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ULOGA PURINSKOG SIGNALNOG SISTEMA U PROCESIMA NEURODEGENERACIJE |
NEUROINFLAMACIJE 1ZAZVANIH TRIMETIL-KALAJEM U HIPOKAMPUSU ZENKI
PACOVA

Neurodegeneracija je proces koji se odlikuje progresivnim gubitkom nervnog tkiva,
posebno nervnih cCelija, nervnih nastavaka i mijelina, koji se uoCava kod velikog broja
neuroloSkih bolesti, a za koji do danas nije razvijena adekvatna terapija, niti su u brojnim
bolestima otkriveni uzroci. S obzirom na to da neurodegeneracija podrazumeva ostecenje
tkiva, ona je nuzno pracena neuroinflamatornom aktivacijom mikroglije i astrocita, $to moze
doprineti progresiji inicijalne patologije. Predmet istraZivanja ove doktorske disertacije bio je
ispitivanje promena komponenti purinske signalizacije u hipokampusu Zenki pacova u modelu
neurodegeneracije i neuroinflamacije izazvane trimetil kalajem (TMK). TMK je neurotoksin koji
dovodi do selektivne smrti neurona limbickog sistema, narocCito u hipokampusu, $to rezultuje
histopatoloskim i bihejvioralnim promenama koje verno reprodukuju neke od glavnih
karakteristika mnogih neurodegenerativnih bolesti. Prvi set rezultata dobijenih u okviru ove
disertacije pokazuje da tokom prve tri nedelje nakon delovanja TMT javlja progresivno
umiranje nervnih celija, Sto je praceno snaznom i specificnom aktivacijom astrocita i
mikroglije. Aktivirani astrociti u hipokamusu ispoljavaju morfolosku i funkcionalnu dihotomiju,
tako Sto astrociti CAl regiona hipokampusa pokazuju odlike hipertrofiranih cCelija, dok astrociti
hilarnog regiona pokazuju odlike atrofije. Aktivirane mikroglijske ¢elije pojaCanao eksprimiraju
pocCetni enzim purinske kaskade, NTPDazal/CD39, dok mikroglijiske c¢elije ameobidnog
oblika, na mestima aktivnhe neurodegeneracije, pojacano eksprimiraju zavrdni enzim purinske
kaskade, eN/CD73. Reaktivni astrociti pojatano eksprimiraju A1R, A2aR 1 P2Y;R receptore
kao i C3, INOS, NF-kB, koji ukazuju na njihov proinflamacijski karakter. U mikroglijskim
Celijama, povecana ekspresija purinskih receptora P2Y2R, P2YgR i P2X4R na genskom
nivou, ukazuje na migratorni fenotip aktivirane mikroglije tokom rane faze neurodegeneracije,
dok je poveéana proteinska ekspresija P2X;R verovato povezana sa fagocitozom ameboidne
mikroglije. Pojacana ekspresija navedenih komponenti purinske transmisije na mikrogliji
(NTPDazel/CD39, eN/CD73 kao i P2X;R) i astrocitima (AiR, AR, P2Y;R) u
neurodegeneraciji i neuroinflamaciji izazvanoj TMK, kao i smanjena ekspresija Ai1R, P2Y 2R,
ukazuju na ulogu purinske signalizacije u neurodegeneraciji i neuroinflamaciji.

KLJUCNE RECI: Neurodegeneracija, trimetil-kalaj, purinska signalizacija, neuroinflamacija,
hipokampus, NTPDazal/CD39, eN/CD73, astrociti, mikroglija
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THE ROLE OF PURINERGIC SIGNALING SYSTEM IN TRIMETHYLTIN-INDUCED
NEURODEGENERATION AND NEUROINFLAMMATION OF HIPPOCAMPUS OF FEMALE
RATS

Neurodegeneration reffers to a progressive loss of neuronal tissue, specifically nerve
cells, nerve endings and myelin sheet, and it is common for many neurological disorders.
There is no known effective drug or therapeutic approach for virtually all neurodegenerative
diseases and cause for many of them has not been discovered yet. Neurodegenerative
disorders are often accompanied by neuroinflammatory activation of microglia and astrocytes
which can further contribute to pathology progression. The main goal of this dissertation was
to examine changes in the main components of purinergic signaling in trimethyltin-induced
(TMT) neurodegeneration and neurofinflammation of hippocampus of female rats. TMT is a
potent neurotoxin which causes selective neuronal death of lymbic system, especially
hippocampus which results in histopathological and behavioral changes resulting in some of
the main common characteristics of neurodegenerative disorders. First set of the results of
this doctoral dissertation shows that the first three weeks after TMT intoxication are
accompanied by extensive neuronal death in CA sectors of hippocampus, followed by
reactive astro- and microgliosis. Reactive astrocytes in hippocampus showed morphological
and functional dichotomy. Astrocytes of CAl region were characterized by hypetrhophic
morphology while astrocytes od hilar region had atrophy-like morphology. Activated microglial
cells showed increased expression of NTPDasel/CD39, while ameboid microglia in the site of
active neurodegeneration showed eN/CD73. Reactive astrocytes showed increase
expression of AR, A;aR 1 P2Y1R and C3, iINOS, NF-kB, which points to their proinflammatory
phenotype. Increased gene expression of P2Y 2R, P2YsR i P2X4R points toward migratory
phenotype of microglia during early phase of neurodegeneration, while late expression of
P2X7R is probably related to phagocitic properties of amoeboid microglial cells. Increased
expression of microglial (NTPDasel/CD39, eN/CD73 and P2X;R) and astrocytic (A1R, AzaR,
P2Y1R) purinergic compontents in TMT-induced neurodegeneration and neuroinflammation
as well as loss of homeostatic A1R, P2Y ;R receptors in neurons definitely points to an active
role of purinergic signaling in neurodegenerative process.

KEY WORDS: Neurodegeneration,trimethyltin, purinergic signaling, neuroinflammation,
hippocampus, NTPDasel/CD39, eN/CD73, astrocytes, microglia

RESEARCH AREA: Biology

RESEARCH FIELD: Neurobiology
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| UVOD

1. Neurodegeneracija

Neurodegenerativhe bolesti odlikuju se dugotrajnim i progresivnim propadanjem
neurona u centralnom nervnom sistemu (CNS), Sto se manifestuje naruSavanjem ili gubitkom
neuroloskih funkcija. Ove bolesti predstavljaju jedan od vodecih uzroka smrtnosti u razvijenim
drzavama sveta, pogotovo medu starijom populacijom. Neurodegenerativhe promene mogu
nastati akutno, kao rezultat niza bolesti nervnog sistema, obuhvatajuci raspon od mehanickih
povreda i ishemijske bolesti mozga sve do psihijatrijskih oboljenja. Trenutno je u svetu
registrovano oko 50 miliona obolelih od neurodegenerativnih bolesti, od kojih je najveci broj
sa Alchajmerovom boles¢u (AD), a predvida se da ¢e taj broj dosti¢i 131 milion do 2050.
godine (Arvanitakis et al., 2019). lako u osnovi heterogene, svim neurodegenerativnim
bolestima zajedniCki je gubitak neurona i degeneracija nervnih viakana, $to je najcesce
praceno reaktivnom gliozom i neuroinflamacijom (Erkkinen et al., 2018).

Neurodegenerativne bolesti mogu se kategorisati prema primarnim klinickim
manifestacijama  (na primer, demencije, bolest motornog neurona, parkinsonizam),
anatomske i regionalne distribucije neurodegenerativnin promena (frontotemporalne
degeneracije, spinocerebelarne degeneracije, ekstrapiramidalni poremecaji) ili na osnovu
patoloskih promena na molekulskom nivou (amiloidoze, taupatije, a-sinukleinopatije) (Dugger
and Dickson, 2017). Etiopatogeneza neurodegenerativnih bolesti je veoma kompleksna, a
glavni uzrocCnici koji dovode do nastanka bolesti jo§ uvek nisu poznati. GenetiCka
predispozicija i izlaganje sredinskim faktorima, najéeSce toksinima, znacajno doprinose
nastanku/razvoju neurodegeneracije (Cannon and Greenamyre, 2011). Medu spoljasnjim
faktorima, ustanovljena je jasna veza izmedu akumulacije toksi¢nih metala - aluminijuma,
olova, gvozda, kadmijuma i kalaja - i neurodegenerativnih bolesti pogotovo AD, PD i ALS
(Zatta et al.,, 2003; Mitra et al., 2014a). Kao vazni sredinski faktori jo§ se navode
neuhranjenost, duvanski dim i drugi tipovi toksi¢nih zagadenja hrane i vode (Mitra et al.,
2014b). Jedna od Ccestih manifestacija i verovatnih uzroka umiranja neurona u
neurodegenerativnim bolestima je pojava “patoloskih” proteina sa izmenjenom kvaternernom
strukturom i fizicko-hemijskim svojstvima, koji se taloze u mozgu (Godeau et al.,, 2021).
Ovakvi proteinski agregati, koji u svom sredistu neretko sadrze jone teskih i prelaznih metala
(Maynard et al., 2005), postaju nesolubilni i nedostupni normalnoj razgradnji, pa time i
“toksi¢ni” za nervne celije.

2. Neuroinflamacija

Propadanje neurona i degeneracija nervnih vlakana, bilo da je uslovljena povredom,
toksinima ili infekcijom od strane patogena, praceno je neuroinflamacijskim procesom.
Neuroinflamacija je zapaljenski odgovor tkiva CNS, posredovan signalnim faktorima,
citokinima, hemokinima, reaktivnim vrstama kiseonika i azota i sekundarnim glasnicima
(DiSabato et al., 2016). Glavni izvori ovih medijatora su mikroglija i astrociti, ali ove faktore
oslobadaju i druge glijske Celije, kao i neuroni. FizioloSki smisao inflamatornog odgovora je
kontrola i ograniCavanje povrede ili infekcije, kao i pospeSivanje reparacije tkiva, pa kao
takav, akutan neuroinflamacijski odgovor ima pozitivan uticaj na ishod ovakvih stanja. U
neurodegenerativhim bolestima koje se odlikuju kontinualnim odumiranjem neurona, i
neuroinflamacija postaje hroni¢na, izmedu ostalog i zbog toga Sto glijske celije gube
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sposobnost autoregulacije oslobadanja proinflamacijskih faktora, pa u tom slu€aju
neuroinflamacijski proces postaje jo$ jedan uzroCni faktor napredovanja patologije (Howcroft
et al., 2013).

2.1. Uloga mikroglije

Mikroglijske celije su mijeloidne celije CNS koje vode poreklo od progenitorskih celija
Zzumancetne kese. Ove celije naseljavaju nervno tkivo rano tokom razvica CNS, a pre
zatvaranja krvno-mozdane barijere (Arnd et al., 2014). Odlikuju se izrazito heterogenom
morfologijom i u fizioloSkim i u patoloSkim uslovima, koja se kre¢e od razgranate preko
Stapolike do okruglaste/ameboidne (Lawson et al., 1990). U fizioloSkim uslovima mikroglija je
ravhomerno rasporedena u tkivu, poseduje razgranat fenotip i svoju homeostatsku ulogu
ostvaruje kroz tri funkcije. Prva se odnosi na detektovanje homeostatskog stanja tkivnog
parenhima CNS posredstvom ,senzozoma“, skupa membranskih receptora koji cine
transkripcioni ,potpis® mirujuce mikroglije (Hickman et al., 2013). Druga uloga se odnosi na
homeostatsku ulogu mikroglije u regulaciji neurogeneze (Diaz-Aparicio et al., 2020), gustine
sinapsi i plasti¢nosti (Ji et al., 2013; Nguyen et al., 2020), prevenciji lokalne ekscitotoksi¢nosti
(Nosi et al., 2021) i u homeostazi mijelina (Zhan et al., 2014; Hickman et al., 2018). Treca,
posebno naglasena u patofizioloSkim uslovima, ogleda se u sposobnosti razgranate mikroglije
da reaguje na Stetne stimuluse, poput molekulskih obrazaca povezanih sa patogenima (engl.
pathogen-associated molecular paterns - PAMP) i molekulskin obrazaca povezanih sa
oSte¢enjem (engl. damage-associated molecular patterns — DAMP) (Kwon and Koh, 2020).
Sve navedene aktivnosti regulisane su interkacijama koje mikroglija, posredstvom svojih
membranskih receptora, ostvaruje sa komponentama vancelijskog matriksa, kao i sa
solubilnnim faktorima i/ili membranskim proteinima poreklom od drugih ¢éelija (Nguyen et al.,
2020). U patoloskim uslovima, pojavom molekulskih obrazaca opasnosti i citokina, mikroglija
se aktivira u jednom od dva pravca, €ija su krajnja stanja oznacena kao M1 i M2 aktivirana
mikroglija. M1 podrazumeva “neurotoksiCnu” aktivaciju celija, koja svojim delovanjem
doprinosi daljem ostecenju tkiva, dok M2 fenotip ispoljava neuroprotektivni efekat na tkivo
(Mills et al., 2000). U patoloSkim uslovima mikroglija zapocinje produkciju proinflamacijskih
citokina, poput faktora nekroze tumora-a (TNF-a), interleukina-1 (IL-1(3), interleukina 6 (IL-6),
kao i brojnih hemokina, uklju€uju¢i CCL2, CCL5, CXCL1 (Glass et al., 2010; Norden et al.,
2016; Hickman et al.,, 2018). Proinflamacijski citokini, povecana koliina vancelijskog
adenozin-5' trifosfata (ATP), kao i prisustvo molekulskih obrazaca opasnosti izaziva
transformaciju mikroglije iz mirujuc¢eg u inflamacijski fenotip M1, koji se odlikuje oslobadanjem
velike koli¢ine IL-6, IL-1B, TNF-a, pojaCanom produkcijom azot-(ll) oksida (NO) i
oslobadanjem nekoliko serin-, cistein- i metaloproteaza, Sto Stetno utiCe na integritet
zahvacdenog tkiva (Glass et al., 2010). Sa druge strane, citokini poput interleukina 4 (IL-4),
interleukina 10 (IL-10), interleukina 13 (IL-13) i transformiSuceg faktora rasta  (TGF- 8), deo
su molekulskog ,potpisa“ mikroglije sa antiinflamacijskim fenotipom M2. Osim navedenih anti-
inflamacijskih citokina, M2 mikroglija oslobada/eksprimira faktore poput arginaze 1 (Arg-1),
Ym1, FIZZ1, CD206 i insulinu-sli¢an faktor rasta 1 (IGF-1) (Glass et al., 2010; Tang and Le,
2016; Liddelow and Barres, 2017). Faktori M2 mikroglije povezani su sa neuroprotekcijom i
oporavkom tkiva (Slika 1) (Tang and Le, 2016). Pomenuta M1/M2 kategorizacija predstavlja
dva krajnja stanja ukupnog spektra aktivacije mikroglije, izmedu kojih postoji Citav niz
prelaznih stupnjeva.



Novije transkriptomske studije u modelima neurodegeneracije ukazuju da reaktivna
mikroglija istovremeno eksprimira gene koji odlikuju oba krajnja stanja (Colonna and
Butovsky, 2017), pa i da postoje fenotipovi koji su specificni za patologiju (engl. disease-
associated microglia) (Glass et al., 2010). Uprkos zastupljenosti u literaturi, potreban je oprez
prilikom koris¢éenja pojednostavljenje M1/M2 klasifikacije (Ransohoff, 2016; Nosi et al., 2021).

Proinflamatorni  IL-1B o B
fenotip TNF-a Eliminacija
IL-6 patogena
iNOS Ostecenje
LPS CCL2 tkiva
TNF-a 2_?#5 Neuroinflamacija
. -
) ~ | | _
/ J — /
~ N = N\ L NEURODEGENERACIJA
7/. { ‘ |
= P Bl Sy IGF-1
i A = \ Arg-1 RazresSenje
L4 :;;;1 inflamacije
IL-10 Reparacija
CD206 tkiva
LAl Neuroprotekcija
TGF-B

Antiinflamatorni
fenotip

Slika 1. Shematski prikaz aktivacije i polarizacije mikrogliije u uslovima
neurodegeneracije

2.2. Uloga astrocita

Astrociti su najzastupljenije glijske celije kljune u odrzavanju ukupne homeostaze CNS
(Sofroniew and Vinters, 2010). Astrociti obavljaju brojne uloge u fizioloSkim i patoloSkim
uslovima, medu kojima su odrzavanje integriteta krvno-mozdane barijere, jonske i vodene
homeostaze, sinaptiCke aktivnosti, regulacija protoka krvi kroz vaskularni sistem mozga,
kontrola sekrecije faktora rasta, uklanjanje celijskog debrisa i formiranje glijskog oZiljka
(Sofroniew, 2009; Sofroniew and Vinters, 2010; Colombo and Farina, 2016; Oksanen et al.,
2019).
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Slika 2. Shematski prikaz aktivacije i polarizacije astrocita u uslovima neurodegeneracije

Astrociti pokazuju veliku regionalnu heterogenost, kako morfolosku, tako i u pogledu
specificnih uloga u mikrookruzenju u kojem se nalaze (Matias et al., 2019). Novije studije
ukazuju na postojanje pet subpopulacija astrocita, od kojih svaka eksprimira specifiCni
,molekulski potpis®, a koji se mogu nadi u istim regionima mozga u razli€itim odnosima. Ove
populacije su otkrivene u mirisnoj kvrzici, mozdanoj kori, talamusu, malom mozgu, mozdanom
stablu i kimenoj mozdini glodara (John Lin et al., 2017). Tradicionalna klasifikacija
podrazumeva podelu astrocita na protoplazmatske, koji okupiraju sivu masu, i fibrozne koji se
nalaze u beloj masi. U fizioloSkim uslovima protoplazmatski astrociti imaju strikthu domensku
organizaciju, koja podrazumeva da svaki astrocit okupira njemu svojstvenu zapreminu tkiva
CNS i da se ne preklapa sa domenima susednih astrocita (Bushong et al., 2002; Ogata and
Kosaka, 2002). Kao odgovor na naruSenu homeostazu CNS, kakva se vida pri povredama
mozga i kicmene mozdine kao i u neurodegenerativhim bolestima, astrociti prolaze kroz
proces transformacije koji obuhvata celijske, molekulske i funkcionalne promene koje se
zajednicCki oznaCavaju imenom reaktivna astroglioza (Colombo and Farina, 2016; Escartin et
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al., 2021) (Slika 2). Istrazivanja su pokazala da tokom neuroinflamacijskih procesa deo
protoplazmatskih astrocita zadobija sposobnost proliferacije, te su stoga definisane dve
reaktivne subpopulacije astrocita — proliferativna i neproliferativha (Sofroniew, 2020; Escartin
et al., 2021). Astrociti koji pripadaju neproliferativnoj populaciji zadrzavaju svoju domensku
organizaciju, dok proliferativni astrociti migriraju ka mestu povrede, okruzuju ga i izoluju,
formirajuci tako glijski oZiliak (Wanner et al., 2013). Po analogiji sa celijama mikroglije, i
astrociti mogu imati proinflamacijski (Al fenotip) ili imunoregulatorni fenotip (A2 fenotip)
(Kwon and Koh, 2020). Reaktivni astrociti sa proinflamacijskim fenotipom poja¢ano
eksprimiraju proteine komplementa (C3), IL-1B8, TNF-a, pojacano proizvode reaktivne vrste
kiseonika i azota, poput NO, Sto doprinosi pojaCanju neuroinflamacije (Glass et al., 2010;
Liddelow and Barres, 2017). Astrociti sa protektivnim fenotipom pojacano eksprimiraju
neurotrofne faktore i antiinflamacijske citokine, poput IL-4, IL-13, IL-10, §to im daje osobine
neuroprotektivnih astrocita (Slika 2) (Oksanen et al., 2019). Nakon identifikacije i podele
astrocita na A1 i A2 subpopulacije, po uzoru na ve¢ postojeéu klasifikaciju reaktivne
mikroglije, namece se sliCan zakljuCak a to je da ovakva podela predstavlja pojednostavljenu
dihotomiju koja je samo krajnja tacka Citavog spektra stanja tj. statusa, od kojih astrociti mogu
zauzeti bilo koji na ovom kontinuumu (Oksanen et al., 2019; Escartin et al., 2021).

3. Neurodegeneracija i neuroinflamacija izazvane trimetil-kalajem

3.1. Trimetil-kalaj (TMK)

Organska jedinjenja kalaja (IV), zavisno od broja kovalentnih C-Sn veza u molekulu,
kojih moze biti od jedan do Cetiri, odnosno, broja za njih vezanih alkilnih i arilnih grupa,
klasifikuju se na mono-, di-, tri- i tetraorganokalajna jednjenja (Costa et al., 2006).
Organokalajna jedinjenja imaju Siroku primenu u industriji, kao toplotni stabilizatori u procesu
proizvodnje polivinil hlorida i gume, i u poljoprivredi, kao biocidi (Piver, 1973; Florea and
Busselberg, 2006). Tokom nekoliko decenija od kada su u upotrebi, zabeleZzena su
sporadi¢na trovanja ovim jedinjenjima, uglavnom usled akcidentalnog izlaganja radnika u
postrojenjima koja koriste ova jedinjenja. Osobe izloZene organokalajnim jedinjenjima
razvijaju simptome koji ukazuju na ostecenje limbi¢kog sistema, a uklju€uju akutno konfuzno
stanje i nesanicu, prostornu dezorijentaciju i kognitivne poremecaje, koji mogu biti prisutni
godinama nakon izlaganja (Feldman et al., 1993). Upravo je zbog toksi¢nih svojstava
ograniCena upotreba organokalajnih jedinjenja, mada ona i dalje predstavljaju znacajne
zagadivacCe zivotne sredine (Tang et al., 2010). Neka od ovih jedinjenja pronasla su primenu
u naucnim istrazivanjima, najviSe zbog selektivnosti delovanja u specificnim regionima
mozga.

Trimetil-kalaj (C3HoCISn, TMK) je organsko jedinjenje koje nastaje kao intermedijerni
produkt sinteze drugih organskih jedinjena kalaja, ¢esto koris¢eno u industriji kao stabilizator
sinteze plastike i u poljoprivredi kao insekticid (Lee et al., 2016). TMK je “nasao” svoje mesto
u istrazivanjima neurodegeneracije i neuroinflamacije zahvaljujuéi neurotoksic¢nosti i
selektivnom delovanju na strukture limbi¢kog sistema, narocito na hipokampus (Geloso et al.,
2011). Trovanje eksperimentalnih Zivotinja TMK dovodi do pojave simptoma koji su
zabelezeni kod ljudi izlozenih ovom toksinu, a koji ukljuCuju epilepticne napade,
hiperaktivhost, samopovredivanje, agresivnost kao i poremecaj u¢enja i paméenja (Geloso et
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al., 2011; Lee et al., 2016). Neurodegeneracija izazvana TMK kod eksperimentalnih Zivotinja
pokazuje sustinske patofizoloSke karakteristike svih neurodegenerativnih bolesti, pa stoga
ona predstavlja koristan eksperimentalni model za izu€avanje neurodegeneracije |
neuroinflamacije praéene kognitivnim deficitiom i sklerozom hipokampusa. Obrazac
neurodegeneracije unekoliko se razlikuje kod miSeva i pacova, a varira i u zavisnosti od soja,
doze, nosaca, nacina administracije, i starosti Zivotinja (Balaban et al., 1988; O’Callaghan et
al., 1989; Harry and Lefebvre d’Hellencourt, 2003; Geloso et al., 2011). Kod miSeva, TMK
izaziva akutne lezije u granularnom sloju zubate vijuge (lat. gyrus dentatus) (Geloso et al.,
2011). Kod pacova se razvijaju znatno ekstenzivnije lezije, koje se uo€avaju dva dana nakon
intoksikacije, i progresivno se razvijaju tokom tri nedelje, a u najveéoj meri zahvataju CAL i
CA3/hilarni region (Brock and O’Callaghan, 1987; Balaban et al., 1988; Whittington et al.,
1989). Razlika u osetljivosti i efektima kod miSeva i pacova pripisuje se razlikama afiniteta
hemoglobina ka TMK, koji je veci kod pacova, $to uzrokuje brze i lakSe oslobadanje toksina i
dugotrajniji karakter neurodegeneracije kod pacova (Chang et al, 1983). Osim
neurodegeneracije, TMK dovodi do pojave histopatoloskin markera AD, kako u humanoj
populaciji, tako i u Zzivotinjskim modelima AD, poput amiloidnog prekursornog proteina,
presenilina-1 i amiloida beta (Nilsberth et al., 2002). Rezultuju¢e kognitivne promene i
promene ponasanja izazvane TMK (Kang et al., 2016; Park et al., 2019) upucuju na to da
ovaj eksperimentalni model mozZe da bude koristan Zivotinjski model za izuCavanje
Alchajmerove bolesti.

3.2. Mehanizam neurotoksiénog delovanja TMK

Jednokratna primena TMK kod glodara naj¢e$¢e dovodi do prostorno i vremenski
specificne masivne smrti neurona u medupovezanim strukturama limbi¢kog sistema, posebno
u entorinalnoj kori (lat. cortex entorhinalis), piriformnoj kori (lat. cortex piriformis), mirisnoj
kvrZici (lat. bulbus olfactorius), bademastim jedrima (lat. nuclei amygdaloides), i naroc€ito, u
hipokampalnoj formaciji (Balaban et al., 1988). Brojna istrazivanja pokazuju da je
previadavajudéi tip Celijske smrti neurona izazvan primenom TMK — kontrolisana ¢éelijska smrt
tipa apoptoze (Andersson et al., 1997; Kane et al., 1998; Kassed et al., 2002, 2004; Jenkins
and Barone, 2004; Shuto et al., 2009a, 2009b). lako citotoksicni mehanizam delovanja TMK
nije u potpunosti rasvetljen (Cook et al., 1984), zna€ajan pomak je nacinjen otkricem proteina
stanina (Krady et al., 1990; Toggas et al., 1992), visoko konzerviranog proteina u membrani
mitohondrija i endoplazmatskog retikuluma. Pokazalo se da se nakon ulaska u celije, TMK
vezuje za stanin, $to dovodi do naruSavanja integriteta mitohondrijske membrane (Dejneka et
al., 1997; Billingsley et al., 2006), oslobadanja unutaréelijskih depoa jona Ca®* (Zhang et al.,
2006; Wang et al., 2008) i generisanja reaktivnih vrsta kiseonika (Geloso et al., 2011). Na
znadajnu ulogu deregulacije unutaréelijskog Ca®* u apoptozi izazvanoj TMK ukazuju podaci
nekoliko studija in vivo i in vitro o ve€em prezivljavanju hipokampalnih neurona koji su bogato
snabdeveni kalcijum-vezuju¢im proteinima, parvalbuminom i kalretininom (Geloso et al.,
1996, 1997; Florea et al., 2005a, 2005b; Piacentini et al., 2008).

Osim $to naru$ava unutaréelijsku homeostazu Ca®" i izaziva oksidativni stres, TMK
izaziva ekscitotoksi¢nost posredovanu glutamatom (Geloso et al., 2011). Pretpostavlja se da
svi navedeni dogadaji dovode do aktivacije ushodnih protein-kinaza (JNK, protein-kinaze C),
aktivacije transkripcionih faktora (NF-kB), proteina uklju€enih u odgovor na stres i gena ranog
odgovora, Sto rezultuje kaskadom koja se zavrSava apoptozom. NaruSavanje integriteta
mitohondrijske membrane dovodi do oslobadanja unutaréelijskih depoa jona Ca?,

6



generisanja reaktivnih vrsta kiseonika, Sto sve doprinosi Celijskoj smrti (Zhang et al., 2006;
Wang et al., 2008). Kao i u drugim patoloSkim situacijama povezanim sa smrcu neurona,
neurodegeneracija izazvana TMK izaziva specifi€an proces aktivacije mikroglije i astrocita.

3.3. Aktivacija mikroglije i astrocita u neuroinflamaciji izazvanoj primenomTMK

Neurodegeneracija izazvana TMK pracéena je aktivacijom mikroglije i astrocita u
regionima mozga pogodenim celijskom smréu, posebno u hipokampusu (Geloso et al., 2011).
Histohemijske analize ukazale su da smrt hipokampalnih neurona prati burna aktivacija
astrocita koja dostize maksimum izmedu treCe i pete nedelje od intoksikacije (Brock and
O’Callaghan, 1987). Nakon toga, ova reakcija slabi, mada se histoloSki mozZe detektovati i
Sest meseci nakon intoksikacije, Sto je ujedno i najkasnija vremenska tacka koja je izu€avana
u ovom modelu (Koczyk and Oderfeld-Nowak, 2000). Aktivirani astrociti poja¢ano
eksprimiraju glavne markere reaktivne glioze — glijski kiseli fibrilarni protein (engl. glial acidic
fibrilarly protein - GFAP) i S100B, a neke subpopulacije reaktivnih astrocita prolazno
eksprimiraju intermedijarne filamente vimentin i nestin (Andersson et al., 1997; Geloso et al.,
2004). Pored astrocita, primec¢ena je aktivacija mikroglije, koja okruzuje regione sa aktivhom
neurodegeneracijom, narocito piramidne neurone CAl i CA3 regiona (Koczyk and Oderfeld-
Nowak, 2000). Aktivacija mikroglije, sli€no astrocitima, primecuje se u prvim danima nakon
davanja TMK i detektuje se i Sest meseci nakon intoksikacije (Koczyk and Oderfeld-Nowak,
2000). Aktivacija glijskih ¢elija pracena je pojacanim oslobadanjem citokina, iako izvor ovih
proinflamacijskih faktora nije utvrden. Osim Sto deluje na neurone, Cija Celijska smrt inicira
neuroinflamaciju, novije in vitro studije ukazuju da TMK ostvaruje direktan uticaj na astrocite
(Aschner and Aschner, 1992), bez Cijeg prisustva nije moguca aktivacija mikroglije (Réhl and
Sievers, 2005; Rohl et al., 2009).

Nezavisno od mehanizam osStecenja i aktivacije glijskih ¢elija, jedan od univerzalnih
dogadaja u uslovima oStecenja nervnog tkiva jeste pojaCano oslobadanje ATP, koji deluje kao
molekulski signal opasnosti DAMP. Oslobodeni ATP deluje na membranske purinoceptore,
nakon ¢ega se degraduje katalitickom aktivho$¢éu enzima ektoenukleotidaza, koji zajedno Cine
osnovne komponente sistema purinske signalizacije.

4. Purinska signalizacija

Ubrzo nakon otkriéa da adeninski nukleotidi i njegovi derivati mogu imati ulogu i
signalnih molekula, Geoffrey Burnstock na osnovu svojih i predasnjih istrazivanja postavlja
hipotezu da ATP moZe obavljati ulogu neurotransmitera i predlaze termin purinska
signalizacija (Burnstock, 1972). Danas je poznato da celije poseduju dve klase receptora koji
vezuju purinske nukleotide i nukleozide, te da postoje enzimi koji kontroliSu vancelijsku
koncentraciju purina (Robson et al., 2006). Nukleotidi oslobodeni u vancelijski prostor
moduliSu/reguliSsu brojne tkivne funkcije ukljuCujuéi razvi¢e, sekreciju drugih molekula,
inflamacijski i imunski odgovor, cirkulaciju telesnih te¢nosti i mnoge druge (Robson et al.,
2006). Nakon oslobadanja nukleotida u vancelijsku sredinu i njihovog delovanja na
odgovarajuce receptore, Celija ne moze da preuzme nukleotide, zbog naelektrisanja i veli€ine.
Stoga se na povrsini svih ¢elija CNS (ali i svih drugih tkiva) nalaze enzimi ektonukleotidaze,
koji sekvencijalno razgraduju nukleotide do nukleozida i time reguliSu njihovu dostupnost i
posredno aktivaciju odgovorajucih receptora (Zimmermann et al., 2012).



