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Prenatal ethanol exposure leads to 
persistent anxiety-like behavior 
during adulthood indicated by 
reduced horizontal and vertical 
exploratory behaviors
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Ruixiang Wang , Kathryn A. Hausknecht , Saida Oubraim , 
Samir Haj-Dahmane  and Roh-Yu Shen *

Department of Pharmacology and Toxicology, Jacob School of Medicine and Biomedical Sciences, 
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Background: Fetal alcohol spectrum disorders (FASD) caused by prenatal ethanol 
exposure (PE) consist of many cognitive/behavioral deficits. Studies have reported 
that PE leads to impairments of learning and memory, attention, executive 
function, and anxiety. Open field (OF) is a common behavioral model which offers 
comprehensive ethological information. Here, we analyzed multiple parameters 
of OF to examine anxiety behavior and habituation after PE.

Material and Methods: Pregnant Sprague Dawley rats were gavaged twice/day with 
0 or 3 g/kg/treatment ethanol (15% w/v) during gestational day (GD) 8–20, mimicking 
second-trimester heavy PE in humans. The control and PE adult offspring were 
subjected to OF task in different ambient light levels with or without acute stress.

Results: Prenatal ethanol exposure did not influence the overall locomotor 
activities or habituation in the OF. In lower ambient light, no PE effects could 
be detected. In higher ambient light, female PE rats showed less activities in the 
center zone, indicative of increased anxiety. Males show lower activities in the 
center zone only after acute stress. Rats spent <2% of the time in the center 
zone compared to >75% of the time in the corner zone where they engaged 
in frequent rearing activities (vertical exploration; exploratory rearing). Prenatal 
ethanol exposure led to lower rearing activities in the corner in both males and 
females. Acute stress masks the PE effects in males but not in females.

Discussion: The results support that heavy PE leads to persistent anxiety-like 
behavior during adulthood in both sexes. This conclusion is supported by using 
multiple parameters of exploratory behavior in the OF, including the rearing 
activities in the corner to reach reliable quantification of anxiety-like behavior.
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Introduction

Prenatal ethanol exposure (PE) leads to structural and functional abnormalities (Tang 
et al., 2019) in the brain, which can cause lifelong cognitive/behavioral deficits and mood 
disorders (Pyman et al., 2021). The term fetal alcohol spectrum disorders (FASD) is used 
to represent multiple cognitive/behavioral/emotional deficits caused by PE. The global 
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prevalence of FASD in children and youth population was 
estimated to be 7.7 per 1,000 population (Lange et al., 2017). The 
prevalence rate of FASD is persistently high (2–5%) in the general 
population of the US (May et  al., 2009, 2014). Currently, 
understanding of FASD pathology and treatment strategies is 
limited. With such high prevalence and accompanying huge 
economic costs (Greenmyer et al., 2018), it is crucial to understand 
the mechanisms caused by PE in order to develop effective 
intervention strategies.

The cognitive/behavioral deficits in FASD include poor 
executive function (Kingdon et al., 2016), learning and memory 
deficits (Mattson et al., 2011), hyperactivity (Mattson et al., 2011) 
and attention deficits (Pyman et al., 2021). In addition, individuals 
with FASD also show mood disorders such as anxiety and 
depression (Famy et al., 1998; Fryer et al., 2007; Hellemans et al., 
2010a) and vulnerability to stress (Hellemans et al., 2010a; Keiver 
et al., 2015). The above deficits can be observed in rodent models of 
PE including the attention deficit (Wang et al., 2020, 2021), sensory 
processing deficit, and habituation deficit (Wang et  al., 2022). 
Prenatal ethanol exposure in rodents also leads to depressive-like 
and anxiety-like behaviors (Hellemans et al., 2010b). The anxiety-
like behavior is shown using various behavioral tasks including 
elevated plus-maze task (Osborn et al., 1998; Dursun et al., 2006; 
Hwang and Hashimoto-Torii, 2022; Oubraim et  al., 2022) and 
elevated zero maze task (Oubraim et al., 2022), novelty-induced 
hypophagia, light–dark box, and open field (OF) (Rouzer et al., 
2017). In addition, PE reduces social behaviors in the social 
interaction task (Diaz et  al., 2016, 2020). These studies show 
inconsistent results possibly due to PE paradigms (route, timing, 
and duration), rodent species/strains, sexes and behavioral tasks 
used. The elevated plus-maze is one of the most popular ethological 
models to measure anxiety levels, which has numerous advantages 
(e.g., does not require training, or water/food deprivation, and 
simplicity of design) (Carobrez and Bertoglio, 2005). However, the 
elevated plus-maze task and other similar tasks (e.g., light–dark 
box) cannot offer comprehensive information related to exploratory 
behaviors which is important for inferring anxiety.

