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1. IEVADS

1.1. Traumatisks smadzenu bojajums

Par traumatisku smadzenu bojajumu (TSB) sauc ar&ja speka izraisitus smadzenu
funkcijas trauc€jumus. TSB ir heterogéns bojajums, kas saistams ar daudzam
etiologijam un kliniskam izpausmém un ietver difuzu, fokalu, penetr&josu vai
vilnveida bojajumu (Berkner et al., 2016; De Guzman and Ament, 2017). Cilveékiem
visbiezak sastopamas ir slégtas vieglas un vidgji smagas galvas traumas, kas veido
aptuveni 90% no visam galvas traumam (Dewan et al., 2018). Biezakie TSB c&loni
Eiropas Savieniba ir celu satiksmes negadijumi un kritieni, retak TSB tiek iegiits
sporta un karadarbibas rezultata (Brazinova et al., 2021). TSB ir viens no
biezakajiem neirologisko traucgumu, invaliditates un naves c€loniem bérnu,
piecauguso un gados vecaku cilvéku vidi, radot nopietnas sabiedribas veselibas
problémas visa pasaulé (Majdan et al., 2022). Eiropa katru gadu aptuveni 1,5 miljoni
iedzivotaju giist TSB, un no $iem pacientiem aptuveni 57 000 mirst un 100 000 klast
par invalidiem (Majdan et al., 2022). Eiropa TSB sastopamibas biezums varié no
47,3 lidz 849 gadijumiem uz 100 000 iedzivotaju gada (Brazinova et al., 2021).

Mazajiem dzivniekiem (suniem un kakiem) biezakie TSB c&loni ir celu
satiksmes negadijumi, kritieni no liela augstuma un cilvéku uzbrukumi (Santos et al.,
2018; Elias et al., 2019). Nepietickamas mazo dzivnieku klinisko datu informacijas
del TSB arstesana, galvenokart, balstas uz datiem no pétjjumiem eksperimentalajos
dzivniekos (mazajos grauzgjos) un cilvékos (Santos et al., 2018; Elias et al., 2019;
Evans and Fernandez, 2019). Lidz ar to standartiz&tu eksperimentdlo dzivnieku
modelu izmantoSana ir nozimiga, lai noskaidrotu TSB biokimiskos un molekularos
mehanismus un novertetu eksperimentalo zalu efektivitati un dro§ibu humanaja un
veterinaraja medicina.

1.2. Traumatiska smadzenu bojajuma eksperimentalie modeli

P&dgja desmitgadg liela uzmaniba tiek pievérsta padzilinatiem TSB pétijumiem.
Lai petitu TSB, tiek izmantoti slégtas un atveértas galvas traumas dzivnieku modeli
(Namjoshi et al., 2013). Slegtas galvas traumas rezultata galvaskauss netiek skarts
(Namjoshi et al., 2013), tikmér atvértas galvas traumas gadijuma tiek izsaukta
kraniotomija jeb galvaskausa atveérSana, kur trieciens tiek veikts pret smadzenu cieto
apvalku (Flierl et al., 2009a; Albert-WeiBlenberger et al., 2012). Lai ierosinatu slégtu
galvas traumu, tiek izmantoti dazadi konttzijas tipa modeli (Marmarou et al., 1994;
Flierl et al., 2009b; Albert-WeiBlenberger et al., 2012), ar virzuli ierosinats bojajums
(Ren et al., 2013; Namjoshi et al., 2014; Meconi et al., 2018) un vilnveida trieciena
galvas traumas modeli (Cernak et al., 2011). Slégtas galvas traumas ierosinasanai
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visplasak izmanto konttizijas tipa modelus, kur tiek izmantots noteikta smaguma
brivi kritoss atsvars (Xiong et al., 2013). Lai gan kontiizijas tipa modeli tiek izmantoti
jau vairakus gadu desmitus, starp dazadam pétnieku grupam pastav bitiskas
protokola atskiribas TSB izraisiSanai. Piem&ram, brivi krito§a atsvara smagums
svarstas no 5 lidz 500 g, bet kritiena augstums —no 0,5 Iidz 167 cm (Schwarzbold et
al., 2010; Kane et al., 2012; Wu et al., 2012; Midura et al., 2015). Lidz ar to dazadu
protokolu ietvaros izraisitais TSB izsauc biitiskas bioktmisko raditaju atskiribas, t.i.
iekaisuma citokinu ekspresijas limenus, pieméram, audzgja nekrozes faktora (TNF)-
a, interleikina (IL)-6, IL-12 un IL-1b gadijuma (Albert-Weissenberger et al., 2012;
Zhang et al., 2014; Baratz et al., 2015; Gyoneva and Ransohoff, 2015). Ir zinams, ka
valgjas galvas traumas modeli, tadi ka kontroléti kortikala trieciena (CCI) un
skidruma perkusijas bojajumi (FPI), kur nepiecieSams izsaukt kraniotomiju, izraisa
salidzinami palielinatu iekaisuma ribonukleinskabes (RNS) un proteinu ekspresiju
(Xiong et al., 2013; Rowe et al., 2016; Clausen et al., 2018; Garg et al., 2018).
Iepriek$gjos pétijumos més esam novérojusi, ka aptuveni 30% pelu péc kontiizijas
tipa trieciena giist galvaskausa ltizumus (dati nav publicéti), kas varétu liecinat, ka
galvaskausa liizums ir viens no galvenajiem faktoriem, kas izraisa iekaisuma génu
ekspresijas izmainas galvas smadzenu audos, tadejadi izsaucot mainigu iekaisuma
markieru ekspresiju péc konttizijas tipa bojajuma.

1.3. Funkcionalais stavoklis péc traumatiska smadzenu bojajuma

Lielakoties TSB ir akiits un parejoss stavoklis, tomér izdzivojusie pacienti var
saskarties ar ilgstoSu apriipi, rehabilitaciju un no tam izrietosam ilgtermina sekam.
P&dgjos gados ir plasi atzits, ka neirologiskie trauc€jumi var attistities ari nedglas,
ménesus vai pat gadus péc sakotngja TSB (Blennow et al., 2016; Wilson et al.,
2017). Atkariba no bojajuma smaguma, izdzivojuSiem pacientiem (gan cilvékiem,
gan dzivniekiem) novéro psihologiskus, fiziskus, kognitivus un uztveres
trauc€jumus, epilepsijas l€kmes, ka arT personibas izmainas (Sande and West, 2010;
Wilson et al., 2017). Ir zinams, ka pacientiem péc TSB bieZi sastopams simptoms ir
arT sapes (Gironda et al., 2009). Lielakoties pacientiem novéro galvas sapes, kas ir
tieSi saistitas ar galvas smadzenu audu bojajumiem (Irvine and David Clark, 2018).
Ir zinams, ka sapes novéro arT Skietami neskartos regionos, pieméram, augsgjas un
apak$gjas ekstremitatés (Ofek and Defrin, 2007; Irvine and David Clark, 2018).
Tomér péc TSB sapes arpus galvas regiona var biit saistitas arl ar lokaliem
bojajumiem (pieméram, lizumi, briices), periféro neiropatiju vai ar TSB saistitu
mugurkaula traumu (Irvine and David Clark, 2018). Lidz ar to hronisku sapju
anatomiskais avots TSB pacientiem bieZi nav nosakams (Walker, 2004). Mehanismi,
kas ierosina ilgstoSas sapes péc TSB, nav zinami (Irvine and David Clark, 2018). Ir
pétijumi, kur tiek zinots, ka psihologiski traucgjumi, piem&ram, depresija, biezi tiek
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diagnosticeti kopa ar ilgstosam sapem (Khoury and Benavides, 2018). Tiek uzskatits,
ka abas kliniskas pazimes viena otru pastiprina, un abam ir kopigi mehanismi:
neiromediatoru signalceli periakvaduktala apvidus pelékaja viela (no anglu valodas
periaqueductal gray), kas ir viena no galvenajam smadzenu struktiram sapju
modulacija (Bair et al., 2003; Sullivan-Singh et al., 2014). Dzivnieku modelos
reakcija uz periféero mehanisko un termisko sapju jutibu ir petita laika perioda Iidz 2
ménes§iem péc CCI un FPI (da Silva Fiorin et al., 2018). Lidz $im tikai daZi p&tijumi
ir novertgjusi ilgtermina sekas pec TSB (vairak neka 6 me&nesus péc TSB). Ir paradits,
ka peleém p&c CCI, kas raksturojas ar plasu smadzenu audu zudumu, 12 ménesus pec
TSB novéro dazadus uzvedibas traucgjumus: depresijai lidzigo uzvedibu, atminas un
motoras funkcijas trauc&jumus (Shear et al., 2004; Pottker et al., 2017; Pischiutta et
al., 2018; Mao et al., 2020). Tomér mérenaks CCI (audu zudums tikai smadzenu
garozas regiona), rada mazak izteiktus uzvedibas traucgjumus ilgstosa laika perioda
péc TSB (Leconte et al., 2020). Lidz $im tikai dazos p&tijumos ir novertetas ilgstosas
uzvedibas izmainas zurkas pec FPI, galvenokart novertgjot tikai noteiktus laika
posmus vai kognitivo funkciju (Pierce et al., 1998; Immonen et al., 2009; Johnstone
et al., 2015). Janem véra, ka uzvedibas izmainas var but atkarigas no pétijuma
izmantotas pelu linijas (Fox et al., 2009). Lielaka dala ilgtermina TSB pétijumi ir
veikti C57BL/6 lmijas pelés. Ir zinams, ka dazadam pelu Iinijam ir atSkirigas
uzvedibas izpausmes (Bothe et al., 2005). Pieméram, C57BL/6 un BALB/c pelém ir
noverotas atskiribas trauksmes un depresijai [idzigas uzvedibas izpausmée, sapju
jutiguma, motora un kognitiva funkcija (Mogil et al., 1999; Lucki et al., 2001; An et

al., 2011; Garcia and Esquivel, 2018).

1.4. Terapijas iesp€jas pec traumatiska smadzenu bojajuma

1.4.1. Mitohondriju aizsardziba

TSB radito komplikaciju arsté$anai (Eiropas Zalu Agentlira) nav pieejama
neviena apstiprinata terapija. TSB arstéSanas iesp&jas ir ierobezotas ta sarezgitas
patogenézes un izpausmju dél, kas ietver dazadus kliniskos simptomus un centralas
nervu sisttmas (CNS) bojajumus asinsvadu, aksonu un citu smadzenu audu struktiiru
lItmeni (Xiong et al., 2013; Berkner et al., 2016; De Guzman and Ament, 2017). Viens
no patologiskiem procesiem, kas aizsakas jau pirmajas miniite€s péc TSB, ir reaktivo
skabekla radikalu (ROS) veidosanas mitohondrijos, ka rezultata tiek izjaukta kalcija
jonu (Ca?*) homeostaze, kas izsauc toksisku $iinu degradaciju (Gorlach et al., 2015;
Granger and Kvietys, 2015). Neironu Ca?* homeostazes un mitohondriju
funkcionalitates nodroSinasana ir svariga, lai noveérstu sekundarus neironu bojajumus
(Bains and Hall, 2012; Weber, 2012). Lidz ar to TSB arstésana varétu tikt izmantotas
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uz mitohondrijiem meérk&etas zales un zales, kas iedarbojas uz specifiskiem iek$Stnu
Ca?* signalizacijas celiem vai subcelulariem komponentiem (Hall et al., 2010; Cheng
et al., 2012). Ir zinams, ka kalcija kanala 026 apaks$vienibas iesaistas mitohondriju
Ca?" homeostazes regulésana patologiskos apstaklos (D’Arco et al., 2015). Fenibuts
tiek izmantots ka garastavokli uzlabojoss, anksiolitisks un nootrops medikaments
(Lapin, 2001a; Kupats et al., 2020a). Fenibutu raZo ka racematu, kas sastav no diviem
optiskiem izomériem. R-fenibuts ((3R)-fenil-4-aminosviestskabe) saistas ar GABA-
B receptoriem un no sprieguma atkarigo kalcija kanalu a6 apaksvienibu (VDCC).
Savukart, S-fenibuts saistas tikai ar VDCC 026 apak$vienibu (Dambrova et al., 2008;
Zvejniece et al., 2015; Belozertseva et al., 2016). Ta ka abi fenibuta optiskie izoméri
saistas ar VDCC o020 apakSvienibu un tikai R-fenibuts saistas ar GABA-B
receptoriem, Sos abus izome€rus var izmantot, lai noskaidrotu iesp&jamos fenibuta
molekularos mehanismus dazados eksperimentalos modelos. Lidz §im fenibuta
terapeitiskie efekti nav pétiti eksperimentala TSB modeli. Ieprieksgjie petjjumi ir
paradijusi, ka arst€Sana ar R-fenibutu ievérojami samazinaja smadzenu bojajuma
lielumu un palielindja smadzenu neirotrofiska faktora un asinsvadu endotglija
augsanas faktora génu ekspresiju bojatajos smadzenu audos p&c eksperimentalas
cerebralas isemijas (Vavers et al., 2016). Ta ka cerebralas i$€mijas un TSB
patogenézes mehanismi ir 1idzigi, R-fenibutam varétu piemist neiroprotektivi efekti
ar1 pec eksperimentala TSB.

1.4.2. Sigma-1 receptors

Sigma-1 receptors (S1R) ir jauns molekulars mérkis neirologisko saslim$anu
arsté$anai (Nguyen et al., 2015). S1R ir endoplazmatiska tikla proteins, kas ir plasi
izplatits dazados organos, tostarp CNS (Su, 1994). Ir pieradits, ka SIR piedalas gan
neirodegenerativo, gan i$émisko slimibu patogenézg, tostarp Alcheimera slimiba,
Parkinsona slimiba, amiotrofas lateralas sklerozes, insulta un TSB patogenézeé
(Nguyen et al.,, 2015; Shi et al, 2021). Genétiska SIR deaktivacija un
farmakologiska ta inhibicija ir saistita ar neirodegenerativu fenotipu (Nguyen et al.,
2015; Vavers et al., 2017). Ieprieks ir pieradits, ka specifiskiem S1R agonistiem
piemit neiroprotektivas ipaSibas, samazinot neirodegeneraciju un mikroglijas
aktivaciju TSB dzivnieku modelos, ka ari jaundzimuSo hipoksisku/is€misku
smadzenu bojajumu gadijuma (Wegleiter et al., 2014; Dong et al., 2016). Tomer ari
S1R antagonistiem piemit neiroprotektiva iedarbiba eksperimentalos smadzenu
iS8mijas modelos. Pieméram, pelém, kas tika arstétas ar antagonistu SIRA, bija
ieveérojami samazinats smadzenu infarkta lielums un neirologiskie trauc&jumi péc
vidgjas smadzenu arterijas okluzijas (MCAO) (Sanchez-Blazquez et al., 2018).
Turklat haloperidolam, kas ir neselektivs SIR antagonists, piemit neiroprotektivas
Tpasibas eksperimentalas smadzenu i$€mijas gadijuma (Schetz et al., 2007).
Interesanti, ka SIR genétiskas inaktivacijas un farmakologiskas blokades gadijuma
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novero antinociceptivu aktivitati pelém péc traumatiska muguras smadzenu
bojajuma (TMSB) (Castany et al., 2018). Turpretim SIR aktivéSana samazina
neironu izdzivo$anu un motoro funkciju atjaunoSanos péc TMSB (Lattard et al.,
2021). Tadgjadi dazadi SI1R ligandi var radit pretéjus efektus atskirigos
neirodegenerativo slimibu modelos, tapéc ir nepiecieSami talaki p&tijumi, izmantojot
S1R ligandus dazados in vivo modelos.

1.5.Promocijas darba mérkis

Promocijas darba mérkis ir galvas traumu eksperimentalas modelsistémas
pilnveidoSana un jaunu potencialo zalu mérku noskaidrosana galvas traumas un tas
izraisTto neirologisko simptomu arsté$anai vai attistibas aizkavésanai.

1.6.Promocijas darba uzdevumi

Promocijas darba izvirziti etri uzdevumi:
1.Raksturot ieckaisuma reakcijas atbildi péc kontiizijas tipa traumatiska smadzenu
bojajuma un salidzinat rezultatus ka galvaskausa lizums ietekmé neirologisko
stavokli un iekaisumu.
2.Novertet R-fenibuta terapijas ietekmi uz neirologisko stavokli un smadzenu audu
mitohondriju funkcionalitati p&c Skidruma perkusijas traumatiska smadzenu
bojajuma izraisiSanas.
3.Pétit SIR lomu traumatiska smadzenu bojajuma attistiba un patogengze.
4 Noteikt TSB izsauktas Tstermina un ilgtermina (Iiddz 12 ménesSiem) uzvedibas
parmainas pec skidruma perkusijas traumatiska smadzenu bojajuma.

1.7.Promocijas darba izvirzita teze
Promocijas darba izvirzita viena téze:

Eksperimentalais skidruma perkusijas galvas traumas modelis ir izmantojams
jaunu zalu un TSB patogen&zes mehanismu pétijumos.
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1.8.Promocijas darba zinatniska novitate

1. Promocijas darba apkopotie rezultdti pirmo reizi Starptautiska Iimeni sniedz
informaciju un datus par jaunam terapijas iesp&jam traumatiska smadzenu bojajuma
radito komplikaciju arst€Sana humanaja un veterinaraja medicina.

2. Noverteta R-fenibuta neiroprotektiva ietekme (funkcionalais iznakums,
mitohondriala funkcija un neirodegeneracija) péc vidgji smagas galvas traumas
eksperimentalajos dzivniekos, izmantojot skidruma perkusijas galvas traumas
modeli.

3. Pétita SIR loma traumatiska smadzenu bojajuma patogenézé un funkcionalo
traucgjumu attistiba akti un ilgstosa laika perioda p&c bojajuma, izmantojot S1R
izgriezta géna peles. 4. Noteiktas ilgstoSas uzvedibas parmainas (Itidz 12 ménesiem)
péc Skidruma perkusijas bojajuma pel€s; turklat pirmo reizi noveértéta periféro sapju
jutiba tik ilga laika perioda p&c traumas.

5. Raksturota iekaisuma reakcijas atbilde pec slégtas un valgjas (p&c galvaskausa
lizuma) galvas traumas, izmantojot kontiizijas tipa eksperimentalo modeli.

1.9.Promocijas darba uzbiive

Promocijas darbs sastav no Cetram publikacijam, kas apvieno pétijjumu par
kontiizijas tipa un Skidruma perkusijas bojajuma eksperimentalas modelsist€mas
pilnveidoSanu un jaunam terapijas iesp&jam pé&c traumatiska smadzenu bojajuma.
Promocijas darba pirmaja publikacija raksturota iekaisuma reakcijas atbilde un
funkcionalais stavoklis péc slégta un valgja (galvaskausa lizums) traumatiska
smadzenu bojajuma, izmantojot kontlizijas tipa eksperimentalo galvas traumas
modeli. Otraja publikacija novértéta R-fenibuta neiroprotektiva ietekme uz
funkcionalo stavokli un smadzenu audu morfologiju un mitohondriju funkcionalitati
akiiti pec skidruma perkusijas traumatiska smadzenu bojajuma. TreSaja publikacija
raksturotas akiitas un ilgstoSas funkcionalas parmainas péc Skidruma perkusijas
traumatiska smadzenu bojajuma. Ceturtaja publikacija pétita SIR loma traumatiska
smadzenu bojajuma radito komplikaciju attistiba aktiti un ilgstosi p&c skidruma
perkusijas eksperimentala galvas traumas modela.

2. MATERIALS UN METODES
2.1. Petijjuma laiks, vieta un petijjuma shéma

Promocijas darbs izstradats laika posma no 2018. — 2023.gadam — Latvijas
Organiskas sintézes institlita Farmaceitiskas farmakologijas laboratorija.
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Petljums sastdv no 4 savstarpgji saistitiem eksperimentiem. I.eksperimenta
(Publikacija I) Swiss-Webster (SW) pelu téviniem ierosinaja slégtu galvas traumu,
izmantojot kontiizijas tipa TSB iekartu. Dzivniekus iedalija divas grupas: viltus
operétie (n=24) un TSB (n=85). Traumétie dzivnieki tika iedaliti divas apaksgrupas:
dzivnieki bez galvaskausa luizuma (n=52) un dzivnieki ar [dzumu (viegls lizums
n=7, vidgji smags lizums n=12, smags lazums n=14). P&c tam novertgja neirologisko
stavokli un iekaisuma génu ekspresija galvas smadzenu audos. 2.eksperimenta
(Publikacija IT) SW pelu te€viniem ierosinaja vidgji smagu galvas traumu, izmantojot
Skidruma perkusijas TSB iekartu. Dzivnieki iedalija 4 grupas: viltus (n=8), TSB
(kontroles grupa, n=8) un TSB grupas dzivnicki, kas sanéma R-fenibutu deva 10
mg/kg (n=12) vai 50 mg/kg (n=10). R-fenibuts tika ievadits intraperitoneali (i.p.) 2
h pec traumas ierosinaSanas un vienu reizi diena 7 dienas p&c kartas. Péc tam
novertgja neirologisko stavokli un 7.diena p&c bojajuma ievaca smadzenu paraugus
histologiskai izmekl&sanai. Papildus, SW pelu tevini (n=6) tika izmantoti smadzenu
homogenatu sagatavo$anai un mitohondriju izol€Sanai mitohondriju funkcionalitates
novertésanai. ICR pelu tévini (n=3 katra laika punkta) tika izmantoti
farmakoking&tikas eksperimentam, lai noteiktu R-fenibuta (50 mg/kg) koncentraciju
smadzenu audos un asins plazma péc i.p un peroralas ievadiSanas. 3.eksperimenta
(Publikacija IIT) CD-1 pelu téviniem (wild-type WT/kontroles grupa) un Sigma-1
receptora izgriezta géna pelu téviniem (S1R-/-) tika ierosinata vid&ji smaga galvas
trauma, izmantojot Skidruma perkusijas TSB iekartu. Dzivnieki tika iedaliti 4 grupas:
WT viltus (n=10), S1R-/- viltus (n=10), WT TSB (n=12) un S1R-/- TSB (n=12).
Pec tam dazados laika punktos tika noverteta pelu uzvediba un 12 méneSus péc
traumas ievakti galvas smadzenu paraugi histologiskai izmekl&$anai. Papildus WT
pelu tévini tika izmantoti, lai noskaidrotu S1R antagonista BD-1063 efektus péc
$kidruma perkusijas TSB. Dzivnieki tika iedaliti 5 grupas: naive (n=6), viltus (n=12),
TSB (n=18), TSB + BD-1063 10 mg/kg (n=16), TSB + BD-1063 30 mg/kg (n=16).
Péc tam novért€ja neirologisko stavokli un 7.diena péc traumas ievaca galvas
smadzenu paraugus histologiskai izmekléSanai. SW pelu tévini (n=36) tika
izmantoti, lai noskaidrotu BD-1063 koncentraciju un SIR ekspresiju smadzenu
audos. 4.eksperimenta (Publikacija IV) Balb/c pelu téviniem tika ierosinata vidgji
smaga galvas trauma, izmantojot Skidruma perkusijas TSB iekartu. Dzivnieki tika
iedaliti 2 grupas: viltus (n=10) un TSB (n=10). Talitgjas un ilgtermina uzvedibas
parmainas tika novertétas dazados laika punktos Iidz 12 ménesiem péc traumas.

2.2. Materiala raksturojums

2.2.1. Dzivnieki

Dzivnieki (peles) tika tureti individuali ventil§jamos standarta sprostos, un tiem
tika nodrosinati eksperimentalo dzivnieku uzturéSanas standarta apstakli (gaisa
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temperatiira 21-23 °C, relativais gaisa mitrums 65 + 10%, 12 stundu gaismas-tumsas
cikls). Baribai izmantoja standartizéto diétu (Lactamin AB, Mjo6lby, Zviedrija).
Bariba un dzeramais tidens bija pieejami bez ierobezojuma.

SW Iinijas pelu teévinus (10 ned€las veci) iegadajas no Laboratory Animal Center,
Tartu Universitate, Igaunija. ICR pelu tevinus iegadajas no Eksperimentalo
dzivnieku laboratorijas, Rigas Stradina Universitate, Latvija. Sigma-1 receptora
izgriezta géna pelu tevinus (8-10 ned&las veci) ar CD-1 linijas fonu (S1R-/- CD1)
iegadajas no Laboratorios Dr.Esteve S.A., Barselona, Spanija. CD-1 un Balb/c pelu
tevinus (10 nedelas veci) iegadajas no Envigo, Niderlande. Visas eksperimentalas
procediras ar laboratorijas dzivniekiem tika veiktas saskana ar Eiropas Savienibas
direktivu 2010/63/EU, ka arT tas tika saskanotas ar Latvijas Republikas Partikas un
veterinaro dienestu un Dzivnieku aizsardzibas &tikas padomi (atlaujas Nr.76 (izdota
2015.gada), Nr. 95 (izdota 2018.gada), Nr.104 (izdota 2019.gada), Nr.105 (izdota
2019.gada)).

2.2.2. Kimiskie savienojumi

R-fenibuts ((3R)-4-amino-3-fenilbutanskabe) tika iegadats no JSC Olainfarm
(Latvija). BD-1063, 1-[2-(3,4-Dihlorfenil) etil]-4-metilpiperazina dihidrohlorids tika
iegadats no Tocris Bioscience (Apvienota Karaliste). BD-1063 un R-fenibuta
$kidumi tika pagatavoti, izmantojot fiziologisko skidumu (Fresenius Kabi, Polija).

2.3. Metodikas apraksts

2.3.1. Eksperimentalie modeli traumatiska galvas smadzenu
bojajuma izraisiSanai

Petfjuma izmantoja 2 dazadus eksperimentalos modelus traumatiska galvas
smadzenu bojajuma izraisiSanai — kontuzijas tipa traumatisku smadzenu
bojajumu (viegla galvas trauma) un $kidruma perkusijas traumatisku smadzenu
bojajumu (vidgji smaga galvas trauma).

Metode viegla galvas traumas bojajuma izraisiSanai ir aprakstita Publikacija
I. Tsuma, 30 min pirms manipulaciju uzsak$anas dzivnickam zem adas (s.c.) skausta
rajona injic€ja tramadola (25 mg/kg) skidumu, lai noverstu p&coperacijas sapes.
Dzivnieki tika iemidzinati, izmantojot inhalgjamo izoflurana anestéziju (3 — 1,5%,
griezumu un vizuali identificgja peles kreiso-pakausa kaulu (2 mm uz saniem no
viduslinijas un 2 mm uz kaudalo pusi no bregmas Suves) ka mérka apgabalu. Silikona
uzgali (5 mm diametra) novietoja uz mérka apgabala, p&c tam atbrivoja atsvaru (90
g), kas brivi krita caur cilindru no 8 cm augstuma uz peles galvu. Péc tam
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makroskopiski tika noveértéts galvaskauss, un dzivnieki tika iedaliti 4 grupas: bez
lizumiem (galvaskauss bez redzamam izmainam/lizumiem), viegls lizumus
(izoléts, linears ltzums bez redzamiem intrakranialiem bojajumiem, asins
izpludumiem), vidgjs lizums (linears, diastatisks vai kaula fragmenti iespiedusies
smadzenu audos, bez redzamiem intrakranialiem bojajumiem, asins izplidumiem),
smags lizums (komplekss liizums ar redzamiem intrakranialiem bojajumiem, asins
izpludumiem). Ja novéroja respiratoru depresiju, dzivniekiem tika nodrosinata
papildus skabekla pieplide. P&c manipulacijas ada tika aiz§ata ar 6-0 (SurgiproTM
I, Mansfield, ASV) izméra kirurgiskajiem diegiem. Viltus operétiem dzivniekiem
veica visas manipulacijas, iznemot atsvara atbrivosanu.

Videji smagas galvas traumas izraisiSanas metode ir aprakstita Publikacija II,
I11, TV. Tsuma, 30 min pirms manipulaciju uzsak3anas dzivniekam s.C. skausta rajona
injicgja tramadola (25 mg/kg) skidumu, lai noveérstu p&coperacijas sapes. Dzivnieki
tika iemidzinati, izmantojot inhal§jamo izoflurana anestéziju (3 — 1,5%, kas
izskidinata N2O:0O; (1:1) maisijuma). Dzivnieku fiksgja stereotakses aparata, un tika
uzturéta 36 °C kermena temperatiira, dzivniekam atrodoties uz apsildamas virsmas,
kas bija savienota ar rektalo zondi. Uz galvas virsmas tika noskiits apmatojums, un
galvaskausam pa vidu veica garenisku griezumu. Kraniotomija (3 mm diametra) tika
veikta uz viduslinijas starp bregma un lambda Suvém, atstdjot smadzenu apvalku
neskartu. Izmantojot zobu cementu, virs kraniotomijas rajona tika piestiprinata
plastmasas piltuvite, kas tika piepildita ar fiziologisko $kidumu. P&c tam piltuvite
tika savienota ar $kidruma perkusijas ierici (AmScienInstruments, Richmond, ASV)
un, atbrivojot varstu, tika nodro$inats fiziologiska $kiduma vilnis uz galvaskausa
dobumu jeb skidruma perkusija. Tulit p&c traumas ierosinasanas dzivnieku noveroja
un, atjaunojoties refleksiem un normalai elpoSanai, dzivnieks tika atkartoti anestezgts
ar izoflurana narkozi. P&c tam tika nonemta plastmasas piltuvite ar cementu, kaula
gabals ievietots atpakal kraniotomijas vietd, parklats ar audu ITmi un aiz$hta ada.
Viltus operétajiem dzivniekiem veica visas manipulacijas, iznemot Skidruma
perkusiju.

2.3.2. R-fenibuta un BD-1063 kvantitativa analize smadzenu
audu un asins plazmas paraugos

Metode ir aprakstita publikacija I un III. Tsuma, lai noteiktu R-fenibuta
koncentraciju asins plazma un smadzenu audos, pelém intraperitoneali (i.p). un
perorali (p.o.) tika ievadits R-fenibuts deva 50 mg/kg. 15 un 30 minun 1, 2, 4, 6 un
24 h péc R-fenibuta ievadiSanas néma asins plazmas un smadzenu audu paraugus.
Lai noteiktu BD-1063 koncentraciju smadzenu audos, pelém tika s.c. ievadits BD-
1063 deva 30 mg/kg 7 dienas pec kartas, un smadzenu audi tika ievakti 1 h péc
pedgjas BD-1063 injekcijas. R-fenibuta un BD-1063 kvantitativai analizei smadzenu
audu un asins plazmas paraugos izmantoja ultra augstas izskirtsp&jas $kidruma
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hromatografijas-tandémmasspektrometrijas metodi (UPLC/MS/MS) ar pozitivas
elektroizsmidzinasanas jonizaciju (ESI+). UPLC veica, izmantojot Skidruma
hromatografu (Acquity UPLC, Waters) un kolonnu (Acquity UPLC BEH C18 50
mmx2,1 mm; 1,7 upm, Waters), savukart MS/MS veica, izmantojot
tandeémmasspektrometru (Micromass Quattro micro, Waters) ar ESI+. Kvantitativa
analize tika veikta, izmantojot MassLynx 4.1. un QuanLynx4.1 programmatiiru
(Waters).