4.1. Purini kao signalni molekul

U svim tipovima cCelija ATP je izvor energije za celijske procese i donor fosfatne grupe u
reakcijama fosforilacije. Osim toga u CNS, neuroni, mikroglija, oligodendrociti, endotelne
Celije i posebno astrociti koriste ATP kao signalni molekul koji se oslobada u vancelijsku
sredinu na regulisan nacin (Abbracchio et al., 2009). ATP koji se oslobada zavisno od
neuronske aktivnosti ima ulogu kotransmitera, dok ATP poreklom iz astrocita ima ulogu
gliotransmitera i neuromodulatora (Fiebich et al., 2014). ATP se u vancelijski prostor oslobada
na kontrolisan nacin, putem vezikula, transportera ili jonskih kanala. ATP se oslobada
egzocitozom, u sastavu vezikula sa neurotransmiterom (Franke and llles, 2006). ATP se iz
glijskih celija transportuje olakSanom difuzijom, putem transportera ili jonskih kanala.
Transmembranski transport ATP odvija se posredstvom kanala paneksina, i koneksina
(Suadicani et al., 2006). S obzirom na to da je u fizioloSkim uslovima koli¢ina ATP u
vancelijskoj sredini regulisana kontrolisanim oslobadanjem ATP i njegovom razgradnjom
posredstvom ektinukleotidaza, nivo ATP se odrzava u nanomolskom opsegu (Lazarowski et
al., 2003). U tom opsegu koncentracija, ATP aktivira visoko-afinitetne P2 receptore, i to
prevashodno P2X;eR 1 P2Y,R (Burnstock 2018). Fina ravnoteza izmedu oslobadanja i
razgradnje ATP moze biti naruSena u patoloSkim stanjima. MetaboliCki kompromitovani i/ili
osteceni neuroni i aktivirane glijske Celije oslobadaju znatne koli¢ine ATP i drugih nukleotida u
vancelijsku sredinu (Fiebich et al., 2014). U takvim uslovima nivo vancelijskog ATP dostize
mikromolske koncentracije i deluje kao DAMP molekul, aktiviraju¢i P2 receptore niskog
afiniteta, prevashodno P2X;R, (Gourine et al., 2007). SpecifiCnost purinske signalizacije je
¢injenica da i proizvodi enzimske razgradnje ATP, imaju ulogu signalnih molekula. Adenozin-
difosfat (ADP) deluje na set P2YR receptora, i to P2Y;R, P2YgR, P2Y1;R i P2Y13R, dok
nukleozid adenozin aktivira P1 receptore.

4.2. Purinski receptori

Purinski receptori Cine familiju membranskih receptora, Siroko eksprimiranu u svim
tkivima, ukljuujuci i CNS (Burnstock, 2014). Cine je dve velike podfamilije — P1 receptori, koji
vezuju nukleozide i P2 receptori, koji se aktiviraju u prisustvu nukleotida. P1 grupa obuhvata
Cetiri podtipa adenozinskih receptora spregnutih sa proteinom G - AjR, AzaR, AR i AsR
receptori, od kojih su prva da sa visokim afinitetom dok su druga dva sa niskim afinitetom.
AiR i A3R su spregnuti sa G; proteinom koji inhibira adenil-ciklazu (AC), $to dovodi do
smanjene produkcije i unutaréelijske koncentracije ciklicnog AMP (cAMP). A;aR i AR su
spregnuti sa proteinom Gs, koji stimiliSe AC i dovodi do povecanje unutaréelijske
koncentracije cAMP (Boison et al., 2010). Signalizacija posredovana ATP odvija se
posredstvom P2 receptora (Oliveira-Giacomelli et al.,, 2018), koji se eksprimiraju u gotovo
svim tkivima i uCestvuju u regulaciji razlictih procesa u fizioloSkim i patoloSkim stanjima
(Agostinho et al., 2020). P2 podfamilija obuhvata dve klase receptora, P2X i P2Y (Oliveira-
Giacomelli et al., 2018). P2XR broji sedam clanova jonotropnih receptora (P2X;7R), koji
posreduju u brzim odgovorima celije na ATP i njegove derivate (Jarvis and Khakh, 2009; Saul
et al.,, 2013). Drugu potklasu P2Y receptora €ine metabotropni receptori (P2Y1.14R), koji
selektivho odgovaraju na prisustvo ATP, ADP UTP, UDP i UDP-glukoze. Detaljniji pregled P1
i P2 receptora dat je u Tabeli 1.



Tabela 1. Karakteristike P1 i P2 receptora (modifikovano iz Burnstock 2018)

Receptor

AR

P2X3R

P2X4R
P2XsR

P2X7R

P2Y;R
P2Y;R
P2Y,R

P2Y¢R
P2Y ;R

P2Y ;R
P2Y 3R

P2Y 4R

Distribucija u CNS

Mozak i kicmena mozdina
Bazalne ganglije
Glijske ¢elije

Glijske celije

Mali mozak i kiémena mozdina

Senzorne ganglije

Senzorni neuroni i simpaticke
ganglije

Mikroglija

Kiémena mozdina

P2X¢R Motoneuroni ki€mene mozdine

Mikroglija, astrociti, neuroni

Astrociti, neuroni

Mikroglija

Neuroni, astrociti

Aktivirana mikroglija

Neuroni
Mikroglija
Mikroglija

Oligodendrociti

Agonista

Adenozin

Adenozin

Adenozin

Adenozin
ATP
ATP

ATP

ATP
ATP
ATP
ATP

ADP

UTP

UTP > ATP

UDP > UTP > ATP

ATP

ADP >> ATP

ADP > ATP

UDP > UDP-glukoza

Mehanizam
delovanja

G/G, |CAMP
Ge 1CAMP
G, 1CAMP
GilGo, G¢/G11 |CAMP
[Ca®7ii [Na'] 1
[Ca®"]; 1

[Ca*] i [Na'] 1

[Ca®"]; 1
[Ca®™]i 1
[Ca®"]; 1
[Ca®T]ii[Na'] 1
Gy/G11;
Aktivacija PLC-
Gy/Gu1;
Aktivacija PLC-f
Gy/G11;
Aktivacija PLC-
Gy/Gi1;
Aktivacija PLC-f3
Gy/G11i Gs;
Aktivacija PLC-
Gq; Inhibicija AC
GG,

Gy/G14; Inhibicija AC



4.3. Ektonukleotidaze

Nukleotidi oslobodeni u vancelijsku sredinu, zbog svoje veli€ine i naelektrisanja, teSko
se transportuju kroz celijsku membranu. Problem viska nukleotida u vancelijskom prostoru
reSava se enzimskom razgradnjom nukleotida, posredstvom enzima Cije je kataliticko mesto
okrenuto ka vancelijskoj sredini - ektonukleotidaza (Zimmermann et al., 2012). Konacni
proizvod razlaganja ATP pod dejstvom ektonukleotidaza je nukleozid adenozin, koji se vraca
u cCelije i ukljuCuje u spasonosni put purina. Transport adenozina u cCelija odvija se
posredstvom dvosmernih ekvilibrativnih (ENT) i/ili jednosmernih koncentrativnih (CNT)
transportera (Frenguelli, 2019).

Ektonukleotidaze su ektoenzimi, Cija je osnovna uloga hidroliza y-, B- i a-fosfodiestarske
veze nukleotida u vancelijskoj sredini (Zimmermann, 2008). U zavisnosti od fosfatne grupe
koju hidrolizuju, ektonukleotidaze mogu biti trinukleotid-, dinukleotid ili mononukleoitid
fosfataze kao i nukleozid polifosfataze pri ¢emu nastaju nukleozid difosfati, nukleozid
monofosfati, nukleozidi , fosfati (P;) i pirofosfati (PP;). Glavna uloga svih ektonukleotidaza
jeste kontrola dostupnosti liganada za dve velike klase receptora — P2 i P1 klasu, ali i
regulacija nivoa vancelijskih nukleotida (Kukulski et al., 2011; Zimmermann et al., 2012).

Identifikovane su Cetiri grupe ektonukleotidaza (Slika 3):
1) Ekto-nukleozid 5'- trifosfat difosfohidrolaze (NTPD-aze);
2) Ekto-nukleotid pirofosfateze/fosfodiesteraze (NPP);

3) Ekto-5'-nukleotidaza (eN, CD73);

4) Alkalne fosfataze (AP).

4.3.1. Ekto-nukleozid 5'- trifosfat difosfohidrolaze (NTPDaze)

Ekto-nukleozid 5'- trifosfat difosfohidrolaze (NTPDaze) su enzimi koji hidrolizuju
razgradnju y- i B-fosfatne grupe ATP, u prisustvu milimolarnih koncentracija Mg®* ili Ca** u
fizioloSkom opsegu pH vrednosti (Robson et al., 2006; Yegutkin, 2008). Identifikovano je
osam razli¢itih NTPD-aza kod sisara. Cetiri su tipiCni ektoenzimi (NTPDaza1, 2, 3 i 8),
NTPDaza 4 i 7 su takode membranski enzimi ali smeSteni unutar ¢elije u membranama
organela, dok se NTPDaze 5 i 6 predominantno sekretuju u vancelijsku sredinu (Robson et
al., 2006; Knowles, 2011). Kristalografske i molekulske analize pokazale su da su NTPDaza
1, 2, 3 i 8 glikoproteini sli¢ne strukture, sacinjene od blizu 500 aminokiselina od kojih je oko
40 % zajedniCko za sva Cetiri ektoenzima, molekulske mase izmedu 70 — 80 kDa
(Zimmermann et al., 2012). Takode, ovi enzimi dele i vazne strukturne i funkcionalne
domene, uklju€ujuéi i pet visoko konzerviranih aminokiselinskih sekvenci koji se nazivaju
apirazni domeni (engl. apyrase-conserved regions, APR). Apirazni domeni su glavna odlika
Citave familije enzima i mogu se naci €ak i u enzimima kvasca, Sto ukazuje na njihovu
evolutivhu konzerviranost (Handa and Guidotti, 1996; Schulte am Esch et al., 1999; Smith
and Kirley, 1999). NTPDaze se eksprimiraju u gotovo svim tkivima, ali imaju jasno definisanu
Celijsku distribuciju. U CNS se dominantno eksprimiraju NTPDaze 1, 2 i 3 gde pokazuju veliku
heterogenost u pogledu regionalne i Celijske distribucije (Braun et al., 2000; Belcher et al.,
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2006; Robson et al., 2006; Langer et al., 2008; Kiss et al., 2009; Grkovic et al., 2016, 2019a,
2019b).

AP
NTPDaze NPP hE844,5 eN

1,2,3,4,5 )
d Sa

P
.

1,2,3,4,7,8
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"
-

Vancelijski
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-
-

o
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Slika 3. Podela i tipovi ektonukleotidaza (Modifikovano iz Zimmermann et al 2012)

NTPDaza 1 je jedna od najbolje proucenih ektonukleotidaza. Ovaj ektoenzim predstavlja
marker aktivacije limfocita zbog €ega i nosi alternativni naziv CD39 (engl. cluster of
differntiation 39). Pokazano je da se NTPDazal eksprimira na ¢elijama prirodnim ubicama
(engl. Natural killer cells) celijama, monocitima, dendritskim celijama i u razliCitim
subpopulacijama reaktivnih T limfocita (Zimmermann et al., 2012). Ekspresija NTPDaze 1 na
imunskim ¢elijama doprinosi regulaciji purinske signalizacije u homeostatskim i inflamacijskim
uslovima $to ukazuje na njenu znacajnu ulogu u ¢elijskom imunskom odgovoru (Takenaka et
al., 2016). U CNS ovaj enzim ima ograni¢enu distribuciju na endotelne celije kapilara i ¢elije
mikroglije (Braun et al., 2000), ali je njegovo prisustvo pokazano i u sinapsama (Grkovi¢ et al.,
2019a). NTPDaza 1 pokazuje razli¢it afinitet prema adeninskim i uridinskim nukelotidima, pa
Ce tako ATP i ADP biti podjednako efikasno hidrolizovani zbog gotovo jednakog afiniteta ovog
ezima za ATP i ADP, dok u slu¢aju UTP i UDP, NTPDaza 1 pokazuje veéi afinitet prema
UTP. Gotovo sav ATP koji se nade u vancelijskoj sredini NTPDaza 1 hidrolizuje direktno do
AMP, uz vrlo male koli€ine slobodnog ADP, te tako reguliSe stepen aktivacije P2Y receptora
(Kukulski et al., 2005; Robson et al., 2006).Jedna od najvaznijih uloga NTPDaze 1 u mozgu i
kicmenoj mozdini jeste regulacija hemotaksije mikroglije u homeostatskim i patoloSkim
uslovima (Matyash et al., 2017; Jakovljevic et al., 2019). Pored katalitiCcke uloge, pokazano je
da ovaj enzim moze ucestvovati i u ¢elijskoj adheziji (Wu et al., 2006).
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NTPDaza 2 je Siroko rasprostranjena ektonukleozidaza u CNS, sa dominantnom
ekspresijom na astrocitima mozga i kicmene mozdine (Wink et al 2006). Zbog svoje sli¢nosti
sa NTPDazom 1, ovaj enzim se oznacava josS i kao CD39L1 (engl. cluster of differentiation 39
like 1). Pored ekspresije na astrocitima, pokazano je da je NTPDaza 2 visoko eksprimira u
regionima gde se odvija neurogeneza kako tokom embrionalnog razvi€a mozga tako i u
adulthom mozgu, poput subgranularne zone hipokampusa (Braun et al 2003). Za razliku od
NTPDaze 1, NTPDaza 2 pokazuje veci afinitet prema ATP molekulu, pri ¢emu dolazi do
hidrolize akumulira znacCajne koliCine ADP, koji se potom postepeno hidrolizuje do AMP
(Robson et al 2006). Ovakav hidroliticki mehanizam naglasava ulogu NTPDaze 2 u regulaciji
nukleozid tri- i difosfata kao liganada za P2 receptore (Sévigny et al 2002). Novija literatura
ukazuje i na znaCaj ovog enzima u neurodegenerativnim i neuroinflamamtornim bolestima
poput multiple skleroze (Jakovljevic¢ et al 2017).

NTPDaza 3 je ektonukleotidaza sa veoma ogranicenom distribucijom u CNS. Njena
ekspresija je ograniena na subpopulacije neurona u medumozgu, talamusu i hipotalamusu
ali i u produzenoj i kicmenoj mozdini (Belcher et al 2006; Bjelobala et al 2010; Grkovic et al
2016). Neuroni koji eksprimiraju NTPDazu 3 takode eksprimiraju hipokretin/oreksin-A, $to
ukazuje na njenu potencijalnu ulogu u regulaciji ishrane, budnosti i spavanja (Belcher et al
2006). NTPDaza 3 pokazuje preferencije i prema ATP i ADP, ali u manjoj meri od NTPDaze
1, Sto takode dovodi do prolazne akumulacije ADP u vancelijskoj sredini (Vorhoff et al 2005).
S obzirom da je ona dominantna ektonukleotidaza eksprimirana na neuronima u ovim
regionima, pretpostavlja se da ima znacajnu ulogu u regulaciji aktivacije/deaktivacije P2
receptora.

4.3.2. Ekto-nukleotid pirofosfateze/fosfodiesteraze (NPP)

Ekto-nukleotid pirofosfateze/fosfodiesteraze su grupa od tri ektoenzima (NPP1-3) koji se
eksprimiraju u gotovo svim tkivima i ukljuéene su u regulaciju purinske signalizacije,
recikliranje nukleotida, regulaciju vancelijskih nivoa pirofosfata, regulaciju pokretljivosti kao i
regulaciju ekto-kinaza (Goding et al., 2003). NPP1-3 se klasifikuju kao alkalne ekto-nukleotid
pirofosfateze/fosfodiesteraze | i katalizuju hidrolizu pirofosfata i fosfodiestarskih veza u
dvostepenom procesu uz pomoc¢ dvovalentnih katjona koji su neophodni za kataliticku
funkciju (Gijsbers et al., 2001). NPP1 je funkcionani dimer od dve identi¢ne subjedinice, vrsi
hidrolizu ATP ili do ADP ili direktno do AMP a pokazano je da se eksprimira na nervnim
Celijama (Bjelobaba et al., 2006). NPP2, iako pripada ovoj grupi eznima, predstavlja autokrini
faktor motilnosti i oznaCava se jo$ i kao autotaksin i Siroko je eksprimiran u mozgu sisara (Lee
et al., 1996). NPP3 je prvobitno identifikovan kao povrsinski glikoproteinski antigen RB13-6
od 130 kDa i njegova ekspresija pronadena je specificno u prekursorima glijskih ¢elija (Blass-
Kampmann et al., 1997). Pored njihove uloge u regulaciji hidrolize vancelijskih nukleotida u
fizioloSkim uslovima, pokazano je i da NPP imaju ulogu u odredenim patofizioloSkim stanjima
ali do sada uloga NPP u neurodegenerativnim bolestima nije ispitana (Goding et al., 2003).

4.3.3. Ekto-5'-nukleotidaza (CD73, eN)

Ekto-5'-nukleotidaza je tipi€an ektoenzim, dominantno eksprimiran na povrsini limfocita
te se alternativho oznacCava joS i kao CD73 (engl. CD73, cluster of differentiation 73). Ovaj
ektoenzim za svoju hidroliticku aktivnost zahteva jone Zn?' i njegova glavna funkcija je
defosforilaciia AMP do adenozina, iako pored purinskin moze da hidrolizuje i pirimidinske
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nukleotide (DePierre and Karnovsky, 1974; Pilz et al., 1982). Funkcionalni molekul se sastoji
od dve identi¢ne subjedinice povezane nekovaletnim vezama, dok se za ¢éelijsku membranu
vezuje preko glikozil-fosfatidilinozitol (GPI) sidra (Ogata et al., 1990). Takode, funkcionalni
molekul eN je glikoprotein, a sam proces glikozilacije je neophodan za pravilno savijanje i
ugradnju u celijsku membranu (Strater, 2006). lako, pored eN, tkivho-nespecificna alkalna
fosfataza takode hidrolizuje AMP do adenozina (Sebastian-Serrano et al., 2015), gotovo 90 %
ukupnog adenozina u CNS potice od hidrolitiCke aktivnosti eN, te je stoga ovaj enzim u
fokusu mnogih farmakoloskih studija kao meta potencijalne blokade (Gessi et al., 2011). |
pored Siroke zastupljenosti u gotovo svim regionima mozga i kicmene mozdine, eN pokazuje
veliku heterogenost u pogledu nivoa ekspresije u razli¢itim regionima mozga. Pokazano je da
eN ima nisku ekspresiju/aktivnost u kori velikog mozga, vecu u strukturama limbickog
sistema, dok je najveci nivo ovog enzima prisutan u bazalnim ganglijama, malom mozgu i
senzornim relejnim jedrima talamusa (Nedeljkovic et al., 2006; Bjelobaba et al., 2007, 2009;
Langer et al., 2008; Kovacs et al., 2013). Na celijskom nivou, eN je uglavnom lokalizovana na
glijskim celijama, astrocitima (Adzic and Nedeljkovic, 2018) i mikrogliji, ali i na ependimskim
Celijama, celijama horoidnog pleksusa kao i endotelnim celijama mozdane vaskulature
(Bjelobaba et al., 2007; Langer et al., 2008; Bjelobaba et al., 2009; Dragic¢ et al., 2021b).
Takode, ovaj enzim eksprimira se i na telima neurona i nervnim zavrSecima (Schoen and
Kreutzberg, 1994; Grkovic et al., 2014). S obzirom da je osnovna uloga eN proizvodnja
adenozina koji je glavni ligand P1 receptora, ovaj enzim predstavlja glavnu kontrolnu tacku
regulacije dostupnosti liganada za Cetiri receptora P1 klase, kako u homeostatskim tako i u
patofizioloSkim uslovima (Nedeljkovi¢., 2019). eN predstavlja glavni izvor adenozina Koji
pored neuromodulatorne ima i imunomodulatornu ulogu, te je ovaj enzim u fokusu istraZivanja
neuroinflamacije. Brojna neuroinflamatorna stanja pra¢ena su znacajnim povecanjem genske
i proteinske ekspresije ovog proteina (Zamanian., et al 2012; Nedeljkovi¢ 2019). Pokazano je
da se genska i proteinska ekspresija eN menja u uslovima ishemije (Braun et al 1998),
epilepsije (Bonan., et al 2000), povrede kicmene mozdine (Xu et al., 2013) ali i u modelima
multiple sklerote (Lavrnja., et al 2015, Dragic., et al 2021b) kao i u neuroinflamacijskim
uslovima in vitro (Brisevac., et al 2015).

4.3.4. Alkalna fosfataza

Alkalne fosfataze (AP) su Siroko rasprostranjeni ektoenzimi koji katalizuju defosforilaciju
i transfosforilaciju razliCitih ne-bioloskih i bioloskih supstrata ukljuCujuéi i proteine (Millan,
2006). U okviru AP postoje Cetiri izoenzima koje kodiraju €etiri homologa gena (Buchet et al.,
2013). Dok placentalna, intestinalna i germinativna alkalna fosfataza imaju tkivno-specifi¢nu
distribuciju, Cetvrta AP, tkivno-nespecificna alkalna fosfataza (TNAP) eksprimira se u gotovo
svim tkivima, a najvise u koStanom tkivu, bubrezima i jedina je AP u CNS (Sebastian-Serrano
et al., 2015). TNAP je homodimer prikaCen za citoplazmu pomoc¢u dva GPI sidra. Svaki
homodimer sadrzi dva jona Zn*" i jedan jon Mg®* kao i jon fosfatata koji su neophodni za
njegovu katalitiCku aktivnost. Glavna uloga ovog enzima je u procesu razvica CNS a novija
literatura ukazuje na njegov znacaj u neurodegenerativnim bolestima (Sebastian-Serrano et
al., 2015).
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4.4. Uloga purinske signalizacija u fizioloskim i patoloskim uslovima

Kao $to je ve¢ pomenuto, glavna uloga mikroglije u fizioloSkim uslovima je nadgledanje
parenhima pomocu finih i veoma pokretnih nastavaka, u potrazi za mestima sa naruSenom
homeostazom (Kwon and Koh, 2020). Purinski receptori A3, P2Y1,, P2Y13 i P2X4 uklju€eni su
u regulaciju pokretljivosti nastavaka i “nadgledanje” parenhima CNS (Haynes et al., 2006;
Ohsawa et al., 2012; Kyrargyri et al., 2020). Posebno vaznu ulogu u hemotaksi€énom kretanju
mikroglije imaju ADP-senzitivni receptori P2Y12R i P2Y13R (Haynes et al., 2006; Kyrargyri et
al., 2020). U uslovima naruSene homeostaze, visoka koncentracija vancelijskog ATP deluje
kao DAMP signal. Razgradnjom ATP, posredstvom NTPDaze 2, nastaje ADP koji se vezuje
za P2Y13R na membranama mikroglijskih Celija i deluje kao hemotaksicki signal koji inicira
migraciju mikroglije. Aktivacija P2Y1,R pokrece signalnu kaskadu fosfatidilinzoitol 3'-kinaze
(PI3K) i fosfolipaze C, sto dalje aktivira protein kinazu B (Akt) (Irino et al., 2008). Konacan
ishod ovakve signalizacije je interakcija nastavaka mikroglije sa integrinima vancelijskog
matriksa Sto omogucava migraciju (Ohsawa et al., 2010). Aktvacija P2X4R moze pojacati
migraciju i oslobadanje solubilnih faktora (Ohsawa et al., 2007). Uz pobrojane P2 receptora,
vaznu ulogu u regulaciji hemotaksije i inflamatornog statusa mikroglije imaju P1 receptori.
Adenozinski A;R i AsR uklju€eni su u regulaciju hemotaksije mikroglije (Farber et al., 2008;
Ohsawa et al., 2012), dok je A;aR uklju€en u proces retrakcije nastavaka (Orr et al., 2009).
Izmenjena ekspresija P1 receptora u neurodegenerativhim bolestima kljuéno doprinosi
promeni morfologije mikroglije ka reaktivnoj, utice na proliferaciju (Gomes et al., 2013), kao i
na njen inflamacijski kapacitet (Fiebich et al., 1996).

Aktivirana mikroglija ima sposobnost fagocitoze, odnosno, uklanjanja ¢elijskog debrisa.
U ovom procesu vaznu ulogu imaju P2Y4R i P2YgR. Ova dva receptora najveci afinitet
ispoljavaju prema uridinskim nukleotidima, UTP, odnosno, UDP (von Klgelgen and Harden,
2011), i ove receptora mikroglija pojaCano eksprimira u patoloskim uslovima, kada oSteéeni
neuroni, uz ATP, oslobadaju i znatne koli¢ine UDP (Koizumi et al., 2007). Aktivacija P2YgR
ukljuCena je u prelazak miruju¢e mikroglije u ameboidnu fagocitarnu formu (Bernier et al.,
2013). S druge strane, P2Y4R udestvuje u procesu pinocitoze (Li et al., 2013). Purinska
signalizacija uklju€ena je i u inflamacijski odgovor mikroglije posredstvom P2X7R. lako se ovaj
receptor eksprimira na gotovo svim tipovima celija u CNS, najveci nivo ekspresije je utvrden
upravo u celijama mikroglije (llles et al., 2012). Aktivacija P2X;R pokre¢e kaskadu nastanka
inflamazoma, koja rezultira oslobadanjem IL-1B, a u ovom procesu neophodna je ko-
stimulacija P2X;R i TLR4 receptora (Shieh et al., 2014).

Astrociti eksprimiraju brojne komponente purinskog signalnog sistema, posebno AR,
P2Y1R, eN/CD73 i NTPDazu 2 (Zhang et al., 2014, 2016; Li et al., 2019). Signalizacija
posredovana P2Y;R uclestvuje u odrzavanju homeostaze kalcijuma u astrocitima, koji je
kljucan za brojne aspekte funkcionisanja astrocita, poput modulacije sinaptiCke aktivnosti i
odrzavanja krvno-mozdane barijere (Bazargani and Attwell, 2016). U uslovima naru$ene
homeostaze, aktivirani astrociti obavljaju uloge poput odrzavanja KMB, uklanjanja
neurotransmitera iz sinapsi, oslobadanje gliotransmitera itd. O znacaju i ukljuCenosti purinske
transmisije u tim procesima govori promenjena ekspresija brojnin komponenti, medu kojima
se, na primer u modelu AD znatno pojaCava ekspresija P2ry2, Enpp2, Enpp5 i Gja, a
smanjuje ekspresija Adora2a, Adora2b, P2ry14, Entpdl, Entpd2 i Enpp4 (Orre et al., 2014;
Kamphuis et al., 2015; Grubman et al., 2019; Habib et al., 2020; Lau et al., 2020; Zhou et al.,
2020). P2Y31R znacajno doprinosi izmenjenom statusu astrocita u patoloskim uslovima
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(Shinozaki et al., 2017), naroCito u AD (Delekate et al., 2014; Reichenbach et al., 2018), gde
se nivo P2Y;R u astrocitima poveéava, kako u animalnim modelima AD, tako i na post
mortem tkivu AD pacijenata, Sto je narocito uocljivo u blizini B-amiloidnih plaka (Delekate et
al., 2014; Reichenbach et al., 2018).

Astrociti eksprimiraju CD73/eN koji reguliSe lokalnu koncentraciju adenozina. Aktivacija
astrocita je povezana sa povecanjem ekspresije ovog enzima kod pacijenata koji boluju od
neurodegenerativnih bolesti (Orr et al., 2015) ali i u animalnim modelima (Orr et al., 2015,
2018). Uz CD73/eN obi¢no se uoCava povecanje ekspresije A2aR, koji je uklju¢en u regulaciju
preuzimanja glutamata i y-aminobuterne kiseline (GABA) iz sinapsi (Matos et al., 2012;
Cristévao-Ferreira et al., 2013), ali i kontroli neuroinflamacije u patofizioloSkim stanjima
(Nedeljkovic, 2019). Blokada A.aR i njegove signalizacije poboljSava kognitivne deficite u
animalnim modelima neurodegeneracije povezane sa kognitivnim deficitom (Orr et al., 2015),
lako je mnogo literaturnih podataka koji jasno ukazuju na narusenu regulaciju komponentni
purinskog signalnog sistema u astrocitima u patoloSkim stanjima, dalja istrazivanja su
neophodna kako bi se utvrdilo da li su ovakvi fenomeni i razlike koje se uoCavaju posledica
postojanja subpopulacije astrocita koje nose ove promene ili specifi¢nih mikroniSa u kojima se
ove promene deSavaju (Slika 4).

HOMEOSTAZA PATOLOGIJA

Narusena kognicija

Normalna kognicija Astrociti

A2BR
P2Y1
Cx43

Reaktivni astrociti

Sinapsa

Sinapsa o Rovecan ATP/Ado
" “[\.Ravnoteza ATP/Ad0

Na.ri.!'se'na modulacij
*Odimiranje sinapsi

P2X7, ENPP4
P2X7, ENPP2

Reaktivna mikroglija

P2Y12 P2X4
Mikroglija CD39 P2X7
P2Y12, P2Y13 ® ATP P2Y4
A3R, P2X7, ENT1, e Ado P2Y6

CD39

Slika 4. Kompente purinske signalizacije u uslovima homeostaze i patologije (Modifikovani iz
Pietrowski et al 2021)

15



Il CILJ ISTRAZIVANJA

Purinski  signalni sistem ima centralnu ulogu u etiopatogenezi mnogih
neurodegenerativnin bolesti, a brojni sintetiCki agonisti/antagonisti purinskih receptora
izuCavaju se kao potencijalni terapeutici u neurodegenerativnim i neuroinflamacijskim
bolestima. Pored receptora, veoma vaznu ulogu u neuroinflamacijskim deSavanjima imaju i
enzimi ektonukleotidaze koji reguliSu dostupnost liganada purinskih receptore, a Cija uloga u
neurodegenerativnim bolestima nije najbolje proucena.

Stoga je glavni cilj ove doktorske disertacije ispitivanje uloge purinske transmisije u
uspostavljanju morfoloSkog i funkcionalnog profila aktivacije glijskih ¢elija, u modelu
neurodegeneracije i neuroinflamacije izazvane trimetil-kalajem (TMK). S obzirom na to da se
neurodegeneracija izazvana TMK progresivno razvija tokom tri nedelje, istrazivanja su
izvedena 2, 4, 7 i 21 dan od aplikacije TMK, sa posebnim fokusom na hipokampus i njegove
podregije CAl, CA3, i hilus/DG.

U skladu sa opstim ciliem postavljeni su sledeci specifi¢ni ciljevi:

1) Utvrditi vremenski i regionalni profil neurodegeneracije u hipokampusu Zenki
pacova;

2) Ispitati vremenski profil neuroinflamacije i suptilne promene morfologije aktiviranih
glijskih celija;

3) Utvrditi vremenski profil hidrolazne aktivnosti ektonukleotidaza in situ;

4) Ispitati promene ekspresije NTPDazal/CD39 i eN/CD73 na genskom nivou,

5) lIspitati celijsku lokalizaciju NTPDazal/CD39 i eN/CD73;

6) Ispitati promene genske ekspresije purinskih receptora na P2X4R, P2X;R, P2Y;R,
P2YeR, P2Y12R, A1R, AoaR, AR, AsR;

7) Ispitati Celijsku lokalizaciju purinskih receptora koji su od znacCaja za procese
aktivacije glijskih Celija P2Y12R, P2Y1R P2X7, A1R i AoaR;

8) Ispitati povezanost uocenih promena komponenti purinskog signalnog sistema sa
funkcionalnim fenotipovima aktiviranih glijskih ¢elija.
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Il RADOVI PROIZASLI IZ DOKTORSKE DISERTACIJE
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Abstract—Astrocytes comprise a heterogenic group of glial cells, which perform homeostatic functions in the
central nervous system. These cells react to all kind of insults by changing the morphology and function that
result in a transition from the quiescent to a reactive phenotype. Trimethyltin (TMT) intoxication, which repro-
duces pathological events in the hippocampus similar to those associated with seizures and cognitive decline,
has been proven as a useful model for studying responses of the glial cells to neurodegeneration. In the present
study, we have explored morphological varieties of astrocytes in the hippocampal subregions of ovariectomized
female rats exposed to TMT. We have demonstrated an early loss of neurons in CA1 and DG subfields. Distinct
morphotypes of protoplasmic astrocytes observed in CA1/CA3 and the hilus of control animals developed differ-
ent responses to TMT intoxication, as assessed by GFAP-immunohistochemistry. In CA1 subregion, GFAP™
astrocytes preserved their domain organization and responded with typical hypertrophy, while the hilar GFAP™
astrocytes developed atrophy-like phenotype and increased expression of vimentin and nestin 7 days after the
exposure. Both reactive and atrophied-like astrocytes expressed Kird.1 in CA1/CA3 and the hilus of DG, respec-
tively, indicating that these cells did not change their potential for normal activity at this time point of pathology.
Together, the results demonstrate the persistence of two protoplasmic morphotypes of astrocytes, with distinct
appearance, function, and fate after TMT-induced neurodegeneration, suggesting their pleiotropic roles in the
hippocampal response to neurodegeneration. © 2019 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION cesses (Sofroniew and Vinters, 2010). It is supposed that
the morphological heterogeneity of astrocytes reflects
their functional diversity, similar to well-known hetero-
geneity of neuronal populations. Accordingly, several spe-
cialized and morphologically diverse astrocyte subtypes
have been described in anatomically distinct brain

hological di ity t int f ast f ¢ regions, including Bergmann glia in the cerebellum, velate
pnological diversily, wo main types of astrocyles are lra- astrocytes, radial astrocyte in the dentate gyrus, Muller

ditionally recognized based on |mmunolgbe||ng-a‘gamst cells in the retina, marginal glia, etc. (Emsley and
thg well-known astrocyte‘marker, glial fibrillary acidic pro- Macklis, 2006; Oberheim et al., 2012). In addition to the
tein (GFAP). Proloplasmlc-astrocyles are the most abun- supportive and homeostatic functions, specialized astro-
dgnt qstrocyte §ubtype in ?he gray ma-tter, L!sually cytes perform particular roles in defined brain regions,
displaying an ovoid cell body with several radially oriented such as regulation of local neuronal activity, synaptic
and highly branched processes (Sofroniew and Vinters, transmission and metabolism of local neurotre{nsmitters,

20_10; Bayraktar et al., 2014). Fiprous astrocytes in the adjustment of blood flow or proliferation of stem cells in
white matter are less complex, with a flattened cell body the neurogenic niches (Zhang and Barres, 2010;

and longer, bilaterally oriented and less branched pro- Bayraktar et al., 2014).

