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A SRR R R MBS (Z Z 5 OMRBERFIE )
AT E

PR - RO RNAL # AV - B TE R E OB

WRARRE AR X¥F HEAERERKFERFR 2
HEEE HE BE ERERERKFAEREEFRATER BEdR
WEHEE AH Bz ERERVEF - BREERFHREEZ— HER

HREE

ATl TEEA X h A% Rtransthyretin(TTR) 2SR MM ERICTEN L TRIETAEBRMNET7 I oa FR
)= 2—oiF—(FAP)IZH L. TTRIZH T 5siRNAZ AT~ MM RIEOWMWT 7 2 BifE”
ANVARY ZF—(AAV)8EI % AV TFAPEF A= AR UL MiFfilaFx A Fv 7 A~BELRA
7=, FORE, ZFRATTROERZEMICHZ 0 FHiCIH 45 Z LIz L, shRNADFAP~®D
BRI KX 2 RTREMZ P S22 L7z, & 512, shRNADEMFAFKIZEE L THS 21 2 microRNA
OBRIEFIEEIC L AshRNABMEIZ ST shRNAMBR b F oAV e = w7 w7 AORIZ B
TRELE, TOFKE. shRNANEY 2RB &k ChhL, HOREFORELNF FizH-oTh,
microRNAOBEI#F S RIT 2V L 2B 5 L, shRNAOFEREEEB~OBRERLH 0T 4
i oW TEELARZE-.

T, SEOMBMHEFEMBELEOREBETHERFEOTDOET NV ENO KRR L

T, Elb=2 A VLB TTDP-430 /Nt 5 BARMR 2B,

A. BIREM

AWROBEMIZ. RNA F#icLs /v o ¥
7 i #F TH %5 siRNA(short interfering
RNA) % FH \ 7= 4 Tl #6275 22 B8 0D T 31 69 76 6
EMBORBHRZITI Z L TH D, 5FEEX
HREERTHS FAP ORAGHREBHE L.
FRETHALER transthyretin(TTR) # 14>
FELT, V3IOMTIR hF v R¥xz=wd=
Z7ABLUE FFfAX A Z< U7 R BT
short-hairpin RNA (shRNA)$#H. AAVS D&
H RS L ARG TTAREIT 9,

%7, BHA shRNA # AW =BEFiamic
FEfE L 72 5 Tuvd microRNA D7 o A
B omE LB L1 5 shRNA #% (Nature
441:537-541, 2006) =2\ T, B4 H{ERIL
7= shRNA BRIRBR L7 AV ==y s=0
ADRIZEWT, #0 shRNA BEEOFEL B
fFEL T o OBIER O FiEd R,

/- SHOMEHA L S ORGFIEHEM
ROT-DICHELRETASAAERO T BHIC,
MO TDP-43 O ERA o Bl B 210
£+3,

B. MIEHE

1) AAV <7 # —{EM#: : anti-TTR shRNA #
RBARYF—TFAIFR, Royb—=I0 07
SAIFK. TFI~ANA—FTFTZIFD3
EEO 77 A3 F% HEK293 #AaiZ#HA
LT AAV <7 & —2 Rtk SR - Ml

L=, A NLADMIE, AAV~Z Z—L D
DNA #ZfhitH L, E#&f PCR EIC KV IE
Lafes

2) TOAAD AAV <7 7—4§h : FAP %
FNTIATHAVIOM TTR FF AT
=y 7=y ARUMEBRE FMIES A
7w A% L anti-TTR shRNA #H
AAV ~ 7 #—% 5x1010, 5x10Vv.g./body
ORBRTEBREGICES L, MiE4E(EFET
B OFELHESS L LB, R
iCmiZESR TTR #MET 5 Z & THME
% A L 7=,

3) shRNA rF AV 2w = AEN
~ 2 ES fifiic SOD1-shRNA 3N H
PEAL, Ju—YEBRLE, BERIC
SOD1 4 237 OFEREMH Lz v—2
NhEF AT REEML B6 L O#HNTE
bEIZEY F1 =0 A&/, KE»L
small RNA Z#iH L T, & microRNA
@ Northern blotting %7€ f#it89 RT*PCR (2
& B IFA., let-Ta DIERI%F N-ras, N-myc
mRNA @ RT'PCR IZ L5 EREZITo 7=,

