
INTRODUCTION

Over the years, it has been reported that maternal stress during 
pregnancy affects the physical development and psychiatric health 
of prenatal and postnatal infants. In human studies, post-traumatic 
stress of pregnant mothers was associated with cortisol accumula-
tion in infant hair and dysregulation of maternal hypothalamic-

pituitary-adrenal (HPA) axis affects maternal health during preg-
nancy and fetal development [1, 2]. A recent study in children aged 
6 to 7 years reported that higher cortisol levels in the hair were spe-
cifically correlated with a lower volume of CA3 and dentate gyrus 
and associated with cumulative glucocorticoid levels [3]. Exposure 
to excessive glucocorticoids during pregnancy directly induces the 
dysregulation of placental lipid transport, metabolism and glucose 
uptake and causes structural and functional abnormalities during 
fetal development [4]. These studies suggest that developmental 
disabilities in children with neuropsychiatric disorders are corre-
lated with maternal stress during pregnancy.

Higher level of plasma cortisol is a well-known biological indi-
cator of depressive disorders in human and animal models. Par-
ticularly, maternal depression induces dysregulation of HPA axis 
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by changing the cortisol responses and affecting the maternal and 
infant neuroendocrine systems [5-8]. In animal models, stress-
induced increase in plasma cortisol was reflected in altered fetal 
cortisol levels and repetitive injections of corticosterone directly 
increased the level of blood cortisol, inducing various depressive 
symptoms [9, 10]. This cortisol response was dependent on the ex-
pression of glucocorticoid receptors. Furthermore, the biological 
correlation in cortisol response between a mother and offspring 
seems to be more evident in animal models. A reduced neonatal 
survival rate and decreased body weight of offspring were re-
ported in depressive female mice with normal fertility and the 
offspring exhibited impaired neonatal reflexes, memory decline, 
and anxiety-like emotionality during adulthood [11-14]. These 
previous reports suggested that abnormalities in the offspring of 
depressive rodents might be correlated with overexpression of 
glucocorticoid receptors in the brain, demonstrating that prenatal 
depression induced long-term detrimental effects on behavioral 
performance and brain development. Recently, it was reported 
that prenatal stress increases anxiety, depression, and stress-related 
hyperactive behaviors as well as deficits in learning and memory 
function [15-18]. Particularly, spontaneously hypertensive rats 
(SHRs), which are frequently used in studies of attention deficit 
hyperactivity disorder (ADHD), showed higher serum levels of 
progesterone, corticosterone and cortisol than normal rats, sug-
gesting that the endocrine-dependent regulation in developmental 
nervous system plays a major role in determining behavioral and 
emotional disorders [19]. However, although neuroendocrine 
dysregulation has been targeted in studies of psychiatric disorders, 
it is still necessary to investigate whether maternal stressors during 
pregnancy directly mediates behavioral and emotional abnormali-
ties in postpartum offspring.

In this study, we purposed to characterize the behavioral pheno-
types of rat pups that had prenatally been exposed to high cortisol 
due to the dysregulation of maternal cortisol response during 
pregnancy. For this, we tried to induce maternal neuroendocrine 
dysregulation in rats by repetitively injecting corticosterone dur-
ing pregnancy and then investigated if the high levels of maternal 
cortisol might be reflected in postnatal rat pups. Also, according 
to changed cortisol levels, we observed emotional and behav-
ioral abnormalities associated with psychiatric disorders such as 
depression or autism in postnatal rat pups. Experimental results 
were obtained from rats (Corti.Moms) daily injected with cor-
ticosterone during pregnancy and their pups (Corti.Pups), and 
compared with normal rats (Nor.Moms) injected with saline and 
normal pups (Nor.Pups) born from them. Behavioral evaluations 
of rat pups were performed via forced swimming (FS), open field 
(OF), elevated plus maze (EPM) and Morris-water maze (MWM) 

tests during the immediate post-weaning period (postnatal day 21 
to 25). 

Based on results, this study clearly suggests the potency of meth-
odological approaches to change maternal cortisol level in studies 
of neuropsychiatric and developmental brain disorders resulted 
from neuroendocrine dysregulation.

