEan, EH- 1 —DOVIERN ADAR2 IV 5 ¢
2aFV /v IFIMIIREFEEULER, ADAR2
SEMHETIC KD GluA2 Q/R B RNA RERTHEE
THEMERES IR TN T Ehbhofe. SE,
30O FEFHHFROMEE ALS BESIRIER
ZFTL, MR ALS OEBH= 10OV [CHREER
DFRIFEDR GluA2 BEIRLTVWS L&, ZOEED
ADAR2 BIRETICIKDFEETTHH L, ALSOD
EEl— 1 —0OYICIE preclinical FEEXREH S ADAR2 5
EETULTVSSFRENRDSNITELZRVEL
feDTRRNT LTELL.
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AMPA SE{E
GluRZ (GluA2)
RNARE

ADAR2
IYITIRIIR
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} I AMPA SE{A7% 1} U feiiEHERa5e

EMRIERZETELE (ALS) 12 90% DL BB IRF
ThHY, AR EEEORREHYE ST B AR
WThHH BREOEREIAHETH LY, BERLE
TR TNy 3 VR X B SR P R I S AR
BTH S, JFI2 AMPA ZHE %2 A7 5 iGN HS
ALS I2BIfR¥ 5. AMPA 34K % -3 5 Wi
&, FrARuhb0BELR Cl AT TR
Z5. F7:, AMPA Z&1 GluAl4 (GluR14) @
ATEDY 7=y bbb 4 BAT, Ca BRI
GuA2Y 7229 M BEINEHAEI ML IE
%. GluA2 # 1 DL L& & AMPA 2241 Ca™ 3
BEET, 1MELEI VLD Ca® BBETHB.
72720, GuAZIZEERICQR (FVF v/ T
¥= ) EALO RNA REE Z TWH T Ca™ JEE
BB B O THRFEE GluA2 &t AMPA &
BEY Ca BB THA. Lo L, EEWELETE,
HFHER - 2 — O IZ2TRER D GluA2 2 RELL,
Ca” EBMEITMIE D &G HEFIZEb DT, BKEIC
s Twns,

I1. ADAR2 ;&4 & GluA2 Q/R ERB1D
RNA {RE

GluAZ Q/R AL RNA iwsEIZ mRNA DT 7/ &

1344-0128/12/%100/JCOPY



oAV EBR (ATHRSE) 1KLY CAGI Y (Q)
MCIG=CGG a F¥ (R) WELBILIZLBTI/
Bl a LS. Al #R413 adenosine deaminase act-
ing on RNA (ADAR) X Y filtE s, WEFLET
X ADAR X 37 (ADAR], 2, 3) 28H15 LTV 575,
GluA2 Q/R EHAL @ RNA iF €13 ADAR2 12 & - Tk
BENDZZER v 7Ty by AOKEH LB L2
SN TWwA", ADAR2IEEAET 32 & AMPA &
BT 7=y b TH D GluA2 O Q/REMLIZBITS
Al REIMTON R R Y, RFEED GluA2 35
T 5. RFER GluA2 297 =v MIF> AMPA
ZEREI N 7 LEBENEC, EENICIES -
TVICERBELTWAR, FO700, RFELE GluA2
ORERIUEIRTL LI &SR THTFE(THEI L
HEWERRD SR ENT B,

MFEM ALS BE OHMEROBE TIE, FHUL
DEB= 2 — 1 2B ADAR2 R EE DK
T BTk ADAR2 B R BET 52 BT 0—
O TH5H ADAR2 mRNA BHEDWAPRO LN T
W72t 5y b o—BHERNEMER TIEEE CAL #E4
#MAE T ADAR2 mRNA ZBHAMMET L, GluA2 Q/R#
fif RNA fRER TR, ERMEMEMEIErEL,
FEh iz D RNA iR % EET 5 & & THISEA & &
NEIEPMEEINTWEY, &5 ADAR2 / v
77 b AR, O GluA2 Q/R EALO RNA i
LR L, BEBEECRT T4, GuA28(E
FEFE GluA2 * 32— FT5BET GuRBR) 12
BT LKV IEEILT A 2L, Zoed
Jy 7T b AZEERETHY, FRER = 2 —
O ¥ ORI & MRS o 7.

