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“The nature of promises is that they remain immune to changing circumstances.”

House of cards
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1 Abbreviations

A1 receptor - A adenosine receptor

ADA - adenosine deaminase

Ado - adenosine

ADP - adenosine diphosphate

AMP - adenosine monophosphate

ANOVA - analysis of variance

ATP - adenosine triphosphate

C - concentration

Cx - regression parameter provided by RRM for theattarization of the surplus interstitial
adenosine

CAMP - cyclic adenosine monophosphate

CF - contractile force

CNP - concentrative nucleoside transporter

Co - control

COPD - Chronic Obstructive Pulmonary Disease

CPA - N°-cyclopentyladenosine

CPX - 8-cyclopentyl-1,3-dipropylxanthine

DCF - 2’-deoxycoformycin

DMSO - dimethyl-sulfoxide

E - effect

E’ - biased effect

Ex - effect produced by the surplus interstitial aakne
ECso - agonist concentration producing half-maximaeetf
E/c - concentration-effect

ENT - equilibrative nucleoside transporter

ENT1 — NBTI-sensitive equilibrative nucleoside sporter
Emax - the maximal effect

Eq - equation

FSCPX - 8-cyclopentyl-§[3-(4-(fluorosulfonyl)benzoyloxy)propyl]-Npropylxanthine
M2 receptor - M2 muscarinic receptor

MC - acetylg-methylcholine chloride

n - Hill coefficient

NBTI - S-(2-hydroxy-5-nitrobenzyl)-6-thioinosine

NCD - noncommunicable diseases

RRM - receptorial responsiveness method

S - solvent treatment

SEM - standard error of mean

T4 - L-thyroxine sodium salt pentahydrate

WHO - World Health Organization



2 Introduction

2.1 Epidemiological background

Currently, the major challenges to health andfbfethe low-income countries are

principally infectious diseases and the shortagdeoheeds. By contrast, in the high-income

countries, the leading cause of death is the godweardiovascular diseases (Fig. 1, 2).
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Fig. 1. Top 10 causes of death according to countgme in 2012 (WHO 2014a)




Despite the rapidly evolving therapeutic strategiethis field, ischemic heart disease,
the most common cardiovascular disease, has rethainejor cause of fatality in the decade
prior to this writing, causing 7.4 million deatms2012 alone, with 3 in every 10 deaths

worldwide resulting from cardiovascular diseasesral in that year (Fig. 2; WHO 2014b).
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Fig. 2. The 10 leading causes of death in the wiarD12 (WHO 2014b).

In terms of proportion of deaths caused by noncomaable diseases (NCDs), high-
income countries have the highest value — 87%l afealths resulted from NCDs — followed
by the upper-middle-income countries (81%). Theyprtions are lower in the lower-middle-

income (57%) and low-income countries (37%) (Fig. 3

Based on the aforementioned, a basic understaodieigdogenous protective
mechanisms of the heart against ischemia is a siegcésr the development of new rational
therapeutic strategies (Perricone and Vander H2dd; Kleinbongard and Heusch 2015).
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Fig. 3. The 10 leading causes of death in the wyyldercentage (WHO 2014b).

2.2 Adenosine and adenosine receptors

Adenosine is an adenine nucleoside that serves msportant regulator in the
cardiovascular system (Fig. 4). Adenosine molecatesconstantly produced and eliminated
in the body. Adenosine plays an important roleumofamental biochemical routes (such as
energy transfer) as well as in signal transdugbia@tesses (as the endogen agonist of
adenosine receptors) (Sato et al. 2005).

OH OH

Fig. 4. The structure of adenosine

4



Adenosine is the precursor and decomposition prtoafubTP (adenosine
triphosphate), the most important energy transfalenule in living tissues, thus adenosine is
a superior indicator of the energy level of theyodcomparison with other nucleosides.

Thus the level of this molecule indicates the eshian of the cells (Doenst et al. 2013).

Intracellular adenosine is generated through timamy paths. It is mainly formed via
hydrolysis of AMP, and, in a lower quantity, is released frormd&nosyl-homocysteine.
The pathway involving BAMP, which compound is derived primarily from AHAd
secondarily from cAMP, is highly regulated (beirapled to bioenergetic state), and it is the
most important way in the generation of regulatlgnosine (Deussen et al. 1989; Kroll et
al. 1993). Several studies have identified theacgHular >AMP pool as the major source of
adenosine release under both resting and ischeyp@{it conditions (Borst 1991;

Headricket al. 1992; Darvish et al. 1996. Extradal adenosine is generated from enzymatic
degradation of interstitial ATP, ADP, AMP and cAMFhe speed limiting step is the AMP

- adenosine transformation, which process is catdly®y the ecto-Enucleotidase
(Sommerschild and Kirkebgen, 2000, 2002; Fredhoahe&t001, 2011).

In normoxic cellular metabolism, the major portiminintracellular adenosine
transforms to AMP with the help of adenosine kinagsle the remaining part is deaminated
by the intracellular adenosine deaminase. Adenasineébe eliminated from the interstitial
fluid in three ways:

1. breakdown by adenosine deaminase (ADA) (Fig. 5)

2. getting into the bloodstream

3. uptake into cells of certain tissues such as emtiath and myocardium
(Sommerschild and Kirkebgen 2000, 2002; Fredholal.&t001).

Adenosine molecules can move across the cell memahwéh active or passive
transport. Active transport is carried out by coricative nucleoside transporter (CNT) and
the passive one is performed by equilibrative masilde transporter (ENT). In the heart, there
are mainly ENT transporters, especially ENT tyd&NT1), which is sensitive to inhibition
with NBTI (nitrobenzylthioinosine) (Conant and Jigrv1991, 1994). Therefore, the adenosine
transport of cardiomyocytes is primarily determitgcthe difference between the intra- and

extracellular adenosine concentration (Deusseh &989; Deussen 2000a, 2000b).

Regulatory effects of adenosine are mediated pregortly by activating cell-surface
adenosine receptors (Fredholm et al. 2001, 201ExeTare four adenosine receptors among

vertebrates, which have been denoted adenosia@ad\Aa, A>g and A receptors (Fredholm



et al. 2001a).

Fig. 5. The structure of adenosine deaminase waih@ion (bluish sphere) at center
(Kinoshita et al. 2005)

All members of the adenosine receptor family angr@ein-coupled receptors and
each bears the characteristic motif of seven trengonane spanning domains. The ligand
biding site of these receptors faces to the intenst. A; and A receptors preferentially
couple to Gprotein to inhibit adenylate cyclase and consetjyém decrease the production
of CAMP, while Aa and Ag subtypes stimulate the production of cCAMP via dmgpto Gs
or G (Fredholm et al. 2001, 2011; Burnstock et al. 20z@rman et al. 2012). Adenosinergic
signaling is a powerful endogenous tissue proteatiechanism, which is a component of the
ubiquitous purinergic system that has been higbhserved in vertebrate evolution
(Verkhratsky and Burnstock 2014).

So, the phylogenetically ancient and ubiquitousa8enosine receptor {Aeceptor)
exerts complex regulatory functions in almostialues, including the myocardium, in which
the Acis the main adenosine receptor type (Fredholm. &08l1, 2011; Burnstock et al. 2010;
lizerman et al. 2010, 2014) (Fig. 6, 7). The mydarA: receptor is involved in extensive
protective and regenerative functions. This inctudegative tropic effects that limit energy
consumption, and thereby contribute to the pradectif the heart against ischemic-hypoxic
damages (Headrick et al. 2011, 2013). Consistethity A, adenosinergic pathways play an
essential role in the phenomenon called ischengcgrditioning by initiating powerful
protective and regenerative processes that prevehtemediate damage caused by ischemia
and subsequent reperfusion (Headrick et al. 20081 ;20tani 2008).



Fig. 6. The structure of Aadenosine receptor (USCN 2015)
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Fig. 7. Dendrogram of adenosine receptors for iffelaboratory and domestic animal. The
scale at the bottom indicates the amino acid semueomology in percentage. There is about
95% matching for the human and guinea-pigadenosine receptor that is the highest value
for this receptor type (Fredholm et al. 2001; |dzan et al. 2012).

Pharmacological activation of the Adenosinergic system is a prospective, although
yet modestly utilized possibility that may haveymetive and therapeutic implications in
numerous cardiovascular maladies, including ischémaart disease and certain types of
arrhythmias (Szentmiklosi et al. 2011, 2015). Femtore, the Areceptor stimulation as a



therapy may come into play in avoiding hypoxic ngjduring heart transplantation, too (Lim
et al. 2013; Burnstock and Pelleg 2015).

As mentioned previously, theiAeceptor mediates negative tropic effects on daeth
that involve negative inotropic activity on bottetatrium and ventricle (Shryock and
Belardinelli 1997). In the ventricle,/Aeceptor agonists evoke only an indirect negative
inotropic effect, thereby reducing only the postimotropic action of other agents (Bohm et
al. 1984, 1985; Belardinelli et al. 1995). In casi; A receptor agonists exert a significant
direct negative inotropic effect on the atrium inshspecies, including the guinea pig and
human (Szentmiklosi et al. 1982; Bohm et al. 1984rmo et al. 1986; Brodde et al. 1992;
Belardinelli et al. 1995). This means that stimolabf A; receptors can decrease the atrial
contractile force deeply below the resting level.

Accordingly, several classes of compounds thavaigithe A receptor pathway (A
receptor agonists, Aeceptor enhancers and agents elevating the emoog@denosine
levels) are under consideration or in use for &ewapof indications, e.g. as antiarrhythmic,
antianginal, antidiabetic and antinociceptive agé€ktzein and Zablocki 2008; Schenone et
al. 2010; Fredholm et al. 2011; Szentmiklosi eR@ll1; Albrecht-Kipper et al. 2012; Staehr
et al. 2013). Since these drugs, either directiydirectly, target the same molecular object
(A1 receptor), a major safety-related challenge enure the desired effect in a particular
indication, while minimizing some or all other efts. In general, the direct negative inotropic
effect can be considered as undesirable, becadsea atrial contractility may initiate or

exacerbate a wide range of cardiovascular diséBsessi et al. 2000; Betts 2012).

2.3 Receptor reserve

The first step of a drug-receptor interaction s ltiding of the drug to the receptor,
which depends on the complementarity of ‘fit" oéttwo molecules. The closer the fit and the
greater the number of (usually noncovalent) mokechibnds, the higher will be the affinity of
the drug for the receptor. While both agonists ami@gonists have affinity to the receptor,
only the agonist has a special feature to interverse@me functions of the cell expressing the
given receptor. This phenomenon is mediated byatjomist-receptor complex in a way that

this complex bounds to some transducer elemeriteioell.



According to the ternary complex model applied tpr@Gtein coupled receptors, when
an agonist binds to a free receptor, first theynfan agonist/receptor/G-protein complex that
possesses small ability to alter the function ef¢hll (because it has low affinity for a
transducer that mediates the effect of the agofhgg) 8). Then, this complex will switch to
another conformation (isomerization step) thatldigp great ability to change the cell
function (having high affinity for the transducem@sulting in an effective signal transduction.
Classical dogma states that the ratio of the Iduiaf to the high affinity predicts intrinsic
activity of drugs: the higher the ratio, the higkiee intrinsic activity (Egan et al. 2000).

Agonist—receptor Agonist—receptor—
Agonist Receptor complex Transducer transducer complex
@ - »-PD»—
Intrinsic
Affinity (Ka) efficacy

(Kag = affinity of AR
complex for transducer)

Fig. 8. The ternary complex model (Neal 2012)

The two major determinants of tissue responsivetteagyiven agonist are the
receptor number and the signal amplification abiit receptors related to the agonist in the
given tissue. Within the traditional receptor thedhe signal amplification ability is
characterized by the so-called receptor reserve.ré&teptor number and receptor reserve
show a high positive correlation across the difietessues (Dhalla et al. 2003; Kenakin
2009).

The term receptor reserve refers to a phenomenenelviz stimulation of only a

fraction of the whole receptor population appanealicits the maximal effect, achievable in a
particular tissue (Ruffolo 1982). The existenced(aragnitude) of receptor reserve depends

on the agonist (efficacy), tissue (signal amplifica ability) and measured effect (pathways
activated to cause signal amplification). Thughiemost general sense, receptor reserve is an
integrative measure of the response-inducing cgpatan agonist (intrinsic efficacy) and of
the signal amplification capacity of the correspogdeceptor (and its downstream signaling
pathways) (Kenakin 1987, 2009; Dhalla et al. 2083)receptor reserve is very sensitive to
agonist’s intrinsic efficacy, it is usually definedly for full (high-efficacy) agonists (Kenakin

2009; Dhalla et al. 2003). If receptor reservedatgednined with the same (high-efficacy)



agonist, it can be used as a practical measutredignal amplification capacity of the
receptor. Theoretically, signal amplification me#mat, on a percentage basis, the effect
exceeds the receptor occupancy. In the experimpraatice, the simplest index of a big
signal amplification capacity (and thus, of a gmeaeptor reserve) is the phenomenon that
stimulation of even a small fraction of the whodeeptor population apparently elicits the
maximal effect (Ruffolo 1982).

As a consequence of the above-mentioned facts;dffglacy agonists usually act on
most tissues, expressing the given receptor a agionist. In turn, low-efficacy agonists
exert significant effect only in tissues with langeeptor reserve. Thus, use of low-efficacy
agonists can ensure tissue selectivity in a sdraedliey will not evoke biologically
significant effect in tissues with small (or noteptor reserve (Dhalla et al. 2003).

Relative to the adipose and neuronal tissues,abe has small Areceptor reserve
for electrophysiological actions such as the inwardctifying potassium current, L-type
calcium current, action potential duration (Dhataal. 2003). In contrast, previous studies
carried out in our laboratory have found a consiler A receptor reserve for the direct
negative inotropic effect of synthetic Aeceptor agonists (Gesztelyi et al. 2013) and
adenosine (Kiss et al. 2013). The magnitude oafbeementioned receptor reserve was
clearly demonstrated by an observation that FSGR@atent and irreversibleiAeceptor
antagonist, was unable to significantly reducenttaximal effect of both the synthetic
agonists and adenosine. This observation indigagtiong amplification of Areceptor
stimulus, regarding the direct negative inotroplyu3, among the possible cardiac side effects
of agents that produceiAeceptor stimulation, weakening of atria is a ptab (if not the
most probable) one (Gesztelyi et al. 2013; Kis®.e2013).

