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Abstr akt

Deprese jejedno z ngjéastéji se vyskytujicich duSevnich onemocnéni s multifaktoridni etiologii.
Mezi casté vyvolavajici faktory patti stresove Zivotni udélosti, deprese vede ke komplexnimu
naruSeni homeostatickych funkci véetné hormonalni dysregulace a zmeén v imunitnim systému.
Mezi neuromedidtorové systémy s vyraznym modulujicim vlivem na neuropsychiatrické funkce
véetné regulace ndlady patii monoaminy noradrenalin a dopamin a indolamin serotonin.
Farmakologicka intervence pomoci antidepresivné pusobicich 1ékt vede k odeznéni
depresivniho syndromu i k Upravé homeostatické nerovnovahy. Tyto neuromediétoroveé systémy
vyuzivaji k prenosu signdlu do vnitra buiky receptory sprazené s heterotrimerickymi G
proteiny. Predkladana préace studuje zmény hladin o podjednotek G proteini a efektorové
bunéené funkce vyvolané stresem u experimentalnich zvitat a jgich modulaci psychofarmaky.
Dalsim cil je studium antidepresivy vyvolanych zmén hladin podjednotek G proteini u C6
gliomové bunéené linie a v tkanich laboratorniho potkana.

Imobiliza¢ni stres u experimentalnich mysi vyvolava vyznamné zmeény v hladinach G
proteinovych podjednotek ve slezing. Na hladinu podjednotkovych profila ma vyznamny vliv
(cinek dopaminergni  blokady, podani dopaminergniho blokatoru sulpiridu vede u
nestresovanych zvitat ke zvySeni hladiny Gas a sniZzeni hladin Gai podjednotek, u stresovanych
zvitat naopak zvy3uje hladiny Gai podjednotek pii souc¢asném sniZeni hladiny Gas podjednotek
a blokuje imunosupresivni efekt stresové imobilizace. V mozcich experimentalnich zviiat
imobilizagni stres zvy3uje hladiny Gas a Gaq podjednotek, vliv dopaminergni antagonizace je
analogicky zménam pozorovanym ve sleziné u nestresovanych i stresovanych zviiat. Pri
srovnani zmén G proteinovych profilt je zajimavy obdobny profil zmén o podjednotek v CNS a
imunitnim  systému, stejné jako profil odpovédi na dopaminergni antagonizaci. Vliv
adrenergniho antagonizmu v CNS aimunitnim systému nebyl tak vyrazny.

Na urovni efektorovych funkci imobilizacni stres vyrazné sniZuje produkci cytoking IL-
2 a IL-4, produkce TNF-a byla naopak zvySena. Cytotoxicita lymfocytarni subpopulace
prirozenych zabijeti (NK bunék) byla imobilizaci vyrazné potlacena. Sulpirid zde v souladu
snalezem zmén G proteinovych profilt cytotoxickou aktivitu u nestresovanych zviiat snizuje,
naopak u zvitat vystavenych imobiliza¢nimu stresu vede ke zvySeni cytotoxicity. Tyto vysledky
ukazuji dilezitost stresové dopaminergni komponenty na regulaci leukocytarnich funkci i vliv
dopaminergni regulace na lymfocytarni funkce bez vlivu stresu.

Pasobeni antidepresiv na C6 gliomovou bunétnou linii ukazuje piimé ovlivnéni
podjednotek G proteini, které je nezavidé nainhibici zpétného vychytavani neurotransmitera ¢i
interakci s receptory. Dlouhodobym pasobenim mirtazapinu, fluoxetinu a sertralinu dochézi ke
zvySeni hladin Goq podjednotek, citalopram zvysuje hladiny Gas podjednotek. Antidepresiva z

raznych trid i psychofarmaka razena do stgné farmakologicky definované skupiny jevi na



arovni G proteinové signalizace odlisny profil ovlivnéni hladin Ga podjednotek. Vysledky
poukazuji na seektivni modulaci signalizacnich kaskad jednotlivymi |&ivy. Pouzita gliomové
bunécné linie dava té&Z moznost studia efektu antidepresiv na modelu glialni populace, jez se
jevi byt z pohledu problematiky deprese perspektivnim cilem jak z hlediska vyzkumného, tak i
vzhledem k potencidlni terapeutické vyuzitelnosti modulace gliovych funkci antidepresivné
pasobici medikaci. Pasobeni antidepresiv in vivo ukazuje analogickou odpovéd’ v ovlivnéni
hladin a podjednotek G proteini podanim antidepresiva v tkani CNS a deziné a je tak
imunitnim systému se sniZzenim hladin Gaqg podjednotek pii soucasném zvy3eni hladin Gas a
Gai podjednotek.

Prace celkové poukazuje na dalezitost dopaminergniho systému v regulaci stresové
odpovédi a modulaci imunitnich funkci i na jisté analogie v odpovédi CNS a imunitniho
systému na stres. Naezy na gliomové linii a vtkanich potkana pak ukazuji specifické
antidepresivy vyvolané zmény G proteinovych profili. Vysledky demonstruji mechanismus
Gcinku nezavisly na inhibici vychytdvani monoamini, jez maze interferovat sdalSimi
mechanismy pasobeni antidepresiv. v modulaci funkce bunéénych kaskéd iniciovanych

membranovymi G proteiny v neurondni a astrocytarni glialni populaci.

Klicova slova: stres, deprese, antidepresivum, heterotrimerni G protein, C6 gliomova kultura,

astrocyt, prirozeny zabijec



Abstract

Depression is the one from the most prevalent psychiatric disorders with multifactorial
aetiology. Psychosocial stress is often triggering depressive episodes, depression impairs
complex homeostasis causing neurohormonal dysregulation and immune changes.
Dopaminergic, serotonergic and noradrenalinergic neurotransmitter systems exert prominent
influence upon neuropsychiatric functions including mood regulation. These neurotransmitter
systems use in signal transduction from membrane to within the cell signalling cascades
employng heterotrimeric G proteins. This thesis studies changes in G protein o subunit ganges
and cell effector functions in experimental animals induced by stress exposition and its
pharmacologic modulations and changes in C6 glioma cells an rat tissue induced by
antidepressants.

Stress immobilization induces in experimental mice prominent changes in the Ga
subunits in spleen. Dopaminergic blockade exerts significant influence on the subunit profiles,
sulpiride in control non stressed animals is elevating Gas levels and reducing Gai subunit
levels, in stressed animal on the contrary blocks immunosuppressive effect of immobilization
and raises Gai subunit levels whereas reducing Gas levels. In the brains of the experimental
animals stress increases Gas a Gaq levels, dopaminergic antagonization is causing changes
analogical those observed in the spleen in non stressed and stressed animals. This similar profile
of a subunit changes in the CNS and spleen is interesting as well as responsivity to the
dopaminergic blockade. Effect of adrenergic antagonist was not so prominent neither in the
CNS or in the immune system.

On the level of cell effector functions immobilization stress reduces production of 1L-2
and IL-4 cytokines, production of TNF-a was elevated. Cytotoxicity of Ilymphocytic
subpopulation natural killers (NK cells) was by immobilization stress significantly suppressed.
Sulpiride is here in accord with findings on the G proteins subunit levels in non stressed animal
cytotoxic activity suppressing, animals exposed to immobilization stress show elevation of
cytotoxic activity. These results show importance of stress dopaminergic component upon
leukocyte function during stress response as well as importance of dopaminergic regulation in
control non stressed animals.

Effect of antidepressants on the C6 glioma cell line shows direct modulation of Ga. subunits
independent on neurotransmitter uptake or interaction with receptors. Long-term effect of
mirtazapine, fluoxetine and sertraline is elevation of Gaq subunit levels, citalopram is
increasing Gas subunit levels. Antidepressants classified to different classed and drugs from the
same class on the level of G protein signalization show different profile of effect. Results thus
show selective modulation of signalization cascades by particular drugs. C6 glioma cell model
system also offer possibility to study antidepressant effect in the glial population, which shows



to be promising target from both experimental and also therapeutic point of view. In vivo
antidepressant administration shows analogical response in G protein a subunit levels in the
CNS and spleen of the experimental animal with reduction of Gog subunit levels and
concomitant el evation of Gas and Gai subunit levels.

Thesis demonstrates importance of dopaminergic system in the stress response
regulation and immune system modulation and certain analogies in the CNS and immune
system responses. Results in the glioma cell line show specific antidepressant induced changes
independent on the monoamine reuptake, which can interfere with other antidepressant effect on
the cellular cascades initiated by G proteins in the neuronal and astrocytic glial cell population.

Key words: stress, depression, antidepressant, heterotrimeric G protein, C6 glioma cdl line,
astrocyte, natural killer
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5-HT 5-hydroxytryptamin, serctonin

AC adenylylcyklaza

ACTH adrenokortikotropni hormon

ADNF aktivity dependent neurotrophic factor

ATP adenosin trisfosféat

BDNF brain derived neuratrophic factor

Bcl-2 B-cell lymphoma 2

CA cornu ammonis

CAMK Ca2+/calmodulin zavisla kindza

CRH kortikotropin releasing hormon

CREB CAMP response element binding protein
CNTF ciliarni neurotrofni faktor

DAG diacylglyceral

ERK extracelularnim signalem regul ovana kinaza
FGF fibrablast growth factor

GABA kyselina gamaaminomésel na

GAP GTPazu aktivujici proteiny

GDNF glia derived growth factor

GFAP glidni fibrilarni kysely protein

GM-CSF granulocyty a makroféagy colony stimulujici factor
G protein proteiny vézajici guaninové nukleotidy
GPCR G protein coupled receptors, receptory sprazené s G proteiny
GRK G-receptor coupled receptor kinase

GTP guanosin trifosfat

IL interleukin

IGF insulin-like growth factor

IFN-g, interferon g

IP; 1,4,5inositol trisfosfét

FGF fibroblastovy rastovy faktor

HHA hypothalamo-hypofyzo-adrenalni osa

LC locus coeruleus

LTP dlouhodoba potenciace

LTD dlouhodoba deprese

MAP mitogeny aktivovana kaskada

mGIuR metabotropni glutamatovy receptor

MHC hlavni histokompatibilitni komplex

MIP macrophage inflammatory protein

NGF nervovy rastovy faktor

NK natural killer, ptirozeny zabije¢

NMDA N-methyl-D-aspartat

NO oxid dusnaty

PHE fentolamin

PKA proteinkinaza A

PVN nukleus paraventrikul&ris

PKC proteinkinaza C

PLC fosfolipaza C

RANTES regulated on Activation Normal T cell Expressed and Secreted
REM rapid eye movement

RGS regulatory G proteinoveé aktivity

ROS reactive oxygen species, reaktivni kyslikové radikaly
SSRI selektivni inhibitor zpétného vychytavani serotoninu



SMB
SNRI
SUL
TCA
TGF
TNF-a
VEGR

slezinné mononukleérni burky

inhibitory vychytavani serotoninu/noradrenalinu
sulpirid

tricyklické antidepresiva

transforming growth factor

tumory nekrotizujici faktor a

vascular endothelial growth factor



Seznam obr azki, tabulek a grafi

Obrazky

Obréazek 1. Vztahy nervového, endokrinniho a imunitniho systému v pribéhu dlouhodobé
SETESOVE TEAKCE. ....eccuveeeittee et e ettt e ettt e ettt e s be e e st e e e eabeesbeeesabesesbbeesabeeesabesesabesanseeesabeeesabessnnneesares 18

Obréazek 2. Neuroplastické procesy u deprese ajgich ovlivnéni stresem a antidepresivni |&bou

............................................................................................................................................... 26
Obrazek 3. Komplexni role astrocyti v regulaci odpovédi na stresi zanétlivé podnéty ............ 39
Obrazek 4. Cyklus aktivace G-ProtEINT ..........coverierierieie e s 45
Obrazek 5. Vztah membranové signalizace a aktivace transkripénich faktora ..........ccceeevevuenee. 49
Tabulky
Tabulka 1. Vybrané astrocytarni receptory a transportni SyStemy .........ccccevvevvenenieneeieeseennns 34
Tabulka 2. Zmény G-proteinové signalizace u afektivnich poruch ..........c.cccceveeiieiceeiiecienns 51
Tabulka 3. Prehled antidepresivng UGINNETErapie .........covvveerenieneneeses e 53
Grafy

Graf 1. Vliv a adrenergni a D2 dopaminergni antagonizace na hladiny Ga a Gb G
protei novych podjednotek v mononuklearnich bunkéach mysi sleziny .........c.ccccceeveveeieecienee, 70

Graf 2. Hladiny Ga a Gb G proteinovych podjednotek v mySim mozku u nestresovanych mysi a
(¢inek a adrenergni a dopaminergni antagONiZACE ............eevuerueereerieeiieseerie e see e see e 71

Graf 3. Uginek stresu a a adrenergni a D2 na hladiny Ga a Gb G proteinovych podjednotek
v mononukleérnich buikéch mysi sleziny u stresovanych a kontrolnich mySi ... 72

Graf 4. Uginek stresu a a adrenergni a D2 na hladiny Ga a Gb G proteinovych podjednotek
v mySim mozku u stresovanych a kontrolnich mySi ..o 73

Graf 5. Vliv stresu a adrenergni adopaminergni antagonizace na cytotoxickou produkci
prirozenych zabijeth (NK BUNEK) ........ocuiiiiiiiiiiieeee e 74

Graf 6. Produkce IL-2 SMB u stresovanych a nestresovanych zvitat a Ucinek a adrenergni
adopaminergni aNtagONIZACE ...........ccueeiieeieeiie et e see ettt sree et e e e be e s s e e saeeeneenreeenes 76

Graf 7. Produkce TNF-a SMB u stresovanych a nestresovanych zvitat a U¢inek a adrenergni
a dopaminergni @NtagONIZACE ...........ccuueiiueeiieeiiece et e eee et sre e et re e s e e be e s reesaeeereenseeenes 76

Graf 8. Produkce INF-g SMB u stresovanych a nestresovanych zviiat a U¢inek a adrenergni
a dopaminergni @NtagONIZACE ...........ccuueiiueeiieeiiece et e eee et sre e et re e s e e be e s reesaeeereenseeenes 77

Graf 9. Produkce IL-4 SMB u stresovanych a nestresovanych zviiat a U¢inek a adrenergni
adopaminergni @NtagONIZACE ...........ccuueiiueeiieeiee et e cee et sree e e re e s e et e e s reesaeeeseenseennes 78



Graf 10. Akutni a dlouhodoby vliv imipraminu na Ga podjednotkové profily C6 gliomovych

o110 R 80
Graf 11. Akutni a dlouhodoby vliv citalopramu na Ga podjednotkové profily C6 gliomovych
o110 SR 80
Graf 12. Akutni a dlouhodoby vliv sertralinu na Ga podjednotkové profily C6 gliomovych
o110 SR 81
Graf 13. Akutni a dlouhodoby vliv fluoxetinu na Ga podjednotkové profily C6 gliomovych
011 SR 82
Graf 14. Akutni a dlouhodoby vliv mianserinu na Ga podjednotkové profily C6 gliomovych
o110 82
Graf 15. Akutni a dlouhodoby vliv mirtazapinu na Ga podjednotkové profily C6 gliomovych
o111 83
Graf 16. Akutni a dlouhodoby vliv moklobemidu na Ga podjednotkové profily C6 gliomovych
o110 84
Graf 17. Vliv dlouhodobého podavani antidepresiv (desipraminu, citalopramu a moklobemidu)
na Ga podjednotkové profily v mozku POtKana. ............ccceeeeieriienenie e 85

Graf 18. Vliv dlouhodobého podavani citalopramu na hladiny G proteinovych a podjednotek v
in vitro C6 gliomové kultuie ain vivo v tkénich potkana ..o 86

10



Uvod

Uvodni ¢ast prace bude vénovana zékladnimu nastinéni onemocnéni a (casti
neurotransmiterovych systémi v neurobiologii deprese. Zvlastni pozornost bude vénovana vlivu
stresu na rozvoj onemocnéni a vliv neuromediatori na stresovou odpovéd’ a Ucast struktur
limbického systému jak v odpovédi na stres, tak i u depresivniho onemocnéni. Néasledujici
kapitola je vénovana systémovému pohledu na onemocnéni s dirazem na imunitni zmény pri
depresi, vlivu cytokini a naruSeni funkci bunécné imunity. DalSi oddil se zabyva poruchami
neuroplastickych procesi u deprese, vlivem rustovych faktora a jejich modulaci antidepresivni
[&bou, stgn¢ tak i vlivem stresu a imunitniho systému v ndvaznosti na vyse uvedené. Dale
bude nasledovat ¢ast vénovana gliovym bunkam, jgich fyziologii, zméndm u deprese a Gcasti
v plastickych procesech a neurogeneze, do jisté miry integrujici vySe uvadéné nalezy do
jednoho rdmce. Vzhledem k pouZzité metodice nésleduje oddil vénovany receptorim sprazenym
s G proteiny, dale G proteinim samotnym a ¢ast popisujici navazujici nitrobunééné signalizacni
kaskady a modulaci transkripénich faktort. Posledni ¢ast Uvodu poté nastiniuje poruchy G
proteinové signalizace u deprese, U¢inek antidepresivni medikace a pisobeni antidepresiv na
gliové bunky. Uroven G proteinové signalizace v préci pouZité jako jmenovatel spojujici rtizné
thly pohledu na jednom z kritickych mist signaliza¢niho toku, skytd moZnost vnimat analogie
v odpovédi jednotlivych systémi jak v pribéhu stresové reakce, tak i vreakci na

farmakol ogické zasahy a pomahé tak ozigmovat systémovy charakter onemocnéni.

Deprese

Deprese je jedna z nej¢astéjsich duSevnich poruch. Je odhadovéno, Ze v roce 2020 bude po
srdecnich chorobéach druhou nej¢astéjsi pricinou funkéniho postizeni (Murray a Lopez, 1996).
Velky skok v porozumeéni depresi a afektivnim porucham obecné nastal v 50. letech dvacéaténho
stoleti zavedenim Iéka, které maji antidepresivni pasobeni. Toto vedlo nasledné nejen k vyvoji
dalSich generaci antidepresiv, ale obrétilo pozornost i k Uloze noradrenergniho a serotonergniho
systému v etiopatogenezi deprese. Tento ,,farmakologicky most* a katecholaminova hypotéza
deprese dominovaly v uvaZovani o pii¢inach deprese a moznostech |é&eni po nékolik desitek let
a vedly kformulaci celé fady dalSich teorii (Avissar a Schreiber, 2006). S piibyvajicim
pokrokem v neurovédéch, psychiatrii, genetice a molekulérni biologii se pozornost presunuje ke
komplexnim regulacim na bunécnéi celotélové arovni.

Deprese je porucha s ceozZivotni prevalenci okolo 15%, Zeny jsou postizeny 2x castéji
nez muzi (Wiesman e a., 1996). M& vyraznou genetickou komponentu, priblizné 40-50%
rizika je dédi¢né (Cuijpers a Smith, 2002, Levinson, 2006). Zbyvajicich 50-60% tvori faktory
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prostiedi, jez mohou zahrnovat napi. nedostatek emo¢ni podpory v détstvi, systémové
somatické onemocnéni (napi. kardiovaskulérni onemocnéni), virové infekce ¢i Sirokou paletu
stresovych podnétt v celém pribéhu zZivota (Kitzlerova a Anders, 2007). Depresivni nemocni
maji az 20x zvySenériziko dokonani sebevrazdy nez bézna populace (Rihmer, 2007).

Znatné heterogenni povahu depresivniho syndromu odréZi i jeho zarazeni a definice v
klasifikatnim systému pouZivajicim popisna kriteria. MKN-10 rozliSuje depresivni fazi,
rekurentni depresivni poruchu, dysthymii, depresivni fazi v ramci bipolarni afektivni poruchy,
smiSenou anxidzné-depresivni  poruchu, organickou depresivni poruchu a kratkodobgjsi
depresivni reakce souvisgici sZzZivotnimi uddlostmi ¢i depresivni symptomatiku souvisejici
sneurotickymi  poruchami  (Smolik, 2001). Nezanedbatelna ¢ast depresivnich poruch je
provokovana abusem psychoaktivnich Iatek, jako je napi. alkohol a opidty nebo farmaky jako
jsou néktera antihypertenziva nebo antipsychotika.

Symptomy deprese se rozpadaji do 3 primarnich kategorii, jez zahrnuji zménu ndlady
(smutek, anhedonie), vitalni funkce (poruchy spanku, prijem potravy) a kognitivni poruchy

(ruminace, nerozhodnost, vtiravé suicidani myslenky).

Diagnostické znaky pro depresivni epizodu dle MKN-10.

a)
1. depresivni epizoda by méla trvat alespon dva tydny
2. vpriubéhu Zivota jedince se nevyskytly priznaky, které by naplnily kritéria pro
manickou ¢i hypomanickou epizodu
3. epizoda neni vyvoldna uzivanim psychoaktivnich latek ¢ organickou duSevni
poruchou
b)
1. depresivni ndlada v miie jednoznatné abnormalni pro daného jedince, piitomna po
vétSinu dne a témeéi kazdy den, znaéné ovlivnéna okolnostmi
ztréta zajmu nebo potéSeni pri aktivitach, které jsou normélné prijemné
pokles energie ¢i zvySena unavitel nost
c)

ztrata sebeduveéry nebo sebelicty

2. bezpiedmétné prozivani vycitek proti sobé samému nebo pocitu nadmérné a
bezdtivodné viny
opakované myslenky na smrt nebo sebevrazdu ¢i jakékoliv suicidalni chovani
stiznosti ¢i dikazy svédéici o snizené schopnosti myslet ¢i soustiedit se, nerozhodnosti
nebo vahavosti

5. zména psychomotorické aktivity sagitovanosti nebo zpomalenim (hodnocené
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subjektivng ¢i objektivne)
6. poruchy spanku jakéhokoliv typu

7. zmeéna chuti k jidlu (sniZeni ¢i zvy3eni) s odpovidajicimi zménami hmotnosti

Rozdéleni na lehkou, stredni a téZkou depresivni epizodu poté odpovidd mnozZstvi a tiZi

priznaki a celkovému funkénimu postiZeni.

Nekteré priznaky, nazyvané , somatické', jsou klinicky povazované za zvlasté vyznamné, vyse
uvedena klasifikace jimi muze byt doplnéna s doloZzkou ,, se somatickym syndromem®. Pro jeho

diagnostiku by mely byt piitomny alespon 4 nésledujici piiznaky.

1. zietelnd ztrata zajmu a potéSeni pii aktivitach, které jsou normané piijemné

2. nedostatek emocnich reakci na udalosti nebo aktivity, které norméné vyvolavaji
emocni odpoveéd’
ranni probouzeni dvé ¢i vice hodin pred obvyklou dobou
objektivni diikaz vyrazné psychomotorické retardace ¢i agitovanosti (takto oznacené ¢i
popsané jinymi osobami)
vyrazna ztréta chuti k jidlu
Ubytek hmotnosti (0 5% nebo vice za posledni mésic)

8. zietelna ztrétalibida

Pro podrobnéjsi popis etiologie, symptomatiky, diagnostiky a I&by viz (Zvolsky et al., 2001,
89-105, Hoschl et al., 2002, str. 409-452, Sadock a Sadock, 2005, str. 1559-1718).
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Deprese a neur omediator ové systémy

Monoaminergni hypotéza deprese formulovana Shildkrautem postuluje jako podkladajici
biologicky faktor deprese nedostatek monoaminergnich neurotransmiter v mozku, zvlasté
noradrenalinu (Shildkraut, 1965). Po¢dtkem 70. let byla hypotéza rozSitena i na indolamin
serotonin (Coppen et al., 1972). Za jeden zUstiednich dikazii je povazovan Uc¢inek
antidepresivné pisobicich 1éka ovlivaujicich tyto neuromedidtorové systémy. Tato hypotéza
byla posléze mnohokrét piehodnocovana a dopliiovéna, nicméng i v soucasné dobé duleZitarole
katecholaminii noradrenalinu a dopaminu a indolaminu serotoninu neni zpochybiovana.

Projekce z noradrenergniho jadra locus coeruleus (LC) jsou Siroce distribuovany ve
vétSing kortikdlnich i subkortikélnich oblasti (Ressler a Nemeroff, 1999). Deprese je spojovana
s hypofunkci noradrenergniho systému, nedostatek noradrenalinu vyvolava priznaky deprese,
depresivni nemocni maji snizené hladiny metabolitt noradrenalinu v cerebrospinalnim moku i
moci (Schildkraut, 1965). DalSi skupina dikazi pochazi z receptorovych zmén pii depresi a
Gcinku antidepresivni medikace, tyto ndlezy budou diskutovany niZze. Soucasny piistup
zduraziiuje komplexni dysregulaci noradrenergniho systému na riaznych drovnich a modulaci
jeho aktivity jingymi neuromedidtorovymi systémy (serotonin, GABA, glutamat, bombesin,
leptin, enkefalin, CRH) (Cleare et al., 1997, Mongeau et al., 1997, Slattery et al., 2005, Anisman
et al., 2008). Locus coeruleus je dale vyznamnym reguldtorem aktivity hypotalamo-hypofyzo-
adrendlni osy (HHA) osy a odpovédi na stresové podnéty (Valentino et al. 1993, Tafet a
Bernardini, 2003). Neurony LC maji pacemakerovou aktivitu, stimuly aktivujici cAMP dréhu
(stres) zvyduji jegich excitabilitu, dlouhodoba antidepresivni 1é¢ba ma opacny efekt (Nestler et
al., 1999).

Mnoho diikazi také poukazuje na komplexni G¢ast serotoninu (5hydroxytryptaminu: 5-
HT) v patofyziologii deprese. Jeho dulezitost ilustruje v sou¢asné dobé nejpiedepisovandjsi tiida
antidepresiv. SSRI  ovliviujici specificky tento mediatorovy systém. V soucasné dobé je
identifikovano 15 serotoninovych receptord, ve vztahu k depresi je negjvice zkoumanym
subtypem 5-HTia a 5-HT,a receptor, deprese je asociovana se zvySenim hustoty 5-HT,a
receptort, zéroven dochézi ke sniZzeni hustoty serotoninovych transportérti v prefrontalnim
kortexu depresivnich nemocnych (Mann et al., 2000, Pandey et al., 2002). Je také prokazana
snizend vazba serotoninovych transportéri v prefrontdlnim kortexu i sttednim mozku u
depresivnich nemocnych pokouSejicich se 0 sebevrazdu i dokonanych suicidii (Arango e al.,
1995, Bligh-Glover e al., 2000). 5-HTis nalézén jako somatodendriticky receptor na
serotonergnich neuronech nucleus raphe, tak jako postsynapticky receptor serotonergnich
termindlt (Hall et al., 1985). 5-HT 14 receptory jsou dul€eZité v regulaci anxiety, agonisté 5-HT 1
receptort (buspiron) maji anxiolyticky efekt, 5-HT1s knock-out mySi jevi anxieté podobné
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chovani (Gross et al., 2000, Azmitia, 2001). Deplece serotoninového prekursoru tryptofanu
v diet¢ pisobi redukci serotoninovych hladin v mozku a vyvolava priznaky deprese (Moore et
al., 2000, Neumeister, 2003). Jsou také nal ézany snizené hladiny serotoninu ajeho metabolitu 5-
hydroxyindoloctové kyseliny v cerebrospindnim moku téZzce depresivnich nemocnych
pokouSegjicich se o sebevrazdu ¢i dokonanych suicidii (Roy e al., 1989). Stres zvySuje
vychytavani serotoninu, exprese serotonergnich receptori je pod tonickou kontrolou
kortikosteroida (Chauloff, 2000, Tafet a Bernardini, 2001).

S uvedenim |&iv, ktera se vazi svysokou afinitou k 5-HT, receptorim byl vzbuzen
zgem o studium vyznamu dopaminergniho systému u depresivnich onemocnéni, protoZze 5-HT,
receptory se Ucastni regulace funkce dopaminergniho systému. Interakce mezi serotonergnim a
dopaminergnim systémem je komplexni, serotonin moduluje dopaminergni aktivitu ve vSech 4
hlavnich dopaminergnich drahdch (mezolimbické, mezokortikdlni, nigrostriatalni i
tubuloinfindibuléarni), 5-HT1a, 5-HT s, 5-HT,a, 5-HT3 a 5-HT, receptory facilituji uvolnéni
dopaminu pii stimulaci dopaminergnich neuront, 5-HT o receptory naopak inhibuji uvolnéni
dopaminu tonicky i v zavislosti na aktivité dopaminergnich neuront (Sershen et al., 2000, Alex
a Pehek, 2007). Depresivni nemocni maji snizené mnozstvi metabolitu dopaminu homovanilové
kyseliny v cerebrospinainim moku (Reddy et al., 1992). Dopaminergni deficit v mezolimbické
dréze je povaZzovany za asociovany s depresivni anhedonii (Salamone et al., 1997, Nestler a
Carlezon, 2006). Mnoho dalSich symptomi deprese jako je apatie, psychomotoricka retardace ¢i
snizeni motivace miiZze byt spojeno s dopaminergni hypofunkci v prefrontdlnim kortexu. Tyto
priznaky jsou fenomenologicky podobné nékterym negativnim piiznakim schizofrenie,
antipsychotika jsou ostatné pouzivana k l&cbé zvldste téZzkych depresivnich stavi (Brugue a
Vieta 2007, Mahmoud et al., 2007).

Kromé monoaminergnich systémi je prokazana porucha funkce GABAergniho a
glutamatergniho systému u depresivniho syndromu. Podil GABAergniho systému je vyvozovan
znizSich hladin GABA v cerebrospinalnim moku a séru nemocnych depresi nez u zdravych
kontrol (Brambilla et al., 2003). DalSi evidence se odvozuje od G¢innosti valprodtu u deprese v
ramci bipolérni afektivni poruchy. Antagonisté GABAB receptori maji antidepresivni G¢innost
diky interakci se serotonergnim systémem (Slattery et al., 2005). Presné molekularni
mechanismy, kterymi modulace GABA receptorii reguluje chovani a jeich role u deprese viak
ziistavi naddle negjasné pravdépodobna je role GABA v nerovnovaze mezi mnohocetnymi
neuromedidtorovymi systémy a regulaci funkce jinych medidtorovych systémi, zviasté
monoaminergnich a glutamatergniho. Ucast glutamétergniho systému v etiopatogenezi deprese
je komplexni, zvlasté svou dileZitosti pro neuroplastické procesy, na tomto mist¢ zminim
postmortem studie, jez ukazuji zmény v NMDA receptorovém komplexu ve frontalnim kortexu

a hipokampu u suicidovanych depresivnich nemocnych (Nowak et al., 1995). Antagonisté
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NMDA receptora maji antidepresivni pasobeni v preklinickych modelech (Paul a Scolnick
2003).

Deprese, stresa limbicky systém

Stresové zivotni udalosti jsou ¢astym vyvolavajicim faktorem deprese, zvlasté na podkladé
genetické zranitelnosti (Gold a Chorousos, 2002, Caspi et al., 2003). Casné stresové udél osti
v détstvi jsou rizikovym faktorem, ktery vyrazné zvy3uje citlivost k pozdéjSimu stresu (Kendler
et a., 2004). Stres je tradicné definovan jako odpovéd’ organismu na podnét z okoli, ktery
ohrozuje jeho vnitini rovnovahu (homeostazu). Na zékladé dopadu zétéZe na daného jedince a
jeho zvladacich mechanismii se rozliSuje eustress jako typ podnétu vyvolavajici adaptativni
odpovéd, distress jako podnét presahujici schopnost daného organismu se s zatézi vyrovnat a
stres jako odpovéd mezi témito dvéma extrémy. Klasifikovan muaze byt dle typu
experimentalniho stresového modelu ¢i dle trvani stresového podnétu na akutni a chronicky.
Stresova odpovéd’ byva délena do 3 fazi, poplachova reakce je charakterizovana vyplavenim
katecholaminu, faze adaptacni pak zvySenou aktivitou kary nadledvin a sekreci kortikoidi a
findlni fazi vycerpdnim rezerv organismu (Kovéia a Kovéra, 2005, kap. 5). Pro schopnost
vyporadat se s stresovym podnétem je podstatné kognitivni hodnoceni podnétu a uplatnéni
zvlédacich (coping) mechanismi (Billings a Moos, 1985). Tyto mohou byt rozdéleny na
zacilené na problém (kognitivni restrukturace) a na emocné zaméiené (exprese emaoci, popieni,
sebeobvingni). Mezi dalSi mechanismy |ze zaradit vyhledani socidlni pomoci, aktivni vyhybani,
ruminace, pouZziti humoru ¢i nabozenské piresveédceni (Matheson a Anisman, 2003).

Dobie zdokumentované je stresem vyvolané uvolnéni noradrenalinu a serotoninu
v mnohocetnych  oblastech mozku véetné hypotalamickych jader (napf. nucleus
paraventrikularis), hipokampu, amygdaly, prefrontalnim kortexu, zvySeni dopaminu je
neivyraznéjSi v nucleus accumbens, nucleus arculatus a dalSich mezolimbickych oblastech
(Zacharko a Anisman, 1991, Henn et al., 1993, Stanford 1995, Rueter a Jacobs 1996, Mo & al.,
2008). Dlouhodobé vystaveni stresoriim, které vyvolavaji uvolnéni monoaminua, zvlasté tém, jez
neni mozné kontrolovat ¢i zvladnout pomoci dostupnych adapta¢nich mechanismi, miaze vést
k depleci zasob monoamini a rozvoji chovani podobnému depresi ve zvifecich modelech
(Anisman et al., 2008). Snizené monoaminergni rezervy poté ¢ini organismus citlivéjSim
k dalSim stresovym podnétam (¢i farmakologicky vyvolanému uvolnéni napt. amfetaminem)
srychlgSi a vyrazngjsi odpovédi monoaminergnich systémi na stresovy podnét (Roth et al.,
1998, Yoshioka et al., 1995). Tento proces sensitizace je provazen i receptorovymi zménami se

zvySenou hustotou 5-HT.4 receptort pri snizeni jgich afinity, oproti tomu hustota 5-HToa
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receptorového systému je nezménéna pii zvySené afinité. V adrenergnim systému je zjevna
down regulace b adrenoreceptorového systému, hustota D, receptor v kortexu mozku je také
zvySena (Stone, 1997, Ossowska et al., 2001, Harvey et al., 2003). Tyto zmény patrné podléhaji
rozdilné dynamice rozvoje v jednotlivych neuromedidtorovych systémech (Anisman e al.,
2008). Stresové podnéty vyvolavaji a podporuji funkéni zmény i v neuropeptidovych systémech
jako systém arginin-vasopresinovy, zmeny v uvolnéni a regulaci CRH i zménu regulace
bombesinu a bombesinu-like peptida (Anisman et al., 2008).

Stresova odpovéd’ i depresivni onemocnéni maji podobné U¢inky na centréni nervovy
systém, ae i na autonomni a endokrinni systém s naruSeni emocnich, kognitivnich,
autonomnich i endokrinnich funkci (Song a Leonard, 2002, Haddad et al., 2002, Tafet a
Bernardini, 2003, Leonard, 2006). Jednim z hlavnich mechanismu, kterym organismus reaguje
na akutni a chronicky stres je aktivace hypothalamo-hypofyzo-adrenadlni osy viz obr 1 (Tafet a
Bernardini, 2003). Pri aktivaci té&o osy vnéjSimi i vnitinimi stresory je iniciovéno uvolnéni
CRH (kortikotropin releasing hormon) neurony v nucleus paraventricularis (PVN) do
hypofyzarniho portdlniho obéhu, které pasobi uvolnéni ACTH (adrenokortikotropni hormon)
z predniho laloku hypofyzy (Hauger et al., 2006). ACTH stimuluje tvorbu a uvolnéni kortizolu
z kary nadlevin, ktery muzZe byt v mnoha ohledech povaZovan za konecny produkt aktivace
hypotalamo-hypofyzo-adrenalni osy. Kortizol ma S&irokou paeu Gcinka, které zahrnuji
komplexni odpovéd na stresové podnéty, mobilizaci energetickych zdroju, koordinaci
cirkadiannich rytma (spanek/bdéni, piijem potravy), podporu uceni a pamétovych procesi,
metabolické G¢inky i vliv na aktivitu leukocyti (Haddad et al., 2002). Pasobi prostiednictvim
intraclularnich receptorti:  vysokoafinitniho mineralokortikoidniho receptoru typu | a
nizkoafinitniho glukortikoidniho receptoru typu Il a uplatiuje tak regulacni vliv mechanismy
.transreprese’ a ,transaktivace’. Mezi dalS§i mechanismy Gcinku patii ovlivnéni bunéenych
membran a interakce s membranové vézanymi receptory; tento typ ovlivnéni je mnohem
rychlgsi nez vySe uvedeny genomicky mechanismus (Stahn et al., 2007).

Papeziitv  okruh, ktery zahrnuje hipokampus, talamicka jadra, corpora mamillaria a
jejich spoje byl popsén jako klicova struktura pro norméni vyjadieni a percepci emoci.
V soucasnosti jsou k nému piitazovany dalsSi struktury jako prefrontalni, cingularni a
parahipokampalni kortex, subkortikalni jadrajako amygdala, septélni oblast, nucleus accumbens
adasi struktury. Tento funkéni komplex nazyvany limbicky systém je povazovany za kli¢ovou
strukturu v generaci a rozpozndvani emoci, homeostatickych procesech a v regulaci

reprodukeniho a sexudlniho chovani (Lopes et al., 1990).
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Obréazek 1. Vztahy nervového, endokrinniho a imunitniho systému v pribéhu dlouhodobé
stresové reakce
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Stresové podnéty vnéjSi ¢i vnitini vedou k uvolnéni CRH do hypofyzarniho portadniho obéhu a
uvolnéni ACTH, ktery stimuluje karu nadledvin k sekreci kortikosteroidi do obéhu. Tyto
pomahaji organismu zvladat stresovou zéatéz, systémové se podili na regulaci metabolické i
behaviordni odpovédi. Zpétnovazebné tlumi uvolnéni CRH a svou vlastni sekreci primo, i
zprostiedkovang ovlivnénim aktivity neurotransmiterovych systémi. Systémové reguluji také
aktivitu imunitniho systému, kdy jejich vliv je prevdzné imunosupresivni. Pi jgjich prodlouzené
sekreci vSak dochézi k desensitizaci leukocytarnich receptorovych systémi, sniZeni tlumeni
zanétlivych procesi a systémové nadprodukci prozanétlivych molekul. Neuroplastické procesy
jsou komplexné regulovany neurotransmiterovymi systémy, expozici stresu i kortikoidnimi
hladinami a cytokiny. Pfi nerovnovaze mezi dostupnosti ristovych faktora a vlivem negativné
pusobicich faktort jako jsou zvySené hladiny glukokortikoidi a prozanétlivé cytokiny dochazi
k poruSe neuroplastickych procesi a nasledné k manifestaci depresivniho syndromu. Volné
adaptovano dlie (Anisman et al., 2008).

Mezi hlavni struktury regulujici aktivitu HHA osy patii predevsim tak zvany limbicko-
striato-paladicko-talamicky trakt. Amygdala, ktera ziskava vstupy z talamickych jader a nukleus
coeruleus piimym synaptickym zapojenim, zvySuje sekreci CRH zneuroni nucleus
paraventricularis; zpétnovazebny inhibi¢ni vliv maji i celkové glukokortikoidni hladiny
(Herman e al., 2005). Projekce zamygdaly do laterdiniho hypotalamu vede k aktivaci
sympatického nervstva, projekce do dorzalniho vagového jadra k vybaveni parasympatické
komponenty stresové reakce (Le Doux et al., 1988, Hopkins a Holstege, 1978). Hipokampus

ziskéva komplexni vstupy zvlasté z korovych oblasti a je jednou z hlavnich struktur, ktera je
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odpovédna za zpétnovazebnou inhibici sekrece CRH v nucleus paraventrikularis a inhibici
jader amygdaly prostiednictvim polysynaptického zapojeni (Herman et al., 1989). Vzhledem
k tomu, Ze hipokampus a spojené kortikalni oblasti jsou zapojeny ve formovani a vybavovani
komplexnich vzpominek, tyto mohou pusobit jako vnitini stresory a vyvolat stresovou reakci i
Vv nepiitomnosti  vngjSiho stresoru a mit vliv na mechanismy uceni ¢i vést krozvoji
postraumatické stresové poruchy (Bremner et al., 2007, Sandi a Pindo-Nava, 2007).

V hipokampu jsou exprimovany vysoké hladiny Kkortikoidnich receptori, za
fyziologickych okolnosti kortikoidy posiluji hipokampalni funkce a podporuji mechanismy
uceni a paméti, které jsou jednou z hlavnich tloh hipokampdlni formace (DeKloet et al., 1998).
Kortikosteroidy moduluji excitabilitu hipokampanich neuroni a maji vliv na dendritické
remodel ovani zvlasté v CA3 (cornu ammnonis) oblasti, dlouhodob¢ zvySené hladiny kortikoidt
v&ak pusobi down regulaci glukokortikoidnich receptori a mohou pusobit poskozeni
hipokampdalnich neuroni (Sapolski a McEven, 1985, Magarinos e al., 1997, McEven, 2001).
Predpoklddd se synergicky efekt excitacnich neuromediatora (zvI&Sté glutamétu) a
glukokortikoidi na dendritickou atrofii CA3 neuroni a zvy3eni jegich zranitenosti vigci
neurotoxickym podnétim (Conrad et al., 2007). Serotonergni a noradrenergni zakonceni v CA3
hipokampalni oblasti maji naopak neuroprotektivni efekt, stres naruduje funkci serotonergniho
systému, nerovnovadha mezi monoaminergnimi systémy a glutamétergnim systémem je
povaZzovana za dulezity faktor hipokampaniho poskozeni v pribéhu dlouhodobého stresu
(Pralong et al., 2002).

Chronicky stress pisobi snizeni vazby 5-HT4 receptorii i snizeni 5-HT;4 mMRNA, 5-
HT1A knock-out mySi maji deficit v hipokampalné zavislé paméti a uceni, naruSenou ,, paired
pulse* facilitaci a vySSi excitabilitu limbického systému (LOpez et al., 1998, Sarnyai  al.,
2000). V hippokampu je 5-HTi;a nejcastéji  exprimovany receptor kolokalizovany
s glukokortikoidnimi receptory, jehoz exprese je pod tonickou glukokortikoidni kontrolou.
Autoradiografické studie identifikuji zvySenou vazbu 5-HT.s receptort v hipokampu po
oboustranné adrenal ektomii, dlouhodobé zmeny v aktivité HHA osy a hladinach kortikosteroidi
tak primo ovliviuji aktivitu 5-HT 14 receptorového systému (Biegon et al., 1985, Tegjani-Butt a
Labow, 1994, Chalmers et al., 1994, Zhong a Ciarandlo, 1995, Beck et al., 1996).

Jiz del§i dobu je znamo, Ze u urcité ¢asti depresivnich nemocnych (priblizné 50%) je
zpétnovazebnd inhibice sekrece kortizolu poruSena. Tito nemocni maji zvySené hladiny
kortizolu v mogi, podani syntetického kortikoidu dexametazonu u nich nevede ke sniZeni
krevnich hladin kortizolu a ACTH (tzv. nonsuprese v dexametazonovém testu) (Mendlewitcz et
al., 1984). Tato podskupina depresivnich nemocnych je také vyrazné ohroZena rizikem
opakovani suicidélnich pokusi (Joniken et al., 2007). Jako citlivejsi zkouska je navrhovan
dexamethazon/CRF test s lepsi diagnostickou Gc¢innosti (Watson et al., 2006). U casti

depresivnich nemocnych je prokazano zvySeni hladin CRH v cerebrospinalnim moku, nékteré
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nélezy ukazuji i zvySeni CRH i v PVN v postmortem vzorcich, CRH receptory byly naopak
down regulovany (Arborelius et al., 1999). Je prokézano zvyseni hladin CRH mRNA ¢i zvySeni
imunoreaktivity pro CRH v hypotalamickych jadrech, locus coeruleus a raphe nuclei
depresivnich sebevrahti, na suspektni hyperaktivitu CRH systému poukazuji i vySSi hladiny
v mozkomisnim moku (Nemeroff et al., 1984, Raadsher et al., 1994, Austin et a., 2003, Bissette
et al., 2003). Aktivace CRH-R1 pusobi anxiogenné, nerovnovaze mezi aktivaci ¢i expresi CRH-
R1 a CRH-R2 receptori je prisuzovana Uloha v eiopatogenezi afektivnich poruch
(Grammatopoul os a Chrousos, 2002, De Kloet, 2004).

I munitni systém a deprese

Akumulujici se dikazy demonstruji komplexni komunikaci mezi neuroendokrinnim a
imunitnim systémem. Neurotransmitery, cytokiny a neuropeptidydové hormony, steiné jako
jegjich receptory, jsou sdileny jako spolecny komunikagni jazyk mezi bunkami nervoveého,
endokrinniho a imunitniho systému (Masek et al., 2000, Song a L eonard, 2002, Haddad et al.,
2002, Kovért a Kovéia, 2005). Jiz delSi dobu je zndmo, Ze depresivni onemocnéni je spojeno s
imunitnimi zménami. Hlavnim komunikacnim kanalem mezi neuroendokrinnim a imunitnim
systémem je HHA osa, kdy CRH, kortikoidy i stresové hormony-adrenalin, noradrenalin a
dopamin reguluji piimo aktivitu leukocyti (Dhabhar a McEven, 1999, Fiserova ¢ al., 2002, Qui
et al., 2005). Leukocyty také produkuji mala mnozstvi katecholamini U¢innych parakrinné a
regulujicich aktivitu okolnich bunék vazbou na jegich receptory v Sirokém rozmezi od
stimulaéniho vlivu po vyvoléni apoptézy (Josefson et al., 1996, Dhabhar, 1999). VétSina
leukocyti exprimuje a a b adrenoreceptory. Stimulace a; receptori neni povaZzovana za
dulezitou v regulaci jeich aktivity a odpovédi na stres, a, receptory naopak hraji vyraznou roli
v regulaci aktivity leukocyta (Felsner et al., 1992).

Od prukazu schopnosti imunocyti produkovat dopamin (Joseffson et al., 1996,
Bergquist a Silberring, 1998, McKenna et al., 2002), ktery byl po dlouhou dobu povazovany za
pievazné centralni prenaSet, je pozornost obracenai k podilu dopaminu v neuroimunologickych
regulacich. Lidskymi leukocyty jsou exprimovany dopaminové receptory Dy, Dy, D3, D4 a Ds
(Santambrogio et al., 1993, Ricci et al., 1998,1999, Basu a Dasgupta, 2000, McKenna et al.,
2002). Role dopaminovych receptor je vregulaci leukocytarni proliferace, diferenciace a
bunécné smrti, tyto pochody se zdaji byt regulovany hlavné aktivaci D, like receptorii (D, a D3)
(Chio et al., 1994, Pilon et al., 1994). Dopamin a do jisté miry i noradrenalin reguluje pocet
lymfocytt i cytokinovou produkci schopnosti vyvolat apoptézu ovlivnénim kaspasové aktivity
(Blandini et al.,, 2004). Dulezitost dopaminergni regulace imunitni aktivity dopaminem
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produkovanym leukocyty samotnymi je dale podtrzena centralni regulaci aktivace T-lymfocyta
cestou D3 receptoru (lllani et al., 2004).

DalSi zpasob ovlivnéni piedstavuje autonomni nervovy systém a prima inervace tkani
imunitniho systému: deziny, lymfatickych uzlin i brzliku (Elenkov et al., 2000). Na kontrole
sympatického nervstva regulujicim slezinné funkce se podili komplexni polysynapticka draha,
kter4 zahrnuje nékolik jader mozkového kmene a jadra predniho mozku (Cano et al., 2000).
Noradrenergni postgangliova vidkna sympatiku jsou blizce asociovana s lymfoidnimi buikami
ve slezing i lymfatickych uzlinhch a mohou dokonce formovat synapticka zakonceni
sjednotlivymi lymfocyty (Felten a Olshowka, 1987, Madden et al., 1998). Adrenalin reguluje
pohyb lymfocytt, jeich uvolnéni do cirkulace, proliferaci, cytokinovou produkci i jeich
aktivitu (Friedman et al., 1997, Elenkov et al., 2000, Garcia et al., 2003). Komplex téchto
interakci pri zvySeni ¢i sniZzeni tonu sympatiku mazZe ovliviiovat hojeni ran, intenzitu a trvani
imunitni odpovédi, mit vliv narozvoj a progresi chronickych onemocnéni ¢i ovlivnit efektivitu
vakcinace (Sanders a Straub, 2002). Stresem vyvolané uvolnéni katecholamini a nasledna
imunosuprese ma vyrazny vliv na odolnost k infekénim onemocnénim ¢i vznik nédorového
bujeni (Iwakabe et al., 1998).

Obdobn¢ jako mize CNS systémovou cestou i specifi¢téji uvoliovanim transmitert
z nervovych zakonéeni modulovat imunitni funkce, pasobky produkovanéované leukocyty
mohou naopak zpétnovazebné signalizovat do CNS. DalSi zpisob komunikace pak piestavuje
prostup a dalSi signalizace leukocytti, napt. lymfocyti primo v tkani CNS. Mozek, po dlouhou
dobu povaZzovany za imunoprivilegovany organ, hraje prekvapivé aktivni roli a umoziuje vstup
leukocytim za fyziologickych i patologickych podminek (Ching et al., 2005). Aktivované
lymfocyty piestupuji hematoencefalickou barieru diky zvy3ené expresi adhezivnich molekul a
chemokinovych receptortt a diky spolupraci sbuitkami CNS pocitaje endotel, dendritické
buniky, mikroglii i astrocyty (Havrdova, 2001, kapitola 3, Engelhardt, 2006). Neni sice
prokézano, ze aktivované lymfocyty prendSei specifickou informaci do CNS, nicméné
existence fenoménu imunitniho podminovani naznatuje existenci sloZité obousmeérné
komunikace mezi CNS a imunitni odpovédi (Ader, 2003). Na regulaci imunitnich funkci se
podili rozsahlé oblasti CNS pocingje neokortexem, cerebelem, strukturami limbického systému,
periaquaedukdlni Sedi stiedniho mozku ¢i hypotalamicka anteriorni, stiedni a lateralni jadra, Ci
nucleus paraventricularis (Wrona, 2006). Uzké spojeni nervového a imunitniho systému
prokazuje napi. ndlez indukce geni MHC Il pii procesech dlouhodobé potenciace v
hipokampal nim gyrus dentatus (Havik et al., 2007).

Velké mnoZstvi ndlezi prokazuje u nemocnych depresi zvySené mnoZstvi
prozanétlivych pasobki, které jsou produkovany bunkami monocyto-makrofagovéno systému
na periferii i centrdiné. Podle tohoto konceptu miZze byt na velkou depresi nahliZzeno jako na

onemocnéni se znaky zanétu se zvySenymi hladinami cytoking, zvlaste IL-1, IL-2, IL-6 aTNF,
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reaktantd akutni faze jako jsou haptoglobin, al a a2 makroglobulin, C reaktivni protein, al-
antitrypsin a chemokini (Maes et a., 1999, Levine et al., 1999, Danner e al., 2003, Aesci e al.,
2005, Kaestner et al., 2005, Leonard 2006).

Tyto molekuly jsou produkovény zvlasteé bunkami imunitnihno systému a
zprostiedkovavaji komunikaci hlavné mezi leukocyty samotnymi, jsou dulezité pro procesy
bunéené proliferace a sekreci dalSich molekul. VSeobecné prijimané paradigma lymfocytérni
Th1/Th2 rovnovahy postuluje, Ze rovnovéha mezi TH1 (CD4+) helpery produkujicimi IFN-g,
IL-2 a TNF-a které aktivuji makrofagy a buné¢nou imunitu a TH2 (CD4+) produkujicimi IL-4,
IL-5, IL-10 a IL-13 zodpoveédnych za protilatkovou odpovéd a zéroven inhibujicich
makrofagové funkce je esencidni pro dynamiku rozvoje a regulaci imunitni odpovédi. Obé
skupiny cytokini do jisté miry vzgemne inhibuji své funkce. Faktory ovliviujici oba typy
diferenciace jsou komplexni a zahrnuji genetické pozadi, cytokinovou rovnovahu, vliv antigen
prezentujich bunek a aktivitu kostimulatornich molekul (Roitt, 1998, kap. 13.) Cytokiny tvori
pleotropni sit’” regulujici aktivitu ¢etnych bunécnych populaci. Mohou regulovat fyziologické
procesy jako je bunécna proliferace, imunitni a zanétliva odpovéd’. Za normalnich okolnosti
jsou jeich hladiny nizké a jgjich U¢inek je hlavné parakrinni a autokrinni regulace imunitnich
funkci. Za patologickych okolnosti, kdy jsou jeich hladiny zvySené pak zvI&sté prozanétlivé
cytokiny vyvolavaji produkci resktanta akutni féze a centrdni uvolnéni monoamind
sovlivnénim aktivity HHA osy. V piitomnosti dostatecného stresoru tak méni svou uUlohu
z parakrinniho mediatoru v endokrinné ¢inné molekuly.

V urgitych oblastech se zvySenou propustnosti hematoencefalické bariéry (organum
vasculorum laminae terminalis, area postrema, eminencia mediana) cytokiny piestupuji do tkané
CNS ajsou schopny vyvolat centralni tvorbu cytokini, na zanétlivou odpovéd |ze tedy nahlizet
jako na druh vnitiniho stresoru s odpovédi CNS do ur¢ité miry analogické stresové odpoveédi
(Dunn et al., 1999, Hayley et al., 2001, Dunn, 2006). Do tkan¢ mohou byt cytokiny preneseny i
specifickymi transportnimi mechanismy ¢i vazbou na endotel vyvolavat produkci centralnich
mediétora (Watkins et al., 1995, Havrdova, 2001, kap. 3). Cytokiny se mohou i pfimo vazat na
periferni aferentni neurony a tak zprostiedkovévat piimou komunikaci periferie nervovymi
spoji, napi. stimulaci limbickych struktur snaslednou behavioralni depresi prostiednictvim
nervus vagus pii abdominalnim zanétu (Goehler et al., 2000, Konsman et al., 2000). ZvySené
hladiny prozanétlivych TH1 cytokina (IL-1, 1L-6, TNF-a) zvy3uji aktivitu CRH a aktivuji
HHA osu s naslednou produkci kortikoidi (Dunn et a.,, 1999, Hayley et al., 2001, Silverman et
al., 2005). Glukokortikoidy maji vliv imunosupresivni, pii jejich prodiouzené sekreci vSak
dochazi k desensitizaci jejich receptorti v buiikach imunitniho systému obecné, specifictéji pak
hlavné v podsystému monocyto-makrofagovém kdy dochazi dezinhibici produkce
prozanétlivych molekul (Dhabhar a McEven, 1999).
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ZvySené hladiny prozanétlivych cytokind jsou schopny vyvolat tzv. ,sickness
behaviour”, které je charakterizovano snizenim energie, anorexii, zhorSenim pozornosti,
snizenim aktivity, spavosti a v jistych znacich je tedy analogické depresi (Kelley et al., 2003).
Expozice experimentalnich zvitat i lidi zvySenym hladinam prozanétlivych cytokina (IL-1, INF-
a, IFN-y) tyto priznaky vyvolava (Kelley et al., 2003, Dantzer et al., 2004). Lé&ba virovych
onemocnéni rekombinantnimi cytokiny (IFN-y) je provazena depresi az v 50%, mezi dalSi
neuropsychiatrické piiznaky patii somnolence, provokace manickych epizod i psychotické
symptomy (Capuron a Miller 2004, Raison et al., 2005). Deprese ¢asto provazi onemocnéni
schronickou zanétlivou slozkou jako je napi. roztrouSena skler6za ¢i revmatoidni artritida
(Schubert a Foliart, 1993, Sadovnick et al., 1996). Lé&ba antidepresivy tyto zmény vyvolané
cytokiny potlacuje (Gohier et al., 2003, Capuron a Miller, 2004).

Systémové ¢i centralné administrovany IL-1b ¢i TNF-a stimuluje in vivo uvolnéni
noradrenalinu, serotoninu a dopaminu v oblastech dulezitych pro regulaci emoci (amygdala,
nucleus accumbens), autonomnich funkci (hypotalamus) a regulaci psychomotorickych funkci
(bazalni ganglia) ( Dunn et al., 1999, Dunn, 2006).

Prozanétlivé cytokiny aktivuji indolamino 2,3 dioxygenazu degradujici tryptofan a
serotonin a tak sniZuji jgjich dostupnost v CNS ( Hayley et al., 2001, Miiller a Schwartz 2007).
TNF a IL-1 také mohou vyvolavat neuronalni apoptézu aktivaci kaspazovych kaskad ci
ovlivnénim procesi excitotoxicity (Allan, 2002, Varfolomeef a Ashkenazi, 2004). Cytokiny
mohou také ovlivnit hladinu oxidacniho stresu aktivaci mikroglie a produkci volnych
kyslikovych radikdlt ¢i zvySenim hladiny metabolickych toxint (napi. quinolinové kyseliny)
(Gao et a., 2000, Pawate et a., 2004, Wichers a Maes, 2004). Prevalence vyskytu deprese
narusta s vékem, existuje jista paralda s komplexem zmén nazyvanych imunosenescence, ktery
je charakterizovany vzrustgjici dysregulaci imunitnich funkci, 2zvySenou produkci
prozanétlivych puasobki véetné cytokini a ztrdtou noradrenergni inervace lymfatické tkané
(Madden et al., 1998, Borhuys et a., 2004).

