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Animal behavior can be modulated by multiple interacting factors. In rodents such as rats, these factors include,
among others, the female estrous cycle, exposure to a novel environment, and light. Here, we used the open field
test to disassociate differences in behavior resulting from each of these factors by testing the hypothesis that
locomotor and anxiety-related behaviors differ between estrous cycle phases in female rats and that novelty and
light exposure concurrently influence these behaviors in both female and male rats. Adult female rats were tested
twice under red or white light in estrus and diestrus estrous cycle phases. Adult male rats were also tested twice

under either red or white light. In females, an interaction between novelty and estrous cycle phase influenced
locomotor and anxiety-related behaviors. In males, novelty influenced locomotor and anxiety-related behaviors
differentially under red and white light. Light exposure increased anxiety-related behaviors in both males and
females, but reduced locomotor behavior only in females. These findings reveal the complexities of behavioral
testing and highlight the importance of factors such as the estrous cycle, novelty, and light exposure.

1. Introduction

Animal behavior is influenced by concurrent and interacting factors
which are often kept constant in the laboratory to produce a well-
controlled experiment focused on one variable. However, it is possible
that the selection of one factor of interest will obscure or otherwise
impact the influence of another factor. Here we disassociate differences
in rat locomotor and anxiety-related behaviors resulting from three
external factors known to be of importance to behavior: the female
estrous cycle, exploration of a novel environment, and the absence or
presence of light. In adult females, fluctuating ovarian hormones play a
large role in not only the reproductive system, but also in modulating
behavior. In particular, behaviors related to locomotion and anxiety
fluctuate naturally across the estrous cycle in rodents and the menstrual
cycle in humans [1-3]. In female rats, estrous cycle-induced locomotor
and anxiety-related behavioral changes are studied using the open field
test among other behavioral tests including the elevated plus maze,
voluntary wheel running, and passive avoidance task [2, 4-8]. When
used to assess the role of the estrous cycle on female locomotor behavior,
the open field test may detect either differential or null effects [7-10].
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Additionally, anxiety measurements using the open field test often do
not detect robust differences across the estrous cycle, but using a testing
method such as the elevated plus maze to assess anxiety-related be-
haviors reveals more consistent estrous cycle-induced changes [2, 6, 11,
12]. These differences in the magnitude of estrous cycle effects on
behavior suggest that other factors may be influencing behavioral
output within the open field. Not surprisingly, specific methods of the
open field often vary widely in regard to factors such as the length of the
test, habituation periods, and the presence and intensity of light. This
encourages consideration of other factors that influence open field
behavior and the potential obstacles they present when assessing vari-
ables such as estrous cycle effects.

Two of these other factors are exposure to a novel environment and
the presence of light. Both of these factors induce a physiological stress
response and influence locomotor activity in rats [13, 14]. Novelty
typically induces increased locomotor and exploratory behaviors, while
light exposure has been documented to decrease locomotor behavior
[13, 15, 16]. Despite the behavioral changes caused by novelty and
light-induced stress in the open field, this test is widely used in the
assessment of anxiety-related behaviors in a variety of contexts. Often,
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the effect from experimental variables are sufficiently robust to detect
changes in open field behavior and this method of testing is still a
well-respected assessment of locomotor and anxiety-related behaviors
[17]. Although both novelty and light exposure are factors in modu-
lating behavior, the magnitude of their influence is not well-understood,
especially in the context of the estrous cycle. This interaction may
potentially contribute to the misinterpretation of less robust behavioral
changes and thus the conflicting results across behavioral studies
assessing estrous cycle effects. This is a significant oversight, as under-
standing additional factors of influence on open field behaviors will lead
to a more accurate evaluation of results.

To address this gap in knowledge, we tested the hypothesis that lo-
comotor and anxiety-related behaviors differ between estrous cycle
phases in female rats and that novelty and light exposure concurrently
influence these behaviors in both female and male rats in the open field
test. We performed four different experiments which test specific aspects
of this hypothesis. In experiment 1, we tested the effects of novelty and
two estrous cycle phases on female rat open field behavior by testing
each rat twice under red light in the diestrus and estrus phase. In
experiment 2, we tested the effect of white light exposure, novelty, and
two estrous cycle phases on female rat open field behavior by testing
each rat twice under white light in the diestrus and estrus phase. In
experiment 3, we tested the effect of novelty on female rat open field
behavior by testing each rat twice under red light in either the diestrus
or estrus phase. Experiment 4 tested the effect of novelty and light
exposure on male rat open field behavior by testing each rat twice under
either red or white light.

2. Methods
2.1. Animals

All animal protocols were approved by the Institutional Animal Care
and Use Committees (IACUC) at North Carolina State University. Male
and female Sprague-Dawley rats were born from timed-pregnant fe-
males purchased from Charles River Laboratories and housed at the
Biological Resource Facility at North Carolina State University. Rats
were housed in pairs after weaning at P21 through adulthood. Ten days
before behavioral testing (P102+4), rats were single housed. All rats
were handled daily five days prior to experimental assessment. Cages
were BPA free and filled with bedding manufactured from virgin hard-
wood chips (Beta Chip; NEPCO, Warrensburg, NY) to avoid endocrine
disruptors present in corncob bedding [18-20]. Soy protein-free rodent
chow (2020X; Teklad, Madison, WI) and glass water bottles were pro-
vided ad libitum. Rats were housed in a temperature (23 °C, 40% hu-
midity) and light controlled room on a 12:12 hour light:dark cycle with
lights turning off at 9:00 am.

