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IVADAS

Glaukoma yra neurodegeneraciné liga, kuriai biidinga tinklainés gangliniy
lasteliy (TGL) Zitis, akiplocio poky¢iai; ir yra pagrindiné negrjztamo aklumo
priezastis pasaulyje [1]. Manoma, kad iki 2040 mety glaukoma sirgs daugiau
nei 120 milijony zmoniy visame pasaulyje [2, 3]. Ankstyvomis ligos stadi-
jomis regos aStrumas gali biiti visiSkai normalus, o ankstyvi akiploc¢io poky-
¢iai nenustatomi, taciau ligai progresuojant ir jos negydant, galimas vienos
ar abiejy akiy aklumas [4]. Retrospektyviajame tyrime, atliktame Svedijoje,
tyr¢jai nustate, kad apie 38 proc. glaukoma serganciy pacienty apanka viena
akimi, ir apie 13,5 proc. — abiem akimis, po 20 mety gydymo [4]. I§ Siy duo-
meny galime teigti, jog glaukoma yra reikSminga sveikatos apsaugos siste-
mos ir ekonominé nasta.

Neuroprotekcija yra glaukomos gydymo tikslas, nes degeneruojant TGL ir
jy aksonams, prarandama rega [5—7]. Iki S§iol TGL netiesiogiai apsaugome ma-
zindami akispudj (IOS) — pagrindinj glaukomos rizikos veiksnj [8] bei gerin-
dami akies perfuzijg. Taciau vis dar neuzpildytas kritinis glaukomos gydymo
poreikis — neuroprotekcinis gydymas tiesiogiai veikiantis TGL iS§saugojima
[9]. Moksliniai tyrimai jrod¢, jog brimonidinas, akisplidi mazinantis vaistas,
turi neuroprotekcinj poveik] iSsaugant TGL [10]. Brimonidinas, a2 adrener-
giniy receptoriy agonistas, mazina TGL apoptoze¢, moduliuvodamas neurouz-
degimo kelius, didindamas neurotrofiniy faktoriy iSsiskyrimg ir mazindamas
glutamato sukelta ekscitotoksisSkuma [10, 11]. Memantinas, N-metil-D-aspar-
tato (NMDA) receptoriy antagonistas, vartojamas Alzhaimerio ligai gydyti,
mazina glutamato sukeltg ekscitotoksiSkuma — pagrindinj veiksnj, sukeliantj
TGL pazeidimus glaukomos atveju [12]. Klinikiniuose glaukomos tyrimuose
memantino neuroprotekcinis poveikis nebuvo jrodytas, taciau tyrimo struk-
tiira tur¢jo daug trikumy [13]. Levetiracetamas, tradiciSkai vartojamas kaip
vaistas nuo traukuliy. Moksliniy tyrimy, nagriné¢janciy tiesioginj jo poveikj
TGL, stinga, ta¢iau mokslininkai nustaté neuroprotekcinj poveikj gydant neu-
rodegeneracines ligas [14—16]. Levetiracetamas jungiasi prie sinapsinés pus-
lelés baltymo (SV) 2A, kuris moduliuoja neurotransmiteriy i$siskyrima. Le-
vetiracetamas taip pat slopina reaktyvios astroglijos neurotoksiniy molekuliy
i$siskyrima, mazina oksidacinj stresg [17—19]. Ikiklinikiniy neuroprotekcijos
tyrimy rezultatai yra nepakankami arba turintys ribota klinikinj poveikj neu-
rodegeneracinéms ligoms [9]. Todél naujy vaisty, skirty tiesiogiai apsaugoti
TGL, kurimo svarba turéty buti prioriteting, pradedant nuo oftalmologiniy
eksperimentiniy tyrimy iki klinikiniy modeliy, kuriy rezultatai padéty kurti
individualizuotajg medicing kiekvienam pacientui, o tai labai pagerinty glau-
komos gydymo rezultatus.



Sio disertacinio darbo tikslas — istirti neuroprotekciniy savybiy turinéiy
vaisty tiesioginj poveikj tinklainés lasteléms ir suteikti duomeny tolesniems
klinikiniams tyrimams bei veiksmingam neuroprotekciniam gydymui kurti,
kuris modifikuoty ligos eiga, tiesiogiai veikty neuroniniy Igsteliy iSsaugojimag
ir padéty kurti individualizuotajj glaukomos gydyma pacientams.



1. DARBO TIKSLAS IR UZDAVINIAI

1.1. Darbo tikslas

Ivertinti neuroprotekciniy savybiy turin¢iy vaisty poveikj tinklainés las-
teléms naudojant ikiklinikinj pelés regos nervo suspaudimo (RNS) modelj.

1.2. Darbo uzdaviniai

1. Atlikti kontrolinj genetisSkai skirtingy peliy padermiy regos nervo pa-
zeidimo modelj ir pritaikyti eksperimentiniams neuroprotekcijos tyri-
mams vertinant s3sajas tarp TGL ir tinklainés astrocity i§gyvenamumo
po RNS modelio atlikimo.

2. Ivertinti brimonidino neuroprotekcinj poveikj TGL ir tinklainés astro-
citams pelés RNS modelyje bei palyginti vietinio ir sisteminio vaisto
skyrimo poveikiy skirtumus.

3. Ivertinti memantino ir levetiracetamo neuroprotekcinj poveikj TGL ir
tinklainés astrocitams bei palyginti §iy vaisty skirtingy doziy sasajas su
tinklainés lgsteliy iSgyvenamumu po pelés RNS modelio atlikimo.

4. Jvertinti ir palyginti gydymo brimonidinu, memantinu ir levetiracetamu
sgsajas su neurodegeneraciniais pokyciais RNS modelyje.

1.3. Mokslinis naujumas

Disertaciniame darbe vertinamas neuroprotekciniy savybiy turinéiy me-
dikamenty poveikis TGL ir astrocity i§gyvenamumui, nustatytos s3sajos tarp
TGL ir astrogliozés rodikliy, o tai leidzia vertinti neuroprotekcines medika-
menty savybes. Atliktame eksperimente vertinta vaistiniy preparaty vietinio
ir sisteminio skirtingy doziy gydymo poveikis tinklainés lasteliy iSgyvena-
mumui visoje tinklainéje ir skirtinguose segmentuose. Taikant eksperimentinj
glaukomos modelj nustatyta, kad sisteminis gydymas 2 mg/kg brimonidinu,
10 mg/kg memantinu, 40 mg/kg ir 80 mg/kg levetiracetamu sulétino neuro-
degeneracinius pakitimus ir apsaugojo TGL. Strukturiniai tinklainés poky¢iai
po RNS vertinti optinés koherentinés tomografijos tyrimu. Remiantis tyrime
pasiektais rezultatais, ateityje galima tikétis klinikiniy tyrimy, kurie padéty
plésti ir tobulinti neuroprotekceini, ligos eiga modifikuojantj, individualizuota
glaukomos gydyma visiems pacientams.

1.4. Autoriaus indélis

Doktoranté iSklausé¢ intensyvaus mokymo kurso programg ,,Mokslo ir
mokymo tikslais naudojamy gyviny laikymo, prieziiiros ir naudojimo rei-
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kalavimai® ir jgijo sertifikatg. Autoré atliko visus eksperimenty su gyviinais
etapus Lietuvos sveikatos moksly universitete bei Tamperés universitete,
Suomijoje. ISpreparuotus tinklainés audinius imunohistochemiskai nudaze,
atliko nuotraukas fluorescenciniu mikroskopu bei paruosé tolesniam lgsteliy
skaiciavimui. Lasteliy skai¢iavimus atliko Imagel programa. Autoré pritaike
matematinés statistikos metodus analizuodama duomenis ir interpretuodama
gautus rezultatus. 2014 m. vykdytas Lietuvos moksly tarybos projektas —
konkursinis trumpalaikiy mokslininky vizity finansavimas (VP1-3.1-SMM-
01-V-02-001) ,,Eksperimentinio regos nervo pazeidimo modelio jdiegimas ir
pritaikymas ikiklinikiniams tyrimams*. Gauti rezultatai buvo panaudoti di-
sertacinio darbo metodikai tobulinti, publikuoti duomenis recenzuojamuose
mokslo Zurnaluose, pristatyti mokslinése konferencijose.
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2. LITERATUROS APZVALGA

Glaukoma yra viena i§ regos nervo neuropatijy, kuriai biidinga progre-
suojanti TGL Zitis [20] ir yra 11 proc. aklumo atvejy pasaulyje priezastis
tarp vyresniy nei 50 mety zmoniy [3]. Glaukomos sukelto aklumo rizika yra
susijusi su nekontroliuojamu 108, jo dideliais paros svyravimais [21], nusta-
tyta toli pazengusia liga pirmojo vizito metu [22] bei dél struktiiriniy akies
skys¢io nutekéjimo keliy pokyciy, kurie sukelia akies hipertenzija. Dabarti-
nis gydymas medikamentais, lazerinémis procediiromis arba chirurginémis
intervencijomis mazina ir stabilizuoja IOS [23]. Pasiekus tikslinj 10S, daz-
niausiai efektyviai létinamas glaukomos progresavimas ir atitolinamas regos
praradimas [24, 25]. Taciau kai kuriems pacientams TGL toliau Ziiva, nepai-
sant veiksmingo IOS mazinimo. Tai rodo kity veiksniy, tokiy kaip 1OS paros
svyravimu, akies kraujotakos poky¢iy ar neurotoksiskumo, jtaka. Siai dienai
pirmo pasirinkimo glaukomos gydymas yra jvairiis akisptidj mazinantys lasai
ar selektyvi lazeriné trabekuloplastika, kurie veiksmingai mazina 10S [26].
Taciau vaisty poveikis j akies kraujotaka ir neuroprotekcijg dar néra visiskai
iStirtas [27].

2.1. Glaukomos patofiziologiniai mechanizmai

Padidéjes IOS yra svarbiausias glaukomos i$sivystymo rizikos veiksnys
[3, 28], o IOS mazinimas kol kas lieka vienintelis moksliniais jrodymais pa-
gristas glaukomos gydymo biidas [29, 30]. Taciau padidéjes IOS néra vienin-
telé ir butina salyga glaukominiams pazeidimams ir akiploCio pakitimams
atsirasti. Labai svarbu suprasti glaukomos patofiziologija, gydant pacientus,
kuriems liga progresuoja, nepaisant geros IOS kontrolés. TGL apoptoze gali
sukelti akies kraujotakos sutrikimai [31], oksidacinis stresas [32], mitochon-
drijy disfunkcija [33], autofagijos inaktyvacija [34], senéjimas [35] ir glijos
lasteliy sukeltas neurouzdegimas [36]. Nepaisant $iy, jau zinomy veiksniy,
daugelis glaukomos patogenezés aspekty vis dar lieka neaiskis.

2.1.1. Tinklainés gangliniy lasteliy svarba

TGL yra tinklainés nervinés lasteles, kurios perduoda vaizdinius signalus
1§ akies ] smegenis. TGL priima signalus i$ bipoliniy bei amakrininiy lgsteliy
[37] (2.1.1.1 ir 2.1.1.2 pav.). Sie signalai yra perduodami aksonais, kurie su-
daro regos nerva, j tarpiniy smegeny gumburo pagalv] ir branduolius. Regos
laidai, kurie driekiasi iki keturkalnio virSutiniy kalneliy ir lateraliniy keliniy
kiiny yra svarbiis refleksiniams ir suplanuotiems judesiams (2.1.1.1 pav.). Be
to, impulsai TGL aksonais nukeliauja ir ] kitas galvos smegeny sritis, susiju-
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sias su svarbiomis regos funkcijomis, tokiomis kaip Sviesos cikly reguliavi-
mas (virSkryZminis branduolys, lateralinis kelinis kiinas, vidukelinis lapelis),
akiy judesiy ir vaizdo stabilizavimas (regos trakto branduolys ir vidinis gali-
nis branduolys) bei vyzdzio Sviesos reakcija (alyvinis pretektalinis branduo-
lys) [38]. Taigi, TGL yra butinos ne tik sgmoningai regai, bet ir miego cikly
bei akiy judesiy reguliavimui (2.1.1.1 pav.).

Tinklainés
Amak_rininés Miulerio lastelés pig_me_ntinis
Astrocitai lastelés epitelis

—

Sviesa \;q atera Iil‘(is/\ ’:: \
—_ | Lt || kelinis kinz =
/\ 1 ’r" & \ /
= - - //}‘d \}9/// =

) =
TGL Bipolinés Kolbelés R NS
/ lastelés Lazdelés ~ LA \\¥\€=’
Mikroglija Horizontalios
X lastelés
Aksonai

2.1.1.1 pav. Scheminis regos kelio paveikslas. Sviesa, praéjusi skaidrias
optines terpes pasiekia tinklaine. Fotoreceptoriai, esantys tinklainéje, sviesq
pavercia elektriniais signalais, kurie perduodami i bipolines lgsteles ir TGL.
TGL aksonai susitelkia ir sudaro regos nervq, kuris perduoda vaizdinius
signalus is akies j jvairias smegeny sritis, atsakingas uz regos apdorojimq.
Viena is Siy sriciy yra lateralinis kelinis kiinas, kuris perduoda signalus j
regos Zieve tolimesniam vaizdiniy signaly apdorojimui.
TGL — tinklainés ganglinés lastelés.
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2.1.1.2 pav. Balb/c pelés tinklainés preparatas (angl. retinal wholemount).
Tinklainiy preparatai imunohistochemiskai dazyti NeuN pirminiu antikiinu —
tinklainés ganglinés ir amakrininés lgstelés (raudona spalva),
GFAP pirminiu antikiinu — tinklainés astrocitai (zalia spalva). Mélyna
spalva zymi tinklainés kraujagysles ir eritrocitus. Mastelis — 50 um

NeuN — neuronams specifinis branduoliy baltymas, pirminis antikiinas; GFAP — glijos fibri-
linis rigstinis baltymas, pirminis antikiinas.

Nustatyta, kad TGL gali turéti kelias buisenas — ne tik gyva ar zuvusia, bet
ir heterogeniska buiseny misinj: gyvas, stresiniy veiksniy paveiktas, neveiks-
nias, Zistancias ir Zuvusias lasteles [39]. Sergant glaukoma, TGL gali tapti j
»mieganc¢ios ar ,.komos* biiklés — tuo metu jos biina neveiksnios ar mazai
veiksnios iki degeneracijos pradzios. GreiCiausiai Si buisena atitinka lengva
arba vidutinj regos praradimg glaukoma sergantiems pacientams. Mokslinin-
ky jrodyta, kad §i stadija yra itin tinkama neuroprotekcinéms, neurostiprinan-
¢ioms ar neuroregeneracinéms medziagoms ,,pazadinti* TGL ir apsaugoti jas
nuo ziities [39].

Pirminé TGL pazeidimo vieta yra regos nervo diskas (RND), o ankstyvieji
pazeidimai pasireiSkia ir kituose TGL segmentuose [40]. Nustatyta, kad TGL
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degeneracijg lemia ne tik apoptozinis mechanizmas pazeidimo vietoje, bet ir
degeneraciniai bei savidestrukcijos procesai, vykstantys aplink jj [41].

2.1.2. TGL ziities mechanizmai sergant glaukoma

Neurodegeneracinéms ligoms biidinga progresuojanti neurony ir jy aksony
zutis. Glaukomg ir kitas neurodegeneracines ligas, tokias kaip Alzhaimerio,
Parkinsono liga ar amzin¢ geltonosios démés degeneracijg sieja bendri neu-
rodegeneraciniai patogenetiniai mechanizmai. Nepaisant skirtingy klinikiniy
apraisky, Sios ligos yra daugiaveiksnés ir daznai turi bendry molekuliniy me-
chanizmy, susijusiy su ligos atsiradimu, pvz., nenormaliu baltymy kaupimusi,
mitochondrijy disfunkcija, oksidaciniu stresu ir uzdegimu [42] (2.1.2.1 pav.).

Sergant glaukoma TGL ziities mechanizmai yra siejami su létine protar-
pine iSemija, aktyviosiomis deguonies rusimis (ROS), ekscitotoksiSkumu,
sutrikusia medziagy pernasa aksonais, neurotrofiniy faktoriy trukumu ir elek-
trinio laidumo netekimu [43]. Kraujagysliy spazmas, sutrikusi kraujotakos
autoreguliacija ar kapiliary mechaninis suspaudimas ties lamina cribrosa blo-
gina RND perfuzija, o tai gali sukelti iSeminius pakitimus, bei sumazinti TGL
gyvybingumg. Tiek iming, tiek 1étin¢ iSemija didina oksidacinj stresa, kuris
pasizymi metabolity ir laisvyjy radikaly arba ROS gamybos neatitikimu. Pa-
didéjusios ROS ir sumazéjusios antioksidanty koncentracijos buvo pastebétos
glaukoma serganciyjy stiklakiinyje kartu su oksidaciniais DNR pazeidimais
bei poky¢iais trabekuliniame tinkle. Kalcio kanaly blokatoriai (KKB), turin-
tys antispastiniy ir galimai antiiSeminiy savybiy, buvo tiriami kaip neuropro-
tektoriai gyviiny modeliuose [44]. Taciau lieka neaisku, ar KKB poveikis yra
tiesiogiai susijes su veikimu kalcio kanaluose, ar netiesiogiai — gerinant regos
nervo kraujotaky. Galimg KKB nauda reikia vertinti atsizvelgiant j sisteminés
hipotenzijos rizika, kuri gali sumazinti regos nervo disko perfuzinj spaudima
[45].

EkscitotoksiSkumas — mechanizmas, kuris pasireiskia, kai mirStancios 1gs-
telés iSskiria perteklin] neuromediatoriy, tokiy kaip glutamatas, kiekj. N-me-
til-D-aspartatui (NMDA) jautriy glutamato kanaly per didelé aktyvacija greti-
mose TGL gali lemti padidéjusj kalcio kiekj Igstel¢je, azoto oksido sintetazés
aktyvacija, azoto oksido gamybg ir kitus metabolinius sutrikimus, dél kuriy
ivyksta antriné Igsteliy mirtis. Diskutuojama, ar TGL tiesiogiai pazeidZziamos
del perteklinio glutamato poveikio, ar pirmiausia pazeidziamos gretimos las-
teles, tokios kaip amakrininés lastelés ar Miulerio glijos lastelés, sukeldamos
antring TGL mirtj. Padidéjusio glutamato aktyvumo blokavimas tebéra tyri-
my objektas, o tokios medziagos kaip aminoguanidinas rodo potencialy neu-
roprotekcinj poveikj, nors rezultatai néra vienareikSmiai [46, 47].

15



Sutrikusi medziagy pernasa aksonais pirmg karta buvo pastebéta gyvii-
ny modeliuose su eksperimentiSkai padidintu IOS prie$ daugiau nei 30 mety
[48]. Padidéjes IOS mechaniskai sukelia RND deformacija ties lamina cri-
brosa ar antrinius iSeminius pakitimus ir gali blokuoti normalig medziagy
pernasa isilgai aksono. TGL yra priklausomos nuo neurotrofiniy veiksniy ir
augimo signaly, sklindanciy i§ tinklainés, regos nervo ar smegeny centry.
Glaukoma sukelia atgalinés neurotrofiniy faktoriy, tokiy kaip smegeny neu-
rotrofinis faktorius (angl. brain derived neurotrophic factor), pernasos bloka-
da, kuri yra biitina TGL augimui ir gyvybingumui palaikyti. Po regos nervo
pazaidos, dél sumazéjusio elektrinio laidumo, TGL gali tapti maZziau jautrios
neurotrofiniams faktoriams [49]. Vis dar néra aisku, kokiu mastu tai saglygoja
TGL disfunkcijg ar ziit] glaukomos atveju.

Be to, sergant glaukoma, lasteliy reguliacijos sutrikimai gali lemti hiper-
fosforilinto tau baltymo ir kity nenormaliy baltymy kaupimasi tinklainéje, su-
keliantj endoplazminio tinklo (ET) perkrova ir TGL apoptoz¢ [50]. Padidéjus
akisptdziui ar eksperimentiskai suleidus NMDA injekcijg, TGL sluoksnyje
buvo stebéti ET pokyciai [51], todél tikslingi tolesni tyrimai, kuriuose biity
vertinama, ar ateities glaukomos gydymas bus nukreiptas j ET perkrovos ma-
zinimg (2.1.2.1 pav.).
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UZDEGIMINIAI CITOKINAI MIKROGLIJOS
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2.1.2.1 pav. Pagrindiniai glaukomos ir kity neurodegeneraciniy ligy
patogenetiniai mechanizmai siejasi tarpusavyje ir sqlygoja neuroniniy
lgsteliy zZitj
NNF-a — naviko nekrozés faktorius-a; Bax/Bid — pro-apoptoziniai genai.

KASPAZES TAU BALTYMAS

Kinurenino kelias (KK) yra pagrindinis triptofano (TRP) metabolizmo ke-
lias, kuris yra siejamas su neurodegeneraciniais procesais sergant glaukoma.
KK metabolitai pasiZymi neurotoksiSkomis (pvz., chinolino riigStis; NMDA
receptoriaus agonistas [52]) arba neuroprotekcinémis (pvz., kinureno riigstis
(KYNA); NMDA ir alfa-7 nikotino acetilcholino receptoriy antagonisté [53,
54]) savybémis. KK yra svarbus imuninés sistemos atsako bei energijos apy-
kaitos reguliavimui [55]. Padidéjusi KYNA koncentracija tinklainéje buvo
pastebéta po TGL pazeidimo, o KYNA kiekis skyrési priklausomai nuo pa-
zeidimo pobiidzio [56]. Fiedorowicz su kolegomis iStyré, jog DBA/2J pelése
sutrikes triptofano metabolizmo kelias tinklainéje buvo susijes su triptofano
metabolizmo sutrikimais visame organizme [57] (2.1.2.2 pav.).
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Uzdegiminiai
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2.1.2.2 pav. Kinurenino kelias (KK) ir jo metabolitai. Indoleamino
2,3-dioksigenaze (IDO) yra pirmasis fermentas KK. IDO sinteze skatina
uzdegiminiai citokinai. Kinurenino 3-monooksigenazé (KMQO) pavercia
kinurening j neurotoksinj 3-hidroksikinurening, kuris toliau verciamas j
chinolino riugstj, kuri yra N-metil-D-aspartato (NMDA) receptoriy agonisté.
Galutinis KK produktas yra oksiduotas nikotinamido adenino dinukleotidas
(NAD+). Kinurenino aminotransferazes (KAT) pavercia kinurening j
neuroprotekcine kinureno rugsti (KYNA), o kinureninazeé vercia kinurening j
antranilo rigstj

Literatiiros duomenimis, KK fermenty aktyvumo reguliavimas turé¢jo neu-
roprotekcinj poveikj TGL [58]. Pavyzdziui, kinurenino-3-monooksigenazés
(KMO) inhibitoriaus Ro-61-8048 vartojimas apsaugojo nuo tinklainés pa-
zeidimo, kuris buvo sukeltas virSgarsiniy smiiginiy bangy, o KMO nebuvi-
mas turéjo apsauginj poveiki TGL esant tinklainés iSemijos — reperfuzijos
pazeidimui, sukeltam trumpalaikio I0OS padidé¢jimo [57-59]. Buvo jrodytas
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neuroprotekcinis intraveninés KYNA poveikis, nepaisant kai kuriy moksliniy
duomeny, teigianciy, jog KYNA turi salyginai mazg pralaiduma pro smege-
ny—kraujo barjerg ir galbiit kraujo-tinklainés barjera [60]. Ta¢iau Nahomi ir
kolegy atliktame tyrime, pragjus 2 val. po intraveninio suleidimo buvo nusta-
tyta padidéjusi KYNA koncentracija tinklainéje [58].

Sinapsinés piislelés baltymas 2 (SV) dalyvaujantis kalcio jony reguliuoja-
moje sinapsinéje pernasoje, turi tris izoformas (SV2A, SV2B, SV2C). Sios
izoformos pasiskirsto skirtingose smegeny srityse, o tai leidzia manyti, kad
kiekviena izoforma turi sinapsei specifines funkcijas. Sios izoformos yra skir-
tingai pasiskirsciusios tinklainés sinapsése, pasizymi unikaliomis struktiiro-
mis iSoriniame ir vidiniame tinkliniuose sluoksniuose. SV2 izoformos raiska
vyksta skirtinguose presinapsiniuose galuose ankstyvose vystymosi stadi-
jose, o SV2A laikinoji raiska vyksta vystantis horizontaliosioms Igsteléms.
Horizontaliosios lastelés yra tarpiniai neuronai, reguliuojantys vaizdinés in-
formacijos srautg i§ fotoreceptoriy i bipolines Igsteles iSoriniame tinkliniame
sluoksnyje [61].

Net ir tiksliai nezinant visy molekuliniy ir 1gsteliniy glaukomos neuro-
degeneraciniy procesy, pastaraisiais metais mokslas zenkliai pasistiméjo
32-36, 39-42, 44]. TGL dazniausiai ziiva d¢l apoptozés — programuotos 13s-
teliy ztties, kurios metu vyksta nuoseklus vidulasteliniy organeliy irimas bei
Jju pasalinimas fagocituojan¢iomis lastelémis [49].

Apoptoze gali sukelti iSoriniai veiksniai, tokie kaip naviko nekrozes fak-
torius-a (NNF-a), Fas ligandas ir su NNF susij¢s apoptoze sukeliantis ligan-
das. Vidiniai veiksniai sukelia apoptoze, praradus iSgyvenamuma skatinan-
Cius signalus i§ aplinkiniy lasteliy tinklaingje, regos nerve ar smegenyse [49].
Sie mitochondrijy skatinami signaliniai keliai daznai apima kalcio aktyvinty
baltymy (pvz., kalcineurino), kalpaino ir proteaziy, vadinamy kaspazémis,
aktyvacija, padidéjusig pro-apoptoziniy geny (pvz., Bax/Bid) ir sumazéjusia
antiapoptoziniy geny (pvz., Bcl-2/Bcl-xl) raiska [49].

Siy saveiky supratimas gali palengvinti specifiniy antiapoptoziniy vaisty
kiirima. Daugelis lasteliy zuties keliy yra bendri visoms regos nervo neuropa-
tijoms, sukelian¢ioms TGL aksony pazeidimg. Tokie pazeidimai kaip iSemi-
nés, kompresinés ar trauminés regos nervo neuropatijos, RND drizos, regos
nervo neuritas ir paburkimas sukelia nerviniy skaiduly sluoksnio aksony pa-
miai, tokie kaip RND ekskavacija ir specifiniai regos lauko defektai, leidZia
nustatyti glaukoma. Siy sudétingy mechanizmy ir signaliniy keliy supratimas
gali padéti kurti tikslinj glaukomos gydyma ir uzkirsti kelig arba sulétinti
regos praradima.
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2.1.3. Glijos lasteliy vaidmuo glaukomos patogenezei

Nors padid¢jes I0OS islieka pagrindiniu glaukomos rizikos veiksniu, at-
siranda vis daugiau jrodymy, kad Sios ligos patogenezéje dalyvauja glijos
lastelés [62—64]. Glijos lastelés atlieka svarby, jvairiapusiska ir sudétinga
vaidmenj tinklainés patologiniuose procesuose. Sutrikusi jy funkcija ir vé-
lesné glijos Iasteliy sgveika su tinklainés nervinémis Igstelémis yra kritiskai
svarbios jvertinant neurodegeneracinius procesus tinklaingje.

Zmogaus tinklainéje yra nustatomi du pagrindiniai glijos lasteliy tipai: ma-
kroglija ir mikroglija. Tinklainés makroglija sudaro Miulerio glijos lastelés ir
astrocitai (2.1.1.1 ir 2.1.1.2 pav.). Makroglijos lastelés palaiko tinklainés ho-
meostaze reguliuvodamos jony, gliukozés ir neurotransmiteriy apykaitg [62].
Mikroglijos lgstelés reaguoja j tinklainés pazeidimg ir yra svarbios neuroni-
niy tinkly homeostazei ir neurouzdegimo reguliavimui [65, 66]. Regos ner-
vo sudétyje makroglijai priklausantys oligodendrocitai, kartu su astrocitais,
sudaro pagrindinius atraminius komponentus TGL aksonams, nusidriekian-
tiems ] smegenis [67]. Mokslininkai nustaté, jog abiejy tipy glijos lastelés
saveikauja su tinklainés ir regos nervo nervinémis Igstelémis ir yra svarbios
patofiziologiniams TGL zutj sukeliantiems procesams [62, 64, 68—71].

2.1.3.1. Makroglija

Miulerio glijos lastelés yra i$sidésciusios visuose tinklainés sluoksniuose,
0 jy ataugos, apsupdamos TGL, tgsiasi nuo iSorinés iki vidinés ribojancios
membranos. Jy unikali morfologija ir pasiskirstymas nulemia, jog Miulerio
glijos lgstelés dalyvauja perneSant medziagas tarp TGL, stiklakiinio, tinklai-
nés kraujagysliy ir poretininio tarpo [64].

Miulerio glija atlieka jvairias funkcijas ir yra tiesiogiai susijusi su TGL.
Viena 1§ pagrindiniy Miulerio glijos funkcijy yra gebéjimas greitai pasalin-
ti perteklinj glutamatg 1§ tarplastelinio tarpo per amino rigsciy perneséjus,
tokiu budu palaikant Zemg glutamato koncentracijg ir iSvengiant ekscitotok-
siSkumo [72—75]. Glijai specifinis fermentas glutamino sintetazé pavercia
glutamatg j glutaming, kuris veliau tampa glutamato pirmtaku neuronuose.
Manoma, kad padidejes glutamino lygis Miulerio glijos lastelése gali atsirasti
dél sumazéjusio glutamino poreikio pazeistose TGL [76]. Miulerio glija geba
pasSalinti perteklinj glutamata, o taip pat jj naudoti kaip metabolinj substrata
[63, 74, 77].

Itin svarbi Miulerio glijos savybé yra gebé¢jimas iSskirti neurotrofinius
faktorius. Tyrimai nustaté, kad iSemijos sukelta glijos lasteliy aktyvacija le-
mia 1§ glijos lasteliy kilusio neurotrofinio faktoriaus, padidinancio glutamato
pasisavinima, i8siskyrimg. Tokiu biidu yra mazinamas glutamato sukeliamas
ekscitotoksiSkumas ir skatinama neuroprotekcija [76, 78].
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Pradiniy pazeidimo stadijy metu jvykus Miulerio lasteliy gliozei, prasi-
deda teigiama neuroprotekcinj poveikj turiniy antioksidanty, neurotrofiniy
faktoriy bei ciliarinio neurotrofinio faktorius gamyba (CNTF) [79]. Vis délto,
vélyvosios gliozes stadijos metu neurony regeneracija yra slopinama dél 1gs-
teliy zities ir glijos randy susidarymo [64, 80]. Gliozés patologiniy procesy
metu taip pat yra kaupiamas vidulgstelin] pazeidimg sukeliantis azoto oksi-
das. Azoto oksidas slopina mitochondrijy funkcijg, maZindamas adenozino
trifosfato kiekj ir tiesiogiai pazeisdamas DNR. Atsiranda vis daugiau jrody-
my, kad Miulerio glija yra butina TGL gyvybingumui palaikyti, o Miulerio
glijos funkcijos sutrikimas ir pazeidimas yra svarbus glaukomos patogenezés
veiksniai [77].

Tinklainés astrocitai, dar vadinami astroglija, jungia neuronus su krauja-
gyslémis ir yra dazniausiai aptinkami tinklainés nerviniy skaiduly sluoksnyje
[81](2.1.1.1ir 2.1.1.2 pav.). Nustatyta, kad jie palaiko RND aksony struktiirg
ir fiziologines savybes [82], o padidéjes 1OS turi tiesioginj poveikj uzlaste-
linés terpés persitvarkymui [82, 83]. Pazeidus tinklaing arba padidéjus 10S,
astrocitai yra aktyvinami, atsiranda morfologiniy astrocity pokyc¢iy — kiino
hipertrofija, prarandamos sustor¢jusios ataugélés [82, 84]. Be to, jvykus ak-
tymg [85]. Naudodami glutamato—glutamino ciklg ir perneSdami laktatg bei
piruvata, tinklainés astrocitai gamina bioenergetinj substratg TGL [85, 86].
Manoma, kad astrocitai sudaro daugiau nei 70 proc. RND mitochondrijy [87,
88]. Astrocitai apgaubia ir suardo nebefunkcionuojancias aksony mitochon-
drijas [89, 90]. Irodyta, kad astrocitai i§ tarplastelinés ertmés pasSalina jonus
ir perdirba neurotransmiterius [66]. Padidéjus 10OS ar vykstant nattraliems
senéjimo procesams, prasideda astrocity gliozé — neurocheminis ir morfolo-
ginis remodeliavimosi procesas [85, 91]. Glaukomos metu aktyvuota astro-
glija padidina endotelino-1, NNF-a, oksidacinio streso molekuliy ir trofiniy
veiksniy kiekj, pvz., CNTF, pasizymincio tiek neuroprotekcinémis, tiek neu-
rotoksinémis savybémis raiska [69, 84, 92-94].

Moksliniai tyrimai nustaté, kad astrocitai yra biitini tinklainés homeostazei
palaikyti, nes jie paSalina nereikalingas daleles 1§ TGL aksony, tiekia TGL
energetinius substratus, tokius kaip piruvatas ir laktatas, bei pasalina neu-
rotransmiteriy pertekliy i§ sinapsinio tarpo [86, 92, 95]. Vis délto, aktyvuoti
astrocitai gali turéti ir zalingy savybiy, tokiy kaip neurotoksiniy molekuliy
iSskyrimas ir uzdegiminio atsako formavimas [62 ,84, 92, 96, 97]. Nors as-
trocity yra salyginai maziau nei Miulerio glijos lasteliy tinklaingje, taciau abu
makroglijos potipiai turi daug sutampanciy funkcijy. Taip pat iSlieka daug
nezinomy ir neistirty makroglijos lasteliy savybiy.

Manoma, kad astrocity aktyvacija yra svarbus glaukomos patogenezés
veiksnys. Astrocity aktyvinimo slopinimas padidina neurony i§gyvenamumag

21



eksperimentiniuose glaukomos modeliuose. Manoma, kad teigiamas poveikis
kyla dél tirozino kinazés inhibitoriy reguliavimo [98] ar endotelino-1 bloka-
vimo [99]. Manoma, kad kalcio kanaly blokatoriy ir endotelino blokatoriy
neuroprotekcinis poveikis glaukoma sergantiems zmonéms, veikia Siuo me-
chanizmu [100].

Oligodendrocitai yra puikus metabolinio rySio tarp glijos lgsteliy ir TGL
aksony pavyzdys. Jie suteikia TGL aksonams pagrindinius metabolinius
substratus [101]. Gliukozé yra paimama i§ kraujo per astrocity ataugéles ir
pavercCiama ] laktatg ir piruvatg, kuris véliau per tarpines jungtis pernesamas
1 oligodendrocitus, o véliau | TGL aksonus [102].

2.1.3.2. Mikroglija

Neurouzdegimas yra pirminis tinklainés gynybinis procesas prasidéjus
pazeidimui. Taciau stiprus ir nevaldomas uzdegimas gali turéti neurotoksinj
poveik] ir sukelti tinklainés pazeidimg. Mikroglija yra jgimto imuniteto 1as-
telés centriné€je nervy sistemoje. Mikroglijos aktyvacija yra vienas i$ pirmyjy
glaukomos neurodegeneracijos procesy. Eksperimentiniuose gyviiny glauko-
mos modeliuose padidé¢jes akispiidis gali suaktyvinti tinklainés mikroglija,
kuri i8skiria TGL pazeidziancius uzdegiminius citokinus [36]. Manoma, kad
IOS mazinantis gydymas neveikia TGL pazeidimy, sukelty aktyvintos mi-
kroglijos.

Teigiamas mikroglijos aktyvacijos poveikis atsiranda dél prieSuzdegimi-
niy citokiny i§skyrimo, tokiy kaip interleukinas-4 (IL) ir IL-10, kurie slopina
mikroglijos uzdegiminiy citokiny gamyba [103—105]. Esant toli pazengusiam
pazeidimui, mikroglijos aktyvacija sukelia uzdegiminiy citokiny ir citotoksi-
niy medziagy, tokiy kaip NNF-a, IL-1p, IL-6, indukuotos azoto oksido sin-
tetazes ir azoto oksido, i8siskyrima, kurie naikina patogenus [106, 107]. Tei-
giama, kad mikroglija yra susijusi su daugeliu akiy ligy, taip pat ir glaukoma
[108—112]. Sergant glaukoma, mikroglijos aktyvacija stebéta sankaupomis
aplink kraujagysles ir choriokapiliarus pazeistame RN, o tai rodo natiiraly
imuninés sistemos suaktyveéjima [113, 114]. Sergant glaukoma, mikroglijos
aktyvacija atlieka dvi funkcijas. Pirma, aktyvintos mikroglijos lastelés gali
fagocituoti degeneravusias ar ziistanc¢ias TGL, taip iSlaikydamos gera tin-
klainés lgsteliy aplinka be toksiniy molekuliy [68]. Aktyvinta mikroglija turi
gebéjima iSskirti neurotrofinius faktorius, tokius kaip smegeny neurotrofinis
faktorius (SNF) ir CNTF [115], kurie turi neuroprotekcinj poveiki ir galbiit
skatina neuroregeneracijg [92]. Antra vertus, dél 1étinés mikroglijos aktyvaci-
jos i8siskiria neurotoksinés ir uzdegiminés molekulés [66].
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2.1.3.3. Glijos lasteliy tarpusavio saveika

Glija atlieka svarby vaidmenj palaikant tinklainés homeostaze, struktiirg ir
gyvybinguma [64, 116]. Sudétinga tinklainés glijos ir neurony sgveika lemia
pagrindinius tinklainés homeostazés principus sveikos ir glaukomos pazeis-
tos akies patogenezés metu [62, 71, 75, 116].