Mezi dalSi zmény u deprese patii porucha bunééné imunity. Cekovy pocet lymfocyta je
zvy3en, je nalézana mirné snizeni v absolutnim poctu NK bungk, relativnim poctu T bunék a
margindni zvySeni poméru CD4/CD8 (Herbert a Cohen, 1983, Zorrilla et al., 2001). Pacienti
svelkou depresi maji snizenou proliferaci lymfocytti v odpovédi na stimulaci mitogenem ¢i
antigeny, snizena odpoveéd’ je zvlaste v T-lymfocyty zprostiedkované imunité (Kronfol et al,
1983, Irwin, 1999). Casto prokazovanou zménou na buniné Grovni je snizena cytotoxicita
lymfocytarni subpopulace NK bungk (CD16") (ptirozenych zabijest), ddle je nalézana mirna
redukce v absolutnim pocétu NK bunék (Irvin et al., 1987, Cardwell e al., 1991, Zorrilla et al.,
2001). Je navrhovana disociace mezi Gtlumem aktivity NK bunék a hladinou prozanétlivych
pusobka u depresivnich nemocnych, hladiny prozanétlivého cytokinu IL-6 a snizeni aktivity NK

bunék spolu nekoreluji ajsou pravdépodobng zprostiedkovany nezavislymi mechanismy (Pike a
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[rwin, 2006). NK buriky hraji vyznamnou ulohu pti obrané proti patogenim, kontrole rastu
néadort, zabijeni protilatkami obalenych bunék a regulaci hematopoézy (Orange a Ballas 2006).
Rychle migruji do mista infekce ¢i poranéni ajsou schopné lyzovat cilové bunky bez predchozi
sensitizace ¢i vyvolavat jgich apoptézu, coz je stavi do popiedi protivirové a protinadorové
obrany (Lotzova, 1993, Somersalo, 1996, Cooper et al., 2001). Prirozeni zabijeci secernuji INF-
g TNF-0, GM-CSF, IL-5, IL-13, MIP-1 (a a p) @ RANTES (Loza et al., 2002, Robertson,
2002).

Reakce téchto lymfocyti nejsou antigen specifické, jgich cytotoxicita je vyslednici
signalizace Siroké Skdly excitacnich a inhibi¢nich receptort, které NK bunky exprimuji (Kirvan
a Burshtyin, 2007). Mechanismy NK buiikami zprostiedkované cytotoxicity zahrnuji kontaktni
interakce, sekreci cytotoxickych granul i sekreci cytokini (Kirvan a Burshtin, 2007). Exprimuji
Sirokou paletu receptori, byla prokazana exprese B, o, o, receptort (Jetschman et a., 1997).
DuleZitost b adrenoreceptort spiaZzenych se stimulaci adenylylcykldzy v regulaci funkci NK
bunék katecholaminy je dobie znama, podilgji se na stresovém uvolnéni NK bunek do cirkulace
a jgich adheznich vlastnostech (Scherdlowski et al., 1996, Benschop et al., 1997, Jetschman et
al., 1997, Sanders et al., 2004, Engler et al., 2004). ZvySeni cCAMP zprostiedkované aktivaci
modulaci (Whalen a Crews, 2000, Qiu, 2005). Stimulace a; receptori je sprazend sGaq
iniciovanou drahou, a, snizuji hladiny cAMP spojenim s Gai G proteinovou drahou. Funkéni
vyznamnost a; adrenoreceptori pro aktivitu NK lymfocyti je mnohem méné objasnéna, mohou
se podilet na stresem vyvolané redistribuci (Jetschman et al., 1997), jini autori v3ak tento efekt
nenalézaji (Engler et al., 2004). NK bunky prokazuji jesté vySSi mnozstvi a stabilngjsi profil
exprese Dy, D3, D, i Ds receptori nez jiné typy leukocyti (McKenna et al., 2002). Leukocyty i
NK buiky reaguji na aktivaci D; like (D; a Ds) receptort zvySenim intracelularni hladiny
cAMP, aktivace D, receptort, které snizuji hladiny cAMP, ma antagonisticky vliv (Saha et al.
2001).

NK bunky jsou velice sensitivnim ukazatelem Urovné psychického stresu i fyzické
zétéze, jgich regulace v prubéhu stresové reakce je kromé systémové regulace stresovymi
hormony velice Uzce fizena piimo aktivitou CNS (Downing a Myian, 2000). Stimulace ¢i ablace
centralnich hypotalamickych jader je kordovana se zménami elektrické aktivity nervus
splenicus, cytotoxicka aktivita NK bunek je fizena medialni ¢asti hypotalamického nucleus
preopticus (Katafuchi et al., 1993). Bilateralni 1éze nukleus preopticus vede k potlaceni NK
aktivity, tento efekt je blokovan splenickou denervaci a je nezavisly na hladinach systémového
kortikosteronu (Irwin, 1994). Na komplexni regulaci NK aktivity se podili i centrélni ay, a,, by,

b,, D;, ¢i D, receptory, pri specifické blokade jednotlivych receptori dochézi k blokaci
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centralné podmitiované NK aktivity pii pouziti paradigmatu nepodminéného uceni (Hsueh et al.,
1999).

Vysledky sledujici lymfocytarni odpovidavost se v&ak v riznych studiich lisi a mohou
odraZet heterogenitu depresivniho souboru ¢i rozdilnou hloubku deprese. Profil zmén bunécné
imunity nalézanych u depresivnich nemocnych je analogicky zménam nalézanych u raznych
modelt stresu (zvySeni pocty lymfocyta, redukce v absolutnim poétu NK bunék a relativnim
poctu T bunék, marginalni zvySeni poméru CD4/CD8) (Zorrilla et al., 2001). Antidepresivni

|&ba poté vede k normalizaci zanétlivych pochodti snizenim produkce prozénétlivych ci

- s e

Neur oplasticke procesy a deprese

V soucasné dobé je jako hlavni podklad deprese povazovano naruSeni komplexnich procesi
dlouhodobé plasticity v CNS, spiSe nez prosta porucha ve funkci neuromediatorovych okruht
(Duman et a., 1997, Garcia, 2002, Castrén, 2005, Normann et al., 2006). V SirSim kontextu je
plasticitou ozna¢ovana schopnost mozku meénit své funkce ¢i strukturu v reakci na vngjsi i
vhitini stimuly, synapticka plasticita je poté definovana jako na zkuSenosti zavisla zména
morfologie a hustoty synapsi (Bliss a Collingridge, 1993, Trojan et al., 2004). Plastickymi
procesy byvaji oznagovany mechanismy prestavby synaptickych zakonéeni a synapsi, za jgjichz
podklad byvaji povazovany procesy diouhodobé potenciace (LTP) a dlouhodobé deprese
(LTD), které jsou strukturalnim podkladem procesi paméti a u¢eni (Bliss a Collingridge, 1993,
Kandel 2001, Cooke a Bliss, 2006). LTP a LTD jsou formy asociativniho typu morfologické
synaptické plasticity, ktery detekuje koincidentni pre a postsynaptické udalosti a prevadi je
fetézcem signaliza¢nich udalosti do struktury neurondlni sité. Naproti tomu je novéji popisovan
komplex pochodi oznacovany jako , synaptic scaling”, které podporuji stabilitu neuronalniho
»firingu” prizptisobovanim sily vSech synapsi daného neuronu a ndsledné tedy i stabilitu daného
okruhu, v némz je dany neuron zapojen (Marder a Printz, 2002, Turrigiano a Nelson, 2004).
Tento zpusob regulace synaptické sily se uplatiiuje zvlasté ve vyvijgicich se ¢i remodel ovanych
okruzich jako odpovéd’ na dlouhodobou zmeénu aktivity bez naruSeni procesi krétkodobé
plasticity ¢i variability synaptické transmise (Wierenga et al., 2005). Metaplasticitou jsou
ozna¢ovany procesy, které ovliviiuji piredchozi aktivitu neuronalni sité a uréuji ,, threshold“ pro
navozeni déju LTPaLTD. Ceularni plasticitou jsou o0znagovany procesy neurogenezy.
Nasledkem poruchy téchto procesi miaze byt pak neschopnost organismu reagovat
piiméienou reaktivni odpoveédi na stresory ¢i vyzvy okoli, jez zpasobi zvySenou zranitelnost
jedince a miZe vyustit do manifestace depresivnich symptomii. ,, Neurotrofni hypotéza deprese’

povaZzuje za hlavni patogenetickou pii¢inu poruchy plastickych procesi u depresivniho
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onemocnéni snizenou dostupnost rastovych faktora viz obr. 2 (Duman, 1997,1999,2004, Duman

aMonteggia, 2006).

Obréazek 2. Neuroplastické procesy u deprese ajgich ovlivnéni stresem a antidepresivni |&bou

Uceni antidepresiva stres

ZkuSenost - BDNF kortikoidy

Procesy - 5-HT,- NA ~ BDNF

paméti excitoxicita
CA3 CA3 [ CA3

o
\.1;/: )

Zména struktury - preZiti a rlist Atrofie

Geneti,cké - plastické Apoptoza

pozadi procesy ~ neurogenezy
- neurogenezy

ZkuSenosti se ukladaji do zmen struktury neurondlni sité ietézcem signalizacnich udélosti, stres
a glukokortikoidy pasobi atrofii a v nékterych pripadech i apoptézu neuroni v CA3 oblasti
gyrus dentatus a sniZuji neurogenezu. Tyto zmény jsou zprostiedkovany zvySenim
excitotoxicity (zprostiedkované glutamétem ¢i zvySenim hladiny Ca®* iontd) a sniZenou
dostupnosti rastovych faktori jako je napt. BDNF. Je moZné, Ze tyto zmény piispivaji k rozvoji
hipokampalni atrofie, pozorované u nemocnych depresi. Specificka zranitelnost na stres a
rozvoj deprese maZze byt vysledkem genetickych vloh ¢i specifickych vliva prostiedi a
predchozich zkuSenosti. Je navrhovano, Ze posileni zvI&Sté monoaminergni neurotransmise a
zvy3eni produkce rastovych faktortt miZe blokovat negativni vliv stresu na neuronalni atrofii a
pieziti neuroni, stejné jako na procesy neurogenezy (upraveno die Duman, 1999, 2004).

Porucha dlouhodobé rovnovahy v procesech proristovych, piedstavovanych Sirokou skupinou
rastovych faktori a protirastovych ¢i apoptotickych vlivii pak vylsti v nedostateznou
remodelaci neurondni sité a na Urovni chovani pozorovatelny depresivni syndrom. V regulaci
plastickych procesi se G¢astni velké mnozstvi neurotrofnich molekul, v souvislosti s depresi je

negjvice zkoumanou molekulou BDNF (brain derived neurotrophic faktor), ktery je v mnoha
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aspektech regulovan stresem (Duman a Monteggia, 2006). Cea fada nalezi demonstruje
snizenou expresi BDNF vytavenim stresu pii pouZiti raznych stresovych paradigmat pocinaje
imobilizaénim stresem u hlodavci, izolaénim stresem, subordinacnich stresem nebo jinym
druhem socidlniho stresu (Ueama et al., 1997, Barrientos et al., 2003, Duman a Monteggia,
2006).

Inflze BDNF do hipokampu mé& antidepresivni efekt v behaviordnich modelech
deprese (Shirayama et al., 2003). Antidepresiva z riznych tiid zvy3Suji hladiny BDNF, pokud
jsou podavana dlouhodobg, coZ by mohlo vysvétlovat ¢asovy posun nastupu antidepresivniho
acinku od pocatku podavani 1éku (Nibuya et al., 1996, Sairanen e al., 2005, Duman a
Monteggia, 2006). Huménni postmortem studie ukazuji snizené hladiny BDNF v celych
mozcich i hipokampdlni oblasti u suicidovanych depresivnich nemocnych (Chen et al., 2001,
Karege e al., 2005). | pies jisté negasnosti tykajici se prestupu BDNF hematoencefalickou
barierou dalSi ndlezy demonstruji také snizené hladiny BDNF v séru depresivnich nemocnych
(Karege et al., 2002, Shimizu e al., 2003). Nedavné nalezy véetné metaanalyzy (Sen ¢t al.,
2008) presvédcive ukazuji snizeni hladin BDNF v séru nemocnych depresi a jgjich normalizaci
v priabéhu &by antidepresivy, autofi dokonce navrhuji moZnosti pouZiti sledovani sérovych
hladiny jako prediktoru odpovédi na antidepresivni |&bu. Expozice stresu vSak snizuje hladiny i
dalSich rastovych faktori: NGF, NT-3, VEGR, IGF a FGF, jgichz hladiny jsou opét zvySovany
terapii antidepresivy (Ueama et al., 1997, Malle et al., 2002, Evans ¢ al., 2004.

V hipokampdlnich a kortikélnich synapsich in vitro a in vivo BDNF usnadiuje
dlouhodobou potenciaci a oslabuje procesy dlouhodobé deprese. Ma také vyrazny vliv na rast,
piestavbu a stabilitu dendriti i axont kortikdlnich, hipokampalnich i moze¢kovych neuroni a
podporuje homeostatické a kompetitivni neurondlni interakce, které remodeluji neurondni
okruhy (Kandd 2001, Cooke a Bliss 2006, Mohajeranim et al., 2007). Produkce BDNF je
vyrazné zavisda na neuronalni aktivité. Neurondlni depolarizace vyvolana aplikaci glutamatu,
zvySeni extracdularniho K* ¢&i vysokofrekveneni stimulace zvySuje hlading BDNF mRNA a
néslednou BDNF sekreci (Patterson et al., 1992, Lindholm et al., 1994).

Jedna ze soucasnych teorii, ktera je v souladu s ostatnimi ndlezy u deprese navrhuje
snizeny zrod novych neuroni jako spolecného etiologického jmenovatele u depresivnich
onemocnéni (Duman et al., 2000, Kemperman a Kronenberg, 2003, Jakobs et al., 2000).
Procesy neurogenezy probihagji zvlasté ve vrstvé granuléarnich bunék v hipokampanim gyrus
dentatus (GCL), bulbus olfactorius a nékterych korovych oblastech u fady obratlovci véetné
¢lovéka (Altman a Das, 1965, Gould et al., 1998, Seri e al., 2004). Jedna se o dvé skupiny
procest, jednim znich je zrod novych neuroni z prekurzorovych bunék, druhym je pak
selektivni zréni. Oba procesy jsou ovlivnény dostupnosti rastovych faktora a ovlivnény
medikaci (Sairanen et al., 2007). Je prokazano, Ze nové vzniklé buriky jsou poté funkéné

zapojeny v neurondnich okruzich, nové vzniklé neurony mohou mit preferencné dilezitejsi
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Ulohu v souc¢asném zpracovéni informaci nez stavajici neurondlni populace (Shors et al., 2001).
PouZiti experimentalniho modelu obohaceného prostiedi u experimentalnich zvirat zlepSuje
dlouhodobou pamét’, pii blokadé neurogenezy toto zlepSeni nenastéava (Brue-Jungerman et al.,
2005). Neurogeneza v dospélém mozku podiéha dynamické regulaci, stres je jednim z jejich
nejrobustnéjsich negativnich regulétora (Gould et al., 1998, Malberg a Duman, 2003, Duman a
Monteggia, 2006). Je prokazano, Ze kortikoidy a glutamét sniZuji neurogenezu
v hipokampdlnim gyrus dentatus (Gould et al., 1992,1994). Estrogen, BDNF, epileptické
zéchvaty ¢i ECT terapie, |&ba antidepresivy, lithiem nebo atypickymi antipsychotiky naopak
zvy3uji mnoZstvi nové vzniklych bunék (Chen et al., 2000, Manev et al., 2001, Malberg a
Duman, 2003, Kodama et al., 2004, Bolwig a Madsen, 2007, Paizanis e al., 2007). Serotonin ¢i
agonisté receptort zvy3uji intenzitu neurogenezy, inhibice syntézy serotoninu, antagonisté 5-
HTin a 5HT,a receptori ¢ léze serotonergnich jader pasobi sniZzeni proliferace
hipokampalnich progenitorovych bunék (Brezun a Daszuta, 1999, Azmitia 2001, Ueda et al.,
2005, Santareli e al., 2003). Blokada neurogenezy blokuje behavioralni efekt antidepresiv
(Santardli et a., 2003, Paizanis et a., 2007).

DuleZitost procesi plasticity a neurogenezy pro procesy paméti a uceni ilustruji ¢etné
nélezy na experimentalnich zviiatech. Porucha téchto procesi u depresivnich nemocnych mize
odrézet ruzné klinické piiznaky v symptomatologii deprese, zvlasté kognitivni poruchy.
Soucasné vysledky ukazuji zmény v poétu synapsi a jejich morfologii u experimenténich zvitat,
které jsou asociovany s motorickym u¢enim a expozici obohacenému prostiedi a jsou relativné
stabilni v raznych korovych i podkorovych oblastech véetné primérniho somatosenzorického,
motorického a auditivniho kortexu, amygdaly, hippokampu a kiry mozecku (Greenough et al.,
1973, 1986, Kleim et al., 1998,2002, 2007, Nikolaev et a., 2002). Tyto zmeny jsou zavislé na
ZkuSenosti, respektive na specifickych vzorcich neurondni aktivity, asociovanych s jistym
typem zkuSenosti. Tyto morfologické procesy mohou odrézet reakci mozku na zvySenou
komplexitu prostiedi a odrézet zvySené naroky a prilezitosti obohaceného prostieni a novych
zkuSenosti. Zvitata vystavena obohacenému prostiedi maji vyraznéjsi dendritickou arborizaci a
pocet synapsi na neuronu vysSi nez zvitata chovana ve standardnich podminkach (Rampon et
al., 2000, Grosmann et al., 2002). Dendritické trny, malé vybézky, které dostavaji hlavné
glutamatergni vstupy, prodélavaji rozsahlou strukturdlni remodelaci v fadu minut. Tyto zmény
mohou byt zasadni pro navozeni ¢i stabilizaci zmén synaptické plasticity a jsou ovlivnény
zménami postsynaptické membrany, iontové rovnovéhy a celou fadou postsynaptickych
signaliza¢nich udadlosti (Dunayevsky et al., 1999, Matsuzaki et al., 2004). Tyto neurondni
zmény jsou pak doprovazeny trvalymi zménami oligodendrocytarni morfologie a axondni

myelinizace a zménami astrocytarnimi, kteréjsou diskutovany nize.
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I mobiliza¢éni stres a modely deprese

Preklinické modely deprese se snazi stginé jako jiné modely lidskych nemoci na zvifatech
objasnit mechanismy neuraobiologie onemocnéni a Ucinku terapeutickych latek nebo 1é&ebnych
postupi. Vzhledem k tomu, Ze deprese je lidské onemocnéni ¢asto s dlouhodobym a kolisavym
prabéhem, které u zvirat primo modelovat nejde, modely v experimentalni situaci obvykle
zobrazuji pouze urcity aspekt relevantni k lidskému onemocnéni. Model imobiliza¢niho stresu
vyuziva mechanického omezeni experimentélniho zviiete ve volném pohybu, coz vyvolava
stresovou odpoveéd’. Vzhledem k charakteru stresové imobilizace, kdy je zvite omezeno v tubé
s mnohocetnymi perforacemi, je tento typ stresu v soucasné dobé povazovan spiSe za typ stresu
psychologického nez fyzického (Inoue et al., 2009). V modelovani deprese nastava posun od
neurochemickych modeli, které vyuzivgji farmakologicky navozenou zménu chovani
(reserpinovy model, model tryptofanové deplece) k uZiti modeld, uplatiujicich manipulaci
sgenetickou informaci a vytvareni knock-out kmeni experimenténich zvirat (kmeny mysi
s modifikovanym serotoninovym transportérem, knock-out kmeny pro klicové membranové
receptory v neurobiologii deprese) (Votava a Pistovéakova, 2005, McArthur a Borsini, 2006).
DalSi skupinou modeltt jsou behavioralni modely zalozené na hypotéze, Ze vrozvoji
depresivniho onemaocnéni se uplatiiuje podil chronického stresu. Mohou byt uplatnény social ni
aspekty vzniku depresivniho onemocnéni (separacni stres mladéte od matky, izolagni stres).
Dalsi skupina modelt je zaloZzena na Upravach podminek prostiedi tak, aby dochazelo
k vybaveni stresové reakce (naucend bezmocnost, test nuceného plavani, test zavéSeni mysi za
ocas). Za modely snevysSi validitou jsou povazovany model intrakranialni eektrické
stimulace, chronického stresu a model bilateralni olfaktorické bulbektomie (po chirurgické
ablaci ¢ichového organu kdy u hlodavct dochézi k charakteristickym behaviordnim zménam) a
model chronického mirného stresu (Pistovéakova a Votava, 2005).

Pouzivani imobilizace ¢i omezeni ve fyziologickém vyzkumu ma dlouhou historii. Historické
uziti techniky lezelo hlavné ve studiu stresovych syndromi u zvitat a vedlo k charakterizaci
behavioralnich a neurochemickych parametrt stresu. Jako priklad 1ze uvést vyzkum stresovych
gastrickych viedi, kde efekt novych Iéki byl zkouman pravé na tomto stresovém modelu (Paré
a Glavin, 1986). Srostoucim rozpoznavanim centralniho vlivu v mechanismech perifernich
poruch a komplexnich neuroimunitnich interakcich byl tento druh stresu dale zkouman
v mechanismech rozvoje dalSich gastrointestinalnich poruch a jejich ovlivnéni antidepresivy,
antipsychotiky, anxiolytiky, noradrenergnimi, serotonergnimi, dopaminergnimi a peptinergnimi
farmaky (Glavin & al., 1994). V soucasné dob¢ je kladen diraz na studium komplexnich rysi

stresového omezeni veetné fyziologickych, imunologickych, endokrinnich a vyvojovych
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aspekti a dopadu stresu na pribeh chorob. Uplatiiuje se ve vyzkumu bolesti, infekci, zanétu,
Alzheimerovy choroby, endokrinnich a autonomnich poruch (Buynitsky a Mostofsky, 2009).

Ve vztahu k depresi je efekt stresového omezeni zkouman v raznych ohledech vztahujicim se
k neurobiologii deprese, tak jak byly uvadény v predchozich kapitolach. Napriklad ve vyzkumu
regulace rastovych faktora je prokézano snizeni hladin mRNA BDNF jako nasledek akutniho
Sestihodinového omezeni soucasné s aktivaci HHA osy se zvySenim hustoty GR receptort
v nukleus paraventrikularis pietrvavajici i v ndsledujicim tydnu. ZvySena aktivita tryptofan
hydroxyldzy je pak prokazovana po dobu 2-3 tydni (Murakami et al., 2005). Expozice
jednordzovému imobiliza¢nimu stresu vyznamné sniZzuje produkci BDNF nekolik hodin po
expozici stresoru uplatnénim mechanismu acetylace histona v promotéru BDNF genu
(Fuchikami et al., 2009). Opakovany imobiliza¢ni stres snizuje expresi BDNF a Bcl-2
v hipokampdlnich neuronech, podavani olanzapinu vraci expresi k pavodnim hodnotam (Luo et
al., 2004). Toto je prokézano i pro quetiapin v hipokampu u potkana, soucasné podani
quetiapinu a venlafaxinu ma preventivni synergicky efekt na sniZzeni neurogenezy a hladiny
BDNF (Xu et al., 2006). Akutni stres narusuje plasticitu zavislou na NMDA receptorech a
podporuje procesy dlouhodobé deprese (LTD) zavislé na metabotropnich mGIuR1 receptorech v
hipokampalni CA1 oblasti (Chauloff et al., 2007). Akutni imobilizacni stres vede k sniZeni
nehybnosti v testu nuceného plavani a narusuje pamét'ové funkce v testu zvySeného T bludisté
(Cruz-Morales et al., 2008, Dunn a Swiergiel, 2008).

Akutni omezeni modifikuje také funkci pro depresi klicovych neurotransmiterovych systému,
snizuje hladinu serotoninu a modifikuje serotonergni aktivitu v dorzolateralnim striatu (Cruz-
Morales et al., 2008). Prostiedni ctvim dopaminovych receptorti imobiliza¢ni stres aktivuje HHA
osu (Belda a Armario, 2009). Vystaveni imobilizaénimu stresu mize vést i k zménam spankové
architektury se zvySenim zastoupeni REM spanku, které mohou byt srovnatelné se zménami
nalezenymi u subjekti trpicich panickou poruchou nebo posttraumatickou stresovou poruchou
(Hegde et al., 2008). Imobiliza¢ni stres ma vliv i na funkci oblasti regulujicich emoce, je
prokazano zvySeni uvolnéni GABA v amygdale u potkani (Reznikov et al., 2009).

V modelech chronického stresu byva obtiznéjSi hodnotit parametry imunitniho systému nez
v akutnich paradigmatech vzhledem ktomu, Ze dochézi k adaptaci na stresovy podnét a
kauzalni vliv modelového paradigmatu na parametry imunitniho systému je obtizngji
vysledovatelny. Je vSeobecné piijimano, Ze zatimco efekt akutniho omezeni na imunitni funkce
miZe imunitni funkce i zvySovat, dlouhodobé omezeni byva povaZzovano za imunosupresivni
(Millan et al., 1996, Pruet, 2001). Expozice akutnimu imobilizaénimu stresu méni proporéni
zastoupeni lymfocytarnich populaci v organovych kompartmentech a dochazi k aktivaci
subpopulaci T lymfocytia (Inoue et al., 2009). Chronické stresové omezeni inhibuje migraci
lymfocytd, piirozenych zabiject, granulocyti a makrofagt a sniZuje jegich efektorové funkce
(Mizobe et al., 1997, Zhang e al., 1998). Imobiliza¢ni stres moduluje i cytokinovou produkci,
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glukokortikoidy a katecholaminy inhibuji produkci 1L-12, TNF-a a INF-y pfi sou¢asném
zvySeni IL-10 a IL-4 avedou tedy k posunu Th1/Th2 na stranu prevazujici produkce Th2
cytokini (Zhang et al., 1998, Calcagni a Elenkov, 2006).

Nonneur onalni bunééné elementy v CNS a deprese

Zobrazovaci a morfologické nalezy

VySe uvadéné poruchy plastickych procesi mohou byt na makroskopické Urovni pozorovatelné
jako selektivni hipokampalni atrofie u subjekta trpicich depresi, tato redukce hipokampalniho
objemu koreluje s celozivotnim kumulativnim trvanim depresivnich fazi (Sheline et al., 1999,
Steffens et al., 2000, Sheline, 2003). Vysoké kortikosteroidni hladiny pii dlouhodobém stresu
jsou povazovany za jeden zfaktori podilgjicich se na hipokampalni atrofii pozorované u
depresivnich nemocnych (Magarinos et al., 1997, McEven, 2001, Tafet a Bernardini, 2003).
Jako jeden z etiopatogenetickych mechanismi je navrhovana vysSi mira stresu v raném Zivoté
(napt. na modelech pouZivany separacni stres u potkani), sexudni zneuzivani ¢i emoc¢ni
zanedbavani, které vyusti v celozZivotni nastaveni hyperaktivity HHA osy a vySSi odpovidavost
HHA osy na stresové podnéty (Heim et al., 2000, Heim a Nemeroff, 2002, Kendler et al., 2004).
Hipokampalni dysfunkce asociovana s redukci hipokampdlniho objemu je spojena se snizenou
vybavnosti paméti, stupen Ubytku hipokampaniho objemu korduje s poruchami deklarativni
paméti a celkovou vybavnosti (Sheline et al., 1999, Queen et al., 2003, Sheline, 2003, Videbech
et al., 2004). Hipokampalni atrofie mize pietrvat az nékolik let po dosazeni remise depresivniho
onemocnéni (Sheline et al., 1996). Efekt antidepresivni [&by je nejednoznagny, zatimco nékteré
vysledky demonstruji Ustup hipokampalni atrofie po 1&bé antidepresivy (Vermetten et al.,
2003), jiné ndlezy toto nepotvrzuji (Vithilingam et al., 2004).

Dalsim z konzistentnich a ponékud prekvapivych ndlezi je snizeni hustoty a celkového
poctu gliovych bunék a velikosti tél neuroni v piednim cingularnim kortexu a orbitofrontalnim
a dorzolaterdlnim prefrontalnim kortexu u depresivnich nemocnych (Rajkowska et al., 1999,
Cotter et al., 2001, 2002, Rajkowska a Miguel-Hidalgo, 2007). Subjekty trpici depresi maji
sniZzenou celkovou tloustku cerebrélniho kortexu, velikost neurondnich tél a snizenou hustotu
neuronanich a glidnich tél ve svrchnich (I1-1V) vrstvach kortexu. V kaudanim
orbitofrontdlnim kortexu depresivnich subjekti jsou vyrazné redukce hustoty glidnich tél
v hlubSich vrstvach (V-V1), které jsou doprovazeny snizenou velikosti neuronalnich tél. Dalsi
nalezy ukazuji snizeny objem orbitofrontadlniho kortikdlniho kortexu bez snizeni objemu jinych
frontélnich oblasti u nemocnych svelkou depresi (Bremner et al., 2002). Je také pozorovana
snizena  imunoreaktivita glidiniho markeru GFAP a niz§i hladiny GFAP u mladych
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depresivnich subjektti ve srovnani s mladymi kontrolami a starSimi depresivnimi  subjekty
(Migud-Hidalgo et al., 2000, Si e al., 2004). Hustota Nisslovym barvenim znacené glie je
vyrazné snizena u mladych depresivnich subjekti ve srovnani smladymi kontrolami
(Rajkowska et al., 1999). Je také pozorovano sniZzeni hustoty a velikosti tél glie u subjektt
zavislych na akoholu, gliani patologie je vice vyjadiena u zavidych subjekti s depresivni
symptomatikou (Miguel-Hidalgo et al., 2002). Gliani patologie je také vyraznéjsi u subjektt
srodinnou historii deprese (Ongur et al., 1998, Miguel-Hidalgo a Rajkowska, 2003). Podobné
snizeni poctu glie je pozorovano takév subgenualni ¢asti gyrus cinguli anterior, beze zmén
Vv poctu neuroni, nebo jejich objemu (Ongur et al., 1998). Jini autoii nachézeji mirné snizeni
poctu neuroni  snezménénou morfologii t&l pi  vyrazném sniZzeni poctu astrocytt
v suprakalosalni ¢asti gyrus cinguli (Cotter et al., 2001).

Dalsi skupina ndlezii demonstruje na bunééné trovni patologii v strukturach limbického
systému, kterd se mazZe podilet na snizeni objemu a muZe se podilet na kognitivnich poruchéch
pozorovanych u nemocnych depresi. Stockmaier nalezl signifikantné zvySeny pocet glie,
pyramidalnich neuronti i granularnich neuroni ve vSech hipokampalnich oblastech i gyrus
dentatus (Stockmaier et al., 2004). V CA1 a CA2 oblasti byla zjidténa snizend astrocytarni
imunoreaktivita pro GFAP (Muller e al., 2001). U experimentdnich zvitat chronicky
psychosocidni stress vyznamné sniZuje pocet hipokampalnich astrocytu i jejich objem (Czéh &
al., 2006). V amygdale depresivnich nemocnych bylo zjisténo vyrazné snizeni pocétu glie a
poméru neuron:glie (Bowley et al., 2002). Pozdgjsi ndlezy vSak vyraznou gliani redukci
v amygdale identifikovaly hlavné jako redukci oligodendrocyti bez vyraznéjSiho snizeni poctu
astrocytt (Hamidi et al., 2004). V mozetku subjekti nemocnych velkou depresi bylo nalezeno
sniZzeni GFAP (Fatemi et al., 2004).

Nedavny nalez (Banasr a Duman, 2008) demonstruje v elegantnim experimentu, Ze
selektivni farmakologicka ablace gliové populace v prefrontalnim kortexu u experimenténich
zvitat je schopna vyvolat depresi podobné chovéni, analogické chovani vyvolanému expozici
chronickému stresu a dava tak podporu teorii, Ze ztréty v glidni populaci prispivaji k rozvoji
jédrovych priznaka deprese.

Tyto nalezy pritahuji pozornost ke komplexnim neuro-glidnim interakcim a roli, kterou mohou

Vv etiopatogenezi depresivni poruchy hrét astroglialni buiky.

Astrocyty

Astrocyty jsou dulezitou bunéénou populaci v CNS neuroektodermového pivodu, jejichZ pocet
prevy3uje pocet neurona 1,5-10 v zavislosti na oblasti mozku (O'Kusky a Collonier 1982). Od
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svého popsani Virchowem byly po dlouhou dobu povaZzovany za pouze pasivni bunécné
elementy v CNS, kterétvori lepidlo (glue) mozku (Virchow, 1846). Pozdéji byla dle morfologie
glidni populace rozdélena na mikroglii a makroglii, jako mikroglie byly ozna¢eny makrofégové
buriky, makrogliové eementy pak tvori oligodendrocyty a astrocyty. Cajal posléze rozdélil
lidské kortikalni astrocyty dle morfologie na protoplasmaticke a fibrilarni typy, popsal jeich
Uzky vztah k vaskulatuie i okolnim nervovym vybézkam (Cajal, 1913). Teprve ndlezy z
posledni doby pouzivajici moderni barvici techniky vSak odhalily jgich komplexni strukturu,
vzajemné usporadani i mnozstvi vybézka, které diivejsi techniky vyuZivajici barveni GFAP
nemohly zobrazit (Bushong et al., 2002, Ogata a Kosaka 2002). Soucasny pohled rozlisuje 4
hlavni astrocytarni subtypy: protoplasmatické, interlaminarni, polarizované a fibrozni; je
spatiovana jista analogie mezi morfologickou diverzitou neuroni a gliovych bunék ve vrstvach
kortexu, kterétak patrné Ize délit i do funkeéné odlisnych typt (Oberheim et al., 2006).

Rostouci poznavani morfologie je doprovazeno i zménou pohledu na funkci astrocyti,
kdy tyto jiZz ngjsou vidény jako pouhé pasivni buné¢né elementy. Astrocyty maji kritickou roli
v pribéhu vyvoje CNS, maji také nezastupitelnou Ulohu v trofické podpore neuroni a
energetickém metabolismu, iontové homeostaze mozku, formaci tkanové jizvy a reparaci
poskozeni tkang, a regulaci imunitni odpovédi CNS (Sykova, 2005, Laming et al. 2000, Farina
et al., 2007). Astrocyty tvoii nezbytnou soucast hematoencefalické bariéry - glia limitans, ktera
hraje roli napt. v prestupu leukocyti do CNS (Bechman et al., 2007). Astrocyty tvori bunéénou
sit’, propojenou gap junctions, jez umoziuje pufrovani iontové nerovnovahy generovanych
aktivitou neurondlnich iontovych kanda a nitrobunsené Sireni Ca®* ionta (Sykova, 2005).
Komplexni komunikace mezi astrocyty a neurony se Ucastni ionty, neurotransmitery, bunécné
adhezni molekuly a specializované signalizacni molekuly (Arague, 1999).

Hlavnim membranovym znakem specifickym pro astrocytarni populaci je GFAP
(glialni kysely protein). Astrocyty exprimuji mnohé neurotransmiterové, neuropeptidové a
cytokinové receptory, iontové kandly, receptory pro rustové faktory a prenaSecové molekuly;
nekteré z rdevantnéjSich pro problematiku deprese uvadi tabulka 1.

Exprese jednotlivych receptort je samoziggmé ovlivnéna funkénim stavem bunky, mnoho
struktur je vystaveno pouze reaktivnimi astrocyty, jak je diskutovano nize. Astrocyty vzhledem
k vlastnostem své membrany nemohou generovat eektricky signd podobné jako neurony.
Jgjich vybava receptory a iontovymi kanaly je vSak predurcuje k tomu, aby nepiimo detekovaly
Uroven neurondlni aktivity monitorovanim na aktivité zavislych zmén chemického prostiedi
sdileném obéma typy bunék. Astrocyty tedy komunikuji mezi sebou i neurony ve svém okoli
prevdZné chemickou cestou a tim mohou regulovat neurondlni excitabilitu a aktivitu

neurondl nich okruh.

33



Tabulka 1. Vybrané astrocytarni receptory a transportni systémy

Receptor Reference
Adrenergni b, Aoki, 1992, Harden a
Adrenergni b, McCarthy, 1982, Hodi a

Hosli, 1993

Adrenergni a;

Lerea a McCarthy, 1990,
Juri¢ et al., 2007

Adrenergni asap

Bowman a Kimelberg, 1987,
Juri¢ et al., 2007

Serotonergni 5-HT 14

Ogura a Omano, 1984,
Whitaker-Azmitia e 4.,
1993, Azmia et al., 1996

Serotonergni 5-HT s

Deecher et da., 1993, Xu a
Pandey, 2000

Dopaminové D4, D, like (D2, D3)

Inoue et a., 1997, Ohta et
al., 2003

MGLURSs5, NMDA

GABA, Kaila 1991
GA BAB]_a GA BABlb1 GABABZ Okaet a . 2006
Glutamatové  AMPA/kaindtové  mGLURsL, Porter a McCarthy, 1997,

Hertz a Zidke, 2004

Purinergic P1, P2X,;, P2X;, P2Y, P2X; P2X,,
P2Xs, P2X4, P2Y,, P2Y,

Mdller et al., 1995

Muskarinové

Porter aMcCarthy, 1997

Prozangtlivé cytokiny IL-1b, TNF-a + rec. IL1-
RA, TNFR1

Friedman a Wang, 1997

Protizanétlivé cytokiny TGF-b, IL-1-RA, IL-4,
IL-10 + rec. TNFR, IL-4R, IL-10R

Hulshof e a., 2002,
Pinteaux et al., 2006)

neuropoetické cytokiny (CNTF, IL-6) +rec.
(gp130 +CNTFRa, IL-6Ra)

Acarin et al., 2000

Peptidové rec. VIP, somatostatin, oxytocin,
vasopresin, ANP, bradykin, thrombin, opioidy

Deschepper 1998, Porter a
McCarthy, 1997

Serotoninovy transporter SERT

Fuller and Wong 1990, Bal et
al, 1997, Inazu ¢ a., 2001

Noradrenalinovy transporter NET, uptake 2
transporter

Inazu e a., 2003,
Schildkraut and Money, 2004

Glutaméatové transportery EAAT1 (GLAST) a
EAAT2 (GLT-1)

Pawlak et al., 2005, Huang et
al., 2004

Receptory pro chemokiny

Nakagawa a Schwartz, 2004

Neurotrofiny (NGF, BDNF, NT-3)+ rec. (trkA,
trkB, trkC, p75)

Schwartz e al., 1994,
Schwartz a Nishiama, 1994,
Knott et al., 2002, Juri¢ € al.,
2008

Neurotrofiny (GBNF, IGF, FGF, VEGR)+ rec.
GFRal,|IGFR, FGFR VEGRFR, flt1,flkl

Leeet al., 1993, Clarke et al.,
2001, Mani e al., 2005

Scavengerové  receptory, receptory  pro
komplement

Gasque et a. 2000,
Husemann a Silversten,
2001




Astrocyty a neuroplastickeé procesy

V poslednich letech piibyva dikazi o komplexni G¢asti astrocyti v plastickych procesech a
jgiich morfologickych zménéch v zavislosti na zménach prostredi. Morfologickd plasticita
astrocyti jako odpovéd v experimentalni paradigmatu obohaceného prostiedi probiha
v ¢asovém metitku, které je srovnatelné s pozorovanymi neurondnimi zménami (Jones et al.,
1996, Jones a Greenough, 2002). Strukturdlni plasticita astrocyti je dale spojena se
zmeénami synaptické plasticity po kindlingu a navozeni dlouhodobé potenciace v rozli¢nych
paradigmatech u¢eni (Chang et al., 1993, Hawrylak et al., 1993, Matsutani a Leon, 1993,
Anderson e al., 1994). Umisténi zviiat v obohaceném prostieni je provézen zvySenym
astrocytarnim ,,ensheathmentem” synapsi (Jones a Greenough 2002). Tato hypertrofie
astrocytarnich vybézka je zavida na dobé trvani expozici obohacenému prostiedi a zvolené
kortikélni vrstvé (Jones a Greenough, 2002). Toto je v souladu snalezy prokazujicimi atrofii
glie po senzorické deprivaci ve vizualnim kortexu (Hawrylak a Greenough, 1995). Motorické
uceni vyvolava hypertrofii synapsi a zvétSeni astrocyti také v kiire mozecku, toto zvétSeni
pietrvava az 4 tydny po preruseni uceni (Kleim et al., 2007). ZvySeni astrocytarniho objemu
miZe byt spojovano se synaptogenezou vyvolanou uéenim, a ne pouze nespecifickym zvySenim
neurondlni aktivity, protoze pouhé cviceni bez uceni tyto zmény nevyvolava (Anderson et al.,
1994, Kleim et al., 2007). Morfologické zmény astrocyti provazeii i patofyziologické zmény,
napr. kindling a mohou setak uplatiiovat i v patogenezi epileptickych lozisek (Hawrylak, 1993).
Zobrazovaci techniky, vyuZivgjici konfokdniho zobrazovani v kombinaci s imunozna¢enim a
plnénim barvivem ukazuji jemné morfologické rysy protoplasmatickych astrocyti a jeich
z&kladni cytoskeletalni organizaci, které nemohly byt odhaleny technikami barvicimi GFAP
zobrazujicimi pouze 15% objemu bunék (Bushong et al., 2002, Ogata a Kosaka, 2002). Tyto
ndlezy také odhalily doménové astrocytérni usporadani, které maze mit zavazné funkéni
dusledky pro ohrani¢eni skupin synapsi, interagujicich pouze s jednim astrocytem (Bushong et
al., 2002). Komplexita téchto glio-neurondlnich jednotek/domén se fylogeneticky zvy3uje a
miZe se podilet na funkéni kompetenci dané oblasti (Oberheim et al., 2006). Toto usporadani je
2vl&ste zigtelné v oblastech vysoké synaptické hustoty: hipokampu a kortexu, kde astrocyty
reguluji synaptickou silu a reguluji synapticky cross-talk (Pascual et al., 2005).

S ohledem na anatomickou blizkost astrocyt a neuroni, kdy pre a postsynapticka neuronalni
¢ést je obkrouZena lemem astrocytarnich vybézki je razen termin ,trojstranna synapse'
(Araque, 1999). Tato usporadani je zjevné v kire mozecku, kde vybéZzky Bergmanovy glie piné
obkruzuji dendritické trny Purkynovych bunék; toto usporadani patrné odrazi funkéni
mikrodoménové usporadani (Grosche e al., 1999). Anatomické vztahy neuroni a glie v

hipokampu jsou od tohoto stavu, kdy vSechny synapse jsou obkrouzeny astrocytarnim lemem
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ponekud vzddengjsi, priblizné 57% synapsi ma néjakou formu astrocytérniho lemu na axo-
dendritickém rozhrani (Venturaa Harris, 1999). Nicméné, pritomnost astrocytérnich vybézka na
vétSiné perforovanych synapsi naznacuje, ze astrocytarni vybézky jsou preferenéné
lokalizovany okolo vétSich synapsi s vySSi pravdépodobnosti uvolnéni neuromediatoru, zvlaste
glutamatu (Harris a Sultan, 1995). Astrocytarni vybézky jsou preferencné lokalizovany
v blizkosti postsynaptickych dendritickych trni (Lehre a Rusakov, 2002). Toto pouze parcia ni
kryti naznacuje dynamickou povahu komplexnich vztahi v neuro-glidnich interakcich na
synaptickych spojenich a vyrazny stupen prestavby v zavislosti na drovni stimulace.

V pribéhu vyvoje jsou astrocyty vyraznym reguldtorem poctu synapsi a jegjich dalezitost pri
formaci synapsi v dozrdém CNS neklesd. Jedna se o dynamicky proces, ktery vyzaduje
koordinovanou vymeénu anterogradnich a retrogrédnich signalic mezi pre a postsynaptickym
neuronem a okolni glii (Garner et al., 2002). Neurony v kultute tvori vice synaptickych spojeni
v pritomnosti astrocytt, jednotliva spojeni jsou zaroven vice aktivni i v tvorbé a uvoliovani
synaptickych vackua (Ullian et al., 2001). | kdyZ synapse mohou vznikat i bez pritomnosti glie,
fada dikazii naznatuje, Ze astrocyty rozpustnymi faktory i kontaktnim zpisobem ovliviuji
vyvo] zvldsté excitacnich synapsi (Christopherson et al., 2005, Witcher et al., 2007). Glii
produkovany TNF-a zvySuje povrchovou expresi glutamatovych receptortt u postnatélnich
potkant (Besttie et al., 2002). Astrocyty jsou hlavnim zdrojem ¢astic obsahujicich cholesterol a
apolipoprotein E, které po vélenéni do neuronalnich membréan vedou ke zvySeni synaptogenezy
(Mauch et a., 2001). Dalsi ulohu hraji pii funkénim dozravani synaptického kontaktu, kdy
ovliviwji hustotu receptorti a sloZzeni podjednotek (Slezak a Pfrieger, 2003, Pfrieger, 2003).
Exprese specifickych neurotransmiterovych receptort, synapticka sila a celkovy obrat syntézy
proteini je ovlivnén glii sekretovanymi faktory jako jsou ADNF, TNF-b neureguliny nebo
trombospondiny (Slezak and Pfrieger, 2003, Christopherson et al., 2005). Na zkuSenosti zavislé
zmeény astrocytarni morfologie, tvaru vybézkia a zvySeni astrocyto-synaptické komunikace
odrazeji fakt, Ze astrocyty moduluji synapticky pienos v odpovédi na uvolnéné neurotransmitery
(Zhang a Haydon, 2005). Astrocyty se také aktivné podileji na synaptickém pienosu, zvlasté
GABAergnim a glutdmétergnim. Dobie prozkoumana glutamétergni transmise ukazuje roli
astrocytti ve vychytavani glutamatu ze synaptické Stérbiny (exprimuji prenasSe GLT-1), jeho
syntézu z prekurzorti a dodavku glutaminu neuronaim (Hertz a Zielke, 2004). Astrocyty jsou
diky modulaci expresi a aktivity glutamatovych transporteri schopny regulace neurondni
vzrusivosti (Huang et al., 2004). Glutamat uvolnény neurony navic zvySuje koncentraci ca
ionta v prilehlych astrocytech. Postup viny zvySeni Ca iontd maze menit odpovidavost
astrocytarniho syncitia v domén¢ a taktéz i piilehlych neuront (Cotrina et al., 2000, Anderson a
Swanson, 2000). Astrocyty jsou také schopné uvolnéni glutamétu vreakci na zvySeni

. 2 : . . o
intracdularni Ca  koncentrace a aktivné se tak Ucastni synaptického prenosu (Parpura and
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Haydon, 2000). Astrocyty navic uvolnuji koaktivator NMDA receptori D-serin, ktery zvySuje
pienos NMDA receptory, uvolnéni quinolindtu mé opacny efekt (Hertz a Zieke, 2004). Tyto
komplexni procesy ozna¢ované jako gliotransmise jisté ngjsou omezené pouze na glutamatergni
pienos, role astrocyti je podstatnd také pro signalizaci zprostredkovanou ATP ¢ GABA
(Kimelberg et al., 1995, Kleim, 2007).
Proces neurogenezy je zavisly na piitomnosti neurdlni progenitorové bunky, které je schopna
déleni a vzniku multipotentnich neurosfér in vitro. Analyza progenitorovych bunek
v subgranularni z6né ukazuje, Ze jsou GFAP pozitivni (Seri et al., 2001, Seri e al., 2004).
V subgranularni zén¢ jsou 2 typy GFAP pozitivnich bunék — horizontalni a radiélni astrocyty.
Retrovirové znaceni v subgranularni zéné po nékolika tydnech prokazuje vznik granularnich
neuroni z radidlnich astrocytd symetrickym ¢i asymetrickym délenim (Seri et al., 2001,
Alvarez-Buylla a Garcia-Verdugo, 2002, Seri et al., 2004). DalSi podpora teorie, ze
hipokampalni progenitorové buriky jsou GFAP pozitivni astrocyty, pochazi ze studie
stransgennim mySim modelem. Specifickym vytazenim proliferujici GFAP populace bylo
zabrédnéno vzniku novych hipokampalnich neuroni, znaceni BrdU oznacilo jako prekurzory
vétSiny nové vzniklych neurontit GFAP pozitivni bunééné elementy (Garcia et al., 2004). Tyto
ndlezy jsou podporeny schopnosti dospélych astrocyti v kortexu myS dediferencovat a
transformovat se do radialniho gliového fenotypu (Hunter a Hatten, 1995, L eavitt et al., 1999).
Astrocyty také hraji roli vregulaci neurogenezy. Je prokazano, Ze se intenzita
neurogenezy s vékem sniZzuje. Astrocytarni produkce FGF-2, IGF-1 a VEGF, jeZ jsou vyrazné
mitogeny pro progenitorové buriky, se prubézné sveékem téZ snizuje, tyto faktory reguluji
rychlost proliferace progenitorovych bunék i preziti nové diferencovanych neuroni i glie
(Aberg et al., 2000, Shetty et al., 2005, Bateman a McNeill, 2006, Hagg, 2005). PreZiti nové
generovanych neuroni je také regulovano vysSe zminénymi molekulami, spravny vyvoj dendritt
je ovlivnén astrocytérni expresi adheznich molekul (CAM) a astrocyty generovanymi

molekulami extracelularni matrix — napi. laminin, fibronektin, tenascin (Muller et al., 1995).

Astrocyty, stres a regulace zanétu

Komplexni odpovedi na stres se kromé neuronu G¢astni i astrocyty. Exprimuji glukokortikoidni
i mineralokortikoidni receptory, i kdyZ v niZsi hustot¢ nez neurony (Bohn et al., 1991).
Glukokortikoidy reguluji komplexni astrocytarni funkce vcéetné gliogenezy, astrocytarni
diferenciace a maturace (Jung-Testas e al., 1992, Gubba et a., 2004). Intracelularni
glukokortikoidni  receptory  byly  charakterizovany radioligandovymi  studiemi a
imunohistochemicky v mozkovych tkanovych fezech ¢i izolovanych gliovych burikéch v kulture
(Beaumont, 1985, Bohn et al., 1991). Glukokortikoidy vyrazné reguluji astrocytarni produkci
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rastovych faktord, napi. S100-B, TGF-b, bFGF, NGF nebo BDNF, tento efekt je viak stgné
jako v neuronalni populaci zavisly na davce a dynamice kortikoidnich hladin (Niu et al., 1997,
Gubba, 2004). Glukokortikoidy reguluji i expresi membranovych znaki, napt. GFAP je pod
negativni glukokortikoidni regulaci, exprese GFAP je v hipokampalni subgranularni zéné
vyrazné zvySena po adrenalektomii u experimentdlnich zvitat, adrenalektomie vyvolava
astrocytarni apoptozu (Bye a Nichols, 1998). Podani kortikosteroidi vyvolava astrogliézu
v CA1 hipokampalni oblasti u experimentalnich zviiat (Bridges et al., 2008). Glukokortikoidy
také inhibuji vychytavani glukézy glii v zavislosti na davce a mohou tak narusit jgji podpirné
funkce (Horner e al., 1990). Glidni gen Ndrg-2 srolemi v neurondlni diferenciaci, tvorbé
synapsi a axon-glianich interakcich je pozitivné regulovany glukokortikoidy a je povaZzovany
za jeden z moznych kandidatnich gena vulnerability k depresivnimu onemocnéni (Nichols et al.,
2005).

Astrocyty jsou spolu s mikroglii hlavni bunééné typy zodpovédné za reakce vrozené imunity.
K aktivaci prirozené imunity dochéazi pii infekénich onemocnénich CNS (meningitidy,
encefalitidy), poranénich mozku, ischemii a pii neurodegenerativnich onemocnénich CNS
(Alzheimerova choroba, roztrouSena skler6za, Parkinsonova choroba ¢i prionova onemocnéni
(Farina et al., 2007).

Astrocytérni bohata receptorova vybava a odolnost vici kontaktné (receptorové) vyvolané
apoptéze je ¢ini odolnymi vaéi lokdlnim zanétlivym procesim (Song et al., 2006). Astrocyty
jsou schopné v reakci na Skodlivé inzulty: ischemii, excitotoxické poskozeni, infekci nebo
chronicky neurodegenerativni proces (napt. Alzheimerovu chorobu) meénit tvar téla buiky na
»stelarni fenotyp” akumulaci intermedidlnich filament, expresi GFAP, profil exprimovanych
receptoru, intovych kandli a adheznich molekul (Ridet et al., 1997, Sofroniew, 2005).
V zavidlosti natypu a trvani podnétu transformace na ,, reaktivni“ fenotyp mize byt adaptivni ¢i
maladaptivni z hlediska zdravi a preZiti okolnich neuroni (Libeto et al., 2004). Tato aktivace
spojena s hypertrofii nebo proliferaci mize vSak také vést k astrocytarni apopt6ze (Tacconi,
1998). Mezi agens schopné vyvolavat stelaci patii CAMP, ATP, adenosin, rustové faktory jako
FGF2, hormony jako je vasopresin, aktivatory protenkinazy C a cytokiny jako TNF-a a IL-1,
které patii mezi hlavni astrocytérni aktivatory (Shapiro, 1973, Merril, 1991, Herx a Y ong, 2001,
Mason et al., 2001). N&ktefi autori vSak dominantni roli prozanétlivych cytokini a chemokina
zpochybnuji v astrocytérni aktivaci (Little a O’Callagha, 2001). Reaktivni astrocyt pomaha
v reakci CNS na poskozeni a Ucastni se procesi regulace zanétu a regulace aktivity dalSich
bunéeénych eementt, hlavné mikrogliovych bunék (viz obr. 3). Tyto bunky produkuji rastové
faktory, neuropoetické, protizanétlivé cytokiny a chemokiny pocitaje GBNF, NGF, BDNF,
CNTF, IL-6 viz tabulka 2 (Nakagawa a Schwartz 2004). Pro mnoho téchto molekul samy
exprimuji receptory a reguluji tak svou aktivitu autokrinnim a parakrinnim zpisobem. Tyto

molekuly jako mediatory obranného systému signalizuji mezi astrocyty, neurony, mikroglii a
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vaskulaturou. Astrocyty ohrani¢uji poSkozenou oblast formaci tkainové jizvy a podporuiji
regeneraci hematoencefalické bariéry a ndvrat tkanové integrity (Farina et al., 2007). Astrocyty
také ovliviuji prostupnost hematoencefalické bariéry a vstup leukocyti do parenchymu CNS
sekreci specifickych faktort mezi které patii napi. chemokiny (Archambault et al., 2006).
Produkci faktort jako je BAFF (B-cell aktivating factor) pak podporuji pieziti veestovanych
lymfocytt a reguluji stupen jegich aktivace (Krumbholz et al., 2005). Neurony, které jsou
schopné produkce Siroké pal ety chemokinovych molekul také prispivaji k astrocytarni aktivaci a
regulaci imunitni odpovédi v pribéhu zanétlivé reakce ¢i svého poskozeni, v in vitro kulturach

vyvolavaji astrocytarni proliferaci amigraci (deHaas et al., 2007).

Obréazek 3. Komplexni role astrocyti v regulaci odpovédi na stres a zanétlivé podnéty
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Astrocyty poskytuji neuronim metabolickou podporu, veéetné dodavky glukozy. Aktivné se
U¢astni metabolismu glutamatu, ktery prostrednictvim specifickych pienaSect vychytévaji,
metabolizuji na glutamin a zpétné transportuji neuronam. Glukokortikoidy mohou interferovat
s vychytavanim glutamatu, stejné jako s produkci rastovych faktort astrocyty. Produkce téchto
trofickych molekul je modulovana intenzitou zanétlivych procesi, reaktivni kyslikové radikaly
produkované zvlasté mikroglii poSkozuji ngen neurony, ale i okolni astrocyty. Nerovnovana
mezi nabidkou trofickych podnéti a proapoptotickymi vlivy miZe pak vydstit v naruSeni
metabolického zdravi neuronu ¢i v navozeni apoptézy. V téchto pochodech se podili také
komunikace interastrocytarni, zanétlivé zmeény a reparacni pochody ovlivnéné i vcestovalymi
leukocyty (dle Farina et al., 2007, Mrak a Griffin, 2005, Koo a Duman, 2008).
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Cytokiny, chemokiny a proteiny akutni faze mohou v pribéhu zanétlivé reakce dosdhnout
hladin, které jsou Skodlivé pro neurony. Cytokiny vyvolana neurotoxicita je zprostiedkovana
zvy3Senim NDMA receptoroveé aktivity a cytotoxickymi mechanismy v sou¢innosti se zvySenymi
hladinami oxida¢niho stresu. Toto plati zvlasté pro prozanétlivé cytokiny IL-1b, IL-6, TNF-a,
které mohou vzajemné vyvolavat svou syntézu, udrzovat zanétlivé zmeény a aktivaci mikroglie
s nasednym neuronalnim poskozenim (Benveniste e al., 1990, Mrak a Griffin, 2005). Mezi
hlavni astrocyty produkované cytokinové a chemokinové mikroglidni aktivatory patii GM-
CSF, IL-6, MCP a RANTES, které reguluji téz jejich migraci a proliferaci (Johnstone et al.,
1998). Astrocyty sekreci protizanétlivych cytokina IL-4, IL 10 a IL 13 omezuji zanétlivou
reakci a mikroglialni aktivaci (Ledeboer et al., 2000). Cytokiny jako IL-1b vSak také aktivuji
astrocyty s naslednym uvolnénim volnych radikali ¢i prostaglandini, které mohou vyvolavat
neurondlni poskozeni ¢i apoptézu (Dayton a Major 1996, Thornton et al., 2006). IL-1b také
vyvolava astrocytarni expresi Fas-L, ktery mize kontaktnim zpusobem opét vyvolavat
neuronalni apoptézu (Ghorpade et al., 2003). Nedavny nalez (Koo a Duman, 2008) identifikuje
IL-1b jako hlavni antineurogenni a antihedonicky mediator stresu, ktery potlacuje i proliferaci
hipokampdélnich progenitorovych bunék, blokéda jeho receptorti blokuje i antineurogenni a
antihedonicky efekt chronického stresu. Astrocyty aktivované IL-1 produkuji IL-6, IL-8, I1L-10,
MCP-1 a chemokiny RANTES, které mohou zvySovat intenzitu zanétu a rozsah neurondlniho
poskozeni (John et al., 2005).

