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ABSTRACT

Myocardial function is regulated by several acute and chronic neurohumoral

mediators. Furthermore, mechanical stretch is also an important determinant of cardiac

performance. This work assessed the myocardial response to an acute stretch, with

special emphasis in its diastolic arm. Rabbit papillary muscles were stretched from

92% to 100% of Lmax under basal conditions and in the presence of: i) an inhibitor of the

Na+/H+ exchanger (NHE) (amiloride); ii) an inhibitor of the reverse mode of the

Na+/Ca2+ exchanger (rNCX) (KB-R7943); iii) an inhibitor of PKC (chelerythrine); iv) an

inhibitor of PKA (KT-5720); v) angiotensin-II (AngII); vi) an AT1 receptor antagonist

(ZD-7155); vii) ZD-7155 plus an AT2 receptor antagonist (PD123,319); and viii) after

two cycles of ischemic preconditioning (IP). The myocardial response to stretch was

also studied under ischemic conditions in the absence or presence of: i) ZD-7155; ii)

ZD-7155 plus PD123,319; and iii) after ischemic preconditioning. Acute stretch elicited

immediate and delayed increases in active tension (AT). During ischemia AT

decreased instead of increasing during the delayed response, but this deterioration

was blunted by ZD-7155 and IP. Regarding diastolic function, after an immediate

increase upon stretch, there was a significant and time-dependent decrease in passive

tension. This decrease was attenuated with PKC inhibition and blunted during

ischemia. The latter effect was prevented with AT1 antagonism. These results suggest

that mechanical stretch elicits not only a systolic but also a diastolic adaptive response.

Both responses are impaired during ischemia, but ischemic preconditioning and AT1

antagonism seem to partially prevent this deterioration.

Keywords: myocardial stretch; Frank-Starling mechanism; Anrep effect; diastole.
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INTRODUCTION

The heart has a pivotal role in cardiovascular homeostasis and represents a

paradigmatic organ involved in continuous mechanical adaptation. Its remarkable

biomechanical sensing apparatus allows not only chronic but also acute modulation of

cardiac function(21). However, even though the diastolic effects of this modulation

were overlooked during a long time, there is a growing body of evidence showing that

diastolic function is acutely influenced by different loads(20) and neurohumoral

conditions(18).

Myocardial stretch is one important determinant of cardiac performance.

Indeed, acute myocardial stretch elicits a biphasic positive inotropic response: first, an

immediate increase in contractility, also known as the Frank-Starling mechanism

(described about a century ago by Otto Frank and Ernest Starling), and later, a slow

time-dependent increase in developed force over the value obtained immediately after

stretch, known as the Slow Force Response (SFR). The latter was first described by

von Anrep in 1912 but was better characterized by the experimental work of Parmley

and Chuck(29). In the last 10 years, several research groups unraveled some of the

mechanisms underlying the SFR.(5, 16) Briefly, even though suggesting that species-

dependent differences may exist(3-4, 23, 35), activation of the Na+/H+ exchanger

(NHE) and the reverse mode of the Na+/Ca2+ exchanger (rNCX) seems to be crucial to

the systolic response to stretch.

However, all previous studies have systematically dismissed the diastolic

counterpart of myocardial response to stretch. In addition, the evidence that cardiac

diastolic properties could be influenced by protein kinase A (PKA) and protein kinase C

(PKC)-dependent phosphorylation of myofilament proteins, especially troponins(12, 27)

and titin(17, 34), suggests that these protein kinases may also modulate the diastolic

response after acute myocardial stretch.
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The existence of the SFR in failing human myocardium(35) pointed out that

cardiac response to acute stretch may represent an important adaptive mechanism

even under pathological conditions. For example, myocardial ischemia underlies

several cardiac diseases (such as angina pectoris, acute myocardial infarction and

heart failure), with a prominent role in the deterioration of cardiac function which is

commonly associated with a state of hemodynamic overload(28). Moreover, the degree

of diastolic dysfunction upon ischemia seems to be correlated with future morbidity and

mortality(24). To overcome the significant health impact of ischemic heart disease,

several important strategies were described. First, the local production of angiotensin-II

(AngII) during cardiac ischemia(26) and the limitation of infarct size in the presence of

an AT1 receptor antagonist(6) brought forward the opportunity to modulate the renin-

angiotensin system with angiotensin converting enzyme (ACE) inhibitors and

angiotensin receptor (AT1) blockers. Indeed, these drugs play a cardioprotective role

over systolic and diastolic functions during and after ischemia(25) and are of

uppermost importance to improve prognosis and decrease mortality following an acute

myocardial infarction(30). On the other hand, ischemic preconditioning (IP) is also an

important mechanism of cardioprotection, where short periods of ischemia “prepare”

the heart to a subsequent longer ischemic episode, reducing infarct size and risk of

arrhythmias(14-15). Taking this together, a better understanding of the systolic and

diastolic responses to acute stretch in the ischemic setting and its modulation by

ischemic preconditioning, AT1 and AT2 receptors blockers seems to be important to

provide new pharmacological tools to face the major burden of ischemic heart disease

in world health.

In this way, this study aims to establish whether a simultaneous and adaptive

response of myocardial diastolic function may play a role in the overall cardiac

response to stretch in healthy myocardium, as well as during ischemia and after IP.

The importance of AngII, AT1 and AT2 receptors in its modulation will deserve a
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special emphasis. Moreover, the role of several intracellular mediators in myocardial

response to acute stretch will also be assessed.
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MATERIALS AND METHODS

The investigation conforms to the Guide for the Care and Use of Laboratory

Animals published by the National Institutes of Health (NIH Publication No. 85-23,

revised 1996).