Open field task, on the other hand, allows us to fully examine 
exploratory behavior. In the OF task, animals are allowed to explore 
the entire arena freely. They usually locomote around the walls and 
avoid the center open area. The behavioral pattern is termed 
thigmotaxis. Reduced center zone activities represent lower horizontal 
exploratory activities and higher anxiety levels. In addition to the 
center zone activities as an index of anxiety, some evidence shows that 
vertical exploratory behavior (rearing; high-leaning behavior) could 
also infer anxiety levels in rodents (Kuniishi et al., 2017; Sturman 
et  al., 2018). However, most investigators only use center zone 
exploratory activities in the OF, ignoring the vertical exploratory 
behavior (rearing) which takes place much more frequently than 
center zone activities. So far, there are no studies investigating chronic 
heavy PE on anxiety-like behavior in both sexes using the OF with 
detailed analysis of exploratory behavior. In the present study, 
we investigate the effects of heavy PE during the second-trimester 
equivalent using detailed analyses of both horizontal and vertical 
exploratory behaviors. Additionally, we  analyzed the anxiety-like 
behavior after 2 h acute restraint stress (ARS) since animals were more 
vulnerable to stress after exposure to ethanol prenatally (Hellemans 
et al., 2010b; Wieczorek et al., 2015).

Materials and methods

Animals

Rats were bred in house to prevent potential stress from 
transportation and to strictly control the prenatal environment. The 
procedure of breeding, ethanol exposure, and cross-fostering were 
described in previous reports (Wang et al., 2020, 2021). Briefly, male 
and virgin female Sprague–Dawley rats (Envigo, Indianapolis, IN, 
United States) were housed in the breeding cages with food and water 
ad lib. Gestational day 0 is designated when copulatory vaginal plugs 
were found. The holding room was maintained a 12 h/12 h regular 
light–dark cycle (lights on 7:00 a.m.) with temperature and humidity 
well-controlled.

Pregnant dams were randomly assigned to vehicle control (22.5% 
w/v sucrose water, isocaloric to ethanol) or ethanol (3 g/kg; 15% w/v) 
group. Our previous study reported that the blood alcohol 
concentration of this PE paradigm was 116.8 ± 10.5 mg/dl 1 h after the 
second ethanol treatment on GD 15 (Shen et al., 1999; Wang et al., 
2019). This ethanol dosage in rats is comparable to heavy prenatal 
alcohol exposure in humans (Wang et al., 2020). From GD 8 to GD 
20, both groups were administered twice (0 or 3 g/kg ethanol; 5–6 h 
apart) via intragastric gavage every weekday. On weekends, a single 
treatment with 0 or 4 g/kg ethanol solution was given daily. Control 
dams were pair-fed with ethanol treated dams on GDs 8–20 to equate 
nutrient intake from rat chow across groups. Food was ad lib after GD 
20. Both control and ethanol groups were injected thiamine-
containing vitamin B-complex (containing 8 mg/kg; i.m.; twice/week 
during GDs 8–20; Super B Complex, Vedco, Saint Joseph, MO) to 
compensate for potential thiamine deficiency caused by ethanol 
treatment or the pair-feeding condition (Ba et al., 1996).

Each litter was culled to 10 pups with equal number of pups in 
each sex (5 males and 5 females), when possible, on postnatal day 1. 
The pups of PE dams were fostered by extra dams without any 
treatment and gave birth 1–2 day(s) earlier. The cross-fostering 
procedure was to prevent the potential maternal negligence or 
undernutrition from alcohol withdrawal of PE dams. The pups of each 
control dam were switched. However, cross-fostering might lead to 
other physiological changes and might not be translational to clinical 
studies (Giberson and Weinberg, 1997; Bartolomucci et al., 2004). 
Twenty-five male rats (control: 12 from 8 litters; PE: 13 from 8 litters) 
and 26 female rats (control: 14 from 8 litters; PE: 12 from 8 litters) 
were utilized in the current study. Before the behavioral experiment 
start, animals were handled for 3 consecutive days (5 min/rat/day). 
Animals entered behavioral experiments at 8–9 weeks old. All 
procedures were followed by the guidelines of the National Institutes 
of Health regarding laboratory animal care and use, and approved by 
the Institutional Animal Care and Use Committee of University 
at Buffalo.

