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Abstract
Introduction. Birth hypoxia is a leading cause of perinatal mortality and neurological 
morbidity, resulting in central nervous system injury. Cerebral hypoxia and ischemia 
can produce a severe brain damage following a typical pattern, defined by selective 
vulnerability of the brain regions. The neonates are most prone to hypoxic-ischemic 
injuries due to the lack of efficient antioxidant defense. Neonatal hypoxia–ischemia (HI) 
in a 7-day-old rat HI model can produce cell death by apoptotic or necrotic mechanisms. 
The degree of apoptotic or necrotic mechanisms responsible for cell death in neonatal 
hypoxia–ischemia are not very clear as yet. The form of neuronal death may also depend 
on the severity of ischemic injury. Necrosis predominates in more severe cases, whereas 
apoptosis occurs in areas with milder ischemic injury. A human study demonstrated 
apoptotic and necrotic forms of cell death after hypoxic injury, whereas in some brains 
from stillbirths, only apoptotic figures were observed. The expression of activated 
caspase-3 reflects the role of apoptosis in neonatal hypoxic ischemic brain injury.
Objectives. The aim of this study was to evaluate the possible neuroprotective effect of 
melatonin and hypothermia in hypoxic-ischemic encephalopathy in newborn rats. Local 
damages induced by hypoxia and ischemia were assessed by evaluating the changes in 
terms of histology and apoptosis. 
Methods. The experiment was conducted on 20 newborn Wistar rats premedicated for 
seven days with melatonin in a dose of 20 mg/kg/day. On the 7th postnatal day (P7), 
the newborn rats were exposed to ischemia (by clamping the right carotid artery) and 
hypobaric hypoxia (8% O2 for 90 minutes) and some groups to hypothermia. 
Results. In this experimental model of neonatal encephalopathy, melatonin, in a dose 
of 20 mg/kg/day has neuroprotective effect by reducing the number of cells expressing 
apoptosis in Cornu Ammonis (CA) (Ammon’s Horn) CA1, CA2, CA3 and dentate gyrus 
of the hippocampus when combined with hypothermia. 
Conclusion. The results of this study prove that melatonin is protective in ischemic-
hypoxic brain injuries, but the protection is conditioned in most of the brain regions 
(excepting cerebral cortex) by conjugation with post-injury hypothermia treatment. 
Keywords: neuroprotection, hypoxic-ischemic encephalopathy, apoptosis, melatonin, 
hypothermia

Introduction 
Perinatal hypoxic ischemic 

brain injury due to acute perinatal 
asphyxia produces hypoxic–ischemic 
encephalopathy (HIE) in term and preterm 
neonates. HIE in newborns is a major 
cause of death and disability, as up to 60% 
of neonates with moderate or severe HIE 
die during the neonatal period, and at least 

25% of the survivors have significant long-
term neurodevelopmental consequences 
[1] such as epilepsy, mental retardation, 
or cerebral palsy [2]. Our focus is the 
neuroprotection offered by hypothermia 
in an experimental model of neonatal 
HIE, also evaluating the combined therapy 
with melatonin, both having well known 
cerebral protective effects.
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Brain injury in HIE is a complex evolving process 
initiated at the time of the primary insult extending into the 
recovery period. HIE results from two recognized phases: 
primary and secondary energy failure [3,4]. Primary energy 
failure occurs during the HI insult and is characterized by 
decreased cerebral blood flow, which in turn reduces delivery 
of oxygen and substrates to brain tissue [5]. Following 
primary energy failure, the cerebral metabolism may shortly 
recover, only to deteriorate from secondary energy failure, 
a new phase of neuronal damage, starting at about 6–24 
hours after the initial injury mostly defined by mitochondrial 
dysfunction and initiation of the apoptotic chain reaction. 
The interval between primary and secondary energy failure 
represents a latent phase with restoration of cellular energy 
metabolism, offering an optimal window for neuroprotective 
interventions such as therapeutic hypothermia. The primacy 
of therapeutic hypothermia in treating HIE is well established 
and cooling to 33-34° C for 72 h may be the most appropriate 
method.