2.2. Estrous cycle assessment

Female estrous cycle assessment began at least five days prior to
behavioral testing. Males were similarly handled five days prior to
behavioral testing. Rats in diestrus and estrus were employed for
behavioral testing. Females were vaginally swabbed with potassium
phosphate buffer solution daily between 9:00 am and 10:00 am. Swabs
were prepared on a wet mount slide and epithelial cell morphology was
visualized under a microscope as previously described [21]. This vaginal
cytology method has been verified by our laboratory to be a valid
assessment of estrous cycle phases, as phases identified through cytology
correspond with expected hormone levels [22, 23]. For the purpose of
this study, diestrus phase rats were employed during the second day
after the completion of estrus, exhibiting vaginal cytology of predomi-
nately leukocytes and few nucleated cells. Estrus phase rats were
employed during the first day of estrus or behavioral estrus as noted in
the literature [24], during the first few hours of the dark cycle where
vaginal cytology exhibited predominately clumped, cornified cells with
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few nucleated circular cells.

2.3. Behavioral testing and data analysis

All behavioral testing occurred within the first three hours of the
dark cycle, between 10:00 am and 12:00 pm. During each test, rats were
individually placed into an open field arena (60 cm X 60 cm X 60 cm;
Cleversys Inc, Reston, VA). Following previously documented protocols
[16, 25, 26], activity was recorded for 30 min with a video camera
located above the open field. Behaviors were analyzed both as the total
activity during the 30 min testing period as well as activity during the
first 10 min of the test to allow the comparison of novelty-induced
behavior occurring early in the test to general locomotor and
anxiety-related behaviors represented over the longer test period
[25-28]. Following each test, the open field was thoroughly cleaned with
70% isopropyl alcohol. In all experiments, locomotion was determined
by measuring the total distance traveled in the open field and
anxiety-related behaviors 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. 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).

Experiment 1. :Behavioral testing of female rats was conducted under
red light (0.5 + 0.5 lux). Each rat was tested in both diestrus and estrus
phases but separated into two cycle sequence groups, either diestrus first
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Fig. 1. Schematic depicting experimental design. A) Experiment 1: Female rats
were tested twice under red light in both estrus and diestrus phases, separated
into two cycle sequence groups: estrus first or diestrus first. B) Experiment 2:
Female rats were tested twice under white light in both estrus and diestrus
phases, separated into two cycle sequence groups: estrus first or diestrus first. C)
Female rats were tested twice under red light in either estrus or diestrus phases.
D) Male rats were tested twice under either red or white light.
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(n =7) or estrus first (n = 8) (Fig. 1A). Rats experienced at least one full
estrous cycle between the first and second behavioral test (1242 days).

Experiment 2. : Behavioral testing was conducted under white light
(250+10 lux) with verified equal illumination across the open field
arena. Female rat open field behavior was conducted in the same
manner as in experiment one, with two cycle sequence groups of either
diestrus first (n = 7) or estrus first (n = 7) (Fig. 1B). Rats experienced at
least one full estrous cycle between the first and second behavioral test
(10+£1 days).

Experiment 3. : Behavioral testing was conducted under red light (0.5
4 0.5 lux). Female rats were tested twice in either diestrus (n = 7) or
estrus (n = 8) (Fig. 1C). Rats experienced at least one full estrous cycle
between the first and second behavioral test (13+1 days).

Experiment 4. : Male rats were tested twice under either red light (n

=8, 0.5 + 0.5 lux) or white light (n = 6, 250+10 lux) (Fig. 1D). Males
were given 8 + 1 days in between the first and second behavioral test.

2.4. Statistical analysis

All experimental data was analyzed via Graphpad Prism version 8.3
(La Jolla, CA). Behavioral data was first analyzed using a two-way
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repeated measures ANOVA with Holm-Sidak’s multiple comparisons
tests and unpaired t-tests. Further analysis was taken to decompose the
effects of light, sex, and estrous cycle phase using unpaired t-tests and a
one-way ANOVA with Holm-Sidak’s multiple comparisons test to
maximize statistical power. Significance was given a priori to P values of
less than 0.05. Effect sizes were calculated as partial eta-squared (n2p)
for F-tests and Cohen’s d (d) for t-tests. Data is reported as mean + SEM.

3. Results

Experiment 1. : Estrous cycle phase and novelty interact to influence
locomotion but not anxiety-related behaviors under red light.

Females first tested in estrus showed increased total distance trav-
eled in the open field compared to a second test in diestrus (Fig. 2A;
Two-way RM ANOVA: Cycle Sequence x Test: F(1,13)=4.858, p = 0.046,
nzp:0.272; Cycle Sequence: F(,13=0.171, p = 0.686; Test:
F(1,13)=10.05, p = 0.007; Subject: F13,13)=5.532, p = 0.002; Estrus first
test 1- test 2: t(3)=3.934, p = 0.003; Diestrus first test 1-test 2:
t13)=0.662, p = 0.769). This is in contrast to females first tested in
diestrus and then in estrus, which showed no difference in total distance
traveled between tests. No significant differences in the time spent in the
center of the open field were detected in either estrous cycle group
(Fig. 2B; Two-way RM ANOVA: Cycle Sequence x Test: F(1,13)=0.178, p