MATERIALS AND METHODS

Animals and drug administration

Female Sprague-Dawley (SD) rats were bred in the animal facili-
ty of Medical School, Jeju National University. The environment of 
the breeding room was automatically controlled at a temperature 
of 23±3℃ and 50±10% humidity under a 12-h light/dark cycle. 
Access to food and water was provided ad libitum . One female 
and one male were mated for breeding. As previously described 
by Iijima et al. in 2010 [9], the Corti.Mom model in this study was 
developed by the method to induce cortisol-mediated depressive 
symptoms in adult rodents. Corticosterone (20 mg/kg) was sub-
cutaneously injected dorsally into 8~9-week-old female rats once 
a day during pregnancy immediately after confirming fertilization 
(Fig. 1A). Pups born from Corti.Moms were defined as Corti.
Pups. For comparison, pregnant rats that were treated daily with 
saline (0.9% NaCl) instead of corticosterone represented the nor-
mal group (Nor.Mom) and their pups were defined as Nor.Pups. 
Corticosterone (Sigma-Aldrich) that was suspended in 0.9% NaCl 
supplemented with 0.1% DMSO and 0.1% Tween80, was used for 
injection. All pups were cared by their mothers for 3 weeks after 
birth and then used in behavioral tests during the postnatal week 
4. All animal experiments and procedures were performed with 
the approval from the Animal Care and Use Committee of Jeju 
National University. 

Behavioral experiments

Behavioral experiments involving male and female pups were 
performed from postnatal day 21 to day 25 (to day 23 in some ex-
periments). Behavioral tests were conducted between 1:30 PM and 
4:00 PM and all rat pups were transferred to the testing room 30 
min before the trial to habituate to the condition at 22~24℃ of air 
temperature. The test room was soundproof, and the light intensity 
was set at 200~250 lux with overhead LED fluorescent lamps (20 
watt). Before all experiments, rat pups were confirmed to be mov-
ing freely in the cage and the order of trials was counterbalanced 
across pups with or without cortisol treatment. In some tests, test 
chambers were wiped with a 70% ethanol prior to use and before 
subsequent tests for removing any odors from the previous sub-
ject. All behaviors and locomotor activities of pups were recorded 
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using action cameras (AS30 of Sony and Yi of Xiaomi) and tracked 
for analysis using idTracker software (Ver. 4.97, idtracker.es/home).  

Forced swim (FS) test

FS test is a well-known method used to evaluate depressive-like 
behaviors characterized by anxiety and helplessness [9]. FS test in 
this study was performed using a cylinder tank (40 cm diameter 
×60 cm height) that was constructed of transparent plexiglass. The 
tank was filled with enough water (at least 30 cm depth) so that 
animal subjects were unable to reach the bottom of the cylinder. 
The total height was high enough to prevent rat pups from escap-
ing from the tank. The water temperature was set at 24.5±1℃. The 
FS test was performed once a day from postnatal day 21 to day 23 
and the pups swam freely for 5 minutes in each test. Behavioral 

patterns in the FS test were evaluated based on immobility time, 
swimming time and the number of climbing trials. As previously 
described [9], immobility, swimming and climbing were defined 
as absence of movement except for balancing, continuous move-
ments of arms and legs to explore on the water surface, and move-
ments necessary to try to climb the cylinder wall, respectively. 

Open field (OF) test

The spontaneous locomotor activities were measured via OF 
test. The box used in the OF test was a cube without ceiling (80×80 
with height 50 cm), which was constructed of white PVC fomex 
(5 mm thickness). The bottom of the open cube was divided into 
16 small squares using 3 lines horizontally and vertically and four 
small squares located in the center were defined as the center area. 

Fig. 1. The treatment of corticosterone reduces the weight of both pregnant rat mothers and postnatal pups. (A) The experimental schematic for corti-
costerone injection and behavioral tests. (B) Changes of body weight of rat mothers during pregnancy. On the third week, the reduced weight gain was 
observed in Corti.Moms. (C) The number of litters. (D) Changes in the weight gain of pup rats during lactation. The weight of Corti.Pups was signifi-
cantly lower than that of Nor.Pups for three weeks. Data indicate the mean±S.E. **p<0.01.
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The room temperature was set at 22~24℃. The test was performed 
once a day from postnatal day 21 to day 23 and rat pups travelled 
freely in the box for 5 minutes in each test. Behavioral patterns in 
the OF test were evaluated by measuring the total travel distance, 
the central travel distance, the center-to-total distance ratio, and 
the moving velocity. 

Elevated plus maze (EPM) test

EPM was employed to evaluate anxiety-like behaviors. The EPM 
apparatus was made of white and black PVC fomex (5 mm thick-
ness). It consisted of two sets of cross-shaped arms located on the 
table with the height of 70 cm above the ground. The width and 
length of each arm were 8 cm and 40 cm, respectively. One set 
of arms fabricated from black PVC fomex, was enclosed within 
walls (closed arms), and the other made of white PVC fomex was 
exposed (open arms). The EPM test was performed once a day 
from postnatal day 21 to day 25. Each pup was placed at the center 
of the maze and was given 5 minutes to freely explore in each test. 
Behavioral assessments were performed by measuring the spent 
time and the travel distance in open arms because rodents natu-
rally exhibit a preference for darkness. Also, the number to reach 
the end of the open arm was counted and defined as extremity.

