HHOOPMAIIMS 3A:

HaumenoBanme Ha 3aboJs1IBaHeTO

Myaatucucremna atpodus — uepebenapeH tun

Omnpenenenne na 3aboasBaneTo

Myntucncremuna atpodus uepeGenapen Tun e dopma Ha mynTucuTemHata atpodus ¢
npeobnagasaiiy  LepeGenapHu  CHUMATOMMU (AMHaMHYHA W IOKOMOTOpPHa aTtaKcws,
OKYJIOMOTOpHA AMCHYHKLHUS U AW3apTPHs).

Yerupuungpen kon Ha 3aGoassanero mo MKE-10 (aKo TaKbB € HAJIHYEH)

G90.3

Kox Ha 3a60a1sBaneTo no Orpha code

ORPHA227510

Enuaemuonornynu nannm 3a 3a6oasisanero B Peny6anka Bbarapus
Ilpennonara ce Gonectroct okono 1-9 / 100 000 32 MCA 061110, OT KOUTO 0KOJ10 1/3 ¢
MCA-uepebenapen T, nofo6Ha Ha Ta3u B OCTAaHANNTE cTpaHu B EBpona.
B T.u. Hay4YHH ny6inKaunu oT MOCHE HATE NET FOXHAN 1 NPHJIOKEHA
Oubamorpadeka cupapka
I. The Multiple-System Atrophy Research Collaboration. Mutations in COQ2 in
familial and sporadic multiple-system atrophy. New Eng. J. Med. 369: 233-244,
2013. Note: Erratum: New Eng. J. Med. 371: 94 only, 2014.
2. Gilman, S., Wenning, G. K., Low, P. A, Brooks, D. J., Mathias, C. J., Trojanowski,
J. Q., Wood, N. W., Colosimo, C., Durr, A., Fowler, C. ], Kaufmann, H.,
Klockgether, T., Lees, A., Poewe, W., Quinn, N., Revesz, T., Robertson, D.,
Sandroni, P., Seppi, K., Vidailhet, M. Second consensus statement on the diagnosis
of multiple system atrophy. Neurology 71: 670-676, 2008.

EHPIIICMP[OJ]OFH‘{HPI JaHHH 3a 3a00/19BaHETO B EBpOl’leﬁCKﬂﬂ Cb103

1-9 /100 000; B 3anaanoTto nonyKs160 okoJio 1/3 06wo ot nanuentrte ¢ MCA ca ¢ MCA-
uepebenapes TuIl. PasnpeneneHueTo e eqHAaKBO 110 NOJ.

B T.4. Hayunun ny6auxanuu ot nocieaHuTe mer FOAMHH U MPHJIOXKEHa
6ubamorpadceka cnpaBka

1. The Multiple-System Atrophy Research Collaboration. Mutations in COQ2 in
familial and sporadic multiple-system atrophy. New Eng. J. Med. 369: 233-244,
2013. Note: Erratum: New Eng. J. Med. 371: 94 only, 2014.

2. Gilman, S., Wenning, G. K., Low, P. A., Brooks, D. J., Mathias, C. J., Trojanowski,
J. Q., Wood, N. W., Colosimo, C., Durr, A., Fowler, C. J., Kaufmann, H.,
Klockgether, T., Lees, A., Poewe, W., Quinn, N., Revesz, T., Robertson, D.,
Sandroni, P., Seppi, K., Vidailhet, M. Second consensus statement on the diagnosis
of multiple system atrophy. Neurology 71: 670-676, 2008.

Ouenka Ha CLOTBETCTBHETO HA 3200/1BAHETO C [[e(bl/llel[Il/lﬂTa 3a paako 3aboiasaHe




CbIaacHo § 1, T. 42 oT JONbJIHUTEIHHTE pasnopeadu Ha 3akoHa 3a 31paBeTo

3abossBaHeETO € C paznpocTpaHeHue noa 5 Ha 10 000 IyUId OT HaceJeHUETO Ha
EBponeiickus cbios.

KpnTeplm 3a THarHOCTHUMPpAaHEe Ha 3a200J5IBaHeTO

Huardoctuumpanre Ha 3aGonsaneTo (seduHMLMS Ha C1yYail):

IIpusHauute u cumnromure Ha 3aGonssaneto: MCA e ¢ Hauajo B 3psifa Bb3pacT o0HyaiiHo
Mesay 55 10 60 roaunu. JIokoMOTOpHATA aTakcus € HAN-TMIMYHUMAT HAYaIeH CHMITOM Ha
MCA-nepebGenaped Tun. ABTOHOMHMTE HapylieHus (paHHa ypWUHapHAa MHKOHTHHEHLMS,
OPTOCTAaTHYHA XMIIOTOHMA, KOHCTWMauus, Raynaud cuHapom) ce nosBsBaT paHo W ca
3aAB/DKMTENHN 38 JuarHosata MCA-uepeGenapen tun. lonbanutennu uept 3a MCA-
uepebenapen Tun ca aucdonus, aucharus, Apyru uepebenapHu uepTH (BKIOUBa
AMHAMUYHA aTaKCHs) M OKyJIOMOTOpHa anchyHkuus (sustained gaze-evoked nystagmus,
positional down-beat nystagmus). Bcuuku naumeHTH pasBuBaT B xoda Ha 3a00yABaHETO
MOHE HAKOU NapKUHCOHOBH 4YepTH (OpafMKUHE3Hs, PUrHAHOCT, HEPEryNsapeH MHOKJIOHUUYEH
nocrypanen Tpemop). Ilupamuanu Genesu (reHepanmsupana xuneppeduekcus  u
nonoxuresned babuncku) Morar cbino aa 6baaT HabGOAABAHM. Pecnuparopuu Hapywenus
(CbHHa amHesi, CTPUAOP W MHCTIMPATOPEH M inspiratory sighs), HapyleHHs B HOL(HUS CbH
(Bkmousaum REM-behavior disorder (RBD) u NEepUOMYHHU JBHIKEHUS HA KpPaHHULM 1O
BpeMe Ha cbH (PLMS) ca uecto HabnonaBanm.

Etuonorusra u natorenesara: Tounara erronorusta Ha MCA e HEU3BECTHA, HO HAMYUETO
Ha LMTOMNNA3MCHU HATPYNBAHMS HA G-CUHYKJIEWH, NpPEJUMHO B ONMIOAEHAPOTNUATA, B
KOMOHHalus ¢ npeobajaBalua HeBpoAereHepaLs B OJIMBOMNOHTOLEPEOPAIHUTE CTPYKTYpH
ca TaToJIorudeH oranuutenen mapkep Ha MCA-uepebenaped tun. Mytauuu 8 COQ2
(4921.23) (xkommpaiy eH3uMa, yuyacTBAau| B OHOCHHTE3a HA KOEH3MM QI10) ca Ounm
YCTaHOBEHH B MHOMXECTBO (amuiun ¢ MCA, N0KaTo HSKOM BapHaHTH CE acOLMHpPAT ¢
TIOBULLIEH PUCK OT cnopaauuna MCA.

- B T.4. HayYHH ny6aMKauMH OT Hoc/IeJHHUTE NeT FOJUHH H NPHJIOKEHA
Oubanorpadeka cnpabka

I. Gilman, S., Low, P., Quinn, N. Albanese, A., Ben-Shlomo, Y., Fowler, C.,
Kaufmann, H., Klockgether, T., Lang, A., Lantos, P., Litvan, 1., Mathias, C., Oliver,
E., Robertson, D., Schatz, 1., Wenning, G. Consensus statement on the diagnosis of
multiple system atrophy. Clin. Auton. Res. 8: 359-362, 1998.

2. Gilman, S., Wenning, G. K., Low, P. A., Brooks, D. J., Mathias, C. J., Trojanowski,
J. Q., Wood, N. W., Colosimo, C., Durr, A., Fowler, C. J., Kaufmann, H.,
Klockgether, T., Lees, A., Poewe, W., Quinn, N., Revesz, T., Robertson, D.,
Sandroni, P., Seppi, K., Vidailhet, M. Second consensus statement on the diagnosis
of multiple system atrophy. Neurology 71: 670-676, 2008.

3. Scholz, S. W., Houlden, H., Schulte, C., Sharma, M., Li, A., Berg, D., Melchers, A.,
Paudel, R., Gibbs, J. R., Simon-Sanchez, J., Paisan-Ruiz, C., Bras, J., and 26 others.
SNCA variants are associated with increased risk for multiple system atrophy. Ann.
Neurol. 65: 610-614, 2009. Note: Erratum: Ann. Neurol. 67: 277 only, 2010.

AJIFOpPlTMPl 32 JHArHOCTHIIHPAHE HA 3a60JIIBaHETO

AJrOpUTMH 332 AMArHOCTULMpPAHE HAa 3a00JIABAHETO: Junarno3sara ,,BepositHa” MCA u3ucksa
HaJMYMETO Ha LepebesiapHu HapylIeHHs B ChueTaHHe ¢ TEXKH aBTOHOMHH HApyLICHHsA
(HeoOsicHMMa ypHHapHa WHKOHTHHEHUMS WM ChajaHe Ha KPBBHOTO HaJifiraHe mpu
nsnpapsue ¢ none 30 mm Hg cuctona unn 15 mm Hg amactona). MPT Genesu, Brousammy
aTpoQusl _Ha CPeHO MAanKoMO3buHO kpaue. [Ipu [ 18F]-fluorodeoxyglucose PET ce




YCTaHOBsABa ~ XMMOMETabONM3bM Ha uepeGemym. , Jlepuuutusna” MCA  usncksa
NaTOaHATOMHYHO BepudULMpaHe HA O-CHHYKIEMH MO3WTHBHH TIMATHU LUMTOTLIa3MEHN
BKJIFOUBaHMA ¢ MpeobliajiaBallia HeBpOAEreHepaLHs Ha OJiuBoLIepeOeNapHUTE CTPYKTYpH.
Anamuesata: MCA e ¢ Hayano B 3psana Bb3pacT obuuaiiHo mexay 55 10 60 romuw.
JlokoMoTOpHaTa aTakcHs e HAH-TUIIHYHUAT HAYASEH CHMITOM Ha MCA-uepebenapen Tun.
ABTOHOMHHUTE HapylleHus (paHHa ypUHapHa WHKOHTHHEHLIMs, OPTOCTATHYHA XMIIOTOHMS,
koHCTHNauus, Raynaud cunapom) ce mospsaBar paHo u ca 3a1bmKHTENHH 33 AuarHosara
MCA-uepeGenapen tun. Jlombauurentu ueptH 3a MCA-uepebenapen tun ca aucdonus,
mucdarus, pyru uepebenapuu uepTH (BKIIOYBA JAMHAMHYHA aTaKcusi) W OKYJIOMOTOpHa
Anchynkums (sustained gaze-evoked nystagmus, positional down-beat nystagmus). Bcuuku
NMALUCHTH  pasBMBAaT B XOJa Ha 3a00JABAHETO MMOHE HAKOM MAPKMHCOHOBH 4epTH
(OpanuKnHe3us, pUrnaHoOCT, HeperyIspeH MUOKJIOHHYCH nocrypaieH tpemop). Iupamuanu
benesn (renepanusupana xuneppediekcus M MOJOKUTENEH babuncku) morar cbmo na
6baar HabnogaBanu. PecniipaTopHu HapylleHUs (CbHHA anHest, CTPUIOP U MHCIIMPATOPEH U
inspiratory sighs), HapylIEHHS B HOLIHYS CBH (Bkmousamu REM-behavior disorder (RBD) u
NEPUONHMIHH ABUKCHHUS HA KpaliHULM 1o BpeMme Ha cbH (PLMS) ca uecto naGmoaasatiu.
[udepenunanyara quarnosa Ha 3a60J8BaHETO; HACIEACTBEHM CNHHONEPEOUIApHH aTaKCcus
(CUA 1,2,3,6 u 7), uynnusa-X-xpomoszoma acounupa Tpemop/atakcus cunapom (FXTAS)
1 MuToxoHapuonaruu (POLGI resa myrauus).

JlabopaTopHu, 00pasHM W XHCTONOTMYHU uscnensanua: MCA uepebGenaped Ttun ce
Xapakrepusupa NaToNoruyHo c npeobaanasauia AereHepaLus Ha
ONHBOMOHTOLCPEOENAPHUTE CTPYKTYPH M TNIMAIHM LMTOMIA3MEHH BKJIIOYBAHMS, KOUTO Ce
CBCTOAT OT abHOPMHO dochopunupan alpha-cunykienn (SNCA) unu tay (MAPT).
['eHeTHYHHU U3caeIBANYS U MEAMKO-TEeHETHYHO KoHcyntupane: MCA-uepebenapen Tun ce
N0BABA CMIOPAAMYHO, HO HMA ONMCAHU HAKOM HaMUJIHU Clyyan.

B T.4. HayyHn myGaMKauuK OT mOC/IEHATE NeT rOANHH 1 NIPUJIOKeHA
6ubmorpadceka cnpaska

1. Gilman, S., Low, P., Quinn, N., Albanese, A., Ben-Shlomo, Y., Fowler, C.,
Kaufmann, H., Klockgether, T., Lang, A., Lantos, P., Litvan, 1., Mathias, C., Oliver,
E., Robertson, D., Schatz, 1., Wenning, G. Consensus statement on the diagnosis of
multiple system atrophy. Clin. Auton. Res. 8: 359-362, 1998.

2. Gilman, S., Wenning, G. K., Low, P. A., Brooks, D. J., Mathias, C. J., Trojanowski,
J. Q., Wood, N. W., Colosimo, C., Durr, A., Fowler, C. J., Kaufmann, H.,
Klockgether, T., Lees, A., Poewe, W., Quinn, N., Revesz, T., Robertson, D.,
Sandroni, P., Seppi, K., Vidailhet, M. Second consensus statement on the diagnosis
of multiple system atrophy. Neurology 71: 670-676, 2008.

3. Scholz, S. W., Houlden, H., Schulte, C., Sharma, M., Li, A., Berg, D., Melchers, A.,
Paudel, R., Gibbs, J. R., Simon-Sanchez, J., Paisan-Ruiz, C., Bras, J., and 26 others.
SNCA variants are associated with increased risk for multiple system atrophy. Ann.
Neurol. 65: 610-614, 2009. Note: Erratum: Ann. Neurol. 67: 277 only, 2010.

4. Wullner, U., Abele, M., Schmitz-Heubsch, T., Wilhelm, K., Benecke, R., Deuschl,
G., Klockgether, T. Probable multiple system atrophy in a German family. J. Neurol.
Neurosurg. Psychiat. 75: 924-925, 2004,

5. Hara, K., Momose, Y., Tokiguchi, S., Shimohata, M., Terajima, K., Onodera, O.,
Kakita, A., Yamada, M., Takahashi, H., Hirasawa, M., Mizuno, Y., Ogata, K., Goto,
J., Kanazawa, 1., Nishizawa, M., Tsuji, S. Multiplex families with multiple system
atrophy. Arch. Neurol. 64: 545-551, 2007.




6. The Multiple-System Atrophy Research Collaboration. Mutations in COQ2 in
familial and sporadic multiple-system atrophy. New Eng. J. Med. 369: 233-244,
2013.

AJITOPHTMH 32 JledeHHe Ha 3260.151BaHeTO

AJNrOpUTMHM 33 _fedeHue Ha 3a60nsBaHeTo:  CbriiacHo Haumnonanen koucencyc sa
AWArHOCTHKa W jeveHue Ha [lapkuHcOHOBaTa GONecT, a Ha KOTHHTUBHHTE HapyleHus
CbriacHo HallMoHa/eH KOHCEHCyC 3a paHHa JMArHOCTMKZ M JieueHHe Ha GolecTra Ha
Anuxaiimep u Apyru GopMH Ha EMEHLHUA, KAKTO M ChIIacHO MEXNYHapOJHUTE KPUTEPHH.

B T.4. Hay4HH ny6anKauuu oT noceaHUTe NET FOANNY U NPHJIOKEHA
Gubanorpadceka cnpapka

|. HauvoHaneHn koHCeHCyc 3a AMArHOCTHKA M JledeHve Ha IapkuHcoHoBara Gonecr,
HBurarennu 3a6onseanus, 2013, 10, 1.

2. Haunonanen xoHceHcyc 3a paHHa JMarHOCTUKa M JieueHUEe Ha OoJiecTTa Ha
Anuxaiimep u apyru GopMH Ha AeMeHuys, arpun 2015.

3. Santiago Perez-Lloret, Olivier Flabeau, Pierre-Olivier Fernagut, Anne Pavy-Le
Traon, Maria Ver6nica Rey, Alexandra Foubert-Samier, Francois Tison, Olivier
Rascol, Wassilios G. Meissner. Current Concepts in the Treatment of Multiple
System Atrophy. Movement Disorders Clinical Practice, 2015, 2, 1, 6-16.

AJIFOplflTMl/I 3a npocJjeasiBade Ha 3a00/19BaHeTO

ANTOpUTMHU 33 npocsensBane Ha 3aGonssaneto: MCA e 6Bp30 Nporpecupao 3abosBaHe ¢
MPUKOBABAHE KbM WHBAJTMHA KONMYKA, Hepasbupaema pey, MHTEPMHTEHTHA ypUHapHa
Kararepusalys, HHBAIWAN3MPALLA OPTOCTATHYHA XWUNOTOHHS M KOFHWUTHBEH AePUUMT
(zn3exsexyTuBeH curapom). I[porvosara e nowa cbe CpeaHa NMPEKUBAEMOCT OT 6-9 roguHHU.
Bb3MoxkHu yenoxHenus: BpoxxonHeBMOHMs (48%) wn BHe3anHa cmbpT (21%) ca Haii-
HECTUTE TEPMHHANHU CheToAHus np MCA. VYpuHapHata aucyHKuus npu MCA uecto
BOIM O MH(EKUMHM Ha JONHHUA ypUHApEH TPaKT, KaTo noBeue oT 50% oT NaLUMEeHTHUTE C
MCA ctpagar ot peunausupaiu MHQEKLMK Ha JIOJHUS yPUHAPEH TPAKT W 3HAUMTENeH
Opo#t yMHpaT OT yc10XKHEHHS.,

B T.4. HayuHu ny6aukaunn ot nocieaHuTe ner TFOJAHHH H NMPHJIOKEHA
Oubanorpadceka cnpaska

1. Papatsoris AG, Papapetropoulos S, Singer C, Deliveliotis C. Urinary and erectile
- dysfunction in multiple system atrophy (MSA). Neurourol Urodyn. 2008. 27(1):22-7.

