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ABSTRAKT

Sympaticky nervovy systém a dien nadledvin se ucastni regulace arteridlniho krevniho tlaku
a hraji vyznamnou ulohu v patogenezi hypertenze. Spontanné hypertenzni potkani (SHR), ktefi jsou
nejvice pouzivany model genetické hypertenze, se vyznacuji mnoha molekularnimi, morfologickymi
1 funk¢énimi zménami sympatického nervového systému a dien¢ nadledvin. Cilem této disertacni
prace bylo popsat tyto abnormality u SHR potkanti za riznych podminek. Zaprvé byly zkoumany
ontogenetické rozdily, které mohou pfispivat k rozvoji hypertenze. Zadruhé byly studovany ucinky
chemické sympatektomie (indukované guanetidinem poddvanym v dospélosti) na kardiovaskularni
parametry a zapojeni kompenzacnich mechanism, které piisobi proti snizeni krevniho tlaku. Zatteti
jsme u dospéelych SHR popsali stresovou kardiovaskularni odpovéd’ a stresem indukované zmény v
sympatickém nervovém systému a dieni nadledvin. Moje dizertacni prace pfinesla n¢kolik dulezitych
nalezli. ZvySeny obsah katecholaminli v nadledviné a vys$i hustota sympatické inervace cév
pozorované u prehypertenznich SHR v porovnani se stejné starymi normotenznimi WKY potkany
mohou pfispivat k patogenezi hypertenze. Snizend mRNA exprese genid zapojenych do biosyntézy
katecholamint (7h, Ddc, Dbh, Pnmt) je pravdépodobné kompenza¢ni mechanismus pulsobici proti
zvysené aktivité sympatického nervového systému. Utlum biosyntézy katecholamint se u SHR
rozviji soubézné s rozvojem hypertenze. Dusledkem je snizeni obsahu katecholaminil v nadledving,
ale ne v sympatické inervaci cév dospélych SHR. Vyraznéjsi uloha sympatického nervového systému
ptiudrzovani krevniho tlaku byla prokazana u dospelych SHR v porovnani s WKY potkany. Nicméné
chronicka sympatektomie guanetidinem neni efektivni metodou pro dlouhodobé snizeni krevniho
tlaku u dospélych SHR s rozvinutou hypertenzi. Vysvétlenim muize byt zapojeni kompenzacnich
mechanismi u sympatektomovanych zvitat jako jsou zvysena citlivost odpovédi krevniho tlaku na
katecholaminy a vysSi plazmatické hladiny adrenalinu. Ve srovnani s WKY potkany méli dospéli
SHR vyraznéjsi kardiovaskularni odpovéd’ a nadmérnou aktivaci sympatického nervového systému
a dfen¢ nadledvin béhem stresu vyvolaného akutnim omezenim pohybu (restraint). Stresovani SHR
potkani navic vykazovali vét§i aktivaci osy hypotalamus-hypofyza-nadledviny, coz muze vést k
dalsimu zesileni sympaticky fizené periferni vasokonstrikce a tedy 1 stresem indukované
kardiovaskularni odpovédi. V souladu s hyperaktivitou sympatického nervového systému bylo ve
dfeni nadledvin stresovanych SHR potkani pozorovéno vyraznéjsi zvysSeni exprese 7h genu v
porovnani s WKY potkany. Naopak exprese ostatnich geni ti€astnicich se biosyntézy katecholaminii
(Ddc, Dbh, Pnmt) byla nizsi ve dfeni nadledvin nestresovanych i stresovanych SHR v porovnani s
WKY potkany. Tento nalez naznacuje, ze regulace zminénych enzymi se ucastni jiné mechanismy.
Moznou pfi¢inou miize byt mensi stimulace chromafinnich bun€k dien¢ nadledvin angiotensinem II,
kterd je zptsobena utlumenou aktivitou reninu v plasmé a snizenou mRNA expresi receptorti pro
angiotensin I u SHR potkanti. Zavérem, data v mé disertacni praci potvrzuji, ze sympaticky nervovy
systém pfispivd k rozvoji a udrzovani vysokého krevniho tlaku u SHR potkani. Jeho vliv na

kardiovaskularni systém miZze byt potencovan nadmérnou aktivaci osy hypotalamus-hypofyza-
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nadledviny, kterou jsme také pozorovali u tohoto kmene. Protoze podobné mechanismy se podileji
na vzniku a udrzovani vysokého krevniho tlaku u lidi, jejich vyzkum u SHR mohou ptispét k lepSimu
porozuméni a 1écbé lidské esencidlni hypertenze. Odolnost dospélych SHR potkanii k 1é¢bé zamétené
na periferni sympaticky nervovy systém upozoriiuje na existenci kompenzacnich mechanismt, které
pusobi proti efektivni 1€¢bé vysokého krevniho tlaku. Pro efektivni snizeni krevniho tlaku tedy mohou
byt lepsi volbou léky ptisobici na centralni regulaci kardiovaskularniho systému, napt. ACE

inhibitory nebo blokatory angiotensinovych receptoru.

UvoD

Arteridlni krevni tlak (TK) je fyziologicky parametr, ktery zavisi na srdeCnim vydeji a
celkovém perifernim odporu cév. TK je udrzovan v optimdlnim rozmezi, které ptedstavuje
kompromis mezi potfebou zajistit dostateCny pritok krve tkani a snahou minimalizovat riziko
poskozeni srdce a cév. Jelikoz lidska esencialni hypertenze je jednim z hlavnich rizikovych faktort
pro kardiovaskuldrni komplikace, je zapotiebi lépe porozumét mechanismiim zapojenych do
udrzovani TK. Sympaticky nervovy systém, ktery je jednou ¢asti autonomniho nervového systému,
se Ucastni regulace arterialniho TK i regionalniho cévniho odporu. Tato disertacni prace je zamétena
na neurdlni mechanismy ucastnici se rozvoje a udrzovani vysokého TK u potkanti s genetickou

hypertenzi.

Sympaticky nervovy systém se sklada ze senzorickych drah pfenaSejicich signaly z
visceralnich receptor (napf. z arteridlnich baroreceptorll), centralni oblasti autonomni kontroly
(urCujici aktivitu sympatického nervového systému) a eferentnich drah regulujicich riizné tkané jako
jsou cévni hladky sval, myokard nebo dieii nadledvin. Aktivita sympatického nervového systému je
uréovana tonickou aktivitou neurond nachézejicich se v prodlouZzené miSe (rostral ventrolateral
medulla, RVLM), které integruji informace piichazejici z perifernich receptort a také z dalSich oblasti
mozku (Guyenet, 2006). Tyto pregangliové neurony tvoii cholinergni synapse s postgangliovymi
neurony nebo chromafinnimi buiitkami dfen¢ nadledvin (sympato-neurdlni a sympato-adrenalni ¢ast
sympatického nervového systému). Nervova zakonfeni postgangliovych neuront uvoliuji
noradrenalin (UCinkujici pfimo na pfislusné kardiovaskularni struktury), zatimco dienl nadledvin

uvoliiuje adrenalin do krevniho ob&hu (Brock a Cunnanne, 1993; Flatmark, 2000).

Biosyntéza katecholaminli za¢ina importem aminokyseliny L-tyrosinu a jeho hydroxylaci
enzymem tyrosinhydroxyldzou (TH, kédovana 7/ genem; Nagatsu et al, 1964). Druhy enzym
L-DOPAdekarboxylaza (DDC, kdédovana Ddc genem) preménuje L-DOPU na dopamin. Nasledné
dopamin-B-hydroxyldaza (DBH, kédovana Dbh genem) pfeméni dopamin na noradrenalin (Flatmark,
2000). Enzym fenylethanolamin-N-metyltransferaza (PNMT, kodovana Pnmt genem), kterd se
nachazi hlavné ve dieni nadledvin, syntetizuje z noradrenalinu adrenalin (Wong et al., 1987).
Dostupnost katecholamini v cilové tkani je ovlivilovdna nejen rychlosti jejich syntézy ale také

zménami jejich skladovani, uvoliiovani, zpétného vstiebavani a degradace (Eisenhofer et al., 2004).
5



Sympatickd vasomotoricka aktivita je regulovana kratkodob¢ (tj. v fadu sekund az minut) i
dlouhodobé (tj. v rdmci hodin az dni). Hlavnim kratkodobym mechanismem regulujicim arterialni
TK pomoci sympatické vasomotorické aktivity je baroreceptorovy reflex. Struéné, vzestup TK vede
ke zvySeni mnozstvi vzruchli generovanych arteridlnimi baroreceptory, signaly cestuji do centralniho
nervového systému a pfiméfena odpovéd autonomniho nervového systému je rychle zahdjena.
Inhibice sympatické nervové aktivity a soucCasnd aktivace parasympatického systému vedou ke
snizeni arteriolarniho odporu, poklesu srde¢niho vydeje (opak se déje v pripadé snizeného TK) a
nasledn¢ dojde k normalizaci TK. Pfesnd uloha centralniho nervového systému v dlouhodobé
regulaci TK neni zatim dobfe znama4, ale u rtiznych hypertenznich modelii byla popsdna zvysena
tonicka aktivita mozkovych center ucastnicich se regulace kardiovaskularniho systému a snizeni
nervove aktivity v téchto oblastech vedlo ke snizeni periferni sympatické aktivity a TK (Geraldes et
al., 2014; Matsuura et al., 2002; Sato et al., 2002).

Aktivace sympato-neurdlniho a sympato-adrendlniho systému spousti stresovou odpovéd
kardiovaskularniho systému, ktera je charakterizovana zvySenim TK a srde¢ni frekvence (Dos Reis
et al., 2014). Dalsi soucasti stresového systému je osa hypotalamus-hypofyza-nadledviny (HPA),
ktera produkuje glukokortikoidni hormony (kortikosteron u potkanti, kortizol u lidi). Glukokortikoidy
potencuji mnohé Uc¢inky sympatického nervového systému, vcetné periferni vazokonstrikce (Ulrich-
Lai a Herman, 2009). Aktivace HPA osy a autonomniho nervového systému je vysoce koordinovana
ajejich regulace je vzajemné propojend. Glukokortikoidy i katecholaminy maji kratkodobé& prosp&sné
ucinky, ale dlouhodob¢ jejich vliv mize byt neptiznivy. Chronicky stres nebo nepfiméfena reakce

stresového systému se mohou Ucastnit patogeneze kardiovaskularnich onemocnéni (McEwen, 1998).

