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Zusammenfassung

Hinter riwnd:nhi b-Pt otleenatheer eG nheit i st bei Her zi nsul
I n einer murinen dilatativen Kar di cdomydrpean chz eept odrise
transgenenbitM§usiemdyzi ert wurde, haben Widri eg &zaeaidg ta,
Dysfunktion verschlimmert, w2hrebdehasgememlten |l dge
hat . Die genauen Roidlsemodmesen nbeiedsmg&nden Kard
unbekannt -Typa?QHerrocah) (b ei Herzinsuffizienz ver2ander
Ziel, den Effekt eindid sMdmgeanesn arnufeidrner Mbarch@t i on

befi-tM2usen zu untersuchen.

Met hodReaxr: vent ga Wwrl dd & tWhlosiCe-PRt-ChamMgc hni k unter b
Bedingungen oder nach | n(klusbhaa)t Kamndimomy o zppefm-t gomrenm
M2use mit oder olrBeprsepesiidn sgeree Gs eG).{b1-D g &l Gfwvailr Iden v
i m Al t esr Moonnatde er,svd hhtdmd FehlGEaAb-voB®i m Al tedlvon
Monaten uwuedeucht

ErgebnDseebasal-&. ®picthz enbmagMy o nyt5edm N1, 5 pA/ pF) i m
zu Wil d8MWpher® @A/ pF) si gh ibf-ti @hihwu rrdeadaulizfi e WiNli d/teyap
er htht5N1, 6.DpA/ SParnnung derc.A&t bmaei magewat yitne n
Vergleich zu Wildtypen7 ., podad,t8-yvhW2WB.c%H omew? l(rid s i
bt gUGEMyozynamezu nor-meBM3wmy)l.s(o (1OM) dciddltthe e dii e
Wil dtypen bdisp®® Repxk®®t01) und veéirnnkswerhd ehieé meng der
(MaufL7, 1N4, 0 mV, p<.0wurdiemBteg del EFNX&%,0 ,p7<N 40,16 um\,
p=ns) bhtgll EMypyt(Eenl127N4806, upldlz6,7mV, p=ns) abBeikchw:
jundgetndM® usen wur de eRielaak? hohi deerAkbhdwvdltén jheaombcaic hi
hatte ein zus?2t zlgikcehense Ratslwé m Klmige®8d idragsaudab es ¢
Ver schiiemu8gedwrudhgsnakti vi er un g ®stp@lhinMiynogzsyf( deknt-.o r
3,3N0, 8 smWatVAN1, 7 mV) im Ved,gd el ,ceh8 m8uN 3Wi 71 ndvt,y pp <(. O |
bi-t g5 (1 N1 -216mV4 N3, 6 mbBjlepWi @del)her st ewd ru neghsekii tnaeit i skk a
erh°hnteressanter wei sseerwtrtden t din e EBftfsetdkulfm-te@lkein d e n
Myozyten zeBst dvoulkite (cdaiteé2 09 N5 0 %, p<. 001 erho°ht).

Schlussfol Persmerg&Emgebni sse | egen eine isoformspez
lcadur cltPrGot ei n waFhorretnsdc hdreesi t ens der Kardi omydpat hi
i st kardioprotektiv, wahrscheinlichcakdgktwuinadndemnd
Abschw?2chung adrenerger stimulierender Effekse. I
nachteilig sein,cawiae dar hweerdsetre|ldeaen fMaodrhe nveorrg eirn t Stnism
sche¢tzt . Er ist auch mit ungdmatkit g en Reannygadisido g g e
assoziiert. Phar makol og-alsifhrmegSligognmearl weergt izoeniegne ni niP 0Gie
Entwicklung kardioprotektiver Therapeuti ka.
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|l ntroducti on

AAl t taougyhs t he most visible peé
nor the most preventabl e. Ci

yyaeur,dpz2

1. Hear't Failur e

Heart failure (HF) is the end stage of various cardiovascular diseases and is associated
with significant morbidity and mortality, placing a global burden on healthcare systems.
According to the European Society of Cardiology (ESC) Guidelines 2021, HF is a clinical
syndrome that presents with observable symptoms and/or signs due to structural and/or
functional cardiac abnormalities. This results in reduced cardiac output and/or elevated
intracardiac pressures at rest or during exercise (McDonagh et al., 2021).

The global burden of HF is estimated to affect around 64 million people worldwide. The
incidence has remained stable or even slightly decreased due to improved treatment
strategies in developing countries. However, the prevalence, which ranges from approx. 1%
to 3% in adults, is projected to increase due to improved diagnostic tools and treatment

options that extend the life expectancy of the population (Savarese et al., 2022).
1. 1ClLassificdaeanofai bar e

Heart failure can be classified based on various criteria, including severity, stage, and ejection
fraction of the heart. The New York Heart Association (NYHA) functional classification
measures the severity of HF, ranging from class | (no physical activity limitations) to class IV
(symptoms at rest). The American Heart Association (AHA) and the American College of
Cardiology (ACC) staging system decides the stage of HF, ranging from stage A (at risk for
HF) to stage D (advanced HF). Based on the ejection fraction (EF) of the heart, which is the

percentage of blood pumped out of the left ventricle (LV) with each contraction, HF can be
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classified into three types: HF with redithced ¢
mid-range ejection fraction (HFmrEF) with EF= 41- 49%, and HF with preserved ejection
fraction ( HFpE®R)c Dwintahg hE Fe J@Reasirlysa nedvByRe bf heart failure
called HF with improved EF (HFIimEF) has been proposed based on the progression of EF
overtime. HFmEFi s def i ned as HF with a bamiatlincreage EF ¢
in EF from baseline, and a second measurement of EF > 40% (Bozkurt et al., 2021).
Identifying the causes of cardiac dysfunction and type of HF is crucial in diagnosing heart

failure, as it can determine the proper treatment.

1. 1ER2i ol ogypatamaphysi oheagnfaiolfur e

Heart failure is often caused by myocardial dysfunction, which can be systolic, diastolic or
both. This can have a variety of causes, including coronary artery disease (CAD), acquired
or inherited cardiomyopathies, infections, hypertension, abnormalities in heart rhythm and
conduction, as well as pathologies in the valves, pericardium, endocardium, and multisystem
disease (McDonagh et al., 2021).The molecular and cellular mechanisms underlying HF are
multifactorial and not yet fully understood. This includes activation of the neurohumoral
system, specifically the sympathoadrenergic system and renin-angiotensin-aldosterone
system (RAAS), the release of vasoactive peptides such as natriuretic peptides and nitric
oxide, structural remodeling, and hemodynamic changes. While these mechanisms may
provide short-term cardioprotection, they can become maladaptive over time and contribute
to the progression and worsening of HF. This is due to potential adverse effects on the heart
and circulation, including myocardial hypertrophy, fibrosis, apoptosis, arrhythmias,
vasoconstriction, oxidative stress, and calcium mishandling, s e e e v i(Schwinger,2021).
Furthermore, these mechanisms offer important diagnostic and prognostic implications. A
good example is the endogenous hypotensive natriuretic peptides (NPs) that are used as
biomarkers in cardiac hypertrophy. The levels of Brain-type (BNP) and N-terminal pro-BNP
(NT-proBNP) are increased in cases of HF. They are commonly used in clinical practice,
while atrial (ANP) is less oftenused ( Ki m & Januzzi, 2011; Pandey,

The present work focuses on three proteins that are crucial for cardiac function and contribute
to the understanding of HF: (1) b-adrenoceptors, (2) inhibitory G proteins and their isoform-
specific functions in HF, and (3) L-type calcium channels (LTCC), as they are essential for

cardiac excitation-contraction coupling.
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1. Ad-adrenersgignaliinnghear t

