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1 UVOD

Neurodegenerativni onemocnéni jsou charakterizovana uklddanim specifickych, patologicky
konformovanych proteinovych agregati v centrdlnim nervovém systému, a to jak
intracelularné, tak extracelularné.

(1) hyperfosforylovany protein tau (h-tau) vyskytujici se ve formé& neurofibrilarnich klubek
(NFT) u Alzheimerovy nemoci (AN), [1] u tauopatii vcetné¢ frontotemporalni lobarni
degenerace s tau patologii (FTLD-tau) [2] a tzv. novych tauopatii v podobé neuronalnich,
astroglidlnich 1 oligodendroglidlnich pozitivit;

(2) a-synuklein (a-syn) formujici Lewyho téliska u Parkinsonovy nemoci (PN) a demence
s Lewyho télisky (DLB), nebo oligodendrogliové inkluze u multisystémové atrofie (MSA);
(3) fosforylovany TDP-43 typicky pro frontotempordlni lobarni degeneraci s TDP-43
pozitivnimi inkluzemi (FTLD-TDP); [3]

(4) ubikvitin nachazeny u frontotemporalni lobarni degenerace s inkluzemi pozitivnimi
pro markery ubikvitin-proteazomového systému (FTLD-UPS); [3, 4]

(5) ,,fused in sarcoma“ (FUS) u frontotemporalni lobarni degenerace s FUS-pozitivni patologii
(FTDL-FUS). [5]

Majoritné¢  kortikalné¢ lokalizované, primarné¢ extraceluldrni agregaty ve formé
tridimenzionalnich plak ¢i difuznich depozit charakterizuji AN a lidska prionovéa onemocnéni,
mezi néZ fadime Creutzfeldtovu—Jakobovu nemoc (CJN; dle etiologie déle ¢lenénou na variantu
sporadickou, genetickou a ziskanou s podtypy iatrogenni a variantni CJN), Gerstmanniv—
Straussleriv—Scheinkeriv syndrom (GSS), kuru, fatdlni familidrni insomnii (FFI) [6]
a variabiln¢ k proteadze senzitivni prionopatii (VPSPr). [7] U AN jsou extracelularni depozita
tvofena amyloid-beta proteinem (A) s predominanci sekundarni struktury B-skladaného listu,
u prionéz tzv. scrapie-izoformou prionového proteinu (PrP5°) s identickou sekundirni
konformaci.

V extracelularnim prostoru se tedy mizeme setkat se dvéma typy patologicky konformovanych
proteintl a to:

(1) AB u AN typicky v podobé¢ plak;

(2) PrP5¢ u priondz — u CIN ¢&asté&ji v podobé difuznich sitovitych agregatii, u GSS v podobé
multicentrickych plak.



1.1 Lidské transmisivni spongiformni encefalopatie

1.1.1 Creutzfeldtova—Jakobova choroba

Creutzfeldtova—Jakobova choroba (CJN) je nejcastéjSim lidskym prionovym onemocnénim, [§]
neuropatologicky charakterizovanym spongiformni encefalopatii mozkové a/nebo mozeckové
kary a/nebo subkortikalni Sedé hmoty. Muze byt také definovana jako encefalopatie s PrP-
imunoreaktivitou v podobé plak a/nebo diftznich synaptickych a/nebo perivakuolarnich
depozit. [9] Podle etiologie CIN ¢lenime na nejcastéjsi formu sporadickou (sCJIN), genetickou
(gCJN) a ziskanou, ktera je dale d€¢lena na iatrogenni (iCJN) a variantni (vCJN). [10]
Vzhledem k nevyhnutelnému riziku iatrogenniho pfenosu je biopsie mozku indikovana pouze
ve specifickych situacich s vysokou pravdépodobnosti 1éCitelné etiologie v diferencialni
diagnéze. Argumenty proti biopsiim mozku v pifipadech podezieni na CIN zahrnuji vysoké
riziko neprikazného vysledku [11] a nemoznost 1écby (tedy neovlivnéni progndzy pacienta)
ani pfi potvrzeni prionového onemocnéni. [12] Piipadna dalsi specifika vysetfovaciho procesu

ante mortem budou probrana u konkrétnich diagnostickych jednotek.

1.1.1.1 Sporadicka forma Creutzfeldtovy—Jakobovy choroby

Sporadicka CIN (sCJN) zacind ndhodnou konverzi fyziologického celularniho prionového
proteinu (PrP¢) do podoby patologicky konformovaného PrP5¢ s ptevahou p-sklddaného listu.
Timto mechanismem zapocne piiblizn€ 85 % piipadd CJN. [13] Vyskyt sporadické formy je
celosvétove hlasen jako 1-2 pfipady na milion obyvatel. [14]

1.1.1.1.1 Neuropatologicka charakteristika sCJN

Neuropatologicky sCIN charakterizuje spongiformni pfeména Sedé hmoty, gliéza, vyrazny
ibytek neuropilu, ztrata neurondl a agregaty PrP5° lokalizované predevsim extracelularng, s tim,
ze intracelularni lokalizace je mozna. Nejnapadnéj$im nalezem pozorovatelnym uz pii barveni
hematoxylinem-eosinem je spongiformni degenerace mozkové kiry. Zacina n€kolik mésict
pted klinickym nastupem ptiznaki, nasleduje ji glidza, ibytek neuropilu a ztrata neurond. [15]
Jemna spongiformni pfeména doprovéazi synapticka depozita PrP* typu 1, zatimco oblasti
vykazujici velké konfluentni spongiformni vakuoly jsou spojeny s perivakuolarni pfitomnosti
PrP5¢ typu 2. Plati, e mezi sporadickymi piipady nachazime 95 % methionin/methionin (MM)
homozygotli s PrP* typu 1 a 86 % valin/valin (VV) homozygotii ¢ methionin/valin (MV)
heterozygotti s PrP5¢ typu 2. [15]



Zaroven polymorfismy kodonu 129 na PRNP genu koreluji
s charakterem a lokalizaci depozit PrP5¢ nasledovné:
(1) MM1: synapticka a perivakuolarni depozita; [16]
(2) MM2:
e kortikalni subtyp: perivakuoldrni pozitivita ve vSech kortikalnich vrstvach;
e thalamicky subtyp: mén¢ plak — byvaji popisovany jako hrubé; [17]
(3) MV 1: synapticka a perivakuolarni depozita;
(4) MV2: , kuru-like* plaky v mozecku a perineuronalni pozitivity v mozkové kufe;
(5) VV1: teckovité synaptické pozitivity v mozkové kiie;
(6) VV2: perineurondlni pozitivity, s Cetnymi ,,plaque-like” formacemi a synaptickou
pozitivitou PrP%° v mozkové ktife. [18]
1.1.1.1.2 Geneticky podklad sCJN

VétSina pacientd s sSCIN jsou homozygoté pro methionin v pozici kodonu 129 na genu PRNP.

1.1.1.1.3 Klinicky obraz sCJN

Klinika onemocnéni zahrnuje rychle progredujici kognitivni dysfunkci, pyramidové
a/nebo extrapyramidové piiznaky, cerebeldrni ataxii, vizuospacidlni dysfunkci, myoklonus
(celkovy nebo postihujici nékteré svalové skupiny) a akineticky mutismus. [19] Ke klinické
diagnéze, krom piitomnosti demence a minimalné dvou dalsich klinickych znak, ptispiva:
(1) pozitivita 14-3-3 proteinu v mozkomisnim moku (CSF),

(2) generalizované periodické viny zastizené pomoci elektroencefalografie (EEG),

(3) hyperintenzity ve FLAIR/DWI sekvencich magnetické rezonance (MRI) v bazélnich
gangliich (putamen a nucleus caudatus) nebo kortikalnich oblastech (tzv. cortical ribboning),
(4) pozitivni vysledky analyzy CSF metodou real-time quaking-induced conversion (RT-
QulC). [19]

Nedavno vydana diagnosticka kritéria dle Watsona et. Al [19] rozliSuji pojmy:

(1) mozna CJN: klinické ptiznaky odpovidajici CJN a vylouceni ostatnich jednotek spadajicich
do diferencialni diagnostiky — tj. nadorové postizeni, cerebrovaskularni 1éze, autoimunitni
poruchy, neuroinfekce;

(2) pravdépodobna CIN: odpovidajici symptomatologie spolu s pozitivnimi biomarkery:
protein 14-3-3, MRI, [20, 21] EEG [22] a RT-QUIC;

(3) definitivni CIN: po neuropatologickém potvrzeni diagnozy (viz Tab. 1).

Onemocnéni obvykle trva od nékolika mésicii do jednoho roku. Trvani delsi nez dva roky je

vylu€ujicim klinickym kritériem pro moznou sCJIN. [23] Zajimavosti je, Ze na rozdil od vCIN



se klinické piiznaky a neuropatologické nalezy lisi pfipad od pfipadu, coz je s nejvetsi

pravdépodobnosti dano riznymi molekularnimi fenotypy u jednotlivych pacienti. [24]

Progresivni neurologicky syndrom a bud neuropatologické, imunohistochemické

nebo biochemické potvrzeni diagnozy.

Tab. 1 — Kritéria pro definitivni diagnézu sCJN.

1.1.1.2 Geneticka forma Creutzfeldtovy—Jakobovy choroby
1.1.1.2.1 Neuropatologicka charakteristika gCJN

Neuropatologicky je onemocnéni neodlisitelné od sCIN.

1.1.1.2.2 Geneticky podklad gCJN

Genetickou (gCJIN), ¢i mén¢ piesné familiarni formu CJIN, podminuje pfitomnost dédicné
mutace v genu PRNP (kritéria v Tab. 2), vyskytujici se v 10-15 % ptipadi CJN. [25] Preference
terminu ,,genetickd CIN“ je opodstatnénd ne vzdy pozitivni rodinnou anamnézou. V PRNP
je znamo vice neZ 50 mutaci, [24] pti¢emz v Ceské republice prevlada mutace E200K, ktera je
zaroven nejcastéjsi mutaci v Evropé, [26] nédsledovana mutacemi V2101 a D178N — druha
zminénd je Castd v Nizozemsku, Francii, Spojeném kralovstvi, Finsku a Madarsku. [27]

Penetrance onemocnéni se pohybuje mezi 60 a 100 % v zavislosti na dané populaci. [28]
1.1.1.2.3 Klinicky obraz gCJN
Klinicky se pacienti prezentuji demenci a dal$imi psychiatrickymi zmé&nami spolu s ataxii

a myoklonem, neuropatie jsou oproti tomu vzacné. [29]

Definitivni CJN s rozpoznanou patogenni mutaci v genu PRNP a definitivni

nebo pravdépodobnou transmisivni spongiformni encefalopatii u pfibuzného prvniho stupné.

Tab. 2 — Kritéria pro definitivni diagn6zu gCJIN.

1.1.2 Ziskana forma Creutzfeldtovy—Jakobovy choroby

1.1.2.1 Iatrogenni forma Creutzfeldtovy—Jakobovy choroby

Iatrogenni forma CIN (iCJN) vznika pienosem PrP>¢ b&hem lékatskych nebo chirurgickych
zakrokll (kritéria viz Tab. 3). [30] iCJN piedstavuje méné nez 1 % vSech ptipadi CJN, [31]
nicméné bylo popsano Siroké spektrum procedur, pii nichz k ptfenosu doslo. Zaznamenany jsou
ptipady pifenosu pfi transplantaci tvrdé pleny mozkové, rohovky, transmise z chirurgickych
nastrojii, zavedenim hlubokych elektrod EEG, po 1é¢bé lidskym ristovym hormonem
¢i lidskym gonadotropinem i sekundarni infekce variantni CIN pfenesené transfuzi krevnich
derivati. [28, 32, 33] Celkem je znamo 492 ptipada [33] s rozmanitou délkou inkubaéni doby
zévislou na formé¢ inokulace. Inkubacni doba pacientli nakazenych ptes intracerebralné

zavedenou elektrodu se pohybovala v rozmezi 16-28 mésict, zatimco u pacientl infikovanych
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injekcemi lidského riistového hormonu doslo ke klinickému propuknuti onemocnéni s latenci

5az 30 let. [24]
1.1.2.1.1 Neuropatologicka charakteristika iCJN

Neuropatologicky byva pfitomna pokrocila kortikdlni spongiformni pfeména s cetnymi
vakuolami, difuzni astrogliézou a ztratou neuronii. Kromé toho nékteré popsané piipady
vykazovaly pocetné , kuru-like* plaky rozptylené v kiite mozkové, subkortikalni bilé hmoté

a kiifre mozecku. [34]

1.1.2.1.2 Klinicky obraz iCJN

Charakteristickymi klinickymi projevy iCJN je demence a cerebelarni pfiznaky — predevsim
abnormality chiize a ataxie, [29] dale se objevuji vizudlni, psychiatrické a senzorické obtize.
[33]

Definitivni CJN (neuropatologicky potvrzend) s iatrogennim rizikem v anamnéze.

Tab. 3 — Kritéria pro definitivni diagn6zu iCJN.

1.1.2.2 Variantni forma Creutzfeldtovy—Jakobovy choroby

Variantni CJN (vCIN) souvisi s ndkazou produkty kontaminovanymi bovinni spongiformni
encefalopatii (BSE). Jako zajimavost uvaddime tfi pravdépodobné ptipady ptenosu vCJN krevni
transfuzi, [32, 33] kvili kterym plati zakaz darcovstvi krve u vSech osob, které zily ve Spojeném
kralovstvi béhem epidemie BSE. [35] Kromé toho byly v posledni dobé zaznamenany
ti1 ptipady nékazy laboratornich pracovniki pracujicich s BSE-kontaminovanym materialem
(v roce 2016 v Italii, 2018 a 2021 ve Francii, pficemzZ posledni piipad je zatim pfedmétem
vySetfovani). [36, 37]

1.1.2.2.1 Neuropatologicka charakteristika vCJN

Neuropatologicky vCIN vykazuje morfologické a imunohistochemické odlisnosti od vSech
ostatnich typt lidskych prionovych onemocnéni (Tab. 4). vCIN je charakterizovana hojnymi
floridnimi ,,daisy-like* plakami [38] v mozku a mozecku, mnohdy formujicimi klastry,
a povsechnou akumulaci PrP% prokazatelnou imunohistochemicky. Spongiformni dystrofie
byva nejvice vyjadiena v nucleus caudatus a putamen. Thalamus vykazuje té€Zkou ztratu
neurond a gliozu, kterd byva nejvyraznéj$i v zadnich jadrech a koreluje s oblastmi
hyperintenzivniho signdlu patrného v zadnim thalamu pfi MRI vySetfeni mozku. [39]
Hyperintenzity na MRI byvaji patrné i v oblasti periaqueduktalni Sedé¢ hmoty, pozoruhodna
je absence mozkové atrofie. [40] Na rozdil od sCIN a gCJN byla ve 100 % ptipadi vCIN
prokazana ptitomnost PrP%° jak imunohistochemicky, tak western blotem, ve viech typech

lymfatické tkané (tonzily, lymfatické uzliny, slezina). [41] To vysvétluje moZnost vyuziti



biopsie tonzil pifi klinickém podezieni na vCIN pfi chybéni bilaterdlnich hyperintenzit
pulvinaru na MRI. [18]

1.1.2.2.2 Geneticky podklad vCJN

Az na jednu vyjimku (jeden pacient s genotypem MV), [42] byli vSichni pacienti s vCIN MM
homozygoté. [43]

1.1.2.2.3 Klinicky obraz vCJN

Klinicky projev zpoc€atku zahrnuje psychiatrické a behaviorélni pfiznaky s bolestivou parestézii
nebo dysestézii; [29] ataxie a demence se vyvijeji pozdéji. [24] Na rozdil od ptipadi sCIN
a gCIN EEG obvykle postrada periodicky vzorec [44] a trvani onemocnéni je delsi

(v praiméru 13-14 mésict).

Neuropatologické znaky zahrnuji:
e pocetné plaky obklopené vakuolami jak v mozku, tak v mozecku (,,daisy-like* plaky),

e spongiformni pfeménu a rozsahlé ukladdni PrPS° depozit v mozku a mozecku

prokézané imunohistochemicky.

Tab. 4 — Kritéria pro definitivni diagn6zu vCJIN.

1.1.3 Gerstmanniuv—Striussleriv—Scheinkertuv syndrom
Gerstmanntv—Striaussleriv—Scheinkeriv  syndrom (GSS) je definovan jako pomalu
progredujici autozomaln¢ dominantné dédi¢né neurodegenerativni onemocnéni, [45] nebo jako
encefalo(myelo)patie s multicentrickymi PrP plakami [8] v mozkové a mozeckové kiire
a bazélnich gangliich. [46]

1.1.3.1 Neuropatologicka charakteristika GSS

Charakteristickym neuropatologickym znakem GSS jsou multicentrické plaky, patrné byvaji

i hypertrofické astrocyty, aktivovana mikroglie a ztrata neuront. [45]

1.1.3.2 Geneticky podklad GSS

GSS je prvnim lidskym prionovym onemocnénim, u které¢ho byla prokazana mutace v genu
PRNP [45] — dodnes byly popsany bodové mutace v kodonech 102, 105, 117, 131, 145, 187,
198, 202,212,217 a 232, [45] oktapeptidové opakované inzerce (OPRI) ¢itajici 1-9 24nasobki
part bazi, [47] nicméné& v Ceské republice je jednoznaéné nejéastéjsi mutace P102L.

1.1.3.3 Klinicky obraz GSS

Klinicky se GSS manifestuje cerebelarni ataxii a pomalu progredujici demenci [48]
s extrapyramidovymi pfiznaky, zhorSenim zraku, sluchu, myoklonem, spastickou paraparézou

a hyporeflexii aZ areflexii dolnich koncetin. [48]



Mezi ptipady GSS s mutaci P102L lze rozlisit ctyfi klinické podtypy. Prvni a pocetnéjsi skupina
(84 %) cita tfi podskupiny pacientl s pozdnim nastupem demence (vice nez 36 meésich
od klinického propuknuti onemocnéni), ¢asnou ataxii a delSim trvanim nemoci (median
48 mésict). Patii sem:

(1) typicky GSS,

(2) GSS s areflexii a parestézii,

(3) GSS s cistou demenci,

Druhou skupinu definuje Casny nastup demence, ataxie a prekotny prubéh onemocnéni (median
pieziti 7 mésich):

(4) GSS podobna Creutzfeldtové—Jakoboveé chorobé. [49]

1.1.4 Fatalni familiarni insomnie

Fatélni familiarni insomnie (FFI) je autozomaln€ dominantné dédi€né onemocnéni zplisobené
mutaci D178N v genu PRNP za piitomnosti MM polymorfismu na kodonu 129. [50] V Ceské

republice FFI nebyla dosud zaznamenana.

1.1.4.1 Neuropatologicka charakteristika FFI
Nejvice postizenymi oblastmi jsou mediodorzalni a ventralni thalamicka jadra, pulvinar a olivy.
Népadnéd ztrata neuroni a astrocytarni gliéza jsou hlavnimi neuropatologickymi nalezy,

zatimco spongiformni degenerace chybi. [51]

1.1.4.2 Klinicky obraz FFI
Klinicky je FFI charakterizovana farmakorezistentni nespavosti, fragmentaci spanku,
poruchami autonomniho nervového systému, motorickymi poruchami a progresivni kognitivni

poruchou. [52]

1.1.5 Kuru

Kuru je definovdno jako neurodegenerativni nezanétlivé infekéni onemocnéni. [53] Zacalo
se objevovat kolem roku 1900 v Papui-Nové Guineji mezi kanibalskymi kmeny, pficemz
epidemie kuru nésledné eskalovala mezi lety 1940—-1950. [53, 54] Dnes je toto onemocnéni

povazovano za vymizelé.

1.1.5.1 Neuropatologicka charakteristika kuru

Neuropatologické nalezy se 1 pies velmi podobné klinické ptiznaky liSily [55] — popisovana
je myelinovd a neurondlni degenerace (s maximem postizeni pontinnich jader, mozecku
a bazélnich ganglii), mikroglidlni a astrogliova proliferace, [55] mononuklearni perivaskulérni

infiltrat, ,,cuffing®, [56] spongiformni transformace, [57] atrofie neurontl, disperze Nisslovy



substance a vakuolizace cerebelarni Purkynovych bunék a striatdlnich neuronii. [58] PrP-
reaktivni ,.kuru“ plaky byly zaznamenany u 50-75 % pftipadi. [57, 58]

1.1.5.2 Klinicky obraz kuru

Typickymi klinickymi znamkami kuru byla cerebeldrni ataxie, tfes a extrapyramidové piiznaky

jako je chorea a atetdza [53, 54] s absenci kognitivniho deficitu. [29]

1.1.6 Variabilné k proteaze senzitivni prionopatie
Variabiln¢ k proteaze senzitivni prionopatie (VPSPr) je relativné nedavno popsané prionové

onemocnéni poprvé zminéné v roce 2008. [7]

1.1.6.1 Neuropatologicka charakteristika VPSPr

Neuropatologicky je VPSPr charakterizovana mirnou spongiformni degeneraci [7] postradajici
oblasti konfluentni spongiformni transformace, [53] typické jsou PrP-imunoreaktivni
»~mikroplaky* a ,,plaque-like* depozita. [7]

1.1.6.2 Geneticky podklad VPSPr

VPSPr je povaZzovana za sporadickou formu lidského prionového onemocnéni, pfi¢emz byli
zaznamenani pacienti se vSemi typy polymorfismii na kodonu 129, avSak s ptevahou VV
homozygot. [59] Soucasné¢ byva udavano, ze VV homozygoté vykazuji rozvinutéjsi
neuropatologické postizeni ve formé plak nez MM homozygoté nebo MV heterozygoté.
1.1.6.3 Klinicky obraz VPSPr

Median trvani onemocnéni je 2 roky s klinickou pfevahou psychiatrickych ptiznakd, [7] afazie,

ataxie, parkinsonského syndromu [59] a kognitivniho deficitu. [7]

1.2 Alzheimerova choroba

Alzheimerova nemoc (AN) je progresivni neurodegenerativni onemocnéni a vitbec nejcastéjsi
forma demence. [60] Prevalence u osob starSich 65 let ¢ita 3 %, u osob starSich 85 let 32 %,
[61] coz vzhledem ke starnuti populace nevyhnutelné povede k nérustu celkového poctu
ptipadu.

1.2.1 Neuropatologicka charakteristika AN

Diagnostické znaky nutné pro vysloveni neuropatologické diagndzy AN jsou:

(1) extracelularni plaky sloZené majoritné z A,

(2) intracelularni NFT tvofend hyperfosforylovanym tau proteinem.

Kritéria jsou zapsana v konsensualnim schamatu National Institute on Aging—Alzheimer’s
Association (NIA-AA). [62, 63] Extracelularni depozita AP jsou hodnocena podle Thalovych

kritérii posuzujicich distribuci a lokalizaci AP agregatti (viz Tab. 5 a 6); Braakovo stadium



hodnoti rozsah postizeni NFT (Tab. 7) a semikvantitativné je stanovovana hustota
neokortikalnich neuritickych plak A podle Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD; Tab. 8). [64] Vyhodnocenim zmén je vycCislena pravdépodobnost (nizka,
sttedni ¢i vysokd) podilu neuropatologickych zmén na klinickych obtizich pacienta. [63]

Ze vSech druhti AP jsou za nejvice toxické povazovany oligomery a s nejvetsi pravdépodobnosti
vedou k neuronalni dysfunkci a degeneraci. Fibrily AP maji schopnost tzv. ,,prion-like* §ifeni,
kdy podnécuji patologické zmény konformace okolnich proteint. [65] Proto oligomery A
ovliviiuji pokles kognice vice nez koncentrace monomeri AP nebo plak samotnych. [66]
Nicméné je nutno dodat, Ze u AN je pokles kognitivnich funkci majoritné pfi¢itan tau patologii.
[67]

1.2.2 Geneticky podklad AN

Asina 5 % ptipadi AN se podili vyznamna geneticka predispozice — jsou znamé tti kauzalni
geny pro autozomalné dominantn¢ dédénou familiarni AN (APP, PSENI a PSEN2) a jeden
geneticky rizikovy faktor (alela APOEe4) — asi 25 % osob nese jednu alelu APOEe4, 2-3 %
alely dvé. [68]

1.2.3 Klinicky obraz AN

Podle véku pii zacatku onemocnéni se AN Cleni na formu s ¢asnym a pozdnim zacatkem
s hranici 65 let. VétSina ptipadd spadd do kategorie s pozdnim zacatkem, mezi piipady
s Casnym zacatkem nachdzime asi 60 % pacientd s genetickou zatézi. [69, 70]

Klinicky se jak ¢asn4, tak pozdni AN v disledku pievazujiciho postizeni transtentoridlni oblasti,
parahipokampalniho zéavitu a hipokampu projevuje amnézii a alteraci epizodické paméti.
Postupem neuropatologickych zmén do temporalni, parietalni a frontalni oblasti klinické obtize
progreduji, ptidruzuji se poruchy feci, exekutivnich a zrakoveé-konstruktivnich funkci. [71]
Lécba AN inhibitory cholinesterdzy a memantinem miiZze vést ke zpomaleni kognitivniho
poklesu u pacientli s mirnou az stfedné tézkou demenci, ale pribéh onemocnéni zménit

nedokaze. [72, 73]



Faze AP agregace
Blok Oblast 1 2 3 4 5
Frontalni kortex + + +
Temporalni + + +
kortex Seda/bila hmota | Jedna nebo vice oblasti Jedna nebo
; s AP vice oblasti
Parietalni
s A
kortex b + + +
Okecipitalni
kortex + + +
Hipokampus Seda/bila hmota
+ + +
Sousedici
temporalni
kortex
Molekularni B Jedna nebo +- 4 i
vrstva gyrus vice oblasti
dentatus s AP
CA4 _ +/- +/- +
CAl i N N "
Zbytky B " " "
entorhinalni
oblasti
Gyrus cinguli | Sedd/bila hmota ] . . .
Bazalni pfedni Hypotalamus R R Jedna nebo " "
mozek vice oblasti
Jadra amygdaly ) ) s AP " N
Nukleus basalis B B i i
Meynerti
Putamen B B 4 "
Nucleus B B " "
caudatus
Insularni kortex R +/- + + +
Sedé/bila hmota
Stfedni mozek Centralni sed’ R R R Jedna nebo Jedna nebo
vice oblasti vice oblasti
Substantia nigra R R R s AB s AB
Mozecek B B B ) Jedna nebo
vice oblasti
s AB

Tab. 5 — Thalova stadia anatomickych lokalizaci A agregatii. Sestistupiiovy skorovaci systém

je nasledné preveden na Ctyfstupnoveé ,,A skore®.
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A=0 Thalovo stddium 0
A=1 Thalovo stadium 1 nebo 2
A=2 Thalovo stddium 3
A=3 Thalovo stddium 4 nebo 5

Tab. 6 — Pfevod Thalova stadia na ¢tyfstupiiové ,,A skore®.
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Obr. 1 — Braakovo stadium neurofibrilarni degenerace. Piejato z [1].
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Stadium 1 BO
Stadium 2 B1
Stadium 3 Bl
Stadium 4 B2
Stadium 5 B2
Stadium 6 B3
Stadium 7 B3

Tab. 7 — Braakovo stadium neurofibrilarni degenerace a nasledny pfevod na B skore.

Bez neuritickych plak Co
Ridké neuritické plaky Cl
Stfedné pocetné neuritické plaky C2
Pocetné neuritické plaky C3

Tab. 8 — CERAD skore hustoty neokortikalnich plak a nasledny pievod na C skore.

1.3 Tauopatie

Tau protein ve své fyziologické podobé interaguje s mikrotubuly a hraje zdsadni roli
v intracelularnim transportu. Tauopatie jsou skupinou onemocnéni vychazejici z patologické
akumulace hyperfosforylovaného tau proteinu, pficemz podle poctu opakovani vazebnych mist
pro mikrotubuly se rozliSuji tfi zdkladni kategorie tauopatii — 4R-tauopatie s prevahou Ctyf
opakovani vazebného mista, 3R tauopatie s prevahou tii opakovani vazebného mista a smiSené

3R/4R tauopatie s kombinaci obou vzorci. [71]

1.3.1 4R-tauopatie

1.3.1.1 Progresivni supranuklearni obrna

Progresivni supranuklearni obrna (PSP) neboli Steeltiv-Richardsoniiv-Olszewskiho syndrom,
je viibec nejcastejsi primarni tauopatii a spadd mezi 4R-tauopatie (s akumulaci tau izoformy
se Ctyfmi opakovanimi v mikrotubuly-védzajici domén¢) s celkem 8 riznymi klinickymi
fenotypy, [74] pticemZ asociace mezi klinickymi projevy a neuropatologickym nalezem neni
pevna. [75]

1.3.1.1.1 Neuropatologicka charakteristika PSP

Neuropatologickd diagnostika stoji na ptitomnosti NFT a neuropilovych vldken v pontu,
substantii nigfe, subthalamickém jadru a pallidu (nejméné ve tiech z uvedenych lokalizaci)

a nizké az vysoké hustot¢ NFT nebo neuropilovych vldken v dalSich oblastech mozku. [76]
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Krom¢ NFT a neuropilovych vldken zahrnuji mikroskopické rysy ,tufted astrocyty,

oligodendrogliélni ,,coiled bodies®, ztratu neuronti a gliézu (viz Tab. 9). [76]

1.3.1.1.2 Geneticky podklad PSP
Mutace v genu MAPT jsou nejvice rizikovym faktorem jak sporadickych piipadi PSP,
tak nejcastéjSim podkladem familidrniho vyskytu onemocnéni. Mutace leucine-rich repeat

kinase 2 (LRRK?2) je vzacnou monogenni pii¢inou PSP. [77]
1.3.1.1.3 Klinicky obraz PSP

Klinické spektrum PSP je Siroké a zahrnuje Richardsontiv syndrom, parkinsonismus,
kortikobazalni syndrom, nonfluentni variantu primarni progresivni afazie s feCovou apraxii,
frontalni symptomatiku klinicky identickou s behavioralni variantou frontotemporalni lobarni
degenerace (bvFTD) a vzacné predominantné cerebelarni ataxii. [78] NejbéznéjSim
je Richardsonliv syndrom vyznacujici se pady, nestabilitou pfi chlizi, bradykinezi, mirnymi
zménami osobnosti (apatie, disinhibice), zpomalenim kognitivnich funkei, pomalou,
hypofonickou feci a znesnadnénim ocnich pohybt (tj. zpomalenim vertikalnich sakad, potizemi

se Ctenim a apraxii otevirani o¢nich vicek). [79]

REGION | GP STN STR FR DE/CB oc
Cell__| nio N A A NIO A
Stage
|
1 L +++ | AND/OR| +/++ | AND - AND - AND -
2 -H-(. AND AND -+ |AND/OR| -/+ AND -
-+ :
3 ++ AND AND + AND AND
4 AND AND AND AND | - |-+
5 AND AND AND AND +
6 AND AND _AND | AND ++.

Tab. 9 — Stagingové schéma PSP dle Kovacse. Adaptovano. [80]
— Znaci nepritomnost tau inkluzi, —/+ postizeni jednotlivych bunek; + mirné; + + stredné
zavazné, + + + zavazné postizeni. GP = globus pallidus, STN = subthalamické jadro,

STR = striatum, FR = frontalni kortex, DE/CB = nucleus dentatus a bila hmota mozecku,
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OC = okcipitalni kortex. U GP a DE/CB by hodnoceni mélo byt zaméreno na neuronalni (N)
nebo oligodendroglialni (O) pozitivity, v STN neurondlni pozitivity;, v STR, FR a OC kortexu
astroglialni (A) pozitivity.

1.3.1.2 Kortikobazalni degenerace

Kortikobazalni degenerace (CBD) je vzacné neurodegenerativni onemocnéni spadajici
do skupiny 4R-tauopatii, [81] majici majoritné podobu sporadického onemocnéni.

1.3.1.2.1 Neuropatologicka charakteristika CBD

Neuropatologicky je onemocnéni definovano kortikdlnimi a striatdlnimi tau-pozitivitami
jak v neuronech, tak v glii, zejména v podob¢ astrocytarnich plak a ,,thread-like* inkluzi v bilé
i Sedé hmot¢, dale je pritomna fokalni ztrata neuronti v kortexu a substantii nigra, balénové
neurony a spongidza. [82] Imunoblotting mozkové tkané naznacuje, ze u PSP a CBD jsou
ptitomny biochemické rozdily — u onémocnéni jsou nachazeny riizné fragmenty tau proteinu,
coz znamend, ze se vzajemné lisi proteolytickymi drahami zapojenymi do patologického
procesu. [83]

1.3.1.2.2 Geneticky podklad CBD

Jsou reportovany necasté genetické ptipady s mutaci N296N v genu MAPT.

1.3.1.2.3 Klinicky obraz CBD
Nejcastéji se CBD manifestuje asymetrickym parkinsonismem a kognitivnim deficitem,
ale miize mit fadu jinych klinickych fenotypti [84] — non-fluentni primérni progresivni afazii,

dysexekutivni a vizuospacialni syndrom, behavioralni symptomatiku ¢i PSP-like syndrom. [85]

1.3.1.3 Nemoc argyrofilnich zrn

Nemoc argyrofilnich zrn (AGD) je ¢asto opomijenou sporadickou 4R-tauopatii, [86] kterd by
vSak méla byt po Alzheimerové chorobé druhou nejcastéjsi pricinou demence. [87] Uvadi se,
ze AGD je nalezeno u 5-9 % pitvanych osob dospélého v&ku. [88, 89] Vekova distribuce
onemocnéni je: 10 % u osob mladsich 60 let, 17 % v kategorii 61-70 let, 30 % u pacientil
ve v€kovém rozmezi 71-80 let a 43 % pitvanych osob nad 80 let s tim, Ze muZzi 1 Zeny jsou
postizeni stejné Casto. [90]

1.3.1.3.1 Neuropatologicka charakteristika AGD

Typickym neuropatologickym nalezem jsou tau-pozitivni argyrofilni zrna v limbickych
strukturdch  spolu s  oligodendroglialnimi  ,,coiled bodies“ a  neuronalnimi
intracytoplazmatickymi tau-pozitivnimi granuldrnimi inkluzemi zvanymi pretangly. [91] Dnes
jsouu AGD neuropatologicky rozliSovana Ctyfi stddia onemocnéni (Tab. 10). Zatimco postizeni

anteriorni casti hipokampalni CA1 byva zastizeno 1 u klinicky zdravych osob, zasaZzeni
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posteriorniho regionu CAl typicky doprovazi klinické projevy demence. [92] PosSkozeni
kognice je klinicky zfejmé u pacientl s tézkym postizenim gyrus ambiens — spoje amygdaly
s temporalnim lalokem. [93] Zaroven plati korelace mezi antero-posteriornim gradientem

neuropatologického postizeni a klinickou progresi onemocnéni. [93]

1.3.1.3.2 Geneticky podklad AGD
AGD je obecné povazovano za neurodegenerativni onemocnéni sporadického charakteru,
ale byl zaznamenan piipad AGD s mutaci S3051 genu MAPT. [94] Navic se uvazuje o vlivu

polymorfisma genti LDL-receptoru a a2-makroglobulinu. [95]

1.3.1.3.3 Klinicky obraz AGD

Klinicky se nejcastéji projevuje pomalu progredujicim kognitivnim deficitem mirného
az stfedniho stupné s Castymi neuropsychiatrickymi obtizemi, [91] popisovany jsou
abnormality chovéni, zmény osobnosti a nélad, [88] ve vétSin€ piipadi dochazi ke ztraté
epizodické paméti. [96] Amnézie, podrazdénost a agitovanost, nasledované bludy, dysforii

a apatii jsou pomérné béznym klinickym obrazem. [97]

Stadium [ Piedni entorhindlni kortex, mirné postizeni kortexu a bazolateralnich jader

amygdaly, mirné postizeni hypotalamického lateralniho tuberdlniho jadra

Stadium I | Entorhindlni kortex, pfedni oblast CA 1, kortex a bazolateralni jadra amygdaly,

presubikulum, hypotalamické lateralni tuberalni jadro, gyrus dentatus

Stadium III | Entorhinalni kortex, CA1, perirhinalni kortex, presubikulum, amygdala, gyrus
dentatus, hypothalamické laterdlni tuberdlni jadro, mirné postizeni CA2
a CA3, lehké postizeni subikula, lehké postizeni dalSich corpora mammilaria,
lehké postizeni predniho temporédlniho kortexu, insuly, pfedni €asti gyrus
cinguli, orbitofrontalniho kortexu, nucleus accumbens, septalnich jader,

ojedinéla zrna ve stfednim mozku

Stadium IV | Stfedné té¢zké az t€zké postizeni dalSich kortikalnich oblasti a mozkového
kmene

Tab. 10 — Neuropatologicka stadia AGD. [90]

1.3.1.4 Na vék vazana tau-astrogliopatie
Pojem na ve€k vazana tau-astrogliopatie (ARTAG) zastieSuje morfologické spektrum
astroglidlni patologie detekovatelné imunohistochemickymi metodami — zejména protilatkami

proti hyperfosforylované form¢ tau a 4R izoformé.
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1.3.1.4.1 Neuropatologicka charakteristika ARTAG
Tau-imunoreaktivni astrocyty pfedstavuji ,,thorn-shaped* astrocyty v glia limitans a bilé hmoté¢,
stejn¢ jako solitarni astrocyty nebo jejich klastry s perinuklearni cytoplazmatickou
imunoreaktivitou, ktera se rozsSifuje do astroglidlnich vybézkli jako jemna fibrilarni
nebo granularni imunopozitivita lokalizovana v Sedé hmot¢.
Pfi neuropatologickém hodnoceni jednotky ARTAG by mélo dojit k:
1) popséni lokalizace astroglidlnich tau pozitivit z celkem péti moznych:

e subpialné,

e subependymalné,

e perivaskularng,

e v bilé hmoté,

e v Sedé hmoté,
(2) dokumentaci regionalniho postizeni:

e medialni temporalni lalok,

e frontalni,

e parietalni,

e okcipitalni,

e lateralni temporalni lalok,

e subkortikalni postiZeni,

e zasazeni mozkového kmene,
(3) dokumentaci tize/intenzity tau astrogliopatie,
(4) popisu subregionalniho zapojeni.
1.3.1.4.2 Klinicky obraz ARTAG
Klinickopatologické studie naznacuji, ze ARTAG se projevuje spise fokalnimi symptomy jako
je afazie, [98] v piipadech s pokroc¢ilou a mohutné rozsifenou astrogliopatologii se mtize objevit
demence s parkinsonismem ¢i bez n¢j. [99, 100] Velmi casto se ARTAG vyskytuje
jako komorbidni neuropatologie, pomérné typicka je kombinace AN/ARTAG. Pfitomnosti
kopatologie ARTAG se u pacientii s AN vysvétluje napt. atypicky zacatek s vyraznym
jazykovym, behavioralnim nebo vizuospacidlnim deficitem, ktery neni mozné interpretovat
jako duisledek AN patologie. [101] ARTAG jako relativné béZnou komorbiditu jsme
zaznamenali i v retrospektivni studii piipadi CIN zachycenych v Ceské republice v priibéhu

10 let, kdy se nejcastéji vyskytovala v kombinaci CIN/AN/ARTAG. [102]
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1.3.2 SmiSené 3R/4R tauopatie

1.3.2.1 Primarni na vék vizana tauopatie

Primarni na ve€k véazanou tauopatii (PART) neuropatologicky definuje pfitomnost
neurofibrilarnich klubek nerozeznatelnych od téch u AN a zaroven nepfitomnost
extracelularnich AP plak. Zatimco dfive se na tyto neuropatologické zmény nahlizelo jako
na ,,zmény spojené se starnutim* nebo ,,tangle-predominantni variantu AN“, dnes je PART
fazena mezi FTLD-tau demence. Zustava vsak Cisté neuropatologickou diagnézou separovanou

od jednoznacné klinické symptomatologie.

1.3.2.1.1 Neuropatologicka charakteristika PART

Vzhledem k absenci A plak nejsou naplnéna neuropatologicka kritéria pro AN a NFT jsou
vétSinou omezena na struktury medidlniho temporalniho laloku, bazalniho pfedniho mozku,
mozkového kmene a Cichového mozku (kortexu i olfaktorickych bulbil) a povétSinou
koresponduji s Braakovymi stadii I-III hodnocenymi u AN. [103] V mozkovém kmeni, véetné
substantia nigra, locus coeruleus, dorzalniho raphe jadra a medully oblongaty se NFT vyvijeji
v mlad$im véku — n¢kdy byvaji zaznamendany i u pacientli pied dovrSenim dospélosti. [104]
1.3.2.1.2 Klinicky obraz PART

Klinick4 symptomatologie neni u fady pacientl pfitomna, u jinych se vyskytuji poruchy paméti,
1.3.2.2 Chronicka traumaticka encefalopatie

Chonické traumatickd encefalopatie (CTE) je obecné popisovéna jako neurodegenerativni
porucha charakteru tauopatie spojena s opakovanymi traumaty hlavy, [105] pfesto se ma za to,
ze 1 jediné stfedné tézké az tézké poranéni mozku muze vyvolat identické progresivni
neuropatologické zmény. [106] Incidence CTE neni zndma, klinickd diagnosticka kritéria
dosud nebyla stanovena a soucasnd neuropatologicka charakterizace CTE je povazovana
za ptredbéznou. [106]

1.3.2.2.1 Neuropatologicka charakteristika CTE

Neuropatologicky néalez se pohybuje v rozmezi od fokélnich perivaskularnich epicenter NFT
ve frontalnim neokortexu, po t€Zkou 3R 14R tauopatii postihujici rozsahlé oblasti mozku véetné
medialniho temporalniho laloku, coZ umoziuje staging do stadii I-IV (viz Tab. 11). Pozitivity
4R isoformy jsou velmi hojné, 3R isoformy spise rozptylené a méné pocetné. [107] Multifokalni
axonalni rozsifeni a ztrata axonalnich vybézka byly nalezeny v hlubokych vrstvach kortexu
1 subkortikalni bilé hmot¢ ve vSech Ctyfech stadiich CTE. Zajimavosti je, ze v 85 % ptipadi

byly nalezeny také inkluze a neurity pozitivni v reakci s protilatkou proti TAR DNA-binding
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protein 43 — od fokalni patologie ve stadiich I-III po mnohotné pozitivity ve stadiu IV. Casta
asociace chronické traumatické encefalopatie s jinymi neurodegenerativnimi poruchami
(MND, AN, DLB ¢i FTLD) naznacuje, ze opakované mozkové trauma a depozita
hyperfosforylovaného tau proteinu nejspiSe podporuji akumulaci dalSich abnormalné

agregovanych proteinti véetné TAR DNA-vazebného proteinu 43, AP a a-syn. [108]

Stadium I Superiorni, dorzolateralni a lateralni frontalni kortex, perivaskularné

v hloubce sulku

Stadium II Mnohocetna epicentra v hloubce mozkovych sulk, lokalizované
Sifeni neurofibrilarni patologie z epicenter do povrchovych vrstev

ptilehlého kortexu, medialni temporalni lalok zistava nepostizen

Stadium III Difuzni roz§iteni NFT na frontélni, insulérni, temporalni a parietalni
kortex, (nejintenzivnéji postizen frontdlni a tempordlni lalok
v hloubce sulkil), zasazeni hipokampu, amygdaly a neorhinalniho
kortexu. Také ve stadiu III CTE vykazuje amygdala, hipokampus

a entorindlni klira neurofibrilarni patologii

Stadium IV Zavazné postizeni vEtSiny oblasti mozkové kiry véetné medidlniho

temporalniho laloku, Setfici kortex sulcus calcarinus kromé

[ 4

Tab.11 — Neuropatologicka stadia CTE. [108]

1.3.2.2.2 Klinicky obraz CTE

Ptiznaky chronické traumatické encefalopatie se objevuji vétSinou roky po traumatu, v I. stadiu
zahrnuji bolesti hlavy a poruchy koncentrace, ve Il. stadiu se ptidavaji deprese, zvySena
vybusnost a poruchy kratkodobé paméti, III. stadium charakterizuji kognitivni a exekutivni

dysfunkce, IV. stadium demence, obtiZe pii hledani spravnych slov a agresivita. [109]

1.3.3 3R-tauopatie

1.3.3.1 Pickova choroba

Piivodné splyvaly terminy Pickova choroba (PiD) a frontotemporalni demence — jako PiD
se oznaCovaly vSechny pfipady demence spojené s makroskopicky ziejmou ,knife blade*
atrofii frontalnich a temporalnich lalokd, [110] dnes je termin vyhrazen pro piipady demenci
s tau-pozitivnimi Pickovymi t&lisky. [111] Razena je mezi tzv. 3R-tauopatie a vyskytuje

se vzacné jak v podobé sporadické, tak familiarni. [112]
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Problém, ktery vyvstal s moznosti imunohistochemického vysetfovani je, Ze ne vSichni pacienti
s ,,Pickovou chorobou® v jejim piivodnim pojeti méli prokazatelné Pickova téliska. Proto vznikl

koncept frontotemporalnich lobarnich degeneraci.

