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A B S T R A C T   

The sex steroid hormone 17β-estradiol (estradiol) and its Estrogen Receptors (ERs) have been linked to modu-
lation of anxiety-related and locomotor behaviors in female rodents. Research suggests that estradiol mitigates 
anxiety-related behaviors through activating Estrogen Receptor (ER)β and increases locomotor behaviors 
through ERα. The influence of ERs on these behaviors cannot always be detected. Here we discuss two experi-
ments in which we tested the hypothesis that anxiety-related behaviors would decrease after ERβ activation and 
locomotor behaviors would increase after ERα activation, and also assessed the persistence of these behavioral 
effects by varying the timing of behavioral testing. Two cohorts of adult female ovariectomized rats were exposed 
to estradiol, the ERβ agonist DPN, the ERα agonist PPT, or oil for four consecutive days. Body mass was assessed 
throughout as a positive control. In both cohorts, open field behaviors were assessed on the first day of exposure. 
In one cohort (Experiment 1), open field, light/dark box, and elevated plus maze behaviors were assessed on the 
final day of injections. In the second cohort (Experiment 2), these behaviors were assessed 24 h after the final 
exposure. As expected, significant differences in body mass were detected in response to estradiol and PPT 
exposure, validating the estradiol and ER manipulation. No significant differences were observed in anxiety- 
related or locomotor behaviors across treatment groups, indicating that the efficacy of these agonists as thera-
peutic agents may be limited. We review these results in the context of previous literature, emphasizing relevant 
variables that may obscure ER-related actions on behavior.   

1. Introduction 

Naturally cycling sex steroid hormones such as 17β-estradiol 
(estradiol) modulate anxiety-related and locomotor behaviors. In 
women, an increase in symptoms of anxiety is typically associated with 
lower estradiol level phases of the menstrual cycle or following meno-
pause (Campbell and Whitehead, 1977; Cameron et al., 1988; Cohen 
et al., 2003; Yonkers et al., 2008; Pestana et al., 2022). In rodents, 
anxiety-related behaviors change across the estrous cycle (Mora et al., 
1996; Díaz-Véliz et al., 1997; Marcondes et al., 2001; Miller et al., 2020, 
2021) but the direct effect of estradiol on these behaviors is not always 
consistent across the literature. Some studies have found that estradiol 
treatment is anxiolytic, while others find no difference or in some cases 

even an increase in anxiety-related behaviors (Mora et al., 1996; Gogos 
et al., 2018; Graham and Scott, 2018). There are also differences be-
tween motivated and non-motivated behaviors. For instance, an 
increased presence of estradiol in female rodents robustly increases 
voluntary wheel running related behaviors (Krentzel et al., 2020), 
however an increase in activity is not always seen in other non- 
motivated behavioral tasks as assessed using an open field apparatus 
(Rodier, 1971; Palermo-Neto and Dorce, 1990; Morgan and Pfaff, 2001; 
Lund et al., 2005; Bowen et al., 2012). Due to the variation concerning 
estradiol's modulation of both anxiety-related and locomotor behaviors, 
it is likely that the exact behavioral effects of estradiol depend on an 
array of complex and intersecting factors of differing levels of visibility 
and influence, as well the roles of multiple types of estrogen receptors 
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(ERs). 
Estradiol action on behavior is dependent on the presence and type of 

receptor to which estradiol binds, including ERα, ERβ, GPER-1 and/or 
Gq-coupled membrane ER (Gq-mER). Some of the divergent behavioral 
effects of estradiol are attributed to distinct action through these 

receptors. For example, activation or deactivation of either ERα or ERβ 
can sometimes exert anxiogenic or anxiolytic effects (Imwalle et al., 
2005; Lund et al., 2005; Walf and Frye, 2005a,b; Walf et al., 2008; 
Spiteri et al., 2010; Byrnes et al., 2012; Oyola et al., 2012; Byrnes et al., 
2013), and these actions are not necessarily estrogen receptor element 
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Fig. 1. Schematic depicting experimental paradigms. In both experiments, rats were given four consecutive injections 24 h apart. (A) In experiment 1, behavioral 
testing was performed 0.5 h after the first and last injection. (B) In experiment 2, behavioral testing was performed 0.5 h after the first and 24.5 h after the 
last injection. 

********

*

Fig. 2. Estradiol or PPT treatment attenuated weight 
gain for rats as measured from the first day of in-
jections to the day of behavior. (A) Experiment 1: 
Overall weight change between the first and last day 
of injections was negative for rats treated with estra-
diol or PPT, and positive for rats treated with vehicle 
or DPN. (B) Experiment 2: Overall weight change 
between the first day of injections and 24 h after the 
last day of injections was negative for rats treated 
with estradiol or PPT, and positive for rats treated 
with vehicle or DPN. (C) Comparisons between ex-
periments 1 and 2. Rats treated with estradiol expe-
rienced a more significant weight decrease from the 
first day of injections when weight was measured 24 h 
following the last injection as opposed to the last day 
of injections. Acronyms: * = p < 0.05.   
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(ERE)-mediated (Wiersielis et al., 2021). This finding and others mean 
that estradiol action on behavior may be mediated either through nu-
clear ER signaling via ERE action or via membrane ER signaling via non- 
ERE mechanisms. Likewise, ERα but not ERβ is typically the receptor 
through which estradiol acts to increase activity and regulate meta-
bolism (Ogawa et al., 2003; Bryzgalova et al., 2006; Hertrampf et al., 
2008; Spiteri et al., 2012; Xu et al., 2015). The divergent actions of 
estradiol through ERα and ERβ likely work in concert to ensure both 
successful reproduction and appropriate behavioral responses to envi-
ronmental conditions, and to fully understand each receptor's contri-
bution it is important to design experiments that investigate separate ER 
action. 

Here we focused on the role of ERα and ERβ in anxiety-related and 
non-motivated locomotor behaviors. We tested the hypothesis that 
anxiety-related behaviors would decrease after ERβ activation and lo-
comotor behaviors would increase after ERα activation, and also 
assessed the persistence of these behavioral effects by varying the timing 
of behavioral testing. We conducted two experiments, each with a 
separate cohort of adult female ovariectomized rats. In both experi-
ments, rats were exposed to estradiol, the ERβ agonist DPN, the ERα 
agonist PPT, or oil for four consecutive days. Body mass was assessed 
throughout as a positive control. In both experiments, open field be-
haviors were assessed on the first day of exposure. In Experiment 1, open 
field, light/dark box, and elevated plus maze behaviors were assessed on 
the final day of exposure, 30 min after the last injection. In Experiment 
2, these behaviors were assessed 24 h after the final exposure. This 
differential assessment was performed to observe potential rapid versus 
long-term behavioral effects of estradiol and ER agonists. 