1. 2 Cdrdiac a-adenoceptors
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Phar macol ogi cal and genetic met hoalsothhaev ed irfefveers
subt ypmasdroefnocept ors coexi stbAR s uwbttyhpe shemauve
affinities for tHeairrodde saredod8i8a)ree Vliyi cogwaendidls e t al
202.Bercondly, these receptors have specific su
signaling patbhAvRa ywss.i mMaAliillgn | boat sdr corbsgegSRmai s
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200.2Howeyann many mammalian speciasd +gdrAdRIBENGQ
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signaling i s mardi dmi{Zdhgeinmgseti mal . , 2005)
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Furtheomoref, the key dibf-fdefeances obepidsleR icsant h:
coupl e GUoa nb@itpr ot ei ns in human @Xidao oelte ndl; my ok
Kilts ed)TebARGEM®MWU® Ihiansg si gni ficant implicati on
signadndalga $¢ breeecnogni zed to medi ate antiapopt ot
Figurlgsdreev({ Ewao, 2001; Zheng et .&Alc.t,i vafi®ARB;n Wo
i ni $cgdaltleul ar survival pat hways, I racltu driart ¢ dt hpe
ki nase/ extraceguubaedspgonakin kinase (MAPK/ ER
3kinase (PI3K), which act(Ceoamesal het@liad s lpe yd O®1
al ., 2000; Zhu ehtasalb.e,enk @6punadr ytlhaatti opn of Akt
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Anderson, 2017)
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1.2Ca8r diaaacdr enersgigan aliirreqarfai | ur e
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desensitizi-ongQul epdd ot ®@eé¢eapt ors is triggered by
GPCRKRinases (GRKb@mwg €ERitos fbsi nd to the phoasnpdhory
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activatiindncaeadhi ot oxi ¢ and car {dBackeenchodél ieng a



| NTRODUCTI ON

Addi t icomradarciyci vOatMKilds soci ataedhwit himd dMairse siop h
201.7)

12
e

SR-Ca?* [ SERCA |
. A J

Physiological Conditions

@ o

%o
B.-AR
fg e

Survival
pathways

B PL5

SR-Ca% [iEi_m o

Bz-AR Redistribution &
T-tubule disregulation

6]

l Contractility

Heart Failure

Fi g22.CaArdb-AR signaling in physi.dlibFRgy tared eh eaare fcaiAlRL
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1. Heterotri nperratceiG s

1. 3Gprotstmuctame signaling

Guanine nbchdohgdeegul atory proteins (G prote
function as $Wwedlclhesamwd tthiaansmit signals -from
medi ated signaling system is complex and incl
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G-Protiessunbt ypephammdacol ogi cal targeting
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members cl ose to GheéiGo PpOOHteNBHsSEbosy|l ated ar e
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threlsiGoforms have stamcham@ddB8EDAMfl aamiyo ac
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Studies have ahbboiamidixypate stsh @ n Ulaervee | asl toefr eGl i n
human Mepainhcrea%@%odk 4@Broteins, pladsiofwhar |y
observed in the (fAilNM.ngFeaelydbmanr datunmal . , ;B°9BM; N
et al ., 1990; EschEmihsageaesetonb. ab@a@®2t he r ol
i n HF and whether it has a protective functi
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reducing AC aadvandeg, ofSem@wauidtls elgFu ent st udi es h:
evi dsnupepot hengolieiof tBe desensitdsartdwint ®HEd ca
Armouche etThed .quaRODOBHSLIIi sof bmme similar func
physi ol ogi cal and pat holiosgtiaclanaort egwlbattieon of

1. 31 80foespmci fuincct i ohGA ,and AG

Recent animal studies have showndahdl &t Wwkei ch
share about (B68w pdd)ehnatviet ydi st i nstevfeu rad ttidosissuedrse,
including the heaedtp e cbfeind egll eotbiadn oirs i nvwd ved.
(but UphtasGbeen found to mediate i ns(udoihn ae fefte c

200,vpgul ate the size and density of mel anosome
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(Mauriac et Besellamme20l2?% )alnd, cd2®MW18i bute to the
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andU @er e r epeoxrhtiebdi tt odi stinct effects on ERK1/ 2
di fferent gfrdwt Wardg@ceovangtlai f f200rlde)g u ladl ¢ t he i
responisheompson et al ., 200Kpywaneget eal aJ . 20261
Although it was confirmed that the activity and expression levels o f  idptdtein increase in

the falingh uman heart, t h e in¢he pathophysialobyeof hedrt faiite is not

yet fully umigteermest abondant GEisoform in the rodent heart, while other
isoforms are lessexpressed( Jones & Reedk,anb9 & oslter 298 .,
Several stsudovwmalthia® eessantmuaslsagin@ail ct ruamosrd uM t i
AChR 2rMceptor &,apwheialres G o b @ adjiasme resaFmlleChe 061
al ., 2001; Zubh#dpreetbmhdGHa0a0Opeen diddmedenoi
mo d u ltahtee f u nccatridoina co fi soho Iclheasn neetl al . ihna vimeu rsi noew ma
cells, thlerésuaikh odn G ngee@asenin B measure of
protgeaitred i nwardifgharrcdlid Co8gRIKsehyey deluddfeon
GU/GUsl etdo a r e dkuccutrirpeNrotb he s etl nalv.e,nt2r0ilc8u)l ar my o c
fromXGhockout Gr) ctéy pe cal ciwansl eccurreraesnetd, walser e a
i ncr ea6&ddmiiaeDi zayee e.tEnharced,b>-AR-GU Bignaling has been
suggested to have cardioprotective effects under pathological conditions. Glhand sGU
appear to have opposing effects on the progression of cardiac diseases, with G (b exerting

protecti ve e fzdpeearstsaggravdte chrdiac @/Efunction (Table 1-2).
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However, it is important to note that not all studies endorse the concept that Gi proteins
mediate thecardio-pr ot e ct i v e-adrehdcepiortstamulatibn (Kiao et al., 2003; Ahmet

et al., 2005), or that Gi-protein signaling is cardio-protective in general (Hussain et al., 2013).
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1. ol t agge ed Cal cium Channel s

1. 4Ddf i nition and <c¢cl assification

Vol t-qggteed cal cium channels (VGCCs) , a -gabedmi
il on channels, are transmembrane ion channel p
across the <cell membr ane in responsepotloara cztiin
signals. They are present in various cel/l typ
el ectrical signal s. Signal transduction in d
subtype&CCshat medicareefas wiphysdsioltogiccal , ph

and regul ato(rgv,Cawperniés 2011; .Zamponi et al
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subub/ikiisnadbut their subunit composition and pr
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Mammallti-smbunits are ent edliefdf ebrye natt gleenaesst t hat d

of a given calcium channel . These subunits ¢
functionally (Cal adGae & nidakgiad u ¥8)s h(olws a phyl ogene:
VGCCs baseidntoaratkddememc Ipatewsrey( Edt el et al ., 20/

Il nhe prwosrekntwe fveaus L-cmparcal ci (Ga .chAh€mkl 2
(IC)subunit has sever al dqPdliapeo wrad i iam t(€ &le.bPhe & U
found in smooth muswdlcd oaumd Iiwnn gn e ua fokhosiC@een de th ea
200.5)



Vascular system
L-type CaV‘I 1 (0513) / Ca,1.2: aterial myogenic
CaV1 2 (061 C) : tone, vascular resistance
Cav1 4 (O(,”:) . /\ Sinoatrial node, AV-node
Ca,1.3: pacemaking
P/Q-type ‘: CaV2.1 (a1A) Ca,1.2: action potential
— R-type L
e CaV2 3 (OC1 E)) Cardiomyocytes
Ca,3. 1 O(. Ca,1.2: ventricular contraction
I V 1G
LVA T-type Cav3 2 (Oh H)
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Channel (a,x)

L | | ] —J Cavs 3 (0:“)
20 40 60 80 100
Matching percentage using CLUSTAL

g5 Phylogenyl tdge Cdachad n@lsubunitrs$ geicording to the ir
assificatintpl estlnmderdt @mgt0O0car di ac cal ci pmiafaamwaei en (

T (modi f i e&d nmpfotndr eX al . 2015
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4Car di atcy pleal ci ahhmmannel s: St r ukitnuerte casnd
l ciumnif bomg t#tilyr@alg.hz dl ci um channels triggers

nsaotli on potential duration, and (Magugloat e®tg
06; Shaw & CdlhecMCabhC) 8g0it8hcompbsedur homol
mai nBl ()D] each has sUkelti(saengsmedmdF )an@onnect ec
mbrassesoclabed and flanked by cytosolic N an
mai nstfher mol t age sensor for activation and i
ens the por eS6 Semldnemtaso@®S5Sbet ween them form