Modified Morris water maze (MWM) test

MWM is useful in assessing spatial, cognitive and memory 
functions based on behavioral activities in animal models. In this 
study, the MWM test was conducted in a metal cylinder chamber 
measuring 120 cm in diameter and 50 cm in depth. The tank was 
filled with water suspended in milk to hide the platform that was 
made of transparent plexiglass. The water temperature was set to 
24.5±1℃. The total water was deep enough, so that the rat was un-
able to touch the bottom. The hidden platform (the square shape 
with 100 cm2) was submerged 1~2 cm below the surface in the 
center of north quadrant. The rat was initially placed in the center 
of south quadrant and allowed to freely swim for 5 minutes in 
each test. MWM test was performed once a day from postnatal day 
21 to day 25 to evaluate learning and memory function. Behav-
ioral assessments were performed by measuring the escape time, 
the total travel distance, and the movement velocity. Furthermore, 
the first annulus time to reach the hidden platform, the number of 
annulus visits, and the spent time and travel distance in the target 
quadrant where the hidden platform was located, were analyzed to 
evaluate anxiolytic behaviors and attention deficit. 

Serum collection and cortisol measurement

Serum cortisol ELISA (Rat cortisol ELISA kit, EKC31485, Biom-
atik co. ltd., USA) was used to measure the plasma cortisol level ac-

cording to the manufacturer’s protocol. Blood was collected from 
the jugular vein of rat mothers immediately after delivery and that 
of postnatal 10-day pups. 

Statistical analysis

Data analysis and statistical significance were performed using 
Excel (Microsoft) software and SPSS. All data were presented as 
the mean±standard error of the mean (SEM), and statistical analy-
sis was performed by one- or two-way ANOVA. The differences 
between the groups were considered significant when the p value 
was <0.05 or <0.01.

RESULTS

Repetitive injection of corticosterone during pregnancy 

reduces the weight of rat pups

In order to increase the serum cortisol level in rat mothers and 
pups, corticosterone (20 mg/kg) was subcutaneously injected 
into the pregnant rats once a day during 21 days from confirm-
ing fertilization to delivery (Fig. 1). Saline (0.9% NaCl) was in-
jected in the control group for comparison. During pregnancy, 
the changes in weight gain of rats were continuously monitored 
and those of pups were measured after delivery (Fig. 1B and D). 
The difference in litter size between groups was monitored to 
observe the effect of cortisol on pregnancy (Fig. 1C). After birth, 
pups were under maternal care for 21 days and behavioral tests 
were performed after weaning (Fig. 1A). In this experiment, 
we confirmed that the weight of Corti.Moms was significantly 
lower than that of Nor.Moms in the late pregnant period (Fig. 1B, 
F=23.598, p<0.01, 21st day; Nor.Mom=371.67±9.53, n=21; Corti.
Mom=318.62±24.62 g, n=23). However, the difference in weights 
between two mother groups was not due to the amount of fetuses 
(Fig. 1C, Nor.Mom=12.00±2.10, Corti.Mom=12.44±1.16 pups 
per mother). Interestingly, the weights of Corti.Pups, which were 
measured every week after birth, were also significantly lower than 
that of Nor.Pups (Fig. 1D, F=65.263, p<0.01, post-natal 21st; Nor.
Pup=49.85±1.29, n=39; Corti.Pup=42.55±0.88 g, n=58). Particu-
larly, the significant difference in the weight of pups on post-natal 
day 1 indicated that the repetitive injection of corticosterone into 
pregnant rats influenced the fetal development. 

Cortisol level is increased in both Corti.Mom and Corti.Pup

High cortisol level was critically associated with weight loss in 
animal models showing depressive symptoms that were induced 
by repetitive corticosterone injections [9, 10]. Consistent with 
those reports, we also confirmed the weight loss in Corti.Moms 
during pregnancy and postnatal Corti.Pups, suggesting that ma-
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ternal cortisol level during pregnancy might influence the cortisol 
level in offspring (Fig. 1). In Fig. 2, we measured the serum cortisol 
level in blood collected from jugular vein of rat mothers imme-
diately after delivery and of 10 to 11-day-old pups, using ELISA. 
The serum cortisol levels were significantly elevated in both Corti.
Moms and Corti.Pups (Fig. 2, Corti.Mom=383.31±120.47, p<0.05; 
Corti.Pup=234.18±45.93%, p<0.05; trial #=4). This clearly demon-
strated that the elevation in cortisol level of Corti.Pups was attrib-
uted to the repetitive injection of corticosterone into rat mothers 
during pregnancy.