2. Materials and methods 

2.1. Animals 

All animal protocols were approved by the Institutional Animal Care 
and Use Committees (IACUC) at North Carolina State University. Female 
Sprague-Dawley rats were purchased at P50 (n = 96) from Charles River 
Laboratories and were housed at the Biological Resource Facility at 
North Carolina State University. Cages were BPA free and filled with 
bedding manufactured from virgin hardwood chips (Beta Chip; NEPCO, 
Warrensburg, NY) to avoid endocrine disruptors present in corncob 
bedding (Markaverich et al., 2002; Mani et al., 2005; Villalon Landeros 
et al., 2012). Soy protein-free rodent chow (2020X; Teklad, Madison, 
WI) and glass water bottles were provided ad libitum. Rats were housed 
in a temperature (23 ◦C, 40 % humidity) and light controlled room on a 
12:12 h light:dark cycle with lights turning off at 9:00 am. At P60 ± 1, 
rats were anesthetized using isoflurane and ovariectomized. Rats were 
single housed following ovariectomy. After a one-week recovery period, 
rats were handled daily for one week before injections and behavioral 
testing. Injections and behavioral testing began two weeks post- 
gonadectomy. 

2.2. Drug and hormone exposure 

For each experiment, rats were divided into four treatment groups, 
adapted from a previously published protocol (Lund et al., 2005). These 
four groups of rats received injections consisting of: cottonseed oil, 17β- 
estradiol benzoate (Estradiol; Sigma-Aldrich, St. Louis, MO), the ERα 
agonist PPT (4,4′,4′′-(4-Propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol; 
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Fig. 3. Experiment 1 analysis of vehicle, estradiol, DPN, and PPT treatments on locomotor and anxiety-related behaviors in the open field under white light. Test 1 
was performed on the first day of injections and test 2 was performed on the last day of injections. (A) Total distance traveled in the open field within subject between 
test 1 and test 2. (B) Time spent in the center of the open field within subject between test 1 and test 2. (C) Number of entries into the center of the open field within 
subject between test 1 and test 2. (D) Latency to enter the center of the open field within subject between test 1 and test 2. 
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Tocris Biosciences, Minneapolis, MN), or the ERβ agonist DPN (2,3-bis(4- 
Hydroxyphenyl)-propionitrile; Tocris Biosciences, Minneapolis, MN). 
PPT and DPN concentrations were 1 mg/kg dissolved in cottonseed oil 
and 5 % dimethylsulfoxide (DMSO), modeled from a previous study 
(Lund et al., 2005). These doses of DPN and PPT are typical of most 
literature, although doses widely range (Borrow and Handa, 2017). 
Estradiol concentration for each rat in the estradiol treatment groups 
(body weight = 314 ± 32 g) was 10 μg/0.1 ml dissolved in cottonseed oil 
and 5 % DMSO, following previous studies (Walf and Frye, 2005a,b; 
Peterson et al., 2015). This dose of estradiol produces physiological 
levels of estradiol typically observed during proestrus in rats (Viau and 
Meaney, 1991; Gibbs, 1997; Proano et al., 2020). Cottonseed oil control 
injections likewise contained 5 % DMSO. Each day of injections, rats 
were weighed and then received one subcutaneous injection of either 
cottonseed oil and DMSO (referred to as oil), estradiol, PPT, or DPN. 
Injections were given blind over 4 consecutive days between 9:00 and 
10:30 am (Fig. 1). 

2.3. Behavioral testing and data analysis: experiment 1 and 2 

All behavioral testing occurred within the first 3 h of the animal's 
dark cycle, between 10:00 am and 12:00 pm. In experiment 1 (n = 48), 
behavioral testing began 30 min after the injection on the first and 
fourth day of injections (Fig. 1). In experiment 2 (n = 48), behavioral 
testing began 30 min after the first injection and 24.5 h after the fourth 
injection. Following each behavioral test, all equipment was thoroughly 
cleaned with 70 % isopropyl alcohol. 

2.3.1. Open field test 
For both experiments, the open field test was conducted twice. In 

experiment 1, testing occurred on the first and fourth day of injections 
under white light (175 ± 10 lx). In experiment 2, testing occurred on the 
first day of injections and again the day after the final injection under 
white light (250 ± 10 lx). This two test experimental design addresses 
the complex behavioral effects of novelty and habituation to the open 
field arena and allows for the assessment of treatment effects within an 
individual subject (Montgomery, 1955; Thompson and Spencer, 1966; 
Miller et al., 2020). Rats were individually placed into the center of the 
open field arena (60 cm × 60 cm × 60 cm; Cleversys Inc., Reston, VA). 
Following a previously documented protocol (Miller et al., 2020), ac-
tivity was recorded for 30 min with a video camera located above the 
open field. In all experiments, locomotion was determined by measuring 
the total distance traveled in the open field and anxiety-related behav-
iors were evaluated using the time spent in the center of the open field, 
number of entries into the center, and latency to enter the center. Data 
were analyzed across the entire 30 min, the first 5 min, and the first 10 
min. For statistical analysis, rats that did not enter the center were 
assigned a latency of 1800 s, which is the total duration of the test. All 
activities were analyzed blind to treatment using TopScan software 
version 3.0 (Cleversys Inc., Reston, VA). Rats exhibiting <5000 mm of 
measured total distance traveled in either behavioral assay were 
excluded from behavioral analysis (n = 4; Experiment 1: Estradiol = 1, 
PPT = 1; Experiment 2: Vehicle =1, Estradiol = 1). 

2.3.2. Light/dark box 
Immediately following the second open field test in both experi-

ments, anxiety-related behavior was further assessed using a light/dark 
(LD) box under white light (250 ± 10 lx). The LD box contained two 
chambers; one open, clear chamber that allowed light and one black 
chamber that obstructed light each measuring 40 cm long, 30 cm wide, 
and 30 cm tall. Activity was recorded for 5 min with a video camera 
facing the LD box. Behavior was evaluated as the number of full-body 

Table 1 
Experiment 1 open field test: analysis of the first 5 and 10 min in the arena.  