Experiment 1: Estrous Cycle Sequence Effects under Red Light
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Fig. 2. Estrous cycle phase sequence and novelty influenced locomotor but not anxiety-related behavior in females tested in both estrus and diestrus phase under red
light. A) Total distance traveled in the open field within subject during test 1 and test 2. B) Time spent in the center of the open field within subject during test 1 and
test 2. C) Number of entries into the center of the open field within subject during test 1 and test 2. D) Latency to enter the center of the open field within subject

during test 1 and test 2. Acronyms: **=P<0.01.
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= 0.680, nzp:0.014; Cycle Sequence: F(; 13)=1.252, p = 0.283; Test:
F1,13)=0.316, p = 0.584; Subject: F(13,13)=0.786, p = 0.665). No sig-
nificant differences in the number of entries into the center of the open
field were detected in either estrous cycle group (Fig. 2C; Two-way RM
ANOVA: Cycle Sequence x Test: F,13)<0.001, p = 0.988, n2p<0.001;
Cycle Sequence: F(;,13)=1.687, p = 0.217; Test: F(1,13)=0.672, p = 0.427;
Subject: F(13,13)=1.237, p = 0.354). No significant differences in latency
to enter the center of the open field were detected in either estrous cycle
group (Fig. 2D; Two-way RM ANOVA: Cycle Sequence x Test:
F(1,13)=3.31,p = 0.092, nzp:0.203; Cycle Sequence: F(1,13=0.362, p =
0.558; Test: F(1,13)=3.161, p = 0.099; Subject: F(1313)=22.05, p<0.001).
Overall this data indicates that females exhibited increased locomotor
behavior in estrus under red light, but this effect is masked by an effect
of novelty occurring during the first test. Estrous cycle phase- or novelty-
induced differences in anxiety-related behaviors were not observed
when females were tested in both estrous cycle phases under red light.

Experiment 2. : Novelty independent of estrous cycle phase influences
locomotor but not anxiety-related behaviors under white light.

Females showed increased total distance traveled in the open field
during the first compared to the second test regardless of estrous cycle
phase sequence (Fig. 3A; Two-way RM ANOVA: Cycle Sequence x Test:
F(1,12)=0.401, p = 0.538, nzp:0.032; Cycle Sequence: F(1,12)=0.968, p
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= 0.345; Test: F(1,12)=17.36, p = 0.001; Subject: F(12,12)=5.565, p =
0.002; Estrus first test 1- test 2: t(12)=3.395, p = 0.011; Diestrus first test
1-test 2: t(12)=2.499, p = 0.028). No significant differences in time spent
in the center of the open field were detected in either estrous cycle group
(Fig. 3B; Two-way RM ANOVA: Cycle Sequence x Test: F,12)=1.902, p
= 0.193, nzp:0.137; Cycle Sequence: F(;,12)=1.396, p = 0.260; Test:
F(1’12)20.282, p = 0.605; Subject: F(12)12)21.488, p= 0.251). No Sig—
nificant differences in the number of entries into the center of the open
field were detected in either estrous cycle group (Fig. 3C; Two-way RM
ANOVA: Cycle Sequence x Test: F(1,12)=3.799, p = 0.075, an:0.240;
Cycle Sequence: F(; 12)=2.263, p = 0.158; Test: F(; 12)=2.532,p = 0.138;
Subject: F12,12)=4.364, p = 0.008). Females first tested in estrus showed
decreased latency to enter the center of the open field compared to a
second test in diestrus (Fig. 3D; Two-way RM ANOVA: Cycle Sequence x
Test: F(1,12=1.073, p 0.321, an:0.0SZ; Cycle Sequence:
F1,12=0.002, p = 0.968; Test: F(1,12=12.22, p = 0.004; Subject:
F12,12)=1.824, p = 0.156; Estrus first test 1- test 2: t12)=3.204, p =
0.015; Diestrus first test 1-test 2: t12)=1.739, p = 0.108). Overall this
data indicates that under white light, females exhibited increased lo-
comotor behavior during the first compared to the second behavioral
test due to novelty, and that the estrous cycle phase did not robustly
influence locomotor or anxiety-related behaviors.

Experiment 3. : Novelty does not robustly influence locomotor or anxiety-

Experiment 2: Estrous Cycle Sequence Effects under White Light

A

Total Distance Traveled

B

Time in Center

60000~ " " 150
| — 1
-o- Test1
E  40000- % = Test2 — 100~
- *—— &
bt o
2 AN E
@ 20000+ S F 504
a ;
0 T T S — 0- _‘} —
WSy st st st
wed N v v
e o e o
Number of Entries into Center
Latency to Enter Center
%
100- 20004
.—
(7]
£ 80 1500
W 6o- 0
o
3 2 1000-
5 E
g 40+ [=
E i
3 20 500
0 . —_ — 0-
s s Y s
S\ o) g €w°
S S S S
es““ -\es““ gs““ -\es““

Fig. 3. Novelty independent of estrous cycle phase influenced locomotor but not anxiety-related behavior in females tested in both estrus and diestrus phase under
white light. A) Total distance traveled in the open field within subject during test 1 and test 2. B) Time spent in the center of the open field within subject during test 1
and test 2. C) Number of entries into the center of the open field within subject during test 1 and test 2. D) Latency to enter the center of the open field within subject

during test 1 and 2. Acronyms: *=P<0.05.
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related behaviors under red light in females repeatedly tested in estrus or
diestrus.

Experiments 1 and 2 establish that novelty can potentially modulate
female behavior in the open field under specific variables, such as light
type and estrous cycle phase sequence. To further decompose the spe-
cific effects of novelty, we repeatedly tested females in either estrus or
diestrus under red light. We chose red light given that novelty and the
estrous phase showed a significant interaction in experiment 1. We
reasoned that if the effects of novelty were more influential than the
effects of the estrous cycle phase, novelty would exert a robust and
similar effect across experimental groups. Furthermore, it is possible
that novelty would exert differential effects between females in estrus or
diestrus.

