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Summary 
The healthy development of the fetus depends on the exact 
course of pregnancy and delivery. Therefore, prenatal hypoxia 
remains between the greatest threats to the developing fetus. 
Our study aimed to assess the impact of prenatal hypoxia on 
postnatal development and behavior of the rats, whose mothers 
were exposed to hypoxia (10.5 % O2) during a critical period of 
brain development on GD20 for 12 h. This prenatal insult 
resulted in a delay of sensorimotor development of hypoxic pups 
compared to the control group. Hypoxic pups also had lowered 
postnatal weight which in males persisted up to adulthood. In 
adulthood, hypoxic males showed anxiety-like behavior in the OF, 
higher sucrose preference, and lower levels of grimace scale 
(reflecting the degree of negative emotions) in the immobilization 
chamber compared to the control group. Moreover, hypoxic 
animals showed hyperactivity in EPM and LD tests, and hypoxic 
females had reduced sociability compared to the control group. 
In conclusion, our results indicate a possible relationship between 
prenatal hypoxia and changes in sociability, activity, and impaired 
emotion regulation in ADHD, ASD, or anxiety disorders. The fact 
that changes in observed parameters are manifested mostly in 
males confirms that male sex is more sensitive to prenatal 
insults. 
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Introduction 
 

An unmutilated course of pregnancy and 
delivery is necessary for the healthy development of the 
fetus. The restricted supply of oxygen (hypoxia) during 
pregnancy, therefore, remains between the greatest 
threats to the fetus during development (Vlassaks et al. 
2013, Piešová and Mach 2020). Incidence of perinatal 
hypoxia in Europe varies between 0.01-2.8 % live full-
term births (Giannopoulou et al. 2018). It may cause 
long-term health problems and increased risk for chronic 
diseases via fetal programming (Barker 1990). Hypoxia 
causes an increase in reactive oxygen species production, 
which can trigger long-term changes in gene-expression 
patterns (Patterson and Zhang 2010, Ding et al. 2017). 
These epigenetic changes may affect enzymes involved in 
the production of stress hormones, potentially 
predisposing the fetus to chronic cardiovascular and 
metabolic diseases. Prenatal hypoxia is also associated 
with lower cardiac performance, which may lead to 
cardiomyopathies (Patterson and Zhang 2010). Several 
authors confirmed the importance of oxygen balance 
during gestation for the proper development of the animal 
cardiovascular system and its reactivity later in life (Rook 
et al. 2014, Svitok et al. 2016, Brain et al. 2019). 

Although the fetal cells and organs have 
developed several compensatory responses to hypoxia, 
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they are not sufficient enough to protect the developing 
brain against severe or chronic hypoxia (Nalivaeva et al. 
2003, Riljak et al. 2016). If the hypoxia strikes during 
sensitive stages of the brain maturation, it may cause 
neuronal apoptosis or permanent changes in 
neurotransmitter release (McGuire 2007). As prenatal 
hypoxia can have a deleterious impact on the 
development of the central nervous system, it may lead to 
behavioral disturbances later in life. In various studies, 
changes in sensorimotor development, activity, motor 
functions, memory, and emotionality were reported in the 
offspring of hypoxic mothers (Delcour et al. 2012, Zhang 
et al. 2013, Sedláčková et al. 2014). 

Prenatal and perinatal hypoxic conditions also 
increase the risk of autism spectrum disorder (ASD) and 
attention deficit hyperactivity disorder (ADHD) (van 
Handel et al. 2007, Getahun et al. 2013, Froehlich-
Santino et al. 2014, Giannopoulou et al. 2018). The 
social skills deficits are a major area of impairment for 
children and adolescents with these psychiatric disorders 
(Carpenter Rich et al. 2009, Roberts et al. 2019). In rats, 
asphyxia in the prenatal period resulted in behavioral 
changes (especially hyperactivity) resembling some signs 
of ADHD in children (Dubovický et al. 2007). According 
to Miguel et al. (2015), neonatal hypoxia-ischemia is  
an environmental factor that could contribute to the 
development of behavioral characteristics observed in 
ADHD that are associated with general brain atrophy. 
ADHD is characterized not only with inattention, 
hyperactivity, and impulsivity but also with negative 
emotionality. Indeed, the development of these 
behavioral problems has long been known to be related to 
impairments in emotion regulation and emotionality 
(Dodge and Pettit 2003, Martel 2009). 