Property Vehicle Estradiol DPN PPT Statistics 

First 5 min      
Total 
distance 
traveled 
(mm) 

Test 1: 
9042 ±
387 
Test 2: 
7679 ±
631 

Test 1: 
8703 ±
686 
Test 2: 
7407 ±
758 

Test 1: 
8350 ±
565 
Test 2: 
6319 ±
710 

Test 1: 
7547 ±
424 
Test 2: 
6627 ±
737 

Treatment ×
Test: 0.74, 
0.01, 0.53 
Treatment: 
1.11, 0.05, 
0.35 
Test: 27.31, 
0.10, 
<0.0001 
Subject: 4.45, 
0.69, 
<0.0001 

Time in 
center (s) 

Test 1: 
4.7 ±
1.8 
Test 2: 
6.9 ±
3.0 

Test 1: 5.2 
± 1.7 
Test 2: 4.0 
± 1.2 

Test 1: 
5.1 ±
1.7 
Test 2: 
5.7 ±
2.3 

Test 1: 
5.2 ±
1.7 
Test 2: 
3.5 ±
1.9 

Treatment ×
Test: 0.50, 
0.01, 0.69 
Treatment: 
0.21, 0.01, 
0.89 
Test: 0.00, 
0.00, 0.99 
Subject: 1.35, 
0.56, 0.16 

Number of 
entries into 
center 

Test 1: 
6.3 ±
1.0 
Test 2: 
5.5 ±
1.0 

Test 1: 5.8 
± 1.4 
Test 2: 4.4 
± 0.9 

Test 1: 
5.3 ±
1.2 
Test 2: 
4.9 ±
1.4 

Test 1: 
5.1 ±
0.7 
Test 2: 
4.1 ±
0.9 

Treatment ×
Test: 0.09, 
0.00, 0.96 
Treatment: 
0.38, 0.02, 
0.77 
Test: 2.04, 
0.16, 0.16 
Subject: 2.02, 
0.64, 0.011 

First 10 min      
Total 
distance 
traveled 
(mm) 

Test 1: 
15418 
± 822 
Test 2: 
13133 
± 831 

Test 1: 
15370 ±
969 
Test 2: 
13170 ±
941 

Test 1: 
14559 
± 921 
Test 2: 
10371 
± 915 

Test 1: 
13335 
± 823 
Test 2: 
10713 
± 1013 

Treatment ×
Test: 1.50, 
0.01, 0.23 
Treatment: 
2.07, 0.10, 
0.12 
Test: 56.71, 
0.18, 
<0.0001 
Subject: 4.88, 
0.58, 
<0.0001 

Time in 
center (s) 

Test 1: 
11.0 ±
4.1 
Test 2: 
12.1 ±
4.3 

Test 1: 6.8 
± 1.9 
Test 2: 6.8 
± 2.5 

Test 1: 
9.3 ±
2.4 
Test 2: 
8.2 ±
2.2 

Test 1: 
10.2 ±
3.1 
Test 2: 
6.4 ±
2.3 

Treatment ×
Test: 0.51, 
0.01, 0.68 
Treatment: 
0.61, 0.03, 
0.61 
Test: 0.44, 
0.02, 0.51 
Subject: 3.00, 
0.71, 0.0002 

Number of 
entries into 
center 

Test 1: 
11.3 ±
2.2 
Test 2: 
9.3 ±
1.7 

Test 1: 8.7 
± 1.9 
Test 2: 7.3 
± 1.7 

Test 1: 
9.9 ±
1.7 
Test 2: 
7.6 ±
1.4 

Test 1: 
9.3 ±
1.4 
Test 2: 
6.6 ±
1.4 

Treatment ×
Test: 0.13, 
0.00, 0.94 
Treatment: 
0.55, 0.03, 
0.65 
Test: 7.2, 0.03, 
0.010 
Subject: 3.60, 
0.73, 
<0.0001 

Experiment 1 open field data analyzed across the first 5 min, and the first 10 min 
in the arena. Data from the entire 30 min test period are depicted in Fig. 3. Test 1 
was performed on the first day of injections and test 2 was performed on the last 
day of injections. Latency to enter center is not reported as that attribute does 
not differ by analysis time and is depicted in Fig. 3. Data are reported as mean ±
standard error of the mean. Statistical analysis was 2-way repeated measures 
ANOVA. F, η2p, and p values are presented sequentially in the “Statistics” 

column. Degrees of freedom for Treatment × Test, Treatment, and Test analyses 
are 3, 44. Degrees of freedom for subject analysis is 44, 44. Italics indicate sta-
tistically significant differences. 
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entries into the light chamber, latency to enter the light chamber, full- 
body duration in the light chamber, and number of head pokes 
(defined as the entry of the nose and both eyes) into the light chamber. 
Rats that did not enter the clear chamber were assigned a latency of 300 
s, which is the total duration of the test. Activity was manually scored by 
an individual blind to treatment. 

2.3.3. Elevated plus maze 
Immediately following the LD box test, anxiety-related behaviors 

were further assessed using an elevated plus maze (EPM) under red light 
(0.5 ± 0.5 lx). The EPM measured 68.5 cm high with arms 50 cm long 
and 10 cm wide and the closed arm walls measuring 40 cm tall. Activity 
was recorded for 5 min with a video camera located above the maze. 
Behavior was evaluated as the number of entries into the open arms, 
duration spent in the open arms, and total distance traveled in the EPM. 
All activities were analyzed blind to treatment using TopScan software 
version 3.0 (Cleversys Inc., Reston, VA). Rats that slipped or fell off the 
arena were excluded from analysis (n = 3; Experiment 2: Vehicle = 1, 
Estradiol = 1, DPN = 1). 

2.4. Statistical analysis 

Experimental data was analyzed in Graphpad Prism version 8 (La 
Jolla, CA). One-way and two-way repeated and non-repeated measures 
ANOVAs with Holm-Sidak's multiple comparisons test were used for 
behavioral data in experiments 1 and 2. Since the experiments were not 
run simultaneously, each experiment is analyzed individually. Weight 
data was analyzed using a two-way ANOVA with Holm-Sidak's multiple 
comparisons test and simple linear regressions. Effect sizes are presented 
as partial eta-squared (η2p) for F-tests and Cohen's d for t-tests. P values 
< 0.05 were a priori considered significant. 

