




















































































































































































































Muscarinic receptors in human heart

Atropine (10 M) effectively antagonized both the negative and positive inotropic
effects of acetylcholine in atrial as well as the positive inotropic effect in ventricular
trabeculae. Since in the presence of atropine a comnplete concentration-response curve to
acetylcholine could not be constructed, pD, values of acetylcholine were not calculated.
However, from figure 7.1 it can be seen that atropine shifted the concentration-response
curve to the right by more than 3 and 4 log units in atrial and ventricular trabeculae,
respectively, Propranolol (10 M) did not modify the responses to acetylcholine.

7.4.2.2 Effect on noradrenaline-stimulated contractility.  In the presence of
noradrenaline (10°° M), acetylcholine produced only a negative inotropic effect in both
atrial and ventricular trabeculae (figure 7.2). The reduction of the contractile force by
10 M acetylcholine was from 504£141 to 4326 mg (86+4%) in atrial trabeculae (n=*7) and
from 463193 to 288+59 mg (39+5%) in ventricular trabeculae (n=6). The pD, value for
acetylcholine was 7.0£0.6 (n=5) and 6.840.9 (n=6) in the atrial and ventricular tissues,
respectively,
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Figure 7.2,  Cumulative concentration-response curves of acetylcholine (Ach) on force of
contraction afier pre-stimulation with noradrenaline (NA; 10® M), obtained in the atrial (left panel)
and ventricular (right panel) trabeculae in the absence (O, n=7 and 6, respectively) or presence of
atropine (10 M; A, n=7 and 5, respectively),
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Figure 7.3. Cumulative concentration-response curves of acetylcholine (Ach) on baseline force of
contraction in the atrial trabeculae in the absence or presence of antagonists. Upper left panel:
acetylcholine alone (n=16) or in the presence of pirenzepine (107, 10® and 10 M; n=6, § and 6,
respectively). Upper right panel; acetylcheline alone (n=16) or in the presence of AF-DX 116 107,
10 and 19 M; n=6, 8 and 6, respectively)., Lower lefi panel: acetyleholine alone (r=10) or in the
presence of HHSID {10 and 107 M; n=6 each).
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Atropine shified the concentration-response curve for acetylcholine to the right in
both atrial and ventricular tissue following pre-stimulation with 10 M noradrenaline
(figure 7.2). The pD), values for acetyicholine were decreased in both atrial (4.540.1; n=7)
and ventricular {4.840,3; n=5) trabecutae.

Table 7.1, Maximum negative {with apparent pD,) and positive inotropic effects in atrial and
maximum positive inotropic effect (with apparent pD),) in ventricudar trabeculae induced by

acetylcholine.

Atrium Ventricle

Antagonist udM  n Negative® pD, Paositive® n  Positive®  pD,
Control 16 4712 68102 78kl 14 3316 5.640.4
Pirenzepine 0.1 6 73810 71202 29+£15* 5 375 6.310.2
Pirenzepine I 8 6117 6.4+0.2 KYES L 4 5616 5.130.6
Pirenzepine [0 6 5816 6.310.2 413+ 7 50420 4.7+1.8
Control 16 66%5 6.810.2  68tl2 16 46£13  5.840.2
AF-DX 116 01 6 67111 6.640.1 50423 G 3849 6.110.1
AF-DX 116 | 3 57820 5.940.2% 47437 6 26£11 4.840.6
AF-DX 116 10 6 #* #* 111£51 7 29£12  3.9%0.1*
Control 10 7017 71402 75430 10 3646 6.210.3
HHSID 1 6 6946 6.810.1 513} 6 44£12 60102
HHSID 10 6 311£28* 64104 106457 5 3210 5.340.4

*, Change from baseline values by acetylcholine (10° M or 16° M in presence of the two highest

concentrations of pirenzepine);
from the maximal negative effect (pD, not calculable);

b Change by 10° M acetylcholine, calculated as the difference
¢ Change from baseline values by

acetylcholine {107 M or 10° M). *, Significantly different from values in control experiments run
in parallel. #, Only positive inotropic response.

76



Chapter 7
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Figure 7.4, Cumulative concentration-response curves of acetylcholine (Ach) on baseline force of
contraction in the ventricular trabeculae in the absence or presence of antagonists. Upper left
panel: acetylcholine alone (n=14) or in the presence of pirenzepine (107, 10 and 10° M; n=5, 4
and 7, respectively). Upper right panel: acetylcholine alone (n=16) or in the presence of

AF-DX 16 107, 10° and 10° M; n=6, 6 and 7, respectively). Lower left panel: acetylcholine
alone (n=10) or in the presence of HHSID (10 and 10”° M; n=6 and 5, respectively).
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7.4.3  Effect of muscarinic receptor antagonists on acetylcholine-induced inotropic
responses

7.4.3.1  Right atrium.  Figure 7.3 presents conceniration-response curves to
acetylcholine in atrial trabeculae in the absence (control) or presence of the three relatively
selective muscarinic receptor antagonists, whereas the relevant parameters of these curves
are summarized in table 7.1. The muscarinic M, receptor antagonist pirenzepine (107, 10°
or 107 M) did not significantly change the negative inotropic effect of acetylcholine (107
to 10° M), whereas the positive inotropic effect of acetylcholine (10 to 10? M) was
significantly reduced by pirenzepine at the highest concentration (107 M; pK could not be
calculated).
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Figure 7.5. Cumulative concentration-response curves of MoN-A.343 on baseline force of
contraction, obtained in atrial (@) and ventricular (4 ) trabeculae (n=6 each).
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Figure 7.6. Recordings of force of contraction in four right atrial trabeculae showing the effects of
acetylcholine (Ach) in different concentrations. Note that the negative inofropic effect of
acetylcholine (107 M), which was maintained for several min {pane! A), was reversed by higher
concentrations of acetylcholine {panel B) and McN-A-343 (panel C). The reversal of the negative
inotropic effect of acetylcholine by McN-A-343 was not observed in atrial trabeculae pre-treated

with pirenzepine (10° M) (panel D).

