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Abstract

Circadian dysregulation in sleep pattern, mood, and hypothalamic-pituitary-adrenal (HPA) axis
activity, often occurring in a sexually dimorphic manner, are characteristics of depression.
However, the inter-relationships among circadian phase, HPA function, and depressive-like
behaviors are not well understood. We investigated behavioral and neuroendocrine correlates of
depressive/anxiety-like responses during diurnal (‘light’) and nocturnal (‘dark’) phases of the
circadian rhythm in the open field (OF), elevated plus maze (EPM), forced swim (FST), and
sucrose contrast (SC) tests. Plasma corticosterone (CORT) was measured after a) acute restraint
and OF testing and b) FST. Both phase and sex significantly influenced behavioral responses to
stress. Males were more anxious than females on the EPM in the light but not the dark phase.
Further, the open:closed arm ratio was lower in the dark for females, but not males. By contrast, in
the FST, females showed more “despair” (immobility) when tested in the dark, while phase did
not affect males. Acute restraint stress increased OF activity in the light, but not the dark, phase.
CORT levels were increased in both sexes following the FST, and in males and light phase
females post-OF. As expected, females had higher CORT levels than males, even at rest, and this
effect was more pronounced in the Dark phase. Together, our data highlight the sexually
dimorphic influences of circadian phase and stress on behavioral and hormonal responsiveness.
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1. Introduction

It is estimated that globally, one in five individuals has experienced depression in his/her
lifetime. Indeed, depression is the most common psychiatric disorder (1). Despite its
pervasiveness, the neurobiological mechanisms underlying depression are still being
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elucidated. Although the monoamine hypothesis of depression has dominated the field for
decades (2), recent evidence suggests a role for other neurobiological systems, most notably
the hypothalamic-pituitary-adrenal (HPA) axis (reviewed by (3-5)). Increasing evidence
suggests that normal HPA circadian rhythmicity is disturbed in depression, which may
mediate the chronobiological symptoms characteristic of depression: alterations in REM
sleep, increased sleep fragmentation (6-8), and *positive mood variation’(9), i.e., dysphoric
mood is more severe in the morning than in the evening (10). Similar alterations have also
been reported in a multitude of rodent and primate depression models(11-20).

The significance of studying chronobiological alterations is highly relevant to treatment.
Evidence suggests that anti-depressants not only alleviate depressive symptoms, but also
restore the regularity of the HPA circadian rhythm (reviewed in (21)). In fact, normalization
of HPA disturbances may be a prerequisite for successful treatment; the risk of relapse or
resistance to treatment is much higher in patients where a neuroendocrine abnormality
persists (22,23). Thus, altered regulation of circadian neuroendocrine rhythms could also
affect treatment responses in patients with mood disorders. The inter-relationships among
circadian phase, HPA function, and depressive-like behaviors are not well understood.
Perhaps more significantly, there is limited pre-clinical research that has investigated sex
differences in relation to circadian rhythm disturbances in depression, despite strong
evidence that depression is 1.5 — 3 times more prevalent among women (24).

One of the barriers to investigations of circadian influences on depressive-like behaviors
may relate to methodological issues. The peak of behavioral activity occurs during the dark
phase of the circadian rhythm for nocturnal rodents, posing a difficulty for experimenters
who work during daytime hours. While this is typically addressed by reversing the light
cycle in the animal room, behavioral testing is still often conducted under dim white light
(25). As light is a potent zeitgeber, even dim white light can alter the circadian rhythm, and
thus lighting conditions can create a significant confound in data interpretation (26,27). In
albino rats, this can be controlled by testing animals under red light conditions, because this
wavelength is not perceived by albino animals (28).

An emerging area of study is the use of diurnal animal species such as the Degu rat, which
circumvents many of these methodological issues. Diurnal animals have been used in a
variety of behavioral studies (29,30), and more recently in behavioral (31,32) and neural
(33) assessment in animal models of depression. The ability to control for the effects of
phase and/or lighting conditions in nocturnal species may allow for comparisons between
nocturnal and diurnal rodent species in the growing literature on depression and anxiety.

Another methodological concern is that ceiling effects may occur in studies of stress
responses during the behavioral and HPA circadian peak. Basal corticosteroid hormone
levels normally peak at the beginning of the active period, which is early morning in humans
(34,35) and diurnal rodents (36) and early evening in nocturnal rodents (37-39). Thus
differences in CORT levels between control and experimental animals may not be readily
detected if behavioral testing is conducted in the dark phase, particularly with tests that
involve stress. Furthermore, differences in the HPA response to stress may occur depending
on phase of testing (40,41).

A final complication in both clinical studies and animal models of depression is that anxiety
disorders are highly co-morbid with depression. Current estimates for lifetime co-morbidity
range from 50% (42) to 85% (43). There is ambiguity in both the clinical manifestations of
depressive disorders and their underlying neural correlates (44-47). Current evidence
suggests that the HPA axis may be a common link between comorbid depressive and anxiety
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symptoms, as it is altered under both conditions (48-50). To date, it is not well understood
how circadian phase may be involved in the comorbidity of these pathologies.