2. Fanciulli A, Wenning GK. Multiple-system atrophy. N Engl J Med. 2015,
2;372(14):1375-6.

AJIFOpHTMH 3a pexaﬁn.unTauuﬂ Ha 3a00/19BadeTO

AJITOPUTMHU 338 pexaGunuTauus Ha 3a60NsBAHETO: Cwrnacio Hanuonaneu KOHCEHCYC 3a
AnHarHocTvka M sedeHune Ha IlapkunconoBarta Gonect, Hauunonanen KOHCEHCYC 3a paHHa
AMArHOCTHKA M NeueHne Ha GosecTTa Ha Anixaiimvep u Apyru GOpMH Ha JEMEHUMS, KAKTO U
CBIIIaCHO MEX/1yHapOHHTE KPUTEPHH.

B T.4. HayuHH nyGauKaunM OT noc/IeHATE NeT FOANHH 1 NPHJIOKEHA
6ubauorpadceka cnpaBka

1. HaunoHaneH xoHcencyc 3a AMarHocTHka M jieucHue Ha ITapkuHcoHOBaTa Gonecr,
Heurarenuu 3abonssanus, 2013, 10, 1.

2. HauvoHaneH KOHCeHCyc 3a paHHa AMAarHOCTHKAa M JjledeHHe Ha Oonectra Ha
Anuxaiivep u 1pyru Gopmu Ha semeHuus, anpun 2015.

3. Santiago Perez-Lloret, Olivier Flabeau, Pierre-Olivier Fernagut, Anne Pavy-Le
Traon, Maria Verdnica Rey, Alexandra Foubert-Samier, Francois Tison, Olivier




Rascol, Wassilios G. Meissner. Current Concepts in the Treatment of Multiple
System Atrophy. Movement Disorders Clinical Practice, 2015, 2, 1, 6-16.

HeoGxoaqnmu jaefinoctn 3a npopuiakrTuka Ha 3a6oIABaHETO (AKO TaKHMBa ca
TPHIOKHMH)

HeiiHoctu 33 npodunaktvka Ha  3abonsBaneto: TodHata eTnosiorus Ha MCA-
MapKMHCOHU3BM € BCE OLLE HEWU3BECTHA, HO HAJMYMETO HA LMTOIMIA3MEHH arperatu ot o-
synuclein, nmpeaMMHO B onMroseHaporaus B KoMOMHalMs ¢ npeobnajasaiia
HEBPOJCreHEpaLMsd Ha CTPUATOHUIPATHUTE [BTHINA Ca NATONOrHYeH mapkep Ha MCA-
MapkMHCOHOB THN. Myraunnte Ha COQ2 ren (4q21.23) (Koaupalll eH3uMa BBLBICYEH B
buocuuTesata Ha koensum Q10) ca HAGMIOAABAHU MHOKECTRO damunanu ¢ MCA, kakto u
HAKOM BApHAHTH HA MyTalKMH, aCOLMHPAHKM C MOBHMILEH pUCK OT cnopaguyen MCA. Hama
YCTAHOBEHH crieUpUYHM NPOYHIAKTUYHH MEPKH 32 3a60.19BAHETO.

B T.u. Hayunn ny6aukanum ot nocaeaHnTe net FOAHHH U NPHJIOKEHA
6ubamorpadceka cnpabka

1. Gilman, S., Wenning, G. K., Low, P. A., Brooks, D. J., Mathias, C. J., Trojanowski,
J. Q., Wood, N. W., Colosimo, C., Durr, A., Fowler, C. J., Kaufmann, H.,
Klockgether, T., Lees, A., Poewe, W., Quinn, N., Revesz, T, Robertson, D.,
Sandroni, P., Seppi, K., Vidailhet, M. Second consensus statement on the diagnosis
of multiple system atrophy. Neurology 71: 670-676, 2008.

2. Scholz, S. W., Houlden, H., Schulte, C., Sharma, M., Li, A., Berg, D., Melchers, A.,
Paudel, R., Gibbs, J. R., Simon-Sanchez, J., Paisan-Ruiz, C., Bras, J., and 26 others.
SNCA variants are associated with increased risk for multiple system atrophy. Ann.
Neurol. 65: 610-614, 2009. Note: Erratum: Ann. Neurol. 67 277 only, 2010.

Ilpepnoxenus 3a opranMszanMs Ha MeIHIHHCKOTO o0c1y:KBaHe HA MAllHEHTHTE U 3a
¢uHaHCUpaHe Ha CHLOTBeTHHTe AeliHOCTH, cho0paseHu ¢ jaeiicTBawiaTa B cTpaHaTa
HOPMAaTHBHA ypenba

Cw3nasaneto Ha Haumonanen excriepren LeHTbD ,,Peky HeBpoerenepaTMBHK
3a00JI5BAHKSA, NPOTHYAILM C KOTHUTHBHH, MOBEIEHYECKH 1 MOTOpHH HapyuieHus” 3a
AMArHOCTHKA, ICYCHHE K NPOC/ICSABAHE M PEXabUIUTALIMA BKIIOYHTEIHO U Ha NALMEHTH C
TOBa 3a00/IABAHUSA 0] PbKOBOACTBOTO Ha un.xkop.npog.a-p JI. Tpaiiko, AMH (HauHoHaIeH
CKCMEPT C HAH-TOJISIM ONMUT M MPHHOC 32 IMATHOCTHKATA M IEYEHUETO HA Te3M 3abonsBaHus).

Onucanue Ha ONHTA ¢ KOHKPETHH NAUHMEHTH CbC CHOTBETHOTO psako 3aboasiBaHe (aKo
HMA TAKBB)

OnuteT Ha KaHauMpaTcTBamUs CKCNEpTeH LCHTBD 3a JMardosa W Jie4eHHe Ha peaKu
3a00/15IBaHMA C ATUMHYEH NAPKMHCOHM3LM, KATO MyJNTHCUCTEMHATa aTpodus aarupa ot
2001 roauHa cbe ch3gaBaHeTO Ha LIEHTBp 32 IMarHO3a U JICUEHUE HA HEBPOJACreHepaTHBHHU
3a00/11BaHMs, IPOTHYALIM C AEMEHLMS U JOMbIHUTEIHO Ha LUEeHTbp 3a AMAarHo3a W JjieueHue
Ha IlapkunconoBa Gomecr. OT ABACM TFOAWHM TO3M LUeHTbp € pedepupaH LEHTHP 3a
3a60/1BaHKsA, NPOTUYALLH C C ATUIIMYEH NapKUHCOHU3BM, KaTO MyNTHCUCTEMHATa aTtpodus,
0COOEHO 33 KOMIUIEKCHM, pPelKH W HAc/eACTBEHH ciyyau. Ilpes ronunure Beneacreue Ha
HaTpynaHus OMNWT M TPyHd, KAaKTO M 3HAYUTENEH Opoil Ha MaUMeHTH ¢ Te3u pEeAKH
3abonsBanus, pedepupany KbM HALIUTE 1Ba LIEHTBPA Ca OCHLUECTBEHU HAKOJKO AUCEPTALUU
B obnactra: 1. KiuHMKO-reHeTHUHM Kopenauuu NpyU HEBPOJEreHEePaTUBHU 3a00/9BaHUs,
NMPOTHHALIH C NapKUHCOHM3bM (3alUMTEHA AMCEPTaUMs 3a JOKTOP MO MEJULMHA OT a-p
Panka INaBnoBa, 2013 r., ppkoBoauTten: un.-kop. npod. JIwuesap Tpaiikos), 2. [IpoyuBaHe Ha
HCBPOMNCHXONOTHYHUS PO npy nmauneHTH ¢ [lapkuHCOH moc CUHAPOMH (3allMTEHA




AWCEpTaLMA 3a AOKTOp N0 mMeauuuHa oT A-p Cunsusa Ckenuna, 2016 r., pbKoOBOAMTEN: UJl.-
kop. mpod. Jlbuesap TpaiikoB) u 3. KIMHUKO-reHeTHYHU NpOYYBaHUS  [pH
poHTOTEMNOpANHA AEMEHLMS U CPOIHH 3a60ABAHKS (3aMTeHa AUcepTaUMs 32 JIOKTOP MO
MEJMLUHCKH HaykH oT A-p Llluma Mexpabuan, 2016 r.). CrOpana e 6aza 1aHHK 3a OTACTHH
MalMeHTH € OTACIHW TPYNU peIKU 3a00NABaHUA, C ATUNUYEH NAPKUHCOHU3BM, KATO
MYITUCUCTEMHATa aTpodus ¢ noapoGHO (GeHOTMNU3UpaHe HA BCEKM eauH Cly4daid, KoeTo
AaBa Bb3MOXHOCT 32 100D MOHMTOPHHI Ha MALMEHTUTE, KAKTO M H3CJIEN0BATEICKH aHA/IN3
BbpXY XapakTepuCTHKaTa Ha OTAenHHTe 3abonsBanus. JleHOCTTa Ha LeHTBpa Mo
OTHOLICHME HA IMArHo3a W JIEYE€HHE Ha PelKU 3a00MABAHMS, C ATUIIHYEH MAPKUHCOHHU3bM,
Karo MyJTUCUCTEMHara atpodus, oOXBalla BCHUKM JUATHOCTHYHHM AEHHOCTH cb0oOpazHo
HOBHUTC NMarHOCTHUYHM KPHUTEPHH Ha Te3M 3a00NABAHMA, BKJIOUUTENHO NOIVBIHUTETHU
M3CNEIBAHMS, KOUTO ca HY>KHH 3a avdepeHiinanya JMar{osa Ha
aTUNUYHW/PAHHW/HACNEACTBEHH CNyYyaH, BKIIOYBAUIM M3CTCIBAHUS 34 Ouomapkepu,
HeBpou3oOpassBalll 1 reHeTHuHU dakTopH. LlenTbpa e unen Ha the European Multisystem
Atrophy Study Group u International Parkinson and Movement Disorder Society.

[Ty6aukanumu:

1. Petrova M, Pavlova R, Zhelev Y, Mehrabian S, Raycheva M, Traykov L.
Investigation of neuropsychological characteristics of very mild and mild dementia
with Lewy bodies. J Clin Exp Neuropsychol. 2015 Dec 17:1-7.

2. Petrova M, Mehrabian-Spasova S, Aarsland D, Raycheva M, Traykov L. Clinical
and Neuropsychological Differences between Mild Parkinson's Disease Dementia
and Dementia with Lewy Bodies. Dement Geriatr Cogn Dis Extra. 2015 May
29;5(2):212-20.

3. Tlerposa M., Tpaiikos JI. Paiiuesa M., Mexpabuan 111., XKenes f., Macnapos [,
OcobeHocTi Ha KOTHHUTHBHHA npodun npu Myntucucremua atpo¢us. bbarapcka
Hesponorus, 2007, 7(1), 33-36.

4. Ckeauna C, Tarnoea P, [letposa M, Mexpabuan 111, ['puroposa O, Tpaiikos JI.
Ilpoyusane Ha npoduna Ha KOrHHTHBHM HapyILEHHUS NPH NaLKEHTH C NPOrpecuBHa
CynpanykneapHa odranmonapesa. Bbarapcka nesponorus, 6p. 2, 2015

5. Tlasnoa P, Mexpa6uan 111, Cxenuuna C, XKenen A, Muxosa K, Kbuesa P, Mutes B,
ﬁopﬂaHOBa A, Tpaiikos JI. XapakrepucTuka Ha JET€HEPAaTUBHUSA MapKHUHCOHOB
CHHAPOM B 3aBUCUMOCT OT AnoJunonpotreuH E reHortuma. HeBponorus wu
ncuxuarpus, 4, 30-33, 2014;

6. Cxenvna C, IaBnioa P, [letpoa M, Paiiuesa M, Tpaiikos JI. HeBporncuxonoruuen
NPOQHMI U TEXECT HA KOTHHTHBHUTE HAPYIUCHHS MPH ATHIUYHHMTE NapKUHCOHOBH
CHHIpOMH. bbirapcka HeBponorus, 6p. 2, 2015.




7. R. Pavlova, K. Mihova, S. Mehrabian, M. Petrova, S. Skelina, R. Kaneva, V. Mitev,
L. Traykov. Novel LRRK2 6165C>G mutation in a patient with Parkinson’s disease-
dementia: a case report. In: JOINT CONGRESS OF EUROPEAN NEUROLOGY
Istanbul, Turkey, May 31-June 3, 2014,

8. Pavlova R., K. Mihova, S. Mehrabian, M. Petrova, S. Skelina, R. Kaneva, A.
Jordanova, V. Mitev, L. TraykovLRRK2 mutation c.4536+3A>G in a patient with
multiple system atrophy: a case report. In: In: JOINT CONGRESS OF EUROPEAN
NEUROLOGY Istanbul, Turkey, May 31-June 3, 2014,




Consensus Report

We report the results of a consensus conference on the diagnosis
of multiple system atrophy (MSA). We describe the clinical
features of the disease, which include four domains: autonomic
failure/urinary dysfunction, parkinsonism and cerebellar
ataxia, and corticospinal dysfunction. We set criteria to define
the relative importance of these features. The diagnosis of possi-
ble MSA requires one criterion plus two features from separate
domains. The diagnosis of probable MSA requires the criterion
for autonomic failure/urinary dysfunction plus poor levodopa
responsive parkinsonism or cerebellar ataxia. The diagnosis of
definite MSA requires pathological confirmation.

Keywords: multiple system atrophy, parkinsonism, cerebellar ataxia,
auronomic insufficiency, urinary dysfunction, glial cytoplasmic in-
clusions.
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Multiple system atrophy (MSA), a progressive neurodegen-
erative disease of undetermined etiology, occurs sporadically
and causes parkinsonism and cerebellar, autonomic, urinary,
and pyramidal dysfunction in many combinations [1-4].
The disease affects both sexes, usually beginning in middle
age and progressing over intervals of 1 to 18 years, with a
median survival of 9.3 years from the first symptom [5,6].
The parkinsonian features include bradykinesia with rigidity,
postural instability, hypokinetic speech, and often tremor,
usually with a poor or unsustained response to chronic levo-
dopa therapy. The cerebellar dysfunction consists of ataxia
of gait, limb movements and speech, and disorders of extra-
ocular movements [7]. Autonomic insufficiency results in
orthostatic hypotension, often with an inadequate heart rate
response to standing, male erectile dysfunction (MED), con-
stipation, and decreased sweating [8,9]. Urinary symptoms
include urgency, frequency, nocturia, incomplete bladder
emptying, and incontinence [10]. The diagnosis of MSA
requires primarily clinical assessment; however, a number
of laboratory tests may help to support the diagnosis.

The neuropathological changes consist of a high density
of glial cytoplasmic inclusions (GCls) in association with
degenerative changes in some or all of the following struc-
tures: putamen, caudate nucleus, globus pallidus, substantia
nigra, locus ceruleus, inferior olives, pontine nuclei, cerebel-
lar Purkinje cells, autonomic nuclei of the brainstem, and
the intermediolateral cell columns and Onufs nucleus in
the spinal cord [11,12]. GClIs are ubiquitin-, tau- and
a-synuclein-positive oligodendroglial inclusions {12].

Some efforts have been made to establish diagnostic crite-
ria [4], but no consistent detailed guidelines have been devel-
oped. Accordingly, a consensus conference was convened on
April 23 and 24, 1998 in Minneapolis, Minnesota, cospon-
sored by the American Autonomic Society and the American
Academy of Neurology. The goal of the conference was to
develop guidelines for the diagnosis of MSA. We achieved
consensus on the items listed below and shown in Tables
1, 2, and 3. These guidelines have not yet been validated,
and will almost certainly require further modification in the
light of future experience.

Clinical domains

Autonomic and urinary dysfunction

Orthostatic hypotension (OH) may indicate autonomic fail-
ure and can be asymptomatic or symptomatic. When symp-
tomatic, it typically occurs after the onset of MED and
urinary symptoms. Symptoms of OH result from cerebral
hypoperfusion, and syncope may occur. The consensus con-
ference determined that the dlinical diagnosis of probabie
MSA requires a reduction of systolic blood pressure by at
least 30 mm Hg or of diastolic blood pressure by at least 15
mm Hg within 3 minutes of standing from the recumbent

* Please see “Conference Participants” section at the end of this article for
a full listing of author affiliations.
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Table 1. Clinical domains, features, and criteria used in the
diagnosis of MSA*

I. Autonomatic and urinary dysfunction
A) Autonomic and urinary features
1. Orthostatic hypotension (by 20 mm Hg systolic or 10
mm Hg diastolic)
2. Urinary incontinence or incomplete bladder emptying
B) Criterion for autonomic failure or urinary dysfunction in
MSA
Orthostatic fall in blood pressure (by 30 mm Hg systolic or 15
mm Hg diastolic) or urinary incontinence (persistent, involuntary
partial or total bladder emptying, accompanied by erectile dysfunc-
tion in men) or both
IIl. Parkinsonism
A) Parkinsonian features
1. Bradykinesia (slowness of voluntary movement with
progressive reduction in speed and amplitude dur-
ing repetitive actions)
2. Rigidity
3. Postural instability (not caused by primary visual, ves-
tibular, cerebellar, or proprioceptive dysfunction)
4. Tremor (postural, resting, or both)
B) Criterion for parkinsonism in MSA
Bradykinesia plus at least one of items 2 to 4
lll. Cerebellar dysfunction
A) Cerebellar features
1. Gait ataxia (wide based stance with steps of irreguiar
length and direction)
2. Ataxic dysarthria
3. Limb ataxia.
4. Sustained gaze-evoked nystagmus
B) Criterion for cerebellar dysfunction in MSA
Gait ataxia plus at least one of items 2 to 4
IV. Corticospinal tract dysfunction
A) Corticospinal tract features
1. Extensor plantar responses with hyperreflexia
B) Corticospinal tract dysfunction in MSA: no corticospinal
tract features are used in defining the diagnosis of
MSA

*A feature (A) is a characteristic of the disease and a criterion
(B) is a defining feature or composite of features required for diag-
nosis.

position. Frequently this is accompanied by an inadequate
increase in heart rate (less than 10 beats per minute). We
note that this is a more pronounced degree of OH than
established previously [4]. MED appears early and affects
virtually all male patients with MSA, but the symptom has

Table 2. Diagnostic categories of MSA*

I. Possible MSA: One criterion plus two features from separate
domains. When the criterion is parkinsonism, a poor levo-
dopa response qualifies as one feature (hence only one
additional feature is required).