Astrocytes form a highly interconnected network via

Astrocytes represent morphologically and functionally
diverse cell type of the central nervous system (CNS),
which perform essential roles in neural development,
homeostasis, and plasticity (Sofroniew and Vinters,
2010; Khakh and Sofroniew, 2015). In respect to the mor-
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in the astrocytes morphology, characterized by
hypertrophy, branching of stem processes (Wilhelmsson
et al., 2006; Bardehle et al., 2013) and up-regulation of
GFAP (Pekny and Pekna, 2014), accompanied by a sig-
nificant alteration in gene expression (Sofroniew, 2009;
Zamanian et al., 2012). However, even in the same brain
area, distinct subtypes of astrocytes may respond differ-
ently to the same insult, leading to diverse reactive pheno-
type and differential expressions of transcription factors,
chemokines and cytokines (Hamby et al., 2012), thus
acquiring specific functional and morphological pheno-
types to fulfill the requirements of the local pathological
context. Quantitative analyses are necessary to distin-
guish the subtle changes of astrocytes that accompany
mild injury of the brain regions or damages located at
regions distant to severe injury.

Trimethyltin-chloride (TMT) is an organotin compound
which induces selective neuronal loss and activation of
glial cells in the limbic areas, leading to marked
behavioral changes, such as hyperactivity, aggression,
memory loss, learning impairment and seizures
(Balaban et al., 1988; Trabucco et al., 2009; Geloso
et al., 2011; Corvino et al., 2013; Lattanzi et al., 2013;
Lee et al., 2016a). The intoxication induced by TMT in
rodents has been proven as a model of progressive neu-
rodegeneration of the hippocampus suitable to study the
neuronal and glial cell responses (Geloso et al., 2011;
Corvino et al., 2013; Lattanzi et al., 2013; Lee et al.,
2016a). A neuronal damage shows a delayed onset
(two to four days after intoxication), became clearly
detectable at the end of the first week post-intoxication,
and progressively worsens over three weeks (Haga
et al., 2002; Trabucco et al., 2009; Geloso et al., 2011;
Corvino et al., 2012; Little et al., 2012; Corvino et al.,
2013; Lattanzi et al., 2013; Corvino et al., 2015). Although
differences in the pattern of hippocampal degeneration
have been described, depending on species, strain,
age, dose, vehicle and route of administration, it has been
suggested that the variety of neuropathological events
observed in rodents are not related to species- or sex-
related differences in the sensitivity to TMT toxicity, but
rather to a different susceptibility to secondary effects pro-
duced by this neurotoxin (Haga et al., 2002; Trabucco
et al., 2009; Geloso et al., 2011; Corvino et al., 2012;
Little et al., 2012; Corvino et al., 2013; Lattanzi et al.,
2013; Corvino et al.,, 2015). It was proposed that TMT
directly affects granule cells of the dentate gyrus (DG),
whereas CA pyramidal cells perish as a consequence of
seizures produced by this neurotoxin (Ishida et al.,
1997; Trabucco et al., 2009; Shin et al., 2011). Thus,
the neuronal damage was demonstrated in the pyramidal
and dentate granule cells of the hippocampus as early as
2 days post-dosing followed with glial cells activation
(Balaban et al., 1988; Haga et al., 2002; Little et al.,
2002; Little et al., 2012; Lattanzi et al., 2013). In the pre-
sent study, we assumed that careful morphometric analy-
sis of astrocytes in the days following intoxication might
provide an insight into functional dynamics of their activa-
tion in the neurodegenerative and neurotoxic conditions.
Such neurodegeneration and glial cells responses in the
hippocampus of ovariectomized (OVX) rats are a good
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basis for studies on novel neuroprotective compounds,
steroid hormones (Corvino et al., 2012; Corvino et al.,
2013; Corvino et al., 2015; Lee et al.,, 2016b) and/or
bioidentical hormones replacement regimes, currently
ongoing in our laboratory. Furthermore, seizures and
other behavioral patterns in distinct neuropathologies
(Scharfman et al., 2005; Veliskova and Desantis, 2013),
but also astrocyte morphology are affected by fluctuations
of ovarian hormones during the estrus cycle (Luquinetal.,
1993; Klintsova et al., 1995; Hajos et al., 2000; Arias
et al.,, 2009). Thus, by intoxicating OVX females, we
avoided fluctuating effects of ovarian hormones and stud-
ied the heterogeneity of astrocyte response in the hip-
pocampus in an initial stable state. Additionally, the
pattern of neuronal damage in the hippocampus of OVX
females (Corvino et al., 2015) is comparable with events
in intact rats of both gender (Haga et al., 2002;
Trabucco et al., 2009; Geloso et al., 2011; Little et al.,
2012; Corvino et al., 2013; Lattanzi et al., 2013; Corvino
et al., 2015). Therefore, morpho-functional heterogeneity
of astrocytes after TMT was characterized by using
GFAP, vimentin and nestin immunolabeling, whereas
their functional state was determined based on Kir4.1
expression. The results indicate that astrocytes in differ-
ent hippocampal subfields have distinct morphology,
and respond differently to TMT intoxication, which may
give us a better understanding of the specific local home-
ostatic and protective role of the glial cells to the brain
insult.

MATERIAL & METHODS
Ethics statement

All experimental procedures were approved by the Ethics
Committee for the Use of Laboratory Animals of Vinca
Institute of Nuclear Sciences, University of Belgrade;
Republic of Serbia (Application No. 02/11; 323-07-
02057/2017-05). Care was taken to minimize the pain
and discomfort of the animals in accordance with the
European Communities Council Directive (2010/63/EU).

Animals

This study was performed on two months old Wistar
female rats (220-250 g) acquired from VINCA Institute’s
local colony. All animals (3 per cage) were housed in
12h light/dark regime, constant humidity and
temperature, food and water ad libitum.

Surgical procedure and treatment

Animals were bilaterally ovariectomized through a dorsal
incision under ketamine (50 mg/kg) i.p. and xylazine
(5 mg/kg) i.p. anesthesia and left for three weeks of
postsurgical recovery. After recovery, animals received
i.p. injection of TMT (8 mg/kg dissolved in 1 mL 0.9 %
w/v saline) (Balaban et al., 1988; Latini et al., 2010;
Little et al., 2012; Lattanzi et al., 2013; Corvino et al.,
2015). Control animals received 0.9 % sterile saline injec-
tion of the same volume. TMT-injected animals were kept
in separate cages due to aggressive behavior and sacri-
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ficed by decapitation (Harvard apparatus, Holliston, MA,
USA)

Assessment of behavior severity

TMT treated animals exhibited usual symptoms of TMT
poisoning, such as hyper-excitability, tremors, and
seizures (Trabucco et al., 2009; Geloso et al.,, 2011).
Starting from day 1 after the exposure, animals were
scored during a 5-min interval in brightly lit arenas
(40 x 40 cm, 250 lux), for a hyperactivity/tremor, using
the arbitrarily defined scale, as follows: (0) without symp-
toms, (1) hyperactivity and hyper-responsiveness (2) mild
tremor with normal motor activity, and (3) systemic tremor
(Trabucco et al., 2009). Behavioral severity score exhib-
ited a bell-shaped curve which peaked at day 4 and
decreases at day 7 (Fig. 1). Thus, three-time points have
been chosen for the experiments — two, four and seven
days after intoxication (2d TMT, 4d TMT, 7d TMT,
Fig. 1; arrows, n = 5 rats/group, and appropriate controls
were sacrificed at all three-time points). Animals also
develop aggressive behavior after TMT poisoning, peak-
ing at day 4: avoids hand by running andfor struggles
when captured, or leaps, struggles, and bites when cap-
tured (Lee et al., 2016a).

Immunohistochemistry and light microscopy

Brains for immunohistochemistry and histology were
carefully removed from the skull (n = 5 animals/group),
fixed in 4 % PFA for 24 hours, cryoprotected in graded
sucrose (10-30 % in 0.2 M phosphate buffer) and stored
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Fig. 1. Assessment of behavior severity. Behavioral signs were
scored according to 0-3 scale (0, without symptoms; 1, hyperactivity
and hyper-responsiveness, 2 mild tremor with normal motor activity;
3, systemic tremor). Animals (n = 5/group) were sacrificed at each
time point (days 2, 4, 7 days after treatment; arows). The data are
reported as the mean £ SEM.
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at 4 °C. Afterward, 20 um thick coronal cryosections of
the dorsal hippocampus were made, between 3.12 and
3.84 mm posterior to Bregma, air-dried for 2 hours and
stored at — 20 °C until use. After washing steps in PBS,
endogenous peroxidase was blocked in immersion of
0.3 % H505 in methanol for 20 min, followed by blocking
in 5 % donkey serum at room temperature for 1 hour.
Next, sections were probed with mouse anti-rat GFAP
antibody (1:300 dilution, UC Davis/NIH NeuroMab
Facility 73-240, ab10672298) overnight at 4 °C. After
washing in PBS, sections were incubated with goat anti-
mouse HRP-conjugated secondary antibody (1:200
dilutions, R&D Systems, HAF007). The signal was
visualized with the use of 3,3'-S-diaminobenzidine-tetrahy
drochloride kit (DAB, Abcam, UK) as a chromogen for
HRP-conjugated secondary antibodies. After
dehydration in graded ethanol (v0 % — 100 %) and
clearance in xylene, sections were mounted with the
use of DPX-mounting medium (Sigma Aldrich, USA).
Digital images (2088 x 1550 pixels) of DAB-stained
astrocytes were acquired using LEITZ DM RB light
microscope (Leica Mikroskopie & Systems GmbH,
Wetzlar, Germany), a LEICA DFC320 CCD camera
(Leica Microsystems Ltd., Heerbrugg, Switzerland) and
LEICA DFC Twain Software (Leica, Germany).

For Fluoro-Jade C (FJC) staining, sections were air-
dried at room temperature and immersed for 5min in a
1 % NaOH dissolved in 80 % ethanol. Afterward,
sections were rinsed in 70 % ethanol and distilled H20.
Then, incubation in 0.06 % potassium permanganate for
10 min was performed. After rinsing in water for 2 min,
sections were incubated in FJC for 10 min. The working
solution of FJC was made by adding 4 ml of 0.01 %
stock solution into 0.1 % glacial acetic acid. After
incubation in FJC, sections were rinsed in water and
dried at 50 °C for 15-20 min. Finally, tissue was cleared
in xylene for 3 min, and covered with DPX mounting
medium. The FITC filter system was used for
visualization of FJC staining at 20x magnification.

Cell count and mean surface area analysis

In order to evaluate neuronal degeneration, a semi-
quantitative analysis of Nissl stained neurons was
performed using [/magedJ cell counter plugin (free
download from https://imagej.net/Downloads). Images
(40x objectives) of CA1, CA3, and DG were acquired for
the analysis. Only neurons of pyramidal cell layers (pcl)
and granular cell layer (gcl) showing unequivocally
regularly shaped neuronal morphology with clearly
visible nucleoli were included in the analysis. Between 4
and 6 sections were analyzed per brain (n=5
brains/group). We captured 20 images of each
subregion per group (60 images/experimental group)
and counted cells in high-power field (2088 x 1550
pixels, HPF = 0.06 mm?). Since Nissl| staining detects
fragmented nuclei and labels, small, intensely basophilic
and cytoplasmic shrinkage, frequently seen outside the
neurons and representing apoptotic bodies - the end
products of apoptosis (Capurso et al., 1997}, count of vis-
ible apoptotic bodies was performed. Apoptotic bodies
were selected based on their location; only those clearly
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distinguishable from glia, within the pyramidal layer were
counted in ImagedJ software and included in the study.

For density evaluation of GFAP™ cells in the
examined regions, we acquired 20 micrographs of each
region (60 images/experimental group, 20x objective)
and counted cells in high-power field (2088 x 1550
pixels, HPF = 0.25 mm?). Only astrocytes with clearly
immunolabeled bodies and processes were included in
the total number of counted cells. Since there is no
sharp demarcation between the polymorph layer of the
dentate gyrus and proximal part of CA3 region, we
addressed the cellular layer encompassed by blades of
the granular layer as a hilar region.

Image acquisition and processing for morphological
analysis

Images were acquired using 63 x 3.2 objectives and
saved in _tiff format. We captured 320 images of single
astrocyte from CA1, CA3 region and hilar region of the
dorsal hippocampus (80 single astrocyte/experimental
group) and all of them were taken blindly to treatment.
Since we were assessing different morphological
parameters, images of a single astrocyte were
processed using NIH public software Imaged (free
download from hitps://imagej.net/Downloads). Original
images were imported into ImagedJ (Fig. 2A), converted
to an 8-bit image (Fig. 2B), and then binarized (Fig. 2D),
with a previously set up threshold (Fig. 2C). In order to
acquire the image of a single astrocyte made of a
continuous set of pixels, manual editing was performed
if needed; some pixels where added to make processes
continuous (Fernandez-Arjona et al., 2017), others that
did not belong to astrocyte being edited were removed.
The editing step was carefully done with a constant para-
ble to the original image. Finally, the image was inverted
(Fig. 2F) and ready for morphological analysis.

Fig. 2. Processing of astrocyte micrographs. Micrographs of single astrocytes were selected blind to
treatment, and imported into ImagedJ (A), converted to an 8-bit image (B). The threshold was set up
(C) and the image was converted to a binary scale (D). In order to present an astrocyte that is made of

In the assessment of the mean surface area, we used
4 sections per animal and obtained 60 astrocytes per
region (180 per experimental group). Micrographs were
imported in NIH public software ImagedJ converted to an
8-bit image and then binarized with a previously set up
threshold. The threshold was carefully determined with
constant comparison to the original image. Each
astrocyte was selected and measured for its cell surface
(pixel = 14.1025 um) by investigators blinded to
treatment groups. All image-capturing and threshold
parameters were kept the same for each measurement
between comparing groups.

Morphological analyses of astrocytes

In order to evaluate morphological changes of astrocytes
after TMT exposure, seven morphological parameters
were analyzed:

1) Fractal dimension (Dg) a unitless number that
measures changes in detail (N) with alteration in scale
(S), proved to be an excellent indicator of the object's
complexity. Dg is calculated as the logarithmic ratio of N
and S:

_ logN
~ logS

IS

where N is the number of pixels in the image at a given
scale (S). Higher values of fractal dimension point
towards higher pattern complexity (Karperien et al.,
2013). Dg was calculated using /magedJ plugin FracLac.
The box-counting method was applied to count the num-
ber of a pixel containing boxes with successive changes
in grid size. In order to avoid rotational variance, all astro-
cytes were positioned in a manner where its longest edge
was parallel to the y-axis. Finally, the obtained average
value of 12 measurements was included in the analysis,
in accordance with validated protocol (Fernandez-Arjona
et al., 2017).

2) Perimeter, a parameter also
indicative of the complexity and
branching pattern of astrocytes. It
was measured by outlining each
cell and then converting the
number of pixels into pm using
Imaged (1 pixel = 14.1025 pm).

3) Circularity, a parameter,
with wvalues ranging from 0-1,
measuring the deviation of the cell
from a perfect circle.

4) The Length of GFAP
stained processes was
measured using /mageJ macro —
Measure skeleton length (written
by Volker Baecker, INSERM,
2010; http://mri.cnrs.frindex.php?
m = 67&c = 110). Binarized
images were skeletonized and this
macro was applied.

5) The number of primary
branches manually assessed for

a continuous set of pixels, function fill holes was applied (E), the image was inverted and ready for each astrocyte, with two separate

further analysis (F).

counts, obtaining an average value.
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6) The number of secondary branches manually
assessed for each astrocyte, with two separate counts,
obtaining an average value.

7) Sholl analysis used to determine the branching
complexity of astrocytes. Images were analyzed using
Imaged software, Sholl analysis plugin. Using multi-point
tool, starting point was set to center of astrocyte’s body,
radius step was set to 2pum, number of primary
branches was manually added based on the previous
counting, and Shoenon ramification index (RF) was
calculated (maximum number of intersections/number of
primary branches) (Morrison and Filosa, 2013).

Double immunofluorescence and confocal
microscopy

After washing steps in PBS, followed by blocking in 5 %
donkey serum at room temperature for 1 hour,
incubations with rabbit anti-rat GFAP antibody (1:500
dilution, DAKO, abZ0034) antibody and secondary
donkey anti-rabbit Alexa Fluor 555 (1:400 dilution,
Invitrogen, ab162543) or mouse anti-rat GFAP antibody
(1:300 dilution, UC Davis/NIH NeuroMab Facility 73—
240, ab10672298) followed with secondary donkey anti-
mouse Alexa Fluor 488 (1:400 dilution, Invitrogen,
ab142672) were applied. After washing in PBS, sections
were incubated in the primary antibodies: mouse anti-rat
vimentin antibody (1:200 dilution, DAKO MO0725,
ab10013485), mouse anti-rat nestin antibody (1:10
dilution, Sigma N5413, ab1841032) and rabbit anti-rat
Kird.1 antibody (1:300 dilution, Alomone labs, APC-
035). Secondary donkey anti-mouse Alexa Fluor 488
(1:400 dilution, Invitrogen, ab142672) was applied for 2
hr. All primary and secondary antibodies were
separately applied. The sections were mounted in
Mowiol (Calbiochem, La Jolla, CA). Confocal imaging
was performed using confocal laser-scanning
microscope (LSM 510, Carl Zeiss GmbH, Jena,
Germany) using Ar Multi-line (457, 478, 488 and
514 nm) and HeNe (543 nm) lasers using 63x (x2 digital
zoom) DIC oil, 40x (x2 digital zoom) and 20x objective
and monochrome camera AxioCam ICm1 camera (Carl
Zeiss GmbH, Germany). We captured representative
GFAP™ astrocytes seven days after exposure when
most notable morphological changes were observed.

Statistical analysis

All results are presented as mean = SEM. One-way
analysis of variance (One-way ANOVA) was performed
for statistical comparison between controls in each
region. Two-way analysis of variance (two-way ANOVA)
was performed to determine the effects of time (2, 4,
7 days after TMT injection), hippocampal subfield (CA1,
CA3 region, and DG) and the interactions between them
for morphological parameters. Tuckey's posthoc test
was performed for multiple comparisons between
experimental groups. Statistical analysis was done using
GraphPad Prism 6 software package (San Diego, CA).
Results were considered significant at p < 0.05.
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RESULTS

Astrocyte heterogeneity in the control OVX
hippocampus and dentate gyrus

Distribution and heterogeneity of hippocampal astrocytes
in OVX animals were assessed with GFAP
immunoreactivity  (ir). Although the staining was
detectable in the entire structure, regional differences
were observed. Typical fibrous astrocytes were present
in the alveus and fimbria, with flattened cell bodies and
2—4 branches extending parallel with the white matter
fibers (Fig. 3A). The highest density of GFAP™
astrocytes was observed in the stratum lacunosum-
moleculare (sfm), where the cells with long processes
appeared to radiate away from the CA layer. In the
stratum oriens (so) and stratum radiatum (sr) of CA1/
CA3 regions typical stellate astrocytes with 5-7 primary
branches (Fig. 3B) were found. Although few GFAP™
cells were located between pyramidal neurons, the layer
was generally devoid of astrocytes. However,
perivascular astrocytes with their endfeet surrounding
the blood vessels were observed in so and sr (Fig. 3C).
The cells displayed stellate morphology, different in size,
with one or more primary processes and the endfeet
adhering to the vessel surface. All astrocytes occupied
discrete domains with only marginal overlap between
their thin secondary and tertiary GFAP " processes. The
common feature of astrocytes in CA region is the
absence of GFAP-ir at the astrocytic bodies (Fig. 3E). In
the hilar region, astrocytes also displayed stellate
morphology with 7-10 primary branches radiating in all
directions (Fig. 31). Their branches appear to be thicker
and shorter than those in CA regions and bodies were
clearly recognizable by GFAP-ir (Fig. 3F). Astrocytes
were concentrated in the central part of the hilus, often
surrounding neurons. Subgranular zone contained
astrocytes with oval bodies and few long processes
extending through gcl into the molecular layer (mf)
(Fig. 3G). Although the cell’'s bodies were not always
visible, many thin radial branches traversing between
densely packed granular cells could be seen. In mli,
besides typical stellate astrocytes, yet another type with
radial and broomy shape was observed (Fig. 3H). Their
long processes ran parallel to each other and
perpendicular to gcl, sometimes reaching it and
terminating superficially. Most of these processes
terminated in ml/, but some even reached out of the
hippocampal fissure. Only a few stellate cells were
scattered in gel. Domain organization was also apparent
in DG area. In the ml near the crest of DG,
periventricular astrocytes (Fig. 3D) and marginal glia
(Fig. 3J) were seen. The subtypes of astrocytes
identified in the hippocampal subregions are
summarized in Table 1.

Astrocytes complexity and morphology differ by
subregion in the control hippocampus

Astrocytes diversity in the CA1, CA3 and DG subfields of
Ctrl (OVX) animals were further analyzed by determining
morphometric parameters from microscopic images
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Fig. 3. Distribution of astrocyte morphological subtypes in the hippocampus of OVX female rats. Micrographs of fibrous astrocytes in the alveus (A)
and protoplasmic astrocytes in CA1 region (B). Characteristic astrocyte morphotype of CA1 subregion (E). Vascular endfeet of astrocytes were
seen throughout the hippocampus, e.g. CA1 (C) and the hilar region of DG (l). Periventricular astrocytes around the third ventricle were observed
(D), while the line between DG and thalamus occupies pial glia (J). Another morphotype of protoplasmic astrocytes is observed in the hilar region of
DG (I, F). The subgranular layer is occupied with radial glia, which processes traverse the granular cell layer, termminating superficially in the inner
molecular layer (G). In the molecular layer, astrocytes have broomy-like morphology with branches parallel to each other (H). Scale bar in
micrographs (A, B, C, D, G, H, |, J) = 50 um; (E, F) = 20 um. Abbreviations: alv — alveus, so — stratum oriens, sr — stratum radiatum, pcl —
pyramidal cell layer, ml — molecular layer, gcl — granular cell layer, hil — hilar region, Il — third ventricle.

Table 1. Astrocyte subtypes observed in subregions of hippocampus and dentate gyrus.
Astrocyte subtypes

Hippocampus Radial Protoplasmic type Protoplasmic type  Fibrous Perivascular Marginal Periventricular
glia 1 2

CA1

Stratum oriens — + = = + o= ¥
Stratum radiatum — + — = £ - +
Stratum pyramidale - +/— — o = - —
Stratum lacunosum- — + — — + — _

moleculare

CA3

Stratum oriens — + — — — _ _
Stratum radiatum - + — — + — _
Stratum lucidum — + — — — — _
Stratum pyramidale — +/— - = = = =
Alveus/Fimbria — — = + = 2= s

Dentate gyrus

Hilus — — - = 2 = =
Molecular layer + - + = — * +
Subgranular region + - + == = = =
Granular cell layer — - +/— == - - -
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obtained by GFAP immunohistochemistry. We have
determined the fractal dimension (D;) which is a
measure of cell complexity, wherein higher values
correlate with more complex cell morphology (Di leva
et al., 2014). Astrocytes in CA1 and CA3 showed lower
D values compared to those in DG (Fig. 4A, Table 2),
while similar D; was determined for astrocytes in CA1/
CA3 regions. The perimeter, which is the measure of gen-
eral morphology, was significantly lower in CA1 and CA3
compared to DG astrocytes (Fig. 4B, Table 2). Parameter
length of GFAP stained processes revealed a similar pat-
tern, i.e. astrocytes in CA1 and CA3 showed lower values
than DG astrocytes (Fig. 4C, Table 2). The number of pri-
mary and secondary branches in three examined regions
was significantly higherin DG, in respect to CA1 and CA3
(Fig. 4D, Table 2). The cells in CA1 displayed less sec-
ondary branches in comparison to CA3 and DG
(Fig. 4E, Table 2). The values of the Shoenon coefficient,
which reflects branching complexity, were in the accor-
dance with the observed morphology, corroborating that
the glial cells in CA1 and CA3 displayed lesser morpho-
logical complexity than those in DG (Fig. 4F, Table 2).
The results of one-way ANOVA analysis and Tuckey's
post hoc test were summarized in Table 2.
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TMT induces neuronal damage/death in CA1 and DG

Spatiotemporal features and extent of hippocampal
lesions were assessed using Nissl staining (Fig. 5A). In
Ctrl hippocampi, no changes in neuronal morphology
were  observed. At 2d TMT, only a few
necrotic/damaged cells and slight disorganization of
CA1 pyramidal cells were noticed (data not shown),
without a change in the overall number of viable
neurons in the subfields of interest. In pcl of CA1 and
gel of DG, damaged neurons, necrotic cells, and
apoptotic bodies became apparent at 4d TMT, which
resulted in a significant decrease in neuronal cell counts
in CA1 subfield. At 7d TMT, a large number of
degenerated neurons in CA1 subfield and numerous
apoptotic bodies were visible. Nissl staining also
revealed neuronal death in gel of DG, where apoptotic
bodies were scattered within the layer. At the same
time-point, the hilar subfield was also populated with
small, darkly-stained cells, suggesting gliosis. In the
examined time frame, no pathological changes were
observed in the distal and medial CA3 subregion.

Cell counting followed by two-way ANOVA revealed
significant effect of time (F(s 106y = 34.97, p < 0.0001),
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Fig. 4. Morphological parameters of astrocytes in control hippocampus. A fractal dimension (A), perimeter (B), length of GFAP stained processes
(C), number of primary (D) and secondary branches (E) and Shoenon coefficient (F) of astrocytes in CA1, CA3 and DG of control (Ctrl)
hippocampus. The values are given as means = SEM. * p < 0.05 (or less) indicates differences between CA1 vs DG; ®p < 0.05 (or less) indicates
differences between CA3 and DG analyzed with one-way ANOVA followed by a Tukey's multiple comparison test.
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Table 2. Results of one-way ANOVA analysis and post-hoc test of control astrocytes morphological parameters.

CA1vsCA3vsDG Fractal Perimeter Length of GFAP stained No. of primary No. of secondary Shoenon
dimension processes branches branches ramification

ANOVA F Fa, Fa, Fo, 57 = 11.57 F2, s5 = 10.19 F2, 55 = 7.49 F2, 55 = 12,13
values 53 = 12.58 s6 = 5.36
P p < 0.0001 p < 0.01 p < 0.0001 p < 0.001 p < 0.01 p < 0.0001
values

Post hoc test

CA1 vs CA3 NSD NSD NSD NSD NSD NSD

CA1 vs DG p < 0.0001 p < 0.01 p < 0.0001 p < 0.001 p < 0.001 p < 0.0001

CA3 vs DG p < 0.0001 p <005 p<0.05 p < 0.01 NSD p < 0.05

NSD - no statistical difference.
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Fig. 5. Neuronal degeneration in the hippocampus following TMT intoxication. A) Micrographs of Nissl stained coronal sections from the dorsal
hippocampus of Ctrl rats treated with saline or 4 and 7 days after TMT. Neuronal loss and apoptotic bodies are clearly detectable in both CA1 and
DG (arrows), 4 and 7 days post-TMT. A progressive reduction in neuronal number is accompanied with small, darkly-stained cells, also suggesting
gliosis. Scale bar 100 um for low magpnification and 25 um for high magnification. B) Cell counts of Nissl stained surviving neurons in pc/ of CA1 and
CA3, and gcl of DG. C) Clearly visible apoptotic bodies in the pyramidal cell layer (pcl) of CA1 and the granular cell layer (gc/) of DG. The values are
given as means + SEM. Significance shown inside the graphs: p < 0.05 or less compared to Ctrl; "p < 0.05 or less compared to 2d TMT;

p < 0.05 or less compared to 4d TMT. D) Fluoro-Jade C representative images of Ctrl hippocampal CA1 and DG regions. After TMT, a marked
neurodegeneration is observed 2d and 4d in both, pc/ of CA1 and gcl of DG. On 7d TMT, degenerative neurons are still present in pc/ of CA1, while
hilar neurons are now labeled with FJC (H).

hippocampal subfields (F2 106) = 500.5, p < 0.0001) and at day 4 and 7 in CA1 (p < 0.001 and p < 0.0001,
their interaction (F,106) = 5.5, p < 0.0001). Post hoc test respectively) and 7 days post-TMT in the granular cell
showed a significantly lower number of surviving neurons layer of DG (p < 0.001) compared with appropriate Ctrl
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(Fig. 5B). In contrast, the number of surviving neurons
localized in CA3 region was not altered by TMT.
Accordingly, with the observed decline in the number of
surviving neurons, a gradual increase of visible
apoptotic bodies was detectable in CA1 and DG. A
moderate to a large number of apoptotic bodies was
found (individual differences were observed) in 4- and 7-
days post-TMT intoxication (Fig. 5C). Taken together
these data indicate that a significant amount of neurons
of CA1 and DG underwent cell death during the first
week after TMT intoxication.

TMT-induced neurodegeneration was  further
confirmed by FJC staining (Fig. 5D). Fluorescent
microscopy analysis of FJC-stained sections showed no
stained neurons in the hippocampi of Ctrl, as expected.
At 2d TMT, many stained degenerating neurons were
already evident in CA1, and at lover extent in DG, as
have been reported (Balaban et al., 1988; Little et al.,
2012). The FJC staining progressively increased at 4d
TMT and completely overlapped with that obtained by
Nissl staining, corroborating pronounced neuronal degen-
eration and cell loss in pcl of CA1 and gcf of DG. At 7d
TMT, FJC staining was decreased in gel of DG, but was
increased in the hilar subfield of DG where neurodegener-
ation begins. Again, no pathological changes were
observed in the distal and medial CA3 subregion during
the examined timeframe (data not shown).

Changes of GFAP-ir astrocytes morphology after
TMT intoxication

When TMT was applied, changes in the number and
morphology of GFAP-ir astrocytes were noticeable with
the marked difference between examined regions
(Fig. 6A). At 2d TMT, astrocytes in so and sr moved
their cell bodies closer to the pcl of CA1, creating dense
glial fronts against the layer. Similar observations were
obtained in CA3 and the hilar region of DG. At 4d TMT
and 7d TMT, many hypertrophied astrocytes in CA1
subregion were seen. The intersections between
GFAP™ stained processes were not observed, but
rather polarization towards the injury site, indicating
preserved domain organization. The glia of the hilar
subregion responded differently than those in CAA1
region. Hypertrophy could be seen two days post-
exposure, but from that time-point, their morphology
was mostly atrophied. Interestingly, it seems that the
domain organization remained in all three regions even
seven days after intoxication.

In order to confirm descriptive observations after TMT
intoxication, density and mean surface of GFAP-ir
astrocytes were calculated. Cell counting followed by
two-way ANOVA revealed significant differences in the
cell countsffiled, time after TMT exposure and their
interaction  (hippocampal subfields: F g = 75.7,
p < 0.0001; time post-TMT: F(395 = 22.3, p < 0.0001;
interaction: Fg g2y = 14.7, p < 0.0001). The response of
astrocytes to TMT resulted in an increase of GFAP™
cells in examined subfields, particularly in CA1, at 4d
TMT (Fig. 6B). In CA3 and the hilar region, astrocyte
numbers peaked 2d after TMT exposure and thereafter
gradually returned to the baseline level. However, the
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most profound astrocytic response, both in terms of
their number and response duration, was observed in
CA1, where an increased number of astrocytes
persisted even at 7d TMT.