The objectives of the present study were twofold: 1) to investigate the effects of circadian
rhythm and sex on validated tasks that measure depressive- and anxiety-like behaviors; and
2) to determine whether effects of an acute stressor on both behavioral and HPA reactivity
can be detected in animals tested in the dark phase. To fulfill these objectives, male and
female rats were tested during both light and dark circadian phases in a battery of behavioral
tests that measure anxiety- and depressive-like behaviors including the open field, elevated
plus maze, forced swim test, and sucrose contrast test. Corticosterone (CORT) levels were
measured immediately following the FST and following acute restraint stress followed by
OF testing. We hypothesized that: 1) circadian phase and sex would significantly influence
outcomes on these tests; 2) the response to and recovery from restraint stress would be
influenced by circadian phase and sex; and 3) that CORT levels would significantly vary
depending on behavioral task, circadian phase, and sex.

2. Materials and Methods
2.1. Subjects

Male (322-424 g, n=14) and female (192-257 g, n=14) Sprague-Dawley rats (approx. 65
days old) were obtained from Charles River Laboratories (St. Constant, PQ, Canada). Rats
were group-housed by sex in polycarbonate cages (24 x 16 x 46 cm) with pine shaving
bedding. Colony rooms were maintained with controlled temperature (21— 22°C).
Throughout the study, animals were given ad libitum access to standard laboratory chow
(Jamieson's Pet Food Distributors Ltd., Delta, BC, Canada) and water. Following a one
week habituation period, animals were randomly assigned to colony rooms maintained on
either a normal light cycle (“Light phase”; lights on at 1200h and off at 2400h; n=12) or a
reversed light cycle (“Dark phase”; lights on at 2400h and off 1200h; n=16), for a further
one week habituation period before behavioral testing commenced.

Animal use and care procedures were in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals (51) and the Canadian Council on
Animal Care Guidelines, and were approved by the University of British Columbia Animal
Care Committee (Certificate #: A06-0017).

2.2. Behavioral testing

As noted, we utilized a battery of behavioral tests that measure anxiety- and depressive-like
behaviors including the open field (OF, locomotor activity, exploratory behavior), elevated
plus maze (EPM, locomotor activity, exploratory behavior, anxiety), Porsolt forced swim
test (FST, behavioral ‘despair’), and sucrose contrast test (SC, anhedonia) (See (2)). Testing
occurred in the order above, with an attempt to present tests in order of increasing
psychological stress. Although we recognize that the sucrose contrast test is less stressful
than the forced swim test, this order was selected based on evidence that socially isolating
the animals, which is necessary for measuring intake in the sucrose contrast test, is
considered a significant stressor.

For the OF, EPM and FST, behavior was recorded by a digital video camera (Panasonic
CCTV Camera, Model No. WV-BP 334) mounted above (OF, EPM) or in front (FST) of the
test apparatus. White noise (30 dB) (“The Masker”, Model AM1100, Soundolier Inc., St.
Louis, MO) was used to mask extraneous background noise. Animals tested in the Light
phase were tested under soft white light (one 40 W and one 65 W bulb), whereas animals
tested in the Dark phase were tested under red lights of the same wattage. For all treatment
groups, behavioral testing took place between 1300 and 1600 h. The order of testing was the
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same for all animals (OF, EPM, FST, SC), with 24 hr between each task for recovery (Fig.
1). We opted not to take pre-test basal CORT samples to minimize disturbance prior to
behavioral testing. To investigate how repeated testing might alter resting HPA tone, blood
samples were collected via saphenous vein under resting conditions 7 days after the
completion of behavioral testing.

2.2.1. Open field—The OF is a classical test of exploratory locomotor behavior and
emotionality. Locomotor hyperactivity is thought to reflect environmental neophobia, or
increased fear of novel environments. In larger open fields, animals that spend more time in
the periphery of the field are said to be more anxious than those that freely explore the
center of the field (52). Animals were tested for a 15 min trial on 3 consecutive days. On
each test day, immediately prior to testing, animals were marked on their backs with black
non-toxic markers for detection by the video tracking software. The OF consisted of a
square chamber (40 x 40 x 30 cm), with walls made of opaque, corrugated plastic; the center
was defined as a 20 x 20 cm square in the center of the maze. Between trials, the field was
wiped clean with 5% dilute acetic acid solution. After exposure to the field on Day 1, the
thigh region was shaved in preparation for blood sampling the following day.

Testing on Days 1 and 3 occurred immediately upon removal from the home cage. In
contrast, on Day 2, animals were first subjected to an acute restraint stress by confinement in
PVC tubes (males: 20.5 x 6.5 cm diameter; females: 15 x 5.5 cm diameter) for 15 min, and
then placed directly into the OF. Blood samples were collected from the saphenous vein
immediately following exposure to the field. On all 3 test days the total distance traveled
(cm), time spent in the center of the field (%), and the distance traveled in the center (cm)
were assessed.

