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Ischemic Preconditioning: Effects on pH,
Na and Ca in Newborn Rabbit Hearts
During Ischemia/Reperfusion
H. Liu, P. M. Cala and S. E. Anderson
Department of Human Physiology, One Shields Avenue, University of California, Davis,
CA 95616-8644, USA

(Received 31 January 1997, accepted in revised form 15 December 1997)

H. L, P. M. C  S. E. A. Ischemic Preconditioning: Effects on pH, Na and Ca in Newborn Rabbit
Hearts During Ischemia/Reperfusion. Journal of Molecular and Cellular Cardiology (1998) 30, 685–697. In adult
hearts, ischemic preconditioning (PC) has been shown to decrease ischemia-induced changes in intracellular pH
(pHi) and [Ca] ([Ca]i) and decrease associated injury. These results are consistent with the interpretation that PC
decreases the stimulus for Na uptake via Na/H exchange, thereby decreasing intracellular Na (Nai) accumulation,
and thus decreasing the change in force driving Na/Ca exchange, which otherwise contributes to ischemia-
induced increases in [Ca]i. Given documented age-related differences in myocardial responses to ischemia, we
tested the hypothesis that in newborn hearts, PC will diminish intracellular [H], Nai, and [Ca]i during ischemia/
reperfusion. NMR was used to measure pHi, Nai, [Ca]i, ATP, and PCr in isolated newborn (4–7 days) rabbit hearts
Langendorff-perfused with Krebs–Henseleit solution equilibrated with 95% O2/5% CO2 at 36±1°C. Control hearts
were perfused 30 min before initiating 40 min global ischemia followed by 40 min reperfusion. PC hearts were
treated the same except four 5-min intervals of ischemia each followed by 10 min of perfusion which preceded
global ischemia. At end ischemia, pHi was higher in PC than control hearts (6.31±0.03 v 5.83±0.05; P<0.05).
Similarly, PC diminished Nai-accumulation during ischemia and reperfusion (P<0.05). Control Nai rose from
16.2±2.6 to 108.8±10.3 (mEq/kg dry weight) and recovered to 55.2±10.1 and the corresponding values for
PC hearts were 25.6±6.2, 70.0±7.9 and 21.9±5.2. PC also improved [Ca]i recovery during reperfusion
(P<0.05). Control [Ca]i rose from 418±43 to 1100±78 (n/l) and recovered to 773±63, whereas in PC hearts
the values were 382±40, 852±136 and 371±45, respectively. In addition, PC decreased coronary resistance
during reperfusion (P<0.05) as reflected by lower perfusion pressures under constant flow conditions (65.9±1.5
v 56.1±4.1 mmHg at end of reperfusion). Finally, PC improved recovery of left-ventricular developed pressure
(LVDP—43.8±12.0 v 17.2±3.0% of control; P<0.05) and diminished CK release (607±245 v 2432±639 IU/
g dry weight; P<0.05) during reperfusion. The results are consistent with the hypothesis.
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and several theories have been proposed. For in-Introduction
stance, release of adenosine during PC is associated
with protection during subsequent episodes of isch-Ischemic preconditioning (PC—alternating short

intervals of ischemia and perfusion) has been re- emia (Liu et al., 1991). It has also been proposed
that the effects of PC are mediated by ATP-sensitiveferred to as ‘‘state of the art myocardial protection’’

(Lawson and Downey, 1993). The mechanism(s) by K channels (Yao and Gross, 1994), altered car-
bohydrate metabolism (Murry et al., 1990), de-which preconditioning decrease(s) ischemic heart

damage has been the subject of considerable interest creased free oxygen radicals (Das et al., 1992),
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Davis, CA 95616-8644, USA.
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altered fatty acid metabolism (Simkhovich et al., While it is well understood that newborn and
adult hearts are different both histologically and1993), and, more recently, the activation of protein

kinase C (Ytrehus et al., 1994). Thus, the mech- biochemically, the differences between adult and
newborn heart responses to ischemia and hypoxia,anism of PC remains controversial (Li and Kloner,

1993; Steenbergen et al., 1993a; Thornton et al., as well as in appropriate treatments for prevention
of associated myocardial injury, also remain con-1993). While PC has been shown to be effective in

protection against ischemic damage in adult hearts troversial (Nishioka and Jarmakani, 1982; Parrish
et al., 1987; Kempsford, 1989). More specifically,of dogs, pigs, rats, rabbits, and humans (Li et al.,

1990; Schott et al., 1990; Cohen et al., 1991; Li et relatively little is known about age-related dif-
ferences in proton, Na, and Ca accumulation andal., 1992; Yellon et al., 1993), the effect of PC in

newborn hearts still needs to be studied. transport during ischemia. For example, in a model
similar to that used in this study, ATP fell moreIn the last decade, it has become clear that most

pathophysiological processes in cardiac ischemia in adult hearts than newborns during ischemia,
whereas percent decreases in PCr during ischemiaand reperfusion are associated with derangement

of cellular ion homeostasis (Allen et al., 1993). In were not significantly different (Carr et al., 1992).
Although it has been argued that the major sourceadult hearts, myocardial ischemic/hypoxic damage

is associated with increased intracellular calcium of proton production arises from glycolysis (Allen
and Orchard, 1987), because the balance between(Cai) or Ca influx (Naylor, 1987), and increased Cai

has been identified as a causal factor in reperfusion ATP and PCr hydrolysis also influences net proton
production (Dennis et al., 1991), differences in PCrinjury (Allen et al., 1993; Pierce and Czubryt,

