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	 Abstract
	 Context. Foetal asphyxia, a frequent birth 
complication, detrimentally impacts the immature brain, 
resulting in neuronal damage, uncontrolled seizure 
activity and long-term neurological deficits. Oxytocin, 
a neurohormone mediating important materno-foetal 
interactions and parturition, has been previously suggested 
to modulate the immature brain’s excitability, playing a 
neuroprotective role. Our aim was to investigate the effects 
of exogenous oxytocin administration on seizure burden and 
acute brain injury in a perinatal model of asphyxia in rats. 
	 Animals and methods. Asphyxia was modelled 
by exposing immature rats to a 90-minute episode of low 
oxygen (9% O

2
) and high CO

2
 (20% CO

2
). Control rats were 

kept in ambient room-air for the same time interval. In a third 
group of experiments, oxytocin (0.02 UI/g body weight) was 
nasally administered 30 minutes before the asphyxia episode. 
Seizure burden was assessed by the cumulative number of 
loss of righting reflex (LRR) over a two-hour postexposure 
period. Acute brain injury was assessed through hippocampal 
S-100 beta, a biomarker of cellular injury, 24-hours after 
exposure. 
	 Results. Asphyxia increased both LRR and 
hippocampal S-100 beta protein compared to controls, 
and these effects were significantly reduced by oxytocin 
administration. 
	 Conclusion. Oxytocin treatment decreased both 
seizure burden and hippocampal injury, supporting a potential 
neuroprotective role for oxytocin in perinatal asphyxia.

	 Key words: perinatal asphyxia, oxytocin, 
hippocampus, S100B, loss of righting reflex.

INTRODUCTION

	 The developing brain is vulnerable to 
the influence of different factors that may impair 

neurodevelopment and have long-term deleterious 
effects. During a pathological pregnancy or an 
abnormal delivery, the foetal brain may be exposed 
to perinatal asphyxia (PA), a severe condition with 
significant mortality and morbidity that has long-
lasting implications for adult brain development (1). 
PA is characterized by impairment of exchange of 
the respiratory gases (oxygen and carbon dioxide) 
resulting in hypoxemia and hypercapnia, accompanied 
by metabolic acidosis (2). Acute clinical manifestations 
include lethargy or coma, the need for mechanical 
ventilation and parenteral feeding, altered tonus and 
seizures that are notoriously difficult to treat. Different 
brain regions respond in different ways to the effect 
of PA, with the hippocampus being one of the most 
vulnerable areas (3). Available medical interventions 
for PA are currently limited to controlled hypothermia, 
which aims to reduce the spread of the initial injury (4). 
Hence, there is a need for further research to explore 
novel preventive and targeted therapeutic strategies. 
	 Oxytocin is a neurohormone, synthetized 
primarily by the hypothalamus, but also in other 
brain areas, such as the pineal gland (5), that mediates 
numerous physiological effects including milk ejection, 
parturition and maternal-foetal interactions. Recent 
studies have also investigated oxytocin’s direct effects on 
the brain during different physiological and pathological 
conditions (6-10). In the immature brain, oxytocin has 
been found to modulate brain’s excitability by promoting 
near-term excitatory-to-inhibitory switch in GABA 
action (11) and has been found to exert a prolonged 
neuroprotective action on hippocampal neurons subjected 
to an in vitro model of transient hypoxia-ischemia (12). 
In the adult brain, oxytocin has been shown to inhibit 
pentylenetetrazol (PTZ) induced seizures, further 
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highlighting its potential as a modulator of brain’s 
excitability (13). To the best of our knowledge, the 
potential anticonvulsant and neuroprotective effects of 
oxytocin have not been investigated in the context of PA.
	 In an animal model of PA, recently developed 
by Helmy et al. (14) and further studied by us (15,16), 
exposure of postnatal day 6 (P6) rat pups to combined 
hypoxia and hypercapnia leads to pronounced post-
asphyxic seizures, corresponding to those seen in 
neonates affected by birth asphyxia. In the present 
study we use this recently developed PA model to test 
the effects of oxytocin on post-asphyxic seizure burden 
and hippocampal injury. 

MATERIALS AND METHODS

	 Animals and experimental conditions
	 Experiments were performed using Wistar 
rats which were kept under standard conditions, with 
ad libitum access to food and water and in 12 hours 
light-dark cycles. The experimental procedures 
were conducted with the consent of the local ethics 
committee for animal research and in accordance with 
the 2010/63/EU directive of the European Parliament on 
the protection of animals used for scientific purposes. 
	 Postnatal day 6 (P6) pups of both genders 
randomly separated from 5 mothers were exposed to 
hypoxia (9% O

2
) and hypercapnia (20% CO

2
) for 90 

minutes, to mimic the persistent impairment of gas 
exchange seen in PA, as previously described (14-16). 
Control pups were kept in room air (normoxia) for the 
same time interval. Immediately post-exposure, pups 
were returned to their mothers. Thirty minutes before 
PA exposure, a group of pups received oxytocin (Sigma 
Aldrich) nasally administered (0.02 IU/g body weight, 
dissolved in 2 µL sterile Ringer solution (mM: 147.1 
Na+, 4 K+, 2.25 Ca2+, 155.6 Cl-, pH 7.4)), using a pipette 
on the rhinarium, around the nostrils, avoiding direct 
application into the nostrils, as described by Neumann 
et al. (17). All non-treated pups were subjected to nasal 
administration of vehicle solution (Ringer solution only), 
following the same conditions as oxytocin-treated pups.
	 Three experimental groups resulted: Control 
group (pups exposed to normoxia and treated with 
vehicle solution, n=17), PA group (pups exposed to PA 
and treated with vehicle solution, n=26) and PA-Oxy 
group (pups treated with oxytocin and exposed to PA, 
n=16).  