Glijjos lasteliy tarpusavio saveika palaiko tinklainés homeostazg ir regu-
livoja viena kitos veiklg. Sutrikusi sgveika tarp glijos lasteliy gali lemti to-
lesng tinklainés Igsteliy neurodegeneracija. Normaliomis saglygomis astrocitai
ir mikroglija ekspresuoja matriksmetaloproteinaze-2 (MMP) glijos Iasteliy
ataugelese Salia kraujagysliy [117]. Taciau suaktyvéjus astrocitams ir mikro-
glijai, MMP-2 kiekis padidéja, todel padidéja kraujo ir tinklainés barjero pra-
laidumas [118], angiogenez¢ ir glijos randy susidarymas [119]. Atlikty tyrimy
metu buvo vertinta glijos lasteliy tarpusavio sgveika tarp oligodendrocity ir
mikroglijos Igsteliy bei astrocity. Buvo nustatyta, kad mikroglijos aktyvacija
gali sukelti astroglioz¢ ir oligodendrocity apoptoze. Padidindama NNF-a, IL-
1b, MMP-3 ir MMP-9 gamyba astrocituose ir mikroglijoje, aktyvacija sukelia
oksidacinj stresa, uzdegima ir glutamato toksiskuma [120-122]. Dél TGL pa-
zeidimo padidéjus glutamato kiekiui, NMDA receptoriai yra per daug stimu-
liuojami, tai padidina kalcio jony i$siskyrimg ir ekscitotoksiskuma [123]. Sis
patogenetinis mechanizmas, kurio metu sutrinka Miulerio glijos lasteliy ge-
béjimas efektyviai pasalinti glutamata, yra siejamas su glaukoma ir diabetine
retinopatija [76, 124, 125]. Grauziky akiy hipertenzijos modelyje naudojant
nekonkurencinj NMDA receptoriy antagonistg — memantino nano daleles —
buvo nustatytas neuroprotekcinis poveikis TGL Iasteléms [126].

Kaip ir mikroglija, astrocitai, taip pat atlieka svarby vaidmenj palaikant
tinklainés homeostazg ir funkcija. Reaguojant j tinklainés pazeidimus ir ligas,
astrocitai gali buti aktyvinami j du tipus: neurotoksinj arba uzdegiminj feno-
tipa (A1) ir neuroprotekcinj arba prieSuzdegiminj fenotipa (A2). Mikroglijos
lastelés taip pat aktyvuojasi i du tipus: M1 mikroglijos lastelés iSskiria uzde-
giminius mediatorius, sukelia uzdegimg ir neurotoksinj poveikj, o0 M2 mi-
kroglija iS$skiria prieSuzdegiminius mediatorius, slopina uzdegima ir skatina
neuroprotekcinj poveikj [127]. Suzuki T ir kolegy atliktame pelés glaukomos
modelio tyrime buvo nustatyta padidéjusi IL-1a, NNF-a ir C1q sekrecija mi-
kroglijoje [94]. Tai jrodo, kad mikroglijos lastelés aktyvuoja Al astrocitus,
del kuriy glaukomos metu yra pazeidziamos TGL. Kadangi A1 astrocitai ir
M1 mikroglijos Igstelés stebimos neurouzdegimo metu, yra labai svarbu at-
skirti A1 astrocity ir M1 mikroglijos poveikj neurodegeneraciniam procesui.

Guttenplan KA ir kolegos nustaté, jog TGL tankis reikSmingai sumazéja
po akisptudzio padidéjimo laukinio tipo pelés modelyje. Vis délto, pasalinus
mikroglijos iSskiriamus faktorius, tokius kaip IL-1o, NNF-a ir Clq, kurie
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sukeltai po regos nervo suspaudimo arba ilgalaikio akisptuidzio padidéjimo
[94]. Sie trys citokinai suzadina neurouzdegiminius reaktyvius astrocitus, ku-
rie prisideda prie TGL Zities [94]. Tyrimas nustaté, jog mikroglijos iSskirti
citokinai yra kritiskai svarbiis valdant mikroglijos—astrocity tarpusavio sgvei-
ka glaukomos metu [128]. Tikétina, kad mikroglija gali reguliuoti reaktyvigja
astroglioze ir suaktyvinti neurotoksinj arba neuroprotekcinj astrocity fenotipa
[129].

2.2. Neuroprotekcija, neuroregeneracija ir neurostimuliacija

Neuroprotekcinio gydymo tikslas — silpninti antrinés degeneracijos pro-
cesg — sumazinti atsirandancius morfologinius ir funkcinius pazeidimus bei
maksimaliai padidinti nerviniy lgsteliy atsigavima po @iminio ar létinio pa-
zeidimo. Kalbant apie regos nervo neuropatijas, neuroprotekcijos tikslas yra
uzkirsti kelig TGL Zuciai ir iSsaugoti jy funkcija. Terminas ,,neuroprotekcija“
turéty biiti vartojamas tik norint apibiidinti procesy, atsirandanciy po pirminio
pazeidimo, sutrikdyma. Tai reiSkia, kad neuroprotekcija trukdo procesams,
susijusiems su antrine degeneracija, o ne su tiesioginiais pirminio pazeidimo
padariniais [130].

Neurostimuliacija, neurostiprinimu ar neurofunkciniu gerinimu (angl. neu-
roenhancement) siekiama iSgelbéti neuronus i sustingimo, sutrikusios funk-
cijos ar neaktyvios biisenos. Veiksmingai neuroprotekcijai ir neurostiprinimui
yra biitina, jog esami tinklainés neuronai buty gyvybingi, tod¢l Sios gydymo
metodikos labiausiai tinka ankstyvoms ir vidutinéms ligy stadijoms [130].

Nors neuroprotekcijos ir neurostiprinimo metodai gali biiti naudingi ser-
gant regos nervo neuropatijomis ankstyvosiose ligos stadijose ir esant létai
degeneracijai, taCiau esant galutinei regos nervo neuropatijos stadijai teo-
riskai reikalingos lgsteliy pakeitimu pagristos metodikos. Pazymétina, kad
zmogaus embrioniniy kamieniniy lgsteliy (hEKL) ir indukuoty daugiagaliy
kamieniniy lgsteliy (iDKL) atsiradimas regos nervo regeneracijos sampratg
keicia i§ mokslinés fantastikos j realybe. Mokslininkai jau jrodé, kad i§ hEKL
diferencijuotos TGL spontaniskai depoliarizuojasi ir geba reaguoti j glutama-
to kiekio pasikeitimus [131, 132]. Vis délto, dabartiniai kamieniniy Igsteliy
paruos$imo protokolai negali uztikrinti pakankamai reikSmingo TGL kiekio,
sickiant klinikinés, ekonominés naudos ir efektyvumo. Siuo metu TGL kul-
tiros iSeiga svyruoja nuo 0,1 iki 30 proc. Igsteliy kultiiros [133]. Taip pat,
net ir pagaminus pakankama kiekj TGL, skirto suleisti i stiklaktinj, integraci-
jos veiksmingumas tinklaing¢je tebéra zemas — 1-7 proc. [134, 135]. Viena i§
sudétingos integracijos priezas¢iy yra vidiné ribojanti tinklainés membrana.
Ji veikia kaip kliaitis integracijai: ja paSalinus, lasteliy integracija padidéja
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[136]. Taip pat, daugelis lasteliy auginimo protokoly yra parengti siekiant
i8gryninti Igsteliy populiacija pagal CD90 (Thy-1) pavirSiaus antigeno gru-
p¢. Nors Thy-1 antigenas yra ekspresuojamas TGL, kiti CNS neuronai taip
pat pasizymi Sio geno raiSka. Tai gali sumazinti i§ kamieniniy lgsteliy gauty
TGL grynumg. Galiausiai, nors ir ] tinklaing integravusiyjy TGL aksonai auga
link regos nervo, taciau tik nedidelis jy kiekis jauga j patj regos nerva [135].
Pastebéta, kad daugelis aksony, kuriems pavyko pasiekti regos kryzme, auga
link netiksliniy taikiniy (pvz., ] prieSingg regos nerva arba atgal | save), o ne
i atitinkama regos pluosta [137]. Sie tyrimai rodo, kad vien lasteliy trans-
plantacijos — be signaly, skatinanc¢iy aksonogeneze ir tiesioginj aksony augi-
ma — nepakaks regos nervui atkurti [137].

2.3. Farmakologiniai preparatai, turintys neuroprotekcinj poveikj
tinklainés Igsteléms gydant neurodegeneracines ligas

Glaukoma ir neurodegeneracinés ligos, tokios kaip Alzhaimerio ir Parkin-
sono ligos, sukelia progresuojant] neurony praradima, galintj lemti negrizta-
mus funkcinius sutrikimus. Neuroprotekcinés medziagos sumazina lgsteliy
zut] ir iSsaugo neurony funkcija, taip 1étindamos ligos progresavima [6]. Tarp
Siy medziagy iSskiriamos §ios pagrindinés klasés: NMDA receptoriy antago-
nistai, antioksidantai, neurotrofiniai veiksniai, vitaminai, kalcio kanaly blo-
katoriai, o2-adrenerginiy receptoriy blokatoriai, statinai, INFy antagonistai
[6] (2.3.1 pav.).
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Neurotrofiniai faktoriai:

e NGF
e SNF
e CNTF
NMDA receptoriy * GDNF Antioksidantai ir
antagonistai: vitaminai:
e MK801 I e Ginko biloba
e Memantinas e Resveratrolis
e Bis(7)-takrinas e Crocus sativus
/ e Citikolinas
e Kofermentas Q10
e Vitaminas B
IFNy antagonistai: Neuroprotekcmlq * Vitaminas E
e Levetiracetamas savybu{ tunntys

preparatai

Kalcio kanaly

blokatoriai:

e Amlodipinas

Statinai e Nimodipinas

e Amiloridas
e AMPA

a2-adrenerginiy receptoriy
agonistas:
e Brimonidinas

2.3.1 pav. Skirtingy klasiy neuroprotekciniy savybiy turintys preparatai
MKS801 — disokilpino maleatas; NGF — nervy augimo faktorius; SNF — i§ smegeny kiles
neurotrofinis faktorius; CNTF — ciliarinis neurotrofinis veiksnys; GDNF — i§ glijos Igsteliy
kiles neurotrofinis faktorius; AMPA — a-amino-3-hidroksi-5-metil-4-isoazolepropiono rugs-
tis; INF — interferonas.

Ekscitotoksiskumas, kurj sukelia per didelis glutamato iSsiskyrimas, yra
vienas pagrindiniy veiksniy, pazeidZian¢iy neuronus sergant glaukoma ir ki-
tomis neurodegeneracinémis ligomis. NMDA receptoriy antagonistai, tokie
kaip memantinas, slopina glutamato sukelta ekscitotoksiSkuma, apsaugodami
TGL glaukomos atveju ir neuronus, sergant Alzhaimerio liga [138].

Oksidacinis stresas yra dar vienas svarbus neurodegeneracijos veiksnys.
Tokios medziagos kaip kofermentas Q10, resveratrolis ir vitaminas E veikia
kaip laisvyjy radikaly Salintojai, mazindami lipidy peroksidacijg ir didindami
neurony atsparumg. Glaukoma sergantiems pacientams $ie antioksidantai yra
veiksmingi, palaikant tinklainés sveikatg ir apsaugant nuo oksidacinés zalos
[9].

Neurotrofiniai faktoriai yra sekretuojami baltymai, gerai Zinomi del savo
poveikio uzkertant kelig apoptozei ir palaikant neurony vystymasi [139-143].
Tyrimai nustateé, kad TGL Zitis po aksono pazeidimo dalinai jvyksta dél su-
mazéjusios retrogradinés neurotrofiniy faktoriy pernasos [144]. Todél moks-
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lininkai siekia nustatyti Sias molekules, tikédamiesi, kad ilgalaikis jy taiky-
mas galéty apsaugoti pazeistas TGL. Neurotrofiniai faktoriai apima tokius
baltymus kaip neurotrofinai (pvz., nervy augimo faktorius — NGF), SNF, neu-
rokinai (pvz., CNTF) ir kiti augimo faktoriai. Nors buvo jrodyta, kad egzoge-
niniy neurotrofiny, tokiy kaip NGF ir SNF, injekcija j stiklakiinj geba atitolin-
ti imig TGL Ziit] po regos nervo pazeidimo grauziky modeliuose [145-148],
monoterapija nebuvo tokia veiksminga TGL degeneracijos prevencijai. Kai
SNF arba CNTF buvo skiriami kartu su periferiniy nervy transplantatais ] re-
gos nerva, nebuvo pastebéta jokio pageréjimo aksony regeneracijoje, lyginant
su kontrolinémis grupémis [147, 148].

Statinai yra vartojami hiperlipidemijos ir kardiovaskuliniy ligy gydymui
[149]. Pagrindinis jy veikimo mechanizmas yra cholesterolio sintezés mazi-
nimas. Posch-Pertl atliktoje metaanaliz¢je tvirtinama, kad aukstas choleste-
rolio ir Zemas didelio tankio lipoproteiny kiekis yra glaukomos i§sivystymo
rizikos veiksnys [150]. Statiny vartojimas buvo siejamas su akiplocio pageré-
jimu pacientams, sergantiems normalaus spaudimo ir atviro kampo glaukoma
pacientams [151, 152]. Vis délto, kiti tyrimai nenustaté rysio tarp statiny var-
tojimo ir struktiiriniy—funkciniy glaukomos pakitimy ir ligos progresavimo
[153, 154].

KKB mazina TGL apoptozg¢ sukeldami kraujagysliy iSsiplétimg ir ma-
zindami kalcio jony patekima j Iastelés vidy [155]. Mokslininkai istyré, kad
KKB mazina aksony degeneracija ir stimuliuoja aksony regeneracija [156].
Tyrimai su glaukomos pacientais nustaté priestaringus rezultatus — dél su-
kelto kraujagysles plecianc¢io poveikio maZzéja arterinis kraujo spaudimas
ir nukencia tinklainés kraujotaka, todél KKB vartojimas neuroprotekciniais
tikslais turéty biti placiau istirtas [155, 157].

Brimonidinas yra a2 adrenerginiy receptoriy agonistas, kuris turi tiesio-
ginj neuroprotekcinj poveikj TGL ir netiesiogiai apsaugo neuronines Iasteles
mazindamas IOS [158]. Brimonidinas skatina neurotrofiniy faktoriy iSsisky-
rimg, mazina ekscitotoksiskuma ir taip apsaugo neuronines lgsteles nuo Zziities
[159].

Levetiracetamas — antiepilepsinis vaistas, turintis neuroprotekciniy savy-
biy centrinéje nervy sistemoje, taciau jo poveikis tinklainés lasteléms néra
pakankamai istirtas [14, 15, 18, 160, 161]. Kadangi neurodegeneracingés ligos
turi labai panaSius molekulinius patogenetinius mechanizmus, levetiraceta-
mas buvo pasirinktas Siame disertaciniame darbe dél jo neuroprotekciniy sa-
vybiy.

Siam disertaciniam darbui buvo pasirinkta i§analizuoti tris skirtingy gru-
piy preparatus, turin¢ius neuroprotekciniy savybiy — brimoniding, memanting
ir levetiracetamg. Brimonidinas ir memantinas mazina ekscitotoksiskuma su-
sijusj su glutamato toksiskumu, o levetiracetamas slopina neurotoksiniy ki-
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nurenino kelio metabolity iSsiskyrimg astroglijoje ir ankstesniuose tyrimuose
pasiZyméjo neuroprotekciniu poveikiu Parkinsono ligos tyrimuose [15], o i§-
samiy duomeny apie neuroprotekcinj poveik]j tinklainés Igsteléms néra.

2.3.1. Brimonidinas

Brimonidinas yra vaistas, skirtas glaukomai gydyti, laSy formuluotéje. Tai
02 adrenerginiy receptoriy agonistas, turintis ikiklinikiniuose gyviny ir las-
teliy tyrimuose jrodyty tinklainés ir regos nervo neuroprotekciniy savybiy
[158]. Manoma, kad brimonidinas skatina lgsteliy iSgyvenamuma, padidina
neurotrofiniy faktoriy i$siskyrima ir mazina ekscitotoksiSkuma [159, 162].
Pagrindinis brimonidino veikimo mechanizmas yra slopinti adenilato cikla-
z¢és aktyvumg ir ciklinio adenozino monofosfato (cAMP) kiekj, taip suma-
zinant akies skysc¢io gamyba krumplyne [163]. Brimonidinas padidina akies
skysc¢io nutekéjima, stimuliuodamas a-adrenerginius receptorius, tokiu biidu
atpalaiduodamas krumplyno raumenis ir skatindamas prostaglandiny iSsisky-
rimg [164]. Brimonidinas, zinomas dé¢l savo geb¢jimo sumazinti akisptd; ir
skatinti neuroprotekcijg [10—-12, 165], didina neurotrofiniy faktoriy iSskyri-
ma [159, 166], mazina cAMP [167, 168], o taip pat reguliuoja amiloido beta
[169, 170] ir NMDA receptoriy, susijusiy su glutamato toksiSkumu, modu-
liavimag [169]. Tyrimai parodeé, kad ir sisteminis, ir vietinis brimonidino var-
tojimas reikSmingai pagerina TGL i§gyvenamuma jvairiuose ikiklinikiniuose
grauziky pazeisto regos nervo ar imineés tinklainés iSemijos [171-173], eks-
citotoksinio tinklainés pazeidimo [174], 1étinés akiy hipertenzijos [175, 176]
ir regos nervo suspaudimo sukelty pazeidimy [177, 178] modeliuose. Taip
pat yra nustatyty teigiamy klinikiniy duomeny apie jo neuroprotekcinj po-
veikj pacientams, sergantiems glaukoma [179], su amzine geltonosios démés
degeneracija [180], pigmentiniu retinitu [ 181], diabetine retinopatija [182] ir
imine nearteriitine priekine iSemine regos nervo neuropatija [183].

Brimonidinas, buvo integruotas j polimering sistema ir istirtas gydant geo-
grafing atrofija, amzine geltonosios démés degeneracija [184]. Si sistema tu-
réjo teigiamga terapinj poveikj, trunkantj iki 15 savaiciy ir rodantj geografi-
nés atrofijos pazeidimo sulétéjimg. 30 meénesiy trukmés klinikiniame tyri-
me buvo tirti pacientai su zemu [0S ir gydomi brimonidino monoterapija.
Tyrimo metu buvo pastebéta, kad glaukomos progresavimas buvo létesnis,
lyginant su kontroline timololiu gydyty pacienty grupe (9 proc. ir 30 proc.,
atitinkamai) [179, 185]. Grauziky modelyje buvo irodyta, kad brimonidinas
reguliuoja glijos lasteliy glutamato jsisavinima padidéjus IOS, o tai rodo, kad
galima apsaugoti neuronus paveikiant makroglijos lasteles [186].

Irodyta, kad akispiidi mazinantys lasai létina arba uzkerta kelig glaukoma
sergantiems pacientams su padidéjusiu IOS [58, 172]. Nepaisant to, glauko-
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miné neurodegeneracija gali atsirasti net ir pasiekus tikslinj IOS. Tod¢l labai
svarbu sukurti gydyma, kuris bty skirtas neurodegeneraciniy padariniy gy-
dymui ir padéty iSsaugoti TGL.

2.3.2. Memantinas

Memantinas (1-amino-3,5-dimetiladamantanas) yra stiprus neuroprotek-
cinis vaistas, kurj JAV maisto ir vaisty administracija (angl. Food and Drug
Administration, FDA) ir Europos vaisty agentiira (angl. European Medici-
nes Agency, EMA) patvirtino vidutinio sunkumo ir sunkios Alzhaimerio ligos
gydymui [187]. Nekonkurencingas NMDA receptoriy ,,atviry kanaly bloka-
torius“, memantinas nekonkuruoja su glutamatu dél prisijungimo vietos, pa-
sizymi santykinai mazu tapatumu ir greita kinetika [188]. Memantinas neturi
beveik jokio poveikio, esant normaliam tarplastelinio glutamato kiekiui ir
tampa veiksmingas tik esant glutamato pertekliui.

Nors dauguma mokslininky tiria memantino poveikj neuronams, tik keli
tyrimai vertino jo poveikj astroglijai [189]. Wu ir kt. atliko tyrima, kurio metu
buvo nustatytos dvi pagrindinés neuroprotekcinés memantino savybés [190].
Jie jrodé, kad memantinas padidino glijos neurotrofinio faktoriaus, svarbaus
neurony iSgyvenamumui, i§siskyrima [190, 191]. Memantino prieSuzdegimi-
nés savybeés yra siejamos su uzdegiminiy veiksniy, tokiy kaip superoksido,
reaktyviyjy deguonies junginiy, NNF-a, azoto oksido ir prostaglandino E2,
i$siskyrimo mazinimu, taip yra slopinant per didele mikroglijos aktyvacija
[190]. Dél to astroglija yra svarbus neurony apsaugos komponentas.

Gyvuny glaukomos modelyje buvo nustatytas memantino neuroprotek-
cinis poveikis TGL [192, 193]. Nors ikiklinikiniuose glaukomos tyrimuose
memantinas buvo daug Zadantis, jis nepateisino likes¢iy III fazés kliniki-
niuose atviro kampo glaukomos tyrimuose, kuriuose dalyvavo 2298 pacientai
(NCT00141882; NCT00168350) ir per 48 ménesius nesugebéjo uzkirsti kelio
glaukomos progresavimui [13, 194]. Tai jrodo, kad reikia kito tyrimo plano,
pvz., atrinkti pacientus, kuriy progresavimas greitas, o taip pat ir jautresniy,
1§samesniy tyrimy nustatyti progresavimui [13, 194].

2.3.3. Levetiracetamas

Vaistas nuo traukuliy (S)-a-etil-2-okso-pirolidinas (levetiracetamas) pasi-
zymi neuroprotekciniu poveikiu ir turi platy antiepilepsinj veikimo spektra
[17, 195, 196]. Jis yra neretai naudojamas traukuliy prevencijai po iSeminio
insulto. Neuroprotekcinis levetiracetamo poveikis Parkinsono ligai ir jos in
vitro pazeidimo modeliuose buvo aprasytas jau 2011 metais [14, 15, 197,
198]. Manoma, kad pagrindinis levetiracetamo neuroprotekcijos mechaniz-
mas yra susijes su prisijungimu prie sinapsinés puslelés glikoproteino 2A,
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kuris moduliuoja neurotransmiteriy iSsiskyrima [19, 199]. Buvo jrodytas ir
kitas farmakologinis poveikis — N tipo jtampai jautriy kalcio ir kalio jony
kanaly slopinimas, a-amino-3-hidroksi-5-metil-4-isoazolepropiono riigsties
(AMPA) receptoriy ir kalcio jony iSsiskyrimas i$ vidulasteliniy kalcio atsargy,
veikiant j inozitolio 1,4,5-trifosfato (IP3) receptorius [160, 196, 200]. AMPA
receptoriaus aktyvinimas atliecka svarby vaidmenj prasidedant epilepsijos
priepuoliams ir plintant i§krovai [201]. Tuo tarpu hiperaktyvus IP3 recepto-
rius prisideda prie epilepsijos priepuoliy, kylan¢iy dél neurony pazeidimo,
sukeliamo epilepsijos priepuoliy ir sutrikusios GABA egzocitozés priepuolio
iSkrovos metu [160, 202].

Létinis levetiracetamo vartojimas turi rizikg padidinti priestraukuliniy me-
tabolity, kinureno ir ksantureno riig§¢iy iSsiskyrima astroglijoje bei sumazinti
cinabarino rugsties ir traukulius skatinancios chinolino riigsties iSsiskyrima.
Todél panasu, kad levetiracetamas yra IFNy, traukulius skatinancio farmako-
loginio poveikio, antagonistas. Tiek trumpalaikis, tiek ilgalaikis levetirace-
tamo vartojimas slopino hiperaktyvios astroglijos neurotoksiniy molekuliy
18siskyrima, kurj sukelia AMPA ir IP3 receptoriy aktyvacija. Trumpalaikis
levetiracetamo vartojimas gali slopinti AMPA ir adenofostino-A sukeltg visy
kinurenino metabolity, tokiy kaip kinureno, ksantureno, cinabarino ir chino-
lino rugstys, 1Ssiskyrimg. Tam, kad buty slopinamas astroglijos kinurenino
kelio metabolity iSskyrimas, levetiracetamo poveikis tur¢jo trukti bent 2 va-
landas [161].

Wang ir kolegy atliktame tyrime levetiracetamo vartojimas pagerino neu-
rologing funkcing veikla, sumazino histologinius neurony pazeidimo ir va-
zospazmo poZymius peliy uzdaros galvos traumos ir subarachnoidinés he-
matomos modeliuose [61]. Sie rezultatai pabréZia levetiracetamo potenciala
kaip daugiafunkcio neuroprotekcinio vaisto, kuris gali biiti vartojamas ne tik
epilepsijai, bet ir jvairioms neurodegeneracinéms ligoms gydyti.

2.4. Ikiklinikiniai gyviiny neuroprotekcijos tyrimy modeliai

ny modeliai. Vis délto, dazniausiai yra naudojamas RNS modelis. Nors RNS
modelis tiesiogiai neatkartoja zmogaus glaukomos patofiziologiniy mecha-
nizmy, taciau sukelia TGL degeneracija, primenancig pirminj glaukominj
pazeidima. RNS modelis dazniausiai naudojamas tiriant mechanizmus, su-
sijjusius su TGL degeneracija bei tiriant farmakologiniy preparaty terapinj
poveikj glaukomos sukeltai neurodegeneracijai. RNS modelis pirmg kartg
buvo iSsamiai apraSytas 1999 m. [203], o véliau buvo patobulintas, siekiant
nustatyti rysj tarp TGL Zzuties ir regos nervo suspaudimo jégos bei trukmés
[204, 205]. Be to, tiek pacios TGL, tiek RNS protokolui naudojama peliy
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padermé gali skirtis savo atsparumu mechaniniams pazeidimams [206, 207].
Li ir kolegy atliktame tyrime buvo pastebéta, kad didziausia TGL Zzutis (~47
proc.) buvo nustatyta Balbc/cBYJ peliy paderméje, o maziausia (26 proc.) —
DBA/2J pelése [207]. Tai jrodo, kad genetika gali turéti reikSmés TGL Ziities
lygiui po RNS [207]. D¢l greitos ir ganétinai paprastos technikos RNS mode-
nervo neuropatijas, jskaitant glaukoma, nes stebima TGL pazaida yra homo-
geniska visoje tinklaingje. Taikant §] metoda, regos nervas suspaudziamas uz
akies obuolio savaime susikleidziamomis Znyplémis, tokiu btuidu uztikrinant
tolygy ir kas kartg vienodg suspaudimo jégos pasiskirstyma [208].

komos modeliai, tokie kaip mikrorutuliuky (polistireno mikrorutuliukai su ar
be viskoelastine medziaga; magnetiniai mikrorutuliukai) suleidimas j prieki-
ne kamera, taip mechaniskai uzkemsant akies skys¢io nutekéjimo kelius. Sio
modelio privalumas yra tas, jog yra atkuriamas patogenetinis glaukomos me-
chanizmas. Vis délto, neretai stebimas trumpalaikis ir staigus IOS pakilimas
véliau nusistovi ties 15-34 proc. 10S padidéjimu, o po 2 savaiciy stebima
TGL zitis siekia 23-36 proc. Siam modeliui reikalingos kelios chirurginés
intervencijos, o 1OS pakilimas gali varijuoti [209, 210].

Dar vienas modelis, sutrikdantis akies skyscio nutekéjimg yra episkleriniy
veny kauterizacija lazeriu arba hipertoninio tirpalo suleidimas. Modelio metu
yra stebimas IOS pakilimas nuo 6 iki 28 mmHg, o TGL Zitis varijuoja nuo 10
proc. iki 100 proc. Siam modeliui atlikti reikalinga speciali jranga bei mini-
malis chirurginiai jgidziai [211, 212].

31



3. TIRIAMIEJI IR METODAI

3.1. Eksperimentiniy tyrimy struktiira

Eksperimentiniai tyrimai buvo suskirstyti j du etapus:

I etapas: brimonidino eksperimentiniai neuroprotekcijos tyrimai, verti-
nant vietinj ir sisteminj neuroprotekcinj poveikius TGL ir tinklainés astro-
citams pelés RNS modelyje analizuojant vaisto poveikj visoje tinklainéje ir
skirtinguose tinklainés segmentuose.

IT etapas: memantino ir levetiracetamo eksperimentiniai neuroprotekcijos
tyrimai vertinant skirtingy doziy sisteminio gydymo poveikj TGL ir tinklai-
nés astrocitams pelés RNS modelyje analizuojant pelés tinklainés struktiiri-
nius pokycius po RNS.

3.1.1. I etapo tyrimo struktiira: brimonidino neuroprotekcijos
tyrimai naudojant regos nervo suspaudimo Balb/c peliy modelj

Tyrime buvo naudotos keturiasdeSimt viena Balb/c pel¢é. RNS buvo at-
liktas visoms peléms deSiniojoje akyje, o kairioji akis buvo naudojama kaip
kontrolin¢. Gyviinai buvo atsitiktinai priskirti vienai i$ trijy eksperimentiniy
grupiy:

1. Fiziologinio tirpalo grupé (sutrumpintai: desiné¢ akis — RNS/NaCl L +
IP; kairioji akis — kontrol¢/NaCl L + IP) — peléms (n = 15) buvo laSinami
fiziologinio tirpalo lasai du kartus per dieng septynias dienas. Pirmasis fizio-
loginio tirpalo akiy lasas (vienas laSas (0,05 ml), 0,9 proc. NaCl) sulasintas 0
dieng pries RNS atlikimg. Taip pat, buvo susvirkstos dvi 100 pl fiziologinio
tirpalo IP injekcijos prie§ RNS 0 dieng ir 1 dieng po RNS (0,1 ml, 0,9 proc.
NaCl). Likusiomis dienomis buvo tgsiami tik fiziologinio tirpalo lasai.

2. Brimonidino akiy lasy grupé (sutrumpintai: desiné akis — RNS/BMD
L; kairioji akis — kontrolé¢/BMD L) — peléms (n = 14) buvo skiriamas vieti-
nis gydymas brimonidino tartrato akiy lasais du kartus per dieng septynias
dienas. Pirmasis brimonidino akiy lasas buvo laSinamas 0 dieng prie§ RNS
(vienas laSas (0,05 ml); 2 mg/ml).

3. Brimonidino akiy laSy ir IP injekciju grupé (sutrumpintai: desi-
ne akis — RNS/BMD L + IP; kair¢ akis — kontrole¢/BMD L + IP) — peléms
(n = 12) buvo skirtas vietinis gydymas brimonidino tartrato akiy lasais du
kartus per dieng septynias dienas. Pirmasis brimonidino akiy lasas buvo la-
Sinamas 0 dieng prieS RNS (vienas lasas (0,05 ml); 2 mg/ml). Taip pat, buvo
suSvirkstos dvi IP brimonidino injekcijos prieS RNS 0 dieng ir 1 dieng po
RNS (2 mg/kg per para 2 mg/ml brimonidino tartrato). Likusias dienas buvo
tesiamas gydymas lasais.
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Taip pat buvo vertintas memantino intravitrealiniy injekcijy poveikis pe-
lems. Sio tyrimo metu buvo skirta vienkarting intravitrealiné memantino in-
jekeija (1 mg/ml 2pl) 1§ karto atlikus RNS. Dél stebéty uzdegiminiy reakcijy,
neatitinkanciy standarty tinklainés preparaty ir galimy duomeny iskraipymo,
] tolimesng analizg¢ Sios grupés duomenys nejtraukti.

Gyviinams buvo atlikta eutanazija septintg dieng po RNS, o tinklainés 18
abiejy akiy buvo iSpreparuotos tolimesnei analizei. Eksperimentinio tyrimo
struktiira pavaizduota (3.1.1.1 pav.).
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Balb/c pelés N =41

Diena 0 Diena 1 Diena 2 Diena 3 Diena 4 Diena 5 Diena 6
&

RNS
Akiy lasai +/— IP Akiy lasai +/— IP Akiy lasai ~ Akiy lasai  Akiy lasai Akiy lasai  Akiy lasai

NN

3.1.1.1 pav. I etapo eksperimentinio tyrimo struktiira
RNS — regos nervo suspaudimas; IP — intraperitoninis.

Diena 7
]

Intrakardiné perfuzija

Tinklainés preparatai

Imunohistocheminis
dazymas



3.1.2. 11 etapo tyrimo struktiira: memantino ir levetiracetamo
neuroprotekcijos tyrimai naudojant regos nervo suspaudimo
C57Bl/6J peliu modelj

Tyrime buvo naudojamos trisdesSimt septynios C57B1/6J pelés. RNS buvo
atliktas visoms peléms deSinéje akyje, o kairé akis buvo naudojama kaip kon-
troliné grupé. Gyviinai buvo atsitiktinai priskirti vienai i§ penkiy eksperimen-
tiniy grupiy:

1. Fiziologinio tirpalo grupéje (sutrumpintai: deSin¢ akis — RNS/NaCl
grupé¢; kairioji akis — kontrol¢/NaCl) — peléms (n = 16) buvo suleidziamos fi-
ziologinio tirpalo IP injekcijos (NaCl 0,9 proc. 0,01 ml) vieng kartg per dieng
septynias dienas.

2. Memantino maZos dozés grupéje (sutrumpintai: desin¢ akis — RNS/
MEM MD, kair¢ akis — kontrolé/MEM MD) — peléms (n = 6) vieng kartg per
dieng septynias dienas buvo susvirkstos memantino IP injekcijos (5 mg/kg).

3. Memantino didelés dozés grupéje (sutrumpintai: deSin¢ akis — RNS/
MEM DD, kair¢ akis — kontrole/MEM DD) — peléms (n = 5) kartg per dieng
septynias dienas buvo susvirks§tos memantino IP injekcijos (10 mg/kg).

4. Levetiracetamo mazos dozés grupéje (sutrumpintai: desSiné akis —
RNS/LEV MD, kair¢ akis — kontrol¢/LEV MD) — peléms (n = 5) kartg per
dieng septynias dienas buvo suSvirkstos levetiracetamo IP injekcijos (40 mg/
kg).

5. Levetiracetamo didelés dozés grupéje (sutrumpintai: desiné akis —
RNS/LEV DD, kair¢ akis — kontrol¢/LEV DD) — peléms (n = 5) kartg per die-
ng septynias dienas buvo susvirkstos levetiracetamo IP injekcijos (80 mg/kg).

Gyviinams buvo atlikta eutanazija septintg dieng po RNS, o tinklainés i§
abiejy akiy buvo iSpreparuotos tolimesnei analizei. Eksperimentinio tyrimo
struktiira pavaizduota schemoje (3.1.2.1 pav.).
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CS57B1/6J pelés N =37

Diena 0 Diena 1 Diena 2 Diena 3 Diena4  Diena 5 Diena 6 Diena 7
& & &
Akiy dg]g)rig rléli;)trauka P P P OKT P P Akiy du%lIO( Fr;uotrauka
OKT doplerografija % % % %\ % % Intrakardiné perfuzija
RNS r N ) = X ~  Tinklainés preparatai
IP % Imunohistocheminis
dazymas

3.1.2.1 pav. Il etapo eksperimentinio tyrimo struktiira
IP — intraperitoninis; SD-OKT — spektriné domeno optiné koherentiné tomografija; RNS — regos nervo suspaudimas.



[ ir IT etapo eksperimenty metodikos santrauka pavaizduota lenteléje
(3.1.2.1 lentele).

3.1.2.1 lentelé. 1 ir Il etapy eksperimentiniy tyrimy metodologijos santrauka

I etapas II etapas
Diena 0 | Diena 4 | Diena 7 | Diena 0 | Diena 4 | Diena 7
Regos nervo suspaudimas + - - + - -
Akiy dugno nuotraukos - - - + - +
SD-OKT + OKT spalviné
doplerografija
Intrakardiné perfuzija - - + - - +
Tinklainés preparaty ruoSimas - - + - - +
NeuN +
GFAP +
DAPI + -
Tinklainés lasteliy skaiciavi- "
mas visoje tinklainéje
Tinklainés lasteliy skaiciavi-
mas trijuose tinklainés

segmentuose (centre, viduryje,
periferijoje)

Metodai

- - - + + +

Imunohistocheminis
dazymas

SD-OKT - spektriné domeno optiné koherentiné tomografija; GFAP — glijos fibrilinis riigs-
tinis baltymas, pirminis antiktinas; NeuN — neuronams specifinis branduoliy baltymas, pir-
minis antikinas; DAPI — 4',6-diamidino-2-fenylindolas; RNS — regos nervo suspaudimas.

3.2. Tiriamyjy gyviiny charakteristika

I etapo eksperimentiniai tyrimai ir analize atlikta Lietuvos sveikatos moks-
ly universitete Akiy ligy klinikoje, Veterinarijos akademijos Gyviiny tyrimy
centre ir Anatomijos institute. II etapas vykdytas Gyviiny tyrimy centre, Tam-
perés universitete, Suomijoje.