3. Results 

3.1. Weight difference 

Estradiol exposure inhibits weight gain in ovariectomized female rats 
through estradiol action on ERα but not ERβ (Roesch, 2006). As a pos-
itive control for the efficacy of our injection paradigm, we analyzed 
differences in weight between the fourth and first day of injections for 
experiment 1 and the day after the fourth injection and first day of in-
jections for experiment 2. In both experiments, rats treated with either 
estradiol or PPT demonstrated attenuated weight gain compared to rats 
treated with vehicle or DPN (Fig. 2A; One-way ANOVA: F(3,44) = 35.40, 
η2p = 0.707, p < 0.0001, Fig. 2B; One-way ANOVA: F(3,44) = 58.38, η2p 
= 0.7992, p < 0.0001). This finding indicates that the estradiol and PPT 
injections were effective. Additionally, rats treated with estradiol 
exhibited a more significant weight decrease in experiment 2 compared 
to experiment 1 when the last weight measurement was taken one day 
later (Fig. 2C; Two-way ANOVA: Interaction: F(3,88) = 2.009, η2p =
0.0161, p = 0.1184, Treatment: F(3,88) = 92.44, η2p = 0.7396, p <
0.0001, Experiment: F(1,88) = 3.616, η2p = 0.0096, p = 0.0605, Estradiol 
Experiment 1-Experiment 2: t(88) = 2.672, Cohen's d = 1.151, p =
0.0354). 

3.2. Experiment 1 

3.2.1. Open field 
Open field data were analyzed across the entire 30 min of each test 

(Fig. 3). Rats in all treatment groups exhibited a decrease in total dis-
tance traveled in the open field from the first to second test (Fig. 3A; 
Two-way RM ANOVA: Treatment × Test: F(3,42) = 0.2934, η2p =
0.00252, p = 0.8299, Treatment: F(3,42) = 1.452, η2p = 0.0709, p =
0.2413, Test: F(3,42) = 42.85, η2p = 0.1225, p < 0.0001, Subject: F(42,42) 
= 5.696, η2p = 0.6836, p < 0.0001, Vehicle Test 1-Test 2: t(42) = 2.916, 
Cohen's d = 0.7057, p = 0.0113, Estradiol Test 1-Test 2: t(42) = 2.712, 

Table 2 
Experiment 2 open field test: analysis of the first 5 and 10 min in the arena.  

Property Vehicle Estradiol DPN PPT Statistics 

First 5 min      
Total 
distance 
traveled 
(mm) 

Test 1: 
8601 ±
445 
Test 2: 
7355 ±
524 

Test 1: 
7594 ±
406 
Test 2: 
7055 ±
218 

Test 1: 
7947 ±
497 
Test 2: 
6979 ±
453 

Test 1: 
8191 ±
500 
Test 2: 
7013 ±
533 

Treatment ×
Test: 0.44, 
0.01, 0.73 
Treatment: 
0.49, 0.02, 
0.69 
Test: 17.28, 
0.09, 0.0002 
Subject: 2.82, 
0.64, 0.0005 

Time in 
center (s) 

Test 1: 
5.7 ±
1.9 
Test 2: 
2.8 ±
0.9 

Test 1: 4.5 
± 1.3 
Test 2: 1.8 
± 0.8 

Test 1: 
2.1 ±
0.4 
Test 2: 
2.4 ±
0.6 

Test 1: 
4.1 ±
1.2 
Test 2: 
5.8 ±
1.7 

Treatment ×
Test: 2.67, 
0.06, 0.0598 
Treatment: 
1.57, 0.06, 
0.21 
Test: 1.78, 
0.01, 0.19 
Subject: 1.93, 
0.57, 0.018 

Number of 
entries into 
center 

Test 1: 
5.9 ±
1.2 
Test 2: 
4.5 ±
0.6 

Test 1: 4.1 
± 1.0 
Test 2: 3.1 
± 0.7 

Test 1: 
4.1 ±
0.5 
Test 2: 
3.3 ±
0.7 

Test 1: 
5.1 ±
0.8 
Test 2: 
3.6 ±
0.7 

Treatment ×
Test: 0.19, 
0.00, 0.90 
Treatment: 
1.09, 0.05, 
0.36 
Test: 8.64, 
0.05, 0.0053 
Subject: 2.77, 
0.65, 0.0007 

First 10 min      
Total 
distance 
traveled 
(mm) 

Test 1: 
13774 
± 904 
Test 2: 
11448 
± 903 

Test 1: 
12913 ±
754 
Test 2: 
11726 ±
650 

Test 1: 
13204 
± 858 
Test 2: 
10978 
± 908 

Test 1: 
12930 
± 784 
Test 2: 
11086 
± 908 

Treatment ×
Test: 0.44, 
0.01, 0.72 
Treatment: 
0.13, 0.01, 
0.94 
Test: 24.78, 
0.11, <0.0001 
Subject: 3.90, 
0.70, <0.0001 

Time in 
center (s) 

Test 1: 
10.0 ±
2.7 
Test 2: 
6.2 ±
2.0 

Test 1: 6.9 
± 2.0 
Test 2: 5.5 
± 2.1 

Test 1: 
3.4 ±
0.7 
Test 2: 
4.8 ± 0. 

Test 1: 
7.6 ±
1.9 
Test 2: 
9.1 ±
3.7 

Treatment ×
Test: 1.92, 
0.02, 0.14 
Treatment: 
1.02, 0.06, 
0.39 
Test: 0.39, 
0.00, 0.53 
Subject: 4.79, 
0.76, <0.0001 

Number of 
entries into 
center 

Test 1: 
9.4 ±
2.0 
Test 2: 
6.8 ±
1.0 

Test 1: 6.5 
± 1.4 
Test 2: 6.0 
± 1.5 

Test 1: 
6.4 ±
0.9 
Test 2: 
5.9 ±
1.1 

Test 1: 
7.3 ±
1.2 
Test 2: 
6.1 ±
1.4 

Treatment ×
Test: 0.58, 
0.01, 0.63 
Treatment: 
0.57, 0.03, 
0.64 
Test: 3.5, 0.02, 
0.068 
Subject: 3.43, 
0.73, <0.0001 

Experiment 2 open field data analyzed across the first 5 min, and the first 10 min 
in the arena. Data from the entire 30 min test period are depicted in Fig. 6. Test 1 
was performed on the first day of injections and test 2 was performed 24 h after 
the last day of injections. Latency to enter center is not reported as that attribute 
does not differ by analysis time and is depicted in Fig. 6. Data are reported as 
mean ± standard error of the mean. Statistical analysis was 2-way repeated 
measures ANOVA. F, η2p, and p values are presented sequentially in the “Sta-
tistics” column. Degrees of freedom for Treatment × Test, Treatment, and Test 
analyses are 3, 42. Degrees of freedom for subject analysis is 42, 42. Italics 
indicate statistically significant differences. 
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Cohen's d = 0.5236, p = 0.0113, DPN Test 1-Test 2: t(42) = 3.915, 
Cohen's d = 1.0225, p = 0.0013, PPT Test 1-Test 2: t(42) = 3.564, Cohen's 
d = 0.8285, p = 0.0028). No significant differences were detected in the 
time spent in the center of the open field between tests and treatment 
groups (Fig. 3B; Two-way RM ANOVA: Treatment × Test: F(3,42) =