2.3.3. mRNS izolesana un kvantitativa polimerazes kédes
reakcijas analize

Metode ir aprakstita publikacija [ un III. Kopg&jais smadzenu audu RNS daudzums
tika izoléts, izmantojot RNA mini kit (Life Technologies, Nujorka, ASV) atbilstosi
razotaja protokolam. cDNS sinteze tika veikta, izmantojot reversas transkripcijas
reagentu komplektu (Thermo Fisher Scientific, Waltham, MA, ASV), vadoties péc
razotaja instrukcijam. Génu ekspresijas kvantitativa polimerazes k&des reakcijas
analize tika veikta, sajaucot SYBR® Green Master Mix (Life Technologies,
Nujorka, ASV), sintez&to ¢cDNS un tadus praimerus ka S1R, IL-6, IL-1b, TNF-a
metaloproteinazes audu inhibitors-1 (TIMP-1), metaloproteinazes-9 (MMP-9)
(Metabion, Vacija), un izmantojot Mic Real-Time PCR instrumentu (Bio Molecular
Systems, Upper Coomera, Australija). Katra géna relativie ekspresijas limeni tika
aprekinati ar AACt metodi un normaliz&ti pret B-aktina references géna ekspresijas
limena radijumu.

2.3.4. Galvas smadzenu histologiska un imiinhistokimiska
izmeklesana

Metode ir aprakstita publikacija II un III. Dzivnieki tika anestez&ti ar ketamina
(200 mg/kg) un ksilazina (15 mg/kg) i.p. injekcijas palidzibu. P&c anestezijas
iedarbosanas peleém veica transkardialu perfuziju (3 ml/min) ar 0,01 M fosfata bufera
Skidumu (PBS, pH = 7,4). P&c perfiizijas dzivnieku smadzenu audi tika fikséti 4%
formalina skiduma 24 h +4°C. P&c fiksacijas formalina $kiduma, audi tika ievietoti
uz 72 h 10-20-30% saharozes $kiduma. Smadzenu koronalos griezumus (20-35 pum)
veica ar Leica CM1850 kriotomu (Leica Biosystems, Buffalo Grove, IL, ASV). Lai
novert€tu neirocitu bojajumu pec galvas traumas, griezumi tika parnesti uz
Superfrost Plus priekSmetstikliniem un izturéti 96% un 70% etanola $kiduma 3 min.
P&c tam tie tika skaloti ar destileétu tideni (3 min), krasoti ar 0,01 % krezil-violeta
acetata Skidumu (14 min), un tad parklati ar segstiklinu.
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Brivi peldosie griezumi tika krasoti ar primarajam antivielam - trusu rabbit anti-
Ibal (1:2000; Abcam, Cat# ab153696, Kembridza, Anglija), trusu anti-GFAP
(1:2000, Abcam, Cat# ab7260, Kembridza, Anglija), pelu anti-Calbindin D28K
(1:500, Santa Cruz Biotechnology, Cat# sc365360, Dalasa, ASV), trusu anti-EAAT2
(1:5000, Abcam, Cat# ab205248, Kembridza, Anglija). Griezumus parnesa uz
$kidumu, kas saturgja atSkaiditu antivielu TBS buferT ar Triton X-100 (TBS-T).
Griezumus inkubgja 15 h istabas temperattra uz Seikera, pec tam 3 reizes skaloja
TBS-T bufert (pH = 7,4) un parnesa uz skidumu ar attiecigo sekundaro antivielu:
kazas anti-pelu biotins IgG (H + L) (1:1000, Invitrogen, Cat# 31800), kazas anti-
trusu biotins IgG (H + L) (1:1000, Invitrogen, Cat# 65-6140, Carlsbad, CA, ASV)
vai kazas anti-trusu biotins IgG H&L (Alexa Fluor® 488, 1: 200; Abcam, Cat#
ab150077). Péc 2 h griezumus 3 reizes skaloja TBS-T buferi un parnesa uz skidumu,
kas saturgja pelu ExtrAvidin (Sigma, ASV) un inkub&a 2 h. P&c skalo$anas
griezumus 3 min inkub&a nikeli saturosa diaminobenzidina S$kiduma. Visu
iekrasotos griezumus parnesa uz ar zelatinu parklatiem priekSmetstikliniem un
parsedza ar segstiklinu. P&tamo smadzenu strukttru identific§ja, izmantojot Allen
Mouse Brain atlasu (http://mouse.brain-map.org/static/atlas) un digitalizgja,
izmantojot Nikon Eclipse TE300 digitalo kameru (Nikos Instruments, Tokija,
Japana). Lai noteiktu $inu daudzumu un krasoSanas intensitati (optiskais blivums),
merijumus veica, izmantojot ImageJ programmatiiru.

2.3.5. Mitohondriju funkcionalitates mérijumi

Metode ir aprakstita publikacija II. Lai noteiktu R-fenibuta ietekmi uz
mitohondriju funkcionalitati smadzenu homogenata un izol€tos smadzenu
mitohondrijos, tika veikta augstas izSkirtspéjas flourorespirometrija (37°C ),
izmantojot Oxygraph-2k (O2k, Oroboros Instruments, Austrija) instrumentu, kas
papildinats ar O2k-Fluo-Modules fluorescences LED2 moduli. Mérjjumiem tika
izmantots MiRO5Cr buferskidums (110mM saharoze, 601mM K-laktobionats,
0.5mM EGTA, 3mM MgClz, 20mM taurins, 10mM KH>PO,, 20mM HEPES, 0.1%
govju seruma albumins, 20 mM kreatins, pH7,1). Vienlaikus ar skabekla patérina
merjjumiem tika merita Udenraza peroksida izdaliSanas (ROS veidosanas),
izmantojot H2O, jutigo fluorescences zondi Ampliflu™ Red (AmR). Uzsakot
eksperimentu, katra kambart tika pievienotas 1 U/ml marrutku peroksidazes (HRP)
un 5 U/ml superoksida dismutazes (SOD). H20./O plismas attieciba (%) tika
aprékinata ka HoO» plisma / (0,5 O pliisma).

Mitohondriju elpoSanas kapacitates noteikSanai tika izmantots substratu-
atjidzéja-inhibitoru titrésanas (SUIT) protokols. Lai noteiktu R-fenibuta ietekmi
uz mitohondrialo elposanu un H>0, veidosanos, mérjjumu sakuma kambarT tika
pievienots 0,5 pg/ml R-fenibuts. Papildus tika pievienots S-fenibuts (0,5 pug/ml), lai
noskaidrotu, vai R-fenibuta efekti ir saistiti ar GABA-B receptoru vai 020
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apaksvienibu saturo$u no sprieguma atkarigo kalcija kanaliem. Saja eksperimenta
tika izmantots SUIT protokols ar sekojoSu reagentu secibu: piruvats (P, 5mM) un
malats (M, 2mM) tika izmantoti, lai méritu ar kompleksu I (CI) saistito elposanu
(NAD atkarigo, N-pathway) LEAK (ar oksidativo fosforiléSanu nesaistita, substrata
atkariga) stavokli. Adenozindifosfats (D jeb ADP, SmM) tika izmantots, lai noteiktu
no oksidativas fosforilésanas atkarigo elposanu (OXPHOS stavoklis). Glutamats (G,
10 mM) tika izmantots ka papildus CI substrats, lai noteiktu mitohondrialo elposanu
OXPHOS stavokli un izvertetu substratu ietekmi uz CI atkarigo elpoSanu. Sukcinats
(S, 10 mM, kompleksa II (CII) substrats) tika pievienots, lai meritu ar kompleksu
I&II (C&CII) saistitu elposanu. Titré$ana ar atjudz&u (CCCP, U, 0,5-1 uM) tika
izmantota, lai noteiktu elektronu transporta sisttmas (ETS) maksimalo kapacitati.
Rotenons (Rot, 0,5 uM, CI inhibitors) tika pievienots, lai noteiktu ar CII saistitu
elposanu OXPHOS stavokli. Rotenons (0,5 uM) un antimicins (A, 2,5 uM) tika
pievienoti, lai, attiecigi, blok&tu CI un CIII kompleksu un méritu rezidualo skabekla
patérinu (ROX).

Lai méritu Ca?*-inducéto mitohondriju membranas caurlaidibas mainu,
mitohondriji (0,125 mg/ml) tika 15 min inkubé&ti buferskiduma (120 mM KCl, 10
mM Tris, 5 mM KH2PO4, piruvats (5 mM), malats (2 mM), ADP (5 mM), pH = 7,4)
ar R- vai S-fenibutu 0,5 pg/ml. P&c tam tika pievienots 200 uM CaCly, lai ierosinatu
mitohondriju caurlaidibas mainu, un 10 min laika posma méritu absorbcijas
izmainas.

Mitohondriju funkcionalitate péc anoksijas-reoksigenacijas bojajuma tika
merita zurku smadzenu homogenata. Lai ierosinatu maksimalo mitohondriju
elposanu, paraugs tika stimul&ts ar piruvatu un malatu (5+2 mM), sukcinatu (10mM)
un ADP (5mM), 10-20 min laika iestajoties anaerobiem apstakliem. R-fenibuts (0,5
pg/ml) tika pievienots 15 min péc anoksijas iestaSanas, pirms reoksigenacijas
uzsaksanas, atverot kambarus. 8 min péc reoksigenacijas (skabekla koncentracijas
atjauno$anas), kambari atkal tika noslégti un 2 min veikti O, plismas mérfjumi.
Eksperimenta beigas sistémai tika pievienots antimicins A (2,5 puM), lai noteiktu
ROX.

2.3.6. Dzivnieku uzvedibas testi

Pasiva nosacijuma refleksa (PNR) testu izmantoja, lai novertetu kontekstualo
atminu (IV publikacija). Ierice (Passive avoidance Controller, modelis A775, Ugo
Basile, Italija) PNR izpétei bija veidota no divam savstarp€ji savienotam kameram,
kur viena bija apgaismota, bet otra bija tumsa. Eksperiments notika 2 dienas. Pirmaja
diena dzivnieku ievietoja izgaismotaja kamera, kura p&€c 60 s automatiski atveéras
durvis, laujot dzivniekam ieklut tumsaja kamera. Dzivniekam ieejot tumsaja kamera,
durvis starp kameram automatiski noslédzas, un dzivnieks 3 s laika sanéma 0,1 mA
stravas kairinajumu, tadgjadi nodrosinot nosacijuma refleksa veidoSanos. Nakamaja
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diena dzivnieku ievietoja gaiSaja kamera un noveroja lidz 540 s laika perioda,
registréjot laiku, kad dzivnieks iegaja tumsaja kamera.

Y-veida labirinta tests tika izmantots, lai novertétu darbibas atminu (Publikacija
I, 1V). Tests tika veikts, izmantojot melnu Y formas telpisku un simetriski (120°
lenkl) izveidotu koka labirintu ar trim ejam (ejas garums 40 cm, platums 11 cm,
augstums 28 cm). Dzivnieku ievietoja viena no labirinta ejas sakuma dalam un
noveroja 5 min, registrgjot ieieSanas skaitu un secibu labirinta ejas. Pareizi izvéléta
ejas maina tika defin&ta un procentuali aprékinata ka seciga ieieSana visas tris ejas
bez atkartoSanas: pareizi izvélétais eju skaits / (kopg&jais ieiesanu skaits ejas — 2) X
100 %.

Udens labirinta tests (MWM) tika izmantots, lai novértetu dzivnieku macisanas
sp€jas un telpisko atminu (Publikacija IV). Testu veica, izmantojot gaisi zilas krasas
baseinu (150 cm diametrs, 60 cm dzils). Baseins tika virtuali sadalits 4 vienados
sektoros. Platforma (diametrs 10 cm) atradas pa vidu viena no sektoriem.
Izm&ginajumu iedalija divas dalas — apmacibas un eksperimenta norise/dienas.
Dzivniekus apmacTja 5 dienas, katra diena veicot 4 izméginajumus. Apmacibas diena
dzivniekam 90 s lava peldét un meklét platformu. Islaiciga un ilgsto3a atmina tika
parbaudita, attiecigi, 24 h un 7 dienas p&c pedgjas apmacibas sesijas. Platforma no
baseina tika iznemta ara, atlaujot dzivnickam taja atrasties 60 s. Apmacibas un
atminas procesu novértéSanas laika tika registréts peldéSanas laiks, atrums un
distance lidz platformas atraSanai un atrasanas ilgums katra no 4 sektoriem. Jo 1saka
laika dzivnieks aizpeldgja lidz platformai un ilgaku laiku pavadija platformas
sektora, jo labak tas bija iemacijies un atcergjas tas atrasanas vietu. Uzvedibas
registraciju un analizi veica ar videokameras un EthoVision (XT versija, Noldus,
Vageningena, Niderlande) programmas palidzibu.

Dzivnieku telpiskas vides maciSanas un atminas procesu novertésanai izmantoja
Barnes labirinta testu (BM) (Publikacija III). Uzvedibas aparats sastavéja no apalas
arénas (92 cm diametrs) ar 20 vienadiem caurumiem (5 cm diametrd), kas bija
izvietoti simetriski apkart uzvedibas arénai. Zem viena no caurumiem tika novietota
tumsa kaste (28 x 22 x 21 cm), kura pelei bija iespgja paslépties no papildus stimula
— spozas, intensivas gaismas, kas tika izmantota, lai veicinatu apmacibas procesu.
Uzvedibas telpa pie sienas tika izvietoti dazada veida, formas un krasas plakati, kas
palidzgja dzivniekam orientSties. Aréna tika sadalita virtuali 4 vienados sektoros.
Dzivnieki tika apmactti 4 dienas, katra diena veicot 3 parbaudijumus. Apmacibas
diena dzivniekam lava 2 min laika izp&tit arénu un sameklet tumso kasti. Ja dzivnieks
2 min laika neatrada tumso kasti, tad tas tika maigi aizvirzits lidz tumsajai kastei ar
cilindra palidzibu, laujot 30 s taja uzturéties. Peéc 30 s dzivnieks tika iznemts no
tumsas kastes un ievietots atpakal biirl. Pec katra parbaudijumu pelei nodrosinaja
vismaz 15 min pauzi, kuras laika apmacija nakamos dzivniekus. Ar videokameras
palidzibu registréja laiku, kad pele atrada un iegdja tumsaja kastg. Islaiciga un
ilgstosa atmina tika parbaudita, attiecigi, 24 h un 7 dienas péc pedgjas apmacibas
sesijas. Tumsa kaste tika nonemta no cauruma. Dzivnieku novietoja arénas centra un

22



lava 2 min parvietoties pa arénu. Atminas procesu noveértésanai ar EthoVison XT
programmas palidzibu tika registréts laiks lidz noklaiSanai tumsas kastes atrasanas
vieta un atraSanas ilgums katra kvadranta.

Lai novertétu dzivnieka neirologisko stavokli akiti un ilgsto$a perioda péc TSB,
tika izmantots neirologiska stavokla novértéjuma (NSS) tests, kas sastav no 9
kliniskajiem parametriem (Publikacija I, II, III, IV): platformas izp&te, izp&tes
uzvediba, monoparéze/hemiparéze, satriikSanas reflekss, balanséSana uz vertikala
stiena, staigaSana pa 1-, 2- un 3-cm platu laipu un balans€Sana uz horizontala stiena.
Ja dzivnieks neizpildija kadu no uzdevumiem, tam pieskira 1 punktu. Vairak punktu
liecinaja par izteiktakiem neirologiskiem traucéjumiem.

Lai novertetu lokomotoro jeb kustibu aktivitati, tika izmantots atklata lauka
tests (OF) (Publikacija I, III, IV). Dzivnieku ievietoja atklata lauka (45 x 45 cm)
centra un ar videokameru registréja ta uzvedibu. Ar video registré$anas programmas
EthoVison XT palidzibu noteica dzivnieka noieto cela garumu (cm/4 min) un atrumu
(cm/s).

Rotéjosa stiena tests (RR) (aparata modelis 7600, Ugo Basile, Italija) tika
izmantots, lai novértétu dzivnieku motoro funkciju un koordinaciju (Publikacija III,
IV). Dzivnieki tika apmaciti dienu pirms eksperimenta veikSanas. Eksperimenta
diena dzivniekus novietoja uz rot€josa stiena (5-25 apgriezieni 240 sekund@s) un
registréja laiku, cik ilgi dzivnieks sp&ja noturéties uz stiena.

Lai noteikti dzivnieka depresijai lidzigo uzvedibu, tika izmantots astes
fikseSanas tests (TS) (Publikacija III, IV). Lai novértétu dzivnieka imobilitates
ilgumu (miera stavoklis jeb nekustigums) dzivnieka asti ar Iimlentes palidzibu
piestiprinaja pie koka sijas, kas atrodas apméram 50 cm augstuma no galda virsmas.
Uzvedibas izpausmes tika registrétas 6 min, izmantojot digitalo videokameru
(Handycam HDR-CXI11E, Sony Corporation, Tokija, Japana). Imobilitates ilgums
tika registréts ar hronometra palidzibu un noteikts péd&jo 4 min perioda.

Acetona tests tika izmantots, lai parbauditu termiski izraisitu jutibas atbildi
(Publikacija IV). Testa diena dzivnieku ievietoja Cetrstiiraina plastikata kaste (10 x
10 x 14 cm) ar metaliska rezga gridu un adaptéja 30 min. Acetonu iepildija 1 ml
Slirc€ bez adatas un 40 pl acetona uzpilinaja dzivnieka pakalkajas plantarai virsmai.
Atbildes reakcija acetona kairinatajai plantarai virsmai tika mérita 45 s. Starp katru
sekojosu mérfjumu - acetona kairinajumu ieveéroja vismaz 10 min pauzi. Katram
dzivniekam veica 3 m&rfjumus un noteica kajas pacelSanas un kratiSanas kopgjo laiku
(s) un reizu skaitu.

Von Frey tests tika izmantots, lai noteiktu mehaniski izraisttu jutibas atbildi
(Publikacija IV). Dzivnieks pirms testa veikSanas tika 30 min adaptéts augstak
aprakstitaja buirl. Pec tam dzivnieka pakalkajas plantara virsma tika kairinata ar
speciali izveidotu matinu (Dynamic Plantar Aesthesiometer, aparata modelis 37400-
002, Ugo Basile, Italija), nosakot nepiecieSamo laiku (s), lai dzivnieks paceltu kaju
no rezga gridas. Katram dzivniekam veica 3 mérfjumus un starp katru mérjjumu
ieveéroja vismaz 10 min pauzi.
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2.3.7. Datu apstrades statistiskas metodes

Datus izteica ka vidgjas aritmétiskas vertibas + vidgjas aritmétiskas vertibas
standartkliida (S.E.M.). Lai noteiktu datu atbilstibu normalsadalijumam, izmantoja
Sapiro-Vilka (Shapiro-Wilk) testu. Grupu salidzinasanai tika izmantots Stjlidenta t-
tests vai atbilsto$a dispersijas analize (ANOVA) ar sekojosu péctestu (Tikija vai
Dunnau), kas noradits pie attiecigo rezultatu apkopojuma grafikos. P vertiba, kas
mazaka par 0,05, tika uzskatita par statistiski ticamu. Statistiskiem aprékiniem
izmantoja Prism 8.0 programmnodro§inajumu (GraphPad Software, Inc., La Jolla,
Kalifornijas Stats, ASV).

3. REZULTATI UN DISKUSIJA

3.1. Neirologiskais stavoklis un iekaisuma reakcija péc kontuzijas
tipa traumatiska smadzenu bojajuma (I publikacija)

Lai pétitu TSB, kontiizijas tipa galvas traumas modeli tick izmantoti jau vairakus
gadu desmitus, tomér starp laboratorijam pastav bitiskas protokola atSkiribas, ka
rezultata tiek konstateta mainiga iekaisuma citokinu ekspresija, piem&ram, TNF-a,
IL-6, IL-12 un IL-1b gadijuma (Albert-Weissenberger et al., 2012; Zhang et al.,
2014; Baratz et al., 2015; Gyoneva and Ransohoff, 2015; Chhor et al., 2017). Ta ka
pelém péc kontiizijas tipa galvas traumas modela novéro galvaskausa lizumus, més
izvirzijam hipotézi, ka ltizums vartu but viens no iekaisuma génu ekspresijas
galvenajiem izraisitdjiem smadzenu audos, tadgjadi radot biitiskas iznakuma
atSkiribas, izmantojot $o galvas traumas modeli. M&s salidzinajam neirologisko
stavokli un iekaisuma reakcijas atbildi pelu hipokampa un striatum péc kontiizijas
tipa galvas traumas un korelgjam rezultatus ar parietala kaula lizuma klatbiitni un ta
smaguma pakapi. Dzivnieki tika sadaliti divas grupas: dzivnieki ar un bez
galvaskausa lizuma pec TSB. Dzivniekiem ar galvaskausa lizumu bija ieverojami
sliktaks neirologiskais stavoklis (lielaks vid&jais NSS - 4,8 + 0,5 punkti), salidzinot
ar dzivniekiem bez galvaskausa lizuma (2,5 £ 0,2 punkti) 2 h p&c traumas (3.1.A
attels). L1dzigi galvaskausa lizums ieverojami palielinaja NSS 24 h p&c traumas (bez
luzuma: 2,9 £ 0,2, ar lizumu: 4,8 + 0,4 punkti) (3.1.A att€ls). Turklat NSS ieveérojami
palielinajas atkariba no galvaskausa lizuma smaguma pakapes (3.1.B att€ls). Lidz
misu pétijuma rezultatu publiceSanai tikai viena p&tijuma bija zinots par dzivnieku
sadalijumu grupas atkariba no galvaskausa lizuma esamibas (McColl et al., 2018).
Saja pétijuma netika novérotas biitiskas atskiribas starp viltus operétiem dzivniekiem
un dzivniekiem ar un bez galvaskausa lizumu 1 h p&c traumas (McColl et al., 2018).
Jaatzimé, ka McColl et al p&tljuma NSS netika novertets velakos laika punktos p&c
traumas, kas apgriitinaja lizuma klatbtitnes ietekmes pieradisanu uz NSS. Ir zinots,
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ka galvaskausa lizums pelém ir saistits ar sliktaku TSB iznakumu — pelém registréta
tulitSja pec traumas respiratora depresija, sekundars bojajums no kaula lizuma un
nave (Flierl et al., 2009).

A

O viltus [ bez lizuma W ar lizumu
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pirms 2h 24h viltus bez viegls vidéjs smags

3.1. att. Funkcionalais iznakums 2 un 24 h péc vieglas galvas traumas
(A) Neirologiska stavokla noveértgjums dzivniekiem ar vai bez galvaskausa liizuma.
Rezultati attéloti ka vidgjas aritmétiskas vertibas = S.E.M. (viltus n = 24; bez ltizuma n = 52;
ar lizumu n = 33). *P < 0,05 pret viltus grupu, #P < 0,05 grupa bez lizuma pret grupa ar
lazumu (divfaktoru atkartotu mérijjumu dispersijas analize, Tikija tests). (B) Neirologiska
stavokla novertgjums atkariba no galvaskausa ltizuma smaguma pakapes. Rezultati att€loti
ka vidgjas aritmetiskas vertibas + S.E.M. (viltus n = 24, bez lizuma n = 52, viegls lizums n
=7, vidgji smags lizums n = 12, smags lizums n = 14). *P < 0,05 pret viltus grupu, #P <
0,05 grupa bez ltizuma pret grupa ar smagu lizumu (Kruskala-Vallisa rangu dispersijas
analize, Dunna tests).

Pacientiem ar TSB galvaskausa ltizums ir neatkarigs intrakranialas hemoragijas
riska faktors (Abdelmalik et al., 2019). Intrakraniala asino$ana ir saistita ar
paaugstinatu intrakranialo spiedienu, oksidativu bojajumu, vazogénu tiisku un
citotoksisku bojajumu (Lok et al., 2011). Pacientiem galvaskausa lizums ar
asinoSanu ierosina hemoglobina sabruk$anu un ROS veidoSanos, kas izraisa
paaugstinatu iekaisumu un neironu uzbudinamibu (Agrawal et al., 2006). Lai
noteiktu galvaskausa lizuma ietekmi uz iekaisuma g€nu ekspresijas izmainam
smadzenu audos, més veicam TIMP-1, TNF-a, IL-1b, IL-6 un MMP-9 mérijumus
hipokampa un striatum 12 h un 1, 3 un 14 dienas p&c traumas. Lidz $im ir zinoti
atskirigi rezultati par iekaisuma reakciju pelu galvas smadzenu audos péc slégtas
galvas traumas. Misu pétjjuma dzivnickiem bez galvaskausa liizuma netika
konstat&tas iekaisuma génu ekspresijas pieaugums, salidzinot ar viltus dzivniekiem
(3.2. attels). Dzivniekiem ar galvaskausa lizumu bija ievérojami lielaka TIMP-1
ekspresija ipsilateralaja hipokampa 12 h un 1 dienu p&c traumas, attiecigi, 71 un 90
reizes lielaka ekspresija, salidzinot ar viltus dzivniekiem (3.2. attéls). Turklat
dzivniekiem ar galvaskausa ltizumu TIMP-1 ekspresija bija ieveérojami palielinata ari
kontralateralaja hipokampa 1 dienu p&c traumas (3.2. attels). TIMP-1 ekspresija bija
ieverojami palielinata arT ipsilateralaja striatum 12 h un 1 dienu p&c traumas, attiecigi
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16 un 130 reizes (3.3. attels). TIMP-1 palielinajums tika konstatéts arl
kontralateralaja striatum 1 un 3 dienas p&c traumas (3.3. att€ls). TNF-a mRNS
daudzums bija ievérojami lielaks ipsilateralaja hipokampa 12 h un 1 dienu, attiecigi,
13 un 16 reizes liclaka ekspresija, salidzinot ar viltus dzivniekiem (3.2. att€ls). TNF-
o ekspresijas picaugumu striatum vargja novérot tikai 12 h péc galvas traumas
(ipsilateralaja puse - 67 reizes, kontralateralaja - 5 reizes, 3.3. attgls).
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Rezultati attéloti ka videjas aritmétiskas vertibas + S.E.M. (n = 5-9). *P < 0,05 pret viltus
grupu, #P < 0,05 grupa bez lizuma pret grupa ar lizumu (divfaktoru dispersijas analize,
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3.3. att. TIMP-1 un TNF-a génu ekspresija ipsilateralaja un kontralateralaja striatum
péc vieglas galvas traumas
Rezultati att€loti ka vidgjas aritmétiskas veértibas + S.E.M. (n = 5-9). *P < 0,05 pret viltus
grupu, #P < 0,05 grupa bez luzuma pret grupa ar lizumu (divfaktoru dispersijas analize,
Tikija tests).
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Ieprieksgjos pétljumos ir paradita ieverojami augstaka iekaisuma reakcijas
atbilde smadzenu audos pirmajas stundas péc traumas (Shohami et al., 1994;
Knoblach et al., 1999; Homsi et al., 2009; Woodcock and Morganti-Kossmann,
2013; Baratz et al., 2015), bet tikai viena p&tjjuma netika novéroti galvaskausa
lazumi (Homsi et al., 2009). Piem&ram, TNF-o géna un proteina ekspresija bija
ieverojami paaugstinata smadzenu audos pirmaja diena p&c traumas (Shohami et al.,
1994; Ziebell et al., 2011; Baratz et al., 2015), savukart citos p&tijumos netika
noverotas TNF-a ekspresijas izmainas starp grupam (Semple et al., 2010; Albert-
Weissenberger et al., 2012; Chhor et al., 2017). Interesanti, ka dzivniekiem ar
galvaskausa luzumu tika noverota ievérojami augstaka TNF-a ekspresija 4 un 48 h
péc kontiizijas tipa galvas traumas (Ziebell et al., 2011)(Ziebell et al., 2011). Turklat
kraniotomija pati par sevi ierosina palielinatu citokinu (IL-1, IL-6, IL-10 un TNF-a)
atbildes reakciju, salidzinot ar neskartiem dzivniekiem (Cole et al., 2011; Lagraoui
et al., 2012). Sie rezultati norada uz to, ka kontiizijas tipa galvas traumas modela
eksperimentos galvaskausa lizumu klatbiitne atseviskos dzivniekos var izraisit
palielinatu iekaisuma reakciju un radit rezultatu neviendabigumu starp
eksperimentalajam grupam.

Ieprieksgjos pétfjumos ir paradits, ka pec skidruma perkusijas eksperimentala
galvas traumas modela palielinata TNF-o ekspresija korele ar bojajuma smaguma
pakapi (Knoblach et al., 1999). Mé&s noveérojam korelaciju starp TNF-o un TIMP-1
génu ekspresiju un lizuma smaguma pakapi. TIMP-1 un TNF-a ekspresija bitiski
palielinajas 12 un 24 h p&c traumas atkariba no galvaskausa lizuma smaguma
pakapes (3.4. attels). TIMP-1 ekspresija ipsilateralaja hipokampa bija, attiecigi, 50
un 146 reizes lielaka dzivniekiem ar vid&ji smagu un smagu galvaskausa lizumu
(3.4.A attels). Lidzigi TIMP-1 ekspresija bija ievérojami palielinata ipsilateralaja
striatum (vid&ji smaga lizuma gadijuma 14 reizes, smaga lizuma gadijuma - 173
reizes, 3.4.B attéls). TNF-a ekspresija bija ievérojami palielinata tikai dzivniekiem
ar smagu galvaskausa lizumu ipsilateralaja hipokampa (14 reizes, 3.4.C att€ls) un
striatum (130 reizes, 3.4.D att€ls). Nemot véra, ka tika konstat&tas biitiskas izmainas
TIMP-1 un TNF-a génu ekspresijas ltmenos smadzenu audos, mé&s veicam $o
proteinu koncentracijas merfjjumus asins plazma 12 h un 1, 3 un 14 dienas péc
traumas (datus skatit I publikacija). Dzivniekiem ar galvaskausa lizumu tika
konstatets nedaudz paaugstinats TIMP-1 proteina Iimenis asins plazma, tomér
bitiskas atSkiribas netika konstatStas, salidzinot ar viltus dzivniekiem. TNF-a
proteTna [Tmenis asins plazma biitiski nepalielinajas péc traumas ( < 1,5 pg/ml).
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3.4.att. Galvaskausa lizuma un smaguma pakapes ietekme uz iekaisuma génu
ekspresiju smadzenu audos 12 un 24 h péc vieglas galvas traumas
TIMP-1 géna ekspresija ipsilateralaja hipokampa (A) un striatum (B). TNF-a géna ekspresija
ipsilateralaja hipokampa (C) un striatum (D). Rezultati att€loti ka vidgjas aritméetiskas
vértibas = S.E.M. (n = 5-13). *P < 0,05 pret viltus grupu, aP < 0,05 pret grupa bez lizuma
(Kruskala-Vallisa rangu dispersijas analize, Dunna tests).