	 Seizure burden evaluation by Loss of Righting 
Reflex

	 Seizure burden was assessed over a two hours 
postexposure period by the cumulative number of loss of 
righting reflex (LRR), as described by Helmy et al. (14). 
LRR, associated with tonic-clonic seizures and a highest 
score in a modified Racine scale, is considered a reliable 
tool for a reproducible quantitative analysis of the total 
seizure burden in various experimental paradigms (14). 
	 Immediately after exposure, 11 pups from 
the PA-group, 10 from PA-Oxy group and 9 from the 
control group were video recorded over a time period of 
2 hours with a camera placed above the pups. The video 
recordings were further used to assess the cumulative 
number of LRRs in a blind evaluation. A score of 1 was 
given for each LRR event, then the score was averaged 
per pup, and cumulative seizure burden was calculated 
with data points set at 1-minute intervals (14).

	 ELISA assessment of hippocampal injury by 
S100B
	 To measure the level of S100B, known as an 
early marker for brain injury, pups from PA (n=6), PA-
Oxy (n=6) and control groups (n=8) were sacrificed 24 
hours post-exposure and the hippocampi were dissected, 
isolated from the meningeal structures in ice-cold PBS 
(0.02 mol/L, pH=7.0-7.2), homogenized and sonicated 
for 10 min, then centrifuged (5000g/5 min) at 4°C. The 
supernatant was used for the ELISA measurements 
of S100B (Cusabio Biotech) and total protein content 
(Biosystems), as previously described (15,16). Results 
were expressed in pg/mg of total protein. 

	 Statistical Analysis 
	 The data was analyzed using GraphPad 
Prism 6.00 (GraphPad Software Inc.) and graphical 
representations were done using Microsoft Excel. The 
biochemical results were compared using one way 
measure ANOVA followed by posthoc Tuckey’s test. 
Data from all experiments were expressed as mean 
± SEM. A two-sided p-value < 0.05 was considered 
statistically significant. 

RESULTS

	 Seizure burden
	 The convulsive events assessed by the 
cumulative number of LRR per pup during the post-
asphyxia 2-hour video recording was significantly 
increased in the PA group compared to control group 
(23.27 vs. 9.44 average cumulative LRRs per pup). 
In PA-Oxy group, oxytocin administered 30 minutes 
before PA significantly reduced the post-asphyxic 
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seizure burden as shown by an average cumulative 
LRR per pup reduced to 14.8 (Fig. 1). 

	 Hippocampal injury
	 Exposure to PA significantly increased 
hippocampal level of S100B compared to control, 24 
hours post-asphyxia (516 ± 83.78 vs. 185.7 ± 21.59 pg/
mg of total protein, p < 0.05). In pups from PA-Oxy 
group, hippocampal level of S100B was significantly 
lower (229 ± 17.67 vs. 516 ± 83.78, pg/mg of total 
protein, p˂0.001) as compared to PA group 24 hours 
after asphyxia (Fig. 2). 

DISCUSSION

	 In this study we used a model of PA that induces 
post-asphyxic seizures to test the anticonvulsant and 
neuroprotective effects of oxytocin. We found that 
nasal administration of oxytocin 30 minutes before 
PA exposure is associated with a significant decrease 
of post-asphyxic seizures rate and hippocampal S100B 
level.
	 Oxytocin has been previously reported to 
reduce seizures as reflected on electroencephalographic 
recordings in rats exposed to PTZ (13). Also, in zebrafish, 
oxytocin and its non-mammalian homologue isotocin 
showed anticonvulsive effects leading to decrease in the 
number of seizures after PTZ treatment (18). Oxytocin-
receptor null mice have an increased susceptibility 
for seizures, a characteristic that was shown to be 
antagonized by peripherally administered oxytocin (19). 