Apparatus

Open field
Four identical OF apparatuses were used for testing. Each OF 

apparatus consisted of a square arena (100 × 100 cm) with black 
rubber floor and 46 cm high walls. The lights offered 2 levels of 
even illumination: the lower light level (~14 lux at center, ~9 lux 
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at corners of the OF) and the higher light level (~60 lux at center, 
~40 lux at corners). White noise was provided in the testing room. 
One camera was placed 2.4 m above each OF apparatus. All tests 
were recorded and analyzed automatically with ANY-maze version 
6 software (Stoelting Co., Illinois, United States). Each OF was 
virtually divided into the following zones on the floor (Figure 1): 
(A) center (at the center area with a diameter of 43 cm), (B) 
peripheral zone (the area between center and edge zones), (C) 
edge zone (10 cm distance from each wall), (D) corner zone. The 
position of the animal in zones A–D was measured with a center 
point on the torso area. The following variables were collected 
from zones A–D: distance moved (m), duration (s), frequency 
(number of entries), and latency(s) of the first-time entry. Area 
under the curve (AUC) of total distance was calculated to reflect 
the habituation of the locomotor activities in the OF. Lower AUC 
represents faster habituation (Wang et  al., 2018a). The rearing 
behavior was measured when animal’s nose position was tracked 
and went over the virtual line on the wall which was 13 cm above 
the floor in the corner area (zone E, Figure 1). During rearing, the 
distance of head movement and head turn angle which are features 
of exploratory behavior (Lever et al., 2006) were also recorded. For 
example, rats moved their heads 15 degrees to the left and then 
moved their heads 45 degrees to the right in a rearing event, the 
head turn angle would be 60 degrees. In addition, duration (s), 
frequency (number of entries), head distance moved (m), and 
latency (s) of the first-time entry of rearing behavior were 
also recorded.

Acute restraint stress
The ARS procedure was applied to enhance psychological stress 

and without causing physical injury (Briski and Gillen, 2001). 
Transparent cylinders with ventilation holes were used for ARS. The 

cylinders were 23 cm long, 6.3 cm in diameter (Model 81, IITC Life 
Science Inc., United States).

Behavioral testing

Under the lower ambient light condition, animals were habituated 
in the OF testing room for 15 min before the OF tests. Each animal 
was placed in the center of the OF at the start of the test. Each animal 
was allowed to explore the entire OF freely for 18 min. Four weeks 
later when animals were 12–13 weeks old, they were habituated in the 
testing room for 15 min prior to the OF tests under the higher ambient 
light for 18 min (Baseline). Three weeks later when animals were 
15–16 weeks old, an acute restraint stress (ARS) was performed right 
before the OF test. Under bright light, animals were restrained in the 
rodent restrainers for 2 h. After the ARS, animals were returned to 
their home cages and immediately brought to the testing room for 
15 min habituation, where animals were allowed to move freely to 
avoid non-specific motor effects due to movement restriction during 
restraint. Then the animals were placed in the OF apparatuses for the 
18 min test (after ARS).

Statistics

A two- or three-way repeated measures ANOVA with litter as a 
nested factor was used in statistical analysis when appropriate. 
We use statistical approach to control for possible litter effects and 
increase the rigor of the current study. “Litters” were nested under 
prenatal treatment conditions and used as a nested factor. Significant 
litter effects were also reported in statistical analysis. This approach 
was used successfully for controlling litter effects in our previous 
studies (Wang et al., 2018b; Aghaie et al., 2020). Lazic and Essioux 
(2013) argue that the nested design can avoid statistical bias when 
the whole litter is subject to the same experimental procedure in 
utero. Planned comparison was used after ANOVA for pairwise 
comparison. Independent t-test was applied for the data under lower 
ambient light condition. Values represented Mean ± SEM. The 
significant levels were set as p ≤ 0.05. All calculations were 
performed with STATISTICA 7 (Stat Soft. Inc., Oklahoma, 
United States).

Results

Prenatal ethanol exposure slightly lowered 
litter size and pup weight on postnatal day 1

Eight control and 8 PE dams gave birth to a total 174 pups: 
89 males and 85 females, respectively (Table 1). Prenatal treatment 
decreased the litter size (independent t-test: df = 14, t = 3.1, p < 0.01). 
Prenatal treatment also slightly decreased the pup weight on 
postnatal day 1 (two-way repeated measures ANOVA with litter as a 
nested factor: prenatal treatment, sex: main effect of prenatal 
treatment, F(1, 142) = 20.08, p < 0.001, main effect of sex, F(1, 
142) = 18.21, p < 0.001; litter effect, F(28, 142) = 4.92, p < 0.001). 
Planned comparison after ANOVA showed prenatal treatment led to 
slightly lower weight in both male and female pups. These results are 

FIGURE 1

The illustration of each zone in the OF task. (a) Center zone, (b) 
peripheral zone, (c) edge zone, and (d) corner zone. An additional 
rearing zone was defined on the upper wall in the corner (e).
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consistent with our previous report (Wang et  al., 2020), which 
suggested that the current PE condition did not cause major 
teratogenic effects.

Prenatal ethanol exposure did not result in 
differences in overall locomotor activities 
in male and female rats under lower 
ambient light

We analyzed the total distance of locomotor activities in the entire 
OF under lower ambient light. Prenatal ethanol exposure did not 
impact the total distance in males or females (two-way repeated 
measures ANOVA with litter as a nested factor: prenatal treatment, 
2-min epoch; Figure 2A). In addition, PE did not affect duration in 
the center zone in either male or female rats (independent t-test). The 
results did not show PE effects in males and females (Figure 2B). 
When we compare the total distance of locomotor activities under the 

lower and higher ambient light level under the baseline condition, 
we did not observe PE effects.