Haviene sel eclRii gu-G)gVhti il let @d | cabbasiemiclhhamnst su
aturesvl t ami ICy, wh it oyhp et*dCd v ehtassspleci fi ¢ ami n
sidues that have a highnabfoni sysfosetthenot
rdi ovasculCaart tdeirsaelas,e 2011)

demor mal conditiolns2hc)(oBuPumihe iCa expressed

ocy(t®maw & Col eThaifstubua@13)pri mathey kdeteri mbs
| tage dependeans ewenlfl VaGCCtsheihrBgaphialrimacy | 9 gl u
duce changes in the phUyssubodTongtisc acla nf uinncctri eoansss
afficking, enhance the expression of functi
d affect the biophysical properties of the

the type and i sof os mexpr (¢ceelepmhhui xnl,h e2a0ely?a)s @ b
fferent i swbbab mi-bb)k alchhe wdibtthi pl e spl ibekeeivrag i a
e predominant i(Dofl orhm ni,n 2t0M08B )hear t
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Th€alt subuinsitencoded byamtdat owrd ei giefheims)t ¢ o

withUt-Bd spofmeimng expressed i n Wpreotheeianr ti.s Tdeen
extracellular and bound t @ s ubea(nDpotlapshmanl,me2viBla8a)n
>subuni thafeaingihlty di f f eanmnechtc dmssifsotrsmsof four tran
with intramcdet €muurhiamr 4 IV.aenngd set &lou,r DG 1L)hed g6 ,subu

27, and8B8)have been identified i nobtehxeprlewsmamnhedars
confirmed at the protieiunbulneg ¢ diefxfearte mtt ¢lfefe ¢t <
current amplitude and voltage depsmudamdd afsod
present in the channel complubuni Howrperessibn

on \«Ta2 channel si gyalkliynhsg snoundanditywo ¥ang et al
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N
Oxc ol 11 I \Y
1 5
N/ -\]v U v (€
N
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Fi g6.Proposed transmembrane topol ogyc amnd i-tsywpbdf feGrea ng
modi f i e&Kda mgpf taenrd HefFbr2ded®ails see text.

Ki neppropemnfciadscc bmnnel s

Vol t-aggteed!| cdluamnel s are activated btyheiomf or met
charged transmembrane polypeptide regi®wapidIUyp
acti vmmdekivintgh7 nmeg, depending on temperature an
magni tude of the current across the membrane

conductance, and ope fMcpDroonbaal bdi |eitH galp.e,e @tudeImdc y,
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VGCCsndergo a transi-t
no-nonducting, inci@(t”flvate_d sta_te
Basi c Blophv5|_c IleQOpert es 0
t hat prevents exjcessi ve cal ci
influx into the -inlt MefiRteinwardjongastingdls ya?ee " ourgent
_ _ . Contribute to plateau phase of cardiac AP
type c(ulg)iesnti nact iy ankifafon théshold at around (-20 and -30) mV
t wo differenta nieacshaPAaKk @rpgrtataround (0and+10) mvV
| od q CDIﬂ Relative slow inactivation kinetics
cal cdaprendent ( 11) VoIth% 8/[5I)%r§d§alcium (CDI) -dependent
regul ated by amncdal |mo iagtivation kinetics
P Fyma oIoglcaI blockers: DHPs
sl pwol tda endent
P eope arma ologlcal agonist: S(1) Bay K 8644
procgPeterson et ﬂ aFlestlng merhbPafe Potential in vascular smooth
Findl ay), Chamorel s m (pusqgle cells is -50 mV, while in the ventricles it is -
_ somv
recover from i n aeti+—vation, —e—
transition to the closed state, before being e
i's al soamdl t ageep aamd-e mtu f7e ),(BMc Donal d et al 19¢
1. 4a-8drenergic regulatcahcotimcahdnael s
b-adrenergic modutktayme?* @afr r ent is the best K
extensively studi*edr emxmimp lFeigrasktp €Gtabment s Usi ng

clamp techniques

on

mammanch h o @n belMaE@nacgicssuer:l

i ncreas+ypehc&alLr(eRretut er.ThiL978hhancement contrilt

to the increase in heart rat e, cardiac contr
producbadbmegner gi cThagponit shsé-t gC&dcnurorfent i s medi
CAMP and the consequent activation of pCr&tein
channel phos AR algatniireel ssbtyilsoeal pyr ocess t hat req
of t hRAeC Gsat hway. This is dif #'eue mencfuraafre dtrh ed iirne
activation of the ch-86d@disen saitchaklhist we @ $h6 & ahl &s
199.0)

The mechandembgdngnacgi vaft i oar dlicha@a n @ehlrsotulyd
cAMBependent pathway at the dievegl e cbabnelvean

wi dalgy etehdat i
oop e d oaiy i
, 2 SIchr P der
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nctteasepdaasul t
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Pcr e amuanbien
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tof e f2Umkcad n wldeed eCQa
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no-ael e®AiRvagoni st , has stimulatory effects th

voltage dependacte v fipiiocnoaridsa$ ensy paeer pol ahi zatic

peak vopjpetdpg® & mV and may al so -wsalitfage hreelianta

tdess depol ar{iMcbgnalodtedeahopgth®06bpriecting

the ef b-ARtagohi sts on channel i nactivation an

It i's gener al B-AR astciempu leadt itchnaterpamdesnt c & In@icd
prevent ioaflkacwvwdnl(udsaden et Bindl)dAag86X3004mportan

t hat t heb-aafrfeencetr gafc sti mul ation on calcium cur

such as species, charge carriers used, and r

The mol ecul adrbearsarsgifoormodul ati on of <cardiac

phosphorylar itolhtc s@anes | @Eudnbk)iAdr energic respon

I's also modukianhasebgnther Ang protein (AKAP),

di sttadr i nuoiC@DCZEpreev{({ Pwpa et BUtati2®drR2)or di s

t he DCT can | eaédnetdd alt esds pdfo sppAMR yl ati on and

which i s associated with i mparrédgtdai disac ammunit
(Fu et al .., Arz2eBh,ua618hbawadr ener gi ¢ csatni munl cartei ao

the abundance ofl .s2arictod tebmamemtlbyCai ncreasing the

i n mouse ventricuwaac aoynnElditemwed wh ttthken ciod ocal i .

of vCd@ndosondeesl Villar et al., 2021)

1. 4L48ype calciumamdanmedrt failure

L-type calcium channels are essential to initiate excitation-contraction coupling (ECC) in the
muscles. They are primarily located on the membrane of the T-tubules, which are closely
associated with the sarcoplasmic reticulum (SR) (Scriven et al., 2000). Unlike Cavl.1

channels in the skeletal muscle, whichi nt edriarcetct | y wistem s y2dnveslddCasze

channelsp (Ry(REat SR®r attHe I1MIEL)E&E DI Dimeofieart requi
Ca&*entry thfiodghlkh&anels. WcRi watainmrel ef i Gati at

directly by incfPeaniceqtcyt o 9nl ian dC aCa’tindueed t | vy
Ca?* release (CICR)t hr ou gst hRynR(eBesr s,. 2002)

Failing ventricular myocytes show impaired contractility and abnormal Ca?* transients,
making LTCC a prime suspect for contributing to ECC dysfunction. However, studies on

properties of L-type calcium current in both human heart failure and animal models were
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inconclusive regarding the role of LTCCinHF (r e v,iMauWw her j ee & Spinal e,
et al ;B®nli9%9%8h et al ., 2002

Several techniques have provided detailed information about the number and function of
LTCC during the progression of cardiomyopathy. Biochemical methods have shown no
change or decrease in protein abundance of channel subunits or DHP-binding sites in failing
hearts( Muk he rSjpeemad& e, 1998; Tomaselli & Marbsgn, 1

Genetic alterations in Cav subunits have been associated with different forms of cardiac
dysfunction in mice. Global knockout of C alho r i3 & embryonically lethal due to impaired
cardiac development (Seisenberger et al., 2000; Weissgerber et al., 2006). Deletion of the
C alh subunit or mutation in its C-terminus resulted in a reduction in IcaL, which induced
cardiomyopathy and death (Blaich et al., 2012; Goonasekera et al., 2012). On the other hand,
overexpression of C alio r Vi3 acan lead to LTCC properties characteristic of heart failure
(Beetz et al., 2009; Hullin et al., 2007; Muth et al., 1999). Furthermore, mutations in the gene
that encodes C alkl have been also associated with various forms of cardiac dysfunction
and arrhythmias in humans, such as Brugada syndrome (Burashnikov et al., 2010), and short
QT syndrome (Templin et al., 2011).