Corti.Pups exhibit hyperactive behavior in FS test

The FS test is generally used to determine depressive behavior 
in animal models of psychiatric disorders [20, 21]. Here, we used 
the FS test to determine behavioral abnormalities in pups because 
high cortisol level is critically correlated with depressive behav-
ioral patterns in adult rodents [9, 10]. From postnatal day 21 to 
day 23, the pups were subjected to the FS test once a day, and each 
test was performed for 5 minutes. In results, Corti.Pups showed 
a significantly shorter immobility time than Nor.Pups in the sec-
ond and third FS tests (Fig. 3A, F=9.234, p<0.01, 2nd day trial; Nor.
Pup=77.61±18.62, n=10; Corti.Pup=16.22±7.08 s, n=8). In contrast, 
the swimming time was longer in Corti.Pups than in Nor.Pups (Fig. 
3B, F=8.731, p<0.01, 2nd day trial, Nor.Pup=230.69±15.80, Corti.
Pup=283.41±5.32 s). The reduced immobility and higher num-
ber of swimming trials indicated possible hyperactivity of Corti.
Pups compared with Nor.Pups. In this experiment, there were no 
statistically significant differences between Nor.Pups and Corti.

Fig. 2. The level of plasma cortisol increases in both Corti.Moms and 
Corti.Pups. Cortisol level was measured in blood collected from the 
jugular vein of rat mothers right after delivery and postnatal 10-day pups, 
using serum cortisol ELISA assay. Data indicate the mean±S.E. *p<0.05.

Fig. 3. Corti.Pups exhibit hyperactive behaviors in FS test. (A) The dif-
ferent changes of immobility time between two groups. Corti.Pups con-
tinuously moved and swam in FS test for three days of the test, so their 
immobility was significantly less than that of Nor.Pups. (B) The different 
changes of swimming time between two groups. (C) The number of 
climbing trials. Bar graphs in A, B and C indicate the averaged value for 
three test days. Data indicate the mean±S.E. *p<0.05; **p<0.01.
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Pups in the number of climbing trials (Fig. 3C, 2nd day trial, Nor.
Pup=67.6±13.55, Corti.Pup=71.75±12.91). These results suggested 
that, unlike depressive adult models, the increased cortisol level 
might mediate hyperactivity in postnatal rat pups. 

Corti.Pups exhibit increased spontaneous locomotor  

activities in OF test

The OF test is an useful method to experimentally determine 
the level of locomotor activity, anxiety, and desire to explore in 

Fig. 4. Corti.Pups exhibit higher spontaneous locomotor activities in OF test. (A) Example traces of spontaneous movements in the open box. Four 
squares located in the center (bolded) were defined as ‘center area’. Traces were tracked by idTracker software. (B) Changes of total movement distance 
during the test. Corti.Pups showed the increased distance on the 3rd test day. (C) Changes of movement distance in the center area. The movement dis-
tance of Corti.Pups in the center area was significantly longer than that of Nor.Pups on the 2nd and 3rd test days. (D) The ratio of center distance to the 
total distance. The ratio of center movement in Corti.Pups was significantly increased on the 3rd test day. (E) Changes of movement velocity in OF test. 
Corti.Pups exerted the increased velocity while Nor.Pups showed consistent velocity during the test. Data indicate the mean±S.E. *p<0.05, **p<0.01.
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animal studies of psychiatric disorders [22, 23]. We also used OF 
tests to determine possible differences in spontaneous locomo-
tor activities and anxiety-like behaviors of rat pups in an open 
environment. Rat pups were placed in an open box for 5 minutes 
once a day from postnatal day 21 to day 23, and their spontaneous 
movements were recorded and tracked using idTracker software 
(Fig. 4A). In this behavioral experiment, no differences were ob-
served between the two groups in terms of the total movement 
distance and central movement distance in the first test (Fig. 4B 
and C, Total distance, 1st Test day, Nor.Pup=7.56±1.47, n=10; Corti.
Pup=6.87±1.63 m, n=8). However, spontaneous locomotor activity 
was significantly increased in Corti.Pups, which exhibited lon-
ger travel distance in both total and center areas in the third test 
(Fig. 4B and C, Total distance, 3rd Test day, Nor.Pups=6.57±1.24, 
Corti.Pup=12.19±2.95 m, F=6.451, p<0.05; Center distance, Nor.
Pups=0.41±0.13, Corti.Pup=2.01±0.88 m, F=8.016, p<0.05). Un-
like Corti.Pups, Nor.Pups exhibited stable and consistent locomo-
tor activities as well as reduced central movement for three days. 
These results strongly suggested that hyperactive and anxiolytic 
behaviors might be triggered in Corti.Pups. 