(fEmE ~DA )

siRNA k¥ &M LZER cDNA i
mutagenesis 1= X - TEML TH Y mEAHR
T2, £, DHERITAEROBMHE
Bt —SOREICHE-> THHEEO NS
ICB2TIT2 T3,
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1) siRNA BB 77 JBtEY A LAY & —
(AAVS) # v i= FAP Ol s T 1558

(a) FAP £EF L= A~DEE

V3OM TTR ZE R x L TH R & 72
shRNA#172), BRUERIZH L TIREREN
T HH M ZEOEN - shRNA#S51) D 2
fililiD shRNA REIM F & AAVS B CH AR A
T VIOMTIR h v AP z=w w7 R~
5x101v.g./body, 5x10v.g./body @ flfit T Hi[E
285E 5 L, #172 shRNA/AAVS O EfA & C
RGN N AR TRA
80%LL EomiZESR TTR MEBESE SN,
FOEIZH 4+ B Lo RIIMEEHE L7~ #3561
shRNA/AAVS D&t T % BI{ER 22 < #172
shRNA/AAVS O ik L IZIERE 0B RS
bl

#351 shRNA/AAVS DA ik TiiiTEEE o
BIERABR N2, A2 EVICHE+5 2
Lickh, ELICEMMOZER TTR 2FEH|z
T A LBTRETH A Z L 2R,

(b) b TR A ST 2~DEE

- 7 AFi#ED 70-90%LL EARIEHR b BTk
KBEE#BALNEF A 7+ 7 A |Z#351
shRNA/AAVS ## 5. L # O H %% i TTR
@ Western blotting TFEM L= & Z A,
5x10Mv.g./body D5 CHFE2 F TTR ©
REMHIHRNBEONRE, E6lC,. ¥ AT
ADIH#IT T oz R &7 siRNA 7 FE
A@{H Northern blotting I L W R &, b
F TTR mRNA @ RT‘PCR ic L B3Iz L »
TH 5x10Uv.g./body D 5.k T 90%LL 0¥
iSRS HIETE =,

2) shRNA hS v RV x=w /2B AD
microRNA & FfaFnzh &

SOD1 shRNA hFF v AV z=y s =T 2R
DKBEIZINT 80%LLED SOD1 #imTF DR
HMmE 2 BERNEDENT-N, LetTa
miR-124a @ microRNA RBH &+ DOER4y
F N-ras, N-myc ORBBRIZE(LABRNI L%
BAeMmic L=,

3) E#H =27 A FARO TDP-43 DEEAMR

Eih =27 4 Vi Tk TDP-43 @V
CEEAEREE O SEEICAE LTV A D L Nl
{IZfVy TDP-43 OEARBITAET L TR
HSicERTaEmichAs b, FLTERME
EOREE CITARAERRESERENLS
ZEMNHALMIZ L,

D. %%

Hig~0F %2 BT AT R — K
ELTAAVB R F— i HFLEWEIN TS,
HBTOF A2 ORMBRIZHEL L TWi2
V', shRNA 8 AAVS (- & A =808 (= 7
L2V T HLEMODECRIEROBREHTZF+
DTHY, EBEETO in vive B1EIZoW
THEB|ERRV, 56, R CTEALAESNITR
TTR BFETH S FAPIZH LT, EF A=
ATHAHVIOMTIR b7 R x=y w0
AZBWT, 4rHOEMBEICbREYER
TTR #FBRizhoT2lcHfl+ 2 = L AT
THdZEFHLMILE, 25IZ, AAVE X
7 —OFDECEENHDZ EBHLNT
5N, shRNA S5 AAVS At b OfFHlaiC
BT H TTR OFH 2 REBIMHZ 9D TR
Lz, 2020 EREIXFAP @ AAVS %
v 7z shRNA |2 & A #EFiai 4 B Efie
LbORETAEBERAT vy 71T RoTm &L T
W3, 5l EEREEICZHFlIcB VW TEFOM
REL0ENZLOITLIZN,

FHHEA shRNA oW Tk, 2006 iz
shRNA * microRNA O#IIN O 7 o = A
BIGAETH S5, shRNA OEMEROBIE
AL LT microRNA ORZBREEN L X,
BEFRFEOKREREEL2oTHA, 46,
frx OER L7- shRNA BRRBBR 5 a D
=gl ACEWT, L ol EICE
T shRNA O FEB %@ 82 4% CiE. shRNA
OERMT ORI OREIC L »TH microRNA
ORBIZEER 2V LRI TR . o
HRITEM O shRNA FEHLIE L 7x AR
EMEER R ~OBRICRAOE2EER LT
HbOEEZ TS,