The aim of our study was to assess the impact of 
prenatal hypoxia on postnatal sensorimotor development 
and behavioral changes of the rats, whose mothers were 
exposed to hypoxic conditions during a critical period of 
brain development and maturation. 
 
Methods 
 
Animals 

The mating of animals was induced by placing 
virgin female Wistar rats (weight 200-220 g, age  
3-4 months, n=16; Dobra Voda, Slovakia) in a cage with 
males in the 3:1 ratio. The presence of spermatozoa in 
vaginal smear was considered a day 0 of gestation.  
3-4 pregnant females were housed in one cage under 

standard laboratory conditions (12/12 h light/dark cycle; 
23±1 °C; 50-70 % humidity; food and water ad libitum). 
All experiments were performed according to the 
Principles of Laboratory Animal Care and were approved 
by the Ethical Committee of Centre of Experimental 
Medicine, SAS, and State Veterinary and Food 
Administration of Slovak Republic. All experiments were 
performed during the light phase of the cycle. 
 
Induction of hypoxia 

Pregnant rats (n=8) underwent hypoxia on 
a gestational day 20 (GD20) for 12 h. Normobaric 
hypoxia was induced in a hypoxic chamber by a gas 
mixture (10.5 % O2 + 89.5 % N2; Linde Gas, Slovakia). 
The exhaled CO2 was replaced by the gas mixture every 
30 min. After the hypoxic insult, the animals were 
returned to their home cages. Control pregnant rats (n=8) 
were placed to the hypoxic chamber on GD20 for 12 h 
without inducing hypoxia. The females delivered 
spontaneously, and the day of delivery was considered as 
a postnatal day 0 (PP0). The pups were assigned to the 
groups after weaning (PP21) using the single pup per 
litter rule to minimize genetic bias. 
 
Acid-base balance 

The venous blood gases were measured from 
vena coccygea lateralis with heparinized injections using 
the Epoc© blood analysis system (LABtechnik, s.r.o., 
Brno, Czech Republic). The samples were collected after 
12 h of hypoxic insult (n=6) and analyzed within 5 min. 
The samples from control group (n=7) were collected on 
GD20. 
 
Postnatal development 

After delivery, the number of pups per litter was 
assessed on PP1. On PP5, the number of pups in each 
litter was culled to 10. The weight and number of pups 
were also assessed on PP5, PP10, PP15, and PP20. The 
pups were weighed individually on PP40 (adolescence) 
and PP92 (adulthood). The neuromotor development of 
pups was evaluated by the righting reflex and air-righting 
tests: to assess righting reflex, the pup was laid on the 
back, and the time needed to turn to the limbs was 
measured on PP5. The air-righting was studied on PP16 
when a pup was dropped in a dorsal position from 30 cm-
height on the soft surface. Its ability to land on all four 
paws was assessed. The sensory development of pups 
was studied through their startle reflex: on PP12 a glass 
flask was hit by a metal bar and the freezing reaction of 
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a pup was examined. For the statistical analysis of 
postnatal development, mean results per litter were used. 
 
Behavioral tests in adulthood 
Elevated plus maze (EPM) 

The dark plastic apparatus had two opened 
(50×10 cm) and two enclosed (50×30×10 cm) arms 
placed 50 cm above the floor level. Animals (n=39) were 
placed in the central zone facing the open arm on PP60. 
Their movements were tracked for 5 min and analyzed by 
the ANYMAZE™ software. The experimental box was 
cleaned by 70 % ethanol after each trial. 
 
Light/dark test (LD) 

The apparatus consisted of a white plastic arena 
(40×60×x40 cm) with a smaller black box (40×20×40 cm, 
opening 8×10 cm) inserted in the arena. Animals (n=39) 
were placed in the light part of the box facing the opening 
on PP83. Their movements in the apparatus were 
recorded for 5 min and analyzed by the ANYMAZE™ 
software. The experimental box was cleaned by 70 % 
ethanol after each trial. 
 