PLE XY, IMZEME ALS Y, ADARZ FHHETIC X
) GluA2 Q/REMLD RNAMRENKT T 5 Z & CH
ML EL A, LWHRFZILT, Bbiday
FaaFN ) v I T ey AL

ADAR2 BizFomEE+a—-F5¥a7 V%
LoxP THAFZERE <Y 2 (ADAR2™™) % fEi
(R1A), NaE7EF LI vy T v AE—F —
ST7RFNT) VEBREROTOE—FI2LY Cre
recombinase ® B L FLEOEH = 2 — 1 VIR T
2R~ X (VAChT-CreFast)” £ ®X%EIZ LY,
ADAR2™%% /\y AChT-CreFast (L F AR2 <% 7 &)

ADAR2 H#IET L AMFM ALS

% Cre-LoxP REAVTERLAY. ZOAR2ZT 7R
X, EEEREAREETEIETL (BB, O, A
ELhEFEPMOERSALNLE (BID). F/-, &
oo —UryOERGEBEI T2 —0 v EowEd,
FRARICBWTIZABAEOEL L BLED Cre D
RPN B L URBEEEII-FHL R0 (H
1B). 510, EEMERMEE T, wihlidw»T
b GluA2 Q/R EMLOMRETERT % 5250, BEHME,
ETHENO = 2 — 0 VISR O BiTE % FHEE)
—a—uYFERICED A, BRI B VLTI,
RERIZETLTWAIZEHL ST, MiEMEItIER
B9, PMEME ALS OFFRGICEL L (R1F)?. &
512, T OB RRER GluA2Z DAL S
MEIDPERET B0, 7 L LX)V T GluA2
Q/REBMICR ZHH TS L) IREL AT RE
EFHEALZGURBY =w 2¥ L AR2 <7 A% %
BlL, ADAR2IEMD V=2 -0 IZBWVT bimk
B GluA2 # 5T 2ERE< Y A (AR2res) EEIL
7o, FOEER ARZ2res ¥ ADEEEEOKTIZA
LT, ADAR2 #HH L Wil —a — OV IZL %
Pt Uedro/z (B1E). TDZ &%, ADAR2YE
PR TIC L 2 &R = o — 0 VB, RFER GluA2
DFBIT L 5 AMPA ZZEAED Ca¥ EBMETTHES B
LTHdIDTHY, GluA2 Q/R AL LSO ADARZ
MAERALITBEICBIS LA v L2 RL T2 (B
1G6)”.

COWRBOEEL S, ADAR2EBIZTFD . v o T
TMIKY, BEIZ -0 RSREIBIE, FOM
FAFEAA R GluA2 BT % R ER GluA2 & BT
AERBEFEBIRTAZEICIVEIEENEZ D
5, MEREEEOAREE, KRR GluAZ DRI
EF o2 -0 VEOEERETHSL, L) I EMEE
a2 eThAB. EHI1Z, ARZT T ADWKE» 5,
FIMET GluA2 BB T B I L BH 5 FIREKGER) 2
T LEE = 2 — T MRS Evo /e (ALS DERER
BEIDEER T CREANAZ EIIZHER), U&=
—U Y THEMICEY, METLOBRE DS Z L
PHBEA Lz ZoiERE, IEEME ALS Tid ADAR2
EHETIC X 5 GluA2 Q/R EMLOFERIET 258
Za-nVROEHERTH S L) R 2L/HT
5.
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] O WV VI VVmVI Vim¥ I Zm Int AHC DHVR
0 s L L "1 403 s ﬂﬁ%ﬁ*ﬁ #ﬁ
6 12 18 24 G
D ﬁ ﬁ% AR2 AR2res GluR-BRR Wild-type
100 |y — = B oo
11 eyt GluA2 cre o c6 ce
_ 75 Pre-mRNA : cnint -
[ i i
s _— e AbARz 1 ola ADAR2 o
> 50 mMRNA . :
= i %
PR AR ANPA 102 GRAZ(R GiuAZ(R, Gluse(R
2 - ~ Control (n=15) | P R 5 2R
° - AR2 (n=33) | : %
catt Eﬁ%ﬁqmm FHAMPAE L
0 L L : 3 M ' t;
6 12 18 24
A — EfER