Morphological hallmarks of reactive astrocytes are the
cellular hypertrophy and process elongation, thus
astrogliosis is expected to be associated with an
increase in mean surface area (Verkhratsky et al.,
2014). Analyses of mean surface of GFAP* astrocytes
followed by two-way ANOVA confirmed significant differ-
ence in mean surface area according to subfield, time
and its interaction (hippocampal subfield: Fz 532y = 70.8,
p < 0.0001; time: Fss32) = 45.8, p < 0.0001; interac-
tion: Figsap = 16.9, p < 0.0001). In CA1 subfield, the
mean surface area increased from 2d TMT afterward
and remained elevated at 7d TMT (Fig. 6C), while in
CAZ3, the mean surface area increased only at 7d TMT
in respect to Ctrl (p < 0.01). In the hilus of DG, the mean
surface area peaked at 2d TMT and thereafter decreased,
being at 7d TMT still higher than in Ctrl. Changes in
GFAP™ mean surface area in the hilus of DG were asso-
ciated with a decrease in astroglial complexity and reduc-
tion in branching, which is indicative of cell atrophy
(Verkhratsky et al.,, 2014; Lee and MaclLean, 2015). In
order to evaluate the dynamics of morphological changes
in distinct subfields, a thorough analysis of relevant mor-
phological parameters was performed.

Morphometric analysis of activated astrocytes
followed by two-way ANOVA revealed that fractal
dimension, perimeter, length of GFAP stained

processes, number of primary and secondary branches
as well as Shoenon ramification index showed a
significant effect of the anatomical subregion, time, and
their interaction (Table 3). Parameter circularity showed
only the effect of time. The results of posthoc analysis
are presented in Fig. 7. After intoxication, astrocytes of
CA1 region increased their complexity that is reflected in
the higher number of primary and secondary branches
followed by an increase in perimeter and the Shoenon
ramification coefficient. GFAP™ astrocytes of CA3
region did not change morphology in the first 4 days, but
subtle changes in the number of secondary branches
were observable at 7d after intoxication. Although
astrocytes in the hilar region initially responded with a
more complex phenotype to TMT intoxication, simplified
complexity and branching status of GFAP-ir astrocytes
in the subfield at 7d TMT also indicated different fate
than in CA1 (Fig. 7, Table 3).

Subregion-different vimentin/nestin expression after
TMT intoxication

In order to examine the hippocampal subregional-different
response of astrocytes, we investigated changes in two
other markers known to be upregulated in pathology —
vimentin, and nestin. Together with GFAP, intermediate
filaments such as vimentin and nestin represent
indicators of reactive gliosis in CNS (Pekny and Nilsson,
2005; Pekny et al., 2007; Sofroniew and Vinters, 2010).
Vimentin is a marker of immature astrocytes and is not
normally expressed at a high level in the adult brain. Fur-
ther, the upregulation of vimentin is a hallmark in models
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Fig. 6. Changes of astrocytes morphology after TMT intoxication in the hippocampus. A) Representative micrographs of GFAP staining from Ctrl
hippocampi and from hippocampi collected at different time points after TMT exposure: 2, 4 and 7 days. Scale bar 500 um for micrographs of whole
hippocampi, and scale bar 100 um for micrographs of subregions. The high magnification images represent a typical morphology of subregion/time-
specific GFAP " astrocytes. A considerable proportion of GFAP * astrocytes exhibited hypertrophy. Astrocytes in the hilus of DG showed atrophy-
like morphology. Scale bar 25 um for high magnification of astrocytes. Cell counts (B) and the cellular surface of GFAP * astrocytes (C) in CA1, CA3
and DG area. Data represent mean + SEM. Significance shown inside the graphs: p < 0.05 or less compared to Ctrl; “p < 0.05 or less compared

to 2d TMT; ®p < 0.05 or less compared to 4d TMT.

of brain damage, including neurotoxins (Andersson et al.,
1994). In Ctrl animals, vimentin-ir cells were exclusively
found in the alveus and fimbria (data not shown). In
CA1 and CAS3 regions, no vimentin-ir was observed on
GFAP™* astrocytes in Ctrl nor 7d after TMT (Fig. 8A). A
few scattered vimentin-ir cells were first detectable in
the hilus of DG 4-d post-TMT (data not shown), where
the number of double GFAP™ jvimentin™ astrocytes had
dramatically increased 7d post TMT, specifically overlap-
ping with atrophy-like astrocytes in this region.

Nestin is a type VI intermediate filament expressed in
progenitor cells during the development of CNS
(Sofroniew and Vinters, 2010). In the adult rat brain, nes-
tin can be only found in subependymal stem cells of the
subventricular zone and in endothelial cells. In some
pathological conditions, nestin is expressed in reactive

astrocytes (Duggal et al., 1997; Pekny and Pekna,
2014), also has been shown association of nestin with
the site of TMT-induced damage (Geloso et al., 2004).
Thus, no nestin-ir was detected in the hippocampal subre-
gions of Ctrl animals (Fig. 8B), as well as in the first 4 days
after intoxication (data not shown). At 7d TMT, activated
hypertrophied astrocytes of CA1 and CA3 expressed only
GFAP while double GFAP*/nestin™ cells were exclu-
sively found within the hilar region of DG.

Expression of Kir4.1 after TMT exposure

The functional state of reactive astrocytes after TMT
intoxication was examined by Kir4.1-ir (Fig. 8C, D).
Kir4.1 is an inwardly rectifying K™ channel exclusive for
astrocytes and involved in maintaining resting
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Table 3. Results of two-way ANOVA analysis and post-hoc test of astrocyte morphology parameters after TMT intoxication.

Effect of TMT on astrocyte Fractal Perimeter Circularity Length of GFAP stained No. of primary No. of secondary Shoenon
morphology dimension processes branches branches coefficient
Subregion F F2. 207 = 4549 Fp, Fz 225 = 141 F3, 25 = 13.80 F2, 223 = 9.21 F2. 221 = 6.59 F2, 218 = 13.79
values 290 = 10.58
p p < 0.0001 p < 0.0001 p = 0075 p < 0.0001 p < 0.001 p < 0.01 p < 0.0001
values
Time F F3, 207 =14.78  F3, F3, 205 = 415 F3, 205 = 1843 F3, 223 = 7.09 F3, 221 = 25.82 F3, 218 = 3.11
values 220 = 9.31
p p < 0.0001 p<00001 p<001 p < 0.0001 p < 0.001 p < 0.0001 p < 0.05
values
Interaction F Fg. 227 =3.11  Fg, Fe. 225 = 1.94 Fg, 255 = 9.36 Fg, 223 = 2.99 Fg, 229 = 7.10 Fg, 218 = 12.57
Subregion * Time values 220 = 4.46
p p <0.01 p < 0.001 p = 0.245 p < 0.0001 p < 001 p < 0.0001 p < 0.0001
values
CA1 oVX 1403 £0.007 1309 £ 45 0.793 2277 £125 555 £ 0.25 6.16 £ 0.51 1.62 £ 0.08
+ 0.018
TMT2d 1.466 £0.009* 1723 £7.9° 0.825 365.1 £ 18.6 6.30 £ 0.27 9.55 £ 0.56" 2.19 £ 0.08"
+ 0.018
TMT 4d 1.451 £0.007° 1728 £ 7.3 0.816 356.5 £ 22.4 6.00 £ 0.26 8.55 £ 0.39 241 £ 0117
+ 0.010
TMT7d  1.471 £0.009* 157.8 £ 4.3 0.818 3520 £ 17.8 6.10 £ 0.28 7.55 £ 0.37 244 £ 012"
+ 0.011
CA3 oVX 1414 £0.007 1346 £49 0.815 266.1 £ 16.8 594 £ 0.25 7.55 £ 0.56 1.88 £ 0.07
+ 0.015
TMT2d 1.438 £0.006 148.7 £ 4.3 0.821 3049 £ 149 6.35 £ 0.30 7.80 £ 0.53 1.76 £ 0.05
+0.013
TMT 4d 1.421 £0.006 1504 £ 5.4 0.793 280.3 £ 13.1 5.80 £ 0.24 7.25 £ 0.46 1.86 £ 0.05
+ 0.016
TMT7d 1.428 £0.008 137.8 £ 5.0 0.808 2306 £ 143 533 £0.29 4.66 = 0.46" 1.84 £ 0.04
+ 0.010
DG ovX 1464 £0.012 1496 =34 0816 3315 + 16.6 7.10 £ 0.27 9.55 + 0.75 2.21 £ 0.09
+ 0.015
TMT2d 1512 +0.009° 148.2 +4.32 0.879 4103 + 22.8 7.55 + 0.44 10.05 + 0.67 241 £ 013
+ 0.007"
TMT 4d 1.479 £0.006 146.1 £ 4.1 0.823 318.0 £ 13.0 6.90 £ 0.40 8.25 £ 0.53 1.935 + 0.09"
+ 0.015
TMT7d 1.473 +0.008" 133.7 +£59 0.796 2334 + 131 531 + 0.32%* 431 £ 041*7® 1.74 + 0.08**®
+ 0.0167

“ p < 0.05 (or less), compared to OVX control.

# p < 0.05 (or less), compared to TMT 2d.

® p < 0.05 (or less), compared to TMT 4d.
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Fig. 7. Morphological parameters of astrocytes after TMT intoxication. A fractal dimension (A), perimeter (B), circularity (C), length of GFAP stained
processes (D), number of primary (E) and secondary branches (F) and Shoenon coefficient (G) of astrocytes in CA1/CA3 and DG. The values are
given as means + SEM. Significance shown inside the graphs: p < 0.05 or less compared to Ctrl; #p < 0.05 or less compared to 2d TMT;

®p < 0.05 or less compared to 4d TMT.

membrane potential of astrocytes, K* buffering, cell
volume, maturation, and cell cycle and facilitating
glutamate transport (Nwaobi et al., 2016). In Ctrl animals,
Kird.1 labeled the bodies and nicely depicted processes
of astrocytes through the entire hippocampus, and co-
localized with GFAP (Fig. 8C). At 7d TMT, in all three
regions of the hippocampus higher Kird.1-ir was
observed, also corroborating hypertrophied morphology
in CA1 and CA3, and less complex astrocytes in the hilar
region of DG (Fig. 8C). Furthermore, in the hilus of DG 7d
post-TMT, Kird. 1™ less-complex astrocytes were also
vimentin- and nestin-positive (Fig. 8D).

DISCUSSION

Glial fibrillary acid protein (GFAP) is an intermediate
filament vastly expressed in astrocytes, particularly up-
regulated during different CNS pathologies (Sofroniew
and Vinters, 2010; Pekny and Pekna, 2014). Even though
it does not reflect the full morphology of astrocytes, it is
still used as a reliable and sensitive marker of both quies-
cent and reactive glia. In DAB-reacted immunohistochem-
istry GFAP labels primary, secondary and to some extent
tertiary branches of astrocytes, butitis absentin the finely
branched processes, therefore partially underestimating
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Fig. 8. Double immunofluorescent staining of GFAP with vimentin (VIM), nestin (NEST) and Kir4.1 in the hippocampus 7 days after TMT
intoxication. A) In CA1, CA3 and DG regions of Ctrl sections, double GFAP */VIM™* cells were not observed. In CA1 and CA3 regions 7 days post-
TMT, only GFAP" hypertrophied astrocytes were detected. In the hilar region of DG, GFAP* astrocytes with altered morphology clearly overlap
with vimentin. B) In CA1, CA3 and DG regions of Ctrl sections, double GFAP */NEST* cells were not seen. In CA1 and CA3 regions, only GFAP* -
hypertrophied astrocytes 7d after TMT were observed, while double GFAP */NEST* cells were scattered within the hilar region of DG. C) Double
GFAP"/Kir4.1" cells were clearly observed in the hippocampal CA1, CA3 and DG regions of Ctrl sections. Overlaid images revealed overlapping
expression of GFAP and Kir4.1 in astrocytes of CA1 and CA3 as well asin GFAP * astrocytes in DG 7 days post-TMT. D) In the hilus of DG, Kir4.1*
astrocytes are also VIM* and NEST ™. Scale bar 25 um for high magnification and scale bar 100 um for low magnification.

branching pattern of astrocytes and domain coverage. In
this respect, there are potential limitations to our method-
ological approach, and confocal microscopy would pro-
vide a more informative results. Given that a present
study utilizes morphometry in order to evaluate spatio-
temporal response of astrocyte to neurodegeneration,
usage of DAB staining method is quite acceptable for in-
depth morphological analysis of astrocytes and other cells
in CNS (Cashion et al., 2003; Pirici et al., 2009; Olude
et al.,, 2015; Fernandez-Arjona et al., 2017; Morrison
et al., 2017). Although regional differences in the expres-
sion of GFAP are noted, it has been shown that almost all
astrocytes in a healthy hippocampus express a readily
detectable GFAP (Middeldorp and Hol, 2011; Khakh
and Sofroniew, 2015).

Based on GFAP-ir, we identified seven different
astrocyte subtypes in the hippocampus of Ctrl female
rats, which is mostly in agreement with existing
literature described in intact animals (Kosaka and
Hama, 1986; Kalman and Hajos, 1989). A single-cell frac-
tal analysis is a measure of morphological complexity,
and the indicator of a degree to which cell fills surrounding
space (Montague and Friedlander, 1989, 1991). This
analysis revealed substantial differences between astro-
cytes of CA1/CA3 and the hilus of DG, indicating more
complex phenotype of the hilar astrocytes. Also, differ-
ences in other parameters between CA1/CA3- and the

30

hilar-GFAP* protoplasmic astrocytes were observed.
Such morphological heterogeneity may serve to fulfill
regional-specific physiological requirements (Zhang and
Barres, 2010; Bayraktar et al., 2014), leading to different
functional profiles of these cells.

In the rat model of TMT-induced neurodegeneration, it
is well established that the beginning of neuronal damage
(2—4 days after intoxication) is accompanied by glial cells
activation (Haga et al.,, 2002; Trabucco et al., 2009;
Geloso et al.,, 2011; Corvino et al., 2012; Little et al.,
2012; Corvino et al., 2013; Lattanzi et al., 2013; Corvino
et al., 2015). The present study describes GFAP-ir astro-
cytes responses that accompany neuronal cell loss in the
hippocampus induced by TMT. As expected, first behav-
ioral signs manifested as hyper-excitability and hyper-
responsiveness appeared 2d after TMT and coincided
with neuronal damage in the hippocampal CA1 subfields.
The wave of neuronal injury spread in the next two days,
inducing neuronal cell loss of CA1 and DG subfields; thus
our findings are in agreement with results reported by
Balaban et al. (1988), Little et al. (2012), Corvino et al.
(2015), Haga et al. (2002), etc. Based on available litera-
ture data, itis most likely that TMT disturbs excitatory/inhi-
bitory synaptic balance critical for hippocampal
information processing (Geloso et al., 2011; Corvino
etal., 2013; Corvino et al., 2015; Lee et al., 2016b), caus-
ing behavioral signs typical for TMT intoxication. The ear-
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liest occurrence of apoptotic bodies in CA1 field at 4d
post-TMT implies that apoptosis itself began after 2 days
and probably amplified at day 4, when mild tremor pro-
gressed into the systemic one. Furthermore, activation
of astrocytes was an early event, triggered concomitantly
with neuronal damage but before signs of cell death in the
corresponding subfields.

In accordance with diverse morphology of astrocytes
in the subregions of Ctrl hippocampus, TMT intoxication
led to the subregion-different response of GFAP™
astrocytes. Activation of astrocytes was most prominent
in CA1, where firstly occurred and persisted for the
investigated time frame. These astrocytes exhibited
significantly larger mean surface area in comparison
with the cells in all other subfields. At 2d TMT,
astrocytes  polarized towards the  region of
neurodegeneration, enclosed pel and created a dense
glial front against the layer in which the neuronal
damage occurred. At 4d TMT, astrocytes invaded pcl of
CA1, probably reflecting their ability to enclose the site
of neuronal degeneration and to clear tissue debris,
protecting other regions from damage (Tasdemir-Yilmaz
and Freeman, 2014; Liddelow and Barres, 2017). The
same frontal formation of astrocytes was observed
throughout the hippocampus. Moreover, during whole
post-exposure period astrocytes appear to retain their
domain organization with minimal overlaps in the areas
of high synaptic density. It should be noted that full
domain organization could be more accurately evaluated
using state-of-art techniques (Oberheim et al., 2008),
but robust changes on a larger scale might be detected
by GFAP-ir. However, organization of astrocytes that we
observed implies that TMT-activated astrocytes probably
continue to modulate healthy synapses and achieve other
functions important for neuroprotection of undamaged
cells (Heller and Rusakov, 2015; Kelly et al., 2018). Even
though the main indicator of astrocyte complexity — fractal
dimension remained nearly the same in all examined time
points, changes of other parameters corroborate that
TMT-induced activation of astrocytes is a dynamic pro-
cess, which involves continuous remodeling (Sun and
Jakobs, 2012). The general trend in CA1 is an overall
increase in complexity of activated astrocytes particularly
indicated by augmentation in fractal dimension, perimeter,
and branching complexity. Since the increase in sec-
ondary branches of CA1-GFAP™ astrocytes was detected
prior to neuronal death, this could serve as an early alar-
min of upcoming neuronal alterations and astrocyte acti-
vation (Yeh et al., 2011).

In the hilus of DG, astrocytes showed a different
pattern of activation from that observed in CA1
hippocampal subfield. The initial increase in general
complexity seen 2 days after intoxication corresponds to
classical hypertrophy, and was followed by a steady
decline towards less complex morphological phenotype.
At 7d TMT, most of the hilar astrocytes had enlarged
bodies with a significant reduction in branching
complexity, which could be described as atrophy-like
morphology. According to the existing literature,
astroglial atrophy is defined as a reduction in surface
area and morphological complexity, mainly reflected on
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branching pattern (Olabarria et al., 2010; Yeh et al.,
2011; Kulijewicz-Nawrot et al., 2012; Plata et al., 2018).
Besides morphometric parameters, there is no unani-
mous consensus or proposed marker for the evaluation
of this phenomenon. Admittedly, changes in some func-
tional markers were found, but they are pathology- rather
than atrophy-specific (Rodriguez-Arellano et al., 2016).
Atrophy-like  morphology comprised a significant
decrease in the number and length of primary and sec-
ondary branches. Also, Sholl analysis supported atrophy
of branching pattern, pointing to a significant reduction
in the size of the astrocytic domain (Plata et al., 2018).
Namely, characteristic of an early stages of various neu-
rodegenerative diseases such as epilepsy, Alzheimer's
disease, and some psychiatric disorders are represented
by a simultaneous presence of beneficial hypertrophy of
astrocytes in CA subregions, and astroglial atrophy
noticed in the hilus, with preserved total number of
GFAP" astrocytes (Verkhratsky et al., 2014; Lee and
MaclLean, 2015; Rodriguez-Arellano et al., 2016). Such
atrophy-like morphology is reflected as a loss of astrocytic
domain organization in terms of their territorial coverage.
Consequently, reduced support may largely influence the
survival of neurons, and synaptic activity, thus ultimately
decreasing neuronal connectivity and plasticity
(Rodriguez-Arellano et al., 2016; Plata et al., 2018). Also,
it might be a cause of neurodegeneration in the hilar
region at 7d post-TMT that we detected. Since DG repre-
sents the main input of afferent projections from entorhi-
nal cortex, which is also a target of TMT (Balaban et al.,
1988), observed morphological atrophy could be a con-
tributor to seizures but also cognitive impairment seen in
TMT exposed animals (Trabucco et al., 2009; Geloso
et al., 2011).

The disparity in morphological dynamics of reactive
astrocytes was further confirmed by two other
intermediate filaments, vimentin and nestin, known to be
up-regulated in various pathologies (Andersson et al.,
1994; Pekny and Nilsson, 2005, Gilyarov, 2008). We
found that vimentin-ir is limited to the hilar region of DG,
pointing to a reactive phenotype of astrocytes and ongo-
ing neuronal degeneration (Pekny and Nilsson, 2005;
Kelso et al., 2011). In contrast to vimentin™ astrocytes,
the hilar nestin® astrocytes were less in number and
strictly located in the perilesional area. Co-localization of
both vimentin and nestin with GFAP again pointed to
atrophy-like morphology of the hilar astrocytes. Seven
days after TMT intoxication, expression of Kir4.1 was pre-
sent in all examined subregions and confined to reactive
GFAP* astrocytes. Furthermore, Kird.1 was co-
expressed on both vimentin™- and nestin*-hilar astro-
cytes, indicating that atrophied phenotype successfully
regulates its pattern of protein expression and therefore
represents a unique glial signature. The expression of
Kird.1 was retained in both body and branches of astro-
cytes following the similar pattern observed in controls,
suggesting that morphological atrophy precedes func-
tional changes. In addition to being expressed in activated
astrocytes, nestin re-expression usually points to a poten-
tial proliferative state of reactive glia (Gilyarov, 2008). It
has been shown that precondition for a mature astrocyte
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to re-enter a cell cycle is the downregulation of Kird.1 or
its shift from astrocyte processes to the cell body
(Stewart et al., 2010). Namely, expression of Kird.1 is
essential for astrocyte maturation and its high expression
has a negative impact on cellular division, since the rest-
ing membrane of astrocytes correlates with its prolifera-
tive potential (Cone, 1970, Higashimori and Sontheimer,
2007). Seven days post-TMT, immunoreactivity of Kir4.1
on astrocytic bodies and processes rather than its
down-regulation or shift, points to mature phenotype
rather than a proliferative one. However, further research
is required for answering the question of whether early
morphological atrophy is accompanied by functional
imparity at later stages of TMT-induced neurodegenera-
tion, and to fully understand the fate of glial atrophy.
Generally, three types of astrocyte changes in various
neuropathologies were seen: changes in numbers of
astrocytes, morphological remodeling, and reactive
astrogliosis (Plata et al., 2018). The specific combination
of such astrocytic pathologies could characterize particu-
lar neurodegeneration or a distinct stage of its progres-
sion (Verkhratsky and Parpura, 2016). It is known that
in response to mild/moderate CNS insults, reactive astro-
cytes are non-proliferative resident cells, which do not
migrate and exhibit varying degrees of cellular hypertro-
phy (Wilhelmsson et al., 2006; Khakh and Sofroniew,
2015). Based on our morphological analysis, all parame-
ters pointed to reactive gliosis that could be described
as mild to moderate with preserved domain organization
in CA1 region. On the other hand, dynamic morphological
remodeling of astrocytes in the hilus was seen. Thus,
observed differences in astrocyte response between two
hippocampal regions affected by TMT are, at least in part,
the consequence of astrocyte heterogeneity and the exis-
tence of two distinct GFAP™ astrocytes subpopulations.
In general, the difference in response of protoplasmic
astrocytes between CA1 and the dentate hilus could be
put in the perspective of distinctive cytoarchitecture of
these anatomical regions in terms of number of neurons,
and synapse density, afferent and efferent inputs, thus
creating a diverse three-dimensional microenvironment
which could influence astrocyte morphology (Kosaka
and Hama, 1986; West et al., 1991; Emsley and
Macklis, 2006; Zhang and Barres, 2010). In such organi-
zation, selective vulnerability of hippocampal subregions
has been demonstrated in several neuropathologies,
including temporal lobe epilepsy, transient global ische-
mia and neurodegenerative disorders such as Alzhei-
mer’s disease (Morrison and Hof, 2002; Geddes et al.,
2003; Ouyang et al., 2007; Levesque and Avoli, 2013).
Furthermore, neurotoxins that selectively target hip-
pocampus i.e. kainic acid and pilocarpine, produce the
same pattern of CA injury as a consequence of
neurotoxin-induced seizures (Levesque and Avoli,
2013). Careful observation of TMT-induced pattern of
neurodegeneration yielded that the dentate gyrus is the
primary target of TMT, while CA regions suffer as a con-
sequence of secondary effects of intoxication i.e. seizures
(Ishida et al., 1997; Trabucco et al., 2009; Shin et al.,
2011). Therefore, TMT-induced model of hippocampal
neurodegeneration shares numerous pathogenic mecha-
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nisms with other models of hippocampal injury, especially
temporal lobe epilepsy (Trabucco et al., 2009; Geloso
et al., 2011; Blumcke et al., 2013).

In summary, our results provide the anatomical and
morphological description of GFAP* astrocytes in the
hippocampus of Ctrl animals and after TMT intoxication.
Morphometric analysis reveals the existence of two
distinct GFAP* morphotypes of astrocytes, which
respond differently to TMT-induced hippocampal
neurodegeneration. The novelty of this study is in-depth
analysis of astrocyte morphology in the time-dependent
manner, which could contribute to understanding the
dynamics of astrocyte activation. By combining
morphometric parameters, we were able to determine
baseline morphology of astrocyte and to categorize
them accordingly. Considering all changes in the
morphology of GFAP *-astrocyte in specific anatomical
regions, their activation could be characterized as mild
to moderate. In addition, we showed that astrogliosis is
a dynamic process; glial morphological remodeling and
reactivity are obligatory components of hippocampal
neurodegeneration induced by TMT. Furthermore,
vimentin and nestin expression confirmed regional-
specific astrocyte activation, supporting our hypothesis.
Qur findings shed light on involvement of astrocyte in
the progression of TMT-induced  hippocampal
neurodegeneration. This quantitative methodology is
sensitive, available and could contribute  to
understanding different pathologies progression, depict
roles of specific cell types and their involvement.
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Abstract

Enzyme histochemistry is a valuable histological method which provides a connection between morphology, activity, and spatial localization
of investigated enzymes. Even though the method relies purely on arbitrary evaluations performed by the human eye, it is still wildly
accepted and used in histo(patho)logy. Texture analysis emerged as an excellent tool for image quantification of subtle differences reflected
in both spatial discrepancies and gray level values of pixels. The current study of texture analysis utilizes the gray-level co-occurrence matrix
as a method for quantification of differences between ecto-5"-nucleotidase activities in healthy hippocampal tissue and tissue with marked
neurodegeneration. We used the angular second moment, contrast (CON), correlation, inverse difference moment (INV), and entropy for
texture analysis and receiver operating characteristic analysis with immunoblot and qualitative assessment of enzyme histochemistry as a
validation. Our results strongly argue that co-occurrence matrix analysis could be used for the determination of fine differences in the
enzyme activities with the possibility to ascribe those differences to regions or specific cell types. In addition, it emerged that INV and
CON are especially useful parameters for this type of enzyme histochemistry analysis. We concluded that texture analysis is a reliable

method for quantification of this descriptive technique, thus removing biases and adding it a quantitative dimension.

Key words: ecto-5"-nucleotidase, enzyme histochemistry, gray-level co-occurrence matrix, pathology, texture analysis
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Introduction

Enzyme histochemistry is a widely used method in histology and
histopathology providing a link between morphology and bio-
chemistry. It is based on the catalytic activity of tissue enzymes,
provided with a substrate, in its orthotropic localization (Patrick
et al,, 1980). Analysis of enzyme histochemistry gives important
information on enzyme activity as well as its topographic localiza-
tion (Meier-Ruge & Bruder, 2008). Visualization of the activity is
accomplished using different reagents, which in reaction with the
enzyme product forms an insoluble precipitate. One commonly
used technique for visualization of different nucleotidase activities
is lead-salt precipitation introduced by Wachstein and Meisel
(1957). The reaction is based on adding lead(IT) nitrate in reaction
mix with substrates adenosine triphosphate, diphosphate and
monophosphate (ATP, ADP and AMP, respectively) which in
turn, upon hydrolysis of nucleotide phosphates, forms insoluble
precipitate—lead (1) phosphate. Lead(II) phosphate is visualized
with ammonia-sulfide, forming an insoluble black compound of
lead(II) sulfide at the site of reaction (Wachstein & Meisel, 1957;
Wagner et al., 1972). On the other hand, it has been shown that
lead can form a significant amount of lead precipitate even when
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there are no nucleotides added in the reaction mix, making reac-
tional artifact (Rosenthal et al., 1969) which negates the absolute
quantification of this method. The original method has hence
seen several modifications (Braun et al., 2003). Specificity testing
in knock-out animals (Langer et al, 2008) and comparison of
enzyme histochemistry with in situ fluorescence (Villamonte
etal, 2018) confirmed its validity and specificity, despite reactional
artifacts. Thus, enzyme histochemistry is still widely used and rep-
resents a valuable addition to classical histology, immunohisto-
chemistry, and histopathology methods (Meier-Ruge & Bruder,
2008; Grkovic et al, 2014; Gampe et al, 2015 Grkovic et al,
2018; Villamonte et al., 2018).

Bearing all these in mind, no valid quantification of enzyme
histochemistry has been performed yet, thus making it purely
descriptive. On the other hand each image, i.e., micrograph, of
enzyme histochemistry possesses unique textural features which
could be extracted using statistical texture analysis. In texture
analysis, various textural features are computed based on a distri-
bution of different combinations of pixels, each having a specified
position relative to each other in the analyzed image (Haralick
et al, 1973; Lubner et al., 2015). Gray level co-occurrence matrix
(GLCM) is a method which extracts second-order statistical tex-
tural features in a matrix where the number of rows and columns
are equal to the number of gray levels, G, in certain image. Matrix
P(i, jl|Ax, Ay) represents the relative frequency of separation of two
pixels with distance (Ax, Ay), both occurring in a given neighbor-
hood, one having a values of intensity “i” and other with intensity
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values of “f”. Other matrix elements P(i, j|d, ) contain informa-
tion about probability values regarding changes between gray lev-
els “4” and “ in the context of distance (d) and angle (8)
(Haralick et al., 1973; Mohanaiah et al., 2013). Thus, by compar-
ing the extracted features of two analyzed images, we can acquire
information about differences in complexity, homogeneity, and
uniformity. Textural analysis was initially used in technological
sciences, but in the last two decades many studies applied and
demonstrated usefulness of GLCM analysis in cytology, neurosci-
ence, and medicine, especially in radiology (Losa & Castelli, 2005;
Kassner & Thornhill, 2010; Kocinski et al, 2012; Pantic et al,
2012; Kim et al, 2015; Tesic et al., 2017). Although it found a
wide usage in histology and histopathology (Mostaco-Guidolin
et al, 2013; Fatima et al, 2014; Kather et al, 2016; Rajkovic
et al., 2016), the applicability and potential of GLCM to enzyme
histochemistry has yet to be determined.

Thus, the current study aims to utilize GLCM analysis in the
quantification of differences in enzyme pattern activity obtained
with enzyme histochemistry on healthy and tissue with pathology.
For this purpose, we used a well-established model of hippocampal
neurodegeneration, gliosis, and inflammation (Balaban et al,
1988; Geloso et al, 2011; Gasparova et al., 2012) and examined
the histochemical activity of ecto-5-nucleotidase (eN/CD73).
Ecto-5"-nucleotidase is a glycosylphosphatidylinositol-anchored
protein, with an active site facing the extracellular compartment.
The eN is the rate-limiting enzyme for extracellular adenosine for-
mation in the brain (Zimmermann et al,, 2012), which in turn,
exhibits strong tissue protective and anti-inflammatory actions
(Antonioli et al., 2013b). It has been shown that the rate of eN
activity does not necessarily correlate with the enzyme protein lev-
els, but rather increases or decreases due to changes in kinetic
properties and enzyme efficacy (Stanojevic et al, 2011; Mitrovic
et al,, 2016, 2017; Grkovic et al., 2018). CD73 also functions as a
membrane receptor for extracellular matrix molecules and may
participate in a control of cell adhesion and migration, in both nor-
mal and neoplastic cells (Sadej et al., 2008; Adzic & Nedeljkovic,
2018). The enzyme has a broad tissue distribution, being expressed
in many cell types, including a number of tumor cells (Antonioli
et al., 2013a). Thus, significant up-regulation of eN expression/
activity by activated glial cells was demonstrated in several exper-
imental models of human neuropathologies, including ischemia
(Braun et al., 1998), temporal lobe epilepsy (Bonan et al., 2000;
Bonan, 2012), traumatic brain injury (Nedeljkovic et al.,, 2006;
Bjelobaba et al, 2011), amyotrophic lateral sclerosis (Ganderman
et al, 2010), experimental autoimmune encephalomyelitis
(Lavrnja et al, 2015), and glioma (Xu et al,, 2013). Given that
up-regulation of eN represents a common phenomenon in neuro-
degenerative disorders associated with neuroinflammation, we per-
formed texture analysis as a method for quantification of
differences between ecto-5'-nucleotidase activities in healthy
hippocampal tissue and tissue with marked neurodegeneration.