Open field test (OF) 

The OF box is a dark plastic square-shaped 
experimental box (60×60×40 cm). Animals (n=39) were 
placed in the central part of the box on PP86. Their 
movements were tracked for 5 min and analyzed by the 
ANYMAZE™ software. The experimental box was 
cleaned by 70 % ethanol after each trial. 
 
Sucrose preference test (SPT) 

On the first day of testing, animals (n=40) were 
introduced to a 1 % sucrose solution for 24 h. For the 
next 12 h, animals were deprived of food and water. The 
preference test was carried on from 10:00 to 12:00 on 
PP93. A bottle with the 1 % sucrose solution and a bottle 
with tap water was placed in the home cages of the rats. 
Animals could drink ad libitum from both bottles. The 
sucrose preference was calculated as a division of sucrose 
consumption by the total consumption of liquids 
corrected on the weight of each animal. 
 
Social interaction test (SIT) 

The social interaction test was adapted from File 
(1980). On PP104-105, the offspring were tested for their 
social interaction behavior with an unknown test partner of 
the same weight (± max. 10 g), sex, and treatment. Pairs of 
animals were placed in diagonally opposite corners of the 

box. Their behavior was recorded for 5 min using a digital 
camera (Logitech, Lausanne, SUI). Pairs were tested in 
random order in the dark plastic square-shaped box 
(60×60×40 cm) between 14:30 and 17:00. The latency 
until the first contact, total duration, and the frequency of 
socio-cohesive (following, chasing, mutual sniffing, genital 
investigation, climbing over, crawling under, 
allogrooming, time in close proximity) and socio-aversive 
(escape, mounting, tail biting) interactions were measured. 
 
Rat grimace scale (RGS) 

RGS method was adapted from Sotocinal et al. 
(2011) and described in detail in Senko et al. (2017). On 
PP112-113, each animal was first observed in the home 
cage and subsequently transferred to the immobilization 
chamber (adapted to the size of the animal), which is 
considered a mildly stressful context characterized by 
immobilization and social isolation (Paré and Glavin 
1986, Brown et al. 2005). Animals were tested for 10 min 
in both conditions. The facial expressions of rats were 
recorded using a camera (Lumix DMC-TZ 7, Panasonic, 
Japan) (1 picture/min, in total 10 pictures of each animal 
in the home cage and immobilization chamber, 
respectively). Each picture was analyzed by three 
independent trained observers, who examined action units 
expressing the emotional state of the animal. 

The action units were scored from 0 to 2, with 
the score denoting the intensity of emotional expression: 
"0"=high confidence that the action unit was absent; 
"1"=high confidence of a moderate appearance of the 
action unit or equivocation over its presence or absence; 
"2"=high confidence of an obvious appearance of the 
action unit (Sotocinal et al. 2011). Subsequently, the 
RGS score for each animal was calculated from the mean 
score of the individual ratings of action units. Reliability 
was quantified by comparing average action unit scores 
across coders, using the intraclass correlation coefficient 
(ICC) (Shrout and Fleiss 1979). The overall ICC was 
0.81 (ICC3), 0.93 (ICC3k). Therefore, the scores of the 
three observers were averaged and used for statistical 
analysis. An index of emotional reactivity was calculated 
as the difference between the RGS score in the stress 
situation and the RGS score in the home cage. 
 
Statistics 

All data were analyzed using Shapiro-Wilk’s  
W-test to determine whether they fit a normal distribution. 
One-way ANOVA, followed by Fisher´s LSD post hoc 
test, was used to evaluate the effect of hypoxia on the acid-
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base balance of the rat dams. Postnatal development, 
number of pups, and their weight were analyzed using the 
t-test or Mann-Whitney U-test. If all the parameters in the 
behavioral test had a normal distribution, they were 
analyzed by a two-way ANOVA (factors: treatment, 
gender) followed by a post hoc Fisher test (EPM, sucrose 
preference, RGS). If one or more parameters were 
significant in the normality test, then the t-test and/or 
Mann-Whitney U-test were used separately for each 
gender (LD, OF, SIT). Data were analyzed using the 
program STATISTICA 7.0 (StatSoft, Tulsa, OK, USA). 
The p<0.05 was recognized as statistically significant. 
Results are presented as mean ± S.E.M. 
 