E1 ADAR2 O F 423t/ yIFJbhYIR
A:ADAR2 %, 2187 2 A48 RNA #&&304L (double-stranded RNA binding motifs: ds RBMS) L1 2 BT iR AL (catalytic
domain) 7> & 7 A . ADAR2E{ET ® catalytic domain% I — K3 517 YV ¥ % LoxP TR AZER~< 7 A (ADAR2™ ™) 2 /e L,
VAChT-CreFast ¥ A & ORMIZ LY, ADAR2™™/VAChT-Cre. Fast (AR2<wA) % Cre-LoxP %% FWT/ERLL 7.
B:12% R ;h%f 1%, FJE®D ADARZ™ ™ < 2 FHINIIEHEDSIER GFF4 ) THADIIH LT, ARZTTATIX
BBIUR, WHoBERE Vo mEBORBESTOLN, EFENEFRL TS (RS54 ) JLPFBEILL
C.u—#suvy FIZTEEMNR ISP, AR2 v A 332 LT, 8, 10rpm TIOHERAME L, 3HHGET L zHAKMETR
L RO T7Tay M, EEWSRZ100% & LD ARZT I ADET FTORMTHS. 5BENS ARZY7 AOUO—F Oy
FAIT7IEERL 72
D: AFEHEIE EEME =150 (F54 ), AR2~<7 A (=330L) (74 ) %%, 1051 = 13538 (mean = SEM) |2
LT, AR2 7w A%, 815 + 164 /AL 4HiE L“C\z‘t) p = 00262, Log-rank analysis).
E. ﬁ%@'ﬁﬁfﬁﬁéi’fﬁm:l — Oy OERNT—H—THbH, SMI32 L ADAR2 O —HiuERE T\, EXEMR (Cl). 1, 2 6
9,12 % B (1m, 2m, 6m, 9m, 12m) ® AR2< 7 A |22\ T SMI32 ik, xmwul&mﬁ‘b a—a v (Bh5Ln),
SMI32 B lﬁ ADAR2 BB —a — I v 8 KEH T L) 249y b L ENNBTEETORMITAKREERH= 2 —
O 1%, SMI32 B, ADAR2IEMETH 7275 AR2ZT 7 AT 1 » Al fa:e Cre ® ‘fﬁuk H L, ADAR2 &k EE)
—a—-urPEEEN, EENICIND D Cre DEIRT L9 D ADAR2 D88 = = — 0 ¥ MR E L2 ('p <001,
repeated ANOVA). F7z, HeteroAR2 (heterozygous ADARZ2™ /VAChT-Cre) ¥ % ZI2BWVThHT 4 EFEE CluA2 D5
BT X AMMEMIRETEAE U7 (p < 001, Mann-Whitney U #58), €512, GRB¥* vw A& ARZVY A2 HRML (AXBHE),

. B’
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ADAR2 SIRET L MFEM ALS

ADAR2IEHDO V= 2 -0 Y IIBWTLIRER GluA2 28R TAEE YV A (AR2res) R{EBL/R, ADARZ 25 L%
VBB 2 — 0 VIO ERPE Lo .

FtMoEMiE, ARZTY AN 2 —0 V% CHEERBY Y AO=2—0 %% 100% & LTELABMETSH 5. o
HENE, CluA2 Q/R SfIiRERTH A, EREMNBEE (I VID T, WFluBWwTh GluA2 Q/R HMHEOMERET (¥
=) 2T, EHWEY (Vim), ETHEY X)) 0= 2—u v 3EIRoliEs: BHEH= 2 —a > (C5: 4 55,
L5 : &5 ER) FREICED GrrT4) 2, FRMEFICBVWTIE, MERIIETLTWAIZLEDL LY, MEREEIIR
BDhEAo . AR I BRI, IV BEMER), V (SEER), Vm (SXMRESHER), VI GEEWE
%), Vim (EEMEEEMR), X GEEMER), XU (FTMHEN), Xlin (FTHEEEMEE), ht BEAME=2—0Y),
AHC (B5ssi/Amim), Cb (5%, Lo (5, DH (FHABER), VR (FMIRLD). * <005 = <001, vw§
113 Mann-Whitney U H5E.

G FHAERTYATIE, ADAR2ICL Y, GluA2 Q/R EMIo RNAFRENEEIITHh, WEEO GluA2 (R) #EHEL, FFAEER
@ Ca” BE\B LV AMPA ZRFAETH =2 -0 VIZRBEL, EFORABART. AR2<Y 7 RX, ADAR2 /v 777 M2
XY, CluA2 Q/R #4ED RNA MEITHILT, RFEHO GluAa2 (Q) 2ETL, Ca¥ ERED AMPA AP EN =2 —0
VIEBL, ST RO MRS E kY. ARZres ¥ 7 ATIE, ADARZEMII R VAS, B GluA2 (R) #RI L, C&°
I5EEM O AMPA SEEPEH - -0 VICRBEL, EHEORBBEZR LA DEds, ADARZERETIC L 2:EH =2
O 3EIE, GluA2 Q/R ERATED ADARZ SFEIM MBI ES Lk, RFEE GluA2 ORI L A AMPA Z540 Ca™