Materials and Methods
Ethics Statement

All experimental procedures were approved by the Ethics
Committee for the Use of Laboratory Animals of Vinca
Institute of Nuclear Sciences, University of Belgrade; Republic
of Serbia (Application No. 02/11; 323-07-02057/2017-05) accord-
ing to the guidelines of the EU registered Serbian Laboratory
Animal Science Association (SLASA), a member of the
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Federation of the European Laboratory Animal Science
Associations (FELASA). Care was taken to minimize pain and
discomfort of the animals as stated in NIH Guide for Care and
Use of Laboratory Animals (1985) and the European
Communities Council Directive (86/609/EEC).

Animals and Treatment

The study was performed on 2 month old Wistar female rats
(220-250 g) obtained from a local colony of VINCA Institute.
Rats were housed (two-three per cage) in 12 h light/dark cycle
with free access to food and water. Rats were randomly divided
into two experimental groups and injected with a single dose of
saline (control, 1 ml/kg, n=8) or TMT (treated group, 8 mg/kg,
n=38) ip. and sacrificed by decapitation (Harvard Apparatus,
Holliston, MA, USA) 7 days post-treatment.

Tissue Processing and Enzyme Histochemistry

Brains removed carefully from the skull (n = 5 brains/group) were
fixed in 4% paraformaldehyde for 24 h and then cryoprotected in
graded sucrose (10, 20, and 30% in 0.2 M phosphate buffer). Next,
20 pm thick coronal cryosections of the dorsal hippocampus were
made, air-dried for 2 h, and stored at —20°C until use. Enzyme
histochemistry for detection of AMPase activity was performed
as previously described (Langer et al, 2008; Grkovic et al., 2014;
Grkovic et al, 2018). Briefly, cryosections were pre-incubated
for 30 min at room temperature in TRIS maleate buffer (50 mM
TRIS-maleate, 2 mM levamisole, 2 mM MgCl,, 0.25 M sucrose,
pH 7.4). Reaction was then incubated at 37°C for 90 min for
AMPase activity in TMS buffer solution [50 mM TRIS-maleate,
3% dextran T250, 0.25M sucrose, 5 mM MnClh, 2mM Pb
(NO3)2, 2mM MgCly] containing AMP  (Sigma Aldrich,
St. Louis, MO, USA) in 2 mM concentration. TMS buffer solution
without substrate was used as a control. After color development
in 1% (v/v) (NH4),S, sections were dehydrated in graded ethanol
(70, 95, and 100%) washed in 100% xylol and mounted with DPX
(Sigma Aldrich, St. Louis, MO, USA).

Relative intensity of histochemical reaction in CAl field and
hilus of dentate gyrus (DG) was assessed by using arbitrary
scale which converts apparent histochemical intensity to grades,
as follows: very strong (++++), strong (+++), medium (++),
weak (+), and absence (=) of the reaction.

Image Processing and GLCM Analysis

High resolution digital images (2,088 x 1,550 pixels) were captured
using a LEITZ DM RB light microscope (Leica Mikroskopie &
Systems GmbH, Wetzlar, Germany), equipped with a LEICA
DFC320 CCD camera (Leica Microsystems Ltd., Heerbrugg,
Switzerland) and LEICA DFC Twain Software (Leica, Germany).
All images were acquired at 400x magnification and saved in
iff format. One hundred images (50 control+50 TMT images)
of the CAl pyramidal region and 100 of the DG hilar region
were taken. After conversion into 8-bit (Figs. 1, al-dl) format,
post image processing using the Image] plugin GLCM analyzer
(https:/imagej.nih.gov/ij/plugins/texture.html) was performed.
Two first order statistic parameters were calculated for all
images [mean gray value (MGV) and integrated density (ID)].
GLCM analysis provides second-order statistics which reflect
textural/spatial arrangements of pixels intensities present in the
region of interest (ROI). Micrographs of dorsal hippocampus
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Fig. 1. Ectonucleotidase histochemistry in the presence of AMP in the hippocampal CA1 region (a, b) and hilus of DG (c, d) of control animals and the animals
treated with TMT after 7 days (TMT 7d). Gray-scale images (al, b1, c1, d1) represent micrographs from which GLCM parameters were extracted. Abbreviations stand
for hippocampal layers—stratum oriens (SO), pyramidal cell layer (SP), and stratum radiatum (SR). Scale bar =50 ym.

taken between 3.12 and 3.84 mm posterior to Bregma were pro-
cessed and included in analysis. Furthermore, we positioned the
camera in such way that pyramidal layer of CAl region was in
the middle of the image, capturing both stratum oriens (SO)
and radiatum. Similarly, we have taken images of central region
of DG where the hilar portion of CA3 ends and the polymorph
layer begins. The hilar region of DG and CAl region of hippo-
campus were chosen since those two subfields have different
cytoarchitectonic organization, thus allowing us to examine use-
fulness of GLCM analysis in different patterns and brain regions.

Five parameters were extracted from GLCM. Angular second
moment (ASM) measures homogeneity of the image. Using
GLCM analyzer five parameters were obtained:

(1) ASM or uniformity measures homogeneity (Sharma et al,
2008) of the image and its calculated based on an equation:

ASM =Y (i, )}
i

where i and j are spatial coordinates of the function p (i, j);

(2) Contrast (CON) measures local variations present in the
image (Baraldi & Parmiggiani, 1995) and its calculated
based on an equation:

CON =Y (i — j)pGi, j)"
i

i
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(3) Correlation (COR) measures gray-tone linear dependencies of
adjacent pixels (Haralick et al., 1973) and it is calculated using
the formula:

X5 GG ) — s,

T Oy

COR =

where ¢ and y are means of standard deviation of function p
(i, j)%

Inverse difference moment (INV) measures local homogene-
ity (Pantic et al, 2014) and its calculated with:

(4)

— 1 .
II\V_Z-ZI_'—U_j)zp(t,])

Entropy (ENT) measures structural disarrangement of image
(Baraldi & Parmiggiani, 1995) and its calculated using equation:

ENT == " pli. jllog( p(i. )

The lowest value of ASM is attained when there are no dom-
inant gray levels. CON measures local differences in the image.
Highly contrasted regions will have high CON values, whereas
more homogeneous regions will have low CON values. COR mea-
sures dependence of gray levels between two pixels separated by
distance d. Low COR value means that the gray levels are gener-
ally independent from one another, or that there is no regular
structure in the image. However, if COR is high, there is a high
probability that one or several patterns repeat themselves inside
the computational window. INV measures local similarities. It is
expected to be higher for textures of organized and poorly con-
trasted features, with only a few gray levels at the same distance
d from one another. This parameter quantifies the degree of
homogeneity in the ROL. The ENT measures the lack of spatial
organization inside the computational window. A high value of
ENT corresponds to a rough texture, and a low one to the
more homogeneous or smoother texture.

Receiver Operating Characteristic (ROC)

The performance of GLCM analysis used in the current study
was evaluated using ROC curve analysis (Metz, 1978; Zweig &
Campbell, 1993). The ROC analysis measures the ability of
GLCM to quantify differences in a pattern of enzyme histochem-
ical labeling caused by TMT, by discriminating textural informa-
tion extracted from GLCM that is built upon inter-pixel COR of
the original light microscopic image.

Immunoblot Analysis

Seven days after treatment, exposed (n=3) and control (n=3)
animals were decapitated and brains were removed carefully
from the skull. Entire hippocampus was isolated, homogenized
in RIPA buffer (PB supplemented with 150 mM NaCl, 1%
Triton X-1000, 0.1% SDS, 0.5% sodium deoxycholate, 10 pyg/mL
leupeptin, 2 pg/mL aprotinin, 5mM EDTA, 1 mM EGTA,
5mM NaF, and 1 mM PMSF) for 10 min at 4°C (3,000 rpm).
The supernatant was collected and protein concentration was
quantified using bovine serum albumin (BSA) as a standard
(Markwell et al., 1978). Western blot analysis was performed as
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Table 1. Enzyme Histochemistry of Ecto-5'-nucleotidase.

AMPase Activity

Hippocampal Layer Control TMT 7d
CA1 region

(o] ++ 4
SP - I

SR + +4++
Hilus of DG + HH

previously described (Grkovic et al., 2014; Grkovic et al., 2018).
Briefly, equivalent amounts (30 g of proteins) were resolved on
8% SDS-PAGE electrophoresis and transferred on polyvinylidene-
difluoride membranes (0.45 ym, Millipore, Germany). After
blocking in 5% BSA in PBST overnight at 4°C membranes were
incubated with primary rabbit anti-rat eN antibody (1:2,000 dilu-
tion in 2.5% BSA in PBST, Cell Signaling, USA). The support
membranes were re-probed with goat anti-rat f-actin antibody
(1:500; Santa Cruz Biotechnology, CA, USA) used as a loading
control. Visualization was performed on X-ray films (AGFA
HealthCare NV, Mortsel, Belgium), using chemiluminescence
(Immobilon Western Chemiluminescent HRP substrate, Millipore,
Germany), after incubation in anti-rabbit or donkey anti-goat
HRP conjugated IgG antibody (1:10,000 dilution; Santa Cruz
Biotechnology, CA, USA). Scanned bands were transferred into a
computer using a laser scanner and quantified by integrating
band areas using Image]. The optical density of eN bands was nor-
malized to the optical density of B-actin band from the same lane.
Quantified data were expressed relative to the mean density obtained
for the control. The results acquired from six separate measure-
ments isolated from three animals are expressed as mean + SEM.

Data Analysis

All results are presented as mean + SEM. For statistical comparison
between experimental groups a Student’s ¢ test was performed and
a value of p<0.05 or less was considered significant. Statistical
analysis and ROC curve analysis were performed using the
GraphPad Prism 6 software package (San Diego, CA, USA).

Results
Enzyme Histochemistry

Ectonucleotidase histochemical analyses have been performed as
previously described (Langer et al, 2008; Grkovic et al, 2014;
Grkovic et al.,, 2018) in the presence of AMP as substrates and
with the addition of lead nitrate, which resulted in a deposition
of the reaction product (Fig. 1). Coronal sections obtained from
control (Figs. la, 1c) and TMT-treated (Figs. b, d) animals have
been processed, examined under the microscope, and photo-
graphed. Fifty digital images per each experimental group were
collected and stored in .tiff format for further analyses. A pre-
defined ROI within the CAl hippocampal field (Figs. la, 1b)
and the hilar region of DG (Figs. lc, 1d) at each section was sub-
jected to relative quantification analysis and image texture analy-
ses, based on first-order (mean gray and ID) and second-order
statistics (ASM, CON, COR, INV, and ENT).
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Fig. 2. 1D (a, c) and MGV (b, d) for the CAl region and hilus of DG. Significance shown inside the graphs: *p <0.05, **p<0.01, ***p<0.001, ****p<0.0001 or less and

with respect to control.

Relative Intensity of Histochemical Reactions

Original images were carefully inspected and the intensities of
histochemical reactions in CAl layers were determined by an
examiner unaware of the treatment, by using arbitrary scale as fol-
lows: very strong (++++), strong (+++), medium (++), weak (+),
and absence (=) of the reaction (Table 1).

The overall intensity of histochemical reaction obtained with
AMP was relatively high in control CAl, however for the most
part it could not be assigned to individual cell types. Strong depo-
sition of the reaction product has been obtained in the parenchyma
of SO and stratum radiatum (SR), while stratum pyramidale (SP)
was completely spared (Fig. 1a). On TMT sections, the overall inten-
sity of histochemical reaction increased in SO and SR (Fig. 1b) and a
certain level of staining was observed in SP, which could be assigned
to glial cells (Fig. 1b, arrows). A similar pattern was noticed in DG.
With regard to CALl region of control sections, less intense staining
was mostly limited to neuropil, clearly delineating neurons (Fig. 1c).
Occasional glial cells could be detected as local deposition of reac-
tion product. After TMT exposure, overall stronger intensity of
labeling, especially depicting individual cells was observed (Fig. 1d).

Integrated Density and Mean Gray Value Measurements

The MGV quantifies the sum of all gray values of pixels selected
in specific area divided by their number, while the ID is product
of MGV and area (Fig. 2). ID of the CAl region (Fig. 2a) is
increased after TMT injection (7,634 + 25.15, p<0.0001) com-
pared to the control (7,191 +53.88). MGV of the CAl region
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(Fig. 2b) is also increased after intoxication (218.4+0.72, p <
0.0001) compared to the control group (205.7 £ 1.542). In DG a
similar trend was observed as ID (Fig. 2c) increased after treat-
ment (5,616 +84.82, p<0.001) compared to the control (5,053
+114.9) and MGV (Fig. 2d) showed an increase (160.7 + 243,
P <0.0001) compared to the control (144.6 + 3.28).

Gray Level Co-Occurrence Matrix Analysis

AMPase histochemistry in two examined regions of the hippocam-
pus revealed marked differences in GLCM parameters between the
control and TMT treated animals (Figs. 3 and 4). Parameters that
represent tissue uniformity, ASM and INV, were significantly
higher in TMT-exposed animals compared to control groups
(Table 2) for both regions. Parameters measuring tissue heteroge-
neity, CON and ENT, decreased after TMT intoxication in both
regions. Higher values for ASM and INV point to changes in tissue
texture as a consequence of increased staining toward more homo-
geneous in the CA1 region as well as in DG, after TMT injection.
On the other hand, decrease of ENT and CON values is expected,
since increase in homogeneity will consequently lead toward
decrease of image irregularity. COR increased only in the CAl
region after intoxication, while no changes are observed in DG.

ROC Curve Analysis of GLCM Parameters for CA1 Hippocampal
Region

In order to access the discriminator ability of five GLCM param-
eters applied in this study, ROC curve analysis was performed.
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Fig. 3. Comparison of GLCM parameters and ROC analysis for the corresponding parameter for AMPase histochemistry of the CA1 hippocampal region. Significance
shown inside the graphs: *p<0.05, **p <0.01, ***p<0.001, ****p <0.0001 or less and with respect to control.

Angular second moment

Contrast

Correlation

Inverse second moment

Entropy

004 os W
e
i wanw
.02
a0t
0.000.
Iy y & & Sy
* & # & s & &
Angular second moment Contrast Correlation Inverse second moment Entropy
100 0 100 100 100
"= = = 0 =
£ £ £ £ £
& = & " e = & & & »
= = z z z
= E = E =
i “ i % £ w0 H 4 H “
@ = ® = ® = L * =
o & 80 ® L] x @ ® R W 6 2 & ® 0 10 ¢t ™ e 0 ® W
100 - Specificity (%) 100 - Specificity (%) 100 - Spacificity (%) 100% - Specificity% 100 - Specificity (%)

Fig. 4. Comparison of GLCM parameters and ROC analysis for the corresponding parameter for AMPase histochemistry of DG. Significance shown inside the graphs:

*p<0.05, **p<0.01, ***p<0.001, ****p <0.0001 or less and with respect to control.

The area under the curve for ASM was 0.99 with sensitivity and
specificity both being 100% for cut-off value ASM >0.00547.
Area of the ROC curve for CON was 0.99, while sensitivity and
specificity were 100 and 96.67%, respectively. COR showed max-
imal values for area under the curve of 1.00, which reflected in
sensitivity and specificity, both being 100% for criterion being
COR > 0.00274. INV had area under the ROC curve of 0.99
while specificity was 100% and sensitivity 86.67% for the cut-off
point being set at INV > 0.5188. Finally, ENT showed a maximal
value under the ROC curve with also maximal values for both
specificity and sensitivity of 100% for criterion ENT <5.389
(Fig. 3).

ROC Curve Analysis of GLCM Parameters for Dentate Gyrus

The area under the curve for ASM was 0.89 with specificity and
sensitivity being 90 and 74.19%, respectively, for criterion set at
ASM > 0.00201. CON showed higher values and the curve of
0.98 with a specificity of 96.67% and a sensitivity of 90.32% for
cut-off value set at CON < 9.286. COR revealed itself as poor dis-
criminatory parameter as its value under the curve was 0.68 with a
specificity and a sensitivity of only 76.67 and 61.29%, respectively,
when the criterion was COR > 0.0025. On the other hand, INV
showed an almost maximal value of 0.97 with a specificity of

90% and a sensitivity being 93.55% for cut-off value of INV >
0.419. Finally, the ENT had ROC curve area of 0.85, with a spe-
cificity and sensitivity being 90 and 64.52% for ENT <6.625
(Fig. 4).

Results of Immunoblot Analysis

Since we observed an increase in AMPase product deposition
after intoxication, we used western blot analysis for determining
whether TMT caused changes in protein expression of ecto-5'-
nucleotidase. Seven days post-exposure, immunoblot analysis showed
an increase in protein abundance (165.92% + 2.32%, p <0.01)
compared to the control (Fig. 5).

Discussion

Enzyme histochemistry is a valuable experimental and resourceful
histopathological method, as it provides simultaneous informa-
tion about function and spatial localization of the enzyme activity.
However, without reliable quantification, the method relies on
arbitrary evaluation of alterations induced by pathology that are
apparent to the human eye. In recent years, texture analysis has
been proved to be an excellent method for image analysis in num-
ber of imaging techniques, especially in medicine (Tixier et al,
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Table 2. Parameters of Image Texture Analysis of Hippocampus.
AMPase Activity Image Texture Analysis
Groups ASM CON COR INV ENT
CAl Control 0.00328 +0.0002 6.885+0.4192 0.00152 +0.000058 0.4595 +0.007 6.357 £0.0503
TMT 7d 0.00876 +0.0003 3.035+£0.1184 0.00396 +0.000117 0.5512 +0.003 5.444 +0.0318
t 13.89 8.838 18.50 11.13 15.35
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
DG Control 0.00183 +0.00007 11.01 +£0.3098 0.00248 +0.00099 0.3937 +0.002 6.653 +£0.0312
TMT 7d 0.00277 £0.00013 6.084 £0.2759 0.00309 +0.00017 0.4514 +0.005 6.345 +0.0465
t 6.05 11.86 3.05 9.96 552
p <0.0001 <0.0001 <0.01 <0.0001 <0.0001

eN protein abundance
(relative to p-actin)

o
-
N «“\

A>

Fig. 5. Ecto-5"-nucleotidase relative protein expression. Bars represent mean protein
abundance relative to S-actin SEM, from n=6 separate determinations from three
separate isolations (2-3 brains/group/isolation). Significance shown inside the
graphs: *p <0.05, **p<0.01 or less and with respect to control.

2012; Kim et al., 2015; Lubner et al., 2015), as it offers both stat-
istically valid quantification and describes image properties which
are usually imperceptible to the human eye.

The current study demonstrates usage of GLCM analysis as a
method for quantification of differences between activities of
ecto-5"-nucleotidase in healthy hippocampal tissue and tissue
with neurodegeneration. Validity of the applied method was eval-
uated, using ROC analysis and immunoblot analysis. Also, quali-
tative analysis of AMPase activity, using arbitrary intensity scale
was performed independently. Since all images were captured
under the same conditions, we calculated two first order statistic
parameters—MGV and ID to establish that observed changes in
staining intensity originate from increased deposition of lead at
the site of reaction. Indeed, after TMT intoxication increase in
MGV and ID points to increase in the number of dark pixels as
a result of increased AMPase activity.

GLCM analysis could provide further analysis of specific
changes in image texture which then could be interpreted in
light of regional or cellular AMPase activity. Ecto-5"-nucleotidase
is associated with astrocytes and synapse-rich hippocampal layers,
especially SO and SR, thus resulting in relatively uniform staining
of whole layers (Stanojevic et al, 2011; Mitrovic et al, 2016;

Grkovic et al, 2018). After TMT intoxication, AMPase staining
depicted fine processes and bodies of glial cells infiltrating the
pyramidal CA1 layer and the hilar region of DG. TMT induces
loss of pyramidal neurons and synapses (Balaban et al., 1988;
Geloso et al,, 2011; Gasparova et al, 2012) followed by reactive
astrogliosis and microgliosis (Koczyk & Oderfeld-Nowak, 2000},
which results in overall increase in AMPase staining observed in
both regions. When considering GLCM parameters, all five indi-
cated in that TMT-exposed tissue homogeneity of the staining is
much pronounced. When adjacent pixels display high similarity,
the high values of ASM are expected. Since glial cells with marked
AMPase activity infiltrate the pyramidal layers and the hilar region
of DG, difference between neighboring pixels is decreased, result-
ing in post-exposure augmentation of ASM. Similarly, when local
gray values are uniform, INV values will be increased. Glial cells,
by covering the pyramidal layer and increasing AMPase activity
in neuropil of DG, balanced local gray values causing an increase
of INV. On the other hand, CON measures the difference between
highest and the lowest values of a contiguous set of pixels, ie.,
amount of local variations present in the image (Haralick et al.,
1973). Glia-infiltrated the pyramidal layer of the CA1 region and
increased neuropil staining of DG, depicting individual cells
which reduced differences between lowest and highest gray values,
resulting in CON decrease. ENT measures structural disarrange-
ment of the image or its complexity (Mohanaiah et al, 2013),
hence high value of this parameter indicates textural heterogeneity.
TMT decreases ENT values suggesting that overall increase in
AMPase activity made tissue more homogeneous due to increase
in expression and/or activity of eN in both glial cells and remain-
ing synapses. Furthermore, post-intoxication increase in COR val-
ues corroborates image homogeneity due to increase in AMPase
activity on synapses and glial cells, as COR measures gray-linear
dependency of adjacent pixels (Stankovic et al, 2016). ROC anal-
ysis demonstrated high discriminatory power of GLCM parame-
ters (Metz, 1978; Zweig & Campbell, 1993; Pantic et al,, 2014),
but since two analyzed regions have different patterns of
AMPase activity we postulate that CON and INV are especially
useful in analyzing this type of enzyme histochemistry. CON is
a more globally oriented parameter, while inversion second
moment gives information of local changes, especially useful
when there are specific changes in enzyme activity on a specific
cell type or part of a structure. Immunoblot analysis confirmed
increase in protein expression of eN, but it should be noted that
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besides changes in quantity, catalytic activity of enzyme could
change, probably resulting in more AMP to adenosine conversion
(Grkovic et al., 2014; Adzic & Nedeljkovic, 2018).

Conclusion

In summary, we demonstrated that GLCM analysis could be used
as a tool for quantifying differences in enzyme histochemistry,
with high sensitivity and discriminatory powers. Integration of
this method, especially in assessment of enzyme activity in
pathology could remove all biases from research and add a dimen-
sion of quantity to purely qualitative method.
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Abstract

The present study examined the involvement of purinergic signaling components in the rat model of hippocampal degener-
ation induced by trimethyltin (TMT) intoxication (8 mg/kg, single intraperitoneal injection), which results in behavioral and
neurological dysfunction similar to neurodegenerative disorders. We investigated spatial and temporal patterns of ecto-nucle-
oside triphosphate diphosphohydrolase | (NTPDasel/CD39) and ecto-5" nucleotidase (eN/CD73) activity, their cell-specific
localization, and analyzed gene expression pattern and/or cellular localization of purinoreceptors and proinflammatory medi-
ators associated with reactive glial cells. Our study demonstrated that all Ibal+ cells at the injured area, irrespective of their
morphology, upregulated NTPDasel/CD39, while induction of eN/CD73 has been observed at amoeboid Ibal+ cells local-
ized within the hippocampal neuronal layers with pronounced cell death. Marked induction of P2Y 3R, P2Y¢R, and P2X4-mes-
senger RNA at the early stage of TMT-induced neurodegeneration might reflect the functional properties, migration, and
chemotaxis of microglia, while induction of P2X7R at amoeboid cells probably modulates their phagocytic role. Reactive astro-
cytes expressed adenosine A, Aya, and P2Y, receptors, revealed induction of complement component C3, inducible nitric
oxide synthase, nuclear factor-kB, and proinflammatory cytokines at the late stage of TMT-induced neurodegeneration. An
increased set of purinergic system components on activated microglia (NTPDasel /CD39, eN/CD73, and P2X;) and astro-
cytes (AR, AaR, and P2Y)), and loss of homeostatic glial and neuronal purinergic pathways (P2Y, and A R) may shift puri-
nergic signaling balance toward excitotoxicity and inflammation, thus favoring progression of pathological events. These
findings may contribute to a better understanding of the involvement of purinergic signaling components in the progression
of neurodegenerative disorders that could be target molecules for the development of novel therapies.
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astrocyte-derived inflammation, eN/CD73, hippocampal neurodegeneration, microglial polarization, NTPDasel/CD39,
purinergic receptors
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Neurotoxicants, such as trimethyltin (TMT)-chloride, have been
reported as risk factors for the development of neurodegenera-
tive disorders (Kotake, 2012; Pompili et al, 2020,
Yegambaram et al., 2015). In rats, TMT selectively targets the
limbic region, particularly the hippocampus, with a similar
pattern as observed in humans and with comparable behavioral
alterations (Corvino et al., 2013, 2015; Ferraz da Silva et al.,
2017; Geloso et al., 2011; Haga et al., 2002; Lattanzi et al.,
2013;Leeetal.,2016; Trabucco etal., 2009). TMT-induced neu-
rodegeneration in rats is characterized by early astrocyte
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activation followed by sustained astrogliosis, the response of
resident microglial to hippocampal neuronal loss that progres-
sively worsens over 3 weeks (Dragic et al., 2019b, 2021; Haga
et al., 2002; Little et al., 2002, 2012), as well as a cognitive
deficit in various tasks similar to human neurodegenerative
disorders such as Alzheimer’s disease and temporal lobe
epilepsy (Chvojkova et al., 2021; Corvino et al., 2013; Geloso
et al., 2011; Lattanzi et al., 2013; Lee et al., 2016; Pompili
et al., 2020; Trabucco et al., 2009; Ye et al., 2020). Thus,
TMT neurotoxicity is a valuable tool for studying changes in
molecular signatures of glial cells during the progression of
neurodegeneration that accompanies hippocampal dysfunction.
In general, glial cells, microglia, and astrocytes are crucial
in monitoring, maintaining, and preserving the metabolic and
structural integrity of the central nervous system (CNS), and
respond to noxious stimuli and insults to the brain.
Alterations in CNS homeostasis immediately lead to
changes in microglial cells morphology and functional polar-
ization toward one of the two complex phenotypes, detrimen-
tal that release proinflammatory cytokines and reactive
oxygen species (ROS) and reactive nitrogen species or prore-
pair, an antiinflammatory phenotype that express molecular
markers such as arginase-1 (Argl) (Illes et al., 2020; Zabel
& Kirsch, 2013), with a full repertoire of transitional states
between them. In response to brain injury, astrocytes
assume reactive states that may be discriminated based on
the proliferation and induction of proinflammatory mediators
and ROS (Verkhratsky et al., 2014). Furthermore, different
polarized states of reactive astrocytes are characterized, deter-
mined as dominantly harmful, a proinflammatory type that
might releases the neurotoxic complement C3 directly
leading to neuron death, and the dominantly neuroprotective
type (Liddelow & Barres, 2017), but also with the repertoire
of transitional microenvironment-dependent states.
Communication between astrocytes, microglia, and degen-
erating neurons is mediated via different signaling molecules,
and one of the strongest is adenosine triphosphate (ATP)
(Sperlagh & lIlles, 2007). A large amount of extracellular
ATP, released from injured neurons and activated glial
cells, acts as a “danger signal” and activates specific ligand-
gated P2X channels and G-protein-coupled P2Y receptors
(Burnstock, 2017; Di Virgilio et al., 2009; Sperlagh & Illes,
2007), promoting microglial chemotaxis and phagocytosis
as well as the release of proinflammatory cytokines (Bernier
et al.. 2013; Franke et al., 2012; Haynes et al., 2006; Illes
et al., 2020). Enzymes responsible for calibrating
the duration, and degree of P2 receptor activation are func-
tionally coupled membrane-bound ectonucleotidases named
ecto-nucleoside triphosphate diphosphohydrolase 1
(NTPDasel1/CD39) and ecto-3" nucleotidase (eN/CD73) that
rapidly hydrolyze ATP to adenosine (Grkovic et al., 2019a;
Matyash et al, 2017, Zimmermann et al, 2012).
NTPDase [/CD39 is dominantly expressed at microglia and
endothelial cells and hydrolyzes ATP and adenosine diphos-
phate (ADP) to adenosine monophosphate (AMP) (Braun

et al., 2000; Grkovic et al., 2019b; Matyash et al., 2017:
Robson et al., 2006; Zimmermann et al., 2012). The resulting
AMP is hydrolyzed to adenosine by eN/CD73, widely
expressed in the hippocampus (Grkovic et al, 2019a,
2019b;  Zimmermann et al., 2012).  Adcnosine
G-protein-coupled receptors (AR, AsxR, AR, and Az;R)
mediate modulatory effects of adenosine in an inflammatory
(Hasko & Cronstein, 2013; Nedeljkovic,
2019). The two ectonucleotidases act together as an immune
checkpoint since they determine the ATP/adenosine ratio
and the inflammatory status of the tissue. Therefore, an
altered function of NTPDase1/CD39 and eN/CD73 and dysre-
gulation of the purinergic signaling are largely implicated in
the pathophysiology of several neurological diseases, includ-
ing Alzheimer’s and Parkinson disease. multiple sclerosis,
and astroglioma (Burnstock, 2017), but their cell-specific
localization during neurodegeneration is rarely explored.
Furthermore, NTPDasel/CD39 and eN/CD73  represent
promising pharmacological targets in the treatment of neuro-
inflammatory processes (Antonioli et al., 2013).

It has been previously described an early change in astrocyte
morphology that precedes neuronal loss, particular reactive
astrocyte phenotypes, and their dynamic remodeling after
TMT intoxication (Dragic et al., 2019b). It was also found
that TMT-induced mitochondrial depolarization is indepen-
dent of extracellular Ca®* and disturbed antioxidative
defense, but also upregulated main proinflammatory factors
and components of signaling pathways responsible for astro-
cyte reactivity, and markers of proinflammatory subtype of
astrocytes in vitro (Dragic et al., 2021). Induction of P2X5R
in ghal cells has been reported after TMT intoxication (Latini
et al., 2010), but the involvement of other purinergic signaling
components has not been explored. The main goal of the
present study was to explore the cell-specific localization of
NTPDasel/CD39 and eN/CD73 and the expression of puriner-
gic receptors specific for microglia in the early and the late stage

environment

of hippocampal neurodegeneration induced by TMT.
Furthermore, there is no information on whether

TMT-induced inflammation in rats is caused by reactive micro-
glia and/or astrocytes. Thus, in the present study, we analyzed
NTPDasel/CD39 and eN/CD73, and purinergic receptors
expression patterns in the context of activation of glial cells,
inflammation, and its potential resolution after TMT intoxica-
tion. We also hypothesized that components of purinergic sig-
naling may assign functional states of glial cells.

Material and Methods

Animals, Surgical Procedure, and Treatment

Two-month-old female rats of the Wistar strain (200-220 g)
maintained in the local animal facility were used in the
study. Appropriate actions were taken to alleviate the pain
and discomfort of the animals following the compliance
with the European Communities Council Directive (2010/
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63/EU) for animal experiments, and the research procedures
were approved by the Ethical Committee for the Use of
Laboratory Animals. Animals were housed 3—4/cage, in a
12 h light/dark regime, constant humidity and temperature,
and free access to food and water.

It was previously shown that TMT-induced hippocampal
neurodegeneration and gliosis, the pattern of which was com-
parable in adult rats of both sexes (Corvino et al.. 2015;
Dragic et al., 2019b; Geloso et al., 2011; Haga et al., 2002;
Little et al., 2012; Trabucco et al., 2009). However, given
that the expression of ectonucleotidases in the brain is modu-
lated/regulated by gonadal steroids and differs in two sexes
(Grkovic et al., 2019b; Mitrovic et al.. 2016, 2017), the
study was performed in female rats, bilaterally ovariecto-
mized 3 weeks before TMT injection as we described previ-
ously (Dragic et al., 2019b).

On day zero, animals of the TMT group received TMT
(8 mg/kg dissolved in 1 mL 0.9% w/v saline) (in the form
of a single intraperitoneal [i.p.] injection), whereas the
control (Ctrl) group received an adequate volume of 0.9%
saline solution. The animals were retummed to their cages,
and monitored for unusual signs of behavior until sacrifice,
as reported previously (Dragic et al., 2019b). At 7 and 21
days post intoxication (dpi), animals of TMT and age-
matched Ctrl groups (10 animals/group) were sacrificed by
decapitation (Harvard apparatus, Holliston, MA, USA).