2.4 Thyroid state

The thyroid state influences several regulatorylmacsms, including functions of the
A1 receptor (for a brief review, see: Gesztelyi eRatl2). Among others, thyroid hormones
(T3, T4) markedly reduce the direct negative inotropieetffidecrease of the contractile force
without prior positive inotropic stimulation exedteéy another agent) ofi\Aeceptor agonists
(Szentmiklosi et al. 1992; Kaasik et al. 1994; Gelgzet al. 2003a). Hyperthyroidism is a

pathological condition that, by upregulating a widage of metabolic processes, raises the
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oxygen and nutrient consumption in the tissues,thuns, increases the work of the heart (Cini
et al. 2009; Nabbout and Robbins 2010). As a carssze, excess thyroid hormones increase
the risk of congestive heart failure, ischemic hdaease and arrhythmias, and thereby
elevate cardiovascular mortality (Franklyn and Beetl 2012). In light of these facts,
suppression of the Aadenosinergic system by thyroid hormones may @seerns. Thus, it

is of importance to find out possibilities to enbarthe depressed function of the A
adenosinergic system in hyperthyroidism.

Excessively high levels of thyroid hormones pldoeeart under elevated stress. This
phenomenon occurs due to the capacity of thyrorthbaes to upregulate a wide range of
metabolic processes and, thereby, to increasextfgeen and nutrient demand of the tissues.
In addition, these hormones may directly evoketpastropic effects on the heart, including
positive inotropy (Pietras et al. 1972; Kiss etl#194), although this latter effect
predominantly affects the ventricle (Kaasik etl&l97). These factors combine to increase
heart rate and cardiac output, which places amdxtrden on the heart (Cini et al. 2009;
Nabbout and Robbins 2010). Consequently, hyperitiggra elevates the cardiovascular
mortality by increasing the risk of congestive héaiture, supraventricular arrhythmias,
embolism and ischemic heart disease (Franklyn aredart 2012). Therefore, therapeutic
tools, which enhance the tolerance of the heascttemia and subsequent reperfusion, may
be particularly useful for hyperthyroid patients.

Although adenosinergic drugs seem convenient totesbalance many of deleterious
effects of hyperthyroidism, potential undesireceef§ of agents producing Aeceptor
activation must also be considered under hyperttiyrondition. Indeed, thyroid hormones
markedly reduce the effect ofiAeceptor agonists on the contractility of atriag@miklosi
et al. 1992; Kaasik et al. 1994; Gesztelyi et @D3a). Thus, it may be hypothesized that the
risk for weakening of atria in response tpadlenosinergic stimulant agents, which seems to
be high in euthyroid condition (Gesztelyi et al120Kiss et al. 2013), might be lower in
hyperthyroidism.

2.5 The significance of the interstitial adenosine leven the heart

Adenosinergic signaling is a powerful endogenossute-protective mechanism. In the

heart, adenosine receptors also exert complexatgylfunctions. The myocardiahA
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receptor is involved in extensive protective argereerative actions. This includes negative
tropic effects that limit energy consumption aneréby contribute to the protection of the
heart against ischemic-hypoxic damages. A basienstahding of endogenous protective
mechanisms of the heart against ischemia is a siecésr the development of new rational
therapeutic strategies. The elevation of the ititelsadenosine level could trigger the

adenosinergic signaling and thus initiate the eargrotective mechanisms.

An opportunity to influence the interstitial adem@sconcentration is to blunt
enzymes participating in the elimination of adenesiAdenosine deaminase (ADA), by
converting adenosine into inosine, plays an immpaytthough not pivotal role in the nucleic
acid metabolism of the heart (Fredholm et al. 2@01L1; Headrick et al. 2011). Inhibition (or
deficiency) of ADA increases both the intra- antrasellular adenosine concentrations,
which enables the surplus adenosine to exertfigstsivia both intra- and extracellular
binding sites (Sandhu et al. 1993; Zhu et al. 19894]speth et al. 1994; Manthei et al. 1998;
Peart et al. 2001, 2003; Willems et al. 2006; Ali@tEah et al. 2012). Consistently, the
inhibition of ADA augments actions of exogenousram#ne as well (Szentmiklosi et al.
1982; Gesztelyi et al. 2003b).

In a previous study, we found that inhibition of Alincreases the signal
amplification of the A adenosinergic system, regarding its direct negatigtropic function
in the hyperthyroid guinea pig atrium (Kemeny-Bekeal. 2007). As ADA inhibition elevates
the adenosine levels and thus augmentsaleéeptor-mediated processes, it is not easy to
identify this particular (efficiency enhancing) iact of ADA inhibition. For this purpose, a
special experimental design would be needed thatiiable to distinguish the functional
consequences of ADA inhibition, as regards theekeptor-mediated direct negative

inotropy.

Another way to manipulate the interstitial adenedavel is inhibition of the
adenosine flux across the cell membrane. In thalpodétally intact myocardium, adenosine
mainly forms in the interstitium and is eliminatedhe cell interior, therefore, the net
adenosine transport is directed into the cardiomygsc(Deussen et al. 1999; Deussen 2000a,
2000b). In the heart, the transmembrane adendsix@ésses almost exclusively through
ENT1, a nucleoside transporter type that is equaitiee and sensitive to inhibition by NBTI
(Thorn and Jarvis 1996). Accordingly, in our prexscstudies, NBTI was found to elevate the
interstitial adenosine level in the guinea piguatri(Karsai et al. 2006; Kiss et al. 2013),

which action was more pronounced in hyperthyroid{giarsai et al. 2007; Pak et al. 2014).
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As the ligand binding site of adenosine receptiaccessible from the interstitium, it
is especially important to gather information abcheéinges of the interstitial adenosine
concentration. However, in the functioning hedrése data cannot be assessed with sufficient
accuracy (at least for our purposes) by the comynasgd methods, because of the rapid
turnover and poor access of adenosine in the liigsgies (Karsai et al. 2006; Ramakers et al.
2008). Under well-defined circumstances, the ramggdtresponsiveness method (RRM), a

method developed in our laboratory (Gesztelyi e2@04), may address this problem.

2.6 The receptorial responsiveness method (RRM)

RRM, although it has been only recently developedyoted in the classical
pharmacology (Gesztelyi et al. 2004; Pak et al420RRM is based on a simplified
mathematical modelling of the interaction betwaga &gonists that consume the response
capacity of the same (or at least greatly overlagpsignal-transduction (Grenczer et al.
2010a, 2010b). This way, RRM enables the quantifinaof an acute increase in the
concentration of an agonigia generating concentration-effect (E/c) curves \thih same or
another agonist (which latter is more stable ofgored for any other reasons) in the given
tissue. As a limitation, if the two agonists aratent, the surplus concentration in question
can be quantified only with a surrogate parameerthe equieffective concentration of the
other agonist. However, a unique feature of RREhad - owing to its functional assay nature
- it provides information about the agonist concatimin in the vicinity of the specific
receptors, a tissue compartment otherwise diffimuéiccess in a working organ (Gesztelyi et
al. 2004; Grenczer et al. 2010a, 2010b).

To unambiguously distinguish the agonists playimgla in the performance of RRM,
the agonist that is to be quantified has been deraied as “biasing agonist”, while the
agonist used for the construction of the E/c cuswealled “test agonist”. The biasing agonist
is already present in the system before takind=tbecurve, and thus it has exerted an effect
when the E/c curve starts. If we ignore the biasiggnist concentration and its effect, the
resulting E/c curve will not represent the reapmssiveness of the receptors to the test
agonist (it will underestimate this), because ttasibg agonist has in part consumed the
capacity of the system to respond before the gaoeraf the E/c curve (this way, the biasing

agonist “biased” the E/c curve).
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As a thought experiment, let us illustrate theuafice of the biasing agonist
concentration (being unheeded) on the responsisesfdake receptor detected with a
subsequently administered test agonist concentréb@ing taken into account). Let us
administer a full agonist to its receptor at a @riation that evokes (practically) the
maximal response. Then, let us ignore this agaoistentration and its effect by defining the
evolved response as baseline value. If we admirastather agonist dose to this system,
(practically) no response will be detected. Sayfigently high concentration of a full
agonist (as a biasing agonist) nullifies the respamess of its receptor, when detected with a
subsequently administered concentration of the segoaist (or another one activating the
same or a largely overlapping signaling). Of coutisis is a virtual decrease of the receptor
responsiveness that is produced by the ignorantteedfiasing agonist and its effect.

Biasing agonist concentrations producing submaxaffatts do not annul rather
concentration-dependently decrease the responsiseéna subsequently added test agonist
concentration. This phenomenon can be describetlgxsyy means of an equation (see below
in the Materials and methods section). This retesiop enables the estimation of a biasing
agonist concentration from the extent of the deserdhias) in the response to a test agonist
concentration. If we construct E/c curves in theegsilte and presence of the biasing agonist
concentration and compare the two curves, the m@tation will be more accurate and
reliable. To the best, the E/c curve generatetierpresence of the biasing agonist
concentration should be fitted to the equation meetd above. The fitted equation should
contain the main parameters of the E/c curve coastd under the same conditions but in the
absence of the biasing agonist concentration istgque These parameters can be obtained by
fitting the unbiased E/c curve to the Hill equatitme simplest and most flexible receptor
model (see below in the Materials and methods@ectUse of these parameters is essential
for RRM as they hold information about the intaatlfiased) concentration-effect
relationship, against which the virtual decreasthéresponsiveness can be quantified
(Gesztelyi et al. 2004; Grenczer et al. 2010a, BOP@k et al. 2014).

Thus, RRM is a nonlinear regression with two vadgalftest agonist concentration
used to generate the E/c curve and the relatedt @idue of the curve constructed in the
presence of the biasing agonist) and one pararfib&biasing agonist concentration or test

agonist concentration that is equieffective witl thasing agonist concentration).
Requirements of RRM (Gesztelyi et al. 2004; Greneta@l. 2010a, 2010b):

1. The effect should be well measurable.
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The test agonist should be stable and have thigyabilpenetrate.
The biasing agonist concentration should not chalgmg the determination.

The effect evoked by the biasing agonist shoultbbated at the medium part
of the intact E/c curve (that is generated in theeaice of the biasing agonist)

of the test agonist.
The receptors should not undergo desensitization.

The maximal response achievable with the test agshould be close to that
achievable with the biasing agonist in the givestay. In general, the biasing
and test agonist should be similar with regardh&rtpharmacodynamic
properties. If it is not possible, the efficacytioé test agonist should be lower
rather than higher in comparison with the efficatyhe biasing agonist.

Fulfilment of the above-mentioned criteria in onvestigations:

1.

2.

The contractile force is a robust measure thateareliably determined.

Agonists used to generate E/c curves in our waek felow in the Materials
and methods section) were stable and could easiigtpate the thin atrial

tissue (Pavan and ljzerman 1998).

The rise in the interstitial adenosine concentratiat served as biasing
agonist concentration in our experiments devela@sed result of a dynamic
equilibrium of different processes in the myocandiu

We generated a rise in the interstitial adenosomeentration that was

sufficiently great to evoke a properly strong dineegative inotropic effect.

Although RRM, in principle, can be applied for eaehbeptor, the Areceptor
is especially suitable for this purpose, due tslitsv desensitization (Mundell

and Kelly 2011) relative to the duration of the si@@ment.

Agonists used to generate E/c curves were albfydinists capable of
producing almost total loss of atrial contractbede, just like adenosine (the
biasing agonist).
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2.7 Interaction between the A adenosinergic and M cholinergic systems

In the heart, the Aand M receptors are the predominant receptor typesden@sine
(Headrick et al. 2013; ljzerman et al. 2014) anetycholine (Harvey 2012; Birdsall et al.
2014), respectively. In the atrium, both &d M receptors bind to fg proteins and, thereby,
both of them can open the muscarinic-operated pot@schannel and blunt the adenylyl
cyclase activity with the consequent inhibitionatifcAMP-dependent signaling pathways
(Caulfield and Birdsall 1998; Fredholm et al. 200Q11; Harvey and Belevych 2003; Harvey
2012; Headrick et al. 2011, 2013). As a consequératb A and M receptors can mediate
direct negative inotropic effect (Belardinelli ¢t #2995; Kurachi 1995). Thus, althougia
binding to different receptors, agonists for thesmeptors activate greatly overlapping signal-
transduction pathways in the atrium. Further sintits between Aand M receptors are that
both of them are controlled by thyroid hormones {Th) (Sharma and Banerjee 1977,
Ishacand Pennefather 1983; Kastrup and Christel8®4t Rubinstein and Binah 1989; EI-
Ani et al. 1994; Kaasik et al. 1994, 1997a, 19%dsch et al. 1999; Ojamaa et al. 2000a, b;
Shenoy et al. 2001; Sunagawa et al. 2005; Gesaedli 2012), and our knowledge about

this regulation is incomplete and, in some argaxynsistent yet.
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3 Goals

The work presented in the present thesis can beedivnto two main parts: Study 1
and Study 2.

In Study 1, the goal was to test our hypothessthe risk for weakening of atria in
response to Areceptor agonists might be lower in hyperthyrordign a model that allows
characterization of the effect exerted bytfEatment on the Areceptor reserve belonging to
the direct negative inotropic effect of adenosker. this purpose, a set of special
experimental protocols, based on construction ateatration-response curves, were used,
followed by a unigue evaluation procedure, whichnsadaptation of the receptorial
responsiveness method (RRM). This experimentaésystas designed to prevent the rapid
intracellular elimination of exogenous adenosimal #nen to correct for the bias caused by

the consequent accumulation of endogenous adenosine

In Study 2, our major goal was to develop an expenital framework suitable to gain
further insight into the functional consequencesDA inhibition, as regards the:A
receptor-mediated direct negative inotropy, und¢h leu- and hyperthyroid conditions. This
was important because ADA inhibition elevates ttier@sine levels and thus augments all A
receptor-mediated processes, therefore it is rsyt aidentify the efficiency enhancing
action of ADA inhibition on the Aadenosinergic signaling, an effect that was pregas a

previous study (Kemeny-Beke et al. 2007).