No significant differences in total distance traveled in the open field
were detected in females repeatedly tested in estrus compared to those
tested in diestrus (Fig. 4A; Two-way RM ANOVA: Cycle Phase x Test:
F(1,13)=0.066, p = 0.801, r]zp:0.00S; Cycle Phase: F1,13)=1.887, p =
0.193; Test: F(1,13y=1.553, p = 0.235; Subject: F(1313=4.230, p =
0.007). No significant differences in time spent in the center of the open
field were detected in females repeatedly tested in estrus compared to
those tested in diestrus (Fig. 4B; Two-way RM ANOVA: Cycle Phase x
Test: F(1,13)=0.363, p = 0.557, nzp:0.027; Cycle Phase: F(1,13)=0.893, p
= 0.362; Test: F(1,13=0.114, p = 0.742; Subject: F(13,13)=3.363, p =
0.019). No significant differences in the number of entries into the
center of the open field were detected in females repeatedly tested in
estrus compared to those tested in diestrus (Fig. 4C; Two-way RM
ANOVA: Cycle Phase x Test: F(1,13)=0.837, p = 0.377, nzp:0.060; Cycle

Physiology & Behavior 228 (2021) 113203

Phase: F(q,13)=3.049, p = 0.104; Test: F(;,13)=1.008, p = 0.334; Subject:
F13,13)=2.651, p = 0.045). No significant differences in latency to enter
the center of the open field were detected in females repeatedly tested in
estrus compared to those tested in diestrus (Fig. 4D; Two-way RM
ANOVA: Cycle Phase x Test: F(;,13)=0.323, p = 0.580, 12p=0.024; Cycle
Phase: F(q,13)=1.095, p = 0.314; Test: F(1,13)=1.533, p = 0.238; Subject:
F13,13=131.4, p<0.001). Overall these findings indicate that when
tested twice within the same estrous cycle phase under red light, the
potential effects of novelty and estrous cycle phase on female open field
behavior can be mitigated, allowing for the accurate analysis of other
variables.

Animals in estrus show decreased anxiety-related behaviors under red
light during the second behavioral test.

The results of experiments 1 and 3 predict that mean differences in
open field behaviors between females in estrus and diestrus phases may
manifest in large populations, but only when the influences of novelty
are controlled, such as in the second test. To test this prediction, we
analyzed data from experiments 1 and 3. Females were sorted by estrous
cycle phase and test number, independent of estrous cycle phase
sequence. For example, data from all females who were in the estrus
phase during test 1 in experiment 1 and 3 was combined and analyzed
with the combination of data from all females who were in the diestrus
phase during test 1 in experiment 1 and 3.

No significant differences in total distance traveled in the open field
were detected between estrous cycle phases in the first (Fig. 5A:
t28)=1.169, p = 0.252, d = 0.424) or second (Fig. 5B: t(25y=1.971,p =

Experiment 3: Estrous Cycle Effects within Same Phase under Red Light
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Fig. 4. Novelty does not robustly influence locomotor or anxiety-related behaviors under red light in females tested twice in either estrus or diestrus phase. A) Total
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Estrous Cycle Stage: Test 1 vs Test 2
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Fig. 5. Females in estrus exhibit lower anxiety-related behavior compared to
females in diestrus during test 2 but not test 1 under red light. Locomotor
behavior did not significantly differ between phases during either test. A) Total
distance traveled in the open field during test 1. B) Total distance traveled in
the open field during test 2. C) Time spent in the center of the open field during
test 1. D) Time spent in the center of the open field during test 2. E) Number of
entries into the center of the open field during test 1. F) Number of entries into
the center of the open field during test 2. G) Latency to enter the center of the
open field during test 1. H) Latency to enter the center of the open field during
test 2. Acronyms: *=P<0.05.

0.059, d = 0.720) behavioral test. No significant differences in time
spent in the center of the open field were detected between estrous cycle
phases in the first (Fig. 5C: t(25)=0.119, p = 0.907, d = 0.043) or second
(Fig. 5D: t(2gy=1.544, p = 0.134, d = 0.564) behavioral test. No signif-
icant differences in the number of entries into the center of the open field
were detected between estrous cycle phases in the first behavioral test
(Fig. 5E: t(28)=0.179, p = 0.859, d = 0.065). However, females in estrus
showed an increased number of entries compared to diestrus during the
second test (Fig. S5F: t(28)=2.281, p = 0.030, d = 0.833). No significant
differences in latency to enter the center of the open field were detected
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between estrous cycle phases in the first (Fig. 5G: t(28y=0.596, p = 0.556,
d = 0.217) or second (Fig. SH: t(2g)=1.476, p = 0.151, d = 0.539)
behavioral test. This data indicates that under red light females
exhibited decreased anxiety-related behavior in estrus compared to
diestrus and that these effects were seen only during the second
behavioral test.

Females exhibit increased locomotor and decreased anxiety-related be-
haviors under red light compared to white light.

The differing results of experiments 1 and 2 suggest that light
exposure considerably influences open field behaviors. To test this
conjecture, data from experiments 1 and 2 was sorted by estrous cycle
phase and light type to analyze the effect of light on open field behavior
independent of test number. Females showed increased total distance
traveled in the open field under red light compared to white light in both
estrous cycle phases (Fig. 6A; Two-way ANOVA: Interaction:
F(1,82)=0.415, p = 0.521, nzp:0.00S; Cycle Phase: F(y,82)=2.730, p =
0.102; Light: Fq g2y=14.71, p<0.001; Diestrus white light — red light:
t(s2)=2.245, p = 0.028; Estrus white light — red light: t(g2)=3.184, p =
0.004). Females showed increased time spent in the center of the open
field under red light compared to white light in both estrous cycle phases
(Fig. 6B; Two-way ANOVA: Interaction: F(;82=0.110, p = 0.741,
nzp:0.001; Cycle Phase: F(1,82)=1.561, p = 0.215; Light: F; g2)=17.08,
p<0.001; Diestrus white light — red light: t(g2)=2.675, p = 0.009; Estrus
white light — red light: tg2=3.173, p = 0.004). Females showed
increased number of entries into the center of the open field under red
light compared to white light in both estrous cycle phases (Fig. 6C; Two-
way ANOVA: Interaction: F(; 82)=0.031, p = 0.860, n2p<0.001; Cycle
Phase: F(q 82)=3.331, p = 0.072; Light: F(1 g2)=15.25, p<0.001; Diestrus
white light — red light: tg2)=2.622, p = 0.010; Estrus white light — red
light: tg2)=2.901, p = 0.009). Females showed a decrease in overall
latency to enter the center of the open field under red light compared to
white light, although this effect was not so robust as to be seen in in-
dividual estrous cycle phases (Fig. 6D; Two-way ANOVA: Interaction:
F(1,82)=0.071, p = 0.790, nzp:0.001; Cycle Phase: Fq g2)=2.304, p =
0.133; Light: F(;,82)=6.915, p = 0.010; Diestrus white light — red light:
tg2)=2.037, p = 0.088; Estrus white llght —red llght tg2)=1.679, p =
0.097). Overall, this data indicates that females traveled more and
exhibited decreased anxiety-related behaviors under red light than
white light regardless of estrous cycle phase.