The muscarinic M, receptor antagonist AF-DX 116 did not significantly modify the
negative inotropic effect of acetylcholine at 107 M, but 10° M AF-DX 116 produced a
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parallel shift to the right of the acetylcholine curve (apparent pKy: 6.740.4; n=8) and
10° M AF-DX [16 completely abolished the negative inotropic effect. AF-DX 116 either
did not affect (107 and 10 M) or even seemed to increase (10" M) the positive inotropic
component of the effects of acetylcholine. The preferential muscarinic M; receptor
antagonist HHSID (10° M) failed to modify the effects of acetylcholine, but its higher
concentration (10" M) reduced the negative inotropic component (apparent pK,: 6.010.6;
n=6}, without affecting the positive inotropic component.

7.4.3.2  Lefl vemricle. The effects of the muscarinic receptor antagonist on
acetylcholine-induced positive inotropic effects in ventricular trabeculaec are shown in
figure 7.4 and table I. Pirenzepine did not efficiently antagonize the responses to
acetylcholine; only at 10° M pirenzepine, the curve for the acetylcholine seemed to be
slightly shifted to the right (apparent pK;: 5.740.5; n=6), On the other hand, AF-DX 116
(10° and 10°* M) caused a concentration-dependent antagonism of the responses to
acetylcholine {apparent pKy: 6.7t0.6 and 6.210.3, respectively; n=6 each). HHSID failed
to modify the responses to acetylcholine,

7.4.4 Effects of McN-A-343

7.4.4.1 Baseline contractility. The effects of McN-A-343 (10% to 10° M), a
relatively seleclive muscarinic M, receptor agonist, on baseline contractility in the atrial
and ventricular trabeculae are presented in figure 7.5, McN-A-343 failed to significantly
alter the force of contraction in either tissue; the values before and after MceN-A-343
(107 M) were 23051 and 208+56 mg in afrial trabeculae and 3484139 and 3584130 mg
in ventricular trabeculae.

7.4.4.2 Acetylcholine-induced depressed contractility in atrial trabeculae, Figure 7.6
presents examples of original fracings showing the effects of acetylcholine and McN-A-343
in atrial trabeculae. Acetylcholine (107 M) produced a sustained negative inotropic effect
{panel A), which was reversed by higher concentrations of acetylcholine (>10"° M; panel B)
as well as by McN-A-343 (=10 M; panel C). Pre-treatment of the atrial trabeculae with
pirenzepine (10°* M) antagonized the positive inotropic effect of McN-A-343 (panel D).The
mean data obtained in atrial trabeculae with McN-A-343 in the absence or presence of
10° M pirenzepine (after maximum negative inotropic effect was reached by low
concentrations of acetylcholine) are presented in figure 7.7, Acetylcholine decreased the
baseline contractile force from 8684169 g at baseline down to 140463 mg (-8445%) at
107 M (n=5), MecN-A-343 (107 to 10”° M) increased the contractile force back to baseline
values (902£170 mg at 10 M; n=5) in a concentration-dependent way (pD,: 6.75£0.42).
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Although pirenzepine (10 M) slightly shifted the acetylcholine curve to the right, it
strongly antagonized the McN-A-343-induced positive inotropic effect. In the presence of
pirenzepine, the force of contraction was not changed by McN-A-343 (10° to 107 M)
Only at [0 M, McN-A-343 increased the contractility from 6717 to 285142 mg, close to
the baseline value (3801110 mg) (n=4); the pD, value of McN-A-343 based on the last
response was 3.56+0.06, The apparent pK, value of pirenzepine against McN-A-343 was

found fo be 8.57£0.33 (n=4).
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Figure 7.7. Cumulative concentration-response curves of McN-A-343 on the force of contraction in

atrial trabecutae after depression of contractility by acetylcholine (Ach, 107 to 107 or 10 M),
obtained in the absence (O n=5) o presence (@; n=4) of pirenzepine {10 M)
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7.5 Discussion

7.5.1 Involvement of muscarinic receptor in acetyicholine responses

The results from the present and previous (Du et al., 1994) studies show that in the
human isolated myocardium acetylcholine elicits complex inotropic effects, consisting of a
biphasic response {decrease followed by increase at high concentrations) in atrial baseline
contractility and only an increase in ventricular baseline contractility. However, in
conformity with previous observations (Jakob et al.,, 1989; Deighton et al,, 1990; Béhm et
al,, 1994) in isoprenaline-augmented human isolated myocardivm, acetylcholine decreased
the contractility in both atrial and wventricular preparations after prior exposure to
noradrenaline. The negative inotropic effect of muscarinic cholinergic agents (antagonized
by atropine) is well known, but their positive inotropic action, though reported in some
animal species (rat atria, Imai and Ohta, 1982; guinea-pig papillary muscles, Korth and
Kiihlkamp, 1987; guinea-pig atria, Eglen et al.,, 1988; chick ventricles, Tsuji et al.,, 1987),
has not been reported in humans (see Jakob et al,, 1989; Deighton et al,, 1990; Bohm et
al., 1994). The reasons for this discrepancy are not entirely clear. However, in contrast to
our investigations performed in non-diseased hearts and with acetylcholine in ventricular
trabeculae, the previous authors (Jakob et al,, 1989; Deighton el al,, 19%90; Bohm et al,
1994} studied the effects of carbachol on papillary muscles obtained from hearts removed
for transplantation surgery.