Corti.Pups show hyperactivity and anxiolytic behavior in 

EPM test

Corti.Pups exhibited less immobility and more spontaneous 
movement in FS and OF tests, respectively (Fig. 3 and 4). Although 
representative behavioral patterns in the two tests appeared to 
be anxiolytic hyperactivity or impulsivity, it was still possible 
that anxiety-like behaviors and maladaptation were expressed as 
hyperactivities depending on the test environment [24]. There-
fore, we further investigated if hyperactive locomotor activities 
of Corti.Pups were correlated with maladaptation or emotional 
anxiety. For this, we observed behavioral patterns in EPM which 
had two open arms and two closed arms at right angle (Fig. 5). 
This test was also performed for 5 minutes once a day from post-
natal day 21 to day 25. The spent time and travel distance in the 
open arms, the extremity representing the number of attempts to 
reach the end of an arm, and the moving velocity were measured 
and compared between two groups for 5 days (Fig. 5B~E). The 
Corti.Pups exhibited longer spent time and travel distance in 
open arms than Nor.Pups (Fig. 5B, F=7.539, p<0.05, 5th Test day, 
Spent time, Nor.Pup=40.17±8.99, n=10; Corti.Pup=141.05±39.20 
s, n=7; Fig. 5C, F=16.274, p<0.01, 5th Test day, Travel distance, Nor.
Pup=216.05±24.86, Corti.Pup=633.37±110.58 cm). These results 
demonstrated that Corti.Pups exhibited hyperactive behaviors, 
compared with Nor.Pups. Furthermore, the severe fluctuation in 
spent time and travel distance for 5 days of the test was observed in 
Corti.Pups, while Nor.Pups showed less variation. This suggested 

that the behaviors of Corti.Pups might reflect anxiolytic emotion 
and attention deficit. The extremity analysis was more evident for 
hyperactive and anxiolytic behaviors of Corti.Pups, because they 
exhibited more frequent travels to the end of the arms on days 
4th and 5th of the test (Fig. 5D, F=24.680, p<0.01, 5th Test day, Nor.
Pup=1.0±0.24, Corti.Pup=5.14±0.79). The results of EPM test sug-
gested that the behavioral phenotypes of Corti.Pups might be cor-
related with hyperactive behavior reflecting anxiolytic emotion. 
Also, the fluctuation in behavioral patterns exhibited by Corti.
Pups despite repetitive trials, suggested a possible dysfunction in 
developing brain mediated with abnormal spatial cognition. In 
contrast, there were no significant differences in movement veloc-
ity (cm/s) between the two groups, indicating absence of motor 
function deficits (Fig. 5E, 5th Test day, Nor.Pup=6.50±0.67, Corti.
Pup=5.89±0.87 cm/s).

