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Abstract

Hypoxia in preterm infants is a clinical condition that has been associated with
cognitive and behavioral disturbances for which treatment strategies are
strongly required. Melatonin administration following brain insults has been
considered a promising therapeutic strategy due to its antioxidant and anti-
inflammatory effects. Not surprisingly, it has been extensively studied for pre-
venting disturbances following brain injury. This study evaluated the effects of
melatonin on developmental disturbances, memory disruption, and hippocam-
pal cell loss induced by neonatal anoxia in rats. Neonatal Wistar rats were sub-
jected to anoxia and subsequently treated with melatonin. Later, maturation of
physical characteristics, ontogeny of reflexes, learning and memory in the
Morris water maze (MWM), and estimates of the number of hippocampal
neurons, were evaluated. Melatonin treatment attenuated (1) female anoxia-
induced delay in superior incisor eruption, (2) female anoxia-induced vibrissae
placement reflexes, and (3) male and female anoxia-induced hippocampal
neuronal loss. Melatonin also promoted an increase (5) in swimming speeds in
the MWM. In addition, PCA analysis showed positive associations between
the acoustic startle, auditory canal open, and free fall righting parameters and
negative associations between the male vehicle anoxia group and the male
melatonin anoxia group. Therefore, melatonin treatment attenuates both
anoxia-induced developmental deficits and hippocampal neuronal loss.
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1 | INTRODUCTION

Oxygen deprivation at birth, clinically known as perinatal
asphyxia, is often associated to hypoxic-ischemic
encephalopathy (HIE), characterized by decreased level
of consciousness, reflex movements, abnormal muscle
tone, and respiratory failure (Laptook et al., 2017).

The incidence of HIE varies between 0.1 and 0.8% of
live births (Kurinczuk et al., 2010). In premature births,
particularly those with low birth weight, the incidence
corresponds to approximately 60% of this population
(Perin et al., 2022).

Prematurity may be associated with brain tissue
damage, developmental delays, and poor performance
at school (Quigley et al, 2012; Shah et al., 2006;
Woythaler et al., 2011). When combined with HIE,
prematurity may exacerbate cognitive and behavio-
ral impairments, including attentional deficit, hyperac-
tivity, learning disability, and cerebral palsy (Escobar
et al., 1991; Gaffney et al., 1994; Medoff-Cooper et al.,
2015).

In order to study HIE, we developed a rodent model
of neonatal anoxia that mimics oxygen deprivation in
premature infants. This global and noninvasive oxygen
deprivation model promotes acute hippocampal cell
death through necrosis and apoptosis in both glial
and neuronal populations (Takada et al., 2011). It
also reduces dentate gyrus neurogenesis, decreases
hippocampal volume (Takada et al., 2011; Takada
et al., 2015), and reduces cell density in the primary
somatosensory cortex, leading to deficits in sensori-
motor development (Kumar et al, 2017), and distur-
bances in learning and memory (Takada et al., 2015;
Takada et al., 2016).

Hypothermia had been employed in an attempt to
alleviate long-term sequelae of perinatal asphyxia
(Millar et al., 2017), but has produced controversial
effects in rats (Matsuda et al., 2021). Other therapeutic
approaches for hypoxia have been investigated, inclu-
ding administration of erythropoietin, cannabidiol,
allopurinol, and melatonin (Revuelta et al., 2017,
Rosales-Corral et al., 2003).