Prenatal ethanol exposure did not result in 
differences in overall locomotor activities 
or habituation in male and female rats 
under higher ambient light condition

We compared the total distance travelled in the OF under lower 
and higher ambient light levels and found rats travelled greater 
distance under lower light condition. In addition, female rats travelled 
greater distance (three-way repeated measures ANOVA with litter as 
a nested factor: prenatal treatment, sex, light level: main effect of sex, 
F(1, 23) = 9.06, p < 0.01; main effect of light level, F(1, 23) = 39.71, 
p < 0.001).

Next, we compare the duration rats spent in the center zone in the 
OF under lower and higher ambient light levels. We find rats spent 
significantly less time (<10%) in the center zone under higher ambient 
light in both sexes (two-way repeated measures ANOVA with litter as 
a nested factor: sex, light level: interaction effect of sex and light level, 
F(1, 23) = 14.19, p < 0.01, planned comparison, male: lower vs. higher 
light, p < 0.001, female: lower vs. higher light, p < 0.001).

In males, we observed ARS reduced distance travelled without any 
PE effects (three-way repeated measures ANOVA: prenatal treatment, 
ARS, 2-min epoch with litter as a nested factor: interaction effect of 
ARS and epoch, F(8, 184) = 4.23, p < 0.001; Figure  3B). Planned 
comparison showed ARS effect (p < 0.001; Figure 3A). In females, 
we  did not observe any PE or ARS effects (three-way repeated 
measures ANOVA: prenatal treatment, ARS, 2-min epoch with litter 
as a nested factor: main effect of epoch, F(8, 192) = 102.18, 

TABLE 1 Birth outcome.

Control: 8 L PE: 8 L Value 
of p

(Mean ± SEM) (Mean ± SEM)

Litter size 12.50 ± 0.78 9.37 ± 0.65 <0.01

Pup weight on postnatal day 1

  Male pups’ weight (g) 6.33 ± 0.13 5.97 ± 0.12 <0.01

  Female pups’ weight 

(g)
6.02 ± 0.10 5.53 ± 0.13 <0.01

Data are represented as Mean ± SEM. PE, prenatal ethanol exposure.

A

B

FIGURE 2

Effects of prenatal ethanol exposure (PE) on total distance in the OF and duration in the center zone in male and female rats under lower ambient light 
(14 lux). Prenatal ethanol exposure did not alter total distance travelled in the OF (A) or duration spent in the center zone (B).
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p < 0.001).Lastly, we  analyzed the AUC to examine habituation of 
locomotor activities under baseline condition and after ARS. In males, 
we did not observe an effect of PE. Only ARS effect was observed 
(two-way repeated measures ANOVA: prenatal treatment, ARS with 
litter as a nested factor: main effect of ARS, F(1, 10) = 27.05, p < 0.001; 
Figure 3C). We did not observe any PE or ARS effects in females.

Prenatal ethanol exposure reduced the 
locomotor activities in the center zone 
under baseline condition in females, 
indicating increased anxiety-like behavior: 
Such an effect was observed in males only 
after ARS

In males, prenatal treatment showed a decrease in duration in the 
center zone only after ARS, indicating increased anxiety-like behavior. 
Two-way repeated measures ANOVA with litter as a nested factor 
(prenatal treatment, ARS) showed a main effect of ARS in the latency 
of the first-time entry (F(1, 23) = 19.76, p < 0.001; Figure 4A). Planned 
comparisons after ANOVA showed a significant difference between 
control and PE males in duration after ARS (p = 0.05; Figure 4C). 
Prenatal ethanol exposure did not impact other center zone activities.

In females, PE led to reduced activities in the center zone under 
baseline condition but not after ARS (two-way repeated measures 

ANOVA with litter as a nested factor: prenatal treatment, ARS; latency 
of the first-time entry: main effect of prenatal treatment, F(1, 
13) = 7.91, p < 0.05; Figure 4A; frequency: main effect of ARS, F(1, 
13) = 12.18, p < 0.01; Figure 4B; duration: main effect of ARS, F(1, 
13) = 10.92, p < 0.01; Figure  4C; distance: main effect of prenatal 
treatment, F(1, 13) = 6.73, p < 0.05, main effect of ARS, F(1, 13) = 10.31, 
p < 0.01; Figure  4D). Planned comparison after ANOVA showed 
differences between control and PE females under baseline condition 
(frequency, p < 0.05; duration, p = 0.05; distance, p < 0.01). Overall, 
center zone activities were relatively low over 18 min (Figures 4B–D).

