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OBJECTIVE: Evaluation of myocardial histological changes in an experimental animal model of neonatal hypoxia-
reoxygenation.

METHODS: Normocapnic hypoxia was induced in 40 male Landrace/Large White piglets. Reoxygenation was
initiated when the animals developed bradycardia (HR ,60 beats/min) or severe hypotension (MAP ,15 mmHg).
The animals were divided into four groups based on the oxygen (O2) concentration used for reoxygenation; groups
1, 2, 3, and 4 received 18%, 21%, 40%, and 100% O2, respectively. The animals were further classified into five
groups based on the time required for reoxygenation: A: fast recovery (,15 min); B: medium recovery (15-45 min);
C: slow recovery (45-90 min); D: very slow recovery (.90 min), and E: nine deceased piglets.

RESULTS: Histology revealed changes in all heart specimens. Interstitial edema, a wavy arrangement,
hypereosinophilia and coagulative necrosis of cardiomyocytes were observed frequently. No differences in the
incidence of changes were observed among groups 1-4, whereas marked differences regarding the frequency and
the degree of changes were found among groups A-E. Coagulative necrosis was correlated with increased recovery
time: this condition was detected post-asphyxia in 14%, 57%, and 100% of piglets with fast, medium, and slow or
very slow recovery rates, respectively.

CONCLUSIONS: The significant myocardial histological changes observed suggest that this experimental model
might be a reliable model for investigating human neonatal cardiac hypoxia-related injury. No correlation was
observed between the severity of histological changes and the fiO2 used during reoxygenation. Severe myocardial
changes correlated strictly with recovery time, suggesting an unreported individual susceptibility of myocardiocytes
to hypoxia, possibly leading to death after the typical time-sequence of events.
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INTRODUCTION

Human gestation is a critical period during which the
vulnerability of various organs to disease is determined.
Acute, chronic, and intermittent hypoxia have been shown to
induce various cardiovascular responses, including increased
peripheral resistance and heart mass and hemodynamic
modifications (1). In the chick embryo, acute hypoxia caused
contraction of the femoral arteries in response to exogenous

norepinephrine (2). In rats exposed to low oxygen levels
alternatedwith normal oxygen concentration, right ventricular
hypertrophy was reported (3). Fetal hypoxia-reperfusion
injury in rats increased the susceptibility of the heart to
ischemia-reperfusion injury in adult life (4). In fetal guinea
pigs, acute non-lethal hypoxia in utero reduced the cardiac
levels of ATP. Histological analysis revealed that the apoptotic
index increased in the absence of other remarkable histological
changes (5). Maternal hypoxia during pregnancy in rats led to
early changes typical of atherogenesis in the offspring in adult
life (6). Increased cardiomyocyte apoptosis was described in
human newborns with documented chronic hypoxia in utero
(7). Hypoxic stress early in life has been associated with a
number of adverse consequences, including increased arterial
wall thickness, metabolic alterations of cardiomyocytes, and
cardiac remodeling (8,9). The hemodynamic fluctuations atNo potential conflict of interest was reported.
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baseline and during normocapnic hypoxia and reoxygenation
in a neonatal piglet model were reported by our group to be
similar to those observed in human neonates, suggesting that
this model is reliable for the investigation of hypoxia (10).

Considering these data, which suggest an important
impact of hypoxia on myocardial architecture, and con-
sidering that human perinatal hypoxia is associated with
immediate and long-term mortality and morbidity, we
aimed to investigate the effects of acute hypoxia-reoxygena-
tion on newborn swine hearts.

MATERIALS AND METHODS

Forty male Landrace/Large White piglets, aged 1-4 days
and weighing 2.3–3.8 kg, were included in the study. The
animals were obtained from the same breeder (N. Validakis,
Koropi, Greece) on the day of the experiment. They were
transported to the laboratory (Experimental–Research
Center ELPEN) in a temperature-controlled truck in pre-
warmed padded boxes within half an hour; therefore,
feeding was not required during transportation or at the
research facility.