Spontanné hypertenzni potkani (SHR) jsou nejcastéji pouZivanym modelem genetické
hypertenze. SHR vyvijeji hypertenzi spontanné ve véku 5-12 tydnti a jejich stiedni arterialni tlak v
dospélosti dosahuje 160 - 180 mm Hg. (na rozdil od 120 mm Hg u dospélych WKY potkanti)
(Behuliak et al., 2015; Judy a Farrell, 1979). Sympaticky nervovy systém je zapojen do patogeneze
hypertenze, protoze sympaticka nervova aktivita vzrista ve stejném obdobi, kdy dochézi k rozvoji
vysokého krevniho tlaku (Judy a Farrell, 1979). U SHR byly popsdny mnohé molekularni,
morfologické a funkéni zmény na rtiznych urovnich sympato-neurdlniho a sympato-adrenalniho
systému, véetné zvySené aktivity mozkovych center regulujicich sympatickou nervovou aktivitu
(Matsuura et al., 2002), efektivnéjSiho pfenosu vzruchu pies sympatickd ganglia (Magee a Schofield,
1992), hustsi sympatické inervace cév (Mangiarua a Lee, 1990), zvySeného vylevu katecholamintl ze
dfen¢ nadledvin (Lim et al., 2002), atd. Rozvoj hypertenze u SHR mitize byt oslaben neonatéalni
sympatektomii (destrukci periferniho sympatického nervového systému, napf. podavanim
guanetidinu), ale mirné zvysSeni TK u sympatektomovanych SHR pretrvava (Lee ef al., 1987). Toto
rezidudlni zvySeni TK mulZe byt zruSeno kombinaci sympatektomie s odstranénim dfené nadledvin

(Lee et al., 1991) nebo s blokddou ai-adrenergnich receptorti (Korner et al., 1993). Na druhou stranu,
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sympatektomie provedend u dospélych SHR je vyrazn€ mén¢ efektivni pii snizovani TK (Ferrari et
al., 1991). Je mozné, ze cévni tonus miize byt u dospélych zvifat s poruSenou sympatickou inervaci
cév udrzovan pomoci riznych kompenza¢nich mechanismti. Studium mladych prehypertenznich
SHR nam umoznuje odhalit abnormality pfedchazejici rozvoji hypertenze, zatimco studium

dospélych SHR potkant nabizi lepsi model pro 1é¢bu lidské esencidlni hypertenze.

CILE PRACE

Cilem této dizertacni prace bylo studovat ulohu sympato-adrenalniho a sympato-neuralniho

systému v rozvoji a udrzovani vysokého krevniho tlaku u spontanné¢ hypertenznich potkanti.

Projekt 1 - porovnani abnormalit sympato-adrendlniho a sympato-neurdalniho systému u mladych

prehypertenznich a dospélych spontinné hypertenznich potkanii

Cilem projektu bylo popsat ontogenetické rozdily sympato-adrenalniho a sympato-neuralniho
systému mezi SHR a WKY potkany. Porovnani prehypertenznich a hypertenznich zvitat (4 a 24 tydnt

veéku) mize odhalit nékteré dilezité abnormality ucastnici se rozvoje hypertenze u tohoto modelu.

Projekt 2 - ucinky sympatektomie na kardiovaskuldrni systém: porovnani dospélych

normotenznich a spontinné hypertenznich potkanii

Cilem tohoto projektu bylo porovnat ucinky chemické sympatektomie indukované
guanetidinem na kardiovaskuldrni parametry u dospélych SHR a WKY potkanii. Byla studovana
kompenzac¢ni tloha adrendlnich hormont, renin-angiotenzinového systému a citlivosti krevniho tlaku

k podavani vazokonstriktord.

Projekt 3 - porovnani stresem indukovanych kardiovaskularnich a hormonalnich odpovédi

u dospélych normotenznich a spontanné hypertenznich potkanii

Cilem projektu bylo porovnat kardiovaskuldrni odpovéd’ vyvolanou akutnim omezenim
pohybu (restraint stress) a studovat stresem indukované zmény sympato-adrendlniho a sympato-

neuralniho systému u dospélych normotenznich a hypertenznich potkant.



MATERIAL A METODIKA

Experimentalni skupiny a postupy
V Projektu 1 byli pro experimenty pouziti 4tydenni (prehypertenzni) a 24tydenni

(s rozvinutou hypertenzi) samci SHR a jejich normotenzni WKY kontroly. Potkaniim v sérii 1 bylo

provedeno pfimé méfeni TK. Potkani v sérii 2 byli pouziti pro odbér vzorkl plasmy a tkani.

V Projektu 2 byla u dospélych SHR a WKY potkanli provedena chemickd sympatektomie
intraperitonealnim podavanim guanetidin hemisulfatu (30 mg/kg télesné vahy) po dobu dvou tydni.
Kontrolnim potkantim byl podavéan fyziologicky roztok. Potkantim v sérii 1 byl méfen TK pomoci
radiotelemetrie. Potkanim v sérii 2 byla méfena odpovéd” TK na podavani katecholaminti nebo
gangliového blokatoru pentolinia. Potkanim v sérii 3 byla méfena odpovéd TK na podavani
angiotenzinu II. Potkani v sérii 4 byli pouziti pro odbér vzorkl plasmy a tkéani.

V Projektu 3 byli pro experimenty pouziti dospéli samci SHR a WKY potkant. Potkantim v
sérii 1 byl méten TK pomoci radiotelemetrie za podminek volného pohybu nebo za podminek stresu
zpusobeného omezenim pohybu po dobu 120 min (restraint stress). Potkani v sérii 2 byli pouziti pro
odbér vzorkil plasmy a tkani poté, co byli vystaveni: Zddnému stresu (nestresovani potkani), 10 min
stresu, 120 min stresu nebo 120 min stresu nasledovanych 120 min odpoc¢inku. Potkani v sérii 3 byli

pouziti pro stanovani plasmatické aktivity reninu.

Radiotelemetrické méieni krevniho tlaku

Potkanim byly implantovany telemetrické sondy (model HD-S10, Data Sciences
International, USA). Po 10 dnech zotaveni byl voln€ se pohybujicim potkanim méfen bazéalni TK po
dobu tii dni a poté byly zahdjeny experimenty. Spektralni analyza variability systolického krevniho
tlaku (SBPV) byla provedena dr. Behuliakem a dr. Bencze pro vyhodnoceni nizkofrekvencni
komponenty (LF; 0.2 - 0.75 Hz) SBPV, ktera odpovida vaskularni sympatické aktivité (Yoshimoto
etal., 2011).

Stres vyvolany akutnim omezenim pohybu

Potkani vystaveni stresu omezenim pohybu byli horizontdlné¢ umisténi do prihledného
plastového valce (vnitini primér 6.5 cm, nastavitelna délka podle velikosti zvifete) vybaveného

dychacimi otvory.

Piimé méreni krevniho tlaku

Potkanim v isofluranové anestesii byly zavedeny katetry do levé karotické tepny (PE-50 pro
méteni TK) a do jugularni Zily (PE-10 pro podéavani latek). Po 24hodinovém odpocinku byla bdélym
potkanim (umisténym v malé prihledné kleci) méfena odpovéd’ TK na intravendzni podavani latek

za pouziti systému PowerLab (ADInstruments, Australia).

Histochemicka vizualizace monoaminii (SPG metoda)

Femoralni arterie byly ponotfeny do roztoku kyseliny glyoxalové (1% glyoxalova kyselina,

236 mM KH2PO4 a 200 mM sachar6za), pfipevnény na podlozni sklo, ususeny ventildtorem a skla
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byla zahtéta na vyhtivané desce (80 °C, 5 min). Poté byl pfidan mineralni olej a kryci sklicko a skla
byla znovu zahtata (80 °C, 90 s). Vzorky byly pozorovany pomoci fluorescen¢niho mikroskopu Leica
LMD6000 s DAPI filtrovou kostkou.

Méieni hormonii

Plasmatické hladiny vSech hormonti byly méfeny pomoci komer¢nich kitii: katecholaminy
pomoci 3-CAT Research ELISA (LDN, Germany), metanefriny pomoci 2 MET Plasma ELISA Fast
Track (LDN), ACTH ELISA (MD Bioproducts, Switzerland), Corticosterone rat/mouse ELISA
(LDN), Aldosterone ELISA (LDN). Plasmaticka reninova aktivita byla méfena pomoci PRA ELISA
(Crystal Chem, USA) zalozené na stanoveni mnozstvi angiotenzinu I vytvofeného za 90 min.
Absorbance pii 450 nm byla odectena pomoci Microplate reader Tecan Infinite M200 (Tecan Group
Ltd., Switzerland).

Reverzni transkripce a kvantitativni real-time PCR

Izolace celkové RNA byla provedena pomoci komer¢nich kit podle instrukci vyrobce. Ve
vSech vzorcich RNA byla genomicka DNA odstranéna pouzitim RNase-free DNase 1 (Qiagen,
Germany). RNA byla ptepsana do cDNA pomoci High Capacity cDNA Reverse Transcription Kit
(Life Technologies, USA) nebo SuperScript® VILO™ cDNA synthesis kit (Thermo Fisher
Scientific, USA). Genova exprese byla stanovena na LightCycler® 480 System (Roche, Switzerland)
za pouziti HOT FIREPol® Probe qPCR Mix Plus (SolisBioDyne, Estonia) a TagMan® Gene
Expression Assays (Life Technologies). Exportovana primarni data byla analyzovdna pomoci
softwaru LinRegPCR (version 2013.0; Ruijter et al., 2009) a ziskané hodnoty byly pouzity pro
relativni kvantifikaci pomoci modifikované 2 24¢T metody (Livak a Schmittgen, 2001). Data z
jednotlivych tkani a jednotlivych experimentd byla normalizovana pomoci nejlepsi kombinace dvou
referencnich gend, které byly vybrany softwarem NormFinder (Andersen ef al., 2004)

Western blot analyza

Elektroforéza v SDS polyakrylamidovém gelu za redukujicich podminek byla provedena
pomoci Optiblot precast 4-20 % gradient gels (Abcam, UK). Polosuchy pifenos proteinli na
Polyvinylidene fluoride membrane (Millipore, USA) byl proveden za pouZiti a Tris Glycine Buffer
(Bio-Rad Laboratories, USA) obsahujiciho 10 % metanol. Nasledn¢ byly membrany blokovany 3 %
mlékem v roztoku TBS s Tweenem (TBS-T; 137 mM NacCl, 20 mM Trizma® base a 0.1 % Tween®
20) pti pokojové teploté. Membrany byly inkubovany s primarni protilatkou v 3 % mléku TBS-T ptes
noc pii 4 °C. Nasledné byly membrany inkubovany s Peroxidase-Conjugated Goat Anti-Rabbit
sekundarni protilatkou (1:5000, Thermo Fisher Scientific) v 3 % mléku rozpusténém v TBS-T.
Ktenova peroxiddza byla detekovana pomoci SuperSignal West Femto reagent (Thermo Fisher
Scientific) a uvoliiované svétlo bylo zaznamenano pomoci chemiluminiscen¢niho analyzatoru LAS
1000 (Fuyjifilm, Japan).