Histochemistry, Immunohistochemistry, and
Immunofluorescence Microscopy

Brains (n=5 per group) were carefully removed from the
skull, fixed in 4% paraformaldehyde for 24 h, cryoprotected
in graded sucrose (10%-30% in 0.2 M phosphate buffer),
and stored at 4°C, as described before (Dragic et al.,
2019b; Grkovic et al., 2019b). The brains were cryosectioned
in serial 25 um thick coronal sections and the sections at 3.12—
3.84 mm anteroposterior to Bregma were air-dried and stored
at — 20 °C until use.

Niss! Staining. Alterations in hippocampal cytoarchitecture
induced by TMT injection were evaluated by Nissl staining.
Sections were kept in 0.5% thionine solution for 20 min,
washed in tap water, dehydrated in graded ethanol (70%—
100%), cleared in xylene for 2x5 min, and covered with
DPX-mounting medium (Sigma Aldrich, USA).

Immunohistochemistry and Immunofluorescence. Slides were
kept at room temperature (RT) for 30 min before staining.
After washing in phosphate-buffered saline (PBS), slides
were put in 0.3% Hz0z in methanol for 20 min, to block
endogenous peroxidase, and then immersed in 5% donkey
normal serum at RT for | h to block nonspecific binding.
Sections were probed with primary antibodies, overnight at
4 °C in a humid chamber. After washing in PBS (3 x5

min), sections were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (2 h, RT in a humid
chamber). The list of antibodies used for immunohistochem-
istry (IHC) and immunofluorescence (IF) is presented in
Table 1. The immunoreaction was visualized with
3,3’S-diaminobenzidine-tetrahydrochloride  (Abcam, UK),
which is converted to the insoluble brown precipitate by
HRP. Sections were washed in distilled water, dehydrated
in graded ethanol solutions (70%—100%), cleared in xylene,
and mounted with the use of DPX-mounting medium
(Sigma Aldrich, USA). Sections were analyzed under a
LEITZ DM RB light microscope (Leica Mikroskopie &
Systems GmbH, Wetzlar, Germany), equipped with a
LEICA DFC320 CCD camera (Leica Microsystems Lid,
Heerbrugg, Switzerland), and LEICA DFC Twain Software
(Leica, Germany). All images were captured at 40x
magnification.

The identical protocol has been applied for double and
triple IF staining, with the omission of the methanol/H,O;
step. After incubation with primary antibodies (Table 1), sec-
tions were probed with fluorescence dye-labeled secondary
antibodies and mounted with Mowiol (Calbiochem, La
Jolla, CA). For double and triple IF staining, primary and sec-
ondary antibodies were separately applied for each labeling.
Sections incubated without primary antibodies or with rat pre-
immune sera were used as negative Cirls. Sections were ana-
lyzed by a confocal laser-scanning microscope (LSM 510,
Carl Zeiss GmbH, Jena, Germany), using Ar multiline (457,
478, 488, and 514 nm). HeNe (543 nm), and HeNe (643
nm) lasers using 63x (2x digital zoom) DIC oil, 40x and
monochrome camera AxioCam [Cml camera (Carl Zeiss
GmbH, Germany).

Enzyme Histochemistry. Ectonucleotidase enzyme histochem-
istry based on the ATP/ADP- and AMP-hydrolyzing activities
of NTPDase 1/CD39 and eN/CD73, respectively, have been
applied (Dragic et al., 2019a: Grkovic et al., 2019b).
Briefly, cryosections were preincubated for 30 min at RT in
Tris-maleate sucrose (TMS) buffer, containing 0.25M
sucrose, 50 mM Tris-maleate, 2 mM MgCl, (pH 7.4), and 2
mM levamisole, to inhibit tissue nonspecific alkaline phos-
phatase. The enzyme reaction was carried out at 37 °C/60
min, in TMS buffer, containing 2 mM Pb(NO3),, 5 mM
MnCls, 3% dextran T250, and 1 mM substrate (ATP, ADP,
or AMP). After thorough washing, slides were immersed in
1% (viv) (NH,4),S, and the product of enzyme reaction was
visualized as an insoluble brown precipitate at a site of the
enzyme activity. After dehydration in graded ethanol solu-
tions (70%—100% EtOH, and 100% xylol), slides were
mounted with a DPX-mounting medium (Sigma Aldrich,
USA). The sections were examined under a LEI'TZ DM RB
light microscope (Leica Mikroskopie & Systems GmbH,
Wetzlar, Germany), equipped with a LEICA DFC320 CCD
camera (Leica Microsystems Ltd, Heerbrugg, Switzerland)
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Table I. List of Antibodies.

Used
Antibody Source and type dilution Manufacturer
Ibal Goat, polyclonal 1:400MS ¥ Abcam ab5076, RRID: AB_2224402
CD73, rNu-9L(14,15) Rabbit, polyclonal 1:300""< ' Ecronucleotidases-ab.com
CD39, mNI-2C(14,15) Guinea pig, 1:200" Ectonuclectidases-ab.com
polyclonal
Argl Rabbit, polyclonal 1:200"F Sigma AV45673, RRID: AB_ 1844986
iNOS Rabbit, polyclonal 1:200" Abcam ab15323, RRID: AB_301857
CDé8 Rabbit, polyclonal 1:200" Abcam ab125212, RRID: AB_ 10975465
P2Y Rabbit, polyclonal 1:300" Sigma P4817, RRID: AB_261954
GFAP Mouse, monoclonal 1:100" UC Davis/NIH NeuroMab Facility (73-240), RRID:
AB_10672298
GFAP Rabbit, polyclonal 1:500" DAKO, Agilent Z0334, RRID: AB_10013382
c3 Goat, polyclonal 1:300" Thermo Fisher Scientific PA1-29715 RRID: AB_AB_2066730
TNF-o Goat, polyclonal 1:100" Santa Cruz Biotechnology, sc-1350, RRID: AB_2204365
IL-10 Goat, polyclonal 1:100" Santa Cruz Biotechnology, sc-1783, RRID: AB_2125115
NF-kB Rabbit, polyclonal 1:100" Santa Cruz Biotechnology, sc-109, RRID: AB_632039
IL-1B/IL-1F2 Goat, polyclonal 1:100" R&D Systems, AF-501-NA, RRID: AB_ 354508
P2Y, Rabbit, polyclonal 1:300" Alomone Labs; APR-0009, RRID: AB_2040070
Agp Rabbit, polyclonal 1:300 ' Abcam, ab3461, RRID: AB_303823
P2X5 Rabbit, polyclonal 1:400 ¥ Alomone Labs, APR-004, RRID: AB_2040068
AR Rabbit, polyclonal 1:200 'F Novus Biologicals, NB300-549, RRID: AB_ 10002337
Anti-mouse IgG Alexa Fluor 488  Donkey, polyclonal 1:400" Invitrogen A21202, RRID: AB_ 141607
Anti-goat IgG Alexa Fluor 488 Donkey, polyclonal 1:400"F Invitrogen A-11055, RRID: AB_ 142672
Anti-rabbit 1gG Alexa Fluor 555 Donkey, polyclonal 1:400" Invitrogen A-21428, RRID: AB_141784
Anti-mouse IgG Alexa Fluor 647  Donkey, polyclonal 1:400" Thermo Fisher Scientific A-31571, RRID: AB_ 162542
Anti-goat HRP-conjugated IgG Rabbit, polyclonal 1:200™¢ R&D Systems, HAFOI7 RRID: AB_56258
Anti-rabbit 1gG Alexa Fluor 488 Donkey, polyclonal 1:400" Invitrogen A-21206, RRID: AB_141708
Anti-guinea pig 1gG Alexa Fluor Goat, polyclonal 1:200" Invitrogen A-21435, RRID: AB_2535856
555
Anti-mouse HRP-conjugated IgG ~ Goat, polyclonal 1:200'H€ R&D Systems, HAF007 RRID: AB_562588
Anti-goat HRP-conjugated IgG Rabbit, polyclonal 1:200'H< R&D Systems, HAFOI7 RRID: AB_56258

Note. Argl =arginase-|; GFAP = glial fibrillary acidic protein; HRP =horseradish peroxide; IF=immunofluorescence; IgG = immunoglobulin G; IHC =
immunohistochemistry; IL-1 0= interleukin-10; IL-1 F2 =interleukin-1F2; IL- 1§ = interleukin- | B; iNOS = inducible nitric oxide synthase; NF-kB =nuclear
factor-kB; TNF-o. = tumor necrosis factor-o.

and analyzed using LEICA DFC Twain Software (Leica,

Germany).

IF Quantification. Raw multiimage IF micrographs were used
to measure integrated fluorescence density expressed as arbi-
trary units (AUs) and the density confined within five prede-
fined regions of interest (ROIs), with background
fluorescence subtraction for at least three images per ROI
and n=35 sections per animal per group (JACoP Imagel
plugin). A degree of overlap and correlation between multiple
channels was estimated by calculating Pearson’s correlation
coefficient (PCC) (Dunn et al., 2011). PCC is a statistical
parameter that reflects both cooccurrence (degree at which
intensities of two channels for each pixel are beyond or
above the threshold), and correlation (pixel-for-pixel propor-
tionality in the signal levels of the two channels). PCC values
range from 1 (for two images whose fluorescence intensities
are perfectly, linearly related) to -1 (for two images whose

fluorescence intensities are perfectly, but inversely, related
to one another). Values near zero reflect distributions of
probes that are uncorrelated with one another. The results
are expressed as mean PCC +standard error of the mean
(SEM).

Gene Expression Analysis by Quantitative Reverse
Transcriptase-Polymerase Chain Reaction

Total RNA was extracted from the hippocampal formation

(7 and 21 dpi and appropriate age-matched Culs, n=35
animals per group) using TRIzol Reagent (Invitrogen,

Carlsbad, CA, USA), according to the manufacturer’s instruc-
tions. Purity and the concentration of isolated RNA were
assessed by ODagp/ODagp and  ODago,  Tespectively.
Complementary DNA  (¢cDNA) was synthesized using a
High-Capacity cDNA Reverse Transcription Kit
(ThermoFisher Scientific, MA, USA) and stored at 20 °C
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Table 2. Primer Sequences Used for RT-gPCR.

Gene

Sequence (5'- —3')

Length (bp)

NTPDase | (Entpdi)

eN (Nt5e)
P2X4R (P2rx4)
P2X;R (P2rx7)
P2Y3R (P2ry2)
P2Y¢R (P2ry6)
P2Y ;R (P2ry12)
P2YR (P2ryl)
AR (Adoral)
Ay aR (AdoraZa)
AqpR (Adora2b)
AsR (Adora3)
IL-1B (I1b)
TNFe (Tnf)
IL-6 (l16)

IL-10 (11 0)

C3(C3)
iINOS (Nos2)

Argl (Argl)

S100al0 (S100al0)

CycA (Ppia)
HPRT | (Hprt!)

GAPDH (Gapdh)

TCAAGGACCCGTGCTTTTAC 150
TCTGGTGGCACTGTTCGTAG

CAAATCTGCCTCTGGAAAGC 160
ACCTTCCAGAAGGACCCTGT

ACCAGGAAACGGACTCTGTG 168
TCACGGTGACGATCATGTTGG

ATTGTTAGGCCAATGGCAAG 190
AACACCTTCACCGTCTCCAC

TCACCCGCACCCTCTATTAC 139
GCCAGGAAGTAGAGCACAGG

CAGTTATGGAGCGGGACAAT 104
GTAAACTGGGGGTAGCAGCA

CGAAACCAAGTCACTGAGAGGA 162
CCAGGAATGGAGGTGGTGTTG

CTGGATCTTCGGGGATGTTA 138
CTGCCCAGAGACTTGAGAGG

GTGATTTGGGCTGTGAAGGT 194
GAGCTCTGGGTGAGGATGAG

TGCAGAACGTCACCAACTTC 141
CAAAACAGGCGAAGAAGAGG

CGTCCCGCTCAGGTATAAAG 104
CCAGGAAAGGAGTCAGTCCA

TTCTTGTTTGCCTTGTGCTG 129
AGGGTTCATCATGGAGTTCG

CACCTCTCAAGCAGAGCACAG 79
GGGTTCCATGGTGAAGTCAAC

CCCCCATTACTCTGACCCCT 88
CCCAGAGCCACAATTCCCTT

CCGGAGAGGAGACTTCACAG 160
ACAGTGCATCATCGCTGTTC

GCTCAGCACTGCTATGTTGC 106
GTCTGGCTGACTGGGAAGTG

GCGGTACTACCAGACCATCG CTTCTGGCACGACCTTCAGT 166

ACACAGTGTCGCTGGTTTGA 125
AACTCTGCTGTTCTCCGTGG

CTGTGGTAGCAGAGACCCAGA 161
GGTTGTCAGCGGAGTGTTGA

GTACCCACACCTTGATGCGT 130
CGAAAGCTCCTCTGTCATTGG

CAAAGTTCCAAAGACAGCAGAAAA 114
CCACCCTGGCACATGAAT

GGTCCATTCCTATGACTGTAGATTTT 126
CAATCAAGACGTTCTTTCCAGTT

CAACTCCCTCAAGATTGTCAGCAA 118

GGCATGGACTGTGGTCATGA

Note. Argl =arginase-1; CycA = cyclophilin A; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; HPRT | =hypoxanthine phosphoribosyltransferase |;

IL-10 =interleukin-10; IL- 1 p = interleukin- | B; IL-6 = interleukin-6; iINOS = inducible nitric oxide synthase; RT-gPCR=quantitative reverse

transcriptase-polymerase chain reaction; TNF-¢. =tumor necrosis factor-c.

until use. Quantitative teal-time polymerase chain reaction
(PCR) was performed using Power SYBR™ Green PCR
Master Mix (Applied Biosystems, MA, USA) and ABI Prism
7000 Sequence Detection System (Applied Biosystems, MA,
USA) under the following conditions: 10 min of enzyme activa-
tion at 95 °C, 40 cycles of 15 s denaturation at 95 °C, 30 s
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annealing at 60 °C, 30 s amplification at 72 °C, and 5 s fluores-
cence measurement at 72 °C. Primer sequences used for the
amplification are given in Table 2. To compare the relative
expression levels of the studied transcripts, we validated three
housekeeping genes: glyceraldehyde-3-phosphate  dehydroge-
nase (Gapdh), cyclophilin A (CycA), and hypoxanthine-
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guanine phosphoribosyltransferase (Hprr). Cycle threshold
(Ct) values in all examined animals for all housekeeping
genes were within the same half of the same cycle making
it all acceptable as a reference gene. The expression profiles
of genes that we studied were comparable when normalized
to all housekeeping genes. Thus, for relative quantification
of target genes, we used the 2724 method, using CycA as
a reference gene. Samples obtained from five animals for
each  experimental group were run in duplicate.
Amplification efficacy was assessed by the generation of
internal standard curves by several-fold dilutions of generated
c¢DNA while melting curve analysis at the end of each exper-
iment was used to confirm the formation of a single PCR
product. The results were expressed as the abundance of
target messenger RNA (mRNA)YCycA-mRNA at 7 and 21
dpi relative to a comesponding Ctrl +standard  deviation
(SD). Relative expressions of target genes normalized
against CycA used as a housekeeping gene are shown in
Supplementary Table 1.

Statistical Analysis

Data were analyzed for normality and appropriate parametric
tests were used. All values are presented as mean+ SD or
SEM. Between-group comparisons for 7 and 21 dpi were ana-
lyzed using an unpaired r-test. The values of p<.05 or less
were considered statistically significant. For all statistical
analyses, Graphpad Prism 5.04 (Graphpad) software was
used.

Results

Spatiotemporal Patterns of Neurodegeneration and
Gliosis After TMT Exposure

TMT-induced hippocampal degeneration was confirmed by
Nissl staining (Figure la). As we have shown previously
(Dragic et al., 2019b), cell injury was observed in the hilar/
proximal CA3 (hilus/pCA3) at 7 dpi. This is followed by
the almost complete disappearance of staining in neuronal
somata in CAl and the proximal and medial CA3
(p/mCA3) regions at 21 dpi (Figure la), as already reported
(Geloso et al., 2011; Haga et al., 2002; Latini et al., 2010
Little et al., 2012). As reported previously (Dragic et al.,
2019b), immunostaining of astrocyte marker glial fibrillary
acidic protein (GFAP) showed the presence of pronounced
astrogliosis at 7 dpi as well as 21 dpi (Figure 1b).

A great morphological diversity of reactive microglia was
observed (Figure lc and d). Specifically, highly ramified
Ibal-immunoreactive (ir) cells, evenly distributed in the Ctrl
hippocampal tissue (Figure lc), were gradually transformed
to rod Ibal-ir cells in synaptic layers of CAl and the hilar/
pCA3 at 4 dpi (data not shown). Besides rod shape, a range
of other reactive Ibal-ir morphotypes was observed, from
hyperramified to bushy/amoeboid. At 7 dpi, rod Ibal-ir

cells populated the synaptic layers in the entire CA1 and the
hilar/pCA3 sectors, while Ibal*cells in the neuronal cell
layers attained amoeboid morphology (Figure ¢ and d). At
21 dpi, most of the heavily labeled Ibal™ cells with pro-
nounced amoeboid morphology were located in the pyramidal
cell layer and especially in p/mCA3 region. Interestingly, rod
Ibal-ir cells were not observed in the hilar/pCA3, whereas the
hilar area and granular cell layer appeared completely without
Ibal-ir at the latest time point (Figure lc).

Expression of NTPDase!/CD39, eN/CD73, and
Purinoreceptors Involved in Microglial Reactivity

The main goal of the present study was to explore the involve-
ment of the purinergic signaling system in TMT-induced hip-
pocampal neurodegeneration and gliosis. We first analyzed
the expression of genes encoding NTPDase1/CD39 and eN/
CD73. There was a significant increase in the relative expres-
sion of NTPDasel/CD39-mRNA in the hippocampal tissue at
7 and 21 dpi (p<.01 and p<.0001, respectively) when com-
pared with age-match Cirls. Although the relative expression
of eN/CD73-mRNA in the hippocampal tissue at 7 dpi did not
change, the enzyme mRNA levels significantly increased at
21 dpt when compared with age-match Cul (p<.0l)
(Figure 2a).

The pattern of the enzyme activity in the hippocampus and
the localization of upregulated NTPDase 1 /CD39 inresponse to
TMT were determined by enzyme histochemistry using ATP
and ADP as a substrate (Braun et al.. 2000; Grkovic et al.,
2019b). In accordance with well-known data (Braun et al.,
2000; Grkovic et al., 2019b; Robson et al., 2006), the typical
patterns of histochemical reaction for ATPase/ADPase activi-
ties were observed in Cutrl hippocampi, labeling synaptic
layers, ramified microglia. and endothelial cells typical for
NTPDasel/CD39 (Figure 2b). In the first four days after intox-
ication (data not shown), reduction of staining in neuropil
through hippocampus was noticed particularly when ADP
was used as a substrate. This reduction was accompanied by
a parallel increase of lead-phosphate deposition that nicely
delineated cellular membranes of microglia. At 7 dpi lead-
phosphate depositions delineated reactive microglia that
covered the strata but also entered the neuronal layers
(Figure 2b). At 21 dpi, activated microglia accounted for
most of the enhanced ATPase/ADPase activities, revealing
strong staining of CA strata, while dentate gyrus (DG) was
mostly without reaction (Figure 2b). The obtained patterns of
ATP/ADP enzyme activities closely corresponded to Ibal-ir
(Figure lc), suggesting that reactive microglial cells upregu-
lated NTPDase 1/CD39 after the exposure to TMT.

eN/CD73 activity and localization in response to TMT
were determined using AMP-based enzyme histochemistry
(Figure 2c¢) and eN/CD73-directed immunocytochemistry
(Figure 2d). In intact hippocampal tissue, diffuse histochemi-
cal reaction and eN/CD73-ir were observed in synaptic layers,
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Figure |. Spatiotemporal pattern of hippocampal neurodegeneration and gliosis after TMT exposure (a) thionine staining of coronal

sections obtained from control animals and at 7 and 21 dpi. Arrowheads indicated injured neuronal cell layers in the hippocampus. Scale bar
=500 um. (b) Immunohistochemical staining of GFAP in control animals and at 7 and 2| dpi. Scale bar = 500 um. (c) Immunohistochemical
staining of Ibal in the whole hippocampal area and corresponding enlarged CAl and mCA3 at 7 and 21 dpi. Scale bar =500 um (under 5x
magnification), and 100 um (under 20X magnification). (d) Representative images of different Ibal -ir morphological phenotypes are observed

in control and after TMT exposure.

Note. dpi= days post intoxication; GFAP = glial fibrillary acidic protein; ir =immunoreactive; mCA3 = medial CA3; TMT = trimethyltin.

while neuronal cell layers remained unstained. as were shown
previously (Dragic et al., 2019a; Grkovic et al., 2019b). From
7 dpi and afterward, products of AMPase activity were accu-
mulated in the neuronal strata, infiltrating within neuronal cell
layers (Figure 2¢). eN/CD73-ir completely reflected patterns
observed by AMPase, depicted individual round-shaped ele-
ments that covered neuronal layers and were most noticeable
at the late stage of TMT-induced neurodegeneration (21 dpi,
Figure 2d). Cellular localization of eN/CD73-ir was deter-
mined by triple IF directed to GFAP, Ibal, and eN/CD73
(Figure 3a). At 7 and 21 dpi, eN/CD73-ir overlapped with

Ibal-ir at amoeboid cells infiltrated within neuronal cell
layers, while colocalization with GFAP-ir was not observed.
The colocalization of main microglial ectonucleotidase
NTPDasel/CD39, and eN/CD73 was demonstrated by
double-IF labeling, which showed colocalization of
NTPDasel/CD39 and eN/CD73 at amoeboid cells, while
ramified and rod NTPDasel/CD39-ir cells within synaptic
layers did not show eN/CD73-ir (Figure 3b). The degree of
colocalization was estimated by the Pearson correlation coef-
ficient (PCC) (Figure 3c). The raising PCC values indicated
increase in colocalization of Ibal/eN/CD73 (p<.0001) and
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Figure 2. Expression and activity of NTPDasel/CD39 and eN/CD73 in the hippocampal region after TMT exposure (a) RT-qPCR analysis
of genes encoding NTPDase|/CD39 and eN/CD73 in the Ctrl hippocampal tissue, 7 and 21 dpi, respectively. Bars represent mean mRNA
expression of target gene relative to CycA + SD. Significance shown inside the graphs: *p <.05 or less compared to age-match Ctrl. In the
presence of ATP or ADP (b) and AMP (c) as substrate, enzyme histochemistry labeled cells and structures correspond to ectonucleotidase
activities in the hippocampal region of Ctrl, 7 and 21 dpi. Microglial cells were clearly labeled by ATP and ADP enzyme histochemistry. High
magnifications of microglial morphotypes observed by ADPase enzyme histochemistry were inserted. (d) eN/CD73-ir in the hippocampal
region of Ctrl section, 7 and 2| dpi. Rectangles show eN/CD73-ir areas—CA\, hil/pCA3 and mCA3 captured under higher magnification.
eN/CD73 depicted individual round-shaped elements in the neuronal layers and were most noticeable at 21 dpi. Scale bar =500 um (under
5% magnification), and 50 um (under 40X magnification).

Note. ADP = adenosine diphosphate; AMP = adenosine monophosphate; ATP =adenosine triphosphate; Ctrl = control; CycA = cyclophilin
A; dpi = days post intoxication; eN/CD73 = ecto-5" nucleotidase; hil/pCA3 = hilar/proximal CA3; ir =immunoreactive; nCA3 = medial CA3;
mRNA =messenger RNA; NTPDasel/CD39 = ectonucleoside triphosphate diphosphohydrolase |; RT-qPCR =quantitative reverse
transcriptase-polymerase chain reaction; SD = standard deviation; TMT = trimethyltin.

NTPDase 1/CD39-eN/CD73 (p<.0001) signals at both time
points after TMT exposure, whereas negative PCC values
for GFAP-ir and eN/CD73-ir (p=.32) corroborated the lack
of astrocytic expression of eN/CD73 after TMT. The results
pointed to the marked induction of NTPDasel/CD39 by

Ibal* cells, and the colocalization with eN/CD73 at amoeboid
Ibal™* cells after TMT exposure (Figure 3c).

Since the role of extracellular ATP is closely related to its
breakdown products, changes in mRNA expression of ATP/
ADP-sensitive P2 and adenosine Pl receptors in the
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Figure 3. Identification of cells that upregulate eN/CD73 in the hippocampal region after TMT exposure (a) triple IF labeling directed to
eN/CD73 (red), astrocyte marker GFAP (blue), and microglial marker Ibal (green) in the Ctrl, 7 and 2| dpi hippocampi. Overlaid images
(merge) reveal the overlapping signal corresponding to Ibal-ir and eN/CD73-ir at 7 and 21 dpi. (b) Double-IF labeling directed to NTPDasel/
CD39 (red) and eN/CD73 (green), showing the overlapping signals (merge) at 7 and 21 dpi. Scale bar =50 pm. (c) PCC indicates the level of
signal overlap between Ibal-ir and eN/CD73-ir, eN/CD73-ir and GFAP-ir and NTPDase |/CD39-ir and eN/CD73-ir. Bars show mean PCC +
SEM, from 3 ROI selected from 5 sections. Significance shown inside the graphs: *p <.05 or less compared to age-match Ctrl.

Note. Ctrl = control; dpi=days post intoxication; eN/CD73 = ecto-5" nucleotidase; ir = immunoreactive; NTPDasel/CD39 =ecto-
nucleoside triphosphate diphosphohydrolase |; GFAP =glial fibrillary acidic protein; IF=immunofluorescence; PCC = Pearson correlation
coefficient; SEM = standard error of the mean; ROl =region of interest; TMT = trimethyltin.
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hippocampus during TMT-induced neurodegeneration were
explored (Figure 4). Regarding ATP/ADP-sensitive P2 recep-
tors mainly expressed by microglia (Illes et al., 2020). a signifi-
cant increase in the relative abundance of P2X4R-. P2Y5R-,
and P2Y¢R-mRNA levels were observed, at both 7 dpi
(p < .0001, p<.0001, p<.0001, respectively) and 21 dpi
(p <.001, p<0.0001, p<.001, respectively) when compared
to age-matched Ctrls (Figure 4). The P2Y 5R-mRNA level of
the specific microglial receptor (Illes et al., 2020) was robustly
increased at 7 dpi (p<.0001) while a slight increase was
observed at 21 dpi (p<.05) (Figure 4). P2X;R- and
P2Y;R-mRNA levels were significantly increased at both 7-
(p<.001 and p<.05, respectively) and 21 dpi (p<.0l and p
<.001, respectively), when compared to age-match Cul
Furthermore, analysis of adenosine Pl receptors showed an
increase in AsR-mRNA levels at both 7 and 21 dpi when com-
pared to age-match Cul (p<.001 and p <.0l. respectively),
together with induction of A;R-mRNA relative abundances
at 21 dpi (p<.0l, Figure 4). There are no changes in
ALgR-mRNA relative abundances at both 7 and 21 dpi.
Relative expressions of target genes for all tested time points
are shown in Supplemental Table 1.

The Inflammatory Status of the Hippocampal Tissue
After TMT Exposure

It is known that activated glial cells develop functional pheno-
types, which may be roughly categorized as proinflammatory
or antiinflammatory. Therefore, we first assessed the inflamma-
tory status of the hippocampal tissue at the early (7 dpi) and the
late (21 dpi) stage of TMT-induced neurodegeneration by deter-
mining the expression of several inflammatory markers. As
shown in Figure 5. only tumor necrosis factor-o
(TNF-o)-mRNA level was significantly increased at 7 dpi
when compared to Ctrl (p<0.0001), while interleukin
(IL)-1B-, IL-6-, IL-10-mRNA relative abundances were signifi-
cantly increased at 21 dpi (p<.01, p< .01, and p<.001, respec-
tively, Figure 5). We also examined the main markers of two
extreme polarization states of microglia/macrophages (inducible
nitric oxide synthase [INOS] and Argl), as well as C3 and
S100al0 as markers that are often used to discriminate
between functional states of astrocytes. iNOS-, C3- and
S100al0-mRNA levels were significantly increased at both 7-
(p<.001, p<.0001, p<.001, respectively) and 21 dpi (p<.0l,
p<.0001, p<.05, respectively) when compared to age-match
Curl (Figure 5). Argl-mRNA level was decreased at 7 dpi (p<
.0001), while no changes were detected at 21 dpi when compared
toage-match Ctrl (Figure 5). Relative expressions of target genes
for all tested time points are shown in Supplementary Table 1.

Functional State of Reactive Microglia and Astrocytes

Next, we sought to determine the cellular source of inflamma-
tion and performed colocalization of Ibal or GFAP against

inflammatory markers. Neither of the tested proinflammatory
cytokines (IL-1p, TNF-a, and IL-10) and C3 (data not shown)
nor polarization marker iNOS (Figure 6) was found in associ-
ation with Ibal-ir. However, Ibal-ir cells colocalized with
Argl-ir and phagocytic marker CD68-ir at 7 and 21 dpi
(Figure 6). A signal cooccurrence was observed at rod and
amoeboid cells at 7 and 21 dpi, while only amoeboid Ibal™
cells were abundantly labeled with eN/CD73 (Figure 6).
The induction of the chemotaxis microglial marker P2Y ;R
was also observed at Ibal-ir cells at 7 dpi (Figure 6).
Although a slight increase in the relative gene expression of
P2Y ;R was observed, Ibal™ cells of amoeboid morphology
did not colocalize with P2Y ;R at 21 dpi (Figure 6). It is
important to emphasize that ramified morphology of Ibal™
cells (Figure 6) corresponds to Ctrl microglia as well as to
Ibal™ cells with the same morphology in the hippocampal
areas distant from the site of neurodegeneration at both 7
and 21 dpi. Moreover, P2X-ir clearly labeled neurons in
Crtrl hippocampi as well as at 7 dpi (Figure 6), while
P2X5-ir signal clearly overlapped with amoeboid microglia
at 21 dpi. On the other hand, colocalization of P2X;R with
GEFAP-ir astrocytes could not be observed in Ctrls and inves-
tigated time points.

The lack of expression of proinflammatory cytokines and
markers by Ibal-ir microglial cells, and clearly labeled
iNOS™ and C3% cells around Ibal™ cells, prompted us to
explore their astroglial expression (Figure 7). Except for neu-
ronal TNF-a-ir at the site of neurodegeneration at 7 dpi. the
signals that correspond to IL-1p, TNF-a, and 1L-10 almost
completely overlapped with GFAP-ir at 7 dpi and/or 21 dpi
(Figure 7). At 7 dpi, iNOS- and C3-ir were also observed at
neurons, while almost all GFAP-ir cells at the injured area
expressed iNOS, nuclear factor-kB (NF-kB), and C3, suggest-
ing that astrocytes were the major source of the inflammatory
factors at the late stage of TMT-induced neurodegeneration.
The fluorescence intensity of all investigated inflammatory
markers was significantly increased at both 7 and 21 dpi
(Figure 7).

Since astrocytic P2Y;R is involved in the regulation of
several cytokines/chemokines expression (e.g., IL-6, and
TNF-a) (Kuboyama et al., 2011), and A>;aR upregulation
in activated glial cells facilitates the release of cytokines
(Paiva et al., 2019), we explore their localization. In addi-
tion, prolonged adenosine A;R signaling and its cross-talk
with AzaR might enhance AjaR-mediated neurotoxicity
in neurodegenerative disorders (Stockwell et al., 2017).
Thus, massive induction of P2Y ;R and A>A R was found
on GFAP-ir and C3-ir astrocytes at 7 and 21 dpi, while
A R shifted from neurons to GFAP-ir astrocytes at 7 dpi
and fully colocalize with GFAP-ir at 21 dpi at the sites
of neurodegeneration (mCA3 or CAl) (Figure 8). Neither
one of the investigated receptors was not observed at
Ibal™ cells, suggesting the involvement of the purinorecep-
tors in the proinflammatory astrocyte phenotype after TMT
intoxication.
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Figure 4. Purinoceptors gene expression in the hippocampal region after TMT exposure The abundances of transcripts coding for P2X,,
P2X5, P2Y\R, P2Y3R, P2Y¢R, P2Y 2R, AR, AsaR, AzeR, and A3R were assessed by RT-qPCR at 7 and 21 dpi. Bars represent mean mRNA
expression of target gene relative to CycA + SD. Significance shown inside the graphs: *p <.05 or less compared to age-match Ctrl.
Note. Ctrl = control; CycA = cyclophilin A; SD = standard deviation; RT-qPCR =quantitative reverse transcriptase-polymerase chain

reaction; dpi=days post intoxication; mRNA = messenger RNA.