EBETTEICL VAU EEZ S

} T, IS ALS ICA=IN—Y)iEHF
EETHD GluA2 FEER

X5, b V- TIEABB OB PG,
laser microdissector % F§ V> T BB R BRI &
B—@fj=a—a 28y L, MEHE ALS Bl
Bhm o — T Y OBE—MEEHE L LB L UEMERT AR
LV DRI B VT, BLRIRE - EBRERN
12 GluA2 Q/REFLOMMEEMET L TwEZE, L
7 L GluA2 mRNA BHEICIZAELRELLI W
LV BHEFALEY. oS TELOEBIERE 5
PP 2RSS L, INFME ALS TEHEL 2/ 7
VTR, &F ST LAMEERERIBITS
EWEAL, Thbb, PMNEEITHEEMERTHS
BRENMERED 7V F v TE”, N FU U
OBGEE, TUINAT—BORMEL 2 LB
T, ZO¥MO RNA fESRIENLTWE I EZHL
ALY S EB e — O IR AL D b
Y7Ly b ) ¥ METH A EE S EREDE
By —1m v e FHEE ALS TR OEEIEV SODI
MR ALS (ALS]) OEB=—2—-2>T)H
GluA2 Q/R LD RNA MREIZIIEBILS B b %
ALY, ZoFFEAER = 2 — 1 L FRICkE
BB LB THhATREEZEELL.

SEH, ZOSTFEEVIEE ALS ORREIZELT
BEETPELPICT B0, SRAOIMSEE ALS 12
BT, B2 — 02 BT 5 REER GluA2 @
2, ADARZOHBHL U B I UEEOELE K

L7 G ALS 29 B (s Bd, AT IR,
ALS %%, Basophilic inclusion body D& 5 #L5 ALS
&te), EHER 66, EENE (£RTEMIE)
S5POFMEREMAMMB LT BV, FHIABLY
BEj -0 2 L—F—F A7 5 —-THYHL,
ERL ARG I UCE—FHEH 2 -1 v &
DI RNA i L, RT-PCRIZ L D cDNA %457,
8 5 1L 7- cDNA % i\ T RNA i £ 8% & ADAR],
ADAR2, ADAR3 ® mRNA #E&L, & ADARs
&0 BN Ml E N B RNA M oMidEE % H
EL, MM ALSH, EEH, EEJREDOIHE
THEL 2.

FOMER, EEBIUCEENRBERIABEKD
GluA2 Q/R #LD RNA iFERIZITIZ 100% TH o7z
7%, IRZEYE ALS T &6 T 100% KK T LTw
7= (Mann-Whitney U #7€, p <0001) (RE2A). %
B, W, BEfh, WRERTOFERI R, o7,
B =2 -0 VHEBROBETIE, EEB X UEEARR
B OMELIEETOEEH =2 — T V28T GluA2
Q/R EMLD RNA iz HIA 7 < 100% TH - 72 (R
2B). FO—TALSEHOELH T, RFHEE GluA2
R EETHBE =2 -0 VAP EN, W DoHhDE
oz —0rOMERII0% THo7 (F2B).

F 7/, RNA ifi 4 I 3£ ADAR2 @ GluAZ2 Q/R
MUNDERN2EE TH 5 cytoplasmic fragile X
mental retardation protein interacting protein 2 (CY-
FIP2) K/E #MIc BT AimEsEIL, ALSFHORMAM
% (p<003) BIOEH=2—1r (p<0005 T
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ADARZ2 / GluA2