Furthermore, an additional goal in Study 2 wass&eas the alteration in the
interstitial adenosine level caused by ADA inhiimtiby means of RRM, and then, to compare
it with the change produced by nucleoside trandplotkade, under both eu- and

hyperthyroid conditions.
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4 Materials and methods

4.1 Materials

The following chemicals were used:

% L-thyroxine sodium salt pentahydrateyT

% adenosine(non-selective adenosine receptor fuliatp

< N©&-cyclopentyladenosine (CPA) (CPA; selectivealenosine receptor full
agonist),

s acetyl$-methylcholine chloride (methacholine: MC; non-séikee muscarinic
receptor full agonist with high affinity for the vhuscarinic receptor (M
receptor))

« 8-cyclopentyl-1,3-dipropylxanthine (CPX; selecticempetitive A adenosine
receptor antagonist)

% 8-cyclopentyl-N-[3-(4-(fluorosulfonyl)benzoyloxy)propyl]-&propylxanthine
(FSCPX)

% S-(2-hydroxy-5-nitrobenzyl)-6-thioinosine (NBTI;lsetive inhibitor of
nucleoside transporter type ENT1)

% pentostatin (2’-deoxycoformycin: DCF; selectiveibitor of adenosine
deaminase) in Nipehf, which was the generous gift of Wyeth
Pharmaceuticals (Collegeville, PA, USA).

Experiments were conducted in modified Krebs-Hezisblffer (Krebs solution) that
contained 118 mM NacCl, 4.7 mM KCI, 2.5 mM Call mM NakPQ;, 1.2 mM MgCh, 24.9
mM NaHCQ;, 11.5 mM glucose and 0.1 mM ascorbic acid (dissbiwv redistilled water). 4T
was dissolved in physiological salt solution comitag 0.01% NaOH. Adenosine and MC
were dissolved at 36°C in Krebs solution. CPA wiasalved in ethanol: water (1:4) solution
(v/v). CPX, FSCPX and NBTI were dissolved in dimgtbulfoxide (DMSO). All stock
solutions were adjusted to a concentration of 10, @idept for the adenosine stock solution,
which was used to achieve 3 mM concentration irbéitbing medium. For this purpose, 20
mM adenosine solution was freshly prepared befach @ise. DCF was dissolved in
redistilled water (according to the manufacturarsructions). Stock solutions were diluted

with Krebs solution (when appropriate). The congaian of ethanol and DMSO did not
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exceed 0.023% (v/v) and 0.1% (v/v), respectivaiythie organ baths at any time.

4.2 Animals and preparations

All animal use protocols were approved by the Cotteaiof Animal Research,
University of Debrecen, Hungary (3/2012/DE MAB). Madartley guinea pigs weighting
600-900 g were used (Fig. 9).

Fig. 9. Hartley guinea pig

A group of animals received 330 pg/kgdaily (ip.) for 8 days i vivo T4 treatment),
and the vehicle of #was administered dailyp() for 8 days to the other groum {vivo solvent
treatment). On the ninth day, the animals werdajuied. Left atria were quickly removed
and mounted at 10 mN resting tension in 10 ml gaktorgan chambers (Experimetria TSZ-
04) containing Krebs solution oxygenated with 95%@a@d 5% CQ (36°C; pH 7.4) (Fig. 10).

Atria were paced by platinum electrodes (3 Hz, 1 twie the threshold voltage),
with the use of a programmable stimulator (ExpetiaésT-02) and power amplifier
(Experimetria PST-02). The contractile force waareabterized by the amplitude of the
isometric twitches, which were detected by a traoed (with a displacement 200 um/qg)
(Experimetria SD-01, Fig. 11) and strain gauge @xpetria SG-01D), and recorded by a
polygraph (Medicor R-61 6CH Recorder).

4.3 Arrangement of investigations underlying the presenthesis

Our investigations, according to the two publicat@sed for the present thesis, were
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divided into two studies referred to as Study 1 Shaly 2.The essence of protocols of both
studies was the construction of two or three Efgesion guinea pig atria. Between two E/c
curves,in vitro treatments were carried out. In both studiesdttext negative inotropic
function was assessed, because it is a strongmealsurable and well-reproducible effect,
mediated by the Areceptor located in the atrial myocardium. Thésieal and paced left atria
formed a greatly simplified model system, in whiagative tropic effects of different
agonists could manifest only in a decrease of tmeractile force. This condition was
important for the acquisition of accurate datadose the direct component of negative
inotropy is very sensitive to any change in theg@ency of contraction (Endoh 1999). The
reliability of the raw data was essential, as opputies inherent in RRM could be only
exploited using accurate input data.

Fig. 10. Isolated-organ chamber before experimefttganel) and in use (right panel)

As a first step, an adenosine concentration-eftef) curve was constructed with
adenosinein all protocols. Adenosine was used to assesseponsiveness of the naive (
vitro untreated) Areceptors. Adenosine is especially suitable fer plrpose because of its
rapid elimination without yielding confounding bygalucts (Wilbur and Marchlinski 1997).
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Fig. 11. The transducer used for the detectiom@famplitude of isometric twitches

If the agonist of the next E/c curve was not ademogather CPA or MC), only one
E/c curve followed the adenosine E/c curve, dudecslow elimination of CPA and MC from
tissues relative to adenosine (Pavan and 1Jzer®@8; Gesztelyi et al. 2004). Thus, only one
CPA or MC E/c curve was constructed in each prejoaran order to avoid the prolonged
washout period that would have been necessary battwe CPA or MC E/c curves.

4.4 Experimental groups and protocols for the Study 1

Both solvent- and #treated atria were randomized into six-six grofipsin vivo
solvent and Ttreatment were indicated with an S and T, respelgtiin the group name). In

each group, one of four protocols was carried Gubups and protocols applied:

e Sl {n=5)and T1lr =5) for Protocol 1 (demonstration of thigéeet of FSCPX on
the adenosine E/c curve)

« S2 (n=5)and T2 = 6) for Protocol 2 (attempt to determine ther@ceptor
reserve for adenosine)

e S3-Control (=7), S3-NBTI (1 = 7), T3-Controlf = 8) and T3-NBTI = 9) for
Protocol 3 (data collection to determingthie CPA concentration that is
equidfective with the surplus endogenous adenosine, adetea interstitially in

the presence of NBTI)
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e S4-Control (= 7), S4-FSCPXn(=7), T4-ControlQ = 7) and T4-FSCPXn(= 7)
for Protocol 4 (data collection to compute the niegainotropic éfect of ¢ on the
FSCPX-pretreated atria).

The protocols and evaluation procedures were destpreviously in detail (Kiss et

al. 2013), they are summarized briefly in Tablendl &ig 12.

P First incubation First E/c curve

Krebs solution for 25 min;

1 100uM adenosine for 1 min; " i(:/(laio?:ﬁvl)
Krebs solution for 15 min
Krebs solution for 25 min; adenosine
2 100uM adenosine for 1 min; (1 nM = 3 mM)
Krebs solution for 15 min
. . adenosine
3 Krebs solution for 40 min (1 nM — 1 mM)
. . adenosine
4  Krebs solution for 40 min (1 nM — 1 mM)
Second incubation Second E/c curve
Krebs solution for 15 min; adenosine
1 10 pM FSCPX for 45 min; (1 nM = 3 mM)
Krebs solution for 75 min
2 Krebs solution for 15 min; adenosine
10 uM NBTI for 15 min (1 nM =3 mM)
3 Krebs solution for 15 min; CPA

10 pl DMSO (control) or 10 uM NBTI for 15 min (0.1 nM — 0.1 mM)

Krebs solution for 15 min;
4 10 pl DMSO (control) or 10 uM FSCPX for 45 mi
Krebs solution for 75 min

. CPA
0.1 1M - 0.1 mm)

Third incubation Third E/c curve
Krebs solution for 20 min;

5 10 uM FSCPX for 45 min; adenosine
Krebs solution for 60 min; (1 nM =3 mM)

10 M NBTI for 15 min

Table 1. The four protocols used for both the saivand T-treated guinea pig atria. P,
number of protocol; CPA, N6-cyclopentyladenosin&TN S-(2-hydroxy-5-nitrobenzyl)-6-
thioinosine; FSCPX, 8-cyclopentyl-N3-[3-(4-(fluotdonyl)benzoyloxy)propyl]-N1-
propylxanthine.
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Protocol 1 (S1, T1) Protocol 2 (S2, T2)

Protocol 3 Protocol 4

(S3-Control, S3-NBTI, (S4-Control, S4-

T3-Control, T3-NBTI FSCPX, T4-Control,
T4-ESCPX)

Fig.12. Conspectus of protocols and groups. The rieaiture of all protocols, used for the
Study 1, was construction of two or three E/c camnwéh in vitro treatments inserted into
them. The first (innermost), third and fifth annofithe doughnut chart represent the E/c
curves (showing the agonist used), while the seemnidfourth annuli symbolize the in vitro
treatment (indicating the applied chemicals ina&l Sectors of the doughnut chart denote
the particular protocols that progressed from tisgdie out. The hames of the experimental
groups, which underwent treatments specified bytb&ocols, are listed outside of each
sector. Two groups belonging to one protocol, afendd diagrammatically above by one
sector. Within this sector there are one groupuigiclg solvent-treated atria and another one
showing T-treated atria. Ado: adenosine; CPA-¢yclopentyladenosine; S: solvent
treatment; T: T (thyroxine) treatment; Control: control; DMSO: déthyl-sulfoxide; FSCPX:
8-cyclopentyl-N3-[3-(4-(fluorosulfonyl)benzoyloxydppyl]-N -propylxanthine; NBTI:
nitrobenzylthioinosine.
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4.5 Experimental groups and protocols for the Study 2

First, all atria were allowed to equilibrate in Keesolution for 40 min. Then, a

cumulative concentration-effect (E/c) curve wasstonrcted withadenosine

After a washout period (Krebs solution for 15 mistyja were randomized into groups
for the subsequeim vitro treatment. In the group names, the appledvo andin vitro
treatments were indicated (S - solvent-treatedT#treated; Co - control; and abbreviations
of the used chemicals):

e SCo(n=16),T Co(n=19)

¢« SCPX(n=12),TCPX (n=9)

+ SDMSO(n=6),TDMSO (n=7)

« SNBTI(n=6),TNBTI (n=7)

+ S DCF(n=10),T DCF (n = 18)

« S DCF CPX(n=8),T DCF CPX (n=9)

« S Co(CPA)(n=7),T Co (CPA)(n=9)

« S DCF (CPA)(n = 7) andl DCF (CPA) (n = 10).

Thein vitro treatment included 20 min incubation in the presenfKrebs solution
alone(S Co, T Co, S Co (CPA), T Co (CPA) D uM CPX (S CPX, T CPX) 00.1% (v/v)
DMSO alone(S DMSO, T DMSO) od0 uM NBTI (S NBTI, T NBTI) or10 uM DCF (S
DCF, T DCF, S DCF (CPA), T DCF (CPA)) &6 uM DCF with 10 pM CPX (S DCF CPX,
T DCF CPX). Finally, a cumulative E/c curve was g@eted withMC (S Co, T Co, SCPX, T
CPX, S DMSO, T DMSO, S NBTI, T NBTI, S DCF, T DC&DCF CPX, T DCF CPX) or
CPA (S Co (CPA), T Co (CPA), S DCF (CPA), T DCF (CP)g. 13).

For the first E/c curve, adenosine was used tosadbe responsiveness of thevitro
untreated atrial Areceptors. For the second E/c curve, MC or CPA (®latively stable
agonists for the Mor A receptor, respectively) was administered in otdeyather
information about the effect of the differentvitro treatments on the Mand A receptor
responses. In the atrium, signaling pathways afeéhe/o receptors are almost the same,
concerning the direct negative inotropic effectl@@ainelli et al. 1995; Harvey and Belevych
2003).
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S CPX, T CPX S NBTI, T NBTI

S DCF (CPA), | S Co (CPA),
T DCF (CPA) | T Co (CPA)

Fig. 13. Conspectus of protocols and groups inysud he pivot of Study 2 protocols was
the construction of two E/c curves with an in vitreatment inserted into them. The inner and
outer annuli of the doughnut chart represent tleecEfves (showing the agonist used), and
the medium annulus symbolizes the in vitro treatn(edicating the applied chemicals in
italics). Sectors of the pie chart denote the paldr protocols that progressed from the inside
out. The names of the experimental groups, whiacteoment the protocols, are listed outside
of the sectors. Two groups belong to one protomoé (sector): one group including solvent-
treated atria and another one involvingtieated atria. Ado: adenosine; CPA: N6-
cyclopentyladenosine; MC: methacholine; S: soledtment; T: T4 (thyroxine) treatment;
Co: control; Krebs: Krebs solution; CPX: 8-cyclopgl,3-dipropylxanthine; DMSO:
dimethyl-sulfoxide; NBTI: nitrobenzylthioinosine;@F: 2’-deoxycoformycin.

According to the major goal of this study, the Aiibitor DCF was administered
during thein vitro treatment to investigate the effects of ADA inhidm on the atrial A
adenosinergic system (which has a significant apewith the M muscarinergic machinery).

The A receptor antagonist CPX was added solely (to chieaifect alone) and together with
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DCF (to explore the contribution ofiAeceptors, activated by endogenous adenosinergyadi
the deamination by ADA, to the effect of DCF on M€ E/c curve). Blockade of the inward
adenosine transport, elicited by NBTI, was apple&edenerate data about the increase in
concentration of interstitial adenosine in thistigatar experimental setup (using MC), and
thereby, to enable the comparison between ADA itibib(by DCF) and nucleoside transport
blockade (by NBTI) regarding their effect on theenstitial adenosine level. DMSO treatment

served as control for the NBTI treatment.