However, extrapolating functional sarcolemmal channels from subunit composition alone is
challenging. Schrdder et al. demonstrated increased single-channel activity in failing human
left ventricular myocytes due to increased channel availability and open probability when Ba?*
was used as a charge carrier, despite no change in channel subunit expression or whole-cell
current (Schroder et al., 1998).

The rel ationshicpelbletcwererne nhoaned number of LTC(
equatli=oNt:i %ct,PoWhiHiBre s( tiwel WhaMNe riesntt,he( number o
) it the unitary curmPd)eme pifo@madsiiflnigticg itohinatd n elh
open &adifve(acti on ofparctnwmbeamwedfMctkosnta lpdu |l este sa l
Therefore, modi fications of indiviobARI|Iacthianatell
as menti oned above, may affect hhemedt asd ts
Furthermore, when analyzing Ca?* entry through LTCC, it is important to investigate at least

two parameters: peak amplitude and decay kinetics which can affect Ca?* release from the

SR and contribute to the shape of the cardiac action potential ( Tomas e | | i & .Mar b
Ica,L contributes to the plateau phase of the cardiac AP, which is a labile phase and any small

current changes can affect the membrane balance leading to repolarization or maintained

My



| NTRODUCTI ON

depolarization. Thus, alterations in IcaL density or gating can predispose to early- (EAD) or
delayed afterdepolarization (DAD), or both (Figure 1-7), for references see figure legend.

Cardiac Action Potential Altered lc,, density

- A beo, lkur C. Altered e, inactivation

A . T lcaL Window current
z Phase -2- 1 Recovery
= EAD
Zo
‘gf 0 e 0 -
£
g_
-aofg,KJW 50 80
I I | I I T d
Time (ms) C?::;v;fé
B. [ca*l.=2mm \\\
S
@% Recovery S N
/\ » .‘ \ g9/ \J
Inactivated ; " i -_3 L
Close
Restlng
Activation \ /nacnva‘tlon L7 g @ @ SERCA
’,—' RyRs
s - @ @ *spc:slﬁ‘a?lz;ulso f:lfase
- - lcaL mediated effect
R '/‘ — Physiological condition
—» B-AR - acute stimulation
Fig7.LLiype calcium current gating states and #Post ecnotnitarli |
arrhythmogenic mechani sthembnaheacuor fant srehat. generate
(AP): Resting (4), upstroke (0), early repolarization |
of the action potenti al .Iyal nowaalked, ucaumrd emth s @lr @ cadsrdatgieum ¢
exchahgxerOut waudr Enltsbt mamesi entlkyf dslt dApédw) ect ikf(ideerl,a yueldt r
rectifi&r(,deslagw)d, relgf KE ber gnldfa)aotn)t ,rsitou tECC, directly by
cytoso#fiiic, [fmmd indirectly by acti-C&tlionagda ®fy Reg,idebapned
(bidirectional ncalsrhseddi fafrerroenn)t asottlattgoegsee d'fc Cameel . The rest
is defined when the membrane potenti al is negative. At
t o thceonidounct i ng state. Prolonged depol arizat-condoahi hga
Af trerpol ari zation, the channels can return to the restir

and rates of transition between states are noC.Aicdemtni c ¢
pot enthi ®larwiyt afterdepol ar iydatei adm (eEAR) rtorpihy geroNc® gti ic\ail t
currents or wi t h del ayed afterdepol anckdaei otneCa&*PRD)

overl oad/ spont anfemlulso wienfgA&snst teinnseel at i on.

Ori gihlalstrartdotned wi t ¥, Bri@Rmeasdelrl.ico& Mar b§n, 1999; Po
Grant, 2009; Weid$shmsoml|l &, Ar2t0Od®dns, 2018
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1. Mouse ModelSst uaddyd ms

Al t hough sever al studi es havbeARd ssoywlsrheenmt e dn  ahl etaer
t heex arcal e of inhibitory G emdRedasamsi whzatieon
or harmful remMaiadduessrthi-saggesedomi,cgeaan ¢k

to manipul ate the expression of BAR fsystngm c o m|

I n genetically modified mice, bw¥ermi+AR crud au | toevde
di stinct phggetlypégremesdsgnadn i ng and function

Overexpr(es oi-fdedlodh u mabnAR resul ted in dilated cal
young (nibdncgeel hardt;Besoghanol$e8asi steeOOwith tF
caused byacdahrvoaftiatoenc h olAal nmiihnogusgunmigc e wi th over ex
ob-ARdi d not exhibit sigasficastbyWdsetderabedgat hbl
similar |l evels of ¢éd¥FpressieonandadthvderdPiB&eseb:
> 20601 d riespurl dgerdecsasridvieac diysifoggpetti omt al ., 2000C

|l ourresearwd have usedwindansgendi acmioM@AReXxpressd
the effEdtGs?)oBGLGUYE defi ci ecnacrydioonmytohpeat hy Ophen
previausiwdcioensc|l uldad t helUhadé&t of m&nt al effects
GU halkenefefcfigadi-tsr ans detngi)c ,nfiacse sumnmarfizegdr e (1

Fig. 1-8. Summary of previous findings in the f,-tg mouse model and the

effects of additional deletion of a specific Gai isoform

Findings at an age of 550 days:
. ; . # Interstitial fibrosis
Progressive cardiac dysfunction
with a shorter lifespan .
(3 Heart Failure Bt E
Dilated N
Cardiomyopathy ') > 1 MRNA (ANP + BNP)
O i P > 1 mRNA (Gai)
Hypertrophy - > (1) PLN expression and
Bstg (1) PLN phosphorylation
[ | Alterations versus age- I Detrimental effects of Protective effects of
matched @,-tg mice Ga,, deficiency Gay; deficiency
@Cr Gz
By-ta/Gayp™ Bi-tg/Gajy™
+ Compared age groups 300 days 550 days
» Lifespan Shorter Longer
* Ventricular hypertrophy Exacerbated Ameliorated
« ANP and BNP levels Both markers increased ANP decreased
» Ejection fraction (EF) Decreased Increased
+ LVEDV & LVESV Increased (significant) Decreased (ns)
« Remaining Guai isoform Upregulation of Ga;; mRNA levels Unchanged Ga;, mRNA levels

H N
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Fi g-8Cbmparison oefardiumerwsiwaiodi es t hat demonstrate Uhe di s
andUe -t gni cWe uselittghenous egemoedrealt ed by En geGUhsie fdit c ied n ay
caused early onset of cardiamtdyphenotydpygsand3ageel Keat
2015). Conlvsefsiediyen&y had a protective effect that was
al . )20V )veémetfti cul adi aEDVI i cenmdl umg,st@OLV) EDSVY:peenfdBRPaI al
At rtiyade ( ANP) natarleypdritcr pelpyt idersker s, PL#Narglkesophol am
Ai ms oprdahenudy
Al t howgh prienvi stowa(ikeesl | er et al . 2 0 B)5s,h oSveekdr ©

i sofsoperci fic f wWnandld@Gabi-tod e cec,outhbeypl ain tl
mec hanbagfiagtrhediirsti nctil neesétthet imd ecul ar and
changes that occur downstream of Gitciag@aiand i |
better wundetrhsetiainmamidle @omhy ophe:hgf or e

1 Considering the si gcnairfdiicaacn ceew ocotft alcTi GCQani dcro u g
the chaosagpedsseirveld i n human heart failure and
t hffuncti onal Parioffp-e gnti ices  blea. les ponsitwe nagbsust e

adrenergic. stimulation

2Given the detriGekantedli ceéhegt Dudbf theGUbsenef
deficiency in the mur ibs-RR Hdv emmoedxeplr esfsi c@ay d i
ventricgiudn atrhd respective mouse models to ide

hint at the mechanisms underlying the respec

3estin@ld nemwdul at or

Asprevioust geissuatrednt | y no efpgreattaivre mbed elca & byl

availabl e. I n coll abor aotfi Dmhawtt tthh @ hign ir weresir tc
we conduprtosodf omceptudy to tEstmoadud ew o@, | abe
recently pGptosaed me@GPuM)y tNaurb bk mey r0 2elth i sl . |
peptide was developed t hr oamgts papsmall |liibma

consisting of RWhRYhRYPROohacadm ¢f etxhanst hset udy
effectpoptitde -oBlcwibol wiylpe mydboetxeer i wernd s
perfobimenmvd ltyhout prior WKsowl epgkei 96f ot m &f fir
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METHODS

Met hods

2. Mouse Model s

2. 1Ahi mal Care and Et hical Statement

Ani mal s wer e br ed anadn i mail ntfaaicnield tatest lod t he

Medicine Cologne (CMMC), and of the Center f
Hospital ACoIl ongrece. were kept in individually ve
l T bi t um, mai ntained in a 12h/12h dark/ 1l ight (

experiments were approved by the responsibl e

LandesahMat-urUmwmernd Ver braucher sWehsuttfza leN@ASddr he i r
02.04.2046dA2D4. 20)2.2. A141

Al l procedures and experiments involving anin
Guidelines 20Eu/reodeatmmoni t hes Counci l Directi\

ani mals used for scientific purposes.

