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IVADAS

Pirmin¢ arteriné hipertenzija (AH) yra jgimta l1étiné liga, kuri metams bé-
gant nepastebimai kei¢ia miokardo sandarg, sukelia jo hipertrofija, fibroze ir
ilgainiui — Sirdies nepakankamumag. Visuotinis ligy nastos (angl. global bur-
den of disease) tyrimas yra iSsamiausias, iki Siol visame pasaulyje atlieka-
mas epidemiologinis tyrimas [1]. Jame analizuojamas mirtingumas, sveikatos
praradimas dél pagrindiniy ligy, traumy ir rizikos veiksniy pasauliniu, naci-
onaliniu ir regioniniu mastu. Kaip rodo kity Saliy praktika, tokie ligy nastos
rodikliai galéty prisidéti prie efektyvesnio profilaktikos priemoniy taikymo ir
nukreipti politikus palankia kryptimi priimant visuomenés sveikatos sprendi-
mus [1]. Taigi, remiantis $iuo tyrimu, arteriné hipertenzija yra vienas pirmi-
niy mirtingumo priezas¢iy biitent senstancioje — amz¢jancioje — populiacijos
dalyje [1]. Zinoma, kad AH paveikia $irdies audinius: sukelia miokardo re-
modeliavimasi [2—4], tod¢l daugeja iSeminiy Sirdies ligy ir aritmijy [5].

Nauji duomenys apie AH sukeliamus Sirdies nerviniy struktiiry (Sirdies
vidusieniniy nerviniy mazgy, nervy, Sirdj kontroliuojanciy simpatiniy, pa-
rasimpatiniy ir juntamyjy neurony) pokycius yra svarbiis klinikinei kardio-
logijai. Galbiit dél AH atsiranda kompensacinis mechanizmas: adrenerginiy
neurony transdiferenciacija j cholinergines nervines lasteles, iSskiriancias ant
kardiomiocity neuromediatoriy acetilcholing. Acetilcholinas slopina miokar-
do hipertrofijos vystymasi ir reikSmingai sumazina mirtinguma nuo miokardo
infarkto. Daug zadantis ir galimas kompensacinis peptiderginiy neuromedi-
atoriy, pvz., kalcitonino geno peptido, CGRP, angl. calcitonin gene-related
peptide, vazodilatacinis poveikis kraujagysléms.

Létinés negydomos AH sukeliami morfologiniai padariniai nervy sistemai
itin subtilts ir Iétai kinta dél organizmo gebos prisitaikyti prie ligos [6]. Miisy
tyrimas unikalus tuo, kad buvo iStirta Sirdies vidusieninio nervinio rezginio
mazgy ir nervy morfologija, morfometriniai poky¢iai, ultrastruktiira, apimant
visg savaiming hipertenzija turinios Ziurkés gyvenimo ciklg. ISskirti esmi-
niai laikotarpiai:

1. juvenilinés ziurkes iki lytinés brandos, turin¢ios prehipertenzing buklg,

kai kraujospudis dar tik pradeda didéti;

2. subrende gyviinai, turintys stabilig, jau i$sivysc¢iusig AH;

3. senos ziurkeés, turinCios ilgalaike, negydyta AH, ir labai senos Ziurkés

jau savo gyvenimo pabaigoje.

Siuo darbu buvo siekiama istirti pasaulyje svarbiausio AH modelio, sa-
vaimine hipertenzijg turinéiy ziurkés (angl. spontaneously hypertensive rat,
SHR) sirdies vidusieninj nervinj rezginj, kiekybiSkai bei kokybiskai jvertinti
morfologija, neurony fenotipus, sinapses amziaus tarpsniais visg gyvenima ir
palyginti su normotenziniy gyviiny.



DARBO TIKSLAS IR UZDAVINIAI

Darbo tikslas: jvertinti ilgalaikés negydomos arterinés hipertenzijos po-
veik] Sirdies vidusieniniam nerviniam rezginiui, naudojant skirtingy amziaus
tarpsniy eksperimentinés hipertenzijos model] — savaiming hipertenzijg turin-
Cias ziurkes.

Uzdaviniai:

1.

2.

Ivertinti ir palyginti turin¢iy hipertenzijg ir kontroliniy Ziurkiy arterinj
kraujospiidj bei jo kitimg visg gyvenima.

Ivertinti ir palyginti turiniy hipertenzijg ir kontroliniy Ziurkiy Sirdies
fiziologinius parametrus skirtingais amziaus tarpsniais.

Nustatyti ir palyginti turin¢iy hipertenzijg ir kontroliniy Ziurkiy Sirdies
vidusieninio nervinio rezginio — nerviniy mazgy, nervy ir miokardo
inervacijos — struktiirinius pokycius skirtingais amziaus tarpsniais.

. Nustatyti ir palyginti pagrindiniy autonominés nervy sistemos fenoti-

pu — cholinerginiy, adrenerginiy, ir peptiderginiy (CGRP) — poky¢ius
hipertenziniy ir kontroliniy ziurkiy Sirdies vidusieninio nervinio rezgi-
nio mazguose, nervuose ir miokardo nerviniame rezginyje skirtingais
gyvenimo etapais.

. Istirti ir palyginti turin€iy hipertenzijg ir kontroliniy Ziurkiy Sirdies sie-

nos nervinio rezginio ultrastruktiirinés organizacijos ypatybes.



MOKSLINIS DARBO NAUJUMAS IR REIKSME

Pirmin¢ arteriné hipertenzija (AH) lemia struktiirinius ir funkcinius mio-
kardo poky¢ius, sukelianc¢ius miokardo iSemija, fibroze, hipertrofijg ir Sirdies
nepakankamumag [5]. AH priskiriama prie auk$¢iausio lygio rizikos veiksniy,
lemianciy ankstyva mirtj nuo Sirdies ir kraujagysliy ligy [7].

Pasaulyje gyviny modeliy (ziurkés, pelés) ir zmogaus Sirdies bei sim-
patiniy neurony kiiny ir nerviniy skaiduly cholinerginé transdiferenciacija,
nulemta kraujyje cirkuliuojanciy citokiny veikimo, buvo tyrinéta. Nustatytas
jos galimas molekulinis mechanizmas [8, 9]. Taciau sutrikus autonominei pu-
siausvyrai, galimi morfologiniai intrakardinio nervinio rezginio poky¢iai néra
pakankamai iSsamiai ir, svarbiausia, nuosekliai istirti. Miisy tyrimo nauju-
mas — tai vienintelis tyrimas, aprépiantis daug amziaus grupiy — nuo jauny iki
labai seny Ziurkiy. Sis tyrimas yra vienintelis, kuriame i§samiai i$nagrinéja-
ma intrakardiniy nervy ultrastruktiiriné sandara sergant arterine hipertenzija
skirtingais gyvenimo laikotarpiais. Tai svarbu, nes arteriné hipertenzija — tai
viso gyvenimo liga. Taigi galime daryti prielaida, kad jos poveikis intrakar-
dinei nervy sistemai bus skirtingas ligai dar tik beprasidedant jaunystéje, pa-
siekus pika suaugusio amziaus laukotarpiu, iSryskéjus ilgalaikiam poveikiui
vyresnio amziaus metu. Svarbu nustatyti, kada pazeidziamas intrakardinis
rezginys, kad biity galima geriau suplanuoti gydomasias intervencijas, tokias
kaip antihipertenziniy vaisty vartojimas.

Prie nuo amziaus priklausanciy pakitimy priskirtini audiniy uzdegimas ir
miokardo fibroze¢ yra labai svarbios grandys AH patogenezei, nes imuninés
sistemos lgsteliy i8skiriami citokinai stimuliuoja renino ir angiotenzino sis-
temos veiklg bei turi didelg jtaka Sirdies nepakankamumo i$sivystymui [10,
11]. Klajoklio nervo skaiduly iSskiriamas acetilcholinas (ACh) yra Sirdies
skilveliy miokardo hipertenzinés remodeliacijos reguliatorius, nes stimuliuo-
jant AH serganciy pacienty cholinerging Sirdies nervy sistema, galima labai
sumazinti sergamumg ir mirtinguma [12]. Atlikti eksperimentai su gyviinais.
Jy metu sukélus barorefleksus mazéja simpatinés nervy sistemos aktyvumas
bei did¢ja gyviiny i§gyvenamumas po hipertenzijos sukelto Sirdies nepakan-
kamumo — rodo, jog padidé€jes simpatinés nervy sistemos tonusas yra svarbus
Sirdies nepakankamumo patogenezei [12, 13].

Laboratoriniy gyviiny ir mirusiy nuo létinio Sirdies nepakankamumo
zmoniy $irdziy tyrimai atskleidé, kad iSsivyscCius Sirdies nepakankamumui
didzioji dalis Sirdies skilveliy simpatiniy nerviniy skaiduly ir zvaigzdinio
mazgo neurony kiiny jgauna cholinerginj fenotipa, veikiant pazeisto miokar-
do isskiriamiems citokinams [14]. Eksperimentai su druskai jautriomis Dahl
ziurkémis rodo, kad nedidelés jtampos pulsiné transkutaniné klajoklio nervo

10



juntamuyjy skaiduly stimuliacija elektros srove labai sumazina kraujosptidzio
did¢jima, gerina diastoling funkcijg ir net silpnina kairiojo skilvelio uzdegima
ir fibrozg [11]. Adrenerginiy receptoriy blokatoriai vartojami kartu su angi-
otenzing konvertuojanc¢iojo fermento inhibitoriais ir angiotenzino receptoriy
blokatoriais yra laikomi aukso standartu gydant hipertenzijg bei jos sukeltg
létin] Sirdies nepakankamuma. Taciau eksperimentai su gyviinais atskleide,
jog cholinerginé stimuliacija (elektriSkai dirginant klajoklj nerva ar panau-
dojant acetilcholinesterazés inhibitorius, donepezilj ir piridostigming) kartu
taikant beta adrenerginiy receptoriy blokavima, reikSmingai padidina Sirdies
susitraukimo jéga, galblit sumazindami Sirdies miokardo fibrozine remodelia-
cija, ir pailgina gyvenimo trukme [11, 15-17]. Acetilcholinesterazés inhibi-
toriai ir klajoklio nervo elektriné stimuliacija, didindami acetilcholino kiekj,
slopina renino ir angiotenzino sistemos veiklg ir skatina limfocity aktyvuma,
taip mazindami kraujyje cirkuliuojanciy citokiny koncentracija bei slopinda-
mi uzdegima, kurie yra svarbis pirminés arterinés hipertenzijos patogenezei
[1, 8,9, 11]. Nustatyta, kad d¢l klajoklio nervo elektrinés stimuliacijos ar ace-
tilcholinesterazés medikamentinés inhibicijos padidéjes ACh lygis taip pat
slopina hipertenzijos sukeltg Sirdies miokardo remodeliacija [11, 12].

Taip pat labai svarbus peptiderginés nervy sistemos, kuri daugiausia zi-
noma kaip juntamoji, tyrimas. Siai sistemai priklausantys neuromediatoriai
atlieka ir daug kity funkcijy [18, 19]. Manoma, kad CGRP gali turéti jtakos
hipertenzijos vystymuisi [20]. Pasaulyje néra i§samaus tyrimo, kuriame bty
iSnagrinéta vieno pagrindiniy peptiderginiy neuromediatoriy, CGRP+, intra-
kardiniy nerviniy skaiduly morfologija nuo jaunystés iki gyvenimo pabaigos.
CGRP pagrindu jau yra sukurti vaistai nuo migrenos, pleCiantys galvos sme-
geny kraujagysles [21, 22]. Sio neuromediatoriaus vazodilatacinés bei apsau-
ginés savybeés [22-25] ateityje galéty biiti pritaikomos ir sistemings arterinés
hipertenzijos gydymui.

Irodzius Sirdies adrenerginiy struktiiry ankstyva morfologinj kitima, esant
prehipertenzinei buklei, atsirasty prielaidos SHR modeli panaudoti hiperte-
zinés kardiomiopatijos naujo gydymo metodui sukurti — biity uzbégama uz
akiy arterinei hipertenzijai atsirasti labai jauno amZiaus Zmonéms. Taip pat
naujo kardiomiopatijos gydymo metodo pagrindas galéty biiti CGRP smul-
kiyjy kraujagysliy vazodilatacinio efekto panaudojimas kartu su beta adre-
nerginiy receptoriy blokatoriais ir klajoklio nervo transkutanine elektrine sti-
muliacija. Cia esme sudaryty §irdies parasimpatinés nervy sistemos veiklos
stimuliavimas, vaistais kontroliuojant Sirdies adrenerginj tonusg bei pleciant
smulkigsias kraujagysles. Galbut tai sumazinty Sirdies miokardo remodelia-
vimasi — fibroze ir hipertrofija. Tikétina, kad sustabdytas ir (arba) sumazejes
miokardo remodeliavimasis reikSmingai padidinty Sirdies susitraukimo jéga
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(priesingai, nei vieny 3 adrenerginiy receptoriy blokatoriy vartojimo atveju)
ir pailgéty pacienty gyvenimo trukme.

D¢l miokardo ir arterinés hipertenzijos ligy pasaulyje mirSta daugiausia
zmoniy, taciau iki Siol néra detaliai tyrinéti su hipertenzine liga, miokardo
fibroze ir hipertrofija (remodeliavimusi) bei Sirdies nepakankamumu susije
cholinerginiy, adrenerginiy ir peptiderginiy nerviniy struktiry morfologiniai
kompleksiniai pokyciai Sirdies nervinio rezginio mazguose, epikardiniuose
nervuose, miokardo nervinése skaidulose. Lietuvoje zmogaus ir eksperimen-
tiniy gyviny Sirdies nervinio rezginio struktiiriniai tyrimai yra atliekami tik
Lietuvos sveikatos moksly universiteto Medicinos fakulteto Anatomijos ins-
titute. Sio instituto mokslininkai tyrinéja tiek zmogaus, tiek ir daug tam tikry
eksperimentiniy gyviiny Sirdies nervy sistemos anatomija apie 30 mety ir yra
sukaupe didele $iy tyrimy patirtj, taciau pirminés arterinés hipertenzijos mo-
delis jy darbuose niekada nebuvo tyrinétas.
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1. LITERATUROS APZVALGA

1.1. Arteriné hipertenzija ir Sirdies nepakankamumas

Pirmin¢ arteriné hipertenzija (AH) yra jgimta létine liga, kuri, metams bé-
gant nepastebimai keicia (remodeliuoja) miokardo sandara, sukelia jo hiper-
trofija, fibrozg, vainikiniy arterijy ligas ir, ilgainiui, Sirdies nepakankamuma
(SN) [1]. Tai labiausiai paplites Sirdies ir kraujagysliy sutrikimas, paveikian-
tis 20—50 proc. suaugusiyjy pasaulyje [1]. Si hipertenzijos rasis dar vadina-
ma esencialine ir sudaro litito dalj — 90 proc. susirgimy. Tai néra miokardo
infarktas, kurio katastrofiski padariniai yra greitai pasireiSkiantys. Arterine
hipertenzijg galéciau pavadinti tyligja Zudike, kuri veikia nepastebimai [26—
28]. Negydoma arteriné hipertenzija sukelia Iéting perkrova spaudimu ir neu-
rohumoraling aktyvacija, stimuliuoja geny ekspresija, baltymy sinteze, sar-
komery surinkima ir Igsteliy metabolizma, délko vystosi Sirdies hipertrofija,
ypac kairiojo skilvelio saskaita [29,30]. Ne tik kairiojo skilvelio hipertrofija,
bet ir mikro bei makroskopiniai miokardo audinio pakitimai, kaip fibroze,
priesirdziy remodeliacija svarbis hipertenzinés Sirdies ligos vystymuisi [30].

Garsioji Framingham’o studija parod¢, kad pagrindiné Sirdies nepakan-
kamumo priezastis (67 proc.) yra vainikiniy arterijy liga, ta¢iau dauguma Siy
pacienty sirgo ir arterine hipertenzija (57 proc.). Voztuvy ligos Iémé nepakan-
kamumag 10-¢iai procenty, o pirminés miokardo ligos (ypatingai dilataciné
kardiomiopatija) — 20-Ciai procenty [31]. Taigi, arteriné hipertenzija yra vie-
nas svarbiausiy Sirdien nepakankamumo veiksniy. Neatsizvelgiant j kilme,
pazenges SN pasireiskia kaip kompleksinis sindromas: sutrikusia miokardo
funkcija, skilveliy remodeliacija, pakitusia hemodinamika, neurohumoraline
aktyvacija, citokiny padidéjusia produkcija, kraujagysliy bei endotelio dis-
funkcija [32].

Ilgéjanti gyvenimo trukme, maz¢jantis mir¢iy skaicius po miokardo in-
farkto ir kitos priezastys lemia, kad SN daZnis, paplitimas, gydymo islai-
dos progresyviai auga. Bendras Sirdies nepakankamumo paplitimas yra
1-2 proc. tarp vidutinio amziaus, 2 — 3 proc. tarp vyresniy nei 65 m. pacienty,
5-10 proc. — tarp vyresniy nei 75 m. pacienty. Jy iSgyvenamumas priklauso
nuo SN trukmés ir sunkumo, lyties, gydymo taktikos. Framingham’o studi-
joje metus iSgyveno 25 proc. vyry ir 38 proc. motery [31]. Pagrindinés mir-
ties priezastys yra staigi mirtis (40 proc.) ir SN pablogéjimas (40 proc.), kitos
priezastys lemia 20 proc. mirciy.

13



1.2. Sirdies nepakankamumo charakteristika

Nepriklausomai nuo $irdies nepakankamumo etiologijos, neurohumoraliné
ir citokiny sistema atlieka svarby vaidmenj prognozuojant sirdies nepakanka-
mumo baigtj [33]. Neurohumoralinés sistemos aktyvacija jvyksta palaipsniui
ir yra organui specifiska. Sergant SN, daugiau issiskiria noradrenalino ir ma-
ziau jo suskaidoma galimai dél nusilpusios Sirdiniy ir arteriniy baroreceptoriy
simpatinio tonuso kontrolés. Panasiai, ir natriuretinis peptidas anksti, dar SN
pradzioje, aktyvuojamas — jo padidéje kiekiai randami dar asimptomianiams
pacientams su kairiojo skilvelio disfunkcija. O plazmos renino aktyvumas ir
vazopresino i§siskyrimas padidéjes tik simptominiams SN pacientams [33].

Pacientams, sergantiems Sirdies nepakankamumu, biina padidéjes Sirdies
kamery prisipildymo slégis, sumazéjes Sirdies minutinis tiiris, padidéjes plau-
¢iy ir sisteminiy kraujagysliy pasiprieSinimas. Yra manoma, kad dél didé¢jan-
¢io arterioliy ir kapiliary rezistentiSkumo susintetinama daugiau endotelino,
maziau — azoto oksido. Siy kraujagysliy endotelis remodeliuojasi ir sutrinka
jo funkcija. Sutrikusi endotelio funkcija turi jtakos hemodinamikos pakiti-
mams ir ramybegs, ir ypac kriivio metu [34].

Esant paskutinés stadijos SN, jvyksta jam baidingi funkciniai, biocheminiai
ir molekuliniai miokardo pakitimai. Manoma, kad dél miokardo pazeidimo
sutrinka jo suzadinimo — susitraukimo procesas [35]. Tai gali biti susije su
sarkoplazminio tinklo kalcio siurbliy aktyvumo sumaZzéjimu bei sarkolemos
natrio — kalcio siurbliy suaktyvéjimu [36]. Kalcio transportas j sarkoplazmi-
nj tinklg sumazéja dél sutrikusio metabolizmo (adenozintrifosfato gamybos)
miokarde.

Studijos rodo, kad negaluojancioje Zmogaus Sirdyje pakinta § adrenerginiy
signaly perdavimo keliai. Taip nutinka tod¢l, kad sumazéja B,-adrenorecep-
toriy tankis. Tankis dalinai sumazéja dél sumazéjusios geny ekspresijos. Tai
pademonstravo ir mRNR, ir baltymy kiekio tyrimai. Taip pat miokarde pa-
daugéja jungiamojo audinio [37].

1.3. Eksperimentinio gyviininio modelio pasirinkimas Sirdies ir
kraujagysliy ligy tyrimui

Gydant ir tyrinéjant Sirdies ir kraujagysliy ligas, itin pasitarnauja eksperi-
mentiniai gyviiny modeliai. Vis délto, kol kas néra rasta vaisto, kuris visam
laikui 18gydyty nuo Sirdies ir kraujagysliy ligy. Pavyzdziui, Siuo metu visiskas
Sirdies nepakankamumo i1§gydymas yra jmanomas tik atlikus donoro Sirdies
persodinimo operacija [38]. Sis gydymo buidas labai riboto potencialo, nes
donory Sirdziy skai€ius yra baigtinis ir labai mazas lyginant su poreikiu [39].
Net ir atlikus persodinimg, donoro Sirdies ilgalaiké veikla gali biti kompli-
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kuota vaskulopatijy, nutriikusios ekstrakardinés inervacijos, kity komplikaci-
ju[40]. Dirbtiniy bioaudiniy ir autologiniy/alogeniniy lasteliy persodinimas
ateityje taip pat galéty buti biidas atstatyti Sirdies funkcijg ir alternatyva do-
norinés Sirdies persodinimui [41]. Pastaraisiais metais, tiek geny terapija, tiek
lasteliy transplantacijos technologijos yra nuolat tobulinamos [42]. Jei bus
jrodyta, kad Sie gydymo budai yra efektyviis ir saugts — ateityje gali pakeisti
miokardo pazaidos sukelty ligy gydyma [42].

Didziulis i8stikis ikiklinikinéms studijoms yra sukurti kliniskai teisingus
miokardo infarkto, arterinés hipertenzijos, Sirdies nepakankamumo mode-
lius [43]. Donory padovanotos zmoniy Sirdys biina arba tos, kurios netiko
persodinimui, arba galutinés stadijos Sirdies nepakankamumo Sirdys, kurios
iSimamos transplantacijos metu. Taigi, tyréjai gauna labai nedaug $iy SirdZiy,
jos pasizymi dideliu variabiliSkumu dél genetikos, vartoty vaisty, dietos, so-
cialiniy salygy ir paciy persirgty ligy. Todél atsiranda biitinybé turéti Sirdies
ligoms tinkamy laboratoriniy gyviny modeliy. Naudojant gyviinus, Sirdies
fiziologija ir sandarg galima iSstudijuoti daug efektyviau ir gautus rezultatus
pritaikyti Zmoniy kardiologijoje [44].

Laboratorinio gyvino pasirinkimas, priklausomai nuo tiriamos ligos, gali
nulemti tyrimo iSvadas ir tai, ar pavyks rezultatus pritaikyti zmonéms. Pa-
prasta taisyklé — kuo Sirdies ar kiino svoris artimesnis zmogaus $irdies ar kiino
svoriui — tuo panasesnés Sirdys [45]. Tiesa, tiek mazi, tiek dideli gyviinai turi
privalumy ir trikumy. DidZiausia problema dirbant su maZzais gyviinais yra,
kaip jvertinti gydymo privalumus ir kaip pritaikyti rezultatus Zzmonéms [46].
Naudojant didelius gyviinus, etikos reikalavimai riboja gyviiny skaiciy [47].
Ypac kreipiamas démesys ] primaty ar Suny naudojima, dé¢l nedidelio dideliy
gyviny skaic¢iaus — sunkiau studijas standartizuoti [45].

Deja, kol kas morfologiniams tyrimams néra geresnio biido nei gyviininiai
ligy modeliai. Gyviinai gyvena trumpai, todél galima atlikti tyrimus skirtin-
goms amziaus grupéms [45].

1.3.1. Populiariis modeliai Sirdies nepakankamumui tirti

Aortos perriSimas

PerriSus aorta, aortos koarktacija — susiauréjimas — vir$ inksty sukelia labai
trumpa renino kiekio padidéjimg plazmoje maziau nei 4-ias dienas. Po to cir-
kuliuojanc¢iame kraujyje renino — angiotenzino sistema nebesiaktyvuoja, bet
suaktyveja angiotenzing konvertuojantis fermentas skilveliuose. Po keliy sa-
vaiciy ir §io fermento aktyvumas sumaz¢ja iki normalaus. Tai susije su Sirdies
sienelés hipertrofija ir tempimo streso sumaz¢jimu. Yra atlikta daug studijy
naudojant aortos perriSimg ziurkéms ir tyriné¢jant skirtingus kairio skilvelio
hipertrofijos aspektus. Vienoje studijoje jaunoms ziurkéms buvo perrista ky-
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lancioji aorta ir sukelta létiné eksperimentiné aortos konstrikcija. Po keliy
savaiCiy iSsivysteé kompensuota kairiojo skilvelio hipertrofija. Po 20 sav.
identifikuotos dvi ziurkiy grupés: Ziurkés, kurioms sistolinis kairiojo skilve-
lio spaudimas nepakito, ir tos, kurioms Sis spaudimas reikSmingai sumazg¢jo.
Pastarajai grupei pdid¢jo kairiojo skilvelio sistolinis tiiris, sumazéjo iSmetimo

PanaSu, kad $is modelis tinka tyrinéti miokardo hipertrofijos peréjima j ne-
pakankamuma, bet reikia nepamirsti, kad Ziurkiy miokardas sublgsteliniame
lygyje skirsis nuo zmogaus miokardo [49].

Vainikiniy kraujagysliy perri§imas

Sis biidas gali biiti naudojamas Sprague-Dawley veislés Ziurkéms. Vaini-
kiniy arterijy ligavimas (perriSimas) sukelia miokardo infarkta. Jo pasekoje
i$sivysto Sirdies nepakankamumas. Jei kairioji vainikiné arterija yra nepilnai
perrista, SN atsiras dél létinés miokardo iemijos. Pilna kairiosios vainikinés
arterijos okliuzija sukelia jvairios apimties miokardo infarkta. Kairiojo skil-
velio funkcija sutrinka dél nebefunkcionuojancio miokardo. Kairysis skilve-
lis iSsiplecia, suprastéja jo sistoliné funkcija, padidéja prisipildymo slégiai
[50]. Disfunkcija progresuoja ir dél neurohumoralinés aktyvacijos, panasiai
kaip ir zmonéms, SN pacientams. Angiotenzing konvertuojantis fermento ak-
tyvumas kairiajame skilvelyje atvirk$¢iai koreliuoja su skilvelio funkcija, o
inkstuose Sio fermento aktyvumas padidéja gerokai véliau po Sirdies nepa-
kankamumo pradzios. Sio biido trikumai yra didelis pradinis mirtingumas.
Sis modelis tinkamas ilgos trukmés farmakologinéms neurohumoralinés sis-
temos studijoms [51].

Taip pat Lewis veislés Ziurkéms ligavus kair¢ nusileidZiancig vainiking
arterija sukeliamas didelis infarktas su mazu mirtingumu. Galbiit Sis modelis
net pranasesnis uz Sprague-Dawley ziurkes [52].

1.3.2. Ziurkiu, kaip eksperimentiniy modeliy $irdies ir kraujagysliu
ligoms tirti, privalumai ir trikumai

Grauzikai (pelés, ziurkeés, jury kiaulytés) ir triusiai Sirdies ir kraujagysliy
studijose daznai naudojami, nes juos salyginai lengva prizitiréti ir veisti. La-
boratorineés ziurkés yra nebrangios. Dél trumpo néStumo jas galima salygi-
nai greitai dauginti ir manipuliuoti genetine medziaga. Tai lemia, kad ziurkiy
modeliai placiai taikomi ilgos trukmés farmakologiniuose tyrimuose, iSgy-
venimo studijose [33]. Ziurkés dalinasi 90 proc. savo genomo su Zmonémis.
Beveik visi su ligomis susij¢ Zzmoniy genai buvo rasti ir ziurkiy genome, todél
ziurkés yra tinkamas ligy tyrinéjimy objektas. Gerai Zinomos ziurkiy rasys
naudojamos daugelio ligy, pavyzdziui, nutukimo ir diabeto, vézio, Sirdies ir
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kraujagysliy ligy (iskaitant ir auksto kraujo spaudimo ir Sirdies nepakanka-
mumo), tyrinéjimui [53, 54].

Ziurkiy panaudojima moksliniuose tyrimuose riboja kai kurie fiziologi-
jos ypatumai: 1) ziurkiy miokardo veiklos potencialas labai trumpas, néra
plato fazés; 2) kalcio pasisalinimas 1§ citozolio priklauso nuo sarkoplazmi-
nio tinklo kalcio siurbliy aktyvumo, o natrio-kalcio siurblys maZziau svarbus;
3) normaliame Ziurkiy miokarde dominuoja alfa-miozino sunkiosios grandi-
nés izoforma, beta-miozino izoforma dominuoja esant hormoniniams ar he-
modinaminiams pokyc¢iams; 4) ramybéje ziurkiy Sirdies susitraukimy daznis
yra penkis kartus didesnis nei zmoniy [55].

1.4. Ziurkés, kaip arterinés hipertenzijos modeliai

1.4.1. Druskai jautrios Dahl veislés Ziurkeés

ISvestos Kalifornijoje dr. Teodoro Kurtzo i§ Harlan SS/Jr kolonijos. Veis-
lés homozigotiSkumui patvirtinti, jos genomas patikrintas 200-ais mikrosate-
litiniy markeriy. Tai dar vienas gyviiny modelis, tinkamas studijuoti Sirdies
hipertrofijos dekompensavimg iki SN. Si Ziurkiy veislé suserga sistemine hi-
pertenzija, kai buina Seriama daug druskos turin€iu maistu. Tuomet jau per
aStuonias savaites i$sivysto koncentriné kairiojo skilvelio hipertrofija, po to
jvyksta zenkli 8io skilvelio dilatacija. Klinikinis SN i§sivysto 15-20-3 savai-
témis. Ziurkés nugaista neilgai trukus po to. Idealiai tinka hipertenzijos, dias-
tolinio SN, nefropatijos tyrinéjimams [33, 56].

1.4.2. SpontaniSkai hipertenzinés Ziurkeés

Pasirinktas arterinés hipertenzijos modelis — spontaniSkai hipertenzinés
ziurkés — pasizymi stabilumu (i veislé iSveista 1964 m. pagal visas taisy-
kles: hipertenziniai gyviinai kryzminti 10 karty kol pasiektas stabilus arterinis
kraujo spaudimas). Arterin¢ hipertenzija nesukeliama vaistais, o yra genetis-
kai jgimta. Spontaniskai hipertenzing ziurke (SHR) kaip gyviiny modelj 1éti-
nei, nuolatinei hipertenzijai tirti sukiiré japony mokslininkai Okamoto ir Aoki
[57]. D¢l Sios priezasties Wistar Kyoto (WKY) ziurkés placiai naudojamos
kaip kontroliné grupé tiriant SHR Ziurkes. Siame modelyje Sirdies simpati-
nés neurotransmisijos reguliavimas atsiranda pries prasidedant hipertenzijai,
kaip rodo padidéjes simpatiniy nervy aktyvumas, kuris yra jau ankstyvame
amziuje [58].

Jaunoms, dar lytiskai nesubrendusioms SHR Ziurkéms yra vadinama prehi-
pertenzija. Tuo tarpu suaugusioms, lytiSkai subrendusioms, priimta laikyti,
kad sistolinis arterinis kraujo spaudimas yra padid¢jes, kai >150 mm Hg [54,
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57, 59—62]. Numatoma spontaniSkai hipertenziniy Ziurkiy gyvenimo trukmeé
yra apie 1,5-2 metus, o Wistar Kyoto Ziurkiy apie 2,5-3 m. [63].
Spontaniskai hipertenzinés ziurkés (angl. the spontaneously hypertensive
rat) yra gerai zinomas genetinés hipertenzijos modelis. Sirdies, kaip kraujo
pompos funkcija, iSlieka gera iki vieny mety amziaus [57]. Nuo 18-24 me-
nesiy pradeda rySkéti Sirdies nepakankamumas dél suprastéjusios miokardo
funkcijos, 18augusios fibrozes. Tyrin¢jant §] model;j taip pat nustatytas paki-
tes kalcio apykaitos ciklas, bet sarkoplazminio tinklo kalcio siurbliy mRNR
kiekis nekito pereinamuoju laikotarpiu nuo kompensuotos hipertrofijos iki
SN. Manoma, kad $iuo laikotarpiu jvyksta ryskiis geny, koduojanéiy eks-
tralgstelinj matriksa, pokyciai [59], taip pat padaugeja apoptoze atliekanciy
kardiomiocity. Tai galéty paaiskinti, kodél mazéja raumens masé, kai SN i3
kompensuoto tampa dekompensuotu. Jdomu, kad vaistas kaptoprilis (AKF
inhibitorius) susijes su isreikstos apoptozés, lydinéios SN, sumazéjimu [64].

1.4.3. Spontaniskai hipertenziskos, Sirdies nepakankamumu
sergancios Ziurkés

Sios ziurkés nuo prie§ tai aptartyjy skiriasi tuo, kad joms SN issivysto
anksCiau nei 18 mén. amZiaus. Tai pavyko padaryti kryptingai veisiant spon-
taniskai hipertenziskas Ziurkes (angl. trumpinys SH-HF). SN issivysto anks-
Ciau, nes Sios ziurkeés turi facp gena, kuris koduoja defektuota leptino recep-
toriy (SH-HF/Mcc-facp). Tai lemia, kad Siems gyviinams su amziumi daugéja
plazmos renino, priesirdziy natriuretinio peptido, aldosterono. Plazmos reni-
no kiekis, nepriklausomai nuo kity veiksniy, koreliuoja su Sirdies hipertrofija
[65].

1.5. Autonominés nervy sistemos jtaka arterinés hipertenzijos
iSsivystymui

Populiari hipotezé, kad arteriné hipertenzija kyla 1§ autonominés nervy
sistemos i§sibalansavimo tarp simpatinés ir parasimpatinés dalies [6]. Sis dis-
balansas pasireiskia vidiniy autonominés nervy sistemos resursy, tokiy kaip
neuromediatoriy kiekiy pakitimu. Siuolaikinés studijos demonstruoja, kad
simpatiné nervy sistema dalyvauja arterinés hipertenzijos patogenezéje dél
padidéjusio simpatinio tonuso tiek pacientams, tiek Ziurkéms, sergantiems
arterine hipertenzija [66].

Sirdies veikla valdoma dviejy, priedingai veikian¢iy autonominés nervy
sistemos daliy. Tradiciskai, abiejy sistemy, simpatinés ir parasimpatinés,
ikimazginiai neuronai, taip pat kaip ir parasimpatinés mazginés lastelés, yra
cholinergingés, tuo tarpu simpatinés nervy sistemos mazginiai neuronai yra
adrenerginiai. Taip autonominé nervy sistema kontroliuoja daugumos vidaus
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organy veikla [67], nes $i sistema siejama su liauky, Sirdies ir lygiyjy raume-
ny inervacija, jos pagrindiné funkcija gali biiti apibidinta kaip homeostazés
palaikymas, taip pat funkciskai galima apibudinti ir kaip atliekancia vidaus
organy motoring inervacija [67].

Autonominio disbalanso jrodymai gaunami 1§ tyrimy, atlikty taikant skir-
tingus metodus (katecholaminy koncentracija plazmoje, katecholaminy i8sis-
kyrima, raumeny simpatiniy nervy mikroneurografinius jraSus) ankstyvose
hipertenzijos stadijose ir esant prehipertenzinei biiklei, bei normaly kraujos-
pudj turintiems asmenims, kurie turi Seimin¢ hipertenzijos anamnezg [68].

Progresuojantis adrenerginis hiperaktyvumas yra akivaizdus progresuojant
hipertenzinei buklei, ir jis ypa¢ Zenklus labiau paZengusiose ligos stadijose,
tai yra esant sistolo-diastolinei hipertenzijai, izoliuotai sistolinei hipertenzijai
ir atspariai hipertenzijai [69].

Keletas tyrimy parodé, kad hiperadrenerginis tonusas, biidingas pirminei
hipertenzijai, néra stabilus, bet seka ligos progresavimg nuo nekomplikuoty
iki sunkiy stadijy [70]. Palyginti su kontroliniais tiriamaisiais, adrenerginio
tonuso padidéjimas yra rySkesnis hipertenzija sergantiems asmenims su sutri-
kusia inksty funkcija [71, 72] ar pakitusia $irdies struktiira [4]. Sie nuoseklis
duomenys rodo, kad simpatinés nervy sistemos aktyvacija yra lygiagretus
procesas progresuojanciam kraujospiidzio padidéjimui ir organy pazeidimy
vystymuisi. Sgsaja dar nereiSkia priezasties ir pasekmés rySio, todé¢l biitina
Zinoti, ar padidéjes simpatinis tonusas, lydintis progresuojancia hipertenzija,
turi patogenezinj vaidmenj. Turima duomeny, kad hiperadrenerginis tonusas,
nepriklausomai nuo kraujospudzio poky¢iy, gali paskatinti Sirdies ir krauja-
gysliy struktiirinius poky¢ius [73, 74].

Per daugelj mety surinkti jrodymai parode, kad pirminei hipertenzijai bi-
dingas sumazéjes klajoklio nervo slopinantis poveikis Sirdziai [75,76]. Ta-
chikardinis atsakas, panasu, kad yra pirmasis jauny hipertenzija serganciy
asmeny [77, 78] bei ankstesniy hipertenziniy bukliy autonominés disfunkci-
jos irodymas. Parasimpatiné nervy sistema, kurios cholinerginiai neurony kii-
nai dominuoja zinduoliy ir Zmoniy Sirdies mazguose taip pat turi Svelninantj
efekta hipertenzijos i$sivystymui ir pasireiSkimo mastui [79]. Dargi, choliner-
giniai neuronai ir jy sukeliamas parasimpatinis tonusas gali turéti ne tik Svel-
ninantj, bet ir prieSingg hipertenzijai efekta. Tai nustat¢ Masuda ir kt. ([80]
spontaniskai hipertenzinéms ziurkéms ankstyvuoju hipertenzijos atsiradimo
laikotarpiu. Jdomu, kad hipertenzijos genez¢ ir pasireiSkimas priklauso nuo
autonominiy neurony cheminio disbalanso gyviinams senstant [81] ir taip pat
gali sukelti perifering neuropatijg [82], kartu ir intrakardinés nervy sistemos
pakitimus [83—85]. Dar daugiau, buvo parodyta, kad Sirdies nepakankamu-
mas sukelia simpatiniy (adrenerginiy) skaiduly transdiferenciacija i parasim-
patines (cholinergines) ziurkiy Sirdyse [8].
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Nepaisant daugiameciy hipertenzijos tyrimy, mechanizmai, atsakingi uz
adrenerginio tonuso aktyvavima, vis dar néra apibrézti. Pirmoji hipotez¢ ta,
kad simpatinis hipertonusas gali priklausyti nuo pernelyg didelio atsako i
aplinkos dirgiklius (t.y. ] stresa, oro tarSa, rukymg), sukeldamas kraujospu-
dzio kitimus ir véliau stabilesne ir ilgalaike hipertenzing biisena [78]. Si hi-
poteze néra galutiné, nes sunku apibrézti, standartizuoti ir sukelti realy stresa
siekiant 18tirti 1lgalaikj jo poveikj. Buvo pasiiilyta, kad refleksogeniniy sriciy
simpatinis slopinimas, kuris palaiko adrenerginj aktyvinima, gali buti atsa-
kingas uz simpatinio aktyvumo padidéjima [75, 76, 86]. Buvo jrodyta, kad
hipertenzijos metu sutrinka arterinis barorefleksas ir pablogéja jo geb¢jimas
kontroliuoti Sirdies ritma, taciau jis ir toliau moduliuoja kraujosptdj ir simpa-
tinj aktyvuma [86, 87]. Sis pastebéjimas susilpnina barorefleksine hipoteze,
nors visiSkai neatmeta jos vaidmens palaikant ir progresuojant simpatiniam
aktyvumui pasunkéjus hipertenzijai. Barorefleksine hipotezg patvirtina jrody-
mai, kad padidéjus kraujo spaudimui, padidéja ir simpatiné moduliacija, ku-
rig vykdo barorefleksas (vadinamasis atsistatymo reiskinys), stabilizuojantis
organizmo biiseng esant aukStesnéms kraujospiidzio vertéms [87]. Taip pat,
pacientams su kairiojo skilvelio hipertrofija ir/ar disfunkcija, hiperadrener-
ginés buklés atsiradime gali dalyvauti sumazéjes Sirdies tempimo receptoriy
slopinamasis efektas Sirdies ir plauciy receptoriams refleksogeninése srityse
[75, 76, 86]. Taip pat hipertenzija siejama su renino, angiotenzino ir aldoste-
rono sistemos aktyvavimu. Jrodyta, kad angiotenzinas II gali veikti centring
nervy sistemg ir padidinti adrenerginj tonusg [88]. Angiotenzino II infuzija
gali padidinti simpatiniy nervy aktyvuma, tuo tarpu angiotenzing konvertuo-
jancio fermento inhibitorius leidzia to iSvengti [89]. Kitas veiksnys, susijes
su adrenerginio tonuso reguliavimu — hipoksinis dirgiklis. Dél hipoksijos gali
pasireiksti du mechanizmai: periferinio chemorefleksinio jautrumo padidéji-
mas ir tiesioginis poveikis centrinei reguliacijai [90].

Daug ankstesniy straipsniy pateikia jrodymus, kad Sirdies simpatinés
inervacijos reguliacija gali sutrikti dar pries iSsivystant klinikinei arterinei
hipertenzijai. Spontaniskai hipertenzinés Ziurkés, sulaukusios 4 savaiciy am-
ziaus, dar yra normotenzinés, bet joms jau padidéjes intralgstelinis kalcio
kiekis kaip atsakas ] neurony depoliarizacijg [91], sumazéja prieSsinapsinio
norepinefrino transporterio aktyvumas [92, 93] Zvaigzdiniame ir virSutiniame
kakliniame mazguose. Tiesioginé deSinio Zvaigzdinio mazgo stimuliacija su-
kelé didesne tachikardijg jaunoms spontaniskai hipertenzinéms ziurkéms nei
Wistar Kyoto Ziurkéms [92, 93]. Tuo tarpu, ir suaugusiy Ziurkiy Zvaigzdinio
mazgo stimuliacija elektra sukélé didesn;j atsaka nei kontrolei, taip pat ir no-
repinefrino iSsiskyré gausiau, f receptoriai labiau sureagavo nei kontrolinéje
grup¢je [94]. Yra jrodymy, kad suaugusiy spontaniskai hipertenziniy ziur-
kiy zvaigzdinio mazgo neuronai lgsteliy kultiroje turi didesnj kalcio tranzitg
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[91], sumaZzéjusj prieSsinapsinj noradrenalino jsisavinima [92, 93], sutrikusig
a, receptoriy funkcijg mazinti noradrenalino iSsiskyrimg i§ presinapsinés ga-
lunés (varikozés) [95]. Tuo remiantis, visi aukS¢iau cituoti autoriai numaneé,
kad hipertenziniy ziurkiy Sirdies noradrenerginiy nerviniy skaiduly hiperi-
nervacija gali biiti pats pirminis pakitimas, atsirandantis dar prie§ arterinés
hipertenzijos iSsivystyma [96].

Nerviniy lgsteliy, kurioms kaip pagrindinis neuromediatorius nebtidingas
nei acetilcholinas, nei adrenalinas, atradimas autonominéje nervy sistemoje
atskleidé medziagy, kurios atitinka neuromediatoriy kriterijus, jvairove auto-
nominéje nervy sistemoje. Nuo to laiko nustatyta daugybé kity baltymy, su-
sijusiy su signalo perdavimu. Kalcitonino geno baltymo produktas (angl. cal-
citonine gene-related peptide, CGRP) gausiai sintetinamas nugarinio mazgo
juntamuosiuose neuronuose ir yra laikomas vienu specifiskiausiy $iy Iasteliy
zymeniu [97]. Taipogi, CGRP zinomas kaip vienas i$ pajégiausiy vazodilata-
toriy, veikian¢iy mikrocirkuliacijg smegenyse [98], odoje [99, 100], kituose
organuose bei Sirdyje [101-103].
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2. TYRIMU METODIKA

2.1. Tyrimo medZiaga

Tyrime naudotos kontrolinés Wistar — Kyoto (WKY) veislés ir eksperi-
mentinés spontaniskai hipertenzinés (SHR) ziurkés. Gyviinai buvo jsigyti i§
Charles River Laboratories (Vokietija) ir laikyti Lietuvos sveikatos moksly
universiteto Biologiniy tyrimy centre. Biologiniy tyrimy centre gyviny lai-
kymo salygos ir procediiros su gyviinais yra sertifikuotos, Valstybinés maisto
ir veterinarijos tarnybos leidimas dél bandomyjy gyviny veisimo ir naudoji-
mo — Nr. B6-(1.9.)-855. Pagal laboratoriniy Ziurkiy laikymo taisykles, ziurkés
buvo apgyvendintos narvuose, patalpoje su kontroliuojamu sviesos/tamsos
ciklu (12/12 val.), bei 22 + 2 °C temperatiira, turéjo laisva prieigg prie maisto
ir vandens (ad libitum). Visi eksperimentai su laboratoriniais gyviinais atitiko
ES direktyva 86/609/EEB, gautas Valstybinés maisto ir veterinarijos tarnybos
leidimas bandymo su gyviinais projekto atlikimui Nr. G2-137.

Tirta keturiy amziaus grupiy, abiejy veisliy (WKY ir SHR) medziaga
(2.1.1 lentel¢). Imunohistocheminiam kievieno neuromediatoriaus tyrimui
panaudojome po SeSis gyviinus (iSskyrus labai seny ziurkiy amzing grupe).
Ultrastruktiiriniam tyrimui panaudojome po tris suaugusiy ir seny amziaus
grupiy gyviinus.

2.1.1 lentelé. Tyrime naudoti gyvinai

.. .. AmZiaus grupé
Tiriamoji . .
grupé Jaunos Suaugusios Senos Labai senos
(8-9 sav.) (12-18 sav.) (46-60 sav.) (78-82 sav.)
WKY 18 18 18 5
SHR 18 18 18 5

2.2. Tyrimo struktira

Gyviiny tyrimus galima suskirstyti j tris grupes (2.2.1 pav.). Pirmiausia,
gyviems gyviinams, atlikti hemodinamikos tyrimai siekiant patvirtinti, kad
tai bus tinkama medziaga AH modeliui. Toliau seké¢ morfologiniai tyrimai,
panaudojant imunohistochemin;j bei transmisinés elektroninés mikroskopijos
metodus.
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[ Tiriamieji gyvinai

— ]\>

[FiZiOlOgiﬂiai tyrimai] [ Morfologiniai tyrimai ’
AKS, Sirdies ‘ Imunohistocheminis ’ ‘ Elektronomikroskopinis ’
» echo-
SSD .. / \
skopija
Pjaustyti
Nep jaustyti sa!(.jor_n ieji Nerviniai Prles.lrdzm
vientisi Sirdies . ir skilveliy
. o mazgai .
preparatali skilveliy nervai
preparatai

Epikardiniy Nervinés

Priesirdziy Skilveliy nervy skaidulos
iSklotinés iSklotinés skers- darbiniame
pjuviai miokarde

Y Y

Nerviniai mazgai Epikardiniai
Epikardiniai nervai nervai
Nervinés skaidulos Nervinés

sinusiniame mazge ir skaidulos
darbiniame miokarde darbiniame
SIF lgstelés miokarde

2.2.1 pav. Atlikty tyrimy schema

AKS - arterinis kraujo spaudimas; SSD — $irdies susitraukimy daznis.

2.3. Fiziologiniai tyrimai
2.3.1. Arterinio kraujo spaudimo matavimas

Trijy amziaus grupiy gyvinams atliktas neinvazinis arterinio kraujo spau-
dimo matavimas uodegoje uzdéjus manzete, taikant intraperitoning sedacija
ketaminu 90 mg/kg ir deksmedetomidinu 0,5 mg/kg. Naudotas Sildantis iki
37 °C padelis. Po sedacijos, kiekvienai Ziurkei buvo atlikta po deSimt mata-
vimy kas 1 min automatiniu btidu. Rezultatams naudota $iy matavimy medi-
ana. I§matuotas Sirdies susitraukimy daznis (SSD), sistolinis bei diastolinis
kraujo spaudimai (SAKS ir DAKS). Vidurinis kraujo spaudimas (VAKS) ap-
skaicCiuotas pagal §ig formule: DAKS+1/3(SAKS-DAKS). Visus matavimus
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atliko ta pati tyréjy komanda, tylioje ir ramioje aplinkoje, naudota sertifikuo-
ta aparatiira (AD Instruments ML125/R NIBP system, Sidney, Australia ir
LabChart programiné jranga) (2.3.1.1 pav.).

e

T —

2.3.1.1 pav. Kraujo spaudimo matavimas ziurkés uodegoje
A — seduota ziurké guli su gaubteliu ant galvos (saugo nuo triuk§mo ir §viesos). Ant uo-
degos — iSoriné kraujo spaudimo matavimo manzeté bei infraraudonyjy spinduliy daviklis.
B — matavimy metu sugeneruojama informacija. C — neinvazinio kraujo spaudimo matavimo
aparatiira (AD Instruments ML125/R NIBP system, Sidney, Australia).
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2.3.2. Gyviiny Sirdies echoskopijos tyrimas

Kontroliniy bei hipertenziniy ziurkiy Sirdies ultragarsinis tyrimas vien-
gubu aklu biidu (angl. single-blinded method) buvo atliktas LSMU Biolo-
giniy tyrimy centre dalyvaujant gydytojui veterinarui, patyrusiam gyviiny
Sirdies echoskopijos specialistui. Tyrimo metu, gyviinai seduoti diazepamo
3-5 mg/kg injekcija i pilvaplévés ertme, monitoruojant gyvybines funkcijas
(kvépavimo daznis, Sirdies susitraukimy daznis). Naudotas Sildantis iki 37 °C
padelis. Po sedacijos, ziurkei buvo nuskutamas kailiukas ir gyviinas guldytas
ant deSiniojo Sono. 2D tyrimas atliktas su 120 kadry per sekunde rezimu bei M
rezimu naudojant Mindray DC-70 aparatg su 3,0—12,0 MHz daznio davikliu.
Ultragarsinis Sirdies tyrimas atliktas su iSoriniu davikliu per kriitinés lastos
sieng. Fiksuoti parametrai: sistolés bei diastolés metu matuota pertvaros, kai-
riojo skilvelio sieny storiai, kairiojo skilvelio vidinés ertmés skersmuo; taip
pat automatiskai apskaiCiuota iSstimimo frakcija (angl. ejection fraction),
frakcijinis sutrumpéjimas (angl. fractional shortening). Kiekvienas matavi-
mas pakartotas Sesis kartus, rezultatuose naudota vidutiné reikSmé. Remtasi
Amerikos echokardiografijos draugijos metodologinémis rekomendacijomis
[104] ir kitais tyr¢jais [105]. Gyviinai tirti tris kartus gyvenimo eigoje. Po
tyrimo gyviinai monitoruoti bei toliau laikyti Biologiniy tyrimy centre.

2.3.2.1 pav. Sirdies 2D echoskopijos tyrimo vaizdas monitoriuje
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2.4. Morfologiniai tyrimai

2.4.1. Audiniy paruoSimas imunohistocheminiams tyrimams

Ziurkiy eutanazija atlikta remiantis pasauline geraja praktika. Ziurké buvo
patalpinama j eutanazijos kamerg su palaipsniui didéjancia CO, koncentracija
6-ioms minutéms. Tada tikrintas ragenos refleksas. Konstatavus jo nebuvi-
ma ir ziurkés numarinimo faktg, atvérus kritinés lgstg ir j Sirdies kairiojo
skilvelio ertme¢ transmiokardialiai jvedus kateterj, Sirdis buvo perfuzuoja-
ma atSaldytu 0,1 M fosfatiniu buferiu su druska (PBS, pH 7,4). PBS tirpalo
sudétis: 8,06 mM Na,HPO,, 1,94 mM NaH_PO,, 2,7 mM KCI ir 137 mM
NaCl. Vidutiniskai Sirdies perfuzija trukdavo 8—12 min. Perfuzato perteklius
pasisalindavo per jkirpta deSiniajg prieSirdzio ausyte. Tuomet buvo atlickama
audiniy prefiksacija, perfuzuojant su 4 proc. paraformaldehido (PFA) tirpalu.
ISplovus Sirdies kraujagysles bei kameras, Sirdis biidavo iSimama i§ krttinés
lastos ir postfiksuojama 40 min. 4 proc. PFA tirpale. Duomenys fiksuojami
protokole (2.4.1.1 pav.)

HIPERTENZIJOS PROTOKOLAS KODAS ...............
DATA ......ccove.
Rasis
Lytis AmZius Svoris

Kita informacija

Perfuzija (iki fiksacijos)

Fiksacija (iki dehidratacijos)

2.4.1.1 pav. Preparaty paruosimo protokolas imunocheminéms reakcijoms

Nepjaustyty preparaty paruoSimas

Véliau Sirdis patalpinama specialioje kameroje su atSaldytu iki 4 °C PBS
tirpalu. Sioje kameroje §irdis i$karpoma dviems skirtingiems preparatams pa-
ruosti.