4.6 Empirical characterization of E/c curves

The effect (defined as a percentage decrease initla contractile force), obtained
from the experiments, was plotted against conceotraf agonists administered. Both
individual and averaged E/c curves were fittechHlill equation (Hill 1910):

E=E, 0O > Equation 1
¢ +EG,,

where: ¢ - the concentration of the agonist adrtengsl; E - the effect; fx - the
maximal effect; EGo - the agonist concentration producing half-maxieféct; n - the Hill

coefficient.

Hill parameters (kax, EGso, n) of the individual E/c curves were used for stegtistical
analysis. Hill parameters of some averaged E/cesuwere applied for the mathematical

correction of some other E/c curves (see below).

4.7 Quantification of the E/c curve change caused by NB and DCF

The surplus interstitial adenosine, accumulated theebasal level in response to the
inhibition of nucleoside transport or ADA, biasé tshape of the E/c curves constructed in

the presence of NBTI or DCF. This bias affects lmthcentration and effect values of the
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E/c curves, because the biased effect values areglatfainst concentration values of the
administered (exogenous) agonist, while the comagan of the surplus endogenous
adenosine is neglected. As DCF was found previdosiyfluence the signaling efficiency of
atrial A« adenosinergic system (Kemeny-Beke et al. 200&)bihised E/c curves, generated
with the A receptor agonist CPA in the presence of DCF, wgotuded from the
guantification. The bias of E/c curves, constructéth CPA or MC, was quantified with the
use of RRM (Gesztelyi et al. 2004; Grenczer e2@10a), by fitting the averaged data of the

biased E/c curves to the following equation:

100[E100— £ 0 &F C)E . J
Cc,+C) +
100_ ( X ) CSO

100-E,, 0>
Cx + ECSO

Equation 2

where:E’ in Study 1the effect value of the averaged CBA curve of the S3-NBTI
or T3-NBTI group that is considered to be biased.

E’ in Study 2 the averaged effect value of the biased MC Eveecof the group S
NBTI, T NBTI, S DCF or T DCF.

Emax EGso, N in Study 1the empirical parameters of the averaged ER¥curve of

the S3-Control or T3-Control group.

Emax EGso, N, in Study 2Hill parameters of the corresponding control-tgveraged
MC E/ccurve of the group S DMSO, T DMSO, S Co or T @Gspectively.

c in Study 1the concentration of CPA (administered for Eie curve)
c in Study 2the concentration of MC administered for the &lcve.

cxin Study 1the variable parameter of equation (2) indicatimg CPA concentration
that is equieffective with the surplus endogenalenasine concentration accumulated by
NBTI.

cxin Study 2the variable parameter of equation (2) denotirggMIC concentration
equieffective with the surplus interstitial ademasproduced by NBTI or DCF.
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4.8 Correction of effect values of adenosine E/c curvegenerated in the
presence of NBTI or DCF

The correction procedure was performed as descpb®dously (Kiss et al. 2013).

First, an effect belonging ta was calculated by means of the Hill equation (6§queB):

n

E-E O % Equation 3

¢ +EC,’

where:in Study 1Ey, the effect evoked solely by the surplus endogermenosine
accumulated by NBTky, the CPA concentration provided by equation E2}x ECso, n, the

empirical parameters of an appropriate GEAcurve (see the next paragraph).

In Study 2Ey, the effect evoked solely by the surplus intdedtdadenosine produced by NBTI
or DCF; ¢y, the MC concentration conveyed by the equatidnefofiging to the averaged MC
E/c curve of the group S NBTI, T NBTI, S DCF or TB); Emax EGso, n, Hill parameters of
the corresponding control-tyf&c curve (i.e. the averaged MC E/c curve of the giSup
DMSO, T DMSO, S Co or T Co, respectively).

WhenEx was computed for the averaged S2-NBTI or T2-NBirve, empirical
parameters of the averaged CBA curve of the S3-Control or T3-Control group were
substituted into equation (3), respectively. WBgmvas calculated for the averaged S2-
FSCPX+NBTI or T2-FSCPX+NBTI curve, empirical paraers of the averaged CH&(c
curve of the S4-FSCPX or T4-FSCPX group were writtéo equation (3), respectively.

Then, from effect values of a biased E/c curve @&q the corresponding.E

corrected effect values were computed with theafisiee following equation (equation 4).

(L00-E ') L00-E,)
10C

E =100- Equation 4

where:in Study 1 - Ethe correct (unbiased) effect (belonging to theraged S2-
NBTI, T2-NBTI, S2-FSCPX+NBTI or T2-FSCPX+NBTI cur)eE’, the biased effect
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(related to the foregoing curveg);, the effect of the surplus endogenous adenosuoauped

by NBTI (see equation 3).

In Study 2E, the corrected effecE’ - the biased effecEy, the effect of the extra
interstitial adenosine produced by NBTI or DCF ¢@mging to the averaged MC E/c curve of
the group S NBTI, T NBTI, S DCF or T DCF).

In order to correct effect values of MC E/c cureégroups S NBTI, T NBTI, S DCF
and T DCF, the averaged biased effects of theseuf¥es (as E’) and the corresponding E
values were substituted into the equation 4. Feictrrection of CPA E/c curves of groups S
DCF (CPA) and T DCF (CPA), averaged biased effetthese E/c curves were substituted
into the equation 4 along with Ealues belonging to the averaged MC E/c curvegafips S
DCF and T DCF, respectively. The reason to dowufais that the amount and effect of the
surplus interstitial adenosine, produced by DC#,ndit depend on the nature of the agonist,
used for a subsequent E/c curve. All correcteccesfeere plottedersusthe MC and CPA

concentrations administered for the given E/c curve

4.9 Data analysis

Each atrium was required to meet three criteriarder to qualify for inclusion in the
statistical analysis: 1) the initial contractilede had to reach 1 mN before the first E/c curve;
2) the mechanical activity of the paced atrium twade regular; 3) the response tqQl\d or
100uM adenosine of the solvent- os-freated atrium, respectively, was required to bhiw
a mean = 2 SD range. The mean and SD were compsitegl atria meeting the first two
criteria (separately for the solvent- andtieated population). All experimental outcomes

conforming to these three criteria were subjeabestdtistical workup.

According to the recommendation of Motulsky andi§tbpoulos (2004), agonist
concentrationECso andcx in the equations, used for curve fitting, wereresped as common
logarithms. Data presented are expressed as m8&htor value with lower and upper 95%
confidence interval limits. Statistical significanfor the difference of means (or medians)
was assigned into one of four categores:0.05 (not significantp < 0.05 ¢), p < 0.01 ¢*)
or p < 0.001 ¢=* ). Curve fitting and statistical analysis were peried with the use of

GraphPad Prism 6.05, while other calculations weaee by means of Microsoft Office
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Excel 2013.

In Study 1 All data sets were evaluated by the D’Agostin@f8en omnibus normality
test and passed. Two data sets were comparedheitbaired or unpairettest (if the equal
variance test was not passed, t-test with Welobreection was used). More than two data
sets were compared using one-way ANOVA or repeatedsures one-way ANOVA (with

Geisser-Greenhouse correction), followed by Tukest{esting.

In Study 2 Hill parameters of the pooled adenosine E/c cafgelvent-treated atria
vs. Ts-treated ones) and raw E/c data of selected EXequairs were compared with unpaired
Student t-test or t-test with Welch’s correctione@ual variance test was not passed) or
Mann-Whitney U-test (if either equal variance tesD’Agostino-Pearson omnibus normality
test were not passed). Hill parameters of adendSineurves of the different groups were
compared (separately for the solvent andrdatment) by one-way ANOVA (using Geisser-
Greenhouse correction) with Tukey post-testindyyoKruskal-Wallis test with Dunn’s post-
testing (if the normality test was not passed)| parameters of the MC and CPA E/c curves
were compared using two-way ANOVA with Sidak pastting (as all data sets passed the

normality test).
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5 Results

5.1 Results of Study 1

5.1.1 Thyroid status

The initial body weight of Ftreated guinea pigs did not differ significanttgrh that
of the solvent-treated ones. By the ninth daybibady weight (mean £ SEM) of the solvent-
treated animals changed from 827 + 19 g to 835 ¢ @bn-significant), while that of theyT
treated guinea pigs decreased from 836 + 18 g1atGd3 g p< 0.0001).

5.1.2 Initial adenosine E/c curves

Adenosine decreased the contractile force of aHl at a concentration-dependent
manner (Fig. 14). Empirical parameters of the fd¢nosing/c curves did not differ
significantly when compared the samevivotreated experimental groups with one another
(i.e. the solvent- andsftreated atria formed two homogenous populatiorib veéigard to the
response to adenosine). Thetfeatment decreaséthax from 90.65 £+ 0.62% to 85.37 £
0.94% < 0.0001), increased l&§so from —4.82 + 0.03 to —4.08 + 0.0d<0.0001), and
decreased from 0.86 = 0.02 to 0.74 £ 0.0p< 0.0001) when compared the pooled data of

the solvent-treated atria € 38) to those of theslireated atriarn{ = 42), respectively.

5.1.3 Adenosine E/c curves of Protocols 1 and 2 befaeectrection

In the solvent-treated atria, consistent with awvppusly reported findings (Kiss et al.
2013), pretreatment with FSCPX (selective and &rswle A receptor antagonist) was
observed to significantly shift the adenosktfe curve to the right, whereas NBTI (selective
nucleoside transport inhibitor) significantly diapéd the adenosit&c curve to the left and
significantly decreased itnax as compared with the corresponding control cufires 15A,
Table 2A). The T-treated atria responded to FSCPX pretreatmenihN&id the same way,
although decrease Hmax caused by NBTI did not reach the level of statatsignificance
(Fig. 15B, Table 2A).
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Fig. 14. The direct negative inotropic effect oéadsine (Ado) in solvent- (open symbols)
and Ts-treated (filled symbols) guinea pig left atriaidied into six-six groups. In groups S1,
T1, S2 and T2, the first adenosine E/c curve isvsh@ontrol curves), while in the other
groups, the first and only adenosine E/c curvedscated. The terms NBTI and FSCPX in the
group names refer to a subsequent (and not thertyin vitro treatment. The symbols
denote the responses to adenosine averaged withgroups (x SEM), and the curves
illustrate the fitted Hill equation (equation 1)FCcontractile force.
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Fig.15. The direct negative inotropic effect of adsine (Ado) before and after an FSCPX
pretreatment, and in the absence and presence Dif (d®ne and in combination), in in vivo
solvent- (A) and Z-treated (B) guinea pig left atria. The curve nameder to the in vivo
treatment (S or T), applied protocol (1 or 2) amditro treatment (Control, NBTI, FSCPX or
FSCPX+NBTI). For simplicity, the S1-Control and Tbntrol curves are omitted. The
symbols represent the responses to adenosine aderdifpin the groups (£ SEM), and the
curves illustrate the fitted Hill equation (equatib). CF, contractile force.
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A

Curves Emax (%) logEGso ECso (M) n
S1-Control 93.47 +1.18 -4.8 +0.06 15.85 0.82 £ 0.05
S1-FSCPX 93.65 + 1.01 (ns) —4.03 +£ 0.1 4xx ) 93.33 0.96 + 0.09 (ns)
S2-Control 92.9+1 (ns) —4.86 £ 0.03 (ns) 13.8 0.83 £0.04 (ns)
S2-NBTI 83.57 + 1.5+ ) —6.43 + 0.1 4+) 0.37 1.02 +0.08 (ns)
S2-FSCPX+NBT| 86.76 + 1.03%x;#) —6.33 £ 0.06+* ; ns) 0.47 1.1 +0.08 (ns; ns)
T1-Control 88.04 + 1.09 -3.92+0.12 120.23 0.68 £ 0.03
T1-FSCPX 88.96+1.01 (ns)  —3.320.124) 478.63 0.77 +0.05 (ns)
T2-Control 81.95 %+ 2.91 (ns) —4.07 £ 0.09 (ns) 85.11 0.78 £0.03 (ns)
T2-NBTI 72.3 £3.42 (ns) —6.1 £ 0.054 ) 0.79 0.92 £ 0.04 (ns)

T2-FSCPX+NBTI 78.26 + 3.29 (ns; ns)—6.03 £ 0.08++ ; ns) 0.93 0.85 + 0.02 (ns; ns)

B

Groups Emax (%) logEGso EGCso (NM) n
S3-Control 93.07 £ 1.67 —7.57 £0.08 26.92 0.99 £ 0.03
S3-NBTI 83.55 + 2.09++* ) —7.22 £ 0.11%) 60.26 0.78 £ 0.08%)
S4-Control 90.26 £ 1 (ns) —7.61 + 0.04 (ns) 24.55 0.92 £0.03 (ns)
S4-FSCPX 91.63 £ 0.85 (ns) —6.86 £ 0.1 4 ) 138.04 0.85 £ 0.04 (ns)
T3-Control 83.08 + 1.29 —7.28+0.04 52.48 0.8+0.04
T3-NBTI 69.02 + 2.54+= ) —6.72 £ 0.14+* ) 190.55 0.78 £ 0.05 (ns)
T4-Control 81.62 + 2.03 (ns) —7.29 £ 0.08 (ns) 51.29 0.8 £ 0.05 (ns)
T4-FSCPX 84.28 £ 0.98 (ns) —6.77 £ 0.094) 169.82 0.77 £0.01 (ns)

Table 2. The influence of FSCPX-pretreatment and NBlone or together) on the direct
negative inotropic effect of adenosine (panel AL&A (panel B) on left atria, isolated from
solvent- or F-treated guinea pigs.a [0gEGo and n (mean + SEM) are best-fit values of
the Hill equation (equation 1) fitted to the indlual E/c curves. E4g (mean) is the antilog of
logEGso. The level of statistical significance is indiadit@s, not significant; one, two or three
marks (* or#£), p < 0.05,p < 0.01 omp < 0.001, respectively. Panel A: the adenosinecif/ze
generated after FSCPX pretreatment (S1-FSCPX, TIPS or in the presence of NBTI
(S2-NBTI, T2-NBTI) or both (S2-FSCPX+NBTI, T2-FSCPNXBTI) vs. the corresponding
(i.e. the same in vivo treatment and protocol) cardgdenosine E/c curve (S1-Control, S2-
Control, T1-Control, T2-Control}: the adenosine E/c curve influenced by both inbibit
(S2-FSCPX+NBTI, T2-FSCPX+NBT]I) vs. the same in viveated adenosine E/c curve
constructed in the presence of NBTI (S2-NBTI, T29NB The corresponding control
adenosine E/c curves were also compared (S1-Corstr&2-Control; T1-Control vs. T2-
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Control). Panel B: the CPA E/c curve generatedhénpgresence of NBTI (S3-NBTI, T3-

NBTI) or after FSCPX pretreatment (S4-FSCPX, T4-P3Lvs. the corresponding (the same
in vivo treatment and protocol) control CPA E/cvai(S3-Control, S4-Control, T3-Control,
T4-Control). The corresponding control CPA E/c agwere also compared (S3-Control vs.
S4-Control; T3-Control vs. T4-Control). CPA®Myclopentyladenosine; NBTI, S-(2-
hydroxy-5-nitrobenzyl)-6-thioinosine; FSCPX, 8-aypentyl-N3-[3-(4-
(fluorosulfonyl)benzoyloxy)propyl]-&propylxanthine.