Il. Probable MSA: Criterion for: autonomic failure/urinary dysfunc-
tion plus poor levodopa-responsive parkinsonism or cerebel-
lar dysfunction.

lll. Definite MSA: Pathologically confirmed by the presence of a
high density of glial cytoplasmic inclusions in association
with a combination of degenerative changes in the nigrostria-
tal and olivopontocerebellar pathways.

*The features and criteria for each clinical domain are shown in
Table 1.
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Table 3. Exclusion criteria for the diagnosis of MSA

I. History
Symptomatic onset under 30 years of age
Family history of a similar disorder
Systemic diseases or other identifiable causes for features
listed in Table 1
Hallucinations unrelated to medication
Il. Physical examination
DSM criteria for dementia
Prominent slowing of vertical saccades or vertical supranu-
clear gaze palsy*
Evidence of focal cortical dysfunction such as aphasia, alien
limb syndrome, and parietal dysfunction
IIl. Laboratory investigation
Metabolic, molecular genetic, and imaging evidence of an
altemative cause of features listed in Table 1

*In practice, MSA is most frequently confused with Parkinson’s
disease or progressive supranuclear palsy (PSP) [25). Mild limita-
tion of upward gaze alone is nonspecific, whereas a prominent
(>50%) limitation of upward gaze or any limitation of downward
gaze suggests PSP. Before the onset of vertical gaze limitation,
a clinically obvious slowing of voluntary vertical saccades is usuaily
easily detectable in PSP and assists in the early differentiation of
these two disorders [26].

low specificity. Urinary frequency, urgency, incontinence, or
incomplete bladder emptying also occur early and commonly.

Parkinsonism

The majority of MSA patients develop parkinsonian features
at some stage of the disorder. All these patients have bradyki-
nesia; rigidity, postural instability, and tremor also often
occur. The tremor is usually irregular and postural, often
incorporating myoclonus. A classical pill-rolling parkinso-
nian rest tremor is uncommon. The parkinsonism in MSA
can be asymmetric. The dysarthria is mainly hypokinetic,
often mixed with other components [13]. The parkinsonian
features usually respond poorly to chronic levodopa therapy;
however, up to 30% of patients show a clinically significant
response to levodopa therapy at some time in the course,
but the response is usually sustained for less than five years
[5,14,15]. These are the most challenging patients for accu-
rate diagnosis.

Cerebellar dysfunction

Ataxia of gait, the most common cerebellar feature of MSA,
often occurs accompanied by dysarthria, limb araxia, and
sometimes gaze-evoked nystagmus and ocular dysmetria. A
common finding is saccadic pursuit movements. The dysar-
thria in patients with predominantly cerebellar dysfunction
is mainly ataxic, often mixed with other components [13).

Corticospinal dysfunction

Extensor plantar responses with hyperreflexia occur in about
50% of MSA patients. Corticospinal signs can contribute
to the diagnosis, but are less important than abnormalities
in the other domains.
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Response to levodopa

Levodopa responsiveness should be tested by administering
escalating doses (with a peripheral decarboxylase inhibitor)
over a 3-month period up to at least 1 g per day (if necessary
and if tolerated). A positive response is defined as clinically
significant improvement. This should be demonstrated by
objective evidence such as an improvement of 30% or more
on part III (mocor examination) of the Unified Parkinson’s
Disease Rating Scale [16].

Laboratory investigations

Autonomic function tests, sphincter electromyography
(EMG), and neuroimaging may be used to support the
diagnosis, and neuroimaging is helpful in excluding other
conditions. The abnormalities described below have been
defined principally in clinically well-established cases rather
than in the early stages of the disease. In the early stages,
the tests may give equivocal results. We consider it premature
to incorporate laboratory results into the entitely clinical
guidelines that we established, but envision the future devel-
opment of “Laboratory Supported” diagnostic categories.

Assessment of autonomic function can be assisted by a
comprehensive battery that evaluates the distribution and
severity of sudomotor, cardiovagal, and sympathetic adrener-
gic deficits [17,18]. Autonomic function tests may help sepa-
rate MSA from Parkinson’s disease and from idiopathic
cerebellar degenerations [8].

Sphincter EMG can be useful in the diagnosis of MSA.
Analysis of individual motor unit potentials recorded from
the external anal sphincter usually shows changes indicating
chronic reinnervation, with markedly prolonged motor
units [10,19].

Magnetic resonance imaging (MRI) can assist the evalua-
tion by detecting abnormalities of striatum, cerebellum, and
brainstem, bur can be normal in up to 20% of cases [20].
Striatal abnormalities may include putaminal atrophy, slit-
like signal change at the posterolateral putaminal margin,
and hypointensity of the putamen relative to the globus
pallidus [21]. Infratentorial abnormalities include cerebellar
and pontine atrophy, and signal change in the pons and
middle cerebellar peduncles [22]. Studies are in progress
to evaluate the utility of magnetic resonance spectroscopy,
positron emission tomography, and single photon emis-
sion tomography.

Diagnostic categories

We established three diagnostic categories reflecting differing
levels of certainty: definite, probable, and possible. The diag-
nosis of definite MSA can only be made after neuropatholog-
ical examination of the central nervous system revealing the
characteristic density and distribution of GCls and degenera-
tive changes outlined above. The diagnosis of probable or
possible MSA can be made using different combinations of

clinical domains, criteria, and features, as indicated in Tables
1 and 2. Exclusion criteria are shown in Table 3.

Terminology

MSA is a distinct clinicopathological entity. The term should
not be used to describe other neurodegenerative diseases
affecting multiple systems. The use of confusing terms such
as “multisystem degeneration” for MSA is inappropriate and
now should be discouraged. We recommend designating
patients as having MSA-P if parkinsonian features predomi-
nate or MSA-C if cerebellar features predominace [23,24].
These terms are intended to replace the striatonigral degener-
ation {SND) and sporadic olivopontocerebellar atrophy
(sOPCA) types of MSA, respectively. The term Shy Drager
syndrome has been widely misused, and is no longer useful.
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Second consensus statement on the

diagnosis of multiple system atrophy

ABSTRACT

Background: A consensus conference on multiple system atrophy (MSA) in 1998 established
criteria for diagnosis that have been accepted widely. Since then, clinical, laboratory, neuropatho-
logic, and imaging studies have advanced the field, requiring a fresh evaluation of diagnostic
criteria. We held a second consensus conference in 2007 and present the results here.

Methods: Experts in the clinical, neuropathologic, and imaging aspects of MSA were invited to
participate in a 2-day consensus conference. Participants were divided into five groups, consist-
ing of specialists in the parkinsonian, cerebellar, autonomic, neuropathologic, and imaging as-
pects of the disorder. Each group independently wrote diagnostic criteria for its area of expertise
in advance of the meeting. These criteria were discussed and reconciled during the meeting using
consensus methodology.

Results: The new criteria retain the diagnostic categories of MSA with predominant parkinsonism and
MSA.with predominant cerebellar ataxia to designate the predominant motor features and also retain
the designations of definite, probable, and possible MSA. Definite MSA requires neuropathologic
demonstration of CNS a-synuclein-positive glial cytoplasmic inclusions with neurodegenerative
changes in striatonigral or olivopontacerebellar structures. Probable MSA requires a sporadic, pro-
gressive adult-onset disorder including rigorously defined autonomic failure and poorly levodopa-
responsive parkinsonism or cerebellar ataxia. Possible MSA requires a sporadic, progressive adult-
onset disease including parkinsonism or cerebellar ataxia and at least one feature suggesting
autonomic dysfurction plus one other feature that may be a clinical or a neurcimaging abnormality.

Conclusions: These new criteria have simplified the previous criteria, have incorporated
current knowledge, and are expected to enhance future assessments of the disease.
Neurology 2008;71:670-676

GLOSSARY

[11CIHED = [*'Clhydroxyephedrine; AAN = American Academy of Neurology; AAS = American Autonomic Society;
DSM-IV = Diagnostic and Statistical Manual of Mental Disorders, Faurth Edition; DWI = usion-weighted imagin
erectile dysfunction; FDG ~ [*®F|fluorodecxyglucose; FXTAS = fragile X-associated tremor/ataxia syndrome; MCP = 1
cerebellar peduncle; MIBG = |*Z%|imetaicdobenzylguanidine; MR = magnetic resonance; MSA = multiple system a
MSA-C = MSA with predeminant cerebellar ataxia, MSA-P = MSA with predominant parkinsonism; OH = ortho
tension; PD = Parkinson disease; 8CA = spinocerebellar ataxia; SMC = Safety Monitoring Committee; RV = residual volume;
UPDRS = Unified Parkinsor's Disease Rating Scale.

Multiple system atrophy (MSA) is an adult-onset, sporadic, progressive neurodegenerative dis-
ease characterized by varying severity of parkinsonian features, cerebellar ataxia, autonomic
tailure, urogenital dysfunction, and corticospinal disorders.!* The discase frequently begins
with bladder dysfunction, and in males erectile dysfunction (ED) usually precedes this com-
plaint.® The presenting motor disorder most commonly consists of parkinsonism with brady-
kinesia, rigidity, gait instability, and at times tremor, but cerebellar ataxia is the initial motor
disorder in a substantial percentage of patients.” The defining neuropathology of MSA consists
of degeneration of striatonigral and olivopontocercbellar structures accompanied by profusc
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numbers of distinctive glial cytoplasmic inclu-
sions formed by fibrillized a-synuclein
proteins.® Alchough the etiology is un-
known, this disorder, like Parkinson discase
(PD) and dementia with Lewy bodies, seems
to result from a disturbance of a-synuclein
and is designated as an a-synucleinopathy.

A consensus conference on diagnosis held
in 1998 defined two categories, MSA with
predominant parkinsonism (MSA-P) and
MSA with predominant cerebellar ataxia
(MSA-C).# Three levels of certainty were es-
tablished, possible, probable, and definite
MSA, with the diagnosis of definite MSA
requiring autopsy confirmation. These guide-
lines emphasized the importance of auto-
nomic by requiring this feature for the
diagnosis of probable MSA. Validation stud-
ies of the consensus criteria demonstrated
high predictive accuracy but suboptimal sen-
sitivity, particularly in the early stages of the
disease.”'” For the category of possible MSA,
predictive accuracy was relatively lower at the
tirst neurologic visit, bur sensitivity was
higher at this time point as compared with
criteria defining probable MSA.

Widely accepted, the original consensus
criteria have served as the gold standard for
diagnosis. Nevertheless, the criteria used sepa-
rate features and criteria for diagnosis that
were complex and difficult to keep in mind.
Moreover, additional information relevant to
diagnostic criteria has accumulated since these
criteria were published, including clinical and
laborartory studies,” neuropathologic and bio-
chemical findings,*'' and neuroimaging
studies.'* Accordingly, the time had come
to initiate a second consensus conference to
develop new guidelines for diagnosis. These
guidelines are intended for both practicing
clinical neurologists and investigators study-
ing the disease.

METHODS Development of this consensus conference began
with a grant application to the NIH for support. The grant was
funded, additional support was obrained. and the American
Academy of Neurology (AAN) agreed to cosponsor the event. A
Steering Committee was sclected thar included investigators
with expertise in MSA-P (G.K. W), MSA-C (S.G.), and auto-
nomic failure (P.AL.}. The Stcering Commirtee selected mem-
bers for the consensus group based on the members’ experrise in

the parkinsonian, cerebellar, and autonomic features; in the neu-

ropathologic and biochemical disturbances: and in che seructural
and functional imaging characreristics of the disease. Selection of
merubers required evidence that they were active investigators
and published in che arcas relevane to the diagnostic consider-
ations, and included efforts o involve qualitied women and mi-
norities in the group. All of those who were contacred inicially
agreed to serve, and they were divided inw five task groups:
MSA-P. MSA-C, Autonomic. Neuropathology, and Neuroim-
aging. A Chair was appointed for each group based on a long
track record of leadership in the discipline of the group. The
|
losimo, Andrew Lees, Werner Poewe, Niall Quinn, and Marie
Vidaithet. Members of the MSA-C group were Nicholas W.
Wood (Chair). Alexandra Diirr, Thomas Klockgether, and Sid

Gilman. The Autonomic group consisted of Christopher J.

MSA-P group included Gregor K. Wenning (Chair), Carlo Co-

Mathias (Chair), Clace . Fowler, Horacio Kaufrmann, Phillip A
Low, David Robertson, and Paola Sandroni. The Neurotmaging
group included David ]. Brooks (Chair) and Klaus Seppr. The
Neuropathology group consisted of John Q. Trojanowski
{Chair) and Tamas Revesz.

Each task group received from the Sreering Commirtee a
request to develop a position paper regarding consensus criteria
for diagnosis limited to their area of expertise. The task group
chairs initially wrote the position papers, sent them o group
members for comments and criticism. and after an irerative pro-
cess. sent their draft reports to the Stcering Commirree. The
Committee reviewed them and returned them o the task group
chairs with comments as needed. Final drafts of the position
papers were circulated ro the entire membership of the consensus
committee in advance of the meeting. A 2-day mecting was held
in Boston, Massachusetts, on April 26 and 27. 2007, immedi-
ately preceding the AAN mceting. The meeting involved the use
of consensus methodology to arrive ac the current crireria for
diagnosis. Consensus methodology uses the collected judgment
of seasoned investigators closely familiar with the disease from
years of experience. The consensus pracess involves the following
principles: all members 1) conuribure to the discussion, 2) can
state each issue in their own words, 3) have the opportunity and
time to express their opinion about cach issue, and 4} agree o
cake responsibility for the implementation of a decision. Mem-
bers who disagree will agree to support the group decision ini-
dally on a trial basis, pending further discussion. Achieving
consetisus requires that all members 1) listen nonjudgmentally
the opinions of other members and 2) check for understanding
by summarizing what they think they hear while building on
each other's thoughts and exploring minority opinions. The ad-
vanrages of this methodology are that the quality of a decision is
often excellent because it is based on shared information and
opinion; and the level of support for cach decision is aften great
because all members participate in making che deaision and there
is no minority group whose opinions are discounted. The Steer-
ing Committee developed the present artide with concributions

troms the entire membership of the consensus group.

RESULTS Diagnostic categories. Similar to the first
consensus conference, we determined thart the diag-
nosis of MSA should be divided into three groups.
The first, definite MSA, requires the neuropathologic
findings of widespread  and  abundane  CNS
c-synuclein—positive ghal cywoplasmic inclusions (Pap-
p-Lantos inclusions) in association with neurodegen-

crative changes in striatonigral or olivopontocerebellar
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Table 1 Criteria for the diagnosis of probable MSA

A sporadic, progressive, adult (>30 y)-onset diseass characterized by

® Autonomic failure involving urinary incontinence (inability to contral the release of urine from the bladder, with erectile
dysfunction in males) or an orthostatic decrease of blood pressure within 3 min of standing by at least 30 mm Hg systolic or 15

mm Hg diastolic and

# Poorly levodopa-responsive parkinsonism (bradykinesia with rigidity, tremor, or postural instability) or

® A cerebelfar syndrome (gait ataxia with cerebellar dysarthria, limb ataxia, or cerebeliar oculomotor dysfunction}

MSA = multiple system atrophy.

structures.” Criteria for probable MSA are listed in ta-
ble 1 and for possible MSA are listed in tables 2 and 3.

Patients with predominantly parkinsonian features

should continue to be designated MSA-P, and patients
with predominandy cerebellar ataxia should be desig-
nated MSA-C. We appreciate thar the predominant
motor feature can change with dme; dhus, paticnts who
present with cerebellar ataxia can develop increasingly
severe parkinsonian features uncil these latter features
dominatc the clinical presentation. Hence the designa-
tion of MSA-P or MSA-C refers to the predominant
feature at the dme the patient is evaluated, and the pre-
dominant feature can change with dme. Also, deter-
mining the predominant feature becomes a matter of
clinical judgment in subjects with combinations of par-
kinsonian and cerebellar features. We do not recom-
mend using the term “MSA-mixed” to describe patients
with combinations of cerebellar ataxia and parkinso-
nian features, because this category could be used as a
default for any combination of ataxia and parkinson-
ism, irrespective of the severity of each. Disease onset
is defined as the initial presentation of any motor
problem, whether parkinsonian or cerebellar, or au-
tonomic features, as defined in the criteria for passi-
ble MSA, with the exception of male ED. Although
the disease process must start earlier within the CNS,
for research purposes, a pragmatic definition of dis-
ease onset is requited. We excluded ED in men® and
reduced genital sensitivity in women'® because these
symproms have myriad causes in older people. Table
1 provides the criceria for autonomic failure, which is
an integral part of MSA, and table 4 gives features
supporting and not supporting a diagnosis of MSA
for cases with possible MSA.

Autonomic failure. Orthostatic hypotension (OH)
may indicate autonomic failure and can be asymp-
tomatic or symptomatic. When symptomatic, it fre-
quently occurs after the onset of ED and urinary
symproms.® Symptoms of OH result from hypoper-
tusion, and syncope may occur.” The clinical diag-
nosis of probable MSA requires a reducdon of
systolic blood pressure by at least 30 mm Hg or of
diastolic blood pressure by at leasc 15 mm Hg after 3
minutes of standing from a previous 3-minute inter-
val in the vecumbent position. This orthostatic de-
cline is usually accompanied by a compensatory
increase in heart rate that is inadequately low for the
level of blood pressure decline. We note thar this is a
more pronounced decrease of blood pressure than
recommended previously in the American Auto-
nomic Society (AAS)-AAN consensus statement on
the definition of orthostatic hypotension.** Blood
pressure can be decreased additionally by drugs, fluid
depledion, food ingestion, an increased temperature,
and physical deconditioning. Other disorders known
to cause OH, such as diabetes mellitus with auto-
nomic neuropathy, should be excluded or at least
taken into account.