Visos procediiros ir gyviiny prieziira buvo atlickamos pagal Europos
gyviny prieziiiros konvencijg ir regos ir oftalmologiniy tyrimy asociacijos
(angl. ARVO, Association for research in vision and ophthalmology) pareiski-
ma dél gyviiny naudojimo oftalmologiniams ir regos tyrimams. Visi eksperi-
mentai buvo patvirtinti Lietuvos valstybinés maisto ir veterinarijos tarnybos
bei i§duotas leidimas (Nr. G2-23). Siame tyrime buvo panaudoti 41 sveiki 3
ménesiy Balb/c peliy patinai (vidutiniSkai sveriantys 25 g + 3,8 g) ir 37 sveiki
3 ménesiy C57B1/6] peliy patinai (vidutiniskai sveriantys 22 g + 4 g) (Suomi-
jos eksperimenty su gyviinais valdybos patvirtinimas ir protokoly stebéjimas
(Experimentica Ltd gyviiny licencijos numeris ESAV1/219/04.10.07/2014)).
Pelés buvo laitkomos LSMU VA ir Tamperés universiteto gyviny tyrimy cen-
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truose ir palaikomos normaliomis apSvietimo salygomis su maistu ir vandeniu
ad libitum. Visos procediiros buvo atliktos taikant gilig intraperitoning aneste-
zij3, naudojant 1 mg/kg medetomidino (Domitor 1 mg/ml, Orion Corporation
Pharma, Suomija) ir 75 mg/kg ketamino (Ketamidor 10 proc., Richter Phar-
ma AG, Austrija). Gyviinams buvo atlikta eutanazija taikant gilig anestezija,
atliekant intrakardine perfuzija su aldehido pagrindo fiksatoriais.

3.3. Tyrimo metodai

3.3.1. Regos nervo suspaudimas pelés modelyje

Pasiekus giligjg anestezija, buvo padarytas pjuvis superolateralinéje akies
obuolio junginés dalyje, kad buty galima Svelniai atitraukti akies obuolj j iSor¢
naudojant pincetg ir patekti tarp akj judinanc¢iy raumeny, nepazeidziant krau-
jo maiSeliy. Pagal Kalesnyko ir kolegy apraSytag metodika, kai regos nervas
yra aiSkiai vizualizuojamas, 3 sekundéms buvo suspaudziamas su savaime
uzsidaran¢iu Dumont pincetu (Sigma-Aldrich, Mistris, JAV), kad suspausty
ir pazeisty regos nerva, esant] mazdaug 2 mm uz akies obuolio [208] (3.3.1.1
pav.). Po RNS atlikimo TGL zutis prasideda ganétinai greitai ir po 7 dieny
aptinkama 25-50 proc. zitis (priklausomai nuo peliy padermés) [213].

Aksonas
v/

3.3.1.1 pav. Regos nervo suspaudimo modelis. Regos nervas suspaudziamas
savaime uzsidaranciu Dumont pincetu 1-2 mm uz akies obuolio. Spaudimas
laikomas 3 sekundes

TGL — tinklainés ganglinés lgstelés; RNS — regos nervo suspaudimas.
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3.3.2. Akiy dugno nuotraukos

Akiy dugno nuotraukos buvo atliktos II tyrimo etape penkioms eksperi-
mentinéms grupéms 0 dieng (prie§ RNS) ir 7 dieng. Pasiekus gilig anestezijg
pelés buvo Svelniai prifiksuotos prie Heidelberg Spectralis HRA2 sistemos
(Heidelberg Engineering GmbH, Vokietija). Vaizdas buvo sufokusuotas j tin-
klaing ir atliktos akiy dugno nuotraukos. Tyrimo metu buvo lasintos dirbtinés
aSaros ] abi akis, apsaugant ragenas nuo isdzitivimo.

3.3.3. Spektriné domeno—optiné koherentiné tomografija (SD-OKT),
spalviné OKT doplerografija

II tyrimo etape penkioms eksperimentinéms grupéms buvo atlikta tin-
klainés OKT 0 dieng (i§ karto po RNS atlikimo), 4 ir 7 eksperimento die-
ng. Sukelus giligja anestezija (patvirtinta pédos reflekso nebuvimu), gyvi-
nas buvo dedamas ant grauzikams skirto padéklo su galvos imobilizacija.
SD-OKT sistemos (Bioptigen /Leica Envisu R2200) leSis buvo nukreiptas
1 akj, kad bty galima atlikti in vivo skenavimg naudojant X ir Y valdiklius.
Regos nervo diskas buvo centruotas, atlieckant OKT B skenavimg. Tinklainés
sluoksniai buvo aiSkiai vizualizuoti, o tinklainés skersiniai pjuviai, ekrane
perteikti dvimaciu vaizdu. Sékminga tinklainés perfuzija buvo patvirtinta
naudojant spalving OKT doplerografija i§ karto po RNS 0 dieng, véliau 4
ir 7 eksperimento dieng. Svarbu uztikrinti, kad d¢l mechaninio regos nervo
pazeidimo nebiity uZzsitesusios iSemijos (3.3.3.1 pav.). Tyrimo metu i abi akis
buvo lasinamos dirbtinés asaros, siekiant apsaugoti ragenas nuo isdziivimo.

39



3.3.3.1 pav. Spalviné OKT doplerografija. Arterinés ir veninés kraujotakos
vizualizavimas — geros tinklainés perfuzijos patvirtinimas po RNS modelio
atlikimo. Raudona spalva — arteriné kraujotaka, mélyna spalva — veniné
kraujotaka

OKT - optiné koherentiné tomografija.

3.3.4. Gangliniy lasteliy komplekso storio matavimai

Gangliniy lasteliy kompleksa (GLK) sudaro tinklainés nerviniy skaidu-
ly, TGL ir vidinis tinklinis sluoksniai. Sis segmentas yra vidinéje tinklainés
dalyje, yra hiperreflektuojantis SD-OKT vaizduose, todél ganétinai lengvai
diferencijuojamas nuo toliau esancio vidinio branduoliy sluoksnio. Rankinis
vidiniy tinklainés sluoksniy storio jvertinimas i§ in vivo vaizdo (SD-OKT)
buvo atliktas 24 tinklainés taskuose (3.3.4.1 pav.).
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3.3.4.1 pav. Pelés tinklainés SD-OKT vaizdas. A paveiksle SD-OKT
5 x5 staciakampio formos tinklelis, dydis 1,4 mm % 1,4 mm % 1,638 mm.
Rankinis gangliniy lgsteliy komplekso storio matavimas buvo jvertintas 24
skirtinguose tinklainés taskuose 0, 4 ir 7 dienomis. Centriné vieta (pazyméta
raudonai A paveikslélyje) zymi regos nervo diskq. B paveiksle tinklainés
sluoksniy skersiniai pjiviai, ekrane perteikti dvimaciu vaizdu. Zalios linijos
riboja hiperreflektuojantj gangliniy lgsteliy kompleksq

SD-OKT — spektriné domeno optiné koherentiné tomografija.

3.3.5. Vaistiniy preparaty skyrimas ir paruoSimas
3.3.5.1. Brimonidino vartojimas

Ikiklinikinio tyrimo metu I etape Balb/c peléms buvo skiriamas brimoni-
dino tartrato tirpalas (Luxfen 2 mg/ml, Sanitas, Lietuva) akiy lasais du kartus
per dieng septynias dienas (vienas lasas (0,05 ml); 2 mg/ml, n = 14) RNS/
BMD L grup¢je. RNS/BMD L + IP grupei be brimonidino akiy lasy 7 dienas,
papildomai buvo atliktos ir dvi IP brimonidino injekcijos — pirmoji IP injekci-
japrie§ RNS atlikima 0 eksperimento diena, antra IP injekcija 1 eksperimento
dieng (2 mg/kg per para 2 mg/ml brimonidino tartrato, n = 12) (3.1.1.1 pav.).

3.3.5.2. Memantino paruoSimas ir vartojimas

Eksperimentinio tyrimo II etape C57BIl/6J peléms buvo skiriamos IP me-
mantino injekcijos (Merz & Co, Vokietija). Paruostas tirpalas injekcijai iStir-
pinant 10 mg memantino 20 ml NaCl 0,9 proc. Gautas 0,5 mg/ml memantino
tirpalas. RNS/MEM MD grupéje vieng kartg per dieng septynias dienas buvo
suSvirk§tos memantino IP injekcijos (5 mg/kg), o RNS/MEM DD grupé¢je
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vieng kartg per dieng septynias dienas buvo susvirkS§tos memantino IP injek-
cijos (10 mg/kg) pagal pelés svorj (3.1.2.1 pav.).

3.3.5.3. Levetiracetamo paruoSimas ir vartojimas

Peléms buvo skiriamos IP levetiracetamo injekcijos (UCB Pharma, Belgi-
ja). Paruostas tirpalas injekcijai iStirpinant 500 mg levetiracetamo 5 ml NaCl
0,9 proc. Gautas 100 mg/ml levetiracetamo tirpalas. RNS/LEV MD grupei
buvo skirta vieng kartg per dieng septynias dienas levetiracetamo IP injekcija
40 mg/kg, o RNS/LEV DD grupei skirta 80 mg/kg levetiracetamo IP dozé
vieng kartg per dieng septynias dienas pagal pelés svorj (3.1.2.1 pav.).

3.3.6. Tinklainés preparaty ruoSimas ir imunohistocheminis dazymas

Peléms buvo atlikta eutanazija taikant giliag bendrg IP anestezija pragjus
septynioms dienoms po RNS. Minkstyjy akiy audiniy fiksacija atlikta intra-
kardine perfuzija su aldehido pagrindo fiksatoriais. Abi akys buvo pasalin-
tos ir fiksuotos 4 proc. paraformaldehido (PFA) tirpale 3 valandas. Abiejy
akiy tinklainés buvo atskirtos nuo odenos ir fiksuotos 4 proc. PFA per naktj.
Veéliau tinklainés du kartus plaunamos 0,1 M fosfato buferio tirpalu (PBS)
5 minutes. Tada audiniai buvo inkubuojami 10 proc. normalizuotame ozkos
serume (angl. normal goat serum, NGS; Colorado Serum Company, JAV) ir
0,5 proc. Triton tirpale (Sigma-Aldrich, Misiiris, JAV) 30 min. Véliau tinklai-
nés buvo inkubuojamos su pirminiais antikiinais per naktj 4 °C temperati-
roje: NeuN (neuronams specifinis branduoliy baltymas, pirminis antikiinas)
(1:500) (MAB377, MilliporeSigma, Masaciusetsas, JAV); triusio glijos fibri-
linis riigstinis baltymas (specifiskas astrocitams, pirminis antiktinas) (GFAP,
1: 1000) (Dako (Z0334), Danija). Tinklainés tris kartus skalaujamos 1 proc.
NGS ir 0,1 proc. Triton tirpale 5 minutes ir inkubuojamos antriniuose antikii-
nuose 3 valandas tamsoje: AlexaFluor Mouse 488 (1:250) (Life Technologies
(A11001), Kalifornija, JAV) ir AlexaFluor Rabbit 594 (1:250) (Life Techno-
logies (A11037), Kalifornija, JAV). Tinklainés buvo tris kartus skalaujamos
1 proc. NGS ir 0,1 proc. Triton tirpale 5 minutes po inkubacijos su antiki-
nais. Véliau tinklainés buvo inkubuojamos su 4',6-diamidino-2-fenylindo-
lo (DAPI) tirpalu (1:10000) (Sigma-Aldrich (D9542-5NG), Mistris, JAV)
30 minuciy, po to tris kartus 5 minutes plaunamos PBS. Galiausiai tinklainés
buvo isklotos ant objektinio stiklelio naudojant Fluoroshield (Sigma-Aldrich
(F6937), Misiiris, JAV) ir uzdengtos dengiamaisiais stikleliais.
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3.3.7. Tinklainés lasteliy analizé

ImunohistochemiSkai nudazZyti tinklainés preparatai buvo analizuojami
naudojant fluorescencin] mikroskopa (Zeiss Axio Imager Z1, Carl Zeiss AG,
Jena, Vokietija) naudojant 40 karty padidinima. Analizuodami tinklaines visi
preparatai buvo uzkoduoti. Méginius uzkodavo vienas tyréjas, o skaiciavi-
mg atliko pagrindinis tyrimo autorius. I$ kiekvienos tinklainés buvo atsitik-
tinai parinkti 0,04 mm? ploto vaizdai analizei. I eksperimentinio darbo etape
NeuN, GFAP ir DAPI teigiamos lastelés buvo skai¢iuotos rankiniu budu, re-
zultatai apjungti ir apskaiciuoti j Igsteles/mm?. I tyrimo etape NeuN, GFAP
ir DAPI teigiamos lastelés buvo skaiciuotos ir skirtingose tinklainés daly-
se — centre, viduriniame trecdalyje ir periferijoje (3.3.7.1 pav.). Kiekviena-
me tinklainés segmente buvo atsitiktinai pasirinkta po penkis vaizdus, 13s-
telés apskaiciuotos viename mm?. NeuN, GFAP ir DAPI teigiamos lgstelés
buvo skai€iuojamos rankiniu biidu, naudojant Image J programing jrangg
(Wayne Rasband, Nacionaliniai sveikatos institutai, JAV). II eksperimento
etape: NeuN ir GFAP teigiamos lgstelés buvo skai¢iuotos rankiniu biidu, re-
zultatai apjungti ir apskaiciuoti j lasteles/mm? (3.1.2.1 lentelé).

3.3.7.1 pav. Tinklainés lgsteliy skaiciavimo metodika skirtinguose
segmentuose (I tyrimo etapas). NeuN, GFAP ir DAPI teigiamos lgstelés
buvo suskaiciuotos 15 atsitiktinai parinkty segmenty (0,04 mm?): centrinéje
(n =5, raudoni kvadratai), vidurinéje (n = 5, oranziniai kvadratai) ir
periferinéje (n = 5, geltoni kvadratai) tinklainés dalyse. Mastelis 1000 um

NeuN — neuronams specifinis branduoliy baltymas, pirminis antikiinas; GFAP — glijos fibrili-
nis raigstinis baltymas, pirminis antikiinas; DAPI — 4',6-diamidino-2-fenylindolas.
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Astrocity morfologija atitiko GFAP teigiamy lasteliy, kuriy Igsteliy ktinai
yra tinklainés nerviniy skaiduly sluoksnyje arba TGL sluoksnyje, kriterijus.
Norint turéti patikimus rezultatus, tinklainés Igstelés buvo skai¢iuojamos vi-
same vaizde, jskaitant kair¢ ir apating krastines. Lastelés, kirtusios deSing ir
virSuting ribas, nebuvo jtrauktos j analizg.

3.4. Statistiné analizé

Kiekybiniai duomenys buvo analizuojami naudojant GraphPad Prism,
10.4.0 versija (GraphPad Software Inc., JAV) ir pateikiami kaip vidurkis (las-
telés/mm?) + standartinis nuokrypis (SN). Hipotezés, ar kiekybiniy pozymiy
reikS§miy skirstinys yra normalusis (Gauso), buvo tikrintos, taikant Shapiro-
Wilk kriterijy. Kiekybiniy pozymiy, netenkinan¢iy normalumo salygos,
reikSmiy skirtumas lyginamosiose grupése vertintas taikant neparametrinj
Mann-Whitney kriterijy (dviejy nepriklausomy grupiy atveju), Kruskal-
Wallis kriterijy (keliy nepriklausomy grupiy atveju). Jei kiekybiniy pozymiy
reikSmés populiacijoje buvo pasiskirs¢iusios pagal normalyjj (Gauso) désnj,
dviejy nepriklausomy populiacijy vidurkiai lyginti taikant Student t kriterijy,
vienpus¢ ANOVA dispersijg su Tukey daugkartiniu palyginimo testu (keliy
nepriklausomy grupiy atveju). Kiekybiniy pozymiy, tenkinusiy normalaus
(Gauso) skirstinio sglygas, tarpusavio rysiai analizuoti taikant Pearson, o ne-
tenkinusiy normalaus (Gauso) skirstinio saglygy Spearman koreliacijos koe-
ficienta. DvireikSmio priklausomojo kokybinio kintamojo prognozei atlikti
buvo taikoma dvinaré logistiné regresiné analizé. Skirtumai ar rysys tarp po-
zymiy buvo laikomi statistiskai reikSmingais, kai p < 0,05.

RNS analizei grupés vidurkiai buvo apskaiciuoti apjungiant Igsteliy skai-
¢iaus vidurkius. Vertinant dinaminius poky¢ius, kiekvienos pelés lgsteliy skai-
¢iaus pokytis buvo apskai¢iuojamas atskirai, lyginant desine akj (po RNS) su
sveikgja kaire akimi (be RNS). Individualus kiekvieno tiriamojo pokytis (A)
buvo apjungtas | grupes palyginimui.
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4. REZULTATAI

4.1. I eksperimentiniy tyrimy etapo rezultatai

4.1.1. Sistemiskai naudoto brimonidino $alutinis poveikis

Penkios i§ 12 Balb/c peliy patyré sedacinj Salutinj poveikj po IP brimoni-
dino injekcijos, galimai dé¢l hipotenzinio brimonidino poveikio, taciau po 60
minuciy atgavo normaly aktyvuma.

4.1.2. Brimonidino poveikis tinklainés lasteléms visame tinklainés
plote

4.1.2.1. Neneuroniniy tinklainés lIgsteliy analizé

Visose eksperimentinése grupése buvo atliktas RNS pazeidimas vienoje
akyje. Tai buvo nustatyta d¢l zenklaus DAPI nusidaZiusiy tinklainés Iasteliy
skai¢iaus sumazéjimo RNS/NaCl L+IP (6463 £ 1117), RNS/BMD L (6437 +
915,3) ir RNS/BMD L+IP (6691 £ 901,5) grupése, palyginti su kontrolinémis
akimis be RNS (7413 £+ 1208) (p < 0,0001). Nebuvo pastebéta reikSmingy
skirtumy tarp DAPI nusidaziusiy Igsteliy skaiciaus eksperimentinése grupése
po RNS (4.1.2.1.1 pav., 4.1.2.1.1 lentele).
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4.1.2.1.1 pav. DAPI teigiamy lgsteliy vidurkiy palyginimas visoje tinklainéje
po RNS

RNS —regos nervo suspaudimas. p reikSmé remiantis neparametriniu Kruskal-Wallis testu;
** p <0,0001.
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4.1.2.1.1 lentelé. DAPI teigiamy lgsteliy skaiciaus vidurkis visame tinklainés
plote ir skirtinguose regionuose (lgstelés/mm? £ SN) Balb/c peliy tinklainéje

Visa tinklainé Centras Vidurys Periferija
Kontrolé/NaCl L+IP | 7413 £ 1208 | 7930+ 113" | 7451 +1188" | 6857 £ 1070°
RNS/NaCl L+IP 6463 + 1117 6858 + 1249 6559 +903 5954 +970,8
RNS/BMD L 6437+915,3 | 6813 +807,3 6489 + 863 6022 £ 905,4
RNS/BMD L+IP 6691 £901,5 7004 £ 711 6649 +929.6 | 6390 + 966,6

p reikSmeé remiantis neparametriniu Kruskal-Wallis testu. * p < 0,001; ** p <0,0001.
kontrolé/NaCl L+IP vs. RNS/NaCl L+IP (visa tinklainé, centras **, vidurys, periferija *);
kontrol¢/NaCl L+IP vs. RNS/BMD L (visa tinklainé, centras **, vidurys, periferija *);
kontrol¢/NaCl L+IP vs. RNS/BMD L+IP (visa tinklain¢, centras **, vidurys, periferija *).

4.1.2.2. NeuN teigiamy lasteliy vidurkio analizé

Likes NeuN skaicius tinklainéje buvo Zymiai maZesnis visose eksperi-
mentinése grupése po RNS pazeidimo palyginti su sveikomis kontrolinémis
akimis be RNS (4450 = 1140) (p < 0,0001). Papildomos IP brimonidino in-
jekcijos zenkliai pagerino TGL islikima tinklaingje (3625 + 817,9), palyginti
su RNS/BMD L (2854 + 1058) ir RNS/NaCl L+IP grupémis (2912 + 1083)
(»<0,0001) (4.1.2.2.1ir4.1.2.2.2 pav., 4.1.2.2.1 lentel¢).
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Kontrolé/NaCl L+IP RNS/NaCl L+IP RNS/BMD L RNS/BMD L+IP

4.1.2.2.1 pav. Mikrofotografija, vaizduojanti imunofluorescentinj pelés
tinklainés dazymg eksperimentinése RNS grupése. Nuotraukose stebimas
tinklainés lgsteliy tankis eksperimentinése RNS ir kontrolinése grupése.
A, B, C, D: DAPI neneuroniniy lgsteliy branduolio Zymeklis,
reprezentuojantis visas tinklainés gangliniy lgsteliy sluoksnio lgsteles,

E, F, G, H— NeuN pirminiu antikiinu nudazytos TGL ir amakrininés Ilgstelés
(Zalia spalva); I, J, K, L — tinklainés astrocitai (raudona spalva), pazyméti
antikinais pries GFAP
RNS —regos nervo suspaudimas; DAPI — 4',6-diamidino-2-fenylindolas; NeuN — neuronams
specifinis branduoliy baltymas, pirminis antikiinas; GFAP — glijos fibrilinis rigstinis balty-

mas, pirminis antikinas; mastelio juosta — 50 pm.
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4.1.2.2.2 pav. NeuN dazyty lgsteliy vidurkis tinklainéje po RNS kontrolinéje
ir eksperimentinése grupése

NeuN — neuronams specifinis branduoliy baltymas, pirminis antikiinas;
p reikSmeé remiantis neparametriniu Kruskal-Wallis testu. *** p <0,0001.

4.1.2.2.1 lentelé. NeuN teigiamy lgsteliy skaiciaus vidurkis visoje tinklainéje
ir skirtinguose tinklainés regionuose (lgstelés/mm’ = SN)

Grupé Visa tinklainé Centras Vidurys Periferija
Kontrolé/NaCl L+IP | 4450 + 1140™" | 4937 + 1008™" | 4539 + 1129™ | 3911 &+ 1049
RNS/NaCl L+IP 2912 + 1083 3348 + 1117 2970+ 1139 | 2384 +721,4
RNS/BMD L 2854 + 1058 2811 + 1154 3057 + 1055 2675 £+ 968
RNS/BMD LA+IP 3625+ 817,9""| 3505+ 753,4" | 3710+ 934,5" | 3630 + 737,8"

p reikSmé remiantis neparametriniu Kruskal-Wallis testu. * p <0,05; ** p <0,001;

5% p < 0,0001.

kontrolé/NaCl L+IP vs. RNS/NaCl L+IP (visa tinklainé, centras ***, vidurys, periferija **);
kontrolé/NaCl L+IP vs. RNS/BMD L (visa tinklainé, centras, periferija ***, vidurys **);
kontrolé/NaCl L+IP vs. RNS/BMD L+IP (visa tinklainé, centras ***, vidurys **);
RNS/BMD L+IP vs. RNS/NaCl L+IP (visa tinklainé ***, vidurys *, periferija **);
RNS/BMD L+IP vs. RNS/BMD L (visa tinklainé ***, centras *, periferija ***),
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4.1.2.3. GFAP teigiamy lasteliy vidurkio analizé

Padidejes glijos fibrilinio riigstinio baltymo (GFAP) imunoreaktyvumas
nustatytas RNS/BMD L grupéje (302 + 79), palyginti su kontroline grupe be
RNS (278,7 = 71,13, p < 0,01) ir RNS/NaCl L+IP grupe (280,7 + 77,15, p <
0,05). Astrogliozés rodikliai statistiSkai reikSmingai nesiskyré gydant brimo-
nidino lasais ar IP injekcijomis (4.1.2.3.1 pav., 4.1.2.3.1 lentel¢).
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4.1.2.3.1 pav. GFAP teigiamy lgsteliy skaiciaus vidurkis visoje tinklainéje

po RNS kontrolinéje ir eksperimentinése grupése

p reikSmé remiantis neparametriniu Kruskal-Wallis testu; * p < 0,05, ** p <0,01.

4.1.2.3.1 lentelé. GFAP teigiamy lgsteliy skaiciaus vidurkis visoje tinklainéje
ir skirtinguose tinklainés regionuose (lgstelés/mm? = SN)

Visa tinklainé Centras Vidurys Periferija
Kontrolé/NaCl L+IP |278,7 +71,13"| 310,3+85,54 | 263 +559 262,7 + 58,26
RNS/NaCl L+IP 280,7 + 77,157 | 329,7+ 77,21 | 269,3 + 68,89 | 238,1 + 51,17
RNS/BMD L 302+ 79 360,5 + 68,37 | 293,2 + 65,99 | 254,7 + 63,63
RNS/BMD LA+IP 292,6 £ 85,37 | 338,4+81,95 | 290,4+ 73,95 | 249,1 £ 77,09

p reikSmé remiantis neparametriniu Kruskal-Wallis testu; * p <0,05; ** p <0,01.

kontrolé¢/NaCl L+IP vs. RNS/BMD L (visa tinklainé **);

RNS/NaCl L+IP vs. RNS/BMD L(visa tinklainé *).
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4.1.2.4. Vietinio ir sisteminio brimonidino poveikiy tinklainés
lasteléms vertinimas kontrolinése akyse be RNS

Siekdami jvertinti vietinio ir sisteminio brimonidino poveikius kontroli-
néms akims be RNS, palyginome visos tinklainés lgsteliy vidurkj tarp skirtin-
gy gydymo grupiy. Nustatéme, kad DAPI, NeuN, ir GFAP teigiamy lgsteliy
vidurkis tarp grupiy statistiSkai reikSmingai nesiskyre (4.1.2.4.1 lentel¢).

4.1.2.4.1 lentelé. Visos tinklainés lgsteliy vidurkiai kontrolinése akyse, ku-
rioms nebuvo atliktas RNS, skirtingose gydymo grupése

Kontrolé¢/NaCl L+IP Kontrol¢/BMD L Kontrolé¢/BMD L+IP
DAPI 7413 £ 1208 7741 + 1229 7890 + 1297
NeuN 4450 £ 1140 4881 + 1137 4999 + 1106
GFAP 278,7+ 71,13 286 + 66,38 282,1+72,73

Analiz¢ atlikta neparametriniu Kruskal-Wallis testu.

4.1.3. Brimonidino poveikis tinklainés Igsteléms skirtingose
tinklainés dalyse

4.1.3.1. Tinklainés centrinés dalies 1gsteliy skaiciaus analizé

DAPI ir NeuN teigiamy lasteliy 1§gyvenamumas centrinéje tinklainés da-
lyje buvo panaSus j bendra Iasteliy tankio vidurkj visoje tinklainéje. DAPI
ir NeuN teigiamy lasteliy skai¢ius buvo zymiai mazesnis RNS/NaCl L+IP
(atitinkamai, 6858 + 1249 ir 3348 £ 1117), RNS/BMD L (atitinkamai, 6813 +
807,3 ir 2811 £ 1154) ir RNS/BMD L+IP (atitinkamai, 7004 + 711,6 ir 3505
+ 753,4) grupése nei kontrolinéje grup¢je (atitinkamai, 7930 £+ 1133 ir 4937
+ 1008) (p < 0,0001). Sisteminiy intraperitoniniy brimonidino injekcijy sky-
rimas reik§mingai pagerino TGL i§gyvenamuma centrinéje tinklainés dalyje,
palyginti su RNS/BMD L grupe (p <0,05) (4.1.2.1.1 ir 4.1.2.2.1 lentele).

ReikSmingy skirtumy centrinéje tinklainés dalyje tarp DAPI ir GFAP
teigiamy lasteliy visose eksperimentinése RNS grupése nebuvo nustatyta
(4.1.2.3.1 lentele).

4.1.3.2. Tinklainés vidurinés dalies lasteliy skaiciaus analizé

ISlikusios lastelés po RNS ir jy skaicius tinklainés vidurinéje dalyje buvo
panasus | bendrg ir centrinés tinklainés dalies Iasteliy skaiciy. Kontrolinéje
grup¢je be RNS tinklainés vidurinéje srityje buvo daugiau DAPI ir NeuN
dazyty lasteliy (atitinkamai, 7451 + 1188 ir 4539 + 1129) nei RNS/BMD L
(atitinkamai, 6489 + 863 ir 3057 £ 1055) ir RNS/BMD L+IP grupése (atitin-
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kamai, 6649 + 929,6 ir 3710 + 934,5) (p < 0,001). Intraperitoninés brimoni-
dino injekcijos reik§mingai pagerino TGL iSgyvenamuma, palyginti su RNS/
NaCl L+IP grupe (p < 0,05). Be to, RNS/BMD L+IP grupéje buvo pastebéta
geresnio TGL iSgyvenamumo tendencija, palyginti su RNS/BMD L grupe
(p = 0,07) viduriniame tinklainés segmente (4.1.2.1.1 ir 4.1.2.2.1 lentel¢).

Vidurinéje tinklainés srityje DAPI ir GFAP teigiamy lgsteliy reikSmingy
skirtumy tarp grupiy nenustatyta (4.1.2.3.1 lentel¢).

4.1.3.3. Tinklainés periferinés dalies lasteliy skaiciaus analizé

Gydant IP brimonidino injekcijomis nustatytas didesnis DAPI teigiamy
lasteliy iSgyvenamumas periferinéje tinklaines srityje, prieSingai nei centri-
néje ir viduringje srityse. Nustatytas statistiSkai nereikSmingas DAPI teigia-
my lasteliy skaiciaus sumazéjimas RNS/BMD L+IP grupéje (6390 + 966,6),
palyginti su kontroline grupe be RNS (6857 + 1070). Rastas didelis DAPI
teigiamy lasteliy skaiciaus sumazéjimas periferingje tinklainés dalyje RNS/
NaCl L+IP (5954 £ 970,8) ir RNS/BMD L grupése (6022 + 905,4), palyginti
su kontroline grupe be RNS (p < 0,0001). Statistiskai reikSmingy skirtumy
tarp DAPI teigiamy lasteliy periferinéje tinklainés srityje eksperimentinése
RNS grupése nebuvo (4.1.2.1.1 lentel¢).

Be to, TGL i§gyvenamumas sumaz¢jo RNS/BMD L+IP grupéje periferijo-
je (3630 £ 737,8), palyginti su kontroline grupe be RNS (3911 + 1049), taciau
Sis skirtumas nebuvo statistiSkai reik§Smingas. PrieSingai, NeuN teigiamy las-
teliy skaicius periferingje tinklainés srityje iSliko zymiai mazesnis RNS/NaCl
L+IP (2384 + 721,4) ir RNS/BMD L grupése (2675 + 968) nei kontrolingje
grupéje (p < 0,0001). RNS/BMD L+IP grupéje nustatytas teigiamas poveikis
NeuN dazyty Iasteliy skaiciui periferingje tinklainés srityje. NeuN teigiamy
lasteliy vidurkis buvo didesnis nei RNS/NaCl L+IP ir RNS/BMD L grupése
(»<0,001) (4.1.3.3.1 pav., 4.1.2.2.1 lentel¢).

StatistiSkai reikSmingy skirtumy tarp periferinés tinklainés dalies astrocity
skaiciaus visose eksperimentinése RNS grupése nenustatyta, kaip rodo paly-
ginamasis GFAP dazymas (4.1.2.3.1 lentel¢).
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4.1.3.3.1 pav. NeuN teigiamy lgsteliy skaicius pelés tinklainés periferinéje
dalyje po RNS

p reikSmé remiantis neparametriniu Kruskal-Wallis testu; ** p < 0,001; *** p <0,0001.

4.1.4. Brimonidino sukeltos tinklainés lasteliu neuroprotekcijos
kintamumas skirtinguose tinklainés segmentuose

Lasteliy skai¢iaus dinamikos analiz¢é tik brimonidino akiy laSais gydytoje
grupéje atskleidé reikSmingg DAPI teigiamy lgsteliy skirtumg tarp centrinés
ir periferinés tinklainés sri¢iy (p < 0,05). Be to, buvo pastebétas didelis DAPI
teigiamy lgsteliy tankio skirtumas tarp vidurinio segmento ir periferijos RNS/
BMD LA+IP grupés (p <0,001).

Nustatytas didesnis TGL i§gyvenamumas fiziologinio tirpalo grupéje peri-
ferinése dalyse, palyginti su centrine (p < 0,05), tai rodo budingg TGL i§gyve-
namumo kintamuma po RNS be neuroprotekcinio farmakologiniy preparaty
poveikio. Pazymeétina, kad reikSmingi TGL tankio skirtumai buvo pastebéti
lyginant pokycius tarp centrinés ir vidurinés daliy (p < 0,01), taip pat tarp
centro ir periferijos (p < 0,0001) RNS/BMD L grupé¢je. Neuroprotekcinis bri-
monidino poveikis, kai jis buvo vartojamas sistemiskai, kartu su BMD lasais,
dar labiau pabrézé jo neuroprotekcinj poveikj, kaip rodo geresnis TGL tankio
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i8silaikymas periferijoje, palyginti su centrine dalimi (p <0,01) (4.1.4.1 len-

telé).

4.1.4.1 lentelé. Tinklainés lgsteliy vidurkiy pokytis skirtingose tinklainés da-
lyse (A Igsteliy skaiciaus pokytis = SN)

Antikiinai | 10Klainés | p g\ CITAIP | RNS/BMDL | RNS/BMD L+IP
segmentas
Centras 1391 + 730 1711 + 684,1 1399 + 6523
DAPI Vidurys 1165 +391,1 1640 = 566 2034 + 8493
Periferija 1041 + 504,7 951,6 £538,6° | 804.2+452,1""
Centras 2272 + 550° 2900 + 760" 2106 + 962
NeuN Vidurys 2088 + 569,1 1953 = 609 1748 + 807.8
Periferija 1471 + 587,1 1282 = 419 871,5+528.8
Centras 18,16 + 75,13 39,47 £ 43,03 15,17 £50,05
GFAP Vidurys 6,13 + 26,84 11,43 + 36,76 12,08 £29,11
Periferija 2587+412 0,67+ 31,67 0,42 + 54,15

p reik§mé remiantis neparametriniu Kruskal-Wallis testu; * p < 0,05; ** p <0,01;

*** p <0,001; **** p <0,0001.

RNS/BMD L, RNS/BMD L+IP: NeuN centras vs. periferija ***, **%*;

RNS/BMD L: DAPI centras vs. Periferija *; DAPI vidurys vs, periferija ***; NeuN centras
vs. vidurys**;

RNS/NaCl L+IP: NeuN centras vs. periferija *;

DAPI — 4',6-diamidino-2-fenylindolas; NeuN — neuronams specifinis branduoliy baltymas,
pirminis antikinas; GFAP — glijos fibrilinis rigtinis baltymas, pirminis antikiinas;

4.1.5. Tinklainés lasteliy vidurkio koreliaciné analizé visoje
tinklainéje

[Sanalizavome rySius tarp DAPI nudazyty bendro visos tinklainés laste-
liy skaiciaus, NeuN teigiamy lasteliy ir GFAP ekspresijos — gliozés rodiklio,
skirtingose gydymo grupése.

Fiziologiniu tirpalu gydomoje grupéje, kuriai buvo atliktas RNS, paste-
béjome reikSmingg koreliacijg tarp visos tinklainés lasteliy, nudazyty DAPI,
ir GFAP teigiamy lasteliy skaiciaus (» = 0,259; p < 0,001), o tai rodo vidu-
tinj tiesioginj ry§j. Panasiai, koreliacija tarp TGL skai¢iaus ir GFAP ekspre-
sijos RNS/NaCl L+IP grupéje taip pat rodo tiesioginj, bet silpng ry$j tarp
TGL i§gyvenamumo ir astrogliozés be neuroprotekcinio gydymo (» = 0,214;
p < 0,05). Nustatytas tiesioginis rysSys tarp DAPI ir GFAP ekspresijos RNS/
BMD L grupéje (r = 0,285; p <0,0001). Ir atvirks¢iai, sudétinga sgveika tarp
TGL iSgyvenamumo ir gliozés, kai brimonidinas buvo vartojamas tik vie-
tiSkai laSais, neigiamai koreliavo su TGL ir astrocity skai¢iumi toje pacioje
grupgje (r=-0,194; p <0,05) (4.1.5.1 pav.).
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DAPI ir NeuN teigiamy lasteliy skai¢iaus palyginimas parodeé tiesiogine
koreliacija (» = 0,315; p < 0,01) RNS/BMD L+IP grupéje. Si koreliacija pa-
aiSkina priklausomybg¢ tarp neneuroniniy Igsteliy tankio ir specifiniy gangli-
niy lasteliy pasiskirstymo. DAPI silpnai koreliavo su GFAP teigiamy lgsteliy
skaic¢iumi toje pacioje grupéje (» = 0,222; p < 0,05) (4.1.5.1 pav.).
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4.1.5.1 pav. DAPI, NeuN, GFAP teigiamy Igsteliy vidurkiy koreliacija visoje
tinklainéje skirtingose eksperimentinése grupése

r — Spirmeno koreliacijos koeficientas, p < 0,05. DAPI — 4',6-diamidino-2-fenylindolas;
NeuN — neuronams specifinis branduoliy baltymas, pirminis antikiinas; GFAP — glijos fibri-
linis rugstinis baltymas, pirminis antiktinas.



4.1.6. Tinklainés lasteliy skaiciaus koreliacija skirtinguose tinklainés
segmentuose

Centrin¢je tinklainés dalyje buvo pastebéta reikSminga koreliacija tarp
DAPI teigiamy tinklainés lgsteliy skaic¢iaus ir TGL skaiciaus po gydymo fi-
ziologiniu tirpalu (» = 0,336; p < 0,05). Tai rodo vidutiniskai teigiamg rysj
tarp neneuroniniy lgsteliy tankio ir specifinés TGL populiacijos centrinéje
tinklainés dalyje RNS/NaCl L+IP grupéje. Nustatytas teigiamas rysys tarp
DAPI nusidaziusiy tinklainés lasteliy vidurkio ir TGL vidurkio RNS/BMD
LA+IP grupéje (r = 0,394; p = 0,057), rodanti panaSig neneuroniniy ir neuroni-
niy lasteliy tendencijg iSgyvenamumui po RNS (4.1.6.1 pav.).