1. PlokS¢iam prieSirdziy preparatui paruosti: skilveliai pasalinami per-
kerpant Sirdj per vainiking vaga, tarpprieSirdiné pertvara taip pat iSker-
pama. PaSalinus kairiosios ir deSiniosios Sirdies ausy¢iy virSiines, jos
buvo perkerpamos isilgai link Sirdies virSiinés ir atlenkiamos. Priesirdis
atsargiai iStempiamas ir prisegamas plonomis adatélémis prie silikonu
uzpildytos kameros, taip, kad buty matomos virSutinés ir apatinés tus-
¢iyjy veny, kairiosios galvinés venos bei kairiosios, vidurinés ir desi-
niosios plautiniy veny angos.
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2. Ruosiant Sirdies skilveliy iSklotines, buvo paimama likusi skilveliy da-
lis po prieSirdZiy paSalinimo, atkerpamas 2-3 mm deSiniojo ir kairiojo
skilvelio Ziedas po vainikine vaga ir perkerpamas ties deSinigja ausyte
(2.4.1.2 pav.).

2.4.1.2 pav. Skilveliy isklotinés ruosimas
A — atkirptas desiniojo ir kairiojo skilveliy ziedas po vainikine vaga. B — iSskleistas ir iSplo-
nintas skilvelio preparatas, epikardiniu pavirSiumi j virsy.

Nukirpta skilvelio dalis yra iSploninama, pasalinanant endokarda, didZiaja
dalj miokardo, ir prismeigiama vonel¢je su silikoniniu paduku, epikardu i
virSy. PrieSirdziy bei skilveliy paruosti preparatai praplaunami 3 x 10 min.
PBS buferyje ir dehidratuojami laikant juos po 10 min. 30°, 50°, 70°, 90°, 96°
ir tris kartus 100° etanolio tirpale. Kad antikiinai geriau skverbtysi | audinj,
preparatas buvo laikomas 2 valandas Dento tirpale: viena tiriné dalis dimetil-
sulfoksido maiSoma su keturiomis tiirinémis dalimis 100° etanolio. Audinyje
esanciam pigmentui pasalinti, preparatas buvo laikomas per naktj peroksido
tirpale: viena tiiriné dalis 30 proc. vandenilio peroksido buvo maiSoma su
keturiomis tirinémis dalimis minéto Dent’o tirpalo. Po balinimo, preparatas
rehidratuojamas, laikant jj po 10 min. 70°, 50°, 30° etanolyje ir tris kartus
PBS buferyje su 1 proc. Triton X-100 (CarlRoth, Vokietija) tirpalu.

27



Pjaustyty méginiy paruoSimas imunohistocheminiams tyrimams

Sirdies skilveliy pjiiviy imunohistocheminéms reakcijoms atlikti, po post-
fikasacijos Sirdis 3 kartus plaunama PBS buferyje ir perkeliama krioprotekci-
jai130 proc. sacharozés tirpalg (CarlRoth, Vokietija) fosfatiniame buferyje su
natrio azidu ir laikoma 2448 val. +4°C temperattroje, kol nugrims j dugna.
Po to uzSaldoma—60 °C. Prie$ pjaunant, skilveliai suorientuojami ir jliejami
] Saldomiesiems méginiams skirtg specialig terpe (TBS, Triangle Biomedical
Sciences, JAV). Saldomuoju mikrotomu HM560 (Microm, Vokietija), —23 °C
temperatiiroje pjaunami 18 pm storio pjiiviai, surenkami ant SuperFrost sti-
kleliy (Menzel-Glaser, Vokietija), iSdziovinami kambario temperatiiroje, jvy-
niojami j aliuminio folija, saugomi -45°C temperatiiroje.

Imunohistocheminés reakcijos

Nespecifinéms antriniy antikiiny reakcijoms uzblokuoti, preparatas in-
kubuojamas 2 val. kambario temperatiiroje 5 proc. normaliam asilo serume
(angl. Normal Donkey Serum, NDS), plaunamas 3x10 min. PBS buferyje
ir inkubuojamas 48 val. +4 °C temperatiiroje pirminiy antikiiny miSinyje
(2.4.1.1 lentelé). Po to, plaunamas 3%10 min. PBS buferyje ir inkubuojamas 4
val. kambario temperatiiroje antriniy antikiiny (2.2 lentel¢) miSinyje. Blokuo-
jancio serumo, pirminiy bei antriniy antikiiny praskiedimui buvo naudojamas
antikiny skiedimo tirpalas (ab64211, Abcam, UK). Po reakcijos preparatas
plaunamas 3x10 min. PBS buferyje, po to audinys atsargiai perkeliamas ant
stiklelio, i$skleidziamas bei iStiesinamas specialios nefluorescuojancios ter-
pés Vectashield Mounting Medium (MVector Laboratories, Inc., Burlingame,
JAV) laSe. Audinys uzdengiamas dengiamuoju stikleliu, prispaudziamas sva-
reliu, o dengiamojo stiklelio krastai uZsandarinami skaidriu nagy laku. Anti-
kiiny specifiSkumui patikrinti buvo naudojama neigiama kontrolé: nedidelis
priesirdzio audinio gabalélis buvo prisegamas Salia iSskleisto prieSirdzio ir
vietoj pirminiy antikiing miSinio, jis buvo inkubuojamas PBS tirpale. Kitos
reakcijos atliekamos taip pat kaip ir visam prieSirdziui. Praleidus pirminiy an-
tikliny etapa, mazame kontrolinio audinio gabalélyje nebuvo matyti nerviniy
struktiiry.
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2.4.1.1 lentelé. Tyrime naudoty antikiiny sqrasas

Antikiinai | Antigenas | Kilmé |Skiedimas| Katalogo Nr. | Gamintojas*
Pirminiai
ChAT Ozka 1:100 AB144P Chemicon
TH Triusis 1:500 AB152 Chemicon
CGRP Pelé 1:500 ab10987 Abcam
PGP 9,5 Triusis 1:500 38-1000 Invitrogen
PGP 9,5 Pelé 1:500 ab8189 Abcam
nNOS Pelé 1:500 sc-5302 SantaCruz
HCN4 Triusis 1:300 AB5808 Millipore
SP Jare 500 ab10353 Abcam
kiaulyté
Antriniai pries:
OZka, k‘(’:n;gg“"“ UL Asilas | 1:500 API80C | Chemicon
Ozka, k%n;gguou SU 1 Asilas 1:500 AP180S Chemicon
Triusj, konjuguoti su Asilas 1:300 API182F Chemicon
FITC
Triusj, konjuguoti . . .
su Cy3 Asilas 1:500 AP182C Chemicon
Triusj, konjuguoti | agilas | 1:500 |  AP1S2S | Chemicon
su Cy5
Pele, kogil‘ég“"“ UL Asilas | 1:500 AP192C | Chemicon
Pelg, konjuguotisu | Aqjjas | 1:500 AP192F Chemicon
FITC
Jary kiaulyte, konju- . ) .
quoti su Cy3 Asilas 1:500 AP193C Chemicon

*Tiekéjy adresai: Chemicon International, Temecula, California, USA; Abcam, Cambridge,
UK; Invitrogen, Rockford, USA; Santa Cruz Biotechnology, Inc., Dallas, Texas, USA.

2.4.2. Méginiy paruoSimas transmisinei elektroninei mikroskopijai

Po eutanazijos, atvérus kriting, i Sirdies kairiojo skilvelio ertmg¢ transmio-
kardialiai jvestu kateteriu Sirdis perfuzuota atSaldytu heparinizuotu 0,1 M
fosfatiniu buferiu su druska (PBS, pH 7,4). Vidutiniskai Sirdies perfuzija uz-
trukdavo 5-10 min. ISplovus Sirdies kraujagysles bei kameras, Sirdis budavo
prefiksuojama perfuzijos biidu per metalinj kateterj 2,5 proc. glutaraldehido
0,1 M fosfatiniame buferyje tirpalu, pH 7,4. Po prefiksacijos Sirdis iSprepa-
ruojama 1§ kriitinés lgstos ir papildomai fiksuojama 10—60 min. panardinus
tame paliame fiksatoriuje. Sirdies gabaléliai ultrastruktiiriniams tyrimams
buvo iSkerpami specialioje kameroje, panardinus Sirdj ] fiksatoriy (2.4.2.1
pav.). Iskirpti méginiai papildomai fiksuojami tame paciame 2,5 proc. gliu-

29



taraldehido tirpale per nakti. Kitg dieng fiksuojami 1 proc. osmio tetrokside
2 val, dehidruojami didéjancios koncentracijos etanolio tirpalais ir acetonu,
iliejami j epoksidiniy dervy Epon 812 (Serva) ir Araldit 502 (Serva) miSinj.
Pusiau plonus (1-3 pum) ir ultraplonus (50—70 nm) Sirdies pjiivius pjaustéme
ultramikrotomu Leica Ultracut EM UC7. Atpjauti 1 um storio pusiau ploni
pjuviai buvo dazomi metileno méliu pagal Ridgway [106] ir analizuojami
Sviesiniu mikroskopu Zeiss (M2, Carl Zeiss, Vokietija). Identifikavus pusiau
plonuose pjuviuose nervines struktiiras, pjiivio plotas sumazinamas iki rei-
kiamo dydzio ir pjaunami ~60 nm ultraploni pjiviai, panaudojant specialius
deimantinius peilius elektroninei mikroskopijai. Pjiviai surenkami ant spe-
cialaus tinklelio ir daZomi jprastine metodika uranilo acetatu ir §vino citratu.

2.4.2.1 pav. Preparaty paruosimo protokolas transmisinei
elektronomikroskopijai
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2.4.3. Mikroskopavimas ir duomeny rinkimas

Imunohistocheminiy méginiy mikroskopinis tyrimas

Gauti imunohistocheminiai preparatai analizuoti mikroskopu Axiolmager
Z1 (Carl Zeiss, Vokietija), turinciu apotoma (Carl Zeiss, Vokietija), skaitme-
ning monochromine kamerag AxioCam MRm (Carl Zeiss, Vokietija). Taip pat
konfokaliniu mikroskopu LSM 700 (Carl Zeiss, Vokietija). Gautos skaitmeni-
nés nuotraukos koreguotos ir analizuotos kompiuterine programa AxioVision
4.7.1 (Carl Zeiss, Vokietija) bei Image] (Fiji, National Institutes of Health,
JAV) [107].

ISplokStintuose preparatuose

Nerviniy mazgy vertinimas: PriesSirdziy iSklotinése iSmatuojami nervi-
niy mazgy plotai, jy kiekis; suskai¢iuojama, kiek neurony yra kiekviename
mazge, jvertinamas neurony tankumas; vertinant atskiras nervines lasteles,
iSmatuojamas neurony kiiny plotas, suskai¢iuojama kiek yra adrenerginiy
bei cholinerginiy neurony mazge; iSmatuojamas SIF (angl. small intensive
fluorescent) lasteliy, esanciy Salia mazgo, telkiniy plotas, taip pat jvertina-
mas adrenerginiy, cholinerginiy bei peptiderginiy nerviniy skaiduly tanku-
mas mazge. Atskiru mazgu laikytas neurony telkinys, nuo kito mazgo nu-
tolgs daugiau nei per du neuronus. Tinkamu matavimui laikytas neuronas,
turintis aiskias sienas bei branduolj. Jei neurony skaic¢ius mazge arba nerve
buvo maziau 30 — neurony kiiny plotas pamatuotas jiems visiems. Jei neurony
skaicius mazge buvo didesnis nei 30 — plotas matuotas 10-¢iai procenty nuo
bendro neurony skai¢iaus mazge. Neurony matavimai atlikti visuose nuotrau-
kos sluoksniuose, tuo tarpu mazgai matuoti susumavus nuotrauky sluoksnius.

Nervu vertinimas: PrieSirdziy kairés nugarinés pusés srities, bei skilveliy
iSklotinése buvo suskai¢iuojamas nervy kiekis; iSmatuojamas nervy, stores-
niy negu 5 mikrometrai, skersinis plotis; apskaic¢iuojama, kiek procentiSkai
nervo i8ilginio pjivio plote yra adrenerginiy, cholinerginiy bei peptiderginiy
nerviniy skaiduly. Nervo plotis (skersmuo) matuotas statmenai (90° kampu)
nervo ilgiui. Priesirdzio iSklotinéje iSmatuota kiekviena nervo atSaka (iSsiSa-
kojimas). Skilvelio iSklotin¢je matavimai atlikti dvejose menamose linijose,
lygiagre€iose vainikinei vagai: (1) prie pat vainikinés vagos bei (2) 1 mm
zemiau jos, siekiant jvertinti nervy pokyc¢ius leidZiantis nuo prieSirdziy link
skilveliy vir§tinés Zemyn.

Ivertinamas Sirdies sinusinio mazgo ir priesirdziy darbinio miokardo smul-
kiy nerviniy skaiduly tankumas.

Skilveliy pjuviuy preparatuose: 40x didinimu buvo fotografuojami visi
ryskiis viename skilveliy pjiivyje matomi epikardiniai nervai. Nervai suskirs-
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tyti ] deSiniojo bei kairiojo skilvelio grupes. [vertinti epikardiniy nervy kiekis,
ju dydis, imunocheminé skaiduly sudétis. Imunohistocheminé sudétis istirta
taip: rankiniu buidu apibréztas bendras nervo skerspjiivio plotas, paZymétas
PGP 9,5 neuromarkeriu. Gautas dydis padalintas i$ skirtingais neuromarke-
riais pazymeéty skaiduly ploto bei iSreikStas procentais. Miokardo nervinés
skaidulos fotografuotoss sistemiskai vienodu atsitiktiniu imties biidu (angl.
Systemic uniform random sampling), o skai¢iavimo rémas buvo viena nuo-
trauka (angl. counting frame). Nuotraukos plotas 150 135 um?. Rezultatai pa-
teikti procentine iSraiska.

Transmisiné elektroniné mikroskopija

Ultrastruktiiriniam tyrimui transmisiniu elektroniniu mikroskopu (TEM)
FEI® BioTwin G2 Spirit (FEI, Eindhoven, Olandija) visas pjuvis, ieSkant
nerviniy struktiry — nervy ir nerviniy skaiduly, buvo perziurimas nuosek-
liai su jmontuota Sonine kamera Olympus® MegaViewG2, o suradus ner-
ving struktiira morfometriniams matavimams buvo fotografuojama x4800
ir x6800 padidinimu apacioje jmontuota didelés skiriamosios gebos kamera
16 MP TEM CCD camera Eagle 4K naudojant programing jrangg TIA (FEI,
Eindhoven, Olandija). Elektronogramos analizuotos programa AxioVision
Rel. 4.8.2 (Carl Zeiss, Jena, Germany).

Elektronogramose buvo jvertinti morfologiniai neurony kiiny, sinapsiy,
aksony bei Svano lasteliy pokyéiai. Atliktas kiekybinis priesirdziy bei skil-
veliy nervy vertinimas:

1. Vertinant nemielinines nervines skaidulas:

a) iSmatuojamas aksony skersmuo ir plotas;

b) suskaiciuojamas aksony skaicius skaiduloje;

c) apskaiciuotas bendras aksony uzimamas plotas nerve;
d) suskai¢iuojami aksonai su artefaktais.

2. Vertinant mielinines nervines skaidulas:

a) suskaiciuotos visos tirtame nerve rastos ir intaktinés mielininés skai-
dulos;

b) iSmatuoti eletronogramoje matomas nervo plotas, aksono ir nervinés
skaidulos skersmenys ir plotai;

c) apskaiciuotas aksony tankumas nerve ir G santykis (santykis tarp
aksono skersmens ir mielininio dangalo iSorinio skersmens);

d) suskaiGiuojami aksonai ir Svano lastelés su artefaktais.

2.5. Statistiné analizeé

Naudoti apraSomosios ir analitinés statistikos metodai. Duomeny pasis-
Kirstymo normalumas tikrintas panaudojant Kolmogorovo-Smirnovo Kriteri-
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Jju ir laikytas normaliai pasiskirsCiusiu, kai p > 0,05.Statistiné analiz¢ atlikta
IBM SPSS 20.0 programa, pasirinktas 95 proc. pasikliautinumo intervalas.
Duomenys lentelése ir grafikuose iSreiksti aritmetiniu vidurkiu ir jo standar-
tine paklaida arba mediana ir standartiniu nuokrypiu. Jeigu lyginamos duo-
meny imtys atitiko normalyjj skirstinj, buvo taikytas Stjudento t-testas, o kai
neatitiko — Mann-Whitney U testas. Lyginant daugiau nei dvi duomeny gru-
pes taikyta Kruskal-Wallis testas nepriklausomoms imtims, Friedmano tes-
tas — priklausomoms imtims. Duomeny bazé sukurta naudojantis Microsoft
Office Excel.
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3. REZULTATAI

3.1. Fiziologiniy parametry charakteristika

3.1.1. Arterinis kraujo spaudimas ir Sirdies susitraukimuy daZnis

Visy amziaus grupiy (15-17, 4547 ir 52—-60 savaiciy) hipertenziniy ziur-
kiy sistolinis, vidurinis ir diastolinis arterinis kraujo spaudimas buvo padidé-
jes ir didéjo gyviinui senstant. Tokia pati tendencija pastebéta ir kontrolinéje
grupgje: seny (52—60 savaiciy) WKY ziurkiy sistolinis kraujo spaudimas kilo
vir§ 140 mm Hg, t. y. buvo didesnis nei virSutiné normos riba. Sirdies susi-
traukimy daznis varijavo normos ribose su polinkiu didéti gyviinams senstant
(3.1.1.1 lentelg).

3.1.1.1 lentelé. Hemodinaminiai parametrai

AmZius

Parametrai 15-17 savaiciy 4547 savaiciy 52-60 savaiciy

WKY SHR WKY SHR WKY SHR
(N=28) (N=28) (N=28) (N=8) | (N=10) | (N=11)
SSD, k./min. 249 (8) | 237 (14) 175(9) | 254 (26)* | 305 (30) | 344 (18)
SAKS, mm Hg 118 (4) 173 (9)* | 133 (6) 195 (7)* | 160 (12) | 198 (9)*
DAKS, mm Hg 75 (7) 137 (8)* | 109(5) | 149(8)* | 116 (13) | 150 (7)*
VAKS, mm Hg 89 (6) 149 (8)* 117 (5) | 164 (7)* | 130(12) | 166 (8)*

*- statistiSkai reikSmingas skirtumas tarp WKY ir SHR grupiy, p < 0,05.

Duomenys pateikiami kaip vidurkis (standartiné paklaida). N — ziurkiy kiekis; SAKS —
sistolinis arterinis kraujo spaudimas; DAKS — diastolinis arterinis kraujo spaudimas; VAKS —
vidurinis arterinis kraujo spaudimas; k./min. — kartai per minutg.

3.1.2. Sirdies ultragarsinis tyrimas

Sirdies ultragarsinis tyrimas parodé, kad kontroliné ir hipertenziné grupés
1§ esmés skyrési 20-ies savaiciy grupéje (3.1.2.1 lentel¢). Labiausiai skyrési
kairiojo skilvelio parametrai: vidinis skersmuo, sienos storis, iSstimimo frak-
cija, frakcijinis sutrumpé¢jimas. Hipertenziniy ziurkiy kairiojo skilvelio hi-
pertrofija statistiSkai reikSmingai pasireiské 20-os ir 30-0s savaiciy grupése.
Echoskopinis tyrimas atskleidé, kad 20-ies sav. SHR grupéje sustoréjo tarp-
skilveling pertvara ir laisvoji kairiojo skilvelio sienel¢, bei pasikeité kairiojo
skilvelio ertmés skersmuo — pokytis stebimas tiek sistoléje, tiek diastol¢je.
60-ies sav. SHR grupéje lyginant su tokio pacio amziaus WKY, reikSmingai
padid¢jo kairiojo skilvelio ertmé. ISmetimo frakcijos bei frakcinio sutrum-
pé€jimo procentai reikSmingai didesni SHR 30-ies sav. grup¢je nei to paties
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amziaus WKY ziurkiy. 60-ies sav. grup¢je WKY tie patys parametrai panasiis
1 SHR (3.1.2.1 lentelg).

3.1.2.1 lentelé. Ziurkiy Sirdies echoskopijos duomenys

AmZius
Parametrai 19-20 savaiciy 29-30 savaiciy 46-60 savaités

WKY SHR WKY SHR WKY SHR

(N=6) | (N=11) | (N=6) (N=6) | (N=19) | (N=23)
Gyviino svoris, g | 241 (25) | 224 (39) | 362 (15) | 380(13) | 368 (14) | 324 (16)
IVSd, mm 2,5(0,1) | 2,4(0,2) | 2,3(0,1) | 22(0,1) | 22(0,1) | 2,1(0,1)
IVSs, mm 34(02) | 36(0,2) | 3,2(0,1) | 3,1(0,2) | 3,1(0,1) | 3,0(0,1)
LVIDd, mm 48(0,2) | 44(0,3) | 5,1(0,3) | 52(0,3) | 52(0,1) | 55(0,2)
LVIDs, mm 30(01) | 1,7(0,2)" | 2,8(0,2) | 2,9(0,3) | 2,8(0,2) | 2,9(0,2)
LvVwd, mm 1,8 (0,5 | 2,5(0.,1) | 2,2(0,1) | 28(0,1)" | 2,5(0,1) | 2,4(0,1)
LVWSs, mm 2,3(0,5) | 3,5(0,2)" | 2,8(0,2) | 3,6(0.2)" | 3,2(0,1) | 3,2(0,1)
FS, proc. 38,2 (1) |60,7(3,9)"| 45,1 (1,6) | 44,2 (2.9) | 45,7 (2,6) | 47,6 (3,5)
EF, proc. 74,3 (1,5) [ 91,1 (2,2)"| 82,2 (1,6) | 80,4 (3.1) | 81,3 (2,1) | 80,4 (2,8)

" — statisti§kai reik§mingas skirtumas tarp WKY ir SHR grupiy, p < 0,05.

Duomenys pateikiami kaip vidurkis (standartiné paklaida). N — Ziurkiy kiekis; IVS —tarpskil-
veliné pertvara; LVID — kairio skilvelio vidinis skersmuo; LVW — kairio skilvelio laisvoji
siena; FS —frakcijinis sutrumpéjimas; EF —iSstimio frakcija; d — diastoléje; s — sistoléje.

Atskiruose senuose individuose (tieck WKY, tieck SHR) buvo pastebéta
tokiy Sirdies nepakankamumui biidingy pozymiy: aortos voztuvo nepakan-
kamumas, plautinio voztuvo nepakankamumas (WKY); aortos voztuvo re-
gurgitacija, padid¢jes sferiSkumo indeksas (SHR); storas miokardas, didelé
kairiojo skilvelio dilatacija (SHR).

3.2. Sirdies nervinio rezginio charakteristika

3.2.1. Mazgy ir neurony morfologija

Visose tirtose Sirdyse ir amziaus grupése, Sirdies mazgai yra Sirdies vartuo-
se, didZiausi nerviniai mazgai sudaré gerai apibréZtus nerviniy mazgy laukus,
i§sides¢iusius priekinéje virSutingje kairiojo priesirdzio puséje. Sie mazgai
buvo sujungti tarpusavyje stambiais nervais ir smulkiomis nervinémis skai-
dulomis, kurie kartu sudaro Ziedo formos nervinj rezginj, juosiant] plauti-
niy veny Ziotis (3.2.1.1 pav.). Mazgai, nutole nuo pagrindinio Sirdies varty
nervinio rezginio, buvo mazesni. Jauny ir suaugusiy ziurkiy pavieniai neu-
rony kiinai, sudarantys mazas grupeles (vidutiniskai — 22, min/max 2-305),
buvo taip pat randami ir daznai stebimi stambiuose epikardiniuose nervuo-
se. Vidutiniskai, senos SHR tur¢jo 23 (min/max 16-29), senos WKY ziur-
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kés — 27 (min/max 19-34) mazgus prieSirdZiuose. Abiejy grupiy mazgy for-
ma priklausé nuo jy dydzio ir kito nuo ovalo (mazesniy mazgy) iki j voratinklj
panasiy grandiniy, susijusiy su dideliais mazgais (3.2.1.2 pav.). PrieSingai,
skilveliuose mazgy nebuvo.
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3.2.1.1 pav. Konfokalinés mikroskopijos fotografija, susumuota is 108 pano-
raminio fotofrafavimo vaizdy per visq epikardo gylj, vaizduojanti jaunos

(8 sav.) (A) ir suaugusios (14 sav.) (B) SHR Ziurkés prieSirdzio nervinj rezginj.

Nervinés struktiiros iSryskintos PGP 9,5 antikiinu. Matomas sumazéjes nervinio rezginio

tankumas vyresniame amziuje (B). Pilka rodyklé rodo jeinancius nervus; baltos rodyklés —

vidusieninio rezginio nervus; rodykliy smaigaliai — nervinius mazgus. Sutrumpinimai: LPV —

kairioji plautiné vena; MPV — viduriné plautiné vena; RPV — desinioji plautiné vena.
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PGP 9.5} SHR

100pm

PGP 95| SHR

3.2.1.2 pav. Tipinio mazgo sandara seny ziurkiy WKY (A, C, E) ir SHR
(B, D, F) grupése. E ir F pavaizduoti pavieniai neuronai, jsiterpg tarp
nervo aksony. SHR grupéje neuronai yra mazesni (D) ir yra mazge issidéste
glaudziau, lyginant su WKY (C)
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Jauny SHR, nerviniy mazgy skaicius ir plotas buvo Zenkliai didesni lygi-
nant su tokio pat amziaus WKY kontrolinémis Ziurkémis (3.2.1.1 lentel¢), del
ko nustatytas Zenkliai didesnis neurony kiiny kiekis mazge. Suaugusiy bei
seny ziurkiy mazguose tokio skirtumo nebebuvo. Suaugusiy SHR ir WKY
ziurkiy mazgy skaicius, mazgy plotas, neurono plotas, neurony skaic¢ius maz-
ge buvo sumazeéje lyginant su jaunomis tos pacios veislés ziurkémis (3.2.1.1
lentel¢). Sitie amZiniai skirtumai buvo maziau ireiksti WKY grupéje. Suau-
gusiy WKY ziurkiy Sirdyse, mazgo plotas buvo mazesnis nei jaunikliy WKY,
tuo tarpu suaugusiy SHR plotas buvo sumazgéjes 38 proc. lyginant su jauno-
mis.

3.2.1.1 lentelé. Nerviniy mazgy morfometriniai skirtumai tarp skirtingo am-
Ziaus SHR ir WKY Ziurkiy Sirdziy. Labai seny Ziurkiy grupéje mazgy sk. pa-
teiktas maziausias ir didziausias skaicius)

Jaunos Suaugusios Senos Labai senos
WKY| SHR |WKY| SHR | WKY | SHR |WKY | SHR

Parametras | Zymuo

Mazgy skai- 295 | 348 |233 | 225 | 27 | 23 |30-60|17-77
Clus, vnt.

3:;25;310' 52349 [70973,1 {45097 [43895,8 |182749 [266868 [60400 |56286
Neurono POPOS| 643 | ssix | 5320 | soox | 734 | so6* | 706 | 623*
plotas, pm

Neurony

skaigius 52 | 94 33 | 29 | 115 | 171 | 69 | 61
mazge, vnt.

Nervinés

skaidulos 2,06 | 1,46* | 104 | 1,59% | 1,43 | 1,58

mazge, proc.
SIF suminis TH
plotas, mm?
SIF plotas /
0,1 mm?

Nervinés

skaidulos CGRP | 3,15 3,47 1,99 | 2,12 2,21 | 3,66* - -
mazge

72181 | 79206 (21594 | 45852 |90326 | 94632 |40380 (57470

3080 | 4016 | 1439 | 3150 | 3257 | 4296 | 1486 | 1718

" — statistiSkai reik§mingas skirtumas tarp to paties amziaus WKY ir SHR grupiy, p < 0,05.
Duomenys pateikiami kaip vidurkis. PGP 9,5 — proteino geno produktas 9,5, TH — tirozino
hidroksilazé; CGRP — kalcitonino geno peptidas; SIF — mazos, intensyviai fluorescuojancios
lastelés.

Panasiai, neurony skaic¢ius mazge buvo kiek sumaz¢jes WKY suaugusiose,
bet reikSmingai sumazéjes (68 proc.) SHR suaugusiose lyginant su jaunomis
(3.2.1.1 lentele). Neurony skaicius buvo 44 proc. didesnis jauny SHR lygi-
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nant su jaunomis WKY; taciau nebuvo skirtumy suaugusiyjy grupése (3.2.1.1
lentelé). Seny gyviiny neurony skaicius nesiskyrée. Stebéta tiek neurony skai-
Ciaus, tiek mazgy ploto didéjimo tendencija su amziumi. Sie parametrai pika
pasiekia seny ziurkiy grupéje, o labai seny ziurkiy grupé€je — mazeja.

Tipiskas seny WKY ir SHR prieSirdziy mazgas buvo gana sudétingos san-
daros, ir neuronai buvo jame pasiskirste netolygiai, retai iSsisklaide vienoje
vietoje ir tankiai susitelke kitoje (3.2.1.2 pav., A ir B). D¢l Sirdies mazgy
netaisyklingos sandaros ir kontiiry, abu (mazgo plotas ir neurony skai¢ius
mazge) kito labai zenkliai. Lyginant su normotenzinémis WKY kontroliné-
mis ziurkémis, SHR buvo akivaizdi mazgo ploto augimo tendencija 46 proc.
ir didesnis neurony kiiny skai¢iaus vidurkis, ~48.7 proc. mazge ir ~13.8 proc.
visame prieSirdziy pavirSiuje (3.2.1.1 lentele). Nervuose taip pat buvo rasti
pavieniai neuronai (3.2.1.2 pav., E ir F).

Idomu, kad visose amZiaus grupése SHR mazginiy neurony kiino ploto vi-
durkis buvo mazesnis lyginant su WKY Ziurkémis. Neurony dydzio vidurkis
buvo 10 proc. didesnis jaunose WKY lyginant su jaunomis SHR. Suaugusiy-
jy, neurony dydzio vidurkis buvo zenkliai mazesnis SHR grupé¢je (6 proc.).
Neurony dydzio vidurkio sumazé¢jimas buvo labiau iSreikStas WKY lyginant
su SHR (3.2.1.1 lentel¢). Pazymétina, kad seny SHR neurony kiinai buvo
mazesni 19 proc. ir susitelk¢ mazge labiau kompaktiskai ne1t WKY Ziurkiy
(3.2.1.2 pav., 3.2.1.1 lentelé). Svarbu pabrézti, kad mazi neuronai vyravo SHR
ganglijuose, tuo tarpu dideli neuronai buvo labiau budingi WKY ziurkéms
(3.2.1.3 pav.). Be to, tik keletas neurony SHR virsijo 1500 um? skerspju-
vio plota (max = 1573,9 um?), kai skerspjivio plotas WKY ziurkiy sieké net
3218 um? Mazas pavieniy neurony ar mazy neurony telkiniy skaic¢ius buvo
rastas epikardiniuose nervuose ar nutoles nuo priesirdziy mazgy lauky.
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3.2.1.3 pav. Skirtingas neurony dydziy pasiskirstymas
seny WKY ir SHR grupése
Stulpeliai vaizduoja vidurkj ir standarting paklaidg.
* — rodo statistiskai patikimg skirtumgq (p<0,05) tarp gupiy.

Galima teigti, kad tieck WKY, tiek SHR nervinius mazgus sudaro is$skirtinai
cholinerginiai (ChAT pozityviis) neuronai. Mazguose gausios cholinerginés
terminalés apsupa neurony kiinus ir tolygiai pasiskirsto neuropilyje (3.2.1.4
pav. A). Elektronomikroskopiskai matyti daug akso-dendritiniy sinapsiy su
prieSsinapsinése terminalése esanc¢iomis gausiomis skaidriomis vezikulomis,
kurios, numanomai, irgi cholinerginés (3.2.1.4 pav. B). Mazguose rasta zy-
miai maziau akso-somatiniy sinapsiy (3.2.1.4 pav. C). Taip pat, cholinerginés
terminalés pastebétos apraizgancios tiek adrenerginius, tiek cholinerginius
pavienius neuronus, esancius intrakardiniy/Sirdiniy nervy sudétyje (3.2.1.4
pav. D-I).
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G H [

3.2.1.4 pav. Paveikslas vaizduoja dominuojancius ChAT neuronus

intrakardiniuose mazguose
A — Mazgas (G) kuriame matosi SIF lasteliy telkinys (dvigubi rodykliy smaigaliai) bei vie-
nas ypac sinapsiy gausus neuronas (rodyklé). B — elektronogramoje matyti akso-dendritiné
sinapsé (rodyklés smaigalys). C — elektronogramoje matyti akso-somatiné sinapsé (rodyklés
smaigaliai). D-E — pavaizduotas TH pozityvus neuronas (rodykl¢) nerve, apsuptas gausiomis
ChAT terminalémis. G-I — pavaizduotas cholinerginis neuronas (rodyklé¢) nerve, apsuptas
gausiomis ChAT terminalémis. Paveiksluose D-I rodyklés smaigaliais pazyméta aiskiai ma-
toma pavienis ChAT pozityvus aksonas, o zvaigzduté zymi nervinémis skaidulomis apsupta
kraujagysle. Sutrumpinimai: N — neurono kiinas; Nu — neurono branduolys; En — endoneu-
riumas; Ax — aksonas; D — dendritas; S — palydovinés lastelés.
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Pavienése, tiek hipertenziniy, tiek kontroliniy Ziurkiy Sirdyse buvo rasti tik
1-3 tirozino hidroksilazei (TH) pozityviis neurony kiinai (3.2.1.4 pav. E-F),
o tik nNOS+ neuronai i§ viso nebuvo rasti. Bifenotipiniy neurony (ChAT+/
TH+) ir (ChAT+/nNOS+) buvo rasta dvigubai daugiau visose tirtose grupése
(3.2.1.5 pav. A—C, G-I), bet d¢l labai mazo neurony skaiciaus statistin¢ ana-

lizé neatlikta.

3.2.1.5 pav. Intrakardiniai nerviniai mazgai SHR (A-C) ir WKY (D-F)
Ziurkiy Sirdyse, kuriuose dominuoja ChAT pozityvios skaidulos, bet pasitaiko
ir bifenotipiniy neurony (A—F pazyméta rodyklémis), arba isskirtinai
adrenerginiy (E-F paZyméta rodyklémis)

Rodykliy smaigaliai zymi TH pozityvias nervines skaidulas, o dvigubi rodykliy smaigaliai
(E-F) SIF lasteles. G-F — intrakardinis mazgas, kuriame rasti du nNOS pozityviis neuronai

(H ir I pazyméta rodyklémis) ir keletas niterginiy skaiduly (H, rodykliy smaigaliai)
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PrieSingai nei cholinerginés nervinés skaidulos, dauguma adrenerginiy
nerviniy skaiduly Sirdiniuose vidusieniuose mazguose netur¢jo varikoziy ir
kirto juos ,,tranzitu“ (3.2.1.6 pav. A—C). Nepaisant to, pavienés adrenerginés
nervinés skaidulos tur¢jo skirtingo dydzio varikozes ir supo cholinerginius
mazginius neuronus (3.2.1.6 pav., D-F, G-I). Remiantis ankstesniais tyri-
mais, galimas adrenerginiy sinapsiy kontakty buvimas intrakardiniuose maz-
guose. Adrenerginiy struktiiry kiekis buvo padidéjes suaugusiy ir seny SHR
ziurkiy mazguose (3.2.1.1 lentel¢).
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3.2.1.6 pav. Paveikslas iliustruoja TH skaidulas mazguose
Daugelyje mazgy TH skaidulos pracina mazguose nesudarydamos varikoziy (A—C), bet pasi-

taiko, mazgy, kuriuose TH skaidulos apsupa vieng ar keleta neurony mazge tieck WKY (D-F),
tieck SHR (G-I) grupése.

Gausiis mazy intensyviai fluorescensuojanciy lgsteliy (SIF) telkiniai, kurie
buvo pozityviis TH, buvo randami tieck mazguose, tick nervuose (3.2.1.4 pav.
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A, 3.2.1.5 pav.). Dauguma SIF telkiniy buvo sudaryti i§ 5—12 lasteliy. Mes
nustatéme santykinai didesnj sudétinj SIF telkiniy plota jauny gyviiny Sirdy-
se, bei $iy lasteliy ploty maze¢jimg gyviinams brestant bei velgi didéjima gy-
viinams senstant. Palyginus WKY ir SHR, daugiau SIF buvo hipertenzinése
ziurkése. SHR ziurkeése kai kurie SIF telkiniai buvo netgi didesni uz gretimus
nervinius mazgus (3.2.1.7 pav. B). Elektronomikroskopiskai patvirtinta, kad
SIF telkiasi prie kapiliary (3.2.1.7 pav. C), esanciy nerviniuose mazguose bei
kad SIF telkiniy viduje nepastebéta nerviniy skaiduly, potencialiy sinapsiy.

3.2.1.7 pav. SIF lgstelées WKY (A) bei SHR (B, C) nerviniuose mazguose
A — pavieniai SIF lasteliy telkiniai (rodykliy smaigaliai) matomi intrakardiniame mazge (QG),
Salia nedidelio Nervo (N). B — didelis SIF lasteliy telkinys jsiterpes tarp nervy (N), Salia
esantis mazgas (G) yra mazesnis uz SIF telkinj. C — elektronograma, vaizduojanti SIF lgstele
(SIF), salia kraujagyslés endotelio (rodyklés). Vietomis lastelé apsupta palydovinémis laste-
lémis (rodykliy smaigaliai), o kai kur atsidengusi (dvigubi rodykliy smaigaliai). Sutrumpini-
mai: Ax — aksonas; En — endoneuriumas; F — fibroblastas.

CGRP pozitiviy nerviniy skaiduly buvo rasta visuose tirtuose Sirdiniuo-
se mazguose (3.2.1.8 pav.). Svarbu, kad neaptikta CGRP pozityviy neuro-
ny kiiny visuose tirtuose gyviinuose. CGRP pozityvios nervinés skaidulos
yra itin plonos, su gausiomis varikozémis (3.2.1.8 pav.). Sio tipo skaidulos
pasklinda po nervinj mazgg tolygiai, tinklo principu. Pazymétina, kad buvo
stebétos dideles, specifinés CGRP varikozés, apsupancios neurony kiinus
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ir, tikétina/galimai, sudarancios su jais sinapses. CGRP pozityviy nerviniy
struktiiry buvo daugiau rasta hipertenzinése ziurkése visose amziaus grupése.

3.2.1.8 pav. CGRP nervinés skaidulos intrakardiniam mazge

Dalis CGRP pozityviy skaiduly praeina mazgu (rodykliy smaigaliai), nesudarydamos arti-
mesnio kotakto su neuronais, o dalis jy apsupa neuronus (rodyklés) taip formuodamos gali-
mas sinapses. Apibrézti langeliai paveiksle A yra i8didinti paveiksluose B—D, siekiant paro-
dyti skaiduly formuojamas struktiiras apie neuronus.

Suaugusiy ir seny, tieck SHR, tiek ir WKY ziurkiy vidusieniniai mazgai
buvo tirti transmisiniu elektroniniu mikroskopu. Visi suaugusiy ziurkiy neu-
rony kiinai tur¢jo jiems biuidingg citoplazmos struktiiriSkumg. Skirtingai nei
WKY, kai kuriy SHR neurony nukleolema buvo deformuota. Dauguma neu-
rony satelitingés lastelés gaubé vienu sluoksniu, o vietomis ir keliais sluoks-
niais. DaZnai satelitiniy lgsteliy dangalas, apsupantis intrakardinius neuronus
buvo lyg porétas su giliomis kolageng turiniomis endoneuriumo invagi-
nacijomis (3.2.1.9 pav., A). Tokios glijos strukttiros buvo labiau isreikstos
SHR neuronuose, kur tokie poréti glijos dangalai dengé dideles neurony kiiny
dalis (3.2.1.9 pav., B). Pavienése satelitinése lastelése buvo gerai isreikstos
centriolés. SHR intrakardiniuose mazguose aksony terminalés ir/ar sinapsés
buvo negausios, kiek dazniau jos buvo aptinkamos WKY mazguose. Seny
SHR ir WKY ziurkiy elektroninés mikroskopijos tyrimas neatskleidé Zymes-
niy ultrastruktiiriniy neurony kiiny skirtumy.
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3.2.1.9 pav. Elektronogramos vaizduoja WKY (4, C) ir SHR (B, D)
intrakardinj nervinj mazgq ir nemielinines nervines skaidulas

A — pavaizduotas neurono kiino (N) fragmentas su dendritinémis ataugomis (D) ir ji dengian-
Cios satelitinés neuroglijos (G) lastelés, iSsideésciusios keliais sluoksniais (rodykliy smaiga-
liai), o kai kur tarp jy jsiterpia endoneuriumo kolageno skaidulos (rodyklés). B — iliustruoja
SHR neurono fragmenta, kurj dengiancios satelitinés lastelés atrodo korétos, su giliomis in-
vaginacijomis (rodyklés), uzpildytomis endoneuriumo kolageno skaidulomis. Salia neurono
matosi keletas dendrity (D) ir aksonas (ax) su puslelémis. C — nemielininé WKY nervo skai-
dula, kuriame aksonai i§sidéste kompaktiskai, ir jame néra Svano lgstelés invaginacijy. Kai
kurie aksonai pilnai apgaubti glijos, kiti — atsidengg (juodi rodykliy smaigaliai), kai kurie
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aksonai susiglaude ir apgaubti bendra Svano lastelés membrana (*). D — nemielininé SHR
nervo skaidula. Briik§niuota linija Zymi kiekvienos skaidulos bazing membrana. Siy skaiduly
Svano Igstelés fragmentuotos, su giliomis invaginacijomis, pripildytomis endoneuriumo. Kai
kur Svano lastelés susisiekia tik siaurais glijos tilteliais (dvipusé rodyklé). Baltomis rodyk-
lémis pazymeéti labai mazo skersmens aksonai (maziau nei 0,2 um). Sutrumpinimai: D —
dendritas; ax — aksonas; Max — mielininis aksonas; En — endoneuriumas; P — perineuriumas.
Skalé: 1 um.

3.2.2. Priesirdziy ir skilveliy nervy morfologiniai pokyciai

5—6 dideli nervai (50-150 pm storio) pasiekia tirty ziurkiy Sirdj ties kairig-
ja galvine vena ir plinta prieSirdziy epikardu kaip kairysis nugarinis subrez-
ginys. Sie kairiojo nugarinio subrezginio nervai vidutinidkai $akojasi 1 — 3
kartus sklisdami kairiojo prieSirdzio nugariniu pavirSiumi. Nuo prieSirdziy,
ziurkiy epikardiniai nervai pasiekia skilveliy sienas dviem keliais. Pirmasis
kelias eina per artering Sirdies varty dalj, tarp kylanciosios aortos ir plautinio
kamieno (3.2.1.1 pav., 3.2.2.1 pav.), antrasis kelias, kuriuo epikardiniai nervai
pasiekia dorsalinj skilveliy pavirsiy, driekiasi nuo Sirdies varty veninés da-
lies, lygiagreciai kairiajai galvinei venai ir plinta link Sirdies virStnés (3.2.1.1
pav., 3.2.2.1 pav.).

Epikardiniy nervy skaicius ir morfologija labai kintanti (3.2.2.1 pav., A, B;
3.2.2.1 lentel¢). Nebuvo skirtumy tarp prieSirdziy nervy storiy, lyginant jau-
nas SHR ir WKY ziurkes (3.2.2.1 lentel¢). PrieSingai, skilveliy nervy storis
buvo zenkliai didesnis SHR jauny Ziurkiy lyginant su tokio pat amziaus WKY
ziurkémis. Suaugusiy gyviiny prieSirdZiy nervai lyginant su jaunomis, stor¢jo
WKY, tuo tarpu SHR ploné¢jo. Tuo paciu metu, brestant skilveliy nervai liko
nepakite abejose grupése (3.2.2.1 lentelé). Seny SHR grupés gyviny kairiojo
dorzalinio subrezginio nervai buvo plonesni 12 proc. lyginant su WKY Ziur-
kémis, o labai seny ziurkiy preparatuose buvo matyti iSskirtinai stori epikar-
diniai nervai, vos ne dvigubai storesni nei jaunesniy gyviiny (3.2.2.1 lentelé).
Skilveliuose taip pat stebéta amziné nervy skersmens stambéjimo tendencija,
be reikSmingo skirtumo tarp hipertenzinés ir kontrolinés grupiy.
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3.2.2.1 lentelé. Epikardiniy nervy palyginimas tarp SHR ir WKY Ziurkiy skir-

tingose amzZiaus grupése

Nervas Zymuo Jaunos Suaugusios Senos Labai senos
WKY | SHR |WKY | SHR [WKY | SHR [WKY | SHR
Nervy plotis, pm
Priesirdziy PGP 9.5 286 | 29 | 322|258 | 31 |274°]6429| 70
Skilveliy 222 1269 | 271 | 274 | 36 34 46 53
Nerviniy skaiduly plotas nerve, proc.
Priesirdziy ChAT 23,8 | 22,2° | 27 | 30,5 |2692|21,2" | 20,43 |24,32"
Skilveliy 30,1 | 28,5 | 26,8 | 25,6 | 26,8 | 25,7 | 16,81 | 18,56
Priesirdziy T™H 19,9 |25,187| 18,35 | 18,74 | 15,8 | 15,07 | 26,69 [31,98"
Skilveliy 27,9 | 25,2" | 23,17 | 22,13 | 24,73 | 22,1" | 30,74 |35,65"
Priesirdziy CGRP 1,1 |3,08 | 3,54 |294"| 2,5 | 791" | 2,97 | 7,02
Skilveliy 1,63 | 3,48" | 2,29 | 2,53 | 5,01 | 3,02" | 3,06 | 541"
Skilveliu nervy | 559 51 725 | 733 | 81,6 | 71,7 | 716 | 689" | 54,95 | 54,59
skerspjiivyje

“p < 0,05 vs. to paties amziaus WKY Ziurkés
Duomenys pateikiami kaip vidurkis. PGP 9,5 — proteino geno produktas 9,5; TH — tirozino
hidroksilazé; CGRP — kalcitonino geno peptidas; SIF — mazos, intensyviai fluorescuojancios
lastelés. ! Sie matavimai atlikti skilveliy $aldomuosiuose pjiiviuose, tuo tarpu kiti matavi-

mai — iSklotinése.
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Plautinio kamieno dalis r

Y

anikine VAR Plautinio kamieno dalis

3.2.2.1 pav. Viso skilvelio (nepjaustyti) preparatai, vaizduojantys WKY
(A) ir SHR (B) skilvelinius nervus, nukirptus prie vainikinés vagos ir
besidriekiancius link virsinés

Skilveliy pagrindo ziedas buvo jkirptas po deSiniaja ausyte, istiestas ir iSplonintas. Fluo-
rescentiniu mikroskopu fotografuotas preparatas buvo automatiskai sujungtas i§ daugybeés
fotografijy naudojant AxioVision 4.8.2 MozaiX modulj. Langelyje C pavaizduota 14 sa-
vai¢iy SHR priesirdziy miokardo skaidulos, o langelyje D — skilveliy miokardo skaidulos.
Skilveliy pjavio preparatas, kuriame matyti gausios PGP 9,5 pozityvios skaidulos buvo foto-
grafuotos konfokaliniu mikroskopu. Langelyje E pavaidzuotas epikardinis skilveliy nervas,
gausus jvairiomis kryptimis besidriekianciy PGP 9,5 pozityviy aksony.

Remiantis imunohistochemingés analizés rezultatais, skersiniame epikardi-
nio nervo pjivyje aksony pazymeéty PGP 9,5 plotas nesiskyre tarp jauny SHR
ir WKY ziurkiy. Taciau, Sis santykis pakito suaugusiyjy grupése: normoten-
ziniy WKY ziurkiy, jis reikSmingai iSaugo (+13 proc.), o SHR - liko nepaki-
tes (3.2.2.1 lentel¢). Seny ziurkiy nervuose PGP 9,5+ plotas buvo mazesnis
SHR grupéje, o labai seny Ziurkiy grupéje dar sumazéjo tiek hipertenzine-
je, tiek normotenzingje grup¢je. Apibendrintai, stebétas rySkus amzinis PGP
9,5+ nerviniy skaiduly maz¢jimas — jauny gyviny nervuose §is plotas nervo
skerspjiivyje uzémeé >70 procenty, o seny — tik kiek daugiau nei 50 proc. To-
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kia tendencija budinga ir sveikiems, ir hipertenziniams gyviinams (3.2.2.1
lentelé, 3.2.2.1 pav.).

3.2.2.2 pav. Adrenerginiy (TH) ir PGP 9,5 pozityviy skaidulos
epikardiniuose nervuose amziaus eigoje
8 sav. — jauna ziurké, 60 sav. — labai sena Ziurké.

Cholinerginés ir adrenerginés nervinés skaidulos sudaré didZigjg dalj skai-
duly visy gyviiny grupiy tiek priesirdziy, tiek skilveliy epikardiniuose ner-
vuose (3.2.2.2 pav., 3.2.2.3 pav., 3.2.2.1 lentel¢). AmZiaus bégyje buvo stebéti
tieck ChAT+, tiek ir TH+ skaiduly ploty svyravimai, nezenkliai dominuojant
cholinerginéms skaiduloms, taciau aiSkiau nepasireiSkiant nei vienam pa-
grindiniy autonomings nervy sistemos neuromediatoriy (3.2.2.3 pav., 3.2.2.4

pav.).
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3.2.2.3 pav. Paveikslas iliustruoja adrenerginiy (TH), cholinerginiy (ChAT)
bei peptiderginiy (CGRP) skaiduly pasiskirstymg nerve (4-—D)
bei miokarde (E-L)
A-D nerve dominuoja TH pozityvios skaidulos (B, D), tuo tarpu sinusiniame priesirdzio
mazge matosi daug cholinerginio komponento (E). Tiek laidziojoje sistemoje (G), tiek darbi-
niame miokarde (K), CGRP nerviniy skaiduly yra maziausiai.

Nervai ties tam tikromis vietomis, kaip kairioji plautiné bei deSinioji galvi-
né venos buvo sudaryti kone vien tik i§ adrenerginiy skaiduly. Jauny gyviiny
nervuose adrenerginés skaidulos buvo gausios, jy maze¢jo suaugusiy grupés
nervuose, nesikeité senyjy nervuose ir maksimaly kiekj pasieké seny Ziur-
kiy grupéje. Pazymétina, kad jauny ir labai seny SHR nervuose adrenerginiy
skaiduly buvo Zenkliai daugiau lyginant su atitinkamo amziaus kontroline
grupe (3.2.2.1 lentele).
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Skaidulos nerve, proc.

PrieSirdiniai nervai Skilveliniai nervai
3.2.2.4 pav. Adrenerginiy ir cholinerginiy skaiduly pokytis amziaus eigoje

Nitrierginés skaidulos tirtuose nervuose buvo itin retos, todé¢l atsisakyta
jy morfometrinio vertinimo. Peptiderginiy (CGRP+) skaiduly nervuose buvo
zenkliai maziau nei cholinerginiy bei adrenerginiy, taciau stebéti Siy negausiy
skaiduly kiekio ryskiis skirtumai hipertenziniy ir kontroliniy gyviiny nervuo-
se beveik visose amziaus grupése. Beveik visy amziaus grupiy SHR tiek prie-
Sirdziy, tiek skilveliy nervuose CGRP+ skaidulos buvo gausesnés, lyginant
su to paties amziaus kontroline grupe (3.2.2.1 lentel¢). Kita vertus CGRP+
skaiduly nors netolygiai, bet didéja amziaus begyje tick WKY, tiek ir SHR.
Tokiu budu CGRP+ skaiduly maksimalus gausumas buvo stebétas seny ir
labai seny SHR Ziurkiy nervuose (3.2.2.1 lentel¢).

Seny gyviny nervy endoneuriume kolageno skaidulos buvo ypatingai tan-
kios ir pilnai uzpildé tarpus tarp nerviniy skaiduly. IStyrus suaugusiyjy Ziur-
kiy nemielininiy nerviniy skaiduly ultrastruktiira buvo nustatyta, kad WKY
epikardiniuose nervuose dominavo tipinés nemielininés nervinés skaidulos
su kompaktigkomis Svano Igstelémis, suteikiangiomis skaiduloms taisyklinga
konttrg (3.2.1.9 pav., C). SHR nemielininés skaidulos buvo maziau kompak-
tigkos su sluoksniuotomis Svano Iastelémis ir gaunesnémis endoneuriumo ki-
Senémis, lyginant su WKY nemielininémis skaidulomis. Pamatinés membra-
nos raukslés be Svano lasteliy ataugy buvo biidingos SHR nervams (3.2.2.5,
3.2.2.6 pav.). SHR ir WKY S$irdies nervuose, daug aksony buvo nepilnai pa-
dengti glijos lastelémis ar kontaktavo vienas su kitu tame padiame Svano
lastelés griovelyje (3.2.1.9 pav., C-D).
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F G H

3.2.2.5 pav. lliustracijoje pavaizduota nemielininés (A—B) skaidulos, keletas
tipy intarpy nemielininiuose (C—E), ir melininiuose (F—-H) aksonuose

A — pavaizduota jprasta nemielininés skaidulos ultrastuktiira, keletas kolageno kiSeniy yra

pazymeéta rodykliy smaigaliais, o ilinkiai — rodyklémis. Dvigubos rodyklés zymi aksonus,

mazesnius uz 0,2 um, o aksonai be mezaksony pazyméti dvigubais rodykliy smaigaliais.

