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Rat hearts isolated on d 1, 4, 7, and 10 of postnatal life were
perfused (in Langendorff mode) with Krebs-Henseleit solution at
constant pressure, temperature, and stimulation rate. Recovery of
the contractile function after global ischemia was measured by an
isometric force transducer and analyzed using an online com-
puter. Ischemic preconditioning (IP) was induced by three 3-min
periods of global ischemia, each separated by a 5-min period of
reperfusion. Prenatal hypoxia was induced by exposure of preg-
nant mothers to intermittent high altitude (IHA), simulated in a
barochamber (8 h/d, 5000 m) from d 15 to 20 of pregnancy.
Postnatal hypoxia was simulated by the identical procedure from
postnatal d 1 to 6 and 9. Prenatal exposure to IHA failed to
improve ischemic tolerance on d 1, but postnatal exposure to
IHA improved recovery of the developed force after ischemia on
d 7 (33 � 3% versus 43 � 4%) and 10 (39 � 2% versus 54 �
2%). Combination of IHA and IP induced higher protective
effects in all age groups, including postnatal d 1 (48 � 2% versus
56 � 3%), whereas IHA and IP applied separately failed to
improve ischemic tolerance. Neither the mitochondrial KATP

channel blocker 5-hydroxydecanoate nor the nitric oxide syn-
thase inhibitor N�-nitro-L-arginine methyl ester abolished pro-
tection by IP in normoxic animals, but they decreased signifi-
cantly protection by IHA hypoxia. The final recovery was even
lower than the corresponding normoxic values. It seems likely
that mitochondrial KATP channels and nitric oxide may be in-
volved in the protective mechanisms of adaptation to chronic
hypoxia but not to that of IP, at least in neonates. (Pediatr Res
52: 561–567, 2002)

Abbreviations
DF, developed force
5-HD, 5-hydroxydecanoate
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The degree of hypoxic injury depends not only on the
intensity and duration of the hypoxic stimulus but also on the
level of cardiac tolerance to oxygen deprivation. This param-
eter changes significantly during ontogenetic development, and
the time course is different in males and females. The immature
mammalian heart is more resistant to oxygen deprivation than
that of the adult, but the mechanisms of this difference have not
yet been satisfactorily clarified (for review, see Ref. 1). The
interest of many experimental and clinical cardiologists during
the past 40 y has been focused on the question of how cardiac
tolerance to oxygen deprivation might be increased. In this
regard, the two most potent protective mechanisms have been

described: long-lasting adaptation to chronic hypoxia (2, 3),
and short-lasting adaptation, called “ischemic preconditioning”
(4).

Whereas a substantial amount of data are available concern-
ing protection of the adult myocardium, information on
whether these protective phenomena also occur in immature
heart is inadequate (1). We have observed (5) that chronic
hypoxia, simulated in a barochamber, results in similarly en-
hanced cardiac resistance (expressed as the recovery of con-
tractile function of the isolated right ventricle after acute
anoxia in vitro) in rats exposed to chronic hypoxia for 5 wk
either from d 4 of postnatal life or in adulthood. Furthermore,
Baker et al. (6) demonstrated that postnatal adaptation to
chronic hypoxia (from d 7 to 28 of postnatal life) increased the
tolerance of the developing rabbit heart: postischemic recovery
of aortic flow at these stages was better in chronically hypoxic
hearts than in age-matched controls. Unfortunately, no data on
the effect of prenatal and/or early postnatal exposure to a
hypoxic environment on cardiac tolerance of neonates are
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available. As far as the IP is concerned, we have shown (7, 8)
that this phenomenon is absent in rats at birth and that the
enhanced postischemic recovery of the contractile function
only develops during the second postnatal week. Our results
were confirmed by Awad et al. (9); they have shown that the
absence of preconditioning in immature isolated hearts cannot
be overdriven by increasing the preconditioning stimulus. Liu
et al. (10) and Baker et al. (11) observed that preconditioning
can be induced in isolated perfused immature rabbit hearts;
data on the newborns are, however, lacking.