1.4 Frontotemporalni lobarni degenerace
Frontotemporalni lobarni degenerace (FTLD) jsou skupinou chorob, mezi které¢ fadime jak
nekteré tauopatie, tak non-tau piipady. Jejich neuropatologické déleni s klinickou korelaci

je nasledujici:

— Pickova nemoc

= PSP

— FTLD-tau —

— CBD

— AGD
FTLD —

- FTLD-TDP

— non-tau FTLD FTLD-UPS

— FTLD-MND

Obr. 1 — Rozdéleni FTLD.

Vysvetlivky: FTLD-tau = frontotemporalni lobarni degenerace s tau patologii;
PSP = progresivni supranukledrni obrna;, CBD = kortikobazalni degenerace; AGD = nemoc
argyrofilnich zrn; non-tau FTLD = frontotemporadlni lobdarni degenerace s jinou nez tau
patologii;, FTLD-TDP = frontotemporalni lobdarni degeneracie s TDP-43 pozitivnimi
inkluzemi; FTLD-UPS = frontotempordlni lobarni degenerace s inkluzemi pozitivnimi
pro markery ubikvitin-proteazomového systéemu; FTLD-MND = frontotemporalni lobarni
degenerace s onemocnénim motorického neuronu.

1.4.1 Neuropatologicka charakteristika FTLD a klinicky obraz

Klinické fenotypy FTLD zahrnuji nejcastéjsi behavioralni variantu frontotemporalni demence
(bvFTD), primarni progresivni afazii (PPA), kortikobazalni syndrom [113] a nejméné Castou

sémantickou demenci (SD). [114] Klinicky nalez koreluje spiSe s lokalizaci patologickych
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inkluzi nez s jejich typem, ale jak znéazvl jednotlivych kategorii FTLD vyplyva, setkat
se muzeme s inkluzemi tau, TDP-43 a ubikvitinu.

bvFTD charakterizuje postizeni dorsalniho laterdlniho prefrontalniho kortexu, [115]
coz interaguje s obéma parietdlnimi laloky [116] a vede ke ztrat€¢ exekutivnich funkci.
Disinhibice je spojena s degeneraci pravého orbitofrontalniho kortexu [117] a vede
ke spolecensky nevhodnému chovani jako je narusovani osobniho prostoru, nepatficnym
doteklim a pfilisné familidrnosti vici cizim osobam. Pacienti mohou byt impulzivni, vyskytuji
se potize s gamblingem ¢i nové vzniklym krimindlnim chovanim, které byva zaznamenano
u37-54 % bvFTD. Atrofie striata byva spojena se stereotypy (klepani, pohupovani, vyplazovani
jazyka) [118] a asymetricka atrofie temporalniho laloku s komplexnimi kompulzivnimi
projevy. [119] Obsedantné kompulzivni chovani u bvFTD koreluje se ztratou Sedé hmoty
globus pallidus bilateralng¢, levého putamen a levého stfedniho a dolniho tempordlniho gyru.
[120]

PPA se primarné projevuje jazykovymi obtizemi. Nejnovéjsi klinicka kritéria rozliSuji
sémantickou variantu PPA (svPPA), nonfluentni/agramatickou variantu PPA (nfvPPA)
a logopenickou variantu PPA, ktera vSak pfevazné koreluje s neuropatologickym nalezem AN.
[121] Pokud je u svPPA majoritn€ zasazen levy temporalni lalok, dominuji obtiZe jazykového
charakteru s pomalou ztritou sémantickych znalosti, pokud je majoritné¢ zasazen pravy
temporalni lalok, pfevazuji behavioralni pfiznaky. Postupem onemocnéni a bilateralni progresi
neuropatologickych zmén dochdzi k piekryti klinickych pfiznakd, pficemZ progrese
je pomalejsi pfi primdrnim levostranném postiZeni. [122] nfvPPA neuroanatomicky koreluje
s postizenim Brocova centra (Brodmanovy arey 44 a 45) levého dolniho frontdlniho gyru
a predni ¢asti insuly. [123] S postupem onemocnéni dochazi ke snizeni verbalnich schopnosti
az jejich vymizeni — mutismus u pacientll s nfvPPA koreluje s rozSifenim postizeni mimo dolni
frontalni a insularni oblast. [124]

Kortikobazalni syndrom je klinickym fenotypem charakterizovanym kortikalnimi
a extrapyramidovymi piiznaky. Apraxie, kortikdlni senzoricky deficit a fenomén ,,cizi
koncetiny* jsou nejcastéjSimi kortikdlnimi pfiznaky, zatimco asymetricky parkinsonismus,
dystonie a myoklonus ptedstavuji typické pfiznaky extrapyramidové. Parkinsonismus
u kortikobazalniho syndromu je charakteristicky asymetricky az jednostranny. [125]

Nejméné cCasty klinicky fenotyp — sémantickd demence, se projevuje ptiznaky poskozeni

feCovych funkci a paméti. Typické jsou potize s nachazenim vhodnych slov nebo jejich

vvvvvv
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za nasledek uzivani popist nebo nespecifickych slov. Deficitu si pacienti ¢asto nejsou védomi.

[126]
1.4.2 Geneticky podklad FTLD

S FTLD je spojena vysoka genetickd zat€z a az v 50 % ptipadd se setkdvame s pozitivni
rodinnou anamnézou — nalézany byvaji nejcastéji mutace v genu MAPT, dale progranulinu

(PGRN), C90rf72, TARDBP, VCP a CHMP2B. [127]

1.5 Synukleonopatie

1.5.1 Parkinsonova nemoc

Parkinsonova nemoc (PN) je forma multisystémové a-synukleinopatie. Vede k rigidité,
bradykinezi, posturalni instabilité a klidovému tremoru [128] vyplyvajicich ze selektivni ztraty

a/nebo degenerace dopaminergnich neuront v substantia nigra, pars compacta.

1.5.1.1 Neuropatologicka charakteristika PN

Neuropatologicky onemocnéni charakterizuje pfitomnost intracelularnich Lewyho télisek
a pocetnych Lewyho neuritd pozitivnich v reakci s protilatkou proti a-syn. [129, 130]
Histopatologicka diagnoza PN vyzaduje dva klicové rysy: ztratu neuront a ptitomnost Lewyho
télisek v substantia nigra, [131] s pomérné béZnym vedlejSim nalezem extraneurondlniho

neuromelaninu a glidzy.

1.5.1.2 Geneticky podklad PN

PN muze mit sporadicky i geneticky charakter. Existuji autozomalné dominantni i autozomalné
recesivni varianty, mezi néz se fadi mutace v genu pro a-synuklein (SNCA), Parkinu 2
(PARK?2), LRRK2, PINKI, PARK7, BSTI a v jiz nékolikrat sklonovaném s mikrotubuly
asociovaném proteinu tau (MAPT). [132-135] Mendelovské varianty s vysokou penetraci
(napt. geny SNCA, PINKI, PARK7, LRRK?) vsak stoji za méné nez 10 % genetickych PN.
[136] Replikacni studie v poslednich letech odhalily 24 jednonukleotidovych polymorfismt
na ctyfech lokusech — f-glukocerebrosidaza (GBA), diacylglycerolkindza 6, 110kD; SNCA
a lidsky leukocytarni antigen (HLA), které se na zvySeném vyskytu v nékterych rodinach rovnéz
podili. [137] Genetické riziko podle studii u kavkazské populace souvisi s alelickou
heterogenitou na LRRK?2 a Sesti dalSich lokusech vcetné MAPT a GBA-SYTII, u asijské
populace spiSe s PARKI6, Serine/Theonine kinase 39 (STK39) a Discs large homolog of 2
(DLG2). [138]

Rada jinych neuropatologii méa nékteré, nebo dokonce viechny vyse jmenované klinické znaky
— klinicky syndrom oznafovany jako ,,parkinsonismus‘ €1 ,,parkinsonsky syndrom* zahrnuje

vaskuldrni, traumatickou, toxickou <¢i poinfekéni etiologii. [128] Post mortem
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neuropatologickym vySetfenim 132 pacientti s klinickou diagnézou PN bez pfitomnosti
demence bylo prokazano, ze 77 % téchto pacientli trpélo demenci s Lewyho télisky (DLB),
8 % DLB + multisystémovou atrofii (MSA), 10 % tauopatii (PSP + CBD) a 4 % ptipadt vznikla
na podkladé vaskularni etiologie. [128]

Relativné vzacné se jde setkat s genetickymi formami parkinsonismu spojenych spiSe
s ptitomnosti TDP-43 inkluzi nez a-synukleinu (o-syn) — piikladem je Perryho syndrom
vyvolany mutaci v DCTNI.[139]

1.5.1.3 Klinicky obraz PN a symtpomaticka terapie

Konven¢ni farmakologickou 1écbu PN predstavuji prekurzory dopaminu (levodopa)
a symptomaticka l1écba véetné agonistli dopaminu, inhibitori monoaminooxiddzy a inhibitorti
katechol-O-methyltransferazy. U vSech pacientli s PN je lécba zaméfend na zlepSeni
motorickych (pf. tfes, rigidita, bradykineze) a nemotorickych ptiznakt (pi. konstipace, kognice,
nalada, spanek). [140] Medikamenty modifikujici pribéh onemocnéni nejsou k dispozici
a dlouhodobé podavani aktualné€ uzivanych antiparkinsonickych 1€kt po ¢ase vyvolava ,,wear-
off fenomén/fenomén opotiebeni vedoucti k dal$im psychomotorickym

a autonomnim komplikacim. [140]

1.5.2 Demence s Lewyho télisky a Parkinsonova choroba s demenci

1.5.2.1 Neuropatologicka charakteristika DLB

Demence s Lewyho télisky (DLB) je neuropatologicky charakterizovana depozity a-syn
v Lewyho téliscich a Lewyho neuritech, sekundarni ztratou populaci tegmentalnich
dopaminovych bunék a cholinergnich populaci bazalniho pfedniho mozku. Pomérné Casto
je DLB doprovézena riiznym stupném koexistujici alzheimerovské patologie. [141]

Soucasna neuropatologické kritéria demence s Lewyho télisky uvazuji podil a-syn patologie
a NFT pro odhad pravdépodobnosti, Ze pravé DLB u daného pacienta vedlo ke klinickym
obtizim. [142]

Stejny neuropatologicky nalez provazi demenci pti PN, rozhodujici je v téchto piipadech doba
nastupu jednotlivych klinickych ptiznakl (demence vs. parkinsonismu) [143] — pokud demence

nastupuje vice nez rok po stanoveni diagnozy PN, jde o demenci pii PN. [141]
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Oblast mozku Medulla Pons Stfedni Bazalni Hipokampus Gyrus | Temporalni | Frontalni | Parietalni
mozek predni cinguli kortex kortex kortex
mozek
Anatomicka dmV | irx | LC | R SN nbM | AC | CA2 | T-O Seda $eda hmota Seda Seda
oblast hmota hmota hmota
Braakovo 1 1 2 2 3 3 4 3 4 5 5
McKeith mozkovy kmen limbické struktury neokortex
Amygdala ano
predominantni
Typ depozit LB a/nebo LN LB LN LB

Tab. 10 — Protokol BrainNet Europe, tj. pfifazeni Braakova stadia a McKeithova typu a-syn
inkluzi u DLB.

Vysveétlivky: dmV = dorzalni motorické jadro n. vagus; irx = intermedialni retikuldrni zona;
LC = locus coeruleus; R = raphe; SN = substantia nigra; nbM = nucleus basalis Meynerti;
AC = amygdala; CA2 = cornu Ammonis hipokampu, T-O co temporo-okcipitdlni kortex;
LB = Lewyho téliska; LN = Lewyho neurity.

1.5.2.2 Geneticky podklad DLB

Geneticky zvySsuji riziko nékteré polymorfismy GBA, zminéné jiz mezi geneticky podminénymi
rizikovymi faktory PN. [144]

1.5.2.3 Klinicky obraz DLB

Klinicky se DLB projevuje progresivni kognitivni poruchou spojenou s parkinsonismem,
vizudlnimi halucinacemi a kolisdnim pozornosti i bd€losti. [141] Mezi zdkladni klinicka kritéria
patfi:

(1) opakujici se vizualni halucinace,

(2) kolisani pozornosti a bdélosti,

(3) parkinsonské motorické ptiznaky.

Znadmky podporujici diagné6zu DLB zahrnuji poruchy spankového chovani v REM fazi,
neuroleptické obtiZze nebo nizkou absorpci dopaminového transportéru (DAT) v bazdlnich
gangliich na single photon emission computed tomography (SPECT) nebo positron emission

tomography (PET). [141]

1.5.3 Multisystémova atrofie

Multisystémova atrofie (MSA) je sporadicka progresivni neurodegenerativni porucha
dospélého véku projevujici se v rtizné mife kombinaci parkinsonismu, cerebelarni, autonomni
a motorické dysfunkce, [145] zacinajici nejcastéji kolem 55-60 let v€ku s priimérnou délkou

preziti 8-9 let. [146]
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1.5.3.1 Neuropatologicka charakteristika MSA

Zatimco u pacientli s PN nachdzime inkluze a-syn v neuronech v podobé Lewyho télisek
¢i Lewyho neuritd, neuropatologickym znakem MSA jsou inkluze a-syn v glii — majoritné
oligodendroglii, a neuronech, [147] a to jak v centralnim, tak perifernim nervovém systému.
[148] Selektivni atrofie a ztrata neuronii ve striatonigralni nebo olivopontocerebelarni oblasti
je zékladem rozdéleni na dva hlavni motorické fenotypy: MSA-parkinsonského typu
(= striatonigralni) a MSA-cerebelarniho typu (= olivopontocerebelarni). [149] Doprovodnymi

neuropatologickymi znaky jsou aktivace glie a povSechna demyelinizace. [150]

1.5.3.2 Klinicky obraz MSA

Klinicky je MSA charakterizovand kombinaci autonomnich obtiZi, parkinsonismu a ataxie,
[149] avsak miiZze Cinit velké diagnostické obtize. Cisté autonomni symptomatika mtize byt
k nerozeznani od autonomniho selhéani, pacienti s parkinsonismem mohou byt myln¢ oznaceni
za pacienty s PN a u pacientli s cerebelarni symptomatikou ptichazi do uvahy ataxie
na genetickém podkladu, autoimunitni, paraneoplastickd, vyvoland alkoholem,
chemoterapeutiky nebo napft. toluenem. V tad¢ ptipadil se 1ze u pacient setkat s hyperreflexii,
genitourinarni dysfunkei, ortostatickou hypotenzi, stridorem, poruchami REM ¢asti spanku
¢i spankovou apnoi. [148] Soucasti klinického vySetfovani je strukturalni a funkcni zobrazeni
mozku, srde¢niho sympatiku, testovani kardiovaskularnich autonomnich funkci, ¢ichové testy,

studie spanku, urologické vySetfeni, hodnoceni dysfagie a kognice. [148]

1.6 Onemocnéni motorického neuronu

1.6.1 Amyotroficka lateralni sklerdza

Amyotroficka lateralni skler6za (ALS) byla historicky povaZzovéana za onemocnéni vyhradné
motorického systému, coz ji zafadilo do skupiny onemocnéni motorického neuronu (MND)
zahrnujici spektrum poruch postihujicich (1) horni motoricky neuron (kortikospinalni trakt),
(2) dolni motoricky neuron (v pfednich rozich miSnich nebo jadrech motorickych kranialnich
nervll v mozkovém kmeni), nebo (3) horni i dolni motoricky neuron. [151] Do dne$niho dne
vSak byla popsana fada ptipadl zahrnujicich demenci a poruchy chovéni, proto v soucasné dob¢
rozdélujeme ALS nejen podle piipadné existence genetické predispozice na nejCastéjsi
sporadickou (SALS; 90 %) a familidrni variantu (FALS; 10 %), ale také podle ptitomnosti

kognitivni a/nebo behavioralni symptomatologie.

1.6.1.1 Neuropatologicka charakteristika ALS
Degenerativni zmény jsou vétSinou pozorovatelné v motorické oblasti. Napadny je pocet

atrofovanych a-motorickych neuront lokalizovanych v pfedni Sedé¢ hmoté michy a motorickych
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neurond jader hlavovych nervli v mozkovém kmeni. [152] PostiZzeny jsou i Betzovy buiky
v primarni motorické kife. Ztrata motorickych neuroni vede k chronické denervaci
s neurogenni atrofii a tukovou pseudohypertrofii v pfi¢n¢ pruhovanych svalech koncetin
a svalech dychacich, pficemz svalova vlakna 2. typu jsou zranitelngjsi. [153]
Imunohistochemicky je mozné prokézat rizné inkluze. U SALS to byvaji SOD1, TDP-43,
ubikvitin, p62 a OPTN (u non-SODI1 ptipadl), u FALS oproti pfedchozim jmenovanym navic
FUS. [153] Inkluze mohou byt ,klubkovité“, tzv. ,skein-like*, [154] s protdhlym nebo
vlaknitym tvarem, tvofici bizarni kulovité struktury v perikaryonu neuronti, nebo eozinofilni
kulaté hyalinni inkluze.

1.6.1.2 Geneticky podklad ALS

Ptiblizn¢ 10 % ptipadd SALS byva spojovano s mutacemi v SODI, C9orf71, TARDBP
a hnRNP Al + hnRNP A2B1. U FALS byvaji nachazeny mutace pfiblizn¢ ve 20 % piipadd,
nejcastejsi je autozomalné dominantni vzorec dédicnosti, ptiCemz se ale lze setkat i s ptipady
autozomaln¢ recesivni nebo X-vazané dédiCnosti. Na pripadech FALS se krom vyse

jmenovanych podili mutace FUS, UBQLN2, p62, ALSIN, SETX, SPG, OPTN a VAPB. Mutace
v genech ALSIN a SETX vedou k juvenilnimu néstupu klinickych obtizi. [153]

1.6.1.3 Klinicky obraz ALS

ALS je dnes klinicky ¢lenéno do péti podskupin na:

(1) ALS s kognitivni poruchou C definovana pfitomnosti apatie, nebo dvou ¢i vice
behavioralnich/ kognitivnich zmén spojenych s bvFTD,

(2) ALS s poruchou chovani — s exekutivni a/nebo jazykovou dysfunkei,

(3) ALS s kombinovanou kognitivni a behavioralni poruchou — tj. kombinaci obou ptedchozich,
(4) plné vyvinutou behavioralni variantu frontotemporalni demence v kombinaci s ALS —
definovanou postupnym zhorSovanim chovéani a/nebo poznavani a pfitomnosti nejméné tii
behavioralnich/kognitivnich ~ zmén  spojenych s bvFTD, nebo nejméné¢ dvou
behavioralnich/kognitivnich zmén spojenych s bvFTD spolu se ztrdtou néahledu
a/nebo psychotickymi pfiznaky, nebo splnénim kritérii pro primarni progresivni afazii,

(5) komorbidni ALS a AN —tj. ALS s pIn¢€ vyvinutou AN. [155]

Obecné jsou tyto pfipady oznacCovany jako ,,amyotrophic lateral sclerosis-frontotemporal
spectrum disorder” (ALS-FTSD). [156] Obdobné klinické chovani a pfitomnost stejnych
patognomickych depozit v centralnim nervovém cystému naznacuji, ze FTLD a ALS mohou
byt nikoliv dvé samostatné jednotky, ale jedno kontinuum. Pocet novych piipadi je v Evropé
piiblizné 1-2,6 na 100 000 obyvatel rocné. [157] Typicky se onemocnéni vyskytuje ve véku
okolo 60 let, [157] vzacné pred dosazenim 40 let a o néco &astji u muzi (pomér M:Z
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je piiblizné 1,5:1); [158] byt nastup bulbarni formy je Castéjsi u zen. [159, 160] Median doby
preziti je 2048 mésicl, nicméné skupina 10-20 % pacientii pieziva vice nez deset let. [161]

MND také zahrnuji ,,omezené* fenotypy, véetné primarni lateralni skler6zy (PLS), progresivni
svalové atrofie a progresivni bulbarni obrny. [162] PLS je charakterizovana izolovanou
progresivni dysfunkci horniho motorického neuronu bez symptomatologie dolniho
motorického neuronu, ktera zacina v paté az Sesté dekadeé s postupné se rozvijejici spasticitou,

hyperreflexii a mirnou slabosti. [163]

1.7 Onemocnéni s opakovanim tripleti

1.7.1 Huntingtonova chorea

Huntingtonova chorea je autosomalné dominantné dédicnd progresivni neurodegenerativni
porucha s rozlicnym klinickym fenotypem ¢itajicim choreu, dystonii, poruchy chovani
a kognice, [164] s typickym klinickym pocatkem ve stfednim veéku. [165]

1.7.1.1 Neuropatologicka charakteristika Huntingtonovy chorey

Neuropatologicky nemoc charakterizuje selektivni ztraita GABAergnich neuront ve striatu,
pozdéji progredujici ve ztratu neurondlnich populaci globus palidus, nucleus subthalamicus,
hipokampu, substrancie nigry, hypothalamu, thalamu, moze¢ku a kiry mozkové. Ubytek
neuronll provazi zmnoZzeni glie. Mutovany huntingtin se majoritné hromadi v jadrech neurontl.
[71]

1.7.1.2 Geneticky podklad Huntingtonovy chorey

Pric¢innou genetickou mutaci je zmnoZena cytosin-adenin-guanin (CAG) trinukleotidova
repetice v genu koédujicim protein huntingtin, coz vede k prodlouzeni polyglutaminového useku
na N-konci proteinu. [165] Pfi 40 a vice repeticich CAG pacient s jistotou onemocni
Huntingtonovou chorobou, pravdépodobné v jeji klasické formé se zac¢atkem ve stitednim veku.
Pacienti majici 60 a vice repetic jsou postiZzeni tzv. juvenilni formou s propuknutim

pied zacatkem adolescence. [71]

1.7.1.3 Klinicky obraz Huntingtonovy chorey

Prvnim klinickym projevem byvaji poruchy chovani — bud iritabilita s agresivitou,
nezdrzenlivosti a hypersexualitou, nebo apatii a depresi. [71] Casto tyto piiznaky doplituje
ztrata volni hybnosti, po letech se ptidava chorea, dystonie, dysartrie a dysfagie. [71] Chorea,
psychiatrické poruchy (deprese a uzkost) mohou byt feSeny symptomatickou terapii, ptesto

je onemocnéni dodnes nelécitelné. [166]
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1.7.2 Friedreichova ataxie
Friedreichova ataxie je nejcastéjsi dédicnou ataxii s autozomalné recesivnim zpusobem

dédicnosti a pocatkem onemocnéni obvykle pied obdobim puberty. [167]

1.7.2.1 Neuropatologicka charakteristika Friedreichovy ataxie

Nejndpadnéjsim neuropatologickym nélezem je atrofie predevsim hrudni michy, zadnich
kofenti misSnich a nucleus dentatus mozecku, coz lze zvyraznit reakcei s protilatkou proti neuron
specifické enolaze. [71] Postizeni Schwannovych bunék a neurofilament pomahaji odhalit dalsi
imunohistochemické markery — konkrétné protilatky proti fosforylovanym neurofilamentiim,
S100 proteinu a myelinovému bazickému proteinu, ktery napoméaha odhalit patologické

rozlozeni axonalnich struktur. [71]

1.7.2.2 Geneticky podklad Friedreichovy ataxie

96 % pacientli ma autozomalné recesivné dédénou homozygotni expanzi trinukleotidové
repetice guanin-adenin-adenin (GAA) na chromozomu 9ql3, kterd zplsobuje transkripéni
defekt genu Frataxin (FXN). [168] Expanze GAA v prvnim intronu FXN vede ke snizeni
hladiny proteinu frataxin hojn¢ obsazeného v mitochondirich, [168] coz ma za nasledek
mitochondridlni dysfunkci zpisobenou poklesem klastrii Zeleza-siry, zvySenim hladiny

mitochondrialniho Zeleza a oxidativniho stresu. [169]

1.7.2.3 Klinicky obraz Friedreichovy ataxie

Klinicka manifestace odrazi 1éze v dorzalnich kotfenovych gangliich, senzorickych perifernich
nervech, kortikospinalnich traktech a nucleus dentatus. Charakteristické klinické rysy zahrnuji
progresivni ataxii, dysartrii, zratu vibracniho Citi a sekundarni zmény kloubniho postaveni.
[167] Casté jsou deformace chodidel, skoliéza, vyrazna kardiomyopatie a postizeni B-bungk

pankreatu vedouci k projeviim diabetu mellitu. [170]

1.8 Komorbidni neurodegenerativni onemocnéni

Rychlejsi progrese onemocnéni, atypicky klinicky pribéh ¢i snizeni schopnosti odpovédi
na podavanou medikaci, jsou typickymi disledky existence komorbidnich ptipada
neurodegenerativnich onemocnéni. Podle typu piekryvu neurodegenerativnich onemocnéni 1ze
vyclenit tfi podskupiny:

(1) Soubézna neuropatologickd onemocnéni, kterd definuje ptitomnost dvou a vice rozvinutych
neurodegenerativnich  onemocnéni, pficemz vSechny jednotky spliuji  pfislusna
neuropatologickd diagnosticka kritéria, tj. podminku pfitomnosti specifickych proteinovych
depozit i jejich adekvatni distribuci. Castd je kombinace AN se synukleinopatiemi ¢ CIN

s tauopatiemi.
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(2) Konkomitantni neurodegenerativni patologie v ohrani¢enych oblastech mozku, kdy je
pfitomno jedno primarni neurodegenerativni onemocnéni spliujici neuropatologicka
diagnosticka kritéria spolu se specifickymi proteinovymi agregéty charakteristickymi pro jinou
neurodegenerativni jednotku, ovSem svym omezenym rozsahem a distribuci nenapliujici
kritéria findlni neuropatologické diagndzy.

(3) SmiSend neuropatologie, neboli smiSend demence, je déana pfitomnosti jednoho
neurodegenerativniho onemocnéni napliujiciho sva diagnosticka kritéria, spolu s vaskuldrni
patologii. Nejcastéji do této kategorie spadaji pacienti s AN ¢i1 DLB. Vaskularni postizeni méa
charakter rozsifeni perivaskularnich prostor v oblasti bazalnich ganglii a centrum semiovale.
[71]

Mezi komorbidnimi neurodegenerativnimi onemocnénimi existuji urcité kombinace,
které nachdzime Castéji nez ostatni.

U prionovych onemocnéni mize kvili jejich vyznamnému vlivu na klinicky pribéh zustat
koexistujici neurodegenerativni onemocnéni ante mortem skryto. Analyza piipada
Creutzfeldtovy—Jakobovy choroby diagnostikovanych za poslednich 10 let v CR vsak odhalila
ptekvapivé procento Cistych vs. komorbidnich ptipadi. Paradoxné viibec nejméné zastoupenou
skupinou byla ta bez komorbidit (11,16 %), vyznamné ptevysSend piipady komorbidni CIN
s tauopatii (62,79 %) ¢i AN (20,47 %). Vzacné se objevily piipady CJN v komorbidité s FTLD
(3,26 %) nebo synukleinopatiemi (2,33 %). [102] Zajimavosti je, Ze komorbidni CJN/tauopatie
se na MRI projevily putaminalni hyperintenzitou a CJN/AN byla spojena s pozd¢j$im vékem
nastupu onemocnéni, stupném hipokampalni atrofie pozorované na MRI (nizké skore atrofie
medidlniho temporalniho laloku = MTA skore) a nizkymi hladinami beta-amyloidu
v mozkomi$nim moku. [102]

Jinym ptikladem mizZze byt AN v komorbidité¢ s a-synukleinopatiemi, a to bud’ ve formé
rozvinuté demence s kortikdlnimi Lewyho télisky nebo v podob¢ tzv. amygdala Lewy bodies,
kdy jsou inkluze a-syn omezeny na limbické struktury, pfedev§im amygdalu (ALB). [71]
Nas pilotni vyzkum kohorty pacientii s ¢istou AN, komorbidni AN/DLB a AN/ALB ukazal,
Ze existuji prominentni rozdily ve tvaru a slozeni neokortikalnich a archikortikalnich plak,
kdy bulb6zni zmény neuritl charakteristické pro archikortikéalni oblasti jsou nejvice vyjadieny
u pripadd AN/DLB a nésledné¢ u AN/ALB. Spekulaci je, Ze tyto zmény jsou nejvice patrné
v pocateCnich stadiich onemocnéni, které odkryva rychlejsi progrese komorbidnich ptipadu.

[171] AN a AGD jsou dalsi ¢astou komorbiditou, jejiz incidence roste s vékem.
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2 CILE PRACI

2.1 Mikromorfologicka charakterizace archikortikalnich a neokortikalnich neuritickych
plak v pripadech tzv. ,,Cisté* Alzheimerovy nemoci a Alzheimerovy nemoci s komorbidni
synukleinopatii.

Hypotéza H1: Archikortikélni a neokortikalni neuritické plaky se lisi svou mikromorfologickou
stavbou, bulbézni dystrofické neuritické zmény jsou vice zietelné u komordbidnich piipadi.
2.2 Mikromorfologicka charakterizace extracelularnich proteinovych depozit
u komorbidnich pripadi Creutzfeldtovy—Jakobovy choroby a Alzheimerovy nemoci,
popis dystrofickych neuritickych zmén v plakach PrP5c.

Hypotéza H2: Extracelularni depozita tvofena AP a PrP>¢ kolokalizuji. Dystrofické zmény
v PrP5%¢plakéch jsou identické s dystrofickymi neuritickymi zménami patrnymi u Alzheimerovy
choroby.

2.3 Mikromorfologicka charakterizace extracelularnich proteinovych depozit u pripadi
Gerstmannova—Striusslerova—Scheinkerova syndromu a jejich vztah k dystrofickym
neuritickym zménam.

Hypotéza H3: Extracelularni plaky PrP> u Gerstmannova-Striusslerova—Scheinkerova
syndromu hojné€ kolokalizuji s dystrofickymi neurity.

2.4 Charakterizace pripadi Creutzfeldtovy—Jakobovy choroby po neuropatologické,
genetické, imunologické a klinické strance a z pohledu radiodiagnostiky.

Hypotéza H4: Mezi piipady Creutzfeldtovy—Jakobovy choroby je jen malé procento piipadi
bez komorbidit. Komorbidity mohou mit vliv na klinické projevy, hladiny biomarkeri
a vysledky zobrazovacich metod.

2.5 Utridéni nazvoslovi jednotlivych podtypii extracelularnich plak u Alzheimerovy
choroby a prionodz, jejich vzajemné srovnani.

2.6 Shrnuti dosavadnich neuropatologickych poznatka o amyotrofické lateralni skleréze.
2.7 Shrnuti 20 let zkuSenosti narodni laboratofe pro prionova onemocnéni s uZivanymi
diagnostickymi postupy a mnoZstvim zachycenych pripadu. Porovnani s dal§imi staty

a vysvétleni odliSnosti v diagnostickém procesu.
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3 VYSLEDKY PRACI

3.1 Mikromorfologicka charakterizace archikortikalnich a neokortikalnich neuritickych
plak v pripadech tzv. ,,Cisté* Alzheimerovy nemoci a Alzheimerovy nemoci s komorbidni
synukleinopatii.

Jankovska N, Olejar T, Kukal J, Matej R. Different Morphology of Neuritic Plaques in the
Archicortex of Alzheimer's Disease with Comorbid Synucleinopathy: A Pilot Study. Curr
Alzheimer Res. 2020;17(10):948-958. doi: 10.2174/1875692117999201215162043. PMID:
33327912. IF 3,498
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Abstract: Background: Bulbous neuritic changes in neuritic plaques have already been described,
and their possible effect on the clinical course of the disease has been discussed. OBJECTIVE: In our
study, we focused on the location and density of these structures in patients with only Alzheimer’s disease
(AD) and patients with AD in comorbidity with synucleinopathies.

Methods: Utiliziing immunohistochemistry and confocal microscopy, we evaluated differences
of neocortical and archicortical neuritic plaques and the frequency of bulbous changes in the archicortex
of 14 subjects with Alzheimer’s disease (AD), 10 subjects with the Lewy body variant of Alzheimer's
disease (AD/DLB), and 4 subjects with Alzheimer's disease with amygdala Lewy bodies (AD/ALB).
Also, the progression and density of neuritic changes over the time course of the disease were evaluated.
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15162043, Results: We found structural differences in bulbous dystrophic neurites more often in AD/DLB

and AD/ALB than in pure AD cases. The bulbous neuritic changes were more prominent in the initial
and progressive phases and were reduced in cases with a long clinical course.

Conclusion: Our results indicate that there is a prominent difference in the shape and composition
of neocortical and archicortical neuritic plaques and, moreover, that bulbous neuritic changes can be
observed at a higher rate in AD/DLB and AD/ALB subjects compared to pure AD subjects. This
observation probably reflects that these subacute changes are more easily seen in the faster clinical course
of AD patients with comorbidities.

Keywords: Alzheimer’s disease, synucleinopathy, archicortex, neocortex, neuritic plaques, bulbous neuritic changes.

1. INTRODUCTION amyloid-beta aggregates [6]. A different composition
of “senile” plaques between AD patients, clinically non-AD
morphological comparators, and transgenic murine AD models
has already been described [7]. Protein substance changes
in the human hippocampus during aging may be related to age-
related loss of hippocampal function [8]; dystrophic and tau-
positive neurites in hippocampal plaques have also been
reported [9]. The composition of “senile” plaques
in Alzheimer's related pathology partly varies not only
depending on the clinical stage of the neurodegeneration [10]
but also on differences in neuritic plaques between the cortical
and hippocampal regions (archicortex), which correlate with
the stage of Alzheimer's disease [11]. It is also known that
different neuritic changes are found in AD versus in Lewy
body dementia (DLB) [12, 13], which is characterized
by aggregates of a-synuclein in the forms of Lewy bodies

“Neuritic” plaques are extracellular amyloid-beta aggregates
surrounded by dystrophic neurites, reactive astrocytes,
and activated microglia. Dystrophic neurites can contain
aggregates of a tau protein similar to the tau in neurofibrillary
tangles [1]. The pathology of tau neuritic plaque varies from
simple hyperphosphorylated protein tau-positive neurites to
extremely dilated dystrophic neurites called bulbous neurites
[2]. Loss of neurons and an association with cognitive
impairment [3, 4] make this type of plaques essential for
an Alzheimer's disease (AD) diagnosis [5]. In addition, some
studies have reported that the CERAD score for neuritic
plaques correlates better with clinical progression than the
Braak NFTs stage and no correlation has been reported for
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and Lewy neurites [14]. In some DLB cases, Alzheimer's
changes are not sufficiently expressed, while in others, they are
abundant [15], in which case they are called the Lewy body
variant of Alzheimer's disease (AD/DLB) [16]. Ubiquitin-

© 2020 Bentham Science Publishers
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positive neurites in the CA2 region of the hippocampus are
considered to be almost DLB-specific. However, these neurites
also appear in small amounts in Parkinson's disease [17].
In addition, Lippa et al., reported more apparent ubiquitin-
positive, AT8-negative neurites in the hippocampal CA2 and
CA3 regions in DLB patients, while fewer of these neurites
have been observed in AD/DLB brains and none in pure AD
[18].

According to some case reports, the cognitive decline
in patients with AD/DLB compared to pure AD is much faster
[19]. Hypokinetic extrapyramidal and neuropsychiatric
symptoms such as depression, anxiety, and hallucinations are
considered to be fairly typical for AD/DLB patients [20].
At the same time, clinical data on depression have been
associated with an increased presence of plaques and tau-
related pathology within the archicortex [21]. Patients with
AD/DLB are also reported to have shorter times
to institutionalization [22] and accelerated mortality [23, 24].
Alzheimer's disease with amygdala Lewy bodies (AD/ALB)
was recently described as a distinct form of a-synucleinopathy
[20].

In certain cases of AD/DLB and AD/ALB, we have observed
the presence of prominent swollen bulbous dystrophic neurites
in archicortical plaques containing hyperphosphorylated tau
protein (AT8) and ubiquitin as the leading neuropathological
findings. There is evidence that hyperphosphorylated tau
protein plays a major role in neurodegeneration and that
neurofibrillary tangles are not a necessary condition [25].
Therefore, we must consider whether the prominent dystrophic
changes in neuritic processes of archicortical plaques could be
related to Lewy bodies pathology in AD/DLB and/or
in AD/ALB and whether these bulbous neuritic changes
contribute to the speed of cognitive decline.

The aim of this study was to evaluate the possible differences
of dystrophic, hyperphosphorylated tau- and ubiquitin-positive
neurites in plaques in the neocortex and archicortex within
cohorts of pure AD, AD/DLB, and AD/ALB patients.

2. MATERIALS AND METHODS
2.1. Patients

A total of 28 patients, divided into three cohorts, were enrolled
in the study. The first cohort included patients with “pure”
Alzheimer’s disease without an alpha-synuclein pathology (14
cases, age range: 62-95 years, average age: 77.29 years,
average age at disease onset: 71.00, average disease duration:
75.14 months, average post-mortem interval (PMI): 42.93
hours), which had been neuropathologically defined following
the NIA-AA “ABC” consensus scheme [10, 26]. The second
group included patients suffering from a combination
of evolved AD and evolved diffuse Lewy body disease (10
cases, age range: 68-97 years, average age: 76.30 years,
average age at disease onset: 72.10, average disease duration:
50.60 months, average PMI: 5440 hours) with the
neuropathology of alpha-synuclein deposits defined by Braak's
[27] as well as McKeith's [28] staging system. The third cohort
comprised patients with fully developed AD and alpha-
synuclein pathology of Lewy type, predominantly in the limbic
system, called Alzheimer's disease with amygdala Lewy
bodies
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(4 cases, age range: 61-96 years, average age: 74.50 years,
average age at disease onset: 63.00, average disease duration:
90.00 months, average PMI: 50.00 hours), which fulfilled
previously published criteria [20]. The average values for the
monitored groups of patients are recorded in Table 1.
Characteristics of individual patients are summarized in Supp.
1 with other possible vascular and/or age-related
co-pathologies; however, the selection of patients was mainly
focused on similar ages, disease durations, and severity
of the AD-related pathologies. To monitor dystrophic changes
over time, patients were divided into 2 subsets based on disease
duration, 1.e., a short duration group (2-36 months) and a long
duration group (60-168 months). The data were analyzed with
respect to patient privacy and with approval by the Ethics
Committee of the Institute of Clinical and Experimental
Medicine in Prague and Thomayer Memorial Hospital, No G-
19-18. Summary of average values for the monitored groups
of patients (Table 1).

2.2. Tissue Samples

Brains and cervical spinal cords were fixed for 3-4 weeks
in buffered 10% formalin and then selected tissue blocks,
following a standardized protocol, were embedded in paraffin.
Five pm-thick sections were prepared and stained with
hematoxylin-eosin, Kluver-Barrera, and silver impregnation
methods.

2.3. Immunofluorescence and Immunohistochemistry

Briefly, 5 um thick sections of formalin-fixed and paraffin-
embedded tissue samples were deparaffinized and then
incubated with the primary antibody for 20 minutes at room
temperature. In B-amyloid antibody staining, 96% formic acid
was applied prior to the primary antibody. As a second layer
of labeling for light microscopy visualization, a secondary
horseradish peroxidase-conjugated antibody (EnVision FLEX
HRP, Dako M822, DK) was applied for 20 minutes at room
temperature. Then the samples were incubated with DAB
(Substrate — Chromogen Solution, Dako DM827, DK) for 10
minutes to visualize the reaction. At the end of the procedure,
Mayer's Hematoxylin Solution was applied.

For confocal microscopy, secondary antibodies conjugated
to Alexa Fluor® (see below) were used. The paraffin sections
were also treated with 20X TrueBlack® (Biotium 23007,
USA) diluted in 1X 70% alcohol to quench lipofuscin
autofluorescence.

2.3.1. Primary Antibodies

For immunohistochemistry, 5 um thick sections of formalin-
fixed and paraffin-embedded tissue were selected from
the hippocampal region and the entorhinal and transentorhinal
cortex. The sections were incubated with primary antibodies
against the following antigens: (1) p-amyloid (1:1000, mouse
monoclonal — clone 6F/3D; Dako M0872, DK), (2) Phospho-
Tau (Ser202, Thr205) Monoclonal Antibody (1:500, mouse
monoclonal — clone ATS8; Thermo Fisher Scientific MN1020,
USA), (3) Ubiquitin (1:500, rabbit polyclonal; Dako Z0458,
UK).
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Table 1. Summary of average values for the monitored groups of patients.
Average Age at Average Age Average Disease Average Post-
Diagnose (No. Sex Disease Onset of Death Duration Mortem Interval
ABC Score
of Cases) (M/F) (Years) (Years) (Months) (Hours)
AD (14) 8/6 71.00 77.29 75.14 4293 14x A3B3C3
8x A3B3C3
AD/DLB (10) 7/3 72.10 76.30 50.60 54.40
2x A3B2C3
AD/ALB (4) 2/2 63.00 74.50 90.00 50.00 4x A3B3C3

2.3.2. Secondary Antibodies

Detection of immunostaining was carried out using the
horseradish peroxidase—diaminobenzidine system (Envision
FLEX HRP, Dako, DK) for immunohistochemistry and
secondary antibodies conjugated with Alexa Fluor® 488
(1:1000, donkey anti-rabbit, H+L IgG, Thermo Fischer
Scientific, USA) and Alexa Fluor® 568 (1:1000, donkey anti-
mouse, H+L IgG, Thermo Fischer Scientific, USA)
for immunofluorescent staining. Slides incubated with only the
secondary antibody were used as specificity controls. DAPI
(VECTASHIELD® Mounting Medium with DAPI, Vector
Laboratories Ltd., UK) was used as a nuclear counterstain.

2.4. Microscopy Evaluation
2.4.1. Light Microscopy

Samples were examined by two pathologists. The frequency
of bulbous dystrophic neurites in neuritic plaques and the
frequency of these plaques were semiquantitatively evaluated
in different regions of the archicortex/hippocampal formation
(subiculum, dentate gyrus, cornu ammonis) on a 0—4 scale.

Comparisons of density and frequency of bulbous dystrophic
neurites were categorized into 5 groups:

(a) Grade 0: the absence of bulbous dystrophic neurites.
In these cases, archicortical plaques contained only a few
thin dystrophic neurites that were quite similar to those in
the neocortex; none of the neurites showed bulbous
morphology. Plaques were present in relatively small
amounts.

(b) Grade 1: sporadic/individual positivity of bulbous
dystrophic neurites. Single plaques with a hint of bulbous
morphology of dystrophic neurites were found.

(c) Grade 2: a mild presence of bulbous dystrophic neurites.
In about half of the plaques present in the archicortex,
bulbous dystrophic neurites were the most obvious feature.
Compared to the previous grade, there is an increase in the
total number of plaques.

(d) Grade 3: moderate positivity of bulbous dystrophic
neurites. The total number of plaques, as well as the
number of plaques having prominent bulbous neurites,
increased, although a few plaques with discreet thin
neuritic changes were still present.

(e) Grade 4: abundant diffuse positivity of bulbous dystrophic
neurites. Essentially only plaques with markedly noticeable
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bulbous dystrophic changes were found in the archicortex.
Cases with a dense population of plaques having

a significantly different morphology compared to plaques
in the neocortex were described as Grade 4.