Astrocyty maji také dulezitou roli v metabolismu antioxidantu glutathionu a ochrané
pied oxidatnim stresem. Zanét sniZuje napf. expresi superoxidismutdzy v astrocytech,
flavonoidy snizuji produkci ROS i mediatora zanétu jako odpovéd na IL-1 a G¢inkuji tak
nepiimo neuroprotektivné (Sharma et al., 2007, Pang et al., 2001). Astrocyty diky tomu, Ze
produkuji jak prozanétlivé, tak i protizanétlivé molekuly a reguluji dostupnost i aktivitu jinych
bunécnych typi, jsou povazovany za dilezité regulatory imunitni odpovédi na infekci i
tkanové poskozeni. Porucha v téchto mechanismech miZe vést k patogennimu chronickému
zanétu a neurodegenerativnim nésledkam (Mrak a Griffin, 2005).

Astrocyto- mikroglidlni interakce je také dileZita v regulaci metabolismu serotoninu,
jehoz prekurzor tryptofan je metabolizovan tryptofan hydroxylazami na serotonin ¢i alternativni
cestou dioxygendz na kynurenin. Ten je dadle metabolizovany na neurotoxické metabality ci
neuroprotektivni kyselinu kynureninovou (Naritsin e al., 1995). Aktivita dioxygenaz je
zvySovana prozanétlivymi cytokiny jako je INF-g, jeji sniZeni je naopak vyvolano IL-10 (Tu et
al., 2005, Lestage e al., 2002). Aktivovana mikroglie produkuje pievazné neurotoxické
metabolity 3-hydroxyantranilovou kyselinu a chinolinovou kyselinu, hlavnim astrocytéarnim
metabolitem je neuroprotektivni kynureninova kyselina (Guillemin et al., 2005A). Kysdina

chinolinova je potentni excitotoxin (endogenni ligand NMDA receptori) zapojeny
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Vv etiopatogenezi nemoci se zanétlivou komponentou jako je HIV-demence ¢i infekenich
onemocnéni. Kromé neurondlnino poskozeni je kyselina chinolinovd schopnd vyvolavat i
astrocytarni apoptézu (Guillemin et al., 2005B). Astroglie jsou schopné metabolizovat kyselinu
chinolinovou produkovanou hlavné aktivovanou mikroglii a tak redukovat neurotoxicitu
asociovanou se zanétem a aktivaci mikroglie, i kdyZ za jistych okolnosti mohou mit i neprimé

neurotoxické pasobeni (Guillemin et al., 2001).

Bunééna signalizace, deprese a antidepresiva

Receptory sprazené s G proteiny

Receptory sprazené sG proteiny (GPCR) tvori rozsdhlou skupinu  membranovych
heptahelikal nich signalizacnich proteini, které se Ucastni fyziologickych déji a piendSgji signdl
z extracelularnich molekul do systému intracelularnich druhych posla. Priblizné polovina
zrodiny GPCR prenasi signal z extracelularnich senzorickych dgjt, napi. chut’ ¢i svétlo, druha
polovina (vice nez 700 receptort) piendSi signdl endogennich ligandi, napi. hormon,
neurotransmiterd, cytokina ¢i jinych lokalnich mediatori (Bockaert a Pin, 1999,Vassilatis et al.,
2003). Pres 1% procento lidského genomu koduje proteiny s heptahdikalni strukturou (Flower,
1999). Vyznam téo skupiny receptora podtrhuje fakt, Zze pres 30% uzivanych I&iv pasobi na
receptorech spiazenych s G proteiny, tyto |éky vSak ptisobi pouze na 10% znamych receptorta
(Wiseet a., 2002).

Struktura GPCR je vyvojové znainé konzervovana, obsahuji sedm transmembranovych
domén s extracdlularnim N koncem a cytoplasmatickym acidickym zakon¢enim (Baldvin 1993,
Kristiansen, 2004). Pro komplexni funkce GPCR miaZe byt duleZitai homo a heterodimerizace
receptori, kterd miZe modifikovat vazbu agonisty (Milligan, 2004). Napt. dopaminergni
receptory ¢asto tvori oligomery, antagonistické reakce adenosin-dopamin pak mohou byt
casterng zprostiedkovany membranovymi interakcemi téchto receptoria (Franco et al., 2000).

Klasifikace té&o rodiny receptori je slozita, na zakladé podobnosti sekvenci
aminokyselin mohou byt rozdéleny na 3 odlisné skupiny: A, B, C. Negjvétsi skupina A zahrnuje
receptory pro svétlo (rhodopsin), olfaktorické receptory a receptory pro adrenalin, skupina B
receptory pro gastrointestinalni hormony (sekretin, glukagon, VIP), skupina C metabotropni
glutamétergni receptory, GABAB a n¢které olfaktorické receptory (Pierce et al., 2002). Jina
klasifikace rozdéluje GPCR na 7 zakladnich rodin: A, B, velka N-terminani rodina B-7
transmembranovych helixt, C, Frizzled/Smoothened, chutové 2 a vomeronasalni 1 receptory
(Kristiansen, 2004).
Prenos signalu GPCR zahrnuje spiazeni aktivovaného receptoru se systémy druhych posla a
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jgiich interakci s heterotrimerickymi proteiny vazajicimi guaninové nuklectidy (G proteny).
Navézani agonisty pusobi konformagni zmeény receptoru a odkryti cytoplasmatického
vazebného mista pro G protein, jehoz podjednotky po navazani agonisty na receptor disociuji a
aktivuji systémy druhych posla ¢i iontové kanaly (viz obrézek aktivace G proteini) (Marchese
et al., 2003, Luttrell 2006).

Kromé ovlivnéni systémi druhych podsli aktivace GPCR iniciuje celou fadu
molekulérnich a bunéénych pochodii, které vedou k zeslabeni ¢i zesileni receptorové signalizace
(Kristiansen, 2004, Wettschurek et al., 2005). Snizena odpovidavost receptorovo-efektorového
systému na opakovanou stimulaci agonistou se nazyva desensitizace. Resenzitizaci je
ozna¢ovany proces nabyti odpovidavosti po epizodé desensitizace. Receptory mohou také
podiéhat down regulaci- redukci poctu receptorii, ktera také vede ke snizeni signalizace jimi
zprostiedkované. Tyto procesy jsou tizeny odlisné. Rychla regulace probihgjici v ¢asovém
meéfitku sekund aZ minut je predstavovana zvlasté procesy desensitizace a resensitizace, snizeni
poctu receptori je Casové naro¢ngjSi proces probihgjici v mefitku hodin. V procesu
desensitizace hraji roli kindzy spiazené s G proteiny (GRKS), které fosforyluji cytoplasmatickou
¢ast GPCR a zvyduji tak jeho afinitu ke skupiné molekul zvanych arrestiny (Marchese ¢ al.,
2003, Gurevich a Gurevich, 2006). GRKs tvori rodinu sedmi strukturdiné a funkéné podobnych
isoforem serin/threonin proteinkinaz ( Pitcher et al., 1998). Mezi jgich hlavni funkce patii
fosforylace cytoplasmatické ¢asti agonistou okupovaného ¢i konformacné zmeénéného GPCR,
ktera probiha na stejném receptorovém misté, které vaze G protein (Gainetdinov et al., 2004). K
aktivaci GRK je nutny komplex Gby podjednotek, které se vazi na GRK s vysokou afinitou a
po jgichz interakci s C-terminalnim koncem GRK tato translokuje do plasmatické membrany
(Krupnick a Benovic, 1998). Tato interakce slouZi k cilené aktivaci GRK kinaz v oblastech, kde
doSlo aktivaci GPCR k disociaci G proteinovych podjednotek. Aktivace i inhibice GRKs je
komplexné regulovana dalSimi signalizacnimi komponenty mezi které patti napi. kalcium
vazajici molekuly ¢i dalSi kindzy (Ribas et al., 2007). GRK ovliviiuji dalSi signalizacni kaskédy,
je prokazano prime ovlivnéni MEK a AKT kindsami iniciované kaskéady, GRK také fosforyluji
nonreceptorové substraty jako tubulin, synukleiny ¢i kalcium vézajici proteiny (Penela et al.,
2003). Fosforylace receptoru prostirednictvim GRK probiha na stejném receptorovém misté,
které vaze G protein a umoziuje vazbu arrestinu s vysokou afinitou a tim zamezuje jeho dalSi
aktivaci. Arrestiny tvori skupinu 4 proteind, které ukonéuji interakci GPCR sG proteinem,
sméruji signalizaci do alternativnich vétvi a fidi internalizaci receptoru a jeho dalSi
vnitrobunécnou prepravu (Gurevich a Gurevich 2006). Navéazani arrestinu slouzi k navazani
receptoru k internaliza¢ni receptorové maSinerii a umoziuje jeho endocytézu. Nejlépe je tento
déj prozkouman u b adrenergniho receptoru, kde receptory s navazanymi arrestiny slouzi jako
»kotvy“ k navazani ke clathrinem potaZzenym vackam a jgich internalizaci (Goodman et al.,

1996, Wang a Limbird, 2006). Arrestiny jsou rozhodujici pro presmérovani navézanych
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receptori k endozomalnimu rozkladu (down regulace) ¢i opétovné inkorporaci v membrané
(resenztizace) (Gurevich a Gurevich, 2006). DalSi jgich role jsou signalizacni, b arrestiny
slouzi k ,ndboru“ MAP kindz. MAP kindzova kaskéda hraje zasadni Ulohu v prenosu signadlu od
receptori pro rastové faktory, na rozdil od vySe zminovanych ,klasickych* kaskad
vyuzivgjicich systému druhych poslt je organizovana jako tretéz vzgemné se fosforylujich
kindz, coz diky paralein¢ probihajicim signalizatnim dgjum umoZziuje obgjit omezeni dana
dostupnosti druhych poslti a umoziiuje ,, cross talk” mezi riznymi kaskéddami viz obr. 5 (Davis,
1995). Jednd se o dalsi Sirokou skupinu pochodi zvanych ,transaktivace’, kdy napi. b
adrenoreceptory aktivuji receptorovou tyrozinkindzu na membranovych receptorech pro
epidermalni rastovy faktor s ndslednou aktivaci extracelularnim signdlem regulovanych kinaz
(ERK 1,2) (Maudsley et al., 2000). Arrestiny také maji duleZitou tlohu v aktivaci ERK MAP
kinazové kaskady, tato aktivace vSak Usti v pomalejSi a déle trvajici zvySeni kinazové aktivity,
kterd je vice omezena na cytosol, nez aktivace zprostredkovana Trk receptory (Luttrell, 2005).
Vazbu arrestinu muze snizovat heterodimerizace receptorat (Wang, 2007). Aktivovany
konformacné zmenény arrestin (komplex GPCR-arrestin) je cilem interakci s fadou dalSich
molekul jako jsou napi. clathrin, adaptin 2, extracelul&rnim signdlem regulované kinazy
(ERK1,2) nebo c-JUN N-terminalni kindzy (INK3) (Gurevich a Gurevich 2006). MnoZstvi
receptori na membrané je dale ovlivnéno procesy exprese genu a hiosyntézou, steiné jako
procesy receptorové degradace.

V procesech aktivace a deaktivace receptori také hraji dilezitou Ulohy vlastnosti
membrany. Lipidové dvojvrstva, v které jsou receptory zakotveny, neni homogenné
organizovana, GPCR jsou zastoupeny predevSim v membranovych okrscich bohatych na
sfingolipidy a cholesterol (Simons a Ikonen 1997, Simons a Vaz, 2004). Tyto domény se
vyznaduji i specifickym zastoupenim proteinovych molekul Ucastnicich se signalizace, procesa
endocytézy, transcytozy ¢i pirenosu cholesterolu (Simons a Toomre, 2000). Tato mozaikovita
struktura membrany je pomeérné stéla v ¢ase, okrsky si zachovavaji specifické biofyzikalni
vlastnosti, mezi jednotlivymi doménami je pouze omezend komunikace a vyména molekul,
patrné proto, aby byla zgjisténa , signaliza¢ni exkluzivita“ jednotlivych okrski (Simons a Vaz,
2004). Tato organizace v membranové okrsky je také popisovana terminem ,, mikroviskozita"
membrany (¢i inverznim pojmem ,fluidita"), jez odréZi heterogenni biofyzikdni vlastnosti
membrany (Vessey a Zakim, 1974). Jsou rozliSovany 2 typy membranovych mikrodomén:
Llipid rafts ploché oblasti obohacené glycosylfosfatidylinositol-zakotvenymi proteiny
sprevahou interakce lipid-lipid a caveoly, které jsou hladké nalevkovité membranové
invaginace s pievahou caveolinu a cholesterolu (Brown and London, 2002, Schnitzer et al.,
1995). Lipidy zastoupené v membrané modifikuji posttranslacni modifikaci i proteinové
soucasti (GPCR, G proteiny i dalSi proteiny signalizacni maSinerie), které jsou soucasti

membrany ¢i v jgi tésné blizkosti- jedna se hlavné o myristylace, palmitylace ¢i izoprenylace
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(Buss e al., 1987, Stoffe et al., 1994, Escribaet al., 2007).

Z pohledu problematiky deprese je zajimavd asociace mezi snizenim piijmu w3
nenasycenych mastnych kyselin u depresivnich nemocnych a naopak protektivnim vlivem pri
dostatetném ¢i zvySeném piijmu (Raoss, 2007). Polynenasycené mastné kysdiny maji vliv na
vliv na fluiditu membrany, vazbu neurotransmiteru i G proteinu, navic slouzi jako substrat ve
fosfatidylinositolovém systému (Moore et al., 1997, Hirashima et al., 2004). Tyto ndlezy vedly
k provedeni  klinickych studii sledujicich efekt potravni suplementace w3 nenasycenych
mastnych kyselin na depresivni a Uzkostnou symptomatiku, vysledky studii ukazuji na pozitivni
efekt suplementace u depresivnich dospélych i u déti (Ross et al., 2007). Je také zajimavé, ze
astrocyty v kulture vyZaduji ke zdarnému rastu adekvatni hladinu polynenasycenych kyselin
(zvl&ste kyseliny dokosahexaenové) (Champeil-Potokar et al., 2004).

G proteiny a kinadzove kaskady

Navézani agonisty na GPCR zahrnuje konformacni zmény subdomén receptoru a odkryti
vazebného mista pro G protein. G proteiny (GTP vazgjici proteiny) se skladaji se ze ti
podjednotek (a,b,y), které v klidu (bez navézani agonisty na receptor) tvoii komplex, po
navéazani agonisty na receptor a jeho konformagni zméné je vysoce zvySena afinita pro GTP
(guanosin trisfosfat) (Sprang, 1997, Wettschurek a Offermanns, 2005, Kobilka, 2007).
Navazani GTP je provazené konformacnimi zménami G proteinu a disociaci a podjednotky od
komplexu bg podjednotek ¢i pieskupenim podjednotek, poté miZze nasledovat translokace Ga
podjednotky do cytoplasmy viz. obrézek 4 (Cabrera-Vera et al., 2003, Bunemann & al., 2003).
Tato trandokace muZe byt reverzibilni a je soucésti dynamické regulace signalizacnich
elementt v membranovych okrscich. a podjednotka ma vnitini GTPazovou aktivitu
hydrolyzujici GTP na GDP, jez ukonéuje aktivni stav G proteinu, poté dissociovana Ga
podjednotka znovu asociuje s komplexem Gbg podjednotek, coZ vede i k blokadé ef ektorového
mista komplexu bg podjednotek (Ford et al., 1998, Cabrera-Vera et al., 2003, Wettschurek a
Offermanns, 2005). Aktivace Ga podjednotky mize byt ukonéena GAP proteiny, které
stimuluji hydrolyzu GTP (miZe se jednat i o efektory jako je napi. fosfolipaza C). Tato
interakce maze byt inhibovana bg komplexem a dalSi skupinou proteini, které funguji jako
regulatory (RGS: regulators of G protein activity) a vazbou na Ga podjednotky ukonéuji
aktivaci efektorovych molekul. Tyto proteiny akceleruji GTPazovou aktivitu G proteini a
zkracuji trvani jegich dissociovaného stavu (Ross e al., 2000, Hollinger a Hepler, 2002).
Existuje specificita jednotlivych ¢leni RGS rodiny k jednotlivym G proteinam, tyto proteiny

jsou exprimovany ¢asoprostorové specificky (Xie a Palmer, 2007).



Obréazek 4. Cyklus aktivace G proteini
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Navézani agonisty na GPCR zahrnuje konformacni zmény subdomén receptoru a odkryti
vazebného mista pro G protein. G proteiny se skladaji se ze tii podjednotek (a, b, v), které
v klidu tvori komplex, po navazani agonisty na receptor a jeho konformacni zméné je vysoce
zvySena afinita pro GTP (guanosin trisfosfat). Tato aktivita je provazena konformagnimi
zménami a disociaci a podjednotky od komplexu bg podjednotek s nasledou aktivaci dalSich
substratt. a podjednotka ma vnitini GTPazovou aktivitu hydrolyzujici GTP na GDP, jez
ukon¢uje aktivni stav G proteinu, dissociovana Ga podjednotka poté znovu asociuje
s komplexem Gbg podjednotek. Upraveno volné dle (Wettschurek a Offermanns, 2005).

Podle typu a podjednotky délime G proteiny do ¢ty hlavnich kategorii, jez Ize jesté déle
specifikovat: Gs, Gi, Gg, G1,2. K dneSnimu datu je definovano 28 druhti a podjednotek, které
jsou produkty 16 gend, navic podiéhaji odliSnému sestfihu, dale je popsano 5 druhi b
podjednotek a 12 g podjednotek, nepocitaje opét rizné sestiihové varianty (Downes et al., 1999,
Cabrera-Vera e al., 2003). Jednotlivé Ga podjednotky jsou nicméné s urcitou selektivitou
sprazeny s jednotlivymi efektorovymi enzymy, které aktivuji ¢i inhibuji produkci fady druhych
posit. Gas stimuluje adenylylcyklazy, Gai inhibuje adenylylcyklazy(typ 1,5,6), Gaq vyvolava
hydrolyzu fosfoinositolu fosfolipazou C (typ 1-4) na diacylglycerol (DAG) a inositol 1,4,5
trifosfat (InsPs) ¢imzZ dochézi ke zvySeni ¢i snizeni produkce druhych poslt cAMP, cGMP,
diacylglycerolu a InsP; (Hubbard and Kepler, 2006). Spektrum substrati i cilovych molekul je
vSak mnohem SirSi a zahrnuje i komponenty MAP  kindzové kaskady, fosducin nebo GRK
(Marinissen et al., 2001). G proteiny maji specifickou afinitu k ur¢itému typu GPCR, napt. Gas
preferencné interaguji s a-adrenergnimi receptory, Goi s D, dopaminovymi receptory a a;

adrenoreceptory ¢i 5-HT, receptory s Gaq. Vzhledem k vyrazné vySSimu poctu druhi GPCR
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nez subtypi G proteini v3ak kazdy ¢len Ga podjednotkovych rodin musi byt schopny reagovat
sraznymi GPCR, sdlektivita Ga podjednotek se dosti 1isi (Kostenis e al., 2005). Funkce a
podjednotek je didle modifikovana vazbou lipida (myristolace, palmitolace) na N-terminalnim
konci, bg komplex je farnesylovan na C-terminu (Escriba et al., 2007). Kromé vyuZziti systému
druhych poslti (CAMP, InsPs) a signalizaci smérem do nitra builky G proteiny reguluji bunécné
funkce regulaci prostupnosti iontovych kandlt bud’ piimo ¢i opét prostiednictvim druhych posli
nebo kinaz (Pan et al., 2008).

Signal z rtiznych receptori se sbiha na trovni proteinkinaz, kde fosforylace na jednom
z aktivnich mist (serin/threonin) pasobi jejich aktivaci a fosforylaci dalSich cilovych substréti.
Jgich UCinek je ukoncen fosfatdzami a vysledna Uroven enzymatické aktivity je vysledkem
vzajemné rovnovahy téchto dvou pochodi (napr. aktivace Gus a pusobi v proximalnich
arovnich zvySeni hladiny cAMP, jeZ pifimo puasobi aktivaci serin/threonin kindz, aktivace Gai
ma efekt opacny) ( Marinissen et a., 2001, Cabrera-Vera et al., 2003, Bunemann et al., 2003,
Mansui a Shendlikar, 2006). Cedy komplex dgju je vyrazné kompartmentarizovany
v neurondnich i nonneurondlnich bunkach a je pod dynamickou regulaci. Vysledna droven
fosforylace pak uréuje funkéni stav ¢i lokalni prepis proteini nebo déle signalizuje s cilem
ovlivnéni jaderné transkripce (Mansui a Shenolikar 2006).

V adenylylcykldzovém systému je hlavni signalizaéni molekulou cAMP, ktery je
regulovan adenylylcyklazou, ktera konvertuje adenosin trisfosfaé (ATP) na cAMP a
fosfodiesterazou, ktera stépi CAMP na neaktivni AMP. V bunécném Ucinku je dulezita generace
gradienti cAMP antagonistickym G¢inkem téchto dvou enzymi a prostorova lokalizace
signalizaénich procesi. Gas a Gai G proteinové podjednotky maji protichidné funkce
v aktivaci adenylylcyklazy (AC). Jedné se o rodinu 9 ubikvitné se vyskytujicich enzyma, které
katalyzuji generaci cAMP a jsou klicovymi regulétory funkce kardiovaskularniho, endokrinniho
i nervového systému (Patel e al., 2001). Sav¢i adenylylcyklaza mize byt aktivovana
diterpenem forskolinem (Seamon et al., 1981). DalSimi faktory ovliviujicimi CAMP syntézu
kromé¢ G proteinové regulace je dostupnost specifickych adenylylcyldzovych isoforem a
formace enzymatickych agregatti vySSiho radu (Ding et al., 2005, Gross €t al., 2006). CAMP
dale ovliviiuje Sirokou Skalu bunéenych funkci, pocinaje jiz zmitiovanou regulaci iontovych
kandlu ¢i cytoskeletdni reorganizaci, nejdulezitéjSim substratem je vsak cAMP dependentni
kindza (proteinkinaza A, PKA) (Feldman a Gross, 2007). Inaktivni holoenzym je sloZzen ze dvou
neaktivnich regulatornich a dvou katalytickych podjednotek, po vazbé 4 molekul cAMP a
regulatorni podjednotky jsou katalytické podjednotky uvolnény a mohou fosforylovat celou
fadu substrétt (Hanoune a Defer, 2001). Tato fyziologicky dulezita dréha je komplexné
regulovéna, napt. koncentraci CA?* iontti, ATP ¢&i fosforylaci pomoci PKC, nebo nékterymi
RGS proteiny (Berman a Gilman, 1998, Feddman a Gross, 2007). Velké mnoZstvi
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neurotransmiterovych receptori je spjato se stimulaci PKA drahy, vzhledem k zna¢nému cross-
talku je ddle i cdéa rada dalSich drah na ur¢ité Grovni spojena s PKA drahou. Jednim
zngdulezitgjSich cili aktivace dréhy je stimulace fosforylace nuklearnich transkripénich
faktorat CREB a dalSich ¢lent CREB rodiny (Hagiwara et al., 1992, Sands a Palmer, 2008).

Ve fosfatidylinositolovém systému Gaq podjednotka G proteinu s navdzanym GTP
aktivuje b-isoformy fosfolipazy C (PLC-b). PLC hydrolyzuje rozklad membranového
fosfatidylinositol-4,5 bisfosfatu na DAC a InsP; (Rhee, 2001). DAG déle aktivuje proteinkinazu

C (PKC), InsP; moabilizuje ca ionty zintracelularnich zdroju (Berridge, 1987, Hubbard a
Kepler, 2006). Uvolnéni kalcia u nitrobunécnych rezervoéri mé dalekoséhlé Geinky v zavisl osti
na bunééném typu a funkénim stavu. Mize se podilet na uvolnéni neuromediétort, rozkladu
glykogenu, aktivaci oxidativniho metabolismu ¢i aktivaci dalSich kinaz po vazbé na kalmodulin,

ubikvitné se vyskytujici kalcium vazgjici protein (Balshaw et al., 2002). Tento komplex

nasledn¢ aktivuje Ca -camodulin dependentnich kinazy které moduluji komplexni funkce
buriky od fizeni propustnosti intovych kanalt po regulaci transkripce (Pitt, 2007). DAG je
dulezity regulator neuronalni synaptické transmise, jeho hlavni role jsou patrné v procesech
dlouhodobé potenciace (Shapira et al., 1987, Zucker a Regehr, 2002). PKC je hlavnim
aktivaénim cilem DAG. Jednd se o skupinu alespon 11 isoforem, vyskytuje v mozku ve
vysokych koncentracich a hraje daleZitou roli v pre i postsynaptickych neuronédnich
zakoncenich, regulaci neurondlni excitability, uvolnéni neurotransmiteru i dlouhodobych

zmeénéch genové exprese a plastickych procesech (Mellor a Parker, 1998, Francis et al., 2002).

Nitr obunééné signaliza¢ni kaskady a regulace transkripce

Je popsano veliké mnozstvi transkripénich faktora-molekul, které po své aktivaci jsou schopny
zahgjit prepis informace z DNA na promotorovych mistech svych geni. Tato aktivace je
komplexni proces, pii kterém je nutné fosforylace na aktiva¢nich mistech spojené ¢asto s auto-
¢i heterodimerizaci transkripénich faktort (Brindle a Montmini, 1992, Mouravlev et al., 2007).
Z pohledu problematiky deprese jsou nejdulezitejsi transkripéni faktory souvisejici s piepisem
rastovych faktort a jinych proteini Gc¢astnicich se v procesech plasticity. Jedna se transkripéni
faktor CREB a faktory prepisujici geny, které kdduji bilkoviny zvy3ujici Zivotaschopnost buiky
BcL2 a NF-kB (Duman et al., 2000). CREB je jednim z nukleérnich faktort, ktery se vaze na
cAMP responsivni element (CRE) v promoterové oblasti mnoha gent (Gonzales a Montmini,
1989). Je dulezitym regulatorem transkripce, ktery reguluje bunécné odpovédi na rastové

faktory, zanétlivé mediatory ¢i jiné aktivujici pasobky, na némz se sbihaji na aktivité zavisié
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signaliza¢ni kaskady. Spektrum prepisovanych proteini je samozigmé zavislé na bunécném
typu a funkénim stavu buiky (Liu et al., 2004, Johannessen et al., 2004).

CREB je ¢lenem S§irSi rodiny transkripénich aktivétort, mezi které patii i aktivacni
transkripéni faktor (ATF), represory transkripce (CREM) ¢i indukovatelny casny represor
cAMP (ICER) (Brindle a Montmini, 1992, Sassone-Corsi, 1995). Aktivace CREB je piechodnd,
dynamicky regulovand, aktivace transkripce nastava v fadu desitek minut od stimulace a v ¥adu
hodin odezniva (Hagiwara et a., 1993) Mezi hlavnimi stimulaénimi drahy patii predevSim
PKA, PKC i MAP kinazové kaskady (napi. protein kindza p38) viz obr. 5 (Gonzales a
Montmini 1989, Xie a Rothstein 1995, Delghandi et al., 2005). Existuje jist4 signalizacni
diverzita, kdy aktivace transkripce prostiednictvim PKA je relativné rychlgsi, zatimco
stimulace pomoci dalSich kaskad je pomaleiSi a miaze slouzit k udrZeni prepisu vyvolaného
cAMP regulovanou dréhou ¢i k jeho modulaci (Delghandi e al., 2005). V neuronech
fosforylacni vrcholy CREB nastévaji po 45 minutéch a 6 hodinach v zavislosti na dlouhodobé
potenciaci a pouze druhy znich je jasné sprazeny se syntézou proteint souvisgjicich
s konsolidaci pamét'ové stopy (Ahmed a Frey, 2005).

CREB je exprimovan perifernimi T-lymfocyty, makrofagy, v CNS neurony i astrocyty
(Xie a Rothstein, 1995, Zaheer & al., 2001, Liu & al., 2004). CREB se také Ucastni
neuronélnich regulaci CRH produkujicich neuroni a tim i regulace HHA osy. Glukokortikoidy
potladuji transkripci regulovanou CREB (Legradi et al., 1997). V astrocytarni populaci je
aktivace CREB vyrazné antiapoptoticka, zvySena aktivita je asociovana s reaktivnimi
astrocytarnimi zménami (Chung et al., 2003). Obdobné jako v neurona nich bunkach aktivace
CREB a NF-kB reguluje sekreci rastovych faktort véetné GDNF, BDNF a NGF (Zaheer et al.,
2001, Hisaoka et al., 2008). Kaskadovita aktivace kinadz vyusti ve fosforylaci CREB na
serinovych zbytcich 133, 142, 143 (Schaiwitz a Greenberg, 1999). Aktivovany CREB zvy3suje
transkripci gentt sCRE sekvenci v promotoru. Uloha piepisovanych geni zahrnuje role
v neurondlni diferenciaci, excitabilité, vyvoji, apoptéze a dlouhodobé synaptické plasticité
(Bender et a., 2001, Ryu et al., 2005, Ahmed a Frey, 2005). ZvySeni CREB zprostiedkované
transkripce méni prepis mnohocetnych gent, mezi nejdalezZitejsi patii BDNF (Duman, 2004).
Jak je popsano vySe, BDNF slouzi jako klicovy regulator ristu neuritti, synaptickeé aktivity a na
aktivite zavislé selekci neuronalnich spojeni (Kandel 2001, Cooke a Bliss, 2006, Duman, 2006).
CREB je jednou z cilovych molekul jak PKA, PKC i CAM kinéz, atedy jednim z distélnich cila
aktivace receptori sprazenych jak s Gagtak i GaCI proteiny (Gonzales a Montmini 1989, Xie a

Rothstein, 1995). Jednotlivé kindzy se liSi ve schopnostech fosforylace serinovych zbytka na
CREB, napt. CAM 1V kindza fosforyluie CREB pouze na Serl33, CamKIll je schopna
fosforylace na Ser133 i Serl42 (Sun et al., 1994). Jsou dikazy, Ze i spektrum piepisovanych
molekul miaze byt odlisné (Kornhauser et al., 2002).
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Obréazek 5. Vztah membranové signalizace a aktivace transkrip¢nich faktora
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Po aktivaci receptort spiazenych s G proteiny, receptora vazicich rastové faktory nebo urcitém
vzorci synaptické aktivity dochazi k aktivaci signalizatnich kaskad prenaSgicich signal
zmembrany do jaderné oblasti, krom¢ ovlivnéni dgji cytoplasmatickych. Na jadernych
transkrip¢nich faktorech se shiha informace jak z receptorti aktivovanymi ristovymi faktory
systémem MAP kinasovych kaskéd, tak i od GPCR aktivovanych monoaminy vyuzivajich
systémy druhych posli cAMP, InsP;, DAG, Ca** ionty. Komplexita signalizace je dde
zvySovana na Urovni membranové i cytoplasmatické, jednotlivé kaskady vzgemné potencuji ¢i
inhibuji svou aktivitu v zavislosti dalSich faktorech. Aktivace transkripénich faktord, v tomto
piipadé CREB, jez je z pohledu problematiky deprese dulezity svou roli v neuroplastickych
procesech je transientni, dynamicky regulovana a zavisla na fosforylaci distalnimi ¢lanky
jednatlivych drah. Volné dle ( Popoli et al., 2000, Johanessen et al., 2004, Sands et al., 2008).



Fosforylace CREB je v3ak i cilem dalSich signalnich drah, jeZz nejsou sprazeny sG proteiny
nebo zvySenim hladin kalcia, alei s trk receptory: RAS mitogen aktivovanou protein kinazovou
kaskadou (RAS/IMAPK/ERK) a fosfatidylinositol-3 kindsovou kaskadou (PI-3K). Mezi
jednotlivymi kaskadami existuje vSak vyrazny signaliza¢ni cross-talk (Delghandi et al., 2005,
Chen et al., 2007). Tyto dréhy jsou aktivovany vazbou rustového faktoru na trk receptor a
krome fosforylace CREB inhibuji proapoptoticky faktor Bad a podporuji synaptickou plasticitu
(Kamada et al., 2007). Receptory sprazené s G proteiny (b adrenergni) aktivuji MAP kindzovou
kaskéadu napriklad i prostrednictvim b arrestini (Luttrell, 2005, 2006). Novéjsi ndlezy ukazuji i
transkrip¢ni aktivitu CREB nezévislou na fosforylaci serinovych zbytka diky rodingé proteina
nazyvanych TORC , pienaSee regulované CREB aktivity”. Tyto molekuly mohou predstavovat
dalSi regulaci integrace aktiva¢niho vlivu cCAMP dréhy s drahami zavislymi na kalciu, nékteré
ndlezy ukazuji moznou roli modulace TORC v terapeutickém Uc¢inku lithia (Screaton et al.,
2004, Boer et al., 2007).

Poruchy G- proteinové signalizace u deprese

Od konce 80. let ruzni autori prokazuji zvySené hladiny Gas G proteinovych
podjednotek ve frontédlnim a okcipitdnim kortexu u nemocnych s bipolérni afektivni poruchou
ve srovnani se zdravymi kontrolami (Avissar et al., 1988, Schreiber a Avissar, 1991, Manji et
al., 1991, 1995). Tyto hladiny byly zvySeny i v perifernich granulocytech u nemocnych
smanickou fazi bipolarni afektivni poruchy (Young et al., 1993). U nemocnych I&enych
lithiem pak byla snizena hladina Gag/11 podjednotky (Manji et al., 1995). , Uncoupling* —
odpojeni GPCR (muskarinovych ¢i b- adrenergnich) od sprazenych G proteini bylo tak
navrzeno jako spole¢né misto U¢inku tohoto antimanického a antidepresivné pasobiciho iontu
a oslabeni s b adrenoreceptory sprazené G proteinové funkce jako spoletné misto G¢inku
antidepresivni antibipolarni 1&by (Avissar and Schreiber 1992, Manji a Lenox, 1999). Lé&ba
lithiem také ovliviiuje hladiny mRNA pro G proteiny v mozku nemocnych bipolarni afektivni
poruchou (McGowan et al., 1996, Karege et al., 2000). Oproti tomu ndlezy u nemocnych
sdepresivni fazi v ramci periodické depresivni poruchy ¢i bipolarni afektivni poruchy ukazuji
snizené hladiny Gas a Gai podjednotek, které byly vyrazné hypofuncni v perifernich
leukocytech a trombocytech nemocnych depresi ve srovnani se zdravymi kontrolami (Avissar et
al., 1996,1997, Sperber & al., 2000). SniZzena funkce Gas proteinové signalizace u depresivnich
nemocnych byla déle opakované potvrzena. Je naopak prokézana zvySena hladina Gail,2
podjednotek v trombocytech depresivnich nemocnych, jegichZz imunoresktivita se sniZuje

ucinkem dlouhodobého podavani antidepresivni medikace nebo vlivem ECT (Garcia-Sevilla et
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al., 1997, Avissar et al., 1998). Forskolinem stimulovana aktivita adenylylcylazy v membranach
suicidovanych depresivnich nemocnych je signifikantné niZsi nez v kontrolni skupiné (Cowburn
et al., 1994). Pacheco nalezl zvySeni hladiny Gas o 68% v prefrontdlnich kortexech
suicidovanych depresivnich nemocnych a naopak snizeni hladin Gai podjednotek o 21%,
hydrolyza fosfatidylinositolu byla snizena v prefrontdlnich kortexech o 30% ve srovnani
s nedepresivnimi  kontrolami (Pacheco et al., 1996). DalSi nalezy ukazuji naruSeni funkce
receptori  sprazenych sfosfatidylinositolovym signalizatnim systémem (5-HT.a a a»
adrenergnich) v trombocytech i mozku depresivnich nemocnych a zvy3eni aktivity fosfolipazy
C, tato abnormalita v&ak patrné neodrazi zmény v G proteinové signalizaci (Pandey et al.,
2001).

Dalsi studie nalezly snizené mnoZstvi a podjednotek G proteini u depresivnich
nemocnych ¢i naopak jegich zvySeni v trombocytech nemocnych smanickou fazi v ramci
bipolérni afektivni poruchy, hladiny jsou v3ak zvySenéi u euthymickych nemocnych s bipolarni
poruchou, mohou tedy byt povazovany za ,trait* marker (Avissar et a., 1996, Friedman and
Wang, 1996, Mitchel et al., 1997). Hladiny Ga proteinovych subjednotek také koreluji i se
zavaznosti deprese ¢i naopak tizi manie a jsou tedy , state-dependent” (Avissar et al., 1997B).
Sledovéani hladin G proteini ¢i G proteinové funkce v perifernich leukocytech u depresivnich
nemocnych bylo navrzeno jako objektivni marker tize deprese a jako diferencial né-diagnosticky
test u depresivnich ¢i manickych nemocnych (Avissar et al., 1997B, Avissar e al., 1998,
Avissar a Schreiber, 2002, 2006). Funkce a kvantita Gas a Ga i podjednotek signifikantne
koreluji stizi depresivnich priznakia (Avissar et a., 1998). Opakované je prokézana
isoprotenolem ¢i B, receptory zprostiedkované sniZzeni produkce cAMP u leukocyti nemocnych
trpicich depresi na podkladé desensitizace receptori pii soucasné zachované hustoté receptori
(Halper et al, 1988, Mann et al., 1997, Gurguis et al., 1999).

Tyto nalezy jsou podpoieny mekenim G proteinovych hladin ¢i jgich funkce u I&enych
nemocnych, souhrnny pohled poruch G proteinové signalizace u deprese podava nasedujici
tabulka, upravena dle ( Avissar a Schreiber, 2006).

Tabulka 2. Zmény G proteinové signalizace u afektivnich poruch, pievzato od (Avissar a
Schreiber, 2006)

Bipolar ni Velka deprese Sezonni
afektivni afektivni
porucha por ucha
(manie) SAD

G proteinova ZvySeni  B-Gs SniZeni B-Gs

funkce a p-Gi (Young and B-Gi
e al., 1993 (Avissar e al.,
Avissar & dl., 1997A,B,
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Bipolar ni Velka deprese Sezonni
afektivni afektivni
porucha porucha
(ménie) SAD
1997A) Avissar e al.,
1998, Karege et
al., 1998)
Hladina ZvySeni Gsa a Snizeni Gso a SniZeni
G proteinu Gio (Avissar et Gio (Avissar e Gso a Gia
a., 1997, a, 1997A, (Avissar
Mitchel e al., Avissar & a., et a.,
1997) 1998) 1999)
Normalizace Lithium Antidepresiva, Terapie
G (Schreiber e ECT (Avissar e svétlem
proteinovych al., 1991, al., 1998, Avissar (Avissar
hladin Karege & a., et al., 1999) et a.,
2000A,B) 1999)
Hladiny Shizeni hladin B-
b-arrestina arrestinu
(Matuzany-
Ruban e al.,
2005)
Normalizace Antidepresiva
hladin b- (Matuzany-
arrestina Ruban e al.,
2005)
GRK Snizeni  hladin
GRK  (Garcia
Sevila e 4d.,
2004)
Normalizace Antidepresiva
hladin GRK (Garcia-Sevila e
al., 2004)

Antidepresiva a antidepresivné puasobici terapie

Antidepresiva jsou jednou z nejpouzivangjSich skupin |&iv pouZivana klé&eni neen
depresivnich stavii, ale i Siroké skupiny jinych poruch jako jsou napt. Uzkostné poruchy
(panicka porucha, obsedantné kompulzivni porucha ¢i fobické poruchy). Jgich U¢inek je
spojovan s pisobenim zvl&stné na serotonergni a noradrenergni systém, které jsou povazovany
za jedny z hlavnich neuromediétori odpovédnych za regulaci ndlady a emoc¢nich stavi. Jedna se
0 strukturdné rozmanitou skupinu molekul, klasifikovanou hlavné podle specificity

medidtorového ovlivnéni, pripadné specifického receptorového pusobeni. Piny efekt &by
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nastupuje s nékolikatydenni prodlievou. Jednotlivi nemocni mohou reagovat odlisné na rizné
prepardty ve vyskytu nezadoucich U¢inka i terapeutické odezvy a |&bu je tedy treba vzdy
individualizovat.

Antidepresivné puasobici 1é&ky se déli do nekolika téid dle mechanismu G¢inku.
[nhibitory monoaminooxidéazy zvy3uji dostupnost monoaminergnich neurotransmitert blokadou
jgjich metabolizujiciho enzymu MAO (Stahl 1998). Tricyklicka antidepresiva (TCA) blokuji
vychytavani 5-HT, NA a D. TCA souc¢asné blokuji histaminergni, cholinergni a al adrenergni
receptory atim zptisobuji nezadouci vedlgSi Gcinky, jako jsou prirastek na vaze, zacpa, zavraté
¢i sucho v Ustech (Schatzberg a Nemeroff, 1995, kap. 7). Za terapeuticky , zlaty standart jsou
v soucasné dobé povaZzovany SSRI, které nabizeji dobrou Uginnost, prijatelné nizky vyskyt
nezédoucich Uginki, jednoduché& davkovaci schémata a bezpecnost pri predéavkovani (Sadock a
Sadock, 2005, kap. 31, 24). Nov¢jSi generace antidepresiv pak kombinuji mechanismus
vychytavani 2 monoamina (5-HT, NA) pii absenci ovlivnéni dalSich druhti receptori
(venlafaxin, milnacipran) ¢i NA aD (bupropion) (Sadock a Sadock, 2005 kap.31.23). Blokatory
a, receptort pak zvysuji uvolnéni NA a 5-HT, diky blokadé nekterych 5-HT receptora méji i
priznivych profil nezaddoucich Geinka (Feighner, 1999).

Antidepresivni efekt vSak maji i jiné terapie, vtabulce ¢. 3 jsou uvedeny i jiné
Vv soucasnosti uZivané terapeutické modality. Ve vyzkumu je samozigmé velké mnoZstvi
dalSich molekul i |&ebnych modalit vyuZivajicich augmentace v sou¢asnosti pouzivané |&by ¢i
doposud nezavedenych zpusobu terapie. V soucasné dobé, kdy je rozpoznavéna i Ucast
neuropeptidovych systémi na regulaci monoaminergnich systémi a mozné vyuzitelnosti jegich
modulétort jako antidepresiv, je zkoumana napi. vyuzZitelnost antagonisti neurokininovych

receptori, nebo moznost ovlivnéni glutamategniho systému.

Tabulka 3. Prehled antidepresivné G¢inné terapie.

Druh &by M echanismus u¢inku Piiklady Ié€iv
Tricyklicka Inhibice vychytavani serotoninu a imipramin,
antidepresiva noradrenalinu desipramin,
amitriptylin,
nortriptylin
Selektivni  inhibitory Inhibice vychytavani setotoninu citalopram,
vychytavani serotoninu fluoxetin,
(SSRI) sertralin,
paroxetin
Inhibitory vychytavani Inhibice vychytavani noradrenalinu reboxetin
noradralinu (NRI)
Inhibitory vychytévéani Inhibice vychytavani noradrenalinu a venlafaxin,
noradralinu a serotoninu milnacipran
serotoninu
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vychytavani serotoninu

NDRI Inhibice vychytavani noradrenalinu a buprapion
dopaminu

Inhibitory Inhibice MAOA moklobemid

monoaminooxidazy

NaSSA ZvySeni uvolnéni noradrenalinu a mirtazapin
serotoninu blok&dou presynaptickych
a, receptort

SARI Blokéada 5-HT, receptort ainhibice trazodon
vychytavani serotoninu

Stimuléatory Blokada vlivu stresu tianeptin

Elektrokonvul zivni
terapie

Zmeny krevniho pratoku, mnohoc¢etné
ovlivnéni neuromediétorovych
systémi, zmeény plastickych procesi

Fototerapie

Suprese noéni sekrece melatoninu,
Uprava spankovych rytmi

Spankova deprivace

M odifikace krevniho ob&hu
v limbické oblasti, neurotransmiterové
zmeény

Repetitivni
transkrania ni
magnetickd stimulace

Zména metabolismu kortikélnich
oblasti

Stimulace nervu vagu

Zmeéna metabolismu limbickych

struktur

Nalézani novych zpasobi feSeni
problémi, osvojeni si novych
kognitivnich schémat namisto
neadaptivnich depresogennich matric
(napt. kognitivné-behavioralni terapie)

Psychoterapie

Pohybova aktivita ZvySeni hladin ristovych faktora

Antidepresiva, receptor ové systémy a bunééna signalizace

Ve vyzkumu mechanismu (¢inku antidepresiv bylo vynaloZzeno velké Gsili studiu vlivu
antidepresiv na hustotu receptorti a odpovidavost receptorové-postreceptorovych systémi.

Vyzkum U¢inku antidepresiv ukazuje, Ze tricyklickd antidepresiva, SSRI a ECT terapie
moduluji hustotu b adrenergnich receptort humannich bunék pii dlouhodobém podavani
(Smith et al., 1981, Sulser et al., 1984, Honegger et al., 1986, Ndson et al., 1990, Goodnough a
Baker, 1994, Koe a Lebd, 1995). Tato sniZzeni poctu receptorti bylo povazovano za adaptivni
odpovéd’ na zvySené hladiny neurotransmiterti na synapsich diky antidepresivy zprostiedkované
inhibici zpétného vychytavéni. Tento efekt byl demonstrovan i na kultivovanych astrocytech,
kdy pasobeni amitriptylinu snizovalo akumulaci CAMP po b adrenergni stimulaci i bez
akumulace neurotransmiteru v kultuie (Herz a Richardson, 1983). Tento nalez byl zopakovani s

lidskymi fibroblasty a C6 gliomovou kulturou; snizeni poétu receptorti antidepresivy je tedy



nezavislé na pritomnosti katecholamini (Honegger et al., 1996, Fishmann a Finberg, 1997,
Chen a Rasenick, 1995). | pies toto snizeni pocétu receptort vSak dochézi ke zvySeni aktivity
adenylylcyklazy pusobenim antidepresiv k tzv. rozpojeni, ktery je povazovany za spolecny ef ekt
antidepresivni 1&by (Chen a Rasenick, 1995). Tento efekt je zndm od roku 1983, kdy Menkes
prokazal, Ze klinicky U¢inna antidepresiva zesiluji guanylyl-5'-imidodiphosphatem a fluoridem
stimulovanou aktivaci adenylylcyklazy v potkanim kortexu a membranach izolovanych z
hypotalamu (Menkes e al., 1983A). Toto odpojeni adenylylcykldzovém aktivity od
receptorového systému (5-HTia, b adrenoreceptory) je prokazano jak pro nékterd z
tricyklickych antidepresiv, tak i pro SSRI (Chen a Rasenick 1995, Li et al., 1997). Rozpor mezi
poctem receptortt a funkéni odpovédi poté podnitila vyzkum modulace postreceptorovych
mechanisma antidepresivy.

Pri studiu mechanismu aktivace adenylylcykldzy se do stiedu pozornosti dostaly
stimulaéni a podjednotky G proteint. Zjisténi, Ze zvySend aktivita zprostredkovana Gas je
patrné podkladem Gcinku [é&cby libovolnymi tricyklickymi antidepresivy i ECT byla podpoiena i
nélezem, Ze vnittni aktivita adenylylcyklazy neni antidepresivy ovlivnéna (Ozawa a Rasenick
1989, 1991, Chen a Rasenick 1995). Ani pridani tricyklickych antidepresiv do media kde byla
eliminovana aktivita Gas podjednotek nevedio k stimulaci adenylylcyklazy, stejné jako pouZiti
nonneurondnich a nongliovych tkani antidepresivy |éenych potkani (Ozawa a Rasenick,
1991). Nélez zvySeni stimulace adenylylcyklazy zprostiedkované Gas pri 1&cbé tricyklickymi
antidepresivy (imipramin) byl replikovan dalSimi studiemi (De Montis et al., 1990, Kamada et
al., 1999). Dalsi tymy nalezly tricyklickymi antidepresivy (imipramin) vyvolanou stimulaci
adenylylcyklazy pri pouziti GTP analog (Andersen et al., 1984). ProtoZe tento efekt je prokézan
také v in vitro kulturach, mize tak byt povaZzovan za piimy postsynapticky efekt antidepresiv na
signaliza¢ni komponenty (Chen a Rasenick, 1995).

Studie zamérené na expresi G proteinovych podjednotek byly podniceny zjisténim, Ze lithium
blokuje adrenergnimi a cholinergnimi agonisty vyvolané zvySeni GTP (Avissar et al., 1998).
Tento ndlez byl podporen dalSimi studiemi, které zjistily zvy3eni hladiny G proteinovych
podjednotek vliivem dlouhodobého pisobeni tricyklickych antidepresiv (Avissar et al., 1992,
Lesch et al., 1991). Dal§i nalezy v3ak nepotvrdily jednoznacny a konzistentni profil zmeén Ga ¢i
bg G proteinovych podjednotek ¢i jejich mMRNA G¢inkem dlouhodobého podavani tricyklickych
antidepresiv ¢i MAOA (Lason a Przewlocki, 1993, Chen a Rasenick, 1995, Emamghoreishi et
al., 1996). VySe uvedené ndlezy identifikuji zvySeni spiazeni Gas-adenylylcyklaza jako podklad
acinku tricyklickych antidepresiv a elektrokonvulzivni terapie. S ohledem na vySe zmitiovanou
komplexitu G proteinove signalizace byl zkoumén vliv antidepresiv na restrikci G proteini do
lipidovych ,raftd“ a kolokalizaci sdalSimi signaliza¢nimi molekulami véetné adenylylcyklézy .

Toki e al., prokédzal na C6 gliomovych bunkach, Ze dlouhodoba Iéba pisobi redistribuci
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Gas G proteinovych podjednotek z membranové oblasti do cytoplasmy, coz muze alespon
castené vysvétlovat snizené spiazeni GassGPCR a také zvySené spiazeni Gas
sadenylylcyklazou (Toki et al., 1999). Tato studie téz prokazuje komigraci Gas a
adenylylcyklazy z Triton X-100 (TTX-100) neextrahovatelnych membranovych okrska do vice
TTX-100 extrahovatelnych membranovych frakci. Dlouhodoba antidepresivni |éba zabranuje
akumulaci Gas G proteinovych podjednotek v membranovych okrscich bunéénych vybézka a
zpasobuje jgich redistribuci do cytoplasmatické oblasti (Donati et al., 2001, Donati & al.,
2005). Toto je v souladu se starSimi nalezy, které prokazuji schopnost antidepresiv uvolnit
aktivované Gas podjednotky z membranové oblasti do cytoplasmy (Rasenick et al., 1984,
Ransas e al., 1989). Tato data ukazuji antidepresivy vyvolanou translokaci z vybézkia do
bunécného téla u antidepresivy |&enych bunék. Toto premisténi maze snizovat vzdalenost mezi
produkci cAMP vyvolanou G proteiny a kaskadou molekul zavzatych ve zvy3eni piepisu CAMP
responsivnim elementem (CREB) genové transkripce (Donati et al., 2001). Role CREB
v mechanismu U¢inku antidepresiv je vSeobecné piijimana, dlouhodobd, nikoliv vSak akutni
administrace antidepresiv z ruznych t¥id vede ke zvySeni hladiny CREB mRNA v hippokampu
(Nibuya et al., 1996). Dlouhodoba antidepresivni 1&ba zvySuje aktivitu CAMP dependentni
protein kindzy v potkanim kortexu (Perez et al., 1991). ZvySené hladiny cAMP maji vliv také na
dalSi signalizacni proteiny, jako jsou napiiklad nékteré formy diesterdz (Takahashi et al., 1999).
V (Cinku antidepresiv se patrné takeé U¢astni i bgkomplex G proteinu, geneticky polymorfismus
v aleléch pro b podjednotku miZze vyznamné ovlivnit antidepresivni odpoveéd” (Wilkie et al.,
2007). Antidepresivni 1é&ba vede k potenciaci B adrenoreceptory zprostiedkované produkci
cAMP a normalizaci hladin Gas a Gai podjednotek, stejné jako eektrokonvulzivni lé&ba
(Mann et al, 1990). U nemocnych se sezonné podminénou depresivni poruchou vede k Gpravé
l&ba svétlem a G proteinova odpovéd maze byt pouzita kodliSeni respondéri od
nonrespondért (Avissar et al., 1998, Avissar et al., 1999). Antidepresivni I&ba ovliviuje i
hladiny dalSich funkéné vyznamnych proteint, napi. b-arrestini ¢i GRK a vede k normalizaci
jegjich hladin u depresivnich nemocnych (Garcia-Sevila e al., 2004, Matuzany-Ruban ¢t al.,
2005). Opakované podani antidepresiv zvySuje odpovidavost a-adrenergniho systému na
adrenergni stimulaci (Menkes et al., 1983B, Mogilnicka et al., 1987, Sairanen et a., 2005).

Antidepresiva a astr ocytar ni bunky

Vzhledem k hypotéze o nedostatku rastovych faktorii u deprese a rostoucim poznavanim jegjich

vyznamu u depresivniho onemocnéni je zkoumana produkce rastovych faktora astrocyty
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pasobenim antidepresiv. Dlouhodoba antidepresivni [&ba amitriptylinem, clomipraminem,
mianserinem, fluoxetinem a paroxetinem signifikantné zvysuje produkci GDNF C6 gliomovou
bunécnou linii (Hisaoka et al., 2001). Tato produkce GBNF je ddle zvySovana serotoninem
(Hisaoka et al., 2004). Aktivace astrocytarnich b, adrenoreceptori vyvolava syntézu NGF, FGF
a TGF-b1 navozuje neuroprotekci vaé¢i neurondlnimu poSkozeni navozenému glutamatem a
ischemii (Junker et al., 2002).

Noradrenalin stimuluje produkci NGF kortik@ nimi astrocyty a C6 gliomovymi bunkami
stimulaci b receptori a akumulaci cAMP (Inoue et al., 1997, Stone a Ariano, 1989).
Astrocytarni produkce NGF je také zavisda na hladiné tryptofanu (Dong-Ryul 1997). Produkce
rastovych faktor je také modulovana agonizaci D; a D, receptorti, které mohou byt vyznamné
pro produkci NGF a GDNF astrocyty (Ohta et al., 2003). Produkce BDNF mySimi astrocyty je
zvySovana dopaminergni stimulaci (Inoue et al., 1997) Inhibitor MAO sdegilin zvy3uje
produkci NGF, BDNF, a GDNF mySimi astrocyty mechanismem nezavislym na inhibici MAO
(Myzuta et a., 2000). Stimulace 5-HT 4 receptort u kultivovanych astroglidnich bunék zvysuje
obrat fosfatidylinositolu a akumulaci cAMP, je zde potenciace b-adrenergné stimulované
akumulace cAMP, v piitomnosti agonisty obou receptori je akumulace zvySena hladinami
agonisti, ktefi samostatné akumulaci nepasobi (Hannson et al., 1990). Stimulace astrocytarnich
5-HT, receptort serotoninem vyvolava produkci S100-b, ktery je téZ produkovan pisobenim
fluoxetinu (Donato et al., 2001, Manev e al., 2001).

NovéjSi ndlezy ukazuji, Ze stejné jako v neuronalni populaci i v C6 gliomové linii
antidepresiva zvySenim fosforylace CREB zvy3uji CRE zprostiedkovanou transkripci (Hisaoka
et al., 2008). V aktivaci od membrany vzdalenych jadernych cili se G¢astni mnohocetné signdni
kaskady, mezi nimiZ je vyrazny cross-talk; napt. na stimulaci produkce BDNF aktivaci CREB
se podili jak adenylylcykléza, tak i proteinkindza C (Miklic et al., 2004, Juric et al., 2006).