Melatonin, either alone or in combination with
other therapeutic agents, has been shown to attenuate
brain injuries (Berger et al., 2017; Blanco et al., 2017).
Melatonin’s low toxicity, ability to cross the blood-brain
barrier, and anti-inflammatory effects make it an excel-
lent candidate to minimize sequelae of HIE. Indeed,
melatonin administration following HIE reduced brain
injury and ameliorated behavioral deficits in rodents
(Berger et al., 2017; Blanco et al., 2017).
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2 | MATERIAL AND METHODS

Wistar rats (Rattus norvegicus) from the Rat Breeding
Vivarium (ICB, Rede USP de Biotérios) were housed at
the Experimental Vivarium of the ICB (Department of
Anatomy) and used according to a certificate approved
by CEUA of the Institute of Biomedical Science, number
19/2017, and adhering to the guidelines established by
CONCEA (Conselho Nacional de Controle de Experi-
mentac¢do Animal). The animals were maintained under
a 12-h light/dark cycles (lights on at 07:00), at a tempera-
ture of 22 + 1°C, with water and food ad libitum.

The complete study included four pregnant females,
each paired with a male throughout the entire experi-
ment. After birth, each litter was reduced to eight pups,
aiming for an equal mix of four males and four females.
All pups from the same littler were assigned to the same
group. However, litters from the same female were
assigned to different groups ensuring that all animals in a
group came from different litters.

The experimental arrangement involved eight groups
exposed to the following treatments: control vehicle male
(CVM), control melatonin male (CMM), anoxia vehicle
male (AVM), anoxia vehicle melatonin (AMM), control
vehicle female (CVF), control melatonin female (CMF),
anoxia vehicle female (AVF), and anoxia melatonin
female (AMF). Males and females were analyzed
separately.

The complete time course of the experiment is shown
in Figure 1.

2.1 | Neonatal anoxia

Neonatal anoxia was induced using the model described
by Takada et al. (2011). Briefly, 30-h-old pups weighting
between 6 and 8 g were placed in a chamber at 37 + 1°C
and exposed to 100% nitrogen for 25 min. After recovery,
pups were returned to the dam until weaning on post-
natal day 21 (P21). Control groups underwent identical
experimental conditions, except for oxygen deprivation.

2.2 | Melatonin

Melatonin (M5250; Sigma-Aldrich, Sdo Paulo, Brazil) dis-
solved in a solution of 2% ethanol and 0.9% saline (vehi-
cle) was administered intraperitoneally (15 mg/kg) 5 min,
24 h, and 48 h after anoxic insult (Carloni et al., 2008).
Control subjects for melatonin received administration of
the vehicle following the same time course.
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FIGURE 1 Experimental design. After birth, the animals, which were approximately 30 h old and weighed between 6 and 8 g, were

submitted to anoxia or a control condition. Five minutes, 24 h, and 48 h, after insult or control condition, the animals were treated with
melatonin or vehicle. From the day after insult or control condition (P2) until P21, the maturation of physical characteristics and ontogeny

of reflexes were assessed. Between P28 and P33, learning and spatial

memory were assessed using the Morris water maze test. On P35, the

animals were euthanized to perform the isotropic fractionator technique and count cell and neuronal nuclei.

2.3 | Physical feature maturation

From P2 until weaning at P21, we monitored the matu-
ration day of the following developmental features: ear
unfolding, auditory channel opening, eyelid opening, as
well as the eruption of inferior and superior incisors.

2.4 | Reflex ontogeny

From P2 until weaning at P21, we evaluated the
ontogeny of the following reflexes: righting reflex, cliff
avoidance, vibrissae placing, negative geotaxis, free fall
righting reflex, acoustic startle response, and palmar
grasp. The animals were expected to exhibit the reflex
within a period of up to 10 s for three consecutive days.

2.5 | Morris water maze

Acquisition and retention of spatial reference memory
were evaluated using Morris water maze. The maze con-
sisted of a round pool measuring 200 cm in diameter and
50 cm in height, filled with water (26 + 1°C) to a depth
of 25 cm. A 9 cm in diameter platform was placed in the
center of the north—east quadrant of the pool about 1 cm
below the water surface. The platform was maintained in
a single fix location all along training. Each trial con-
sisted of placing the subject within the water, facing the
wall near the pool border, and allowing it to search for
the platform for a maximum of 120 s. If the subject did
not find the platform, it was manually guided to it by the
experimenter and allowed to remain there for 10s.
The animals were trained for five consecutive days, with
four trials per day. The intertrial interval was 10 min.