2.2.2. Elevated plus maze—Another well-known test to measure anxiety-like behaviors
and locomotor activity in rodents is the EPM, a maze in the shape of a +sign, raised ~75 cm
above the ground, with two arms enclosed by walls and two arms open to the environment,
and (53). The EPM apparatus in the present study (Pathfinder, Model No. 89001B, Lafayette
Instruments, Lafayette, IN) had arms 69 x 10.5 x 20 cm and a central platform (diameter 35
cm). it has been shown that animals confined to the open arms have elevated CORT levels
(54), and measures such as the number of open arm entries, time spent in the open arms, and
full open arm entries are inversely related to anxiety (55). Locomotor activity can also be
quantified in this test, by the total distance traveled and the total number of entries into all
arms. This measure is distinct from anxiety, as sedative treatments reduce total arm entries
without changing the amount of time spent on the open arms (56).

On the test day, animals were placed in the center of the maze, with head position
counterbalanced among rats, and behavior was recorded for 5 min. The maze was cleaned
with 5% acetic acid between tests. Frequency of partial (two paws on the open arms) and
full (all four paws) open arm entries, full closed arm entries, and rearing and grooming
behaviors were hand-scored from the videotapes. The percent time on the open arms and the
ratio of time on open/time on closed arms were determined by the behavioral analysis
software (see 2.4.).

2.2.3. Porsolt forced swim test—The FST is considered to be a measure of ‘behavioral
despair’. Animals were exposed to a cylindrical tank of water for 15 min on day 1 and re-
exposed for 5 min on day 2. Time spent swimming and ‘immobility” (minimal movements
to keep the head above water) were analyzed. Increased time immobile is thought to reflect
increased ‘behavioral despair’ or ‘giving up’, in that antidepressants reverse immobility
(57). The forced swim tanks consisted of transparent Plexiglas cylinders (19.5 cm diameter,
43 cm height) which were filled with tap water at 25°C + 1°C (58) to a height of 25 cm
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(females) and 30 cm (males). With these parameters, animals’ tails were able to touch the
bottom of the tank. Activity was recorded by a video camera placed directly facing both
cylinders, which provided an unobstructed view of both animals and allowed for scoring of
both swimming and immobility behavior. Following testing, animals were towel-dried and
returned to their home cages with their cage mate. Water was changed between animals to
prevent any pheromonal influence on behavior (59). On Day 2, blood samples were
collected from all animals via saphenous vein sampling 15 min following behavioral testing.
Swimming activity was analyzed in one-minute time bins across the 5 minute test period.

2.2.4. Sucrose negative contrast test—Anhedonia, or the inability to experience
pleasure from rewarding stimuli, is one of the core symptoms of depression, and can be
easily studied in animals using a variety of sucrose intake tasks (60). In the sucrose negative
contrast test, animals are presented with several consecutive days of a relatively high
sucrose concentration (e.g., 15%) followed by one presentation of a lower concentration
(e.g., 2.1%). A hedonic response is measured by a decrease in sucrose consumption in
response to the lower concentration. During the sucrose contrast test, all animals were
singly-housed. Animals were habituated to a 15% sucrose solution for two consecutive days.
Sucrose was offered for 24 hr after lights on (light phase rats) or lights off (dark phase rats),
and consumption for each 24 hr period was measured by weighing bottles prior to, and
following, the 24 hr exposure period. Fresh sucrose solution was offered daily. On the third
day, animals received a 2.1% sucrose solution. Throughout testing, animals had ad libitum
access to standard laboratory chow and water.

2.3. Corticosterone radioimmunoassay

Blood samples were taken from each animal at three times during the experiment: post-OF
testing on day 2, post-FST testing on day 2, and 7 days post-completion of the SC test (i.e.,
at the end of all behavioral testing). Samples were taken from Light phase rats between
13:15 and 16:15 hr, within 4 hr of lights-on, and from Dark phase rats within 4 hr of lights-
off. Blood samples were centrifuged at 3200 rpm for 10 min at 4°C. Plasma was transferred
into 600 pl Eppendorf tubes and stored at —80°C until assayed. Total corticosterone (bound
plus free) levels were measured by RIA using a commercially available assay kit (MP
Biomedicals, Orangeburg, NY, Catalogue No. 07-120103) with sample and reagent volumes
halved. The antiserum cross-reacts 100% for corticosterone. The minimum detectable
corticosterone concentration was 7.7 ng/ml and the intra- and inter-assay coefficients of
variation were 7.1% and 7.2%, respectively.

2.4. Automated behavioral analysis

Video files from the OF, EPM, and the FST were analyzed using Noldus Ethovision 3.1
software. The sampling rate used to acquire data from the video files was 9.98 samples/sec.
Mobility in the FST was tabulated by the behavioral software as the change in pixels of the
detected object between video image sample intervals. The immobility threshold was
defined at 5% or less.