2.4.2. Confocal Microscopy

Co-expression of pathogenic protein aggregates was imaged
using a Leica TCS SP5 confocal fluorescent laser scanning
microscope (Leica Microsystems Inc., Wetzlar, Germany).
The HCX PL APO objective was chosen with 40x
magnification, oil immersion, and a pinhole of 1 AU.
Antirabbit donkey IgG secondary antibody was conjugated
with Alexa Fluor® 488 and excited at 488 nm using a 65 mW
multi-line argon laser, whereas anti-mouse donkey IgG was
conjugated with Alexa Fluor® 568 Donkey at 561 nm using
a 20 mW DPSS laser.

2.5. Statistical Analysis

Due to the small size of the statistical samples, the AD/ALB
group was not included. The differences in grades between the
AD and AD/DLB groups were investigated using the two-
sided, two-sample Wilcoxon-Mann-Whitney test of median
equity. The correlations between the ATS and ubiquitin grades
were investigated separately for the AD and AD/DLB groups.
The relationships between group memberships and grade
levels were studied using Fisher’s exact test with 2x2
contingency tables, two groups of grade levels, ie., LOW
(0,1, 2)and HIGH (3, 4) were used. A more stringent approach
compared only grade 4 with the rest of the grades. The
MATLARB Statistical Toolbox (MathWorks, Massachusetts)
was used, and a significance level of 0.05 was used in all cases.

3. RESULTS

3.1. Morphological Comparison of Archicortical and
Neocortical Plaques

In neocortical plaques, the dominant amyloid structure was
accompanied by “regular” dystrophic neurites visualized by
antibodies  against  hyperphosphorylated tau  (ATS)
and ubiquitin. In contrast, in the archicortex (particularly the
cornu ammonis), dystrophic bulbous neurites visualized using
antibodies against hyperphosphorylated protein tau (AT8), and
ubiquitin were the most prominent plaques features, while
central amyloid deposits were only a minor component (Fig.

1).
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ATB ubiquitin

Fig. (1). Observations of prominent extremely dilated, bulbous dystrophic neuritic changes detected by ATS8 and ubiquitin antibodies in the
archicortex of an AD/DLB patient compared with neocortical findings. The secondary antibody was conjugated with horseradish peroxidase
staining DAB. The original magnification was 400x. (4 higher resolution / colour version of this figure is available in the electronic copy of

the article).
3.1.1. Characteristics of Neocortical Plagues

In the neocortex (i.e., the entorhinal and transentorhinal
cortex), the most predominant part of the plaques was beta-

amyloid, with only thin and curvilinear dystrophic neurites in
the vicinity of plaque.

Neocortical plaques were either cored or non-cored diffuse
plaques (green) with or without common dystrophic neurites.
No bulbous changes in dystrophic neurites were observed.
Our records confirm our previous immunohistochemistry
observations showing that amyloid-beta was the predominant
component of cortical plaques, while common dystrophic
AT8 positive neurites, if present, were only a minor
component (Fig. 3).

3.1.2. Characteristics of Archicortical Plaques

In the archicortex (comu ammonis), the co-expression of
hyperphosphorylated tau protein (ATS8, red) and ubiquitin
(green) in the plaques with dystrophic bulbous neurites was
recorded. Beta-amyloid was stained using blue-fluorescent
DAPIL, which is known for reacting with dense-core and
diffuse amyloid plaques. Our observation showed a different
level, but unequivocal positivity of hyperphosphorylated tau
protein and ubiquitin in dystrophic bulbous neurites in the
archicortex. However, while hy perphosphory lated tau protein
was diffusely present, ubiquitin positivity was mottled (Fig.
2).

In the archicortex (comu ammonis), no co-expression of the
hyperphosphorylated tau protein (AT8, red) and beta-amyloid
(green) in the plaques with dystrophic bulbous neurites was
recorded. Our curmrent observations confirm our previous
immunohistochemistry observations that dystrophic ATS
positive bulbous neurites, but not beta-amyloid, were the
predominant feature of archicortical plaques (Fig. 3).

In DLB/ALB patients, prominent bulbous dystrophic changes
were recorded in the archicortex (particularly the cornu
ammonis), while neocortical plaques exhibited a “common”
appearance with either diffuse or cored amyloid-predominant
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structures (Fig. 1). Utilizing immunofluorescence confocal
microscopy, the co-expression of hyperphosphorylated tau
protein (AT8) together with ubiquitin was prominently found
in the bulbous dystrophic neurites of archicortical plaques (Fig.
2), while amyloid-beta was only a minor component of these
plaques (Fig. 3). In neocortical plaques, common diffuse (or
fibrillar) or cored, with predominant amyloid-beta structures
with an admixture of common dystrophic neurites, were
typically observed (Fig. 3).

DAPI ubi AT8 DAPI/uL/ATE

archicortex

neocortex

Fig. (2). Immunofluorescence visualization of different dystrophic
neuritic changes in the archicortex and neocortex of an AD/DLB

patient. Bulbous neuritic changes can be observed in the archicortical
region. Primary antibodies: AT8 (murine antihyperphosphorylated
protein tau) and anti-ubiquitin rabbit IgG. DAPI commonly
counterstains nuclei but also dense fibrillar amyloid deposits (arrows).
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The secondary antibody was conjugated with either Alexa®488 (anti-
rabbit IgG, green) or Alexa®568 (antimouse IgG, red). Scale bars
indicate 10 micrometers. (4 higher resolution / colour version of this
figure is available in the electronic copy of the articie).

archicortex

neocortex

Fig. (3). Immunofluorescence visualization of common amyloid
plaques in the archicortex and neocortex of an AD/DLB patient.
Bulbous neuritic changes can be observed in the archicortical region.
Primary antibodies: AT8 (murine anti-hyperphosphorylated protein
tau) and anti-beta amyloid rabbit IgG. The secondary antibody was
conjugated with either Alexa®488 (anti-rabbit IgG, green) or
Alexa®568 (anti-mouse IgG, red). Scale bars indicate 25
micrometers. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).
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3.2. Neuritic Changes in Pure AD Cases

Grade of bulbous neuritic changes in AD cases (%)
{Table 2).

3.2.1. Tau-Immunoreactive Bulbous Neurites

In a group of 14 patients with Alzheimer's disease, bulbous
dystrophic neurites with a positive immunohistochemical
reaction with antibodies against hyperphosphorylated tau
protein (grade 4) were not present. Moderate positivity for
bulbous dystrophic neurites (grade 3) was noticed in 14.29%.
Mild positivity (grade 2) was observed in 28.57%. In 35.71%,
sporadic individual positivity among single dystrophic neurites
{grade 1) was detected. Samples with or without thin
curvilinear dystrophic neurites lacking bulbous changes (grade
0) were present in 21.43% of AD cases.

3.2.2. Ubiguitin-Immunoreactive Bulbous Neurites

In the immunohistochemical reaction with anti-ubiquitin
antibody, massive bulbous changes (grade 4) were observed in
7.14% of cases. Moderate changes (grade 3) were found in
28.57%. Mild changes {(grade 2), the most common, were seen
in 35.71%. A sporadic incidence of bulbous neurites (grade 1)
was recorded in 21.43% cases. An absence of bulbous changes
{grade 0) was recorded in 7.14% of AD/DLB cases.

3.3. Neuritic Changes in AD/DLB Cases

Grade of bulbous neuritic changes in AD/DLB cases (%)
(Table 3).

3.3.1. Tau-Immunoreactive Bulbous Neurites

In the Lewy body variant of Alzheimer's disease, 10 cases with
aknown duration were available. In the imnmunohistochemical
reaction with an antibody against hyperphosphorylated tan
protein, severe dystrophic changes with an abundance of
bulbous neurites {grade 4) were observed in 20.00% cases.
Moderate changes (grade 3), the most common finding, were
seen in 30.00% cases. Mild changes (grade 2) were reported in
20.00% cases. The sporadic incidence of individual bulbous
neurites (grade 1) was reported, the least common, in 10.00%
of cases. Samples lacking bulbous dystrophic neurites were
recorded in 20.00% cases.

Table 2. Grade of bulbous neuritic changes in AD cases (%0).
Alzheimer's disease: 14 cases
(age range: 62-95 years, average age: 77.29 years, average age at disease onset: 71.00, average disease duration: 75.14 months, average
postmortem interval (PMI): 42.93 hours)
Grade AT8 Total Number ATS8 Percentage Ubiquitin Total Number Ubiquitin Percentage
0 3 2143 % 1 7.14%
1 5 3571:% 3 21.43%
2 4 2857 % 5 35711 %
3 2 14.29 % 4 28.57%
-+ 0 0.00% 1 7.14%
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Table 3. Grade of bulbous neuritic changes in AD/DLB cases (%).
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Lewy body variant of Alzheimer's disease: 10 cases

(age range: 68-97 years, average age: 76.30 years, average age at disease onset: 72.10, average disease duration: 50.60 months, average PMI: 54.40

hours)
Grade ATS Total Number ATS Percentage Ubiquitin Total Number Ubiquitin Percentage
0 2 20.00 % 1 10.00 %
1 1 10.00 % 1 10.00 %
2 2 20.00 % 4 40.00 %
3 3 30.00 % 1 10.00 %
4 2 20.00 % 3 30.00 %

Table 4. Grade of bulbous neuritic changes in AD/ALB patients (%).

Alzheimer's disease with amygdala Lewy bodies: 4 cases

(age range: 61-96 years, average age: 74.50 years, average age at disease onset: 63.00, average disease duration: 90.00 months, average PMI: 50.00

hours)
Grade ATS Total Number ATS Percentage Ubiquitin Total Number Ubiquitin Percentage
0 1 25.00 % 1 25.00 %
1 1 25.00 % 0 0.00 %
2 1 25.00 % 1 25.00 %
3 0 0.00 % 1 25.00 %
4 1 25.00 % 1 250

3.3.2. Ubiquitin-Immunoreactive Bulbous Neurites

The ubiquitin-immunoreactive bulbous neurites (grade 4)
were observed in the hippocampus of 30.00% of patients with
Lewy body variant of Alzheimer's disease. Moderate changes
(grade 3) were observed in 10.00%. Mild changes (grade 2)
were found in 40.00%, while individual positivity (grade 1)
and the absence of bulbous dystrophic neurites (grade 0) were
seen in 10.00% of AD/DLB cases.

3.4. Neuritic Changes in AD/ALB Cases

Grade of bulbous neuritic changes in AD/ALB patients (%)
(Table 4).

3.4.1. Tau-Immunoreactive Bulbous Neurites

The third study group was 4 patients with Alzheimer's disease

with amygdala predominant Lewy bodies. The group included
our first AD/ALB case, where extremely prominent dilated
dystrophic neurites showed the presence of both antitau and
anti-ubiquitin antibodies. Abundant bulbous tau-positive
changes (grade 4) were found in 25.00%. Moderate changes
(grade 3) were not seen in this group. Mild changes (grade 2),
sporadic changes (grade 1), and the absence of bulbous
changes (grade 0) were each present in 25.00% of cases.
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3.4.2. Ubiquitin-Immunoreactive Bulbous Neurites

In the analysis of ubiquitin-immunoreactive swollen neurites,
in addition to 25.00% with abundant changes (grade 4),

25.00% had moderate (grade 3) changes, and 25.00% had mild
(grade 2) changes. Individual bulbous neurites (grade 1) were
not present in this group. In 25.00% of cases, there was no
evidence of similarly altered neurites (grade 0).

3.5. Bulbous Dystrophic Changes and Disease Duration

It was evident in both AD and AD/DLB patients that the
changes were more prominent in cases with shorter survival
times (see Fig. 6).

3.5.1. Tau-Immunoreactive Bulbous Neurites

For tau-immunoreactive neurites, the short duration group had

an average grade of 1.80 in the AD group of patients, while
in the long duration group, the average grade was 1.10. For
AD/DLB cases, tendencies over time were the same. Patients
in the group of patients with AD/DLB and with a short disease
duration had an average grade of 2.50, while patients with
a long duration had an average grade of 1.75.
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3.5.2. Ubiquitin-Immunoreactive Bulbous Neurites

The average degree of ubiquitin-positive bulbous neurites was
2.60 in the group of patients with AD and short disease
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duration, while in those with a long duration, the number
decreased to 1.78. In AD/DLB cases, the average grade was
3.17 for short duration cases and 1.75 for the long duration
cases.

AD - ubiquitin
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Fig. (4). Percentage comparison of bulbous dystrophic neurites in AD, AD/DLB, and AD/ALB subsets (the grading system is described in more
detail in the methodology-light microscopy section). Grades of the bulbous changes are defined on the x-axis, their percentages in AD, AD/DLB,

and AD/ALB cases are on the y-axis (%).
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Fig. (5). Comparisons of bulbous neuritic changes were made on the basis of the calculated weighted averages for each of the monitored
diseases. On the x-axis, the numbers for tau-immunoreactive bulbous neuritic changes are on the left, and the ubiquitin-reactive changes are on
the right. The y-axis shows the average numerical values of bulbous changes in AD, AD/DLB, and AD/ALB.
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Fig. (6). Comparison of the average extent of bulbous dystrophic changes in cases with short and long disease duration. Values for AD are
recorded on the left of each graph, and AD/DLB is on the right. Correlations with disease duration could not be assigned in the AD/ALB group
due to the inclusion of cases without available disease duration information.

Due to the small number of AD/ALB cases, those with no
duration information were included in the study; therefore,
averages could not be determined.

3.6. Comparison of the Frequency of Tau- and Ubiquitin-
positive Bulbous Neurites

Bulbous neurites were slightly more frequent in anti-ubiquitin
than in anti-tau detection (Figs. 4 and 5). The extent of ATS8-
positive vs. ubiquitin-positive neuritic changes varied at most
by one grade except in 2 of the 28 cases (Supp. 1).

3.7. The Average Grade of Bulbous Neuritic Changes

The average grade was obtained by calculating weighted
averages (Fig. 5). The average for ATS8-positive bulbous
neuritic changes was 1.36 in AD cases, 2.20 in AD/DLB, and
1.75 in AD/ALB.

For ubiquitin-positive neurites, we observe generally higher
numbers but the same tendency. The average number was 2.07
for pure AD cases, 2.40 for AD/DLB, and 2.25 for AD/ALB
cases.
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3.8. Statistical Analysis

The group of AD/DLB (10 patients) had a median ATS grade
that was nonsignificantly higher than the AD group (14
patients; p = 0.1335). The median for ubiquitin was the same,
and the difference was nonsignificant (NS). There was
a positive but nonsignificant correlation between AT8 and
ubiquitin grades (r =0.4730, p = 0.0876) in the AD group. But
the correlation between AT8 and ubiquitin grades (r = 0.7920,
p = 0.0063) was strongly statistically significant in the
AD/DLB group. The contingency table for the LOW and
HIGH groups of ATS8 grades for AD and AD/DLB patients had
a p = 0.0850, which was positive but had a nonsignificant
dependence. In the case of ubiquitin, a p = 1.000 was an
indicator of independence but was also NS.

4. DISCUSSION

In this study, we identified a prominent difference in the shape
and composition of neocortical and archicortical plaques. For
the first time, we precisely located prominent bulbous
dystrophic neuritic changes in the archicortex. Additionally,
we recorded different rates of these bulbous dystrophic
changes between cohorts of AD and AD/DLB and AD/ALB
patients, although, due to the small number of patients in the
study, these were statistically nonsignificant. Our study
showed that both AD/ALB and AD/DLB patients had swollen
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bulbous-dystrophic neurites located in the archicortex, which
were found more frequently than in patients with pure AD;
however, due to the small numbers of cases in the study, it was
without precise statistical significance.

The term “bulbous™ change was previously used to describe
dilated neurites [2] and certain levels of bulbous dilated,
ubiquitin-positive neurites have been previously reported in
AD subjects; however, usually without information regarding
their exact location in the brain [2, 29, 30, 31]. Bulbous AT8
positive neurites were recorded in the archicortex of the
transgenic SXFAD murine model of AD, which was related to
evidence that amyloid plaque in the surroundings facilitates
the development of tau pathology [32]. This fact is also
supported by current evidence showing that amyloid-beta
plaques start to appear long before cognitive decline [30].
Generally, dystrophic neurites are common components of
neuritic plaques, and their distribution in the neocortex and
archicortex correlates with the Braak stage in AD [11].
Archicortical degeneration with dystrophic, ubiquitin-positive
neurites differentiates AD from DLB; however, bulbous
dystrophic changes were not previously reported [33].

On the other hand, a certain proportion of amyloid-beta
negative plaques has been seen in the archicortex [9]. It seems
that the difference between plaques in the neocortex and
archicortex is primarily caused by the difference in
composition and  cytoarchitecture of these two
developmentally distinct cortical regions. Similar findings in
neocortical plaques lacking ATS8-immunoreactive neurites
have also been reported [34, 35], while archicortical plaques
predominantly contain diffuse neuritic changes [36]. Thus, it
could be speculated that differences reported in amyloid-beta
plaques in the quantitative proteomics composition between
non-AD, AD, and transgenic mice [7] may have been caused
by location differences (i.e., hippocampus and temporal
cortex). Non-AD has a predominantly neocortical location
without dystrophic neurites, while in mice, the archicortex has
approximately 40% of the volume of the cortical coronal
sections. However, other mechanisms related to AD
development, including dysregulation of lipid and glucose
metabolism pathways [37], lower protein synthesis, and
subsequent mitochondrial loss, must also be considered [38].

Our data suggest that the shift to the prominently bulbous
form (grade 4) is more frequently recorded in AD/DLB (20%
and 30% for AT8 and ubiquitin positivity, respectively) and in
AD/ALB (25% and 25% for ATS and ubiquitin positivity,
respectively) compared to pure AD (0% and 7% for ATS and
ubiquitin positivity, respectively). The positive trend (lacking
statistical significance) can be explained by the limited
number of patients in the individual cohorts, and a much larger
study should be conducted to obtain statistically more
meaningful data and further evidence regarding this trend.

Our data, however, generally provide evidence that the
bulbous dystrophic changes in neurites are more prominent in
shorter courses of the disease (up to 36 months) rather than in
longer courses of the disease (more than 60 months, see Fig.
6). This is not surprising considering (1) that the AD/DLB
pathology contributes to the development of faster cognitive
loss than in AD alone [23, 39] and (2) that neuritic plaques and
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cognitive impairment are partly correlated [40, 41]. Some
studies have even suggested that the presence or absence of
morphological changes in neurites around plaques plays a
critical role in the clinical course of the disease [3]. Based on
the lower expression of neuritic changes in patients with long-
duration AD and AD/DLB, we hypothesize that bulbous
dystrophic changes are related to the initial or the progressive
phase of the condition; therefore, the faster cognitive loss and
faster progression to death observed in AD/DLB only help to
reveal these sub-acute changes. Also, the 5xFAD murine
model of AD shows that bulbous changes in the archicortex
occur within one year [32]. Although there is a lack of data
directly related to bulbous neuritic changes, our assumptions
are supported by the studies focused on the association
between dystrophic neurites and disease duration. The
association 1s positive in the initial stages, which then becomes
negative as the number of neuritic changes diminishes over the
longer course of the disease [42].

CONCLUSION

Based on our pilot study, and with confirmation from our
literature review, we find that (1) initially there are prominent
differences in the shape and composition of neocortical and
archicortical plaques, and (2) bulbous neuritic changes are
expressed at higher rates in AD/DLB and AD/ALB patients
compared to those with AD. We speculate that these changes
appear in the early stages of the disease, and its rapid
progression simply serves to make these differences visible
rather than the differences themselves, causing the rapid
progression. Further investigations with larger cohorts are
needed for a complete statistical evaluation.
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Abstract: Alzheimer’s disease (AD) and sporadic Creutzfeldt-Jakob disease (sC]D) are both charac-
terized by extracellular pathologically conformed aggregates of amyloid proteins—amyloid B-protein
(AB) and prion protein (PrP5¢), respectively. To investigate the potential morphological colocalization
of Ap and PrP°¢ aggregates, we examined the hippocampal regions (archicortex and neocortex) of 20
subjects with confirmed comorbid AD and sCJD using neurohistopathological analyses, immuno-
histochemical methods, and confocal fluorescent microscopy. Our data showed that extracellular
AP and PrP5¢ aggregates tended to be, in most cases, located separately, and “compound” plaques
were relatively rare. We observed PrP* plaque-like structures in the periphery of the non-compact
parts of A plaques, as well as in tau protein-positive dystrophic structures. The AD ABC score
according to the NIA-Alzheimer’s association guidelines, and prion protein subtype with codon 129
methionine-valine (M/V) polymorphisms in sCJD, while representing key characteristics of these
diseases, did not correlate with the morphology of the AB /PrP* co-aggregates. However, our data
showed that PrPS¢ aggregation could dominate during co-aggregation with non-compact Ap in the
periphery of AR plaques.

Keywords: Creutzfeldt-Jakob disease; Alzheimer’s disease; Af3; prion protein; tau protein; colocal-
ization; plaques; confocal microscopy

1. Introduction

Deposits of extracellular protein aggregates are diagnostic findings for two sepa-
rate neurodegenerative diseases, i.e., Alzheimer’s (AD) and Creutzfeldt-Jakob diseases
(CJD) [1,2]. Amyloid-p peptide (AB) is a main defining component of A} plaques (also
called amyloid or senile plaques) observed in AD [3,4]. These extracellular deposits arise
from the amyloidogenic cleavage of an integral membrane protein, called amyloid pre-
cursor protein (APP), by beta-site APP cleaving enzyme 1 (B-secretase/ BACE 1), which is
found on neuronal membranes [5]. In addition to APP and BACE 1, the physiological iso-
form of the prion protein (PrP€) is also found on the outer surface of neuronal membranes;
it is attached to the membrane via a glycosylphosphatidylinositol (GPI) anchor [6].

A full understanding of the physiological role of Ap and PrP¢ remains elusive. Briefly,
AP plays a critical role in brain development, neuronal migration, and synaptic plasticity [7].
Additionally, Ap interacts with Cu and Zn ions, e.g., rising copper levels increase the
amount of APP on cell surfaces [8]; therefore, the increased presence of Cu ions mediates
the precipitation of AB deposits [9]. Data from murine gene knock-outs suggest a functional
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role for PrP€ in myelination maintenance in adults, neuronal plasticity in adults, and the
circadian rhythm [10].

Currently, molecular interactions between A3 and PrF, in either physiological or
pathological forms, are being widely investigated, with interactions between oligomeric
Af and physiological PrPC receiving particular attention [11]. Other studies have focused
on transfected SH-SY5Y neuroblastoma cells, cellular overexpression of PrP’, decreased
amyloidogenic cleavage of APP, and silencing of PrP€ genes in N2A cells, via the increased
secretion of A3 [12].

It has also been shown that the scrapie isoform of prion protein (PrP>) could alter APP
processing through stimulation of 3-phosphoinositide-dependent protein kinase 1 (PDK1
or PDPK1) and the inhibition of alpha-secretase activity, which could lead to enhanced
[-secretase processing accompanied by increased AP production [13]. There is another
connection between these two proteins; as y-secretase cleaves the residual APP C-terminal
fragment, thus creating Af3, it leaves behind the amyloid intracellular domain (AICD) [14],
which according to recent research, controls the expression of PrPC [15].

Membrane PrPC acts as a receptor for AP oligomers; this feature helps explain its
involvement in AD development [16]. Nonetheless, both AD and CJD have been described
as having very similar dystrophic neurites containing mostly autophagic vacuoles and
autophagosomes [17].

Even though microtubule-associated protein (MAP) tau mainly forms intracellular
amyloid aggregates in AD, its functional interaction with PrP€ and PrP™ has also been
reported. PrP¢ probably plays a critical role related to Af3 and tau protein in AD de-
velopment [18], with PrPC acting as a mediator of synaptic dysfunction induced by tau
protein [19]. It is not unreasonable to expect dystrophic neurites with hyperphosphory-
lated tau protein in neuritic amyloid plaques. As such, dystrophic neurites in plaque-like
PrP™ structures that colocalize with AP would also not be unexpected. There is increas-
ing evidence that more than one neurodegeneration in the brain is possible at the same
time [20]. However, the precise interactions among crucial amyloidogenic proteins in the
pathophysiology of neurodegenerations remain unclear. Moreover, there is only limited
information related to the morphological interactions among these brain peptides during
comorbid neurodegenerations.

In our pilot study, we evaluated using immunohistochemistry and confocal mi-
croscopy, the micromorphology of PrPS colocalized with AB in dystrophic neurites with
compound plaques in the brains of patients with comorbid Alzheimer’s and Creutzfeldt-
Jakob disease [21].

2. Results
2.1. Confocal Microscopy Visualization

Using confocal fluorescent microscopy, we observed relatively rare compound plaques
with either AR or hyperphosphorylated tau protein (h-tau) in colocalization with PrP*.
In co-aggregation with Af3, Prps aggregates colocalized mainly with the non-compact
(diffuse) regions of A3 plaques, while only minor colocalization was observed in the dense
regions (see Figures 1 and 2). In contrast, no colocalization between h-tau and PrP*> was
observed, except for a few dot-like colocalizations (see Figure 3).
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Figure 1. Immunofluorescence visualization of different types of anti-amyloid -protein (Af3) and
prion protein (PrP*) compound plaques in comorbid Alzheimer’s (AD) and Creutzfeldt-Jakob
diseases (C]JD) cases. Primary antibodies: anti-PrP (rabbit recombinant monoclonal antibody) +
anti-amyloid -protein (mouse monoclonal antibody). The secondary antibody was conjugated with
either Alexa Fluor® 488 (anti-rabbit IgG; green) or Alexa Fluor® 568 (anti-mouse IgG; red). Scale
bars indicate 10 micrometers. Images come from the hippocampal region (archicortical parts). (a,b)
Non-compound plaques: consisting of (a) Ap diffuse or (b) cored neuritic plaques, and lacking
co-aggregating PrP structures. Images come from a 75-year-old female suffering from sCJD + AD
(A1B1C1), cerebral amyloid angiopathy (CAA) 0. (¢,d) Minimal compound plaques: diffuse (c) or
cored neuritic (d) Ap plaques with punctate PrP aggregates. Images come from a 69-year-old female
suffering from sCJD + AD (A2B2C1), CAA 0. (e-h) Central core deposits: Neuritic non-cored (e)
or cored (f-h) AP plaques with distinct PrP5¢ aggregates in the center of the plaque. Images come
from two patients—a 79-year-old man suffering from sCJD + AD (A2B2C2), CAA 0, + ARTAG + Fahr
disease, and a 71-year-old female sC]D + AD (A2B1C2), CAA. (i,j) Diffuse compound plaques: these
are (i) neuritic non-cored or (j) cored A plaques where co-aggregation of PrP™ at the periphery in
the area of the non-compact A structures is evident. The samples come from a 64-year-old male
suffering from sCJD + early-onset AD (A2B2C2), CAA 0+ Wernicke’s encephalopathy. (k,1) Diffuse
“Yin-Yang” compound plaques: neuritic non-cored A} plaques having a prominent admixture of
PrP% co-aggregation predominantly localized at one pole of the plaque. The images come from a
70-year-old female patient sCJD + AD (A2B2C3) + CAA Q.
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Figure 2. Immunofluorescence visualization and visualization of separated channels showing colocalization of PrP> with
AR in two different (a,b) non-cored plaques to demonstrate colocalization with more examples. Prpse aggregates colocalized
predominantly with non-compact A of the senile plaques, while only a minor colocalization was observed in the dense
parts. Both images (a,b) show diffuse “Yin-Yang” compound plaques. Arrows point to non-compact areas of A3 plaques.
Scale bars indicate 10 micrometers.

Figure 3. Inmunofluorescence visualization of h-tau-positive dystrophic neurites in colocalization with PrP> aggregates
in comorbid AD and CJD cases (a-h). Primary antibodies: PrP (rabbit recombinant monoclonal antibody) + AT8 (mouse
monoclonal antibody). The secondary antibody was conjugated with either Alexa Fluor® 488 (anti-rabbit IgG, green) or
Alexa Fluor® 568 (anti-mouse IgG, red). Scale bars indicate 10 micrometers. Arrows indicate minor colocalization of AT8

with PrP. Images come from the hippocampal region (archicortical parts).

Visualization of comorbid CJD and AD cases revealed that plaques varied with regard
to the micromorphologies of A with PrPS¢ between patients. In all subjects, one particular
type of A and PrPS¢ colocalization predominated. The main types of Af3 and PrpSe plaque
colocalizations identified were (Figure 1):

65



Int. J. Mol. Sci. 2021, 22, 2099

50f12

1

3)

Non-compound and minimal compound plaques (10 cases out of 17):

a.

Non-compound plaques (observed in 3 cases out of 17) are without co-occurrence
or colocalization of AP and PrPSc deposits. Pure Ap and pure PrPSc plaque

exist independently of each other (Figure 1a,b).

Minimal compound plaques (Figure 1c,d) were seen most often (7 of 17 patients

in whom PrPSc aggregates were present in the neocortical and archicortical

parts of the hippocampal region). The most prominent feature of minimal

compound plaques was A (in the form of non-cored or cored plaque); however,
dotted PrPSc-immunoreactivities were also present.

Central core deposits—this pattern occurred in both non-cored and cored A3 plaques
(8 cases out of 17). In these cases, a rather significant PrP’Sc positivity was observed
in central non-compact A3 plaque structures, either with or without dense A3 cores
(Figure le-h).

Diffuse plaques (4 cases out of 17):

a.

Diffuse compound plaques (Figure 1i,j) contain PrPSc diffusely scattered in
the periphery of condensed A3 plaques and are colocalized with surrounding
non-compact Af3 (seen in a single case).

Diffuse so-called “Yin Yang” compound plaques (Figure 1k,1; Figure 2) are a par-
ticular subset of asymmetric diffuse compound plaques in which PrPSc-positive
structures are polarized to the sides of asymmetric plaques in colocalization
with non-compact A3 periphery (i.e., non-compact A3 in colocalization with
PrPSc, but not surrounding the entire circumference of the compact A3 core
aggregates). This type of plaques was observed in 3 cases out of 17.

Similar to colocalization with A in plaques, minimal dot-like colocalization with

h-tau positive dystrophic neurites in plaques was recorded (Figure 3).

We analyzed the density and type of colocalization relative to the biochemical and

neuropathological properties of CJD and AD; however, no association between plaque
micromorphology, type of colocalization, polymorphism at codon 129, type of PrP>, and
the AD ABC score according to the NIA-Alzheimer’s association guidelines was observed
(Charts 1-3).

Types of plaques

= Minimal and non-compound Cenral core - Diffuse

Chart 1. Relative rate of individual types of A and PrP5¢ colocalization in plaque.
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Polymorphism/plaque type relationship

0 R SO RS I

MM1 MM1+2 MV1 MV2 VW1 Vv2

W Minimal and non-compound Central core & Diffuse

Chart 2. Relationship between methionine-valine (M/V) polymorphisms and plaque type.

ABC score/plaque type relationship

~

Low Intermediate

B Minimal and non-compound Central core = Diffuse

Chart 3. Dependence of plaque-type on the ABC scores.

2.2. Immunohistochemical Examination

In the immunohistochemical examination, parallel imaging of PrP, hyperphospho-
rylated tau protein (AT8), and A3 aggregates in the same hippocampal area (Figure 4a,c)
clearly showed the occurrence of PrPSC-positive aggregates in plaques with h-tau positive
dystrophic neurites where A3 was entirely missing. Thus, this observation also suggests
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that PrP5¢ could be colocalized with h-tau-positive dystrophic neurites in A3 plaques in
the absence of Af} structures.

Figure 4. Inmunohistochemical imaging of (a) PrP¥-positive plaque-like structures, (b) AT8-positive dystrophic neurites,
and (c) Ap plaques in the same hippocampal region (archicortical part) of an 80-year-old female patient. There are PrP™
“plaque-like” deposits and h-tau positive neuritic plaques in the same area lacking the equivalent of A} plaques. The

secondary antibody was conjugated with horseradish peroxidase staining DAB. The original magnification is 100x.

3. Discussion

In the study presented, a particular affinity of PrP5¢ for the non-compact parts of
Ap plaques, suggesting that different subspecies of A3 have different affinities for PrPSe
aggregates, was observed. In addition, previously reported low rate of compound plaques
colocalizing with A or h-tau and PrP5¢ in comorbid AD and sCJD were considered.

The potential interaction between PrP5¢ and AB in comorbid AD and sCJD remains
controversial. No significant correlation has been reported for variables influencing the
development of CJD and variables determining the course of AD [22]. On the other hand,
colocalization of PrP5¢ and AB in single plaques was reported in a patient with a rare
prion disease called Gerstmann-Straussler-Scheinker disease (GSS) [23]; however, this
colocalization was only observed in GSS and not in sCJD [24]. On the contrary, other
authors reported compound PrP> and A plaques in 11 of 12 evaluated subjects with a
concomitant sCJD and AD pathology; the frequency of compound plaques ranged between
2 and 29% [25]. Others also documented the presence of PrPC in senile plaques in non-
sCJD AD describing dot-like PrC -immunoreactivity in diffuse plaques, isolated large
coarse PrPC—positive structures in neuritic plaques, and dense non-compact or amorphic
aggregates in amyloid cores of senile plaques [26].

As mentioned above, the colocalization of AR and PrP*¢ in different prionopathies in
comorbidity with AD was reported, and the frequency of these compound plaques was
demonstrated. On the contrary, this study was focused on the detailed micromorphological
relationship of PrPSe, Ap, and AT8 in compound plaques based on confocal fluorescent
microscopy.

Based on this, we recognized three types of AR and PrP5¢ colocalization, as follows:
(1) no or minimum compound plaques, (2) compound plaques with a centrally dense Prpse
core only, and (3) compound plaques with or without a centrally dense PrP5¢ core; however,
PrP5¢ was always present in the periphery. Our data show no or minimal colocalization
in the compact region of A plaques; however, in the non-compact region of A plaques,
which were often located in the periphery, showed a higher rate of colocalization. Non-
compact A3 plaques are mostly composed of Ay, rather than A4 [27]. Similar to a
study on single and double immunohistochemical stains of PrPC in AP plaques in AD
patients [26], we observed an abundance of dot-like aggregates in diffuse plaques, while in
neuritic plaques, PrP deposits tended to be relatively coarse. Interestingly, there seems to
be no association between plaque micromorphology, polymorphism at codon 129, type of
PrP%, and the AD ABC scores.

In addition, AT8 positive dystrophic neurites were observed in colocalization with
PrPSe plaque-like structures. Dystrophic; dilated; and, in specific locations, bulbous dys-
trophic neurites are a common feature of A plaques [21] in AD. Thus, it is not surprising

68



Int. J. Mol. Sci. 2021, 22, 2099

8of 12

that these structures, which were detected by immunohistochemical positivity of hyper-
phosphorylated tau protein, are also observed in colocalization with PrP%. However,
using simple DAB immunohistochemistry, we were able to find hippocampal regions with
PrpSe plaque-like positivity and h-tau-positive A3 plaques without the expression of A3
(Figure 4), suggesting that direct interaction between PrP> and dystrophic neurites or
directly with h-tau. Direct molecular interactions between PrP* and tau protein have also
been reported [28]. Conversely, tau pathology presented as neurofibrillary tangles was a
pathognomonic finding for the Indiana Kindred variant of GSS [29]. In the P105L variant of
GSS, dystrophic, tau-positive neurites and neurofibrillary tangles were observed in Prpse
plaques, even in the absence of senile A3 amyloid plaques [30]. Associations between PrpSe
plaques and tau aggregation were observed in scrapie-infected mouse brains of human tau
transgenic mice [31]. Thus, direct pathological interactions between PrP* and tau in the
absence of A facilitating the progression of the disease could be a plausible hypothesis for
AD and sCJD comorbidity. However, our observations are based on a pilot study with a
small cohort of patients, and lack a control group with separate AD and CJD cohorts. The
results are sustainable for further investigation.

4. Materials and Methods
4.1. Patients

A total of 20 patients diagnosed with comorbid AD and CJD (age range 62-83 years,
median age 71 years) were neuropathologically defined using the National Institute on Ag-
ing Alzheimer’s Association (NIA-AA) consensus scheme [32]. Additionally, the presence
of PrP* in brain tissue was confirmed by both Western-blot and immunohistochemistry.
The patient characteristics are summarized in Table 1, which includes gender, age, disease
duration, the AD ABC score, [33] codon 129 methionine and/or valine polymorphisms,
PrP% [34] isoform (i.e., type 1 or 2), specification of other vascular and age-related co-
pathologies, and the presence of protein 14-3-3 in the cerebrospinal fluid.

Table 1. Individual patients, including gender, age, duration of the disease, 129 codon polymorphisms with the PrP
type, 14-3-3 positivity, the AD ABC score according to the NIA-Alzheimer’s association guidelines, data regarding other

neuropathologies, and plaque type specification.

Western
Duration PrP Types Blot AD ABC
No. Sex Age (Months) Polymorph. Brain Tissue (14-3-3) Score Other Neuropathology Type of Plaques
CSF
Angiosderotic
1 M 75 2 MM il neg. A2B2C2 encephalopathy, ARTAG,  Non-compound
encephalomalacia
2 F 7L 1 MV il low pos. A2BIC2 Angigsdeotie Non-compound
encephalopathy
Angiosderotic
3 F 75 9 \A% i pos. AlBIC1 encephalapsihy: Non-compound
4 F 67 1 MM 1 pos. A2BIC1 Anglosderade Misitaal
encephalopathy compound
5. F 69 2 MM 1 NA A2B2C1 Abgioadeivlia Ml
encephalopathy compound
6. M 62 6 MV 1 neg. A3B2C2 eNgIosdensic Munuatd.
encephalopathy compound
7. F 6 2 MM 1 pos. A2B2C2 Anglosdenoiic Minimal
encephalopathy compound
8. M 7 1 MM 1 pos. A1B2C1 AU ST gy
encephalopathy compound
Angiosderotic
encephalopathy, ARTAG, Minimal
2 M s . L L neg: AR Wernicke encephalopathy, compound
meningioma
; : Minimal
0. F 68 2 MM 1 pos. A2B2C2 Anglosdernile compound + few
encephalopathy, AGD
compounds
Angiosdlerotic Central core
o B @ 1% L . B2B RecE encephalopathy, ARTAG deposits
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Table 1. Cont.

Western
Duration PrP Types Blot AD ABC
No. Sex Age (Months) Polymorph. Brain Tissue (14-3-3) T Other Neuropathology Type of Plaques
CSF
Angiosderotic Central core
12, E 71 1 MM 1 pos. A2BIC2 encephalopathy deposits
Angiosderotic Central core
13. F 80 2 Vv 2 pos. A3BIC2 sicahalopathy deposits
Angiosderotic Diffuse
4. M o4 Z MV 2 low pos. A2B2C2 encephalopathy, Wernicke
compound
encephalopathy
Angiosderotic
15: F 70 2 v 1 pos. A2B2C2 ancephalopsihy Yin-Yang
6. F 70 1 MM 15 pos A2B2C3 - o et Yin-Yang
encephalopathy
7. F 80 5 MV 1 pos. A3B2C3 Angiosdpinti Michahg L
encephalopathy compounds
. ; Lacking PrP
Angiosderotic 2
8. M 83 1 MM 1 low pos. A2B2C2 encephalopathy, ARTAG I;Iiaques in the
ppocampus
’ . Lacking PrP
9. F 65 5 A% 1 pos. AIBIC1 Abgiesdeiotic plaques in the
encephalopathy hi
ppocamptus
; : Lacking PrP
20. M 8 ) MM 1 neg. A2B2C2 Angioedgatic plaques in the
encephalopathy g
hippocampus

M-—male; F—female; MM /MV /VV—methionine and /or valine polymorphism on codon 129; CSF—cerebrospinal fluid; ARTAG—aging-
related tau astrogliopathy; AGD—argyrophilic grain disease; PrP—prion protein.

All data were analyzed with respect to patient privacy, and the study was conducted
in accordance with the Ethics Committee of Thomayer University Hospital (No G-19-18)
on 10 April 2019.

4.2. Tissue Samples

Brain tissue samples were fixed for 34 weeks in buffered 10% formalin. Then, selected
tissue blocks, using a standardized protocol BrainNet Europe [35], were embedded in
paraffin using an automatic tissue processor. Five-uum-thick sections were prepared and
stained with hematoxylin—eosin, Kliiver—Barrera, and silver impregnation methods. For
analysis, representative blocks of the left hippocampal and parahippocampal areas were
chosen.

4.3. Immunofluorescence and Immunohistochemistry

Briefly, 5-pm-thick sections of formalin-fixed and paraffin-embedded tissue samples
were deparaffinized and then incubated with primary antibodies for 20 min at room
temperature. For Af and Prpse antibody staining, 96% formic acid was applied prior
to the primary antibody. A second layer for light microscopy visualization, consisting
of secondary horseradish peroxidase-conjugated antibody (En Vision FLEX/HRP, Dako
M822, Glostrup, Denmark), was applied for 20 min at room temperature. The samples
were then incubated with DAB (Substrate—Chromogen Solution, Dako K3468, Glostrup,
Denmark) for 10 min to visualize the reaction. Mayer’s Hematoxylin Solution was used as
a counterstain.

For confocal microscopy, secondary antibodies conjugated to Alexa Fluor® (see be-
low) were used. Paraffin sections were also treated with 20X TrueBlack® (Biotium 23007,
Fremont, CA, USA) diluted in 1X 70% alcohol to quench lipofuscin autofluorescence.

4.3.1. Primary Antibodies

For immunohistochemistry, 5-pm-thick sections of formalin-fixed and paraffin-
embedded tissue were selected from the hippocampal region, including the entorhinal and
transentorhinal cortex. These were incubated with primary antibodies against the following
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antigens: (1) A (1:1000, mouse monoclonal, clone 6F/3D; Dako M0872, Glostrup, Den-
mark), (2) AP (1:5000, rabbit monoclonal, clone H311.21; Thermo Fisher Scientific 700254,
Waltham, ME, USA), (3) PrP (1:8000, mouse monoclonal, clone 12F10; Bertin Pharma
A03221, Bordeaux, France), (4) PrP (1:3000, mouse monoclonal, clone 6H8; Prionics 7500996,
Schlieren, CH), (5) PrP (1:5000, rabbit recombinant monoclonal, clone SC57-05; Thermo
Fisher Scientific MA5-32202, Waltham, ME, USA), and (6) Phospho-Tau (Ser202, Thr205)
Monoclonal Antibody (1:500, mouse monoclonal, clone AT8; Thermo Fisher Scientific
MN1020, Waltham, ME, USA).

4.3.2. Secondary Antibodies

Detection of immunostaining was carried out using horseradish peroxidase—
diaminobenzidine (see above) for immunohistochemistry and secondary antibodies con-
jugated with Alexa Fluor® 488 (1:1000, donkey anti-rabbit, H + L IgG, Thermo Fischer
Scientific, Waltham, MA, USA) and Alexa Fluor® 568 (1:1000, donkey anti-mouse, H + L
IgG, Thermo Fischer Scientific) for immunofluorescence staining. Slides incubated with
only the secondary antibody were used as specificity controls.

4.4. Microscopy Evaluation
4.4.1. Light Microscopy

The samples were examined independently by two neuropathologists focused pre-
dominantly on the archicocortical parts of hippocampal region, and the presence/absence
of AP deposits and AT8-positive structures, in relation to PrP deposits, was evaluated. An
Olympus BX51 microscope (Olympus Europa SE and Co. KG, Hamburg, Germany) was
used for examination with 100 magnification. Images were captured with an Olympus
DP72 camera controlled using Olympus image analysis software (Olympus Europa SE and
Co. KG).

4.4.2. Confocal Microscopy

Colocalization of pathogenic protein aggregates was imaged using a Leica TCS SP5
confocal fluorescent laser scanning microscope (Leica Microsystems Inc., Wetzlar, Ger-
many). The HCX PL APO objective with 40 magnification, oil immersion, and a pinhole
of 1 AU was used. Donkey anti-Rabbit IgG secondary antibody was conjugated to Alexa
Fluor® 488 and excited at 488 nm using a 65 mW multi-line argon laser, whereas Donkey
anti-Mouse IgG conjugated to Alexa Fluor® 568 was excited at 561 nm using a 20 mW
DPSS laser.

4.43. Classification of AR Plaques

Diffuse, neuritic non-cored and neuritic cored A3 plaques were classified according
to the literature, as previously summarized in a review article [20].