Hypothermia decreases metabolic rate and the cerebral 
blood flow (CBF) [6], which is altered during different types 
of injury. Brain oxygenation and glucose concentration 
decrease during hypoxic and ischemic conditions and 
cause adenosine triphosphate (ATP) depletion, lactic acid 
accumulation and acidosis that eventually leads to cell death 
[7]. Hypothermia reduces cerebral oxygen consumption, it 
tends to increase hemoglobin oxygen-binding affinity, and 
inhibits the synthesis, release, and/or reuptake of ischemia-
induced neurotransmitters and neuromodulators, including 
glutamate, glycine, gamma aminobutyric acid (GABA), 
dopamine, norepinephrine, serotonin, and adenosine 
[8,9]. Mild to moderate hypothermia inhibits the release 
of reactive oxygen species including hydrogen peroxide 
[10], malondialdehyde (MDA) [11], and hydroxyl radical 
formation. Post-hypoxic hypothermia reduces neuronal 
apoptosis, the production of oxygen free radicals and the 
amount of excitatory amino acids. 

Melatonin (N-acetyl-5-methoxytryptamine) is a 

natural hormone secreted by the pineal gland and extra 
pineal tissues and others such as retina, gut, bone marrow, 
kidney, astrocytes, platelets, and glia cells and has been 
used in therapies for decades in various diseases due to its 
antioxidative and antiapoptotic properties [12-14]. Melatonin 
is an ideal neuroprotective agent as it readily crosses the 
blood-brain barrier and lacks toxicity in comparison to other 
neuro-protectants [15]. There is evidence supporting the role 
of melatonin in regulation of various physiological functions 
like modulation of sleep, mood, behavior, anti-inflammatory 
activities, radical scavenging, immunomodulatory activities, 
antiangiogenic activity, and anti-carcinogenic properties, and 
so forth [16-20]. Melatonin receptors are widely distributed 
in central nervous system (CNS), as well as in the peripheral 
organs which acts as a lipophilic and hydrophilic molecule 
and able to pass the morpho-physiological barriers such as 
the blood-brain barrier (BBB) [21-23]. 

Working hypothesis. Aims
The enhanced vulnerability of the neonatal brain 

to hypoxia and ischemia is partially due to the lack of an 
efficient antioxidant defense, so a pretreatment with an 
antioxidant may be useful. Regarding neuroprotective 
strategies, mild hypothermia is a part of the protocol in case 
of ischemic hypoxic encephalopathy. Our major aim was 
to test the possible protective effect of a pretreatment with 
melatonin applied to newborn rats subjected to hypoxia and 
ischemia, and to evaluate if hypothermia can improve the 
neuroprotection eventually produced by melatonin.

Materials and methods
The experimental study was carried out in the 

research center of the Biobase and Physiology department of 
the Iuliu Hatieganu University of Medicine and Pharmacy, 
Cluj-Napoca. The experimental protocol was approved by 
the Ethics Committee and was carried out in accordance with 
the legislation. 

Figure 1. Experiment design diagram.
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Experimental design
The experiment was conducted on 20 newborn 

Wistar rats, males and females, divided into groups as 
shown in figure 1.

Figure 2. Melatonin injection.                               

Figure 3 and 4. Carotid artery ligation.

For the pretreated group melatonin was administered 
in a dose of 20 mg/kg/day intraperitoneally for seven days as 
premedication from day 0 (birth). On day 7 the animals were 
exposed to ischemia (by right carotid artery ligation) and 
hypobaric hypoxia (8% O2 for 90 minutes) in barocamera, 
following a protocol previously described by Levine. The 
rats were anesthetized by local instillation of xyline. The 
operation did not exceed 5 min for each animal. To test the 
effect of combined therapy of melatonin with hypothermia 
several animals were exposed after hypoxic-ischemic injury 
to whole body hypothermia, 33-34° C intrarectal, for 3 
hours [24]. The animals were euthanized, and the brain was 
harvested immediately after the end of the experiment.

Histopathological examination 
The harvested tissues were fixed in 10% 

paraformaldehyde, pH 7 and processed by the classical 
paraffin technique. The dehydration was made by 
successive exposure to ethanol (70%, 95%, and 100%) for 
3 h, then xylene exposure for 45 min and finally paraffin 
embedded overnight. 