2.1.T2Z ansgeni c andutKnMoaclkse Model s

Transgenic micespwictii ig oaedieapr ésasdircem ocfe-ptt loe
t g) were originanFyYB/genéanakegdouwmd using a t
i ncorporating the codilmgdsegeegce otcepeohuma
the mWmyoein -chheaavny ( MHC) promot or , (aEsngded shaarridht
al ., .19%®%Y)g mi ce tuhsiesd, sithuhdey -bFavVsBe/dN t r ansgeni c r
backcrossed on a C57BL/6J background (1B> ge
knockout mouRB®ersstrarn nidical ubi 008 Pufsd ¥) | dtskG n g
(G374) were originally gener @&Radobphaet28dwvd bas
subsequently backcr os(skeedl Iteor GCebt7 Ball/.6,J 2s04ir5a;i nSc h
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In thimtgtmidge were crossbredGuWiotGhl troi pea bglluachea |
t gni deac k@Un{b-t g B , | ac kGUndb:-t g ®.0Only malwermi wes ed
and dagv@ gmweums s e®-8c tmeod,t HlH1 AN d m@Angtehast.c hed ypwpiel d
|l itter mates seRoredt haesfcmmoaomafp p3-Ssmoundtyhist g pe ani ma

of both sexes were used.

2.1 Mbuse Genotyping

For genetappgiadgi(ps or-200A@) fXowmedbd d wece .usFaor

i denti fying t hetrianmtseggerndbtoh Rtnggofngl e@l exs PB&r as ¢
performed with a sensémpos$ imerchhtamicnat rdonniont &tr h e
antisense primeecépcatedodilmM®RBEROYGRME®Ot yping
mul ti pl ex cPPQR da sbhseagu.s,¢ damgplltiifpl e t arsguec hmiedspned n ¢
and wildtwpe&CRgelaec.t i Woowever, for GNAI 3 gene,
recommeinBridmer s arTea blliesSt@epd | iem&ICtRpernyot ypi ng r e
i ncluding a bri éeefCRdeasctrii@rn i @amd otfhedrhmocycler pr

(sup-Bl.

Tabl-& 2
Primers for mouse genotyping

Gene Oligo ngPri mer s

' Sw. M al / MTCHp®d /! ¢DD ! D¢ / fo® DD¢ DDD ! D
| . MYt cn |pf¢t D/ DD/ | D! /@6 /!'D D¢c¢ !/

Db! LH DAu 20 (pud!¢ /1 ¢ [/ ¢D! ' D!6éDD / ¢!
DAHW 204G vyp®@ // [ ¢/ ¢/ ! / ¢/ ¢¢mmOo ¢¢ ¢/ /
DAH adzi |p®! D D!'¢ /1 ¢ [ /! ! I D! ¢DD
DAH adzi |[p®/ ! /I ¢/ P // D '®® !/ ¢ ¢!/

Db! Lo Lo9Ec CNp®¢D D/ / T DY / D
bS2 Cwm pat D/ [/ D! D! ! ' D®o!' ¢/ [/ '¢ [ 1¢
Lo9ET VpTt ¢/ '¢D / ¢¢ ¢/ 'od D/ '¢¢ / DD

ADRB1l: genfr-adodnogeptor, MHECh a imry ,0 s H Bifis, We la vy i & , Mut : mu t

GNAI 2 geneUgoBongGBAI 3 densicenodiamg a@ti sense pri mer was
type.

'Mouse Genotyping was Spearrfidr-iifa chaiddm @ensa &t i elde Cent

of Pharmacol ogy, Institute I1, University Hospital
2Detailed protocols for the isolation of genomic n
eLabJournal , t he el ectronic | ab b&Goloum:f A éhret r Wm
Phar makol ogi e; Author: Katnahji.

H O
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2.2so0l ation of primary ventricular cardion
Primary ventricular cardiomyocytes were isol a
grams) for el ect rolpahmp i md aogu rcearhe mptas.c hThe | sol &
the AfCS protocol (I D: PPOOQOOCAR2Bel bremgialal |

Isol ati omquat i hyghunctional cardiomyocytes is d
mouse strain, age, genetic modifications, an
modi fications were made to obteiaaadi srteipnrgo @pgurca tbe
i solandoho obtain crystal cl ear. m¥plemoydtiefsi cfaotri
were made after a serciagg ie@efd towuitalasep@aei md ot

procedure canthemai viseedps ntpreceded Flgw rBe p2r et

2.2.Materials and Solutions
Al l sodditboimeesnt pbepared priwirthodii stoil lalte ®dnwa't
fore storagerdbusus@TdHb-B)E ei2s a-fcalecibuwmfer t he

wash out bl ood, remove extracellul ar cal ci

,_..
> O o

at mimics the physiological conditions -of 1t

U!-"

—
> 0w T O O cC

tanedione mowbxkxcmei 6BBM)inhibitor of myosin

~+

cardiac myofilaments and prey{y&htvs SARDamt o r
99 heyocyte digedqtTiad# @ bsfaf ecro I-bl aasgeedn aesnez y me s o
at contains a |l ow calcium concentration to
essential for the breakdown of the extrace
e cardi omyacytne st hteo gcedtithdeid al co wthiasgs weo, be di spe
single cells. Both perfusiwearkeeptd myoS8ytA€ dihge
use.

Themyocyte stopgiTab¥h wtefqeuri seadpt a he enzymati c
avoiddpbpgestionscailtf cenmtuani n e niz y alehs isv abtuef ftehre wa s
from the perfusion buffer and served as the f
solutions.

Before Bsalatngn, al |l surgical i nstruments mi
perfusion syst-emnsneidgt bHemaepwieng any Telxd sthea@s s
equi pment and supplies( Taobrb i s201 ati on are | i st
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METHODS

Tabl-& 2
Perfusion BC®&fferreel 1X)

. Mo Iwt FotLite¢Final

CompouinSdt ock Buf fer

i (g/ mo (9) ( i)
Sodium chloride (NacCl) 58. 4 6.6 113
Potassium K@ll)ori de 74. 515 0. 35 4.7
Potassium phosphaP) mon 136.0 0. 081¢ 0.6
Sodium phosphaHPBQMHIOb as i 177.9 0.106 7% 0.6
Magnesium sul fate Rh7eHt)a 246. 4 0.2957 1.2
Sodium bicarbgnate (NaH 84. 01 1.0081 12
Potassium bicajbonate (| 100. 1 1.00172 10
HEPES 238. 3 2.383 10
Taurine 125. 1] 3.75 30
CompouirPier fusi on Buf fer Mo | . : Final
pH 7. 46 (g/ mo FO S ( mM)
Stock Buffer 1X - 980 ml 0.98
500M2,-But anedi one monox 101. 1 20 ml 10 mM
Gl ucose 180. 2 1 g 5.5 m

For 1 Liter stock buffer (1X)220,disgsal vuentiirngraeldi ecnotnsp oinn
di ssolved, then adjust fcyhiBDMEI ameé dGloedasederdgt adOd 80ce
and ipsHdj ust &d NwiNtaloH 7. #6 nal vol ume should be adjusted t
stefileered-OM tfhi lat eOr..22Per f usi on bBUOfAFCe rup( 1tX) 3c awe ebkes .st o

Tabl-8 2
Myocyte Digestion Buffer (50 ml/ Heart)

Compound #Lot Amount Final ¢

Per f uBsuifofneppH 7. 46 made i n 50 ml 1X

Col |l agEynme dlAIC)