55



B — daugybé kolageny kiSeniy (rodykliy smaigaliai) ir kolageno intarpy (rodyklés) jsiperpia
giliai j Svano lgstele ir taip sudaro poréta ir netaisyklinga skaidulos forma. Plonas jlinkimas
apsuptas bazine membrana pavaizduotas centre (*). C — didelis membraninis intarpas su
homogenine membrana yra pazymétas rodyklés smaigaliu. D — rodyklés smaigaliu pazymé-
tas didelis homogeniskas intarpas, Salia kurio yra daugybé mitochondrijy. E — daug mazy
membraniniy intarpy (rodykliy smaigaliai) yra iSsidést¢ aksoplazmoje tarp mitochondrijy ir
pusleliy. F — aksonas su dideliu membraniniu (rodykl¢) ir keletu mazesniy (rodykliy smai-
galiai) inkliuzy, padengty netipisku mielininiu dangalu. G — mielininis aksonas su fragmen-
tuotu inkliuzu (rodyklés smailgalys). H — mieliningje skaiduloje rasti du laminuoti kiineliai
(rodykliy smaigaliai) ir homogeniskas intarpas (rodyklé). Sutrumpinimai: Ax — aksonas;
En — endoneuriumas; Sch — Svano lastelé. Skalés: A-B, F, H— 1 um; C-E, G — 0,5 um.
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3.2.2.6 pav. Skirtingas nemielininiy ir mielininiy skaiduly pokyciy
pasiskirstymas seny WKY ir SHR Sirdies nervuose
Statistiskai patikimi skirtumai (p < 0,05) pazyméti zZvaigzdute.
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Nemielininiai aksonai buvo plonesni SHR nervuose, lyginant su WKY, vi-
sose amziaus grupésetiek skilveliuose, tiek ir prieSirdziuose. PaZymétina, kad
skilveliy nervuose S$is skirtumas buvo zenklesnis (3.2.2.2 lentel¢). Bendrai,
ploni aksonai dominavo SHR epikardiniuose nervuose, ir priesingai, stores-
niy aksony buvo daugiau WKY epikardiniuose nervuose (3.2.2.7 pav.).

3.2.2.2 lentelé SHR ir WKY zZiurkiy nervy ultrastruktiuriné charakteristika,
pateikta parametry vidurkiai (standartiné paklaida)

Suaugusios Ziurkés Senos Ziurkés
Parametras PrieSirdinés Skilvelinés PrieSirdinés Skilvelinés
skaidulos skaidulos skaidulos skaidulos
WKY | SHR | WKY | SHR | WKY | SHR | WKY | SHR

Nemielininés skaidulos
Matuoty aksony | 1351 | 999 | 978 | 1953 | 4611 | 8063 | 3675 | 2057
skaiCius, n
Aksono 1,5 1,2 1,2 0,9 1,36 1,13 1,33 1,11
plotas, um? (0,03) | (0,03)" | (0,04) | (0,02)"| (0,02) | (0,01)"| (0,02) | (0,03)
Aksono 1,3 1,11 1,07 0,9 1,18 1,04 1,12 0,97
skersmuo, um (0,01) | (0,02)" | (0,02) | (0,01)" | (0,01) | (0,01)" | (0,01) | (0,02)
Qﬁi‘;ﬁiﬁ‘xﬁ; 25 | 28 | 44 | 44 | 253 | 342 | 322 | 343
:E;‘;;‘Eﬁj;‘:ras 489 | 436 | 544 | 50,1 | 58,60 | 52,70 | 58,90 | 50,90
Nerve, proc. 1,2 | (12 (1,4) | (0,8)" | (0,70) | (0,70)" | (0,98) | (0,80)
Mielininés skaidulos
Mielininiy skaidu- ) ) } } 829 526" 495 229"
ly skaicius, n
prvpicmnall I ] ] 11696 | 7.95 | 1496 | 11,49
/1000 pn? (1,63) | (067)" | (1,35) | (1,04)
Matuoty aksony | g, | 59 | 28 | 146 | 576 | 204 | 295 | 120
skaicius, n
Aksony 41 42 5,5 5,1 4,02 4,25 471 5,66
plotas, um? 01) | 02 | (03 | (0,2) | (0,08) | (0,15)" | (0,15) | (0,30)"
Aksono 2,3 2,2 2,6 2,5 2,20 2,23 2,37 2,56
skersmuo, pm (0,04) | (0,1) | (0,2)" | (0,1) | (0,02) | (0,04)" | (0,04) | (0,75)"
Nervinés skaidu- 7,2 7,3 8,8 7,6 7,06 7,59 7,90 9,06
los plotas, um? 0,3) | (0,2 | (0,6)" | (0,3) | (0,1) |(0,20)" | (0,20) | (0,46)"
Nervinés skaidu- 3,0 2,95 3,3 3,0 2,90 3,01 3,09 3,27
los skersmuo, um | (0,1) | (0,1) | (0,1)™ | (0,1) | (0,3) | (0,05) | (0,04) | (0,09)"
G-santvkis 0,77 0,75 0,8 0,8 0,752 | 0,736 | 0,767 | 0,78

ty (0,01) | (0,01) |(0,01)™]| (0,01) | (0,004) | (0,01)" | (0,004) | (0,001)

* — statistiSkai patikimas skirtumas tarp SHR ir WKY vienodo amziaus grupiy, p < 0,05.
™ — statistiSkai patikimas skirtumas tarp prieSirdiniy ir skilveliniy nerviniy skaiduly to paties
amziaus WKY ar SHR grupése, p < 0,05.
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3.2.2.7 pav. Aksony pasiskirstymas pagal skersmenj
suaugusiy WKY ir SHR nervuose

Suminis aksony uzimamas plotas nerve buvo nustatytas zenkliai mazesnis
abejuose priesirdziy ir skilveliy SHR epikardiniuose nervuose (3.2.2.2 lente-
1¢).

Mielininés nervinés skaidulos vizualiai buvo gausios tieck WKY, tiek ir
SHR nervuose. Taciau jvertinus bendra mielininiy skaiduly skaiciy ir jy tan-
kuma nervuose buvo nustatytas statistiSkai reikSmingas Siy skaiduly suma-
z¢jimas seny SHR ziurkiy nervuose (3.2.2.2 lentel¢). Daugumos mielininiy
skaiduly aksony ultrastruktiira buvo be pakitimy, i§skyrus jvairius intarpus,
kurie buvo rasti 20 proc. seny ziurkiy aksony. Intarpy dydziai kito nuo labai
mazy iki dideliy, elektrono-tankiis, homogeniski, ar piisleliniai intarpai. Taip
pat intarpy buvo mielininiy skaiduly Svano lasteliy citoplazmoje, tatiau ¢ia
jie buvo maziau paplite (3.2.2.5 pav., F-H; 3.2.2.6 pav.).

Tuo tarpu dideléje dalyje mielininiy nerviniy skaiduly buvo nustatyti
mielino dangalo neuropatiniai pokyciai. Ypa¢ gausios patologinés mielini-
nés skaidulos buvo rastos seny ziurkiy grupéje: jos sudaré vieng trecdalj visy
WKY Ziurkiy nervy mielininiy skaiduly ir beveik pus¢ SHR nervuose (3.2.2.2
lentelé). Abiejy tirty amziaus grupiy nervuose daugumoje pakitusiy mielini-
niy nerviniy skaiduly buvo mielino apvalkalo perteklius (hipermielinizacija),
kuris neatitiko aksono skersmens ir dél to susidaré mielino klostés, kurios
buvo gerai matomos elektronogramose. Perteklinis mielinas sudaré charakte-
ringas klostes, dazniau nukreiptas i iSor¢ (3.2.2.8 pav.; 3.2.2.9 pav. C), kurios
zenkliai gausesnés buvo hipertenziniy ziurkiy nervuose. | vidy nukreiptos
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mielino klostés buvo gerokai retesnés, taciau taip pat statistiSkai patikimai
gausesnés SHR nervuose (3.2.2.6 pav.). Kartais pjiiviuose buvo matomos ke-

lios klostés, arba mielinas biidavo itin i§ves¢jes, sudarydamas taip vadinamus
,tomakulus® (3.2.2.9 pav., B).
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3.2.2.8 pav. Jvairis ultrastruktiiviniai mielininiy skaiduly pokyciai SHR (A,
C, D) ir WKY (B, E) nervuose
A — du hipermielinizuoti aksonai (ax1, ax2) su mielino pertekliaus linkiu (rodykliy smaiga-
liai). B — citoplazma pasklidusi po mielino dangalo sluoksnius (rodykliy smaigaliai) sufor-
muoja i$siki§imus. C — plonas mielininis aksonas apsuptas trimis Svano Igstelémis (rodykliy
smaigaliai), padengtas endoneuriumo kolageno skaidulomis ir papildomai dar viena Svano

61



lastele (dvigubi rodykliy smaigaliai). Dalis Sios skaidulos dar yra padengta mielino dangalu
(rodyklés). D — trys aksonai po vienu mielino danglu. Didziausias aksonas (ax1) yra norma-
laus dydzio, bet kiti du (pazyméti deimantais) yra labai ploni. Dar vienas plonas mielininis
aksonas paZymétas ax2 yra virSuje deSiniam kampe. E — daugybiniai mielino trikiai (is-
griuves mielinas) pazyméti rodykliy smaigaliais. Tankiame endoneuriume yra Zvaigzdutémis
pazyméti nemielininiai aksonai. Sutrumpinimai: Sutrumpinimai: Sch — Svano lIgstelé; En —
endoneuriumas. Skalés: A—E 1 pm.
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C D

3.2.2.9 pav. Hipertenziniy Ziurkiy Sirdies nervy mielininiy skaiduly
ultrastruktiira
A — mazo didinimo elektromograma, vaizduojanti daug mielininiy aksony, is$sidésciusiy
tarp pavieniy nemielininiy skaiduly. Zvaigzdute pazyméti normalis mielininiai aksonai; ro-
dykliy smaigaliais pazyméti mielino islinkimai; dvigubomis rodyklémis pazyméti aksonai
su intarpais; deimantas zymi aksona, kuris apsuptas mielinu tik i§ vienos pusés; rodyklés
zymi labai plonas mielinines skaidulas, apibrézti laukeliai yra iSdidinti paveiksluose C ir D.
B — dvigubo mielino dangalas (rodyklés smaigalys) ir greta esantis mielinas (dvigubas ro-
dykliy smaigalys) rasti apgaubti toje patioje Svano lasteléje. C —mielininés skaidulos aksone
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esantis intarpas (ax) dalinai padengtas mielino dangalu. D — hipermielinizuotas aksonas (ax).
Sutrumpinimai: Pe — perineuriumas; Ar — arteriol¢; Co — kolagenas; Sch — Svano lastel¢;
En — endoneuriumas. Skalés: A— 5 ym, B-D — 1 pm.

Kitas charakteringas pakitimas tai citoplazmos intarpai mieline, kurie
akivaizdZiai skyrési nuo Smito Lantermano jpjovy, nes citoplazmos intarpai
visada buvo tik i§ vienos pusés ir tesési gana toli nuo aksono, sudarydami bi-
dingus kabliukus (3.2.2.8 pav., A, B). Gana daznai pasitaikydavo iSburkusio
mielino, taciau $is pakitimas nebuvo stipriai iSreikstas ir netgi daZznesnis seny
WKY Ziurkiy nervuose, nei tokio pat amziaus SHR Ziurkiy. Ypa¢ charak-
teringu galima vadinti mielininiy skaiduly pokyti, kai endoneuriumas buvo
stebimas po mielinu, t.y. kolageno skaidulos buvo jsiterpusios tarp mielino
apvalkalo ir aksono. Sj endoneurinj tarpa nuo nerviniy struktiiry skyré pa-
matiné membrana (3.2.2.10 pav., A, C). Toks iSorinis mielino sluoksnis ap-
supdavo ne tik endoneuriumo dalj, bet taip pat ir mielining arba nemielining
nerving skaidulg. Pazymétina, kad nors Sio tipo skaidulos nebuvo itin gausios,
taciau jy skaic¢ius SHR nervuose net virsijo 2,5 karto WKY. Dar vienas labai
charakteringas mielininiy nerviniy skaiduly pakitimy tipas, misy ivardijamas
kaip ,,subliuskes mielinas apsupantis aksong*, taip pat buvo gana retas, taciau
SHR grupés nervuose jy buvo tris kartus daugiau nei WKY grupéje (3.2.2.6
pav.). Toks ,,subliuskes mielinas* apsupdavo arba nemielining (3.2.2.10 pav.,
A), arba mielining (3.2.2.10 pav., B) nervines skaidulas. Galiausiai tirtuo-
se nervuose buvo rasta plony mielininiy nerviniy skaiduly, taciau jy nebuvo
daug abiejose gyviiny grupése. Kartais Sios plonos mielininés skaidulos buvo
apsuptos keliy Svano lasteliy (3.2.2.8 pav., C). Keletas aksony po tuo paéiu
mielino apvalkalu (3.2.2.8 pav., D), taip pat buvo daznesni SHR nervuose.
Skaidula su Svano lastelés branduoliu mielino apvalkalo viduje (3.2.2.10
pav., D) buvo rasta SHR nervuose (3.2.2.6 pav.).

Aprasytos pakitusios mielininés skaidulos su mielino dangalu neatitikan-
¢iu aksono pavirSiaus nebuvo vertinamos morfometriskai, tokiu biidu matuo-
jant tik intaktines nervines skaidulas (kuriose mielinas buvo prigludes prie
aksono). Tokiy skaiduly skai¢ius seny WKY nervuose buvo 65,7 proc. ir tik
51,4 proc. seny SHR nervuose. Visy grupiy mielininés skaidulos ir jy akso-
nai skilveliy nervuose buvo storesni uz priesirdziy nervy (3.2.2.2 lentel¢).
Suaugusiy amziaus grupés WKY ir SHR Ziurkiy nei skaiduly, nei aksony
plotai taip pat nesiskyré. Tuo tarpu seny ziurkiy tiek priesirdziy nervuose, tiek
skilveliy nervuose SHR mielininés skaidulos ir jy aksonai buvo statistiskai
reikSmingai storesni uz WKY (3.2.2.2 lentel¢).
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3.2.2.10 pav. Seni nejprasti ultrastuktiiriniai mielininiy skaiduly pokyciai
WKY (A) ir SHR (B-C) nervuose

A — virSuje matomas nemielininis aksonas (ax1) yra apsuptas pusiniu mielininio dangalo
lanku. Mielininio puslankio galuose matomas mielino sluoksniy atsiskyrimas (dvigubos ro-
dyklés). Rodyklés zymi plona Svano lastelés citoplazmg. Zemiau esantis aksonas ax2 yra
apsuptas pilnai dvigubu mielino dangalu. Rodykliy smaigaliais pazyméta Svano lastelés ba-
ziné membrana. B — mielininis aksonas (ax) apsuptas pairusiu mielino dangalu. Dvigubos
rodyklés zymi puslankio galus, kur tarp mielino sluoksniy jsiterpusi citoplazma (rodyklés).
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C — mielininis aksonas (ax) apsuptas kolageno skaidulomis (Co) ir mielino dangalu (dvigubi
rodykliy smaigaliai). D — Svano lastelé kartu su branduoliu jsiterpusi po mielino dangalu.
Nemielininés skaidulos pazymeétos zvaigzdutémis. Sutrumpinimai: En — endoneuriumas;
Co — kolageno skaidulos. Skalé¢ — 1 pm.

3.2.3. Miokardo inervacijos poky¢iai

Miokardo nervinés skaidulos sudaré smulky tinklelj, kuris buvo gerai pas-
tebimas iSskleistuose priesirdziy preparatuose (3.2.3.1 pav.) ir Sirdies skilve-
liy Ssaldomuosiuose pjuviuose.

Gausiausiai inervuota prieSirdziy vieta buvo sinusinis mazgas, maziau-
sial — ausytés. Jauny, suaugusiy ir seny tiek WKY, tiek ir SHR ziurkiy si-
nusiniame mazge vyravo cholinerginés skaidulos. Abiejy veisliy gyviiny
cholinerginé inervacija palaipsniui maz¢jo senstant, kol labai seny amziaus
grupéje cholinerginiy skaiduly liko maziau nei adrenerginiy. Hipertenziniy
ir kontroliniy gyviiny cholinerginés inervacijos mazéjimas amziaus bégyje
vyko netolygiai: jauny grupéje Siy skaiduly buvo daugiau WKY sinusiniame
mazge nei SHR. Gyviinams brestant abiejose grupése cholinerginiy skaiduly
mazejo, tatiau WKY ziurkiy Sirdyse sumaze¢jimas buvo stipresnis ir léme,
kad suaugusiy grupéje jau SHR turé¢jo gausesng cholinerging inervacija. Vé-
liau, labai seny amZiaus grupéje SHR sinusinio mazgo cholinerginé inerva-
cija beveik tris kartus virSijo WHY (3.2.3.1 lentel¢). Beveik visy amziaus
grupiy, iSskyrus labai senas ziurkes, sinusinio mazgo adrenerginé inervacija
buvo menkesné uz cholinerging ir taip pat mazéjo amziaus bégyje. Taciau
mazéjimas vyko léciau ir tai léme, kad labai seny Ziurkiy adrenerginé iner-
vacija savo gausa virSijo sinusinio mazgo cholinerging inervacijg (3.2.3.1
lentel¢). Amzinis TH+ skaiduly mazéjimas vyko netolygiai hipertenziniy ir
kontroliniy gyviiny Sirdyse, todél tik suaugusiy ir labai seny amziaus grup¢je
adrenerginé inervacija buvo gausesné¢ SHR sinusiniame mazge lyginant su
kontroliniais gyvinais (3.2.2.3 pav., E-H). Peptiderginés, CGRP+ skaidulos
sudaré maziausig inervacijos dalj, taip pat mazéjo amziaus begyje. Taciau ly-
ginant su auks$c¢iau aptarta cholinergine bei adrenergine inervacija maz¢jimas
vyko tolygiai gyvinams senstant. Pazymétina, kad visy amziaus grupiy SHR
gyviny sinusiniame mazge CGRP+ skaidulos buvo reik§mingai gausesnés
lyginant su atitinkamo amziaus WKY (3.2.3.1 lentel¢, 3.2.3.1 pav.).
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PGP 95| SHR

PGP 9.5 | SHR

3.2.3.1 pav. Nuotraukos iliustruoja WKY (A ir C) bei SHR (B ir D)
priesirdzio smulkius nervus (rodykliy smaigaliai) bei miokardo nervines
skaidulas

A ir B vaizduoja retg skaiduly tinklg kairiajame nugariniame priesirdzio pavirsiuje, o C ir
D — tanky skaiduly tinkla sinusinio priesirdzio mazgo srityje.
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3.2.3.1 lentelé SHR ir WKY Ziurkiy miokardo nerviniy skaiduly tankumas,
pateikiamas vidurkiu

Nerviniy skai- | Jaunos Suaugusios Senos Labai senos
duly tankumas | Zymuo

miokarde, proc. WKY | SHR |WKY | SHR |WKY | SHR [WKY | SHR
PrieSirdZiuose 0,96 | 0,77 1 1,2° | 1,69 | 1,07 - -
Kairiajame -

skilvelyje PGP 9,5 0,6 0,5 0,7 | 0,65 | 1,04 | 0,72 | 1,02 | 09
Desiniajame . . . "
skilvelyje 1,04 | 1,47 11 1,7 1,59 | 2,22° | 1,94 | 3,29
Sinusiniame 753 | 6,7 | 405 | 5.88° | 3,82 | 3.48 | 046 | 129"
mazge ChAT

PrieSirdziuose 1,15 | 167" | 1,41 | 221" | 1,36 | 1,34 | 0,37 | 0,47
Sinusiniame 41 | 3417 | 1,85 | 286" | 2,36 | 2,07 | 1,08 | 147"
mazge

PrieSirdziuose 1,12 | 1,42° | 095 | 1,95 | 1,26 | 1,16 | 0,46 | 0,42
Kairiajame TH . .
skilvelyje 0,77 | 0,65 | 0,87 | 1,03 | 1,1 0,8 0,16 | 0,73
Desiniajame . . x
skilvelyje 123 | 1,41 | 1,26 | 222" | 1,93 | 247" | 0,35 | 1,27
Sinusiniame 134 | 145 | 072 | 1,12 | 0,69 | 1,07" | 0,04 | 022"
mazge

PrieSirdziuose 0,55 | 0,78 | 0,48 | 0,59 | 0,48 | 0,62 | 0,04 | 0,1
Kairiajame CGRP . . . .
skilvelyje 01 | 0,2 0,14 | 0,08"| 0,12 | 0,08" | 0,16 | 0,73
Desiniajame . . .
skilvelyje 0,13 | 0,27 | 0,19 | 0,09" | 0,24 | 0,13 | 0,35 | 1,27

“p <0,05 vs. to paties amziaus WKY Ziurkés. Duomenys pateikiami kaip vidurkis. PGP 9,5 —
proteino geno produktas 9,5; TH — tirozino hidroksilazé; CGRP — kalcitonino geno peptidas.

PrieSirdziy darbiniame miokarde tieck ChAT+, tiek TH+ skaiduly tankumas
amziaus bégyje iSliko gana stabilus ir tik labai seny grupé¢je stebéjome Zenkly
abiejy fenotipy inervacijos sumaz¢jima. Jauny ir suaugusiy SHR grupiy prie-
Sirdziy miokarde tiek cholinerging, tiek adrenerginé inervacija buvo gausesné
nei to paties amziaus kontroliniy. Ziurkéms senstant — $iy skirtumy neliko.
CGRP+ skaidulos buvo gausesnés visy amziaus grupiy SHR priesirdziy mio-
karde, taciau ypac didelis skirtumas atsirado labai seny ziurkiy grup¢je, kur
Juy gausumas 2,5 karto vir$ijo kontroliniy (3.2.3.1 lentelé¢).

Skilveliy miokardo inervacija buvo nevienalyté. DeSiniojo skilvelio iner-
vacija iki 30 proc. buvo tankesné nei kairiojo (3.2.3.2 pav.; 3.2.3.1 lentel¢).
Tuo tarpu kairiojo skilvelio miokardo inervacija buvo ~10 proc. menkesné
SHR lyginant su tokio pat amziaus normotenzinés kontrolinés grupés (3.2.3.1
lentelé).
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3.2.3.2 pav. Nerviniy skaiduly pasiskirstymo pokyciai tarpskilvelinéje
pertvaroje ir skilveliy miokarde
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4. DISKUSIJA

4.1. Savaimine hipertenzija turincios Ziurkeés — arterinés hipertenzijos
modelis

Savaimine hipertenzija sergancios ziurkés yra daugiausia iStirtas pirmi-
nés arterinés hipertenzijos gyviiny modelis, dazniausiai naudojamas Sirdies
ir kraujagysliy ligoms tirti. Si veislé buvo idvesta Kiote (Kyoto, Japonija) i§
vietinés Wistar Kyoto veislés, atrenkant Ziurkes, turinias padidéjusj krau-
jospudj [57]. Taip pasiekta, kad 5—6 savaiciy amziaus SHR veislés ziurkéms
spontaniskai padidéja kraujospiidis, kuris iSlieka padidéjes visg gyvenima
[62]. Kontrolei naudojome normotenzines Wistar Kyoto ziurkes, kurios dél
Jy genetinio artimumo tiriamai veislei yra rekomenduojamos kaip aukso stan-
dartas arterinés hipertenzijos tyrimuose [108, 109].

Zinoma, kad Wistar Kyoto ir savaimine hipertenzija turingios ziurkés turi
skirtingas hemodinamikos ir elgesio ypatybes, nors jos genetiskai labai pana-
Sios [10]. Palyginti su amziy atitinkan¢iomis normotenzinémis WKY ziurke-
mis, SHR rodo mazesnj Sirdies susitraukimy daznumg ramybés metu, labai
padidéjusj arterinj kraujosptdj, didesn; kairiojo skilvelio masés ir ktino svo-
rio santykj, mazesng iSstiimio frakcijg ir dalinj skilvelio sutrumpéjima, ilgesnj
létéjimo laikg ir mazesnj E/A santykj ir daugybe kity pokyc¢iy [11]. Pries pa-
imant méginius hipertenzijai patvirtinti, buvo naudojamas neinvazinis krau-
josptidzio matavimo metodas. Invaziné intraarterin¢ kaniuliacija ir laikoma
kraujospiidzio registravimo aukso standartu, taciau tyrimai rodo stipry rysj
tarp neinvazinio kraujospudzio, pamatuoto uodegos manzetés metodu, ir in-
traarteriniu metodu pamatuoto kraujosptudzio [110]. Fiziologiniai tyrimais,
atliktais prie§ gyviny eutanazija, nustatyti padidéj¢ suaugusiy ir seny SHR
ziurkiy kraujospiidZio parametrai. Miisy nustatyti fiziologiniai SHR parame-
trai koreliavo su kity tyréjy duomenimis [105, 111]. Suaugusiy WKY Ziurkiy
kraujosptidis atitiko normos ribas. Senoms WKY Ziurkéms nustatéme nuola-
tin] AKS did¢jima, kuris pasieké virSutinés normos ribos kraujospiidj, o tam
tikry gyviiny — net didesnj nei 150 mm Hg. Si verté jvardijama kaip hiperten-
zin¢ kalbant apie ziurkes, taigi WKY ilgainiui jgyja hipertenzijos pozymiy.
Abiejy veisliy gyviiny arterinis kraujospudis didé¢jo, taciau SHR veislés sti-
priau. Todél net ir padidéjus WKY ziurkiy spaudimui, tiriamy SHR gyviny
arterinis kraujospudis buvo reik§mingai didesnis uz kontroliniy gyviiny. Tai
pad¢jo naudoti SHR ir WKY ziurkes kaip gyviiny modelius strukttiriniams
intrakardiniy poky¢iy tyrimams. Rezende ir kt. [61] taip pat tyré SHR, WKY
ir Wistar Ziurkiy kraujosptidj bei nustaté, kad WKY kraujospiidZio ribos yra
tarpinés tarp SHR ir Wistar veisliy ziurkiy. Todél galima manyti, kad Wistar
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veislé buty tinkama alternatyva Wistar Kyoto veislei kaip kontrolé, taiau tam
reikalingi papildomi tyrimai [61].

MakroskopiSkai hipertenzijg turin¢iy jauny ziurkiy Sirdziy dydis ir svoris
nesiskyré nuo kontroliniy, tai rodo dar neprasidéjusiag miokardo hipertrofija.
Suaugusiyjy amziaus grupés SHR Ziurkéms buvo padidéje kairiojo skilvelio
matmenys. Jdomu, kad bégant laikui kairiojo skilvelio siena nebestor¢jo ir
netgi tapo Siek tiek plonesné nei sulaukus suaugusiojo amziaus. WKY Ziurkiy
patinéliy kairiojo skilvelio parametrai didé¢jo palaipsniui ir nemazgjo, buvo
Siek tiek didesni nei Sirdies echoskopijos normos ribos [112].

Masy tirtas gyviino modelis — Ziurkés yra genetiSkai identisSkos, skiriasi
tik sirgimu arba nesirgimu hipertenzija — atskleid¢ dar vieng svarby aspekta.
Jaunos Ziurkytés iSoriskai nesiskyre, taciau hipertenzijg turinioms Ziurkéms
senstant iSrySkéjo svorio mazejimas, taip pat jy kailis neblizgéjo, buvo nu-
triuses, palyginti su to paties amziaus WKY Zziurkémis. Vadinasi, negydoma
pirminé arterin¢ hipertenzija pareikalauja didesniy organizmo iStekliy, iSse-
kina gyviing, sutrumpina gyvenimo trukme¢. SHR Ziurkés paprastai gyvena
1,5 mety, o genetiskai tokios pacios, taciau neturincios padidéjusio kraujos-
pudzio WKY — 2,5-3 metus [63]. Taigi paskutiné misy tyrime naudota >
1,5 mety labai seny ziurkiy amziaus grupé buvo pasiekusi SHR gyvenimo
trukmes ribg [63].

4.2. Savaimine hipertenzijq turin¢ios Ziurkés Sirdies nervinio rezginio
poky¢iai

Mokslininkai labai i§samiai tyré suaktyvéjusj bendra simpatinj tonusg
esant pirminei hipertenzijai [8, 83, 113—115]. Nustatytas tiek parasimpatiniy
komponenty, tiek simpatinés veiklos suintensyvéjimas, taip pat — Sirdies sti-
muliacijos sukeltas Sirdies nepakankamumas Suny modelyje [116] rodo reiks-
mingus vidinio Sirdies nervinio rezginio struktiirinius pokycius dél sisteminés
arterinés hipertenzijos.

Adrenerginés nervy sistemos dalies spurtas gali biiti susijes su ekstrakar-
dine simpatinés nervy sistemos dalimi. Neseniai buvo jrodyta, kad sutrikusi
tarplasteliné kalcio homeostaze gali sukelti autonoming disfunkcija, kuriai
biidingas jauny prehipertenzija turinciy SHR individy slopinamas parasimpa-
tinis ir padidéjes simpatinis aktyvumas [117]. Manoma, kad §is presinapsinio
neurony Ca** valdymo sutrikimas, be kity Sirdies ligy, prisideda prie hiper-
tenzijos. D¢l per didelés Ca** raiskos (ekspresijos) prehipertenziniy SHR in-
dividy zvaigzdinio mazgo simpatiniuose neuronuose atsiranda mitochondrijy
ir endoplazminio tinklo anomalijos [118]. Fiziologiniais tyrimais nustatyta,
kad norepinefrino iSsiskyrimas padidéja jauniems tiriamiems subjektams, ku-
riems i$sivyséiusi ribiné AH. Sis procesas ypaé ryskus inkstuose bei Sirdyje,
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pagrindiniuose pagal svarbg Sirdies ir kraujagysliy sistemos homeostazés pa-
laikymo organuose [119].

Griztant prie intrakardinés nervy sistemos, duomeny apie ankstyvosios
hipertenzijos sukeltus morfologinius Sirdies nervinio rezginio pokycius itin
nedaug, todél miisy rezultatai uzpildo §ig niSg [84]. Prehipertenzinés buklés
ziurkés jdomios, kad galima paméginti atsakyti j klausimg apie vista ir kiau-
Sinj: ar pirmiau aktyvinama simpatiné nervy sistema ir todel didéja AKS, ar
simpatiné aktyvacija yra padidéjusio kraujospiidio padarinys bei organizmo
reakcija ] padidéjusj Sirdies darbo kriivi [120]. Misy tyrimas rodo, kad ner-
ving sistema jau yra suaktyvejusi pries hipertenzijos i$sivystyma. Neely ir kt.
taip pat aprase periferinj simpatinj hiperaktyvuma ankstyvomis hipertenzijos
stadijomis [115].

Gauti duomenys rodo, kad 8 savaifiy amziaus prehipertenzinés biiklés
SHR gyviinai, kuriems dar nepadidéjes arterinis kraujosptdis [121, 122], jau
turi daug Sirdies inervacijos morfologiniy poky¢iy, palyginti su amziy atitin-
kanc¢iais WKY kontroliniais gyvinais. Tik morfologiniai nervy sistemos tyri-
mai atskleid¢, kad intrakardiné nervy sistema jau buvo sureagavusi: hiperten-
zinés grupés priesirdziy nerviniuose mazguose yra daugiau neurony, taciau
jie yra mazesni, aksony skersmuo ir plotas sumazgje, skilveliuose pagauséjes
miokardo nervinis rezginys, kuris, ziurkei suaugant, retéja; glijos lastelés ner-
viniuose mazguose ir nervuose turi ultrastruktiiriniy pakitimy, biidingy neu-
ropatijai. Taigi uzfiksavome adrenerginés sistemos suveséjimo, vadinamojo
spurto, intrakardinés nervy sistemos ¢iuopiamus morfologinius pokycius jau
prehipertenziniu laikotarpiu.

4.2.1. Intrakardiniai mazguy poky¢iai

Visy tirty Ziurkiy grupiy intrakardiniai mazgai, tarpusavyje susijunge
smulkiais nervais ir nerviniais pluostais, sudaré ziedo formos rezginj aplink
plautiniy veny jéjimg ir buvo panasis j anksciau tirty Sprague-Dawley [123]
ir Wistar ziurkiy [124]. Stebéta didelé mazgy ploty jvairové — nuo labai mazy
iki labai dideliy. Senstant mazgai jungiasi ] konglomeratus ir yra sunku juos
atskirti. Tokia mazgy dydziy jvairové lémé, kad suaugusiy ir seny gyviiny
neurony kiiny skaicius viename mazge statistiSkai reikSmingai nesiskyre tarp
SHR ir WKY. Miisy duomenys rodo, kad suaugusiy tieck WKY, tiek SHR Zziur-
kiy intrakardiniy mazgy ir mazginiy neurony skai¢ius maz¢ja. Taciau 46—60
sav. ziurkiy tyrimy rezultatai rodo su amziumi susijusius pokycius, dél kuriy
akivaizdziai padid¢ja neurony skai¢ius viename mazge ir seny gyviny mazgo
plotas, palyginti su suaugusiais (12—18 sav.). Padidéjes intrakardiniy neurony
skaiCius senstant buvo aprasytas ir sveiky Wistar ziurkiy [124]. Hipertenzijos
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sukeltas intrakardiniy cholinerginiy neurony skaiciaus padidé¢jimas kartu su
padidéjusiu jaudrumu taip pat buvo aprasSytas seny Ziurkiy SHR [125].

SHR buvo daug mazesni neurony kiinai, tai lémé padidéjusj neurony kiiny
tankj seny SHR mazguose, palyginti su to paties amziaus WKY. Bendra ten-
dencija, pastebéta miisy ir Ashton ir kt. [125], sutampa su ankstesniais Wistar
ziurkiy tyrimais — suaugusiy ziurkiy Sirdyse (8—12 savaiciy) buvo maziau in-
trakardiniy neurony, palyginti su jaunomis (3—4 savaiciy) ziurkémis, o seny
gyviny (> 48 savaiciy) Sirdyse buvo daugiausia intrakardiniy neurony, paly-
ginti su kitomis amziaus grupémis [124]. Kartu tai gali atspindéti intrakardi-
nés nervy sistemos plastiSkumg ir dinamiskuma per visg ontogeneze.

Senstant kai kurios savybés kinta panasiai tieck SHR, tiek WKY, pvz., tirty
suaugusiy gyviny intrakardiniy neurony dydis proporcingai mazéja, palygin-
ti su jauny individy Sirdimis, tai patvirtina ir kiti autoriai [81, 83, 114, 116,
124]. Svarbu, kad hipertenzinéje grup¢je vykstantys nuo amziaus priklausan-
tys pokyciai yra rySkesni, o tai rodo hipertenzijos poveikj intrakardiniam ner-
viniam rezginiui.

Sios isvados patvirtina ankstesnius rezultatus, kad hipertenzija gali turéti
jitakos intrakardiniy neurony struktiiriniams pokyc¢iams, kaip buvo numano-
ma analizuojant hipertrofavusius zmoniy, Suny, kiauliy ir triusiy $irdziy po
miokardo iSemijos arba eksperimentiskai sukelto Sirdies nepakankamumo
sindromo intrakardinius neuronus [126—128]. D¢l létinio ir sunkaus hiper-
tenzinio fenotipo jau po 6 ménesiy nuo gimimo SHR i$sivysto kompensacine
skilveliy hipertrofija, susijusi su padidéjusiu Sirdies kriaviu [126]. Todél tyre-
me, ar d¢l Sios priezasties nepasikeis mazginiy neurony kiiny dydis. Nustaté-
me, kad neurony kiiny plotas SHR buvo mazesnis, palyginti su WKY visose
amziaus grupése — jauny, suaugusiyjy, seny ir labai seny. Verta paminéti, kad
seny gyviny neurony kiny dydziy skirtumas buvo didesnis, kai SHR neu-
ronai buvo 19 proc. mazesni nei WKY, o suaugusiyjy grupgje jie buvo tik
6 proc. mazesni [85]. Manoma, kad neurono dydis turi reikSmingy pasekmiy
neurono jaudrumui ir veikimo potencialams susidaryti, todél mazesni neuro-
nai yra labiau suzadinami [129,130]. Naujausi fiziologiniai atradimai — ser-
gant arterine hipertenzija padidéjes intrakardiniy neurony jaudrumas [83] gali
atsirasti dél neurony kiino sumazéjimo — buvo jrodyti Siame tyrime [126].
Taciau didesni intrakardiniy neurony kiiny plotai buvo aptikti hipertrofuotose
SHR S$irdyse, serganciose Sirdies nepakankamumu, palyginti su normotenzi-
niy WKY Ziurkiy neuronais [126]. Taip gali bati dél skirtingo Sirdies nepa-
kankamumo klinikiniy poZymiy atsiradimo: remdamiesi Sirdies echoskopijos
duomenimis fiksavome Sirdies skilveliy hipertrofijos ir dilatacijos pozymius,
taCiau iSstimio frakcija atitiko normos ribas. Tai sufleruoty, kad misy tir-
tos senos bei labai senos ziurkés gal¢jo sirgti iSsaugotos kairiojo skilvelio
iSstimio frakcijos Sirdies nepakankamumu (angl. heart failure with preserved
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ejection fraction — HFpEF) [131]. Ta¢iau tyrimuose, pvz., Singh ir kt. [126],
kuriame taip pat tirtos Ziurkés, Sunys ir Zmonges — Sirdies nepakankamumas
galéjo buti dekompensuotas ir turintis sumazéjusia kairiojo skilvelio i8stimio
frakcija. Pazymeétina, kad pastarajame darbe tiriamyjy ziurkiy, Suny ir Zmoniy
Sirdies nepakankamumo priezastys buvo skirtingos [126]. Galima daryti prie-
laida, kad intrakardinés nervy sistemos atsakui j ligos vystymasi labai svarbu,
kokia yra ligos stadija — ar jau iSeikvotos autoreguliacijos galimybés. Taigi
morfologiniai pokyc¢iai (pvz., neurony kiiny dydis) gali buti kardinaliai prie-
Singi, atsizvelgiant j tai, ar jau perzengta riba, kai autonominé nervy sistema
geba palaikyti autoreguliacija, ar jau vyksta dekompensacija.

Neurony kiiny dydZio svarba — nustatyta, kad hipertrofave neuronai buvo
sunkiau suzadinami dél padidéjusio membrany kanaly pralaidumo ir pacios
membranos ploto [132, 133]. Tai lémé¢, kad suzadinimo slenksciui pasiekti
jiems reikéjo didesnés jtampos signal [132, 133]. Todél neurony hipertrofija
Sirdies mazguose juos padaryty sunkiau sujaudinamus ir paaiskinty parasim-
patinés inervacijos abstinencija, susijusig su Sirdies nepakankamumu.

Miisy tyrimas patvirtino, kad visuose tirty gyviiny intrakardininiuose maz-
guose vyrauja cholinerginiai neurony kiinai, ta¢iau triusiy, kiauliy [134—-136],
zmoniy, bezdzioniy [137, 138], pelés [139] sirdyse $alia jy buvo rasta ir ni-
trerginiy, adrenerginiy, bifenotipiniy cholinerginiy / nitrierginiy bei choli-
nerginiy / adrenerginiy neurony kiiny. Tac¢iau biitent Ziurkés intrakardininius
mazgus sudaré beveik tik cholinerginiai neuronai, tiesa, dar buvo aptikta ir
bifenotipiniy cholinerginiy / nitrierginiy neurony kiiny. Intrakardiniy nervi-
niy skaiduly, imunoreaktyviy adrenerginiams ir CGRP Zymenims, jau buvo
nustatyta [127], taCiau ziurkés Sirdyje nepavyko aptikti bifenotipiniy choli-
nerginiy / adrenerginiy ir bifenotipiniy cholinerginiy / CGRP+ neurony kiiny.
Pazymétina, kad miisy tyrime, kaip ir Ashton ir kt. [83], SHR ir kontroliniy
ziurkiy Sirdyse buvo nustatytos pavienés adrenerginés ir bifenotipinés cho-
linerginés / adrenerginés neurony kiino. Jdomu, §i neuroanatominé ziurkés
Sirdies savybe i§ esmés skiriasi nuo peliy intrakardiniy mazgy, kuriuose adre-
nerginés ir bifenotipinés cholinerginés / adrenerginés neurony kiino sudaro
didele intrakardiniy neurony dalj [139, 140]. Tiek Sio tyrimo i§vados, tiek
Ashton ir kt. [83] pastebéjimai parodé Siek tiek daugiau adrenerginiy Igsteliy
SHR mazguose, taCiau sporadiniai adrenerginiy neurony kiinai néra svarus
hipertenzinés remodeliavimosi Sirdies mazguose jrodymas.

Daugelis autoriy pasteb¢jo, kad intrakardiniuose mazguose vyrauja choli-
nerginés sinapsés. Padidéjes cholinerginiy sinapsiy skai¢ius SHR ziurkiy in-
trakardiniuose mazguose, aprasSytas Ashton ir kt. [83], buvo stebétas ir misy
preparatuose, nors cholinerginiy nerviniy galtiniy su varikozémis kiekybis-
kai nevertinome. Néra iki galo sutarta dé¢l adrenerginiy nerviniy galiiniy su
varikozémis, kurios gali buti laikomos galimomis sinapsémis, turin¢iomis
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intrakardiniy neurony. Peliy ir kiauliy Sirdziy adrenerginiai aksonai Sirdies
mazguose pereina pernasos biidu, prieSingai nei cholinerginiai aksonai, ku-
rie dazniausiai turi varikozes, apsiveja neurony kiinus mazguose [139, 141].
Taciau adrenerginiai aksonai su varikozémis buvo anksciau apraSyti ziurkiy
[127] ir jury kiaulyCiy [142]. Dabartiniame tyrime daroma iSvada, kad dalis
adrenerginiy aksony kerta intrakardinius mazgus — néra jokios uZzuominos }
sinapsinius kontaktus su neuronais, taCiau kita dalis adrenerginiy aksony tu-
réjo varikoziy ir jy morfologija panasi j adrenerginio aksono sinaps¢ su cho-
linerginiu neuronu. Pazymétina, kad adrenerginiy nerviniy skaiduly kiekis
intrakardininiuose mazguose tiek suaugusios, tiek senos SHR Ziurkés buvo
didesnis, palyginti su atitinkamo amziaus WKY Ziurke.

Papildomas katecholaminy Saltinis Sirdyje yra SIF lastelés. Daznai naudo-
jamas sinonimas ,, chromafininés lgstelés®, nes tiek Sirdyje nustatomy, tiek
simpatiniy mazgy SIF lasteliy ultrastrukttira identiSka antinks¢iy chromafi-
ninéms lgsteléms [143]. Manoma, kad SIF Igstelés galéty atlikti interneuro-
ny arba paraneurony funkcijg [144, 145]. Taip pat apraSoma ir endokrininé
funkcija [146]. Morfologinis SIF lgsteliy panaSumas j I tipo mieginio kiinelio
(lot. glomus caroticum) lasteles [147] ir intensyvus nuo kalcio / kalmodulino
priklausomos baltymy kinazés imunoreaktyvumas, nustatytas ziurkés virSu-
tinio kaklinio mazgo SIF Iastelése, sudaro prielaida, kad kai kurios SIF Igste-
lés atlieka chemorecepcijos funkcija, panaSiai kaip mieginio kiinelio lastelés
[148]. Neseniai buvo jrodyta, kad spontaning hipertenzija turin¢iy ziurkiy
mieginis kiinelis yra toniSkai aktyvinamas ir jautrinamas [149]. Misy tyrime
nustatytas visy SHR amziaus grupiy padidéjes bendras SIF telkiniy plotas
intrakardiniuose mazguose, tai pat kaip ir Ashton ir kt. tirty suaugusiy SHR
ziurkiy mazguose [83], galbiit prisideda prie prieSirdinés aritmijos atsiradimo
sergant hipertenzija.

Daugiausia kalcitonino geno peptido (CGRP) nustatoma juntamyjy neu-
rony kiinuose ir po organizmg iSplintanciose juntamosiose nervinése skai-
dulose, ir ypac — intensyviai palei kraujagyslinj tinklag. CGRP atlieka dvigu-
ba funkcija — jutimine (aferentine) bei efektoring (eferenting) [150]. Sirdyje
CGRP+ nervinés skaidulos placiai pasklidusios aplink vainikines arterijas;
miokarde, laidZiojoje sistemoje — veikia chronotropiskai ir inotropiskai [151],
taip pat ir — kardioprotekciskai [137, 152—155]. CGRP vazodilatacinis povei-
kis visuotinai pripazjstamas, ta¢iau néra pasiektas sutarimas dél jo vaidmens
AH patogenezéje. Zmonéms, sergantiems AH, CGRP kiekis kraujyje, skirtin-
gy autoriy duomenimis, buvo rastas padidéjes, nepakites bei sumazejes [153].
Neatsizvelgiant | duomeny jvairove, sutariama, kad CGRP atlieka apsaugine
miokardo funkcijg, kai AH prasideda ir progresuoja [137, 155]. CGRP+ neu-
rony kiiny nebuvo rasta misy ir kity autoriy tirtuose intrakardiniuose maz-
guose [137]. Tac¢iau CGRP+ skaidulos mazguose buvo dvejopos. Vieny buvo
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mazai, jos plonos — tarsi pernaSos biidu kertancios mazga. Kitos, daug stam-
besnés, formuojancios varikozes ir tarsi apsupancios neurony kiinus, kurios ir
lemé bendrag CGRP kiekj mazge. Siy varikoziy artimumas mazginiams neuro-
nams leidzia daryti prielaida, kad jos su pastaraisiais sudaro sinapses. Taciau
Siai prielaidai patvirtinti reikalingi detalesni tyrimai. Pazymétina, kad visy
amziaus grupiy SHR nerviniuose Sirdies mazguose buvo nustatytas didesnis
CGRP kiekis, palyginti su WKY. Ypac didelis CGRP kiekio skirtumas buvo
nustatytas seny hipertenziniy gyviny intrakardiniuose mazguose, palyginti
su normotenziniais. Gali biiti, kad sumazéjgs CGRP kiekis prisideda prie AH
kaip vienas i§ sukeliamyjy veiksniy, panastis duomenys gauti ir kituose SHR
tyrimuose [154, 156]. Amz¢janciose SHR stebimas didé¢jantis CGRP kiekis,
tai galéty biiti paaiSkinama kaip kompensacinis atsakas i nuolating uzsitesusia
negydoma AH.

4.2.2. Priesirdziy ir skilveliy nervy morfologiniai ir fenotipiniai
poky¢iai

Atlikta daug tyrimy apie arterinés hipertenzijos poveikj jvairioms orga-
nizmo struktiiroms, taciau Sirdies vidusieniniai nervai §iuo poziliriu mazai
tyrinéti. Jvairis miisy tyrime nustatyti intrakardiniy nervy subtiliis pokyciai
gali reiksti neigiamg arterinés hipertenzijos poveikj. Pavyzdzui, skilveliniy
epikardiniy nervy skersiniuose pjiiviuose fiksuotas PGP 9,5+ Zymeniu dazyty
nerviniy skaiduly nykimas metams bégant, bet jis buvo statistiskai reik§min-
gai didesnis SHR grupg¢je, palyginti su to paties amziaus WKY. Duomenys
apie jauny SHR skilveliy iSklotinése matuoty epikardiniy nervy skersmens
padidéjima tarsi prieStarauja aptartam nerviniy skaiduly nykimui. Taciau, tu-
rint omenyje anksciau apraSyta hipertenzijos sukelta miokardo [2—4] ir kai
kuriy nervy [157, 158] fibroze, galima daryti prielaidg, kad SHR Sirdies epi-
kardiniy nervy storéjimas taip pat yra fibrozés padarinys [60]. Labai seny
ziurkiy beveik dvigubai didesni epikardiniy nervy skersmenys gali biiti pa-
aiSkinti tuo, kad $iy vyriausiy ziurkiy prieSirdiniai nervai buvo nejprastai
padengti jungiamuoju, todél plonesni nervai tapo nematomi tyréjo akimis ir
pamatuoti buvo tik patys stambiausi egzemplioriai. PrieSingai, skilveliniai
epikardiniai nervai, ziurkéms senstant, storéjo tolygiai.

Cholinerginés skaidulos vidutiniSkai sudaré panasiag matuoto nervo ploto
dalj, jy kiekis (keliy procenty skirtumu) bangavo per visg gyvenima. Suaugu-
siy ziurkiy prieSirdziuose pastebétas salyginis cholinerginiy skaiduly kiekio
pagausé¢jimas, o skilveliuose — palaipsnis mazéjimas, tendencingai greitesnis
SHR grup¢je.

Svarbu pabrézti, kad prieSirdZiuose buvo nustatyta ir tik adrenerginiy, ir
tik cholinerginiy nervy, kurie galbtit gali buti dar nespéje persijungti ekstra-
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kardiniai nervai. Taciau skilvelius pasiekdavo jau vien tik misrus nervai, ku-
riy sudétis buvo gana tolygi. Toks nervy fenotipy pasiskirstymas galéjo lem-
ti, kad TH+ nerviniy skaiduly plotas epikardiniuose nervuose buvo didesnis
skilveliuose nei prieSirdziuose visose grupése. Galima vertinti, kad priesir-
dziuose dalis cholinerginiy nervy baigiasi mazguose, na o adrenerginiy nervy
pagrindinis taikinys yra skilveliy miokardas, tod¢l Cia ir gausiau adrenergi-
niy skaiduly. Jauny SHR Ziurkiy tiek prieSirdZiy, tiek skilveliy nervai turi
reikSmingai daugiau adrenerginiy skaiduly nei kontrol¢, véliau $is skirtumas
iSnyksta ir vél atsikartoja labai senuose gyviinuose. Jdomus aspektas — nenu-
statoma seny gyviny Siy skaiduly procentinio mazéjimo, tai buvo biidinga
cholinerginéms. Svarbu, kad Sis pagausé¢jimas ne tik kad neapsaugo, bet gal-
biit ir lemia SHR trumpesnj gyvenima, nes reikia daug Sirdies ir kraujagysliy
iStekliy palaikyti sunkesniam Sirdies darbui.

CGRP+ nerviniy skaiduly kiekis nervuose itin nedidelis, kolegy [18, 127]
ir miisy duomenimis. CGRP+ skaiduly yra reikSmingai daugiau SHR nervuo-
se, taip pat, kaip ir mazguose bei miokarde, uz to paties amziaus kontroliniy
gyviny. Tai rodo CGRP vaidmen;j arterinés hipertenzijos patogenezei. Ta-
C¢iau, kaip vyksta intrakardiniy mazgy moduliacija [18], ar paveikiama mio-
kardo mikrocirkuliacija [159] — reikia tolesniy tyrimy.

Apskritai degeneracinius poky¢ius, vykstancius SHR nervuose, rodo prie-
Sirdziy ir skilveliy epikardiniy nervy atrofija dél nemielininiy aksony ploné-
jimo ir beveik dvigubai sumazéjusio mielininiy nerviniy skaiduly tankumo.
Nustatyta, kad SHR aortos nusileidZianc¢iajame nerve maz¢ja aksony dydis ir
ju skaicius nemielininése nervinése skaidulose [160]. Be to, mielininiy ner-
viniy skaiduly skaicius ir tankis buvo mazesni diafragmos [161] ir blauzdi-
niame nervuose [162]. Tac¢iau Gregory su bendraautoriais nustaté nekintamg
mielininiy nerviniy skaiduly tankumg SHR blauzdiniame ir sédmeniniame
nervuose [163] ir SHR aortos nusileidzian¢iajame nerve [164].

Ankstesni duomenys apie hipertenzijos sukeltus mielininiy aksony ir skai-
duly ploto pokycius bei mielino apvalkalo storj yra gana priestaringi [160—
164]. SHR mielininiy aksony plotas sumaZzéjo blauzdiniame ir sédmeniniame
nervuose [163], aortos nusileidzianciajame nerve [164], blauzdiniuose ner-
vuose [162], taciau kity autoriy teigimu, jie buvo padidé¢je blauzdiniame ir
diafragmos nervuose [161, 165]. Misy atlikti epikardininiy nervy matavimai
rodo padidéjusi SHR mielininiy aksony plota, kuris buvo ryskesnis skilveliy
nervuose.

