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WYKAZ SKROTOW

CAl
CA2-3, DG
DND
Drpl

ER
ETC
Hsp60
I/IR
LC3-I
LC3-1l
LDH
L-Opal
MCAO
Mfnl
Mfn2
MPTP
mMtDNA
mTOR
Nrfl
OGD
Opal

PARIS
parkina

PGC-la

PINK1
ROS
shRNA

region hipokampa wrazliwy na krotkotrwate niedokrwienie mozgu
regiony hipokampa mato wrazliwe na krotkotrwate niedokrwienie moézgu
opdzniona $mier¢ neurondw

(Dynamin related protein 1) gtowne biatko biorgce udziat w procesie
fragmentacji mitochondriow

siateczka §rodplazmatyczna

fancuch transportu elektronow

biatko szoku cieplnego zlokalizowane w macierzy mitochondrialnej
model stresu niedokrwienno-reperfuzyjnego mozgu in vivo
biatko zwigzane z mikrotubulami

aktywna, lipidowana forma biatka LC3

dehydrogenaza mleczanowa

dhuga izoforma biatka Opal

zamkniecie tetnicy srodkowej mozgu

biatko mitofuzyna 1

biatko mitofuzyna 2

megakanat mitochondrialny

mitochondrialne DNA

biatko docelowe dla rapamycyny wystepujace u ssakow
jadrowy czynnik transkrypcyjny 1

przej$ciowy brak tlenu i glukozy in vitro

(Optic atrophy 1) biatko odpowiedzialne za fuzj¢ wewnetrznej btony
mitochondrialnej

biatko substratowe dla parkiny
ligaza ubikwityny E3

biatkowy koaktywator receptorow aktywowanych proliferatorami
peroksysoméw la

kinaza indukowana przez PTEN
reaktywne formy tlenu

krétkie RNA o strukturze spinki do wtosow



S-Opal krotka izoforma biatka Opal
SQSTM1/p62 (Sequestosome-1) biatko adaptorowe w procesie autofagii

TEM transmisyjna mikroskopia elektronowa

Tfam mitochondrialny czynnik transkrypcyjny A

TIA przemijajacy atak niedokrwienny

TOM20 biatko, translokaza btony zewnetrznej 0 masie 20 kDa
A¥Ym mitochondrialny potencjat blonowy
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STRESZCZENIE

Prawidtowe funkcjonowanie mitochondriow jest kluczowe dla wszystkich
komorek ssakow, w tym dla neuronow, a w warunkach niedokrwienia i reperfuzji (I/R)
moézgu moze decydowaé o ich przezyciu lub $§mierci. Aktywnos¢ mitochondriow zalezy
od wielu procesow, wsrdd ktorych szczegdlng role odgrywaja zjawiska fuzji i podziatu
mitochondriéw oraz eliminacji uszkodzonych organelli na drodze autofagii.
Zapobiegajg one nagromadzeniu uszkodzen i sprzyjajg utrzymaniu puli prawidlowych
organelli. Ubytek mitochondriow moze by¢ natomiast uzupelniany na drodze ich
biogenezy. Jednak szczegdtowa rola tych kluczowych procesow oraz zaleznosci
pomiedzy nimi w przezyciu neurondow po I/R nie jest w pelni poznana.
Postawiono hipoteze, ze mitofuzyna 2 (Mfn2), biatko biorace udziat w fuzji zewngtrznej
btony mitochondrialnej, w neuronach w warunkach stresu moze dziata¢ jako biatko

integrujace przebudowe sieci mitochondrialnej z mitofagia i biogeneza mitochondriow.

Zatem, glownym celem przeprowadzonych badan bylo poznanie roli Mfn2
w odpowiedzi neurondw na bodziec ischemiczno-reperfuzyjny ze szczegdlnym
uwzglednieniem procesow odpowiadajacych za dynamike sieci, zawarto$¢ 1 jakos$¢

mitochondriéw (mitofagie 1 biogenez¢ mitochondriow).

Badania prowadzono w modelu in vivo przejsciowego niedokrwienia moézgu
suwaka mongolskiego, poddajac analizie dwa obszary hipokampa: podatny (CAl)
i oporny (CA2-3, DG) na epizod ischemiczno-reperfuzyjny oraz w modelu in vitro
przejsciowego niedoboru tlenu i glukozy (OGD) w hodowli pierwotnej neuronow kory

mozgu szczura, prawidtowych (wild type) oraz z obnizong ekspresja Mfn2.

Na podstawie przeprowadzonych badan wykazano, ze w obszarze CA2-3, DG
hipokampa w modelu in vivo oraz w hodowli neuronéw prawidtowych in vitro,
poischemiczne uszkodzenie mitochondriow jest naprawiane w pierwszej kolejnoSci
poprzez zwigkszona dynamike sieci mitochondrialnej. Zaobserwowano nasilenie fuzji
mitochondriow w odpowiedzi na bodziec i ich usunig¢cie za pomoca mitofagii, CO ma
miejsce w diuzszym czasie reperfuzji/reoksygenacji. Ponadto wykazano aktywacje
procesu biogenezy, objawiajacg si¢ m.in. zwigkszeniem ilo$ci biatek kompleksow
oddechowych. Jednoczesnie istotnie przyrastata zawarto§¢ Mfn2, wobec czego sugeruje
si¢, ze Mfn2 jest niezbgdna, aby opisane wyzej procesy mogly mie¢ miejsce i przebiegaty

prawidtowo.
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Natomiast ubytek Mfn2, obserwowany w CAl po epizodzie ischemiczo-
reperfuzyjnym oraz obecny w neuronach o obnizonej ekspresji Mfn2, sprzyja znacznemu
rozdrobnieniu mitochondriow. Co wiecej, po epizodach I/R i OGD w neuronach obszaru
CALl oraz in vitro w neuronach o obnizonej ekspresji Mfn2, uszkodzenie mitochondriéw
bylo istotnie nasilone i nie obserwowano zwigkszonej fuzji mitochondriow.
Rownolegle wykazano zwickszong niespecyficzng autofagi¢ (makroautofagig), ktora
wystgpita w krotkim czasie po niedokrwieniu/niedotlenieniu. W przeciwienstwie do
neuronow obszaru CA2-3, DG oraz prawidlowych neurondéw in vitro nie wykazano
aktywacji procesu biogenezy mitochondriéw. Taki typ odpowiedzi komérkowej nie ma
charakteru neuroprotekcyjnego i w efekcie neurony CA1 in vivo ulegaja opdznionej
degeneracji.

Zatem, przedstawione wyniki sugeruja, ze Mfn2 jest jednym z biatek koniecznych
do prawidlowej odpowiedzi neurondéw na przejsciowy bodziec niedokrwienno-
reperfuzyjny, umozliwiajacej ich przezycie, poprzez regulowanie zalezno$ci pomigdzy
eliminacjg mitochondriow, a ich biogenezg. Zjawiska te mogg by¢ elementami
endogennej, naturalnej neuroprotekcji, ktora wystepuje w mato wrazliwych na
krotkotrwaty epizod ischemiczny regionach: CA2-3, DG i sprzyja przezyciu neuronow
w tych obszarach hipokampa.

SUMMARY

Proper mitochondrial functioning is crucial for the neuron and, under conditions of
ischemia and reperfusion (I/R) can determine its survival or death. The activity of
mitochondria depends on many processes, among which the phenomena of fusion and
fission of mitochondria and elimination of damaged organelles by autophagy play
a crucial role. These processes might prevent the accumulation of damaged mitochondria
and support the maintenance of proper mitochondrial morphology and function.
On the other hand, the loss of mitochondria can be supplemented by mitochondrial
biogenesis. However, the precise role of these processes in the survival of the neuron after

I/R and the relationships between them are not fully understood.

It has been hypothesized that mitofusin 2 (Mfn2), a protein involved in mitochondrial
fusion, might integrate mitochondrial network remodeling with mitophagy and

mitochondrial biogenesis in post-ischemic neurons. Therefore, the main aim of this study
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was to investigate the role of Mfn2 in the neuronal response to ischemia-reperfusion
injury, with particular focus on the mitochondrial network dynamics, mitochondrial

content and quality.

Two experimental models were used. An in vivo studies were performed in the model of
transient cerebral ischemia followed by reperfusion (I/R) in mongolian gerbils. Two areas
of the hippocampus: ischemia-vulnerable (CA1) and ischemia-resistant (CA2-3, DG)
were analyzed. Secondly, a primary culture of rat cortical neurons, wild type and Mfn2-

knock down, were subjected to transient oxygen and glucose deprivation.

It was shown that in the CA2-3, DG neurons and wild-type neurons in vitro, post-ischemic
damage of the mitochondria is initially repaired by the enhanced dynamics of the
mitochondrial network. An increase in mitochondrial fusion and in mitochondrial
elimination at later stage of reoxygenation have been observed. Furthermore, the
activation of the mitochondrial biogenesis and subsequent increase in the amount of
respiratory complexes proteins has been shown. Meanwhile, the content of Mfn2

increased significantly.

On the other hand, the reduction of the Mfn2 protein level, as observed in CA1 after I/R
and induced in Mfn2-knock down neurons, promotes a significant fragmentation of
mitochondria. In CA1 neurons after I/R episode and in Mfn2-knock down neurons after
OGD mitochondrial damage was significantly enhanced. An increased mitochondrial
fusion was not observed. In parallel, an increased macroautophagy has been demonstrated
shortly after the insult. In contrast to the hippocampal CA2-3, DG in vivo and wild-type
neurons in vitro, activation of mitochondrial biogenesis was not observed. This type of
cellular response is not neuroprotective and, as a result, CA1 neurons in vivo undergo

delayed degeneration.

Thus, presented results suggest that Mfn2 is one of the key proteins conditioning pro-
survival response of neurons to transient ischemic injury, enabling their survival, by
regulating the relationship between mitochondrial elimination and biogenesis.
These phenomena might contribute to the mechanism of the endogenous neuroprotection

observed in CA2-3, DG and promote neuronal survival in these areas of the hippocampus.
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INNOWACYJNOSC ROZPRAWY

Rozprawa dotyczy proceséw dynamiki (fuzji i podziatu), usuwania i biogenezy
mitochondriow w modelach in vivo i in vitro, a jej oryginalnos¢ i nowatorstwo wynikaja
z przedstawienia danych doswiadczalnych na poparcie koncepcji 0 wystepowaniu
zalezno$ci pomigdzy tymi procesami w modelach przejsciowego niedokrwienia mozgu.
Co wigcej, praca proponuje Mfn2 jako jedno z kluczowych biatek regulujacych zalezno$é
pomiedzy dynamika, eliminacjg i biogeneza mitochondriow w kontek$cie przezycia
neuronéw W odpowiedzi na przej$ciowy bodziec niedokrwienny, co nie zostato opisane

do tej pory. Po raz pierwszy pokazano nastepujace zaleznosci:

e Uszkodzenie mitochondriéw poprzedza zmiany morfologiczne oraz $mier¢
neuron6w wywolane przejsciowym bodzcem ischemicznym.

e Zwickszong dynamike sieci mitochondrialnej, aktywacje mitofagii i biogenezy po
krotkotrwatym niedokrwieniu i reperfuzji mozgu in vivo w obszarach CA2-3, DG
hipokampa, w przeciwienstwie do sektora CAl. Postresowa aktywacja tych
procesow moze promowacé wzgledng opornos$¢ rejonéw CA2-3, DG na bodziec
niedokrwienno-reperfuzyjny.

e Skutkiem eksperymentalnego obnizenia ekspresji Mfn2 w neuronach jest
nasilenie autofagii, zahamowanie biogenezy mitochondriow i zwigkszone
uszkodzenie neurondéw w odpowiedzi na przejSciowy brak tlenu 1 glukozy

w modelu in vitro.

Niniejsza  rozprawa  poszerza  wiedz¢ na temat mechanizmow
wewnatrzkomorkowych sprzyjajacych naprawie mitochondriow, co jest konieczne do
przezycia neurondow po bodzcu ischemiczno-reperfuzyjnym i wykazuje, ze biatko Mfn2

jest ich waznym elementem.
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WSTEP

Udar mozgu jest istotnym problemem klinicznym. Chociaz wtasciwe zarzadzanie
czynnikami ryzyka naczyniowego i coraz czg¢stsze stosowanie srodkoéw profilaktycznych
od lat 70 do poczatku XXI wieku spowodowato roczny spadek czestosci wystgpowania
udaréw moézgu o 1-1,5% w krajach rozwinietych [1] to jednak schorzenie to nadal jest
trzecig przyczyng niepetnosprawnosci fizycznej i intelektualnej dorostych, i pozostaje
druga przyczyng $mierci w krajach rozwinietych. Co wiegcej, rosngca czesto$é
wystepowania cukrzycy [2] 1 otylosci [3] wraz ze starzeniem si¢ spoleczenstwa
prawdopodobnie zwigkszy czgstos¢ wystepowania udaréw modzgu oraz przemijajacych
atakow niedokrwiennych (TIA) w nadchodzacych dekadach [4]. TIA definiuje si¢ jako
przejsciowy epizod dysfunkcji neurologicznej spowodowany ogniskowym lub
globalnym niedokrwieniem moézgu, gdzie objawy ustepuja do 24 godzin, jednak moze
poprzedzac pelnoobjawowy udar mézgu. Obecnie terapia udarow jest bardzo ograniczona
(tPA 1 trombektomia wewnatrznaczyniowa) i nie moze by¢ stosowana u wszystkich
chorych, ze wzglgdu na waskie okno terapeutyczne [5]. Tak wiec niezbedne jest lepsze
zrozumienie podstaw mechanizmow uszkodzenia oraz naturalnej regeneracji neuronow
aby opracowa¢ nowe metody leczenia [6,7]. Smier¢ neurondéw po przejsciowym
niedokrwieniu globalnym rozwija si¢ stopniowo i selektywnie uszkadza komorki
w okreslonych obszarach moézgu ze wzgledu na ich wewngtrzng wrazliwoscé.
W szczegolnosci za powazny problem uznaje si¢ wywotane globalnym niedokrwieniem
uszkodzenie hipokampa, gldwnej struktury mozgu zwigzanej z uczeniem si¢ 1 pamigcia
[8], ktore obejmuje rézne zmiany neurologiczne i behawioralne, w tym uposledzenia

funkcji poznawczych [9].

Hipokamp jest jedna ze struktur mozgu podatnych na przejsciowe niedokrwienie,
a badania pokazuja, ze ta wrazliwos$¢ jest r6zna dla kazdego obszaru hipokampa (CA1—
3). W modelach uszkodzenia niedokrwienno-reperfuzyjnego mozgu gryzoni eliminacja
dotyczy neuronow w obszarze CAl, podczas gdy neurony w obszarach CAZ2-3
I komorkach ziarnistych zakrgtu zebatego (DG) sa stosunkowo odporne [10-13].
W modelu in vivo u suwaka mongolskiego (dawniej: myszoskoczek) w CA1 neurony
piramidowe umieraja 3-5 dni po przejsciowym niedokrwieniu przodomozgowia
trwajagcym 5 minut (model ischemii i reperfuzji, I/R), a ten proces $mierci komorek
piramidowych okre$la si¢ mianem opo6znionej $mierci neuronéw (DND, ang. delayed

neuronal death) [10,12]. Mechanizm $mierci komorek nerwowych po I/R jest bardzo
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ztozony i zwigzany przede wszystkim z: neurotoksycznoécia glutaminianu i Ca?* [14,15],
zmianami w wewnatrzkomoérkowym przekazywaniu sygnatu wapniowego [16], stresem
oksydacyjny [17], uszkodzeniem DNA i stanami zapalnymi [18], metabolizmem lipidow
i ich rola w transdukcji sygnatu [19,20], co w efekcie prowadzi do apoptozy.
Niemniej jednak nie wszystkie mechanizmy DND zostaly w pelni wyjasnione.
Natomiast w rejonach CA2-3, DG ten sam bodziec I/R nie wywoluje eliminacji
neurondéw, a wzbudzane procesy skutkujg przezyciem komorek i sg okreslane jako

mechanizmy endogennej neuroprotekcji.

Mitochondria odgrywaja kluczowa role w homeostazie energetycznej komorki
I s3 szczegllnie zaangazowane w $mieré neurondow po udarze niedokrwiennym.
Podczas krotkotrwatego niedokrwienia moézgu dochodzi do zaburzenia réwnowagi
energetycznej neuronéw na skutek zmniejszenia doptywu krwi oraz wyczerpania
zasobéw 1 zahamowania syntezy adenozynotrdjfosforanu (ATP). Oprocz swojej
zasadniczej roli w syntezie ATP, mitochondria biorg udziat w regulacji r6znych szlakow
$mierci komorki, w tym apoptozy [21]. Wykazano, ze mitochondria przyczyniaja si¢ do
patologii udaru niedokrwiennego poprzez: wzmozong produkcje reaktywnych form tlenu
(ROS, reactive oxidative species), akumulacje jonow wapnia, indukowanie apoptozy czy
zaburzona biogeneze. Nadmierne stezenie Ca?* w mitochondriach dodatkowo aktywuje
spirale uszkodzeh poprzez rozproszenie potencjatu blony mitochondrialnej (A¥m),
wzrost produkcji ROS i otwarcia MPTP [22]. Produkcja ROS w kompleksie |
mitochondrialnego tancucha oddechowego prowadzi do uszkodzenia oksydacyjnego oraz
zaburzenia funkcji mitochondriow [23]. Jest czynnikiem inicjujgcym kaskade roznych

uszkodzen tkanki w fazie reperfuzji [24].

Mitochondria to niezwykle dynamiczne organelle komorkowe charakteryzujace
si¢ zdolnoscig do zmiany wielkosci, ksztattu i potozenia poprzez precyzyjnie regulowane
procesy podziatu (rozdzielenia pojedynczego mitochondrium na dwa lub wiecej organelli
potomnych) i fuzji (reakcja przeciwstawna) [25]. Podziat i fuzja to aktywne procesy,
koordynowane przez wyspecjalizowane biatka 0 aktywnosci GTPazy. Biatko Drpl (ang.
Dynamin-related protein) jest niezbedne do podzialdow mitochondriow; za fuzje
zewngtrznej btony mitochondrialnej odpowiadajg mitofuzyna 1 (Mfnl) i mitofuzyna 2
(Mfn2), a Opal (ang. Optic atrophy 1) za fuzj¢ wewnetrznej btony mitochondrialnej [26-
29]. Obecnie wiadomo, ze procesy te odgrywajg kluczowag role w utrzymaniu

integralno$ci mitochondriow i funkcji neuronéw zaréwno w warunkach prawidtowych,
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jak 1 w sytuacjach stresow metabolicznych lub $rodowiskowych, a ich zaburzenia
prowadzag do wuposSledzenia ruchliwosci 1 aktywnosci mitochondriow [30].
Fuzja umozliwia  szybkg wymiane  fragmentéw  bton  mitochondrialnych,
mitochondrialnego DNA (mtDNA) i metabolitéw mitochondrialnych w obrebie sieci
mitochondrialnej; uszkodzone mitochondria moga ulec naprawie poprzez fuzje
z prawidlowymi mitochondriami w celu zintegrowania zawarto$ci obu, CO sprzyjania
przezyciu komorki. Z drugiej strony podzial mitochondriow umozliwia segregacje
uszkodzonych mitochondriow, a w konsekwencji ich pdzniejsza eliminacj¢ poprzez

selektywna autofagi¢ mitochondriow [31].

Autofagia mitochondriéw, okreslana jako mitofagia, to kataboliczny proces,
w ktorym dysfunkcyjne mitochondria sg zamykane w dwubtonowej strukturze zwanej
autofagosomem i dostarczane do lizosomu lub peroksysomu w celu degradacji [32,33].
Mitofagia odgrywa wazng role w fizjologii komodrki 1 organizmu oraz reguluje
homeostaze 1 biogeneze mitochondriéw, a takze kontroluje liczbe i1 jako§¢ mitochondriow
[34]. Uposledzenie mitofagii moze powodowac¢ akumulacj¢ mitochondriow, zwigkszone
zuzycie tlenu i nadmierne tworzenie ROS, co ostatecznie moze prowadzi¢ do degeneracji
i $mierci komorki [35]. Z drugiej strony, nadmierne tworzenie ROS, otwarcie MPTP,
utrata A¥Ym, podzial mitochondriow moga wyzwala¢ proces mitofagii w neuronach.
Badania wykazaly, ze MPTP ma zasadnicze znaczenie dla inicjacji mitofagii [36].
Najlepiej scharakteryzowang S$ciezka tego procesu jest mitofagia zalezna od kinazy
indukowanej przez PTEN - PINK1 (PTEN-induced kinase 1) i parkiny, ligazy ubikwityny
E3 (Parkin, E3 ubiquitin ligase) [37,38]. W neuronach kory moézgu wykazano, ze
zmniejszenie potencjalu wewngtrznej blony mitochondrialnej i nadmierny naptyw jonow
wapnia aktywuja szlak mitofagii zaleznej od PINK1 oraz parkiny [39,40]. Na zewnetrzne;j
btonie mitochondriéw o obnizonym A¥Ym dochodzi do akumulacji kinazy PINK1, ktéra
w  prawidlowo  funkcjonujacych  mitochondriach  ulega  degradacji  [41].
Aktywowana przez autofosforylacje PINK1 rekrutuje do uszkodzonych mitochondriow
ligaze ubikwityny, parkine i poprzez kolejne reakcje fosforylacji parkiny poteguje jej
aktywnos¢. Aktywowana w ten sposob parkina ubikwitynyluje biatka zewnetrznej blony
mitochondrialnej, w tym Mfn2, co natychmiast prowadzi do utraty funkcji fuzji
mitochondriow, charakterystycznej dla mitofagii [42-44]. Nastepnie *lancuchy
poliubikwityny na biatkach zewnetrznej btony mitochondrialnej wigzg si¢ z aktywnymi

lipidowanymi formami biatka LC3 (microtubule-associated protein 1A/1B light chain 3)
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za posrednictwem biatka adaptorowego SQSTM1/p62 [45,46], co pozwala na wigzanie
I zamknigcie uszkodzonego i tak naznaczonego mitochondrium przez autofagosom

i degradacje jego zawarto$ci po polgczeniu z lizosomem [45].

Procesem umozliwiajacym wzrost i odbudowg istniejacej sieci mitochondrialnej,
zwlaszcza po usunigciu okreslonej puli mitochondridéw przez mitofagie, jest biogeneza
mitochondriéow. Ten zlozony proces zalezy od skoordynowanej ekspresji jadrowego
I mitochondrialnego DNA (mtDNA), by w efekcie dostosowac pulg mitochondriow do
zapotrzebowania energetycznego komorki [47]. W rzeczywisto$ci, w odpowiedzi na
rézne warunki fizjologiczne i1 srodowiskowe, funkcje metaboliczne komodrki wymagaja
zmiennych ilo$ci energii, w duzej mierze zapewnianej przez mitochondrialny metabolizm
oksydacyjny. Taki metabolizm energetyczny jest zwykle wydajny rowniez dzigki stalej
modulacji transkrypcji mtDNA. Kluczowym i nadrzednym regulatorem w tym procesie
jest koaktywator receptorow aktywowanych proliferatorami peroksysoméw la (PGC-1a,
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha), tworzacy
kompleksy z DNA i innymi czynnikami transkrypcyjnymi, takimi jak jadrowe czynniki
oddechowe 1/2 (Nrfl/2, Nuclear Respiratory Factor 1/2) [48,49]. Czynniki te reguluja
transkrypcje¢ gendw jadrowych kodujacych biatka mitochondrialne. Dodatkowo,
mitochondrialny czynnik transkrypcyjny A (Tfam, Mitochondrial transcription factor A)
ulega ekspresji z jadrowego DNA, a nastepnie translacji w cytoplazmie i jest
transportowany do mitochondriow [50]. Tfam jest zaangazowany w wiele procesow
takich jak: transkrypcja mtDNA [51], stabilizowanie mtDNA [52] i replikacja, a takze
prawdopodobnie naprawa mtDNA [53]. Dlatego poprzez regulacje ilosci Tfam,
koaktywator PGC-la wydaje si¢ kontrolowac ekspresj¢ biatek kodowanych przez
mtDNA [54]. Tfam kieruje transkrypcja 13 podjednostek czterech mitochondrialnych
komplekséw oddechowych, kodowanych w genomie mitochondrialnym, wraz z RNA
potrzebnym do ich translacji [55]. W neuronach, w stosunku do innych typow komorek,

PGC-1 a ulega nasilonej ekspresji ze wzgledu na ich wysokie zapotrzebowanie na energie
[56].

