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Abstract 

The effects of myocardial stunning and ischemic preconditioning on left-ventricular developed pressure and end- 
diastolic pressure (diastolic stiffness) as well as on coronary-perfusion pressure were examined in isolated isovolumic 
rabbit hearts. The isovolumic relaxation was evaluated, and the time constant of pressure decay during the isovolumic 
period was calculated. Our experimental protocol comprised: 1) myocardial stunning-global ischemia (15 min) fol- 
lowed by reperfusion (30 min); 2) myocardial stunning-global ischemia (20 min) followed by reperfusion (30 min); and 
3) ischemic preconditioning - a single cycle of brief global ischemia and reperfusion (5 min each), before a second 
ischemic period, of 20-min duration. There was no effect upon systolic and diastolic parameters when 15 and 20 minutes 
of ischemia were evaluated. In both stunned groups the left ventricular developed pressure first recovered to near 
control values, but then stabilized at only 60% of the control values. Whereas the isovolumic relaxation time constant 
was increased after 5 min of reperfusion, and return to control values at late reperfusion, the end diastolic pressure 
remained elevated during the entire period. Values of dP/dV calculated at common pressure levels, were used as a 
second index of diastolic stiffness. They were increased after stunning, as also was the coronary perfusion pressure. 
When the heart was preconditioned with a single episode of ischemia, the systolic and diastolic alterations were com- 
pletely abolished. We thus concluded that diastolic abnormalities incurred by myocardial stunning consist in both an 
increase in diastolic stiffness and an early impairment of isovolumic relaxation. The increase in stiffness cannot result 
from incomplete relaxation since these two parameters become temporally dissociated during the reperfusion period. 
(Mol Cell Biochem 129: 171-178, 1993). 
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Introduction 

In recent years there has been increasing interest in dias- 
tolic alterations of myocardial stunning [1-4]. However, 
they still remain largely undefined. Przyklenk et al. [4] 
showed in open chest dogs with regional ischemia, slow- 
er relaxation at 30 min of reperfusion; and Charlat et aL 

[2] in a chronic canine model also of regional ischemia 
reported prolonged abnormalities of diastolic wall thin- 
ning after a brief episode of ischemia. However, these 
studies did not account for changes in diastolic stiffness. 
Asimakis etaL [5] have shown in a model of global ische- 
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mia an increase in diastolic stiffness during the reperfu- 
sion period. No observations of velocity of relaxation 
were carried out on this study. Thus, although diastolic 
alterations have been reported during myocardial stun- 
ning, they have not been well characterized in the course 
of time and they examined only partially the diastolic 
phase. 

Recently, it has been shown that several brief ischemic 
periods separated by short periods of reflow (ischemic 
preconditioning (IPC)) actually reduce necrosis after a 
subsequent longer period of ischemia [6]. This phenom- 
enon has been shown also to protect the heart against 
arrhythmias [7], pathognomonic ultrastructural changes 
accompanying ischemia [8], and to preserve creatine 
phosphate levels and intracellular pH during ischemia 
[9]. From these observations it seemed logical that IPC 
might protect against myocardial stunning (MS) as well 
[10, 11]. However, this concept still remains controver- 
sial [12]. 

In the present study we are going to show experimen- 
tal evidence that myocardial relaxation and diastolic 
stiffness are altered during stunning, but become time 
dissociated in the course of the myocardial stunning. In 
addition, experimental evidence will be reported indi- 
cating that in our model of global ischemia, precondi- 
tioning can protect the heart not only from the systolic 
but also from the diastolic abnormalities occurring dur- 
ing myocardial stunning. 

Material and methods 

Isolated heart preparation 

Adult rabbits (2 to 3 kg) were killed by a blow on the 
head. The thorax was rapidly opened and the heart ex- 
cised. After removal of fat and connective tissue the 
heart was perfused with Ringer's solution (118 mM 
NaC1, 2mM CaC12, 5.gmM KC1, 1.2mM MgSO4, 
20 mM NaHCO3, and 11.1 mM dextrose), and equili- 
brated with 95% 0 2 - 5% CO 2 (pH = 7.38, 37 ~ C) by the 
non-recirculating Langendorff technique. A steady 
state was reached in 10 min and the preparation was 
kept stable for two hours. Care was taken not to use any 
preparation in which the hearts were ischemic for more 
than 60 sec, before perfusing with Ringer's solution. In 
our experience, longer periods of ischemia gave some 
protection to the hearts against postischemic dysfunc- 
tion. Hearts were paced at 180 + 9 beats/minute by atrial 
pacing, and were maintained at 37 ~ C during the ischem- 