Experimental preparation. Male New Zealand white rabbits (Oryctolagus

cuniculus; 2.0-3.0 kg; n=40) were anesthetized with intravenous pentobarbital sodium

(25 mg/kg). A left thoracotomy was performed and beating hearts were quickly excised

and immersed in a modified Krebs-Ringer solution (composition in mM: 98 NaCl, 4.7

KCl, 2.4 MgSO4·7H2O, 1.2 KH2PO4, 4.5 glucose, 1.8 CaCl2·2H2O, 17 NaHCO3, 15

C3H3NaO3, 5 CH3COONa, 0.02 atenolol) at 30 °C with cardioplegic 2,3-butanedione

monoxime (BDM; 3%) and 5% newborn calf serum. Atenolol was used to prevent β

adrenoceptor-mediated effects. Solutions were in equilibrium with 95% O2 and 5% CO2

maintaining the pH between 7.38 and 7.42. After dissection, papillary muscles

(n = 101; length at 92% of Lmax: 3.6±0.1 mm; length at Lmax: 3.9±0.1 mm; weight:

2.6 ± 0.2 mg) were vertically mounted in a 10 mL plexiglas organ bath containing the

aforementioned solutions. The lower muscular end was fixed in a phosphorbronze clip

and the upper tendinous end was attached to an electromagnetic length-tension

transducer (University of Antwerp, Belgium). Preload was initially set between 2 and

3 mN according to muscle dimensions. The preparations were stimulated at 0.2 Hz with

a voltage of 10% above threshold (typically 3–6 mV) by rectangular pulses of 5 ms

duration through two platinum electrodes arranged longitudinally alongside the entire

muscle. Twenty minutes later, bathing solutions were replaced by corresponding ones

without BDM and 30 minutes later replaced by corresponding ones without calf serum.

After stabilization and at constant length, a higher load was imposed so that the

muscles could now start to contract isometrically. Then, the muscles were slowly
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stretched to the length at which active force development is maximal (Lmax). The length

corresponding to 92% of Lmax was calculated and the muscles were unstretched and

led to stabilize at this new length. Protocols were started after obtaining two

superimposable isometric control twitches separated by a 10 minutes interval. At the

end of the experiment, the muscles were lightly blotted and then weighted. Muscle

cross-sectional area was calculated by dividing the weight of the muscle by its length at

either 92% or 100% of Lmax, according to the phase of the protocol. A cylindrical shape

and a specific gravity of 1.0 were assumed (7). Muscle tension was then expressed as

force normalized per cross-sectional area (mN/mm2).

Experimental protocol. The effects of acute muscle stretch from 92 to 100% of

Lmax on systolic and diastolic properties of rabbit papillary muscles were first assessed

under basal conditions (control group, protocol A, n=9) and then in the presence of an

inhibitor of NHE, 5-(N-methyl-N-isobutyl)-amiloride (10-6 M, protocol B; n=8); an

inhibitor of rNCX, KB-R7943 (5x10-6 M, protocol C; n=9); an inhibitor of PKC,

chelerythrine (10-5 M, protocol D; n=7); an inhibitor of PKA, KT-5720 (10-5 M, protocol

E; n=7); AngII (10-5 M, protocol F; n=8); an AT1 receptor antagonist, ZD-7155 (10-6 M,

protocol G; n=8); an AT1 receptor antagonist, ZD-7155 (10-6 M) plus an AT2 receptor

antagonist, PD123,319 (10-6 M, protocol H; n=7). These substances were dissolved in

Krebs-Ringer solution and the papillary muscles were stretched after mechanical

stabilization at least 20 min later.

In a second set of protocols, the systolic and diastolic responses to stretch were

studied under ischemic conditions. After stabilization, the bathing solution was changed

by another one without glucose and the O2 source was stopped. After 5 minutes of

ischemia, muscles were stretched from 92 to 100% of Lmax in the absence (n=7,

protocol I) or presence of: 1) ZD-7155 (10-6 M, protocol J; n=7) and 2) ZD-7155 (10-6 M)



8

plus PD123,319 (10-6 M, protocol K; n=7). Fifteen minutes after muscle stretch, the

muscles were reperfused with a glucose containing Krebs-Ringer solution and O2.

To assess the effect of IP on the myocardial response to stretch two more

protocols were performed. After stabilization, muscles underwent two cycles of 5

minutes of ischemia and 10 minutes of reperfusion. Thereafter, they were stretched

from 92 to 100% of Lmax with glucose and O2 (protocol L, n=9) or after 5 minutes of

ischemia (protocol M, n=8). In the latter, the muscles were reperfused fifteen minutes

after muscle stretch. A schematic representation of all protocols performed is showed

in Figure 1.

Data acquisition and analysis. Muscles were stretched to 100% of Lmax and

maintained at this length for 60 min. Isometric twitches were recorded and analyzed

with dedicated software (University of Antwerp, Belgium). Selected parameters include:

active tension (AT; mN/mm2), passive tension (PT; mN/mm2), maximum velocity of

tension rise (dT/dtmax; mN/mm2/s), and maximum velocity of tension decline (dT/dtmin;

mN/mm2/s).

Statistical methods. Values are presented as means ± standard error (SEM).

Within the same group, the effects of acute muscle stretch on the various experimental

parameters at specific time points were analyzed with a paired Student’s t-test. The

time-dependent effects of muscle stretch within the same group were analyzed by a

repeated measures one-way ANOVA, while a repeated measures two-way ANOVA

was used when comparing the time-dependent effects of muscle stretch among several

groups. When significant differences were detected with any of the ANOVA tests, the

Holm-Sidak’s method was selected to perform multiple comparisons. P<0.05 was

accepted as significant.
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RESULTS

Systolic and diastolic functions upon myocardial stretch. A representative band

of a contracting muscle that was acutely stretched from 92 to 100% of Lmax is shown in

Figure 2. Acute stretch of papillary muscles elicited an immediate increase in AT from

22.1±5.3 to 28.5±6.1 mN/mm2 (P<0.001), followed by a time-dependent increase in

contractility over the initial response up to 34.4±6.2 mN/mm2 (P=0.008), 60 minutes

after stretch (Figure 3-A), representing an immediate increase in AT of 35.6±5.3% and

a delayed increase over the initial response of 40.7±13.8%. Moreover, there was also a

significant and simultaneous increase in contraction velocity (dT/dtmax; immediate

increase from 107.4±36.6 to 139.9±43.3 mN/mm2/s, P=0.003). Considering diastolic

function, upon stretch there was an immediate increase in PT from 1.7±0.4 to 18.2±2.2

mN/mm2 (P<0.001), followed by a significant and time-dependent decrease down to

8.2±1.1 mN/mm2 (P<0.001) at the end of the protocol (Figure 3-B), representing an

overall decrease of PT of 55.1±2.6%. Furthermore, there was an immediate increase in

relaxation velocity (dT/dtmin) from 79.8±27.3 to 95.1±27.7 mN/mm2/s (P=0.004), and a

progressive improvement up to 112.7±28.4 mN/mm2/s at the end of the protocol.