1995). The Na-dependence of myocyte Ca uptake and ATP depletion may be implicated in age-related
differences in proton accumulation during ischemia(Kim et al., 1987) implicates Na/Ca exchange as a

major effector in Cai-dependent reperfusion/re- and reperfusion. Indeed, an aforementioned study
demonstrated that although there were no sig-oxygenation injury. In this context, we and others

have reported results consistent with the ‘‘general nificant differences in proton accumulation after
30 min of ischemia, pHi was higher after 30 min ofhypothesis’’ that one important sequence of events

leading to myocardial ischemic/hypoxic cell dam- reperfusion in newborns than in adults (Carr et al.,
1992).age is: (1) increased anaerobic metabolism; (2)

decreased intracellular pH (pHi); (3) Hi stimulation With respect to Na/H and Na/Ca exchange in
particular, there have also been conflicting reportsof pH-regulatory Na/H exchange; (4) increased in-

tracellular Na (Nai); (5) decreased and/or reversed of age-related differences. For instance, during hyp-
oxic respiratory acidosis, the Na/H exchange rateNa/Ca exchange; (6) increased [Ca]i; (7) a cascade

of Ca-dependent events leading to cell damage was less in adults than in newborn rabbit hearts
(Seguchi and Jarmakani, 1989), whereas in isolated(Anderson et al., 1990; Pike et al., 1993; Steen-

bergen et al., 1993b). Even though the mech- rabbit cardiac myocytes, a subsequent study re-
ported no age-related differences in the Na/H ex-anism(s) by which preconditioning decreases

ischemic heart damage remains controversial, if change activity, but HCO3/Cl exchange was more
active in premature myocardium (Nakanishi et al.,this general hypothesis is correct, PC must alter

one or more of the events in the sequence outlined 1992). Additionally, while it has been reported
that there is approximately 2.5 times more Na/above. Results consistent with this point of view

have been presented for the adult heart (Steen- Ca exchanger protein in fetal and newborn rabbit
sarcolemma than in adult preparations (Artman,bergen et al., 1993a). That is, PC has been shown

to diminish the increases in Hi and [Ca]i otherwise 1992), no age-related differences in Na/Ca ex-
change activity were found in canine cardiac sar-observed during prolonged ischemia. Although this

study did not show a significant effect of PC on Nai, colemmal preparations (Hanson et al., 1993).
Finally, it has recently been reported that therethe trend was consistent with the interpretation

that the changes in Cai are Na-dependent. On the may be a reciprocal change in Na/K pump and Na/
Ca exchange in rat myocardium between 8–15other hand, a more recent study using a similar

model demonstrated that PC initially increased Nai days, with Na/Ca exchanger abundance decreasing
with age (Magyar et al., 1995).accumulation during ischemia, but it too concluded

that PC had no significant effect on Nai after 30 min The effects of PC on ion distribution in newborn
hearts, however, have not been previously reportedof ischemia (Ramasamy et al., 1995). Thus, the

effect of PC on Na uptake and accumulation in and, based on the studies cited above, one could
not confidently predict that newborn hearts wouldadult hearts during ischemia remains unclear and

will require further investigation. respond to PC as do adults. We therefore used NMR
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to test the hypothesis that in newborn hearts PC in the perfusate and Ca was added to reach a
perfusate concentration of 1.8–2 m, as measuredwill diminish intracellular [H], Nai, and [Ca]i during

ischemia/reperfusion. Our results support this hypo- by Ca electrode. In order to measure [Ca]i, hearts
were perfused for 30–40 min prior to the controlthesis and further demonstrate that during re-

perfusion, PC-dependent limitation of [Ca]i is interval with perfusate containing the acet-
oxymethyl ester of 5F-1,2-bis(2-amino-associated with diminished coronary resistance and

creatine kinase release and improved recovery of phenoxy)ethane-N,N,N′,N′-tetra-acetic acid
(FBAPTA) at 2.5 l (Anderson et al., 1990).left-ventricular developed pressure (LVDP). Thus,

the results are further consistent with the ‘‘general FBAPTA was then washed out of the extracellular
space with control solution for 15 min beforehypothesis’’ outlined above, which provides a

framework for understanding the mechanisms re- measurement of [Ca]i. After perfusions had been
completed, hearts used to measure 23Na weresponsible for changes in the distribution of these

ions and associated myocardial injury. A portion weighed wet and dried to constant weight (at least
48 h) at 65°C to determine dry weight. Their wetof these results has been presented previously in

abstract form (Liu et al., 1994). and dry weights were 0.555±0.020 and
0.085±0.003 g, respectively (n=14).