Siame tyrime nustatytos nejprastos mielininiy nervy skaiduly ultrastrukti-
rinés aberacijos WKY ir SHR intrakardininiuose nervuose. Pazymétina, kad
suaugusiy gyviiny, palyginti su senais, buvo pakitusi mazesné skaiduly dalis,
i$ kitos pusés, abiejose amziaus grupése — suaugusiy ir seny ziurkiy daugiau
skaiduly pakito SHR nervuose. Siame tyrime nustatytos intrakardininiy ner-
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vy mielininio dangalo aberacijos taip pat buvo aprasytos del paveldimy de-
mielinizuojanciy neuropatijy. PavyzdZziui, ,,tomakulai ir perteklinio mielino
klostés yra rySkiis neuropatologiniai jvairiy paveldimy demielinizuojanciy
neuropatijy bruozai. Manoma, kad nereguliuojamas fosfoinozitido kiekis turi
lemiamg jtaka tomakuliniy neuropatijy patologijai [166]. Demielinizacija,
sergant paveldima neuropatija ir Charcot-Marie-Tooth ligomis, daugiausia
susijusi su periferinio mielino baltymo 22 geny anomalijomis [167, 168].
Distrofiniy Bar Harbor peliy bendrajame Seiviniame nerve nustatyta patolo-
ginés mielinizacijos ypatumy, pvz., perteklinés mielino kilpos, plonai mieli-
nizuoti aksonai, keletas mielinizuoty aksony, kuriuos apsupa Svano lastelés
tik su mielinu, bet be aksono [169]. Autoriai Sias iSvadas interpretuoja kaip
Svano lasteliy metabolinio sutrikimo poZymj. Be to, buvo pranesta apie vie-
nos Svano lastelés mielino susidaryma aplink du skirtingo skersmens akso-
nus 45 mety vyro, serganc¢io dauginiu (multipleksiniu) mononeuritu, nerve
[170]. Naujausiame tyrime buvo jrodyta, kad Fbxw?7, E3 ubikvitino ligazés
komponento praradimas padidina Svano lasteliy mielinizacijos potenciala,
nes Svano lastelés gamina storesnius mielino apvalkalus ir kartais atrodo, kad
mielinizuoja kelis aksonus [171]. Be to, nustatyta, kad mielino anomalijos
prie jvairiy neuropatijy, jskaitant perteklinio mielino klostes ir “tomakulus”,
buvo susijusios su Akt aktyvacija, kuri, atrodo, pagreitina aksony mielinizaci-
ja, bet nepaveikia nemielininiy skaiduly Svano lasteliy [172]. Jvairios demie-
linizuojanc¢ios neuropatijos taip pat yra susijusios su tomakuly susidarymu
zmogaus nervo biopsijose [173]. Daugelis anks¢iau minéty anomalijy taip pat
nustatytos tirtuose intrakardiniuose nervuose rodo, kad neuropatiniai proce-
sai Sirdyje gali biiti nulemti 1étinio padidéjusio arterinio kraujosptidzio [166].
Anksc¢iau buvo pranesta apie hipertenzijos sukelta neuropatija, susijusig su
blauzdiniu ir sédmeniniu nervais [163, 165]. Taciau iSsami ultrastruktiiriné
analizé, atskleidzianti mielininiy nerviniy skaiduly neuropatinius poky¢ius,
buvo atlikta tik miisy tyrime. Nepavyko literatiiroje rasti atitikmeny, kai po
mielino sluoksniu jsiterpia endoneuriumas ir atskiria mieling nuo jo viduje
esancios mielininés ar nemielininés skaidulos; ar dvigubas mielino sluoksnis,
lyg subliuskes mielinas apgaubia greta esancig mielining ar nemielining ner-
vines skaidulas. Pastrosios mielino aberacijos kol kas apraSytos tik miisy tirty
intrakardiniy nervy, todél galima daryti prielaida, kad Sirdies nervai jautriau ar
specifiskiau reaguoja j hipertenzijos sukeliamg poveikj. Kita vertus, zinoma,
kad remielinizacija yra beveik visy demielinizuojanciy patologijy (kliniki-
niy ir eksperimentiniy) pozymis, neatsizvelgiant j etiologija [174]. Sio tyrimo
metu taip pat buvo pastebéti kai kurie tirty nervy remielinizacijos pozymiai,
pavyzdziui, plonai mielinizuotos nervinés skaidulos, turin¢ios plonus akso-
nus, kartais apsuptos keliy Svano lasteliy, ta¢iau jy nebuvo daug. Pazymétina,
kad mielininés skaidulos, turin¢ios Svano lasteliy branduolj mielino dangalo
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viduje, nustatytos intrakardininiuose nervuose, anks¢iau buvo jvardytos kaip
klaidingos remielinizacijos padarinys [167]. Reikia paZymeéti, kad neuropati-
niai mielino dangalo poky¢iai, apraSyti SHR epikardiniuose nervuose, buvo
pastebéti ir WKY ziurkiy nervuose, ta¢iau mazesniais kiekiais.

Glijos lastelés labai svarbios nervy sistemos funkcionavimui, nes jos ak-
tyviai formuoja sinapsiy savybes, reguliuoja neurony uzdegima ir yra biitinos
medziagy apykaitai palaikyti, jony homeostazei ir neurovaskuliniam modu-
liavimui [175-177]. Nustatyta, kad glija atlieka aktyvig funkcija moduliuo-
jant suzadinimo grandines enterinéje nervy sistemoje [7], o naujausi jrodymai
iSryskino esminj enteriniy glijos lasteliy vaidmenj reguliuojant Zarnyno ho-
meostazei ir jy reikSme virskinimo ir nevirSkinimo ligoms [178]. PrieSingai,
mazai zinoma apie glijos (Svano ir palydoviniy) lasteliy vaidmen;j intrakardi-
nin¢je nervy sistemoje [179]. Todél misy intrakardiniy glijos lasteliy rezulta-
tai gali biiti aptariami tik atsizvelgiant j kity organy autonominius rezginius.

Gerai zinoma, kad Svano lastelés retai dalijasi sveiko suaugusiojo gyveni-
mo metu. Svano lasteliy proliferacijos greitis suaugusiesiems pastebimai pa-
did¢ja jvairiomis eksperimentinémis saglygomis (pvz., po aksony pjiivio ir po
tam tikry cheminiy medziagy skyrimo) arba kai kuriomis patologinémis saly-
gomis [180]. Jdomu, kad centriolés Svano lastelése buvo pastebétos daugeliu
atvejy miisy tyrime, o tai rodo padidéjusj Sios lasteliy populiacijos mitozinj
aktyvuma, susijusj su arterine hipertenzija. Buvo pasitlyta, kad palydovinés
ir Svano lasteles gali suaktyvinti uzdegiminiai atsakai, palaikydami aktyvesnj
Siy Igsteliy vaidmenj, o ne tik kaip neurony paramos tinklg [181]. Taigi miisy
rastos daugiasluoksnés ir poringos palydovinés lgstelés Sirdies mazguose gali
rodyti aktyvintg biiseng, kurig gali sukelti uzdegiminis ir patologinis procesai.
Be to, mielino poky¢iai, kaip ir pastebéti Siame tyrime, anks¢iau buvo aprasy-
ti jvairiy neuropatijy kontekste [169, 170, 172, 173, 182].

G santykis, t. y. vidinio aksono skersmens ir bendro skaidulos skersmens
santykis, yra placiai vartojamas kaip funkcinis ir struktirinis optinalios ak-
sono mielinizacijos indeksas. Centrinés nervy sistemos skaiduly G santykis
yra 0,72-0,81, o periferiniy aksony atveju jis gali siekti 0,6, tai rodo stores-
nj mielino sluoksnj [183]. Yra Zinoma, kad kai kurios periferiniy aksony G
santykio vertés yra mazesnés nei centrinio aksono G santykio vertés [170],
nors pagrindinis mechanizmas tebéra mazai suprantamas. Kaip buvo minéta,
didelé dalis mielininiy skaiduly buvo neintaktiskos, todél morfometriniai ma-
tavimai buvo atlikti tik intaktiSky, t. y. kai mielinas buvo prigludgs prie akso-
no, skaiduly. Sveiky mielininiy skaiduly procentas buvo didesnis suaugusiy
gyviiny grupése, maziau — seny gyviny nervuose. Seny SHR nervuose svei-
ky, tinkamy morfometriniams matavimams mielininiy skaiduly buvo maziau-
siai — tik 55 proc. Todé¢l Sio tyrimo mielininiy skaiduly G santykis neatspindi
viso masto pokyciy, o apibiidina tik likusias sveikas mielinines skaidulas.
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Misy duomenys rodo, kad WKY ziurkiy G santykis buvo gana didelis (>
0,7), o SHR S8irdyse, nors nedaug, bet statistiSkai reikSmingai mazesnis. Sie
duomenys rodo sustoréjusj mielino apvalkalg. Zmoniy periferiniy nervy G
santykio vertés, mazesnés nei 0,4, rodo nervines skaidulas, turin¢ias patolo-
ginj mielino apvalkalo sustor¢jima, o didesnés nei 0,7 rodo arba regeneruotas
skaidulas, turin¢ias plonesnj mielino apvalkalg, arba demielinizuotas nervy
skaidulas [184]. Misy duomenimis, joks kitas tyrimas nebuvo atliktas apie
ziurkiy Sirdies nervy skaiduly G santykj, todél nejmanoma padaryti jokiy ly-
ginamyjy iSvady.

WKY ziurkés buvo klasifikuojamos kaip normotenziniai gyviinai, ta-
¢iau WKY ziurkiy kraujospiidis yra artimas hipertenzijos ribai, o sistolinio
kraujospiidZio vertés yra didesnés nei Wistar Ziurkiy. Létinis kraujosptidZio
padid¢jimas gali sukelti tokias pasekmes kaip kairiojo skilvelio koncentri-
né hipertrofija, arterijy sukietéjimas, insultas, miokardo infarktas ir Sirdies
nepakankamumas [61], todél yra reali galimybé mielininése WKY nervinése
skaidulose, panasiai kaip SHR intrakardininiuose nervuose, vystytis strukti-
riniams pakitimams [61]. Tad dabartiniai duomenys apie daugybe¢ neuropa-
tiniy ultrastruktiiriniy intrakardiniy nervy pakitimy kelia naujy abejoniy dél
WKY ziurkiy tinkamumo kaip kontrolés aukso standarto SHR tyrimams, o
tolesni tyrimai yra labai svarbiis, norint suprasti arterinés hipertenzijos sukel-
tus Sirdies nervinio rezginio struktiirinius pokyc¢ius. Taigi daroma prielaida,
kad Wistar ziurkés turéty biiti laikomos tinkamesnémis biiti normotenzine
kontrole SHR Ziurkéms nei WKY ziurkés atliekant eksperimentus, kuriais
siekiama istirti kraujospiidzio poveik] intrakardiniy nervy struktiirai.

4.2.3. Miokardo inervacijos pokyc¢iai

Miokardo nerviniy skaiduly rezginio poky¢iai itin priklausé nuo tiriamos
vietos. Pavyzdziui, prieSirdziuose nepavyko jzvelgti aiSkiy nuo amziaus pri-
klausanéiy ar arterinés hipertenzijos poveikio tendencijy, tac¢iau skilveliuo-
se i8siskyre labai aiSki tendencija — tiek SHR, tick WKY deSinysis skilvelis
turi tankesne inervacija nei kairysis. Sis fenomenas ryskesnis SHR grupéje,
galima prieZastis — miocitai hipertrofuoja ir hiperplazuoja labiau kairiajame
skilvelyje [29, 185, 186] ir nerviniy skaiduly tinklas nepaveja Sio proceso.

Bendras miokardo nerviniy skaiduly tankio sumazéjimas kairiajame skil-
velyje rodo ir tiriamos SHR ziurkés degeneracinius pokyc¢ius. Vidutinis mio-
kardo nerviniy skaiduly tankio skirtumas tarp WKY ir SHR buvo ryskesnis
priesirdziuose nei skilveliuose. Labiausiai sumazéjo seny individy tankiausia
sinusinio mazgo srities inervacija, daugiau — nei per puse, trecdaliu — prie-
Sirdziy miokardo ir maziausiai — skilveliy miokardo. Taciau kai kuriose jver-
tintose priesirdziy ir skilveliy sieneliy srityse miokardo nervy tinklo tankis
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padidéjo. Nerviniy skaiduly tankio kintamumas tam tikrose pavienése Sir-
dies srityse patvirtina idéjas apie autonominés pusiausvyros sutrikimg arba
regioning denervacijg ir hiperinervacija, atsirandancig hipertenzija serganciy
ziurkiy Sirdyse senstant [187, 188]. Kartu tai rodo, kad autonominis aktyvi-
nimas pasireiskia: (a) jauno amziaus tarpsniu; (b) labiau jaunesnio nei vy-
resnio amziaus tarpsniu ir (c) iki arterinés hipertenzijos pasireiskimo. Kitas
skirtumas, kurj reikia apsvarstyti tarp miisy ir Adamso ir kt.[60] radiniy —
mes jvertinome skaiduly tankj tiek deSiniajame, tiek kairiajame skilvelyje ir
nustatéme, kad deSinysis skilvelis turi didesnj inervacijos laipsnj. Panasiai
Kondo su bendrautoriais [189] iStyré miokardo noradrenerginiy nervy tanki
ir nustaté padidéjusia desiniojo skilvelio inervacija 30 ir 90 dieny amzZiaus
spontaning hipertenzijg turinciy ziurkiy, kurioms nustatytas polinkis i insulta
[189]. Sis rezultatas gali biiti paaiskintas suaugusiy gyviiny miokardo hiper-
trofija, kuri labiau pazeidzia kairjjj skilvelj ir nebiina inervacijos padidéjimo.
Taciau skirtinga jauny gyviiny kairiojo ir deSiniojo skilveliy inervacija licka
atviras klausimas.

Remiantis miisy duomenimis, adrenerginés nervines struktiiros stambéjo
bei tankéjo suaugusiy SHR ziurkiy darbiniame bei laidziajame miokarde — tai
patvirtina adrenerginj nervinj komponenta kaip AH vystymosi veiksnj [119].
Taip pat nustatytas seny SHR Ziurkiy adrenerginiy struktiiry nykimas Siek
tiek nesutampa su teiginiu, kad adrenerginé sistema lemia ne tik AH pradzia,
bet ir tolesnj progresa [119]. Suaugusiy SHR padidéjes tiek adrenerginiy, tiek
cholinerginiy nerviniy komponenty kiekis neparemia Kanazawa ir kt. [14]
hipotezés apie kompensacinj mechanizma, kai adrenerginés nervinés skai-
dulos pakei¢iamos cholinerginémis. Sie skirtumai galéty biiti, nes Kanazawa
moksliné grupé tyré¢ Dahl druskai jaurias ziurkes, kuriy AH kilmé kitokio
pobiidZio.

4.3. Tyrimo trakumai

D¢l techniniy galimybiy arterinio kraujospiidzio matavimo ir Sirdies
echoskopijos tirty gyviiny amzius ne visai tiksliai atitinka morfologiniy ty-
rimy amZiaus grupes. Sie tyrimai daugiau orientaciniai, skirti suprasti krau-
josptdzio kitimo tendencijas bei Sirdies makroskopinius poky¢ius gyviinams
senstant.

Neinvazinis arterinio kraujosptidzio matavimas uodegoje uzdéjus manZze-
te, siekiant patvirtinti arba paneigti arterinés hipertenzijos buvima, dél tech-
niniy kliti¢iy (dél smulkumo iSorine manzete nepavyko pagauti pulso bangos)
neatliktas jauniausiomis ziurkéms. Numatyta remtis ziurkiy tiekéjy pateikia-
mais arterinio kraujosptidzio duomenimis (Charles River Laboratories, tar-
pininkas Animalab Baltic SIA), biitent, jaunoms < 8 sav., ziurkéms, kad joms
arterin¢ hipertenzija dar neiSsivysciusi.
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ISVADOS

. Spontaning hipertenzijg turiniy ziurkiy arterinis kraujospiidis buvo pa-
did¢jes viso gyvenimo laikotarpiu bei linkes didéti gyviinui senstant.
Jauny ir suaugusiy kontrolinés grupés Ziurkiy kraujospiidis atitiko nor-
mos ribas, taciau seny ziurkiy grupéje sieké virSuting normos riba, o kai
kuriy gyviiny net virsijo.

. Nustatyta spontaning hipertenzija turinios Ziurkés kairiojo skilvelio
hipertrofija ir dilatacija viso gyvenimo laikotarpiu , o kairiojo skilvelio
isstiimio frakcija i§liko normali. Sirdies susitraukimy daznis kito ir ati-
tiko normos ribas ir tur¢jo polinkj didéti gyvinams senstant. Ilgalaike
arteriné hipertenzija pagreitina gyvybiniy iStekliy eikvojima, pasireis-
kiantj svorio maz¢jimu ir bendra gyviino iSvaizda.

. Arterin¢ hipertenzija lemia ir sustiprina visg amziy vykstancius struk-

tirinius Sirdies nervinio rezginio pokycius: neurony kiiny mazéjima,

intrakardiniy nervy fibrozg, nerviniy skaiduly nykima nervuose ir kai-
riojo skilvelio miokarde, deSiniojo skilvelio miokardo nervinio rezginio
tankéjima.

. Nustatyti pagrindiniy autonominés nervy sistemos fenotipy poky¢iai:

a) cholinerginés inervacijos bégant metams nykimas, kurj pagreitino
arterine hipertenzija;

b) adrenerginé inervacija yra rySkesné hipertenzinés grupés nerviniame
rezginyje, palyginti su kontroline. Sis skirtumas ypa¢ reikimingas
prehipertenziniy ir labai seny ziurkiy Sirdyse;

C) visy amziaus grupiy hipertenziniy ziurkiy CGRP skaiduly kiekis
buvo reikSmingai didesnis visose nervinio rezginio dalyse ir didéjo
metams bégant. CGRP — reciausio fenotipo — kiekio didé¢jimas vyko
greiciausiai.

. Nustatyti ultrastruktiiriniai intrakardinio nervinio rezginio poky¢iai:

a) palydoviniy Igsteliy suve$éjimas nerviniuose mazguose;

b) nemielininiy skaiduly nykimas;

¢) mielininiy skaiduly skai¢iaus ir tankumo mazéjimas hipertenziniy
ziurkiy nervuose;

d) gausios ir jvairios mielino deformacijos, budingos demielinizuojan-
¢ioms neuropatinéms ligoms tiek kontroliniy (Wistar Kyoto veislés),
tiek hipertenziniy ziurkiy nervuose;

e) nustatytos mielininiy skaiduly deformacijos buvo reikSmingai gau-
sesnés hipertenziniy gyviny nervuose.
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PRAKTINE REKOMENDACIJA

Remiantis Wistar Kyoto veislés ziurkiy padidéjusiu arteriniu spaudimu,
1§ dalies patologiniais Sirdies parametrais ir ultrastuktiiriniais neuropatiniais
pakitimais, keliamas klausimas dél Sios veislés tinkamumo biti hipertenzi-
jos modelio aukso standartu (spontaning hipertenzijg turincios ziurkés, SHR)
kontrolei. Rekomenduojame Wistar Kyoto veislés ziurkiy nesirinkti senéjimo
tyrimams kaip spontaninés hipertenzijos ziurkés normotenzinés kontrolés.
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SUMMARY

ABBREVIATIONS
ACh — acetylcholine
AH — arterial hypertension
ChAT — choline acetyltransferase
CGRP — calcitonin gene-related peptide
HF — heart failure
PGP9.5 - protein gene product 9.5
SIF cells — small intensely fluorescent cells
SHR — spontaneously hypertensive rat
TEM — transmission electron microscopy
TH — tirozine hydroxilase
WKY — Wistar Kyoto rat

1. INTRODUCTION

Persistent arterial hypertension (AH) leads to structural and functional
myocardial abnormalities resulting in myocardial ischemia, fibrosis and
hypertrophy [5]. AH is considered as the highest risk factor leading to early
death from cardiovascular diseases [7]. Tissue inflammation and myocardial
fibrosis are the key factors in pathogenesis of AH since cytokines released
by the immune system cells activate the renin-angiotensin system (RAS)
and play a pivotal role in the development of heart failure (HF) [10, 11].
Acetylcholine (ACh) released from vagal fibers is considered as the major
regulating factor in the remodeling of cardiac myocardium following AH since
the augmented level of the released ACh due to electrical vagal stimulation
and acetylcholinesterase inhibition reduces significantly both the morbidity
and the mortality of patients suffering from AH and HF [17]. The decrease in
sympathetic tone throughout activation of baroreflexes demonstrates a better
survival of animal models sufferingfrom HF and suggests that the enhanced
sympathetic signaling plays a critical role in the progression of HF [13, 17].
It is considered that adrenergic neurons in the stellate ganglia and possibly
cardiac adrenergic nerve fibers originated from other sympathetic cervical
ganglia undergo a cholinergic trans-differentiation during HF because of
cytokines released by the failing myocardialcells [8, 190]. Intermittent
low-level transcutaneous stimulation of the sensory vagal fibers attenuates
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significantly the blood pressure elevation, ameliorates the diastolic function
and mitigates the leftventricular inflammation and fibrosis [11]. In spite of
fact that the usage of beta-adrenergic receptor blockers in combination with
angiotensin-converting enzyme inhibitors and angiotensinreceptor blockers
is considered as a gold standard in treatment of AH and HF, findings from
some HF animal models demonstrate that additional electrical stimulation
of vagal nerve or application of acetylcholinesterase inhibitors donepesil or
piridostigmin together with beta-blocade therapy, may reduce myocardial
remodeling and fibrosis, improves cardiac contractility, and prolongs animal
survival [11, 16, 17, 117, 191]. It was shown that both the acetylcholinesterase
inhibitionand the electric vagal nerve stimulation increases the level of
ACh which reduces the activity of RAS, acts on lymphocytes lessening the
concentration of circulating cytokines and attenuating inflammation, i.e.
diminishes key factors of AH and HF pathogenesis [11, 152, 192—-194].

Aim of the study: to evaluate the effect of long-term untreated arterial
hypertension on the nerve plexus of the heart, using spontaneously hyper-
tensive rats as a model of experimental hypertension of different ages.

Objectives:

1. To evaluate and compare the arterial blood pressure of hypertensive and
control rats and its dynamics during life.

2. To evaluate and compare the physiological parameters of the heart of
hypertensive and control rats at different age stages.

3. To determine and compare the structural changes in the nerve plexus
of the heart of hypertensive and control rats — nerve ganglii, nerve and
myocardial innervation — at different age stages.

4. To determine and compare the changes of the main phenotypes of the
autonomic nervous system — cholinergic, adrenergic, and peptidergic
(CGRP) — in the ganglii, nerves and myocardial nerve plexus of the
heart of hypertensive and control rats at different stages of life.

5. To investigate and compare the ultrastructural features of the neural
plexus of the heart wall of hypertensive and control rats.

2. MATERIALS AND METHODS

Males of spontaneously hypertensive rats and Wistar—Kyoto rats for control
were purchased from Charles River Breeding Laboratories (Germany). All
animals, spontaneously hypertensive and control rats, were divided into
four age groups: (1) juvenile (8-9 weeks); (2) adult (12—18 weeks); (3) aged
(4660 weeks); and very old (78-82 weeks). All experiments with laboratory
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animals conformed to EU directive 86/609/EEC and were performed under
ethical permission No. G2-137.

Methods of the study can be divided into three groups (Figure 2.1). First,
hemodynamic studies were performed on living animals to confirm that
this would be a suitable material for the AH model. Morphological studies
followed, using immunohistochemical and transmission electron microscopy
methods.

[ Researched animals ]
[ Physiological tests ] ‘ Morphological tests ’
Blood . . .
pressure, Cardiac Immunohistochemical Electronomlcroscoplcal
heart rate echoscopy / \
Cardiac Ventricular .. Atrla_l and
- Ganglii ventricular
wholemounts cryosections
nerves
Atrial Ventricular Nerve Myocar_dlal
. nerve fiber
wholemounts| [wholemounts sections
meshwork
Ganglii, nerves, nerve Nerves,
fiber meshwork in myocardial
sinoatrial node and nerve fiber
myocardium, SIF cells meshwork

Fig. 2.1. The flowchart of study design.

Physiologic measurements

Before euthanasia, the single-blinded investigators performed the blood
pressure measurement, animal weighing and echocardiographic analysis.
Arterial blood pressure was measured by the non-invasive tail-cuff method.
Heart rate, systolic blood pressure and diastolic blood pressure were measured.
Mean arterial blood pressure was calculated by the equation.

Echocardiographic measurements were performed at 19-20", 29-30" and
46-49" weeks of life. Two-dimensional transthoracic echocardiography and
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M-mode were obtained at a scanning speed of 200 mm and adjusted according
to heart rate. Cardiac echoscopy was performed following methodology
recommended by the American Society of Echocardiography [104] and other
researchers [105].

Preparations

Immunohistochemistry

Three types of preparations were made from each of the hearts: (i) whole
mounts of atria, (if) whole mounts of the basal part of ventricles and (iii)
transverse serial sections of the middle part of cardiac ventricles. After
euthanasia, animals were perfused in situ with 0.1 M phosphate-buffered
saline (PBS) and prefixed with 4 % paraformaldehyde solution (PFA). Hearts
were removed from the chest, fixed in 4 % PFA for 40 min and the atria were
separated, flattened.

The whole mount of the basal part of ventricles was prepared. In order
to decrease background light for a laser scanning microscope examination,
tissues were dehydrated and cleared using a dimethyl sulfoxide and hydrogen
peroxide solution, as reported previously [195].

The remaining part of the cardiac ventricles was used for transverse
cryosections. Subsequently, whole-mount preparations and cryosections were
incubated within a mixture of two or three primary antisera that were diluted
and consisted of antibodies (ChAT, TH, CGRP, PGP9.5) for 48—72 h at 4 °C.
Afterwards, whole mounts were washed three times for 10 min in 0.1 M PBS
and incubated with a mix of corresponding secondary antisera for 4 h at room
temperature with gentle shaking. Lastly, specimens were washed in 0.1 M
PBS, mounted, cover-slipped and sealed using clear nail polish.

Preparations for transmission electron microscopy

Next to euthanasia, the rat chest was opened, perfused with PBS in situ
and prefixed with 2.5 % glutaraldehyde in 0.1 M phosphate buffer via the
left cardiac ventricle. Tissue samples of 1 mm? from the definite sites of atria
and ventricles of each heart were prepared according to a protocol of routine
transmission electron microscopy, and the samples were orientated in flat
embedding molds for transverse sectioning of cardiac ganglionated nerves.
Ultrathin sections were analysed at 120 kV with a Tecnai BioTwin Spirit G2
transmission electron microscope (FEI, Eindhoven, The Netherlands). Images
were taken with a bottom-mounted 16 M-pixel Eagle 4 K TEM CCD camera,
employing specific TIA software (FEI, Eindhoven, The Netherlands).
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Microscopy and quantitative analysis

Whole-mount preparations and cryosections were observed using a
confocal laser scanning microscope LSM 700 with the software package
ZEN 2010B SP1 (Carl Zeiss, Jena, Germany). Objectives of 10x (for tile-
scan panoramas of all preparation types) and 20x (for measurements of
neural structures of atrial and ventricular preparations) were used. For
analysis of non-sectioned, longitudinal nerves, images of 20 random nerves
from the left dorsal atrium and 20 random nerves from ventricular whole-
mount preparation were taken. For analysis of TH and CGRP terminals in
the ganglia, 10 random ganglia from each atrial whole-mount preparation
were taken. Two random areas were selected for imaging of axon terminals
in the left dorsal atrium, sinoatrial area, on the right auricle, and base of the
heart near pulmonary veins. All neural structures from the above-mentioned
locations were measured in multiple optical sections of the z-stack. The area
occupied by neural structures was defined manually to avoid artefacts. The
quantity of labelled fluorescent neural structures was calculated using the
binary thresholding method available by the software Axiolmage (Rel. 4.8.,
Carl Zeiss AG) and expressed in percentages. The area of all visible atrial
ganglia was manually measured using a flattened z-projection.

To evaluate the density of meshwork of myocardial nerve fibres positive
for TH and CGRP in the ventricular transverse sections, images of 20-30
randomly selected myocardial areas from each transverse section were taken.
The tissue areas with transversely sectioned meshwork of nerve fibres were
evaluated on the projection of z-stack images using the above-mentioned
method of binary thresholding.

For ultrastructural examination with a transmission electron microscope
FEI® BioTwin G2 Spirit (FEI, Eindhoven, The Netherlands), the entire
section was viewed sequentially for neural structures—nerves and nerve
fibers—with the built-in lateral camera Olympus® MegaViewG2, and after
finding the neural structure for morphometric measurements photographed
at x4800 and x6800 magnification with the built-in high-resolution camera
16 MP TEM CCD camera Eagle 4K at the bottom using software TIA (FEI,
Eindhoven, The Netherlands). The electrograms were analyzed by the
program AxioVision Rel. 4.8.2 (Carl Zeiss, Jena, Germany).

Morphological changes in neuron bodies, synapses, axons and Schwann
cells were evaluated in electrograms aswell. Quantitative assessment of atrial
and ventricular nerves was performed. In non-myelinated nerve fibers: (i)
axonal diameter and area are measured; (i1) the number of axons in the fiber is
counted; (ii1) calculated total area occupied by axons in the nerve; (iv) axons
with artifacts are counted. In myelinated nerve fibers: (i) all intact myelinated
fibers found in the tested nerve were counted; (ii) measure the area of the
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nerve visible in the electrogram, the diameters and areas of the axon and
nerve fiber; (iii) the density of axons in the nerve and the G ratio (the ratio
between the diameter of the axon and the outer diameter of the myelin sheath)
were calculated; (iv) axons and Schwann cells with artifacts are counted.

Image analysis was performed using the free available Fiji software Imagel
[107].

Statistical analysis

Descriptive and analytical statistical methods were used. The normality of
data distribution was checked using the Kolmogorov-Smirnov criterion and
was considered normally distributed when p > 0.05. with 95 % confidence
interval. Data in tables and graphs are expressed as arithmetic mean and
its standard error. If the compared data samples conformed to the normal
distribution, the Student’s t-test was applied, and when they did not conform,
the Mann-Whitney U test was applied. When comparing more than two data
groups, the Kruskal-Wallis test was used for independent samples, and the
Friedman test was used for dependent samples. The database was created
using Microsoft Office Excel.

3. RESULTS

Characterization of physiological parameters

In hypertensive rats of all age groups (1517, 4547, and 52-60 weeks),
systolic, mean, and diastolic arterial blood pressures were elevated and
increased as the animal aged. Aged (52—60 weeks) WKY rats had systolic
blood pressure above 140 mm Hg, which was higher than the upper limit of
normal. Heart rate varied within normal limits with a tendency to increase as
the animals aged. Cardiac ultrasound examination showed that the control
and hypertensive groups were significantly different in the 20-week adult
group. The parameters of the left ventricle differed the most. Left ventricular
hypertrophy of hypertensive rats was statistically significant. At 60 weeks in
the SHR group, compared to age-matched WKY, the left ventricular cavity
was significantly increased.

Morphology of ganglia and neurons

In all studied hearts and age groups, the cardiac ganglii are located in the
hilum of the heart, the largest ganglia formed well-defined fields of nerve
ganglia located in the anterior superior left atrium (Figure 3.1). In contrast,
there were no ganglii in the ventricles.
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Fig. 3.1. Laser-scanning (confocal) microphotographs to illustrate a
general view of morphological patterns of intracardiac ganglionated nerve
plexus of the SHR atria of 8 (A) and 14 week (B) old animals.

The general views of whole mounts of the rat atria were assembled with the aid of software
ZEN 2010B SP1 from 108 images displaying neural structures immunochemically labeled
for the antigen PGP9.5. Note, there are decreased ganglionic clusters in the aged (panel B)
compared to the young rats (panel A). White arrows indicate some epicardiac nerves, arro-
wheads point to some ganglia, and thick arrows point to preganglionated nerves, which enter
the heart through the heart hilum at the left cranial vein. Abbreviations: LPV — left pulmonary

vein, MPV — middle pulmonary vein, RPV — right pulmonary vein.

In young SHR, the amount and area of ganglii were significantly higher
compared to age-matched WKY control rats (Table 3.1), which resulted in a
significantly higher number of neuronal bodies per ganglia. This difference
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was no longer present in the ganglia of adult and old rats. The number of
neurons per ganglia was slightly reduced in WKY adults but significantly
reduced (68 %) in SHR adults compared to young (Table 3.1). The number
of neurons in old animals did not differ. These parameters reach a peak in the
group of old rats and decrease in the group of very old rats.

Table 3.1. Morphometry of ganglia comparison between age-matched WKY
and SHR groups. The ganglion number in the very old group presented as
min-max values; otherwise — mean (standard error)

Parameter Mark Juvenile Adult Old Very old
ete “TWKY [ SHR | WKY | SHR | WKY | SHR | WKY | SHR
Ganglion
b 295 | 348 | 233 | 225 | 27 23 | 30-60 | 17-77
Sriﬁgﬂﬁii 52349 [70973.1| 45097 |43895.8| 182749|266868 | 60400 | 56286
PGP9.5
Neuron | 643 | 581" | 532 | s02° | 734 | 596" | 706 | 623
area, pm
Neuronal
number in 52 94* 33 29 115 171 69 61
ganglion
NF in « "
_ 2.063 | 1.46" | 1.042 | 159" | 1.43 | 1.58 - -
ganglia, %
SIF total
area mme | TH | 72181 | 79206 | 21594 | 45852 | 90326 | 94632 | 40380 | 57470
SIF arca 3080 | 4016 | 1439 | 3150 | 3257 | 4296 | 1486 | 1718
/0.1 mm
NF in *
qanglia CGRP| 3.15 | 347 | 199 | 212 | 221 | 3.66

Abbreviations: CGRP, immunoreactive for calcitonin gene-related peptide; NF, nerve fiber;
PGP9.5, immunoreactive for protein gene product 9.5; SHR, spontaneously hypertensive
rats; SIF, small intensely fluorescent cells; TH, immunoreactive for tyrosine hydroxylase;
WKY, Wistar—Kyoto rats. " Significant difference between the age-matched group of WKY
and SHR at p <0.05.

A typical atrial ganglia of old WKY and SHR was quite complex in
structure, and neurons were unevenly distributed, sparsely scattered in one
place and densely clustered in another. Due to the irregular structure and
contours of the cardiac ganglia, both (the area of the ganglia and the number
of neurons in it) varied significantly. Single neurons were also found in the
nerves.

Interestingly, the mean body area of neurons in SHR was smaller compared
to WKY rats in all age groups. (Table 3.1). A small number of single neurons
or small clusters of neurons were found in epicardial nerves or distant from
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atrial nodal fields. Both WKY and SHR neural ganglia consist exclusively
of cholinergic (ChAT+) neurons. Cholinergic terminals, which are abundant
in the nodes, surround the neuronal bodies and are evenly distributed in the
neuropil.

Electron microscopy shows many axo-dendritic synapses with abundant
clear vesicles present in the presynaptic terminals, which are also presumably
cholinergic. Also, cholinergic terminals were observed innervating both
adrenergic and cholinergic single neurons. In contrast to cholinergic nerve
fibers, most adrenergic nerve fibers did not have varicosities in cardiac intimal
nodes and crossed them “in transit”. Nevertheless, single adrenergic nerve
fibers had varicosities of variable size and surrounded cholinergic ganglion
neurons.

Abundant clusters of small intensely fluorescent cells (SIFs) that were TH
positive were found in both nodes and nerves. We found a relatively larger
composite area of SIF clusters in the hearts of young animals, as well as a
decrease in these cell areas as the animals matured and again an increase
as the animals aged. Compared with WKY and SHR, more SIF was present
in hypertensive rats. It was confirmed by electron microscopy that SIF
accumulates at the capillaries.

CGRP-positive nerve fibers were found in all cardiac ganglii examined.
Importantly, no CGRP-positive neuron bodies were detected in all animals
studied. CGRP-positive nerve fibers are extremely thin, with abundant
varicosities.

All adult rat neuron bodies had their characteristic cytoplasmic structure.
Unlike WK, the nucleolema of some SHR neurons was deformed. Electron
microscopy examination of aged SHR and WK rats did not reveal significant
ultrastructural differences in neuronal bodies.

Morphology of atrial and ventricular nerves

From the atria, rat epicardial nerves reach the walls of the ventricles by
two pathways. The first path passes through the arterial part of the hilum of
the heart, between the ascending aorta and the pulmonary trunk, the second
path, by which the epicardial nerves reach the dorsal surface of the ventricles,
extends from the venous part of the hilum of the heart, parallel to the left
cephalic vein and spreads towards the apex of the heart.

The morphology of epicardial nerves is variable. Ventricular nerve thickness
was significantly higher in young SHR rats compared to age-matched WKY
rats. The nerves of the left dorsal subplexus of the old SHR group animals
were 12 % thinner, compared to WKY rats, and preparations from very old rats
showed exceptionally thick epicardial nerves (Table 3.2). In the ventricles, an
age-old trend of nerve diameter enlargement was also observed.
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Table 3.2. Epicardiac nerve comparison between age-matched WKY and
SHR groups

Nerve Marker Juvenile Adult Old Very old
WKY | SHR [WKY | SHR |WKY | SHR [WKY | SHR

Nerve width, pm
Atrial PGP 5 28.6 29 322 | 258 | 31 | 274" |6429| 70
Ventricular T 222 2697|271 | 274 | 36 34 46 53
Nerve fiber area in nerve longitudinal section, %
Atrial ChAT 23.8 | 2227 | 27 |30.57|26.92 | 21.2" | 20.43 | 24.32"
Ventricular 30.1 | 28.5 | 26.8 | 25.6 | 26.8 | 25.7 | 16.81 | 18.56
Atrial ™ 19.9 |25.18"| 18.35 | 18.74 | 15.8 | 15.07 | 26.69 |31.98"
Ventricular 27.9 | 25.2° | 23.17 | 22.13 | 24.73 | 22.1" | 30.74 | 35.65"
Atrial CGRP 1.1 |3.08 | 3.54 | 294" | 2.5 | 791" | 297 | 7.02"
\entricular 1.63 | 348" | 229 | 2.53 | 5.01 | 3.02" | 3.06 | 541"
\\/’eergtrgg;":gc’;fgnl PGP9.5 | 72.5 | 73.3 | 81.6 | 71.7° | 71.6 | 68.9" | 54.95 | 54.59

Abbreviations: ChAT, immunoreactive for choline acetyltransferase; CGRP, immunoreactive
for calcitonin gene-related peptide; PGP9.5, immunoreactive for protein gene product 9.5;
SHR, spontaneously hypertensive rats; TH, immunoreactive for tyrosine hydroxylase; WKY,
Wistar—Kyoto rats. “Significant difference between the age-matched group of WKY and SHR
atp <0.05.

1 Measurements are from ventricular cryosections, otherwise — from atrial or ventricular
whole-mounts.

A marked permanent reduction of PGP9.5+ nerve fibers was observed —
in the nerves of young animals, this area in the cross-section of the nerve
occupied > 70 percent, and in old animals — only slightly more than 50 percent
(Table 3.2).

Cholinergic and adrenergic nerve fibers constituted the majority of fibers in
both atrial and ventricular epicardial nerves of all animal groups (Table 3.2).
Peptidergic (CGRP+) fibers were significantly less in nerves than cholinergic
and adrenergic ones, but CGRP+ fibers were more abundant in both atrial and
ventricular nerves of SHR of almost all age groups compared to the same age
control group (Table 3.2). Thus, maximal abundance of CGRP+ fibers was
observed in the nerves of old and very old SHR rats (Table 3.2).

Examination of the ultrastructure of unmyelinated nerve fibers in adult
rats revealed that WKY epicardial nerves were dominated by typical
unmyelinated nerve fibers with compact Schwann cells giving the fibers a
regular outline. Base membrane folds without Schwann cell outgrowths were
characteristic of SHR nerves. In SHR and WKY cardiac nerves, many axons
were incompletely covered by glial cells or contacted each other in the same
Schwann cell groove.
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Unmyelinated axons were thinner in SHR nerves compared to WKY in all
age groups, both in the ventricles and in the atria. It should be noted that this
difference was more significant in ventricular nerves (Table 3.3). The total
area occupied by axons in the nerve was found to be significantly smaller in
both atrial and ventricular SHR epicardial nerves (Table 3.3).

Table 3.3 SHR and WKY rat nerve ultrastructural characteristics presented
as mean (standard error)

Adult rats Old rats

Parameter Atrial Ventricular Atrial Ventricular
WKY | SHR | WKY | SHR | WKY | SHR | WKY | SHR
Unmyelinated fibers

Number of
axons 1381 999 978 1953 | 4611 | 8063 | 3675 | 2057
measured, n

Axon area, um? 1.5 1.2 1.2 0.9 1.36 1.13 1.33 1.11
’ (0.03) | (0.03)" | (0.04) | (0.02)" | (0.02) | (0.01)" | (0.02) | (0.03)"

Axon diameter, 1.3 111 1.07 0.9 1.18 1.04 1.12 0.97

pm (0.01) | (0.02)" | (0.02) | (0.01)" | (0.01) | (0.01)" | (0.01) | (0.02)

Mean axonal
: 25 | 28 | 44 | 44 | 253 | 342 | 322 | 343
numberinnerve | 73y | o7y | (0.6) | (0.2) | (0.06) | (0.80)" | (0.30) | (0.20)

fiber, n

Axon area in 48.9 43.6 54.4 50.1 58.60 | 52.70 | 58.90 | 50.90
nerve, %. 12) | 11" | (14 | (0.8) | (0.70) | (0.70)" | (0.98) | (0.80)"
Myelinated fibers

Number of - ; ; - | 829 | 5267 | 495 | 2207
axons, n

Fiber density, _ ) ) « "
/1000 pm? - 16.96 | 7.95 14.96 | 11.49
Number of

axons measu- 92 200 28 146 576 294 295 120
red, n

Axon area. um? | 41 42 5.5 51 | 402 | 425 | 471 | 5.66
& ©.1) | (02) | (03) | (0.2) | (0.08) | (0.15) | (0.15) | (0.30)"

Axon diameter, 2.3 2.2 2.6 2.5 2.20 2.23 2.37 2.56

wm 0.04) | (0.1) | (0.1 | (0.1) | (0.02) | (0.04)" | (0.04) | (0.75)"
Nerve fiber 72 | 73 | 88 | 76 | 706 | 759 | 7.90 | 9.06
area, um? 0.3) | (0.2) | (0.6)" | (0.3) | (0.1) | (0.20)" | (0.20) | (0.46)"
Nerve fiber 30 | 295 | 33 | 30 | 290 | 301 | 3.09 | 327

diameter, pm (0.1) | (0.1) | (0.1)™ | (0.1) | (0.3) | (0.05) | (0.04) | (0.09)

077 | 075 | 08 | 08 | 0752|0736 | 0.767 | 0.78
(0.01) | (0.01) |(0.01)"| (0.01) |(0.004) | (0.01)" | (0.004) | (0.001)

*— statistically significant difference between WKY and SHR groups, p < 0.05.
" — statistically significant difference between atrial and ventricular fibers in WKY or SHR
groups, p < 0.05.

G-ratio
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Evaluating the total number of myelinated fibers and their density in nerves
revealed a statistically significant decrease in these fibers in the nerves of old
SHR rats (Table 3.3). The axon ultrastructure of most myelinated fibers was
unchanged, except for various inclusions, which were found in 20 %. of old
rat axons. Inclusions were also present in the cytoplasm of myelinated fibers
in Schwann cells, but here they were less common.

Meanwhile, neuropathic changes in the myelin sheath were detected in a
large proportion of myelinated nerve fibers. In the nerves of both age groups
studied, the majority of myelinated nerve fibers showed an excess of myelin
sheath (hypermyelination) that did not correspond to the diameter of the
axon, resulting in the formation of myelin folds, which were clearly visible
on electrograms. Sometimes several folds were visible in the sections, or the
myelin was extremely worn out, forming the so-called “tomacula”.

Another characteristic change is cytoplasmic inclusions in myelin, which
clearly differed from Schmidt Lanterman’s incisions, because cytoplasmic
inclusions were always only on one side and extended quite far from the
axon, forming characteristic hooks. Spoiled myelin was quite common, but
this change was not strongly expressed and was even more frequent in the
nerves of old WKY rats than in t

Another characteristic change is cytoplasmic inclusions in myelin,
which clearly differed from Schmidt Lanterman’s incisions, as cytoplasmic
inclusions were always only on one side and extended quite far from the
axon, forming characteristic hooks. Very characteristic type of myelinated
nerve fiber changes, which we termed “degraded myelin surrounding the
axon”, was three times more common in the nerves of the SHR group than
in the WKY group. Thinly myelinated nerve fibers were found in the nerves
examined, but they were not abundant in both groups of animals.

The described altered myelinated fibers with a myelin sheath not matching
the axon surface were not evaluated morphometrically, thus measuring only
intact nerve fibers (in which the myelin was attached to the axon). The number
of such fibers in the nerves of old WKY was 65.7 percent. and only 51.4
percent. in the nerves of old SHR. In all groups, myelinated fibers and their
axons in the ventricular nerves were thicker than in the atrial nerves (Table
3.3). Neither fiber nor axon areas differed between adult-aged WKY and SHR
rats. Meanwhile, in both atrial nerves and ventricular nerves of old rats, SHR
myelinated fibers and their axons were statistically significantly thicker than
WKY (Table 3.3).

Changes in myocardial innervation
Myocardial nerve fibers formed a fine mesh that was well visible in
wholemount preparations of the atria and cryosections of the heart ventricles.
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The most abundantly innervated atrial site was the sinus node, the least - the
auricles. Cholinergic fibers predominated in the sinus node of both young,
adult, and old WKY and SHR rats. In the sinus node, cholinergic innervation
in both breeds of animals gradually decreased with aging. Adrenergic
innervation of the sinus node was less than cholinergic in almost all age groups
except very old rats and also decreased with age. Peptidergic, CGRP+ fibers
accounted for the smallest proportion of innervation and also decreased with
age. It should be noted that CGRP+ fibers were significantly more abundant
in the sinus node of SHR animals of all age groups compared to WKY of the
corresponding age.

In the contractile atrial myocardium, the density of both ChAT+ and TH+
fibers remained relatively stable with age, and only in the very old group
did we observe a significant decrease in innervation of both phenotypes. In
the atrial myocardium of young and adult SHR groups, both cholinergic and
adrenergic innervation were more abundant than in age-matched controls. As
the rats aged, these differences did not remain. CGRP+ fibers were more
abundant in SHR atrial myocardium of all age groups, but a particularly large
difference appeared in the group of very old rats, where their abundance was
2.5 times that of controls.

The innervation of the ventricular myocardium was heterogeneous.
Innervation of the right ventricle up to 30 % was denser than the left one.
Meanwhile, the innervation of the left ventricular myocardium was ~10 %.
lower SHR compared to the normotensive control group of the same age.

CONCLUSIONS

1. The arterial blood pressure of spontaneously hypertensive rats was ele-
vated throughout life and tended to increase as the animal aged. Blood
pressure in young and adult control rats was within the normal range,
but in the aged rats it reached the upper limit of normal, and some ani-
mals even exceeded it.

2. Hypertrophy and dilatation of the left ventricle of spontaneously hy-
pertensive rats was determined during life, while the left ventricular
ejection fraction remained normal. Heart rate varied within normal li-
mits with a tendency to increase as the animals aged. Long-term arterial
hypertension accelerates the depletion of vital resources, manifested by
weight loss and the general appearance of the animal.

3. Arterial hypertension affects and enhances the structural changes in the
cardiac nerve plexus that occur with age: reduction of neuronal bodies,
fibrosis of intracardiac nerves, loss of nerve fibers in the nerves and left
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ventricular myocardium, but thickening of the right ventricular myocar-
dium nerve plexus.

4. Changes in the main phenotypes of the autonomic nervous system were
determined:

a) age-related loss of cholinergic innervation accelerated by arterial hy-
pertension;

b) adrenergic innervation is better expressed in the nerve plexus of the
hypertensive group compared to the control. This difference is parti-
cularly significant in the hearts of prehypertensive and very old rats;

c) the content of CGRP fibers in hypertensive rats of all age groups was
significantly higher in all parts of the neural plexus and increased
with age. CGRP, the rarest phenotype, showed the fastest increase.

5. Ultrastructural changes of the intracardiac nerve plexus were identified:

a) the release of satellite cells in nerve nodes;

b) loss of non-myelinated fibers;

c¢) decrease in the number and density of mycelial fibers in the nerves
of hypertensive rats;

d) abundant and diverse myelin deformations characteristic of demye-
linating neuropathic diseases in nerves of both control (Wistar Kyoto
breed) and hypertensive rats;

e) the identified deformations of myelinated fibers were significantly
more abundant in the nerves of hypertensive animals.

PRACTICAL RECOMMENDATION

Based on the increased arterial pressure, partially pathological cardiac
parameters, and ultrastructural neuropathic changes in Wistar Kyoto rats, the
suitability of this breed as a gold standard for the control of a hypertension
model (spontaneously hypertensive rat, SHR) is questioned. We recommend
that Wistar Kyoto rats not be selected for aging studies as normotensive
controls for spontaneously hypertensive rats.

97



10.

11.

12.

13.

14.

15.

16.

BIBLIOGRAFIJOS SARASAS

Abbafati C, Abbas KM, Abbasi-Kangevari M, Abd-Allah F, Abdelalim A, Abdollahi
M, et al. Global burden of 87 risk factors in 204 countries and territories, 1990—
2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet.
2020;396:1223. Available from: /pmc/articles/PMC7566194/

Burns J, Sivananthan MU, Ball SG, Mackintosh AF, Mary DASG, Greenwood JP.
Relationship between central sympathetic drive and magnetic resonance imaging-
determined left ventricular mass in essential hypertension. Circulation. 2007;115:1999—
2005. Available from: https://pubmed.ncbi.nlm.nih.gov/17389264/

Greenwood JP, Scott EM, Stoker JB, Dasg M. Hypertensive left ventricular hypertrophy:
Relation to peripheral sympathetic drive. J Am Coll Cardiol. 2001;38:1711-7.
Schlaich MP, Kaye DM, Lambert E, Sommerville M, Socratous F, Esler MD. Relation
between cardiac sympathetic activity and hypertensive left ventricular hypertrophy.
Circulation.  2003;108:560-5.  Available from: https://pubmed.ncbi.nlm.nih.
gov/12847071/

Kuroda K. Hypertensive cardiomyopathy: A clinical approach and literature review.
World J Hypertens. 2015;5:41.

Mancia G, Grassi G. The autonomic nervous system and hypertension. Circ Res.
2014;114:1804—14. Available from: https://pubmed.ncbi.nlm.nih.gov/24855203/
McClain JL, Fried DE, Gulbransen BD. Agonist-evoked Ca2+ signaling in enteric glia
drives neural programs that regulate intestinal motility in mice. Cell Mol Gastroenterol
Hepatol. 2015;1:631-45.

Kanazawa H, leda M, Kimura K, Arai T, Kawaguchi-Manabe H, Matsuhashi T, et al.
Heart failure causes cholinergic transdifferentiation of cardiac sympathetic nerves via
gp130-signaling cytokines in rodents. Journal of Clinical Investigation. 2010;120:408—
21.

Olivas A, Gardner RT, Wang L, Ripplinger CM, Woodward WR, Habecker BA.
Myocardial infarction causes transient cholinergic transdifferentiation of cardiac
sympathetic nerves via gp130. Journal of Neuroscience. 2016;36:479-88.

Satou R, Penrose H, Navar LG. Inflammation as a Regulator of the Renin-Angiotensin
System and Blood Pressure. Curr Hypertens Rep. 2018;20:100.

ZhouH, LiN, YuanY, Jin Y-G, Guo H, Deng W, et al. Activating transcription factor 3 in
cardiovascular diseases: a potential therapeutic target. Basic Res Cardiol. 2018;113:37.
Roy A, Guatimosim S, Prado VF, Gros R, Prado MAM. Cholinergic activity as a new
target in diseases of the heart. Mol Med. 2015;20:527-37. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/25222914

Zucker IH, Hackley JF, Cornish KG, Hiser BA, Anderson NR, Kieval R, et al. Chronic
baroreceptor activation enhances survival in dogs with pacing-induced heart failure.
Hypertension. 2007;50:904-10.

Kanazawa H, leda M, Kimura K, Arai T, Kawaguchi-Manabe H, Matsuhashi T, et al.
Heart failure causes cholinergic transdifferentiation of cardiac sympathetic nerves via
gp130-signaling cytokines in rodents. J Clin Invest. 2010;120:408-21. Available from:
https://pubmed.ncbi.nlm.nih.gov/20051627/

Delfiner MS, Siano J, Li Y, Dedkov EI, Zhang Y. Reduced epicardial vagal nerve
density and impaired vagal control in a rat myocardial infarction—heart failure model.
Cardiovascular Pathology. 2017;26:21-9.

Lataro RM, Silva CAA, Fazan R, Rossi MA, Prado CM, Godinho RO, et al. Increase
in parasympathetic tone by pyridostigmine prevents ventricular dysfunction during the
onset of heart failure. Am J Physiol Regul Integr Comp Physiol. 2013;305:R908-16.

98



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Roy A, Fields WC, Rocha-Resende C, Resende RR, Guatimosim S, Prado VF, et al.
Cardiomyocyte-secreted acetylcholine is required for maintenance of homeostasis in
the heart. FASEB J. 2013;27:5072-82.

Benarroch EE. CGRP. Neurology. 2011;77:281-7.

Scharrer B. Peptidergic neurons: Facts and trends. Gen Comp Endocrinol. 1978;34:50—
62.

Aline Boer P, Ueno M, Sant’Ana JSM, Saad MJA, Rocha Gontijo JA. Expression and
localization of NK 1R, substance P and CGRP are altered in dorsal root ganglia neurons
of spontaneously hypertensive rats (SHR). Molecular Brain Research. 2005;138:35—
44,

Russo AF, Hay DL. CGRP physiology, pharmacology, and therapeutic targets: migraine
and beyond. Physiol Rev. 2023;103:1565-644.