Many OF studies use shorter duration of center zone activities in 
the OF task (e.g., 5 min) (Prut and Belzung, 2003) to infer anxiety-like 
behavior. We also analyzed the center zone activities in the first 6 min 
and did not find any PE or ARS effects in males. Prenatal ethanol 
exposure decreased the center zone distance but not other center zone 
measurements in females. Only ARS effect on center zone duration 
was observed (three-way repeated measures ANOVA with litter as a 
nested factor: prenatal treatment, ARS, 2-min epoch; duration: 
interaction effect of ARS and epoch, F(2, 48) = 5.82, p < 0.01; 
frequency: interaction effect of prenatal treatment and ARS, F(2, 
48) = 3.41, p < 0.05; distance: interaction effect of ARS and epoch, F(2, 
48) = 9.68, p < 0.001, main effect of prenatal treatment, F(1, 24) = 9.00, 
p < 0.01). Planned comparison showed ARS effect on duration 
(p < 0.05) and prenatal treatment effects on distance under basal 
condition (p < 0.01). Analyzing only 6 min of center zone activities is 
not sufficient to show group differences possibly due to very low level 
of activities.

Prenatal ethanol exposure did not impact 
the durations in the edge, peripheral and 
corner zones

We analyzed duration animal spent in the edge zone, the peripheral 
zone, and the corner zone in each sex using two-way repeated measures 
ANOVA with litter as a nested factor (prenatal treatment, ARS). We did 
not observe any PE effects. Nevertheless, ARS effects were observed in 
males and females, respectively. In males, main effects of ARS were 
found in the edge zone (F(1, 23) = 9.33, p < 0.01; Figure 5A), peripheral 
zone (F(1, 23) = 16.94, p < 0.001; Figure  5B) and corner zone (F(1, 
23) = 19.66, p < 0.001; Figure 5C). In females, main effects of ARS were 
found in the edge zone (F(1, 24) = 8.36, p < 0.01) and peripheral zone 
(F(1, 24) = 11.49, p < 0.01).

Prenatal ethanol exposure reduced rearing 
(vertical exploration) in the corner in both 
sexes: This effect was also observed in 
females after ARS

When we examined the duration spent in each zone (Figure 6), 
it was obvious that animals spent most of time in the corner zone 
(>75%) in contrast to the center zone (<2%). The major behavior 
animals engaged in the corner is rearing, which represents vertical 
exploratory activity. Increased rearing indicates lower anxiety 
(Zimcikova et al., 2017). We analyzed the latency of the first-time 
entry, frequency, duration, head distance, and head turn angle of 
rearing behavior (Figure 7). Movements such as head distance and 

A

B

C

FIGURE 3

Effects of prenatal ethanol exposure (PE) on locomotor activity and 
its habituation under higher ambient light (60 lux). Prenatal ethanol 
exposure did not impact total distance travelled under the basal 
condition (A,B). In males, acute restraint stress (ARS) decreased total 
distance travelled in the OF. Prenatal ethanol exposure did not alter 
habituation of the locomotor activity in the OF in either sex (C). 
Acute restraint stress facilitated the habituation of locomotor activity 
shown as reduced value of area under the curve (AUC). Data are 
represented as Mean ± SEM. ###p < 0.001, baseline condition vs. ARS. 
CTL, control.
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head turn angle during rearing are important ethological 
indicators of exploratory behavior (Haddad et al., 2021).

We examined the first 6 min of rearing behavior because rats 
engaged in maximal rearing behavior in the beginning of the test. In 
males, PE decreased the duration, head distance, and head turn angle 
during rearing behavior in the corner indicating increased anxiety-like 
behavior (three-way repeated measures ANOVA with litter as a nested 
factor: prenatal treatment, ARS, 2-min epoch; duration: main effect of 
prenatal treatment, F(1, 23) = 6.15, p < 0.05; Figure 7C; head distance: 
main effect of prenatal treatment, F(1, 23) = 4.76, p < 0.05; Figure 7D; 
head turn angle: an interaction of prenatal treatment, ARS and epoch, 
F(2, 46) = 3.96, p < 0.05; Figure 7E). Planned comparisons after ANOVA 
confirmed that under basal condition, PE reduced rearing duration 
(p < 0.01), head distance (p < 0.05), and head turn angle (p < 0.05). The 
PE effects were not observed after ARS.