Genirourinary dysfunction. ED is often the ecarliest
symptom of MSA and affects virtually all male pa-
tients®; apart from one report of decreased genital
sensitivity,'® there is little information about female
sexual dysfunction in MSA. Because the prevalence
of EID increases with age, the symptom has a low
specificity; however, preserved erectile function
makes a diagnosis of MSA unlikely. Urinary com-
plaints are common in the aging population, bur the

recent, unexplained onscet of urinary incontinence,

Table 2 Criteria for possible MSA

A sporadic, progressive, aduit {>30 y)-onset disease characterized by

® Parkinsonism (bradykinesia with rigidity, tremor, or pastural instability} or

* A cerabellar syndrome (gait ataxia with cerebellar dysarthria, limb ataxia, or cerebellar oculomotor dysfunction} and

» At least one feature suggesting autonomic dysfunction lotherwise unexplained urinary urgency, frequency or incomplete bladqer
emptying, erectile dysfunction in males, or significant orthostatic biood pressure decline that does not meet the jevel reguired in

probable MSA) and

® Atleast one of the additional features shown intable 3

MSA = multiple system atrophy.
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| e Additional features of possible MSA

Possible MSA-P or MSA-C

® Sabinski sign with hyperreflexia
® Stridor

Paossible MSA-P

& Rapidly progressive parkinsonism
® Poor response to levodopa

® Postural instability within 3 y of motor onset

 Gait ataxia, cerebellar dysarthria, limb ataxia, or cerebellar oculomator dysfunction

o Dysphagia within § y of mator onset

# Atrophy on MRI of putamen, middle cerebellar peduncle, pons, or cerebelium
® Hypomatabolism on FDG-PET in putamen, brainstem, or cerebelium
Possible MSA-C

* Parkinsonism (bradykinesia and rigidity)

® Atrophy on MRI of putamen, middle cerebellar peduncle, or pons

* Hypometabolism on FDG-PET in putamen

® Presynaptic nigrostriatal dopaminergic denervation on SPECT or PET

MSA = multiple system atrophy; MSA-P = MSA with predominant parkinsonism; MSA-C =

MSA with predominant cerebellar ataxia; FDG = [*®Ffluorodeoxyglucose.

especially in men, and incomplete bladder emptying
increase the likelihood of a diagnosis of MSA. Con-
stipation often accompanies the other autonomic
symptoms.

Laboratory investigations of autonomic Jatlure. Auto-
nomic failure can be evaluated not only by a history
of urinary incontinence and orthostatic blood pres-
sure measurements in the clinic, but also by a com-
prehensive battery that examines the distribution and
severity of cardiovascular, sudomotor, and urinary
bladder deficits. ™ Cardiovascular and sudomotor au-

tonomic function tests may help to separate MSA

Table 4 Features supporting {red flags) and not supporting a diagnosis of
MSA
Supporting features Nonsupporting features

® Orofacial dystonia

« Disproportionate antecollis

o Camptocormia [severe
anterior flexion of the spine} and/or
Pisa syndrome {severe lateral
flexion of the spine}

» Contractures of hands or feet

® Inspiratory sighs

* Savere dysphonia

# Severe dysarthria

# New or increased snoring

® Cold hands and feet

# Pathologic laughter or crying

® Jerky, myoclonic postural/action tremor

® Classic pill-rolling rest tremor
& Clinically significant neuropathy

# Hallucinations not induced by drugs

# Onset after age 75y
® Family history of ataxia or parkinsenism
¢ Dementia {on DSM-V)

® White matter lesions suggesting multiple sclerosis

MSA = multiple system atrophy; DSM-IV = Diagnostic and Statistical Manua! of Mental

Disorders, Fourth Edition.

Copyright © by AAN Enterprises, Inc. Unauthorized z'eprs:aductioa:z cﬁ?this a

from other sporadic cerebellar ataxias and from PD.>
Measurement of urine residual volume (RV) by ul-
trasound can reveal incomplete bladder emptying of
>100 ml. RV tends to increase as MSA progresscs.
Imaging of cardiac innervation with SPECT and
[1""'I]metaiodobenzylguanidine (MIBG) and with
PET and ['*Flfluorodopa in many reports have
shown preserved sympathetic postganglionic neurons
in MSA, in contrast to PID<'; however, some MIBG
studies have shown denervarion in MSA,* and a re-
cent investigation  with PET  and [ {(l]h)h
droxyephedrine ([''CIHED) revealed severe cardiac
denervation in MSA.#

Parkinsonism. Most MSA patients develop parkinson-
ism (bradvkinesia with rigidity, tremor, or postural in-
stability) at some stage. The tremor is usually irregular
and postural/action, often incorporating myoclonus,
but a classic pill-rolling rest rremor is uncommon. The
parkinsonism can be asymmetric. Postural instabiliey, as
defined by item 30 of the Unified Parkinson’s Discase
Rating Scale (UPDRS) part I {motor examination),
occurs carlier and progresses more rapidly than in PD.
Morcover, the UPDRS part I scorc typically worsens
by less than 10% per annum in PD but by more than
20% in MSA®

Levodopa responsiveness. Parkinsonism uSLlaHy re-
sponds poorly to chronic levodopa therapy; however,
up 10 30% of paticnts show a dinically significant,
but usually waning, responsc.’® Responsiveness
should be tested with escalating doses of levodopa
with a peripheral decarboxylase inhibitor over 3
months up to at least 1 g/d (if necessary and coler-
ated). A positive response is defined as clinically sig-
nificant motor improvement. This should be
demonstrated by objective evidence such as an im-
provement of 30% or more on part 11T of che UP-
RS or on parc I of the Unified Multiple System
Atrophy Rating Scale.”

Sleep disorders. REM sleep behavior disorder and
obstructive sleep apnea occur frequendy in MSA, but
also affece PD paticnts and are not diagnostically de-
finitive.?

Laboratery investigations. Structural and funcrional
imaging can assist diagnosis. MRI demonstration of
putaminal, pontine, and middle cercbellar peduncle
(MCP) atrophy is helpful in both MSA-P and MSA-
C.# T2-signal changes on 1.5-tesla MRI in the basal
ganglia and brainstem can be helpful, including pos-
terior putaminal hypointensity, hyperintense lateral
putaminal rim, hot cross bun sign, and MCP hyper-
intensities.

Functional imaging demonstration of striatal or
brainstem hypometabolism by PET with ['*Flflu-
orodcoxyglucose can help in the diagnosis of MSALY

In the absence of clinically evident ataxia in a patient

38 <]
rticle is prohibited.

7 73

rzl




[P,

5

74

Copyright © by AAN En

with parkinsonian features, demonstration of cere-
bellar hypometabolism can point to the diagnosis of
MSA-P rather than PD. Converscly, in the absence
of parkinsonian features in a padent with cercbellar
ataxia, evidence of nigrostriatal dopaminergic dener-
vation from functional imaging (SPECT and PET)
may point to the diagnosis of MSA-C.* As noted
above, cardiac sympathetic postganglionic imaging
with SPECT shows denervation in PD* and uncom-
monly in MSA,? but PET with ["'CJHED may re-
veal extensive dencrvation in MSA.2

Ovcher imaging techniques, such as brain paren-
chymal sonography, magnetic resonance (MR} spee-
toscopy, MR diffusion-weighted imaging (DW1),
MR diffusion tensor imaging, MR magnetization
transfer imaging, and MR voxel-based morphometry
remain investigational; however, MR DWT has been
shown ro discriminate MSA-P, even in the carly dis-
case stages, from PD and from healthy controls on
the basis of increased putaminal and MCP diffusivity
measures.*!

The CSF neurofitament light chain and rau tests
have been reported o differentiate MSA from PD

but remain in an explorarory phase of development.

Cerebellar ataxia. Ataxia of gait, the most common
cerebellar feature of MSA-C, is often accompanied
by ataxia of speech (cercbellar dysarthria) and cere-
bellar oculomortor dysfunction. Limb ataxia may be
scen but is generally less prominent than gait or
speech disturbances. Although gaze-evoked nystag-
mus occurs in the majority of later-stage MSA-C pa-
tients, carlier oculomotor abnormalities may not
involve nystagmus, but include square wave jerks,
jerky pursuit, and dysmetric saccades. Limitations of
supranuclear gaze and severe slowing of saccadic ve-
locities are not features of MSA.

Differential diagnosis of adult-onset cerebellar ataxia.
The criteria for probable MSA-C shown in table 1
have high predictve value.'” MSA-C generally pre-
sents clinically as a midline cerebellar disorder that
progresses more rapidly than other late-onser spo-
radic ataxias; typically a patient becomes wheelchair
dependent by 5 years after onset.*”® The features de-
tailed in tables 2 and 3 for possible MSA help 1o
provide strong indicators of the diagnosis of MSA-C,
and table 4 indicates features supporting and not
supporting a diagnosis of MSA. Clinicians evaluating
patients with progressive ataxia should include a large
differenrial diagnostic list, because many diseases can
produce an adult-onset progressive ataxia. The dom-
mnantly inherited spinocerebellar ataxias (SCAs) can
result in an apparently sporadic disorder, because
even with a negative family history, there is a 15% to
20% chance of 2 muttion in one of the polyglu-

tamine SCAs, notably SCAs 1, 2, 3, 6, and 7. Fragile

Ne 7

X-associated tremort/ataxia syndrome (FXTAS) is a
neurodegenerative disorder with core features of ac-
tion tremor and ataxia of gait.** Frequently this dis-
order includes  parkinsonism, abnormalitics of
exccutive function, dementa, neuropathy, and auto-
nomic failure. FXTAS results from a premutation
{moderate expansions of 55-200 repeats) of a CGG
winucleotide in the fragile X mental retardation 1
gene, the gene that causes fragile X syndrome when
the full mutation develops (over 200 CGG repeats).
A scarch for the fragile X mutation in a large serics of
possible, probable, and pathologically confirmed
cases suggests the frequency is less than 1¢6.3° FX-
TAS shows characteristic MRI features, hyperinten-
sity in the middle cerebellar  peduncles and
supratentorial white matter, that may overlap with
those of MSA. A diagnosis of paraneoplastic disease
should be considered in patients with an aggressive
clinical course with or without general systemic mal-
aise, and a search for appropriate antdbodics and for
the putative primary should be underraken. Afrer
these diseases have been excluded, and anatomic im-
aging shows cerebellar and brainstem acrophy. pa-
tients usually receive the diagnosis of sporadic adult-
onset ataxia, which is also known as idiopathic
late-onser cerebellar ataxia or sporadic olivopontocer-
ebellar atrophy.* The cause of this disorder is un-
known, and many paticnts who develop this disorder
do not progress to MSA.

Findings that cast doubt on the diagnosis of MSA-C.
The presence of a family history of a similar disorder
makes the diagnosis of MSA-C unlikely: one of the
SCAs should be considered. Nevertheless, recent studies
of several multiplex families suggest familial MSA may
be due o autosomal recessive inheritance,” and
autopsy-confirmed MSA has been reported in associa-
tion with an abnormal expansion of one allele of the
SCA type 3 gene.® Dementia also makes the diagnosis
of MSA-C unlikely. MRI studies showing supratento-
rial white marcer lesions other than chose commonly
seen in this age group make the diagnosis doubtful and
raise the possibility of MS.

Differences between the first and second consensus cri-
teria. Although the current criteria have the same
structure as the earlier criteria, there are differences in
cach category. In the previous criteria for definice
MSA, a-synudein—positive glial cytoplasmic inclu-
stons were not required. The previous criteria for
probable MSA used separate “features” and “crirc-
ria,” which have been abandoned in the current erite-
ria. Similarly, the separate “features” and “criteria” in
possible MSA have been delered and, in addition to
parkinsonism or a cerebellar syndrome, now there

must be one feature involving autonomic dysfunc-
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tion plus one other finding, and the laceer is detected

cither with clinical examination or with imaging.

DISCUSSION On clinical presentation, MSA ap-
pears with a combination of autonomic failure with
parkinsonism or cerebellar araxia or both, and the
previous criteria and the prescnt criteria recognize
this fundamental feature of the discase. The current
criteria also retain the distinctions between levels of
diagnostic ceraainty, using the term definite MSA for
subjects with autopsy demonstration of typical histo-
logic features,' probable MSA for patients with auto-
nomic failure plus parkinsonism or cerebellar ataxia,
and possible MSA for people with clinical findings
that do not as yet clearly represent this discase.

The principal differences berween the current eri-
teria and the previous criteria concern clinical do-
mains and requirements for the diagnosis of possible
MSA. In the previous criteria, we used “features” to
describe clinical findings and “criteria” to indicate
the features that could be used for diagnosis. This
distinction proved to be confusing and difficult o
retain; hence it has been discarded. The current crice-
ria include straightforward descriptions of the clini-
cal findings required for the diagnoses of probable
and possible MSA. The diagnosis of probable MSA is
now considerably simplified, as shown in table 1.
The diagnosis of possible MSA has been changed o
require ac least one feature suggesting autonomic
dysfunction in addition ro parkinsonism or a cerebel-
lar syndrome. At least one additional feature will be
required for this diagnosis and can include findings
on history, clinical examination, and resules from ei-
ther structural or functional imaging. This change,
particularly the requircment of a feature suggesting
autonomic dysfunction, hopefully will decrease the
false positives that characterize clinical diagnosis in
the carly stages of the disorder.

The new criteria were created using consensus
methodology, as were the first consensus criteria.
This methodology presents the advantage of using
the collected experience of active investigators, bur
the disadvantage that the criteria do not resulc from
an evidence-based approach. We anticipate that vali-
dation studics will be performed in the future and
that these studies will show the high predictive accu-
racy of the first ser of criteria and hopefully berrer
sensitivity in the carly stages of the discase than the
previous criteria, ™o

We anticipate that the new criteria will be less
cumbersome to apply in patients with possible MSA
than the first set of criteria. The principal differences
berween the first and second set of consensus criteria
are in the group with possible MSA, and in chis

group it is possible now to use both clinical and im-

Copyright © by AAN Enterprises. Inc. Unauthorized repr}r:s\éiucndn of this article is prohibited.

aging results to buttress the diagnosis in subjects with
parkinsonian features or cerebellar dysfunction plus
autonomic symptoms that do not meer the level
needed for the diagnosis of probable MSA. [n the
latter group, we use criteria for autonomic failure
that are more rigorous than those used by the AAS
and AAN.™ This is to ensure a high level of accuracy
in the diagnosis of MSA, becausc the discasc is a
grave one and carries the prognosis of a markedly

shortened life span.
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Background: Multiple system atrophy (MSA) has
been considered a sporadic disease, without patterns of
inheritance.

Objective: To describe the clinical features of 4 multi-
plex families with MSA| including clinical genetic
aspects.

Design: Clinical and genetic study.
Setting: Four departments of neurology in Japan.

Patients: Eight patients in 4 families with parkinson-
ism. cerebellar ataxia, and autonomic failure with age at
onset ranging from 58 to 72 years. Two siblings in each
family were affected with these conditions.

Main Outcome Measvres: Clinical evaluation was per-
formed according to criteria by Gilman et al. Trinucleo-
tide repeat expansion in the responsible genes for the
spinocerebellar ataxia (SCA) series and for dentatorubral-
pallidoluysian atrophy (DRPLA) was evaluated hy poly-
merase chain reaction. Direct sequence analysis of coding
regions in the a-synuclein gene was performed.

Resvlts: Consanguineous marriage was observed in 1
of 4 families. Among 8 patients, 1 had definite MSA, 5
had probable MSA, and 2 had possible MSA. The most
frequent phenotype was MSA with predominant parkin-
sonism, observed in 5 patients. Six patients showed pon-
tine atrophy with cross sign or slidike signal change at
the posterolateral putaminal margin or both on brain mag-
netic resonance imaging. Possibilities of hereditary atax-
ias, including SCA1 (ataxin 1, ATXNI), SCA2 (ATXN2),
Machado-Joseph disease/SCA3 (ATXN1), SCA6 (ATXN1),
SCA7 (ATXN7), SCA12 (protein phosphatase 2, regula-
tory subunit B, 3 isoform; PP2R2B), SCA17 (TATA box
binding protein, TBP) and DRPLA (atrophin 1; ATN1},
were excluded, and no mutations in the a-synuclein gene
were found.

Conclusions: Findings in these multiplex [amilies sug-
gest the presence of {familial MSA with autosomal reces-
sive inheritance and a genetic predispositicn (o MSA. Mo-
lecular genetic approaches focusing on familial MSA are
expected to provide clues to the pathogenesis of MSA.

Arch Newrol. 2007;04:545-551
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ULTIPLE SYSTEM ATRO-

phy (MSA) isasporadic

neurodegenerative dis-

order characterized by

various combinations
of parkinsonism, cerebellar ataxia. and
autonomic failure.! The discovery of glial
cytoplasmic inclusions (GCls) established
MSA as a distinct neurodegenerative dis-
order, and a-synuclein was found to be a
major component of GCls.” " Furthermore,
a-synuclein in GCls has been found to be
abnormally phosphorylated at Serl29,
and phosphorylated a-synuclein has been
demonstrated Lo promote fibril formation
invito.? However, the etiology of MSA re-
mains to be elucidated. Recendy, familial
cases of MSA with probable autosomal
dominantinheritance were reported in Ger-
many and Japan.®’ Herein, we report find-
ingsin 4 multiplex families with MSA that

suggestan autosomal recessive model of in-
heritance.

— IR

CLINICAL AND
PATHOLOGICAL ANALYSIS

We identified 4 Japanese families, families A
through D, in which muldple siblings were af-
fected with MSA (Figure 1). The diagnosis
of MSA was made on the basis of the consen-
sus criteria for MSA by Gilman et al.’ Brain mag-
netic resonance (MR) imaging or computed to-
mography was performed in 7 padents; in the
cighth patient (II-4 in family A), an autopsy was
performed. Selected histopathological sec-
tions of 4-pm thickness were stained with he-
matoxylin-cosin, Kluver-Barrera Luxol tast blue,
or Gallyas-Braak silver. limmunohistochemi-
cal analysis was conducted using an anti-a-
synuclein—precursor of the non-Af compo-

545

WWW ARCHNELROL .COM

©2007 American Medical Association. All rights reserved.