Ieprieks zinots, ka TIMP-1 géna ekspresija ir paaugstinata 12 h péc is€miska
smadzenu insulta, sasniedzot maksimalo limeni 2 dienas p&c bojajuma (Wang et al.,
1998, 2016). Paaugstinats TIMP-1 seruma Iimenis ir saistits ar sliktaku prognozi péc
insulta (Rodriguez et al., 2013; Lorente et al., 2015). TIMP-1 géna ekspresija parasti
palielinas p&c audu traumas un iekaisuma, salidzinot ar veseliem audiem (White et
al., 2013; Masciantonio et al., 2017). Iekaisuma veicinoSie citokini palielina TIMP-
1 ekspresiju smadzengs (Gardner and Ghorpade, 2003). Saja pétijuma paaugstinata
TIMP-1 iekaisuma géna ekspresija tika noverota pirmajas tris dienas péc TSB
dzivniekiem ar galvaskausa lizumu, salidzinot ar génu ekspresijas Iimeni 14 dienas
péc TBI, paradot akiitu reakciju uz traumu. Ta ka smags galvaskausa lizums tika
novérots kopa ar kaulu iespiedumu smadzengs un asinosanu, paaugstinata TIMP-1
géna ekspresija smadzenés, iesp&jams, bija atra un akiita reakcija uz masveida
iekaisuma veicino$o citokinu infiltraciju, kas notika smadzen&s péc smadzenu cieta
apvalka bojajuma un asinosanas.

Megs konstatgjam, ka dzivniekiem ar galvaskausa lizumu bija ievérojami sliktaks
neirologiskais stavoklis un ievérojami lielaka iekaisuma atbildes reakcija smadzenu
audos, salidzinot ar dzivniekiem bez galvaskausa lizumu péc kontiizijas tipa galvas
traumas modela. Sie rezultati parada, ka galvaskausa lizums izraisa rezultatu
izkliedi. Literatiiras analize (raksti, kas publicéti PubMed datu baze par sleégtu galvas
traumu laika posma no 2001.-2022.gadam) paradija, ka galvaskausa lizumi tika
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noverteti tikai 26 no 144 petjjumiem (18,1%), un tajos lizums bija izvélets ka
izslégSanas kriterijs. levErojams skaits pétijumu (81,9%) nepiemingja lizuma
esamibu, paradot, ka lielakaja dala slégtas galvas traumas pétijumos galvaskauss
netiek makroskopiski novertéts. Turklat tika noverotas ievérojamas atSkiribas
modela izpildijuma tehniskajos parametros — krito$a atsvara smaguma (5-500 g) un
kritiena augstuma (0,5-167 cm), kas izraisa dazadu smadzenu audiem versto trieciena
energiju. Neviendabigums modela izpildijuma nelauj salidzinat p&tijumu rezultatus
starp dazadam laboratorijam. Tadgjadi miisu rezultati parada, ka galvaskausa lizuma
novertéSana ir pirmais solis, lai standartiz€tu eksperimentalos protokolus un
samazinatu datu izkliedi kontiizijas tipa galvas traumas modeli.

3.2. Fenibuta neiroprotektivie efekti péc vidéji smagas galvas
traumas modela (II publikacija)

Vispirms tika noteikta R-fenibuta koncentracija asins plazma un
smadzenu audos péc i.p. injekcijas un p.o. ievadiSanas. R-fenibuts asins plazma bija
izmérams jau 15 min p&c vienreiz&jas i.p. un p.o. ievadiSanas (datus skatit Il
publikacija). Maksimala R-fenibuta koncentracija péc i.p injekcijas asins plazma
(16,8 pg/ml) tika sasniegta pec 15 min. Maksimala R-fenibuta koncentracija p&c p.o.
ievadiSanas asins plazma (24 pg/ml) tika sasniegta p&c 30 min. Diennakti p&c i.p. un
p.o. ievadiSanas R-fenibuta koncentracija plazma vairs nebija nosakama. R-fenibuts
smadzenu audu ekstrakta bija izm€rams 15 min p&c vienreiz€jas i.p. un p.o.
ievadiSanas. Maksimala R-fenibuta koncentracija p&c i.p. injekcijas smadzenu audos
tika sasniegta péc 15 min (0,64 ug/g). Maksimala R-fenibuta koncentracija péc p.o.
injekcijas smadzenu audos tika sasniegta p&c 60-240 min (0,17 pg/g). R-fenibuta
koncentracija 24 h péc i.p. injekcijas bija 0,02 pg/g un péc p.o. injekcijas 0,012 pg/g.

3.2.1. R-fenibuta ievadiSanas ietekme uz TSB izraisitiem
funkcionaliem un morfologiskiem bojajumiem

R-fenibuta saistiSanas sp&jas ir pétitas ar radioaktivi iezim&tu gabapentinu, kas
bija pirmais ligands, kas ar augstu afinitati saistas ar 0201 un 0208, apakSvienibam
(attiecigi Kd = 59 un 153 nM)), taja pasa laika neuzradot saistiSanas aktivitati ar a.203
un 0204 apak§vienibam (Marais et al., 2001; Qin et al., 2002). Patologijas, kas saistitas
ar 0201 proteina génu trauc€jumiem, ietver neiropatiskas sapes un sirds disfunkciju,
savukart, 020, proteina patologijas ir saistitas ar epilepsiju un smadzenisu ataksiju
(Dolphin, 2013). Ieprieks ir paradits, ka R-fenibuta farmakologiska aktivitate ir
vairak saistita ar neiropatiskam sapeém neka epilepsiju (Zvejniece et al., 2015);
tadgjadi varétu spekulét, ka R-fenibuta iedarbibu nosaka saistiSanas ar 0,201 protetnu.
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UzbudinoS$ie neironi plasi eksprese VDCC a2d apakSvienibas smadzenu garoza,
hipokampa un citos smadzenu regionos (Taylor and Garrido, 2008; Gurkoff et al.,
2013). Turklat ir pieradits, ka VDCC 028 apaksvienibas ir iesaistitas procesos, kas
nav tie§i saistiti ar proteina kalcija kanalu funkciju, pieméram sinaptogen&ze
(Calikoglu et al., 2015). Ir zinots, ka VDCC ligandu ievadiSana pelém TBI modelos
samazina $tnu navi un uzlabo kognitivo funkciju (Gurkoff et al., 2013). VDCC a5
apaksvienibas ligandi, pieméram, pregabalins, deva 60 mg/kg samazina neironu
zudumu un uzlabo funkcionalo stavokli 24 stundas pec eksperimentalas galvas
traumas modeliem (Calikoglu et al., 2015; Shamsi Meymandi et al., 2018). Turklat
ir pieradits, ka pregabalins (30 mg/kg) uzlabo funkcionalo atveseloSanos un izsauc
pretiekaisuma un antiapoptisku iedarbibu Zurkam péc eksperimentala muguras
smadzenu bojajuma (Ha et al., 2008, 2011).

Nav pieejama informacija par terapeitisku fenibuta izmanto$anu
veterinarmedicina. Lidz §im ir aprakstits viens kliniskais gadijums par akiitu
toksikozi sunim péc peroralas fenibuta uznemsanas majas apstaklos (Sahagian et al.,
2023). Ir zinams, ka fenibutam piemit gabapentinam lidziga antinociceptiva
aktivitate caur VDCC (Zvejniece et al., 2015). Strukturali R-fenibuts ir bakloféna
((R,S)-4-amino-3-(4-hlorfenil)sviestskabes) un gabapentina (2-[1-
(aminometil)cikloheksil]acetskabes)  analogs  (Kupats et al.,  2020).
Veterinarmedicina gabapentins tiek izmantots ka nereglamentétas zales (off-label)
un to parasti izmanto kombinacija ar citam zalem krampju, trauksmes un
neiropatisko sapju mazinasanai (Cesare et al., 2023). Fenibuta farmakologiska
iedarbiba in vivo eksperimentos ir novérojama deva sakot ar 10 mg/kg, tikmeér
muskulu funkcijas samazinaSana konstateta vairak neka 30 reizes lielakai devai
(Dambrova et al., 2008). Nemot véra, ka fenibuta terapeitiskais indekss ir augsts ta
lietoSanai varétu but prieksrocibas salidzindjuma ar gabapentinu tadu slimibu
arstésana, kur sedacija un muskulu atslabums ir nevélams.

Misu pétijuma R-fenibuts deva 50 mg/kg ievérojami uzlaboja neirologisko
stavokli par 28%, 25% un 30%, attiecigi, 1, 4 un 7 dienas péc galvas traumas,
salidzinot ar traumétajiem dzivniekiem bez terapijas (p < 0,05, 3.5. attéls).
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-e- viltus
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3.5.att. R-fenibuta ietekme uz neirologisko stavokli péc vidéji smagas galvas traumas
Rezultati attéloti ka vidgjas aritmétiskas vertibas = S.E.M. (n = 8-12). *P < 0,05 viltus grupa

pret TSB grupu, #P < 0,05 TSB_50 grupa pret TSB grupu (divfaktoru atkartotu merijjumu
dispersijas analize, Dunneta tests).

Lidzigi, arsteéSana ar R-fenibutu (50 mg/kg) ievérojami samazinaja N-DNs (3,0 £
1,9/uz redzes lauku, 3.6. attels) un IL-1b pozitivo §tnu skaitu (246 + 31/uz redzes
lauku, datus skatit Il publikacija) ipsilateralaja garoza, salidzinot ar viltus grupu (9,1
+ 6,4/N-DNs uz redzes lauku, 379 & 82/IL-1b §iinas uz redzes lauku).

Nissl iekrasotas Stinas,

3.6. att. R-fenibuta ietekme uz bojato neirocitu skaitu smadzenu garoza péc vidgji
smagas galvas traumas
(A) Bojato neirocitu kvantitativa analize smadzenu ipsilateralas puses garoza un (B)
reprezentativas mikrofotografijas 7 dienas péc galvas traumas. Ar bultu atziméta Nissl
iekrasota Stina. Att€liem ir x100 palielinajums. Rezultati att€loti ka vidgjas aritmetiskas
vertibas + S.E.M. (n = 6-7). #P < 0,05 pret viltus grupu, *P < 0,05 pret TSB grupu
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Izteikta neironu bazofilija un sarausanas (N-DN) ir tipiskas patomorfologiskas
parmainas péc TSB (Hicks et al., 1996; Ooigawa et al., 2006). N-DN paradas
neokorteksa uzreiz pgc TSB un tos var novérot lidz pat divam nedélam p&c traumas
(Ooigawa et al., 2006; Talley Watts et al., 2014)(Ooigawa et al., 2006; Talley Watts
et al., 2014). Turklat IL-1 ir galvenais sekundara neironu bojajuma ierosinatajs péc
TSB (Newell et al., 2018)(Newell et al., 2018). Tas ir iesaistits citu imins$inu
piesaisté, neironu apoptozé un asins-smadzenu barjeras sagrausana péc TSB
(Rothwell and Luheshi, 2000; Lu et al., 2005; Sun et al., 2017). Turklat ir pieradits,
ka IL-1B neitralizacijai ir neiroprotektiva iedarbiba kliniskajos apstaklos un
pirmskliniskajos grauz&ju TSB modelos (Tehranian et al., 2002; Lazovic et al., 2005;
Clausen et al., 2011). Misu rezultati pierada, ka R-fenibuts samazina neironu
bojajumu, ickaisumu un degeneraciju péc TSB.

3.2.2. R-fenibuta ietekme uz smadzenu mitohondriju funkciju
normoksijas apstaklos un péc anoksijas-reoksigenacijas

Salidzinot ar citiem §tinu veidiem, neironiem ir vajaka antioksidantu aizsardzibas
sistéma (Floyd and Carney, 1992). Ta ka ir pieradits, ka mitohondriju disfunkcija ir
iesaistita TSB patogenézg, energijas metabolisma trauc€jumi, iesp&jams, sekmé TSB
(Werner and Engelhard, 2007; Prins et al., 2013). TSB gadijuma parmériga ROS
veido$anas un uzkrasanas izraisa $tnu oksidativo bojajumu, un tiesi mitohondriji ir
galvenais iek$§tinu ROS avots (Stelmashook et al., 2019)(Stelmashook et al., 2019).
Ir paradits, ka antioksidantu savienojumi un membranu lipidu peroksidacijas
inhibitori, tadi ka tirilazads, U-78517F un U-83836E, ir efektivi pirmskliiiskajos
galvas traumas modelos (Hall et al., 2010)(Hall et al., 2010). Ir pieradits, ka uz
mitohondrijiem meérketas zales, pieméram, mitohinonu un timohinonu saturosi
antioksidanti, samazina neirologiskos trauc€umus un [-amiloidu izraisitu
neirotoksicitati péc TSB (Genrikhs et al., 2015; Zhou et al., 2018)(Genrikhs et al.,
2015; Zhou et al., 2018). Kavgjot ROS veidosanos tiek samazinata ari IL-1J sekrécija
(Schmidt and Lenz, 2012)(Schmidt and Lenz, 2012). Ir paradits, ka IL-1p receptoru
antagonists ciklosporins A, samazina patologiskas izmainas smadzené&s péc TSB,
blok&jot mitohondrialas caurlaidibas parejas poru (mPTP) (Veech et al,
2012)(Veech et al., 2012).

Lai noskaidrotu, vai R-fenibuta neiroprotektiva iedarbiba ir saistita ar
mitohondriju funkcionalitates uzlabosanu, tika merita mitohondriju elpo§ana un ROS
veidoSanas péc anoksijas-reoksigenacijas (A-R) modela in vitro apstaklos. R-
fenibuts (0,5 pg/ml vai 2,78 mM) ievérojami samazindja A-R ierosinatu tidenraza
peroksida/radikalu (H.0./O) attiecibas palielinasanos (3.7. attels).
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3.7. att. R-fenibuta (0,5 ug/ml vai 2,78 mM) ietekme uz ROS veido$anos pret patéréto
skabekli péc anoksijas-reoksigenacijas bojajuma in vitro
Rezultati attéloti ka vidgjas aritmétiskas vertibas + S.E.M (n=6). *P < 0,05 pret normoksiju,
#P < 0,05 pret A-R kontroli (vienfaktora dispersijas analize, Tikija tests).

R- un S-fenibuts koncentracija 0,5 ug/ml neietekmé&ja smadzenu mitohondriju
elposanu (3.8.A. attéls), bet ievérojami samazinaja H»O,/O attiecibu par 31% LEAK
un 53% OXPHOS stavokli (3.8.B. attéls). legitie rezultati parada, ka R un S-fenibuts
samazina ROS veido§anos, neietekmgjot mitohondriju elektronu transporta sist€émas
darbibu, kas norada uz uzlabotu mitohondriju funkcionalitati/sajligsanu.
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3.8. att. R- un S-fenibuta ietekme uz mitohondriju funkcionalitati smadzenu audos
(A) R- un S-fenibuts neietekmégja mitohondrialo elpo$anu, bet (B) ievérojami samazinaja
H202 veidosanos. P piruvats, M malats, D adenozindifosfatsmalate, G glutamats, S
sukcinats, U atjiidzgjs, Rot rotenons, CI komplekss I, CII komplekss 11, LEAK ar oksidativo
fosforilésanos nesaistits stavoklis, OXPHOS oksidativas fosforilésanas stavoklis, ET
elektronu transporta sistémas kapacitates stavoklis. Rezultati att€loti ka vidgjas aritmétiskas
vertibas = S.E.M (n=5). *P < 0,05 pret kontroli (vienfaktora dispersijas analize, Tikija tests).

Turklat gan R-, gan S-fenibuts samazinaja Ca?*"ierosinatu mitohondriju iek3gjas
membranas caurlaidibas mainu (3.9. att€ls).

33



0,01 -

-0,02 -

0,03 1 —@=Kontrole
=d=R-fenibuts 0.5pg/ml
—=~S-fenibuts 0.5pg/ml

Izmainas absorbcija , AAsyy

0,04 -

-0,05 Laiks, s
0 120 240 360 480 600

3.9. att. R- un S-fenibuta ietekme uz Ca?* ierosinatu mitohondriju iek$ejas membranas
caurlaidibas mainu
Rezultati atteloti ka vid&jas aritmétiskas vertibas = S.E.M (n=7). *P < 0,05 pret kontroli
(divfaktoru atkartotu meérijjumu dispersijas analize, Dunneta tests).

Iegtitie rezultati liecina par to, ka R-fenibuta aizsargajosie efekti mitohondrijos
neietver ar GABA-B receptoriem saistito aktivitati (at$kiriba no R-fenibuta, S-
fenibuts nesaistas ar GABA-B receptoriem), bet efekts varétu bit saistits ar VDCC
0201 apaksvienibu. lepriek$ ir paradits, ka mitohondriji spgj atri atbrivoties no
palielinatas iek33inu Ca®* koncentracijas, kas ir radusies dél paaugstinatas 028
aktivitates, un saglabat normalu Ca?* signalu parnesi (D’Arco et al., 2015). Tas
varétu izskaidrot, kdpéc R- un S-fenibuta klatbiitné tika novérots samazinats Ca?*
izraisits mitohondriju pietikums. Gan R-, gan S-fenibutam piemit mitohondriju
aizsargajoSas Ipasibas pret anoksiju-reoksigenaciju un Ca?* izraisitu stresu. Ta ka nav
pieradijumu par a0 lokalizaciju mitohondriju membrana, iesp&jams, ka savienojumi
varétu ietekmét Ca®* signalcelus un aizsargat mitohondrijus, mérk&ot uz
mitohondrijiem specifiskiem vai ar mitohondriju endoplazmatiskajiem tikliem
saistitiem Ca?* transportieriem.

3.3. Sigma-1 receptors ka potencials zalu mérkis traumatiska
smadzenu bojajuma arstésana (I1I publikacija)

Zalu vielas, kas mijiedarbojas ar S1R, var izmantot neirologisko slimibu, tostarp
TSB, arstésana (Wegleiter et al., 2014; Moritz et al., 2015; Dong et al., 2016).
Veterinarmedicina tiek izmantoti tadi S1R ligandi ka fenitoins un ropizins
(eksperimentali kakos un biglu sunos) krampju mazinasanai (Craig, 1967; Edmonds
et al., 1978; Blades Golubovic and Rossmeisl, 2017). Ta ka SIR tiek ekspreséts
lielakaja dala ziditaju audos, tad pirmskliniskie dati par S1R pétjjumiem ir noderigi
gan humanaja, gan veterinaraja medicna.
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Meés paradijam, ka S1R deficits ir saistits ar uzlabotu motoro funkciju un
samazinatu neirologisko deficitu akiitaja fazé péc TSB. WT (kontroles dzivnieki)
TSB pelém bija ievérojami sliktaks neirologiskais stavoklis (NSS) 24 h péc galvas
traumas, salidzinot ar viltus grupu (p = 0,006, 3.10.A. attels). SIR-/- traumétajiem
un viltus grupas dzivniekiem NSS neatskiras 24 h péc galvas traumas (p = 0,191,
3.10.A. att&ls). Turklat NSS bija ievérojami mazaks S1R-/- TSB dzivniekiem (1,78
+ 0,57), salidzinot ar WT TSB (4,20 £ 0,79) 24 h p&c galvas traumas (p = 0,024).
Vélakos laika punktos netika novérotas biitiskas atSkiribas starp WT TSB un S1R-/-
TSB grupu dzivniekiem. Motora koordinacija rotgjosa stiena testa bija ievérojami
labaka SIR-/- dzivniekiem, salidzinot ar WT dzivniekiem. WT TSB dzivnieki
pavadija butiski mazak laika uz rot€josa stiena 24 h p&c galvas traumas, salidzinot ar
viltus grupu (p = 0,038, 3.10.B. attéls). Starp SIR-/- TSB un viltus grupas
dzivniekiem nebija bitiskas atskiribas neviena no laika punktiem p&éc galvas traumas.
Turklat pavaditais laiks uz rotgjosa stiena bija nemainigs Iidz pat 12 méneSiem péc
galvas traumas, salidzinot ar mérjjumiem pirms galvas traumas. Turpretim WT TSB
un viltus dzivnieki pavadija batiski mazaku laiku uz rotgjosa stiena, attiecigi, sakot
ar 24 h un 6 ménesiem péc galvas traumas (3.10.B. att€ls). Ieprieksgjie petijumi arT
parada, ka SIR deficits mazina neirodegenerativos procesus. Pieméram, S1R-/-
pelém bija mazak izteikta motora disfunkcija un dopaminergisko neironu nave neka
WT pelém péc MPTP ierosinatas Parkinsona slimibas (Hong et al., 2015). Cits
pétijjums paradija, ka SIR-/- pelém ir samazinata mehaniska alodinija,
makrofagu/monocttu infiltracija un hemokina CCL2 Itmenis muguras ganglijos p&c
muguras smadzenu traumas (Bravo-Caparros et al., 2020).
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3.10. att. Neirologiska stavokla (A) un motoras funkcijas (B) novértéjums S1R-/- pelem
péc vidéji smagas galvas traumas
Rezultati att€loti ka vidgjas aritmetiskas vertibas = S.E.M (n=6-10). *P < 0,05, ** < 0,01,
*** < 0,001 WT TSB grupa pret WT viltus grupu, #P < 0,05, ## < 0,01 S1R-/- TSB grupa
pret S1R-/- viltus grupu, &P < 0,05, && < 0,01 S1R-/- TSB grupa pret WT TSB grupu, *P
< 0,05, M < 0,01 WT viltus grupa pret S1R-/- viltus grupu (divfaktoru atkartotu me&rijumu
dispersijas analize, Fisera LSD tests).
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Ieprieksgjie petijumi parada, ka S1R deficits ietekmeé kognitivo funkciju, 1pasi
vecakam pelém (Chevallier et al., 2011), un tas ir saistits arT ar izteiktakiem
macisanas traucgjumiem un toksicitati péc eksperimentala Alcheimera modela pelés
(Maurice et al., 2018). Barnes labirinta tests tika izmantots, lai novertetu telpiskas
atminas funkciju ilgsto$i péc galvas traumas. M&s nenoveérojam kognitivos
trauc€jumus SI1R-/- pelés lidz 10 méneSiem pé&c TSB. WT TSB dzivniekiem 7
ménesus péc galvas traumas bija ietekméta Tslaiciga atmina (24 h péc pedgjas
apmacibas dienas); WT TSB dzivnieki pavadija ievérojami mazak laika mérka zona,
salidzinot ar viltus grupu (p < 0.01, 3.11.A. attéls). Islaiciga atmina nebija ietekm@ata
S1R-/- dzivniekiem (3.11.A. attls). llgstosa atmina (7 dienas p&c ped¢jas apmacibas
dienas) nebija ietekm@ta neviena no pétijuma grupam (3.11.B. attls). Atskiriba no
WT dzivniekiem S1R-/- pelém novéroja atminas uzlabo$anos 10 ménesus péc galvas
traumas. S1R-/- viltus un TSB grupas dzivnieki pavadija batiski ilgaku laiku mérka
zona 10 ménesSus p&c galvas traumas, salidzinot ar mérfjjumiem, kas izdariti 7
ménesus péc galvas traumas (3.11.A. attéls). Papildus Barnes labirinta testam, lai
novertétu telpisko darbibas atminu, més izmantojam ari Y-labirinta testu. Netika
noverotas butiskas rezultatu atSkiribas starp pétfjuma grupam (datus skatit Il
publikacija).

Laiks mérka laukuma, s

7 10

Laiks péc traumas, ménesi Laiks péc traumas, ménesi

O WT viltus H WT TSB
[J SIR--viltus B SIR-/- TSB
3.11. att. Telpiskas atminas novértéjums S1R-/- pelém (A) septinus un (B) desmit
méneSus péc vidéji smagas galvas traumas
Rezultati att€loti ka vidgjas aritmétiskas vertibas + S.E.M (n=7-10). **P < 0,01 S1R-/- TSB
grupa pret WT TSB grupu, ##P < 0,01 WT TSB grupa pret WT viltus grupu, aP < 0,05, aa<
0,01 7 ménesi pret 10 ménesiem, *P < 0,05 S1R-/- viltus grupa pret WT viltus grupu
(divfaktoru atkartotu mérfjjumu dispersijas analize, FiSera LSD tests).

Lai arT péc traumas nebija ietekméta depresijai [1dziga uzvediba un trauksmes
limenis, tika noveérotas butiskas fenotipiskas atskiribas starp WT un S1R-/-
dzivniekiem. S1R-/- dzivniekiem lidz pat 12 méneSiem p&c galvas traumas bija
butiski samazinats imobilitates laiks astes fiks€Sanas testa, salidzinot ar WT grupu
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(3.12. attéls). WT dzivniekiem imobilitates laiks palielinajas laika gaita, maksimumu
sasniedzot 12 ménesus pec galvas traumas.
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3.12. att. Depresijai lidzigas uzvedibas novértéjums S1R-/- pelém péc vidgji smagas
galvas traumas
Rezultati atteloti ka videjas aritmétiskas vertibas = S.E.M (n=6-9). *P < 0,05 WT TSB grupa
pret SIR-/- TSB grupu, "P < 0,05, ~* < 0,01 WT viltus grupa pret SIR-/- viltus grupu
(divfaktoru atkartotu mérfjjumu dispersijas analize, Fisera LSD tests).

Motoras funkcijas un koordinacijas traucjumi ir bieZi sastopamas sekas péc
TSB, un tie parasti ir saistiti ar sensorimotoras smadzenu garozas traucg€jumiem
(Carron et al., 2016). Tomér smadzenitém ari ir svariga loma kustibu kontrolé un
koordinacija, kas var bt saistita ar motoru disfunkciju péc TSB (Rapoport et al.,
2000). Saja darba més paradijam, ka gan viltus operétam, gan traumétam WT pelém
ar vecumu attistijas kustibu koordinacijas traucgjumi, savukart S1R-/- pelém motora
funkcija ar vecumu nemainijas. Viens no iesp&jamiem motoras disfunkcijas
iemesliem ir palielinata astrocitu aktivacija smadzenités. Astrocitu aktivitate (GFAP,
GLT-1) un Purkinjé $tnu skaits (Calbindin D28K) tika novertéts smadzeniSu
pelekaja viela. GFAP krasoSanas intensitate smadzeniSu molekularaja slani bija
ieverojami lielaka WT grupas dzivniekiem, salidzinot ar S1R-/- grupu (p < 0,001
S1R-/- viltus grupa pret WT viltus grupu, p = 0,019 S1R-/- TSB grupa pret WT TSB
grupu, 3.13.A. att€ls). S1IR-/- dzivnieku smadzengs tika atrasta parsteidzo$i zema
GFAP krasosanas intensitate (3.13.A. un B. attéls), bet netika novérotas butiskas
atSkiribas GLT-1 ekspresija (datus skatit III publikacija). legttie rezultati parada, ka
S1R-/- pelu smadzenités nav izmainits astrocitu skaits, bet samazinata astrocitu
GFAP ekspresija. Palielinats astrocttu skaits smadzenités samazina Purkinjé §tnu
izdzivosanu, kas ir saistitas ar kustibu un koordinaciju, un izraisa smadzenisu
disfunkciju un motoros traucg&jumus péc TSB (Mautes et al., 1996; Park et al., 2006;
Cerrato, 2020). S1R-/- pelem bija saglabata motora koordinacija un gandriz nebija
GFAP ekspresijas smadzenisu molekularaja slani pec TSB. Tapat GFAP ekspresija
bija ievérojami samazinata S1R-/- viltus operétam pelém, salidzinot ar WT pelém.
Nemot veéra GFAP pozitivo astrocttu lokalizaciju smadzenites, var uzskatit, ka ta ir
Bergmann glija (Nolte et al., 2001). Bergmann glija tie$i regulé Purkinjé §tinas un
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ietekmé& motoro funkciju (Sasaki et al., 2012; Wang et al., 2012). Més neatradam
butiskas atSkiribas kopgja Purkinjé §Gnu skaita starp WT un S1R-/- pelém. Tas atbilst
iepriek$&jiem pétijumiem, kuros Purkinjé §inu degeneracija un motora disfunkcija
bija saistita gan ar palielinatu GFAP ekspresiju, gan Bergmann glijas izslégsanu (Cui
et al., 2001; Wang et al., 2011; Tyszkiewicz et al., 2021). Masu rezultati parada, ka
S1R-/- pelu uzlabota motora koordinacija varétu bt saistita ar samazinatu GFAP
ekspresiju Bergmann glijas §linas smadzeni$u molekularaja slani. Sie rezultati liecina
par nozimigu SIR iesaistiSanos informacijas apstrades reguléSana un motoras
uzvedibas kontroles mehanismos smadzenite€s. Tapec GFAP ekspresijas
samazinaSana Bergmann glija var bt jauna terapeitiska stratégija motoras

disfunkcijas noveérSanai novecosanas laika.

A

cerebellum, OD

0.1

GFAP staining in

3.13. att. GFAP krasosanas intensitate (A) un reprezentativas mikrofotografijas
S1R-/- pelu smadzeniSu molekularaja slani 12 méneSus péc vidéji smagas galvas
traumas
Atteliem ir x100 palielinajums. Rezultati att€loti ka vidgjas aritmétiskas vertibas +
S.E.M (n=5). #P < 0,05 WT viltus grupa pret WT TSB grupu, **P < 0,01, *** < 0,001

WT grupa pret S1R-/- grupu (Manna-Vitnija U-tests).