In comparison with the corresponding curves geedrat the presence of NBTI, the
FSCPX pretreatment along with NBTI paradoxicallgreasedEmax (without affecting the
other two empirical parameters) in both the solvant T-treated atria. As a consequence,
Emax values of the FSCPX+NBTI curves are located betvigex values of the corresponding
control and NBTI curves, but differences are onétistically significant in the solvent-
treated atria (Fig. 15, Table 2A).

5.1.4 CPA E/c curves

CPA also reduced the contractile force of all atria concentration-dependent
manner (Fig. 16). ThesTireatment decreaséthax from 91.57 + 0.98% to 82.31 + 1.21%<(
0.0001), increased |&fso from —7.59 + 0.04 to —7.29 + 0.0p<(0.0001), and decreasrd
from 0.93 £ 0.02 to 0.8 £ 0.0p € 0.0029) when comparing the pooled data of the S3
Control and S4-Control groups € 15) to those of the T3-Control and T4-Contraugs (=
14), respectively.

In the solvent-treated atria, in agreement witheartier results (Kiss et al. 2013),
NBTI significantly decreaseBmax (as well as Hill coefficient) and increasedHdgo, while
FSCPX pretreatment significantly increasedHGgp, imitating the action of a competitive,
rather than irreversible Aeceptor antagonist (Fig. 17A, Table 2B). Theréated atria
produced outcomes similar to the solvent-treatessqRig. 16B). The two main differences
were that NBTI induced a more pronounced depressibareas FSCPX pretreatment
produced a smaller dextral displacement in the hlggeid CPAE/c curve, as compared to

the corresponding control curves (Fig. 16, Tablg 2B

Interstitial accumulation of surplus endogenoushadie, caused by NBTI in the
solvent-treated atria, was found to be equieffectith 38.19 nM CPA (the best-fit value
provided by equation (2) was lgg= —7.418 with a 95% confidence interval from —7.58 —
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7.3). In the T-treated atria, the equieffective CPA concentrati@as 58.75 nM (logk = —
7.231 with —=7.334 and —7.129 95% confidence limits)
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Fig.16. The direct negative inotropic effect of CRiah or without an FSCPX pretreatment,
furthermore in the presence and absence of NBTih wivo solvent- (A) and Ftreated (B)
guinea pig left atria. The group names refer toithavo treatment (S or T), applied protocol
(3 or 4) and in vitro treatment (Control, NBTI 08€EPX). For simplicity, the S4-Control and
T4-Control groups are omitted. The symbols indi¢h&eresponses to CPA averaged within
the groups (x SEM). The continuous curves repretbentitted Hill equation (equation 1),
while the dotted curve illustrates the fitted RRMaRel (equation 2). CF, contractile force.

5.1.5 Adenosine E/c curves of Protocols 1 and 2 aftectreection

As the interstitial adenosine levels in the mickasmnment of A receptors were
unknown, only the effect values of the NBTI and P¥@NBTI curves could be corrected,
which procedure was based on the equivalence oiosdee and CPA in their negative
inotropic effect. Thus, for lack of a better optidime corrected effect values were plotted
versusthe concentration of exogenous adenosine in ttierfgamedium (Fig. 17). For this
reason, the most useful data, conveyed by thessfaranedE/c curves, are the corrected
effect values belonging to the highest concentnafitcause after the saturation of the
transformedE/c curves, the exact value of the surplus endogeadesosine concentration
caused by NBTI becomes irrelevant). The maximalexted effect values uniquely represent

the maximal negative inotropic responses, achievaith adenosine under the specified
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conditions in the guinea pig atrium. This is duéwo facts. On one hand, NBTI enabled full
saturation for the adenosif#c curvesvia reducing the adenosine transport into the cell
interior, the main site for adenosine eliminati@m the other hand, the correction by means

of RRM eliminated the bias caused by the endogeadarosine accumulated by NBTI.

The corrected effect values (and effect valuesi@fcontrol curves considered to be
inherently correct) appertaining to 3 mM adenosihe,highest adenosine concentration used,
were as follows: 92.77% (S2-Control curve), 92.452-NBTI curve), 90.11% (S2-
FSCPX+NBTI curve), 76.4% (T2-Control curve), 85.47P2-NBTI curve) and 82.42% (T2-
FSCPX+NBTI curve). The initial corrected effectwas$ (at zero exogenous adenosine
concentration) were as follows: 54.59% (S2-NBTM&)y 25.46% (S2-FSCPX+NBTI curve),
48.05% (T2-NBTI curve) and 26.44% (T2-FSCPX+NBTha@) (Fig. 17).

1007 S2-Control A 1001 w T2-Control
2% S2-NBTI A T2-NBTI
<> S2-FSCPX+NBTI 4 T2-FSCPX+NBTI
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Decrease of the initial CF (%)
Decrease of the initial CF (%)

0 T T T
0 1 nmol/l 1 pmol/l 1 mmol/l 0 1 nmol/l 1 pmol/l 1 mmol/l
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Fig.17. The corrected effect values of adenosigechves generated in the presence of NBTI
plotted versus the exogenous adenosine (Ado) ctratiems developed in the bathing
medium, together with the original S2-Control ar&#Jontrol curves. The solvent- ang T
treated atria are represented on panel A and Bectisely. The curve names refer to the in
vivo treatment (S or T), applied protocol (2) andvitro treatment (Control, NBTI or
FSCPX+NBTI). The correction was made with the usegression parameters of the
averaged CPA E/c curves of Protocols 3 and 4. yhsls represent the responses to
adenosine averaged within the groups. CF, conledotice.

Negligible differences were found between the maxieffect values of the averaged

S2-Control curve and the corrected S2-NBTI cundausl NBTI was unable to enhance the
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maximum of the direct negative inotropic respomsadenosine in the euthyroid atrium (Fig.
17A). (In our previous study (Kiss et al. 2013k thaximal effect value of the corrected
euthyroid NBTI curve was marginally greater thaattbf the euthyroid control curve, which
result fits the theoretical expectations bettenttiee present one. This discrepancy, noted in
the present investigation, may reflect a minor uiagety in the raw experimental data.) In
contrast, the maximal effect value of the corred@2eNBTI curve considerably exceeded that
of the T2-Control curve. This fact shows that NBignificantly enhanced the maximum of

the direct negative inotropic effect of adenosméhie hyperthyroid atrium (Fig. 17B).

The major features of the corrected curves reptiggtne euthyroid status (S2-NBTI
and S2-FSCPX+NBTI) were the same as those obsenad earlier study (Kiss et al.
2013): they changed places with each other, as amdgo the original curves, and their final
parts got close to each other, indicating a greatéeptor reserve for the direct negative
inotropic effect of adenosine (Fig. 17A). Theserabteristics also apply to the corrected
hyperthyroid curves (T2-NBTI and T2-FSCPX+NBTl)dioating that F treatment did not
significantly influence the aforementioned #eceptor reserve. However, while the corrected
S2-FSCPX+NBTI curve ran (a bit) below the S2-Cantrtove at the two highest adenosine
concentrations (Fig. 17A), the final part of therected T2-FSCPX+NBTI curve ran
considerably above the T2-Control curve (similath® corrected T2-NBTI curve) (Fig. 17B).

Experiments underlying the results of Study 1 weangied out by the author of this
thesis (approximately 75%) and his supervisor (8B6&b). Statistical analysis was made by
the supervisor, while interpretation of the outconees also a result of collaboration (author:
40%; supervisor: 60%)

5.2 Results of Study 2

5.2.1 Thyroid status

No difference was detected between the initial bwdight of the solvent-treated
guinea pigs and thesfreated ones. By the ninth day, body weight of¢blent- and F
treated guinea pigs altered from 721 gto 723 11 g, and from 71% 12 g to 538 11 g
(p < 0.001), respectively. The ratio of left atriadight to body weight in the solvent- angt T
treated group was 0.0890.009 mg/g and 0.1320.009 mg/g§ < 0.001), respectively.
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5.2.2 Initial contractile forces in Study 2

In Study 2, we analyzed and interpreted the rawiraotile forces, in addition to the

evaluation of adenosinergic responses, consistiéntthie advanced complexity of Study 2.

The initial contractile forces, measured priorhein vitro treatment (before the first
E/c curve), did not differ significantly, eithertieeen the pooled solvent- ang-ffeated atria

(9.3+ 0.35 mN and 8.6Z 0.4 mN, respectively) or among the different go(pig. 18).

10
Z
é .
Q
o L
O |
RS
o
O 59
©
=
C
O
@)
0 Q S i
Q $ DN D
P «OOQC)Q C?V“@QY“
¢ F P&
AV A ,\0

Fig. 18. The contractile force of guinea pig ldfiain the different groups before and after
the in vitro treatment. The open columns show th@ractile forces of atria measured before
the in vitro treatment (mean + SEM). The shortéedicolumns in front of the open ones
denote the contractile forces determined at theoétige in vitro treatment (mean — SEM).
The homogeneous light gray filling means an inoviteatment containing neither NBTI nor
DCF, while light gray filling with darker or lesstk pattern shows an in vitro treatment
containing NBTI or DCF, respectively. Group namesiadicated below the columns.
Comparing the contractile forces of the differenvitro treated groups (filled columns),
significant difference was found only in the caé®&BTI: S Co vs. S NBTI; S CPX vs. S
NBTI; T Covs. T NBTI; and T CPX vs. T NBTI (*¥).

During thein vitro treatment, CPX non-significantly moderated thelsdecay in the

contractile force over time, as compared to thessponding controls. In contrast, both NBTI
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and DCF decreased the atrial contractile forcéispagh this effect was significant only in the
case of NBTI < 0.05). The co-treatment with DCF and CPX produae outcome similar

to the corresponding controls, thus DCF and CP>apg to mutually cancel out each
other's effects. Contractile forces of the differ€ptreated groups did not differ significantly

from their solvent-treated counterparts (Fig. 18).

5.2.3 Adenosine E/c curves

Response to adenosingdenosine concentration dependently reduced theaudile
force of atria (Fig. 19). As no previous interventievoking positive inotropic effect was
done, the response to adenosine was consideraeckeasrgative inotropic effect that is
typical for the atrial (but not ventricular) myodarm (Belardinelli et al. 1995; Kurachi
1995).
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Fig. 19. The direct negative inotropic effect okadsine (Ado) in solvent- (open/thin

symbols) or thyroxine- (d) treated (filled/thick symbols) guinea pig leftiatdivided into
eight-eight groups (before any in vitro treatmeht)the group names, abbreviations refer to a
previous in vivo treatment (S: solvent treatmentJ4treatment) and to a subsequent (and not
the current) in vitro treatment (Co: control; DG&*deoxycoformycin; X: CPX, i.e. 8-
cyclopentyl-1,3-dipropylxanthine; DMSO: dimethylHaxide; NBTI: S-(2-hydroxy-5-
nitrobenzyl)-6-thioinosine), and to a certain agbnised for a next (and not the present)
concentration-effect curve (CPA: N6-cyclopentylaoline). The axis x shows the common
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logarithm of molar concentration of adenosine, tredaxis y denotes the effect as a
percentage decrease of the initial contractiledoftie symbols indicate the responses to
adenosine averaged within the groups (x SEM). Timess illustrate the fitted Hill equation
(equation 1). The responses to adenosine diffegmifisantly between groups S Covs. T Co

(*).

Comparison before the in vitro treatme®esponses to the different adenosine
concentrations (Fig. 19), as well as Hill parametdrthe adenosine E/c curves (data not
shown), did not differ significantly when compaithé samen vivotreated groups with one
another. Thus, the solvent- angifeated atria formed two homogenous populations

regarding the response to adenosine.

Effect of T on the response to adenosifidte responses to adenosine at the different
concentrations (except the starting M) showed a significant decrease when comparing
the pooled T-treated atria to the pooled solvent-treated ofes 0.001; data not presented).
Consistently, the dtreatment diminishednfax from 88.27 + 0.65 % to 84.53 + 0.84 %<
0.01), increased logEgfrom -5 £ 0.03 to —3.96 £ 0.09 € 0.001), and decreased n from 0.9
+ 0.03 to 0.66 £ 0.01p(< 0.001).

5.2.4 MC E/c curves

Response to MOMC also decreased the contractile force of atria concentration-
dependent manner (direct negative inotropic eff@at. 20-23).