Experiment 4. : Novelty influences male locomotor behaviors independent
of light type, but influences anxiety-related behaviors only under red light.

Males were sequentially tested in the open field under both red and
white light. Males showed a decrease in total distance traveled in the
open field from the first test to the second test regardless of light type
(Fig. 7A; Two-way RM ANOVA: Light type x Test: F(;,12=0.206, p =
0.658, nzp:0.017; Light type: F(1,12=0.189, p = 0.672; Test:
F(1,12)218.68, p = 0.001; Subject: F(12)12):7.084, p = 0.001; Red llght
test 1-test 2: t2)=3.648, p = 0.007; White light test 1-test 2:
t12)=2.559, p = 0.025). Males tested under red light showed a decrease
in time spent in the center of the open field from the first to the second
test (Fig. 7B; Two-way RM ANOVA: Light type x Test: F(1,12)=7.723,p =
0.017, nzp:0.392; Light type: F(1,12=5.897, p = 0.032; Test:
F1,12y=10.67, p = 0.007; Subject: F(1212)=1.174, p = 0.393; Red light
test 1-test 2: tq2=4.617, p = 0.001; White light test 1-test 2:
ta2)=0.322, p = 0.753). This difference between tests was not seen when
males were tested under white light. Males tested under red light
showed a decrease in number of entries into the center of the open field
from the first to the second test (Fig. 7C; Two-way RM ANOVA: Light
type x Test: F(112=5.317, p = 0.040, nzp:0.307; Light type:
F1,12)=8.20, p = 0.014; Test: F(,12=7.427, p = 0.018; Subject:
F12,12)=1.428, p = 0.274; Red light test 1-test 2: t(12)=3.843, p = 0.005;
White light test 1-test 2: t(12)=0.277, p = 0.786). This difference be-
tween tests was not seen when males were tested under white light. No
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significant differences in latency to enter the center of the open field
were detected between tests, but latency was significantly decreased in
both tests under red light (Fig. 7D; Two-way RM ANOVA: Light type x
Test: F(1,12)=0.086, p = 0.774, nzp:0.007; Light type: F(1,12=20.820, p
= 0.001; Test: F(1’12)20.676, p = 0.427; Subject: F(12,12)20.650, p=
0.767). Overall, this data indicates that males exhibited decreased lo-
comotor behavior from the first to the second test independent of light
type. Males exhibited decreased anxiety-related behaviors during the
first compared to the second test only under red light.

Males exhibit decreased anxiety-related behaviors but no differences in
locomotor behaviors under red light compared to white light.

Results from experiment 4 establish that light type influences male
open field behavior. To further test this conclusion, data from experi-
ment 4 was analyzed independent of test number. No significant dif-
ferences were found in the total distance traveled in the open field in
males between light types (Fig. 8A: t(26)=0.545, p = 0.590, d = 0.211).
No significant differences were found in the time spent in the center of
the open field in males between light types (Fig. 8B: t(26)=1.946, p =
0.063, d = 0.780). Males showed increased number of entries into the
center of the open field under red light compared to white light (Fig. 8C:
t26)=2.631, p = 0.014, d = 1.040). Males showed decreased latency to
enter the center of the open field under red light compared to white light
(Fig. 8D: t(26)=4.142, p<0.001, d = 1.464). Overall, this data indicates
that males exhibited decreased anxiety-related behaviors but no differ-
ences in locomotor behaviors under red light compared to white light.

Sex differences: Females in estrus exhibit decreased anxiety-related but
not locomotor behavior compared to males under red light.

The investigation for females and males alone suggest the hypothesis
that estrous cycle-induced sex differences exist in open field behavior
between tests 1 and 2. To test this hypothesis, data from males tested
under red light from experiment 4 was compared with data from females
under red light from experiment 3. No significant differences were
detected in total distance traveled in the open field when data was
analyzed as the change between the two tests and compared across
groups (Fig. 9A; One-way ANOVA: F(320=0.320, p = 0.730,
n2p=0.031). Females in estrus significantly differed from males when
the time spent in the center of the open field was analyzed as the change
between the two tests and compared across groups (Fig. 9B; One-way
ANOVA: F(220=4.362, p = 0.027, nzp:0.304; Males vs Females
Estrus: t(20)=2.824, p = 0.031; Males vs. Females Diestrus: t(0)=2.121,
p = 0.091; Females Estrus vs Females Diestrus: t(20)=0.608, p = 0.550).
No significant differences were detected in the number of entries into the
center of the open field when the data was analyzed as the change be-
tween the two tests and compared across groups (Fig. 9C; One-way
ANOVA: F(2,20)=3.158, p = 0.064, nzp:0.240). No significant differ-
ences were detected in latency to enter the center of the open field when
the data was analyzed as the change between the two tests and
compared across groups (Fig. 9D; One-way ANOVA: F(3 20)=0.248, p =
0.783, qu:0.024). Overall, this data indicates that under red light fe-
males in estrus exhibited decreased anxiety-related behaviors compared
to males but no differences in locomotor behaviors.