The experimental protocol was approved by the General
Directorate of Veterinary Services (permit No. 404/21-04-
09) and has been described previously (10). All of the
animals were initially sedated with a single intramuscular
injection of 10 mg/kg ketamine (Narketan, Vétoquinol
UK Ltd, Buckingham, UK) and 0.5 mg/kg midazolam
(DormicumH, Roche, (Hellas) S.A., Maroussi, Greece). The
marginal auricular vein was catheterizedwith a 24 G catheter
(Jelco R., Smiths Medical, N. Papapostolou SA, Athens,
Greece), and anesthesia was induced with 1 mg/kg propofol
(Diprivan, AstraZeneca, Athens, Greece) followed by 10 mg/
kg fentanyl (Fentanyl, Janssen-Cilag, Buckinghamshire, UK).
The animals were intubated with a 3.0- or 3.5-mm endo-
tracheal tube (Portex, PMSmiths Medical International Ltd,
Ashford, Kent, UK), as appropriate. Correct endotracheal
intubation was confirmed by auscultation and capnography
(Datex Engstrom, Instrumentarium Corp., Helsinki, Finland).
The infusion of 10 ml/kg/h of 0.9% normal saline and 5 ml/
kg/h of 5% dextrose in water was initiated to prevent
dehydration and hypoglycemia. Non-invasive continuous
monitoring included the heart rate (HR), electrocardiograms
(ECG), saturation of oxygen by pulse oximetry (SpO2), and
rectal temperature measurements. Body temperature was
maintained at 38¡1 C̊ with a table heating pad and an
overhead heating lamp. The animals were administered an
intravenous bolus of 20 mg/kg fentanyl and 0.2 mg/kg cis-
atracurium (Nimbex, Abbott Laboratories (Hellas) S.A.,
Athens, Greece), after which they were connected to the
mechanical ventilator (Soxil, Soxitronic, Felino, Italy). They
were ventilated with a tidal volume of 10-15 ml/kg, pressure
of 19 cm H2O and respiratory rate of 30–40 breaths/min,
aiming at an end-tidal CO2 (ETCO2) of 35-45 mmHg. The
fraction of inspired oxygen (fiO2) was adjusted between 0.21
and 0.25 to maintain SpO2 90-95%. The anesthesia was
maintained by infusing 8-10 mg/kg/h propofol and boluses
of 10 mg/kg fentanyl and 0.15 mg/kg cis-atracurium.

Subsequently, the right internal jugular vein and carotid
artery were catheterized with single-lumen catheters
(S1UVC5.0, NeoCareH; Klein-Baker Medical Co., San
Antonio, TX, USA) via a paratracheal incision. The catheters
were connected to external transducers (Transpac, Abbott
Critical Care Systems, Salt Lake City, UT, USA) for the

continuous monitoring of central venous pressure (CVP),
systolic arterial pressure (SAP), and mean (MAP) and
diastolic pressure (DAP) of the carotid artery. Following
catheterization, the incision was sutured and covered with
warm, sterile gauze to prevent heat loss. The animals were
stabilized for 30 min prior to experimentation.
Hypoxia was induced by decreasing the inspired fiO2 to

0.06–0.08 while maintaining the other settings of ventilation.
Close monitoring was conducted to detect either bradycar-
dia (HR,60 beats per minute) or severe hypotension
(MAP,15 mmHg). The time needed for these conditions
to occur was recorded. As soon as hemodynamic compro-
mise occurred, arterial blood samples were obtained to
confirm hypoxemia (pO2 30-50 mmHg), and resuscitation
efforts were initiated according to the Newborn Life
Support (NLS) algorithm (1). The animals were resuscitated
with different fiO2 according to their allocation into groups
1, 2, 3, and 4 (receiving 18%, 21%, 40%, and 100% O2,
respectively) until HR and MAP returned to 90% of baseline
levels. Resuscitation efforts were assessed every 30 sec. If
the HR did not increase despite oxygen administration for
30 sec, oxygenation was administered for 30 more sec. If the
HR did not increase after two cycles (30 sec/cycle) of
oxygenation, chest compressions were applied at a rate of
three compressions: one ventilation for 30 sec. If one cycle of
chest compressions failed to increase HR, 10 mcg/kg
adrenaline (1510,000 dilution) was administered via the
auricular venous catheter. As soon as these hemodynamic
parameters returned to baseline values, the piglets were
ventilated under anesthesia for 30 min prior to collecting
arterial blood for blood gas analysis. The endpoints of the
experiment were either persisting asystole despite 10 min of
cardiopulmonary resuscitation or a return of the hemody-
namic parameters to baseline values. The surviving animals
were euthanized by the slow intravenous infusion of
30 mg/kg sodium thiopental [Pentothal, Hospira Enter-
prises BV, Hoofddorp, The Netherlands]. Subsequently,
necropsy was performed to identify possible injury or
abnormality.
To identify any association between histological changes