ACT: 305 u/ mg dw # S5B15 59 pmng 300 U/

ACT: 320 wu/ mg dw #41B210 46 mg

Prot fgpe -XDWC] - 2 mg 0.04 O
100M@al ci um CB8&BFri(d{ made in 6.25 O 12.5

FThe absolute amount of coll agenase will varfyr com sdeidf foenr ¢

provibbiegssti on buffer must be freshly prepared for eac!
originally adapt edlefcrhoam cRG: Uhid fvreearmsrin ty of Munich, after

The suppliers and order numbers of all chemicals used

(S3-l isft chemical s
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Tabl-4 2
Myocyte Stopping Buffer (50 ml/ Heart)
and Calcium Reintroduction

Stopping Buffer (ba Amount Final q
Per f uBsuifofnepH 7. 46 4 5ml -
Fet al Calf Serum (F 5 ml 10%
Sol ut i St op pBuwfgf er 100M@aGg( OL) Fi nat‘c€ac.
I 20 ml 2.5 Ol 12.5 OM
20 min
I 10 ml 10 Ol 100 OM
20 min
L1 10 ml 40 Ol 400 OM
20 min
Y 10 ml 90 Ol 900 OM
Myocyte stopping buffer is prepared as a basiiSc05%dl5yt.i o
Sol ut-l ¥ynarke then made with gradually increasing calciun
gravity. Amitreut eteihmd@Di,nt hedssecannatdahe hext solution
to the pellet. This process is repeated until t he maxi
repeated twice, adding 10 ml of solution | each ti me
Tabl-8 2
Heparin for i .p. i njection
Compound Sour ce Stock c¢c¢ Amoun|Final
HepaNamthr i um B-Br aun 25000 b 1 ml 50D UmMI
Na Q. 9% Fr es ekd luis 9 mg/ ml 9 ml 8 mg/
For intraperitoneal injection, 10 Ol (heparhelp &r0iOn |adJ dnl

NaClre stored at 4AC and diluted heparin can be stored

2.2 Myocytsemllati on

1.Removal and cannulation of the heart
Mi ce were injected with heparin to pAfetvemt3 b
mi nut es, the mouse was Kkilled by cervical d

position by gently attaching the front and

perfusion system. The chest and abdoore namderae

mi dline skin incision was made to separate
scissors and fine forceps, t he diaphrcakgn owa
expose tAdehdaart was gently I|ifted, t he pu

aorta was to be cut about 2 mm from jRIsSB-.entr
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1). The heart was | mmedi amne Idyi sthr acnhosnfteari rna dnlgt ol O:

per fusi ¢ margbuuifcfke rwashnst epen transferred to ai

m| of perfusion buffer at room tempExataneo
ti sswmeesee moved, anwlasgéarentuleatrad by sl adamgul &e
whi cpr-&tstached tsyringe fill edThwvebt luntpiedlf t fhieo

cannsth@aul d be just ahoivdek tthhee eaeedest i toval get he
the cannula to prevedur itrhge thheearpte.rffruosm onalprion

.Heapetr f usi emzyamelgesti on:

The perfusion apparatus wused in this experi
consisting-j @adkeat emdatreeser voir connected to a
system to wa@®mMAGollhuet isoonisut i ons were pumped t |
to the cannul ated heart, which was kept I
temperature. The heart was p6érmusetieat depaeart
it s Afitzer watrldes buf fer was switched -10 myowetlyé¢ s

umil the heart became swollen, pale, and fl a

.Myocyte dissociation and calcium reintroduct
Af teenrzymat i c,hckiagdas twiacsn carefully removed from
sterile 60 mm dish containing 5 ml of myocyt
remowedh a, saabdpehe ventricles were @hemmtr ¢
di sh containings2o0ppmigeasft i mggnoldbdudttidobnt-4. 2Us i ng
two fine forceps, the ventricles were carefu

m| of dwadautadhed, and the cel | ongwrarset peguerett It ye

for960seconds. The <cel |l suspension was then
OM mesh filtealtobhe. aThe d¢ish waslandnsedtbwne
with the cell suspension to a final volume o

gravity and the procedbuleYwasfreakataedcuanmit
willl.@28M.m The <cells were then kept i n the t

temperature before being subjected to electr

HY
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Patched myocyte

After patching

Fi g2Examples of isolated ventricular cardi omgocha
measuremelMyscytes observed.Exc dhglugrti tiyeimgot®x e t h
mi nutes af ttehpart@wihpe€C®Oal y myocytes with an overal
pattern (without granul-ahapedaod,hbvdedgeeﬁcaut|tbb
electrical stimulation or iisoproterenol were sed
Tabl-6 2
Equi pment and Supplies for Myocyte I sol ati
I t em Description/ Supplier
Water bath with circullThermo Scientific
Langendorff Col umn Sebktpplied

Di ssecting Microscope |Ol ympus

Peristaltic pump |l statec

Lighting and | maging Schott, KL1500 HAL
Cannula (blunted injec2®2sgzed for heart <ca
Mesh filter 250 Om (poRCT Reichelt Chemitech
Seven Eaey epH Mettler Tol edo
Surgi cal instruments

- Scissovred,(cutraight)

- Dumofanttei p forceps

- Serrated forceps Fine Science Tools (F.

- Tissue forceps

- Miniestusegor

- Lorna towel <c¢cl amp
Cell culture dishes (3

Falcon tubes, 15 and 5
Filter, 0500 dmM sol uti on
Pl astic transfer pipetiLab consumabl es
Serological glass pipe
St esddlepel
Syringes (1 ml, steril

H ¢

on
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2. Patethl amp El ectrophysiology

Patch clamp is a technique that enables the m
channel s present in the membranesdi @myloesxyctietsa b
devel oped by Neher and Sakmann iw| BMmp6 .expas ¢ d
that was described by Cole and Marmont in 194
early 1950s to -ahdcvV dlketpaegnedheen tt ipmeo me ct icosn dafc t ta
underl ying action potential( &@me ratt;Baola.c,k e2ntlude \
202.1

Voltage patch-clamp allows the measurement of ion currents through individual ion channels

(Single -channel) or the entire cell membrane (Whole-cel). The t echni que i nvol
negative pressure-rtecissbableosmasdediigylghet ween
mi cropipette and a cell membrane. The pipette
the membrane patch, and bteheded&ad realle a s ufaerdi notu s

recording configurations can be acpd sivteido ndeedp e

retracted, -astutcahc haedgo wtd,Inlsgvedicel ¢ -oowtt,si de per for af
(Hamill efFfigluBfFuRIdhe)t mosehni que all ows the ma
an d extrac el l U| ar S OI (A) Cell-attached configuration t h e
application of phar msg t o
activate or inhibit th est .
enablté@éastudfa specific "I }-
channel and various bi Tight contact between es by
pipette and membrane
. . AN
selectin g appropri ate (B) Whale-cell configuration \[G}Inside—outconﬁguration y ngs
St b ]
relevant to the resear e ]
Fi g-3. 2PaGlcamp Confi §or atbioo-h I
cell anadh anmall ecurrent reqo|| g \ p—
tight seal must be establis""}ll ll X -
and the recordi ng pl pette- Cytoplasm is continuous .Iqwloplasmic -]
suction to the pipette aft “""""“’e““"“‘e”‘” domain accessible
cell rmeenep. Once the seal re D} Outside-out configuration
singhannel recordings can
attached" c(oABfyi qaprpd tyiiarg ad
to the pipette, the membrarg . ﬁrﬁ;bﬂrfane
for vwhedlle r e cBofrldtiensgh gt i wetr plpatte - anneal
pipette-ai nac'hceed”l mode al |« '“:&. .
recordingsouitd "ciomg CReitr rad ¢ to \ L -]-
pipette whicleel Ii"n nfowdheo | cerceuat r’- .! Enraoellular
configuration wit h( DaB\dnaea leed 1 CO e
Yang et al. 2014.
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2. 3Whol-Gel | Recooftldyngs

In this study we used conventional whole-cell patch-clamp configuration in voltage-clamp
mode to record the macroscopic L-type Ca?* current (IcaL) under basal conditions or after
incubation with the non-s e | e c AR agenistsoproterenol (Iso). Every conventional patch

clamp experiment follows the main steps illustrated in Figure 2-4:
N\

o \ & |

Pull and polish :
Prepare solutions the plpette Patching a cell Signal digitization

© o o o o o o o

Prepare cells Set up the Signal acquisition Data acquisition
or braln slices perfusion system and amplification and analysls

% lE!