0.6682, η2p = 0.00687, p = 0.5763, Treatment: F(3,42) = 0.8621, η2p =
0.0492, p = 0.4682, Test: F(3,42) = 0.3268, η2p = 0.00112, p = 0.5706, 
Subject: F(42,42) = 5.550, η2p = 0.7989, p < 0.0001). No significant 
differences were detected in the number of entries into the center of the 
open field between tests and treatment groups (Fig. 3C; Two-way RM 
ANOVA: Treatment × Test: F(3,42) = 0.9166, η2p = 0.0117, p = 0.4411, 
Treatment: F(3,42) = 0.4837, η2p = 0.0268, p = 0.6954, Test: F(3,42) =

1.949, η2p = 0.0083, p = 0.1700, Subject: F(42,42) = 4.33, η2p = 0.7743, 
p < 0.0001). No significant differences were detected in the latency to 
enter the center of the open field between tests and treatment groups 
(Fig. 3D; Two-way RM ANOVA: Treatment × Test: F(3,42) = 2.024, η2p =
0.0305, p = 0.1251, Treatment: F(3,42) = 0.2869, η2p = 0.0152, p =
0.8346, Test: F(3,42) = 0.0001, η2p < 0.0001, p = 0.9920, Subject: 
F(42,42) = 3.529, η2p = 0.7436, p < 0.0001). Similar findings are made if 
data are instead analyzed over the first 5 min in the open field (Table 1), 
or the first 10 min (Table 2). 

3.2.2. Light dark box 
No significant differences were detected between treatments in the 

duration of time spent in the light chamber (Fig. 4A; One-way ANOVA: 
F(3,44) = 0.0955, η2p = 0.006466, p = 0.9621). No significant differences 

were detected between treatments in the latency to enter the light 
chamber (Fig. 4B; One-way ANOVA: F(3,44) = 0.0589, η2p = 0.004, p =
0.9810). No significant differences were detected between treatments in 
the number of entries into the light chamber (Fig. 4C; One-way ANOVA: 
F(3,44) = 0.1938, η2p = 0.01304, p = 0.9001). No significant differences 
were detected between treatments in the number of head pokes into the 
light chamber (Fig. 4D; One-way ANOVA: F(3,44) = 0.9024, η2p =
0.05796, p = 0.4476). 

3.2.3. Elevated plus maze 
No significant differences were detected between treatments in the 

time spent in the open arms (Fig. 5A; One-way ANOVA: F(3,44) = 0.6729, 
η2p = 0.04387, p = 0.5733). No significant differences were detected 
between treatments in the number of entries into the open arms (Fig. 5B; 
One-way ANOVA: F(3,44) = 0.5780, η2p = 0.03792, p = 0.6325). No 
significant differences were detected between treatments in the total 
distance traveled in the EPM (Fig. 5C; One-way ANOVA: F(3,44) =

0.4952, η2p = 0.03266, p = 0.6875). 

3.3. Experiment 2 

3.3.1. Open field 
Open field data were analyzed across the entire 30 min of each test 

(Fig. 6). Rats treated with vehicle, estradiol, and DPN but not PPT 
exhibited a decrease in total distance traveled in the open field from the 
first to second test (Fig. 6A; Two-way RM ANOVA: Treatment × Test: 

Fig. 4. Experiment 1 analysis of vehicle, estradiol, DPN, and PPT treatments on anxiety-related behaviors in the light dark box. (A) Total full-body duration in the 
light chamber of the light dark box. (B) Latency to fully enter the light chamber of the light dark box. (C) Number of full entries into the light chamber of the light 
dark box. (D) Number of head pokes into the light chamber of the light dark box. 
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F(3,42) = 0.9699, η2p = 0.006042, p = 0.4160, Treatment: F(3,42) =

0.5373, η2p = 0.03138, p = 0.6593, Test: F(3,42) = 27.90, η2p = 0.05793, 
p < 0.0001, Subject: F(42,42) = 9.376, η2p = 0.8178, p < 0.0001, Vehicle 
Test 1-Test 2: t(42) = 2.973, Cohen's d = 0.494, p = 0.0145, Estradiol Test 
1-Test 2: t(42) = 2.686, Cohen's d = 0.6714, p = 0.0205, DPN Test 1-Test 
2: t(42) = 3.590, Cohen's d = 0.5424, p = 0.0034, PPT Test 1-Test 2: t(42) 
= 1.301, Cohen's d = 0.2696, p = 0.2004). No significant differences 
were detected in the time spent in the center of the open field between 
tests and treatment groups (Fig. 6B; Two-way RM ANOVA: Treatment ×
Test: F(3,42) = 2.274, η2p = 0.02564, p = 0.0939, Treatment: F(3,42) =

0.8573, η2p = 0.04707, p = 0.4707, Test: F(3,42) = 0.3403, η2p =
0.001279, p = 0.5628, Subject: F(42,42) = 4.869, η2p = 0.7686, p <
0.0001). No significant differences were detected in the number of en-
tries into the center of the open field between tests and treatment groups 
(Fig. 6C; Two-way RM ANOVA: Treatment × Test: F(3,42) = 0.2946, η2p 
= 0.003673, p = 0.8291, Treatment: F(3,42) = 0.7652, η2p = 0.04179, p 
= 0.5200, Test: F(3,42) = 3.821, η2p = 0.01588, p = 0.0573, Subject: 
F(42,42) = 4.380, η2p = 0.7646, p < 0.0001). No significant differences 
were detected in the latency to enter the center of the open field between 
treatment groups, but a significant increase in latency during test 2 was 
detected in rats treated with estradiol (Fig. 6D; Two-way RM ANOVA: 
Treatment × Test: F(3,42) = 1.686, η2p = 0.01551, p = 0.1844, Treat-
ment: F(3,42) = 0.0464, η2p = 0.002788, p = 0.9866, Test: F(3,42) =

3.937, η2p = 0.01207, p = 0.0538, Subject: F(42,42) = 6.536, η2p =
0.8416, p < 0.0001, Estradiol Test 1-Test 2: t(42) = 2.831, Cohen's d =
− 0.5577, p = 0.0280). Similar findings are made if data are instead 
analyzed over the first 5 min in the open field (Table 1), or the first 10 
min (Table 2). 