5. Conclusions

The results as presented indicate that a specific subset of Af3, in particular the non-
compact component of AP plaque where APy predominates, exhibits higher levels of
interaction with PrP% and, thus, in certain circumstances, could be assumed to act as
the PrPSc seeds within the brain (see Supplementary Materials). The role of PrP* in the
development of neuritic plaques, with or without the A component, certainly requires
further investigation.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com /1422-006
7/22/4/2099/s1.
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3.3 Mikromorfologicka charakterizace extracelularnich proteinovych depozit u pripadia
Gerstmannova—Striusslerova—Scheinkerova syndromu a jejich vztah k dystrofickym
neuritickym zménam.

Jankovska N, Matej R, Olejar T. Extracellular Prion Protein Aggregates in Nine Gerstmann-
Straussler-Scheinker Syndrome Subjects with Mutation P102L: A Micromorphological Study
and Comparison with Literature Data. Int J Mol Sci. 2021 Dec 10;22(24):13303. doi:
10.3390/1jms222413303. PMID: 34948096; PMCID: PMC8704598. IF 6,208
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Abstract: Gerstmann-Straussler-Scheinker syndrome (GSS) is a hereditary neurodegenerative dis-
ease characterized by extracellular aggregations of pathological prion protein (PrP) forming char-
acteristic plaques. Our study aimed to evaluate the micromorphology and protein composition of
these plaques in relation to age, disease duration, and co-expression of other pathogenic proteins
related to other neurodegenerations. Hippocampal regions of nine clinically, neuropathologically,
and genetically confirmed GSS subjects were investigated using immunohistochemistry and mul-
tichannel confocal fluorescent microscopy. Most pathognomic prion protein plaques were small
(2-10 um), condensed, globous, and did not contain any of the other investigated proteinaceous
components, particularly dystrophic neurites. Equally rare (in two cases out of nine) were plaques
over 50 pm having predominantly fibrillar structure and exhibit the presence of dystrophic neu-
ritic structures; in one case, the plaques also included bulbous dystrophic neurites. Co-expression
with hyperphosphorylated protein tau protein or amyloid beta-peptide (AB) in GSS PrP plaques
is generally a rare observation, even in cases with comorbid neuropathology. The dominant pic-
ture of the GSS brain is small, condensed plaques, often multicentric, while presence of dystrophic
neuritic changes accumulating hyperphosphorylated protein tau or A in the PrP plaques are rare
and, thus, their presence probably constitutes a trivial observation without any relationship to GSS
development and progression.

Keywords: Gerstmann-Straussler-Scheinker syndrome; PrP; plaques; co-expression

1. Introduction

Intracellular or extracellular protein aggregates are characteristic hallmarks of neurode-
generative diseases [1]. Prion protein (PrP) and amyloid beta-peptide (Ap) are extracellular
amyloid protein deposits with a similar micromorphology that have been observed in
prion diseases and Alzheimer’s disease (AD) [2]. Depending on the particular type of
disease, extracellular deposits in prion disorders range from diffuse synaptic positivity to
patchy /perivacuolar depositions to plaque-like deposits. In these, plaques can be subdi-
vided into “daisy” plaques in kuru and kuru-like plaques, either solitary or multicentric [2].
In GSS, PrP plaques are composed of fibrils arranged in -sheet secondary structure [3]. In
PrP plaques, a certain level of co-expression with other amyloid-forming proteins can be
observed in comorbidity, particularly in Alzheimer’s disease, where co-expression with
AP plaques as well as with dystrophic neurites were previously observed [4].

Int. J. Mol. Sci. 2021, 22, 13303. https:/ /doi.org/10.3390/ijms222413303
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Gerstmann-Straussler—Scheinker syndrome (GSS—OMIM 137440) is a rare, slowly
progressive prion disease caused by pathogenic mutations in the prion protein gene (PRNP).
GSS is neuropathologically characterized by spongiform encephalopathy in different brain
regions with varying severity and PrP-immunoreactive insoluble deposits mainly in the
cerebral and cerebellar cortices and the basal ganglia. The most frequent mutation in GSS
is in the PRNP gene (i.e., P102L); however, other mutations have been described in the
literature [2]. Despite the different clinical symptomatology of the four recognized GSS
P102L subtypes [5], there are no specific neuropathological changes that characterize the
clinical subtypes. However, there is little data regarding the micromorphology of PrP
deposits in GSS.

GSS can appear as a solitary disease; however, in some cases, comorbid neurode-
generations or comorbid neuropathology can exist, especially with hippocampal region
involvement. In most cases, these are Alzheimer-related changes or so-called age-related
deposits of hyperphosphorylated tau protein or protein TDP-43 [6].

Certain authors have reported co-expression of A in the plaques of some GSS pa-
tients [7,8], while other studies noted the presence of hyperphosphorylated protein tau
deposits [9] with three- or four-repeat tau (RD3 or RD4) proteins within PrP plaques [9,10].

Our study aimed to evaluate the micromorphology and protein composition of the
hippocampal regions of archival brain material from nine confirmed GSS patients with
pathogenic P102L PRNP mutations with regard to A3 (a protein co-aggregate commonly
observed in prion deposits) and hyperphosphorylated protein tau (as a marker of neuritic
dystrophy). Moreover, we compared our results relative to the age of onset, disease dura-
tion, and methionine/valine (M/V) polymorphism at codon 129 of the PRNP gene in our co-
hort. We also examined data from other GSS cases published in the literature that contained
information regarding micromorphology and the expression of pathological proteins.

2. Results

2.1. Immunohistochemistry
2.1.1. BeP

Either diffuse, patchy/perivacuolar, and plaque positivity, containing kuru-like plaques
including multicentric plaques containing pathological PrP was confirmed (using two different
antibodies (clones 12F10 and 6H4)) in the hippocampal area of all nine subjects in the
cohort. In the immunohistochemical staining, the kuru-like plaques appeared small to
medium-sized (approximately 2-10 um) spheroids with central brightness and were either
dispersed solitary or in aggregates called multicentric plaques (illustrated in Figure 1). In
two subjects (cases 4 and 7), large plaques, up to 100 um, were observed in hippocampal
area CAl and the subiculum (see the bottom half of Figure 2).

2.1.2. AT8 and Ubiquitin

Except for one subject, and irrespective of the expression of AD-related changes or
hyperphosphorylated tau protein deposits in the form of primary age-related tauopathy
(PART) and argyrophilic grain disease (AGD), there was generally no co-aggregation with
hyperphosphorylated protein tau or ubiquitin in areas where PrP’ plaques were observed.
In one subject (case 7), no co-aggregation of PrP with hyperphosphorylated protein tau
was observed in areas of small solitary or multicentric plaques; a few plaques, which were
slightly positive for ubiquitin, were found (top half of Figure 2). However, this subject
also showed a significant co-aggregation of PrP with bulbous (extremely dilated) [11]
dystrophic neurites staining for either hyperphosphorylated protein tau or ubiquitin in the
same CA1 hippocampal area and the subiculum (see the bottom half of Figure 2).
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Figure 1. [llustration—Parallel observation of (a,b) multicentric and (c,d) solitary kuru-like plaques
with centrally bright cores visualized using immunohistochemistry and immunofluorescence.
(a,c) Primary antibody in immunohistochemical images: PrP (mouse monoclonal antibody). The
secondary antibody was conjugated with horseradish peroxidase staining DAB. The original magnifi-
cation was 100x. (b,d) Primary antibodies in immunofluorescent images: PrP (rabbit recombinant
monoclonal antibody, green color) + AT8 (mouse monoclonal antibody, red color). The secondary
antibody was conjugated with either Alexa Fluor® 488 (anti-rabbit IgG, green) or Alexa Fluor® 568
(anti-mouse IgG, red). Scale bars indicate 25 um in (a,b) and 10 um in (c,d).

2.2, Immunofluorescence

The dominant finding from laser scanning multichannel immunofluorescence mi-
croscopy in all subjects investigated was the presence of condensed PrP aggregates, either
diffuse or in the form of plaques or kuru-like plaques without any significant tau or ubiqui-
tin co-pathology (Figure 3). Inmunofluorescence confirmed that kuru-like plaques were
spheroids with centrally bright cores that were either solitary or multicentric (Figure 1).

In a very few cases of plaques with diffuse deposits across the cohort of subjects
investigated, dystrophic, less than more dilated neurites; however, accumulation of hyper-
phosphorylated protein tau or ubiquitin were observed (see Figure 4).

The only exception was subject no. 7, who exhibited bulbous changes in AT8-positive,
bulbous dystrophic neurites in large diffuse PrP plaques in CAl and the subiculum
(Figure 5b,c). In the other subject with large PrP plaques located in CAl and the subiculum
(subject no. 4), only ubiquitin was recorded in dystrophic neurites (Figure 5d-f), but with

no or negligible AT8 positivity (see Figure 5a).
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Figure 2. The top half—Immunohistochemistry observation of PrF, hyperphosphorylated pro-
tein tau, and ubiquitin in the CA1-CA2 area. No expression of hyperphosphorylated protein tau
(AT8 antibody clone) and negligible ubiquitin expression was observed in areas with abundant
small PrP aggregates. The magnification is 40x and the scale bars indicate 100 um. The bottom
half—Immunohistochemistry observation of PrP, hyperphosphorylated protein tau, and ubiquitin in
large plaques in CA1. Bulbous changes in dystrophic neurites stained by AT8 and ubiquitin antibody
were observed, but only in large PrP plaques of one particular subject; there was no co-expression in
other areas (see arrows). All images come from subject no. 7. The images in the top row are zoomed
details from the bottom row. The scale bars in the top row indicate 20 um. The scale bars in the
bottom row indicate 100 um. Magnification is 100 and 40X, respectively.
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Figure 3. Condensed PrP aggregates as the dominant observation in GSS subjects. The dominant finding
across the cohort was no or negligible co-aggregates with hyperphosphorylated protein tau and ubiquitin.
Primary antibodies: PrP (rabbit recombinant monoclonal antibody, green color) + AT8 (mouse monoclonal
antibody, red color), ubiquitin (mouse monoclonal antibody, red color). The secondary antibody was
conjugated with either Alexa Fluor® 488 (anti-rabbit IgG, green) or Alexa Fluor® 568 (anti-mouse IgG,
red). Scale bars indicate 50 um in (a,b), 25 um in (¢,f), 10 um in (d,e,g h), and 75 pm in (i).
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Figure 4, Few observations found condensed PrP with co-aggregates in GSS subjects. Across the
cohort, few PrP aggregates either in plaques, kuru-like plaques, or diffuse exhibited a certain level
of the hyperphosphorylated protein tau and ubiquitin co-pathology. Primary antibodies: PrP (rabbit
recombinant monoclonal antibody, green color), AT8 (mouse monoclonal antibody, red color), ubiquitin
(mouse monoclonal antibody, red color). The secondary antibody was conjugated with either Alexa
Fluor® 488 (anti-rabbit 1gG, green) or Alexa Fluor® 568 (anti-mouse IgG, red). Scale bars indicate 10 um
in (a), 25 um in (b—e), and 50 um in (f).
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Figure 5. AT8 positive bulbous changes within huge diffuse PrP plaques—Immunofluorescence
observation of co-expression PrP with hyperphosphorylated protein tau and ubiquitin in large
plaques located in CA1 or the subiculum. (a) Large diffuse PrP with no or negligible co-pathology
with hyperphosphorylated protein tau in subject no. 4; (b,c), significant co-aggregation of PrP’ with
bulbous neurites stained for hyperphosphorylated protein tau in subject no. 7; (d—f), and significant
co-aggregation of PrP with dystrophic neurites stained for ubiquitin in subject no. 4. Primary
antibodies: PrP (rabbit recombinant monoclonal antibody, green color), AT8 (mouse monoclonal
antibody, red color), ubiquitin (mouse monoclonal antibody, red color). The secondary antibody was
conjugated with either Alexa Fluor® 488 (anti-rabbit IgG, green) or Alexa Fluor® 568 (anti-mouse
IgG, red). Scale bars indicate 25 um in (a), and 50 um in (b—f).

2.3. Statistics

Primary survival data in our cohort (Table 1) and available data from the literature
(Tables 2 and 3) were analyzed relative to the presence or absence of amyloid-beta protein
co-expression. None of the subjects in our cohort expressed amyloid-beta protein. The
average age at death for our group was 53.78 years (+11.19 years). Data from the literature
showed that in subjects with amyloid-beta protein co-expression, the average age of death
was 63.92 years, which was a statistically significant difference (p < 0.05). Considering cases
from the literature lacking A 3-PrP co-expression, the average age of death was 52.32 years.
Combining the survival data from our cohort with that from the literature, the average
age of death for subjects without amyloid-beta protein co-expression was 52.74 years,
which was a statistically significant difference p < 0.005 compared to the above-mentioned
literature survival data for subjects with amyloid-beta protein co-expression.

Survival data in our study for subjects with the P102L mutation (Table 1) were also
compared with data from the literature either for the P102L mutation (Table 2) or other
mutations (Table 3). No statistically significant differences were found between the cohorts.
The average age at death in our P102L subjects was 53.78 years compared to 52.00 years
(£7.48 years) for the P102L literature group. For the P105L group from the literature, the
age of death was 52.60 years and 58.67 years for the other mutations. Overall average for
other than P102L mutations was 54.68 years (+10.34 years).

Statistical analysis showed a statistically significant difference of 11.18 years between
the age of death in those with and without amyloid-beta protein co-expression with
expectable co-expression at a later age at death. No age-related differences were observed
when comparing cohorts relative to particular mutations.
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Table 1. Summary of information for a Czech cohort of clinically, neuropathologically, and genetically confirmed Gerstmann—

Straussler-Scheinker syndrome, all having the P102L mutation in the PRNP gene.

Age of

Age of

MV

PRNP

AB-PrP

ATS8-PrP

Gender Onset Branation Death Polymorph Mutation Coloc. Coloc. Hithers
1.8 42 1 year 43 MM P102L NO YES
2.M 65 3 months 65 MM P102L NO YES
.M 37 2 years 39 MV P102L NO YES Son of subject no. 4
4.F 54 7 years 61 MM P102L NO YES PART; Mother of subject no. 3
5.M 61 5 months 61 MM P102L NO YES
6.M 56 5years 61 MM P102L NO YES PART; Father of subjectno. 7
7.F 29 10 years 39 MM P102L NO YES PART; Daughter of subject no. 6
8.F NA NA 69 MM P102L NO YES PART; M. Fahr

FTLD-tau (PART, AGD),

9B 42 4 years 46 MM P102L NO YES FIDL-TDP

Explanatory notes: NA—not available; coloc.—colocalization; PART—primary age-related tauopathy; M. Fahr—morbus Fahr /Fahr disease;
FTLD-tau—frontotemporal lobar degeneration-tau; AGD—argyrophilic grain disease; FTLD-TDP—frontotemporal lobar degeneration
with ubiquitin and TDP-43 positive neuronal inclusions.

Table 2. Summary of GSS cases having the P102L mutation in PRNP gene described in the literature with information on

amyloid-beta and hyperphosphorylated tau protein colocalization with pathological prion protein including all available
details. (coloc. = colocalization).

Gades Age of Dasitioi Age of MV PRNP AB-PrP ATS8-PrP Others,
Onset Death Polymorph  Mutation Coloc. Coloc. Reference
10. M 59 2 years 61 MM P102L NO YES [12]
11, F 38 7 years 55 MM P102L NO YES [12]
12 M 51 2 years 53 MM P102L NO YES [12]
13. M 59 3 years 62 MM P102L NO YES [12]
14. F 38 3 years 41 MM P102L NO YES [12]
15. M 38 6 years 44 NA P102L YES YES [13]
16. F 38 10 years 48 NA P102L NO YES [14]

Table 3. Summary of cases found in the literature having mutations other than P102L in the PRNP gene with information

on amyloid-beta and hyperphosphorylated tau protein colocalization with pathological prion protein. (Explanatory note:
NA—not available; coloc.—colocalization).

Age of . Age of MV PRNP AB-PrP ATS8-PrP
Gender B0 Dumtion G b morph  Matation  Coloc. Coloc: Dibeis
17.F 38 7 years 45 MV P105L NO YES Sister of subject no. 18 [1,15]
18. F i 12 years 56 MV P105L YES YES b e
subject no. 19 [14,15]
19. M 47 2 years 49 MV P105L NO YES Son of subject no. 18 [10]
20. M 42 11 years 53 MV P105L NA NO Family with subject no. 21 [16]
21.F 50 8 years 58 MV P105L NA YES Family with subject no. 20 [17]
22.F 38 6 years 44 MV P105L NA NO Family with subject no. 23 [16]
23.F 44 12 years 46 MV P105L NA YES Family with subject no. 22 [16]
24. F 45 8 years 53 MV P105L NA YES [18]
25, F 48 21 years 69 MV P105L YES NA 7]
26. M 42 11 years 53 MV P105L NO YES [19]
27. M 50 20 years 70 MV H187R NO YES Father of subject no. 28 [20]
28. M 33 9 years 42 'A% H187R NO YES Son of subject no. 27 [20]
29. B 61 6 years 67 VvV Y218NA117A YES YES [21]
30.F 64 9 years 73 NA Al17V YES YES Family with subject no. 31 [9]
3. M 33, 6 years 39 NA Al117V NO YES Family with subject no. 30 [9]
32.M 57 4years 61 \add D202N NO YES [22]

The average disease durations were: 3.7 years for Czech cohort (all having P102L
mutation), 4.7 years for P102L cases from the literature, and 9.5 years for cases having other
mutations in the literature (see Scheme 1).
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B Czech cases (all P102L mutation) OP102ZL in literature Other mutations in literature

e

AGE OF DEATH DURATION

Scheme 1. Comparison of age of death and disease duration in the cohort of Czech cases (all having P102L mutation in
PRNP gene), cases with P102L mutation in PRNP from the literature, and all other mutations recorded in the literature.

3. Discussion

Our results provide micromorphological and confocal immunofluorescence pictures
of kuru-like plaques in a cohort of confirmed P102L GSS patients.

Contrary to our expectations, which arose from our literature review, see below, the
dominant feature in the brains of our GSS subjects was condensed PrP plaques, and the
majority of these structures did not show any Af3- or tau-related co-pathology; in fact, A3
was not recorded at all using two different antibodies (See Table 1). The condensed plaques
were round, both small and large, with centrally bright immunofluorescent cores. The
plaques were organized either as solitary or larger multicentric aggregates. The absence of
expected co-pathologies can probably be explained by the lower toxicity of the primary
PrP associated with the pathogenic mutations. It may also be related to the problematic
transmissibility in specific GSS variants [23]. This “low toxicity” hypothesis is supported
because GSS presents clinically from the fourth to the seventh decade of life with a relatively
long disease course; it does not present in childhood [24] and not since childhood.

A minor feature in our GSS brains was the co-expression of PrP plaques with hyper-
phosphorylated protein tau (AT8) in dystrophic neurites. This finding is consistent with
previously published data that unfortunately failed to describe the frequency [8,9]. In
our cohort, there were few cases in which we observed dystrophic, tau-positive neurites
co-expressing in the periphery of small solitary plaques as well as in multicentric aggre-
gates. Large PrP plaques with prominent dystrophic neuritic changes were observed in the
parahippocampal cortex of only one of the nine cases. This observation in archicortical areas
could be explained by the different composition and structure of the archicortex compared
to the developmentally distinct neocortex [11]. The greater tendency toward the presence
of “bulbous” neuritic changes in archicortical plaques has already been demonstrated in
cases with comorbid AD with Lewy body dementia or AD with amygdala predominant
Lewy bodies [11].

Despite using two anti-A antibodies, no co-expression of amyloid-beta in G55 PrP
plaques was observed with either common immunohistochemistry or multichannel con-
focal fluorescence microscopy. Although the co-expression of pathological PrP and A
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protein has been previously reported, not all subjects in the investigated cohorts exhibited
this feature. Ishizava et al. reported only one subject with this co-expression in a cohort of
three related patients [10], Piccardo et al. reported one subject of two [25], and Risacher
et al. reported no co-expression in their only subject [26]. A detailed list of available liter-
ature related to the presence or absence of amyloid-beta protein and dystrophic neuritic
changes is presented in Tables 2 and 3. Although there are other reports, which used
simultaneous double immunohistochemical staining methods to describe colocalization of
PrP and AP [27], they failed to provide specifications regarding genetic mutations, making
it impossible to compare their cases with our cohort.

The age at death seems to be a reasonable explanation for the difference between
observations. Despite the fact that co-aggregation of Af3 and PrP has been proven, the rela-
tionship of AP presence with age suggests that development of “Alzheimer’s” pathology
develops separately and independently of the PrP aggregates. The data from literature
discussed above suggest that A3-PrP co-aggregation occurs in older subjects. In the cited
articles, the average age of death was 63.92 years in subjects co-expressing A and PrF,
while the average age for subjects without co-expression was 52.32 years. The statisti-
cally significant difference (p < 0.005) in the age of death between all subjects without
co-expression (our cohort and literature data) compared to literature subjects with co-
expression was 11.18 years (for detailed information, see Tables 1-3). In our cohort, the
average age at death was 53.78 years, making the age hypothesis plausible. However, there
are studies suggesting the possibility of neutralization of Af3 and PrP by mutual interaction.
According to them, PrP is able to interact with both, Af3 oligomers as well as matured
fibrils [28-30].

Even in Creutzfeldt-Jakob disease, compound PrP-A 3 plaques are not common, which
agrees with our observations [4] as well as data obtained by Budka et al. [31] (only finding
compound plaques in 2-29%). However, the proportion of reactive plaques in GSS that also
lacked tau-positive neurites was surprisingly high, irrespective of concomitant tauopathy,
namely PART and AGD, which is a frequently reported concomitant neuropathology in
CJD cohorts [32].

4. Materials and Methods
4.1. Patients

A total of nine patients diagnosed with GSS (age range: 39-69 years, median age:
61 years) harboring pathogenic mutation P102L in the PRNP gene were enrolled in the
study. The presence of PrP in the brain tissue was additionally confirmed using Western
blot and immunohistochemistry. Patient characteristics are summarized in Table 1 and
include gender, age of onset, disease duration, age of death, codon 129 methionine/valine
polymorphisms, other genetic mutations, and colocalization with A@3, and hyperphospho-
rylated tau protein with PrI’ as well as other important and/or additional information.

4.2. Tissue Samples

Brain tissue samples were fixed for 3—4 weeks in buffered 10% formalin. Then, using
the BrainNet Europe standardized protocol [33], selected tissue blocks were embedded in
paraffin using an automatic tissue processor. Sections 5 um thick were prepared and stained
with hematoxylin-eosin, Kliiver-Barrera, and silver impregnation methods. For analysis,
representative blocks of the left hippocampal and parahippocampal areas were chosen.

4.3. Immunofluorescence and Immunohistochemistry

Briefly, 5-um-thick sections of formalin-fixed and paraffin-embedded tissue samples
were deparaffinized and then incubated with primary antibodies for 20 min at room
temperature. For AP and PrP antibody staining, 96% formic acid was applied prior
to the primary antibody. A second layer for light microscopy visualization, consisting
of secondary horseradish peroxidase-conjugated antibody (EnVision FLEX/HRP, Dako
M822, Glostrup, Denmark), was applied for 20 min at room temperature. The samples
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were then incubated with DAB (Substrate—Chromogen Solution, Dako K3468, Glostrup,
Denmark) for 10 min to visualize the reaction. Mayer’s Hematoxylin Solution was used as
a counterstain.

For confocal microscopy, secondary antibodies conjugated to Alexa Fluor® (Thermo
Fischer Scientific, Waltham, MA, USA, see below) were used. Paraffin sections were also
treated with 20x TrueBlack® (Biotium 23007, Fremont, CA, USA) diluted in 1 x 70%
alcohol to quench lipofuscin autofluorescence.

4.3.1. Primary Antibodies

For immunohistochemistry, 5-(tm-thick sections of formalin-fixed and paraffin-embedded
tissue were selected from the left hippocampal region, including the entorhinal and transen-
torhinal cortex. These were incubated with primary antibodies against the following anti-
gens: (1) AR (1:1000, mouse monoclonal, clone 6F/3D; Dako M0872, Glostrup, Denmark),
(2) AP (1:5000, rabbit monoclonal, clone H31L21; Thermo Fisher Scientific 700254, Waltham,
MA, USA), (3) PrP (1:8000, mouse monoclonal, clone 12F10; Bertin Pharma A03221, Bor-
deaux, France), (4) PrP (1:3000, mouse monoclonal, clone 6H8; Prionics 7500996, Schlieren,
Switzerland), (5) PrP (1:5000, rabbit recombinant monoclonal, clone SC57-05; Thermo
Fisher Scientific MA5-32202, Waltham, MA, USA), (6) Phospho-Tau (Ser202, Thr205) Mono-
clonal Antibody (1:500, mouse monoclonal, clone AT8; Thermo Fisher Scientific MIN1020,
Waltham, MA, USA), and (7) Ubiquitin (1:2000, mouse monoclonal, clone Ubi-1; Millipore-
Sigma MAB1510-1-25UG, Burlington, MA, USA).

4.3.2. Secondary Antibodies

Detection of immunostaining was carried out using horseradish peroxidase—-diaminob-
enzidine (see above) for immunohistochemistry and secondary antibodies conjugated with
Alexa Fluor® 488 (1:1000, donkey anti-rabbit, H + L IgG, Thermo Fischer Scientific, Waltham,
MA, USA) and Alexa Fluor® 568 (1:1000, donkey anti-mouse, H + L IgG, Thermo Fischer
Scientific, Waltham, MA, USA) for immunofluorescence staining. Slides incubated with
only the secondary antibody were used as specificity controls.

4.4. Microscopy Evaluation
4.4.1. Light Microscopy

The samples were examined independently by two neuropathologists and focused
predominantly on the archicortical parts of the hippocampal region; the presence or absence
of A3 deposits and AT8-positive structures, in relation to PrP deposits, was evaluated.
An Olympus BX51 microscope (Olympus Europa SE and Co., KG, Hamburg, Germany) was
used for examination with 100 magnification. Images were captured with an Olympus
DP72 camera using Olympus image analysis software (Olympus Europa SE and Co., KG,
Hamburg, Germany).

4.4.2. Confocal Microscopy

Colocalization of pathogenic protein aggregates was imaged using a Leica TCS SP5
confocal fluorescent laser scanning microscope (Leica Microsystems Inc., Wetzlar, Ger-
many). An HCX PL APO objective was used with 40x magnification, oil immersion, and
a 1 AU pinhole. Donkey anti-Rabbit IgG secondary antibody was conjugated to Alexa
Fluor® 488 and excited at 488 nm using a 65 mW multi-line argon laser, whereas Donkey
anti-Mouse IgG conjugated to Alexa Fluor® 568 was excited at 561 nm using a 20 mW
DPSS laser.

4.4.3. Statistics

Student’s t-test was used for statistical analysis.
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5. Conclusions

Despite our expectations, which came from published literature, the dominant picture
in the GSS brain is small, condensed plaques that are sometimes organized into more com-
plex plaques; however, dystrophic neuritic changes that accumulate hyperphosphorylated
protein tau or amyloid-beta co-expression appear to be a minor feature and may not be
related to disease development. From our results, it can be concluded that co-expression
with amyloid-beta can be expected when subjects die at older ages and can probably be
considered a parallel and independent age-related amyloid-beta protein pathology.

Author Contributions: Conceptualization: T.O., R.M.; methodology: T.O.; formal analysis: N.J.;
investigation: N.J., T.O.; resources: N.J., R.M., T.O.; writing—original draft preparation: N.J.;
writing—review and editing: T.O., R M,; visualization: N.J., T.O.; supervision: T.O., RM. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Ministry of Health, Czech Republic (Conceptual devel-
opment of research organization 00064165, General University Hospital in Prague and Thomayer
Hospital in Prague, 00064190), by the Grants Agency of the Ministry of Health (NV19-04-00090 and
NV18-04-00179), and by Charles University (Project Progress Q27/LF1 and GAUK 142120).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki approved in advance by the Ethics Committee of the Institute for Clinical
and Experimental Medicine and Thomayer University Hospital No G-19-18, obtained 26 June 2017.

Informed Consent Statement: No informed consent obtained as only archival tissue of dead subjects
was investigated retrospectively in anonymous setting with respect to their privacy, no treatment or
diagnostic intervention was performed.

Data Availability Statement: The authors confirm that all data underlying the findings are fully
available without restriction. All data are included within the manuscript.

Acknowledgments: The authors wish to thank Tom Secrest, for the revision of the English version of
this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kovacs, G.G. Molecular pathology of neurodegenerative diseases: Principles and practice. . Clin. Pathol. 2019, 72, 725-735.
[CrossRef] [PubMed]

2. Jankovska, N.; Olejar, T.; Matej, R. Extracellular Amyloid Deposits in Alzheimer’s and Creutzfeldt-Jakob Disease: Similar
Behavior of Different Proteins? Int. J. Mol. Sci. 2020, 22, 7. [CrossRef] [PubMed]

3. Salmona, M.; Morbin, M.; Massignan, T.; Colombo, L.; Mazzoleni, G.; Capobianco, R.; Diomede, L.; Thaler, F; Mollica, L.;
Musco, G; et al. Structural Properties of Gerstmann-Straussler-Scheinker Disease Amyloid Protein. [. Biol. Chem. 2003, 278,
48146-48153. [CrossRef] [PubMed]

4. Jankovska, N.; Olejar, T.; Matej, R. Extracellular Protein Aggregates Colocalization and Neuronal Dystrophy in Comorbid
Alzheimer’s and Creutzfeldt-Jakob Disease: A Micromorphological Pilot Study on 20 Brains. Int. J. Mol. Sci. 2021, 22, 2099.
[CrossRef]

5. Tesar, A,; Matej, R.; Kukal, J.; Msc, S.].; Rektorova, I; Vyhnalek, M.; Keller, ].; Eliasova, I.; Parobkova, E.; Msc, M.S.; et al. Clinical
Variability in P102L Gerstmann-Straussler-Scheinker Syndrome. Ann. Neurol. 2019, 86, 643-652. [CrossRef]

6.  Jankovska, N.; Rusina, R.; Bruzova, M.; Parobkova, E.; Olejar, T.; Matej, R. Human Prion Disorders: Review of the Current
Literature and a Twenty-Year Experience of the National Surveillance Center in the Czech Republic. Diagnostics 2021, 11, 1821.
[CrossRef]

7. Furukawa, F; Sanjo, N.; Kobayashi, A.; Hamaguchi, T.; Yamada, M.; Kitamoto, T.; Mizusawa, H.; Yokota, T. Specific amyloid-f342
deposition in the brain of a Gerstmann-Straussler-Scheinker disease patient with a P105L mutation on the prion protein gene.
Prion 2018, 12, 315-319. [CrossRef]

8. Miyazono, M,; Kitamoto, T.; Iwaki, T.; Tateishi, ]. Colocalization of prion protein and f protein in the same amyloid plaques in
patients with Gerstmann-Straussler Syndrome. Acta Neuropathol. 1992, 83, 333-339. [CrossRef]

9. Tranchant, C,; Sergeant, N.; Wattez, A.; Mohr, M.; Warter, | M.; Delacourte, A. Neurofibrillary tangles in Gerstmann-Straussler-
Scheinker syndrome with the A117V prion gene mutation. J. Neurol. Neurosurg. Psychiatry 1997, 63, 240-246. [CrossRef]

10. Ishizawa, K.; Mitsufuji, T.; Shioda, K.; Kobayashi, A.; Komori, T.; Nakazato, Y.; Kitamoto, T.; Araki, N.; Yamamoto, T.; Sasaki, A.

An autopsy report of three kindred in a Gerstmann-Straussler-Scheinker disease P105L family with a special reference to prion
protein, tau, and beta-amyloid. Brain Behav. 2018, 8, e01117. [CrossRef]

85



Int. J. Mol. Sci. 2021, 22, 13303 12 0f 12

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22,

24.

26.
27.

28.

29,

30.

31.

32.

33.

Jankovska, N.; Olejar, T.; Kukal, ].; Matej, R. Different Morphology of Neuritic Plaques in the Archicortex of Alzheimer’s Disease
with Comorbid Synucleinopathy: A Pilot Study. Curr. Alzheimer Res. 2021, 17, 948-958. [CrossRef]

Hainfellner, ].A.; Brantner-Inthaler, S.; Cervenakova, L.; Brown, P; Kitamoto, T; Tateishi, ].; Diringer, H.; Liberski, PP; Regele, H.;
Feucht, M,; et al. The Original Gerstmann-Straussler-Scheinker Family of Austria: Divergent Clinicopathological Phenotypes but
Constant PrP Genotype. Brain Pathol. 1995, 5, 201-211. [CrossRef]

Ishizawa, K.; Komori, T.; Shimazu, T.; Yamamoto, T.; Kitamoto, T.; Shimazu, K.; Hirose, T. Hyperphosphorylated tau deposition
parallels prion protein burden in a case of Gerstmann-Straussler-Scheinker syndrome P102L mutation complicated with dementia.
Acta Neuropathol. 2002, 104, 342-350. [CrossRef]

Ferrer, I.; Carmona, M.; Blanco, R.; Recio, M.; Segundo, R.S. Gerstmann-Stratissler-Scheinker PRNP P102L-129V mutation. Transl.
Neurosci. 2011, 2, 23-32. [CrossRef]

Isshiki, T.; Minagawa, M.; Yamauchi, T. Spastic paraparesis type of GSS. Dementia 1994, 8, 405-411.

Nakazato, Y.; Ohno, R.; Negishi, T.; Hamaguchi, K.; Arai, E. An autopsy case of Gerstmann-Straussler-Scheinker’s disease with
spastic paraplegia as its principal feature. Rinsho Shinkeigaku Clin. Neurol. 1991, 31, 987-992.

Yamada, M.; Itoh, Y.; Inaba, A.,; Wada, Y.; Takashima, M.; Satoh, S.; Kamata, T.; Okeda, R.; Kayano, T.; Suematsu, N.; et al.
An inherited prion disease with a PrP P105L mutation: Clinicopathologic and PrP heterogeneity. Neurology 1999, 53, 181.
[CrossRef]

Amano, N.; Yagishita, S.; Yokoi, S.; Itoh, Y.; Kinoshita, ].; Mizutani, T.; Matsuishi, T. Gerstmann-Straussler syndrome—a variant
type: Amyloid plaques and Alzheimer’s neurofibrillary tangles in cerebral cortex. Acta Neuropathol. 1992, 84, 15-23. [CrossRef]

Itoh, Y.; Yamada, M.; Hayakawa, M.; Shozawa, T.; Tanaka, ] -I.; Matsushita, M.; Kitamoto, T.; Tateishi, ].; Otomo, E. A variant of
Gerstmann-Straussler-Scheinker disease carrying codon 105 mutation with codon 129 polymorphism of the prion protein gene:
A clinicopathological study. J. Neurol. Sci. 1994, 127, 77-86. [CrossRef]

Colucci, M.; Moleres, FJ.; Xie, Z.-L.; Ray-Chaudhury, A.; Gutti, S,; Butefisch, C.M.; Cervenakova, L.; Wang, W.; Goldfarb, L.G.;
Kong, Q.; et al. Gerstmann-Straussler-Scheinker. J. Neuropathol. Exp. Neurol. 2006, 65, 642-651. [CrossRef]

Alzualde, A.; Indakoetxea, B.; Ferrer, I.; Moreno, F.; Barandiaran, M.; Gorostidi, A.; Estanga, A.; Ruiz, I.; Calero, M.; Van Leeuwen,
EW,; etal. A NovelPRNP Y218NMutation in Gerstmann-Straussler-Scheinker Disease with Neurofibrillary Degeneration. J.
Neuropathol. Exp. Neurol. 2010, 69, 789-800. [CrossRef]

Baiardi, S.; Rizzi, R.; Capellari, S.; Bartoletti-Stella, A.; Zangrandi, A.; Gasparini, F; Ghidoni, E.; Parchi, P. Gerstmann-Straussler-
Scheinker disease (PRNP p.D202N) presenting with atypical parkinsonism. Neurol. Genet. 2020, 6, e400. [CrossRef]

Baiardi, S.; Rossi, M.; Capellari, S.; Parchi, P. Recent advances in the histo-molecular pathology of human prion disease. Brain
Pathol. 2018, 29, 278-300. [CrossRef]

Gerstmann-Straussler-Scheinker Disease. Genetic and Rare Diseases Information Center. Available online: https:/ /rarediseases.
info.nih.gov /diseases/7690/ gerstmann-straussler-scheinker-diseaseffref_7510 (accessed on 22 February 2021).

Piccardo, P.; Ghetti, B.; Dickson, D.W,; Vinters, H.V.; Giaccone, G.; Bugiani, O.; Tagliavini, E; Young, D.K.; Dlouhy, S.R.; Seiler, C.;
et al. Gerstmann-Straussler-Scheinker Disease (PRNP P102L): Amyloid Deposits Are Best Recognized by Antibodies Directed to
Epitopes in PrP Region 90-165. J. Neuropathol. Exp. Neurol. 1995, 54, 790-801. [CrossRef]

Autopsy. Netherlands Brain Bank. Available online: https:/ /www.brainbank.nl/brain-tissue/autopsy/ (accessed on 14 February 2021).
Ikeda, S.; Yanagisawa, N.; Allsop, D.; Glenner, G.G. Gerstmann-Straussler-Scheinker disease showing beta-protein type cerebellar
and cerebral amyloid angiopathy. Acta Neuropathol. 1994, 88, 262-266. [CrossRef]

Fluharty, B.R.; Biasini, E.; Stravalaci, M.; Sclip, A.; Diomede, L.; Balducci, C.; La Vitola, P.; Messa, M.; Colombo, L.; Forloni, G.;
etal. An N-terminal Fragment of the Prion Protein Binds to Amyloid-f Oligomers and Inhibits Their Neurotoxicity in Vivo. J.
Biol. Chem. 2013, 288, 7857-7866. [ CrossRef]

Nieznanski, K.; Surewicz, K.; Chen, S.; Nieznanska, H.; Surewicz, W.K. Interaction between Prion Protein and A Amyloid Fibrils
Revisited. ACS Chem. Neurosci. 2014, 5, 340-345. [CrossRef]

Béland, M.; Bédard, M.; Tremblay, G.; Lavigne, P.; Roucou, X. A induces its own prion protein N-terminal fragment (PrPN1)-
mediated neutralization in amorphous aggregates. Neurobiol. Aging 2014, 35, 1537-1548. [CrossRef]

Hainfellner, ].A.; Wanschitz, ].; Jellinger, K.; Liberski, P.P.; Gullotta, F.; Budka, H. Coexistence of Alzheimer-type neuropathology
in Creutzfeldt-Jakob disease. Acta Neuropathol. 1998, 96, 116-122. [CrossRef]

Kovacs, G.G.; Rahimi, J.; Strébel, T.; Lutz, M.L; Regelsberger, G.; Streichenberger, N.; Perret-Liaudet, A.; Hoftberger, R.; Liberski,
P.P; Budka, H.; et al. Tau pathology in Creutzfeldt-Jakob disease revisited. Brain Pathol. 2016, 27, 332-344. [CrossRef]

Risacher, S.L.; Farlow, M.R.; Bateman, D.R.; Epperson, F; Tallman, E.F; Richardson, R.; Murrell, ].R.; Unverzagt, FW.; Apostolova,
L.G.; Bonnin, J.M,; et al. Detection of tau in Gerstmann-Straussler-Scheinker disease (PRNP F198S) by [18F]Flortaucipir PET. Acta
Neuropathol. Commun. 2018, 6, 114. [CrossRef] [PubMed]

86
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Abstract: Creutzfeldt-Jakob disease (C]D), the most common human prion disorder, may occur
as “pure” neurodegeneration with isolated prion deposits in the brain tissue; however, comorbid
cases with different concomitant neurodegenerative diseases have been reported. This retrospective
study examined correlations of clinical, neuropathological, molecular-genetic, immunological, and
neuroimaging biomarkers in pure and comorbid CJD. A total of 215 patients have been diagnosed
with CJD during the last ten years by the Czech National Center for Prion Disorder Surveillance.
Data were collected from all patients with respect to diagnostic criteria for probable CJD, including
clinical description, EEG, MRI, and CSF findings. A detailed neuropathological analysis uncovered
that only 11.16% were “pure” CJD, while 62.79% had comorbid tauopathy, 20.47% had Alzheimer’s
disease, 3.26% had frontotemporal lobar degeneration, and 2.33% had synucleinopathy. The comorbid
subgroup analysis revealed that tauopathy was linked to putaminal hyperintensity on MRIs, and AD
mainly impacted the age of onset, hippocampal atrophy on MRIs, and beta-amyloid levels in the CSFE.
The retrospective data analysis found a surprisingly high proportion of comorbid neuropathologies;
only 11% of cases were verified as “pure” CJD, i.e., lacking hallmarks of other neurodegenerations. Co-
morbid neuropathologies can impact disease manifestation and can complicate the clinical diagnosis

of CJD.

Keywords: Creutzfeldt-Jakob disease; comorbid neuropathology; Alzheimer’s disease; tauopathy;
MRI; beta-amyloid

1. Introduction

Creutzfeldt-Jakob disease (CJD), the most common human prion disorder [1], is neu-
ropathologically characterized by spongiform encephalopathy involving the subcortical
grey matter of the cerebral and cerebellar cortex [2]. It can also be described as encephalopa-
thy with protease-resistant prion protein (PrP) immunoreactivity in the form of plaques,
diffuse synaptic, and a patchy/perivacuolar pattern [2].
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Three types of CJD are distinguished based on different etiologies [3]: in most countries,
sporadic (sCJD) is the dominant form, followed by genetic (gCJD) and acquired CJD, which
has two additional subtypes, i.e., iatrogenic (iC]D) [4] and variant (vCJD) [5]. A worldwide
incidence of 1-2 cases of sCJD per million inhabitants is commonly reported [6]. The
situation in the Czech Republic is similar, but with a slightly higher proportion of genetic
cases [7].

Clinical manifestation (criteria for possible CJD) typically includes dementia with
pyramidal and/or extrapyramidal signs, cerebellar ataxia, visuospatial dysfunction, my-
oclonus, and akinetic mutism [8]. Typical biomarkers can help establish the final clinical
diagnosis: positive 14-3-3 protein in the cerebrospinal fluid (CSF), generalized periodic EEG
patterns, MRI hyperintensities on FLAIR/DWI sequences in the basal ganglia (putamen
and caudate) or cortical areas, i.e., cortical ribboning (criteria for probable CJD) and positive
results from CSF real-time quaking-induced conversion (RT-QuIC) analysis [8]. Definite
C]D is confirmed by neuropathological and immunohistochemistry examination of brain
tissue [8].

CJD has long been considered a homogeneous clinical-neuropathological entity. There
is, however, increasing evidence of a frequent co-occurrence of other neurodegenerative
diseases in CJD cases. Kovacs et al. already published data on the relatively high inci-
dence of tau co-pathology in CJD [9], while Rossi et al. monitored comorbid cases of
CJD and Alzheimer’s disease (CJD/AD) and CJD with primary age-related tauopathy
(CJD/PART) [10].

The aim of our study was to retrospectively analyse neuropathological findings from
autopsy specimens in a large nationwide study of definite CJD cases collected over ten
years by the Czech National Center for Human Prion Disorder Surveillance and compare
them to clinical, radiological, genetic, and biochemical data. We hypothesised that neu-
ropathological comorbidities could be more frequent than previously thought and could
impact disease manifestation or neuroimaging/biochemical results. To our best knowledge,
this is the first comprehensive study comparing non-comorbid to comorbid CJD cases
based on clinical-neuropathological correlations.

2. Materials and Methods

Postmortem confirmed CJD cases resulting from ten years of systematic prion surveil-
lance and available clinical data, neuroimaging findings, and results of neuropathological,
molecular-genetic, and immunological investigations were analysed with statistical com-
parison of non-comorbid versus comorbid cases.

2.1. Patients

A total of 215 patients diagnosed with definite CJD (age range 40-87 years, median
66 years) using current diagnostic criteria were neuropathologically examined, and the
presence of PrP* in brain tissue was confirmed by both western-blot and immunohisto-
chemical methods. The genetic screening revealed 193 sporadic and 22 genetic cases that
mostly had the E200K mutation in the PRNP gene, but the D178 and P102L mutations
and five octapeptide repeat insertions were also found. Clinical as well as neuroimaging
data (CT or MRI) from all patients were analysed; moreover, in most cases, EEG and CSF
findings were also available.