The starting point varied randomly for trial to trial.
Latency, path length, and mean swimming speed to find
the platform were recorded for each trial.

2.6 | Euthanasia and cell nuclei
estimates

At P35, the animals were deeply anesthetized with
ketamine (60 mg/kg) and xylazine (10 mg/kg) and eutha-
nized by transcardial perfusion with saline 0.9% followed
by formaldehyde 4%, pH 7.4. The brain was post-fixed
and later dissected to isolate the hippocampus (CAl,
CA2, C3, and dentate gyrus).

The isotropic fractionator (see Herculano-Houzel &
Lent, 2005) was used to estimate the number of cell
nuclei. The procedure involved a chemical-mechanical
dissociation of tissue in Triton X-100 1%, which disrupts
the plasma membrane to obtain the suspension of
homogeneously dispersed nuclei. After dissociation, this
nuclear suspension was collected and stained with
4',6-diamino-2-phenylindole ~ dihydrochloride (DAPI;
S7113, Millipore, Temecula, USA). Then, anti-NeuN,
clone A60 with conjugated Alexa Fluor 555 (MAB377A5,
Millipore, Temecula, USA) was incubated for 2h.
Neuronal (NeuN-+) and non-neuronal (DAPI+) cells
were estimated using a Neubauer chamber and a fluores-
cence microscope (Eclipse 80i, Nikon).

2.7 | Statistical analysis

Physical features, maturation scores, and ontogeny of
reflexes were analyzed using Kruskal-Wallis nonpara-
metric analysis of variance, followed by pairwise
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comparisons. Latency, path length, and mean swimming
speed scores in the Morris water maze were analyzed
using repeated measure ANOVA followed by the Tukey-
Kramer test. Cell nuclei estimates were analyzed using
two-way ANOVA, followed by the Tukey-Kramer test.

3 | RESULTS
3.1 | Physical feature maturation in
male and female rats

Figures S2 and S3 represent the age (in days) at which
physical features matured throughout the developmental
period in male and female rats, respectively, based on the
treatments administered. The animals’ body weights were
also recorded and can be found in the Supporting
Information (S1).

ARRUDA ET AL.
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The Kruskal-Wallis including only data of male

rats revealed a significant anticipation of the day of eye

opening in animals subjected to anoxia as compared with

animals subjected to the control procedure (H(3) = 8.549,

p =0.03) (Figure 2c). No other physical features
exhibited significant differences for male rats.

The Kruskal-Wallis including only data of female
rats revealed a significant group difference in the day
of superior incisor eruption (H(3)=9.661; p = 0.02)
(Figure 3c): pairwise comparisons for these scores
revealed that the superior incisor eruption of the AVF
subjects occurred later as compared with that in
AMF subjects (Figure 3c). In contrast, CVF and CMF
subjects did not differ significantly. These results
indicate that anoxia delayed the superior incisor erup-
tion and that melatonin reversed this effect. No other
physical features exhibited significant differences for
female rats.
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3.2 | Reflex ontogeny in male and
female rats

The age of appearance (in days) of reflexes along the
developmental period, in male and female rats, as a
function of the treatments, in presented in Figures S4
and S5, respectively.

The Kruskal-Wallis test including only data of male
rat revealed significant differences in both negative
geotaxis reflex (H(3) =9.731, p = 0,02) (Figure 4d) and
palmar grasp reflex (Figure 4g). Pairwise comparisons
revealed the significant differences shown in Figure 4d,g.
Anoxia associated with melatonin treatment promoted
earlier appearance of the negative geotaxis reflex relative
to both control subjects exposed to melatonin treatment
(CMM) and anoxiated subjects treated with vehicle

(AVM) (Figure 4d). In contrast, anoxia delayed appear-
ance of the palmar grasp reflex (Figure 4g), and this effect
was reversed by melatonin treatment (Figure 4g). No
other reflexes exhibited significant differences in their
appearance for male rats.