The precise mechanisms of cardioprotection by adaptation to
chronic hypoxia and IP in the adult myocardium are still
unclear and the same is true for immature heart (for review, see
Refs. 12, 13). Recently, it has been shown that long-term
adaptation to chronic hypoxia results in enhanced activation of
mitochondrial KATP channels in the heart of adult rats (14) as
well as in the myocardium of immature rabbits (15). Similarly,
increasing evidence has accumulated in support of mitochon-
drial KATP channels as a trigger, mediator, and effector of
cardioprotection by IP, again both in adult (16) and immature
(11) rabbit hearts. Furthermore, mediators derived from the
endothelium, particularly nitric oxide (NO), have been sug-
gested to play a role in the cardioprotective effect of precon-
ditioning in adult dogs (17) as well as of adaptation to chronic
hypoxia in immature rabbits (18).

In this connection, the question arises whether ischemic
tolerance of the heart adapted to chronic hypoxia can be further
increased by IP and whether both cardioprotective phenomena
share similar pathways, at least in part. Literary data are scarce
and rather controversial (11, 14, 19, 20). Data on newborn
animals as well as on the possible effect of prenatal exposure to
hypoxia are not available. The clinical relevance of this ques-
tion is obvious: many children undergoing cardiac surgery in
the first year of life exhibit varying degrees of cyanotic heart
disease where the myocardium is chronically perfused with
hypoxic blood. Understanding the pathways by which cyanotic
congenital heart disease modifies the protective mechanisms
during ischemia may, for example, provide insight into devel-
oping treatments for limiting myocardial damage during sur-
gery (21).

We have shown previously that the neonatal period repre-
sents in the rat myocardium the period of dramatic changes in
cardiac contractile performance, inotropic responsiveness, and
tolerance to hypoxic deprivation (8, 22, 23). The aim of the
present study was, therefore, 1) to answer the question whether
the already high ischemic tolerance of the neonatal rat heart
can be further increased by i) prenatal or early postnatal
exposure to IHA hypoxia alone or ii) by combination of IHA
and IP; and 2) to analyze the possible role of mitochondrial
KATP channels and NO in the protection of neonatal heart.

METHODS

All the investigations conformed with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.

Animal model. A total of 248 neonatal male Wistar rats
were used throughout the experiments. They were studied at
the ages of 1, 4, 7, and 10 d of postnatal life. The group of

1-d-old newborns was exposed to hypoxia prenatally: their
mothers were acclimatized to IHA hypoxia simulated in a
hypobaric chamber (altitude of 5000 m, barometric pressure
405 mm Hg, 54 kPa, PO2 � 85 mm Hg, 11.3 kPa) 8 h/d, from
d 15 to 20 of pregnancy (total of five exposures). Animals in
the older age groups, i.e. 7- and 10-d-old neonates, were
exposed to the same IHA in nests together with their mothers
starting from the first day of postnatal life. The last hypoxic
exposure took place 24 h before examination, i.e. on d 6 and 9,
respectively. Thus, the total number of exposures was either six
(7-d-old) or nine (10-d-old). The control (normoxic) groups of
animals were kept for the corresponding period at barometric
pressure and PO2 equivalent to an altitude of 200 m. The group
of 4-d-old animals was used only for assessment of cardiac
tolerance to ischemia in normoxic animals to obtain more
detailed information on the time course of this parameter
during the early postnatal period. All mothers had free access
to water and a standard laboratory diet.