Mfn2 to GTPaza zewnetrznej btony mitochondrialnej zaangazowana
W utrzymanie i przebudowe sieci mitochondrialnej. U ssakdéw, wystepuja dwa typy
mitofuzyny, Mfnl i Mfn2, wykazujace znaczny stopien homologii sekwencji DNA i
biatka [57], podobienstwa budowy i funkcji [58] [57]. Jednak pomimo wielu podobienstw

szereg badan dowodzi, ze Mfn2 pelni rowniez inne funkcje niezwigzane bezposrednio z
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jej aktywnoscig fuzyjng [59,60]. Mfn2 posredniczy w tworzeniu i regulacji potaczen
pomi¢dzy mitochondriami a siateczka $rodplazmatyczng (ER) [61,62], przez co
kontroluje wymiane jondéw wapnia [63] oraz transfer fosfolipidow [64] miedzy
obydwoma organellami. Wykazano, ze Mfn2 zapobiega inicjacji mitofagii zaleznej od
PINK1 i parkiny, poprzez utrzymywanie potaczen mitochondriow z ER [65,66].
Jak wykazano w badaniach na komorkach in vitro na skutek obnizenia A¥Ym Mfn2
oddziatuje z parking w sposob zalezny od PINKI1, tzn. ufosforylowana przez PINK1
Mitn2 pekni role receptora dla parkiny [67]. Dodatkowo, ubikwitynylacja mitofuzyny 2
przez parking, prowadzi do utraty jej wlasciwosci fuzyjnych [42,66].
Ubikwitynylowana Mfn2 ulega degradacji w proteasomie, co ulatwia dysocjacje
mitochondriow od ER, umozliwiajac usuwanie uszkodzonych lub starzejacych si¢
mitochondriow [44,66]. Ponadto uwaza si¢, ze Mfn2 moze by¢ posrednio zaangazowana
w metabolizm i procesy energetyczne mitochondriow, co jest sugerowane poprzez jej
udzial w zaburzeniach metabolicznych, takich jak otylo$§¢ i1 cukrzyca [68-70].
Ubytek Mfn2 prowadzi do zmniejszenia AWm, tempa zuzycia tlenu i mitochondrialnego
wycieku protonéw oraz uposledza utlenianie glukozy, pirogronianu i kwasow
thuszczowych [71-73]. Co wazne, utrata funkcji Mfn2 znaczaco obniza syntezg
kodowanych jadrowo bialek podjednostek kompleksow tancucha oddechowego 1, 11, II1
i V, niezaleznie od jej wlasciwosci fuzyjnych [72,74]. Dodatkowo wykazano, ze Mfn2
jest wymagana do replikacji i zachowania stabilnosci mtDNA. Ponadto badania sugeruja
zwigzek Mfn2 i biogenezy mitochondriow polegajacy na tym, ze PGC-la indukuje
biogenez¢ mitochondriéw poprzez nasilenie transkrypcji 1 translacji Mfn2, tak wiec

wydaje si¢, ze PGC-1a moze by¢ istotnym regulatorem ekspresji Mfn2 [75-77].

Majac na uwadze powyzszy stan wiedzy W prezentowanych badaniach
weryfikowano hipoteze, ze Mfn2 w neuronach moze dzialaé jako bialko integrujace
przebudowe sieci mitochondrialnej z mitofagia i biogeneza mitochondriow.
Ponadto zalozono, ze zaleznosci miedzy dynamika, eliminacja i biogeneza
mitochondriow moga by¢ kluczowe dla zachowania homeostazy mitochondriow, a
tym samym przezycia neuronow w warunkach stresu niedokrwienno-

reperfuzyjnego.
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CEL PRACY

Cel 0golny

Poznanie roli Mfn2 w odpowiedzi neuronéw na bodziec ischemiczno-reperfuzyjny ze

szczegdlnym uwzglednieniem proceséw odpowiadajacych za dynamike Sieci, zawarto$é

1 jako$¢ mitochondriow.

Cele szczegolowe

1.

Poréwnanie dynamiki fuzji i podziatu, eliminacji oraz biogenezy mitochondriow w
odpowiedzi na przej$ciowe niedokrwienie mézgu w sektorach hipokampa suwaka
mongolskiego  (Meriones unguiculatus) charakteryzujacych si¢  rdzng
przezywalnos$cig neuronéw po bodzcu ischemiczno-reperfuzyjnym (publikacja I).

Zbadanie roli Mfn2 w przebudowie sieci mitochondrialnej, eliminacji i biogenezie
mitochondriow w neuronach in vitro w odpowiedzi na przejsciowy brak tlenu
i glukozy (OGD) poprzez ocene¢ przebiegu tych procesow w neuronach

prawidlowych oraz z obnizong ekspresja Mfn2 (publikacja II).
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MATERIALY I METODY

W badaniach wykorzystano dwa dobrze scharakteryzowane modele stresu

niedokrwienno — reperfuzyjnego:

1. In vivo polegajacy na przejsciowym, 5-minutowym globalnym niedokrwieniu
moézgu (I/R) suwaka mongolskiego (Meriones unguiculatus) poprzez zaci$nigcie tetnic
szyjnych wspolnych, ktore skutkuje rdézng przezywalnoscia neurondéw hipokampa
[10,12,13,78-80], co przedstawiono rowniez w publikacji I, rycina 1A. Mézgi izolowano
w wybranych punktach czasowych od 3 do 96 godzin po przywrdceniu krazenia,
a hipokampy dzielono na regiony CAl i CA2-3, DG do badania przebiegu zmian
w obecnosci biatek odpowiedzialnych za dynamike sieci mitochondrialnej, eliminacje
i biogeneze mitochondriow za pomoca techniki Western blot oraz obserwacji

w mikroskopie elektronowym.

W celu oceny zmian dynamiki mitochondridow analizowano charakterystyczne
biatka zwigzane z fuzja (Mfnl, Mfn2, Opal) oraz podzialem mitochondriéw (Drpl oraz
jego forma ufosforylowana na Ser616). Do oceny ogdlnej i specyficznej autofagii
wykorzystano biatka markerowe takie jak LC3, SQSTMI1/p62, PINK1 i parkina.
Biogenezg badano na podstawie zmian w obecnosci czynnikow transkrypcyjnych PGC-
lo, Nrfl, Tfam oraz biatek podjednostek kompleksow *tancucha oddechowego.
Zawartos$¢ mitochondridow oznaczano posrednio, przy pomocy pomiarow aktywnosci
syntazy cytrynianowej, poziomu biatka macierzy mitochondrialnej Hsp60 oraz pomiar
stosunku DNA mitochondrialnego do jadrowego (mtDNA/nDNA).

Mikroskopia elektronowa pozwolita na doktadng obserwacj¢ ultrastruktury
i morfologii mitochondriow przed i po I/R. Za pomocg programu ImageJ
przeprowadzono analiz¢ nast¢pujacych parametrow opisujacych zawartos¢, ksztatt oraz
obrzmienie mitochondriéow: mitochondrial content [%] (obszar w ciele komorki
zajmowany przez mitochondria), mitochondrial elongation (wspotczynnik wydtuzenia
mitochondriow) oraz mitochondrial swelling (wspotczynnik obliczany jako stosunek
powierzchnia/obwod znormalizowany do parametru kolistosci mitochondriéw) opisane
w pracy Dagda i wsp. (2009) [81] oraz Lam i wsp. (2021) [82]. Ponadto, technika TEM
poshuzyta do zweryfikowania obecnos$ci roznych struktur autofagowych w neuronach

hipokampa.
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Materiaty i metody wykorzystane w badaniach in vivo zostaty szczegdétowo opisane

w publikacji .

2. Model in vitro stanowita hodowla pierwotna neuronéw kory mozgu szczura, ktora
byta poddawana przejsciowemu (1 godzina) niedoborowi tlenu i glukozy (OGD).
Czas trwania bodzca OGD =zostal dobrany eksperymentalnie, tak aby $miertelno$¢
neurondw po 24 godzinach po bodzcu nie przekraczata 20%, umozliwiajac tym samym

$ledzenie zmian po przywroceniu prawidtowych warunkow hodowli.

Badania prowadzono na neuronach prawidtowych (wild type) oraz z obnizong
ekspresja Mfn2. W celu obnizenia ekspresji Mfn2 zastosowano dostgpne komercyjnie
konstrukty krotkiego RNA o strukturze spinki do wtosoéw (short hairpin RNA, shRNA)
(Origene) w wektorach lentiwirusowych. Do eksperymentow wybrano dwa konstrukty,
sh-Mfn2 B i sh-Mfn2 D, w oparciu o zadowalajaca skutecznos$¢ wyciszania Mfn2 przy
stosunkowo niskiej toksyczno$ci. Jako kontrole dla komodrek transdukowanych
zastosowano konstrukt zawierajacy niefunkcjonalng sekwencje shRNA (scrambled RNA,
scrRNA). Wszystkie neurony byty poddawane procedurze 1-godzinnego OGD, a probki
analizowano po 3 i 24 godzinach po przywrdceniu tlenu i glukozy, jak przedstawiono na
rycinach 1A i 2A w publikacji 1.

Do oceny $miertelno$ci neurondw po eksperymencie OGD wykonano pomiary
uwalniania dehydrogenazy mleczanowej (LDH) do pozywki hodowlanej przy uzyciu
komercyjnego testu CytoTox-ONE (Promega) oraz przy uzyciu mikroskopu
fluorescencyjnego wyznaczono liczbg jader pyknotycznych znakowanych Hoechst
33342.

Aby $ledzi¢ w czasie zmiany dynamiki mitochondriow analizowano
charakterystyczne biatka zwigzane z fuzja (Mfnl, Mfn2, Opal) oraz podziatem
mitochondriow (Drpl). Do oceny mitofagii wykorzystano biatko markerowe takie jak
parkina oraz poziom biatek TOM22 i Hsp60.

Ponadto, w celu przeanalizowania dynamiki i morfologii sieci mitochondrialnej
mitochondria wybarwiano znacznikiem fluorescencyjnym Mitotracker Red (Thermo
Scientific), a uzyskane obrazy analizowano przy uzyciu rozszerzenia Mito-Morphology
jak opisano w pracy Dagda i wsp. (2009) [81] opracowanego dla programu ImageJ.
Do scharakteryzowania morfologii sieci mitochondrialnej wykorzystano nastgpujace
parametry: mito-count (liczba obiektoéw w komorce), mitochondrial content [%] (obszar

w ciele komoérki zajmowany przez mitochondria), mitochondrial Avg. Area
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[Avg. Size, pm?] ($rednia powierzchnia mitochondrium), mitochondria elongation
(wspotczynnik  wydluzenia  mitochondriéw),  mitochondrial  interconnectivity
[Area/Perimeter] (rozgat¢zienie sieci mitochondrialnej) [81].

Postep mitofagii analizowano z wykorzystaniem sondy fluorescencyjnej
Mitophagy Dye (Dojindo) specyficznej dla mitochondriow i pozwalajacej uwidaczniaé
mitofagosomy w zywych komorkach. Metoda charakteryzuje si¢ zmiang intensywnosci
fluorescencji znacznika/sondy w odpowiedzi na zmian¢ pH spowodowang fuzjg
autofagosomow (zawierajagcych mitochondria) z lizosomami. Aby zwigkszy¢
specyficznos¢ obserwacji dojrzatych mitofagosoméw, lizosomy znakowano sondg
Lysoview 633 (Biotium), a liczb¢ kolokalizujacych punktéw mitochondrialnych
(Mitophagy Dye - pozytywnych) i lizosomalnych (LysoView - pozytywnych) okreslono
ilosciowo za pomocg programu ImageJ (publikacja Il, rycina 4A).

Dodatkowo w barwieniu immunocytochemicznym oceniano akumulacj¢ parkiny
na mitochondriach. Zwigkszona rekrutacja parkiny do mitochondriow jest uwazana za
jedng z cech charakterystycznych uszkodzenia mitochondriow 1 kluczowy etap
w selektywnej eliminacji mitochondriow. Biatko parkina byto znakowane specyficznymi
przeciwciatami, a mitochondria wybarwiano sonda Mitotracker Red, na podstawie
metody opisanej przez Van Laar i wsp. (2015) [83].

Biogenez¢ mitochondriow badano analogicznie jak w modelu in vivo,
wykorzystujac analiz¢ Western blot czynnikéw transkrypcyjnych PGC-1a i Nrfl oraz
bialek podjednostek kompleksow mitochondrialnego tancucha oddechowego.
Dodatkowo, przeprowadzono reakcje tancuchowa polimerazy w czasie rzeczywistym
(Real-time gPCR) do pomiaru ilo$ci mtDNA w stosunku do DNA jadrowego.
Wzgledna liczbe kopii obliczono stosujac analiz¢ roéznicy w cyklu granicznym (Ct,
treshold cycle) miedzy mtDNA 1 DNA jadrowym.

Materiaty i metody wykorzystane w badaniach in vitro zostaty szczegétowo

opisane w publikacji Il.
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PODSUMOWANIE NAJWAZNIEJSZYCH WYNIKOW

Ad. Cel szczegolowy 1

W odpowiedzi na 5-minutowe globalne niedokrwienie i reperfuzje moézgu (I/R)
w komorkach rejonu CAL hipokampa, w ktorych ilos¢ Mfn2 ulega obnizeniu po I/R
(publikacja I, rycina 2) dochodzi do powaznego uszkodzenia mitochondriow
objawiajacego si¢ m.in.: ich obrzmieniem i zaburzeniem struktury grzebieni
mitochondrialnych widocznych na obrazach z mikroskopu elektronowego (publikacja I,
ryciny 1B i 3A), rozmieszczenia mitochondridow gtownie w poblizu jadra komorkowego
oraz istotnego wzrostu wybranych parametrow morfologicznych po 24 godzinach
reperfuzji w stosunku do CA2-3, DG (publikacja I, rycina 3A-C). Co wigcej,
zaobserwowano rowniez nasilenie podzialdow mitochondriow, 0 czym $wiadczy
statystycznie istotny, utrzymujacy si¢ wzrost stosunku p-Drpl/Drpl (ponad dwukrotny
wzrost w stosunku do kontroli w 3 godziny po I/R) przy réwnoczesnym, postepujacym
W czasie obnizeniu poziomu biatek odpowiedzialnych za fuzje mitochondriow tj. Mfnl,
Mfn2 i Opal (publikacja I, rycina 2). Uszkodzone organella sg usuwane na drodze
ogolnej, nieselektywnej autofagii, rozpoczynajacej si¢ krotko po bodzcu, na co wskazuje
niemal trzykrotny wzrost stosunku lipidowanej formy biatka LC3 czyli LC3-1l do LC3-
| w trzeciej godzinie reperfuzji oraz obecno$¢ struktur autofagowych obserwowanych
przy pomocy mikroskopu elektronowego, juz 24 godziny po niedokrwieniu (publikacja
I, rycina 4). Skutkuje to obnizeniem zawarto$ci mitochondriow przedstawionej jako
okoto 20 % obnizenie ilo$ci biatka macierzy mitochondrialnej Hsp60, zmniejszeniem
aktywnos$ci enzymatycznej syntazy cytrynianowej (publikacja I, rycina 1C i 1D) oraz
obnizeniem zawarto$ci biatek kompleksoéw tancucha oddechowego (publikacja I, rycina
6). Zjawiska te obserwowane w sektorze CAl towarzysza postepujacej degeneracji
neurondw, co pokazano w publikacji I, rycina 1.

Tymczasem w CA2-3, DG uszkodzenie mitochondriéw nie jest tak dotkliwe, jak
w CAl (publikacja 1, rycina 1). Zaobserwowano rdéwnomierne rozmieszczenie
mitochondriow w ciatach neuronéw oraz istotny wzrost liczby wydluzonych
mitochondriow po 24 godzinach reperfuzji w stosunku do CA1l mierzone za
posrednictwem parametru okres§lajacego wydtuzenie mitochondriéow (publikacja I, rycina
3A i 3D). Nasilona dynamika sieci mitochondrialnej, opisana zwickszong obecnoscia
biatek pro-fuzyjnych (Mfnl, Mfn2, Opal) i pro-podziatowych (p-Drpl/Drpl), wydaje si¢
sprzyja¢ ztagodzeniu uszkodzenia sieci mitochondrialnej i1 segregacji wadliwych
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mitochondriow (publikacja I, rycina 2), ktore sg usuwane poprzez selektywng autofagie,
mitofagi¢ zalezng od PINK1 i parkiny. Proces ten jest widoczny od 48 godzin po
niedokrwieniu jako zmiany w stosunku LC3-11 do LC3-I (ponad trzykrotny po 72
godzinach reperfuzji (publikacja I, rycina 4B). Uwage zwraca biatko Mfn2, ktoérego
charakter zmian wyr6zniat si¢ na tle innych bialek zaangazowanych w dynamike
mitochondriow: znaczny i dosy¢ wczesny wzrost od 6 godziny reperfuzji w obszarze
CA2-3, DG oraz wyrazne, dlugotrwale obnizenie w CA1l (publikacja I, rycina 2).
Dodatkowo w rejonach niewrazliwych hipokampa, aktywowana wydaje si¢ by¢
biogeneza mitochondriow, przedstawiona jako wzrost wystgpowania czynnikéw
transkrypcyjnych: PGC-1a, Nrfl i Tfam, prowadzaca do zwigkszonej biosyntezy biatek
mitochondrialnych, takich jak Hsp60, Mfn2 oraz bialek kompleksow tancucha
oddechowego, nie tylko w celu zrekompensowania puli utraconych mitochondriow, ale
réwniez zwigkszenia iloéci kluczowych bialek odpowiedzialnych za syntez¢ ATP w fazie
reperfuzji (publikacja I, rycina 5B i 6). Wspotwystepowanie tych procesow
wewnatrzkomorkowych wydaje si¢ by¢ jedng z cech komorek w rejonach CA2-3, DG
hipokampa, ktére promuja przezycie neuronéw po przejsciowym niedokrwieniu.
Badania in vivo przedstawione w publikacji | sugeruja, ze wzrost ilosci Mfn2
wystepujacy po epizodzie I/R wraz z aktywacjg pozostatych biatek zwigzanych
zdynamika sieci mitochondrialnej, kontrolowang mitofagia oraz biogeneza
mitochondriow w sektorach CA2-3, DG hipokampa odpornych na stres krotkotrwatego
niedokrwienia i reperfuzji moze mie¢ istotng rolg w zjawisku tzw. endogennej

neuroprotekcji.

Ad. Cel szczegotowy 2

W neuronach prawidtowych (wild type) in vitro wymodelowany bodziec
krotkotrwatego, 1-godzinnego OGD nie wptywal negatywnie na zywotno$¢ neuronow
aczkolwiek znaczaco i dlugotrwale (po 3 i 24 godzinach) obnizal obecnos¢ Mfn2, bez
szczegbdlnego wptywu w dluzszym czasie na inne badane biatka mitochondrialne: Mfn1,
Opal, Drpl, TOM22 i Hsp60 (publikacja Il, rycina 1D). W odpowiedzi na bodziec OGD
neurony wykazywaty wzmozong fuzj¢ mitochondriéw i zwigkszone rozgalezienie sieci
mitochondrialnej wcigz obserwowane 24 godziny od zadzialania bodZzca mierzone za
posrednictwem wybranych parametrow morfologicznych (publikacja I, rycina 3).

W neuronach prawidlowych po bodzcu OGD obserwowano, ze wczesny i przejsciowy
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wzrost liczby mitofagosomoéw (publikacja II, rycina 4) wspotwystepowat ze wzrostem
akumulacji parkiny na mitochondriach przy jednoczesnym obnizeniu ilosci tego biatka
(publikacja II, rycina 5), co wskazuje na selektywng aktywacje procesu eliminacji
uszkodzonych mitochondriow. Co wigcej, obserwowano aktywacje kompensacyjnej
biogenezy mitochondriow poprzez wzrost poziomu nadrzgdnego czynnika
transkrypcyjnego PGC-1a, zwigkszony stosunek mitochondrialnego do jadrowego DNA
(mtDNA/nDNA), jak i podwyzszony poziom biatek wybranych podjednostek
kompleksow tancucha oddechowego w neuronach po 24 godzinach po bodzcu OGD
(publikacja I, rycina 6).

Natomiast, obnizenie ekspresji Mfn2 (sh-Mfn2 B, D) w neuronach in vitro
prowadzito do zaburzeniem rownowagi fuzji i podzialéow mitochondriow, co skutkowato
zmianami w morfologii sieci mitochondrialnej, sprzyjajac jej fragmentacji, co
stwierdzono na podstawie wybranych parametréw morfologicznych (publikacja II, rycina
3). Co wiecej, obnizeniu ekspresji Mfn2 towarzyszyta zwigkszona akumulacja parkiny
na mitochondriach wraz ze zmniejszonym poziomem tego biatka, sugerujac tagodne
uszkodzenie mitochondriow w takich neuronach dtugo przed zadziataniem bodzca OGD
(publikacja 11, rycina 5). Pomimo, ze samo obnizenie ekspresji Mfn2 nie miato wptywu
na zywotno$¢ neurondéw mierzong poziomem uwolnionego z komorek LDH oraz
odsetkiem jader pyknotycznych, to jednak takie neurony wykazywaly zwickszong
wrazliwo$¢ na tagodny niedobor tlenu i glukozy (publikacja Il, rycina 2D, E). Co wigcej,
zaobserwowano, ze obnizeniu ekspresji Mfn2 towarzyszyta zwigkszona ekspresja Mfnl1,
niemniej jednak wydaje sig, ze utrata funkcji Mfn2 nie zostata w petni skompensowana
przez Mfnl (publikacja Il, rycina 2 B).

Obnizenie ekspresji Mfn2 w neuronach zahamowato przebudowg sieci
mitochondrialnej w odpowiedzi na bodziec OGD: nie obserwowano wzrostu fuzji
I usieciowania, ani w krétkim ani w dtugim czasie po OGD (3 i 24 godziny) (publikacja
Il, rycina 3), co prawdopodobnie ograniczalo regeneracje mitochondriow.
Ponadto w takich neuronach obserwowano przedluzong w czasie eliminacje
mitochondriow, o czym $wiadczyta wcigz wysoka liczba mitofagosomow oceniana 24
godziny po bodzcu OGD (publikacja II, rycina 4). W przeciwienstwie do neurondow
prawidtlowych (wild type), nie wykazano wzrostu stosunku mtDNA/nDNA jak rowniez
nie zaobserwowano wzrostu poziomu wybranych podjednostek komplekséw tancucha
oddechowego w neuronach ze zmniejszong ekspresja Mfn2 po bodzcu OGD, pomimo

wzrostu poziomu nadrzednego czynnika transkrypcyjnego PGC-1a obserwowanego 24
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godziny po bodzcu OGD. Te wyniki sugeruja ograniczong odbudowg zdolnosci
oddechowej mitochondriow w neuronach pozbawionych Mfn2 po bodzcu OGD
(publikacja I, rycina 6).