<

Fi @4.The principal st epsclianmpc oenlveeentt ri commhayl s ipoaltocghy e x
cells or fadapeedofimeml| ar Dfevi ces, LLC

2.3.1.Platch Clamp Rig

The paltamp setup consisted of an amplifier, a
a preamplifier circuit built into a headstag
i nt erpfraoqget ot controls the amplifier and the
analysis and visualization). The headstage we
pl aced owi bnaanon table in a Faraday cage to ¢
viatri ORBH, Tab)l e 2

Al-mmsi | vewawiu®ed for the connecti on baentdwetehne t
preamplifiewicerwastcodabhed with silver chl ori
the electrode, i.e., the accumul ation of el ect
and the solution. This helps to improve Tobhe a

coat the wire with oscihlevn@nc @alelsa p ipvthisie da@ im0 .edh ergA r

current (for 1 cm of a 1 mm wire) iMp @tasssseidumn
chloride (KCI) wunti/l the wiregriay daatead owi tsh |
( AgQ@li)k.ewi se, the bath solution was gr osuinldveedr b
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si l-ovrelror i .deA wayder aul i c micromani pubh@ayt eme wtaso fus

mi cropi pette.

e —
—

Vi Ll =

Fi @5 The patemp rig usedclflomr ewhaomlddgh g8 i @i gCG. t imd ecrr,ds
hydr alcitaon i puEatadst agpi wet he hol der, recoFdpmlg sdy
connected to the hol de®. fawnithip a & s 8.0 rfeaarhapdpelBiCdcaaaireq, it ,0

Tabl-& 2
Pat-€hamp Equi pment & Computer Software

It émDescription Supplier/ Manufacturer

Antivibration Table + |[Thoral abs
Axopatch 200B amplifieAxo@QNS Mol ecul ar Devic
Compuassembl ed with a HPi KR100%149

CV 20B8ddst age Axon I nstruments
Digidata t440ArAED AXG6QNS Mol ecul ar Devic
Faraday Cage Sebtupplied

Mi croscope Nikon EclipNikon Instruments

Mi cromani pul@3 or MHW Nari shige I nternationa
Pi petboy acu Il nt egra Biosciences
PipePut €87 P Sutter instruments
Seven Eaey epH Mettler Toledo

Silver wire (relcoatdimd)Sci ence PHofdlueitmns
Computer Software

Clampex 10.3 and Clamp Mol ecul ari FDewi degsence
Graphpad Prism 10 Personal | 2AnFFT-1EB B ¢
Mi crosoft Office 365 Personal |l icence: 1003

FThe I D number of the computer (identifie@Gobgghndyr o0 di
the row data were generated and stored.
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2.3.1FabricatPanchPofpett e

In whole-cell recordings, high-frequency noise is mainly caused by the combination of the

pipet resistance and the whole-cell capacitance. Unlike single-channel pipettes, factors such

as the dissipation factor and the glass's dielectric constant are less significant in this
applicaton. To opti mi ze the nodeslel | ewredemtt ntdeomwdion @,
I's to oewi tph ptehe | owesitsppmesedbllecevi s, 2004)

Il mhis wd udgybadn Borgdsaislsi ccaatpe | | ari es (OD/ | D: 1.
0.283 mwm fiH@aumeint gefH.beBrgi el gssl omgi |l | ariiest over
I ndi vildualm pi eces and then pul 199¢d Swditreg )a tho rc
Il denpatcmhpettes. pThogrmun Ilwiart ghwlreiietiagnsdn fiinked val u

set for the following parameters: Pull: 0, Tir
of the pulling process were regularly-vadjoecsteg
test s.
Patch pipettes w85 hgnvah erne sfiisltlaendc ewiotfh t he i ntr
used@nly newly fabricated pipettes were utilize
the neéepgel|likphi pette tips
Tabl-8 2
WhotlcelckRécording Solutions

Bath Soluti on, p H: 7. 4

Compound Mol . ( gVt mol Fi nal (cid)nc.

NaCl 58. 44 137

Cs ClI 168. 36 5.4

Cagl 2 H2C 147.02 2

MgGY 6 H2( 203. 30 1

Gl ucose 180.16 10

HEPES 238.30 10
This solution must be 0reshthepdapaoédtwietlexgdr Hment .
with NaOH. Thesedl ati ooowmas emperature and filtered dire
being added to the recording dish.

Pi peSaleuti o, pH: 7

Compound Mol . Wt (g Final <cMnc.

Cs ClI 168. 36 120

MgATP 507.18 4

Mg G* 6.8 203. 30 1

EGTA 380. 35 10

HEPES 238.3 5
This solution can be pre@drAed, Ttiel tpeHr evda,l uaen dvasst cardg du s te
solution eAolrPt,aiins iMdgrecommended to keep it on ice duri
a 0.2 Om Luer | ogkffiilter iméfootdebei pette.

(OJN0)
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METHODS

3.1R8cording PraceédbData Acquisition

eshly isolated ventricular c ar(dii @gurgmwegrtee s
| ecttendeeasur e Wbhmice.tdwds recorded in a bath s
ysi ol c?ddaxcrmmd e nCar mM]i oant [r2oom t2d@p ehroautrusr egf t er
ol .dabo® 12l sts the components of the bat-h and
d intracellular milieu, with two key points
e potassium current, whbiulfef eE GTtAD sperrevveeSn ta sc h

ncentration.

mentioned above, the cells werte mame manauime d
e 30 OL of the cell suspems icen | was( lutsneaske s fdd rs
cordingcohamberagf 8bmkhedol uti on, mixed gen:
set 3l eni nat e®2. During this ti meagpitpheetotlpeat ic dn
two steps (tip,admndl bopgblaes WwWacd& dompli eigel y
ppTimg. pi pette was then mounted ont htreee opidp ety
ectrodepltuhgagte tvhaesnts@® aadioe prevent the pipetae t
ntl e positive pressurwiavam aplpd dtedo rt sy cttheed ept
e electrode hol der.

ce the pipette is immersed in the bath sol u
st pulses generate different current -cebkpon
nfi gukiagum. 2As the pipette tip approaches
sistance increabmeal acant be @gisgabl i shed by
essur e. When t hdFigeate )izt mehekwgetdrode tran
nceblyl eaddj usti ng tihehepiapreptitid iocefrfisngtol s dates per
ke thatighdwnDt nt hi s het agé di f ¢ BHhoat velnrét Oi bash Vv,

ich corresponds to the resting potenti al o f
e membrane potential when the cell me mbr ane
oicel | conwaguhateved bystarp@udig/ tivingan a-mle <Yr i n g e

i ch should rupture the membr anenopad sdis ,wi it th o\
cessary to carefully pull the syringe thro
essaurdeeep t hepeddltler wat dhe me mbr ane capacit e
mbrane resistance (Rm) and the access resis

the pClamp software. However, It i'S necess
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series r ¢ Rist3a@a aneduce errors and artifacts du
Recordings wer e t ak®2n miapptroxi madt elrhyee b4t a b lciest
configuration, and cel |l compensation was moni
i .e., befor ¢eppppmprotngc mle.w
Sy
Fi @6.Schematic illustrati
O producing different curr
steps ofcaelWwhobétage cllTh
physical relationship be
B W the cell is illustr atAeB)
W\M the resistance across tt
© the size of the current
pul se decreases. Thuspul
C current indicates closer
tip and (tQle gcieglals.e al h a-
([~ attached mode) as the re
pulls a small pathda¢l dfhem
I V. ti(pDhhe el ectrode capacit
D W~ (EJhe birmaks achieved by
removes the membrane pat
|l eaves the seal and the
E decreases and | arge caf
Adapt ed Jfarckkm o n , 1997) .
2.3.1Phar macol ogy
x To activate protein kinase A (PKA) signaling
no-ael ecti-ae&r ebneetragi c receptor aganist kinoovmr o
i soprenaline. Myocyinés bawé¢he cphha @a@ tha inyp 42 riddM |
t he dainresats ulr e mepnetr fwwor med 8N2 minutes after |s

Recording Scheme with 1 uM Isoproterenol

Myocytes are placed in Whole-cell
a3 ml bath solution configuration is l¢ais recorded
containing 1uM ISO established