VYSLEDKY

Projekt 1 — porovnani abnormalit sympato-adrendlniho a sympato-neurdlniho systému u

mladych prehypertenznich a dospélych spontinné hypertenznich potkanii
Exprese genui ucastnicich se biosyntézy katecholaminit v nadledviné

mRNA a proteinova exprese genll Ucastnicich se biosyntézy katecholaminli byla nizsi v
nadledviné 4tydennich SHR v porovnani se stejné starymi WKY potkany (Obr. 1A, B). Utlumeni
exprese genu ucastnicich se biosyntézy katecholaminl bylo jesté vyraznéjsi v nadledviné dospélych
SHR potkani (Obr. 1C, D).
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Obrazek 1. mRNA (A, C) a proteinova (B, D) exprese gent Gcastnicich se biosyntézy katecholamind v nadledviné
4tydennich (A, B) nebo 24tydennich (C, D) SHR a stejné starych WKY potkanti. * p<0.05 vs. stejn¢ staii WKY potkani;
1 p<0.05 vs. 4tydenni potkani stejného kmene. Vaviinova et al., 2019a

Obsah katecholaminu v nadledvine

Mnozstvi noradrenalinu a adrenalinu bylo vyssi v nadledviné 4tydennich SHR potkand nez u
WKY potkanil (Tabulka 1). Naproti tomu mnoZstvi noradrenalinu bylo niZ§i v nadledving dospélych

SHR potkanil, zatimco mnoZstvi adrenalinu bylo podobné v nadledviné u obou kment.

Tabulka 1. Obsah katecholamind v nadledviné 4tydennich a 24tydennich WKY a SHR potkant.

WKY SHR WKY SHR

4 tydny 4 tydny 24 tydny 24 tydny
ﬁ;ﬁf&i’éﬂﬁ'@ 635+ 20 782 +39 * 4375 +277 1654 + 122 *
‘?:gr/i‘;‘l‘l:avma) 1734 =39 2092 + 82* 11326 + 244 10522 + 614 1

*p <0.05 vs. stejné stafi WKY potkani; T p <0.05 vs. 4tydenni potkani stejného kmene. Vaviinova et al., 2019a
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Exprese genui ucastnicich se biosyntézy katecholaminu v sympatickych gangliich

mRNA a proteinova exprese genil ucastnicich se biosyntézy katecholamint byla nizsi v
sympatickych gangliich 4tydennich SHR v porovnani s WKY potkany (Obr. 2A, B). V sympatickych
gangliich dospélych SHR byla vy$si mRNA exprese 7/ genu, ale tato zména nebyla pozorovana na
proteinové urovni. mRNA exprese Ddc a Dbh genii byla nizsi v sympatickych gangliich dospélych
SHR v porovnani se stejné starymi WKY potkany. Proteinova exprese DDC enzymu byla také nizsi,

zatimco nebyla pozorovana signifikantni zména v proteinové expresi DBH enzymu (Obr. 2C, D).
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Obrazek 2. mRNA (A, C) a proteinova (B, D) exprese genil ucastnicich se biosyntézy katecholamint v sympatickych
gangliich 4tydennich (A, B) nebo 24tydennich (C, D) SHR a stejné starych WKY potkanti. * p<0.05 vs. stejné stafi WKY
potkani; T p<0.05 vs. 4tydenni potkani stejného kmene. Vaviinova ef al., 2019a

Obsah katecholaminii v sympatické inervaci femordalni tepny

Obr. 3 ukazuje obsah katecholaminll v sympatické inervaci femoralnich tepen vizualizovany
barvenim glyoxalovou kyselinou. Fluorescenéni signdl byl dvojnasobné vyssi u SHR obou véki v
porovnani s WKY potkany (2.16 + 0.08 u prehypertenznich SHR, 1.99 + 0.11 u dospélych SHR;
p<0.001).

Obrazek 3. Obsah katecholaminti v sympatické inervaci femoralni
tepny vizualizovany barvenim glyoxalovou kyselinou: 4tydenni
WKY potkani (A), 4tydenni SHR (B), 24tydenni WKY potkani
(C), 24tydenni SHR (D). Vavfinova et al., 2019a

11



Projekt 2 — ucinky sympatektomie na kardiovaskuldrni systém: porovndni dospélych

normotenznich a spontinné hypertenznich potkani
Kardiovaskularni parametry mérené pomoci radiotelemetrie

Kontrolni SHR méli vyssi stfedni arteridlni tlak (MAP) nez WKY potkani béhem svétlé 1
tmavé faze dne (p<0.001; Obr. 4). MAP byl po 3 dnech podévani guanetidinu nizsi u obou kment
(p<0.01), a vratil se na kontrolni uroven po 14 dnech. Nizkofrekvencni komponenta variability
systolického krevniho tlaku (LF SBPV) byla vétsi u kontrolnich SHR nez u WKY potkanti (p<0.05;
Obr. 4). LF SBPV byla vyrazné¢ snizend po 3 a 14 dnech podavani guanetidinu, coz prokazuje
pretrvavajici efekt sympatektomie (p<<0.001).

MAP

180

o W
o) v
D140 1 :
§120 -

<06 W

80

time (day
—0O— WKYCTRL —@— WKYSYMPX —@— SHRCTRL —@— SHR SYMPX

LF-SBPV

(mm Hg®)

Obrizek 4. Casovy pribéh stiedniho arteridlniho tlaku (MAP) a nizkofrekvenéni komponenty variability systolického
krevniho tlaku (LF SBPV) u WKY a SHR potkanti méfeny radiotelemetrii pfed a v prubéhu podavani guanetidinu. Prvni
injekce guanetidinu byla podana béhem svételné faze prvniho dne (L+1), jak je vyznaéeno vertikalni teCkovanou ¢arou.

U SHR jsme pozorovali vyssi odpovéd MAP a LF SBPV na piisobeni stresoru v porovnani s
WKY potkany (p<0.05; Obr. 5). Stresem indukovany vzestup obou parametri byl oslaben

sympatektomii u obou kmenti (p<0.01).
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Obrazek 5. Casovy pribéh zmén stfedniho arteridlniho tlaku (MAP) a nizkofrekvenéni komponenty variability
systolického krevniho tlaku (LF SBPV) pted, v prubéhu a po stresu navozeném omezenim pohybu (0-120 min, ozna¢eno
Sedou) u kontrolnich (CTRL) a sympatektomovanych (SYMPX) WKY a SHR potkand.

Ovéreni sympatektomie

Guanetidinem indukovand sympatektomie sniZila obsah katecholaminii (vizualizovany
barvenim kyselinou glyoxalovou) ve femoralnich tepnach obou kment (-92 % u SYMPX SHR,
p<0.001; -88 % u SYMPX WKY potkani, p<0.01).

Podavani gangliového blokatoru pentolinia snizilo MAP vice u kontrolnich SHR nez u WKY
potkanli (p<0.05) a sympatektomie oslabila MAP odpovéd’ na pentolinium u obou kmeni (CTRL
SHR, -47+3 mm Hg; CTRL WKY potkani, -38+1 mm Hg; SYMPX SHR, -7+4 mm Hg; SYMPX
WKY potkani, -15+4 mm Hg).

Podavani tyraminu (latka uvoliujici katecholaminy z nervovych zakonceni) zvySovalo MAP
v podobné mife u SHR a WKY potkani a tento G€inek byl téméf tipln€ zrusen sympatektomii (CTRL
SHR, 48+4 mm Hg; CTRL WKY potkani, 49+5 mm Hg; SYMPX SHR, 41 mm Hg; SYMPX WKY
potkani, 6+2 mm Hg; p < 0.001).

Kardiovaskularni odpoved na podavani katecholaminii

Sympatektomie vyvolala zvyseni citlivosti odpovédi MAP na podavani noradrenalinu (az
14krat) a adrenalinu (az 10krat) u SHR 1 WKY potkant (Obr. 6), jak bylo dolozeno posunem "dose-

response" kiivek doleva u sympatektomovanych zvitat.
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Obrazek 6. Odpoveéd stfedniho arterialniho tlaku (MAP) na intravenézni podavani nekumulativnich davek
noradrenalinu (A), nebo adrenalinu (B) u bdélych kontrolnich (CTRL) a sympatektomovanych (SYMPX) WKY a SHR
potkant. Vaviinova et al., 2019b

Katecholaminy v plasmé a nadledviné

Sympatektomie snizila plasmatické hladiny noradrenalinu u obou kmenid (Tabulka 2).
Podavani guanetidinu zvysilo plasmatické hladiny adrenalinu a tento efekt byl vyraznéjsi u WKY
potkani (4nasobny vzestup u SYMPX WKY potkanii vs. 1.5nasobny vzestup u SYMPX SHR).

V nadledviné kontrolnich SHR byl nizsi obsah noradrenalinu v porovnani s WKY potkany.
Sympatektomie zvysila obsah noradrenalinu v nadledviné WKY potkant ale ne v nadledviné SHR
(Tabulka 2). SHR také méli nizsi obsah adrenalinu v nadledviné nez WKY potkani a sympatektomie

zvysila obsah adrenalinu v nadledvin€ nezavisle na kmeni.

Tabulka 2. Katecholaminy v plasmé kontrolnich (CTRL) a sympatektomovanych (SYMPX) WKY a SHR potkant.

CTRL SYMPX two-way ANOVA

WKY SHR WKY SHR Kmen Guanetidin Interakce
Plasma
Noradrenalin 0.38 0.32 0.17 0.17
(ng/ml) 2006 | +003 +0.02 +0.01 NS p<0.001 NS
Adrenalin 0.24 0.32 1.24 0.48
(ng/ml) 2002 | +005 | 017+ | o004 | P00L | p<0.001 p=<0.001
Nadledvina
Noradrenalin 4340 2388 7320 2642
(ng/nadledvina) 282 2280% | 8474 | +166% | PO00L | p<0.05 p<0.05
Adrenalin 13990 12770 16060 13390
(ng/nadledvina) + 480 +370 + 640 +460 | P0-001 p<0.05 NS

*p <0.05 vs. WKY potkani; T p <0.05 vs. kontrolni potkani stejného kmene. NS, nesignifikantni. Vaviinova et al.,
2019b
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Genova exprese ve dreni nadledvin

mRNA exprese gentl ucastnicich se biosyntézy katecholaminti (74, Ddc, Dbh a Pnmt) byla
nizsi ve dieni nadledvin SHR ve srovnani s WKY potkany. Podavani guanetidinu zvySilo mRNA

expresi Th, Dbh a Pnmt genu ve dieni nadledvin (Obrazek 7).