Characteristics of individual subgroups of pure or comorbid CJD are summarised
in Table 1. The table contains detailed information on age, gender, codon 129 methio-
nine and/or valine polymorphism, eventual PRNP mutation, specification of the type
(type 1 or 2) of abnormal PrP= isoform, protein 14-3-3 positivity, CSF neurodegenerative
biomarkers (h-tau, p-tau, and Af3), clinical data regarding dementia, pyramidal and/or
extrapyramidal signs, visuospatial or cerebellar dysfunction, myoclonus, and akinetic
mutism. Supplementary Material also contains EEG and MRI findings. The data were
analysed with respect for patient privacy and with the consent of the local Ethics Committee
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of the Institute of Clinical and Experimental Medicine in Prague and Thomayer University
Hospital, No G-19-18, obtained 26 June 2017.

Table 1. Summary of available epidemiological, neuropathological, immunological and genetic data
in non-comorbid vs. comorbid CJD cases. The first column shows the neuropathological diagnosis of
patients, second shows the total number of cases in each group, third indicate the gender distribution
(female/male). In the fourth column is age range with median age (in years) and the last two
columns show methionine/valine polymorphism and presence of 14-3-3 protein in cerebrospinal
fluid examinated by western blot.

No Age 14-3-3
Diagnosis of Cases Sex (Years) Etiology = Genotype I"rotem
in CSF
17x MM .3
w2l Gy g
e 8 3x VV neg
85x MM
73x F 49-87 119x sCJD 106 x positive
CID i 138 62<M  (median65) 16xgCJD & W\ 29x negative
27 x MM
24x F 56-85 41x sCJD 38x positive
CIDyAD i 20x M (median 71) 3x gCJD 2>><< %\\/’/ 6 negative
5x F 55-78 4x MM 6 x positive
CIRETLD 7 2x M (median 67) rerl 3x VV 1x negative
CJD/synuclein 5 3x F 59-76 5x sCJD 3x MM 4 positive

2x M (median 71) 2x VV 1x negative
F—female, M—male, MM—Methionine /Methionine polymorphism, MV—Methionine/Valine polymorphism,
VV—Valine/ Valine polymorphism.

2.2. Tissue Samples

Brain tissue samples were fixed for 3-4 weeks in buffered 10% formalin. Selected
tissue blocks, using a standardized protocol [11], were then embedded in paraffin using
an automatic tissue processor. Five-um-thick sections were prepared and stained with
hematoxylin-eosin, Kliiver-Barrera, and silver impregnation methods. Thirty-six represen-
tative blocks from standardized regions were chosen for analysis.

2.3. Immunofluorescence and Immunohistochemistry

Briefly, 5-um-thick sections of formalin-fixed and paraffin-embedded tissue samples
were deparaffinized and then incubated with primary antibodies for 20 min at room
temperature. For AR and PrP™ antibody staining, 96% formic acid was applied prior to
the primary antibody. A second layer for light microscopy visualization, consisting of
secondary horseradish peroxidase-conjugated antibody (EnVision FLEX/HRP, Dako M822,
Glostrup, Denmark), was applied for 20 min at room temperature. The samples were then
incubated with DAB (Substrate-Chromogen Solution, Dako K3468, Glostrup, Denmark) for
10 min to visualize the reaction. Mayer’s Hematoxylin Solution was used as a counterstain.

For confocal microscopy, secondary antibodies conjugated to Alexa Fluor® (see be-
low) were used. Paraffin sections were also treated with 20x TrueBlack® (Biotium 23007,
Fremont, CA, USA) diluted in 1x 70% alcohol to quench lipofuscin autofluorescence.

2.3.1. Primary Antibodies

For immunohistochemistry, 5-um-thick sections of formalin-fixed and paraffin-
embedded tissue were selected from the hippocampal region, including the entorhinal and
transentorhinal cortex. These were incubated with primary antibodies against the following
antigens: (1) PrP (1:8000, mouse monoclonal, clone 12F10; Bertin Pharma A03221, Bordeaux,
France), (2) PrP (1:3000, mouse monoclonal, clone 6H8; Prionics 7500996, Schlieren, Switzer-
land), (3) AP (1:1000, mouse monoclonal, clone 6F/3D; Dako M0872, Glostrup, Denmark),
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(4) Phospho-Tau (Ser202, Thr205) Monoclonal Antibody (1:500, mouse monoclonal, clone
ATS; Thermo Fisher Scientific MN1020, Waltham, ME, USA), (5) Ubiquitin (1:500, rabbit
polyclonal; Dako Z0458, Lakeside, UK), (6) Phospho TDP-43 (1:4000, mouse monoclonal,
clone 11-9; Cosmo Bio TIP-PTD-M01, Carlsbad, CA, USA), (7) Alpha-Synuclein (1:1000,
mouse monoclonal, clone 5G4; Dianova NDG-76506, Barcelona, Spain).

2.3.2. Secondary Antibodies

Detection of immunostaining was carried out using horseradish peroxidase—
diaminobenzidine (see above) for immunohistochemistry and secondary antibodies con-
jugated with Alexa Fluor® 488 (1:1000, donkey anti-rabbit, H + L IgG, Thermo Fischer
Scientific, Waltham, ME, USA) and Alexa Fluor® 568 (1:1000, donkey anti-mouse, H+ L
IgG, Thermo Fischer Scientific, Waltham, ME, USA) for immunofluorescence staining.
Slides incubated with only the secondary antibody were used as specificity controls.

2.4. Microscopy Evaluation
2.4.1. Light Microscopy

Samples were examined, and the results of immunohistochemical methods were
classified according to currently valid neuropathological criteria for individual neurode-
generative diseases. Moreover, Alzheimer’s disease was subsequently scored using the
National Institute on Aging—Alzheimer’s Association (NIA-AA) consensus scheme [12,13],
and dementia with Lewy bodies (DLB) using the DLB consensus criteria [14] with a deter-
mination of the Braak stage [15].

2.4.2. Confocal Microscopy

Co-expression of pathogenic protein aggregates was imaged using a Leica TCS SP5
confocal fluorescent laser scanning microscope (Leica Microsystems Inc., Wetzlar, Germany).
The HCX PL APO objective was chosen with 60x magnification and an oil immersion
pinhole of 1 AU. Anti-rabbit donkey IgG secondary antibody was conjugated to Alexa
Fluor® 488 and excited at 488 nm from a 65 mW multi-line argon laser, whereas anti-mouse
donkey IgG conjugated to Alexa Fluor® 568 donkey was excited at 561 nm from a 20 mW
DPSS laser.

2.5. Immunological Methods
2.5.1. CSF Analysis

After a single lumbar puncture and collection, CSF samples were centrifuged at
5000 RPM for 5 min and stored in polypropylene tubes at —80 °C in aliquots to avoid
thawing and refreezing until the analysis.

The presence of protein 14-3-3 beta (14-3-33) was determined using a standardized
western blot protocol (adapted from Green et al. [16]) and EURO-CJD standards, with
stringent control quality. Briefly, samples in doublets were separated using sodium-dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto nitrocellulose
membranes. For detection of the 14-3-3f3, polyclonal antibody K-19 (1:1000, cat. #sc-629;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), and after being discontinued (in 2017),
monoclonal antibody B-8 (1:1000, cat. #sc-133233; Santa Cruz Biotechnology) were used.
Incubation with an appropriate secondary antibody (1:1000, cat. #sc-2004; Santa Cruz
Biotechnology, later with the change of primary antibody cat. #sc-516102; Santa Cruz
Biotechnology) was followed by chemiluminescent detection (Pierce ECL Plus Western Blot-
ting Substrate; cat. #32132; Thermo Scientific). A weak positive test was interpreted to mean
that one sample load was positive and the other negative (the positive control was always
positive). CSF levels of t-tau, p-tau, and Af342 were measured during routine diagnostic test-
ing using commercially available enzyme-linked immunoassay (ELISA) kits INNOTEST
hTAU Ag, cat. #80323/81572, INNOTEST PHOSPHO-TAU (181P), cat. #80317 /81574, IN-
NOTEST B-AMYLOID (1-42), cat. #80324/81576, all Innogenetics/FUJIREBIO); all testing
was conducted according to the manufacturer’s protocol. Although the individual values
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of analytes in the CSF are not entirely decisive and combinations of their ratios would
be more accurate [17], the values are as follows. For t-tau, the cut-off was assessed to be
1160 pg/mL with sensitivity of 90.3 % and specificity of 90.7% (AUC: 0.926, p < 0.0001).
For p-tau and A4, the indicative normative values were determined. The values of p-tau
levels > 60 pg/mL and AP g levels <430 pg/mL were considered as abnormal. Our labo-
ratory has extensive experience determining CSF biomarkers and successfully participates
in the Alzheimer’s Association’s external quality control program.

2.5.2. Brain Tissue Analysis

Native brain tissue samples were frozen at —80 °C until analysis. The presence of
PrPSc was determined using a standardized western blot protocol (adapted from Collinge
et al. [18]). Briefly, brain homogenates were treated with Proteinase K (Proteinase K from
Tritirachium album, cat. #SRE0005; Sigma-Aldrich, St. Louis, ML, USA). Samples were
separated using SDS-PAGE and blotted onto nitrocellulose membranes. For detection of
the PrPSc, two different monoclonal antibodies: 12F10 (1:1667, cat. #A03221.200; Bertin
Bioreagent, Montigny le Bretonneux, France), and 6H4 (1:5000, cat. #01-010 and since 2017
cat. #7500996, Prionics, Ziirich, Switzerland) were used. Incubation with an appropriate
secondary antibody (1:2500 and 1:7500, respectively, cat. #P0447; Dako) was followed
by chemiluminescent detection (Pierce ECL Plus Western Blotting Substrate, cat. #32132;
Thermo Scientific, Waltham, MA, USA). After limited proteolysis, three PrPSc glycoforms
were detected.

2.6. Molecular-Genetic Methods

PRNP (NC-000020.11) is a 16 kb long gene located on chromosome 20 (4686151
4701588). It contains two exons, and exon 2 carries the open reading frame, which encodes
the 253 amino acids (AA) PrP protein. Exon 1 is a noncoding exon, which may serve as a
transcription initiation site. Post-translational modifications result in removing the first
22 AA N-terminal fragments (NTF) and the last 23 AA C-terminal fragments (CTF).

2.6.1. Study Population

Our study was designed as a retrospective. We analysed data from 215 patients
(n=215), age range 40-87 years, median 66 years. No family history of CJD was retraced.
We included patients with postmortem confirmed sCJD and then collected data regarding
clinical presentation, biochemical analysis, EEG, and neuroimaging.

Gene analysis was performed at the level of genomic DNA, assuming an effect on the
protein sequence. Only the coding part of the PRNP (NM_000311) gene and the adjacent
intronic region were evaluated. Genetic analysis of genes was performed from autoptic
samples of definitively confirmed cases. DNA was isolated from bone marrow (QlAamp
DNA Kits).

2.6.2. Genetic Screen

Mutation analyses by PRNP gene sequencing were performed on genomic DNA
extracted from bone marrow. The targeted gene captured all exons and the flanking
intronic regions of the PRNP gene to cover the splice sites.

Genomic DNA was amplified using two pairs of specific PCR primers (PRNP 1F:
5" TACCATTGCTATGCACTCATT 3/, PRNP 1R: 5GTCACTGCCCGAAATGTATGA 3/
PRNP, 2F: 5 AGGTGGCACCCACAGTCAGT 3’ PRNP 2R: 5 CCTATCCGGGACAAA-
GAGAGA 3). Primers were designed using mPCR software, and specific target re-
gions were amplified using PCR (temperature profile in the PRNP 1: 95 °C/12 min, 29x
(95°C/30",53.1 °C/30",72°C/40"),72°C/5, 4 °C/co. Temperature profile in the PRNP
2: 95 °C/12 min, 30x (95 °C/30", 60.5 °C/30", 72 °C/70"), 72 °C/5, 4 °C/ ). PCR
products were enzymatically purified using recombinant Shrimp Alkaline Phosphatase
(rSAP) and Exonuclease I (Exo I). The purified products were amplified in a sequencing
reaction (temperature profile: 96 °C/60", 25x (96 °C/10", 50 °C, 5, 60 °C /30"), 4 °C/ o)
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using BigDye Terminator v3.1 Cycle Sequencing Kit’s (Applied Biosystems™). Cleanup
PCR products were sequenced on an Applied Biosystems® 3130 Genetic Analyser (using
the DNA sequencing Standard Operating Protocol SOPV. We use Sequencing Analysis 5.3.1
software (Applied Biosystems, Waltham, MA, USA—Life Technologies), SeqScape v.2.6
(Applied Biosystems, Waltham, MA, USA—Life Technologies) to evaluate electrophoretic
sequencing data.

Results are summarised in Table 2. In our CJD samples, we present an analysis of
codon 129 distribution in 215 cases. Methionine homozygotes represented 63.25%, valine
homozygotes 15.35%, and methionine/valine 21.40%.

Table 2. Distribution of MV polymorphisms in pure and comorbid CJD cases.

Polymorphism Pure CJD CJD/tau CJD/AD CJID/FTLD  CJD/Synuclein
MM 17 85 27 4 3
\'A% 3 16 9 3 2
MV 4 34 8 0 0
TOTAL 24 1:35 44 7 5

VV—Valine/Valine, MM—Methionine / Methionine, MV—Methionine /Valine, total stands for total number of
cases in each group.

Although the cohort of 215 patients is limited, we noticed that the ratio of valine
homozygotes varied from group to group. In pure CJD, VV homozygotes form 11.00%
of cases, in CJD/tau 12.50%, in CJD/AD 20.45%, in AD/FTLD 43.00%, and in CJD with
comorbid synucleinopathy 40.00% of cases.

2.7. Clinical Data

This study was conceived as a retrospective data analysis. Medical records from
different hospitals across the Czech Republic were assessed; in cases with insufficient data,
the concerned hospitals were directly contacted to retrieve complete data. For this study, we
focused on the presence/absence of key features mentioned by the current WHO diagnostic
criteria for probable CJD, i.e., dementia, pyramidal or extrapyramidal signs, visuospatial or
cerebellar dysfunction, myoclonus, and akinetic mutism (see Supplementary Material).

2.8. Magnetic Resonance Imaging

Available MRI scans were assessed independently by two investigators (J.K. and
R.R.) to confirm typical MRI findings listed in the WHO diagnostic criteria for probable
CJD, i.e., cortical hyperintensities (typically in the frontal and periinsular areas) and basal
ganglia hyperintensities (putamen and caudate) in FLAIR and DWI sequences. DWI
data included in all cases an acquisition with a b value equal to 1000. Hyperintensities
were evaluated qualitatively, ADC maps were used only to confirm the restriction of the
diffusion. No fixed windowing was used as it has been reported to have a lower area under
the receiver operating characteristic curves when used by radiologists [19]. Moreover, we
used semiquantitative scales for detecting focal atrophy in temporal areas (including the
hippocampi) and parietal cortices—for this purpose, we used the MTA scale [20] (measuring
mesial temporal atrophy) and the Koedam score [21] (assessing parieto-occipital atrophy).
Furthermore, cerebrovascular lesions were coded using the Fazekas scale [22]. All available
results are summarised in the Supplementary Material section.

2.9. Statistical METHODS

The data set was split into two groups using additional diagnoses; hypothesis testing
was performed at p = 0.05. Logical explanatory variables were processed using the Fisher
exact test of variable independence in 2 x 2 contingency tables to obtain significant Odds
Ratios (OR). Real explanatory variables were processed using the two-sampled Wilcoxon—
Mann-Whitney test of median equity. All the calculations were performed in the MATLAB
2019 Statistical Toolbox.
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3. Results
3.1. Neuropathological Results
3.1.1. “Pure” CJD

Immunohistochemical methods revealed the presence of several comorbidities in
neuropathological examinations. Of the 215 patients, only 24 cases (11.16%) had pure CJD,
i.e., lacking any other pathological intra- or extracellular aggregates. The age range of the
pure CJD cases was 40-78 years, and the median age was 60 years, which is statistically
significantly younger than in the comorbid subgroups.

3.1.2. Comorbid CJD + Tauopathy

Based on clinical data, patients with neuropathological signs of tauopathy lacking clin-
ical correlate were included in this group. The criteria met one hundred thirty-five patients
(62.79%), of which 99 (46.05% of 215 cases) had primary age-related tauopathy (CJD/PART).
Another 34 cases (15.81%) suffered from CJD/AGD; one patient had CJD/ARTAG (0.47%).
Eighteen cases (8.37%) had a combination of CJD/PART and another tauopathy: 13 cases
(6.04%) had argyrophilic grain disease (CJD/PART + AGD), and five cases (2.33%) had
ageing-related tau astrogliopathy (CJD/PART + ARTAG). Two patients (0.93%) had a com-
bination CJD/ARTAG+AGD, and finally, there was one case (0.47%) with CJD/PART +
ARTAG + AGD. The age range of CJD/tau comorbid cases ranged from 49 to 87 years, and
the median age was 65 years.

3.1.3. Comorbid CJD/AD

The cohort contained 44 comorbid cases (20.47%) of CJD/AD with possible additional
co-pathology. According to the revised “ABC” classification of the National Institute on
Aging-Alzheimer’s Association (NIA-AA) [13], changes were classified as level “none”
(1 case; 0.47%), “low” (23 cases; 10.70%), or “intermediate” (19 cases; 8.84%), no patients
in the “high” category were found. The presence of tauopathies was relatively common
with the Alzheimer’s pathology—ARTAG was diagnosed in 10 cases (4.65%), AGD in four
cases (1.86%); in one of these cases (0.47%), the criteria for ARTAG + AGD was met. The
age range for this group was aged 56-85 years, and the median age was 71 years.

3.1.4. Comorbid CJD/FTLD

Considering comorbid cases of CJD and frontotemporal lobar degeneration (CJD/FTLD)
with characteristic frontotemporal clinical symptomatology, seven cases (3.26%) were found,
of which six cases (2.80%) had FTLD/tau, and one (0.47%) had frontotemporal lobar degen-
eration with positive inclusions for ubiquitin-proteasome system markers (FTLD/UPS).
The age range was 55-78 years, and the median age was 67 years.

3.1.5. Comorbid CJD + Synucleinopathy

Finally, five patients (2.33%) suffered from CJD with comorbid synucleinopathy; four
patients (1.86%) met the criteria for DLB, and one (0.47%) had Parkinson’s disease (PD).
The age ranged from 59 to 76 years, with a median age of 71 years.

3.2. CSF Analysis Results

CSF analysis was performed antemortem in about 80% of cases: 174 (80.93%) patients
were tested for the presence of 14-3-3(3, 168 (78.14%) patients were tested for levels of t-tau,
p-tau, and AB4p. For CJD, the cut-off level for t-tau was set at 1200 pg/mL [17].

Results of the 14-3-3 analysis are summarised in Table 3 (full details are available in the
Supplementary Material). In all groups, 14-3-3f3 positivity, which is one of the diagnostic
criteria for probable CJD (CDC, 2018), was less common than very high t-tau levels (Table 3).
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Table 3. Numbers (n) and percentage (%) of positive, low positive, negative and unanalysed results
of the presence of 14-3-3f3, t-tau levels and the combined presence of 14-3-33 and t-tau protein levels
in CSE. Percentage is related to the whole cohort.

14-3-3p  14-3-3p ttau ttay 143-3B+ 14-3-3p +

t-t t-t
() (%) @ o b

pos 12 558 17 7.91 11 512

low pos 1 0.47 N/A N/A 8 3.72

parescy neg 8 372 3 1.40 2 0.93
no 3 1.40 4 1.86 5 1.40
pos 67 31.16 92 4279 74 3442
low pos 16 7.44 N/A  N/A 27 12.56

Clsas neg 27 12.56 13 6.05 9 419
no 25 11.63 30 13.95 25 11.63
pos 2 11.16 31 14.42 27 1256

low pos 5 2.33 N/A N/A 6 2.79

LAl neg 4 1.86 2 0.93 0 0.00
no 11 512 11 512 11 5.12

pos 6 2.79 7 3.26 6 2.79

low pos 0 0.00 N/A N/A 1 0.47

i neg 1 047 0 0.00 0 0.00
no 0 0.00 0 0.00 0 0.00

pos 2 0.93 3 1.40 2 0.93

. low pos 0 0.00 N/A N/A 1 0.47
Clbygpnudem. = o 1 047 0 0.00 0 0.00
no 2 0.93 2 0.93 2 0.93

pos = positive; low pos = low positive; neg = negative; no = unanalysed; N/A = not applicable. T-tau cut-off:
1200 pg/mL; lower negative. For the combination of 14-3-3f3 + t-tau, “pos” means both variables are positive,
“low pos” means that one of the variables is positive, and the other is negative.

When every group was tested separately, the lowest frequency of 14-3-3f3 positivity
was found in the pure CJD subgroup (12 out of 21, 57.14%). The 14-3-3 positivity was much
higher in the comorbidity subgroups (CJD/tau 67 out of 110, 60.91%; CJD/AD 24 out of 33,
72.73%; CJD/FTLD 6 out of 7, 85.71%; and CJD/others 2 out of 3; 66.67%). In pure CJD,
t-tau was positive in 17 out of 20 (85.00%). T-tau positivity was higher (CJD/tau 92 out of
105, 87.62% and CJD/AD 31 out of 33, 93.94%) in the comorbidity subgroups.

3.3. Clinical Analysis Results

Clinical data were available from all patients and are summarised in Table 1. Diagnos-
tic criteria for possible sCJD [23] were fulfilled in all 215 cases, i.e., all had dementia, and
at least two of the four needed signs, i.e, (1) pyramidal or extrapyramidal signs, (2) visu-
ospatial or cerebellar dysfunction, (3) myoclonus, and (4) akinetic mutism. The distribution
was as follows: pyramidal or extrapyramidal signs 189 cases (87.90%), visuospatial signs
159 cases (73.95%), myoclonus 133 cases (61.86%), and akinetic mutism 99 cases (46.05%).

3.4. MRI Results

MRIs were available in 206 cases (95.81%), and FLAIR /DWI sequences were available
in 188 of these (87.44%; for detailed information, see Table 1). Typical FLAIR and DWI
findings meeting the WHO diagnostic criteria for probable CJD were found as follows:
cortical hyperintensities in 146 of 188 cases (77.66%), basal ganglia (caudate and putaminal)
hyperintensities in 122 of 188 cases (64.89%), and both cortical plus basal ganglia hyperin-
tensities in 109 of 188 cases (57.98%). Manifest mesial temporal atrophy (Scheltens MTA
score 2) was present in 32 of 206 cases (15.53%), severe parieto-occipital atrophy (Koedam
score 2) was present in 22 of 206 cases (10.68%), and potentially clinically relevant ischemic
subcortical white matter lesions (Fazekas score 2 and 3) were present in 32 of 188 cases
(17.02%). For detail see Figure 1.
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Figure 1. MRI in CJD subjects performed at 1.5T field strength: diffusion-weighed images ((A,B),
DWI) with b-factor 1000, FLAIR image (C), coronal T2-weighted images (D-F). In the first column
(A,D) data from subject with pure CJD—no DWI hyperintensity in putamina (arrow) is present
and MTA is 0 (read as normal). In the second column (B, E) subject with tau comorbidity with mild
hippocampal atrophy (MTA 1, arrow on (E)) and DWI (B) hyperintensity in putamina (horizontal
arrow), caudates (vertical arrows) and with cortical ribboning (oblique arrow). In the third column
(C/F) subject with CJD and AD comorbidity is shown. A moderate hyperintensity is visible not only
on DWI (not shown), but as well on FLAIR image (C). Hippocampal atrophy is well pronounced, MTA
2 (arrow from right side of the (F), pointing to the left hippocampus which manifests clear atrophy).

3.5. Confocal Microscopy Colocalization Results

Multichannel fluorescence confocal microscopy was used in comorbid CJD case exam-
inations to monitor the colocalization of individual pathological aggregates. We devoted
our previous publication [24] to the morphology of colocalizing pathological prion protein
and amyloid-beta, as well as pathological tau-positive inclusions. Compound plaques with
either AP or hyperphosphorylated tau protein (h-tau) in colocalization with PrP> were
sparse. In contrast, PrP> aggregates colocalized predominantly with the non-compact
(diffuse) regions of AB plaques, and colocalization of h-tau with PrP* had a dotted pat-
tern. According to the NIA-Alzheimer’s association guidelines, no association between the
micromorphology of plaques and type of colocalization with polymorphism at codon 129,
type of PrP5, and the AD ABC score was found. See Figures 2—4.
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Figure 2. (A-C) Immunofluorescence illustration of different patterns of amyloid 3 (A; red) and
prion protein (PrP™; green) colocalization in compound plaques in comorbid Alzheimer’s (AD) and
Creutzfeldt-Jakob diseases (CJD) cases. Primary antibodies: anti-PrP (rabbit recombinant monoclonal
antibody) + anti-amyloid B-protein (mouse monoclonal antibody). The secondary antibody was
conjugated with either Alexa Fluor® 488 (anti-rabbit IgG; green) or Alexa Fluor® 568 (anti-mouse
IgG; red). Scale bar indicates 10 um. Images come from the hippocampal region (archicortical parts).

Figure 3. (A-C) Immunofluorescence illustrates h-tau-positive (red) dystrophic neurites colocalizing
with PrPS (green) extracellular deposits in comorbid CJD/AD cases. Primary antibodies: PrP (rabbit
recombinant monoclonal antibody) + AT8 (mouse monoclonal antibody). The secondary antibody
was conjugated with either Alexa Fluor® 488 (anti-rabbit IgG, green) or Alexa Fluor® 568 (anti-mouse
IgG, red). Scale bars indicate 10 um. Arrows indicate minor colocalization of AT8 with PrP. Images
come from the hippocampal region (archicortical parts).

Figure 4. (A,B) Immunofluorescence illustration of the predominance of non-compound or minimal-
compound plaques with minimal colocalization of Ap (red) and PrP* (green) in the majority of
plaques. Primary antibodies: anti-PrP’ (rabbit recombinant monoclonal antibody) + anti-amyloid
f3-protein (mouse monoclonal antibody). The secondary antibody was conjugated with either Alexa
Fluor® 488 (anti-rabbit IgG; green) or Alexa Fluor® 568 (anti-mouse IgG; red). Scale bars indicate
100 um. Images come from the hippocampal region (archicortical parts).
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4, Discussion

The main findings from comparing pure CJD with different comorbid subgroups
were as follows: (1) pure CJD had a significantly lower age of onset; (2) tau comorbidity
was associated with a higher probability of putaminal hyperintensities and had a lower
MTA score on MRI; (3) AD comorbidity was associated with a higher age of onset, a lower
probability for developing putaminal hyperintensities on MRI, and had significantly lower
beta-amyloid levels in the CSF; (4) pure CJD compared to CJD/AD had a lower age at onset
and a lower MTA score on MRI; (5) comorbid CJD/tau differed from comorbid CJD/AD
by having a lower age of onset, lower MTA scores, and higher beta-amyloid CSF levels,
and (6) comorbid co-pathology is not dependent on codon 129 homo/heterozygosity nor
the genetic background of CJD.

First, the lower age of onset in “pure” CJD cases could be explained by the absence
of age-related changes in the brain tissue. In this subgroup, early-onset prion pathol-
ogy with rapid disease progression probably leads to death before the development of
other comorbidities.

Second, comorbid tauopathies were more likely than in other subgroups associated
with putaminal DWI hyperintensities on MRL It is known that changes in these signals
correlate roughly equally with vacuolation and the amount of PrP* deposition (and less
with astrocytic gliosis) [25]. The reason why this hypersignal is more pronounced in
C]D subjects with comorbid tauopathy remains unclear since isolated tauopathies are not
associated with similar MRI findings, and putaminal deposition of tau protein is not typical;
however, it has been reported [26]. We can, therefore, only hypothesise that in subjects with
comorbid CJD and tauopathy, the presence of tau facilitates signal increases on DWI either
by tau and prion protein co-occurrence or by putaminal microstructure changes, since no
micromorphological differences were visible. Lower MTA scores in the CJD /tau subgroup
are even more difficult to understand, as in tau positive FTLD, pronounced frontal and
temporal lobe atrophy is a frequent finding, as well as in AD, for which higher MTA scores
are characteristic [27].

Third, comorbid AD was linked to a higher age of onset. Again, this is a rather
surprising finding; as already discussed above, one would expect neurodegenerative
comorbidities to have a significant impact relative to the destruction of brain tissue and
thus lead to the earlier onset and faster disease progression. Nevertheless, CJD/AD
can be viewed from different angles. Pre-existing AD development is more likely to
be present at older ages, and from this point of view, it would not be unexpected that
comorbid CJD/AD cases are older on average. In one of our previous publications, based
on morphological findings using a multichannel fluorescent confocal microscope, we
speculated that Af34o might be acting as PrP% seeds within the brain [24] since PrP-AB
colocalization predominates in the periphery of plaques where A4, is more abundant.

Nevertheless, it is important to emphasise that compound plaques represent only
a minority of plaques since PrP and A3 plaques tended to be, in most cases, located
separately or formed “minimal compound” plaques. However, even this view of CJD/AD
assumes faster progression in CJD/AD comorbid cases than in “pure” CJD, although the
data obtained from our 10-year surveillance did not support such a tendency. MRI findings
of putaminal sparing can be hypothesised by reduced basal ganglia involvement and fewer
parkinsonian features in non-comorbid AD patients compared to pure FTLD patients. The
observed low beta-amyloid levels in CSF were concordant with current biomarker findings
in pure AD.

A recently published Italian study [10] showed data similar to our observations: the
mean age of the CJD/AD cases (71.07 years for our cohort versus 76.1 years for the Italian
patients) is strikingly higher than in pure CJD cases; no link was found between the
existence of comorbid AD and disease subtype, prion strain, or PRNP genotype; in both
cohorts, there were no patients in the “high” level of AD; data from both cohorts showed
low A levels in the CSE There was, however, a surprising difference in the percentage of
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cases in which AD was reported: 61.5% of cases with CJD/AD reported in Italy compared
to only 20.47% in our study.

Fourth, some of the previous findings became more obvious when we compared pure
CJD to only comorbid CJD/AD. The difference in age of onset and MTA scores were larger
between pure CJD and CJD/AD than when comparing pure CJD to all subgroups. The
MTA scale is a widely used scoring system for assessing hippocampal atrophy in AD
patients and may also monitor disease progression over time [28,29]. We thus suggest that
AD could be present before prion disease in older patients.

Fifth, the role of AD on clinical manifestations and biomarkers in our cases was visible
when comparing CJD/tau to CJD/AD subgroups. In line with previously discussed points,
higher age of onset, higher MTA scores, and lower beta-amyloid CSF levels were key
features of the impact of AD on our cohort.

Sixth, from the genetic point of view, we found no differences between codon 129
status of the PRNP gene or between genetic and sporadic CJD; in line with our pilot study,
no prominent abnormalities in the deep genetic analysis of “pure” CJD cases and CJD
cases in comorbidity with AD and tauopathies, respectively were seen, nor in the analysis
of 15 genes related to the most important neurodegenerative diseases [30]. It has been
suggested that increased expression of Syntaxin-6 (5tx6) in the basal ganglia could raise
the risk of prion disease, and Stx-6 deposits have been identified as a risk factor for a
4R-tauopathy and progressive supranuclear palsy. The same study also suggests a possible
role for GAL3S5T1 [31] in encoding galactose-3-O-sulfotransferase 1, which affects myelin
maintenance. This would be consistent with the finding that sphingolipid metabolism is
disrupted early in the pathogenesis of prion disorders in mouse models [32].

Finally, compared to a study by Kovacs et al. [9] that focused on tau pathology in CJD
and identified 69.3% of cases with prominent tau co-pathology and an additional 16.0% of
cases with discrete non-significant tau-immunoreactive neurites, our percentage (11.16%)
of “pure” cases was surprisingly low. A possible explanation for the difference in the
percentage of “pure” cases by Kovacs et al. is that they did not discuss other pathological
deposits. By contrast, our study revealed cases of rare comorbidities such as CJD/FTLD or
CJD/synucleinopathies; some correlations between imaging findings and co-pathologies
were also found.

The main limitations of our study were the single-center expertise and the very uneven
extent of neuroimaging and clinical data from patients examined in different hospitals.
These factors made a more robust analysis of the data and clinical correlations difficult.

5. Conclusions

We present results from a large cohort of postmortem confirmed CJD patients (with
pure CJD and neurodegenerative comorbidities) with clinical, MRI, CSF, neuropathological,
and immunohistochemical data. Our retrospective data analysis found a surprisingly
high proportion of comorbid neuropathologies, with only 11% of our cases being pure
non-comorbid CJD. These patients were found to have the lowest age of disease onset.

The most interesting findings from our comorbid subgroup analysis were that tauopa-
thy is linked to putaminal hyperintensity one MRIs and that AD is associated with the
age of disease onset, the degree of hippocampal atrophy seen on MRIs (low MTA scores),
and the low beta-amyloid levels in the CSE. However, further investigation on a broader
spectrum of comorbid neuropathologies is needed before evidence of their impact on
the clinical presentation can enter routine practice, especially when new biological and
potentially targeted therapies become available for treating specific proteinopathies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biomedicines10030680/s1.
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3.5 Utiidéni nazvoslovi jednotlivych podtypi extracelularnich plak u Alzheimerovy
choroby a prionoz, jejich vzajemné srovnani.
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Abstract: Neurodegenerative diseases are characterized by the deposition of specific protein aggre-
gates, both intracellularly and /or extracellularly, depending on the type of disease. The extracellular
occurrence of tridimensional structures formed by amyloidogenic proteins defines Alzheimer’s
disease, in which plaques are composed of amyloid B-protein, while in prionoses, the same term
“amyloid” refers to the amyloid prion protein. In this review, we focused on providing a detailed di-
dactic description and differentiation of diffuse, neuritic, and burnt-out plaques found in Alzheimer’s
disease and kuru-like, florid, multicentric, and neuritic plaques in human transmissible spongiform
encephalopathies, followed by a systematic classification of the morphological similarities and differ-
ences between the extracellular amyloid deposits in these disorders. Both conditions are accompanied
by the extracellular deposits that share certain signs, including neuritic degeneration, suggesting a
particular role for amyloid protein toxicity.

Keywords: Alzheimer’s disease; Creutzfeldt-Jakob disease; Gerstmann-Straussler-Scheinker syn-
drome; amyloid; senile plaques; PrI’ plaques; plaque subtypes

1. Introduction

Deposits of aggregates of particular proteins are specific hallmarks of a wide range
of neurodegenerative discases [1]. Aggregates of misfolded proteins with altered degra-
dation can be located intracellularly and/or extracellularly. The most important primary
intracellular proteins include:

1. Hyperphosphorylated protein tau in Alzheimer’s disease (AD) [2], tauopathies in-
cluding frontotemporal lobar degenerations with tau pathology (FTLDD-tau) [3];

2. Alpha-synuclein in Lewy bodics in Parkinson discase (PD) and dementia with cor-
tical Lewy bodies (DLB) or in oligodendroglial inclusions in multiple systemic atro-
phy (MSA);

3. Phosphorylated TDP-43 in frontotemporal lobar degeneration with TDP-43-positive
inclusions (FTLD-TDP) [4];

4. Ubiquitin in frontotemporal lobar degeneration with inclusions positive for ubiquitin-
proteasome system markers (FTL.ID-UPS) [4,5];

5. Fused in sarcoma (FUS) inclusions in FIDIL-FUS [6].

Primary extracellular protein aggregates, in optical microscopy called “plaques,”
can be observed in cortical locations in:

1. ADI7];
2. Prion diseases (Creutzfeldt-Jakob disease (C]D), Gerstmann-Straussler—Scheinker
syndrome (GSS), fatal familial insomnia (I'I'l), and kuru) [8].

Int. ]. Mol. Sci. 2021, 22, 7. https:/ /dx.doi.org /10.3390/ijms22010007

https:/ /www.mdpi.com/journal /ijms

103



Int. J. Mol. Sci. 2021, 22,7

20f19

In all of these diseases, the term cerebral amyloidosis is widely used referring to
insoluble fibrillar structures with a predominant beta-sheet conformation detectable by
Congo red and thioflavin S binding [9]. These pathologic units are known to form from
insoluble fibrils, giving rise to tridimensional aggregates called plaques that may exhibit
different features depending on subtype.

The aim of our review is to compare and highlight similarities and differences be-
tween the two types of extracellular deposits, i.e.,, Af in AD and amyloid prion protein
in prionoses, while simultaneously synthesizing the available information for didactic
purposes.

2. Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disease and is the most
common form of dementia [10]. The prevalence in those over 65 years is reported to be 3%,
and in those over 85 years, it is about 32% [11]; therefore, as the human population ages,
the total number of AD patients will increase. The neuropathological diagnostic hallmarks
fundamental to an AD are extracellular A3 plaques and intracellular neurofibrillary tangles
(NFTs), both of which are neuropathologically defined using the National Institute on
Aging—Alzheimer’s Association (NIA-AA) consensus scheme [12,13]. Extracellular amyloid
deposits are evaluated according to Thal’s criteria, in which the phase is based on the brain
areas manifesting A plaques, the extent of intracellular neurofibrillary tangles, according
to Braak staging [10,13], and semiquantitatively estimated density of neocortical neuritic
plaques as recommended by the Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) [14]. From all AR species, Af oligomers are considered to be the most toxic
and most likely to lead to neuronal dysfunction and degeneration. Moreover, Af3 fibrils
share experimental properties of transmissibility with prion proteins, and more research is
needed into the “prionoid” or “prion-like” biochemical phenomena of all amyloidogenic
peptides [15]. Hence, oligomeric A} concentrations impact cognitive impairment more
than concentrations of A monomers or plaques themselves [16], although the precise
role of A3 in AD pathophysiology is still not fully understood. Nevertheless, in AD,
the decline in cognitive function is most closely related to the occurrence of NFTs than of
AP deposits [17].

2.1. Background of Ap Plaque Formation

Amyloid precursor protein (APP), a transmembrane protein existing in several iso-
forms [18], is amply expressed in brain tissue [19], and it plays a role in neuroprotection and
homeostasis [20]. Additionally, APP is able to bind heparin and metals, mainly zinc [20]
and copper [21]. When added exogenously, APP protects cell cultures from A toxicity [22].
Through proteolysis, using -secretase and y-secretase [23], it creates A3 polypeptides
that are 38-43 amino acids long [24]. The whole pathway of APP processing involves
the initial cleavage, by (3-secretase, to clip off the N-terminal fragment (sAPP{3). Then y-
secretase cleaves the residual APP C-terminal fragment creating Af3, and the amyloid
intracellular domain (AICD) is formed. According to studies on primary neuronal cultures,
cell viability is significantly reduced when {3- or y-secretase is inhibited or during A3
immunodepletion [25].

The 42-amino-acid-long A3 (A342) is the main component of senile plaques, whereas
Ap 40, the more abundant product of APP processing [26], and which is less prone to ag-
gregation, is common around blood vessels [27,28]—especially leptomeningeal, and small
or medium-sized cortical arteries, arterioles, and capillaries [29]. While AR40 is described
as a “closed” tetramer that is relatively resistant to the addition of additional A{340 units,
Ap42 is a more “open” tetramer with a tendency to generate hexameric and subsequently
more stable dodecameric structures [30,31]. As mentioned above, the A342 oligomers are
considered to be the most toxic and causative in the development of AD [32,33].
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2.2. Theory—Amyloid Cascade Hypothesis

In 1992, Hardy and Higgins [34] articulated the theory that the deposition of A3
protein, the main component of plaques, was the causative agent of Alzheimer’s pathology
and that neurofibrillary tangles, cell loss, vascular damage, and dementia follow as a direct
result of this deposition. The theory is supported by:

1. Anoccurrence of familial Alzheimer’s disease (fAD) in patients carrying an autosomal
dominant mutation in genes encoding APP.

2. A higher fAD incidence was seen in families carrying the presenilin 1 (PSEN1) and
presenilin 2 (PSEN2) mutations, which are the catalytic components of y-secretase [35].
Most mutations in APP or PSEN1/PSEN2 alter APP proteolysis and result in increased
production of the longer form of A (i.e., AB42) [36].

3.  Early-onset Alzheimer disease (EOAD) is manifested in patients with Down syn-
drome. The trisomy of chromosome 21, on which the gene for APP is located, logically
leads to a triplicate of the APP gene. Many patients suffering from Down syndrome
develop AD at an early age. The presence of Af3 plaques in these patients is often de-
scribed in childhood [37], and the formation of neurofibrillary tangles occurs at about
the age of 40 [38]. Thence, Down syndrome is considered to be the most significant
genetic risk factor for the development of AD [39].

Although this theory dominates the field of AD research, it is not universally ac-
cepted [40-43], although the importance of the role of tau protein in the pathogenesis of
AD and severity of cognitive decline has been demonstrated [36].

It is sometimes questioned for the following reasons:

1. There are patients having numerous plaques (or even fulfilling the neuropathological
criteria for AD) but have no clinical signs of cognitive impairment [44].

2. Conversely, some mouse models of AD show memory deficits before the development
of AP plaques [45].

3. While senile plaques appear first in the frontal cortex and then spread beyond the
cerebral cortex to the hippocampus and beyond, neurofibrillary tangles initially
develop in the limbic system [36]. To this day, the mutual relationship between these
two neuropathological hallmarks is not fully understood.

The precise role of A and tau protein in the pathophysiology of AD is still waiting
for an explanation.

2.3. Morphological Classification of Senile Plagues (SP)

Amyloid /senile plaques are extracellular deposits of A3 that are abundant in the
cortex of AD patients [46], which, on average, are about 50 pm in diameter [47]. They can
be divided into three subcategories (see summary in Table 1):

1. Diffuse/pre-amyloid plaques (Figure 1) that are predominantly 10-20 um [48] amor-
phous amyloid deposits with ill-defined contours [46] and lacking dystrophic neu-
rites [49]. Diffuse plaques are not associated with a glial response [50] or synaptic
loss; hence, they are not sufficient for a neuropathological diagnosis of AD. More-
over, diffuse plaques are commonly found in the elderly without signs of cognitive
decline [51]. They are evident with silver staining, but invisible with Congo red [52]
or thioflavin [53].

2. Two subtypes of neuritic plaques can be distinguished.

a. Non-cored /primitive/immature neuritic plaques (see Figure 2) are oval or
spherical structures containing Af3 and altered neurites, 20-60 um in diameter
and lacking a dense A3 region in the central part [54]; they are also associated
with astrocytic and glial responses. They are reported to occur in older AD
patients [55]. Similar to diffuse plaques, they do not stain with Congo red since
they do not contain Af3 in the beta-sheet conformation [56].

b. Cored/ classic/dense/mature/focal neuritic plaques (Figure 3) are 20-60 (1m [53]
compact cores encircled by fibrillar A3 deposits [51]. Tau-positive dystrophic
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neurites [57], reactive astrocytes, and activated microglia [58,59] are found in
the vicinity. Due to its relation to neuronal loss and its association with cogni-
tive decline [60,61], these plaques are a basis for an AD diagnosis [62]. They can
be visualized with silver staining [63], Congo red [64], and thioflavin [57].
3.  Compact/burnt-out plaques (Figure 4) are 5-15 um [48] in diameter, composed of a
dense core that lacks a surrounding neuritic component [65].
It is not entirely clear whether non-cored neuritic plaques progress into cored and
then to burnt-out plaques. In addition, it is also not known whether diffuse plaques are a
common part of aging or the initial stage of neuritic plaque maturation [66].