Assessment of heart function. After killing the hypoxic and
normoxic animals by cervical dislocation, the chest was
quickly opened and a stainless steel cannula (with an external
diameter of 0.45 mm for d 1 and 4 or 0.80 mm for d 7 and 10)
was inserted into the aorta. The heart was rapidly excised, the
atria were removed, and the ventricles were perfused in the
Langendorff mode under constant pressure, corresponding to
the mean arterial blood pressure for each given developmental
stage (24, 25), i.e. 25, 42, 57, and 73 cm H2O on d 1, 4, 7, and
10, respectively. The hearts were perfused with a Krebs-
Henseleit solution containing (in mmol/L) the following: NaCl
118.0, KCl 4.7, CaCl2 1.25, MgSO4 1.2, NaHCO3 25.0,
KH2PO4 1.2, glucose 7.0, and mannitol 1.1. The solution was
saturated by a mixture of 95% O2 and 5% CO2 (pH 7.4) and
temperature was maintained at 37°C. The hearts were electri-
cally stimulated at a rate of 200 beats/min using silver elec-
trodes attached to the base of the heart. The stimulation was
performed with pulses of alternating polarity, 1 ms duration,
and voltage set at 50% above the threshold level. The resting
force was gradually increased by means of a micromanipulator
to the level at which the DF was approximately 80% of the
maximum force reached at optimum preload. The contractile
function of these isolated heart was measured using an isomet-
ric force transducer connected by a glass-fiber, two-arm tita-
nium lever and silk suture (0.7 metric) to the apex of the heart.
The DF was evaluated automatically from the force signal
using an online computer (8, 22).

Experimental protocol. After a period of stabilization, base-
line values of DF were recorded. Then, an additional 5-min
perfusion was carried out and the DF was again recorded.
One-half of the hearts from normoxic as well as hypoxic 1-, 7-,
and 10-d-old rats were preconditioned by subjecting them to
three 3-min periods of global ischemia, each separated by a
5-min period of reperfusion. The remaining nonpreconditioned
hearts from hypoxic and normoxic groups (4-d-old rats) were
simply perfused during the corresponding period. All hearts
were then exposed to 40 min of sustained global ischemia
followed by reperfusion up to maximum recovery of DF [the
last value of DF before its decay (8, 26)] (Fig. 1). DF was
measured in all hearts in 3-min intervals during the reperfusion
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period. The values of DF were expressed as percentage of
baseline values.

L-NAME and 5-HD. Separate groups of animals were used
to examine whether the nitric oxide pathway and mitochondrial
KATP channels are involved in the protective mechanisms of
adaptation to chronic hypoxia and IP in these age groups. For
this purpose, the isolated hearts from normoxic and hypoxic
rats at the age of 1 or 10 d of postnatal life were perfused with
a selective mitochondrial KATP blocker 5-HD (300 �M, Sigma
RBI, St. Louis, MO, U.S.A.) or NO synthase (NOS) inhibitor
L-NAME (200 �M, Sigma Chemical, St. Louis, MO, U.S.A.).
The perfusion started 5 min before preconditioning and fin-
ished before sustained global ischemia of 40 min; nonprecon-
ditioned hearts were perfused for an equivalent period of time
(Fig. 1). All hearts were then subjected to reperfusion with a
Krebs-Henseleit solution without drugs up to maximum recov-
ery of DF. The values of DF were recorded as described above.
After a period of stabilization, baseline values of coronary flow
(CF, mL/min/g, measured by means of collection of the efflu-
ent) were recorded; CF was measured again at maximum
recovery of DF during reperfusion.

Statistical analysis. The results are expressed as means �
SEM. Each observation was obtained from at least eight heart
preparations in each group. Differences in the recovery of
contractile function among the groups were evaluated using,
two-, and one-way ANOVA. For preliminary analysis, three
way ANOVA was used. For pairwise mean comparisons, the
Student-Newman-Keuls multiple range test was applied. All
the programs used were from BMDP Statistical Software

(University of California). Differences were considered statis-
tically significant when p � 0.01.

RESULTS

Weight parameters and hematocrit. Body and heart weight
parameters and hematocrit in normoxic animals and in rats
exposed to IHA hypoxia are summarized in Table 1. Prenatal
exposure to IHA hypoxia did not influence the body weight and
hematocrit of 1-d-old animals, but significantly increased their
absolute as well as relative heart weight and simultaneously
decreased the percentage of heart dry substance. On the other
hand, postnatal exposure to IHA hypoxia significantly de-
creased the body weight and absolute heart weight of 10-d-old
animals, but significantly increased relative heart weight and
hematocrit; the percentage of heart dry substance was de-
creased, similarly as in the younger group.