NMR spectroscopyMaterials and Methods

23Na and 31P experiments were conducted using aGeneral
Bruker AMX400 spectrometer and 19F experiments
were conducted using a GE Omega 300 horizontalThe methods used were modified from those pre-

viously reported (Anderson et al., 1990, 1994). bore system. 23Na, 19F, and 31P spectra were gen-
erated from the summed free induction decays ofNew Zealand white rabbits (4–7 days old) were

anesthetized with sodium pentobarbital 1000, 1500, and 148 excitation pulses (90°, 45°
and 60°) using 2K, 2K, and 4K word data files and(35–65 mg/kg) and heparinized (1000 USP units/

kg). Hearts were removed and the aorta was can- ±4000-, ±5000-, and ±4000-Hz sweep widths,
respectively. For all nuclei, data files were collectednulated and perfused at a constant rate (9–10 ml/

min) at 36±1°C. Control perfusate contained over 5-min intervals. In order to improve signal-
to-noise for 19F measurement of [Ca]i, two 5-min(mmol/l) 133 NaCl, 4.75 KCl, 1.25 MgCl2, 1.82

CaCl2, 25 NaHCO3, 11.1 dextrose and was equi- 19F files were added together. Because the NMR
signal intensity reflects the time average for thelibrated with 95% O2/5% CO2, which provided a pH

of 7.35–7.45. In order to measure left-ventricular interval over which data are collected, data are
represented in time as corresponding to the mid-developed pressure (LVDP—end systolic minus end

diastolic pressure), a fluid filled balloon was placed point of the appropriate 5- or 10-min acquisition
interval. For technical reasons, spectra for each ofin the left ventricle and secured by means of a

ligature immediately proximal to the mitral valve. the three nuclei were acquired from separate hearts.
Representative 23Na, 19F, and 31P spectra are shownPerfusion pressure and left-ventricular pressure

were monitored using a Gould RS2000 os- in Figures 1–3, respectively.
Nai in mEq/kg dry weight was calculated fromcillographic recorder. The control ischemia protocol

consisted of 30 min perfusion, followed by 40 min the calibrated area under the unshifted peak of the
23Na spectra, as previously described (Anderson etischemia, followed by 40 min reperfusion. In the

preconditioning (PC), protocol hearts were perfused al., 1990). Briefly, each spectrum was reversed
along the frequency axis using standard Brukerfor 10 min, followed by four episodes of 5 min of

ischemia, followed by 10 min reperfusion each. AMX400 software. Then, after precisely shifting
the reversed spectrum so that the original andAfter preconditioning, hearts were treated the same

as in the control ischemia protocol: 40 min ischemia reversed extracellular peaks overlapped, each ori-
ginal spectrum was subtracted from its own re-and 40 min reperfusion. Initiation of 40 min of

ischemia was designated t=0 min for all hearts. versed spectrum. Thus, the extracellular peaks were
subtracted out of the difference spectrum. Finally,23Na, 19F, and 31P NMR were used to measure

Nai, [Ca]i, and pHi and high-energy phosphates, the Nai spectral area was determined by integrating
over the remaining positive peak. [Ca]i in nmol/lrespectively. In order to measure Nai, 7.5 m dys-

prosium triethylenetetraminehexaacetic acid cell water was calculated as the product of the
500 n Ca-FBAPTA dissociation constant and the(DyTTHA) was substituted iso-osmotically for NaCl
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–28 6 4 2 0

Without preconditioning

End reperfusion

End ischemia

Baseline

With preconditioning

–28 6 4 2 0

Figure 1 Representative 23Na spectra with and without preconditioning (PC) on the right and left respectively. The
spectra show that PC prevents the increase in intracellular Na resonance (upfield shoulder) which is otherwise observed
at the end of ischemia (compare middle spectra).

–1010 5 0 –5

Without preconditioning

End reperfusion

End ischemia

Baseline

With preconditioning

–1010 5 0 –5

Figure 2 Representative 19F spectra with and without preconditioning (PC) on the right and left respectively. The
spectra show that PC improves the recovery of the ratio of the areas of the Ca-bound to Ca-free FBAPTA peaks
(downfield and upfield, respectively), which is indicative of improved recovery of intracellular [Ca] during reperfusion.
Please see Materials and Methods for calculation of intracellular [Ca].

ratio of the areas of the Ca-bound (downfield) and (Anderson et al., 1994). High-energy phosphates
are reported as percent of control peak intensityCa-free (upfield) peaks in the FBAPTA spectrum

(Anderson et al., 1990). Intracellular pH was de- (Anderson et al., 1990).
In order to assess ischemic injury, total creatinetermined from the chemical shift of the inorganic

phosphate (Pi) resonance [with reference to kinase (CK) released during reperfusion was meas-
ured from timed collections of effluent perfusate forcontrol phosphocreatine (PCr)] calibrated at 37°C
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–2010 0 –10

Without preconditioning

End reperfusion

End ischemia

Baseline

With preconditioning

–2010 0 –10

Figure 3 Representative 31P spectra with and without preconditioning (PC) on the right and left respectively. PCr
resonance is set at 0 p.p.m. in the baseline spectra. From PCr, major upfield peaks arise from c, a and b phosphates of
ATP and downfield peaks arise from phosphodiesters, Pi, and phosphomonoesters, respectively. Closer inspection reveals
that PC limits the change in Pi chemical shift during ischemia indicating decreased proton accumulation. Please see
Materials and Methods for further description of high energy phosphate and pHi analysis.