CYFIP2 KIS Bk ©
ADAR2 / GluA2

mRNA Pre-mRNA

ADRRE B
iy

2 PREM ALS & ADAR2 EHEET
A:EE (n=12) BLUEESBREMIIARE (0=29 ® GluA2 Q/R IO RNA fMFEZRITITIZ100% TH - 72285, MFEHE
ALS TIZAH T 100% i1 T LT\ 7z (Mann-Whitney U #%5, EHE M ROMESE 994% = 0.7% L2xF L TIRFEME ALS 12
61.0% = 22.7%. **p<0.001).
B : #fElE, GluA2 Q/R L0 RNA MR, Mo BR R EEMAZIET. EH= 2 — 0 YARLOME T, EW 66) B&
OBt BRI (MSA @ SR/, 661, MELLETOEH=2—1 X IZB\WT GluA2 Q/R A D RNA #i fe3:13 544 7
{100% THotz. TO—FTALSEHO &M (FEAL T2 WFEE, BGRAT T L FHRED, &RV T2 0 ALS FR,
777 2 : Basophilic inclusion body # AE%H T 554 ALSH) TN (. RiFLA GluA2 * FHT 588 = 2 — 0 %%
BaEhsz, NI TR YTV ENTE, KWhTAZT Y7 Vel 0EOERTHA.
C : ADAR2 @ GluA2 Q/R DI OIF R 72 28 TH 5 cytoplasmic fragile X mental retardation protein interacting protein
2 (CYFIP2) K/E Zhirlc 31T iRz, ALSE(A) ORifAMik (Mann-Whitney U %, "p <003) BX @B =a—w ¥
(Mann-Whitney U #58, **p < 0005) TEFEMRB KL, AEIETLTSEY, GluA2 premRNA Q/R EBMLOMRMESED
ALS EONI A CHEICET LTw/ (Mann-Whitney U #58, p < 0.01).
D : ADAR2 mRNA OEHRL VX, ALSHA)DHEABIUHETIE, EWFFRC) ERLANVTHo 7D, MM CIEE
FRERD 1/3 12&T LT/ (Mann-Whitney U #5%2, " < 0.05).
E:EEj—2—1 > IcBlF5 ADAR2 mRNA OFEHEL~VIE, EFENRE(C) LEENREE (MSA | LRHENE) & OmMIZIX
BEED holzh, MEKE ALS OFER GuA2 PAHZERTAESH =2 —0 > (AT BV THEELEEET AN
7z (Mann-Whitney U #58, *p < 0.02). ALS BEORFLIZ R 5 EH =2 —10 > (A™) T, WER (A™) 0s%%H
BB — O I L TH I HICERML TV, ALS OIFERIES) =2 — 0 > T TIC ADAR2IEEIMET LTWA Z
IELDTORRTHY, WEMELNL T THBRICERBENIREICZ o TwA EEZ bl ;
F:#mid, GluA2 Q/R BPiFEERT, #HEhid ADAR2IEHEZE Y. E% (FOHS) &, ADAR2EENT4H Y, mER
GluA2 #4935 Ca®' IEBmED E R AMPA S5 REILTWAS. L L, ALS BAEEMIREIZA S & ADAR2 IHEHENT A
Vg, (BEORS), HAMIEEME B LRI death cascade \ZFi Y (GROIRS), FMRER GluA2 %4 L7z Ca¥ ERED
AMPA ZEMAGZ L, MGzt m5.

BEIZETLTEY, GluA2 premRNA Q/R LD B 1/3 12T LT (p <005 (R2D). &5612,
imERD ALSHOMAMBTERIVETLTEY (@ EE)—2— 128175 ADAR2 mRNA DZIHH LN
<001 (R2C), ADAR2 {EHART % RBLL Tz, WL, EEATREE L EENRE L OMICIIEEEN L

ADARZ G2 HET AHETFD 1D TH5H ADAR2 o7z, WM ALS OfR4EL GluA2 D&% FHILT
mRNA OFEHL~Jvid, ALS »#fB L UTHETIE, HEF = 2OV IIBWTLEERBEEERTAA LN

EFNBERLANVTH o225, BIAMARTIIEES 7z (p<002) (R2E). ALSBEHOKimEIL 2 HHT
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LEH -0 YT, WEHOATREET 2EE
Za—OYIZHLTHELICERL TV (R2E).
ALS OREMES) = 2 — 1 > TF TIZ ADAR2 5%
AMETLTWE I LB REERT, MEVRLN
TWTHBRIRASENREIC o TwELEZLN
7= (F2F)™.

ADAR2 @ isozyme T&H 5 ADARL ZiEME L v
(GluA2 R/G A7 #m4 2., Bladder cancer associated
protein (BLCAP) Y/C EfIif4Es) I L UF mRNA
RBRE Y, WEMGluA2 DAFRET L EB) =2 —
O IBWTH ALSETOZBLE R ho72" &5
12, ADAR3 mRNA ZEHEIZOWVWTH EENEBE &
HEZI Do ADAR2 FHE A-tol 259 % filt it
4% ADARI], ADARS I BREHATIE, AN
inhibitor 1272 1) 1B 2 HE&EDH - 723710, SEOKE
#5, ADAR2 DIEHETARBEETICLZL0TH
h, ADARI % ADAR3 & OB L 5 FEIXE
BELTwhwek#Ez2 51/ %/, ADARZ2 BizT5
BOBETH, FERNEETRBERTEZRMLELZL0
TR, BRYBSTFAIN AL DB &R X
NTWAEIERTRELTWwh,