Badania in vitro przedstawione w publikacji 11 wskazuja, ze w odpowiedzi na
tagodny stres OGD mitochondria w neuronach prawidtowych (wild type) sa naprawiane
poprzez wzmozong fuzj¢, selektywng i kontrolowang mitofagi¢ oraz zwigkszong
biosyntez¢ biatek tancucha oddechowego, co prowadzi do przezycia tych neuronow.
Natomiast obnizenie ekspresji Mfn2 zarowno uszkadza mitochondria w warunkach
kontrolnych, jak i uniemozliwia przebudowg sieci mitochondrialnej, prowadzi do
zaburzenia rownowagi eliminacji i biogenezy mitochondriéw w odpowiedzi neuronow

na stres OGD, co skutkuje wigksza $miertelnoscig komorek.
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DYSKUSJA

Prezentowane badania podkreslaja, ze przezycie neuronéw po stresie
niedokrwienno-reperfuzyjnym nie jest determinowane przez pojedynczy proces
wewnatrzkomorkowy, ale zalezy od zlozonych relacji pomiedzy wszystkimi
czagsteczkami i organellami w komorce, wigczajac w to mechanizmy dynamiki, eliminacji
1 biogenezy mitochondridéw.

Wykazalismy, ze uszkodzenie mitochondriéw moze by¢ naprawione w pierwszej
kolejnosci poprzez zwickszong dynamike sieci mitochondrialnej, jak w CA2-3, DG
w modelu in vivo oraz neuronach prawidtowych in vitro, kiedy obserwuje si¢ nasilenie
fuzji mitochondriow w odpowiedzi na bodziec. Sugerujemy, ze w dluzszym czasie
reperfuzji mitochondria, ktore mimo fuzji ulegty uszkodzeniu zostaja oddzielone od sieci
mitochondrialnej 1 usunigte za pomoca mitofagii. Jednocze$nie wydaje sig, ze Mfn2 jest
niezbedna, aby takie procesy mogty mie¢ miejsce i przebiegaly prawidtowo.

Molekularne podstawy procesow dynamiki mitochondriow i mitofagii zostaty
dobrze zbadane i opisane w niezaleznych modelach, ale badania majace na celu
wyjasnienie wzajemnych zalezno$ci miedzy tymi dwoma procesami znaczaco
wplywajacymi na jakos$¢ i zawarto$¢ mitochondriow sg ograniczone. Dotychczasowe
badania wykazaty, ze mitochondria w neuronach obszaru CAl hipokampa szczura
ulegaja wzmozonej fragmentacji rozpoczynajacej si¢ juz 2 godziny po I/R [84], co zostato
robwniez pokazane w naszych badaniach (publikacja I). Podobnie, fragmentacje
mitochondriow opisano w CA3 i zakrecie zgbatym (DG) w modelu globalnego
przejsciowego niedokrwienia moézgu myszy; jednak, w przeciwienstwie do CAI,
mitochondria w neuronach tych obszaréw zaczety ulegac¢ fuzji po 24 h reperfuzji, co
wykazano takze w naszych badaniach w modelu I/R suwaka mongolskiego (publikacja
I). Te dane sugerujg, ze w neuronach odpornych na niedokrwienie po rozleglej i nasilone;j
fragmentacji dynamika mitochondrialna zostata przesunieta w kierunku fuzji [85].
W zwigzku z tym mozna przypuszczaé, ze zwigkszony 1 dlugotrwaly podziat
mitochondriow sprzyja $mierci neuronow po niedokrwieniu moézgu [86] i ponadto moze
przyczynia¢ si¢ do nasilenia mitofagii [31]. Dostgpne dane nie sg jednoznaczne.
W modelach 2-godzinnego zamknigcia tetnicy srodkowej mozgu (MCAQ) szczura oraz
4-godzinnego OGD na pierwotnych neuronach kory mozgu szczura wWykazano, ze
zahamowanie aktywno$ci Drpl, biatka zwigzanego z podzialem, ograniczato

fragmentacj¢ mitochondriow 1 prowadzilo do zachowania prawidlowej morfologii
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| funkcji mitochondriow w neuronach narazonych na niedokrwienie [87-89].
Natomiastw modelu 10-minutowego globalnego niedokrwienia moézgu szczura
w neuronach CA3 hipokampa nasileniu procesu mitofagii towarzyszyt wzrost poziomu
Drpl po I/R [90]. Tymczasem wydaje si¢, ze rownowaga przesuni¢ta w strone fuzji
mitochondriow chroni komoérki przed uszkodzeniem [91,92] i nadmierng aktywacja
mitofagii [93], co sugerujg badania w modelach 90-minutowego MACO u 12-dniowych
szczuréw oraz ogniskowego niedokrwienia moézgu u samcoéw myszy (C57BL/6)
indukowanego przez MACO. Podobne zaleznos$ci zaobserwowali$my takze w naszym
modelu, gdzie w obszarze CA2-3, DG po I/R przyrasta obecnos¢ biatek zwigzanych
z fuzjg mitochondriow, zwlaszcza Mfn2, a czego nie wykazalismy w CA1 (publikacja
).

Dotychczas, w modelach in vivo i in vitro niedokrwienia mozgu wykazano, ze
obnizenie ekspresji Mfn2 prowadzito do dysfunkcji mitochondriow, zaburzenia
homeostazy jonéw wapnia i aktywacji bialek proapoptotycznych, co skutkowato
opdzniong $miercig neuronow. Pokazano, ze nadekspresja Mfn2 ograniczata apoptoze
wywolang hipoksja, zmniejszala obrzek mozgu po udarze niedokrwiennym u szczuréw
[91,92], jak rowniez ograniczata uszkodzenie i przywracata prawidtowa morfologig
mitochondriow w modelu ogniskowego niedokrwienia mozgu myszy [91]. Wyniki te sa
zgodne z naszymi obserwacjami: trwalym obnizeniem Mfn2 we wrazliwym na I/R CA1
oraz wzrostem w obszarach CA2-3, DG, co moze $wiadczy¢ o roli Mfn2 w endogennej
neuroprotekcji obserwowanej w tych rejonach hipokampa (publikacja I). Co wazne, Mfn2
moze tagodzi¢ skutki uszkodzenia I/R poprzez zwigkszenie tworzenia autofagosomow
| promowanie fuzji autofagosomow i lizosoméw [90], co ponownie potwierdza wazna
role Mfn2 w procesie selektywnego usuwaniu mitochondriow wykraczajaca poza jej
wlasciwosci fuzyjne.

Nasze badania w modelach przej$ciowego niedokrwienia mézgu wykazaty, ze
w przypadku znacznego uszkodzenia mitochondriow (obserwowanego w CAl in vivo)
oraz w neuronach o obnizonej ekspresji Mfn2 in vitro, odpowiedz polegajaca na
zwigkszeniu dynamiki sieci mitochondrialnej wydaje si¢ nie wystepowac, €0 jest zgodnie
z obecnym stanem wiedzy. Co wiecej, ubytek biatka zaangazowanego w fuzje
mitochondriow, jakim jest Mfn2, obserwowany w CA1l oraz obecny w neuronach
0 obnizonej ekspresji Mfn2, sprzyja znacznemu rozdrobnieniu mitochondriow.
Rownolegle obserwowana jest nasilona autofagia. Wydaje sig, ze taki typ odpowiedzi nie

ma jednoznacznego charakteru neuroprotekcyjnego.
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W zwiazku z powyzszym mozna powiedzie¢, ze nadal istnieja kontrowersje
dotyczace tego, czy nasilenie procesu mitofagii w warunkach I/R jest korzystne, czy
szkodliwe dla przezycia neurondw. Wlasciwsze moze by¢ rozwazenie mitofagii jako
wieloetapowego procesu prowadzacego do utrzymania réwnowagi w neuronach,
uwzgledniajacego takze dynamike i biogenez¢ mitochondriow, zwlaszcza po I/R [94].
Wigkszos¢ badan potwierdza hipotezg, ze mitofagia jest niezbedna do usunigcia
dysfunkcyjnych mitochondriéw po I/R i przezycia neurondéw [95]. Natomiast przy
znacznie ograniczonej mitofagii lub jej braku — uszkodzone mitochondria nie zostang
usunigte, co moze przyczynié¢ si¢ do nadmiernego tworzenia ROS, nasilenia dysfunkcji
mitochondridéw, a ostatecznie do $mierci komorki. Z drugiej strony, nadmierna mitofagia
w polaczeniu z zwigkszong fragmentacja mitochondriow, zahamowaniem biogenezy
mitochondriow i globalnym spadkiem syntezy biatek [96,97] powoduje zmniejszenie
masy mitochondrialnej, a w konsekwencji deficyt syntezy ATP i $mier¢ komorki [98].

Co wiecej, na podstawie przeprowadzonych przez nas badan mozna wnioskowac,
ze wystapienie biogenezy mitochondridw, prowadzacej do zwickszenia ilosci biatek
kompleksow oddechowych wydaje si¢ waznym elementem endogennego mechanizmu
neuroprotekcyjnego. Proces ten nie wystepuje jednak przy obnizeniu Mfn2,
obserwowanym w CA1 w modelu I/R oraz indukowanym eksperymentalnie w neuronach
in vitro. Jednak nasze dotychczasowe badania ani dostepne zrodta nie pozwalaja w petni
opisa¢ mechanizmu tej zaleznosci, dlatego dalsze badania sg konieczne.

Podobnie jak w przypadku mitofagii, biogeneza mitochondrialna jest wysoce
zlozonym 1 zmiennym procesem oraz jest $cisle regulowana w odpowiedzi na rézne
bodzce, takie jak =zapotrzebowanie na energi¢ czy stres komorkowy [99].
Stres oksydacyjny wywotuje fragmentacj¢ mitochondriow 1 powoduje zaburzenia
biogenezy mitochondriow [100]. Z kolei zaburzenia dynamiki i biogenezy
mitochondriow prowadza do zwiekszonej produkcji ROS [101]. Jak wykazano, ROS
mogg réwniez aktywowac szlak sygnalowy PGC-la, a w konsekwencji biogeneze
mitochondriow 1 ekspresje gendw zaangazowanych w ekspresje biatek kompleksow
oddechowych [102]. Co wigcej, jony wapnia sg rOwniez waznym regulatorem biogenezy
mitochondriéw. Wzrastajace stezenie wolnych Ca?* indukuje ekspresje PGC-1a. i Tfam
[103,104] oraz prowadzi do aktywacji jadrowych czynnikow transkrypcyjnych Nrf [103].

Wiele komorkowych szlakow sygnatowych taczy sie w celu regulacji zarowno
mitofagii, jak i biogenezy mitochondriow, jednym z nich jest szlak sygnatowy kinazy

mTOR, (ang. mammalian target of rapamycin kinase), ktory reguluje m.in. homeostaze
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zwigzkoéw wysokoenergetycznych w warunkach stresu spowodowanego ograniczeniem
lub brakiem substancji odzywczych [105]. Szlak sygnalowy kinazy mTOR moze
wptywac na biogeneze mitochondriow, mitofagie i metabolizm mitochondriow poprzez
regulacje czynnika transkrypcyjnego PGC-1o [106]. Co ciekawe, parkina jest takze
zaangazowana w regulacje biogenezy mitochondriéow [107]. Degradacja biatka PARIS
(parkin interacting substrate), substratu parkiny, zwigksza ekspresje genow zaleznych od
PGC-1a i biogenez¢ mitochondriow [108]. Co wigcej, utrata funkcji parkiny blokuje
biogeneze mitochondriow poprzez akumulacje PARIS [109]. W naszych badaniach in
vitro zaobserwowaliS§my, ze obnizeniu ekspresji Mfn2 w neuronach towarzyszyt
zmniejszony poziom biatka parkiny niezaleznie od OGD oraz ograniczona lub brak
biogenezy mitochondriow po zadziataniu bodzca OGD. Zatem wydaje si¢, ze istnieje
Scista relacja pomigedzy Mfn2 a parking i biogeneza mitochondriéw, chociaz szczegoty
molekularne tego zjawiska wymagaja dalszych badan,

Wydaje si¢ zatem prawdopodobne, ze mechanizmy kontrolujace biogeneze
mitochondridw sag $cisle powigzane z procesami fuzji mitochondriow. Wykazano, ze
wzrost ekspresji Mfn2 przyczynia si¢ do zwigkszonej ekspresji PGC-1a [76], co sugeruje
zwiazek miedzy tymi biatkami. Sugestia ta zostata potwierdzona obserwacjami, ze PGC-
la indukowat biogenez¢ mitochondriow poprzez nasilenie transkrypcji 1 translacji Mfn2
w migéniach szkieletowych i brazowej tkance ttuszczowej. Dlatego tez prawdopodobnie
PGC-1a jest kluczowym regulatorem aktywnosci Mfn2, zwlaszcza podczas wysokiego
zapotrzebowania energetycznego komorki [76,110].

Majagc na uwadze aktualny stan wiedzy, przeprowadzone przez nas badania
podkreslaja, ze wzajemne zalezno$ci miedzy dynamika, eliminacja i biogeneza
mitochondridow moga by¢ kluczowe dla zachowania homeostazy mitochondriow, a tym
samym przezycia neuronéw w warunkach niedokrwienia. Co wiecej, Mfn2 w neuronach
moze dziata¢ nie tylko jako biatko odpowiedzialne za fuzje mitochondriéw czy tworzenie
potaczen z ER, ale takze integrujagce przebudowe sieci mitochondrialnej z mitofagia

| biogeneza mitochondriow.
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PODSUMOWANIE

. W neuronach przezywajacych przejsciowe niedokrwienie dochodzi do wzrostu
dynamiki mitochondriow objawiajacej si¢ wzmozong fuzja.

. Selektywna i kontrolowana autofagia, w tym szczego6lnie mitofagia zalezna od
PINK1 i parkiny, sprzyja przezyciu neuronéw po bodzcu ischemiczno-
reperfuzyjnym in vivo i krotkotrwatym OGD in vitro.

. Réwnowaga migdzy procesami eliminacji 1 biogenezy mitochondriow jest
kluczowa dla przezycia neuronéw po tagodnym/przejsciowym bodzcu I/R i OGD.

. Mifn2 bierze szczegdlny udzial w ksztaltowaniu i utrzymaniu prawidlowej sieci
mitochondrialnej w neuronach oraz jej przebudowie po bodzcu I/R i OGD.

. Mifn2 moduluje stopien eliminacji wadliwych mitochondriéw i pozytywnie wptywa

na ich regeneracje poprzez wzmozong fuzje i odbudowe w procesie biogenezy.

WNIOSEK
Mifn2 jest biatkiem koniecznym do prawidlowej odpowiedzi neurondéw na przejSciowy
bodziec niedokrwienny, umozliwiajac ich przezycie, poprzez regulowanie zaleznosci

pomiedzy eliminacjg mitochondridow, a ich biogeneza.
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ARTICLE INFO ABSTRACT

Keywords: Transient ischemic attacks (TIA) result from a rempaorary blockage in blood circulation in the brain. As TIAs cause
Transient brain ischemia disabilities and often precede full-scale strokes, the effects of TIA are investigated to develop neuroprotective
hil_:'pmm“s thErapies. We analyzed changes in mitochondrial network dynamics, mitophagy and biogenesis in sections of
x::';ﬁ;g gerbil hippocampus characterized by a different neuronal survival rate after 5-minute ischemia-reperfusion (I/R)

insult.

Our research revealed a significantly greater mtDNA/nDNA ratio in CA2-3, DG hippocampal regions (5.8 =
1.4 vs 3.6 + 0.8 in CA1) that corresponded to a neuronal resistance to 1/R. During reperfusion, an increase of pro-
fission (phospho-Ser616-Drpl/Drpl) and pro-fusion proteins (1.6 L 0.5 and 1.4 + 0.3 for Mfn2 and Opal,
respectively) was observed in CA2-3, DG. Selective autophagy markers, PINK1 and SQSTM1/p62, were elevated
24-96 h after /R and accompanied by significant elevation of transcription factors proteins PGC-1 o and Nrfl (1.2
+ 0.4, 1.78 + 0.6, respectively) and increased respiratory chain proteins (e.g., 1.5 + 0.3 for complex IV at 'R 96
h).

Contrastingly, decreased enzymatic activity of citrate synthase, reduced Hsp60 protein level and electron
transport chain subunits (0.88 = 0.03, 0.74 = 0.1 and 0.71 £ 0.1 for complex IV at 1/R 96 h, respectively) were
observed in [/R-vulnerable CAl. The phospho-Ser616-Drpl/Drpl was increased while M2 and total Opal
reduced to 0.88 = 0.1 and 0.77 = 0.17, respectively. General autophagy, measured as LC3-II/T ratio, was acti-
vated 3 h after reperfusion reaching 2.37 + 0.9 of control.

This study demonstrated that enhanced mitochondrial fusion, followed by late and selective mitophagy and
mitochondrial biogenesis might together contribute to reduced susceptibility to TIA.

Mitochondrial biogenesis
Electron transport chain
MiDNA

1. Introduction damaged neurons in TIA patients [4].

Mitochondria have been established the key mediators in neuronal

Transient brain ischemic attacks (TIAs) are becoming more and more
frequent in aging and post-Covid-19 society [1,2]. TIA is a temporary
blockage of blood flow to the brain. Since it does not always cause
extensive but only regional permanent damage, it is often ignored. TlAs
may signal a full-blown stroke ahead [3]. Therefore, intracellular
mechanisms of neuronal death and protection have been studied to
elaborate on therapeutic approaches that enhance functional recovery of
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survival. More and more evidence demonstrates that neuronal survival
under the ischemic stress is not determined by a single molecular
pathway but it depends on a range of complex relations between
mechanisms which regulate mitochondrial content and gquality.
Mitochondria are organized in a dynamic network which may be
remodeled in response to various intra- and extracellular stimuli by
continued mitochondrial fusion and fission events [5]. Proper
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mitochondrial fusion involves the sequential merge of the outer (OMM)
and inner (IMM) mitochondrial membranes of two distinct mitochon-
dria. Large GTPases: mitofusin 1 (Mfnl) and mitofusin 2 (Mfn2) are
required for OMM fusion [6], while dynamin-like 120 kDa protein
(Opal) mediates the fusion of IMM [7]. Furthermore, the dynamin-
related protein 1 (Drpl) is a key regulator of the counteracting pro-
cess of mitochondrial fission with the activity being regulated by its
phosphorylation [2].

A role of mitochondrial network dynamics in response to ischemia-
reperfusion injury has already been studied and various relationships
have been described [9 13.87]. Enhanced mitochondrial fission is
observed as a frequent consequence of ischemic injury preceding
apoptotic neuronal death [10,15] while increased mitochondrial fusion
emerges as a pro-survival response of post-ischemic neurons, supporting
the maintenance of normal mitochondrial morphology and function

12,13]. An inhibition of mitochondrial fission was observed to produce
a protective effect in I/R neuronal injury in both, in vitro and in vive
models [9,16-18]. As observed later on, maintained phosphorylation of
Drpl at Ser637 improved mitochondrial respiratory capacity, Ca® ho-
meostasis, and it attenuated superoxide production in response to
ischemia and excitotoxicity in vitro and ex vivo [11], thereby demon-
strating that the status of mitochondrial connectivity and Drpl phos-
phorylation play a critical role in determining the severity of cerebral
ischemic injury. Accordingly, an overexpression of pro-fusion agents,
like Mfn2 or Opal, also exerts a neuroprotective effect in I/R injury
[14,19], pointing to pro-survival effects of mitochondrial fusion and
providing further support for the existing link between mitochondrial
network dynamics and neuronal survival.

The neuronal dependence on proper mitochondrial dynamics is also
reflected by the fact that mutations in genes that code the key proteins
mediating mitochondrial fusion and fission were reported to lead to
neurodegenerative diseases, like Charcot-Marie-Tooth 2A for M2 [5],
dominant optic atrophy for Opal [20.21] and progressive paroxysmal
dystonia for Drpl [22]. As shown by Kandimalla et al.,, Drpl is also
implicated in pathogenesis of Alzheimer's disease and reduced Drpl is
beneficial in a symptomatic-transgenic Tau mice [23].

Mitochondrial fission is considered to be a form of a quality control
mechanism, as it enables the segregation and elimination of damaged
mitechondria, while mitochondrial fusion supports the restoration of the
mitochondrial function leading to content exchange and the maximi-
zation of the oxidative capacities of the cell [24]. Enhanced mitochon-
drial dynamics may mitigate mild mitochondrial damage, while severely
damaged mitochondria undergo proteolytic elimination, Mitochondria
may be eliminated through general autophagy when the whole cyto-
plasmic region may be engulfed and degraded. A drop in mitochondrial
membrane potential caused by blood flow cessation and adenosine
triphosphate (ATP) depletion may cause PINK1 accumulation and Par-
kin recruitment to mitochondria, leading to selective mitochondrial
elimination. By means of the electron microscopy, it was shown that
ischemia induced synaptic autophagy which may contribute to the
neuronal death in the CA1 area in the model of transient global ischemia
| 25]. Furthermore, in neonatal hypoxia-ischemia model (HI), mitoph-
agy was upregulated immediately after the HI episode and then followed
by a second mitophagic wave 7 days later [26]. As shown by western
blot, both PINK1,/Parkin-dependent and -independent mechanisms were
upregulated immediately after HI, whereas a PINK1,/Parkin-dependent
mechanism predominated 7 days after HL It was further hypothesized
that excessive mitophagy in the early phase contributed to pathologic
secondary energy depletion, whereas late mitophagy might be involved
in post-HI regeneration and repair [26], presenting divergent effects of
mitochondria elimination on neuronal survival.

Mitochondrial biogenesis constitutes an opposite mechanism, com-
plementary to mitochondrial elimination. PGC-1w, a master regulator of
mitochondria biogenesis, regulates Nrfl and Tfam expression and
together with PINK1 and Parkin contributes to up- or downregulation of
mitochondrial — proteins, respectively. Unbalanced mitophagy/
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autophagy may have detrimental effects on neurons, while increased
mitochondria biogenesis may ameliorate neuronal damage thereby
preventing bioenergetic failure [27]. Activation of PGC-1w, and the
subsequent mitochondrial biogenesis, are neuroprotective mechanisms
in brain injury caused by systemic prenatal HI, thus, PGC-1u promotion
might be a potential treatment applied as protection against hippo-
campal injury and cognitive defects after intrauterine HI [28]. More-
over, activation of PGC-1u-mediated mitochondrial biogenesis proved to
be neuroprotective also in ischemia-preconditioning model and subse-
quent middle cerebral artery occlusion (MCAO) [29]. Additionally, Al
Rahim et al. [30] measured the increase in mitochondrial DNA content
and up-regulation of mitochondrial proteins COXIV and Hsp60 and
observed that proper regulation of mitochondrial biogenesis was
necessary for neuronal survival in HI model [30]. Therefore, the pro-
motion of PGC-1u appears promising as a potential treatment solution to
prevent hippocampal injury and cognitive defects after intrauterine HI
[28].