Fi, S EOIMBIER RN W LE O
EFBEOEDHOEFT LA G EE
E LT . EWA =74 ¥V TDP-43 DiEHEE
BRBFEEITV, =2 A VLR T TDP-43
DY ARENERENSEIZE LTINS D L,
sz vy TDP-43 OERBITHETLTM
AEE S ICEFTAHERICH 2 Z &, FinEk
DOREMEETIIMANERRESBR IS Z
EFBALMITLE,

E. &

MR TH A FAP Izt LT, V30OM TTR
FF AV 2oy 2= AB LU FiFHIR
FATZwUAILEBWT, shRNA BH AAVE @
2HBRBEICL-T, TOFERTHLIER
TTR OEMOFR2BBRMEICkh L. FAP
~® siRNA O=FHERIZ K& R E£H7=,
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EESBEFHERME (Z - 20REHFIFERR)
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TR « B O RNAL # W - B ERE O MR

UFESrIRE B PRl MRESEHAE EXdE

WREE

D R TEELEZNAZER transthyretin(TTR) 2 EHEMEIIEE L TRETAFHRET I oA K

FY =a—or sF—(FAPIZH L,

TTR (2% 5 siRNA 2@~ Etomn 77 /i

(E A LAY #—(AAVI8 BIAFH T FAP F L7 ARUE MiFdilax A S 2~ 5%
Ha, TETTR ORHEZEWIZHh-BEFIZIHTS = LIz L, shRNA @ FAP ~O BB
IZKERAEELALALE, 2) TTICHELZshRNABER A Yz = 2 =07 ADHE

BT, EMEETORFLIMM TICH-Th,
7= microRNA O@FETHRITLZVI LEZHLMIZL,

FEMmLReET T L,

A. B#Y:

siRNA TRV TREEOMEEEER, R
FEVERRIER | M EEED siRNA/ShRNA
- L AMETFBIREIT 5.

B. BfEEE
1) AAV <7 & —{EfliE

anti-TTR short hairpin RNA(shRNA)%
NRYF—FFAI R, Nolr—=U0TFAS
F, TF /NI —=FF A3 FOIMEDTZ
A 3 F# HEK293 Hilaiz V @A o Ak
L2 ThF¥RAT7x#a L, 48 FllE
(AR 2 ER, M - mgkIlC L s> T S —
B EEilaEiitefE L, T o0 6E
T2 512 iodexanol # V7= % HE 2Bl L
FEIZLoTAAV <7 F—2 470 - B L7,
A4 NA NI, AAV <2 F—1 0 DNA %
fitH L, TaqMan PCREIZE O~ 7 —Hi+F
BEBRELE.

2) w7 A~O AAV <7 F—#fE .
FAPODEF A= ATHSVIOMTTR 7
vAGrmu w0 AMTMgME U HE#RE F
HF#ifas A 7~ 2z L anti-TTR shRNA
B AAV <7 & —% 5x1010, 5x1011v.g./ body
O R TERRE S L, midE(EFE TRIE
AOFREZHETSE L LICERNICmHEE
£ TTR 2#E+S - L L, @& TTR
mRNA @ RT-PCR |Z L 3 E R THEZFM

L7E,

3) shRNA TgM {E® ;

=7 A ES #i#8i- SOD1-siRNA RHH %
MAL, Jo—r2@BIR L, BEIZ S0DI
R ORBAEZNHILEE2a—bF 2

B OREFHEROBIER L LTEESN
shRNA DFEZEEE B~ ORI

FvUARENLB6 LofHFSbEIZLD
F1 =9 A %7, kKKH 5 small RNA # i
LT, #ff microRNA @ Northern blotting,
let-7a DIERY5TF N-ras, N-myc mRNA @
RT-PCRICEHERZ Y ® (T

E7=. V3OM TTR TgM 2\ TiFILFLKS
AEF gL 6550 =&, & Mifsia
FAFTIRBZ T 2= 234Gl
L.

T T OB RS T ER R KD
EBREREOHE LFI2HB TRy, Biho
ERAMBCREKIBOEHE L.