Corti.Pups show declines in spatial cognition and learning 

After weaning on the postnatal day 21, the modified MWM 
test was performed to evaluate the spatial cognitive and learning 
functions in rat pups. Pups were subjected to the MWM test for 
5 minutes once a day from postnatal day 21 to day 25. The repre-
sentative swimming patterns of each group are shown in Fig. 6A. 
Escape time and total distance to reach the hidden platform and 
stop swimming were significantly longer in Corti.Pups than in 
Nor.Pups on the first test day when no difference in swimming 
velocity was observed (Fig. 6B~D, Escape time, F=38.432, p<0.01, 
1st Test day, Nor.Pup=187.81±42.20, n=7; Corti.Pup=508.36±48.60 
s, n=11; Total travel distance, F=22.749, p<0.01, 1st Test day, Nor.
Pup=38.22±9.44, Corti.Pup=76.56±8.07 m; Velocity, F=34.715, 
p<0.01, 1st Test day, Nor.Pup=0.18±0.02, Corti.Pup=0.15±0.01 
m/s). This result indicated that Corti.Pups had reduced spatial 
cognitive function rather than anxiolytic behavior and hyperactiv-
ity. However, in the second and third tests, Corti.Pups exhibited 
significantly slower swimming velocity with the escape time and 
total distance that were still significantly longer than those of Nor.
Pups (Fig. 6B~D, 3rd Test day, Escape time, Nor.Pup=62.97±14.21, 
Corti.Pup=290.20±64.70 s, p<0.05; Total travel distance, Nor.
Pup=16.99±4.02 , Corti.Pup=61.11±13.83 m, p<0.05; Velocity, 
Nor.Pup=0.26±0.02 , Corti.Pup=0.21±0.01 m/s, p<0.05). This sug-
gested that the reduced cognitive function of Corti.Pups might be 
correlated with anxiolytic emotion and attention deficit. However, 
Corti.Pups showed a gradual improvement in escape time and 
total distance in the fourth and final tests, similar to Nor.Pups 
which steadily manifested the increased cognitive function in the 
learning task of the MWM test. These results suggested that Corti.
Pups might have delayed and incomplete cognitive function and 
spatial memory formation. The possible correlation of hyperactiv-
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Fig. 5. Corti.Pups exert hyperactive and anxiolytic behaviors in EPM test. (A) Example traces of locomotor activities of pups in the open arms of EPM. 
(B, C) Changes of spent time and movement distance in the open arms during 5 days of EPM test. Corti.Pups showed longer spent time and movement 
distance with higher variation in the open arms, compared with Nor.Pups. (D) Changes of the extremity. During the test, attempts to touch the end of 
open arms was more frequently observed in Corti.Pups, demonstrating the impulsivity and anxiolytic behaviors. (E) Changes of locomotor velocity in 
the open arms. Data indicate the mean±S.E. *p<0.05, **p<0.01.
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ity and anxiolytic behavior with reduced cognitive function was 
supported by the analysis of annulus time and locomotor activities 
in the target quadrant. During 5 days of MWM test, the first an-
nulus time to reach the hidden platform was significantly shorter 
in Corti.Pups than in Nor.Pups (Fig. 7A, First annulus time, 1st Test 
day, Nor.Pup=149.86±31.61, Corti.Pup=69.36±17.79 s, p<0.01). 
Additionally, Corti.Pups remained longer in the target quadrant 
area and visited the platform more frequently than Nor.Pups 
(Fig. 7B and C, 1st Test day, Number of visits, Nor.Pup=1.86±0.37, 
Corti.Pup=5.36±0.91, p<0.01; Target quadrant time, Nor.
Pup=61.14±15.30, n=8; Corti.Pup=95.98±12.88 s, p<0.05 ). These 
results indicated the possibility that Corti.Pups exhibited attention 
deficit during the learning task. Additionally, the delay between the 
first annulus visit and the final escape strongly provided evidence 
for impulsivity and attention deficit during learning tasks (Fig. 
7E, 1st Test day, Nor.Pup=12.32±5.56; Corti.Pup=79.19±8.39%, 
p<0.01).

DISCUSSION

Cortisol is the dominant factor to determine stress-mediated 
depression and the repetitive injection of corticosterone elevates 
the level of plasma cortisol, inducing neuroendocrine dysregula-
tion and depressive symptoms in animal studies [6, 8-10, 25]. In 

the present study, we injected corticosterone to pregnant rats and 
investigated the occurrence of behavioral abnormalities in post-
natal rat pups correlated with neuropsychiatric disorders such as 
depression or autism. Unlike adult animal models showing depres-
sive behaviors, pups born from rats treated with corticosterone 
exhibited hyperactivity, anxiolytic behaviors, and impulsivity. This 
phenomenon was confirmed by the behavioral patterns of Corti.
Pups showing 1) less immobility and increased swimming trial in 
FS test, 2) increased travel distance in both total and central areas 
of the OF test, 3) longer spent time and travel distance in the open 
arm of EPM test, 4) increased extremity in EPM test, and 5) longer 
escape time and swimming distance despite frequent annulus 
visits in MWM tests. Furthermore, Corti.Pups showed partial 
cognitive impairment and delayed spatial memory in repetitive 
MWM tests. These results provide direct evidence suggesting that 
cortisol-mediated dysregulation of pregnant rats may affect the 
behavioral and cognitive functions of their pups during postnatal 
development.  