Multiple sections were cut by rotative microtome 
and mounted onto histological slides. The sections were 
stained using the Hematoxylin-Eosin technique: the 
samples were de-paraffined by exposure to xylene, 3 
times for 5 min each, followed by the rehydrating process 
by immersing the samples into 3 successive solutions of 
ethylic alcohol 100%, 96% and 70%, for 3 min each, then 
the slides were washed with water for 5 min, followed by 
Hematoxylin-Eosin staining.

To process the images, we used an Olympus BX51 
microscope, an Olympus SP 350 camera and the Olympus 
Stream Basic image analysis program. The whole process 
of harvesting and sectioning of the animal nervous system 
samples was made according to the INHAND system 
recommendations. 

In brief, the brain regions chosen for examination 
(Ammon’s horn, dentate gyrus, thalamus and cerebral 
cortex from the parietal and temporal areas) were embedded 
in paraffin following the routine protocol and finally stained 
using Hematoxylin eosin technique [24]. 

The histological sections and the regions chosen for 
examination are represented in figure 5.

      A

      B
Figure 5. A. The representation of the mark areas and the 
sectioning plans of the encephalon regions in our experiment. 
B. The longitudinal section in median plan of the encephalon 
BO-olfactory bulbs, COR-cerebral cortex, HC-hippocampus, 
T-thalamus, HT-hypothalamus, M-midbrain, P-pons, Md-
medulla, Crb-cerebellum.
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Immune-histochemistry
For identification of the neural cells which suffer 

apoptosis we used the immune-histochemical expression 
of the Cleaved Caspase 3 (Polyclonal Rabbit antiCaspase3-
Thermo Scientific-PA1-26426). The immune-histochemical 
reaction was performed using the Leica Bond-Max TM 
unit, using a standard indirect avidin-biotin reaction. 
Quantification of immune-histochemical Cleaved Caspase 
3. The expression of Cleaved Caspase 3 was assessed 
on histological sections from all the 6 regions analyzed: 
cerebral cortex (COR), thalamus (TA), Ammon’s horn 
(with CA1, CA2, CA3) and dentate gyrus (DG) [24].

Statistical analysis 
For statistical analysis we used the logistic regression 

method and two-way ANOVA analysis in SPSS Statistics. 
The results were statistically significant if p<0.05.

Results
Histological and immuno-histochemical analysis 

were performed to investigate caspase 3 expression in 
different brain regions.

In the CA1 hippocampus sub-region, comparing 
the effects of hypothermia and melatonin, when subjected 
to hypothermia and hypoxia, the protective effect of the 
combined therapy with melatonin and hypothermia was 
noticeable. Hypothermia alone proved to be protective, 
resulting in the decrease of the number of cas3 positive 
cells (Figure 7).

Figure 6. The histological encephalic regions on the 7th postnatal day in rats. The transversal section represents: COR-cortex cerebral, 
DG-the dentate gyrus, CA- Amon`s Horn (with 3 subregions-CA1, CA2 and CA3), PL- pyramidal cells layer a CA, RL-the radial cells 
layer of CA, TA-thalamus.

                                                                                                      
Figure 7. Immune-histochemical expression for activated caspase 3 (cas3) in the radial cells of the Ammon`s horn CA1 sub region. 
Groups: IH-group exposed to cerebral ischemia and hypothermia IN- group exposed to cerebral ischemia and hypoxia, in normal 
temperature conditions MIH-group melatonin-ischemia-hypothermia, MIN-group melatonin-ischemia-normal thermic conditions. HE 
staining, x 40.
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Figure 8. Immune-histochemical expression for activated caspase 3 (cas3) in the pyramidal cells layer of the Ammon`s horn CA3 sub 
region. Groups: IH-group exposed to cerebral ischemia and hypothermia IN- group exposed to cerebral ischemia and hypoxia, in normal 
temperature conditions MIH-group melatonin-ischemia-hypothermia, MIN-group melatonin-ischemia-normal thermic conditions. HE 
staining, x 40.