ZNEFET, MEMALS EF= o — 1 VIZRERERFE
BUIZ GluA2 Q/REORERFHELTWE I L%
A BIER LT E A 2 0E 10 fIERO
VEFDLDTHo7z. SHEOESEHTOLEL 724
Brs, ZO5TEREDN, IMEEALS BT 55
FRETHLIESHBELET. S5, 20EE,
ER =2 — 10 I BIT B GluA2 Q/R BRAL % filliE3 2
ADAR2IEHETIC X 5 Z &5 ADAR2 DR EILE |
BT 5 RNA TEREDET &£ ADAR2 mRNA £HE
DIETHLBE LRI 572, IMFEMHE ALS BB = o —
O V2B A ADARZER LAV OETIE, REMR
AL ICHED D B L7z ADAR2 7 ¥ /87 OREBRIK
TPEHEKT L. SEOERIE, ADAR2 EHET
A ADARZHBOBETICE Y D6 &M, 7 ¥y
AROTHEICL B LOTERVI EERLT A, L
2o T, ADAR2AVF4 ¥ aF N/ v I 7o+~
TADERLEEbEL L, MEHEALSICRE ST
W5 GluA2 @ RNA iREEFE ITHERRIEOBEER
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is the most common adult-onset motor neuron disease.
More than 90% of ALS cases are sporadic, and the majority of sporadic ALS patients do
not carry mutations in genes causative of familial ALS; therefore, investigation specifically
targeting sporadic ALS is needed to discover the pathogenesis. The motor neurons of spo-
radic ALS patients express unedited GluA2 mRNA at the Q/R site in a disease-specific and
motor neuron-selective manner. GIUA2 is a subunit of the AMPA receptor, and it has a
regulatory role in the CaZ*-permeability of the AMPA receptor after the genomic Q codon
is replaced with the R codon in mRNA by adenosine—inosine conversion, which is medi-
ated by adenosine deaminase acting on RNA 2 (ADAR2). Therefore, ADAR2 activity may
not be sufficient to edit all GluA2 mRNA expressed in the motor neurons of ALS patients.
To investigate whether deficient ADAR2 activity plays pathogenic roles in sporadic ALS,
we generated genetically modified mice (AR2) in which the ADAR2 gene was condition-
ally knocked out in the motor neurons. AR2 mice showed an ALS-like phenotype with the
death of ADAR2-lacking motor neurons. Notably, the motor neurons deficient in ADAR2
survived when they expressed only edited GluA2 in AR2/GIuR-BF/R (AR2res) mice, in which
the endogenous GIuA2 alleles were replaced by the GIuR-BR allele that encoded edited
GIuA2. In heterozygous AR2 mice with only one ADAR2 allele, approximately 20% of the
spinal motor neurons expressed unedited GluA2 and underwent degeneration, indicating
that half-normal ADAR2 activity is not sufficient to edit all GIuA2 expressed in motor neu-
rons. It is likely therefore that the expression of unedited GIuA2 causes the death of motor
neurons in sporadic ALS. We hypothesize that a progressive downregulation of ADAR2
activity plays a critical role in the pathogenesis of sporadic ALS and that the pathological
process commences when motor neurons express unedited GIuA2.

Keywords: ADAR2, RNA editing, GluA2, Q/R site, ALS, neuronal death, AMPA

suggest that there is a common pathogenic mechanism of sporadic

Amyotrophic lateral sclerosis (ALS) is the most common adult-
onset motor neuron disease. ALS is characterized by progressive
paralysis with muscle wasting due to a selective loss of upper
and lower motor neurons. More than 90% of ALS cases are spo-
radic, whereas the remaining ALS cases have more than one other
affected family member (familial ALS) (Table 1). The majority
of sporadic ALS cases do not carry mutations in the genes that
are known to cause famlhal ALS 1ncludmg Cu/Zn supel oxide dis-
mutase (SOD] i eaisosoab $0uT) FUS/TLS
(R satbomesdi o . i ) and TARDBP (TDP-
4351 i vocdharan ot ol fis

] i ) In contrast, TDP 43 patholo y in the
spinal cord motor neurons is considered to be a neuropathological
hallmark of sporadlc ALS and is observed in most sp01 adlc ALS
cases (srasci sk, JOe6s tooniare b b, 2000 | L ol 2E05R)
but not in the majorlty of famlhal ALS cases ( ‘ i

ALS, which is not among the mutations in the genes that cause
ALS phenotype in familial ALS that have been identified to date.
Therefore, an investigation of the molecular abnormalities that
occur specifically in the pathological tissues of patients with spo-
radic ALS is required to elucidate the disease pathogenesis. Because
molecular abnormalities found in the patients” pathological tis-
sues include both the cause and the consequence of pathological
changes, it is necessary to demonstrate that the molecular changes
of interest induce the ALS phenotype in animals.