The high level of plasma cortisol is an important biomarker of 
major depressive disorders clinically as the excessive stress cor-
related with human depression elevates the cortisol level [25, 26]. 
Therefore, it has been believed that constant exposure to external 
stressors may affect the neuroendocrine system of brain and in-
duce neurochemical dysregulation resulting in neuropsychiatric 

Fig. 6. Corti.Pups show hyperactive behaviors with cognitive declines in MWM test. (A) Example traces of swimming activities of pups in MWM test. 
(B, C) Changes of escape time and travel distance for 5 trial days of the test. Longer time and distance were observed in Corti.Pups during the initial 
three days, compared with Nor.Pups. However, similar with Nor.Pups, Corti.Pups rapidly found the hidden platform on the 4th and 5th test days, showing 
delayed cognitive function in the learning task. (D) Changes of swimming velocity. Data indicate the mean±S.E. *p<0.05, **p<0.01.
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disorders [5, 6, 26]. In animal models, depression-like behaviors 
and emotions were induced by experimental manipulations to 
elevate the cortisol level, indicating that cortisol is a major factor 
triggering or exacerbating depressive symptoms [9, 10, 27]. These 
previous studies reported behavioral phenotypes of cortisol-
mediated depression in animal models, which were characterized 
by increased immobility, reduced locomotor activities, reduced 
food intake and weight gain, and increased anxiety-like emotions. 
These behavioral and emotional symptoms in animal models are 
consistent with those of patients with depressive disorders, and 
therefore, cortisol-induced cellular and systemic alterations in 
brain are key factors to explain the incidence of depression. In this 
study, the repetitive injection of corticosterone to pregnant rats 
significantly increased cortisol levels in both mothers and their 
pups (Fig. 2). This pharmacological manipulation exhibited the 
effect to acutely increase the cortisol level in adult and adolescent 
rat models, so most behavioral tests were performed immediately 

after the last injection [28-30]. However, using rat pups that were 
prenatally exposed to high cortisol, we executed behavioral tests 
during post-weaning period rather than immediately after birth. 
Also, the cortisol level of Corti.Pups at the postnatal day 10 was 
significantly lower than that of Corti.Mom measured immediately 
after delivery, possibly indicating the gradual decline of cortisol 
levels over the postpartum days. The cortisol level of Corti.Pups 
measured on postnatal day 15 was lower than the result of post-
natal day 10 (not shown) and Gáll et al., previously observed that 
cortisol level measured 32 days after the last injection of corticos-
terone was completely restored to the normal level [31]. Therefore, 
cortisol level might return to normal or was insignificantly high 
during behavioral tests without any acute effects of high cortisol. 
Interestingly, Corti.Moms with high plasma cortisol did not ex-
hibit any depressive symptoms during pregnancy and weaning 
period, showing behavioral activities and food intake like Nor.
Moms which were treated with saline (data not shown). This indi-

Fig. 7. Corti.Pups exert anxiolytic behaviors with attention deficit in MWM test. (A) Different annulus time between two groups. In the first test, the 
first annulus time to visit the hidden platform was significantly shorter in Corti.Pups than Nor.Pups. (B) The difference of annulus visit numbers. Corti.
Pups more frequently visited the hidden platform than Nor.Pups. (C, D) The differences of spent time and travel distance in the target quadrant. In this 
analysis, Corti.Pups stayed longer in the target quadrant, demonstrating hyperactive and anxiolytic movements to explore the water maze. (E) The differ-
ence of escapes time taken since the first annulus visit. Corti.Pups showed significantly longer escape time despite the first annulus time was significantly 
shorter, indicating the possibility of attention deficit. Data indicate the mean±S.E. *p<0.05, **p<0.01.
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cates the possibility that the pharmacological increase of cortisol 
during pregnancy differently or insufficiently influences maternal 
neuroendocrine regulation. However, it was clear that the injection 
of corticosterone to mother rats negatively affected the physical 
development of fetuses (Fig. 1D), and it seemed that the difference 
in weights between mother groups was dominantly attributed to 
the different weights of their fetuses. In Fig 1B and D, Corti.Moms 
was approximately 10% lighter than Nor. Moms when excluding 
the weights of fetuses at the prenatal day 21. This difference in the 
weight of Corti.Mom was considerably less than that observed in 
adult rat models showing over 30% reduction of the body weight 
by 21-day injection of corticosterone [27, 29]. This strongly sug-
gests that pregnancy and related endocrine changes may degrade 
the effect of corticosterone treatment to affect the neuroendocrine 
system as well as emotional and behavioral activities, despite of the 
increase of cortisol level. It is well known that pregnancy itself is 
a dominant factor to affect cortisol regulation in animals and hu-
man [32, 33]. 