2.5. Statistical analysis

Data were analyzed using Statistical Package for the Social Sciences (SPSS) v.15.0
software. In each of the data sets, between-subjects factors were Sex (Male or Female) and
Phase (Dark or Light). Data from the OF, FST, and SC tests, as well as CORT values, were
analyzed using a mixed ANOVA with repeated measures for the factors of Day (1, 2, or 3)
for the OF; Time (min) (1, 2, 3, 4, or 5) for the FST; Sucrose concentration (Pre- vs. Post-
contrast) for the SC test; and Sampling time (Post-OF, Post-FST, or Post-test resting sample)
for CORT levels. For the EPM, frequency of full and partial open entries, closed arm entries,
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ratio of time on open arms/time on closed arms, percent time on the open arms, rearing, and
grooming were analyzed separately. For the SC test, consumption was corrected for body
weight. Significant main effects or interactions were further explored for simple main
effects; a Fisher’s LSD post-hoc was used for comparisons of three groups or less, and a
Sidak correction for > 3 groups. In analyses that included a within-subjects factor, an
estimated marginal means procedure with a Sidék correction was employed. Because the
Sidak correction accurately controls for familywise a, an overall F test is not required to be
significant in order to explore a priori differences between factors, i.e., planned comparisons
(61). For repeated measures analyses, the degrees of freedom (df) were corrected to more
conservative values using the Huynh-Feldt ¢ (62) to correct for any violations of the
sphericity assumption (61). Alpha was set at 0.05 for all analyses. All results are shown as
means + SEM.

3.1. Open field (OF)

3.1. Total distance traveled—ANOVA revealed a significant main effect of Day
[F(2,48) = 35.92, p<0.05] as well as Day x Phase [F(2,48) = 28.55, p<0.05] and Sex x Phase
[F(1, 24) = 7.27, p<0.05] interactions for total distance traveled in the OF (Fig. 2A). Acute
restraint stress on Day 2 of testing differentially affected distance traveled between Phases:
animals tested in the Dark phase generally showed a decrease in distance traveled over days
(Day 1 > Day 2 > Day 3 = Day 4, p’s<0.05), whereas rats tested in the Light showed a
significant increase in distance traveled on Day 2 compared to Days 1 and 3 (p’s<0.05).
Furthermore, while animals tested in the Dark were more active than those in the Light on
Day 1 (p<0.05), restraint reversed this effect such that on day 2, Light phase animals were
more active than Dark phase animals (p<0.05). Moreover, the Sex x Phase interaction
indicated that Dark phase males were significantly more active than Dark phase females
(p<0.05), while there were no differences between sexes in the Light phase.

3.1.2. Time in center—Fig. 2B shows that females spent less time in the center of the OF
than males, as indicated by a significant main effect of Sex [F(1, 24) = 13.65, p<0.05].
ANOVA also revealed a significant Day x Phase interaction [F(2, 48) = 35.27, p<0.05].
Restraint stress prior to testing differentially affected the percent of time spent in the center
depending on Phase. While there was no difference between Phases on Day 1, restraint
stress prior to testing on Day 2 reduced the time in center for Dark phase tested animals,
while it increased the time in center for Light phase tested animals, when compared to Days
1 and 3 (p’s<0.05).

3.1.3. Distance traveled in center—A mixed Factors ANOVA across the testing period
for distance traveled in the center of the OF (Fig. 2C) indicated significant main effects of
Day [F(2, 48) = 11.16, p<0.05], Sex [F(1, 24) =5.12, p<0.05], and Phase [F(1, 24) = 17.74,
p<0.05], as well as a Day x Phase interaction [F(2, 48) = 3.76, p<0.05] and a trend for a Sex
x Phase interaction [F(1, 24) = 3.68, p=0.06]. Thus, Phase of testing significantly influenced
the effects of acute stress and had differential effects on males and females. Overall, Dark
phase rats showed a decrease in activity in the center from Day 1 to Day 2 (p’s<0.05),
whereas Light phase rats showed a decrease in center activity from Day 2 to Day 3
(p’s<0.05). In addition, Dark phase rats overall, traveled more in the center on Days 1 and 3
(p<0.05) compared to Light phase rats, but exposure to acute stress on Day 2 eliminated this
difference. Furthermore, planned comparisons on the Sex x Phase trend revealed that males
traveled more in the center than females in the Dark phase (p<0.05), but there was no
difference between sexes in the Light phase.
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3.2. Elevated plus maze (EPM)

Analysis of percent time on the open arms (Fig. 3A) revealed a significant main effect of
Sex [F(1, 24) = 7.22, p<0.05]. Overall, males spent significantly less time on the open arms
than females (p<0.05). However, planned comparisons revealed that this effect was only
observed for animals tested in the Light phase of their cycle (p<0.05). Further, females
tested in the Dark spent significantly less time on the open arms than females tested in the
Light (p<0.05).

Analysis of the ratio of time on open arms/time on closed arms (Fig. 3B) revealed a
significant main effect of Sex [F(1,24) = 8.42, p < 0.05], and a trend for a Sex x Phase
interaction [F(1,24) = 3.16, p=0.08]. Planned comparisons revealed that whereas Phase did
not affect the open/closed arms ratio for males, females tested in the Dark phase had a
significantly lower open/closed arms ratio than females tested in the Light phase (p<0.05).
In addition, during the Light phase, the open/closed arms ratio was lower in males than in
females (p<0.05).

Table 1 indicates that there was no significant influence of Sex or Phase of cycle on % time
spent on the closed arms, number of rears, grooms, full open arm entries, or total arm
entries. However, males made more partial open arm entries [F(1, 24) = 4.95, p<0.05], and
showed a trend for fewer full open arm entries (p=0.09) than females.