The precise receptor mechanisms involved in the positive inotropic effects of
muscarinic cholinergic agents is not well understood, In the rat atria (Imai and Ohta,
1982), guinea-pig papitlary muscle (Korth and Kiihlkamp, 1987} and chick ventricles (Tsuji
et al.,, 1987), the positive inotropic effect was antagonized by atropine and, in the last two
tissues, it was also shown that the effect, being unaffected by prior reserpinization {(Korth
and Kiihlkamp, 1987} or propranolol (Tsuji et al., 1987), was independent of endogenous
catecholamines. In accordance with these observations, we also found that alropine not
only blocked the negative inotropic effect in the atria, but also the positive inotropic
responses in both atria and ventricles, which were unaffected by propranolol. Thus, the
results show that both the negalive and positive inotropic effects of aceiylchotine in the
human isolated myocardium are mediated by muscarinic receptors.

7.5.2 Subtypes of muscarinic receptors involved in acetylcholine responses

Although, at present, highly selective antagonists of muscarinic receptor subtypes are
not available, a combination of relatively sclective antagonists can be employed to
characterize the muscarinic receptor subtypes. In the present investigation, we used three
such antagonists having different selectivity profiles, namely pirenzepine (M >M;>M,),
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AF-DX 116 (M>M>M,) and HHSID (M;2M>>M,) (Doods et al.,, 1994). However, it
should be pointed out that the affinity values of these relatively selective antagonists
obtained in the present experiments in the human myocardium are further prejudiced by the
complex nature of acetylcholine response,

7.5.2.1 Involvement of M, receptor subtype. The present study showed that AF-DX
116, followed by HHSID and pirenzepine) most effectively antagonized the atrial negative
inotropic (figure 7.3) and ventricular positive inotropic (figure 7.4) effects of acetylcholine;
the concentration-response curves were shifted to the right. The caleulated apparent pK,
values of AF-DX 116 in the atria (6.740.4) and ventricles (6.720.6) match with pK; values
observed in the two tissues (7.1420.06 and 7.1810.06, respectively) for the displacement of
[’H]-N-methyl scopolamine in puinea-pig membranes (Michel and Whiting, 1987). Thus,
it appears that the muscarinic M, receptor subtype mediates both the negative (in atria) and
positive {in veniricles) inotropic responses, This conclusion is in agreement with the
demonstration of muscarinic M, receptor mRNA and protein in human heart (Maeda et al.,
1988; Caulfield, 1993). Moreover, it is now well established that the muscarinic M,
receptor is coupled to three signal transduction pathways (Schimerlik, 1989): (i} inhibition
of adenylyl cyclase to reduce cAMP (Fleming et al, 1987), (ii) opening of potassium
channels (Ray et al., 1993} and (iii) hydrolysis of phosphatidylinositol. The first two may
contribute to the negative inotropic response of muscarinic receptor stimulation (Hanf
et al.,, 1993), while the third may induce positive inotropic responses {(Mizushima et al,,
1987; Kohd et al,, 1990). Although the exact molecular processes are unclear, it is believed
that the two opposite functional responses are mediated via muscarinic M, receptor coupled
to different G-proteins and oceurring in different states: a high affinity state associated with
inhibition of adenylate cyclase and a low affinity state associated with the
phosphatidylinesitol breakdown (Brown and Brown, 1984),

A recent study on comparison of muscarinic K’ channels between human atrium and
ventricle (Koumi et al., 1994} showed that whole cell acetylcholine-induced K* current in
human atria and ventrictes exhibit substantially similar characteristics, with the exception of
the channel density. Acetylcholine-induced K* current in atria was approximately two to
three times higher than that in ventricles. Another study on the comparison of coupling of
muscarinic receptors in guinea-pig atrial and ventricular myocardium showed that atrial and
venfricular receptors were similar, but receptor coupling to cyclase inhibition or
phosphatidylinositol hydrolysis was distinguishable (Woodcock et al., 1987). Thus, it is
possible that all three pathways operate to mediate the observed tissue responses, but their
importance may vary in different tissues and/or conditions. Based on the effect of
acetylcholine on the baseline contractility (without prior stimulation with, for example,
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noradrenaline), it would appear that the coupling of muscarinic M, receptors to adenylyl
eyclase (negatively) and K' channels may be more important in the atrial tissue, whereas in
the ventricular tissue muscarinic M, receptors couple preferentially to phosphatidylinositol
hydrolysis. However, it is possible that the coupling can alter in different conditions.
Indeed, it is interesting to recall that in the human ventricular myocardivm a
concentration-dependent negative inotropic effect was seen after pre-stimulation with
sympathomimetic agents (Jakob et al., 1989; Landzberg et al., 1994; present results).