Results 
 
Acid-base balance 

Venous blood gas analysis showed a state of 

compensated respiratory alkalosis in hypoxic dams 
(Table 1). The hypoxic environment led to 
hyperventilation that exceeded metabolic demands and 
resulted in a decline of the arterial partial pressure of 
carbon dioxide (pCO2) and a rise in the pH of the blood. 
Lowered pCO2 led to a compensatory decrease in 
bicarbonate (HCO3

-), which is associated with chronic 
respiratory alkalosis. 
 
Postnatal development 

Hypoxia did not affect the number of pups per 
litter. However, the weight of hypoxic pups showed 
a trend to decrease, especially on PP10 (U=19.5, 
Z=1.855, p=0.06). This decrease of weight was 
significant in males in adolescence (t=3.279, DF=35, 
p<0.01) and in adulthood (t=2.293, DF=35, p<0.05). 
However, the weight of juvenile and adult hypoxic 
females did not differ from control levels (Table 2). 

 
 
Table 1. Acid-base balance of the rat dams. (* p<0.05; ** p<0.01; *** p<0.001 – statistically significant compared to control). 
 

 Control (n=7) Hypoxia (n=6) Units Fdf (1.11) value p value Abbreviations 

pH 7.49±0.01 7.56±0.01** pH units 18.9 p<0.01  
pCO2 35.43±1.93 17.6±1.83*** mm Hg 44.15 p<0.001 Carbon dioxide, partial pressure 
pO2 48.41±4.41 43.68±0.86 mm Hg 0.95 p=0.35 Oxygen, partial pressure 
cHCO3

- 26.64±1.09 15.58±1.30*** mmol/l 42.97 p<0.001 Actual bicarbonate concentration 
 
 
Table 2. Postnatal development of the rat pups. (* p<0.05; ** p<0.01 – statistically significant compared to control). 
 

 
Control Hypoxia 

Pups per litter 

PP1 10.11±0.65 10.88±0.58 
PP5 10.0 10.0 
PP10 9.86±0.14 9.88±0.13 
PP15 9.71±0.18 9.5±0.19 
PP20 9.71±0.19 9.5±0.20 

Postnatal weight (g) 

PP5 11.57±0.42 10.55±0.46 
PP10 19.65±0.6 17.52±1.08 
PP15 29.27±3.2 27.51±1.24 
PP20 40.64±4.26 38.13±1.58 

Weight (g) 

Male 
PP40 135.21±3.44 120.78±2.69** 
PP92 340.05±5.75 323.17±4.51* 

Female 
PP40 116.7±1.99 113.75±1.45 
PP92 217.65±3.68 219.35±3.22 

Righting reflex – time (s) 1.73±0.07 2.61±0.25** 
Air-righting – accomplished (%) 84.99±5.76 67.92±6.4 
Startle reflex – accomplished (%) 73.35±6.84 53.61±6.09* 
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The postnatal motor development of hypoxic 
pups was slowed compared to the control group: Pups 
from the hypoxic group needed significantly longer time 
in the righting reflex test (U=4.0, Z=-2.946, p<0.01), and 
the percentage of hypoxic pups to accomplish air-righting 
trended to decrease compared to control group (t=1.942, 
DF=14, p=0.07). The percentage of hypoxic pups who 
accomplished startle reflex was also significantly 
decreased in the hypoxic group compared to the control 
group (t=2.156, DF=14, p<0.05), which suggests their 
slower sensory development. 

Behavior in adulthood 
In the elevated plus-maze, animals did not show 

anxiety-like behavior, as there was no effect of treatment 
or gender on the time spent in the open arm (Fig. 1A). 
However, hypoxic treatment had a significant effect on 
the distance travelled in this maze (F(1,35)=4.967, p<0.05), 
and post hoc test showed an increase in the distance 
travelled in this test in hypoxic females (p<0.05), but not 
males, compared to control group (Fig. 1B), indicating 
hyperactivity of hypoxic females. 