Still, the precise role and relation between these molecular events in
neuronal survival is not fully elucidated, nor is the mechanism under-
lying higher TIA tolerance in particular brain regions.

Therefore, the main goal of this study was to further elucidate the
role of mitochondrial elimination and renewal in neuronal survival after
transient brain ischemia. To address this issue we used a unique model
elaborated by Kirino et al., where the same ischemia-reperfusion insult
resulted in different rates of neuronal death in particular hippocampal
regions [31,32]. We presumed that, in response to I/R, damaged mito-
chondria were supposed to be eliminated via autophagy and/or rescued
by mitochondrial content mixing caused by intensified mitochondrial
fusion and fission. Mitochondrial biogenesis may be needed to maintain
sufficient pool of proper mitochondria and ATP production. We further
hypothesized that different susceptibility of neurons in hippocampal
CAl and CA2-3, DG to I/R might result from different implications of
these phenomena in neuronal response.

2. Materials and methods
2.1, Ethical statement and animals

Mongolian gerbils (Meriones unguiculatus) were obtained from the
Animal House of the Mossakowski Medical Research Institute of the
Polish Academy of Sciences. Animal care was in accordance with the
FEuropean Communities Council Directive (86/609/EEC). The experi-
mental procedures were approved by the Local Commission for the
Ethics of Animal Experimentation no. 2 in Warsaw (385/2017 and
WAW2/032/2021) and every effort was made to minimize animal
suffering and to reduce the number of specimens used. Animals were
randomized for the experiments.

2.2. Transient cerebral ischemia in gerbils

Male adult gerbils weighing 60-70 g were subjected to transient
cerebral ischemia by 5-min bilateral ligation of common carotid arteries
under isoflurane anesthesia, in strictly controlled normothermic condi-
tions as described previously [31,33], Sham animals, which underwent
the same surgical procedure, but without the actual ligation, served as
controls. The animals recovered for 3-96 h after ischemia. Then brains
were isolated to obtain CAl and CA2-3, DG regions of hippocampus for
further processing or animals were perfused for histological evaluation.
Hippocampi from sham operated animals served as controls. Tissues
intended for DNA extraction were stored at —20 “C.

2.3. Hematoxylin and eosin staining
Histological examination was performed on gerbils' brain from

control and ischemic individuals (24, 48, 72 and 96 h of reperfusion) as
describes earlier [24], After perfusion with 4 % paraformaldehyde, the
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isolated brains were dehydrated in a series of ethanol and xylene baths
and embedded in paraffin wax. Sections of 5-7 pm were stained with
hematoxylin and eosin (HE). The microscopic evaluation was performed
with Axiolab light microscope at 40x and 400x magnification with
Axiocam and ZEN 3.0 software for photographic documentation.

2.4. Transmission Electron Microscopy (TEM)

The specimens were sequentially fixed in 2 % paraformaldehyde, 2.5
% glutaraldehyde in cacodylate buffer, and 1 % osmium tetraoxide with
potassium ferricyanide for 2 h. Then, the samples were dehydrated in a
series of ethanol baths and embedded in resin. The ultra-thin sections
were stained with uranyl acetate and lead citrate. The images were ac-
quired in randomized way using JEM-1011 EX (Jeol, Tokyo, Japan)
transmission electron microscope equipped with MORADA camera and
iTEM 1233 software.

Series of images from different conditions were analyzed with
ImageJ software and mitochondria in the cells' soma were quantified
morphometrically. The inverse of circularity was used as a measure of
mitochondrial elongation and the area/perimeter normalized to circu-
larity parameter was used to calculate mitochondrial swelling, as wali-
dated elsewhere |35-37| while mitochondrial content was represented
by the total area occupied by mitochondria normalized to the area of the
measured cell. 28-43 neurons per condition and at least 22 mitochon-
dria per cell body (907-1165 mitochondria per time point) were
quantified.

2.5, Immunoblotiing

For western blotting, isolated hippocampal sectors were homoge-
nized in Cell Lysis Buffer (Cell Signalling Technology, Danvers, USA;
#9803) containing 1 mM PMSF (Sigma-Aldrich, Poznarn, Poland) and
kept on ice for additional 5 min for lysis. The samples were sonicated
and centrifuged at 14,000 xg for 10 min at 4 °C. The supernatants were
collected, and a Modified Lowry Protein Assay (Thermo Fisher Scienti-
fic, Grand Island, NY, USA; #23240) was performed to determine the
total protein concentration. Samples were diluted in a reducing sample
buffer and boiled at 100 °C for 5 min. Following manufacturer guide-
lines, the samples were not boiled for western blotting with anti-
OXPHOS antibody cocktail.

Equal amounts of protein, 50 pg (for anti-LC3 and anti-OXPHOS) or
20 pg (others) were loaded onto SDS-PAGE gels (self-prepared or
gradient Mini-PROTEAN TGX Precast Protein Gels, Bio-Rad Labora-
tories, Hercules, CA, USA), electro-transferred onto nitrocellulose
(Amersham, Sigma-Aldrich) membrane [28] and stained for total pro-
tein with 0.1 % Ponceau S (Sigma-Aldrich). Following imaging of the
total protein, the membranes were blocked with 5 % non-fat milk in Tris-
buffered saline (TBS) with 0.1 % Tween 20 (TBST)} for 1 h at room
temperature. Thereafter, membranes were incubated with the appro-
priate primary antibodies diluted in TBST or 2.5 % milk/TBST at 4 °C
overnight, including anti-Min1 (1:1000, Novus Biologicals, Centennial,
CO, USA, NBP1-71775), anti-Mfn2 (1:1000, Sigma-Aldrich, M6319),
anti-OPA1 (1:1000, Cell Signaling Technology, 80471), anti-Phospho-
Drpl (1:1000, Thermo Fisher Scientific, PA5-64821), anti-Drpl
(1:1000, Cell Signaling Technology,14647S), anti-PINK1(1:250, Santa
Cruz Biotechnology, Santa Cruz, CA, USA, sc-517353), anti-Parkin
(1:1000, Cell Signaling Technology, 4211), anti- SQSTM1/p62 (1:1000,
Cell Signaling Technology,232145), anti-LC3 (1:1000, Cell Signaling
Technology, 127418), anti-PGC-1« (1:250, Santa Cruz Biotechnology,
5¢-518025), anti-Nrfl (1:250; Santa Cruz Biotechnology, sc-28379),
anti-Tfam (1:500, Genway Biotech, San Diego, CA, USA, GWE-
22C6C2), anti-Hspb0 (1:1000, Cell Signaling Technology, 121655),
anti-TOM20 (1:1000, Cell Signaling Technology, 424065), anti-
OXPHOS (1:500; Abcam, Cambridge, UK, ab110413). The membranes
were washed and incubated with the following peroxidase-conjugated
secondary antibodies: anti-mouse (Sigma-Aldrich, A9044) or anti-
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rabbit (Sigma-Aldrich, A0545) diluted in 5 % non-fat dried milk in
TBST for 30 min at room temperature. Bound antibodies were visualized
by Amersham ECL Western Blotting Detection Reagent (Sigma-Aldrich,
RPN2106). Blots were imaged and quantified using the Fusion FX im-
aging system (Vilber Lourmat, Marne-la-Vallée, France). The band in-
tensities of the proteins of interest were normalized to the total protein
optic densities corresponding to the same lane and quantified using
ImageJ software with gel analyzer feature (NIH, Bethesda, MD, USA) as
shown by Thacker et al. [39] and discussed by Moritz [40].

2.6. DNA extraction and Real-Tire gPCR

Total DNA was purified using E.Z.N.A. MicroElute Genomic DNA Kit
(Omega Bio-tek, Norcross, GA, USA; D3096-02). Tissues were processed
aceording to the manufacturer's instructions. Purity (absorbance ratio at
260,280) and concentration of DNA samples were determined spec-
troscopically using DeNovix DS-11 FX+ (DeNovix Inc., Wilmington, DE,
USA).

A singleplex TagMan RT-qPCR assay was established to measure the
amount of gerbil mtDNA relative to the nuclear DNA (nDNA). This assay
targets the mitochondrial ND1 gene (18129817) and the nuclear single-
copy gene, glucagon [Gegl (110548637) Primers and probes were
designed using the Primer3web (https://primer3.ut.ee/) [41], based on
the available DNA sequences of selected genes of Meriones unguiculatis
in the National Center for Biotechnology Information (Bethesda, MD,
USA) database. Primers and probes were synthesized by DNA
Sequencing and Synthesis Facility (IBB PAN, Warsaw, Poland). Primers
and probes are listed in Table 1.

The GCG probe was labeled at the 5'-end with 6-Carboxyfluorescein
(6-FAM), while ND-1 probe was labeled with Hexachlorofluorescein
(Hex) at the 5'-end. A quencher dye, Black Hole Quencher-1 (BHQ-1),
was linked to the 3"-end of both probes. Primer amplification efficiencies
were determined by construction of a standard curve using 5-fold serial
dilutions of gerbil DNA template. Real-time PCR was performed in a
MicroAmp EnduraPlate optical 96-well reaction plate (Applied Bio-
systems, Foster City, CA, USA) sealed with MicroAmp optical adhesive
film (Applied Biosystems) on the ABI 7500 FAST Real-time PCR System
(Applied Biosystems). The reaction mix (total volume 20 pl) consisted
of: 10 pl TagMan Fast Advanced Master Mix (Applied Biosystems,
#4444963), 4 pl Nuclease-Free Water (Applied Biosystems), 2 ul mtDNA
or nDNA primers (900 nM each), 2 pl mtDNA or nDNA probe (250 nM),
2 pl DNA (50 ng). The real-time PCR reactions were performed in trip-
licates for both genes. The temperature program was initiated with a
polymerase activation at 95 °C for 2 min, followed by 40 cycles at 95 °C
for 3 s and 60 “C for 30 s. Cycle threshold (Ct) values were determined
using SDS 2.3 software (Applied Biosystems). Relative copy number was
calculated using analysis of the difference in Ct between mtDNA and
nDNA. Relative quantification was performed by the AACt method [42]
and expressing the ratio as a fold-change of the calibrator - DNA from
gerbil brain cortex — set as 1. RQ values were efficiency corrected by the
software.

2.7. Citrate synthase activity assay
Enzymatic activity was measured using the Citrate Synthase Activity

Table 1
Primers and probes.

Target Primer/probe name Sequence (5°-37)

mIDNA primers ND1GerF AGCAGTCGCTCAAACCATCT
ND1GerR CAGGCGGGAAGAACTAATCA

mtDNA probe ND1613TM AGCGGCTCCCTTTCCCTCCA

nDNA primers GCG4820F TTAACGGGTGGAGCATTAGG
GCGS02Z7R GCATTGATTAAGCAGCGTCA

nDNA probe GCGAZ83TM AGAGCGCTTGCTCCTGCGET
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Assay Kit (Sigma-Aldrich, MAK193). The absorbance measurements
were taken at 412 nm on microplate reader, Tecan INFINITE M1000
PRO with dedicated software (Tecan Group Ltd., Minnedorf,
Switzerland} with 6 readings over the 5 min time span and these read-
ings were in the linear range of enzymatic activity. The total protein
concentration was determined using a Modified Lowry Protein Assay
(Thermo Fisher Scientific). Arbitrary enzymatic activity units were
calculated according to the manual and normalized to the total protein
concentration. Enzymatic activity is expressed in pmol/min/mg protein.

2.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism (GraphPad
Software, San Diego, CA, USA). Normally distributed data are presented
as means + standard deviation. Differences between three or more
groups were analyzed using one-way ANOVA with Dunnett's post-hoc
test (for comparisons to controls). Student's t-test was used to detect
differences between two groups.

For the data with non-normal distribution (data based on TEM mi-
crophotographs: mitochondrial content, swelling and elongation)
Kruskal-Wallis test followed by Dunn's multiple comparisons test was
used and the results are presented as median (Q1 — Q3). p-Values <0.05
were considered significant. The distribution of data was analyzed by
Shapiro-Wilk normality test.

3. Results

3.1. Ulrrastructural and biochemical changes precede neurconal loss in
CA1 triggered by ischemia-reperfusion

As shown by eosin/hematoxylin staining, 5-minute brain ischemia
and subsequent reperfusion (I/R) in gerbils resulted in a selective and
delayed reduction in the number of neurons in CA1 region (Fig. 1A),
which is consistent with previously reported outcomes [21,32]. 24 and
48 h after I/R insult, the dense layout of pyramidal neurons in CAl
became more chaotic and looser, however, the morphology of neurons
was still preserved as described earlier [43]. The first morphological
signs of neuronal damage in CAl were observed 72 h post ischemia, as
netronal shrinkage occurred as showed elsewhere [44]. At that time
point a few cells with proper morphology were still present. Then, after
96 h, CAl neurons showed a highly eosinophilic and shrunken archi-
tecture and condensed nuclei (red arrows).

Meanwhile, the morphelogy of CA2-3, DG after /R was preserved.
Even at 400 = magnification, no significant changes in the morphology
of this hippocampal sectors were observed. The morphological
description is consistent with previous observations [43,45] and con-
firms the validity of the model.

By contrast, changes in the ultrastructure of hippocampal neurons
were detected earlier, i.e., 24 h after /R (Fig. 1B). In control groups,
mitochondria showed an unchanged structure both in €A1 and CA2-3,
DG neurons. Outer and inner mitochondrial membranes were consistent,
mitochondrial cristae were preserved and mitochondrial matrix
remained electron-dense. No signs of endoplasmic reticulum (ER) and
Golgi Apparatus swelling were observed. However, in CA1 24 h after 1/
R, a great number of mitochondria lacked mitochondrial cristae. Mito-
chondrial matrix became lighter than in the control group. Morpho-
logical features of swelling of mitochondria, endoplasmic reticulum and
Golgi apparatus occurred. Unbound ribosomes, detached from the ER,
were detected in the cytoplasm. At the same time, ultrastructural
changes in the CA2-3, DG region were not as pronounced as in CAl and
were manifested 48 h after 1/R, as the structure of mitochondrial
membranes and cristae in CA2-3, DG region became slightly blurred.
Morphological features of swelling of the Golgi apparatus were not
observed either. The ribosomes remained attached to the ER.

Mitochondrial damage caused by I/R in CAl-neurons was further
confirmed by the analysis of the enzymatic activity of the citrate
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synthase (CS) in CA1 and CA2-3, DG homogenates (Fig. 1C). Citrate
synthase is abundant in mitochondrial matrix and its enzymatic activity
has already been analyzed to evaluate mitochondrial content [46]. The
determined CS activity value in control CAl reached 6 + 1.1 ymol/min/
mg, while in control CA2-3, DG: 5.3 + 0.6 pmol/min/mg and no sig-
nificant difference was observed between these hippocampal regions. A
statistically significant decrease (0.88 + 0.03 of control value, p < .01,
n = 5) of CS enzymatic activity was observed in CAl after I/R, while in
CA2-3, DG this parameter was sustained.

Changes in mitochondrial content after I/R in CAl were further
demeonstrated by a significant reduction of mitochondrial matrix Hsp60
immunodetection (0.74 + 0.14, p < 0.001, n = 5), starting as early as at
3 h after the insult. Meanwhile, Hsp60 significantly increased in the
ischemia-resistant hippocampal sectors reaching 1.6 + 0.12 of control
value (p < 0.001, n = 5) (Figz. 1D). Therefore, the loss of neurons in CA1,
observed 72 h post I/R, was preceded by the severe damage of the
mitochondrial ultrastructure and deterioration of the mitochondrial
parameters represented by the citrate synthase enzymatic activity and
Hsp60 protein level. Contrastingly, in CA2-3, DG mitochondrial damage
was much less pronounced and manifested itself by a slightly blurred
presentation of outer mitochondrial membrane. The internal structure of
mitochondria was predominantly preserved, and it was not followed by
the decrease in CS activity, nor in the immunodetection of mitochon-
drial protein marker.

3.2. Mitochondrial fission predominates in CAl, whereas in CA2-3 DG,
both mitochondrial fuston and fission are enhanced in response to I/R

To analyze changes in the mitochondrial dynamics evoked by the
transient ischemic insult and reperfusion western blot analysis of key
proteins mediating mitochondrial fusion (Mfn1/2, Opal) and mito-
chondrial fission (Drpl) were performed, as shown in Fig. 2.

In I/R-sensitive CAl, protein level of Mfnl was sustained whereas
Mfn2 and total Opal decreased in the time course of reperfusion (0.74
+0.16; p < 0.05 and 0.72 + 0.12, p < 0.001, respectively). Meanwhile,
in I/R-resistant regions of CA2-3, DG, an increase in all considered
fusion proteins: Mfnl, Min2 and total Opal was observed (1.67 £ (.61;
p < 0.05, 1.63 £ 0,52; p < 0.001 and 1.33 £ 0.21, p < 0.001, respec-
tively). For reference, protein levels of TOM20, another OMM protein,
uninvolved in mitochondrial fusion and fission, were not altered (data
not shown).

In addition to the analysis of total Opal, changes in its long (L-Opal)
and short {($-Opal) form were also investigated, as these two forms of
Opal are involved in IMM fusion differently (47 48], The values of L/S-
Opal ratio did not change significantly in the course of reperfusion in
any considered hippocampal regions, as both forms were reduced in CA1
and increased in CA2-3, DG. The L/S-Opal ratio for control CA1 and 96
h after I/R were: 9.9 + 4.3 and 10.8 £ 4.8, respectively, while 11.0 =
4.5 and 12,5 = 5.1 for CA2-3, DG, pointing at the predominance of L-
Opal over 5-Opal. The protein level of L-Opal in CA1 was significantly
reduced 72 and 96 h after 1/R (0.63 + 0.15; p < 0.001 and 0.71 + 0.17;
p < 0.03). In CA2-3, DG the amount of L-Opal was increased at the same
time points reaching: 1.26 + 0.28; p < (.05 and 1.30 = 0.39; p < (.01,
respectively.

To investigate mitochondrial fission, phosphorylation of Drpl pro-
fein at Ser 616 was measured. The results were expressed in relation to
total Drpl. The phosho-Drpl/Drpl ratio in control CA2-3, DG was half
the level recorded in CA1 (0.41 4 0.21; p = 0.01), however, a significant
increase in phosphorylated Drpl protein after I/R was observed in both
hippocampal regions. In CAl the maximal value of phosho-Drpl/Drpl
ratio was reached at 3 h after I/R (2.08 4+ 0.49; p =< 0.001) while in
CA2-3, DG the highest values were observed later after the insult,
reaching 4.14 = 2.4 (p < 0.001).

Western blot analysis was followed by TEM observation on ultra-
structure and intracellular distribution of mitochondria. As shown in
Fig. 3A, mitochondria presented round or elongated shapes and could be
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Fig. 1. Mitochondrial damage is more pronounced in CA1 over CA2-3, DG, Ultrastructural changes precede neuronal loss in CA1.

A

B.

{8

Hematoxylin and eosin staining of gerbil hippocampus in 40« and 400 magnifications. Black arrows - normal neurons, red arrows - highly eosinophilic and
shrunken neurons with condensed nuclei.

Representative TEM images presenting the ultrastructure of mitochondria in I/R-sensitive (CA1) and I/R-resistant (CA2-3, DG) hippocampal regions. Mt. —
mitochondria, ER- endoplasmic reticulum, G - Golgi apparatus.

Mean enzymatic activity of citrate synthase in CAl and CA2-3, DG homogenates in controls and after I/R. Charts present mean values with standard deviation.
Points represent biclogical replicates of the experiment, Student's t-test was applied for the comparison of CA1 and CA2-3, DG controls. One-way ANOVA followed
by Dunmett's multiple comparisons test was applied for post-ischemia values for each part of hippocampus separately; n = 5; *p < 0,05, **p < 0.01 vs CA1 control.

. Representative western blot and densitometric analysis of Hsps0 in CA1 and CA2-3, DG homogenates in controls and after [/R. Charts present mean values with

standard deviation. Points represent biological replicates of the experiment. One Sample -test was applied for the comparison of CAl and CA2-3, DG controls. One-
way ANOVA followed by Dunnett's multiple comparisons test was applied for post-ischemia values for each part of hippocampus separately; n = 5; *p < 0.05, **p
< 0.01, ***p < 0.001 vs CAl control or CA2-3, DG control, respectively. The optical density of the particular bands was normalized to the total protein in line
stained with Ponceau 5. Normalization factors are shown under representative western blot image,
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Fig. 2. Mitochondrial fission prevails in
CA1 while in CA2-3, DG both, mitochon-
drial fission and fusion are enhanced after
I/R.

Representative western blots and densito-
metric analysis of Mfnl, Mfn2, total Opal
and phospho-Drpl/Drpl ratio in CA1 and
CA2-3, DG homogenates. Charts present
mean  values with standard deviation.
Points represent biclogical replicates of the
e experiment. One Sample t-test was applied
for the comparison of CA1 and CA2-3, DG
controls. One-way ANOVA followed by
Dunnett'’s multiple comparisons test was
applied for post-ischemia values for each
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easily spotted in the cell bodies and dendrites of control neurons. The
signs of altered mitochondrial morphology were observed 24 h after [/R
episede (Fig. 3A).

In CA1l the hallmarks of mitochondrial impairment, as damaged
cristae and light mitochendrial matrix, were prominent and the mito-
chondria were mainly localized near the cell nucleus (Fiz. 3A). This was
accompanied by temporarily increased mitochondrial content (p =
0.01), as median (Q1-0Q3} values were as follows: 5.1 (3.6-6.0) at 24 h
post I/R versus 3.2 (2,7-3.8) for CA1 controls (Fig. 2B). Such change in
this mitochondrial parameter might result from mitochondrial swelling,
as was observed at TEM micrographs (Fig. 1B and 3A) and as further
confirmed by significantly elevated parameter of mitochondrial area/
perimeter normalized to circularity, reaching median value: 0.13
(0.10-0.19) in comparison to 0.09 [(0.07-0.12) in control cells; p <
0.001 (Fig. 3C).

In CA2-3, DG mitochendria remained evenly located in the neuronal
bodies, but an increasing number of elongated mitochondria was
observed in reperfusion phase (Fig. 2 A). It was confirmed by a statis-
tically significant rise of mitochondrial elongation parameter (Fig. 2 D),
reaching median value at 24 and 48 [/R: 1.26 (1.08-1.67), p < 0.001
and 1.21 (1.07-1.62), p < 0.05, and was in agreement with elevated
levels of fusion proteins in this hippocampal region (Fig. 2). Mitochon-
drial content also increased during reperfusion and 48 h after I/R a
significant difference (p < 0.001) between CAl and CA2-3, DG was
observed: 2.60 (1.70-3.27) versus 4.69 (3.69-5.99), respectively (Fig. 3
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part of hippocampus separately, n = 6; *p
< 0.05, **p < 0.01, ***p < 0.001 vs CAl
comtrol or CA2-3. DG control, respectively.
The optical density of the bands was
normalized to the total protein in line
stained with Ponceau 5. Normalization fac-
tors are shown under representative west-
e blot image.

B). Mitochondrial swelling was not observed and the parameter of area/
perimeter normalized to circularity was even reduced during reperfu-
sion to the value: 0.10 (0.08-0.14) in comparison to 0.11 (0.08-0.16) in
control cells, p < 0.001 (Fig. 3 C).

Thus, in the course of reperfusion the predominance of the mito-
chondrial fission over mitochondrial fusion may be considered in CA1,
while in CA2-3, DG an increased mitochondrial dynamics with signs of
simultaneous activation of both mitochondrial fusion and fission might
be observed together with an increase in mitochondrial content.