Discussion

The results of the present study corroborate the existing data
on the spatiotemporal pattern of neurodegeneration and
gliosis in the rat TMT model (Corvino et al., 2013, 2015;
Haga et al., 2002; Latini et al., 2010; Litle et al., 2012;
Trabucco et al., 2009). As described and analyzed previously
(Dragic et al., 2019b), reactive astrocytes (from day 2
post-TMT) were polarized toward the jeopardized regions,
enclosing it and probably creating a protective glial barrier,
keeping other regions from damage at the carly stage of
TMT-induced neurotoxicity (Dragic et al., 2019b).
Microghal activation induced by TMT slightly lagged
behind astrocyte reactivation, as observed earlier (Haga
et al., 2002), and is manifested as a robust increase in the
number of Ibal ™ cells due to migration or proliferation of res-
ident microglia (Little et al., 2002). However, we observed
that synaptic layers in the affected sectors became largely
populated with rod Thal™ cells, occasionally found in a train
formation at the early stage of neurodegeneration. Rod micro-
glia are usually found at the early stages of neurodegenerative
disorders in association with undamaged neurons and axons,
and not in aggregation with other glial cells (Au & Ma, 2017;
Zabel & Kirsch. 2013), which could be an indicator of their
protective and reparative role (Boche et al., 2013). Rod cells
may provide new cells and transform into amoeboid microglia

(Tam & Ma, 2014). We also observed that injured neuronal
cell layers of the hippocampal CA areas became sequentially
infiltrated with Ibal™ cells of amoeboid shape, particularly at
the late stage of neurodegeneration induced by TMT.

As a marker of microglia (Almolda et al., 2013; Braun
et al., 2000), NTPDasel/CD39 activity and expression were
markedly upregulated in all Ibal-ir cells after TMT intoxica-
tion, irrespective of their shape and position. On the other
hand. as the final and the rate-limiting enzyme in the extracel-
lular degradation of ATP, eN/CD73 showed a selective switch
from neuropil to amoeboid Ibal-ir cells, implicating that the
differential induction might be an adaption to specific hippo-
campal microenvironment, that is, site of injury or specific
function. The transition between functional states of reactive
microglia is accompanied by the morphological transforma-
tion of the cells, and among the critical factors that trigger
the transition are ATP, adenosine, vitamin E, [L-34, and che-
mokine fractalkine (Boche et al., 2013; Wollmer et al., 2001).
Furthermore, NTPDasel/CD39 and eN/CD73 upregulation
may represent a defense mechanism against excess levels of
extracellular ATP originating from damaged cells (Braun
et al., 2000; Burnstock, 2017). Thus, enhanced activity of
NTPDase 1/CD39 may contribute to the prevention of recep-
tor desensitization on prolonged exposure to elevated ATP
and prevent activated microglia from overstimulation by
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Figure 5. Proinflammatory status of the rat hippocampal region after TMT exposure The abundance of transcripts coding IL-1B, TNF-q,
IL-6, IL-10, C3, S100a10, iINOS, and Argl. Bars represent mean mRNA expression of target gene relative to CycA + SD. Significance shown
inside the graphs: *p <.05 or less compared to age-match Ctrl.

Note. Argl =arginase-|; CycA = cyclophilin A; IL-10 =interleukin-10; IL-1B =interleukin-IB; INOS =inducible nitric oxide synthase; mMRNA
=messenger RNA; TMT = trimethyltin; TNF-o. =tumor necrosis factor-o; SD = standard deviation.

ATP. The parallel eN/CD73 activity on amoeboid Ibal™ cells  2009; Illes et al., 2020). Furthermore, NTPDase1/CD39 and
probably facilitates the formation of adenosine that exerts eN/CD73 not only catabolize extracellular ATP and provide
neuro- and immunomodulatory actions (Di Virgilio et al., adenosine but also function as clusters of differentiation and

Iba1/iNOS Iba1/Arg1 Iba1/CD68 Iba1/P2Y12R Iba1/eN Iba1/GFAP/P2X7R
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Figure 6. Assessment of the functional state of reactive microglia after TMT exposure. Ramified morphology of Ibal +cells corresponds to
control microglia but also to ramified Ibal™ cells in the hippocampal areas distant from the site of neurodegeneration at both 7 and 21 dpi.
Double immunofluorescent staining of Ibal and iINOS, Argl, CDé8, P2Y12 receptor (R), and eN/CD73, and triple immunofluorescent
staining of Ibal, GFAP and P2X7R in the injured area 7 and 21 dpi, reveal Ibal-ir morphotypes that expressed Argl-, CD68-, P2Y |2-, P2X7-
as well as eN-ir. Scale bar =50 pm.

Note. Argl =arginase-1; dpi=days post intoxication; eN/CD73 =ecto-5" nucleotidase; GFAP = glial fibrillary acidic protein; iINOS =
inducible nitric oxide synthase; iNOS = inducible nitric oxide synthase; TMT = trimethyltin.
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Figure 7. Assessment of the functional state of reactive astrocytes after TMT exposure. Double immunofluorescent staining of GFAP and
IL-1B, TNF-, IL-10, C3, iNOS and NF-kB and corresponding integrated fluorescence density expressed as AUs + SEM in the injured CA

area at 7 and 21| dpi. Significance shown inside the graphs: *

p <.05 or less compared to age-match Ctrl.

Note. AU =arbitrary unit; Ctrl = control; dpi = days post intoxication; GFAP = glial fibrillary acidic protein; IL-10 = interleukin-10; IL-13 =
interleukin-IB; iNOS = inducible nitric oxide synthase; NF-kB = nuclear factor-kB; SEM = standard error of the mean; TMT = trimethyltin;

TNF-0. =tumor necrosis factor o.

cell adhesion molecules, which regulate the adhesion and glial
cell migration through specific interactions with extracellular
matrix components (Koizumi et al., 2007).

Microglial cell migration and chemotaxis depend on puri-
nergic signaling via P2 receptors (llles et al., 2020; Koizumi
et al., 2007), which also triggers their shift to amoeboid phe-
notype (Illes et al., 2020). Thus, we found an increase in rel-
ative gene expression of P2Y |,R specifically at the early stage
(7 dpi) of TMT-induced neurodegeneration. This receptor is
activated by extracellular ATP released from damaged cells
that trigger microglial processes extension and migration to
the site of injury (Illes et al., 2020). Further, we found an
increase in P2X, relative gene expression that may contribute
to both migratory as well as secretory properties of microglia,
and interacts with the P2Y ;R in the regulation of chemotaxis
(Illes et al., 2020). At this stage, an increase of P2Ys-mRNA
level was observed, a receptor upregulated when neurons
become  damaged and send  diffusible  uridine
5’-diphosphate (UDP) signals to microglia (Illes et al.,

2020). Adenosine also affects extension and chemotaxis to
the site of active neurodegeneration via P2Y ,R/A3R coacti-
vation (Haynes et al., 2006; Ohsawa et al., 2012). The
ADP-driven process extension was reversed to process retrac-
tion during proinflammatory condition coincident with
P2Y ;R protein downregulation (Orr et al., 2009), which we
observed at the late stage of TMT-induced neurodegeneration.
Additionally, P2Y¢R stimulation blocks ATP-dependent
migration of microglia, most likely by shifting its migratory
phenotype to an amoeboid/phagocytic one (Bernier et al.,
2013; Koizumi et al., 2007), and which upregulation persist
at the late stage (21 dpi) of neurodegeneration. The mRNA
levels of P2X5R, the ATP-sensitive receptor predominantly
localized on microglial cells in the brain (Illes et al., 2020),
were also increased at both the early and the late stage of
neurodegeneration.

Concerning the polarization state of microglia, our data
showed that Ibal-ir cells coexpressed specific
Argl, and did not colocalize with

marker
proinflammatory
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Iba1/GFAP/A1R

C3/GFAP/A2AR

Figure 8. Association of P2Y | and adenosine receptors with GFAPT astrocytes in the hippocampus after TMT exposure. Double IF reveals
that GFAP-ir cells colocalized with P2Y R in the injured hippocampal area at 7 and 2| dpi. Representative micrographs of triple IF staining of
AR and markers of glial cells (Ibal and GFAP) reveal neuronal AR staining in the Ctrl, colocalization with GFAP* cells at 7 dpi, and

complete overlap of GFAP- and A R-ir at 21 dpi in the injured hippocampal area, without colocalization with Ibal-ir cells. Representative
triple staining micrographs with C3, GFAP and AR reveal colocalization of all three signals in the injured hippocampal area at 7 and 21 dpi.

Scale bar =50 um.

Note. GFAP =glial fibrillary acidic protein; TMT = trimethyltin; ir =immunoreactive; Ctrl = control; dpi = days post intoxication; IF=

immunofluorescence.

markers iNOS, NF-kB, C3, and investigated proinflamma-
tory cytokines, indicating that reactive microglial cells at
the site of TMT-induced neurodegeneration were not a

source of inflammatory molecules. The upregulation of

NTPDase1/CD39 by reactive microglial cells was previ-
ously demonstrated in experimental autoimmune encephalo-
myelitis, where the induction of NTPDasel/CD39 tended to

be associated with Argl-ir and phagocytic marker CD68-ir

microglial cells (Jakovljevic et al., 2019). Upregulation and
specific localization of eN/CD73 on amoeboid Ibal* cells
that were also associated with Argl- and CDG68-ir at the
late stage of neurodegeneration induced by TMT support

results that such eN/CD73 expression might promote

macrophages/microglia to phagocytic state (Xu et al.,
2018). In addition, P2X5-ir, greatly localized on neurons
at the early stage of neurodegeneration, colocalized with
amocboid Ibal-ir cells at the late stage of neurodegenera-
tion. It is well known that P2X5R expression at amoeboid
microglial cells modulates clearance of extracellular debris
thus affecting their phagocytic role (Campagno &
Mitchell, 2021). Given that CD39/CD73 tandem effectuate
the whole cascade of extracellular ATP degradation, they
might be taken as an “immunological switch™ that leads to
the antiinflammatory cell state (Antonioli et al., 2013),
however, additional experiments are required to test this
hypothesis.
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According to the literature data (Little et al., 2002, 2012)
early neurodegenerative response to TMT is not accompanied
by increased gene expression of most proinflammatory cyto-
kines. We found moderate induction of TNF-o in neurons at
the early stage of TMT-induced neurodegeneration, while
almost all GFAP* cells around damaged areas (CAl and
mCA3) were the source of IL-1p, TNF-a, and IL-10 particu-
larly at the late stage of TMT-induced neurodegeneration,
supporting in vitro results (Dragic et al., 2021) and studies
that showed upregulation of other proinflammatory mediators
at the later stages of TMT-induced neurodegeneration
(Lattanzi et al., 2013; Liu et al., 2005; Morita ct al., 2008).
Furthermore, P2X5R is considered as a major driver of inflam-
mation (Di Virgilio et al., 2017; Erb et al., 2019; Franke et al.,
2012; Peterson et al., 2010), and we observed increased neu-
ronal staining with P2X5R at both the early and the late stage
of TMT-induced neurodegeneration. A wave of neurodegen-
eration induced by TMT might provide conditions for a sus-
tained ATP release and prolonged P2X;R activation with
the resulting postponed induction of IL-1p, together with
TNF-a, and IL-6. Reactive astrocytes might initiate upregula-
ton of P2Y,R. as we observed after TMT intoxication.
leading to a proinflammatory response (Peterson et al., 2010).

We have also observed that reactive astrocytes coex-
pressed INOS, NF-kB, C3, and found increased expression
of S100al0-mRNA. Taken together with the expression of
main proinflammatory markers, it could be concluded that
TMT-induced reactive astrogliosis exerts a complex molecu-
lar signature with the predominantly inflammatory phenotype
(Escartin et al., 2021), mainly located around the sites of
ongoing neurodegeneration. These proinflammatory astro-
cytes at the injured area also upregulate A;R and A>4R recep-
tors. In the hippocampus, adenosine exerts inhibitory function
under physiological conditions due to the high expression of
neuronal A;R, modulating important processes such as learn-
ing and memory (Costenla et al., 2010; Stockwell et al.,
2017). On the other hand, under pathological conditions, an
increase of both mRNA and protein levels and aberrant sig-
naling via hippocampal A5 AR have been demonstrated to con-
tribute to active neuroinflammation and cognitive deficits (Hu
et al., 2016), both of which are seen in TMT-induced neuro-
degeneration (Geloso et al., 2011). Adenosine signaling via
neuronal AR supports survival, exerts neuroprotective
effects, and has anticonvulsive properties (Glass et al.,
1996). Thus, the shift of A;R immunoreactivity from
neurons to astrocytes could render neurons vulnerable to sec-
ondary effects of TMT, such as seizures (Trabucco et al.,
2009), while prolonged adenosine A;R signaling and its
cross-talk with A,4R might enhance A;,sR-mediated neuro-
toxicity in neurodegenerative disorders (Stockwell et al.,
2017). Taken together with a concomitant increase of astro-
cytic AsaR, these results could be put in perspective of poten-
tial formation of A|R—A, R heteromers, which are shown to
contribute to dysregulation of glutamate homeostasis and
favor excitotoxicity (Borroto-Escuela et al.. 2018; Hou

etal., 2020). A high amount of ATP released after TMT intox-
ication would be degraded by [bal */CD39*/CD73% cells thus
producing high levels of adenosine around the sites of injury.
Adenosine in such a microenvironment may activate astro-
cytic A;R and AR supporting their proinflammatory pheno-
type (Nedeljkovic, 2019; Paiva et al., 2019; Popoli &
Pepponi, 2012). Additional experiments are necessary to
fully elucidate the role of adenosine in such a complex path-
ological environment. Induction of P2Y R on reactive astro-
cytes further confirms their detrimental phenotype after
TMT-induced neurotoxicity, since this receptor is also
involved in the regulation of several cytokines/chemokines
expression (Kuboyama et al., 2011), and causes astrocytic
hyperactivity and dysfunction in an animal model of neurode-
generation (Delekate et al., 2014).

In summary, identification of expressional timeline of
selected purinoreceptors and ectonucleotidases provides a
framework for the reconstruction of their involvement in the
initiation and progression of neurodegenerative events after
TMT intoxication. This study suggests that proinflammatory
astrocytes phenotype is possibly developed as a response to
TMT intoxication. Increased availability of ligands such as
ATP and adenosine coupled with a distinct set of activated
glial purinergic repertoire (P2X5, AsaR., P2Y;, and A;R)
and loss of homeostatic glial and neuronal purinergic path-
ways (P2Y,;, and A;R) may shift purinergic signaling
balance toward excitotoxicity and inflammation, thus ulti-
mately favoring progression of pathological
Targeting the upstream nucleotide metabolic pathway that
controls adenosine production to modulate neural-immune
interactions and neurodegeneration-related machinery repre-
sents a promising therapeutic strategy for intervening in
disease progression.

events.
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IV DISKUSIJA

Neurodegenerativne bolesti su vodec¢i uzrok invaliditeta i razliCitih stepena
nesposobnosti i hendikepa u svetu, a drugi uzro¢nik smrtnosti. Procenjuje se da ~90 miliona
ljudi godiSnje umire od neke od neurodegenerativnih bolesti (Wimo et al., 2010). Briga o
osobama koje pate od razli¢itih neurodegeneracija predstavlja ogromno ekonomsko i
socijalno opterecenje pri ¢cemu indirektni troSkovi leCenja pacijenata prevazilaze direktne
(Wimo et al., 2010). lako je znacajan broj neurodegenerativnih bolesti poznat ve¢ duze od
jednog veka, preostaje znacCajan prostor za unapredivanje terapijskih moguénosti, koje
posedujemo danas..Vecina lekova koji su odobreni i indikovani za ove bolesti je
simptomatske prirode (Yiannopoulou and Papageorgiou, 2013). Sve neurodegenerativhe
bolesti su pracene aktivacijom glijskih celija, astrocita i mikroglije koje pokrecu proces
neuroinflamacije. Neuroinflamacija ima za cilj da ogranici povredu, infekciju i/ili uzrok umiranja
neurona i ponovo uspostavi homeostazu CNS (Lyman et al., 2014). Neuropatoloska stanja su
naj¢eS¢e pracena hroni€nom inflamacijom koja doprinosi daljem razvoju i pogorSanju
osnhovne patologije i kao takva ima negativan uticaj na tok bolesti (DiSabato et al., 2016).
Uzimaju¢i u obzir da je celokupna dostupna terapija simptomatska, razumevanje
mehanizama i moguénost kontrole neuroinflamatornog procesa predstavljaju perspektivan
pravac za razvijanje novih terapijskih strategija.

Purinska signalizacija kao vid meducelijske komunikacije predstavlja jedan od osnovnih
nacina komunikacije glijskih i nervnih celija, a poseban znacaj ima i u iniciranju razli€itih faza
neuroinflamacije. Stoga je regionalna i vremenska karakterizacija ekspresije komponentni
purinske signalizacije, kao i utvrdivanje njihove Ccelijske lokalizacije neophodno za
rekonstrukciju dogadaja koji dovode/doprinose razvoju neurodegenerativnin bolesti |
neuroinflamacije. Utvrdivanje vremenskog i regionalnog obrazca neurodegeneracije u
eksperimentalnom modelu neurodegeneracije hipokampusa izazvane trimetil-kalajem,
omogucéava povezivanje ovih promena sa promenama u ekspresiji komponenti purinskog
signalnog sistema, $to moze dovesti do identifikacije potencijalnih ciljnih mesta za terapijsko
delovanje kako u pogledu konkretnog receptora/enzima tako i u pogledu vremenskog okvira
kada bi potencijalno terapijsko sredstvo imalo najveéi u€inak.

1. Trimetil-kalaj izaziva promene ponasanja pacova koje su prac¢ene progresivnim
gubitkom piramidnih neurona CA1-CA3 regiona hipokapusa

U skladu sa opstim i specificnim cilievima ove doktorske disertacije, praéeno je
ponasanje zivotinja u periodu od tri nedelje nakon intoksikacije, a potom su uoCene promene
u ponaSanju korelisane sa vremenskim i regionalnim profilom neurodegeneracije
hipokampusa kod ovarijektomisanih Zenki Wistar pacova. Jedan od glavnih razloga zbog
Cega su koris¢ene ovarijektomisane Zenke je taj Sto mnoge komponentne purinske
signalizacije a narocCito ektonukleotidaze znac€ajno variraju u zavisnosti od faze estrusnog
ciklusa (Mitrovi¢ et al., 2016, 2019; Grkovi¢ et al., 2019b). Takode, i drugi parametri variraju u
zavisnosti od faze estrusnog ciklusa poput nivoa glijskog kiselog fibrilarnog proteina (GFAP)
(Arias et al., 2009). S obzirom da su promene genske i proteinske ekspresije
ektonukleotidaza u hipokampusu ovarijektomisanih zenki dobro okarakterisane kroz ranije
publikovane radove nase grupe, prednost je data ovom model sistemu u odnosu na muzjake.

62



lako brojni radovi nedvosmisleno ukazuju da TMK izaziva smrt piramidnih neurona
hipokampusa sa odlozenim pocCetkom delovanja (2-4 dana nakon intoksikacije) (Haga et al.,
2002; Trabucco et al., 2009; Geloso et al., 2011; Lattanzi et al., 2013; Corvino et al., 2015),
ne postoji jasno utvrden vremenski i regionalni profil za naj¢eSce koris¢enu dozu (8 mg/kg)
kao ni profil ponaSanja pacova u prvim nedeljama nakon intoksikacije. Takode, na osnovu
dostupne literature utvrdeno je da ne postoji razlika u profilu neurodegeneracije izmedu
ovarijektomisanih i intaktnih Zenki, kao i da tretman 173-estradiolom ne utiCe na tok i profil
neurodegenrativnih promena nakon intoksikacije TMK (Corvino et al., 2015). Stoga je prvi cil]
ove doktorske disertacije bio da se utvrdi vremenski i regionalni profil neurodegeneracije
izazvane TMK u hipokampusu ovarijektomisanih Zenki pacova i da se prati ponaSanje
Zivotinja tokom tri nedelje. Prve promene u ponaSanju uoCene kao pojacana osetljivost na
dodir i zvukove i blagi tremor primec¢ene su drugog dana od intoksikacije TMK. lako tada nije
primecena smrt neurona u CA regionima hipokampusa, gotovo svi neuroni su se obojili na
fluorozad C (FJC) Sto ukazuje na aktivan proces neurodegeneracije ve¢ nakon dva dana od
intoksikacije (Corvino et al., 2015). Cetiri dana nakon intoksikacije TMK jasno se uodava
gubitak neurona i prisustvo apoptotskih tela i na histoloSkom i na FJC bojenju u CA1 regionu i
mCA3/DG regionu (Balaban et al., 1988; Haga et al., 2002; Little et al., 2012), dok blagi
tremor prelazi u sistemski. S obzirom da TMK dovodi do selektivhog propadanja glutamatnih
neurona, dok su inhibitorni zasticeni (Geloso et al., 1997, 2011), uoCene promene ponasanja
Su najverovatnije posledica naruSavanja ekscitatorno-inhibitornih sinapsi koje su neophodne
za normalno funkcionisanje neurona u hipokampusu (Geloso et al., 2011; Corvino et al.,
2013; Lattanzi et al., 2013; Lee et al., 2016). U sedmom danu od intoksikacije, dolazi do
oporavka ponas$anja, zivotinje ispoljavaju samo pojacanu osetljivost na dodir i zvuk. Ovo je u
skladu sa promenama na histoloSkom nivou kada se uoCava jo$ veci broj apoptotskih tela u
CAl i u mCA3/DG regionu i primetno smanjenje broja neurona te je ova faza oznacena i kao
rana faza neurodegeneracije. S obzirom na to da nema novih aktivnih mesta
neurodegeneracije, uocCeni boljitak ponaSanja je verovatno posledica uspostavljanja
ravnoteze i kompenzatornih mehanizama ekscitatorno-inhibtornih sinapsi u hipokampusu
(Earley et al., 1992; Geloso et al., 2011). Tri nedelje nakon intoksikacije, kao i u sedmom
danu, ne postoje nova mesta neurodegenracije, ve¢ se u CA1 i mCA3/DG regionima uoCava
upecatljiv gubitak neurona, te je ovo oznaceno kao kasna faza neurodegeneracije, i prisustvo
velikog broja tamno obojenih jedara koja su naselila ove regione, a koji ukazuju na intenzivu
gliozu, Sto je i u skladu sa postojecom literaturom (Balaban et al., 1988; Haga et al., 2002;
Trabucco et al., 2009; Latini et al., 2010; Little et al., 2012; Corvino et al., 2013, 2015).

2. Neurodegeneracija izazvana trimetil-kalajem praéena je aktivacijom glijskih

celija

Tokom ispitivanja neurodegenerativnih promena primenom histoloSkog bojenja, uoceno
je progresivno povecanje brojnosti tamno obojenih jedara u sinaptiCkim slojevima CAl i
mCA3/DG regiona, Sto je, na osnovu njihove veliine i pozicije, ukazivalo na prisustvo
reaktivne glioze. Reaktivna glioza je proces koji je karakterstiCan za patoloska stanja nervnog
sistema, pri ¢emu dlijske cCelije prolaze kroz promene u regulaciji ekspresije gena, ali i
metaboli¢ko, biohemijsko i morfoloSko remodelovanje. Ove promene za rezultat imaju da
reaktivne glijske celije dobijaju nove ili da potpuno/delimi¢no gube one funkcije koje imaju u
homeostatskim uslovima (Escartin et al.,, 2021). Jedna od prvih promena koja je odraz
aktivacije astrocita i mikroglije je promena njihove morfologije. Na osnovu imunoreaktivnosti
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(i na GFAP u kontrolnim hipokampusima ovarijektomisanih Zenki utvrdeno je prisustvo
sedam razliCitih morfo-funkcionalnih podtipova astrocita, Sto je u skladu sa postoje¢om
literaturom (Kosaka and Hama, 1986; Kalman and Hajos, 1989), te se mozZe zakljuciti da
ovarijektomija ne utiCe na gubitak ili pojavu novih podtipova astrocita. Detaljna morfoloSka
analiza prac¢enjem seta morfometrijskin parametara koji procenjuju kompleksnost astrocita
ukazala je na jasne razlike u morfoloskoj sloZzenosti izmedu astrocita koji se nalaze u CA1 i
distalnom CA3 regionu (dCA3) u odnosu na astrocite koji su prisutni u mCA3/DG.
Hipokampus u uzem smislu (hippocampus proper) i zubata vijuga (gyrus dentatus), iako
funkcionalno povezane predstavijaju dve anatomske strukture, te se postojanje ovakve
morfoloSke heterogenosti moze staviti u kontekst postojanja region-specifi¢nih fizioloskih
funkcija koje ove Celije obavljaju a Sto se reflektuje, delom, i kroz morfoloSku dihotomiju
astrocita u ovim regionima (Zhang and Barres, 2010; Bayraktar et al., 2014).

Shodno postojanju morfoloske heterogenosti GFAP™ ¢elija u subregionima kontrolnog
hipokampusa, intoksikacija TMK dovela je i do aktivacije astrocita specificne za subregione,
koja se pre svega ogleda u jasnim razlikama u morfologiji. Aktivacija astrocita je ve¢ drugog
dana uoCena u CA1 regionu i bila je pristuna i u trec¢oj nedelji nakon intoksikacije. Nakon
drugog dana primeéena je polarizacija nastavaka reaktivnih astrocita prema piramidnim
neuronima CAl sloja, koji su tako formirali front prema regionu gde je proces
neurodegeneracije ve¢ poceo. U Cetvrtom danu uoCava se prisustvo astrocita u piramidnom
sloju CA1 regiona, Sto potvrduje sposobnost ovih ¢elija da okruze mesto aktivne
neurodegeneracije, izoluju ga od zdravog tkiva, uklanjaju celijski debris i tako Stite druge
regione od sekundarnih povreda (Tasdemir-Yilmaz and Freeman, 2014, Liddelow and Barres,
2017). lako se domenska organizacija ne mozZe sasvim pouzdano proceniti na osnovu GFAP-
ir (Oberheim et al., 2008), raspored reaktivnih astrocita nakon intoksikacije ukazuje da oni
zadrzavaju svoju domensku organizaciju i nastavljaju da u odredenoj meri obavljaju funkcije
koje doprinose zastiti neosStecenih ¢elija i odrzavanju zdravih sinapsi (Heller and Rusakov,
2015; Kelly et al., 2018) . Detaljna morfometrijska analiza GFAP" ¢elija CA1 regiona pokazala
je da je fraktalna dimenzija, glavha mera kompleksnosti ¢elijske morfologije (Montague and
Friedlander, 1989, 1991), povec¢ana od drugog dana nakon intoksikacije TMK i da se te
vrednosti zadrzavaju tokom prve nedelje. lako ovaj parametar nije promenjen u prvih sedam
dana, gotovo svi drugi morfometrijski parametri ukazuju na to da je aktivacija astrocita nakon
izlaganja TMK dinamian proces, koji podrazumeva kontinuirano remodelovanje (Sun and
Jakobs, 2012). Sumarno, na osnovu svih parametara, astrociti CAl regiona pokazuju
povecanje kompleksnosti od drugog dana nakon intoksikacije koje se zadrZzava kroz sve
posmatrane tacke. Interesantno je da je broj sekundarnih grana GFAP" ¢elija CA1 regiona
povecan vec¢ nakon drugog dana od intoksikacije kada nije primeéena smrt neurona. Shodno
tome, ovaj parametar bi mogao biti kandidat za morfoloski alarmin, odnosno, promenu koja bi
upucuvala na postojanje odredenih patoloskih deSavanja u tkivu (Yeh et al., 2011). Astrociti
mCA3/DG regiona pokazali su drugaciji obrazac aktivacije. Inicijalni odgovor ovih astrocita, u
drugom danu intoksikacije bio je kao i u CA1 regionu, klasicna hipertrofija, pracena
povecanjem povrSine i fraktalne dimenzije. Ve¢ od Cetvrtog dana uolava se postepen
prelazak iz hipetrofije u morfolo$ki stadijum koji se moze opisati kao atrofija. U sedmom danu
nakon intoksikacije gotovo svi astrociti u ovom regionu imaju krupna Celijska tela znacajno
manje povrsine i maniji broj primarnih i sekundarnih grana, $to ukazuje na smanjenje ukupne
morfoloSke sloZenosti (Olabarria et al., 2010; Yeh et al., 2011; Kulijewicz-Nawrot et al., 2012;
Plata et al., 2018). Solova analiza razgranatosti GFAP" éelija potvrdila je atrofiju primarnih i
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sekundarnih grana Sto jasno ukazuje na smanjenje domena koje ovakva Celija zauzima (Plata
et al.,, 2018). Jedna od karakteristika ranih stadijuma epilepsije, AD i nekih psihijatriskih
bolesti jeste prisustvo hipetrofiranih astrocita u CA regionima i atrofiranih astrocita u hilarnom
regionu (Verkhratsky et al., 2014; Lee and MaclLean, 2015; Rodriguez-Arellano et al., 2016).
Smanjenje prostornog domena, odnosno povrsine koju atrofican astrocit pokriva ukazuje na
smanjenu funkcionalnu podrsku neuronima, Sto uti¢e na elektriCnu i sinapticku aktivnost, kao i
prezivljavanje neurona (Rodriguez-Arellano et al., 2016; Plata et al., 2018). Stoga i atrofija
astrocita moze biti kontributivni faktor neurodegeneracije, jer je narocito izrazena u mCA3/DG
regionu. Kako je ovaj region mesto glavnih aferentnih ulaza iz entorinalne kore, koja je takode
meta delovanja TMK (Balaban et al., 1988), atrofija astrocita i potencijalno smanjeno
preuzimanje adenozina u ove Celije mozZe biti uzro¢ni faktor epilepti¢nih napada, a moze
doprineti kognitivnom deficitu koji je karakteristiCan za Zivotinje izlozene TMK (Trabucco et al.,
2009; Geloso et al., 2011).