7.3.2.2  Involvement of muscarinic M, recepior subtype.  Experiments with
AF-DX 116 and HHSID in atrial tissue showed that the positive inotropic effect of
acetylcholine, observed with high concentrations and only when the atrial contractility had
been depressed, was not attenuated and seemed to be potentiated by these compounds. On
the other hand, pirenzepine seemed to attenuate this response, thereby accentuating the
preceding negative inotropic effect (figure 7.3). It therefore appears that the
acetylcholine-induced increase in depressed contractility is mediated by the muscarinic M,
receptor subtype rather than the M, or M, subtype. Although HHSID has been reported to
be a more polent antagonist against M, or M, receptors {see Doods et al, 1994), this
apparently dose not seem to hold true for the human heart, where this compound blocked
M, receptor mediated responses (negative inotropism in afria and positive inofropism in
ventricles) more effectively,

The conclusion that the muscarinic M, receptor subtype mediates acetylcholine-
induced increases in atrial contractility is further substantiated by the results obtained with
MeN-A-343, which in the radioligand binding assays has similar affinities for the M, and
M, receptor subtypes, but in functional assays, probably due to differences in intrinsic
efficacy andfor tissue receptor reserve, shows selectivity for the muscarinic M, receptor
subtype (Eglen et al., 1987). Indeed, McN-A-343 failed to decrease atrial or increase
ventricular contractility (figure 7.5), thus ruling ouf activation of the muscarinic M,
receptor subtype in the human heart, This compound, however, mimicked acetylcholine
{higher concentrations) in increasing atrial contractility, once this had been depressed by
prior administration of low concentrations of acetylcholine (figure 7.6). The reversal of the
negative inotropic effect of acetylcholine by McN-A-343 cannot be due to a blockade of
muscarinic M, receplors, since the effect of MeN-A-343 was antagonized by pirenzepine,
The apparent pK, value of pirenzepine against McN-A-343 (8.57+0.33) was similar to the
binding affinity of drug at the human cloned muscarinic M; receptor (pK;: 8.20+0.13;
Dorje et al., 1991), thus confirming the involvement of muscarinic M, receptor subtype.
Additional evidence for functional atrial muscarinic M, receptors comes from studies of
Pitsschner and Wellstein (1988), who observed that low doses {(<3mg) of pirenzepine
decrease heart rate in humans subjects, Similarly, the bradycardia caused by low doses of
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atropine in humans may also be related to blockade of muscarinic M, receptors (Wellstein
and Pitschner, 1988; present results), rather than central vagal stimulation (Weiner, 1990).

Kellar et al. (1985) examined the binding of [*H]acetylcholine and suggested that
most of the muscarinic M, sites had a high affinity for acetylcholine, whereas the majority
of muscarinic M, sites had a low affinity for acetylcholine. This is in agreement with our
observations that the positive inotropic response in the atrial trabeculae was obtained with
high concentrations of acetylcholine (10 or 10 M). It is possible that the muscarinic M,
receptor mediating increases in atrial contractility is coupled to phosphatidylinositol
hydrolysis (Gallo et al., 1993; Wess et al., 1993).

In conclusion, the present investigation in the human isolated myocardium shows
that: (1) in addition to the generally accepted negalive inotropic effect, acetylcholine also
causes posilive inotropic effects at similar concentration in human ventricular trabeculae
and both these responses are mediated by the muscarinic M, receptor subtype, possibly
having preferemiai coupling to adenylyl cyclase (negatively) and K" channels in atria and
to phosphoinositol breakdown in wventricles, (ii}in trabeculae pre-stimdated with
noradrenaline, acetylcholine elicited negative inotropic responses in both atrial and
ventricular trabeculae, suggesting that the preferential coupling in the ventricles can be
altered, and (iii) when atrial contraciility has already been depressed, high concentrations of
acetylcholine as well as McN-A-343 can increase the atrial contractility back towards
baseline values via the muscarinic M, receptor subtype. The physiological relevance of the
atrial muscarinic M, receptor is not yet clear.
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Chapter 8 General discussion

The studies presented in this thesis are composed of in vitro experiments studying
pharmacological responses of isolated cardiac tissue. Three aspects make this thesis rather
unique.

i)  The studies were performed on human cardiac tissue and, therefore, the results can be
directly translated to the human situation without extrapolation from animal data.
Nevertheless, some studies were performed in porcine cardiac tissue in paralle] to
evaluate this species as a model for human tissue,

i) The studies were performed in human healthy (without cardiac diseases) atrial and
ventricular tissue, which, especially the latter, is difficult to obtain on a regular basis.
The results provide information about the regulation of contractility in human cardiac
muscle in non-diseased states.

iti) The studies were performed on right atrial and left ventricular tissues obtained from
the same heart, The results may represent the different contribution of the atrium and
ventricle to overall fimction of the heart, The use of the atrial and ventricular tissue
in paralle] enhances the value of comparison of the responses of the two tissues with
regard (o their function in vivo,

The present chapter discusses the results with respect to comparison of human and
porcine heart, atrial versus ventricular tissue responses, and receptor subtypes mediating the

TESPONSES.

8.1 Species differences

The use of laboratory animals as models for man provides an important and
convenient method for pharmacological research. However, for such an approach to
succeed, it is imperative that chosen animal species does nol show species-related
differences with human pharmacology. For evaluation of porcine cardiac tissue as a
model, in some of our studies the differences and similarities of the porcine and human

tissue in contractile responses are discussed.