	 Nasal administration of oxytocin bypasses 
the blood-brain barrier (20) and has been proven to 
be effective in delivering the neurohormone to the rat 
brain, with a peak level in the hippocampus at 30 to 60 
minutes, changes that were followed by corresponding 
increases in the plasma oxytocin levels (17). The dose of 
oxytocin used in this study was adapted from the dosage 
used by Neumann et al., considering the less efficient 
uptake in nasal application comparing with the intranasal 
administration used in humans (17) Also, oxytocin was 
used at a dose similar to the one in the clinical settings 
of pregnancy, labour and delivery, considering that both 
the mother and the foetus are releasing oxytocin (21) 
and there is an oxytocin surge, especially in prolonged 
or difficult labour, accompanying the foetal hypoxia and 
foetal distress (22, 23). Oxytocin was also reported to act 
on the vasopressin V1a receptors (19,24) and part of its 
effects could be explained through the interaction with 
these receptors. 
	 Perinatal asphyxia is a major cause of neonatal 
morbidity, including seizures. Neonatal seizures are 
notoriously difficult to control as many of the anti-
convulsant agents used in adults are ineffective at this 
stage (25), and other circumstantial factors such as 
sex hormones and endogenous neurosteroids impact 
on neuronal excitability and seizure susceptibility 
(26). Hence, oxytocin may represent a suitable 
anticonvulsant alternative for the neonatal period. 
Moreover, intranasal administration in new-borns may 
be more suitable for delivering oxytocin to the brain 
and avoiding its potential peripheral effects. 

Figure 1. Seizure burden during 2-hours post-asphyxia. Seizure 
burden as reflected in the cumulative loss of righting reflex (LRR) 
per pup in each experimental group (PA n=11, PA-Oxy n=10, Control 
n=9), during a 2-hour time interval following perinatal asphyxia or 
normoxia.

Figure 2. Hippocampal S-100B levels 24 hours post-asphyxia. 
Hippocampal levels of S-100B assessed 24 hours after a 90 minutes 
exposure to perinatal asphyxia (PA, n=6), oxytocin treatment and 
perinatal asphyxia (PA-Oxy, n=6) or normoxia (Control, n=8) in 
6-day-old Wistar rat pups. Bars are mean ± SEM.
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	 In the present study we also quantified the 
hippocampal S100B to assess the level of brain injury 
induced by PA. S100B is an acidic calcium binding 
protein primarily concentrated in the glial cells of the 
nervous system and involved in the regulation of several 
intra- and extracellular processes (27). The hippocampus 
is one of the most vulnerable areas to hypoxia-ischemia 
(3). Protein S100B levels have been shown to increase 
in rat hippocampi after exposure to brain injury or to 
ischemia (28). S100B is considered a reliable marker of 
neuronal and glial injury after perinatal asphyxia (29) 
and it has been shown to remain increased at 24 - 48 
hours after a traumatic event (30). Consistent with our 
previous studies (15,16), in the present one we found 
that PA is associated with hippocampal cellular injury, 
as shown by the significant increase in hippocampal 
S100B level 24 hours post-asphyxia. Administration of 
oxytocin prior to PA resulted in significant lower levels 
of hippocampal S100B compared with non-treated PA 
group, suggesting a potential neuroprotective effect 
of oxytocin. These results are in accordance with our 
previous study showing a protective effect of oxytocin 
in a model of oxygen-glucose deprivation that mimics 
birth ischemia in cultured immature hippocampal 
neurons in rats (12). 
	 Maternal oxytocin is an essential peptide 
during labour and delivery and is one of the key 
signalling molecules between the mother and the foetus 
during intrauterine life. High levels of oxytocin found 
in maternal blood at delivery are likely to be reflected 
in the foetal blood and the foetal brain (30-32) and 
a growing body of evidence suggests that oxytocin 
signals the foetus to prepare for the extrauterine 
environment (33, 34). A potential role of oxytocin in 
the foetal brain is to promote a switch in the action 
of the neurotransmitter GABA from depolarizing to 
hyperpolarizing and to augment the resistance of foetal 
brain to the normal anoxia associated with labour and 
delivery (35). The exact mechanisms by which oxytocin 
reduced seizure burden and brain injury in our study 
remain to be explored and clarified by future studies. 
It is tempting to speculate that oxytocin administration 
induced a similar shift in GABA action toward more 
hyperpolarised levels, as previously reported during 
birth (35). Such a shift would increase the strength 
of GABAergic inhibition, which in turn could reduce 
seizure activity and neuronal damage. On the other hand, 
recent studies have reported that during the neonatal 
period vasopressin acts to increase interneuron activity 
and thus to enhance brain inhibition, irrespective of 
the depolarising/hyperpolarising GABA actions (36). 

As mentioned earlier, at high doses, oxytocin can 
also activate vasopressin receptors (19, 24). Hence 
the effects of oxytocin in our study could represent 
a combination of acting on oxytocin and vasopressin 
receptors. Regardless of the exact mechanisms, our 
study provides a proof of principle that oxytocin can 
act as a neuroprotective agent in the acute phase of 
asphyxia-induced brain injury. Future studies should 
also explore the potential of oxytocin to prevent long-
term consequences of asphyxia-induced brain injury. 
Such studies should include behavioural and memory 
tests since the hippocampus is particularly susceptible 
during development (37).  
	 In conclusion, the results of the present in 
vivo study show that oxytocin administration prior 
to perinatal asphyxia decreased the seizure burden 
and the hippocampal injury induced by perinatal 
asphyxia and support the potential anticonvulsant and 
neuroprotective effects of oxytocin in the immature 
brain. Further studies are necessary to clarify the exact 
mechanisms through which oxytocin is acting under 
various clinically relevant circumstances. 
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