Osim morfometrijskih parametara, ne postoji pouzdani funkcionalni marker koji bi se
mogao pripisati isklju€ivo atrofi€nim astrocitima (Rodriguez-Arellano et al., 2016). Stoga je u
cilju ispitivanja daljih razlika, osim promena u morfologiji astrocita, ispitana ekspresija
vimentina (VIM) i nestina (NEST), Cija se ekspresija naro€ito povecava u patoloskim stanjima
(Andersson et al., 1994; Pekny and Nilsson, 2005; Gilyarov, 2008). Imunobojenje je pokazalo
da su VIM® ¢elije ograni¢ene na region mCA3/DG i prisutne samo u sedmom danu nakon
intoksikacije, Sto je dodatni pokazatelj reaktivhog fenotipa astrocita i mesta aktivne
neurodegeneracije (Pekny and Nilsson, 2005; Kelso et al., 2011). Za razliku od VIM™ celija,
NEST" celije su bile manje brojne i lokalizovane samo oko mesta lezija. Oba markera su
kolokalizovala sa GFAP" astrocitima, a poglavito sa onima sa atroficnom morfologijom. S
obzirom na to da se ova dva proteina Cesto eksprimiraju na prekursorskim i proliferativnim
Celija, ispitan je funkcionalni marker astrocita Kir4.1, koji je negativno korelisan sa celijskom
deobom (Gilyarov, 2008; Stewart et al., 2010). Kir4.1 se eksprimira na svim GFAP" ¢elijama,
kao i na VIM™ i NEST" ¢elijama, a dominantna distribucija po granama i telu astrocita upucuje
na to da ove ¢elije nisu proliferativne, kao i da uspesno reguliSu proteinsku ekspresiju te da
morfoloska atrofija astrocita u ovom regionu prethodi eventualnim funkcionalnim promenama
(Cone, 1970; Higashimori and Sontheimer, 2007). Dosadasnja istrazivanja definisala su
odredeni konsezus o tipovima promena astrocita u neuropatologijama koja se ogledaju u
promeni broja reaktivnih astrocita, remodelovanju morfologije ili reaktivnoj astrogliozi (Plata et
al., 2018). Specificna kombinacija ovih promena moze biti svojstvena neuropatologiji ili
karakterisati odredeni stadijum u njenoj progresiji (Verkhratsky and Parpura, 2016). U
stanjima koja se mogu okarakterisati kao blaze ili umerene povrede/patologije CNS, reaktivni
astrociti najCeSce imaju oCuvanu domensku organizaciju, ne migriraju, pokazaju razliCit
stepen hipertrofije i ne poseduju proliferativni potencijal (Rodriguez-Arellano et al., 2016;
Verkhratsky and Parpura, 2016). Rezultati morfometrijske analize i drugih parametara
upucuju na to da reaktivna astroglioza koja se razvija kao odgovor na neurodegeneraciju
izazvanu TMK ima dihotomu prirodu u ranim fazama neurodegeneracije., Reaktivha glioza u
CALl regionu moze se opisati kao umerena pri ¢emu astrociti iskazuju klasi¢nu hipertrofiju i
zadrzavaju domensku organizaciju. U mCA3/DG regionu uoCeno je dinami¢no morfolosko
remodelovanje koje je vodilo ka atrofiji astrocita. Razlike u odgovoru astrocita ovih regiona,
barem delom, verovatno potiCu i od prvobitne razlike u njihovoh morfologiji koja se uo¢ava u
kontroli. Takode, CA1 i mCA3/DG imaju razli€itu citoarhitekturu koja se ogleda u broju
neurona, gustini sinapsi kao i aferentnih i eferentnih veza. Sve ove razlike doprinose
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nastajanju specificnog mikrookruzenja, koje posredno moze uticati i na morfologiju astrocita
koji se u njima nalaze (Kosaka and Hama, 1986; Zhang and Barres, 2010). Selektivha
osetljivost hipokampalnih regiona pokazana je u nekoliko neuropatologija koje ukljucuju
epilepsiju slepoocnog reznja, ishemiju i AD (Morrison and Hof, 2002; Geddes et al., 2003;
Ouyang et al., 2007; Lévesque and Avoli, 2013). Na osnovu obrasca neurodegeneracije koju
izaziva TMK, kao i razlika koje su uoCene u morfologiji astrocita, mozZe se pretpostaviti da je
primarno mesto delovanja toksina mCA3/DG region, dok CAl region strada kao posledica
sekundarnih efekata intoksikacije poput epilepti¢nih napada i ekscitotoksi¢nosti (Trabucco et
al., 2009).

Pored reaktivne astroglioze, u modelu neurodegeneracije izazane TMK prisutna je
veoma izraZzena aktivacija Celija mikroglije (Geloso et al., 2011). Aktivacija mikroglije kasni u
odnosu na aktivaciju astrocita, pa se tako u drugom danu uoCava tek poneka aktivirana
mikroglija u svom poc€etnom stupnju aktivacije, sa blago uveéanim Ccelijskim telom i
zadebljalim nastavcima (Haga et al., 2002). Ve¢ u cCetvrtom danu nakon intoksikacije
primecen je znacajan porast broja Iba1™ ¢elija, usled migracije ili proliferacije rezidentnih ¢elija
(Little et al., 2002). Ove celije odlikuje dominanto Zbunasta (engl. bushy) ili Stapolika (engl.
rod) morfologija. Najvide lba1* celija primeéeno je u sinaptickim slojevima, gde su
preovladavale celije Stapolikog oblika, narocito u stratum radiatum. Neke od ovih celija, samo
u CALl regionu, bile su postavljene u nizu, Sto se uoCava u drugim patologijama (engl. train
formation). Ova pojava bila je uocljiva u Cetvrtom i naroCito u sedmom danu nakon
intoksikacije, da bi nakon tri nedelje dominantna forma bila okruglasta/ameboidna forma.
Stapolika forma mikroglije je karakteristiéna za ranu fazu neurodegeneracije i obiéno je
povezana sa neosStecenim neuronima i aksonima (Zabel and Kirsch, 2013; Au and Ma, 2017),
Sto ukazuje na njenu protektivnu i reparativnu ulogu (Boche et al., 2013). Takode, Stapolika
mikroglija moze biti izvor novih celija ili se transformisati u ameboidnu mikrogliju (Tam and
Ma, 2014). Tri nedelje nakon intoksikacije, gotovo citav piramidni sloj CA1 i mCA3/DG
regiona bio je prekriven ameboidnim Ibal® ¢elijama. Na osnovu dobijenih rezultata moze se
izvesti zaklju€ak da se mikroglija aktivira sa zakasSnjenjem u odnosu na reaktivne astrocite i
da pretezno zauzima neuroprotektivni funkcionalni status, sli¢an M2 tipu .

3. Neurodegeneracija izazvana trimetil-kalajem dovodi do promena aktivnosti i
ekspresiji NTPDaze 1ieN

Kao posledica smrti neurona, u vancelijsku sredinu se oslobadaju velike koli€¢ine ATP
koji deluje kao DAMP molekul i ostvaruje efekte posredstvom P2 receptora (Pietrowski et al.,
2021). Visak oslobodenih nukleotida iz spoljasnje sredine uklanjaju NTPDaze, koje hidrolizom
ATP do ADP i ADP do AMP, stvaraju supstrat za eN, koja obavlja finalno razlaganje i
oslobada adenozin a koji svoje efekte ostvaruje preko P1 receptora (Borea et al., 2018). lako
za vecinu ektonukleotidaza danas postoje antitela, mnoga od njih ne uspevaju da specificno
prepoznaju sva mesta na kojima se ovi enzimi eksprimiraju i/ili pokazuju aktivnost (Langer et
al., 2008). Stoga je jedna od pouzdanih tehnika koja omogucava da se utvrdi veza izmedu
prostorne distribucije i aktivnosti ovih enzima metoda enzimske histohemije (Langer et al.,
2008; Grkovi¢ et al., 2019b). Metodom enzimske histohemije ispitan je obrazac aktivnosti
ATPaze, ADPaze i AMPaze nakon intoksikacije TMK. Primenom ATP i ADP kao supstrata
uoceno je jasno bojenje celija koje po svojoj morfologiji odgovaraju mikrogliji i potvrduju
dominantnu lokalizaciju NTPDaze1 na ovim ¢elijama (Braun et al., 2000; Almolda et al.,
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2013). U prva cCetiri dana nakon intoksikacije, kroz citav hipokampus uocCeno je bojenje
¢elijskih elemenata koje po svojoj morfologiji odgovaraju poziciji i obliku Iba1™ ¢elija a
dominanto u regionima aktivne neurodegeneracije. U kasnijim vremenskim tackama,
intenzivnho bojenje uoCeno je na svim celijskim elementima koje po svojoj morfologiji
odgovaraju Ibal® éelijama, nezavisno od njihove morfologije, $to upucuje da je pojacana
aktivnost NTPDaze1 nezavisna od morfologije Celija. Za razliku od NTPDazel, aktivhost eN
uoCena je tek od Cetvrtog dana, sporadi¢no, intenzitet bojenja progresivno raste, i dostize svoj
maksimum tri nedelje nakon intoksikacije, jasno bojeci okruglaste celijske elemente koji su
zasli u CA1i mCA3/DG neuronski sloj. Razlika u lokalizaciji i aktivnosti NTPDaze 1 i eN moze
biti indikator adaptacije ovih ¢elijskih elemenata na specificne uslove mikrosredine, kao i na
razliCiti stepen neurodegeneracije u subregionima hipokampusa (Wollmer et al., 2001; Boche
et al., 2013). Enzimska histohemija je, iako pouzdana i reproducibilna, kvalitativna metoda jer
olovo-fosfat koji se akumulira na mestu hidrolitiCke aktivnosti enzima nije direktno
proporcionalan koli€ini supstrata koju je enzim razlozio (Wachstein and Meisel, 1957; Wagner
et al., 1972). Stoga nije moguce izvuci pouzdane zaklju¢ke o finim i diskretnim promenama u
aktivnosti, kakve su uoCene za aktivnost eN. U ovakvim situacijiama in vitro enzimski eseji
takode mogu prikriti smer promene aktivnosti, pogotovo ukoliko se eN gubi zajedno sa
umiranjem sinapsi a pojavljule na drugim celijskim elementima, Sto je sluCaj u
neurodegeneraciji izazvanoj TMK. Zato je u cilju pouzdane kvantifikacije enzimske
histohemije primenjena teksturalna analiza kao napredna tehnika analize slike koja ima Siroku
primenu u medicini i biologiji (Tixier et al., 2012; Kim et al., 2015; Tesic et al., 2017). Primena
teksturalne analize omoguc¢ava kvantifikaciju i opisivanje odredenih svojstava mikrografija,
kao Sto su stepen homogenosti ili neuredenosti, koje nisu vidljive ljudskom oku, a
istovremeno nudi moguénost kvantifikacije tih parametara i njihovu statistiCku validaciju
(Pantic et al., 2014). Parametri koje teksturalna analiza uzima u obzir dobijaju se primenom
statistike drugog reda koja racuna vrednosti osnovnih elemenata digitalne slike — piksela u
digitalnim mikrografijama (Park et al., 2011). Aktivnhost eN je prevashodno lokalizovana na
sinapsama u kontrolnom hipokampusu, te je uofeno bojenje stratum oriens i stratum
radiatum, dok se sloj piramidnih neurona ne boji (Grkovi¢ et al., 2019b). Sedam dana nakon
intoksikacije TMK dolazi do neznatnog slabljenja bojenja u neuropilu, dok piramidni sloj CAl
regiona kao i mCA3/DG biva naseljen tamnim depozitima AMPazne aktivnosti. Ove depozicije
bojenja smanjuju povrSinu neobojenog piramidnog regiona, te su parametri teksturalne
analize ukazali da su ovi regioni kvantitativno viSe homogeni od onih u kontroli (Park et al.,
2011; Pantic et al., 2014; Tesic et al., 2017). Homogenost dalje ukazuje na to da je sli¢nost
susdenih piksela na mikrografiji statistiCki znaCajno veca, odnosno da je doslo do pojaanog
bojenja koje je sada uniformnije, Sto odgovara velikom broju okruglastih depozita koji se
nalaze u CA1 i mCA3/DG regionu (Park et al., 2011; Tixier et al., 2012). Na osnovu primene
teksturalne analize i vrednosti njenih parametara mozemo zakljuciti da je doslo do povecéane
aktivnosti eN, narocito u regionima aktivhe neurodegeneracije.

U cilju identifikacije bojenih depozita koji su uo€eni na enzimskoj histohemiji, primenjena
je metoda imunohistohemije. Imunohistohemijsko bojenje na NTPDazu 1 i eN potvrdilo je
uoCene promene na enzimskoj histohemiji. NTPDaza1 kolokalizovala je prakticno sa svim
lbal® ¢elijama, dok je eN kolokalizovala isklju¢ivo sa lbal® ¢elijama ameboidne morfologije,
Ciji broj je bio najveci u kasnoj fazi neurodegeneracije. Analiza genske ekspresije je pokazala
statisticki znaCajan porast aktivhosti NTPDaze 1 u prvoj i treCoj nedelji, dok je eN bila
povecana tek nakon tri nedelje od davanja TMK. Na osnovu dobijenih rezultata moze se
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zakljuciti da postoji porast aktivnhosti NTPDaze 1 i eN, a da je porast NTPDaze 1 region- i
¢elijski-nespecific¢ni fenomen, dok je eN specifi¢no lokalizovana na Ibal® ¢elijama okruglastog
oblika. Povecana aktivnost NTPDaze1 i eN moze predstavijati svojevrstan kompenzatorni
mehanizam uklanjanja velike koli¢ine ATP koji se oslobada iz oStecenih ¢elija (Braun et al.,
2000; Burnstock, 2017). Takode, povecana aktivnhost NTPDaze 1 moze sprediti
desenzitizaciju receptora, koja se deSava usled produZzenog izlaganja visokim
koncentracijama ATP, Sto bi posledicno zaustavilo i preteranu aktivaciju P2 receptora na
mikroglijskim ¢elijama (Di Virgilio et al., 2009). Sa druge strane, ekspresija eN na ameboidnim
lbal® ¢elijama verovatno doprinosi lokalnom povecanju koncentracije adenozina Kkoji
ostvaruje neuro- i imunomodulatorna svojstva (Di Virgilio et al., 2009; llles et al., 2020), a Ciji
¢e ukupni efekat zavisiti od ekspresije P1 receptora (Nedeljkovic, 2019). Ova dva proteina
osim svojih katalitiCkih funkcija, ostvaruju i druge ne-enzimske uloge, kao adhezivni molekuli,
reguliSu¢i adheziju i Ccelijsku migraciju kroz interakciju sa razliCtim komponentama
vancelijskog matriksa (Wu et al., 2006). Stoga je moguce da specifitna ekspresija
NTPDaze1/eN na ameboidnoj mikrogliji pored kataliticke uloge ostvaruje i ulogu u migraciji te
omogucava njeno ukotvljavanje na mestima aktivne neurodegeneracije, gde su ove celije i
uocene.

4. Neurodegeneracija izazvana trimetil-kalajem uzrokuje promene ekspresije P2 i
P1 receptora

ATP i adenozin svoje efekte ostvaruju delujuci na razliCite purinske P2 i P1 receptore,
Ciji se repertoar znaCajno menja u patoloskim stanjima (Pietrowski et al., 2021). Medu
ispitanim receptorima, P2X;R, P2Y;R, P2Y1;R i svi P1 receptori, pokazuju bifazni odgovor
nakon intoksikacije TMK, a to se ne uoCava kod P2X,, P2Y,, P2Ys. U drugom i Cetvrtom
danu uoCava se statistiCki znacajan pad u genskoj ekspresiji, koji se potom u sedmom danui ili
vraca na kontrolne vrednosti ili ih prevazilazi da bi tri nedelje nakon intoksikacije, nivoi iIRNK
gotovo svih receptora bili poviSeni u odnosu na odgovarajuc¢u kontrolu. Pretpostavlja se da je
ovo prolazno smanjenje u prvim danima nakon intoksikacije posledica ¢elijskog stresa usled
delovanja toksina kao i povec¢anog nivoa kortikosterona koji su detektovani nakon TMK
(Tsutsumi et al., 2002). S obzirom na to da se neurodegeneracija i smrt neurona uoc¢avaju od
Cetvrtog dana a intenzivno u prvoj i tre¢oj nedelji, poveéana genska ekspresija P2X,4, P2Y; i
P2Ys, koji su uklju€eni u regulaciju fagocitoze, ukazuju na to da se ovaj proces aktivno odvija
ve¢ u ranoj fazi neurodegeneracije (llles et al., 2020). UocCeno je i kasnjenje aktivacije
mikroglije u odnosu na astrocite, koje postaje vidljivo tek oko Cetvrtog dana od intoksikacije.
Migracija mikroglije, kao glavnih fagocitirajucih celija u CNS, i njena hemotaksija je regulisana
purinskom signalizacijom posredstvom P2 receptora (Koizumi et al., 2007; llles et al., 2020).
Takode i sama tranzicija iz migratorne u ameboidnu formu posredovana je aktivacijom
razli¢tih P2 receptora (llles et al., 2020). Jedan od glavnih receptora uklju¢enih u migraciju i
hemotaksiju mikroglije je P2Y 1, receptor, Cija je relativna genska ekspresija povecana sedam
dana nakon intoksikacije. S obzirom da je neurodegeneracija u ovoj vremenskoj tacki
izrazena, verovatno je da oslobodeni ATP iz umiru¢ih neurona deluje kao hemoatraktant i
podsti¢e migraciju mikroglijskih ¢elija na mesta povrede, $to je i u saglasnosti sa enzimskom
histohemijom i imunobojenjem (llles et al., 2020). UoCeno povecanje genske ekspresije P2X,
receptora takode moZe ukazati na migratorna i sekretorna svojstva reaktivne mikroglije, a u
interakciji sa P2Y;, receptorom ucestvuje u regulisanju procesa hemotaksije (llles et al.,
2020). Pored migratorne, jedna od glavnih funkcija reaktivne mikroglije je fagocitoza, te je
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ispitana i ekspresija jednog od glavnih regulatora ovog procesa — P2Y¢ receptora (Xu et al.,
2016). UocCeno je povecanje genske ekspresije P2Ys receptora koje koincidira sa poCetkom
umiranja/degeneracije neurona, kada se pored ATP oslobada i UDP koji deluje na ovaj
receptor i podsti¢e fagocitozu (llles et al., 2020). Pored P2 receptora, i adenozinski receptori
uCestvuju u regulisanju pokretljivosti mikroglije, od kojih se posebno izdvaja Az receptor
(Ohsawa et al., 2012). Porast genske ekspresije ovog receptora nakon intoksikacije, a
naroCito koaktivacija P2Y1,/A; receptora aktivno doprinosi migraciji prema mestima aktivne
neurodegeneracije (Haynes et al., 2006; Ohsawa et al., 2012). Primecen je i porast u genskoj
ekspresiji P2X; receptora, koji najverovatnije doprinosi aktivaciji i inflamatornom statusu
glijskih Celija u ranoj i kasnoj fazi neurodegeneracije izazvane TMK (llles et al., 2020). Kako je
vecina odabranih P2 receptora prevashodno svojestvena mikroglijskim celijama, ispitana je i
ekspresija glavhog P2 receptora astrocita, P2Y;, koji reguliSe inflamacijski status kao i
astrocit-astrocit signalizaciju putem jona Ca®* (Kuboyama et al., 2011; Delekate et al., 2014). |
u prvoj i u trecoj nedelji nakon intoksikacije uo€eno je znaCajno povecanje genske ekspresije
P2Y; Sto dodatno potvrduje rezultate o statusu reaktivnih astrocita. Na osnovu dobijenih
rezultata, jasno se uoCava vremenski-zavisna promena u genskoj ekspresiji purinskih
receptora i to onih koji su ukljueni u procese migracije, fagocitoze i regulacije
imunomodulatornog i inflamatornog odgovora.

5. Neurodegeneracija izazvana trimetil-kalajem uzrokuje inflamatornu aktivaciju

glijskih ¢elija

U literaturi nema mnogo podataka o inflamatornom statusu nakon intoksikacije TMK kod
Wistar pacova, ili su studije radene u prvim danima od davanja toksina kada nije pronadeno
povecanje ekspresije molekula inflamacije (Little et al., 2002) ili su radene na drugim sojevima
(Little et al., 2012). Ispitani pro- i antiinflamacijski faktori (TNF-a, IL-1, IL-6, INOS, IL-10, Arg-
1, C3, S100a10) pokazuju identi¢an trend u prva Cetiri dana kao i purinski receptori,
smanjenje genske ekspresije (podaci nisu prikazani) koje je praceno porastom prve nedelje
nakon intoksikacije koji dostize kontrolne vrednosti (IL-13, IL-6, IL-10), ili ih prevazilazi (TNF-
a, INOS, C3, S100a10), dok je genska ekspresija Arg-1 znacajno niza. Tri nedelje nakon
davanja TMK, genska ekspresija TNF-a i Arg-1 se vrac¢a na kontrolne vrednosti, dok su svi
ostali ispitani geni pokazali porast u odnosu na odgovarajuéu kontrolu. Celije odgovorne
zaoslobadanje inflamacijskih faktora identifikovane su imunofluorescentnim bojenjem i
kolokalizacijom ispitivanih faktora inflamacije sa markerima astrocita i mikroglije. Na osnovu
takve analize utvdeno je da samo GFAP" ¢elije eksprimiraju iNOS, C3, TNF-q, IL-1B i IL-10,
NF-kB, narocito u kasnoj fazi neurodegeneracije. Ovaj rezultat zajedno sa rezultatima genske
ekspresije jasno ukazuje da reatkivna astroglioza u modelu neurodegeneracije izazvane TMK
poseduje slozen i jedinstven molekulski potpis sa predominatno inflamacijskim fenotipom
(Escartin et al., 2021). Astrociti su prve celije koje su reagovale na intoksikaciju in vivo
promenom morfologije ve¢ posle dva dana, te je pretpostavljeno da TMK direktno ostvaruje
efekat na ove celije (Dragi¢ et al., 2021a). Jedna od in vitro studija ukazala je da TMK
naruava Ca*" signalizaciju astrocita, $to je jedna od glavnih karakteristika koja se vida i u
drugim neurodegenerativnim poremecajima (Lim et al., 2014; Dragi¢ et al., 2021a). Ovaj
poremeéaj je posledica aktivacije L-tipa voltazno-zavisnih kanala za Ca**, ¢&ija je aktivna uloga
u inicijaciji reaktivne astroglioze potvrdena u nekoliko razli€itin eksprimentalnih in vitro i in vivo
modela (Cheli et al., 2016). Tretman astrocita u kulturi TMK u trajanju od 24h pokrenuo je
inflamacijski odgovor na gotovo svim genima koji su ispitani u in vivo modelu i znacajno
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povecao parametre oksidativhog stresa, $to zajedno ukazuje da TMK ima sposobnost da
direktno utice na astrocite i izazove nastanak inflamacijskog fenotipa. Ranija in vitro
istraZivanja takode su ukazala da TMK mozZe da aktivira astrocite, ali ne i ¢elije mikroglije, ve¢
da se one mogu aktivirati samo u ko-kulturi sa astrocitima (Réhl and Sievers, 2005). Kako su
astrocitni nastavci glavni Cinioci KMB, moguce je da TMK koji se postepeno prelazi iz krvi u
parenhim mozga (Geloso et al., 2011), prvo aktivira astrocita $to se manifestuje kao reaktivha
glioza uoCena u drugom danu, Sto ili prethodi ili se deSava istovremeno sa procesom
neurodegeneracije.

Sa druge strane, Celije mikroglije nisu kolokalizovane ni sa jednim ispitivanim markerom
inflamacije, ali su u ranoj fazi neurodegeneracije gotovo sve celije bile pozitivne na CDG68 i
Arg-1. Tri nedelje nakon davanja toksina, broj CD68/Arg-1*/lbal” celija je opao i mogao se
uoCiti samo oko mesta aktivhe neurodegeneracije. Povecana ekspresija NTDPaze 1 na
reaktivnoj mikrogliji je pokazana i u drugim patologijama CNS poput eksperimentalnog
autoimunskog encefalomijelitisa, gde je utvrdeno da je ova NTPDaza predominantno
poveazana sa Arg-1" i CD68" Iba1 ¢elijama (Jakovljevic et al., 2019). Povecana ekspresija i
specificna lokalizacija eN na ameobidnoj mikrogliji koja je takode asocirana sa Arg-1 i CD68
tokom neurodegeneracije izazvane TMK ukazuju na mogucénost da ove ¢elije vrSe fagocitozu i
da ucestvuju u reparaciji tkiva (Xu et al., 2018), dok su astrociti glavni izvor faktora
inflamacije.

6. Neurodegeneracija izazvana trimetil-kalajem dovodi do ekspresije specificnog
repertoara purinskih receptora na glijskim ¢éelijama

Purinska signalizacija je bitan regulatorni sistem koji doprinosi normalnom
funkcionisanju neurona i glijskih ¢elija u uslovima homeostaze. PatoloSka stanja dovode do
naruSavanja purinskog signalnog sistema $to za posledicu ima promenu repertoara purinskih
receptora na glijskim ¢&elija koji je naj¢eSée specifiCan za patologiju ili stadijum u njenogj
progresiji (Pietrowski et al., 2021). Na osnovu rezultata genske ekspresije i zna€aja za razvoj
patoloskih stanja, izabran je set purinskih receptora Cija je lokalizacija ispitana (P2X/R,
P2Y1R, P2Y12R, A1R, A2aR) u prvoj i tre¢oj nedelji nakon intoksikacije TMK (Lassmann et al.,
2007; Pietrowski et al., 2021). Ove dve vremenske tacke su izdvojene od ostalih na osnovu
histoloSkog profila neurodegeneracije kao i na osnovu promena u genskoj ekspresiji. U prvoj
nedelji od intoksikacije veliki broj neurona je bio P2X7R imunoreaktivan, dok je u tre¢oj nedelii
ameboidna mikroglija pokazala imunoreaktivnhost na P2X;R. S obzirom da je pokazano da
P2X7R ucestvuje u regulaciji fagocitoze, verovatno je da je u neurodegeneraciji izazvanoj
TMK ameboidna mikroglija ima ulogu u procesu fagocitoze i uklanjanja celijskog debrisa
(Campagno and Mitchell, 2021). Neophodni preduslov da se proces fagocitoze pokrene je da
su c¢elije mikroglije migrirale na mesto povrede. U ranim fazama neurodegeneracije Ibal”
Celije pokazuju visok nivo ekspresije P2Y1;,R receptora, nezavisno od morfologije, $to
upucuje na migratorno stanje, odnosno da se ove celije kre¢u prema mestu povrede (Haynes
et al., 2006), verovatno prateéi ATP/UTP signal koji se oslobada iz umiruéih neurona. Kako
ova mikroglija eksprimira i NTPDazu 1 i eN, enzimski tandem koji efikasno razgraduje ATP do
adenozina, moguce je da ovaj specificni repertoar purinskih receptora i enzima predstavlja
“imunoloski prekidac” koji doprinosi stvaranju anti-inflamacijske mikrosredine (Antonioli et al.,
2013), uklanjajuéi visok nivo ATP na putu migracije.
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Slika 5. Uloga purinskog signalnog sistema u modelu neurodegeneracije izazvane trimetil-
kalajem — pretpostavljeni mehanizam (opis u tekstu)

Sa druge strane, proinflamacijski astrociti u regionima neurodegeneracije pokazuju
povecanu ekspresiju P2Y;R receptora, kao i adenozinskih A;R i A;aR receptora. U fizioloSkim
uslovima u hipokampusu, adenozin ostvaruje svoje efekte prevashodno preko A; receptora,
koji je dominantno eksprimiran na neuronima, i moduliSe vazne procese poput ucenja i
pamcenja (Costenla et al., 2010). Nakon intoksikacije TMK, u obe vremenske tacke uoCava
se gubitak neuronskog AiR receptora, koji je verovatno uzrokovan gubitkom neurona, ali i
njegovo eksprimiranje na reaktivnim astrocitima. Ovaj gubitak A;R receptora moze dodatno
da ucini neurone podloznim sekundarnim efektima TMK kakvi su epilepti¢ni napadi, s obzirom
da adenozin ispoljava neuroprotektivno i antikonvulzivno dejstvo (Glass et al., 1996). Takode,
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neurodegenerativne promene pracene neuroinflamacijom dovode do povecCanja genske i
proteinske ekspresije AzaR receptora u hipokampusu, a signalizacija posredovana ovim
receptorom doprinosi daljem razvoju neuroinflamacije i kognitivnom deficitu (Hu et al., 2016)
koje se vidaju i u neurodegeneraciji izazvanoj TMK (Geloso et al., 2011). Produzena
stimulacija astrocithog A;R receptora u njegovom sadejstvu sa AzaR receptorom mogu
pojaCati neurotoksiCnost koja je posredovana A,sR receptorom u neurodegenerativnim
bolestima (Stockwell et al., 2017). Pokazano je postojanje heteromernog kompleksa A;R-
A2aR receptora u neurodegenreracijama, za koje je utvrdeno da doprinose poremecaju
homeostaze glutamata i time podsticu ekscitotoksicnost (Borroto-Escuela et al., 2018; Hou et
al., 2020). S obzirom da se nakon intoksikacije TMK oslobadaju velike koli¢ine ATP koji se
degraduje od strane Ibal*/NTPDazal’/eN" ¢elija do adenozina, moguce je da ovako lokalno
produkovani adenozin aktivira A;R i AzaR receptor na astrocitima €ime doprinosi njihovom
inflamatornom fenotipu (Popoli and Pepponi, 2012; Nedeljkovic, 2019; Paiva et al., 2019). Na
kraju, pojaCana ekspresija P2Y;R receptora na reaktivnim astrocitima dodatno potvrduje
njihov inflamacijski karakter s obzirom da je ovaj receptor ukljuéen u regulaciju ekspresije
razli¢tih citokina/hemokina, kao i to da dovodi do naru$ene kalcijumske signalizacije u
modelima neurodegenerativnih boleti (Delekate et al., 2014). Na osnovu dobijenih rezultata
pretpostavljena je uloga purinske signalizacije u neurodegeneraciji izazvanoj TMK na slici 5.
TMK dovodi do oSte¢enja neurona i utiCe na aktivaciju astrocita. Neuroni koji umiru
oslobadaju vece koli¢ine ATP koji deluje kao DAMP molekul. Mikroglija preko P2Y1,R prati
gradijent ATP i migrira ka mestima aktivnhe neurodegeneracija, razgraduju¢i na svom putu
ATP posredstvom NTPDazel/CD39. Akumulirani ATP i razli€iti faktori, ukljuCujuéi i TMK
deluju na astrocite koji zadobijaju inflamacijski fenotip. Ameboidna mikroglija pojacano
eksprimira eN/CD73 Cija aktivhost povecCava lokalnu produkciju adenozina. Ovako nastali
adenozin vezuje se za A;aR eksprimiran na astrocitima i dodatno doprinosi inflamaciji, $to
utiCe na progresiju neurodegeneracije (Slika 5).
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V ZAKLJUCCI

U skladu sa postavljenim ciljevima ove doktorske disertacije, a na osnovu dobijenih
rezultata izvedeni su sledeci zakljucci:

Jednokratna aplikacija TMK, u dozi od 8 mg/kg telesne tezine izaziva :

1. promene u ponasanju u vidu pojacane osetljivosti na dodir i zvuk,
agresivnosti i sistemskog tremora koje poc€inju 2. dana od aplikacije toksina,
dostizu vrhunac 4. dana, od kada dolazi do postepenog oporavka ponasanja;

2. progresivnu celijsku smrt neurona u CAl i mCA3/DG regionima
hipokampusa, koja se uo€ava poc€ev od 2. dana nakon intoksikacije;

3. ranu dihotomu, prostorno-specifié(nu morfoloSku transformaciju astrocita
pocev od 2. dana nakon intoksikacije, koja se ogleda se u hipetrofriji
astrocita u CA1l regionu i atrofiji astrocita u mCA3/DG regionu,;

4. poveéanje genske ekspresije P2Y;R, AR i Ai;R receptora i
neuroinflamatornu aktivaciju astrocita, koji su glavni izvor proinflamacijskih
medijatora C3, TNF-a, IL-1B i iINOS;

5. vremenski-specifi€nu odlozenu  aktivaciju mikroglije u Zzonama
neurodegeneracije, koja ispoljava stapoliki i zbunasti oblik 4. dana nakon
intoksikacije, i dominantno ameboidnu formu 21. dana nakon intoksikacije;

6. transformaciju mirujuée mikroglije u pretezno neuroprotektivni tip, koji
pokazuje povec¢anu ekspresiju NTPDaze 1 u svim mikroglijskim ¢elijama
hipokampusa, i ekspresiju eN samo u amebodnim ¢elijama na mestu
neurodegeneracije, kao i porast ekspresije purinoreceptora ukljuéenih u
hemotaksu (P2Y12R, P2X4R, AsR, AzaR) i fagocitoznu ulogu kod mikroglije
(P2X7R, P2Y4R, P2Y6R);

Uzevsi u obzir sve rezultate i zakljuCke moZze se izvesti opsti zakljucak:

Neurodegeneracija hipokampusa izazvana trimetil-kalajem pokazuje specifiCan
vremenski i prostorni obrazac koji odgovara promenama opazenim u oboljenjima kod kojih je
oStecen hipokampus kod ljudi, poput Alchajmerove bolesti i epilepsije. Predstavljeni model je
veoma pogodan za izuCavanje aktivacije glijskih celija kroz vreme i za razliku od drugih
modela, glavni inflamacijski akteri u razvoju patologije su astrociti. Sa druge strane,
utvrdivanje vremenskog profila ekspresije odabranih purinskih receptora i ektonukleotidaza
pruza potku za rekonstrukciju dogadaja tokom patologije, kao i njihovog doprinosa inicijaciji i
progresiji neurodegeneracije koja je izazvana ovim toksinom. Rezultati ove doktorske
disertacije ukazuju na povecanje vancelijske koncentracije ATP i adenozina koje su
spregnute sa ekspresijom specificnog repertoara komponenti purinske signalizacije na
reaktivnim glijskim celijama. Pojava ovakvog repertoara receptora (P2X;R, AzaR, P2Y;R,
AiR) i enzima karakteristithog za patologiju na glijskim celijama zajedno sa gubitkom
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homeostatskih receptora na mikrogliji i neuronima (P2Y12R, A1R) ukazuje na u€esSce purinske
signalizacije u ekscitotoksi¢nosti i inflamaciji, $to barem delom, rezultuje progresijom
neurodegeneracije.
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