Edvinsson L, Haanes KA, Warfvinge K, Krause DN. CGRP as the target of new
migraine therapies — successful translation from bench to clinic. Nat Rev Neurol.
2018;14:338-50.

Bentsen S, Sams A, Hasbak P, Edvinsson L, Kjaer A, Ripa RS. Myocardial perfusion
recovery induced by an a-calcitonin gene-related peptide analogue. Journal of Nuclear
Cardiology. 2022;29:2090-9.

Argunhan F, Thapa D, Aubdool AA, Carlini E, Arkless K, Hendrikse ER, et al. Calcitonin
Gene-Related Peptide Protects Against Cardiovascular Dysfunction Independently of
Nitric Oxide In Vivo. Hypertension. 2021;77:1178-90.

Kee Z, Kodji X, Brain SD. The Role of Calcitonin Gene Related Peptide (CGRP) in
Neurogenic Vasodilation and Its Cardioprotective Effects. Front Physiol. 2018;9.
Kyriakoulis KG, Kollias A, Stergiou GS. Masked hypertension: how not to miss an
even more silent killer. Hypertension Research. 2023;46:778-80.

Kalehoff JP, Oparil S. The Story of the Silent Killer. Curr Hypertens Rep. 2020;22:72.
Pokharel Y, Karmacharya BM, Neupane D. Hypertension—A Silent Killer Without
Global Bounds. J Am Coll Cardiol. 2022;80:818-20.

Gonzalez A, Ravassa S, Lopez B, Moreno MU, Beaumont J, San José G, et al.
Myocardial Remodeling in Hypertension. Hypertension. 2018;72:549-58.

Nwabuo CC, Vasan RS. Pathophysiology of Hypertensive Heart Disease: Beyond Left
Ventricular Hypertrophy. Curr Hypertens Rep. 2020;22:11.

Ho KKL, Anderson KM, Kannel WB, Grossman W, Levy D. Survival After the Onset
of Congestive Heart Failure in Framingham Heart Study Subjects. Available from:
http://ahajournals.org

Vasan RS, Levy D. The role of hypertension in the pathogenesis of heart failure. A
clinical mechanistic overview. Arch Intern Med. 1996;156:1789-96.

Francis GS, Cohn JN, Johnson G, Rector TS, Goldman S, Simon A. Plasma
norepinephrine, plasma renin activity, and congestive heart failure. Relations to survival
and the effects of therapy in V-HeFT II. The V-HeFT VA Cooperative Studies Group.
Circulation. 1993;87:VI140-8.

Katz SD. Mechanisms and implications of endothelial dysfunction in congestive heart
failure. Curr Opin Cardiol. 1997;12:259-64.

Hasenfuss G, Mulieri LA, Leavitt BJ, Allen PD, Haeberle JR, Alpert NR. Alteration
of contractile function and excitation-contraction coupling in dilated cardiomyopathy.
Circ Res. 1992;70:1225-32.

Neubauer S, Horn M, Cramer M, Harre K, Newell JB, Peters W, et al. Myocardial
phosphocreatine-to-ATP ratio is a predictor of mortality in patients with dilated
cardiomyopathy. Circulation. 1997;96:2190-6.

99



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Brodde OE, Michel MC, Zerkowski HR. Signal transduction mechanisms controlling
cardiac contractility and their alterations in chronic heart failure. Cardiovasc Res.
1995;30:570-84.

Guidetti F, Arrigo M, Frank M, Mikulicic F, Sokolski M, Aser R, et al. Treatment
of Advanced Heart Failure—Focus on Transplantation and Durable Mechanical
Circulatory Support. Heart Fail Clin. 2021;17:697—708.

Bhagra SK, Pettit S, Parameshwar J. Cardiac transplantation: indications, eligibility
and current outcomes. Heart. 2019;105:252-60.

Awad MA, Shah A, Griffith BP. Current status and outcomes in heart transplantation: a
narrative review. Rev Cardiovasc Med. 2022;23:1.

Nakamura K, Stempien-Otero A. Stem Cells and the Future of Heart Transplantation.
2020. p. 483-500.

Tenreiro MF, Louro AF, Alves PM, Serra M. Next generation of heart regenerative
therapies: progress and promise of cardiac tissue engineering. NPJ Regen Med.
2021;6:30.

van Doorn ECH, Amesz JH, Sadeghi AH, de Groot NMS, Manintveld OC, Taverne
YJHI. Preclinical Models of Cardiac Disease: A Comprehensive Overview for Clinical
Scientists. Cardiovasc Eng Technol. 2024;15:232-49.

Zaragoza C, Gomez-Guerrero C, Martin-Ventura JL, Blanco-Colio L, Lavin B,
Mallavia B, et al. Animal models of cardiovascular diseases. J Biomed Biotechnol.
2011;2011:497841.

Hasenfuss G. Animal models of human cardiovascular disease, heart failure and
hypertrophy. Cardiovasc Res. 1998;39:60-76.

Russell JC, Proctor SD. Small animal models of cardiovascular disease: tools for
the study of the roles of metabolic syndrome, dyslipidemia, and atherosclerosis.
Cardiovascular Pathology. 2006;15:318-30.

Li K, Cardoso C, Moctezuma-Ramirez A, Elgalad A, Perin E. Evaluation of large
animal models for preclinical studies of heart failure with preserved ejection fraction
using clinical score systems. Front Cardiovasc Med. 2023;10:1099453.

Weinberg EF, Schoen J, George D, Kagaya Y, Douglas PS, et al. Angiotensin-Converting
Enzyme Inhibition Prolongs Survival and Modifies the Transition to Heart Failure in
Rats With Pressure Overload Hypertrophy Due to Ascending Aortic Stenosis. 1994.
Available from: http://ahajournals.org

Patel A, Patel D. Congestive heart failure model representing aortic banding induced
hypertrophy: A study to analyse extent of pressure overload and alteration in myocardial
structure and function. IJC Heart & Vasculature. 2021;34:100755.

Kajstura J, Zhang X, Reiss K, Szoke E, Li P, Lagrasta C, et al. Myocyte Cellular
Hyperplasia and Myocyte Cellular Hypertrophy Contribute to Chronic Ventricular
Remodeling in Coronary Artery Narrowing-Induced Cardiomyopathy in Rats. Available
from: http://ahajournals.org

Li H, Huang J, Liu C, Zhang Z, Song K, Ma K, et al. A New Model of Heart Failure
Post-Myocardial Infarction in the Rat. J Vis Exp. 2021;

Liu Y-H, Yang X-P, Nass O, Sabbah HN, Peterson E, Carreterol OA, et al. Chronic heart
failure induced by coronary artery ligation in Lewis inbred rats. 2018. Available from:
www.physiology.org/journal/ajpheart

Dillmann WH. The rat as a model for cardiovascular disease. Drug Discov Today Dis
Models. 2008;5:173-8.

Doggrell S. Rat models of hypertension, cardiac hypertrophy and failure. Cardiovasc
Res. 1998;39:89-105.

Bers DM. Control of Cardiac Contraction by SR Ca Release and Sarcolemmal Ca
Fluxes. 1993. p. 149-70.

100



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Rapp JP, Garrett MR. Will the real Dahl S rat please stand up? American Journal of
Physiology-Renal Physiology. 2019;317:F1231-40.

Okamoto K, Aoki K. Development of a strain of spontaneously hypertensive rats. Jpn
Circ J. 1963;27:282-93.

Simms AE, Paton JFR, Pickering AE, Allen AM. Amplified respiratory-sympathetic
coupling in the spontaneously hypertensive rat: Does it contribute to hypertension?
Journal of Physiology. 2009;587:597-610.

Boluyt MO, Bing OHL, Lakatta EG. The ageing spontaneously hypertensive rat as
a model of the transition from stable compensated hypertrophy to heart failure. Eur
Heart J [Internet]. 1995;16:19-30. Available from: https://pubmed.ncbi.nlm.nih.
gov/8682057/

Adams MA, Bobik A, Korner PI. Differential Development of Vascular and Cardiac
Hypertrophy in Genetic Hypertension Relation to Sympathetic Function [Internet].
Available from: http://ahajournals.org

Rezende LMT de, Soares LL, Drummond FR, Suarez PZ, Leite L, Rodrigues JA, et
al. Is the Wistar Rat a more Suitable Normotensive Control for SHR to Test Blood
Pressure and Cardiac Structure and Function? International Journal of Cardiovascular
Sciences. 2021;

Panzenhagen AC, Bau CHD, Grevet EH, Rovaris DL. An animal model of what? The
case of spontaneously hypertensive rats. Prog Neuropsychopharmacol Biol Psychiatry.
2019;94:109617.

Reckelhoff JF, Yanes Cardozo LL, Fortepiani MLA. Models of hypertension in aging.
Conn’s Handbook of Models for Human Aging. 2018;703-20. Available from: https://
scholars.uthscsa.edu/en/publications/models-of-hypertension-in-aging

LBing OH, Long X, Robinson KG, Lakatta EdwG, Lakatta EG. Increased cardiomyocyte
apoptosis during the transition to heart failure in the spontaneously hypertensive rat.
1997. Available from: www.physiology.org/journal/ajpheart

Holycross BJ, Summers BM, Dunn RB, McCune SA. Plasma renin activity in heart
failure-prone SHHF/Mcc-facp rats. Am J Physiol. 1997;273:H228-33.

Larsen HE, Lefkimmiatis K, Paterson DJ. Sympathetic neurons are a powerful driver
of myocyte function in cardiovascular disease. Sci Rep. 2016;6.

Thomas GD. Neural control of the circulation. Adv Physiol Educ. 2011;35:28-32.
Ferrier C, Cox H, Esler M. Elevated total body noradrenaline spillover in normotensive
members of hypertensive families. Clin Sci. 1993;84:225-30.

Grassi G, Seravalle G, Bertinieri G, Turri C, Dell’Oro R, Stella ML, et al. Sympathetic
and reflex alterations in systo-diastolic and systolic hypertension of the elderly. J
Hypertens. 2000;18:587-93.

Grassi G, Cattaneo BM, Seravalle G, Lanfranchi A, Mancia G. Baroreflex Control of
Sympathetic Nerve Activity in Essential and Secondary Hypertension. Hypertension.
1998;31:68-72.

Grassi G, Quarti-Trevano F, Seravalle G, Arenare F, Volpe M, Furiani S, et al. Early
Sympathetic Activation in the Initial Clinical Stages of Chronic Renal Failure.
Hypertension. 2011;57:846-51.

Converse RL, Jacobsen TN, Toto RD, Jost CMT, Cosentino F, Fouad-Tarazi F, et al.
Sympathetic Overactivity in Patients with Chronic Renal Failure. New England Journal
of Medicine. 1992;327:1912-8.

Mangoni AA, Mircoli L, Giannattasio C,Mancia G, Ferrari AU. Effect of Sympathectomy
on Mechanical Properties of Common Carotid and Femoral Arteries. Hypertension.
1997;30:1085-8.

Hansson GK. How to Chew Up Cells. Circ Res. 2012;111:669-71.

101



75.

76.

77.

78.

79.

80.

81.

82.

3.

84.

85.

86.

87.

88.

89.

90.

Grassi G. Sympathetic Neural Activity in Hypertension and Related Diseases. Am J
Hypertens. 2010;23:1052-60.

Grassi G. Assessment of Sympathetic Cardiovascular Drive in Human Hypertension.
Hypertension. 2009;54:690-7.

Palatini P. Role of Elevated Heart Rate in the Development of Cardiovascular Disease
in Hypertension. Hypertension. 2011;58:745-50.

Julius S, Sanchez R, Malayan S, Hamlin M, Elkins M, Brant D, et al. Sustained
blood pressure elevation to lower body compression in pigs and dogs. Hypertension.
1982;4:782-8.

Van Zwieten PA, Hendriks MGC, Pfaffendorf M, Bruning TA, Chang PC. The
parasympathetic system and its muscarinic receptors in hypertensive disease.
J  Hypertens. 1995;13:1079-90. Available from: https://pubmed.ncbi.nlm.nih.
gov/8586799/

Masuda Y, Motomura S, Toyo-Oka T, Hirata Y. Role of the parasympathetic nervous
system and interaction with the sympathetic nervous system in the early phase of
hypertension. J Cardiovasc Pharmacol. 2000;36 Suppl 2. Available from: https://
pubmed.ncbi.nlm.nih.gov/11206723/

Fisher JP, Paton JFR. The sympathetic nervous system and blood pressure in humans:
implications for hypertension. J] Hum Hypertens. 2012;26:463—75. Available from:
https://pubmed.ncbi.nlm.nih.gov/21734720/

Smith DI, Tran HT, Poku J. Hemodynamic Considerations in the Pathophysiology of
Peripheral Neuropathy. Blood Pressure - From Bench to Bed. 2018; Available from:
https://www.intechopen.com/chapters/63580

Ashton JL, Argent L, Smith JEG, Jin S, Sands GB, Smaill BH, et al. Evidence of
structural and functional plasticity occurring within the intracardiac nervous system of
spontaneously hypertensive rats. Am J Physiol Heart Circ Physiol. 2020;318:H1387—
400. Available from: https://pubmed.ncbi.nlm.nih.gov/32357112/

Ranceviene D, Rysevaite-Kyguoliene K, Inokaitis H, Saburkina I, Plekhanova K,
Sabeckiene D, et al. Early structural alterations of intrinsic cardiac ganglionated plexus
in spontaneously hypertensive rats. Histol Histopathol. 2022;18453. Available from:
https://pubmed.ncbi.nlm.nih.gov/35356999/

Pauziene N, Ranceviene D, Rysevaite-Kyguoliene K, Inokaitis H, Saburkina I,
Plekhanova K, et al. Comparative analysis of intracardiac neural structures in the aged
rats with essential hypertension. Anat Rec. 2022; Available from: https://pubmed.ncbi.
nlm.nih.gov/36342958/

Grassi G, Mark A, Esler M. The Sympathetic Nervous System Alterations in Human
Hypertension. Circ Res. 2015;116:976-90.

Grassi G, Seravalle G, Brambilla G, Pini C, Alimento M, Facchetti R, et al. Marked
sympathetic activation and baroreflex dysfunction in true resistant hypertension. Int J
Cardiol. 2014;177:1020-5.

Reid TA. Interactions between ANG II, sympathetic nervous system, and baroreceptor
reflexes in regulation of blood pressure. American Journal of Physiology-Endocrinology
and Metabolism. 1992;262:E763-78.

Miyajima E, Shigemasa T, Yamada Y, Tochikubo O, Ishii M. Angiotensin II blunts,
while an angiotensin-converting enzyme inhibitor augments, reflex sympathetic
inhibition in humans. Clin Exp Pharmacol Physiol. 1999;26:797-802.

Belaidi E, Joyeux-Faure M, Ribuot C, Launois SH, Levy P, Godin-Ribuot D. Major Role
for Hypoxia Inducible Factor-1 and the Endothelin System in Promoting Myocardial
Infarction and Hypertension in an Animal Model of Obstructive Sleep Apnea. J] Am
Coll Cardiol. 2009;53:1309-17.

102



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Li D, Lee CW, Buckler K, Parekh A, Herring N, Paterson DJ. Abnormal intracellular
calcium homeostasis in sympathetic neurons from young prehypertensive rats.
Hypertension.  2012;59:642-9.  Available from: https://pubmed.ncbi.nlm.nih.
gov/22252398/

Shanks J, Mane S, Ryan R, Paterson DJ. Ganglion-specific impairment of the
norepinephrine transporter in the hypertensive rat. Hypertension. 2013;61:187-93.
Auvailable from: https://pubmed.ncbi.nlm.nih.gov/23172922/

Shanks J, Manou-Stathopoulou S, Lu CJ, Li D, Paterson DJ, Herring N. Cardiac
sympathetic dysfunction in the prehypertensive spontaneously hypertensive rat. Am
J Physiol Heart Circ Physiol. 2013;305. Available from: https://pubmed.ncbi.nlm.nih.
gov/23913706/

Herring N, Lee CW, Sunderland N, Wright K, Paterson DJ. Pravastatin normalises
peripheral cardiac sympathetic hyperactivity in the spontaneously hypertensive rat. J
Mol Cell Cardiol. 2011;50:99-106.

Zugck C, Lossnitzer D, Backs J, Kristen A, Kinscherf R, Haass M. Increased cardiac
norepinephrine release in spontaneously hypertensive rats: role of presynaptic alpha-
2A adrenoceptors. J Hypertens. 2003;21:1363-9. Available from: https://pubmed.ncbi.
nlm.nih.gov/12817185/

Kondo M, Terada M, Fujiwara T, Arita N, Yano A, Tabei R. Noradrenergic
hyperinnervation in the heart of stroke-prone spontaneously hypertensive rats. Clin Exp
Pharmacol Physiol Suppl. 1995;22:S75-6. Available from: https://pubmed.ncbi.nlm.
nih.gov/9072451/

Navickaite I, Pauziene N, Pauza DH. Anatomical evidence of non-parasympathetic
cardiac nitrergic nerve fibres in rat. J Anat. 2021;238:20-35.

Toyoda K, Faraci FM, Russo AF, Davidson BL, Heistad DD. Gene transfer of calcitonin
gene-related peptide to cerebral arteries. Am J Physiol Heart Circ Physiol. 2000;278.
Available from: https://pubmed.ncbi.nlm.nih.gov/10666091/

Escott KJ, Brain SD. Effect of a calcitonin gene-related peptide antagonist (CGRPS-
37) on skin vasodilatation and oedema induced by stimulation of the rat saphenous
nerve. Br J Pharmacol. 1993;110:772—6. Available from: https://pubmed.ncbi.nlm.nih.
gov/8242250/

N’Diaye A, Gannesen A, Borrel V, Maillot O, Enault J, Racine PJ, et al. Substance
P and Calcitonin Gene-Related Peptide: Key Regulators of Cutaneous Microbiota
Homeostasis. Front Endocrinol. 2017;8. Available from: https://pubmed.ncbi.nlm.nih.
gov/28194136/

Bergdahl A, Valdemarsson S, Nilsson T, Sun XY, Hedner T, Edvinsson L. Dilatory
responses to acetylcholine, calcitonin gene-related peptide and substance P in the
congestive heart failure rat. Acta Physiol Scand. 1999;165:15-23. Available from:
https://pubmed.ncbi.nlm.nih.gov/10072092/

Brain SD, Williams TJ, Tippins JR, Morris HR, MaclIntyre I. Calcitonin gene-related
peptide is a potent vasodilator. Nature. 1985;313:54—6. Available from: https://pubmed.
ncbi.nlm.nih.gov/3917554/

Li L, Hatcher JT, Hoover DB, Gu H, Wurster RD, Cheng ZJ. Distribution and
morphology of calcitonin gene-related peptide and substance P immunoreactive axons
in the whole-mount atria of mice. Auton Neurosci. 2014;181:37-48. Available from:
http://dx.doi.org/10.1016/j.autneu.2013.12.010

Sahn DJ, Demaria A, Kisslo J, Weyman A. Recommendations Regarding Quantitation in
M-Mode Echocardiography: Results of a Survey of Echocardiographic Measurements.
Circulation 1978;58(6):1072—-1083.

Slama M, Ahn J, Varagic J, Susic D, Frohlich ED. Long-term left ventricular
echocardiographic follow-up of SHR and WKY rats: effects of hypertension and

103



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

age. Am J Physiol Heart Circ Physiol. 2004;286:181-5. Available from: http://www.
ajpheart.org

Ridgway RL. Flat, adherent, well-contrasted semithin plastic sections for light
microscopy. Stain Technol. 1986;61:253—5. Available from: https://pubmed.ncbi.nlm.
nih.gov/3750356/

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji:
an open-source platform for biological-image analysis. Nat Methods. 2012;9:676-82.
Available from: https://pubmed.ncbi.nlm.nih.gov/22743772/

Kurtz TW, Curtis Morris R. Biological variability in Wistar-Kyoto rats. Implications
for research with the spontaneously hypertensive rat. Hypertension. 1987;10:127-31.
Available from: https://www.ahajournals.org/doi/abs/10.1161/01.hyp.10.1.127
Zhang-James Y, Middleton FA, Faraone S V. Genetic architecture of Wistar-Kyoto
rat and spontaneously hypertensive rat substrains from different sources. Physiol
Genomics. 2013;45:528-38.

Ikeda K, Nara Y, Yamori Y. Indirect systolic and mean blood pressure determination by
a new tail cuff method in spontaneously hypertensive rats. Lab Anim. 1991;25:26-9.
Available from: https://pubmed.ncbi.nlm.nih.gov/2010973/

LeGrice 1J, Pope AJ, Sands GB, Whalley G, Doughty RN, Smaill BH. Progression of
myocardial remodeling and mechanical dysfunction in the spontaneously hypertensive
rat. Am J Physiol Heart Circ Physiol. 2012;303. Available from: https://pubmed.ncbi.
nlm.nih.gov/23001837/

Watson LE, Sheth M, Denyer RF, Dostal DE. Baseline Echocardiographic Values for
Adult Male Rats. Journal of the American Society of Echocardiography. 2004;17:161—
7.

Fisher JP, Paton JFR. The sympathetic nervous system and blood pressure in humans:
implications for hypertension. Journal of Human Hypertension 2012 26:8. 2011;26:463—
75. Available from: https://www.nature.com/articles/jhh201166

Paton JFR, Waki H. Is neurogenic hypertension related to vascular inflammation of the
brainstem? Neurosci Biobehav Rev. 2009;33:89-94.

Neely OC, Domingos Al, Paterson DJ. Macrophages Can Drive Sympathetic
Excitability in the Early Stages of Hypertension. Front Cardiovasc Med. 2022;8.

Ng J, Villuendas R, Cokic I, Schliamser JE, Gordon D, Koduri H, et al. Autonomic
remodeling in the left atrium and pulmonary veins in heart failure creation of a dynamic
substrate for atrial fibrillation. Circ Arrhythm Electrophysiol. 2011;4:388-96.

Li D, Paterson DJ. Pre-synaptic sympathetic calcium channels, cyclic nucleotide-
coupled phosphodiesterases and cardiac excitability. Semin Cell Dev Biol. Elsevier
Ltd; 2019. p. 20-7.

Shanks J, Herring N, Johnson E, Liu K, Li D, Paterson DJ. Overexpression of
Sarcoendoplasmic Reticulum Calcium ATPase 2a Promotes Cardiac Sympathetic
Neurotransmission via Abnormal Endoplasmic Reticulum and Mitochondria Ca2+
Regulation. Hypertension. 2017;69:625-32.

Grassi G, Ram VS. Evidence for a critical role of the sympathetic nervous system in
hypertension. ] Am Soc Hypertens. 2016;10:457—66. Available from: https://pubmed.
ncbi.nlm.nih.gov/27052349/

Harrison DG, Coffman TM, Wilcox CS. Pathophysiology of Hypertension. Circ Res.
2021;128:847-63.

Radosinska J, Kollarova M, Jasenovec T, Radosinska D, Vrbjar N, Balis P, et al.
Aging in Normotensive and Spontaneously Hypertensive Rats: Focus on Erythrocyte
Properties. Biology (Basel). 2023;12:1030.

104



122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Dickhout JG, Lee RMKW. Blood pressure and heart rate development in young
spontaneously hypertensive rats. American Journal of Physiology-Heart and Circulatory
Physiology. 1998;274:794-800.

Richardson RJ, Grkovic I, Anderson CR. Immunohistochemical analysis of intracardiac
ganglia of the rat heart. Cell Tissue Res. 2003;314:337-50.

Batulevicus D, Pauziene N, Pauza DH. Topographic morphology and age-related
analysis of the neuronal number of the rat intracardiac nerve plexus. Ann Anat.
2003;185:449-59. Available from: https://pubmed.ncbi.nlm.nih.gov/14575272/
Ashton JL, Argent L, Smith JEG, Jin S, Sands GB, Smaill BH, et al. Evidence of
structural and functional plasticity occurring within the intracardiac nervous system
of spontaneously hypertensive rats. Am J Physiol Heart Circ Physiol. 2020;318:1387—
400.

Singh S, Sayers S, Walter JS, Thomas D, Dieter RS, Nee LM, et al. Hypertrophy of
neurons within cardiac ganglia in human, canine, and rat heart failure: the potential role
of nerve growth factor. J Am Heart Assoc. 2013;2.

Richardson RJ, Grkovic I, Anderson CR. Immunohistochemical analysis of intracardiac
ganglia of the rat heart. Cell Tissue Res. 2003;314:337-50. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/14523644

Meerson FZ, Krokhina EM. Neurons of intramural ganglia of the heart in its
hyperfunction and hypertrophy. Cells Tissues Organs. 1965;62:161-75.

Steinback CD, Salmanpour A, Breskovic T, Dujic Z, Shoemaker JK. Sympathetic
neural activation: an ordered affair. J Physiol. 2010;588:4825-36.

Koester J, Siegelbaum SA. Propagated signaling: the action potential. Principles of
neural science. 7th ed. 2000. p. 157.

Bozkurt B, Coats AJ, Tsutsui H, Abdelhamid M, Adamopoulos S, Albert N, et al.
Universal Definition and Classification of Heart Failure. J Card Fail. 2021;27:387-413.
Steinback CD, Salmanpour A, Breskovic T, Dujic Z, Shoemaker JK. Sympathetic
neural activation: an ordered affair. J Physiol. 2010;588:4825-36.

Arora RC, Cardinal R, Smith FM, Ardell JL, Dell’Italia LJ, Armour JA. Intrinsic cardiac
nervous system in tachycardia induced heart failure. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology. 2003;285:1212-23.

Pauziene N, Alaburda P, Rysevaite-Kyguoliene K, Pauza AG, Inokaitis H, Masaityte A,
et al. Innervation of the rabbit cardiac ventricles. J Anat. 2016;228.

Pauziene N, Rysevaite-Kyguoliene K, Alaburda P, Pauza AG, Skukauskaite M,
Masaityte A, et al. Neuroanatomy of the Pig Cardiac Ventricles. A Stereomicroscopic,
Confocal and Electron Microscope Study. Anat Rec. 2017;300:1756—-80. Available
from: https://pubmed.ncbi.nlm.nih.gov/28598580/

Tomas R, Kristina RK, Neringa P, Hermanas I, Dainius PH. Intrinsic cardiac neurons
of the adult pigs: chemical types, abundance, parameters and distribution within
ganglionated plexus. Ann Anat. 2022;243. Available from: https://pubmed.ncbi.nlm.
nih.gov/35331888/

Hoover DB, Isaacs ER, Jacques F, Hoard JL, Pagé P, Armour JA. Localization of
multiple neurotransmitters in surgically derived specimens of human atrial ganglia.
Neuroscience. 2009;164:1170-9. Available from: https://pubmed.ncbi.nlm.nih.
gov/19747529/

Weihe E, Schiitz B, Hartschuh W, Anlauf M, Schifer MK, Eiden LE. Coexpression of
cholinergic and noradrenergic phenotypes in human and honhuman autonomic nervous
system. Journal of Comparative Neurology. 2005;492:370-9.

Rysevaite K, Saburkina I, Pauziene N, Vaitkevicius R, Noujaim SF, Jalife J, et al.
Immunohistochemical characterization of the intrinsic cardiac neural plexus in whole-

105



140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

mount mouse heart preparations. Heart Rhythm. 2011;8:731-8. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/21232628

Hoard JL, Hoover DB, Mabe AM, Blakely RD, Feng N, Paolocci N. Cholinergic neurons
of mouse intrinsic cardiac ganglia contain noradrenergic enzymes, norepinephrine
transporters, and the neurotrophin receptors tropomyosin-related kinase A and p75.
Neuroscience. 2008;156:129-42.

Hanna P, Dacey MJ, Brennan J, Moss A, Robbins S, Achanta S, et al. Innervation and
Neuronal Control of the Mammalian Sinoatrial Node a Comprehensive Atlas. Circ Res.
2021;128:1279-96. Available from: https://www.ahajournals.org/doi/abs/10.1161/
CIRCRESAHA.120.318458

Parsons RL. Mammalian Cardiac Ganglia as Local Integration Centers:
Histochemical and Electrophysiological Evidence. Neural Mechanisms of
Cardiovascular Regulation. 2004;335-56. Available from: https://link.springer.com/
chapter/10.1007/978-1-4419-9054-9 15

Weight FF, Weitsen HA. Identification of small intensely fluorescent (SIF) cells as
chromaffin cells in bullfrog sympathetic ganglia. Brain Res. 1977;128:213-26.

Chiba T, Black AC, Williams TH. Evidence for dopamine-storing interneurons and
paraneurons in rhesus monkey sympathetic ganglia. J] Neurocytol. 1977;6:441-53.
Yokoyama T, Saito H, Nakamuta N, Yamamoto Y. Immunohistochemical localization
of vesicular nucleotide transporter in small intensely fluorescent (SIF) cells of the rat
superior cervical ganglion. Tissue Cell. 2022;79:101924.

Singhal P, Senecal JMM, Nagy JI. Expression of the gap junction protein connexin36
in small intensely fluorescent (SIF) cells in cardiac parasympathetic ganglia of rodents.
Neurosci Lett. 2023;793:136989.

Atanasova DY, Iliev ME, Lazarov NE. Morphology of the rat carotid body. Biomedical
Reviews. 2011;22:41.

Hoshi H, sakagami H, Owada Y, kondo H. Localization of Ca/Calmodulin-Dependent
Protein Kinase I in the Carotid Body Chief Cells and the Ganglionic Small Intensely
Fluorescent (SIF) Cells of Adult Rats. The arterial chemoreceptors. 87-92.

Felippe ISA, Zera T, da Silva MP, Moraes DJA, McBryde F, Paton JFR. The sympathetic
nervous system exacerbates carotid body sensitivity in hypertension. Cardiovasc Res.
2023;119:316-31.

Russell FA, King R, Smillie SJ, Kodji X, Brain SD. Calcitonin gene-related peptide:
physiology and pathophysiology. Physiol Rev. 2014;94:1099-142. Available from:
https://journals.physiology.org/doi/10.1152/physrev.00034.2013

Brain SD, Williams TJ. Inflammatory oedema induced by synergism between calcitonin
gene-related peptide (CGRP) and mediators of increased vascular permeability.
Br J Pharmacol. 1985;86:855-60. Available from: https://pubmed.ncbi.nlm.nih.
gov/2416378/

Zhou ZH, Peng J, Ye F, Li NS, Deng HW, Li YJ. Delayed cardioprotection induced
by nitroglycerin is mediated by alpha-calcitonin gene-related peptide. Naunyn
Schmiedebergs Arch Pharmacol. 2002;365:253-9. Available from: https://pubmed.
ncbi.nlm.nih.gov/11919648/

Kee Z, Kodji X, Brain SD. The Role of Calcitonin Gene Related Peptide (CGRP) in
Neurogenic Vasodilation and Its Cardioprotective Effects. Front Physiol. 2018;9:1249.
Kumar A, Potts JD, DiPette DJ. Protective Role of a-Calcitonin Gene-Related Peptide
in Cardiovascular Diseases. Front Physiol. 2019;10:821.

Smillie SJ, Brain SD. Calcitonin gene-related peptide (CGRP) and its role in
hypertension. Neuropeptides. 2011;45:93—-104. Available from: https://pubmed.ncbi.
nlm.nih.gov/21269690/

106



156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Supowit SC, Zhao H, DiPette DJ. Nerve growth factor enhances calcitonin gene-related
peptide expression in the spontaneously hypertensive rat. Hypertension. 2001;37:728—
32. Available from: https://pubmed.ncbi.nlm.nih.gov/11230364/

Bechara AJ, Cao G, Casabé AR, Romano S v., Toblli JE. Morphological modifications
in clitoris and vagina in spontaneously hypertensive rats. Int J Impot Res. 2003;15:166—
72.

Sanada LS, da Rocha Kalil AL, Tavares MR, Neubern MCM, Salgado HC, Fazan VPS.
Sural nerve involvement in experimental hypertension: Morphology and morphometry
in male and female normotensive Wistar-Kyoto (WKY) and spontaneously hypertensive
rats (SHR). BMC Neurosci. 2012;13.

Hong KW, Yu SS, Shin YW, Kim CD, Rhim BY, Lee WS. Decreased CGRP level with
increased sensitivity to CGRP in the pial arteries of spontanecously hypertensive rats.
Life Sci. 1997;60:697-705.

Fazan VPS, Salgado HC, Barreira AA. Aortic depressor nerve unmyelinated fibers in
spontaneously hypertensive rats. Am J Physiol Heart Circ Physiol. 2001;280. Available
from: https://pubmed.ncbi.nlm.nih.gov/11247766/

Rodrigues AR, Ferreira RS, Salgado HC, Fazan VPS. Morphometric analysis of the
phrenic nerve in male and female Wistar-Kyoto (WKY) and spontaneously hypertensive
rats (SHR). Brazilian Journal of Medical and Biological Research. 2011;44:583-91.
Ozaki K, Matsuura T. Superimposition of hypertension on diabetic peripheral neuropathy
affects small unmyelinated sensory nerves in the skin and myelinated tibial and sural
nerves in rats with alloxan-induced type 1 diabetes. J Toxicol Pathol. 2020;33:161-9.
Gregory JA, Jolivalt CG, Goor J, Mizisin AP, Calcutt NA. Hypertension-induced
peripheral neuropathy and the combined effects of hypertension and diabetes on nerve
structure and function in rats. Acta Neuropathol. 2012;124:561-73. Available from:
https://link.springer.com/article/10.1007/s00401-012-1012-6

Paula V, Fazan S, Fazan Junior R, Salgado HC, Antunes Barreira A, Brazil B et al.
Morphology of aortic depressor nerve myelinated fibers in normotensive Wistar-Kyoto
and spontaneously hypertensive rats. J Auton Nerv Syst. 1999. Available from: www.
elsevier.comrlocaterjans

Sanada LS, da Rocha Kalil AL, Tavares MR, Neubern MCM, Salgado HC, Fazan VPS.
Sural nerve involvement in experimental hypertension: Morphology and morphometry
in male and female normotensive Wistar-Kyoto (WKY) and spontaneously hypertensive
rats (SHR). BMC Neurosci. 2012;13.

Goebbels S, Oltrogge JH, Wolfer S, Wieser GL, Nientiedt T, Pieper A, et al. Genetic
disruption of Pten in a novel mouse model of tomaculous neuropathy. EMBO Mol
Med. 2012;4:486-99.

Bilbao JM, Schmidt RE. Schwann Cells and Myelin in the Peripheral Nervous System.
Biopsy Diagnosis of Peripheral Neuropathy. Springer International Publishing; 2015.
p. 85-109.

Jouaud M, Mathis S, Richard L, Lia AS, Magy L, Vallat J]M. Rodent models with
expression of PMP22: Relevance to dysmyelinating CMT and HNPP. J Neurol Sci.
Elsevier B.V.; 2019. p. 79-90.

Jaros E, Bradley WG. Atypical axon-Schwann cell relationships in the common
peroneal nerve of the dystrophic mouse: an ultrastructural study. Neuropathol Appl
Neurobiol. 1979;5:133-47.

Chau WK, So K-F, Tay D, Dockery P. A morphometric study of optic axons regenerated
in a sciatic nerve graft of adult rats. Restor Neurol Neurosci. 2000;16:105-16.

Harty BL, Coelho F, Pease-Raissi SE, Mogha A, Ackerman SD, Herbert AL, et al.
Myelinating Schwann cells ensheath multiple axons in the absence of E3 ligase
component Fbxw7. Nat Commun. 2019;10:2976.

107



172.

173.

174.

175.

176.

177.

178.

179.

180.
181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Doménech-Estévez E, Baloui H, Meng X, Zhang Y, Deinhardt K, Dupree JL, et al.
Akt Regulates Axon Wrapping and Myelin Sheath Thickness in the PNS. J Neurosci.
2016;36:4506-21.

Sander S. Clinical syndromes associated with tomacula or myelin swellings in sural
nerve biopsies. J Neurol Neurosurg Psychiatry. 2000;68:483—8.

Hall SM. The response of the (myelinating) Schwann cell population to multiple
episodes of demyelination. J Neurocytol. 1983.

Attwell D, Buchan AM, Charpak S, Lauritzen M, MacVicar BA, Newman EA. Glial
and neuronal control of brain blood flow. Nature. 2010;468:232-43.

Araque A, Carmignoto G, Haydon PG, Oliet SHR, Robitaille R, Volterra A.
Gliotransmitters travel in time and space. Neuron. 2014;81:728-39.

Simard M, Nedergaard M. The neurobiology of glia in the context of water and ion
homeostasis. Neuroscience. 2004;129:877-96.

Neunlist M, Rolli-Derkinderen M, Latorre R, Van Landeghem L, Coron E, Derkinderen
P, et al. Enteric glial cells: recent developments and future directions. Gastroenterology.
2014,;147:1230-7.

Tedoldi A, Argent L, Montgomery JM. The role of the tripartite synapse in the heart:
how glial cells may contribute to the physiology and pathophysiology of the intracardiac
nervous system. Am J Physiol Cell Physiol. 2021;320:C1-14.

Pannese E. Neurocytology. Cham: Springer International Publishing; 2015.

Tay SSW, Wong WC, Ling EA. An ultrastructural study of the non-neuronal cells in the
cardiac ganglia of the monkey (Macaca fascicularis) following unilateral vagotomy. J.
Anat. 1984.

Harty BL, Coelho F, Pease-Raissi SE, Mogha A, Ackerman SD, Herbert AL, et al.
Myelinating Schwann cells ensheath multiple axons in the absence of E3 ligase
component Fbxw7. Nat Commun. 2019;10.

Chomiak T, Hu B. What Is the Optimal Value of the g-Ratio for Myelinated Fibers in
the Rat CNS? A Theoretical Approach. PLoS One. 2009;4:7754.

Ugrenovi¢ S, Jovanovi¢ I, Vasovi¢ L, Kundali¢ B, Cukuranovi¢ R, Stefanovié¢ V.
Morphometric analysis of the diameter and g-ratio of the myelinated nerve fibers of the
human sciatic nerve during the aging process. Anat Sci Int. 2016;91:238-45.
Swynghedauw B. Molecular mechanisms of myocardial remodeling.
1999;79:215-62. Available from: http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.
fcgi?dbfrom=pubmed&id=9922372&retmode=ref&cmd=prlinks%5Cnpapers3://
publication/uuid/88897D50-2732-4187-A68A-034B3DEEDADS

Conrad CH, Brooks WW, Robinson KG, Bing OHL. Impaired myocardial function in
spontaneously hypertensive rats with heart failure. Am J Physiol. 1991;260. Available
from: https://pubmed.ncbi.nlm.nih.gov/1992792/

Scridon A, Gallet C, Arisha MM, Oréa V, Chapuis B, Li N, et al. Unprovoked atrial
tachyarrhythmias in aging spontaneously hypertensive rats: the role of the autonomic
nervous system. Am J Physiol Heart Circ Physiol. 2012;303:386-92. Available from:
www.ajpheart.org

Herring N, Kalla M, Paterson DJ. The autonomic nervous system and cardiac
arrhythmias: current concepts and emerging therapies. Nat Rev Cardiol. 2019;16.
Available from: https://pubmed.ncbi.nlm.nih.gov/31197232/

Kondo M, Fujiwara T, Tabei R, Kondo M. Noradrenergic Hyperinnervation in the
of Stroke-Prone Spontaneously Hypertensive Rats (SHRSP) Heart. Hypertension
Research. 1996;19(2), 69-73.

Kanazawa H, Fukuda K. The plasticity of cardiac sympathetic nerves and its clinical
implication in cardiovascular disease. Front Synaptic Neurosci. 2022;14. Available
from: https://pubmed.ncbi.nlm.nih.gov/36160916/

108



191.

192.

193.

194.

195.

Zhang-James Y, Middleton FA, Faraone S V. Genetic architecture of Wistar-Kyoto
rat and spontaneously hypertensive rat substrains from different sources. Physiol
Genomics. 2013;45:528. Available from: /pmc/articles/PMC3727021/

Mann DL, Deswal A, Bozkurt B, Torre-Amione G. New therapeutics for chronic heart
failure. Annu Rev Med. 2002;53:59-74.

Schulte A, Lichtenstern C, Henrich M, Weigand MA, Uhle F. Loss of vagal tone
aggravates systemic inflammation and cardiac impairment in endotoxemic rats. Journal
of Surgical Research. 2014;188:480-8.

Dong XX, Wang Y, Qin ZH. Molecular mechanisms of excitotoxicity and their relevance
to pathogenesis of neurodegenerative diseases. Acta Pharmacol Sin. 2009;30:379-87.
Dickie R, Bachoo RM, Rupnick MA, Dallabrida SM, DeLoid GM, Lai J, et al. Three-
dimensional visualization of microvessel architecture of whole-mount tissue by
confocal microscopy. Microvasc Res. 2006;72:20—6.

109



STRAIPSNIAIL, KURIUOSE BUVO PASKELBTI
DISERTACIJOS TYRIMU REZULTATAI

. Ranceviene, D., Rysevaite-Kyguoliene, K., Inokaitis, H., Saburkina, I.,
Plekhanova, K., Sabeckiene, D., Sabeckis, 1., Azukaite, J., Pauza, D. H.,
& Pauziene, N. (2022). Early structural alterations of intrinsic cardiac
ganglionated plexus in spontaneously hypertensive rats. Histology and
histopathology, 37(10), 955-970.

. Pauziene, N., Ranceviene, D., Rysevaite-Kyguoliene, K., Inokaitis, H.,
Saburkina, I., Plekhanova, K., Sabeckiene, D., Sabeckis, 1., Martinai-
tyte, R., Pilnikovaite, E., & Pauza, D. H. (2023). Comparative analysis
of intracardiac neural structures in the aged rats with essential hyper-
tension. Anatomical record (Hoboken, N.J. : 2007), 306(9), 2313-2332.
. Pauziene, N., Ranceviene, D., Rysevaite-Kyguoliene, K., Ragauskas,
T., Inokaitis, H., Sabeckis, 1., Plekhanova, K., Khmel, O., & Pauza, D.
H. (2023). Neurochemical alterations of intrinsic cardiac ganglionated
nerve plexus caused by arterial hypertension developed during ageing
in spontaneously hypertensive and Wistar Kyoto rats. Journal of anato-
my, 243(4), 630-647.

110



*

MOKSLINES KONFERENCIJOS, KURIOSE BUVO
PASKELBTI DISERTACIJOS TYRIMU REZULTATAI

1.

Ranceviené, D., Rysevaité-Kyguoliene, K., & Pauziené, N. (2021).
Aging and arterial hypertension are associated with alterations of car-
diac autonomic nervous system. In Annals of Anatomy-Anatomischer
Anzeiger: 27th International Symposium on Morphological Scien-
ces-ISMS 2021 Abstracts part I, 27th International Symposium on
Morphological Sciences-ISMS 2021 Cell, tissue, organs-experience,
innovation and progress”: Aktobe, Kazakhstan, May 27-31, 2021 Ams-
terdam, Boston, London [et al.]: Elsevier GmbH, 2021, vol. 237, suppl.
1

. Ranceviené, D., Rysevaité-Kyguoliené, K., Inokaitis, H., Plekhano-

va, K., & Pauziené, N. (2021). Hypertension rearranges neuroanatomy
of the heart. In Annals of anatomy-Anatomischer Anzeiger: Abstracts
part I, 27th International Symposium on Morphological Sciences-1ISMS
2021 “Cell, tissue, organs-experience, innovation and progress”’: Akto-
be, Kazakhstan, 27-31 May, 2021/Zapadno-Kazakhstanskiy Gosudars-
tvennyy Meditsinskiy Universitet Im. M. Ospanova, Aktobe, Kazakh.
Amsterdam, Boston, London: Elsevier GmbH, 2021, vol. 230, suppl.,
June.

Ranceviené, D., Azukaité, J., Rysevaité-Kyguoliené, K., & Pauzie-
né, N. (2021). Arterial hypertension change phenotype of nerve fibers
in epicardiac nerves. In 115th Annual Meeting = 115th Anatomische
Gesellschaft Meeting: September 21-23, 2021, Insbruck, Austria. Ins-
bruck: Institute for Clinical and Functional Anatomy Medical Univer-
sity, 2021.*

Ranceviené, D., Rysevaité-Kyguolien¢, K., Sabeckien¢ D., Sabeckis
I., & Pauzien¢, N.(2021). Arterial hypertension influences heart inner-
vation in aged experimental animals. X/II International Conference of
the Lithuanian Neuroscience Association ,, CONSCIOUSNESS* (LNA
conference) : 26 November 2021, Kaunas, Lithuania : Virtual Confe-
rence : Abstract book / Vilnius University. Lithuanian University of He-
alth Sciences. Wtautas Magnus University. Vilnius : Vilnius University
Press, 2021

. Ranceviené, D., Rysevaite-Kyguolien¢, K., & Pauzien¢, N. (2021). Cal-

citonin Gene-related Peptide Relations To The Arterial Hypertension In
Spontaneously Hypertensive Rats. In International online-conference

pateko tarp 20 geriausiy konferencijos teziy.

111



“From experience to project” dedicated to the Independence Day of
the Republic of Kazakhstan. December 12, 2021, Aktobe, Kazakhstan.

. Ranceviené, D., Azukaite J., Rysevaité-Kyguoliene, K., & PauZziene,
N. (2022). Early Structural Alterations of Intrinsic Cardiac Ganglio-
nated Plexus in Spontaneously Hypertensive Rats. In Health for All:
2022 - International Conference Health for All “Our planet, our heal-
th”: abstract book Kaunas: Lithuanian University of Health Sciences,
2022., p. 26-27.

. Ranceviene, D., Zigmantaite, V., Jurevicius, J., & Pauziene, N. (2022).
The designing experiment of essential hypertension: the choice of a
control group for spontaneously hypertensive rats. Journal of hyper-
tension. Supplement : 31st Annual Scientific Meeting of the European
Society of Hypertension (ESH) on Hypertension and Cardiovascular
Protection : June 17-20, 2022, Athens, Greece : abstract book / Euro-
pean Society of Hypertension. London: Lippincott Williams & Wilkins,
2022, vol. 40, suppl. 1., p. e94-e94.

. Ranceviene, D., Azukaite, J., Rysevaite-Kyguoliene, K., & Pauziene,
N. (2022). Impact of arterial hypertension versus aging to the structures
of epicardiac nerves in spontaneously hypertensive rats. Journal of hy-
pertension. Supplement : 31st Annual Scientific Meeting of the Europe-
an Society of Hypertension (ESH) on Hypertension and Cardiovascular
Protection : June 17-20, 2022, Athens, Greece : abstract book / Euro-
pean Society of Hypertension. London : Lippincott Williams & Wilkins,
2022, vol. 40, suppl. 1., p. el.

. Ranceviené, D., Rysevaite-Kyguolien¢, K., & Saburkina, 1. (2022).
Calcitonin Gene-Related Peptide Relations to the Arterial Hyperten-
sion in Spontaneously Hypertensive. Compendium II International on-
line-conference for students and young scientists dedicated to the 30th
Anniversary of the Independence of the Republic of Kazakhstan «From
Experience to Project» p. 139-140.

112


https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006
https://lsmu.lt/cris/entities/publication/d6e93578-f2f7-436c-9e79-ddce8f9fc006

STRAIPSNIU KOPIJOS

1. Ranceviene, D., Rysevaite-Kyguoliene, K., Inokaitis, H., Saburkina, 1.,
Plekhanova, K., Sabeckiene, D., Sabeckis, 1., Azukaite, J., Pauza, D. H.,
& Pauziene, N. (2022). Early structural alterations of intrinsic cardiac
ganglionated plexus in spontaneously hypertensive rats. Histology and
histopathology, 37(10), 955-970

2. Pauziene, N., Ranceviene, D., Rysevaite-Kyguoliene, K., Inokaitis, H.,
Saburkina, 1., Plekhanova, K., Sabeckiene, D., Sabeckis, 1., Martinai-
tyte, R., Pilnikovaite, E., & Pauza, D. H. (2023). Comparative analysis
of intracardiac neural structures in the aged rats with essential hyper-
tension. Anatomical record (Hoboken, N.J. : 2007), 306(9), 2313-2332.

3. Pauziene, N., Ranceviene, D., Rysevaite-Kyguoliene, K., Ragauskas,
T., Inokaitis, H., Sabeckis, 1., Plekhanova, K., Khmel, O., & Pauza, D.
H. (2023). Neurochemical alterations of intrinsic cardiac ganglionated
nerve plexus caused by arterial hypertension developed during ageing
in spontaneously hypertensive and Wistar Kyoto rats. Journal of anato-
my, 243(4), 630-647.

113



Histol Histopathol (2022) 37: 955-970

http://www.hh.um.es

Histology and
istopathology

From Cell Biology to Tissue Engineering

ORIGINAL ARTICLE Open Access

Early structural alterations of intrinsic cardiac
ganglionated plexus in spontaneously hypertensive rats

Dalia Ranceviene, Kristina Rysevaite-Kyguoliene, Hermanas Inokaitis, Inga Saburkina, Khrystyna
Plekhanova, Deimante Sabeckiene, Ignas Sabeckis, Joana Azukaite, Dainius H. Pauza and Neringa Pauziene
Institute of Anatomy, Lithuanian University of Health Sciences, Kaunas, Lithuania

Summary. Persistent arterial hypertension leads to
structural and functional remodeling of the heart
resulting in myocardial ischemia, fibrosis, hypertrophy,
and eventually heart failure. Previous studies have
shown that individual neurons composing the
intracardiac ganglia are hypertrophied in the failing
human, dog, and rat hearts, indicating that this process
involves changes in cardiac innervation. However,
despite a wealth of data on changes in intrinsic cardiac
ganglionated plexus (GP) in late-stage disease models,
little is known about the effects of hypertension on
cardiac innervation during the early onset of heart failure
development. Thus, we examined the impact of early
hypertension on the structural organization of the
intrinsic cardiac ganglionated plexus in juvenile (8-9
weeks) and adult (12-18 weeks) spontaneously
hypertensive (SH) and age-matched Wistar-Kyoto
(WKY) rats. GP was studied using a combination of
immunofluorescence confocal microscopy and
transmission electron microscopy in whole-mount
preparations and tissue sections. Here, we report
intrinsic cardiac GP of SH rats to display multiple
structural alterations: (i) a decrease in the intracardiac
neuronal number, (ii) a marked reduction in axonal
diameters and their proportion within intracardiac
nerves, (iii) an increased density of myocardial nerve
fibers, and (iv) neuropathic abnormalities in cardiac glial
cells. These findings represent early neurological
changes of the intrinsic ganglionated plexus of the heart
introduced by early-onset arterial hypertension in young
adult SH rats.
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Introduction

Persistent arterial hypertension leads to structural
and functional alterations of the heart resulting in
myocardial ischemia, fibrosis, and hypertrophy (Kuroda,
2015). Previous studies have shown that individual
neurons composing the intracardiac ganglia are
hypertrophied in the failing hearts of human, dog, and
rat (Singh et al., 2013). It was associated with increased
nerve growth factor levels found in the advanced stage
failure hearts (Ueyama et al., 1992; Zettler and Rush,
1993; Singh et al., 2013). However, little is known about
hypertension-induced effects on cardiac innervation
during the early onset of HF development.

The intrinsic cardiac nervous system integrates
neural signals from the central vagal neurons, sensory
afferents, sympathetic preganglionic neurons and is
proposed to involve local intracardiac interneurons
(Armour, 2004, 2008). The spontaneously hypertensive
(SH) rat was initially developed by Okamoto and Aoki
(1963) as an animal model for studying chronic,
persistent hypertension. It is an inbred strain established
by selecting for high arterial blood pressure in the Wistar
Kyoto (WKY) rat strain. Due to that, WKY rats are
widely used as a control group for studying SH rats. In
this model, dysregulation of cardiac sympathetic
neurotransmission arises before the onset of
hypertension, as shown by augmented sympathetic nerve
activity already present early in postnatal life (Simms et
al., 2009).

Similarly, intracellular calcium transient in the
stellate and the superior cervical ganglionic neurons was
shown to be increased in response to neuronal
depolarization in prehypertensive (4 week old) SH rats
(Li et al., 2012). In addition, the reduced activity of
presynaptic norepinephrine uptake transporter has also
been reported in the cultured stellate ganglionic cells of

Abbreviations. ad, adult; DOPA, dihydroxyphenylalanine; GP,
ganglionated plexus; juv, juvenile; LD, left dorsal, PBS, phosphate-
buffered saline; PFA, paraformaldehyde solution; SH, spontaneously
hypertensive; WKY, Wistar-Kyoto

@—_ ©The Author(s) 2022. Open Access. This article is licensed under a Creative Commons CC-BY International License.

114



956

Intracardiac nerve plexus in spontaneously hypertensive rats

the juvenile prehypertensive SH rats (Shanks et al.,
2013a). This is accompanied by the fact that the resting
heart rate is significantly higher in the SH rats than the
age- and weight-matched WKY, despite the unchanged
intrinsic contraction rate of the isolated atria and vagal
influence (Shanks et al., 2013b). It is further shown that
direct stimulation of the right stellate ganglion produces
an increased tachycardic response in the young SH rats
compared to age-matched WKY controls (Shanks et al.,
2013b).