40 min of reperfusion. CK in IU/g dry weight was
measured spectrophotometrically, as previously de-
scribed (Ramasamy et al., 1995).

Unless otherwise stated, results are reported as
mean±... Analysis of variance for repeated
measures was used to test for differences between
control and PC treatments. When differences be-
tween treatments were found, the unpaired t-test
was used to determine the times at which differences
between treatments occurred. Please note that the
t-test was used only across treatments after the
effect of PC had been demonstrated by ANOVA, and
only for a particular time interval, thus obviating
the need for multiple comparison tests. Differences
were considered significant when P<0.05.
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Figure 4 In newborn rabbit hearts, ischemic pre-
conditioning decreases intracellular [H] prior to and dur-
ing ischemia. Intracellular pH is plotted v time before,
during and after ischemia with (closed squares) and

Results without (open squares) ischemic preconditioning (PC).
∗P<0.05; ischemia (n=8), isch+PC (n=7) (n=number
of experiments). The large oscillations in intracellular pHIntracellular proton accumulation
prior to prolonged ischemia are due to PC.

Intracellular pH (pHi) was measured during
ischemia±PC as one variable required to assess the
effect of PC on Na/H exchange during and after Intracellular Na accumulation
ischemia. The data shown in Figure 4, demonstrate
that at the end of 40 min sustained ischemia pHi The data shown in Figure 5 demonstrate that,

compared to the control group and consistent within preconditioned hearts is higher than that of
control hearts (6.31±0.03 v 5.83±0.05; P<0.05). the hypotheses, PC diminished Nai during ischemia/

reperfusion. During 40 min of ischemia, Nai (mEq/The pHi was not measurably different after 40 min
of reperfusion (7.12±0.01 v 7.11±0.02). We also kg dry weight) rose from 16.2±2.6 to 108.8±10.3

and recovered to 55.2±10.1 after 40 min of re-found pHi at the end of preconditioning (prior to
ischemia, t=−2.5 min) is higher than without perfusion in the control group, whereas in the PC

group, Nai rose from 25.6±6.2 to 70.7±7.9 andpreconditioning (P<0.05).
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Figure 5 In newborn rabbit hearts, ischemic pre- Figure 7 In newborn rabbit hearts, ischemic pre-
conditioning significantly decreases ATP prior to and atconditioning decreases intracellular Na during ischemia

and reperfusion. Intracellular Na (mEq/kg dry weight) is the beginning of prolonged ischemia but has no sig-
nificant effect on ATP during subsequent ischemia andplotted v time before, during, and after ischemia with

(closed squares) and without (open squares) ischemic reperfusion. Myocardial ATP (% of control) is plotted v
time before, during, and after ischemia with (closedpreconditioning (PC). ∗P<0.05; ischemia (n=8),

isch+PC (n=6) (n=number of experiments). squares) and without (open squares) ischemic pre-
conditioning (PC). ∗P<0.05; ischemia (n=8), isch+PC
(n=7) (n=number of experiments).

acquired between t=−10 and t=80, [Ca]i was
less in the PC-treated hearts than in the control
(P=0.0055 by ANOVA). In the control group, [Ca]i

rose from 418±43 to 1100±78 (n/l) during
40 min of ischemia, and recovered to 773±63 after
40 min reperfusion, whereas in the PC group, [Ca]i

rose from 382±40 to 852±136 n/l during isch-
emia, and recovered to 371±45 during re-
perfusion. The t-test demonstrated that while [Ca]i

was only nominally less during ischemia after PC
(P=0.053 at t=5 min), it was significantly less
throughout reperfusion in the PC-treated hearts
(P<0.05).
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Figure 6 In newborn rabbit hearts, ischemic pre-
conditioning improves recovery of intracellular [Ca] dur-
ing reperfusion. Intracellular [Ca] (n) is plotted v time Myocardial high-energy phosphate metabolism
before, during, and after ischemia with (closed squares)
and without (open squares) ischemic preconditioning

One simple prediction based on the preceding results(PC). ∗P<0.05; ischemia (n=8), isch+PC (n=7) (n=
is that PC-diminished increases in Nai and [Ca]inumber of experiments).
would result in diminished ATP consumption by
active Na and Ca transport processes, and therefore

recovered to 21.9±5.2. Thus, Nai rose less during PC would diminish high energy phosphate depletion
ischemia and recovered to a lower value during during ischemia/reperfusion. Figures 7 and 8 sum-
reperfusion after PC (P<0.05). marize the results of experiments conducted to test

this prediction in our neonatal rabbit model. During
preconditioning, ATP declined from 100% toIntracellular [Ca] changes
74.6±4.8% of pre-ischemic baseline. Thus, ATP in
the PC group was significantly less than that ofThe results shown in Figure 6 demonstrate that,

also consistent with the hypotheses, for data control group prior to, and for the first 20 min



Ischemic Preconditioning 691

80

100

0
–80

Time (min)

P
er

fu
si

on
 p

re
ss

u
re

 (
m

m
H

g)
 

(m
ea

n
 ±

 S
.E

.M
.)