Minor differences emerge when assessing behavior over a 10 versus 30
min period

Given that open field activity is typically assessed within ten
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minutes, it is possible that this study’s test length of thirty minutes re-
veals different results than a shorter behavioral assessment. To test this,
data from each analysis was reanalyzed for the first ten minutes of open
field exposure and the analyses that differ are depicted here.

When analyzing the first 10 min of behavior from experiment 2
under white light, females first tested in estrus showed increased total
distance traveled in the open field compared to a second test in diestrus,
but no differences between tests were observed when females were first
tested in diestrus (Fig. 10A; Two-way RM ANOVA: Cycle Sequence x
Test: Fp,12=1.728, p = 0.213, nzp:0.126; Cycle Sequence:
Fa,12=1.187, p = 0.297; Test: F(1,12=18.81, p = 0.001; Subject:
F(12,12=3.050, p = 0.032; Estrus first test 1- test 2: t12)=3.997, p =
0.004; Diestrus first test 1-test 2: t;2=2.138, p = 0.054). When
analyzing the first 10 min of behavior from experiment 2 under white
light, females first tested in estrus showed an increased number of en-
tries into the center of the open field compared to a second test in
diestrus, but no differences between tests were observed when females
were first tested in diestrus (Fig. 10B; Two-way RM ANOVA: Cycle
Sequence x Test: F(q,12)=3.545, p = 0.084, nzp:0.228; Cycle Sequence:
Fa,12=1.681, p = 0.219; Test: F(;,12=10.46, p = 0.007; Subject:
F12,12)=3.895, p = 0.013; Estrus first test 1- test 2: t(12=3.619, p =
0.007; Diestrus first test 1-test 2: t(12)=0.956, p = 0.358). When
analyzing the first 10 min of the second test from experiments 1 and 3
under red light, estrus females traveled significantly more than diestrus
females (Fig. 10GC; t28)=2.107, p = 0.044, d = 0.769). When analyzing
the first 10 min of the second test from experiments 1 and 3 under red

light, no significant differences were found in the number of entries into
the center of the open field between estrus and diestrus females
(Fig. 10D; t(28y=1.711, p = 0.098, d = 0.625). Overall, this data indicates
that differences may be either more or less robust when analyzing 10
compared to 30 min of open field behavior.

4. Discussion

Our findings highlight the importance of multiple interacting factors
that can influence a specific animal behavior, in this case rat open field
behavior in the context of the female estrous cycle, exploration of a
novel environment, and light. To summarize, these findings indicate that
under red light, both novelty and the estrous cycle influence female rat
locomotor and anxiety-related behaviors. However, under red light,
novelty abrogates the impact of the estrous cycle on locomotor and
anxiety-related behavior. Under white light, novelty but not the estrous
cycle impacts locomotor behaviors. Anxiety-related behaviors are
elevated in white compared to red light, and neither novelty nor estrous
cycle exert as robust an impact. White light appears to be a more robust
modulator of locomotor behavior in females than males.

This summary is premised upon seven key findings generated by this
series of experiments. First, in females tested under red light, an inter-
action between novelty and estrous cycle phase influenced locomotor
behaviors. Second, anxiety-related behaviors were decreased in females
in estrus compared to diestrus on the second but not first day of
behavioral testing under red light. Third, in females tested under white
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light, novelty influenced locomotor but not anxiety-related behaviors
and no estrous cycle effects were observed. Fourth, novelty influenced
male locomotor behaviors independent of light exposure, but influenced
anxiety-related behaviors only under red light. Fifth, females exhibited
increased locomotor behavior under red light. Sixth, no differences were
observed in male locomotor behavior under red or white light exposure.
Seventh, females and males exhibited increased anxiety-related behav-
iors under white compared to red light.

Throughout the literature studies have observed that female rats

during the estrus phase are more active than females in the diestrus
phase [4, 7, 8, 29-31]. This observation has been further explored with
exogenous estradiol treatment, where increased levels of estradiol in-
crease locomotor behavior [8, 9, 23, 32-35]. However, occasional
studies targeting hormone-induced locomotor behavior have detected
no differences in behavior across the estrous cycle or with estradiol
replacement [2, 11, 32, 36-38]. Similarly, anxiety-related behaviors in
the context of the estrous cycle and ovarian hormone levels have con-
flicting results across experiments and behavioral tests. Generally,
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decreased anxiety-related behaviors are seen in estrus and proestrus
phases compared to diestrus, as well as with the treatment of exogenous
estradiol in ovariectomized females [2, 5, 6, 10, 11, 39]. However, some
studies have not detected any changes in anxiety-related behavior across
the estrous cycle or in the presence of exogenous estradiol [11, 37, 38,
40]. Likely, difference in test length, lighting, habituation times, estra-
diol dosage, light cycle, and other factors can explain these inconsistent
findings [41]. Our current study observed changes in locomotor
behavior between estrous cycle phases only when analyzing the differ-
ences between estrus and diestrus as a within-subject comparison, and
observed anxiety-related estrous cycle changes only during the second
test. Additionally, both of these observations occurred only under red
light. Test length also played a role in identifying these estrous cycle
phase differences, as no significant differences were found in
anxiety-related behavior between estrus and diestrus phases during the
second test when only the first ten minutes were analyzed. Conversely,
female locomotor behavior during the second test was significantly
increased during estrus compared to diestrus when only the first ten
minutes were analyzed. This may explain some of the previous in-
consistencies, as many behavioral tests do not control for the novelty of
the behavioral test, use varying levels of light in the testing arena, and
differ in test length [27, 41]. These interacting and concurrent factors
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during behavioral testing may lead to undetectable effects of the estrous
cycle. Thus, to maximally detect estrous cycle effects in the open field,
testing should occur under red light and novelty must be controlled. We
recommend that researchers interested in estrous cycle effects should
expose rats more than once to the open field.