8.1.2 Different response
In chapter 5, we showed that human «-CGRP exerted different effects, presumably

through the same receptor, on porcine and human hearts. o-CGRP induced a positive
inotropic response in poreine ventricular, but not in atrial trabeculae. In contrast, «-CGRP
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increased the contractility in human atrial, but not in ventricular trabeculae (chapter 6). It
is known that positive inotropic effect of human CGRP in most species is mediated by
specific CGRP receptors coupled to adenylyl cyclase (Franco-Cereceda et al, 1987,
Miyauchi et al.,, 1987; Ono et al., 1989; Anand et al., 1991), We do not know whether the
different responsiveness of human and porcine myocardium is due to the use of human
CGRP in both human and porcine heart or to a different distribution or type of functional
CGRP receptors in the two species. Specific binding sites for CGRP have been
demonstrated in porcine ventricular tissue (Miyauchi et al., 1988) and rat atrium (Sigrist et
al., 1986), whereas for porcine atrial and human cardiac tissue this is not known.

The above observation showed, probably for the first time, that a biogenic substance
induces a positive inotropic response in a mammalian ventricular tissue without a
corresponding effect in atrial tissue. The opposife has been shown with several substances
in the heart from several species (Ziogas et al, 1985; Schoemaker et al, 1992, 1993;
Feolde et al., 1993; Du et al., 1994; Ishihata et al., 1993). The results of this study suggest
that the response to an endogenous substance could be species-specific as it induces

different responses in different species.

813 Similar response but different receptors

In chapter 4, we showed that histamine induced a similar response in different species
mediated by different receptor subtypes. Histamine produced a positive inotropic effect in
human atrial and ventricular trabeculac as well as porcine atrial trabeculae via histamine H,
receptors.  In porcine ventricular trabeculae, histamine induced a similar response,
however, via histamine H, receptors. This receptor subtype difference is not unique for the
porcine heart and it occurs in other species as well. For instance, the positive inotropic
effect of histamine in dog atrium (Chiba et al,, 1977} as well as in guinea pig left atrium
(Verma and McNeill 1977) is due to stimulation of H, receptors. On the other hand, in
rabbit ventricular muscle, the effect is mediated by both H, and H, receptors (Elizalde,
1986). Similarly, as reviewed by Saxena and Villalén (1991), cardiac stimulation by 5-HT
is mediated by S-HT,-like, 5-HT,, 5-HT, and 5-HT, receptors in, respectively, the cat, rat,
rabbit and pig; however, in this case, porcine and human heart resemble each other. Thus,
according to the results described in this thesis (see chapter 4 and 5), we conclude that
porcine cardiac tissue, although pharmacologically similar in several respects, is still
distinguishable from that of humans, indicating that the porcine heart model too has its
limitation. Although animal models may provide a useful too! for answering specific
questions, an evaluation of interference of species-related differences with regard to
pharmacologic regulation of eardiac contractility is necessary, Therefore, we restricted

further experiments to only human tissue,
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8.2 Different response in human atrial and ventricular tissue

Focusing on human atrial and ventricular tissue, we found that biogenic substances
could induce similar or different responses in atrial and ventricular tissue from the same
heart. A parallel experiment in atrial and ventricular tissue is necessary for studies on

cardiac contractility.

8.2.1 Different response but similar receplor
Chapter 7 showed that a biogenic substance can induce different responses in atrial

and ventricular tissue mediated by the same receptors, Acetylcholine (<10°® M) produced a
negative inotropic effect in human atrial trabeculae, but a positive inotropic effect in
ventricular trabeculae; both effects were mediated by M, muscarinic receptors. It is well
known that M, receptors are coupled to multiple second messenger systems (Schimerlik,
1989): 1. Inhibition of adenyly! cyclase to reduce cAMP and opening of potassium
channels, which may contribute to the negative inotropic response of muscarinic receptor
stimulation (Hanf et al,, 1993); 2. Stimulation of phosphoinositide hydrolysis, which may
be responsible for the positive inotropic effect of choline esters (Korth et al,, 1987). The
difference in atrial and ventricular response may be explained by coupling of the M,
muscarinic receptor to different second messenger systems: in atrial tissue, the M, receptor
may couple predominantly negatively to the cAMP pathway, whereas in ventricular tissue,
the M, receptor may couple mainly to the 1P, pathway, The above observations provide a
clear example that, although both tissues were taken from the same heart, the results from
atrial tissue are not representative for the rest of the heart, including ventricular tissue.
The difference in atrial and ventricular tissue is further discussed below.

8.2.2 Lack of ventricular response

At the beginning of the present studies (chapters 2 and 3), we observed that atrial and
ventricular trabeculae from the same human heart showed different response to 5-HT: 5-HT
induced a positive inotropic effect in atrial but not in ventricular tissue, Similar results
were obtained in porcine heart. The effect of 5-HT in atrial tissue is mediated by 5-HT,
receplors coupled to the adenylyl cyclase /eAMP second messenger system (Kaumann et
al., 1991a,b). The results have Jed to two questions: 1. Is this phenomenon unique for
5-HT or could it be observed for other substances as well? 2. Why does ventricular tissue
fail to respond to this and other substances?