Figure 1. Diffuse plaques: (a) immunofluorescence visualization of diffuse A plaques in an
Alzheimer’s disease (AD) patient. Compared to non-cored plaques, diffuse ones have less de-
fined contours; they seem lighter and less dense. Primary antibodies: anti-beta amyloid rabbit
immunoglobulin G (IgG). The original magnification was 400 <. The scale bar indicates a length of
10 micrometers. (b) Utilizing immunofluorescence confocal microscopy, the absence of tau-positive
dystrophic neurites (red) in diffuse A (green) plaques is evident. Primary antibodies: Anti-beta
amyloid rabbit IgG and AT8 (murine anti-hyperphosphorylated protein tau). The secondary antibody
was conjugated with either Alexa®488 (anti-rabbit IgG, green) or Alexa®568 (anti-mouse IgG, red).
The scale bar indicates a length of 10 micrometers. The sample comes from a 92-year-old male whose
neuropathological findings were a fully developed late form of Alzheimer’s disease in the neocortical
phase (Braak VI, Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) C, Thal 6)
with local mild cerebral amyloid angiopathy (CAA Vonsattel grade 1). According to the revised
“ABC” of the National Institute on Aging (NIA) classification, the changes associated with AD are
at a “high” level (A3B3C3). This plaque was photographed in the subiculum, where diffuse and
non-cored neuritic plaque were predominant.
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Figure 2. Non-cored neuritic plaques: (a) immunofluorescence visualization of non-cored A} plaque
in an AD patient. These plaques are denser and more clearly bordered than diffuse ones. Primary
antibodies: anti-beta amyloid rabbit IgG. The original magnification was 400x. The scale bar indicates
a length of 10 micrometers. (b) Simultaneous imaging with a confocal microscope allowed us to
display the presence of A structures (green) as well as tau-positive dystrophic neurites (red) in
the vicinity, which are a characteristic component of both types of neuritic plaques (either non-
cored or cored). Note that some of the dystrophic neurites are dilated. Primary antibodies: anti-beta
amyloid rabbit IgG and AT8 (murine anti-hyperphosphorylated protein tau). The secondary antibody
was conjugated with either Alexa®488 (anti-rabbit IgG, green) or Alexa®568 (anti-mouse IgG, red).
The scale bar indicates a length of 10 micrometers. The sample comes from a 67-year-old female
patient with a fully developed early form of Alzheimer’s disease in the neocortical stage (Braak VI,
CERAD C) with marked amyloid angiopathy (CAA Vonsattel grade 3). The changes associated with
AD are at a “high” level (A3B3C3) according to the revised “ABC” classification of the NIA. This
plaque comes from the amygdala region, where non-cored and cored neuritic plaques prevail in this

case.

Figure 3. Cored neuritic plaques: (a) immunofluorescence visualization of cored AR plaque in an
AD patient. The dense AP core is encircled by fibrillar AR deposits, which are clearly visible in
cored neuritic plaques. Primary antibodies: anti-beta amyloid rabbit IgG. The original magnification
was 400x. The scale bar indicates a length of 10 micrometers. (b) Simultaneous imaging with a
confocal fluorescent laser scanning microscope shows the presence of an Af core with fibrillar Ap
structures (green) in the vicinity as well as a few tau-positive dystrophic neurites (red). Primary
antibodies: Anti-beta amyloid rabbit IgG and AT8 (murine anti-hyperphosphorylated protein tau).
The secondary antibody was conjugated with either Alexa®™488 (anti-rabbit IgG, green) or Alexa®568
(anti-mouse IgG, red). The scale bar indicates a length of 10 micrometers. The images are from a
male 67-year-old patient with EOAD and come from the cornu ammonis, but similar findings were
present in all areas of the hippocampal formation and adjacent para-hippocampal and entorhinal
cortex. Neuropathological diagnosis: I'ully developed early-onset form of Alzheimer’s disease in the
neocortical stage (Braak VI, CERAD C) with marked amyloid angiopathy (CAA Vonsattel grade 3).
According to the revised “ABC” of the NIA classification, the changes associated with A1) arc ata
“high” level (A3B3C3).
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Figure 4. Burnt-out plaques: (a) immunofluorescence visualization of a burnt-out A plaque (the
dense core remains) in an AD patient. Primary antibodies: anti-beta amyloid rabbit IgG. The original
magnification was 400x. The scale bar indicates a length of 10 micrometers. (b) Imaging of the
dense AP nucleus (green) lacking surrounding components using a confocal microscope. Primary
antibodies: Anti-beta amyloid rabbit IgG and AT8 (murine anti-hyperphosphorylated protein tau).
The secondary antibody was conjugated with either Alexa®488 (anti-rabbit IgG, green) or Alexa™568
(anti-mouse IgG, red). The scale bar indicates a length of 10 micrometers. This image comes from
the amygdala of an 83-ycar-old female with a late variant of Al in the neocortical stage (Braak V,
CERAD C). The changes associated with AD are at a “high” level (A3B3C3) according to the revised
“ABC” classification of the NIA. Burnt-out and cored neuritic plaques were predominant in this area
of the patient’s brain.

Table 1. Summary of A plaque types in AD.

Amyloid/Senile Plaques

- Extracellular deposits of amyloid-f abundant in the cortex of AD patients [46]
- Diameter ~50 pm [47]

Diffuse/pre-amyloid Neuritic Compact/burnt-out
- predominantly 10-20 um o ]‘\Tf)n-c.ored/ Cored/eiassic/densel - 5-15 pm;
: : primitive/immature mature/focal ) .
- amorphous A3 deposits with - dense core without
ill-defined contours [46] _ 20-60 pm surrounding neuritic

component [65]

- visible using silver
stain, Congo red [52],
and thioflavin [53]

- lacking dystrophic neurites [49]
- not associated. with glial response surrounded by
[50] or synaptic loss [51] fibrillar depos;its of
- not sufficient for the AB [46]
neuropathological diagnosis of AD
- commonly found in brains of elderly
without cognitive decline [46]

& compact core

- tau-positive
dystrophic neurites
[57], reactive

- evident using silver stain

invisible with Congo red [52] or
thioflavin [53]

20-60 pm

altered neurites
lacking A core in
the central part [54]
invisible with
Congo red [56]

astrocytes,

and activated
microglia [58,59] in
the vicinity

related to neuronal
loss and associated
with cognitive
decline [60,61]
basis of
Alzheimer’s disease
diagnosis [62]
confirmed with
silver stain [63],
Congo red [64],
and thioflavin [57]
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2.4. Dystrophic Neurites as a Component of A Plagues

Dystrophic neurites in plaques may differ morphologically and immunohistochem-
ically. Type Lis described as elongated in shape, whereas type Il is dilated, bulbous, or
globular [67]. Certain levels of dilated, ubiquitin-positive neurites have been previously
reported in AD patients, although usually without information regarding the exact brain
location [68]. Based on our observations, bulbous neuritic changes are prominent mainly
in archicortical structures [69].

2.5. The Molecular Composition of A Plaques

1. The results of immunohistochemical examinations showed that diffuse/pre-amyloid
plaques contain AB42 and other APP fragments lacking the C-terminus [70], apolipopro-
tein E [71], al-antichymotrypsin [72], complement proteins [73,74], and heparan
sulfate proteoglycan (HSPG) [75].

2. According to Armstrong [70], non-cored/ primitive/immature neuritic plaques addi-
tionally contain both free and conjugated ubiquitin, paired helical filament antigen
(PHE-antigen), phosphorylated tau protein, and numerous immunoreactive neurites.

3. Cored/classic/dense/mature/focal neuritic plaques consist of an A342 core and
a ring of alpha-synuclein. In addition to AP42, they contain Af40, complement
proteins, immunoglobulins, and apolipoproteins D [76] and E. Due to the secondary
binding to AP, zinc, copper [77], or aluminum [78] may also be part of the core,
with aluminum having the lowest affinity [79]. Chromogranin, interleukine-6 [80], or
catecholamine-positive neurites are constituents of the ring.

2.6. Laminar Distribution of Ap Plagues

The internal pyramidal layer (layer V) and the external pyramidal layer (layer III) are
the most affected [81]. The reason may be that APP mRNA is expressed in huge amounts by
the pyramidal neurons in the internal and external pyramidal layer [82]. The degeneration
of these neurons may increase APP secretion and, consequently, A3 plaque formation [83].
Interestingly, no differences in plaque stratification were observed between patients with
early-onset fAD, late-onset fAD, or sporadic AD; even the Apo E genotype does not appear
to affect the morphology and distribution of Af3 plaques. Moreover, no differences in
plaque density between the sporadic and familial AD variants have been observed [84].

3. Prion Diseases

Prion diseases are transmissible, progressive, and in all cases, fatal neurodegenerative
disorders associated with an aggregation of misfolded prion protein [85]. Human transmis-
sible spongiform encephalopathies include Creutzfeldt-Jakob disease (CJD), Gerstmann—
Straussler-Scheinker syndrome (GSS), kuru, and the extremely rare fatal familial insomnia
(FFI) [86]. In general, the neuropathological hallmarks of transmissible spongiform en-
cephalopathies (TSEs) are spongiform changes, astrogliosis, and neuronal loss [87]. The tox-
icity of the scrapie isoform of the prion protein (PrPSc) remains controversial inasmuch as
studies report different results. According to some studies, PrPSc oligomers are the most
toxic form [88]; however, others state that PrPSc is not directly toxic to neurons; instead, it
is the lack of the physiological cellular prion protein (PrPC) variant that leads to neuronal
death [89].

Extracellular deposits and PrPSc plaques are structures visible with hematoxylin-
eosin staining, while plaque-like structures can only be visualized by using immuno-
histochemical methods. [90] Plaques are present in 10-15% of Creutzfeldt-Jakob disease
cases, 50-75% of [91,92] kuru patients, and 100% of patients suffering from Gerstmann-—
Straussler—Scheinker syndrome. These amyloid plaques consist of PrP (see summary in
Table 2) [93].
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3.1. Molecular Background and the Composition of PrP-Amyloid Plaques

Cellular prion protein (PrPC) is a glycolipid-anchored cell membrane sialoglycoprotein
localized on presynaptic membranes. PrPC appears to have neuroprotective [94] and pro-
myelinating [95] functions; it participates in myelin maintenance, neurotransmission, zinc
and copper transport, and calcium homeostasis [96-98]. It also seems to promote greater
neuronal resistance after ischemic cerebral insult in laboratory rodent models [99,100]. An
explanation for its numerous functions may be the ability of PrPC to interact with a variety
of membrane proteins [98]. PrP is able to aggregate into amyloid [101] 8-10 nm long [102]
and act as a receptor for AP [103,104]. According to recent research, the expression of
PrPC is controlled by AICD [105], which was mentioned above as a product generated by
y-secretase cleavage in AD.

Clusterin often co-localizes in PrPSc plaques [101] and is able to bind A3, immunoglob-
ulins, complement proteins, and lipids [106-113]. Moreover, prion protein also acts as a
receptor for laminin, a glycoprotein mainly found in basement membranes [114].

3.2. Kuru

Kuru was the first human prionosis to be discovered and is defined as a neurodegener-
ative, non-inflammatory infectious disease [115,116]. Although the neurological symptoms
are very similar in all patients, the neuropathological findings differ widely [117]. Shrunken
neurons with dispersed Nissl bodies and intracytoplasmic vacuoles may be present, as
well as vacuolated striatal neurons and cerebellar Purkinje cells [91]. A neuropatholog-
ical feature may be a spongiform transformation [118] (mostly described as subtle) and
neuronophagy affecting predominantly the deeper cortical layers but completely spar-
ing hippocampal neurons. Microglial and astroglial proliferation can also be seen [117].
The most typical feature is amyloid “kuru” plaques, which are present in 50-75% [91,92] of
examined brains. Immunohistochemistry has verified that the scrapie isoform of the prion
protein shows synaptic and perineuronal positivity [119,120].

3.3. Creutzfeldt—Jakob Disease

Creutzfeldt-Jakob disease (C]D) is a transmissible and rapidly progressive [121] degen-
erative disease of the central nervous system caused by an accumulation of pathologically
conformed PrP, [122] and the most common of the human prion diseases [123]. The neu-
ropathological definition of CJD is spongiform encephalopathy in the cerebral and/or
cerebellar cortex and/or the subcortical grey matter. Variations include encephalopathy
with PrP immunoreactivity (plaque and/or diffuse synaptic and/or patchy/perivacuolar
types) [124]. Four types, i.e., sporadic (sCJD), familial (fC]D), iatrogenic (iCJD) [125],
and variant CJD (vCJD) [126], are distinguishable relative to their different etiologies [127].
The first mentioned, i.e., the sporadic type, is contingent on the accidental conversion of
normal PrP to a pathological form and accounts for about 85% of CJD cases [128]. The ge-
netic variant is conditioned by the detection of an inherited mutation in the prion protein
gene (PRNP), which accounts for 10-15% of cases [129].

The other two types can be placed into the category of acquired CJD, i.e., the CJD
variant that occurs after consumption of beef from cattle affected by bovine spongiform
encephalopathy (BSE). The iatrogenic variant arises during medical or surgical procedures
during which pathologically conformed prions are inadvertently transferred (e.g., during
neurosurgical interventions, dura mater or corneal grafting, deep electrode insertions,
or extraction of human pituitary hormones) [130]. Neuropathological changes include
spongiform transformation, neuronal loss, astrocytosis, and the formation of PrP-amyloid
plaques in the gray matter. The expression of neuropathological features varies significantly
between individuals [131]. Importantly, amyloid plaques do not occur in all patients with
sCJD, only accounting for approximately 10-15% of cases [124,132-134].

Different subtypes of sCJD are distinguishable, according to different polymorphisms
at codon 129 (i.e., methionine or valine homozygosity (MM or VV, respectively) or methio-
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nine and valine (MV) heterozygosity) of the PRNP and the type of proteinase K-resistant
prion protein fragments (PrP), using a western blot examination [135].
Character and Typical Location of PrP Deposits According to the MV Polymorphism

a.  MMI subtype: synaptic and perivacuolar positivity, although cases with plaques
in the white matter are so rarely encountered, we will not mention them in more
detail [136].

b. MM2

- Cortical subtype: perivacuolar positivity in all cortical layers;
- Thalamic subtype: fewer plaques (which are usually described as coarse) [137]

o MV1 subtype: synaptic and perivacuolar positivity;

d. MV2 subtype: distinctive “kuru-like” plaques in the cerebellum and perineuronal
positivity in the cerebral cortex;
VV1 subtype: characterized by punctate synaptic positivity in the cerebral cortex;

f; VV2 subtype: perineuronal, with numerous plaque-like areas and some synaptic PrP
positivity in the cerebral cortex [138].

As mentioned above, plaques are a neuropathological hallmark, but only for the MV2
subtype, where “kuru-like” plaques are found in the granular and molecular layers of
the cerebellum [139]. Sometimes the Purkinje cell layer is also described as having an
abundance of plaques [140]. They are sometimes found in the subcortical gray matter but
seldom in the cerebral cortex [141]. Rarely, individuals with the MM type 1 polymorphism
have plaques in the white matter. In these cases, significantly longer survivals have been
reported (around 24 months) [142]. These “kuru-like” plaques are characterized by a
hyaline eosinophilic core with a pale halo, both visible with hematoxylin-eosin staining.

3.4. Gerstmann—Striiussler-Scheinker Syndrome

Gerstmann-Stréussler-Scheinker syndrome (GSS) is defined as a slowly progressive
hereditary autosomal dominant neurodegenerative disease [143] or encephalo(myelo)pathy
with multicentric PrP plaques [124] localized in the cerebral and cerebellar cortex and the
basal ganglia [144,145]. Clinically, ataxia and progressive dementia are distinctive [146].
GSS was the first human prion disease to be associated with a PRNP mutation. To date,
point mutations at codons 102, 105, 117, 131, 145, 187, 198, 202, 212, 217, and 232 have been
reported [143]. Some families carry octapeptide repeat insertions (OPRI), families having
four [147], five [148], six [149,150], seven [151], eight [152], and nine [153] multiples of the
24 base pairs between codons 51 and 91 in the PRNP gene have been reported. In patients
with 4 to 7 multiples, elongated PrP deposits are usually described, while in those having 8
or 9 OPRI, kuru-like or multicentric plaques have been found [154]. According to some
studies, clinical and neuropathological variability is further affected by MV polymorphisms
at codon 129; however, other researchers have failed to find any significant differences
between homozygotes and heterozygotes [155].

Using silver staining methods, amyloid plaques in prion diseases can mimic burnt-out
APB42 plaques. Nevertheless, unlike Af342 plaques, these PrP plaques can be clearly seen
with hematoxylin-eosin staining. After proteinase pre-treatment, the presence of PrPSc
can be confirmed by using specific immunohistochemistry. While PrPSc in GSS is partially
sensitive to the effects of proteinase [73].

3.5. Summary of Morphological Types of PrP Plaques in TSEs

1. Unicentric/“kuru” /”kuru-like” /stellate plaques (Figure 5) are up to 30 um [132]
deposits consisting of a dense star-shaped core with thin amyloid bundles radiating
into the periphery [156]. In kuru disease, the average plaque size is reported to be
between 20-60 pm [117]. These plaques are surrounded by astrocytic processes that
have been extensively invaded by microglia [157], although dystrophic neurites are
unusual [156]. However, some studies report tau-immunoreactivity around “kuru-
like” plaques [158]. “Kuru-like” plaques are present in 10-15% of sCJD patients [156],
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all of whom carry the MV2 polymorphism at codon 129 [138]. In CJD cases, they occur
mostly in the molecular layer of the cerebellum and the Purkinje cell layer [140].
For kuru disease, typical locations include the granular cell layer of the cerebellum,
the basal ganglia, thalamus, and cerebral cortex [158]. These plaques are visible
with hematoxylin-eosin staining [90], which distinguishes them from plaque-like
structures.

2. Daisy/florid plaques measure up to 200 um [132] and consist of a PrP-amyloid core
surrounded by a “ring” of spongiform changes. Radiating fibrils are organized
into thick structures, which stand in contrast to the thin structures seen in “kuru-
like” plaques [158]. There are numerous tau-immunoreactive dystrophic neurites
in the vicinity that distinguish them from “kuru-like” plaques. Moreover, Hirano
bodies (in the processes around florid plaques) can sometimes also be found [158].
These plaques are characteristic [159], although not specific [160] for vC]D. They can
occur anywhere in the cerebral cortex but are generally found occipitally and in
the cerebellar molecular layer [161]. Florid plaques are visible when stained with
hematoxylin-eosin [162].

3. Multicentric plaques (see Figure 6) are formations up to 1500 um [132] and are com-
posed of many cores of different sizes that have merged. Unlike “kuru-like” plaques,
they are characterized by the presence of dystrophic neurites [140]. Dystrophic neu-
rites sometimes contain paired helical filaments (PHFs) identical to those seen in the
dystrophic neurites of AD patients [163]. These larger cores tend to be surrounded by
smaller amyloid deposits [156]. Like the previously mentioned plaques, they can be
observed with hematoxylin-eosin staining [164].

4. Pure neuritic plaques (Figure 7) are the rarest type of plaques among prion diseases.
Neuritic plaques consist only of clusters of dystrophic neurites with various morpholo-
gies and lack an amyloid component. They are surrounded by astrocytic processes in
the immediate vicinity [156].

Figure 5. “Kuru-like” plaques: (a,b) Comparison of immunohistochemical images of “kuru-like”
plaque with its correlate using hematoxylin-eosin staining. Primary antibodies: anti-prion protein
(anti-PrP) rabbit IgG. The original magnification was 400x. The scale bar indicates a length of
10 micrometers. (c) The dense PrP nucleus and thin amyloid bundles in the periphery (green)
of the “kuru-like” plaque were visualized using a confocal microscope. Tau-positive dystrophic
neurites (red) are also included. Primary antibodies: anti-PrP rabbit IgG and AT8 (murine anti-
hyperphosphorylated protein tau). The secondary antibody was conjugated with either Alexa®488
(anti-rabbit IgG, green) or Alexa®568 (anti-mouse IgG, red). The scale bar indicates a length of 10
micrometers. The samples come from a 74-year-old woman suffering from CJD and come from the
hippocampal formation, which contained numerous plaques; patchy synaptic and peri-vascular
positivity were also present. The polymorphism at codon 129 was MV.
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Figure 6. Multicentric plaques: (a,b) comparison of immunohistochemical staining of “multicentric
plaques distinctive for Gerstmann-Straussler—Scheinker syndrome (GSS) with its correlate using
hematoxylin-eosin staining. Primary antibodies: anti-PrP rabbit IgG. The original magnification was
400x. The scale bar indicates a length of 10 micrometers. (¢} Numerous PrP plaques merged in a
multicentric plaque (green), including tau-positive dystrophic neurites (red), visualized using confo-
cal microscopy. Primary antibodies: Anti-PrP rabbit IgG and AT8 (murine anti-hyperphosphorylated
protein tau). The secondary antibody was conjugated with either Alexa®488 (anti-rabbit IgG, green)
or Alexa®568 (anti-mouse IgG, red). The scale bar indicates a length of 10 micrometers. All these
images come from the occipital cortical area of a 69-year-old female with GSS in comorbidity with
primary age-related tauopathy (PART). A causative point mutation in the PRNP gene was also
detected (P1021.).

Table 2. Summary of Prl” plaque types in transmissible spongiform encephalopathies (TSEs).

PrP Plaques

- Extracellular Deposits of PrP Visible with Hematoxylin-eosin Staining

Unicentric/“Kuru”/”Kuru-
like”/Stellate

up to 30 pm in
Creutzfeldt-Jakob disease
(CID), 20-60 um in kuru
disease

consisting of a dense
star-shaped core and thin

Daisy/Florid Multicentric Neuritic

- up to 200 pm [132]
- composed of
PrP-amyloid core

up to 1500 pm
- composed of many
cores of different sizes

amyloid bundles radiating surrounded by a “ring” - clusters of dystrophic

into the periphery [156]
astrocytic processes
located in the vicinity

invaded by microglia [157}F tau-positive dystrophic

present in patients
carrying the MV2
polymorphism [138] at

codon 129 (total of 10-15% hematoxylin-eosin [162]

sCID) [156]
visible with
hematoxylin-eosin [90]

that have merged

neurites that do not
together

presence of contain amyloid

tau-positive dyst’mphi(‘. Sitrey i
: - surrounded by astrocytic
neurites [140] /

- visible with processes [156]

hematoxylin-eosin
staining [164]

of spongiform changes
- thick fibrils radiating
into the periphery

neurites are present
[140,159]
= visible with
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Figure 7. Neuritic plaques: purely neuritic plaque formed by only tau-positive neurites (stained im-

munohistochemically). These types of plaques are rarely found. In the above-mentioned 69 years

old female patient (Figure 6) with GSS/PART, only a single neuritic plaque was detected. It was

present in a section from the temporal cortex and found using immunohistochemical methods,

but not in other sections examined using confocal microscopy. Primary antibodies: AT8 (murine
anti-hyperphosphorylated protein tau). The original magnification was 400 . The scale bar indicates

a length of 10 micrometers.

Both types of plaques are formed by amyloid structures—in AD by A3 and in TSEs

by prion amyloid. We tried to highlight the similarities and differences in their occurrence
and behavior.

—_

Similarities:

All of these diseases are based on a perturbance of proteins having physiological
functions on the neuritic membrane to which they are anchored. Physiologically,
they have a neuroprotective function and are able to interact with a number of other
agents.

They are also similar to each other in the resistance of these extracellular aggregates
to degradation by endogenous proteases.

In both AD and TSEs, extracellular aggregates may form not only compact structures
such as plaques but also diffuse extracellular deposits.

For all mentioned diseases, extracellular deposits are mainly found in the cortical
areas or in the central grey matter. Their presence in white matter is possible but
exceedingly rare in TSEs and absolutely unheard of in Alzheimer’s disease.

When forming plaques, they usually contain dystrophic neurites with similar im-
munohistochemical characteristics in both AD and TSEs. The neuritic morphology
can vary from case to case.

The most toxic and neuronal death-inducing forms are oligomeric assemblies of both

Ap and PrP.
Dissimilarities:
While Ap has thread-like morphology, PrP tends to be more lumpy or globular.

In AD, plaques probably mature, i.e., the individual types probably transform from
one to the next. Nothing like “plaque maturation” has been recorded in prionoses.
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3. Especially in GSS, plaque fusion and the formation of multicentric structures are
distinctive. No similar trends are seen in AD.

4. For prionoses, different appearances, locations, and frequencies of extracellular ag-
gregates are reported depending on the form and subtype. In AD, neuropathological
differences between early and late-onset or sporadic and familial variants have never
been described.

5. In TSEs, PrP deposits may be found intracellularly in some patients, while the occur-
rence of Af3 is strictly extracellular.

6. In AD and prionoses, there is a different trend relative to the spread of deposits within
the brain. In AD, we distinguish five phases, with phase 1 being characterized by the
presence of A3 deposits limited to neocortical areas. During phase 2, the archicortical
and paleocortical (together called allocortical) regions are affected. This is followed by
a spread to the striatum and subcortical nuclei in general during phase 3. Brainstem
involvement defines phase 4, and the involvement of the cerebellum defines phase
5 [165]. In prionoses, no stages are distinguishable since there is no characteristic
spreading pattern over time.

4. Conclusions

To our best knowledge, this is the first systematic classification of the morphological
similarities and differences between the extracellular amyloid deposits in AD and CJD.
The work also clearly demonstrates the broad spectrum of these specific neuropathological
entities. Better clarification of the processes of extracellular aggregate formation of different
amyloidogenic proteins may be helpful for understanding the development of individual
neurodegenerations and, thus, could be a useful tool for the development of effective and
precise biological treatments for these progressive and fatal disorders.
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Abstract: Despite an early understanding of amyotrophic lateral sclerosis (ALS) as a disease affecting
the motor system, including motoneurons in the motor cortex, brainstem, and spinal cord, today,
many cases involving dementia and behavioral disorders are reported. Therefore, we currently
divide ALS not only based on genetic predisposition into the most common sporadic variant (90% of
cases) and the familial variant (10%), but also based on cognitive and/or behavioral symptoms, with
five specific subgroups of clinical manifestation—ALS with cognitive impairment, ALS with behav-
ioral impairment, ALS with combined cognitive and behavioral impairment, the fully developed
behavioral variant of frontotemporal dementia in combination with ALS, and comorbid ALS and
Alzheimer’s disease (AD)). Generally, these cases are referred to as amyotrophic lateral sclerosis-
frontotemporal spectrum disorder (ALS-FTSD). Clinical behaviors and the presence of the same
pathognomonic deposits suggest that FTLID and ALS could be a continuum of one entity. This review
was designed primarily to compare neuropathological findings in different types of ALS relative
to their characteristic locations as well as the immunoreactivity of the inclusions, and thus, foster
a better understanding of the immunoreactivity, distribution, and morphology of the pathological
deposits in relation to genetic mutations, which can be useful in specifying the final diagnosis.

Keywords: amyotrophic lateral sclerosis; frontotemporal lobar degeneration; sporadic ALS; familial
ALS; amyotrophic lateral sclerosis-frontotemporal spectrum disorder; ALS-FTSD; motor neuron disease

1. Introduction

Amyotrophic lateral sclerosis (ALS) has classically been considered a disease exclu-
sively affecting the motor system and, thus, it is a part of a group of disorders known as
motor neuron diseases (MNID)), which includes a whole spectrum of disorders affecting
upper motor neurons (corticospinal tract), lower motor neurons (in anterior horn or motor
cranial nerve nuclei in the brain stem), or both [1]. The MNDs also includes “restricted”
phenotypes, including primary lateral sclerosis (PLS), progressive muscular atrophy (PMA),
and progressive bulbar palsy (PBP) [2]. PLS is characterized by isolated progressive up-
per motor neuron dysfunction without lower motor neuron symptomatology that begins
in the fifth to sixth decade with progressively developing spasticity, hyperreflexia, and
mild weakness [3]. Unlike ALS, PLS is most often slowly progressive (survival times of
7.2-14.5 years) [3]. PMA includes lower motor neuron dysfunction; however, upper motor
neuron signs may sometimes be present [4]. Tiven in PMA, disease survival times are
longer than in ALS [5]. PBP can be divided into childhood- and adult-onset forms [6]. The
childhood-onset form, also called Fazio-T.onde disease, is an autosomal recessive disease as-
sociated with progressive impairment of the cranial nerves with two clinical subtypes—an
carly course, typically starting before the age of 6 years with mainly respiratory symptoms,
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and a late course starting between 6 and 20 years with mainly motor symptoms in the
upper limbs [7]. The adult-onset form attacks the bulbar region and clinically presents with
swallowing, speaking, and chewing difficulties [8].

Another MND disease is spinal muscular atrophy (SMA), an inherited condition with
an autosomal-recessive pattern affecting lower motor neurons that degenerate due to a
lack of survival motor neuron (SMN) protein encoded by the SMNT gene [9]. Historically,
five types of SMA, based on the age of symptoms onset and the highest physical ability
achieved, are distinguished [10]. Disease severity can be modified by the SMN2 gene,
which led to the creation of the first treatment [11].

Kennedy’s disease, also known as spinal and bulbar muscular atrophy, is a recessive
X-linked disease affecting men (women can be carriers). It is caused by an expansion of a
CAG repeat in the gene for androgen receptors [12]. Clinically, patients present with muscle
weakness, proximal atrophy in the limbs, and bulbar symptomatology. Gynecomastia
due to the insensitivity to androgen, heart rhythm, and urinary problems may also be
present [13].

The last condition that falls under MND is post-polio syndrome (PPS), characterized
by muscle weakness and /or muscle fatigability, dysphagia, dysphonia, and subsequent
respiratory failure that can begin dozens of years after recovery from a poliomyelitis
infection [14].

The first to describe and diagnose ALS was Jean-Martin Charcot, so ALS is sometimes
referred to as Charcot’s disease [15]. Charcot found and reported damage within the
lateral columns of the spinal cord that leads to chronic progressive paralysis along with
contractures but without muscle atrophy. On the other hand, lesions affecting the anterior
horns cause paralysis and muscle atrophy but lack contractures [16]. Another common
name for ALS is Lou Gehrig’s disease in memory of the famous New York Yankees baseball
player who died (1941) of ALS at the age of 37 [17].

In ALS, the word “amyotrophy” refers to muscle fiber atrophy, caused by selective
neuronal degeneration in the anterior horns of the spinal cord, leading to weakness and
fasciculations of affected muscles. The phrase “lateral sclerosis” refers to the hardening
of the anterior and lateral corticospinal tracts as axons and myelin are replaced by glial
cells [18]. Therefore, ALS is still often defined as a fatal neurodegenerative disease charac-
terized by progressive muscle paralysis determined by the degeneration of motoneurons
in the motor cortex, brainstem, and spinal cord [19] with the characteristic limb onset form
accompanied by awkwardness, weakness, and tripping or stumbling. The bulbar onset
form first appears as speech or swallowing difficulties [20]. However, today, we know that
not all forms are characterized solely by motor neuron lesions—some patients also have a
cognitive and behavioral impairment that is remarkably similar to the behavioral variant
of frontotemporal dementia (bvFTD). Recently, these cases have become referred to as amy-
otrophic lateral sclerosis-frontotemporal spectrum disorder (ALS-FTSD) [21]. ALS is the
most common MND in adults, with the vast majority of ALS cases being sporadic; however,
about 10% have a familial history with a typical Mendelian autosomal dominant pattern
of inheritance [22], although cases with autosomal recessive or X-linked inheritance are
also known [23]. Regarding genetic variants, the most common cause is a hexa-nucleotide
repeat expansion of GGGGCC in the first intron of chromosome 9 open reading frame
72 (C9orf72), which causes 30-50% of familial ALS (FALS) cases and 5% of sporadic ALS
(SALS) [24,25]. These repeat expansions are also frequently found in frontotemporal de-
mentia (FTD), which shows the molecular overlap between these two pathological units,
ie., ALSand FTD [26]. Clinically, the sporadic and familial forms are indistinguishable [27],
although some studies suggest that the familial variant has an earlier onset [28].

The aim of the review is to compare the neuropathological findings in individual types
of ALS in detail, including characteristic inclusions, their immunoprofiles and character-
istic localizations, and thus, foster a better understanding of their relationship to genetic
mutations, which can be useful in specifying the final diagnosis.
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2. Incidence and Prevalence of ALS

The incidence of ALS in Europe is reported to be around 1-2.6 cases per 100,000 inhab-
itants per year, and the prevalence is 6 per 100,000 inhabitants per 100,000 population [22],
although foci of higher frequencies occur in the Western Pacific [29]. The disease typically
occurs at 58-60 years [22], rarely occurs before the age of 40, and generally, is slightly more
common in men (the reported M:F ratio is about 1.5:1) [29]; however, most studies suggest
that the bulbar onset form is more common in women [30,31]. The median survival time is
20-48 months, though 10-20% of patients survive more than ten years [20].

3. Etiology

The cause of ALS is not yet fully understood; however, the various genes involved in
the pathogenesis of ALS share similar biological functions, which allowed the identification
of some major molecular pathways that trigger selective damage in specific neurons [27].
The effect of head injury [32], viruses like herpes simplex [33], enterovirus [34], or retro-
virus [35], exotoxins including excitotoxicity mediated by glutamate [36], the lysosomal-
endosomal system [37], or disorders of the immune system leading to chronic inflammatory
processes including autoimmune processes [38,39] have all been considered to be causal
candidates, but none have been demonstrated so far. The role of epigenetics, especially
defects in histone homeostasis (acetylation and deacetylation) suggested by transcriptional
dysregulation indicating changes in chromatin structure, which is seen in both murine ALS
models and patients, has also been assumed [40]. In addition, some ALS patients have
higher physical exertion and lower body mass indexes (BMI) compared to the unaffected
population, which could be related to the onset [38,41].

In the case of FALS, an autosomal dominant pattern of inheritance with the most
common mutation being in C90rf72, superoxide dismutase 1 gene (SOD1), and fused of the
sarcoma (FUS) gene are usually seen [42]. Moreover, ALS has been shown to be associated
with mutations in genes with DNA /RNA regulating functions, such as TAR DNA binding
protein (TARDBP) [43,44].

Recently published studies reported selective hypothalamic atrophy in both SALS and
FALS cases, including the asymptomatic stage of FALS [45]. In FALS, atrophy correlates
with body mass index (BMI), but no correlation with the severity of motor problems has
been found [45].

Early motor manifestations of SALS, with the presence of TDP-43 insoluble and
ubiquitinated inclusions, reflect the failure of complex adaptive motor skills leading to
split hand presentation, gait disorders, split leg syndrome, and bulbar symptomatology
associated with vocalization [46].

A characteristic histopathological feature of TDP-43 pathology is its limitation to the
cortical region and subcortical nuclei with direct cortical projections [47]. The pathological
TDP-43 protein is found in the cerebral cortex, corticofugal fibers, subcortical nuclei, and
the motor neurons of the brainstem and anterior horns of the spinal cord [39]. The prion-
like mechanism at the synaptic terminals of corticofugal axons is currently accepted, and
theoretically explains the spread to neocortical regions and the relationship between ALS
and FTD [39].

Very rarely, paraneoplastic syndrome, positive for anti-Hu antibodies, and presenting
as an MND, is found. MND is considered an atypical paraneoplastic syndrome that has
yet to meet the criteria set by Graus et al., [48] i.e., at least one of three conditions have to
be fulfilled: (1) Post-therapeutic reduction of neurological manifestations in the absence
of immune modulation; (2) the presence of onconeural antibodies; and/or (3) partially
characterized onconeural antibodies and a malignancy presenting within five years of the
onset of neurological abnormalities [48].

4. Clinical Manifestation

Amyotrophic lateral sclerosis is an MND [49], and the typical form is characterized by
upper and lower motoneuron involvement, which is present in 65-70% of cases. Another
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form is progressive bulbar paralysis with bulbar muscle involvement, which occurs in
25% of patients [50]. A rarer manifestation of the disease is progressive muscle atrophy
with only lower motoneuron lesions; this occurs in 5-8% of ALS patients [39]. An extremely
rare form of the disease is primary lateral sclerosis (PLS), characterized by a lesion limited
to upper motoneurons and affecting 1-4% of patients [51]. In PLS, the clinical diagnosis is
based on per exclusionem after excluding all other possible causes (structural, infectious,
and demyelinating diseases leading to upper motor neuron syndrome or hereditary spastic
paraplegias) [51]. Equally rare is the monomelic spinal amyotrophy variant with focal
atrophy that usually presents as weakness in one limb [52,53].

Surprisingly often, i.e., in 55% of cases with clinically obvious dementia, 15% have been
described [54] with characteristics of both ALS and cognitive impairment. In the dementia
form (i.e., ALS-FTSD), five forms have been distinguished based on clinical presentation:
(1) ALS with cognitive impairment (ALSci);

(2) ALS with behavioral impairment (ALSbi);

(3) ALS with combined cognitive and behavioral impairment (ALS-cbi);

(4) Fully developed behavioral variant of frontotemporal dementia (bvFTD) in combina-
tion with ALS (ALS-FTD);

(5) Comorbid ALS and Alzheimer’s disease (AD) [55].

In the fully developed disease, the clinical picture is relatively characteristic, but
diagnostic difficulties may occur at the beginning of the clinical manifestation. Objective
findings in the developed form are a mixed picture of central and peripheral quadriparesis,
bulbar symptoms, hyperreflexia, spasticity, positive pyramidal signs, atrophy of the mus-
cles of the upper and lower limbs and tongue, and massive fasciculations, especially of the
limbs and tongue [29].

The disease most often (in two-thirds of cases) [29] begins with an asymmetric weak-
ness and wasting of limited muscle groups, with the subsequent development of spas-
ticity [29] typically manifesting in the upper limbs [26]. Clinical findings may imitate
mononeuropathy or radiculopathy; however, weight loss, fasciculations, emotional lability,
and frontal-lobe cognitive impairment [56] may also be present. Bulbar onset with artic-
ulation disorders and swallowing difficulties [26] are seen in 30% of cases; additionally,
striking atrophy and fasciculations of the tongue [57] may be present. Limb weakness
may begin to develop simultaneously with bulbar symptomatology or with a delay of
1-2 years [29]. As paralysis progresses, it leads to death due to respiratory failure within
2-3 years in bulbar onset and 3-5 years in the more typical limb onset variant [29].

Less often, and in cases with a focal onset, muscle weakness affects the neck mus-
cles [26], and muscle fatigue is a common symptom [58]. Fasciculations or cramps appear
in the plexus muscles of the upper and lower limbs (e.g., deltoid muscle and quadriceps
femoris muscle) [39]. Atrophies of small muscles of the hand and foot (especially the in-
terosseous muscles) leading to split-hand or split-leg signs may be clinically present [59,60].
An ALS diagnosis requires the absence of sensory signs, visual disturbances, and sphincter
problems [52].

In ALS-FTSD, the degree of cognitive impairment and behavioral manifestation varies
from case to case and ranges from mild cognitive deterioration bordering on a normal
finding to marked changes in behavior and personality with a severe frontal syndrome.
Cognitive impairment is present mainly in the bulbar form of ALS [61].

Patients with ALS may develop some form of bvFTD during the disease; conversely,
some patients with bvFTD develop symptoms of motor neuron disease (from clinically
insignificant fasciculations with hyperreflexia to typical ALS). The onset of motor problems
and dementia usually differ, making the clinical picture of simultaneous development of
ALS and bvFTD unusual [62]. ALS-FTSD has a significantly worse prognosis and shorter
survival than patients with isolated forms (i.e., ALS or bvFID independently) [63].
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5. Differential Diagnosis

To standardize the diagnosis for clinical research and reduce misdiagnoses, the El
Escorial criteria have been implemented [64]. Regarding diseases belonging to an ALS
differential diagnosis and brain-affecting diseases, adult polyglucosan body disease (APBD)
has clinical symptomatology consistent with upper and lower motor neuron lesions. How-
ever, cognitive decline, distal sensory loss, and bladder and bowel function disturbances
also occur, which can clinically help differentiate the entities [52].

Among brainstem and spinal cord diseases, ALS can be mimicked by multiple scle-
rosis, which can cause both upper and lower motoneuron symptoms, and in some cases,
may even resemble bulbar onset ALS [52]. In the predominantly spinal form, an MRI of the
cervical spinal cord is performed to exclude other possibly treatable conditions; however,
cervical spondylotic myelopathy or syringomyelia may include dissociated sensory loss,
which is usually present in syringomyelia but starts at a younger age than most ALS
cases [65]. Another disease that should be considered in the differential diagnosis is de-
generative myeloradiculopathy, which can also be consistent with the clinical presentation
of ALS [52].

Spinal and bulbar muscular atrophy (SBMA), also known as Kennedy’s disease, is a
hereditary X-linked lower motor neuron disease characterized by progressive muscular
weakness and should also be considered in the differential diagnosis. An initial clinical
manifestation usually includes muscle cramps, muscle twitching, tremor, fatigue, and
slurred speech [66].

The potential for paraneoplastic encephalomyelitis, which can sometimes manifest
as a motor neuron disorder, must not be overlooked. Sensory or autonomic features and
ataxia may appear later in the course [67].

In dysphagia and dysarthria, which are neuromuscular transmission disorders (espe-
cially myasthenia gravis), arterial atherosclerotic disease, infiltrative tumors, and infectious
or autoimmune causes should be ruled out [68]. Oculopharyngeal muscular dystrophy
may also imitate ALS, although it usually involves the extraocular muscles and muscles
of eyelids in contrast to ALS. In patients presenting with bulbar symptomatology lacking
extraocular involvement, a muscle biopsy may be required [52].

Benign monomelic amyotrophy is a differential diagnosis for monomelic onset of
ALS [52]. Generally, it is always necessary to examine the cerebrospinal fluid and perform
an MRI of the brain and spinal cord. In addition to the rare variant of oculopharyngeal
muscular dystrophy mentioned above, a muscle biopsy may be indicated to rule out
polymyositis [69] or inclusion body myositis [70].

Furthermore, some systemic diseases can partially mimic the clinical manifestation
of ALS—for example, hyperthyroidism, which can cause hyperreflexia as a corticospinal
tract sign, fasciculations, weight loss, or weakness. However, many symptoms that are not
typical for ALS are often present (fine tremor, tachycardia, heat intolerance, and anxiety).
Weakness may also be seen in hyperparathyroidism and mimic the lower motoneuron
onset form of ALS [52].

6. Types of ALS
6.1. Sporadic ALS

Sporadic ALS (SALS) is the most common form of ALS (90%)—it occurs randomly,
without any known cause, with no clearly associated risk factors, and no family history of
the disease, thus the etiology of most cases of SALS remains elusive.

6.1.1. Background of SALS

Only 10% of SALS cases include known disease-associated ALS mutations [71], with
CYorf72 expanded alleles being the most common [24]. Mutations in the SOD1 gene (gene
for the antioxidant enzyme protecting cells from reactive superoxide radicals, endoplasmic
reticulum stress, mitochondrial dysfunction, and axonal transport disruption) [72] are
found in 2-3% of SALS [73]. Another interesting gene to study appears to be TARDBP,
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an abnormal TDP-43 fragment found in neurons and astrocytes in approximately 95% of
SALS cases [74]. In less than 1% of SALS cases, mutations in hnRNP A1 and hnRNP A2B1
are detected. Oligogenic or polygenic SALS cases have an earlier age of onset [75]. The
remaining cases likely represent the interplay of genetic and environmental factors.

6.1.2. Gross Findings in SALS

SALS gross findings include typically shrunken ventral /anterior roots that appear
grey compared to the dorsal/posterior roots, lateral corticospinal tract, and sometimes the
whole spinal cord may appear atrophic [76] (see Figure 1).

Figure 1. (a) Atrophy of the precentral gyrus together with atrophy of the frontal and temporal lobes may be present mainly
in cases of ALS accompanied by dementia. (b) Marked atrophy and reactive astrogliosis of anterior horns, with atrophy of
the anterior roots are the most striking findings in the standard staining method. Histochemical detection of myelin shows
the most evident changes in the anterolateral cords in the forms of sclerosis. Stain: Luxol fast blue stain. (c) Detail of the
described changes in anterior roots and horn. Stain: Luxol fast blue stain. The original magnification 200x. (d) Pronounced
neurogenic atrophy and fatty pseudohypertrophy in the striated muscles of the respiratory muscles is a typical finding in

ALS. Stain: Hematoxylin and eosin stain. The original magnification 200x.

The brain usually appears grossly normal, although there may be atrophy of the
precentral gyrus. Atrophy is also evident on MRIs (on susceptibility-weighted images
generated from gradient-echo pulse sequences (GRE/SWI)) as a bilateral hypointensity
in the precentral gyrus, known as the “motor band sign [77].” In addition, atrophy of
the frontal and temporal lobes may be seen, especially in cases clinically accompanied
by dementia [78]. Brainstem atrophy, with a volume reduction of the medulla oblongata,
may be noted as pontine atrophy. With neuroimaging methods, density reductions in the
mesencephalic crura are apparent [79]. Moreover, severe atrophy of the muscles of the
upper and lower limbs and tongue are also evident. All ALS variants share these gross
findings; differences are described below in the relevant paragraphs.