Tolerance of the neonatal heart to ischemia. Tolerance of
the isolated rat heart, expressed as the recovery of DF after
ischemia, changed significantly during the early phase of post-
natal life (Fig. 2). High tolerance on postnatal d 1 is followed
by a significant decrease on d 4 and 7; cardiac resistance to
oxygen deprivation remained lower even on d 10 as compared
with d 1.

Protective effect of IP and/or IHA hypoxia. IP failed to
improve recovery of DF on postnatal d 1, but significant
protective effect was observed on d 7 and 10. Prenatal exposure
to IHA hypoxia failed to increase cardiac tolerance to ischemia
in 1-d-old hearts, similarly as preconditioning. In contrast,
postnatal exposure to IHA significantly improved recovery of
DF after ischemia on d 7 and 10; the degree of protection was
similar to the effect of IP (Fig. 3).

Combination of protection by IP and IHA hypoxia. Com-
bination of exposure to IHA hypoxia and IP induced higher
protective effects as compared with both separate phenomena
in all age groups under study. Surprisingly, this effect was
significant even on postnatal d 1, where both interventions
applied separately failed to improve cardiac tolerance to oxy-
gen deprivation (Fig. 3).

Effect of 5-HD and L-NAME on cardiac tolerance to
ischemia. The effect of both drugs was strictly age dependent.
In 1-d-old normoxic hearts, 5-HD did not influence cardiac
tolerance to ischemia. On the other hand, it decreased cardiac
tolerance in hypoxic animals, as the final recovery was even
lower compared with normoxic animals. In the same age
group, L-NAME reduced postichemic recovery already in nor-
moxic preconditioned and nonpreconditioned hearts, and elim-
inated the protective effect of preconditioning in IHA-exposed
rats (Fig. 4).

Figure 1. Experimental protocol. After a period of stabilization, the isolated
hearts from the “ischemic” group (I) were perfused with Krebs-Henseleit
solution with or without 5-HD and L-NAME (30 min). The hearts were then
exposed to 40 min of sustained global ischemia followed by reperfusion (30
min). The hearts from the “preconditioned” group (I � P) were subjected to
three 3-min periods of global ischemia, each separated by a 5-min period of
reperfusion with or without 5-HD and L-NAME. The hearts were then ex-
posed—similarly as the hearts in the ischemic group—to 40 min of sustained
global ischemia followed by reperfusion .

Table 1. Weight parameters and hematocrit in normoxic animals and in rats exposed to IHA hypoxia

Rats Age (d) Body weight (g) Heart weight (mg) Dry heart weight (%) Heart/body weight (mg/g) Hematocrit (%)

Normoxic 1 6.51 � 0.16 26.19 � 0.77 17.57 � 0.24 4.03 � 0.08 32.5 � 1.5
10 22.60 � 0.55 97.12 � 2.80 19.38 � 0.68 4.31 � 0.09 31.0 � 0.3

Hypoxic 1 6.23 � 0.14 33.31 � 0.46* 15.92 � 0.58* 5.34 � 0.19* 30.9 � 0.9
10 16.70 � 0.36* 88.42 � 2.33* 17.52 � 0.35* 5.35 � 0.15* 38.5 � 0.6*

One-day-old animals were exposed to IHA hypoxia prenatally (their mothers were kept in a barochamber from d 15 to 20 of pregnancy), 10-d-old rats were
exposed to IHA postnatally from d 1 to 9; *Significantly different (p � 0.01) from normoxic animals.
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In 10-d-old hearts, neither 5-HD nor L-NAME influenced
tolerance to ischemia and protection by IP in normoxic ani-
mals. They abolished protection by IHA hypoxia; the final
recovery was again lower than the corresponding normoxic
values. The protective effect of preconditioning in hypoxic
animals was, however, preserved (Fig. 5).

Baseline values of CF (mL/min/g) were significantly lower
in 1-d-old normoxic (7.1 � 0.4) and hypoxic (6.6 � 0.4)
animals as compared with 10-d-old hearts (normoxic 12.6 �
1.2, hypoxic 12.8 � 1.0). CF measured at maximum recovery
of DF during reperfusion (Table 2) was reduced in all L-NAME
treated hearts. 5-HD did not influence coronary flow.