We have demonstrated that the RNA editing of GluA2,a subunit
of the vr-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate
(AMPA) receptor, at the glutamine/arginine (Q/R) site is ineffi-
cient in the motor neurons of sporadic ALS patients in a disease-
spec1ﬁc and mot01 neuron-selective manmner ( 1.f sene o ad pt

wahara +1), This is in marked contrast to the fact that
all GluA’ mRNA was edlted in the motor neurons of control sub-
jects (Tfresrna o ah Puvty i s s all 2561), in patients with
motor neuron dlseases other 1han sporad1c ALS (Bl shiers i al,,
iutie), and in dying neurons in other neurodegenerative diseases,
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Table 1 | Uniform sporadic ALS and multiple different familial ALS.

Sporadic ALS Familial ALS
Incidence ~90% ~ 10%

ALS1 ALS6 ALS10 Other fALS Other fALS
with known with unknown
gene mutations mutations

20-40% 4-5% 5—10% ~10% 30~60%

Age at 64.6:+:11.6 Average; 43-46y.0. Average; 44-45y.0. Range 30-75y.0.,  Juvenile; ALS2, ALS4, Juvenile; ALS5,
onset average 55v.0. adult; ALS8, ALS9, adult; ALS3, 7

OPTN
Causative Unknown Cu/Zn superoxide Fused in TAR DNA-binding  ALS2; alsin, ALS4; ALS3; 18921, ALSE;
genes dismutase (SOD1) sarcoma/translated in protein (TDP)-43 senataxin, ALS8; VAPB,  15015.1-g21.1,

liposarcomalFUS/TLS) (TARDBP) ALS9; ANG ALS7; 20ptel

Inheritance  Sporadic® AD AD/AR AD ALS2; AR, ALS4; AD, Variable

ALS8; AD, dynactin;

PGRN; ANG; AD,

OPTN; AD/AR
Clinical Classic, Multisystem Classic, LMN dominant  Classic, Variable Variable
feature PBP > demeéntia degeneration LMN PBP > dementia

dominant

LMN > UMN, PBR LMN > UMN > OPTN: Classic

dementia PBP > dementia

Pathology UMN + LMN Degeneration of LMN and spinal cord UMN + LMN Variable Variable
degeneration Clarke’s neurons, dominant degeneration  degeneration

posterior horn, and

spinocerebellar tract

Bunina + — - + Unknown, OPTN(—} Unknown
body

TDP-43 + - - -+ Unknown, OPTN(+) Unknown
pathology

Basophilic — - + - Unknown, OPTN(—) Unknown
inclusion

RNA editing  Underedited Normal Unknown Unknown Unknown Unknown
Model AR2 mouse SOD1 transgenic FUS/TLS TDP-43 knock- ALS2 deficient mouse Unknown
animal animal knockout/transgenic

*A few% known gene mutations of FALS.

animal

out/transgenic
animal

FALS, familial ALS; AD, autosomal dominant; AR, autosomal recessive; UMN, upper motor neuron; LMN, lower motor neuron; VAPB, vesicle-associated membrane
protein-associated protein B; OPTN, optineurin; classic, limb-onset classical ALS; PBF, progressive bulbar palsy; dementia, ALS with dementia; y.o., years old.

including the Pmkm)e cells of patients with sp1noce1 ebellar degen—
eration (i s i 4

Lal, 2o ”) The high dlsease spec1ﬁc1tywauants
an investigation of how inefficient GluA2 RNA editing leads to
neuronal death.

Functional AMPA receptors are tetramers with various com-
binations of GluAl, GluA2, GluA3, and GluA4 that are produced

KIRTE
>

in a non-stochastic fashion. All the GluA subuni‘cs are expressed

in the human and rat spinal motor neurons ({ i o . 19

: Gt 20ty e ik, 2065) In mammallan neurons,
adenosme in the Q codon (CAG) is converted to inosine (A-
to-I conversion) in the Q/R site of virtually all GluA2 mRNA
(Figure 1A). This conversion results in the expression of the

GluA2 protein with R in the Q/R site because the CIG codon
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A Edited

Ca?*

FIGURE 1 | The AMPA receptor and Ca**-permeability. The GIuA2 subunit
has four membrane domains (M1-M4). The glutamine/arginine (Q/R) site is
located in the M2 domain, and this editing site is the major determinant of the
Ca*"-permeability of the AMPA receptor. (A) An AMPA receptor with the
GIluA2 subunit edited at the Q/R site (orange) in M2 (curved line in red). An
arginine (R) residue at the Q/R site prevents Ca*" (yellow circle) from passing

Celi |
membrane
2 L.
Stargazin Stargazin
GluA2R(edited) GluA1,3,4 GluA2Q(unedited)