As for females, PE decreased rearing behavior in the frequency, 
duration, head distance, and head turn angle (three-way repeated 
measures ANOVA with litter as a nested factor: prenatal treatment, 
ARS, 2-min epoch; frequency: main effect of prenatal treatment, F(1, 

24) = 12.96, p < 0.01, main effect of ARS, F(1, 24) = 22.42, p < 0.001; 
Figure 7B; duration: main effect of prenatal treatment, F(1, 24) = 10.00, 
p < 0.01, main effect of ARS, F(1, 24) = 18.05, p < 0.001; Figure 7C; 
head distance: an interaction of ARS and epoch, F(2, 48) = 3.21, 
p < 0.05; Figure 7D; head turn angle: main effect of prenatal treatment, 
F(1, 24) = 8.98, p < 0.01, main effect of ARS, F(1, 24) = 36.45, p < 0.001; 
Figure 7E). Planned comparisons showed that PE reduced rearing 
behaviors under baseline condition (frequency: p < 0.01; duration: 
p < 0.001; head distance: p < 0.05; head turn angle: p < 0.01) and after 
ARS (frequency: p < 0.01; duration: p < 0.01; head distance: p < 0.01; 
head turn angle: p < 0.05).

Discussion

The current study reveals that heavy PE leads to increased anxiety-
like behavior during adulthood in both sexes. The expression of 
anxiety-like behavior depends on ambient light levels. Group 
differences cannot be observed when ambient light is low (14 lux). At 
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FIGURE 4

Prenatal ethanol exposure (PE) and acute restraint stress (ARS) effects on activities in the center zone. Upper panel reveals the representative tracking 
plots in the OF task. Prenatal ethanol exposure decreased the duration in the center zone after ARS in male rats (C). Whereas, PE reduced the 
frequency, duration, and distance travelled under the baseline condition in female rats (B–D). Prenatal ethanol did not impact the latency in males and 
females (A). The right panels display the frequency, duration and distance of activities in the center zone in 2-min epoch. Data are represented as 
Mean ± SEM. *p ≤ 0.05, **p < 0.01, control vs. PE. ##p < 0.01, ###p < 0.001, baseline vs. ARS. CTL, control.
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FIGURE 5

Effects of prenatal ethanol exposure (PE) and acute restraint stress (ARS) on duration spent in different zones in the OF: edge zone (A), peripheral zone 
(B), and corner zone (C) in the baseline and after ARS in both male and female rats. Prenatal ethanol exposure did not change the duration in any of the 
zones. Acute restraint stress exerted sex dimorphic effects on duration in each zone. Data are represented as Mean ± SEM. CTL, ##p < 0.01, 
###p < 0.001, baseline condition vs. ARS.

FIGURE 6

Percentages of time spent in the center, peripheral, edge, and corner zone in the OF task. Rats in all group spent >75% of time in the corner zone but 
<2% in the center zone.
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higher ambient light level, the anxiety-like behavior is observed only 
in PE females using the traditional index of reduced activities in the 
center zone of the OF. On the other hand, reduced activities in the 
center zone could be observed after acute stress in males. Importantly, 
we  have observed that PE reduces vertical exploratory behavior 
(rearing) in the corner of the OF in both sexes under basal condition. 
Overall, PE does not impact locomotor activities or its habituation 
indicating the expression of anxiety-like behavior is not confounded 
by altered movement.

Animals tend to locomote and explore along the vertical surface 
in an unfamiliar, novel environment (Lever et al., 2006) instead of 
venturing into the center zone to avoid dangers (e.g., the threat from 
predators). Decreased activity level and duration in the center zone of 
the OF is commonly used to infer anxiety (Prut and Belzung, 2003). 
In this study, we first demonstrate that locomotor activity in the center 
zone is affected by ambient light level (Kuniishi et al., 2017). In lower 
ambient light setting (14 lux), animals show increased activities in the 

center zone compared to that in higher light setting (60 lux) and no 
PE effects are observed in either sex. In the higher light setting, we are 
able to observe that female PE rats show reduced locomotor activities 
in the center zone compared to controls, supporting PE leads to 
increased anxiety in females. The observations are consistent with 
those obtained from previous studies of early life stress showing the 
optimal light level for studying group differences in anxiety tasks is 
between 10–75 lux (Kuniishi et al., 2017). Ambient light level also 
impacts other anxiety tasks in a similar way such as the elevated-plus 
maze (Garcia et al., 2005). Taken together, sufficient ambient light is 
critical for the expression of anxiety-like behavior. Additional 
observation is that female rats have higher locomotor activities in 
general, which is also consistent with a previous study (Hellemans 
et al., 2010b). Prenatal ethanol exposure induced decreases in center 
zone activities is not observed in males. A clear decrease in center 
zone activity can be observed in male PE rats only when acute stress 
(ARS) was applied immediately before the OF test. The results indicate 
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FIGURE 7

Effects of prenatal ethanol exposure (PE) and acute restraint stress (ARS) on rearing behaviors in the corner in the first 6 min of the OF task. In male rats, 
PE reduced the duration, head distance, head turn angle, indicating increased anxiety-like behavior (C–E). In female rats, PE reduced the frequency, 
duration, head distance and the head turn angle under baseline condition and after ARS (B–E). Prenatal ethanol did not impact the latency in males 
and females  (A). The right panels display the frequency, duration, head movement, and head turn angle of rearing in 2-min epoch. Data are 
represented as Mean ± SEM. *p ≤ 0.05, **p < 0.01, ***p < 0.001, control vs. PE. ###p < 0.001, baseline condition vs. ARS.
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that PE effects on anxiety-like behavior interact with sex and 
acute stress.