DISCUSSION

Our results have shown that cardiac tolerance to ischemia
changes significantly during early phases of ontogenetic devel-
opment. Detailed analysis in rat isolated hearts has confirmed
our previous results (7, 8), showing a significant decrease of
tolerance to global ischemia (expressed as postischemic recov-
ery of DF) from d 1 to 7. Ischemic tolerance remained lower
even on d 10. Riva and Hearse (27) and Awad et al. (9) have
observed that the age-dependent changes in resistance to global
ischemia in the rat isolated heart showed a biphasic pattern,
with increasing tolerance from the end of the first postnatal
week up to the weaning period, followed by a decline to
adulthood. Our results, therefore, suggest a possible triphasic
pattern of the ontogenetic development of cardiac sensitivity to
ischemia, with a decrease during the first week of life. The
mechanisms of the higher resistance of the newborn heart to
oxygen deprivation have not yet been satisfactorily clarified.
As the mammalian fetus lives at oxygen partial pressure cor-
responding to an altitude of 8000 m, newborn mammals exhibit
a number of physiologic reactions similar to adaptative mech-
anisms known from hypoxia-tolerant animals, e.g. lower en-
ergy demand, greater anaerobic glycolytic capacity, ontoge-
netic changes in the ATP catabolic pathways, calcium
handling, and sensitivity to oxygen free radicals (for review,
see Ref. 1). Neonatal tolerance to oxygen deprivation seems to
be primarily based on the ability to maintain tissue aerobiosis
as long as possible (28).

The neonatal period seems to be critical also for the devel-
opment of possibilities of cardiac protection against oxygen
deprivation. We have shown that prenatal exposure to IHA
hypoxia failed to increase tolerance to ischemia in 1-d-old
hearts, similarly as IP in our previous study (8). In contrast,
postnatal exposure to IHA significantly improved recovery of

Figure 2. Tolerance of the neonatal heart to ischemia. Cardiac tolerance to
ischemia (expressed as the recovery of DF after ischemia) on postnatal d 1, 4,
7, and 10; asignificant difference (p � 0.01) from postnatal d 1.

Figure 3. Combination of protection by IP and IHA hypoxia. Cardiac
tolerance to ischemia (expressed as the recovery of DF after ischemia) during
early phase of postnatal life in rats. Effect of ischemia (I), ischemia and
preconditioning (I � P) in normoxic animals, and ischemia (H�I) and
ischemia with preconditioning (H � I � P) in hypoxic animals; asignificant
difference (p � 0.01) from the ischemic group (I); bfrom the I � P group; cfrom
the H � I group.
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DF after ischemia on d 7 and 10, again similarly as precondi-
tioning. It seems, therefore, that decreasing tolerance to isch-
emia during early postnatal life is counteracted by the devel-
opment of endogenous protection; both adaptation to chronic
hypoxia as well as IP alone failed to improve ischemic toler-
ance just after birth but their protective effects developed
during the early postnatal period.

As we have shown, the protective effects of adaptation to
chronic hypoxia and IP share the same developmental pat-
tern—at least in rats during the early ontogenetic period. It
was, therefore, of interest to know whether these two phenom-
ena use the same or different pathways. We have observed that
the combination of exposure to IHA hypoxia and IP induced
higher protective effect as compared with both separate phe-
nomena in all age groups under study. Surprisingly, this effect
was significant even on postnatal d 1, where both interventions
applied separately failed to improve cardiac tolerance to oxy-
gen deprivation. Data from available literature are controver-

sial, probably due to different experimental protocols, particu-
larly animal species, age, and end points of injury. In the only
study on the immature heart, Baker et al. (11) have observed
that, whereas the isolated rabbit myocardium (7- to 10-d-old),
normoxic from birth, could be preconditioned (with recovery
of the contractile function as the end point), isolated immature
heart chronically hypoxic from birth could not be precondi-
tioned, even when the number of occlusion periods was in-
creased. They concluded that chronically hypoxic immature
hearts are already protected and that additional cardioprotec-
tion by IP is not possible. Our study suggests that this is not
valid for the neonatal rat heart, where the protective effect
appears only by combination of both protective phenomena.
Different results may be probably due to species differences,
including the degree of maturation at birth and the time course
of development during early stages of ontogeny. Moreover,
differences in duration and degree of oxygen deprivation (per-
manent versus intermittent, PO2 level) have to be taken into
consideration. There are, however, some other differences in