Ta ka m&s noveérojam akiitu neirologiskas funkcijas uzlabojumu S1R-/- pelém
péc TSB, més grib&jam parbaudit vai farmakologiska inhibicija ar SIR antagonistu
(BD-1063) ietekmé uzvedibas un morfologisko parmainu iznakumu péc galvas
traumas. ArstéSana ar BD-1063 neietekméja TSB izraisitos neirologiskos deficitus
(datus skatit III publikacija). Lai ari BD-1063 koncentracija smadzenu audos bija
pietiekami liela (6,3 + 0,03 pg/g), netika noverotas biitiskas atskiribas starp kontroles
un BD-1063 grupam S1R géna ekspresija. Tas varétu liecinat par nepietickamu BD-
1063 koncentraciju un/vai ievadiSanas ilgumu, lai blok&u S1R smadzenu audos.
Iespgjams, ka BD-1063 ir javada lielakas devas un ilgaku laiku (vairaki ménesi), lai
ietekmétu S1R géna ekspresiju smadzenu audos (zinatniska komunikacija ar spanu
kolgégiem). Ir zinams, ka S1R agonisti samazina neirologiskos trauc&umus un TSB
izraisTtu neirodegeneraciju, samazinot mikroglijas aktivaciju péc galvas traumas in
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vivo (Wegleiter et al., 2014; Moritz et al., 2015; Dong et al., 2016). Ieprieksgjos
pétijumos BD-1063 tika izmantots, lai blok&tu SIR agonistu darbibu (Katnik et al.,
2014; Nardai et al., 2020). Nesena pétijuma tika paradits, ka BD-1063 piemit
neiroprotektivas Tpasibas muguras smadzenu traumas modeli, palielinot izdzivojoso
motoro neironu skaitu un samazinot mikroglijas aktivaciju L4-L5 mugurkaula
segmentu ventralajos ragos (Gaja-Capdevila et al., 2021). Lidz ar to jasecina, ka
dazadi SIR ligandi var darboties atSkirigi un pat pretgji, veicinot vai samazinot
neiroaizsardzibu.

3.4. ligtermina uzvedibas izmainas péc Skidruma perkusijas
traumatiska smadzenu bojajuma (IV publikacija)

Lai novertetu uzvedibas izmainas pec FPI, izmantojam dazadus uzvedibas testus
neirologiska stavokla, periferas termiskas un mehaniskas jutibas, depresijai lidzigas
uzvedibas un kognitivas funkcijas noteikSanai uzreiz péc smadzenu bojajuma
izraisiSanas un ilgaka laika perioda p&c tam.

Traumétajiem dzivniekiem lidz pat 12 meéneSiem p€c galvas traumas bija
ievérojami lielaks NSS, salidzinot ar viltus grupu (p < 0,0001, 3.14.A attéls). Abu
petijuma grupu dzivniekiem bitiski neatSkiras noietais laiks uz rot€josa stiena
(3.14.B. attgls).
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3.14. att. Pelu neirologiska stavokla (A) un motoras funkcijas novértéjums (B) ilgstosa
laika perioda péc vidéji smagas galvas traumas
Rezultati att€loti ka vidgjas aritmétiskas vertibas = S.E.M (n=7-10). **P < 0,01, *** < 0,001,
**** < 0,0001 pret viltus grupu (divfaktoru atkartotu mérijumu dispersijas analize, FiSera
LSD tests).

Sapes ir viena no visvairak apspriestam, bet taja pasa bridi maz pétitam ilgtermina
sekam peéc TSB (Irvine and David Clark, 2018). Sapes ir akiita reakcija uz galvas
smadzenu traumu, un pacientiem tas parasti ilgst vairakas nedélas péc traumas (Ofek
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and Defrin, 2007). Tomér nelielai dalai pacientu sapes turpinas ari péc bojato audu
sadzi$anas un klast hroniskas (Irvine and David Clark, 2018). Visbiezakais sapju
veids TSB pacientiem ir pectraumatiskas galvassapes, kas liclakaja dala gadijumu ir
tiesi saistitas ar smadzenu audu traumu (Irvine and David Clark, 2018; Khoury and
Benavides, 2018). Tomér galvassapes nav vienigais sapju veids péc TSB. Kliniskie
petijumi liecina, ka hroniskas sapes var rasties ari regionos, kas nav cietusi galvas
traumas laika, pieméram, mugura un apak$gjas ekstremitatés (Ofek and Defrin, 2007;
Nampiaparampil, 2008; Kwan et al., 2018). Nav skaidri zinami mehanismi, kas
veicina hronisku sapju attistibu ekstremitates, vai tas varétu biit izsauktas caur
mehanismiem CNS vai sekundari dél tieSas audu traumas. Neskatoties uz skaidriem
pieradijumiem, ka p&c TSB sapes arpus galvas regiona ir izplatitas, tikai nesen ir
sakti p&tijumi ar dzivniekiem, lai noskaidrotu sapju attistibas mehanismus péc TSB.
Turklat $ie p&tijumi ir veikti akiitos laika punktos péc TSB, un sapes visbiezak tiek
novertétas periorbitalaja regiona (Feliciano et al., 2014; Macolino et al., 2014;
Meidahl et al., 2017, 2018; Wang et al., 2017; da Silva Fiorin et al., 2018). Dazos
pétijumos ir novértéta sapem lidziga uzvediba arpus galvas regiona, pieméram,
pakalkajas (Liang et al., 2017; Meidahl et al., 2017; Irvine et al., 2019). Palielinata
mehaniska jutiba ir noveérota 3 ned€las péc TSB, kas liecina, ka Siem dzivniekiem ir
akiitas sapes, kas saistitas ar signalcelu traucgjumiem starp galvas un muguras
smadzeném (Irvine et al., 2019). M&s konstatgjam, ka latFPI izraisa termisku un
mehanisku jutibu kermena regionos, kas atrodas arpus galvas regiona. Lai noteiktu
periféro termisko jutibu, tika izmantots acetona tests. Traumé&tajiem dzivniekiem bija
butiski lielaks kopgjais atbildes laiks kontralateralaja pakalkaja (pretgja puse
trieciena pusei), salidzinot ar viltus grupu 3 ménesus (4,1 + 0,6 s pret 2,3 +0,5 s, p
=0,026), 6 meénesus (3,3 £0,7 spret 1,0+ 0,2 s, p=0,007) un 9 menesus (3,8 £ 0,9
spret 1,2+£0,2 s, p=0,014) péc galvas traumas (3.15.A. attéls). Lai noteiktu periféro
mehanisko jutibu, tika izmantots von Frey tests. Traumétie dzivnieki buitiski atrak
reaggja ar kontralateralo pakalkdju uz mehanisko stimulu, salidzinot ar viltus grupu
9 ménesus (3,4 + 0,3 s pret 5,9 + 0,7 s, p =0,001) un 12 ménesus (2,6 + 0,4 s pret
49+ 04 s, p=0,0113) péc galvas traumas (3.15.B. attéls). Mehaniska jutiba bija
izteiktaka ar1 ipsilateralaja pakalkaja (atbilst trieciena pusei), salidzinot ar viltus
grupu 12 ménesus pec galvas traumas (3,6 = 0,6 s pret 5,9+ 0,7s,p=0,0157,3.15.B.
attels). Interesanti, ka mehaniska jutiba tika nov@rota gan kontralateralaja, gan
ipsilateralaja pakalkaja, turpretim, termiska jutiba tika novérota tikai kontralateralaja
pusé. Kliniskie p&tijumi liecina, ka termiska un taustes jutiba parasti médz bt
vienpusgja, galvenokart atrodoties kermena pus€, kas ir pretg§ja TSB pusei
(kontralaterala puse) (Ofek and Defrin, 2007). Ir pieradits, ka kraniotomija pati par
sevi var izraisit paaugstinatu sapju jutibu periorbitalaja un plantarajos regionos
zurkam (da Silva Fiorin et al., 2018) un pelem (Macolino et al., 2014). Tomér
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paaugstinata jutiba ir noverota agrinos laika punktos pec TSB, un tos var izskaidrot
ar tieSu audu bojajumu un ickaisuma reakciju uz traumu.
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3.15. att. Pelu periféras jutibas novértéjums ilgstosa laika perioda péc vidéji smagas
galvas traumas

(A) Kontralateralas (pretgja puse traumas skartajai smadzenu puslodei) un ipsilateralas (puse
atbilst traumas skartajai smadzenu puslodei) pakalkajas kopgjais atbildes laiks acetona testa

un (B) atbildes reakcija von Frey testa. Rezultati attéloti ka vidgjas aritmétiskas vertibas +
S.E.M (n=7-10). *P < 0,05, ** < 0,001 kontralaterala pakalkaja latFPI pret viltus grupu, #P

<0,05, ## < 0,001 ipsilaterala pakalkaja 1atFPI pret viltus grupu (divfaktoru atkartotu
mérfjumu dispersijas analize, Fisera LSD tests).

Jaatzime, ka gan sapes, gan depresija ir bieza kliniska pazime p&c TSB. Nozimigs
paliekosu sapju raditajs pacientiem ir agrini depresijas simptomi péc TSB (Tham et
al., 2013). Depresijai Iidzigi simptomi un p&ctraumatiskas sapes biezi tiek zinotas ka
blakus slimibas péc TBS (Bodnar et al., 2018; Khoury and Benavides, 2018). Miisu
pétijuma vidEji smaga galvas trauma izraisija progresgjoSu depresijai lidzigu
uzvedibu, sakot no 6 ménesiem péc traumas. Proti, traumeétajiem dzivniekiem bija
ievérojami lielaks imobilitates laiks, salidzinot ar viltus grupu 6 ménesus (94,7 £ 7,9
pret 66,4+ 10,0; p=0,040) un 12 ménesus (136,8 + 10,5 pret 70,2 £ 13,3; p=10,001;
p =0,001) p&c galvas traumas (3.16. attels). Viltus grupas dzivniekiem imobilitates
laiks palika nemainigs lidz pat 12 méneSiem péc galvas traumas, salidzinot ar 1
menesi. legiitie rezultati atbilst nesen publicétiem rezultatiem, kur pelem noveroja
progresgjosu un smagu depresijai lidzigu uzvedibu sakot ar 6 ménesiem péc CCI
(Mao et al., 2020). Turklat més paradijam, ka vidgji smags FPI arT izraisa depresijai
lidzigo uzvedibu CD-1 linijas pelu tévinos (Publikacija III). Tomer ir arT zinojumi,
ka depresijai lidziga uzvediba netiek noverota 12 ménesu laika pec slégtas galvas
traumas (Tucker et al., 2019). Masu rezultati liecina, ka vidgji smags FPI izraisa
progresgjosu depresijai l1dzigu uzvedibu, un S§is modelis ir piemérots, lai pétitu
depresijas simptomus, kas tiek diagnosticéti pec TSB.
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3.16. att. Depresijai lidzigas uzvedibas novértéjums ilgstosa laika perioda péc vidgji

Smagas galvas traumas

Rezultati att€loti ka vidgjas aritmétiskas vertibas = S.E.M (n=7-10). *P < 0,05, ** <0,01 pret

viltus grupu, #P < 0,05, ## < 0,001 pret 1 ménesi (divfaktoru atkartotu mérijjumu dispersijas
analize, FiSera LSD tests).

MaciSanas un atminas noveértéSana tiek plaSi izmantota pirmskliniskajos
pétijumos, lai noteiktu kognitivo traucGjumu ilgumu un smagumu péc TSB.
Kognitivie trauc€jumi eksperimentalajos TSB modelos ir novéroti lidz 1 gadam vai
ilgak péc sakotngjas traumas. Sajos ilgtermina pétfjumos kognitivie traucgjumi tika
noveroti péc smaga TSB, kas raksturojas ar plau smadzenu audu zudumu (Bramlett
and Dietrich, 2004; Dixon et al., 2009; Pischiutta et al., 2018; Campos-Pires et al.,
2019; Mao et al., 2020). Gadijumos, kad smadzenu audu bojajumi nav plasi
(pieméram, audu zudums ipsilateralaja garoza), kognitivie traucgjumi ir mazak
izteikti vai vispar netiek novéroti (Leconte et al., 2020; Publikacija III). Saja pétijuma
mes nenoverojam kognittvos traucjumus neviena no veiktajiem atminas testiem. No
hipokampa atkarigad atmina, piemeram, telpiskd maciSanas un atmina, netika
ietekméta Iidz 6 méneSiem péc traumas (datus skatit IV publikacija). Tikai viens
petijums paradija, ka no hipokampa atkariga atmina tika ietekm&ta no 2 Iidz 12
ménesiem p&c FPI Zurkam; tomér dzivniekiem tika ierosinata smaga galvas trauma,
par ko liecina progresgjoss audu zudums (Pierce et al., 1998). Lai gan dazi spekulg,
ka Moris tdens labirinta testa veiktsp&a un jutiba ir atkariga no protokola
sarezgitibas (Kamper et al., 2013), m&s uzskatam, ka vidgji smags FPI modelis nav
piemerots, lai pétitu atminas trauc&jumus pec TSB pelem. Turklat m&s nenoverojam
butiskas atSkiribas starp traumétajam un viltus operétam pelém Y-labirinta un PNR
testos, kas liecina par to, ka vidgji smags FPI neietekméja kognitivo funkciju (datus
skatit IV publikacija). Ir svarigi atzimét, ka, veicot FPI, kraniotomijas lokalizacijai
ir butiska nozime. Lai gan kirurgiska procedira dzivniekiem tiek veikta lidzigi,
medialas un rostralas nobides var palielinat vai mazinat no traumam atkarigos
hipokampa bojajumus (Thompson et al., 2005).

42



Saja pétijuma iegitie rezultati parada, ka FPI rada nopietnas ilgstosas sekas,
rezult§joties periféras sapes un depresijai lidziga uzvediba, kas turpinas lidz pat 12
méneSiem péc TSB. Neskatoties uz to, kliniskajos un pirmskliniskajos TSB
petijumos sapes citos kermena regionos, iznemot galvu, biezi netiek sistematiski
novertetas. Ir svarigi, lai Sis faktors tiktu nemts vera, novertgjot pec traumatiskas
sapes. Pacienti ar TSB dzives kvalitati var uzlabot, savlaicigi diagnosticgjot sapes,
lai mazinatu un novérstu sapju attistibu un to ietekmi uz kopgjo veselibas stavokli.
Akiitu un ilgstoSu sapju mazinaSana un noverSana var biit svariga, lai noverstu
depresijas simptomus vai citus neirologiskus traucéjumus péc TSB.
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SECINAJUMI

1.Galvaskausa lizums ir ietekmgjoss faktors iekaisuma reakcijai un
neirologiskajiem traucgjumiem pelés péc kontiizijas tipa bojajuma (viegls
traumatisks smadzenu bojajums). Dzivniekiem ar galvaskausa ltizumu ir ievérojami
augstaka ieckaisuma reakcija hipokampa un striatum (TIMP-1 un TNF-a) un sliktaks
neirologiskais stavoklis péc traumas.

2.Skidruma perkusijas bojajums (vid&ji smags traumatisks smadzenu bojajums)
izraisa ilgstoSus sensorimotoros traucjumus, progres€josu depresijai lidzigo
uzvedibu un periféras sapes. Sis modelis ir piemérots pirmskliniskajiem
eksperimentiem, lai pétitu ilgstoSas sekas pec galvas traumas, ka depresija un
periferas sapes.

3.R-fenibuts uzlabo sensorimotoro funkeiju, samazina smadzenu neirodegeneraciju
(Nissl iekrasotie neirociti, IL-1B pozitivas $unas) akiitaja fazé péc Skidruma
perkusijas bojajuma, izmantojot darbibas mehanismus, kas saistiti ar Ca?*
homeostazi un mitohondriju toleranci pret oksidativo stresu. R-fenibuts ir
perspektivs neiroprotektivs savienojums TSB arst€Sanai humanaja un veterinaraja
medicina.

4.S1R deficits pelés samazina Skidruma perkusijas TSB ierosinatas ilgstosas sekas -
uzlabo neirologisko stavokli un motoro koordinaciju, samazina depresijai 1idzigo
uzvedibu un saglaba kognitivo funkciju. Veiktie pétijumi apstiprina, ka S1R iesaistas
motoras uzvedibas veidosana caur astrocitu GFAP reguléSanu smadzenisu
molekularaja slani.
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PRIEKSLIKUMI

1.1zmantojot kontlizijas tipa slégtu galvas traumas modeli, dzivnieki ar galvaskausa
lizumu jaanaliz€ atseviski vai jaizsledz no eksperimenta, lai samazinatu datu
izkliedi.

2.Galvaskausa luzuma noteikSana pacientiem ir biutiska, lai prognozétu TSB
iznakumu humanaja un veterinaraja medicina.

3.Nemot vera to, ka fenibutam piemit neiroprotektivas Tpasibas eksperimentalajos
neirologisko saslim$§anu modelos, tas ir perspektivs savienojums TSB radito
komplikaciju arsteé$anai humanaja un veterinaraja medicina.

4.Savienojumi, kas samazina Sigma-1 receptora aktivitati ir perspektivi TSB radito
neirologisko un motoro traucgjumu samazinasanai gan cilvékiem, gan dzivniekiem.

5.Pacientiem ar TSB dzives kvalitati var uzlabot, savlaicigi diagnosticgjot sapes, lai
mazinatu un noverstu sapju attistibu un to ietekmi uz kopgjo veselibas stavokli.
Akiitu un ilgstoSu sapju mazinasana un noverSana var biit svariga, lai noverstu
depresijas simptomus vai citus neirologiskus traucgjumus péc TSB gan cilvékiem,
gan dzivniekiem.
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1. INTRODUCTION

1.1. Traumatic Brain injury

Traumatic brain injury (TBI) is defined as an alteration in brain function caused
by an external force. The TBI is heterogeneous with many etiologies and clinical
presentations and encompasses diffuse, focal, penetrating, or blast injury (Berkner et
al., 2016; De Guzman and Ament, 2017). In Europe Union (EU) around 1.5 million
head injuries occur yearly, with 70-90% of patients having mild to moderate TBI
(Dewan et al., 2018; Majdan et al., 2022). TBI is one of the leading causes of trauma-
related permanent disability and mortality worldwide in all age groups (Majdan et
al., 2022). The leading causes of TBI are motor vehicle accidents, falls, sports
injuries and explosions (Brazinova et al., 2021). Crude incidence rates ranged from
47.3 to 849 per 100 000 population per year (Brazinova et al., 2021).

TBI occurs frequently in small animals (dogs and cats) due to road traffic
accidents, falls, crush injuries and assaults by humans (Santos et al., 2018; Elias et
al., 2019). Due to the scarcity of prospective or retrospective clinical data in the
veterinary literature, treatment recommendations for small animals with TBI are
mainly based on human and experimental studies in small rodents (Santos et al.,
2018; Elias et al., 2019; Evans and Fernandez, 2019).

Therefore, experimental animal models of TBI are crucial to studying
pathophysiological mechanisms and finding novel therapeutic targets and strategies
for treating TBI-induced impairments in humane and veterinary medicine.

1.2. Animal models of traumatic brain injury

During the last decade, substantial attention has been paid to the study of TBI.
Numerous animal models have been used to study TBI, including open and closed
head injury (CHI) (Namjoshi et al., 2013). While mechanical force is delivered to the
intact skull in CHI (Namjoshi et al., 2013), in open head injury, a craniotomy has to
be performed, and the impact is directed toward the dura mater (Flierl et al., 2009g;
Albert-Weillenberger et al., 2012). To perform CHI, several models are used, such
as variations in weight drop (WD) (Marmarou et al., 1994; Flierl et al., 2009b;
Albert-Weilenberger et al., 2012), piston-driven (Ren et al., 2013; Namjoshi et al.,
2014; Meconi et al., 2018) and blast injury TBI models (Cernak et al., 2011). The
WD models that use a free-falling weight are used most widely to induce CHI (Xiong
et al., 2013). Although WD models have been used for several decades, there is a
substantial difference in performance and protocols between laboratories. For
example, the weight of the falling cylinder varies from 5 g to 500 g, and the drop
height varies from 0.5 cm to 167 cm (Schwarzbold et al., 2010; Kane et al., 2012;
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Wau et al., 2012; Midura et al., 2015). As a consequence, the biochemical outcome,
i.e., the expression of inflammatory cytokines, such as tumor necrosis factor (TNF)-
a, interleukin (IL)-6, IL-12, and IL-1p, is highly variable (Albert-Weissenberger et
al., 2012; Zhang et al., 2014; Baratz et al., 2015; Gyoneva and Ransohoff, 2015).
Controlled cortical impact and fluid percussion injury models, procedures that need
a craniotomy, induce comparable high cytokine expression (Xiong et al., 2013; Rowe
et al., 2016; Clausen et al., 2018; Garg et al., 2018). Because in a previous study, we
observed that approximately 30% of mice experienced skull fractures after WD
injury (unpublished data), we hypothesize that injury to the skull may be one of the
primary triggers for the expression of inflammatory genes in the brain after WD
injury and may thus contribute to the variability observed in this valuable TBI model.

1.3. Functional outcomes following traumatic brain injury

Brain injury is commonly viewed as an acute self-limiting problem; however, the
consequences of adult brain injuries can develop over years or even decades after the
initial insult (Blennow et al., 2016; Wilson et al., 2017). Long-term consequences (in
both humans and animals) include motor dysfunction, depression, cognitive deficits,
and emotional changes (Sande and West, 2010; Wilson et al., 2017). It is widely
recognized that the experience of pain is a frequent occurrence in TBI patients
(Gironda et al., 2009). In most of these instances, chronic pain is located in the head
and is associated with brain tissue damage (Irvine and David Clark, 2018). Pain in
TBI patients has also been reported in seemingly intact body regions, such as the
upper and lower limbs (Ofek and Defrin, 2007; Irvine and David Clark, 2018).
However, chronic post-TBI pain in non-head body regions could also be associated
with local injury (e.g., fractures, wounds), peripheral neuropathy or a related spinal
injury (Irvine and David Clark, 2018). Therefore, the anatomical source of pain in
TBI patients is often not identifiable when pain is chronic (Walker, 2004). The
mechanisms for chronic pain in TBI patients are largely unknown (Irvine and David
Clark, 2018). Psychological disorders, including depression, following TBI are
commonly reported comorbidities of posttraumatic pain (Khoury and Benavides,
2018). Depression and pain following TBI are believed to exacerbate each other, and
both are rooted in common biological mechanisms, such as shared neurotransmitter
pathways in the periaqueductal grey, which is a key anatomic structure in the pain
modulation system (Bair et al., 2003; Sullivan-Singh et al., 2014). In animal models
of TBI, the response to the peripheral pain reflex, such as mechanical and thermal
sensitivity, has been studied up to 2 months after controlled cortical injury (CCI) and
fluid percussion injury (FPI) (da Silva Fiorin et al., 2018). Only a small subset of
experimental TBI models evaluated long-term consequences after injury (>6 months
after TBI). It has been demonstrated that mice subjected to cortical impact injury
(CCI), which is often characterized by extensive brain tissue loss, demonstrate
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persisting behavioral deficits, such as depressive-like behavior, cognitive decline and
motor dysfunction, up to 12 months after injury (Shear et al., 2004; Péttker et al.,
2017; Pischiutta et al., 2018; Mao et al., 2020). However, more moderate CCI
produces less extensive morphological damage (tissue loss at the cortical region) and
less prominent behavioral deficits (Leconte et al., 2020). Only a few studies have
evaluated long-term behavioral changes in rats following FPI, mainly limited to
single time points or memory evaluation (Pierce et al., 1998; Immonen et al., 2009;
Johnstone et al., 2015). It should be noted that behavioral outcomes after TBI could
depend on the background strains of mice (Fox et al., 2009). Most long-term follow
up TBI studies have been performed on C57BI/6 background mice. It is known that
different mouse strains vary in their inherent behavioral characteristics (Bothe et al.,
2005). For example, C57BL/6 and BALB/c mice exhibit differences in anxiety-like
and depressive-like behavior, pain sensitivity, motor performance, learning and
memory (Mogil et al., 1999; Lucki et al., 2001; An et al., 2011; Garcia and Esquivel,

2018).

1.4. Treatment strategies after traumatic brain injury

1.4.1. Mitochondrial-targeted therapy

Currently, no effective treatment is available (European Medicines Agency) for
TBI-induced deficits other than supportive therapy. Treatment options for TBI are
limited due to its complex pathogenesis and the heterogeneity of its presentation,
which includes hematomas, contusions, hypoxia, and vascular, axonal, and other
types of central nervous system injuries (Xiong et al., 2013; Berkner et al., 2016; De
Guzman and Ament, 2017). Among the processes that impact TBI, the generation of
reactive oxygen species (ROS) by mitochondria occurs within the first minutes after
TBI. It thus leads to the disruption of calcium ion (Ca2+) homeostasis, which is the
“final common pathway” for toxic cellular degradation (Gorlach et al., 2015;
Granger and Kvietys, 2015). Maintaining regional neuronal Ca2+ homeostasis and
mitochondrial function is crucial to prevent secondary neuronal injury (Bains and
Hall, 2012; Weber, 2012). Thus, mitochondrial-targeted drugs and drugs acting on
specific intracellular Ca2+ signaling pathways or subcellular components are
promising therapeutic interventions for TBI (Hall et al., 2010; Cheng et al., 2012).
In fact, upregulation of the neuronal calcium channel 028 subunit modulates the
activation of mitochondrial Ca2+ buffering in pathological conditions (D’Arco et al.,
2015). Phenibut, a nootropic prescription drug with anxiolytic activity, is used in
clinical practice in Eastern European countries for the treatment of anxiety, tics,
stuttering, insomnia, dizziness, and alcohol abstinence (Lapin, 2001a; Kupats et al.,
2020a). R-phenibut ((3R)-phenyl-4-aminobutyric acid), which is one of the optical
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isomers of phenibut, binds to gamma-aminobutyric acid B (GABA-B) receptors and
the 028 subunit of voltage-dependent calcium channels (VDCC), while S-phenibut
binds only to the 028 subunit of VDCC (Dambrova et al., 2008; Zvejniece et al.,
2015; Belozertseva et al., 2016). Since both isomers of phenibut bind to the 023
subunit of VDCC and only R-phenibut binds to the GABA-B receptor, both isomers
could be used to specify the possible molecular mechanisms of phenibut in different
experimental models. Our previous studies have shown that R-phenibut treatment
significantly decreased the brain infarct size and increased brain-derived
neurotrophic factor and vascular endothelial growth factor gene expression in
damaged brain tissue in an experimental stroke mod (Vavers et al., 2016). The
similarity of the pathogenic mechanisms of TBI and cerebral ischaemia indicates that
therapeutic strategies that are successful in treating one may also be beneficial in
treating the other.

1.4.2. Sigma-1 receptor

Among the putative targets of neuroprotective drugs, the Sigma-1 receptor (S1R)
has attracted increasing attention as a novel molecular target for treating neurological
disorders (Nguyen et al., 2015). S1R is a unique endoplasmic reticulum protein that
is widely expressed in multiple organs, including the central nervous system (Su,
1994). S1R has been reported to play a role in both neurodegenerative and ischemic
diseases, including Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral
sclerosis, stroke, and TBI (Nguyen et al., 2015; Shi et al., 2021). Genetic inactivation
and pharmacological inhibition of S1R are associated with neurodegenerative
phenotypes (Nguyen et al., 2015; Vavers et al., 2017). Specific agonists of S1R have
previously been shown to provide potent neuroprotection by attenuating
neurodegeneration and preventing microglial cell activation in adult animal models
of TBI and in neonatal hypoxic/ischemic brain damage (Wegleiter et al., 2014; Dong
et al., 2016). However, S1IR antagonists also exert neuroprotective effects on
experimental models of brain ischemia. For example, mice treated with the
antagonist S1RA presented significantly reduced cerebral infarct size and
neurological deficits caused by permanent middle cerebral artery occlusion
(Sanchez-Blazquez et al., 2018). The nonselective S1R antagonist haloperidol also
induces neuroprotection after brain ischemia (Schetz et al., 2007). Interestingly, after
genetic inactivation and pharmacological blockade of S1R, antinociceptive effects
on mice with traumatic spinal cord injury (SCI) were detected (Castany et al., 2018).
On the other hand, activation of S1R after SCI is presumed to be detrimental for
neuron survival and motor function recovery (Lattard et al., 2021). Thus, different
S1R ligands may exert various effects in a variety of neurodegenerative disease
models. Further studies are needed to better highlight the function of S1R in different
in vivo models.
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1.5. Aim of the thesis

To improve experimental animal models of traumatic brain injury and evaluate
potential therapeutic targets for treating TBI-induced neurological impairments.

1.6. Objectives of the thesis

1.To compare the inflammatory response after weight-drop injury and correlate
these findings with the presence and severity of skull fractures.

2.To evaluate the potential therapeutic effects of R-phenibut on neurological status
and mitochondrial functionality in vitro following the lateral fluid percussion injury
model of TBI in mice.

3.To evaluate the role of Sig1R in the development and pathogenesis of TBI.

4.To determine short- and long-term behavioural consequences after lateral fluid
percussion injury over a 12-month period.

1.7. Hypothesis of the thesis

The lateral fluid percussion injury experimental model provides a relevant
preclinical setting for the exploration of novel therapeutics and mechanisms of TBI.

1.8. Scientific novelty

Within the research framework, the novel therapeutic strategies for treating TBI-
induced impairments in humane and veterinary medicine were studied. The current
study resulted in the following novel findings:
1.The neuroprotective effects of R-phenibut (functional outcome, mitochondrial
functionality and neurodegeneration) were evaluated after fluid percussion injury in
mice.
2.Therole of S1R in the pathogenesis of TBI and the development of short- and long-
term neurological deficits in S1IR knock-out mice was investigated.
3.The long-term alterations (up to 12 months post-injury) in mice behavior were
evaluated following lateral fluid percussion injury. This is the first study to examine
the prevalence of persistent peripheral pain over long-term follow-up in mice after
experimental TBI.
4.The inflammatory response in the brain tissue was assessed after closed and open
(skull fracture) head injury using the weight-drop injury model.
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1.9. Structure of the thesis

The thesis consists of four papers. In the first paper, inflammatory response in the
brain tissue and neurobehavioral response after closed and open (skull fracture) head
injury using weight-drop experimental model was analyzed. In the second paper,
effects of R-phenibut on functional outcome, brain tissue and mitochondrial
functionality following the lateral fluid percussion injury were evaluated. In the third
paper, short and long-term behavioral impairments following lateral fluid percussion
injury were characterized. In the fourth paper, the role of S1R in the development of
neurological deficits immediately and long-term after lateral fluid percussion injury
was investigated.

2. MATHERIAL AND METHODS

2.1. Study time, place and study scheme

The doctoral thesis was carried out in the period from 2018 to 2023 — at the
Laboratory of Pharmaceutical Pharmacology, Latvian Institute of Organic Synthesis.