3.3. Postischemic mitochondrial elimination occurs in all hippocampal
regions, but at different post-injury time points and via different
intracelhular mechanisms

It is considered that mitochondrial dynamics, especially mitochon-
drial fission, can facilitate mitochondrial degradation via autophagy.
Here we used TEM observation together with the western blot analysis
of key autophagy-involved proteins, mediating early (LC3-11/1 ratio and
SQSTM1/p62) stages of autophagic flux. Specific markers of selective
autophagy of mitochondria, PINK1 and Parkin, were also analyzed.

According to TEM, hardly any autophagic structures were observed
in CAl and CAZ-3, DG regions in control groups (Fig. 4A). A few single
lysosomes could be spotted, The autophagic structures with clearly
visible mitochondrial remnants were present in the CA1 24 h after the
ischemic episode. Additionally, morphological features of swelling of
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Fig. 3. Morphological features of mitochondria in CA1 and CA2-3, DG after I/
R.

A. Representative TEM images presenting pyramidal neurons in CAl and in
CA2-3, DG. Mt. — mitochondria, N- nucleus.

B. Morphometric data on mitochondrial content (total area of mitochondria per
cell soma area [%]). Points indicate number of neurons counted per time point
(n = 28-43). Bars represent median with interquartile range (Q1 - Q3). Sta-
tistical significance was analyzed by Kruskal-Wallis Test followed by Dunn's
Multiple Comparison Test: *p < 0,05, "*p < 0.01, ***p < 0,001,

C, I Morphometric quantification of mitochondrial swelling calculated as
area/perimeter normalized to circularity and mitochondrial elongation [AU],
Points repregent individual mitochondria quantified per time point {(n =
907-1165). Bars represent median with interquartile range (Q1 - Q3). Statis-
tical significance was analyzed by Kruskal- Wallis Test followed by Dunn's
Multiple Comparison Test: *p < 0.05, **p = 0.01, ***p < 0.001.

Golgi apparatus were also present. At 48 h of reperfusion, the presen-
tation of autophagic structures at different stages was even further
enhanced in this region. Meanwhile, in CA2-3, DG autophagic structures
were also observed, both 24 and 48 h after the ischemic episade, but not
as abundant as in the CAl region. Swelling of Golgi apparatus was not
observed either.

In accordance with TEM analysis, rapid, statistically significant in-
crease of LC3-1I/1 ratio was found in CAl (Fig. 4B). This phenomenon
was observed as soon as [/R 3 h reaching 2.37 £+ 0.9 control value (p <
0.005, n = &), it persisted throughout the experiment and was accom-
panied by a significant decrease of PINKL protein (0.73 + 0.2, p < 0.01,
n = 6). The elevated LC3-1I/1 ratio was also present in CA2-3, DG but it
was recorded further after the insult, starting from 48 h post I/R and
reaching 3.5 & 2.1 (p < 0.001, n = 7) 72 h after ischemia, together with
a statistically significant increase of PINK1 (1.8 + 0.3, p < 0.001,n =7},
Parkin (1.34 + 0.2, p < 0.05, n = 7} and SQ8TM1,/p62 (1.29 + 0.3, p <
0.05, n = 7) which was not observed in CAl.

Taken together, TEM and western blot analysis confirmed the
implication of autophagy in the neuronal response to ischemia-
reperfusion in our model. General autophagy was activated in CAl
shortly after I/R and persisted, while in CA2-3, DG, the activation of
autophagy was delayed and less profound than in CAl. Furthermore, a
selective, PINK1/Parkin-mediated elimination of mitochondria in
CA2-3, DG might be involved.

BBA - Molecular Bosis of Disease 1860 (2023) 166633

3.4. miDNA content in CA2-3, DG prevails over CA1 and this relation is
preserved after I/R

To further examine mitochondrial quality and quantity, mtDNA
content was analyzed by qPCR, calculated in relation to nuclear DNA
(MDNA) and expressed as mtDNA/nDNA ratio (Fig. 5A). In control
hippocampi the value of mtDNA/nDNA ratio in CA2-3, DG was signif-
icantly higher than the CA1 value and amounted to 5.81 + 1.37 and 3.6
+ 0.78 {p < 0.001, n = 7), respectively, A transient drop in mtDNA/
nDNA ratio was observed at 48 h in all hippocampal regions after
ischemia. However, even after /R, mtDNA content was higher in
CA2-3, DG than in CAl at 6 h, 24 h and 48 h time points.

3.5. Postischemic mitochondrial biogenesis is enhanced in CA2-3, DG but
not in CA1

In the face of mitochondrial damage and elimination, a compen-
sating mechanism is anticipated to regain cellular homeostasis and to
restore intracellular ATP supply. As variations in mitochondrial mass
can be subtle and challenging to follow, different approaches could be
adopted. Here, we analyzed changes in the protein level of key tran-
scriptional factors mediating mitochondrial biogenesis (PGC-1«a, Nrfl,
Tfam) together with selected proteins representing respiratory chain
complexes by western blot.

Master regulator of mitochondrial biogenesis, PGC-1x, was not
altered and the secondary transcriptional factor, Nrfl, was significantly
decreased in CAl in the course of reperfusion (Fig. 5 B). Transient and
rapid, statistically significant increase in Tfam protein was observed at 3
h after I/R while the protein levels of representative subunits of electron
transport chain (ETC) complexes: ITI, IV and V were reduced (Vig. 6). By
contrast, the immunodetection of complex [ subunit in CA1 was elevated
at 48 h and 96 h after I/R (1.33 + 0.1, 1.34 + 0.2, p < 0,01, n = 4).
Considering the decrease of citrate synthase enzymatic activity and
Hsp60 protein, shown in Fig. 1C, D, no particular hallmarks of mito-
chondrial biogenesis in CAl were detected, even though the protein
level of PGC-1n in CAT control was higher than in CA2-3, DG. An
observed increase in Tfam protein did not result in an increased
biosynthesis of the considered mitochondrial proteins, except for the
complex I subunit of a ETC.

Contrastingly, in CA2-3, DG a statistically significant rise of PGC-1a
protein level was observed as soon as 3 h after I/R with the maximum
value reached at 24 h (1.87 + 0.7, p < 0.001, n = 5) and 48 h post I/R
(1.57 = 0.4, p < 0.001, n = 5), despite a lower control value in relation
to CA1 (Fig. 5B). It was accompanied by a significant increase in Nrfl
(reaching statistically significant values at 24 h, 72 h and 96 h after I/'R,
1.4 £ 0.3, 1.5 £ 0.18, 1.77 £ 0.55, p < 0.05, p < 0.01, p < 0.001,
respectively, n = 6)) and Tfam proteins observed at 6 h (1.43 + 0.3, p <
0.05,n=6) and 48 h (1.52 + 0.6, p < 0.05, n = 6) after I/R. This was
followed by enhanced immunodetection of representative subunits of
ETC complexes: T11, TV and V, except for complex I (Fig. 6).

Considering the above, the increased protein levels of all key tran-
scriptional factors in CA2-3, DG after I/R may indicate the activation of
mitochondrial biogenesis in this hippocampal region. An increased
mitochondrial content in CA2-3, DG may be further considered as
shown by the increased protein levels of mitochondrial marker, Hsp60
(Figz. 1D), and representative subunits of ETC (Fig. 6). The induction of
mitochondrial biogenesis was not observed in CAl. The reduction in the
protein level of particular ETC subunits, with the exception of complex I,
may further reveal post-I/R mitochondrial loss in this hippocampal
region.

4. Discussion
In this study we hypothesized that different neuronal sensitivity in

hippocampal CA1 and CA2-3, DG to transient ischemic insult may result
from a different regulation of mitochondrial content (by mitophagy and
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Fig. 4. General autophagy is activated shortly after I/R in CA1 while in CA2-3, DG autophagy markers are elevated further after I/R and involve PINK1 and

SQSTM1/p62.

A. Representative TEM images presenting autophagic structures in CA1 and CA2-3, DG, 24 and 48 h after [/R. Mitochondrial remnants can be easily spotted (white
arrows). ER - Endoplasmatic Reticulum, G - Golgi Complex, Black Arrowheads — disrupted mitochondria with damaged cristae and light mitochondrial matrix, White
Arrowheads — lysosomes, White arrows — remnants of mitochondrial cristae, Black arrows — autolysosomes.

B. Representative western blots and densitometric analysis of LC3-II/1, SQSTM1/p62, PINK1 and Parkin in CA1 and CA2-3, DG homogenates before and after I/R.
Charts present mean values with standard deviation. Points represent biological replicates of the experiment. One Sample t-test was applied for the comparison of
CA1 and CA2-3, DG controls. One-way ANOVA followed by Dunnett's multiple comparisons test was applied for post-ischemia values for each part of hippocampus
separately; n = 5-7; *p < 0.05, **p < 0.01, ***p < 0.001, vs CA1 control or CA2-3, DG control, respectively; The optical density of the particular bands was
rloxmalized to the total protein in line stained with Ponceau S. Normalization factors are shown under representative western blot image.
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mitochondrial biogenesis) and mitochondrial quality (resulting from
mitochondrial fusion, fission and mtDNA abundance) and that the
proper relation between these processes may contribute to neuronal
survival.

A well-established model of transient global ischemia of gerbil brain,
[32,49-52| has already shown different neurodegeneration rates of
hippocampal neurons after transient ischemic insult but the precise
mechanism underlying various neuronal survival rates has not been fully
described so far. Distinct differences between neurons located in
particular hippocampal regions are evolutionarily conserved and may
potentially result from different molecular mechanisms, including sig-
nificant differences in gene expression profiles and mitochondrial ac-
tivity [ 53-55]. This is especially true for CA1 neurons as their relatively
high sensitivity is not only observed in ischemia but also in the aging
process and neurodegenerative diseases [56.57].

In our study we used western blot analysis of homogenates obtained
from CAl and CA2-3, DG, thus representing changes in all cell types
present in these hippocampal subregions This was supported by the
analysis of transmission electron microscopy micrographs to observe
post-ischemic changes in mitochondrial ultrastructure and localisation
in the soma of neurons.

4.1. Mitochondrial ultrastructure and content

Using TEM, we showed that the morphological features of severe

o
T Conrol 0 th _3th_an T bin

Fig. 5. Main mitochondrial biogenesis protein markers
are elevated in CA2-3, DG but not in CA1l. mtDNA
content prevails in CA2-3, DG over CAl and this
relation is sustained after I/R.

A. Mean mitochondrial DNA content in CAl and
CA2-3, DG expressed as mtDNA/nDNA ratio. Charts
present mean values with standard deviation. Points
represent biological replicates of the experiment. One
Sample t-test was applied for the comparison of CAl
and CA2-3, DG controls. One-way ANOVA followed by
Dunnett's multiple comparisons test was applied for
post-ischemia values for each part of hippocampus
separately; n = 7; ### p < 0.001 vs CAl; *p < 0.05,
**p < 0.01, vs CA1 control or CA2-3, DG control,
respectively.

B. Representative western blots and densitometric
analysis of PGC-1a, Nrfl and Tfam in CA1 and CA2-3,
DG homogenates before and after 1/R. Charts present
mean values with standard deviation. Points represent
biological replicates of the experiment. One Sample t-
test was applied for the comparison of CA1 and CA2-3,
Ttam DG controls. One-way ANOVA followed by Dunnett's
multiple comparisons test was applied for post-
ischemia values for each part of hippocampus sepa-
rately; n = 5-7; *p < 0.05, **p < 0.01, ***p < 0.001,
vs CA1 control or CA2-3, DG control, respectively; The
optical density of the particular bands was normalized
to the total protein in line stained with Ponceau S.
Normalization factors are shown under representative

i western blot image.

mitochondrial and cellular damage after I/R were much more pro-
nounced in CA1 than in CA2-3, DG neurons and preceded neuronal loss
in this region. This observation is in line with previous studies describing
high vulnerability of CA1 neurons [52]. Post I/R ultrastructural distur-
bances in CAl were accompanied by a reduced enzymatic activity of
citrate synthase. This parameter is an accepted marker for the mito-
chondrial volume [46,58]. CA1 also demonstrated a reduced immuno-
detection of mitochondrial matrix marker, Hsp60, as well as other
mitochondrial proteins: Mfn2, Opal and respiratory chain subunits I1I-
IV-V. The consistent reduction of these parameters may point to
reduced mitochondrial content in CA1 after I/R, which, in turn, may be
the result of mitochondrial elimination. This assumption was further
confirmed by increased autophagy markers (LC3-11/1, SQSTM1,/p62)
and ultrastructural presentation of autophagic figures which were
abundant in CA1 after 1/R, as discussed further below.

4.2. Mitochondrial fusion and fission

In our model, an enhanced post-ischemic mitochondrial fission was
observed in ischemia-sensitive CAl. As demonstrated by TEM images,
24 h and 48 h after the insult, an elongated mitochondria in the soma of
CAl neurons were barely seen while mitochondrial swelling was
evident. The observed mitochondrial fragmentation might result from a
simultaneous activation of mitochondrial fission, demonstrated by an
increased phoshpo-Ser616-Drpl/Drpl ratio, and down-regulated
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mitochondrial fusion, represented by a decreased Mfn2 and L-Opal.
Long, membrane-bound forms of Opal (L-Opal) are required for mito-
chondrial fusion and cristae maintenance, but their processing to short,
soluble forms (S-Opal) can limit fusion and can facilitate mitochondrial
fission [47.48]. However, as shown elsewhere, S-Opal is fully compe-
tent to maintain mitochondrial energetics and cristae structure [47].
Here, we did not observe a change in the ratio of L-Opal and S-Opal to
total Opal, as both forms of Opal were reduced in the ischemia-
vulnerable hippocampus after the insult and so was the total Opal.
These observations are in line with previously reported outcomes pre-
senting mitochondrial fission as an early and up-stream event in neu-
rodegeneration [59,60]. Post-ischemic mitochondrial fragmentation in
CA1 presented in this study is also consistent with previous reports on
mitochondrial morphology in post-ischemic hippocampus [61]. An
increased mitochondrial fission in hippocampus was also reported in
neurodegeneration caused by mutant APP and amyloid beta in trans-
genic mice [62].

Accordingly, we observed an enhanced post-ischemic mitochondrial
fusion in ischemia-resistant CA2-3, DG. An increased mitochondrial
fusion in these hippocampal regions was manifested by the presence of
elongated mitochondria, observed by TEM even at 48 h after the
ischemic event and further demonstrated by mitochondrial elongation
parameter and elevated protein levels of pro-fusion agents: Mfn1, Opal
and, especially, Mfn2. The post-insult phospho-Ser616-Drp1/Drp1 ratio
in CA2-3, DG was also increased, but it seems that mitochondrial fusion
outweighed mitochondrial fragmentation in these hippocampal regions
in reperfusion phase. In parallel, we observed significantly increased
protein levels of respiratory chain subunits, confirming the positive ef-
fects of mitochondrial fusion on cellular oxidative capacities. Our ob-
servations on the neuroprotective effect of the increased mitochondrial
fusion can be further supported by the data of neuronal protection by
donepezil in the cardiac I/R injury model, where an increase in fusion-
related mitochondrial proteins was observed in addition to BBB
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was applied for post-ischemia values for each
part of hippocampus separately; n = 4 biolog-
ical replicates; *p < 0.05, **p < 0.01, ***p <
0.001, vs CA1 control or CA2-3, DG control,
respectively; The optical density of the partic-
ular bands was normalized to the total protein
in line stained with Ponceau S. Normalization
factors are shown under representative western
blot image.

protection, decreasing oxidative stress, mitochondrial dynamics imbal-
ance and dendritic spine loss, among others [62]. In another study,
Medala et al. [64] pointed that neurodegeneration in AD might be
ameliorated by small molecular inhibitors of Drpl which improve
mitochondrial function and over-all neuronal health by restoring mito-
chondrial fusion and fission balance and improving mitochondrial
biogenesis [64], which further supports the link between proper mito-
chondrial dynamics and neuroprotection.

4.3. Autophagy and mitochondrial elimination

Autophagy activation as a cellular response to an ischemic insult has
been observed in various in vivo and in vitro models [65]. The effects of
this phenomenon might be considered a double-edged sword [66].
General autophagy activation, as was observed here in CAl, may enable
immediate separation and consequent elimination of damaged mito-
chondria and thus limit the release of pro-apoptotic agents. It may also
serve as an attempt of energy retrieval under the oxygen and glucose
shortage and thereby making further contribution to the neuronal sur-
vival, as discussed by Jiang et al. [67]. A common autophagy inducer,
rapamycin, was shown to be neuroprotective in various in vivo models
(MCAO or the four-vessel occlusion) as it prevented over-activation of
mTOR signaling pathway reducing the infarct volume and ameliorating
neurological functions [68,69|. However, in our research, we observed
that even immediate endogenous activation of autophagy alone was not
sufficient to prevent neuronal loss in CAl.

An increased protein level of autophagy markers, LC3-II and
SQSTM1/p62, were present in all considered hippocampal regions.
Generally, autophagy activation results in SQSTM1/p62 reduction, as
this protein is degraded together with the other components of the
autophagosomes, but exceptions have been described [70]. In our
research, the accumulation of SQSTM1/p62 in the reperfusion might
result from the imbalance between the degradation rate and a potential
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increase in SQSTM1/p62 biosynthesis, The SQSTM1/p62 protein is also
implicated in other molecular processes, e.g. ubiquitin-proteasome
system and apoptosis, which may also affect its protein level [71.72].

Unlike in CAl, an increased LC3-II/1 ratio in CA2-3. DG was
accompanied by elevated PINK1 immunodetection. PINK1 is a key
mediator of selective autophagy of damaged mitochondria [73]. How-
ever, according to Chen et al. [74], neuroprotective effects of PINK1 may
also result from its counteracting effect on Drpl translocation to mito-
chondria, as PINK1 may alter the phosphorylation of Drpl at Ser616
[74]. The protective role of PINK1 via Drpl phosphorylation was further
presented in the intestinal I/R injury model [75]. In contrast with the
reports by Chen et al. [74], we did not observe an increase in PINK1
protein in CAl after I/R. Nonetheless, here we showed that this phe-
nomenon occurred in CA2-3, DG and also corresponded with a higher
neuronal survival rate and decreased mitochondrial fission. Thus, our
data suggests that in I/R-resistant hippocampal regions PINK1 may
contribute to neuronal survival by its role in selective elimination of
damaged mitochondria but its impact on post-ischemic mitochondrial
dynamies should not be excluded.

4.4. mtDNA content and Tfam

In contrast to the presumed changes in mitochondrial mass after I/R
episode, mtDNA content was not significantly affected even in CAl
during the reperfusion. The number of mtDNA copies does not neces-
sarily reflect the number of mitochondria, as the precise number of
mtDNA particles varies according to the cell type and metabolic state
[76,77]. However, it has been demonstrated that a relatively lower
number of mtDNA copies in patients is associated with a higher risk of
cardiovascular incidents [78] and the severity of outcomes after stroke
[79]. Furthermore, the depletion of mtDNA was described to correspond
with brain pathologies, like amyotrophic lateral sclerosis, and temporal
lobe epilepsy with Ammon's horn sclerosis |80]. The accumulation of
mtDNA deletion was observed in dopaminergic neurons of PD patients

81].

In our model, a significant difference in mtDNA between control CA1
and CA2-3, DG was observed, which was consistent with the data shown
elsewhere [54]1. A higher mtDNA content in CA2-3, DG corresponded
with a higher ischemia resistance of this regions. As higher mtDNA
content in CA2-3, DG was neither accompanied by a greater immuno-
detection of mitochondrial proteins nor the citrate synthase activity over
the values in CAl, our findings are not sufficient to postulate a higher
mitochondrial content in CA2-3, DG over CA1. What may be suggested,
however, is a greater mtDNA copy density in CA2-3, DG than in CA1.

A relatively stable mtDNA content after 1/R observed in our model is
in line with an increased protein level of Tfam, detected as soon as 3 h
after the insult in all hippocampal sections. In CA1 this phenomenon
seems independent from PGC-1c and Nrf1, as the protein levels of these
transcription factors were not changed after I/R. Tfam is a key player in
mtDNA transcription, packaging, and maintenance and it is likely to
encounter many types of mtDNA damage and secondary structures |52,
In the rat model of neonatal hypoxic-ischemic brain, the transient
change in mtDNA content and proteins Hsp60 and COXIV, and citrate
synthase activity together with expression of Nrfl and Tfam were
observed to inerease in neurons in the cortical infaret border zone,
whereas PGC-1x remained unaffected [53], Consequently, the authors
concluded that neonatal HI brain injury rapidly induced mitochondrial
biogenesis, which may constitute a novel component of the endogenous
repair mechanisms of the brain, Accordingly, the increase in Tfam
protein level in CA1 at 3 h after ischemia shown here, together with the
sustained mtDNA content, may also indicate an attempt of a rapid and
PGC-1a-independent rescue.

4.5. Mitochondrial biogenesis and electron transport chain proteins

An increased level of PGC-1a after [/R insult, as observed here for
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CA2-3, DG, was previously described in various in vivo and in vitro
models and also corresponded with higher neuronal survival |83, Tt was
further demonstrated that PGC-1u down-regulation sensitized neurons
to ischemic/hypoxic insults while its overexpression resulted in neuro-
protection |84]. The certain relationship between enhanced mitochon-
drial biogenesis and neuroprotection observed experimentally makes
this molecular pathway a potent and potential target of post-ischemic
treatment [85]. In our research, an activation of mitochondrial
biogenesis in CA2-3, DG was manifested by increased protein levels of
key transcriptional factors mediating mitochondrial biogenesis, PGC-1 .
Nrfl and Tfam, but also by an increase in mitochondrial proteins, like
Hsp60 and particular subunits of electron transport chain complexes.
The mitochondrial content parameter calculated from TEM images was
also significantly higher in CA2-3, DG than in CA1 48 h after I/R.
Furthermore, the enzymatic activity of citrate synthase, another marker
of mitochondria quantity and quality, in ischemia-resistant regions was
sustained during reperfusion despite the observed autophagy/
mitophagy.

In CA2-3, DG, an elevated protein level of transeriptional factors was
followed by increased immunodetection of ETC complexes ITI, IV and ¥
but not complex 1. As respiratory chain complex I is regarded to be the
main source of reactive oxvgen species, a relatively low expression of
complex | would be beneficial under the oxygen deprivation and reox-
ygenation. As demonstrated before, PGC-1i contributes to neuronal
protection also by its impact on ROS metabolism. Elevated PGC-1« was
shown to activate ROS detoxifying enzymes [94]. However, further
research is needed to investigate a regulatory effect of PGC-1u on
complex I expression.

By contrast, we did not observe the activation of mitochondrial
biogenesis in I/R-sensitive CA1, Although Tfam protein level during the
reperfusion was increased and mtDNA content was sustained, it was not
followed by biosynthesis of considered mitochondrial proteins, except
for respiratory chain complex 1. This was further accompanied by a
decreased enzymatic activity of citrate synthase and reduced protein
level of Hsp60 in CA1. One possible explanation is that increased com-
plex 1 content in CA1 during the reperfusion, independent from tran-
scription factors cascade, may serve as an attempt to gain ATP among
bioenergetic crisis by rapid enhancement of electron supply onto the
respiratory chain, even at the cost of ROS overproduction. However, as
reviewed by Trushina et al. [56], partial reduction of the activity of the
complexes involved in the oxidative phosphorylation and ETC machin-
ery using genetic or pharmacological down modulation approaches has
been shown to provide significant health benefits, improving mito-
chondrial function and cellular energetics in multiple model systems in
vitro and in vivo [86]. In particular, partial inhibition of mitochondrial
complex I using small molecules has emerged as a therapeutic strategy
for multiple human conditions, including cancer and neurodegenerative
diseases. Therefore, according to these observations, it is the down-
regulation of protein complex 1 that may play a protective role, as we
could see in CA2-3, DG, rather than its increase which correlated with
neuronal damage in CA1.