C. WFEEER, D. 58

1) siRNA BBRT7 7 /Wit o A VAT 7 —
Z V- FAP @it i

(a) FAP =5 V=17 A~k 5.

FAP DM ERTHSVIOM +F 24
4 LF (TTR) E R 2 & L % Ray A&
shRNAG#172), BRUZERIZR L TIXHEFRM
ThHLHNMBREOENT shRNAGFIS1) D 2
flifEio shRNA 27 4 - L=, iFigicxt L#
W RMEOE LV AAVS BIZHLy, V30MTTR
TegM ~~ anti-TTR shRNA %8| AAVS Bl~7 &
—% bHx10Uv.g./body, 5x10%v.g./body @ H ik
THEEHE 5 L, s ES TRIER 2T
THEEHICREFYICMEESR TTR 28I L
7.

FDOFEE, #172 shENA/AAVS O BRI TIZ
MEHRIEOA R oA EERTREX
80%LL EomiZER TTR MRHRIESH,
FOhEIEF4 - B Lo ERMIRRE L 7=, #351
shRNA/AAVS @ Fl kTl 00% D Ehifl] 2 2 43
‘o g5 2 8% LV —BIEICHFRERE




FLROMHAFEL 5 Mk XD KRB L

TWwoaolt, ERAETIZEIER 2 < #172
shRNA/AAVS O @& A& - ZIZF%S 028
bih=(E 1).

—= #172 ShRNA/AAVS  5x10" v.g./body
== 4172 sShRNAJAAVS  $x10" vg/body
== #351 ShARNA/AAVS  5x10" vg./body
== #351 sShRNA/AAVS  5x10" v.g/body

ns—‘#*.‘t g

0.6

04

serum TTR suppression ratio

02

I 1.1
Iweek Iweek Sweek  9week  16week
pre 2week dweek  Tweek  12week

B 1 ¥R TTR 5risms

Zh LD FR: TTR BHMEI 2 ETHE#
3D~ 7 Z}FiED TTR mRNA O ERI- L -
THIEE TE T 5 (data not shown).

HMERTRONT 1 58 %Ol 2 Exes
LRIk #iE O H 5 miRNA @ FIfaFn
BRIIGETBLOTHhHo=M FERABEDIC
T s ricky, EL2CERHMOLER
TTR #FAICIFIT A L BAlfETHS - &
R RET,

(b) & MiFflaF A F=0 2~ s

shRNA 33 AAV ~7 ¥ —0# Fitk % FAP
ETNATDA~DEETRTIENTEE, &
WT, Z shRNA 88 AAV <7 ¥—mDkE b
IZBTA2 M2 Bir+ 5 B CHEme
Ml A T~ 7 A~OEE 2R T-.

MiE#RE FITHIES A 7w X 3RERS
RS~ 7 Al FORFHREZBHL, v 2
FFiE7> 70-90%LL FASTEH & b FFMIRE |- 8 &
Abhfte~uRATHD,

ZDOF AF<= 7 A|Z#351 shRNA/AAVS %
5 L4l TTR ¢ Western blotting
THiL72& Z A, 5x10Uvg./body @5 fik
TV E F TTR OS5kl zh £A315 57
(4 2),

5x10' vg/body  5x10" v.gJbody

wT Pre lw 2w 3w 4w Pre Iw 2w 3w dw

Human TTR - - .." -1
Mouse TTR|

M2 m¥TTROWB
5x101y.g./body D 5/ Tt FTTRORHE
NEBRERIED LN,

ZhiT, FATFTIAONRIcFoEARE
L 7= siRNA 7 » F ¥ » 2 #i #* Northern
blottingiZ & » fE =h (E3A) ., & FTTR
mRNADRT-PCRIZL S ERIZE>TH
5x101v.g./body D 5k TI0% LA L DI ¥E 7
Mt hEAFEETE 2~ (E3B) .

bt hAFHila T~ o AF#ifa & E U Ak -
siRNARH # 5% 5 -HICIM10EOAAVE %
PET, AAVBIZL AL bUBTRE—F—D
shRNARBEREOMELEZ 05, gk
IEEE LR ORISR (bid e . E2IcH
iz e FTTRB(ETFIHIZEAB S,

siRNA
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AAV 5x10™
0.002 0.01 0.05 0.25 1.25 pmol
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| TR