The thesis consists of four experiments. In the first study (Publication I), the
experimental design was to expose Swiss-Webster (SW) male mice to CHI using a
weight-drop device. Animals were divided into two groups: sham (n = 24) and CHI
(n = 85). The skull was then examined for evidence of visible fractures, as defined
below. For comparison, animals with CHI were subdivided into non-fracture (n =
52) and fracture (mild n = 7, moderate n = 12, severe n = 14) groups. In the second
study (Publication 11), SW male mice were used in a latFPI model of TBI. Mice were
randomly assigned to four experimental groups: sham-operated (sham, n = 8), saline-
treated latFP1 mice (control group, n = 8), and latFPI mice that received R-phenibut
at a dose of 10 mg/kg (n = 12) or 50 mg/kg (n = 10). R-phenibut and saline were
initially administered intraperitoneally (i.p.) 2 h after injury and then once daily for
an additional 7 days for a total treatment period of 1 week. Additionally, SW male
mice (n = 6) were used to prepare brain homogenate and isolate brain mitochondria
to assess mitochondrial functionality. ICR male mice (n = 3 at each time point) were
used in a pharmacokinetic study to determine the concentration of R-phenibut (50
mg/kg) in the brain tissue extracts and plasma after i.p. and per oral (p.o.)
administration. In the third study (Publication Il11), CD-1 male mice (WT/control
group) and Sigma-1 receptor knock-out (S1R-/-) male mice were subjected to latFPI
and randomly separated into four experimental groups: WT sham (n = 10), S1R-/-
sham (n = 10), WT TBI (n = 12) and S1R-/- TBI (n = 12). Additionally, WT male
mice were used to evaluate the effects of the S1IR antagonist BD-1063 on latFPlI.
Mice were randomly divided into five groups: naive (n = 6), sham (n = 12), TBI (n
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=18), TBI + BD-1063 10 mg/kg (n = 16), TBI + BD-1063 30 mg/kg (n = 16). SW
male mice (n = 36) were used to investigate BD-1063 concentrations and S1R
expression in brain tissue. In the fourth study (Publication 1V), Balb/c male mice
were subjected to latFPI and randomly separated into two experimental groups: sham
(n = 10) and latFPI (n = 10). Then, the acute and long-term behavior of mice was
evaluated at different time-points up to 12 months post-injury.

2.2. Materials

2.2.1. Animals

All animals were housed under standard conditions (21-23 °C, 12 h light-dark
cycle) with unlimited access to standard food (Lactamin AB, Mj6lby, Sweden) and
water. Male Swiss-Webster mice (10-week-old) were obtained from Laboratory
Animal Center, University of Tartu, Estonia. ICR male mice were obtained from
Riga Stradins University, Laboratory of Experimental Animals, Latvia. Sigma-1
receptor knock-out male mice (8-10-week-old) were obtained from Laboratorios
Dr.Esteve S.A., Barcelona, Spain. CD-1 and Balb/c male mice (10-week-old) were
obtained from Envigo, Netherlands. All animals were adapted to local conditions for
two weeks before the start of experiments. All experimental procedures involving
animals were performed in accordance with the guidelines reported in the EU
Directive 2010/63/EU and in accordance with local laws and policies. All procedures
were approved by the Latvian Animal Protection Ethical Committee of Food and
Veterinary Service in Riga, Latvia (No. of license 76, 95, 104 and 105).

2.2.2. Chemicals
R-phenibut  ((3R)-phenyl-4-aminobutyric acid) was purchased from JSC
Olainfarm (Olaine, Latvia). 1-[2-(3,4-Dichlorophenyl) ethyl]-4-methylpiperazine
dihydrochloride was purchased from Tocris Bioscience (Bristol, UK).

2.3. Methods

2.3.1. Experimental models of TBI

To induce TBI, weight-drop injury (mild TBI) and lateral fluid percussion injury
(moderate TBI) were used.
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The method to induce mild TBI is described in Publication I. Briefly, the mice
were anesthetized with 4% isoflurane in a mixture of 50% nitrous oxide and 50%
oxygen, and 3 — 1.5 % isoflurane was maintained during the surgical procedure using
a face mask. Before trauma induction, the mice received a subcutaneous (s.c.)
injection of tramadol (10 mg/kg). A midline longitudinal scalp incision was made,
and the skull was exposed. A cone with a tip diameter of 5 mm was placed 2 mm
posterior and lateral to bregma, and a weight of 90 g was dropped from a height of 8
cm onto the cone (figure 2.2.A). Then skull was examined for visible fractures and
divided into four groups: non (skull bone without changes/no signs of fracture), mild
(isolated linear fracture with no evidence of intracranial lesion), moderate (linear
depressed or diastatic fracture with minimal dural tear, no macroscopic evidence of
hematoma or parenchyma injury), and severe (complicated fracture with
macroscopic intracranial lesions, including parenchyma injury and hematomas).
Oxygen was applied for 20-40 s immediately after TBI. Then, the scalp wound was
closed with a polypropylene 6-0 suture (SurgiproTM Il, Mansfield, USA), and the
mice were returned to their home cages with free access to water and food. Sham
animals underwent the same procedures as the animals in the TBI group, but without
the release of the weight.

The method to induce moderate TBI is described in Publication 11, I1l and 1V.
Briefly, the mice were anesthetized with 4% isoflurane in a mixture of 50% nitrous
oxide and 50% oxygen, and 3 — 1.5 % isoflurane was maintained during the surgical
procedure using a face mask. Before trauma induction, mice received subcutaneous
(s.c.) administration of tramadol (10 mg/kg). A midline longitudinal scalp incision
was made, and the skull was exposed. A craniectomy that was centered at 2 mm
posterior to bregma and 2 mm right of midline was performed using a 3 mm outer-
diameter trephine. A plastic cap was attached over the craniotomy using dental
cement, and a mild or moderate severity brain injury was induced with a
commercially available fluid percussion device (AmScien Instruments, Richmond,
USA). Immediately after the injury, apnea was noted, and when spontaneous
breathing returned, anesthesia was resumed. The cement and cap were removed, and
the skin was sutured using resorbable sutures (6-0, silk). Sham-injured animals were
subjected to an identical procedure as the latFPI animals except for the induction of
trauma.

2.3.2. Determination of R-phenibut and BD-1063 in plasma and
brain tissue

The method is described in Publication Il and I11. To determine the concentration
of R-phenibut in the plasma and brain, mice received an i.p. and p.o. R-phenibut at a
dose of 50 mg/kg 15 and 30 min and 1, 2, 4, 6, and 24 h before the plasma and brain
tissue collection. To determine the concentration of BD-1063 in the brain tissue, mice
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received a s.c. BD-1063 at a dose of 30 mg/kg for 7 consecutive days prior to tissue
collection. Animals were euthanized 1 h after the last s.c. administration of BD-1063.
UPLC was carried out using the Waters Acquity UPLC system equipped with the
Acquity BEH C18 column (2.1 x 50mm, 1.7 um) with a gradient elution from 5 to
98 % acetonitrile in 0.1 % formic acid aqueous solution. The analyte was ionized by
electrospray ionization in positive ion mode on a Quattro Micro triple quadrupole
mass spectrometer (Waters). Quantitative analysis was achieved using QuanLynx4.1
software (Waters).

2.3.3. Quantitative real-time polymerase chain reaction

The method is described in Publication | and I11. Total RNA was isolated from
brain tissues using an RNA mini kit (Life Technologies, Grand Island, New York,
USA). First-strand cDNA was synthesized using a high-capacity cDNA reverse
transcription kit (Thermo Fisher Scientific, Waltham, MA, USA). The quantitative
PCR analysis of gene expression was performed by mixing SYBR Green Master Mix
(Life Technologies, New York, USA), synthesized cDNA, forward and reverse
primers specific for S1R, interleukin-1p (IL-1p), interleukin 6 (IL-6), tumor necrosis
factor-a (TNF-o), tissue inhibitor of metalloproteinases-1 (TIMP-1), matrix
metallopeptidase 9 (MMP-9) (Metabion, Germany) and running the reactions on a
Mic Real-Time PCR instrument (Bio Molecular Systems, Upper Coomera,
Australia). The relative expression levels for each gene were calculated using the
AACt method, normalized to the expression of PB-actin, and compared to the
expression levels of control group animals.

2.3.4. Brain tissue preparation for histological analysis and
immunohistochemistry of free-floating sections

The method is described in Publication Il and I11. Mice were anaesthetized using
i.p. administration of ketamine (200 mg/kg) and xylazine (15 mg/kg). Animals were
transcardially perfused at a rate of 3 ml/minutes with 0.01 M phosphate buffered
saline (PBS, pH = 7:4) for 5 minutes until the blood was completely removed from
the tissue. After perfusion, the brains were carefully dissected and postfixed in 4%
PFA overnight at 4° C. The brains were cryoprotected with a 10-20-30% sucrose-
PBS gradient for 72 hours. Coronal sections of the brain (20 - 35 um) were made
using a Leica CM1850 cryostat (Leica Biosystems, Buffalo Grove, IL, United States)
and mounted on Superfrost Plus microscope slides (Thermo Scientific, Waltham,
MA, USA). The coronal brain sections were incubated in graded ethanol solutions
(96% ethanol for 3 minutes and 70% ethanol for 3 minutes). After washing with
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distilled water for 3 minutes, the sections were stained with 0.01% cresyl violet
acetate (ACROS organics) solution for 14 minutes. The sections were then washed
with distilled water for 3 minutes and dehydrated in ethanol. The stained sections
were cover slipped using DPX mounting medium (Sigma-Aldrich, St. Louis, MO,
USA).

The immunohistochemistry of free-floating sections was determined based on a
method described in Publication Il and Il1. The following primary antibodies were
used in this study: rabbit anti-lbal antibody (1:2000; Abcam, Cat# ab153696,
Cambridge, UK), rabbit anti-GFAP antibody (1:2000, Abcam, Cat# ab7260,
Cambridge, UK), mouse anti-Calbindin D28K antibody (1:500, Santa Cruz
Biotechnology, Cat# sc365360, Dallas, TX, USA), rabbit anti-EAAT2 antibody
(1:5000, Abcam, Cat# ab205248, Cambridge, UK). The goat anti-rabbit IgG (H + L)
(2:1000, Invitrogen, Cat# 65-6140, Carlsbad, CA, USA) and goat anti-mouse 1gG (H
+ L) (2:1000, Invitrogen, Cat# 31800, Carlshad, CA, USA) biotinylated antibodies
were used as secondary antibodies. Samples stained with biotinylated antibody and
incubated with streptavidin (HRP) (1:1000, Abcam, Cat# ab7403, Cambridge, UK)
were processed with freshly prepared DAB reagent. The structures were validated
using Allen Mouse Brain atlas (http://mouse.brain-map.org/static/atlas) and images
were taken with a Nikon Eclipse TE300 microscope (Nikon Instruments, Tokyo,
Japan). Optical density (OD) and number of cells was quantified using ImagelJ
software (ImageJ v1.52a).

2.3.5. Measurements of mitochondrial functionality

The method is described in Publication Il. To evaluate effects on R-phenibut on
mitochondrial functionality, mouse brain homogenate or isolated brain mitochondria
were prepared. Mitochondrial respiration and H202 production measurements
were performed at 37°C using Oxygraph-2k (O2k; Oroboros Instruments, Austria)
with O2k-Fluo-Modules in MiRO5Cr (110mM sucrose, 601mM K-lactobionate,
0.5mM EGTA, 3mM MgCl,, 20mM taurine, 10mM KH,PO4, 20mM HEPES, pH7.1,
0.1% BSA essentially fatty acid free, and creatine 20 mM). H2O; flux (ROS flux)
was measured simultaneously with respirometry in the O2k-fluorometer using the
H20,-sensitive probe Ampliflu™ Red (AmR). 10 uM AmR, 1 U/ml horse radish
peroxidase (HRP), and 5U/ml superoxide dismutase (SOD) were added to the
chamber. H,0./O flux ratio (%) was calculated as H2O> flux/ (0.5 Oflux).

To determine the effect of R-phenibut on mitochondrial electron transfer system
functionality, Substrate-Uncoupler-Inhibitor Titration (SUIT) protocol was
used. Mitochondria were isolated from mouse brain as described previously, and
mitochondrial respiration and H,O, production measurements were performed in the
presence or absence of R-phenibut at 0.5 pg/ml concentration. In addition, effects of
S-phenibut (0.5 pg/ml) were tested to determine whether the effects of R-phenibut in
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mitochondria involve the GABA-B receptor or the 026 subunit of VDCC. Pyruvate
and malate (5 mM and 2 mM, respectively) were used to determine N-pathway
complex | (Cl) linked LEAK (L) respiration. ADP was added at 5 mM concentration
to determine oxidative phosphorylation-dependent respiration (OXPHOS state, P).
Then, glutamate (10 mM) was added as an additional substrate for N-pathway.
Succinate (10 mM, complex 11 (CII) substrate) was added to reconstitute convergent
NS-pathway Cl&II-linked respiration. Titrations with the uncoupler CCCP (0.5-1
UM steps) were performed to determine the electron transfer system (ETS) capacity.
Rotenone (0.5 puM, inhibitor of complex I) was added to determine the CII-linked
OXPHOS capacity. Then, antimycin A (2.5 uM, inhibitor of complex I11) was added
to evaluate residual (non-mitochondrial) oxygen consumption (ROX).

Swelling of isolated brain mitochondria was assessed by measuring
changes in absorbance at 540 nm. Mitochondria (0.125 mg/ml) were preincubated
with R- or S-phenibut at a concentration of 0.5 pg/ml for 15 min in a buffer
containing 120 mM KCI, 10 mM Tris, 5 mM KH2PO4 pH 7.4, and pyruvate (5 mM),
malate (2 mM), and ADP (5 mM) as substrates. Swelling was induced by the addition
of 200 uM CacCly, and changes in absorbance were monitored for 10 min.

Mitochondrial functionality after anoxia-reoxygenation was determined
in mouse brain tissue homogenate. To induce anoxia maximal respiration rate, the
sample was stimulated by the addition of substrates, pyruvate + malate (5+2 mM),
succinate (10 mM), and ADP (5 mM), and preparation was left to consume all O in
the respiratory chamber (within 10-20 min), thereby entering into an anoxic state. 15
minutes after anoxia, the vehicle or R-phenibut (0.5 pg/ml) was added to the chamber
and O, was reintroduced to the chamber by opening the chamber to achieve
reoxygenation. After 8 minutes of reoxygenation, the chamber was closed and O;
flux was monitored for additional 2 minutes. At the end of the experiment, antimycin
A (2.5 uM) was added to determine residual oxygen consumption (ROX).

2.3.6. Behavioral tests

Behavioral testing was performed by experienced scientists blinded to the
experimental group.

Passive avoidance (PA) test was used to evaluate contextual memory
(Publication 1V). Briefly, on the training day, each mouse was individually placed in
the light compartment of an apparatus with no access to the dark compartment and
allowed to explore for 60 s (Model A775, Ugo Basile, Italy). When 60 s had expired,
the sliding door was automatically opened and the mouse was allowed to cross over
into the dark compartment. Upon entering the dark compartment, the mouse received
a shock of 0.1 mA for 3 s, the door was closed, and the mouse was returned to its
home cage after 20 s. A retention test was performed on the next day (24 hours later)
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without any shock. The time taken to enter the dark compartment was recorded as
the retention latency. The maximum retention latency was set at 540 s.

The Y-maze test was used to evaluate working memory (Publication 111 and 1V).
The mice were individually placed at the end of one arm in a symmetrical Y -shaped
runway (arm length 35 cm, width 5 cm, height 21 cm) and allowed to explore the
maze for 5 min. A spontaneous alternation behavior was defined as the entry into all
three arms on consecutive choices in overlapping triplet sets (i.e., ABC, BCA, CBA).
The percent spontaneous alternation behavior was calculated as the ratio of actual to
possible alternations (defined as the total number of arm entries — 2) x 100.

The Morris water maze (MWM) test was used to assess spatial learning and
memory (Publication 1V). The MWM apparatus was a blue-painted circular
fiberglass pool (height: 60 cm, diameter: 150 cm). The pool was virtually divided
into four equal imaginary quadrants identified as a target, opposite, left and right.
During the training trials, the animals were trained to find the hidden platform in the
pool for four consecutive days, four trials per day. The trials were performed for up
to a maximum of 90 s. The results were expressed as latency in finding the hidden
platform. Probe trials were performed 24 h and 6 days after the last training trial with
removal of the platform from the pool. In the probe trial, time in the target quadrant
and swimming distance were analyzed using EthoVision video tracking system
(version XT 11.5, Noldus Information Technology, Wageningen, Netherlands).

Barnes maze (BM) was another test used for assessment of spatial learning and
memory (Publication I11). The test was performed on a brightly lit grey circular
platform (diameter 92 cm) with 20 equally spaced holes (diameter 5 cm) located
around the perimeter, an escape box fitted under in one of the holes, and visual cues
in the periphery. On the first day, the animal was placed at the center of the platform
using a glass beaker and allowed to acclimate for 2 min; the mouse was then guided
to the target hole and allowed to stay there for 1 min. Mice then underwent four days
of learning consisting of three consecutive trials separated by brief returns to their
home cages. If the mouse did not enter the escape box (defined as all four paws
leaving the surface of the platform) within the 180 s trial, the experimenter guided
the mouse to the escape hole as before and allowed it to rest for 1 min before
returning the animal to its home cage. During the 90 s probe trials (24 h and 7 days
after the last learning), the escape box was removed, and the time spent in the area
of the target hole was recorded using the EthoVision XT video tracking system.

The neurobehavioral status of mice was obtained by Neurological severity score
(NSS) (Publication I, 11, 111, 1V). The animals were trained on the NSS beams and
equipment prior to the testing. The NSS consists of 9 individual parameters,
including motor function, alertness and physiological behavior tasks. The following
items were assessed: presence of paresis; impairment of seeking behavior; absence
of perceptible startle reflex; inability to get down from a rectangle platform (34 x 27
cm); inability to walk on 3-, 2-, and 1-cm wide beams; and inability to balance on a
0.7-cm-wide beam and a 0.5 cm-diameter round beam for at least 15 s. If a mouse
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showed impairment in one of these items, then a value of 1 was added to its NSS.
Thus, higher values for the NSS indicate more severe neurological impairment.

Locomotor and anxiety-like behavior was assessed using the open field (OF) test
(Publication I, 111, 1V). The test apparatus was a square arena (45 x 45 cm) with a
black floor. The distance traveled (cm/4 min) and velocity (cm/s) were recorded and
analyzed using an EthoVision XT video tracking system.

Accelerating rota-rod test (RR) was used to measure motor coordination
(Publication I11, IVV) (Model 7600, Ugo Basile, Comerio, Italy). Mice were pretrained
on the RR apparatus (5 rpm) with 2 sessions per animal, each lasting for 240 s. On
the experimental day, mice were placed on the rod with an accelerating rotating speed
from 5 to 25 rpm over a period of 240 s with a 30 min rest between trials. Time spent
walking on the accelerating RR before falling off was measured.

Despair-like behavior was assessed by tail suspension test (TST) (Publication
11, 1V). Each animal was suspended with tape from a horizontal rod elevated 50 cm
above a clean cage. Mice were recorded for 6 min using the digital HD video camera
recorder (Handycam HDR-CX11E, Sony Corporation, Tokyo, Japan) and
immobilization was analyzed during the last 4 min. Immobility included motionless
time as well as passive swinging caused by momentum from movement.

Acetone evaporation test was used to evaluate cold-evoked pain-like behavior
(cold sensitivity) (Publication 1V). One day before the experiment and on the
experimental day, mice were placed in individual plastic cages on an elevated wire
mesh metal floor and habituated for at least 30min. On the experimental day, acetone
was loaded into a 1-ml syringe without a needle and one drop of acetone
(approximately 40 pl) was applied to the plantar surface of the hind paw. For 45 s,
the mouse was scored on lifting, biting, and licking the paw. Each hind paw was
measured three times with an interstimulation interval of approximately 10 min. The
reaction duration was measured and analyzed as a cumulative reaction time.

Electronic von Frey test was used to evaluate mechanically evoked pain-like
behavior (mechanical sensitivity) (Dynamic Plantar Aesthesiometer Model 37400-
002, Ugo Basile, Gemonio VA, Italy) (Publication IV). During the test, the mice
were placed on a metallic grid floor in an individual plastic observation chamber and
allowed to habituate to the environment for 30min. The von Frey filament was
applied to the midplantar surface of the hind paw. The withdrawal threshold was
defined as the average latency time (s) required for causing withdrawal of the
stimulated paw over three trials.

2.3.7. Statistical analysis

The results are expressed as the mean + standard error of the mean (S.E.M.) The
statistical calculations were performed using the GraphPad Prism 8.1 software
package (GraphPad Software, Inc., La Jolla, California, USA). The Shapiro-Wilk
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test was used to examine the distribution of the data. If data did not meet the
assumption for normal distribution, the non-parametric Kruskall-Wallis Analysis of
Variance of Ranks was used for overall comparisons between the groups. For
statistical analysis, the Student’s t-test or one or two-way ANOVA with post-hoc
tests (Tukey’s or Dunn’s) were used. P values less than 0.05 were considered
statistically significant.

3. RESULTS AND DISCUSSION

3.1. Neurological status and inflammatory response in the brain
after weight-drop injury (Publication 1)

WDI models have been used for several decades, however, there is a substantial
difference in performance and protocols between laboratories. As a consequence, the
biochemical outcome, i.e., the expression of inflammatory cytokines, such as TNF-
a, IL-6, 1L-12, and IL-1B, is highly variable (Albert-Weissenberger et al., 2012;
Zhang et al., 2014; Baratz et al., 2015; Gyoneva and Ransohoff, 2015; Chhor et al.,
2017). Since mice experience skull fractures after the WDI model, we hypothesize
that injury to the skull may be one of the main triggers for the expression of
inflammatory genes in the brain after WDI and may thus contribute to the variability
observed in this valuable TBI model. In this study, we compared the neurological
status and inflammatory response after WDI in the hippocampus and striatum of mice
and correlated these findings with the presence and severity of skull fractures.

The animals were divided into two groups: animals with and without skull
fractures after TBI. The NSS was significantly higher in traumatized than sham-
operated mice at 2 and 24 h after surgery. Two hours after TBI, the average scores
for animals without and with skull fractures were 2.5 + 0.2 and 4.8 + 0.5 points,
respectively (Figure 3.1.A). Twenty-four hours after TBI, the NSS for animals
without and with skull fracture was 2.9 = 0.2 and 4.8 £ 0.4 points, respectively, and
there was a significant difference between the groups (Figure 3.1.A). In addition, we
observed that the NSS significantly increased depending on the skull fracture
severity (Figure 3.1.B).

Only one study reported animals with and without skull fractures and divided
these animals into separate groups (McColl et al., 2018). There was no difference in
NSS between animals with or without skull fracture and sham-operated animals at 1
h post-injury (McColl et al., 2018). Notably, NSS was not assessed at later time
points after an injury; thus, it is difficult to compare the impact of fracture on NSS
in this study (McColl et al., 2018). Moreover, skull fracture was associated with more
severe TBI outcomes, including immediate posttraumatic respiratory depression,
secondary rebound injury and death in mice (Flierl et al., 2009).
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Fig. 3.1. Functional outcome 2 and 24h after TBI
(A) Comparison of the neurological status in animals without or with skull fractures using
NSS. Data are shown as the mean + S.E.M. (sham n = 24; without fracture n = 52; with
fracture n = 33). *P < 0.05 vs. sham-operated; #P < 0.05 without vs. with skull fracture
(repeated measures two-way ANOVA followed by Tukey’s test). (B) Relation of the severity
of skull fracture and NSS at 2 and 24 h after TBI. Data are shown as the mean + S.E.M.
(sham n = 24; nonfracture n = 52; mild fracture n = 7; moderate fracture n = 12; severe
fracture n = 14). *P < 0.05 vs. sham; aP < 0.05 non vs. severe fracture (Kruskal Wallis test
followed by Dunn’s test).

A skull fracture is an independent risk factor for intracranial hemorrhage in TBI
patients (Abdelmalik et al., 2019). Intracranial hemorrhage is associated with
increased intracranial pressure, oxidative damage, vasogenic edema and cytotoxic
edema (Lok et al., 2011). In patients, skull fractures with hemorrhage result in
increased inflammation and neuronal excitability due to the toxic effects of
hemoglobin breakdown and the generation of reactive oxygen species (Agrawal et
al., 2006). To detect the impact of skull fracture on inflammatory gene expression in
brain tissue, we measured TNF-a, TIMP-1, IL-6, IL-1B and MMP-9 gene expression
in the hippocampus and striatum at 12 h, 1, 3 and 14 days after TBI. To date,
contrasting results on the neuroinflammatory response in brain tissues have been
reported after CHI in mice. Our results clearly showed a significant increase in TNF-
a and TIMP-1 gene expression in animals with skull fractures at 12 h and 24 h after
injury, while gene expression was unchanged in animals without fracture (Figure
3.2). Moreover, no significant changes for IL-6, IL-1 and MMP-9 gene expression
were observed at 12 h and 1, 3 and 14 days after TBI (data not shown, see Publication
I). A significant 71- and 90-fold increase was observed for TIMP-1 at 12 h and 1 day
after injury, respectively, in the ipsilateral hippocampus of animals with skull
fractures (Figure 3.2). In addition, TIMP-1 was increased in the contralateral
hippocampus 1 day after injury (Figure 3.2). TIMP-1 mRNA expression in the
ipsilateral striatum of animals with skull fractures was increased 16- and 130-fold at
12 h and 1 day after injury, respectively (Figure 3.3). In addition, TIMP-1 mRNA
was increased in the contralateral striatum at 1 and 3 days after injury (Figure 3.3).
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TNF-0 mRNA expression in animals with skull fractures was significantly increased
13- and 6-fold in the ipsilateral hippocampus at 12 h and 1 day after injury,
respectively (Figure 3.2). TNF-o mRNA expression was significantly increased 67-
and 5-fold in the ipsilateral and contralateral striatum, respectively, in animals with
skull fractures at 12 h after injury (Figure 3.3).
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Fig. 3.2. TIMP-1 and TNF-a gene expression in the ipsilateral and contralateral
hippocampus after TBI
Data are expressed as the mean + S.E.M. (n = 5-9). *P < 0.05 vs. sham; #P < 0.05 TBI
without vs TBI with skull fracture (ordinary two-way ANOVA followed by Tukey’s test).
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Fig. 3.3. TIMP-1 and TNF-a gene expression in the ipsilateral and contralateral
striatum after TBI
Data are expressed as the mean + S.E.M. (n = 5-9). *P < 0.05 vs. sham; #P < 0.05 TBI
without vs. TBI with skull fracture (ordinary two-way ANOVA followed by Tukey’s test).

Many studies have demonstrated a significantly increased neuroinflammatory
response in brain tissue, reaching levels greater than physiological levels within

61



hours of injury (Shohami et al., 1994; Knoblach et al., 1999; Homsi et al., 2009;
Woodcock and Morganti-Kossmann, 2013; Baratz et al., 2015). However, only one
study did not observe skull fractures (Homsi et al., 2009). For example, significantly
increased brain levels of TNF-a gene and protein expression were observed on the
first day after trauma (Shohami et al., 1994; Ziebell et al., 2011; Baratz et al., 2015),
while no changes in TNF-a expression were observed in other studies (Semple et al.,
2010; Albert-Weissenberger et al., 2012; Chhor et al., 2017). Interestingly, a
significant increase in TNF-o expression at 4 h and 48 h after WD injury was
observed using only animals with skull fractures in a WD model (Ziebell et al.,
2011)(Ziebell et al., 2011). Moreover, there is a significant increase in IL-1, IL-6,
IL-10, and TNF-a cytokines in response to craniotomy per se compared to those in
naive animals (Cole et al., 2011; Lagraoui et al., 2012), indicating that skull fractures
could cause inflammation and create outcome heterogeneity within the groups in the
WD model.

Previous research demonstrated that the overexpression of TNF-a was correlated
with the severity of trauma in fluid percussion-induced TBI (Knoblach et al., 1999).
We observed a correlation between the levels of TNF-o and TIMP-1 gene expression
and the severity of fracture. The TIMP-1 and TNF-a genes significantly correlated
with TBI severity at 12 h and 24 h after injury (Figure 3.4). In the ipsilateral
hippocampus, 50- and 146-fold increases in TIMP-1 gene expression were observed
after moderate and severe skull fractures, respectively (Figure 3.4.A). Similarly, 14-
and 173-fold increases in TIMP-1 gene expression in the ipsilateral striatum were
observed after moderate and severe skull fractures, respectively (Figure 3.4.B). After
severe skull fracture, TNF-o. mRNA showed 14- and 130-fold increases in the
ipsilateral hippocampus and striatum, respectively (Figure 3.4.C and D). We also
measured TIMP-1 and TNF-a protein concentrations in plasma at 12 h and 1, 3 and
14 days after TBI. Slightly increased TIMP-1 plasma levels were observed in animals
with fractures; however, there were no significant differences when compared to
sham-operated animals (data not shown, see Publication I). Plasma levels of TNF-a
were not elevated after TBI (<1.5 pg/ml, data not shown, see Publication I).
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Fig. 3.4. Inflammation-related gene expression in the ipsilateral brain at 12 and 24 h
after TBI with various severities of skull fracture
(A) TIMP-1 gene expression in the ipsilateral hippocampus and (B) striatum and (C) TNF- a
gene expression in the hippocampus (D) and striatum. Data are expressed as the + S.E.M. (n
=5-13). *P < 0.05 vs. sham; aP < 0.05 vs. nonfracture (Kruskal-Wallis test followed by
Dunn’s test).

A previous study demonstrated that the TIMP-1 gene is overexpressed in the
brain at 12 h after middle cerebral artery occlusion, reaching a peak level at 2 days
after stroke (Wang et al., 1998, 2016). High serum TIMP-1 levels are also associated
with a worse prognosis after stroke (Rodriguez et al., 2013; Lorente et al., 2015).
TIMP-1 is constitutively expressed at a low level in many tissues, but after tissue
injury and inflammation, TIMP-1 gene expression generally increases compared to
that in healthy tissue (White et al., 2013; Masciantonio et al., 2017). Pro-
inflammatory cytokines increase the expression of TIMP-1 in the brain (Gardner and
Ghorpade, 2003). In the present study, high TIMP-1 inflammatory gene expression
was observed in the first three days after TBI with skull fracture compared to the
gene expression levels at 14 days after TBI, showing an acute response to injury.
Since severe skull fracture was observed together with skull depression and bleeding,
the high TIMP-1 gene expression in the brain was probably a rapid and acute
response to the massive infiltration of proinflammatory cytokines that occurred in
the brain after dural injury and bleeding.