Th Ddc Dbh Pnmt
3 dswain: p<0.05  Strain: p<0.001 -|Strain: p<0.001  Strain p<0.001 D WKY CTRL
Treatment: p<0.001 Treatment: NS Treatment: p<0.05 Treatment: p<0.001 SHR CTRL
Interaction: NS Interaction: NS Interaction: NS Interaction: NS .
+ + [ WKY SYMPX
SHR SYMPX
2- t 1 =1 = &
[ 1

14 |;_ - [| I 1 -
0

Obrazek 7. mRNA exprese gentd Ucastnicich se biosyntézy katecholaminti ve dieni nadledvin kontrolnich (CTRL) a
sympatektomovanych (SYMPX) WKY a SHR potkanti.

mRNA expression
[AU]

Projekt 3 - porovndni stresem indukovanych kardiovaskuldarnich a hormondalnich odpovédi u

dospélych normotenznich a spontinné hypertenznich potkanii
Hormony v plasmeé

Plasmatické hladiny noradrenalinu byly zvySené po 10 min omezeni pohybu u SHR 1 WKY
potkanli (p<0.001 pro oba kmeny) a stresem indukované plasmatické hladiny noradrenalinu byly
vys$$i u SHR ve srovnani s WKY potkany (SHR vs. WKY: p<0.001; Obr. 8A). Stres vyvolany
akutnim omezenim pohybu zvysil hladiny normetadrenalinu, adrenalinu a metadrenalinu po 10 min
jen u SHR ale ne u WKY potkanti (SHR vs. WKY: p<0.01; Obr. 8B, C, D). Po 120 min omezeni
pohybu, se hladiny adrenalinu u SHR vratily zpét na bazalni Groven, ale adrenalin zlstal zvySeny u
WKY potkand (SHR vs. WKY: p<0.01; Obr. 8C).

ZvySeni plasmatickych hladin ACTH po 10 min omezeni pohybu bylo vyraznéjsi u SHR
(SHR vs. WKY: p<0.001; Obr. 9A). Po 120 min odpocinku, se hladiny ACTH u WKY potkanti vratily
na bazalni aroven, ale ztstaly zvySené u SHR (SHR vs. WKY: p<0.05). Podobné, stresem vyvolany
vzestup kortikosteronu byl vyraznéjsi u SHR nez u WKY potkanii (SHR vs. WKY: p<0.01 po 10 min
stresu, p<0.001 po 120 min stresu; Obr. 9B).
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Plasmaticka reninova aktivita byla snizend u SHR v porovnani s WKY potkany (p<0.001
v celém prubéhu pokusu; Obr. 9C). Stresem vyvolané hladiny aldosteronu byly niz§i u SHR nez u

WKY potkanii (p<0.001 po 10 min stresu; p<0.01 po 120 min stresu; p<0.05 po 120 min odpocinku;
Obr. 9D).
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Genova exprese ve dreni nadledvin

Stres vyvolany akutnim omezenim pohybu zpiisobil ¢tyinasobny vzestup mRNA exprese Th
genu u SHR i WKY potkanti (p<0.001 pro oba kmeny) a 7/ exprese byla vyssi u stresovanych SHR
nez u stresovanych WKY potkanta (p<0.001; Obr. 10). mRNA exprese Ddc, Dbh a Pnmt gentu byla

nizsi ve dfeni nadledvin nestresovanych i stresovanych SHR ve srovnani s WKY potkany.
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Treatment: p<0.001 Treatment: NS Treatment. p<0.001 Treatment: p<0.001 _nAai

Interaction: p<0.001 Interaction: NS Interaction: p<0.05 Interaction: p<0.001 |:| SHR StreSS.naNe
c 6 *1_- . . WKY restrained
@ % + SHR restrained
]
o 54 - - .
3 =, T
<
Z t *T
T 1 2k : .
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am| 02 10
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O0772 | (= (& ]

Stress 120 min stress Stress 120 min stress Stress 120 min stress  Stress 120 min stress
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Obrazek 10. mRNA exprese genti UCastnicich se syntézy katecholamind ve dieni nadledvin nestresovanych a
stresovanych (120 min omezeni pohybu+120 min odpocinku) WKY a SHR potkanti. * p <0.05 vs. WKY potkani; § p <
0.05 vs. nestresovani potkani stejného kmene.

mRNA exprese Agtr2 genu byla podobnd u SHR a WKY potkani a u obou kmenil se
vyznamné sniZila po stresu indukovaném omezenim pohybu (Tabulka 3). mRNA exprese Agtria

genu byla nizs$i u SHR a nebyla ovlivnéna stresem. Agtrlb gen byl také méné exprimovany u SHR a

jeho mRNA exprese se sniZila stresem u obou kmenti.

Tabulka 3. mRNA exprese genl pro receptory pro angiotenzin II ve dfeni nadledvin nestresovanych a stresovanych
(120 min omezeni pohybu+120 min odpoc¢inku) WKY a SHR potkand.

Pomér priméru SHR/ primér WKY (a.u.)
, Po 120 min omezeni pohybu a two-way ANOVA
Gen Nestresovani . o
120 min odpocinku
WKY SHR WKY SHR Kmen Stres Interakce
Agtria 1.02 £0.07 0.69+ 0.07 1.16 £0.07 0.84 +0.09 p<0.001 NS NS
Agtrib 1.10+0.17 0.57+ 0.07 0.41 +0.04 0.29 +0.08 p<0.01 p<0.001 NS
Agtr2 1.06 £0.13 0.95+ 0.09 0.25 +0.03 0.42 +0.16 NS p<0.001 NS

*p <0.05 vs. WKY potkani; T p < 0.05 vs. nestresovani potkani stejného kmene. NS, nesignifikantni.
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DISKUSE

V Projektu 1 jsme pozorovali zasadni protiklad mezi snizenou expresi gent €astnicich se
syntézy katecholamini (v sympato-neurdlnim a sympato-adrenalnim systému) a zvySenou hustotou
sympatické inervace cév a také vyS$im obsahu katecholamint v nadledviné prehypertenznich SHR.
Zvysena sympaticka inervace cév byla popsana jiz diive (Mangiarua a Lee, 1990). V souladu s timto
nalezem jsme u prehypertenznich SHR naméfili vyssi plasmatické hladiny noradrenalinu v porovnani
s WKY potkany, coz je také v souladu s literaturou (Grobecker et al., 1976). V nadledvinach SHR s
rozvinutou hypertenzi byla biosyntetickd drdha katecholaminl utlumena na vice urovnich, tj. na
urovni mRNA 1 proteinové exprese. To vedlo ke sniZzeni obsahu katecholamind, coz je v souladu s
pfedchozimi studiemi (Grundt et al., 2009; Moura et al., 2005). Podobné utlumeni exprese bylo
nalezeno 1 v sympatickych gangliich dospélych SHR potkanii, ale nebylo doprovazené snizenim
obsahu katecholaminti v cévni sténé€. Krevni tlak (TK) je u 4tydennich SHR podobny nebo jen lehce
zvySeny v porovnani s normotenznimi potkany, ale jiz v tomto obdobi SHR vykazuji vyssi
sympatickou aktivitu a zvySenou srde¢ni frekvenci (Behuliak et al., 2015; Judy et al., 1979). Utlumeni
exprese genll ucastnicich se syntézy katecholaminii miize byt kompenza¢nim mechanismem, ktery
pusobi proti hyperfunkei sympato-neuralniho systému a ktery se rozviji zaroven se vzestupem TK u
SHR.

V Projektu 2 sympatektomie vyvolana chronickym podévanim guanetidinu vedla po tfech
dnech ke snizeni TK a nizkofrekvencni komponenty variability systolického krevniho tlaku (LF
SBPV; marker cévni sympatické aktivity) u SHR 1 WKY potkanti. LF SBPV byla stale snizena po 14
dnech podavani guanetidinu, ale TK se u sympatektomovanych potkanti vratil na uroven kontrolnich
nelécenych zvitat. Podobné naSemu nalezu Johnson a O'Brien (1976) popsali, Ze chronicka 1écba
guanetidinem nevedla k signifikantni zméné klidového TK u Sprague-Dawley potkani. Naopak
Benarroch et al. (1990) pozoroval snizeni bazdlniho TK u Sprague-Dawley potkanii lé¢enych
guanetidinem. V naSem experimentu jsme u potkant 1é¢enych guanetidinem po dobu 14 dni také
pozorovali snizeni TK, ale pouze za podminek stresu vyvolaného akutnim omezenim pohybu. Névrat
TK k ptvodnim hodnotdm pozorovany u volné se pohybujicich zvifat nemiize byt pfipsan
nedostate¢nému stupni sympatektomie, coz bylo u sympatektomovanych potkani dokumentovano
snizenim fluorescencniho signalu katecholaminii ve femoralnich arteriich, snizenou LF SBPV a
utlumenou odpovédi TK na podavani gangliového blokatoru pentolinia resp. tyraminu (latky
uvoliujici katecholaminy z nervovych zakonceni). Ukazali jsme, Ze u SHR 1 WKY potkanti dochazi
pfi sympatektomii ke zvySeni citlivosti odpovédi TK na podavani noradrenalinu (az 14krat) a
adrenalinu (az 10krat), coz je v souladu s vétsi odpovédi TK na podavani ai-adrenergniho agonisty
fenylefrinu pozorovanou u dospélych WKY potkant 1éenych 6-hydroxydopaminem (Rizzoni et al.,
2000). Navic jsme u potkant vystavenych opakovanému podavani guanetidinu pozorovali zvySeni
plasmatickych hladin adrenalinu, coZ miiZze byt pfipsano zvétSeni nadledvin a zvySené expresi geni

ucastnicich se syntézy katecholaminil. Toto je v souladu s dosavadnimi nalezy tykajicimi se vlivu
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sympatektomie na Sprague-Dawley potkany (Kvetnansky et al., 1979b; Qiu et al., 1999). Nicméné
sympatektomie nevedla k normalizaci utlumené exprese gent ucastnicich se syntézy katecholamint
v nadledvin¢ dospélych SHR, coz naznacuje, Ze tento Gtlum neni zptisoben pifimou negativni zpétnou

vazbou, kterd by kompenzovala hyperaktivitu sympatického nervového systému u tohoto kmene.