3.3. Porsolt forced swim test (FST)

Fig. 4 illustrates that duration of immobility in the FST changed significantly across the
testing period [main effect of Time; F(4, 96) = 25.98, p<0.05], and that there were
significant Time x Sex [F(4, 96) = 6.47, p<0.05] and Time x Phase [F(4, 96) = 10.80,
p<0.05] interactions, as well as a Sex x Phase interaction that approached significance [F(1,
24) = 3.66, p=0.07]. Planned comparisons revealed that Dark phase females were more
immobile than Light phase females (p<0.05), with the greatest differences in the first two
min of testing (p<0.05). Furthermore, the pattern of immobility for females was similar
between phases, such that peak immobility occurred in min 4 (p<0.05). By contrast, for
males, peak immobility in the Light phase occurred in min 3 (p<0.05), while there was no
significant change in immobility across time in the Dark phase. For total immobility across
the entire test period (Fig. 4-inset graph), ANOVA revealed a trend for a Sex x Phase
interaction [F(1, 24) = 3.66, p=0.07]. Planned comparisons indicated that, consistent with
the data reported by time bin, Dark phase females were more immobile overall than Light
phase females (p<0.05).

3.4. Sucrose negative contrast test

The ANOVA revealed that all animals showed a negative contrast effect, as evidenced by
the significant main effect of Concentration [F(1, 10) = 26.24, p<0.05]. There were no
significant effects of Sex or Phase on this behavior (data not shown).

3.5. Plasma Corticosterone (CORT) levels

Fig. 5 illustrates plasma CORT levels measured: 1) after exposure to restraint stress
followed by open field testing (Post-OF); 2) following the Day 2 forced swim test (Post-
FST); and 3) under resting conditions, one week after completion of behavioral testing
(Post-test resting sample). Mixed ANOVA revealed, as expected, a significant main effect of
Sex [F(1, 24) = 124.25, p<0.05] such that females had consistently higher CORT levels than
males. Simple main effects were then explored within each sex. For both males [F(1, 12) =
13.62, p<0.05] and females [F(1, 12) = 14.45, p<0.05], significant main effects of phase
indicated that, as expected, CORT levels were higher in the Dark than in the Light phase
(p<0.05). In males, a significant main effect of Sampling time [F(2, 24) = 22.84, p<0.05]
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indicated that under both Dark and Light conditions, CORT levels were elevated following
exposure to both the FST and the OF, relative to Post-test resting values (p’s<0.05). For
females, by contrast, there was a significant main effect of Sampling time [F(2, 24) = 14.52,
p<0.05] and a Sampling time x Phase interaction [F(2, 24) = 8.15, p<0.05]. Whereas females
tested in the Light phase displayed CORT elevations following both the FST and OF
compared to resting levels (p<0.05), Dark phase tested females showed CORT elevations
only after the FST.

4. Discussion

Our study reveals significant effects of circadian phase and sex on multiple measures of
depressive/anxiety-like behaviors and HPA reactivity. Males were more anxious than
females on the EPM in the light but not the dark phase. Further, the open:closed arm ratio
was lower in the dark than the light for females, but not males. By contrast, in the FST,
females showed more “despair” (immobility) when tested in the dark compared to the light,
while there was no effect of phase on immobility for males. There were no effects of sex or
phase of testing for the sucrose contrast test. In the OF, as expected, overall activity was
greater in the dark than the light. However, acute restraint stress increased OF activity in the
light, but not the dark, phase, and thus reversed the effect of phase observed under non-
stressed conditions. Moreover, stress decreased time in center in the dark but increased time
in center in the light. Finally, CORT levels were increased in both males and females
following the FST, and in males and light phase-tested females following OF exposure. As
expected, females had higher CORT levels than males, even under resting conditions, and
this effect was more pronounced in the Dark phase. Together, our data highlight the sexually
dimorphic influences of circadian phase and stress on behavioral and hormonal
responsiveness, and the importance of considering these factors in animal tests of
depression/anxiety behaviors.

4.1. Circadian phase alters stress reactivity on the open field

Our data support previous work indicating that nocturnal rodents are more active in the dark
compared to the light phase e.g., (63-65). One of the most intriguing findings from this
study was that circadian phase differentially influenced the response to acute restraint stress
on multiple OF measures. While overall OF activity was greater in the dark than in the light
under non-stressed conditions, the reverse was true following restraint stress. Moreover,
stress decreased time in center in the dark, but increased time in center in the light. These
results support previous research indicating that prior HPA stimulation (corticotrophin
releasing hormone administration) increases locomotor activity in a familiar environment in
the light phase, but has no effect on animals tested in the dark phase (66). Together, these
data indicate that dark phase testing, when basal activity levels are high, may mask
locomotor responses to stress on the OF.