Our results demonstrated that animals experiencing skull fractures after being
subjected to the WD model show a substantial inflammatory response in the brain,
while animals without skull fractures do not, thus demonstrating how skull fractures
contribute to the heterogeneity of the WD model. When reviewing published
literature (papers published on the CHI model in PubMed from 2001 to 2022), skull
fractures were evaluated in only 26 of 144 studies (18.1%), and animals with
fractures were excluded. A significant number of studies (81.9%) did not mention
the incidence of skull fractures, showing that injury to the skull has been neglected
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in most CHI experiments. Moreover, significant heterogeneity was observed in
falling weight, drop height and impact tip diameter parameters that led to different
impact energies delivered to brain tissue. The falling weight ranged from 5 to 500 g,
and the drop height ranged from 0.5 to 167 cm. Thus, these studies do not share a
common methodological indicator that would allow a comparison of the results of
experiments between laboratories. Thus, our current study investigating the influence
of skull fractures after WD represents a first step to reduce heterogeneity in this very
useful CHI model.

3.2. Neuroprotective effects of R-phenibut following moderate
traumatic brain injury (Publication 1)

First, we determined the concentration of R-phenibut in the plasma and brain
after i.p. and p.o. administration. R-phenibut in plasma could be detected 15 min
after a single i.p. and p.o. administration (data not shown, see Publication Il). The
maximal concentrations of R-phenibut in the plasma were observed 15 min after the
i.p. injection (16.8 pg/ml) and 30 min after the p.o. administration (24 pg/ml). R-
phenibut in the plasma was not detected 24 h after both the i.p. and p.o.
administrations. R-phenibut in the brain tissue extracts was detected already 15 min
after a single i.p. and p.o. administration. The maximal concentrations of R-phenibut
in the brain tissues were observed 15 min after i.p. injection (0.64 pg/g) and 60 till
240 min after p.o. administration (0.17 pg/g). 24 h after both the i.p. and p.o.
administrations, R-phenibut in the brain tissues was 0.02 pg/g and 0.012 pg/g,
respectively.

3.2.1. The effects of R-phenibut on TBI-induced functional
deficits and morphological changes in the brain tissue

The binding characteristics of R-phenibut were previously investigated using
radiolabeled gabapentin that was the first ligand shown to bind to the o261 and «262
subunits with high affinity (Kd = 59 and 153 nM, respectively), while at the same
time demonstrating no binding activity to the a203 and ¢264 subunits (Marais et al.,
2001; Qin et al., 2002). The pathologies associated with gene disruption of «261
protein include neuropathic pain and cardiac dysfunction, while in the case of a262
protein, the pathologies are related to epilepsy and cerebellar ataxia (Dolphin, 2013).
We showed previously that the pharmacological activity of R-phenibut is associated
with neuropathic pain rather than epilepsy (Zvejniece et al., 2015); thus, we could
speculate that the effects of R-phenibut are a261 protein binding-related. The a2
subunits of VDCC are widely expressed by excitatory neurons in the cerebral cortex,
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hippocampus, and other brain regions (Taylor and Garrido, 2008; Gurkoff et al.,
2013). Furthermore, the a25 subunits of VDCC have been shown to be involved in
processes that are not directly linked to calcium channel function, such as
synaptogenesis (Calikoglu et al., 2015). Other studies have reported that the
administration of VDCC ligands in rodent models of TBI reduced cell death and
improved cognitive function (Gurkoff et al., 2013). Similar to phenibut, ligands of
the 20 subunit of VDCC, such as pregabalin, at a high dose of 60 mg/kg reduce
neuronal loss and improve functional outcomes 24 h after trauma in experimental
models of TBI (Calikoglu et al., 2015; Shamsi Meymandi et al., 2018). Moreover,
pregabalin at a dose of 30 mg/kg has been shown to improve functional recovery and
to demonstrate anti-inflammatory and antiapoptotic effects in a rat model of spinal
cord injury (Ha et al., 2008, 2011).

There is no clinical data on the therapeutic use of phenibut in veterinary medicine.
To date, one clinical case of phenibut toxicosis in a dog has previously been
described (Sahagian et al., 2023). Phenibut exhibits gabapentin-like antinociceptive
activity via VDCC (Zvejniece et al., 2015). Phenibut is structurally similar to
gabapentin (2-[1-(aminomethyl) cyclohexyl] acetic acid) and baclofen ((RS)-4-
amino-3-(4-chlorophenyl) butanoicacid) (Kupats et al., 2020). In veterinary
medicine, gabapentin is extra-label used in combination with other treatments to
control seizures or for neuropathic pain treatment and anxiety (Cesare et al., 2023).
Pharmacological effects of phenibut in in vivo experiments have been observed at a
dose of 10 mg/kg, while inhibitory activity on muscle function has been detected at
doses more than 30-fold higher (Dambrova et al., 2008). This finding suggests that
phenibut has advantages over gabapentin in the treatment of disorders in which
sedation and muscle relaxation are not desirable. In addition, the therapeutic index
of phenibut is high (Lapin, 2001).

In the present study, R-phenibut treatment at a dose of 50 mg/kg significantly
ameliorated functional deficits by 28%, 25%, and 30% after TBI on post-injury days
1, 4, and 7, respectively (p < 0.05, Figure 3.5).
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Fig. 3.5. Effects of R-phenibut on the neurological severity score after moderate

NSS

Days after TBI

traumatic brain injury
Data are shown as the mean = SEM (n= 8 — 12). *P < 0.05 vs. TBI, #P < 0.01 vs. sham
(two-way repeated measures ANOVA followed by Dunnett’s test).
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R-phenibut treatment at a dose of 50 mg/kg significantly reduced the number of
N-DNs (3.0 + 1.9/per field of vision, Figure 3.6) and cells expressing IL-1p (246 +
31/per field of vision, data not shown, see Publication I1) in the neocortex after TBI
compared to sham group (9.1 + 6.4/per field of vision for N-DNs and 379 + 82/per
field of vision for IL-1B-expressing cell).
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Fig. 3.6. The effect of R-phenibut on the number of nissl-stained dark neurons 7 days

after latFPI

(A) Quantitative assessment of N-DNs and (B) representative sections of ipsilatereal cortex 7
days post-injury. Black arrows indicate representative Nissl-stained dark neurons. Data are
expressed as the mean + S.E.M. (n = 7 for the R-phenibut 50 mg/kg group and n = 6 for the

sham, control, and R-phenibut 10 mg/kg groups). #P < 0.05 vs. sham, *P < 0.05 vs. TBI

group (one-way ANOVA followed by Tukey’s test).
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N-DNs represent a typical pathomorphological change in injured neurons after
TBI, showing abnormal basophilia and shrinkage (Hicks et al., 1996; Ooigawa et al.,
2006). N-DNs appear in the neocortex immediately after TBI and can be observed
even two weeks post-injury (Ooigawa et al., 2006; Talley Watts et al., 2014). In
addition, IL-1 is a major driver of the secondary neuronal injury cascade after TBI
(Newell etal., 2018). Itis involved in the recruitment of other types of immune cells,
neuronal apoptosis, and blood-brain barrier disruption after TBI (Rothwell and
Luheshi, 2000; Lu et al., 2005; Sun et al., 2017). Furthermore, IL-1/ antagonism was
shown to be neuroprotective in clinical trials and in rodent models of TBI (Tehranian
et al., 2002; Lazovic et al., 2005; Clausen et al., 2011). The present study shows that
treatment with R-phenibut at a dose of 50mg/kg significantly reduced the number of
N-DNs and significantly reduced IL-1p expression in the neocortex after TBI. The
histopathological findings of the current study revealed that R-phenibut could
attenuate neuronal damage, inflammation, and degeneration.

3.2.2. The effects of R-phenibut on mitochondrial functionality in
the brain tissue

Compared with other types of cells, neurons are endowed with less robust
antioxidant defense systems (Floyd and Carney, 1992). As mitochondrial
dysfunction has been shown to be involved in TBI, perturbations in energy
metabolism are likely to contribute to the pathogenesis of TBI (Werner and
Engelhard, 2007; Prins et al., 2013). In TBI, oxidative cell damage is caused by an
imbalance between the production and accumulation of ROS, in which mitochondria
are the major intracellular source of ROS (Stelmashook et al., 2019). Accordingly,
there is accumulating evidence that antioxidant agents and membrane lipid
peroxidation inhibitors, such as tirilazad, U-78517F and U-83836E, are effective in
treating preclinical models of TBI (Hall et al., 2010). Mitochondrial-targeted drugs,
such as mitoquinone and thymoquinone-containing antioxidants, have been shown
to decrease neurological deficits and B-amyloid-induced neurotoxicity after TBI
(Genrikhs et al., 2015; Zhou et al., 2018). Meanwhile, the inhibition of ROS
production has been shown to inhibit the secretion of IL-1f (Schmidt and Lenz,
2012). Notably, the immunosuppressant drug cyclosporine A, which is an IL-1p
receptor antagonist, has been shown to decrease pathological changes in the brain
after TBI by blocking the mitochondrial permeability transition pore (Veech et al.,
2012).

To determine whether R-phenibut induced neuroprotection could be a result of
the preservation of mitochondrial functionality, ROS production and the
mitochondrial respiration rate were assessed after anoxia-reoxygenation in vitro. R-
phenibut treatment (0.5 pg/ml or 2.78 mM) significantly decreased the anoxia-
reoxygenation-induced increase in the H,O./O ratio (Figure 3.7).
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Fig. 3.7. The effect of R-phenibut (0.5 ug/ml or 2.78 mM) on ROS production in an in
vitro anoxia-reoxygenation model
The results are presented as the mean + S.E.M. (n=6). *P < 0.05 vs. normoxia, #P < 0.05 vs.
A-R control group (one-way ANOVA followed by Tukey’s test).

R-phenibut and S-phenibut at 0.5 pg/ml did not induce any changes in the
mitochondrial respiration rate (Figure 3.8.A), while the H.O./O ratio was
significantly decreased by 31% in the LEAK and 53% in the OXPHOS state (Figure
3.8.B). These results show that R-phenibut and S-phenibut reduce ROS production
without affecting the mitochondrial electron transfer system capacities, indicating
the improvement of mitochondrial coupling.
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Fig. 3.8. The effects of R-phenibut and S-phenibut on mitochondrial functionality in the
brain tissue
The results are presented as the mean + S.E.M (n=5). P pyruvate, M malate, D
adenosine diphosphate, G glutamate, S succinate, U uncoupler, Rot rotenone, CI
complex I, Cll complex I, LEAK substrate metabolism-dependent state,
OXPHOS oxidative phosphorylation-dependent state, ET electron transfer
capacity state. *P < 0.05 vs. control (one-way ANOVA followed by Tukey’s test).

In addition, both R- and S-phenibut attenuated Ca?*-induced brain mitochondrial
swelling (Figure 3.9).
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Fig. 3.9. The effect of R- and S-phenibut on Ca?*induced swelling in isolated brain
mitochondria
The results are presented as the mean + S.E.M. (n=7). *P < 0.05 vs. control (two-way
repeated-measures ANOVA followed by Dunnett’s test).

Our results suggest that the protective effects of R-phenibut in mitochondria do
not involve the GABA-B receptor (in contrast to R-phenibut, S-phenibut does not
bind to the GABA-B receptor) and might be mediated by the ¢261 subunit of VDCC.
It was shown previously that increased intracellular Ca?* as a result of increased
activity of 201, could be rapidly taken up by mitochondria and subsequently
released into the cytoplasm avoiding Ca?* accumulation and maintaining
intracellular Ca?* signaling (D’Arco et al., 2015). This could explain why, in the
presence of R- and S-phenibut, reduced Ca?*-induced mitochondrial swelling was
observed. Both R-phenibut and S-phenibut demonstrate mitochondrial-protective
properties against anoxia-reoxygenation and Ca?*- induced stress. Since there is no
evidence of a20 localization in the mitochondrial membrane, it is possible that
compounds could alter Ca?* signaling pathways and protect mitochondria by
targeting mitochondrial-specific or mitochondrial endoplasmatic reticulum-
associated Ca?* transporters.

3.3. Sigma-1 receptor as a potential therapeutic target for
traumatic brain injury (Publication I11)

Drugs interacting with S1R have potential as treatments for neurological
diseases, including TBI (Wegleiter et al., 2014; Moritz et al., 2015; Dong et al.,
2016). In veterinary medicine, different S1R ligands are used, such as phenytoin and
ropizine (experimentally in cats and beagle dogs), for the treatment of seizures
(Craig, 1967; Edmonds et al., 1978; Blades Golubovic and Rossmeisl, 2017). As the
membrane bound S1R is expressed in most mammalian tissues, the data from
experimental animals are useful for humane and veterinary medicine (Mishra et al.,
2015).
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Here, S1R deficiency was associated with improved motor function and
diminished neurological deficits in the acute phase after TBI. TBI induced significant
neurological impairments in WT TBI mice (p = 0.006) but not in S1IR-/- TBI mice
24 h after injury compared to the respective sham groups (p = 0.006, Figure 3.10.A).
In addition, S1R-/- TBI mice exhibited a significantly decreased NSS (1.78 + 0.57)
compared to WT TBI mice (4.20 £ 0.79) at 24 h post-injury (p = 0.024, Figure
3.10.A). No differences were observed at 12 months post-injury across all
experimental groups.

In the accelerating RR test, WT TBI animals spent less time on the RR 24 h after
injury compared to WT sham animals (p = 0,038, Figure 3.10.B). We did not observe
any impairment of motor coordination in S1R-/- TBI animals compared to S1R-/-
sham animals. Moreover, mator coordination was not significantly different at any
time point after injury compared to baseline values in S1R-/- sham and TBI animals.
WT TBI and sham animals spent significantly less time on RR starting at 24 h and 6
months post-injury, respectively (Figure 3.10.B). Previous studies have also shown
that S1R deficiency attenuates neurodegenerative processes. For example, in the
MPTP-induced Parkinsonism model, motor deficits and dopaminergic neuron death
were less pronounced in S1R-/- mice than in WT mice (Hong et al., 2015). Another
study indicated that S1R-/- mice present reduced mechanical allodynia,
macrophage/monocyte infiltration, and levels of the chemokine CCL2 in dorsal root
ganglia after spinal nerve injury (Bravo-Caparros et al., 2020).
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Fig. 3.10. Evaluation of neurological status (A) and motor function (B) of SIR-/-mice
after moderate TBI
The results are presented as the mean + S.E.M. (n=6-10). *P < 0.05, ** < 0.01, *** < 0.001
WT TBI vs. WT sham, #P < 0.05, ## < 0.01 S1R-/- TBI vs. S1R-/- sham, &P < 0.05, && <
0.01 S1R-/- TBI vs. WT TB, *P < 0.05, ™ < 0.01 WT sham vs. S1R-/- sham (two-way
repeated-measures ANOVA followed by Fisher’s least-significant difference (LSD) test).
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S1R deficiency alters cognitive function, especially in older mice (Chevallier et
al., 2011), and is associated with more pronounced learning deficits and toxicity in
APPSwe AD mice (Maurice et al., 2018). Spatial learning and memory function were
evaluated using the Barnes maze (BM) to test whether any long-term effects on
cognitive function were present in WT and S1R-/- mice after TBI. TBI induced short-
term memory (24 h after the last training day) impairments in WT mice. WT TBI
animals spent significantly less time in the target hole than WT sham animals at 7
months post-injury (p < 0.01, Figure 3.11.A). Short-term memory was not impaired
in SIR KO TBI mice compared to S1R-/- sham mice after injury (Figure 3.11.A).
Long-term memory (7 days after the last training day) was not affected in any
experimental groups after injury (Figure 3.11.B). We also observed that SIR-/- sham
and TBI mice displayed improvements in short-term memory function at 10 months
compared to 7 months, while WT sham and TBI mice performed similarly over time
(Figure 3.11.A and B).

In addition, we used the y-maze test to evaluate spatial working memory. We did
not observe any differences in spontaneous alternations between the experimental
groups (data not shown, see Publication Il1), indicating that spatial working memory
was not affected after TBI.
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Fig. 3.11. Evaluation of spatial memory of S1R-/- mice at (A) seven and (B) ten months
after moderate TBI
The results are presented as the mean + S.E.M. (n=7-10). **P < 0.01 WT TBI vs. S1R-/-
TBI, "P < 0.05 S1R-/- sham vs. WT sham, ##P < 0.01 WT sham vs. WT TBI, aP < 0.05, aa <
0.01 7 vs. 10 months (two-way repeated-measures ANOVA followed by Fisher’s LSD test).

Regardless of injury status, S1R-/- mice showed reduced depressive-like
behavior. Throughout the experiment, immobility time was unchanged in the S1R-/-
sham and TBI mice in the tail suspension test (Figure 3.12). In addition, the
immobility time was significantly decreased in S1R-/- sham mice compared to WT
sham mice at 3 (p = 0.047), 8 (p = 0.045) and 12 months post-injury (Figure 3.12).
WT sham and TBI mice showed a time-dependent increase in immobility time after
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injury. Our findings indicate an important role for S1R in the development of TBI-
induced neurobehavioral deficits in the acute and chronic phases after TBI.
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Fig. 3.12. Evaluation of depressive-like behavior of S1R-/- mice after moderate
TBI
The results are presented as the mean + S.E.M. (n=6-9). *P < 0.05 WT TBI vs. S1R-/-
TBI, #P < 0.05, ## < 0.01 WT sham vs. S1R-/- sham (two-way repeated-measures
ANOVA followed by Fisher’s LSD test).

Impairments in motor function and coordination are common consequences of
TBI and are usually associated with injury to the sensorimotor cortex (Carron et al.,
2016). However, the cerebellum also plays an important role in the control and
coordination of movement that may be specifically related to motor dysfunction after
TBI (Rapoport et al., 2000). Here, we showed that both sham and TBI WT mice
developed impairments in motor coordination with age, while S1R-/- mice exhibited
preserved motor function. One of the possible explanations for motor dysfunction in
WT mice is increased astrocyte activation in the cerebellum. We evaluated the
astrocyte (GFAP, Glt-1) staining intensity and the number of Purkinje cells
(Calbindin D28K) in the grey matter of the cerebellum. Surprisingly, S1R -/- animals
displayed almost no GFAP staining in the molecular layer of the cerebellum after
injury (Figure 3.13.A and B). GFAP staining in the cerebellum of S1R-/- mice was
significantly different from that in WT animals (p < 0.001 S1R-/- sham vs. WT sham,
p = 0.019 S1R-/- TBI vs. WT TBI, Figure 3.13.A). There were no significant
differences in Glt-1 staining intensity in the grey matter of the cerebellum between
experimental groups (data not shown, see Publication I11). Our results suggest that
deficiency of S1R only attenuates GFAP expression rather than the number of
astrocytes in the cerebellum of S1R-/- mice. Cerebellar astrocytosis reduces the
survival of Purkinje cells, which are associated with movement and coordination,
and leads to cerebellar dysfunction and motor impairments after TBI (Mautes et al.,
1996; Park et al., 2006; Cerrato, 2020). Here, S1R-/- mice displayed preserved motor
coordination and almost no GFAP expression in the molecular layer of the
cerebellum after TBI. Similarly, GFAP expression was substantially decreased in
S1R-/- sham mice compared to WT mice. Based on localization, GFAP-positive
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astrocytes are Bergmann glia (Nolte et al., 2001). Bergmann glia directly regulate
Purkinje cells and influence motor behavior (Sasaki et al., 2012; Wang et al., 2012).
We found no significant difference in the total number of PCs in S1R-/- mice. This
is in line with previous findings in which PC degeneration and motor dysfunction
was associated with both increased GFAP expression and ablation of Bergmann glia
(Cui et al., 2001; Wang et al., 2011; Tyszkiewicz et al., 2021). Our data show that
the improved motor coordination exhibited by S1IR-/- mice could be due to decreased
GFAP expression in Bergmann glial cells in the molecular layer of the cerebellum.
These results suggest important involvement of S1R in the regulation of information
processing in the cerebellum and control mechanisms of motor behavior. Therefore,
decreasing GFAP expression in Bergmann glia may represent a novel therapeutic
strategy for motor dysfunction during ageing.

S1-/- sham

.. Supe > b &
Fig. 3.13. Staining intensity of GFAP antibodies (A) and representative images in the
molecular layer of the S1R-/- mice cerebellum at 12 months post-injury
Image magnification 100x. The results are presented as the mean + S.E.M. (n=5). **P <
0.01, *** < 0.001 WT vs. S1R-/-, #P < 0.05 WT sham vs. WT TBI (Mann-Whitney U-test).

Since S1R-/- mice showed acute improvements in neurological function after
TBI, we examined whether pharmacological treatment with an S1R antagonist
influenced behavioral and histological outcomes after injury. Treatment with BD-
1063 did not affect TBI-induced neurological deficits (data not shown, see
Publication I11). Although we measured a sufficient concentration of BD- 1063 in
the brain tissue (6.3 £ 0.03 ug/g), no significant difference in SIR gene expression
was observed between saline- and BD-1063-treated animals. It is possible, that a
higher dose of BD-1063 and/or a longer administration period should be used to
affect expression of S1R in the brain tissue (scientific communication with Spanish
colleagues). S1R agonists are able to attenuate neurological deficits and lessen TBI-
induced neurodegeneration by reducing microglial activation following brain injury
in vivo (Wegleiter et al., 2014; Moritz et al., 2015; Dong et al., 2016). In previous
studies, BD-1063 was used to block the effect of S1R agonists (Katnik et al., 2014;
Nardai et al., 2020). Recently, oral treatment with BD-1063 induced neuroprotection
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in an SCI model by increasing the number of surviving motor neurons and decreasing
microglial activation in the ventral horns of L4-L5 spinal segments (Gaja-Capdevila
et al., 2021). Thus, different S1R ligands may act differently and even adversely in
neuroprotection.

3.4. Long-term behavioral outcomes following lateral fluid
percussion injury (Publication 1V)

To characterize the extent of long-term behavioral impairments induced by
latFPI, sensory-motor function, cold and mechanical peripheral sensitivity,
depressive-like behavior, motor coordination and cognitive function were assessed
at different time points up to 12 months post-injury.

The NSS was significantly higher for the latFPI group than the sham-operated
mice up to 12 months post-injury (p < 0.0001, Figure 3.14.A). Time on rotarod was
not significantly different between latFPI and sham animals at any time point post-
injury (Figure 3.14.B).
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Fig. 3.14. Long-term evaluation of neurological status (A) and motor function (B) after
moderate TBI in mice
The results are presented as the mean + S.E.M. (n=7-10). **P < 0.01, *** < 0.001, **** <
0.0001 vs. sham (two-way repeated-measures ANOVA followed by Fisher’s LSD test).

Among the long-term consequences of TBI, one of the most recently debated yet
severely understudied is pain (Irvine and David Clark, 2018). Pain is an acute
response to brain injury and typically lasts several weeks in patients (Ofek and
Defrin, 2007). However, in a small group of patients, pain persists beyond the healing
of damaged tissue and becomes chronic (Irvine and David Clark, 2018). The most
common long-term pain condition reported in TBI patients is a posttraumatic
headache, and in most cases, it is associated with a direct brain tissue injury (Irvine
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and David Clark, 2018; Khoury and Benavides, 2018). However, headache is not the
only type of pain present after TBI. Clinical studies indicate that chronic pain is
located in body regions that have not been injured during trauma, such as the back
and lower extremities (Ofek and Defrin, 2007; Nampiaparampil, 2008; Kwan et al.,
2018). The mechanisms that drive the development of chronic pain are not well
understood, whether the pain is due to neuropathy, central pain, or secondary to direct
tissue injury. Despite emerging evidence that nonhead pain is common after TBI,
animal studies have recently begun to explore the mechanisms supporting the
development of pain after TBI. Moreover, these studies were limited by short-term
follow-up assessment points and pain evaluation in periorbital regions (Feliciano et
al., 2014; Macolino et al., 2014; Meidahl et al., 2017, 2018; Wang et al., 2017; da
Silva Fiorin et al., 2018). A few studies have examined pain-like behavior in
peripheral regions, such as hind paws (Liang et al., 2017; Meidahl et al., 2017; Irvine
etal., 2019). Increased mechanical sensitivity has been observed within 3 weeks after
TBI, suggesting that these animals experience acute pain associated with disrupted
communication between the brain and spinal cord (Irvine et al., 2019). Here, we
showed that latFPI causes cold and mechanical sensitization in body regions distant
from the central nervous system. Peripheral cold sensitivity was evaluated by acetone
test. The cumulative reaction time of the contralateral hind paw (opposite side to the
lesion) was increased in the latFPI group compared to the sham group at 3 months
(41+£0.65vs.2.3+0.55s, p=0.026), 6 months (3.3+£0.7svs.1.0+0.2 s, p=0.007)
and 9 months post-injury (3.8 £ 0.9 s vs. 1.2 + 0.2 s, p = 0.014, Figure 3.15.A).
Peripheral mechanical sensitivity was evaluated by the von Frey test. A significant
decrease in the mechanical withdrawal latency of the contralateral hind paw was
observed in the latFPI group compared to the sham group at 9 months (3.4 = 0.3 s
vs. 5.9+ 0.7 s, p = 0.001) and 12 months post-injury (2.6 +0.4svs. 49+ 0.45s,p =
0.0113, Figure 3.15.B). The withdrawal latency was also significantly decreased in
the ipsilateral hind paw in latFPl mice compared to sham mice 12 months post-injury
(3.6 +0.6svs.5.9+0.7 s, p=0.0157, Figure 3.15.B). Interestingly, cold sensitivity
was observed only in the contralateral hind paw, and significant differences were
observed starting 3 months after injury. Clinical research shows that sensation to
thermal and tactile stimulation tends to be unilateral, mainly located on the side of
the body that was contralateral to the TBI side (Ofek and Defrin, 2007). There is
evidence that the surgical procedure per se may lead to increased pain sensitivity in
the periorbital and plantar regions in rats (da Silva Fiorin et al., 2018) and mice
(Macolino et al., 2014). However, these findings have been observed at early time
points post-TBI and could be explained by direct tissue damage and the inflammatory
response to injury.
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Fig. 3.15. Long-term evaluation of peripheral sensitivity after moderate TBI in mice
(A) The cumulative reaction time of contralateral and ipsilateral hind paw licking or shaking
in the acetone test and (B) latency of contralateral and ipsilateral hind paw withdrawal in the

electronic von Frey test. The contralateral hind paw corresponds to the opposite side of the
lesion, and the ipsilateral hind paw corresponds to the lesion side. Data are expressed as
mean + S.E.M. (n=7-10). *P < 0.05, ** < 0.001 contralateral latFPI vs. contralateral sham
hind paw. #P <0.05, ## < 0.001 ipsilateral latFPI vs. ipsilateral sham hind paw (two-way
repeated-measures ANOVA followed by Fisher’s LSD test).

It is noteworthy that both pain and depression are often cooccurring after TBI,
and a significant predictor of persistent pain in patients is an early presence of
depressive symptoms after TBI (Tham et al., 2013). Depressive-like symptoms
following TBI have commonly been reported as comorbidities of posttraumatic pain
(Bodnar et al., 2018; Khoury and Benavides, 2018). In our study, moderate latFPI
induced progressive depressive-like behavior starting at 6 months post-injury.
Namely, immobility time was significantly increased in the latFPI group 6 months
(94.7 £7.9 vs. 66.4 +10.0, p = 0.040) and 12 months (136.8 + 10.5 vs. 70.2 + 13.3,
p = 0.001, p = 0.001) post-injury compared to the sham group (Figure 3.16).
Immobility time remained unchanged over time in sham animals. These data are
consistent with recently published results in mice suffering from progressive and
severe depression-like behavior 6 months after CCI (Mao et al., 2020). In addition,
we showed that moderate latFPI also induces depressive-like behavior in male CD-
1 mice (Publication I111). However, there are also reports where depression-like
behavior is not observed within 12 months after closed head injury (Tucker et
al., 2019). Our results suggest that moderate latFP1 induces progressive depression-
like behavior, and this model is suitable for studying common clinical symptoms of
depression that are diagnosed following TBI.
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Fig. 3.16. Evaluation of long-term depressive-like behavior after moderate TBI in mice
The results are presented as the mean = S.E.M. (n=7-10). **P < 0.05, ** < 0.01 vs. sham,
#P < 0.05, ## < 0.001 compared to 1 month (two-way repeated-measures ANOVA followed
by Fisher’s LSD test).

Assessment of learning and memory is widely used in preclinical research to
determine the duration and severity of cognitive impairments following TBI.
Cognitive deficits in experimental TBI models have been observed up to 1 year or
longer after the initial injury. In these long-term studies, cognitive impairments have
been observed after severe TBI accompanied by extensive brain tissue loss (Shear et
al., 2004; Bramlett and Dietrich, 2004; Dixon et al., 2009; Pischiutta et al., 2018;
Campos-Pires et al., 2019; Mao et al., 2020). In cases where brain tissue damage is
not extensive (e.g., tissue loss in the ipsilateral cortex), cognitive impairments are
less prominent or not observed (Leconte et al., 2020; Publication I11). In the present
study, we did not observe cognitive impairments in any of the evaluated memory
tests. Hippocampal-dependent cognitive tasks, such as spatial learning and memory,
were not affected up to 6 months post-injury (data not shown, see Publication 1V).
Only one study showed that hippocampal-dependent learning tasks were affected
from 2 to 12 months after latFPI in rats; however, the injury was accompanied by
progressive tissue loss resembling severe brain injury (Pierce et al., 1998). While
some speculate that water maze performance and sensitivity depend on the difficulty
of the protocol (Kamper et al., 2013), we believe that the moderate latFPI model is
not suitable to study memory deficits after TBI in mice. Furthermore, we were unable
to find any differences between the performance of injured and sham mice on the Y-
maze and passive avoidance tests, suggesting that moderate latFPI in the present
study did not produce cognitive impairments. It is important to note that localization
of craniotomy is crucial while performing latFPI. Even though the surgery is
performed similarly between animals, medial and rostral shifts can worsen or lessen
injury-dependent hippocampal damage (Thompson et al., 2005).

The present study demonstrates that moderate TBI in mice elicits long-lasting
impairment of sensory-motor function, results in progressive depression and
potentiates peripheral pain. Nevertheless, pain in body regions other than the head is
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often not assessed systematically in clinical and preclinical TBI research. This factor
must be taken into consideration in evaluating posttraumatic pain. Patients with TBI
may benefit from timely assessment and intervention to minimize the development
and impact of pain. Acute and continued pain management may be paramount for
addressing depression or other neurological impairments in TBI patients.
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CONCLUSIONS

1.A skull fracture is one of the primary triggers for the neurological deficits and
expression of inflammatory genes in the brain tissue after weight-drop injury (mild
traumatic brain injury). Compared with TBI without fractures, TBI with skull
fractures resulted in a more severe neurobehavioral response (higher neurological
severity score) and a considerable increase in inflammatory gene expression
(TNF-a, TIMP-1) in the hippocampus and striatum.