 
 

 
 
Fig. 1. Effect of prenatal hypoxia on the time rats spent in the open arm (A) and distance (B) they travelled in EPM; and time spent in 
the light zone (C) and activity (D) in LD test. * p<0.05 – statistically significant compared to control group (CON=control, 
HYP=hypoxia, F=female, M=male). 
 
 

In the light/dark test, males from the hypoxic 
group travelled significantly longer distance than the 
control group (t=-2.266, DF=16, p<0.05, Fig. 1D), which 
suggests their hyperactivity. The time they spent in the 
light zone (which indicates the extent of anxiety-like 
behavior of rats) was, however, not changed compared to 
the control group (Fig. 1C). The behavior of hypoxic 
females did not differ from the control group in this test. 

Open field test showed an increase in anxiety-
like behavior of hypoxic males: They spent shorter time 
(t=2.248, DF=16, p<0.05, Fig. 2A) and travelled shorter 
distance (t=2.726, DF=16, p<0.05, Fig. 2B) in the central 

zone of the OF compared to control males. The time 
females spent in the central zone and the distance they 
travelled in it were not changed. The activity of hypoxic 
rats was not changed in this test, as there was no 
significant difference between hypoxic and control 
groups in the distance they travelled in this test. 

Sucrose preference is used to assess anhedonia 
and depression-like behavior of animals. An effect of 
gender (F(1,36)=48.529, p<0.001) and treatment 
(F(1,36)=6.113), p<0.05) on the sucrose preference of rat 
offspring was seen. The post hoc test revealed a signifi-
cantly elevated preference of sucrose only in male 
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Fig. 2. Effect of prenatal hypoxia on the time (A) and distance (B) the offspring travelled in OF test, its preference of sucrose (C) and 
socio-cohesive interactions (D). * p<0.05; *** p<0.001 – statistically significant compared to control group (CON=control, 
HYP=hypoxia, F=female, M=male). 
 
 
hypoxic rats (p<0.05) (Fig. 2C). 

In the social interaction test, hypoxic females  
(but not males) spent less time in socio-cohesive 
interaction in comparison with control females (t=4.33, 
DF=38, p<0.001) (Fig. 2D). However, the latency until 
the first contact and the total frequency of socio-cohesive 
interactions were not changed by hypoxia. Socio-aversive 
interactions were observed only in few animals, and no 
differences have been found between groups. 

An effect of gender (F(1,33)=30.3, p<0.001) was 
seen on the Rat grimace scale score in the home cage 
(Fig. 3A), while in the restraint stress, we observed  
an effect of gender (F(1,33)=65.321, p<0.001) and 
treatment (F(1,33)=10.275, p<0.01). Hypoxic males 
achieved a significantly lower score compared to control 
males (p<0.01) in restraint stress (Fig. 3B). We also 
found a significant effect of treatment (F(1,33)=23.121, 
p<0.001) and gender (F(1,33)=2.216, p<0.001) on the 
emotional reactivity of rats: Animals exposed to hypoxia 
reached a significantly lower emotional reactivity (males: 
p<0.001, females: p<0.05) compared to control animals 
(Fig. 3C). 

Discussion 
 
In our study, respiratory alkalosis was found in rat dams 
as a compensatory response to the hypoxic environment 
due to the increase in ventilation, which proved the 
suitability of the hypoxic model used. Prenatal hypoxia 
caused a significant delay in postnatal development of 
sensory and motor reflexes of the offspring that are 
inevitable for the adaptation of pups to the new 
environment. It also caused a decrease in postnatal weight 
(especially in male rats) in the hypoxic group which 
persisted up to adulthood. Our findings are in agreement 
with other studies that found a negative impact of 
prenatal hypoxia on postnatal development of the rat pups 
(Dubrovskaya and Zhuravin 2010, Liu et al. 2011, 
Watzlawik et al. 2015), especially on their body and brain 
measures (Tong et al. 2009) and weight (Gonzalez-
Rodriguez et al. 2014, Walton et al. 2016). In our study, 
hypoxia had a negative impact on the postnatal 
sensorimotor development of the affected pups that was 
comparable to other studies (Dubovický et al. 2004,  
Liu et al. 2011, Sanches et al. 2012, Kumar et al. 2017). 
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Fig. 3. Effect of prenatal hypoxia on the rat grimace scale score in the home cage (A), in restraint stress (B), and on the emotional 
reactivity (C) of the offspring. * p<0.05, ** p<0.01, *** p<0.001 – statistically significant compared to control group (CON=control, 
HYP=hypoxia, F=female, M=male). 
 