5. Final conclusions

The I/R injury caused more severe damage to the mitochondria in
CA1 neurons than in CA2-3, DG. I/R-induced impairment involved CA1
mitochondrial network division into round and swollen mitochondria.
Damaged organelles were eliminated via general autophagy, starting
shortly after the insult, which resulted in mitochondrial mass reduction.
As this response was insufficient for neuronal survival, a neuronal loss
was observed in CAl after 72 h post I/R.

Meanwhile, in CA2-3, DG mitochondrial damage was not as severe
as in CAl. An increased mitochondrial network dynamics appeared to
alleviate the disruption in mitochondrial network. Damaged mito-
chondria underwent FINKI/Parkin-mediated mitophagy, which took
place later after 1/R episode. Additionally, mitochondrial biogenesis was
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activated and led to increased biosynthesis of mitochondrial proteins,
not only to compensate for the lost mitochondria but also to increase the
amount of key proteins responsible for ATP synthesis in the reperfusion
phase. The cooperation of these intracellular processes led to neuronal
survival after transient ischemia.

The novelty of this study includes the demonstration of increased
dynamics, selective mitophagy and mitochondrial biogenesis in the area
of the hippocampus that is relatively insensitive to TIA. Such a post-TIA
continuum may therefore ensure the preservation of proper mitochon-
drial quality and quantity and may be considered as part of a naturally
occurring neuroprotection in a selected brain region.
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Abstract

In attempts to develop effective therapeutic strategies to limit post-ischemic injury, mitochondria emerge as a key element
determining neuronal fate. Mitochondrial damage can be alleviated by various mechanisms including mitochondrial net-
work remodelling, mitochondrial elimination and mitochondrial protein biogenesis. However, the mechanisms regulating
relationships between these phenomena are poorly understood. We hypothesized that mitofusin 2 (Mfn2), a mitochondrial
GTPase involved in mitochondrial fusion, mitochondria trafficking and mitochondria and endoplasmic reticulum (ER) teth-
ering. may act as one of linking and regulatory factors in neurons following ischemic insult. To verify this assumption, we
performed temporal oxygen and glucose deprivation (OGD/R) on rat cortical primary culture to determine whether Mfn2
protein reduction affected the onset of mitophagy, subsequent mitochondrial biogenesis and thus neuronal survival. We
found that Mfn2 knockdown increased neuronal susceptibility to OGD/R, prevented mitochondrial network remodelling
and resulted in prolonged mitophagosomes formation in response to the insult. Next, Mfn2 knockdown was observed to be
accompanied by reduced Parkin protein levels and increased Parkin accumulation on mitochondria. As for wild-type neurons,
OGD/R insult was followed by an elevated mtDNA content and an increase in respiratory chain proteins. Neither of these
phenomena were observed for Mfn2 knockdown neurons. Collectively, our findings showed that Mfn2 in neurons affected
their response to mild and transient OGD stress, balancing the extent of defective mitochondria elimination and positively
influencing mitochondrial respiratory protein levels. Our study suggests that Mfn2 is one of essential elements for neuronal
response to ischemic insult, necessary for neuronal survival.

Keywords Mitochondria - Mitophagy - Mitofusin 2 - Primary neurons - Mitochondrial biogenesis - Mitochondrial DNA -
Brain ischemia

Introduction

Mitochondria are a key determinant in proper neuronal func-
tioning. Mitochondrial dynamics include mitochondrial fis-
sion, fusion and motility. The molecular mechanisms and
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critical mediators in mitochondrial dynamism have been dis-
cussed in minute detail and have been the subject of many
detailed reviews [1-3]. The disturbances in the mitochon-
drial quality control mechanisms which affect the elimina-
tion of impaired mitochondria and consequently, mitochon-
drial turnover, are implicated in various neurodegenerative
conditions, like Parkinson’s and Alzheimer’s Disease [4].
Mitochondria are also involved in neuronal response to the
brain ischemia [5]. The precise mechanisms conditioning
neuronal survival under ischemic stress are not entirely
clear yet. To date, considerable effort has been put into bet-
ter understanding of the role of mitochondria in neuronal
response to the ischemic insult in order to find potential
therapeutic targets to limit post-ischemic neuronal damage.
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Impaired mitochondria become the source of pro-apop-
totic stimuli, therefore, various endogenous mechanisms
can occur to alleviate mitochondrial damage. An increased
mitochondrial fusion and fission events have been shown
to facilitate mixing of the mitochondria content thereby
preventing the accumulation of mitochondrial defects [17,
while severely damaged mitochondria were reported to
be eliminated by mitophagy [6]. Finally. the activation of
mitochondrial biogenesis was shown to restore mitochon-
drial content and bioenergetic abilities of the neurons [7,
8]. However, the mechanisms orchestrating mitochondrial
dynamics, mitophagy and mitochondrial biogenesis are still
poorly understood.

Among the variety of mitochondrial proteins, an outer
mitochondrial membrane GTPase, mitofusin 2 (Mfn2),
emerges as a unique player which integrates various func-
tions, particularly mitochondrial fusion, mitochondrial
movement, the tethering of mitochondria to the endoplasmic
reticulum (ER) and, presumably, mitophagy.

Two mitofusins, Mfnl and Mfn2, are known as mamma-
lian homologues of yeast Fzo fusion protein [9]. Mfnl and
Mfn2 share high similarity in their molecular structures and,
partly, their functions. By forming homo- and heterodimers,
they juxtapose mitochondria and facilitate the outer mito-
chondrial membrane (OMM) fusion [10]. However, Mfn2
homodimers alone are weakly efficient to induce OMM
fusion thereby making Mfnl participation an obligatory
factor [11]. By contrast, itis Mfn2, not Mfn1, that is present
at the endoplasmic reticulum conditioning mitochondria-ER
tethering [12] and ER morphology [13].

Mfn2 participates in mitophagy by interacting with key
proteins mediating mitochondria elimination. The selec-
tive elimination of mitochondria via mitophagy was first
described by Kim et al. (2007) [14]. It was further demon-
strated that the disruption of mitochondrial membrane poten-
tial resulted in the accumulation of PTEN-induced kinase
1. PINKI, in OMM [15] and the subsequent recruitment
of E3 ubiquitin ligase Parkin into the impaired mitochon-
dria. Parkin, in turn, by ubiquitination of OMM proteins,
facilitates the attachment of autophagosome membranes to
the damaged mitochondria that undergo degradation [16].
As shown by Chan et al. (2013), Mfn2 phosphorylation by
PINK1 facilitates the translocation of Parkin from cytosol to
the impaired mitochondria causing PINK 1-phosphorylated
Min2 to serve as a receptor for Parkin [17]. Mfn2 undergoes
Parkin-mediated ubiquitination [18] but the precise role of
this phenomenon is still under investigation. Nonetheless,
what has already been proven is that Parkin-mediated M{n2
ubiquitination affects mitochondria and ER contact sites [19]
while Parkin-mediated Mfn2 degradation in proteasome
facilitates the dissociation of mitochondria from the ER
thereby enabling the onset of mitophagy [20)]. Consequently,
the maintenance of mitochondria-ER contacts suppresses
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PINK I/Parkin-mediated mitophagy [21], which confirms
the functional link between mitochondria-ER interaction
and mitophagy.

At some point, the sites of mitochondria-ER contacts
appear Lo be important for mitochondrial biogenesis as well.
It was shown that Dynamin-related protein | (Drpl)-medi-
ated mitochondrial division is crucial for appropriate mito-
chondrial nucleoid distribution during mitochondrial biogen-
esis [22] and that, at the same time, mitochondrial division
preferentially occurs at mitochondria-ER contacts [23].

The role of other proteins mediating mitochondrial net-
work remodelling after ischemic insult has been investigated
before in in vitro and in vivo models. As shown by Wappler
et al. (2013), the contribution of particular fusion and fission
proteins, like Mfn1/2, Opal, Drpl and Fisl, varies depend-
ing on the duration of the insult, but the maintained fusion
emerges as a predominant response of surviving neurons
[24]. At the same time, in many experimental models the
enhanced mitochondrial fission after ischemic insult was
observed to precede apoptotic neuronal death [25], while
the inhibition of Drpl-mediated mitochondrial fission turned
out to be neuroprotective [26-28].

The precise molecular mechanism which regulates
mitophagy and mitochondrial biogenesis has not yet
been described, however, several links have already been
observed. According to recent findings, the mutual antago-
nism between the PINK1/Parkin pathway and Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1u) expression can be detected [29]. PGC-1a is con-
sidered a master regulator for mitochondria biogenesis.
PGC-1a works upstream of nuclear respiratory factor 1
(NRF-1), which is responsible for the expression of most
respiratory complex proteins, and upstream of mitochondrial
transcription factor A (TFAM), which is essential for mito-
chondrial DNA maintenance and replication [30]. It was fur-
ther demonstrated that both Parkin and PINK1 deficiencies
contribute to the accumulation of Parkin-interacting sub-
strate (PARIS), which, in turn, inhibits PGC- 1o expression
[31.32]. However, further research is needed to understand
the complexity of this phenomenon.

In our study, we hypothesized that neuronal Mfn2 may
act as a linking protein that integrates mitochondrial network
remodelling with mitophagy and mitochondrial biogenesis.
We further assumed that this interplay might be crucial for
mitochondrial homeostasis and thus neuronal survival under
ischemic insults. Our assumptions were based on the avail-
able scientific data on the role of Mfn2 in mitochondrial
network dynamics (mitochondrial fusion and trafficking),
the ability of Mfn2 to tether mitochondria and ER, and on
the recorded fact that these Mfn2 functions can be modified
by E3 ubiquitin ligases, such as Parkin, implicated in mito-
chondrial ¢limination.
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To verify this concept, we performed a temporal oxygen
and glucose deprivation (OGD), which is a well-established
cellular model of ischemia-reperfusion injury [24. 33], on
the primary culture of rat cortical neurons. We compared
the effects of oxygen and glucose deprivation followed by
reperfusion (OGD/R) on mitochondrial network morphol-
ogy, mitophagosome formation as well as mitochondrial
biogenesis markers in wild-type and Mfn2 knockdown neu-
rons. In addition, we attempted to determine whether the
knockdown of the Mfn2 may affect the onset of mitophagy
and subsequent OGD/R-induced mitochondrial biogenesis,
and eventually, the neuronal survival.

Materials and Methods
Primary Cell Cultures

Cortical neuronal cultures were prepared from Wistar rat
brains on embryonic day 19 (E19). Pregnant female Wistar
rats were provided by the Animal House of the Mossakowski
Medical Research Institute, Polish Academy of Sciences (War-
saw, Poland). Animal care was provided in accordance with
the European Communities Council Directive (86/609/EEC).

Embryo cortices were dissected and cut into 1-mm
pieces on a 35-mm Petri dish in cold Ca**/Mg”*-free HBSS
{Gibco, Thermo Scientific, Grand Island, NY, USA). Then,
the tissue was transferred to a 15-ml Falcon tube, rinsed
twice with cold Ca®*/Mg**-free HBSS and incubated for
10 min at 37 °C in Ca’*/Mg*"-free HBSS containing 0.2
% trypsin (Gibco). It was followed by double washing with
cold HBSS in the presence of Ca>*/Mg>* (Gibco). Next,
the cell suspension was generated by passaging 10 times
through a fire-polished glass Pasteur pipette in cold Ca>*/
Mg** HBSS containing 1 mg/mL DNase I (Roche, Basel,
Switzerland). The suspension was passed through a 70-pm
cell strainer (Corning, USA) to eliminate tissue debris. For
the immunoblotting, neurons were seeded on Poly-D-Lysine
6-well plates (Corning) at a density of 1 x 10° cells/well.
For fluorescence measurements, cells were sceded on Poly-
D-Lysine coated 24-well plates (Corning) at a density of 2.2
x 10° cells/well.

Neurons were sceded in a Neurobasal medium (Gibco)
supplemented with 2% B-27 (Gibco), 0.5 mM GlutaMAX
(Gibco), 12.5 pM glutamate (Merck/Sigma-Aldrich, Poznan,
Poland), and 1% Antibiotic-Antimycotic (Gibco) at 37 °C
in a humidified atmosphere with 5% CQ,. On day in vitro
(D1V) 2 half of the medium was replaced with glutamate-
free growth medium containing non-neuronal cell prolif-
eration inhibitor CultureOne Supplement (Gibco). Such
neuronal culture was found to consist of more than 90%

@ Springer

of neurons with a minimum number of non-neuronal cells,
based on MAP2Z/GFAP immunofluorescence staining.

Lentiviral Production and Cell Transduction

To induce Mfn2 knockdown, commercially available 29mer
short-hairpin RNA (shRNA) constructs in lentiviral GFP
vector (Origene, Rockville, USA, TL712567) were used.
Two constructs, sh-Mfn2 B and sh-Mfn2 D, were selected
for the experiments, based on satisfactory efficiency in Mfn2
reduction with a relatively low toxicity. As a negative con-
trol, a non-effective 29-mer scrambled shRNA cassette in
pGFP-C-shLenti Vector was used (scrRNA; Origene). Viral
production was performed as described in Gruszczynska-
Biegala et al. (2020) [34]. Neurons were infected with sh-
Min2 and scrRNA- carrying lentiviruses on DIV4 with a
viral infection efficiency exceeding 90%. The experiments
were performed 6 days post transduction (DIV 10).

Oxygen-glucose Deprivation and Reoxygenation
(OGD/R)

OGD/R was performed on DIV 10. For OGD/R treatment,
OGD media, composed of 130 mM NaCl (Sigma-Aldrich,
Saint Louis, USA), 2.5 mM KCI (Sigma-Aldrich), 2.2 mM
CaCl, (AppliChem GmbH, Darmstadt, Germany). 1.5 mM
MgCl, x 6H,0 (AppliChem GmbH}, 10 mM Hepes (Appli-
Chem GmbH), pH 7.3-7.4, was bubbled with 95% N,/5%
CO, for 15 min.

The cells were washed twice with OGD media, then
immediately transferred into the Modular Incubator Cham-
ber (Billups-Rothenberg, San Diego, USA) filled with mixed
gas containing 93% N,/5% CO, for 15 min at 15-20 L/min.
Thereafter. the sealed chamber was incubated at 37°C for 45
min reaching the total time of OGD as 1 h. Neurons in the
control group were maintained under normoxic incubation
conditions. After OGD, the cells were removed [rom the
chamber, refreshed with previously collected conditioned
culture medium and incubated at 37°C in 5% CO, for 3 h or
24 h of the reperfusion phase.

Immunoblotting

For western blotting, neurons were washed with PBS
(Sigma-Aldrich) and lysed with Cell Lysis Buffer (Cell
Signaling Technology, Danvers, USA) containing 1 mM
PMSF (Sigma-Aldrich) for 5 min on ice. The samples were
sonicated and centrifuged at 14,000 x g for 10 min at 4°C.
The supernatant was collected, and a Modified Lowry Pro-
tein Assay (Thermo Scientific, Grand Island, NY, USA) was
performed to determine the total protein concentration. The
samples were diluted in a reducing sample buffer and boiled
at 100°C for S min. For western blotting with anti-OXPHOS
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antibody cocktail (Abcam, Cambridge, UK}, samples were
not boiled, following the manufacturer’s guidelines.

Equal amounts of protein (20-35 pg) were analyzed
by 10-12% SDS-PAGE, electro-transferred onto nitrocel-
lulose (Amersham; Cytiva, USA) or Immobilon-P PVYDF
(Merck Millipore, Burlington, USA) membrane and stained
for the total protein (Ponceau S staining). Following imag-
ing of the total protein, the membranes were blocked with
5% non-fat milk in Tris-buffered saline (TBS) with 0.1%
Tween 20 (TBST) for | h at room temperature. Thereaf-
ter, the membranes were incubated with the appropriate
primary antibodies diluted in TBST or 2.5% milk/TBST at
4°C overnight, including anti-Mfnl (1:1000, 11E9-1H12,
Novus Biologicals, USA, NBP1-71775), anti-Mfn2 (1:1000,
Sigma-Aldrich, M6319), anti-Opal (1:1000, D6U6N, Cell
Signaling, 80471), anti-Drpl (1:1000,4E11B1, Cell Signal-
ing, 14647), anti-TOM20 (1:500, Cell Signaling, Danvers,
USA, 42406), anti-HSP60 (1:1000, Cell Signaling, 12165)
anti-PRK-8 (1:250, Santa Cruz Biotechnology, Dallas,
USA, s¢-32282), anti-PGC-1a (1:250, Santa Cruz Biotech-
nology, sc-518025), anti-NRF1 (1:500; Proteintech, UK,
12482-1-AP), anti-NRF1 (1:250; Santa Cruz Biotechnol-
ogy, 5¢-28379), anti-OXPHOS (1:500; Abcam, Cambridge,
UK. ab110413). The membranes were washed three times
for 5 min in TBST and incubated with the following peroxi-
dase-conjugated secondary antibodies: anti-mouse (Sigma-
Aldrich, A9044) or anti-rabbit (Sigma-Aldrich, A0545)
diluted in 5% non-fat milk in TBST for 30 min at room tem-
perature, and again washed for 5 min in the TBST. Bound
antibodies were visualized by Amersham ECL or Amersham
ECL Select detection reagent (Cytiva, USA). Blots were
imaged and quantified using the Fusion FX imaging system
(Vilber Lourmat, Marne-la-Vallée, France). The band inten-
sities of the proteins of interest were normalized to the total
protein densities corresponding to the same lane and quanti-
fied using ImageJ software with gel analyzer feature (NIH,
Bethesda, MD, USA) as shown by Thacker et al. (2016) [35].

Immunofluorescence and Image Acquisition

Neuronal cultures were seeded at a density of 7.9 x 10%
cm” on 1.5 laminin coated coverslips (Neuvitro Corpora-
tion, Vancouver, WA, USA). The cells were stained with
100 nM Mitotracker Red CMXRos (Thermo Scientific) in
preconditioned culture medium for 45 min., fixed with 4%
paraformaldehyde (AppliChem, Darmstadt, Germany) in
PBS (Sigma-Aldrich) followed by permeabilization with
0.25% Triton-X (Carl Roth, Karlsruhe, Germany) in PBS.
The cells were stained with primary antibodies: mouse anti-
Parkin (1:50; Santa Cruz Biotechnology, Santa Cruz, CA,
5c-32282), mouse anti-MAP?2 clone AP20 (1:250; EMD Mil-
lipore Corporation, Temecula, CA, USA, MAB3418) or rab-
bit anti-GFAP (1:1000; Abcam, Cambridge, UK, ab7260),
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detected by secondary antibodies: goat anti-mouse CF 633
(1:400; Sigma-Aldrich, SAB4600333), donkey anti-mouse
Alexa Fluor 488 (1:400; Jackson ImmunoResearch, West
Grove, PA, USA, cat. 715-545-150) or donkey anti-rabbit
RR-X (1:400; Jackson ImmunoResearch, cat. 711-295-
152). The nuclei were visualized with Hoechst 33342 (8
pM, Thermo Scientific). The samples were mounted in the
ProLong Glass Antifade Mountant (Thermo Scientific).

The immunostained cultures were viewed under Zeiss
LSM780 Axio Observer confocal microscope (Carl Zeiss
AG, Oberkochen, Germany). Images were acquired using a
100x Alpha Plan-Apochromat oil immersion objective (1.46
NA). The unidirectional scanning mode was used and the
image resolution was 1024 x 1024 pixels. When needed,
at least 9 z-sections of 290-300 nm size per image were
taken. Laser power and detector gain values were set once
and repeated throughout the experiments.

Quantitative Image Analysis of Mitochondrial
Morphology and Parkin Accumulation

The acquired images were analyzed using the Mito-Mor-
phology macro by Dagda et al. (2009) [36] created for
Imagel software (NIH, Bethesda, MD, USA). GFP fluo-
rescence or MAP2 staining images were used to help draw
outlines of the cell bodies, and these selections were cop-
ied into images with Mitotracker Red-stained mitochondria
and processed by the Mito-Morphology macro. The method
described by Van Laar et al. (2015) [37] was adapted to
assess cells positive for Parkin accumulation on mitochon-
dria. To confirm that Parkin colocalized with mitochondria
in observed puncta, a line was drawn across the punctum
and a plot of the fluorescence intensity along the line was
examined, as shown previously [38]. Sites of Parkin accu-
mulation displayed overlapping signals of high intensity
both for Mitotracker and anti-Parkin channels. The neurons
which exhibited at least one such punctum were considered
positive, counted and related to the total number of imaged
neurons in particular experimental time. The obtained data
are the average of at least three independent experiments.
The minimal number of cells analyzed for each experimental
point was 20.

Mitophagy Assay

Mitophagy Dye (Dojindo EU GmbH., Munich, Germany)
[39] was used to visualize mitophagosomes in live cells
according to the manufacturer’s instructions with minor
medifications. In brief, the cells were plated on Ibidi p-slide
8 Well plates (Ibidi GmbH, Germany) at a density of 8 x 10°
cells/well. On DIV 10, the neurons were incubated with 200
nM Mitophagy dye at 37 °C for 30 min, washed twice and
subjected to OGD/R experiment. At the appropriate time
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before microscopic analysis, the cells were stained for 30
min with 1:1000 Lysoview 633 (Biotium, Inc., Fremont,
CA., USA) and 8 pM Hoechst 33342 (Thermo Scientific)
diluted in culture medium. The cells were washed twice and
imaged using a Zeiss spinning disk Axio Observer Z1 con-
focal microscope (Carl Zeiss AG, Oberkochen, Germany)
equipped with an incubation chamber with the 37°C tem-
perature and humidified 5% CQO, atmosphere. The images
were acquired as Z-stacks with 240 nm spacing using a 63X
Plan Apo 1.4 objective. The image processing was per-
formed with Imagel software (NIH, Bethesda, MD, USA).
The selection of Mitophagy dye- and LysoView-positive
objects was made with Colocalization Highlighter plugin,
which resulted in an 8-bit colocalized point images, further
transformed into a binary images. The number of colocal-
ized puncta was quantified by Analyze Particles feature,
using the Size and Circularity parameters to exclude noise
and occasional aggregates.