In control animals, it is typical for locomotor activity to attenuate with repeated exposure to
the open field. Indeed, “habituation” is a well-documented phenomenon (67,68). We
predicted that acute stress would disrupt habituation to the open field. While this held true
for light phase animals, whose activity increased markedly in response to restraint stress,
dark phase animals maintained a pattern of habituation, with activity levels declining over
days. Thus, as noted, dark phase testing appears to mask the effects of acute stress on OF
behaviors in both males and females. These data are in contrast to Dubovicky et al. (69),
who showed that both acute and chronic shaker stress did not alter habituation patterns of
overall OF motor activity in mice across 21 days of testing. This discrepancy is unlikely to
be mediated by differences in lighting conditions, as Dubovicky et al. also used red light for
dark-phase testing. Furthermore, in contrast to our data, baseline activity levels did not differ
between dark and light phase animals in the Dubovicky et al. study. It is possible that the
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type of stressor (shaker vs. restraint), species differences (mice vs rats), housing or handling
conditions, or the size of the open field apparatus all contributed to the discrepancies
between studies. Nevertheless, taken together, the data suggest that when typical baseline
activity levels (i.e. dark more active than light) exist, the disruptive effects of stress on
habituation and OF activity are specific to the light phase of testing in both males and
females.

Thigmotaxis, another commonly reported OF behavior, characterizes the natural tendency of
rodents to prefer the periphery over the center space of an open field. Thigmotaxis is
considered an index of anxiety since many anxiolytic drugs reduce thigmotaxis, and increase
time spent in the central part of the field (reviewed by (52). We found that regardless of
phase, females spent less time in the centre than males.

However, as females did not have lower activity overall than males, the reduction of time in
centre suggests that females had greater activity in the periphery of the maze, indicating that
females were more anxious than males in the OF, regardless of phase and total activity
levels. Phase markedly influenced the effects of acute stress on time in centre for both males
and females: stress increased time in centre for light phase animals, but decreased time in
centre for dark phase animals. This is an interesting finding, given that activity is generally
reduced in response to stress for animals tested in a large OF arena. Considering that light
phase animals did not increase their distance travelled in the centre, it is possible that the
increased time spent in the centre reflects freezing behavior. Similarly, while dark phase
animals did not alter their total activity in response to stress, their time in centre was
significantly reduced, which may be interpreted as an anxiogenic response.

Together, these findings show that utilizing multiple OF behavioral measures in tandem
allows for a clearer resolution of the effects of stress. An important caveat to our findings,
however, relates to the size of the field used. Fear and anxiety are typically assessed using a
large brightly lit open field; whereas a smaller dimly lit OF can more accurately assess
locomotor or exploratory activity (reviewed by (70). In the present study, we opted to use a
relatively small field in order to obtain a good measure of locomotor activity, and were
surprised to find such marked effects on emotionality measures, i.e., time and distance
travelled in the center. Of note, there are previous reports of anxiety measures from
comparably sized fields, e.g., Shumake et al. (71) who used a smaller field (43.2cm? x
30.5cm), and Sanberg et al. (72) who used a similar sized field (40 x 40 x 30.5 cm).
However, further validation of these findings is needed through testing in a larger field and
an investigation of the effects of anxiogenic and anxiolytic drugs on behavior.

4.2. Sex differences in anxiety observed in light, but not dark phase on the elevated plus

maze

Consistent with previous work (73), we found that behavioral testing during the light, but
not dark phase, revealed sex differences in anxiety measures. Measures of total time on the
open arms (OA) and the open:closed arm ratio indicated that females tested in the dark
phase were more anxious than females tested in the light, while phase had no effect on
males. Interestingly, however, males were more anxious than females when tested in the
light phase. Moreover, while light phase males spent less time on the OA than females, they
also made more partial OA entries and tended to make fewer full OA entries. These data
suggest that males approached the OA more often than females, whereas females entered the
OA less frequently, but explored longer at each entry than males. Approach of the OA has
been interpreted as a measure of ‘risk assessment’, defined as “an attempt at entry into open
arms followed by avoidance responses” (74). Risk assessment is considered to be an
ethologically valid measure of fear/anxiety that is highly sensitive to anxiolytic drugs (75).
Overall, our findings demonstrate that sex significantly modulates the presentation of
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anxiety behaviors on the EPM. Males may show anxiety more in the form of risk-assessment
behavior than females, suggesting that different drugs may be more efficacious in alleviating
anxiety symptoms in one sex compared to the other.

Our results also highlight the influence of lighting conditions on EPM behavior. Our finding
that circadian phase had no significant effect on EPM behavior in males is consistent with
previous work by Jones & Nicholas (76), but contrasts with data of Bertoglio and Carobrez
(25). Our study and the Jones & Nicholas (76) study utilized red light for dark phase testing,
whereas Bertoglio and Carobrez (25) used dim white light. Thus, testing males in the dark
phase may yield relatively elevated anxiety scores under white light compared to red light
conditions, suggesting that introducing white light during the animal’s normal dark phase
may alter behavior in itself. Furthermore, our data demonstrate that testing in the light phase
under dim light may reveal innate sex differences that may be inappropriately attributed to
treatment effects.

Our data support previous findings that measures of locomotor activity on the EPM are not
significantly influenced by circadian phase (25,77), and extend them by demonstrating that
this effect is conserved in females. An important future direction is to explore how circadian
phase of testing modulates EPM behavioral responses to prior stress exposure, as was
revealed on the OF. Previous work by Chadda et al. (2005) has shown that repeated, but not
acute, restraint stress increases locomotor activity in females, but reduces activity in males
(78). However, as testing was conducted only during the early part of the light phase in the
Chadda et al. study, the role of circadian phase in these results is unresolved.