Viduringje tinklainés dalyje tiesioginé koreliacija tarp DAPI nudazyty las-
teliy ir TGL skaic¢iaus RNS/NaCl L+IP grupéje buvo reikSminga (r = 0,354;
p < 0,05), atskleidZianti vidutiniSkai teigiama rysj tarp grupiy. RNS/BMD
LA+IP gydymo grupé¢ viduringje dalyje parodé beveik reikSminga teigiama ko-
reliacijg tarp DAPI nudazyty tinklainés Igsteliy skaiCiaus ir TGL skaiciaus
(r=0,348; p = 0,055) bei tarp DAPI dazyty lgsteliy ir GFAP gliozés ekspre-
sijos (r = 0,297; p = 0,059). Nustatyta reikSminga neigiama koreliacija tarp
TGL skaiciaus ir GFAP raiSkos RNS/BMD L grupéje (» = —0,293; p < 0,05)
(4.1.6.1 pav.).
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4.1.6.1 pav. DAPI, NeuN, GFAP teigiamy lgsteliy vidurkiy koreliacija skir-
tinguose tinklainés segmentuose eksperimentinése grupése
r — Spirmeno koreliacijos koeficientas, p < 0,05. DAPI — 4’,6-diamidino-2-fenylindolas;
NeuN — neuronams specifinis branduoliy baltymas, pirminis antiktinas; GFAP — glijos fibri-
linis riigstinis baltymas, pirminis antikiinas.
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4.1.7. Tinklainés lasteliy skaiciaus koreliacija tarp skirtingy
tinklainés segmenty

Siekiant nustatyti lgsteliy pasiskirstymo nuoseklumg po RNS, atlikome
koreliacing analizg tarp skirtingy tinklainés segmenty. Pastebéta reikSminga
koreliacija tarp DAPI dazyty lasteliy tankio centrinéje ir vidurinéje tinklainés
dalyse RNS/BMD L grupéje, o tai rodo vidutiniskai teigiama rysj (» = 0,447,
p < 0,001). Tarp viduriniy ir periferiniy regiony RNS/BMD L+IP grupéje
stebéta tendencija, tai rodo silpnesnj rysj (» = 0,319; p = 0,54) (4.1.7.1 pav.).

Buvo nustatyta stipri koreliacija tarp skirtingy tinklainés sri¢iy ir TGL tan-
kio. Centrinéje ir viduringje srityse RNS/NaCl L+IP grupéje nustatyta stipri
koreliacija (» = 0,644; p < 0,0001), kuri buvo stipresné lyginant centrinius ir
periferinius regionus (r = 0,671; p < 0,0001) ir vidurinj bei periferinj regio-
nus (» = 0,700; p < 0,0001). PanaSiai, RNS/BMD L grupéje, buvo pastebe-
tos reikSmingos koreliacijos tarp centrinio ir vidurinio regiony (» = 0,612;
p <0,0001) ir tarp vidurinio bei periferinio regiony (» = 0,601; p < 0,0001).
Tai paaiSkina nuosekly TGL tankio pasiskirstyma tinklaingje po RNS, neatsi-
zvelgiant | gydyma (4.1.7.1 pav.).

GFAP ekspresija, rodanti glioze, parodé reikSminga koreliacijg tarp skir-
tingy tinklainés segmenty. Palyginus centrinj ir vidurinj regiong RNS/NaCl
L+IP grupéje, nustatyta silpna koreliacija (» = 0,282; p < 0,05) ir kiek stipres-
né koreliacija tarp centrinio ir periferinio regiony (» = 0,342; p <0,01). Pazy-
métina, kad teigiamos koreliacijos buvo ryskesnés RNS/BMD L+IP grupéje,
lyginant centrinj ir vidurinj segmentus (» = 0,578; p < 0,0001) ir centra — pe-
riferijg (r=0,317; p <0,05) (4.1.7.1 pav.).
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4.1.7.1 pav. DAPI, NeuN, GFAP teigiamy lgsteliy skaiciaus koreliacija
tarp skirtingy tinklainés segmenty. Diagramose vaizduojamas statistiskai
reikSmingas teigiamas neneuroniniy, specifiniy TGL ir astrocity rysys
tarp skirtingy tinklainés segmenty, o tai jrodo nuosekly lgsteliy tankio
pasiskirstymg po RNS neatsizvelgiant j gydymq
r — Spirmeno koreliacijos koeficientas, p < 0,05. DAPI — 4’,6-diamidino-2-fenylindolas;
NeuN — neuronams specifinis branduoliy baltymas, pirminis antikiinas; GFAP — glijos fibri-
linis rugstinis baltymas, pirminis antiktinas.
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4.1.8. Tinklainés lasteliy dinaminiy pokyciy koreliaciné analizé

Nustatyta vidutiné atvirkStiné koreliacija tarp GFAP teigiamy Igsteliy
laipsnisko kitimo dinamikos ir NeuN teigiamy lasteliy skaiciaus sumazéjimo
visoje tinklain¢je RNS/NaCl L+IP grupéje (» = —0,644; p < 0,05). Vidutiné
teigiama koreliacija tarp astrocity ir TGL pokyc¢io buvo nustatyta RNS/BMD
L grupéje (r=0,7; p <0,05).

Ryski teigiama koreliacija nustatyta tarp TGL skaiCiaus padidéjimo ir
DAPI teigiamy lasteliy skaiciaus (» = 0,857; p < 0,01) RNS/BMD L grup¢je
tinklainés viduringje dalyje (4.1.8.1 pav.).

Neigiama koreliacija tarp TGL skaiciaus pokyc¢io ir GFAP ekspresijos vi-
duriniame regione po gydymo fiziologiniu tirpalu (» = —-0,747; p = 0,01) pa-
brézia skirtingg regioning sgveika, kai sumazéjgs neurony iSgyvenamumas
koreliuoja su padidéjusia glioze.

Palyginus DAPI teigiamy lasteliy skaiciaus poky¢€ius tarp vidurinio ir pe-
riferinio tinklainés segmento RNS/BMD L+IP grupéje, nustatyta reikSminga
koreliacija (» = 0,857; p < 0,05).

Pastebéti reikSmingi TGL ztties koreliacijos skirtumai tarp periferiniy ir
viduriniy segmenty po gydymo fiziologiniu tirpalu (» = 0,733; p < 0,05), o
panasi tendencija pastebéta tarp vidurings ir centrinés tinklainés dalies po gy-
dymo brimonidino akiy lasais (» = 0,714; p = 0,057) (4.1.8.1 pav.).
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4.1.8.1 pav. Balb/c peleés tinklainés lgsteliy pokycio po RNS koreliacine
analize skirtinguose tinklainés segmentuose. Diagramose vaizduojamas
statistiSkai reikSmingas teigiamas neneuroniniy ir specifiniy TGL lgsteliy
pokycio rysys tarp vidurinio ir periferinio, centrinio ir vidurinio tinklainés
segmenty
r — Spirmeno koreliacijos koeficientas, p < 0,05. DAPI — 4’,6-diamidino-2-fenylindolas;

NeuN — neuronams specifinis branduoliy baltymas, pirminis antikiinas; GFAP — glijos fibri-
linis riigstinis baltymas, pirminis antikiinas.
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4.2. II eksperimentiniy tyrimy etapo rezultatai

4.2.1. NeuN ir GFAP teigiamy lasteliy kiekybiniai rodikliai IT
eksperimentinio tyrimo etape

NeuN teigiamy lgsteliy kiekybinis jvertinimas parod¢ statistiSkai reiks-
mingus skirtumus tarp grupiy. Fiziologiniu tirpalu gydyty eksperimentiniy
akiy (po RNS) grupéje buvo pastebimas NeuN teigiamy lasteliy sumazeji-
mas, palyginus su deSinigja kontroline akimi be RNS (p < 0,0001), tai pa-
tvirtina sékmingg RNS atlikimg. Gydymas didesne memantino doze léme
didesnj NeuN teigiamy lgsteliy iSgyvenamuma (p < 0,05), palyginti su RNS/
NacCl grupe, o tai rodo pastebima neuroprotekcinj poveikj. Panasiai, mazos ir
didelés levetiracetamo dozés grupése nustatytas zenkliai didesnis NeuN tei-
giamy lasteliy skai¢ius (p < 0,05), palyginti su RNS/NaCl grupe. Sie radiniai
jrodo, kad ir memantinas, ir levetiracetamas turi neuroprotekciniy savybiy po
regos nervo pazeidimo priklausomai nuo dozés (4.2.1.1 lentelé, 4.2.1.1 pav.).

4.2.1.1 lentelé. NeuN and GFAP teigiamy lgsteliy kiekybiniai rodikliai II eks-
perimentinio tyrimo etape

Grupé NeuN GFAP
Kontrolé/NaCl 7092 + 1419 253,5+41,81
RNS/NaCl 4493 + 1362 276,9 + 30,94
RNS/MEM MD 5274 £ 747 257,2+£27,62
RNS/MEM DD 5967 £ 6114 299 + 31,76
RNS/LEV MD 5973 +£438,1 255,6 + 18,77
RNS/LEV DD 5856 + 839,5 304,8 30,90

Duomenys isreiskiami kaip vidurkis + SN. Statistinis reik§mingumas buvo nustatytas naudo-
jant nesuporuotg t-testa. * p <0,05; ** p <0,0001. NeuN — neuronams specifinis branduoliy
baltymas, pirminis antiktinas; GFAP — glijos fibrilinis riigstinis baltymas, pirminis antikiinas.
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4.2.1.1 pav. NeuN teigiamy lgsteliy kiekybiniai rodikliai po memantino ir
levetiracetamo IP injekcijy 7 dienos po RNS

Statistinis reik§mingumas buvo nustatytas naudojant nesuporuotg t-testa;
* p <0,05; ** p<0,0001. NeuN — neuronams specifinis branduoliy baltymas,
pirminis antikiinas.

GFAP teigiamy lasteliy skirtumy tarp eksperimentiniy grupiy nerasta
(4.2.1.1 lentelé, 4.2.1.2 pav.).
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4.2.1.2 pav. GFAP teigiamy lgsteliy kiekybiniai rodikliai atlikus RNS ir
gvdant 7 dienas IP memantino ir levetiracetamo injekcijomis

GFAP — glijos fibrilinis riigstinis baltymas, pirminis antiktinas; RNS — regos nervo
suspaudimas.

4.2.1.1. Sisteminiy vaisty poveikio vertinimas tinklainés lasteléms
kontrolinése akyse be RNS

Siekdami jvertinti sisteminio dideliy ir mazy doziy memantino ir levetira-
cetamo poveikj kontrolinéms akims be RNS, palyginome tinklainés lasteliy
vidurk]j tarp skirtingy gydymo grupiy. Nustatéme, kad NeuN, ir GFAP teigia-
my lasteliy vidurkis tarp grupiy statistiskai reikSmingai nesiskyré (4.2.1.1.1
lentelé).

4.2.1.1.1 lentelé. Visos tinklainés lgsteliy vidurkiai kontrolinése akyse, ku-
rioms nebuvo atliktas RNS, skirtingose gydymo grupése

NeuN GFAP
Kontrolé/NaCl 7092 + 1419 253,5+41,81
Kontrole/MEM MD 6747 + 531 256 + 33,63
Kontrol¢/MEM DD 7700 + 478,4 271,8 £57,26
Kontrol¢/LEV MD 7602 £ 1210 237,6 £ 15,27
Kontrolé¢/LEV DD 6471 +509,9 2624 + 51,77

Analizé atlikta neparametriniu Kruskal-Wallis testu.
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4.2.2. Lasteliy skaiciaus pokyc¢io dinamika tinklainéje IT
eksperimentinio tyrimo etape

Lasteliy skai¢iaus dinamikos analiz¢é atskleidé reikSmingai mazesng NeuN
teigiamy lasteliy ziit] grupése, gydomose didele memantino doze ir maza le-
vetiracetamo doze, lyginant su fiziologinio tirpalo injekcijy grupe (p < 0,05)
(4.2.2.1 lentelg, 4.2.2.1 pav.). GFAP teigiamy lasteliy skaiciaus pokytis buvo
reikSmingai didesnis grupése, kurioms buvo skirtos didelés memantino ir le-
vetiracetamo dozés, lyginant su mazy memantino ir levetiracetamo doziy gru-
pémis (p <0,05), o tai galimai rodo reaktyvia gliozg paskyrus didesnes vaisty
dozes (4.2.2.1 lentel¢, 4.2.2.2 pav.).

4.2.2.1 lentelé. 1l eksperimentinio tyrimo etapo NeuN ir GFAP teigiamy lgs-
teliy skaiciaus pokytis tinklainéje (A lgstelés/mm’ £ SN) po 7 dieny po RNS,
skiriant skirtingas memantino ir levetiracetamo dozes

RNS/NaCl RNS/MEM MD|RNS/MEM DD|RNS/LEV MD |RNS/LEV DD
ANeuN | 1929+728 1818+747 1125+611,4" 1119+438,1° 12354+839,3
A GFAP|23,32+30,85| 3,613+27,62 | 45,18+£31,91" | 2,047+18,77 | 51,38+31,11°

Statistinis reik§mingumas buvo nustatytas taikant neparametrinj Mann-Whitney kriterijuy;
* p <0,05; NeuN — neuronams specifinis branduoliy baltymas, pirminis antikiinas; GFAP —
glijos fibrilinis riigstinis baltymas, pirminis antikiinas.

A NeuN: RNS/MEM DD vs. RNS/NaCl; RNS/LEV MD vs. RNS/NaCl*;

A GFAP: RNS/MEM MD vs. RNS/LEV DD; RNS/MEM MD vs. RNS/MEM DD; RNS/
LEV MD vs. RNS/LEV DD; RNS/LEV MD vs. RNS/MEM DD#*.
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Statistinis reikSmingumas buvo nustatytas, taikant neparametrinj Mann-Whitney kriterijy;
* p <0,05; NeuN — neuronams specifinis branduoliy baltymas, pirminis antikiinas.
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4.2.2.2 pav. Il eksperimentinio tyrimo etapo GFAP teigiamy lgsteliy
skaiciaus pokytis tinklainéje (A lgstelés/mm?) po 7 dieny po RNS, gydant
skirtingomis memantino ir levetiracetamo dozémis

Statistinis reikSmingumas buvo nustatytas, taikant neparametrinj Mann-Whitney kriterijy;
* p <0,05; GFAP — glijos fibrilinis riigstinis baltymas, pirminis antikiinas.
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4.2.3. Akiy dugno nuotrauky analizé

Atliktose akiy dugno nuotraukose 0 ir 7 eksperimento dieng visose akyse,
kuriose buvo atliktas RNS, nebuvo stebéti iminiai akiy dugno pakitimai, to-
kie kaip kraujosruvos. 7 dienos akiy dugno nuotraukose visose grupése buvo
stebétas nerviniy skaiduly sluoksnio iSretéjimas, o tai patvirtina visose akyse
s¢kmingai atliktg RNS (4.2.3.1 pav.).

4.2.3.1 pav. Akiy dugno nuotraukos atliktos 0 (A) ir 7 (B) eksperimento

dieng su Heidelberg Spectralis HRA?2 sistema (Heidelberg Engineering,

Vokietija). Tarp kraujagysliy stebimos nervinés skaidulos sueinancios j

regos nervq. B paveiksle isretéjusios nervinés skaidulos 7 dieng po RNS
RNS — regos nervo suspaudimas.

4.2.4. SD-OKT vaizdy analizé

IT eksperimentinio tyrimo etape tinklainés sluoksniy analizé buvo atlieka-
ma naudojant SD-OKT ir spalving OKT doplerografija 0 dieng (i§ karto po
RNS atlikimo) ir 4 bei 7 dienomis (3.1.1.1 pav.). Skirtingose gydymo gru-
pése buvo pastebéti reikSmingi GLK storio skirtumai. Fiziologinio tirpalo
grupéje (RNS/NaCl) GLK storis reik§mingai sumazéjo lyginant O ir 7 dienas
(p < 0,01). Tiek mazos, tiek didelés memantino dozés grupése GLK reiks-
mingai suplon¢jo eksperimento 7 dieng (p < 0,0001). PanaSiai, kaip ir me-
mantinu gydytose grupése, levetiracetamo mazos ir didelés dozés grupése
GLK storis reikSmingai sumaz¢jo lyginant O dieng su 7 dienos rezultatais
(» <0,0001), statistiSkai reikSmingas suplonéjimas stebétas ir 4 eksperimen-
to dieng didelés levetiracetamo dozés grupéje (p < 0,0001). Stebéti reiks-
mingi skirtumai tarp RNS/NaCl ir priesingos kairés akies kontrolé/NaCl (be
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RNS) grupiy 4 ir 7 dienomis (p < 0,05). RNS grupés, kurioms buvo skir-
tos didelés dozés memantino (p < 0,0001) ir levetiracetamo (maza doze,
p < 0,001, didelé doze, p < 0,0001), taip pat reikSmingai skyrési lyginant
su RNS/NaCl grupe 4 eksperimento dieng. Mazos dozés memantino gru-
péje stebétas reikSmingas skirtumas, palyginti su didele memantino doze
(» <0,0001), ir panasiai, mazy doziy levetiracetamo grupé¢ reikSmingai sky-
rési nuo didelés levetiracetamo dozés grupes (p < 0,001) 7 dieng. GLK storio
1$saugojimas po RNS leidzia vertinti neuroprotekcinj memantino ir levetira-
cetamo poveikj (4.2.4.1 lentelé, 4.2.4.1 pav.).

4.2.4.1 lentelé. SD-OKT gangliniy lgsteliy komplekso storio matavimo rezul-
tatai 0, 4 ir 7 dienomis tiriamosiose ir kontrolinése grupése (mm = SN)

Kontrolé/ | RNS/ RNS/ RNS/ RNS/ RNS/
NaCl NaCl | MEMMD | MEMDD | LEVMD | LEV DD
Diena 0| 0:0393% [ 00598+ | 0,0605+ | 0,0507+ 0,0618 + 0,0599 +
0,002 0,002 0,002 0,002 0,002 0,003
Diena 4 | 00603 = | 00578+ 0,06+ 0,0528 + 0,061 + 0,0539 +
0,002" 0,002 0,002 0,002°*** 0,003 0,003
Diena 7| 0-0603= | 0,0571% [ 0,055 0,059 + 0,056 + 0,0582 +
0,003 0,002 | 0,002 | 0,002 | 0,003 | 0,003

Statistinis reikSmingumas buvo nustatytas naudojant vienpus¢ ANOVA analiz¢ su Tukey
daugkartinio palyginimo testu; * p < 0.05; *p <0.01; ™ p <0.001; ™ p <0.0001.

0 vs. 7 diena: RNS/NaCl™; RNS/MEM MD, RNS/MEM DD"**; RNS/LEV MD, RNS/LEV
DD

0 vs. 4 diena: RNS/LEV DD*;

4 dieng: RNS/NaCl vs. kontrolé¢/NaCl"; RNS/NaCl vs. RNS.MEM DD, RNS/NaCl vs. RNS/
LEV MD, RNS/NaCl vs. RNS/LEV DD"";

7 diena: RNS/NaCl vs. kontrolé¢/NaCl*; RNS/MEM MD vs. RNS/MEM DD™"*; RNS/LEV
MD vs. RNS/LEV DD*.
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-e- Kontrol¢/NaCl

- RNS/NaCl

-4~ RNS/MEM MD
RNS/MEM DD

=+ RNS/LEV MD

-®- RNS/LEV DD

0,060

0,055

Gangliniy lasteliy komplekso
storis, mm

T T T
Diena 0 Diena 4 Diena 7

4.2.4.1 pav. SD-OKT gangliniy lgsteliy komplekso storio pokyciai 0, 4 ir 7
dienomis tiriamosiose ir kontrolinése grupése
SD-OKT — spektriné domeno optiné koherentiné tomografija.

4.2.5. Gangliniy lasteliy komplekso storio kitimy koreliaciné analizé

Tiesinés koreliacinés analizés metodu nustatéme reikSmingus GLK storio
poky¢io rySius tarp jvairiy gydymo grupiy laikui bégant. Fiziologiniu tirpa-
lu gydytoje RNS grupéje buvo pastebéta stipri koreliacija tarp 0 ir 4 dienos
(r=0,8; p <0,0001) ir tarp O ir 7 dienos (» = 0,58; p < 0,005). Panasiai,
mazy memantino doziy grupéje stebéta stipri koreliacija tarp 0 ir 4-tos dieny
(r=10,66; p<0,001) ir tarp 0 ir 7 dieny (» = 0,81; p <0,0001). Didelés dozés
memantino grupéje vidutiné tiesioginé koreliacija buvo nustatyta tarp 0 ir 4
dieny (» = 0,51; p < 0,05) ir tarp 0 ir 7 dieny (» = 0,52; p < 0,01). Mazy le-
vetiracetamo doziy grupéje buvo stipri koreliacija tarp 0 ir 4 dieny (» = 0,65;
p <0,001) ir tarp 4 ir 7 dieny (» = 0,7; p < 0,001). Didelg levetiracetamo doze
gavusioje peliy grupéje buvo reikSminga tiesiogine koreliacijg tarp O ir 4 die-
ny (r=0,72; p <0,0001) (4.2.5.1 pav.).

Sie radiniai pabrézia laiking GLK storio poky¢iy koreliacijg, pabréziant
memantino ir levetiracetamo neuroprotekcinj veiksminguma iSsaugant tink-
lainés struktiirg po RNS.
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4.2.5.1 pav. Gangliniy lgsteliy komplekso storio kitimy koreliaciné analizé
eksperimentinése grupése. Stebéta teigiama GLK storio pokyciy koreliacija
tarp 0 ir 4, 0 ir 7 dieny eksperimentinése grupése
r — Spirmeno koreliacijos koeficientas, p < 0,05.

4.2.6. Gangliniy lasteliy komplekso storio pokycio dinamikos analizé

GLK storio kitimo dinamikos analiz¢ tarp 0 ir 4 dieny nustaté¢ Zymiai di-
desnj GLK plon¢jima RNS/MEM MD grupéje, lyginant su RNS grupémis,
kurioms buvo skirtos fiziologinio tirpalo arba didelés memantino ir levetira-
cetamo dozeés (p < 0.05). Didziausias GLK storio i§saugojimas buvo stebimas
RNS/MEM DD grupéje, palyginti su maza levetiracetamo doze tuo paciu
metu (p < 0.05). Rastas statistiSkai reik§mingas skirtumas tarp kontrolinés
akies be RNS GLK storio kitimo ir fiziologinio tirpalo, mazos memantino
ir levetiracetamo dozés grupiy, vertinant O ir 4, 4 ir 7, 0 ir 7 dienos poky-
¢ius (p < 0,001). Maziausias GLK storio pokytis tarp 4 ir 7 dieny nustatytas
RNS/MEM DD grupgje, palyginti su maZomis memantino ir levetiracetamo
dozémis (p < 0,05); prieSingai, didziausias GLK storio pokytis buvo maZos
memantino dozés grupéje, palyginti su didele levetiracetamo doze (p < 0,05).
GLK storio poky¢iai, stebéti nuo 0 iki 7 dienos, parod¢ didesnj tinklainés
storio i§saugojimo rodikli RNS/MEM DD grupéje, lyginant su RNS gru-
pémis, gavusiomis mazos dozés memantino ir levetiracetamo IP injekcijas
(p <0,05). PrieSingai, didziausias GLK iSplonéjimas buvo pastebétas mazos
memantino dozés grupeje (p < 0,05). StatistiSkai reikSmingas skirtumas ste-
bétas tarp kontrolinés grupés be RNS ir RNS/LEV DD grupés, lyginant GLK
pokytj per 7 dienas (p < 0,05), taciau reikSmingy skirtumy su didelés dozés
memantino grupe nenustatyta (4.2.6.1 lentel¢, 4.2.6.1 pav.).

ReikSmingy koreliacijy tarp GLK storio pokyc¢iy dinamikos nenustatyta.
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4.2.6.1 lentelé. SD-OKT gangliniy lgsteliy komplekso storio pokytis tarp 0 ir
4 dienos, 4 ir 7 dienos, 0 ir 7 dieny eksperimentinése ir kontrolinéje grupéje

Grupé A 0 diena—4 diena | A4 diena—7 diena | A 0 diena— 7 diena
Kontrol¢/NaCl | 0,001 +0,002""" -0,0001 + 0,00 -0,0011 £ 0,001
RNS/NaCl 0,0016 +0,002" 0,0032 + 0,002 0,0022 + 0,002
RNS/MEM MD 0,004 + 0,004 0,0053 +0,001" 0,0042 +0,001"
RNS/MEM DD | 0,000001 + 0,002 0,0012 £ 0,002" 0,0002 + 0,002"
RNS/LEV MD 0,003 + 0,001 0,0043 + 0,001 0,0032 + 0,001
RNS/LEV DD 0,001 + 0,003 0,0021 £ 0,003 0,0011 + 0,003

SD-OKT - spektriné domeno optiné koherentiné tomografija. Statistinis reik§mingumas
buvo nustatytas naudojant nesuporuotg t-testa; * p < 0,05, ** p <0,01; *** p <0,0001.

A 0 diena — 4 diena, A 4 diena — 7 diena: ** kontrolé/NaCl vs. RNS/NaCl, kontrolé/NaCl vs.
RNS/LEV MD; *** kontrolé/NaCl vs. RNS/MEM MD; *RNS/MEM MD vs. RNS/MEM
DD, RNS/MEM MD vs. RNS/LEV DD, RNS/MEM DD vs. RNS/LEV MD;

A 0 diena — 7 diena: *** kontrolé/NaCl vs. RNS/NaCl, kontrolé/NaCl vs. RNS/LEV MD,
kontrolé¢/NaCl vs. RNS/MEM MD; *RNS/MEM MD vs. RNS/MEM DD, RNS/MEM MD
vs. RNS/LEV DD, RNS/MEM DD vs. RNS/LEV MD, kontrolé/NaCl vs. RNS/LEV DD.

A, 0 diena — 4 diena A, 4 diena — 7 diena A, 0 diena — 7 diena
*okk * * = Kontrolé/NaCl

il e mm RNS/NaCl
[k = RNS/MEM MD
= RNS/MEM DD

0,010 * ]

SR

¥

mm RNS/LEV MD
mm RNS/LEV DD

0,005

Vidiniy tinklainés sluoksniy storis A, mm

4.2.6.1 pav. SD-OKT gangliniy lgsteliy komplekso storio pokycio dinamika
tarp 0 ir 4 dienos, 4 ir 7 dienos, 0 ir 7 dieny eksperimentinése ir kontrolinéje
grupéje
Statistinis reik§mingumas buvo nustatytas naudojant nesuporuotg t-testa;
* p < 0,05, ** p<0,01; *** p < 0,0001.
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4.2.7. Dvinaré logistiné regresiné analizé TGL Zu¢iai ir astrogliozés
rodikliy poky¢iy prognozavimui

Remdamiesi dvinare logistine regresine analize, neatsizvelgiant | gydy-
mo grupes, galime prognozuoti, jog gyviinams, kuriems po 7 dieny nusta-
tyti astrogliozeés rodikliy pokyciai didesni nei 10 proc., galimybiy santykis
turéti mazesneg TGL ziit] nei 20 proc. yra 3,75 karto didesnis nei gyviinams,
kuriy tinklainése nustatyta mazesni nei 10 proc. astrogliozés rodikliy poky-
tis. Peliy tinklainése, kuriose GLK iSplonéjimas buvo didesnis nei 0,0022
mm, nustatytas 1,63 galimybiy Sansas, kad TGL ziitis bus mazesné nei 20
proc., palyginti su tinklainémis, kuriose GLK i$plon¢jimas buvo mazesnis nei
0,0022 mm (4.2.7.1 lentel¢). Prognostiniai rodmenys nebuvo statistiSkai
reikSmingi galimai dél mazos imties. Tikslesnei eksperimentiniy duomeny
analizei tinkamesni paprastesni statistiniai metodai, kurie tiesiogiai lygina at-
sitiktinai parinkty grupiy rezultatus ir yra maziau jautriis duomeny analizés
klaidoms [214, 215].

4.2.7.1 lentelé. Astrogliozes rodikliy ir GLK storio pokyciy poveikis TGL Zii-
¢iai po RNS

Rodiklis p GS PI 95 proc.
Astrogliozés rodikliy pokytis > 10 proc. 0,11 3,75 0,74-19,14
GLK storio pokytis > 0,0022 mm 0,54 1,63 0,34-7,67

GS — galimybiy santykis; PI — pasikliautinasis intervalas; p — statistinio reikSmingumo lyg-
muo.

Gyvinams, kuriy tinklainése GLK iSplonéjimas buvo didesnis nei
0,0022 mm, nustatytas 3,93 kartus mazesnis galimybiy Sansas, jog astrog-
liozés rodikliy pokytis po 7 dieny bus didesnis nei 10 proc., palyginti su gy-
viinais, kuriy tinklainése GLK i$plonéjimas buvo maZesnis nei 0,0022 mm
(»p=0,07) (4.2.7.2 lentelé).

4.2.7.2 lentelé. GLK storio pokycio poveikis astrogliozés rodikliy pokyciui
praéjus 7 dienoms po RNS atlikimo

Rodiklis D GS PI 95 proc.
GLK storio pokytis > 0,0022 mm 0,07 0,26 0,06-1,14

GS - galimybiy santykis; PI — pasikliautinasis intervalas; p — statistinio reik§mingumo ly-
gmuo.
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4.3. I ir IT eksperimentinio tyrimo etapy rezultaty palyginimas

Atlikus stereologinius tinklainés lasteliy skaiCiavimus bei palyginus
C57Bl/6] ir Balb/c peliy kontroliniy akiy (be RNS) TGL ir astrocity vidur-
kius, rastas statistiskai reikSmingas NeuN teigiamy lasteliy skirtumas (7178 +
768,51r4716 £ 1115, p <0,0001) tarp skirtingy peliy padermiy. Taciau GFAP
reaktyviy lasteliy vidurkiai sveikose akyse nesiskyré (250,6 + 34,63 ir 282,4
+ 68,74).

Vertinant NeuN teigiamy lasteliy ziit] procentine iSraiska, pastebétas sta-
tistiSkai reikSmingas skirtumas tarp C57B1/6J ir Balb/c peliy padermiy nat-
rio chlorido grupése po RNS (24,36 % + 3,131 ir 41,12 % + 12,03, p <0,01),
o tai leidzia galvoti, kad tiriamyjy genetika gali turéti reikSmeés vertinant ner-
viniy Igsteliy atsparuma regos nervo pazaidai (4.3.1 pav., 4.3.1 lentel¢).

|

(o]
(=]
|

IS
S
1

20

NeuN teigiamy lasteliy Zitis, proc.

4.3.1 pav. [ ir Il eksperimentinés dalies TGL lgsteliy Ziitis eksperimentinése
grupése C57Bl/6J ir Balb/c pelés RNS modelyje

Statistinis reik§mingumas buvo nustatytas naudojant nesuporuotg t-testa; ** — p <0,01;
NeuN — neuronams specifinis branduoliy baltymas, pirminis antikiinas.
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4.3.1 lentelé. Tinklainés lgsteliy pokytis eksperimentinése grupése C57Bl/6J

ir Balb/c pelés RNS modelyje

I eksperimentinio tyrimo etapas (Balb/c peliy padermé)

Eksperimentiné grupé

NeuN pokytis, %

GFAP pokytis, %

RNS/NaCl L+IP 41,12+12,03 5,92 +23,39
RNS/BMD L 41,19+ 13,8 5,27 +12,06
RNS/BMD L+IP 31,40 £ 9,95 3,5+12,82
II eksperimentinio tyrimo etapas (C57Bl/6J peliy padermé)
RNS/NaCl 24,36 +3,13* 9,2+ 12,17
RNS/MEM MD 25,63 +£10,53 1,43 £10,89
RNS/MEM DD 15,86 + 8,62 17,82 + 12,59
RNS/LEV MD 15,78 £ 6,18 0,81+74
RNS/LEV DD 17,42 + 11,84 20,26 £ 12,27"

Statistinis reikSmingumas buvo nustatytas naudojant nesuporuotg t-testa; * p < 0,05;
** p <0,01; NeuN — neuronams specifinis branduoliy baltymas, pirminis antikiinas.

GFAP pokycio reik§mé yra reaktyvios gliozés rodiklis. Lyginant tinklainés
gliozés rodiklj, grupése, kurioms buvo skirtas fiziologinis tirpalas, statistiskai
reikSmingo skirtumo tarp GFAP pokyc¢io tarp skirtingy peliy padermiy nebu-
vo (9,2 %+ 12,17 1ir 5,92 % + 23,39). RNS/LEV DD grupé¢je stebéta rySkesne
astroglioze lyginant su RNS/BMD L grupe (20,26 % + 12,27 ir 5,27 % +
12,06, p < 0,05) ar RNS/BMD L+IP grupe (3,5 % + 12,82, p < 0,05) (4.3.2

pav., 4.3.1 lentelée).

&
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1 |

pokytis, proc.
[\S}
1

10

GFAP teigiamy lasteliy

0

4.3.2 pav. 1 ir Il eksperimentinés dalies GFAP imunoreaktyviy tinklainés
lgsteliy pokytis eksperimentinése grupése C57B1/6J ir Balb/c pelés RNS
modelyje

Statistinis reikSmingumas buvo nustatytas naudojant nesuporuotg t-testa;
* p <0,05. GFAP — glijos fibrilinis rtigtinis baltymas, pirminis antiktinas.
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4.3.1. Neuroprotekciniy savybiy turin¢iy vaisty poveikio palyginimas

Norédami palyginti neuroprotekciniy savybiy turinéiy vaisty poveik] TGL
tarp skirtingy gydymo grupiy (ir peliy padermiy), vertinome vaisty poveikio
masto skirtumg. Didziausias TGL poveikio masto skirtumas buvo stebétas
mazos dozés levetiracetamo grupéje ir statistiSkai reikSmingai skyrési nuo
brimonidino lasy gydymo grupés (atitinkamai, 35,24 + 25,35 ir—3,07 = 34,38,
p<0,05) (4.3.1.1 pav., 4.3.1.1 lentelé).

*
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4.3.1.1 pav. Neuroprotekciniy savybiy turinciy vaisty poveikio masto
skirtumas (A%). Diagramoje stebimas didziausias skirtumas TGL maZos
dozés levetiracetamo grupéje, kuris reikSmingai skyrési nuo brimonidino
lasais gydytos grupés (p < 0,05)
Statistinis reik§mingumas buvo nustatytas naudojant neparametrini Mann-Whitney tests;
* p <0,05; NeuN — neuronams specifinis branduoliy baltymas, pirminis antikiinas.

4.3.1.1 lentelé. Neuroprotekciniy savybiy turinciy vaisty poveikio masto skir-
tumas (A %)

MEMMD | MEMDD | LEVMD | LEVDD | BMDL |BMD L+IP

NeuN| 321 34,89 + 35,04 = 28,50 + 3,07+ 23,63 +
43,23 35,39 25,35 48,58 34,38 24,19

GFAp| 165 93,75+ | 9122 1203+ | —51,04+ | —4091+
96,02 136,9 80,49 133,4 217,7 216,5

Statistinis reik§mingumas buvo nustatytas naudojant neparametrinj Mann-Whitney testg; *
p <0,05;

NeuN A %: LEV MD vs. BMD L¥*,
GFAP A %: MEM MD vs. MEM DD; MEM DD vs. LEV DD; LEV MD vs. LEV DD;

NeuN — neuronams specifinis branduoliy baltymas, pirminis antikiinas; GFAP — glijos fibri-
linis riigstinis baltymas, pirminis antikiinas.
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Palyginus vaisty poveikio masto skirtuma GFAP imunoreaktyvioms laste-
léms, tarp eksperimentiniy grupiy nustatyti reikSmingi skirtumai tarp mazos ir
didelés dozés memantino grupiy (atitinkamai, -165 £+ 96,02 ir 93,75 + 136,9,
p <0,05). Nustatytas statistiSkai reikSmingas vaisto poveikio masto skirtumas
tarp dideliy doziy memantino ir levetiracetamo grupiy (atitinkamai, 93,75 +
136,9 1r 120,3 + 133,4, p <0,05). Didele levetiracetamo doze gydytoje grupé-
je stebétas statistiSkai reikSmingas vaisto poveikio masto skirtumas, palyginti
su mazos dozes levetiracetamo grupe (91,22 + 80,49, p <0,05) (4.3.1.2 pav.).
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4.3.1.2 pav. Vaisty poveikio masto skirtumas GFAP teigiamoms lgsteléms
(A%). Stebimas statistiSkai reikSmingas vaisto poveikio masto skirtumas
dideliy doziy memantino ir levetiracetamo grupése (p <0,05)

Statistinis reik§mingumas buvo nustatytas naudojant neparametrinj Mann-Whitney tests;
* p <0,05; GFAP — glijos fibrilinis rigstinis baltymas, pirminis antikiinas.
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5. REZULTATU APTARIMAS

5.1. I disertacinio darbo etapo rezultaty aptarimas

Naudodami ikiklinikinj RNS peliy model;j iStyréme brimonidino lasy at-
skirai ir kartu su IP injekcijomis poveikj TGL ir tinklainés astrocity iSgyve-
namumui visoje tinklaingje ir skirtinguose segmentuose. Rezultatai parode,
kad peliy, kurioms buvo skirtas sudétinis gydymas brimonidino lasais ir sis-
temiskai, TGL iSgyvenamumas po RNS visoje tinklainéje buvo 81,46 proc.,
palyginti su 65,44 proc. TGL i§gyvenamumu fiziologinio tirpalo grupéje arba
64,13 proc. isgyvenamumu brimonidino akiy lagy gydymo grupéje. Sie rezul-
tatai rodo, kad gydymas brimonidino laSais, papildytas brimonidino IP injek-
cijomis, turéjo pridétinés naudos TGL i§gyvenamumui po RNS.