T rum L] T T

— ] [ e

B3 *2T7<yAFMIZBIT Hanti-TTR
siRNARB(A) L & FTTR mRNAZE 3L
(B)

2) shRNA TgM @ microRNA ;@ ¥|ffafnzh £
THEHEB %2 shRNA TlETFERET S0
shRNA O E#FEHIZ LV, microRNA i@ Fla
ML 2RERPBES NS0T, T Clofs
L7=SOD1shRNABRBH FF AL =w s



< 7 AOMIZEVVT, microRNA ORRA#H
B L7es

shRNA TgM @ KA T 80%LL L SOD1 i
EFRBREMHENBBOH L, Letia 2
miR-124a @ microRNA RHEELTOES
F N-ras, N'myc OBBRICELELSPRNZLZE
oMol (B 4). ZOXEEER~D
shRNA OEMOERIZL->TH shRNA D7
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DFEH &

E. #&&

1) =7 AEFAELUE FiFMREIZENT
shRNA IZ X % invivo &< L, FAP i
*t9 % shRNA =GR OFAELZHL
L

2) MEEHEEBROERTREEILSESD
shRNA #H|- L 4 microRNA i@E/faFnz)
ENEEFRE/2 = & % shRNATgM # v
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£, BH, 2006.5.11.

FE EF KR R EL KaE @
RE, CH—E, RAESR, KBEE E
HIERE a Fa7=o—LESICLdEE
HF~® siRNA 7V Y —, B 18 @7 L F
AL HET T LA, R, 2008.11.17.
REHER, ABRFET, FUET, BER
fo, BHE%®, EHEE, BE B, KLk
EH, B, KRN, HHEMERE.
shRNA BE7F /i AL 2T 57—
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FAZBMBFHERMBE (2 Z 50 FHETER)
SHEFEREF

=27 4 F)VRFEEICB 1T 5 TDP-43 D IEMRRIFFE
mRaEE K B EEELRHZER -  BEEEESEWREEF—

HEES :

FEFEENEFEEE (ALS) IREHBEA D =XLOELFENTFHTSLHY , BENEBRELEE
L2WEBREERD 1 2ThHE Z &b, FERBOERICAG ZHEFEBIHRISEHICBWTHE
EEAER LooH 5, TF., ALS BHEORAM THRR IN 2 EFF U BME AKOMKES &
L T TAR DNA-binding protein of 43 kDa (TDP-43) #RESH, RETOMETERD ALS
BETCELEREINZ L6 TDP-43FEICTER L-FEFE R cirbh T 5,
—J. ALS OFHEWE « LA MBT 510 in vivo TOFMERZMET 2 2 LBV ETH
A, BERVLMETEA~ TR 2G5 HBFOET VI Tk TDP-43 KRIEOHFBMEHFER
ENTELT, FREFLVBYROMBELIMFSL TV A,

H=2 A4 FEE FMORERABEERTHY, TAYN, v—HERED 1 2 ThHDHEAMENM
HEICERENAZ ENL, MM EESEROETVBY E L TEWRT Yy AL 2R/ TS
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Focal degeneration of astrocytes in amyotrophic
lateral sclerosis

D Rossi*", L Brambilla™*, CF Valori'*#, C Roncoroni', A Crugnola', T Yokota®, DE Bredesen” and A Volterra'*

Astrocytes emerge as key players in motor neuron degeneration in Amyotrophic Lateral Sclerosis (ALS). Whether astrocytes
cause direct damage by wlmallgg toxic factors or contribute indirectly through the loss of physiological functions is unclear.
Here we identify in the hSOD1°**" transgenic mouse model of ALS a degenerative process of the astrocytes, restricted to those
directly surrounding spinal motor neurons. This phenomenon manifests with an early onsel and becomes significant
concomitant with the loss of motor cells and the appearance of clinical symptoms. Contrary to wild-type astrocytes, mutant
hSOD1-expressing astrocytes are highly vulnerable to glutamate and undergo cell death mediated by the metabotropic type-5
receptor (mGIuRS). Blocking mGIuRS in vivo slows down astrocytic degeneration, delays the onset of the disease and slightly
extends survival in hSOD1%%** transgenic mice. We propose that excitotoxicity in ALS affects both motor neurons and
astrocytes, favouring their local interactive degeneration. This new mechanistic hypothesis has implications for therapeutic

interventions.