In SH rats, there is a parallel increase in the number
of cholinergic neurons and adrenergic glomus cells in
cardiac ganglia, a higher proportion of synaptic a7-
subunit but not B2-containing nicotinic receptors, and an
elevation in the number of synaptic terminals onto
neuronal somata of intrinsic ganglionated plexus GP
(Ashton et al., 2020). The significant structural and
functional plasticity occurs in the intracardiac nervous
system, and the enhanced excitability through synaptic
plasticity together with the remodeling of cardiac neuron
electrophysiology contribute to the substrate for atrial
arrhythmia in hypertensive heart disease (Ashton et al.,
2020). The densities of noradrenaline nerve fibers in the
epicardium of the right and left ventricles are higher in
SH than in WKY rats from 10 to 180 days of age, those
in the myocardium of the right ventricle are higher in SH
than in WKY rats from 30 to 90 days of age, and those
in the myocardium of left ventricle and interventricular
septum in SH rats are similar to those in WKY rats
(Adams et al., 1989). Thus, the hyperinnervation of the
heart by noradrenaline nerve fibers in SH rats may be a
primary change of the heart prior to hypertension and
may be caused by hyperfunction, increased activity of
lysine and DOPA uptake, and increased relative weight
of the stellate ganglia that innervate the heart (Kondo et
al., 1996).

Therefore, the present study aimed to identify the
impact of both the early and the bloom hypertension on
the structural organization of the intrinsic cardiac
ganglionated plexus in SH rat model compared with
WKY rats.

Materials and methods
Animals

Juvenile (8-9 weeks) and adult (12-18 weeks)
spontaneously hypertensive (SH) rats and control Wistar
Kyoto (WKY) rats were used for the study. Juvenile SH
rats before sexual maturity are prehypertensive in which
the blood pressure only starts to climb; meanwhile, the
adult SHRs, sexually matured animals of this breed, are
generally considered as stably hypertensive with systolic
blood pressure exceeding over 150 mm Hg (Okamoto
and Aoki, 1963; Adams et al., 1989; Boluyt et al., 1995;
Doggrell and Brown, 1998; Rezende et al., 2022). For
immunohistochemistry, we used 8 hearts per group - juv.
SH and WKY, ad. SH and WKY - 32 hearts in total.
Three types of specimens were prepared from each
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heart: (i) whole-mount of atria, (ii) whole-mount of the
basal part of the ventricles, (iii) cryosections of the
ventricular middle part. In addition, a transmission
electron microscope investigation was performed on
adults (SH n=3, WKY n=3). All rats were male and
purchased from a breeding company Charles River
Laboratories (Germany). They were grown until
preferred age and euthanized in the Animal Research
Center of the Lithuanian University of Health Sciences
under permission No. G2-137.

Wholemount preparations and immunohistochemical
protocol

After euthanasia in the Animal Research Center,
the rat chest was opened, and the heart was perfused in
situ with 0.1 M phosphate-buffered saline (PBS)
containing 0.14 M NacCl, 2.7 mM KCI, 10 mM
phosphate, pH-value 7.4, via a cannula inserted into the
left ventricular cavity, then prefixed with 4%
paraformaldehyde solution (PFA) in 0.1 M PBS
(pH=7.4). Hearts were dissected from the chest and
postfixed with 4% PFA for 40 min. After washing the
heart two times in PBS, the atria were dissected from
ventricles and the interatrial septum. Then the atria
were flattened and pinned in a Petri dish with a silicone
bottom filled with cold PBS. 2-3 mm below the
coronary groove, the base of ventricles was cut off
along the coronary groove, separated from the
interventricular septum, and pinned flat to extirpate
most of the myocardium from the endocardial side.
When preparation of the upper portion of ventricles
became thin due to separation of myocardial tissues, it
was turned epicardium up and pinned flat to a silicone
dish. In order to decrease background light for a laser
scanning microscope examination, tissues were
dehydrated and cleared using a dimethyl sulfoxide and
hydrogen peroxide solution, as reported previously
(Dickie et al., 2006). Subsequently, whole-mount
preparations were rehydrated through a graded ethanol
series (in each for 10 min), washed 3x10 min in 0.1 M
PBS containing 1% Triton X-100 (Serva, Heidelberg,
Germany). Next, the non-specific binding was blocked
for 2 hours in PBS containing 5% normal donkey
serum (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA). The blocked for non-specific
binding specimens were incubated with a Protein gene
product 9.5 (38-1000, Invitrogen, Rockford, USA;
dilution 1:500) primary antisera for 48-72 hours at 4°C.
Afterward, whole mounts were washed three times for
10 min in 0.1 M PBS and incubated with donkey anti-
rabbit antisera conjugated with a fluorochrome Alexa
Fluor plus 488 (A32790, Invitrogen, Rockford, USA;
dilution 1:500) for 4 hours at room temperature. In the
last stage, specimens were washed three times for 10
min in 0.1 M PBS, mounted with a Vectashield
Mounting Medium (Vector Laboratories, Inc.,
Burlingame, CA, USA), cover slipped, and sealed with
clear nail polish.
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Sectioned tissue preparations

Cardiac ventricles separated from the atria were
washed in PBS and then immersed in 30% sucrose in
0.1M PBS containing 0.1% sodium azide in 4°C for 24
hours. Following cryoprotection, ventricles were frozen
using a tissue-freezing medium (Triangle Biomedical
Sciences, USA) for sectioning. Next, tissues were
sectioned into 18 pm slices using a cryomicrotome HM
560 (Microm, Germany) at -22°C, mounted onto
Superfrost Plus microscope slides (Menzel Glaser,
Germany), and dried at room temperature for 30 min.
For immunohistochemical permeabilization, sections
were incubated for 40 min. in a solution containing 9%
DMSO and 1% Triton X-100 in 0.1M PBS. After 3x10
min washing in PBS, immunohistochemical procedures
were performed as earlier described applying Protein
gene product 9.5 (38-1000, Invitrogen, Rockford, USA,
dilution 1:500) and secondary antisera donkey anti-
rabbit, conjugated with a fluorochrome Alexa Fluor plus
488 (A32790, Invitrogen, Rockford, USA; dilution
1:500). Finally, specimens were washed three times for
5-8 min in 0.1 M PBS mounted with a Vectashield
Mounting Medium (Vector Laboratories, Inc.,
Burlingame, CA, USA), cover slipped, and sealed with
clear nail polish. Both positive and negative controls
were used.

Preparations for transmission electron microscopy

After euthanasia, the rat chest was opened, perfusion
with PBS (300 ml, 140 mmHg) and prefixation with
2.5% glutaraldehyde in 0.1 M PB pH 7.4, (300 ml, 140
mm/Hg) were performed in situ through the left
ventricle. Afterward, the hearts were excised from the
chest and placed for 40 minutes in 2.5% glutaraldehyde
in 0.1 M PB (pH 7.4). Tissue samples of 1 mm3 from the
definite sites of atria and ventricles were dissected using
fine scissors and tweezers. The samples were fixed
overnight at 4°C in 2.5% glutaraldehyde in 0.1 M PB
(pH 7.4), washed twice in PB, postfixed for two hours
with 1% osmium tetroxide in 0.1 M PB (pH 7.4) and
dehydrated through a graded ethanol and acetone series
then infiltrated into a mixture of Epon 812 and Araldite
502 resins. Tissue samples were carefully orientated for
transverse sectioning in flat embedding molds under a
stereoscopic microscope Stemi 2000CS (Zeiss,
Gottingen, Germany) and polymerized for 48 hours at
60°C temperature. Semi-thin sections (1 um) were cut
with a Leica EM UC7 ultra-microtome (Leica
Mikrosysteme Handelsges.m.b.H., Vienna, Austria)
using a glass knife, and stained with methylene blue
according to Ridgway (1986). Ultrathin sections (50-70
nm) were cut using the same Leica EM UC7 ultra-
microtome with DIATOME ultra 45° diamond knife
(Biel, Switzerland). Following Reynolds, samples were
mounted on 600-mesh thin bar support nickel grids
(Agar Scientific, Essex, UK) and stained with 2% uranyl
acetate and lead citrate. Finally, ultrathin sections were
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analyzed at 120 kV with a Tecnai BioTwin Spirit G2
transmission electron microscope (FEI, Eindhoven, the
Netherlands). Images were taken with a bottom-mounted
16 mega-pixel Eagle 4K TEM CCD camera, employing
specific TIA software (FEI, Eindhoven, the
Netherlands). They were photographed at grid bar
intersections using 2900 magnification and analyzed
with AxioVision Rel. 4.8.2 (Carl Zeiss, Jena, Germany).

Microscopy and quantitative analysis

Whole-mount preparations of atria were snapped
using confocal laser scanning microscope LSM 700 with
the software package ZEN 2010B SP1 (Carl Zeiss, Jena,
Germany). The ventricular whole-mounts were
photographed using fluorescence microscope
Axiolmager Z1 equipped with digital camera
AxioCamMRm applying a software package AxioVision
(rel. 4.8.2; Carl Zeiss, Jena, Germany). The
magnifications of images were at x10 (for panoramas of
both preparations types) and x20 (for neural structures of
atrial whole-mounts). The ganglia number per atrium,
ganglion area, and neuronal somata number were
counted and measured in atrial whole-mounts.
Measurements were performed on 547 ganglia - juv. SH
n=137, ad. SH n=143, juv. WKY n=120, ad. WKY
n=147. All measurements were done manually under the
same conditions. The criterion for the separation of
ganglia was to have a distance of at least two neuronal
bodies from the next ganglia. Neurons were identified
and found in ganglia and epicardiac nerves. Neuronal
bodies with prominent nuclei were counted as neurons
and their somata areas were measured, whereas nerve
cells without clearly noticeable nuclei were ignored
during neuronal counting in serial ganglion sections.
Neuronal bodies were counted and measured in separate
stacks; meanwhile, the ganglia area was measured in
summed stacks.

The epicardiac nerves, >5 um in width, were
measured manually from the right atrium left dorsal
region (n=2246) and the whole-mount preparations of
ventricles directly below the coronary sulcus (n=4369)
in ventricular whole-mount preparations. In addition,
digital images of atrial whole-mount myocardium were
analyzed using a standard counting frame (150135 um?),
selecting threshold grey values and expressing the area
of segmented nerve fibers in relation to the counting
frame area as a percentage. Counting frames were
selected manually to avoid big epicardiac or vascular
nerves as artifacts.

Sectioned tissue preparations were snapped at x10
(for panoramas) and 20x (for neural structures)
magnification using confocal laser scanning microscope
LSM 700 with the software package ZEN 2010B SP1
(Carl Zeiss, Jena, Germany). Epicardiac nerves, >5 um
in diameter, were investigated. The whole epicardiac
nerve cross-section area and area labeled for PGP 9.5
pan-neuronal marker were measured with threshold
values adequate for the best visibility and expressed as
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the area occupied by PGP 9.5-positive neural structures
in percentage. In addition, ventricles” myocardial
innervation was measured in digital images using the
same method as in atrial preparations.

In electron micrograms, the number of axons inside
unmyelinated nerve fiber were counted. Unmyelinated
and myelinated axon areas, myelinated nerve fiber area,
and the overall nerve area occupied by unmyelinated
fibers was measured. Axon diameter and G ratio (the
ratio of the axon diameter to the outer diameter of the
myelin sheath) was calculated. Furthermore, the area
occupied by unmyelinated axons in the nerve was
determined and expressed as a percentage.

Statistical analysis. Data are presented as absolute
numbers (n), percentages (%), mean (M), and standard
error (SE). Statistical analysis was done with IBM SPSS
20.0. Kolmogorov-Smirnov test was used to determine
the normality of the data. The parametric data samples
from two groups were compared with the Student’s t-
test; means of non-parametric data were compared with
the Mann-Whitney U test. The Kruskal-Wallis test was
employed for comparing non-parametric data of multiple
groups. Differences were considered significant when
the p-value was equal to or less than 0.05.

Results

The intracardiac nervous system includes three
distinct neural components: 1) autonomic neurons
forming intracardiac ganglia on atrial and ventricular
surfaces; 2) large epicardiac nerves through which nerve
fibers proceed to reach their effector targets; 3) and a
fine meshwork of nerve fibers encompassing the
myocardium. Each of these components is considered
below in detail.

Intracardiac ganglia and neurons

In all animals studied, intracardiac ganglia were
mainly localized within the hilum of the heart. Ganglia
largest in size (containing up to 1410 neurons), were
composed of the defined ganglionic fields scattered
predominantly on the anterior upper side of the left
atrium. These ganglia were interconnected by large
nerves and fine nerve fibers that together formed a ring-
like plexus as they extended along the perimeter of the
pulmonary vein roots (Fig. 1). Ganglia found further
away from the main neuronal network of the heart hilum
were smaller in size and did not form ganglionic fields.
Solitary neuronal somata and neuron bodies forming
small groups (average count - 22, range 2-305) were also
found and often were observed within large epicardiac
nerves. In contrast, no intracardiac ganglia were found
residing in the cardiac ventricles.

In juvenile SHR, both the number of intracardiac
ganglia and the ganglion area were slightly larger in
regard to age-matched WKY controls (Table 1). This
was accompanied by the significantly augmented
quantity of neuronal somata per ganglion compared to
juvenile WKY rats. Interestingly, in juvenile SHR rats,
the average area of individual neuron bodies composing
the ganglia was found to be smaller than that in
normotensive WKY counterparts.

In adult animals of both strains, all measured
morphometric parameters were reduced compared to
juveniles (Table 1). These age-related differences were
less pronounced in the normotensive WKY group. In
adult WKY rat hearts, the area of intracardiac ganglia
was slightly smaller than that found in juveniles,
whereas in adult SHR this was reduced by 38%
compared to strain-matched juveniles. Similarly, the

Table 1. The mean parameters (+ standard error) of the analyzed neural structures in the SHR and WKY rats. Neural structures were

immunohistochemically labeled for PGP9.5.

WKY SHR
Parameter Juvenile Adult Juvenile Adult
N M (SE) N M (SE) N M (SE) N M (SE)
Ganglia
Ganglion number 121 29.5(13.2) 148 23.3(4.8) 139 34.8(10.6) 145  22.5(7.0)
Ganglion area (um2) 121 523489 (6565.5) 148 45097.0 (4402.7) 139 70973.1(16186.3) 145 43895.8 (4924.5)
Neuron area (um2) 697  643.6(10.8) 996  532.2 (7.1)** 1145 5816 (6.6)* 1107 502.7 (6.4)*, **
Neuronal number in ganglion 5876 52.4(10.1) 6811 33.0(2.8) 9336 94.7 (22.0)* 5954  29.8 (3.2)**
Epicardiac nerves
Atrial nerve width (um) 544 28.6(29.8) 368 32.2 (28.3)** 571 29.0 (29.7) 763 25.8 (24.6)*, **
Ventricular nerve width (um) 295 222(11) 673 27.1(0.7) 308 26.9 (1.1 1119  27.4(0.6)
PGP 9.5 in epicardiac nerve cross-sections (%) 151 72.5(0.9) 149 81.6 (1.6)** 162 73.3(0.8) 111 71.7 (0.9) *
Density of myocardial nerve fibers (%)
Atrial 144 0.96 (0.02) 70 1.0 (0.03) 210 0.77 (0.01) 42 1.2 (0.5)%, **
Ventricular 195 0.65(0.4) 235 1.1 (0.6)** 198 1.35(0.9)* 147 1.5 (1.0)*
Right ventricular 78 1.04(0.1) 69 1.1(0.1) 69 147 (0.1)* 46 1.7 (0.1)*
Left ventricular 60 0.6(0.1) 103 0.7 (0.04)* 71 0.5 (0.1) 53 0.65 (0.04)**
Interventricular septal 57 0.3 (0.03) 63 0.4 (0.03)** 58 0.47 (0.04)* 48 0.5 (0.04)

*: statistically significant difference between SHR and WKY groups of the same age, p<0.05; **: statistically significant difference between juvenile and

adult groups in WKY or SHR groups, p<0.05.
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Fig. 1. Laser-scanning (confocal) microphotographs to illustrate a general view of morphological patterns of intracardiac ganglionated nerve plexus of
the SHR atria of 8 (A) and 14 week (B) old animals. The general views of whole mounts of the rat atria were assembled with the aid of software ZEN
2010B SP1 from 108 images displaying neural structures immunochemically labeled for the antigen PGP 9.5. Note, there are decreased ganglionic
clusters in the aged (panel B) compared to the young rats (panel A). White arrows indicate some epicardiac nerves, arrowheads point to some ganglia,
and thick arrows point to preganglionated nerves, which enter the heart through the heart hilum at the left cranial vein. Abbreviations: LPV - left
pulmonary vein, MPV - middle pulmonary vein, RPV - right pulmonary vein.
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Fig. 2. Electron micrographs to demonstrate an ultrastructure of intrinsic cardiac ganglia and unmyelinated nerve fibers in WKY (A, C) and SH (B, D)
rats. A. A fragment of a WKY neuronal soma with a satellite cell covering it. The top of the electronogram is occupied by a neuronal body (N) from
which the dendrite (D) extends downwardly. At this location, the neuron body is surrounded by a thick layer of neuroglia (G) which is multi-layered
(arrowheads). In some sites, deep invaginations intervene in the neuroglia, and endoneurial collagen fibers (arrows) interpose between the satellite cell
processes. Fragments of several axons and dendrites are seen around the neuronal body. B. Fragment of an SHR neuronal body. The satellite cell that
covers the neuron looks porous with deep invaginations containing endoneurial collagen fibers (arrows). A few dendrites (D) and one axon (ax) with
vesicles are visible at a distance from the neuronal body. C. Unmyelinated nerve fiber from the WKY rat nerve, in which the axons are arranged
compactly, and there are no Schwann cell invaginations. Some axons are completely covered by the glia cell; others are opened and covered only with
the basal membrane (arrowheads). Some axons are placed in one throat of a Schwann cell and adjoin each other (*). D. Unmyelinated nerve fibers of
the SH rat. A dotted line marks the basal membrane of each fiber, indicating the boundaries of the fiber. Schwann cells in these fibers are fractioned
with specific invaginations of the endoneurium that separate a single nerve fiber into discernible parts interconnected by narrow glial bridges. Numerous
very thin axons with a diameter of less than 0.2 ym (white arrowheads) are common in these fibers. Some axons adjoin each other (*). Abbreviations: D
- dendrite, ax - axon, Max - myelinated axon, En - endoneurium, P - perineurium. Scale bars: 1 ym.
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number of neurons per ganglion was slightly reduced in
WKY adults but significantly decreased by 68% in SHR
adults compared to strain-matched juveniles.

In cross-species comparison, ganglion neuron count
was 44% greater in juvenile SHR compared to age-
matched normotensive WKY rats; however, no
differences between strains were found in ganglion
neuron count in adult animals (Table 1).

Average neuron size was 10% greater in juvenile
normotensive WKY compared to SHR juveniles. In adult
animals, the average neuron size was still significantly
smaller in SHR, yet this difference was less pronounced
(6%). This might be attributed to the fact that with aging,
the reduction of average neuron size was more

pronounced in WKY compared with SH rats (Table 1).
Next, autonomic ganglia of adult SHR and WKY
rats were examined at the cellular level by means of
transmission electron microscopy (TEM). All
intracardiac neuron bodies had a characteristic
cytoplasmic structure at the ultrastructural level. In
contrast to WKY animals, the nucleolemma of some
SHR neurons was distorted with oscillating nucleic
boundaries. In most cases, satellite glial cells ensheathed
the intracardiac neuron body in a single cell layer, yet
the neuroglial layer in some instances was much thicker
and was composed of multiple layers of satellite cells.
Interestingly, the glial sheath surrounding the
intracardiac neurons in SHR and WKY rat hearts was

Fig. 3. Immunofluorescent images from whole-mount preparations labeled for PGP 9.5 of 14 week old WKY (panel A) and SHR (panel B) cardiac
ventricles. Whole-mount preparations were made, cutting off the bases of cardiac ventricles and flattening them under a stereoscopic microscope. The
displayed general views were assembled from 500 images with the aid of the software AxioVision (Rel. 4.8.2). Panel C demonstrates the nerve
meshwork in the atrial myocardium of 14 week old SHR, while panel D is a transverse section of cardiac ventricles demonstrating profiles of myocardial
nerve fibers immunohistochemically stained for PGP 9.5. Panel E shows one of the thick epicardiac nerves in 16 week old SHR ventricles that is full of
PGP 9.5 positive nerve fibers. LLV, lateral left ventricle; ALRV, anterolateral right ventricle.
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oftentimes porous with deep collagen-containing
invaginations of the endoneurium (Fig. 2A). Such glial
formations were much more pronounced in the SHR
neurons, where such porous glial sheaths were found
covering large portions of the neuronal cell body (Fig.
2B). Occasionally, cell bodies of satellite cells had well-
defined centrioles. Within the intracardiac ganglia,
axonal terminals and/or synapses were not abundant, but
they were more commonly observed in WKY rat ganglia
compared to that of SHR.

Atrial and ventricular epicardiac nerves

In rats, epicardiac nerves access walls of cardiac
ventricles mainly by two pathways. The first neural
route proceeds throughout the arterial part of the heart
hilum at the roots of ascending aorta and pulmonary
trunk (Fig. 1). Epicardiac nerves from this site extend
widely on the ventral side of cardiac ventricles, as
described in detail by us previously (Batulevicius et al.,
2003). The second neural route by which epicardiac
nerves pass on the dorsal side of cardiac ventricles
comes from the venous portion of the heart hilum along
the left cranial vein and towards the heart apex (Fig. 1).
This neural pathway contains epicardiac ganglia on the
left atrium at the root of the left and middle pulmonary
veins and has been named the left dorsal ganglionated
subplexus (Batulevicius et al., 2003). The left dorsal
subplexus supplies the dorsal walls of both cardiac
ventricles and is linked by thin interconnecting nerves
with the numerous nerve cells concentrated into two
large clusters on the heart base in the limits of the
venous part of the heart hilum. Both the number and
morphologic pattern of epicardiac nerves on walls of
cardiac ventricles is highly variable (Fig. 3A,B).

Next, epicardiac nerves were examined in whole-
mount cardiac ventricles and atria preparations. For
atrial preparation, epicardiac nerves were measured only
in the left-dorsal subplexal (LD) area due to abundant
and highly replicable innervation patterns within this
region between different hearts. Only nerves with a
width greater than 5 um were selected for evaluation.
Overall, the width of both ventricular and atrial nerves
varied greatly, and some reached up to 200 pm. No
differences in atrial nerve thickness were found between
the juvenile SHR and WKY rats (Table 1). In contrast,
the thickness of ventricular epicardiac nerves was
significantly larger in SHR juveniles compared to age-
matched WKY rats. The atrial nerves in adult animals
compare to juveniles thickened in WKY, whereas in
SHR it is thinned. At the same time, ventricular nerves
stayed unchanged during aging in both groups (Table 1).

Based on the results of immunohistochemical
analysis, the percentage area immunoreactive for pan-
neuronal marker PGP 9.5, also known as UCHL1, within
the epicardiac nerves did not differ between the juvenile
SHR and WKY rats. However, this ratio changed in
adult animals. In normotensive WKY rats, it increased
13% (p<0.001) during aging, while in SHR, it remained
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unchanged, resulting in significant 12% (p<0.001)
difference between the two strains (Table 1).

Axons within the unmyelinated and myelinated
nerve fibers had a characteristic ultrastructural
appearance in both adult strains examined. In WKY rats,
unmyelinated nerve fibers with compact Schwann cells
resulting in the smooth outline of the fiber (Fig. 2C)
predominated in the epicardiac nerves. In stark contrast,
most Schwann cells in SHR nerves were fractioned, with
specific invaginations of the endoneurium that separated
a single nerve fiber into distinguishable parts
interconnected by a narrow glial fissure (Fig. 2D).
Occasionally, fractionated fibers were found in the
intracardiac nerves of WKY rats, especially close to
intracardiac ganglia. In both strains, within the
intracardiac nerves, multiple axons were incompletely
covered by the glial cells and oftentimes contacted each
other within a single Schwann cell groove (Fig. 2C,D).

The area of unmyelinated axons was lesser in SHR
nerves compare to WKY, but tendency was different for
the ventricles and atria. The area of axons was 23% lesser
in the ventricular nerves and only 17% lesser in atrial
(Table 2). Furthermore, classifying non-myelinated axons
into 5 categories based on their diameters (<0.5; 0.5-1; 1-
1.5; 1.5-2; >2 pm) revealed that small-diameter axons
predominate within the SHR epicardiac nerves. Contrarily,
the percentage of large-diameter axons was markedly
higher in the WKY rat epicardiac nerves (Fig. 4).

The area occupied by axons in the nerve (%) was
found to be significantly smaller in both the atrial and
ventricular SHR epicardiac nerves (Table 2).

The area of myelinated nerve fibers differed
significantly between atrial and ventricular nerves. In the
atrial nerves, axon diameter was smaller, whereas myelin
sheath was thicker, as indicated by a lower G ratio (axon
diameter/ nerve fiber diameter) within both strains.
However, they were found to be similar in corresponding

Fig. 4. Abundance in percentages of the different axonal diameters in
adult SH and WKY rats. Vertical lines on the bars indicate limits of
standard errors (Mann-Whitney U test, asterisks marks p<0.05).
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Fig. 5. Electron micrographs of intracardiac nerves in WKY (A) and SH (B-F) rats. A. Normal myelinated (ax) and unmyelinated (*) nerve fibers from
the WKY rat nerve. Myelin sheath is attached to the axon and corresponds to its diameter and shape. Compact and thin unmyelinated nerve fibers are
scattered between the myelinated ones. In the right upper part of the image, a fragment of thick myelinated fiber (axon diameter is 4.9 ym, that is
unusual for intracardiac nerves) is seen. B. Typical electron microscopic image of intracardiac nerve in SH rats. Some myelinated nerve fibers (ax) are
of normal ultrastructure. In other ones, there are typical visible alterations: ax1 - depicts the collapsed/empty myelin sheath encasing an axon with its
outer surface (enlarged in panel C), ax2 - endoneurium intervenes between the myelin and the axon covered by a layer of glial cells (enlarged in panel
D), ax3 - endoneurium is between the myelin and a myelinated axon (enlarged in panel E), ax4 and ax5 - cytoplasm is interposed between the myelin
layers which formed specific protrusions that varied in size, yet remain inside the Schwann cell always (white arrowheads). Note the same protrusion
which penetrates the myelin of ax3. ax5 (1.18 ym in diameter) is noticeably thinner than the adjacent ones and encloses a very thin myelin sheath. The
unmyelinated nerve fibers are marked by asterisks (*). F. Intra-axon myelin ring (double arrowhead) of the myelinated nerve fiber in the SH rat. Scale
bars: A, B, 2 ym; C-F, 1 um.
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Fig. 6. Typical alterations
of myelinated fibers within
intracardiac nerves of SH
rats. A. Nerve with
abundant myelinated fibers
at low magnification. Some
myelinated fibers are of a
typical structure when the
myelin is attached to the
axon and replicates its
shape. The myelin sheath
of the other fibers (*) is
significantly larger than the
axon diameter, resulting in
the formation of a larger or
smaller myelin fold
(arrowheads). Among
myelinated fibers are
scattered the unmyelinated
ones. B. Three axons
(ax1-ax3) are enveloped in
the same myelin sheath.
Around it are seen tiny
unmyelinated fibers
containing very few (1-2)
axons (diamonds). C. Two
axons (ax1-ax2) enclosed
in the same myelin sheath.
Adjacent unmyelinated
fibers are cuddled up
together and are covered
by a common basal
membrane (arrow). The
myelin of the upper axon
(*) forms the fold
(arrowhead). D. Two axons
(*) enclosed by the myelin
sheaths forming folds
(arrowheads). Note the tiny
unmyelinated nerve fiber
with two axons (diamonds)
specific to intrinsic cardiac
nerves in SH rats. E. Four
myelinated axons (ax1-
ax4) in one Schwann cell.
The myelin sheath
covering the main axon
(ax1) forms the three folds
(arrowheads). F. The
myelinated nerve fibers of
different diameter with a
typical thickness of myelin.
One of the axons (ax1)
exposes an inclusion
specific to the SHR nerves,
where many vesicles are
surrounded by dual
membranes (double
arrowheads). The other
two very small-diameter
myelinated axons (ax2-
ax3) are in the same
Schwann cell. Scale bars:
A, 2 pym; B-F, 1 ym.
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parts of the heart between WKY and SH rats (Table 2).

Myelinated fibers in nerves of WKY rats mainly had
myelin sheath attached to the axon corresponding to its
diameter and shape (Fig. 5A). However, a number of
unusual ultrastructural features localized to myelinated
nerve fibers were found (Figs. 5, 6). These features can
be categorized based on (1) differences attributable to
Schwann cells and/or (2) differences observed in axons.

In the former case, unusual axon-myelin relations
are exemplified in Fig. 5B-E. A collapsed/empty myelin
sheath often enclosed an axon with its outer surface (Fig.
5B,C). Also, endoneurial collagen was observed in
between the myelin sheath and the axon (Fig. 5B,D,E).
In such fibers, some axons were without myelin (Fig.
5B,D), whereas others were covered by an additional
layer of myelin (Fig. 5B,E). In some fibers, the
cytoplasm was observed between the myelin layers,
which formed characteristic protrusions that varied in
size; however, they always remained inside the Schwann
cell (Fig. 5B,E). Myelin swellings (tomacula) were also
found to be present (Fig. 5F).

Furthermore, some myelinated axon changes were
observed. Markedly smaller axon cross-section areas
compared to the perimeter of the myelin sheath
enclosing them led excess myelin to form protruding
folds that varied in size and structure (Fig. 6A,C,D). In
addition, multiple axons were observed insulated by a
single myelin sheath in some instances. This is
exemplified by a myelin-covered fiber containing three
distinct axons (Fig. 6B). Interestingly, individual
Schwann cells were found to incorporate two (Fig. 6F)
and occasionally multiple myelinated axons at once (Fig.
6E). Regularly, axons possessed a number of unusual
artifacts such as an accumulation of vesicles ensheathed
by a single membrane (Fig. 6F), laminated bodies, spiral
membrane formations, fractionated myelin, or intra-axon
myelin rings.

Innervation of myocardium

In juvenile animals, the density of nerve fibers
innervating the atrial myocardium was comparable
between the SHR and WKY strains (Table 1). Overall,
innervation of both the atrial and ventricular
myocardium increased with aging, although to different
extents in hypertensive and normotensive animals. In
WKY rats, myocardial innervation of the atria did not
differ, whereas that of the ventricles was markedly
higher in adult animals. In SHR, the density of nerve
fibers innervating the atrial myocardium increased
significantly, while the increase of ventricular
innervation was only marginal in adult animals
compared to juveniles (Table 1).

Fig. 7. Density in percentages of myocardial nerve fibers in adult SH
and WKY rats. Vertical lines on the bars indicate limits of standard
errors (Mann-Whitney U test, asterisks marks p<0.05).

Table 2. The mean parameters (+ standard error) of neural structures in WKY rats versus SHR were analyzed with the aid of a transmission electron

microscope.
WKY SHR
Parameter Atrial Ventricular Atrial Ventricular
Unmyelinated fibers
Number of axons measured (n) 1381 978 999 1953
Axon area (um2) 1.5(0.03) 1.2 (0.04)** 1.2 (0.03)* 0.9 (0.02)*, **
Axon diameter (um) 1.3(0.01) 1.07 (0.02) 1.11 (0.02)* 0.9 (0.01)*
Mean axonal number in nerve fiber 2.5(0.1) 4.4 (0.6)** 2.8 (0.1)* 4.4 (0.2)*
Axon area in nerve (%) 48.9 (1.2) 54.4 (1.4)* 43.6 (1.1)* 50.1 (0.8)*, **
Myelinated fibers
Number of axons measured (n) 92 28 200 146
Axon area (um?2) 4.1(0.1) 5.5(0.3) 4.2(0.2) 5.1 (0.2)**
Axon diameter (um) 2.3(0.04) 2.6 (0.1)** 2.2(0.1) 2.5 (0.1)*
Nerve fiber area (um2) 7.2(0.3) 8.8 (0.6)* 7.3(0.2) 7.6 (0.3)
Nerve fiber diameter (um) 3.0(0.1) 3.3 (0.1)** 2.95(0.1) 3.0(0.1)
G-ratio 0.77 (0.01) 0.8 (0.01)* 0.75 (0.01) 0.8 (0.01)*

*: statistically significant difference between WKY and SHR groups, p<0.05; **: statistically significant difference between atrial and ventricular fibers in

WKY or SHR groups, p<0.05.
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The innervation of the ventricular myocardium was
not uniform. Comparison of the nerve fiber density
between the right and the left ventricles and the
interventricular septum revealed innervation of the right
ventricle to be higher than that of the left, while
interventricular septum innervation was rather sparse.
These results were found in all studied groups (Fig. 7,
Table 1).

The density of fine neural meshwork innervating the
right ventricle was higher by about 30% in both juvenile
and adult SHR compared to age-matched WKY rats
(Fig. 7). An opposite result was found for the left
ventricle in which the myocardial innervation was ~10%
less dense in SHR compared to aged-matched
normotensive controls. Although the density of
innervation in the left ventricle was markedly lower than
the right one in all groups, comparatively most
remarkable innervation changes during aging appeared
in the left ventricle of SH rats (Table 1).

Discussion

Here, we investigate the influence of early-onset
arterial hypertension on the structural organization of the
intrinsic cardiac ganglionated plexus in the SHR.
Primary findings of the present study are that: (i)
innervation of the heart exhibits a number of
morphological alterations in association with the
development of arterial hypertension in adult SHR; (ii)
age-related differences in cardiac innervation are present
in both SHR and normotensive WKY rats and should be
taken into consideration when assessing hypertension-
related effects on cardiac function. These conclusions
are based on our data showing that in young adult SHR
hearts: (i) the neuronal number per intracardiac ganglion
is significantly decreased; (ii) axonal diameters and the
axonal area within epicardiac nerves is reduced; (iii) the
density of myocardial nerve fibers is higher, but
significantly decreases with aging, and (iv) glial cells in
intracardiac ganglia and nerves display a number of
ultrastructural alterations indicative of cardiac
neuropathy.

Whereas a wealth of data is available on the
remodeling of the intrinsic cardiac nervous system
related to chronic hypertension in the development of
ventricular hypertrophy and heart failure, data on the
effects of early-onset of hypertension on the cardiac
autonomic innervation, related specifically to cardiac
neuromorphology, is lacking, thus providing the
rationale behind the present study. Wistar Kyoto (WKY)
and Spontaneously Hypertensive Rats (SHR) are known
to have divergent hemodynamic and behavioral features
despite being highly similar genetically (Huang et al.,
2016). Compared to age-matched normotensive WKY
rats, SHR display lower resting heart rate, significantly
elevated arterial blood pressure, higher left ventricular
mass to body weight ratio, reduced ejection fraction and
fractional shortening, prolonged deceleration time, and
lowered E/A ratio, among a host of other alterations
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(Kokubo et al., 2005). It was shown that an increased
number of inflammatory cells might play a role in
peripheral sympathetic hyperactivity observed in the
early stages of hypertension (Neely et al., 2022). Our
data indicate that 8 week old prehypertensive SHR
animals, i.e., SHR that do not exhibit arterial blood
pressure elevation yet, already possess a range of distinct
morphological alterations related to cardiac innervation
compared to age-matched WKY controls. With aging,
some of these features change to a similar extent in both
SHR and WKY strains, e.g., intracardiac neuron size
proportionally decreases in adult animals compared to
juvenile hearts. For example, many strain-related
changes only occur in association with the development
of arterial hypertension in adult SHR animals.

The intracardiac ganglia in both studied rat strains
formed a ring-like plexus around the entry of the
pulmonary veins and were interconnected by a series of
fine nerve fibers and were similar to that previously
studied in Sprague-Dawley (Richardson et al., 2003) and
outbred Wistar rats (Batulevicius et al., 2003). Our data
indicate that the number of intracardial ganglia and
ganglionic neuron counts decreases in adult animals in
both WKY and SHR strains. This contrasts with
previous studies reporting an overall increase in neuron
number in the intracardiac ganglionated plexus in the
SHR (Ashton et al., 2020). Although this warrants
further investigation, this discrepancy might be
attributed to differently aged animals used in the study -
60-72 weeks compared to 12-18 weeks used in this
study. Alternatively, this could be attributed to a
different method of neuron quantification, as here, we
employed manual nuclei counting within the intrinsic
ganglia compared to neuron count estimation based on a
fixed area. However, it is worth mentioning that the
general trend observed in our and Ashton et al. (2020)
study in the SHR matches our previous observations in
outbred Wistar rats where young adult hearts (8-12
weeks) had fewer intracardiac neurons compared to
juvenile (3-4 weeks) rats, whereas hearts of aged
animals (>48 weeks) contained the greatest number of
intracardiac neurons compared to the other two age
groups (Batulevicius et al., 2003). Together, this might
represent the plasticity and the dynamic nature of the
intracardiac nervous system throughout the ontogenesis
that needs to be considered when assessing changes
related to (or induced by) specific pathological states.

Recently, it was demonstrated that abnormal
intracellular calcium homeostasis may cause autonomic
dysfunction characterized by suppressed para-
sympathetic and increased sympathetic activity in young
prehypertensive SHR (Li and Paterson, 2019). This
dysregulation of presynaptic neuronal Ca2* handling
contributes presumably to hypertension, among other
cardiac diseases. As a consequence of Ca2*
overexpression, abnormalities of mitochondria and
endoplasmic reticulum take place in stellate ganglia
sympathetic neurons of prehypertensive SHR (Shanks et
al., 2017). These recent findings confirm the earlier
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implications that prehypertension may impact the
structural changes within intracardiac neurons as has
been implied analyzing hypertrophied intracardiac
neurons in hearts of the human, canine, porcine, and
rabbit following myocardium ischemia or
experimentally induced heart failure syndrome (Meerson
and Krokhina, 1965; Richardson et al., 2003; Singh et
al., 2013). Since SHR develops compensatory
ventricular hypertrophy attributable to increased cardiac
load due to chronic and severe hypertensive phenotype
as early as 6 months postnatally (Singh et al., 2013), we
attempted to explore whether this would lead to size
alterations of ganglionic neuronal somata reported in
other species. Our data suggest that short-term
hypertension in the SHR, i.e., occurring between 12-18
weeks of life, is not yet associated with neuronal
hypertrophy as indicated by the significantly smaller
neuronal size found in both SHR and WKY adult rats
compared to strain matched-juveniles. It is possible that
smaller neurons could reflect parasympathetic inhibition
or yet unmanifested compensatory parasympathetic
sensitization in the progression of compensatory
hypertrophy in the SHR (Singh et al., 2013; Ashton et
al., 2020). This assumption is based on the fact that the
intracardiac neurons located within the rat’s heart are
almost exclusively immunoreactive for choline
acetyltransferase (ChAT) - a well-established marker of
parasympathetic neurons (Richardson et al., 2003).
However, this hypothesis requires further investigation
into the neurotransmitter phenotypes of the intracardiac
neurons between SHR and WKY hearts.

Regarding the epicardiac nerves, both our
ultrastructural data and immunofluorescence labeling
with PGP 9.5 indicated a possible axonal loss associated
with the onset of arterial hypertension in the SHR, as no
age-related changes were detected in the WKY rats. This
is an interesting finding that relates to a previous
(Adams et al., 1989) study, which reports tissue
noradrenaline (NE) concentration in the left ventricle
and interventricular septum of the SHR to be nearly
twice as that found in age-matched WKY controls aged
4 to 14 weeks. While in aged, 20 weeks and older, NE
tissue levels were similar in both strains (Adams et al.,
1989). It might be due to the loss of myocardial nerve
fibers observed in this study. In the juvenile group (8-9
weeks), the percentage density of myocardial nerve
fibers was 52% greater in the SHR (WKY 0.65% vs.
SHR 1.35%), while this difference decreases to 23% in
adult animals (12-18 weeks, WKY 1.17% vs. SHR
1.51%). Together, this suggests that autonomic
activation happens: (i) already at a young age, with (ii) a
greater extent at younger than older age and (iii) prior to
the manifestation of arterial hypertension. Another
difference to consider between our and Adams et al.
findings is that we assessed fiber densities in both right
and left ventricles and found the right ventricle to exhibit
a greater degree of innervation. Similarly, Kondo et al.
studied the densities of myocardial noradrenergic nerves
and found increased right ventricle innervation in stroke-
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prone SHR at the age of 30 and 90 days (Kondo et al.,
1996). This result might be explained by myocardial
hypertrophy in adult animals that affects the left
ventricle to a greater extent and is not accompanied by
an increase in innervation. However, differential
innervation of left and right ventricles in young animals
remains an open guestion.

The importance of glial cells in the functioning of
the central nervous system is commonplace as glial cells
actively shape synaptic properties, regulate neuronal
firing, and are essential for metabolic support, ionic
homeostasis, and neurovascular modulation (Simard and
Nedergaard, 2004; Attwell et al., 2010; Araque et al.,
2014). In addition, glial signaling plays an active role in
modulating the excitatory circuits in the peripheral
(enteric) nervous system (McClain et al., 2015), whereas
recent evidence has highlighted the central role of
enteric glia cells in the regulation of gut homeostasis as
well as their implication in digestive and extra-digestive
diseases (Neunlist et al., 2014). In contrast, little is
known about the role of glial (Schwann and satellite)
cells in the intracardiac nervous system (Tedoldi et al.,
2021). For this, our results on intracardiac glial cells can
only be discussed in the context of autonomic plexi in
other organs.

It is well established that Schwann cells rarely divide
during adult life in health. The rate of Schwann cell
proliferation in adult life increases noticeably under
various experimental conditions (e.g., after axonal
section and following the administration of certain
chemical substances) or some pathological conditions
(Pannese, 2015). Interestingly, centrioles within
Schwann cells were observed at many instances in our
study, indicating increased mitotic activity of this cell
population associated with arterial hypertension. It has
been suggested that satellite glial and Schwann cells can
be activated by inflammatory responses, supporting a
more active role of these cells other than just being a
support network for neuronal cells (Tay et al., 1984).
Thus, our finding of multilayer and porous satellite cells
within intracardiac ganglia could indicate an activated
state which might be evoked by an ongoing
inflammatory/pathological process.

Furthermore, myelin alterations, like those observed
in the present study, have been previously described in
the context of various neuropathies. In the common
peroneal nerve of dystrophic Bar Harbor mice, abnormal
features of myelination - such as redundant myelin
loops, thinly myelinated axons, few myelinated axons
enclosed by the cytoplasm of one Schwann cell,
Schwann cells that lacked an axon but contained myelin
debris in the cytoplasm can be found (Jaros and Bradley,
1979). Authors interpret these findings as an indication
of a metabolic disorder of Schwann cells. Furthermore, a
formation by a single Schwann cell of myelin around
two axons of different diameters has been reported in the
sural nerve of a 45-year-old man with mononeuritis
multiplex (Kusaka et al., 1992). In a more recent
mechanistic study, it has been shown that loss of Fbxw?7,
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an E3 ubiquitin ligase component, enhances the
myelinating potential of Schwann cells in that in these
mice Schwann cells produce thicker myelin sheaths and
sometimes appear to myelinate multiple axons (Harty et
al., 2019). Moreover, myelin abnormalities in various
neuropathies, including infoldings/outfoldings and
tomacula, have been previously associated with Akt
activation that seems to enhance wrapping and sorting
but not myelination of axons in Remak Schwann cells
(Doménech-Estévez et al., 2016). Various demyelinating
neuropathies are also associated with the formation of
tomacula in the sural nerve biopsies of humans (Sander
et al., 2000). As many of the aforementioned
abnormalities related to Schwann cells have been
detected in adult SHR hearts, this suggests that the
cardiac nerves’ neuropathic processes may relate to
chronically elevated arterial blood pressure in this
model.

Lastly, in the present study, we analyzed G-ratios,
which we found to be unusually high for peripheral
myelinated nerves, indicating thin myelin sheath. Our
data show that the G-ratio in WKY rats was relatively
high (>0.7), while it was even higher in the SHR hearts.
G-ratios found in the central nervous system fibers fall
within a range of 0.72-0.81, whereas for peripheral
axons, it can reach 0.6, indicating a thicker myelin layer
(Chomiak and Hu, 2009). It is known that some
peripheral axon g-ratio values tend to be lower than
central axon g-ratio values (Chau et al., 2000), although
the underlying mechanism remains poorly understood.
In humans, peripheral nerve g-ratio values lower than
0.4 indicate degenerated nerve fibers with abnormal
thickening of the myelin sheath, whereas values higher
than 0.7 indicate either regenerated fibers with thinner
myelin sheath or demyelinated nerve fibers (Ugrenovié¢
et al., 2016). To the best of our knowledge, no other
available study reports g-ratios of cardiac nerve fibers in
rats, making it impossible to draw any comparative
conclusions. Thus, further investigation of cardiac nerve
fibers g-ratios is needed.

Finally, it is worth mentioning that deranged quality
of the cardiac ganglia and nerves due to hypertension
demonstrated in this and recent other studies along with
ischemic neuronal degeneration of the vagal nodose
ganglia may substantially contribute to the substrate for
atrial and ventricular arrhythmia, heart failure, and
shortened survival (Aydin et al., 2011, 2019; Ashton et
al., 2020). Therefore, the demonstrated extent to which
the intrinsic cardiac plexus undergoes structural changes
due to hypertension has to be considered as clinically
crucial for all kinds of cardiac interventions - cardiac
surgery including heart transplantation, coronary artery
bypass grafting, valvuloplasty, valve replacement, and
arrhythmia treatment via catheter ablations.

Nevertheless, it is important to consider several
limitations of the current investigation. For one, it is
important to acknowledge that inbred WKY rats, used as
controls in the present study, themselves display elevated
blood pressure compared to outbred Wistar rats. For this

reason, a further analysis comparing SH, WKY, and
outbred Wistars rats might provide a more accurate
picture of the undergoing processes. Another limitation
is that here we only describe morphological differences
between SH and WKY rat hearts, and whether these
would translate to any detectable functional differences
remains to be established.

Conclusions

Our study provides evidence on (i) the structural
differences in cardiac innervation between SH and WKY
rats; (ii) the effects of early-onset hypertension on
intracardiac neuron and nerve loss in the SHR; (iii) the
increased innervation of the right ventricle and atria in
SH rats and an opposite effect on the left ventricle; (iv)
ultrastructural alterations of intracardiac ganglia and
nerve glial cells indicative of an early onset on
neuropathic processes in the SH rat hearts.
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Abstract

Persistent arterial hypertension initiates cardiac autonomic imbalance and alters
cardiac tissues. Previous studies have shown that neural component contributes
to arterial hypertension etiology, maintenance, and progression and leads to
brain damage, peripheral neuropathy, and remodeling of intrinsic cardiac neural
plexus. Recently, significant structural changes of the intracardiac neural plexus
were demonstrated in young prehypertensive and adult hypertensive spontane-
ously hypertensive rats (SHR), yet structural alterations of intracardiac neural
plexus that occur in the aged SHR remain undetermined. Thus, we analyzed the
impact of uncontrolled arterial hypertension in old (48-52 weeks) SHR and the
age-matched Wistar-Kyoto rats (WKY). Intrinsic cardiac neural plexus was
examined using a combination of immunofluorescence confocal microscopy and
transmission electron microscopy in cardiac sections and whole-mount prepara-
tions. Our findings demonstrate that structural changes of intrinsic cardiac neu-
ral plexus caused by arterial hypertension are heterogeneous and may support
recent physiological implications about cardiac denervation occurring together
with the hyperinnervation of the SHR heart. We conclude that arterial hyperten-
sion leads to (i) the decrease of the neuronal body area, the thickness of atrial
nerves, the number of myelinated nerve fibers, unmyelinated axon area and
cumulative axon area in the nerve, and the density of myocardial nerve fibers,
and (ii) the increase in myelinated nerve fiber area and density of neuronal bod-
ies within epicardiac ganglia. Despite neuropathic alterations of myelinated
fibers were exposed within intracardiac nerves of both groups, SHR and WKY,
we consider that the determined significant changes in structure of intrinsic
cardiac neural plexus were predisposed by arterial hypertension.
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1 | INTRODUCTION

Persistent arterial hypertension leads to hypertensive
heart disease that involves left ventricular hypertrophy
and diastolic dysfunction and eventually develops into
clinical heart failure with either reduced or preserved
ejection fraction (Whelton et al., 2018). Arterial hyperten-
sion is one of the primary risk factors for mortality glob-
ally in the aging population (Abbafati et al., 2020).

It is known that arterial hypertension alters cardiac
tissues. This includes myocardial remodeling (Burns
et al., 2007; Greenwood et al., 2001; Schlaich et al., 2003)
associated with increased prevalence of ischemic heart
disease (Kuroda et al., 2015), cardiac arrhythmias
(Bélichard et al., 1988; Lip et al., 2017), and even myocar-
dial infarction (Williams et al., 2018). Previous studies
focusing on heart failure have implied that arterial hyper-
tension leads to cardiac autonomic imbalance including
sympathetic overactivity and parasympathetic with-
drawal (Binkley et al., 1991; Itter et al., 2004).

It is established that pathogenesis of arterial hyperten-
sion has a neural component which contributes to arterial
hypertension etiology, maintenance, and progression
(Fisher & Paton, 2011; Mancia & Grassi, 2014). According
to Esler et al. (2010) and Johnson et al. (2015) up to 50%
cases are of neurological etiology. Hypothesis of neuro-
genic hypertension supports works of Merino-Jiménez
et al. (2018), Martinez et al. (2019) and the very recent one
by Haburcak et al. (2022) in which overactivity and
changes in neuroplasticity of sympathetic nervous system
in young and neonate SHR before the hypertension were
detected. However, arterial hypertension damages the
brain itself (Sabbatini et al., 2001) leading to peripheral
neuropathy (Gregory et al., 2012; Smith et al., 2018) and
remodeling of the autonomic nervous system including
the intrinsic cardiac neural plexus (Ashton et al., 2020).
Alterations of the intrinsic cardiac neural plexus involve
changes in neuronal excitability, the altered neurotrans-
mission and neuropeptide secretion, as well as some neu-
roanatomical alterations of intrinsic cardiac neural plexus
(Clyburn et al., 2022). The latter includes cholinergic
transdifferentiation (Kanazawa et al., 2010; Kanazawa &
Fukuda, 2022) and hyperinnervation of the myocardium
(Cao et al., 2000). Moreover, it has been supposed that car-
diac hyperinnervation may co-occur with regional cardiac
denervation whereas the denervated patches of cardiac
muscles were linked to the increased incidences of cardiac
arrhythmias (Herring et al, 2019; Kanazawa &
Fukuda, 2022; Ng et al., 2009).

Recently, we have demonstrated that the experimental
arterial hypertension is associated with significant structural
changes of the intrinsic cardiac neural plexus in young pre-
hypertensive and adult hypertensive spontaneously

hypertensive (SHR) rats (Ranceviene et al., 2022). Neverthe-
less, morphological changes in intrinsic cardiac neural
plexus of the aged SHR with the untreated sustained arte-
rial hypertension, which is actually equivalent to arterial
hypertension of the aging humans with the uncontrolled
arterial hypertension, remain undetermined. Therefore, this
study was aimed to identify in detail structural alterations
of ICNS that occur in the aged SHR.

2 | MATERIALS AND METHODS

21 | Animals

Male Wistar-Kyoto (WKY) and spontaneously hypertensive
rats (SHR) were purchased from Charles River Breeding
Laboratories (Germany) at 9-15 weeks of age. The animals
were housed in collective cages and allocated in a con-
trolled environment with a light/dark cycle (12/12h), a
temperature of 22 + 2°C, and had free access to food and
water (ad libitum) until the designated age of 48-52 weeks
was reached. Afterward, rats were euthanized in the Ani-
mal Research Center of the Lithuanian University of
Health Sciences. All experiments involving laboratory ani-
mals conformed to EU directive 86/609/EEC and were per-
formed under the ethical permission No. G2-137.

Before euthanasia, the blood pressure was measured
as a control for hypertension. Following animal sedation,
heart rate, systolic blood pressure, and diastolic blood
pressure were measured using the noninvasive tail-cuff
method (AD Instruments IN125/R NIBP system, UK and
LabChart software). Each measurement was performed
10 times and the median value was used. All measure-
ments were performed by the same investigator in a
quiet, controlled environment. Mean arterial pressure
was calculated by the following equation: DBP + 1/3
(SBP-DBP) in which DBP means the diastolic blood pres-
sure, and SBP - the systolic blood pressure. The compari-
son revealed that all parameters were significantly higher
in the SHR compared to that in the WKY (p < 0.05)
(Table 1).

For immunohistochemistry eight hearts per group
(SHR n = 8, WKY n = 8) and for transmission electron
microscopy three hearts per group (SHR n = 3, WKY
n = 3) were used. Sample sizes were based on a priori
power calculation according to the research of Charan
and Kantharia (2013).