Fi @7.Schematic
i ncubated with

representation whfo-tteheé
1 OM I soproterenol .

op

e at oceine nmp
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X To test the effec@GU b$§ mb e u hraawoeapnapeiyétadss P M
( Nubbemeyer ,eotn acla.l,ci0m® 2c)h a n nceell | a cnei avsiwte ye en ewnht
performed by adding the pebpetciadieg etios thmet pmemr

per meable. The peptide was dissolved in 0.1
for wadtaanp meas@UTabrkeht3
Tabl-8 2
| soproterenol BtdMkn Sol uti on
Compound Mol . ( 4Vt mo Amoumng) ( Final <con
|l soprote 247 .7 0.01239 1 mM
Ascorbic 176. 12 0.5 0.1 %
First staonc ki ssopl utnMp nwas prepar edf oalndd wiBtehnoddd bHi&d ieml & O0st o cC
(0.1 mM). The | atter can be stored at +4AC for max. 6
concentration of 1 OM|] Wwas 38d®eé dodbfaotsh8 osookl ustoilount.i o n
Tabl-4 02
BN6 PMG), Stock SM()iomti2d®, O1 motal vol ume
Compound Mol . ( §Vt mo Amount Final <con
BNG6 1321.57 328 Og 1 mM
DMSO 78. 13 24.8 Ol 10%

To fully dissolve the peptideThetefther prepddri tde&@ntwatso fugset
the calculated amount of DMSO (100%) to prepare the sto
dd H The stock sol e8t0iAcCn wWens tshteordeady aotf t he experi ment,
diluted by a factor of 1:100 in the pipetitCalscouluattiioonn st c
adjustments wer e manheu nafctagdri opmerwsiarhalRGc d mhof .

2.3.T2spul se Protocols and Data Anal ysis

Extensive electrophysiologitgpechhnaotéesi watsi
using various pulse protocols that included 1
recovery (kigedt)ecRRr -cehdl erecordi ngs, t he front
amplifier (Axopatch 200B) -awleamp s@tCamsfedh 1 | @lws|
Headstage Cool ed: Vh) 20 @Owppses DbabReKlHxtfhielrt er

parameters were turned off or nulled as an i ni

Resting: closed,

but responsive \K\

Overy, Inactivated:
%, closed, not yet
‘g"é) ready to (re-) open
&
Open:

ion conducting

Fi g8di mplified scheme of daftdcé€annaitdatpe = doMatvwanl etsa, g e2 0 2
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2.3.2Cur r eviotl t a(l\e)Rel ati onship

U I-Vpul peot oc ol

Tostudy the voltagel . @epenvidsnaos, né¢éaat e@yr meamt
voltage relabtanshihge/wips ot ocolFi gh6®.@nT20 nica.ol at e
from ooheamicnuartrienagt rsd-t iipca,li f present) were ina
ms prepwdlOsemWM ol hol di n @80 om\é)n,t*icautrd ek tbsl owcdirged
Ssubst iKtwitti hM(gp@d eTra btl-&)Then, testwveolitages ra&mging
mV to +50 1In®MViwndrhement were a@pmpihedcdlolr MDD me
te80 mV after Thaclpupslksadassnettertvlml 3 wseconds and

frequweax tsetb kHz.

150 ms
+50 mV
INa
45 ms %jy
-40 mV
80 mVJ B 2000 pA

50 ms

Fi 89.Test pulse protocol -t(ylpef tc)urfroerntr g ceaxradnipnge tthreac
at 0 mV (dashed | ine) at which the -pgpk omyocghe:
conditions. For a detailed description of the pro

U -V cur eantta,anal ysi s:

-Softwar e
For data mahgpdogmias i tg recprdings from

: . : To cal eubhate sbbt
stabl e \plamhl:meslmalreacs(aaﬂ)[,e

. . H b eak i n each indi
i . el0% ~-O o theemembaraoan|dRm@ . )
° a Ciuse)d a Micrrdsmglt
full i nacti vat ewe rseo dccionn icdhea nerde |, s
W1 Th fi9 xed progr

Peak current amplitude |valxesigeneed WMRG SHerlas ¢
difference between the pea% i A%ad da2rar%Sednt a

current at the end onoadmmJCr:dlteap”%D]ffoé'rtji zwianssgt a&ﬁ
?n_ﬁi_ts of theorel

nlsi sy z evas

) ) ) ) _ t he experi ment al

determined bgbsobludeanmguti H@ndte s _ )

performed usingEd

(in pA) by t hec arpeascpietcatnicvee (cienl | pF)

S e.

for variabilitcesr einn cdeel

Current density was plotted against voltage tc

IV activation curves.
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U lcaact i vgpar amebenas ysi s:

The biophysical cmpiecpeamhnes spf stuble as their m
activation threshol d, steepness of activation
fitting the activation c¢cuQhvneseqtuoata ooomiihned e
mat hemati cal mbdel thkatshdesecwoif these cur-ves [

dependent gating and the ohmic conductance of

The BolObhmaeguation i s given by:
‘o) 04 Ok w wi QU

awe—— 5

P Qwﬂ—Q—

l v current density atGnaertthai mMmatxe snu npVe o extrdhuec & haanl(cie), ma

activati oWew dtheentrieavle,r s &t hpotsémtpiealf acamwmd for actiyv
i Time consttadesapfydaal ysi s:

Thenacroscopi ¢ca,axa@tridMatcedl by step oepEoilmai dati«

depol arization. | nicacthedawaycaudygbs, behaeesacri be
monoexponent teaxlp oonre nd o uldbdMceDwmat dorm T hal deca9bnay
i sdentified as the phase in which the current
its peak value until thefFiegdi@f2the depol ari z:

Under our experitmeextdiezlcegentdiesi ohs | teexd omietnit iaalr
while in a -eerpooaestsab bit was possibilaepgpl|Biod h
to the decaying pasdtr ddeatniei t ndqual dugl Whe as
maxi muma,wés | taken aasndt itnhee "fO "t was performed
depol arization step. The best fit was assesse
the fitted parameters (95% confi densceudreerklVala
(R, as specified in GraphPad Prism for fitted

The Mésongle) exponenti al equation is given b
9 9 01 Z/OARD B g

Y: cuvalkwmesYou(piAss) the Y value Pahaetneakus(t hme)Y valmerat

Kis the ragescohetanmeg constatnt.

oy
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The-(Blioubl e) exponenti al equation is given
9 9 3DPAT & MO apEaco 3DAT 3 1A ®Br3imzo1 i ~

ast =foPtRéereaent Fast*. 01

A SpanF
A SpanSl ow={(PFratP&dcent Fast)*. 01

PercentFast is the fraction of the span (from YO to Plateau) accounted for by the faster of the two
components (see figure below).

12004

A 1000 4
. \
Inactivated |
6004 INa Or lca’T \ .§3|nz'r:a @g;‘:
/ | Ic, Decay
| |- >
200 / g \| - o I,’
] / '\I ‘,“
6004 ! I‘\‘ - (
\‘ \ {
1000 “r - /
|
12004 ‘
0 0 Jréo’ ' 150 . =v2$|
B Monoexponential Fit Model Bi-exponential Fit Model
Plateau-
PRateall of-rresrersesiasecsasrscsrrasnnasnsceasssrasizsssae
Span
Y0 -
Y0
v L]
< .
Time ,\-’é“ \i\sp Time
Y N
&
l
< &°

Fi 10 cadecay and fit analysis models usedajiioaacal o
AExemplcaty alcat a vol.t alggede@daypy mivase is shown in b
whethe datat wapolfaitteAdeudcmn @ nt peakt héi ssartut sme) bR
Exponenti al fittiongcamadédlag eug dick catd emmea yc o(nisn.achteisvio
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METHODS

2. 3SBatistic

Electrophysiological data were expressed as mean * standard deviation (SD) unless
otherwise stated. Statistical tests and methods were carefully selected based on the
experimental design, the number of groups, and whether or not the data followed a normal
distribution. For multiple comparisons, an appropriate statistical hypothesis test, i.e., a post-

hoc test, was performed.

Statistical analysis was performed using GraphPad Prism version 10. The significance level
was set at p < .05 and only pairwise comparisons with p-value less than or equal to 0.05 were
displayed. Statistical analysis specifications were given for each data set in the table or figure

legend.
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