Misy rezultatai sutampa su ankstesniy tyrimy rezultatais, kurie parodé
sistemiskai vartojamo brimonidino neuroprotekcinj poveikj. Wheeler ir kt.
jrodé, kad brimonidino akiy lasy vartojimas turi neuroprotekcinj poveikj ir
apsaugo TGL nuo ziities po dalinio regos nervo suzalojimo ziurkés modelyje,
o neuroprotekcinis poveikis priklausé nuo dozés [162]. Lambert ir kt. pana-
Siai jvertino sisteminio brimonidino vartojimg ir jo poveikj i§saugojant TGL
[165]. Po sisteminio brimonidino 1 mg/kg per parg skyrimo buvo nustatytos
reikSmingai pageréjusios aksony pernasos savybes ir i§saugoti aksonai. Taip
pat buvo nustatyta sumazejusi TGL Zitis ziurkés tinklainéje [165]. Wolde-
Mussie ir kt. iStyré 0,5 arba 1 mg/kg/d. poodinio brimonidino vartojimo po-
veik] TGL ir palygino ji su gydymo timololiu poveikiu. Jy rezultatai parode,
kad brimonidinas, bet ne timololis, turi nuo dozés priklausomg neuroprotek-
cinj poveikj tinklainei. Jdomu, kad poodinis brimonidino skyrimo budas ture-
jo nereikSmingg poveiki akispudziui [175]. Marangoz ir kt. atliktame tyrime
buvo palygintas brimonidino ir melatonino IP vartojimas glaukomos pazeidi-
mo atveju. Rezultatai atskleid¢, kad tik 1 mg/kg per dieng 0,15 proc. brimo-
nidino tur¢jo akispiidi mazinantj poveikj ir veiké kaip neuroprotekciné prie-
moneé TGL [11]. PanaSiai Hernandez ir kolegos eksperimentiniame tyrime su
ziurkémis nustaté, kad 12 savaiciy vartojant 1 mg/kg brimonidino karta per
savaite IP, padid¢jo TGL iSgyvenamumas. Be to, panasus teigiamas poveikis
buvo pastebétas po latanoprosto skyrimo. Autoriai mané, kad neuroprotekcinj
poveikj lémé skirtingi mechanizmai. Po IP brimonidino injekcijy buvo slo-
pinama apoptoziné grandiné ir mazinamas glutamato toksiSkumas. Skiriant
latanoprosta, nustatytas palaipsnis akispidzio mazéjimas [176].

Apibendrinant galima pasakyti, kad geresnis TGL i§gyvenamumas buvo
nustatytas daugumoje eksperimentiniy tyrimy, kuriuose buvo naudojama
0,5-1 mg/kg IP brimonidino dozé skirtingais rezimais 3—12 savaiciy [175,
176, 216]. Miisy rezultatai rodo, kad trumpesné — dviejy dieny — trukme,
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bet didesné 2 mg/kg dozé gali turéti panasy poveiki TGL iSsaugojimui. Pen-
kioms i§ 12 peliy nustatyti 1 laipsnio, savaime praeinantys nepageidaujami
reiSkiniai. Be to, vidutiné veiksminga doze¢ ir mirtina doze j pilvapléves ertme
peléms suleisto brimonidino yra atitinkamai 75,7 mg/kg ir 379 mg/kg [217].

Vertinant brimonidino neuroprotekcinj poveikj bei siekiant nustatyti vi-
dutinj TGL tankj, TGL yra analizuojamos 1-4 mm nuotoliu nuo regos nervo
disko arba skirtinguose tinklainés taskuose bei apskai¢iuojamas $iy skaiciy
vidurkis [165, 171, 175, 216, 218, 219]. Siuo metodu galima nenustatyti
tikslaus brimonidino poveikio konkrecioms sritims, nes TGL laipsniskai pa-
siskirsto tinklaingje nuo centro iki periferijos. Eksperimentiniuose glaukomos
modeliy tyrimuose nustatyta, kad didesnis TGL tankis yra centre, o periferijo-
je jis yra retesnis [176]. Vienuose tyrimuose nustatyta, kad padidéjes akispu-
dis 1émé didesn¢ TGL ziitj centriniuose segmentuose, o kituose tyrimuose,
del jvykusios trabekulinio tinklo blokados ir uzdegiminiy reakcijy, rasta pa-
didéjusi TGL zutis tinklainés periferijoje [220-222]. Hernandez ir kt. ekspe-
rimentiniame tyrime nustaté, kad esant aukStam akispiidziui TGL nuosekliai
iSgyvena tinklaingje po gydymo brimonidinu [ 176]. Miisy tyrimo metu nusta-
tyta, kad reikSminga TGL Ziitis centrin¢je dalyje yra susijusi su regos nervo
pazeidimu, o tai rodo, kad pazeidimo vieta ir pazaidos modelio savitumai turi
didelés jtakos TGL iSsaugojimui skirtinguose tinklainés segmentuose. Skir-
tingy eksperimentiniy modeliy savitumai pabrézia tolesniy moksliniy tyrimy
svarbg, nagrin¢jant uzdegiminiy veiksniy ir mechaninio pazeidimo poveikij
TGL i$saugojimui.

Misy tyrimo duomenimis geriau TGL buvo i§saugotos periferiniuose tin-
klainés segmentuose, o po gydymo brimonidino akiy lasais ir dviem papil-
domomis IP dozémis i§liko 92,82 proc. TGL. Sis igyvenamumas buvo daug
didesnis nei vartojant tik brimonidino akiy lasus (68,4 proc.) arba fiziologinio
tirpalo kontrolinése grupése (60,96 proc.). Panasiis rezultatai buvo nustatyti
ir visoje tinklaingje, o tai patvirtino sisteminj neuroprotekcinj brimonidino
poveik].

Nustatytas itin svarbus tinklainés glijos vaidmuo sergant glaukoma, nes
Iprastomis sglygomis glijos lgstelés palaiko neuroniniy lgsteliy metabolizma
ir homeostazg [84, 223]. Dél astrocity ir Miulerio Iasteliy reakcijos j neurony
pazeidimus glaukomos metu atsiranda glioz¢. Jos metu Sios lgstelés tampa uz-
degimings ir prisideda prie glijos randy susidarymo. Padidé¢jes uzdegima ska-
tinan€iy tarpininky kiekis neigiamai veikia TGL i§gyvenamuma [224]. Misy
atliktame tyrime nustatytas tinklainés astrocity, turin¢iy svarbios jtakos jony
pusiausvyrai, neurotransmisijai ir neurodegeneracijai, skaiciaus padidéjimas
brimonidinu gydyty gyviiny grupése, palyginti su kontrolinémis grupémis
[225-227]. Sis radinys kelia klausimy dél sisteminio ir vietinio brimonidino
poveikiy glijos aktyvumui. Tiksliau — ar I[P brimonidino injekcijos gali su-
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mazinti pernelyg didele aktyvacija? Sie klausimai rodo sudétingg sisteminio
ir vietinio gydymo poveikio skirtumag koreguojant astroglioz¢. Jdomu, kad
fiziologinio tirpalo lasais ir IP injekcijomis gydomy RNS gyviiny grupése as-
trocity statistiSkai reikSmingai nepadaugéjo. Biity tikslingas vertinimas, kaip
jvairiis gydymo biidai veikia glijos aktyvacijg ir ar Sie poveikiai yra tiesiogiai
susije su brimonidino veikimo mechanizmu. Autoriai teigia, kad astrocity at-
sakas ] glaukominj paZeidimg yra heterogeniskas, priklausantis nuo ligos sta-
dijos, regiono ir erdvinés padéties. Esant iminiam pazeidimui astrocitai gali
turéti neuroprotekciniy savybiy, taciau pazaidai uzsitgsus iSrySkéja neuronus
zalojancios savybés [228].

Masy atliktame tyrime, analizuodami tinklainés astrocity ir TGL skaiciy
tinklain¢je, pastebéjome reikSmingg atvirksting koreliacija RNS/BMD L gru-
péje. Sis rysys nustatytas viduringje tinklainés dalyje, ir rodo, kad geresnis
TGL i§gyvenamumas koreliavo su maZesne astroglioze. Sioje grupéje brimo-
nidino laSai nebuvo veiksmingi i§saugojant TGL. Ir atvirksc¢iai — fiziologinio
tirpalo grupés tiriamiesiems, nustatéme tiesioging koreliacijg tarp astrocity ir
TGL skaiciaus. Astrocity skaiciaus pokyc¢iai RNS/NaCl L+IP ir RNS/BMD
L+IP grupése vidutiniSkai koreliavo centriniuose ir periferiniuose tinklainés
regionuose, o tai rodo valdomg glioze¢. Papildomy klausimy kyla dél brimo-
nidino svarbos tinklainés astrogliozes patogenetiniams mechanizmams ir nuo
dozés priklausomam poveikiui. RNS/BMD L+IP grupés periferinéje tinklai-
nés srityje pastebétas ryskus apsauginis poveikis neneuroninéms Igsteléms.
Taciau DAPI Iasteliy skaiciaus skirtumas Siose grupése nebuvo reikSmingas,
palyginti su kontroline grupe. RNS/NaCl L+IP ir RNS/BMD L+IP grupése
nustatyta maziau neneuroningés kilmes Igsteliy, palyginti su kontroline grupe,
o tai rodo, kad brimonidinas gali netiesiogiai biiti svarbus tiek neuroninéms,
tiek neneuroninéms lgsteléms, vartojant vaistg sistemiSkai ir vietiSkai.

5.2. II disertacinio darbo etapo rezultaty aptarimas

Memantinas yra nekonkurencinis NMDA receptoriy blokatorius, kuris ap-
saugo nuo zalingo glutamato ekscitotoksiSkumo tinklainés pazeidimo vieto-
je ir aplinkinése lgstelése [229]. RNS sukelia jony koncentracijos pokycius
TGL, kurie prasideda nuo natrio patekimo ir tarplastelinio kalcio padidéjimo
[230]. Véliau i$siskiria glutamatas, padidéja tarplasteliné kalcio koncentracija
ir galiausiai TGL Ziiva. Sie procesai sukelia pirming TGL neurodegeneracija,
bei per jungtis su TGL aksonais — astrocity aktyvacija [231]. Zhang ir kt. pa-
skelbé rezultatus, kad astrocity aktyvacija sukelia pirming ir antring TGL zttj
[232], o Ridet ir kt. teigé, kad aktyvinti astrocitai sudaro saglygas aksonams
regeneruoti [233]. Taciau tikslus astrocity vaidmuo ir astrocity aktyvacijos
mechanizmai sergant glaukoma dar néra galutinai suprantami.
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Trotman komandos atliktame darbe pastebéta, kad mazos (0,2 mg/kg)
memantino koncentracijos tur¢jo neuroprotekcini poveiki, vidutinés (2—
10 mg/kg) neapsaugojo neuroniniy lgsteliy, o didelés (20 mg/kg) memantino
koncentracijos sukelé neurotoksinj poveik], tiriant peles po smegeny insulto
[234]. Ferrer-Acosta taip pat jrodytas mazos memantino koncentracijos neu-
roprotekcinis poveikis in vitro tyrimuose [235]. Tiriant memantino neuropro-
tekcin} poveik] TGL neuroprotekcijos ikiklinikiniuose tyrimuose, gydymas
10 mg/kg memantinu turéjo neuroprotekcinj efekta tinklainés neuroninéms
lasteléms [236]. Deja, atlikus klinikinj tyrima glaukoma sergantiems pacien-
tams, memantino neuroprotekcinis poveikis nenustatytas, tatiau memantino
dozé buvo tik ~0,28 mg/kg [13]. Musy atliktame tyrime memantinas sukélé
neuroprotekcinj poveiki TGL, jei buvo skiriamas 10 mg/kg doze 1 kartg per
dieng septynias dienas.

Levetiracetamas yra antiepilepsinis vaistas, daZniausiai vartojamas dali-
niams ir generalizuotiems traukuliy priepuoliams gydyti. Levetiracetamas,
prisijunges prie sinapsinio pislelés baltymo SV2A, sukelia neuromoduliacinj
ir neuroinhibicinj poveikius. Eksperimentiniai tyrimai parod¢, kad levetira-
cetamas turi neuroprotekciniy savybiy gydant ne tik epilepsija, bet ir kitas
ligas, jskaitant ir degeneracines [14, 15, 197, 198, 237-239]. Gydymas leve-
tiracetamu gali slopinti hiperaktyvios astroglijos neurotoksiniy molekuliy is-
siskyrima [161]. Literatiiroje aprasytas teigiamas jo poveikis slopinant neuro-
degeneracinius procesus diabetinés neuropatijos metu, ta¢iau néra duomeny
apie levetiracetamo poveikj tinklainés astrocitams ir TGL. Ikiklinikiniuose
neuroprotekciniuose levetiracetamo tyrimuose mokslininkai analizavo 15—
150 mg/kg dozés itakg neuroninéms lgsteléms ir pastebéjo, kad didesnés leve-
tiracetamo dozes turé¢jo geresnj neuroprotekcinj poveikj centrinei nervy siste-
mai [18, 240, 241]. Néra levetiracetamo tyrimy, vertinan¢iy neuroprotekcinj
poveikj TGL, taciau Siame darbe stebétas levetiracetamo nuo dozés priklau-
somas neuroprotekcinis poveikis TGL po RNS.

Miisy darbe nagrin¢jome levetiracetamo bei mazy ir dideliy memantino
doziy neuroprotekcijos poveikj tinklainés lasteléms, ir struktiiriniams tinklai-
nés storio pokyc€iams. Jvertinus TGL vidurkj ir OKT duomenis nustatyta, kad
silpniausig neuroprotekcinj poveikj turé¢jo mazos memantino dozés grupé.
Taciau Sios grupés tiriamyjy TGL vidurkis statistiSkai reikSmingai nesiskyré
nuo fiziologinio tirpalo grupés, o OKT duomenimis, GLK buvo ploniausias
po RNS modelio, palyginti su kitomis eksperimentinémis grupémis. Stipriau-
sias neuroprotekcinis poveikis buvo didelés memantino dozés ir maZzos leve-
tiracetamo dozés grupése. Memantino mazos dozés grup¢je TGL Ziitis buvo
panasi kaip mazos dozés levetiracetamo grupéje (15,86 proc. ir 15,78 proc.).
GLK storis geriausiai i§saugotas RNS/MEM DD grupéje vertinant po 7 eks-
perimento dieny, palyginti su mazos dozés memantino ir levetiracetamo gru-
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pémis. Mazos dozés levetiracetamo grupéje (kaip ir didelés dozés memantino
grup¢je) TGL Zitis buvo mazesne, tac¢iau GLK storis buvo iSsaugotas geriau
dideliy doziy memantino ir levetiracetamo grupése. Nustebino tai, jog dideliy
doziy grupése astrogliozes rodikliai buvo didziausi. Tikétina, tai turéjo jtakos
7 dienos OKT GLK storiui. Zinoma, kad astrocitai skleidzia signalus, reika-
lingus neurony iSgyvenamumui, apriipina energija ir atlieka aktyvig funkcija
formuodami sinapses [242]. Be to, padidé¢jusi aktyvinty astrocity vidulasteli-
né kalcio koncentracija gali sukelti stipry kraujagysles sutraukiant] poveik],
padedant] iSlaikyti kraujo ir tinklainés barjera po streso ir (arba) suzaloji-
mo. Atsizvelgiant | aktyvacijos tipa, yra suaktyvinami jvairlis mechanizmai,
dél kuriy kraujagyslés iSsiplecia arba susiaur¢ja [231, 233, 242, 243]. Taigi,
norint kurti naujus oftalmologinius neurodegeneraciniy ligy gydymo biidus,
labai svarbu yra suprasti §iuos mechanizmus ir kaip juos veikia neuroprotek-
ciniy savybiy turintys vaistai.

5.3. Neuroprotekciniy savybiy turinciy vaisty poveikio palyginimas

RySys tarp akispiidzio ir glaukomos néra pastovus kintamasis. Kai kuriems
pacientams, sergantiems akiy hipertenzija, glaukoma niekada nepasireiskia, o
kitiems, kuriy akisptidis normalus, glaukominis pazeidimas toliau progresuo-
ja. Viena hipotezé — TGL jautrumas apoptoziniams veiksniams yra genetinio
pagrindo dalis. Nagring¢jant disertacinio darbo duomenis buvo pastebéta, kad
skirtingos peliy padermés ne tik tur¢jo skirtinga neuroniniy lgsteliy skaiciy,
bet ir skirtingg atsparuma regos nervo pazeidimui. Netaikant neuroprotekci-
nio gydymo Zuvo 24,36 proc. C57Bl1/6] peliy, o Balb/c peliy tinklainése vidu-
tiniSkai zuvo 41,12 proc. TGL. Idomu, kad astrocity vidurkis tinklainése tarp
skirtingy padermiy statistiSkai reikSmingai nesiskyrée, todél palygine skirtin-
gy vaistiniy preparaty poveikj astrocitams pasteb&jome, kad rySkiausia astro-
gliozé stebéta didelés levetiracetamo dozés grupéje, palyginti su brimonidinu
gydytomis grupémis. Antrosios darbo dalies tyrimai su levetiracetamu parodé
teigiamg poveikj TGL, ta¢iau po RNS TGL iSgyvenamumas buvo didesnis
mazos levetiracetamo dozés grupéje. Vertinant neuroprotekciniy savybiy tu-
rinéiy vaisty poveikio masto skirtuma, memantinu ir levetiracetamu gydytose
grupése poveikis TGL buvo didziausias. Vertindami vaisty poveikio masto
skirtumg tinklainés astrocitams pasteb¢jome, kad didziausias poveikis buvo
grupése, gydytose didelémis memantino ir levetiracetamo dozémis. IS §io
darbo duomeny galime daryti i§vadas, kad skiriant gydyma 80 mg/kg leveti-
racetamu reaktyvios astrogliozés sukeltas neurotoksiniy molekuliy iSsiskyri-
mas tur¢jo neigiamag poveik] TGL iSgyvenamumui.
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5.4. Disertacinio darbo triukumai

Masy tyrimas tur¢jo trikumy. Vienas i§ misy tyrimo apribojimy — ne-
galime visiskai atmesti anestezijos poveikio neuroprotekcijai. Taciau visoms
peléms buvo skirtos vienodos anestetiky dozés ir skyrimo daznis, o tai suma-
zino galimai netiksly rezultaty vertinima.

Nors jrodéme teigiama neuroprotekciniy savybiy turinéiy vaisty poveikj
TGL i§gyvenamumui, taciau funkciniam neuroprotekciniam poveikiui ver-
tinti biity naudinga atlikti elektroretinograma. Li ir kolegy atliktame tyrime
nustatyta, kad pERG jautrumas yra didelis pirmgjg parg po RNS, ta¢iau vé-
lesniam dinaminiam TGL pokyc¢iy vertinimui tikslesnis ir detalesnis yra GLK
vertinimas OKT [244]. Biisimi tyrimai turéty istirti skirtingy doziy ir gydymo
trukmes poveikj; TGL iSgyvenimui po RNS. Atsizvelgiant | pastebétus TGL
1Sgyvenamumo rezultatus, skirtingy glaukomos modeliy tyrimas gali suteikti
gilesniy jzvalgy apie gydymo veiksmingumg. Kiekvienas modelis turi uni-
kaliy patofiziologiniy savybiy, kurios gali skirtingai paveikti TGL iSgyve-
namumg. Tai pabrézia, kad reikia atlikti tolesnius tyrimus analizuojant Sig
daugialypés prigimties ligg — glaukoma. Nagrinéjant skirtingiems modeliams
taikomas jvairias dozes ir gydymo laikotarpius, biisimuose tyrimuose galéty
biiti i§samesnis neuroprotekciniy mechanizmy vertinimas ir platesnis jy pri-
taikymas, gydant glaukoma. Toks visapusiSkas poziiiris suteikty papildomy
ziniy apie TGL atsparumg pazeidimui ir paskatinty veiksmingesniy bei labiau
pacientams pritaikyty glaukomos gydymo vystymo tyrimy.
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ISVADOS

1. Atliktas genetiskai skirtingy peliy padermiy RNS modelis. Natrio chlo-
rido grupés peliy deSinése akyse (po RNS) stebétas statistiskai reiks-
mingas TGL sumazéjimas, kuris patvirtina sékmingai atlikta RNS.
C57Bl/6J peliy padermé turi ne tik daugiau neuroniniy Igsteliy (kontro-
liniy tiriamyjy akiy, kurioms nebuvo atliktas RNS), bet ir yra atspares-
nés regos nervo pazeidimui. Po RNS TGL iSgyvenamumas C57B1/6J
peliy paderméje sieké 75,64 proc., Balb/c peliy — 58,88 proc., netaikant
neuroprotekcinio gydymo. Tinklainés astrocity vidurkis tarp peliy pa-
dermiy nesiskyre.

2. SistemiSkai vartojant brimoniding, TGL i§gyvenamumas tinklainés pe-
riferijoje sieke 92,82 proc. palyginti su natrio chlorido grupe, kurioje po
RNS isliko 60,96 proc. TGL. Lygindami sisteminj ir vietinj brimonidi-
no poveikius nustatéme, kad TGL iSgyvenamumas taikant vietinj gy-
dyma brimonidino lasais sieké 58,81 proc., o papildomos 2 mg/kg bri-
monidino IP injekcijos statistiSkai patikimai apsaugojo visos tinklainés
TGL (68,6 proc.). Astrogliozés rodikliai buvo didziausi brimonidino
laSy grupg¢je, palyginti su kontroline ir natrio chlorido tiriamyjy grupe.

3. Nustatytas statistiSkai reikSmingas neuroprotekcinis poveikis TGL po
RNS gydant 10 mg/kg memantino, 40 mg/kg ir 80 mg/kg levetiraceta-
mo 7 dieny IP injekcijomis (atitinkamai, TGL i§saugojimas 84,14 proc.,
84,22 proc. ir 82,58 proc.). Struktiriniai tinklainés poky¢iai, vertinant
GLK storj OKT tyrimu, buvo statistiSkai reikSmingai mazesni gydant
10 mg/kg memantino IP injekcijomis 7 dienas. Skiriant dideles meman-
tino ir levetiracetamo dozes atlikus OKT tyrimg GLK nesuplonéjo, o
gydant mazomis dozémis — stebétas tinklainés iSplonéjimas.

4. Palyginti su brimonidino laSus vartojusia grupe, stebétas statistiSkai
reikSmingai didesnis santykinis vidutinis neuroprotekcinis poveikis
mazos dozés levetiracetamo grupéje, o dideliy memantino ir levetirace-
tamo doziy bei sisteminio brimonidino grupése stebétos panasios vidu-
tinio neuroprotekcinio poveikio tendencijos. Pastebétas saugus sistemi-
nio memantino, levetiracetamo vartojimas ir laikinas nepageidaujamas
brimonidino poveikis.
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REKOMENDACIJOS

1. Sisteminio 2 mg/kg brimonidino, 10 mg/kg memantino, 40 mg/kg ir 80
mg/kg levetiracetamo saugiis ir veiksmingi neuroprotekciniai poveikiai
turi biti taikomi tolesniuose glaukoma serganciy pacienty tyrimuose.
Planuojant tyrimus reikia pradéti nuo patvirtinty saugiy memantino ir
levetiracetamo doziy. Miisy tyrime nustatytas nuo dozés priklausantis
neuroprotekcinis poveikis leidzia prognozuoti, kad didesnés nei anks-
tesniuose klinikiniuose tyrimuose vartotos memantino dozés visgi gali
biiti veiksmingos. Tai — klinikinio tyrimo objektas. AnalogiSkai, opti-
malios levetiracetamo dozés (veiksmingos ir saugios) nustatymas turé-
ty biti tolesné glaukoma serganciy pacienty tyrin€jimo kryptis.

2. Remiantis Sio disertacinio darbo rezultatais, ateityje bty tikslinga jver-
tinti papildomo sisteminio neuroprotekcinio gydymo ir profilaktikos
poveikj ankstyvosios stadijos ir didelés rizikos glaukoma sergantiems
pacientams, ypac turintiems papildomy rizikos veiksniy sirgti neurode-
generacinémis ligomis, ypa¢ Alzhaimerio, Parkinsono liga ar gresian-
¢iu insultu. Panasu, kad kiekvienas i§ trijy potencialiy neuroprotekto-
riy, pasiZymi savitais nepageidaujamais reiSkiniais. Ateities tyrimuose
tikslinga pritaikyti svarbiausias sistemines memantino, brimonidino ir
levetiracetamo savybes ir individualizuoti geriausig jy pritaikomuma
glaukoma sergantiems pacientams.
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SUMMARY

ABBREVIATIONS
BMD — brimonidine
GCC — ganglion cells complex
HD — high dose
10P — intraocular pressure
IP — intraperitoneal
LD — low dose
LEV — levetiracetam
MEM — memantine
NMDA - N-methyl-D-aspartate
OCT — optical coherence tomography
ONC — optic nerve crush
RGC — retinal ganglion cell
SD — standart deviation
SD-OCT - spectral domain-optical coherence tomography

Introduction

Glaucoma is a neurodegenerative disease characterized by the death of
retinal ganglion cells (RGCs) and visual field changes. It is the leading cause
of irreversible blindness worldwide [1]. It is estimated that over 120 million
people will be affected by glaucoma globally by 2040 [2, 3]. Visual acuity
often remains normal in the early stages, and early visual field changes may
go unnoticed. However, as the disease progresses and remains untreated, it
can lead to blindness in one or both eyes [4]. A retrospective study conducted
in Sweden found that approximately 38 % of glaucoma patients became
blind in one eye and approximately 13.5 % in both eyes despite 20 years of
treatment [4]. These findings emphasize the substantial burden of glaucoma
on healthcare systems and the economy.

Neuroprotection is the objective of glaucoma treatment, as the degenera-
tion of RGCs and their axons directly leads to vision loss [5—7]. Currently,
treatment strategies focus on indirectly protecting RGCs by lowering intra-
ocular pressure (IOP), the primary risk factor for glaucoma [8], and improving
ocular perfusion. However, a critical gap remains in glaucoma therapy: the
absence of neuroprotective treatments that directly target the preservation
of RGCs [9]. Research has shown that brimonidine, an intraocular pressure-
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reducing drug, has a neuroprotective effect by preserving RGCs [10].
Brimonidine, a2 adrenergic receptor agonist, reduces RGC apoptosis by
modulating neuroinflammation pathways by increasing the release of
neurotrophic factors and reducing glutamate-induced excitotoxicity [10, 11].
Memantine, an N-methyl-D-aspartate (NMDA) receptor antagonist used for
the treatment of Alzheimer’s disease, reduces glutamate-induced excitoto-
xicity — the main factor causing RGC lesions in glaucoma [12]. Although
the neuroprotective effects of memantine were not proven in glaucoma
clinical trials, the study design had many limitations [13]. Levetiracetam is
traditionally used as an anticonvulsant drug. Scientific studies examining
the direct effects of levetiracetam on RGC are lacking, but researchers have
found the neuroprotective effects of levetiracetam in treating neurodegene-
rative diseases [14—16]. Levetiracetam binds to synaptic vesicle glycoprotein
2A, which modulates neurotransmitter release. Levetiracetam also inhibits the
release of neurotoxic molecules from reactive astroglia, reducing oxidative
stress [17—-19]. Preclinical neuroprotection studies have demonstrated limi-
ted or insufficient clinical effects in neurodegenerative diseases [9],
highlighting the pressing need for new drugs designed to safeguard RGCs
directly. This process begins with experimental ophthalmological studies and
progresses to clinical models, which could pave the way for personalized
medicine and significantly improve the treatment outcomes for glaucoma.

This dissertation aimed to investigate the direct effects of drugs with
neuroprotective properties on retinal cells and establish a foundation for
future clinical studies. It seeks to advance the development of effective neu-
roprotective treatments that alter the course of the disease, directly preserve
neuronal cells, and contribute to personalized glaucoma therapies tailored to
individual patients.

Aim of the study

To assess the effects of neuroprotective drugs on retinal cells using a
preclinical mouse optic nerve crush (ONC) model.

Objectives of the study

1. To perform a control model of ONC in genetically diverse mouse
strains and adapt it for experimental neuroprotection studies by analy-
zing the correlation between RGC survival and retinal astrocyte viabi-
lity in the ONC model.
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2. This study aimed to investigate the neuroprotective effects of brimoni-
dine on RGCs and retinal astrocytes in a mouse ONC model and com-
pare the effectiveness of local and systemic drug administration.

3. To evaluate the neuroprotective effects of memantine and levetirace-
tam on RGCs and retinal astrocytes, we examined the dose-dependent
effects of these drugs on retinal cell survival following ONC in a mouse
model.

4. To evaluate and compare the associations of treatment with brimonidi-
ne, memantine, and levetiracetam with neurodegenerative changes in
the ONC model.

The scientific novelty of the study

This dissertation explores the effects of neuroprotective drugs on the
survival of RGCs and astrocytes, examining the correlations between RGC
viability and astroglial markers to evaluate the neuroprotective properties
of the tested compounds. This study assessed the effects of local and syste-
mic drug administration at varying doses on retinal cell survival. An expe-
rimental glaucoma model revealed that systemic treatment with 2 mg/kg
brimonidine, 10 mg/kg memantine, and 40 or 80 mg/kg levetiracetam
significantly mitigated neurodegenerative changes and preserved RGCs.
The structural changes in the retina were evaluated with optical coherence
tomography (OCT). These results provide a foundation for future research
that would allow the development of personalized neuroprotective therapies
for glaucoma patients.

1. MATERIALS AND METHODS OF THE STUDY
1.1. Experimental study design

The experimental study was conducted in two stages.

Stage I: Neuroprotective studies of brimonidine, evaluating its local and
systemic neuroprotective effects on RGCs and retinal astrocytes in a mouse
ONC model. The analysis included examining the impact of drugs on different
segments of the retina.

Stage II: Neuroprotective studies of memantine and levetiracetam were
conducted to assess the effects of various systemic treatment doses on RGCs
and retinal astrocytes in a mouse ONC model. This study also analyzed
structural changes in the mouse retina following ONC.
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1.1.1. Stage I study design: brimonidine neuroprotection studies
using ONC Balb/c mouse model

Forty-one BALB/c mice were used in this study. An ONC was performed
on the right eye of all mice, while the left eye served as a control. Animals
were randomly divided into three experimental groups:

1. Saline group (right eye — ONC/NaCl D + IP; left eye — control/NaCl

D + IP). Fifteen mice (n = 15) received saline eye drops twice daily for
seven days. The first saline drop (one drop, 0.05 mL, 0.9 % NaCl) was
administered on day 0 prior to ONC. Additionally, two intraperitoneal
(IP) injections of saline (0.1 mL, 0.9 % NaCl) were administered, one
on day 0 before ONC and another on day 1 after ONC. During the re-
maining days, only saline eye drops were administered.

2. Brimonidine eye drop group (right eye — ONC/BMD D; left eye —
control/BMD D). Fourteen mice (n = 14) were treated with local brimo-
nidine tartrate eye drops (one drop, 0.05 mL, and 2 mg/mL) twice daily
for seven days. The first drop was administered on day 0 prior to ONC.

3. Brimonidine eye drops and IP injections (right eye — ONC/BMD D +
IP; left eye — control/BMD D + IP). Twelve mice (n = 12) were trea-
ted with local brimonidine tartrate eye drops (one drop, 0.05 mL, and
2 mg/mL) twice daily for seven days. The first drop was administered
on day 0 prior to ONC. Additionally, two IP injections of brimonidine
(2 mg/kg per day, 2 mg/mL brimonidine tartrate) were administered —
one on day 0 before ONC and another on day 1 after ONC. On the re-
maining days, only the eye drop treatment was continued.

The effects of intravitreal memantine injections in mice were also evaluated.

In this study, a single intravitreal injection of memantine (1 mg/mL, 2uL)
was administered immediately after ONC. Due to observed inflammatory
reactions that did not meet the standards for retinal wholemounts and the
potential for data misrepresentation, the data from this group were excluded
from further analysis.

The animals were euthanized on day seven after ONC, and retinas from
both eyes were collected for further analysis. The experimental study design
is illustrated in the figure below. (Fig. 1.1.1.1).
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Fig. 1.1.1.1. Schematic study design of Stage I of the experimental investigation.
IP — intraperitoneal; ONC — optic nerve crush.
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1.1.2. Stage II study design: memantine and levetiracetam
neuroprotection studies using ONC C57Bl/6J mouse model

In the Stage II study, thirty-seven C57B1/6J mice were used. An ONC was
performed on the right eye of each mouse, while the left eye served as the
control. Animals were randomly divided into five experimental groups.

1. Saline group (right eye — ONC/NaCl group, left eye — control/NaCl)
Sixteen mice (n = 16) received daily intraperitoneal (IP) injections of
saline solution (0.9 % NacCl, 0.01 mL) for seven days.

2. Low-dose memantine (right eye — ONC/MEM LD; left eye — control/
MEM LD). Six mice (n = 6) received daily intraperitoneal (IP) injec-
tions of memantine (5 mg/kg) for seven days.

3. High-dose memantine (right eve — ONC/MEM HD; left eye — control/
MEM HD). Five mice (n = 5) received daily intraperitoneal (IP) injec-
tions of memantine (10 mg/kg) for seven days.

4. Low-dose levetiracetam (right eye — ONC/LEV LD; left eye — control/
LEV LD). Five mice (n = 5) received daily IP injections of levetirace-
tam (40 mg/kg) for seven days.

5. High-dose levetiracetam (right eve — ONC/LEV HD; left eye — control/
LEV HD). Five mice (n = 5) received daily IP injections of levetirace-
tam (80 mg/kg) for seven days.

All animals were euthanized on the seventh day after ONC, retinas from

both eyes were collected for further analysis. The experimental study design
is shown in a schematic diagram (Fig. 1.1.2.1).
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Fig. 1.1.2.1. Schematic study design of stage Il of the experimental investigation.
ONC - optic nerve crush; IP — intraperitoneal; SD-OCT — spectral domain optical coherence tomography.



A summary of the methodologies for stage I and stage II of the experiments
is presented in Table 1.1.2.1.

Table 1.1.2.1. Summary of the methodologies for Stage I and Stage Il of the
experimental study

Stage 1 Stage I1
Day0 | Day4 | Day7 | Day0 | Day4 | Day7
Optic nerve crush + - - + - -

Fundus photo - - - + -
SD-OCT + OCT Doppler - - - + +
Intracardial perfusion - - + - -
Retinal wholemounts - - + - -
NeuN +
GFAP +
DAPI +

Retinal cell counts in total
retina
Retinal cell counting different
retinal eccentricities (center, + -
middle, periphery)

Methods

[+ [+

+ |+

Immunohistochemi-
cal staining

SD-OCT — spectral domain optical coherence tomography; GFAP — glial fibrillary acidic pro-
tein; NeuN — neuronal nuclei protein; DAPI — 4',6-diamidino-2-phenylindole; ONC — optic
nerve crush.

1.2. Characteristics of the experimental animals

The study was conducted at the Department of Ophthalmology, Animal
Research Center of the Veterinary Academy and the Institute of Anatomy
of the Lithuanian University of Health Sciences. Stage II of the dissertation
research was carried out at the Animal Research Center of Tampere Univer-
sity, Finland.

Doctoral candidate Riita Maciulaitiené completed an intensive training
course on “Requirements for the Housing, Care, and Use of Animals for Scien-
tific and Educational Purposes,” obtaining certification. She was responsible
for conducting all phases of this dissertation research.

All procedures and animal care were conducted in accordance with the
European Convention for the Protection of Animals and the statement by the
Association for Research in Vision and Ophthalmology (ARVO) regarding
the use of animals in ophthalmological and vision research. All experiments
were approved by the State Food and Veterinary Service of Lithuania, and a
permit was issued (No. G2-23). In this study, 41 healthy 3-month-old male
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Balb/c mice (average weight 25 g + 3.8 g) and 37 healthy 3-month-old male
C57Bl/6J mice (average weight 22 g+ 4 g) were used, with approvals from the
Finnish Animal Experiment Board and protocol monitoring (Experimentica
Ltd animal license number ESAVI/219/04.10.07/2014). The animals were
housed at the Animal Research Centers of Lithuanian University of Health
Sciences and Tampere University under standard lighting conditions, with
food and water available ad libitum.

All experimental procedures were performed under deep intraperitoneal
anesthesiausing 1 mg/kg medetomidine (Domitor 1 mg/mL; Orion Corporation
Pharma, Finland) and 75 mg/kg ketamine (Ketamidor 10 %; Richter Pharma
AG, Austria). Euthanasia was performed under deep anesthesia, followed by
intracardiac perfusion with aldehyde-based fixatives.

1.3. Research methods

1.3.1. Optic nerve crush in the mouse model

After deep anaesthesia was achieved, an incision was made in the
superolateral conjunctival region of the eyeball. Using forceps, the eyeball
was gently retracted outward to access the space between the extraocular
muscles, while ensuring that the surrounding blood vessels remained intact.
Following the methodology described by Kalesnykas et al., the optic nerve
was clearly visualized, and a self-closing Dumont forceps (Sigma-Aldrich,
Missouri, USA) was applied to compress and damage the optic nerve
approximately 2 mm behind the eyeball for 3 s [208] (Fig. 1.3.1.1). Following
ONC, RGC death occurs rapidly, with 25-50 % cell loss observed after seven
days, depending on the mouse strain [213]. This procedure is illustrated in
Figure 1.3.1.1.

94



=

Retina

Fig. 1.3.1.1. Optic nerve crush model: the optic nerve is compressed using
a self-closing Dumont forceps 1-2 mm behind the eyeball. The pressure is
maintained for 3 seconds.

RGC - retinal ganglion cell; ONC — optic nerve crush.

1.3.2. Fundus photography

Fundus photographs were taken for the five experimental groups in Stage
I on Day 0 (prior to ONC) and day 7. After deep anaesthesia, the mice were
carefully positioned and secured to the Heidelberg Spectralis HRA2 system
(Heidelberg Engineering GmbH, Germany). The imaging system focuses on
the retina to obtain high-quality fundus photographs. During the procedure,
artificial tears were applied to both eyes to prevent corneal drying.