V Projektu 3 jsme prokézali, ze vyraznéjsi kardiovaskularni odpovéd’ SHR potkanii na akutni
omezeni pohybu (restraint) je doprovazeno vyssimi plasmatickymi hladinami katecholamini a jejich
metabolitl. Tyto nalezy jsou ve shod¢ s pfedchozim pozorovanim u SHR vystavenych silngjsi forme
znehybnéni tj. imobilizaci (Kvetnansky et al., 1979a). Navic jsme popsali vyraznéjsi zvyseni mRNA
exprese Th genu ve dieni nadledvin stresovanych SHR ve srovnani s WKY potkany, coz je také ve
shod¢ s predchozimi studiemi (Grundt ef al., 2009). Aktivace exprese 74 genu v nadledving je
zprostiedkovano hlavné vyssi sympatickou nervovou aktivitou (Axelrod a Reisine, 1984). Bylo
popsano, ze sympaticka aktivita v splanchnickych a renalnich nervech je u SHR zvySena (Judy et al.,
1979; Judy a Farrell, 1979). Také v naSich experimentech jsme pozorovali vyrazné zvySenou
sympatickou aktivitu (dokumentovanou zvétSenim LF SBPV) u SHR za podminek stresu. Na druhou
stranu jsme pozorovali niz8i expresi ostatnich gent ti€astnicich se syntézy katecholaminii (Ddc, Dbh,
Pnmt) ve dfeni nadledvin u nestresovanych i stresovanych SHR. Vylev katecholaminti a také exprese
enzymu Ucastnicich se syntézy katecholaminil jsou regulovany angiotenzinem II (Sabban, 1997). U
dospélych SHR jsme naméfili snizenou plasmatickou reninovou aktivitu, coz je v souladu s dosavadni
literaturou (Freeman ef al., 1975; Sen et al., 1972). Navic exprese receptort pro angiotenzin II byla
také snizend u SHR. Tyto ndlezy naznacuji, Ze snizend stimulace chromafinnich bun¢k nadledvin
angiotenzinem II u SHR by mohla byt pfi¢inou Utlumu exprese enzymu Ucastnicich se syntézy
katecholaminli pozorovanou u tohoto kmene. U SHR vystavenych akutnimu omezeni pohybu jsme
také nasli zvySené plasmatické hladiny kortikosteronu a ACTH, coz je v souladu s pfedchozimi nalezy
jinych laboratoti (Djordjevic et al., 2007; Kvetnansky et al., 1979a). Neddvno jsme v nasi laboratofi
ukdzali, Zze glukokortikoidy maji vyznamny permisivni a/nebo stimulaéni G¢inek pii udrZzovani
periferni cévni rezistence fizené sympatickym nervovym systémem a také pro adekvatni odpoveéd
kardiovaskularniho systému na vystaveni akutnimu stresoru (Bencze et al., 2020). Takze lze
konstatovat, Ze odpovéd’ kardiovaskularniho syst¢ému SHR na zvySenou aktivaci sympato-neuralniho

a sympato-adrenalniho systému muiZe byt u tohoto kmene jesté zesilena nadbytkem glukokortikoida.
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SHRNUTI A ZAVERY

Ve své disertacni praci jsem se zabyvala ulohou sympato-neuralniho a sympato-adrenalniho
systému pii rozvoji a udrzovani vysokého krevniho tlaku u spontanné hypertenznich potkant (SHR).
U prehypertenznich SHR jsme nasli zvySeny obsah katecholamini v nadledviné a vyssi hustotu
sympatické inervace, coz miize pfispivat k patogenezi vysokého krevniho tlaku. Utlumeni exprese
genil ucastnicich se biosyntézy katecholamint (74, Ddc, Dbh, Pnmf) je pravdépodobné kompenzacni
mechanismus, ktery se rozviji postupné s rozvojem hypertenze a piisobi proti hyperfunkci sympato-
neuralniho systému. Potlaceni produkce katecholaminti vede k jejich nizSimu obsahu v nadledvinach
dospélych SHR. U dospélych SHR jsme dokumentovali vyraznéjsi llohu sympatického nervového
systému pii udrzovani krevniho tlaku nez u WKY potkani. Nicméné sympatektomie vyvolana
chronickym podavanim guanetidinu neni efektivni pro dlouhodobé snizeni krevniho tlaku u
dospélych SHR. To mtize byt vysvétleno zapojenim kompenza¢nich mechanismi, jako jsou vic nez
desetinadsobné zvyseni citlivosti odpovédi krevniho tlaku na podavani katecholaminti resp. zvySeni
plasmatickych hladin adrenalinu u sympatektomovanych zvirat. Také jsme ukazali, ze
kardiovaskularni odpovéd’ a aktivace sympato-neurdlniho a sympato-adrenalniho systému pfi stresu
vyvolaném akutnim omezenim pohybu jsou vyraznéjsi u dospélych SHR nez u WKY potkanii. SHR
také vykazovali vét§i aktivaci osy hypotalamus-hypofyza-nadledviny, coz miize dale zesilovat
sympaticky fizeny vzestup periferni cévni rezistence. V souladu se sympatickou hyperaktivitou jsme
pozorovali vyrazngj$i zvySeni exprese Th genu u stresovanych SHR ve srovnani s WKY potkany.
Naopak exprese ostatnich genti ucastnicich se syntézy katecholaminti (Ddc, Dbh, Pnmt) zlstala
sniZena u stresovanych SHR. Moznym vysvétlenim mize byt mensi stimulace chromafinnich bunék
dfené nadledvin angiotenzinem II, ktera je dana niZzsi plasmatickou reninovou aktivitou a snizenou
expresi adrenalnich receptort pro angiotenzin II u SHR. Zavérem, data v mé disertani praci
potvrzuji, ze sympaticky nervovy systém piispiva k rozvoji a udrzovani vysokého krevniho tlaku u
SHR potkant. Jeho vliv na kardiovaskularni systém miiZze byt potencovan nadmérnou aktivaci osy
hypotalamus-hypofyza-nadledviny, kterou jsme také pozorovali u tohoto kmene. ProtoZe podobné
mechanismy se podileji na vzniku a udrzovani vysokého krevniho tlaku u lidi, jejich vyzkum u SHR
mohou pfispét k lepSimu porozuméni a lécbé lidské esencialni hypertenze. Odolnost dospélych SHR
potkanli k lécbé zaméfené na periferni sympaticky nervovy systém upozoriiuje na existenci
kompenzacnich mechanismil, které plsobi proti efektivni 1é€bé vysokého krevniho tlaku. Pro
efektivni sniZeni krevniho tlaku tedy mohou byt lepsi volbou léky plisobici na centralni regulaci

kardiovaskularniho systému, napt. ACE inhibitory nebo blokatory angiotensinovych receptord.
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ABSTRACT

Both sympathoneural and sympathoadrenal systems are involved in the regulation of arterial
blood pressure and in the pathogenesis of hypertension. Spontaneously hypertensive rats (SHR), the
mostly used animal model of genetic hypertension, is characterized by multiple molecular,
morphological and functional alterations at different levels of sympathoneural and sympathoadrenal
systems. The study of young prehypertensive SHR allows to reveal the abnormalities preceding
hypertension development, whereas adult SHR with established hypertension offers a better model
for the treatment of human essential hypertension. The aim of my PhD Thesis was to describe
abnormalities in sympathoneural and sympathoadrenal systems in SHR under different conditions.
Firstly, ontogenetic differences which might contribute to hypertension development were
determined. Secondly, the effect of chemical sympathectomy induced by guanethidine in adulthood
on cardiovascular parameters and on the compensatory mechanisms counteracting the reduction of
blood pressure were studied. Thirdly, stress-induced cardiovascular response and stress-induced
changes of sympathoneural and sympathoadrenal systems were described in adult SHR. My Thesis
brought several important results. The increased adrenal catecholamine content and the increased
density of sympathetic innervation observed in prehypertensive SHR compared to age-matched
normotensive WKY rats could be involved in the pathogenesis of high blood pressure. The
downregulation of the expression of genes involved in catecholamine biosynthesis (74, Ddc, Dbh,
Pnmt) is probably a compensatory mechanism counteracting the hyperfunction of the sympathoneural
system. The suppression of catecholamine biosynthesis develops concurrently with the progress of
hypertension in SHR. It results in the lower catecholamine content in the adrenal glands but not in
the lower vascular sympathetic innervation of adult SHR. A greater role of sympathetic nervous
system in blood pressure maintenance was documented in adult SHR compared to WKY rats.
However, chronic sympathectomy by guanethidine is not an effective method for pernament blood
pressure lowering in adult SHR with established hypertension. This might be explained by the
involvement of compensatory mechanisms in sympathectomized rats, such as the enhanced blood
presure sensitivity to catecholamines and the increased plasma levels of adrenaline. Adult SHR
showed an exaggerated cardiovascular response and excessive activation of sympathoneural and
sympathoadrenal systems during the acute restraint compared to WKY rats. Furthermore, SHR
subjected to restraint exhibited the overactivation of hypothalamic-pituitary-adrenal axis which might
intensify sympathetically mediated rise in peripheral vascular resistance and stress-induced
cardiovascular response. In line with sympathetic hyperactivity, a greater elevation of mRNA
expression of 7/ gene was observed in the adrenal medulla of stressed SHR compared to WKY rats.
In contrast, the mRNA expression of other genes involved in catecholamine biosynthesis (Ddc, Dbh,
Pnmt) was lower in adrenal medulla of stress-naive as well as stressed SHR in comparison to WKY.
This finding suggests the involvement of other mechanisms in the regulation of these enzymes. The

possible cause might be a lower stimulation of adrenal chromaffin cells by angiotensin II resulting
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from the attenuated plasma renin activity and the decreased mRNA expression of adrenal angiotensin
II receptors observed in SHR. In conclusion, the data presented in my PhD Thesis confirmed that the
sympathetic nervous system contributes to the development and maintenance of high blood pressure
in SHR. Its effects on cardiovascular system might be potentiated by the excessive activation of
hypothalamic-pituitary-adrenal axis observed in this rat strain. Similar mechanisms are involved in
the development and maintenance of high blood pressure in humans. Therefore, the investigation of
abovementioned phenomena in SHR can contribute to a better understanding and treatment of human
essential hypertension. The resistance of adult SHR to the treatment targeting the peripheral
sympathetic nervous system can provide an insight into the compensatory mechanisms which
counteract the effective treatment of high blood pressure. Therefore, the drugs affecting central
regulation of cardiovascular system (e.g. ACE inhibitors or angiotensin receptor blockers) might be

better for the effective lowering of blood pressure in hypertension.

INTRODUCTION
Arterial blood pressure (BP) is the physiological parameter depending on both cardiac output

and total peripheral vascular resistance. BP is maintained within an optimal range which represents a
compromise between the need to ensure a sufficient tissue perfusion and the effort to minimize the
risk of structural damage of the heart and blood vessels. Since human essential hypertension is one
of the major risk factors for cardiovascular complications, better understanding the mechanisms
involved in the regulation of BP is desirable. Sympathetic nervous system, which is a part of the
autonomic nervous system, is involved in the regulation of both arterial BP and regional vascular
resistance. This thesis is focused on the neural mechanisms involved in the pathogenesis and

maintenance of high BP in rats with genetic hypertension.

The sympathetic nervous system consists of sensory pathways conveying the signals from the
visceral receptors (e.g., from the arterial baroreceptors), central region of autonomic control
determining the sympathetic outflow and efferent pathways regulating various targets, such as
vascular smooth muscles, heart or adrenal medulla. The sympathetic outflow is determined by a tonic
activity of neurons located in the rostral ventrolateral medulla (RVLM) which integrate the
information coming from peripheral receptors and from various brain regions (Guyenet, 2006). These
preganglionic neurons form cholinergic synapses with postganglionic neurons or chromaftin cells of
adrenal medulla (sympathoneural and sympathoadrenal subdivision of sympathetic nervous system).
The nerve endings of postganglionic sympathetic neurons release noradrenaline (acting directly on
the respective cardiovascular targets), whereas the adrenal medulla releases adrenaline into the blood
stream (Brock and Cunnanne, 1993; Flatmark, 2000).