Figure 4. Effect of 5-HD and L-NAME on cardiac tolerance to ischemia, d 1.
Cardiac tolerance to ischemia (expressed as the recovery of DF after ischemia)
on d 1 of postnatal life in rats. Effect of ischemia (I) and ischemia and
preconditioning (I � P) in normoxic and hypoxic animals perfused with or
without 5-HD (upper panel) and with or without L-NAME (lower panel);
asignificant difference (p � 0.05) from the ischemic group (I); bfrom the
corresponding groups perfused without 5-HD or L-NAME.

Figure 5. Effect of 5-HD and L-NAME on cardiac tolerance to ischemia, d
10. Cardiac tolerance to ischemia (expressed as the recovery of DF after
ischemia) on d 10 of postnatal life in rats. Effect of ischemia (I) and ischemia
and preconditioning (I�P) in normoxic and hypoxic animals perfused with or
without 5-HD (upper panel) and with or without L-NAME (lower panel);
asignificant difference (p � 0.01) from the ischemic group (I); bfrom the groups
perfused without 5-HD or L-NAME, respectively.
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both protocols that might influence the final results e.g. the fact
that in our experimental setup the sucklings were with their
mothers even during their stay in the barochamber and our
isolated hearts were electrically stimulated.

Tajima et al. (19) demonstrated in adult rats that the protec-
tive effect of preconditioning against subsequent postischemic
contractile dysfunction is additive to that afforded by adapta-
tion to chronic hypoxia. This may suggest that the two phe-
nomena are independent and use different mechanisms. In
contrast, our recent experiments in mature rats examining
infarct size as the end point of injury have shown that combi-
nation of these two phenomena did not provide a better car-
dioprotective effect than preconditioning alone (20). We hy-
pothesized, therefore, that these long- and short-term protective
mechanisms might share the same signaling pathway or ele-
ment. It seems, therefore, that protective mechanisms may
differ during ontogenetic development, particularly in neonates
(8).

To further analyze the above question, we have compared
the possible involvement of mitochondrial KATP channels in
mechanisms of protection by adaptation to chronic hypoxia and
IP in two developmental periods, differing considerably in their
protective ability: postnatal d 1 and 10. We have found that the
mitochondrial KATP channel blocker 5-HD did not influence
cardiac tolerance to ischemia in normoxic animals but signif-
icantly decreased this parameter in hypoxic rats, even below
the normoxic values. The protective effect of IP was, however,
preserved. It seems, therefore, that mitochondrial KATP chan-
nels are involved in the protective mechanism of adaptation to
chronic hypoxia but not in the mechanism of IP in this devel-
opmental period.

It is, however, unclear at present how the opening of mito-
chondrial KATP channels may result in cardiac protection. It
has been suggested that the main function of these channels is
to control mitochondrial matrix volume, which, in turn, is
thought to regulate electron transport and bioenergetics (29).
This hypothesis is in agreement with the observation of Eells et
al. (15) that the rate of ATP synthesis in immature heart
adapted to chronic hypoxia was significantly greater than that
in normoxic hearts. Mitochondrial KATP channel activation
may, therefore, be an essential component of the signal trans-
duction pathway, calling for increased ATP production to
support increased work of the heart or possibly to compensate
for decreased oxygen availability.