With regard to the first question, our results (chapter 6) showed that other substances,
including human «-CGRP and angiotensin I, increased atrial, but not ventricular
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contractility. Moreover, substances that decrease cardiac contractility (adenosine and
somatostatin) affected atrial tissue, but they were virtually inactive in veniricular tissue.
We, therefore, conclude that the effect of 5-HT with regard to the different atrial and
ventricular responses was not limited to 5-HT, but could also be observed with other
substances, Atrial tissue may be more sensitive to endogenous inotropic substances than
ventricular tissue.

Based on owr studies, a clear explanation for the different responses of atrial and
ventricular trabeculae (question 2) is difficult to give. Obviously, the force of contraction
of ventricular tisstte can be increased by positive inotropic agents, since this tissue showed
a substantial response to noradrenaline and histamine (chapter 4). Because both
noradrenaline and histamine exert their positive inotropic effect by increasing ¢cAMP levels
through adenylyl cyclase stimulation, we conclude that this pathway was intact in our
preparations, However, in contrast to airial tissue, ventricular tissue did not respond to
angiotensin I, human o-CGRP, adenosine and somatostatin.  Since 5-HT, o-CGRP,
adenosine and somatostatin alt act via their receptors coupled to the adenylyl cyclase
pathway, which, as argued above, seems to function normally, the lack of response in
ventricular tissue may be caused by either a too low receptor number or by receptors that
are not coupled to their signal transduction pathway. Moreover, this lack of ventricular
response is not restricted to substances acting via adenylyt cyclase/cAMP pathway, since it
was also observed for angiotensin II, that acts via the PLC/IP/DG pathway,

For at least some substances, there is evidence for reduced receptor density or
different receptor subtype in veniricular tissue. In a recent review, Kaumann {1994)
suggested that functional 5-HT, receptors may be absent in human ventricular myocytes,
Nozawa et al. (1994) suggest that, in conirast to human atrial myocardium with mainly
AT, receptors, the predominant angiotensin I receptor subtype in human ventricular
myocardium is AT, which does not modulate contractility. Thus, in addition to a
difference in receptor density between atrial and ventricular tissue, the different subtypes of
angiotensin Il receptors may also contribute to the lack of ventricular response. Specific
binding sites for CGRP were identified in high concentration in rat atrium, but very few
were found in guinea pig ventricles (Sigrist et al.,, 1986; Ishikawa et al., 1988). Since the
response in rat and guinea pig cardiac tissue is similar to that in human tissue, this
explanation may also be true for the human heart. In human atrial tissue, the density of
adenosine A, receptors is about twice as high as in the ventricle {Bohm et al, 1989).
These data may explain the lack of response with adenosine in human ventricular tissue,

The above results show that atrial contractility is more sensitive to several
cardiovascular relevant endogenous substances than veniricular contractility.  This
observation may have important implications for drug development, Usuatly, development
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of therapeutic agents that influence cardiac contractility is directed to increase ventricular
contractile force, as it is a major determinant of left ventricular function. In this regard,
the use of atrial tissue as representing "cardiac tissue" is questionable and can be
misleading. On the other hand, since atrial tissue seems more sensitive to most of the
substances investigated so far, the contribution of atrial contraction to the overall cardiac
function may have been generally underestimated.

8.2.3 Funetional importance

Data from this thesis showed that ventricular tissue from both man and pig did not
respond to several posilive inotropic substances, Also some negative inotropic substances,
acetylcholine, adenosine and somatostatin, decreased force of contraction only in atrial, but
not in veniricular tissue. In vivo, under normal conditions, the atrial contraction causes an
additional 30% of filling of the ventricle, which is normally not really needed because of
the 300-400% overcapacity of heart (Guyton, 1986). However, under pathological
conditions such as myocardial infarction, when cardiac reserve has decreased, the
contribution of atrial contraction to ventricular fifling increases to 42% (Matsuda et al,,
1983). The atrial contraction contributes by about 35% to the stroke volume after
myocardial infarction, compared to 22% under normal conditions. Thus, although atrial
contraction under healthy conditions may not be important for cardiac function, its
conlribution becomes more significant in pathological condition.

It is interesting to notice that a direct negative inotropic response on baseline
ventricular contractility was not detected with any of the biogenic substances studied here.
The present results and those from other laboratories have shown that in mammalian
ventricular tissue, a negative inotropic response can only be observed after pre-stimulation
with catecholamines (Bthm et al., 1985; 1988; Endoh et al., 1985), though a direct
negative inotropic effect of carbachol (a muscarinic agonist) has been reported in chick
ventricular muscle strips (Sorota et al,, 1986). These results suggest that left veniricular
tissue, at rest, can only be stimulated, but not depressed by biogenic substances. I these
results from in vitro studies can be extrapolated to the in vive situation, it would suggest
that a lowering in left ventricular contraction can only be obtained indirectly by reduction
of atrial confractility and, hence, ventricular filling. Enhanced left veniricular contraction
could be obtained either directly via B-adrenergic stimulation, histamine and, surprisingly,
acetylcholine or indirectly by increasing atrial contraction via substances, such as a-CGRP,
angiotensin I[ and 5-HT.

On the basis of the results, we can only speculate about the physiological meaning of
the atrial-ventricutar differences. It is possible that atrial contractile force is regulated
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more subtly than that of ventricles, and relatively small changes in left ventricular filling
affect left veniricutar function via the Frank Starling mechanism, Only in case of
pronounced extra need for cardiac output, for instance, during sympathetic stimulation, the
ventricle itself is stimulated to enhance contractile force, with concomitant extra energy
costs. Since all experiments were performed in non-diseased cardiac tissue, the outcome
may be different in pathological conditions where direct ventricular stimulation is needed
for sufficient cardiac output.