and the duration of hypoxia, the piglets were further
divided into five groups based on recovery time: Group
A: fast recovery (,15 min); group B: medium (15-45 min);
group C: slow (45-90 min); group D: very slow recovery
(.90 min), and group E: deceased piglets.
Multiple cardiac samples were collected in toto, reduced,

fixed in 10% formalin, processed, and paraffin-embedded;
the initial block was cut into 6-7 blocks, 2-3 mm wide, that
were subsequently deparaffinized and hydrated. The blocks
were then colored with hematoxylin for 15 min, washed in
running tap water for 20 min and counterstained with eosin
from 15 sec to 2 min. Finally, the slides were dehydrated in
95% alcohol and cleared in xylene. All hematoxylin-eosin
(H&E) slices were assessed by a pathologist blinded to the
animal outcome.
The variables were first tested for normality using the

Kolmogorov-Smirnov test. The normal variables are
expressed as the means¡standard deviation (SD). The
qualitative variables are expressed as absolute and relative
frequencies. Repeated-measurement analysis of variance
(ANOVA) was used to evaluate any possible differences
among the baseline, hypoxia, and reoxygenation time-
points. To control for type I error, post-hoc analysis with a
Bonferroni correction was used. The p-values reported are
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two-tailed. The statistical significance was set at 0.05, and
the analysis was conducted using SPSS statistical software
(version 17.0).

RESULTS

In total, 13 out of 40 piglets required chest compressions
and the use of adrenaline. More specifically, five animals
from group 1, two animals from group 2, three animals from
group 3 and three animals from group 4 required more
aggressive resuscitation.
The histological examination of H&E-stained sections

revealed pathological changes in all of the specimens.
Interstitial edema was observed in 37/40 cases (92.5%); the
degree of edema varied among the cases. In four cases (one in
group 1, two in group 2 and one in group 3), the edema was
severe and diffuse, leading to disarrangement of the
myocardial architecture (Figure 1). In the majority of cases,
the interstitial edema was mild and focal, primarily localized
around small, dilated vessels. A wavy arrangement of
cardiomyocytes was detected in all but nine cases (77.5%).
In 19 hearts, the wavy fibers were focal, whereas in the
remaining specimens, the wavy arrangement was diffuse
(Figure 1). Cardiomyocyte hypereosinophilia was observed

in 28/40 cases (70%). This condition was characterized by
cardiomyocyte cytoplasm with a homogeneous appearance,
which was associated with an increase in the intensity of
eosin staining (Figure 2). Hypereosinophilic fibers were
mainly detected in small foci. Coagulative necrosis was
detected in 26/40 hearts (65%). The degree of coagulative
necrosis varied significantly among cases. In 13 hearts, this
condition was mild and focal; in 12, it appeared in large foci;
and in one case, coagulative necrosis diffused to large areas of
the heart specimen examined (Figure 3).
Apoptotic cells, characterized by the detachment of

scattered cardiomyocytes from neighboring cells with the
formation of roundish eosinophilic globules (Figure 4), were
found in 3/40 cases (7.5%). This apoptotic cell death was
mild and focal in five cases, whereas in one case, apoptotic
globules were frequent and had diffused to all the heart
regions sampled. Cytoplasmic vacuoles were found in 15/
40 hearts (37.5%); vacuolization most often affected small
groups of cardiomyocytes (Figure 5), whereas in one case, it
was observed in the majority of cardiac cells.
Contraction changes were rarely observed, and when

present, the lesion was always focal. In contrast, nuclear lysis

Figure 1 - Interstitial edema and wavy fibers.