2.2 | Immunohistochemical studies

Three types of specimens were prepared from each of the
hearts: (i) whole-mount of atria, (ii) whole-mount of the
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TABLE 1 Physiological data of 48 weeks rats in spontaneously
hypertensive (SHR) and Wistar-Kyoto (WKY) rat groups

PARAMETER WKY (n =38) SHR (n =8) p-value
HR (bpm) 175+9 254 + 26 <0.05
SBP (mmHg) 13346 195+ 7 <0.05
DBP (mmHg) 109+ 5 149+ 5 <0.05
MAP (mmHg) 117+5 164 +7 <0.05

Note: n - number of rats.
Abbreviations: bpm, beats per minute; DBP, diastolic blood pressure; HR,
heart rate; MAP, mean arterial pressure; SBP, systolic blood pressure.

basal part of the ventricles, and (iii) serially sectioned
ventricular middle part.

2.2.1 | Whole-mount preparations of atria
and ventricles

After euthanasia, animals were intracardially perfused in
situ with 0.1 M phosphate-buffered saline (PBS) contain-
ing 0.14M NaCl, 27mM KCIl, 10 mM phosphate,
pH-value 7.4, via a cannula inserted into the left ventricu-
lar cavity, then prefixed with 4% (w/v) paraformaldehyde
solution (PFA) in 0.1 M PBS (pH = 7.4). Hearts were dis-
sected from the chest and incubated in 4% PFA for
40 min. After washing the heart two times in PBS, the
atria were dissected from the ventricles and the intera-
trial septum. Then, the atria were flattened and pinned
on a silicone pad filled with pre-chilled PBS. The ring of
2-4 mm thickness of the ventricular base was dissected
along the coronary groove, separated from the interven-
tricular septum, cut through the right ventricle, and
pined flat to extirpate most of the myocardium from the
endocardial side. When preparation of the upper portion
of ventricles was sufficiently thin due to the removal of
the myocardial tissues, the preparation was turned so
that the epicardium was facing upwards and pined again
to the silicone pad. To decrease a background fluores-
cence in laser scanning microscope examination, tissues
were dehydrated and cleared using a dimethyl sulfoxide
and hydrogen peroxide solution, as reported previously
(Dickie et al., 2006). Subsequently, whole-mount prepara-
tions were rehydrated through a graded ethanol series
(in each for 10 min), washed 3 x 10 min in 0.1 M PBS
containing 1% (v/v) Triton X-100 (Serva, Heidelberg,
Germany). Next, the non-specific binding was blocked
for 2 hours in PBS containing 5% (v/v) normal donkey
serum (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA). Following, samples were incubated
with a Protein gene product 9.5 (38-1,000, Invitrogen,
Rockford, USA; dilution 1:500) primary antisera for

48-72 hours at 4°C. Afterward, whole mounts were
washed three times for 10 min in 0.1 M PBS and incu-
bated with donkey anti-rabbit antisera conjugated with a
fluorochrome Alexa Fluor plus 488 (A32790, Invitrogen,
Rockford, USA; dilution 1:500) for 4 hours at room tem-
perature. Lastly, specimens were washed three times for
10 min in 0.1 M PBS, mounted with Vectashield Mount-
ing Medium (Vector Laboratories, Inc., Burlingame, CA,
USA), cover slipped, and sealed using clear nail polish.

2.2.2 | Sectioned tissue preparations

The remaining part of the ventricles was washed in PBS
and immersed in 30% (w/v) sucrose in 0.1 M PBS
containing 0.1% (w/v) sodium azide at 4°C for 24 h. Fol-
lowing cryoprotection, ventricles were frozen using a
tissue-freezing medium (Triangle Biomedical Sciences,
USA). Next, tissues were sectioned into 18 pm slices
using a cryomicrotome HM 560 (Microm, Germany) at
—22°C, mounted onto Superfrost Plus microscope slides
(Menzel Glaser, Germany), and dried at room tempera-
ture for 30 min. For immunohistochemical permeabiliza-
tion, sections were incubated for 40 min in a solution
containing 9% (v/v) DMSO and 1% (v/v) Triton X-100 in
0.1 M PBS. After 3 x 10 min washing in PBS, immuno-
histochemical procedures were performed as described
earlier applying Protein gene product 9.5 (38-1,000, Invi-
trogen, Rockford, USA; dilution 1:500) and secondary
antisera donkey anti-rabbit, conjugated with a fluoro-
chrome Alexa Fluor plus 488 (A32790, Invitrogen, Rock-
ford, USA; dilution 1:500). Finally, specimens were
washed three times for 5-8 min in 0.1 M PBS mounted
with a Vectashield Mounting Medium (Vector Laborato-
ries, Inc., Burlingame, CA, USA), cover slipped, and
sealed with clear nail polish. Primary antibody (negative)
controls were always processed in parallel and inspected
to confirm signal specificity.

2.3 | Preparations for transmission
electron microscopy

After euthanasia, the rat chest was opened, perfused with
PBS (300 ml, 140 mmHg), and prefixed with 2.5% (v/v)
glutaraldehyde in 0.1 M PB pH 7.4, (300 ml, 140 mm/Hg)
in situ via the left ventricle. Next, the hearts were excised
from the chest and placed for 40 minutes in 2.5% glutar-
aldehyde in 0.1 M PB (pH 7.4). Tissue samples of 1 mm?®
from the definite sites of atria (WKY n = 35, SHR
n = 40) and ventricles (WKY n = 40, SHR n = 58) of
each heart were dissected using fine scissors and twee-
zers. The samples were fixed overnight at 4°C in 2.5%
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glutaraldehyde in 0.1 M PB (pH 7.4), washed twice in PB,
postfixed for 2 hours with 1% osmium tetroxide in
0.1 M PB (pH 7.4), and dehydrated through a graded eth-
anol and acetone series. Next, samples were infiltrated
into a mixture of Epon 812 and Araldite 502 resins. Tis-
sue samples were carefully orientated for transverse sec-
tioning in flat embedding molds under a stereoscopic
microscope Stemi 2000CS (Zeiss, Gottingen, Germany)
and polymerized for 48 hours at 60°C temperature. Semi-
thin sections (1 pm) were cut with Leica EM UC7 ultra-
microtome (Leica Mikrosysteme Handelsges.m.b.H.,
Vienna, Austria) using a glass knife and stained with
methylene blue according to Ridgway (1986). Ultrathin
sections (50-70 nm) were cut using the same Leica EM
UC?7 ultra-microtome with DIATOME ultra 45° diamond
knife (Biel, Switzerland), mounted on a 600-mesh thin
bar support nickel grids (Agar Scientific, Essex, UK) and
stained with uranyl acetate and lead citrate. Finally,
ultrathin sections were analyzed at 120 kV with a Tecnai
BioTwin Spirit G2 transmission electron microscope
(FEI, Eindhoven, the Netherlands). Images were taken
with a bottom-mounted 16 M-pixel Eagle 4 K TEM CCD
camera, employing specific TIA software (FEI, Eindho-
ven, the Netherlands).

2.4 | Microscopy and quantitative
analysis

Whole-mount preparations of atria and ventricles were
imaged using confocal laser scanning microscope LSM
700 with the software package ZEN 2010B SP1 (Carl
Zeiss, Jena, Germany). The ventricular whole-mounts
were imaged using fluorescence microscope Axiolmager
Z1 equipped with digital camera AxioCam MRm running
AxioVision (rel. 4.8.2; Carl Zeiss, Jena, Germany) soft-
ware. Magnifications of x10 (for tile-scan panoramas of
both preparation types) and x20 (for neural structures of
atrial whole-mounts) were used. The number of ganglia
per an atrium, ganglion area, and the number of neuro-
nal somata were counted and measured in atrial whole-
mounts. Measurements were performed on 279 ganglia
SHR n = 130, WKY n = 149. All measurements were per-
formed manually under the same conditions. The crite-
rion for the separation of ganglia was based on the
distance of at least two neuronal bodies between adjacent
ganglia along all borders. The ganglion was evaluated as
single structure, if there was a contact of neuronal
somata at least at one point. Neurons were identified and
found in ganglia and epicardiac nerves. Only neuronal
cell bodies with well-defined nuclei were counted as neu-
rons and measured their somata areas, whereas nerve
cells without clearly noticeable nuclei were excluded

from neuronal counting in serial ganglion sections. Neu-
ronal bodies were counted and measured in multiple
focal planes of a z-stack; while, the ganglia area was mea-
sured using a flattened z-projection.

The epicardiac nerves, >5 pm in width, were mea-
sured manually at the left atrium left dorsal region
(n = 2,670) and at the coronary sulcus (n = 609) and
1 mm below the coronary sulcus (n = 978) in ventricular
whole-mount preparations.

In addition, the innervation of the atrial myocardium
was measured in digital images of atrial whole-mount
myocardium using a standard counting frame (150,
135 um?), selecting threshold gray values, and expressing
the area of segmented nerve fibers concerning the count-
ing frame area as a percentage. The analyzed areas in the
cardiac atria were in the sinoatrial node area (n = 554),
left dorsal atrial region (n = 248), at the roots of pulmo-
nary veins (n = 227), and on the right auricle (n = 191).
Z-stacks were measured individually (8-15 stacks per
photo) due to the thickness of the wholemount prepara-
tion compared to cryosectioned ventricle preparations.
Counting frames were selected manually to avoid big epi-
cardiac or vascular nerves as artifacts.

Sectioned tissue preparations were imaged using x10
(for tile-scan panoramas) and x20 (for neural structures)
magnification using confocal laser scanning microscope
LSM 700 with the software package ZEN 2010B SP1 (Carl
Zeiss, Jena, Germany). Epicardiac nerves, >5 pm in
diameter, were investigated. The whole epicardiac nerve
cross-section area and the area labeled for PGP 9.5 pan-
neuronal marker were set using a binary threshold and
the area occupied by PGP 9.5-positive neural structures
expressed in percentage. The measurements were taken
considering separate z-stacks. In addition, the innerva-
tion of the ventricular myocardium was measured in digi-
tal images (n = 403) using the same method as detailed
for the atrial preparations.

Electron micrograms for morphometry were photo-
graphed at grid bar intersections using 2,900 magnifica-
tion and analyzed with AxioVision Rel. 4.8.2 (Carl Zeiss,
Jena, Germany) software suite. In electron micrograms,
the number of axons inside unmyelinated nerve fiber and
the number of myelinated nerve fibers in the nerve were
counted; the overall nerve area and area occupied by
unmyelinated fibers, unmyelinated and myelinated axons
areas, and myelinated nerve fiber areas was measured;
the area occupied by unmyelinated axons in the nerve
was determined and expressed as a percentage; a number
of myelinated axons in 1000 pm? of the nerve, axon, and
fiber diameter using circle area formula were calculated.
G ratio was determined as the ratio of the axon diameter
to the outer diameter of the myelin sheath. For myelin-
ated fiber, measurements were selected only for intact
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fibers whose axon perimeter corresponded to the inner
perimeter of myelin.

2.5 | Statistical analysis

Data are presented as absolute numbers (n), percentages
(%), mean (M), and standard error (+SE). Statistical anal-
ysis was done using IBM SPSS 20.0 software.
Kolmogorov-Smirnov test was used to determine the nor-
mality of the data. The parametric data samples from two
groups were compared with the Student's ¢-test; means of
non-parametric data were compared with the Mann-
Whitney U test. The Kruskal-Wallis test was employed
for comparing non-parametric data of multiple groups.
Differences were considered significant when the p-value
was equal to or < 0.05.

3 | RESULTS

We found that structural alterations within intrinsic car-
diac neural plexus of the SHR in comparison with the
WKY rats embrace three nerve components: (1) neuronal
somata of the intracardiac ganglia distributed on atrial
wall surfaces; (2) epicardiac nerves through which nerve
fibers proceed to reach their target cells; (3) and a fine
meshwork of nerve fibers surrounding the myocardial
cells.

31 |
somata

Intracardiac ganglia and neuronal

The majority of the examined ganglia were located
around the pulmonary vein roots and aggregated into
groups (ganglionic fields). On average, SHR had
23 (range 16-29), and WKY rats 27 (range 19-34) gang-
lia per atria. In both groups, the shape of the ganglion
depended on its size and varied from oval for smaller
ganglia to cobweb-like chains associated with large
ganglia (Figure 1). Typical ganglion on WKY and SHR
atria was rather complex in distribution of ganglionic
cells that were loose in one site and dense within
another one (Figure 2a,b). Due to irregular shape and
contours of intracardiac ganglia, both the ganglion area
and the neuronal number per ganglion varied consider-
ably. Compared to normotensive WKY controls, SHR
ganglia show the tendencies of increasing of the cross-
sectional area by 46% and the higher mean number of
neuronal somata, by ~48.7% per ganglion and by
~13.8% on the whole atrial surface (Table 2). Singular
neurons were found in nerves as well (Figure 2e,f).

Noteworthy, SHR neuronal somata were smaller in
size by 19% and situated in ganglia with neuronal somata
distributed more compactly than in WKY rats (Figure 2,
Table 2). When neuronal somata were divided into
groups of small (<500 pm?), medium (500-1,000 pm?),
and large (>1,000 um?®) ones based on their cross-
sectional area, the medium-sized neurons were the most
numerous in both groups. Importantly, small neurons
prevailed in the SHR ganglia whereas large ones were
more common in the WKY rats (Figure 3). Moreover,
only a few neurons in the SHR exceeded 1,500 pm? cross-
sectional area (max = 1,573.9 um?) while that reached up
to 3,218.0 pm? cross-sectional area in the WKY rats. A
low number of solitary or small-grouped neurons were
found inside the epicardial nerves or scattered remotely
from the specific atrial ganglionic fields.

An electron microscopic study of epicardiac ganglia
from SHR and WKY rats did not reveal any prominent
differences in the ultrastructure of intracardiac neuronal
somata. Irregular contours of numerous neuronal pro-
cesses and invaginations of neuronal somata were com-
mon in the examined ganglia. Thick multilayered
satellite cell sheaths predominated around the intracar-
diac ganglionic cells. Plentiful axonal terminals were
filled by synaptic vesicles and a lot of axodendritic or axo-
somatic synapses were evident inside the ganglia. How-
ever, neuronal somata with the ensheathed in part by a
single layer of satellite cells were frequent in the exam-
ined ganglia as well.

3.2 | Atrial nerves
The whole-mount preparations immunolabeled for PGP
9.5 of both the SHR and WKY rats demonstrated that 5-6
large nerves (50-150 pm in thickness), access the heart at
the left cranial vein and proceed within the atrial epicar-
dium as the left dorsal ganglionated subplexus. These left
dorsal subplexal nerves branched averagely 1-3 times
spreading throughout the left dorsal atrium where the
highest number of epicardiac nerves is located on the
atria. Left dorsal subplexal nerves expand into the clus-
ters of ganglia around the roots of pulmonary veins or
toward the ventricles spreading widely on the wall of the
left ventricle. Nerves accessing the heart at the right cra-
nial and pulmonary veins were usually slender and
spread throughout walls of the right atrium and had clus-
ters of ganglia. Sinoatrial node area was supplied by
nerves descending from the right cranial vein and intrin-
sic epicardiac nerves from the right-sided ganglia
(Figure 1).

In the left dorsal subplexus in which nerves were
topographically persistent, every nerve branch with a
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thickness >5 um was selected for evaluation (Figures 1
and 5a,b). Although the morphologic pattern of epicar-
diac plexus was in general similar for both studied
groups, SHR nerves from the left dorsal subplexus were
thinner by 12% compared with the nerves of WKY
(Table 2).

3.3 | Ventricular nerves

The examined whole-mount preparations confirm that
the neural supply of the rat cardiac ventricles proceeds by
three main routes, that is, as postganglionated nerves of
the left dorsal, ventral right atrial, and two coronary gan-
glionated subplexi that was earlier described in detail by
Batulevicius et al. (2003). The epicardiac nerves descend-
ing from the left dorsal ganglionated subplexus through
the coronary sulcus toward the apex of the heart on the
posterior side of the left ventricle are the largest and most
abundant on the ventricles (Figure 1). The nerves of the

FIGURE 1
(confocal) microphotographs to illustrate

Laser-scanning

a general morphological pattern of atrial
ganglionated nerve plexus of the WKY
(a) and SHR (b). The atria were flattened
following their dissection from
interatrial septum and cardiac ventricles
along and above coronary sulcus. Both
cranial veins and the caudal ones were
ripped longitudinally and flattened as
well. The general views of whole mounts
of the atria were assembled with the aid
of software ZEN 2010B SP1 from Z-stack
tile scan images displaying neural
structures immunochemically labeled
for the antigen PGP 9.5. Note the higher
density of ganglia in SHR compared to
the control WKY rats. Arrowheads
indicate ganglia, thick arrows point to
preganglionated nerves, which enter the
heart through the heart hilum at the left
and right cranial veins. Thin arrows
point to some postganglionated
epicardiac nerves. Boxed areas of some
ganglia, sinoatrial node, and neural
elements of the left dorsal neural
subplexus are enlarged in Figures 2 and
5. Roots of three pulmonary veins (left,
middle, and right one) are pointed by X
symbol

ventral right atrial ganglionated subplexus expanding on
the anterior side of the ventricles intersect with the epi-
cardiac nerves of the right and left coronary ganglionated
subplexi (Figure 1).

In the ventricular whole-mounts, nerve thickness was
measured at two locations: at the coronary sulcus, and
1 mm below the coronary sulcus (Figure 6). The nerves
nearby the coronary sulcus were thickest and got much
thinner at 1 mm below. It should be noted that the
nerves measured at different heights in the SHR group
were altered differently. The SHR nerves nearby the coro-
nary sulcus, as well as the atrial nerves, were thinner
than WKY nerves, and the SHR nerves 1 mm below the
coronary groove were thicker than WKY in contrast
(Table 2).

Ventricular epicardiac nerves descending further to
the apex and measured in the transverse cryosections had
the significantly larger (by 37%) areas in the SHR than in
WKY rats (Table 2). However, the area of intraneural
structures positive for PGP 9.5 in the transverse sections
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FIGURE 2 Morphological patterns
of WKY (a and c¢) and SHR (b and d)
ganglia from epicardiac ganglionated
nerve plexi boxed in Figure 1. a and b
illustrate two typical atrial ganglia in
which continuous population of
ganglionic cells has quite uneven
distribution of neuronal somata. And,
therefore, were considered as belonging
to one ganglion. Boxed parts of ganglia
in a and b are enlarged and displayed in
panels ¢ and d. Neuronal somata of SHR
(b and d) are noticeably smaller and
distributed more tightly compared with
the WKY ganglionic cell bodies (a and
c). Solitary neuronal somata
(arrowheads) located in WKY (e) and
SHR (f) nerves

of these nerves was significantly smaller in the SHR com-
pared with the WKY rats (Table 2).

3.4 | Ultrastructure of nerves

In the epicardiac nerves of SHR and WKY, endoneurial
collagen fibers were particularly dense and occupied the
whole space between nerve fibers.

In SHR, unmyelinated nerve fibers were less compact,
with layered Schwann cells, and the higher number of
insertions and pockets of collagen fibers compared with
the WKY unmyelinated nerve fibers. Folds of basal lamina
without Schwann cell processes were common in SHR
nerves (Figures 4 and 7). The number of axons without
mesaxons, exposed to the endoneurium and covered just
by the basal lamina was larger in WKY nerves (Figure 7).

The number of axons per unmyelinated nerve fiber was
significantly greater in the SHR atrial nerves (Table 3).

In SHR, the mean axonal area within unmyelinated
nerve fibers and the cumulative axon area in the sections of
the epicardiac nerves were significantly decreased in com-
parison with WKY. Different inclusions (small and large
membranous, and homogenous substances) were found
more frequently inside of unmyelinated axons in nerves of
WKY and less often in axons of SHR (Figures 4c-e and 7).

The number of myelinated nerve fibers and their den-
sity in the profiles of epicardial nerves were evidently less-
ened in the SHR nerves (Table 3). The measurements of
myelinated nerve fibers were performed on intact nerve
fibers only (in which myelin sheath was attached to the
axons) and the number of intact myelinated nerve fibers
was 65.7% in WKY nerves and only 51.4% in SHR. Despite
of fact that areas of axons and myelinated nerve fibers
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TABLE 2 Morphometric differences in PGP
9.5-immunoreactive neural structures between hearts of
spontaneously hypertensive (SHR) and Wistar-Kyoto (WKY) rats

Parameter WKY SHR
Ganglia

Ganglion number 27+3 23+3

per atria

Ganglion area (um?) 182,749 + 27,146 266,868 + 51,183

Neuronal body area 734 £ 11 596 + 6*
(m?)
Neuronal number in 115+ 15 171 + 27
ganglion
Neuronal number in 3,288 + 332 3,742 + 297
atria
Density of ganglia 931 + 39 1,047 + 48*
(neurons/mm?)
Epicardiac nerves
Atrial nerves 310+ 1.0 27.4 + 0.8*
thickness (pm)
Ventricular nerves thickness
At coronary sulcus (pm) 47.0 +2.8 38.9 + 1.7*
1 mm below the 259 + 1.1 30.2 + 1.1*
coronary sulcus
(pm)
Ventricular nerves 621.0 & 30.0 849.0 + 69.0*
cross-section area
(hm?®)
Area of PGP 9.5+ 71.6 + 0.6 68.9 + 0.5%
NF in cross-
sections (%)
Density of myocardial nerve fibers (%) in
Sinoatrial nodal area 4.6 +0.2 2.1+ 0.1%
Atria in general 1.69 + 0.1 1.07 + 0.03*
Left dorsal atrial 2.23+0.23 1.05 + 0.06*
region
Roots of pulmonary 0.98 + 0.04 1.41 £ 0.07*
veins
Right auricle 1.96 + 0.16 1.19 + 0,06*
Ventricles in general 1.09 + 0.04 1.05 + 0.05*
Right ventricular wall 1.59 + 0.09 222 + 0.09%
Left ventricular wall 1.04 + 0.05 0.72 + 0.05%
Interventricular 0.57 + 0.04 0.4 + 0.03*
septum

*Significant difference between WKY and SHR groups at p < 0.05; NF, nerve
fibers.

were smaller in the atrial nerves than in ventricular ones
independently from animal groups (Table 3), these param-
eters were increased in atrial and ventricular nerves of the
SHR group. Hypertrophy of myelinated nerve fibers in the
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FIGURE 3 Distribution of differently sized neuronal somata

within the epicardiac ganglia of SHR and WKY rats. Vertical lines
on the bars indicate the limits of standard errors. * means the
significant difference between SHR and WKY rat groups at p < 0.05

atrial nerves was less expressed and was probably caused
by thickening of myelin sheath which is related to a
decreased G-ratio. Meanwhile, the axonal area of the ven-
tricular myelinated nerve fibers increased more than the
thickness of myelin sheath which indicates the increased
G-ratio (Table 3).

Ultrastructure of the majority of axons within myelin-
ated nerve fibers of both groups was rather intact, apart
from various inclusions which were revealed in over 20%
of axon profiles. Myelin-like inclusions varying in size
from very small to large predominated but homogenous
electron-dense or vesiculated inclusions sometimes were
observed as well. Besides, inclusions were also observed
in the Schwann cell cytoplasm of myelinated nerve fibers,
yet they were less common (Figures 4f-h and 7).

Although ultrastructure of axons was rather intact, mye-
lin sheath of one third of myelinated nerve fibers in nerves of
WKY rats and almost half in SHR nerves showed neuro-
pathic changes (Table 3). The majority of abnormal myelin-
ated nerve fibers had an excess of myelin sheath, which did
not correspond to the diameter of the axon and, thereby,
formed folds that were well seen in the nerve profiles. Mye-
linated nerve fibers with abnormal myelin sheaths were
grouped according to variations of morphology and fre-
quency of their distribution in the intracardiac nerves
expressed as a percentage from total number of myelinated
nerve fibers. Focal hypermyelination, myelin outfoldings,
and tomacula were the most obvious and numerous changes
of myelinated nerve fibers in both groups. The most common
abnormality was “outfoldings” that had one or more folds of
myelin sheath extended outwards (Figures 7, 8a-c and 9a).
Myelinated nerve fibers with outfoldings were the most
numerous (23.8%) in the atrial nerves of SHR. Variations of
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FIGURE 4 Ultrastructure of unmyelinated nerve fibers from hearts of WKY and SHR (a-b) and diversity of axonal inclusions found in
the unmyelinated (c-e) and myelinated (f-h) nerve fibers. (a) Unmyelinated fibers of WKY nerves demonstrate the regular ultrastructure. A
few small collagen pockets are indicated by arrowheads, insertions of collagen - by arrow. Two-headed arrows indicate axons with diameter
thinner than 0.2 pm. Axon without mesaxon is pointed by double arrowhead. Small membranous inclusion is indicated by curved arrow.
(b) Numerous collagen pockets (arrowheads) and collagen insertions (arrows) intervene deeply in the Schwann cell and form its porous
appearance with irregular outline. Folds of loose basal lamina are seen in the fiber center (*). (c) Large membranous inclusion with
homogenous substance in the center (arrowhead) fills the haft of axonal profile. (d) Large dense homogenous inclusion (arrowhead) with
aside located numerous mitochondria. (e) Small membranous inclusions (arrowheads) scattered among mitochondria and vesicles in the
axoplasm. (f) Axon with large membranous (arrow) and few small membranous (arrowheads) bodies covered by abnormal myelin just from
one side. (g) Myelinated axon with few-pieces electron-dense inclusion (arrowhead). (h) Two laminar (arrowheads) and small homogenous
(arrow) inclusions within myelinated axon. The enlarged inclusions are showed in the figure insets. Other abbreviations: Ax - Axon, En -
endoneurium, Sch - Schwann cell. Scale bars in a-b, f, h - 1 ym, c-e, g- 0.5 pm

this type were the comma-shaped outfoldings (Figure 9a), = These abnormal myelinated nerve fibers were not abundant
tomacula, and the recurrent loops when the loops looked like in either group, yet they were more common in SHR nerves
a separate structure (Figure 8b). The second abnormality of  (Figure 7). The third type of alterations in myelinated nerve
myelinated nerve fibers was “infoldings” that involved the  fibers was “cytoplasmic protrusions” with disruptions of the
focally redundant loops inside the myelin sheath (Figure 8d). myelin sheath that resembled Schmidt-Lanterman incisures.
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However, cytoplasmic protrusions differed evidently from
the Schmidt-Lanterman incisures since protrusions always
were from one side only and extended quite far from the
axon making characteristic hooks (Figure 9b). In some mye-
linated nerve fibers named as “endoneurium beneath mye-
lin”, the collagen fibers were interspersed between the
myelin sheath and the axon which was segregated in this
way from the myelin sheath. In the latter case, the endoneur-
ial space inside the myelinated nerve fibers was separated by
a basal membrane of glial cells (Figure 10a,c). The number of
the latter myelinated nerve fibers in SHR outnumbered
2.5-folds the same in WKY. The fifth type of alterations in
myelinated nerve fibers named by us as “collapsed myelin
ensheating axon” was rather rare but nerves of SHR group
had threefold larger number of them than WKY group
(Figure 7). These nerve fibers were either including unmy-
elinated axon (Figure 10a) or the myelinated axon
(Figure 10b). Myelinated nerve fibers with swollen myelin
sheaths were also rather common in both groups (Figures 7
and 9e).

Finally, the thinly myelinated nerve fibers were found
in the examined nerves yet were not numerous in both
animal groups. Occasionally, these thinly myelinated
fibers were surrounded by the processes of

FIGURE 5 The enlarged views of
the areas boxed in Figure 1 to illustrate
the morphologic patterns of innervation
in WKY (a and c) and SHR (b and d)
atria. a and b demonstrate fragments of
the epicardiac nerve plexus with the
measured nerves indicated by
arrowheads and the comparatively loose
meshwork of myocardial nerve fibers in
walls of the dorsal left atrium. c and d
exhibit the relatively denser meshwork
of myocardial nerve fibers in the region
of typical sinoatrial node in which no
thicker nerves are located. Note the
denser innervation pattern in WKY

(c) to compare with the SHR sinoatrial
nodal area (d)

PGP 9.5

supernumerary Schwann cells (Figure 9c). Besides, we
found the myelinated nerve fibers that had few axons
under the same myelin sheath (Figure 9d), and that hav-
ing Schwann cell nuclei inside of myelin sheath
(Figure 10d). Myelinated nerve fibers with Schwann cell
nuclei inside of myelin sheath were determined in nerves
of the SHR only while myelinated nerve fibers with few
axons were observed in both groups (Figure 7).

3.5 | Myocardial nerve fibers

Myocardial nerve fibers performed the fine meshwork
which was well-observable in the atrial whole-mount
preparations and cryosections of the cardiac ventricles
(Figure 5).

The measurements of myocardial nerve fibers meshwork
of in the zone of sinoatrial node (Figure 5a,c), in several
areas of the left dorsal atrial wall (Figure 5b,d), near the roots
of pulmonary vein and the right auricle as well as in walls of
the right and left ventricles including interventricular septum
demonstrate that the density of nerve fibers is significantly
decreased in the sinoatrial node, atrial and ventricular myo-
cardium of SHR compared with WKY rats (Table 2).
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FIGURE 6

Immunofluorescent images from whole-mount preparations of WKY (a) and SHR (b) cardiac ventricles labeled for PGP 9.5.

The whole-mount preparations were prepared in a way of flattening cardiac ventricular walls when the cutaway below and along the

coronary sulcus rings of the basal portion of ventricles (2-4 mm in height) with the dissected interventricular septa were ripped
longitudinally to the axis of the heart at the dorsal side of the right ventricular wall and at the posterior walls of ascending aorta and
pulmonary trunk. The inset in a demonstrates the upper view of the base of cardiac ventricles with the cutting lines (dashed lines) of the
right ventricular wall, ascending aorta, and pulmonary trunk, while two arrows show directions of the digressive edges of the right

ventricular wall. Arrowheads in a and b point to the epicardiac nerves accessing cardiac ventricles via the left and right coronary, and the
left dorsal subplexi. The mosaic images a and b were assembled with the aid of software ZEN 2010B SP1 from Z-stack tile scan images. The
dashed lines mark the cutting lines of the right ventricular wall, ascending aorta, and pulmonary trunk, while the lines of dissection of atria
along the coronary sulcus and distal part of ventricles are seen correspondingly as the upper and lower edges of the flattened preparations.
Other DRV - the dorsal region of the right ventricular wall, LRV - the lateral region of the right ventricular wall; VRV - the ventral region of
the right ventricular wall; AIVS - anterior interventricular sulcus; VLV - the ventral region of the left ventricular wall; LLV - the lateral side
of the left ventricular wall; DLV - the dorsal region of the left ventricular wall

Nonetheless, alterations of the density of myocardial nerve
fibers were location dependent. At most, the decrease of
nerve fibers density was found in the sinoatrial node area
where it was reduced up to 54%. Nevertheless, the density of
nerve fibers in the atrial myocardium near the roots of pul-
monary veins and in the myocardium of the right ventricle
was significantly increased in SHR versus WKY (Table 2).

4 | DISCUSSION

Our study defines the structural alterations of the
intrinsic cardiac ganglionated nerve plexus caused by
the uncontrolled arterial hypertension in the old (48-52
weeks) spontaneously hypertensive rats (SHR) in com-
parison with the age-matched Wistar-Kyoto (WKY) rats.
Using the methods of immunohistochemistry and trans-
mission electron microscopy, we determined that arterial
hypertension leads to (i) the decrease of the neuronal
body area, the thickness of atrial nerves, the number of
myelinated nerve fibers, unmyelinated axon area, and
the cumulative axon area within intrinsic cardiac nerves,
and the density of myocardial nerve fibers; and (ii) the

increase in the myelinated nerve fiber area and the den-
sity of ganglionic cells. Although neuropathic alterations
of the myelinated fibers were found in both groups, SHR
and WKY, nerves, the number of neuropathic nerve
fibers was significantly greater in the SHR group.

41 | Choice of animal model

Spontaneously hypertensive rat is the most studied ani-
mal model of essential arterial hypertension, commonly
used to study cardiovascular diseases. The model was
derived from the cross of outbred Wistar rats with noted
hypertension (Okamoto & Aoki, 1963). The SHR model
spontaneously develops elevated blood pressure at 5-
6 weeks of age which lasts throughout a lifetime
(Panzenhagen et al., 2019). As controls for the SHR, we
decided to use normotensive descendants of Wistar rats
of the colony from which the SHR strain was derived
(Wistar-Kyoto rats, WKY). The outbred WKY tends to be
normotensive and has been used as the closest genetic
control for the SHR worldwide (Kurtz & Curtis
Morris, 1987; Zhang-James et al., 2013).
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The noninvasive tail-cuff method for blood pressure
measuring was used before making specimens to confirm
hypertension. Although invasive intraarterial cannula-
tion has been viewed as the gold standard for blood pres-
sure recording, recent studies show a strong correlation
between noninvasive blood pressure measured by the
tail-cuff method and the intraarterial method (Ikeda
etal., 1991).

The blood pressure, heart rate, weight, and cardiac
echoscopy measurements performed before sacrificing
animals showed the increased hypertension parameters
in SHR and the normal blood pressure in WKY rats. The
determined by us physiological parameters of SHR corre-
lated with data of other studies (LeGrice et al., 2012;
Slama et al., 2004) and, enabled us to use SHR and WKY
rats as the animal models for examinations of structural
changes within intracardiac nerve plexus due to arterial
hypertension.

FIGURE 7
alterations of unmyelinated and myelinated nerve fibers
within intracardiac nerves of WKY and SH rats.
Horizontal lines on the bars indicate the limits of
standard errors. *means the significant difference
between SHR and WKY rat groups at p < 0.05

Differences of various ultrastructural

" 300

4.2 | Atrial ganglia

The identified remodeling of atrial ganglia could be two-
sided: both the age-related and the hypertension-
induced.

Our findings from both the present and the previous
studies demonstrate the age-related changes that involve
the evident increases in the neuronal number per gan-
glion and area of intrinsic cardiac ganglion in old (48—
52 weeks) animals compared with adult (12-18 weeks)
ones (Ranceviene et al., 2022). The increased number of
intracardiac neurons during aging was described in the
healthy Wistar rats as well (Batulevicius et al., 2003).

Nevertheless, it was earlier shown that general sym-
pathetic tone is activated due to arterial hypertension
(Ashton et al., 2020; Fisher & Paton, 2011; Paton &
Waki, 2009). Hypertension-induced increase in the num-
ber of intracardiac cholinergic neurons together with the
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TABLE 3 Comparative ultrastructure of nerve fibers from atrial and ventricular nerves of Wistar-Kyoto (WKY) and spontaneously
hypertensive (SHR) rats
WKY SHR

Parameter Atrial Ventricular  Total Atrial Ventricular  Total

Unmyelinated fibers
Number of axons measured (1) 4,611 3,675 8,286 8,063 2057 10,120
Axon area (umz) 1.36 + 0.02 1.33 +0.02 1.34 + 0.02 1.13 + 0.01* 1.11 + 0.03* 1.13 + 0.01*
Axon diameter (pm) 1.18 £ 0.01 1.12 + 0.01 1.15 +0.01 1.04 + 0.01* 0.97 + 0.02* 1.03 + 0.01*
Mean axonal number in NFs 2.53 + 0.06 3.22 + 0.30 2.80 + 0.10 3.42 + 0.80* 3.43 +0.20 3.42 + 0.08*
Cumulative axon area in nerve 58.60 + 0.70 58.90 + 0.98 58.70 + 0.60 52.70 £ 0.70*  50.90 + 0.80*  52.29 + 0.55*

(%)

Number of myelinated NFs 829 495 1,324 526* 229* 756*

Number of myelinated NFs 576 295 871 294* 120* 414*
measured

Axon area (pmz) 4.02 + 0.08 4.71 + 0.15 4.26 + 0.07 4.25 + 0.15* 5.66 + 0.30* 4.66 + 0.15*
Axon diameter (pm) 2.20 + 0.02 2.37 +£ 0.04 2.26 + 0.02 2.23 +0.04* 2.56 + 0.75* 2.33 + 0.04
Nerve fiber area (um?) 07.06 + 0.1 7.90 + 0.20 7.34 +£0.12 7.59 + 0.20* 9.06 + 0.46* 8.02 + 0.21*
Nerve fiber diameter (um) 02.90 + 0.3 3.09 + 0.04 2.98 + 0.02 3.01 £ 0.05 3.27 + 0.09*% 3.09 + 0.04*
G-ratio 0.752 + 0.004 0.767 + 0.004 0.757 + 0.003  0.736 + 0.01* 0.78 + 0.01 0.749 + 0.004*
Fiber density (n/1000 pmz) 16.96 + 1.630  14.96 + 1.35 16.03 + 1.07 7.95+0.67F  11.49 + 1.04* 9.08 + 0.59*

*Significant difference between corresponding parameters in WKY and SHR groups, p < 0.05; NFs, nerve fibers.

enhanced excitability was described in the old SHR
(Ashton et al., 2020). Although due to evident high dis-
persion of measurements the increases in ganglion area,
the neuronal body number per ganglion and the total
neuronal body number per SHR atria did not reach statis-
tically significant difference between SHR and WKY in
this study, the significantly smaller neuronal somata in
SHR resulted the increased density of neuronal somata
within the ganglia of old SHR comparing with the
same age control WKY. Therefore, the ascertained
increases in both the parasympathetic components
and the sympathetic activity as well as the previously dis-
covered pacing-induced heart failure in the canine model
(Ng et al.,, 2011) demonstrate the significant structural
alterations in the intrinsic cardiac neural plexus due to
arterial hypertension.

We found that the neuronal body area was smaller in
SHR to compare with WKY in both age groups, in adult and
old one as well. It is worth noting that the difference in the
neuronal body sizes was larger in old animals, where SHR
neurons were 19% smaller than in WKY, while in the adult
group they were only on 6% smaller (Ranceviene
etal., 2022). It is considered that neuron size has significant
consequences for the excitability of a neuron and the gener-
ation of action potentials, resulting that smaller neurons are
more excitable (Koester & Siegelbaum, 2000; Steinback
et al., 2010). Recent physiological findings indicating that

the excitability of intracardiac neurons is enhanced in arte-
rial hypertension (Ashton et al., 2020) can be resulted by
decrease of neuronal somata, what was demonstrated in
this study. However, the larger areas of intracardiac neuro-
nal somata were found in the hypertrophied hearts of SHR
with heart failure compared with the neurons from normo-
tensive WKY rats (Singh et al., 2013).

4.3 | Intracardiac nerves

Despite numerous studies on the impact of arterial hyper-
tension on the body, the arterial hypertension effect on
peripheral nerves is limited and almost absent in regard
to intramural nerves. Miscellaneous alterations of the
intracardiac nerves ascertained in this study imply the
disbalancing effect of arterial hypertension on the intra-
cardiac nerve plexus. In general, degenerative changes
undergo within SHR nerves which suggest the partial
atrophy of atrial and ventricular epicardiac nerves due to
the shrinkage of axonal size within unmyelinated nerve
fibers and nearly twice decreased density of myelinated
nerve fibers. The size of axons and their number within
unmyelinated nerve fibers were found to decrease in the
aortic depressor nerve in SHR (Fazan et al., 2001). In
addition, the number and density of myelinated nerve
fibers were found smaller in the phrenic nerve
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FIGURE 8 Ultrastructure of myelinated nerve fibers in the nerves of SHR. (a) a low magnification electronogram demonstrating
general view of the nerve with the numerous myelinated nerve fibers scattered among unmyelinated ones. Perineurium (Pe) is seen on the
lower-right corner and a small arteriole (Ar) on the left side. Intact myelinated nerve fibers with myelin sheath corresponding to the axon
diameter are marked by asterisk (*). Three fibers with the comma-shaped myelin outfoldings are indicated by arrowheads, and fiber with
recurrent loop outfolding is indicated with a double arrowhead. A diamond indicates that the axon was covered by the swollen myelin
sheath just from one side. Arrows indicate the thinly myelinated nerve fibers. Two extraordinary hypermyelinated fibers are boxed and
enlarged in ¢ and d. Two-headed arrows indicate axons with inclusions. (b) Two myelin outfoldings - the comma-shaped (arrowhead) and
the recurrent loop (double arrowhead), are seen in the same Schwann cell. On the left image side, the myelinated fiber with the collagen
fibers (Co) beneath the outer layer of myelin is seen. (c) Inset from a demonstrating the aberrant nerve fiber with axon (ax) containing
inclusions and partly surrounded by myelin. Additionally, the second irregular ring of myelin envelops both the another fragment of
Schwann cell (Sch) and the thin rim of endoneurial collagen fibrils (Co). Arrowheads indicate the basal lamina surrounding Schwann cell
fragments. (d) Inset from image a to illustrate the hypermyelination of axon (ax) with focally redundant loops and tomacula inside of outer
layer of myelin sheath. Intact axons - are pointed by asterisks Other abbreviations: Schwann cell - Sch, endoneurium - En. Scale bars: 5 pm
in A, 1pminb-d

(Rodrigues et al., 2011), tibial and sural nerves of SHR ventricular sites appear to contradict the first our conclu-

(Ozaki & Matsuura, 2020). However, the unchanging
density of myelinated nerve fibers was found in the SHR
sural and sciatic nerves by Gregory et al. (2012) or even
bigger this parameter was reported in the aortic depressor
nerve of SHR by Fazan et al. (1999). The data on the
increase in diameters of the SHR nerves from the lower

sion about the presumable partial atrophy of epicardiac
nerves at the coronary sulcus. However, keeping in mind
the hypertension-induced fibrosis described earlier for
the heart muscle cells (Burns et al., 2007; Greenwood
et al., 2001; Schlaich et al., 2003) and some intramural
nerves (Bechara et al.,, 2003; Sanada et al., 2012), it is

143

w1y papeoIuMq) ‘6 ‘€202 'VEY8ZEST

pue suuia 3 335 *[$202/0/70] U0 Aieigi auUO ASIIA 11e3H JO AISIaAIUN UeILENLIT AQ 60TSZ &/Z00T

a5U301"T SUOWLIOD aAN¥a1) ajaeaiidde aul AQ PoLIBAOD e SAJOILIE /O oSN JO Sa[N o} AKeIq AUNIUO KBl UO



PAUZIENE ET AL.

WILEY-_*”

FIGURE 9 Diversity of ultrastructural aberrations of myelinated nerve fibers in WKY and SHR nerves. (a) Two hypermyelinated axons
(ax1 and ax2) with comma-shaped myelin outfoldings (arrowheads). The myelin sheath covering of the ax1 exceeds threefold its perimeter.
Neighboring unmyelinated axons vary in size — some of them look as being swollen while others - as the shrunken one. (b) “Cytoplasmic
protrusions” in the myelin sheath (arrowheads) forming the particular hooks. (c) Thinly myelinated axon which is surrounded by three
Schwann cells (arrowheads) and covered by the layer of endoneurial collagen fibers and the second layer of Schwann cells (double
arrowheads) in addition. Moreover, the remains of myelin are evident in the lower part of the circle (arrows). (d) Three axons under the
same myelin sheath. The main axon (ax1) is regular in size but the other two (marked by diamonds) are much thinner and look as being
supplementary. Note the tinny and thinly myelinated axon (ax2) in the upper-right corner. (e) Swollen myelin sheaths of two axons (ax).
Numerous fractures (some indicated by arrowheads) are seen in myelin. Note the particularly dense collagen fibrils in the endoneurium. The
unmyelinated axons pointed by asterisks, while, myelinated axons indicated by ax, Schwann cells by Sch, and endoneurium by En. Scale

bars - 1 pm

possible that certain fibrosis may occur within intracar-
diac SHR nerves which results in a proportional decrease
of nerve structures demonstrated by both, the immuno-
histochemical staining for PGP 9.5 and the ultrastructural
analysis of this study, particularly in the samples of car-
diac ventricles.

The general decrease of myocardial nerve fiber den-
sity shows degenerative changes in examined SHR as
well. The mean difference in densities of myocardial
nerve fibers between WKY and SHR was more evident in
the atria than in the ventricles. The densest innervation
of the SA nodal area decreased most of all, by more than
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FIGURE 10 Unusual ultrastructural variations of the myelinated nerve fibers in WKY and SHR nerves. (a) Two types of the abnormal
myelinated fibers from WKY rat nerve. Note the upper unmyelinated axon (ax1) which is surrounded by the collapsed myelin semicircle.
The endings of this semicircle (two-headed arrows) imply that two layers of myelin are continuous, and the inner content of Schwann cell is
lessened till thin layer of cytoplasm (arrows). The lower myelinated axon (ax2) is surrounded by the second layer of myelin (double
arrowheads). Inside the second layer, there are located both the cytoplasm of Schwann cell (Sch) enclosed by basal lamina (arrowheads) and
the layer of collagen fibrils. (b) The myelinated axon (ax) encircled by the collapsed myelin sheath. The endings of myelin semicircle (two-
headed arrows) demonstrate the continuation of myelin layers and the remnants of cytoplasm between myelin layers (arrows). (c) The
unmyelinated axon (ax) rimed by both the prominent collagen fibrils and the above situated myelin sheath (double arrowheads).

(d) Schwann cell with the nucleus located inside of the myelin sheath. The unmyelinated axons are pointed by asterisks. Other

abbreviations: En - endoneurium; Co - collagen fibrils. Scale bars - 1 pm

a half, by one-third of atrial myocardium and at least
ventricular myocardium. In some assessed areas of the
atrial and ventricular walls, nonetheless, density of the
myocardiac nerve meshwork was found to increase. Vari-
ability in density of nerve fibers within distinct heart
areas support ideas about autonomic imbalance or
regional denervation and hyperinnervation developing in
hearts of hypertensive rats during aging (Herring
et al., 2019; Scridon et al., 2012).

Earlier data about structural changes of myelinated
axon and fiber area induced by hypertension as well as
thickness of myelin sheath are rather contradictive. Axon
area of myelinated nerve fibers in SHR was decreased in
the sural and sciatic nerves (Gregory et al., 2012), aortic
depressor nerve (Fazan et al, 1999), tibial and sural
nerves (Ozaki & Matsuura, 2020), but they were
increased in the sural and phrenic nerves according to
other authors (Rodrigues et al., 2011; Sanada et al., 2012).
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Our measurements of myelinated nerve fibers within epi-
cardiac nerves demonstrate increase of the SHR axon
area which was more prominent in ventricular nerves.

Unusual ultrastructural aberrations of myelinated
nerve fibers demonstrated in this study were described in
the adult WKY and SHR intracardiac nerves as well
(Ranceviene et al., 2022). It has to be noted that in adult
animals comparing with the old ones a smaller propor-
tion of fibers were altered, and in both age groups, the
adult and old rats, from other side, more fibers were
altered in SHR nerves. In this study, therefore, only a half
of myelinated nerve fibers in old SHR nerves could be
measured due to mismatching perimeters of axon and
inner myelin sheath. Morphologically identical aberra-
tions of myelin sheaths within intracardiac nerves dem-
onstrated in this study were described for inherited
demyelinating neuropathies. Demyelination in hereditary
neuropathy with liability to pressure palsies and
Charcot-Marie-Tooth diseases are mainly linked due to
abnormalities of genes of Peripheral Myelin Protein
22 (Bilbao & Schmidt, 2015; Jouaud et al., 2019). “Toma-
cula” and myelin outfoldings are striking neuropathologi-
cal features of diverse groups of inherited demyelinating
neuropathies. It was suggested that dysregulated phos-
phoinositide levels play a critical role in the pathology of
tomaculous neuropathies (Goebbels et al., 2012).
Although neuropathy induced by hypertension was
reported earlier for the sural and sciatic nerves (Gregory
et al., 2012; Sanada et al., 2012) the detail ultrastructural
analysis revealing neuropathic changes of myelinated
nerve fibers was done in our study only. On the other
hand, it is well-known that remyelination is a feature of
almost all peripheral neuropathies (clinical and experi-
mental), irrespective of etiology (Hall, 1983). Some signs
of remyelination like the thinly myelinated nerve fibers
occasionally encircled by supernumerary Schwann cell
processes were seen in nerves examined in the present
study but they were not numerous. Presumably, myelin-
ated nerve fibers with endoneurium beneath myelin and
the axons ensheathed with the collapsed myelin identi-
fied by us in the present study may be considered as the
aberrantly occurring remyelination. Noteworthy, myelin-
ated nerve fibers with Schwann cell nuclei inside of mye-
lin sheaths found within intracardiac nerves previously
were addressed to the aberrant remyelination by Bilbao
and Schmidt (2015).

It has to be noted that neuropathic changes of myelin
sheaths described within epicardiac nerves of SHR were
observed also within nerves of WKY rats yet in less quanti-
ties. Despite Wistar and WKY rats have been classified as
normotensive animals, it is important to emphasize that
systolic blood pressure values in the WKY rats are higher
than in Wistar rats and blood pressure of WKY rats is close

to a hypertension borderline. Since the chronic increase in
blood pressure can lead to such consequences as the left
ventricular concentric hypertrophy, arterial stiffness,
stroke, myocardial infarction, and heart failure (Rezende
et al.,, 2021), there is a real possibility for developing of
structural alterations within myelinated nerve fibers of
WKY similar to the determined in SHR intracardiac
nerves. Thus, it was assumed that Wistar rats should be
considered as more suitable normotensive control animals
for SHR than WKY rats for experiments aimed to examine
impact of blood pressure to cardiac structure and function
at different age of animals as WKY rats exhibit early
declines in cardiac function and blood pressure values in
the upper limit of normal blood pressure (Rezende
et al., 2021). Therefore, the present data about numerous
neuropathic ultrastructural changes of intracardiac nerves
raise the new doubts for the suitability of WKY rats as the
golden control standard for SHR studies and further exam-
inations are crucial for a real understanding of structural
changes of intrinsic cardiac neural plexus caused by essen-
tial arterial hypertension.

In conclusion, the determined structural changes of
intrinsic cardiac neural plexus caused by arterial hyper-
tension are heterogeneous and may be supporting the
physiological implication about partial cardiac denerva-
tion occurring together with the hyperinnervation of the
SHR heart.
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Abstract

The acknowledged hypothesis of the cause of arterial hypertension is the emerg-
ing disbalance in sympathetic and parasympathetic regulations of the cardiovascu-
lar system. This disbalance manifests in a disorder of sustainability of endogenous
autonomic and sensory neural substances including calcitonin gene-related peptide
(CGRP). This study aimed to examine neurochemical alterations of intrinsic cardiac
ganglionated nerve plexus (GP) triggered by arterial hypertension during ageing in
spontaneously hypertensive rats of juvenile (prehypertensive, 8-9 weeks), adult (early
hypertensive, 12-18 weeks) and elderly (persistent hypertensive, 46-60weeks) age
in comparison with the age-matched Wistar-Kyoto rats as controls. Parasympathetic,
sympathetic and sensory neural structures of GP were analysed and evaluated mor-
phometrically in tissue sections and whole-mount cardiac preparations. Both the el-
evated blood pressure and the evident ultrasonic signs of heart failure were identified
for spontaneously hypertensive rats and in part for the aged control rats. The amount
of adrenergic and immunoreactive to CGRP neural structures was increased in the
adult group of spontaneously hypertensive rats along with the significant alterations
that occurred during ageing. In conclusion, the revealed chemical alterations of GP
support the hypothesis about the possible disbalance of efferent and afferent heart
innervation and may be considered as the basis for the emergence and progression of
arterial hypertension and perhaps even as a consequence of hypertension in the aged
spontaneously hypertensive rats. The determined anatomical changes in the ageing
Wistar-Kyoto rats suggest this breed being as inappropriate for its use as control ani-

mals for hypertension studies in older animal age.

KEYWORDS
CGRP, ChAT, heart ganglia, nerves and plexus, hypertension, immunohistochemistry, SIF cells,
TH
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1 | INTRODUCTION

At any given time, the influence of the autonomic nervous system on
the heart activity balances between the opposing actions of sympa-
thetic and parasympathetic systems (Patterson, 1978). The sympa-
thetic innervation of the heart arises from the preganglionic neurons
in the intermediolateral nuclei of the spinal cord distributed from
the first through the fifth thoracic segments. The primary visceral
motor neurons are in the adjacent thoracic paravertebral ganglia
of the cardiac plexus. Norepinephrine released from sympathetic
postganglionic terminals increases the rate of cardiac pacemaker
activity and enhances cardiac contractility. Most of the parasym-
pathetic preganglionic neurons are in the dorsal motor nucleus of
the vagus nerve projecting to intrinsic cardiac ganglia with para-
sympathetic postganglionic neurons. Activation of the parasympa-
thetic cholinergic innervation of the heart decreases the discharge
rate of the cardiac pacemaker in the sinoatrial node and slows the
ventricular conduction system (Purves et al., 2001). Long being rec-
ognized as the relay station for parasympathetic preganglionic neu-
rons, now intrinsic cardiac ganglia are known to contain a complex
neural network involving different neuronal anatomical subtypes
that include putative afferent neurons along with cholinergic and
adrenergic neuronal somata that presumably represent two major
motor phenotypes (Hoover et al., 2009; Pauza et al. 2014). These
somata frequently interconnect with somata within or among ad-
jacent intrinsic cardiac ganglia that are the second-order neuronal
interactions. Based on this anatomy, intrinsic cardiac neurons may
be considered not only as an efferent neuronal relay station under
medullary and spinal cord (adrenergic) motor control, but also as an
important element in cardiocentric local reflex control. That is why
the autonomic control of the heart acts via several loops of feedback
maintaining a balance of sympathetic and parasympathetic signals to
the heart triggered due to spinal and vagal sensory neurons (Aksu,
Gopinathannair, et al., 2021; Aksu, Gupta, & Pauza, 2021; Shivkumar
etal., 2016).