Further investigation may provide a better understanding of the physiology of atrial
and ventricular contractility, from which drug development can benefit,
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Summary

The first purpose of the present thesis was to investigate the effects and the possible
mechanisms of several biogenic substances (5-HT, histamine, human o«-CGRP,
angiotensin I1, adenosine, somatostatin and acetylcholine) in human isolated myocardium,
although some studies were performed on porcine heart to evaluate this as a model for
human heart, Myocardial contractility, as the major parameter of the function of the heart,
has been studied in different situations. In vivo, the changes in force of contraction in the
heart can be markedly influenced by reflex mechanisms as well as hemodynamic changes.
Therefore, isolated, electrically driven cardiac preparations provide a useful model to
examine the direct effects of substances on cardiac contractility. Since endogenous
substances are associated with the physiologic and pathophysiological changes in human
body, pharmacologic investigations on cardiac contractility in isolated myocardium can
provide useful information for developing better drugs. From our studies on the inotropic
effects of several biogenic substances, it is interesting to notice that different
pharmacologic responses were observed not only in different species, but also in atrial and
ventricular tissue from the same heart.

The second aim of our study was to explore the differences in the pharmacology of
human isolated atrial and ventricular trabeculae. Evidence shows that atrium and ventricle
may play different roles in the regulation of cardiac conteactility. To distinguish between
atrial and ventricular responses, these tissues should be studied separately, but in parallel,
implying in vitro methods,

Species-related pharmacologic differences were observed in functional respenses as
well as receptor subtypes. The difference in the functional response is exemplified by the
effects of human ¢-CGRP in human and porcine isolated myocardium (chapter 5 and 6).
Human o-CGRP induced a concentration-dependent positive inotropic response in human
atrial but not in ventricular trabeculae. In contrast, in porcine heart, the human «-CGRP
induced a positive inotropic effect in venlricular but not in atrial trabeculae. Furthermore,
the effects of histamine provide a good example for the species-rélated receptor subtype
dissimilarity., Histamine (chapter 4) increased the contractility in both human and porcine
myocardium. However, the effects of histamine in human atrial and ventricular trabeculae
as well as in porcine atrial trabeculae were mediated by H, histamine receptor. In contrast,
the effect in porcine ventricular trabeculae was mediated by H, histamine receptor. This
data indicated that a similar response in atrial and ventricular tissues could be mediated by
different receptors, Our results obtained from porcine isolated myocardium showed similar
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responses and mechanisms in most cases when compared to human myocardivm.
However, also dissimilar, substantiated by responses to human «-CGRP as well as to
histamine with human tissues were observed, suggesting that this model, too, has its
limitations.

An important aspect of this thesis is that atrial and ventricular tissues obtained from
the same heart showed differences. Firstly, baseline contractile force was significantly
lower in the atrial than in ventricular tissue in both human and porcine myocardium. This
difference is compatible with the different in vivo function of these two paris of the heart.
Secondly, the pharmacological differences of these two tissues concerned both functional
responses, receptor subtypes and coupling. As shown in chapter 2 and 3, it was found that
5-HT increased the force of contraction in atrial trabeculae from human and pig in
concentration-dependent manner, but, it failed to affect the force of contraction in
ventricular frabeculae from both species. Similar to 5-HT, several other substances
including human «-CGRP and angiotensin II also caused concentration-dependent increases
in force of contraction in human atrial (chapter 6), but not in human ventricilar trabeculae.
Moreover, not only positive inofropic substances, also some negative inotropic substances
were virtually inactive in modifying the baseline ventricular contractility. Adenesine and
somatostatin (chapter 6) induced a concentration-dependent negative inotropic effect on
baseline human atrial contractility, but no response was found on baseline human
ventricular contractility. Adenosine, but not somatostatin, reduced force of contraction
after pre-stimulation with 10° M noradrenaline in atrial tissue and, to a lesser extent, in
ventricular tissue.

Different responses of atrial and ventricular tissue can also be observed with
acetylcholine, which elicited a biphasic inoctropic effect (an initial decrease followed by an
increase in contractility back to baseline values) in human atcial trabeculae, whereas, only a
positive inotropic effect was observed in the ventricular trabeculae (chapter 7). It was
interesting to discover that the negative inotropic effect of acetylcholine (<10 M) in atrial
trabeculae and the positive inotropic effect of acetylcholine in veniricular trabeculae were
mediated by the same M, muscarinic receptor. Under conditions of raised contractility
achieved by exposure to noradrenaline (10 M), negative inotropic effects, mediated by M,
muscarinic receptor too, were observed in both atria and ventricles. However, our results
suggest that the positive inotropic effect of acetyicholine (10 to 10° M) in the atrial
tissue, observed only in preparations with depressed contractility, was associated with M,
receptor stimulation. From this study, we can conclude that a different response in atrial
and ventricular tissue could even be mediated by the same receptors,

The data from the present thesis indicate that force of contraction in atrial tissue can
be affected by either positive or negative inotropic substances, whereas in ventricular
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tissue, only positive inotropic effects could be detected on baseline contractility. Atrial
tissue appeared to be more sensitive to endogenous inotropic substances than ventricular
tissue. Since atrial and ventricular tissues display different responses to above biogenic
substances, a different mechanism of regulation of contractility seems feasible. If these
results from in vitro studies can be extrapolated to the in vive situation, the contribution of
atrial contractility to overall cardiac function may be generally underestimated. Our results
may provide a better understanding of the physiology of atrial and ventricular contractitity,
from which drug development can benefit.
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Samenvatting