6.1.3. Neuropathological Findings in SALS

Degenerative changes are mostly observable in the motor area and by the large number
of atrophied «-motor neurons located in the anterior grey matter of the spinal cord and
the motor neurons of the cranial nerve nuclei in the brainstem [80]; these are striking
histopathological signs of the disease, together with affected Betz cells in the primary
motor cortex.

The loss of motor neurons leads to chronic denervation with neurogenic atrophy and
fatty pseudohypertrophy in the striated muscles of the limbs and respiratory muscles;
type 2 muscle fibers are the most vulnerable (Figure 1) [81,82]. Differentiation of muscle
fibers is easy using adenosine triphosphatase (ATPase) staining, in which type 1 fibers
appear lightly stained, and type 2 fibers appear darkly stained—this pattern is seen at
pH 9,4 but not at pH 4,3 or 4,6 where the staining is inverse (type 1 fibers are dark, while
type 2 fibers are pale) [83]. Assemblages of muscle fibers associated with re-innervation
via axonal sprouting from neighboring motor axons are also typical; nevertheless, this
compensatory mechanism is insufficient for muscle regeneration [84]. The location of
atrophy is important; in the bulbar form, atrophy of the tongue, diaphragm, and intercostal
muscles predominate, while in the typical form of ALS, atrophy in the limb muscles prevails.
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However, some, especially larger muscle fibers, can be paradoxically hypertrophic. In the
late stages, clusters of pyknotic nuclei may be seen.

Standard staining is dominated by changes in the anterior horns, with marked atrophy,
reactive astrogliosis, and atrophy of the anterior horns. In specialized histochemical
detection of myelin, the most evident changes are seen in the anterolateral cords in the
form of sclerosis; however, these changes can also be found in the posterior cords in longer
disease courses [39]. A key diagnostic feature is the large number of atrophied large motor
neurons in the anterior horns of the spinal cord, which is apparent in cervical and lumbar
intumescence. The remaining neurons show signs of regressive changes, i.e., a tendency to
wrinkle, the presence of lipofuscin deposits in the cytoplasm, and central chromatolysis
in the nuclei [85]. A relatively characteristic feature is also phosphorylated neurofilament
aggregates found as markedly swollen axons in anterior horns, generally referred to as
spheroids [86].

Different types of inclusions can be found in the cytoplasm of affected neurons. Before
immunohistochemical methods were routine, Bunina bodies, small eosinophilic granular
inclusions, were considered diagnostically specific for ALS [87]. Now, the availability
of immunohistochemical methods has broadened neuropathological examination. Anti-
ubiquitin or anti-p62 [88] antibodies have revealed other types of inclusions widely present
in motor neurons of the anterior spinal horns, in the brainstem, primary motor cortex, and
neuronal structures in the frontal and temporal cortical areas [89]. The inclusions may
be “skein-like,” [90] having an elongated or fibrous shape, which form bizarre spherical
structures in the perikaryon of neurons, or light eosinophilic round hyaline inclusions. The
presence of ubiquitin indicates impaired proteasomal degradation (in addition to RINA
metabolism disorders at multiple levels) [91] as a key mechanism [92]. Most of the affected
neurons and glial cells contain cytoplasmic TDP-43-immunoreactive inclusions [93]. The
physiological TDP-43 protein acts as a DNA/RNA binding protein that binds both mRNA
and DNA and mediates mRNA splicing, transcription, and translation [94]. Skein-like
inclusions in anterior horn neurons and their neurites in the spinal cord may also be
optineurin (OPTN) immunoreactive in both SALS and non-SOD1 FALS [95].

Oligodendrocyte dysfunction is considered by some authors to be a primary contribut-
ing factor to ALS [96] as there is prominent degeneration of oligodendrocytes in the gray
matter of the spinal cord in ALS-model mice before disease onset [97]. SOD1-dependent
loss of oligodendrocytes, leading to the death of motoneurons, is discussed—firstly, it is
considered to happen due to defective lactate release, and secondly, by influencing cell-to-
cell contact between axons and enwrapping oligodendrocytes. When SOD1 is selectively
removed from oligodendrocytes, delayed disease onset as well as a longer survival period
in ALS-model mice is seen. This observation could also contribute to the theory about the
relationship between the impaired function of oligodendrocytes and the vulnerability of
motoneurons [97].

Considering pTDP-43, Brettschneider et al. recognized and described four stages
of ALS based on the specific sequential pattern of pTDP-43. Stage I is characterized by
lesions in the agranular motor cortex, brainstem motor nuclei of cranial nerves XII-X, VII,
V, and spinal cord a-motoneurons. For stage 2, the involvement of the prefrontal neocortex
(middle frontal gyrus), brainstem reticular formation, precerebellar nuclei, and the red
nucleus is characteristic. Stage 3 shows pTDP-43 pathology in the prefrontal (gyrus rectus
and orbital gyri) and postcentral neocortex plus striatum. The last stage is characterized by
inclusions in the anteromedial part of the temporal lobe, including the hippocampus. At
all stages, oligodendroglial aggregates are also present [98].

All forms of ALS share the neuropathological signs described above. Differences
between the familial form and the form combined with dementia will be described in the
following paragraphs (for summary see Tables 1-3).
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Table 1. Summary of characteristics genes and inclusions in SALS cases.

Disease-Associated Genes Inclusions
v/ mutations in 10% of cases v S0OD1
v' SOD1 v' TDP-43
v’ CYorf71 v" ubiquitin
v" TARDBP v pé2
v hnRNP Al + hnRNP A2B1 (< 1%) v" OPTN (in non-SOD1 cases)

Table 2. Summary of characteristics genes and inclusions in FALS cases.

Disease-Associated Genes Inclusions

v mutations up to 20%

v most common—Autosomal dominant
inheritance; however, cases with autosomal
recessive or X-linked inheritance exist

V' S0OD1 (cognitive impairment rarely) v sOD1

v CYorf72 v EUS

v TARDBP v' TDP-43 (different than ubiquitin, ubiquilin
v/ FUS and p62 positive inclusions)

v" UBQLN2 v' ubiquitin

v pé2 v p62

v" ALSIN (juvenile-onset) v OP _TN ) ) ) o

v SETX (juvenile onset) v" Ubiquilin—co-localize with ubiquitin itself,
v SPG (autosomal recessive) p62, TDP-43, FUS, and OPTN but not with SOD1
v' OPTN (autosomal recessive)

v’ VAPB

v VCP

v’ PGRN

Table 3. Summary of characteristics genes and inclusions in ALS-FTSD cases.

Disease-Associated Genes Inclusions
v tau
V' C9orf72 (40-50% risk of development of v FUS
cognitive impairment) v TDP-43
v" ubiquitin
v p62

6.2. Familial ALS

Familial ALS (FALS) is estimated to be 10% of all ALS cases [27], with the most
common being autosomal dominant inheritance; however, as mentioned above, cases with
autosomal recessive or X-linked inheritance have been described [23].

6.2.1. Background of FALS

To date, 16 genes associated with FALS have been identified, and up to 80 different mu-
tations have been detected in 10-20% of familial cases. Currently, the most important genes
are associated with the metabolism of the TDP-43 protein (mostly hyperphosphorylated),
which plays a crucial role in the pathogenesis of the disease. Although TDP-43 is a nuclear
protein, it is transferred to the cellular cytoplasm after acute neuronal injury, where it forms
stress granules [99]. In addition to the TARDBP gene itself, the fused-in-sarcoma (FUS) gene
is involved in physiologically similar processes as TARDBP (i.e., a DNA/RNA binding
protein involved in brain mRNA processing and transcription) and also plays a role in the
pathogenesis of ALS [100]. Mutations in SOD1 (the first gene historically identified as an
ALS causing gene) [27], ALS2 (ALSIN; connected to juvenile-onset ALS [101], which is ALS
starting before 25 years of age) [102], and senataxin (SETX; also seen in the juvenile form
of ALS) are also associated with FALS [23]. Considering the juvenile variants, spatacsin
(SPG) is typically associated with autosomal recessive heritability [23]. Optineurin (OPTN)
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is another important gene with autosomal recessive heritability [23]. Moreover, vesicle-
associated membrane protein B (VAPB), valosin-containing peptide (VCP), progranulin
(PGRN), ubiquilin 2 (UBQLNZ; a mutation leading to ubiquitin-mediated disruption of
proteasomal degradation) [103], and sequestosome 1 (SQSTM1/p62 [104]; involved in the
degradation of misfolded proteins through ubiquitin—proteasomes [105] or the autophagy-
lysosome system) [106,107] are also seen in FALS. The relatively recently discovered the
72nd open reading frame on chromosome 9 (C90#f72) [108] has now been found in many
patients with FALS, with the incidence estimated to be up to 20%. Patients with the SODI
mutation rarely suffer from cognitive impairment [109].

6.2.2. Neuropathological Findings in FALS

In addition to the above-mentioned neuropathological features shared with SALS,
some cases of FALS have hyaline inclusions similar to Lewy bodies in the cytoplasm
of neurons. They are strongly immunoreactive with anti-superoxide dismutase (SOD1)
antibodies in those cases with the SOD1 gene mutation. Inclusions immunoreactive to
SOD1 are located in lower motor neurons and represent a striking pathological feature of
FALS; they are due to SOD1 mutations and are also seen in SOD1 murine models [110].
Neuropathologically, FALS caused by the SODI mutation can be distinguished from the
sporadic disease by the relative sparing of the motor cortex, slight to mild corticospinal
tract involvement, which is in contrast with severe atrophy of the anterior roots, and the
degeneration of lower motor neurons in the sporadic form of the disease [27].

TDP-43 cytoplasmic inclusions, mainly found in the pyramidal, frontal, and temporal
cortex, and hippocampal areas, are considered characteristic features of FALS with the
C90rf72 mutation; the cerebellar granule cell layer, hippocampal pyramidal neurons, and
neocortex all contain ubiquilin, p62, and ubiquitin inclusions that are negative relative to
the TDP-43 reaction (Figure 2) [93].

Figure 2. (a) Overview of inclusions positive in reaction with anti-phosphorylated TDP-43 (pTDP-43) antibody, original
magnification 100x. (b) pTPD-43 positive cytoplasmic inclusions in the hippocampus are considered one of the characteristic
features of the variant with C9orf72 mutation, magnification 100x. (¢) Cytoplasmic pTDP-43-positive cytoplasmic inclusions
in the hypoglossal motor neurons, original magnification 200x. (d) Detailed shape of cytoplasmatic pTDP-43-positive
inclusion in the lower motor neuron. The original magnification 400<. (e) Inclusions detected with anti-p62 antibodies in
the mesencephalic nuclei. The original magnification was 100x. (f) Inclusions detected by anti-p62 antibody seen in the
neurons of mesencephalic nuclei. The original magnification 200 . (g) Detailed morphology of p62-positive inclusions in
the cytoplasma of upper motor neuron, original magnification 400x. (h) Morphology of ubiquitin-positive “skein-like”
inclusions with characteristic elongated or fibrous shape, which form bizarre spherical structures in the perikaryon of
neurons. The original magnification was 400x.
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Ubiquilin-positive (ubiquitin-like-positive) inclusions have been identified in spinal
cord sections of patients with X-linked FALS; the inclusions co-localize with ubiquitin
itself, p62, TDP-43, FUS, and OPTN but not with SOD1. UBQLN2 immunoreactivity has
also been observed in spinal cord sections of sporadic ALS, ALS with dementia, and non-
SOD1 FALS.

6.3. Amyotrophic Lateral Sclerosis-Frontotemporal Spectrum Disorder

In patients with amyotrophic lateral sclerosis-frontotemporal spectrum disorder (ALS-
FTSD), inclusions positive for the anti-TDP-43 antibody reaction are usually present, so
the clinical and neuropathological designation of FTLD-MND-TDP (frontotemporal lobar
degeneration with motor neuron disease and TDP-43 positive inclusions) is used. However,
dementia syndrome is defined as a loss of cognitive functioning and behavioral abilities
to such an extent that it interferes with daily life and activities. The behavioral form
(ALSbi) does not meet the condition of deterioration of self-sufficiency. Moreover, cognitive
decline is often associated with a poorer prognosis [111]. Recently, the terminology was
changed from “FTLD-MND” to “ALS-FTSD.” At present, the term FTLD-MND-TDP is
purely neuropathological, while in clinical practice, ALS-FTSD is used [21].

6.3.1. Background of ALS-FTSD

A strong genetic burden is evidentin ALS-FTSD cases [112]. The pathological expan-
sion of the “hexa-repeat” (GGGGCC) in chromosome 9 open reading frame 72 is closely
related to the behavioral variant of frontotemporal dementia (bvFTD), which occurs either
in direct association with ALS or as a purely cognitive impairment lacking motor neuron
dysfunction. Carriers of C90rf72 mutations have a significantly higher risk of developing
cognitive impairment (40-50%) than patients lacking this mutation (8-9%) [113,114]. The
spectrum of involvement in families carrying C90rf72 gene expansions (Figure 3) differs sig-
nificantly from typical ALS based on purely behavioral symptomatology (bvFID), i.e., with-
out demonstrable motor neuron involvement up to a combination of ALS and cognitive
impairment [115]. In patients with ALS with psychosis and anosognosia, the presence of
CYorf72 mutation should be considered [21,116].

6.3.2. Neuropathological Findings in ALS-FTSD

We can distinguish three basic types of FTLD depending on the hallmark pathological
protein: (1) FTLD-tau (characterized by tau-positive inclusions), (2) FTLD-TDP (with TDP-
43 inclusions), and (3) FTLD-FUS (having FUS-positive inclusions); although, a small
proportion of FTD cases do not express any of the above-mentioned proteins. Those that
react with ubiquitin or other markers of the ubiquitin-proteasome system are called FTLD-
UPS, while completely immuno-negative cases are grouped as FTLD-NOS (not otherwise
specified) [117]. Widespread ubiquilin-positive inclusions are also usually observed in the
hippocampal region, including patients with the C9orf72 mutation [103].

Most ALS cases belong to the FTLD-TDP group and exhibit TDP-43 immunoreactive
inclusions [118,119]; the remaining cases are in the FTLD-FUS group.

The Strong criteria [63] for the neuropathological diagnosis of ALS-FTSD remain
unchanged, including the examination of the brain and spinal cord; AD must always be
considered. A p62 and dipeptide repeat (DPR) pathology in the cerebellum and hippocam-
pus is pathognomonic for C9orf72-linked ALS-FTSD [120]. The other neuropathological
findings are identical to those cases lacking cognitive impairment [121]. It is probably not
surprising that in genetic ALS-FTSD cases, SOD1- or FUS-immunoreactive inclusions can
be found; moreover, alterations in microtubule-associated tau protein (tau) metabolism
have been observed in ALS-FTSD, with the presence of tau deposits usually in the hy-
perphosphorylated form [92]. Since the primary function of tau is to provide stability
to microtubules, site-specific tau phosphorylation therefore affects the interaction of tau
and microtubules. Pathological hyperphosphorylation reduces the number of interac-
tions between tau and microtubules, allowing tau to form less soluble oligomers and
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subsequently leading to the formation of fibrils [122]. In addition, research on murine
models shows that having coexisting pathologies in TDP-43 and tau metabolism potentiate
each other [92]. Thus, it is clear that FTD and ALS can share clinical manifestations and
underlying pathophysiology, which are reflected in changes in TDP-43 and tau metabolism.

100 200 00 400 500 600 700
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Figure 3. Determination of copy number of hexanucleotide expansion of C9orf72. Reference values: Normal al-
lele <20 GGGGCC repeats, permuted allele 20-100 GGGGCC repeats, complete penetrance> 100 GGGGCC repeats. The
blue arrow indicates the location of 20 GGGGCC repeats and the red arrow indicates the location of 30 or more repeats.

In FTLD-TDP-MND, inclusions are most common in the frontal and temporal cortex.
In ALS with preserved cognition, deposits are located predominantly in the cytoplasm of
motor neurons without affecting cortical structures [121].

According to the current neuropathological systemic classification, a harmonized
classification system recognizes four types of FTLD-TDP pathology. Type A corresponds to
Mackenzie et al. type 1 and Sampathu et al. type 3 and contains numerous short dystrophic
neurites (DNs) and oval or crescent neuronal cytoplasmic inclusions (NClIs), which are
located primarily in the second neocortical layer. Moderate numbers of lentiform neuronal
intranuclear inclusions (NIIs) can also be present, although they are not a consistent sign of
this subtype. The clinical phenotype of type A is bvFTD or progressive non-fluent aphasia
and is based on mutations in the progranulin gene.

For this article, type B, equivalent to Mackenzie et al. type 3 and Sampathu et al. type 2,
is the most important. Type B is characterized by moderate numbers of NCI, distributed
throughout all cortical layers, with very few DNs. This condition is associated with a
genetic defect in the short arm of chromosome 9, and clinically manifests as bvFTD or
MND with FTD.

Type C is equivalent to Mackenzie et al. type 2 and Sampathu et al. type 1; it has
a predominance of elongated DN in the upper cortical layers and few NCls; it leads to
bvFTD or semantic dementia.

Type D is associated with the inclusion of body myopathy of Paget’s disease of the
bone and frontotemporal dementia caused by VCP mutations; there are large numbers of
short DNs and numerous lentiform NIIs.
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However, there are other examples of the wide-range neuropathological background of
ALS/MND clinical symptomatology. The most important neurodegenerations in this field
are tauopathies. Recently, we described tau protein deposits in corticospinal tract structures
in patients with progressive supranuclear palsy (PSP) clinically mimicking MND. [123]
Moreover, case reports of globular glial tauopathy (GGT) with the presence of tau-positive
globular oligodendroglial inclusions (GOls) with partial overlapping neuropathological
features of progressive supranuclear palsy (PSP), clinically manifesting as MND and /or
FTD, exist [124]. Neuronal, astrocytic, and especially oligodendroglial 4-repeat (4R) tau
positive, mostly Gallyas negative, inclusions are present, whereas the GOIs in white matter
correlate with the severity of neuropathologically confirmed degeneration [124]. Massive
oligodendroglial involvement leading to changes in white matter (pallor, axonal loss, and
gliosis) implies that these cases may represent primary oligodendrogliopathy [124]. Some
authors also speculate that this entity could be an equivalent of “tau” multiple-system
atrophy [125].

Considering comorbid cases and dementia in ALS, some comorbid ALS/AD cases
have appeared in the literature; for example, one study reported that about 50% of ALS
cases had A3 deposits, and at least half of the cases had neuritic plaques in the neocor-
tex [126]. Those patients with comorbid ALS/AD usually have progressive amnestic
dementia, which is typical for AD and is accompanied by early distinctive impairment of
episodic memory; MRIs of the hippocampus show significant atrophy [55].

Comorbid ALS/dementia with Lewy bodies (DLB) also exists. The prevalence of
the DLB pathology in ALS is higher than in the general population, and it has been
reported that Parkinsonian features develop in about 30% of ALS patients [127]. Levodopa-
responsive parkinsonism accompanied by ALS, with symptoms that appear later in the
course of the disease, is known as Brait-Fahn-Schwarz disease [128]. The incidence of this
syndrome is high on the Japanese Kii Peninsula and the Micronesian island of Guam but is
rare elsewhere in the world [129], although, Brait-Fahn-Schwarz syndrome was diagnosed
in the Czech Republic (personal experience, not published yet).

7. Molecular Biomarkers of ALS

It seems that CFS-PGRN levels can be used to predict the type of FTD as it mirrors the
FTD-subtype—the level is significantly lower in cases with TDP-43 pathology lacking a
GRN mutation [130]. CSE-TDP-43 is also considered to be a promising CSF biomarker for
ALS-FTD cases [131]. Interestingly, some researchers report higher CSF-TDP-43 levels in
ALS cases than in FTLD, which might indicate more faster progression of TDP-43 pathology
in ALS [132].

To predict disease development, some of the above-mentioned molecules can be used
as biomarkers. Mentioned markers from the group of RNA-binding proteins in ALS are
TDP-43, FUS, or hnRNPs, although some others can be used—TATA-box binding protein
associated factor 15 (TAF15), which is mutated in both SALS and FALS; Ewing Sarcoma
breakpoint region 1/EWS RNA binding protein 1 (EWSR1) with similar characteristics as
FUS and TAF15 that they can easily aggregate leading to the toxicityn [133]; or ataxin-2
(ATXN2), which acts as a dose-sensitive modifier of TDP-43 toxic effect [134]. From the
group of ALS-related genes, we could highlight SOD1, C9rf72, or spastacsin (SPG) [133],
as well as non-coding RNA such as microRNA, circular RNA [133], or other molecules.
It is worth mentioning serum uric acid, whose serum levels negatively correlate with the
risk of death in patients with ALS [135]; the detection of higher levels of chitotriosidase in
CSF correlates with microglial activation in the white matter of the spinal cord and may
be helpful in patients with a short history of symptoms that are difficult to identify [136].
The identification of the blood neurofilament light chain (NFL) positively correlates with
the progression of the disease, and a shorter survival period is indicated by increased
NFL [137]. Some studies also indicate that patients with ALS have significantly higher
levels of CSF total tau protein and a lower phosphorylated tau/total tau ratio than the
control population [138].
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8. Conclusions

Although much about the pathogenesis of ALS remains elusive, some major molec-
ular pathways that can trigger selective damage in specific neurons are already known.
Moreover, the disruption of individual ALS-causing genes can lead to the formation of
pathological inclusions. Recognition of these features can help determine final diagnoses
and also indicate potential links with other neurodegenerative diseases that need to be
simultaneously considered.
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3.7 Shrnuti 20 let zkuSenosti narodni laboratoie pro prionova onemocnéni s uzivanymi
diagnostickymi postupy a mnoZstvim zachycenych pripadi. Porovnani s dalSimi staty
a vysvétleni odliSnosti v diagnostickém procesu.
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Abstract: Human prion disorders (transmissible spongiform encephalopathies, TSEs) are unique,
progressive, and fatal neurodegenerative discases caused by aggregation of misfolded prion protein
in neuronal tissue. Due to the potential transmission, human TSEs are under active surveillance
in a majority of countries; in the Czech Republic data are centralized at the National surveillance
center (NRL) which has a clinical and a neuropathological subdivision. The aim of our article is to
review current knowledge about human TSEs and summarize the experience of active surveillance
of human prion diseases in the Czech Republic during the last 20 years. Possible or probable TSLs
undergo a mandatory autopsy using a standardized protocol. From 2001 to 2020, 305 cases of sporadic
and genetic TSEs including 8 rare cases of Gerstmann-Striussler-Scheinker syndrome (GSS) were
confirmed. Additionally, in the Czech Republic, brain samples from all corneal donors have been
tested by the NRI. immunology laboratory to increase the safety of corneal transplants since January
2007. All tested 6590 corneal donor brain tissue samples were negative for prion protein deposits.
Moreover, the routine use of diagnostic criteria including biomarkers are robust enough, and not
even the COVID-19 pandemic has negatively impacted TSLs surveillance in the Czech Republic.

Keywords: transmissible spongiform encephalopathies; prion protein; Creutzfeldt-Jakob disease;
Gerstmann-Stréussler-Scheinker syndrome; corneal donor

1. Background—Human Prion Diseases in Review

Prion diseases are transmissible, progressive, and fatal neurodegenerative disorders
associated with the aggregation of a misfolded prion protein (PrP) [1]. Human transmissible
spongiform encephalopathies (TSLs) include Creutzfeldt-Jakob disease (C]D), Gerstmann—
Straussler-Scheinker syndrome (GSS), kuru, and fatal familial insomnia (I'I'I) [2].

The cellular prion protein (PrP®) functions as a glycolipid-anchored cell membrane
sialoglycoprotein localized in presynaptic membranes that has neuroprotective [3] and
pro-myelinating [4] roles. Additionally, it participates in neurotransmission, zinc and
copper transport, and calcium homeostasis [5-7]. Moreover, under laboratory conditions,
PrP¢ promotes greater neuronal resistance after an ischemic cerebral insult [8,9].

All human prion diseases are associated with a pathological self-replicating [10]
conformation of PrP, the most fundamental of which is the change of the PrP tertiary
structure, by post-translational processes, into the predominant 3-sheet pattern [11]. The
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process results in the formation of a markedly hydrophobic form of PrP with a clear
tendency toward aggregation [12], subsequent oligomerization, and formation of amyloid
fibrils [13]. The pathological PrP* (scrapie isoform of the prion protein) aggregates that
arise from this process are extremely resistant to physical and chemical changes, and unlike
most proteins, these molecules are not denatured by boiling [14].

Human prion diseases [15] are defined as transmissible and rapidly progressive [16]
degenerative diseases of the central nervous system caused by an accumulation of patho-
logically conformed PrP [17].

Historically, the first mention of CJD comes from 1920 [18] and 1921 [19-21], when
neurologist Hans Gerhard Creutzfeldt and neuropathologist Alfons Maria Jakob described
a “nosologically very closely connected if not identical affection” of several patients. Kuru
was given attention in the first half of the 20th century as it was described in Papua
New Guinea among cannibalistic tribes; the disease is currently considered extinct [22].
The most recent form of TSE, i.e., Variant CJD (vC]D), was first identified in 1996 in the
United Kingdom [23,24], which to this day remains the country with the highest number of
cases (174) out of a total of 232 worldwide [25]. The last three known cases of vC]D came
from Italy and France. An Italian patient with occupational contact with vCJD but without
evidence of a laboratory incident died in 2016, and a French laboratory worker died in 2018,
7.5 years after a cutting incident with BSE transgenic mice contaminated instrument [26].
The last case that is under investigation appeared in 2021, when CJD was diagnosed in a
retired French laboratory worker which led to 3-month moratorium on the study of prions
in France [27].

1.1. Sporadic Human Prion Diseases

Creutzfeldt-Jakob disease (CJD) is the most common human prion disease [15].
The neuropathological characterization of CJD is spongiform encephalopathy in cere-
bral and/or cerebellar cortex and/or subcortical grey matter. It can also be described
as encephalopathy with PrP immunoreactivity (plaque and/or diffuse synaptic and/or
patchy/perivacuolar type) [28]. Three types, the most common being sporadic (sCJD),
followed by genetic (gCJD) and acquired that can be further subdivided into iatrogenic
(iCJD) [29], and Variant (vC]D) [30], are distinguished according to their different aetiolo-
gies [31]. Using Western blot, we can distinguish between PrP> type 1 and 2 [32].

1.1.1. Sporadic Creutzfeldt-Jakob Disease

The sporadic CJD begins with an accidental conversion of physiological PrP© to patho-
logically conformed PrP*, which occurs in about 85% of CJD cases [33]. The worldwide
incidence of sCJD is reported to be one to two cases per million [34]. Unlike vC]D, clinical
signs and neuropathological findings differ from case to case, which is probably caused by
different molecular phenotypes [35].

According to the diagnostic criteria recently published by Watson et al. [36] (see
Table 1), three conditions can be distinguished: possible CJD (clinical presentation only and
exclusion of distinct aetiologies, i.e., tumor, cerebrovascular lesions, autoimmune disorders,
neuroinfection, neurodegenerative dementia, etc.), probable CJD (clinical presentation plus
biomarkers: protein 14-3-3, magnetic resonance imaging (MRI) [37,38], electroencephalog-
raphy (EEG) [39] with indicated sensitivity 67% and specificity 86% [40], and RT-QuIC)
and definite CJD (neuropathologically confirmed).
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Table 1. Diagnostic criteria for definite, probable and possible sC]D.

Possible Creutzfeldt-Jakob disease:
Rapidly progressive dementia with at least two of the following symptoms:

1.  myoclonus,

2. cerebellar or visuospatial dysfunctions,
3.  pyramidal and/or extrapyramidal signs,
4.  akinetic mutism,

and duration less than 2 years.
Probable Creutzfeldt-Jakob disease: Fulfilled criteria for possible CJD with:

1.  periodic sharp wave complexes at EEG,

or

2.  caudate/putamen hypersignal on magnetic resonance imaging (MRI) brain scan or at least
two cortical regions (temporal, parietal, occipital) either on diffusion-weighted imaging
(DWI) or fluid-attenuated inversion recovery (FLAIR) [41],

or
3.  positive cerebrospinal fluid 14-3-3 protein test,
or

4. positive real-time quaking-induced conversion (RT-QuIC) in cerebrospinal fluid or
other tissues.
Definite Creutzfeldt-Jakob disease:

Progressive neurological syndrome and either neuropathological, immunocytochemical or
biochemical confirmation.

The disease usually lasts for a few months, generally less than one year. The duration
of the disease must be less than two years; longer durations are an exclusionary clinical
criterion for possible sCJD [42].

Due to the risk of iatrogenic transmission, brain biopsy is only applicable in specific
cases where a definitive diagnosis is critical. Arguments against brain biopsies in suspected
CJD cases include the high probability of a unconclusive result [43]; additionally, it does
not affect patient treatment even when the biopsy confirms clinical suspicions [44].

1.1.2. Sporadic Fatal Insomnia

Sporadic fatal insomnia (sFI) is defined as a rapidly progressive neurodegenerative
disease with a clinical phenotype very similar to the fatal familial insomnia characterized
by neurological and cognitive deterioration along with severe sleep impairment [45],
transient diplopia [46] and cerebellar dysfunction [47], followed by dysautonomia, coma
and death [45]. These patients are rare codon 129 methionine homozygotes with PrP>
type 2 and predominant thalamic involvement [48]. Microscopically, slight spongiform
degeneration but severe neuronal loss with gliosis is present in thalamus and inferior olives,
although immunohistochemical detection of PrP mostly shows focal or no positivity [48].
The distribution of the PrP¥-immunoreactive structures is similar in familial and sporadic
form [49-51]. The features useful to distinguish sporadic versus familial form are the
absence of a family history and the characteristic Asp178Asn PRNP mutation [49,50].

1.1.3. Variably Protease-Sensitive Prionopathy

Variably protease-sensitive prionopathy (VPSPr) is a relatively recently described
prion disease identified in 2008 [52,53]. VPSPr is considered a sporadic form of human
prion disease, and patients with all types of polymorphisms at codon 129, however, with
a predominance of VV homozygotes, are reported [54]. At the same time, it is stated
that VV homozygotes show more developed neuropathological manifestation in the form
of plaques than MM homozygotes or MV heterozygotes. The median duration of the
disease is 2 years with the clinical predominance of psychiatric signs [53], aphasia, ataxia,
and parkinsonian syndrome [54] or cognitive decline [53]. Neuropathologically, VPSPr is
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characterized by mild spongiform degeneration [53] lacking areas of confluent spongiform
transformation [55], PrP-immunoreactive “microplaques”, plus plaque-like deposits [53].

1.2. Acquired CJD
1.2.1. Tatrogenic, Accidentally Transmitted CJD

The iatrogenic form arises during medical or surgical procedures during which patho-
logically conformed prions are transferred [56]. Jatrogenic CJD is extremely rare, accounting
for less than 1% of all CJD cases [57]. Transmission after dura mater grafting, from sur-
gical instruments, after corneal transplantation, deep EEG electrode insertion, human
growth hormone and gonadotropin treatment have been described [58-60] and more than
492 cases have been reported [58]. The incubation time varies widely based on the form
of inoculation. Those infected via intracerebral electrodes had an incubation period of
16-28 months, whereas patients infected via peripheral growth hormone injections had
a latency of between 5 and 30 years [35]. Patients with iCJD usually present with gait
abnormalities and ataxia [58]. Specific diagnostic criteria also exist for iC]D (see Table 2).

Table 2. Diagnostic criteria for probable and definite iCJD.

Probable iatrogenic Creutzfeldt-Jakob disease diagnosis:

a. progressive cerebellar syndrome in a recipient of human cadaver-derived pituitary
hormone; or
b. probable C]D with a recognized iatrogenic risk.

Definite iatrogenic Creutzfeldt-Jakob disease diagnosis:
a. Definite CJD with a recognized iatrogenic risk.

1.2.2. Variant CJD

The Variant CJD (vC]D) is associated with the consumption of BSE-agent contaminated
products. The clinical presentation initially includes psychiatric and behavioral symptoms,
with painful paresthesia or dysesthesia [58]; ataxia and dementia develop later [35]. In
contrast to sCJ]D and gCJD cases, EEG usually lacks the periodic pattern [61], the duration of
the disease is usually longer (on average 13-14 months), and florid plaques are often present
in the neuropathological findings [62]. The characteristic finding on MRI is an increased
bilateral pulvinar signal (with indicated sensitivity 78% and specificity 100%). The thalamic
and periaqueductal grey matter high signal, and the remarkable absence of cerebral atrophy
are described [63]. In contrast to sporadic and genetic forms of C]D, the presence of PrPs
demonstrated both immunohistochemically and by Western blot was proven in all types of
lymphoid tissue (tonsils, lymph nodes, and spleen) in all vC]D cases [64]. For this reason,
tonsil biopsy may be used in suspected vC]D cases with corresponding clinical presentation
and MRI lacking bilateral pulvinar high signal to confirm probable vC]D diagnosis [25].
With one exception (one patient with MV genotype) [65], all patients with vC]D were MM
homozygotes [66], in addition, Prps type 2 was present in all cases [67]. Interestingly, there
are three probable cases of CJD transmission via blood transfusions [59,60] from a donor
suffering from vC]D; for this reason, there is a ban on donors who lived in the United
Kingdom during the BSE epidemic [68]. Moreover, there are three recently known (2016,
2018, and 2021 which is under investigation) cases of CJD in former laboratory workers
with occupational contact with BSE-infected brain tissue [28]. The diagnostic criteria are
summarized below (Table 3).
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Table 3. Diagnostic criteria for suspected and definite vC]D.

Suspected Variant C]D:

a. current age or age at death less than 55 years

b. psychiatric symptoms at illness onset and/ or persistent painful sensory symptoms (frank
pain and/or dysesthesia)

e dementia, and development >4 months after illness onset of at least two of the following

five neurologic symptoms: impairment in coordination, myoclonus, chorea, hyperreflexia,

or visual signs (if persistent painful sensory symptoms exist, >4 months delay in the

development of the neurologic signs is not required)

a normal or an abnormal EEG, but not the diagnostic EEG changes seen in sporadic CJD

duration of illness of more than 6 months

routine investigations of the patient do not suggest an alternative, non-CJD diagnosis

no history of receipt of cadaveric human pituitary growth hormone or a dura mater graft

no history of CJD in a first degree relative or prion protein gene mutation in the patient

Definite Variant CJD:
Neuropathologic examination of brain tissue is required to confirm a diagnosis of Variant CJD.
The following confirmatory features should be present.

s SR S ¥

a. numerous widespread kuru-type amyloid plaques surrounded by vacuoles in both the
cerebellum and cerebrum (florid plaques)
b. spongiform change and extensive prion protein deposition shown by

immunohistochemistry throughout the cerebellum and cerebrum

1.2.3. Kuru

Kuru was defined as a neurodegenerative, non-inflammatory infectious disease [69].
Kuru began to appear around 1900 in Papua New Guinea among cannibalistic tribes
and the incidence subsequently escalated between 1940-1950 [69,70]. Cerebellar ataxia,
tremor, and extrapyramidal symptoms such as chorea and athetosis [66,69-71] were typical
symptoms of the majority of patients although neuropathological findings varied [72]. No
cognitive impairment was present [58]. The neuropathological reports describe myelin
and neuronal degeneration (with a maximum in pontine nuclei, cerebellum and basal
ganglia), proliferation of microglia and astroglia [72], mononuclear perivascular infiltration,
cuffing [73], spongiform transformation [74], shrunken neurons with dispersion of Nissl
substance with intracytoplasmic vacuoles, and vacuolated cerebellar Purkinje cells and
striatal neurons [75]. Amyloid “kuru” plaques were recorded in 50-75% [74,75] of the
examined brains. Currently, kuru disease is considered extinct [22].

1.3. Inherited Prion Diseases
1.3.1. Genetic CJD

The genetic/familial form is conditioned by the presence of an inherited mutation in
the PRNP gene, which occurs in 10-15% of CJD cases [76]. It is more appropriate to use the
term genetic, as not every patient has known positive family history. There are more than
50 known mutations in this gene [35]. In the Czech Republic, the majority of genetic forms
involve an E200K mutation, which is also the most common mutation in Europe [77,78]
followed by the V210l and D178N mutations. The most common mutations in Japan are
V1801, E200K, and M232R, sorted by frequency [77,79]. The D178N mutation is relatively
common in certain countries in Western Europe [77,78], i.e., Netherlands, France, United
Kingdom, Finland, and Hungary. Dementia is clinically described with other psychiatric
changes along with ataxia and myoclonus, however, gaze palsies and neuropathies are
rare [58]. The disease penetrance varies from 60 to 100%, relative to population [80]. Similar
to sCJD, gCJD has its diagnostic criteria (see Table 4).

The course of the disease is usually longer; the 2-year disease duration limitation for
sporadic CJD is not applicable in gCJD.
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Table 4. Diagnostic criteria for probable and definite gCJD.

Probable genetic Creutzfeldt-Jakob disease diagnosis:

a. probable CJD and confirmed/probable C]D in a first-degree relative,
b. a neuropsychiatric disorder plus a disease-specific prion protein gene (PRNP) mutation.

Definite genetic Creutzfeldt-Jakob disease diagnosis:

a. definite CJD with a recognized pathogenic PRNP mutation,
b. and definite or probable TSE in a first-degree relative.

1.3.2. Gerstmann-Striussler—Scheinker Syndrome

Gerstmann-Stréussler—Scheinker syndrome (GSS) is defined as a slowly progressive
hereditary autosomal dominant neurodegenerative disease [81] or an encephalo(myelo)pathy
with multicentric PrP plaques [28] in the cerebral and cerebellar cortex and basal gan-
glia [82,83]. It is the multicentric plaques that are the neuropathological hallmark of GSS,
although the pattern differs among families [81]. GSS is usually manifested by cerebellar
ataxia and slowly progressive dementia [84]; nevertheless, extrapyramidal symptoms, vi-
sion and hearing impairment, myoclonus, spastic paraparesis, and hyporeflexia or areflexia
in the lower extremities have also been reported as common symptoms [84]. Four distinct
clinical subtypes among cases with P102L mutation can be distinguished: typical GSS; GSS
with areflexia and paresthesia; pure dementia GSS; and Creutzfeldt-Jakob disease-like
GSS [85].

In addition, GSS was the first human TSE with a known PRNP mutation [81], which
include point mutations at codons 102, 105, 117, 131, 145, 187, 198, 202, 212, 217, and
232 [81] or octapeptide repeat insertions (OPRI) counting 1-9 of 24 base pair multiples [86].
In the Czech Republic, the P102L mutation is the most common.

1.3.3. Fatal Familial Insomnia

Fatal familial insomnia (FFI) is an autosomal dominant inherited disease caused by a
mutation D178N in the PRNP gene associated with the presence of the MM polymorphism
at codon 129 [87]. FFlL is characterized by medication-resistant insomnia, sleep fragmen-
tation, disturbances of the autonomic nervous system, motor disorders, and progressive
cognitive impairment [88]. The most affected areas are the mediodorsal and anterior ventral
thalamic nuclei, followed by the pulvinar and the olives. Extensive neuronal loss and astro-
cytic gliosis are the main neuropathological findings, whereas spongiform transformations
are missing [89]. FFI has not been found in the Czech Republic.

1.4. Differential Diagnosis of Human Prion Diseases

The clinical picture in typical forms of TSEs is relatively specific, and with additional
methods (MRI, cerebrospinal fluid examination, RT-QuIC), a high degree of diagnostic
certainty can be achieved. Nonetheless, the differential diagnosis needs to consider several
main groups (neurodegenerative—pure or comorbid, autoimmune including paraneo-
plastic, infectious, toxic/metabolic [88,90,91], and tumorous). Primary neurodegenerative
diseases include Alzheimer’s disease (AD), frontotemporal dementia (FTD), dementia
with Lewy bodies (DLB), corticobasal syndrome (CBS), multiple-system atrophy (MSA),
motor neuron disease (MND), progressive supranuclear palsy (PSP), and normal-pressure
hydrocephalus [89]. However, it is important to point out that “pure” forms of neurodegen-
erative diseases usually do not imitate CJD; however, comorbid cases can (see Table 5). The
most common diagnoses possibly clinically mimicking CJD are AD, frontotemporal lobar
degeneration (FTLD), DLB, and tauopathies, more often with, or without comorbid neu-
rodegenerative disease, including less common comorbid neurodegenerations (FTLD+DLB,
AD+FTD including Pick disease, AD+PSP).
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Table 5. Autopsy findings of non-prion diseases from brain tissue samples described as possi-
ble/probable C]D (2001-2020).

Alzheimer’s disease 88
Frontotemporal dementia 66
Dementia with Lewy bodies 27

Neurodegenerative disorders

BesnnllcouslEdl) Progressive supranuclear palsy

Multiple system atrophy

Corticobasal degeneration

Parkinson disease 1
Neuroinfection and autoimmune Encephalitis 20
diseases Malignant multiple sclerosis (Marburg variant) 2

Subcortical vascular dementia 7
Ischemic and anoxic conditions =

Post-anoxic encephalopathy 7

Primary CNS lymphoma 5

Gliomatosis cerebri 1
Tumors . . .

Meningeal carcinomatosis 1

Metastatic carcinoma 1
Metabolic encephalopathy Wernicke-Korsakoff 5
Others Subdural hematoma 1

Paraneoplastic syndromes [92] in the form of paraneoplastic cerebellar degeneration
or limbic encephalitis, autoimmune encephalitis [93], vasculitis [94], but also Hashimoto
thyroiditis complicated by Hashimoto encephalopathy [95] must be included in the group
of autoimmune processes that can mimic TSEs. Infectious forms are mainly caused by
herpes simplex encephalitis.

Hepatic [96] or renal metabolic encephalopathies, as well as Wernicke-Korsakoff
syndrome [97], which usually occurs in the chronically malnourished, especially ethylic
patients, should be diagnostically considered in cases of rapidly progressive dementias.
Clinically, these illnesses can have highly variable presentations.

We also noted cases of rapidly progressing dementia with atypical clinical symptoms
and clinical suspicion of Creutzfeldt-Jakob disease in whom the subsequent neuropatho-
logical examination revealed the presence of a tumorous infiltration of the brain (primary,
secondary, or lymphomatous) or meningeal carcinomatosis [98].

Although the neuropathological diagnosis of isolated prion disease is relatively
straightforward, it is necessary to investigate possible co-pathologies in the brain that could
modify the clinical, biochemical, and morphological manifestations observed antemortem.
The influence of these modifying factors on the profile of biomarkers in cerebrospinal fluid
is crucial [99].

1.5. CSF Biomarkers in TSE

RT-QuIC and 14-3-3 protein analysis are CSF biomarkers routinely used to confirm
the diagnosis of probable C]D.

1.5.1. Protein 14-3-3

The 14-3-3 proteins are highly expressed in the brain. They are located in the cy-
toplasmic compartment, intracellular organelles, and in the plasma membrane of neu-
rons [100,101]. Detection of the 14-3-3 protein in the CSF is part of the WHO diagnostic
criteria for probable sCJD [39,94]. There are seven isoforms of the 14-3-3 protein, only four
of them have been detected in the CSF of sCJD patients, and only two (the 3- and y-isoform)
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seem to be suitable biomarkers for a differential diagnosis of sCJD [100]. This biomarker is
not only present in the CSF of sCJD patients; it indicates rapid ongoing neuronal destruc-
tion in a variety of progressive neurological disorders [100,102]. Therefore, 14-3-3 positivity
is not specific for sCJD, but the test should be indicated when the diagnosis of sCJD is
considered. Total (t)-tau can also reflect neuronal destruction and is believed to correlate
with the rate of axonal degeneration [103]. Since t-tau levels are dramatically increased in
patients with prion diseases [103], we compared the ROC curves of 14-3-3f3, t-tau, and their
combinations in prion vs. non-prion neurodegenerative diseases. The presence of 14-3-3(3
was determined using a standardized Western blot protocol (used by all laboratories for
the diagnosis of CJD) and followed EURO-CJD standards, with stringent quality control.
We performed a standardized qualitative Western blot analysis for 14-3-3f3 in duplicates.
Levels of t-tau were measured using commercially available enzyme-linked immunoassay
(ELISA) kits (INNOTEST hTAU Ag, cat. #80323, Innogenetics/FUJIREBIO and Total-Tau
ELISA, cat. #EQ 6531-9601-L, EUROIMMUN) according to the manufacturers’ instructions.