Figure 9. Immune-histochemical expression for activated caspase 3 (cas3) in the dentate gyrus. Groups: IH-group exposed to cerebral 
ischemia and hypothermia IN- group exposed to cerebral ischemia and hypoxia, in normal temperature conditions MIH-group melatonin-
ischemia-hypothermia, MIN-group melatonin-ischemia-normal thermic conditions. HE staining, x20.

    
Figure 10. Immune-histochemical expression for activated caspase 3 (cas3) in the cerebral cortex. Groups: IH-group exposed to cerebral 
ischemia and hypothermia IN- group exposed to cerebral ischemia and hypoxia, in normal temperature conditions MIH-group melatonin-
ischemia-hypothermia, MIN-group melatonin-ischemia-normal thermic conditions. HE staining, x40.
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Regarding the CA3 sub-region, the protective effect 
appeared in case of using hypothermia as post-treatment. 
Melatonin was also neuroprotective, the number of cas3 
positive cells being reduced (Figure 8).

In the dentate gyrus, the most protective effect was 
assured by therapeutic hypothermia. Melatonin proved 
to be protective only when conjugated with hypothermia 
(Figure 9).

In the cerebral cortex the improvement of the 
lesions induced by the exposure to cerebral ischemia and 
hypoxia was observed in melatonin pretreated groups, and 
the protective effect was not necessarily conditioned by 
the therapeutic association with hypothermia, but most 
protection was provided when this combination occurred 
(Figure 10). 

In the thalamic region, melatonin reduced 
the number of cas3 positive cells, independently of 
hypothermia being associated as treatment (Figure 11). 

The expression of caspase 3 in different brain 
region was quantified as the percentage of positive stained 
cells out of the total number of cells.

The protective effect of hypothermia consisting 
in the reduction of the percentage of cas3 positive cells 
was statistically significant (p<0.05) in the pyramidal 
layer of the CA1 region (p=0.008) and CA3 brain region 
(p=0.042). Hypothermia reduced the cas3 expression in 
all brain regions, but not statistically significantly. See 
table I for details.

The associated treatment with melatonin produced 
a significant effect (p<0.05) - reducing cas3 positive 
cell percentage when combined with hypothermia, 
in hippocampus sub-region CA2 (p=0.038) and CA3 
(p=0.007). Hypothermia when combined with melatonin 
decreased the number of apoptotic cells in all studied 
regions. See table II for details.

Figure 11. Immune-histochemical expression for activated caspase 3 (cas3) in the thalamus. Groups: IH-group exposed to cerebral 
ischemia and hypothermia IN- group exposed to cerebral ischemia and hypoxia, in normal temperature conditions MIH-group melatonin-
ischemia-hypothermia, MIN-group melatonin-ischemia-normal thermic conditions. HE staining, x 40.

Table I. Cas3 expression in IH and IN group.

Group
Brain region (%)  

CA1 CA2
RL PL RL PL CA3 Cortex DG Thalamus Total

IN 49 48 46.3 69 90.6 17 89.6 21.6 53.8
IH 40 21.6 42.6 41 84 13.6 84.3 16 42.8
p (t-test) 0.416 0.008 0.429 0.202 0.042 0.473 0.315 0.272 0.041

IN = Ischemia+hypoxia and Normothermia group; IH = Ischemia+hypoxia and Hypothermia group.

Table II. Cas3 expression in melatonin treated groups MIH and MIN. 

Group
Brain region (%)  

CA1 CA2
RL PL RL PL CA3 Cortex DG Thalamus Total

MIH 43.5 13.5 35 55 72 11.5 67.5 18.5 39.56
MIN 49.6 29.6 61 58.6 91.6 12 92.6 24 52.37
p (t-test) 0.783 0.368 0.038 0.835 0.007 0.952 0.285 0.390 0.139

MIN = Melatonin and Ischemia+hypoxia, Normothermia group; MIH = Melatonin and Ischemia+hypoxia, Hypothermia group).
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Melatonin pretreatment when combined with 
hypothermia reduced statistically significantly (p=0.017) 
the number of cas3 positive cells in the hippocampus sub-
region CA1 (p=0.017) and CA3 (p=0.002). In all brain 
regions studied, the percentage of cas3 positive cells was 
significantly reduced in the melatonin pretreated group 
(p=0.004). See table III for details.