V8echny monoaminy jsou schopny signifikantné zvysit astrocytarni BDNF produkci a
sekreci, je mozna existence pozitivni zpétné vazby mezi Grovni neurondni monoaminergni
aktivity a astrocytarni neurotrofni podpory, kterd mize hrat dalezitou dynamickou roli

v zprostiedkovani neuronalni plasticity a trofickych funkci v mozku (Mojca Juri¢ et al., 2006).
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Cil

Hlavnim cilem prace bylo studovat psychofarmaky a stresem vyvolané zmény bunééné
signalizace na Urovni proteini véazajicich guaninové nukleotidy na bunééném a zviirecim
modelu. DalSim cilem bylo studium cytokinové produkce v prabéhu stresové reakce a studium

cytotoxicity NK bunek ajgich ovlivnéni psychotropni medikaci v pouZitém stresovéem modelu.

Specifickeé cile byly nasledujici:

1. posouzeni modulaéniho vlivu imobilizacniho stresu na hladiny G proteinovych a
podjednotek v mozku experimentdlnich zvitat a jejich ovlivnéni dopaminerni a
adrenergni antagonizaci

2. posouzeni modulagniho vlivu imobilizaéniho stresu na hladiny G proteinovych a
podjednotek slezinnych mononukledrnich bunék a jegich ovlivnéni dopaminergni a
adrenergni antagonizaci

3. dedovani vlivu imobilizatniho stresu a dopaminergni a adrenergni antagonizace na
cytokinovou produkci slezinnych mononuklearnich bungk

4. dledovani vlivu imobiliza¢niho stresu a dopaminergni a adrenergni antagonizace na
cytotoxickou aktivitu prirozenych zabijeci

5. dedovani vlivu antidepresiv na hladiny G proteinovych a podjednotek C6 gliomové
bunéené linie pri krétkodobém a dlouhodobém podéavani

6. dedovani vlivu antidepresiv na hladiny G proteinovych a podjednotek v mozku
laboratorniho potkana pri dlouhodobém podavani

7. dedovani vlivu antidepresiva na hladiny G proteinovych a podjednotek v riznych

organovych systémech u laboratorniho potkana
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M aterial a metody

Stresovy model

Chemikalie

Sulpirid  (N-1-(Ethylpyrrolidin-2-methyl)-2methoxy-5-sulfamoylbenzamid), centrdni D2
blokétor, fentolamin (2-[N-(3-Hydroxyphenyl)-p-toluidinomethyl]-2imidazolidin hydrochlorid),
a adrenergni antagonista. Latky byly zakoupeny u CIBA Geigy.

Experimentani zvirata

Byli pouziti osmitydenni inbredni mySi kmene CBA/J sam¢iho pohlavi, zvitata byla koupena od
Charles River, Nemecko. Mysi byly krmeny ad libitum komer¢ni peletizovanou dietou (Velaz-
ST1). Zvitata byla drzena v piirozenych svételnych podminkéch pri 23°C a 50% vihkosti po 2
tydny pied expozici stresu.

Stresova proceduraain vivo procedury

Zvitata byla podrobena standardizovanému protokolu omezeni v pohybu. Byla umisténa v 50
ml kyvetéch (Falkoni) s mnohocetnou perforizaci. Kyvety byly umistény horizontélné po dobu
nasledujicich 12 hodin, na konci svétedného cyklu (20:00 hod) bez potravy a vody.
Nestresovana kontrolni zvitata byla drZzena v pavodnich klecich bez pristupu k vodé a potrave.
Fentolamin (5 mg/kg) a sulpirid (20 mg/kg) nebo fyziologicky roztok (0,9% NaCl
v deionizované vodg) byly aplikovany intraperitonedlné v mnozstvi 0,2 ml kazdé myS& 30 minut
pred jgim umisténim do Falkoniho kyvety.

VSechny procedury byly provadény v souladu sEvropskou Konvenci pro p&i a uZziti
laboratornich zvitat a Zékona CNR na ochranu zviiat proti tyrani (246/1992Sh. ve znéni
pozdgjSich predpisa).

Ex vivo procedury

Piiprava membr anovych extr aktia mozkové tkané

Na konci stresové procedury byla zvirata usmrcena, mozky byly odpreparovany, cerebelum
bylo odstranéno a preparéty byly umistény do proteolytického koktejlu (fosfatovy pufr doplnény
00,1 mM benzamidin, 0,3 MM PMSF, 1 mM DTT a1 mM roztokem EDTA) a ulozeny naledu
do pripravy membranovych extrakti. Fragmenty tkani byly homogenizovany v 50 mM Tris-
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HCI, pH 7,4 obsahujicim proteolytické inhibitory a centrifugovany 10 minut pri 1000x G.
Vysledné supernatanty byly posléze centrifugovany 20 min pii 40 000x G pii 4 °C a
membranove proteiny extrahovéany 1h v 25 mM NaCl, mM Tris-HCl pH 8.0 s1 mM EDTA a
1% cholatu sodném. Extrakty byly centrifugovany pii 100 000x G a supernatant byl pouZzit pro
stanoveni G proteinovych podjednotek. Jednotlivé kroky a centrifugace byly provadény pri 4°C.

| zolace a separ ace slezinnych bunék

Na konci stresové procedury byla zvitata usmrcena a sleziny byly odpreparovany pro piipravu

lymfocytt pro cytotoxicky test a ELISA stanoveni

Materiél

médium H-MEMd

- 10x koncentrované H-MEMA ...............100 ml
- Gentamycin (50mg/2ml)...... .................2ml
- doplnit sterilni TK - H,O do 1000 ml

- upravit pH pridanim 7,5 % NaHCO;

8 % Ficoall
- Ficoll 400 ......ccovvviviniee i i enen.8 0
- do 100 ml sterilni TK - H,O

Tdebrix
- TdebriX N 380....ccceeeeeeeeeeieeeee e 20ml

- do9,6 ml sterilni TK- H,O

Délici medium Ficoll - Telebrix ( FT )

- B8UWFCOl. ..o 24 ml
- fedény TdebrixX......oovvvveviiiii i, 10 ml
Tark

- jeden dil Turk solution + tfi dily TK H,O
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Postup

Cerstvé  izolované sleziny byly homogenizovany v sklenéném Elvehjem-Potterové
homogenizéru v médiu H-MEMd, centrifugovany pii 1000g, supernatant byl odebran. 10 ml
supernatantu bylo navrstveno na 2,5 ml déliciho media Ficoll - Telebrix (v 15 ml kyvetéch) a
centrifugovano pii 1800 ot. / min (30 min, 21 °C). Byl odebran prstenec bun¢k na rozhrani
média a FT, 3x promyt v H-MEMd (centrifugace 1500 ot. / min; 5 min). Buiky byly naredény
v roztoku Turk (950 pl Tirk + 50 pl supernatantu). Lymfocyty byly spog¢itany v Burkerové

komirce pod svételnym mikroskopem: = 10 &tverci / 4 x 20 x 10° bungk naml.

Piiprava membr anovych extrakti slezinnych mononuklear nich bunék

Lymfocyty byly homogenizovany v50 mM TrissHCI, pH 7,4 obsahujicim proteolytické
inhibitory (1 mM benzamidin, 0.3mM PMSF (phenyl-methylsulphonyl fluorid, 1ImM DTT
(dithiothreitol) a 1 mM EDTA) a centrifugovany 10 minut pii 1000x G pii 4 °C. Vysledné
supernatanty byly posléze centrifugovany 20 min piti 40 000x G pii 4 °C a membranové
proteiny extrahovany 1 hodinu v 20 mM NaCl, mM Tris-HCI pH 8,0 s 1 mM EDTA a 1%
cholatu sodném. Extrakty byly nasledné centrifugovany 1 hodinu pii 100 000x G a supernatant
byl pouZzit pro stanoveni hladin G proteinovych podjednotek. Jednotlivé kroky a centrifugace
byly provadény pii 4°C.

Statisticka analyza

Byly provedeny 2 série pokusi, v kazdé skupiné bylo 6-7 zvirat. VSechny vysledky jsou
aritmetickym pramérem +/- stredni odchylka (S.E.M.). Statisticka vyznamnost mezi skupinami
byla vypoétena Studentovym t-testem neparovych hodnot. P hodnoty nizSi nez 0,05 byly
povazovany za signifikantni (P < 0,05=*, P < 0,01=** aP < 0,001=***),

Cytotoxicky test

M etoda

Je metena lytickd aktivita efektorovych bunek (prirozenych zabiject, cytotoxickych lymfocyta
NK bunék). Efektorové lymfocyty jsou smichany s konstantnim mnozstvim cilovych bunék
znagenych izotopem *'Cr, m&teno je mnoZstvi uvolnéného *'Cr z lyzovanych cilovych bungk.
Cytotoxicky test je provadeén pri tiech riznych koncentracich E (efector) : T (target) v tripletech
64:1, 321 a16:1.
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Materid

10% Triton X-100 (Sgma Chemical Co., USA)

51Cr (Amersham pharmacia biochemicals, USA)

96 jamkoveé desticky s kulatym dnem- NUNCLON (NALGE NUNC international, Dansko)
Scintila¢ni roztok (SUPERMIX, WALLAC)

Kultivagni médium RPMI 1640

5x konc. RPMI 1640 200 ml
3% L — Glutamin 10ml
1,1 % Na- pyruvét 10ml
100x konc. NEAA 10 ml
25 % Glukoza 20 ml
5:10%°M 2 - 1ml
M erkaptoetanol

Gentamycin (50mg/2ml) 2ml
Fungizon (10mg/ml) 1ml
7,5 % NaHCO; 5-10 ml
3%FTS 100 ml
doplnit TK H,O do 1000 mi

Fetalni teleci sérum bylo inaktivovano pii 56 °C navodni |&zni po dobu 30 minut.

Nadorové linie

YAC 1 (NK sensitivni MLV indukované mysi T-lymfomové, pivod A/Sn mySi linie) Bunéené
linie byly kultivovany v CO2 inkubatoru pii teploté 37 °C, 5 % CO2 a 100 % vihkosti
v atmosfére v kultivacnim mediu RPMI 1640. Kultury byly pasédZovany po 48 aZ 72 hodinéch.

Piiprava cilovych bunék

10° bunék nadorové linie byly znageny 60 min *'Cr; 37 °C v CO, inkubétoru - kone¢na aktivita
byla nastavena na 0,37 MBq, nésledn¢ 3x promyty médiem RPMI 1640.
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Postup stanoveni cytotoxické aktivity v 96 jamkové destiéce s kulatym dnem (NUNC)

Do jednotlivych jamek bylo napipetovano 100 m efektorovych bungk v koncentraci 1,6x10°,
bylo ptidano 50 m media (RPMI 1640) na jamku, do kazdé jamky bylo pridano 100 mi cilovych
bunék (SPONT:150 ml RPMI 1640 + 100 ml cilovych bun¢k, MAX: 100 ml RPMI 1640 + 100
ml cilovych bunék + 50 ml 10 % Triton X — 100). Desti¢ky byly inkubovany 4 hodiny v 5%
CO, atmosfé&e v termostatu (Jouan, Francie), nasledné byly sto¢eny pii 1500 otackach 5 minut
(Hermle, SRN), detaily viz (FiSerova et al., 1997). Nasledné bylo odebrano 25 m supernatantu
zkazdé jamky na desticky, bylo pridano 100 m scintilatniho roztoku do kazdé jamky
(SuperMix, Wallac, Finsko). Na scintilaénim readeru (Mikrobeta Trilux, Wallac, Finsko) pak
bylo zm&teno mnozstvi uvolnéného *'Cr. Ze ziskanych vysledki byla stanovena cytotoxicka

aktivita v procentech (% ctx ) podle vzorce:

CPM exp — CPM spont

% ctx =
Cpm max — Cpm spont

CPM &p — MNozstvi 51Cr uvolnéného ze smési lymfocyta a cilovych bungk
CPM gont — MNOZstvi 51Cr uvolnéného samotnymi cilovymi bunkami

CPM max — Maximalni mnozstvi uvolnéného 51 Cr po pouziti detergentu (10 % Triton X - 1000)

ELISA stanoveni extracelular nich cytokini ve vzor cich

Vzorky

Supernatanty odebrané po 24 hodinach inkubace slezinnych mononukleérnich bunék ziskanych
v stresového modeu, jak popsano vyde (3,2x10%ml), byly kultivovany v 24 jamkovych
destickdch v CO, inkubétoru. Po 24 hodinach byly desticky centrifugovany a sebrané
supernatanty byly pouZity ke stanoveni hladin cytokina.

Roztoky

PBS (Phosphate buffered saline), pH 7,4

NaCl 804

KCl 029
NazHPO4 ’ HZO 1,42 g
KH2PO4 0,2 g

TK H0O do 1000 ml
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Redici roztok, pH 7,4

NaCl 80¢g
NazHPO4 ’ HZO 1,42 g
KH2PO, 02g

KCl 0,2g

BSA 59

Tween 20 1ml

TK H,O do 1000 mi

Praci roztok, pH 7,4

NaCl 90¢
Tween 20 1ml
Doplnit TK H,O do 1000 mi

Vazebny roztok, pH 7,4

NaCl 804
NazHPO4 ’ HZO 1,42 g
KH2PO4 0,2 g

KCl 029

TK H0O do 1000 ml

Blokovaci roztok, pH 7,4

NaCl 80g
NazHPO4 ’ HZO 1,42 g
KH2PO4 0,2 g

KCl 0,2g

BSA 59

TK H,O do 1000 ml
Substr at

20,04 mg navazeného TMB (3,3'5,5'-tetramethylbenzidin, Sgma-Aldrich, Némecko) bylo
rozpu&téno v 2 ml DMSO (dimethylsulfoxid, C;HeOS, Sigma-Aldrich, Némecko) v plastové
lahvi¢ce aihned uloZzeno do mraziciho boxu. Pred pridanim do jamek se pripravil cerstvy roztok
25 ml citratového pufru (10,5 g kyseliny citronové v 0,5] destilované vody), pH nastaveno na
hodnotu 6,0 pomoci NaOH), pfidano 0,25 ml roztoku TMB v DM SO a jako posledni 5 pl 30%
H,0..

Stop roztok — 1M H3PO,
Redéni protilatek

IL-2
- coating ab (100 pg/ ml) —1:100



- Biotin-conjugate —1: 20000

- Streptavidin-HRP — 1 : 10000
TNF-a

- coatingab (100 pg/ ml)—-1:20
- Biotin-conjugate — 1 : 2500

- Streptavidin-HRP — 1 : 5000

| FN-y

- coatingab (100 pg/ ml)—1:20
- Biotin-conjugate — 1 : 10000

- Streptavidin-HRP — 1 : 5000

IL-4

- coating ab (0,5mg/ 0,5ml) — 1 : 800 (fedit ve vazebném pufru)

- detectionab (0,21 mg/ 0,2 ml) — 1 : 4000 (tedit v fedicim pufru obohaceném 05 % FTS,
BioClot Ltd., SRN)

- Streptavidin-HRP conjugate (0,1 mg/ 0,2 ml) — 1 : 5000 (Fedit v fedicim pufru)

Standardy

rekonstituované v fedicim pufru, kone¢né koncentrace standardu 2000 pg / ml

ELISA (Enzyme-Linked | mmunosor bent Assay) stanoveni koncentrace cytokini

Pro stanoveni koncentrace cytokini v supernatantech byl pouzit Mouse Duoset ELISA
development systém (Biosource, Bender med Systém, USA), stanoveni bylo provadéno na
Costar high mikrotitracnich destickéch dle prilozeného protokolu. Byla pripravena standardni
kiivky pri pouZziti rekombinantnich cytokina pii koncentracich 1000, 500, 250, 125 62,5 a 31,3
pg/ml.

Pri stanoveni je prvni fazi vazba protilatky na desti¢cku, bylo napipetovano 50ul coating ab do
kazdé jamky, nasleduje inkubace pres noc (2-8°C), promyti 200 ul praciho pufru. Nasleduje
blokovani piidanim 250 ul blokovaciho pufru do kazdé jamky, inkubace 2 hodiny pii pokojové
teploté a dvojnasobné promyti 200 ul praciho pufru. Dalsi krok je pridani 100 pl vzorku a
standardu na jamku, nasleduje piidani 25 pl biotinylované protilatky do kazdé jamky. Nasleduje
inkubace (1 hodinu pti pokojové teplote, 200 rpm na Vortexu) a pies noc (2-8°C). Néasleduje 4x
promyti 200 pl praciho pufru. Nasledné je piidano 50 pl Streptavidinu-HRP do kazdé jamky
(inkubace 1 hodinu, pokojova teplota, 200 rpm), nasleduje 4x promyti 200 pl praciho pufru.
V dal§im kroku je pridano 100 pl substrétu TMB (tetramethylbenzidin) do kazdé jamky a
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inkubace 20 minut vtemnu. Reakce byla zastavena 100 pl 1M H3;PO,. Absorbance byla
stanovena pii 450nm na Rainbow Thermo plate readeru (Tecan Spektra, USA). Mnozstvi
cytokina v pg/ml bylo vypoéteno dle standardni kiivky.

Vliv antidepresiv na hladiny G proteinovych podjednotek C6
gliomovych bunék

C6 gliomoval linie

Buiky (ATCC CLM 107, Rockville, MD) byly kultivovany v mediu MEM, pH 7,3, s5%
hovézim fetdlnim sérem za standardnich podminek (vihka atmosféra, 95% vzduchu a 5% CO2
pii 37 ° C) po 3 dny, dalsi detaily viz (Mares e al., 1991). Konfluentni kultury byly vystaveny
Gcinkam antidepresiva (kone¢na koncentrace 1 uM) po dobu 24 hod (akutni model) nebo 5 dni
(dlouhodobé podavani), antidepresivum bylo piidavano kazdy den. Po ukonceni kultivace byly
buiiky promyty MEM mediem, stazeny gumovou Spachtli v PBS roztoku s proteolytickymi
inhibitory (0,1 mM benzamidin, 0,3 mM PMSF, 1mM DTT a1 mM EDTA). Bunky byly
tiikrat promyty, centrifugovany pri 1000G, homogenizovany a poté pripraveny choldtové
extrakty z membranovych frakci, které byly uskladnény pii -80 ° C. Byly pouZity fysiologicky
optimélni 1mM find ni koncentrace antidepresiv detaily (Kovaru et al. 2001).

Pouzita far maka

PouZit byl zastupce tricyklickych antidepresiv imipramin- 3-(5,6dihydrobenzo[b][1]benzazepin-
11-yl)-N,N-dimethylpropan-1-amin, zéstupce antidepresiv Il. generace blokujicich a receptory
mianserin- 1,2,3,4,10,14b-hexahydro-2-methyldibenzo (c,f) pyrazino (1,2-a)azepin, NaSSA
mirtazapin-  (1)-1,2,3,4,10,14b-hexahydro-2-methylpyrazino(2,1a)pyrido(2,3-c)(2)benzazepin,
MAOA moklobemid- 4-chloro-N-(2-morpholin-4-ylethyl)benzamid a léky fazené do skupiny
SSRI- fluoxetin N-methyl-3-phenyl-3-[4-(trifluoromethyl) phenoxy] propan-1-amin, citalopram-
1-[3-(dimethylamino)propyl]-1-(4fluorophenyl)-3H-2-benzofuran-5-carbonitril ~ hydrobromid,
sertralin-4-(3,4dichlorofenyll)-N-methyl-1,2,3,4tetrahydronaftalen-1-amin). VSechny latky byly
zakoupeny u fy. SGMA.

Piiprava membran

Po ukon¢eni inkubace santidepresivem byly bunky homogenizovany pouZitim ultra-turax
homogenizéru (Janke-Kunkel, IKA Werk, Staufel, Germany) v Tris-HCI pufru (50 mmol Tris-
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HCI; 2 mmol dithicthreinol, DTT; 1mmol EDTA; 05 mmol benzamidin HCI;
phenylmethylsulfonylfluorid, PMSF; pH 7,4) a homogenizaty byly centrifugovany pri 1000xG
10 minut. Supernatanty byly nasledné centrifugovany pii 100 000xG 60 minut. Peety byly
resuspendovany v 600m pufru (20mmol Tris-HCI; 25 mmol NaCl; 2 mmol DTT; 1 mmol
EDTA; 0,5 mmol benzamidin HCI; 0,5 mmol PMSF) se 60 ml 10% cholatu sodného,
inkubovany 2h pii 4°C a centrifugovany pii 100 000xG 60 minut. Supernatant byl naredén na
koncentraci 7-17 mg/ml a uskladnén pri -25°C.

Stanoveni Ga subjednotek EL | SA metodou

V choldtovych membranovych extraktech byly analyzovany Ga podjednotky ELISA technikou
s vyuzitim naSich polyklonalnich protilatek proti C-termindnim dekapeptidim aietézcaim Gas,
Gail,2 a Gag/1l saminokysdinovou sekvenci viz (Milligan 1988, Krbetek et al., 2000,
Kovéiu et al. 1998, 2001). Jednotlivé dekapeptidy byly pripraveny synteticky (Goldsmith et al.,
1997, Kovéi et al., 1998, Lesch a Manji, 1992). V kontrolnich testech nebyly nalezeny ktizové
reakce mezi pouzitymi antiséra, a tedy antiséra byla specificky namifena proti danému
dekapaptidu (Kovaru et al., 2001).

ELISA

Pouzili jsme imunochemickou ELISA techniku kompetitivni inhibice, modifikované uzitim
mikrotitratnich desticek Maxisorp (NUNC) pro nekovalentni vazbu peptidu, ktera je zalozena
na navazaném antigenu a kompetici komplexu protilatky a membranového proteinu s danou Ga
G proteinovou podjednotkou (Tijjsen 1993, Ransnas a Insdl, 1989, Lesch a Manji, 1992).
ELISA stanoveni byla porovnavana s Western blottingem a byla nazena uspokojiva korelace,
dalSi detaily viz (Kovéit et al. 1998, 2001, Krbetek et al., 2000). Prvnim krokem stanoveni je
vazba antigenu (C-terminalniho dekapeptidu Ga podjednotky) na ploché dno mikrotitracni 96 ti
jamkové desticky svysokou vazebnou afinitou (koncentrace peptidi 15 ng/0,1ml v 0,1M
NaHCO3/jamku). Pro stanoveni Gag/11 a Gas podjednotek byly pouzity mikrotitra¢ni desticky
Costar (high binding), pro Gail,2 a Gb mikrodesticky NUNC. Néasledovala inkubace a promyti
(promyvaci pufr PBS s0,1% Tween 20). Ve zvlastni malé zkumavce byla navazana primarni
antikrdlici protilatka proti dané Gas podjednotce (v rizném fedéni) do komplexu s pridanym
cholatovym extraktem obsahujicim 5 ug -10 pug membranového proteinu (na jeden vzorek),
snaslednou inkubaci. Nasledovalo piidani tohoto komplexu do jamek mikrodesticek (pro
kazdy vzorek byly vyuzity 4 jamky pro stanoveni pramérného vysledku) a nasledovala inkubace

s druhou protilatkou (kozi proti krali¢imu IgG s vazanym biotinem, Jackson Imunoresearch); po
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promyti byl navazan konjugat alkalické fosfatasy s mySi monoklondlni antibiotin protilatkou,
nasleduje inkubace a promyti. Dale byl piidan substrét (1mg paranitrofenylfosfat pNPP v 10%
DEA-dietanolamin, pH 9,8) a enzymova reakce byla po 20 minutach zastavena (blokovaci pufr
PBS s0,5 % BSA- Serva pH 7 a 0,25 % NaN3) (Tijssen 1993, Kovéia e al., 1997).
Nasledovalo méieni uvolnéného p-nitrofenolu pii 405 nm na spektrofotometru pro stanoveni
obsahu ve vSech 96 jamkéch mikrotitracnich desti¢ek (ELISA reader). Na kazdé desti¢ce byly
jamky bez vzorku pro stanoveni pozadi (Ransnas a Insel, 1988, Ransnas a Insel 1989).

Jednotlivé kroky v ELISA stanoveni byly provadény dle standardniho protokolu (Tijjsen 1993).
Statistické zpracovani

VSechny vysledky jsou aritmetickym pramérem +/- stiedni odchylka (S.E.M.). KaZzda skupina
vysledki testovanych antidepresiv byla ziskana ze tti experimenti a 12-14 méieni v tetrapletech
daného vzorku. Statisticka vyznamnost mezi skupinami byla vypoc¢tena Studentovym t-testem
neparovych hodnot. P hodnoty niZSi nez 0,05 byly povazovany za signifikantni (P < 0,05=*, P <
0,01=** a P < 0,001=***).

Vliv antidepresiv na hladiny G proteinovych podjednotek v organech
laborator niho potkana

I'n vivo procedury

Byla pouZita zvitata kmene Wistar (Charles River Co.) spocéatecni télesnou hmotnosti
v rozmezi 180-200g. Zvitata byla umisténa individudiné ve standardnich klecich Plexiglas, za
dvanéctihodinového cyklu den/noc, teploté 18-21 °C pri vihkosti 50-70%. Zvitata byla krmena
komeréni peletizovanou dietou (Velaz-ST1) ad libitum sneomezenym pristupem k vodg.
Antidepresivum bylo pridano kazdy den po dobu 21 dni (desipramin-25mg/kg, citalopram-
5mg/kg, moklobemid-25mg/kg). Byly pouzity skupiny 6 zvitat, kontrolni skupinu tvorila
skupina zvitat chovanych za stejnych podminek bez podavani antidepresiva. V3echny procedury
byly provadény v souladu s Evropskou Konvenci pro pédi a uziti laboratornich zvitat a Zakona
CNR na ochranu zvitat proti tyrani (246/1992Sb. ve znéni pozdgjSich piedpisi) die doporuceni
FELASA a Evropskéunie.
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EX vivo procedury

Po tiech tydnech podavani antidepresiva byla zvitata usmrcena, byly vypreparovany mozky (po
odstranéni cerebella) sleziny a brzliky a preparéaty byly umistény na ledu do proteolytického
koktgjlu (fosfatovy pufr doplnény o 0,1 mM benzamidin, 0,3 mM PMSF, 1 mM DTT al mM
roztokem EDTA) do doby pripravy membranovych frakci.

Piiprava membr anovych extr akti

Fragmenty tkani byly homogenizovany v 50 mM Tris-HCI, pH 7,4 obsahujicim proteolytické
inhibitory (1 mM benzamidin, 0.3mM PMSF (phenyl-methylsulphonyl fluorid, 1ImM DTT
(dithiothreitol) a 1 mM EDTA) a centrifugovany 10 minut pii 1000x G pii 4 °C. Vysledné
supernatanty byly posléze centrifugovany 20 min pii 40 000x G pti 4 °C a membranové
proteiny extrahovany 1 hodinu v 20 mM NaCl, mM Tris-HCI pH 8,0 s 1 mM EDTA a 1%
cholatu sodném. Extrakty byly nasledné centrifugovany 1 hodinu pii 100 000x G a supernatant
byl pouZzit pro stanoveni hladin G proteinovych podjednotek. Jednotlivé kroky a centrifugace
byly provadény pii 4°C.

Cerstvé izolované sleziny a brzliky byly homogenizovany v sklenéném Elvehjem-Potterové
homogenizéru a separovany na Ficoll-Hypaque denzitnim gradientu (1086) k ziskani
mononuklearnich bunék, opakované promyvany a nasledné pouzity k pripravé membranovych

extraktt jak popsano vyse.

Stanoveni Ga subjednotek EL | SA metodou

Podjednotky G proteini v cholatovych membranovych extraktech byly stanoveny metodikou
popsanou u stanoveni hladin podjednotek G proteini u C6 gliomovych bungk.

Statistické zpracovani

VSechny vysledky jsou aritmetickym pramérem +/- stiedni odchylka (S.E.M.). KaZzda skupina
vysledki testovanych antidepresiv byla ziskana ze tii experimenti a 12-14 méieni v tetrapletech
daného vzorku. Statisticka vyznamnost mezi skupinami byla vypoc¢tena Studentovym t-testem
neparovych hodnot. P hodnoty niZSi nez 0,05 byly povaZzovany za signifikantni (P < 0,05=*, P <
0,01=**, P < 0,001=***)
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Vysledky

Vliv stresu a adrenergni a dopaminergni antagonizace na hladiny G proteinovych
podjednotek v dezinnych mononuklearnich burikach a mozcich experimentalnich

mysi

Hladiny podjednotek G proteina byly sledovany ve slezindch a mozcich laboratornich mysi
k porovnéni odpovédi v imunitnim a nervovem systému (graf 1). Membrany slezinnych
mononuklearnich bunék (SMB) kontrolnich a stresovanych CBA/J mySi byly pripraveny po
izolaci SMB (dezinnych mononuklearnich bunék) ze slezin. Hladiny G proteinovych
podjednotek byly stanoveny ELISA technikou pouZitim specifickych polyklondnich protilatek
v membranovych choldtovych extraktech. Zviiata byla medikovana fentolaminem 5mg/kg, nebo
sulpiridem 20mg/kg, 0,2 ml intraperitonedlné. Jako kontrolni skupina slouzila skupina mysi
oSetienych aplikaci 0,2 ml fyziologického roztoku (0,9% roztok NaCl v deionizované vodg).
Hladiny podjednotek v membranovych extraktech (10ng/jamku) ziskané ze skupiny 13-14

zvitat byly méteny ve 4 nezavislych métenich. Suma dat byla statisticky zpracovana.

Graf 1. Vliv a adrenergni a D2 dopaminergni antagonizace na hladiny Ga a Gb G

proteinovych podjednotek v mononuklear nich buiikach mysi sleziny
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Zobrazené hodnoty jsou stredni + standartni odchylky od kontrolnich zvitat oSettenych
kontrolni aplikaci fyziologického roztoku. U experimentdnich mySi dochazi aplikaci a
adrenergniho antagonisty fentolamin (bilé sloupce) (PHE) k nesignifikantnimu zvySeni hladin

Gai podjednotek pri sou¢asném signifikantnim P<0,05(*) zvySeni hladin Gas G proteinovych
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podjednotek (bilé sloupce). Hladiny Gaq a Gb podjednotek byly ovlivnény nesignifikantng.
Aplikace dopaminergniho antagonisty sulpiridu (SUL) u nestresovanych zvitat vyvolava
signifikantni P<0,05(*) pokles hladiny Gai podjednotek pii soucasném zvySeni hladin Gas
podjednotek P<0,05 (*) (Sedé sloupce). Hladiny Gaq a Gb podjednotek byly ovlivnény

nesignifikantng.

Graf 2. Hladiny Ga a Gb G proteinovych podjednotek v mySim mozku u nestr esovanych

mysi a Géinek a adrenergni a dopaminergni antagonizace
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Graf 2 zobrazuje nalezy zmény hladin G proteinovych podjednotek Gai, Gas, Gaq a Gb
stanovenych v celych mozcich CBA/J mySi po odpreparovani mozecku medikovanych
sulpiridem a fentolaminem (PHE 5mg/kg, SUL 20mg/kg, 0,2 ml intraperitonealng) ve srovnani
skontrolnimi zvitaty oSettenymi aplikaci fyziologickénho roztoku. U nestresovanych mysi a
adrenergni antagonista fentolamin (bilé sloupce) vyvolava signifikantni zvy3eni hladin Gai a
Gb podjednotek P<0,05 (*). Dopaminergni antagonista sulpirid (Sedé sloupce) snizuje hladiny
Gai podjednotek P<0,05(*) pri sou¢asném vyrazném zvySeni hladin Gas P<0,01(**) a Gb
podjednotek P<0,05(*). Lze tedy vysledovat efekt sulpiridu na regulaci hladiny G proteinovych
podjednotek v mozku nestresovanych mysi, ktery je analogicky odpovédi u nestresovanych

zvitat ve slezing (sniZzeni hladiny Gai a zvySeni hladiny Gas podjednotek).
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Graf 3. Vliv stresu a G¢inek a adrenergni a D2 dopaminergni antagonizace na hladiny Ga
a Gb G protenovych podjednotek v mononukledrnich buiikach mySi deziny u

stresovanych a kontrolnich mysi
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Na grafu 3 jsou zobrazeny vysledky zmén hladiny G proteinovych podjednotek ziskané ze
skupiny zvitat podrobenych stresovému dvanactihodinovému protokolu omezeni v pohybu.
Zvitata byla medikovana (PHE 5mg/kg, SUL 20mg/kg, 0,2 ml intraperitonedlné) 30 minut pied
zahgjenim stresové procedury. Membranové extrakty (10ng/jamku) skupiny 13-14 zvitat
skupiny byly mé&ieny ve 4 nezavislych métenich. Zobrazené hodnoty jsou stiedni + standartni
odchylky od nestresovanych kontrolnich zviiat oSetfenych kontrolni aplikaci fyziologickénho
roztoku (0,2ml intraperitonedlné 30 minut pred zahgjenim stresové procedury). Membrany
sezinnych mononuklearnich bunék (SMB) kontrolnich a stresovanych CBA/J mySi byly
pripraveny po izolaci SMB ze slezin, hladiny G proteinovych podjednotek byly stanoveny
ELISA technikou pouzitim specifickych polyklondlnich protildtek v membranovych
cholétovych extraktech. Expozici imobilizatnimu stresu u mysi dochézi k vyraznému zvySeni
hladin G proteinovych podjednotek Gas P<0,01(**), Gaq P<0,001(***) i Gb P<0,05(*).
Aplikaci fentolaminu (bilé sloupce) dochazi k poklesu hladin Gai podjednotek pri soucasném
signifikantnim P<0,05(*) poklesu hladin Gas G proteinovych podjednotek. Hladiny Gaq a Gab
podjednotek byly fentolaminem ovlivnény nesignifikantné. Aplikace sulpiridu (Sedé sloupce) u
stresovanych zviiat vyvolava signifikantni P<0,01(**) zvySeni hladiny Gai podjednotek pri
souc¢asném snizeni hladin Gas podjednotek P<0,05(*). Hladiny Gaq podjednotek byly
sulpiridem ovlivnény nesignifikantné. Pasobenim sulpiridu dochézi i k signifikantnimu snizeni
hladin Gb podjednotek P<0,05(*).
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Graf 4. Vliv stresu a U¢inek a adrenergni a D2 dopaminergni antagonizace na hladiny Ga

a Gb G proteinovych podjednotek v mySim mozku u stresovanych a kontrolnich mysi

Mozek, stresované mysi

200 A
B bez medikace
** Ofentolamin
Osulpirid
150 A ®
* *

% kontrol

J

Gai Gas Gagq Gb

50

Hladiny G proteinovych podjednotek Gai, Gas, Gaq a Gb byly stanoveny v celych mozcich po
odpreparovani mozecku u mysi vystavenych paradigmatu imobilizaéniho stresu ve srovnani
skontrolnimi  zvifaty vySe popsanou metodikou. Zvifata byla medikovana 0,2 ml
intraperitonediné 30 minut pied pocatkem expozice stresu (PHE 5mg/kg, SUL 20mg/kg).
Membranové extrakty (10mg/jamku) skupiny 13-14 zvirat byly méfeny ve 4 métenich.
Zobrazené hodnoty jsou stiedni + standartni odchylky od nestresovanych kontrolnich zvirat
oSettenych kontrolni aplikaci fyziologického roztoku (0,2ml intraperitonealné 30 minut pied
zahgjenim stresové procedury). Vysledky zobrazené na grafu 4 ukazuji, Zze stres vyvolava
v mozku vyrazné zvySeni hladin Gas a Gaq G proteinovych podjednotek P<0,05(*). a
adrenergni antagonista fentolamin (bilé sloupce) signifikantné zvySuje hladiny Gi podjednotek
pii soucasném snizeni hladin Gs podjednotek P<0,05(*), hladiny Gaq podjednotek sniZuje
nesignifikantné. Sulpirid (Sedé sloupce) v mozku vyvolavavyrazny vzestup hladin Gai
P<0,01(**) se soucasnym snizenim hladin Gas podjednotek P<0,05(*). Profil odpovédi
sulpiridu u slezinnych mononuklearnich bunék a v mozku u zviifat vystavenych stresovému

paradigmatu opét vykazuje anal ogii, stejné jako v pripadé nestresovanych medikovanych zvitat.
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Sledovéani vlivu stresu a adrenergni a dopaminergni antagonizace na cytotoxickou
aktivitu p¥irozenych zabijeca (NK bunék)

Slezinné mononukledrni buiky, prirozeni zabijeci NK cells (natural killers) (CD16" ) byly
zvoleny jako specificka cilova lymfocytérni subpopulace k sledovéni funkci bunéené imunity
v modelu imobilizatniho stresu vzhledem ke své vysoké citlivosti na nerovnovahu
neuroendokrinniho systému a stresové podnéty. Je prokézana snizena cytotoxicita NK bunék po
expozici intenzivnimu, dlouhodobému stresu i po kratSi expozici mirnému stresu.
Imunosupresivni pisobeni je pripisovano prevézné zvySenym hladinam CRF a kortikoidu, role
katecholamini je mnohem méné¢ prozkoumana. V experimentu byla zkouména NK
zprostiedkovana cytotoxicita proti cilovym YAC1 buikam u mySi vystavenych stresové
imobilizaci a mySi bez imobilizace po intraperitonedlni injekci katecholaminovych antagonisti:
a adrenergnim antagonistou fentolaminem (PHE 5mg/kg, 0,2 ml intraperitonedlng) a
dopaminergnim D2, D3 antagonistou sulpiridem, (SUL 20mg/kg, 0,2 ml intraperitoneélng).
Pramérna cytotoxita (+ S.E.M.) skupiny 13-14 zviiat ve dvou nezavislych experimentech byla
méfena 4 hodinovym testem uvolnéni >'Cr proti cilovym YAC1 buitkdm v poméru efektor:cil
(E/T ratio) 64:1, 32:1 a 16:1. Suma dat byla déle statisticky zpracovana. P<0.001 (***), P<0,01
(**) ve srovnani s kontrolami. Nejvétsi rozdil mezi skupinou mysi s aplikovanym antagonistou

a kontrolni neléenou skupinou byl pii E/T ratio 16:1, vysledky jsou zndzornény na grafu 5.

Graf 5. Vliv stresu a adrenergni adopaminergni antagonizace na cytotoxickou aktivitu

prirozenych zabijeca (NK bunék)
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Vysledky zobrazené na grafu 5 ukazuiji, Ze stres vede k vyraznému Gtlumu cytotoxickych funkci
prirozenych zabijectt P<0.001(***) u kontrolnich mysi oSetfenych aplikaci fyziologického
roztoku (bilé sloupce). Aplikace sulpiridu (Sedé sloupce) vede k signifikantnimu zvySeni
cytotoxickych funkci u stresovanych zviiat 0 40% P<0,001 (***), zatimco u nestresovanych
zvitat vede k Gtlumu cytotoxické aktivity P<0,01 (**). Efekt fentolaminu (¢erné sloupce) byl
statisticky vyznamny P<0,01 (**), proporéné stejny ve srovnani s nemedikovanymi kontrolami

u obou skupin zvitat.

Sledovéni vlivu stresu a a adrenergni a dopaminergni antagonizace na hladiny

cytokina produkovanych slezinnymi mononuklearnimi bunikami

Byly sledovany hladiny zastupci TH1 skupiny cytokini (IL-2, TNF-a, INF-y) a TH2 cytokin
IL-4 v supernatantech odebranych po 24 hodinéch inkubace slezinnych mononukleérnich bunek
(3,2x10%ml) ziskanych po homogenizaci slezin zvita vystavenych stresové imobilizaci a
kontrolnich zviiat v 24 jamkovych destickach v CO, inkubéatoru. Po inkubaci byly supernatanty
centrifugovény a pouzity ke stanoveni hladin cytokini. Hladiny byly sledovany z hlediska
studia posunu THL/TH2 rovnovahy expozici dvanactihodinovému imobilizacnimu stresu, ktera
je akutnim kratkodobym stresem obvykle posouvana v prospéch produkce TH2 cytokinové
skupiny. Dlouhodoby stres naopak posouva THL/TH2 rovnovahu TH1 smérem, u depresivnich
nemocnych je zjistovana rdativni nadprodukce TH1 cytokini. Ddale byl zkouman vliv
katecholaminovych antagonisti: a adrenergniho antagonisty fentolaminu (PHE 5mg/kg,
aplikovano 0,2 ml intraperitoneélng) a dopaminergniho antagonisty sulpiridu, (SUL 20mg/kg,
aplikovano 0,2 ml intraperitoneélng) na produkci jednotlivych cytokini. Cytokiny byly méteny
metodou ELISA v nebunétnych supernatantech po 24 hodinové kultivaci, stanoveni bylo
provadéno na Costar high mikrotitra¢nich destickach. Experiment byl opakovéan 2x se vzorky
odebranymi od 6-7 zviiat ve skupiné. Zobrazené hodnoty jsou stiedni + standartni odchylky od
nestresovanych kontrolnich zvitat oSetienych kontrolni aplikaci fyziologického roztoku (0,2ml

intraperitonedlné 30 minut pred zahdjenim stresové procedury).

Graf 6 ukazuje produkci IL-2 slezinnymi mononuklearnimi buiikami u kontrolnich mysi a mysi
podrobenych paradigmatu imobilizaéniho stresu medikovanych fentolaminem (bilé sloupce) a
sulpiridem (Sedé sloupce). Imobilizaéni stres vede k vyraznému potlaceni produkce IL-2
slezinnymi  mononukledrnimi butikami na 66% hodnot zjisténych u nestresovanych zviiat
P<0,01 (**). U nestresovanych zviiat jak fentolamin (bilé sloupce), tak i sulpirid (Sedé sloupce)
snizuji produkcei IL-2 P<0,01 (**). U stresovanych zviiat sulpirid produkci IL-2 naopak zvySuje

P<0,05(*), fentolamin ji statisticky vyznamné neovliviuje.
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Graf 6. Produkce IL-2 dezinnymi mononukledrnimi buiikami u stresovanych a

nestresovanych zvirat a Géinek a adrenergni a dopaminergni antagonizace
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Graf 7. Produkce TNF-a slezinnymi mononukledrnimi buiikami u stresovanych a
nestresovanych zvirat a iéinek a adrenergni a dopaminer gni antagonizace
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Na grafu 7 je zobrazen vliv stresu a katecholaminergnich antagonistt fentolaminu (bilé sloupce)
a sulpiridu (Sedé sloupce) na produkci TNF-a. Stresova imobilizace vyvolavéa vyrazné zvySeni
produkce TNF-a P<0,01(**). Sulpirid u nestresovanych zviiat vede k vyraznému Gtlumu
produkce TNF-a na 20% hodnot zjisténych u kontrolnich zvifat P<0,001 (***). Fentolamin
neovliviiuje produkci tohoto cytokinu tak vyraznym zptisobem, vysledky negjsou statisticky
signifikantni. U zviifat podrobenych stresovému protokolu dochazi vlivem obou antagonist

k potlaceni produkce té&to molekuly P<0,05(*) ve srovnani s nemedikovanymi kontrolami.

Graf 8. Produkce INF-g dezinnymi mononuklearnimi buiikami u stresovanych a
nestresovanych zvirat a Géinek a adrenergni a dopaminergni antagonizace
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Graf 8 ukazuje produkci INF-g slezinnymi mononuklearnimi buikami u stresovanych a
nestresovanych zviiat a G¢inek fentolaminu a sulpiridu. Vliv stresu na produkci té&o molekuly
dezinnymi  mononukledrnimi  buiikami  nebyl vyrazny a nedosdhl drovné dtatistické
vyznamnosti, sulpirid (Sedé sloupce) u nestresovanych zviiat vyvolal vyrazny Gtlum produkce
INF-g P<0,001 (***), fentolamin (bilé sloupce) naopak produkci INF-g zvySuje P<0,05(*). U
zvitat podrobenych stresovému omezeni nebyl vliv obou antagonistt na produkci INF-g

vyznamny a nedosahl arovng statistické vyznamnosti.
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Graf 9. Produkce IL-4 dezinnymi mononuklearnimi buiikami stresovanych a
nestresovanych zvirat a Géinek a adrenergni a dopaminergni antagonizace
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IL-4 je zastupcem Th2 cytokinové skupiny. Graf 9 ukazuje produkci IL-4 dlezinnymi
mononuklearnimi buiikami u kontrolnich mysi a mySi podrobenych paradigmatu imobilizagniho
stresu medikovanych fentolaminem (bilé sloupce) a sulpiridem (Sedé sloupce). Zvirata byla
medikovana (PHE 5mg/kg, SUL 20mg/kg, 0,2 ml intraperitonedlng. Stres vede k vyraznému
potlaceni produkce IL-4 slezinnymi mononukleérnimi burikami P<0,001 (***) na 25% hodnot
ziskanych u zvitat nevystavenych stresu. U téchto zviiat jak supirid, tak i fentolamin vedou
k vyraznému potlaceni produkce té&o molekuly, u stresovanych zviiat jak fentolamin P<0,05

(*), tak i sulpirid P<0,01 (**) vyrazné produkci IL-4 zvy3uji.

Vliv stresu na produkci sledovanych cytokini Ize shrnout tak, Ze dochézi k vyraznému Gtlumu
produkce TH2 cytokinu IL-4 pti sou¢asném snizeni produkce IL-2. Oproti tomu stres vyvolava
vzestup produkce TNF-a. Aplikace dopaminergniho antagonisty sulpiridu nestresovanym
zvitatim vyrazné snizuje produkci jak TH1 cytokina (IL-2, INF-gaTNF-a), tak i TH2 cytokinu
IL-4. Fentolamin u nestresovanych zvitat sniZzuje v niZzsi mite pouze produkci IL-2 a IL-4. U
zvitat vystavenych imobilizaénimu stresu sulpirid zvySuje produkci IL-2 a IL-4, produkce TNF-
a je naopak sniZzena. Fentolamin také snizuje produkci TNF-a, sou¢asné ale dochazi ke zvyseni

produkce IL-4. U stresovanych zvitat tedy nelze vystopovat vyrazngjSi ovlivnéni profilu
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produkovanych cytokini katecholaminergnimi antagonisty ve smyslu posunu Thl/Th2
rovnovany, dilezity se zda byt ndlez zvySeni produkce Th2 cytokinu IL-4 u stresovanych zviiat

pasobenim sulpiridu.

Sledovani vlivu akutniho a dlouhodobého podavani antidepresv na Ga

podjednotkoveé profily C6 gliomovych bunék

Ve studii sledujici akutni a dlouhodobé ptasobeni sledovanych antidepresivné pasobicich farmak
byl pouzit model in vitro C6 gliomové kultury. Konfluentni kultury bunék kultivovanych za
standardnich podminek byly vystaveny U¢inkiim antidepresiva (kone¢na koncentrace 1 uM) po
dobu 24 hod (akutni podavani) nebo 5 dni (AD bylo piidavano kazdy den). Protoze plny
antidepresivni efekt nastupuje v pribéhu nékolika tydnia a studium dlouhodobého piisobeni je
zésadni pro odhad zmén in vivo, byl zjistovan efekt dlouhodobého podavani, kdy 5 denni
expozice in vitro odpovida 21 dnim podavani in vivo. Ke sledovani zmén byla pouzita farmaka
nalezgjici ke skuping tricyklickych antidepresiv imipramin, inhibitor MAOA moklobemid,
antidepresiv Il. generace (mianserin) blokujicich a receptory, NaSSA mirtazapin mianserin a
léky fazené do skupiny SSRI: fluoxetin, sertralin a citalopram. Po skon¢eni kultivace byly
buriky homogenizovany a piipraveny cholatové extrakty z membranovych frakci. Hladiny Go G
proteinovych podjednotek byly stanoveny metodou ELISA s vyuzitim polyklonalnich protilatek
proti C-terminalnim dekapeptidim a fetézci Gas, Gail,2 a Gag/11l. Dana bunéna linie byla
pouzita zejména proto, ze C6 gliomové bunky jsou tradi¢né pouzivany ke studiu
postsynaptického G¢inku antidepresiv. Exprimuji mimo jiné i podstatné mnozstvi b
adrenoreceptori, které jsou tésné spiazeny s adenylylcyklazou a byly Siroce zkoumany jako
modelovy bunéény systém fenoméni desensitizace a down-regulace b-adrenoreceptori (Chen a
Rasenick, 1995, Honegger et al., 1996, Fishmann a Finberg, 1997). C6 gliomova linie je dae
pouzivana ke studiu vlivu antidepresivnich I&tiv na hladiny Ga podjednotek i jegjich dalsi
reaktivity, pouziti tohoto modelu tedy umoZziuje snazsi srovnatelnost vysledka (Toki et al.,
1999). Novgji je C6 gliomova linie pouzivana ke studiu produkce rastovych faktora G¢inkem
jak antidepresiv, tak i atypickych antipsychotik (Hisaoka et al., 2004, 2006).
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Graf 10. Akutni a dlouhodoby vliv imipraminu na Ga podjednotkové profily C6

gliomovych bunék

hladina G proteina
(% oopovidajici kontroly)

180
160
140
120
100
80
60
40
20

Imipramin, akutni a chronicke

akutni

podavani

——

——

chronické

mGQ
OGs
OGi

Pisobeni tricyklického antidepresiva imipraminu pii akutnim, ani dlouhodobém piasobeni

nevyvolava statisticky signifikantni zmeény hladin sledovanych Ga podjednotkovych profild.

Graf 11. Akutni a dlouhodoby vliv citalopramu na Ga podjednotkové profily C6

gliomovych bunék
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Citalopram, prepardt fazeny do SSRI tiidy antidepresiv pii kratkodobém i dlouhodobém
podavani vyvolava statisticky vyznamné P<0,05 (*) zvySeni hladiny Gas G proteinovych
podjednotek (graf 11). K vyznamnému ovlivnéni hladin podjednotek Gag/11 a Gai nedochazi.
Jeho pasobeni je opaéné v porovnani se jingm SSRI sertralinem, ktery pii kratkodobém i
dlouhodobém podavéani hladinu Gas podjednotek sniZuje, naproti tomu sertralin zvySuje hladinu

Gag/11 podjednotek, které citalopram signifikantné neovliviuje.

Graf 12. Akutni a dlouhodoby vliv sertralinu na Ga podjednotkové profily C6 gliomovych

bunék
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24 hodinové pusobeni sertralinu (graf 12), léku farmakologicky fazeného do tiidy SSRI
vyvolava signifikantni P<0,05(*) snizeni hladiny Gas G proteinovych podjednotek, které
pietrvava i po dlouhodobém podavani. Pri dlouhodobém podavani dochazi ke zvySeni hladiny
Gag/11 podjednotek P<0,05 (*). Vliv sertralinu na hladinu Gas G proteinovych podjednotek je
tedy opakem vlivu jiného SSRI citalopramu (graf 11), ktery hladiny Gas G proteinovych
zvysuje. ZvySeni hladiny Gag/11 podjednotek je spolecnéi pro pasobeni fluoxetinu (graf 13).
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Graf 13. Akutni a dlouhodoby vliv fluoxetinu na Ga podjednotkové profily C6 gliomovych

bunék
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Fluoxetin, nejdéle pouzivany zéstupce SSRI tiidy antidepresiv vyvolava vzestup Gag/ll
podjednotek pii dlouhodobém podavani P<0,05 (*), coz je opak akutniho pasobeni, kdy
vyvolavéa signifikantni snizeni jejich hladiny (graf 13). Hladiny podjednotek Gas a Goi nejsou

fluoxetinem ovlivnény.

Graf 14. Akutni a dlouhodoby vliv mirtazapinu na Ga subjednotkové profily C6
gliomovych bunék
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Blokator o receptori mianserin pii kratkodobém podavéani zvysuje hladiny Gag/ll G
protei novych podjednotek, tento efekt vSak pii dlouhodobém podavani nepietrvava (graf 14).

Graf 15. Akutni a dlouhodoby vliv mirtazapinu na Ga subjednotkové profily C6
gliomovych bunék
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Vysledky zobrazené na grafu 15 ukazuji pri akutnim i dlouhodobém podavéani statisticky
vyznamné P<0,05 (*) zvySeni hladiny Gag/11 podjednotek ptisobenim mirtazapinu. Soucasné
dochazi k signifikantnimu P<0,05 (*) poklesu hladiny Gas podjednotek vyvolané jak akutng,
tak i pfi dlouhodobém podavani. Profil mirtazapinem vyvolaného ovlivnéni G proteinovych
podjednotek pii dlouhodobém podavani je obdobny akutnimu efektu, se sou¢asnym snizenim
hladiny Gas podjednotek. Profil jeho ovlivnéni hladiny G proteinovych podjednotek je obdobny
jako uginek SSRI sertralinu.
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Graf 16. Akutni a dlouhodoby vliv moklobemidu na Ga podjednotkové profily C6
gliomovych bunék
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Pasobeni inhibitoru monoaminooxidazy A moklobemidu in vitro nevyvolava signifikantni
zmeény sledovanych Ga podjednotkovych profila pri akutnim ani dlouhodobém podavani (graf
16).

VySe zobrazené nalezy ukazuiji, Zze pri dlouhodobém podavani in vitro se antidepresiva ve svém
vlivu na hladiny G proteinovych podjednotek daji rozdélit na 4 skupiny: zvy3ujici hladiny
Gag/11 podjednotek (mirtazapin, fluoxetin, sertralin), zvySujici Gas (citalopram), sniZujici Gas
pri zvySeni Gag/1l (mirtazapin, sertralin) a Ié&iva hladiny G proteinovych podjednotek

neovliviujici (imipramin, moklobemid).

Sledovéni vlivu dlouhodobého podavani antidepresiv na Ga podjednotkové profily

v mozku laboratorniho potkana

Vzhledem k tomu, Ze in vitro kultura poskytuje pouze omezenou informaci o pasobeni [&ivain
vivo, bylo zkoumano ovlivnéni hladiny G proteinovych podjednotkovych profila v mozkové
tkani laboratorniho potkana (graf 14). K sudiu odpovédi hladin G proteind in vivo na

antidepresivni |é&bu latkami fazenymi do riznych farmakologickych skupin byl pouzit model



podavani in vivo po dobu tii tydni. Antidepresivum bylo pridano kazdy den po dobu 21 dni
(desipramin-25mg/kg, citalopram-5mg/kg, moklobemid-25mg/kg). Byly pouzity skupiny 6
zvitat, kontrolni skupinu tvorila skupina zvifat chovanych za stefnych podminek. Po tiech
tydnech podavani antidepresiva byla zvifata usmrcena, byly vypreparovany mozky a byly
pripraveny membranové extrakty vySe popsanou metodikou. Hladiny Ga G proteinovych
podjednotek v membranovych extraktech byly stanoveny metodou ELISA svyuzitim
polyklonalnich protilatek proti C-termindnim dekapeptidim aietézci Gas, Gail,2 a Gag/11.

Graf 17. Vliv dlouhodobého podavani antidepresiv (desipraminu, citalopramu a

moklobemidu) na Ga podjednotkové profily v mozku potkana

Mozek in vivo

200 - %
180 -
160 -
140 - Ii
120 -
100 -
80 - = DGalfas
60 - oG alfai
40 -
20 -
0 - T T .
desipramin citalopram moclobemid

* %

o+
—

mGalfaq

% of control

Vysledky zobrazené na grafu 17 ukazuji, Ze tricyklické antidepresivum desipramin nevyvolava
vyrazné zmény hladiny G proteinovych podjednotek v mozku laboratorniho potkana.
Citalopram vyvolava signifikantni P<0,05 (*) zvySeni hladin Gas a Gai podjednotek pfi
soucasném snizeni hladiny Gaq podjednotek. Moklobemid vyvolava v mozku zvySeni hladin
Gas a Gai podjednotek P<0,05 (*). V porovnani odpovédi farmak v obou modelech se ukazuje
signifikantni vliv. moklobemidu in vivo. Citalopram in vivo stginé¢ jako vin vitro kulture
signifikantné zvy3uje hladinu Gas. Na rozdil od pisobeni in vitro dochézi ke zvySeni hladiny
Gai podjednotek. Tricyklické antidepresivum desipamin hladiny G proteinovych podjednotek

neovliviuje ani v jednom z pouZitych modelt.
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Vliv dlouhodobého podavani citalopramu na hladiny G proteinovych a
podjednotek in vitro ain vivo

Vzledem k tomu, Ze antidepresivni I1&ba ovliviiuje bunétnou signalizaci negen v nervovém
systému, ale i v riiznych leukocytarnich populacich, byl sledovan vliv vybraného antidepresiva
na hladiny G proteinovych podjednotek ve slezing (B lymfocytarni subpopulace) a brzliku (T
lymfocyty) ve srovnani s odpovédi kiry mozku u laboratorniho potkana. Byla pouzita samci
zvitata kmene Wistar chovana za standardnich podminek. Byly pouzity skupiny 6 zvirat,
kontrolni skupinu tvoiila zvifata chovana za stejnych podminek bez podavani antidepresiva.
Pouzit byl zéstupce skupiny SSRI antidepresiv citalopram vzhledem ke svému Sirokému
klinickému pouziti. Po tiech tydnech podavani antidepresiva (antidepresivum bylo piidano
kazdy den, 5mg/kg) byla zvifata usmrcena, byly vypreparovany organy a byly pripraveny
membranové extrakty sleziny, brzliku a kiry mozku. V extraktech byly stanoveny hladiny G
proteinovych a podjednotek metodou ELISA svyuzitim polyklonalnich protilatek proti C-
termindnim dekapeptidim a fetézct Gas, Gail,2 a Gag/11. K porovnani profilu odpovédi

jsou v grafu 18 uvedeny hodnoty ziskané v tkanové in vitro kultuie C6 gliomovych bungk.