DNA Isolation

Total cellular DNA was purified using E.Z.N.A. MicroElute
Genomic DNA Kit (Omega Bio-tek, Norcross, GA, USA).
In brief, at the indicated time points, the cells were washed
twice, scraped from the plates, centrifuged at 1000 x g,
suspended in PBS (Sigma-Aldrich) and processed accord-
ing to the manufacturer’s protocol. The purity (absorbance
ratio at 260/280) and concentration of DNA samples were
determined spectroscopically using DeNovix DS-11 FX+
(DeNovix Inc., Wilmington, DE, USA).

mtDNA Copy Number Quantitation

A singleplex real-time PCR assay was established for meas-
uring the amount of rat mtDNA relative to the nuclear DNA.
This assay targets the mitochondrial ND1 gene (26193) and
the nuclear single-copy gene [40], p-actin (V01217.1) Prim-
crs and probes were designed using the Primer3web (https://
primer3.ut.ee/) [41]. The probes were labeled at the 5'-end
with FAM. A quencher dye, 6-carboxytetramethylrhoda-
mine (TAMRA), was linked to the 3'-end of both probes.
Primers and probes were synthesized by DNA Sequencing
and Synthesis Facility IBB PAS, Warsaw, Poland. We used
the following primers and probes: mtDNA forward primer,
ND1226F: ACCCTCTCCCTTACACTAGC; mtDNA
reverse primer, ND1405: AAGAGATGGTTTGGGCAACG;
TagMan probe, ND1_380TM: 5-ACTCCCTATTCGGAG
CCCTACGAGC; nuclear DNA forward primer, ACTB_F:
GGGATGTTTGCTCCAACCAA; nuclear DNA reverse
primer, ACT_R: GCGCTTTTGACTCAAGGATTTAA;
TagMan probe, ACTB_TM: 5'-CGGTCGCCTTCACCG
TTCCAGTT. Real-time PCR was performed in a Micro-
Amp EnduraPlate optical 96-well reaction plate (Applied
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Biosystems, Foster City, CA, USA) sealed with MicroAmp
optical adhesive film (Applied Biosystems) on the ABI
7500 FAST Real-time PCR System (Applied Biosystems).
The reaction mix (total volume 20 pL) consisted of: 10
pl. TagMan Fast Advanced Master Mix (Applied Biosys-
tems), 4 pL. Nuclease-Free Water (Applied Biosystems), 2
pl miDNA or nDNA primers (900 nM each), 2 pl mtDNA
or nDNA probe (250 nM}, 2 pl DNA (50 ng). The real-time
PCR reactions were performed in triplicate for both genes.
The temperature program was initiated with a polymerase
activation at 95 °C for 2 min, followed by 40 cycles at 95 °C
for 3 s and 60 °C for 30 s. The cycle threshold (Ct) values
were determined using SDS 2.3 software (Applied Biosys-
tems). Relative copy number was calculated using analysis
of the difference in Ct between mtDNA and nuclear DNA.
Relative quantification was performed by the AACt method
[42] and expressing the ratio as a percentage of the calibra-
tor — untreated control cells — set as 100%.

RNA Extraction and RT-qPCR

Total RNA was extracted from cells using Total RNA
Mini Plus Concentrator kit (A&A Biotechnology, Gdansk,
Poland). For assessing RNA quality and yield, A260/A280
and A260/A230 ratios for RNA preparation samples were
analyzed with a DeNovix DS-11 FX+ spectrophotometer
(DeNovix Inc., Wilmington, DE, USA). To determine Par-
kin mRNA expression, reverse transcription was carried out
using High-Capacity RNA-to-cDNA Kit (Applied Biosys-
tems) with total RNA (2 pg) according to the manufacturer’s
instructions. Real-time PCR was performed in triplicates
using TagMan Gene Expression Assay probes for Parkin
(Rn00571787_ml), Gapdh (Rn(}1775763_g1} and B-actin
(Rn01412977_gl) with TagMan Fast Advanced Master Mix
(Applied Biosystems) in the ABI 7500 FAST Real-time PCR
System (Applied Biosystems). The thermal cycling was ini-
tiated by the polymerase activation step for 2 min at 95 °C,
followed by 40 cycles at 95 °C for 3 5 and 60 °C for 30 s.
mRNA levels of B-actin or Gapdh were used as an internal
control to normalize the mRNA levels of Parkin. The expres-
sion levels for Parkin were assessed in relation to Gapdh and
pB-actin expression (AACt method, according to Livak and
Schmittgen (2001) [42]).

Lactate Dehydrogenase (LDH) Assay

Neuronal death was examined by measuring LDH release
into the culture medium, using CytoTox-ONE Homog-
enous Membrane Integrity Assay (Promega, Madison, WI,
USA), according to the manufacturer’s manual. LDH levels
for samples were normalized to Maximum LDH Release
control.
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Pyknotic Nuclei Count

Control and OGD/R-subjected live neurons were incubated
on DIV 10 and DIV 11 respectively, with 8 pM Hoechst
33342 (Thermo Scientific) in culture medium, After 30 min,
the staining solution was replaced with HBSS (Gibco) and
images were taken using Olympus [X71 fluorescence micro-
scope equipped with Olympus Colorview [11 camera (Olym-
pus, Tokyo, Japan) and dedicated Cell*F software. Nucleus
counting was performed using the Cell Counter plugin for
Imagel] (NIH, Bethesda, MD, USA),

Mitochondrial Membrane Potential

Mitochondrial membrane potential was measured fluoro-
metrically using JC-1 dye (5.5',6.6-tetrachloro-1,1',3.3-
tetraethylbenzimidazolylcarbocyanine iodide; Sigma-
Aldrich/Merck), according to Cossarizza et al. (2001)
[43]. IC-1 Auorescence was measured at Ex/Em: 475/530
nm for green and at 475/590 nm for the red channel using
monochromator-based microplate reader, Tecan INFINITE
M1000 PRO with dedicated software (Tecan Group Lid,
Mannedorf, Switzerland). In brief, the neurons were cultured
on 24-well BioCoat plates (Corning). On DIV 10, directly
after the OGD experiment, control and OGD-treated neurons
were incubated for 10 min with 1 uM JC-1. After washing,
the fluorescence was measured in PhenolRed-free Ca*"/
Mg”* HBSS (Thermofisher Scientific, USA). In parallel,
JC-1 measurement was performed on neurons treated for 1
h with 5-10 pM mitochondrial uncoupler CCCP {Carbonyl
cyanide 3-chlorophenylhydrazone; Sigma-Aldrich) to further
diminish the mitochondrial membrane potential.

Statistical Analysis

The results are presented as mean =+ standard deviation. Sta-
tistical analysis was performed using one-way analysis of
variance (ANOVA) followed by the Bonferroni’s multiple
comparison test. For data sets that did not meet the normal
distribution, the Kruskal-Wallis test was used followed by
Dunn’s multiple comparison test. All calculations were per-
formed using GraphPad Prism 5.0 (GraphPad Software, San
Diego, CA, USA).

Results

Mfn2 Knockdown Results in Increased Neuronal
Damage 24 h after Oxygen and Glucose Deprivation

The in vitro experiments were performed on primary cul-

tures of rat cortical neurons with reduced numbers of glial
cells. To mimic ischemic insult, neurons were subjected to
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the temporal deprivation of oxygen and glucose performed
according to the scheme shown in Fig. 1A. After 10 days of
culturing, the culture medium was replaced by deoxygen-
ated glucose-free buffer and culture plates were placed in an
oxygen-free chamber at 37°C. Afier 1 h, the culture medium
was restored and neurons were returned to normoxic condi-
tions (reoxygenation). The samples were collected at 3 h and
24 h. The controls were obtained from the neurons that were
kept under normoxic condition throughout the experiment.

The duration of oxygen and glucose deprivation was
optimised to avoid significant cell death 24 h later to allow
for the observation of long-time effects of the insult. In our
study, 1 h OGD reduced the mitochondrial membrane poten-
tial in wild-type (wt) neurons by almost 20 %, as shown by
changes in JC-1 probe Mluorescence (Fig. 1B). In compari-
son, 1-h treatment with the mitochondrial uncoupler, 5 pM
CCCP, reduced the mitochondrial membrane potential in
wt neurons by half, confirming the moderate character of
the OGD insult (Fig. 1B). Also, for such a subtle insult, we
did not observe an increase in LDH release in wit neurons
(Fig. 1C).

As demonstrated by western blot, 1-h OGD significantly
and constantly reduced the Mfn2 level in total cell lysates of
wt neurons. The reduction of the Mfn2 protein was observed
as early as 3 h after the insult, while the Mfnl and Hsp60
proteins were unaltered and Opal, Drpl and TOM22 tem-
porarily dropped at 3 h after the OGD (Fig. 1D and Sup-
plementary Fig. 1).

To determine whether Mfn2 protein affects neuronal dam-
age after OGD, first, we validated the knockdown constructs
for Min2 (sh-Mifn2 B and sh-MIn2 D), as demonstrated at
Fig. 2A-B. As shown by western blot, both shRNA con-
structs significantly reduced the level of Mfn2, while the
level of the Min1 did not diminish. As measured on DIV10,
the sh-Min2 B and sh-Mfn2 D constructs reduced Mfn2 pro-
tein level by 86% and 89%, respectively, relative to scrRNA-
transduced neurons. Meanwhile, Mfn1 protein was unaltered
by scrRNA and OGD, while in sh-Min2 neurons Mfnl was
elevated by 23% (sh-Mfn2 B) or 54% (sh-Mfn2 D) before
the insult, and up to 33% (sh-Mfn2 B) and 56% (sh-Mfn2 D)
after the insult (Fig, 2B).

The reduction in the mitochondrial membrane potential
caused by 1 h OGD in shRNA-transduced neurons was com-
parable to those observed for wt neurons (Fig. 2C).

To verify whether Mfn2 deficiency can affect neuronal
viability, we measured lactate dehydrogenase (LDH) release
(Fig. 2D) and the number of pyknotic nuclel in the total cell
population (Fig. 2E). In scrRNA-treated neurons, the reduc-
tion in mitochondrial membrane potential caused by 1 h
OGD was not followed by a significant decrease in neuronal
viability even after 24 h (Fig. 2D). In contrast, LDH release
in Mfn2 knockdown neurons was significantly increased 24
h after OGD and exceeded 50% of the maximum possible
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Fig.1 Min2 protein level is reduced after mild OGD in rat corlical
neurons. {A) Experimental design. OGD — oxygen and glucose dep-
rivation. DIV — day in vitro; (B) Effects of 1 h OGD on mitochon-
drial membrane potential in wild-type (wt) neurons expressed as rela-
tive red o green fluorescence ratio of IC-1 probe, directly after the
insult. CCCP was used as a control of Ay reduction. Mean + SD; s
=4, #*3p < 0,001 vs wt control; (C) Eifects of OGD/R on cell sur-

LDH release. (Fig. 2D). The percentage of pyknotic nuclei
in Mfn2 knockdown neurons 24 h after the OGD reached
over 50% which was also significantly higher than in wt and
scrRNA-transduced neurons (Fig. 2E).

Admittedly, the Mfn2 knockdown alone did not affect the
viability of neurons during the culturing but it increased neu-
ronal sensitivity to oxygen and glucose deprivation observed
24 h after the insult.

Mfn2 is Necessary for the proper Mitochondrial
Network Morphology and Recovery after OGD
and Reoxygenation

Considering the role of Mfn2 in mitochondrial fusion and
trafficking, we next analyzed the differences in the morphol-
ogy of the mitochondrial network in Mfn2 knockdown neu-
rons in response to OGD/R insult.

Mitochondria were labelled with Mitotracker Red probe
and mitochondrial morphology analysis in the soma of rat
cortical neurons was performed using 2D confocal images
(Fig. 3A, G). To characterize the mitochondrial network
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vival in wi neurons measured as LDH release. Mean + SD: n = 6.
(D) Representative western blots and densitometric analysis of M2,
Mifnl. Opal, Drpl. TOM22 and Hsp60 in cell lysates of wt neurons
after OGD/R. n = 4. *p < (L05, **p < (.01, vs wt control. The optical
density ol the particular bands was normalized to the total protein in
line stained with Ponceau S. Normalization factors are shown under
representative western blot image (Supplementary Fig. 1)

morphology, the following parameters were used: mito-
count (Fig. 3B, H). mitochondrial content (Fig. 3C, 1),
average mitochondrial size (Fig. 3D, J), mitochondrial
interconnectivity (Fig. 3E, K) and mitochondrial elonga-
tion (Fig. 3F, L) according to Dagda et al. (2009) [36].

A rapid drop in the mito-count parameter was observed
in wt neurons in response to OGD/R (Fig. 3B). It was
accompanied by a significant increase in mitochon-
drial content (Fig. 3C) and mitochondrial average size
(Fig. 3D). A mito-count parameter represents the number
of closely connected mitochondria recognized by the soft-
ware as separate objects. A mito-count decrease, together
with an elevated average mitochondria size indicates an
intensified mitochondrial fusion induced by OGD/R. This
is further supported by a significant increase in mitochon-
drial interconnectivity (Fig. 3E) and mitochondrial elon-
gation parameters (Fig. 3F). which is initiated soon after
the insult. As the reduced number of mito-objects was
accompanied by the increased mitochondrial content, the
Aux of mitochondria to the soma in response to OGD/R
may be considered.
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Fig.2 Mfn2 knockdown increases the susceptibility of neurons to
OGD/R. (A) Experimental design. OGD — oxygen and glucose dep-
rivation. DIV — day in vitro; (B) Representative western blot and
densitometric analysis of Mfnl and Mfn2 in cell lysates of shRNA-
transduced neurons after OGD/R. n = 4. * p < 0.05, **p < (.01, **¥p
< 0.001 vs scrRNA control; #p < 0.01:; ##p < 0.001 vs ShRNA
control; the optical density of the particular bands was normalized to
the total protein in line stained with Ponceau S. Normalization factors
are shown under representative western blot images. (C) Effects of ]
h OGD on mitochondrial membrane potential in shRNA-transduced

Similar alterations in mitochondrial morphology were
observed for scrRNA-transduced neurons after OGD/R
(Fig. 3G). The number of mito-objects represented by the
mito-count parameter was slightly reduced by the OGD/R
(Fig. 3H). It was accompanied by a higher content of mito-
chondria (Fig. 31) and an increased mitochondrial elongation
parameter at 3 h and 24 h after the insult (Fig. 3L). However,
the mitochondrial interconnectivity parameter in scrRNA
control was only slightly elevated when compared to wt neu-
rons. Such an increase was sustained after OGD/R (Fig. 3K).

By contrast, in sh-Mfn2 controls, the mito-count
parameter demonstrated a significantly greater number
of mito-objects than in scrRNA neurons (Fig. 3H), while
the average size of mitochondria in sh-Mfn2 controls was
significantly diminished (Fig. 3J). It was accompanied by
a decreased mitochondrial elongation parameter (Fig. 3L)
and mitochondrial interconnectivity (Fig. 3K). Therefore,
the mitochondrial network in Mfn2 knockdown neurons
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neurons expressed as relative red to green fluorescence ratio of JC-1
probe, directly after the insult. Mean + SD: n = 4. **p < 0.01, #***p
< 0.001 vs scrRNA control; ###p < 0.001 vs sh-Mfn2 control; (D)
Effects of OGD/R on cell survival measured as LDH release. Mean +
SD; n = 6. *p < 0.05; **p < 0.01 vs sctRNA control. ##p < 0.01 vs
sh-Mfn2 control; (E) Effect of OGD/R on the percentage of pyknotic
nuclei in the total number of nuclei in wt and shRNA-transduced neu-
rons, 24 h after OGD. Nuclei were stained with Hoechst 33342; chart
and representative images. Scale bars: 50 pm, n = 4. *p < 0.05, **p
< 0.01 vs scrRNA control

was much more dispersed and fragmented into smaller
mitochondria in comparison to scTRNA neurons, even
before the insult.

Furthermore, neither the average mitochondrial size
(Fig. 3J) nor the mitochondrial content (Fig. 31) was
observed to increase in Mfn2 knockdown neurons in
response to OGD/R. The mitochondrial elongation param-
eter was lowered even more by OGD/R (Fig. 3L). Thus,
the Mfn2 knockdown prevented the OGD/R-induced mito-
chondria gathering in the soma and mitochondria elongation
observed for wt and scrRNA-transduced neurons.

As shown by the mito-count parameter, the number
of identified separate mito-objects in sh-Mfn2 B neurons
decreased 3 h after OGD/R, but returned to the control value
24 h later (Fig. 3H). This was followed by a transient and
slight increase in the average mitochondrial size in sh-Mfn2
B neurons, as a significant decrease in this parameter was
observed 24 h after OGD/R (Fig. 3J). These observations
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Fig.3 Mfn2 knockdown affects the mitochondrial network in con-
trol neurons and prevents the remodelling of mitochondrial network
after OGD. (A) Representative images of mitochondria in wild-type
(wt) neurons, visualized with Mitotracker Red probe, before and
after OGD/R. Scale bars represent 10 pm. (B-F) Quantitalive image
analysis of mitochondrial network parameters in wt neurons, # = 3.
A number of cells analyzed for each experimental point: 21-27, *
p < 0.05, ¥¥p < 0.01, **¥p < 0.001 vs wi control. (G) Representa-
tive images of mitochondria in shRNA-transduced neurons, visual-

might indicate an ineffective attempt at the mitochondrial
fusion in response to OGD.

All in all, wt neurons demonstrated an increased mito-
chondrial fusion and an enhanced mitochondrial network
branching in response to OGD. The changes in the mito-
chondrial network started shortly after the insult and lasted
up to 24 h. In sh-Mfn2 neurons, in turn, the Mfn2 knock-
down altered the mitochondrial network morphology,
favouring its fragmentation and preventing the post-insult
remodelling of the mitochondrial network.

Mfn2 Knockdown Enhances Mitophagy in Primary
Rat Cortical Neurons

Having regard to recent reports on the relationship between
mitochondrial network dynamics and mitophagy, we further
examined the effect of Mfn2 knockdown on the onset of
mitophagy after OGD/R.

We used the mitochondrial-specific fluorescent probe,
Mitophagy Dye, which is characterized by the shift in
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ized with Mitotracker Red probe, before and after OGD/R. Scale bars
represent 10 pm. (H-L) Quantitative image analysis of mitochondrial
network parameters in shRNA-transduced neurons, n = 3. A number
of cells analyzed for each experimental point: 21-27. * p < 0.03, *¥p
< 0.01, #*#*p < 0.001 vs scrRNA control; #p < 0.05, #p < 001,
###p < 0.001 vs sh-Mfn2 control. For the image analysis, the follow-
ing parameters were used: mito-count (B, H), mitochondrial content
(C, I), average mitochondrial size (D, I), mitochondrial interconnec-
tivity (E, K} and mitochondrial elongation (F, L)

fluorescence intensity in response to the change in pH caused
by the fusion of mitochondria-containing autophagosomes
and lysosomes (Fig. 4A). To support the recognition of late
mitophagosomes, lysosomes were also visualized. In the
merged images, the mitochondria-lysosomes colocalization
points were observed as bright orange dots in wt neurons
(Fig. 4B) and shRNA-transduced neurons (Fig. 4C).

The quantitative analysis of mitophagosomes showed an
increased number of late mitophagosomes in all types of
neurons, shortly after OGD/R (Fig. 4D. E). However, in wt
and scrRNA-transduced neurons, the number of mitophago-
somes returned to control values within 24 h, indicating a
transient activation of mitochondrial degradation. In Mfn2
knockdown neurons, the number of late mitophagosomes
was still elevated 24 h after OGD/R (Fig. 4E).

The study on mitophagosomes formation was followed
by an analysis of E3-ubiquitin ligase Parkin accumula-
tion on mitochondria. An increased recruitment of Par-
kin to mitochondria is considered as one of the hallmarks
of mitochondria damage and a crucial step in selective
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Fig.4 Mfn2 knockdown in primary neurons enhances late
mitophagosomes formation in response to OGD/R. (A) Representa-
tive images of mitophagosomes visualized with Mitophagy Dye
(red) and LysoView 633 (green) in wild-type (wt) neurons sub-
jected to OGIDV/R. Representative images present: mitochondria/
mitophagosomes (red), lysosomes (green) and nuclei (blue) followed
by merged image. Bar: 20 pm. (B, C) Representative merged images

mitochondria elimination. Immunocytochemical staining
was performed for Parkin along with mitochondria label-
ling with Mitotracker Red probe. Confocal images were
taken for wt and shRNA-transduced neurons (Fig. 5A).

The quantitative analysis of merged confocal images
revealed an increase in the percentage of neurons with
Parkin accumulation on mitochondria in wt and scrRNA
neurons 3 h after the OGD/R (Fig. 5B, C). It was accompa-
nied by a drop in Parkin protein levels in total cell lysates
of wt (Fig. 5D) and scrRNA neurons (Fig. 5E). However,
in Mfn2 knockdown neurons. Parkin accumulation on
mitochondria was significantly elevated even before OGD
(Fig. 5C) and it was accompanied by a decreased Parkin
protein level in sh-Mfn2 controls, reaching only 53% and
39% (for shMfn2 B and shMfn2 D respectively) of wt con-
trols (Fig. SE, F). Further analysis by quantitative RT-PCR
confirmed an equal expression of Parkin mRNA in scr-
RNA and sh-Mfn2 neurons, which excluded the presump-
tion that the differences in Parkin protein levels between
the controls might result from shRNA off-target effects
(Fig. 5G).
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C control 0GD +3h OGD + 24h

scr RNA

sh-Mfn2 B

of mitophagosomes in wt and shRNA-transduced neurons subjected
to OGD/R, respectively. Mitophagosomes are seen as bright orange
dots. Bar: 20 pm. (D, E) Average number of mitophagosomes per
neuron in wt and shRNA neurons respectively: the number of cells

sh-Min2 D

in each time point = 13-32; n = 3-5;
0.001 vs control or scrRNA control

*p < 0.05, #¥p < 0.01, ¥#%p <

Summing up, an increased Parkin localisation on mito-
chondria along with decreased Parkin protein levels in sh-
Mfn2 control neurons suggest a mitochondrial dysfunction
induced by Mfn2 knockdown (Fig. 5). Moreover, the Mfn2
knockdown resulted in a prolonged mitochondrial elimina-
tion in response to OGD/R, as evidenced by the increased
11urnbcr of mitophalgosomcs in sh-Mfn2 neurons 24 h after

Mfn2 Knockdown Impairs Compensatory
Mitochondrial Biogenesis in Rat Cortical Neurons
Subjected to OGD/R

Since mitochondria are the main source of energy in neu-
rons, further investigation was aimed at establishing whether
mitochondrial damage caused by OGD/R could be alleviated
by compensatory mitochondrial biogenesis also in Mfn2
knockdown neurons.

As shown by western blot analysis, the level of PGC- 1,
the upstream regulator of mitochondrial biogenesis, was sig-
nificantly increased in all the considered types of neurons 24
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h after the insult (Fig. 6A, D). The downstream factor NRF-1
was significantly increased in sh-Mfn2 neurons (Fig. 6D),
while in wt and scrRNA neurons, the level of NRF-1 was
transiently decreased (Fig. 6A, D).

Western blot analysis was supported by the measurement
of mitochondrial DNA content (Fig. 6B, E). An increased
mitochondrial to nuclear DNA ratio (mtDNA/nDNA) was
observed in wi neurons shortly after the insult (Fig. 6B).
It was followed by a significant rise in the protein level of
the representative subunits of the respiratory chain com-
plexes 24 h after the insult (Fig. 6C). A similar relationship
was observed for scrRNA neurons. However, an increase
in miDNA/nDNA ratio was transient (Fig. 6E) and the fol-
lowing increases of particular respiratory chain subunits
were also present, yet not as pronounced as for wt neurons
(Fig. 6F).

In contrast to control neurons, no increase in the mtDNA/
nDNA ratio after the insult (Fig. 6E) and no rise in protein
levels in any of the respiratory chain subunits considered
(Fig. 6F) were observed in Mfn2 knockdown neurons.

Thus, M2 knockdown appeared to supress the respira-
tory chain protein biogenesis in neurons after OGD/R.

Discussion

In this paper, we hypothesized that Mfn2 may act as a regu-
latory factor which integrates mitochondrial network dynam-
ics with mitophagy and mitochondrial biogenesis in neurons
following a transient ischemic insult.