On balance, these results show that besides the stretch-induced adaptation of

systolic function, there is also a prominent and synchronous adaptation of myocardial

diastolic function.

NHE and rNCX-mediated effects. The immediate increase in AT upon stretch

was not different between these groups and the control group (inhibition of NHE:

31.2±4.4%; inhibition of rNCX: 26.1±3.6%; control group: 35.6±5.3%; P=0.329).

Nevertheless, when compared with the control group, the SFR was significantly blunted

with inhibition of either NHE (SFR at 60 min: 10.3±6.1%, P=0.012) and rNCX (SFR at

60 min: 12.6±5.2%, P=0.011) (Figure 4-A). The immediate and time-dependent
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increases in contraction velocity were not significantly different between these groups

and the control. Regarding diastolic function, NHE inhibition did not affect the

immediate increase in myocardial PT (up to 19.9±3.6 versus 18.2±2.2 mN/mm2 in the

control group, P=0.697) or its subsequent decrease (down to 8.8±1.2 versus 8.2±1.1

mN/mm2 in the control group, P=0.724). However, the inhibition of rNCX significantly

attenuated the immediate stretch-induced increase in PT (up to 11.5±2.2 versus

18.2±2.2 mN/mm2 in the control group, P<0.05), as depicted in Figure 4-B, although the

subsequent decrease during the 60 minutes after stretch was not significantly different

from the control group (down to 5.7±1.0 versus 8.2±1.1 mN/mm2 in control, P=0.113).

In addition, the percentage of PT decrease at 60 min was not significantly different

between these two groups and the control (inhibition of NHE: 52.8±3.7%; inhibition of

rNCX: 49.0±2.5%; control group: 55.1±2.6%; P=0.339), nor were the immediate and

delayed increases in relaxation velocity.

PKA and PKC signalling. With PKA inhibition (PKAi) the immediate and delayed

increases in AT were similar to the systolic response to stretch in the control group

(immediate increase of 34.2±7.5%, P=0.879, and delayed increase of 36.8±7.7%,

P=0.821). Furthermore, the immediate increase (up to 16.2±1.8 versus 18.2±2.2

mN/mm2 in the control group, P=0.503) and subsequent fall (down to 6.6±0.7 versus

8.2±1.1 mN/mm2 in the control group, P=0.275) in myocardial PT displayed the similar

variation pattern of the control group. Likewise, no differences were observed in

contraction and relaxation velocities.

With regard to systolic function, PKC inhibition (PKCi) did not significantly

influence the immediate response to stretch. However, PKCi significantly blunted the

SFR (Figure 5-A), an effect observed 40 min after stretch (9.5±7.5 versus 40.3±12.0%

in the control group, P=0.026) and further accentuated at 60 minutes (7.4±7.5% with
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PKCi versus 40.7±13.8% in the control group, P=0.017). Contraction velocity was not

significantly affected with PKCi. Considering the modulation of diastolic function, even

at 92% of Lmax, PKCi was responsible for an increase in PT, from 1.83±0.3 to 3.4±0.7

mN/mm2 (P=0.022). Upon stretch, the immediate increase in PT was not significantly

different from the control group (up to 15.4±3.3 mN/mm2 with PKCi versus 18.2±2.2

mN/mm2 in the control group, P=0.473). The subsequent time-dependent decrease in

PT in absolute values was also not different when compared to the control group (down

to 9.2±1.8 mN/mm2 with PKCi versus 8.2±1.1 mN/mm2 in the control group, P=0.761).

However, when analyzed as a percentage of PT decrease relative to the value

obtained immediately upon stretch, there was a significant attenuation of myocardial

PT decrease with PKCi (Figure 5-B), already significant 10 minutes after stretch (PT

decrease of 31.7±2.8% with PKCi versus 41.0±2.4% in the control group, P=0.026) and

further accentuated until 60 minutes (39.5±2.1 % with PKCi versus 55.1±2.6 % in the

control group, P<0.001). Relaxation velocity was not significantly affected by PKCi. In

this way, the time-dependent adaptive diastolic response to stretch may be partially

dependent on PKC.

AngII, AT1 receptor and AT2 receptor-mediated effects. At 92% of Lmax, the

addition of AngII elicited a significant and positive inotropic response (67.6±12.9%

increase in AT, P<0.001), which nearly exhausted the inotropic reserve of the muscles.

Indeed, after the immediate increase in myocardial AT upon stretch (31.1±7.9%), there

was no increase in AT and contraction velocity. Considering diastolic function, the

addition of AngII at 92% of Lmax induced a significant decrease in PT (from 1.63±0.8 to

1.38±1.7 mN/mm2, P=0.008). Upon stretch, there was a significant attenuation of the

immediate increase in PT (up to 8.1±1.3 with AngII versus 18.2±2.2 mN/mm2 in the

control group, P<0.001), as illustrated in Figure 6. Afterwards, there was a significant

decrease in PT over time with values systematically lower than the control group (down
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to 3.3±0.6 with AngII versus 8.2±1.1 mN/mm2 in the control group, 60 minutes after

stretch, P=0.002), although it represents a PT fall of the same magnitude as in the

control group (58.3±2.7%, P=0.405).

Acute myocardial stretch in the presence of an AT1 receptor antagonist elicited

an immediate increase in AT (from 8.9±1.5 to 11.4±1.7 mN/mm2, P= 0.012) followed by

a SFR (up to 14.0±2.1 mN/mm2, P=0.004, 60 minutes after stretch) that was not

significantly different from the control group. In addition, the immediate and delayed

increases in contraction velocity were also similar to the control group. The blockade of

AT1 receptors did not significantly change the diastolic response to acute stretch.