The main endogenous autonomic neural substances (noradrena-
line, adrenaline and acetylcholine) engage the transmission of nec-
essary neuronal activity on target cells within the mammalian heart
(Aksu, Gopinathannair, et al., 2021). Calcitonin gene-related peptide
(CGRP) is abundantly synthesized inside the somata of spinal sen-
sory neurons and is considered the most specific neuronal marker
of these nerve cells (Navickaite et al., 2021). Moreover, CGRP is also
known as one of the most potent microvascular vasodilator sub-
stances influencing blood flow within the brain (Toyoda et al., 2000),
skin (Escott & Brain, 1993; N'Diaye et al., 2017) and other organs
including the heart (Bergdahl et al., 1999; Brain et al., 1985; Li
etal., 2014).

Recent studies demonstrate that the sympathetic nervous sys-
tem plays a role in the pathogenesis of arterial hypertension since
the increased sympathetic tone was discovered in both hypertensive
patients and spontaneously hypertensive rats (Larsen et al., 2016).
The parasympathetic nervous system, in which cholinergic cell bod-
ies predominate within intrinsic cardiac ganglia in all mammalian
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species and humans (Pauza et al., 2000, 2002, etc.), has a mitigat-
ing impact on development and even manifestation of arterial hy-
pertension (van Zwieten et al., 1995). On the contrary, cholinergic
neurons on arterial hypertension may have the opposite impact as
the augmented parasympathetic tone was recorded during the early
development of hypertension in spontaneously hypertensive rats
(Masuda, 2000).

Interestingly, the genesis and manifestation of arterial hyper-
tension depend (may emerge as a consequence of the chemical
remodelling of autonomic neurons during animal ageing) (Fisher &
Paton, 2011) and arterial hypertension induces peripheral neuropa-
thy (Smith et al., 2018) including alteration of intrinsic cardiac gangli-
onated plexus (Ashton et al., 2020; Pauziene et al., 2022; Ranceviene
et al., 2022). Moreover, heart failure also causes transdifferentiation
of sympathetic (adrenergic) nerve fibres into parasympathetic (cho-
linergic) ones in rat hearts (Kanazawa et al., 2010).

Many previous reports provide evidence that dysregulation of
cardiac sympathetic neurotransmission may develop even before
the onset of hypertension within the spontaneously hypertensive
rats. At 4weeks of age when the spontaneously hypertensive rats
are still normotensive, an increased intracellular calcium transient in
response to neuronal depolarization (Li et al., 2012) and a reduc-
tion in the activity of the presynaptic norepinephrine uptake trans-
porter (Shanks, Mane, et al., 2013; Shanks, Manou-Stathopoulou,
et al., 2013) in stellate and superior cervical ganglionic neurons
was demonstrated. Direct stimulation of the right stellate ganglion
produced a larger tachycardia in the young spontaneously hyper-
tensive rats than in the wild-type Wistar-Kyoto rats (Shanks, Mane,
et al., 2013; Shanks, Manou-Stathopoulou, et al., 2013). However,
electrical stimulation of neurons in the stellate ganglion of adult
spontaneously hypertensive rats produced a significantly larger
response, and norepinephrine release and b-adrenergic receptor
responsiveness were also greatly increased compared with con-
trol (Herring et al., 2011). The adult spontaneously hypertensive
rats had evidence of larger calcium transients on depolarization of
cultured stellate neurons (Li et al., 2012), reduced presynaptic nor-
epinephrine uptake activity (Shanks, Mane, et al., 2013; Shanks,
Manou-Stathopoulou, et al., 2013) and impaired a2-adrenoceptor
autoinhibition of norepinephrine release (Zugck et al., 2003). Based
on this, the above-cited authors implied that hyperinnervation of the
heart by noradrenergic nerve fibres in spontaneously hypertensive
rats could be a primary alteration of the heart before hypertension
and this hyperinnervation could cause the increased activity of ly-
sine and DOPA uptake, the increased relative weight of the stellate
ganglia that supply postganglionic adrenergic nerve fibres to the
heart (Kondo et al., 1995).

Spontaneously hypertensive rats were initially developed and
used as an animal model to study arterial hypertension by Okamoto
and Aoki (1963). Spontaneously hypertensive rats are an inbred
strain that was established by selecting hypertension in the Wistar-
Kyoto rat strain. Thereby, Wistar-Kyoto rats are regarded as the
most suitable control group for studying spontaneously hyperten-
sive rats. Although these two inbred strains have extremely similar
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genes, the expressions on cardiovascular and neuropsychological
functions are quite different (Huang et al., 2016). Therefore, this
study is aimed to examine neurochemical alterations (adaptations)
of intrinsic cardiac ganglionated nerve plexus caused by arterial hy-
pertension developed during ageing in spontaneously hypertensive

rats and control.

2 | MATERIALS AND METHODS
2.1 | Animals

To eliminate possible gender-dependent differences in anatomy
and histochemistry of intrinsic cardiac ganglionated plexus, entirely
males of spontaneously hypertensive rats and Wistar-Kyoto rats for
control were purchased from Charles River Breeding Laboratories
(Germany) at 8-15weeks of age. The animals were housed in col-
lective cages and allocated in a controlled environment with a light/
dark cycle (12/12h), a temperature of 22 +2°C, and had free access
to food and water (ad libitum) until the designated age of 8-54 weeks
was reached. All animals, spontaneously hypertensive and control
rats, were divided into three age groups: (1) juvenile (8-9 weeks); (2)
adult (12-18 weeks); and (3) aged (46-60weeks). Juvenile spontane-
ously hypertensive rats before sexual maturity are prehypertensive
in which the blood pressure only starts to climb; meanwhile, the
adult spontaneously hypertensive rats, sexually matured animals of
this breed, are generally considered as stably hypertensive with sys-
tolic blood pressure exceeding over 150mm Hg (Adams et al., 1989;
Boluyt et al., 1995; de Rezende et al., 2021; Doggrell & Brown, 1998;
Okamoto & Aoki, 1963; Panzenhagen et al., 2019). The age for per-
sistent hypertension group was based on life span of used breeds
which is 1.5-2.5years for spontaneously hypertensive rats and
2.5-3years for Wistar-Kyoto rats (Reckelhoff et al., 2018).

Six animals per group were used for immunohistochemistry and
three animals per group for electron microscopy. Rats were eutha-
nized in the Animal Research Center of the Lithuanian University of
Health Sciences. All experiments with laboratory animals conformed
to EU directive 86/609/EEC and were performed under ethical per-
mission No. G2-137.

2.2 | Physiologic measurements

Before euthanasia, the single-blinded investigators performed
the blood pressure measurement and echocardiographic analysis.
Animals underwent intraperitoneal anaesthesia (ketamine 90mg/kg
and dexmedetomidine 0.5mg/kg for blood pressure measurement;
ketamine 20-40mg/kg and diazepam 3-5mg/kg for echocardiogra-
phy). Measurements were obtained 10 min after anaesthesia admin-
istration in a quiet, controlled environment. A warming pad with an
ambient temperature of 37°C was used for laying animals.

Arterial blood pressure was measured by the non-invasive

tail-cuff method. Automatic data collection was performed using
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LabChart software and synchronized to trigger an electronic sphyg-
momanometer (AD Instruments IN125/R NIBP system, UK) to inflate
and deflate the tail-cuff to a calibrated pressure at 1-min intervals.
Tail pressure pulsations were detected with a pneumatic pulse trans-
ducer. Heart rate, systolic blood pressure and diastolic blood pres-
sure were measured. Mean arterial blood pressure was calculated by
the following equation: DBP+1/3(SBP-DBP), in which DBP means
the diastolic blood pressure, and SBP is the systolic blood pressure.
Each measurement was repeated 10 times, and the median value
was used for further analysis.

Echocardiographic measurements were performed at 19-20th,
29-30th and 46-49th weeks of life. After sedation, the animals were
placed in a lateral decubitus position after shaving the chest area.
Two-dimensional tests were performed with a rapid sampling rate
(frame rate) of 120 fps and M-mode, using the ultrasound system
(Mindray DC-70) and 3.0-12.0 MHz nominal frequency transducers
(phased array) used to examine pets in the veterinary clinic. Two-
dimensional transthoracic echocardiography and M-mode were
obtained at a scanning speed of 200mm and adjusted according to
heart rate. The images were collected and stored for further analy-
sis. Interventricular septum in diastole (IVSd in mm), interventricular
septum in systole (IVSs in mm), the left ventricle internal diameter
in diastole (LVIDd in mm), left ventricle internal diameter in systole
(LVIDs in mm), left ventricular free wall in diastole (LVWd in mm)
and left ventricular free wall in systole (LVWSs in mm) were measured
following methodology recommended by the American Society of
Echocardiography (Sahn et al., 1978) and other researchers (Slama
et al., 2004). Each measurement was performed six times, and the
average value was used. According to formulas, the shortening
fraction (FS in %) and ejection fraction (EF in %) were calculated
automatically. A trained researcher performed these examinations
through a single-blinded method.

2.3 | Preparations
2.3.1 | Immunohistochemistry

Three types of preparations were made from each of the hearts: (i)
whole mounts of atria, (ii) whole mounts of the basal part of ventri-
cles and (iii) transverse serial sections of the middle part of cardiac
ventricles.

After euthanasia, animals were perfused in situ with 0.1M
phosphate-buffered saline (PBS) and prefixed with 4% paraformal-
dehyde solution (PFA) via a catheter inserted into the chamber of the
left cardiac ventricle. Hearts were removed from the chest, fixed in
4% PFA for 40 min and the atria were separated from cardiac ventri-
cles as well as the interatrial septum from the atria. Then, the atria
were flattened and pinned on a silicone pad filled with pre-chilled
PBS. The whole mount of the basal part of ventricles was prepared
in the following way: (1) the ring of the upper portion of cardiac ven-
tricles parallel to the coronary groove and 2-4mm in thickness was

cut off, (2) interventricular septum was extirpated from this ring,
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(3) the right ventricle wall of this ring was snipped along the cardiac
longitudinal axis, and (4) using a fine microscissors, the myocardial
and endocardial layers were removed from this unbend upper por-
tion of cardiac ventricles slenderizing the preparation as thin as pos-
sible and avoiding any injury of epicardial and subepicardiac layers.
The remaining part of the cardiac ventricles was used for transverse
cryosections. Subsequently, whole-mount preparations and cryo-
sections were incubated within a mixture of two or three primary
antisera that were diluted 1:100 and consisted of antibodies against
choline acetyltransferase (ChAT, AB144P; Millipore), tyrosine hy-
droxylase (TH, AB152; Millipore) and calcitonin gene-related pep-
tide (CGRP, ab10987; Abcam, Cambridge, UK) for 48-72h at 4°C.
Afterwards, whole mounts were washed three times for 10min in
0.1M PBS and incubated with a mix of corresponding secondary an-
tisera diluted 1:500: Anti-goat antibodies were conjugated with a
fluorochrome Alexa Fluor Plus 488 (A32814, Invitrogen; Rockford,
USA), anti-rabbit—with a fluorochrome Alexa Fluor 647 (A-31573,
Invitrogen), and anti-mouse—with a fluorochrome Cy3 (AP192C,
Millipore) for 4h at room temperature with gentle shaking. Lastly,
specimens were washed three times for 10min in 0.1M PBS,
mounted with Vectashield Mounting Medium (Vector Laboratories,
Inc.), cover-slipped and sealed using clear nail polish.

2.3.2 | Preparations for transmission
electron microscopy

Next to euthanasia, the rat chest was opened, perfused with PBS
in situ and prefixed with 2.5% glutaraldehyde in 0.1M phosphate
buffer via the left cardiac ventricle. Tissue samples of 1mm?® from
the definite sites of atria and ventricles of each heart were prepared
according to a protocol of routine transmission electron microscopy,
and the samples were orientated in flat embedding moulds for trans-
verse sectioning of cardiac ganglionated nerves. Ultrathin sections
were analysed at 120kV with a Tecnai BioTwin Spirit G2 transmis-
sion electron microscope (FEIl, Eindhoven, The Netherlands). Images
were taken with a bottom-mounted 16 M-pixel Eagle 4K TEM CCD
camera, employing specific TIA software (FEl, Eindhoven, The
Netherlands).

2.4 | Microscopy and quantitative analysis

Whole-mount preparations and cryosections were observed using
a confocal laser scanning microscope LSM 700 with the software
package ZEN 2010B SP1 (Carl Zeiss, Jena, Germany). Objectives
of 10x (for tile-scan panoramas of all preparation types) and 20x
(for measurements of neural structures of atrial and ventricular
preparations) were used. For analysis of non-sectioned, longitudi-
nal nerves, images of 20 random nerves from the left dorsal atrium
and 20 random nerves from ventricular whole-mount preparation
were taken. For analysis of TH and CGRP terminals in the ganglia,

10 random ganglia from each atrial whole-mount preparation were
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taken. Two random areas were selected for imaging of axon termi-
nals in the left dorsal atrium, sinoatrial area, on the right auricle, and
base of the heart near pulmonary veins. All neural structures from
the above-mentioned locations were measured in multiple optical
sections of the z-stack. The area occupied by neural structures was
defined manually to avoid artefacts. The quantity of labelled fluo-
rescent neural structures was calculated using the binary thresh-
olding method available by the software Axiolmage (Rel. 4.8., Carl
Zeiss AG) and expressed in percentages. The area of all visible atrial
ganglia was manually measured using a flattened z-projection. The
quantity of small intensely fluorescent (SIF) cells as non-neural adr-
energic structures were excluded from the general quantitative as-
sessment of neural adrenergic structures in hearts of spontaneously
hypertensive and control rats and the cumulative area of SIF cells
per heart as well as the ratio of SIF cells' area per fixed atrial area
were measured and analysed separately. To evaluate the density of
meshwork of myocardial nerve fibres positive for TH and CGRP in
the ventricular transverse sections, images of 20-30 randomly se-
lected myocardial areas from each transverse section were taken.
The tissue areas with transversely sectioned meshwork of nerve fi-
bres positive for TH and CGRP were evaluated on the projection of
z-stack images using the above-mentioned method of binary thresh-
olding. The myocardial blood vessels and thick nerves penetrating
the myocardium were manually deselected and avoided measuring.
Image analysis was performed using the free available Fiji software
ImageJ (Schindelin et al., 2012).

2.5 | Statistical analysis

Data are presented as absolute numbers (N), percentages (%), mean
(M) and standard error (SE). Statistical analysis was done using
IBM SPSS 20.0 software. Kolmogorov-Smirnov test was used to
determine the normality of the data. The parametric data samples
from two groups were compared with the Student's t-test; means
of non-parametric data were compared with the Mann-Whitney
U-test. Differences were considered significant when the p-value
was <0.05.

3 | RESULTS

3.1 | Characteristics of physiologic parameters of
investigated animals

The control and hypertensive age-matched groups differed mainly at
a young age and became like each other while ageing. The left ven-
tricle parameters (left ventricular internal diameter in systole, left
ventricle free wall in systole and diastole) changed the most. The
hypertrophy/enlargement of the left ventricle was found in the hy-
pertensive groups of 19-20weeks. Cardiac function derivative indi-
cators (fractional shortening and ejection fraction) were significantly

increased in spontaneously hypertensive rats at a relatively young
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age (19-20weeks) compared with the age-matched control animals.
There were no differences in the oldest, 46-49 weeks old age-
matched group, except rat body weight—it dropped in the spontane-
ously hypertensive rats' group (Table 1). In mature-aged animals, the
following signs were observed: aortic valve insufficiency and regur-
gitation (spontaneously hypertensive and control rats); pulmonary
valve insufficiency (control rats); left ventricular chamber dilatation
and enlargement of the left ventricle with dilatation (spontaneously
hypertensive rats).

Measurements of blood pressure determined that sponta-
neously hypertensive rats have increased (>150 mmHg) systolic, di-
astolic and mean arterial blood pressure during their life. The blood
pressure was prone to increase with age. The same tendency was
noticed in the control group: aged control rats even gained SBP
>150mmHg, meaning they also have hypertension. Heart rate var-
ied in the normal rat heart rate range with the inclination to increase
with age (Table 2).

3.2 | Cholinergic nerve structures

Intracardiac ganglia of spontaneously hypertensive and control rats
involved almost entirely cholinergic neuronal somata (Figure 1).
Abundant cholinergic terminals with numerous varicosities within
ganglia either surrounded closely the cholinergic and adrenergic
neuronal somata or scattered evenly within ganglion (Figure 2).
Electron microscopy confirmed numerous axodendritic synapses
with plentiful small clear vesicles in presynaptic terminals, which pre-
sumably are cholinergic ones (Figure 2b). Far fewer synapses were
axosomatic in these ganglia as was observed by electron microscopy
(Figure 2c). Similarly, cholinergic terminal axons surrounded either
adrenergic or cholinergic neuronal somata distributed within intra-

cardiac nerves, synapsing presumably with them (Figure 2d-i).

PAUZIENE €T AL

Cholinergic, positive for ChAT, nerve fibres were the most abun-
dant type of nerve fibres within the intracardiac nerve plexus almost
in all animal groups (Figure 3a,e,i, Table 3). The amount of cholinergic
nerve fibres varied greatly in the epicardiac nerves and myocardium
of spontaneously hypertensive and control rats. Only ventricular
nerves of spontaneously hypertensive rats in all age groups had
fewer cholinergic nerve fibres compared with nerves of the age-
matched control rats (Table 3).

3.3 | Adrenergic nerve structures and SIF cells

One to three per heart adrenergic, positive for TH, neuronal so-
mata were regularly observed in both spontaneously hypertensive
and control rats (Figure 1). Adrenergic neuronal somata were of two
types: non-cholinergic adrenergic (Figure 1d-f) and cholinergic bi-
phenotypic adrenergic that were simultaneously positive for both
TH and ChAT (Figure 1a-c). The slightly higher number of the second
phenotype neuronal somata to compare with the first phenotype
was determined in the ganglia of both groups at any age. Likewise,
a slightly higher number of cholinergic biphenotypic adrenergic
neuronal somata was in the spontaneously hypertensive rats' gan-
glia. Due to the extremely small number of adrenergic neuronal
somata of both types, it was impossible to evaluate their statistical
significance.

Contrarily to cholinergic nerve fibres, the majority of adrener-
gic nerve fibres within the examined ganglia were no varicosities
containing and passed the ganglia in transit (Figure 4a-c). However,
sporadic adrenergic nerve fibres had differently sized varicosities
and surrounded cholinergic ganglionic cells. Based on the latter ob-
servations, it may be implied that adrenergic synaptic contacts are
possible inside intracardiac ganglia as well (Figure 4d-i). The amount

of adrenergic neural structures was elevated in the ganglia of adult

TABLE 1 Mean parameters (standard error) of cardiac echosonic data of the analysed spontaneously hypertensive and control rats of

three age groups.

19-20weeks 29-30weeks 46-49 weeks
Parameters WKY (N=6) SHR (N=11) WKY (N=6) SHR (N=6) WKY (N=19) SHR (N=23)
Weight, g 241 (25) 224(39) 362 (15) 380 (13) 368 (14) 324 (16)"
IVS d, mm 2.5(0.1) 2.4(0.2) 2.3(0.1) 2.2(0.1) 2.2(0.1) 2.1(0.1)
IVS's, mm 3.4(0.2) 3.6(0.2) 3.2(0.1) 3.1(0.2) 3.1(0.1) 3.0(0.1)
LVID d, mm 4.8(0.2) 4.4(0.3) 5.1(0.3) 5.2(0.3) 5.2(0.1) 5.5(0.2)
LVID s, mm 3.0(0.1) 1.7(0.2)" 2.8(0.2) 2.9(0.3) 2.8(0.2) 2.9(0.2)
LVW d, mm 1.8(0.5) 2.5(0.1) 2.2(0.1) 2.8(0.0) 2.5(0.1) 2.4(0.1)
LVW's, mm 2.3(0.5) 3.5(0.2)* 2.8(0.2) 3.6(0.2)* 3.2(0.1) 3.2(0.1)
FS, % 38.2(1) 60.7 (3.9)* 45.1(1.6) 44.2(29) 45.7 (2.6) 47.6 (3.5)
EF, % 74.3 (1.5) 91.1(2.2)* 82.2(1.6) 80.4(3.1) 81.3(2.1) 80.4(2.8)

Abbreviations: d, diastole; EF, ejection fraction; FS, fractional shortening; IVS, interventricular septum; LVID, left internal ventricle diameter; LVW,
left ventricular free wall; SHR, spontaneously hypertensive rats; s, systole; WKY, Wistar-Kyoto rats.

*Statistically significant difference between WKY and SHR groups, p<0.05.
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TABLE 2 Mean parameters (standard error) of heart rate (beats per minute) and blood pressure (mmHg) of the analysed spontaneously

hypertensive and Wistar-Kyoto rats of three age groups.

15-17weeks 45-47 weeks 52-60weeks
SHR
Parameters WKY (N=8) SHR (N=8) WKY (N=8) SHR (N=8) WKY (N=10) (N=11)
Heart rate 249 (8) 237 (14) 175(9) 254 (26)* 305 (30) 344 (18)
SBP 118 (4) 173 (9)* 133 (6) 195 (7)* 160 (12) 198 (9)*
DBP 75(7) 137 (8)" 109 (5) 149 (8) 116 (13) 150 (7)*
MAP 89 (6) 149 (8)* 117 (5) 164 (7)* 130(12) 166 (8)*

Abbreviations: bpm, beats per minute; DBP, diastolic blood pressure; MAP, mean arterial pressure; SBP, systolic blood pressure; SHR, spontaneously

hypertensive rats; WKY, Wistar-Kyoto rats.
*Significant difference between WKY and SHR groups, p <0.05.

FIGURE 1 Immunofluorescent images of intracardiac ganglia in spontaneously hypertensive and control rats. (a-c): Single cholinergic

biphenotypic adrenergic neuronal body (arrow) located between purely cholinergic neuronal somata. Numerous axonal terminals strongly
positive for choline acetyltransferase (ChAT) seen as bright red buttons are interspersed between neuronal bodies in the ganglion. The
ganglion is located at the intersection of two nerves (*), the lower of which is composed mainly of adrenergic nerve fibres, while in the upper
one, just a few adrenergic nerve fibres proceed. Few adrenergic nerve fibres (arrowheads) extend close to ganglionic cells, yet they have no
varicosities and other specific signs of synaptic contacts. (d-f) Lesser ganglion in which a single non-cholinergic adrenergic neuronal body

(arrow) is located between purely cholinergic ganglionic cells. The axon of this adrenergic neuron is indicated by the arrowhead. Double
arrows point to two clusters of SIF cells that differ from principal neurons by evidently smaller size and intensive fluorescent labelling.

and aged spontaneously hypertensive rats in comparison with the
same-age control rats (Table 3).

Most intracardiac nerves were mixed in spontaneously hyper-
tensive and control rats, yet the amount of adrenergic nerve fi-
bres compared with cholinergic one was slightly lower (Figure 3b,
Table 3). However, some intrinsic cardiac nerves distributed in
specific sites at left pulmonary and right cranial veins were en-

compassing nearly exclusively the adrenergic ones (Figure 2d-i).

Atrial nerves of both spontaneously hypertensive and control rats
at all age stages had fewer adrenergic nerve fibres than ventric-
ular ones. In young animals of both groups, the amount of adren-
ergic nerve fibres was the highest, decreased in adults and did
not change in the aged group. Only ventricular nerves in spon-
taneously hypertensive rats of all age groups had fewer adrener-
gic nerve fibres compared with age-matched control rats' nerves
(Table 3).
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FIGURE 2 Cholinergic terminals in contact with intracardiac neuronal somata. (a) Flattened from a z-stack of optical sections
immunofluorescent image of the intracardiac ganglion (G) composed of cholinergic neurons. Note, the variable densities of cholinergic
terminals surrounding neuronal somata. The arrow indicates neuronal soma that is unusually densely bounded by axonal varicosities. Several
adrenergic nerve fibres (arrowheads) pass through the ganglion. The cluster of SIF cells is indicated by double arrowheads. (b, c) Electron
micrographs of axodendritic (B) and axosomatic (C) synapses within intracardiac ganglia. Ax, terminal of axon; En, endoneurium; N, neuronal
cytoplasm; Nu, nucleus of neuron; S, satellite cells; (d-f) Solitary non-cholinergic adrenergic neuronal body (arrow) inside intracardiac nerve
that involves almost entirely adrenergic nerve fibres. Note the cholinergic nerve fibre (arrowhead) trailing to this neuronal body, bounteously
ramifying, containing numerous varicosities that wrap the neuronal body from all sides. (g-i) Adrenergic nerve fibres involving intracardiac
nerve with the single cholinergic neuronal body (arrow). Arrowheads indicate cholinergic nerve fibre trailing through the nerve branch,
surrounding the neuronal body and containing plentiful varicosities that encompass the neuron body. Asterisks in (g-i) indicate a blood

vessel with a network of adrenergic nerve fibres.

Interestingly, the ratio of adrenergic and cholinergic nerve fibres
in ventricular nerves alters differently with age in spontaneously hy-
pertensive and control rats. In the control rats, the amount of cho-
linergic nerve fibres was maximal in the nerves of young animals and
decreased gradually with age, while spontaneously hypertensive
rats' nerves had the lowest amount of cholinergic nerve fibres at the
beginning and increased with age. In contrast to the cholinergic phe-

notype, the amount of adrenergic nerve fibres increased with age in

the nerves of control rats, yet it decreased in the nerves of the adult
and aged spontaneously hypertensive rats (Figure 5).

Adrenergic fibres innervating SAN underwent the same changes
as in nerves. That is, the SAN of young animals in both groups was
most abundantly innervated and the amount of TH-IR fibres de-
creased with age. However, contractile myocardium of atria and
ventricles most densely innervated by adrenergic fibres was in the
adult group of spontaneously hypertensive rats (Table 3).
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FIGURE 3 (a-d)immunofluorescent images demonstrating the mixed intracardiac nerve in which the majority of nerve fibres are either
cholinergic (ChAT), adrenergic (TH) or immunoreactive for CGRP. Note, an almost equal number of ChAT and CGRP-positive nerve fibres.
(e-h) Cholinergic (ChAT), adrenergic (TH) and CGRP immuno-positive nerve fibres within dense tiny meshwork spread between invisible
(non-labelled) cells of the sinoatrial node (SAN) area. (i-1) a sparse meshwork of adrenergic (TH), cholinergic (ChAT) and peptidergic (CGRP)

nerve fibres in contractile myocardium.

Plentiful clusters of SIF cells highly immunoreactive for tyrosine
hydroxylase were distributed nearby the nerves and ganglia, yet no
nerve fibres of any chemical phenotype were determined between
these adrenergic cells. Most SIF cells were detected within clusters
of 5-12 cells distributed either close to the nerves or ganglia or
scattered between neuronal somata inside the ganglia (Figure 6a).
We identified that the comparatively high cumulative area of SIF
cells in hearts of young spontaneously hypertensive and control
rats decreased with the animal age until animals reached maturity
(adult animals), and it became the highest in groups of the old ani-
mals (Table 3). It should be noted that SIF cells were more numerous
in all age groups of spontaneously hypertensive rats (Table 3). As
well, the largest clusters of SIF cells were identified in the hearts of
spontaneously hypertensive rats, in which the area of some SIF cells'
clusters was larger than the area of some ganglia, close to which

these cells distributed (Figure 6éb). Large clusters of SIF cells were

not observed in hearts of control rats. Electron microscope examina-
tions confirmed: (1) the presence of SIF cells beside the capillaries in
ganglia and nerves (Figure 6c) and (2) no nerve fibres and no poten-

tial synaptic contacts within the clusters of SIF cells.

3.4 | Nerve fibres immunoreactive for CGRP

Although the positive to CGRP nerve fibres were distributed in
all the examined ganglia, atrial and ventricular nerves as well as
neural meshworks between cardiomyocytes, they constituted the
smallest component of cardiac innervations both in spontaneously
hypertensive and control rats (Figures 3c,g,k; Figure 7). Importantly,
the absence of CGRP-positive neuronal somata was found in the
hearts of the examined animals. In the ganglia, the majority of CGRP

immunoreactive nerve fibres (CGRP-IR) appeared as particularly

157

w01 papeojumod ‘v ‘€207 ‘085269vT

i) suonipuod pue suia L au 83 [yz02/20/70] uo Areiqi auluo ASIM “IeaH JO AlsianuN Ueluenyi AQ £/8ET BOl/TTTT OT/I0P/WO:

501 SUOWWIOD ANEAID 3|qea1jdde 3yl AQ PALIBAOD ase SaaIIR WO (9N JO 3|1 10} AIBIGIT AUIIUO ASJIAA UO (SUORIPUOD-pUE-



rnal of

638
4WILEy,ANAT?CI\)/EI%1T\%

ato

PAUZIENE €T AL

TABLE 3 Mean percentages and areas (mm?) of cholinergic (ChAT), adrenergic (TH) and peptidergic (CGRP) neural structures in
spontaneously hypertensive and Wistar-Kyoto rats of three age groups.

Juvenile Adult Aged
WKY SHR WKY SHR WKY SHR
ChAT
NF in atrial epicardiac 238 22.2* 27 30.5% 26.92 21.2*
nerves
NF in ventricular epicardiac 30.1 28.5 26.8 25.6 26.8 257
nerves
Density of myocardial NF
Sinoatrial node 7.53 6.7 4.05 5.88* 3.82 3.48
Atria 1.15 1.67* 1.41 2117 1.36 1.34
TH
NF in ganglia 2.063 1.46" 1.042 1.59* 1.43 1.58
NF in atrial epicardiac 19.9 25.18* 18.35 18.74 15.8 15.07
nerves
NF in ventricular epicardiac 279 25.2* 2317 2213 24.73 22.1*
nerves
Density of myocardial NF
Sinoatrial node 41 3.41* 1.85 2.86* 2.36 2.07
Atria 112 1.42* 0.95 1.95* 1.26 1.16
Left ventricle 0.77 0.65 0.87 1.03 11 0.8*
Right ventricle 1.23 141 1.26 2.22* 193 247
SIF area per atria 72,181 79,206 21,594 45,852 90,326 94,632
SIF area in atrial area of 3080 4016 1439 3150 3257 4296
0.1mm?
CGRP
NF in ganglia, % 3.15 3.47 1.99 212 221 3.66*
NF in atrial epicardiac 1.1 3.08" 3.54 2.94* 2.5 791
nerves, %
NF in ventricular epicardiac 1.63 3.48* 2.29 2.53 5.01 3.02*
nerves, %
Density of myocardial NF, %
Sinoatrial node 1.34 1.45 0.72 1.12* 0.69 1.07*
Atria 0.55 0.78* 0.48 0.59 0.48 0.62*
Left ventricle 0.1 0.2* 0.14 0.08* 0.12 0.08*
Right ventricle 0.13 0.27* 0.19 0.09* 0.14 0.13

Abbreviations: CGRP, immunoreactive for calcitonin gene-related peptide; ChAT, immunoreactive for choline acetyltransferase; NF, nerve fibres;
SHR, spontaneously hypertensive rats; SIF, small intensely fluorescent cells; TH, immunoreactive for tyrosine hydroxylase; WKY, Wistar-Kyoto rats.

*Significant difference between the age-matched group of WKY and SHR at p<0.05.

thin nerve fibres with numerous small varicosities. This phenotype
of nerve fibres evenly distributed over the entire area of the
ganglion and morphologically looked like the meandering network
between the neuronal somata. In addition to these tinny fibres, the
significantly larger and strongly CGRP-IR boutons were distributed
along the ganglia (Figure 7a). The number of CGRP-IR structures
within ganglia of spontaneously hypertensive rats was higher in all
age groups compared with ganglia of the age-matched control rats
(Table 3). In general, CGRP-IR fibres were more abundant in the

atrial nerves as well as innervating atrial myocardium. In ventricular

nerves and ventricular myocardium of spontaneously hypertensive
rats, nonetheless, any increase in CGRP-IR nerve fibres was not

identified in any age group (Table 3).

4 | DISCUSSION
Untreated chronic arterial hypertension is a potent risk factor for

cardiovascular mortality and morbidity, especially in older age
(Abbafati et al., 2020). Hypertension triggers are a series of initial
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FIGURE 4 Immunofluorescent images demonstrating adrenergic nerve fibres inside intracardiac ganglia of spontaneously hypertensive
and control rats. (a-c) Minor ganglion with cholinergic neuronal somata and no varicosities containing adrenergic nerve fibres passing
through the ganglion in transit. Note the numerous cholinergic varicosities that are well visible around and between the neuronal

somata in (a) and (c), while adrenergic nerve fibres (immunoreactive to TH) just pass the ganglion and have no varicosities (b and c). Note

the varicosities containing adrenergic nerve fibres visible within the myocardial nerve meshwork in the left lower corner of the image
(arrowheads). (d-f) Minor ganglion nearby the nerve (*) composed of cholinergic neuronal somata. Note (i) the nerve involving mainly
cholinergic nerve fibres and just a few adrenergic ones (arrowheads), (ii) two thin bundles of adrenergic nerve fibres (arrows) pass nearby the
ganglion, (iii) the varicosities containing adrenergic nerve fibres within the ganglion intervening between neuronal somata and surrounding
them (e and f). (g-i) Fragment of intracardiac ganglion from spontaneously hypertensive rat with abundant adrenergic (immunoreactive to
TH) nerve fibres. Note that location of some adrenergic fibres is not linked to the location of the neuronal body, and this indicates that these
axons presumably pass in transit through the ganglion avoiding synaptic contacts (arrowheads). However, other adrenergic nerve fibres with
varicosities are interspersed between neuronal somata and even encircle those somata. The latter type of adrenergic axons suggests that
synaptic contact between adrenergic nerve fibres and cholinergic neurons exists within intracardiac ganglia in the rat heart.

compensatory changes that contribute towards heart failure while have relatively short life spans, are inexpensive to purchase and
ageing (Drazner, 2011; Santos & Shah, 2014). Key studies of ageing in maintain, and can be easily manipulated (Reckelhoff et al., 2018).

hypertension are performed mainly on rodents since these animals Noteworthy, the normal blood pressure in healthy rats is the
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FIGURE 5 Histogram to demonstrate the proportion of cholinergic (ChAT) and adrenergic (TH) nerve fibres in the atrial and ventricular

nerves of spontaneously hypertensive and control rats during ageing.

FIGURE 6 Immunofluorescent and electron microscope images illustrating the morphologic pattern of SIF cells within intracardiac
ganglia and nerves. (a) Clusters of SIF cells (arrowheads) scattered between cholinergic neuronal somata within intracardiac ganglion (G). (b)
a cluster of SIF cells that occupies a larger area than the ganglion (G) to which it is nestled. Note the intensive immunopositivity to TH of SIF
cells in comparison with the TH-positive nerve fibres in the nerve (N). (c) Electronogram of SIF cell inside the intracardiac nerve. SIF cell is in
part ensheathed with the glial cell (arrowheads), yet in sites where the glial sheath is broken its cytoplasm is exposed to endoneurial space
(double arrowheads). Like other SIF cells, this SIF cell is located nearby a blood vessel (endothelial cells are indicated by arrows). Ax, axons;

En, endoneurium; F, the process of fibroblast.

same as in humans. The spontaneously hypertensive rats' model,
similarly to humans, experiences a blood pressure rise starting with
a prehypertensive, developing and sustained hypertensive phase.

Because the lifespan of spontaneously hypertensive rats is twice as
short as that of the ‘normal’ laboratory rats, our rat age groups would
correspondingly represent human adolescence, young adulthood and
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FIGURE 7 Immunofluorescent images demonstrating peptidergic (CGRP-positive) nerve fibres and buttons within the intracardiac
ganglion. The majority of CGRP immunoreactive nerve fibres are particularly thin nerve fibres with numerous small varicosities (arrowheads)
and distribute evenly over the entire area of the ganglion. These nerve fibres morphologically look like a meandering network in the ganglion
between the cholinergic neuronal somata. Moreover, some peptidergic nerve fibres are significantly thicker and exhibit terminal boutons
that are strongly positive to calcitonin gene-related peptide (CGRP, arrows) and distribute widely within intracardiac ganglia.

senescence, as described by Sengupta (2013). The only difference
is heart rate which is higher in rats. Therefore, we considered the
comparison of the human, and the rat blood pressures as tolerable
and the classification of human hypertension may be reliably applied
to rats without modifications (White & Seymour, 2013).

A spontaneously hypertensive rats represents the most popu-
lar animal model for hypertension (Lerman et al., 2019) because it
gradually develops stable chronic hypertension due to genetics and
shares similarities with human essential hypertension (Institute of
Laboratory Animal Resources [US], 1976; Okamoto & Aoki, 1963).
Rats of Wistar-Kyoto outbred have been used almost exclusively as
control animals in studies of spontaneously hypertensive rats world-
wide because both were established from the same parental, nor-
motensive Wistar stock (Kurtz & Curtis Morris, 1987; Zhang-James
et al.,, 2013). Therefore, to evaluate hypertension-related effects
during ageing on intracardiac nerve plexus, juvenile, adult and aged
spontaneously hypertensive rats were studied, and the matching
age Wistar-Kyoto rats were selected as controls.

Although worldwide spontaneously hypertensive rats and
Wistar-Kyoto rats are of the same origin, their hemodynamic char-
acteristics vary from laboratory to laboratory. Factors, such as dif-
ferent sedation protocols (LeGrice et al., 2012), and differences in
phenotypes of rats obtained from different commercial suppliers
(Kurtz et al., 1989), can affect physiological parameters. According
to our data, spontaneously hypertensive rats had stable, persistent

hypertension with the trend to increase while ageing. We did reveal

on ultrasound scans that adult spontaneously hypertensive rats had
the enlarged internal diameter of the left ventricle (LV) and LV free
wall (19-20 and 29-30weeks old), the increased ejection fraction
and fractional shortening (19-20weeks old) compared with age-
matched control rats. Noteworthy, the ventricular parts of sponta-
neously hypertensive rats' hearts do not maintain the tendency to
enlarge during ageing, that is interventricular septum and LV free
wall in the 46-49 weeks group are even thinner than in the scans of
19-20 weeks.

Our physiologic assessment of control (Wistar-Kyoto) rats
demonstrated: (i) the continuous growth of blood pressure during
ageing while systolic pressure in aged rats reached >150mmHg and
diastolic blood pressure was high as well (according to Okamoto
and Aoki (1963), these are reference values to classify rats as hy-
pertensive); (i) occasional ultrasound characteristics of heart failure
such as mitral regurgitation, right ventricle dilation, left ventricle
enlargement and dilation at a relatively young age; and (iii) gradual
enlargement of ventricles while ageing causing the thickened inter-
ventricular septum and left ventricle wall compared with baseline
echocardiographic values in male rats (Watson et al., 2004). Hereby,
physiological parameters of the aged control rats resembled spon-
taneously hypertensive rats in the aged animals' group. Physiologic
parameters fluctuating at the prehypertension-hypertension border
were also observed in Wistar-Kyoto rats by other authors. Kurtz
and Curtis Morris (1987) demonstrated that the Wistar-Kyoto

rats had profound differences in growth rate and blood pressure
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when obtained from different commercial suppliers since rats from
Taconic Farms gained more weight, while those from Charles River
Laboratories—had higher mean arterial blood pressure. At the same
time, spontaneously hypertensive rats had no significant differences
between suppliers. de Rezende et al. (2021) demonstrated that in
long-term Wistar-Kyoto rats, blood pressure values were intermedi-
ate between spontaneously hypertensive and Wistar rats and close
to hypertension borderline. In addition, Wistar-Kyoto presented
earlier reductions in cardiac function compared with Wistar.

The most acknowledged hypothesis in modern cardio-angiology
is that hypertension emerges due to an imbalance of sympathetic
and parasympathetic regulation. In animal models of hypertension,
both the increased sympathetic nerve activity and the reduction in
vagal cardiac tone are associated with and responsible for the ori-
gin and progression of high blood pressure (Mancia & Grassi, 2014).
Similar sympathetic-parasympathetic imbalance with increased
sympathetic activity and decreased parasympathetic activity was
determined in human patients (Valensi, 2021).

Physiologic studies have shown that the rate of norepinephrine
spillover from the neuroeffector junctions is increased in young sub-
jects with borderline blood pressure elevation and that this enhanced
release takes place particularly in the kidney and in the heart, that is
two organs of key importance in blood pressure homeostatic control
(Grassi & Ram, 2016). Our neuroanatomical findings demonstrating
some increase in adrenergic nerve fibres in conductive and contrac-
tile myocardium in the adult spontaneously hypertensive rats may
support the hypothesis about adrenergic neural factors in the de-
velopment of hypertension (Grassi & Ram, 2016). Nevertheless, the
decreased amount of adrenergic nerve fibres in the myocardium in
the aged group of the spontaneously hypertensive rats compared
with the adult ones contradicts to statement of these authors that
adrenergic neural factors are involved not only in the development
but also in the progression of hypertension (Grassi & Ram, 2016).
The increased amount of both the cholinergic and adrenergic nerve
fibres in the myocardium of the adult spontaneously hypertensive
rats compared with the age-matched control rats does not support
the hypothesis by Kanazawa et al. (2010) about the replacement
of adrenergic nerve fibres by cholinergic ones as a compensatory
mechanism of hypertension. On the contrary, the differences be-
tween our data and with findings of Kanazawa et al. (2010) could be
predisposed by the different subjects of studies (Dahl salt-sensitive
rats versus spontaneously hypertensive rats) and by the different
causes of hypertension.

Supplementary non-neuronal source of catecholamines in the
heart is small intensively fluorescent (SIF) cells. The term of the chro-
maffin cells often is used as synonym, because the SIF-chromaffin
cells in the sympathetic ganglia appeared ultrastructurally identical
to the chromaffin cellsin the adrenal gland (Weight & Weitsen, 1977).
Hypotheses of SIF cells as interneurons and paraneurons were sug-
gested long ago (Chiba etal., 1977) and are still supported (Yokoyama
et al., 2022). Furthermore, endocrine function of SIF cells was de-
scribed as well (Singhal et al., 2023). Morphological similarity of the
SIF cells to the carotid body type I cells (Atanasova et al., 2011) and
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intense immunoreactivity for Ca/calmodulin-dependent protein ki-
nase identified in the SIF cells of the rat superior cervical ganglion
suggest that some SIF cells play chemoreceptive roles in the same
way as the carotid body chief cells (Hoshi et al., 2006). Recently, it
was shown that the carotid body of spontaneously hypertensive
rats is tonically activated and sensitized (Felippe et al., 2022). The in-
creased total area of SIF clusters per heart in all age groups of spon-
taneously hypertensive rats determined in this study and hearts of
the adult spontaneously hypertensive rats reported in the study by
Ashton et al. (2020) presumably contributes to the substrate for
atrial arrhythmia in hypertensive disease.

Calcitonin gene-related peptide (CGRP), the most primarily and
abundantly, is localized in sensory neuronal somata and nerve fibres
and is widespread throughout the body, particularly extensively in
perivascular networks of nerve fibres. However, CGRP has a dual
role in participating in sensory (nociceptive) and efferent (effector)
functions (Russell et al., 2014). In the heart, CGRP-containing nerves
are widely distributed around the coronary arteries, myocardium and
conduction system, where it produces positive chronotropic and ino-
tropic effects (Brain et al., 1985), and have the potential to act in car-
dioprotection (Kee et al., 2018; Kumar et al., 2019; Zhou et al., 2002),
as well in the atrial ganglia (Hoover et al., 2009). Although the CGRP
role as a vasodilator is generally acknowledged, there is no consen-
sus on the impact of CGRP on hypertension. In human patients with
hypertension, plasma CGRP is higher, unchanged and decreased
as reviewed by several groups (Kee et al., 2018). Despite variable
data, it is accepted that CGRP plays a protective role in the onset
and progression of hypertension in rodents (Smillie & Brain, 2011)
and this may explain the higher amount of CGRP within intracar-
diac ganglionated neural plexus of spontaneously hypertensive rats
compared with control which was particularly prominent in the aged
animal groups. Although CGRP amount within intracardiac nerves
and meshwork of myocardial nerve fibres differently changes while
ageing in hypertensive and control groups, the amount of nerve fi-
bres positive for CGRP, in general, was increased in the control group
during ageing, being the lowest in the young group and the highest in
the aged group. Meanwhile, the quantity of CGRP immunoreactive
nerve fibres in spontaneously hypertensive rats was the lowest in
the adult group and, therefore, the decreased CGRP amount could
contribute to hypertension, similarly as was shown with the mark-
edly reduced CGRP expression in spontaneously hypertensive rats
(Kumar et al., 2019; Supowit et al., 2001). In the aged spontaneously
hypertensive rats' group, the amount of CGRP in blood plasma mark-
edly increased, and this may be considered as a compensatory re-
sponse to persistent hypertension.

Our study confirmed that cholinergic neuronal somata predom-
inate within intracardiac ganglia of all species, although nitrergic,
adrenergic, as well as cholinergic biphenotypic nitrergic and cholin-
ergic biphenotypic adrenergic neuronal somata were also observed
in hearts of the rabbits, pigs (Pauziene et al., 2016, 2017; Tomas
et al., 2022) humans, rhesus monkeys (Hoover et al., 2009; Weihe
et al., 2005) and mouse (Rysevaite et al., 2011). In the rat intracar-
diac ganglia, however, only cholinergic neuronal somata and in part
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In spantancously hypertensiva rats, (1) ventricular nerves have fewer
cholinergic nerve fibres positive to ChAT compared with nerves of

the control rats in which the general amount of adrenergic nerve fibres
positive to TH increases with animal age, and (2) patentially sensory nerve
fibres positive to calcitonin gene-related peptide (CGRP) in the atrial and
wentricular epicardaic nerves as well as within the atrial myocardial netwaork
of nerve fibres are more abundant compared with control Wistar Kyoto rats.

Sineatrial nodal nerve fibres

In the adult spentanecusly hypertensive rats compared with controls, the
quantity of cholinergic (ChAT+), adrenergic (TH+), and potentially sensary
(CGRP+) nerve fibres significantly increases in the sinoatrial nodal area

Intrinsic cardiac ganglia

The increased amount of the small intensively lucrescent [SIF) cells and
nerve fibres i ive to ic (TH) and fally sensory
[CGRP) markers is exp insp hypertensive rats

FIGURE 8 Schematic summing-up of the main findings of the present study. In the upper part, the significantly elevated heart rate
(HR), systolic (SBP) and diastolic (DBP) blood pressure of the adult and aged spontaneously hypertensive rats in comparison with controls
Wistar-Kyoto rats was confirmed employing the non-invasive tail-cuff blood pressure measurements. The drawing in the middle of the
schema depicts the principal morphologic pattern of the rat intrinsic cardiac ganglionated plexus from a right posterolateral view of the rat
heart. The boxed areas (a-c) in the drawing point to locations of diverse intrinsic cardiac structures ((a), ventricular epicardiac nerves; (b),
dense network of nerve fibres within the sinoatrial nodal area; (c) intrinsic cardiac ganglia) in that the most significant differences between
the spontaneously hypertensive and control rats were determined. The boxed areas (a-c) of the schematic drawing are correspondingly
illustrated below by three typical immunofluorescent images specifying the principal structural alterations in spontaneously hypertensive
rats compared with control Wistar-Kyoto rats. The dashed lines around the aorta-pulmonary trunk and orifices of pulmonary-caval veins
outline the limits of the arterial and venous parts of heart hilum. The venous part of heart hilum encompasses two largest clusters of
intracardiac neuronal bodies between which numerous small intensively fluorescent (SIF) cells are distributed.

163

w01 papeojumod ‘v ‘€207 ‘085269vT

UONIPUOD PUe SWIa L. au) 835 “[7202/0/0] U0 ARG AUIIUO A3IIAN HEaH JO AUSISAIUN UeIEnyIT AQ LL8ET 0l/TTTT 0T/10p/WO?

501 SUOWWIOD ANEaID 3|qea1dde 3yl AQ PauIaNOB ase SaJaIIE WO 9sN J0 SalM 1o} AIeiqr] U AajIAA Lo



o Ly ey-ANATQMICH,. TR

cholinergic biphenotypic nitrergic ones have been identified so far.
There were not revealed previously the cholinergic biphenotypic ad-
renergic and cholinergic biphenotypic with CGRP neuronal somata in
the rat heart, although nerve fibres immunoreactive for these mark-
ers were found earlier in the heart of rats (Richardson et al., 2003).
Noteworthy, the occasional non-cholinergic adrenergic and cho-
linergic biphenotypic adrenergic neuronal somata were identified
in the spontaneously hypertensive and control rats' hearts of the
present study, as in the study by Ashton et al. (2020). Interestingly,
this neuroanatomical feature of the rat heart substantially differs
from the mouse intracardiac ganglia in which non-cholinergic adren-
ergic and cholinergic biphenotypic adrenergic neuronal somata con-
stitute a significant portion of intracardiac neuronal somata (Hoard
et al., 2008; Rysevaite et al., 2011). Both the findings of the present
study and the observations by Ashton et al. (2020) showed slightly
more adrenergic ganglionic cells in spontaneously hypertensive rats'
hearts, yet the presence of sporadic adrenergic neuronal somata
does not allow to imply that there is any remodelling of neuronal
phenotypes within intracardiac ganglia due to arterial hypertension.

Since the absolute majority of intracardiac neuronal somata ex-
amined in this study were cholinergic ones in both spontaneously
hypertensive and control rats, their alterations involved mainly quanti-
tative parameters that were reported in our previous paper (Pauziene
et al., 2022), in which we identified (i) the reduced sizes and (i) the
increased density of neuronal somata as well as (jii) the increased total
number of neuronal somata within the old spontaneously hyperten-
sive rats heart compared with age-matched control rats. Worth men-
tioning that Ashton et al. (2020) also showed an increased number of
cholinergic neuronal somata within the intracardiac ganglia of sponta-
neously hypertensive rats compared with control rats.

The present study confirmed the observations of most previous
authors that concluded the predomination of cholinergic synapses
within intracardiac ganglia. Although the number of cholinergic
terminals with varicosities was not quantitatively evaluated in this
examination, the increased number of cholinergic synapses within
spontaneously hypertensive rats intracardiac ganglia is reported
by Ashton et al. (2020). There is no consensus on adrenergic termi-
nals with varicosities that may be considered as possible synapses
with intracardiac neurons. There are several observations from the
hearts of mice and pigs that adrenergic axons extend throughout
intracardiac ganglia in a passage without any morphologic similar-
ity to cholinergic axons that usually have varicosities, meander at
neuronal somata and within ganglion (Hanna et al., 2021; Rysevaite
et al, 2011). Nonetheless, adrenergic axons with varicosities
within intracardiac ganglia have been previously described in rats
(Richardson et al., 2003) and guinea pigs (Parsons, 2004). The pres-
ent study concludes that the part of adrenergic axons passes the
intracardiac ganglia without any visible allusion to synaptic contacts
with ganglionic cells, yet other adrenergic axons had varicosities
and morphologic pattern that may be considered as synapsing ad-
renergic axons with cholinergic ganglionic cells. Interestingly, the
amount of adrenergic nerve fibres within the intracardiac ganglia of
both the adult and the aged spontaneously hypertensive rats was
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higher compared with the ganglia of the age-matched control rats.
It must be mentioned that other players modulating probably the
activity of intracardiac neurons are nerve fibres immunoreactive
for CGRP, which intervene between neuronal somata and form nu-
merous boutons inside intracardiac ganglia analysed in this study.
CGRP within varicosities of nerve fibres surrounding neuronal so-
mata was formerly determined in the sympathetic ganglia implying
its controlling and mediating roles in efferent signalling to the heart
(Hoover et al., 2009; Horn & Stofer, 1989). It was demonstrated that
CGRP alters the activity of airway parasympathetic neurons, ulti-
mately affecting parasympathetic tone in the lower airways (Kajekar
& Myers, 2008) The increased amount of CGRP within intracardiac
ganglia of spontaneously hypertensive rats, particularly prominent
in the aged spontaneously hypertensive rats' group, comparing with
the age-matched control group, was found in this study. Therefore,
it is suggestible that not only the increased number of cholinergic
synapses as was shown in the study of Ashton et al. (2020), but also
the increased amount of adrenergic and peptidergic (CGRP immu-
noreactive) varicosities (potential sites of synapses) differentially
altered intracardiac neuronal activity and general parasympathetic
tone causing the imbalance of sympathetic-parasympathetic regula-
tion in hearts of spontaneously hypertensive rats.

The main findings of the present study are schematically summa-
rized in Figure 8, from which we conclude that the revealed chemical
remodelling of intracardiac ganglionic cells and nerve fibres most
probably occurs due to both natural animal ageing and nascent ar-
terial hypertension. This remodelling supports the hypothesis about
the disbalance of efferent and afferent heart innervation which may
be considered as the basis for the emergence and progression of ar-
terial hypertension and perhaps even as an outcome of hypertension
in the aged animals. In addition, it must be noted that due to the
pronounced anatomical alterations in the ageing Wistar-Kyoto rats,
this rat breed may be inappropriate for use as control animals for
hypertension studies in older animal age.
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