Cell Death and Differentiation (2008) 15, 1691-1700; doi:10.1038/cdd.2008.99; published online 11 July 2008

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative
disorder characterized by the progressive degeneration of
corticospinal and spinal motor neurons. In about 1-2%
of patients, the disease Is linked to mutations in the gene
coding for Cu-Zn superoxide dismutase (SOD1)." Transgenic
animals®™ that overexpress mutant human SOD1s (hSOD1s)
develop progressive ALS-like disease. The cascade of events
ultimately responsible for motor neuron degeneration, how-
ever, remains elusive.

Important insights come from the observations that death
of motor cells involves both cell-autonomous and non-cell-
autonomous disease mechanisms, implying that mutant
hSOD1 expression in neurons is sufficient to lrigger the
disease,® but also the interaction of motor neurons with the
neighboring glial cells contributes to the deleterious process.®
These observations have brought attention to the abnormal-
ities affecting glial cells in ALS. In both human cases and
animal models, microglia and astrocytes undergo massive
activation In regions of motor neuron loss.”® Microglial
alterations were shown to be implicated in disease progres-
sion In transgenic mice”-® and the contribution of astrocytes to

motor neuron degeneration is gaining more and more
consideration. A recent study reports that mutant hSOD1
expression in astrocyles leads to motor neuron damage and
acceleraled disease progression by controlling microglial
activation.® Moreaver, astrocytes expressing mutant hSOD1
were reported to release factors selectively toxic for motor
neurons in vitro.'®'! The presence of mutant hRSOD1 In these
cells was also described to perturb protective functions of
astrocytes towards neurons. While normal astrocytes reg-
ulate the expression of the GluR2 subunit of the AMPA
receptors in motor neurons, the expression of mutant hSOD1
abolishes this property.'? Furthermore, both ALS patients and
transgenic animals exhibit a defect of the astrocyte-selective
glutamate transporter EAAT2/GLT1.34'® EAAT2/GLT1 Is
crucial for controlling the physiological clearance of extra-
cellular glutamate in the spinal cord. Thus, its loss may lead
to excitotoxic glutamate levels and this could contribute to
the disease progression.’*'® Another peculiar abnormality
of astrocytes in hSOD1 mutant mice s the presence of Lewy
body-like inclusions containing SOD1 and ublquitin.? Inter-
estingly, such inclusions are the earliest indicator of disease in
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hSOD1%%%" mice, a transgenic line developing a late-onsat,
ultrarapid disease progression. Similar inclusions containing
activated caspase-3 were subsequently naported in the same
hSOD1%%%" mice, as well as in hSOD1%*** mice,'” a
transgenic line showing earlier onset but analogously fast
disease progression. However, the significance of such
astrocytic inclusions remains slusive.

Here, we report in the spinal cord of hSOD1%%** mice that a
subset of astrocytes harboring protein inclusions undergoes
morpholegical and biochemical changes that are reminiscent
of degenerating cells. Moreover, we demonstrate that the
expression of mutant hSOD1s makes astrocytes vulnerable to
glutamate through the activation of mGluR5 and that blockage
of mGIuRS in vivo reduces astrocyte degeneration, postpones
disease onset and extends lifespan.

Results

Presence of abnormal spheroid-shaped astrocytes in
the lumbar spinal cord of hSOD1%%** mice. To study the
morphological and structural changes of astrocytes during the
progression of the disease, we first performed immuno-
histochemical analysis of lumbar spinal cord sections from
hSOD1%%% and hSOD1"T transgenic mice,? using the glial
fibrillary acidic protein (GFAP) as an astrocytic marker. While
no gross abnormalities were detected in the spinal cord of
hSOD1"T mice (Figure 1a), we found that most of the GFAP-
positive cells present in sections from end-stage hSOD1%%%
animals resembled typical reactive astrocytes with elaborated
networks of long processes. In addition, we identified a
subpopulation of cells displaying fully distinct features
(Figure 1b). These cells exhibited a spheroid-shaped cell
body with an increased diameter (mean+S.EM.. 13.37 ¢
0.35 um; range: B.7-34 um; n= 88 from six mice) compared
to resting astrocytes (9.39+0.13um; range: 4.9-15.9,um;
n=145 from 6 mice). This unusual morphology was
concomitant with a reduction or even absence of GFAP-
positive processes, which appeared short and abnormally
thick. Immunohistochemical analysis revealed that all of the
spheroid GFAP-positive cells (SGPCs) were positive for
ubiguitin, which occupied most of the spheroid diameter and
overlapped with the compact cap of GFAP (Figure 1c and d).
Cells showing thick processes projecting off the cell body
exhibited ubiquitin immunoreactivity in both the cell body and
the processes (Figure 1c). About one-third of the SGPCs
were immunopositive for the active form of caspase-3 (Figure
1e and f). In general, active caspase-3 labeling had a charac-
teristic annular shape and was circumscribed by a GFAP cap
(Figure 1e), which appeared thinner and less compact than in
the caspase-3-negative SGPCs (Figure 1d and f). Further-
more, active caspase-3-positive SGPCs had less GFAP-
positive processes compared to caspase-3-negative SGPCs.