3.3.2. Light dark box 
No significant differences were detected between treatments in the 

duration of time spent in the light chamber (Fig. 7A; One-way ANOVA: 
F(3,44) = 0.4706, η2p = 0.03109, p = 0.7043). No significant differences 
were detected between treatments in the latency to enter the light 

chamber (Fig. 7B; One-way ANOVA: F(3,44) = 1.571, η2p = 0.09676, p =
0.2098). No significant differences were detected between treatments in 
the number of entries into the light chamber (Fig. 7C; One-way ANOVA: 
F(3,44) = 0.6514, η2p = 0.04253, p = 0.5863). No significant differences 
were detected between treatments in the number of head pokes into the 
light chamber (Fig. 7D; One-way ANOVA: F(3,44) = 1.793, η2p = 0.1089, 
p = 0.1624). 

3.3.3. Elevated plus maze 
No significant differences were detected between treatments in the 

time spent in the open arms (Fig. 8A; One-way ANOVA: F(3,44) = 1.317, 
η2p = 0.08792, p = 0.2817). No significant differences were detected 
between treatments in the number of entries into the open arms (Fig. 8B; 
One-way ANOVA: F(3,44) = 1.192, η2p = 0.08019, p = 0.3249). No sig-
nificant differences were detected between treatments in the total dis-
tance traveled in the EPM (Fig. 8C; One-way ANOVA: F(3,44) = 1.836, 
η2p = 0.1185, p = 0.1556). 

4. Discussion 

Our initial hypothesis for this study was that activation of ERβ would 
decrease anxiety-related behavior, that activation of ERα would increase 
locomotor behavior, and that this modulation of anxiety-related and 
locomotor behaviors would be present on the last day of exposure as 
well as 24 h after the last day of treatment. This hypothesis was clearly 
not supported, with the most obvious cause, that the estradiol or ER 
agonist exposures were somehow compromised, invalidated due to the 
success of the positive control regarding changes in body weight by 
estradiol and PPT. It is important to note that DPN is not known to 
attenuate weight gain and thus has no similar positive control to that of 
estradiol and PPT. However, because the DPN injections were prepared 
and given in the same way as those containing PPT, modeled after a 
previous study using the same concentrations that indicated changes in 
anxiety-related behaviors including in the open field (Lund et al., 2005) 
as well as a study that did not (Patisaul et al., 2009), it is unlikely that 
the DPN injections were prepared incorrectly. Overall, these results are 
similar to those of at least two other studies that also failed to detect an 
influence of DPN on anxiety-related behaviors (Patisaul et al., 2009; 
Jacome et al., 2010), suggesting that the utility of DPN as an inhibitor 
for anxiety may be situational. 

This study's hypothesis and the overall experimental design were 
primarily based on previous work by our lab where estradiol treatment 
decreased anxiety-related behavior in ovariectomized adult rats (Miller 
et al., 2020), in conjunction with a widely cited study showing decreases 
in anxiety-related behaviors in response to exposure to the ERβ agonist 
DPN (Lund et al., 2005). These previous studies are consistent with 
select other literature which provides a body of evidence that ERβ 
modulates anxiety-related behaviors (Ogawa et al., 2003; Imwalle et al., 
2005; Lund et al., 2005; Walf and Frye, 2005a,b; Spiteri et al., 2012; 
Borrow and Handa, 2017). There is also a body of evidence of studies 
that have failed to detect impacts on anxiety-like behaviors by ER ago-
nists, including DPN (Patisaul et al., 2009; Jacome et al., 2010), a club 
which our study now joins. Considering these differing findings, it ap-
pears that DPN and estradiol sometimes but not always modulate 
anxiety-related behaviors. Thus, after firmly establishing the integrity of 
the data to the best of our abilities, the question in our laboratory 
became: “Why this result?” While we cannot definitively answer this 
question, we offer the following discussion in the spirit of assisting our 
field in assessing estrogen modulated behaviors, especially since our 
previous experiments indicate that variables such as the presence of 
light as well as acute stress can obscure estrogen-induced effects in 
common behavioral assessments (Miller et al., 2020, 2021). 

Our laboratory's analysis of “why this result” began by recognizing 
that estradiol exposure in addition to PPT and DPN exposure did not 
significantly differ from vehicle treatment in any behavioral test. 
Estradiol treatment was intended to be a positive control regarding the 

Fig. 5. Experiment 1 analysis of vehicle, estradiol, DPN, and PPT treatments on 
anxiety-related behaviors in the elevated plus maze under red light. (A) Total 
duration in the open arms of the elevated plus maze. (B) Number of entries into 
the open arms of the elevated plus maze. (C) Total distance traveled in the 
elevated plus maze. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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behavioral results of these experiments in addition to estradiol's actions 
on weight. A lack of difference between the estradiol and vehicle groups 
violates the positive control in the sense that an expected change 
induced by estradiol in behavior was not found. After identifying no 
significant differences in behavior between the positive (estradiol) and 
negative (vehicle) controls, we compared these data groups to those of 
our previous study that tested estradiol modulation of anxiety-related 
and locomotor behaviors in adult ovariectomized female rats (Miller 
et al., 2020). When the difference between the time spent in the center of 
the open field on day 1 and 4 of injections was compared across 
experiment 1 of the present study and experiment 1 of our previous 
study using a two way ANOVA, there was a trending interaction between 
treatment and experiment (Fig. 9; p = 0.0575). A significant treatment 
effect (Fig. 9; p = 0.0213) was present only for the estradiol treatment 
group from our previous study. This comparison revealed that the pre-
sent study's vehicle group was slightly elevated and the estradiol group 
slightly decreased from the previous study's findings, although neither 
group differed significantly from our previous study (Vehicle: p =
0.7707, Estradiol: p = 0.1450). However, this combination of changes in 
both groups is a clue that something is different between these cohorts of 
animals, perhaps indicating that a differential variable is present be-
tween the previous study and the current study. This clue, on top of an 
exhaustive search to make sure that the actual experimental details were 
correct including properly mixing the drugs, proper behavioral analysis, 
etc., indicates the presence of a variable or variables that could be 
impacting how the animals respond to estradiol and its receptor agonists 
or differences in experimental methodology. 