When both AT1 and AT2 receptors were blocked, the immediate and time-

dependent increases in AT, contraction velocity and relaxation velocity, as well as the

progressive decrease in myocardial stiffness following stretch, evidenced no significant

differences from the control group.

Myocardial stretch and ischemia. At 92% of Lmax, 5 minutes of ischemia elicited

a significant decrease in myocardial contractility (decrease in AT from 22.0±2.5 to

10.9±1.5 mN/mm2, P<0.001) without a concomitant significant change in PT. Upon

stretch, there was an immediate increase in AT (from 10.9±1.5 to 13.3±2.1 mN/mm2,

P=0.020) but the slow force response was absent (Figure 7-A). In fact, there was a

significant decrease in AT during the 15 minutes of ischemia after stretch (from

13.3±2.1 to 5.8±1.3 mN/mm2, P<0.001), with a simultaneously decrease in contraction

velocity (from 98.3±10.7 to 52.9±8.4 mN/mm2/s, P<0.001). With regard to diastolic

function, after the immediate increase in PT upon stretch (up to 16.3±2.4 mN/mm2), this

parameter did not change during the following 15 minutes (Figure 7-B), contrasting with

the significant fall in PT when the muscles were stretched with glucose and O2

(variation in PT of +13.4±16.7% in the ischemic muscles versus -46.2±1.8% with



13

glucose and O2, P=0.001). Furthermore, relaxation velocity significantly decreased

during this period (from 47.7±4.3 to 22.1±4.3 mN/mm2/s, P<0.001). Upon reperfusion,

during the remaining 45 minutes of protocol, there was a significant improvement of all

parameters, both systolic (increase in AT up to 26.3±4.8 mN/mm2 and in dT/dtmax up to

162.5 mN/mm2/s, values not significantly different from the control group) and diastolic

(decrease in PT down to 7.8±0.9 mN/mm2 and increase in dT/dtmin up to 99.4±10.3

mN/mm2/s, values not significantly different from the control group).

Role of AT1 and AT2 receptors in myocardial stretch during ischemia. The

presence of an AT1 receptor antagonist during the first 5 minutes of ischemia at 92% of

Lmax did not modify the deterioration of both systolic and diastolic parameters. Upon

stretch, there was an increase in AT (23.2±7.8%) and contraction velocity (17.9±4.8%)

that was not significantly different from Protocol I. However, blocking AT1 receptors

blunted the progressive decrease in AT during the 15 minutes of ischemia after stretch

that was observed in Protocol I, as depicted in Figure 8-A (AT decrease of 7.9±11.3%

in this group versus 70.4±5.2% in Protocol I, P=0.005). Furthermore, contraction

velocity was also preserved during this period (variation in dT/dtmax of 2.2±12.9%

versus –60.4±10.0% in Protocol I, P=0.002). Considering diastolic function, after the

immediate increase in PT and relaxation velocity upon stretch, the presence of an AT1

receptor antagonist was associated with a significant decrease in PT during the

following 15 minutes of ischemia (from 15.8±2.8 to 11.0±1.8 mN/mm2, P=0.004).

Indeed, AT1 receptor antagonism prevented the increase in PT (variation in PT 15

minutes after stretch: -28.7±3.7% in this group versus 13.5±16.7% in the absence of

the AT1 receptor antagonist, P=0.030; Figure 8-B) and blunted the deterioration in

relaxation velocity (decrease in dT/dtmin of 16.9±7.6% versus 75.0±11.4% in Protocol I,

P=0.001). After reperfusion, there was a significant improvement in all parameters

analyzed.
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In Protocol K, the presence of both AT1 and AT2 receptors antagonists partially

blunted the decrease in AT (25.6±4.7% versus 51.0±4.0% in Protocol I, P=0.001)

observed in the first 5 minutes of ischemia at 92% of Lmax. Subsequently, the

antagonism of AT1 and AT2 receptors was associated with an AT decrease in the 15

minutes of ischemia following stretch of 32.9±12.3% (Figure 8-A). In this way, blocking

AT1 and AT2 receptors significantly blunted the pronounced deterioration of AT

observed in this period after stretch in Protocol I (70.4±5.2%, P=0.001) although not so

efficaciously as when only AT1 receptors were blocked (7.9±11.3%, P=0.001).

Moreover, the decrease in contraction velocity was also attenuated (11.2±14.1 versus

60.4±10.0%, P=0.015). At 15 minutes following stretch, the presence of AT1 and AT2

receptors antagonists was associated with an improvement in the diastolic parameters

of the same magnitude as in Protocol J, as illustrated in Figure 8-B. Reperfusion

yielded an improvement in systolic and diastolic functions, showing no differences from

Protocol J.

These results evidence that the deterioration of systolic and diastolic functions

upon stretch during ischemia may be prevented with AT1 receptor antagonism. This

cardioprotective mechanism seems to be partially dependent on the activation of AT2

receptors, at least in its systolic arm.

Ischemic preconditioning (IP). During the 5 minutes of ischemia of each cycle of

IP there was a significant decrease in AT, contraction velocity and relaxation velocity,

although there was no significant variation in PT. The subsequent periods of

reperfusion (10 minutes) were associated with a recovery of systolic and diastolic

parameters. Upon stretch, both AT and contraction velocity showed immediate

(18.4±7.4 and 21.7±6.0%, respectively) and delayed (39.4±4.9 and 37.2±10.2% over

the initial response to stretch, respectively) increases, with no significant differences
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from the control group (Figure 9-A). Analyzing diastolic parameters (Figure 9-B), IP

before stretch significantly attenuated the immediate increase in PT (up to 13.1±2.6

versus 18.2±2.2 mN/mm2 in the control group, P=0.026). This was followed by a time-

dependent decrease in PT of 59.0±1.1% at the end of the protocol (versus 55.1±2.6 %

in the control group, P=0.190). The magnitude of the improvement in relaxation velocity

upon stretch and during the rest of the protocol evidenced no differences from the

control group.