1.3.3. Spectral domain-optical coherence tomography (SD-OCT) and
color Doppler OCT

In the Stage II study, spectral-domain optical coherence tomography
(SD-OCT) retinal scans were performed on the five experimental groups
on days 0 (immediately after ONC), 4, and 7. Following the induction of
deep anaesthesia, confirmed by the absence of pedal reflex, the animals were
placed on a rodent holder with head immobilization. The lens of the SD-
OCT system (Bioptigen/Leica Envisu R2200) was directed toward the eye to
perform in vivo scans using X and Y controls.
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The optic nerve head was centered during OCT B scans, and the retinal
layers were visualized. Retinal perfusion was successfully confirmed using
color Doppler OCT immediately after ONC on Day 0, and on days 4 and 7.
This step was crucial to ensure that prolonged ischemia did not occur because
of mechanical damage to the optic nerve (Fig. 1.3.3.1). Throughout the
procedure, artificial tears were applied to both eyes to prevent corneal drying.

Fig. 1.3.3.1. Color Doppler OCT. Visualization of arterial and venous blood
flow: confirmation of good retinal perfusion following ONC. Red color
indicates arterial blood flow, while blue indicates venous blood flow.
OCT - optical coherence tomography; ONC — optic nerve crush.

1.3.4. Ganglion cells complex thickness measurements

The ganglion cell complex (GCC) comprises of the retinal nerve fiber,
ganglion cell, and inner plexiform layers. This segment is located in the inner
retina and appears hyperreflective on SD-OCT images, making it relatively
easy to distinguish it from the more posterior inner nuclear layer. Manual
inner retinal layer thickness measurements were performed using in vivo SD-
OCT images at 24 specific retinal points (Fig. 1.3.4.1).
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Fig. 1.3.4.1. SD-OCT image of the mouse retina.

Panel A shows the SD-OCT image with a 5 x 5 rectangular grid, measuring
1.4 mm x 1.4 mm % 1.638 mm. GCC thickness was manually measured at
24 retinal points on days 0, 4, and 7. The central location (marked in red

in panel A) indicates the head of the optic nerve. Panel B shows the cross-
section of the retinal layers in the SD-OCT scan. Green lines indicate
hyperreflective inner retinal layers.

SD-OCT - spectral domain optical coherence tomography; GCC — ganglion cell complex.

1.3.5. Preparation of retinal samples and immunohistochemical
staining

Mice were euthanized seven days after ONC using deep general
intraperitoneal (IP) anaesthesia. Ocular tissues were fixed through intracardiac
perfusion with aldehyde-based fixatives. Both eyes were enucleated and
fixed in a 4 % paraformaldehyde (PFA) solution for three hours. Retinas were
carefully detached from the sclera and fixed in 4 % PFA overnight.

After fixation, the retinas were washed twice in 0.1 M phosphate-buffered
saline (PBS) for five minutes. Tissues were incubated in 10 % normal goat
serum (NGS; Colorado Serum Company, USA) with 0.5 % Triton X-100
(Sigma-Aldrich, Missouri, USA) for 30 min. Subsequently, retinas were
incubated overnight at 4 °C with the following primary antibodies: NeuN
(neuronal nuclei; 1:500) (MAB377, MilliporeSigma, Massachusetts, USA)
and rabbit glial fibrillary acidic protein (GFAP; specific for astrocytes;
1:1000) (Dako, Z0334, Denmark).

Retinas were then washed three times for five minutes in a solution
containing 1 % NGS and 0.1 % Triton X-100. Following the washes, the
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tissues were incubated with secondary antibodies in the dark for three hours:
AlexaFluor Mouse 488 (1:250) (Life Technologies, A11001, California, USA)
and AlexaFluor Rabbit 594 (1:250) (Life Technologies, A11037, California,
USA). After incubation, the retinas were washed three more times with 1 %
NGS and 0.1 % Triton X-100 solution for five minutes each.

The retinas were then incubated in 4',6-diamidino-2-phenylindole (DAPI;
1:10000) (Sigma-Aldrich, D9542-5NG, Missouri, USA) for 30 min, followed
by three washes in PBS for five minutes each. Finally, the retinas were
mounted on glass slides using Fluoroshield (Sigma-Aldrich, F6937, Missouri,
USA) and covered with coverslips.

1.3.6. Retinal cells analysis

Immunohistochemically stained retinal whole mounts were analyzed
using a fluorescence microscope (Zeiss Axio Imager Z1; Carl Zeiss AG,
Jena, Germany) at 40x magnification. All retinal samples were coded during
analysis to ensure objectivity. A single researcher assigned the codes while
the primary author performed cell counting. For each retina, images of 0.04
mm? were randomly selected for analysis.

In the first part of the experiment, NeuN, GFAP, and DAPI-positive
cells were counted in different retinal regions: the center, middle third, and
periphery (Fig. 1.3.6.1). Five images were randomly selected from each retinal
segment and cell counts were normalized per mm?. The manual counting of
NeuN, GFAP, and DAPI-positive cells was performed using ImagelJ software
(Wayne Rasband, National Institutes of Health, USA) (Table 1.1.2.1).

In the second part of the study, NeuN and GFAP-positive cells were
similarly counted manually, with the results aggregated and expressed as
cells/mm? (Table 1.1.2.1).

Astrocyte morphology was identified based on the criteria for GFAP-
positive cells, with cell bodies located in the retinal nerve fiber or ganglion
cell layer. Cell counting included all the cells within the image boundaries
to ensure reliability, specifically those along the left and bottom edges. Cells
crossing the right and upper edges were excluded from the analysis.
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Fig. 1.3.6.1. Methodology for counting retinal cells in different segments
(Stage I). NeuN, GFAP, and DAPI positive cells were counted in 15
randomly selected segments (0.04 mm?) of the retina. central (n = 5, red
squares), middle (n = 5, orange squares), and peripheral (n = 5, yellow
squares) regions. Scale: 1000 um.

NeuN — neuronal nuclei; GFAP — glial fibrillary acidic protein;
DAPI — 4',6-Diamidino-2-phenylindole.

1.4. Statistical analysis

Quantitative data were analyzed using GraphPad Prism, version 10.4.0
(GraphPad Software Inc., USA), and are presented as the mean + standard
deviation (SD). The normality of the quantitative variable distributions
was assessed using the Shapiro-Wilk test. For variables that did not meet
the normality assumption, differences between groups were analyzed using
nonparametric tests: the Mann-Whitney U test for two independent groups or
the Kruskal-Wallis test for multiple independent groups. For variables with
distributions meeting the normality assumption (Gaussian distribution), the
Student’s t-test was used to compare the means of two independent groups,
and one-way ANOVA with Tukey’s multiple comparison test was applied for
various independent groups. Relationships between quantitative variables with
a normal distribution were assessed using Pearson’s correlation coefficient,
whereas Spearman’s correlation coefficient was used for variables that
did not meet the normality assumption. Binary logistic regression analysis
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was applied to predict the binary-dependent qualitative variable. Statistical
significance was set at p < 0.05.

For ONC analysis, group means were calculated by aggregating mean cell
counts. Cell count differences were calculated for each mouse to evaluate
dynamic changes by comparing the right eye (post-ONC) with the healthy
left eye (no ONC). These individual changes (A) were then aggregated within
groups for comparative analysis.

2. RESULTS

2.1. Results of the Stage I study of the experimental study

2.1.1. Systemic side effects of brimonidine

Five out of 12 Balb/c mice exhibited sedative side effects following IP
brimonidine injection, likely attributable to the drug’s hypotensive effects;
however, regular activity was restored within 60 min.

2.1.2. Effect of brimonidine on retinal cells in the total retina
2.1.2.1. Analysis of non-neuronal retinal cells

RGC damage was induced in one eye of all experimental groups, as
demonstrated by a significant reduction in the number of DAPI-stained
retinal cells in the ONC/NaCl D+IP (6463 + 1117), ONC/BMD D (6437 +
915.3), and ONC/BMD D+IP (6691 + 901.5) groups compared to control
eyes without ONC (7413 + 1208) (p < 0.0001). No statistically significant
differences were observed in the number of DAPI-stained cells between the
experimental groups after ONC (Fig. 2.1.2.1.1, Table 2.1.2.1.1).
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Fig. 2.1.2.1.1. Average number of DAPI-positive cells across the entire
retina following ONC.

ONC — optic nerve crush; p-value determined using the non-parametric Kruskal-Wallis test;
** p <0.0001.

Table 2.1.2.1.1. The average number of DAPI-positive cells across the entire
retinal area and in different regions (cells/mm? = SD) in the retinas of Balb/c
mice

Total retina Center Middle Periphery
Control/NaCI D+IP | 7413 + 1208 | 7930+ 113" | 7451+ 1188 | 6857 + 1070°
ONC/NaCl D+IP 6463 £ 1117 6858 + 1249 6559 +903 5954 +£970.8
ONC/BMD D 6437+915.3 | 6813+807.3 6489 + 863 6022 £905.4
ONC/BMD D-+IP 6691 +901.5 7004 £ 711 6649 £929.6 | 6390 + 966.6

The p-value was determined using the non-parametric Kruskal-Wallis test. * p < 0.001; **

» <0.0001.

Control/NaCl D+IP vs. ONC/NaCl D+IP (total retina, center **, middle, periphery *);
Control/NaCl D+IP vs. ONC/BMD D (total retina, center **, middle, periphery *);
Control/NaCl D+IP vs. ONC/BMD D+IP (total retina, center **, middle, periphery *).

2.1.2.2. Analysis of NeulN positive cell count average

The number of NeuN-positive cells in the retina was significantly

reduced in all experimental groups following ONC compared to that in
healthy control eyes without ONC (4450 = 1140) (p < 0.0001). However,
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additional IP brimonidine injections significantly enhanced RGC survival
(3625 + 817.9) compared to the ONC/BMD D group (2854 + 1058) and the
ONC/NaCl D+IP group (2912 + 1083) (p < 0.0001) (Fig. 2.1.2.2.1 and
2.1.2.2.2, Table 2.1.2.2.1).

Control/NaCl D+IP ONC/NaCl D+IP ONC/BMD D ONC/BMD D+IP
S ‘ ’ . .

Fig. 2.1.2.2.1. Microphotographs showing immunofluorescent staining of
the mouse retina in experimental ONC groups. The images depict retinal
cell density in the experimental ONC and control groups. A, B, C, D: DAPI,
a nuclear marker for non-neuronal cells, representing all cells in the retinal
ganglion cell layer; E, F, G, H: NeuN-stained retinal ganglion cells and
amacrine cells (green) using a primary antibody against NeuN; 1, J, K, L:
retinal astrocytes (red), labelled with antibodies against GFAP.

ONC - optic nerve crush; DAPI — 4’,6-diamidino-2-phenylindole; NeuN — neuron-specific

nuclear protein; GFAP — glial fibrillary acidic protein; primary antibody; scale bar: 50 pm.

102



%k %

*
1
* % %k % % Xk
8000 |
‘€ 7000 | |
£
2 6000
Q
© 5000 -
2
£ 4000 -
& 3000
% 2000 -
Z 1000 -
0 I I 1 I
PNINS S
<5< <dx QSD <;
& F S
OQ(\‘ o S
Fig. 2.1.2.2.2. Number of NeuN-positive cells in the retina following ONC in

control and experimental groups.

NeuN — neuron-specific nuclear protein, primary antibody; p-value determined using the
non-parametric Kruskal-Wallis test; *** p <0.0001.

Table 2.1.2.2.1. The average number of NeuN-positive cells in the total retina
and different retinal regions (cells/mm? + SD)

Group Total retina Center Middle Periphery
Control/NaCl D+IP | 4450 + 1140™" | 4937 £ 1008 | 4539 + 1129 | 3911 £+ 1049™"
ONC/NaCl D+IP 2912 + 1083 3348 £ 1117 2970 + 1139 2384 +721.4
ONC/BMD D 2854 + 1058 2811 + 1154 3057 £ 1055 2675 £ 968
ONC/BMD D+IP 3625+ 817.9"" | 3505+753.4" | 3710 £934.5" | 3630 + 737.8™

The p-value was determined using the non-parametric Kruskal-Wallis test. * p < 0.05;
** p<0.001; *** p <0.0001.
Control/NaCl D+IP vs. ONC/NaCl D+IP (total retina, center ***, middle, periphery **);
Control/NaCl D+IP vs. ONC/BMD D (total retina, center, periphery ***, middle **);
Control/NaCl D+IP vs. ONC/BMD D+IP (total retina, center ***, middle**);
ONC/BMD D+IP vs. ONC/NaCl D+IP (total retina *** middle *, periphery **);
ONC/BMD D+IP vs. ONC/BMD D (total retina ***, center *, periphery **%*).
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2.1.2.3. Analysis of GFAP positive cell count average

Increased GFAP immunoreactivity was observed in the ONC/BMD D
group (302 £ 79) compared to the control group without ONC (278.7 +71.13,
p <0.01) and the ONC/NaCl D+IP group (280.7 + 77.15, p < 0.05). Astroglial
activation was significantly elevated exclusively in the ONC/BMD D group
(Fig. 2.1.2.3.1, Table 2.1.2.3.1).
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Fig. 2.1.2.3.1. GFAP-positive cell counts in total retina

after ONC in control and experimental groups.

p-value determined using the non-parametric Kruskal-Wallis test; * p < 0.05, ** p <0.01.

Table 2.1.2.3.1. GFAP-positive cells in the total retina and in different retinal
regions (cells/mm? = SD)

Total retina Center Middle Periphery
Control/NaCl D+IP | 278.7 £ 71.13™ | 310.3 + 85.54 263 +£55.9 262.7 + 58.26
ONC/NaCl D+IP 280.7+77.15" | 329.7+£77.21 | 269.3 £68.89 | 238.1 +51.17
ONC/BMD D 302+ 79 360.5+68.37 | 293.2+65.99 | 254.7 £ 63.63
ONC/BMD D+IP 292.6 £85.37 | 338.4+81.95 | 290.4+73.95 | 249.1+77.09

p-value determined using the non-parametric Kruskal-Wallis test; * p < 0.05; ** p < 0.01.
Control/NaCl D+IP vs. ONC/BMD D (total retina **);
ONC/NaCl D+IP vs. ONC/BMD D (total retina *).
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2.1.2.4. Evaluation of local and systemic brimonidine effect on retinal
cells in control eyes without ONC

To assess the effect of local and systemic brimonidine on retinal cells
in control eyes without ONC, we compared the average number of retinal
cells across different treatment groups. We found that the average number of
DAPI, NeuN, and GFAP-positive cells did not differ statistically significantly
between the groups (Table 1.1.2.4.1).

Table 1.1.2.4.1. Retinal cells average of total retina in control eye without
ONC in different treatment groups

control/NaCl L+IP control/BMD L control/BMD L+IP
DAPI 7413 +£ 1208 7741 +£ 1229 7890 + 1297
NeuN 4450 + 1140 4881 £ 1137 4999 + 1106
GFAP 278.7+71.13 286 + 66.38 282.1+£72.73

The analysis was performed using the non-parametric Kruskal-Wallis test.

2.1.3. Effect of brimonidine on retinal cells in different regions of the
retina

2.1.3.1. Analysis of cell counts in the central retina

The survival of DAPI and NeuN-positive cells in the central retina was
consistent with the overall average cell density across the retina. The number
of DAPI and NeuN-positive cells was significantly lower in the ONC/NaCl
D+IP group (6858 £ 1249 and 3348 + 1117, respectively), ONC/BMD D
group (6813 + 807.3 and 2811 + 1154, respectively), and ONC/BMD D+IP
group (7004 = 711.6 and 3505 + 753.4, respectively) compared to the control
group (7930 + 1133 and 4937 + 1008, respectively) (p < 0.0001).

Additional intraperitoneal brimonidine injections significantly enhanced
RGC survival in the central retina compared to the ONC/BMD D group
(»<0.05) (Tables 2.1.2.1.1 and 2.1.2.2.1). However, there were no significant
differences in the number of DAPI and GFAP-positive cells in the central
retina among the experimental ONC groups (Table 2.1.2.3.1).

2.1.3.2. Analysis of cell counts in the middle part of the retina

The number of surviving cells after ONC and their counts in the middle
region of the retina were consistent with the overall and central retinal cell
counts. In the control group without ONC, the middle retinal region contained
significantly more DAPI and NeuN-positive cells (7451 + 1188 and 4539
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+ 1129, respectively) than the ONC/BMD D group (6489 + 863 and 3057
+ 1055, respectively) and ONC/BMD D+IP group (6649 + 929.6 and 3710
+ 934.5, respectively) (p < 0.001). Intraperitoneal brimonidine injections
significantly enhanced RGC survival in the middle retina compared to that in
the ONC/NaCl D+IP group (p < 0.05). Additionally, a trend toward improved
RGC survival was observed in the ONC/BMD D+IP group compared to the
ONC/BMD D group (p = 0.07) in this region (Tables 2.1.2.1.1 and 2.1.2.2.1).

No significant differences were detected in the number of DAPI and
GFAP-positive cells in the mid-retinal region across all experimental groups
(Table 2.1.2.3.1).

2.1.3.3. Analysis of cell counts in the peripheral retina

The addition of two IP brimonidine injections to brimonidine eye drops
positively affected the survival of DAPI-positive cells in the peripheral retina,
but not in the central and mid-retinal regions. This was evidenced by the
statistically insignificant decrease in the number of DAPI-positive cells in
the ONC/BMD D-+IP group (6390 + 966.6) compared to the control group
without ONC (6857 &= 1070). In contrast, there was a significantly decreased
number of DAPI-positive cells in the peripheral retina in the ONC/NaCl D+IP
(5954 £ 970.8) and ONC/BMD D (6022 + 905.4) groups than in the control
group without ONC (p < 0.0001). No statistically significant differences in
the number of DAPI-positive cells were observed among the experimental
ONC groups in the peripheral retina (Table 2.1.2.1.1).

Moreover, RGC survival in the peripheral retina was only slightly reduced
in the ONC/BMD D+IP group (3630 + 737.8) compared to that in the control
group without ONC (3911 + 1049), but this difference was not statistically
significant. In contrast, the number of NeuN-positive cells in the peripheral
retina was significantly lower in the ONC/NaCl D+IP (2384 + 721.4) and
ONC/BMD D (2675 + 968) groups than in the control group (p < 0.0001).
Notably, the ONC/BMD D+IP group demonstrated a positive effect on the
number of NeuN-positive cells in the peripheral retina, with significantly
higher counts than those in the ONC/NaCl D+IP and ONC/BMD D groups (p
<0.001) (Fig. 2.1.3.3.1, Table 2.1.2.2.1).

Asindicated by comparable GFAP staining (Table 2.1.2.3.1), no statistically
significant differences were observed among the experimental ONC groups
in the number of astrocytes in the peripheral retina.
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Fig. 2.1.3.3.1. NeuN-positive cells in the peripheral region

of the mouse retina after ONC.
The p-value is based on the nonparametric Kruskal-Wallis test;
** p <0.001; *** p <0.0001.

2.1.4. Variability of brimonidine-induced neuroprotection of retinal
cells in different retinal eccentricities

Dynamic analysis of cell counts in the group treated solely with brimonidine
eye drops revealed a significant difference in the number of DAPI-positive
cells between the central and peripheral retinal regions (p <0.05). Additionally,
in the ONC/BMD D+IP group, a highly significant difference in DAPI-
positive cell density was observed between the middle and peripheral regions
(» <0.001).

Higher RGC survival was observed in the peripheral regions compared
to the central region in the saline-treated group (p < 0.05), reflecting the
characteristic variability of RGC survival following ONC in the absence
of neuroprotective pharmacological agents. In the ONC/BMD D group,
significant differences in RGC density were noted between the central and
middle regions (p < 0.01), and between the central and peripheral regions
(p <0.0001).

The neuroprotective effect of systemic brimonidine administration in
combination with brimonidine eye drops further underscored its efficacy.
This combination demonstrated improved RGC density maintenance in the
periphery compared to the central region (p < 0.01) (Table 2.1.4.1).
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Table 2.1.4.1. Average change in retinal cells in different retinal regions

(A change in cell count £ SD)

Antibody | Retimal | oNeNacID+HP | ONC/BMD D RNS D+IP
segment
Center 1391 + 730 1711 + 684.1 1399 + 652.3
DAPI Middle 1165 +391.1 1640 + 566 2034 + 849.3
Periphery 1041 + 504.7 951.6 + 538.6" 804.2 +452.1°
Center 2272 £ 550° 2900 + 760" 2106 = 962°
NeuN Middle 2088 = 569.1 1953 + 609 1748 + 807.8
Periphery 1471 = 587.1 1282 + 419 871.5 + 528.8
Center 18.16 + 75.13 39.47 +43.03 15.17 + 50.05
GFAP | Middle 6.13 £ 26.84 11.43 £36.76 12.08 = 29.11
Periphery 2587412 0.67+31.67 0.42 + 54.15

The p-value is based on the nonparametric Kruskal-Wallis test; * p < 0.05; ** p < 0.01;
% p <0.001; #*+** p <0.0001.

ONC/BMD L, ONC/BMD L+IP: NeuN center vs. periphery *#*_ ###*;

ONC/BMD L: DAPI center vs. periphery *; DAPI middle vs, periphery ***; NeuN center
vs. middle**;

ONC/NaCl L+IP: NeuN center vs. periphery *;

DAPI, 4',6-diamidino-2-phenylindole; NeuN, neuron-specific nuclear protein, GFAP, glial
fibrillary acidic protein.

2.1.5. Correlational analysis of retinal cell count averages across the
retina

We analyzed the relationship between the total number of DAPI-stained
retinal cells, NeuN-positive cells, and GFAP expression, a marker of gliosis,
across different treatment groups.

In the saline-treated group that underwent ONC, a significant correlation
was observed between the total number of DAPI-stained retinal cells and the
number of GFAP-positive cells (» = 0.259; p < 0.001), indicating a moderate
positive relationship. Similarly, in the ONC/NaCl D+IP group, the correlation
between RGCs and GFAP expression suggested a weak positive relationship
between RGC survival and gliosis in the absence of neuroprotective treatment
(r=0.214; p < 0.05). A stronger positive correlation between DAPI-stained
cells and GFAP expression was observed in the ONC/BMD D group
(r=0.285; p<0.0001). Conversely, in the same group, the interaction between
RGC survival and gliosis was negatively correlated with RGC and astrocyte
numbers (» = —0.194; p < 0.05) when brimonidine was administered locally
as eye drops (Fig. 2.1.5.1).
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In the ONC/BMD D+IP group, a direct correlation was noted between
DAPI and NeuN-positive cell counts (» = 0.315; p < 0.01), highlighting the
dependence between the density of non-neuronal cells and the distribution of
retinal ganglion cells. DAPI-positive cells showed a weak correlation with
GFAP-immunoreactive cells in this group (» = 0.222; p < 0.05) (Fig. 2.1.5.1).
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Fig. 2.1.5.1. Correlation of the averages of DAPI, NeuN, and GFAP positive
cells across the retina in different experimental groups.

r — Spearman’s correlation coefficient, p < 0.05. DAPI — 4’,6-diamidino-2-phenylindole;
NeuN — neuron-specific nuclear protein, primary antibody; GFAP — glial fibrillary acidic
protein, primary antibody.
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2.1.6. Correlation of retinal cell counts in different retinal segments

In the central retina, a significant positive correlation was observed
between the number of DAPI-positive retinal cells and RGCs in the saline-
treated group after ONC (r = 0.336; p < 0.05). This indicated a moderately
positive relationship between the density of non-neuronal cells and the RGC
population in the ONC/NaCl D+IP group. In the ONC/BMD D+IP group, a
positive correlation between the number of DAPI-positive cells and RGCs
was observed (= 0.394; p = 0.057), suggesting a similar trend in the survival
of non-neuronal and neuronal cells following ONC (Fig. 2.1.6.1).

In the mid-retina, Spearman’s analysis revealed a significant positive
correlation between the number of DAPI-stained cells and RGCs in the ONC/
NaCl D + IP group (r = 0.354; p < 0.05), indicating a moderately positive
relationship. In the ONC/BMD D+IP group, a near-significant positive
correlation was found between DAPI-stained cells and RGCs (= 0.348; p =
0.055), as well as between DAPI-stained cells and GFAP expression (»=0.297;
p = 0.059). Conversely, in the ONC/BMD D group, a significant negative
correlation was observed between the RGC count and GFAP expression
(r = -0.293; p < 0.05), suggesting an inverse relationship between RGC
survival and astrocytic gliosis (Fig. 2.1.6.1).
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Fig. 2.2.6.1. Correlation of the averages of DAPI, NeuN, and GFAP positive
cells in different retinal segments across experimental groups.

r — Spearman’s correlation coefficient, p < 0.05. DAPI — 4’,6-diamidino-2-phenylindole;
NeuN — neuron-specific nuclear protein, primary antibody; GFAP — glial fibrillary acidic
protein, primary antibody.
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2.1.7. Inter-regional correlations of retinal cell count

A significant correlation was observed between the density of DAPI-
stained cells in the central and middle retinal regions in the ONC/BMD D
group, indicating a moderately positive correlation (» = 0.447; p < 0.001).
However, in the ONC/BMD D+IP group, the correlation between the middle
and peripheral regions was weaker (» = 0.319; p = 0.054) (Fig. 2.1.7.1).

Strong correlations were found between the different retinal regions and
RGC density. In the ONC/NaCl D+IP group, the central and middle regions
exhibited a highly significant correlation (» = 0.644; p < 0.0001), which was
even stronger when comparing the central and peripheral regions (r = 0.671;
p <0.0001), and the middle and peripheral regions (» = 0.700; p < 0.0001).
Similarly, in the ONC/BMD D group, significant correlations were observed
between the central and middle regions (» = 0.612; p < 0.0001), and between
the middle and peripheral regions (» = 0.601; p < 0.0001), suggesting a
consistent distribution of RGC density across the retina after ONC, regardless
of treatment (Fig. 2.1.7.1).

GFAP expression, which is indicative of gliosis, also demonstrated
significant correlations between different retinal segments. In the ONC/NaCl
D+IP group, a moderate correlation was found between the central and middle
regions (r = 0.282; p < 0.05), and a stronger correlation between the central
and peripheral regions (» = 0.342; p < 0.01). In the ONC/BMD D+IP group,
positive correlations were more pronounced, with significant relationships
observed between the central and middle segments (» = 0.578; p < 0.0001),
and between the central and peripheral regions (» = 0.317; p < 0.05) (Fig.
2.1.7.1).
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Fig. 2.1.7.1. Correlation of DAPI, NeuN, and GFAP cell counts across
different retinal segments. The charts display a statistically significant
positive relationship between non-neuronal cells, specific RGCs, and
astrocytes across different retinal segments, demonstrating a consistent cell
density distribution following ONC, regardless of treatment.

r — Spearman’s correlation coefficient, p < 0.05. DAPI — 4’,6-diamidino-2-phenylindole;
NeuN — neuron-specific nuclear protein, primary antibody; GFAP — glial fibrillary acidic
protein, primary antibody.

2.1.8. Correlations of retinal cell count dynamics after treatment

A moderate inverse correlation was observed between the gradual increase
in GFAP-positive cells and the reduction in NeuN-positive cells across the
retina in the ONC/NaCl D+IP group (» = —0.644; p < 0.05). Interestingly, a
moderate positive correlation between astrocyte changes and the RGC count
was identified in the ONC/BMD D group (»=0.7; p <0.05).

In the middle retinal region of the ONC/BMD D group, a strong positive
correlation was noted between the increase in RGC count and the number of
DAPI-positive cells (r=0.857; p <0.01) (Fig. 2.1.8.1). A negative correlation
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between RGC count and GFAP expression in the middle region following
saline treatment (»r=—0.747; p = 0.01) highlights a distinct regional interaction,
where reduced neuronal survival correlates with increased gliosis.

In the ONC/BMD D+IP group, a significant correlation was observed
between the changes in DAPI-positive cells in the middle and peripheral
retinal segments ( = 0.857; p < 0.05). Significant correlations in RGC loss
were observed between the peripheral and middle retinal segments after
saline treatment (» = 0.733; p = 0.02). A similar trend was observed between
the middle and central retinal regions after brimonidine eye drop treatment
(r=0.714; p=0.057) (Fig. 2.1.8.1).
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Fig. 2.1.8.1. Spearman correlation analysis of retinal cell changes in Balb/c
mice after ONC across different retinal segments. The charts display a
statistically significant positive correlation of changes in non-neuronal and
specific RGC cells between the middle and peripheral, as well as central
and middle retinal segments.

r — Spearman’s correlation coefficient, p < 0.05. DAPI — 4’,6-diamidino-2-phenylindole;

NeuN — neuron-specific nuclear protein, primary antibody; GFAP — glial fibrillary acidic
protein, primary antibody.
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2.2. Results of the Stage II study of the experimental study

2.2.1. Quantitative indicators of NeuN and GFAP positive cells in the
Stage II of the experiment

Quantitative assessment of NeuN-positive cells revealed statistically
significant differences between the groups. In the experimental eyes treated
with physiological saline post-ONC, a notable decrease in NeuN-positive
cells was observed compared with the right control eye without optic nerve
injury (p < 0.0001), confirming the successful execution of the optic nerve
crush procedure. Treatment with a higher dose of memantine resulted in a
significantly greater survival of NeuN-positive cells compared to the ONC/
NacCl group (p < 0.05), demonstrating a pronounced neuroprotective effect.
Similarly, in groups treated with low and high doses of levetiracetam, a
significantly higher number of NeuN-positive cells was observed than in the
ONC/NaCl group (p <0.05). These findings indicate that both memantine and
levetiracetam exhibit dose-dependent neuroprotective properties following
ONC, as evidenced by the preservation of RGCs (Table 2.2.1.1, Figure
2.2.1.1).

Table 2.2.1.1. Quantitative indicators of NeuN and GFAP positive cells in
Stage II of the experimental study

Group NeuN GFAP
Control/NaCl 7092 + 1419 253.5+41.81
ONC/NaCl 4493 + 1362"" 276.9 £ 30.94
ONC/MEM LD 5274 + 747 257.2+27.62
ONC/MEM HD 5967+ 611.4 299 +31.76
ONC/LEV LD 5973 £ 438.1 255.6 £ 18.77
ONC/LEV HD 5856 + 839.5 304.8 £30.90

Data are expressed as mean + SD. Statistical significance was determined using an unpaired
t-test. * p <0.05; ** p <0.0001. NeuN — neuron-specific nuclear protein, primary antibody;
GFAP — glial fibrillary acidic protein, primary antibody.
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Fig. 2.2.1.1. Quantitative indicators of NeuN-positive cells after memantine
and levetiracetam intraperitoneal injections seven days post-ONC. The
ONC/NaCl group exhibited a significant reduction in the number of NeuN-
positive cells compared to the control group (p < 0.0001). Treatment with
high doses of memantine resulted in greater survival of NeuN-positive
cells than in the ONC/NaCl group. Similarly, both low and high doses of
levetiracetam increased the survival of NeuN-positive cells compared with
the ONC/NaCl group.

Statistical significance was determined using an unpaired t-test; * p < 0.05; ** p < 0.0001.
NeuN — neuron-specific nuclear protein, primary antibody.

There were no differences in GFAP-positive cells among experimental
groups (Table 2.2.1.1, Figure 2.2.1.2).
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Fig. 2.2.1.2. Quantitative indicators of GFAP-positive cells after memantine
and levetiracetam IP injections, seven days following ONC.
GFAP — glial fibrillary acidic protein, primary antibody; ONC — optic nerve crush.

2.2.1.1. Evaluation of effects of systemic medications on retinal cells
in control eyes without ONC

To evaluate the effects of systemic high- and low-dose memantine and
levetiracetam on retinal cells in control eyes without ONC, we compared the
average number of retinal cells across different treatment groups. We found
that the average number of NeuN- and GFAP-positive cells did not differ
statistically significantly between the groups (Table 2.2.1.1.1).

Table 2.2.1.1.1. Retinal cells average in control eyes without ONC in different
treatment groups
NeulN GFAP
Control/NaCl 7092 + 1419 253.5+41.81
Control/MEM LD 6747 £ 531 256 £33.63
Contro/MEM HD 7700 + 478.4 271.8+57.26
Control/LEV LD 7602 + 1210 237.6 £15.27
Control/LEV HD 6471 + 509.9 262.4+£51.77

The analysis was performed using the non-parametric Kruskal-Wallis test.
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2.2.2. Dynamics of cell count change in the retina in Stage II of
experimental study

The analysis of cell count dynamics revealed a significantly lower death
rate of NeuN-positive cells in the groups treated with a high dose of meman-
tine and a low dose of levetiracetam compared to the saline group (p < 0.05)
(Table 2.2.2.1, Figure 2.2.2.1).

Additionally, the number of GFAP-positive cells was significantly higher
in the groups that received high doses of memantine and levetiracetam than
in those that received low doses (p < 0.05). This finding may indicate reactive
gliosis associated with the administration of higher drug doses (Table 2.2.2.1,
Figure 2.2.2.2).

Table 2.2.2.1. NeuN and GFAP-positive cell changes in the retina (A cells/mm?
+8SD) 7 days post-ONC, after administration of different doses of memantine
and levetiracetam

ONC/NaCl |ONC/MEM LDIONC/MEM HD|/ONC/LEV LD|ONC/LEV HD
ANeuN| 1929 + 728 1818 + 747 1125+611.4" | 1119+438.1" | 1235+839.3
A GFAP|23.32+£30.85| 3.613+£27.62 | 45.18£31.91" | 2.047+18.77 | 51.38 £ 31.11"

Statistical significance was determined using nonparametric Mann-Whitney test; * p < 0.05.
NeuN — neuronal specific nuclear protein, primary antibody; GFAP — glial fibrillary acidic
protein, primary antibody.

A NeuN: ONC/MEM HD vs. ONC/NaCl; ONC/LEV LD vs. ONC/NaCl¥*;

A GFAP: ONC/MEM LD vs. ONC/LEV HD; ONC/MEM LD vs. ONC/MEM HD; ONC/
LEV LD vs. ONC/LEV HD; ONC/LEV LD vs. ONC/MEM HD*.
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Fig. 2.2.2.1. Change of NeuN-positive cells in the retina
(A cells/mm?) 7 days post-ONC, treated with different doses of memantine
and levetiracetam.

Statistical significance was determined using the nonparametric Mann-Whitney test;
* p <0.05. NeuN — neuronal specific nuclear protein, primary antibody.
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Fig. 2.2.2.2. Change in the number of GFAP-positive cells in the retina
(A cells/mm?) 7 days post-ONC, treated with different doses of memantine
and levetiracetam.
Statistical significance was determined using the nonparametric Mann-Whitney test;
* p <0.05. GFAP — glial fibrillary acidic protein, primary antibody.
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2.2.3. Analysis of fundus photographs

The analysis of fundus photographs taken on days 0 and 7 of the experiment
revealed no acute changes, such as hemorrhages, in the fundus of any eye that
underwent ONC. By Day 7, all groups exhibited thinning of the nerve fiber
layer in the photographs, confirming the successful execution of ONC in all
eyes (Fig. 2.2.3.1).

Fig. 2.2.3.1. Fundus photographs taken on Day 0 (4) and Day 7 (B) of
the experiment using the Heidelberg Spectralis HRA2 system (Heidelberg
Engineering, Germany). Retinal nerve fibers converging toward the optic
nerve are observed between the blood vessels. Image B shows the thinning

of retinal nerve fibers on day 7 post-ONC.

ONC - optic nerve crush.

2.2.4. SD-OCT image analysis

In Stage II of the experimental study, retinal scans were performed using
SD-OCT and color Doppler OCT on Day 0 (immediately after ONC), and on
Days 4 and 7 (Figure 1.1.1.1). Significant differences in the GCC thickness
were observed between the treatment groups. In the saline-treated group (ONC/
NaCl), GCC thickness significantly decreased on days 0 and 7 (p < 0.01).
Both low and high memantine doses resulted in significant GCC thinning by
day 7 (p <0.0001). Similarly, in the groups treated with levetiracetam, both
low and high doses showed a significant reduction in GCC thickness between
days 0 and 7 (p < 0.0001), with significant thinning already observed on day
4 in the high-dose levetiracetam group (p < 0.0001). Significant differences
were noted between the ONC/NaCl and contralateral left eye (control/NaCl,
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without ONC) groups (p < 0.05) on day 4 and 7. The ONC groups receiving
a high dose of memantine (p <0.0001) or levetiracetam (low dose, p <0.001;
high dose, p < 0.0001) also demonstrated significant differences compared
with the ONC/NaCl group on day 4. A significant difference was observed
between the low-dose memantine group and the high-dose memantine
group (p < 0.0001). Similarly, the low-dose levetiracetam group differed
significantly from the high-dose levetiracetam group (p < 0.001) on day 7.
The preservation of GCC thickness following ONC treatment highlights the
neuroprotective effects of memantine and levetiracetam (Table 2.2.4.1, Fig.
2.2.4.1).

Table 2.2.4.1. Results of SD-OCT measurements of GCC thickness on Days 0,
4, and 7 in experimental and control groups (mm + SD)

Control/ ONC/NaCl ONC/MEM [ONC/MEM | ONC/LEV | ONC/LEV
NaCl LD HD LD HD
Day 0 0.0593 + 0.0598 + 0.0605 + 0.0597 + 0.0618 + 0.0599 +
0.002 0.002 0.002 0.002 0.002 0.003
Day 4 0.0603 + 0.0578 + 0.06 + 0.0528 + 0.061 + 0.0539 +
0.002 0.002 0.002 0.002""" 0.003" 0.003""
Day 7 0.0603 + 0.0571 £ 0.055 + 0.059 + 0.056 + 0.0582 +
0.003 0.002™ 0.002™"* 0.002 ™ | 0.003"""" | 0.003"""

Statistical significance was determined using one-way ANOVA analysis with Tukey’s multi-
ple comparison test; * p < 0.05; ** p <0.01; *** p <0.001; **** p <0.0001.