In normal thermic conditions there were no 
statistically significant differences in the studied groups. 
Melatonin pretreatment shrank the number of cas3 positive 
cells, not statistically significantly (p>0.05). See table IV 
for details.

Multivariate analysis 
The two-way Anova analysis showed that in Radial 

Layer (RL) CA1, PL CA2, cortex and thalamus melatonin 
pretreatment and hypothermia did not produce significant 
effects on the cas3 expression.

In the other regions the effects of the melatonin 
pretreatment and hypothermia were significant. In the 
Pyramidal Layer (PL) of the CA1 sub-region we found a 
combined significant effect on the cas3 expression (p=0.024), 
as shown in figure 12.

Figure 12. Cas3 expression means in % in PL of CA1 in groups 
IH, IN, MIH and MIN.

In the RL CA2 we also found a significant combined 
effect on the cas3 expression (p=0.021) (Figure 13). 

Figure 13. Cas3 expression means in % in RL of the CA2 region 
in groups IH, IN, MIH and MIN.

In the CA3 region we found a significant melatonin 
(p=0.02) and hypothermia (p=0.01) effect (p=0.02) and a 
combined effect statistically significant (p<0.001) on the 
cas3 expression, as in figure 14.

Figure 14. Cas3 expression means in % in CA3 region.

Table III. Cas3 expression in hypothermic groups IH and MIH. 

Group
Brain region (%)  

CA1 CA2
RL PL RL PL CA3 Cortex DG Thalamus Total

IH 49 48 46.3 69 90.6 17 89.6 21.6 53.8
MIH 43.5 13.5 35 55 72 11.5 67.5 18.5 39.56
p (t-test) 0.717 0.017 0.095 0.460 0.002 0.422 0.324 0.373 0.004

IN = Ischemia+hypoxia and Normothermia group; IH = Ischemia+hypoxia and Hypothermia group.

Table IV. Cas3 expression in normal thermic condition groups IN and MIN. 

Group
Brain region (%)  

CA1 CA2
RL PL RL PL CA3 Cortex DG Thalamus Total

MIN 40 21.6 42.6 41 84 13.6 84.3 16 42.8
IN 49.6 29.6 61 58.6 91.6 12 92.6 24 52.37
p (t-test) 0.564 0.534 0.100 0.385 0.058 0.677 0.170 0.232 0.196

MIN = Melatonin and Ischemia+hypoxia, Normothermia group; MIH = Melatonin and Ischemia+hypoxia, Hypothermia group).



Physiology

MEDICINE AND PHARMACY REPORTS Vol. 94 / No. 2 / 2021: 197 - 207204

In the DG we found a significant combined effect 
on the cas3 expression (p=0.019), as per figure 15.

Figure 15. Cas3 expression means in % in DG region.

Discussion
The most affected areas of newborn rats during 

unilateral ischemia-hypoxia, in order of severity of 
lesions, were the dentate gyrus and the sub-region CA3 
of the hippocampus. The CA1, the thalamus and cerebral 
cortex were less affected. In the CA3 sub-region of the 
hippocampus, comparing the effects of melatonin and 
low temperature we observed the protective effect of the 
combination of melatonin and therapeutic hypothermia (33-
34°C rectal temperature). As with CA1 sub-region we have 
found that melatonin combined with hypothermia therapy 
does not provide superior protection to hypothermia alone. 
The distribution of the lesions in the cerebral cortex is 
specific, the cells which undergo apoptosis being arranged 
mainly in the layer I of the cortex. This is because neuronal 
population sensitivity in the brain exposed to ischemia 
and hypoxia is variable and dependent on the duration 
and severity of the lesion process and is quantified by 
the expression of the activated caspase3. Ammon’s horn 
neurons in area CA1 are most sensitive to depolarization 
due to ischemia (3-5 minutes) compared to neurons located 
in the striated layer, neurons that resists in average between 
15 and 20 minutes [20]. Regarding the type of neuronal 
cell death, necrotic lesions predominate in high intensity 
ischemia, whereas apoptosis occurs when ischemic damage 
is mild or moderate. Also, the apoptotic lesions have a much 
slower progress compared with the necrotic one. Other 
studies also demonstrate the morphological and functional 
benefits of early initiation of hypothermia in conjunction 
with melatonin in unilateral brain ischemia and hypoxia 
[21,22]. Thus, hypothermia provides neuroprotection, 
clinically improving the behavioral performance in 
both adults and neonates. Studies in adults prove that 
hypothermia initiated immediately after cardiac arrest 
provides significant improvements and the late cooling 
after brain trauma appears to be effective. Children born at 
term suffering from hypoxic-ischemic encephalopathy and 