The introduction of a novel environment both increases the moti-
vation to explore and induces a stress response, whereas additional
exposure to the same environment results in a decrease of behavioral
responses, or habituation [13, 42]. This effect can be seen after repeated
exposure to the open field, where locomotor activity generally decreases
after the first test [32, 43]. In some studies, the effect of novelty is
considered to occur within the first five minutes of the open field test,
however others use multiple exposures of the open field to assess
learning and memory by observing the habituation response between
tests [43]. Testing rats twice in the open field for 30 min each is useful in
the current study to both assess the role of novelty on locomotor and
anxiety-related behavior and to better illustrate the effects of the estrous
cycle by assessing general activity over a longer testing period and using
the change in behavior between tests to account for individual variation.
Variation of response to novelty in the open field may lead to an over-
sight of behavioral patterns that can only be seen with repeated testing,
especially in the context of the estrous cycle. It is common to observe
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high individual variation in the responses of rats to a novel environment,
and by separating rats into groups of high and low responders to novelty
one study revealed that females in estrus and proestrus may be more
influenced by novelty than those in diestrus [44]. As our results have
demonstrated, under red light a response to novelty results in decreased
locomotor behaviors between tests in males and in females tested in
estrus first. Interestingly, this novelty effect is not seen under red light in
females tested in diestrus first or in the same estrous cycle phase,
demonstrating that females may respond differently to novelty across
the estrous cycle. In other studies using males and gonadectomized fe-
males in the open field, activity levels decrease across tests, but in some
cases estradiol treatment in females can increase or eliminate this
change [32, 35]. This suggests that similar or increased levels of ovarian
hormones from the first to second test preclude the effect of habituation
on activity levels. Similarly, under red light anxiety-related behaviors
decreased across tests in males but remained the same across tests in
females. Because introduction of a novel environment leads to an
approach-avoidance conflict, male rats upon first exposure to the open
field may highly explore the perimeters but avoid the center of the open
field, where females under the influence of ovarian hormones may
additionally display reduced anxiety-related behaviors in response to
the novel environment [45, 46]. A second exposure to the open field may
result in lower activity in males due to habituation and thus lower en-
tries into the center, but females under the simultaneous influence of
ovarian hormones may still exhibit increased exploratory behavior and
decreased anxiety-related behavior [2, 9, 42]. This could explain the
similarities in female anxiety-related behavior seen between tests.
Together, these findings reveal a strong interaction between novelty and
the estrous cycle on locomotor and anxiety-related behaviors, where not
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only novelty may conceal estrous cycle effects, but the estrous cycle can
in turn conceal the effect of novelty. To summarize, when attempting to
analyze the influence of novelty on female locomotor and
anxiety-related behavior under red light, testing should account for in-
dividual variation and estrous cycle effects.

As it is important to consider that novelty interacts with estrous cycle
phase, it is also important to consider that the effect of novelty is not
separate from the effect of light on locomotor and anxiety-related be-
haviors. The introduction of a novel environment may increase explor-
atory behaviors, but the presence of light often has the opposite effect
[13, 16, 40, 47]. In experiments that assess novelty-induced exploratory
behavior in male rats, the presence of light decreases overall locomo-
tion, which may overshadow the novelty response [48, 49]. Although
our results revealed no differences in male locomotor behavior between
white and red light, we see a more robust decrease in locomotion be-
tween tests under red light than under white light which may be due to
the interacting effect of light on novelty. In contrast, females show
reduced locomotor behaviors between tests under white light regardless
of estrous cycle phase, unlike red light where reduced locomotion be-
tween tests is estrous cycle sequence dependent. This suggests that
novelty or the effects of habituation may be highlighted by the presence
of white light, however this conclusion does not take into account the
effects of the estrous cycle which may differentially influence rodent
locomotor behavior under white compared to red light [50]. In both
males and females, no effects of novelty or habituation on
anxiety-related behavior are observed under white light. Both of these
factors usually exert an increase in anxiety-related behavior [5, 13, 47,
51, 52]. Indeed, the combined effect of light and novelty during test one
and the continued effect of light during test two likely explains the
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minimal differences in anxiety-related behavior between tests in both
males and females. In females, light sensitivity in respect to
anxiety-related behaviors may even vary across the estrous cycle,
providing an even more complex interaction of factors on behavior [5,
50]. Curiously, an interaction between novelty and the estrous cycle is
detected in the presence of light when assessing only the first ten mi-
nutes of behavior. Within the first ten minutes, females tested in estrus
first exhibit a decrease between tests in locomotion and entries into the
center where females in tested in diestrus first do not, an effect not
observed when assessing the full thirty minutes of behavior. This
detection suggests that a novelty-estrous cycle interaction may occur
under white light similar to that under red light, but can only be seen
with a shorter test duration. Due to the anxiogenic effect of light and the
decreased effect of novelty-induced exploration over time, limited ac-
tivity during the later period of the test may explain why this detection
occurs only during a shorter testing period. Consequently, to maximally
detect the influence of novelty on locomotor and anxiety-related
behavior, we recommend that testing should be conducted under red
light. Additionally, although testing the influence of light on locomotor
and anxiety-related behaviors will likely be robust in any experimental
paradigm, light effects may best be observed when controlling for
novelty, using a shorter test duration, and considering potential estrous
cycle interactions.