Graf 18. Vliv dlouhodobého podévani citalopramu na hladiny G proteinovych a

podjednotek v in vitro C6 gliomové kultufe ain vivo v tkanich potkana
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Vysledky zobrazené na grafu 18 ukazuji obdobné ovlivnéni G proteinovych profili se
statisticky signifikantnim P<0,05 (*) zvySenim hladiny Gas a Gai G proteinovych podjednotek
ve slezing a ke mozku pii soucasném snizeni hladin Gaq podjednotek v téchto tkanich.
Srovnani svysledky in vitro pak ukazuje jistou analogii v odpovédi hladin Gas proteinovych
podjednotek v odpovédi na dlouhodobé podavani citalopramu v C6 gliomoveé linii P<0,05 (*),

kirou mozku a slezinou laboratorniho potkana.
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Diskuze

Efekt stresu, dopaminergni a noradrenergni blokady na profily Ga

podjednotek slezinnych mononuklearnich bunék a cytokinova produkce

V rozvoji reakce na stresovy podnét jsou relativné rychle uvoliovany katecholaminy:
adrenalin, noradrenalin a dopamin. Tyto molekuly jednak systémovou cestou, jednak
specifi¢téjSim uvolniovanim z nervovych zakonéeni reguluji komplexni reakci na stresovy
podnét veetné regulace imunitni odpoveédi (Stanford, 1995). Stres miZze mit na imunitni funkce
vliv imunostimulaéni ¢i imunosupresivni, v zavislosti na druhu, tiZi a trvani stresového podnétu
(Pruet, 2001). Modd imobiliza¢niho stresu v trvani 12 hodin byl zvolen na z&kladé zkuSenosti,
které ukazuji rozporuplné vysledky (imunosuprese vs. imunostimulace) pri  aplikaci
Sestihodinové, omezeni po 24 hodin vykazuje pak znaky zavazného zhorSeni imunitnich funkci
na organové i buné¢né arovni (FiSerova et al., 2000, Pruet, 2001, Starec et al., 2001). Zvolené
paradigma kombinuje vliv stresové imobilizace a soucasné potravni deprivace. Hladiny
systémové pusobicich hormont jako CRF, glukokortikoidy a endogenni opioidy uvoliiované
relativné pozdgji v prabéhu stresové reakce, které maji také vyznamné imunomodulaéni Gcinky
nebyly v naSem modelu sledovany. S ohledem na moznost studia Th1/Th2 rovnovahy a odliSeni
vlivu katecholamini od sumagniho vlivu stresu byly ke sledovani zvoleny IFN-g, IL-2, TNF-a
jako zastupci TH1 skupiny cytokini a lL-4 jako TH2 cytokin.

Katecholaminy moduluji cytokinovou sit' pozitivnim i negativnim zpasobem, za
neidulezitéjsi molekuly jsou vtomto ohledu povaZovéany adrenalin a noradrenalin, role
dopaminu je mnohem méné prozkoumana (Beck et al., 2004). Glukokortikoidy a katecholaminy
systémov¢ inhibuji produkci 1L-12, TNF-a a INF-y, pfi soucasném zvySeni I1L-10 a IL-4
avedou tedy k posunu Thl/Th2 na stranu prevazujici produkce Th2 cytokini (Calcagni a
Elenkov, 2006). Tento posun v cytokinové rovnovéze chrani organismus v pribéhu zanétlive
odpovédi, za uréitych podminek vSak stresové hormony mohou podporovat zanétlivé procesy
navozenim produkce of IL-1, IL-6, IL-8, IL-18 a TNFa. Mezi tyto stavy patii autoimunitni
procesy, chronické infekce, deprese a aterosklerdza, které maji jako spoletny rys posun
Th1/Th2 cytokinové rovnovahy na stranu Thl cytokinové produkce (Calcagni a Elenkov, 2006,
Leonard 2006).

Imobiliza¢ni stres vede ke zvySeni hladin Gas G proteinovych podjednotek ve
dezinnych mononuklearnich bunkach (viz graf 3). Toto Ize prfisoudit aktivaci receptora
pozitivné spiaZzenych sadenylylcykldzou, tedy pievazné b adrenergnich a D; receptori.
Aktivace téchto receptori je spojovana se zvySenim hladin cAMP s naslednou aktivaci CREB.

ZvySeni hladiny cAMP je pak spojovano scekovou imunosupresi véetné potlaceni produkce
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cytokini v leukocytarnich buiikach (Bergquist e al., 2000). Aktivace PKA miZe navic
inhibovat translokaci nukleéarniho faktoru-«B (NF-kB) zpomalenim degradace jeho inhibitoru
IkB-o (Neumann et al., 1995). NF-kB je transkrip¢ni faktor, ktery reguluje prepis mnoha gena
spojenymi se zanétlivymi procesy véetné produkce cytoking, jeho aktivace je spojena i
sagonizaci D, receptori prostiednictvim tyrozinkindzovych kaskéd, tato aktivace vyzaduje i
U¢ast bg subjednotkového komplexu (Ghosh et al., 1998, Yang et al., 2003). Synergické
zvySeni hladin Gas a bg podjednotek jako disledek expozice imobilizatnimu stresu je
z vydedka patrné (graf 3). ZvySeni hladin Gag G proteinovych podjednotek vlivem stresu |ze
prisoudit aktivaci a; adrenoreceptori, protoze fentolamin vede k Uplné blokadé vlivu stresu na
zvySeni hladiny slezinnych Gaq podjednotek. U nestresovanych zvitat nejsou podanim
fentolaminu hladiny Gaq podjednotek signifikantné ovlivnény (graf 1). Prodlouzend a
adrenergni stimulace vyvolava zmény v distribuci leukocyti a miZe navozovat i apoptozu
(Stevenson et al., 2001). Nalez (Gruber-Olipitz et al., 2004) prokazuje pii 12 hodinové expozici
mySi zvySenym hladinam noradrenalinu pouze nevyraznou modulaci genové exprese u geni
spojenych sregulaci bunécné adheze a migrace, coZ je v souladu sdalSimi ndlezy vlivu a;
adrenoreceptora  (Jetschman e al., 1997). U nestresovanych zvifat ma fentolamin
imunosupresivni efekt diky svému vlivu na zvySeni hladin Gas podjednotek (viz graf 1), coz
miZe vést k naslednému vzestupu cAMP. Fentolamin u nestresovanych zvitat snizuje v nizsi
miie pouze produkci IL-2 alL-4 (grafy 6 a9), u stresovanych dochézi k snizeni produkce TNF-
a (graf 7), soucasné ale dochazi ke zvySeni produkce IL-4. Nelze tedy vysledovat jednoznacny
vliv fentolaminu na Th1/Th2 cytokinovou rovnovahu.

NedulezitéjSim vysledkem tykajicim se vlivu stresu a U¢inku medikace na hladiny
podjednotek G proteina je vliv sulpiridu na snizeni hladiny Gai podjednotek pri sou¢asném
zvySeni hladiny Gas podjednotek u nestresovanych zviiat (graf 1) a opacné pasobeni u zviiat
vystavenych imobilizaénimu stresu (graf 3). Po blokadé D, like receptort (D, a D3), které jsou
negativné spiazené sadenylylcyklézou miZze dochazet kezvy3eni produkce cAMP. U
nestresovanych zvirat dochézi k inhibici efektorové aktivity a cytokinové produkce (grafy
5,6,7,8,9). Stresem vyvolané imunosupresivni zvySeni Gas podjednotek je naopak pusobenim
sulpiridu blokovano a dochazi k imunostimulaénimu sniZeni hladin, navic dochézi ke zvySeni
hladin Gai podjednotek, které mohou mit synergicky vliv v nasledné regulaci hladiny cCAMP
(grafy 3 a 4). Tento vztah naznacuje dalezity vliv fyziologickych hladin dopaminu pasobiciho
cestou D, a D3 receptora na priabéh imunitni odpovédi u nestresovanych zviiat i zvirat
vystavenych stresu. NegjdulezitejSim vysledkem na rovni ef ektorovych funkci v tomto ohledu je
nélez vyrazného potlaceni produkce Thl cytokinu IL-2 (viz graf 6) imobilizacnim stresem a
dopaminergnim antagonistou vyvolané navraceni produkce. Sulpirid u nestresovanych zviiat

zvySuje hladinu Gos podjednotek pii sou¢asném snizeni hladiny Gai podjednotek a blokuje
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sekreci IL-2, ktery aktivuje monocyty/makrofagy a tedy dalSi produkci prozanétlivych
interleukind na periferii (grafy 1,6). ZvySeni produkce IL-2 u stresovanych zvitat je pak
v souladu se sulpiridem vyvolanym snizenim hladiny Gas G proteinovych podjednotek pfi
soucasném zvyseni hladiny Gai podjednotek s naslednym piedpokladanym snizenim hladiny
cAMP regulujici cytokinovou produkci (viz grafy 6 a7).

Na produkci Th2 cytokini (v naSem modelu IL-4) mé imobiliza¢ni stres negativni vliv
(viz graf 9). Je prokazéna akumulace dopaminu dendritickymi buinkami odvozenymi od
monocyti, kterd je zvySovana forskolinem a D2 receptorovymi antagonisty (Nakano et al.,
2009). Antigen specificka reakce mezi naivnimi CD4(+) T bunkami a dendritickymi burikami
odvozenymi od monocyti vyvolava uvolnéni dopaminu, sulpirid vyvolava Th2 posun v sekreci
cytokini (Nakano et al., 2009). Tento ndlez je v souladu s nami zjisténym zvySenim produkce
IL-4 vlivem sulpiridu (graf 9). U stresovanych zviiat vSak blokéda D, receptorti sulpiridem
obnovuje i produkci IL-2 a TNF-a (grafy 6 a 7). IL-2 podstatnym zptasobem reguluje aktivitu
ostatnich imunocytia véetné produkce cytokind, je jednou z molekul rozhodujicich pro rozvoj
imunitni odpovédi Thl ¢i Th2 smérem a je zaroven podstatny i pro fizeni aktivity bunék
prirozené imunity jako jsou NK buriky (Carson et al., 1999). Imobilizatni stres ma tedy
prostiednictvim regulace produkce IL-2 vyrazng inhibi¢ni vliv na aktivaci CD8+ lymfocyta a
monocytu, které se uplatiiuji v cytotoxické komponenté imunitni odpovedi. IL-2 je také daleZita
molekula v komunikaci mezi imunitnim systém a CNS, fyziologické koncentrace stimuluji
sekreci dopaminu neurony in vitro v zavisosti na davce (Alonso et al., 1993). IL-2 také
vyvolavé sekreci ACTH hypofyzérnimi bunkami anal ogicky jako stresové podnéty (Smith et al.,
1989). Nami zjisténé zvySeni produkce TNF-a vlivem stresu (graf 7) maZe byt takeé casterné
pri¢itano efektu hladovéni v pribéhu stresového omezeni. Jeho produkce dale mize byt
modulovana systémovymi vlivy, napt. Uc¢inkem kortikoidi. TNF-a je schopen zvysit expresi
iINOS a naslednym zvySenim produkce NO v modelu imobilizaéniho stresu, tato zvySeni
produkce vyuziva aktivaci NF-kB (Madrigal et al., 2002). ZvySeni exprese iNOS je davano do
souvislosti s mechanismy bunécné toxicity diky podpoie tvorby ROS, jiz diive bylo
demonstrovano zvySeni iNOS vlivem imobilizacniho stresu (Olivenza et al., 2000). TNF-a je
produkovan riznymi bunéenymi typy, napt. makrofagy, monocyty, B-lymfocyty, T-lymfocyty i
NK burikami. Jeho uvolnéni mize byt spojeno spiimou stimulaci bunék nebo byt soucésti
systémové odpovédi, coZ se jevi byt piipad uplatnéného stresového paradigmatu. Stres vede ke
zvy3eni hladiny Gb podjednotek, dostupnost Gbg dimeru mizZe uréovat specificitu signalizace
dle hladiny podjednotek i specifické spiazeni.

Souhrnem Ize konstatovat, Ze v porovnani obou skupin experimentalnich zvitat
(nestresovana vs. stresovand) stres vyvolava zvySenou produkci prozanétlivych TH1 cytokina

TNF-a a IFN-g pii sou¢asném potlaceni produkce IL-2 a IL-4. Zatimco aplikace fentolaminu
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nevede ke zietelnému ovlivnéni cytokinové produkce (s vyjimkou nesignifikantniho zvySeni
produkce IFN-g u stresovanych zvitat), sulpirid vyvolava inverzni efekt. U nestresovanych
zvitat m& sulpirid imunosupresivni vliv a potlacuje produkci cytokind, u zvitfat vystavenych
stresovému paradigmatu vede ke zvySeni produkce IL-2 a IL-4. Profil cytokinového ovlivnéni
nepotvrzuje jednoznacny posun TH1/TH2 rovnovéhy expozici imobilizatnimu stresu v trvani
12 hodin. Nalezy nicméné poukazuji na dulezitost dopaminergnich GPCR v regulaci cytokinové
produkce za fyziologickych podminek i v pribéhu stresové reakce. Z pohledu problematiky
deprese se tyto nadlezy ovlivnéni hladin G proteinovych podjednotek a cytokinové produkce
v prabéhu imobilizaéniho stresu lze pokusit interpretovat jako imunosupresi s vyznamnou
komponentou dopaminergni regulace, pouzitim dopaminergniho antagonisty Ize tuto
imunosupresi blokovat. V mechanismech stresové regulace se viak uplatiuje Siroké spektrum
molekul, jejichz hladiny v naSem modelu nebyly stanovovéany a jez prispivaly k ovlivnéni nami
metenych hodnot bunééné cytokinové produkce. Na imunitni mechanismy maji dale vyrazny

vliv i kontaktni interakce, jez vyplyvaji z povahy pouZitého modelu in vivo.

Vliv stresu na cytotoxickou aktivitu NK bunek

Imobilizagni stres vede k vyraznému potlaceni cytotoxicity efektorovych NK bungk
proti YACL cilové bun&cné populaci. Ve srovnani s nestresovanymi zvitaty klesla aktivita NK
bunék u stresovanych na hlading vyznamnosti P<0,001 (graf 5). Je prokazéna sniZzena
cytotoxicita NK bunek vystavenim intenzivnimu, dlouhodobému stresu i po kratSi expozici
mirnému stresu, imunosupresivni pusobeni bylo pripisovano zvySenym hladindm CRF a
kortikoidi (Irwin et al., 1990, Freier a Fuchs, 1994). Na potlaceni NK aktivity po vystaveni
stresovému podnétu se patrné podili jak katecholaminy, tak kortikosteroidy. Podil jednotlivych
neuroendokrinnich mediétort je zavisly na intenzité a trvani stresové odpovédi (Wu a Pruet,
1996, Pruet, 2001). Predchozi experimenty pouZivajici dopaminergni a adrenergni agonizaci
ukazaly podil téchto receptorovych systémi v regulaci cytotoxickych funkci v prabéhu stresové
reakce (FiSerova et al., 1997, Starec et al., 2001).

ZvySeni CAMP zprostiedkované aktivaci B adrenoreceptori a zvySenim hladin Gas
podjednotek je asociovano s vyraznou inhibici jegich cytolytickych funkci a celkovou modulaci
bunéeénych funkci prirozenych zabijeca (Whalen a Bankhurst, 1990, Whalen a Crews, 2000,
Qiu, 2005). Vyrazné snizena aktivita cAMP dependentnich kinaz je v3ak také spojena sinhibici
cytotoxické aktivity, je zjevna tésna regulace hladin cAMP kritickych pro efektorové funkce
NK bun¢k (Bariagaber a Whalen, 2003).

Fentolamin u nestresovanych zvitat vede ke zvySeni cytotoxicity, coZ poukazuje na vliv

a-adrenergniho agonismu na potlaceni cytotoxické aktivity. U stresovanych zviiat blokada a-
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adrenoreceptoric opét vede k zvySeni aktivity. Vzhledem ke stginé proporci zvySeni u
stresovanych i nestresovanych zviiat vSak vliv a adrenoreceptori na cytotoxicitu nelze
povazZovat za vyznamny. Toto je v souladu svysledky (Peng et al., 2004), ktery neprokazuje
vliv fentolaminu na potlaceni cytotoxicity NK bunék vyvolané noradrenalinem, na rozdil od b
adrenergni blokéady propranololem.

Sulpirid u nestresovanych zvitat inhibuje cytotoxickou aktivitu NK bunek. U
stresovanych zvifat naopak tuto schopnost obnovuje. Tento nalez je v souladu se zjisténymi
zménami v hladinach Ga G proteinovych podjednotek, zvySeni hladin Gas podjednotek vlivem
stresu a predpokladané nasledné zvySeni hladiny cAMP sniZzuje cytokinovou produkci a
cytotoxickou aktivitu aktivovanych NK bunék. Naopak snizeni cAMP po aktivaci receptort
negativné sprazenych s adenylylcykldzou (D,) tuto schopnost obnovuje (Witté-Mony, 1990,
Lokshin et al., 2006). Nalez tak opét demonstruje dulezitost dopaminergni regulace v prabéhu
stresové reakce pro lymfocytérni aktivitu. Snizeni cytotoxické aktivity je opakované
prokazovano u nemocnych trpicich depresivnim onemocnénim (Zorrilla e al., 2001). Je
prokézéna asociace mezi hladinami prozanétlivych cytokina (TNF-a, IL-6) a snizenim
cytotoxicity NK bunék u depresivnich seniorti (Trzonkowski et al., 2004). Existuje také
vyznamna spojitost mezi tizi depresivnich piiznaki, cytotoxickou aktivitou NK bunék a dobou
preZiti u nemocnych s raznymi typy nadorovych onemocnéni (Steel et al., 2007). Je prokazano
zvySeni cytotoxické aktivity NK bunek pii antidepresivni 1&cb¢ fluoxetinem a paroxetinem
(Frank et al., 1999). Zajimavym nalezem je také to, Ze zvySeni cytotoxické aktivity NK bunék je
spojeno s klinickym zlepSenim depresivnich nemocnych (Frank et al., 2004). Vyznamna jerole
NK bunék v protinddorové imunité. Infiltrace NK bunkami korduje sniZzSim mnozstvim
metastaz a nizSim stupném lymfatické invaze napi. u nadort Zaludku (Ischigami et al., 2000). Je
také prokézan klinicky vyznamny efekt dopaminergniho antagonisty amisulpridu pii [é&bé
depresivnich priznaka u onkologickych nemocnych v pribéhu chemoterapeutické |&by (Torta
et a., 2007). Zvlivu dopaminergniho antagonismu, ktery vede k signifikantnimu zvySeni
hladiny Gai podjednotek a blokaci vlivu stresu na hladinu Gas podjednotek |ze vyvozovat
dulezitou ulohu D, receptori NK bunék v odpovédi na imobilizaéni stres, ktery touto cestou
vede k vyraznému Utlumu jeich aktivity.

Tyto nalezy ukazujici potlaceni cytotoxické aktivity NK bunék a cytokinové zmény u
akutniho stresového modelu poukazuji na moznost dlouhodobé poruSeni regulace aktivace
bunéeéné imunity pii expozici zvl&sté dlouhodobému stresu, tato homeostaticka deregulace se
odré&Zi ve sniZeni aktivity NK populace a mirné redukci jejich poctu. NK buiky jsou citlivym
markerem expozici stresu a,, state markerem” deprese.

Data dale ukazuji imunosupresivni pusobeni stresové imobilizace, které je

zprostiedkovano do znatné miry dopaminergni signalizaci. Jak cytokinova produkce, tak i
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cytotoxicka aktivita NK bunék je obnovena blokadou pasobeni stresové zvySeného uvolnovani
dopaminu. Z tohoto pohledu je vliv klasického neuromediatoru, komplexné zkoumaného hlavné
v souvidlosti svelkymi psychiatrickymi  diagnézami jako jsou schizofrenie a deprese také
uplathovan v priabéhu stresové regulace a podstatnou mérou se podili na regulaci

lymfocytarnich efektorovych funkci.

Vliv stresu, dopaminergni a noradrenergni blokady na Ga podjednotkove

profily v. mozku

Imobilizagni stres pouzity v naSem modelu vyvolavd zvySeni Gas a Gaq G
proteinovych podjednotek v mozcich stresovanych zviiat ve srovnani s nestresovanymi zviiaty
(viz grafy 2 a4). Stres, zvlaste prostiednictvim zvySeni hladin kortikoidi, je schopny modul ovat
odpovéd’ zprostiedkovanou raznymi typy receptori spiazenymi sG proteiny. V zavislosti na
receptorovém systému moduluje funkci samotného receptoru, G protein ¢i efektorovy systém
(Chauloff, 1995). Kortikosteroidy méni hipokampdlni odpovéd’ spojenou s aktivaci 5-HT 14, Dy,
D, i b-adrenergnimi receptory (Roberts et al., 1984, Joéls et al., 1989, Biron et al., 1992, Beck et
al., 1996). Glukokortikoidy reguluji i hipokampdlni hladiny mRNA pro Dy, Dy, 5-HT,ca5-HT 1
(Biron et al., 1992, Chauloff et al., 1995, Holmes et a., 1995).

Imobilizagni stres vyvolava signifikantni zvySeni Gas a Gaq podjednotek v mozku
experimentalnich mySi (graf 4). Vysdedky jsou v souladu sndlezem Wolfganga, ktery také
prokazuje zvySeni hladin Gas a Gaq G proteinovych podjednotek v hipokampech potkant
vystavenych chronickému imobilizacnimu stresu (Wolfgang et al., 1995). Okuhara prokazuje
zvySeni hladiny Gas, Gai a Gaq podjednotek po podani kortikosteronu v hipokampech u
potkant, zvySeni bylo zavislé na davce, pri nizSim davkovani dochazi k zvySeni hladin pouze
Gas podjednotek (Okuhara et a., 1997). Lee nalezl zvySené hladiny Gb podjednotek
v potkanim mozku vlivem chronického stresu, rozpor s naSimi vysledky |ze vysvétlit rozdilem
Vv pouZitém paradigmatu, kdy Lee vyuZil omezeni v tubé 2 hodiny denné po dobu jednoho
tydne, navic odliSoval profil odpovédi v zavislosti na oblasti mozku (Lee et al., 2006). Gannon
nenalezl zmeénénou hladinu Gai ani Gas podjednotek po adrenalektomii ani vlivem
kortikosteronu (Gannon et a., 1994). NaSe vysledky také neprokazuji signifikantni zmény
hladin Gai podjednotek vlivem imobilizacniho stresu, rozdil v detekci zvySenych hladin Gas
podjednotek miZze byt pri¢itan diurndnimu kolisani hladin kortikosteroidi a tedy aktualni
hladiné steroidii pii odebirani vzorka ¢i jiné dynamice regulace jegjich sekrece v pribéhu
stresového omezeni.

Stresem vyvolané zvySeni hladin Gaq podjednotek miZze byt vztazeno k aktivaci
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serotonergnich 5-HT,s pozitivné sprazenych sinositoltrisfosfatovym systémem. Na UGcast
serotonergniho systému lze usuzovat i z nesignifikantniho vlivu adrenergni a dopaminergni
blok&dy. Rozvoj naruSeni chovéni po expozici stresoru u experimenténich zvirat v modelu
naucené bezmocnosti je spojovan srozvojem hypersensitivity 5-HT, systému (Nankai et al.,
1995). Je popsano uvolnéni serotoninu a zvySeni frekvence akénich potencidli neurona
serotonergniho dorzalniho nucleus raphe pii pouziti paradigmatu naucené bezmocnosti jako
modelu deprese (Henn et al., 1993). Imobiliza¢ni stres vyvolava uvolnéni serotoninu v riznych
oblastech mozku véetné hipokampu, amygdalarnich jader i zvySeni hladin v mozkomiSnim
moku, toto uvolnéni je zprostiedkovano i aktivaci CRF receptori (Rueter a Jacobs 1996, Mo et
al., 2008). Odpoveéd serotonergniho systému je nicméne vyrazné zavisla na typu a trvani
stresového podnétu. 5-HT,. receptorovy systém se také podili na snizeni hladin BDNF
v hipokampu vyvolaném imobilizaénim stresem (Vaidya et al. 1999).

Stresem vyvolané zvySeni Gas podjednotek je blokovano fentolaminem, je naznaceny
antagonisticky vliv stresu a a adrenergni bloké&dy (graf 4). Profil ovlivnéni G proteinového
profilu u nestresovanych a stresovanych zvirat medikovanych fentolaminem je nicméné
analogicky a nepoukazuje tedy na vyraznou Ucast a adrenergniho systému pii stresové reakci
(grafy 2 a4).

Je navrhovana komplexni Ucast dopaminergniho systému, zvldst¢é mesolimbického
systému odmény, v etiopatogenezi depresivniho onemocnéni a odpovédi na antidepresivni
I&bu. Dopaminergni neurony v centralni tegmentdlni arel projikujici do nukleus accumbens
jsou povaZzovany za spoletného jmenovatele na odméné zavislého chovani, ktery ve zvitecich
modelech zprostiedkuje odpovéd’ na potravu, sex ¢i navykové latky. V tomto ,jednotném
systému odmeny“ hraje Gstiedni Ulohu uvolnéni dopaminu v nukleus accumbens a jeho vazba
na D, ¢ Ds; receptory (Narancho et a., 2001). Je navrhovano, Ze supersensitivita
dopaminergniho systému hraje vyznamnou roli v mechanismu G¢inku antidepresiv. ZvySena
aktivita cAMP, CREB a zvySeni piepisu BDNF navozenda dlouhodobym podavanim
antidepresiv ma zvySovat expresi D3 receptorii na neuronech nukleus accumbens (Guilin et al.,
2001, 2003). Tato supersensitivita dopaminergnich D, like receptori maze byt spoletnou cestou
behavioraniho pasobeni vSech antidepresiv (Gershon et al., 2007).

Stres vede k uvolnéni dopaminu v mesolimbickych oblastech véetné nukleus accumbens
a nukleus arcuatus (Zacharko a Anisman, 1991). Potkani vystaveni chronickému
nepredvidatelnému stresu vykazuji snizenou odpovéd’ chovani zavislého na odmeéné (snizena
preference sladkych tekutin), toto chovani Ize zvrétit 1&bou antidepresivy v prabéhu 7 dni
(Muscat et a., 1992). Je prokdzano, Ze antidepresivni 1&ba zvysuje expresi D, a D, like
receptord, uvoliiovani dopaminu v nukleus accumbens a vazbu na D, a D, like receptory (May
et al., 1998, Lammers et al., 2000). Podani sulpiridu vede pii pouziti vySe uvedeného Muscatova

stresového modelu k akutnimu odeznéni snizené preference sladkych tekutin a navratu depresi
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podobného chovani (Sampson et al., 1991). Imobilita v testu nuceného plavani mize byt také
redukovana podavanim antidepresiv, tento efekt je vSak blokovan injekci sulpiridu do nukleus
accumbens (Cervo a Samanin, 1988). Toto je vsouladu sdaty ziskanymi na Ié&enych
nemocnych, (Willner et al., 2005) ukazuje, Ze u nemocnych depresi 1&enych antidepresivy
administrace sulpiridu vyvola navrat depresivni symptomatiky, zatimco u nelé&enych
nedepresivnich kontrol vyvola podani sulpiridu zlepSeni subjektivni pohody. Toto je v souladu
s navrhovanou teorii antidepresivy vyvolané supersensitivity dopaminergnich neuroni. D,/Ds
antagonisté (sulpirid, amisulprid) jsou pouzivani k Ié&bé leh¢ich depresivnich stavi (dysthymie)
vzhledem ke svému bifézickému mechanismu U¢inku. Pfi nizSich davkéch svoji vazbou na
presynaptické autoreceptory zvySuji uvolnéni dopaminu, ve vySSim davkovani pusobi
antagonisticky na postsynaptickych receptorech a jsou pouzivani jako antipsychoticky pasobici
léky (Montgomery 2002, Pani et a., 2002). Podani v obdobi antidepresivy navozené
supersensitivity tedy blokuje behavioralni efekt zvySené dopaminergni transmise v nucleus
accumbens.

V naSem stresovém modelu podani sulpiridu vede ke sniZzeni hladiny Gai a zvySeni
hladin Gas podjednotek u nestresovanych mysi (graf 2). Tento efekt je o¢ekavatelny s ohledem
na pouzité davkovani (20mg/kg), ktery odpovida davkam pouzivanym spiSe k 1é¢bé onemocnéni
schizofrenniho okruhu, kdy dochazi k vysoké vazbé na postsynaptické D, a Ds receptory a
blokaci aktivace Gai kaskédy. Toto davkovéani v naSem modelu bylo voleno sohledem na
moZnost studia perifernich G¢inka dopaminergni blokédy. Imobiliza¢ni stres pasobi vyraznou
aktivaci mesokortikdlniho a mesolimbického systému, zvySeni hustoty D, receptori v nukleus
accumbens a zvysuje hladiny metaboliti v mozkomisnim moku (Cabib a Puglisi-Allegra, 1996,
Cabib et al., 1998). Role stresu v regulaci centrdniho systému odmeny je ponékud paradoxni,
je mozné, Ze aktivace akutnim stresem piedstavuje pozitivni zvladaci mechanismus, zatimco
dlouhodoba expozice pusobi adaptaci a snizeni prenosu vtéto dréze a prispiva tak
k behaviordnim ndpadnostem tykajicich se deprese a dalSich poruch ndlady jako je dysthymie
(Nestler A Carlezon, 2006). U stresovanych zviiat v naSem modelu dochézi ke zvySeni Gai a
snizeni Gas podjednotek vlivem sulpiridu (graf 4). Vliv sulpiridu |ze tedy interpretovat jako
antagonisticky pasobeni stresu, zvlasté v ovlivnéni regulace CAMP systému, kdy zvySuje
hladiny Gai podjednotek a snizuje hladiny Gas podjednotek, coz také odpovida zcela opacné
odpovidavosti u medikovanych nestresovanych zvitat. V hodnoceni vysledki je tieba mit na
zieteli, Ze existuje vyrazna geneticka variabilita exprese dopaminovych receptoru i jgich
reaktivity na stresové podnéty u riznych kmeni mysi (Cabib et al., 1998). Pouzité CBA/J
inbredni my&i maji niZsi hustotu D, receptoru, jeZ je vztazena i k niZSi odpovédi na stimulaci
amfetaminem nez jiné kmeny (Helmeste a Seeman, 1982).

DalSim zajimavym vystupem je analogicky profil odpovédi v mozku i sleziné u
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stresovanych zviiat i obdobny profil odpovédi na blokadu D, i a adrenoreceptori (grafy 3 a 4).
Nalezené snizeni hladin Gas podjednotek vlivem obou pouzitych farmak poukazuje na blokaci
stresem vyvolaného zvySeni v mozku i na periferii. Zména hladin podjednotek G proteini
v CNS a imunitnim systému nicméné vykazuje analogii v navozeni zmén hladin podjednotek G
proteini vlivem stresu a v reakci na podani sulpiridu a data jsou tak demonstraci obdobné

regulace na Urovni centralni i periferni v nervovém i imunitnim systému.

Ucinek antidepresiv na G proteinové a podjednotky in vitro ain vivo.

Vyzkum antidepresivy vyvolanych zmén v CNS provadény od pocétku 80. let prokazal
antidepresivy vyvolané usnadnéni Gas-adenylylcykldzového sprazeni ¢i ,,couplingu” jako
podklad Gcinku tricyklickych antidepresiv a eektrokonvulzivni terapie. Se zavedenim novych
typi antidepresiv s novymi mechanismy U¢inku a rostouciho poznani genové regulace a
molekularné biologickych mechanismi se vyzkum posunul ke studiu ovlivnéni komplexnich
pochodi plasticity a neurogenezy. Uroven G proteinové signalizace a jei modulace
antidepresivy vSak zistava vyznamna pro membranoveé signalizaéni procesy, regulaci receptort
a prenaseti nebo regulaci cytoskeletdlnich proteini. G proteiny jsou dalezitym prvkem
submembranové signalizace, které ovliviuji Sirokou paletu bunéénych procesi. Srovnavaci
studie tricyklickych antidepresiv a novéjSich molekul ze tridy SSRI ¢i NaSSA jsou tidké a
vysledky obtizné interpretovatelné. Aktivace kindsovych kaskad antidepresivy je povaZzovana za
rozhodujici mechanismus v pirenosu signalu z membranovych oblasti do jadra. Tyto molekuly
jsou kritické pro plastické zmeény v molekularnich komponentech neuronalnich signalizaénich
systémi a jegich odpovédi na dlouhodobou antidepresivni 1&bu a zaroven dalezitymi
signalizaénimi pievodniky v prenosu signdlu od membréanové véazanych G proteinovych
systému do jadra (Popali et a., 2000).

Relevance dat ziskanych na izolovanych bunécnych systémech a jgich srovnani s daty
ziskanymi na in vivo modelech miZe zaviset na efektivnich koncentracich I&iva v téchto
systémech. Tkanové koncentrace antidepresiv v tkani mozku mohou dosahovat az 6-10x vySSich
hodnot srovnani skoncentracemi v plasmé (Nagy et a., 1977). Napriklad plasmaticka
koncentrace pouzitého desipraminu je 0,1-1mM u lidi 1&enych terapeutickymi davkami, u
citalopramu dosahuje hladina 9-200ng/ml (Brosen a Naranjo, 2001). PouZita 1nmM koncentrace
v tkanové kulture odrézi predpokladanou tkanovou koncentraci v CNS. Ani rozloZeni zvlaste
lipofilnich Ié&Civ v tkani CNS v3ak neni homogenni a ta budou dosahovat mnohem vysSSich
koncentraci v bunéénych membranach nez v okolni tk&nové tekuting. DalSim interpretatnim

problémem je metabolismus |&iv in vivo, kdy napt. fluoxetin podléhd metabolické pireméné na
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aktivni metabolit norfluoxetin a fadu dalSich neaktivnich produkti. Tuto biotransformaci a
farmakodynamické ptisobeni aktivnich metabolitti nelze v kultuie in vitro modelovat, zatimco u

podavani in vivo je nedilnou soucésti pasobeni [&tiva (Hiemke a Harter 2000).

Tricyklicka antidepresiva

Tricyklicka antidepresiva imipramin a desipramin pouZita in vivo nebo in vitro pfi
akutnim ani dlouhodobém podavani nevedla k signifikantni zméné hladin podjednotek G
proteini (grafy 10 a 17). Tento ndlez je v souladu s mnoha dalSimi nalezy, které prokazuji
nevyznamné ovlivnéni profilt G proteinovych podjednotek tricyklickymi antidepresivy (Lason
et al., 1993, Chen a Rasenick, 1995, Emamghoreishi et al., 1996.) Nékteré ndlezy naznacovaly
moZnost sniZzeni mnozstvi Gas i Gai podjednotek U¢inkem antidepresiv (Lesch et al., 1991).
Pozdejsi vysledky vSak nepotvrdily konzistentni profil ovlivnéni hladin G proteinovych
podjednotkovych profilta tricyklickymi antidepresivy (Chen a Rasenick, 1995B, Chen a
Rasenick, 1995, Emamghoreishi et al., 1996). Ackoliv antidepresivni lé&ba tricyklickymi
antidepresivy neméni hladinu G proteinovych podjednotek, bylo nalezeno zvySeni hladin Gas-
adenylylcyklazovych komplexti (Chen a Rasenick, 1995B).

Nalez tak potvrzuje piedchozi vysledky vtomto ohledu, Ze mechanismus U¢inku
tricyklickych antidepresiv je sice patrn¢ komplexni, na arovni G proteinové signalizace vSak
nedochazi k vyraznému ovlivnéni jgich hladiny. Jak je uvedeno v Gvodu, hlavnim zpisobem,
jakym patrné tricyklickd antidepresiva ovliviiuji G proteiny je usnadnéni jejich spiaZeni
s adenylylcyklazou a tim posileni signalizace v této draze (Chen a Rasenick 1995, Li & al.,
1997). Dals$im mechanismem mutiZze byt navozeni piemisténi Gas podjednotek z membranové

oblasti do cytoplasmy s dalSimi funkénimi nésledky, jak je diskutovano nize.

Citalopram

Data, kterd stanovi ovlivnéni mnozstvi G proteinovych podjednotek citalopramem
ngsou kdispozici, vyjma nalezu (Garcia-Sevilla et al., 1997) prokazujicimu zvySeni Gai
podjednotek v trombocytech nemocnych depresi s naslednym poklesem imunoreaktivity po
l&be.

Zatimco down regulace b adrenoreceptort tricyklickymi antidepresivy je konzistentné
prokazovana, citalopram jako zastupce SSRI antidepresiv hustotu téchto receptoria neovliviiuje
(Nalepa a Vetulani, 1993, Holoubek et al., 2004). Steginé jako u ostatnich zastupcu této tiidy je

za hlavni mechanismus U¢inku povaZzovano zvySeni hladin serotoninu inhibici jeho zpétného
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vychytavani. Akutni zmény v signalizaci zprostiedkované serotonergnim systémem vyvolané
pasobenim antidepresiv a nésledné zvySenymi monoaminergnimi hladinami jsou spojeny
saktivaci apx adrenoceptori a 5-HTia receptort, somatodendritickych autoreceptord, které
reguluji syntézu a uvolnéni neurotransmitera (Artigas et al., 1996, Esteban et al., 1999). 5-HT
receptory jsou exprimovany ve vysoké hustoté v hipokampu a jinych ¢astech limbického
systému a jsou spiaZzeny sGai G proteiny, jegich aktivace pisobi hyperpolarizaci neuronu a
snizeni frekvence neurondlnich akénich potenciala (Hall et al., 1985, Miller e al., 2001).
Cremers prokazuje aktivaci 5-HT1, autoreceptort pri akutni administraci citalopramu, kdy
hladiny |1éku piesahovaly 150 nM (Cremers et al., 2000).

Elektrofyziologické studie ukazuiji sniZzeni frekvence akénich potencidlii serotonergnich
neurontt v nukleus raphe po akutnim podani SSRI ¢i inhibitorda MAO v mozku hlodavca
(Quinaux et al., 1982, Artigas et al., 1996). Snizeni frekvence akénich potencidli v dorzalnim
nukleus raphe je prokézano i pro citalopram (Millan et al., 2000). Toto sniZeni aktivity
serotonergnich  neurond, zprostiedkované zvySenymi hladinami  serotoninu  a  aktivaci
somatodendritickych autoreceptorti s naslednou inhibici jejich aktivity bylo navrZzeno jako jeden
z podkladi odddleni nastupu antidepresivniho efektu, ktery je pri dlouhodobém podavani
piekonan desensitizaci somatodendritickych autoreceptort (Artigas et al., 1996). SniZeni
postreceptorové citlivosti 5-HT;4 receptorového systému je prokézano pri dlouhodobém
podavani SSRI, stgné jako tricyklickych antidepresiv jako je desimipramin nebo inhibitort
MAOA (Varrault e al., 1991, Newman et a., 1992). Snizena odpovéd na serotonergni
stimulaci poté vzhledem k tomu, Ze aktivace 5-HTa receptorového systému je negativné
spiazena s adenylylcykldzou, vede k posileni pienosu v CAMP regulované draze. 5-HTia
receptory hraji vyraznou roli v odpovédi na stres aregulaci HHA osy v prabéhu stresové reakce
i v procesech neurogenezy (Cassano a D’Méllo, 2001, Lopez et al., 1998, 1999). Jgich exprese
je pod tonickym vlivem stresu, sniZeni kortikoidnich hladin expresi zvy3Suje, zvySeni ma opacny
vliv (Kuroda et al., 1994).

Akutni i dlouhodobé piisobeni citalopramu na C6 gliomové bunky zvy3uje hladiny Gas
podjednotek (graf 11) na rozdil od pisobeni fluoxetinu ¢i tricyklickych antidepresiv, které
hladiny Gas podjednotek signifikantné neovliviji (grafy 10,13). Tento ndlez zvySeni hladiny
Gas podjednotek byl zjistén také pii podavani in vivo v mozku a slezing u laboratorniho
potkana (graf 17). Na rozdil od C6 gliomové linie (graf 11) pii podavani in vivo citalopram
signifikantné zvysuje hladiny Goi G proteinovych podjednotek v mozku a slezing (graf 17 a 18).
Pri srovnani odpovédi hladin podjednotek na pusobeni citalopramu v riznych organovych
systémech se ukazuje jista analogie v odpovédi kiry mozku, sleziny a brzliku (graf 18). Tato
analogie v odpovédi na dané I&ivo v C6 gliomové linii a tkanich potkana in vivo umoZziuje

urcity stupein srovnani u vysledki ziskanych na riznych modelech. Odpovéd’ také poukazuje na
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spolecné regulaéni mechanismy v odpovédi na antidepresivni [é&bu v CNS a imunitnim
systému. V neuroimunol ogickych membranovych regulacnich mechanismech se mohou uplatnit
i jiné molekuly, napt. membranova Na'/K*-ATPaza se G¢astni v mechanismech aktivace a
proliferace lymfocytti i mozkovych bunék v reakci na mitogenni stimulaci (Kovéiu et al., 2010).
Akumulujici se dilkazy poukazuji na signalizacni roli Na'/K*-ATPazy a jei dilezitost pro
membranovy transport, ktery je zavisly i na membranovém fosfolipidovém slozeni (Anner and
Volet, 1999, Kovéri e al., 1982, 1997). Tato netradi¢ni role Na'/K™-ATPazy je ovlivnéna i
jejimi interakcemi se signaliza¢nimi proteiny véetné proteinkinaz, membranovymi transportéry,
iontovymi kanaly a receptorovymi komplexy (Xie and Askari, 2002, Liang et al., 2007).

Nalez zvySeni hladin Gas podjednotek G¢inkem citalopramu (graf 11) je v souladu
snalezy Avissarové, kterd nalezla snizenou imunoreaktivitu Gas a Gai podjednotek
v leukocytech depresivnich nemocnych s normalizaci hladin i funkce po ECT terapii (Avissar et
al., 1998). V leukocytech u nemocnych se sezénni afektivni poruchou byly nalezeny anal ogicky
snizené hladiny Gas a Gai podjednotek, které se normalizovaly po dvoutydenni |é&bé svétlem
(Avissar et al., 1999). Tato zjisténi ukazuji na dysregulaci na Urovni G proteinové signalizace
perifernich leukocytt u depresivnich nemocnych, kterareaguje na antidepresivni 1&bu a je tedy
dalSi ukézkou neuroimunologické komunikace za patofyziologickych podminek i v pribehu
[&by.

Vysledky ukazujici zvySeni hladiny Gas dlouhodobou administraci citalopramu jsou v
souladu s nalezy dalSich autort, ktefi prokazuji posileni signalizace v draze regulované cAMP
nasledkem dlouhodobého podavani antidepresiv ¢i ECT terapie (Menkes et al., 1983, Ozawa
and Rasenick, 1989,1991,Avissar et a., 1998). Forskolinem stimulovana produkce cCAMP ve
striatu a nukleus accumbens u potkana je zvySena jak po podani imipraminu, tak i citalopramu
(Rogoz a Dziednicka-Wasylewska, 1996). ZvySeni hladin cAMP je povaZované za jeden z
hlavnich mechanismi, kterym antidepresivni Ié&ba moduluje bunétnou signalizaci a vede
k ovlivnéni transkripce. Dlouhodobé zmeény aktivity PKA, centralni komponenty cAMP
signalizaéniho systému, byly prokézany v cerebrdnim kortexu u potkana pii dlouhodobém
podavani antidepresiv (Perez et al., 1991, Popoli et al., 2000, Hanoune, 2001). ZvySeni
produkce BDNF jako nésledek dlouhodobé aktivace cAMP systému dlouhodobou
antidepresivni |é&tbou je opakované prokazano (Nibuya et al., 1996, Holoubek et al., 2004,
Duman a Monteggia, 2006). Je také prokéazano, ze dlouhodobé |é:ba citalopramem je schopna
zvysit hladiny mRNA pro BDNF v hipokampu u potkani (Russo-Nuestadt et al., 2004).
Citalopram ovliviiuje serotonergni neurony nucleus raphe a obrat serotoninu (Millan et al.,
2000). Studie specificky zaméiena na regulaci noradrenergniho systému citalopramem ukazuije,
Ze dlouhodobé podavani potkanim nezpisobuje down regulaci b adrenoreceptoru, ale zvysuje

odpovéd’ na noradrenergni stimulaci bez ovlivnéni hustoty receptort, skterymi neinteraguje
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(Nalepa a Vetulani, 1993). Petersen a Mork nalezli sniZeni adrenalinem stimulované produkce
CcAMP pii extracelularnim méreni v potkanim hipokampu (Petersen a Mork, 1996). Rozpor
mezi témito vysledky miZze odrazet rozdily v pouzité metodice, oba vSak poukazuji na modulaci
noradrenergni aktivity citalopramem in vivo. Studie provedenda na C6 gliomovych burikéch
prokazuje snizeni hustoty b adrenergnich receptori citalopramem stginé jako dalSimi
antidepresivy (Fowler a Branstrom, 1990). Sapena snizeni hustoty b-adrenoreceptora a snizeni
b-adrenergnimi receptory vyvolané akumulace cCAMP v tkanovych fezech potkaniho mozku
Ucinkem citalopramu neléza (Sapena et a., 1994). Neovlivnéni hustoty ¢i odpovidavosti
adrenoreceptorii je v souladu se soucasnym pohledem, kdy desensitizace b adrenoreceptorii se
nezda byt nezbytnym mechanismem v G¢inku antidepresiv a duleZitéjsi se jevi byt ovlivneni
postreceptorovych signalizatnich kaskad prenaSgicim signal do jaderné oblasti. Dukazem
tohoto je celd SSRI skupina, primérné blokujici vychytavani serotoninu, jez jako celek vykazuje
v tomto ohledu rozporuplné vysledky, pies svou nespornou antidepresivni U¢innost (Honegger
et al., 1986, Fishman and Finberg, 1987, Emamghoreishi et al., 1996). Vzhledem k tomuto se
jevi byt dulezita regulace exprese a serotoninového transportéru SERT. Regulacni oblast SERT
genu je pod vlivem dréhy zavisé na cAMP a drahy kontrolované PKC, fosforylace vede
k sekvestraci z membranové oblasti do cytoplasmy (Ramamoorthy et al., 1995).

ZvySeni hladiny Gas podjednotek ve slezing laboratorniho potkana maze mit vliv na
leukocytarni hladiny cAMP které jsou spojovany s cekovou imunosupresi véetné potlaceni
produkce cytokini v leukocytérnich bunkach (Bergquist et al., 2000). Imunomoduladni

pusobeni citalopramu pak miZe tvorit jeden z jeho mechanisma U¢inku.

Sertralin

Vysledky ukazuji zvySeni hladin volnych Gag/11 podjednotek G proteinovych jednotek
vlivem dlouhodobého podévani sertralinu in vitro (graf 12). Sertralin také vyznamné sniZuje
hladiny Gas podjednotek pii akutnim i dlouhodém ptisobeni. Tyto nalezy neni mozné piimo
srovnat s jinymi vysledky, v dostupné literature nejsou data zkoumajici vliv sertralinu na
hladinu Ga G proteinovych podjednotek. Subakutni podavani sertralinu in vivo pisobi down-
regulaci b-adrenoreceptorti (Koe a Lebel, 1995). Pri dlouhodobé expozici nebyl zjistén vliv
sertralinu na monoaminové receptory nebo aktivitu adenylylcyklazy, bylo pozorovano zvySeni
activity proteinkindzy A ve frontalnim kortexu u potkani (Tadokoro et al., 1997, 1998).

Dusledkem zvySeni hladin volnych Gag/11 podjednotek mize byt aktivace kaskady
PLC, produkce InsPs, aktivace I nsP; receptort a konezné uvolnéni Ca®* ionta z nitrobungénych
reservoaru, tvorba DAG a aktivace PKC viz obr. 5 (Berridge, 1987, Hubbard a Kepler, 2006).
Néasledné dochézi k aktivaci dalSich kindzovych kaskéad veetns na Ca?*- zavislych kindz CaMKI|
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alV ap38-MAPK drahy (Shaywitz et al., 1999, Hisaoka et al., 2008). DileZitost Gag/11l G
proteiny iniciovaného systému v antidepresivnich mechanismech podtrhuje i to, Ze aktivatory
PKC (bryostatin-1) maji antidepresivni efekt (Sun a Alkon 2005). Vyrazna aktivace PKC je
spojovana s manickymi fazemi bipolarni afektivni poruchy, lithium normalizuje PKC funkci u
manickych nemocnych (Manji a Lenox 1999). Nadmérnd aktivace PKC stresem narusuje
kognitivni funkce frontalniho kortexu, inhibice PKC aktivace (napi. tymostabilizatory) naopak
kognitivni funkce chrani (Birnbaum et al., 2004). PKC je také jednim z proteina fosforylujicim
SERT, fosforylace vede k sekvestraci transportéru z membréany do cytoplasmy a redukci
transportu serotoninu (Myers et al., 1989). Dédle je prokazovana snizend aktivita jednoho
zhlavnich efektori PKC kaskédy, PLC v prefrontalnim kortexu postmortem v mozcich
suicidovanych subjektt; existuji vSak i nédlezy, prokazujici snizeni aktivity PLC vlivem
fluoxetinu ¢i tricyklickych antidepresiv (Pandey et al., 1999, Dwivedi e al., 2002).

Gag/11 G proteinova podjednotka mizZe také regulovat nezavisle na vyse uvedenych

efektorech MAP kinazovou kaskadu, piesny prenos pienosu signau zatim neni znamy,
pravdépodobny je proces transaktivace receptoru pro epidermdni rastovy faktor u
kultivovanych potkanich astrocyti (Peavy et al., 2001). V jinych piipadech je kritickou
komponentou ve spiazeni téchto kaskad uroven PKC a regulace pomoci bg podjednotkového
komplexu (Hawes et al., 1995). Dulezitym mistem signaliza¢niho cross-talku je také ovlivnéni
PI3K kaskady (downstreamové kaskady Akt), kterd reguluje i signdly pieZiti a je efektorovou
kaskédou rustovych faktort. Je popsana piechodné aktivace Akt v riznych bunéénych typech
mechanismy zavidymi i nezavislymi na Gaq aktivaci (Xie e a., 2000). ZvySeni
fosfoinositolové signalizace je navrhovano i v behaviordnim puasobeni imipraminu,
desipraminu, fluoxetinu, paroxetinu a maprotilinu (Tyeryar and Undie, 2007). Akutni
administrace fluoxetinu je spojena scentralné zprostredkovanou supresi NK cytotoxické
aktivity (Pdlegrino a Bayer, 1998).
Pri dlouhodobém podavani puasobeni sertralinu odpovida profilu odpoveédi na fluoxetin se
zvySenim hladiny Gag/11 podjednotek (Graf 13). ZvySeni hladin Gag/11l pfi sou¢asném
snizeni hladiny Gas podjednotek je pozorovano také jako odpovéd’ vyvolana mirtazapinem
(Graf 15).

Fluoxetin

Fluoxetin jako nejstarSi zastupce tiidy SSRI je podrobné zkoumanou molekulou. Je
ponékud pirekvapujici, Ze jeho vlivu na G proteinové subjednotkové profily bylo doposud
vénovano relativné malo pozornosti. Vysledky ukazuji signifikantné zvysené hladiny Gaq G

proteinovych podjednotek dlouhodobym pisobenim fluoxetinu, ktery pri akutnim podavani
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jgjich hladiny snizoval (graf 13). Akutni podavani fluoxetinu a snizeni hladiny Gaq
podjednotek je spojeno s jgich presunem do cytoplasmy (Kovara e al., 1997). Tento bifézicky
efekt mize odréZet adaptaci signalizacnich komponent pii dlouhodobém podavéani a je
v souladu sndlezy in vivo, kdy Kovéra prokazala dynamické zmény hladin Gag and Gas
podjednotek perifernich krevnich granulocyti u nemocnych trpicich depresi v pribehu &by
fluoxetinem ve dnech 3-28 (Kovéia et al., 2000, Kovéaia et a., 2005). Ndlez na drovni G
proteinové signalizace je pak v souladu s ndlezem na receptorové urovni, kdy Kong nalezl pfi
krétkodobé administraci fluoxetinu down-regulaci 5-HT,c receptort (sprazenych sGag/11l
iniciovanou dréhou), zatimco dlouhodoba administrace vede k jegjich upregulaci (Kong et al.,
2002). Je opakované prokézana schopnost fluoxetinu pii dlouhodobém podavani vyvolavat
hypersensitivitu 5-HT 4 receptorti spiazenych s Gaq proteiny v kortexu a hypotalamus potkant
aprasat (Li et al., 1993). Dlouhodobé podavani fluoxetinu zesilujee 5-HT ,4 zprostiedkovanou
signalizaci v potkanim frontdlnim kortexu a nukleus paraventrikularis, nebylo vSak nalezeno
ovlivnéni hladin Gag/11 G proteini in vivo (Damjanoska et al., 2003). N&S nalez je pak
v souladu snalezem (Toki e a., 1999), ktery neprokazuje signifikantni vliv fluoxetinu na
hladiny Gas podjednotek v C6 gliomovych buiikach. Data jsou v souladu s nalezy, které
navrhuji Ucast Ca dependentnich kinaz na fluoxetinem vyvolané fosforylaci CREB a ovlivnéni
Gag/11 kaskady bez vyraznych zmén v Gas kaskadé (Tiraboshi et al., 2004). Fluoxetin ma
vyraznéjsi vliv na fosforylaci CREB neZ noradrenergné pusobici antidepresiva a na té&o
fosforylaci se U¢astni CaMKIV a MAP kindzové kaskédy. Tento poznatek je v SirSim ramci
nalezi, které nalézgji robustnéjsi efekt fluoxetinu ve srovnani s TCA desipraminem v urgitych
oblastech mozku ve fosforylaci CREB a indukci CREB regulovanych gent (Frechila et al.,
1998, Thome ¢ al., 2000).

ZvySeni hladin volnych Gag/11 podjednotek, aktivace kaskédy PLC a dal§i fetézec deju
mohou byt analogické vySe diskutovanym zméndm vyvolanym pasobenim sertralinu. P
dlouhodobém podavani tedy pasobeni fluoxetinu odpovida profilu odpovédi na sertralin a

mirtazapin se zvySenim hladiny Gag/11 podjednotek.

Mianserin a mirtazapin

Mianserin  a mirtazapin pfi  akutnim pasobeni vyvolavaji  zvySeni Gag/1l
podjednotkovych hladin a zéroven snizuji hladiny Gas podjednotek (Grafy 14 a 15). Tento
profil U¢inku si pii dlouhodobé administraci ponechava mirtazapin, zmény vyvolané

mianserinem pii dlouhodobém ptsobeni nejsou signifikantni (grafy 14 a 15). Zajimavym
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nélezem je analogicky profil odpovédi vyvolany mirtazapinem a sertralinem, tedy antidepresivy
fazenymi do odliSnych tfid.

Farmakologicky U¢inek mirtazapinu zahrnuje antagonizaci a, adrenoreceptori a
zéroven blokuje 5-HT 2, 5-THyc a 5-HT3 receptory, dusledkem je zvySeni noradrenergniho a
serotonergniho pienosu (de Boer, 1996). Mirtazapin blokaci a, a 5-TH,c somatodendritickych
autoreceptor na noradrenergnich a dopaminergnich neuronech zvy3uje frontokortikalni
dopaminergni a kortikolimbicky adrenergni prenos a hladiny noradrenalinu a dopaminu, nikoliv
v&ak serotoninu, citalopram naopak ovliviiuje serotonergni neurony nucleus raphe a obrat
serotoninu (Millan et al., 2000). Je prokézano, Ze opakované podani mirtazapinu vyvolava
hyperresponsivitu a; adrenergniho systému, akutni podani vazebné vlastnosti viak nemeéni
(Mogilnicka et al., 1987, Rogoz et al., 2002). Mianserin, strukturdni analog mirtazapinu, ktery
ma vysokou afinitu k a; adrenoreceptorim, také vyvolava jgich hyperresponsivitu (Klimek et
al., 1991). Na druhou stranu, zvySeni hustoty a; adrenoreceptortt po podavani antidepresiv
nebylo prokazano na rozdil od ECT terapie (Mogilnicka et al., 1987, Stockmayer et al., 1987).
Je mozné, ze vzhledem k tomu Ze antidepresiva vyvolavaji hypersensitivitu a; adrenoreceptori
pii dlouhodobém podani, mirtazapin ktery ma rychlgsi nastup terapeutického Ucinku nez starsi
typy antidepresiv, upreguluje Gaq systém, ktery je spiazeny sa; adrenoreceptory jiZ pii
subakutnim podani (in vitro 24 hod odpovida 4-5ti dnim administrace in vivo). Mianserin
prokazuje stejny efekt jako mirtazapin pii subakutnim ptasobeni. Toto také muze vysvétlit to, Ze
(Rogoz et al., 2002) po jednorézové aplikaci nenalezl behaviorani odpovéd’. Dlouhodobé
podavani mirtazapinu a nas nalez zvySeni Gag/11 podjednotkovych hladin je v souladu s nalezy
dalSich autort, kteri prokazuji zvySeni tvorby InsP; nebo stimulaci PLC jako efekt akutni
administrace mianserinu mechanismem bez Gcasti receptori (Osborne etal., 1988). Profil zmén
vyvolany mirtazapinem a zména hladiny Gag/11 svlivem na funkci bunénych kaskad a
transkripénich faktori je analogicky vySe diskutovanym zménam vyvolanych pasobenim

fluoxetinu.