who were less severely affected, were exposed for 72 hours 
to moderate systemic hypothermia (rectal temperature 
of 34.5°C), and the results were promising with reduced 
neuronal death and disability [22,24].

Melatonin activity is mediated by the specific 
receptors in cellular membranes by two high affinity 
melatonin receptors, melatonin receptor (MT) MT1 and 
MT2 [23,25]. Amphiphilic melatonin being a potent 
antioxidative and antiapoptotic agent has been used 
clinically in various CNS disorders [26]. It has been used 
in various neurodegenerative diseases like Alzheimer’s, 
Parkinson, and stroke due to its property of inhibiting 
apoptotic pathways and by activating survival pathways 
due to its protective properties [27]. Melatonin has 
conferred a cerebral-protective effect, as shown by reduced 
infarct volume, lowered brain edema, and increased 
neurological scores [28]. Melatonin (5 mg/kg) pretreatment 
intraperitoneally has diminished reactive oxygen species 
(ROS) levels, and inhibited cell apoptosis which may 
contribute to its antioxidant and antiapoptotic effects 
during brain ischemia [29]. Melatonin and its metabolites 
have been able to modulate the oxidative stress by reducing 
ROS, MDA, and NO and restored the GSH and SOD level 
in various ischemic studies [32,33].

It has been shown that melatonin is an effective 
antioxidant in various in vitro and in vivo models of 
neurodegenerative diseases not only by scavenging free 
radicals but also by increasing the gene expression of 
antioxidative enzymes like glutathione peroxidase (GPx), 
glutathione reductase (GR), and superoxide dismutase 
(SOD) [34]. It has also decreased the expression of 
apoptotic factor Bax [29-37].

Melatonin acts via high affinity G-protein-coupled 
melatonin receptors, MT1 and MT2. The specific receptors 
have been found in human brain regions like medial 
preoptic area, anterior hypothalamus, paraventricular and 
anteroventral thalamic nuclei, hippocampus, cerebral and 
cerebellar cortex, and retina [23]. 

Melatonin has been found effective in various 
animal models of brain injury. Several research studies are 
being done on assessing protective role of melatonin in 
humans. Melatonin, a potent antiapoptotic and antioxidative 
neuroprotectant with no serious toxicity, raises hopes that it 
might be used for neonates for HIE treatment. In our study 
melatonin turned out to be neuroprotectant, especially 
when combined with hypothermia, in all cerebral regions 
elected for the study.

Regarding the remarkable effects of hypothermia, 
even a small reduction in temperature provides significant 
neuroprotection after ischemic neuronal injury [38]. In 
addition to modulating the numerous damaging processes 
initiated by ischemia, hypothermia also affects metabolic 
rate and the cerebral blood flow (CBF) [6], which is altered 
during cerebral hypoxia and ischemia. CBF is usually 
reduced after focal or global ischemia. Some studies show 
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that hypothermia increases CBF during ischemia [39], while 
others suggest that it has no effect [40]. Brain oxygenation 
and glucose concentration decrease during hypoxic and 
ischemic conditions and cause ATP depletion, lactic 
acid accumulation and acidosis that eventually leads to 
cell death [7]. Hypothermia reduces cerebral oxygen 
consumption, tends to increase hemoglobin oxygen-
binding affinity, and inhibits the synthesis, release, and/
or reuptake of ischemia-induced neurotransmitters and 
neuromodulators, including glutamate, glycine, GABA, 
dopamine, norepinephrine, serotonin, and adenosine 
[8,9]. Mild to moderate hypothermia inhibits the release 
of reactive oxygen species including hydrogen peroxide 
[10], thiobarbituric acid-reactive substances produced 
after hemorrhage shock [11], and hydroxyl radical 
formation [41].