ic period by immersion in a water-jacketed beaker con- 
taining perfusate. A latex balloon tied to the end of a 
polyethylene tube was passed into the left ventricle 
through the mitral valve; the opposite end of the tube 
was then connected to a Statham P23xl pressure trans- 
ducer. The fluid filled system for the evaluation of sys- 
tolic and diastolic function using ventricular pressure in 
isolated hearts has been previously validated [13]. The 
balloon was filled with aqueous solution to an end dias- 
tolic pressure (LVEDP) of 8-12 mmHg, and then kept 
isovolumic throughout the experiment. Coronary perfu- 
sion pressure (CPP) was monitored at the cannulation 
point of the aorta. Left ventricular (LV) pressure and 
CPP were recorded with a direct writing recorder. After 
10 min of stabilization, the coronary flow rate, con- 
trolled with a peristaltic pump, was 41 + 1 ml/min and 
CPP equalled 80 + 6 mmHg. By substracting LVEDP 
from the peak systolic pressure, the left ventricular de- 
veloped pressure (LVDP) was obtained. 

Indexes of  diastolic function 

a) Isovolumic relaxation 
The time constant of relaxation (T) was calculated by 
using a monoexponential model with asymptotic offset: 

P = P0" e t/r + Pb 

Where P is the left ventricular pressure measured during 
the isovolumic phase of relaxation from the peak of neg- 
ative dP/dt to a pressure equal to end diastolic pres- 
sure + 5 mmHg. Pb is the asymptotic value, P0 is the LV 
pressure at time t = 0 during relaxation, t is elapsed time 
during the isovolumic relaxation period, and T is the re- 
laxation time constant. 

b) Diastolic stiffness 
Left ventricular diastolic stiffness curves were generat- 
ed before and after myocardial stunning was induced. 
These curves were performed increasing the volume of 
saline in the balloon by 0.2 ml increments. The data 
from each curve were fitted to the form P = A e ~ v, and 
the values of the volumes for a given LVEDP in each 
experiment obtained by interpolation. In each pressure- 
volume relationship values of dP/dV were calculated at 
common pressure levels [14]. Once the Starling curves 
were performed before the induction of stunning, the 
balloon was again filled to an LVEDP of 8-12 mmHg, 
and kept isovolumic throughout the experiment until 
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Fig. 1. Time course of left-ventricular developed pressure  (upper pa- 

nel) and left-ventricular end-diastolic pressure  (lower panel), in the 

s tunned group, after 15 and 20 min of ischemia, followed by 30 min of 

reperfusion. 

post-stunning Starling determinations were obtained. 
Because our experimental model is an isovolumic prep- 
aration, LVEDP is also an index of ventricular diastolic 
stiffness [13]. 

Protocol 

The experiments were divided into three groups. Pos- 
tischemic dysfunction was induced by 15 min (group a) 
or 20 min (group b) of global ischemia followed by 
30 rain of reperfusion. IPC (group c) was induced by one 
cycle of 5-min global ischemia and 5-min reperfusion, 
before the 20-min of ischemia period. Only one period 
of 5-min ischemia has been expected to be enough to 
precondition the isolated rabbit heart [16]. Temperature 
was kept constant at 37 ~ C during ischemia and reperfu- 
sion. The heart was allowed to stabilize for at least 
10 min before the experiment was begun. 

Results are given as mean + standard error. Data were 
analyzed by means of the Student's t test or analysis of 

variance. A P value smaller than 0.05 was considered to 
be of significant difference. 

Results 

The effects of 15 and 20 rain of global ischemia followed 
by 30 rain of reperfusion were examined upon LVDP 
(upper panel) and LVEDP (lower panel) (Fig. 1). The 
absence of flow resulted in the rapid onset of contractile 
insufficiency. After 1.18 _+ 0.18 min of reperfusion, con- 
tractile activity returned to 76 _+ 6% of the preocclusion 
level in the group with 15 rain of ischemia. However, 
LVDP quickly waned and stabilized at 58 + 5 % of preoc- 
clusion pressure at 19 + 3 min of reperfusion in the same 
group. No difference was found on systolic and diastolic 
parameters when groups with 15 and 20 min of global 
ischemia were compared. Contractility then showed a 
biphasic behaviour during reperfusion: an initial phase 
showing a partial recovery toward control levels, fol- 
lowed by a decrease in contractile function to about 60% 
of the control values. This condition did not improve 
during the 30 min of reperfusion, suggesting that a 
stunned myocardium had been induced. Thus 15 and 
20 min of global ischemia caused a comparable and se- 
vere postischemic mechanical dysfunction. 