Downloaded From: http:/jamanetwork.com/ on 11/21/2016



e

Family A Family B
—{
N
L. . | ‘L
- I ’/*}* SN o N N,
\ Nl d ‘ N - -l N Y . s
-4 {l-z -9
Family € Family D
77777 S -
h {
{ \ AN
} | I
A T T =y . —
-3 -7

Figure 1. Four multiplex families with multiple system atrophy. The affected siblings in family A were bomn from a consanguineous marriage. In family A. both
affected patients (lI-4 and [1-8) had retinitis pigmentosa {denoted by an asterisk) but not the other siblings. Squares represent men; circles, women: affected

individuals, solid symbols; unaffected individuals; open symbols.

nent of Alzheimer disease amyloid (NACP) antibody as
previously described.”

MOLECULAR GENETIC ANALYSIS

Geunomic DNA was extracted from peripheral blood leuko-
cyies after obtaining informed consent. Expansions of CAG re-
peats of the genes for dominant spinocerebellar ataxias (SCAs),
including SCAU (ataxin 1, ATXNT [or gene nomenclature see
hutp://www.gene. ucl.ac.uk/nomenclature’]),'” SCA2
(ATXN2),""""* Machado-Joseph/SCA3 (ATXNI1),"" SCA6
(ATXNI),"” SCAT (ATXN7).'* SCAL2 (protein phosphatase 2,
regulatory subunit B, § isoform, PP2R2B),' SCA17 (TATA box
binding protein, TBP),""" and dentatorubral-pallidoluysian at-
rophy (DRPLA [atrophin 1, ATN1]),*" were analyzed using
an awomated DNA sequencer (ABI 377; Applied Biosystems,
Foster City, Calif} in the altecred patients. Direct sequence analy-
sis of 6 coding exons of the a-synuclein (SNCA) gene was per-
formed using the ABI 3100 DNA sequencer in all patients.

T

Two siblings were affected in each family. The parents
of siblings in each family had no clinical signs of extra-
pyramidal or cerebellar disorders. Consanguineous mar-
riage was present in family A, in which the parents were
first-degree cousins. Among 8 patients, 1 {II-4 in family
A) had definite MSA, 5 (11-8 in family A, [1-2 and 11-9 in
family B, -5 in family C, and 11-7 in tamily D) had prob-
able MSA, and 2 (I1-4 in family C and {1-3 in family D)
had possible MSA. The most frequent phenotype was MSA
with predominant parkinsonism (MSA-P), observed in
5 patients. One patient showed an MSA of the cerebellar
type (MSA-C) phenotype, and 2 patients showed an MSA-
P+ C phenotype. The clinical phenotypes were concor-
dant between the affected siblings in the 3 families (fami-
lies A, B, and C). The mean age at onset was 63.9 years
(age range, 38-72 years). Six patients showed pontine at-
rophy with cross sign or slitlike signal change at the pos-

terolateral putaminal margin or both on brain MR imaging.
Clinical features of 4 multiplex families with MSA are sum-
marized in the Table.

Testing [or the trinucleotide repeal expansions in the
responsible genes for SCAL (ATXN1), SCA2 {ATXN2),
Machado-Joseph disease/SCA3 (ATXN1), SCA6 (ATXNI),
SCA7 (ATXN7), SCAL12 (PPP2R2B), SCA17 (TBP). and
DRPLA (ATN1) gave normal results. No mutations in the
SNCA gene were [ound in the family members.

FAMILY A

Patient Ti-4

Patient 11-4 was diagnosed as having retinitis pigmen-
tosa at age 33 years by an ophthalmologist. She noticed
resting tremor in her left hand ar age 68 years, followed
by the development of bradykinesia and gait distur-
bance at age 69 years. Neurological examination at age
71 years revealed bradykinesia, a masklike face, urinary
frequency, severe rigidity in the 4 limbs, and limb ataxia
predominant on the left side. Parkinsonism was not im-
proved by levodopa treatment. She did not show demen-
tia, muscular atrophy, sensory disturbance, or limita-
tion of ocular movement. Brain computed tomography
showed distinct cerebellar atrophy. Brain MR imaging was
not performed. She had recurrent pneumonia and died
at age 73 years. On postmortem examination, the brain
weighed 1030 g before fixation. On gross examination,
the cerebellum and pontine base were moderately atro-
phic. The inferior olivary nuclei were slightly atrophic.
Moderate depigmentation in the substantia nigra and lo-
cus coeruleus was observed. Microscopically, moderate
to severe loss of neurons with gliosis was observed in the
postine nuclei. The transverse bundles in the pontine base
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Tahle. Clinigal Findings Among 4 Multiplex Families With Multiple System Atrophy (MSA)

Family and Affected Individuals

A B C 1}

Finding -4 11-8 2 -9 1I-4 -5 K -7 ]
Sex Female Male Male Male Femnale Male Female Male
Age at onset, y 68 62 72 63 68 67 69 58
Age at examination, y 71 66 73 66 72 68 72 83
Initial symptoms Tremor Ataxia Tremor Tremor Tremor Ataxia Akinesia impotence
Parkinsonism ¥ * * * t H * Lo
Cerebellar sign e t t t 1 R b4
Muscle stretch reflexes

Upper limb Enhanced Normal Normal Normal Normal Normal Enhanced Enhanced

Lower limb Enhanced Normal Normal Normal Normal Normal Enhanced Enhanced
Babinski sign 1 1
Urinary dysfunction t b4 1 t e t 1 kS
Orthostatic hypotension .. . t ¥ N S L b3
Response to levodopa Poor Poor Poor Poor Poor Paor Poor Poor
Brain magnetic resonance imaging

Gerebellar atrophy NE $ t t 1 b3

Pontine atrophy NE t e * b4 *

Cross sign NE t . t t .. i

Slitlike signal change at the NE t ¥ t ¥ ¥

posterolateral putaminal margin
Criteria by Gilmarn st al’ Definite Probable Probable Probable Possible Probable Possible Probable
Phenotypes MSA-P MSA-P MSA-P MSA-P MSA-P+C : MSA-P+(C MSA-P MSA-C
Complication RP RP e Rheumatoid
arthritis

Abbreviations: MSA-C, MSA of the cerebeliar type; MSA-P, MSA with predominant parkinsonism; NF, not examined; RP, retinitis pigmentosa; ellipsis, not

applicable,
*Severe finding.
tModerate finding.
tFinding present.

showed severe loss of myelinated nerve fibers. The loss of
Purkinje cells was mild to moderate, and the cerebellar white
matter was severely degenerated. In the cerebellar dentate
nucleus, neuronal shrinkage associated with gliosis was ob-
served. Moderate neuronal loss associated with gliosis was
observed in the substantia nigra and locus coeruleus. In the
putamen, a small amount of GCls was observed, but no
obvious neuronal loss was observed. Mild neuronal loss was
also detectable in the red nucleus and dorsal vagal and
vestibular nuclei. In the thalamic medial nuclei, gliosis with-
out distinct neuronal loss was observed. Numerous argyro-
philic GCls and an abnormal accumulation of a-synuclein—
NACP in glial cells were observed in the substantia nigra,
pontine base, inferior olive, and cerebellar white matter
{Figure 2). In the retina, severe loss of rods and cones
and patchy disappearance ol pigmentary epithelial cells were
ubserved.

Patient 11-8

Patient 11-8 developed night blindness at age 48 vears
and was diagnosed as having retinitis pigmentosa at age
S1 years. e had mild resting tremor in both hands,
bradykinesia, and rigidity at age 62 years, which were
symmetrical and refractory to a combined therapy of
200 mg of levodopa~dopadecarboxylase inhibitor. He
had difficulty in urination at age 63 years, orthostatic
hypotension at age 64 years, and truncal ataxia at age

Figure 2. Histopathologic features of the pons from patient 11-4 in family A.
A, Argyrophilic glial cytoplasmic inclusions (arrows) (Gallyas-Braak stain).
B, Abnormal accumulation of a-synuclein—precursor of the non-Ag
component of Alzheimer disease amyloid (NAGP) in glial cells (arrows).

65 years. He became bedridden at age 66 years because
of the progression of his symptoms. On laboratory
investigation, his protein level, cell counts, glucose con-
centration, IgG index, and 3-hydroxyindoleacetic acid
level in cerebrospinal fluid were within normal ranges.
His homovanillic acid level was decreased to 19.9
ng/mL (reference range, 28-77 ng/mL). Thyroid hor-
mone levels, serum and urinary copper levels, serum
ceruloplasmin level, lysosomal enzyme activities in
leukocytes, and vitamin B,, By, and E levels were nor-
mal. Nerve conduction studies revealed no abnormali-
ties. Brain MR imaging showed mild atrophy of the
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Figure 3. Representative brain magnetic resonance images of patients in the 4 families. A, T1-weighted image of patient 11-8 in family A showing slitlike signal

change at the posterolateral putaminal margin (arrows). B, T2-weighted image of patient 11-2 in family B showing slitlike signal change at the posterclaterat
putaminal margin (arrows). C, T2-weighted image of patient 1-9 in family B showing atrophy of the cerebellar vermis and pons with cross sign (arrow).
D, Proton density-weighted image of patient }1-5 in family C showing cross sign in the pons (arrow). E, Proton density-weighted image of patient 117 in family D

shawing cross sign in the pons (arrow).

pons and cerebral cortex on Tl-weighted imaging.
Atrophy of the pontine base accompanied by cross
sign®* on T2-weighted and proton density-weighted
imaging was observed. Slitlike signal changes with
hyperintensity on Tl-weighted imaging and hypointen-
sity on T2-weighted imaging®* were observed in the
posterolateral putaminal margin (Figure 3A). Single-
photon emission computed tomography images showed
mild hypoperfusion in the pons, basal ganglia, and right
frontal and left parietal lobes.

Both affected siblings in family A had retinitis pig-
mentosa. The other siblings were unaffected.

FAMILY B
Patient 11-2

Patient 11-2 began to have resting tremor in the right hand
atage 72 years, followed by rigidity in the 4 extremities,
parkinsonian gait, urinary incontinence, and ortho-
static hypotension within a year. These symptoms re-
sponded pootly to a combined therapy of 900 mg of le-
vodopa-dopadecarboxylase inhibitor. He required support
in walking at age 76 years. Brain MR imaging revealed
slitike signal change at the posterolateral putaminal mar-

gin on T2-weighted imaging and pontine atrophy on T1-
weighted imaging (Figure 3B).

Patient 1I-9

The brother of patient 11-2, patient 11-9, developed rest-
ing tremor in the right hand at age 63 years and in the
right leg at age 65 years. Neurological examination at age
66 years revealed severe rigidity in the 4 extremities,
bradykinesia, mild limb ataxia, urinary incontinence,
and orthostatic hypotension. The symptoms responded
poorly to a combined therapy of 900 mg of levodopa-
dopadecarboxylase inhibitor. Brain MR imaging showed
slitlike signal change at the posterolateral putaminal mar-
gin, atrophy of the cerebellar vermis, and cross sign in
the pons on T2-weighted imaging (Figure 3C).

FAMILY C
Patient 11-4

Patient I1-4 had cerebellar ataxia at age 68 years, fol-
lowed by the development of resting tremor predomi-
nantly on the left side, neck rigidity, parkinsonian gait,
and urinary frequency. These symptoms were progres-

(REPRINTED} ARCH NEUROL/VOL 8+, APR 2007
348

WWW. ARCHNEUROL .COM

©2007 American Medical Association. All rights reserved.
Downloaded From: http://jamanetwork.com/ on 11/21/2016



sive and responded poorly to a combined therapy of 300
mg of levodopa—dopadecarboxylase inhibitor. She even-
tually required a wheelchair at age 73 years. Brain MR
imaging performed at age 72 years showed no abnor-
malities.

Patient 11-5

The brother of patient 11-4. patient [1-5, had resting tremor
in the left hand, dysarthria, and urinary {requency at age
67 years. These symptoms progressed slowly. He fur-
ther developed rigidity predominantly on the left side and
truncal ataxia. He became wheelchair bound at age 70
years. Brain MR imaging showed severe cevebellar atro-
phy and pontine atrophy accompanied by cross sign
(Figure 3D).

FAMILY D
Patient 1I-7

Patient 11-7 had impotence and constipation at age 58
years and nocturnal urinary frequency at age 60 years.
He had cerebellar ataxia at age 62 years and orthostatic
hypotension at age 63 years. On physical examination
at age 63 years, he showed prominent autonomic dys-
{unctions, including orthostatic hypotension, urinary
frequency. constipation, and impotence. Moderate cer-
ebellar ataxia, pyramidal signs such as Babinski sign
with hyperrellexia, and extrapyramidal signs such as
rigidity in the neck and upper limbs were also
observed. Brain MR imaging showed severe atrophy of
the cerebellum and pontine base accompanied by
cross sign in the pons on proton density-weighted
imaging (Figure 3E) and slitlike signal change at the
posterolateral putaminal margin on T2-weighted
imaging.

Patient 11-3

The sister of patient 11-7, patient 11-3, had bradykinesia
atage 69 years. Neurological examination at age 72 vears
revealed severe parkinsonism with poor response to le-
vodopa therapy, hyperreflexia of the 4 linbs, and uri-
nary incontinence.

Brain MR imaging showed severe atrophy of the cer-
ebellum and the pons and slitlike signal change at the
posterolateral putaminal margin on T2-weighted imaging.
The clinical phenotypes were not concordant between
the affected siblings in this family.

— N

The 8 patients in 4 families were considered affected with
MSA for the following reasons. First, all the affected mem-
bers fullilled the consensus criteria for the diagnosis of
MSA according to Gilman et al' except for family his-
tory of a similar disorder. Because it is important to dif-
ferentiate MSA from progressive supranuclear palsy and
from corticobasal degeneration, the consensus guide-

lines comprise exclusion criteria (including prominent
slowing of vertical saccades, vertical supranuclear gaze
palsy, and evidence of focal cortical dysfunction [such
as aphasia, alien limb syndrome, and pavietal dysfunc-
tion]) to increase the specificity of the diagnosis of MSA.
None of the affected members fulfilled these exclusion
criteria. Furthermore, none of the affected members ful-
filled the clinical criteria for progressive supranuclear
palsy** or corticobasal degeneration.** Second, 6 of 8 pa-
tients showed pontine atrophy with cross sign or slit-
like signal change at the posterolateral putaminal mar-
gin or both on brain MR imaging. These findings have
been established as radiological evidence for MSA % al-
though such tindings have been described infrequently
in other diseases, including SCA2,* Machado-Joseph dis-
ease,”’ progressive supranuclear palsy,™ and cortico-
basal degeneration.” In the families in the present study,
SCA2 and Machado-Joseph disease were excluded by mo-
lecular diagnosis. Third, the possibilities of SCA12 and
SCA17 mimicking parkinsonism and ataxia were ex-
cluded by molecular diagnosis as well.

Although MSA has been considered a sporadic neu-
rodegenerative disease, a genetic predisposition to MSA
was first described by Nee et al® in 1991. They found
higher frequencies of neurological diseases and auto-
nomic symptoms among 148 first-degree relatives of 33
patients clinically diagnosed as having MSA compared
with control subjects. Wenning et al* reported a higher
frequency of parkinsonism among first-degree or second-
degree relatives of 38 autopsy-proven patients with MSA.
Furthermore, a patient with pathologically proven MSA
whose mother had autopsy-proven Parkinson disease was
also described.” Recently, 2 families with probable MSA
in Germany and Japan have been described; these 2 fami-
lies each have 2 affected individuals, suggesting autoso-
mal dominant inheritance.®” In the families in the present
study, consanguineous marriage was observed in family
A, and no affected individuals were ascertained in suc-
cessive generations, suggesting a hypothesis of autoso-
mal recessive inheritance. The segregation ratio of 0.129
(95% confidence interval, 0.011-0.247) was estimated
based on data from all 4 families. Although the ratio was
slightly lower than 0.25, which is expected for an auto-
somal recessive inheritance model, the distribution of af-
fected individuals in these families might be consistent
with that expected for an autnsomal recessive inherit-
ance trait considering an ascertainment bias for multi-
plex families (y*=1.53, P=.22) 32 We need additional mul-
tiplex MSA families to formulate any conclusive
interpretation on mode of inheritance among our fami-
lies. A second hypothesis on the genetic model for these
families is that MSA susceptibility genes strongly con-
tribute to the pathogenesis among these families. A third
hypothesis is that 2 siblings in each family were affected
by chance. Because the standardized prevalence rates of
MSA are estimated to be 1.9 to 4.9 cases per 100000
people,” the possibility of finding 2 patients with MSA
in a family of 10 or 12 members by chance is below
0.00006. Therefore, incidental occurrence of MSA in a
single family is extremely rare.

We can identily some characteristic features of these
families. First, most patients had the MSA-P phenotype.
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This is inconsistent with the fact that the MSA-C phe-
notype is the most prevalent form of MSA in Japan. Ac-
cording to a recent nationwide survey in Japan, 82.5%
ol patients with MSA have the MSA-C phenotype, while
10.6% have the MSA-P phenotype.** Second, the clini-
cal phenotypes were concordant between the affected
siblings in 3 of 4 families. Third. the mean age at onset
(65.9 years) of these family members is later than that
among patients with sporadic MSA (age range, 55.4-
57.5 years).”* Fourth, pathological changes were
prominent in the substantia nigra, while those in the
putamen were very mild in patient {I-4 in family A, de-
spite the MSA-P phenotype. Because a high degree of
neuronal loss in the putamen has been generally ob-
served in subjects with the MSA-P phenotype,* this ob-
servation is interesting. More pathologically proven
cases of familial MSA are required to reveal the patho-
logical features of familial MSA.

Because the SNCA gene is the major component of
GCls and of neuronal cytoplasmic inclusions in MSA >
we considered this a candidate gene and conducted mu-
tational analysis of the coding regions but failed 1o find
any mutations in our patients. A previous study demon-
strated no significant changes in the expression levels of
the SNCA gene messenger RNA in the brains of patients
with MSA cempared with those of control subjects.”
Taken together, the SNCA gene is unlikely to be the caus-
ative gene for MSA. Other genetic or environmental fac-
tors associated with SNCA might be operable in the patho-
genesis of MSA, To identify genelic factors related 1o MSA,
investigations of additional multiplex families with MSA
are necessary.
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l ORIGINAL ARTICLE

Mutations in COQ2 in Familial and Sporadic
Multiple-System Atrophy

The Multiple-Systern Atrophy Research Collaboration

ABSTRACT

BACKGROUND

Multiple-system atrophy is an intractable neurodegenerative disease characterized
by autonomic failure in addition to various combinations of parkinsonism, cerebel-
lar ataxia, and pyramidal dysfunction. Although multiple-system atrophy is widely
considered to be a nongenetic disorder, we previously identified multiplex families
with this disease, which indicates the involvement of genetic components.