Primary energy failure is associated with acute 
intracellular derangements, including loss of membrane 
ionic homeostasis, release and blocked reuptake of 
excitatory neurotransmitters, defective osmoregulation, 
and inhibition of protein synthesis [42]. Stimulation of 
excitatory neurotransmitter receptors causes an increase in 
intracellular calcium, which in turn sets off a cascade of 
destructive pathways, ultimately resulting in acute cell death 
and necrosis [43]. The pathogenesis of secondary energy 
failure is not as well understood as primary energy failure, 
but likely involves multiple pathophysiologic processes, 
including the accumulation of excitatory neurotransmitters 
such as glutamate, oxidative injury, anaerobic metabolism 
and free radical production, inflammation, and ultimately 
initiation of apoptosis. The secondary phase of injury 
occurs slowly (within hours to days) in the setting of 
normal intracellular pH and stable cardiorespiratory status 
[3]. Much of the injury following secondary energy failure 
is related to apoptosis. Although acute cellular necrosis and 
apoptosis are both noted in post-hypoxic–ischemic injury 
in animal models and human infants, apoptotic cell death 
appears to be a more significant contributor to damage 
in the developing brain and is the major component of 
secondary energy failure [44,45].  

Various studies have examined the beneficial 
effects of hypothermia at the molecular level in different 
animal models. It has been determined that post-insult mild 
therapeutic hypothermia (34.9°C for 12 hours) reduces 
apoptotic cell death in piglets [44]. The effects of prolonged 
hypothermia (30°C for 72 hours) begun immediately after 
HI insult have been evaluated in P7 Wistar rats [46]. In this 
setting, the number of apoptotic cells in the parietal cortex 
and hippocampus was reduced [46]. Caspase-3 levels in 
the induced hypothermia groups were lower than in the 
normothermic group 24-48 hours post HI [45]. 

The results of our study show the same anti apoptotic 
effect of mild hypothermia (34°C, for 3 hours), especially 
in the cerebral regions most prone to hypoxic-ischemic 
lesions. Another study of systemic induced hypothermia 

(30°C for 10 hours immediately after HI insult) in P7 
Wistar rat pups also showed anti-apoptotic neuroprotective 
effects [47]. The brain infarct volumes as evaluated by 
loss of MAP-2 staining were reduced in cortex, thalamus, 
and hippocampus in the hypothermia group animals. The 
activation of caspase-3 was also significantly reduced at 
24 hours post HI injury in the hypothermic group [47]. 
These results indicate that hypothermia may act at least 
partially through inhibition of the intrinsic pathway of 
caspase activation in the neonatal brain, thereby preventing 
apoptotic cell death. Mild hypothermia (34°C) decreases 
expression of caspase-3 mRNA and lowers caspase-3 
enzyme activity [48]. In infants with HIE, hypothermia 
was induced within 6 hours after the insult and when 
continued until 24 hours or longer, improved cell viability 
at 48 hours [49]. 

The evidence strongly suggests that hypothermia 
can effectively improve outcomes of neonate HIE [50,51]. 
To date, hypothermia has been incorporated into clinical 
practice as the standard of care for infants with HIE. 
Although hypothermia has been a revolutionary therapy in 
HIE, clinical trials have shown that more than 40% of the 
cooled infants either died or survived with impairments. 
Therefore, the search for more effective therapeutic 
interventions in addition to hypothermia continues. This 
was the idea that started our study. We wanted to find some 
new associations between two strategies already known to 
be neuroprotective, and to see if a combined therapy will 
be beneficial. 

Despite the established role of hypothermia as 
a neuroprotective strategy for HIE, there are gaps in our 
knowledge. Our study applied therapeutic mild hypothermia 
for a short period, only for 3 hours, but the optimal duration 
needs to be clarified further. 

Conclusions 
The results of this experiment prove that melatonin 

can be neuroprotective in hypoxic-ischemic brain injuries, 
but the protection is conditioned in most of the brain regions 
(excepting cerebral cortex and thalamus) by conjugation 
with post-injury mild hypothermia treatment. Our study 
also showed that hypothermia remains the most effective 
neuroprotective therapy when applied in hypoxic-ischemic 
encephalopathy.
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