 

Prenatal hypoxia is thought to change the 
emotionality of rats, which manifests as their anxiety-like 
behavior in various behavioral tests. In our study, 
hypoxic males showed anxiety-like behavior in the OF in 
adulthood, as they spent a significantly shorter time in the 
central zone and travelled a shorter distance in it. Prenatal 
hypoxia and hypoxia-ischemia also led to the anxiety-like 
behavior of rats in many other studies (Weitzdoerfer et al. 
2004, Sab et al. 2013, Howell and Pillai 2014, 
Sedláčková et al. 2014). 

Males from the hypoxic group showed higher 
sucrose preference compared to control rats in our study. 
However, in the sucrose preference test, the loss of 
sucrose preference is traditionally interpreted as a marker 
of anhedonia and depression-like behavior in animals 
(Matthews et al. 1995). Although a more recent study 
found a correlation between higher sucrose consumption 
and increased immobility in the forced swim test (Brenes 
et al. 2006); we have found no effect of hypoxia on the 
immobility of animals in the forced swim test (data not 
shown). However, we observed a higher intake of food in 
hypoxic males during the testing (data not shown). We, 

therefore, assume that the increase in sucrose 
consumption in hypoxic males may be caused by their 
hyperphagia. 

Hypoxic animals showed hyperactivity in  
EPM and LD tests, which is in accordance with other 
studies on hypoxic or hypoxic-ischemic animals 
(Dubovický et al. 2004, Delcour et al. 2012). Exposure to 
hypoxia also reduced the sociability of affected 
individuals. Hypoxic females spent less time in socio-
cohesive interaction in comparison with control females. 
These results support the existence of a possible 
relationship between prenatal hypoxia and changes in 
sociability and activity in ADHD and ASD (Carpenter 
Rich et al. 2009, Roberts et al. 2019), but also in anxiety 
disorders (Roberts et al. 2019). 

Although we did not see differences between the 
control and hypoxic group in the grimace scale (reflecting 
the degree of lived negative emotions) in the home cage, 
hypoxic males showed lower levels of RGS in the 
immobilization chamber compared to the control group. 
This fact is also confirmed by the Emotional Reactivity 
Index itself, which was lower in animals from the 
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hypoxic group. These findings may be related to 
impairments in emotion regulation related to either 
ADHD or ASD (Dodge and Pettit 2003, Martel 2009, 
Mazefsky and White 2014). 

The fact that changes in observed parameters are 
manifested mostly in males confirms that male sex is 
more sensitive to prenatal impact, as evidenced by the 
higher prevalence of ASD or ADHD in men (Nøvik et al. 
2006, Willcutt 2012, Werling and Geschwind 2013). We 
also confirmed results from our previous study 
(Sedláčková et al. 2014) and other studies (Tashima et al. 
2001, Waddell et al. 2016), in which males were more 
sensitive to hypoxia or hypoxia-ischemia than female 
animals. The weaker effect of hypoxia and other adverse 
impacts on females is thought to be caused by the sexual 
dimorphism in microglial activation, cell death pathways, 
or circulating gonadal hormones during prenatal 
development (for an extensive review see Charriaut-
Marlangue, Besson and Baud 2017). 
 
Conclusions 
 

In conclusion, our study shows a deleterious 
impact of late maternal hypoxia on the early development 

of the rat offspring. Moreover, our results indicate 
a possible relationship between prenatal hypoxia and 
changes in sociability, activity, and impaired emotion 
regulation in ADHD, ASD, or anxiety disorders. Our 
model also showed higher sensitivity of male offspring to 
prenatal impacts. All in all, our model can be used for 
assessing the prenatal programming mechanisms and 
testing of prevention and/or treatment of the prenatal 
hypoxia complications. 
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