METHODS

In combination with linkage analysis, we performed whole-genome sequencing of
a sample obtained from a member of a multiplex family in whom multiple-system
atrophy had been diagnosed on autopsy. We also performed mutational analysis of
samples from members of five other multiplex families and from a Japanese series
(363 patients and two sets of controls, one of 520 persons and one of 2383 persons),
a European series (223 patients and 315 controls), and a North American series (172
patients and 294 controls). On the basis of these analyses, we used a yeast comple-
mentation assay and measured enzyme activity of parahydroxybenzoate-polyprenyl
transferase. This enzyme is encoded by the gene COQ2 and is essential for the bio-
synthesis of coenzyme Q,,. Levels of coenzyme Q,, in lymphoblastoid cells and
brain tissue were measured on high-performance liquid chromatography.

RESULTS
We identified a homozygous mutation {M128V-V393A/M128V-V393A) and com-
pound heterozygous mutations (R387X/V393A) in COQ2 in two multiplex families.
Furthermore, we found that a common variant (V393A) and multiple rare variants
in C0Q2, all of which are functionally impaired, are associated with sporadic multiple-
system atrophy. The V393A variant was exclusively observed in the Japanese popula-
tion.

CONCLUSIONS
Functionally impaired variants of COQ2 were associated with an increased risk of
multiple-system atrophy in multiplex families and patients with sporadic disease,
providing evidence of a role of impaired COQ2 activities in the pathogenesis of this
disease. (Funded by the Japan Society for the Promotion of Science and others.)
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gressive neurodegenerative disease that
418 clinically characterized by autonomic
failure in addition to various combinations of
parkinsonism, cerebellar ataxia, and pyramidal
dysfunction. The term multiple-system atrophy
was introduced in 1969 to encompass the disease
entities of olivopontocerebellar ataxia, striatoni-
gral degeneration, and the Shy-Drager syndrome,
on the basis of neuropathological findings in these
disorders. Multiple-system atrophy is character-
ized by the development of cytoplasmic aggre-
gates of a-synuclein, primarily in oligodendrog-
lia.>” However, the pathogenic mechanisms
underlying this disease remain unknown, mak-
ing it difficult to develop effective therapies.

The disorder is classified into two subtypes:
subtype C, characterized predominantly by cer-
ebellar ataxia, and subtype P, characterized pre-
dominantly by parkinsonism.® Among patients
with multiple-system atrophy, subtype C has
been reported to be more prevalent than subtype
P in the Japanese population (65 to 67% vs. 33
to 35%),%'® whereas subtype P has been reported
to be more prevalent than subtype C in Europe
(63% vs. 34%)** and North America (60% vs. 13%,
with 27% of cases unclassified).'? Although mul-
tiple-system atrophy has been defined as a non-
genetic disorder until recently, several multiplex
families with the disease have been described,
indicating that strong genetic factors confer sus-
ceptibility to the disease.'35

% # ULTIPLE-SYSTEM ATROPHY IS A PRO-

&

METHODS

PATIENTS AND MULTIPLEX FAMILIES
Patients with multiple-system atrophy were en-
rolled in the study on the basis of research proto-
cols that were approved by the institutional review
board at each participating center. Written in-
formed consent was obtained from all participants.

The diagnosis of multiple-system atrophy was
made on the basis of the current consensus cri-
teria for the disease.® Four Japanese families
(Families 1 through 4, whose members have
been described previously*3) and two additional
Japanese families (Family 8 and Family 12) were
enrolled in this study (Fig. 1). In Family 1, the
parents were first-degree cousins, which is con-
sistent with autosomal recessive inheritance.
The clinical features of these families are sum-

marized in Table $1 in the Supplementary Ap-
pendix, available with the full text of this article
at NEJM.org.

Autopsy findings for Participants 11-4*3 and
1I-8 in Family 1 and Participant 1I-6 in Family 8
showed widespread and abundan: cytoplasmic
aggregates of a-synuclein, primarily in oligoden-
droglia, in association with neurodegeneration in
striatonigral and olivopontocerebellar structures.
These findings confirmed the diagnosis of mul-
tiple-system atrophy.

PATIENTS WITH SPORADIC DISEASE AND CONTROLS
As with the multiplex families, the diagnosis of
sporadic multiple-system atrophy was made on
the basis of the current consensus criteria.” A to-
tal of 363 patients with multiple-system atrophy
and 520 controls were included in the Japanese
series, 223 patients and 315 controls in the Euro-
pean series, and 172 patients and 294 controls in
the North American series (persons of European
or Hispanic descent living in North America)
{(Text S2 and Table S2 in the Supplementary Ap-
pendix). Ancestry was determined by self-report
on a multiple-choice questionnaire. We also en-
rolled an independent series of 2383 Japanese
controls.

ASSOCIATION WITH OTHER NEURODEGENERATIVE
DISEASES

To determine the specificity of the association
between variants in candidate genes and multiple-
system atrophy, we enrolled 2728 Japanese patients
with Alzheimer’s disease, 659 with Parkinson’s dis-
case, and 634 with amyotrophic lateral sclerosis
{ALS). Their demographic characteristics are pro-
vided in Text S§2 in the Supplementary Appendix.

LINKAGE ANALYSIS AND WHOLE-GENOME
SEQUENCING

We performed parametric and nonparametric link-
age analyses using Affymetrix SNP 6.0 arrays and
software for linkage analysis.’®1” The genomic
DNA from Participant II-4 in Family 1 was sub-
jected to four runs in an Iumina Genome Ana-
lyzer I1x (100-bp-long paired ends). We used BWA
software™ and SAMtools sequence-alignment
mapping*® with the default settings for alignment
and variation detection against the human refer-
ence genome (National Center for Biotechnology
Information build 36 {also known as hg18]).

N ENGLJ MED 369;3 NEJM.ORG JULY 18, 2013
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Figure 1. Pedigrees of Six Multiplex Families with Multiple-System Atrophy.

The affected siblings in Family 1 were born to consanguineous parents (first cousins).** In this family, the two pa-
tients with multiple-system atrophy (Participants 11-4 and 11-8) also had retinitis pigmentosa, which was not present
in the other siblings. The diagnosis of definite multiple-system atrophy in three patients {Participants 1i-4 and 11-8
in Family 1 and 11-6 in Family 8) was confirmed at autopsy. In Family 8, two siblings (Participants {I-3 and 11-4) of
the affected family members had Parkinson’s disease {PD). In Family 1, in which homozygous M128V-V393A muta-
tions in COQ2 were identified, the parents (Participants I-1 and 1-2), who were obligate carriers of the mutation,
showed no overt signs of parkinsonism, cerebellar ataxia, or autonomic dysfunction, according to family report. In
Family 12, in whom compound heterozygous R387X/V393A mutations were identified, Participants I-1 and |-2 (obli-
gate carriers of the mutations) and the heterozygous carrier (Participant 11-2) showed no overt signs of parkinson-
ism, cerebellar ataxia, or autonomic dysfunction on examination by a neurologist. Squares represent male family
members, circles female family members, black symbols family members with multiple-system atrophy, gray sym-
bols family members with Parkinson’s disease, open symbols unaffected family members, slashes deceased family
members, and small circles family members for whom genomic DNA samples were available. MSA-C denotes mul-
tiple-system atrophy of the cerebellar type, MSA-P multiple-system atrophy with predominant parkinsonism, and
unclassified MSA-P+C similarly predominant parkinsonian and cerebellar signs.

ANALYSIS OF COQ2 AND OTHER GENES ASSOCIATED
WITH COENZYME Q

On the basis of linkage analysis and whole-genome
sequencing, we sequenced COQ2 and the other 11
genes involved in the biosynthetic pathway for
coenzyme Q,, (PDSSI, PDSS2, COQ3, COQ4, COQS,

N ENGL ] MED 363;3

COQ6, COQ7Z, ADCK3, COQ9, COQ10A, and COQIOB),
using the Sanger method (Table S3 in the Supple-
mentary Appendix).

We prepared samples of mutant human €0Q2
complementary DNA (cDNA) by means of site-
directed mutagenesis (Table S4 in the Supple-
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mentary Appendix). A yeast cog2-null mutant, the
BY4741Ac0q2 strain, was transformed with
PAUR123 (Takara Bio} containing the nonmu-
tated or mutated human €OQ2 cDNA. We mea-
sured the growth rate in a medium with a non-
fermentable carbon source by monitoring the
optical density of a sample measured at a wave-
length of 600 nm (OD,,,). We used mitochondrial
fractions prepared from lymphoblastoid cell lines
with the QProteome Mitochondria Isolation Kit
(Qiagen) as the enzyme source. COQ2 activity
(Enzyme Commission number, 2.5.1.39) was as-
sayed as described previously.2

COENZYME Q, , LEVEL IN TISSUES
Using high-performance liquid chromatography,
we measured levels of coenzyme Q,, (ubiqui-
none-10 and ubiquinol-10) and free (unesterified)
cholesterol in lymphoblastoid cell lines estab-
lished from 152 patients with multiple-system
atrophy and 76 controls and in cerebellum sam-
ples obtained on autopsy from 3 patients with
multiple-system atrophy and 3 controls.?*

STATISTICAL ANALYSIS

All results are presented as means and standard
deviations. We used Student’s t-test to evaluate
the significance of differences in the mean age at
disease onset between carriers and noncarriers
of the COQ2 mutation. We used Fisher’s exact test
to calculate the significance of the difference in
allele frequencies between carriers and noncarri-
ers, with contingency tables and standard meth-
ods used to compute odds ratios and correspond-
ing 95% confidence intervals. We used the
Kruskal-Wallis test, followed by the Steel test, to
perform an analysis of variance. All statistical
tests were two-sided, and a P value of less than
0.05 was considered to indicate statistical sig-
nificance.

RESULTS

LINKAGE ANALYSIS OF FAMILIAL DISEASE

Parametric linkage analysis of the six family ped-
igrees revealed no single locus showing a linkage
compatible with autosomal recessive inheritance.
However, in the parametric linkage analysis al-
lowing for heterogeneity, we detected several loci
showing positive scores for heterogeneity loga-
rithm of the odds (HLOD}, indicating that more
than one locus was involved in the different mul-
tiplex families (Fig. S1B in the Supplementary

N ENGL ) MED 3693

Appendix). In particular, two regions on chro-
mosome 4 showed the highest HLOD scores, ex-
ceeding 2.0. Results of nonparametric linkage
analysis (Fig. S1C in the Supplementary Appen-
dix} were consistent with those of parametric
linkage analysis allowing for heterogeneity. Para-
metric linkage analysis of chromosome 4 in indi-
vidual pedigrees revealed positive LOD scores in
an overlapping region in four families (Family 1,
Family 2, Family 4, and Family 12), with Family 1
having the highest LOD score of 1.93 (72.795 to
89.616 Mb) (Fig. S1A and S2A in the Supplemen-
tary Appendix). Thus, we selected Family 1 to
undergo whole-genome sequencing.

SUSCEPTIBILITY GENE IN FAMILIAL DISEASE
Whole-genome sequencing of a sample obtained
from Participant I1-4, one of two affected mem-
bers of Family 1, generated 187.5 Gb of short reads,
with an average coverage of 58x and 3,492,429
single-nucleotide variants (SNVs) or insertions or
deletions. We winnowed the 3,492,429 variants
down to 4 by selecting SN'Vs that were located in
the candidate regions defined on linkage analysis
in Family 1 (regions with the highest LOD score
spanning approximately 80 Mb in total}, that
were located in exons or splice sites, that were
predicted to cause amino acid changes or chang-
es in pre-messenger RNA splicing, and that were
not registered in the database of single-nucleo-
tide polymorphisms, build 130 (dbSNP130), indi-
cating that the variants are extremely rare in the
general population (Fig. S2B in the Supplemen-
tary Appendix). Each of these 4 SNVs is predicted
to result in an amino acid substitution: K707R
(c.2120A-G) in SHROOM3 (NCBI Reference Se-
quence, NM_020859.3), M128V (c.382A->@G) and
V393A (c.1178T-C) in COQ2 (NCBI Reference Se-
quence, NM_015697.7), and R231G (¢.691A-G) in
SCEL (NCBI Reference Sequence, NM_144777.2).
In the 180 Japanese control samples, we did not
observe the SNV encoding the M128V variant
but did observe SNVs encoding K707R in
SHROOM3, V393A in COQ2, and R231G in SCEL,
which were present on 3, 5, and 98 of 360 alleles,
respectively. We therefore considered the SNP
encoding M128V in C0Q2, which encodes para-
hydroxybenzoate-polyprenyl transferase, an en-
zyme involved in the biosynthesis of coenzyme
Q.o as a candidate variant in conferring suscep-
tibility to familial multiple-system atrophy.
Cosegregation analysis of samples from Fam-
ily 1 revealed that the two affected family mem-
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bers, Participants II-4 and II-8, carried the homo-
zygous M128V-V393A variant in COQ2, and the
unaffected sibling who was tested (Participant I-7)
did not carry this variant (Fig. S2C in the Supple-
mentary Appendix). Mutational analysis of COQ2
in Family 12 revealed heterozygous mutations
consisting of nonsense (R387X, ¢.1159C-T) and
missense (V393A) variants in both affected sib-
lings (Participants I11-3 and I1-4}. Their mother
(Participant [-2) was heterozygous for V393A, one
unaffected sibling (Participant 11-1) lacked this

variant, and the other unaffected sibling (Partici-

pant 1I-2) was heterozygous for R387X. R387X

was not observed in the 180 Japanese controls.

We did not detect variants of COQ2 in the
other four families (Families 2, 3, 4, and 8).
Because COQ2 encodes an enzyme essential for
the biosynthesis of coenzyme Q,,, we further
sequenced the other 11 genes in the biosynthetic
pathway for coenzyme Q,, (PDSS1, PDSS2, COQ3,
€0Q4, COQs, COQ6, COQ7, ADCK3, COQY, COQ10A,
and COQ10B) in the remaining four families and
in a previously described multiplex family™* but
did not observe variants that cosegregated with
disease.

COQ2 VARIANTS AND SPORADIC DISEASE

To investigate the involvement of COQ2 variants in
sporadic multiple-system atrophy, we extended the
mutational analysis of COQ2 to a Japanese series
consisting of 363 patients with multiple-system at-
rophy and 520 controls. A common COQ2 variant
(rs6818847, predicted to result in an amino acid
substitution, V66L (¢.196G-T) with allele frequen-
cies 0of 0.10 and 0.12 in the Japanese patients with
multiple-system atrophy and controls, respectively,
was not included in further analysis. Four patients
with multiple-system atrophy carried two variants
strmultaneously (one carried an I1147T {¢.440T>C]
and a nonmutated [NM] allele at codon 147 and
V393A/NM at codon 393, one had R387Q
[c.1160G—A]/NM at codon 387 and V393A/NM ar
codon 393, and two had V393A/V393A), whereas
none of the controls had two variants of COQ2 (Ta-
ble 1). Sequencing of the subcloned mutated alleles
confirmed that R387Q/V393A was present in a
compound heterozygous state. We were unable to
determine the phase of 1147T/V393A, because the
distance between 1147T and V393A was too large to
be amplified by means of polymerase-chain-reac-
tion (PCR) assay in a single fragment, and samples

American Series, as Compared with Controls.*

Table 1. COQ2 Variants Found in Patients with Sporadic Multiple-System Atrophy in Japanese, European, and North

Genotype Japanese Series

P72L/NM 0 1
F79L/NM
PI9H}/NM
S107T/NM
R119HT/NM
1147T1/V343A§
P157ST/NM
S16357/NM
T317A%/NM
S347CT/NM
N386H/NM
R387Q7 /V393A§
V393A5/NM
V393A§/V393A§ 2 0
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[C- ]
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Patients Controls Patients Controls Patients Controls
(N=363)  (N=520)  (N=223)  (N=315)  (N=172)  (N=294)

European Series North American Series

0 0 0 0

O O OO o OO 0O O e
O O 0O 0 o0 0 0 0 0 0 o0 O O
O 0O O 0O C O 0O 0 00 0 O - o
S 0O O 0O O O O 0 0~ 0 o0 O

* NM denotes nonmutated.

T This variant was deemed to be severely deleterious on yeast complementation assay.
3 This variant was deemed to be mildly deleterious on yeast complementation assay.

§ This variant had decreased COQ2 activity on enzyme assay.
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Table 2. Association between the COQ2 V393A Variant and Sporadic Multiple-System Atrophy in the Japanese Series.*

Patients with Other Neurologic Diseases

Patients with Multiple-System Atrophy

V343A Varianty

Parkinson’s

Alzheimer’s

ALS
(N-

Disease
(N=659)

Disease

(N-

Tier 2 Controls

Tier I Controls

Patients

634)

2728)

Comparison with Tier 2 .