The Kruskal-Wallis including only data of female rats
revealed significant differences in both vibrissae placing
(H(3) = 13.89; p = 0.003) (Figure 5c) and palmar grasp
(H(3) = 28.75; p < 0.0001) (Figure 5g) reflexes. Pairwise
comparisons revealed the significant differences shown
in Figure 5c,g. These results may be summarized as it
follows. Anoxia promoted earlier appearance of the
vibrissae placing reflex (Figure 5c) that was reversed by
melatonin treatment (Figure 5c). Similarly, anoxia
promoted later appearance of the palmar grasp reflex
(Figure 5g) that was reversed by melatonin treatment
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Reflex ontogeny in males

(a) Righting Reflex (b)

Cliff Avoidance (c)

Vibrissae Placing

09999 ~0.9999 0.5861 0.0737 0.0961 01153
5 16 16 | |
=4 = 14 = 14
® ® ® =
Hiend | ;
Folmi=Tmim Q- R74 Pa elEl e
24 210 210
o 1 1 1 1 8 1 I 1 1 8 1 1 1 1
CVM CMM AVM AMM CVM CMM AVM AMM CVM CMM AVM AMM
(d) Negative Geotaxis (e) Free Fall Righting Reflex  (f) Acoustic Startle
0463 509999  >0.9999

005% >0.9999 0.8368
16 16 | | | 1359 1]
=15 | =15 = 13.0
5 14 @ 8 14 & :
*a-; 13 & B’ 13 B Q & B’ 12.5
< 11 < 11 < 120
10 L} L 1 1 10 1 1 1 L 115 ] 1 1 L
CVM CMM AVM AMM CVM CMM AVM AMM CVM CMM AVM AMM
(9) Palmar Grasp
0.0014
15 0.0001 0.0423

ol [ = ]
s =

0 | 1 I I
CVM CMM AVM AMM

Age (day)

FIGURE 4 Box plot showing the age of maturation (in days) of the (a) righting reflex, (b) cliff avoidance, (c) vibrissae placing,

(d) negative geotaxis, (e) free fall righting reflex, (f) acoustic startle, and (g) palmar grasp reflexes, in male rats subjected to anoxia (A) or

control (C) procedures followed by three i.p. injections of either melatonin (M) of vehicle (V), as evaluated from P2 to P21. CVM (n = 10),

CMM (n = 8), AVM (n = 8), AMM (n = 8).

(Figure 5g). No other reflexes exhibited significant
differences in their appearance for female rats.

The PCA analysis (S6 and S7) showed positive
associations between the acoustic startle, auditory canal
open, and free fall righting parameters and negative
associations between these and the vibrissa placement
parameter in both sexes. There were negative associa-
tions between eye opening and the parameters negative
geotaxis, cliff avoidance, and ear unfolding. The analysis
also showed a negative association between the AVM
group and the other groups (S6). Factor analysis results
to identify interaction factors between stimulus x treat-
ment and stimulus x treatment X sex are recorded in the
Supporting Information (S8, S9 and S10).

3.3 | Morris water maze
Acquisition of spatial reference memory in the Morris
water maze was assessed between P28 and P32. Retention
of the spatial memory was assessed at P33, in a probe test
session where the platform was removed from the pool.
These results are shown in Figure 6.

The ANOVA including only male data revealed
(1) significant main session effects for both latency
(Fr19,600] = 40.59; p < 0.0001) (Figure 6a) and travelled
distance (F19,600) = 19.58; p, 0.0001) (Figure 6b), (2) sig-
nificant main group effects for latency (Fe 600] = 3.960; p,
0.0082), (3) lack of significant main group effects for trav-
elled distance (Fs 600 = 0.7932; p, 0.4980), and (4) lack of
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significant session x group interaction effect for both
latency and travelled distance, thus indicating that all
male rats equally acquired this spatial reference memory
task, independently on the treatments.