Stretching the muscles in the absence of glucose and O2, after two cycles of IP,

demonstrated no significant increase in AT (from 5.2±2.9 to 5.6±3.5 mN/mm2, P=0.571)

and in contraction velocity. However, IP attenuated the deterioration of contractility in

the 15 minutes of ischemia following stretch, with a decrease in AT of 52.6±4.6%

versus 70.4±5.2% in protocol I (P=0.023), as depicted in Figure 10-A. Considering

diastolic function, although the absolute increase in PT upon stretch was not

significantly different between protocols I and M (14.0 versus 12.5 mN/mm2,

respectively, P=0.583), IP blunted the deterioration of relaxation velocity (Figure 10-B)

during the 15 minutes of ischemia after stretch, with a decrease in dT/dtmin just before

reperfusion of 40.3±4.7 % (versus 75.0±11.4 % in protocol I, P=0.014). These results

demonstrate that IP may improve systolic and diastolic responses to acute stretch

during ischemia. With reperfusion there was a significant improvement in all

parameters.
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DISCUSSION

In the present study it was shown that acute stretch of rabbit papillary muscles

elicited not only the already described adaptive systolic response, with immediate

(FSM) and time-dependent (SFR) increases in contractility, but also a significant and

still unrecognized adaptive response of diastolic function, illustrated by a time-

dependent decrease in passive tension down to approximately 45% of the value

obtained immediately after stretch. The experimental protocols performed

demonstrated that the time-dependent decrease in myocardial stiffness is not a merely

passive phenomenon but instead susceptible of active modulation. Importantly, this

adaptive response is impaired by ischemia. However, IP and the modulation of the

renin-angiotensin system may provide an opportunity to attenuate and even reverse

the deleterious effects of ischemia upon the diastolic counterpart of the SFR.

Contribution of NHE and rNCX to stretch-induced adaptation of cardiac function.

Several studies published during the last decade provided a better understanding of

the SFR (5, 16). Briefly, in rabbit and human myocardium, the stretch-mediated

activation of the NHE and the rNCX has been described as the most important

mechanism underlying the SFR (23, 35), although the role of these exchangers on the

diastolic side of myocardial response to stretch has never been addressed. In this

study, the inhibition of NHE and rNCX significantly attenuated the SFR, supporting their

predominant role on the adaptive systolic response to stretch. However, only the

inhibition of rNCX significantly attenuated the immediate increase in diastolic stress

levels, possibly due to decreased diastolic Ca2+ levels that result from blocking Ca2+

entry into cardiomyocytes during the action potential. Indeed, Ca2+ influx via the

reverse operating mode of NCX may be sufficient to induce Ca2+ release from the

sarcoplasmic reticulum, even though it is small under normal conditions (22). The time-
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dependent decrease in PT after stretch was not significantly changed with inhibition of

NHE or rNCX. In fact, a previous study demonstrated that stretch induces a slow

increase in the Ca2+ transient that underlies the SFR but no changes in diastolic [Ca2+]

(13), thus suggesting that stretch-activated signaling pathways may underlie the time-

dependent decrease in myocardial stiffness independently of  diastolic Ca2+ levels.

Role of PKC on the myocardial response to acute stretch. PKC is activated by

myocardial stretch (2) and is able to modulate the activity of the NHE and NCX (10,

33). Furthermore, PKC phosphorylates many other intracellular proteins that may

interfere with myocardial diastolic properties (34). The results of this study show that

PKC inhibition significantly attenuated the SFR only 40 min after stretch, underscoring

its relevance for the maintenance but not for the initial phase of the SFR. In this way,

other mechanisms initially triggered by myocardial stretch, such as NHE and rNCX,

may overcome the absence of PKC activity and induce a positive inotropic response

upon stretch. Possibly, the maintenance of the SFR may rely, at least in part, on PKC-

mediated phosphorylation of NHE and NCX and hence higher activity levels of these

exchangers.

Interestingly, inhibition of PKC attenuated the time-dependent decrease in

myocardial stiffness. In this way, these results highlight that PKC plays a role on the

systolic and diastolic arms of the adaptive myocardial response to acute stretch. PKC

phosphorylates myofilament proteins, eliciting a decrease in their Ca2+ sensitivity (34)

or a change in their tridimensional structure (9). These mechanisms may account for

the contribution of PKC to the diastolic adaptive response to stretch. Considering that

PKC isoforms respond to stretch in different ways (2), future studies should clarify not

only the role of different PKC isoforms in the myocardial response to stretch but also

the phosphorylation targets that account for its effects.
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AngII enhances the adaptive diastolic response to stretch. Considering that

AngII is capable of acutely decrease myocardial stiffness in an AT1 receptor-

dependent manner (19), it seems reasonable to hypothesize that AngII may as well

play a role in the myocardial response to acute stretch. Although it was described in

rabbit and human myocardium that the SFR is independent from the local release of

AngII (23, 35), the results of this study demonstrate that exogenous AngII

administration significantly decreased myocardial stiffness, attenuating the immediate

increase in PT upon stretch. Furthermore, diastolic stress levels were systematically

lower during the remaining protocol. The activation of intracellular signaling pathways

that result in PKC activation may underlie this effect. Future studies should be

performed to allow the clarification of which receptor mediates the improvement of the

diastolic response to acute stretch of rabbit myocardium.

Even though the SFR in rabbit and human myocardium is regarded as AngII-

independent, mechanical stress may activate AT1-receptors without the involvement of

AngII (36). Nevertheless, these results demonstrate that inhibition of AT1 and

simultaneous blockade of AT1 and AT2 receptors did not influence systolic and

diastolic responses to acute stretch, suggesting that rabbit myocardial response to

acute stretch is independent of stress-induced AT1 and AT2 activation.