There are many potential variables that could potentially obscure an 

effect of estradiol and its receptor agonists. One potential explanation 
for differences in estradiol sensitivity is contamination due to unin-
tended exposure to estradiol or endocrine disruptors. Regarding estra-
diol contamination, estradiol and vehicle injections were prepared in the 
same laboratory, thus one possibility is that estradiol somehow 
contaminated the vehicle group. However, this source of contamination 
is unlikely as the vehicle treated group did not display the same changes 
in weight as the estradiol and PPT groups, that the estradiol and oil 
injections were always separated, vehicle injections were mixed before 
handling any estradiol, the use of separate instruments and equipment, 
and extensive cleaning with ethanol. Endocrine disruptors are another 
potential source of the violation of positive and negative controls as they 
are found in many materials, especially plastics. It is possible that 
exposure to an endocrine disruptor during gestation could alter the 
assessed behaviors (Patisaul et al., 2009; Rebuli et al., 2015; Gillera 
et al., 2020). It is unlikely that endocrine disruption occurred after 
arrival in our animal care facility, due to the implementation of strict 
diet, bedding, and glass water bottle protocols as described in the 
methods. Other than endocrine disruption or contamination, perhaps 
the most salient potential variable is a stressor on the animals (Holder 
and Blaustein, 2014; Maeng and Milad, 2015), as there are large sex 
differences and estradiol-interactions with stress behavior (Maeng and 
Milad, 2015; Rainville et al., 2022). There are at least two recent studies 
that show that estradiol-related modulation only appeared in the context 
of a stressor, including one from our own laboratory (Miller et al., 2020; 
Gargiulo et al., 2022). There are also other studies that indicate that 
earlier stress can compromise later effects of estradiol (Walf and Frye, 
2007). For instance, Blaustein and colleagues and others have 
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Fig. 6. Experiment 2 analysis of vehicle, estradiol, DPN, and PPT treatments on locomotor and anxiety-related behaviors in the open field under white light. Test 1 
was performed on the first day of injections and test 2 was performed 24 h following the last day of injections. (A) Total distance traveled in the open field within 
subject between test 1 and test 2. (B) Time spent in the center of the open field within subject between test 1 and test 2. (C) Number of entries into the center of the 
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documented that shipping stress during critical periods such as gestation 
and puberty can compromise later effects of estradiol (Holder and 
Blaustein, 2014). The rats in this study were shipped from a facility in 
North Carolina around P50 to help avoid this possibility, since P50 is 
after pubertal initiation. However it is possible that stress still occurred 
before arrival in our housing facility. What is less clear is why such a 
stress would matter in the two cohorts of animals used for this study and 
not in our previous study (Miller et al., 2020). It is also not clear why this 
particular potential stressor may matter when the original manuscript 
showing an effect of DPN on mitigating anxiety-like behaviors also had 
animals shipped during the same general developmental period (Lund 
et al., 2005). 

Our study is not unique in not detecting an estradiol or estrogen 
receptor effect on non-motivated anxiety-related and locomotor be-
haviors in various behavioral assessments, and there is considerable 
variability between ER agonist, dose, and assessment test (Palermo-Neto 
and Dorce, 1990; Morgan and Pfaff, 2001; Lund et al., 2005; Borrow and 
Handa, 2017; Gogos et al., 2018). Even experiments investigating rodent 
behavior across the natural estrous cycle do not always detect changes in 
anxiety-related behaviors. In the open field, it is sometimes challenging 
to detect any differences in non-motivated anxiety-related behaviors 
between different estrous cycle phases (Gogos et al., 2018; Datta et al., 
2019; Scholl et al., 2019; Levy et al., 2023). In the elevated plus maze, 
rodents in the estrus and proestrus phases typically display reduced 
anxiety-related behaviors compared to diestrus (Mora et al., 1996; Díaz- 
Véliz et al., 1997; Marcondes et al., 2001; Maeng and Milad, 2015), but 
even using this test an estrous cycle effect is not always detected (Scholl 
et al., 2019). Of course, ovariectomy itself can potentially alter anxiety- 

like behavior and the sensitivity to estradiol and its agonists (Zimmer-
berg and Farley, 1993). It is important to note that throughout the 
literature of estradiol and ER modulation of rodent behaviors, experi-
mental parameters can differ significantly between studies. For instance, 
light cycle phase, the presence or absence of light during behavioral 
tests, length and type of test, diet, age, and dose of hormone or ER 
agonist treatment and more can all be sources of variability during 
testing (Patisaul et al., 2009; Diz-Chaves et al., 2012; Sestakova et al., 
2013; Jin et al., 2021). Many publications do not include details about 
some or all of these variables or behavioral protocols. Indeed, the 
manuscript upon which our study is based does not describe in great 
detail how behavioral testing in the open field, elevated plus maze, and 
light/dark box was conducted and it is possible that our methods 
differed (Lund et al., 2005). To be fair, this situation is not unique to this 
particular study, or field and well-meaning scientists struggle on how 
much detail to report in methods sections. Furthermore, as pointed out 
in a recent review, “hidden variables” such as cage ventilation systems, 
social dominance structures, circadian rhythms, and transport stress 
(discussed further below) of which the working scientists may be un-
aware could directly impact behavioral studies (Butler-Struben et al., 
2022). Overall, the discrepancies in results due to variations in testing 
methods demonstrate that consistency is extremely important when 
assessing estradiol's modulation of rodent behavior. 

Two examples of inconsistency in the literature are how variables 
relating to light and novelty are handled (Miller et al., 2020, 2021). It is 
feasible that these and other variables indirectly or directly modulate 
behavior in a way that conceals estradiol and ER agonist effects in 
ovariectomized females. The presence of light is a known stressor to 

Fig. 7. Experiment 2 analysis of vehicle, estradiol, DPN, and PPT treatments on anxiety-related behaviors in the light dark box. (A) Total full-body duration in the 
light chamber of the light dark box. (B) Latency to fully enter the light chamber of the light dark box. (C) Number of full entries into the light chamber of the light 
dark box. (D) Number of head pokes into the light chamber of the light dark box. 
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rodents, and the sensitivity of anxiety-related and locomotor behaviors 
in response to light changes across the estrous cycle and with estradiol 
treatment (Crawley and Goodwin, 1980; Mora et al., 1996; Claustrat 
et al., 2008; Sestakova et al., 2013; Datta et al., 2019). For example, 
some behavioral tests are performed during the light phase while some 
are performed during the dark phase, and lighting conditions during 
testing can range from dim white light, intense white light, or dim red 
light. In our previous study investigating mechanisms of estradiol 
modulation of behavior in the presence or absence of white light, 
estradiol effects on anxiety-related behaviors in the open field test were 
only detected in the presence of white light, suggesting that exogenous 
estradiol's influence is evident in the presence of an acute stressor but 
muted in a low-anxiety environment (Miller et al., 2020). This finding of 
estrous cycle effects in the open field in white light is similar to that in 
studies of mice (Jaric et al., 2019; Rocks et al., 2022). It is possible that 
estradiol-effects on anxiety-like behaviors may vary by light intensity, 
although it is unclear whether there is a minimal threshold of a light 
stimulus that is sufficient for producing a maximal anxiety-like effect. 