Het hart is een van de vitale organen in het menselijk lichaam en hart en vaatziekten
zijn al pauw levensbedreigend. Onderzoek naar de cffecten van geneesmiddelen zijn dan
ook erg belangriik. Het gebruik van menselijk weefsel daarbij is uiterst beperkt. Soms
kan tijdens operaties (bv. by-pass) een stukje atrium verkregen worden dat gebruikt kan
worden voor onderzoek. Resultaten verkregen m.b.v, dit stukje weefsel worden vaak
geéxtrapoleerd naar het hele hart, inclusief het voor de functie zo belangrijke linker
ventrikel.

Het eerste doel van dit proefschrift was de effecten van verscheidene endogene
stoffen te bestuderen op humaan gelsoleerd hartspierweefsel. Tevens zijn enkele van de
studies ook uitgevoerd op hartspierweefsel van varkens, om dit als model voor humaan
hartweefsel te evalueren. Geisoleerde, elekirisch gestimuleerde trabeculea vormen een
praktische opstelling voor studies naar effecten op contractickracht zonder de invioed van
reflex  mechanismen en wisselende hemodynamische en neurohumorate invloeden.

Species gerelateerde verschillen werden gevonden in de response zelf en in de
receptoren betrokken bij de response. Een species-verschil in response is gevonden bij
humaan a-CGRP (hoofdstuk 5 en 6), hetgeen in menselijk materiaal een positief inotrope
response gaf in atriaal, maar niet in ventriculair weefsel. Voor de varkensharten werd het
omgekeerde gevonden, Histamine daarentegen (hoofdstuk 4) gaf in atrium en ventrikel
weefsel van zowel mens als varken een vergelijkbare response. Echter de receptoren
betrokken in deze response waren in menselijk atrium en ventrikel, en in varkens atrium de
H,, en in varkensventrikel de H, receptor. Dus ondanks overeenkomsten in reacties zijn er
ook verschillen aan te tonen in varkensharten t.o.v., mensenharten, hetgeen aangeeft dat ook
dit model zo zijn beperkingen kent.

Uit de studies naar inotrope effecten van endogene stoffen kwamen niet alleen
species-verschillen naar voren maar ook verschillen in reacties van atriale en ventriculaire
trabeculae uit het zelfde hart.

Het tweede doel van dit proefschrift was deze atrium/ventrikel verschillen verder te
onderzocken. Beide delen van het hart hebben een verschillende bijdrage aan de totale
hartfunctie en daarom mogelijk ook een verschillende regulatie van de contractiliteit. Om
atrium en ventrikel weefsel apart te onderzoeken is een in vitro benadering noodzakelijk.
Het verschil tussen atriale en ventriculaire reactics vormt een belangrijk aspect van dit
proefschrift. Allereerst was de basale contractickracht van atriale trabeculae lager dan die
van ventriculaire {rabeculae. Dit is compatibel met de verschillen in in vivo functies van
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de beide delen. In hoofdstuk 2 en 3 wordt aangetoond dat serotonine wel een positief
inotroop effect op atriaal weefsel heeft, maar niet op ventriculair weefsel. Deze observatie
is niet beperkt tot serotonine; ook CGRP en angiotensine IT laten dit zien (hoofdstuk 6).
Niet alleen positief inotrope stoffen maar ook negatief inotrope stoffen, zoals adenosine en
somatostatine (hoofdstuk 6) gaven wel response in atriaal, maar niet in ventriculair weefsel.

Naast een afwezigheid van reactie in ventriculair weefsel is ook een verschillende
reacties van ventriculair t.o.v. atriaal weeflsel gevonden voor acetylcholine; in atrium een
bi-fasisch effect (eerst negatief inotroop en bij hogere concentraties terug naar de
vitgangswaarde) en in het ventrike! alleen een positief inotroop effect (hoofdstuk 7).
Verrassend was dat en het negatief inotrope effect in atriale irabeculae en het positief
inotrope effect in ventriculaire trabeculae door dezelfde M, receptoren gemedieerd worden,
doch gekoppeld aan verschillende second messenger systemen. Het positief inotrope effect
bij hoge concentraties in atriaal weefsel bleek gemedieerd door M, receptoren. Uit deze
experimenien hebben we geconcludeerd dat een verschillende response in atriaal en
ventriculair  weefsel terug te voeren kan zijn op wverschillen in receptordichtheid,
receptorsubtype en zelfs gemedieerd kan worden door hetzelfde receptorsubtype, maar
verschillend gekoppeld.

De data in dit proefschrift sugpereren dat de contractickracht in atrieel weefsel
beinvloed kan worden door zowel positief als negatief inotrope stoffen, terwijl ventriculair
weefsel alleen reageert op posilief inctrope invioeden, Het atrium lijkt meer gevoelig voor
endogene inotrope invioeden dan het ventrikel. Indien de resultaten van deze in vitro
studies kunnen worden geéxtrapoleerd naar de in vivo situatie, dan kunnen ze een
belangrijke bijdrage leveren aan het inzicht in de regulatie van contractiliteit en hartfunctie.
Een inzicht waar de ontwikkeling van gencesmiddelen zijn voordeel mee kan doen.
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