M oclobemid

Moklobemid pii akutnim ani dlouhodobém podavani signifikantné neovliviuje hladiny
G proteinovych podjednotek v kultuie C6 gliomovych bunék (graf 16). Tento ndlez neni mozné
srovnat sjinymi vysledky v dostupné literature. 21 denni podavéni potkanovi naopak vyvolava
signifikantni vzestup hladin Gas podjednotek pri souc¢asném zvySeni Goi podjednotkovych
hladin (graf 17). V potkanim kortexu dlouhodoba administrace, ale nikoliv akutni podavani
signifikantné zvySuje vazbu cAMP na PAK (Mori et al., 1998). In vivo dlouhodobé podavani

moklobemidu vyvolava desensitizaci b-adrenoreceptori s ndslednym ovlivnénim receptorové
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funkce (Klimek et al., 1991). Aktivita moklobemidu se tedy jevi byt vézana pouze na
pritomnost cilového enzymu monoaminooxidézy A v tkéni snédslednym ovlivnénim hladin
katecholamini bez primého ovlivnéni postreceptorové signalizatni maSinérie, jak ukazuji

vysledky na C6 gliomové kultuie kde ke zméné hladin podjednotek nedochazi.

Souhrn

PFi srovnani Uginka léka, fazenych do raznych trid na zakladé odliSného receptorového
profilu ngjevi tiida tricyklickych antidepresiv na Grovni G proteini vyraznéjsi efekt pii akutnim
ani dlouhodobém puasobeni. Zajimavym ndlezem je analogicky profil odpovédi vyvolany
antidepresivy fazenymi do odlisnych tfid: mirtazapinem a sertralinem in vitro. Léky fazené do
stejné skupiny, mianserin a mirtazapin pri akutnim pasobeni vyvolavaji zvySeni Gag/1l
podjednotkovych hladin a zaroven snizuji hladiny Gas podjednotek. V charakteru ovlivnéni
profilu G proteinovych podjednotek pii dlouhodobém podavani jevi podobnost Gcinek
mirtazapinu s vlivem fluoxetinu a sertralinu. Citalopram zvy3uje hladiny Gas podjednotek a je
tak v naSich vydedcich jediné farmakum, které zvy3uje hladiny proximélnich soucésti v cAMP
regulované dréze. Pri podavéani in vivo citalopram zvySuje hladiny jak Gas, tak i Gai
podjednotek. Naopak sertralin a mirtazapin in vitro hladiny Gas podjednotek snizuji pfi
akutnim i dlouhodobém podavani. Pri porovnani pisobeni in vitro ain vivo se ukazuje zigma
podobnost odpovédi v pripadu tricyklickych antidepresiv, ktera hladiny podjednotek vyznamné
neovliviwiji. Nalezy ukazuji také, Ze pasobeni moklobemidu je vazano na piitomnost MAOA a
in vitro k odpovedi nedochazi.

Vysledky tak celkové podporuji ndlezy, které navrhuji aktivaci transdukénich drah
zavislou na typu antidepresiva. Rozdil v G proteinovych profilech u Iéki fazenych do jedné
skupiny a zaroven analogicky profil odpovédi u |éCiv povaZzovanych za odliSné mechanismem
(cinku naznacuje spolecné subcelularni cilove kaskédy. Na rozdil od tricyklickych antidepresiv
a MAOA, kterd ve svém mechanismu G¢inku in vitro signifikantné neovliviuji G proteinové
hladiny, nov¢jSi antidepresiva moduluji hladiny G proteinovych subjednotek. G proteiny jsou
proximanimi ¢lanky aktivace kindzovych kaskad, rozhodujicimi molekulami z hlediska
mechanismu  U¢inku antidepresivni &by jsou protein kindza C, cAMP-dependentni
proteinkindza (PKA) a calciumv/calmodulin-dependenni proteinkinaza. Tyto molekuly jsou
kritické pro plastické zmény v molekularnich a komponentech neurondlnich signalizaénich
systémi a jegich odpovédi na dlouhodobou antidepresivni 1&bu a zaroven dalezitymi
signalizaénimi pievodniky v pienosu signdlu od membréanové vézanych G proteinovych
systému do jadra (Popali et a., 2001).
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Dalsi dulezity mechanismus je piimy signalizatni crosstak mezi G proteiny
zprostiedkovanou signalizaci a procesy dlouhodobé potenciace a deprese. Tyto fenomény, které
tvori jeden z podkladu plastickych procesi, jsou u deprese patrné naruSeny a tvori také jeden
z hypotetickych ramci vykladu patofyziologie deprese a U¢inku antidepresivni terapie. G
proteiny zprostiedkovand signalizace mize interferovat sfunkci zvlasté hipokampdnich
NMDA receptor na nékolika trovnich (McDonald et al., 2006). Jednak se G proteiny mohou
vazat primo na NMDA receptory (Lee a Liu, 2004), dde mohou pusobit cestou aktivace
druhych poslu a kindz (PKC, CAMK nebo PAK), které poté fosforyluji podjednotky NMDA
receptoru (Kotecha et al., 2002), aktivaci signaliza¢nich kaskéad, které meni fosforylaci proteini,
jez transportuji NMDA receptory do ¢i z blizkosti jinych signalizaénich enzymi (Westphal et
al., 1999), dale aktivaci drah regulujicich receptorové kinazy, jez reguluji NMDA receptory
dalSimi cestami (Kotecha et al., 2002) ¢i ovlivnénim aktinového cytoskeletu, ktery ovliviuje
NMDA receptorovou aktivitu a traficking (Lei et al., 2001). Aktivace PKA prostiednictvim
dalSich adaptorovych molekul vede ke zvySeni fosforylace NMDA receptorii (Sveningsson et
al., 2004). PKA a NMDA receptory jsou vyrazné kolokalizovany, coz zvysuje efektivitu i
pomoci piimé fosforylace NMDA receptorovych podjednotek PKA po aktivaci b
adrenoreceptori (Raman et al., 1996, Michd a Scott, 2002). Dilezitost CAMP-PKA dréhy
v plastickych procesech dokazuje i prikaz snizeni ¢asné i pozdni dlouhodobé potenciace
v hipokampdl nich synapsich po jei inhibici (Otmakhova et al., 2000). V plastickych zménéch se
uplatni vyrazny cross-talk a koordinace jednotlivych signdlnich drah v aktivaci distélnich
substrata a zmeéné genové exprese. Diskutovana PKA, jez moduluje aktivitu NMDA receptory
aktivuje CREB, coZz pusobi synergicky sfacilitaci NMDA receptorové funkce, jez
prostiednictvim MAPK kindzové kaskédy také vede k aktivaci CREB (viz obr. 5) (English a
Sweatt, 1997, Kotecha a McDonald, 2003).

Dalsi moznosti ovlivnéni je regulace aktivity iontovych kandli a cytoskeletalnich
proteini (Feldman a Gross, 2007). Tyto kaskady se uplatnuji v regulaci komplexnich bunécnych
pochodi véetné regulace neuroplastickych procesi. Konetny efekt miaze byt pak sumaci
piimého ovlivnéni signalizatnich komponent, receptorového pasobeni zvySenych hladin
neurotransmiterd, vyslednici interakce neuron-glie i modulaci glidnich funkci, o ¢emz

pojednava dalsi oddil.
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C6 gliomova linie a interpretace U¢inku antidepresiv na Ga podjednotkove

profily z pohledu modulace funkce glie

VySe diskutované vysledky mohou byt aplikovany i na astrocytarni biologii, ovSem se viemi
interpretacnimi omezenimi, ktera jsou dané dediferencovanou povahou C6 gliomové linie, jez
se v n¢kterych ohledech liSi od nativnich astrocyti.

C6 gliomova linie byla indukovana expozici potkani Wistar-Furth N,N-nitroso-
methyluree (Benda et al., 1968). Prehled receptorti, adheznich molekul, rastovych faktori,
cytokina, produkovanychovanych enzymu ¢i ektoenzymi u C6 gliomovych bungk shrnuje
(Grobben et al., 2002). C6 gliomové buiky jsou pouzivané jako astrocytarni modelova buné¢na
linie pfi studiu intracdlularnich mechanismi G¢inku antidepresiv, protoze v tomto ohledu
odpovidaji obdobné jako primarni astrocytérni bunky (Menkes et al., 1983, Stone a Ariano,
1989, Chen et al., 1995A,B, Donati et al., 2005, Hisaoka & al., 2001,Khawaja et al., 2004,
Hisaoka et al., 2008). Jedna se naopak o model nevhodny ke studiu komplexnich povrchovych
interakci. C6 gliomova linie se odliduje od primarnich astrocytt napt. snizenymi hladinami
konexind, proteint U¢astnicich se na udrzeni gap-junctions spojeni, coz je davano do souvislosti
se snizenou mezibunéénou komunikaci a zvySenou expansivitou rastu nadorovych bunék (Naus
et al., 1991). C6 gliomové bunky byly opakované studovany v souvislosti s mechanismy
hrajicimi roli v proliferaci gliovych bunék, expresi astrocytérnich markerd a signanich
transdukénich drah (Lee at al., 1992,Coile et al., 1995). C6 gliomové buiky po zvySeni hladiny
cAMP prodélavaji astrocytarni diferenciaci, zvysuji hladiny mRNA pro GFAP jez poté
vystavuji na svém povrchu a jsou povazovany za modelovy systém astrocytarni diferenciace,
ktery 1ze monitorovat analyzou exprese GFAP (Segovia et al., 1994, Yanagisava et al., 1999,
Takanaga et al., 2004).

Hlavnim mechanismem, ktery ukoncéuje pisobeni neuromediétori je jgjich vychytavani
zprostiedkované specifickymi transportéry mechanismy zavislymi ¢i nezévislymi na sodiku.
Tyto transportéry, jgichZz blokada je povaZzovana za hlavni mechanismus U¢inku vétSiny
antidepresivné pusobicich latek, jsou pritomné na neuronech i astrocytech. Je prokézana
piitomnost serotoninového transportéru SERT na gliovych bunkach (Kimelberg and Katz, 1985,
Dave a Kimmelberg, 1994, Bal et al., 1997, Inazu e al., 2001). Astrocytarni serotoninovy
transportér je citlivy k tricyklickym antidepresivaim i SSRI, jeho exprese je pozitivné
regulovana FGF (Dave a Kimelberg, 1994, Bal « al., 1997, Kubota et al., 2001). Je prokazana
piitomnost neurondniho noradrenalinového transportéru NET na gliovych buikach, ktery
zprostiedkuje i vychytavani dopaminu gliovymi buinkami (Takeda et al., 2002). NET, ktery je
exprimovany potkanimi kortikdlnimi astrocyty, je citlivy k antidepresivam z raznych trid (TCA,
SSRI, SNRI) a miZe se vyrazné uplatiovat v kontrole noradrenergni aktivity vychytavanim
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noradrenalinu, ktery unikne neurondnimu uptaku (Inazu et al., 2003). Noradrenalin pritomny
na synapsich nebo v extracelularnim prostoru mize té2 byt vychytan glii mechanismem
nazyvanym ,uptake 2. Tento , uptake 2“ transportér je inhibovan nortryptylinem ¢i jinymi
inhibitory napt. noradrenergné pusobici antidepresivy, toto inhibice maze prispivat k akumulaci
noradrenalinu na synapsich a urychlit tak jejich klinicky efekt (Schildkraut and Money, 2004).

Z hlediska studia mechanismu antidepresivni &by je tradi¢né dilezity vyzkum exprese
b-adrenergnich receptori. Astrocyty exprimuji jak by, tak i b, receptory v mozku a odpovidaji
na pasobeni antidepresiv snizenim jgich hustoty (Aoki 1992, Harden a McCarthy, 1982,
Zaremba a Fishman, 1984, Valeins et al., 1988, Sapena et al., 1996). b adrenoreceptory
izolované z potkanich kortikalnich astrocyti jsou vSak na rozdil od neurondlnich
vysokoafinitnich nizkoafinitni s niZsi vazbou agonisty (Sapena et al., 1996, Morin et al., 1997).
ZvysSeni hladin monoamint inhibici jgjich vychytavani ma vyrazny efekt na astrocytarni expresi
receptori a modulaci bunéénych signalizacnich kaskad. Vysledky nékolika tyma ukazuji, Ze
antidepresiva z raznych trid (TCA, IMAO, SSRI) ulehéuji aktivaci Gas proteinové
podjednotky a zvysuji hladiny Gas podjednotkek v membranové frakci gliomovych C6 bunék
(Menkes et al., 1983, Chen et al., 1995, Donati et al., 2005). Nami nalezené zvySeni Gas
podjednotek jako efekt akutniho i dlouhodobého podavani citalopramu mize vést ke zvySené
generaci CAMP a aktivaci PKA kaskady. Stimulace b-adrenergnich receptort pozitivné
spiazenych s Gas a CAMP systémem ma vyrazny vliv na astrocytarni funkce. Po ligaci b
adrenoreceptori agonisty je prokazana stimulace adenylylcyklazy, PKA, PKC a MAP kinazy a
signifikantni zvySeni fosforylace transkrip¢nich faktora CREB, ATF1, NF«B/IxBa a ELK-1 na
C6 gliomovém modelu (Storm and Khawaja, 1999).

ZvySeni hladin cAMP arteficidlné ¢i stimulaci receptorti pozitivné sprazenych
s adenylylcyklazou komplexné ovliviiuje gliani funkce. CAMP vyvolava stelaci astrocytd in
vitro, které prebirgji vzhled bunék podobny tomu in vivo, v téchto astrocytarnich plastickych
procesech vSak existuje regiondlni heterogenita (Won a Oh, 2000). Stdace je docilena
depolymerizaci aktomyosinovych vidken a reorganizaci membranovych komponent (Baorto et
al., 1992). Tyto procesy nevyzaduji aktivaci proteinkindzy A (Goldman and Abranson, 1990,
Won a Oh, 2000). ZvySeni cAMP je také asociovano se zvy3Senim produkce antioxidanti a
antiapoptotickych faktori a tedy antiapoptotickym efektem v astrocytarni populaci, stejné jako
zvySenim neuroprotekce (Wilson 1997, Junker et al., 2002).

Vzhledem k navrhovanému komplexnimu vztahu mezi prozanétlivymi cytokiny a
depresi s nadslednym naruSenim plastickych procesi i bunéené Zivotaschopnnosti je podstatna
regulace produkce téchto molekul v CNS (viz obr. 3). V pribéhu prirozeného starnuti dochazi
k relativni aktivaci glie a zvySené sekreci prozanétlivych pasobkia veéetné cytoking narusujicich

procesy neuroplasticity (Finch et al., 2003). Astrocyty zde hraji podstatnou Ulohu, zvySeni
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astrocytarniho cAMP potlatuje astrocytérni expresi geni Ucastnicich se v zanétlivych
procesech, coz mize mit dopad v regulaci zanétu a generaci prozanétlivych pasobki jako je NO
(Willisa Nisen, 1995, Feinstein et al., 1993,2002). Hlavni populaci produkujici tyto ptisobky je
vSak mikroglie, astrocyty se uplatiuji spiSe v regulacnich pochodech. Jsou v3ak také schopny
produkovat IL-1 a TNF-a stein¢ jako mikroglidlni buiiky. Tyto molekuly zéroven komplexnim
zpasobem reguluji astrocytarni produkci i bunécnou reaktivitu, pii zvySeni hladiny cAMP
dochazi k potlaceni jgjich produkce (Willis a Nisen, 1995, Dayton a Major, 1996, Mrak a
Griffin, 2005). Astrocyty jsou schopné exprimovat MHC Il antigeny a slouZit tedy jako antigen
prezentujici buriky, aktivace b adrenoreceptoru ¢i zvySeni hladin cAMP vede k inhibici jgich
exprese (Frohman et al., 1988). DalSi molekulou, ktera je zvySené exprimovana v oblasti zanétu
je ICAM-1, adhezni molekula facilitujici vstup leukocyti do oblasti zanétu. Jeji expresi vyrazné
zvy3uji prozanétlivé cytokiny (IL-1, TNF-a, INF-g) a jgi ligace na potkanich astrocytech
produkci téchto cytokini vyvolava (Lee et al., 2000). ZvySeni hladiny cAMP je opét schopné
potlagit prozanétlivymi cytokiny vyvolanou expresi adheznich molekul (Ballestas a Benveniste,
1997).

Vliv antidepresiv na gliani prozanétlivou produkci neni piiliS prozkoumany, je ae
potvrzeno, ze amitriptylin inhibuje sekreci IL-1 a TNF-a ve smésné glialni a mikroglidni
kultute, (Obuchovicz et al., 2006). Venlafaxin ve smésné kultuie astrocyt-mikroglie ma také
vyrazny protizanétlivy efekt, snizuje produkci zanétlivych cytoking a mikroglidni fenotypové
zmeény (Vollmar et a., 2008). TCA jako je klomipramin a imipramin sniZuji zanétlivou aktivaci
mikroglie a produkci oxidu dusnatého a zanétlivych cytokini v CNS (Hwang et al., 2008). U
aktivované mikroglie produkci I1L-6 a oxidu dusnatého snizuje jak imipramin, tak i fluvoxamin
ainhibitor vychytavani noradrenalinu reboxetin (Hashioka et al., 2007).

K potlaceni produkce prozanétlivych cytokini dochézi aktivaci CREB v gliovych
bunkach, které vede jak ke sniZeni produkce IL-1, tak i TNF-a (Zhao a Brinton 2004). Nékteri
autori astrocytim piisuzuji dominantni Ulohu v sekreci TNF-a, kterymi je konstitutivné
exprimovan (Stelwagen a Malenka, 2006). Transgenni mysi, hyperexprimujici TNF-a maji
narusené pamét'ové procesy a zvySené hladiny TNF-a ovliviuji produkci BDNF a NGF,
pravdépodobné v zavidosti na davce (Aloe et al., 1999). Jeho dalSi Uloha je v regulaci
akumulace AMPA receptortt na neurondnich membranéch a regulace odpovédi na uvolnény
glutamat (Besttie et al., 2002, Stellwagen a Malenka, 2006). Zajimavy nalez Stellwagena a
Malenky demonstruje pii blokadé neurondni aktivity zvySenou sekreci TNF-a gliovymi
elementy snaslednou zvySenou TNF-a vyvolanou akumulaci AMPA receptori a zvySenim
synaptické sily a tedy roli v synaptickém scalingu (Stellwagen a Malenka, 2006). V neposledni
fadé je prokézan proapoptoticky vliv TNF-a na neurondnimi gliovém modelu (Varfolomeev et
al., 2004). Pri patologickych podminkéach astrocyty exprimuji iINOS, nadmérné produkce NO
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mazZze mit neurotoxické pusobeni, zvySeni hladin cAMP, aktivace PKA ¢&i agonizace b
adrenoreceptort vyrazné expresi iNOS snizuje (Pahan et al., 1997, Feinstein et al., 1993,2002).

ZvySeni hladin Gag/11 podjednotek vyvolané dlouhodobym podavanim  fluoxetinu,
sertralinu a mirtazapinu C6 gliomovym bunkam mizZe vést k aktivaci nékolika signaliza¢nich
kaskéd, veetné PKC a Ca?*- zavislych kindz CaMK| aCaMKIV (Berridge 1987, 1993, Balshaw
et al., 2002). Gag/11 podjednotka také reguluje nezavisle na vyse uvedenych efektorech MAP
kinazovou kaskédu. Presny pienos signalu zatim neni znamy, pravdépodobny je proces
transaktivace u kultivovanych potkanich astrocyti (Peavy e al., 2001). V gliovych bunkéch se
PKC Gcastni procesi proliferace, exprese GFAP a glutamin syntazy, jednotliveé isoformy PKC
jsou rozdilné exprimovany v diferencovanych a nediferencovanych burikach (Brodie et al.,
1998). C6 gliomové bunky byly opakované pouzity jako modelovy systém pii studiu role PKC
v procesech proliferace a diferenciace vzhledem k podobnosti ke gliovym buinké&m in vivo (Lee
et al., 1992). V astrocytech se PKC déle U¢astni procesi stelace a je patrné jednim z kli¢ovych
regulatori astrocytarni morfologické plasticity, ktery interaguje s celou fadou cytoskeletélnich
komponent a je reguldorem tubulinové, aktinové a GFAP dynamiky (Burgos et a., 2007).
Astrocytérni diferenciace C6 gliomovych bunék je spojena se zvySenim hladin PKC
(Yoshimura e al., 1997). PKC dale funguje jako reguldtor astrocytérni odpovidavosti na
prozanétlivé stimuly svyraznym vlivem na inhibici Rho-A (jde o rodinu malych G proteini,
které jsou klicovymi reguldtory bunécného tvaru) (Burgos et al., 2007). V C6 gliomovych
bunkéch se PKC uplatiivje pri regulaci genové exprese GDNF (Yu et a., 2006). Zajimavou
oblasti signalizace vyuZivajici PKC jsou procesy astrocyto-neurondlnich fokalnich interakci a
iniciace synaptogeneze. Astrocyty interakci s neuronalnim integrinovym receptorem globalné
aktivuji PKC prostiednictvim kaskady kyseliny arachidonové s naslednym ulehéenim vzniku
excitatnich synapsi (Hama et al., 2004).

Stimulace PKC v astrocytomovych buinkach podporuje syntézu a sekreci neurotrofnich
faktori véetné NGF a BDNF. Naprodukci BDNF se podili jak PKC, tak i adenylylcykléza,
regulace syntézy NGF je pod kontrolou pouze PKC (Miklic et al., 2004, Saito et al., 2006).
Astrocyty v kultufe exprimuji na sodiku zavislé serotoninové transportéry; fosforylace SERT
proteinkindzou C ¢i translokace PKC z cytoplasmy do membranové oblasti snizuje vychytavani
serotoninu (Kimelberg and Katz, 1985, Myers et al., 1989, Inazu et al., 2001). Proteinkinaza C
se také ucastni v down regulaci b adrenoreceptori, inhibice PKC sniZuje isoprotenolem a
desipraminem vyvolanou down regulaci b adrenoreceptorii v gliomovych bunkéach a vyusti
v prodlouzené potlagni transkripce daného receptoru (Manji et al., 1991, Li et al., 1998, L eavitt
et al, 2001). Aktivace signélnich drah spojenych s uvolnénim Ca?* ionta azvyseni glidnich Ca®*

koncentraci se miiZe &ifit k sousednim astrocytim skrze gap junctions jako “ Ca?* vina” a ménit
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odpovidavost astroglialniho syncytia a uvolnéni gliotransmitert jako je glutamét ¢i D-cykloserin
(Araque et al., 1999, Parpura and Haydon, 2000, Perea and Arague, 2005A,B, 2007).

Vzhledem k fadé dikazi, poukazujicim na dulezitost glutamatergniho
neurotransmiterového systému v patofyziologii poruch ndlady a klicové roli astrocyti v
metabolismu glutamétu je studovana jgich role v téchto komplexnich procesech (Paul a
Skolnick, 2003, Miller a Schwartz, 2007). Nasledkem dlouhodobého stresu astrocyty v
hipokampu zvy3uji expresi glutamatového transportéru GLT-1 u hlodavci. Bylo navrZzeno, Ze se
jednd o kompenzatorni mechanismus hladin extracelularnich monoamini v prabéhu stresové
reakce, |é&ba antidepresivné pisobicim tianeptinem stresem vyvolané zvySeni exprese GLT-1
blokuje (Reagan et al., 2004). Zvy3eni hladin cAMP krom¢ vySe diskutovanych mechanismu
dale prostrednictvim GFAP ovliviiuje expresi lidskych transportérai EAAT1 a EEAT2 (u
hlodavci GLAST a GLT1) a tedy vychytavani glutamatu. Toto mazZe ovlivnit U¢ast astrocytt
v plastickych procesech a dokonce prenos a uchovani synaptické informace (Gochenauer a
Robinson, 2001, Perea a Araque, 2005, 2007). Astrocyty uvolnény glutamét pasobi na NMDA
receptory a timto zptsobem nepiimo reguluje excitabilitu sousednich neuroni a mize téZ mit
vliv na neuronalni synchronizaci. Nékteri autofi astrocyty povazuji za zavzaté ve zpracovani
informaci (Perea a Araque, 2005, 2007). Nadmérna aktivace neurondnich NMDA receptori
miZe vést k zvySeni neurondniho CA* a zahdjeni tetézu komplexnich pochodi, které vedou
k bunécné smrti (Doble, 1999). Astrocyty zabranuji vychytavanim nadbyteiného glutamétu jeho
excitotoxickému pasobeni, glutamat aminaci transformuji na neaktivni glutamin a uvolauji je
Zpét neuronam k opétovnému pouziti (Anderson, 2000).

Nedostatecna schopnost prestavby neuronalni sité v zavislosti na aktivité je povazovana
jako jeden z moznych podkladi naruSeni plastickych pochodi a neurobiologicky substrat
deprese. Stres ma vyrazné negativni vliv na tyto procesy, ovlivnéni neurondnich funkci s
neurondlni atrofii a reorganizaci dendriti v hipokampu a prefrontdlnim kortexu je vSeobecné
prijiméno (Nestler et al., 2002, Sheline, 2003, Cook a Welman, 2004). Podani antidepresiv pak
zvySuje expresi proteini selektivné spiazenych s plastickymi procesy a zvysuje tak synaptickou
konektivitu a podporuje procesy neurogenezy (Sairanen e al., 2007). SniZzeni produkce
rastovych faktori glii ndsledkem zvySenych hladin kortikoida muze také prispivat k poruse
neuroplastickych procesii. NaruSeni astrocytérnich funkci mize také prispivat k naruSeni
strukturalni plasticity, toto naruSeni maZe odrazet snizeni jejich celkovych poéta, jak je uvedeno
v Uvodu. Neurotrofiny obecng, zvlasté vSak BDNF, jsou potentni morfogenni regulatory
vyrazné regulované aktivitou neuro-astrocytarni sité, stimuluji tvorbu novych synaptickych
kontaktti a maji vyrazny modulacni efekt na prestavbu a stabilitu hipokampdlnich, kortikdlnich
axont i dendritd v pre- i postsynaptické oblasti (Alsina et al., 2001). Neurony mohou zpétné
uvolnovat neurotrofiny, které zpétné signalizuji nesynaptickym neuronam. Vzhledem k tomu,

Ze neurondlni sekrece neurotrofini je vyrazné zavisla na aktivité, je dulezité zapojeni astrocytt
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v regulaci neuronalni excitability, glutamétovém cyklu a regulaci funkce NMDA receptora
uvolnovanim koaktivatora NMDA receptoru (glycin, ATP). Tyto procesy umoziuji kontinualni
prebudovévani synaptickych zakonceni v zavislosti na aktualné pritomném stupni aktivace
v zavidosti na vzorci zkuSenosti. BDNF usnadiuje procesy dlouhodobé potenciace a oslabuje
procesy dlouhodobé deprese, u mysi knokautovanych v genu pro BDNF jsou tyto procesy po
vysokofrekveneni stimulaci oslabeny (Carter et al., 2002).

S ohledem na vySe uvedené je zkouméana produkce neurotrofini obecné ¢i specifictéji
BDNF gliovymi elementy po expozici katecholaminim. V3echny monoaminy jsou schopny
vyznamné zvysit astrocytérni produkci a sekreci BDNF. Je moZna existence pozitivni zpétné
vazby mezi Grovni neuronalni monoaminergni aktivity a astrocytarni neurotrofni podpory, kterd
miZe hrét daleZitou dynamickou roli v zprostiedkovani neuronalni plasticity a trofickych funkci
v mozku (Juric e al., 2006). Inkubace astrocytt s noradrenalinem ¢i b adrenergnimi agonisty
vyrazné zvy3suje hladinu mRNA pro BDNF a NGF (Schwartz et al., 1994, Schwartz et Nishiama
1994). C6 gliomové buiky po stimulaci 5-HT,s receptori serotoninem téz zvySuji expresi
MRNA pro BDNF (Méller et al., 2002). Je také demonstrovan vyrazny vzestup produkce BDNF
kortikalnimi astrocyty po dopaminergni stimulaci (Mikli¢ et a., 2004). V intracelularni regulaci
astrocytérni BDNF produkce se uplatnuji dvé paraleni signalizacni kaskady: Gas iniciovana
kaskéda aktivujici adenylylcykldzu a Gaq kaskéda s aktivaci proteinkinazy C (Jduri¢ et al.,
2008). Vysledky ukazuji pti dlouhodobé administraci antidepresiv zvy3eni hladin Gaq
podjednotek (mirtazapin, fluoxetin) a Gas podjednotek (citalopram). Toto naznacuje mozny
synergisticky efekt na produkci BDNF v astrocytech pri dlouhodobé antidepresivni medikace
pfimym vlivem na signalizatni komponenty a zéaroven antidepresivni |é&bou zvy3enych

extracelulérnich monoaminergnich hladin.

Zaveér

Depresivni onemocnéni predstavuje patrné syndrom, ktery zahrnuje razné endofenotypy, spise
nez uniformni onemocnéni. Neurochemické zmény pozorované u deprese zahrnuji zmény
v monoaminergnich okruzich, zanétlivé zmény, poruchy hormondlni regulace. Mnoho nélezi
ukazuje na duleZitost stresu vrozvoji onemocnéni a na piitomnost zénétlivého podilu
Vv etiopatogenezi onemocnéni. Predkladana prace zamérujici se na experimentalné vyvolané
zmény hladin a podjednotek G proteini studuje zmény na jednom z kritickych mist prenosu
informace ze systémové Urovné na Uroven bunéénou. Byl zkoumén vliv stresu na hladiny
podjednotek G proteini v mozku a slezing experimenté nich mysi, u izolovanych leukocyta byla
sledovany i efektorové funkce jako je cytokinova produkce a cytotoxicita lymfocytarni

subpopulace NK bunék v ndvaznosti na podjednotkové zmény. V tkainové C6 gliomové kulture
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atkanich potkana byl sledovan vliv antidepresiv naa podjednotky G proteini pii kratkodobém i

dlouhodobém podavéni. Mezi hlavni zavéry patii:

12-ti hodinovy imobiliza¢ni stres u experimentalnich mysi vyvolava vyznamné zvySeni Gas a
Gaq podjednotek ve sleziné i mozku experimentalnich zvirat. Na hladinu podjednotkovych
profili m& vyznamny vliv i G¢inek dopaminergni blok&dy, podéani sulpiridu vede u
nestresovanych zvitat ke zvySeni hladiny Gas a sniZzeni hladin Gai podjednotek, u stresovanych
zvifat naopak blokuje imunosupresivni efekt stresové imobilizace a zvySuje hladiny Gali
podjednotek pii soucasném vyrazném snizeni hladiny Gas podjednotek. Toto je v souladu
sobecné piijimanym imunosupresivnim vlivem stresu, nalez tak ukazuje na dual€eZitost

dopaminergnim komponenty ve stresové odpovédi.

Sledované bunéené efektorové funkce jsou svySe uvedenymi nalezy v souladu. Cytotoxicita
NK bunék byla imobilizaci vyrazné potlacena, sulpirid zde v souladu s ndlezem zmén hladin G
proteinovych podjednotek cytotoxickou aktivitu u nestresovanych zvitat inhibuje, naopak u
zvitat vystavenych imobilizaénimu stresu vede ke zvySeni cytotoxicity. Z pohledu problematiky
deprese je zajimavé, Ze dvanactihodinovy imobilizaéni stres zvy3uje u dlezinnych
mononuklearnich bunék zvySenou produkci prozanétlivych TH1 cytokind TNF-a a IFN-g pfi
soucasném potlaceni produkce IL-2 a IL-4. Zatimco aplikace fentolaminu nevede ke zietelnému
ovlivnéni cytokinové produkce, sulpirid vyvolava inverzni efekt. U nestresovanych zviiat je
sulpirid imunosupresivni a blokuje produkci cytokind, u zvitat vystavenych stresovému
omezeni vede ke zvySeni produkce IL-2, TNF-a a IFN-g, do menSi miry i IFN-g Tyto vysledky
ukazuji dilezitost stresové dopaminergni komponenty na regulaci leukocytarnich funkci i vliv

dopaminergni regulace na lymfocytarni funkce bez vlivu stresu.

V mozcich experimentalnich zvitat imobilizacni stres zvy3uje hladiny Gas a Gaq podjednotek,
vliv dopaminergni antagonizace je analogicky zménam pozorovanym ve slezing se zvySenim
hladiny Gas a snizenim Gai hladin u nestresovanych zvifat a opatnym pasobenim u zviiat
vystavenych imobilizacnimu stresu. Pri srovnéni zmén G proteinovych profila je zajimavy
analogicky profil v CNS a imunitnim systému, stgjné jako obdobny profil odpovédi na
dopaminergni antagonizaci. Vysledek ukazuje na dysregulaci dopaminergniho systému

vyvolanou stresem, kdy antagonizace D receptorii vede k jistému odstranéni vlivu stresu.
Vliv antidepresivnich Iéki na C6 gliomovou bunécnou linii ukazuje zvySeni hladiny Gaq

podjednotek pii akutni i dlouhodobé inkubaci s mirtazapinem a sertralinem, kdy zérovei

dochazi k snizeni hladiny Gas podjednotek. Fluoxetin jevi bifézicky profil odpovédi se
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snizenim hladin Gaq pii kratkodobém podavani, které se meéni pti dlouhodobé inkubaci na
zvySeni hladin. Citalopram zvy3uje hladin Gas podjednotek in vitro i in vivo. Mirtazapin a
sertralin zvyuji hladiny Gaq podjednotek pii dlouhodobém podavani, steiné jako fluoxetin.
V8echny tyto ndlezy demonstruji pfimé ovlivnéni G proteini, které je nezavislé na inhibici
uptaku neurotransmiterti ¢i interakci sreceptory. Dale poukazuji na selektivni modulaci
odliSnych signalizaénich kaskad jednotlivymi |€&Sivy, toto ovlivnéni se shihd na Udrovni
transkrip¢nich faktori a nasledné modulaci piepisu geni spojenymi s plastickymi procesy.
Pouzity model gliomové bunééné linie dava té&Z moznost studia zmeén v glidni populaci, jeZ se
jevi byt z pohledu problematiky deprese perspektivnim cilem jak z hlediska vyzkumného, tak i
vzhledem k potencidlni terapeutické vyuzitelnosti modulace gliovych funkci antidepresivné
pusobici medikaci. V navaznosti na vysledky jinych skupin se zda byt vyznamna produkce
rastovych faktorti astrocytarnimi buiikami po podani antidepresiva, na jgiz stimulaci se mize

podilet i modulace hladin G proteinovych podjednotek.

Nalezy in vivo ukazuji analogie v odpovédi hladiny Gas podjednotek G proteini
v mozku a sleziné jako odpovéd’ na antidepresivni [é¢bu. ZvySeni hladiny Gas podjednotek ve
sleziné laboratorniho potkana maze mit vliv na leukocytéarni hladiny cCAMP které je spojovano
s celkovou imunosupresi véetné potlaceni produkce cytokini v leukocytéarnich bunkach. Tento
mechanismus se muZe uplatiovat i v CNS, kde miZe té& dochazet k modulaci produkce
prozanétlivych molekul nonneurondnimi bunécnymi elementy. Imunomodulagni  pisobeni
citalopramu pak miZe tvorit jeden z jeho mechanismi U¢inku, ktery maZe pusobit synergicky

s jeho vlivem na hladiny neurotransmiterti a ovlivnénim receptorovych systema.

Per spektivy oboru

Pres rozsahly vyzkum neurobiologie deprese se doposud nedari vytvorit jednotny
koncept, ktery by Sirokou paletu v nékterych ohledech rozporuplnych nalezti sednotil. Tato
obtiZ na jedné stran¢ odrézi heterogenitu depresivniho syndromu, na druhé naSe stéle limitované
poznani té&to komplikované poruchy. Depresivni onemocnéni se jevi alespon u ¢asti nemocnych
jako systémova dysregulace, ktera se odrézi ve fungovani vSech hlavnich homeostatickych
systému: nervového, endokrinniho i imunitniho. Je nutné vnimat fungovani téchto systéma jako
vzajemné provazany celek, ktery je tésné vzgemné regulovan v z§mu zachovani homeostazy
na vSech Urovnich od zabezpeceni obranyschopnosti po regulaci vnittniho proZivani a emotivity.
Tyto systémy spolu vzéemng interaguji pii vyrovnavani sesvngjsimi i vnitinimi stresory. Cést
téchto podnétti vyvolanim stresové reakce, diky specificité reaktivity daného subjektu miaze

pavodné adaptivni mechanismus v dlouhodobém pribéhu pievést na zménu nastaveni
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fungovani neuroendokrinniho systému a na zménu v regulaci emoci a prozivani a nasledné
v manifestaci depresivniho syndromu.

Akumulujici se poznani poukazuje na roli zanétlivych ptisobki, zviasté cytoking, které
mohou pusobit jako druh vnitfniho stresoru narusujiciho neurochemické procesy, ktery mize
pasobit soucasné sjinymi mechanismy narusujicimi procesy neuroplasticity. Rostouci poznéni
biologie nonneurondni populace, zvldsté gliovych astrocytérnich bunék ukazuje jeich
komplexni interakce s neurony. Porozumeénim komplexnim regulacnim mechanisma v prostredi
CNS znemoziiuje porozuméni neurona nim funkcim bez toho, aby prostiedi CNS bylo vnimano
jako celek. Minéni, které povazuje pouze neurondni populaci za substrdt depresivniho
syndromu jiZ neni dobie udrZitelné, onemocnéni se zda odréZet i zmeény v gliovych populacich.

Schopnost organismu adaptivné reagovat na zmeény prostiedi vyZaduje nezbytny

adaptivni potencidl na Urovni psychologické, na neurobiologické Urovni piedstavovany
neuroplastickymi procesy. Farmakologicky zasah do téchto mechanismii pak ukazuje tendenci
k podpore téchto procesi v modulaci funkce neurondni i glidni ¢i blokadou negativné
pusobicich systémovych faktort (stres).
Akumulujici se poznani signaliza¢nich mechanismi ajejich naruSeni u depresivniho onemonéni
naznacuje jako jednu moZnost sledovani funkeéniho stavu signaliza¢nich submembrénovych
pochodi i meieni hladiny G proteinovych podjednotek. Je mozné, Ze tyto biochemické markery
Ize pouZit jako ,state markery* a jgich hladiny korelovat se stavem onemocnéni a
odpovidavosti na antidepresivni terapii, stegjné jako sérové hladiny neurotrofnich molekul (napi
BDNF) (Schreiber a Avissar, 2000, Sen et al., 2008).

V budoucnosti se tedy jevi perspektivnim smér odhalovani moznosti ovlivnéni
systémovych pochodi i regulaci funkce imunitniho systému u depresivnich nemocnych
psychofarmaky. Steiné tak je véci dalSiho vyzkumu i identifikace molekul a farmak, které
pasobi modula¢né na funkci neurond i gliovych bunéenych elementd a ovliviuji produkci napr.
neurotrofnich molekul ¢ meéni jgich reaktivitu, jak v prabéhu rozvoje depresivniho

onemocnéni, tak i v odpovedi na rizné |&ebné modality.
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Abstract

The involvement of catecholamine receptors (a-adrenergic, D2-dopamine (DA)) was investigated in restraint stress influenced immune
responses with concomitant changes of G-protein signal transduction. Impairment of the spleen morphology, TH1/TH2 cytokine network and
natural killer (NK) cell function was observed. In vivo administration of specific antagonists prior to restraint stress reversed the
immunosuppression. These findings demonstrate that D2-type dopaminergic mechanism represents the dominant component in regulation of
Gas/Gai; ,/Gaqg/11-protein signal transduction and contribute to cell responses at postreceptor level of both, central nervous and immune
systems. G-protein-coupled receptors (GPCRs) can modulate cytokine production and may play a regulatory role in immune effector

mechanisms.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Bidirectional interactions between the immune and the
neuroendocrine systems influence the production of cyto-
kines and antibodies, as well as the cell-mediated immunity
(Stone and Bovbjerg, 1994; Wilder, 1995; Gonzales-Qui-
jano et al., 1998; Husband, 1993; Pedersen and Nieman,
1998). Hypothalamo-pituitary hormone secretion (Spangelo
and Gorospe, 1995) and neural signal transduction (Bay and
Han, 1998; Marz et al., 1998; Gailand, 1998) stay also in the
front of importance. These interactions, ruled by neuro-
mediators, are implied in the homeostatic maintenance of
cell functions in several systems, which are best exemplified
in the response to stress. Catecholamines, dopamine (DA),
epinephrine (E) and norepinephrine (NE) are among the first
molecules involved in the response to stressors. Specific
receptors expressed on lymphoid cell membranes enabling

" Corresponding author. Tel.: +420-2-41062107/4752107; fax: +420-2-
4721143.
E-mail address: fiserova@biomed.cas.cz (A. FiSerova).

the regulation of these cells. In case of stress, high levels of
produced catecholamines evoked increased expression of
appropriate (adrenergic, dopaminergic) receptors on neural
and lymphoid cells (Cabib et al., 1998). Moreover, in-
creased content of dopamine and norepinephrine induces
apoptosis of lymphocytes (Bergquist et al., 1997). Depend-
ing on the nature and duration of the stress and the chosen
immunological parameter, stress responses can enhance,
have no effect, or suppress immunity (Nieman, 1997;
Dhabhar and McEwen, 1997, 1999). The exact mechanism
and the quantitative relationship between stress-related
hormones or neurotransmitters and immune functions are
not yet well documented.

Natural killer (NK) cells are considered as one of the
most sensitive screening markers of neuroendocrine system
disbalances. They play an important role in the immuno-
surveillance against invading pathogens, in the control of
tumor growth, and in the regulation of hematopoiesis in
vivo (Trinchieri, 1989). The cytotoxic activity of NK cells
seems to be driven by medial part of the preoptic nucleus of
the hypothalamus (Katafuchi et al., 1993) and by catechol-
amines released by sympathetic nervous system. Immune
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cytokines (IFNvy and IL-1p), as well as stress, are able to
activate release of corticotropin releasing factor (CRF). This
may, in turn, promote splenic nerve activity mediating
suppression of NK cell cytotoxicity (Downing and Miyan,
2000). In vitro experiments using DA and NE agonists/
antagonists demonstrated their involvement in the regulation
of NK cell-mediated cytotoxicity in normal or stress-con-
ditioned animals (Fiserova and Pospisil, 1999; Fiserova et
al., 1997, 1999; Starec et al., 2001).

Cytokine responses modulate and are modulated by the
hypotalamo-pituitary-adrenal (HPA) axis (Fantuzzi et al.,
1995; Weigent and Blalock, 1995). Corticosterone, the
major glucocorticoid hormone, is a key component in this
regulation, as well as in the modulation of a broad range of
immune functions. Glucocorticoid hormones produced by
the adrenal gland can play important negative regulation of
IL-2 production, one of the principal growth factors of T
cells and NK cell function. This cytokine is obligatory for
proliferation and differentiation of CD4+ T cells, both TH1
and TH2 type, as far as CD8+ CTLs. The THI1/TH2
paradigm allows a better understanding of mechanisms
involved in several immunopathic disorders. THI cells
produce IFNvy, IL-2 and TNF that activate macrophages
and cell-mediated immunity instead, TH2 cells secrete I1L-4,
IL-5, IL-10 and IL-13, which are responsible for strong
antibody responses and inhibit macrophage functions
(Romagnani, 2001). IFNv, released also by NK cells,
increases only under pathological circumstances such as
trauma, infection, cancer or autoimmunity. TNFa has an
apoptotic activity, and is required for protection against
infections, during tumorigenesis or other stressful stimuli;
it synergizes with IFN+y, while IL-4 antagonizes its action.

Neuroendocrine regulation of immunity involves a com-
plex network of cells and soluble factors interacting through
GTP-binding (G) protein-coupled receptors (GPCRs).
GPCRs are a large group of integral membrane receptors
transducing signals from a diverse array of external stimuli,
including neurotransmitters, hormones and cytokines pro-
duced by various cell types. GPCRs have an essential role in
regulating immune responses (Braun and Kelsall, 2001).
The majority of extracellular signaling molecules interact
with three transmembrane signaling systems consisting of
receptor, G-protein and effector. G-proteins are membrane-
associated heterotrimers composed of a and Py subunits.
They couple membrane receptors and affect effector
enzymes adenylyl cyclase (Gas, Gai ) and phospholipase
C (Gag/11, or GP subunit) (Malbon, 1997; Bristol and
Rhee, 1994; Milligan, 1993; Spiegel, 1996). Key compo-
nents in GPCR-induced intracellular signaling are four
groups of mitogen-activated protein kinase (MAPK) cas-
cades involved in cytoplasmic response to mitogenic, stress-
related, apoptotic and survival stimuli. The subsequent
nuclear translocation of the involved kinases regulates the
gene expression and consequently the proliferation, differ-
entiation, stress response, cell cycle and apoptosis (Li and
Xu, 2000). Abnormal signaling or prolonged activation of

G-protein signaling pathways blocks normal functioning of
different cell types and tissues in organism (Chakrabarty,
2001).

This study was designed to assess the action and the
possible mechanisms involved in immunomodulation by
acute restraint stress, including changes in phenotype and
effector functions of lymphocytes and in vivo treatment by
central D2-dopamine or broad acting a-adrenoceptor (a-
ADR) antagonists, sulpiride and phentolamine, respectively.
Preliminary observations about postreceptor changes related
to Ga subunits of main types of heterotrimeric GTP-binding
proteins were provided. In ex vivo experiments at the organ
level, we compare the prevailing signaling events evoked by
stress and/or D2 and a-ADR antagonists, both in central
neural and immune systems.

2. Materials and methods
2.1. Experimental animals

Eight-week-old inbred male CBA/J mice were purchased
from Charles River, Germany. The mice were fed ad libitum
on a commercial pelleted diet (Velaz-ST1). They were
housed under natural day/night conditions (23 °C, 50%
humidity) for at least 2 weeks before the stress exposure.

2.2. Materials

Sulpiride (N-1-(Ethylpyrrolidin-2-methyl)-2-methoxy-5-
sulfamoylbenzamide), a central D2-dopamine antagonist,
and phentolamine (2-[N-(3-Hydroxyphenyl)-p-toluidino-
methyl]-2-imidazolidine hydrochloride) broad acting o-
adrenoceptor antagonist solutions were purchased from
CIBA Geigy.

Long-term cultures and all in vitro experiments were
performed in RPMI-1640 medium supplemented with L-
glutamine (2 mM), antibiotics (Penicillin 100 U/ml, Strep-
tomycin sulphate 100 pg/ml, Amphotericin B 25 pg/ml) and
10% heat-inactivated foetal calf serum—FCS (Gibco, Grand
Island, NY, USA). The NK cell activity and cytokine
productions by splenocytes were performed in RPMI-1640
medium supplemented with L-glutamine, gentamycin and
3% of FCS only. Incubation was carried out at 37 °C in a
humidified atmosphere containing 5% CO, in a CO, incu-
bator IG150 (Jouan, France).

2.3. Stress procedure and in vivo treatment

Mice were subjected to an established physical restraint
protocol. Animals were placed in 50 ml conical Falcon
tubes with multiple holes to allow ventilation. Mice were
held horizontally in the tubes for a continuous 12 h, at the
end of the light cycle (8:00 PM), without food and water.
The non-stressed control littermates were kept in their
original cages with food and water supply. Phentolamine
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(5 mg/kg), sulpiride (20 mg/kg) or physiological saline
(0.9% NaCl solution in deionized water), as a vehicle
control, were administered in the volume of 0.2 ml per
mouse, intraperitoneally (i.p.), 30 min prior to the restraint.
All procedures were conducted in accordance with the
European Convention for the Care and Use of Laboratory
Animals as approved by the Czech Animal Care and Use
Committee.

2.4. Ex vivo experiments

At the end of stress procedure, mice were bled and
spleens were removed for immunological studies. Brains
were prepared with the detachment of cerebellum, placed
into anti-proteolytic cocktail-phosphate buffered saline, sup-
plemented with 0.1 mM benzamidine, 0.3 mM PMSF, 1
mM DTT and 1 mM EDTA solution, and kept on ice till
preparation of membrane extracts. Fragments of tissues
were homogenized in 50 mM Tris—HCI, pH 7.4, containing
proteolytic inhibitors and centrifuged for 10 min at
1000 x g. Resulting supernatants were than centrifuged for
20 min at 40,000 x g, 4 °C and membrane proteins
extracted for 1 h in 25 mM NaCl, 20 mM Tris—HCl pH
8.0 with 1 mM EDTA and 1% sodium cholate. Extract was
centrifuged at 100,000 X g for 1 h and supernatant utilized
for assays of G-proteins subunits. All steps and centrifuga-
tions were carried out at 4 °C.

Freshly isolated spleens were weighted on analytical
balances Precisa 125 A SCS (accuracy—0.1 mg). Spleens
were homogenized in glass Elwehjem—Potter homogenizer
and separated on Ficoll-Hypaque density gradient (1086) to
obtain mononuclear cells, repeatedly washed and used
immediately for in vitro assays, as well as for the prepara-
tion of membrane cholate extracts (as above) followed by
the determination of G-protein subunits.

2.5. Flow cytometry

Phenotype of spleen mononuclear cells by surface
markers expression (T lymphocytes—CD3-FITC, CD4-
FITC, CD8-PE, T v/5-PE, B-lymphocytes—CD45R/B220-
PE, and NK cells—NKI1.1-FITC (DXS5), CD45R/B220-PE)
was analysed by FACS Vantage SE (Becton-Dickinson,
USA) using the CellQuest program. Two-color staining
was provided according to the standard PharMingen proto-
col. All FITC and PE-conjugated MAbs were purchased
from PharMingen (San Diego, CA, USA).

2.6. Cytotoxicity assay

Mouse YAC-1(ATCC TIB-160) NK-sensitive (MLV
induced mouse T lymphoma originated from A/Sn mice)
cell line was used as target cells. The ex vivo NK cell-
mediated cytotoxicity was estimated, using the standard
>ICr-release assay, in spleen mononuclear cells of exper-
imental animals as described above. Effector cells at con-

centration 1.6 x 10° were incubated with 10* target cells 60
min labeled using Na,>!'CrO, in round-bottomed 96-well
microtiter plates (NUNC), at 37 °C in a humified atmos-
phere containing 5% CO,. Evaluation of NK cell activity
was performed after 4 h of incubation as described before
(Fiserova et al., 1997). The cell-free supernatants were
harvested (0.025 ml/sample), 0.1 ml of scintillation cocktail
(SuperMix, Wallac, Finland) was added, and radioactivity
measured using scintillation counter Microbeta Trilux (Wal-
lac, Finland).

2.7. Cytokine production

Spleen mononuclear cells (3.2 X 10%ml) were cultivated
in 24-well plates (NUNC) in humified CO, incubator. After
24 h of incubation, cell-free culture supernatants were
harvested. IL-2, IL-4, IFNy and TNF« releases were deter-
mined in duplicates by Mouse Duoset ELISA development
systems (Biosource, Bender Med System, USA) on flat-
bottom Costar high binding microtiter plates according to
the manufacturer’s protocol. A standard curve was prepared
in duplicate using recombinant cytokines at concentrations
of 1000, 500, 250, 125, 62.5, and 31.3 pg/ml. HRP-
conjugated antibody was added to each well at the proper
volume and 3,3, 5,5 -Tetramethylbenzidine (TMB) was
used as substrate (Sigma, USA). The reaction was stopped
by 1 M H3PO,. Absorbance at 450 nm was measured using
a Rainbow Thermo plate reader (Tecan Spectra, USA). The
amount of cytokines in pg/ml was calculated according to
standard curves.

2.8. Assays used for the determination of Go subunit-
protein expression

Changes of cell signaling pathway in Ga-protein expres-
sion produced by stress, phentolamine and sulpiride were
assayed on mouse spleen mononuclear cells and brain cell
membranes. The levels of Ga subunit expression in cholate
membrane extracts were estimated by ELISA microplate
competitive inhibition immunoassay. We utilized our own
rabbit polyclonal antibodies against C-terminal dekapepti-
des of Gai; », Gas and Gaq/11 subunits (Goldsmith et al.,
1987) prepared in our laboratory according the procedure of
Milligan (1988, 1993). No cross-reactivity was found
between antisera performing ELISA tests. Modified method
of Ransnas and Insel (1989) with high binding plates
(Costar) for Gag/11 and Gas subunits and Maxisorp micro-
titration plates (NUNC) for GP subunit to noncovalent
peptide binding was used (Kovaru et al., 1998, 2001) by
means of the above-described antibodies.

2.9. Statistical analysis
All results were expressed as mean value £ S.E.M.

Statistical significance of differences between groups
was calculated by paired Student’s t-test. P values lower
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than 0.05 were considered as significant (P <0.05=%*,
P<0.01=** and P<0.001=**%*),

3. Results
3.1. Morphology of the spleen—secondary lymphoid organ

The aim of the study was concentrated predominantly on
spleen mononuclear cells (SMC) changes. The spleen mor-
phology was drastically damaged by the 12-h stress proce-
dure (Fig. 1). Highly significant reduction (P<0.001) of
spleen weight shown in Fig. 1A was in direct correlation
with the number of SMC (Fig. 1B). Administration of either
phentolamine or sulpiride 30 min prior to the stress expo-
sure antagonizes the impairing effects of restraint on SMC
number as well as on the spleen size (P<0.05). Fig. 1C
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Fig. 1. The effect of restraint stress on spleen weight and cellularity of
CBA/J mice pretreated with phentolamine and sulpiride. The weight of
spleen (A) and number of spleen mononuclear cells (SMC) expressed in
part (B) were followed in control (non-stressed) and stressed (12-h restraint)
groups of mice after pretreatment with a-ADR antagonist phentolamine
(hatched bars) or D2-dopamine receptor antagonist—sulpiride (filled bars)
compared with untreated mice (open bars). In part (C), the results in
percentage of appropriate control (non-stressed, non-treated mice) are
shown. Six to seven mice were used for each group per experiment. The
experiment was repeated two times and the total of the data was statistically
processed. P<0.0001 (***) and P<0.05 (*) compared to the controls.

indicates the relation between the changes in size of the
spleen and the number of SMC expressed as percentage of
the non-stressed controls. The results showed that the
reduction of SMC number (to 40.5%) in saline-treated
stressed animals is greater than the lowering of spleen
weight (to 55.1%). Moreover, both catecholamine antago-
nists produced SMC depletion. The sulpiride induced a
more significant decrease of SMC number (to 71.5%,
P <0.05) than phentolamine in non-stressed mice, without
a change of the spleen weight. Instead, in restrained animals,
both drugs exerted slightly protective effect (60% of control
SMC). Such a protection was proportionally similar con-
cerning both spleen weight and mononuclear cell number.

3.2. Phenotype of spleen mononuclear cells

The spleen mononuclear cells were analysed by flow
cytometry using two-color staining. The effect of phentol-
amine and sulpiride on lymphoid cell distribution was
compared in stressed and non-stressed animals. The num-
bers of T lymphocytes subpopulations were screened for the
expression of CD4, CD8 and T /0 markers, the B lympho-
cytes for CD45/B220 positivity and NK cells for NKI.1
marker. The sum of all cell subpopulations followed in SMC
suspension in each experimental group was 95 £ 3%. For-
ward light scattered gating was performed to eliminate the
dead cells and debris. The greatest proportion of SMC (41—
46%) belonged to T helper cells (CD4+), while cytotoxic T
lymphocytes (CD8+) and B lymphocytes (CD45/B220+,
NK1.1 —) rates were about 17—19% and 21-26%, respec-
tively. The minor populations of SMC included 3—-6% of
NK cells (NK1.14) and 2.5-4% T /6 lymphocytes.

The acute restraint stress in the physiological saline-
treated mice did not produced any relevant variation in the
percentage of CD8+, CD45/B220+, and vy/6 T cells in
comparison with the control group (Fig. 2A,C,D). Similarly,
in both the groups (stressed or control), the phentolamine
treatment did not exert particular activities, while sulpiride
demonstrated valuable stress-dependent changes. In fact,
cytotoxic T cells (CD8+) in control animals underwent an
important depletion (by 50%, P<0.001); on contrary to
stressed mice in which increment by 18% (P <0.05) was
induced (Fig. 2A). Percentual increase of cells was also
observed for B lymphocytes regardless of the group, but
statistically relevant under stress condition (£ <0.001). The
v/d T lymphocytes were sensible to the sulpiride only in the
control group (Fig. 2B). Instead, increase by 10%
(P<0.05) over controls, induced by stress conditioning,
was seen in the T helper (CD4+) subpopulation that was
recovered by both phentolamine and sulpiride treatment of
animals (Fig. 2B).