(N=2383)

Comparison with Tier 1

(N=520)

(N=363)

odds ratio

odds ratio

Pvalue
6.0x107°

(95% Cl)

106/4766 (2.2) 2.23 (1.46-3.32)

P value
1.5x10™

(95% CJ
3.05 (1.65-5.85)

109/5456 (2.0) 33/1318 (2.5) 31/1268 (2.4)

17/1040 (1.6)

35/726 (4.8)

Allele frequency — no./

&
xR

total no. (

33 31

106 105

17

31

Heterozygous — no.
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4 of genomic DNA from the parents were unavail-
2 23 able. We found that 29 patients with multiple-sys-
o fé:“ TE tem atrophy and 17 controls were heterozygous for
§ Sg the V393A variant. In addition, we detected four
=] novel heterozygous variants: two in patients with
g 23 multiple-system atrophy (P157S [c.469C—T] and
- k7 S S163F [c.488C~T] and two in controls (D72L
‘é’ ::‘f, [¢.215C~T] and N386H ([¢.1156A—~C]).
<~ 9 :g Ofthe COQ2 variants, the V393A variant is rela-
5 V= tively common in the Japanese population. As
o g £§ shown in Table 2, we found that the V393A allele
~ T ey occurred in 35 of 726 alleles (4.8%) from Japa-
k2 K3 nese patients with multiple-system atrophy and
- = g in 17 of 1040 alleles (1.6%) from Japanese con-
g % @ trols (odds ratio for patients with multiple-sys-
S =2 tem atrophy, 3.05; 95% confidence interval [CI],
° Ke 1.65 to 5.85; P=15x10"%. Genotyping in the
§ 7 second series of 2383 Japanese controls showed
o T g that the V393A variant had an allele frequency of
R 2.2% (106 of 4766 alleles; odds ratio, 2.23; 95%
£ €2 CI, 1.46 to0 3.32; P=6.0x10"5). Genotyping Japa-
;5 § g nese persons with other neurodegenerative dis-
g uf eases revealed that the V393A allele frequencies
2 2 z were 2.0% (109 of 5456 alleles) among patients
° g z é with Alzheimer’s disease, 2.5% (33 of 1318 alleles)
g =2 among those with Parkinson’s disease, and 2.4%
s g é (31 of 1268 alleles) among those with ALS.
g t& These allele frequencies did not differ signifi-
7 S cantly from those in the first or second set of
é %;ﬁ controls, confirming the specificity of the V393A
"g ;ELE variant in patients with multiple-system atrophy.
£ X Two patients with Alzheimer’s disease who were
3 22 found to carry homozygous V393A mutations
g g 0 did not show any signs of parkinsonism, cere-
5 g é bellar ataxia, or autonomic dysfunction.
§ =3 We then performed genotyping in the Euro-
2 25 i S | pean and North American series of patients with
> T2S | multiple-system atrophy. In the European series,
° 05 =z g f: we found four singleton COQ2 variants (encoding
8§~ 2%~ | amino acid substitutions F79L [c.235T-C],
EESE% | SW077T [c.320G-C], T317A [c.949A-~G], and
_§ = LE2 | $347C [c.1039A-T)) among the patients, whereas
R - £7 | none of the controls had any variants in COQ2. In
s oo ool . . ~ .
¢E G Ee the North American series, we found one variant
| g8%2F | (P99H [c.296C-A)]) in a patient with multiple-
2 —Eg k4 é'c?\, system atrophy and one variant (R119H
Vl, as5a £ : [€.356G—A]) in a control (Table 1). At the time of
§D E g E T % recruitment for the study, the carrier of R119H,
Fls __g < g_'; who was 60 years old, had no signs of parkin-
E R E % 8 | sonism, cerebellar ataxia, or autonomic dysfunc-
T3 gf'i#g tion, but this participant was unavailable for
O==<S5 follow-up assessment. Intriguingly, the V393A
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variant, a relatively common variant in the Japa-
nese population, was not observed in patients
with multiple-system atrophy or controls in ¢i-
ther the European or the North American series.

FUNCTIONAL ANALYSIS OF MUTANT C€0Q2

To determine the functional effect of each vari-
ant on the mitochondrial aerobic energy produc-
tion in which coenzyme Q,, plays an essential

A Yeast Complementation Assay

a e b c SO
2.0+ Nonmutated 2.0 2.04 Nonmutated
15+ . 15- O 154 /

g L VeeL
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Figure 2. Functional Analysis of COQ2 Variants.

Panel A shows the results of a yeast complementation assay, including the growth curves of the yeast cog2-null mutants transformed
with the pAUR123 vector containing the nonmutated (NM) human COQ2 complementary DNA {(cDNA} or mock vector (subpanel a)
and those transformed with the AUR123 vector containing different versions of human COQ2 cDNA (encoding the substitutions V66L,
P72L, F79L, N386H, V393A, 11477, T317A, and $347C) (subpanel b). Transformants carrying a COQ?2 allele encoding the 11477, T317A, or
$347C substitution show considerably lower growth rates than nonmutated COQ2, which still shows a higher growth rate than the cog2-
null strain (mildly deleterious). Transformants carrying a COQ2 allele encoding the V66L, P72L, F79L, N386H, or V393A substitution
show growth rates similar to that of nonmutated COQ2. The cog2-null mutants transformed with the pAUR123 vector containing differ-
ent versions of human COQ2 cDNA (P99H, S107T, R119H, M128V, M128V-V393A, P157S, S163F, R387X, or R387Q) show severely de-
creased respiration-dependent growth rates, as does the cog2-null strain (severely deleterious) (subpanel ¢). Each yeast strain was pre-
grown in yeast extract peptone dextrose (YPD) medium, diluted to an optical density of a sample measured at a wavelength of 600 nm
(OD¢oc) of 0.1, and then incubated in yeast extract peptone glycerol (YPG) medium at 23°C with shaking at a rate of 200 rotations per
minute for 4 days. ODgoo was measured every 10 minutes. The experiments were conducted in quadruplicate, and the mean OD,,, was
plotted against the incubation time. Panel B shows COQ2 activity in lymphoblastoid cell lines, as determined by measuring the incorpo-
ration of radioactive parahydroxybenzoate (PHB) into decaprenyl-PHB. COQ2 activity was measured in lymphoblastoid cell lines from
each patient with multiple-system atrophy carrying COQ2 variants {encoding R387Q/V393A, R387X/V393A, V393A/V393A, or V393A/
NM) and from a control without variants. The mean values from nine independent experiments are shown. T bars indicate standard de-
viations. Group comparisons were performed with the use of the Kruskal-Wallis test, followed by the Steel test. Asterisks indicate
P<0.05 for the comparison with a control sample {nonmutated COQZ genotype). Panel C shows intracellular levels of coenzyme Q,, in
frozen cerebellum samples obtained from three patients with multiple-system atrophy (one who was homozygous for M128V-V393A
and two who were heterozygous for V393A) and from three controls. Brain-tissue samples weighing approximately 100 mg were homog-
enized in 10 volumes (volume to weight) of 10 mM TRIS~hydrochioric acid (with a pH of 7.4) containing 0.32 M sucrose, 1 mM ethyl-
enediaminetetraacetic acid (EDTA), and 20% sodium dodecyl sulfate (SDS). Coenzyme Q,, was then extracted with hexane and ethanol
{in a 5:2 ratio according to volume), and the extract was subjected to high-performance liquid chromatography to measure the level of
coenzyme Q,,, after adjustment for the free (unesterified) cholesterol level 2!
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role in the electron transfer, we carried out func-
tional complementation analysis by transform-
ing the yeast cog2-null strain with nonmutated or
mutated human COQ2 cDNA (Fig. 24). Transfor-
mants of the BY4741 Acog2 yeast strain with the mu-
tated COQ2, including transformants separately
carrying the P99H, S107T, R119H, M128V,
M128V-V3934A, P157S, S163F, R387Q, and R387X
alleles, showed severely decreased growth rates,
similar to those observed in the coq2-null strain.
In addition, transformants with mutated COQ2,
including those with the variants encoding the
11477, T317A (c.949A-G), and $347C (¢.1039A-T)
substitutions, showed substantially lower growth
rates than those expressing nonmutated C0Q2,
which had a higher growth rate than the cog2-null
strain (mildly deleterious). The transformants with
mutated COQ2, including transformants separately
carrying the VO6L, P72L, F79L, N386H, and V393A
alleles, showed growth rates similar to those of
the transformants expressing nonmutated C0Q2.
As described above, the yeast strain with M128V-
V393A identified in Family 1 showed a severely
decreased growth rate, whereas the strain with
V393A had a growth rate similar to that of non-
mutated COQ2, indicating that of the two variants,
M128V primarily contributed to the impairment
in COQ2 function.

Focusing on the rare variants that were identi-
fied in the case—control series (Table 1), we found
that nine variants (P99H, S107T, R119H, 1147T,
P157S, S1G3F, T317A, $347C, and R387Q) were
mildly or severely deleterious. On combining all
three series, eight variants (P99H, S107T, 1147T,
P1578, S163F, T317A, S347C, and R387Q) were
identified in 758 patients with multiple-system at-
rophy, whereas only one variant (R119H) was
found in 1129 controls (odds ratio, 11.97; 95% CI,
1.60 to 531.52; P=0.004) (Table 2 footnote). Yeast
complementation analysis showed that the F79L
variant, identified in a European patient with
multiple-system atrophy, did not impair the growth
rate. Lymphoblastoid cell lines from this patient
were unavailable for further measurement of the
activity of mutant COQ2, thus making it difficult
to interpret the pathogenicity of this variant.

COQ2 ACTIVITIES IN LYMPHOBLASTOID CELL LINES

We measured COQ2 activities in lymphoblastoid
cell lines from patients carrying COQ2 mutations,
when available. We focused on the V393A variant
because it is commonly associated with multiple-

system atrophy and showed an apparently nor-
mal growth rate in the yeast complementation
assay. We determined COQ2 activities in lympho-
blastoid cell lines with COQ2 variants R387Q/V393A,
R387X/V393A, V393A/V393A, or V393A/NM and
in a control without variants. The COQ2 activities
in the lymphoblastoid cell lines (V393A/NM) ob-
tained from patients with multiple-system atrophy
were significantly lower than those in the control
cell lines. The COQ2 activities in the cell lines
from patients with multiple-system atrophy car-
rying two mutated COQ2 alleles were further de-
creased (Fig. 2B).

CORRELATIONS BETWEEN GENOTYPE
AND PHENOTYPE

The clinical features of patients with sporadic
multiple-system atrophy carrying deleterious
€0Q2 variants (as determined on yeast comple-
mentation assay and COQ2-activity measure-
ment) and those of noncarriers are summarized
in Table S5 in the Supplementary Appendix. The
mean age at the onset of multiple-system atrophy
among carriers was older than that among non-
carriers (P=0.002). Among carriers, 34 had sub-
type C and 5 had subtype P. Among noncarriers,
468 had subtype C and 209 had subtype P. The
subtype was unclassified in 42 noncarriers. The
ratio of the number of patients with subtype C to
the number with subtype P was significantly
higher among carriers of COQ2 variants than
among noncarriers (P=0.02).

INTRACELLULAR COENZYME Q,,
IN LYMPHOBLASTOID CELL LINES

We measured intracellular coenzyme Q,, levels in
lymphoblastoid cell lines from patients with mul-
tiple-systern atrophy and controls. The partici-
pants were grouped as follows: 3 patients with
multiple-system atrophy carrying two variants
(R387Q/V393A, R387X/V393A, and V393A/V393A),
16 patients carrying heterozygous V3934, 133 pa-
tients without variants, and 76 controls without
COQ2 variants (Table 3). Intracellular levels of co-
enzyme Q,, in lymphoblastoid cell lines from pa-
tients with multiple-system atrophy who carried
two variant alleles were substantially lower than
levels in cell lines from controls without variants.
Intracetlular coenzyme Q,, levels in patients who
were heterozygous for V393A and in those without
C0Q2 variants were not significantly lower than
levels in controls without COQ2 variants.
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Table 3. Intracellular Levels of Coenzyme Q,, in Lymphoblastoid Cell Lines, According to COQ2 Variant.*

Variable Patients with Multiple-System Atrophy Controls

R387Q/V393A R387X/V393A V393A/V393A V393A/NM NM/NM NM/NM
No. of participants with variant 1 1 1 16 133 76

Ratio of coenzyme Q,, to free 2.19 2.58 1.86 3.38+0.53 3.41:0.74 3.48+0.75
{unesterified) cholesterol}

Coenzyme Q,; level as a percentage 62.9 74.1 53.4 97.1 98.0 100.0
of mean value in controls — %3

* Plus—minus values are means +SD. NM denotes nonmutated.

T The ratio of coenzyme Q,, to free (unesterified) cholesterol reflects the intracellular level of coenzyme Q.. Lower values
indicate decreased levels of intracellular coenzyme Q,,, presumably reflecting decreased biosynthesis of coenzyme Q,,,.
To calculate the ratio, coenzyme Q,, was measured in nanomoles per liter and free cholesterol in micromoles per liter.

i Lower values indicate decreased levels of intracellular coenzyme Q,,, as compared with the mean value in controls,

presumably reflecting decreased biosynthesis of coenzyme Q..

COENZYME Q,, IN BRAIN TISSUE

Only a limited number of brain-tissue samples
from patients with multiple-system atrophy car-
rying COQ2 variants were available. Nevertheless,
we measured coenzyme Q,, in frozen brain tis-
sues from three patients with COQ2 variants {one
patient who was homozygous for M128V-V393A
and two patients with V393A/NM) and from three
controls without COQ2 variants (Fig. 2C). The lev-
els of coenzyme Q,, in patients who were homo-
zygous for M128V-V393A were substantially low-
er than the levels in controls.

DISCUSSION

We identified homozygous or compound hetero-
zygous C0Q2 mutations in two of the six multi-
plex families with multiple-system atrophy, a find-
ing that suggests a role of these mutations in the
pathogenesis of familial disease. We further found
that functionally impaired variants in COQ2 were
associated with an increased risk of sporadic dis-
ease. In familial cases of multiple-system atrophy,
linkage analysis strongly indicated locus hetero-
geneity in these families, and the identification
of the causal variants in the remaining four fam-
ilies will require analyses such as whole-genome
sequencing.

We found that a common variant (V3934) and
multiple rare variants in COQ2 were associated
with sporadic multiple-system atrophy. The V3934
variant was found exclusively in the Japanese
participants, with an allele frequency of 1.6 to
2.2%. The allele frequency of V393A in patients
with multiple-system atrophy (4.8%) was signifi-

N ENGL j MED 369;3

cantly higher than that in controls (1.6 to 2.2%)
with odds ratios of 2.23 to 3.05. The modest risk
of multiple-systemn atrophy that was associated
with the common variant V393A suggests that
V393A is a susceptibility factor rather than a
causal factor for this disease. The odds ratio for
the presence of deleterious rare variants was
11.97, which is much larger than that for V393A.
Nonetheless, we should consider that these het-
erozygous variants in COQ2 are not necessarily
causal but rather confer a strong susceptibility to
sporadic multiple-system atrophy. Members of
Family 1 and Family 12 who carried deleterious
variants in the heterozygous state did not have
clinical signs of multiple-system atrophy.

The ratio of patients with subtype C multiple-
system atrophy to those with subtype P was higher
among carriers of deleterious COQ2 variants than
among noncarriers, which suggests that the cer-
ebellum is more vulnerable to compromised COQ2
function than other regions of the central ner-
vous system. Of the COQ2 variants that we detected,
the V393A variant was the most prevalent and
was exclusively found in Japanese participants.
These findings may in part explain the clinical
observations that subtype C is more prevalent
than subtype P in the Japanese population® but
not in the European population* or the North
American population.*? However, there were only
35 carriers of deleterious COQZ variants among
363 patients with multiple-system atrophy in the
Japanese case series. In addition, the clinical
presentations of the two patients with familial
disease who had the highest mutational load
were different: subtype P in the patients in Fam-
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ily 1 and subtype C in the patients in Family 12.
Thus, the genotypes of C0Q2 do not fully explain
the clinical phenotypes.

Previous studies have shown evidence of mito-
chondrial respiratory-chain dysfunction or oxida-
tive injury in patients with multiple-system atro-
phy.222* The combination of oxidative stress and
overexpression of oligodendroglial a-synuclein
has been reported to replicate the characteristics
of this disease.?>2® Qur findings suggest that im-
paired COQ2 activity, which would be predicted
to impair the mitochondrial respiratory chain and
increase vulnerability to oxidative stress, causes
susceptibility to multiple-system atrophy. A pri-
mary deficiency of coenzyme Q,, that is caused
by COQ2 mutations has been described as an
infantile-onset multisystem disorder and a ne-
phropathy in several families.2>3° The clinical
presentation of these affected family members,
however, differed markedly from the presenta-
tions of patients with multiple-system atrophy,
perhaps because the decrease in COQ2 activity as-
sociated with the mutations in patients with
multiple-system atrophy appears to be milder
than that observed in patients with a primary
deficiency of coenzyme Q,,.

Previous approaches to identifying susceptibili-
ty genes have used genomewide association stud-
ies or candidate-gene approaches.33* Qur identifi-
cation of rare COQ2 variants was accomplished by
starting with multiplex families and then extend-
ing the analysis to patients with sporadic multiple-
systern atrophy, reflecting an alternative approach
to the elucidation of genetic variants with strong
effect sizes in an apparently nongenetic disorder.3+

From the therapeutic viewpoint, oral supple-
mentation with coenzyme Q,, may be helpful in
treating multiple-system atrophy, particularly for
patients with susceptibility-conferring COQ2 vari-
ants. The safety and side-effect profile of high-
dose supplementation with coenzyme Q,, have
been well established.3:3¢

ADDENDUM

Human COQ2 contains four ATG codons in exon 1.
Among the four potential translation initiation
codons in exon 1, the protein isoform starting at
the fourth ATG codon has been adopted as the ca-
nonical sequence of the COQ2 protein in the
UniProt database (Q96H96, http:/jwww.uniprot
.orgluniprot/Q96H90). In this study, we focused en-
tirely on COQ2 variants after the fourth ATG codon.
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Abstract

To test whether the synucleinopathies Parkinson’s disease and multiple system atrophy (MSA)
share a common genetic etiology, we performed a candidate single nucleotide polymorphism
(SNP) association study of the 384 most associated SNPs in a genome-wide association study of
Parkinson’s disease in 413 MSA cases and 3.974 control subjects. The 10 most significant SNPs
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were then replicated in additional 108 MSA cases and 537 controls. SNPs at the SNCA locus were
significantly associated with risk for increased risk for the development of MSA (combined p =
5.5 x 10'2; odds ratio 6.2).

Introduction

Multiple system atrophy (MSA) and Parkinson’s disease (PD) are progressive
neurodegenerative disorders characterized neuropathologically by deposition of abnormally
phosphorylated a-synuclein. In PD, the aggregates are typically found in neurons as Lewy
bodies, whereas in MSA, a-synuclein is deposited predominantly in the form of glial
cytoplasmic inclusions.! These observations suggest that PD and MSA share a common
pathogenic mechanism.