Comparing 14-3-3 positivity and t-tau levels in prion diseases vs. non-prion diseases
using ROC curves, the AUC values were 0.738 and 0.927 (both p < 0.0001), respectively
(Figure 1). For 14-3-3 positivity in prion diseases, the sensitivity was 63.1%, and the speci-
ficity was 81.1%. For t-tau, the cut-off was assessed to be 1200 pg/mL, with a sensitivity
of 87.5% and a specificity of 91.5%. When both variables were taken together, the AUC
was 0.909 (p < 0.0001), which gave the highest sensitivity (93.2%) but the lowest specificity
(66.7%). Our results indicate that t-tau levels or t-tau levels combined with 14-3-3 positivity
work better for detecting ongoing prion disease than 14-3-3 positivity alone, which we
previously described [104]. Total tau can be a helpful tool in the differential diagnosis
of sCJD and thus should be measured in addition to 14-3-3, especially when RT-QuIC is
unavailable due to technical reasons and/or cost [105].
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Figure 1. ROC diagrams for protein 14-3-3 positivity (solid line), t-tau values higher than 1200 pg/mL
(dashed line), and the combination of protein 14-3-3 positivity and t-tau values higher than
1200 pg/mL (dotted line) in prion vs. non-prion disease cases. t-tau—total tau; AUC—area un-
der the curve.

1.5.2. RT-QuIC

Real-time quaking-induced conversion (RT-QuIC) is used to demonstrate the ability of
Prpse (present in the CSF) to initiate the conversion of physiological PrPCintoa pathological
conformation in which the (3-sheet pattern predominates with a marked tendency toward
real-time aggregation [106]. Imaging is performed by binding to thioflavin T, which emits
fluorescence that can be immediately detected [106]. The method was introduced in 2010
and enabled detection of small amounts of PrP¥ in approximately 90 h [106], with high
levels of specificity (100% specificity, 95.8% diagnostic sensitivity), which is in contrast to
other CSF biomarkers [107]. Second-generation RT-QuIC (called QulC CSF or IQ-CSF),
which uses truncated hamster PrP as a substrate, maintains a specificity of 98-100%;
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however, the reaction time is reduced to 30 h [108-111]. Moreover, RT-QuIC has the ability
to detect PrP in olfactory mucosa samples or in a skin biopsy. RT-QulC allows an accurate
and rapid diagnosis, which is significant in the differential diagnosis of treatable diseases
mimicking TSEs; however, this method has not yet been introduced into clinical practice
and remains available only for scientific purposes in the Czech Republic.

1.6. Definite Diagnosis of Human Prion Diseases

A definitive diagnosis of TSE is based on the detection of PrP* in brain tissue usually
from brain autopsy [94]. Because Creutzfeldt-Jakob disease is not a high priority in
differential diagnostic considerations, brain biopsy should be reserved for the search of
treatable causes of progressive dementia. After confirmation of prion disease by Western
blot and immunohistochemical methods, molecular genetic testing is routinely performed,
aimed at detecting polymorphisms of codon 129 and possible mutations in the PRNP gene
in genetic forms. About 15% of prion diseases have a hereditary basis, and in many cases,
even in the absence of a relevant family history [77].

Cases of CJD are then divided according to the polymorphism at codon 129 to the three
categories: MM homozygotes, VV homozygotes, and MV heterozygotes. According to the
size of the proteinase K-resistant core of PrP> (21 and 19 kDa), type 1 and type 2 of PrP*>
is recognized, however, by combination of these techniques we only achieve a division
into six subcategories: MM1, MM2, MV1, MV2, VV1, and VV2. Based on histopathological
criteria, the subcategory MM2 is subsequently divided into MM2-cortical (MM2-C) and
MM2-thalamic (MM2-T) form with characteristic major changes in thalamus and olives [32].
Similarly, subsequent neuropathological criteria for the MV2 cases exists. Predominantly
cortical (MV2C) and predominant kuru plaques form (MV2K) are recognized; moreover, a
histotype (MV2K+C) sharing both characteristics is also described [112].

Each histotype has its own characteristic histological picture:

MM1/MV1:
¢  Spongiform degeneration: formed by fine vacuoles predominantly affecting corticostriatal-

thalamic and cerebellar areas, whereas hippocampal region is relatively spared.
¢  PrP deposits: prevailing synaptic location.

MM2/MV2C:

¢  Spongiform degeneration: large confluent vacuoles.
¢  PrP deposits: predominant involvement of cortex and subiculum, minor involvement
of brainstem with cerebellum.

MV2K:

¢ PrP deposits: kuru-like plaques mainly in cerebellar granular layer, plaque-like de-
posits in other cortical regions.

VV1:

¢  Spongiform degeneration: medium-sized vacuoles involving cortex, striatum, beside
spared cerebellar region.
¢  PrP deposits: synaptic pattern.

VV2:

¢  Spongiform degeneration: fine or medium-sized vacuoles; more severe involvement of
subcortical grey matter by comparison with cerebral neocortex, and of hippocampus
plus subiculum by comparison with occipital cortex.

o  PrP deposits: cerebellar plaque-like structures and perioneuronal pattern in deep
cortical layers and hippocampal region.

¢  Others: cerebellar atrophy.

MM2T (sFI):

¢  Spongiform degeneration: absent in cerebellum.
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¢  Others: moderate to severe selective atrophy of thalamus and olives.
MVK+C:

¢  Spongiform degeneration: extensive vacuolarization.

o  PrP deposits: same as MV2K (kuru-like plaques mainly in cerebellar granular layer,
plaque-like deposits in other cortical regions), in addition with perivacuolar and coarse
PrP deposits in the grey matter [113].

Upon detection of PrP5¢, the examined tissue is first digested with proteinase K, which
degrades physiological PrP¢. Subsequently, monoclonal antibodies directed against PrP
recognize pathological PrP% molecules that are resistant to proteinase K digestion. Indirect
immunohistochemical methods or Western blot are used as a standard, although RT-QuIC
should not be omitted from the list of diagnostic methods.

1.6.1. Western Blot

Western blot (WB) is more sensitive and faster than immunohistochemical methods.
The fixation time of the whole brain is about 3-4 weeks, after which a neuropathological
examination can be performed.

The time from autopsy to a definitive diagnosis, including the exclusion of other
possible neurodegenerative diseases, is therefore around six weeks but can take longer. WB
makes it possible to demonstrate the presence of PrP*= on the second day after autopsy.
For WB analysis, the frontal lobe is routinely analyzed. Nonetheless, WB analysis provides
the basic information about the presence of PrP* and can only distinguish types (1, 2, 1+2
or 3) of PrP*. For complete information about the PrP* strain, other methods must be
performed (see below).

Western Blot in Corneal Pre-Transplantation Testing

Since the retina and optic nerve are extensions of the central nervous system, the
WHO considers them to be a category I: high-infectivity tissue. In the Czech Republic,
approximately 500 corneal transplants are carried out each year. Since January 2007, testing
all corneal donors for PrP™ is mandatory with the goal of increasing the safety of corneal
transplants. For the detection of PrP¥ in brain tissue by Western blot, the frontal lobe is
routinely analyzed according to WHO guidelines. Complete neuropathological work-up is
not performed in corneal donors’ brain tissue. Except for a few cases of CJD [114,115], no
other neuropathies were determined to be transferred during the corneal transplantation
to our knowledge. All tests are performed exclusively by the immunological laboratory
at the NRL, which cooperates with all eye banks in the Czech Republic. During this time
(2007-2020), 6590 samples were tested; all were negative, four were suspected of having
PrP%, but after further investigations, they were also found to be negative. Traceability of
donors, through the National Donor Register and the National Transplant Register, for a
period of 30 years is ensured by the Transplantation Act [116].

To the best of our knowledge, the Czech Republic is the only country in the world
where legislation requires Western blot tests of brain tissue from every eye tissue donor. [117].

In neighboring Slovakia, where gCJD accounts for 74.2% of cases (compared to 16.28%
in the Czech Republic) [118], determination of the codon 129 genotype together with
detection of the E200K mutation is the method of choice for corneal donors testing [119].

1.6.2. Immunohistochemistry

An immunohistochemical examination determines the distribution of PrP in differ-
ent parts of the brain as well as the morphology of immunoreactive structures since PrpPs
may occur in the form of plaques, plaque-like structures or diffuse synaptic deposits.

According to WHO criteria, one of the above methods is enough to confirm a definitive
diagnosis of prion disease, although a combination of both is recommended.
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A complete definitive diagnosis of prion disease has three parts, i.e., neuropathologi-
cal, immunological (Western blot), and molecular genetics. Only a combination of these
approaches can provide a definitive diagnosis of sporadic or genetic prion disease.

1.6.3. Genetic Testing

Among the diagnosed cases in the Czech Republic, the distribution of polymorphisms
at codon 129 is 60% methionine homozygosity (MM), 24% methionine/valine heterozygos-
ity, and 16% valine homozygosity (VV); additionally, approximately 16% of cases are due
to an inherited mutation in the PRNP gene.

A common coding polymorphism at codon 129 in PRNP between methionine and
valine (c.385A>G) plays a critical role in susceptibility to prion diseases with homozygotes
(i.e, MM or VV) being at higher risk. Easier dimerization and oligomerization of PrP
homozygotes compared to heterozygotes is an important factor in the pathogenesis of
prion diseases.

In total, approximately 50 mutations of the PRNP gene have been described around
the world. The most common mutations in the PRNP gene in the Czech population are
E200K, D178N, R208H, and P102L, as well as del/ins in the repetitive sequence. The
general penetration of these mutations increases with age, and in some populations reaches
100% after the age of 85; in others, for example, in Slovakia or Italy, penetration is up to
60% [118].

The E200K mutation is the most widespread in the Czech Republic (30 cases), as well
as in Slovakia, from where it was transferred to the Czech Republic.

The D178N mutation was found in two cases. The clinical phenotype in those cases
was influenced by the polymorphism at codon 129 since the D178N mutation with valine at
codon 129 causes gCJD. If methionine is present at codon 129, fatal familial insomnia devel-
ops. The genetic background of D178N could be clinically missed; for genetic counselling
purposes, however, the mutation can be detected from samples of the archived tissue [120].

The P102L mutation was found in eight cases, and no clinically specific symptoms for
this mutation were observed, although we described a case mimicking gCJD [121].

The R208H mutation is very rare, and one family harboring this mutation was dis-
covered in the Czech Republic in relation to a case mimicking progressive supranuclear
palsy [122].

Del/ins of two or more octapeptide repeats is considered pathogenic since octapeptide
repeat insertions increase the rate of protease-resistant PrP formations. The clinical pheno-
type is highly variable, often blending features of both CJD and GSS disease or sometimes
even lacking specific histopathological changes. Patients with insertional mutations usually
display signs of illness early in life that last for several years. The molecular basis for this
phenotypic heterogeneity remains elusive but seems to depend on the size of the base pair
insertion and the codon 129 polymorphism.

2. Human Prion Diseases in the Czech Republic 2001-2020—Results from a
Nation-Wide Survey

2.1. Numbers of Detected Cases

Autopsy verification of all suspected prion diseases is mandatory in the Czech Re-
public and is governed by hygienic-epidemiological surveillance. Data obtained regarding
possible cases from clinical neurologists and subsequently confirmed cases are registered
with the National Reference Laboratory (NRL) for Human Prion Diseases at the Depart-
ment of Pathology and Molecular Medicine, Thomayer University Hospital, Prague, CZ.
Autopsies are provided by the NRL [123] with clinically suspected neurodegenerations
making up about one-third of performed autopsies done in the department. The NRL is
the only reference center for neuropathology verification of prion disease in the Czech
Republic so that the data represents the official results of prion surveillance in our country
and consists of definitively neuropathologically confirmed cases.

152



Diagnostics 2021, 11, 1821

12 of 19

25

[
«

-
o

bl

From 2001 to 2020, a total of 305 cases of prion diseases were definitively confirmed,
of which 256 cases were sCJD, 41 cases were gCJD, and 8 cases were G55 (see Figure 2),
which corresponds to a total prevalence of approximately 15.25 cases per year. No cases
of vCJD or FFI have ever been detected in the Czech Republic. Not all the brain samples
referred to the NRL as possible/probable CJD were confirmed as definite CJD. Many other
diagnostic entities were detected during autopsy, including neurodegenerations (in most
cases comorbid), tumors, and autoimmune disorders (Table 5).

Human TSEs in the Czech Republic 2001-2020

W sCID (n=256)
@gCID (n=41)
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Figure 2. Number of patients who died with neuropathologically confirmed diagnose of prion disease in the Czech Republic
(2001-2020). The legend shows the total number of cases for each type of prion disease.

There is an apparent trend towards an increasing prevalence of TSEs due to the opti-
mization of diagnostic methods, and in part by the fact that the NRL is headquartered at
the Department of Neurology at Thomayer University Hospital, which provides consulta-
tions intra vitam in suspected cases for the whole of the Czech Republic. The increasing
prevalence is well illustrated by the fact that in the first ten years (2001-2010) of the NRL's
existence, 115 cases of human prion diseases were detected, 88 of which have no hereditary
background. However, over the next ten years (2011-2020), the number of confirmed TSE
cases increased to 190, with 168 sporadic cases. This was an increase of 90.91% in detected
sporadic cases over ten years, according to the predicted increase of diagnosed cases if
surveillance was more intensive [124].

Nevertheless, during the COVID-19 pandemic in 2020, we noticed a slight decrease in
the number of diagnosed patients suffering from TSEs; it was the fewest detected cases
of sCJD since 2012. We speculate that this could be partly due to the greater burden on
hospitals during the pandemic, which led to a reduction in TSE surveillance.

Considering incidence, in individual regions it ranges from 0.9 to 2.3 cases per million
inhabitants (Figure 3), which is consistent with the worldwide numbers. The differences
between individual regions are usually not significant and correlate with the existence
of specialized neurological centers in the area. The age range in our cohort of patients is
39-69 years in GSS, 4674 years in gCJD and 40-87 years in sCJD, which corresponds to a
median age of 60.5 years in GSS, 56.5 years in gCJD and 67 years in sCJD. Thus, patients
with the sporadic form have a higher median age than patients with genetically based TSEs
(see Supplementary Material).
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Figure 3. The incidence map of TSEs in individual regions of the Czech Republic. For each region, the number of cases per
100,000 population pet year is indicated.

2.2. CJD in Comorbidity

There are many reports indicating that CJD very often occurs in comorbidity with
other neurodegenerative diseases. Kovacs et al. [125] stated that the most common comor-
bidities with sCJD are tauopathies, such as primary age-related tauopathy, aging-related
tau astrogliopathy, and argyrophilic grain disease (PART, ARTAG, and AGD, respectively).
QOur experience also supports these observations; in our cohort, approximately 62% of
patients had sCJD or gCJD with a comorbid tauopathy, most often PART. The next most
common comorbidity was Alzheimer’s disease, of which there are twice as many as pure
CJD cases. Less common combinations include CJD+FTLD and CJD+DLB, which were
rarely observed. We investigated the genetic background of the various comorbidities;
however, our pilot study failed to find any important relationships [126].

2.3. Brain Biopsy

During our 20 years of experience, a brain biopsy was rarely indicated. As mentioned
above, brain biopsies are reserved for cases with a clinical suspicion of CJD associated with
iatrogenic transmission (resulting from irreversible contamination of surgical instruments),
and since CJD is incurable, a brain biopsy is the ultimum refugium in cases where the
differential diagnosis includes a treatable disease.

3. Conclusions

At present, epidemiological surveillance of prion diseases in the Czech Republic is at
a level comparable to other developed countries, and at the top with regard to systematic
screening for PrP%¢ in the brain tissue of all corneal donors; the Transplantation Act, which
mandates this screening, is unique in the world. The greater knowledge of clinicians and
the routine use of magnetic resonance imaging and cerebrospinal fluid analysis has led to
an increase in the detection of human prion diseases. In the Czech Republic, 16.28% of
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cases are hereditary; therefore, subsequent genetic consultation with the deceased patients
relatives has become an important part of comprehensive approach to affected families.
Although neither iatrogenic nor vCJD have been detected in the Czech Republic, the risk
remains, mainly in connection with the increase in mini-invasive neurosurgical procedures
and transmission via unscreened blood derivatives. The longstanding experience of our
National reference center and the neuropathological feedback provided to various hospitals
having referred patients with possible/probable C]D for autopsy progressively contribute
to a better awareness and knowledge about the diagnostic clinical criteria and biomarkers
of human prion diseases in our country.
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4 ZAVERY, ZHODNOCENI CIiLU A HYPOTEZ PRACE

4.1 Mikromorfologicka charakterizace archikortikalnich a neokortikalnich neuritickych
plak v pripadech tzv. ,,Cisté* Alzheimerovy nemoci a Alzheimerovy nemoci s komorbidni
synukleinopatii.

V pilotni studii jsme se zabyvali neuritickymi zménami u ptipadii komorbidni Alzheimerovy
nemoci se synukleinopatii. Celkem bylo analyzovano 28 piipadii, 14 z nich bylo postiZzeno
tzv. ,,Cistou” AN, 10 pfipadii mélo pln¢ vyvinutou jak AN, tak DLB a u 4 ptipada se jednalo
o plné vyvinutou AN s Lewyho télisky pfevazné v limbickém systému, majoritné v amygdale,
tzv. amygdala Lewy bodies (ALB). Do kohort byli pacienti fazeni tak, aby byl u vSech ptiblizné
stejny ve€k v dobé umrti a tiZe postiZzeni alzheimerovskymi zménami. Studie zahrnovala
jak  imunohistochemické metody sledované klasickou svételnou  mikroskopii,
tak imunofluorescencni metody zobrazované vicekandlovou konfokalni fluorescenéni
mikroskopii — uzivanymi protildtkami byly protilatky proti AP, h-tau (AT8; Ser202, Thr205)
a ubikvitinu.

Nase hypotéza vyplyvajici z pozorovani v pribchu rutinniho vysetfovani téchto ptipada
se potvrdila. Bulb6zni dystrofické zmény jsou nejnapadnéjsi v piipadech komorbidni AN/DLB,
mén¢ napadné, ale ptitomné v ptipadech AN/ALB, a vzacné a malo vyjadiené v ptipadech
,Cisté”“ AN. Tyto zmény jsou pozorovatelné piredevsim v archikortikélnich plakach, u nichz
jsme pomoci konfokalni mikroskopie prokazali, Ze jsou dominantné tvofeny dystrofickymi
a Casto bulbdznimi neurity, zatimco AP extracelularni slozka plak je upozadéna. Naopak
v neokortikalnich plakdch dominuje AP, neuritické zmény jsou méné napadné a nemaji
bulbozni charakter.

Vzhledem k relativné malému poctu vzorkii nejsou vysledky statisticky signifikantni,
ale je jednoznacné patrny trend maximalnich dystrofickych zmén v arichikortexu komorbidnich
AN/DLB pfipadd. Domnivame se, Ze za rozdilnou mikromorfologii neokortikélnich
a archikortikalnich plak stoji rozdilny vyvojovy ptivod a stavba archikortexu a neokortexu. Nasi
druhou domnénkou je, ze dystrofické zmény jsou patrné u vSech piipadii v jejich inicidlnim
a progresivnim stadiu, ale jelikoz pacienti s ¢istou AN piezivaji nejdéle, dochazi ke zndmému
fenoménu vyhoteni neuritickych zmén. U komorbidnich ptipadii vzhledem k rychlejsi progresi

onemocnéni a casn€jSimu umrti dochézi k ,,odkryti* t€chto zmeén.
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4.2 Mikromorfologicka charakterizace extracelularnich proteinovych depozit
u komorbidnich pripadi Creutzfeldtovy—Jakobovy choroby a Alzheimerovy nemoci,
popis dystrofickych neuritickych zmén v plakach PrP5c,

Touto studii jsme se zam¢tili na mikromorfologicky vzhled plak u komorbidnich piipadi AN
a sporadické CJN. Do kohorty bylo vybrano 20 komorbidnich piipadi, které jsme vysetrovali
jak pomoci imunohistochemickych, tak imunofluorescenénich metod. Ptredpokladali jsme,
7e extracelularni depozita AP a PrPS¢ budou ve vétsing piipadi kolokalizovat, a Ze piipadné
rozdily v mikromorfologickém charakteru plak by mohly byt vysvétleny polymorfismy
na kodonu 129 (methionin/valin) nebo neuropatologickym stadiem AN.

Zaregistrovali jsme tfi zakladni typy plak:

(1) Plaky neslozené/samostatné a plaky s minimalni kolokalizaci. U prvni podskupiny byla
depozita AP a PrP*¢lokalizovana zcela oddéleng, u druhé podskupiny se na stavbé plak podilel
piedevsim AP s minoritni komponentou PrP5¢ te¢kovitého charakteru v perifernich fibrilarnich
oblastech agregatii AP. Plaky s minimalni kolokalizaci byly zastoupeny nejcastéji.

(2) Centralné lokalizovana depozita PrPS¢ — v téchto piipadech kolokalizuji neuritické Ap plaky
s denznim jadrem i bez ng&j s vét§im mnozstvim PrP5¢, ktery se uklada v centralnich ¢astech AP
plak ve fibrilarni komponentng¢.

(3) Smisené plaky s difuznim charakterem kolokalizace obou patologicky konformovanych
proteinti. Tento obraz jsme nalezli u nejmensiho poctu piipadi. U jedné z podskupin byly
ziejmé kolokalizace PrP5¢ poviechné v perifernich fibrilirnich oblastech AB plak, u druhé
podskupiny se PrP5¢ depozita hromadila pfi jednom z poli AP plak.

Nase ptuvodni hypotéza byla ¢asteCné potvrzena, protoze jsme byli schopni nalézt ptipady
s kolokalizujicimi AP a PrP>° depozity, ackoliv procentuelné jsme predpokladali vétsi Gicast
pfipadi s vyraznou kolokalizaci. Na§ ptfedpoklad, Ze charakter kolokalizaci by mohl mit
spojitost s polymorfismy 129. kodonu PRNP nebo tizi alzheimerovské patologie se nepotvrdil.
Dystrofické neuritické zmény jsou obdobného charakteru jako u AN a vyskytuji
se jak v plakach smiSenych, tak v plakich tvofenych &ist¢ PrP>. Hypotéza, Ze zmény

dystrofickych neuriti budou obdobné u AN i CJN se potvrdila.
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4.3 Mikromorfologicka charakterizace extracelularnich proteinovych depozit u pripadia
Gerstmannova—Striusslerova—Scheinkerova syndromu a jejich vztah k dystrofickym
neuritickym zménam.

Cilem dalsi mikromorfologické studie bylo popsat charakter PrP5¢ plak u Gerstmannova—
Strausslerova—Scheinkerova syndromu a jejich vztah k dystrofickym neuritickym zménam.
Imunohistochemicky a imunofluorescencné jsme vysettili veSkeré znamé ptipady tohoto velmi
vzacného hereditarniho neurodegenerativniho onemocnéni v Ceské republice. Celkem
se jednalo o 9 pacientli s mutaci P102L v genu PRNP, z toho dva subjekty jsou ve vztahu otec-
dcera, dva matka-syn.

Pii pouziti dvou klonii protilatek proti prionovému proteinu (12F10 a 6H4) jsme u vSech
pfipadi prokazali pritomnost charakteristickych multicentrickych plak, avSak v mens$im
mnozstvi, neZ je v odborné literatuie uvadéno. U dvou vzajemné neptibuznych piipadl byly
ptitomny rozmérné plaky nad 100 um lokalizované do subikula a CA1l oblasti hipokampu,
u ostatnich pfipadi prevladaly malé sférické plaky méfici 2—10 um, vyskytujici se casto
solitarn¢, nékdy v ramci multicentrickych plak bez vyraznéjsi tcasti dystrofickych neuritt.
Pokud byly dystrofické neurity pfitomny, mély povétSinou charakter nebulboznich zmén.
Jedinou vyjimkou s nipadnymi dilatovanymi neurity byla pacientka ¢. 7 — 39letd Zena
s 10letym trvanim onemocnéni, MM polymorfismem na kodonu 129, dcera subjektu ¢. 6,
u kterého identické neuritické zmény nebyly pfitomny. Podobné jako v ptipadech AN/DLB
i u této pacientky byly bulbozni zmény vice prominentni v archikortikalnich oblastech
v porovndni s vyvojove a stavebné odliSnym neokortexem.

Uzitim dvou protilatek proti AP jsme v zadném z piipadt neprokézali kolokalizaci Ap a PrP,
coz je nalez konzistentni s pomérn¢ nizkou kolokalizaci i u pifipadi CIN. Piesto byla
prekvapiva mald mira kolokalizace PrP% a dystrofickych neuritickych zmén patrnych v reakci
s protilatkou proti fosforylovasnému tau a to mj. i vzhledem k Casté komorbidité tauopatii

a CJN.
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4.4 Charakterizace pripadi Creutzfeldtovy—Jakobovy choroby po neuropatologické,
genetické, imunologické i klinické strance a z pohledu radiodiagnostiky.

Rozséhla retrospektivni studie probihajici ve spolupraci s imunologickou a genetickou
laboratofi Narodni referen¢ni laboratote lidskych prionovych chorob, Neurologickou klinikou
3. LF UK a FTN a Radiodiagnostickym oddélenim Nemocnice Na Homolce si kladla za cil
podrobné charakterizovat p¥ipady CIN zachycené v Ceské republice, popsat Getnost a charakter
komorbidit a pfipadné nalézt vliv komorbidnich neurodegenerativnich chorob na hladiny
biomarkert, vysledky zobrazovacich metod ¢i klinické projevy onemocnéni. VSech 215
pacientli bylo podrobné neuropatologicky, geneticky a biochemicky vysSetfeno, byla ziskana
klinicka data, vysledky EEG vysetfeni a MRI nalezy.

V literatufe jiz bylo popsano relativné vysoké procento komorbidnich pfipadi, presto pouhych
11,16 % ,Cistych* ptipadi CIN bylo prekvapivym vysledkem. Jednozna¢né nejpocetné;jsi
skupinou jsou ptipady komorbidni CJN s tauopatii (62,79%) — jednd se Casto o ptipady PART
¢i AGD, ARTAG byva zastizen castéji v komorbidite CIN/AN/ARTAG. Dalsich 20,47 %
ve vySetfené populaci tvorily pripady CIN/AN, 3,26 % piipadd CIN/FTLD a 2,33 %
CJN/synukleinopatie.

Klinicky vSech 215 ptipadld spliovalo kritéria pro moznou CJN — vSichni pacienti trpéli
demenci a alespoit dvéma ze Ctyt nutnych klinickych ptiznaki, kterymi jsou (1) pyramidalni
nebo extrapyramidové ptiznaky, (2) vizuospacialni nebo cerebelarni dysfunkce, (3) myoklonus
a (4) akineticky mutismus.

Ze ziskanych dat plyne, Ze:

(1) u ,.Cisté” CIN je vyznamné nizsi vek v dob€ umrti — 60 let u ,,Cistych® ptipadi vs. 65 let
u CJN s taopatii, 71 let u CJN/AN ¢i CIN se synukleinopatiemi a 67 let u CJN/FTLD;

(2) komorbidni ptipady CJN/tau jsou spojeny s vys$si pravdépodobnosti vyskytu putaminalnich
hyperintenzit a s niz§im MTA skore na MRI;

(3) komorbidita CIN/AN je spojena s vys$im vékem nastupu, nizsi pravdépodobnosti rozvoje
putaminalnich hyperintenzit na MRI a s vyznamné¢ niz$i hladinou beta-amyloidu v CSF;

(4) cista CIN ve srovnani s CJN/AN ma nizsi vék zacatku onemocnéni a niz§i MTA skore;

(5) komorbidni CJN s tauopatii se 1isi od komorbidni CJN/AN tim, Ze ma niz8i vek nastupu,
niz§i MTA skore a vyssi hladiny beta-amyloidu v CSF;

(6) komorbidni patologie nezavisi na polymorfismech kodonu 129 ani genetickém pozadi CJN.
Hypotézy stanovené pred zahdjenim retrospektivni studie se naplnily — dominuji komorbidni

ptipady, komorbidity mohou ovliviiovat jak obraz na MRI, tak hladiny biomarkerti v CSF.
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4.5 Utiidéni nazvoslovi jednotlivych podtypi extracelularnich plak u Alzheimerovy
choroby a prionoz, jejich vzajemné srovnani.

V této praci jsme vénovali pozornost podrobné klasifikaci a charakterizaci extracelularnich plak
u jedinych dvou typi neurodegenerativnich onemocnéni charakterizovanych vyskytem
extracelularnich depozit. Informace jsme doplnili srovnanim charakteru a chovani plak u obou
typli onemocnéni. Piestoze jsou terminy pro jednotlivé typy plak uzivany prakticky v kazdé
tématické ucebnici ¢i védecké praci, nazloslovi neni striktné dodrzovano a ¢asto dochazi
k zaméndm pojmu a tedy pozménéni vyznamu informaci.

U AN se drzime striktniho d€leni na plaky:

(1) difuzni — nedostate¢né k vysloveni diagndézy AN vzhledem k chybéni glidlni odpovédi
¢i ztraty neurond,

(2) neuritické ,,bez jadra“ ¢i ,,s jadrem* patiici k zakladu diagnézy AN z divodu vyvolani
neuritické, astrocytarni i mikrogliové odpovédi a ztraty neurontl,

(3) vyhotelé plaky v pozd¢jsich stadiich onemocnéni, tvofené pouze denznim jadrem bez okolni
neuritické komponenty.

U priondz mezi extracelularnimi depozity rozliSujeme:

(1) unicentrické/, kuru-like* plaky typické pro onemocnéni kuru a piipady sCIN s MV2
polymorfismem,

(2) floridni, ,daisy-like* plaky na periferii obklopené spongiformnimi zménami
charakteristickymi pro vCJN,

(3) multicentrické plaky vyskytujici se u GSS,

(4) neuritické plaky, slozené pouze z dystrofickych neuritd, které se mohou vyskytovat u vSech
prionovych chorob, ale jsou ménég Casté neZ vySe zminéné.

Jednd se o prvni systematickou klasifikaci morfologickych podobnosti a rozdila
mezi extracelularnimi depozity amyloidu u AN a CJN. Prace nazorn¢ demonstruje Siroké
spektrum specifickych neuropatologickych zmén a upozoriiuje na nutnost precizniho uzivani

nazvoslovi z divodu moznosti porovnavat a dopliiovat zjisténa fakta.
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4.6 Shrnuti dosavadnich neuropatologickych poznatki o amyotrofické lateralni skleroze.
V piehledovém ¢lanku byly shrnuty dosud zjisténé informace o ALS z pohledu neuropatologa
ve spojitosti s genetickym podkladem a klinickym pribéhem. Prace byla sestavena tak,
aby porovnala neuropatologicky nalez u rtiznych skupin pacientt (se sporadickou 1 genetickou
formou a riznymi mutacemi), vyjadfila se k charakteristickym lokalizacim patologickych
depozit a imunoreaktivité inkluzi.

Zaroven prace diskutuje ALS jako mozné kontinuum s FTLD, jelikoz klinicky pribéh
u nekterych pacientt dokazuje spojitost mezi témito jednotkami. K nalezu typickému pro ALS
se u FTLD ptidava nékterd z nasledujicich variant: (1) FTLD-TDP (s TDP-43 inkluzemi),
(2) FTLD-FUS (s FUS-pozitivnimi inkluzemi), (3) FTLD-tau (s tau-pozitivnimi inkluzemi),
(4) FTLD-UPS (reagujici s ubikvitinem nebo jinymi markery ubikvitin-proteazomového
systému) a (5) FTLD-NOS (neimunoreaktivni ptipady). Mezi ptipady dominuji FTLD-TDP
a FTLD-FUS, ale napfiklad u pacientli s mutaci C9orf72 jsou typicky nachazeny inkluze
ubikvitinu ¢i jiné soucasti ubikvitin-proteazomového systému.

Ackoli velké ¢asti patogeneze ALS stale nebylo porozuméno, nékteré hlavni molekularni drahy,
které mohou vyvolat selektivni posSkozeni specifickych neuront, jsou jiz znamy. Kromé toho
muZze naruSeni konkrétnich genli zptisobujicich ALS vést ke vzniku typickych patologickych
inkluzi. Znalost téchto souvislosti miize pomoci preciznéji urcit kone¢nou diagnozu, a odhalit

potencialni souvislosti s jinymi neurodegenerativnimi onemocnénimi.
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4.7 Shrnuti 20 let zkuSenosti narodni laboratore pro prionova onemocnéni s uzivanymi
diagnostickymi postupy a mnoZstvim zachycenych pripadi. Porovnani s dalSimi staty
a vysvétleni odliSnosti v diagnostickém procesu.

Ptehledovy Clanek shrnuje veskeré zkuSenosti ziskané za 20 let existence Narodni referencni
laboratoie prionovych chorob rozdélené na klinickou a laboratorni ¢ast (neuropatologickou,
molekularné¢ genetickou a imunologickou). Vzhledem ktomu, Ze vSechny pfipady
tzv. moznych nebo pravdépodobnych priondéz podléhaji povinné pitvé pomoci
standardizovaného protokolu, od roku 2001 do roku 2020 bylo v nasem centru vysetfeno
305 ptipadi sporadickych a genetickych priondz véetné 8 vzacnych piipadtt GSS. V Ceské
republice navic od ledna 2007 imunologicka laboratof NRL testuje vzorky vSech darcti rohovky
za ucelem zvySeni bezpecnosti transplantaci rohovky. V zadném z 6590 testovanych vzorka
mozkové tkdné darci rohovky nebyla prokazana depozita prionového proteinu.

V soucasné dob& hodnotime epidemiologickou surveillance prionovych onemocnéni v CR
jako srovnatelnou s ostatnimi vyspélymi zemémi a na Spice v systematickém screeningu
piitomnosti PrPS¢ v mozkové tkani darcti rohovky — transplanta¢ni zakon, ktery tento screening
nafizuje, je svétovym unikatem. Dle naSich statistik, které jsme publikovali v ramci této prace,
vys$si povédomi 1€kaii o problematice prionovych chorob spolu s rutinnim vyuzivanim MRI
a analyzy CSF vedly k vyraznému zvyseni zachytu lidskych prionovych onemocnéni. V CR je
16,28 % ptipadt prionovych chorob geneticky podminéno; nasledna genetickd konzultace
s pfibuznymi zemfelych pacienti se stala dilezitou soucédsti komplexniho pfistupu
k postizenym rodinam. Pfestoze v CR nebyla zachycena iatrogenni forma CIN, riziko
pretrvava, a to predevs§im v souvislosti s nariistem miniinvazivnich neurochirurgickych vykont
a skrze screeningove nevysetfované krevni derivaty. Dlouholeté zkusenosti NRL a zpétna vazba
poskytovana nemocnicim, které pifipady s moZznou/pravdépodobnou CIN odeslaly k pitve,
postupné pfispivaji k lepsi informovanosti a znalosti o diagnostickych klinickych kritériich

a biomarkerech lidskych prionovych onemocnéni.
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5 ZAVER

Neurodegenerativni onemocnéni jsou velmi Castou skupinou onemocnéni, o které mizeme
tvrdit, Ze se do budoucna bude — vzhledem ke starnuti lidské populace — celkové ¢islo ptipada
zvySovat. Prestoze jiz mnohé bylo popsino a pojeti se zplvodné ohrani¢enych
a nesouvisejicich jednotek zménilo do podoby dnesniho konceptu castych komorbidnich
piipadi, zistava mnozstvi nepochopenych a nevysvétlenych souvislosti.

V ramci n¢kolika mikromorfologickych studii korelovanych s genetickym, imunologickym
a klinickym nalezem se nam podafilo odhalit odliSnost archikortikalnich a neokortikalnich plak.
Je patrna jednoznac¢né tendence neokortikalnich plak tvofit objemné AP struktury s mensi ucasti
dystrofickych neuritl pozitivnich v reakci s protilatkou proti fosforylovanému tau proteinu.
Naopak u archikortikdlnich plak je AP jen minoritni komponentou a prevladdaji napadné
tau-pozitivni bulbdzni dystrofické neurity. Lépe je tento trend patrny u pacienti s AN
v komorbidité se synukleinopatiemi, pficemz se domnivame, ze v komorbidnich ptipadech,
tj. ptipadech s rychlejsim pribéhem onemocnéni, dochdzi k odkryti neuritickych zmén.
Jak je totiz obecné znamo, s délkou trvani onemocnéni postupné dochézi k ,,vyhotivani*
neuritické komponenty.

Druha mikromorfologicka studie popsala typy plak u pacientti s komorbidni CJN/AN. Piestoze
se u pacientll opakuji tfi zakladni skupiny kolokalizujicich ¢i nekolokalizujicich patologickych
depozit tvofici extracelularni plaky, nepodafilo se ndm vysledovat Zadnou souvislost
s polymorfismy na kodonu 129 ani tizi alzheimerovského postizeni. Piesto z prace vyplyva
jednozna¢na tendence PrP>¢ kolokalizovat s fibrilarnimi strukturami AP bez tendence
ke kolokalizaci v denznich partiich A plak.

Praci o vzdcném hereditdirnim neurodegenerativnim onemocnéni, Gerstmannoveé—
Strausslerové—Scheinkerové syndromu, neni mnoho, proto byly podrobn& neuropatologicky,
molekularné geneticky a imunologicky zpracovany veskeré ptipady zaznamenané v Ceské
republice, véetné Ctyt pacientll v pribuzenském vztahu — vSichni s mutaci P1021 v genu PRNP.
V rozporu s obecnou piedstavou GSS jako onemocnéni charakterizovaného rozmérnymi
multicentrickymi plakami jsme povétSinou nachéazeli drobné sférické plaky s minimalni
odpovédi v okoli. Tato ,,nizk4 reaktivita® PrP> plak mize vysvétlovat, pro¢ v laboratornich
podminkach nikdy nedoslo k GispéSnému pienosu na jiny organismus jako je zndmo u piipada
CJN.

A nakonec, podrobnou retrospektivni studii veskerych ptipadi CJN diagnostikovanych v Ceské

republice za poslednich 10 let se nam podatilo prokazat vliv komorbidit CJN na hladiny
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biomarker v mozkomiSnim moku a obraz CNS na MRI. Podafilo se prokazat, Ze pacienti
s ,Cistou CIN jsou vpriméru vyznamné mlads$i nez pacienti s dalSim komorbidnim
neurodegenerativnim onemocnénim, ze CJN/tau maji vys§i pravdépodobnost vyskytu
putaminalnich hyperintenzit a nizSi MTA skore na MRI; Zze CIN/AN je spojeno s vyssim vékem
nastupu, nizsi pravdépodobnosti rozvoje putaminalnich hyperintenzit na MRI a s vyznamné
nizs8i hladinou beta-amyloidu v CSF, a ze komorbidity nijak nesouvisi s polymorfismy na 129.
kodonu PRNP.

Dalsi vyzkum neurodegenerativnich chorob je nutny. Jedin€ syntéza neuropatologickych,
klinickych, genetickych a biochemickych znakii mize piispét k pochopeni kauzalnich vztaht
jednotlivych neurodegenerativnich chorob a jejich komorbidit, zpfesnit prognoézu pacientil
a pripadn¢ ukazat nové alternativy terapie téchto onemocnéni, s nimiz se vzhledem ke starnuti

populace setkdvame ¢im dal castéji.
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6 SUMMARY

Neurodegenerative disorders are a common group of diseases. It is certain that total number
of cases will increase in the future due to the aging of the human population. Although many
facts have already been described and the outdated concept of unrelated units has changed
into today's concept of frequent comorbid overlapping cases, a number of unexplained contexts

remain.

Several micromorphological studies correlating genetic, immunological and clinical findings
revealed a difference between archicocortical and neocortical plaques. There is a clear tendency
for neocortical plaques to form bulky AP structures with minimal involvement of h-tau
immunoreactive dystrophic neurites. In contrast, in archicocortical plaques, A is only a minor
component and dilated bulbous dystrophic neurites predominate. This tendency is more
prominent in patients with AD in comorbidity with synucleinopathies, and we believe that
in comorbid cases, i.e. cases with a faster course of the disease, the neuritic changes are just
more preserved as is generally known, with the duration of the disease, the neuritic component

,ourns out gradually.

The second micromorphological study described plaque types in patients with comorbid
CJD/AD. Although three basic groups of colocalizing or non-colocalizing pathological proteins
forming extracellular plaques are repeatedly found in CNS, we were unable to trace
any association with a polymorphism at codon 129 or stage of Alzheimer's disease.
Nevertheless, the study shows a clear tendency of PrP% to colocalize with fibrillar structures

of AP, lacking a tendency for colocalization in dense parts of AP plaques.

There is minimal number of studies on a rare hereditary neurodegenerative disease Gerstmann—
Straussler—Scheinker syndrome. All cases found in the Czech Republic were processed
into detailed neuropathological, molecular genetic and immunological study, including four
related patients - all with the P1021 mutation in the PRNP gene. Contrary to the general concept
of GSS as a disease characterized by large multicentric plaques, we mostly found small
spherical plaques with minimal response in their vicinity. This ,,low reactivity* of PrP% plaques
may explain why it has never been successfully transferred to another laboratory organism,

as 1s known from CJD cases.

Finally, a detailed retrospective study of all cases of CJD diagnosed in the Czech Republic
in the last 10 years was able to demonstrate the effect of CJD comorbidities on the levels

of biomarkers in cerebrospinal fluid and the CNS image on MRI. It was possible to prove
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that patients with ,,pure* CJD are, on average, significantly younger than patients with CJD
in comorbidity; that CJD/tau cases are more likely to have putaminal hyperintensities and lower
MTA score on MRI; that CJD/AD is associated with an older age of onset, a lower probability
of developing putaminal hyperintensities on MRI, and a significantly lower level of beta-
amyloid in the CSF; and that comorbidities have nothing to do with polymorphisms at the 129.
codon of PRNP gene.

Further research of neurodegenerative diseases is still needed. Only the synthesis
of all neuropathological, clinical, genetic and biochemical features can contribute
to the understanding of the causal relationships of individual neurodegenerative diseases
and their comorbidities, to refine the prognosis of patients and possibly to show new alternatives

for the therapy of these diseases, which we encounter more and more often due to the population

aging.
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7.2 Odborna sdéleni na kongresech ¢i seminarich

(1) Studentska védecka konference 3. LF UK, listopad 2020, pifednaska (10 min): Different
Morphology of Neuritic Plaques in the Archicortex of Alzheimer Disease with Comorbid
Synucleinopathy

(2) Studentska védecka konference 3. LF UK, 25. 5. 2021, komentovany poster: Extracellular
Protein Aggregates Colocalization and Neuronal Dystrophy in Comorbid Alzheimer’s and
Creutzfeldt-Jakob Disease: A Micromorphological Pilot Study on 20 Brains.

(3) 33. evropsky kongres patologie, 29. 8. 2021, komentovany poster (15 min): Comorbid
Alzheimer’s and Creutzfeldt—Jakob Disease: Micromorphology of Colocalizing Extracellular
Protein Aggregates Colocalization and Neuronal Dystrophy

(4) 46. sjezd ceskych patologhh smezinarodni ucasti, 25.-26. 11. 2021, 2x poster: (1)
Extracellular Protein Aggregates Colocalization and Neuronal Dystrophy in Comorbid
Alzheimer’s and Creutzfeldt—Jakob Disease: A Micromorphological Pilot Study on 20 Brains.
(2) A clinical-neuropathological retrospective study of 215 cases of Creutzfeldt—Jakobdisease
found a surprisingly high number of comorbid neuropathologies. 1x ptednaska: Extracelularni
amyloidova depozita u Alzheimerovy a Creutzfeldtovy—Jakobovy choroby: Stejné chovani

ruznych proteinti?

7.3 Ziskana ocenéni
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Spolegnosti Eeskych patologi CLS JEP ve véku do 35 let za praci: Jankovska N, Olejar T, Matej
R. Extracellular Amyloid Deposits in Alzheimer's and Creutzfeldt-Jakob Disease: Similar
Behavior of Different Proteins? Int J Mol Sci. 2020 Dec 22;22(1):7. doi:
10.3390/ijms22010007. PMID: 33374972; PMCID: PMC7792617. IF 5,924
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