We have observed that rats of both sexes spend very little time 
(<2%) in the center zone but more than 75% of the time in the corner 
zone of the OF. Therefore, we carefully examine the behavior in the 
corner zone and observe that animals often engage in rearing behavior, 
especially in the beginning of the OF test. Although rats also display 
rearing in the edge zone, its frequency is relatively low because rats 
spend limited time in this zone. When rats rear in the corner, they 
stand on the hind legs, extend their body upward, put their front paws 
on the wall, and engage in side-to-side head movement. Rearing is 
considered spontaneous vertical exploratory behavior to novelty in 
rodents which is similar to horizontal exploration. The rearing 
behavior observed is similar to that described for exploratory behavior 
in rodents for information gathering, food forage, or escape described 
in a previous publication (Lever et al., 2006). Rearing behavior had a 
negative correlation with anxiety level through confirmatory factor 
analysis (Brenes Saenz et al., 2006). The results from the present study 
show that duration of rearing and parameters of head movement 
during rearing are all decreased significantly in PE animals in both 
sexes. These observations support PE reduces exploratory behavior 
and increases anxiety. Overall, the PE-induced effect on rearing is not 
dependent on duration spent in the corner which are similar between 
control and PE rats. However, compared to males, females engage in 
more rearing behavior and in a more sustained pattern, consistent 
with greater locomotor activities in females. Taken together, we show 
that rearing behavior in the corner of the OF can be quantified in 
detail using a camera-based data acquisition system. Reduced rearing 
in the corner could be used as a reliable index of anxiety-like behavior 
in addition to activity/duration in the center zone in the OF task.

The current PE paradigm does not impact the overall locomotor 
activities of both sexes under higher ambient light. We  use the 
traditional center zone activity as well a new measurement of corner 
rearing behavior to infer anxiety. Prenatal ethanol treatment does not 
cause the differences in center activities in male rats under basal 
condition. On the contrary, PE reduces the frequency, duration and 
distance of female rats in the center zone, indicating PE leads to 
increased anxiety-like behavior in female rats. On the other hand, PE 
reduces activities in the center zone (increases anxiety-like behavior) 
after acute stress in male but not female rats. Animals spend most of 
the time in the corner. When using reduced corner rearing behavior 
for increased anxiety, we observe increased anxiety in both male and 
female rats under the basal condition including reduced rearing 
duration, head distance and head turn angle. Increased anxiety-like 
behavior is only observed in females after acute stress. The above 
results show PE reduces activities in the center zone and rearing 
behavior. The results raise a possibility that these effects could 
be  caused by impaired motor function in PE rats. However, 
observations from our present and previous studies do not support 
this notion. In the present study, there are no differences in overall 
locomotor activity in control and PE rats in either sex. In addition, 
when locomotor activity was evaluated in a confined space 
(42.5 × 22.5 × 19.25 cm) using the same PE paradigm in male rats in a 
previous study, we  actually observed increased overall locomotor 
activity (Wang et al., 2019). In the same study, no group differences 
were found in rearing frequency in 60 min between control and PE 
rats (control: 163.08 ± 14.68 vs. PE: 182.58 ± 15.19; unpublished data).
Anxiety behavior is also affected by acute stress (Sturman et al., 2018). 

Strong evidence shows that PE leads to augmented stress reactivity 
indicated by increased cortisol level (Hellemans et al., 2010a,b). In the 
present study, we use 2 h restraint right before the OF test to examine 
effects of acute stress on anxiety behavior. The results show acute stress 
increases anxiety-like behavior indicated by decreased activities in 
center zone in males which is not observed under basal conditions. 
Acute stress does not further augment anxiety-like behavior in 
females. These observations are consistent with previous studies 
showing ARS increases stress reactivity (Sturman et al., 2018). When 
corner rearing behavior is evaluated, we have not observed acute stress 
further increases anxiety-like behavior in either males or females. 
However, we observe an overall increase in rearing activities in females 
after acute stress. Taken together, PE effects on rearing behavior are 
not altered by acute stress.