Although MSA appears to occur sporadically in the community, a number of recent
observations have implicated genetic factors in the pathogenesis of the disease. First,
neurological signs of parkinsonism are more common in relatives of MSA patients.2-3
Second, affected members within families with SNCA duplication or triplication manifest
clinical and pathological features similar to MSA.# Lastly, there are reports of MSA
occurring within families, typically with an autosomal recessive inheritance pattern.’-$

We recently completed a genome-wide association study of 1,713 white PD cases and 3.974
white control subjects. Based on this initial cohort, 384 single nucleotide polymorphisms
(SNPs) that were most associated with increased risk for development of PD were selected
for further testing in an additional cohort of PD cases and control subjects, and we have
presented these findings separately.® To test the hypothesis that MSA and PD share a
common genetic causative factor, we tested the same 384 SNPs identified by our PD
genome-wide association study in 413 MSA cases and 3,974 healthy control subjects. To
confirm our findings, we then replicated the 10 most significant SNPs from this initial
screening of MSA cases in an additional cohort of 108 MSA cases and 537 healthy control
subjects. Our analysis demonstrated that genetic variants at the SNCA locus coding for a-
synuclein were highly significantly associated with increased risk for development of MSA.

Subjects and Methods

Samples

Genotyping

The initial screening cohort consisted of 413 white MSA cases and 3,974 white healthy
control subjects. The cases were a mixture of pathologically certain MSA patients (n = 99)
and clinically probable or possible cases (n = 314). A total of 283 of 413 MSA cases were
included from collaborating centers of the European MSA study group (www.emsa-sg.org).
The replication stage was composed of an independent cohort of 108 clinically probable
white MSA cases and 537 white healthy control subjects. Diagnosis of patients was based on
consensus criteria that Gilman and colleagues'? established. Clinical features and collection
sites of cases and control subjects are described in Supplemental Tables 1 and 2. The study
was approved by each respective institutional review board, and written informed consent
was obtained for each participant.

Genotyping of the 384 SNPs selected for the initial screening stage was performed using
custom-made GoldenGate assays on a Veracode platform as per the manufacturer’s
instructions (Illumina, San Diego, CA). Raw genotype data were analyzed using Beadstudio
software (version 3.1.0; Illumina).

Ann Neurol. Author manuscript; available in PMC 2012 December 12.
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For the replication stage, genotyping was performed by polymerase chain reaction followed
by direct sequencing on an ABI 3730 DNA Analyzer (Applied Biosystems, Foster City, CA)
(primer sequences listed in Supplemental Table 3). Genotype information for the control
cohort used in the replication stage was extracted from publicly available data of 537 British
healthy control subjects who had been previously genotyped on Illumina 610Y SNP chips.

Statistical Analysis

Results

Statistical analysis was performed using PLINK software (v1.04).11 For the screening stage,
samples with a call rate less than 90% were excluded from analysis (n = 13 cases and 83
control subjects). SNPs with a minor allele frequency less than 0.01 (n = 3), SNPs with
significant departure from Hardy—Weinberg equilibrium (p = 0.001; n = 29), SNPs with a
missingness rate greater than 5% (n = 26), or SNPs with inaccurate clustering (n = 2) were
excluded from analysis (15 SNPs failed more than one quality-control criterion). Each of the
remaining 339 SNPs was then tested for association under allelic, genotypic, dominant,
recessive, and trend models, and the lowest p value was calculated for each SNP (pmin).
Applying the Bonferroni method to correct for multiple testing, the threshold p value for
significance was 2.6 x 10" =5 (two-sided a of 0.05 divided by [384 SNPs multiplied by 5
models]).

For the replication stage, one SNP was excluded because of departure from Hardy—
Weinberg equilibrium in control subjects (p = 0.01). The remaining SNPs were tested for
association under a recessive model, because this model was the best fit in the screening
stage. Based on Bonferroni correction for multiple testing, a p value less than 0.005 was
considered significant (two-sided a of 0.05 divided by 10 SNPs tested). The power of this
cohort to replicate loci at this significance level with the odds ratios observed in the
screening stage is shown in Supplemental Figure 2.

Screening Stage

A total of 384 SNPs were genotyped in a cohort of 413 MSA cases and 3,974 control
subjects. After quality-control filters were applied, 339 SNPs were tested for association
with disease in a final dataset of 400 cases and 3,891 control subjects under allelic,
genotypic, dominant, recessive, and trend models (results of the screening stage are shown
in the Table and in Supplemental Figure 1).

Replication Stage

To replicate these findings, we genotyped the 10 most significantly associated SNPs
identified in the screening stage in an independent, additional cohort of 108 MSA samples
and 537 control samples (see the Tablel). Sequence analysis demonstrated a likely
genotyping error for rs10515822; reexamination of cluster plots confirmed this error, and
this SNP was removed from further analysis. Applying a recessive model, we observed
highly significant associations exceeding the Bonferroni threshold for two of these SNPs,
namely, rs11931074 (p = 1.6 x 10” =) and rs3857059 (p= 1.3 x 10" "%). When data from
the replication stage were combined with data from the screening stage, the p value for
1511931074 was 5.5 x 10" 712 (odds ratio for homozygous risk allele carriers = 6.2 [95%
confidence interval [CI]: 3.4-11.2]), and for rs3857059 was 2.1 x 10~ ~10 (odds ratio for
homozygous risk allele carriers = 5.9 [95% CI: 3.2-10.9]) (see Supplemental Table 4 for
details). These two SNPs are in complete linkage disequilibrium (12 = 1.0 in the Centre
d’Etude du Polymorphisme Humain HapMap population from Utah), and lie in intron 4 of
SNCA (rs3857059) and downstream of SNCA (rs11931074) (Figl). None of the remaining
eight SNPs reached significance in the replication stage or in the combined analysis.

Ann Neurol. Author manuscript; available in PMC 2012 December 12.
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Analysis of Pathology-Proved Multiple System Atrophy Cases

To exclude the possibility that PD cases mistakenly clinically diagnosed as MSA might be
falsely driving the association with SNCA, we analyzed the SNPs rs11931074 and
rs3857059 in pathology-proven MSA cases and healthy control subjects (n = 92 cases and
3.891 control subjects after quality-control filtering). Both SNPs remained significantly
associated with increased risk for development of MSA (recessive model p value for
1511931074 = 1.4 x 10" ~!1; p value for rs3857059 = 4.9 x 10~ 6 see Supplemental Table

).
F Analysis of Clinical Multiple System Atrophy Subtypes
%a From available records, 136 patients could be unequivocally assigned to the MSA-P
% subtype, and 75 patients were MSA-C cases (see Supplemental Table 2 for further details on
‘é‘ these cohorts). An analysis in these subgroups could not detect the association between
= SNCA variants and increased risk for development of MSA (MSA-P: 1511931074, p =
E 0.194; 153857059, p = 0.183; MSA-C: rs11931074, p = 0.075; rs3857059, p =0.069;
g% recessive model using Fisher’s exact test), probably because of lack of power in the
" relatively small subgroups. However. this result also suggests that the association is not

driven just by one MSA sub-phenotype.

Discussion

In this study, we have demonstrated that genetic variants within the SNCA locus are
s associated with increased risk for development of MSA. These data represent the first
g genetic variants convineingly identified for patients with MSA. This study is important in
= that genetic factors play a greater role in the pathogenesis of MSA, which entity primarily
a suggests thought of as sporadic in occurrence. The veracity of our findings is underscored by
5‘, the strength of the association that clearly exceeded the conservative Bonferroni threshold
5 for statistical significance, by the successtul replication of our findings in an independent
% cohort, and by the role that SNCA is already known to play in the disease process based on

neuropathological findings.*-¢

/ Previous studies (including sequencing of SNCA coding sequence, gene dosage

;, measurements, microsatellite testing, and haplotype studies) have failed to identify
significant association of SNCA variants with MSA.2-16 These negative results can be
explained by the smaller sample sizes of these studies, and by the fact that none of the
SNCA risk variants identified in our study was tested. Our replication of the association
between SNCA variants and MSA in an independent patient and control cohort indicates
that population stratification was unlikely to be falsely driving the finding. The failure to
replicate our findings in MSA-P and MSA-C clinical subgroups was likely due to small
sample size and the diagnostic uncertainty inherent to clinical criteria.!” A combination of
these factors would negatively impact the power to detect association within these patient
subsets, and studies of larger cohorts will be required to dissect the true pathogenic role of
SNCA variants within each of these clinical categories. In contrast, analysis in the smaller,
. but diagnostically accurate, subset of pathology-proven MSA cases clearly demonstrates that
. SNCA variants are associated with increased risk for disease.

The significant associations with increased risk for MSA were most clearly observed under
the recessive model. However, it is possible that the relatively small size of our case—control
cohort was powered only to identify individuals carrying two risk alleles, but that an
undetected additive risk at these loci exists. Additional studies involving larger patient
cohorts are required to determine whether persons with a single copy of the risk allele are at
increased risk for development of MSA.

Ann Neurol. Author manuscript; available in PMC 2012 December 12.
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How does genetic variation at the SNCA locus confer an increased risk for development of
MSA? Previous sequence analysis of SNCA coding sequence failed to identity pathogenic
mutations; thus, direct alteration of the amino acid sequence is considered an unlikely
mechanism of disease. 216 The most plausible explanation, therefore, would be a change in
gene expression regulation. This explanation is supported by the observation that duplication
or triplication of SNCA leads to glial cytoplasmic inclusion formation in the brains of
affected individuals, and that in some subjects, the clinical presentation resembles a MSA
phenotype.#® A modest alteration in gene expression levels, although pathogenic in a given
individual, may have escaped detection in previous SNCA expression studies of small
sample size.'820 The identified risk variants may also alter the splicing pattern of SNCA in
a pathogenic manner, or alter SNCA messenger RNA processing, or additional genetic
factors may be responsible for the different manners of synuclein accumulation in PD and
MSA.

How do the results of our candidate SNP association study in MSA compare with our
genome-wide association study in PD? We identified significant association with the SNCA
locus in both diseases.? The odds ratio associated with carrying a single risk allele of the
SNCA SNP rs3857059 was 1.3 in both diseases (95% Cl in PD: 1.2-1.5; 95% CI in MSA:
1.1-1.6), whereas the odds ratio for homozygous carriers was 3.8 (95% CI: 2.4-5.9) in PD
and 5.9 (95% CI: 3.2-10.9) in MSA.

In summary, our study has conclusively demonstrated that genetic variants in SNCA play a
role in the pathogenesis of MSA, and that these genetic factors overlap with those found in
PD. These data support the general notion that variability at the gene that encodes the major
pathologically deposited species is a risk factor in neurological diseases involving protein
deposition?! but highlights that often large sample sizes are required to see such an effect.
Additional genetic loci undoubtedly remain to be identified in the pathogenesis of this fatal
neurodegenerative disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. Location of the association signal at the SNCA locus on chromosome 4q22.1

Association signals are shown for all single nucleotide polymorphisms (SNPs) genotyped in
(A) screening-stage samples (black circles), (B) replication-stage samples (blue circles), and
(C) for combined screening- and replication-stage samples (red circles). The most associated
SNPs, rs11931074 and rs3857059, lie in or near the SNCA gene, and are in complete
linkage disequilibrium. The plot were generated using the SNP. plotter package within R
version 2.6.1.
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SHORT REPORT

Probable multiple system atrophy in a German family
U Wiillner, M Abele, T Schmitz-Huebsch, K Wilhelm, R Benecke, G Deuschl, T Klockgether

J Neurol Neurosurg Psychiatry 2004;75:924-925. doi: 10.1 136/innp.2003.025155

Multiple system atrophy [MSA} is @ neurodegenerative
disorder of unknown aetiology. A possible underlying
genetic component has not yet been identified. A family is
reported with phenotypic MSA and probable autosomal
dominant inheritance. The patients presented initially with
either parkinsonian or cerebellar signs, and developed
severe autonomic failure and typical atrophy of the brain
stem and cerebellum in the course of the disease.

ultiple system atrophy (MSA) is a sporadic neurode-

generative disorder of unknown actiology, clinically

characterised by poorly levodopa responsive parkin-
sonism with or without cerebellar dysfunction, in combina-
ton with  awtonomic  failure!  a-Synuclein positive
oligodendroglial inclusions are the specific ncuropathological
hallmark of MSA. Like idiopathic Parkinson's disease, MSA
might therefore be classified as a sporadic synucleinopathy.”
While both autosomal dominant and recessive traits have
been identified in Parkinson’s discase, no familial cascs of
MSA have yet been reported. We describe a family with a
phenotype typical of MSA in two successive gencerations.

METHODS

All family members were examined by two of us {(UW and
TSH), using the unified multiple sysiem atrophy rating scale
(UMSARS) and the unified Parkinson’s discase rating scale
(UPDRS). All had standardised autonomic testing, and
magnetic resonance imaging (MRI) was undertaken in nine
{amily members, the protocol imcluding TI-TSE three
dimensional volume datascts and T2 weighted images, as
described previously.” The two alfected patients underwent
additional single photon cmission computed tomography
{SPECT) with '*I-FP-CIT and '**1-1BZM.

RESULTS

The family comes from northern Germany. There are 14
living members in three generations, without any history of
consanguinity (fig 1).

I, first presented at age 68 years with akinetic parkinson-
ism which responded well to levodopa treatment for
approximatcly eight years. Urinary incontinence and ortho-
static dysfunciion developed within two years, and ataxia of
gait and stance within six years after the initial diagnosis. On
examination (aged 77), she showed no cognitive impairment.
Ataxia of gait and stance was severe and she was unable to
walk unaided. She had a smooth expressionless face, severe
dysarthria, upper and lower limb ataxia, symmetrical brisk
tendon reflexes, and cogwheel rigidity, but no plantar
responses (UMSARS scores: T {activities of daily living), 35;
I (motor examination), 43; UPDRS I, 39). Blood pressurc
was 140/100 mm Hg recumbent and 100/60 mm Hg upright,
the change of posture producing giddiness. MRT showed
severe brain stem and cerebellar atrophy with a hot cross bun
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sign {fig 2). Only moderate changes where present in the
putamen.

T first presented at age 46 years with ataxia of gait. A
partial (urge) incontinence, orthostatic dysfunction, and niild
right sided parkinsonism developed within two years after
the occurrence of ataxia. On examination {age 49), she
showed no cognitive impairment. She had mild ataxia of gait
and stance and mild upper and lower Hmb ataxia, moderate
dysarthria, symmecuiical brisk tendon reflexes, and mild
cogwheel rigidity of the right arm, but no plantar responses
(UMSARS scores: 1 (activities of daily living), 11; II {motor
examination), 18; UPDRS 11, 19). Blood pressure was 130,90
mm Hg recambent and 100/90 mm Hg upright. MRI showed
predominant cerebellar and moderate brain stem atrophy
with a hot cross bun sign (fig 2).

Subjects M, (aged 48-55) all had completcly normal
ncurological examinations except for a minimal ataxia of gait
in 1, when walking in tandem with eyes closed, and a
corresponding discrete atrophy of the upper vermis on MRI
{not shown}.

Subjects 1L (aged 21-28), the three children of 11, had
completely normal neurological examinaidons and MRIs (not
shown).

I, and Uy underwent SPECT with 'P1-FP-CIT and '?%1-
IBZM. Both showed an asymmetrical massive reduction of
the presynapiic dopamine wransporter and a moderate loss of
dopamine D2 receptors (data not shown). Extensive labora-
tory testing was undertaken in I, and Iy all routine
variables, including caeruloplasmin and urine copper, were
within the normal range; CSF samples were normal, without
oligoclonal bands. Genetic testing cxcluded spinocerebellar
ataxia {SCA) types 1-3, 6, 7, and 17 in I; and I,

DISCUSSION
This is the first description of a family with the clinical
phenotype of probable MSA, corresponding morphological
changes on MRI, and a probable autosomal dominant
inhcritance. In 1964, before the recognition of MSA as a
discasc entity, Lewis desaribed a family with orthostatic
hypotension as the leading symptom.* However, while two
family members had ataxia and parkinsonism and might
have fuifilled the current criteria of probable or possible MSA,
a common feature in that family seemed to be prominent
amyotrophy and rather slow disease progression, with a
disease duration of more than 30 years in one case. In
addition, the predominant symptom in two cases was
diarrhoea, which could point to coeliac disease. Diarrhoea,
awonomic failure, and cerebellar degeneration are also
observed in hereditary neuronal nuclear inclusion discasc
{NIID), even though at least in some cases NIID symptoms
may start in childhood.®

Although a multigenic actiology of MSA is often suspected,
the evidence for a genetic component is rather weak, and
families with MSA have not been described up 0 now. A
family with necropsy proven Parkinson's disease and
necropsy proven MSA was reported by Shimo e al,° but the
significance of that combination remains unclear. The
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Figure 1 Patient pedigree.

Figure 2 T2 weighted horizontal mu%neﬁc resonance images at the

level of the basal ganglia {left) and the brain stem (right): bottom, Iy top,
). Note the atrophy of the cerebellar peduncle with gliosis and the hot
cross bun sign in the brain stem (arrowheads). Only moderate gliosis is
present at the outer rim of the putamen {arrows).

probability that the cases encountered occurred by chance
alone is rather low. The standardised prevalence vates of MSA
arc estimated to be 4 or 5 in 100 000.” Thus the probability of
finding two paticnts with probable MSA in a family of 14
members by chance alone is as low as 0.0006. A genetic
predisposition for MSA was suggested by an epidemiological
study by Nee ef al, who reported a higher [requency of
symptoms and neurological diseases in first degree relatives
of 60 MSA cases than in controls (23% in MSA cascs v 10% in
controls).” Although a small study reporied an association
between MSA and a mutant allele of the CYPIID6 gene, a
subscquent analysis did not find an association between
MSA and genetic variants of the genes cading for CYPIDS,
apoE, the receptor for 1GF-1, ciliary ncurotrophic factor
(CNTF), the H5 pore region of the human homologue of the
weaver mouse gene, or HLA-A32.7 7 Also, no mutations were
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identified in the coding region of the «-synuclein gene.’'
Neither CAG trinucleotide repeat cxpansions of spinocerc-
bellar ataxia types 1-3, -8, and 12, nor frataxin mutatiens
were found in 20 patients with possible or probable MSA. in
our family none of the known SCA mutations was found,
although the marked difference in age at disease onset in the
two affected family members (anticipation) could point to an
as yet unidentified trinucleotide repeat disorder.

Identification of the present family suggests that MSA—
although considered a sporadic disease—may be inherited in
rare instances. As with Parkinsoen’s disease, genetic analysis
of larger families might provide clucs to the suspected genetic
basis of MSA.
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