SGPCs appear selectively In the microenvironment
of motor neurons before the symptomatic phase of
ALS. To investigate whether the presence of SGPCs corre-
lated with the area of the spinal cord affected by the disease,
we focused on the distribution of these cells. Importantly, we
found that they were placed exclusively in the ventral horns,
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where motor neurons are located, while reactive astrocytes
were present beth in the ventral and dorsal horn regions and
in the white matter (Figure 2). To more specifically analyze
the distribution of SGPCs in relation to motor neurons, we
measured the interdistance between SGPCs and the motor
neuron cell bodies labeled with SMI32. SGPCs resulted
strictly confined to the micreenvironment of motor neurons. In
fact, 93% of the spheroid astrocytic cells were located within
a 130um radius of one to seven motor neurons. In 88% of
the cases, the Interdistance between the SGPC and the
closest motor neuron was <40um, and in 31% it was
=10 um (Figure 1g).

To explore this phenomenon in more detail, we then looked
at the time-course of SGPC formation (Figure 3). Ubiquitin-
labeled SGPCs appeared around motor neurons for the first
time in 75-day-old mice (Figure 3), Thair number increased by
21-fold at 100 days and by 57-fold at the end stage
(Figure 3a). Analysis of the time-course of caspase-3 levels
in SGPCs revealed that the active caspase-3 appeared at 100
days of age and was present in 18% of the spheroid cells. At
the end stage, the percentage of active caspase-3-positive
SGPCs had grown to 33% (Figure 3e). Parallel analysis of the
neighboring motor neurons revealed a decline of motor cell
number, which became statistically significant at around
100 days of age and occurred in parallel to the appearance
of the first signs of motor impairment (Figure 7a).'*® There-
fors, SGPC formation precedes motor neuron loss and
becomes considerable in parallel to degeneration of motar
cells and appearance of clinical signs.

Active caspase-3 cleaves the astrocyte GFAP cyto-
skeleton. The fact that active caspase-3 appears in
SGPCs at late time points, when the disease has already
progressed, could reflect an advanced state of degeneration
of the cells. In fact, the GFAP labeling of active caspase-3-
posilive SGPCs appeared weaker and less compact
compared to caspase-3-negative SGPCs (Figure 1d and f).

Interestingly, caspase-3 was racently shown to cleave
GFAP in degenerating astrocytes in Alzheimer's disease,
producing a 20kDa GFAP carboxy-terminal fragment.'® To
investigate whether caspase-3 activity might be responsible
for GFAP cleavage in hSOD1%*** mice, we performed
westemn blot analysis on spinal cord homogenates from
end-stage hSOD1%%** mice (Figure 4). Homogenates from
hSOD1 mice contained a low molecular weight GFAP
fragment. This fragment had the same mobiiity of the GFAP
fragment obtained by treating homogenates from wild-type
mice with recombinant active caspase-3,

Altogether, these data strongly support the conclusion that
SGPCs regrsserrt a subpopulation of degenerating astracytes
in hSOD1 mice.

Expression of mutant hSOD1 confers glutamate vulner-
ability to astrocytes. Since excitatory afferents and
dendrites of spinal motor neurons make synaptic contacts
in the ventral horns,? that is the area of SGPC formation, we
decided to label glutamatergic terminals by double immuno-
stalning with antibodies against the presynaptic marker
synaptophysin and the vesicular glutamate transporter 1
(VGLUT1) (Figure 5a). Given that 92+2.3% of VGLUT1-