Deterioration of myocardial response to acute stretch during ischemia:

beneficial effects of blocking AT1-receptor. The results of this study demonstrate for

the first time that the SFR is abolished when rabbit myocardium is stretched during

ischemia, although the immediate increase in contractility is preserved. The systolic

response to acute stretch during ischemia was actually characterized by a progressive

decrease in contractility. Furthermore, the novel adaptive diastolic response of rabbit

papillary muscles to acute stretch described in this study was also absent when stretch
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was performed during ischemia, showing no time-dependent decrease in myocardial

stiffness. Not surprisingly, reperfusion evoked a marked improvement in all parameters,

both systolic and diastolic.

Interestingly, the deterioration of rabbit myocardial response to stretch during

ischemia was prevented in the presence of an AT1 receptor antagonist, ZD-7155. AngII

is locally produced in the heart during ischemia (26) and the blockade of AT1 receptors

in the context of ischemia-reperfusion exerts a cardioprotective action (32), improving

both systolic and diastolic parameters (6, 11). This effect seems to be mediated by AT2

receptor activation and involves signaling via bradykinin, PKC and cGMP (11). In this

study, AT1 antagonism blunted the 70% decrease in contractility observed 15 minutes

after stretch during ischemia, evoking a decrease of only 8%. In addition, this effect

seemed to be partially dependent upon AT2 receptor activation, because when both

AT1 and AT2 receptors were blocked there was a 33% decrease in contractility.

Furthermore, the presence of an AT1 receptor antagonist was associated with a

decrease in myocardial stiffness after stretch, even in ischemic conditions, thus

improving diastolic response to acute overload. The concomitant blockade of AT1 and

AT2 receptors did not influence this response.

Overall, it is tempting to hypothesize that AngII displays a dual role, acutely

modulating systolic and diastolic functions. Under basal conditions, AngII acutely

decreases myocardial stiffness (19) and, as described in this study, enhances the time-

dependent decrease in myocardial stiffness upon stretch. On the other hand, when

AT1 receptors are blocked during ischemia, there is an improvement in systolic and

diastolic responses to myocardial stretch, an effect that partially depends on the

activation of AT2 receptors.



20

Ischemic preconditioning. IP is one important cardioprotective mechanism in

which brief ischemic periods protect the heart against later and prolonged ischemic

insults. Intense experimental research on this topic unraveled several intracellular

signaling mechanisms that probably underlie IP (1). It is relevant to emphasize that

PKC activation is regarded as one of the major mediators involved in the IP-induced

cardioprotection, considering that PKC inhibitors such as chelerythrine blocks the

beneficial effects of IP (8).

In this study, stretching ischemic preconditioned rabbit papillary muscles in the

presence of O2 and glucose elicited a systolic adaptive response not significantly

different from the control group. However, IP improved the diastolic response to

stretch, attenuating the immediate increase in stress levels. As noted above, the results

of this study support that PKC seems to be important to the time-dependent decrease

in myocardial stiffness after acute stretch. In this way, IP may have enhanced PKC

signaling pathway, eliciting an improved diastolic adaptation to acute myocardial

stretch. Indeed, IP induces a selective translocation of PKC isoforms epsilon and eta,

the first step in PKC’s activation (31). On the other hand, the beneficial effect of IP was

present not only when the muscles were acutely stretched under basal conditions but

also in the ischemic setting, blunting the progressive deterioration in contractility and

relaxation velocity.

Therefore, IP not only reduces infarct size and the risk of arrhythmias during

subsequent prolonged ischemic periods but may also improve myocardial response to

acute stretch, attenuating the time-dependent decrease in contractility that replaces the

SFR in the ischemic setting and optimizing diastolic response in either basal or

ischemic settings.
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CONCLUSION

Acute mechanical stretch elicits not only a systolic but also a diastolic adaptive

response, with a time-dependent decrease in myocardial stiffness of about 55% of the

value obtained immediately after stretch. Therefore, upon acute hemodynamic

overload, the ventricle may be capable of increasing its contractility at significantly

lower filling pressures, representing a favorable hemodynamic profile and decreasing

the odds of congestion. This adaptive diastolic response is not a merely passive

phenomenon but instead susceptible of active modulation. Indeed, it seems to partially

depend upon PKC activity.

Ischemia impaired both systolic and diastolic adaptive responses to an acute

mechanical load. However, the presence of an AT1 receptor antagonist partially

prevented this deterioration of both systolic and diastolic functions. Furthermore, two

cycles of IP evoked a cardioprotective functional effect upon mechanical stretch under

ischemic conditions. These results emphasize that the blockade of the renin-

angiotensin system and IP may exert a favorable effect on the myocardial response to

an acute hemodynamic overload.

In conclusion, besides the well known systolic response to acute myocardial

stretch, there is also a diastolic arm of this adaptive response that is actively modulated

and displays important pathophysiological implications during ischemia.