Pups born from Corti.Moms exhibited different behavioral 
patterns compared with depressive adult models. As a result, 
Corti.Pups exhibited consistently hyperactive movements in all 
behavioral tests in this study. Unlike cortisol-induced depressive 
behaviors, Corti.Pups showed less immobility in FS test, more 
spontaneous locomotor activities in OF test, longer spent time and 
increased distance in the open arm of the EPM test, and longer 
swimming time and distance in the MWM test (Fig. 3~6). These 
behavioral phenotypes are clearly consistent with hyperactivity 
in ADHD models [19, 23]. It is also possible that increased spent 
time and distance in the center of the OF test and the open arms 
of the EPM test reflect anxiolytic and impulsive emotion of Corti.
Pups (Fig. 4 and 5). In horizontal exploration tasks of animal mod-
els, the rate of exposure in open environment is a useful indicator 
to determine anxiety-like behaviors and emotions [22, 23, 34]. 
Depressive animals with anxiety tend to prefer a closed environ-
ment while increased spontaneous locomotor activities in open 
area are often attributed to anxiolytic emotions [35]. The decrease 
of anxiety-like behaviors is one of the representative phenotypes 
observed in ADHD models which express hyperactivity [23, 35]. 
Particularly, the number of trials to touch the end of the EPM 
open arms was significantly increased in Corti.Pups, indicating 
a decrease in their anxiety-like emotion (# of extremity in Fig. 5). 
The impulsivity was also observed in behaviors of Corti.Pups. In 
EPM test, the spent time and distance in open arms varied greatly 
in Corti.Pups while steady and consistent locomotor activities 
were observed in Nor.Pups during five days of the test (Fig. 5). 
Thus, Corti.Pups in this study manifested behavioral phenotypes 
consistent with ADHD models characterized by hyperactivity and 

anxiolytic impulsivity [36]. 
In previous clinical studies, 50% of adults and 30% of children 

with ADHD showing the comorbidity suffered from depressive 
episodes and anxiety [37-39]. This clearly indicates that ADHD 
increase the onset of depressive symptoms in human. However, 
unlike human studies, it seems difficult to reliably evaluate emo-
tional anxiety and depressive symptoms in ADHD rodent models. 
In this study, we observed continuous swimming in FS test, longer 
exposure to open conditions and increased extremity in OF and 
EPM tests. These behavioral patterns have been demonstrated 
to be mediated to hyperactive and anxiolytic emotion in many 
previous reports that studied about ADHD rodent models [23, 29, 
30]. However, it is still necessary to identify the comorbidities in 
animal models with psychiatric disorders for clarifying the patho-
genic mechanism underlying psychiatric disorders. Although we 
did not focus on the comorbidities in ADHD rodent models, our 
results provide evidence for a possible correlation between ADHD 
and depressive symptoms because the treatment of corticosterone 
is commonly used to induce depressive symptoms in rodents.

Although it is still debated, many previous studies reported the 
co-existence of cognitive impairment with ADHD symptoms 
in human and animal models. Learning disorders and memory 
deficits were observed in ADHD patients showing behavioral 
and social problems [40, 41]. Genetically modified rodent models 
exhibited cognitive dysfunction in learning tasks and lower mem-
ory retention [23, 34, 35]. SHR models of ADHD also revealed 
memory impairment correlated with hippocampal dysfunction 
[42-44], while intact spatial learning was reported in another study 
[45]. Here we observed defective cognitive behavior and delayed 
learning function in Corti.Pups, which exhibited longer escape 
time and swimming distance despite more frequent annulus visits 
in MWM test (Fig. 7). Additionally, their cognitive dysfunction ap-
peared to be attributed to anxiolytic behaviors and attention deficit 
evidenced by more frequent annulus visits as well as longer travel 
distance in the target quadrant. Consistent with previous studies, 
our results strongly suggest declines of behavioral and cognitive 
functions in the developing brain of Corti.Pups following mater-
nal dysregulation of neuroendocrine system that is mediated with 
cortisol.

Various environmental challenges such as malnutrition and 
stress during the prenatal period, increase susceptibility to psy-
chiatric disorders associated with cognitive dysfunction during 
later life and dysregulation in development of fetal brain seri-
ously affects the neuroendocrine system, resulting in mental 
and cognitive disorders [15, 46, 47]. Therefore, it is necessary to 
focus on abnormal processing or dysregulation in developmental 
brains to identify the pathogenic mechanism of ADHD which 
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is a heterogeneous developmental brain disorder. Although the 
cortisol-mediated relationship between mother and fetus should 
be addressed in a further study, we here clearly demonstrated that 
the experimental manipulation to increase maternal cortisol level 
during pregnancy resulted in ADHD-like symptoms in postnatal 
rat pups. Our findings suggest that, in terms of brain development, 
Corti.Pups may be a potent experimental model of ADHD rather 
than other genetically modified animals.   
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