Effect of CPX and DMSO on the response to Mi@ control-type groups (Co, CPX,
DMSO) receiving the sama vivo treatment did not differ significantly from oneaher,
when either the responses to the different MC catnagons (Fig. 20) or the Hill parameters
of the MC E/c curves (data not shown) were comparats observation indicates that
DMSO, vehicle of CPX and NBTI, and CPX did not ughce significantly the response to
MC. Nevertheless, minor difference can be showwéetn groups S Ces.S DMSO and T
Covs.T DMSO (Fig. 20B). Based on prior experiencesuwfteam with DMSO, this cannot
be ascribed to the effect of DMSO, rather to tte flaat investigations using NBTI (including
their controls) were performed after experimentagi€PX and DCF (and their controls).

Seasonal differences can affect the atrial inotropsponse (Kemeny-Beke et al. 2007).

Effect of T on the response to M@ased on the comparison of groups T Coand T
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DMSO to their solvent-treated counterparts (S GbamMSO), the Ttreatment moderately
suppressed the response to MC, which was onlyfgignt at higher MC concentrations (Fig.
20). In line with this, the dtreatment caused a moderate diminutionqaxEsignificant) and

n (on the border of statistical significance), wttihe increase of logkedid not reach the

significance threshold (Table 3).
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Fig. 20. The direct negative inotropic effect of MCthe presence of CPX or DMSO (alone)
or in the absence of both of them (Co), in solvéopen/thin symbols) orsftreated
(filled/thick symbols) guinea pig left atria. Theigax shows the common logarithm of molar
concentration of MC, while the axis y indicates #fiect as a percentage decrease of the
initial contractile force of atria. The symbols repent the responses to MC averaged within
the groups (= SEM), and the curves illustrate ttied Hill equation (equation 1). The
responses to MC differed significantly between @08 Co vs. T Co and S DMSO vs. T
DMSO (*).

Modification of the response to MC by NBTH:both the solvent- andsfreated
groups, NBTI significantly reduced the respons®i®, according to the conventionally
plotted (and thereby biased) E/c curves (Fig. Zhjs manifested in a significant decrease of
Emaxand in a minor increase of logkfith a practically unchanged n (Table 3). The @ffe
of NBTI was more intense in the group T NBTI tharthe group S NBTI (Fig. 20, Table 3).
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Effect of NBTI on the interstitial adenosine le\igdised on the depression of the
conventionally plotted MC E/c curves generatechmpresence of NBTI (Fig. 21), the
surplus interstitial adenosine was found to be eftpstive with 101.2 nM and 151.1 nM MC
in the solvent- andsftreated atria, respectively (Table 4A). It medret hucleoside transport
blockade produces a greater interstitial adenasieamulation in the sftreated atria than in
the solvent-treated ones, consistent with ourexastudies, in which CPA served as an
agonist for the E/c curves (Karsai et al. 2007; &add. 2014).

Emax IOQEQJO n
MC curves

S Co 95,5+ 041 1.18 £+ 0.03
S DMSO 97.52 £0.81
S NBTI 90.23 £ 0.75

##
T Co 90.77 £ 0.79 1+0.03

*% *
T DCF 86.23 +£1.43

#
T DMSO 94.1+1.44
*

T NBTI 82.85+2.11

##

CPA curves

S Co (CPA) 90.9+1.59 -7.86 £ 0.08 1.06 £ 0.05
T Co (CPA) 84.04 +£+1.01 -7.5+0.06 0.7 £0.04

*%* ** *k*%
T DCF (CPA) -7.77 £ 0.08

#

Table 3. The Hill parameters exhibiting statistigaignificant change in response to the
different in vivo (*) or in vitro &) treatments. kax l0gEGoand n (mean + SEM) are best-fit
values of the Hill equation (equation 1), fittedthe individual E/c curves generated with MC
or CPA. Significant differences were found betwgemups S Covs. T Co, SDMSO vs. T
DMSO and S Co (CPA) vs. T Co (CPA) (*); furtherm@®MSO vs. S NBTI, T DMSO vs.
TNBTI, TCovs. TDCFand T Co (CPA) vs. T DCF (®H#).

Modification of the response to MC by DAPCF decreased the response to MC in
both the solvent- andsftreated atria, according to the conventionallytteld (biased) E/c
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curves. This bias was rather symbolic under euttysonditions (Fig. 22A), while it was
well-marked in hyperthyroidism (Fig. 22B). In tul@PX abolished this effect of DCF on the
MC E/c curves in both thyroid states (Fig. 22). 3debservations indicate that DCF exerted
its effect on the response to MC the same way abl M, i.e.via elevating the interstitial
adenosine level. It should be noted that the etie€ICF on the response to MC was
statistically significant only in thesdtreated atria (except for the response at 10 nMiMC
the group S DCF, but it was considered irrelevéat. 22). Consistently, the decrease of
Emaxwas only significant in the group T DCF (Table 3).
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Fig. 21. The direct negative inotropic effect of MCthe presence of DMSO (alone) or NBTI,
in solvent- (open symbols in panel A) or-ffeated (filled symbols in panel B) guinea pig lef
atria. The axis x shows the common logarithm ofanobncentration of MC, and the axis y
indicates the effect as a percentage decrease diitlal contractile force of atria. The
symbols denote the responses to MC averaged wiithigroups (z SEM), and the dotted
curves illustrate the fitted RRM model (equation™)e responses to MC differed
significantly between groups S DMSO vs. S NBTI anOMSO vs. T NBTI (*).

Effect of DCF on the interstitial adenosine levéikting the equation 2 to MC E/c data
of groups S DCF and T DCF (Fig. 22), the surplusrstitial adenosine proved equieffective
with 28.05 nM and 44.36 nM MC in the solvent- angtfBated atria, respectively (Table 4B).
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This outcome is similar to that seen in respondéBd| (Table 4A), namely DCF appears to
produce a greater interstitial adenosine accunaulati the T-treated atria than in the
solvent-treated ones (Table 4B). However, duedsans specified in the Discussion section,
this latter finding should be treated with cautiblevertheless, DCF increased the interstitial
adenosine level to a smaller extent than NBTI aidyoth the solvent- andsfireated groups
(Table 4).

A SDMSO SNBTI TDMSO T NBTI
logck -12.62 -6.99 -9.07 -6.82
95%ClI from  -18000 -7.1 -17.62 -6.93

to 17975 -6.88 -0.53 -6.72

c(nmol/l)  0.00024  101.2 0.84 151.1

B SCo SDCF TCo TDCF
logcx 1398  -755  -5325  -7.35
95%Cl from 91603  -7.73  gmpig-  -7.45

to 91576  -7.37  Uous -7.26
c(nmol/l)  0.00001  28.05 0 44.36

Table 4. The gvalues obtained with RRM characterizing the cotregion of the surplus
interstitial adenosine produced by NBTI or DCF atvent- (S) or E-treated (T) guinea pig

left atria. The loggis the best-fit value of equation 2 fitted to theeraged E/c curves
generated with MC in the presence of DMSO or NBTDEF or in the absence of all of them
(Co). Precision of the fit was characterized with §5% confidence interval (95% CI) for the
best-fit value. Fitting of the control-type groy(&DMSO, T DMSO, S Co, T Co) to the
equation 2 served only for verification, the expelctalue of gwas zero. In turn, fitting of

the groups S NBTI, T NBTI, S DCF and T DCF was eted to provide axcvalue (shown in
bold) that indicates the MC concentration equiditecwith the extra interstitial adenosine
produced by NBTI or DCF.

5.2.5 CPA E/c curves

Response to CPACPA also reduced the atrial contractile force ooacentration-

dependent manner (direct negative inotropic eff@¢ay. 24).

Effect of T on the response to CP&omparing groups T Co (CPA) and S Co (CPA),
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the T4 treatment considerably decreased the responsAdlit@t was significant from
medium to high concentrations (Fig. 24). In agrestmath this, T treatment significantly
reduced both &xand n, and increased log&QTable 3). Thus, 4induced a greater
depression of the E/c curve for CPA than for MQy(R20, 24, Table 3).

Modification of the response to CPA by DGR contrast to that seen with MC (Fig.
22), DCF augmented the response to CPA in botsdhent- and 7-treated atria, according
to the conventionally plotted (biased) E/c curw4ile this effect of DCF was minor in the
solvent-treated atria, it was significant in thetfeated ones in the lower and medium
concentration ranges (Fig. 24). In agreement vhihy, DCF significantly decreased log&C
of E/c curves of J-treated but not solvent-treated atria (Table B)s Dutcome is consistent
with our previous finding that inhibition of ADA @&ances the efficiency of the direct
negative inotropic function mediated by therAceptor in the hyperthyroid guinea pig atrium
(Kemeny-Beke et al. 2007).
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Fig. 22. The direct negative inotropic effect of MCthe absence or presence of DCF, in
solvent- (open symbols in panel A) a-ffeated (filled symbols in panel B) guinea pig lef
atria. The axis x denotes the common logarithm aamconcentration of MC, and the axis y
indicates the effect as a percentage decrease diitlal contractile force of atria. The
symbols show the responses to MC averaged witleiigtbups (+ SEM), and the dotted
curves illustrate the fitted RRM model (equation™)e responses to MC differed
significantly between groups S Co vs. S DCF andbv& T DCF (*).
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5.2.6 Corrected MC and CPA E/c curves

The corrected E/c curves have two points of intethe starting and final ones. The
starting point shows,&the effect belonging to.cwhile the last point reflects the maximal
response of the given system to the agonist intoueAs & values have been addressed
previously, herein the emphasis is on the finahpof the corrected E/c curves, specifically
on its position relative to the last point of tl@responding control E/c curve (this latter

considered to ba priori correct).
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Fig. 23. The direct negative inotropic effect of MCthe absence or presence of DCF added
together with CPX, in solvent- (open symbols) aitfated (filled symbols) guinea pig left
atria. The axis x denotes the common logarithm aamconcentration of MC, and the axis y
indicates the effect as a percentage decrease diitlal contractile force of atria. The
symbols show the responses to MC averaged witkigtbups (x SEM), and the curves
illustrate the fitted Hill equation (equation 1).

NBTI with MC:The corrected MC E/c curves (generated in thegmiasof NBTI)
ended somewhat below their control curves (Fig.,2Z88). Thus, if we consider the
observed small difference between maximal valugeetorrected and control E/c curves to
be an error, it can be concluded that NBTI doesaffett the efficiency of the M
muscarinergic signaling, irrespectively of the thigrstate (Fig. 25A, 25B).
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DCF with MC: The corrected MC E/c curves (constructed in tlesgnce of DCF) ran
to the maximum of their control curves (Fig. 256D2. Conclusions to be drawn are the
same as those with NBTI, i.e. DCF does not infleethe signal amplification of the atrial-M

muscarinergic mechanisms, regardless of thieehtment (Fig. 25C, 25D).
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Fig. 24. The direct negative inotropic effect of CiA the absence or presence of DCF, in
solvent- (open/thin symbols) or-Treated (filled/thick symbols) guinea pig leftiatr
The axis x shows the common logarithm of molar eomi@tion of CPA, while the axis y
indicates the effect as a percentage decrease diitlal contractile force of atria. The
symbols denote the responses to CPA averaged withigroups (£ SEM), and the curves
represent the fitted Hill equation (equation 1)eThsponses to CPA differed significantly
between groups S Co (CPA) vs. T Co (CPA) (*) anddl(CPA) vs. T DCF (CPA).

DCF with CPA:Effect values of the corrected CPA E/c curves ¢gated in the
presence of DCF) exceeded their control effectasmht each concentration, even at the
highest one (Fig. 25E, 25F). This finding indicatest DCF augments the efficiency of the
A1 adenosinergic system regarding its direct negatiogopic function in the guinea pig
atrium. This phenomenon was visibly more pronounodtie T-treated atria (Fig. 25E, 25F),
in agreement with our previous finding (Kemeny-Bekal. 2007). However, the present
result denotes that DCF can exert its efficiendyaecing effect even in the euthyroid state.
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Experiments for Study 2 were performed by the aughd0%) and Tamas Erdei, a
TDK (Students’ Research Society) studeriQ%). The statistical workup was made by the
supervisor. Experimental data were interpretechiyatuthor£40%) and the supervisor
(»60%).
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Fig. 25. The corrected direct negative inotropfe@fvalues of concentration-effect curves
generated in the presence of NBTI or DCF, plottexdws concentration of the administered
MC or CPA, together with the corresponding contahcentration-effect curves (in their
original form).The correction was made for the dineegative inotropic effect of the surplus
interstitial adenosine produced by NBTI or DCF imanner that this effect value has been
incorporated into effect data depicted herein. &kis x indicates the agonist concentration on
a base-10 logarithmic scale, and the axis y shbereffect as a percentage decrease in the

initial contractile force of atria. The symbols évgthin: solvent treatment; filled/thicksT
treatment) represent the responses to the givamsagweraged within the groups (controls)
and the corrected effects computed from the raactffaveraged within the groups.
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6 Discussion

The leading cause of death in most countries igjtbep of cardiovascular diseases in
high-income countries. Ischemic heart disease éragained the top major killer during the
past decade (WHO 2014a, 2014b). A basic understgradiendogenous protective
mechanisms of the heart against ischemia is a siegésr the development of new rational
therapeutic strategies. One powerful endogenousgiee mechanism in the living tissues is

the adenosinergic signaling (Burnstock and Pel@H2

There is a number of humoral factors that affeatsliac adenosinergic system. The
homeostatic mechanisms, in which these hormonéigipate, may become dysregulated.
Hyperthyroidism is a relatively frequent examplédlodse regulation disturbances. Our
investigations, underlying the Study 1 of this theaimed to explore the influence of excess

thyroid hormones on theiAeceptor reserve for the direct negative inotr@giect.

There are several experimental and therapeutiocakgures to increase the basal
interstitial adenosine level in the heart thatthmight to prevent and/or cure damages caused
by ischemia and subsequent reperfusion. A podyibifnong these procedures is to inhibit
ADA, a catabolic enzyme in adenosine homeostasise® on previous experiments of our
work team, it has emerged that ADA inhibition egedgulatory effect on the myocardial A
receptor function, besides to elevate the cardi@nasine concentration. The major goal of
our investigations, carried out in the frame of $tady 2 for this thesis, was to address this
important issue. In addition, we aimed to compheedffects of inhibition of ADA and

nucleoside transport on the interstitial adenosoreentration.