These results indicate that, independently on the
treatments, subjects equally acquired the spatial refer-
ence memory task.

Relative to the swimming speed along training
(Figure 6c), ANOVA revealed a significant main group
effect (Fjs160) = 32.51; p < 0.0001). Tukey’s multiple
comparisons showed that the anoxic vehicle group had a
lower swimming speed than the other groups on sessions
1, 3, 4, and 5 (p < 0.05; Figure 6¢). These results provide
evidence of the anoxia influence on swimming speed
during the learning test, which could be reversed by
melatonin treatment.

The ANOVA including only data of the female rats
revealed (1) significant main session effects for both latency
(Faa751 = 149.2; p < 0.0001) (Figure 7a) and path length
(Fa.175) = 388.9; p < 0.0001), (2) lack of significant group
effect for both latency and travelled distance (Figure 7b),
and (3) lack of significant session x group interaction
effect for both latency and travelled distance, thus
indicating that all female rats equally acquired this spatial
reference memory task, independently on the treatments.

Tukey’s multiple comparison test showed a difference
between CVF x AVF on the fifth test day (p = 0.02).
These results indicate that females of the anoxia group
traveled a greater distance to reach the platform on the
last day (Figure 7b). In the swimming speed parameter,
there was a statistical difference between the groups
(Fi3a75) = 50.97; p < 0.0001) (Figure 7c); Tukey’s multi-
ple comparison test showed that the vehicle anoxia group
differed from the vehicle control group on the second test
day (p = 0.01), and from all other groups on test days
1,3,4,and 5 (p < 0.05).
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3.4 | Cell nuclei estimates

The hippocampi were individually processed at P35,
using the isotropic fractionator method. The resulting
nuclei suspension was stained using both DAPI, for
revealing non-neuronal nuclei, and NeuN, for revealing
neuronal nuclei. The estimates for both DAPI+- and
NeuN+-stained nuclei are presented in Figure 8 for male
rats and in Figure 9 for female rats.

The ANOVA including DAPI+ estimates of male rats
hippocampi revealed a significant main group effect
(Fr1201 = 9.668; p = 0.05) (Figure 8a). The post hoc
Tukey-Kramer test revealed the significant statistical
differences presented in Figure 8a. Animals subjected to
anoxia exhibited a reduction in DAPI+ hippocampal
nuclei estimate (Figure 8a), and this effect was reversed
by melatonin administration (Figure 8a). Similarly,
ANOVA including NeuN+ estimates of male rats
hippocampi revealed a significant main group effect
(F1.20) = 10.35; p = 0.0043) (Figure 8b). Post hoc Tukey-
Kramer test revealed the significant statistical differences
presented in Figure 8b. Animals subjected to anoxia
exhibited a reduction in NeuN+ hippocampal nuclei
estimate (Figure 8b), and this effect was reversed by
melatonin administration (Figure 8b).

DAPI+ and NeuN+ data female rats completely con-
firmed the results seen for male rats. The ANOVA includ-
ing DAPI+ estimates of female rat hippocampi revealed a
significant main group effect (F;.20) = 10.90; p = 0.0036).
The post hoc test revealed the significant statistical
differences presented in Figure 9a. Similarly, ANOVA
including NeuN+ estimates of female rat hippocampi
revealed a significant main group effect (Fj; 0 = 13.20;
p = 0.0017) (Figure 9b). Post hoc Tukey-Kramer test
revealed the significant statistical differences presented
in Figure 9b.