Figure 2 shows LVP and dP/dT digitized records from 
one typical experiment during control, and at 5 and 
30 min of reperfusion, after 15 min of ischemia. In addi- 
tion to the changes in systolic function, diastolic alter- 

CONTROL 5 MIN 30 MIN 

/X 

O_ I 

"f- (msee) 61.1 115 58.2 
LMEDP (mrnHg) 12 25 40 

Fig. 2. Response  of left-ventricular pressure of dP/dt to control, 5 min 
and 30 rain of reperfusion in the s tunned group in a representative 
experiment.  The  numbers  at the bo t tom indicate the values of the time 
constant  of relaxation (T) and LVEDP. 
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Table 1. Effect of myocardial stunning on dP/dV values (mmHg/ml) at 
common levels of pressure 

Pressure Control Stunning 

5 mmHg 22.5 + 4.4 59.6 _+ 8.9* 
10 mmHg 27.I _+ 3.0 62.9 _+ 8.0* 
15 mmHg 31.5 + 2.3 68.4 _+ 7.8* 
20 mmHg 36.0 _+ 2.6 73.8 + 8.3* 

*: P < 0.05 compared to control. 

ations are here reflected in the abnormal  LVEDP and T 
values. In spite of the normalization of T values after 
30 min of reperfusion, the increase in LVEDP still per- 
sisted (Table 2). 

Figure 3 shows the values for LVDP and LVEDP as a 
function of the t ime after the preconditioning of the 
heart  by a single episode of 5 min of occlusion. During 
the reperfusion period, LVDP returned to control val- 
ues, reflecting the expected protect ion of the heart  f rom 
systolic dysfunction by IPC. Diastolic function, assessed 
here only by means of LVEDR also returned to initial 
values thus providing evidence that IPC, provides pro- 
tection not only for systolic, but also for diastolic func- 
tion. 

Figure 4 shows digitized LVP and dP/dT records f rom 
a representat ive exper iment  during control, and early 
and late reperfusion after 20 min of ischemia, preceded 
by a single episode of ischemia. The values of T indicate 
that not only systolic function and LVEDP (diastolic 
stiffness) but also myocardial  relaxation were normal  
when the heart  was preconditioned. 

Figure 5 shows the values of T and LVEDP in control 
and 5 and 30 min of reperfusion, during myocardial  
stunning and ischemic preconditioning. T increases tem- 
porarily at 5 min of reperfusion in the stunning group 
(from 62.4 + 5.6 to 126.4 + 9.2 msec at 5 min of reperfu- 
sion) but returned to the preoclusion values during late 
reperfusion. When  the heart  was preconditioned, T did 
not show any significant change with respect to control. 
LVEDR an index of diastolic stiffness in an isovolumic 
heart, increased during the reperfusion period, indicat- 
ing that the diastolic distensibility of the ventricle was 
also altered in the stunned group, a finding in agreement  
with a previous report  [17]. However ,  the increase in 
LVEDP was prevented by ischemic preconditioning. 

Figure 6 shows tlhe pressure-volume relationship in 
the stunned group, before and after stunning. Stunning 
was accompanied by a significant leftward shift of the 
relationship, dP/dV values compared  at common pres- 
sure levels were also higher after stunning (Table 1). Ac- 

Table 2. Values of LVEDP and CPP during myocardial stunning and 
ischemic preconditioning 

LVEDP CPP 

MS IPC MS IPC 

Control 11.9+0.7 9.2_+1.7 72+3 65+7 
5 min 21.0 + 2.2* 10.1 _+ 1.6 83 _+ 4* 69 _+ 4 
30 min 38.0 + 5.6* 12.3 + 2.6 95 _+ 7* 73 _+ 8 

Values are mean + SEM; LVEDP: left ventricular end diastolic pressu- 
re, CPP: coronary perfusion pressure. *: P < 0.05 compared to control. 

cordingly, both parameters:  dP/dV and LVEDR showed 
an increase in diastolic stiffness after the induction of 
stunning. 