Day 0 vs. Day 7: ONC/NaCl **; ONC/MEM LD, ONC/MEM HD ****; ONC/LEV LD,
ONC/LEV HD **%*;

Day 0 vs. Day 4: ONC/LEV DD **%*%*;

Day 4: ONC/NaCl vs. control/NaCl **; ONC/NaCl vs. ONC/MEM HD, ONC/NaCl vs.
ONC/LEV LD, ONC/NaCl vs. ONC/LEV HD **%*%*;

Day 7: ONC/NaCl vs. control/NaCl **; ONC/MEM LD vs. ONC/MEM HD **** ONC/
LEV LD vs. ONC/LEV HD *#*%*,
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- Control/NaCl

= -8 ONC/NaCl
£ 0.060

> -+ ONC/MEM LD
_é;:’ ~ ONC/MEM HD
= ~~ ONC/LEV LD

§ 0.055 -~ ONC/LEV HD

T T T
Day 0 Day 4 Day 7

Fig. 2.2.4.1. Changes in the thickness of the ganglion cells complex as
measured by SD-OCT on days 0, 4, and 7 in the experimental and control
groups.

SD-OCT - spectral domain optical coherence tomography; GCC — ganglion cell complex.

2.2.5. Correlation analysis of ganglion cells complex thickness
changes

Linear correlation analysis revealed significant associations in GCC
thickness changes across different treatment groups over time. In the saline-
treated ONC group, strong correlations were observed between days 0 and
4 (r=0.8; p <0.0001) and between days 0 and 7 (»r = 0.58; p < 0.005).
Similarly, in the low-dose memantine group, strong correlations were found
between days 0 and 4 (»=0.66; p <0.001) and between days 0 and 7 (»=0.81;
p <0.0001). In the high-dose memantine group, a moderate direct correlation
was observed between days 0 and 4 (» = 0.51; p <0.05), and between days 0
and 7 (r=0.52; p <0.01). In the low-dose levetiracetam group, strong correla-
tions were noted between days 0 and 4 (= 0.65; p <0.001) and between days
4 and 7 (r = 0.7; p < 0.001). Finally, in the high-dose levetiracetam group,
a significant direct correlation was observed between days 0 and 4 (» = 0.72;
p <0.0001) (Fig. 2.2.5.1).

These findings highlight the temporal correlations in GCC thickness
changes, underscoring the neuroprotective efficacy of memantine and leveti-
racetam in preserving the retinal structure following ONC.
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Fig. 2.2.5.1. Correlation analysis of changes in ganglion cells complex
thickness in experimental groups. A positive correlation of GCC thickness
changes was observed between day 0 and day 4, as well as between day 0

and day 7 in the experimental groups.
r — Spearman’s correlation coefficient, p < 0.05.

2.2.6. Analysis of ganglion cells complex thickness dynamics

Analysis of GCC thickness changes between days O and 4 revealed
significantly greater thinning of the GCC in the ONC/MEM LD group than in
the saline-treated groups and the groups treated with high doses of memantine
and levetiracetam (p < 0.05). The greatest preservation of retinal thickness
during this period was observed in the ONC/MEM HD group, which showed
significantly better outcomes than the low-dose levetiracetam group at the
same time point (p < 0.05). A statistically significant difference was found
between GCC thickness changes in the control eye without ONC and the
groups treated with saline, low-dose memantine and levetiracetam when
comparing changes between day 0 and day 4, day 4 and day 7, day 0 and day 7
(» <0.001). Between Days 4 and 7, the smallest change in GCC thickness was
observed in the ONC/MEM HD group compared to the low-dose memantine
and levetiracetam groups (p < 0.05). Conversely, the greatest change in
GCC thickness during this period was noted in the low-dose memantine
group, which differed significantly from the high-dose levetiracetam group
(p <0.05).

When analyzing GCC thickness changes over the entire study period (days
0 to 7), the ONC/MEM HD group demonstrated the highest retinal thickness
preservation compared to the groups treated with low doses of memantine
and levetiracetam (p < 0.05). In contrast, the greatest GCC thinning over
this period was observed in the low-dose memantine group (p < 0.05). A
statistically significant difference was observed between the control group
without ONC and the ONC/LEV HD group when comparing GCC changes
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over 7 days (p < 0.05). However, no significant differences were found with
the high-dose memantine group (Table 2.2.6.1, Figure 2.2.6.1).

No significant correlations were identified in the dynamics of the GCC
thickness changes.

Table 2.2.6.1. SD-OCT measurement of ganglion cells complex thickness
changes between days 0 and 4, days 4 and 7, and days 0 and 7 in the experi-
mental and control groups

Group A Day 0 — Day 4 A Day 4 — Day 7 A Day 0 — Day 7
Control/NaCl —-0.001 £ 0.002™™" | —0.0001 = 0.002" ™" | —0.0011 = 0.001" """
ONC/NaCl 0.0016 + 0.002" 0.0032 + 0.002 0.0022 +0.002
ONC/MEM LD 0.004 + 0.004" 0.0053 £ 0.001" 0.0042 £+ 0.001"
ONC/MEM HD 0.000001 + 0.002" 0.0012 + 0.002" 0.0002 £ 0.002"
ONC/LEV LD 0.003 +0.001 0.0043 +0.001 0.0032 +0.001
ONC/LEV HD 0.001 +0.003 0.0021 + 0.003 0.0011 +0.003

SD-OCT - spectral domain optical coherence tomography. Statistical significance was deter-
mined using an unpaired t-test; * p < 0.05, ** p <0.01; *** p <0.0001.

A Day 0 — Day 4, A Day 4 — Day 7: ** control/NaCl vs. ONC/NacCl, control/NaCl vs. ONC/
LEV LD; *** control/NaCl vs. ONC/MEM LD; * ONC/MEM LD vs. ONC/MEM HD,
ONC/MEM LD vs. ONC/LEV HD, ONC/MEM HD vs. ONC/LEV LD;

A Day 0 — Day 7: *** control/NaCl vs. ONC/NacCl, control/NaCl vs. ONC/LEV LD, control/
NaCl vs. ONC/MEM LD; * ONC/MEM LD vs. RNS/MEM HD, ONC/MEM LD vs. ONC/
LEV HD, ONC/MEM HD vs. ONC/LEV LD, control/NaCl vs. ONC/LEV HD.

A, Day 0 — Day 4 A, Day 4 —Day 7 A, Day 0 — 7 Day

g 0.010 * Wk . - * =l Control/NaCl
g *kx [ | s mm ONC/NaCl
< *x | * \ ; = ONC/MEM LD
2 0.0054 ’—“_| g = ONC/MEM HD
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Fig. 2.2.6.1. SD-OCT dynamics of ganglion cell complex thickness changes
between days 0 and 4, days 4 and 7, and days 0 and 7 in the experimental
and control groups.

Statistical significance was determined using an unpaired t-test;
*p<0.05,** p<0.01; *** p <0.0001.

127



2.2.7. Binary logistic regression analysis for predicting RGC loss and
changes in astroglial markers.

Based on binary logistic regression analysis, irrespective of treatment
groups, it can be predicted that animals exhibiting more than a 10 % change
in GFAP immunoreactivity 7 days post ONC have an odds ratio of 3.75 for
experiencing less than 20 % RGC loss compared to animals with less than
a 10 % change in GFAP count. It was determined that retinas with GCC
thinning greater than 0.0022 mm had an odds ratio of 1.63 for RGC loss being
less than 20 %, compared to retinas with GCC thinning less than 0.0022 mm
(Table 4.2.7.1). The prognostic indicators were not statistically significant,
possibly due to the small sample size. Simpler statistical methods, which
directly compare the results of randomly selected groups and are less sensitive
to data interpretation errors, are more suitable for more accurate analysis of
experimental data [212, 213].

Table 4.2.7.1. The influence of changes in GFAP immunoreactivity and GCC
thickness on RGC death following ONC

Indicator p OR 95 % CI
GFAP positive cell count >10 % 0.11 3.75 0.74-19.14
GCC thickness change >0.0022 mm 0.54 1.63 0.34-7.67

OR - odds ratio; CI — confidence interval; p — statistical significance level.

A strong trend was observed, indicating that GCC change greater than
0.0022 mm had 3.93 times lower odds of showing a change in astrogliosis
greater than 10 % 7 days post ONC, compared to GCC thinning less than
0.0022 mm (p = 0.07) (Table 4.2.7.2).

Table 4.2.7.2. The influence of GCL thickness changes on astroglial marker
changes 7 days post-ONC

Indicator p OR 95 % CI
GCC thickness change >0,0022 mm 0,07 0,26 0,06-1,14

OR - odds ratio; CI — confidence interval; p — statistical significance level.

2.3. Comparison of results from Stage I and Stage II experimental
studies

Stereological counts of retinal cells and a comparison of RGC and astrocyte
averages in the control eyes (without ONC) of C57Bl/6J and BALB/c mice
revealed a statistically significant difference in the number of NeuN-positive
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cells (7178 £ 768.5 and 4716 + 1115, respectively; p < 0.0001) between the
two mouse strains. However, no significant difference was observed in the
averages of GFAP-reactive cells in healthy eyes (250.6 + 34.63 and 282.4 +
68.74, respectively).

When evaluating the percentage of NeuN-positive cell death, a statistically
significant difference was identified between the C57B1/6J and Balb/c mouse
strains in the sodium chloride-treated groups after ONC (24.36 + 3.131 and
41.12 £ 12.03, cell death % + SD, respectively; p < 0.01). These findings
demonstrate a strong genetic basis for neuronal resistance to optic nerve
injury (Fig. 2.3.1, Table 2.3.1).

|

NeuN positive cell death, %

Fig. 2.3.1. Retinal ganglion cell death in experimental groups in Stage I and
Stage II experimental work in the ONC model of C57Bl/6J and Balb/c mice.

Statistical significance was determined using an unpaired t-test;
** p <0.01. NeuN — neuron-specific nuclear protein, primary antibody.
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Table 2.3.1. Retinal cell death in experimental groups of C57Bl/6J and Balb/c

mice in the ONC model

Stage I experimental study (Balb/c mice strain)
Group NeuN change, % GFAP change,%
ONC/NaCl D+IP 41.12+12.03 5.92+23.39
ONC/BMD D 41.19+13.8 5.27+12.06
ONC/BMD D+IP 31.4+995 3.5+12.82
Stage II experimental study (C57Bl/6J mice strain)
ONC/NaCl 2436 +3.13™ 92+12.17
ONC/MEM LD 25.63 £10.53 1.43+10.89
ONC/MEM HD 15.86 + 8.62 17.82 £12.59
ONC/LEV LD 15.78 £ 6.18 0.81+74
ONC/LEV HD 17.42 +11.84 20.26 £ 12.27"

Statistical significance was determined using an unpaired t-test; * p < 0.05; *** p < 0.01.
NeuN — neuron-specific nuclear protein, primary antibody.

When comparing the retinal gliosis marker, no statistically significant
difference was observed in GFAP changes between the saline-treated groups
of different mouse strains (9.2 = 12.17 and 5.92 + 23.39, cell change % = SD).
Changes in GFAP immunoreactivity serve as an indicator of astrogliosis.

In the ONC/LEV HD group, more pronounced astrogliosis was observed
compared to the ONC/BMD D group (20.26 + 12.27 and 5.27 £ 12.06, cell
change % = SD; p< 0.05) and the ONC/BMD D+IP group (3.45 £ 12.82, cell
change % = SD; p < 0.05) (Figure 2.3.2, Table 2.3.1).
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Fig. 2.3.2. Changes in GFAP-immunoreactive retinal cells in experimental
groups of Balb/c and C57Bl/6J mice in the ONC model in Stage I and Stage
11 experimental studies.

Statistical significance was determined using an unpaired t-test;
* p <0.05. GFAP — glial fibrillary acidic protein, primary antibody.

2.3.1. Evaluation of effect size differences of brimonidine, memantine
and levetiracetam

To compare the neuroprotective effects of different medications on RGCs
across the treatment groups and mouse strains, we evaluated the effect size.
The greatest effect size for RGC preservation was observed in the low-
dose levetiracetam group, which was statistically significant compared to
the brimonidine drops treatment group (35.24 + 25.35 and -3.07 + 34.38,
respectively; p < 0.05) (Figure 2.3.1.1, Table 2.3.1.1).
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Fig. 2.3.1.1. Difference in the effect size (%6A) of drugs with neuroprotective
properties. The diagram shows the largest difference in NeuN positive cells
observed in the low-dose levetiracetam group, which was significantly
different from the group treated with brimonidine drops only (p < 0.05).

Statistical significance was determined using the nonparametric Mann-Whitney test;
* p <0.05; NeuN — neuron-specific nuclear protein, primary antibody.

Table 2.3.1.1. Effect size of different medical agents with neuroprotective pro-
perties (A %)

MEMLD | MEMHD | LEVLD | LEVHD BMD D | BMD D+IP
NeuN | 521+ 34.89 + 3524 + 28.50 -3.07 <+ 23.63 £
43.23 35.39 25.35 48.58 34.38 24.19
GFAP | -165+ 93.75 + -91.22+ 1203 + -51.04 + —40.91 +
96.02° 136.9° 80.49" 133.4 217.7 216.5

Statistical significance was determined using the nonparametric Mann-Whitney test;
*p<0.05;

NeuN A %: LEV MD vs. BMD L*;

GFAP A %: MEM MD vs. MEM DD; MEM DD vs. LEV DD; LEV MD vs. LEV DD;

NeuN — neuron-specific nuclear protein, primary antibody; GFAP — glial fibrillary acidic
protein, primary antibody.

A comparison of the effect sizes of GFAP-immunoreactive cells between
the experimental groups revealed significant differences. A statistically
significant difference was observed between the low and high-dose
memantine groups (-165 + 96.02 and 93.75 + 136.9, respectively; p < 0.05).
Similarly, a significant difference in effect size was noted between the
high-dose memantine and high-dose levetiracetam groups (93.75 = 136.9
and 120.3 £ 133.4, respectively; p < 0.05). Additionally, in the high-dose
levetiracetam group, the effect size significantly differed compared to the
low-dose levetiracetam group (91.22 + 80.49; p < 0.05) (Figure 2.3.1.2).
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Fig. 2.3.1.2. Difference in the effect size on GFAP-positive cells (%0A). A
statistically significant difference in effect size was observed between the
high-dose memantine and levetiracetam groups (p < 0.05).

Statistical significance was determined using the nonparametric Mann-Whitney test;
* p <0.05; GFAP — glial fibrillary acidic protein, primary antibody.

CONCLUSIONS

1. The ONC model was successfully established using genetically dis-
tinct mouse strains. A statistically significant reduction in RGCs was
observed in the right eye of sodium chloride-treated mice (post-ONC),
confirming the successful implementation of the model. Data from this
study demonstrated that the C57B1/6]J mouse strain not only exhibi-
ted a higher baseline number of neuronal cells (in control eyes without
ONC) but also showed greater resilience to optic nerve injury. Post-
ONC, the RGC survival rate in the C57B1/6J strain was 75.64 % com-
pared to 58.88 % in the Balb/c strain without neuroprotective treatment.
The average number of retinal astrocytes did not differ significantly
between the mouse strains.

2. With systemic administration of brimonidine, RGC survival in the
peripheral retina reached 92.82 % compared to the sodium chloride-
treated group, where 60.96 % of RGCs remained after ONC. Compa-
ring systemic and topical brimonidine effects, we found that RGC sur-
vival with topical brimonidine drops was 58.81 %. However, an addi-
tional 2 mg/kg brimonidine IP injections provided statistically signi-
ficant protection to RGCs across the entire retina (68.6 %). Astroglial
marker levels were highest in the brimonidine drops group compared to
the control and sodium chloride-treated groups.
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3. A statistically significant neuroprotective effect on RGCs after ONC
was observed with 7-day IP injections of 10 mg/kg memantine,
40 mg/kg, and 80 mg/kg levetiracetam (RGC survival rates of 84.14 %,
84.22 %, and 82.58 %, respectively). Structural retinal changes,
assessed by GCC thickness using OCT, were significantly reduced with
7-day IP injections of 10 mg/kg memantine. High doses of memantine
and levetiracetam preserved GCC thickness, whereas retinal thinning
was observed with low-dose treatments.

4. Compared to the brimonidine drops group, the low-dose levetiracetam
group demonstrated a statistically significantly higher neuroprotective
effect. Similar trends in neuroprotective effects were observed in the
high-dose memantine and levetiracetam groups, as well as in the syste-
mic brimonidine group. The systemic use of memantine and levetirace-
tam was found to be safe, whereas transient adverse effects were noted
with brimonidine.

RECOMMENDATIONS

1. The safe and effective neuroprotective effects of systemic 2 mg/kg bri-
monidine, 10 mg/kg memantine, 40 mg/kg and 80 mg/kg levetiracetam
should be translated to patients with glaucoma, with future studies star-
ting from the established safe doses of memantine and levetiracetam.
The dose-dependent neuroprotective effects observed in our study sug-
gest that higher doses of memantine than those used in previous clinical
trials may still prove to be effective. This remains a subject for clinical
investigation. Similarly, identifying the optimal dose of levetiracetam
(both effective and safe) should be a future direction for research in
patients with glaucoma.

2. Based on the findings of this dissertation, it would be worthwhile to
evaluate the effects of additional systemic neuroprotective treatments
and preventive strategies in patients with early-stage and high-risk
glaucoma, particularly those with other risk factors for neurodegene-
rative diseases such as Alzheimer’s disease, Parkinson’s disease, or an
impending stroke. Each of the three potential neuroprotectants appears
to have distinct adverse effects, necessitating the adaptation of the key
systemic properties of memantine, brimonidine, and levetiracetam in
future studies to personalize their optimal applicability for glaucoma
patients.
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Background: In glaucoma, non-intraocular pressure (IOP)-related risk factors can result in increased levels of extracellular glu-
tamate, which triggers a cascade of neurodegeneration characterized by the excessive activation of N-methyl-
D-aspartate (NMDA). The purpose of our study was to evaluate the glioprotective effects of memantine as a
prototypic uncompetitive NMDA blocker on retinal astrocytes in the optic nerve crush (ONC) mouse model for
glaucoma.

Material/Methods: Optic nerve crush was performed on all of the right eyes (n=8), whereas left eyes served as contralateral healthy
controls (n=8) in Balb/c/Sca mice. Four randomly assigned mice received 2-ul intravitreal injections of meman-
tine (1 mg/ml) after ONC in the experimental eye. One week after the experiment, optic nerves were dissec-
ted and stained with methylene blue. Retinae were detached from the sclera. The tissue was immunostained.
Whole-mount retinae were investigated by fluorescent microscopy. Astrocyte counts for each image were per-
formed manually.

Results: Histological sections of crushed optic nerves showed consistently moderate tissue damage in experimental
groups. The mean number of astrocytes per image in the ONC group was significantly lower than in the healthy
control group (7.131.5 and 10.47+1.9, respectively). Loss of astrocytes in the memantine-treated group was
significantly lower (8.83+2.2) than in the ONC group. Assessment of inter-observer reliability showed excellent
agreement among observations in control, ONC, and memantine groups.

Conclusions: The ONC is an effective method for investigation of astrocytic changes in mouse retina. Intravitreally adminis-
tered memantine shows a promising glioprotective effect on mouse retinal astrocytes by preserving astrocyte
count after ONC.
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Background

Glaucoma is a multifactorial optic neuropathy characterized
by progressive loss of retinal ganglion cells (RGC), leading to
gradual deterioration of visual function [1,2]. The exact etio-
logical mechanism of glaucoma is still unknown, despite nu-
merous scientific advances in recent decades. The main goal
of currently available glaucoma treatment is to lower intra-
ocular pressure (I0P). However, reducing increased I0P alone
cannot entirely prevent the progression of neurodegeneration
and ensuing vision loss [3]. Furthermore, a significant number
of glaucoma patients have normal 0P, suggesting non-IOP-
mediated mechanisms. Therefore, new treatment strategies
targeting neuroprotection pathways are urgently needed [3].

Various animal models exist that mimic different pathophy-
siological aspects of glaucoma: optic nerve transection, op-
tic nerve crush (ONC), injection of polystyrene beads into the
anterior chamber, laser trabecular photocoagulation, and ge-
netic models [4].

ONC triggers a series of events in the optic nerve and reti-
na, characterized by primary acute axonal damage in some of
the optic nerve axons and secondary retinal neurodegenera-
tion [4]. Therefore, the ONC model is particularly well-suited
for investigation of neuroprotective approaches to glaucoma-
tous optic neuropathy.

Retinal astrocytes are located in the nerve fiber layer below
the inner limiting membrane, covering the lamina cribrosa and
expanding throughout the optic tract [5].

Astrocytes are capable of transmitting electric signals and main-
taining highly specialized connections to RGCs that control sy-
naptic strength and provide a source of energy [6]. Astrocytes
have processes reaching RGC synapses and interact with RGCs
through G protein-coupled receptors. In glaucoma, RGC damage
is accompanied by astrocyte activation and hypertrophy [7],
resulting in changes in gene expression [8]. Reactive astro-
cytes release neurotrophic factors and serve as a mechanical
scafold for the remaining neurons. Astrocytes are also capa-
ble of keeping the blood-brain barrier intact by sealing da-
maged areas [9]. Elucidation of astrocytic changes in glauco-
ma is thus critical for devising novel anti-glaucoma therapies.

Glutamate excitotoxicity is the primary factor responsible for
neuronal cell death in neurodegenerative diseases [1,2,10], and
glutamate is known to exert toxic effects on the retina, mainly
on RGCs [14-17]. In glaucoma, non-l0P-related risk factors can
result in increased levels of extracellular glutamate [18-20],
which triggers a cascade of neurodegeneration characterized
by excessive activation of N-methyl-D-aspartate (NMDA) re-
ceptors [2,21], glutamate excitotoxicity [22-25], and retinal
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ischemia. The associated increase in the intracellular calcium
concentration ultimately induces neuronal death by either
apoptotic or necrotic mechanisms [13,26].

Memantine (1-amino-3,5-dimethyladamantane) is a potent
neuroprotective agent that is approved by the US Food and
Drug Administration (FDA) and the European Medicines Agency
(EMA) for moderate-to-severe Alzheimer disease [27,28]. As an
uncompetitive “open channel blocker” of NMDA receptors, me-
mantine does not compete with glutamate for binding sites,
and possesses a relatively low affinity and fast kinetics [29].
Thus, memantine has almost no effect when extracellular glu-
tamate levels are normal and only becomes effective in the
presence of excess glutamate. While memantine showed great
promise in preclinical glaucoma research, it failed to meet ex-
pectations in phase Il clinical trials for open-angle glaucoma
(NCT00141882; NCT00168350).

While most research groups have studied the effects of meman-
tine on neurons, only a few studies have analyzed its effect on
astroglia. Wu et al. performed a study showing there are two
main neuroprotective effects of memantine [30]. They proved
that memantine increased the release of neurotrophic factors,
such as glial cell line-derived neurotrophic factor [30], which
has an important role in neuronal survival [31]. Also, meman-
tine anti-inflammatory properties are mediated through the re-
duction of pro-inflammatory factors such as superoxide, ROS,
TNF-o, NO, and PGE?, release, thus resulting in inhibition of
microglial over-activation [30]. Therefore, astroglia is a crucial
component in neuronal protection.

The purpose of our study was to evaluate the glioprotective

effects of memantine as a prototypic uncompetitive NMDA block-
er on retinal astrocytes in the ONC mouse model for glaucoma.

Material and Methods

Animals

All procedures and animal care were carried out according to the
European Convention of Animal Care and the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research. All
experiments were approved by the Lithuanian State Food and
Veterinary Service (No. G2-23). Eight healthy 6-month old male
Balb/c/Sca mice were used for the study. Mice were housed
in a vivarium (Veterinary Academy, Lithuanian University of
Health Sciences, Kaunas, Lithuania) and maintained on a 12-h
light-dark cycle with food and water ad libitum. All procedures
were performed under deep intraperitoneal anesthesia using
1 mg/kg medetomidine hydrochloride (Domitor 1mg/ml, Orion
Corporation Orion Pharma, Finland) and 75 mg/kg ketamine
(Ketamidor 10%, Richter Pharma AG, Austria). We used artificial
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tears (Systane Ultra UD, Alcon Inc., USA) to avoid corneal dry-
ness. The animals were sacrificed under deep anesthesia by
cervical dislocation 7 days after the ONC.

Optic nerve crush

We performed ONC on all of the right eyes (n=8), whereas left
eyes served as contralateral healthy controls (n=8). An inci-
sion in the conjunctivae was made in the superolateral part,
bluntly dissected posteriorly, the muscle cone was entered,
and the optic nerve was clearly exposed. The optic nerve was
crushed with cross-action Dumont tweezers [27] for 3 seconds,
approximately 2 mm posterior to the globe.

Four randomly assigned mice received 2-ul intravitreal injec-
tions of memantine (1 mg/ml) immediately after ONC in the
experimental eye. Special care was taken to protect surroun-
ding blood vessels. After the procedure, the mouse was placed
into the cage for full recovery after anesthesia.

Tissue preparation

One week after the initial experiment, mice were euthanized
by cervical dislocation under general intraperitoneal anesthe-
sia; both eyes were enucleated and post-fixed in 4% parafor-
maldehyde (PFA) solution for 3 h. Optic nerves were dissected
from the eyeball, fixated in glutaraldehyde overnight (O/N), and
stained with methylene blue. Optic nerves were cut in semi-
thin sections and cover-slipped.

Retinae were detached from the sclera and were post-fixed
in the 4% PFA solution O/N. Subsequently, the retinas were
washed in 0.1 M phosphate buffer solution (PBS), pH 7.4, 4
times for 5 min. Then the tissue was incubated in 10% nor-
mal goat serum (NGS; Colorado Serum Company, CO) for 30
min, after which the retinas were washed in 0.1 M PBS, pH 7.4
4 times for 5 min, and incubated in rabbit anti-glial fibrillary
acidic protein (GFAP; 1:10 000) overnight at 4°C. Retinae were
subsequently washed in 0.1 M PBS, pH 7.4, 4 times for 5 min
and incubated in anti-rabbit 1gG Alexa Fluor 488 (1:500) over-
night at room temperature. Following the incubation, retinae
were washed in 0.1 M PBS, pH 7.4 4 times for 5 min and flat-
mounted on a glass slide facing astrocytes layering up, top-
ping it with glycerol and cover-slipped.

Imaging

Immunostained whole-mount retinae were investigated by
fluorescent microscopy using a Zeiss Axio Imager M2 (Carl
Zeiss AG, Jena, Germany) (Figure 1). Astrocyte counts for each
image were performed manually using Image) 1.49m software
(Wayne Rasband, National Institutes of Health, USA). Twelve
randomly chosen images of 222x170 um in size were taken
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Figure 1. Retinal whole-mount. Black squares indicate randomly
chosen parts of the retina: periphery, mid-periphery,
and central. Scale bar — 1 mm.

from each retina for further evaluation (Figure 1). Astrocytic
somata were manually counted from each image. To achieve
credible results, astrocyte somas were counted in the whole
image, including left and lower borders. Astrocytic somata
that crossed right and upper borders were excluded. Counts
were taken manually and in a blinded manner by 2 examiners.

Semi-thin sections of the optic nerves were analyzed by light mi-
croscopy (Zeiss Axio Imager M1, Carl Zeiss AG, Jena, Germany),
under 100x magnification. We randomly acquired 10 images
of each optic nerve and evaluated ONC damage by grading it
as control, mild, moderate, or severe [32].

Inter-observer variation

To assess inter-observer variation, manual astrocyte counts
were performed by 2 independent observers blinded to the
treatment condition. All observations were performed using
the same microscope.

Statistical analysis

IBM SPSS Statistics 22.0 Program Package (IBM Corporation,
USA) was used for statistical analysis. The Kruskal-Wallis test
was used to compare the 3 groups. A P value of p<0.05 was
considered statistically significant. Inter-observer variability
was examined using intra-class correlation coefficient (ICC)
statistics. ICC cut-off values were defined as follows: <0.40 —
poor agreement; 0.41-0.60 — moderate agreement; 0.61-0.79
- good agreement; and >0.80 — excellent agreement [33,34].
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Figure 2. Representative images of GFAP immunoreactivity in whole-mount retinae showing astrocyte loss after ONC (C) compared
with the control condition (A) and glioprotection by memantine (E). Scale bar 50 pm. Boxed areas are enlarged (B, D, F).
White arrows point to astrocyte processes, and asterisks indicate astrocyte soma (B, D, F). GFAP - glial fibrillary acidic
protein; ONC - optic nerve crush.

Results number of astrocytes to 7.13+1.5. Loss of astrocytes in the me-

mantine-treated group was significantly attenuated (8.83+2.2;
Memantine significantly reduced the loss of retinal astrocytes n=4, ANOVA, p<0.001) (Figure 2). Post hoc analysis using the
after ONC. The mean number of astrocytes per image in the Kruskal-Wallis test revealed a statistically significant diffe-
control group was 10.47+1.9 (mean +SD). ONC reduced the rence between the untreated (p<0.001) and memantine-treated
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Figure 3. Memantine significantly reduced the loss of retinal
astrocytes after ONC. ONC significantly reduced the
mean number of astrocytes compared to the control
condition (p<0.001). Memantine treatment resulted in
a statistically significant smaller loss of the number of
astrocytes compared to the untreated ONC condition
(p=0.047). Data are shown as means with the 95% Cl.
F=16.041, df=2, p<0.001; x2=26.143, df=2, p<0.001;

* X% p<0.05. ONC — optic nerve crush.

ONC condition (p=0.048) compared with the control condition
(Figure 3). Furthermore, the loss of astrocytes in the meman-
tine condition was significantly attenuated compared to the
untreated condition (p=0.047).

Assessment of inter-observer reliability showed excellent
agreement among observations in control, ONC, and meman-
tine groups (Table 1).

To exclude effects resulting from variability in execution of the
ONC model, we graded optic nerve damage severity. We found
a moderate severity optic nerve crush in all right eyes (ONC and
memantine groups) on which ONC was performed. Representative
images of semi-thin sections are shown in Figure 4.

Disc i

Our study investigated the effect of intravitreal memantine in-
jection on the number of astrocytes in the mouse retina after
ONC. Our study revealed that intravitreally administered me-
mantine preserves retinal astrocytes after ONC in Balb/c mice.
To the best of our knowledge, this is the first study to show
evidence of glioprotective effects by memantine in an experi-
mental glaucoma model.

To ascertain the successful and consistent execution of ONC,
we evaluated and graded all optic nerve histological sections
by severity of tissue damage [32]. Crushed optic nerves were
graded as moderate severity, thus indicating that the ONC
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Table 1. Inter-observer reliability for manual retinal astrocyte
count between 2 observers.

Intra-class 95% confidence
Group
correlation terval
Control 0.942 0.908-0.964
ONC 0.892 0.427-0.979
Memantine 0.956 0.918-0.977

ONC - optic nerve crush.

was performed uniformly, and confounding effects of the ex-
perimental model were excluded. The moderate ONC severity
better mimics glaucomatous changes in comparison with op-
tic nerve transection [35].

Memantine is an uncompetitive NMDA receptor blocker that
prevents deleterious glutamate excitotoxicity on the target
damage site and in surrounding cells [36]. ONC induces ionic
concentration changes in RGCs, which begin with sodium in-
flux and intracellular calcium elevation [37]. This leads to the
sequence of events resulting in the further release of gluta-
mate, elevation of the intracellular calcium concentration, and,
eventually, death of RGCs. These processes cause primary neu-
rodegeneration of RGCs, which induces astrocyte activation
through junctions with RGCs axons [38]. Zhang et al. repor-
ted that astrocyte activation leads to both primary and secon-
dary RGC death [39], while Ridet et al. suggested that activa
ted astrocytes create conditions for axonal regeneration [40].
However, the exact role of astrocytes and the mechanisms of
astrocyte activation in glaucoma are not yet fully understood.

Our study shows a greater reduction in astrocyte number fo-
llowing ONC in the untreated vs. the memantine group. It is
likely that this is due to greater RGC death [41]; however, fur-
ther studies analyzing both astrocytes and RGCs counts at the
same time are needed.

It is well established that astrocytes release signals that are nee-
ded for neuronal survival, provide energy supply, and play an ac-
tive role in synapse formation [42]. Furthermore, the elevated
intracellular calcium concentration of activated astrocytes can
result in potent vasoactive effects that help maintain the blood-
retinal barrier after pathologic stress and/or injury. Depending on
the trigger, different mechanisms are activated which result in ei-
ther vascular dilatation or constriction [38-42]. Thus, it is crucial
to understand these mechanisms and how memantine affects
them, for the development of novel anti-glaucoma therapies.

To fully describe the effect of memantine on astrocytes and
RGCs after ONC, larger-scale studies are needed to overcome
some limitations of the present study: it was a short-term study,
with a small sample size, and used a single memantine injection.
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Figure 4. Representative photomicrographs (100x magnification) showing optic nerve sections from control (A), ONC (C), and
memantine (E) groups. Scale bar 50 um. Boxed areas are enlarged (B, D, F). Images A and B show a healthy optic nerve, while
C-F were graded as moderate optic nerve damage. Arrow head indicates astrocyte (B), arrows — axons (B, D, F), and asterisks

point to swollen axons (D, F). ONC - optic nerve crush.

Conclusions

Herein, we present the first report of the glioprotective effects
of intravitreally administered memantine on retinal astro-
cytes in the mouse ONC model. Despite its limitations, our
study provides an important foundation for future studies
that should include the systematic morphological, biochemical,

immunological, and electrophysiological characterization of the
signaling between retinal astrocytes and RGCs.
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Abstract

Glaucoma is a multifactorial optic neuropathy that primarily affecting retinal ganglion cells
(RGC). Brimonidine is an intraocular pressure-lowering drug with reported neuroprotective
properties. This study aimed to compare the neuroprotective effects of topical and intraperi-
toneal (IP) brimonidine on RGCs from different retinal segments in a murine optic nerve
crush (ONC) model. Methods: forty-one Balb/c mice underwent unilateral ONC and were
divided into three study groups: fifteen animals received saline drops twice per day and two
additional IP injections of saline; fourteen mice received brimonidine drops twice per day;
and 12 mice received brimonidine eye drops twice per day and two additional IP brimonidine
injections. Animals were sacrificed seven days post-ONC, and immunohistochemical stain-
ing of retinal whole mounts was performed using neuronal NeuN and GFAP staining. Micro-
scopic pictures of the central, middle, and peripheral regions of the retina were taken. The
density of the retinal cells was assessed. Results: The total RGC density after ONC and
RGC densities in all retinal eccentricities were significantly higher in the brimonidine eye
drop and IP combination treatment group than in the saline drop + saline IP, and brimonidine
drop treatment groups. Conclusions: brimonidine eye drops supplemented with IP brimoni-
dine injections improved RGC survival in a preclinical model of ONC.

Introduction

Glaucoma is the most common type of optic neuropathy [1]. Multiple pathogenic mechanisms
primarily affect retinal ganglion cells (RGC) [2, 3]. These include the disruption of axonal
transport, neurotrophic factor deprivation, metabolic failure, oxidative stress, calcium imbal-
ance, vascular dysregulation, and neuroinflammation. Due to the multifaceted nature of the
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disease and the limited adaptability of retinal ganglion cells to neurodegenerative changes,
glaucoma frequently results in irreversible blindness [4].

In addition to these multiplex neurodegenerative mechanisms, increased intraocular pres-
sure (IOP) and aging are pivotal stressors for RGC in glaucoma [5]. Hence, the primary strategy
to treat glaucoma is to lower IOP by decreasing aqueous production and/or promoting aqueous
outflow via dedicated conventional or unconventional aqueous outflow pathways [2, 6].

The optic nerve crush (ONC) model has been extensively employed in glaucoma research
because of its ability to induce RGC death and axonal degeneration. The ONC model provides
a precise framework for investigating traumatic optic neuropathies and the role of axonal dam-
age in glaucomatous pathologies, which mirrors certain human glaucoma characteristics, par-
ticularly mechanical stress-induced RGC injury at the optic nerve head [7]. Previous studies
have demonstrated that ONC leads to rapid RGC and axon death, with significant decreases in
neurite outgrowth parameters and dendritic complexity [8]. The ability of the ONC model to
accurately simulate many signaling responses following RGC apoptosis observed in experi-
mental glaucoma models makes it invaluable for elucidating the cellular and molecular mecha-
nisms of glaucomatous diseases.

The topical anti-glaucoma drug brimonidine is an alfa-2 adrenergic receptor agonist that
has shown promising results in protecting the retina and optic nerve in non-clinical animal
and cell studies [9]. Brimonidine has been suggested to stimulate cell-survival signaling path-
ways, upregulate neurotrophic factors, and interfere with excitotoxic signaling [10, 11]. The
primary mechanism of action is to inhibit adenylate cyclase activity and cyclic adenosine
monophosphate (CAMP) levels, thereby decreasing aqueous humor production in the ciliary
body [12]. Brimonidine increases aqueous humor outflow due to ciliary muscle relaxation and
prostaglandin release due to o-adrenergic stimulation [13]. Brimonidine is known for its
strong ability to lower intraocular pressure and its diverse neuroprotective effects [14-17].
These effects include enhancement of neurotrophic factors [10, 18], reduction of cAMP [19,
20], regulation of amyloid beta pathways [21, 22], and modulation of the N-methyl-D-aspar-
tate (NMDA) receptors, which are implicated in glutamate toxicity [21]. Studies have shown
that both systemic and topical applications of brimonidine significantly improve the survival
of retinal ganglion cells in various rodent models of optic nerve injuries, including acute reti-
nal ischemia [23-25], excitotoxic retinal injury [26], chronic ocular hypertension [27, 28], and
optic nerve crush injuries [29, 30].