2.Lateral fluid percussion injury (moderate traumatic brain injury) elicits long-
lasting impairment of sensory-motor function, results in progressive depression and
potentiates peripheral pain. latFPI model provides a relevant preclinical setting for
studying the link between brain injury and chronic sequelae such as depression and
peripheral pain.

3.R-phenibut treatment reduces TBI-induced neuronal death (Nissl-stained dark
neurons) and inflammation (IL-1p positive cells) in the brain tissue and improves
sensorimotor functional outcome in the acute phase after TBI via mechanisms related
to Ca®* homeostasis and oxidative stress.

4.S1R deficiency reduced TBI-induced long-term consequences in mice — improved
neurological and motor coordination, reduced depressive-like behavior and
preserved long-term cognitive function. S1R deficiency was associated with reduced
GFAP expression in Bergmann glial cells in the molecular layer of the cerebellum.
These findings suggest a role for S1R in the pathogenesis of TBI and cerebellum-
mediated motor behavior.
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RECOMMENDATIONS

1.When using the WDI model, the data from animals with skull fractures must be
analyzed separately from those without skull fractures to reduce the heterogeneity of
the model.

2.Evaluation of skull fracture is crucial to predict the outcome of TBI in humane and
veterinary medicine.

3.R-phenibut is a promising drug candidate for treating TBI-induced impairments in
humane and veterinary medicine.

4.S1R antagonists are promising drug candidates for treating TBI-induced
neurological and motor impairments in humane and veterinary medicine.

5.Patients with TBI may benefit from timely assessment and intervention to
minimize the development and impact of pain. Acute and continued pain
management may be paramount for addressing depression or other neurological
impairments in humans and animals.

80



10.

11.

LITERATURAS SARAKSTS/ REFERENCES

Abdelmalik, P. A., Draghic, N., and Ling, G. S. F. (2019). Management of
moderate and severe traumatic brain injury. Transfusion 59, 1529-1538.
doi:10.1111/TRF.15171.

Agrawal, A., Timothy, J., Pandit, L., and Manju, M. (2006). Post-traumatic
epilepsy: An overview. Clin. Neurol. Neurosurg. 108, 433-439.
d0i:10.1016/J.CLINEURO.2005.09.001.

Albert-Weissenberger, C., Stetter, C., Meuth, S. G., Gébel, K., Bader, M.,
Sirén, A. L., and Kleinschnitz, C. (2012). Blocking of bradykinin receptor B1
protects from focal closed head injury in mice by reducing axonal damage
and astroglia activation. J. Cereb. Blood Flow Metab. 32, 1747.
doi:10.1038/JCBFM.2012.62.

Albert-Weillenberger, C., Varrallyay, C., Raslan, F., Kleinschnitz, C., and
Sirén, A. L. (2012). An experimental protocol for mimicking
pathomechanisms of traumatic brain injury in mice. Exp. Transl. Stroke Med.
4. doi:10.1186/2040-7378-4-1.

An, X. L., Zou, J. X,, Wu, R. Y., Ying, Y., Tai, F. D., Zeng, S. Y., Rui, J.,
Xia, Z., Liu, E. Q., and Hugh, B. (2011). Strain and sex differences in anxiety-
like and social behaviors in C57BL/6J and BALB/cJ mice. Exp. Anim. 60,
111-123. doi:10.1538/EXPANIM.60.111.

Bains, M., and Hall, E. D. (2012). Antioxidant therapies in traumatic brain
and spinal cord injury. Biochim. Biophys. Acta 1822, 675-684.
doi:10.1016/J.BBADIS.2011.10.017.

Bair, M. J., Robinson, R. L., Katon, W., and Kroenke, K. (2003). Depression
and pain comorbidity: a literature review. Arch. Intern. Med. 163, 2433-2445.
d0i:10.1001/ARCHINTE.163.20.2433.

Baratz, R., Tweedie, D., Wang, J. Y., Rubovitch, V., Luo, W., Hoffer, B. J.,
Greig, N. H., and Pick, C. G. (2015). Transiently lowering tumor necrosis
factor-a synthesis ameliorates neuronal cell loss and cognitive impairments
induced by minimal traumatic brain injury in mice. J. Neuroinflammation 12.
doi:10.1186/S12974-015-0237-4.

Belozertseva, ., Nagel, J., Valastro, B., Franke, L., and Danysz, W. (2016).
Optical isomers of phenibut inhibit [H3]-Gabapentin binding in vitro and
show activity in animal models of chronic pain. Pharmacol. Reports 68, 550—
554. doi:10.1016/J.PHAREP.2015.12.004.

Berkner, J., Mannix, R., and Qiu, J. (2016). Clinical Traumatic Brain Injury
in the Preclinical Setting. Methods Mol. Biol. 1462, 11-28. doi:10.1007/978-
1-4939-3816-2_2.

Blades Golubovic, S., and Rossmeisl, J. H. (2017). Status epilepticus in dogs
and cats, part 2: treatment, monitoring, and prognosis. J. Vet. Emerg. Crit.
Care 27, 288-300. doi:10.1111/VEC.12604.

81



12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

Blennow, K., Brody, D. L., Kochanek, P. M., Levin, H., McKeg, A., Ribbers,
G. M., Yaffe, K., and Zetterberg, H. (2016). Traumatic brain injuries. Nat.
Rev. Dis. Prim. 2, 16084. doi:10.1038/nrdp.2016.84.

Bodnar, C. N., Morganti, J. M., and Bachstetter, A. D. (2018). Depression
following a traumatic brain injury: uncovering cytokine dysregulation as a
pathogenic mechanism. Neural Regen. Res. 13, 1693. doi:10.4103/1673-
5374.238604.

Bothe, G. W. M., Bolivar, V. J., Vedder, M. J., and Geistfeld, J. G. (2005).
Behavioral differences among fourteen inbred mouse strains commonly used
as disease models. Comp. Med. 55, 326-334.

Bramlett, H. M., and Dietrich, W. D. (2004). Pathophysiology of cerebral
ischemia and brain trauma: Similarities and differences. J. Cereb. Blood Flow
Metab. 24, 133-150.
doi:10.1097/01.WCB.0000111614.19196.04/ASSET/IMAGES/LARGE/10.
1097_01.WCB.0000111614.19196.04-FIG2.JPEG.

Bravo-Caparros, 1., Ruiz-Cantero, M. C., Perazzoli, G., Cronin, S. J. F., Vela,
J. M., Hamed, M. F., Penninger, J. M., Baeyens, J. M., Cobos, E. J., and Nieto,
F. R. (2020). Sigma-1 receptors control neuropathic pain and macrophage
infiltration into the dorsal root ganglion after peripheral nerve injury. FASEB
J. 34, 5951-5966. doi:https://doi.org/10.1096/fj.201901921R.

Brazinova, A., Rehorcikova, V., Taylor, M. S., Buckova, V., Majdan, M.,
Psota, M., Peeters, W., Feigin, V., Theadom, A., Holkovic, L., and Synnot,
A. (2021). Epidemiology of Traumatic Brain Injury in Europe: A Living
Systematic Review. J. Neurotrauma 38, 1411-1440.
doi:10.1089/NEU.2015.4126.

Calikoglu, C., Aytekin, H., Akgiil, O., Akgiil, M. H., Gezen, A. F., Akyuz, F.,
and Cakir, M. (2015). Effect of Pregabalin in Preventing Secondary Damage
in Traumatic Brain Injury: An Experimental Study. Med. Sci. Monit. 21, 813.
doi:10.12659/MSM.893887.

Campos-Pires, R., Hirnet, T., Valeo, F., Ong, B. E., Radyushkin, K., Aldhoun,
J., Saville, J., Edge, C. J., Franks, N. P., Thal, S. C., and Dickinson, R. (2019).
Xenon improves long-term cognitive function, reduces neuronal loss and
chronic neuroinflammation, and improves survival after traumatic brain
injury in mice. BJA Br. J. Anaesth. 123, 60. doi:10.1016/J.BJA.2019.02.032.
Carron, S. F., Alwis, D. S., and Rajan, R. (2016). Traumatic Brain Injury and
Neuronal Functionality Changes in Sensory Cortex . Front. Syst. Neurosci.
10, 47, Available at:
https://www.frontiersin.org/article/10.3389/fnsys.2016.00047.

Castany, S., Gris, G., Vela, J. M., Verdu, E., and Boadas-Vaello, P. (2018).
Critical role of sigma-1 receptors in central neuropathic pain-related
behaviours after mild spinal cord injury in mice. Sci. Rep. 8, 3873.
d0i:10.1038/s41598-018-22217-9.

82



22,

23.

24,

25,

26.

27.

28.

29.

30.

Cernak, 1., Merkle, A. C., Kaliatsos, V. E., Bilik, J. M., Luong, Q. T., Mahota,
T. M., Xu, L., Slack, N., Windle, D., and Ahmed, F. A. (2011). The
pathobiology of blast injuries and blast-induced neurotrauma as identified
using a new experimental model of injury in mice. Neurobiol. Dis. 41, 538—
551. doi:10.1016/J.NBD.2010.10.025.

Cerrato, V. (2020). Cerebellar Astrocytes: Much More Than Passive
Bystanders In  Ataxia Pathophysiology. J. Clin. Med. 9.
d0i:10.3390/jcm9030757.

Cesare, F. Di, Negro, V., Ravasio, G., Villa, R., Draghi, S., and Cagnardi, P.
(2023). Gabapentin: Clinical Use and Pharmacokinetics in Dogs, Cats, and
Horses. Anim. an Open Access J. from MDPI 13, 2045.
d0i:10.3390/AN113122045.

Cheng, G., Kong, R. H., Zhang, L. M., and Zhang, J. N. (2012). Mitochondria
in traumatic brain injury and mitochondrial-targeted multipotential
therapeutic strategies. Br. J. Pharmacol. 167, 699-719. do0i:10.1111/J.1476-
5381.2012.02025.X.

Chevallier, N., Keller, E., and Maurice, T. (2011). Behavioural phenotyping
of knockout mice for the sigma-1 (c:) chaperone protein revealed gender-
related anxiety, depressive-like and memory alterations. J. Psychopharmacol.
25, 960-975. doi:10.1177/0269881111400648.

Chhor, V., Moretti, R., Le Charpentier, T., Sigaut, S., Lebon, S,
Schwendimann, L., Oré, M. V., Zuiani, C., Milan, V., Josserand, J., Vontell,
R., Pansiot, J., Degos, V., lkonomidou, C., Titomanlio, L., Hagberg, H.,
Gressens, P., and Fleiss, B. (2017). Role of microglia in a mouse model of
paediatric traumatic brain injury. Brain. Behav. Immun. 63, 197.
doi:10.1016/J.BBI1.2016.11.001.

Clausen, F., Hanell, A., Israelsson, C., Hedin, J., Ebendal, T., Mir, A. K.,
Gram, H., and Marklund, N. (2011). Neutralization of interleukin-1f reduces
cerebral edema and tissue loss and improves late cognitive outcome following
traumatic brain injury in mice. Eur. J. Neurosci. 34, 110-123.
d0i:10.1111/J.1460-9568.2011.07723.X.

Clausen, F., Marklund, N., and Hillered, L. (2018). Acute Inflammatory
Biomarker Responses to Diffuse Traumatic Brain Injury in the Rat Monitored
by a Novel Microdialysis Technique. https://home.liebertpub.com/neu 36,
201-211. doi:10.1089/NEU.2018.5636.

Cole, J. T., Yarnell, A., Kean, W. S., Gold, E., Lewis, B., Ren, M., McMullen,
D. C., Jacobowitz, D. M., Pollard, H. B., O'Neill, J. T., Grunberg, N. E.,
Dalgard, C. L., Frank, J. A., and Watson, W. D. (2011). Craniotomy: true
sham for traumatic brain injury, or a sham of a sham? J. Neurotrauma 28,
359-369. doi:10.1089/NEU.2010.1427.

83



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Craig, C. R. (1967). Anticonvulsant properties of some benzhydryl piperazine
and benzhydryl piperidine compounds. Arch. Int. Pharmacodyn. Ther. 165,
328-336.

Cui, W., Allen, N. D., Skynner, M., Gusterson, B., and Clark, A. J. (2001).
Inducible ablation of astrocytes shows that these cells are required for
neuronal survival in the adult brain. Glia 34, 272—-282. doi:10.1002/glia.1061.
D’Arco, M., Margas, W., Cassidy, J. S., and Dolphin, A. C. (2015). The
upregulation of a28-1 subunit modulates activity-dependent Ca2+ signals in
sensory neurons. J. Neurosci. 35, 5891-5903.
d0i:10.1523/JINEUROSCI.3997-14.2015.

da Silva Fiorin, F., do Espirito Santo, C. C., Santos, A. R. S., Fighera, M. R.,
and Royes, L. F. F. (2018). Implication of surgical procedure in the induction
of headache and generalized painful sensation in a fluid percussion injury
model in rats. J. Neurosci. Methods 307, 23-30.
doi:10.1016/J.JNEUMETH.2018.06.004.

Dambrova, M., Zvejniece, L., Liepinsh, E., Cirule, H., Zharkova, O.,
Veinberg, G., and Kalvinsh, 1. (2008). Comparative pharmacological activity
of optical isomers of phenibut. Eur. J. Pharmacol. 583, 128-134.
doi:10.1016/j.ejphar.2008.01.015.

De Guzman, E., and Ament, A. (2017). Neurobehavioral Management of
Traumatic Brain Injury in the Critical Care Setting: An Update. Crit. Care
Clin. 33, 423-440. doi:10.1016/J.CCC.2017.03.011.

Dewan, M. C., Rattani, A., Gupta, S., Baticulon, R. E., Hung, Y.-C., Punchak,
M., Agrawal, A., Adeleye, A. O., Shrime, M. G., Rubiano, A. M., Rosenfeld,
J. V., and Park, K. B. (2018). Estimating the global incidence of traumatic
brain injury. J. Neurosurg., 1-18. do0i:10.3171/2017.10.JNS17352.

Dixon, C. E., Kochanek, P. M., Yan, H. Q., Schiding, J. K., Griffith, R. G.,
Baum, E., Marion, D. W., and DeKosky, S. T. (2009). One-Year Study of
Spatial Memory Performance, Brain Morphology, and Cholinergic Markers
After Moderate Controlled Cortical Impact in Rats.
https://home.liebertpub.com/neu 16, 109-122.
doi:10.1089/NEU.1999.16.1009.

Dolphin, A. C. (2013). The 025 subunits of voltage-gated calcium channels.
Biochim.  Biophys. Acta - Biomembr. 1828, 1541-1549.
d0i:10.1016/J.BBAMEM.2012.11.019.

Dong, H., Ma, Y., Ren, Z., Xu, B., Zhang, Y., Chen, J., and Yang B. (2016).
Sigma-1 Receptor Modulates Neuroinflammation After Traumatic Brain
Injury. Cell. Mol. Neurobiol. 36, 639-645. doi:10.1007/s10571-015-0244-0.
Edmonds, H. L., Bellin, S. I., Chen, F. M., and Hegreberg, G. A. (1978).
Anticonvulsant properties of ropizine in epileptic and nonepileptic beagle
dogs. Epilepsia 19, 139-146. doi:10.1111/J.1528-1157.1978.TB05024.X.

84



42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

Elias, N., Rotariu, A.-M., and Grave, T. (2019). Traumatic brain injury in
dogs and cats. Companion Anim. 24, 480-487.
doi:10.12968/COAN.2019.0015.

Evans, E. K., and Fernandez, A. L. (2019). Current trends in the management
of canine traumatic brain injury: An Internet-based survey. Can. Vet.J. = La
Rev. Vet. Can. 60, 73-79.

Feliciano, D. P., Sahbaie, P., Shi, X., Klukinov, M., Clark, J. D., and
Yeomans, D. C. (2014). Nociceptive sensitization and BDNF up-regulation
in a rat model of traumatic brain injury. Neurosci. Lett. 583, 55-59.
d0i:10.1016/J.NEULET.2014.09.030.

Flierl, M. A., Stahel, P. F., Beauchamp, K. M., Morgan, S. J., Smith, W. R.,
and Shohami, E. (2009). Mouse closed head injury model induced by a
weight-drop device. Nat. Protoc. 4, 1328-1337.
doi:10.1038/NPROT.2009.148.

Floyd, R. A., and Carney, J. M. (1992). Free radical damage to protein and
DNA: mechanisms involved and relevant observations on brain undergoing
oxidative stress. Ann. Neurol. 32 Suppl, S22-S27.
doi:10.1002/ANA.410320706.

Fox, G. B., Levasseur, R. A., and Faden, A. 1. (2009). Behavioral Responses
of C57BL/6, FVB/N, and 129/SVEMS Mouse Strains to Traumatic Brain
Injury: Implications for Gene Targeting Approaches to Neurotrauma.
https://home.liebertpub.com/neu 16, 377-3809.
doi:10.1089/NEU.1999.16.377.

Gaja-Capdevila, N., Hernandez, N., Zamanillo, D., Vela, J. M., Merlos, M.,
Navarro, X., and Herrando-Grabulosa, M. (2021). Neuroprotective Effects of
Sigma 1 Receptor Ligands on Motoneuron Death after Spinal Root Injury in
Mice. Int. J. Mol. Sci. 22. doi:10.3390/ijms22136956.

Garcia, Y., and Esquivel, N. (2018). Comparison of the Response of Male
BALB/c and C57BL/6 Mice in Behavioral Tasks to Evaluate Cognitive
Function. Behav. Sci. (Basel). 8. d0i:10.3390/BS8010014.

Gardner, J., and Ghorpade, A. (2003). Tissue inhibitor of metalloproteinase
(TIMP)-1: the TIMPed balance of matrix metalloproteinases in the central
nervous system. J. Neurosci. Res. 74, 801-806. doi:10.1002/JNR.10835.
Garg, C., Seo, J. H., Ramachandran, J., Loh, J. M., Calderon, F., and
Contreras, J. E. (2018). Trovafloxacin attenuates neuroinflammation and
improves outcome after traumatic brain injury in mice. J. Neuroinflammation
15. d0i:10.1186/S12974-018-1069-9.

Genrikhs, E. E., Stelmashook, E. V., Popova, O. V., Kapay, N. A,
Korshunova, G. A., Sumbatyan, N. V., Skrebitsky, V. G., Skulachev, V. P.,
and Isaev, N. K. (2015). Mitochondria-targeted antioxidant SkQT1 decreases
trauma-induced neurological deficit in rat and prevents amyloid-p-induced

85



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

impairment of long-term potentiation in rat hippocampal slices. J. Drug
Target. 23, 347-352. d0i:10.3109/1061186X.2014.997736.

Gironda, R. J., Clark, M. E., Ruff, R. L., Chait, S., Craine, M., Walker, R.,
and Scholten J. (2009). Traumatic Brain Injury, Polytrauma, and Pain:
Challenges and Treatment Strategies for the Polytrauma Rehabilitation.
Rehabil. Psychol. 54, 247-258. doi:10.1037/A0016906.

Gorlach, A., Bertram, K., Hudecova, S., and Krizanova, O. (2015). Calcium
and ROS: A mutual interplay. Redox Biol. 6, 260-271.
d0i:10.1016/J.REDOX.2015.08.010.

Granger, D. N., and Kvietys, P. R. (2015). Reperfusion injury and reactive
oxygen species: The evolution of a concept. Redox Biol. 6, 524-551.
d0i:10.1016/J.REDOX.2015.08.020.

Gurkoff, G., Shahlaie, K., Lyeth, B., and Berman, R. (2013). Voltage-Gated
Calcium Channel Antagonists and Traumatic Brain Injury. Pharmaceuticals
6, 788. doi:10.3390/PH6070788.

Gyoneva, S., and Ransohoff, R. M. (2015). Inflammatory reaction after
traumatic brain injury: therapeutic potential of targeting cell-cell
communication by chemokines. Trends Pharmacol. Sci. 36, 471-480.
d0i:10.1016/J.TIPS.2015.04.003.

Ha, K. Y., Carragee, E., Cheng, I., Kwon, S. E., and Kim, Y. H. (2011).
Pregabalin as a Neuroprotector after Spinal Cord Injury in Rats: Biochemical
Analysis and Effect on Glial Cells. J. Korean Med. Sci. 26, 404.
d0i:10.3346/JKMS.2011.26.3.404.

Ha, K. Y., Kim, Y. H., Rhyu, K. W., and Kwon, S. E. (2008). Pregabalin as a
neuroprotector after spinal cord injury in rats. Eur. Spine J. 17, 864.
doi:10.1007/S00586-008-0653-6.

Hall, E. D., Vaishnav, R. A., and Mustafa, A. G. (2010). Antioxidant therapies
for  traumatic  brain  injury.  Neurotherapeutics 7, 51-61.
doi:10.1016/J.NURT.2009.10.021.

Hicks, R., Soares, H., Smith, D., and Mclntosh, T. (1996). Temporal and
spatial characterization of neuronal injury following lateral fluid-percussion
brain injury in the rat. Acta Neuropathol. 91, 236-246.
doi:10.1007/S004010050421.

Homsi, S., Federico, F., Croci, N., Palmier, B., Plotkine, M., Marchand-
Leroux, C., and Jafarian-Tehrani, M. (2009). Minocycline effects on cerebral
edema: relations with inflammatory and oxidative stress markers following
traumatic brain injury in  mice. Brain Res. 1291, 122-132.
doi:10.1016/J.BRAINRES.2009.07.031.

Hong, J., Sha, S., Zhou, L., Wang, C., Yin, J., and Chen, L. (2015). Sigma-1
receptor deficiency reduces MPTP-induced parkinsonism and death of
dopaminergic neurons. Cell Death Dis. 6, e1832.
d0i:10.1038/cddis.2015.194.

86



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Immonen, R. J., Kharatishvili, I., Grohn, H., Pitkdnen, A., and Gréhn, O. H.
J. (2009). Quantitative MRI predicts long-term structural and functional
outcome after experimental traumatic brain injury. Neuroimage 45, 1-9.
doi:10.1016/J.NEUROIMAGE.2008.11.022.

Irvine, K. A., and David Clark, J. (2018). Chronic Pain After Traumatic Brain
Injury: Pathophysiology and Pain Mechanisms. Pain Med. 19, 1315-1333.
doi:10.1093/PM/PNX153.

Irving, K. A., Sahbaie, P., Ferguson, A. R., and Clark, J. D. (2019). Enhanced
descending pain facilitation in acute traumatic brain injury. Exp. Neurol. 320,
112976. doi:10.1016/J.EXPNEUROL.2019.112976.

Johnstone, V. P. A., Wright, D. K., Wong, K., O’Brien, T. J., Rajan, R., and
Shultz, S. R. (2015). Experimental Traumatic Brain Injury Results in Long-
Term Recovery of Functional Responsiveness in Sensory Cortex but
Persisting Structural Changes and Sensorimotor, Cognitive, and Emotional
Deficits. J. Neurotrauma 32, 1333-1346. doi:10.1089/NEU.2014.3785.
Kamper, J. E., Pop, V., Fukuda, A. M., Ajao, D. O., Hartman, R. E., and
Badaut, J. (2013). Juvenile traumatic brain injury evolves into a chronic brain
disorder: Behavioral and histological changes over 6 months. Exp. Neurol.
250, 8-19. d0i:10.1016/J.EXPNEUROL.2013.09.016.

Kane, M. J., Angoa-Pérez, M., Briggs, D. 1., Viano, D. C., Kreipke, C. W.,
and Kuhn, D. M. (2012). A mouse model of human repetitive mild traumatic
brain injury. J. Neurosci. Methods 203, 41-49.
d0i:10.1016/j.jneumeth.2011.09.003.

Katnik, C., Garcia, A., Behensky, A. A., Yasny, |. E., Shuster, A. M.,
Seredenin, S. B., Petrov, A. V., Seifu, S., McAleer, J., Willing, A., and
Cuevas, J. (2014). Treatment with afobazole at delayed time points following
ischemic stroke improves long-term functional and histological outcomes.
Neurobiol. Dis. 62, 354—-364. d0i:10.1016/j.nbd.2013.10.011.

Khoury, S., and Benavides, R. (2018). Pain with traumatic brain injury and
psychological disorders. Prog. Neuro-Psychopharmacology Biol. Psychiatry
87, 224-233. doi:10.1016/J.PNPBP.2017.06.007.

Knoblach, S. M., Fan, L., and Faden, A. 1. (1999). Early neuronal expression
of tumor necrosis factor-alpha after experimental brain injury contributes to
neurological impairment. J. Neuroimmunol. 95, 115-125.
d0i:10.1016/S0165-5728(98)00273-2.

Kupats, E., Vrublevska, J., Zvejniece, B., Vavers, E., Stelfa, G., Zvejniece,
L., and Dambrova M. (2020). Safety and tolerability of the anxiolytic and
nootropic drug phenibut: A systematic review of clinical trials and case
reports. Pharmacopsychiatry 53, 201-208. doi:10.1055/A-1151-5017.

Kwan, V., Vo, M., Noel, M., and Yeates, K. (2018). A Scoping Review of
Pain in Children after Traumatic Brain Injury: Is There More Than Headache?
J. Neurotrauma 35, 877. doi:10.1089/NEU.2017.5281.

87



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Lagraoui, M., Latoche, J. R., Cartwright, N. G., Sukumar, G., Dalgard, C. L.,
and Schaefer, B. C. (2012). Controlled cortical impact and craniotomy induce
strikingly similar profiles of inflammatory gene expression, but with distinct
kinetics. Front. Neurol. 3. doi:10.3389/FNEUR.2012.00155.

Lapin, L. (2001). Phenibut (B-Phenyl-GABA): A Tranquilizer and Nootropic
Drug. CNS Drug Rev. 7, 471-481. doi:10.1111/j.1527-3458.2001.th00211.x.
Lattard, A., Poulen, G., Bartolami, S., Gerber, Y. N., and Perrin, F. E. (2021).
Negative Impact of Sigma-1 Receptor Agonist Treatment on Tissue Integrity
and Motor Function Following Spinal Cord Injury. Front. Pharmacol. 12,
614949. doi:10.3389/fphar.2021.614949.

Lazovic, J., Basu, A., Lin, H. W., Rothstein, R. P., Krady, J. K., Smith, M. B.,
and Levison S. W. (2005). Neuroinflammation and both cytotoxic and
vasogenic edema are reduced in interleukin-1 type 1 receptor-deficient mice
conferring neuroprotection. Stroke 36, 2226-2231.
doi:10.1161/01.STR.0000182255.08162.6a.

Leconte, C., Benedetto, C., Lentini, F., Simon, K., Ouaazizi, C., Taib, T., Cho,
A., Plotkine, M., Mongeau, R., Marchand-Leroux, C., Besson, and Valérie C.
(2020). Histological and Behavioral Evaluation after Traumatic Brain Injury
in Mice: A Ten Months Follow-Up Study. https://home.liebertpub.com/neu
37, 1342-1357. doi:10.1089/NEU.2019.6679.

Liang, D. Y., Shi, X., Liu, P., Sun, Y., Sahbaie, P., Li, W. W., Yeomans, D.
C., and Clark, J. D. (2017). The Chemokine Receptor CXCR2 Supports
Nociceptive Sensitization after Traumatic Brain Injury. Mol. Pain 13.
d0i:10.1177/1744806917730212.

Lok, J., Leung, W., Murphy, S., Butler, W., Noviski, N., and Lo, E. H. (2011).
Intracranial hemorrhage: mechanisms of secondary brain injury. Acta
Neurochir. Suppl. 111, 63-69. doi:10.1007/978-3-7091-0693-8 11.

Lorente, L., Martin, M. M., Ramos, L., Caceres, J. J., Solé-Violan, J.,
Argueso, M., Jiménez, A., Borreguero-Ledn, J. M., Orbe, J., Rodriguez, J. A.,
and Paramo, J. A. (2015). Serum tissue inhibitor of matrix metalloproteinase-
1 levels are associated with mortality in patients with malignant middle
cerebral artery infarction. BMC Neurol. 15. doi:10.1186/S12883-015-0364-
7.

Lu, K. T., Wang, Y. W,, Yang, J. T., Yang, Y. L., and Chen, H. I. (2005).
Effect of Interleukin-1 on Traumatic Brain Injury—Induced Damage to
Hippocampal Neurons. https://home.liebertpub.com/neu 22, 885-895.
doi:10.1089/NEU.2005.22.885.

Lucki, 1., Dalvi, A., and Mayorga, A. J. (2001). Sensitivity to the effects of
pharmacologically selective antidepressants in different strains of mice.
Psychopharmacology (Berl). 155, 315-322. d0i:10.1007/S002130100694.
Macolino, C. M., Daiutolo, B. V., Albertson, B. K., and Elliott, M. B. (2014).
Mechanical allodynia induced by traumatic brain injury is independent of

88



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

restraint stress. J. Neurosci. Methods 226, 139-146.
doi:10.1016/J.JNEUMETH.2014.01.008.

Majdan, M., Melichova, J., Plancikova, D., Sivco, P., Maas, A. |. R., Feigin,
V. L., Polinder, S., and Haagsma, J. A. (2022). Burden of Traumatic Brain
Injuries in Children and Adolescents in Europe: Hospital Discharges, Deaths
and Years of Life Lost. Children 9, 105.
doi:10.3390/CHILDREN9010105/S1.

Mao, X., Terpolilli, N. A., Wehn, A., Cheng, S., Hellal, F., Liu, B., Seker, B.,
and Plesnila, N. (2020). Progressive Histopathological Damage Occurring Up
to One Year after Experimental Traumatic Brain Injury Is Associated with
Cognitive Decline and Depression-Like Behavior. J. Neurotrauma 37, 1331—
1341. d0i:10.1089/NEU.2019.6510.

Marais, E., Klugbauer, N., and Hofmann, F. (2001). Calcium channel
alpha(2)delta subunits-structure and Gabapentin binding. Mol. Pharmacol.
59, 1243-1248. do0i:10.1124/MOL.59.5.1243.

Marmarou, A., Abd-Elfattah Foda, M. A., Van den Brink, W., Campbell, J.,
Kita, H., and Demetriadou, K. (1994). A new model of diffuse brain injury in
rats: Part |: Pathophysiology and biomechanics. J. Neurosurg. 80, 291-300.
d0i:10.3171/INS.1994.80.2.0291.