Morris water maze in females
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FIGURE 7 Morris water maze in females, evaluated from P28 to P33: (a) latency, (b) travelled distance, and (c) swimming speed. The
results are expressed as the mean + SEM. *p < 0.05. CVF (n = 11), CMF (n = 8), AVF (n = 8), AMF (n = 12). *AVF X all the groups, #AVF

x CVF.
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Nuclei counting in males
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FIGURE 8 Mean cell nuclei estimate (+ SEM) of DAPI+ (a) and NeuN+ (b) stained nuclei of hippocampal cells of male rats subjected to
either anoxia (A) or control (C), followed by three i.p. injections of either melatonin (M) of vehicle (V), as evaluated at P35 (n = 6 per group).

Nuclei counting in females
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FIGURE 9 Mean cell nuclei estimate (+ SEM) of DAPI+ (a) and NeuN+ (b) stained nuclei of hippocampal cells of female rats
subjected to either anoxia (A) or control (C), followed by three i.p. injections of either melatonin (M) of vehicle (V), as evaluated at P35

(n = 6 per group).

Thus, both male and female rats subjected to anoxia
exhibited a reduction in DAPI+ and NeuN+ hippocam-
pal nuclei estimate (Figures 8a,b and 9a,b, respectively),
and this effect was reversed by melatonin (Figures 8a,b
and 9a,b).

4 | DISCUSSION

In this study, we aimed to analyze the short-term neuro-
protective effects of melatonin in animals submitted to
neonatal anoxia, both males and females.

The neuroprotective effects of melatonin after oxygen
deprivation have been demonstrated in rodents. Wang
et al. (Wang et al., 2013) found that melatonin adminis-
tered before and three consecutive days after hypoxia in
P1 mice decreased behavioral deficits and cell death
in the hippocampus, and improved memory and learning
performance at P30. In rats, Carloni et al. (Carloni
et al., 2008) found that the administration of 15 mg/kg
5 min, 24 h, and 48 h after hypoxia—ischemia decreased
behavioral asymmetry and learning deficits in adulthood.
These neuroprotective effects were also observed in
piglets and sheep (Robertson et al., 2013).
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The effects of oxygen deficit on development have
been relatively understudied, and the exiting literature
shows great variability in methodologies, particularly
concerning the age of the offspring and the specific
oxygen deprivation methods employed (Dell’Anna
et al., 1995; Kumar et al., 2017; Lubics et al., 2005). This
variability makes it challenging for replicating and
comparing results across studies. However, our research
group has used the neonatal anoxia model since 2011
(Takada et al., 2011), which offers a noninvasive and
global approach performed in Wistar rats. This model
uses rodents between 24 and 36 h after birth, roughly
equivalent to a fetus at 6 months old (Semple
et al.,, 2013). Importantly, previous studies from our
group consistently revealed different sensitivities to
anoxia stimuli between males and females (Cruz-Ochoa
et al.,, 2019; Helou et al., 2021; Kumar et al.,, 2017;
Kumar et al., 2019; Kumar et al., 2020a).

In rodent models of cerebral palsy, such as PO neona-
tal anoxia followed by hindlimb restriction and combined
to maternal immune activation, researchers have
observed impaired righting reflex and negative geotaxis
and decreased body weight compared with controls (Ho
et al., 2022). Similar neurodevelopmental alterations were
observed in another studies using rat neonatal anoxia
combined to sensorimotor restriction, with sensorimotor
changes from P4 to P10, evaluated by righting reflex
latency (Samaiya et al., 2016; Samaiya et al., 2018). Prena-
tal hypoxia also appears to impact the sensorimotor
development of the pups, resulting in delayed righting
reflex and air righting compared with control groups
(Piesova et al., 2020).

Conversely, mild anoxic event in P2 rats, composed
by the exposition to 100% nitrogen for 10 min, did not
affect the developmental milestones evaluated by the
negative geotaxis, righting reflex, and cliff avoidance test,
as well as the neonatal startle reflex and the eye opening
(Menshanov et al., 2017).