3.3. NK cell distribution and effector function

Spleen mononuclear cells were subjected to FACS anal-
ysis using NK1.1 and CD45/B220 surface markers to differ-
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Fig. 2. Flow cytometric analysis of spleen mononuclear cell subpopulations. Part (A)—cytotoxic T lymphocyte (CD8+), part (B)—T helper cells (CD4+), part
(C)—B lymphocytes (CD45/B220+, NK1.1 —), part (D)—CD3+ /6 T lymphocytes. For the measurements, two color staining of CD4-FITC/CD8-PE, CD3-
FITC/T v/8-PE, CD45/B220-PE/NK1.1-FITC and uptake of propidium iodide (PI) to detect death cells were used. Gated cells/sample, 1 X 10%, were counted.
Non-treated mice (open bars), phentolamine treated (hatched bars) and sulpiride treated (filled bars). Six to seven mice were used for each group per
experiment. The experiment was repeated two times and the total of the data was statistically processed. P<0.0001 (***), P<0.01 (**) and P<0.05 (*)

compared to the controls.

entiate between resting and activated NK cells. Significant
decrease by 40% of controls (P <0.01) in NK cell number
(Fig. 3A,C), induced by restraint stress of animals, was
accompanied also by down-modulation of cytotoxic effector
function (by 50%, P<0.001) as shown in Fig. 4. Pretreat-
ment of mice by a-ADR antagonist raised the number of
NK cells independently of stress conditioning. However, the
D2 antagonist—sulpiride did not influenced significantly the
NK cells proportion in SMC of non-stressed mice, but
determined a highly significant enhancement (P <0.001)
in total as well as activated NK cells (Fig. 3A,B). Fig. 3C
shows the percentage of activated from total NK cells, to
follow the effect of stress and/or catecholamine antagonists
on NK cell differentiation. Only sulpiride pretreatment of
stressed mice was able to enhance significantly (by 90%,
P<0.05) the number of activated NK cells.

NK cell-mediated cytotoxicity of restrained and/or non-
stressed mice after intraperitoneal injection of catecholamine
antagonists was measured against YACI target cells. The
effector to target cell ratios were 64, 32 and 16:1, respec-
tively. The greatest difference between the antagonists trea-
ted and untreated groups was observed at the lowest £/T ratio
(16:1), as summarized in Fig. 4. Cytotoxicity significantly
decreased in the stressed group (P<0.001). The inverse
action of sulpiride in control and stressed mice was again
obvious, depressing the cell killing in the first group
(—40%) while rescuing a full cytotoxic activity in the
second one (+20%), statistical significance (P<0.0001).
The increased functional activity at low E/T ratio fully
reflects the proportion of activated NK cells. Phentolamine
effect was proportionally similar (+52%) in both groups
compared to the untreated animals.
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Fig. 3. Effect of restraint stress and/or antagonists pretreatment on NK cell
distribution and activation indicated by expression of NK1.1+ (total NK
cells—part A) or NKI1.1+CD45/B220+ (activated NK cells—part B)
surface markers. Part (C) shows the percentage of activated from total NK
cells present in the spleen of single mice. The experiment was repeated two
times and the total of the data was statistically analyzed. P<0.0001 (¥*%*),
P<0.01 (**) and P<0.05 (*) compared to the controls.
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Fig. 4. NK cell-mediated cytotoxicity after in vivo injection of antagonists
either phentolamine (hatched bars) or sulpiride (filled bars), compared to
the untreated mice (open bars) under usual or restraint stress conditions.
The mean percentage of cytotoxicity ( £ S.E.M.) of 13—14 animals per
group used in two independent experiments were examined by the 4-h *'Cr-
release assay against YAC] target cells in £/T ratio 16:1. The total of the
data was statistically processed. P<0.0001 (***) and P<0.01 (¥¥)
compared to the controls.

3.4. Cytokine production

We also investigated the influence of restraint stress
conditioning on mouse TH1/TH2 balance. Comparing the
two groups of mice, the stress induces marked modifications
of helper T-cell effector functions as shown in Fig. 5. In
restrained saline-treated mice, we found a deep inhibition of
IL-4 release (to 25% of control values, P<0.001) and
concomitant reduction of IL-2 levels (to 66%, P<0.05).
In the contrary, the production of TNFa significantly
increased (by 80%, P<0.001) after a 12-h restraint stress
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that was recovered to control levels by the application of
both antagonists. Similarly, the IFN+vy synthesis showed a
slight, non-significant increase in stressed animals, which
was not influenced by antagonists pretreatment. The appli-
cation of D2 antagonist—sulpiride to non-stressed animals
significantly decreased the production of tested TH1 cyto-
kines (IL-2, IFNvy, TNFa) up to 20% of control values
(P<0.001) and 40% in TH2 cytokine (IL-4). Instead, a-
ADR antagonist—phentolamine, inhibited to a lesser extent
only IL-2 and IL-4 release (P<0.01), did not influence
TNFa levels and enhanced IFN+y production (P<0.01).
Nevertheless, under stress conditioning, sulpiride does not
influence TH1 cytokines release, in comparison to non-
stressed controls, and partially recovers the IL-4 production.

3.5. The role of stress in brain and spleen at the level of G-
protein o or [} subunits expression (signaling)

The G-protein « subunits Gaijo, Gas, Gag/l1l and B
subunit were followed in brain and spleen mononuclear
cells of CBA/J mice under restraint stress in comparison
with non-stressed animals influenced by a-ADR and D2-
dopamine antagonists. Marked influence of stress (including
antagonists of D2 or a-ADR type) on the expression of
heterotrimeric G-protein subunits was noted (Fig. 6A—D).

Stress conditioning induces significant enhancement (by
20%, P<0.05) of Gas and Gag/11 proteins expression in
the brain (Fig. 6B). On the other hand, SMC Gagq/11 protein
expression in restrained mice increased by 77% over control
(P<0.001); Gas, Gaiy, and  subunits were increased by
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Fig. 5. The cytokine production by SMC of restrained vs. control mice treated with antagonists phentolamine (hatched bars) and sulpiride (filled bars) in
relation to the untreated animals (open bars). The IL-2 (A), IL-4 (B), TNFa (C) and IFNv release in cell-free supernatants of SMC was determined by ELISA
after the additional 24 h of in vitro cultivation (3.2 X 10® cells/ml). The experiment was repeated two times from samples (duplicates) of six to seven animals
per group and the total of the data was statistically processed. P<0.0001 (***), P<0.01 (*¥*) and P<0.05 (¥) compared to the control.
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Fig. 6. Effect of a-ADR and D2 antagonists on G-protein expression in mouse brain and spleen cells. The organ specific changes of i », s, q and B subunits
G-protein expression in the brain of non-stressed (A), and restraint stressed (B) CBA/J mice were followed. Similar measurements were performed with
isolated spleen mononuclear cell membranes of non-stressed (C) and stressed (D) animals. The cholate membrane extracts were tested by ELISA using specific
polyclonal rabbit antibodies. Mice were treated 30 min before stress procedure with phentolamine (hatched bars), sulpiride (filled bars) and physiological saline
(open bars), as a control. The tissue membrane cholate extracts (10 pg/well) of 13—14 animals per group were seeded in quadruplicates. Values are
mean + standard deviation of percentages of non-stressed saline-treated controls. The experiment was repeated three times and the total of the data was
statistically evaluated compared to their relative controls; P<0.0001 (¥**), P<0.01 (**) and P<0.05 (*).

40% to 50% (Fig. 6D). Phentolamine enhances Gai,
protein level in control mice compared to the stressed
littermates. No significant changes of phentolamine action
on Gas, Gag/11 neither B subunit expression have been
detected between the non-stressed and stressed animals in
the brain (Fig. 6A,B). Instead, sulpiride exerted opposite
action on Gai;, and Gas in non-stressed against stressed
mice brain as well as SMC membranes of the same level;
inhibited Gai,, in controls and Gas in restrained mice,
while stimulated Gas in controls and Gai;, in stressed
mice. No significant changes in sulpiride receiving mice
were found in Gag/11 and G subunits expression (com-
pare Fig. 6A,C and B,D). When the treatment effect of both
phentolamine and sulpiride was compared, they exerted
completely opposite changes of SMC Gag/11 and Gp
subunits in control to restrained animals (Fig. 6C,D). These
results showed that G-protein levels induced by a-ADR and
D2 antagonists are directed against changes evoked by
stress in both the central nervous and the immune systems,
partially in Gas and Gai;, proteins. G-protein-related
responses in lymphoid organ share both similarities and
specificities with the brain.

4. Discussion

Dopaminergic and adrenergic systems appear to take an
important role in neuroimmune network. Restraint stress
causes release of NE, E and DA into synapses and elevates
plasma corticosterone level, with subsequent inhibition of

immune response and decreases resistance to infection or
cancer (Iwakabe et al., 1998; Freire-Garabal et al., 1993;
Riley, 1981). The profound immunosuppressive outcome
concerning spleen weight and cellularity, and the high
sensitivity to DA antagonist could be related in our stress
model to combination of restraint, as well as food depriva-
tion. In fact, under both conditions, increased dopamine
release was found by Cabib et al. (1998), that stress
promotes major changes in mesoaccumbens and nigrostria-
tal dopamine receptor densities. The directions of these
changes were dependent on receptor subtype, brain area
and genotype controlling the stress-induced D2-like receptor
expression.

In our experimental procedure, we have chosen the 12-h
protocol according to our previous results, because of very
serious immune deterioration after the 24-h procedure both
at organ and cellular levels (Fiserova et al., 2000). On the
other hand, brief duration of the stress and evaluation of
immunological parameters less than 6 h is not generally
immunosuppressive and may cause also immunoenhance-
ment (Pruett, 2001).

Our demonstration of an important role of dopamine D2-
type receptors in stress-mediated changes of immune
responsiveness predominantly NK cell function is of partic-
ular interest. Efforts to correlate molecular signaling mech-
anisms involved in stress responses with immunological
changes in vivo have been rare, and the profiles for signal-
ing parameters and for immunological endpoints in vivo are
not available. Under this perspective, dopamine-related
activities appear to be an important key in the cross talk
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between neural and immune systems. The spleen weight
variations could be accounted by to the redistribution of
lymphoid cells to the periphery in the described conditions
that we observed. However, dopamine and norepinephrine
mediated induction of apoptosis, as well as increased
production of TNFaq, can clarify the suppressive effects of
catecholamines on spleen cellularity, lymphocyte number
and function. Catecholamines in low amounts are also
actively produced by lymphocytes and act as auto- and/or
paracrine regulators of lymphocyte activity through induc-
tion of apoptosis (Josefsson et al., 1996). Comparing the
relative apoptosis-triggering potency of other monoamine
neurotransmitters, DA was found to be the most active,
whereas norepinephrine and serotonin had only moderate
and mild effects, respectively (Ziv et al., 1997). Our results,
using a-ADR and D2 antagonists, are in agreement with the
findings that spleen is under direct sympathetic-adrenal
influence (mainly D2 mediated).

The inhibitory effect of sulpiride in non-stressed, in
contrast to stimulation in restrained mice, suggests the
important role of physiological levels of dopamine and D2
receptors for immune responsiveness. It includes also a
possible evidence for the opposite and regulatory effect of
a-ADR and D2 receptors that can play on the target cells,
magnified by the elision of one of them in the two
antagonistic treatments. NK cells are the most sensitive
population to these regulations. CD8+ T cells appear to be
more sensitive to DA than CD4+ T cells due to higher
availability of binding sites. Otherwise, this does not
exclude the response of the CD4+ cells in terms of func-
tional activation as demonstrated by the cytokines release.
Other factors could also influence this leukocyte subpopu-
lation, outside the investigated mediators, enabling their
slight increase in untreated restrained animals. Experiments
using either direct infusion of mediators, to obtain equiv-
alent stress-inducible concentrations in vivo or administra-
tion of mediator antagonists to block their action, suggest
that both glucocorticoids and catecholamines are important
in the acute redistribution of leukocytes noted after stress
(Schedlowski et al., 1996; Dhabhar et al., 1995). The
inverse balance between cytotoxic lymphocytes (CD8+
and activated NK cells) and v/d T cells after D2-receptor
antagonist treatment can suggest the hypothesis of a possi-
ble reciprocal compensation by the two types of cells. In
fact, if we assume that the y/d T cells are able to mediate
tumor-cell lysis in non-MHC-restricted manner, they can
contribute in balancing the impairment in cytotoxic activ-
ities of NK cells, as magnified by the sulpiride effect.

To distinguish possible role of stress and/or catechol-
amines in THI/TH2 balance, we choose to follow IL-2,
IFNv, of TH1-type and IL-4 of TH2-type cytokines. On the
other site, TNFa as a principal factor causing SIRS (severe
inflammatory response syndrome) produced by wide variety
of cell types, beside macrophages, monocytes, T, B, NK
cells and others was increased. Its release can be related to
direct stimulation of producing cells (e.g. macrophages after

LPS challenge) or as a part of network induced by specific
insults (e.g. stress). TH1 helper cells are important in the
activation of CD8+ cytotoxic lymphocytes and monocytes,
sustaining both the cytotoxic immune responses and the
antigen presentation. From this point of view, our results
showed that the adrenergic and predominantly dopaminergic
component elicited by stress is highly inhibitory for the
cytotoxic components (NK, CTL) of immune defenses. It is
strongly counterbalanced by the dopamine D2-receptor
antagonist, including modulation of T (THI, CTL) and
NK cells function. This can elucidate the impairment in
the control of infectious diseases and/or neoplasms progres-
sion in stressed subjects. The inhibition of TH2 lymphokine
production by stress seems to be not mediated exclusively
by catecholamine receptors, as it arises from our results.
Other factors could be involved in relation to the severity of
used stress model, possibly glucocorticoids. Effects of both
phentolamine and sulpiride on IL-4 release were not influ-
enced by the stress, the fact corresponding with the report of
Daynes and Araneo (1989) that glucocorticoids suppress
TH2 but enhance THI1 responses in mice. In the contrary,
Iwakabe et al. (1998) using Balb/c mice for a 24-h restraint
stress observed a shift of the TH1/TH2 balance toward TH2
dominant immunity. In our experimental system of a 12-h
restraint of CBA/J mice, we detected decreased TH1 (IL-2)
and, to a lesser extent, TH2 (IL-4) cytokines. The increased
production of IFNy and TNFa demonstrated an involve-
ment of different, possibly endocrine, mechanisms beside
the effect of catecholamines. It remains possible that quan-
titative differences in glucocorticoid levels along with other
mediators (NE, E, DA) may account for some of the
disparity in cytokine response that requires further inves-
tigations. The high level of TNFa recorded during exper-
imental stress procedure could be partially related also to
food deprivation of restrained mice. In fact, TNFa level is
significantly increased when the signs and symptoms of
cachexia started to develop (Benyoucef et al., 1996). More-
over, the TNF is potentiated by IFNs (Aggarwal, 1987) and
inhibited by IL-4, as shown also by the values in the
untreated normal and stressed mice.

The increased secretion of IFN+y detected in stressed and
phentolamine treated mice was in correlation with the
similar findings of Kohm and Sanders (2000) demonstrating
that TH1 cells secrete more IFN-y when generated from NE-
exposed naive T cells. The timing of NE exposure in respect
to the activation status of CD4+ T cells is critical for
defining the effect of NE on cellular function.

IL-2 is unique among cytokines because it can induce a
pattern of pituitary hormone secretory response similar to
that one of stress (Karanth and McCann, 1991). IL-2 has
been shown to induce the ACTH release in pituitary cells
(Smith et al., 1989) and glucocorticoid hormones have been
shown to regulate the Gaq/11 protein level in different cell
systems. Corticosterone alters the response elicited by the
activation of different G-protein-linked neurotransmitter
receptors (Okuhara et al., 1997) The important role of G-
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proteins in downstream signaling cascades and regulation of
cytokine synthesis is supported by the fact that ConA
stimulated SMC (initiated MAPK kinase pathway) were
neither affected by stress nor by antagonists. Highly sig-
nificant inhibition of all tested cytokines release by sulpiride
in our experiments was not detected in 18-h cultivated SMC
in the presence of ConA (results not shown).

The most important finding in G-protein changes that we
observed was the opposite regulation in the SMC of Gai, ,
and Gas subunit in non-stressed vs. stressed mice. In fact,
these results could explain the immunosuppressive action
seen in stressed or sulpiride-treated control mice. A lowered
cytokine production and depression of NK cell number and
effector function, as reported in our data, are coherent with
the notion that artificially elevated cyclic AMP (cAMP) in
NK cells is a potent inhibitor of their cytolytic function
(Whalen and Crews, 2000; Miller et al., 1999; Novak and
Rothenberg, 1990). Moreover, different regulation of Gas
and Gai, , proteins expression in striatum and hippocampus
was described by Shin et al. (1995) in sulpiride-treated
mice. Upregulation of Gas in restrained animals, demon-
strated in our model, was in agreement with the findings of
other authors (Murayama et al., 1990; Wolfgang et al., 1995;
Okuhara et al., 1997). GPCRs can activate multiple path-
ways that elaborate network of interacting proteins. The
cellular responses may vary in different systems, leading to
the large diversity of signaling responses. The G-protein 3
subunit in the B/y dimer can determine the specificity of
signaling at both receptor and effector determinants (Mcln-
tire et al., 2001). Moreover, a-adrenergic specificity of G
subunit response in brain was found. In summary, modifi-
cations concerning signaling were dependent on the cat-
echolamine antagonist administrated to the animals.

Phentolamine, as a broad a-ADR antagonist, is able to
bound «l as well as a2 receptors that are coupled to Gaq/11
and Gai;, proteins, respectively (Watling, 1998). The
differences in signaling events we found in the brain and
spleen could account for the different distribution of a-ADR
subtypes in the CNS and the periphery. Instead, sulpiride
induced similar level of Gai, Gas, Gaq proteins expression
in both the brain and the spleen. These data serve as
important evidence of common regulation for central and
peripheral effectors of neural and immune compartments,
utilizing the same pattern of signal transduction and post-
receptor (Ga subunit) effects induced by D2 and a-ADR
antagonist under normal or stress conditions.

The contemporary stimulation of Gas and inhibition of
Gai, , proteins in saline-treated stressed or sulpiride-treated
controls leading to increased intracellular accumulation of
cAMP, could explain the changes in immune response. The
high level of cAMP is the main blocking factor in IL-2
synthesis and subsequent TH1/TH2 helper T-lymphocyte
differentiation. D2-dopamine-mediated mechanism of brain
and immunity seems to be a dominant component in tight
regulation of Gas, Gaiy, proteins signal transduction to
second messengers. Based on our most important results

Table 1
Summarizing table of the major significant changes induced by restraint
stress and/or sulpiride

Stress/ Sulpiride/ Sulpiride/
control control stress
Spleen Weight l 0 7
morphology ~ Cell number ! ! 7
Phenotype CD8/NK/T v/d 0/)/ 1 1o 1170
B 0 7 1
Cytotoxicity ! ! 7
Cytokines IL-2 1 l T
IL-4 ! ! 7
IFNy 0 ! 0
TNFa 1 ! !
G-proteins, as /1 71 W
brain/spleen i 0/0 vl 71
ag/11 /1 0/0 0/0
Py 0/7 71 0/0

Arrows are indicating the direction of responses (inhibition—|, stimula-
tion— or non-significant effect—O0).

summarized in Table 1, we can hypothesize that G-protein
signaling can be linked to general cell responses and may
possess a role in the regulation at post receptor level of both
brain and immune system cells.
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Summary
Depression is a complex disorder related to chronic inflammatory
processes, chronic stress changes and a hippocampal response.
There is a increasing knowledge about the role of glial cells in
nutrient supply to neurons, maintenance of synaptic contacts and
tissue homeostasis within the CNS. Glial cells, viewed in the past
as passive elements with a limited influence on neuronal
function, are becoming recognized as active partners of neurons
and are starting to be discussed as a possible therapeutic target.
Their role in the pathogenesis of depressive disorders is also
being reconsidered. Attention is devoted to studies of the
different types of antidepressants and their effects on
transmembrane signaling, including levels of o subunits of G
proteins in C6 glioma cells /n vitro as a model of postsynaptic
changes J/n wvivo. These models indicate similarities in
antidepressant effects on G proteins of brain cells and effector
cells of natural immunity, natural killers and granulocytes. Thus,
an antidepressant response can exhibit certain common
characteristics in functionally different systems which also
participate in disease pathogenesis.

There are, however,

differences in the astrocyte G-protein responses to
antidepressant treatment, indicating that antidepressants differ in
their effect on glial signalization. Today mainstream approach to
neurobiological basis of depressive disorders and other mood
illnesses is linked to abnormalities in transmembrane signal
transduction wa G-protein coupled receptors. Intracellular
signalization cascade modulation results in the activation of
transcription factors with subsequent increased production of a
wide array of products including growth factors and to changes in

cellular activity and reactivity.
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Depression as a systemic disorder

Depression is one of the most prevalent mental
disorders and one of leading causes of morbidity,
mortality and economic burden worldwide. During four
decades of research, biochemical research of depression
has focused on the monoamine neurotransmitters and
their receptor
transduction mechanisms and intracellular signalization
cascades (Avissar and Schreiber 2002, 2006). The family
of G- proteins is a crucial convergence point in the signal

receptors, in the past decade on

transduction from many extracellular primary messengers
to the intracellular second messengers and cell response
(Kovart and Kovatid 2005). G-protein measurement is
applied as one of state markers of depressive patients or
subjects under antidepressant, lithium or electro-
convulsive treatment (Avissar and Schreiber 2002, 2006).
Besides biochemical research, many other approaches
contributed

significantly to the understanding of
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depression, one of the most fruitful contributions to this
from the field of
psychoneuroimmunology and neuroimmunology
(Haddad et al. 2002, Tafet and Bernardini 2003,
Schiepers et al. 2005, Havrdova 2005).

Considerable

comprehension ~ came

evidence points to

similarities between depression and an inflammatory

some

response (Leonard 2006). So-called “sickness behavior®
which is phenomenologically similar to depression with
fatigue, anhedonia, loss of energy and anorexia as the
prominent features is linked to increased levels of pro-
inflammatory cytokines such as IL-1, IL-6 or TNFa on
the periphery, or within CNS (Kelley et al. 2003,
Schiepers et al. 2005). Main producers of cytokins on the
periphery are activated macrophages and T- and B-cells,
in the CNS the activated microglial cells (Hauwel et al.
2005, Shiepers et al. 2005). Chronic inflammatory
diseases, e.g. rheumatoid arthritis, are often accompanied
by depression (Covic et al. 2006). Some of the immune
system cells, e.g. granulocytes or natural killers, show
during the course of depression and antidepressant
treatment responses in many ways similar to the brain
affect
promoting anti-inflammatory cytokine phenotype in
human blood (Kovaiu et al. 1997, FiSerova et al. 2002,
Diamond et al. 2006).

Despite progressive understanding of systemic

cells. Antidepressants cytokine production,

aspects of the depressive disorder, majority of authors are
still considering depression as a primarily “brain
disorder”. There is growing knowledge on the role of
glial cells in neurogenesis, neuronal development and

supply,
communication at the synaptic contacts and tissue

maturation, nutrient involvement in the

homeostasis and even active participation in the
signalization processes (Araque et al. 1999, Laming et al.
2000, Hertz and Zielke 2004). Astrocytes are becoming
recognized as active partners of neurons and there are
several neuropsychiatric disorders where the role of
astrocytes is recognized,
multiple sclerosis, HIV dementia or dementia with Lewy
bodies.

The aim of this paper is to review astrocyte
with
antidepressant treatment within the frame of the systemic

e.g. Alzheimer’'s disease,

neurobiology  associated depression  and
concept of depression. We will try to show astrocytes as a
cell population, which can contribute to the depression
development and is affecting neuronal functioning during
the disease course. We will focus on the G-protein

astrocytic signaling, in respect to the crucial role of G-

proteins in the cell signal transduction. Antidepressant
treatment is considered to exert its effect mainly on the
neuronal population, we will try to demonstrate that
astrocytes can already be regarded as one of the targets of
antidepressant treatment which mediate a part of the
beneficial effects.

Depression as a stress-induced selective
neurodegeneration
Major depression involves disturbances in
emotional, cognitive, immune, autonomic and endocrine
functions (Nestler et al. 2002). Nervous, endocrine and
immune systems share neurotransmitters, peptide
hormones and cytokines as well as their receptors as a
common chemical language to communicate with each
other (Haddad et al. 2002, Fiserova et al. 2002, Tafet and
Bernardini 2003, Kovait and Kovaii 2005). This
interplay is especially important during a stress response.
Indeed stressful life events are often precipitating factors
for the depression onset (Hayley et al. 2005, Sekot et al.
2005). affect

functioning of these systems in many ways, for decades

Neurotransmitters  alterations  can

the depression has been linked particularly to

disturbances in  serotonergic and noradrenergic
neurotransmission. Dysfunction in the neurotransmitter
systems results, besides psychological and behavioral
consequences, in the systemic effect with hyperactivation
of stress hypothalamic-pituitary-adrenal axis (HPA)
(Haddad et al. 2002, Tafet and Bernardini 2003). The
resulting prolonged hypercortisolemia causes a wide
array of organ and immune changes (Tafet and
Bernardini 2003, Duman 2004, Gubba et al. 2004).

One of the most affected structures is the
hippocampus which expresses high numbers of steroid
receptors (Brown et al. 1999, Sheline et al. 2002).
Hippocampus has a key role in declarative memory tasks
and many other cognitive functions. It is also
interconnected to the limbic system, participating in the
recognition and regulation of emotional states as well as
in the vegetative and autonomic function control,
including HPA and sympathoadrenal system regulation
(Sheline et al. 2002, Tafet and Bernardini 2003). Adrenal
steroids modulate excitability of hippocampal neurons
and interfere with the process of dendritic remodeling in
CA3 hippocampal region, causing hippocampal dendritic
atrophy (Brown et al. 1999, McEwen et al. 2002, Sheline
et al. 2002, Hayley et al. 2005). Stress also impairs the

process of adult neurogenesis, causing robust reduction in
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the number of newly generated cells in the hippocampal
dentatus gyrus within various stress paradigms (Czech et
al. 2002, Duman 2004). Newly generated cells are
functionally connected in the neuronal circuitry. Reduced
adult neurogenesis is hypothesized to cause reduced
ability of the hippocampus to cope with novelty and
complex tasks leading to inadequate information
processing at the interface systems involved in learning
and affect regulation (Jakobs et al. 2000, Nestler et al.
2002, Kempermann et al. 2004, Doetsch and Hen 2005).
Today, mainstream therapy of depression via
G-protein receptors and modulation of intracellular
signalization cascade results in the activation of
transcription factors, with subsequent increase of growth
factor production; most notable are the studies of brain-
derived growth factor (Duman and Monteggia 2006).
This “neurotrophin hypothesis of depression" assumes
that deficiency in the neurotrophin signalization systems
with
neurogenesis together with an enhancement of apoptotic
processes caused by

effects on cellular plasticity, viability and

increased cortisol and pro-
inflammatory cytokines levels play an important role in
the depression etiopathogenesis (Aberg et al. 2000,
Jacobs et al. 2000, Gould and Manji 2002, Nestler et al.
2002, Kempermann and Kronenberg 2003, Duman 2004,
Duman and Monteggia 2006, Leonard 2006).

This is supported by the study of Alfonso et al.
(2004) relating psychosocial stress and hippocampus
response using model tree shrews. These authors
screened two subtractive hippocampal cDNA libraries
generated from RNA of cortisol-treated animals.
Comparing transcript levels of stressed and control
groups, four differences were demonstrated: nerve growth
factor (NGF), membrane glycoprotein protein 6a (M6a),
CDC-like kinase 1 (CLK-1), and o subunit of Gq protein
(GNAQ) transcript levels were reduced by chronic
psychosocial stress. All genes are related to neuronal
differentiation, in agreement with previous findings of
dendrite retraction and impairment of neurogenesis.
Treatment by antidepressant clomipramine prevents these
processes (with the exception of unchanged NGF). This
study also supports the concept that stress and/or
depressive disorders are accompanied by the neuronal
dedifferentiation at least in the hippocampal area and
antidepressants can prevent these processes (Alfonso et
al. 2004).

Brain imaging studies show reductions of a
hippocampal volume correlated with lifetime duration of
depression (Steffens et al 2000, Sheline et al. 2002).

Reduction of the hippocampal volume is more prominent
in depressive subjects exposed to trauma during
childhood (Vithingham et al. 2002). Cell-counting studies
have established that the major depressive disorder and
bipolar illness are characterized by alterations in the
density and size of neuronal and glial cells in fronto-
limbic brain regions (Rajkowska 2003). There is a
decrease in the neuronal and glial cell sizes and densities
in the orbito-frontal regions and dorsolateral prefrontal
cortexes of subjects with mood disorders and alcohol
dependence, with more marked pathology of glial
population (Miguel-Hidalgo and Rajkowska 2003).
Reduced subgenual glial numbers are more prominent in
subjects with the family history of depression (Ongiir et
al. 1998). There are also reduced numbers of glial cells
and glial/neuronal ratio in the amygdala (Bowley et al.
2002) and reduced astrocytic marker GFAP in the
cerebellum of subjects with mood disorders (Fatemi et al.
2004).
responsible for cell loss of both neurons and glia in the

Apoptosis is considered as a mechanism
hippocampal region, requiring prolonged and severe
stress exposure to occur (Tacuma et al. 2004, Lucassen et
al. 2006)

These findings from histopathological and cell
counting studies suggest that depression, as a complex
disorder affecting many cell populations, also involves
glial cells. In this review we will focus mainly on
astrocytes and model C6 glioma (astrocytoma) cells,
keeping in mind that contribution of other glial elements,
e.g. oligodendrocytes or microglia, is also very important.

Astrocytes and etiopathogenesis of
depression

Astrocytes are the prevailing glial cell
population in the CNS, outnumbering neurons by a factor
of 2-10, depending on the brain area (O'Kusky and
Collonier 1982). They form a plexiform net of cells
connected by gap junctions, providing thus a way for
buffering extracellular ion dysbalances caused by
neuronal activity (Sykova 2005). Astroglial cells are an
essential component of blood brain barrier, and provide
2000).

Astrocytes express virtually all neuronal neurotransmitter

nutrient supply to neurons (Laming et al.

receptors, ion channels and neurotransmitter uptake sites
(Table 1) (Hosli and Hosli 1993, Porter and McCarthy
1997, Deschepper 1998, Verkhratsky and Steinhduser
2000, Nakagawa and Schwartz 2004). There is an
intensive bidirectional communication between neurons
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and glial cells at the synapses, a concept of

“gliotransmission” and  “tripartite  synapse was
postulated where astrocytes are seen as active partners of
neurons (Araque et al. 1999). Astrocytes participate in
the neurotransmitter uptake from synaptic cleft, their
synthesis from precursors, supply of neurotransmitter
precursors to neuron and disposal of neurotransmitter
excess (Danbolt 2001, Hertz and Zielke 2004). Released
neurotransmitter can evoke Ca’" concentration increases
in astrocytes ensheathing the synaptic cleft which can
signal back to the neuronal presynaptic terminal, and
further suppress  the
neurotransmitter (Cotrina et al. 2000, Parpura and
Haydon 2000).

Astrocytes express both mineralocorticoid and

increase  or release  of

glucocorticoid receptors, glucocorticoid levels regulate
astrocytic
downregulation of astrocytic growth factor production by

reactivity and apoptosis, so that the
glucocorticoids is demonstrated (Gubba et al. 2004).
Glucocorticoids also inhibit glucose uptake by both
astrocytes and neurons impairing thus complex brain
energy metabolism (Horner et al. 1990).

Hippocampal atrophy observed in depression
illness might be related to the altered excitatory amino
acid system function. Excessive excitatory amino acid
levels can be neurotoxic for neuronal terminals, neurons
are in this respect greatly dependent on astrocyte
clearance of elevated glutamate, because removal of
glutamate is largely mediated by astrocytic transporters
(Brown 1999, Danbolt 2001, Hertz and Zielke 2004).
Elevated cAMP levels are demonstrated to enhance the
expression of glutamate transporters (GLAST and GLT1)
in rat astrocytes and regulate active calcium entry
(Hughes et al. 2004, Pawlak et al. 2005). Growth factors,
e.g. TGF-B and EGF, increase expression of glutamate
transporters on astrocytes (Zelenaia et al. 2000). This can
exert a protective effect in the endangered hippocampal
structures, e.g. apical dendrites of pyramidal neurons in
C3 area, enhance glutamate uptake and prevent excitatory
amino  acid-induced impairments of long-term
potentiation and dendritic remodeling.

Astrocytes are important regulators of synapse
numbers during development and in adulthood and are
necessary for synapse maturation, proper receptor density
and receptor subunit composition (Wilson et al. 1998,
Donato 2001, Slezak and Pfrieger 2003). There is also
evidence for astrocyte influence in the process of adult
neurogenesis taking place in the subventricular and

subgranular hippocampal zones (Seri et al. 2001,

Table 1. Astrocyte receptors and membrane transporters.

Junker et al. 2002,
Hosli and Hosli 1993,
Porter et al. 1997

Adrenergic 5, B ¢, Chup

receptors

Serotonergic SHT 4, 5-HT,,4,
5SHT; receptors

Wilson et al. 1998,
Barnes and Sharp
1999, Manev et al.
2001, Hannson et al.

1990
GABA,, GABAg;,, GABAg;,,  Charles 2003, Porter et
GABAp;receptors al. 1997
Glutamate AMPA/kainate, Porter et al. 1997,
NMDA, mGLURs1, Hertz and Zielke 2004
mGLURsS5 receptors
Purinergic PI, P2X, P2X; Miller et al 1995,

P2y, P2X; P2X, P2X,; Washburn and Neary
P2X;, P2Y, P2Y,receptors 2006

Acetylcholine nicotinic Sharma and
receptors Vijayaraghavan 2001
Dopamine D, D;, Dy, Ds Ohta et al. 2003,
receptors Myiazaki et al. 2004

Fuller and Wong 1990,
Bal et al. 1997, Inazu

Serotonin transporter SERT

et al. 2001
Norepinephrine transporter  Inazu et al. 2003,
NET, uptake 2 transporter Schildkraut and Money
2004
Glutamate transporters Danbolt 2001, Pawlak
GLAST and GLTI et al. 2005

Receptors for #eurotrophic Miller et al. 1995,
factors (NGF, BDNF, IGF, Hughes et al. 2004,
FGF, VEGR, EGFR, NT-3) Pawlak et al. 2005

2002,
Nakagawa and
Schwartz 2004

Receptors  for  cytokines Haddad et al.
(CNTF, IL 1B ILIra, INF-y,
IL4, IL 6, IL10, TGFf3 TNF©)

Deschepper 1998,
Porter et al. 1997

Peptide receptors for

VIP, somatostatin, oxytocin,
vasopressin, ANP, bradykin,
thrombin

Nakayama et al. 2003, Hagg 2005). Interesting novel
findings indicate glial gene Ndrg2, with putative roles in
neuronal differentiation, synapse formation and axon-

glial interactions regulated by glucocorticoids and
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antidepressants as a candidate for vulnerability gene to
depression development (Nichols ez al. 2005).

Following noxious insults associated with
neuronal damage, astrocytes proliferate and change cell
morphology, accumulation of cytoplasmic fibrillary
material and profile of expressed receptors and adhesion
molecules (Ridet et al. 1997, Sofroniew 2005). These
reactive astrocytes produce neurotrophins, cytokines and
chemokines which serve as mediators of the host defense
system, inflammatory response and signals among
astrocytes, neurons and microglia (Miiller er al. 1995,
Nakagawa and Schwartz 2004, Hauwel et al. 2005).
Astrocytes are the main cell population, responsible for
CNS,

proinflammatory cytokines, prostaglandins and nitric

limiting  inflammatory  reactions  within

oxide released during inflammatory response can
attenuate the negative feedback and rise to the levels
which can be deleterious for the neurons and other cells.
For example, astrocytes lacking B,-adrenoreceptors play a
role in multiple sclerosis pathogenesis (De Keyser et al.
2004). There is a negative interference of inflammation
with
sprouting and neurogenesis in hippocampus (Vereker et

induction of long-term potentiation, neurite
al. 2001, Hayley et al. 2005). There is also an increase of
apoptosis rate (Shiepers er al. 2005, Lucassen et al.
2006).

There is also an important involvement of
astrocytes in

serotonin precursor tryptophane in the diet is causing

serotonin metabolism. Depletion of

serotonin level reductions in the brain which is
correlating with depressive symptomatology (Neumeister
2003, Leonard 2006). Tryptophane is metabolized by
tryptophane hydroxylases to serotonin or alternatively by
dioxygenases to kynurenine. Kynurenine is further
metabolized to neurotoxic metabolites or neuroprotective
kynurenic acid. Activity of dioxygenases is increased by
cortisol and pro-inflammatory cytokines, e.g. IL-6 or
INF-y. Activated microglia is producing mostly

neurotoxic metabolites 3-hydroxyanthranil acid and

quinolinic acid, the main astrocyte metabolite is
neuroprotective kynurenine (Guillemin ez al. 2005).
Astrocytes are also metabolizing quinolinic acid
produced by the microglia, reducing thus neurotoxicity
associated with microglial activation (Guillemin et al.
2001).

Reductions in neuronal size and density in
certain areas observed in depression can be indicative of
diminished glial ability to support full cell size and
dendrite arborization. Given

proper indispensable

function of astrocytes in neuronal energy metabolism,
reductions in the number of glial cells in the frontal lobes
can participate in the lowered metabolism observed in
these regions during a depressive episode. Astrocytes
contain high levels of antioxidants and antioxidant
enzymes. Reduced neuron supportive functions due to
compromised astrocyte numbers or function can thus
cause neurons to become more vulnerable to excessive
corticosteroid mediated, excitotoxic glutamate, quinolinic
acid or reactive oxygen species mediated damage
(Drukarch et al. 1998, Brown et al. 1999, Brown 1999,
Tacuma et al. 2004). Astrocyte-derived growth factors
provide neuroprotection in various damage models
(Junker et al. 2002, Nakagawa and Schwartz 2004,
Tacuma et al. 2004). Astrocytes can further support
neuronal viability by secretion of other neuroprotective
factors and by restricting the inflammatory response and
microglial activation (Miiller et al. 1995, Villoslada and
Genain 2004, Hauwel et al. 2005).

Effect of antidepressants on astrocytes

Several different classes of pharmacological
agents are currently used for treatment of depression.
These include monoamine oxidase inhibitors (MAO),
nonselective inhibitors of monoamine uptake, tricyclic
drugs e.g. imipramine, amitriptyline or desipramine,
selective inhibitors of serotonin reuptake (SSRIs) like
fluoxetine, sertraline or citalopram, inhibitors of
noradrenaline reuptake and drugs inhibiting uptake of
both monoamines, e.g. venlafaxine or milnacipran.
Antidepressive effect proves also tianeptine which
enhances uptake of monoamines on the synapses and is
supposed to reverse stress-induced changes in the
hippocampal formation and modulate glutamate receptors
function (McEven et al. 2002). The main mechanism to
terminate the action of synaptically released transmitters
is the uptake by transporters which are present both on
neurons and astrocytes (Fuller and Wong 1990, Bal et al.
1997, Inazu et al. 2001, 2003).

Norepinephrine transporter (NET) is sensitive to
tricyclic drugs like desipramine and imipramine as well
as to the mixed serotonin/noradrenaline uptake inhibitor
2003).

norepinephrine levels by a blockade of uptake has a

milnacipram (Inazu et al. Elevation of
profound effect on astrocytic neurotransmitter receptor
expression and cellular signalization cascade modulation.
Astrocytes as a major cell population expressing ;- and
B,-adrenoreceptors in the brain (Hosli and Hosli 1993)
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are responding to antidepressant desipramine by
decreasing the density of receptors (Sapena et al. 1996).
Norepinephrine present in the synapse or other
extraneuronal spaces can also be taken up into adjacent
uptake 2, the

extraneuronal monoamine transporter. This uptake 2

glia by a mechanism known as

transporter is inhibited by formation of normetanephrine
in glia by catechol O-methyltransferase from epinephrine.
Thus astrocytes actively participate in an increase of
synaptic norepinephrine and potentiate action of
norepinephrine  reuptake inhibitor
(Schildkraut and Mooney 2004).
Astrocytic

transporter SERT is sensitive to tricyclic drugs as well as

antidepressants

serotonin sodium-dependent
to SSRIs and its expression is downregulated by SSRIs
(Bal et al. 1997, Inazu et al. 2001, Benmansour et al.
2002). Its expression and serotonin uptake are positively
regulated by fibroblast growth factor (Kubota et al. 2001).
By binding to astrocytic SHT; receptors, serotonin
stimulates production of neurotrophic S100p which is also
produced after exposure to SSRI fluoxetine (Wilson et al.
1998, Donato 2001, Manev et al. 2001). The plasma level
of S100P was significantly higher in patients with major
depression and positively correlated with a response after 4
weeks of treatment (Arolt et al. 2003). Stimulation of 5-
HT,, receptors enhances the turnover of phosphoinositide
and cAMP accumulation, there is a potentiation of -
of cAMP.

Furthermore, in the presence of both noradrenaline and

adrenoreceptor  stimulated accumulation
serotonin receptor agonists, the accumulation of cAMP is
increased, and each of them alone can also cause cAMP
accumulation (Hansson et al. 1990).

Influence of antidepressant treatment on
glutamate system function is also studied. Tricyclic
antidepressants when administered chronically have a
modulatory effect on NMDA receptors; NMDA antagonist
MK-801 produces a similar effect (Nowak et al. 1993). A
stress-induced increase of glial glutamate transporter GLT-
la has also been demonstrated, while the administration of
antidepressant tianeptine eliminates this effect, being
concurrent with downregulation of NMDA-receptor
subunits (McEwen ef al. 2002).

With respect to the suspected neurotrophin
shortage in depression, production of growth factors by
astrocytes treatment was

investigated. Chronic administration of antidepressants

following antidepressant

amitriptyline, clomipramine, mianserine, fluoxetine and

paroxetine significantly ~ increases  glia-derived

neurotrophic factor (GDNF) release from C6 glioma cells

(Hisaoka et al. 2001). This GDNF release is further
potentiated by serotonin (Hisaoka et al. 2004). Activation
induced the
synthesis of nerve growth factor (NGF), fibroblast growth
factor (FGF) and transforming growth factor f1 (TGF
B1) and provided neuroprotection against glutamate-

of P,-adrenoreceptors by clenbuterol

induced and ischemic neuronal damage (Junker ef al.
2002). Noradrenaline stimulates C6 glioma and cortical
astrocytic cells to produce NGF via B-adrenergic receptor
stimulation and adenylylcyclase activation (Stone and
Ariano 1989).

Production of growth factors also seems to be
regulated by dopamine D, and D, receptor agonists which
may be required for NGF and glia-derived growth factor
(GDGF) production by astrocytes (Ohta et al. 2003).
Production of brain-derived neurotrophic factor by mouse
astrocytes is also potentiated by dopaminergic stimulation
(Inoue et al. 1997). MAO B inhibitor selegiline also
stimulates growth factor (NGF, BDNF, and GDNF)
production by mouse astrocytes (Mizuta et al. 2000).

All monoamines (noradrenaline, serotonin or
dopamine) are able to significantly increase BDNF
astrocyte synthesis and secretion suggesting the existence
between
astrocyte

of a positive reciprocal interaction

monoaminergic  neuronal activity and
neurotrophic support in neuron-astrocyte crosstalk which
has a dynamic role in mediating neuronal plasticity and

trophic functions in the brain (Mojca-Juric et al. 2006).
Major depression and cell signaling

Biochemical approach to mood disorders and
antidepressant action is based on monoamine theories
describing lowered amounts of serotonin and
norepinephrine in the synaptic cleft, and antidepressant
influenced inhibition of the neurotransmitter reuptake
into nerve terminals (Gould and Manji 2002, Avissar and
Schreiber 2006).

transmembrane signal transduction from neurotransmitter

Attention is also focused on
receptor coupled to heterotrimeric guanine-nucleotide
binding proteins (G proteins), effector systems (enzymes,
ion channels) and subsequent intracellular response.
Trimeric G proteins are composed of o, § and y
subunits. In the activated state especially G o subunits
play a key role in transmembrane signaling from
receptor-ligand complet (neurotransmitter, hormone,
chemokine, etc.) to effector enzymes — adenylylcyclase
(G o, G @iy ) and phospholipase C (G 01), producing
second messengers cCAMP and 1,4,5 inositoltriphosphate
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(Spiegel 1996), respectively. Subsequent intracellular

events predominantly regulate cascade of protein
phosphorylation reactions by kinases. G proteins play a
role in molecular switches in complex biological
processes, such as synaptic plasticity, neuronal sprouting
and cellular differentiation including early stages of
neurogenesis, providing thus a mechanism for the
epigenetic control of neuronal differentiation (Strubing et
al. 1997, Avissar and Schreiber 2006).

Various studies are concerned with the
involvement of G proteins in pathophysiology, diagnosis
and treatment of mood disorders, modulation of G protein
coupled neurotransmitter receptors and regulation of G
protein function by arrestins, etc. (Gould and Manji,
2002, Avissar and Schreiber 2002, 2006). Furthermore,
there was found an association between G subunit
expression or G protein B3 subunit gene polymorphism
and antidepressant effect in major depression (Kovaiu et
al. 2001, Lee et al. 2004). Altered signal transduction
components, especially ¢ subunit of G protein expression
and/or function, as well as changed mRNA levels were
found in the postmortem brain tissue of patients with
major depression and bipolar disorder (Young et al.
1993). Other studies revealed both G protein-influenced
cAMP synthesis and G protein- induced activation of
phosphoinositide signal transduction in postmortem brain
cortex regions of suicide victims with major depression
(Pacheco et al. 1996). In contrast, there is decreased
phosphoinositide metabolism in postmortem brain
samples of bipolar affective disorder subjects (Gonzales-
Maeso et al. 2002).

In addition, the analyses of peripheral blood
granulocytes or thrombocytes from depressive patients
confirmed the relationship between alteration in G
proteins and decreased G protein function in depression,
and increased levels and the function of G proteins in
bipolar disorder (Gould and Manji 2002, Avissar and
Schreiber 2006). We demonstrated dynamic changes in
levels of both G 0, and G © subunits of peripheral
blood granulocytes of patients with unipolar depression
during fluoxetine administration on days 3-28 (Kovatt et
al. 2000, Kovait and Kovai 2005). Granulocytes are
effectors of natural immunity likewise natural killer (NK)
cells. Blunted peripheral blood NK cytotoxicity was

demonstrated in major depression (Reynaert et al. 1995).
Antidepressants and cell signaling

Antidepressant  effects  during  depressive

disorders is based mainly on the inhibition of reuptake of
biogenic amines — serotonin (5-HT), norepinephrine
and/or dopamine into presynaptic nerve terminals (Gould
2002, 20006).
Furthermore, antidepressants cause downregulation of
5-HT, and 5-HT,
level, when administered chronically.

and Manji Avissar and Schreiber
B-adrenergic,
postsynaptic
Decreased monoamine

receptors at the
receptor densities following
antidepressant treatment can also be seen in cell culture
systems, such as C6 glioma cells lacking presynaptic
input. Thus, monoamine receptor downregulation is
directly resulting from postsynaptic action of the
antidepressants. Reports concerning antidepressant
postreceptor effects on G proteins involve both proximal
effects on receptor coupled to G protein and distal effects
on G protein-effector enzymes, adenylylcyclase and
phospholipase C which are producing second messengers
cAMP and 1,4,5-inositoltriphosphate.

Receptor-G protein coupled interactions are
tightly regulated by mechanisms of desensitization,
internalization, downregulation, and resensitization which
are protecting These

mechanisms involve activities of two families of proteins:

cells from overstimulation.
i) G protein-coupled receptor kinases, serine-threonine
kinases, capable of phosphorylation of receptor and thus
uncoupling receptor-G protein, and ii) beta-arrestins with
“scaffold” function of the G protein, transducing signal
leading to activation of mitogen-associated protein
(MAP) kinase cascade. MAP kinase via specific kinases
regulates a number of intracellular events, including
apoptotic signals (Avissar and Schreiber 2006).

In vitro studies contribute to the clarification of
the molecular basis of antidepressant action involving
G proteins as postreceptor components (Alt et al. 2001,
Donati and Rasenick 2005). Cell cultures represent
alternative bioassay models to animal experiments.
C6 glioma established cell line of astrocyte origin is used
in the studies exploring antidepressant effects (Mares et
al. 1991, Kovait et al. 2001, Donati and Rasenick 2005).
Acute antidepressant administration lasts 24 h, chronic
S5-day administration to C6 glioma cell cultures is
comparable with 3-week antidepressant treatment of rats
(Chen and Rasenick 1995).

According to our results, acute fluoxetine effect
evoked a decreased level of G 0 subunit in C6 glioma
cells, whereas an increased G ¢, level was observed after
chronic exposure. Acute fluoxetine administration causing
a reduced membrane G 0y amount was linked to subunit
translocation into cytoplasm where it was determined
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(Kovait et al. 1997, 1998). Reduced membrane G Oy
subunit levels caused a lower degree of phospholipase C
signaling with a subsequent decreased substrate 1,4,5-
from

inositoltriphosphate  formation. ~Anti-depressants

different classes are able to induce G ¢« subunit
translocation into the cytoplasm (Donati and Rasenick
2005).

administration on C6 glioma cells were demonstrated by

Intracellular ~ consequences of  fluoxetine
apoptotic events in contrast to ineffective imipramine or
amitriptyline (Spanova et al. 1997). MAP kinase activation
participating in apoptotic signals was detected in fluoxetin-
treated cultures of rat astrocytes (Mercier et al. 2004).

We also studied in vitro chronic effects of
(SSRIs) and

serotonergic

sertraline,  citalopram mirtazapine

(noradrenergic and antidepressant) in
comparison with tricyclic imipramine, amitriptyline or
desipramine. Results show that G o subunit profiles are
antidepressant-dependent and are not affected by TCA
data

antidepressant-induced cell signal transduction pathway

administration.  The available  demonstrate
modulation via both effector enzymes, adenylylcyclase
(G as) and phospholipase C (G o g/11) (Kovatt et al.
1998, 1999, 2001).

When citalopram effects on both rat C6 glioma
cells after in vitro chronic treatment and rat brain in vivo
were compared, similarities in G profiles were observed
(Fig. 1). In vivo citalopram effects were comparable in the
brain and the spleen, indicating a similar cell signaling
response in functionally different systems (FiSerova et al.
1997, Kovatt et al. 2000, 2001, Fiserova et al. 2002).

Conclusions

Despite several decades of research, the exact
neurobiological substrate of depression and mechanisms
of antidepressant drug action are still unknown. There is a
complex disturbance of homeostatic functions in
depression, comprising immune, endocrine and central
nervous systems, which are regulated and/or corrected by
antidepressant treatment. As suggested by many authors,
disturbances in cellular plasticity processes, neurogenesis
and suppression of reparation processes are the crucial
changes at the cellular level in depression (Jacobs et al.
2000, Nestler et al. 2002, Kempermann and Kronenberg
2003, Duman 2004, Leonard 2006). Impairment of neural
connectivity results in the aberrant information
processing in neural circuits critical for mood regulation.
often

Depression s accompanied by

inflammatory changes and hypercortisolemia which are
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Fig. 1. Effect of citalopram /in vitro and /n vivo in the rat. Each
result is the mean + S.E.M. of 7-9 measurements. For details see
Kovarl et a/. (2001).

both pro-apoptotic.
increase of apoptotic processes and atrophic changes in

Many findings demonstrate an

the hippocampus and frontal lobes as well as other
structural neuronal alterations (Hayley et al. 2005,
Shiepers et al. 2005, Lucassen et al. 2006).

Nevertheless, the present prevailing opinion
considering only neuronal population as a substrate of a
disorder and the only target of antidepressant medication
is not further sustainable with a expanding knowledge
demonstrating close functional cooperation between
neurons and supportive glia in health and disease. This
close cooperation is also reflected in the depression
pathogenesis where degeneration of neuronal populations
in certain regions is also accompanied by glial astheny
and impairment of neuronal metabolism which is largely
glia-dependent.

As we try to demonstrate, antidepressants affect
glial cell signal transduction, as evidenced by changed
G protein levels and second messenger changes.
Treatment also modulates complex cell responses and
production of many substances, necessary for neuronal
health and survival, including a wide array of growth
factors. The antidepressant treatment effect, which in
some aspects opposes the effect of stress on neurons, is
therefore not limited to neuronal population.
Antidepressants also affect astrocytes, which are the
major source of the neurotrophic and neuroprotective
thus

Therefore, modulation of astrocyte activity seems to be a

substances, supporting neuroplasticity events.
logical step in complex pharmacological treatment of
depression as well as of other neuropsychiatric disorders
Considering
significant differences in the antidepressant effects on

with a neurodegenerative component.

astrocyte cell signal transduction, it remains a matter of

further research to identify drugs with specific
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modulatory effects on astrocytic function or production of
neurotrophic molecules.
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Abstract CNS, endocrine and immune systems share the same molecules: neurotransmit-

ters, cyvtokines and hormones to communicate within and among cach other.
Depression is associated with abnarmalities in the noradrenergic, serotonergic
and dopaminergic neurotransmitter systems and reductions in the level of their
precursors and metabolic turnover. Mast of these signalling molecules use trimeric
G-proteins as a transduction system to transfer extracellular signal into cellular
response. Altered levels or function of signalling proteins, especially a subunits
of trimeric G-proteins, were found in post-mortem brain tissue and leukocytes of
subject suffering from major depression.
There is a considerable evidence that inflammatory response and immune sys-
tem changes are the part of depression. Components of cellular immune system
natural killer cells, important effectors of immune surveillance, are sensitive to
stress response, and their functions are compromised in depressive subjects. Many
lines of evidence also point to the loss of both neuronal and glial pla.stu.lt}r and
neurotrophic factor support under chronic stress or in depression. There is an
increasing knowledge of the role of astrocytic cells in neuroplastic processes and
neurotransmitter metabolism. Alterations in the glial populations are observed
in major depressive subjects. Antidepressant treatment is modulating glial sig-
nalization cascades, increasing production of neurotrophic molecules, supporting
neuroplasticity processes, and also modulating functions of natural killers. At the
level of membrane signalling, antidepressants show a direct influence upon Ga
subunit levels in both immune system and CNS. These findings support the view
that antidepressants influence activity of natural killer and astrocytic populations,
and this could be of importance in the depression etiopathogenesis and/or treat-
ment.
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Abbrewviations:

; = GONF - glia derived neurotrophic factor NKCA = natural killer cytotoxic activity

ACTH -ad - ; =
ATP = :éﬂ;ﬁ?::ﬁ;ﬂh:z g GTR = guanosine triphosphate 5-HT = J-hydroxytryptamine, serotonin
AC  atlenyiyl cyclise -1 - interleukine 1- PrA - pratein kinase A

5 IL-6 - interleuking & PLC - phospholipase C

- oyl
;ﬂ'ﬁ E ;::I:f ::fﬁf;'::ﬁﬁfﬂiﬂfx IL10 - Interleukine 10 PHLC - pratein kinase C
= INF-y - interfenon y S5AI - salective serotonin reuptake

. ;:.:gi;“pﬂn“ element binding InsFy IP3 - 1,45 inositol triphosphate inkibitor
s el Ok SR MADA - manoamine oxidase & S5100- & - trophic factor 31000
DAC - diacylglycerol ¥s MA - moradrenaling TCA - tricyclic antidepressant
G-protein - timeric GTP binding protein NGF - nerve growth factor TGF-f - transforming growth factor [
FGF - Bibroblast growth factor MK - matural killer TNF-a - tumor necrosis factor a
INTRODUCTION

HERE is 2 widening knowledge ot complex inter
I actions among the main homeostatic systems:
nervous, immune and endocrine in health and
under pathological conditions. One of disorders where
a complex disturbance of all svstems is present, is major
depression. Depression is a highly prevalent disorder,
affecting 10-20% of population, with a higher preva-
lence in women (Weissman e al. 1996), Its prominent
symploms are depressive mood, anhedonia, loss of selt-
confidence, and suicidal ideation. There are also prob-
lems with concentration, decision making, and other
signs of cognitive impairment. Depressive people often
present somatic complaints such as pain, insomnia, loss
of appetite, and decrease of body weight (Sadock and
Sadock 2005). Neuroendocrine dysfunction of HPA axis
is part of major depression symptoms (Matalka, 2003).
There are also endocrine abnormalities in depressive
patients, 50% of depressive patients have elevated levels
of urine cortisol, and administration of synthetic corti-
coid dexamethazone does not result in suppression of
cortisal bloed levels and ACTH secretion (Mendlewicz
et al. 1984; Watson et al. 2006). These patients are at a
higher risk of suicidium (Joniken et al. 2007). Elevated
cortisol levels are implicated in the impairment of
neuroplastic processes and diminished availability of
growth factors like BDNFE, NGF or FGF (Duman ¢ al.
1997, Evans et al. 2004; Hayley et al 2005).