We showed that in response to OGD/R, the dynamics
of the mitochondrial network in wt neurons was increased
to ameliorate the mitochondrial damage caused by the lack
of oxygen and glucose. In addition, to prevent the bioen-
ergy failure, compensatory biosynthesis of the respiratory
chain proteins was initiated. However, in Mfn2 knockdown
neurons, mitochondrial damage was not repaired by mito-
chondrial network dynamics. We demonstrated that Mfn2
knockdown prevented the remodelling of the mitochondrial
network favouring the fragmentation of the mitochondria,
intensified mitochondrial e¢limination and prevented the
biosynthesis of respiratory complexes following OGD/R.
Consequently, an increased neuronal death after OGD/R
was observed for Mfn2 knockdown neurons, strongly sug-
gesting that Mtn2 is one of the essential elements of the
neuronal response to ischemic insult, necessary for the neu-
ronal survival.

Alterations in mitochondrial dynamics have been impli-
cated in many neurodegenerative diseases [1, 44]. Previous
studies showed that Mfn2 was invelved in mitochondrial
trafficking in axons [45] and the abolition of this function
of Mfn2 by genetic mutations or knockout changed mito-
chondrial movement and lead to axonal degeneration as
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a consequence [46]. Moreover, a considerable number of
experimental models have observed a link between mito-
chondrial fusion and fission and the onset of mitophagy [47,
48]. Multiple studies demonstrated Drpl-driven mitochon-
drial fission as a frequent consequence of ischemic injury
[6]. According to Zuo et al. (2014), Drp1-driven mitochon-
drial fission contributed to neuronal survival by support-
ing the elimination of damaged mitochondria [47], while
Kumar et al. (2016) indicated the biphasic mitochondrial
fragmentation profile. In their study, OGD was followed by
an extensive mitochondrial fragmentation which preceded
apoptosis and neuronal death or by a moderate mitochon-
drial fragmentation followed by an increase in mitochondrial
fusion during the re-oxygenation phase, resulting in neuronal
survival [49]. In primary neurons, Nair et al. (2022) found a
primary mitochondria fission wave immediately after 90-min
OGD with a significant increase in mitophagy followed by a
secondary phase of fission at 24 h following recovery [50].
Although it was hypothesised that excessive mitophagy in
the early phase was a pathologic response which may con-
tribute to secondary energy depletion, secondary mitophagy
may be involved in regeneration and repair [S0]. Further
studies reported that increased events of mitochondrial
fusion and fission supported the maintenance of mitochon-
drial function and thus cell survival by enhanced mixing
of mitochondrial content [51]. The post-OGD intensified
mitochondrial fusion in wt neurons observed in our model
is consistent with the previous findings as it also seemed to
contribute to neuronal survival.

In our study, the mitochondria in Mfn2 knockdown neu-
rons showed a decreased size followed by reduced mito-
chondrial interconnectivity and elongation. As mentioned
earlier, mitochondrial fusion and trafficking may also be
mediated by Mifn2 homologue, Mfnl, which has been
recorded to show even greater fusion activity [11]. How-
ever, in our model, selective Mfn2 knockdown was sufficient
to alter mitochondrial morphology before the insult and to
suppress mitochondrial network remodelling in response
to OGD/R. Meanwhile, the protein levels of other agents
mediating mitochondrial dynamics, Opal and Drpl, were
not changed by shRNA transduction (data not shown) and
Mfnl was elevated (Fig. 2B). This was followed by pro-
longed mitophagy and increased neuronal death, as demon-
strated by the increased LDH release and a higher number
of pyknotic nuclei. Our data show that Mtn2 is required in
the reoxygenation phase for the proper mitochondrial recov-
ery. We suggest that Mfn2 is necessary for mitochondrial
network post-insult remodelling which serves as an early
quality control mechanism, and thus prevents over-elimi-
nation of mitochondria. These observations are consistent
with the report by Puri et al. (2019), who demonstrated that
mitochondrial elimination in neurons was secondary towards
mitochondria repair [21].
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«Fig.5. Min2 knockdown in neurons is accompanied by increased
Parkin accumulation on mitochondria. A, Representalive images of
wild-type (wt), scrRNA and sh-Mfn2 neurons presenting mitochon-
dria and Parkin accumulation (bright dots indicated by arrows). Mito-
chondria visualized in red (Mitotracker Red) and Parkin (anti-Parkin}
pseudocoloured in green. Bar = 10 pm. (B, C) Average percentage of
wi and shRNA-transduced neurons positive for Parkin and mitochon-
dria accumulation in controls and after OGD/R, n = 3. *p < 0,05, **p
< 0.01, ***p < (L.O01 vs wt or scrRNA controls. (D, E} Representa-
tive western blots and densitometric analysis of Parkin in cell lysates
of wt and shRNA-transduced neurons, respectively, after OGD/R, n =
5. (F) Representative western blot and densitometric analysis of Par-
kin level in cell lysates of control wt. scrRNA- and sh-Mfn2 neurons
on DIVI10; n = 4-6. (G) Quantitative Real-Time PCR for Parkin in
scrRNA- and sh-Mfn2 neurons on DIVIO; # = 3, n = 3. The opti-
cal density of the particular bands on western blots was normalized to
total protein in line stained with Ponceau S and is presented relative
to wt or scrRNA controls as mean + SD; Normalization factors are
shown under representative western blot images. *p < 0.05; *¥p <
0.0, **+4p < 0.0001 vs wt (B, D, F) or serRNA control (C. E). #p <
0.05, ##p < 0.01, vs sh-Mfn2 control (E)

In our model, Mfn2 protein level in wt and serRNA neu-
rons was significantly reduced after the OGD/R. As pre-
viously shown by Wappler et al. (2013), the duration of
OGD, thus the severity of the insult, resulted in different
involvement of key proteins mediating mitochondrial fusion
and fission. In their model, 1 h OGD did not alter the pro-
tein level of pro-fusion (Mfn1/2 and Opal) and pro-fission
(Drpl, Fisl) proteins although some alteration in mitochon-
drial shape and mitochondrial network were observed [24].
However, in our experimental conditions, 1 h OGD proved
to be sufficient to cause mitochondrial network remodelling
that was accompanied by a significant reduction of Mfn2
protein. The discrepancy may potentially result from minor
differences in the experimental and culturing conditions, e.g.
a different ratio between neurons and glia causing different
susceptibility towards the insults.

The observed constant reduction of Mfn2 after OGD/R
in wt neurons appeared to be specific for this protein, as
we did not observe similar changes for its homolog, Mfn1,
and the mitochondrial matrix marker, Hsp60. We did, how-
ever, observe a transient drop in Opal, Drpl and TOM22
immunoreactivity at 3 h. This may imply the participation of
enhanced mitophagy or other cellular processes, such as e.g.
proteasomal degradation of OMM proteins which may not
necessarily lead to the elimination of whole mitochondria
but might be involved in endogenous mechanisms regulating
mitochondria elimination [52].

OGD-induced reduction of Mfn2, as was observed here,
is in line with the outcomes obtained in previous studies in
in vitro and in vivo models [53]. As demonstrated by McLel-
land et al. (2018), Mfn2 proteasomal degradation facilitated
the dissociation of mitochondria tfrom ER thereby enabling
mitophagy [20]. In our model, the number of mitophago-
somes in Mfn2 knockdown neurons outranked their number

@ Springer

in wt and scrRNA neurons after OGD/R (3 h and 24 h), indi-
cating intensified mitophagy in comparison to wt neurons.
However, the increased mitochondrial elimination in Mfn2
knockdown neurons did not support cells survival. There-
fore, our conclusion is that increased mitophagy alone does
not contribute to neuroprotection and that Mfn2 knockdown
may disrupt the balance between mitochondrial recovery and
mitochondrial elimination, increasing the neuronal suscep-
tibility towards ischemic insult.

According to recent studies, Mfn2 degradation after
ischemic insult is mediated by E3 ubiquitin ligase, Parkin
[18. 54]. As shown by Chen et al. (2013}, PINK1 phospho-
rylates Min2 to facilitate the accumulation of Parkin on
damaged mitochondria [17]. Simultaneously, Parkin medi-
ates MfIn2 ubiquitination and degradation, which has an
impact on mitochondria-ER tethering [18, 20]. Considering
the above, the mutual relation between Min2 and Parkin
seems to link mitochondrial dynamics with mitochondrial
elimination. Here, we have shown that M2 knockdown
was accompanied by a decrease of Parkin and the reduction
did not result from altered mRNA expression. It seems (o
support the thesis on Mfn2-Parkin relationship in mitophagy
coordination. Enhanced Parkin localisation on mitochondria
in sh-Mfn2 neurons together with a decreased mitochondrial
membrane potential, as observed for sh-Mfn2 D neurons,
may additionally indicate that Mfn2 knockdown causes mild
mitochondrial dysfunction, which does not affect neuronal
survival in control conditions but contributes to increased
susceptibility towards OGD. The exact mechanism of this
phenomenon, however, requires further investigation.

In our model, OGD/R was observed to induce an increase
in PGC-lu protein level. In wt neurons, it was followed by
an increase in mtDNA content and the biosynthesis of repre-
sentative proteins for respiratory complexes, revealing a mito-
chondrial biogenesis as an integral element of pro-surviving
response to OGD/R. This phenomenon was not observed in
Min2 knockdown neurons. The mechanism is not fully under-
stood, but several considerations have alrecady emerged. The
mtDNA particles in cells are packed into mtDNA-protein
complexes, nucleoids [55], and can be passively transferred
between mitochondria during mitochondrial fusion and fis-
sion events [56]. Considering the above, Mfn2 deficiency may
affect mtDNA synthesis and segregation by impairing mito-
chondrial fusion and trafficking. It has also been demonstrated
that for proper mtDNA distribution, especially in peripheral
zones of the cell, nucleoids have to be actively transported
via Kinesin Family Member (KIF5B)-driven mitochondrial
dynamic tubulation activities (Miro) that occur predominantly
at the ER-mitochondria contact sites [57]. ER-mitochondria
contacts are the main location of distribution of newly syn-
thetized mtDNA to daughter mitochondria. It can therefore be
assumed that the proper mitochondria-ER positioning, as also
determined by Mfn2, may be crucial for mtDNA synthesis in
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Fig.6 Mifn2 knockdown supresses biosynthesis of respiratory chain
proteins in neurons after OGD/R. (A. D) Representative western blots
and densitometric analysis of mitochondria biogenesis key proteins:
PGC-lae and NRF-1 in cell lysates of wild-type (wt) and shRNA-
transduced neurons, respectively, n = 5. (B, E) Average mitochondrial
to nuclear DNA ratio (mIDNA/MDNA) in wt and shRNA neurons,
respectively, before and after OGI/R: Data are expressed as mean
+ SD. n = 5. (C, F) Representative western blots and densitometric

response to ischemic insult. More research is needed to eluci-
date the molecular mechanism describing how Mfn2 knock-
down affects not only the mtDNA biosynthesis and distribu-
tion but also mitochondrial biogenesis in general.

Conclusion
Our data support the hypothesis that Mfn2 in neurons is

involved in their response to mild and transient OGD/R
stress by balancing the rate of elimination of defective

82

analysis of representative respiratory chain subunits in cell lysates
ol wt and shRNA neurons, respectively, n = 5. Western blot data are
shown as the fold change over control of the protein of interest. Opti-
cal density of particular bands was normalized to total protein in line
stained with Ponceau S and presented as mean + SD. The normaliza-
tion factors are shown under representative western blot images. * p
< .05, *#p < 0.01, *¥%p < .00] vs wt control or scrRNA control;
#p < 0,05, ##p < 0.01, ##p < 0.001 vs sh-Mfn2 control

mitochondria. In addition, Mfn2 has a positive influence
on the mitochondrial restoration expressed as mtDNA and
proteins in the respiratory chain content. In Mfn2 knock-
down neurons, stress recovery is not as efficient as in wt
cells. This may potentially be caused by mitochondrial
impairment which is not effectively repaired by restora-
tion of mitochondrial network dynamics and respiratory
chain protein content while mitochondria elimination is
enhanced after the insult. Consequently, Mfn2 knockdown
results in increased neuronal death following OGD/R
stress, confirming that Mfn2 is one of essential elements
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of neuronal response to ischemic insult, crucial for neu-
ronal survival.
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Pracownia Biologii Molekularnej
Instytut Medycyny Dos$wiadczalnej i Klinicznej
Im. M. Mossakowskiego PAN
02-106 Warszawa ul. Adolfa Pawinskiego 5

Mgr Piotr Wojtyniak
E-mail: pwojtyniak@imdik.pan.pl

Warszawa, 03.01.2023

Os$wiadczenie kandydata
Niniejszym poswiadezam swéj wkiad w powstanie nastepujacych publikacji:

1. Kawalec M, Wojtyniak P, Bielska E, Lewczuk A, Boratynska-Jasinska A, Beresewicz-
Haller M, Frontczak-Baniewicz M, Gewartowska M, Zablocka B. Mitochondrial
dynamics, elimination and biogenesis during post-ischemic recovery in ischemia-
resistant and ischemia-vulnerable gerbil hippocampal regions. Biochim Biophys Acta
Mol Basis Dis. 2022 Dec 22:166633. doi: 10.1016/j.bbadis.2022.166633

Wktad obejmuje:

Wykonywanie wigkszosci doswiadczen biochemicznych i analiz statystycznych. Analize
wynikow, analize obrazéw TEM, pisanie manuskryptu (materialy i metody) oraz
przygotowywanie wykresow i paneli zdje¢ do rycin w publikacji. Poprawianie manuskryptu.

2. Wojtyniak P., Boratynska-Jasinska A., Serwach K., Gruszezynska-Biegala J.,
Zablocka B., Jaworski J., Kawalec K. Mitofusin 2 Integrates Mitochondrial Network
Remodelling, Mitophagy and Renewal of Respiratory Chain Proteins in Neurons after
Oxygen and Glucose Deprivation. Mol Neurobiol 59, 6502-6518 (2022). doi:
10.1007/s12035-022-02981-6

Wklad obejmuje:

Przygotowywanie konstruktow lentiwirusowych oraz komérek o zmienionej ekspresji Mfn2
do doswiadczen. Zakladanie i prowadzenie hodowli komérek in vitro oraz przeprowadzanie
procedury OGD. Wykonywanie wigkszosci do§wiadezen biochemicznych, analiza wynikow
oraz analiza statystyczna. Pisanie manuskryptu (materialy i metody) oraz przygotowywanie
wykreséw do rycin w publikacji.
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Piotr Wojtyniak
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Im. M. Mossakowskiego PAN
02-106 Warszawa ul. Adolfa Pawinskiego 5

Dr Maria Kawalec
E-mail: mkawalec@imdik.pan.pl

Warszawa, 02.01.2023

Oswiadczenie wspoélautora
Niniejszym poswiadezam swoj wklad w powstanie nastepujacych publikacji:

1. Kawalec M, Wojtyniak P, Bielska E, Lewczuk A, Boratyfska-Jasifiska A, Bergsewicz-
Haller M, Frontczak-Baniewicz M, Gewartowska M, Zablocka B. Mitochondrial
dynamics, elimination and biogenesis during post-ischemic recovery in ischemia-
resistant and ischemia-vulnerable gerbil hippocampal regions. Biochim Biophys Acta
Mol Basis Dis. 2022 Dec 22:166633. doi: 10.1016/j.bbadis.2022.166633

2. Wojtyniak P., Boratynska-Jasinska A., Serwach K., Gruszczynska-Biegala .,
Zablocka B., Jaworski J., Kawalec K. Mitofusin 2 Integrates Mitochondrial Network
Remodelling, Mitophagy and Renewal of Respiratory Chain Proteins in Neurons after
Oxygen and Glucose Deprivation. Mol Neurobiol 59, 6502-6518 (2022). doi:
10.1007/s12035-022-02981-6

Wktad obejmuje:

Planowanie do§wiadczen, nadzor nad realizacjg dziatan badawczych i analiza wynikow.
Udziat w wykonywaniu do$wiadczen biochemicznych. Sformutowanie koncepcji pracy
(publikacja 2), udzial w sformutowaniu koncepcji pracy (publikacja 1), napisanie
manuskryptu (oprocz materiatéw i metod) i przygotowanie rycin, odpowiedzi na uwagi
recenzentow, prowadzenie korespondencji z redaktorem. Pozyskiwanie srodkéw na badania.
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Maria Kawalec
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Prof. dr hab. Barbara Zablocka
E-mail: bzablocka@imdik.pan.pl
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Oswiadczenie wspélautora
Niniejszym poswiadczam swdj wklad w powstanie nastgpujacych publikacji:

1. Kawalec M, Wojtyniak P, Bielska E, Lewczuk A, Boratynska-Jasinska A, Bergsewicz-
Haller M, Frontczak-Baniewicz M, Gewartowska M, Zablocka B. Mitochondrial
dynamics, elimination and biogenesis during post-ischemic recovery in ischemia-
resistant and ischemia-vulnerable gerbil hippocampal regions. Biochim Biophys Acta
Mol Basis Dis. 2022 Dec 22:166633. doi: 10.1016/j.bbadis.2022.166633

2. Wojtyniak P., Boratynska-Jasinska A., Serwach K., Gruszczynska-Biegala J.,
Zablocka B., Jaworski J., Kawalec K. Mitofusin 2 Integrates Mitochondrial Network
Remodelling, Mitophagy and Renewal of Respiratory Chain Proteins in Neurons after
Oxygen and Glucose Deprivation. Mol Neurobiol 59, 6502-6518 (2022). doi:
10.1007/s12035-022-02981-6

Wkiad obejmuje:

Opieke merytoryczng i nadz6r nad realizacjg dziatan badawezych. Udzial w planowaniu
badan, analizie wynikow, sformutowanie koncepcji pracy (publikacja 1), udziat w
sformutowaniu koncepcji pracy (publikacja 2), przygotowaniu manuskryptu i odpowiedzi na
uwagi recenzentow. Pozyskiwanie srodkéw na badania.

'dww..\, AKLL[ ocASs—

Barbara Zablocka
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Beresewicz-Haller M, Frontczak-Baniewicz M, Gewartowska M, Zabtocka B.
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regions. Biochim Biophys Acta Mol Basis Dis. 2022 Dec 22:166633. doi:
10.1016/j.bbadis.2022.166633

Wktad obejmuije:
Udziat w wykonywaniu doswiadczen: pomiar ilosci mtDNA. Analize ilosciowa

obrazéw TEM i udziat w przygotowywaniu rycin do publikacji. Pisanie (materiaty i
metody) i poprawianie manuskryptu.

2. Wojtyniak P., Boratynska-Jasinska A., Serwach K., Gruszczynska-Biegala J.,
Zablocka B., Jaworski J., Kawalec K. Mitofusin 2 Integrates Mitochondrial
Network Remodelling, Mitophagy and Renewal of Respiratory Chain Proteins in
Neurons after Oxygen and Glucose Deprivation. Mol Neurobiol 59, 6502-6518
(2022). doi: 10.1007/s12035-022-02981-6

Wktad obejmuje:

Udziat w prowadzeniu hodowli in vitro oraz wykonywaniu doswiadczen: pomiar ilosci
mtDNA oraz techniki mikroskopii fluorescencyjnej. Udziat w wykonywaniu analizy
statystycznej i przygotowywaniu rycin do publikacji. Pisanie (materialy i metody) i
poprawianie manuskryptu.

Anna Boratyriska-Jasiriska
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Wkiad obejmuje:

Udziat w dodwiadczeniach biochemicznych.
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Ewelina Bielska
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Haller M, Frontczak-Baniewicz M, Gewartowska M, Zablocka B. Mitochondrial
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resistant and ischemia-vulnerable gerbil hippocampal regions. Biochim Biophys Acta
Mol Basis Dis. 2022 Dec 22:166633. doi: 10.1016/j.bbadis.2022.166633

Wkiad obejmuje:
Przeprowadzanie zabiegu ischemii i reperfuzji u zwierzat do§wiadczalnych, izolacja
hipokampéw, analiza histopatologiczna, pisanie manuskryptu (materialy i metody).

Anita Lewczuk
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Kawalec M, Wojtyniak P, Biclska E. Lewczuk A, Boratynska-Jasifiska A, Bergsewicz-
Haller M, Frontczak-Baniewicz M. Gewartowska M, Zablocka B. Mitochondrial
dynamics, elimination and biogenesis during post-ischemic recovery in ischemia-
resistant and ischemia-vulnerable gerbil hippocampal regions. Biochim Biophys Acta
Mol Basis Dis. 2022 Dec 22:166633. doi: 10.1016/j.bbadis.2022.166633

Wktad obejmuje:
Przeprowadzanie zabicgu ischemii i reperfuzjii u zwierzat dodwiadczalnych, izolacja
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Os$wiadezenie wspélautora
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Kawalec M, Wojtyniak P, Bielska E, Lewczuk A, Boratynska-Jasinska A, Bergsewicz-
Haller M, Frontczak-Baniewicz M, Gewartowska M, Zablocka B. Mitochondrial
dynamics, elimination and biogenesis during post-ischemic recovery in ischemia-
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Mol Basis Dis. 2022 Dec 22:166633. doi: 10.1016/j.bbadis.2022.166633

Wkiad obejmuje:

Wykonywanie i analiza zdj¢¢ TEM oraz przygotowanie opisu wykorzystanych metod.
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Magdalena Gewartowska
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Dr hab. Malgorzata Frontczak-Baniewicz
E-mail: mbaniewicz@imdik.pan.pl

Warszawa, 03.01.2023
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Niniejszym poswiadczam swoj wklad w powstanie nastgpujacej publikacji:

Kawalec M, Wojtyniak P, Bielska E. Lewczuk A, Boratyiiska-Jasinska A, Bergsewicz-
Haller M, Frontczak-Baniewicz M, Gewartowska M, Zablocka B. Mitochondrial
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Wkiad obejmuje:
Analize zdje¢ TEM.
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Niniejszym poswiadczam swdj wklad w powstanie nastepujacej publikacji:

Wojtyniak P., Boratynska-Jasinska A., Serwach K., Gruszczynska-Biegala ..
Zablocka B., Jaworski J., Kawalec K. Mitofusin 2 Integrates Mitochondrial Network
Remodelling, Mitophagy and Renewal of Respiratory Chain Proteins in Neurons after

Oxygen and Glucose Deprivation. Mol Neurobiol 59, 6502-6518 (2022). doi:
10.1007/s12035-022-02981-6

Wkiad obejmuje:
Usmiercanie zwierzat i izolacja kory mdzgu z embrionow. Zglaszanie uwag do manuskryptu.
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OS$wiadczenie wspélautora
Niniejszym poswiadczam swéj wklad w powstanie nastgpujacej publikacji:

Wojtyniak P., Boratynska-Jasinska A., Serwach K., Gruszczynska-Biegala J.,
Zablocka B., Jaworski J., Kawalec K. Mitofusin 2 Integrates Mitochondrial Network
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Wkiad obejmuje:
Uzyczenie: plazmidéw do konstrukeji wektoréw lentiwirusowych, linii komérek HEK 293T,

bakterii TOP10 E. coli, protokoléw doswiadezalnych. Zglaszanie uwag do manuskryptu.

Joanna Gruszczynska-Biegata
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Zablocka B., Jaworski J., Kawalec K. Mitofusin 2 Integrates Mitochondrial Network
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Whkiad obejmuje:

Konsultacje metodyczne i merytoryczne oraz udzial w przygotowaniu manuskryptu.
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