Masciantonio, M. G., Lee, C. K. S., Arpino, V., Mehta, S., and Gill, S. E.
(2017). The Balance Between Metalloproteinases and TIMPs: Critical
Regulator of Microvascular Endothelial Cell Function in Health and Disease.
Prog. Mol. Biol. Transl. Sci. 147, 101-131.
d0i:10.1016/BS.PMBTS.2017.01.001.

Maurice, T., Strehaiano, M., Duhr, F., and Chevallier, N. (2018). Amyloid
toxicity is enhanced after pharmacological or genetic invalidation of the o(1)
receptor. Behav. Brain Res. 339, 1-10. doi:10.1016/j.bbr.2017.11.010.
Mautes, A. E., Fukuda, K., and Noble, L. J. (1996). Cellular response in the
cerebellum after midline traumatic brain injury in the rat. Neurosci. Lett. 214,
95-98. doi:10.1016/0304-3940(96)12916-5.

McColl, T. J., Brady, R. D., Shultz, S. R., Lovick, L., Webster, K. M., Sun,
M., McDonald, S. J., O'Brien, T. J., and Semple, B. D. (2018). Mild traumatic
brain injury in adolescent mice alters skull bone properties to influence a
subsequent brain impact at adulthood: A pilot study. Front. Neurol. 9, 25.
d0i:10.3389/FNEUR.2018.00372/FULL.

Meconi, A., Wortman, R. C., Wright, D. K., Neale, K. J., Clarkson, M.,
Shultz, S. R., and Christie, B. R. (2018). Repeated mild traumatic brain injury
can cause acute neurologic impairment without overt structural damage in
juvenile rats. PLoS One 13. doi:10.1371/JOURNAL.PONE.0197187.
Meidahl, A. C., Eisenried, A., Klukinov, M., Cao, L., Tzabazis, A. Z., and
Yeomans, D. C. (2018). Intranasal Oxytocin Attenuates Reactive and

89



96.

97.

98.

99.

100.

101.

102.

103.

104.

Ongoing, Chronic Pain in a Model of Mild Traumatic Brain Injury. Headache
58, 545-558. d0i:10.1111/HEAD.13248.

Meidahl, A. C., Klukinov, M., Tzabazis, A. Z., Sorensen, J. C., and Yeomans,
D. C. (2017). Nasal application of HSV encoding human preproenkephalin
blocks craniofacial pain in a rat model of traumatic brain injury.
doi:10.1038/gt.2017.55.

Midura, E. F., Jernigan, P. L., Kuethe, J. W., Friend, L. A., Veile, R., Makley,
A. T., Caldwell, C. C., and Goodman, M. D. (2015). Microparticles impact
coagulation after traumatic brain injury. J. Surg. Res. 197, 25-31.
d0i:10.1016/j.jss.2015.02.064.

Mogil, J. S., Wilson, S. G., Bon, K., Lee, S. E., Chung, K., Raber, P., Pieper,
J. 0., Hain, H. S., Belknap, J. K., Hubert, L., Elmer, G. I., Chung, J. M., and
Devor, M. (1999). Heritability of nociception I: responses of 11 inbred mouse
strains on 12 measures of nociception. Pain 80, 67—82. doi:10.1016/S0304-
3959(98)00197-3.

Moritz, C., Berardi, F., Abate, C., and Peri, F. (2015). Live imaging reveals a
new role for the sigma-1 (c1) receptor in allowing microglia to leave brain
injuries. Neurosci. Lett. 591, 13-18. d0i:10.1016/j.neulet.2015.02.004.
Namjoshi, D. R., Cheng, W. H. an., Mclnnes, K. A., Martens, K. M., Carr,
M., Wilkinson, A., Fan, J., Robert, J., Hayat, A., Cripton, P. A., and
Wellington, C. L. (2014). Merging pathology with biomechanics using
CHIMERA (Closed-Head Impact Model of Engineered Rotational
Acceleration): a novel, surgery-free model of traumatic brain injury. Mol.
Neurodegener. 9, 55. doi:10.1186/1750-1326-9-55/FIGURES/9.

Namjoshi, D. R., Good, C., Cheng, W. H., Panenka, W., Richards, D.,
Cripton, P. A., and Wellington, C. L. (2013). Towards clinical management
of traumatic brain injury: a review of models and mechanisms from a
biomechanical perspective. Dis. Model. Mech. 6, 1325-1338.
doi:10.1242/DMM.011320.

Nampiaparampil, D. E. (2008). Prevalence of Chronic Pain After Traumatic
Brain Injury: A Systematic Review. JAMA 300, 711-7109.
d0i:10.1001/JAMA.300.6.711.

Nardai, S., Laszld, M., Szabd, A., Alpar, A., Hanics, J., Zahola, P., Merkely,
B., Frecska, E., and Nagy, Z. (2020). N,N-dimethyltryptamine reduces infarct
size and improves functional recovery following transient focal brain
ischemia in rats. Exp. Neurol. 327, 113245.
doi:10.1016/j.expneurol.2020.113245.

Newell, E. A., Todd, B. P., Mahoney, J., Pieper, A. A., Ferguson, P. J., and
Bassuk, A. G. (2018). Combined Blockade of Interleukin-la and -1B
Signaling Protects Mice from Cognitive Dysfunction after Traumatic Brain
Injury. Eneuro 5, ENEURO.0385-17.2018. do0i:10.1523/ENEURO.0385-
17.2018.

90



105.

106.

107.

108.

109.

110.

111

112,

113.

114.

Nguyen, L., Lucke-Wold, B. P., Mookerjee, S. A., Cavendish, J. Z., Robson,
M. J., Scandinaro, A. L., and Matsumoto, R. R. (2015). Role of sigma-1
receptors in neurodegenerative diseases. J. Pharmacol. Sci. 127, 17-29.
doi:10.1016/j.jphs.2014.12.005.

Nolte, C., Matyash, M., Pivneva, T., Schipke, C. G., Ohlemeyer, C., Hanisch,
U. K., Kirchhoff, F., and Kettenmann, H. (2001). GFAP promoter-controlled
EGFP-expressing transgenic mice: a tool to visualize astrocytes and
astrogliosis in living brain tissue. Glia 33, 72—86. doi:10.1002/1098-
1136(20010101)33:1&It;72::aid-glial007&gt;3.0.c0;2-a.

Ofek, H., and Defrin, R. (2007). The characteristics of chronic central pain
after traumatic brain injury. Pain 131, 330-340.
d0i:10.1016/J.PAIN.2007.06.015.

Ooigawa, H., Nawashiro, H., Fukui, S., Otani, N., Osumi, A., Toyooka, T.,
and Shima K. (2006). The fate of Nissl-stained dark neurons following
traumatic brain injury in rats: difference between neocortex and hippocampus
regarding  survival rate. Acta  Neuropathol. 112, 471-481.
doi:10.1007/S00401-006-0108-2.

Park, E., McKnight, S., Ai, J., and Baker, A. J. (2006). Purkinje cell
vulnerability to mild and severe forebrain head trauma. J. Neuropathol. Exp.
Neurol. 65, 226-234. doi:10.1097/01.jnen.0000202888.29705.93.

Pierce, J. E. S., Smith, D. H., Trojanowski, J. Q., and Mclntosh, T. K. (1998).
Enduring cognitive, neurobehavioral and histopathological changes persist
for up to one year following severe experimental brain injury in rats.
Neuroscience 87, 359-369. doi:10.1016/S0306-4522(98)00142-0.
Pischiutta, F., Micotti, E., Hay, J. R., Marongiu, I., Sammali, E., Tolomeo,
D., Vegliante, G., Stocchetti, N., Forloni, G., De Simoni, M. G., Stewart, W.,
and Zanier, E. R. (2018). Single severe traumatic brain injury produces
progressive pathology with ongoing contralateral white matter damage one
year after injury. Exp. Neurol. 300, 167-178.
doi:10.1016/j.expneurol.2017.11.003.

Pottker, B., Stober, F., Hummel, R., Angenstein, F., Radyushkin, K.,
Goldschmidt, J., and Schéfer, M. K. E. (2017). Traumatic brain injury causes
long-term behavioral changes related to region-specific increases of cerebral
blood flow. Brain Struct. Funct. 2017 2229 222, 4005-4021.
d0i:10.1007/S00429-017-1452-9.

Prins, M., Greco, T., Alexander, D., and Giza, C. C. (2013). The
pathophysiology of traumatic brain injury at a glance. DMM Dis. Model.
Mech. 6, 1307-1315. doi:10.1242/DMM.011585/-/DC1.

Qin, N., Yagel, S., Momplaisir, M. Lou, Codd, E. E., and D’ Andrea, M. R.
(2002). Molecular cloning and characterization of the human voltage-gated
calcium channel alpha(2)delta-4 subunit. Mol. Pharmacol. 62, 485-496.
d0i:10.1124/MOL..62.3.485.

91



115.

116.

117.

118.

119.

120.

121.

122,

123.

124,

125.

Rapoport, M., van Reekum, R., and Mayberg, H. (2000). The Role of the
Cerebellum in Cognition and Behavior. J. Neuropsychiatry Clin. Neurosci.
12, 193-198. doi:10.1176/jnp.12.2.193.

Ren, Z., Iliff, J. J.,, Yang, L., Yang, J., Chen, X., Chen, M. J., Giese, R. N.,
Wang, B., Shi, X., and Nedergaard, M. (2013). “Hit & Run” model of closed-
skull traumatic brain injury (TBI) reveals complex patterns of post-traumatic
AQP4 dysregulation. J. Cereb. Blood Flow Metab. 33, 834-845.
d0i:10.1038/JCBFM.2013.30.

Rodriguez, J. A., Sobrino, T., Orbe, J., Purroy, A., Martinez-Vila, E., Castillo,
J., and Paramo, J. A. (2013). proMetalloproteinase-10 is associated with brain
damage and clinical outcome in acute ischemic stroke. J. Thromb. Haemost.
11, 1464-1473. doi:10.1111/JTH.12312.

Rothwell, N. J., and Luheshi, G. N. (2000). Interleukin 1 in the brain: biology,
pathology and therapeutic target. Trends Neurosci. 23, 618-625.
doi:10.1016/S0166-2236(00)01661-1.

Rowe, R. K., Ellis, G. 1., Harrison, J. L., Bachstetter, A. D., Corder, G. F.,
Van Eldik, L. J., Taylor, B. K., Marti, F., and Lifshitz, J. (2016). Diffuse
traumatic brain injury induces prolonged immune dysregulation and
potentiates hyperalgesia following a peripheral immune challenge. Mol. Pain
12. doi:10.1177/1744806916647055.

Sahagian, M., Mastrocco, A., and Prittie, J. (2023). Phenibut toxicosis in a
dog. J. Vet. Emerg. Crit. Care (San Antonio). 33. doi:10.1111/VEC.13313.
Sanchez-Blazquez, P., Pozo-Rodrigalvarez, A., Merlos, M., and Garzoén, J.
(2018). The Sigma-1 Receptor Antagonist, SIRA, Reduces Stroke Damage,
Ameliorates  Post-Stroke Neurological Deficits and Suppresses the
Overexpression of MMP-9. Mol. Neurobiol. 55, 4940-4951.
doi:10.1007/s12035-017-0697-x.

Sande, A., and West, C. (2010). Traumatic brain injury: a review of
pathophysiology and management. J. Vet. Emerg. Crit. Care (San Antonio).
20, 177-190. d0i:10.1111/j.1476-4431.2010.00527 .x.

Santos, L. O. Dos, Caldas, G. G., Santos, C. R. O., and Junior, D. B. (2018).
Traumatic brain injury in dogs and cats: a systematic review. Vet. Med.
(Praha). 63, 345-357. d0i:10.17221/20/2017-VETMED.

Sasaki, T., Beppu, K., Tanaka, K. F., Fukazawa, Y., Shigemoto, R., and
Matsui, K. (2012). Application of an optogenetic byway for perturbing
neuronal activity via glial photostimulation. Proc. Natl. Acad. Sci. 109, 20720
LP —20725. doi:10.1073/pnas.1213458109.

Schetz, J. A, Perez, E., Liu, R., Chen, S., Lee, I., and Simpkins, J. W. (2007).
A prototypical Sigma-1 receptor antagonist protects against brain ischemia.
Brain Res. 1181, 1-9. doi:10.1016/j.brainres.2007.08.068.

92



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Schmidt, R. L., and Lenz, L. L. (2012). Distinct Licensing of 1L-18 and IL-
1B Secretion in Response to NLRP3 Inflammasome Activation. PLoS One 7,
45186. doi:10.1371/JOURNAL.PONE.0045186.

Schwarzbold, M. L., Rial, D., De Bem, T., Machado, D. G., Cunha, M. P.,
dos Santos, A. A., dos Santos, D. B., Figueiredo, C. P., Farina, M., Goldfeder,
E. M., Rodrigues, A. L. S., Prediger, R. D. S., and Walz, R. (2010). Effects
of traumatic brain injury of different severities on emotional, cognitive, and
oxidative stress-related parameters in mice. J. Neurotrauma 27, 1883-1893.
d0i:10.1089/neu.2010.1318.

Semple, B. D., Bye, N., Ziebell, J. M., and Morganti-Kossmann, M. C.
(2010). Deficiency of the chemokine receptor CXCR2 attenuates neutrophil
infiltration and cortical damage following closed head injury. Neurobiol. Dis.
40, 394-403. doi:10.1016/J.NBD.2010.06.015.

Shamsi Meymandi, M., Soltani, Z., Sepehri, G., Amiresmaili, S., Farahani,
F., and Moeini Aghtaei, M. (2018). Effects of pregabalin on brain edema,
neurologic and histologic outcomes in experimental traumatic brain injury.
Brain Res. Bull. 140, 169-175.
doi:10.1016/J.BRAINRESBULL.2018.05.001.

Shear, D. A., Tate, M. C., Archer, D. R., Hoffman, S. W., Hulce, V. D.,
Laplaca, M. C., and Stein D. G. (2004). Neural progenitor cell transplants
promote long-term functional recovery after traumatic brain injury. Brain
Res. 1026, 11-22. doi:10.1016/J.BRAINRES.2004.07.087.

Shi, M., Chen, F., Chen, Z., Yang, W., Yue, S., Zhang, J., and Chen X. (2021).
Sigma-1 Receptor: A Potential Therapeutic Target for Traumatic Brain
Injury. Front. Cell. Neurosci. 15, 402.
doi:10.3389/FNCEL.2021.685201/BIBTEX.

Shohami, E., Novikov, M., Bass, R., Yamin, A., and Gallily, R. (1994).
Closed head injury triggers early production of TNF alpha and IL-6 by brain
tissue. J. Cereb. Blood Flow Metab. 14, 615-619.
doi:10.1038/JCBFM.1994.76.

Stelfa, G., Vavers, E., Svalbe, B., Serzants, R., Miteniece, A., Lauberte, L.,
Grinberga, S., Gukalova, B., Dambrova, M., and Zvejniece, L. (2021).
Reduced GFAP expression in bergmann glial cells in the cerebellum of
sigma-1 receptor knockout mice determines the neurobehavioral outcomes
after  traumatic  brain  injury. Int. J. Mol.  Sci. 22
doi:10.3390/1JMS222111611/S1.

Stelmashook, E. V., Isaev, N. K., Genrikhs, E. E., and Novikova, S. V. (2019).
Mitochondria-Targeted Antioxidants as Potential Therapy for the Treatment
of Traumatic Brain Injury. Antioxidants 8. doi:10.3390/ANTIOX8050124.
Su, T. P. (1994). Sigma receptors in the central nervous system and the
periphery. Sigma Recept., 21-44.

93



136.Sullivan-Singh, S. J., Sawyer, K., Ehde, D. M., Bell, K. R., Temkin, N., Dikmen,

137.

138.

139.

140.

141.

142,

143.

144,

145.

S., Williams, R. M., and Hoffman, J. M. (2014). Comorbidity of Pain and
Depression Among Persons With Traumatic Brain Injury. Arch. Phys. Med.
Rehabil. 95, 1100-1105. doi:10.1016/J.APMR.2014.02.001.

Sun, M., Brady, R. D., Wright, D. K., Kim, H. A., Zhang, S. R., Sobey, C. G.,
Johnstone, M. R., O'Brien, T. J., Semple, B. D., McDonald, S. J., and Shultz,
S. R. (2017). Treatment with an interleukin-1 receptor antagonist mitigates
neuroinflammation and brain damage after polytrauma. Brain. Behav.
Immun. 66, 359-371. doi:10.1016/J.BBI1.2017.08.005.

Talley Watts, L., Long, J. A., Chemello, J., Van Koughnet, S., Fernandez, A.,
Huang, S., Shen, Q., and Duong, T. Q. (2014). Methylene Blue Is
Neuroprotective against Mild Traumatic Brain Injury. J. Neurotrauma 31,
1063. doi:10.1089/NEU.2013.3193.

Taylor, C. P., and Garrido, R. (2008). Immunostaining of rat brain, spinal
cord, sensory neurons and skeletal muscle for calcium channel alpha2-delta
(a2-0) type 1 protein. Neuroscience 155, 510-521.
doi:10.1016/J.NEUROSCIENCE.2008.05.053.

Tehranian, R., Andell-Jonsson, S., Beni, S. M., Yatsiv, l., Shohami, E.,
Bartfai, T., Lundkvist, J., and Iverfeldt, K. (2002). Improved recovery and
delayed cytokine induction after closed head injury in mice with central
overexpression of the secreted isoform of the interleukin-1 receptor
antagonist. J. Neurotrauma 19, 939-951. doi:10.1089/089771502320317096.
Tham, S. W., Palermo, T. M., Wang, J., Jaffe, K. M., Temkin, N., Durbin, D.,
and Rivara F. P. (2013). Persistent Pain in Adolescents Following Traumatic
Brain Injury. J. Pain 14, 1242. doi:10.1016/J.JPAIN.2013.05.007.
Thompson, H. J., Lifshitz, J., Marklund, N., Grady, M. S., Graham, D. I.,
Hovda, D. A., and Mcintosh, T.K. (2005). Lateral Fluid Percussion Brain
Injury: A 15-Year Review and Evaluation. https://home.liebertpub.com/neu
22, 42-75. doi:10.1089/NEU.2005.22.42.

Tucker, L. B., Velosky, A. G., Fu, A. H., and McCabe, J. T. (2019). Chronic
Neurobehavioral Sex Differences in a Murine Model of Repetitive
Concussive Brain Injury. Front. Neurol. 10, 509. Available at:
https://www.frontiersin.org/article/10.3389/fneur.2019.00509.

Tyszkiewicz, C., Pardo, I. D., Ritenour, H. N., Liu, C.-N., and Somps, C.
(2021). Increases in GFAP immunoreactive astrocytes in the cerebellar
molecular layer of young adult CBA/J mice. Lab. Anim. Res. 37, 24.
d0i:10.1186/s42826-021-00100-5.

Vavers, E., Svalbe, B., Lauberte, L., Stonans, I., Misane, |., Dambrova, M.,
and Zvejniece L. (2017). The activity of selective sigma-1 receptor ligands in
seizure models in vivo. Behav. Brain Res. 328, 13-18.
d0i:10.1016/j.bbr.2017.04.008.

94



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Vavers, E., Zvejniece, L., Svalbe, B., Volska, K., Makarova, E., Liepinsh, E.,
Dambrova M. (2016). The neuroprotective effects of R-phenibut after focal
cerebral ischemia. Pharmacol. Res. 113, 796-801.
doi:10.1016/J.PHRS.2015.11.013.

Veech, R. L., Valeri, C. R., and Vanitallie, T. B. (2012). The mitochondrial
permeability transition pore provides a key to the diagnosis and treatment of
traumatic brain injury. [IUBMB Life 64, 203-207. doi:10.1002/1UB.590.
Walker, W. C. (2004). Pain pathoetiology after TBI: neural and nonneural
mechanisms. J. Head Trauma Rehabil. 19, 72-81. doi:10.1097/00001199-
200401000-00007.

Wang, F., Xu, Q., Wang, W., Takano, T., and Nedergaard, M. (2012).
Bergmann glia modulate cerebellar Purkinje cell bistability via
Ca&lt;sup&gt;2+&lIt;/sup&gt;-dependent K&lIt;sup&gt;+&lt;/sup&gt;
uptake. Proc. Natl. Acad. Sci., 201120380. doi:10.1073/pnas.1120380109.
Wang, L., Kang, S., Zou, D., Zhan, L., Li, Z., Zhu, W., and Su, H. (2016).
Bone Fracture Pre-lschemic Stroke Exacerbates Ischemic Cerebral Injury in
Mice. PLoS One 11, e0153835. doi:10.1371/JOURNAL.PONE.0153835.
Wang, X., Barone, F. C., White, R. F., and Feuerstein, G. Z. (1998).
Subtractive cloning identifies tissue inhibitor of matrix metalloproteinase-1
(TIMP-1) increased gene expression following focal stroke. Stroke 29, 516—
520. d0i:10.1161/01.STR.29.2.516.

Wang, X., Imura, T., Sofroniew, M. V, and Fushiki, S. (2011). Loss of
adenomatous polyposis coli in Bergmann glia disrupts their unique
architecture and leads to cell nonautonomous neurodegeneration of cerebellar
Purkinje neurons. Glia 59, 857-868. doi:10.1002/glia.21154.

Wang, Z., Wang, Q., Wang, C., Xu, X. and Yu, H. (2017).
Tetramethylpyrazine attenuates periorbital allodynia and neuroinflammation
in a model of traumatic brain injury. J. Inflamm. (Lond). 14.
d0i:10.1186/S12950-017-0161-8.

Weber, J. T. (2012). Altered calcium signaling following traumatic brain
injury. Front. Pharmacol. 3. doi:10.3389/FPHAR.2012.00060.

Wegleiter, K., Hermann, M., Posod, A., Wechselberger, K., Stanika, R. I.,
Obermair, G. J., Kiechl-Kohlendorfer, U., Urbanek, M., and Griesmaier, E.
(2014). The sigma-1 receptor agonist 4-phenyl-1-(4-phenylbutyl) piperidine
(PPBP) protects against newborn excitotoxic brain injury by stabilizing the
mitochondrial membrane potential in vitro and inhibiting microglial
activation in Vivo. Exp. Neurol. 261, 501-509.
doi:10.1016/j.expneurol.2014.07.022.

Werner, C., and Engelhard, K. (2007). Pathophysiology of traumatic brain
injury. BJA Br. J. Anaesth. 99, 4-9. doi:10.1093/BJA/AEM131.

White, T. E., Ford, G. D., Surles-Zeigler, M. C., Gates, A. S., LaPlaca, M. C.,
and Ford, B. D. (2013). Gene expression patterns following unilateral

95



158.

159.

160.

161.

162.

163.

164.

165.

traumatic brain injury reveals a local pro-inflammatory and remote anti-
inflammatory response. BMC Genomics 14, 1-21. doi:10.1186/1471-2164-
14-282/TABLES/3.

Wilson, L., Stewart, W., Dams-O’Connor, K., Diaz-Arrastia, R., Horton, L.,
Menon, D. K., and Polinder S. (2017). The chronic and evolving neurological
consequences of traumatic brain injury. Lancet. Neurol. 16, 813-825.
d0i:10.1016/S1474-4422(17)30279-X.

Woodcock, T., and Morganti-Kossmann, M. C. (2013). The role of markers
of inflammation in traumatic brain injury. Front. Neurol. 4.
doi:10.3389/FNEUR.2013.00018.

Wu, Q., Xuan, W., Ando, T., Xu, T., Huang, L., Huang, Y.-Y., Dai, T., Dhital,
S., and Sharma, S. K. (2012). Low-level laser therapy for closed-head
traumatic brain injury in mice: effect of different wavelengths. Lasers Surg.
Med. 44, 218-226. doi:10.1002/Ism.22003.

Xiong, Y., Mahmood, A., and Chopp, M. (2013). Animal models of traumatic
brain injury. Nat. Rev. Neurosci. 14, 128. doi:10.1038/NRN3407.

Zhang, Q., Zhou, C., Hamblin, M. R., and Wu, M. X. (2014). Low-level laser
therapy effectively prevents secondary brain injury induced by immediate
early responsive gene X-1 deficiency. J. Cereb. Blood Flow Metab. 34, 1391.
d0i:10.1038/JCBFM.2014.95.

Zhou, J., Wang, H., Shen, R., Fang, J., Yang, Y., Dai, W., Zhu, Y., and Zhou,
M. (2018). Mitochondrial-targeted antioxidant MitoQ provides
neuroprotection and reduces neuronal apoptosis in experimental traumatic
brain injury possibly via the Nrf2-ARE pathway. Am. J. Transl. Res. 10,
1887. Awvailable at: /pmc/articles/PMC6038061/ [Accessed October 18,
2022].

Ziebell, J. M., Bye, N., Semple, B. D., Kossmann, T., and Morganti-
Kossmann, M. C. (2011). Attenuated neurological deficit, cell death and
lesion volume in Fas-mutant mice is associated with altered
neuroinflammation following traumatic brain injury. Brain Res. 1414, 94—
105. doi:10.1016/J.BRAINRES.2011.07.056.

Zvejniece, L., Vavers, E., Svalbe, B., Veinberg, G., Rizhanova, K., Liepins,
V., Kalvinsh, 1., and Dambrova, M. (2015). R-phenibut binds to the 02—3
subunit of voltage-dependent calcium channels and exerts gabapentin-like
anti-nociceptive effects. Pharmacol. Biochem. Behav. 137, 23-29.
doi:10.1016/J.PBB.2015.07.014.

96



	Gundega Štelfa. Pirmsklīnisko pētījumu eksperimentālie modeļi galvas traumu pētījumiem ar jaunām zāļu vielām : promocijas darba kopsavilkums zinātnes doktora grāda (Ph.D.) iegūšanai Veterinārmedicīnas zinātnē = Experimental models for preclinical investigations of novel drugs for traumatic brain injury : summary of the Doctoral Thesis for the Doctoral degree of Science (Ph.D.). Jelgava, 2024. - 96 lp.
	SATURS/ CONTENTS
	DARBA APROBĀCIJA - PUBLIKĀCIJAS UN TĒZES/ APPROBATION OF THE STUDY – PUBLICATIONS AND THESIS
	Autoru ieguldījums publikācijās/ The contribution of the authors
	1. IEVADS
	1.1. Traumatisks smadzeņu bojājums
	1.2. Traumatiska smadzeņu bojājuma eksperimentālie modeļi
	1.3. Funkcionālais stāvoklis pēc traumatiska smadzeņu bojājuma
	1.4. Terapijas iespējas pēc traumatiska smadzeņu bojājuma
	1.4.1. Mitohondriju aizsardzība
	1.4.2. Sigma-1 receptors

	1.5.Promocijas darba mērķis
	1.6.Promocijas darba uzdevumi
	1.7.Promocijas darbā izvirzītā tēze
	1.8.Promocijas darba zinātniskā novitāte
	1.9.Promocijas darba uzbūve

	2. MATERIĀLS UN METODES
	2.1. Pētījuma laiks, vieta un pētījuma shēma
	2.2. Materiāla raksturojums
	2.2.1. Dzīvnieki
	2.2.2. Ķīmiskie savienojumi

	2.3. Metodikas apraksts
	2.3.1. Eksperimentālie modeļi traumatiska galvas smadzeņu bojājuma izraisīšanai
	2.3.2. R-fenibuta un BD-1063 kvantitatīvā analīze smadzeņu audu un asins plazmas paraugos
	2.3.3. mRNS izolēšana un kvantitatīvā polimerāzes ķēdes reakcijas analīze
	2.3.4. Galvas smadzeņu histoloģiskā un imūnhistoķīmiskā izmeklēšana
	2.3.5. Mitohondriju funkcionalitātes mērījumi
	2.3.6. Dzīvnieku uzvedības testi
	2.3.7. Datu apstrādes statistiskās metodes


	3. REZULTĀTI UN DISKUSIJA
	3.1. Neiroloģiskais stāvoklis un iekaisuma reakcija pēc kontūzijas tipa traumatiska smadzeņu bojājuma (I publikācija)
	3.2. Fenibuta neiroprotektīvie efekti pēc vidēji smagas galvas traumas modeļa (II publikācija)
	3.2.1.R-fenibuta ievadīšanas ietekme uz TSB izraisītiem funkcionāliem un morfoloģiskiem bojājumiem
	3.2.2.R-fenibuta ietekme uz smadzeņu mitohondriju funkciju normoksijas apstākļos un pēc anoksijas-reoksigenācijas

	3.3. Sigma-1 receptors kā potenciāls zāļu mērķis traumatiska smadzeņu bojājuma ārstēšanā (III publikācija)
	3.4. Ilgtermiņa uzvedības izmaiņas pēc šķidruma perkusijas traumatiska smadzeņu bojājuma (IV publikācija)

	SECINĀJUMI
	PRIEKŠLIKUMI
	1. INTRODUCTION
	1.1. Traumatic Brain injury
	1.2. Animal models of traumatic brain injury
	1.3. Functional outcomes following traumatic brain injury
	1.4. Treatment strategies after traumatic brain injury
	1.4.1. Mitochondrial-targeted therapy
	1.4.2. Sigma-1 receptor

	1.5. Aim of the thesis
	1.6. Objectives of the thesis
	1.7. Hypothesis of the thesis
	1.8. Scientific novelty
	1.9. Structure of the thesis

	2. MATHERIAL AND METHODS
	2.1. Study time, place and study scheme
	2.2. Materials
	2.2.1. Animals
	2.2.2. Chemicals

	2.3. Methods
	2.3.1. Experimental models of TBI
	2.3.2. Determination of R-phenibut and BD-1063 in plasma and brain tissue
	2.3.3. Quantitative real-time polymerase chain reaction
	2.3.4. Brain tissue preparation for histological analysis and immunohistochemistry of free-floating sections
	2.3.5. Measurements of mitochondrial functionality
	2.3.6. Behavioral tests
	2.3.7. Statistical analysis


	3. RESULTS AND DISCUSSION
	3.1. Neurological status and inflammatory response in the brain after weight-drop injury (Publication I)
	3.2. Neuroprotective effects of R-phenibut following moderate traumatic brain injury (Publication II)
	3.2.1.The effects of R-phenibut on TBI-induced functional deficits and morphological changes in the brain tissue
	3.2.2.The effects of R-phenibut on mitochondrial functionality in the brain tissue

	3.3.Sigma-1 receptor as a potential therapeutic target for traumatic brain injury (Publication III)
	3.4. Long-term behavioral outcomes following lateral fluid percussion injury (Publication IV)

	CONCLUSIONS
	RECOMMENDATIONS
	LITERATŪRAS SARAKSTS/ REFERENCES