Thus, three pieces of evidence: LVEDP at a given vol- 
ume, the shift in the pressure-volume relationship, and 
the dP/dV values at common levels of pressure exhibit 
the increase in diastolic stiffness during stunning. On the 
other hand velocity of relaxation assessed by the time 
constant, T showed a transitory impairment  followed by 
normalization. This time dissociation allows us to con- 
clude that the increase in diastolic stiffness is not the 
consequence of an incomplete relaxation. IPC prevent-  
ed both the systolic and the diastolic dysfunctions, and 
also prevented the increase in CPP detected during 
stunning. 

Discussion 

We have demonstra ted  in this study that in the isolated 
rabbit  heart  the diastolic alterations during global stun- 

ning vary depending on which phase of diastole has been 
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minutes of ischemia were preceeded by a single episode of 5 rain of 
ischemia. 



CONTROL 5 MIN 30 MIN 

BE 
o ~ -  

.Z~0o - 
0 ::n 
n3 E 0 

'7- (reset) 58.8 64.5 60.5 
LMEDP (mmHg) 10.1 10.8 ! 1.2 

Fig. 4. Response of left-ventricular pressure and dP/dt to control, 
5 rain and 30 min of reperfusion in the preconditioned group in a re- 
presentative experiment. The numbers at the bottom indicate the va- 
lues of the time constant of relaxation (T) and LVEDR Ischemic pre- 
conditioning prevented both systolic and diastolic alterations. 

evaluated. If the early diastolic phase is analyzed, i.e., 

myocardial relaxation, we can see that the relaxation 

rate has a biphasic behaviour. The time constant in- 

creases after 5 rain of reperfusion, but returns to base- 

line values in late reperfusion when stunning has been 
established. When diastolic stiffness is considered 

through an increase in LVEDR it is observed that the 

myocardium during the reperfusion period is stiffer 

from the first minute of reperfusion and remains so dur- 

ing the entire reperfusion period. It must be kept in 
mind when comparing the results of the present to prior 

studies that: 1) a model of global, instead of regional is- 

chemia was used; and 2) both early diastolic (relaxation) 

and late diastolic (stiffness) indices of left ventricular 

function were evaluated by us. The advantage of global 

ischemia over other models is that it is not necessary to 
consider changes in coronary collateral circulation, dif- 

ferent contractile patterns due to ventricular asynchro- 

ny, or discrepancy between regional and global ventric- 

ular function after reperfusion [18, 19]. In our study the 

protocol of 15 min of global ischemia was selected after 
comparing the mechanical effects of twenty and fifteen 
minutes of global ischemia, in which no differences were 
found when developed and end diastolic pressures were 

compared. Periods of global ischemia of 15 [20] and 
20 min [21] were previously used for the induction of 

myocardial stunning in isolated rabbit hearts with the 
assumption of no irreversible damage. A recent paper 
showed histopathologic evidence that 20 min of global 
ischemia in rats did not produce irreversible injury [22]. 
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In our study we can not rule out the possibility of small 
areas of necrotic tissue behave in such way that the ab- 

normal contractile state may be a mixture of necrotic (ir- 

reversible injury) and stunned (reversible injury) myo- 

cardium. Although the fact that impaired relaxation is 
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not always accompanied by increased stiffness is not a 
new observation [13], we are not aware of previous re- 
ports showing this dissociation between these two dias- 
tolic parameters during stunning. 

Myocardial stunning appears to be the result of calci- 
um overload and/or the formation of oxygen-derived 
free radicals in situ [23-26]. Experimental interventions 
aimed at decreasing calcium entrance [27, 28], however, 
yield only contradictory results [29, 30]. 

Heusch [31] refers to the paradox whereby cytosolic 
calcium may be increased during stunning, but contrac- 
tility may be improved through various inotropic inter- 
ventions that themselves act through an increase in cyto- 
solic calcium. The ostensible contradiction in these ob- 
servations was reconciled by Opie [30] in what he called 
the 'two-stage' model for the participation of calcium in 
reperfusion injury. His proposal is that a first period 
characterized by excessive cytosolic calcium, either 
alone or in conjunction with free radicals, damages the 
contractile machinery so that the myocytes enter into a 
second hypocontractile stage. This hypothesis is com- 
patible with our results here reported in which an early 
impairment of relaxation occurred after reperfusion (at 
around 5 min after). Myocardial relaxation can become 
compromised when the calcium overload exceeds the 
functional capacity of the sarcoplasmic reticulum. 