Another consideration is novelty of the open field as a significant 
factor when testing anxiety-related and locomotor behaviors (Miller 
et al., 2020). Animals might be tested either once or twice in each test, 
may undergo several different tests during the same day (Datta et al., 
2019; Scholl et al., 2019), and testing times within the open field can 
range from 5, 10, 20 or 30 min (Handa et al., 1993; Prut and Belzung, 
2003; Gogos et al., 2018; Levy et al., 2023). To help mitigate this vari-
ability we analyzed the first 5 min, the first 10 min, and the entire 30 
min spent in the open field. Novelty greatly obscures the effects of the 
estrous cycle on anxiety-related behaviors, and a shorter length of time 

in the open field limits the detection of estrous cycle-induced effects 
(Miller et al., 2021). In our previous study (Miller et al., 2021), the 
presence of light during the test so robustly increased anxiety-related 
behaviors that estrous cycle effects and behavioral responses to nov-
elty were reduced. The present experiment accounted for novelty and 
individual variation in the open field test by performing the test twice to 
allow for individual comparisons. Novelty was not controlled for when 
performing the LD box and EPM behavioral tests, which is a generally 
standard protocol for most laboratories. It is also possible that subjecting 
rats to the open field immediately before the LD box and EPM compli-
cated results of the final behavioral tests. While studies assessing a 
battery of behaviors using multiple behavioral tests often perform one 
test per day (Rock et al., 2019; Gillera et al., 2020), this approach is 
problematic when assessing a dynamic variable such as estradiol levels 
or ER activation. A second exposure to the open field followed by sub-
sequent novel tests may have added inadvertent stressors and novelty 
that hindered the detection of estradiol effects. Additionally, the timing 
of these behavioral tests following hormone injection differed between 
our current and previous study. Previously, open field testing occurred 
1.5 h following the hormone injection (Miller et al., 2020). To incor-
porate all behavioral tests within the first 3 h of the dark phase, open 
field testing in the present study occurred only 30 min after injections. It 
is possible that behavioral testing occurred too soon after the rats 
received injections; however, this timing was used successfully in 
another study (Lund et al., 2005) so it is unlikely that this alone was a 
substantial issue. It is possible that the combination of using three 
behavioral tests on each rat and the early initiation of testing after in-
jections introduced unpredictable and extraneous variables that 

Fig. 8. Experiment 2 analysis of vehicle, estradiol, DPN, and PPT treatments on anxiety-related behaviors in the elevated plus maze under red light. (A) Total 
duration in the open arms of the elevated plus maze. (B) Number of entries into the open arms of the elevated plus maze. (C) Total distance traveled in the elevated 
plus maze. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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participated in the violation of our controls. However, the original 
manuscript demonstrating that DPN mitigated anxiety-like behaviors 
performed all three of these tests sequentially as well (Lund et al., 2005). 
Overall, tests that differ in novelty, length, and lighting will produce 
varying results that may make reproducibility and comparisons between 
labs difficult, but on the other hand, differences in methods could also 
indicate the robustness of an experimental effect. Of course, these are 
not the only factors to likely produce variability across experimental 
studies, and further research is needed to understand other factors that 
contribute to behavioral differences such as light cycle phase, habitua-
tion times, test type, species/strain, and housing conditions, among 
others [8]. We note that our current study employed the same strain of 
rat as the original study demonstrating that DPN mitigated anxiety-like 
behaviors (Lund et al., 2005). The current study also employed the same 
dose of DPN as Lund and colleagues, although it is possible that higher or 
lower doses of DPN/PPT and estradiol could exert differential effects. 

We advise that laboratories take several factors in consideration 
when designing future experiments. First, to avoid estradiol or endo-
crine disruptor contamination if possible and avoid possible shipping 
stress by breeding the rats in house. Second, that the presence, absence, 
and intensity of light is consistent and documented in the experimental 
methods. Third, to consider assessing behavior using only one behav-
ioral test per rodent per day to prevent unnecessary interactions of stress 
and novelty. For the current experiment, a different design incorpo-
rating three cohorts of animals to assess behavior in specific apparatus 
could have been employed, with the caveat that this approach vastly 
increases experimental expense and logistics. Fourth, it is important 
when publishing to write detailed methods that report as many protocols 
and experimental characteristics as possible to allow for reproducibility 
and accurate expansion of the work, and at this point there are multiple 
guidelines to assist with documentation, including the ARRIVE system 
(Percie du Sert et al., 2020a,b). Although we cannot realistically 
consider every possible factor, perhaps reporting more methodology can 

lead to new perspectives on our discoveries. In reality, animal behavior 
is not influenced by one controlled variable at a time but rather an 
integration of countless variables, making the application of experi-
ments involving hormone action on anxiety-related behaviors chal-
lenging and sometimes unpredictable. We view this complex arena as an 
exciting and worthy challenge for future experiments in which behav-
ioral neuroendocrinologists can make important contributions to un-
derstanding how internal and external variables interact to influence 
animal behavior, taking us back to the foundational experiment of our 
field. Most behavioral experiments, including our own, that test relevant 
behaviors aim to assess only one or two specific variables, as incorpo-
rating multiple factors within an experimental design becomes compli-
cated. However, in doing so there are often missed opportunities to 
address the importance of varying environmental interactions, leading 
to an expanse of divergent literature in which individual studies cannot 
represent a complete picture. Future experiments, perhaps using artifi-
cial intelligence and machine learning assistants, will hopefully 
augment our ability to examine how multiple factors participate 
together to help the animal evaluate its internal and external environ-
ment and to respond appropriately, demonstrating the importance of 
considering interactions of external and internal factors to fully under-
stand the complexities of animal behavior. We believe that in-
vestigations of the neuroendocrine mechanisms behind behavior are 
only beginning, as the context by which hormones influence behavior 
varies significantly according to the environment. If nothing else, the 
experiments presented here taught our laboratory to recognize that 
behavioral modulation is a product of an animal's individual circum-
stance. We look forward to the future experiments conducted by 
behavioral neuroendocrinologists, allowing the completion of compre-
hensive models integrating the internal and external factors responsible 
for animal behavior. 
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