60

40

20

–40 0 40

Ischemia

*

80 *
*

80

150

–80
Time (min)

P
C

r 
(%

 o
f 

co
n

tr
ol

) 
(m

ea
n

 ±
 S

.E
.M

.)

50

0
–40 0 40

Ischemia

100

*

Figure 9 In newborn rabbit hearts, ischemic pre-
Figure 8 In newborn rabbit hearts, preconditioning conditioning prevents the increase in coronary resistance
increases phosphocreatine (PCr) prior to prolonged isch- (measured by increased perfusion pressure at constant
emia. Myocardial PCr (% of control) is plotted v time flow) otherwise observed during reperfusion. Perfusion
before, during, and after ischemia with (closed squares) pressure (mmHg) is plotted v time before, during, and
and without (open squares) ischemic preconditioning after ischemia with (closed squares) and without (open
(PC). ∗P<0.05; ischemia (n=8), isch+PC (n=7) (n= squares) ischemic preconditioning (PC). ∗P<0.05; isch-
number of experiments). emia (n=4), isch+PC (n=4) (n=number of ex-

periments).

of prolonged ischemia (P<0.05), but PC had no
significant effect on ATP at the end of ischemia
and during reperfusion. On the other hand, PCr
increased from 100% to 132±16% of the baseline
value after preconditioning (P<0.05). Thereafter,
PC had no significant effect on PCr, with PCr falling
to approximately 20% and recovering to ap-
proximately 85% of control in both groups. PC also
had no significant effect on inorganic phosphate
accumulation before, during, or after prolonged
ischemia (data not shown).
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The results summarized in Figure 9 demonstrate
that PC diminishes the increase in coronary re- Figure 10 In newborn rabbit hearts, ischemic pre-

conditioning improves recovery of left-ventricular de-sistance otherwise observed during reperfusion
veloped pressure (LVDP) during reperfusion. LVDP (% of(P<0.05), as measured by relatively decreased per-
control) is plotted v time before, during, and after ischemiafusion pressure under constant flow conditions.
with (closed squares) and without (open squares) isch-

At the end of reperfusion, perfusion pressure was emic preconditioning (PC). ∗P<0.05; ischemia (n=5),
65.9±1.5 (mmHg) in control hearts and 56.1±4.1 isch+PC (n=4) (n=number of experiments).
in PC-treated hearts. As shown in Figure 10, PC
also improved recovery of LVDP (P<0.05). At the
end of reperfusion, LVDP was 17.2±3.0% of base- Discussion
line in control hearts and 43.8±12.0% in PC-
treated hearts. Finally, as depicted in Figure 11, PC Numerous studies have demonstrated that ischemic

preconditioning is effective in protection againstdecreased total CK released during reperfusion from
2432±639 IU/g dry weight to 607±245 ischemic damage in adult hearts of a variety of

species, including humans (Li et al., 1990; Schott(P<0.05).
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current experiments, as well as relevant age-related
differences in ion transport and PC-sensitive isch-
emia-induced changes in pHi, Nai, and [Ca]i are
discussed in the respective subsections below.

Ischemic preconditioning diminishes intracellular H
accumulation

While it remains unclear what causes the changes
in pHi after PC, the data are consistent with the
interpretation that during ischemia after PC, de-
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creases in pHi are diminished compared to control
ischemia. That is, as shown in adult heartsFigure 11 In newborn rabbit hearts, ischemic pre-

conditioning decreases release of creatine kinase (CK) (Steenbergen et al., 1993a; de Albuquerque et al.,
during reperfusion. Total CK released during reperfusion 1994) in newborn rabbit hearts, after PC pHi de-
(IU/g dry weight) is plotted v treatment: with (closed bar) creases more slowly during the later portion ofand without (open bar) ischemic preconditioning (PC).

ischemia, and thus pHi is higher at the end of∗P<0.05; number of experiments is given in parentheses.
40 min ischemia than in non-preconditioned hearts
(Fig. 4). In this study, we also observed that pHi is
higher (P<0.05) in preconditioned hearts
(7.14±0.01) than in non-preconditioned hearts
(7.10±0.01) prior to prolonged ischemia. We sub-

et al., 1990; Cohen et al., 1991; Li et al., 1992; scribe to the postulate that the cell regulates its pHi

Yellon et al., 1993). The results reported in this in part by Hi activation of pH-regulatory Na/H
study, however, are the first to assess the effect of exchange (Lazdunski et al., 1985; Piwnica-Worms
PC on newborn hearts and, more specifically, to et al., 1986; Pierce and Czubryt, 1995). Thus,
test the hypothesis that PC will diminish in- higher pHi prior to and later during prolonged
tracellular [H], Nai, and [Ca]i during ischemia/ ischemia would tend to diminish Na/H exchange
reperfusion in neonates. stimulation.