22

REFERENCES

1. Balakumar P, Rohilla A, and Singh M. Pre-conditioning and postconditioning
to limit ischemia-reperfusion-induced myocardial injury: what could be the next
footstep? Pharmacol Res 57: 403-412, 2008.
2. Bullard TA, Hastings JL, Davis JM, Borg TK, and Price RL. Altered PKC
expression and phosphorylation in response to the nature, direction, and magnitude of
mechanical stretch. Can J Physiol Pharmacol 85: 243-250, 2007.
3. Calaghan SC, and White E. Contribution of angiotensin II, endothelin 1 and the
endothelium to the slow inotropic response to stretch in ferret papillary muscle.
Pflugers Arch 441: 514-520, 2001.
4. Cingolani HE, Chiappe GE, Ennis IL, Morgan PG, Alvarez BV, Casey JR,
Dulce RA, Pérez NG, and Camilión de Hurtado MC. Influence of Na+-independent
Cl--HCO3- exchange on the slow force response to myocardial stretch. Circ Res 93:
1082-1088, 2003.
5. Cingolani HE, Pérez NG, Aiello EA, and de Hurtado MC. Intracellular
signaling following myocardial stretch: an autocrine/paracrine loop. Regul Pept 128:
211-220, 2005.
6. Ford WR, Khan MI, and Jugdutt BI. Effect of the novel angiotensin II type 1
receptor antagonist L-158,809 on acute infarct expansion and acute anterior
myocardial infarction in the dog. Can J Cardiol 14: 73-80, 1998.
7. Gillebert TC, and Raes DF. Preload, length-tension relation, and isometric
relaxation in cardiac muscle. Am J Physiol Heart Circ Physiol 267: H1872-H1879,
1994.
8. Hausenloy DJ, Wynne AM, and Yellon DM. 2007. Basic Res Cardiol 102:
445-452, 2007.
9. Hidalgo C, Hudson B, Bogomolovas J, Zhu Y, Anderson B, Greaser M,
Labeit S, and Granzier H. PKC phosphorylation of titin's PEVK element: a novel and
conserved pathway for modulating myocardial stiffness. Circ Res 105: 631-638, 2009.
10. Iwamoto T, Pan Y, Wakabayashi S, Imagawa T, Yamanaka HI, and
Shigekawa M. Phosphorylation-dependent regulation of cardiac Na+/Ca2+ exchanger
via protein kinase C. J Biol Chem 271: 13609-13615, 1996.
11. Jugdutt BI, and Balghith M. Enhanced regional AT2-receptor and PKCε
expression during cardioprotection induced by AT1-receptor blockade after reperfused
myocardial infarction. J Renin-Angiotensin Aldosterone Syst 2: 134-140, 2001.
12. Kentish JC, McCloskey DT, Layland J, Palmer S, Leiden JM, Martin AF,
and Solaro RJ. Phosphorylation of troponin I by protein kinase A accelerates
relaxation and crossbridge cycle kinetics in mouse ventricular muscle. Circ Res 88:
1059-1065, 2001.
13. Kentish JC, and Wrzosek A. Changes in force and cytosolic Ca2+
concentration after length changes in isolated rat ventricular trabeculae. J Physiol 506:
431-444, 1998.
14. Kloner RA, and Jennings RB. Consequences of biref ischemia: stunning,
preconditioning and their clinical implications: part 2. Circulation 104: 3158-3167, 2001.
15. Kloner RA, and Jennings RB. Consequences of brief ischemia: stunning,
preconditioning and their clinical implications. Circulation 104: 2981-2989, 2001.
16. Kockskämper J, von Lewinski D, Khafaga M, Elgner A, Grimm M,
Eschenhagen T, Gottlieb PA, Sachs F, and Pieske B. The slow force response to
stretch in atrial and ventricular myocardium from human heart: functional relevance and
subcellular mechanisms. Prog Biophys Mol Biol 97: 250-267, 2008.
17. Krüger M, and Linke WA. Protein kinase-A phosphorylates titin in human heart
muscle and reduces myofibrillar passive tension. J Muscle Res Cell Motil 27: 435-444,
2006.



23

18. Ladeiras-Lopes R, Ferreira-Martins J, and Leite-Moreira AF. Acute
neurohumoral modulation of diastolic function. Peptides 30: 419-425, 2009.
19. Leite-Moreira AF, Castro-Chaves P, Pimentel-Nunes P, Lima-Carneiro A,
Guerra MS, Soares JB, and Ferreira-Martins J. Angiotensin II acutely decreases
myocardial stiffness: a novel AT1, PKC and Na+/H+ exchanger-mediated effect. Br J
Pharmacol 147: 690-697, 2006.
20. Leite-Moreira AF, and Correia-Pinto J. Load as an acute determinant of end-
diastolic pressure-volume relation. Am J Physiol Heart Circ Physiol 280: H51-59, 2001.
21. Linke WA. Sense and stretchability: the role of titin and titin-associated proteins
in myocardial stress-sensing and mechanical dysfunction. Cardiovasc Res 77: 637-
648, 2008.
22. Litwin SE, Li J, and Bridge JH. Na-Ca exchange and the trigger for
sarcoplasmic reticulum Ca release: studies in adult rabbit ventricular myocytes.
Biophys J 75: 359-371, 1998.
23. Luers C, Fialka F, Elgner A, Zhu D, Kockskämper J, von Lewinski D, and
Pieske B. Stretch-dependent modulation of [Na+]i, [Ca2+]i, and pHi in rabbit
myocardium--a mechanism for the slow force response. Cardiovasc Res 68: 454-463,
2005.
24. Møller JE, Pellikka PA, Hillis GS, and Oh JK. Prognostic importance of
diastolic function and filling pressure in patients with acute myocardial infarction.
Circulation 114: 438-444, 2006.
25. Morales C, Rodríguez M, Scapín O, and Gelpi RJ. Comparison of the effects
of ACE inhibition with those of angiotensin II receptor antagonism on systolic and
diastolic myocardial stunning in isolated rabbit heart. Mol Cell Biochem 186: 117-121,
1998.
26. Noda K, Sasaguri M, Ideishi M, Ikeda M, and Arakawa K. Role of locally
formed angiotensin II and bradykinin in the reduction of myocardial infarct size in dogs.
Cardiovasc Res 27: 334-340, 1993.
27. Noland TAJ, Guo X, Raynor RL, Jideama NM, Averyhart-Fullard V, Solaro
RJ, and Kuo JF. Cardiac troponin I mutants. Phosphorylation by protein kinases C and
A and regulation of Ca(2+)-stimulated MgATPase of reconstituted actomyosin S-1. J
Biol Chem 270: 25445-25454, 1995.
28. Opie LH. The ever expanding spectrum of ischemic left ventricular dysfunction.
Cardiovasc Drugs Ther 8 Suppl 2: 297-304, 1994.
29. Parmley WW, and Chuck L. Length-dependent changes in myocardial
contractile state. Am J Physiol 224: 1195-1199, 1973.
30. Pfeffer MA, McMurray JJ, Velazquez EJ, Rouleau JL, Køber L, Maggioni
AP, Solomon SD, Swedberg K, Van de Werf F, White H, Leimberger JD, Henis M,
Edwards S, Zelenkofske S, Sellers MA, Califf RM, and Investigators. ViAMIT.
Valsartan, captopril, or both in myocardial infarction complicated by heart failure, left
ventricular dysfunction, or both. N Engl J Med 349: 1893-1906, 2003.
31. Ping P, Zhang J, Qiu Y, Tang XL, Manchikalapudi S, Cao X, and Bolli R.
Ischemic preconditioning induces selective translocation of protein kinase C isoforms
epsilon and eta in the heart of conscious rabbits without subcellular redistribution of
total protein kinase C activity. Circ Res 81: 404-414, 1997.
32. Sato M, Engelman RM, Otani H, Maulik N, Rousou JA, Flack JEr, Deaton
DW, and Das DK. Myocardial protection by preconditioning of heart with losartan, an
angiotensin II type 1-receptor blocker: implication of bradykinin-dependent and
bradykinin-independent mechanisms. Circulation 102 (19 Suppl 3): III346-351, 2000.
33. Snabaitis AK, Yokoyama H, and Avkiran M. Roles of mitogen-activated
protein kinases and protein kinase C in alpha(1A)-adrenoceptor-mediated stimulation
of the sarcolemmal Na(+)-H(+) exchanger. Circ Res 86: 214-220, 2000.
34. van der Velden J, Narolska NA, Lamberts RR, Boontje NM, Borbély A,
Zaremba R, Bronzwaer JG, Papp Z, Jaquet K, Paulus WJ, and Stienen GJ.