The catecholamine biosynthesis starts with an import of aminoacid L-tyrosine and its
hydroxylation by the enzyme tyrosine hydroxylase (TH, encoded by Th gene; Nagatsu et al, 1964).

The second enzyme L-DOPA decarboxylase (DDC, encoded by Ddc gene) converts L-DOPA to
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dopamine. Subsequently, dopamine B-hydroxylase (DBH, encoded by Dbh gene) converts dopamine
to noradrenaline (Flatmark, 2000). The enzyme phenylethanolamine N-methyl transferase (PNMT,
encoded by Pnmt gene) is found primarily in adrenal medulla where it synthesizes adrenaline from
noradrenaline (Wong et al., 1987). Apart from the rate of synthesis, catecholamine availability in
target tissues can also be influenced by the changes in their storage, release, reuptake and degradation
(Eisenhofer et al., 2004).

The sympathetic vasomotor activity is regulated in a short-term manner (i.e. seconds to
minutes) as well as in a long-term manner (i.e. over hours or days). The major short-term mechanism
regulating arterial BP via sympathetic vasomotor activity is the baroreceptor reflex. Briefly, the
elevated BP increases firing rate of the arterial baroreceptors, the signals travel to the central nervous
system and an appropriate response is initiated rapidly. The inhibition of sympathetic efferents and
the concurrent activation of parasympathetic efferents lead to a decrease in arteriolar resistance and
cardiac output (the inverse response occurs when BP is lowered) and to a subsequent restoration of
BP. The exact role of the central nervous system in the long-term BP control is not well understood
yet, but the enhanced tonic activity of brain centers involved in cardiovascular regulation was
described in various hypertensive models and the reduction of neural activity in these areas decreased

peripheral sympathetic activity and BP (Geraldes ef al., 2014; Matsuura et al., 2002; Sato, 2002).

The activation of sympathoneural and sympathoadrenal systems triggers stress response of
cardiovascular system, characterized by the increased BP and heart rate (Dos Reis et al., 2014).
Another component of the stress system is the hypothalamic-pituitary-adrenocortical (HPA) axis
which produces glucocorticoid hormones (corticosterone in rats, cortisol in humans). Glucocorticoids
potentiate numerous sympathetically mediated effects, including peripheral vasoconstriction (Ulrich-
Lai and Herman, 2009). Moreover, the activation of HPA axis and autonomic nervous system is
highly coordinated and their regulation is interconnected. Both glucocorticoids and catecholamines
have short-term beneficial effects but they can also have long-term deteriorating effects. Chronic
stress or the inappropriate reaction of the stress system can participate in the pathogenesis of

cardiovascular diseases (McEwen, 1998).

Spontaneously hypertensive rats (SHR) are the mostly used animal model of genetic
hypertension. The SHR develop hypertension spontaneously at the age of 5—12 weeks and their mean
arterial pressure in adulthood achieves 160-180 mm Hg (in contrast to 120 mm Hg in adult WKY
rats) (Behuliak et al., 2015; Judy and Farrell, 1979). The sympathetic nervous system is considered
to be involved in the pathogenesis of hypertension in SHR since the sympathetic activity rises
concomitantly as high BP develops (Judy and Farrell, 1979). Multiple molecular, morphological and
functional alterations at different levels of sympathoneural and sympathoadrenal systems were
described in SHR, including enhanced activity of brain centers involved in regulation of sympathetic

outflow (Matsuura et al., 2002), more effective transmission through sympathetic ganglia (Magee
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and Schofield,1992), the denser sympathetic innervation in the arteries (Mangiarua and Lee, 1990),
enhanced catecholamine release from adrenal medulla (Lim et al., 2002), etc. The development of
hypertension in SHR can be attenuated by neonatal sympathectomy (destruction of peripheral
sympathetic nervous system, e.g. by guanethidine administration), but moderately elevated BP still
persists in sympathectomized SHR (Lee ef al., 1987). The residual BP elevation can be abolished by
a combination of sympathectomy with adrenal demedullation (Lee et al., 1991) or with aj-adrenergic
blockade (Korner et al., 1993). On the other hand, the sympathectomy performed in adult SHR is
markedly less efficient in reducing BP (Ferrari et al., 1991). It is possible that after the disruption of
sympathetic innervation in the vasculature of adult animals, vascular tone could be maintained by
several compensatory mechanisms. The study of young prehypertensive SHR allows to reveal the
abnormalities preceding hypertension development. On the other hand, the study of adult SHR with

established hypertension offers a better model for the treatment of human essential hypertension.

AIMS

The goal of the thesis was to study the role of sympathoadrenal and sympathoneural systems

in the development and maintenance of high blood pressure in spontaneously hypertensive rat.

Project 1 - the comparison of sympathoneural and sympathoadrenal abnormalities in young

prehypertensive and adult spontaneously hypertensive rats

The aim of this project was to describe ontogenetic differences in the sympathoneural and
sympathoadrenal systems between SHR and WKY rats. A comparison of prehypertensive and
hypertensive animals (4 and 24 weeks of age) may reveal some important abnormalities underlying

the development of hypertension in this model.

Project 2 - the effects of sympathectomy on cardiovascular system: the comparison of adult

normotensive and spontaneously hypertensive rats

The aim of this project was to compare the effect of chemical sympathectomy induced by
guanethidine on cardiovascular parameters in adult SHR and WKY rats. The compensatory role of
adrenal hormones, renin-angiotensin system and blood pressure sensitivity to vasoconstrictors was
studied.

Project 3 - the comparison of stress-induced cardiovascular and hormonal responses in adult

normotensive and spontaneously hypertensive rats

The aim of this project was to compare stress-induced cardiovascular response of adult SHR
and WKY rats evoked by the acute restraint and to study stress-induced changes of sympathoneural

and sympathoadrenal systems in normotensive and hypertensive rats.
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MATERIAL AND METHODS

Experimental groups and procedures

In Project 1, prehypertensive 4-week-old and 24-week-old (with established hypertension)
male SHR rats and aged-matched WKY rats were used for experiments. Series 1 was used for direct

BP measurement. Series 2 was utilized for the collection of plasma and tissue samples.

In Project 2, chemical sympathectomy was performed in adult SHR and WKY rats by a daily
intraperitoneal administration of guanethidine hemisulfate (30 mg/kg of body weight; b.w.) for two
weeks. Control rats were injected with saline. Series 1 was used for BP measurement by
radiotelemetry. Series 2 was used for a measurement of mean arterial pressure (MAP) response to
administration of catecholamines or ganglionic blocker pentolinium. Series 3 was used for a
measurement of MAP response to administration of angiotensin II. Series 4 was utilized for a

collection of tissue and plasma samples.

In Project 3, adult SHR and WKY rats were used for the experiment. Series 1 was used for
BP measurement by radiotelemetry in freely moving animals and under the conditions of restraint
stress (120 min). The rats in series 2 were subjected to either no stressor exposure (stress-naive rats),
10 min of restraint, 120 min of restraint or 120 min of restraint followed by 120 min recovery period
and utilized for a collection of tissue and plasma samples. Series 3 was used for determination of

plasma renin activity.

Radiotelemetric measurement of blood pressure

The rats were implanted with telemetry devices (model HD-S10, Data Sciences International,
USA). Following a 10-day recovery period, basal BP was measured in freely moving rats for three
days and then the experiments were started. Power spectral analysis of systolic blood pressure
variability (SBPV) was done by dr. Behuliak and dr. Bencze to evaluate the low-frequency (LF; 0.2
- 0.75 Hz) component of SBPV which was reported to reflect vascular sympathetic activity
(Yoshimoto et al., 2011).

Restraint stress

The rats subjected to restraint were horizontally placed into transparent plastic cylinders (6.5

cm inner diameter; adjustable in length depending on animal size) equipped with ventilation holes.

Direct blood pressure measurement

Catheters were inserted into the left carotid artery (PE-50 for BP measurements) and jugular
vein (PE-10 for infusion of drugs) of rats under the isoflurane anesthesia. After 24-h recovery, BP
responses to intravenous drug administration were measured in conscious rats placed in small

transparent cages using PowerLab system (ADInstruments, Australia).

Histochemical visualization of monoamines (SPG method)

The arteries were dipped in the glyoxylic acid solution (1% glyoxylic acid, 236 mM KH;PO4

and 200 mM sucrose), mounted on glass slides, dried by air cooler and the slides were heated on a
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hot plate (80 °C, 5 min). Mineral oil and cover glass were added and the slides were heated again (80
°C, 90 s). The specimens were observed using fluorescent microscope Leica LMD6000 with DAPI

filter cube.

Hormone assays

Plasma levels of all hormones were measured by commercial kits: catecholamines using 3-
CAT Research ELISA (LDN, Germany), metanephrines using 2 MET Plasma ELISA Fast Track
(LDN), ACTH ELISA (MD Bioproducts, Switzerland), Corticosterone rat/mouse ELISA (LDN),
Aldosterone ELISA (LDN). Plasma renin activity was measured by PRA ELISA (Crystal Chem,
USA) based on the measurement of the amount of angiotensin I generated over a specific period. The
absorbance at 450 nm was read using Microplate reader Tecan Infinite M200 (Tecan Group Ltd.,
Switzerland).