B Unedited

Ca?*

through the channel pore. The AMPA receptors expressed on neurons contain
O/R site-edited GIuAZ in their assembly. (B) Ca*-permeable AMPA receptors
do not contain the Q/R site-edited GluA2 subunit. Naturally occurring
Ca**-permeable AMPA receptors consist of GluA1, GIuA3, and GluA4
(yellow). In sporadic ALS, Ca*"-permeable AMPA receplors containing
unedited GIuA2 (gray) are expressed in motor neurons.

is read as the CGG codon (R) during translation. Because the
A-to-I conversion at the Q/R site occurs only in the GluA2 sub-
unit, and because the AMPA receptor subunit with R at the Q/R
site critically regulates the Ca>* permeability of AMPA recep-
tors, AMPA receptors can be 1mpermeab1e to Ca only when
they have Q/R site-edited GluA2 (S iinn et ab, 0 Nad el
Futigy e poab, 1993). ThlS ev1der1ce indicates that
ALS motor neurons express abundant Ca‘+—permedble AMPA
recept01s with Q/R site-unedited GluA2 (i

i) (Figure 1B). Because trafficking of unedlted GluA2 is more
etﬁc1ent (¢iregn “t#:7), a considerably high proportion of
Ca>*-permeable functional AMPA receptors will be expressed in
the ALS motor neurons even with small amounts of unedited
GluA2 expression.

RNA editing at the GluA2 Q/R site is catalyzed by adenosine
deaminase acting on RNA 2 (ADAR2), a member of the ADAR
family (Figure 2; { i1 Bii ot o1, 263), Therefore, investigating the
following questions would help to reveal a neuronal death-causing
mechanism in sporadic ALS: whether ADAR2-lacking motor neu-
rons die, whether deficient ADAR?2 is a direct cause of neuronal
death, and whether failure of the A-to-I conversion at the GluA2
Q/R site plays a critical role in the death of ADAR2-lacking motor
neurons. To address these aims, we developed mutant mice in
which the ADAR2 gene is targeted selectively to motor neurons
using the Cre-loxP system.

g zuxtl

TR NS Y

i oadl,

ADAR2 CONDITIONAL KNOCKOUT MICE (AR2)

It is not clear whether neuronal death occurs in neurons lack-
ing GluA2 Q/R site editing or in those lackmg ADAR?2 because
both systemic ADAR2-null mice (i ‘ i) and genet-
ically envmeeled mice that cannot edlt the GluA7 Q/R site
(bn %) die young from status epilepticus. We crossed
ADAR')ﬂ“‘/ ﬂ‘”‘ mice with VAChT-Cre.Fast mice that displayed
restricted Cre expression under the control of the vesicular

acetylcholine transporter gene promoter in a subset of cholin-
ergic neurons, including the spinal motor neurons (i

1), By intercrossing the resulting ADAR2H ““"/VAChT—
Cre.Fast mice, we obtained ADARZﬂo‘/ ﬂo"/ VAChT-Cre.Fast (AR2)
mice (Figure 3A; i {itcvais ot il 70i0). The AR2 mice displayed
a slow, progressive motor dysfunction (Figures 3B,C) with a low
rotarod performance (Figure 4A) and grip strength (Figure 4B).
AR2 mice had slightly shorter life spans than the control mice
(Figure 4C). We investigated the AR2 mice for morphological
changes in the brain, spinal cord, motor nerves, and muscles,
as well as for functional changes of the neuromuscular units
at various postnatal periods. There were several degenerating
large neurons in the anterior horn (AHCs) with cytoplasmic vac-
uoles (Figure 5A). To evaluate the progression of motor neuron
death, we counted the number of motor neurons (SM132-positive
AHCGs) with and without ADAR2 immunoreactivity. The num-
ber of SMI32-positive AHCs in AR2 mice markedly decreased
between 1 and 2 months of age and slowly decreased beyond 1 year
of age (Figure 5B). The motor neuron reduction is attributable
to the loss of ADAR2-lacking AHCs. The number of ADAR2-
positive AHCs remained unchanged after 2 months of age. There
were darkly stained, degenerating axons with a decreased num-
ber of myelinated axons in the ventral roots (Figure 5C); these
were the consequence of AHC degeneration. Skeletal muscles
exhibited morphological characteristics of denervation, includ-
ing muscle fiber atrophy, centrally placed nuclei, and pyknotic
nuclear clumps. Electromyographic examination demonstrated
fibrillation and fasciculation potentials, which are commonly
observed in the denervated and reinnervated muscle fibers of
ALS patients (¢ i i .. t19). Some neuromuscular junc-
tions (NMJs) were abnormally innervated in AR2 mice; these
NM]Js were either lacking innervation (denervated NMJs), or they
were innervated by ramified axons that innervated more than
one NM]J (reinnervated NMJs; Figure 5D). The proportion of

o
Tt
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