It has been found that PE impacts anxiety-like behavior. However, 
the PE effects on anxiety-like behavior are inconsistent due to different 
behavioral tasks, ethanol exposure paradigms, sex and age. Acute 
ethanol exposure on GD 12 via intraperitoneal injection reduces social 
preference (a measurement of social anxiety-like behavior) in female 
adult rats but not in males (Diaz et al., 2020). Ethanol vapor exposure 
for 6 h on GD 12 enhances anxiety-like behavior in male adolescent 
rats in the novelty-induced hypophagia task, light–dark box, and OF, 
but not in female adolescent offspring (Rouzer et al., 2017). Ethanol 
exposure (4 g/kg) on GD 16 and 17 via intraperitoneal injection 
increases anxiety in adolescent male and female mice (Hwang and 
Hashimoto-Torii, 2022) in the elevated plus-maze task. Chronic 
ethanol exposure with liquid diet during GDs 10–21 leads to reduced 
anxiety-like behavior in adult male rats in the elevated plus-maze task 
(Ohta et al., 2010). Conversely, chronic ethanol exposure from GDs 
7–20 using intragastric intubation leads to increased anxiety-like 
behavior in male offspring (Dursun et al., 2006). Another study shows 
no impact of chronic ethanol exposure using ethanol vapor during 
GDs 5–20 in rats of both sexes using an OF task (Breit et al., 2022). 
Using the current chronic heavy PE paradigm, we observed increased 
anxiety-like behavior using elevated plus-maze and zero maze tasks in 
adult male rats (Oubraim et al., 2022), which is consistent with the 
current study. The inconsistent observations of anxiety-like behavior 
after chronic PE could be due to PE paradigms as well as different 
behavioral tasks used. Some researchers resort to more than one 
behavioral tasks to measure anxiety-like behavior (Cullen et al., 2013; 
Wieczorek et al., 2015; Rouzer et al., 2017) in order to reach a clear 
conclusion. Results from the present study indicate rearing behavior 
in the corner of the OF task is a reliable measurement for anxiety-like 
behavior in both sexes. Rearing behavior in the corner zone is also 
multifaceted and complex. Behavioral parameters such as head 
movement and head turn angle, which are specific features of vertical 
exploratory behavior, can provide additional ethological information. 
Combined analyses of horizontal and vertical exploratory behavior in 
the OF task could provide a reasonable and simple approach to 
investigate anxiety-like behavior.

The mechanism of anxiety is complex and often interacts with 
depression-like behaviors (Hellemans et al., 2010b). In clinic studies, 
Niclasen et al. (2014) observed prenatal exposure to binge drinking in 
pregnancy was associated positively with impaired behavioral and 
emotional development in preadolescent boys. In adults with FASD, 
females show much higher propensity for depression and anxiety than 
males (Famy et al., 1998). Together, strong evidence showed that PE 
increases anxiety-like behavior. Therefore, it is crucial to understand 
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the underlying neuronal mechanisms caused by PE in order to develop 
effective intervention strategies.

The neural circuitries underlying rearing are not fully understood. 
However, it has been proposed that the hippocampus is involved 
(Sturman et al., 2018). When animals rear, better view is obtained for 
enhanced space exploration (Lever et al., 2006). The hippocampus is 
involved in space navigation and interconnected with stress centers 
including hypothalamus, amygdala, and other limbic structures 
(Bannerman et  al., 2014). Specifically, the ventral hippocampus 
interconnection with the hypothalamus plays an important role in 
regulating stress responses (Tannenholz et al., 2014). Prenatal alcohol 
exposure is known to affect hippocampal functions (Sanchez et al., 
2019; Dodge et  al., 2020) and alter the sensitivity of HPA axis 
(Hellemans et al., 2010b; Wieczorek et al., 2015) which could mediate 
increased anxiety-like behavior. Other neural circuitries and 
neurotransmitter systems could also mediate PE-induced reduction 
in rearing/increased anxiety. Studies have reported that PE persistently 
alters several neurotransmitter systems involved in regulating 
emotional behavior, including the serotonin (5-HT) system. Prenatal 
ethanol exposure causes lower density of 5-HT neurons (Druse et al., 
1991; Ohta et al., 2010), fewer 5-HT fibers, impaired 5-HT projections 
(Zhou et  al., 2001), which suggest PE leads to expression of the 
anxiety-like behavior in animals. A recent study has discovered that 
PE induced persistent activation of 5-HT neurons and its glutamate 
synapses by increasing nitrergic function and degrading 
endocannabinoids signaling in the dorsal raphe 5-HT neurons 
(Oubraim et al., 2022). This activation exertes the anxiogenic effect, 
thereby PE animals express anxiety-like behavior. Through the 
morphological studies, prenatal ethanol exposure, regardless of the 
consumption volume, results in neuronal morphological alterations 
in the amygdala (Cullen et al., 2013) and striatum (Ma, 2019). These 
changes could mediate increased anxiety-like behavior.

Conclusion

The results from the present study show chronic heavy PE causes 
a persistent increase in anxiety-like behavior in adulthood in both 
sexes. This conclusion is based on improvement of traditional OF task. 
Specifically, the vertical exploratory behavior (rearing) in the corner 
zone is analyzed in detail, which has not been emphasized before. This 
approach can be  a reliable indicator for anxiety-like behavior 
in general.
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