In the hypoxic-ischemic encephalopathy rodent
model at P6, the righting reflex, negative geotaxis, and
cliff avoidance were positively correlated to the perfor-
mance in the water maze test for learning and memory
8 weeks later, indicating that sensorimotor reflexes
tested in the acute phase of perinatal hypoxic ischemic
encephalopathy have strong predictive value for long-
term neurofunctional outcome (Ten et al., 2003).

The sensorimotor reflexes are the basis of behavior,
and the evaluation of their ontogeny provides important
knowledge on the deficiencies resulting from neonatal
anoxia. Although the literature presents some degree of
variability, potentially due to differing experimental
conditions, in our laboratory, their assessment was pretty
consistent in the considered sexes (Cruz-Ochoa
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et al., 2019; Helou et al., 2021; Kumar et al., 2017; Kumar
et al., 2019; Kumar et al., 2020b).

The treatment with melatonin depicted decreased
time of installation of negative geotaxis in males and
reduced the delay caused by anoxia in the placement
reflex by the vibrissae in females, and in the palmar grip
reflex, both in males and females. One possible explana-
tion for this result is the role of melatonin in blocking the
activity of the nuclear transcription factor kappa B
(NFkB) (Xia et al., 2012). This action decreases microglial
activation and nitric oxide levels, thereby attenuating the
inflammatory process, as a consequence of the expression
of tumor necrosis factor (TNF) and cell death, processes
that are induced by oxygen deficit.

The results in the Morris water maze suggest that all
animals memorized the platform’s location, regardless of
the stimulus, treatment, or sex. This finding is consistent
with other research in this age and group (Matsuda
et al., 2021). However, it is essential to consider the high
number of trials/sessions used for evaluation, as it may
mask potential alterations in the animals’ memory.
Studies show that even brain-damaged animals can learn
to locate the platform when subjected to numerous tests.
Even though, research with animal models of cognitive
impairments has used the Morris water maze test as a
resource to assess learning (Lauterborn et al., 2019).

In the swimming speed parameter, we detected that
the anoxia group was slower compared with the control
group of both sexes. This finding is consistent with previ-
ous research by Nyakas et al. (Nyakas et al., 1991) who
also observed a decrease in the animals’ motor activity
2 weeks after neonatal anoxia.

Differences in swimming speed were observed in P35
rats submitted to the same neonatal anoxia model
(Kumar et al., 2019), whereas anoxia male animals
swam faster than control animals. In contrast, Strata
and colleagues (Strata et al., 2004) observed altered
motor behavior in anoxic rats subject to neonatal oxygen
deprivation combined to sensorimotor restriction. Our
group did not find difference in swimming speed
between P60 anoxia versus control groups (Takada
et al., 2015). The transient increased motor activity in
juvenile rats exposed to 100% of nitrogen neonatally has
been already described (Speiser et al., 1983) (Dell’Anna
et al., 1991; Speiser et al., 1998), showing that this is age
dependent.

A positive action of melatonin was also revealed in
the morphological structure of the hippocampus by cell
counting using the isotropic fractionator method, an
innovative technique in oxygen deprivation models.
This method offers the advantage of being rapid and
cost-effective, allowing researchers to obtain result within
just one or a few days.
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In addition, melatonin effects might result probably
due to its role in the cascade of events that occur after
neonatal anoxia, by decreasing nitric oxide levels,
microglial responses, and the overproduction of pro-
inflammatory mediators that culminate with the conse-
quent cell death in the hippocampus (Carloni et al., 2008;
Carloni et al., 2014; Olivier et al., 2009).

In conclusion, this study demonstrated that melatonin
treatment has potential neuroprotective role in the short-
term development after neonatal anoxia. In addition, mel-
atonin appears to have a long-lasting impact on the neural
hippocampal cell populations, as observed at P35. These
findings suggest that further studies should be carried out
to explore the clinical implementation of melatonin as a
strategy in the neonatal procedures in order to avoid or
minimize the deleterious effects of neonatal anoxia.
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