Reverse transcription and quantitative real-time PCR

Total RNA isolation was performed by commercial kits according to the manufacturer's
instructions. In all isolated RNA samples, genomic DNA was removed with RNase-free DNase |
(Qiagen, Germany). RNA was transcribed to cDNA using a High Capacity cDNA Reverse
Transcription Kit (Life Technologies, USA) or SuperScript® VILO™ cDNA synthesis kit (Thermo
Fisher Scientific, USA). The gene expression was determined on the LightCycler® 480 System
(Roche, Switzerland) using HOT FIREPol® Probe qPCR Mix Plus (SolisBioDyne, Estonia) and
TagMan® Gene Expression Assays (Life Technologies). Exported raw data were analyzed by
software LinRegPCR (version 2013.0; Ruijter et al., 2009) and the obtained values were used for
relative quantification by a modified 2 2A¢T method (Livak and Schmittgen, 2001). The data from
particular tissues and under particular experimental conditions were normalized to the best
combination of two reference genes which were selected by NormFinder software (Andersen et al.,
2004)

Western blot analysis

The reducing SDS polyacrylamide gel electrophoresis was performed using Optiblot precast
4-20 % gradient gels (Abcam, UK). Semi-dry transfer of proteins to Polyvinylidene fluoride
membrane (Millipore, USA) was performed with a Tris Glycine Buffer (Bio-Rad Laboratories, USA)
containing 10 % methanol. Subsequently, membranes were blocked with 3 % milk diluted in Tris-
buffered saline with Tween (TBS-T; 137 mM NaCl, 20 mM Trizma® base and 0.1 % Tween® 20)
at room temperature. Membranes were incubated with primary antibody diluted in 3 % milk TBS-T
at 4 °C overnight. Subsequently, the membranes were incubated with Peroxidase-Conjugated Goat
Anti-Rabbit secondary antibody (1:5000, Thermo Fisher Scientific) in 3 % milk TBS-T. The
horseradish peroxidase was detected using a SuperSignal West Femto reagent (Thermo Fisher
Scientific) and the emitted light was captured with a chemiluminescence imaging analyzer LAS 1000
(Fujifilm, Japan).
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RESULTS

Project 1 — The comparison of sympathoneural and sympathoadrenal abnormalities in young

prehypertensive and adult spontaneously hypertensive rats
The expression of genes involved in catecholamine biosynthesis in adrenal glands

The mRNA and protein expression of genes involved in catecholamine biosynthesis was lower
in the adrenals of 4-week-old SHR compared to the age-matched WKY rats (Fig. 1A, B). The
downregulation of genes involved in catecholamine biosynthesis was even more pronounced in
adrenals of adult SHR (Fig. 1C, D).
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Figure 1. mRNA (A, C) and protein (B, D) expression of genes involved in catecholamine biosynthesis in the adrenal
glands of 4-week-old (A, B) or 24-week-old (C, D) SHR and age-matched WKY rats. * p<0.05 vs. age-matched WKY;
T p<0.05 vs. 4-week-old rats of the same strain. Vaviinova ef al., 2019a

Catecholamine content in the adrenal glands

The amounts of noradrenaline and adrenaline were greater in the adrenal glands of 4-week-
old SHR than in those of WKY rats (Table 1). In contrast, the amount of noradrenaline was decreased

in the adrenals of adult SHR, while the amount of adrenaline was similar in comparison to WKY rats.

Table 1. Catecholamine content in adrenal gland of 4-week and 24-week-old WKY rats and SHR.

WKY SHR WKY SHR
4 weeks 4 weeks 24 weeks 24 weeks
Noradrenaline
(ng/adrenal gland) 635 +20 782£39 % 4375277 F 1654 + 122 * 1
Adrenaline
(ng/adrenal gland) 1734£39 2092 + 82* 11326 + 244 1 10522 + 614 +

*p <0.05 vs. age-matched WKY; 7 p <0.05 vs. 4-week-old rats of the same strain. Vavtinova et al., 2019a
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The expression of genes involved in catecholamine biosynthesis in sympathetic ganglia

The mRNA and protein expression of genes involved in catecholamine biosynthesis was lower
in the sympathetic ganglia of 4-week-old SHR compared to the age-matched WKY rats (Fig. 2A, B).
In the sympathetic ganglia of adult SHR, mRNA expression of 7/ gene was higher, but this change
was not observed at the protein level. The mRNA expressions of Ddc and Dbh genes were lower in
sympathetic ganglia of adult SHR compared to age-matched WKY rats. The protein expression of
DDC enzyme was also lower, while there was no significant change in protein expression of DBH

enzyme (Fig. 2C, D).
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Figure 2. mRNA (A, C) and protein (B, D) expression of genes involved in catecholamine biosynthesis in the sympathetic
ganglia of 4-week-old (A, B) or 24-week-old (C, D) SHR and age-matched WKY rats. * p<0.05 vs. WKY; T p<0.05 vs.
4-week-old rats of the same strain. Vaviinova et al., 2019a

Catecholamine content in the sympathetic innervation of femoral artery

Fig. 3 shows the catecholamine content in sympathetic innervation of the femoral arteries
visualized by glyoxylic acid staining. The fluorescent signal was twofold higher in SHR of both ages
compared to WKY rats (2.16 + 0.08 in prehypertensive SHR, 1.99 &+ 0.11 in adult SHR; p<0.001).

Figure 3. The catecholamine content in the sympathetic innervation
of femoral artery visualized by glyoxylic acid staining in: 4-week-
old WKY rats (A), 4-week-old SHR (B), 24-week-old WKY rats
(C), 24-week-old SHR (D). Vaviinova et al., 2019a
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Project 2 — The effects of sympathectomy on cardiovascular system: the comparison of adult

normotensive and spontaneously hypertensive rats
Cardiovascular parameters measured by radiotelemetry

Control SHR had higher MAP than WKY rats during both the dark and the light phase
(p<0.001; Fig. 4). MAP was lowered after three days of guanethidine treatment in both strains
(p<0.01), and it returned back to the control level after 14 days. The low-frequency of systolic blood
pressure variability (LF SBPV) was higher in control SHR than in WKY rats (p<0.05; Fig. 4). The
LF SBPV was markedly attenuated in both strains after 3 days and 14 days of guanethidine treatment,
demonstrating the persistent effect of sympathectomy (p<0.001).

MAP

180 -

o W
@140 -
£1201

100 W

80

time (day
—0O— WKYCTRL —@— WKYSYMPX —@— SHRCTRL —@— SHR SYMPX

LF-SBPV

(mm Hg®)

Figure 4. The time-course of mean arterial pressure (MAP) and low-frequency component of systolic blood pressure
variability (LF SBPV) of WKY rats and SHR measured by telemetry before and during guanethidine administrattion. The
first guanethidine injection was given during light phase of the first day (L+1) indicated by vertical dotted line.

We observed a higher MAP and LF SBPV response to stressor exposure in SHR than in WKY
rats (p<0.05; Fig. 5). The stress-induced rises of both parameters were attenuated by sympathectomy
in rats of both strains (p<0.01).
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Figure 5. The time-course of changes in mean arterial pressure (MAP) and low-frequency component of systolic blood
pressure variability (LF SBPV) before, during and after restraint stress (0-120 min, marked in grey) in control (CTRL)
and sympathectomized (SYMPX) WKY rats and SHR.

Verification of the sympathectomy

Guanethidine-induced sympathectomy reduced the catecholamine content (visualized by
glyoxylic acid staining) in the femoral arteries of both strains (-92 % in SYMPX SHR, p<0.001; -88 %
in SYMPX WKY rats, p<0.01).

The administration of ganglionic blocker pentolinium decreased the MAP more in control
SHR than WKY rats (p<0.05) and sympathectomy attenuated MAP response to pentolinium in both
strains (CTRL SHRs, -4743 mm Hg; CTRL WKY rats, -38+1 mm Hg; SYMPX SHRs, -7+4 mm Hg;
SYMPX WKY rats, -15+4 mm Hg).

The catecholamine releasing agent tyramine increased MAP similarly in SHR and WKY rats,
and the effect was almost completely abolished by sympathectomy (CTRL SHRs, 4844 mm Hg;
CTRL WKY rats, 4945 mm Hg; SYMPX SHRs, 41 mm Hg; SYMPX WKY rats, 62 mm Hg;
p <0.001).

Cardiovascular responses to catecholamines

Sympathectomy induced the enhancement of MAP sensitivity to noradrenaline (up to 14-fold)
and adrenaline (up to 10-fold) in both SHR and WKY rats (Fig. 6) as was documented by the leftward

shift of the dose-response curves in sympathectomized animals.
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Figure 6. Mean arterial pressure (MAP) response to the intravenous administration of noncumulative doses of
noradrenaline (A), or adrenaline (B) in conscious control (CTRL) and sympathectomized (SYMPX) WKY rats and SHR.
Vaviinova et al., 2019b

Plasma and adrenal catecholamines

Sympathectomy decreased plasma levels of noradrenaline in both strains (Table 2).
Guanethidine treatment elevated plasma levels of adrenaline and this effect was more pronounced in
WKY rats (4-fold increase in SYMPX WKY rats vs. 1.5-fold increase in SYMPX SHR).

There was a lower noradrenaline content in the adrenal glands of control SHR than in those
of WKY rats, and sympathectomy increased the noradrenaline content in the adrenal glands of WKY
rats but not in those of SHR (Table 2). Moreover, SHR exhibited a lower adrenal content of adrenaline
than WKY rats, and sympathectomy increased the adrenaline content in the adrenal glands

irrespective of the strain.

Table 2. Catecholamines in plasma and adrenal gland of control (CTRL) and sympathectomized (SYMPX) WKY rats

and SHR.
CTRL SYMPX two-way ANOVA
WKY SHR WKY SHR Strain Treatment | Interaction
Plasma
Noradrenaline 0.38 0.32 0.17 0.17
(ng/ml) 2006 | +003 +0.02 +0.01 NS p<0.001 NS
Adrenaline 0.24 0.32 1.24 0.48
(ng/ml) 2002 | +005 | 017+ | o004 | P00L | p<0.001 p=<0.001
Adrenal gland
Noradrenaline 4840 2388 7320 2642
(ng/adrenal gland) | +282 | +280% | +847t | +166* | P<000 p<0.05 p<0.05
Adrenaline 13990 12770 16060 13390
(ng/adrenal gland) | =480 +370 + 640 +460 | P0-001 p<0.05 NS

*p <0.05 vs. WKY; T p <0.05 vs. CTRL rats of the same strain. NS, nonsignificant. Vaviinova et al., 2019b
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Gene expression in the adrenal medulla

The mRNA expression of genes involved in catecholamine biosynthesis (74, Ddc, Dbh and
Pnmt) was lower in the adrenal medulla of SHR compared to WKY rats. Guanethidine treatment

increased the mRNA expression of 74, Dbh and Pnmt genes in the adrenal medulla (Fig. 7).
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Figure 7. mRNA expression of genes involved in catecholamine biosynthesis in adrenal medulla of control (CTRL) a
sympathectomized (SYMPX) WKY a SHR rats.
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Project 3 — The comparison of stress-induced cardiovascular and hormonal responses in adult

normotensive and spontaneously hypertensive rats
Plasma hormones

Plasma noradrenaline levels were increased after 10 min of restraint in both SHR and WKY
rats (p<0.001 for both strains) and stress-induced noradrenaline level was higher in SHR compared
to WKY rats (SHR vs. WKY rats: p<0.01; Fig. 8A). Restraint increased normetadrenaline, adrenaline
and metadrenaline levels after 10 min only in SHR but not in WKY rats (SHR vs. WKY rats: p<0.01;
Fig. 8B, C, D). After 120 min of restraint, adrenaline levels returned back to basal levels in SHR, but
they were increased in WKY rats (SHR vs. WKY rats: p<0.01; Fig. 8C).

ACTH increase after 10 min of restraint was more pronounced in SHR (SHR vs. WKY rats:
p<0.001; Fig. 9A). After 120 min recovery, ACTH levels returned back to the basal level in WKY
rats but remained increased in SHR (SHR vs. WKY rats: p<0.05). Similarly, restraint-induced
corticosterone increase was more pronounced in SHR than in WKY rats (SHR vs. WKY rats: p<0.01
after 10 min, p<0.001 after 120 min; Fig. 9B).