Figure 2 - Hypereosinophilia of cardiomyocytes.

Figure 3 - Coagulative necrosis.

Figure 4 - Nuclear polymorphism and apoptosis.
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(30/40) and cytoplasmic homogenization (24/40) were
observed in the majority of cases; the nuclear loss typically
appeared as a focal lesion, although in four cases, it was
diffuse. Neutrophilic infiltrate was detected in 16/40 cases
(40%). The foci of neutrophils were always mild, mainly
located around blood vessels and always in association with
interstitial edema. Small foci of hemorrhagewere observed in
3/40 cases (7.5%); these features were always very small and
were detected in proximity to the dilated vessels. Perinuclear
halos were detected in only one deceased animal.

When histological findings were analyzed in the four
groups of animals, based on the O2 concentration used
for resuscitation, no significant differences were observed

among the four groups regarding the following features: a)
interstitial edema; b) wavy arrangement; c) hypereosino-
philia; d) vacuolization; or e) contraction. Marked inter-
individual differences were observed within each group
regarding the severity of the edema, which ranged from
focal and mild to marked and diffuse. The wavy arrange-
ment was found to be mild or moderate and always focal.
The histological changes observed in the four groups

were as follows:

a) apoptotic bodies were observed in 30% of animals from
groups 1 and 4, whereas they were not detected in
groups 2 and 3

b) the percentage of positive cases for neutrophil infiltrate
varied among the 4 groups, ranging from 20% in
groups 2 and 3 up to 50% in groups 1 and 4.

When histological changes were examined in the five
groups (A-E) formed based on the time required for recovery,
two histological changes exhibited a progressive enhance-
ment associated with recovery time: coagulative necrosis and
cytoplasmic vacuolization. Coagulative necrosis was present
in 14.3% of the animals in group A, 57.1% of the animals in
group B and 100% of the animals in groups C and D.
Regarding cytoplasmic vacuoles in the tubular cells, they
were absent in all of the animals in group A, with levels
reaching 57% in the piglets in group B. Figure 6 elucidates the
changes in cardiomyocytes with respect to recovery time.

DISCUSSION

Fetuses and newborns are very susceptible to hypoxia
and have a number of immediate adaptive mechanisms,
such as hyperventilation and blood redistribution, which serve

Figure 5 - Cytoplasmic vacuolization of the cardiomyocytes.

Figure 6 - Changes in cardiomyocytes with respect to recovery time.
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to protect vital organs and reduce tissue O2 needs and
subsequent hypoxia (11-15). Despite the activation of these
protective mechanisms, it was shown that hypoxia modifies
the NMDA receptor/ion channel complex (16) and increases
protein tyrosine kinase activity in cortical cell membranes (17),
whereas hypoxia decreases the activity of nitric oxide synthase
in every region of the brain except the cortex (18).
In the heart, perinatal hypoxia was reported to induce

permanent changes in the structure and function of the
left ventricle (19,20). Moreover, significant changes in left
ventricular gene expression were reported in newborns, with
physiologic implications for the adult myocardium (21).
Rodents, sheep, and primates have been used as animal

models of perinatal hypoxia (22-24). The pig is used more
frequently because its heart is anatomically and physiolo-
gically similar to that of the human (25,26). The coronary
circulation and heart conduction system are similar in
humans and swine (27,28). Consequently, humans and pigs
have comparable histology under normal and pathologic
conditions (29,30).
Thirteen animals required more aggressive resuscitation