Diastolic stiffness, nevertheless, seems to increase 
during stunning in spite of the progressive improvement 
in relaxation. We can speculate that functional activity 
of the sarcoplasmic reticulum is affected after five min- 
utes and then improves because either the calcium over- 
load decreases or ATP becomes available. This im- 
provement in SR activity however, is enough to normal- 
ize relaxation but riot diastolic stiffness. 

The role of sarcoplasmic-reticular function in induc- 
ing ischemic and postischemic mechanical alterations 
has been recently studied [17]. These results indicate the 
occurrence of a failure of calcium uptake by the sarco- 
pasmic reticulum resulting from an increased ionic ef- 
flux through the release channels. This latter response 
seems to be an early manifestation of sarcoplasmic retic- 
ulum dysfunction during reperfusion, which abnormali- 
ty becomes partially restored after reperfusion. On the 
basis of these reports, we would speculate that early in 
reperfusion two factors are contributing to an impaired 
relaxation: maximal calcium overload and poor sarco- 
plasmic reticulum reuptake. A partial recovery of sar- 
coplasmic reticulum function together with a decrease 
in the calcium overload could accordingly restore myo- 
cardial relaxation back to normal levels. An important 

consideration should be mentioned here with respect to 
the increase in diastolic stiffness: this change cannot re- 
sult from an impairment in relaxation since, in our ex- 
periments, the normalization of relaxation was not ac- 
companied by an improvement in stiffness. 

Murry et al. [6] reported that brief episodes of ische- 
mia can protect the heart against a sustained ischemic 
period ('IPC'). Recently the IPC phenomenon has also 
been shown to prevent arrhythmias [7] and ischemia [8]. 
However, at present it is not known whether IPC ob- 
served in different models of ischemic injury, different 
animal species, or based on different end points share 
the same mechanisms that account for the reduction in 
infarct size. In general we can say that IPC against lethal 
cell injury in large animal models with regional ischemia 
has been clearly demonstrated [6]; and against arrhyth- 
mias has been described only in rats [7]. Recently, it has 
been reported that IPC may attenuate both postischem- 
ic systolic dysfunction and the increase in LVED P in rats 
with global ischemia [5], or in rabbits with regional is- 
chemia [11], but it failed to protect the heart of large ani- 
mals [12]. 

In our study IPC completely abolished the postis- 
chemic alterations upon ventricular function, including 
not only systolic but also diastolic impairment. In addi- 
tion to the prevention of increased diastolic stiffness, 
IPC also prevented impairment of the isovolumic relax- 
ation. While Asimakis et al. [5] reported an attenuation 
of the postischemic dysfunction with IPC, we complete- 
ly abolished both the systolic and diastolic alterations. 
However, there are two major differences between the 
present and Asimakis' study. The first difference relates 
to animal specie (rats vs. rabbits), a second difference 
relates to the results. While they found an increase in 
LVEDP during the ischemic period, in our experiments 
LVEDP did not change when the coronary flow was 
stopped. It has been previously demonstrated that is- 
chemic contracture may play a role in the development 
of vascular damage during ischemia and reperfusion 
[32]. If this is the case, the absence of increased LVEDP 
in our study may have contributed to the complete re- 
covery of both systolic and diastolic dysfunction. The 
analysis of the mechanisms involved in this protection 
could help in elucidating the mechanism involved in the 
diastolic alterations. It does, however, seem that 
through activation of its Aj receptors in cardiac muscle, 
adenosine might be mechanically involved in the protec- 
tion conferred by IPC: indeed the A m receptor [16] seems 
to be coupled with a Gi protein; and this Gi protein, in 
turn can act to open up ATP-activated K channels, 



thereby inducing hyperpolarization and decreasing cal- 
cium influx through L channels during reperfusion. Such 
a mechanism would both prevent excessive early calci- 
um overload and forestall the triggering of processes 
leading to cellular damage. Nevertheless, a decrease in 
calcium influx through L channels could still alleviate 
such a calcium overload, and ameliorate the mechanical 
changes. Such an effect has, in fact, been recently report- 
ed [29]. 

Finally, we can not disregard the fact that most of 
these diastolic alterations were induced during the is- 
chemia rather than during the reperfusion period. There 
are several mechanisms that have been postulated to ex- 
plain the diastolic alterations during ischemia, including 
altered elastic properties [33] of the myocardium and 
changes in coronary vessels due to the non-reflow phe- 
nomenon [34]. 
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