Baker et al. (21) and Shi et al. (30) found that exposure of
immature rabbit hearts to chronic hypoxia increased protein
levels for endothelial NOS as well as release of nitrite, nitrate,
and tissue cGMP content. Moreover, NO donors increased the
recovery of postischemic function in normoxic hearts but not in
hearts chronically hypoxic from birth. Conversely, NOS inhib-
itors abolished the cardioprotective effect of hypoxia in 7- and
10-d-old rabbits. We have observed that the effect of NOS
inhibitor L-NAME was strictly age dependent: in 1-d-old
hearts, it reduced postischemic recovery of DF in normoxic
preconditioned and nonpreconditioned hearts and attenuated
the protective effect of preconditioning in hypoxic animals; on
the other hand, in 10-d-old hearts, L-NAME decreased signif-
icantly only the protective effect of adaptation to IHA; the
protective effect of preconditioning remained unchanged. The
difference between 1- and 10-d-old heart is not surprising
inasmuch as significant developmental changes in NO sources
(myocardium, vascular endothelium, endocardium) can be ob-
served in rats during the first week of life (31). On the other
hand, L-NAME significantly reduced CF in all treated hearts,
suggesting that the effect on cardiomyocytes is not necessarily
connected with the effect on endothelial cells. It may be
assumed, therefore, that NO plays a role in the maintenance of
high cardiac resistance to oxygen deprivation in normoxic
newborns, and is involved also in the cardioprotective mech-
anism of adaptation to IHA in 10-d-old hearts.

And how might NO interact with mitochondrial KATP chan-
nels? Baker et al. (21) proposed that NO leads to activation of
KATP channels via soluble guanylyl cyclase, causing accumu-
lation of cGMP and activation of cGMP-dependent protein
kinase. Moreover, KATP channels can be activated by lactate,
the level of which is elevated in chronically hypoxic hearts
(32). Recently, Sasaki et al. (33) demonstrated that exposure of
myocytes to an NO donor directly activates mitochondrial
KATP channels.

We can conclude that prenatal exposure to IHA hypoxia
failed to increase tolerance to ischemia in 1-d-old rat hearts; a
cardioprotective effect appeared only after early postnatal ex-
posure to IHA by the end of the first postnatal week. Combi-
nation of adaptation to IHA and IP, however, increased cardiac
tolerance to ischemia even on postnatal d 1, where both
phenomena alone failed to improve resistance to oxygen de-
privation. It seems likely that protective mechanisms may
differ during ontogenetic development, particularly in neo-

Table 2. Coronary flow (measured at maximum recovery of DF during reperfusion) after ischemia (I) and ischemia with previous
preconditioning (I � P) in control hearts and hearts treated with L- NAME or 5-HD in normoxic or prenatally hypoxic 1- and

10-d-old rats

Rats Age (d)

Percentage of baseline value

Controls L-NAME 5-HD

Normoxic 1 I 84.3 � 6.9 33.0 � 7.8* 85.4 � 15.8
I � P 76.6 � 6.9 51.6 � 6.0* 76.5 � 6.6

10 I 86.7 � 5.7 39.7 � 4.7* 71.3 � 7.6
I � P 57.2 � 10.4 35.6 � 4.4 47.9 � 6.0

Hypoxic 1 I 68.2 � 8.9 42.1 � 6.2* 47.7 � 5.0
I � P 62.4 � 5.1 50.2 � 5.9 54.6 � 9.5

10 I 68.0 � 4.5 47.6 � 6.0* 61.3 � 4.8
I � P 79.9 � 6.2 54.0 � 3.9* 65.0 � 4.3

* Significantly different (p � 0.05) from control hearts.

566 OŠTÁDALOVÁ ET AL.



nates; mitochondrial KATP channels and NO seem to be in-
volved in the protective mechanism of adaptation to chronic
hypoxia but not in the mechanism of IP in this developmental
period.
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1. Oštádal B, Oštádalová I, Dhalla NS 1999 Development of cardiac sensitivity to
oxygen deficiency: comparative and ontogenetic aspects. Physiol Rev 79:635–659

2. Hurtado A 1960 Some clinical aspects of life at high altitudes. Ann Intern Med
53:247–258

3. Poupa O, Krofta K, Procházka J, Turek Z 1966 Acclimatization to simulated high
altitude and acute cardiac necrosis. Fed Proc 25:1243–1246

4. Murry CE, Jennings RB, Reimer KA 1986 Preconditioning with ischemia: a delay of
lethal cell injury in ischemic myocardium. Circulation 74:1124–1136
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