4.3. Circadian phase influences immobility in females, but not males in the forced swim

test

Dark phase females showed a dramatic increase (325%) in overall immobility compared to
their light phase counterparts. As animals are more active during their dark phase, one
would predict an increase in swimming, and thus a reduction in immobility in dark phase
testing. However, our data revealed the opposite, supporting the finding that the FST does
not measure physiological activity, but rather is indicative of psychological state (79).
Conversely, among males, there was no overall effect of circadian phase on immobility.
These data are in contrast with a previous study by Kelliher et al. (80) where males tested in
the dark were more immaobile than those tested in the light. It is possible that differences in
housing conditions (4/cage in Kelliher et al, 2/cage in our study) contributed to these
findings. Support for this possibility comes from a previous finding that social enrichment
(group-housing) increases immobility (81).

Interestingly, all but light tested males demonstrated an elevation in immaobility across the
test period. In the paradigm used for this study, animals were able to touch their tails to the
bottom of the tank, and this may have influenced our findings. Previous work has shown that
at greater water depths, male animals demonstrate significantly less immobility, specifically
on Day 2 of this testing procedure (reviewed by (82). As such, immobility levels in the
current study are likely lower, and may have contributed to the lack of phase effects in
males. By contrast, light- and dark-tested females did differ in immobility levels. This
indicates the importance of considering multiple FST behavioral measures, testing
conditions, and circadian phase in pre-clinical drug testing, as behavior in the FST
represents the prototypical anti-depressant screen: while a drug may not influence overall
immobility, it may impact the pattern of immobility across time.
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4.4. Contrast effects are observed in both Light and Dark tested Animals in a 24-hr sucrose
contrast test

Pre-clinical studies often use sucrose preference or consumption tests as a measure of
anhedonia, a core symptom of depression (83). We found that all rats, regardless of sex or
phase of testing, showed a significant negative contrast effect. This supports previous work
indicating that contrast-based tests are a sensitive measure of reward value (84), and extend
these findings to show that the sucrose contrast test is not significantly influenced by phase
or sex. Significantly, we demonstrate that our findings hold after controlling for body
weight, which has been shown to affect sucrose consumption results (85-87).

While there were no statistically significant effects of phase, we recognize that light phase
males did not demonstrate a robust contrast effect. This is possibly due to limited sample
size, or to the testing conditions utilized, as other studies from our lab have shown that
utilizing this protocol, but testing under dim light conditions, results in high sensitivity to the
effects of prenatal ethanol exposure and subsequent chronic mild stress in adulthood (88).
Measuring consumption for more limited periods rather than over 24 hr may also increase
sensitivity of the SC test to detecting treatment effects (unpublished data).

4.5. Plasma CORT levels are significantly elevated by phase and stress

As expected, CORT levels were higher for females at all sampling times compared to males
(89), and resting CORT levels were higher in the dark than the light phase (90-92). While
both light and dark phase males had significantly elevated CORT levels following restraint
and OF testing, this was not observed in dark phase females. However, comparisons of the
current post-test resting CORT levels to basal or pre-test CORT levels from previous work
in our lab (36), at both light and dark circadian phases, indicates that post-test resting CORT
levels in the present study approached stress levels, suggesting that repeated behavioral
testing increased resting HPA tone among females. Notably, there may have been a ceiling
effect such that stress-induced elevations were no longer detectable. This finding supports
literature indicating that the female HPA axis is more sensitive to the potentially stressful
effects of repeated behavioral testing (93,94). This sensitivity may be one of the mediating
factors resulting in elevated levels of depressive disorders reported in women. Further
investigations of the roles of both the adrenal and gonadal axes in mediating depressive- and
anxiety- like behaviors are underway in our laboratory in order to elucidate further the
possible mechanisms underlying the effects observed (88).

4.6. Summary, significance and implications for future studies

Taken together, our data highlight the importance of considering circadian phase effects
when investigating both behavioral and HPA axis measures, particularly in models of
depression and anxiety. Furthermore, the data reveal differential effects of acute stressors by
circadian phase, as well as differences in anxiety and/or emotionality behaviors within and
across tasks (Table 2). Restraint stress increased locomotor activity in the OF in the light,
but not dark phase of testing. Females generally showed greater anxiety than males in the
OF as measured by overall time in centre and activity in center in the dark phase. Similarly,
dark phase testing elevated anxiety in females on the EPM, whereas males showed higher
anxiety scores in the light phase. Dark phase testing also increased behavioral despair in
females, but not males. Hedonic behaviors (SC) across 24 hr appeared to be the most
consistent measure, unaffected by phase of testing or sex. Our data also highlight the fact
that testing exclusively at the behavioral peak (i.e., during the dark phase) may mask
differences in CORT and possibly in activity measured under stressed vs. non-stressed
conditions, due to ceiling effects. This consideration is particularly important when testing
females, who normally have higher resting and stress-induced CORT levels, as well as
locomotor activity, compared to males (e.g., (95-100). In support of this, previous findings
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show that the effects of stress exposure on CORT are detected more readily during the light
rather than the dark phase in males (101,102). However, dark phase testing may be more
sensitive in revealing other aspects of responsiveness, and therefore testing conditions must
be chosen according to outcomes being tested. Importantly, our findings demonstrate the
power of using a multidimensional behavioral test battery in animal models of depression/
anxiety, as different tasks can reveal distinct aspects of depressive- and anxiety-like
behaviors. Consideration of effects such as these is critical to verify whether the presence/
absence of a specific behavior is due to experimental treatments (i.e. drug administration,
prenatal stress etc.) and not experimental conditions. As such, both circadian and stress
effects must be sufficiently controlled for in order to isolate the effects of experimental
treatments.