6.1 Interpretation of results in Study 1

To the best of our knowledge, our Study 1 isfite to show that Ttreatment does
not substantially affect theiAeceptor reserve appertaining to the direct negatiotropic
effect of adenosine in the guinea pig atri@acondly results of the present research revealed
that reduction of intracellular adenosine elimioatwith the use of NBTI considerably
augments the maximal response to adenosine inyfierthyroid but not euthyroid atrium.
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Information regarding the magnitude of a particutreptor reserve may be used to
predict the behavior of an agonist in a tissueedeptor reserve in a tissue is small enough,
low-efficacy agonists cannot evoke biologicallyrsfigant effects, while high-efficacy
agonists are able to do so. Accordingly, relatissue selectivity can be achieved by means of
partial agonists, i.e. they will only act on tissymssessing large receptor reserve. However,
it should be noted that receptor reserve depentsmiy on the agonist and tissue, but also on
the effect measured (Kenakin 1987, 2009; Dhalkd.2003).

Prior to our two recent investigations (Gesztetyale 2013; Kiss et al. 2013), the A
receptor reserve had not been determined for tieetdiegative inotropic effect, which is
characteristic of the atrium in most species, iditlg guinea pigs and humans (Szentmiklosi
et al. 1982; Bohm et al. 1984; Marmo et al. 1988laBlinelli et al. 1995). The magnitude of
this receptor reserve may predict sensitivity ohtmechanical activity to Areceptor
stimulation. The value of such a predictor may jyereciated by considering that the A
receptor is a therapeutic target in many tissue=eificand Zablocki 2008; Schenone et al.
2010; Fredholm et al. 2011; Szentmiklosi et al. ZQbrecht-Kupper et al. 2012; Staehr et
al. 2013).

In two previous studies, we observed substanta@ptr reserve for negative inotropy
by use of stable synthetic agonists (Gesztelyi. &04.3) and adenosine, the degradable
physiological agonist (Kiss et al. 2013). This ame led to a hypothesis that agents
producing A receptor activation, even those with low efficatygy significantly weaken the

mechanical activity of atria.

Hyperthyroidism is a pathological condition thatdifies numerous elements of the
A1 adenosinergic signaling pathways. As a consequémg®id hormones reduce the effect
of A1 receptor agonists on atrial contractility (Szerdosi et al. 1992; Kaasik et al. 1994;
Gesztelyi et al. 2003a; Fig. 15, 17), althoughuhderlying mechanisms are not fully
clarified yet (for more details, see: Gesztelyalet2012). Thus, it might be expected that
thyroid hormones affect, presumably reduce, thatgaial A receptor reserve belonging to

the direct negative inotropic effect. The aim af firesent study was to test this possibility.

Because Areceptor enhancers and agents that elevate tlrgenous adenosine
levels are also in development or approved foiicdinuse in addition to syntheticiAeceptor
agonists (Elzein and Zablocki 2008; Fredholm eR@l1; Szentmiklosi et al. 2011),
adenosine was selected as an agonist for detegrtimnA receptor reserve in the present

study. Under ouex vivoexperimental conditions (used in the present sasiyell), only
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stable synthetic agonists proved to be suitabl¢hi®exact quantification of receptor reserve
(Gesztelyi et al. 2013). In the case of adenosheefailure of determination was attributed to
adenosine’s very short half-life under physiologmanditions. Notwithstanding, after a
mathematical correction using RRM, adenogihecurves could be transformed suitable for a

gualitative determination of receptor reserve (@scdbed previously: Kiss et al. 2013).

The present investigation revealed thatréatment did not substantially influence the
A1 receptor reserve appertaining to the direct negatiotropic effect of adenosine (Fig. 18),
although it significantly suppressed the directateg inotropic response to both adenosine
and CPA (Fig. 15, 17). This result suggests thatiatration of agents causing feceptor
stimulation, irrespective of their indication ofeypresents a similar risk in eu- and
hyperthyroid hearts for weakening of atria. Thubewan A receptor agonist is administered
in increasing concentrations to the whole bodys #ffect can be expected foremost among
the A, receptor-mediated adverse cardiac effects in @ottand hyperthyroid conditions. The
major finding of the present study, i.e. unchangaess of A receptor reserve for the direct
negative inotropic effect of adenosine may be ssirgg, with regard to the observation that a
given A receptor agonist concentration decreases theaatiférforce to a lesser extent in the

hyperthyroid atrium than in the euthyroid one.

The significance of this finding is that weakenofaatria worsens the booster pump
function and thereby decreases the ventriculangil{Rossi et al. 2000). Additionally, the
decreased atrial pumping capacity increases tkdaisatrial thrombus formation (Betts
2012). For these reasons, it is important to cangltat atrial contractility may decrease
during the use of agents that causeéceptor stimulation even in hyperthyroid patieitts
should be noted that these detrimental consequenagsliffer in extent in different
individuals and arise more frequently with the detnce of certain conditions, such as
worsened ventricular filling for other reasons atlistenosis, restrictive or hypertrophic

cardiomyopathy, pericarditis) and procoagulantestéRossi et al. 2000; Betts 2012).

After the correction of adenosii#c curves constructed in the presence of NBT], it
has also been established that nucleoside transijpokade produces a greater increase in the
maximal response to adenosine in the hyperthyoia #han in the euthyroid ones (Fig. 18).
Thus, although the direct negative inotropy evolig@ddenosine is suppressed in
hyperthyroidism (Szentmiklosi et al. 1992; Gesatetyal. 2003a; Fig. 15, 17), there is a
greater possibility of it, increasing in hyperthigliem than in euthyroid condition. This

observation corroborates previous observationstitieahucleoside transport capacity was
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increased in the hyperthyroid rat ventricle (Smelemt al. 1995), and the inward adenosine
transport was enhanced in the hyperthyroid guingatpium (Karsai et al. 2007), as
compared to their euthyroid controls. The increasedrd adenosine transport is likely to
contribute to the suppressed response to adenodiyperthyroidism, because it removes
adenosine faster from the interstitium and thusiftbe microenvironment of binding sites of

A1 receptors (Karsai et al. 2007).

A limitation of the Study 1 is its qualitative natu This is due to the fact that the
interstitial adenosine concentration, which woulddn been necessary for a quantitative
assessment, cannot be measured with accuracyiesuffior our purpose (Bassingthwaighte
1992; Karsai et al. 2006; Ramakers et al. 2008¢. @resent investigation has nevertheless
yielded evidence about the similarly great sigmapkfication capacity appertaining to the
direct negative inotropic effect mediated by theahiA; receptor in eu- and hyperthyroid
conditions. Another limitation is that conclusiomere drawn from experiments performed on
guinea pigs. The extrapolation of our results tmans is based on the similarity of guinea
pigs and humans, with regard to the atriakéceptor and its downstream signaling pathways
(Fredholm et al. 2001, 2011; ljzerman et al. 2014).

In summary, the present investigation has reveailatl although the Areceptor-
mediated direct negative inotropic effect is suppeel in hyperthyroidism, the signal
amplification capacity belonging to this effect seeto be similarly great in both eu- and
hyperthyroid states. This finding suggests thanii receptor agonist, even a partial one, is
administered for any indication, the most probaidie effect affecting the heart will be a
decrease of atrial contractility under both eu- hyperthyroid conditions. It is possible (but
not inevitable) that this adverse effect occuraeate’y receptor agonist (or enhancer)
concentrations that are necessary to evoke a desfiect anywhere in the body. In addition,
the present study has demonstrated that nucletraiakgoort blockade considerably augments
the maximum of the direct negative inotropic effecadenosine in the hyperthyroid but not

euthyroid guinea pig atrium.

6.2 Interpretation of results in Study 2

Thefirst finding of Study 2 is that, in the guinea pig atn, ADA inhibition (but not

nucleoside transport blockade) enhances the effigief the direct negative inotropic
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function of the A adenosine (but not Mmuscarinic) receptor. This finding suggests that
inhibition of ADA affects the atrial Aadenosinergic system in a part other than the join
signaling pathways of theiAand M receptorsSecondly ADA inhibition enhances the:A
adenosinergic direct negative inotropy even ingiiyroid state, although to a less extent
than in hyperthyroidism. This outcome implies tA&A inhibition can partially reset the:A
receptor-mediated direct negative inotropy supgedy thyroid hormonedhirdly , ADA
inhibition produces a smaller rise in the interstiadenosine concentration than nucleoside
transport blockade doésourthly, our results demonstrate thattfeatment suppresses the
direct negative inotropic function of thezMeceptor in a guinea pig model as well.
Nevertheless, this reduction in the Muscarinergic function in response to thyroid homes
is quite small relative to the decrease in the@denosinergic one.

Previously we found that ADA inhibition elicited YCF potentiated the direct
negative inotropic effect of CPA, a selectiver@Aceptor agonist, in the hyperthyroid guinea
pig atrium (Kemeny-Beke et al. 2007). Since CPAasa substrate for ADA (Pavan and
lizerman 1998), this counterintuitive result watsibtited to that ADA inhibition increases the
signal amplification of the atrial Areceptor and/or its downstream signaling pathvuengter
hyperthyroid conditions. We assumed that this igfficy enhancing effect of ADA inhibition
may be associated with the intracellular adenosaoemulation rather than the interstitial one
(which latter is otherwise responsible for the stimion of the cell-surface Aeceptors, a
known trigger of several beneficial effects of Al#ibition: Zhu et al. 1994; Peart et al.
2001; Willems et al. 2006; Szentmiklosi et al. 20This assumption is supported by the fact
that blockade of the physiologically inward nuclielestransport, which also increases the
interstitial adenosine concentration but decrettsemtracellular one (Deussen 2000a,
2000b), does not enhance the efficiency of thalafv adenosinergic system under either

euthyroid or hyperthyroid conditions (Karsai et2006, 2007).

The major difficulty to investigate this phenomensthe fact that ADA inhibition,
besides enhancing the efficiency of ®ceptor function (an effect first described bynény-
Beke et al. in 2007), elevates the tissue aden@sintent, which leads toiAeceptor
activation that also augments the r&ceptor-mediated functions (a well-known effelt)the
experimental setup used for the above-mentionaty fiiemeny-Beke et al. 2007), this
problem occurred in a form that the decrease ottimractile force (evoked by the surplus
interstitial adenosine caused by ADA inhibitionderfered with the efficiency enhancing

effect of ADA inhibition on the Areceptor-mediated direct negative inotropy. Taifsidhis
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case, we provide a brief explanation. When DCF adhministered, the interstitial adenosine
level increased and the surplus adenosine exede@ea negative inotropic effect on the
atria. So, this condition served as baseline ferftinther manipulations, i.e. administration of
CPA to generate an E/c curve. As the surplus ititietsadenosine had already consumed a
part of the response capacity of theadlenosinergic system, a biased (smaller than &ghec
response to CPA was detected (for more detailstahmuphenomenon, see: Gesztelyi et al.
2004; Grenczer et al. 2010a). Thus, the two actidAsDA inhibition (mentioned at the top

of this paragraph) worked against each other ineadier experimental setup (Kemeny-Beke
et al. 2007).

In the Study 2, we aimed to separate these tworactdf ADA inhibition in order to
gain a deeper understanding of the influence of ARbition on the regulation of
contractility of the atrium. To address this chadje, we repeated our previous experiments
with the replacement of CPA with MC, a muscarimceptor agonist with high affinity for

the Mzreceptor.

The key concept of the experimental design usethfopresent study is as follows: If
the As receptor and ADA are inhibited simultaneously, divect negative inotropic effect of
the surplus interstitial adenosine produced by AbBiibition can be prevented (with the
consequent preservation of the response capadhedk adenosinergic system). However,
the major signaling pathways, underlying the direegative inotropy, remain accessible from
the Mp receptor. In this setup, if the molecular targje, change of which is responsible for
the enhanced efficiency of the direct negativermat function of the Areceptor under
ADA inhibition, is located in the joint part of thmostreceptorial signaling ofi/and M
receptors, an enhanced response to MC is expedtdve to the naive state (lacking A
receptor antagonist and ADA inhibitor). If thistiee case, we succeed in narrowing the circle
of possible mechanisms of action for the efficierohancing effect of ADA inhibition. If
not, besides narrowing the circle of possible actreechanisms (i.e. the molecular target in
guestion is out of the shared part of signalinthefA. and M receptors), we have the
opportunity to quantify the concentration of thepdus interstitial adenosine, produced by
ADA inhibition. This is because a prerequisite fué guantification is the fixedness of signal

amplification properties of the Mmuscarinergic system throughout the investigation.

Results of a preliminary study, carried out in @loratory using a simple protocol
and small sample size, suggested that ADA inhibitroght enhance the response to MC (in

addition to CPA) (Grenczer et al. 2007). During pinesent investigation we have expanded
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our protocol with the use of CPX, a selectiver@ceptor antagonist, and applied sufficiently
large sample size. Our current results show thahe presence of CPX, ADA inhibition
afforded by DCF was unable to influence the respaadMC (Fig. 23).Thus, we have every
reason to conclude that ADA inhibition does noteffthe shared part of postreceptorial
signaling of A and M receptors. Therefore, we could quantify the efedDA inhibition

on the interstitial adenosine concentration, amd tompare it with the similar action of
nucleoside transport blockade (by NBTI).

The response to MC during inhibition of the nucldedransport or ADA (without A
receptor blockade) showed a decrease relativeetodive state. This phenomenon was due to
the fact that the surplus interstitial adenosinyeattivating the A adenosinergic machinery,
biased the effect mediated by the Mceptor. Namely, because of the overlapping Sigga
pathways, when a fraction of the response capatifye A adenosinergic system was
depleted, the responsiveness of thenMiscarinergic system also decreased (Gesztedyi et
2004). The magnitude of the change (“bias”) of e curve is characteristic of the
magnitude of the biasing effect (Grenczer et al.(Q).