24

Functional effects of protein kinase C-mediated myofilament phosphorylation in human
myocardium. Cardiovasc Res 69: 876-887, 2006.
35. von Lewinski D, Stumme B, Fialka F, Luers C, and Pieske B. Functional
relevance of the stretch-dependent slow force response in failing human myocardium.
Circ Res 94: 1392-1398, 2004.
36. Zou Y, Akazawa H, Qin Y, Sano M, Takano H, Minamino T, Makita N,
Iwanaga K, Zhu W, Kudoh S, Toko H, Tamura K, Kihara M, Nagai T, Fukamizu A,
Umemura S, Iiri T, Fujita T, and Komuro I. Mechanical stress activates angiotensin II
type 1 receptor without the involvement of angiotensin II. Nat Cell Biol 6: 499-506,
2004.



25

FIGURES

Figure 1. Schematic illustration of experimental protocols. White bar – presence of O2

and glucose; gray bar: stabilization period; dark bar – absence of O2 and glucose

(ischemia)

- Amiloride (Protocol B)

- KB-R7943 (Protocol C)

- Chelerythrine (Protocol D)

- KT-5720 (Protocol E)

- AngII (Protocol F)

- ZD-7155 (Protocol G)

- ZD-7155+PD123,319 (Protocol H)

Protocol I

- ZD-7155 (Protocol J)

- ZD-7155+PD123,319 (Protocol K)

Protocol M

STRETCH

Protocol L

Protocol A
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AT after stretch

100% Lmax92% Lmax

AT 92%
LMax

PT 92% LMax
Time-dependent PT decrease

60 min

Figure 2. Representative band illustrating the acute and time-dependent effects of

rabbit papillary muscle stretch on systolic and diastolic functions. AT: active tension;

PT: passive tension.
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Figure 3. Systolic (A) and diastolic (B) responses of rabbit isolated papillary muscles to

acute stretch (Protocol A). *P<0.05 vs. 92% Lmax; †P<0.05 vs. upon stretch.
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Figure 4. Functional effects of blocking NHE and rNCX upon myocardial response to

stretch. A: Inhibition of NHE or rNCX blunts the SFR after acute myocardial stretch.

FSM: Frank-Starling mechanism; SFR: Slow force response. *P<0.05 vs. control

group. B: rNCX inhibition attenuated the immediate increase in PT upon stretch.

†P<0.05 vs. Control group.
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Figure 5. Functional effects of PKC inhibition upon myocardial response to stretch of

isolated papillary muscles. A: PKC inhibition blunted the SFR. AT: active tension; FSM:

Frank-Starling mechanism. B: The time-dependent decrease in myocardial PT after

stretch was attenuated with PKC inhibition, being already significant 10 minutes after

stretch to Lmax. PT: passive tension. *P<0.05 vs. Control group.
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Figure 6. AngII attenuated the immediate increase in PT upon stretch and enhanced

the time-dependent decrease down to a value significantly different from the control

group. *P<0.05 vs. Control group.
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Figure 7. Ischemia impaired the adaptive systolic and diastolic responses to acute

stretch. A: Acute stretch from 92 to 100% of Lmax during ischemia elicited an immediate

increase in active tension (AT) (Frank-Starling mechanism) but abolished the slow

force response. After reperfusion, AT increased to control levels. *P<0.05 vs. 92% Lmax

(Protocol I). †P<0.05 vs. upon stretch (Protocol I). ‡P<0.05 vs. 15 min (Protocol I). B:

The passive tension decrease after stretch was absent during ischemia. §P<0.05 vs.

control group.
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Figure 8. Impact of blocking AT1 and AT2 receptors on the systolic and diastolic

responses to stretch during ischemia. A: Blocking AT1 receptors prevented the

decrease in active tension (AT) after stretch under ischemic conditions. This effect was

partially dependent on AT2 receptor activation. B: The blockade of AT1 receptors or

concomitant blockade of AT1 and AT2 receptors improved diastolic response to

stretch, eliciting a progressive decrease in passive tension (PT). *P<0.05 vs. Protocol I.

†P<0.05 vs. Protocol J.
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Figure 9. Myocardial response to stretch after ischemic preconditioning (Protocol L). A:

The immediate and delayed increases in active tension were not significantly different

from the control group. B: Ischemic preconditioning attenuated the immediate increase

in passive tension. *P<0.05 vs. control group.
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Figure 10. Ischemic preconditioning improves systolic and diastolic responses to acute

stretch during ischemia. A: Ischemic preconditioned papillary muscles demonstrated an

attenuated decrease in active tension (AT) after stretch during ischemia. B: Ischemic

preconditioning blunted the decrease in relaxation velocity that characterized cardiac

response to stretch during ischemia. *P<0.05 vs. Protocol I.
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