Depression is a widespread disorder exemplified by circadian fluctuation in
symptomatology and a presentation that is sexually dimorphic. We have demonstrated that
circadian phase and sex are major variables to consider in pre-clinical experiments. The
impact of these factors is likely to be even greater in studies designed to assess effects of
early or prior adverse experiences such as prenatal stress, prenatal alcohol exposure,
maternal deprivation, and/or chronic mild stress. Also, appropriate considerations must be
made to avoid ‘ceiling effects’ in order to differentiate between control and experimental
treatment groups on the behavioral tasks and endocrine correlates. One possible limitation to
the interpretation of the behavioral data in this study is the influence of repeated behavioral
testing. However recent research has suggested that this is of negligible consequence when
animals are given 24hrs between tasks, as in this study (103). Future work is required to
further delineate the correlates of HPA responses and behavior in a repeated test battery
commonly employed to assess depressive-like behaviors in rodents. Consideration of these
variables in future investigations utilizing pre-clinical models of depressive- and anxiety-
like behaviors in rodents will reveal another layer of validity to the current models, and
provide a basis for the development of relevant therapeutic targets.
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Fig. 1.

Experimental design.
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Fig. 2.

Effect of Circadian Phase, Day, and Sex on (A) total distance traveled on the open field; (B)
percentage of time in the center of the open field (amount of time in the center/total amount
of time in the open field) x 100%); and (C) distance traveled in the center of the open field
across the 3 days of testing. Dark bars represent animals tested in their Dark phase (n=8) and
transparent bars represent animals tested in their Light phase (n=6). (*) denotes significantly
different between Phases, p<0.05. (#) denotes significantly different from other days in Dark
animals (p’s<0.05). (##) denotes significantly different from other days in Light animals
(p’s<0.05).
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Effect of Circadian phase and Sex on A) percentage of time on the open arms (time on OA/
(time on elevated plus maze) x 100%) and B) ratio of time on open arms to closed arms
(time on open arm/time on closed arms) on the elevated plus maze in male and female rats.
Data represent values for animals tested in either their Dark (n=8) or Light (n=6) phase. (*)
indicates significantly different from Light phase females (p<0.05). (*) denotes significantly
different between sexes, p<0.05.
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Fig. 4.

Effect of Circadian Phase, Sex, and Time on immobility in the forced swim test in male and
female rats. Data represent the amount of time immobile (sec) on the forced swim test across
the 5 minutes of behavioral testing. (*) denotes significantly different from animals tested in
their Light phase, p’s<0.05. (#) indicates significantly different from min 1 in Dark phase
rats. (##) denotes significantly different compared to mins 1 and 2 in Light phase rats,
p’s<0.05. n’s=6-8 for each condition.
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Plasma Corticosterone (ug/dL)

Plasma Corticosterone (ug/dL)

Fig. 5.
Effect of Circadian phase, Sex, and Sampling Time on plasma Corticosterone concentration
(ng/dL) in male and female rats. (*) denotes that Dark phase significantly different from
Light phase, p<0.05. (#) signifies significantly different from Post-test basal value, p’s<0.05.
n’s=6-8 for each condition.
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Effect of Circadian phase and Sex on elevated plus maze behaviors in male and female rats.”

Table 1

Males Females
Dark Light Dark Light
Full open arm entrances 35+0.38 25+0.8 35+08 5.3+0.6
Partial open arm entrances 5 4+ 095" 23+08" 1805 05%02
Closed arm entrances 66+04 6.17+08 79+05 61707
Rears 116+£15 137+x19 154+17 125+11
Grooming bouts 0.8+0.3 05+0.3 1.3+06 05+0.3

*
Data represent behavior scored during EPM testing in animals tested during their Dark (n=8) or Light (n=6) phase.

A
denotes significantly different from females, p’s<0.05.
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Data Summary

I like this table!! Maybe we should add one more column called Open Field — and subheading is “anxiety/fear”

Table 2

and measures are time and distance in center.

Task

Open Field

Elevated Plus Maze

Forced Swim Test

Sucrose Contrast

Behavior Measured

Locomotor Activity

Anxiety

Behavioral Despair

Anhedonia

Measure Total Distance Time on Open Arms (%) | Overall Time Immobile | Sucrose consumed
Traveled(cm) (s) per body mass (9/9)

Phase-Dark M >E* M=F M=F M=F

Phase-Light M=F M<E* M=F M=F

Sex-Male D>L* D=L D=L D=L

Sex-Female D=L D<L* D>L* D=L

M-male, F-female, D-dark, L-light

*
p<0.05.
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