To estimate the surplus interstitial adenosine ftbenbias of MC E/c curves, RRM
presented itself. The motif of RRM is the intercheability of agonists evoking the same
kind of effect, irrespective of what sort of reaapthey bind to (Gesztelyi et al. 2004;
Grenczer et al. 2010a, 2010b; Pak et al. 2014hdrmpresent case, RRM has quantified the

extra interstitial adenosine with a surrogate patam i.e. the equieffective MC concentration
(Cx).

The & values of the present study show that NBTI sulbistéynelevated the
interstitial adenosine level and this effect wasager in the hyperthyroid guinea pig atrium
than in the euthyroid one (Table 3). This findirgroborates our previous results about the
effect of NBTI, in which ¢ values were obtained as equieffective CPA conagatrs (Karsai
et al. 2006, 2007; Kiss et al. 2013; Pak et al4201

The & values of the present study also indicate that X@Rilarly to NBTI, increased
the interstitial adenosine level in both the ewd hyperthyroid guinea pig atria. Expressing
this action in numbers, NBTI produced an aboutf8l8-greater ¢than DCF did,
irrespectively of the thyroid state (Table 3). Thenotes that the nucleoside transport
blockade has greater influence on the interstigiEnosine level than ADA inhibition (under
our ex vivoconditions ensuring well-oxygenated bathing mediddowever, nucleoside

transport inhibitors increases the interstitialram@ne level only in the metabolically intact
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myocardium (Deussen et al. 1999; Deussen 20008020 hypoxia, nucleoside transport
blockers can decrease the interstitial adenosired by inhibiting the adenosine release from
the cells (Gorge et al. 1998; Schreieck and RidhE®89). Thus, to elevate the interstitial
adenosine concentration, ADA inhibition appearbéan intervention more reliable than
nucleoside transport blockade. It should be ndtatl ADA inhibitors have a wide range of
actions throughout the body that forms the basisdweral side effects (Bazl et al. 2012).
However, these side effects are less problema#i®i inhibitors are applied in an isolated
organ rather than the whole body, e.g. in a hedrettransplanted. ADA inhibitors have been
found to reduce hypoxic injury during cardiac suyg&hu et al. 1994; Hudspeth et al. 1994;
Abd-Elfattah et al. 2013).

Because of unaltered signal amplification propsrtiethe M muscarinergic system
under ADA inhibition (Fig. 23, 25C, 25D) ®alues obtained from MC E/c curves could be
used to correct the conventionally plotted MC aftAE/c curves generated in the presence
of NBTI and DCF (without CPX) for the change prodd by the surplus interstitial
adenosine. As the exact concentration of extra@siee at the Areceptors remained
unknown, the biased effect values were only coescnd then they were plotted against the
concentration of the agonist administered for theddrve. Therefore, the two most useful
points of the corrected E/c curves are those ataed at the highest concentration. The
starting point shows the effect evoked by the extierstitial adenosine alonexjEwhile the
final one represents the maximal response of Wengsystem to the given agonist (owing to

the fact that well-saturated E/c curves were coedic

The most important feature of the corrected MCdfwes is that all of them end
practicallyibidemas their controls (considered to be inherentlyemd). This behavior of the
curves confirms that the efficiency of the Muscarinergic control on atrial contractility did

not change in response to the inhibition of eitaleoside transport or ADA (Fig. 25A-D).

In contrast, the corrected CPA E/c curves exceed tiontrols at the highest CPA
concentration that behavior is especially conspisua the hyperthyroid atria (Fig. 25E,
25F). It can be concluded that ADA inhibition inases the efficiency of theiAdenosinergic
direct negative inotropic function, even in thelguoid state. Nevertheless, consistent with
our previous observation (Kemeny-Beke et al. 20013, efficiency enhancing effect of ADA
inhibition is stronger in hyperthyroidism. Basedtbe comparison of the present results
obtained using NBTI with those applying DCF, thicgfncy enhancing effect of ADA

inhibition may be speculated to be induced by @ inghe intracellular rather than interstitial
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adenosine level.

Our present results denote that ADA inhibition jaats the T-induced suppression
(Szentmiklosi et al. 1992; Kaasik et al. 1994)ha tapacity of the Areceptor-mediated
direct negative inotropic function, an adenosinemptective (energy consumption limiting)
effect. The impact of this finding stems from tlaetfthat excess thyroid hormones place an
extra burden on the heart (Cini et al. 2009; Nablaod Robbins 2010) and increase the risk
of ischemic heart disease, supraventricular arrhigh and congestive heart failure (Franklyn
and Boelaert 2012). Thus, the enhancement of emdogeorotective ability of the heart by

means of ADA inhibition seems to be an especialbnpsing possibility in hyperthyroidism.

However, an important (and until now overlookedajiéa should be also taken into
account concerning the quantification of extrarnstigal adenosine and the correction for the
resulting E/c curve bias: the change in the signgblification of A adenosinergic system in
response to ADA inhibition. This phenomenon coufda the assessment gf\alues under
ADA inhibition, namely it probably caused an ovéimstion of  values (Fig. 25C, 25D,
Table 4B). For explanation, the following shouldtbeught over. If the Aadenosinergic
machinery is more sensitive (because of ADA infobi}, a given quantity of adenosine
evokes a greater effect,jkand thereby causes a larger change in the MCu¥e. From this
larger change, a greateraan be estimated by means of RRM (with the uddilbf
parameters of the corresponding control MC E/c eusee: equation 2). (Thus,walues
determined under ADA inhibition are MC concentratidhat are equieffective with the extra

interstitial adenosine if it activates an &denosinergic system amplified by ADA inhibition.)

The overestimation ofieralues for ADA inhibition has two important consegces
concerning our results. First, as the efficiencyating effect of ADA inhibition is stronger
in the hyperthyroid atria, no conclusion is wortirng drawn from the greatey io the
presence of DCF in hyperthyroidism (Table 4B). $&ahis phenomenon also affects the
comparison of gvalues reflecting the effect of NBTI with those@€F. However, the
former & values are even so greater than the latter (ajthouerestimated)walues (Table
3), therefore the conclusion drawn previously (NBTI is superior to DCF in increasing the

interstitial adenosine level) has remained truer@oeer, it has become even truer).

At the same time, it can be stated that the cagteElc curves generated in the
presence of DCF are even so appropriate. Thisadalthat althoughyo/alues determined
under ADA inhibition are overestimated, they wesedito correct E/c curves constructed

under ADA inhibition. During the correctiony galues were converted into biasing effects
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(Ex) by means of the same Hill parameters, as were tasebtain thesecwalues. So, in the
course of the correction, we got corregtvlues and these effects were applied for the
further calculations. Thus, conclusions drawn frwa corrected E/c curves are all valid.

In addition, to the best of our knowledge, thiddgtis the first to report about the
suppressing effect ofsfreatment on the inotropic control exerted bydtreal M. muscarinic
system in a guinea pig model. On the other handewlyroid hormones remarkably
decreased fx and potency of the direct negative inotropic actd muscarinic agonists (MC
and carbachol) in the rat left atrium (Ishac andrfeéather 1983), we found this effect to be
quite small in the guinea pig left atrium, maniégkin a moderate decrease wEand a

minor reduction in the Hill coefficient (Fig. 18able 3).

The major limitation of the Study 2 is the puredtianal approach applied in it. This
was necessary to unequivocally detect the natutesgient of the influence of ADA
inhibition on the contractility of the working swgventricular myocardium. Of course, this
does not substitute subsequent molecular assayarthassential to exploit all possibilities

coming from our results.

In summary, we have found that inhibition of ADArases the signal amplification
of the A, adenosinergic system as regards the direct negatiropic effect in the euthyroid
and,a fortiori, hyperthyroid guinea pig atrium. This outcome aadies that ADA inhibition,
besides producing an increase in the interstitlehasine level with a consequent stimulation
of the A receptor, intensifies theiadenosinergic direct negative inotropic function i
another way (forasmuch the extra adenosine caneexakronger effect if using a more
efficacious signaling). Thus, our results proposew, thyroid hormone-sensitive mechanism
of action of ADA inhibition that may have practiGgnificance in improving ischemic
tolerance of the heart. Of course, this practicgdact depends on whether this phenomenon
affects other Areceptor-mediated protective functions as welll @hether it extends to the
whole heart. It is especially interesting that @ésion of ADA inhibition is stronger in
hyperthyroidism, a condition that places an extralbn on the heart with a simultaneous
reduction of some Areceptor functions. In addition, it has been codet that the site of the
efficiency enhancing action of ADA inhibition is hiocated in the joint part of signaling
pathways of Aand M receptors. Furthermore, it has been found that Afddbition can
produce a smaller rise in the interstitial aden@sioncentration than nucleoside transport

blockade can, in both eu- and hyperthyroid atria.
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7/ Summary

Hyperthyroidism elevates cardiovascular mortaligyskveral mechanisms, including
increased risk of ischemic heart disease. Thergfioegapeutic strategies, which enhance
tolerance of heart to ischemia-reperfusion injungy be particularly useful for hyperthyroid
patients. One promising cardioprotective approaalse of agents that activate (directly or
indirectly) the A adenosine receptor {Aeceptor), becauseiadenosinergic pathways are
involved in protective mechanisms such as ischgmaconditioning. These agents
stimulating the A adenosinergic system can berAceptor agonists, furthermore they can act
via elevating the tissue adenosine content, e.g.hpitiig the adenosine deaminase (ADA),

an enzyme that eliminates adenosine.

However, application of exogenous keceptor agonists, even being partial, implies the
risk of undesirable side effects. Indeed, previpust found great Areceptor reserve for the
direct negative inotropic effect of adenosine mlased guinea pig atria. This phenomenon
suggests that Aadenosinergic stimulant agents may reduce the amécdl activity of atria in
vivo as well. Due to the modulating effects of tigrhormones in the heart, hyperthyroidism
might be speculated to affect this possible siflecedf Ar receptor agonists. During the first
set of our investigations, however, we have fodrad thyroxine treatment does not
substantially affect the Areceptor reserve for the direct negative inotrabiect of
adenosine. Consequently, if an agent causinigeéeptor activation is administered for any
indication, a decrease of atrial contractility skidoe considered as an adverse effect in both
eu- and hyperthyroid conditions. In addition, thigling also suggests that cardioprotective
potential of A adenosinergic mechanisms is mainly preservedpetlyyroidism, at least at

the level of A receptor and its signaling.

During the second set of our investigations, weetfaund that ADA inhibition (but not
nucleoside transport blockade) increased the saynalification of the A adenosinergic (but
not M2 muscarinergic) system. This action of ADAilmition developed in both thyroid
states, but it was greater in hyperthyroidism. Minedess, ADA inhibition produced a
smaller rise in the interstitial adenosine concaian than nucleoside transport blockade did,
in both thyroid states. These results indicate A4 inhibition, besides increasing the
interstitial adenosine level, intensifies the atAia adenosinergic function in another (thyroid

hormone-sensitive) way, suggesting a new mechaoisaution of ADA inhibition.
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8 Osszefoglalas

A hyperthyreosis tébb mechanizmus révén is névkéirdiovaszkularis mortalitast,
beleértve az iszkémias szivbetegség magasabbjéizikOEzzel 6sszhangban azok a terapias
stratégiak, amelyek fokozzak a sziv iszkémia-réadl/al szembeni védek@zepességeét,
kuléndsen hasznosak lehetnek a hyperthyreoid betegamara. Az egyik ilyen igéretes
lehethiség az A adenozin receptor (direkt vagy indirekt médon Yyalktivalasa, mivel az A
adenozinerg Utvonalak is részt vesznek az iszképnédondicionalas jelenségének
kialakitasaban. Ezek az Adenozinerg stimulalé anyagok lehetnekrédceptor agonistak,
tovabba a szoveti adenozin-szintet né\atyagok, mint pl. az adenozin eliminaciéjaban

szerepd adenozin dezaminaz enzim (ADA) gatloszerei.

Az exogen A receptor agonistak alkalmazasa azonban, még belsak is,
mellékhatasok megjelenését vonja maga utan. Eg@bkowrizsgalatunkban nagy Aeceptor
rezervet talaltunk a negativ inotropiara nézvealtaeéngerimalac bal pitvaron. Ez arra utal,
hogy az A receptorok stimulacidja csokkenteti a pitvarok hagkai aktivitasat in vivo is. A
pajzsmirigyhormonok szivre gyakorolt hatasa midtyperthyreosis befolyasolhatja az A
receptor agonistak lehetséges mellékhatasaitss vEdsgalatunk soran azt talaltuk, hogy a
tiroxin kezelés nem befolyasolja Iényegesen areBeptor rezervet az adenozinnal kivaltott
direkt negativ inotrép hatas tekintetében. Kéveds&&ppen egy Ladenozinerg stimulans,
barmilyen indikaciéban alkalmazzak is, feltéieat ugyanolyan mértékben képes cstkkenteni
a pitvari kontrakcios ét hyperthyreoid allapotban, mint euthyreoidban.darényeink
egyben azt is sugalljak, hogy az &denozinerg rendszer kardioprotektittkiddése is
megtartott hyperthyreoid allapotban, legalabbigareceptor és szignalizacidja szintjén.

A masodik vizsgalatunkban azt talaltuk, hogy az Ag#las (szemben a nukleozid
transzport blokaddal) ndvelte az Adenozinerg rendszer jelsitését (mig az M
muszkarinerg rendszerét nem). Az ADA gatlas ezéashamind eu-, mind hyperthyreoid
allapotban kifepdott, de efsebbnek mutatkozott hyperthyreosisban. Mindazorggt&DA
gatlasa kisebb mértéknterstitialis adenozin-szint névekedést okozwiit a nukleozid
transzport gatlasa, mindkét thyreoid allapotbaedErényeink alapjan az ADA gatlas az
interstitialis adenozin-szint emelése mellett ed@sik (pajzsmirigyhormon-érzékeny)
mechanizmuson keresztll fokozza a pitvareflenozinerg fikddést, ezzel az ADA gatlas

egy Uj hatasmechanizmusanak Iéségét sugallva.
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