We and others have demonstrated that hypoxia In adult dog hearts, it has been reported that early
and ischemia cause increases in intracellular [H], depletion of ATP and accumulation of glycolytic
[Na] and [Ca] in both newborn and adult hearts products occurs less in preconditioned hearts during
(Anderson et al., 1990, 1996; Liu et al., 1992, ischemia. This suggests that PC reduces the rates
1994,1997; Pike et al., 1993; Steenbergen et al., of glycolysis and ATP-hydrolysis during prolonged
1993a), consistent with the interpretation that hy- ischemia (Murry et al., 1990). Both of these effects
poxia/ischemia-induced increases in Nai and [Ca]i would result in less proton production (Dennis et
are the result of increased Na-uptake, in part via al., 1991). In contrast, we are unable to show
Na/H exchange, which results in Cai accumulation significant differences in the levels of ATP and
mediated by changes in Na/Ca exchange. Thus, we creatine phosphate between preconditioned and
would predict that any process which inhibited any non-preconditioned newborn hearts at the end of
‘‘link’’ in this chain (but preferably earlier steps) 40 min of ischemia. However, as previously sug-
would diminish cell injury. Data addressing this gested (Asimakis et al., 1992), the PC-dependent
prediction, however, have been conflicting in adult increase in PCr prior to prolonged ischemia (Fig.
animals. That is, one set of results from rat hearts 8) may play a role in limiting the subsequent fall
are consistent with the interpretation that as a in pHi. In addition, since the decrease in ATP levels
result of limiting intracellular proton accumulation during prolonged ischemia are significantly less
PC limits Cai accumulation (Steenbergen et al., after PC, the data are consistent with previous
1993a). On the other hand, a more recent study observations that ATP utilization is diminished after
in rat hearts showed a similar PC-dependent lim- PC. Thus, we cannot rule out the possibility that
itation of proton accumulation was associated with PC causes a reduced rate of ATP consumption and/
an increase in Na-accumulation-rate early during or glycolysis and thereby decreases the fall in pHi

during ischemia.ischemia (Ramasamy, 1995). The results of the
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Ischemic preconditioning decreases Nai during ischemia/ onstrate that amiloride inhibition of Nai ac-
cumulation during ischemia is incomplete (Tanireperfusion
and Neely, 1989; Anderson et al., 1996), and thus
suggest that a portion of Na uptake is via pathwaysWe and others have demonstrated in adult hearts

that myocardial ischemia stimulates Na uptake (in other than Na/H exchange. This postulate is con-
sistent with more recent studies which suggestpart via Na/H exchange), which in turn results in

an increase in [Na]i and [Ca]i (Pike et al., 1993; that hypoxia/ischemia increases Na uptake via Na
channels (Silverman and Stern, 1994). On theSteenbergen et al., 1993b; Anderson et al., 1996;

Liu et al., 1997). In adult rat hearts, Nai rises in other hand, Nai does not increase during 15 min
of simulated ischemia in isolated papillary muscleboth preconditioned and non-preconditioned hearts

during ischemia (Steenbergen et al., 1993a; (Vanheel et al., 1990), consistent with studies from
isolated chick cardiac myocytes, which conclude,Ramasamy et al., 1995). Although the Nai in non-

preconditioned hearts appeared to be higher than based on effects of decreasing pHo, that Na/H
exchange may be inhibited during ischemia (Laz-that of preconditioned hearts in the earlier study,

there were no significant differences. The more dunski et al., 1985). Thus, further studies will
have to be conducted to unambiguously determinerecent study, however, reported that PC significantly

increased Nai at the beginning of ischemia, but whether Na transport via channels or other path-
ways is altered by PC.again no significant differences were found at the

end of ischemia. In contrast, our results dem-
onstrate that PC significantly diminishes the in-
crease in Nai otherwise observed in newborn rabbit Ischemic preconditioning decreases [Ca]i during

reperfusionhearts during ischemia (Fig. 5). Whether the dif-
ferences between these studies are the result of

Although the mechanism(s) responsible for Nai-species- or age-related differences remains unclear.
Nevertheless, all of these results are qualitatively accumulation cannot be unequivocally identified,

the results of this study remain consistent with theconsistent with previous studies (Piwnica-Worms
et al., 1986), which support the interpretation that interpretation that increases in intracellular Na

decrease the force driving Ca out of the cardiacincreased Hi stimulates Na/H exchange, and there-
fore increases net Na influx during ischemia. That myocyte via Na/Ca exchange. This would stop and/

or reverse flux through the exchanger, and thusis, pHi falls during ischemia and Na uptake and
Nai increase. Furthermore, in this study, newborn decrease net Ca-efflux and cause an increase in [Ca]i

during ischemia. Normally, the Na/Ca exchangerhearts in the PC group have less proton ac-
cumulation and less Nai accumulation. transports 3 Na into the cell for each Ca out, and

thus acts as the major Ca efflux pathway in order toWe cannot, however, rule out the possibility that
decreased Nai accumulation is the result of PC- maintain myocardial Ca homeostasis (Bers, 1991).