Plasma renin activity was lower in SHR than in WKY rats (p<0.001 for all time-points;
Fig. 9C). Stress-induced aldosterone levels were lower in SHR than those observed in WKY rats

(p<0.001 after 10 min, p<0.01 after 120 min and p<0.05 after recovery; Fig. 9D).
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Gene expression in the adrenal medulla

The restraint stress caused 4-fold increase in mRNA expression of 7/ gene in both SHR and
WKY rats (p<0.001 for both strains) and 7h expression was higher in restrained SHR than in
restrained WKY rats (p<0.001; Fig. 10). The mRNA expression of Ddc, Dbh and Pnmt genes was

lower in adrenal medulla of stress-naive as well as restrained SHR compared to WKY rats.
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Obrazek 10. The mRNA expression of genes involved in catecholamine biosynthesis in adrenal medulla of stress-naive
and restrained (120 min of restraint + 120 min recovery) WKY rats and SHR. * p <0.05 vs. WKY potkani; { p <0.05 vs.
nestresovani potkani stejného kmene.

The mRNA expression of Agtr?2 gene was similar in SHR and WKY rats and it was
substantially decreased after the restraint stress in both strains (Table 3). The mRNA expression of
Agtrla gene was lower in SHR and it was not affected by stress. Ag#r/b gene was also underexpressed

in SHR and its mRNA expression decreased after the restraint stress in rats of both strains.

Table 3. The mRNA expression of genes for angiotensin II receptors in adrenal medulla of stress-naive and restrained
(120 min of restraint + 120 min recovery) WKY rats and SHR.

Ratio mean SHR/ mean WKY (arbitrary units)
Gene . After 120 min restraint and 120 two-way ANOVA
Stress-naive .
symbol min recovery
WKY SHR WKY SHR Strain Restraint | Interaction
Agtrla 1.02 £0.07 0.69+ 0.07 1.16 £0.07 0.84 +0.09 p<0.001 NS NS
Agtrlb 1.10+0.17 0.57+0.07 0.41 £0.04 0.29 +0.08 p<0.01 p<0.001 NS
Agtr2 1.06 £0.13 0.95+0.09 0.25+0.03 0.42 +0.16 NS p<0.001 NS

*p <0.05 vs. WKY; 7 p <0.05 vs. stress-naive rats of the same strain. NS, nonsignificant.
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DISCUSSION

In the Project 1, we observed a dissociation between the decreased expression of genes
involved in catecholamine biosynthesis (in both sympathoneural and sympathoadrenal system) and
the elevated density of vascular sympathetic innervation as well as increased adrenal content of
catecholamines in prehypertensive SHR. The higher density of vascular sympathetic innervation in
prehypertensive SHR was reported earlier (Mangiarua and Lee, 1990). In line with this finding, we
found a higher plasma level of noradrenaline in prehypertensive SHR compared to WKY rats which
is also consistent with previous report (Grobecker ef al., 1976). In the adrenal glands of SHR with
established hypertension, the pathway of catecholamine biosynthesis was downregulated at the
various levels, i.e. mRNA expression, protein expression and the catecholamine content which is in
accordance with previous studies (Grundt et al., 2009; Moura et al., 2005). Such downregulated
expression was also present in the sympathetic ganglia of adult SHR, but it was not associated with a
decrease of catecholamine content in vascular wall. At the age of 4 weeks, SHR are still normotensive
or their blood pressure (BP) is only slightly increased but they already show higher sympathetic
activity and increased heart rate (Behuliak et al., 2015; Judy et al., 1979). The downregulation of the
expression of genes involved in catecholamine biosynthesis might be a compensatory mechanism
counteracting the hyperfunction of the sympathoneural system and which develops concurrently with

the progression of hypertension in SHR.

In the Project 2, sympathectomy by chronic guanethidine administration reduced BP and low-
frequency of systolic blood pressure variability (LF SBPV; marker of vascular sympathetic activity)
in both SHR and WKY rats after three days of treatment. LF SBPV was still decreased after 14 days
of guanethidine treatment, but BP in sympathectomized animals returned back to the level observed
in untreated animals. Similarly to our finding, Johnson and O'Brien (1976) reported that chronic
guanethidine treatment of adult Sprague-Dawley rats did not significantly change the resting BP. In
contrast, Benarroch et al. (1990) observed the lowering of basal BP in adult Sprague-Dawley rats
treated with guanethidine. Nevertheless, we also found BP reduction in rats treated with guanethidine
for 14 days but this was observed only under the conditions of acute restraint stress. BP recovery to
the control values in freely moving animals cannot be ascribed to an insufficient degree of
sympathectomy, as indicated by the decreased catecholamine fluorescent signal in femoral arteries,
attenuated LF SBPV and reduced BP response to ganglionic blocker pentolinium and catecholamine
releasing agent tyramine in sympatectomized rats. We demonstrated the enhancement of BP
sensitivity to noradrenaline (up to 14-fold) and adrenaline (up to 10-fold) following sympathectomy
in both SHR and WKY rats which is in accordance with the increased BP response to the -
adrenergic agonist phenylephrine observed in adult WKY rats treated with 6-hydroxydopamine
(Rizzoni et al., 2000). Moreover, we observed the elevation of plasma adrenaline in guanethidine-
treated rats which can be ascribed to adrenal enlargement and to enhanced expression of genes

involved in catecholamine biosynthesis. This is in agreement with previous data concerning
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sympathectomy in Sprague-Dawley rats (Kvetnansky et al., 1979b; Qiu et al., 1999). However, the
sympathectomy did not restore the downregulated expression of genes involved in catecholamine
biosynthesis in adrenal gland of adult SHR which suggests that this downregulation is not caused by

a direct negative feedback compensating sympathetic hyperactivity in this strain.

In the Project 3, we demonstrated that exaggerated cardiovascular response to restraint in SHR
is accompanied by higher stress-induced plasma levels of catecholamines and their metabolites. These
findings are in a good agreement with previous observations concerning immobilization stress in SHR
(Kvetnansky et al., 1979a). Moreover, we observed a greater elevation of mRNA expression of Th
gene in adrenal medulla of stressed SHR compared to WKY rats which is consistent with previous
studies (Grundt ef al., 2009). The induction of 7/ gene in adrenal gland is considered to be primarily
mediated by sympathetic neural activity (Axelrod and Reisine, 1984). It was reported that the
sympathetic activity is increased in splanchnic and renal nerves of SHR (Judy et al., 1979; Judy and
Farrell, 1979) and we also observed markedly elevated sympathetic activity (documented by LF
SBPV) in SHR under the stress conditions. On the other hand, we observed a lower expression of
other genes involved in catecholamine biosynthesis (Ddc, Dbh, Pnmt) in adrenal medulla of stress-
naive as well as stressed SHR. Catecholamine release as well as the expression of enzymes involved
in catecholamine biosynthesis are also regulated by angiotensin II (Sabban, 1997). We observed an
attenuated plasma renin activity in adult SHR which is consistent with the previous reports (Freeman
et al., 1975; Sen et al., 1972). Moreover, the expression of receptors for angiotensin II was also
reduced in SHR. These findings suggest that the decreased stimulation of adrenal chromaffin cells by
angiotensin II in SHR might underlie the decreased expression of enzymes involved in catecholamine
biosynthesis in this hypertensive strain. Furthermore, we found higher plasma corticosterone and
ACTH levels in SHR subjected to restraint which is in accordance with previous papers concerning
SHR subjected to immobilization (Djordjevic et al., 2007; Kvetnansky et al., 1979a). We have
recently demonstrated an important permissive and/or stimulating role of glucocorticoids in the
maintenance of sympathetically mediated peripheral vascular resistance and in the adequate response
of cardiovascular system to stressor exposure (Bencze et al., 2020). Thus, the response of
cardiovascular system to the enhanced activation of sympathoneural and sympathoadrenal systems in

SHR might be even intensified by glucocorticoid excess found in this strain.
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SUMMARY AND CONCLUSIONS
In my PhD Thesis, I studied the role of sympathoneural and sympathoadrenal systems in the

development and maintenance of high blood pressure of the spontaneously hypertensive rats (SHR).
We found increased adrenal catecholamine content and increased density of sympathetic innervation
in prehypertensive SHR that might contribute to the pathogenesis of high blood pressure. The
downregulation of the expression of genes involved in catecholamine biosynthesis (74, Ddc, Dbh,
Pnmt) is probably a compensatory mechanism developing concurrently with the progression of
hypertension and counteracting the hyperfunction of the sympathoneural system. The suppression of
catecholamine biosynthesis leads to a lower catecholamine content in the adrenal glands in adult
SHR. We documented a greater role of sympathetic nervous system in blood pressure maintenance
in adult SHR compared to WKY rats. However, chemical sympathectomy by guanethidine is not an
effective method for permanent blood pressure lowering in adult SHR. This might be explained by
the involvement of compensatory mechanisms in sympathectomized rats, such as the more than
tenfold increase in BP sensitivity to catecholamines and the increased plasma levels of adrenaline.
Finally, we demonstrated exaggerated cardiovascular response and excessive activation of
sympathoneural and sympathoadrenal systems during the acute restraint in adult SHR compared to
WKY rats. SHR also showed the overactivation of hypothalamic-pituitary-adrenal axis which might
intensify sympathetically mediated rise in peripheral vascular resistance. In line with sympathetic
hyperactivity, we observed a greater elevation of mRNA expression of 7/ gene in the adrenal medulla
of stressed SHR compared to WKY rats. In contrast, the expression of other genes involved in
catecholamine biosynthesis (Ddc, Dbh, Pnmt) remained lower in adrenal medulla of stressed SHR.
The possible explanation might be a lower stimulation of adrenal chromaffin cells by angiotensin II
resulting from the attenuated plasma renin activity and the decreased expression of adrenal
angiotensin II receptors observed in SHR. In conclusion, the data presented in my PhD Thesis
confirmed that the sympathetic nervous system contributes to the development and maintenance of
high blood pressure in SHR. Its effects on cardiovascular system might be potentiated by the
excessive activation of hypothalamic-pituitary-adrenal axis observed in this rat strain. Similar
mechanisms are involved in the development and maintenance of high blood pressure in humans.
Therefore, the investigation of abovementioned phenomena in SHR can contribute to a better
understanding and treatment of human essential hypertension. The resistance of adult SHR to the
treatment targeting the peripheral sympathetic nervous system can provide an insight into the
compensatory mechanisms which counteract the effective treatment of high blood pressure.
Therefore, the drugs affecting central regulation of cardiovascular system (e.g. ACE inhibitors or
angiotensin receptor blockers) might be better for the effective lowering of blood pressure in

hypertension.
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