The CNS, endocrine and immune systems us¢ neu-
rotransmitters, cytokines and hormones to cross-talk
communication among them (Haddad et al. 2002; Kit-
zlerovd and Anders 2007: Anismann ¢t al. 2008). Most
of this signalling molecules use G-proteins for trans-
duction of extracellular signal into cellular response.
After ligand binding to G-protein coupled receplor,
the trimeric protein complex a,p,y G-protein subunits
is dissociating, activated a subunit of G-protein is then
initiating cascade of intracellular events: protein phos-
phorylations, ion channel modulation and activation of
further signalization components (Wettschureck and
Offermanns 2005; Avissar and Scheiber 2006; Luttrell
2006). Mode of pathway activation is dependent on the
a subunit type (Wettschureck and Offermanns 2005).
Gas subunits activate adenylyl cvclase (Gai inhibits
enzyme ). Gas increase cAMP formation, activation

of protein kinase A, phosphorylation of transcription
CREB factor. The Gaq subunit is initiating PLC cas-
cade activation, increase of inositol 1,4,5-triphosphate
{InsP,) production and release of CaZ* from intracel-
lular stores, production of diacylglycerol and protein
kinase C (PKC) activation (Hubbard and Hepler 2006),

Although antidepressant medication has been used
to treat affective disorders for more than 50 years, our
understanding of its action is still incomplete. Acute
action is thought to be mediated by blockade of serp-
tonin (5-HT) or noradrenaline (NA) reuptake, chronic
administration results in modulation of the cellular
signalling components via increased levels of serotonin,
noradrenaline and dopamine acting on specific recep-
tors (Duman et al. 1997; Nestler ef al. 2002; Normann ¢!
al. 2007, Dronjak et al.2007). Antidepressants are known
to modulate density of neurotransmitter p-adrenergic
receptors when administered chronically (Honegger et
al. 1986; Fishman and Finberg 1987). Nevertheless, in
contrast to tricyclic antidepressants, down-regulation
of B-adrenoreceptor density by S5RIs has not been
consistently demonstrated (Nelson ef al. 1990; Koe and
Lebel 1995). Clinically effective antidepressants facili-
tate G-protein activation of adenylyl cyclase without
altering G-protein content (Menkes ef al 1983; Chen
and Rasenick 1995).

Chronic antidepressant effect on C6 glioma cells
prevents Gas subunit accumulation in cytoskeletal asso-
clated plasma membrane domains, causing its redistri-
bution to the cytoplasm, which can partially explain
reduced Gas subunit coupling as well as elevated Gas
subunit - adenylyl cyclase coupling (Donati and Rasen-
ick 2005). Because this effect occurs also in in wilro
cultures which lack presynaptic input. this can be also
considered a direct postsvnaptic action of antidepres-
sants on signalling components (Chen and Rasenick
1995).

Several lines of evidence suggest that long-term
antidepressant treatment is facilitating signalization
cascade initiated by Gas subunit, with subsequent acti-
vation of adenylyl cyclase, increased cAMP formation,
facilitation of transcription mediated by CREB (cAMP
response element binding protein) and enhanced pro-
duction of neurotrophins in the CNS, including BDNF
(Chen and Rasenick 1995; Nestler ef al. 2002; Nair and
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Vaidya; 2006; Norman er al. 2007). Resulting changes of
cell viability, neuroplastic changes and increased neuro-
genesis, especially in the hippocampal region, are con-
sidered to mediate at least a part of the antidepressant
effect (Duman et al. 1997; Nestler e al. 2002. Duman
and Monteggia 2006).

IMMUNE CHANGES AND DEPRESSION

and increased levels of inflammatory cytokines

[IL-1,TNF- a, [NF-y) with subsequent behavioral
(so-called sickness behavior) and biclogical changes
(HPA axis activation) is a characteristic of depres-
sion (Leonard 2001; Haddad et al. 2002; Simpkins and
Devine 2003; Simon ef al. 2007; Maes 2008). In the CNS
environment, inflammatory cytokines like TL- 1P are
identified as one of neurotoxic mediators, suppressing
hippocampal progenitor cell proliteration and mediat-
ing effect of chronic stress; blockade of 1L- 1§ receptors
alleviates chronic stress effect (Koo and Duman 2008).
There is also widely recognised complex relation-
ship between chronic stress, depression and immune
functions, leukocytes are sensitive to stress-induced
systemic cortisol or moncamine levels, monoamine
receptors are widely expressed on leukocytes, includ-
ing a- a p-adrenoreceptors and dopamine receptors
(Haddad er al 2002: Fiderova of ol 2002 Kovifd and
Kovara 2005).

One of the most consistently demonstrated immune
changes in depressive subjects is decreased natural killer
cytotoxic activity (NKCA) (Reynaert ef ul. 1995; Zor-
rilla ef al. 2001). Natural killer {NK) cells are released
to circulation in response to stressor stimuli, form the
important elements of innate immune defence against
viral infections and malignant tumor growth (Engler et
al. 2004; Orange and Ballas 2006). NK cells are capable
of early cytokine production and induce lysis of target
cells without prior antigen sensitisation (Cooper ot al.
2001). There is an association between inflammatory
cytokine levels {TNF-a, IL-6) and diminished NKCA
in the depressive senior population (Trzonkowski ef
al. 2004). Activity of NK cells 15 regulated directly by
hypothalamic nuclei and by a wide array of receptors,
including those for catecholamines; resulting level
of activity is a consequence of complex signalization
response of activation and inhibitory signals (Katafuchi
etal. 1993; letschmann et al. 1997; Kirwan and Burshtyn
2007). Impaired NKCA was repeatedly demonstrated
in major depressive subjects with restoration of activ-
ity following antidepressant treatment concurrently
with amelioration of depressive symptoms (Frank ¢f al.
1999; Zorrilla ¢f al. 2001; Evans ¢f al 2007). There is a
significant association between depressive symptoms,
NK numbers and NKCA, and survival time in patients
with malignity (Steel ¢f al. 2007).

There is alse consistent demonstration of sero-
tonin stimulated cAMP formation in leukocytes af

IT has been suggested that immune activation

major depressive disorder subjects (Halper et al 1988;
Mann ¢t al. 1997; Gurguis er al. 1999). Analyses of
peripheral blood granulocytes or thrombocytes of
depressive patients confirmed relationship between
alteration in G-proteins and decreased isoprotenol
or P-adrenoreceptor induced cAMP accumulation in
subjects suffering from major depression (Halper of
ul. 1988; Gurguis of al. 1992). Furthermore, an associa-
tion between G-protein 23 subunit gene polymorphism
and severity of depression symptoms and response to
antidepressant treatmen! was demonstrated (Lee et af
2004},

ANTIDEPRESSANTS AND LEUKOCYTES

C HrONIC antidepressant treatment alleviates
macrophage-produced c¢ytokine production
and blocks its behavioral consequences, and
also restores NK activity (Kubera of al. 1995; Frank et al.
1999; Maes, 2001; Evans ef al. 2007). Increases in polen-
tiation of s-adrenoreceptor- mediated cAMP responses
in leukocytes of depressed subjects were found during
antidepressant or electroconvulsive therapy, and were
correlated with improvement of depression {Mann et al
1990; Halper ¢ al. 1988). We previously demonstrated
dynanic changes in levels of both Ga g/ 1| and Gas sub-
units of peripheral blood granulocytes of patients with
depression during fluoxetine administration on days 3 -
28 (Kovari ef al. 1997; 2000; Koviri and Kovird 2005),
Analyses of peripheral blood granulocytes or thromba-
cytes of depressive patients show relationship between
alteration in G-proteins and decreased Ga-subunit func-
tion in depression; granulocyte Ga-subunit levels were
sugpested as a depression .state marker” or a predictor
of antidepressant therapeutic response (Gurguis ef al
1999: Avissar and Schreiber 2006). In the depression
pathophysiology, regulators of G-pratein signalling are
also involved, several results show reduced j-arrestini
and GRK2 kinase levels in leukocytes of subjects suffer-
ing from major depression with normalization of levels
following antidepressant treatment {Matuzany-Ruban
elal. 2005; Avissar and Schreiber 2006).Our data dem-
onstrate modulation of Ga subunit levels in human-
and rat NK cell culture by amitriptyline and fluoxetine
by the same primary antibodies. Antibody properties 1o
detect of Ga chain in both human and rat cell culture
are based on common primary amino acid sequences
of C terminal dekapeptides of alpha subunits of main
types of ( proteins in mammals (Milligan 1988; Kovifa
et al. 2001; Koviid and Kevdid 2005).

There is a decrease of NKCA after acute fMluoxetine
administration in rats which is transient and followed
by tolerance to chronic Huoxetine administration (Pel-
legrino and Bayer 1998). This effect is attributed to
desensitisation of serotonergic receptors involved in
the immunoregulatory pathway regulating NK activ-
ity {Artigas ¢t al 1996; Pellegrino and Bayer 1998). An
increase of NK activity was found after 5-day treatment
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with amitriptyline in vivo (Kubera et al 1995). Aug-
mentation of NKCA activity after chronic fluoxetine
administration in vivo and also i vitro is repeatedly
demonstrated (Frank et al. 1999; 2004).

Our finding shows direct modulation of NK signal-
ization by antidepressants which is not dependent on
central influence; more prominent changes are induced
by fluoxetine than by amitriptyline (Kovara et al. 1997).
Reduced levels of Gag/11 subunits in both human and
rat NK cell line could impair functioning of PLC path-
way, both DAG and InsP stimulate PRC activity and all
enzymes participale in the release of cylotoxic granules
and lysis of tumor target cells by NK (Steele an Brahmi
I1988; Procopio ef al 1989). NK cytotoxic activity is
regulated also by the adenylyl cyclase system, elevation
of cAMP is associated with suppression of NKCA, and
this inhibition appears dependent on PKA activation
(Whalen and Bankhurst, 1990; Torgersen et al. 1997).
However, a further finding by Bariagaber and Whalen
demonstrates that also inhibition of ¢cAMP pathway
results in suppression of NKCA, maintaining capacily
lo activate cAMP signalling pathway seems to be crucial
for preserving MKCA (Bariagaber and Whalen 2003).
Beside this, PLC pathway activation which is critical in
the cytotoxic response in the NK cells, is also dependent
on the cAMP levels and PKA activation { Bariagaber and
Whalen 2003).

GLIA AND DEPRESSION

w increasing knowledge indicate the role of
A glial, especially astrocytic cells in the neuronal
metabolic support, neurotransmitter metabo-
lism, and synaptic regulation (Araque er al. 1999; Haber
and Murray 2006; Perea and Araque 20052;2005b).
Furthermore, astrocytes are implicated in active par-
ticipating in the induction of new synapses, synaptic
communication, and influence experience-dependent
changes in the synaptic strength (Elmariah er al 2005;
Kleim et al. 2007), There is an evidence demonstrating
unanticipated reductions in the density and number of
glial cells in the regions of importance in subject suffer-
ing from major depression, including the dorsolateral
and frontoorbital cortex and possibly the limbic strue-
tures (Rajkowska et al. 1999; Rajkowska and Miguel-
Hidalgo 2007). These observations led to the hypothesis
that glial cell dysfunction may contribute to the patho-
genesis of depression and antidepressant action (Coyle
and Schwarcz 2000: Cotter at al. 2001; Manev ¢! al. 2003;
Piwv et ol 2008).

A recent hinding demonstrates that selective phar-
macological glial ablation in the prefrontal cortex of
experimental animals is able 1o induce behavior similar
to chronic stress-induced behavior and supports thus
the hypathesis that glial population losses contribute to
development of core depression symptoms (Banasr and
Duman 2008). There are also findings suggesting that

astrocyte structural and functional heterogeneity can be
of importance in the depression neuropathology (Won
and Oh 2000; Rajkowska and Miguel-Hidalgo 2007).

Astrocytic cells are able to respond to changes in
the CNS environment such as trauma, inflammation,
infection or neuronal damage; rearrange the profile of
expressed receptors and secreted molecules, and adopt
“reactive” phenotype (Ridet et al 1997). Astrocytes
respond to cytokines like IL-1, IL-6, INF-y or TNF-a,
ATP. adenosine, growth factors like FGF2 or peptide
hormones like vasopressin (Sofroniew 2005).

Astrocytes are able to produce growth factors as
GDNE, NGE, BDNE, neuropoietic and anti-inflamma-
tory cytokines like 1L-4, [L- 10 and RANTES chemokine
(Althaus and Richter-Landsberg 2000: Miklic e al
2004; Juric ef ul. 2006). Glucocorticoids regulate astro-
cyte growth factor production ($100-B, TGF-f, NGF or
BDINF), this is dependent on the dynamics of corticoid
levels (Niu el al. 1997, Gubba e al 2004). Secerned
molecules as immune system mediators signal between
astrocytes, neurones, microglia and endothelial cells
(Farina et ol 2007). Astrocytes by anti-inflammatory
cytokine [L-4, IL-10 and IL-13 secretion limit inflam-
matory activation as well as activation of microglia
{ Ledeboer et al. 2000).

Astrocvie-microglia interaction is also important
in the serotonin metabolism; activated microglia is
producing toxic metabolites like quinolinic acid from
seratonin precursor tryptophan (Guillemin et al. 2001).
Inflammation and elevated levels of inflammatory
cytokines induce increasing activity of indoleamine
{2.3)-dioxygenase, thus decreasing levels of tryptophan
and serotonin preduction, and increasing production
of toxic metabolites which have apoptotic, pro-oxidant
and neurotoxic effects and aggravate initial inflamma-
tion (Maes et al. 2007). Astrocytes are able to metabolise
these toxic metabolites and produce neuroprotective
kynurenine acid with antiapoptotic and neuroprotec-
tive effects, and limit the inflammatory processes and
neuronal damage (Guillemin er al. 2001).

ANTIDEPRESSANTS AND GLIAL CELLS

NTIDEPRESSANT cffects are usually studied
A on brain tissue, neuronal cells or neuronal cell

models and results are interpreted in terms of
neuronal function modulation, with some exceptions -
astrocytes are not usually considered as a target of anti-
depressant action (Hertz and Richardson 1983; Cotter
of al. 2001; Manev ¢f al. 2003; Hertz ef al 2004; Lee &t
al. 2007). These cells, however, have been shown ta
respond to antidepressants in a manner similar to post-
synaptic neurons and are used to study antidepressant
effects (Chen and Rasenick 1995; Chung er al. 2007;
Hisaoka et al. 2001; 2007). Astrocytes produce various
neurotrophins = GDNE BDNF, NGF and 5100beta as
an effect of antidepressant treatment, and antidepres-
sant are able to reverse unfavourable effects of chronic
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stress and depression (Condorell ¢t al. 1994: Manev of
al, 2001; Hisacka et al. 2001; Juric el al. 20086; Hisaoka
cf al, 2007).

Glial cells express p-adrenergic and 5-HT1A recep-
tors in the high density and are considered by some
authors as major target of neuronally released nora-
drenaline or serotonin in vive {(Feinstein of al. 2002,
Hertz et al. 2004). Noradrenergic effects on astrocytes
are essential for memory processes, synthesis of glu-
tamate, morphological plasticity, membrane transport
and immunological responses, and play role in the
pathogeneses of several CNS diseases, including mood
disorders (Hertz ef al 2004; Gavrilyuk et al 2005).
Moreover, monoaminergic neural activity regulates
EDNF synthesis in the cultured rat astrocytes (Juric et
al. 2006).

Stimulation of receptors positively coupled to ade-
nylyl cyclase (e.g. p-adrenergic), increased Gas subunit
levels, or otherwise elevated cAMP levels exert pro-
tound influence upon glial functions. Cyclic AMF is
inducing stellation of in vitre astrocyte growth which
adopt a similar to their i vive appearance through the
depolymerisation of actomyosin stress fibres. reorgani-
zation of membrane compounds and does not require
PEA activation [Goldman and Abramson 1990, Baorto
et al. 1992; Won and Oh 2000). Change of cAMP levels
also influence cellular responsiveness to other signal-
ling events. Increased astrocyte cAMP levels enhance
expression of glutamate GLAST transporters and gluta-
mate uptake; this can affect participation of astrocyres
in plastic processes and even transter and storage of
synaptic information {Perea and Araque 2005),

Number of data also demonstrate an interaction
of cyclic AMP and InsP; system in cultured astroglial
cells, both adenylyl cyclase and PLC, participating in
the downstream signalling responsible for the stimula-
tion of BDNF synthesis via CREB phosphorylation with
previous activation of CaM kinase and MAP kinase cas-
cades (Hannson et al. 1990; Miklic et al. 2004; Tiraboshi
ef al. 2004). Elevation of cAMP levels has a suppressive
etfect on astrocytic expression of genes involved in
inflammation which can participate in the suppres-
sion of inflammatery mechanisms. suggested in the
depression etiopathogenesis such as [L-1. TNF-a, NO
synthase or adhesion molecule production {Feinstein ¢
al. 2002; Hayley et al. 2005; Gavrilyuk et al.2005). Neu-
roprotection can be also increased (Junker ¢t al. 2002;
Mourlevat ¢t al. 2003).

Some findings suggesting significantly elevated
Gag/1 1 levels and stimulation of PLC pathway in astro-
cyte cells as an effect of chronic administration of anti-
depressant drugs with different modes of action such
as fluoxetine, mianserine and imipramine (Lesch et al
1992b; Fakuda er al. 1994). Acute fluoxetine adminis-
tration causing reduced membrane associated Gay/11
subunit amount was analyzed and translocation into
cytoplasm was determined (Kovaih et al. 1997).

There is astrocyte growth factor production includ-
ing BDNF and GDNF after activation of Ca®t -depen-
dent kinases cascades, protein kinase C (PKC) cascades
and MAP kinases signalling pathway activation {Miklic
ef al. 2004 Mercier ef al. 2004; Sailo el al. 2006; Hisaoka
et al. 2007). Cultured astrocytes express sodium-de-
pendent serotonin transporters (SERT); phosphory-
lation of SERT by PKC or translocation of PKC from
cytoplasm to membrane 1s reducing serotonin uptake
(Kimelberg and Katz 1985; [nazu et al. 2001). There is
also an involvement of PKC in f-adrenoreceptor down-
regulation, inhibition of protein kinase C attenuated
both isoproterenol-induced and desipramine induced
pB-adrenoreceptor down-regulation in glioma cells and
results in 4 more prolonged repression of receptor gene
transcription (Lief al. 1998; Leavitt et al. 2001).

Increases of glial Ca?* concentrations can spread
to neighbouring astrocytes through gap junctions as
“Ca** wave” and stimulate responsivity of astroglial
syncytium and release of gliotransmitters such as gluta-
mate or D-cvcloserine (Arague ef wl 1999; Parpura and
Haydon 2000; Perea and Araque 2005a; 2005b; 2007).
There are several lines of evidence suggesting excitatory
amino acid neurotransmitter system in the pathophysi-
ology and treatment of mood disorders (Krystal et al.
2002; Paul and Skolnick 2003; Muller and Schwartz
2007). Acting on NMDA receptors, astrocyte-derived
glutamate can modulate excitability of neighbouring
neurones. modulate processes of long-term plasticity
and have influence upon neuronal firing synchroniza-
tion, so astrocytes can even be considered as cellular
elements involved in the information processing (Perea
and Aragque 20054; 2005b; 2007). This, together with
possible impairment of glutamine-glutamate cycle
between astrocytes and neurones in certain areas (eg.
amygdala, hippocampus), can contribute to behavioral
and physiological endophenotypes related 1o mood dis-
orders [Lee ef al. 2007)

CONCLUSION

tion of glial cells G alpha subunits levels and

subsequent signalization cascades modulation
in the chromic eftects of antidepressants. In contrast
to tricyclic antidepressants which do not significantly
influence G-protein subunits levels, newer molecules
modulate Gag/l1l subunits in a much larger extent.
Substanlial amount of data also support the view that
antidepressants influence activity and cellular produc-
tion ot leukocytes, and this can be of importance in the
depression etiopathogenesis and/or treatment, or can be
used as a measure of treatment outcome. Direct effects
of antidepressants upon natural killer signalization cas-
cades influence production of cytokines and directly
modulate ¢ytotoxic effector activity. Modulation of
natural killer functions can thus have an impact on the
chronic infection course. cytokine production during

F iNpINGS discussed above implicate modula-
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stress response or influence tumor growth. Comparison
of profiles of Ga subunit changes following antidepres-
sant administration in vivo using rat model - in brain
and spleen or in vitro in C6 glioma (astrocytoma) and
NK cells could suggest a similar antidepressant-induced
cell signalling in different functional systems, and
presumable influencing by antidepressant treatment.
Further research is needed 1o detailed knowledge of
antidepressant influence at the organ level - CNS and
immune system or at the cellular level - glial- and/or
NK cells in the neuroendocrine-immune relationship
and pathophysiology of depressive disorder.
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Abstract OBJECTIVES: Neurochemical studies on the etiopathogenesis of depression are
also focusing on the transduction system beyond receptors. Trimeric G-proteins
play a crucial role in the transmembrane signalling, signal amplification and
intracellular processing. Abnormalities of G-protein levels are observed in sub-
jects with depression, G-protein modulation is considered to play a role in the
antidepressant mode of action.
METHODS: We studied acute or chronic administration of antidepressants from
different pharmacological groups. We used immunochemical estimation (ELISA)
of the main types of G-protein alpha subunits from isolated membranes of C6
glioma cells and rat brain tissue.
RESULTS: Significant elevation of G alpha q/11 subunits after chronic administra-
tion of sertraline and significant reduction of G alpha s subunit levels following

both acute and chronic administrations of sertraline were found. In contrast, no

significant effects on G alpha subunit levels following acute desipramine and

moclobemide administration were observed in vitro. Chronic moclobemide effect

in vivo is causing significant elevation of Galpha s and Galpha i1,2 subunit levels.
CONCLUSIONS: Results show involvement of antidepressant drugs in the C6
glioma signal transduction cascades modulation in dependence on the antide-
pressant class. Significant influence in the cAMP system modulation is observed
after administration both SSRI and MAOA inhibitors. Astrocytoma cells - C6
glioma cells also can offer a model system of the glia where modulation of cell
signalization cascades can influence cell functioning and production of neu-
rotrophic factor molecules relevant to the antidepressant tratment and depression
etiopathogenesis.
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Acute and chronic effects of antidepressants on the G-protein alpha subunit profiles in vitro and in vivo

Abbrevations:

AC - adenylyl cyclase

cAMP - cyclic adenosine monophoshate

BDNF - brain derived neurotrophic factor

CREB - cAMP response element binding protein
G-protein - trimeric GTP binding protein

GDNF - glia derived neurotrophic factor

GTP - guanosine triphosphate

IP3 - 1,4,5 inositol triphosphate

MAOA - monoaminooxidase A

MAPK - MAP kinase

NA - noradrenaline

5-HT - 5-hydroxytryptamine, serotonin

PKA - protein kinase A

PKC - protein kinase C

PLC - phopholipase C

RIMA - reversible inhibitor of monoaminooxidase A
SSRI - selective serotonin reuptake inhibitor
TCA - tricyclic antidepressant
INTRODUCTION

Although antidepressant medication has been used
to treat affective disorders for long time, our under-
standing of its action is still incomplete. Nonetheless,
to act, antidepressants are likely to have one or more
molecular targets, some of these targets are monoam-
ine uptake sites but it is difficult to reconcile the clini-
cal requirement for chronic drug or electroconvulsive
shock treatment with uptake inhibition which is con-
temporaneous with acute drug exposure (Donati et al.
2008). Chronic antidepressant administration results in
the modulation of the cellular signaling components,
in the signal transduction from membrane into series
of downstream cell responses, the key role are playing
trimeric GTP binding proteins (Spiegel, 1996, Avissar
and Schreiber 2006).

Signal transduction by GTP-binding proteins (G
proteins) are most widely recognized mechanisms of
information signal transducttion induced by first mes-
sengers — neurotransmitters, hormones, chemokines,
etc. — ligands of receptor (seven transmembrane span-
ning type) coupled to G protein across membrane to
effector and signal is processed via signalling pathways
within the cell (Spiegel 1996; Wettschureck and Offer-
manns 2005). These receptors are coupled to limited
repertoire of G proteins and interact with few effector
molecules that include adenylylcyclases, phosphodi-
esterases, phospholipase C and various ion channels,
etc. Trimeric G proteins are composed of 3 subunits :
functionally highly important is G alpha subunit with
intrinsic GTPase activity, cooperating with beta/gamma
subunits. Alpha subunits influence various effectors: G
s stimulates and G i inhibits adenylylcyclase, G q oper-
ate via phospholipase C, and G(0) is related to ion chan-
nels. In many events effects of G proteins are combined
(Milligan 1988). There are feedback loops adjusting
levels of activity in separate signalling pathways, as well
as significant cross-talk between separate pathways at

different levels (Spiegel 1996; Wettschureck and Offer-
manns 2005).

Many data suggest that long-term antidepressant
treatment is facilitating signalization cascade initiated
by the G alpha s subunit, activation of adenylyl cyclase,
increased cAMP formation, activation of protein kinase
A, phosphorylation of transcription factor CREB, and
facilitation of CREB mediated transcription with sub-
sequent enhanced production of neurotrophins, includ-
ing BDNF (Chen and Rasenick 1995;. Nair and Vaidya
2006). Resulting changes of neuroplastic changes
and increased neuroregeneration as an effect of the
increased availability of neurotrophic factors, are con-
sidered to mediate at least a part of the antidepressant
effect (Nestler et al. 2002; Duman 2004; Tardito el al.
2006; Maes 2008). In the activation of CREB by antide-
pressants, besides cCAMP pathway, cascade initiated by
the G alpha q/11 subunits also participates, with final
activation of PKC and Ca?*/calmodulin-dependent
kinases signalling to cell nucleus (Shaywitz and Green-
berg 1999; Tiraboshi et al. 2004).

Antidepressants are modulating cell signalization not
only in the neuronal cells but also in the non-neuronal
(glial) ones, and in leukocytes and thrombocytes, this
refers to the systemic character of the depression disor-
der and dysregulation in different homeostatic systems
(Maes 2001; 2008; Kovaia and Kovara 2005; Avissar
and Schreiber, 2006, Kitzlerova and Anders 2007; Pav
et al. 2008).

The C6 glioma cell line is widely used to study post-
synaptic antidepressant effect due to expressing sub-
stantial levels of beta-adrenoreceptors tightly coupled
with adenylyl cyclase There is also no change in the
content of G-protein subunits or mRNA levels in the
rat cortex after TCA antidepressant treatment (Emamg-
horeishi et al. 1996, Chen a Rasenick 1995). On the
hand, fluoxetine (SSRI) induced mRNA changes of G
alpha subunits were estimated in rat brain (Lesch et
al. 1992b). The Cé6 glioma cells are also used to study
antidepressant effects on Galpha subunit levels and pro-
duction of growth factors or cytokines (Toki et al. 1999;
Jenab and Quinone-Jenab 2002, Hisaoka et al. 2001;
2008).

Altered levels or function of signalling proteins,
especially the alpha subunits of G-proteins, as well as
changed mRNA levels were found in post-mortem
brain tissue of patients suffering from the bipolar disor-
der (Young et al. 1993; Maniji et al. 1995). Another data
demonstrate diminished both G-protein influenced
cAMP synthesis and G-protein induced activation of
the phosphatidylinositol system signal transduction in
post-mortem brain cortex regions of suicide victims
suffering from major depression (Menkes et al. 1983;
Pacheco et al. 1996). Depressed patients had markedly
hypofunctional Galpha s and G i1,2 granulocyte G-pro-
teins, these were suggested as depression ,state mark-
ers’, predictors of antidepressant therapeutic response
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(Avissar et al. 1998; Gurguis et al. 1999; Avissar and
Schreiber 2006).

In this study we examine acute and chronic effects
of antidepressants from different classes (TCA, SSRI,
RIMA) on the rat C6 glioma G alpha subunit levels in
vitro and in vivo using rat model. Despite a number of
studies performed with antidepressants from the tri-
cyclic class, there is a limited knowledge assessing the
effect of newer antidepressants, such as SSRIs or RIMA
on the Galpha subunit profiles of main G protein types.
There is also a lack of data accessing dynamics of the
G alpha level change after sertraline and moclobemide
administration in comparison with tricyclic antidepres-
sant response.

MATERIAL AND METHODS

Animals. We used inbred Wistar strain of male rats
(Charles River Co.) with initial weight 180-200 g fed
with standard ST1 diet and water ad libitum. Antide-
pressant was administered orally each day (5mg/kg -
citalopram, and 25mg/kg — moclobemide) for 3 weeks.
Groups of 6 animals were used, the control group con-
sisted of 6 animals kept under same conditions. All
procedures were performed in accordance with the
European convention for care and use of laboratory
animals, and with the Czech law (246/1992 Coll. and
later regulations) and. according to recommendation of
FELASA and European community.

All chemicals were purchased from SIGMA Co., if
not indicated otherwise.

Preparation of crude membrane fraction. Cells or
fragments of brain tissue were homogenised in 50 mM
Tris-HCI pH 7.4, containing proteolytic inhibitors - 0.1
mM benzamidine, 0.3mM PMSF (phenyl-methylsul-
phonyl fluoride, ImM DTT (dithiothreitol) and 1 mM
EDTA and centrifuged at 1000xg for 10 min at 4°C.
Resulting supernatant was then centrifuged at 40,000xg
for 20 min at 4 © C and membrane protein was extracted
for 1 hr at 4° C in 20 mM Tris-HCI pH 8.0 contain-
ing 25mM NaCl, ImM EDTA and 1% sodium cholate.
Extract was centrifuged at 100,000xg for lhr at 4° C
and supernatants were stored at —-80 °C.

C6 glioma cell line (ATCC CLM, Rockville, MD)
was cultured in MEM medium (pH 7.3), supplemented
with 5% bovine fetal bovine serum in a humified atmo-
sphere of 95% of air and 5% of CO,at 37°C under stan-
dard condtions for 3 days after splitting, for other details
(Mares et al. 1991). Confluent cultures were exposed
to the antidepressant (final 1uM concentration for all
tested drugs) for 24 hours (acute model) or five days
(chronic model); the antidepressant was supplemented
to medium each day. After exposition to the antidepres-
sant, the cells were washed with PBS, then harvested by
scraping with rubber policeman in PBS containing pro-
teolytic inhibitors as above mentioned. Cells were then
three times washed and collected by centrifugation at

1 000x g, and cholate membrane extracts were prepared
with anti-proteolytic. solution and stored at —-80C.. We
used physiologically optimal final 1uM concentration
of antidepressant treatment in vitro. For other details
(Kovatt et al. 2001).

Alpha subunits of G proteins. We used our rabbit
monospecific antibodies against C-terminal dekapep-
tides of alpha chains - Gs, Gil,2 and Gq/11 with amino
acid according sequences (Milligan 1988, Kovar et al.
1998, 2001). In control tests, no cross-reaction of anti-
sera against other C - terminal dekapeptides of alpha
chains was proved.

ELISA immunoassay The levels of G alpha sub-
units were estimated in cholate membrane extracts
(5-10 ug protein/well) by ELISA microplate competi-
tive inhibition immunoassay, compared with Western
immunoblotting, for other details see (FiSerova et al.
1997; Kovari et al. 1998;2001). ELISA immunoassay
of competitive inhibiton was performed (Tijjsen, 1993;
Ransnas and Insel, 1989; Lesch and Manji 1992a; Tijj-
sen, 1993) with followed modifications. We used 96 -
microtitration plates of U shape well for noncovalent
peptide binding. We used high binding microplates
(Costar) for Galpha q/11 and G alpha s level estimation
and Maxisorp microtitration plates (NUNC) for Ga
i1,2 subunit. Shortly, first antibody was monospecific
rabbit antibody against.G alpha subunit tested.

Immunochemical staining with alkaline phosphatase
conjugated with goat antirabbit IgG and p-nitrophenyl
phosphate as substrate was used (Tijssen 1993, Kovait
et al. 1997b). Quantity of p-nitrophenole formation
was measured by ELISA reader at 405 nm. Other steps
during ELISA procedure (washing, etc) were used
according traditional protocol (Tijjsen 1993).

Statistical analysis.

All results are expressed as the arithmetical mean +/-
S.E.M. The differences between experimental samples
were evaluated by Student’s t- test for unpaired values.

P values smaller than 0.05 were considered signifi-
cant (p < 0.05, marked with(*) and p <0.01 (**)..

RESULTS

Used antidepressants are belonging to the three dif-
ferent pharmacological groups: TCAs (desipramine,
imipramine), SSRIs (sertraline, citalopram) and RIMA
(moclobemide). TCAs non-specifically block reuptake
of noradrenaline and serotonin, as well as histamine
and muscarine receptors. SSRIs are specific serotonin
reuptake inhibitors, acting on blockade of serotonin
transporter SERT, moclobemide is a reversible inhibitor
of monoaminooxidase A (RIMA), blocking deamina-
tion of serotonin, adrenaline, noradrenaline, melato-
nine, and dopamine.

Fig. 1. summarizes acute effects of administration
of the antidepressants on the C6 glioma cells culture.
Results show statistically significant G alpha q/11 sub-
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Acute antidepressant effect on G alpha subunit
profiles of C6 glioma cells
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Chronic antidepressant effect on G alpha
subunit profiles of C6 glioma cells
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Fig. 1: Results are arithmetical means of 6-8 measurements in
tetraplets, +/- S.E.M. Indicated values are significant P<0.05 (*),
P<0.01 (**).n.d. not determined

Chronic antidepressant administration in vivo

using rat model
B Galpha g/11 OGalphas ©DGalphail,2

200 * *

*k

% of control
N
o
o

desipramine citalopram moclobemide

Fig.3: Results are arithmetical means +/- S.E.M. Indicated values are
significant P<0.05 (*), P<0.01 (*¥).

units elevation concurrent with significant decrease
of G alpha s as an effect of acute sertraline (SSRI)
administration. In contrast, imipramine (TCA) and
moclobemide (RIMA) have no effect on the G alpha
subunits levels. Other G alpha subunits were influenced
insignificantly.

We know that antidepressants show therapeutic
effects within weeks of administration, chronic effect is
crucial to determine changes taking place in vivo. There-
fore, the 5-day-lasting exposition to the examined drug
in vitro was performed which is corresponding to the 21-
day-lasting administration in vivo when usually clinical
response to the antidepressant treatment is observed.
In Fig 2, chronic (5 days) antidepressant effect shows
statistically significant G alpha q/11 subunits elevation
as an effect of sertraline (SSRI) administration, with G
alpha s subunit level reduction. Chronic response of the
C6 glioma cell line is thus similar to the acute exposi-
tion. After chronic administration, imipramine (TCA)
and moclobemide (RIMA) demonstrate no significant

Fig. 2: Results are arithmetical means of 6-8 measurements in
tetraplets, +/- S.E.M..lindicated values are significant P<0.05 (*),
P<0.07 (**).n.d.not determined

elevation of G alpha subunit levels, therefore a certain
similarity of G alpha subunit profile in comparison with
the acute effect (Fig.1) can be evident.

To determine changes occurring in vivo, and to
allow comparison with in vitro data, we administered
antidepressants from different classes to rats for 3
weeks (Fig.3). TCA desipramine induces no significant
response in G alpha subunit levels in the rat brain mem-
branes. Chronic citalopram (SSRI) effect is elevation of
G alpha s and G alpha i1,2 subunit levels. Moclobemide
(RIMA) is also inducing significant increase of G alpha
s and G alpha i1,2 subunits.

DISCUSSION

Our results demonstrate prominent influence of sertra-
line (SSRI) on the G alpha q/11 system with elevation of
G alpha g/11 subunit levels after both acute and chronic
exposures in vitro (Fig. 1,2).. Besides this sertraline
shows the effect on the G alpha s subunit levels during
acute and chronic administrations, significantly reduc-
ing its levels. These findings cannot be compared with
other results, there are no data concerning influence of
sertraline to the

G alpha subunits. No significant effects on the
monoamine receptor or adenylyl cyclase activity during
chronic administration were found, subacute adminis-
tration of sertraline in vivo results in the down-regula-
tion of beta-adrenoreceptors, protein kinase A activity
increase in the rat frontal cortex was also observed (Koe
and Lebel 1995; Tadokoro et al. 1997; 1998).

In vitro results correspond with chronic exposure
response of C6 glioma cells of another member of SSRI
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group - zfluoxetine during chronic administration,
previous results of our group show biphasic response
to fluoxetine administration with initial decrease of G
alpha q/11 and elevation after chronic administration,
with no effect on G alpha s levels (Kovatt et al. 2000;
2001).

We also demonstrated dynamic changes in levels of
both G alpha q/11 and G alpha s subunits of peripheral
blood granulocytes of patients with unipolar depres-
sion during fluoxetine administration on days 3 - 28
(Kovarua et al. 2000; Kovara and Kovara 2005). Due to
a limited amount of data in the literature, it is neces-
sary to discuss data obtained in different models, a sup-
port for comparability of different models stems e.g.
from previous results where citalopram shows a similar
profile of response in in vitro data and in vivo model
(Kovart and Kovara 2005; Pav et al. 2008).

Effects of G alpha q/11 subunit induce PLC cascade
activation, and increase of inositol 1,4,5-triphosphate
production (IP3), and vice versa in our estimations
correlated both decreased G alpha q/11 subunit lower
IP3 formation (Kovara et al. 1998;.Kovara et al.2000).
PLC pathway and IP3 stimulate release of Ca2+ from
intracellular stores and Ca2+- dependent kinases CaMK
I and IV, and p38-MAPK are subsequently activated,
etc (Shaywitz and Greenberg 1999; Hisaoka et al. 2008).
Ca2t -dependent kinase activation in the antidepres-
sant induced CREB phosphorylation via G alpha q/11
cascade activation was observed (Tiraboshi et al. 2004).
Importance of G alpha g/11 initiated cascade is sup-
ported by showing antidepressant effect of elevation
protein kinase C levels (Sun and Alkon 2005). Other
consequences of intracellular signalling by antidepres-
sants are not excluded.,e.g. we found apoptic events in
fluoxetine affected C6 glioma cells (in little population)
in contrast to no change in cells treated with tricyclic
antidepressants (Spanova et al. 1997).

G alpha /11 also regulates MAP kinase cascade,
probably via transactivation mechanisms, participa-
tion of beta-gamma subunit complex is also suggested
(Hawes et al. 1995; Peavy et al. 2001). When we esti-
mated fluoxetine induced effects on G alpha and G beta
subunits, also G beta subunit in C6 glioma cells was
increased (Kovéri et al. 2001). Serotonin 5HT-2 recep-
tors, implicated in the depression etiopathogenesis, or
the actions of some antidepressants, increase phos-
phoinositide signalization. (Tyeryar and Undie 2007).
This direct effect upon G alpha subunit levels can not
be excluded and thus interfere with serotonin receptor
activation. The effect of sertaline on the G-protein sub-
unit levels of C6 glioma cells therefore corresponds to
the above discussed results mainly in the G alpha q/11
cascade modulation.

Moclobemide in our experiment during short-term
exposition shows no influence on the G alpha g/11
subunit levels in vitro (Fig 1,2). But long-term admin-
istration in vivo using rat model leads to the signifi-

cant elevation of the G alpha s and G alpha i1,2 subunit
levels in brain tissue (Fig 3).. These findings, again,
cannot be compared with other results because of lack-
ing data in the literature. There is an observation, dem-
onstrating that long-term, but not acute, moclobemide
treatment significantly increased cAMP binding to the
PKA in the rat brain cortex (Mori et al. 1998). The dif-
ference between moclobemide induced changes in our
in vitro and in vivo models emphasizes an important
component of tissue activity modulation in the action
of moclobemide (most probably MAOA activity) with
limited direct modulation of postreceptor G-protein
signalling machinery in C6 glioma cells. Moclobemide
thus appears to modulate signalization in the G alpha s/
i1,2 pathways in vivo, interfering with elevation of syn-
aptic neurotransmitter levels and modulation of more
receptor function, long-term exposition of moclobe-
mide results in the beta-adrenoreceptor desensitization
(Klimek et al. 1991).

Comparative analyses of TCA antidepressants imip-
ramine and desipramine in vitro and in vivo proved no
significant changes in G alpha subunit profiles. Results
show different mode of TCA action in receptor-G pro-
tein-effector transmembrane signalling cascade. Since
1983 it has been known that TCA antidepressants facil-
itate G-protein activation of adenylyl cyclase without
altering G-protein content (Menkes et al. 1983; Chen
and Rasenick 1995). Despite receptor down-regulation,
clinically effective antidepressant treatment increases
adenylyl cyclase activity independently of the receptor
system (5-HT1A, beta-adrenoreceptors), this so-called
uncoupling is considered to be one of the crucial steps
in the chronic TCA antidepressant effect (Chen and
Rasenick 1995,). These findings are in agreement with
older data showing release of activated G alpha s from
membrane to the cytoplasm (Ransnas and Insel 1989,
Rasenick et al. 1995). Chronic antidepressant treatment
of C6 glioma cells prevents G alpha s subunit accumu-
lation in cytoskeletal-associated cholesterol and sphin-
golipid-rich detergent-resistant plasma membrane
domains (membrane rafts), causing its redistribution
to the cytoplasm (Toki et al. 1999; Donati et al. 2003;
Donati and Rasenick 2005).

Besides the use as a postsynaptic compartment
model, C6 glioma cell line can be also considered as
a model of astrocytic cell. There are findings showing
that glial cell dysfunction may contribute to the patho-
genesis of depression and participate in antidepressant
action (Manev ef al. 2003; Lee et al. 2007; Rajkowska
and Miguel-Hidalgo 2007). Antidepressant induced
changes in the cAMP system in astrocytes exert promi-
nent influence upon cellular shape, reorganization of
membrane compounds and expression of membrane
receptors and transporters (Perea and Araque 2005).
Stimulation of cAMP pathway participates in the phos-
phorylation and activation of nuclear factors, such as
CREB with subsequent production of neurotrophic fac-
tors relevant to depression including BDNF and GDNF
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(Hisaoka et al. 2001; 2008). In the production of neuro-
trophins, such a NGF or BDNF by glia is also involved
Goaq/11 initiated cascade as described above (Mikli¢ et
al. 2004; Hisaoka et al. 2001; 2008). This may constitute
another mode of antidepressant effect which can inter-
fere with inhibition of uptake and/or direct modulation
of postsynaptic signalling cascades in neuronal cells, see
review (Pav et al. 2008).

CONCLUSION

In conclusion, the above discussed results show modu-
lation of C6 glioma cell G alpha subunit profiles of main
G protein subtypes of C6 glioma cell and the effects of
sertraline, citalopram (SSRI) and moclobemide (RIMA),
studied also in vivo. These drugs differ in the pharma-
cological modes of action, and we estimated that their
influences upon C6 glioma cell G alpha subunit levels
are antidepressant type dependent. In contrast to tricy-
clic antidepressants which do not significantly influence
G alpha subunits levels, newer drug molecules modulate
G-protein subunit profiles in a much larger extent. Our
comparative study of the antidepressants can contrib-
ute to idea of signalling diversity of different classes of
antidepressants that act through a postsynaptic trans-
membrane signalling mechanism toward intracellular
targets. Our results thus offer possibility of consider-
ing modulation of the astrocytic cell type signalling by
antidepressant influence. This mechanism can be taken
in account when attempting to elucidate antidepressant
effect on the complex brain environment and processes
of neuroplasticity. Further intensive research is there-
fore needed to elucidate more detailed antidepressant
mechanism of the signalling networks in the neuronal
and glial cell populations.
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Abstract

OBJECTIVES: We studied a) mitogen lectin (PHA) evoked changes of Na+/K+*-
ATPase activity in functionally different lymphocytes or brain cortex cells and b)
quantitative relationship between PHA- evoked early enzyme activation and late
lymphocyte proliferation were analyzed.

MATERIALS AND METHODS: We performed biochemical analyses of Pi released
from ATP by Na*/K+-ATPase activity. Lymphocyte proliferation was assayed by
3H-thymidine incorporation.

RESULTS: We demonstrated PHA stimulated Na+/K+-ATPase activity of mouse
spleen lymphocytes or freshly isolated brain cortex cells. Besides this, we estimated
high stimulation of Nat/K+-ATPase activity and subsequent late 3H-thymidine
incorporation into pig lymphocytes as both PHA dose and K+ ion concentration
dependent.

CONCLUSIONS: Thus, early PHA dose-dependent stimulation of Nat/K+-ATPase
activity is a more general response in different animal species and functionally
different cells. We measured both cell type- and PHA-dose dependent enzyme
activity stimulation. We can suggest that intensity of early PHA induced Na+/
K+-ATPase activation could be in relationship to subsequent elevated level of T
lymphocyte proliferation. The Na+/K+-ATPase can be a part of mitogen lectin
evoked signal transduction mechanisms.

INTRODUCTION

Phytohemagglutinin (PHA), lectin from Phaseo-
lus vulgaris, has N-acetylglucosamine saccharide
binding specifity. The PHA binding specifity was
used in studies of PB1,6-N-acetylglucosamine-
bearing N-glycans in human gliomas and brain
cells (Yamamoto ef al. 2000, Kitamura ef al. 2005).
Furthermore, there are many in vitro reactions

to study T lymphocytes, activated from quies-
cent state to proliferation, e.g. using PHA (Sev-
erini ef al. 1987; Kozdkova ef al 1997; Anner and
Volet 1999; Gridley et al. 2009). Increase of Nat/
K+-ATPase mRNA levels was detected in PHA
activated human lymphocytes by real time-PCR
method after 24-h. incubation, supporting data
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about Nat+/K+-ATPase role in T cell activation (Vereni-
nov et al. 1993; Marakhova et al. 2005).

The Nat/K*-ATPase carries out the coupled extru-
sion and uptake of Nat and K+ ions across the plasma
mebrane in most higher eukaryotic cells (Kaplan
2002). Important physiological role of Nat/K+-ATPase
is maintaining the balance of electrolytes and fluids
at the whole organism level as reviewed by Tian and
Xie (2008). The noncovalently linked o and  Nat/
K+-ATPase subunit isoforms exist in different com-
binations among cell types, organ tissues and various
developmental stages (Tiang and Xie 2008). Generally,
a catalytic subunit is tightly cooperating with p sub-
unit, participating in the plasma membrane targeting
of a subunit and stability of Na+/K+-ATPase complex
(Kaplan 2002; Vagin ef al. 2006; El-Beialy ef al. 2010).
Regulatory B-1 subunit of Nat/K+-ATPase may be
involved in mouse neural cell interactions (Kitamura
et al. 2005; Vagin ef al. 2006).

In the central nervous system, Na+/K*-ATPase can
participate on neurite growth, as well as mutations of
Nat/K*-ATPase cause familial hemiplegic migraine
in humans and rapid-onset dystonia-Parkinsonism
(Desfrere et al. 2009). In the immune system, the role
of Na+/K*-ATPase in immunity is supported by find-
ings of social stress effect on decreased cell immunity
responses (Entringer ef al. 2008; Gridley et al. 2009).
Abnormal chemokine receptor modulation with
impaired cationic ion transporter and Na+t/K+-ATPase
expression on polymorphonuclaer cells was described
in active systemic lupus erythematosus, autoimmune
disorder (Hsieh ef al. 2008).

Thus widening knowledge is supporting neuro-
immunomodulatory aspects of the central nervous
system (CNS) and immune system, working and coop-
erating by both physiological mechanisms and regula-
tions based on neurotransmitters, cytokines, hormones
and their receptor expression on immunocytes or brain
cells (Franco ef al. 2007; Maes 2008; Kovara et al. 2009).

The aim of this study was to estimate a quantitative
relationship between PHA concentration induced Nat/
K+-ATPase activation and degree of intensity in T pig
lymphocyte stimulation at early stage (first 60 min)
up to late interval of cell proliferation, which is also
potentiated by K+ ions. Another point of interest was
comparison of early PHA effect on Na*/K+-ATPase
activity for 15 min incubation in different animal spe-
cies and functionally different cells, i.e. mouse spleen
lymphocytes and brain cortex cells, freshly isolated and
functionally active.

MATERIAL AND METHODS

Experimental animals

We used 30-day-old pigs (n=8) of Czech white improved
breed from three litters. Piglets were reared under phys-
iological conditions. For other details see Kovatt et al.
(2002).

Two-month-old male mice of SPF inbred CBA/]
strain were purchased from Anlab (Prague). The total
amount was 30 animals. For other details see Kovata
(1980), Kovaru et al. (1997).

Experimental animal care and procedures were per-
formed in accordance with the European convention
for care and use of laboratory animals, and with the
Czech law (246/1992 Coll. and later regulations).

Preparation of thymus or spleen lymphocytes

Thymus or spleen, small tissue fragments were dis-
sociated in Potter-Elvehjem homogenizer (Corning)
in MEM medium, 10mM HEPES, pH 7.3, washed out
repeatedly. In spleen cell suspension, erythrocytes were
eliminated by hypotonic lysis and cells of reticula by
clumping and sieving in CaZ*/Mg2+ free isotonic buffer.
Viability of lymphocytes was 94-96%, and erythrocyte
contamination 0.6-0.8% (Kovéaia et al. 1997; Kovara et
al. 2002).

Brain cortex cell suspension

Brain cortex tissue fragments were dissociated by
mechanical sieving through nylon sieves with decreas-
ing pore diameter in 7.5% (w/v) polyvinylpyrrolidone
(Serva)-containing isolation medium, washed out
repeatedly into appropriate isotonic incubation media
and immediately used in experiment. Freshly prepared
brain cortex cells fullfiled metabolical and functional
criteria: high resynthesis of energy reserves - ATP and
creatinphosphate up to first 10 min of incubation, high
O, uptake as well as high K+ ion evoked stimulation of
O, uptake and Nat/K+-ATPase activity and decreased
ATP (Kovart 1980; Kovari ef al. 1997; Walz 2000).

Lnzyme activity

Nat/K+-ATPase activity was estimated by spectro-
photometric semimicromethod of released inorganic
phosphate estimation. To reach optimal enzyme actiity,
buffers were of various compositions in mM: Na+/K+-
ATPase - 120 (100) NaCl, 20 (10) KCl, 4(3) MgCl, for
brain cells (lymphocytes), respectively, with 30 mmol/L
Tris-HCIL, pH7.3, 1mM ATP (Serva, synthetic), +/-
0.3 mM ouabain (mouse cells) or +/- 0.1 mM ouabain
(pig lymphocytes). Ouabain sensitive Nat/K+-ATPase
activity was estimated as a difference between total
ATPase and ouabain resistant Mg2*-ATPase. Optimal
ion concentration of enzyme buffer for both lympho-
cytes or brain cortex cells was used including species
dependent ouabain cocentration for inhibition of
enzyme activity. We used purified preparate of PHA
(Serva). For other details see papers Kovara (1980);
Kovatt et al. (1997; 2002).We used purified preparate
of PHA (Serva).

3H-thymidine incorporation

Lymphocytes (5x10° per well) were cultured in 96 flat-
bottom microwell plates in serum-free medium MEM
supplemented with antibiotics, 2mmol/L. glutamine
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(Serva), 5mM pyruvate (Serva), 5mM KCI (Aristar)
and 10 mM HEPES, pH7.3 (Serva) under standard
conditions in 5% CO, humidified atmosphere at 37 °C.
For last 16 h of total 48-h. cultivation 3H-thymidine
(Amersham) was added. Then, incorporated radioac-
tivity of harvested cells was measured. For details see
Kovart and Pospisil (1980) and Kozéakova ef al. (1997).

Protein determination

We used both modified rapid biuret method at UV
region and Lowry method (Kovart 1980; Kovarit et al.
1997).

Statistical analysis

The data are expressed as arithmetical mean values +
S.E.M. The differences between experimental samples
were evaluated by the Student’s t-test for unpaired
values.

RESULTS AND DISCUSSION

We focused our attention on cell biochemistry of mito-
gen lectin activated T lymphocytes or functionally dif-
ferent brain cortex cells.

Increased PHA concentration induced elevation
of Nat/K*-ATPase activity (Table 1). It could be sug-
gested that optimal PHA doses for mitogen stimulation
of pig T lymphocytes were 6.25-12.5 pg/ml, indicated
by higher enzyme activation for 15-60 min and subse-
quent cell proliferation. Besides this, we demonstrated
quantitative relationship between early and late poten-
tiation of both enzyme activity followed by 3H-thymi-
dine incorporation which was PHA dose and 10mM
K+ concentration dependent. From qualitative point
of view, our data are in accordance to PHA activated
enzyme of human and mouse T lymphocytes from rest-
ing state to subsequent DNA synthesis (Kozdkova et al.
1997; Marakhova et al. 2005).

Effect of mitogen lectin on lymphocyte or brain cortex cell activation

In our experiments, we presented PHA induced
ouabain sensitive Na+/K+-ATPase activity stimulation
only. Our results indicate that ouabain resistant Mg2+
—-ATPase activity was not stimulated significantly with
purified PHA, i.e. in both pig or mouse cells, enzyme
activity was in range 89-112% of control values. We
showed here that purified PHA-induced Nat/K+-
ATPase activation only was accompanied by late DNA
synthesis. However, partially purified PHA stimulated
non-specifically other ATPases (Kovata et al. 1997;
Kovara et al. 2002).

Main finding, summarized in Table 2, is PHA
induced activation of mouse brain cortex cell as well
as spleen lymphocyte Na+/K+-ATPase activity. It is evi-
dent that enzyme activity was 5x times higher on brain
cortex cells in comparison with spleen lymphocytes.
Intensity of PHA induced Na*/K*-ATPase activity
stimulation was similar in pig and spleen lymphocytes
at 12.5ug/ml PHA concentration. Thus, PHA-evoked
Nat/K+*-ATPase activation is a more general cell reac-
tion, as evident from pig and mouse T lymphocytes or
brain cortex cells.

Some data as possible aspect of pleiotropic function
of Na*/K*-ATPase will be mentioned below. Formerly,
it was reported that Na*/K*-ATPase can participate
in phylogenetically conserved self versus non-self
recognition events of immunocytes (granulocytes) of
Limulus polyphemus based on N-acetylglucosamine
saccharide specificity of highly glycosylated B chain of
enzyme molecule with regulatory properties linked to
a catalytic subunit of the enzyme (Gupta et al. 1991).

It is known that mitogen lectin studies can be taken
as model T lymphocyte stimulation from quiescent state
more often then allogeneic cell reaction dependent on
major histocompatibility complex (MHC) differences
in vitro. We demonstrated mouse (H-2) allogeneic acti-
vation between mouse lymphocytes, alloreactive brain

Yo

cortex enriched glial fractions of brain cortices (Kovart

Tab 1. Early and late events in lymphocytes as function of PHA concentration.

Nat/K+-ATPase activity (S.I.1) 3H-thymidine incorporation (S.I. 1)
::;‘ml preincubation cultivation 48 h.
15 min 30 min 60 min
K*ions Ktions
10 mM 10 mM 10 mM 10 mM 5.8 mM
2.50 n.d. 1.09+0.12 1.22£0.19 3.27£0.41 1.25£0.28
6.25 n.d. 1.45+0.14" 1.70+0.22* 5.80+0.49%** 2.09+0.36
12.50 1.83+0.28* 1.91£0.16* 2.174£0.19*% 13.78+0.98* 7.50+£0.86*
25.00 244+0.17%* 2.25+0.19*% 1.78+0.17* 11.374£1.33* 12.94+1.23*

Basal values: Nat/K*-ATPase activity: 88+9 nmoles Pi/1 mg protein X h-1.
3H-thymidine incorporation: 1.332 cpm + 189.S.1.7 stimulation index (control value = 1).
Values are mean of 14-16 measurements for each interval = S.E.M. in three experiments.

Statistical significance: ¥p<0.01, **p<0.05. n.d. means not determined.
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Tab. 2. PHA stimulated Nat/ K*-ATPase activity of mouse spleen lymphocytes and brain cortex cells.

Na*/K*-ATPase activity ( pmoles P;/1 mg protein X h-1)

PHA
Hg/ml lymphocytes % brain cells %
0 0.831£0.08 100 4.28+0.24 100
25 1.43£0.13* 172.86 5.211£0.49** 121.71
12.5 1.34£0.14* 162.44 6.07+£0.31" 141.78

PHA incubation: 15 min. For other details see Table 1.

1980; Kovaria et al. 1997). Furthermore, we estimated
inhibitory effect of MHC Class II antibody on Na*/K*-
ATPase activity or its external part of ouabain-sensitive
K+-dependent p-nitrophenyl phospatase (p-NPPase)
activities by K* ion- and antibody dose-dependent
manner. Interestingly, it has been described in other
paper, when anti-MHC Class II antibody was added to
co-cultured T cells and astrocytes, primary astrocyte
expression of ion transport proteins and lactate trans-
porter was found (Korn et al. 2005).

We can not excluded that mentioned types of Nat/
K+-ATPase complex activation are a part of signal
transduction mechanisms. Finally, multiple functions
of Na+/K+-ATPase, ubiquitous enzyme, are suggested in
relationship to signalling cooperation with number of
kinases (tyrosin kinase Src, mitogen-activated protein
kinase MAPK, phosphoinositide 3 kinase PI3K, etc) as
well as G protein coupled receptors, G proteins, gluta-
mate and lactate transporters and transcription factors
(Tian and Xie 2008; Desfrere ef al. 2009). Future efforts
will provide insights to newly appreciated functions of
Nat/K+-ATPase, not only ion-transporting but also cell
signalling, and their roles in celular biology and animal
physiology ( Tian and Xie 2008, El-Beialy ef al. 2010).
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