Assuming the average membrane potential doesdependent increases in Na efflux or decreases in Na
uptake via Na transport pathways other than Na/ not change, if the [Na]i increases to two to three

times its normal concentration, the cell membraneH exchange. For example, in adult rabbit hearts,
we have previously demonstrated that hypoxia and Na/Ca exchanger will reach equilibrium, and may

reverse its direction such that Na moves out of theischemia initially increase Na efflux via Na/K ATP-
ase (Anderson et al., 1990, 1996). (But this increase cell and Ca moves into the cell. (During ischemia,

when the cell is depolarized and changes in intra-is less than the increase in net uptake.) Others have
reported similar results after stimulating Na-uptake and extracellular Na are in opposite directions, even

smaller increases in [Na]i will result in a change inby acidifying chick cardiac myocytes (Lazdunski et
al., 1985; Piwnica-Worms et al., 1986). However, driving force to favor Ca entering the cell via Na/

Ca exchange.) Thus, not only do the control heartsprevious studies in adults, as well as the newborn
data, discussed in the previous section, do not in this study provide evidence consistent with the

general hypothesis for newborn hearts, but as onesupport the idea that ATP utilization (by Na/K
ATPase) is even further increased by PC to diminish could also predict from the general hypothesis,

significantly lower Nai in the PC group is associatedNai.
Particularly with respect to ischemia-induced Na with significantly lower [Ca]i during reperfusion

(Figs 5 and 6).accumulation, a number of studies provide data
which suggest that changes in Na transport are On the other hand, it will also be noted that

during ischemia significantly lower Nai in the PCmore complicated than described by the general
hypothesis. These include studies which dem- group is not associated with significantly lower
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[Ca]i. That is, while ANOVA demonstrates that [Ca]i the exchanger, proton-inhibition of Na/Ca ex-
change would limit Ca-uptake in both groups dur-in the two groups are different after PC, when

individual time intervals are compared, significant ing ischemia. Additionally, the lower pHi in the
control group would likely inhibit Na/Ca exchangedifferences in [Ca]i occur later (only during re-

perfusion) than do differences in Nai. (Although more, and thereby limit Ca accumulation more
than in the PC group. This could in part explainP=0.053 at t=5 min for [Ca]i.) This might lead

one to question whether the effects of PC on [Ca]i the lack of significant difference in [Ca]i during
ischemia (i.e. differences in Nai will not cause Na/are confined to the reperfusion interval. The answer

to this question is beyond the scope of this in- Ca-exchange-dependent differences in [Ca]i, to the
extent that Na/Ca exchange is inhibited by lowvestigation, but amongst the many possible ex-

planations for the ‘‘lag’’ in significant [Ca]i pH). Furthermore, upon reperfusion, this limitation
upon Na/Ca exchange would rapidly be released asdifferences, one simple explanation consistent with

the data is described below. pH recovers. Again, this is consistent with the data
from the control group, which relax to the pointAgain, we must reiterate that the hypothesis

tested in this study does not address Na and Ca where the exchanger is near equilibrium (as pre-
dicted if Na/Ca exchange is the dominant Ca trans-transport via pathways other than Na/H and Na/

Ca exchange nor the possibility that PC alters flux port process). On the other hand, hearts in the PC
group recover better, back to a point similar to thatvia Na/Ca exchange in ways other than those based

upon the thermodynamic changes associated with prior to ischemia, where Nai is low enough so the
force driving the exchanger would promote Caalterations in the Na gradient. One way to address

these possibilities is to assess whether the data are efflux. Thus, although the hypothesis remains con-
sistent with the data, the additional postulate ofconsistent with the Na/Ca exchanger being the

dominant Ca transport pathway. If it is the dom- excess proton inhibition of Na/Ca exchange could
be added to explain why (1) [Ca]i does not increaseinant pathway, one would expect it to reach equi-

librium (given enough time). Using the measured more in both groups during ischemia (and the
exchanger does not reach equilibrium), as well asvalues for Nai and [Ca]i (Figs 5 and 6) and as-

sumptions described previously (Steenbergen et al., (2) [Ca]i is not statistically different in the two
groups during that interval.1993a; Anderson et al., 1996), one can calculate

that on the average (over the 10-min intervals
of the NMR measurements) the force driving the
exchanger is not at equilibrium in either group
except early during ischemia (when it changes Ischemic preconditioning and myocardial high energy

phosphate metabolismdirection) and during most of reperfusion in the
control group. In particular, during the last 35 min

Although the above-described abnormalities in ionof ischemia, the force driving the exchanger is
directed so as to promote Ca entry in both groups homeostasis are vitally important, changes in avail-

ability of high energy phosphates are also likely toand the force is larger in magnitude in the control
group. One way this could occur is if the rate of play an important role in irreversible myocyte in-

jury during ischemia and reperfusion. In adult dognet flux via the Na/Ca exchanger were insufficient
to allow the exchanger to reach equilibrium, e.g. hearts, PC has been reported to reduce myocardial