Interactions of the estrous cycle, novelty, and light may be further
evident when comparing male and female behavior in the open field and
placing our findings into the context of previously identified sex dif-
ferences. For example, the current experiment observed a consistent
influence of novelty and habituation under red light on locomotor and
anxiety-related behaviors in males, but these effects on female behaviors
were less robust and were estrous cycle dependent. Females are histor-
ically indicated to be more exploratory and active than males, and may
even show reduced habituation responses [8, 35, 53]. One explanation
for the reduced habituation response observed in our study and the
commonly observed increased exploration in females compared to males
is evolutionary, as it may be necessary for females to gain more famil-
iarity with the environment to ensure safety when mothering [54].
Increased activity in females, particularly occurring during estrus and
proestrus, could also arise from a motivation to travel greater distances
in search of a mate and to signal receptivity for copulation [55].
Furthermore, an increase of locomotion in females during times of
sexual receptivity may represent antecedent solicitation behaviors
induced by ovarian hormones such as pacing or darting, although these
behaviors typically occur in the presence of a male [55-57]. Our study
did not detect a significant difference between males and females in the
change in locomotor behaviors across test days, but as some measure-
ments are better than others in detecting sex differences [24], it may be
that the open field is not as robust an indicator of sex-differences in
locomotion than a test such as the voluntary running wheel task. In fact,
other studies have also been unable to detect sex differences in loco-
motor activity in the open field task, even though they find these dif-
ferences using other behavioral tests [11, 25]. Our study observed
decreased anxiety-related behavior in females in estrus compared to
males when analyzing the differences between tests, which is consistent
with previous studies that show a lower anxiety phenotype in female
rodents compared to males [11, 58, 59]. Interestingly, exposure to light
exerted similar effects to increase anxiety in both males and females, but
light exposure reduced locomotor activity only in females. Light can be
seen to reduce male locomotor activity, but also in other situations in-
duces no effect on locomotion which may be due to other environmental
variables such as light intensity or testing method [47, 52, 60, 61]. An
increased sensitivity to light and greater increase of locomotion in
response to darkness seen in females compared to males could explain
the more robust effect of light on female locomotion seen in our study [5,
62]. These sex differences further present the estrous cycle in females as
an important modulator of behavior, exhibiting interactions with both
novelty and light.
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Our experiment focused on females in the diestrus and estrus phases,
but it is important to mention that in addition to estrus, females in
proestrus also exhibit increased locomotion and decreased anxiety-
related behavior compared to diestrus [2, 5, 6, 29]. The present study
chose to test during the first day of estrus, or behavioral estrus, due to
the timing of behavioral testing to ensure the continued effect of ovarian
hormones. During proestrus, estradiol levels typically peak in the middle
of the animals’ light cycle, followed by a surge of progesterone, before
returning to baseline and inducing behavioral effects [24]. As our
behavioral testing occurred during the first hours of the rats’ dark cycle
to achieve a natural level of activity, it was important to measure
behavior in behavioral estrus following these hormonal surges to
maximize the impact of ovarian hormones. Testing females in the early
proestrus phase during their dark cycle could have been premature and
resulted in behavioral measurements occurring before hormonal surges,
explaining why experiments that include the proestrus phase effects
often take place during the animals’ light cycle [2, 5].

Although the open field test is widely used for the measurement of
locomotor and anxiety-related behavior in various contexts [17, 27, 631,
inconsistent results have led to a discussion of its ethological relevance
and validity [15, 64]. In particular, it is suggested that natural activity
may be more accurately assessed in a familiar environment, that the test
may measure risk aversion or lack of exploratory interest rather than
anxiety, and that overgeneralization may occur due to the variation of
animal personalities [64-66]. These concerns originate from discrep-
ancies across studies, where although the open field test was validated
by detecting rodent sensitivity to anxiolytic benzodiazapenes and
activity-inducing psychostimulants, using this test to measure sensitivity
to other pharmaceuticals intended to treat anxiety and depression do not
generate the same results [17, 65]. It is possible that these treatments as
well as other behavioral constructs such as the estrous cycle are not as
robust as the drugs used for validation during the first exposure to the
open field. As noted in the current study, several factors may contribute
to this including the influence of novelty on open field behavior which
obscures estrous cycle effects on locomotor and anxiety-related behav-
iors during the first open field exposure and anxiety-related behavior
during the initial ten minutes of testing. Other testing parameters that
are not always held consistent such as light level, apparatus set up, sex,
animal handling, etc. may further account for the discrepancies of the
open field and should be carefully considered prior to experimental
design [15, 41]. Acknowledging these cautions, the open field remains a
highly useful test to include among other behavioral assessments that
assess similar traits because of its ease of use, abundance of data, and
versatility [27, 66]. Thus, the goal of the present study to identify and
dismantle the factors influencing behavior within the open field will be
useful for many laboratories that incorporate this test into their batteries
of behavioral assessment.

In conclusion, our findings indicate that interpretation of female
open field locomotor and anxiety-related behavior may be most accurate
with the consideration of interacting factors such as the estrous cycle,
novelty, and light exposure. Our results observed independent in-
teractions between the estrous cycle and novelty, the estrous cycle and
light, and novelty and light wherein each factor is concurrently influ-
encing behavior. To minimize the interactions of these factors when
analyzing locomotor and anxiety-related behavior in the open field, we
have the following recommendations. First, if considering the role of the
estrous cycle on behavior, we recommend testing under red light and
controlling for novelty. Second, if analyzing the role of novelty on
behavior, we recommend testing under red light and to account for in-
fluences of the estrous cycle. Third, if analyzing the role of light on
behavior, we recommend controlling for novelty and accounting for
potential estrous cycle interactions. Collectively, this research illustrates
how multiple variables can acutely modulate each other in different
contexts and demonstrates the importance of considering each of these
factors when assessing behavior.
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