Furthermore, there is clinical evidence of neuroprotective effects in patients with glaucoma
[31], age-related macular degeneration (AMD) [32], retinitis pigmentosa [33], diabetic reti-
nopathy [34], and acute nonarteritic anterior ischemic optic neuropathy [35].

Brimonidine integrated into a polymer-based delivery system has been explored for the
treatment of geographic atrophy (GA) associated with AMD [36]. This system exhibited a
therapeutic impact lasting up to 15 weeks with encouraging outcomes, indicating a slowdown
in the growth of GA lesions.

It has been proven that topical ocular hypotensive drugs delay or prevent glaucoma in
patients with ocular hypertension [24, 25]. Nevertheless, subsequent glaucomatous neurode-
generation may occur even when the target IOP is reached. Therefore, it is essential to develop
treatments that target neurodegeneration and aid in the preservation of RGC.

Extensive research on the neuroprotective properties of brimonidine has highlighted its
potential beyond intraocular pressure reduction, particularly in managing glaucomatous neu-
rodegeneration. This study contributes to the literature by evaluating the effects of topical and
systemic administration of brimonidine, including a systemic booster shot approach, in a
mouse optic nerve crush (ONC) model.
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Specifically, we investigated the regional variations in the survival of retinal ganglion cells
and astrocytes across different retinal segments. This approach provides a nuanced under-
standing of the protective efficacy of brimonidine, potentially enhanced by booster administra-
tion, which could lead to more effective targeted therapies to address the complex pathology of
optic neuropathies. By integrating comprehensive analyses of drug delivery methods, spatial
variability in therapeutic effects, and regional disease variation, this study provides insights
that could inform future therapeutic strategies and optimize outcomes in patients with optic
nerve injuries.

Materials and methods
Experimental design

A total of 41 BALB/c mice were used in this study. An ONC was performed in all mice unilat-
erally (right eye), and the contralateral eye (left eye) was used as a control group without ONC.
Mice were randomly assigned to one of three experimental groups.

—

. Group 1 (ONC/ Saline drop + IP)-mice (n = 15) received saline drops twice daily for seven
days. First saline eye drop was instilled on day 0 before ONC. In addition, two doses of
100 L saline IP injections before ONC at Day 0 and day 1 post-ONC were administered.

2. Group 2 (ONC/BMD drop): mice (n = 14) received topical brimonidine tartrate eye drop
treatment twice daily for seven days. First brimonidine eye drop was instilled on day 0 prior
to ONC.

3. Group 3 (ONC/BMD drop +IP) mice (n = 12) received topical brimonidine tartrate eye
drops twice a day for seven days. First brimonidine eye drop was instilled on day 0 before
ONC. In addition, two IP brimonidine injections were administered before ONC on days 0
and 1 post-ONC.

Animals were sacrificed on day seven post-ONC, and retinas from both eyes were collected
for subsequent analysis. A schematic of the experimental design is shown in Fig 1.

Animals

All procedures and animal care were performed according to the European Convention of
Animal Care and the Association for Research in Vision and Ophthalmology statement for the
Use of Animals in Ophthalmic and Vision Research. All experiments were approved by the
Lithuanian State Food and Veterinary Service (no. G2-23). Fourty-one healthy 3-month-old
male BALB/c/Sca mice were used in this study. The mice were housed in an animal center and
maintained under normal light conditions with food and water ad libitum. All procedures
were performed under deep intraperitoneal anesthesia using 1 mg/kg medetomidine (Domitor
1 mg/ml; Orion Corporation Pharma, Finland) and 75 mg/kg ketamine (Ketamidor 10%;
Richter Pharma AG, Austria). The animals were sacrificed under deep anesthesia by perform-
ing intracardial perfusion with aldehyde-based fixatives.

Mouse model of optic nerve crush

After induction of deep anesthesia, an incision was made in the superolateral conjunctiva to
allow gentle outward retraction of the globe using forceps and insertion of the muscle cone.
After visual exposition of the optic nerve, self-closing Dumont tweezers were applied for 3 sec-
onds to crush the optic nerve, approximately 2 mm posterior to the globe, according to the
methodology described by Kalesnykas et al. [8].
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Fig 1. Flowchart of the experimental design. ONC, optic nerve crush; BMD, brimonidine; QD, once daily; BID, twice
daily.

https://doi.org/10.1371/journal.pone.0308671.9001

Brimonidine administration

Mice were treated with brimonidine tartrate ophthalmic solution (Luxfen 2 mg/5 mL, Sanitas,
Lithuania) in two forms: topical eye drops twice per day for seven days (one drop (0.05 ml); 2
mg/5 mL, n = 14); and two intraperitoneal injections: first IP injection before the ONC, second
IP injection on day 1 post-ONC (2 mg/kg/day 2 mg/5 mL brimonidine tartrate, n = 12).
Group 1 received one saline IP injection before ONC and a second IP injection on day 1 post-
ONC (0.1 ml, 0.9% NaCl, n = 15), and saline drops (one drop (0.05 ml), 0.9% NaCl) twice a
day for seven days.

Immunohistochemistry and preparation of retinal whole mounts

The mice were euthanized under deep general IP anesthesia seven days after ONC. Soft eye tis-
sue fixation was performed using intracardial perfusion with aldehyde-based fixatives. Both
eyes were enucleated and post-fixed in a 4% paraformaldehyde (PFA) solution for 3 h. The ret-
inas of both eyes were detached from the sclera and post-fixed in 4% PFA overnight (O/N).
Subsequently, the retinas were washed twice in 0.1 M phosphate buffer solution (PBS) for 5
min. Tissues were incubated in 10% normal goat serum (NGS; Colorado Serum Company,
CO) and 0,5% Triton solution (Sigma-Aldrich, St. Louis, MO, USA). Louis, MO, USA) for 30
min. Retinas were subsequently incubated with primary antibodies overnight at 4°C: NeuN
(1:500) (MAB377, Millipore Sigma, Massachusetts, USA) and rabbit anti-glial fibrillary acidic
protein (GFAP, 1:1000) (Dako (Z0334), Denmark). The retinas were rinsed three times in 1%
NGS and 0,1% Triton solution for 5 min and incubated with AlexaFluor Mouse 488 (1:250)
(Life Technologies (A11001), California, USA) and Alexa Fluor Rabbit 594 (1:250) (Life Tech-
nologies (A11037), California, USA) secondary antibodies for 3 h in the dark. Retinas were
rinsed thrice in 1% NGS and 0.1% Triton solution for 5 min, followed by incubation with anti-
bodies. Subsequently, the retinas were incubated with DAPI solution (1:10000) (Sigma-Aldrich
(D9542-5NG), Missouri, USA) for 30 min, followed by three rinses in PBS for 5 min. Finally,
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retinas were mounted on a glass slide using Fluoroshield (Sigma-Aldrich (F6937), Missouri,
USA) and covered with coverslips.

Retinal analysis

The blinding was used for every single analysis. All samples were blinded by a single
researcher, and the counting was performed by a lead author of the study.

Immunostained whole-mount retinas were analyzed using a fluorescence microscope
(Zeiss Axio Imager Z1; Carl Zeiss AG, Jena, Germany) at 40x magnification. Fifteen randomly
chosen images of a 0.04 mm?2 area were taken from each retina. Five images of each represen-
tative central, mid-periphery, and peripheral region of the retina were included for further
evaluation (Fig 2). NeuN-, GFAP-, and DAPI-positive cells were manually counted from each
image using Image] software (Wayne Rasband, National Institutes of Health, USA). The mor-
phology of astrocytes met the criteria of being GFAP-positive cells with cell bodies residing in
the nerve fiber layer or ganglion cell layer. DAPI-, NeuN-, and GFAP-positive cells were man-
ually counted in five images from each retinal eccentricity in all wholemounted retinas. To
achieve credible results, cells were counted in the entire image, including the left and lower
borders. Cells that crossed the right and upper borders were excluded from the analysis.

Statistical analysis

Quantitative data were analyzed using IBM SPSS (version 26.0; IBM Corporation, USA) and
are presented as the mean + standard deviation (SD).

For ONC analysis, the group averages were calculated by pooling the cell averages. When
evaluating dynamic changes, each mouse’s change was calculated individually by comparing
the ONC eye with its healthy fellow eye. Individual deltas (A) were pooled into groups for
comparison.

Parametric data were analyzed using one-way ANOVA variance with Tukey’s multiple
comparison test. Non-parametric data were analyzed using the Kruskal-Wallis test. Spear-
man’s correlation test was used to non-normally distributed data to correlate the variables. Dif-
ferences were considered statistically significant at p<0.05.

Results
Systemic brimonidine side effect

Five out of 12 mice experienced sedative side effects after IP brimonidine injection but
regained normal locomotor activity after 60 min.

Effect of brimonidine treatment on total retinal cells

Non-neuronal retinal cells analysis. Optic nerve crush injury was sustained in all the
experimental groups. This was evident by the significantly lower DAPI-stained retinal cell
count in the ONC/saline drop + IP (6463 + 1117, cells/mm? + SD), ONC/BMD drop
(6437 +915.3, cells/mm” + SD), and ONC/BMD drop + IP (6691 + 901.5, cells/mm?” + SD)
groups than in the control eyes without ONC (7413 + 1208, cells/mm? + SD) (p<0.0001). No
significant differences were observed between the DAPI-stained cell counts in all the experi-
mental groups after ONC (Fig 3 and S1 Fig and S1 Table).

RGC survival analysis. The remaining NeuN count in the retina was significantly lower
in all experimental groups after ONC injury than that in the healthy control group
(4450 + 1140, cells/mm? + SD) (p<0.0001). The additional intraperitoneal administration of
brimonidine significantly improved the survival of RGC in the retina (3625 + 817.9, cells/mm?
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Fig 2. Sampling method for cell ing in retinal whol ts. DAPI-, NeuN-, and GFAP-positive cells were counted in 15 randomly chosen sampling boxes (0.04
mm?): the central (n = 5, red squares), mid-periphery (n = 5, orange squares), and peripheral (1 = 5, yellow squares) regions of the retina. DAPI, 4',6-diamidino-
2-phenylindole; NeuN, neuronal nuclei; GFAP, glial fibrillary acidic protein. Scale bar 1000 um.

https:/doi.org/10.1371/journal.pone.0308671.g002

+ SD) when compared to the ONC/BMD drop (2854 + 1058, cells/mm? + SD) and ONC/
Saline drop + IP groups (2912 + 1083, cells/mm? + SD) (p<0.0001) (Figs 3 and 4 and Table 1).

Retinal astrocytes analysis. Increased glial fibrillary acidic protein (GFAP) immunoreac-
tivity was found in the ONC/BMD drop group (302 * 79, cells/mm? + SD) compared to the
control group without ONC (278.7 + 71.13, cells/mm? + SD) (p<0.05). No significant differ-
ences were observed in the number of GFAP-positive cells in any of the experimental ONC
groups. Interestingly, increased gliosis was evident only in the ONC/BMD drop group (p
<0.05) (Fig 3 and S2 Fig and S2 Table).
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Fig 3. Photomicrograph illustrating immunofluorescence staining of mouse retinal whole-mount in experimental ONC groups, representing retinal cell densities
in the experimental ONC and control groups. A, B, C, D: Grey scale DAPI nuclear marker representing all cells of retinal ganglion cell layer; E, F, G, H - NeuN-stained
retinal ganglion cells and amacrine cells in green; I, J, K, L-retinal astrocytes (in red) labeled with antibodies against GFAP. A, E, I: retinal whole-mount explan from
control group (without ONC); B, F, J: retinal whole mount explant from ONC/saline drop + IP group; C, G, K: retinal whole mount in ONC/BMD drop group; D, H, L:
retinal whole mount in ONC/BMD drop + IP group. ONC, optic nerve crush; BMD, brimonidine; IP, intraperitoneal; DAPI, 4',6-diamidino-2-phenylindole; NeuN,
neuronal nuclei; GFAP, glial fibrillary acidic protein. Scale bar- 50 pm.

https://doi.org/10.1371/journal.pone.0308671.9003

Regional effect of brimonidine treatment on retinal cells

Analysis of the central region of the retina. The survival of DAPI- and NeuN-positive
cells in the central region of the retina was comparable to the total cell densities per retina.
DAPI- and NeuN-positive cell counts were significantly lower in the ONC/saline drop + IP
(6858 + 1249 and 3348 + 1117, respectively, cells/mm? + SD), ONC/BMD drop (6813 + 807.3
and 2811 + 1154, respectively, cells/mm? + SD), and ONC/BMD drop + IP (7004 + 711.6 and
3505 + 753.4, respectively, cells/mm? + SD) groups than in the control group (7930 + 1133 and
4937 + 1008, respectively, cells/mm? + SD) (p<0.0001). The additional intraperitoneal
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Fig 4. NeuN-stained cell counts in the retina after ONC. **** p<0.0001. ONC, optic nerve crush; BMD,
brimonidine; IP, intraperitoneal; NeuN, neuronal nuclei.

https://doi.org/10.1371/journal.pone.0308671.g004

administration of brimonidine significantly improved the survival of RGC in the central part
of the retina compared to the ONC/BMD drop group (p<0.05).

No significant differences were evident between the central region DAPI- and GFAP-posi-
tive cells in all experimental ONC groups.

Table 1. NeuN-positive cell count average (cells/mm? + SD) in the total and different regions of murine retina.

Total retina Central region Middle region Peripheral region
Control group 4450 + 1140%*** 4937 + 1008**** 4539 + 1129%** 3911 + 1049****
Group 1 2912 +1083 3348 + 1117 2970 + 1139 2384 +721.4
Group 2 2854 + 1058 2811+ 1154 3057 + 1055 2675 + 968
Group 3 3625 + 817.9%** 3505 + 753.4* 3710 + 934.5* 3630 + 737.8%**

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.
Total retina: **** - Control group vs. Group 1; Control group vs. Group 2; Control group vs. Group 3; Group 3 vs. Group 1; Group 3 vs. Group 2.
Central region: **** - Control group vs. Group 1; Control group vs. Group 2; Control group vs. Group 3; * Group 3 vs. Group 2.

Middle region: *** - Control group vs. Group 1; Control group vs. Group 2; Control group vs. Group 3; * Group 3 vs. Group 1.

Peripheral region. *** - Group 3 vs. Group 1; Group 3 vs. Group 2; **** - Control group vs. Group 1; Control group vs. Group 2

Control group-left eyes without ONC; Group 1 -ONC/Saline drop + IP; Group 2 -ONC/BMD drop; Group 3 -ONC/BMD drop +IP.

ONC, optic nerve crush; BMD, brimonidine; IP, intraperitoneal, NeuN, neuronal nuclei.

https://doi.org/10.1371/journal.pone.0308671.t001
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Analysis of the middle region of the retina. The resultant remaining cells and their
counts in the middle region of the retina resembled the total and central retinal part cell
counts.

There were significantly fewer DAPI- and NeuN-stained cells in the middle region of the
retina of the control group (7451 + 1188 and 4539 * 1129, respectively, cells/mm? + SD) than
in the ONC/BMD drop (6489 + 863 and 3057 + 1055, respectively, cells/mm” + SD) and ONC/
BMD drop + IP groups (6649 + 929.6 and 3710 + 934.5, respectively, cells/mm? + SD)
(p<0.001). Intraperitoneal brimonidine injection significantly improved RGC survival com-
pared to the ONC/saline drop + IP group (p<0.05). In addition, a tendency for superior RGC
survival was observed in the ONC/BMD drop + IP group compared to the ONC/BMD drop
group (p = 0.07).

No significant differences were found between the groups in DAPI- and GFAP-positive
cells localized to the middle retinal region.

Retinal peripheral region analysis. The addition of IP brimonidine injection to brimoni-
dine eye drops had a positive effect on the survival of DAPI-stained cells in the peripheral
region of the retina, in contrast to the central and middle regions. This was evident by the
insignificant reduction in the DAPI-positive cell count in the ONC/BMD drop + IP group
(6390 + 966.6, cells/mm* + SD) compared to the control group (6857 + 1070, cells/mm? + SD).
Markedly decreased DAPI-positive cell counts were found in the peripheral part of the retina
in the ONC/saline drop + IP (5954 + 970.8, cells/mm? + SD) and ONC/BMD drop groups
(6022 + 905.4, cells/mm* + SD) compared with the control group (p<0.0001). No statistically
significant differences were evident between DAPI-positive cells in the peripheral retinal
region among all experimental ONC groups.

In addition, the survival of RGCs only numerically declined in the periphery of the ONC/
BMD drop + IP group (3630 + 737.8, cells/mm? + SD) compared with the control group
(3911 + 1049, cells/mm” + SD). In contrast, the NeuN-positive cell count in the peripheral
region of the retina remained significantly lower in the ONC/saline drop + IP (2384 + 721.4,
cells/mm” + SD) and ONC/BMD drop groups (2675 + 968, cells/mm? = SD) than in the con-
trol group (p<0.0001).

Most importantly, the ONC/BMD drop + IP group showed a positive effect on the NeuN-
stained cell count in the peripheral region of the retina. It was significantly higher than that in
the ONC/saline drop + IP and ONC/BMD drop groups (p<0.001) (Fig 5). No statistically sig-
nificant differences between peripheral region astrocyte counts in all experimental ONC
groups were noted, as evidenced by comparable GFAP staining.

Regional variability in brimonidine-induced neuroprotection of retinal
cells

Analysis of cell count dynamics in the groups treated with brimonidine eye drops revealed a
significant difference in DAPI-positive cells between the central and peripheral regions of the
retina (p<0.05). Furthermore, a markedly significant difference in DAPI-positive density was
observed between the middle region and periphery in the ONC/BMD drop + IP group
(p<0.001).

The superior retention of RGC-positive cells in the peripheral regions of saline-treated
groups compared to the central regions (p<0.05) underscores the inherent variability in RGC
survival after ONC without neuroprotective intervention. Notably, significant differences were
also observed in RGC densities when comparing changes between the center and middle
(p<0.01), as well as between the center and peripheral regions (p<0.0001), in groups treated
with brimonidine drops alone. The neuroprotective effect of brimonindine when administered
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Fig 5. NeuN-stained cell count in the peripheral region of the mouse retina after ONC. ONC, optic nerve crush;
BMD, brimonidine; IP, intraperitoneal; NeuN, neuronal nuclei. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.

https://doi.org/10.1371/journal.pone.0308671.9005

systemically, in addition to topical application, further emphasized its neuroprotective capabil-
ity, as evidenced by the superior retention of RGC densities in the periphery compared to the
central part (p<0.01) (Table 2).

Group 1 -ONC/Saline drop + IP; Group 2 ~-ONC/BMD drop; Group 3 -ONC/BMD drop
+IP. ONC-optic nerve crush; BMD-brimonidine; IP-intraperitoneal, NeuN-primary
antibody.

ONC, optic nerve crush; BMD, brimonidine; IP, intraperitoneal; DAPI, 4',6-diamidino-
2-phenylindole; NeuN, neuronal nuclei; GFAP, glial fibrillary acidic protein.

Correlations between total counts of retinal cells

We analyzed the relationships between DAPI-stained total retinal cell counts, Neun-positive
cells, and GFAP expression as indicators of gliosis across different treatment groups.

In the saline-treated groups subjected to ONC, we observed significant correlations between
the total number of retinal cells stained with DAPI and GFAP-positive cells (p<0.001;
r=10.259), indicating a modest direct relationship. Similarly, the correlation between RGC
counts and GFAP expression in the ONC/ Saline drop + IP group further suggested a direct but
weak association between RGC survival and gliosis without neuroprotective treatment (p<0.05,
r=0.214). A stronger direct relationship between DAPI and GFAP expression was evident in
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Table 2. Cell count dynamics between retinal regions (A cell change + SD).

Staining method Retinal region Group 1 Group 2 Group 3

DAPI Central retina 1391 + 730 1711 + 684.1 1399 + 652.3
Middle retina 1165 + 391.1 1640 + 566 2034 +849.3
Peripheral retina 1041 + 504.7 951.6 + 538.6 * 804.2 + 452.1 ***

NeuN Central retina 2272 +550 * 2900 + 760 **,**** 2106 + 962 **
Middle retina 2088 + 569.1 1953 + 609 1748 + 807.8
Peripheral retina 1471 +587.1 1282 + 419 871.5+528.8

GFAP Central retina -18.16 + 75.13 -39.47 £ 43.03 -15.17 £ 50.05
Middle retina -6.13 +26.84 -11.43 + 36.76 -12.08 £29.11
Peripheral retina 25.87 +41.2 0.67 + 31.67 -0.42 + 54.15

* p<0.05

** p<0.01

** p<0.001

X p<0.0001.

https://doi.org/10.1371/journal.pone.0308671.t002

the ONC/BMD drop group (p<0.0001; r = 0.285). Conversely, a complex interaction between
RGC survival and gliosis when brimonidine was applied topically only was negatively correlated
with RGC and astrocyte count in the same group (p<0.05, r = -0.194) (S3 Fig).

A comparison between DAPI- and NeuN-positive cell counts indicated a direct correlation
(p<0.01; r = 0.315) in the ONC/BMD drop + IP group. This correlation highlights the depen-
dency between non-neuronal cell density and a specific ganglion cell distribution. DAPI was
weakly correlated with GFAP in the same group (p<0.05; r = 0.222) (S3 Fig).

Intraregional correlations between the retinal cell count

In the central section of the retina, significant correlations were observed between total DAPI-
stained retinal cell counts and RGC counts following saline treatment post-ONC (p<0.05,
r=0.336). This suggests a moderately positive relationship between the non-neuronal cell den-
sity and the specific RGC population in the central region of ONC/saline drop + IP group.
When comparing the DAPI-stained total retinal cell counts with the RGC counts in the ONC/
BMD drop + IP group, a positive correlation was observed (p = 0.057, r = 0.394), indicating a
similar trend in non-neuronal and neuronal cell retention (S4 Fig).

In the middle section of the retina, the correlation between DAPI-stained cells and RGC
counts in the ONC/saline drop + IP group was significant (p<0.05, r = 0.354), revealing a
moderately positive relationship between the groups. The ONC/BMD drop + IP treatment
group in the middle section showed a nearly significant positive correlation between DAPI-
stained total retinal cell counts and RGC counts (p = 0.055, r = 0.348), and between DAPI-
stained cells and GFAP gliosis expression (p = 0.059, r = 0.297). A significant negative correla-
tion was found between RGC counts and GFAP expression in the ONC/BMD drop treatment
group (p<0.05, r = -0.293) (S4 Fig).

Interregional correlations between the retinal cell count

A significant correlation was observed between the DAPI-stained cell densities in the central
and middle regions of the retina in the ONC/BMD drop group, indicating a moderately posi-
tive relationship (p<0.001, r = 0.447). However, the correlation between the middle and
peripheral regions in the ONC/BMD drop + IP group showed a trend towards significance,
suggesting a weaker relationship (p = 0.054, r = 0.319) (S5 Fig).
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Strong correlations were found between the retinal eccentricities and RGC densities. The
central and middle regions treated with saline drops exhibited a highly significant correlation
(p<0.0001, r = 0.644), which was stronger when comparing the central to peripheral regions
(p<0.0001, r = 0.671) and the middle to peripheral regions (p<0.0001, r = 0.700). Similarly,
under ONC/BMD drop treatment, significant correlations were noted between the central and
middle regions (p<0.0001, r = 0.612) and between the middle and peripheral regions
(p<0.0001, = 0.601), indicating a consistent pattern of RGC density distribution across the
retina post-ONC, irrespective of treatment (S5 Fig).

GFAP expression, which is indicative of gliosis, also showed significant correlations across
retinal regions. Central to middle region comparisons in the ONC/saline drop + IP group
showed a moderate correlation (p<0.05, r = 0.282) and a stronger correlation between the cen-
tral and peripheral regions (p<0.01, r = 0.342). Notably, positive correlations were more pro-
nounced in the ONC/BMD drop + IP treatment group, with central-to-middle (p<0.0001,

r = 0.578) and central-to-peripheral comparisons (p<0.05, r = 0.317) (S5 Fig).

Correlations of retinal cells count dynamics after treatment

A moderate inverse correlation between the incremental change dynamics of GFAP-positive
cells and a decrease in NeuN-positive cells in the total retina of the ONC/saline drop + IP
group was observed (p<0.05, r = -0.644). Interestingly, a moderate positive correlation was
observed between astrocytes and RGC incremental change in the ONC/BMD drop group
(p<0.05,r=10.7).

A pronounced positive correlation was observed between the increase in RGC counts and
total DAPI-stained cell counts (p<0.01, r = 0.857) in the middle region of the retinas of the
ONC/BMD drop group (S6 Fig).

The negative correlation between changes in RGC counts and GFAP expression in the mid-
dle region following saline treatment (p = 0.01, r = -0.747) underscores a distinct regional
interplay, where decreased neuronal survival correlates with increased gliosis.

A comparison of DAPI-stained cell count changes between the middle and peripheral
regions following ONC/BMD drop + IP treatment showed a significant correlation (p<0.05,
r=0.857).

Significant variations were noted in the correlation of the RGC count changes between the
peripheral and middle regions after saline treatment (p = 0.02, r = 0.733), and a similar trend
was observed between the middle and central regions after brimonidine eye drop treatment
(p = 0.057, r = 0.714) (S6 Fig).

Discussion

We investigated the effects of topical administration of brimonidine alone and in combination
with IP on the survival of retinal cells in different retinal segments after ONC in a non-clinical
murine model. The results suggest that mice receiving combined treatment with topical and
systemic brimonidine after ONC showed an overall RGC survival rate of 81,46% in the retina
compared to 65,44% RGC survival in the saline treatment group or 64,13% survival rate in the
brimonidine eye drop alone treatment group. These results indicate that IP injections of bri-
monidine supplemented with brimonidine eye drops had an additional benefit for RGC sur-
vival after ONC.

Our results are in agreement with those of previous studies, which demonstrated the neuro-
protective effects of systemically administered brimonidine. Wheeler et al. showed that local
administration of brimonidine eye drops exerts potent neuroprotection and prevents RGC
death in a rat model of partial optic nerve crush injury, and that neuroprotection was dose-
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dependent [11]. Similarly, a systemic brimonidine administration and its effect on the preser-
vation of retinal ganglion cells was evaluated by Lambert et al. [15]. In addition to significantly
improved axonal transport and survival of axons, a reduced loss of RGC in the rat retina after
1 mg/kg/day of systemically administered brimonidine has been reported [15]. WoldeMussie
et al. studied the effect of 0.5 or 1 mg/kg/d subcutaneous brimonidine administration on RGC
survival and compared it with the timolol treatment effect. Their results revealed that brimoni-
dine, but not timolol, has dose-related neuroprotective effects in the retina. Brimonidine had
an insignificant effect on IOP if administered subcutaneously [27]. In the study by Marangoz
et al,, IP administration of brimonidine and melatonin in glaucomatous injury was compared.
The results revealed that only 1 mg/kg/day of 0.15% brimonidine had an IOP-lowering effect
and acted as a neuroprotective agent in RGCs [16]. Similarly, Hernandez et al. confirmed that
once-weekly IP administration of 1 mg/kg brimonidine for 12 weeks increased RGC survival.
Additionally, a comparable positive effect was observed after latanoprost. Consequently, the
authors assumed that similar neuroprotective results have been achieved via different mecha-
nisms. Inhibition of the apoptotic cascade and reduction of glutamate toxicity have been
achieved after IP brimonidine injections, in contrast to latanoprost administration, which
resulted in progressively lowered IOP [28].

In summary, most studies that used a 0.5-1 mg/kg dose of IP brimonidine in different
regimes [27, 28, 37] from 3 to 12 weeks reported higher RGC survival rates. Our results suggest
that a shorter duration of two days but a higher dosage of 2 mg/kg, may have a comparable
effect on RGC survival. The observed mild grade 1 adverse events in 5 of 12 mice resolved
spontaneously. In addition, the median effective dose (ED50) and lethal dose (LD50) of intra-
peritoneally administered brimonidine in hypnotized mice were 75.7 mg/kg and the LD50 was
379 mg/kg, respectively [38].

Many studies examining brimonidine’s neuroprotective effects analyze RGCs 1-4 mm
from the optic disk or across different retinal regions, averaging these counts to determine
mean RGC density [15, 23, 27, 37, 39, 40]. This method may not fully reveal the impact of bri-
monidine on specific areas because RGC distribution varies across the retina, showing a gradi-
ent from the center to the periphery. Research on experimental glaucoma models has noted
dense RGCs centrally and sparse RGCs peripherally [28]. Unlike our findings, where elevated
IOP led to higher RGC death centrally, previous models showed increased peripheral RGC
death due to trabecular blockage and inflammatory responses [41-43]. Hernandez et al.
observed consistent RGC survival across the retina following brimonidine treatment under
high IOP conditions [28]. Our study contradicts these findings, showing significant central
RGC death linked to optic nerve damage, suggesting that injury proximity and model charac-
teristics critically influence RGC survival. This variation across models highlights the impor-
tance of further research into the impact of local factors, such as inflammation or mechanical
damage, on retinal cell survival.

Our study found that RGCs showed greater survival in the peripheral regions, with a
92.82% survival rate following treatment with brimonidine eye drops and two additional intra-
peritoneal doses. This survival rate was significantly higher than that with only brimonidine
eye drops (68.4%) and the saline control group (60.96%). These results were consistent across
the entire retina, confirming the systemic neuroprotective effect of brimonidine.

In addition, studies have highlighted the crucial role of retinal glia in glaucoma, where glial
cells support neuronal metabolism and homeostasis under normal conditions [44, 45]. During
glaucoma, gliosis occurs as astrocytes and Miiller cells react to neuronal damage by becoming
inflammatory and contributing to glial scar formation, adversely affecting RGC survival owing to
increased pro-inflammatory mediators [46]. Retinal astrocytes, important in ionic balance,
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neurotransmission, and neurodegeneration, show increased numbers in our brimonidine-treated
groups compared to controls, with consistent gliosis across all experimental groups [47-49].

This finding raises questions about the effects of systemic versus topical brimonidine in
moderating glial activity. Specifically, whether the addition of IP brimonidine injections could
modify the excessive peripheral activation noted, underscoring the complex interplay between
systemic and topical treatments in managing gliosis. Interestingly, ONC groups treated with
saline drops and IP injections did not show an increase in astrocytes, prompting a reassess-
ment of how various treatments affect glial activation and whether these effects are directly
linked to brimonidine’s mechanisms.

In our study examining retinal astrocytes and RGC counts across the retina, we noted a sig-
nificant inverse correlation in the ONC/BMD drop group, a trend that persisted in the middle
retina, indicating that reduced gliosis correlated with higher RGC survival. Conversely, saline
treatment showed a direct correlation between astrocyte and RGC counts. Changes in the
number of astrocytes in the ONC/saline drop + IP and ONC/BMD drop + IP groups corre-
lated moderately across central to peripheral regions, suggesting controlled gliosis and raising
questions about the role of brimonidine in retinal astrogliosis and its dose-dependent effects.
Additionally, the ONC/BMD drop + IP group displayed a pronounced protective effect on
non-neuronal cells in the peripheral region of the retina, although the difference in DAPI cell
counts was not significant compared with the control group. The ONC/saline drop + IP and
ONC/BMD drop + IP groups had fewer non-neuronal cells than the control group, suggesting
that brimonidine may indirectly benefit both neuronal and non-neuronal cells through sys-
temic and topical application.

Our study has some limitations. One of the limitations of our study was the absence of con-
firmation of successful application of brimonidine in animals. Ensuring effective delivery and
uptake of the treatment would be beneficial for interpreting the neuroprotective outcomes.
Additionally, there is a lack of data on the effects of brimonidine treatment on RGCs in the
absence of ONC. We cannot entirely rule out the influence of anesthesia on neuroprotection.
Nevertheless, all mice were uniformly anesthetized (at the same doses and frequencies), which
minimized the potential confounding effects on the results. Further studies are necessary to
evaluate the specific impact of brimonidine and anesthesia on RGCs without ONC to better
understand their roles in neuroprotection. Using NeuN in conjunction with Brn3a and
RBPMS would leverage the strengths of each marker, ensuring a comprehensive assessment of
RGC loss and understanding of the broader neuronal context within the ganglion cell layer,
enhancing the reliability of our conclusions regarding RGC viability and loss.

In addition, as the main goal of described study was morphological evaluation of RGC and
astrocyte survival with an emphasis on possible regional differences of neuroprotective effect
of brimonidine, we did not see a viable option to include evaluation of molecular markers
from different regions of retina due to the size of sampled tissue and uncertainty on variability.
Despite the previously published data confirming the correlation of systemic brimonidine
administration and decrease of cAMP [50] and the increase of BDNF [10] in preclinical stud-
ies, the study could have benefited from the additional measurement of cAMP or neurotrophic
factors to assess the general action of brimonidine in our model.

While we demonstrated the positive impact of additional IP brimonidine injections along-
side eye drops on RGC survival, further assessment could benefit from using a pattern electro-
retinogram to measure functional neuroprotection. Future studies should explore the effects of
varying dosages and treatment durations on RGC survival after ONC. Given the observed vari-
ations in RGC survival, investigating different glaucoma models may provide deeper insights
into treatment efficacy. Each model has unique pathophysiological characteristics that may
affect RGC survival differently, underscoring the need for further research across diverse
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glaucoma paradigms. By examining various dosages and treatment periods across different
models, future studies could offer a more detailed understanding of the neuroprotective mech-
anisms and their broader applicability in managing glaucoma. Such a comprehensive approach
would enhance our knowledge of RGC resilience and lead to more effective and tailored treat-
ments for glaucoma.

Conclusions

IP injections of brimonidine, when used alongside brimonidine eye drops, enhanced RGCs
survival across all retinal regions in the mouse ONC model. The reduction in the RGC count
was more significant in the central area of the retina. In contrast, gliosis in the retina is pre-
dominantly observed in central regions. Our findings indicate that a higher brimonidine dos-
age of 2 mg/kg or a shorter treatment duration of two days exhibits neuroprotective effects.
Further research is necessary to explore the dependency on brimonidine dosage and treatment
duration as well as their effects on RGC functional outcomes. Additionally, more detailed
studies on the interaction between glial cells and neurons in various segments of the retina
would enrich our understanding of neuroprotective mechanisms within the retina.

Supporting information

S1 Fig. DAPI positive cell counts in the total retina after ONC. **** p<0.0001. DAPI -
4',6-diamidino-2-phenylindole-the fluorescent stain; ONC - optic nerve crush; BMD - Brimo-
nidine, IP - intraperitoneal.

(TIFF)

S2 Fig. GFAP positive cell counts in the retina after ONC. * p<0.05. GFAP - glial fibrillary
acidic protein; ONC, optic nerve crush; BMD, Brimonidine, IP, intraperitoneal.
(TIFF)

S3 Fig. Correlations between total counts of retinal cells. ONC-optic nerve crush; BMD-
brimonidine; IP-intraperitoneal; NeuN-primary antibody; GFAP - glial fibrillary acidic pro-
tein; DAPI - 4',6-diamidino-2-phenylindole-the fluorescent stain; ONC - optic nerve crush;
BMD, Brimonidine, IP, intraperitoneal.

(PDF)

$4 Fig. Correlations between the regions of the retina. ONC-optic nerve crush; BMD-bri-
monidine; IP-intraperitoneal; NeuN-primary antibody; GFAP - glial fibrillary acidic protein;
DAPI - 4',6-diamidino-2-phenylindole-the fluorescent stain; ONC - optic nerve crush; BMD,
Brimonidine, IP, intraperitoneal.

(PDF)

S5 Fig. Correlational analysis of cell density and gliosis across retinal regions. ONC-optic
nerve crush; BMD-brimonidine; IP-intraperitoneal; NeuN-primary antibody; GFAP - glial
fibrillary acidic protein; DAPI - 4,6-diamidino-2-phenylindole-the fluorescent stain; ONC -
optic nerve crush; BMD, Brimonidine, IP, intraperitoneal.

(PDF)

$6 Fig. Correlations of change dynamics. ONC-optic nerve crush; BMD-brimonidine; IP-
intraperitoneal; NeuN-primary antibody; GFAP - glial fibrillary acidic protein; DAPI -
4',6-diamidino-2-phenylindole-the fluorescent stain; ONC - optic nerve crush; BMD, Brimo-
nidine, IP, intraperitoneal.

(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0308671  August 8, 2024 15/19

178



PLOS ONE

Topical and systemic brimonidine is neuroprotective in the murine optic nerve crush model

S1 Table. DAPI-positive cell count average (cells/ 'mm? + SD) in the total and different
regions of murine retina. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. Total retina:

- Control group vs. Group 1; Control group vs. Group 2; Control group vs. Group 3; Central
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region: - Control group vs. Group 1; Control group vs. Group 2; Control group vs. Group
3; Middle region: *** - Control group vs. Group 1; Control group vs. Group 2; Control group
vs. Group 3; Peripheral region. *** - Control group vs. Group 1; Control group vs. Group 2.
Control group-left eyes without ONC; Group 1 -ONC/Saline drop + IP; Group 2 -ONC/
BMD drop; Group 3 -ONC/BMD drop +IP. ONC-optic nerve crush; BMD-brimonidine; IP-
intraperitoneal, NeuN-primary antibody.

(PDF)

S2 Table. GFAP-positive cell count average (cells/'mm? + SD) in the total and different
regions of murine retina. * p<0.05. Total retina: * - Control group vs. Group 2; Control
group-left eyes without ONC; Group 1 -ONC/Saline drop + IP; Group 2 ~-ONC/BMD drop;
Group 3 -ONC/BMD drop +IP. ONC-optic nerve crush; BMD-brimonidine; IP-intraperito-
neal, NeuN-primary antibody.

(PDF)
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