with adrenaline and chest compressions. Although adrena-
line may enhance myocardial damage due to its beta-
adrenergic effects (31), the fact that adrenaline was
administered in a subset of animals in all of the groups
makes a possible association between adrenaline and the
observed cardiac findings unlikely. To the best of the
authors’ knowledge, chest compressions have never been
associated with cardiac damage (32).
Histological examination of the heart specimens of our

asphyxiated piglets revealed pathological changes in all of
the specimens. The most important changes were interstitial
edema leading to disarrangement of the cardiac architecture,
the wavy arrangement of cardiomyocytes and hypereosino-
philia/coagulative necrosis among the cardiomyocytes.
Although myocardial histological changes were observed

in all four groups and observed to correlate with the fiO2

used for resuscitation, differences were not found between
the groups but were detected among piglets within each
group. In addition, the extreme O2 concentrations (18% and
100%) appear to be associated with higher apoptosis,
whereas room air (21%) and moderate (40%) O2 concentra-
tions appear to protect against apoptosis. These findings,
taken together, suggest the existence of an individual sus-
ceptibility to hypoxia, allowing each piglet to organize a
personal adaptive response to oxygen deprivation, tailored to
its biochemical and enzymatic profile. Moreover, reoxygena-
tion and, in particular, the concentration of O2 used, do not
represent key factors in the determination of cardiac injury in
our experimental model.
Additional interesting data on histological myocardial

changes were obtained when the piglets were grouped
according to resuscitation time. The analysis of the patholo-
gical changes observed in group A animals allowed us to
identify early and late lesions. Edema and hypereosinophilia
were the typical early lesions, observed in animals with a
very short recovery time. On the other extreme of the
spectrum of recovery time, we found that cytoplasmic
vacuoles were absent in all animals in group A; each animal
also exhibited coagulative necrosis, hemorrhage, apoptosis,
and neutrophil infiltrates, which are signs of mature lesions.
The coagulative necrosis of cardiomyocytes deserves parti-
cular attention, as this severe heart lesion was very rare in

animals in group A; its incidence progressively increased to
57% in animals with a medium recovery time, reaching 100%
in piglets with slow and very slow recovery times. The
association between the incidence of coagulative necrosis and
recovery time post-asphyxia clearly indicates coagulative
necrosis to be the most important pathological change
occurring in the hearts of newborn piglets following hypoxia.
The low incidence of coagulative necrosis in deceased
animals might be attributed to the short survival time, as
coagulative necrosis requires more than 15 min.
Another lesion worth mentioning is the presence of

vacuoles in the cardiomyocyte cytoplasm. Heart cell
vacuolization was not detected in any of the animals in
the very fast recovery group, whereas cytoplasmic
vacuoles were present in cardiomyocytes in 57% of the
animals in group B. This finding suggests that cardiac cell
vacuolization may be a marker of hypoxic insult lasting
more than 15 min. This finding apparently runs counter to
data obtained from the investigation of renal lesions in the
same animals (unpublished data), which demonstrate the
presence of vacuoles in proximal and/or distal tubular
cells in more than 50% of the animals in group A,
indicating renal cell vacuolization as the cause of the
kidney lesions that develop soon after acute hypoxia. This
difference may be attributed to the adaptive mechanisms of
mammals following hypoxic insults, a situation in which a
life support system should be adopted. These decisions
must be made quickly and prioritize the heart over the
kidney.
In conclusion, our data clearly indicate Landrace/Large

White piglets as a favorable swine breed for experimenta-
tion on neonatal hypoxia. The hemodynamic fluctuations at
baseline, as reported by our group, during normocapnic
hypoxia and reoxygenation in this animal model resulted in
important myocardial histological changes, indicating the
reliability of this model for the study of human neonatal
hypoxia (10). Cardiac lesions appear to play an important
role in asphyxiated newborns, with coagulative necrosis
being the principal and most severe lesion that is strictly
associated with recovery time, which differs widely among
animals in the same group. This study suggests an inter-
individual variability in the response of cardiac cells to
asphyxia that is independent from the fiO2 used during
resuscitation. Further studies are needed in the field of
hypoxia-reoxygenation before the application of these
findings in clinical practice.
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