ATP content by approximately 30% (Murry et al.,if the exchanger were inhibited during ischemia.
Indeed, it has been demonstrated in vesicular and 1990). In the present study, the ATP content in

newborn hearts was reduced by approximately 25%giant patch preparations that Na/Ca exchange ac-
tivity is diminished by decreases in pH and ATP by the end of preconditioning (Fig. 7). While these

results are similar, during ischemia following PC,(Bers, 1991). With respect to the effects of ATP,
however, recent studies demonstrate that in intact ATP was not preserved in newborn hearts as ob-

served in adult hearts (Murry et al., 1990).cardiac myocytes, ATP must fall below 10% of
control before Na/Ca exchange is affected (Haworth Also, as previously reported in adult rat hearts

(Asimakis et al., 1992), in newborn rabbit heartsand Goknur, 1996), whereas ATP does not fall
below 20% of control in this study. Furthermore, PCr content was increased above control levels at

the end of preconditioning (Fig. 8), but the PCrPC has no significant effect on ATP (Fig. 7) during
reperfusion, when the most significant effects of PC content then fell to the same level in both pre-

conditioned and non-preconditioned hearts afteron [Ca]i (Fig. 6) are observed. Thus, it appears that
the effects of PC on [Ca]i are not referable to changes 40 min ischemia, and there was no significant dif-

ference between groups in PCr recovery.in ATP. On the other hand, given the forces driving
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We previously reported that myocardial high- ischemia-induced injury in newborn hearts and,
more specifically, is also consistent with previousenergy phosphates are significantly preserved in

this model when intracellular Na and Ca ac- results from adult rat hearts, which suggest that
PC limits the no-reflow phenomenon (Asimakis etcumulation are limited by Na/H-exchange-in-

hibition with amiloride analogues during hypoxia al., 1992).
Finally, PC significantly improved recovery ofand ischemia (Liu et al., 1992, 1997). Thus, the

lack of effect of PC on high energy phosphates LVDP (Fig. 10) and diminished CK release (Fig.
11) during reperfusion. In hearts that were notduring ischemia/reperfusion (even though PC sig-

nificantly decreases Nai and [Ca]i) suggests that in preconditioned, greater CK release, increased cor-
onary resistance, and poor recovery of LVDP arethe newborn, PC is less effective than phar-

macological inhibition of Na uptake in reducing associated with incomplete recovery of [Ca]i during
reperfusion. Again, these results are consistent withhigh-energy phosphate consumption.
previous studies of adult hearts (Allen et al., 1993;
Steenbergen et al., 1993b) and are likely to be
indicative of irreversible injury which may be lim-Ischemic preconditioning and preservation of function
ited by PC-dependent relative decreases in [Ca]i.

In in vivo studies of adult hearts, ischemic pre-
conditioning has been shown to significantly de-
crease myocardial infarct size, and enhance

Conclusions
recovery of contractile function of the ischemic
regions during reperfusion (Cohen et al., 1991; Li et

We conclude that the data support the hypothesis
al., 1992; Piacentini et al., 1993). Similar responses

that in newborn hearts PC will diminish in-
have also been observed in isolated heart pre-

tracellular [H], Nai, and [Ca]i during ischemia/
parations (Cave et al., 1993; Steenbergen et al.,

reperfusion. The results are further consistent with
1993a; Ramasamy et al., 1995). Numerous studies

the general hypothesis that (as in adult hearts)
have demonstrated an increase in [Ca]i during isch-

ischemia-induced proton accumulation stimulates
emia and [Ca]i may remain increased for some time

Na/H exchange, which leads to increased Na-up-
during reperfusion (Nayler, 1987; Pike et al., 1993;

take, collapse of the transmembrane Na gradient
Steenbergen et al., 1993b; Pierce and Czubryt,

and, consequently, increased uptake and ac-
1995; Anderson et al., 1996). This has led a number

cumulation of Ca via Na/Ca exchange. This Caiof investigators to conclude that the magnitude of
overload is associated with loss of myocardial con-

increase in [Ca]i is a powerful predictor of ischemia-
tractility, increased coronary resistance and myo-

induced injury (as measured by infarct size and
cardial infarct (as assessed by CK release), during

recovery of myocardial function), and therefore
reperfusion. Conversely, in newborn hearts, the

suggest a cause–effect relationship (Allen et al,
observed PC-dependent limitation of increases in

1993; Steenbergen et al., 1993b). As previously
[H]i and Nai during ischemia and the improved

shown in adult hearts (Steenbergen et al., 1993a),
recovery of Nai and [Ca]i during reperfusion are

our results demonstrate that compared to control,
associated with improved recovery of LVDP, reduced

PC significantly decreases [Ca]i during reperfusion.
coronary resistance, and decreased CK release dur-

Thus, the relative decrease in [Ca]i observed in
ing reperfusion.

our study would lead us to predict the observed
improvements in functional recovery discussed
below.
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